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N.A. Pablant et al. Measurements of the Internal Magnetic Field on DIII-D Using
Intensity and Spacing of the Motional Stark Multiplet

ABSTRACT

We describe a version of a motional Stark effect diagnostic based on the relative line
intensities and spacing of Stark split Dy emission from the neutral beams. This system,
named B-Stark, has been recently installed on the DIII-D tokamak. To find the magnetic
pitch angle, we use the ratio of the intensities of the w3 and oy lines. These lines originate
from the same upper level and so are not dependent on the population levels. In future
devices, such as ITER, this technique may have advantages over diagnostics based on
motional Stark effect polarimetry (MSE). We have done an optimization of the viewing
direction for the available ports on DIII-D to choose the installation location. With this
placement, we have a near optimal viewing angle of 59.6 deg from vertical. All hardware has
been installed for one chord, and we have been routinely taking data since January 2007. We
fit the spectra using a simple Stark model in which the upper level populations of the Dg
transition are treated as free variables. The magnitude and direction of the magnetic field
obtained using this diagnostic technique compare well with measurements from MSE
polarimetry and EFIT.
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I. INTRODUCTION

This paper describes a diagnostic, B-Stark, recently installed on the DIII-D tokamak at
General Atomics. This system is a version of a motional Stark effect diagnostic and measures
both the magnitude and direction of the internal magnetic field. These measurements are
made using the relative line intensities and spacing of Stark split Dy emission from the
neutral beams. This differs from motional Stark effect polarimetry (MSE) which only
measures the direction of the field and relies on the polarization properties of the Dy, light.

The ability to measure the direction of the internal magnetic field has led to important
advances in tokamak research. In particular, these measurements have allowed a better
understanding of magnetic shear and the mechanisms behind improved confinement modes,
such as H-Mode [1]. MSE polarimetry is now considered to be an essential diagnostic in
tokamak and stellarator systems.

Measurements of the magnitude from the magnetic field can provide additional
information for magnetic equilibrium reconstruction codes such as EFIT [2]. These codes
solve the Grad-Shafranov equation, and with several chords the ff' term can be measured
locally. This, in turn, can lead to better understanding of poloidal currents.

The B-Stark diagnostic may have additional advantages over MSE polarimetry in devices
with high densities and temperatures, such as ITER. Under these conditions coatings on
plasma facing mirrors are expected. These coatings may interfere with MSE polarimetry by
causing changes in the polarization direction of light incident on the mirror [3]. The B-Stark
diagnostic is not sensitive to the polarization direction. It is, however, sensitive to
polarization dependent transmission. There is a simple calibration procedure using a beam
into gas shot that can be used to correct for this effect.

Diagnostics to measure the direction of the magnetic field based on the Stark intensities
have been developed and used on TEXTOR [4] and JET [5]. Both of these systems had non-
optimal viewing locations on the midplane, which required them to use additional
information to make the measurement. In addition, both of these experiments measured the
total 7 and o intensities, requiring the assumption of statistical upper level populations.

Measurements of |B| based on the Stark spacing have been made in JET [5][6] and in the
MST reversed field pinch [7].

This new system installed at DIII-D has two main advantages over the previous
diagnostics; it has a near optimal viewing direction, and DIII-D has an excellent MSE
polarimetry system [8] with which the B-Stark measurements can be compared.

A similar diagnostic system has been proposed for ITER [9].
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II. THEORY

This diagnostic relies on the emission spectrum from the neutral heating beams on DIII-
D. We are interested in the light from the Dy (n=3 to n=2) transition, around
Ao =6561.0 A. Stark splitting of the energy levels occurs when the atom is exposed to an
electric field.

For the deuterium atoms injected into the plasma by the neutral beams, there are two
sources of electric fields. There is a Lorentz electric field produced by the particle's motion
across the magnetic field, and a radial electric field from the plasma. This electric field can
be written as E=vp xB+E;.

For our diagnostic, typical vp x B fields will have a magnitude of ~ 4 x 10° V/m, while
typical E, fields are around 5%10% V/m . We therefore ignore the E, field in our
calculations. In certain high performance plasmas the E, field can be as large as
2x10% V/m [8], and a calculation including Ey is needed.

The effect of Zeeman splitting in calculating the spacing between the lines can be
ignored, and a linear Stark effect is assumed [5]. For the linear Stark effect the spacing
between the lines can be written as AA = A3 (3/2)(eaq / he) [E| [9].

