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Vacuum ultraviolet, extreme ultraviolet, and x-ray line intensity
normalization technique applied to tokamak plasmas
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R. Barnsley
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(Presented on 8 June 1998

An empirical procedure, “LINT,” for relating emission line intensities of intrinsic impurity ions to
their elemental contributions to the total, bolometric, radiation loss and the volume-averaged
effective ion chargeZ ¢, has been developed and applied to limiter plasmas in the JET tokamak.
In this article we discuss extensions to the data base to include x-ray lines and continua intensities,
applicable to a wider range of tokamak plasma configurations sucK-@aint plasmas and
quasi-steady-state, edge-cooled ELMy H modes. Examples are shown of the technique applied to
reference discharges during which the plasma configuration is changed continuously. The total data
set, comprising line and continua irradiances, tomographic bolometry, and x-ray emissidgzand
imposes constraints on the diffusion parameters used in models of impurity ion transpdr®9%
American Institute of PhysicS0034-674809)66301-9

I. INTRODUCTION modeling as well as errors in the absolute radiances make

- S .- . o these detailed transport simulations a complex, lengthy, and
A full description of intrinsic and injected impurity ions P P oy

in a tokamak requi : 8ften error-prone procedure.
quires tomographic analyses of the total an o o . .
the spectrally resolved emission data. Since the availability. A novgl, empirical mefchod_, the I|r_1e '”te_”s'ty normaliza-
of tomographic data does not in general span all the emitting©n t€chnique(LINT), which is relatively independent of
species, it is the practice to measure a restricted range of lifé&nsport, densitye(r/a) and temperatur&¢(r/a) profiles
and continuum radiances and fit these data to an ion transpdRr’ @ set of similar discharges, has been developed on the
code such asaNca which can encompass a relevant atomicjoint European torusJET) tokamak to provide routine infor-
data base such a®As.? Using the population structure code mation on the impurity content of the plasma and elemental
to calculateR; , the relative excited state population, then thecomponents of radiated powel (). The LINT method is
line radiance in terms of the ion abundargeis given by pased upon the hypothesis that a representative ion with a
€ Aj characteristiqVUV) or (XUV) spectral line can be chosen
Lij =E:nequi SAC hy;; . for each significant impurity element within the plasma and
Y that each of these spectral line intensities has a linear relation
Given that the local flux of ions of charge stateatomic  to the contribution of that element to the total radiated power
numberZ, is described by a diffusivéD) and convectiveY)  and to the effective ion charg&.. While being able to
equation quickly process a large number of similar discharges, this
[,=—D(r)Vny(r)+V(r)nyr), empirical approach could be criticized for being both sim-
) . ) ) plistic and lacking in an obvious physical basis. Transport
then the concentrations of the ions are given by a solution ogimulations, however, have provided independent evidence

the coupled equations of the validity of the technique. Somewhat analogous to the

any principle of neural networks, the practicality of the LINT
ot = VL2t ne(Nz-1S7-17 NS+ N7z~ Nzaz) method has been demonstrateshen applied to a large
number of tokamak discharges with a common, e.g., limiter,
_ EJF},Z_ configuration. Its limitations have been exposed when ap-
Tz plied universally to all tokamak plasma configurations. In

S and « are the appropriate ionization and recombinationthis article the rationale for the success with one class of
coefficients whiler and y are the loss and influx terms, re- plasmas and the shortcomings of LINT with other, especially
spectively. Uncertainties in the transport and atomic physicéigh confinement regimes, is discussed.

0034-6748/99/70(1)/317/6/$15.00 317 © 1999 American Institute of Physics
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(No. 10 354 JET plasma with ICRF heating, showing overlap within the

80-120 A spectral region.

II. ANALYTIC PROCEDURE ASSOCIATED
“LINT”

WITH

Peacock et al.

