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Variation in Lyman- « fine structure components for CIxvil during a tokamak plasma shot
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In this Brief Report we study the measured and modeled Lymantensity ratios for hydrogenlike Glvii
in a deuterium base plasma in the Joint European Torus tokamak and examine the agreement between experi-
ment and theory for a particular plasma shot. A collisional-radiative model is used to calculate the values of the
intensity ratios using measured plasma parameters for comparison with line-of-sight values. When variations in
the electron parameters during the discharge are taken into account, the variations in the modeled values are
seen to follow the experimental data. The difference between the values of observed and modeled intensity
ratios is discussed.
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I. INTRODUCTION mately six to seven times larger in both its major and minor

A very useful plasma diagnostic in tokamak plasmas israd"' Howeve_r, its shape is the same . as th_at of

the measurement of x-ray emission from highly ionized ionsc OMPASS-D, i.e., &-shaped torus. Due to its much higher
lasma current, the JET electron temperatures are much

n c;rder to (ietemlgne p?rameters.such %S :he Impurity Qen3|t igher than those in COMPASS-D, up to about a factor of 10
or temperature. Uespite comparisons between expermen %rger. The electron densities, however, are similar in both

Lyman- intensity ratios and theoretically modeled values

for the ratios(see Ref[1] and references therginthere is the JET and COMPASS-D tokamaks.

still no consistent agreement. However, accurate theoretical

results for the Lymanr intensity ratios are important for ll. EXPERIMENTAL DETAILS

many diagnostic analyses which require the use of the fine

structure components. Hydrogenlike emission spectra can be )

used for the identification and monitoring of impurity species Spectra were measured from a plasma formed in the large

in tokamak plasmas. JET tokamak which was designed to produce plasma condi-
This Brief Report is a followup to the study on the varia- tions approaching those in a fusion power plgit It has

tion of the Lymana intensity ratios in the COMPASS-D Major and minor radii of 2.96 and 1.25 m, respectively, a

tokamak for A1 XIII [2], but this time using measurements Maximum toroidal field of 3.45 T and maximum toroidal

from the larger JET(Joint European Torystokamak and current of 7 MA. Typical central electron densities and tem-

theoretically modeling the intensity ratios for the hydrogen-peratures ar@.=(1-7x 10" m= and T, up to ~7 keV.

like C1 xvii (ionization potential=3932 eMintrinsic impu- Plasma parameters for the Ohntiemode (low confine-

rity ion in the plasma. The results confirm a similar discrep-mend plasma discharge considered h¢skot no. 2326pare

ancy in the absolute magnitude of the intensity ratios to thaghown in Fig. 1. Spatially resolven} and T, measurements

noted for the COMPASS-D resulf€]. Given that the same Were made by multichannel far infrared interferomefiy

experimental limitations with line-of-sight effects and chang-and by analysis of electron cyclotron emissid), respec-

ing plasma pressure profiles exist, this might again be extively. During the Ohmic phase, the central electron tempera-
pected. ture is=2 keV, rising to=6 keV during additional heating

from a combination of the injection of highly accelerated
neutral deuterium beams, known as neutral beam injection
IIl. JET TOKAMAK (NBI), and the resonant coupling of radio frequency waves
The JET tokamak is currently the world’s leading mag-"ith the gyration frequency of plasma ions, known as ion
netic confinement experiment, designed amongst other thind&/clotron resonance heatit"RH). The plasma disrupts at
to study heating and confinement in reactor plasma condi= 14 S due to an excess of radiated power. X-ray line emis-
tions, plasma-wall interactions, ardparticle production. It Sion from Clxvii ions in the plasma was measured by a
differs from the COMPASS-D tokamak in that it is approxi- 40ubPle X-ray monochromatge].

A. Plasma source and the spectrometer

B. Fitting process and errors

*Email address: J.MA.Ashbourn@damtp.cam.ac.uk Individual lines of the spectra were reduced using a
TAlso at The Queen’s University of Belfast, Belfast BT7 1NN, pseudo-\Voigt function fitting routine. The wavelengths of the
Northern Ireland. Lyman-o components, 4.1841 and 4.1895 A, and tie3
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FIG. 1. Plasma parameters for JET-mode(from top): central FIG. 2. CIxvil Ly-a spectrum measured with a double crystal

To( keV); centralng (10'° m=3); auxiliary input heating power in the monochromator. The individual line fits and the residue of fit are
form of NBI (solid line) and ICRH(dotted ling power(MW) and also shown.
total radiated powetMW).