The lines are polarized parallel to the electric field for Am =0 (7 transitions), and
polarized perpendicular to the field for Am==1 (o transitions). The intensity of the
emission is spatially anisotropic, and the ratio of & to o light can be used to find the
direction of the electric field. In general this requires the level populations of the n = 3 states
to be known. Two sets of lines, w+3/0 =1, originate from the same upper level removing
the dependence on the level populations [9]. The intensity ratio of these lines is

Iy  2sin’®

o S Z ATy (1)
15 1+cos2 @ !

where © is the angle between the viewing direction and the electric field, A is the constant
ratio of the transition probabilities, and T'¢ the the & to o transmission ratio for the optical
system.

The angle © can be related to the magnetic field through the Lorentz field vector and the
viewing direction. The line intensity ratio in Eq. (1) can then be related to the magnetic field
ratio By /By.

General Atomics Report GA-A26110 3



N.A. Pablant et al.

Measurements of the Internal Magnetic Field on DIII-D Using
Intensity and Spacing of the Motional Stark Multiplet

lo = @)
I 2
2ATy +— (Bg)
I 1+|—
By

Here the x direction is taken to be along the beam and the Z direction is taken to be vertical.
!y and /; are the y and z components of the unit viewing vector. By /By can be related to
By / By though the known angle between the beam and the toroidal direction at the viewing
location. Bg and By are the poloidal and toroidal components of the magnetic field.
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III. EXPERIMENTAL SETUP

For the B-Stark diagnostic, the viewing direction with respect to the neutral beam is
important for several reasons.

From Eq. (1) it can be seen that the sensitivity of the ratio to changes in © is maximized
at 62.1 deg. This is the optimal viewing angle from the electric field, which in DIII-D is
nearly vertical.

For Doppler separation of the beam emission from the background D, emission, the
viewing direction must be away from beam perpendicular. In order to achieve good radial
resolution, the view must be tangent to the toroidal direction at the viewing location. To
maximize signal levels, the viewing location must be outside of the magnetic axis where the
neutral beam intensity is greatest. Lastly, a view crossing more than one beam allows better
calibration and consistency testing.

The final port chosen for the B-Stark installation allows views that cross two of the
neutral beams, with angles of 57.8 deg and 64.9 deg, and have an angle of 59.9 deg from the
vertical (Fig. 1). The radial resolution, calculated from the change in major radius over the
neutral beam viewing volume, is 1-3 cm.

285° R+1 Port

B-Stark Views
w9992 Neutral Beams

Fig. 1. (Color On-line ONLY) B-Stark diagnostic
geometry. Cross sections of the DIII-D vessel at the
midplane and at a toroidal angle of 285 deg are shown.
The B-Stark chords cross the 330 deg left and 330 deg
right neutral beams. The angle between the 330 deg left
neutral beam and the B-Stark chord is 57.8 deg. The angle
between the vertical direction and the B-Stark chord is
59.9 deg. The neutral beams have a width of ~20 cm and
a height of ~ 40 cm.
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In order to maximize light throughput while maintaining narrow slit widths, custom fiber
bundles were designed that are packed into two square ferrules at the plasma viewing end
and packed into a line on the spectrometer end. The bundles each have 38 fibers with
200 um core diameter. The two ends of the fiber bundle can be arranged to act as a single
chord, to maximize light gathering, or as separate chords.

The installed viewing optics are f/2.3 to allow for future upgrades to a faster
spectrometer. A lens mask was installed to reduce geometrical Doppler broadening due to the
change in viewing angle across the lens. We are using an available SPEX 3/4 — m Czerney-
Turner spectrometer ( f/6.8) coupled to a PixelVision CCD camera with 12 um pixel pitch.
The top and bottom halves of the chip are summed vertically, and pixels binned by two,
resulting in 326 channels. This system has a dispersion of ~0.14A/channel, and an
instrumental response with a FWHM of ~0.4 A.

An in-vessel calibration is performed to find the viewing and effective lens locations, and
to characterize the intensity response.
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IV. SPECTRUM

The Dy, spectrum is made up of emission from several sources. The B-Stark diagnostic
relies on emission from the neutral beams; however background emission must also be taken
into account in order to properly fit the spectrum.