H-like ions of the light elements, e.g., Be, Cvi, Oviil and
An=0 transitions for higher Z impurities, these lines, lying
in the far VUV spectral region, being relatively insensitive to
temperature. Representative ions arexZ| Cl xvi, Ar xv,
Ar xvi and the neon-shell ions of common metal impurities
such as Ckxi, Fexxi, Ni xxv, etc. Demonstration of the
LINT analyses has in the past used data from VVO\and
XUV, © single line-of-sight spectrometers operating over the
range 15 A<\ <500 A. Samples of the spectral data are il-
lustrated in Fig. 1. Most of the emitting ions illustrated in
Fig. 1 lie within the 0.4<r/a<0.95 region of the normalized
radius. Figure 2 shows the results of a transport model cal-
culation of the distribution of nickel ions for a specific JET
discharge(No. 13 738. The 118 A emission from Nixv,
for example, is a suitable candidate since, for a set of dis-
charges with self-similar transport and with consistent shapes
of ng(r/a), Te(r/a), changes inl¢(r/a=0) will cause the
ion to move slightly to another location on thg(r/a) pro-
file. This does not invalidate the analyses since the ratio of
lij /Prap(z) remains independent of; .

In practice the LINT normalization factd@rap.7 relat-
ing 1jj to Prap.z (@nd Cesr.z t0 Zeg) is derived by adjusting
the theC scalings until the sum of all the elemental compo-
nents match the total radiative power measured by
bolometry! The quantity Prap-soLo(t) == Crap-zlij(t) is
minimized. It is a significant help if during a discharge only
one impurity concentration alters at any one time; ideally all
other parameters being kept constant. Then there is a clear
individual relation between the line intensity and the incre-
mental bolometric measure. In the case of g compo-
nents, each spectral line intensity, as well as being scaled
linearly, is divided by a measure oﬁ SO as to represent the

Choice of a specific atomic transition and ion species tdmpurity concentration. The volume averagag has rou-
represent the elemental contribution to the total radiation iginely been used in the JET analysis. The concentrations are
an important aspect of the LINT analysis. From experiencethen converted t&.; components and the significant com-
ions located near the edge of in the core plasma are ngtonents are summed. The sum is matched taZtlyeas de-
suitable candidates. Edge ion line intensities are prone ttermined from visible bremsstrahlung measurem@niy,
intractable variations due to changes in the edge pressurainimizing the quantity:
profile, influxes, and recycling. Core emission is overly sen-
sitive to changes in the peak axial temperature. lons emitting
in the intermediate region, approximately €.4/a<0.95,
are favored. In practice, this means selectig=1 reso-
nance transitions lying in the XUV spectral region for the
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FIG. 2. Distributions of VUV line emissivities from
intrinsic Ni ions in JET plasmé@No. 13 738, modeled
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FIG. 3. (uppe) ElementalP,,4 components, the components’ sum and the
total radiated power andower) Z .4 measurements and componentZgf FIG. 4. (uppe) ElementalP,,4 components, the component sum and the
together with their sum for pulse No. 13 728 showing the contributions oftotal radiated power anower) Z.4 measurements and componentZgf
the two dominant impurities, C and Ni. together with their sum for pulse No. 19 620. The ICRH power is illustrated
(uppe), and can be seen to trip after reaching 11 MW.

Zer(L[brems3) is the Zey determined from visible brems- .\ o heating on the minoritgyHe ions which shows but

strahlung measurementSq.z a coefficient for a particular WO main impurities, carbon from the plasma facing compo-
elementZ andz an average charge state of the more CentraLents and nigkel fro,m the antenna scrg.ens In this Qc]:ase BNT
ionization stages of each element. This will eqdain the '

case of lowZ elements. When dealing with thé.g it is satisfactorily accounts for the elemental contributions to the

important to include the contribution of the fuel, here as—tOtal power loss and to the globaly with estimated erors

sumed to b a H isotope Z=1). In summing the radiated of ~*+15%. Tracking the most dilute impurities is something

power components the contribution of the fuel is usually soof a pr(_)blem with LlNT‘ qu_vever, kn_owledge tha.‘t the con-

small it can be neglected. centrations of these impurities remain low is of itself valu-
able and is illustrated by the ICR heated pladida. 19 620

in Fig. 4. In this example the Ni emission rises only margin-

Il LINT ANALYSES OF VUV, XUV LINE EMISSION IN ally during ICRH while C impurity and the D fuel account
LIMITER DISCHARGES almost exclusively foZ .

