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ABSTRACT

A method to obtain electron density profiles from chordal interferometric
measurements of a tokamak plasma has been extended to the non-axisymmetric
stellarator geometry of the Advanced Toroidal Facility (ATF) torsatron. The
method requires a known magnetic flux surface geometry expressed in spectral
form. The method has been applied to both interferometer density data and
bolometer irradiance data from ATF, and results are presented. The resulting
inverted density profiles are integrated along a horizontal path and compare
favorably with line integral measurements of the density. Sensitivities of the
resulting profiles to variations in the flux surface geometry and errors in the

measurements are discussed.






1. INTRODUCTION

The Advanced Toroidal Facility (ATF) is an | = 2 torsatron having 12 field
periods designed for studies of plasma stability and confinement in a current-free
toroidal device [1]. Two diagnostics on the ATF device measure chordal integrals
of plasma quantities that require an inversion to ascertain the local values of
these quantities. The first is a multichannel far-infrared (FIR) interferometer
system [2] that has been installed on ATF for the purpose of measuring electron
density. The second diagnostic is a 15 channel bolometer array [3] that has
been borrowed from the PBX-M experiment at the Princeton Plasma Physics
Laboratory to measure the radiated power from the plasma. The inversion of
these chordal data to a local electron density profile and a radiated power density
profile, respectively, is accomplished by a technique extended from an asymmetric
inversion method developed for tokamak plasmas [4]. The method is described
in detail in Section 2.

In Section 3, we discuss the FIR interferometer system on ATF. The multi-
channel bolometer array installed on ATF is discussed in Section 4. The results
of applying the inversion process to data from these two diagnostics are examined
in Section 5. The sensitivity of the method to the flux surface geometry deter-
mined from the plasma beta is investigated, as is the sensitivity of the resulting
profiles to uncertainties in the measured data. Examples of resulting electron
density profiles obtained from plasmas with different heating and fueling meth-
ods are shown. Important density parameters such as profile peakedness, central
density, and line-integrated density are calculated from the inverted profiles and
presented. An example of the resulting temporal evolution of the radiated power

density profile for an ATF discharge is also shown.






2. INVERSION METHOD

Here we review the details of the asymmetric inversion technique developed
for tokamaks [4]. The basic principle of the method is to divide the flux surface
geometry into shells that are assumed to have a constant particle density or radi-
ated power density. The measured chordal data are interpolated to provide data
for chords that pass through the center of each shell at the horizontal midplane.
The path length of the interpolated chords through the shells is calculated, and
the local density within the shell is determined by starting at the outermost shell
and working toward the innermost shell. This is done for the chords on both
the inside and outside of the magnetic axis independently, which allows for an
asymmetric profile,

The measured chordal signal (assumed here to be the interferometer signal)

can be written as
/ne(r)dl = N.L

where N, = ne(n,m) is the electron density matrix, L = I, ,, is the path length
matrix for the flux surface geometry being analyzed, n is the zone index, and
m is the subzone index. As described in the original derivation [4], the choice
of number of zones (shells) n is flexible and in our case is chosen to be 10, thus
leading to the number of chords, 2n, to be 20. The actual number of measured
chords is fewer than 20; therefore, we use a cubic spline fit between the measured
values to arrive at an interpolated chordal value at the center of each flux surface
zone.

The inversion process starts from the outermost interpolated chord in each

zone. The line-integrated densities for each chord can be expressed as

(/nedl)l = ne(l,l)ll,l

(/nedl)z = ne(1,2)ll,2 + nc(2,1)l2,1



(/nedl)2 -1 = ne(l,?n—-l)ll,2n——l + ne(2,2n-—2)l2,2n—2

(/nedl)zn = Ne(1,2n) 01,20

In our calculation, any in/out asymmetry of the electron density (i.e. difference
in the calculated densities n.(1,1) and n.(1,2n) of the first and last equations
above) is distributed linearly along the major axis. It would also be possible to
distribute the asymmetry with a cosine or other distribution if desired. Once the
subzone densities (n¢(;,jy) in the first zone (outermost shell) are determined, the
same operation can be performed on the next zone to determine (n.(,, ;) and so
on. The method will work on density profiles of any shape, including hollow, and
is limited in resolution by the number of chordal measurements and the number

of flux surface zones chosen in the plasma.
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3. ATF FIR MULTICHANNEL INTERFEROMETER