The neutral beams on DIII-D inject deuterium atoms at three energies due to molecular
deuterium in the ion source [10]. In addition there is a continuum of energies between the
third and half components due to molecular Dj breaking into D; + D partway through
acceleration in the ion source. The Dy emission from each of these components, as well as
the continuum, is Stark split and Doppler shifted.

For typical values of the magnetic field and beam energy, emission from the full
component is spectrally separated while the half and third components overlap. The
separation between the Stark lines for the full component is ~1.0 A.

The width of the beam emission lines is dominated by geometrical Doppler broadening
due to the divergence of the neutral beam [11]. This causes a Doppler broadening of the
beam emission with a FWHM of ~1.6A. This line width is greater than the Stark spacing,
and makes the individual lines difficult to distinguish.

There are a number of other sources that contribute to the Dy, spectrum. There is D¢ and
H ¢ emission from neutral deuterium and hydrogen in the edge, both of which are Zeeman
split. There is emission from re-neutralized deuterium around the neutral beam, which is
Doppler shifted due to the plasma rotation and thermally broadened. Lastly, there are
impurity lines from the beams and the plasma.

Most of the components in the spectra are beam dependent, reducing the effectiveness of
time slice subtraction in removing the background emission.
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V. RESULTS

A spectral fit is performed to extract the intensity ratio and line spacing (Fig. 2). The
fitting is done using a modified version of the non-linear least squares fitting package,
CERFIT [12,13].

1000 Shot 131875 [
8000 4 —— Chord: BST2 [
600. T - Time: 2500 ms |
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200 ]
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Fig. 2. (Color On-line ONLY) Fit of a B-Stark spectra for shot
131875 at 2500 ms. Data is shown as crosses, the fit is shown
as a solid line. Here the background is made up of one
Gaussian and a constant term. The weighed residual is found
from the difference between the data and the fit, divided by the
standard deviation of the data. The reduced chi-squared is 1.1.

The line spacing is assumed to be described by a linear Stark model. The fit variables in
this model are the upper state level populations, beam velocity, effective electric field, and
the intensity ratio of the & to o components. We allow each of the beam components to
have unique upper state populations. The background is described using Gaussians and up to
a quadratic polynomial. In addition the spectrometer fiducial (central wavelength) is given as
a fit variable.

Shots where the neutral beams are injected into a low density gas (beam into gas) are
used to find the line profiles and to calibrate the B-Stark system.

A spectrum produced by firing a beam into gas shot without magnetic field is used to find
the spectral profile for the lines from each beam energy component and to find an
instrumental profile to use for the background lines.

In addition to the in-vessel spatial calibration, a beam into gas with toroidal field shot is
used to determine in-situ the viewing direction and the ratio of transmission of s to o light.
The magnetic field in these shots is purely toroidal and is assumed to have a 1/R
dependence. To obtain both the direction and transmission factor, measurements from two
beams at different angles are necessary.
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The B-Stark measurements compare well with values taken from EFIT using MSE
polarimetry data, for both |B| and By/Br. In Fig. 3 we show B-Stark measurements from
shot 131875. Measurements were taken with a time resolution of 10 ms. The major radius of
the viewing location was found using the in-vessel calibration, while the viewing direction
and transmission factor were found using a beam into gas calibration. The error in the
measurement of |B] is 0.015 T or 1% and for the measurement of By /By the error is 0.12 or
10%. These errors are found from the standard deviation of the final measurements over a
period where the parameters are expected to be constant (around 2500 ms). The discrepancy
in |B| changes from ~0.08 T to ~0.05 T over the time range analyzed. A number of shots
have been analyzed and the discrepancy in |B| is not always seen.

Shot: 131875

71000 1500 2000 2500 3000 3500
Time (ms)

Fig. 3. (Color On-line ONLY) By /By and |B| versus time for
shot 131875. B-Stark measurements (crosses) are taken every
10 ms. EFIT with MSE polarimetry results (solid line) are
calculated every 25 ms.

The accuracy of these measurements are dependent on the quality of the spectral fits. The

main difficulties in getting good fits are the wide line profiles due to the beam divergence,
poor signal due to the need for high spectral resolution, and a complicated background.
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VI. FUTURE PLANS

Work is continuing to improve the fitting model. In addition we plan to evaluate the use
of an atomic code [14] to calculate the expected level populations. This will reduce the
number of fit parameters, resulting in better accuracy in determining the 7 to o ratio.

There are several planned hardware upgrades including a new camera that will allow an
expansion to multiple chords and a faster spectrometer in order to get better signal levels.
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