JET limiter discharges, often with auxiliary ICR or other
heating, have the demonstrated advantage of pressure pr0f|
consistency from one discharge to the next and are exclu-
sively described in this section. Figure 3 illustrates a 3.5 MA  The x-ray emission database should also be relevant and
deuterium plasma dischargdo. 13 728 with up to 10 MW  amenable to LINT analyses not least because in high tem-

. EXTENSION OF LINT ANALYSES TO THE X-RAY
ECTRUM
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FIG. 5. Spectral surveys of the x-ray emission from JET. The differentFIG. 6. LINT analyses of reference discharge No. 29 724 using x-ray line
spectral regions are recorded simultaneously as a function of time usingtensity data.

separate diffractors on a reciprocating spindle. In this configuration, the

Bragg survey instrument has a modest resolving pow&g0, due to the

aperture of the beam line.

- and free—bound x-ray continuum,l . m=n3Zeu(Cyx
pleraturell tok_amrellks most of thehrad|art]|on from the fb(;‘lk+ Cw)f(Te) is an extremely useful input to the data base,
Feitsgr]s alr?j !‘ (E,\c(tar;(r-r:z}[/eiqtlc?natv)vs o?l:?et ?\jtil:?i;g;«t‘?/\o?e e'being directly proportional t&@. The derivation in JET of
readil calculrfl)ble than is the case in th% VUV region TheZeff from the x-ray continuum has_ not yet b_een done but Fig.

y gion. 7 shows that the underlying continuum emission recorded by

use of organic crystals and synthetic multilayers hag,, Bragg spectrometer is measurabtéand is not a spuri-
extendedf’ the long wavelength limit for Bragg reflection to ous signal due to scattered light. Spectrally integrated re-

\=100 A, thus overlapping the XUV region. A survey of gions of the x-ray continuum form part of theats data

the x-ray spectrum from JEWO.‘ 29 179,_tak_en at 4'85_ S base. These soft x-ray “pinhole” cametdsmploy arrays
after the start of the current pulsis shown in Fig. 5. In this of Si diode detectors with typically a 25@m-thick Be filter,

survey mg‘g? I.thg dresolt\)/ing pO\t/)verh of the Bfrarg];g giving a low energy cutoff of-2.0 keV. In principle, LINT
spectrometer is limited to about 150 by the aperture of the coefficients could be applied to the absolute continuum in-

input optics. Table | includes the main ions and transitions[ensity to derive the elemental componefts
used in this applicatiof’*? of LINT to the x-ray line emis- z

sion.

Using these, Fig. 5, and similar Bragg diffraction data,
LINT coefficients have been deduced over a number of “ref-
erence” discharges where, as the magnetic topology or con-
figuration is allowed to vary, the impurity content is assessed 290
throughout the pulse duratior20 s. The results are shown
in Fig. 6. Reassuringly, the sum of the elemental components 150
of 2 Prap(Z) follows the bolometric signal even as the mag-
netic configuration is switched into a low¥rpoint at~5 s
from the start of the current pulse. The underlying free—free

Pulse No: 29266

I — Ge(111) spectrum {background of 9ct/ms subtracted)
—— Synthesised sensitivity (scaled to fit at Ar-K edge)

Count/ms
o
(o]

TABLE |. X-ray lines used in LINT analyses of JET reference discharges.