temperature of the maximum hydrogenlike Cl ion density
satellite system centered on 4.1940 A in the long wavelengthrofile for inclusion in the collisional-radiative codeLRAD
wing of the j:% component, were input as fixed were found usingsaNco. Emission profiles of each Glvii
parameters—all wavelengths were taken from Vainstein antine were formed from which the synthetic spectra were pro-
Safronovg7]. All linewidths and shapes were assumed equabuced. In Fig. 3, two synthetic spectra are shown, one of
and fixed to the resonance line parameters. For each line,which includes satellite line intensities and the other which
linear convolution of a DoppletGaussiap profile and an does not; the total satellite intensity is also displayed. The
instrument profile (approximated to a Lorentzianwas  intensity of any one of these satellite lines is normally rela-
formed and iterated to give the best least-squares fit to the
measured spectra. The free parameters used in the fit were
line intensities, resonance linewidth and shépe degree of
influence of the competing Lorentzian and Gaussian line
shapey central wavelengths and background intensity. The 0.8
background intensity was mainly due to continuum emission
but also included a component due to noise from the elec-
tronics in the x-ray detector. An example of a measured ClI
xVil spectrum and deconvolved lines from JET is shown in
Fig. 2.

The main source of error in the measured line intensities
derived in this way was due to blending of the main Lyman-
a components with heliumlike dielectronic satellite lines.
Transitions of the type gnl-2pnl(n=3) in doubly excited
heliumlike ions form two series of lines, one to the long
wavelength side of each hydrogenlike component. In order to
demonstrate the influence of satellite lines on the measured
intensity ratio, synthetic spectra are presented in Fig. 3, hav-
ing been synthesized using a code described in detail in Ref.
[8]. For each point on the plasma radius, the satellite line
emissivities were calculated relative to a modeled resonance

line emissivity and the spectra were formed by giving each FiG. 3. Synthetic Cixvii Ly-« spectra, calculated for central
line a Voigt profile(dependent on the radial ion temperatureT,=1782 eV andh,=7.18x 10 m=3. The dashed line indicates a
and the instrument functiorat each radial point and then spectrum calculated neglecting the effects of heliumlike dielectronic
summing over wavelength and radius—the ion densities useshtellite lines. The spectrum indicated by the solid line includes
were obtained from the transport codenco [9] (described  satellite effects. The total satellite line intensity is also shelno-
extensively in Ref[10]). The radial position and hence the ken line.
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tively weak but they are numerous such that their cumulative  0-80
influence can become significant. It is clear that the inclusion 075 7
of satellite lines raises the unresolved Lymaintensity ra- & 070 7 I o
tio, in this case by 4%. At the later times during the pulse, & % ] L)
the central electron temperature is relatively low compared to5 0-60 1 \ R ‘ [ I‘
that earlier in the pulse during additional heating. Satelliteé 8'2(5): L P THIT AT LY £ 4
line intensities increase with decreasing electron temperaturi” 0'45 |
and hence this will be a significant factor on the influence of 0:40 ‘ . . . . . .
unresolved satellite lines on the intensity ratio during the 44 45 46 47 48 49 50 51 52
pulse. Time (s)
0.5120
IV. THEORETICAL MODELING OF LINE @ 0.5115 1
INTENSITY RATIOS E 0.5110 -
As already described in our earlier paper for the ‘g 0.5105 1
COMPASS-D tokamaki2], the collisional-radiative code, £ 0.5100 -
COLRAD [11,12, was used to calculate the Lymanintensity — — ( 5gg5
ratios for hydrogenlike CXkvii for the OhmicL-mode dis-
charge shot no. 23269. The experimental parameters used ¢ 0-5090 44 45 46 47 48 49 50 51 52
input for the code were the electron temperature and density Time (s)
and the ion temperatureoLRAD does not include the con- 1.10
tribution from dielectronic satellite lines to the intensity ra- & , 4 |
tio. 5
Figure 4 shows a plot of both the measured intensity ra-g o.zo 1
tios and the modeled values for themode pulse considered. *.g’ 0807
The values of all the experimental input parameters werex. 070 7
available for each measured time step. The calculated Ly- 2 %907
ratios increase from 0.509 at 43.35 s to 0.511 at 52.63 s. Thic€ 050 1 .
overall increase of 0.4% is due to an increase in the 040 T T T T T T T
line-average density from210' to 5x 10'° m™3 over this 4 44 Tir::(s) 9 %0 & 82

period as shown in Fig. 1. The calculated ratio peaks at a
value of 0.5116 over a time interval 6{0.4 s from 48.41 to FIG. 4. The top graph shows the variation in the values of both

