
_ lniM
_-_- _P_ _ O, and Image Management

;?_ _' ,__

" ,,,,,¥_o__/ °_ _ __'
_ ,, _ONUFO_TU_OTO _TO_DO_D__'___._.,

BY RPPLIED INflGE, INC. _I_





"The submitted manuscript hss been

wuthored by s cuntract_i_ of the U.S,
Government under contrsct DB-

AC0S-S4{)IgL21400. A.ccordlntly , the U.S,
Government retalns a nonexclusive,

rt,yslty-free license to publish or reproduce

the published form uf this contribution, ur

allow others to do su, for U.S. Government

purpu,_es."

DETERMINATION OF ION TEMPERATURES FROM
ZEEMAN BROADENED SPECTRAL LINES

IN THE EDGE OF TORE SUPRA*

C. C. Klepper, R. C. Isler, S. J. Tobin, J. T. Hogan

Fusion Energy Division, Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831, USA

W. R. Hess

A_8ociation EURATOM-CEA Bur la Fusion Contr61ge

Centre d'Etude_ de Cadarache, 13108 St-Paul.lez-Durance, France

* Work sponsored by the Office of Fusion Energy, U. S. Department of Energy, under
contracts No. DE-AC05-84OR21400 with Martin Marietta Energy Systems Inc. and
No. DE-ACO2-76-CHO-33073 with the Princeton Plasma Physics Laboratory.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Governmentnor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or representsthat its use would not infringe privately owned rights. Refer-

ence herein to any specific commercial product, process, or service by trade name, trademark, _1 ASTERmanufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- _]_r[mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Governmentor any agency thereof.

OISTR_UTION OF THIS DOOUMENT IS UNLIMITED I



DETERMINATION OF ION TEMPERATURES FROM
ZEEMAN BROADENED SPECTRAL LINES

IN THE EDGE OF TORE SUPRA

C. C. Klepper, R. C. Isler, S. J. Tobin, J. T. Hogan

Fusion Energy Division, Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831, USA

W. R, Hess

A88ociation EURATOM-CEA Bur la Funion Contr61de

Centre d'Etudes de Cadarache, 13108 St-Paul-lez-Durance, France

1. Introduction

Doppler broadening of spectral lines is widely used to determine ion temperatures
in fusion research. The analysis is usually straightforward for the interior of hot plasmas
where the Doppler broadening of ion spectral lines exceeds the width of the Zeeman pattern
created by the splitti',_g of magnetic substates, but it can become rather complicated for
low-temperature peripheral ions where the reverse situation exists. In the latter case it is
necessary to make precise calculations of the wavelengths and intensities of each transition
in the multiplet of interest in order to evaluate the combined Zeeman and Doppler effects
[1]. We have examined radiation of the C III (3P---,aS) multiplet observed along several
viewing chords in Tore Supra to assess the possibility of measuring the temperature of this

ion by comparing calculated profiles to the experimental lineshapes. Theenergy levels are
computed by diagonalizing'the matrix representation of the operator (L. S + #0/_ .(/_ + 2S)
for the upper and lower terms, and the intensities are calculated from the eigenvectors of the
matrix. Several factors complicate the analysis: most sightlines pass through the radiating
layer for a given ion at two locations where the field strengths and the intensities are
different, the radial distribution of the emission is not determined precisely, and there exist
uncertainties in the polarization properties of the optics. In addition, it is not necessarily
true that such low ionization stages are actually thermalized. For these preliminary studies
on Tore Supra we have not addressed this latter point but have calculated lineshapes
assuming the distribution is Maxwellian.

2. Tangential Viewing

The dashed lines in Fig. 1 show data recorded from a viewing line in the mid-plane
that is tangential to the toroidal field a few centimeters inside the outer limiter radius.
Therefore, the _r-transitions are dominant, and the sightline intersects a given flux surface
at two locations having the same major radius. The solid lines in Fig. 1 are the computed
patterns for temperatures of 17 eV, 27 eV, and 37 eV for which the halfwidths of the major

feature centered near 4647.5 /_ are 1.38 ]_, 1.44 _., and 1.48 ]k. The best fit to the data
is 1.44 ]_, but more interesting is the fact that the details of the total emission pattern
are also matched best by the calculation for 27 eV. Observed features are not nearly so
well resolved as predicted for 17 eV, but they are better resolved than predicted for 37
eV. This suggests that fitting the complete transition array may lead to more confidence
in determining ion temperatures than does simply basing the analysis on the width of the
major feature.

3. Near Radial View toward Outer Limiter

A view that allows studies of the outer limiter in Tore Supra is afforded by a mirror
mounted on an endoscope near the top of the machine on the high field side. The sightline