The multichannel interferometer on ATF is a 15 vertical chord system based
on a pair of optically pumped difiuoromethane (CH3F;) lasers operating at a
wavelength of 214 um [2]. The vertical chords are located in the ¢ = 0 toroidal
plane of ATF, as shown in Fig. 1. The input beam is expanded with reflective
optics and transmitted through most of the plasma cross-section. After pass-
ing through the plasma, the probing beam is mixed with a reference beam and
detected by an array of Schottky diode detectors. The phase shift between the
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Fig. 1. Flux surface geometry of the ATF device (upper half) with the paths of
the multichannel FIR interferometer system shown as dashed vertical lines. The
interferometer data (solid points) and spline fit through the data for two times
during a discharge with pellet injection are overlaid. The later time is just after

a deuterium pellet is injected into the plasma.



output of the signal detectors and the reference signal, which is proportional to
the line-integrated electron density, is then measured. The interferometer sys-
tem has been operated to date with up to seven working detectors, limited by
detector availability.

A complete 27 phase shift in the probing beam with respect to the reference
beam corresponds to a line integral density of 1.1x10%cm™2. The line-integrated
density often exceeds this value and thus leads to a fringe loss in the measured
interferometer data. Software is used to recover the lost fringes and has been
successful in recovering the data from high-density discharges with line integral
densities exceeding 6.0 x 10*%cm ™2,

Strong density gradients in the plasma are known to cause a refraction of the
probing FIR interferometer beam. This is especially prominent near the plasma
edge during neutral beam injection (NBI). Ray tracing calculations of the amount
of refraction [5] indicate that shifts of the beam to the outer channels by as much
as 2cm can be realized. This refraction in the beam is not currently taken into
account in the density inversion in a self-consistent manner but is left for a future

upgrade in the inversion technique.



4. BOLOMETER ARRAY ON ATF

The multichannel bolometer used on ATF is a 15 channel array that views
plasma irradiance vertically in the ¢ = 0 plane. The bolometer is configured such
that the detector chordal lines of sight are spread in a fan shape as shown in Fig.
2, which provides a resolution of 4 cm at the horizontal midplane. The bolometer
itself has been borrowed from the PBX-M experiment [3] and was installed on
ATF to determine the radially resolved radiated power density profile.

Each detector channel of the bolometer measures the irradiance along its line
of sight through the plasma. The detectors are resistive elements that change

resistance with an accumulated incident heat flux. The instantaneous incident
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Vpower is obtained by digitally smoothing and differentiating the resistance signal

from the detector. Inversion of the irradiance data is required to give a profile
of the local radiated power density. Integration of the inverted profile over the
plasma volume then gives the total radiated power from the plasma.

Some simplifying assumptions have been made in inverting the bolometer
array data from ATF. The bolometer detectors view the plasma in a cone with
a width in the toroidal direction of approximately 20 cm, which corresponds
to ¢ = £1.5°. The small change in flux surface geometry over the toroidal
viewing extent is ignored in the inversion process (i.e. the plasma viewed by the
bolometer is assumed to be axisymmetric). The other primary assumption is
that the viewing chord of each bolometer detector is assumed to have a constant
rectangular cross-section through the plasma. This ignores the spreading of the
viewing area that occurs because of the apertured detector acting like a point
source. The R? change in differential viewing area (where R is the distance of
the detector from the plasma element) is fairly small owing to the distance of the

bolometer array from the plasima.



5. INVERSION RESULTS

The inversion method described in Section 2 has been used to generate density
profiles and radiated power profiles for a variety of plasma conditions in ATF.
The flux surface geometry used to invert the chordal data is determined from the
three-dimensional (3-D) equilibrium code VMEC [6] and uses the experimentally
determined pressure profiles derived from Thomson scattering [7] measurements
when available. The flux surface geometry calculated from VMEC is stored in

the spectral form given by

R(p,0,¢) =Y Y Rmu(p)cos(mf — ng)

Z(p,0,4) = Z Z Zmn(p) sin(mé — ng),

where p is a radial coordinate labeling a flux surface, 8 is a poloidal coordinate,
and ¢ is a toroidal coordinate. The coefficients of the transformation are then
stored for a discrete set of p values. The path lengths are calculated using the
TRACK subroutines [8], which contain an efficient algorithm for determining
intersections of a straight trajectory with a set of nested flux surfaces represented

in spectral form.

5.1 ELECTRON DENSITY PROFILES

As described in Section 2, the inversion technique uses a cubic spline fit
through the measured data points to generate an interpolated chordal value at
the center of each flux surface zone. Figure 1 shows both the measured line
integral density and the interpolated data points for two times during an electron-
cyclotron-heated (ECH) discharge with pellet injection. One can see from the
increase in the central channels that the density profile must be more peaked
after the pellet is injected.