48.82 s when the onset of the additional heating produces @e measuredsolid curve with diamondsand modeled(dashed
strong increase in the densigand also in the temperatyre ¢yryg values of the intensity ratio for JEL-mode plasma. The

up to a value of & 10" m™ (as seen in Fig. lwhich in-  midde graph shows the modeled intensity ratios on an expanded
creases the collisional coupling between ti8,22P1, and  scale in order to illustrate the resolved structure of the curve which
2P3, levels, hence enhancing the intensity rgt®). How-  correlates to variations in experimental parameters such as the elec-
ever, from 48.55 s onwards, the ratios decrease as this tfon density. The bottom graph shows the intensities of the compo-
when the measured electron density also decreases steadikynts of the measured doublet, by<top curve with trianglesand

after the additional heating has been switched off. The mea-y-«, (bottom curve with circles

sured ratios mostly lie between 0.53 and 0.58 with some data

points outside this range, in particular the peak values whickne fit would be even better if the data points which are
again occur over the time interval when the electron densitye|ow the statistical value of 0.5 were disregardas dis-

is strongly increased for about 0.4 s. Experimental uncertainsssed above

ties are typically +10%. The measured ratios tend to be con- There are atomic processes not included in the model
sistently higher than the calculated values0% with the  sych as state-selective charge exchange collisions which
best agreement between the experimental and modeled Vahight have a small influence in neutral beam-heated plas-
ues occurring during the time period of 46-50 s. The calcumas. The satellite intensity is more significant for medizm
lated ratios are generally within the experimental error barsimpurity jons such as Ckvii than for those with loweZ
Measured ratios smaller than 0.5 are likely to be in error a$13]. Hence an obvious complication in the intensity ratio
processes such as heavy ion collisions which influence thSnaIysis are line blends which could be adding to theaby-

intensity ratios tend to cause the ratios to exceed this valugitensity and hence increasing the intensity ratio since they
due to redistribution of populations from their statistically are not accounted for in the line fitting.

weighted values. As seen in R¢2], the intensity ratios are
primarily affected by the electron density and this correlation
can be seen from the theoretical graph. Whes analysis is
done for this discharge as a measure of the “goodness of fit,” The theoretical results show a clear dependence on the
the normalized value of? (over 49 data poinjsis found to  measured electron density for the variations in thealin-

be 1.52, which means that the model is a good fit to the datdensity ratios. Given the spiky nature of the measured experi-

V. CONCLUSIONS
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mental intensity ratio data, this correlation in the case of thaloublet. The synthetic spectrum shows some satellite lines
JET tokamak is harder to observe, though on a smaller scalghich contribute mostly to the Ly, component and alter
the general trend for the early part of the graph can be seethe line shape to some extent, which will also reduce the
to be an increase in the ratios. The measured values of thgoodness of fit.” As in Ref[2], there are a number of rea-
ratios tend to be systematically higher than those calculategons why the discrepancy between the two sets of data exists,
using thecoLRAD collisional-radiative model by=10%. Al-  the main ones being plasma transport and variances in the
though the density correlation with the calculated values igyofiles for the plasma pressure. Line of sight effects could

seen as a general trend, a more detailed comparison of thgs, play a part as well as possible residual asymmetric vi-
temporal behavior is not possible due to the insufficient ac netting of the line profile that might cause a systematic

curacy of the measurements Wh'(.:h.'s duetoa comb|rjat|on nderestimate or overestimate of the ratios which are very
statistical measurement uncertainties and systematic effec Snsitive to the contour base level assumed. Given the ex-

B e o gmentl ncetante, the moceled kyatos do repro-
uce the magnitude of the measured ratios and also the gen-

intgnsity.ratios continues to bg an unresolvgd_ one, _and O&ral temporal trends adequately, and hence the model does
Wh'.Ch might be partially egplamed by' the difficulty in de- replicate well the variation in the measured ratios with time.
ducing an accurate experimental ratio from the observed

spectral curves. In this paper the &l spectral emission

lines are not very intense since Cl is an intrinsic impurity in ACKNOWLEDGMENTS
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