makes an angle of 70° with the magnetic field so both tr- and 7r-components are detected.
In principle, this view intersects the C III layer in both low-field and high-field locations,
but the emission is much stronger at the low-field side for the discharges discussed here
because the plasma is positioned outward from the center of the vacuum chamber, and
radiation from the leading edge of the limiter is quite strong. Even though radiation from
the high-field side is only a minor perturbation, the analysis is not straightforward because
of other uncertainties. The principle difficulty lies in accounting for the polarizing effects of
the optics employed in this view. The mirror, the sapphire window, and the beam splitter
used in the path to the optical fibers can all transmit emissions polarized perpendicular and
parallel to the magnetic field with differing amplitudes. Although the transmission of the
system was measured for the two directions and found to be about 7:1 for radiated electric
vectors approximately parallel to field compared to those perpendicular to the field, the
observed pattern of the C III signal does not support this value for reasons which are not
presently clear. Matching the entire waveform seems, to be necessary in this case to make
any assessment of the temperature. Figure 2 illustrates several points pertinent to the
analysis. Again, the dashed line is experimental data, and the solid curves are the model
calculations. In 2(a) and 2(b) we show the patterns expected for the two directions of
polarization with a hypothetical high resolution spectrometer at an assumed temperature
of 0.1 eV. The first of these exhibits principally the _r-components but has some small
amplitude g-components because the view is not exactly perpendicular to the field; the
second demonstrates the tr-components. The patterns are not symmetric around the center
of each fine structure transition because of the magnetic field coupling of states having the
same values of mj. It can be seen that it is important to know the weighting of the two
polarizations when attempting to extract an ion temperature because the g-components are
split much farther from the line centers than the 7r-components; the Doppler broadening has
a weak effect on the lineshape. In Fig. 2(c) are shown the calculated patterns assuming an
ion temperature of 5 eV and three values of the transmission ratio for the two polarizations.
The w-dominated orientation has been taken as unity and the tr-dominated orientation has
taken as 1.0, 0.7, and 0.0. The different assumed values affect the gross features above
4649 _ most sensitively, i.e., the transitons from 3P1 and SP0 states to the lower aS1 state,
whereas they tend mainly to influence the width of the transition from ap2 state at the
lower wavelength without distorting its shape severely. Clearly, relative transmissions of
1.0 or 0.0 for the cr-components does not reproduce the experimental results; a value of 0.7
matches the observations better. The comparison of the data to the calculation for this
value with Ti(C III) equal to 5 eV is si,own in Fig. 2(d). Comparisons for different assumed
temperatures indicate that the C III temperature is between 2 and 7 eV, much lower than
the 27 eV inferred from the tangential view illustrated in Fig. 1. Although this temperature
appears to be rather low, it must be noted that the data in Fig. 1 were rccorded with the
plasma centered in the machine rather than in contact with the outer limiter. Data from
the near radial view toward the outer limiter also indicate the temperatures are in the
range of 15 - 20 eV when the plasma is centered in the vacuum vessel. Because t_e most

prominant feature around 4645/_ appears to be nearly isolated from interferring hnes one
may be tempted to determine ion temperatures by fitting this transition alone, but this
cannot be done with any degree of accuracy without knowing the relative contributions
of the _r- and 7r-components. For the case presented here, the calculated linewidth is
broader than the measured width for any temperature if equal contributions are assumed.
If the cr-components are taken to be negligible, the width corresponds to a temperature of
approximately 27 eV.

4. Radial Viewing toward Inner Wall

The third set of visible spectroscopy views on Tore Supra consists of a fan of chords
that essentially pass through the plasma at different angles in one poloidal cross section.
Again, these intersect a given flux surface at two values of the magnetic field, but we
have investigated a case for which a marfe occurs so that the overwhelming contribution
comes from the high-field side. Figures 3 and 4 illustrate data obtained from one of the



• sightlines when a polarizer is used to select lines having electric vectors either parallel
or perpendicular to the magnetic field. For the parallel case, a temperature near 22.5 eV
appears to be close to the best fit for the overall pattern, although the line originating from
the 3p_ state would be somewhat better matched at a temperature of about 18 eV. The
patterns calculated for 15 and 30 eV do not compare as favorably with the measurements.
The data in Fig. 4 were taken from the succeeding discharge with the polarizer supposedly
oriented to select the a-components. The best overall comparison is with the calculation
for 28 eV instead of 22.5 eV as was found for the data of Fig. 3, however, satisfactory.
agreement cannot be achieved at all unless it is assumed that the polarizer was aligned
about 20 ° away from the field normal.

5. Summary

We have examined a 3p-,3S multiplet of C III in Tore Supra in order to assess the
possibility of determining the ion temperatures from transitions where the Zeeman effect
cannot be neglected compared to the Doppler broadening. The preliminary studies lead
us to believe that with good quality data the temperatures can be determined within
about 20% in the 20 - 30 eV range and within about 50% in the neighborhood of 5 eV
by fitting the entire multiplet rather than a semi-isolated feature, even though certain
parameters important for the analysis, such as polarization effects of the optics, are not
well characterized. In order to quantify these conclusions more precisely, future work will
concentrate on developing numerical fitting routines and on examining the validity of the
assumption that the distribution function for low ionization stages is Maxwellian. This
work was partially sponsored by the Office of Fusion Energy, U. S. Department of Energy,
under contracts No. DE-AC05-84OR21400 with Martin Marietta Energy Systems Inc.
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Fig. 2. Dashed lines: observed signal of the 3p. 3S transition of C III from the leading edge of the
outer limiter.The view is almost normal to the magnetic field. Solid lines: calculated transition
patterns. (a) resolved x-components, (b) resolved G-components (c) predicted pattern for 5 eV
and assuming G-contributions are three different fractions of x-components,
(d) comparison of computation and measurement for 5 eV if G-contributionsare 0.7 times the
x-contributions.
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Fig. 3. Dashed lines: observed signal Fig. 4. Dashed lines: observed signal
of the 3p. 3S transitionof C III at the of the 3p. 3S transitionof C III at the
inner wall during a made. A polarizer inner wall during a marie. A polarizer
parallel to the field lines is employed, perpendicular to the field lines is employed.
Solid lines: calculated patterns for Solid lines: calculated patterns for
three different temperatures, three different temperatures
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