0 | l i i | 1

Z(Z) )\ij Diffractor 2.0 2.5 3.0 35 4.0 45 50 55 6.0
{A)

Owvni Ly-a TIAP
Cwv Ly-a ova4 FIG. 7. Gé111) spectrum of the JET emission using the Bragg survey
Bewv Ly-a ov117 spectrometer. The resonance lines in the spectrum frorviCind Clxvii
Cl xvi 4.444(A) Si(ln) ions are superimposed on the underlying x-ray continuum, the intensity of
Ni xxv 9.967(A) TIAP (second order which is indicated by the step height at 3.87 A due to absorption in the Ar

component in the gas detector.
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Pulse No: 33204 (N2 puffing) Pulse No: 33204
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FIG. 8. Diagnostic data pertaining to ELMY H-mode JET discharge No.FIG. 9. N, pulse(above injection into JET discharge No. 33 204 showing
33204 with N, gas injection. (below) a comparison of the absolute radiance of an x-ray line,(N vir),
along a central horizontal choféxperiment with the results of thesanco
simulation based on transport modeling of nitrogen ions. The code is placed
on an absolute basis by normalizing to visible charge exchange measure-
V. ELMY H-MODES PLASMAS WITH GAS INJECTION ments of the NI concentration at a given value ofa.

Experience with the LINT analyses has taught us thahwethod, the total elemental power loss agrees Wth,
empirical fitting of line intensities tdrap is generally less  \yithin an error of~15%.

successful, i.e., has errors much greater thantth6% ac- In limiter discharges it has been shatmhat the accu-

curacy experienced with limiter plasmas, when applied Q4cy of fitting LINT data toPrap and the extent of the data
tokamak plasmas which have local steps in the pressure @fase accumulated over successive time intervals imposes an

radiz_ition profiles. Divertor discharges Wi_th edge_—radiationover constraint on the range of transport parameters which
cooling, detached plasmas, plasmas with localized edggy, pe allowed in the simulations. Essentially LINT intro-
condensation}! or “MARFE’S,” enhanced confinement

plasma¥® such as hot-ion H modes or optimized-shear Pulse No: 33204 Radiation from bulk plasma
modes come into this category. In the case where the pres- (N2 puffing)

sure profile is intermittently relaxed due to localized edge Total radiation
modes, ELMs, the situation is favorable to LINT analyses. measured by bolometry
Such a case is illustrated in Fig. 8 where a pulse pH&k is
injected into a diverted JET plasma heated with up to 18
MW of atomic beams. These radiatively cooled discharges
are characterized by continuous "“grassy” ELM activity with
an associated, quiesceHtr signature(Fig. 8), and an en- 3r
hanced confinement or “H factor{relative to ITER 89P
scaling®) of between 1.5 and 2.0Pgup is about 80% of the
input power P,y in these discharges, about one third of 2r
which (~4 MW) radiates from the bulk plasma, while the
rest comes from the SOL and divertor region, i.e., between
r/a=1 and the wall as shown schematically in Fig. 2. Im- 1k
purity transport calculations are normalized to measurements
of the absolute concentrations of N C®* from a charge
exchang&’ spectroscopic viewing line intersecting the heat- 0 AR ! | ! ! ! |
ing beam ar/a=0.4. The resulting radiance simulations of 14 15 16 17 18 1920
N v La along a central chord are less than satisfactory Time (s)

when compared in Fig. 9 to the absolute radiance data fromiG. 10. Comparisons ®rap.soLo(t) With the empirical LINT analysis of
the calibrated Bragg spectrometer. In contrast, Fig. 10, ®grap.z. for element N which accounts for 80% of the bulk radiation from
LINT analysis of the dominant Nradiation loss from the JET discharge No. 33204. The differenBgap.soLo(t) ~ Pran-2(Z=7)

bulk plasma predicts to a good accuracy the total confine@2" P& accounted for bygsp.z(2=6). The modulation is due -point
Sweeping. Results using the diffusive ion emission simulation casieo

plasma ralCﬁiat_io'"P_RAD measure‘_j by b0|0metrY-_ When the are also shown. The code is placed on an absolute basis by referring to the
carbon emission is also taken into account using the LINTN* concentration at a given value ofa.

N2 radiation calculated by
empiricat method

(MW)

Simulated total radiation of N2
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