The temporal evolution of the density profile has been determined by running
a code using the inversion method for a large number of time slices throughout

the discharge. An example of the resulting density profile evolution is shown
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in Fig. 3 for a discharge that starts out with ECH and follows with 200ms of
NBI [9]. The density rises rapidly during NBI and the profile remains relatively
flat until the plasma undergoes a thermal collapse at 0.43s, which leads to a
transiently peaked profile.
A useful parameter for plasma confinement studies derived from the inverted
density profile is the density profile peaking factor
Teg

Npkd = 7%
P (ne)vol

where neg is the electron density at the magnetic axis and (ne)yol is the volume-
averaged electron density. The temporal evolution of the peaking factor, central
density, and total number of plasma electrons is shown in Fig. 4 for the ATF
discharge with NBI that is shown in Fig. 3.

An example of the density profile evolution from the inversion method for

an ECH-only discharge is shown in Fig. 5. In this discharge a 1 mm deuterium
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pellet is injected at 0.33s. The pellet causes the density profile to change from
slightly hollow to peaked in the center; this peaked profile continues for the next
100 ms and in fact becomes more peaked owing to some as yet unexplained inward
convection mechanism [10].

Density profiles obtained from the inversion method have been integrated
along the path of a horizontal 2mm interferometer on ATF that is shown in
Fig. 6. This integrated line density compares favorably to the measured value as
shown in Fig. 7 for the discharge shown in Fig. 5 with pellet injection. In general
the calculated line integral of the density agrees to within 10% of the measured
value, which is quite good considering the limited number of FIR interferometer
channels currently available. The good agreement of the measured and calculated
line integral densities gives us confidence in the inversion method and supports

the hypothesis that the density is approximately constant on a flux surface.
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2 mm interferometer on ATF. The toroidal angle ¢ = 15°.
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5.2 RADIATED POWER DENSITY PROFILES

The 15 channel bolometer array data are inverted in the same manner as
described in Section 5.1 for the interferometer data. The primary difference is
that the viewing chords of the bolometer are not vertical and therefore require
calculation of the path length through both the top and bottom half of the flux
surface geometry. Once the path length matrix is calculated from the TRACK
subroutines, the inversion process is identical to that for the interferometer. As
shown in Fig. 2, two of the chords do not generally intersect any of the closed
flux surfaces of the ATF plasma and are not used in the inversion process.

An example of the bolometer array irradiance data is shown in Fig. 2 along
with the finite-beta flux surface geometry. The resulting radiated power profile
temporal evolution is shown in Fig. 8 for the entire discharge, which has two
partial thermal collapses corresponding to drops in the measured plasma stored

energy. It is common for the radiated power to become centrally peaked in
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Fig. 8. The temporal evolution of the radiated power profile calculated from the

inversion method for a discharge with thermal collapses at 300 and 450 ms.

ATF once a thermal collapse of the plasma has occurred. Analysis of a large
number of discharges shows that there do not seem to be any strong in/out
asymmetries in the radiated power density profiles. The inverted bolometer
radiated power profiles have been compared with radiated power profiles derived
from spectroscopic data [11] (impurity line radiation). The two profiles agree

qualitatively in shape and within ~ 15% in magnitude of the total radiated

power.

5.3 SENSITIVITY ANALYSIS

The sensitivity of this inversion method to variations in the flux surface
geometry has been examined by inverting data with flux surfaces determined

from different assumed plasma pressure profiles. By comparing the results of
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these inversions, we find that the global shape of the inverted profile is not
affected, but in/out asymmetry and the central profile shape can be sensitive to
the choice of pressure profile. In general, errors due to small variations in the
flux surface geometry used in the inversion process are not a significant factor.
However, it is recommended that the experimentally determined finite-beta flux
surface geometry be used for an accurate inversion.

A similar analysis of the sensitivity of the inversion method to measurement
errors has been carried out. Both the interferometer and bolometer array data
are subject to errors due to motion during the discharge, electronic noise, and
other possible mechanisms. To test the sensitivity of the inversion process to
these errors, we have performed the inversion on a set of measured bolometer
array data as a reference. The data from one channel of the bolometer channels
are then perturbed by adding 10% to and subtracting 10% from the measured
value. The spline fit throﬁgh the data is then recalculated and inverted. The

results are then compared with the reference profile and are shown in Fig. 9 for a
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case with a peaked radiated power profile. We find that the propagation of such
a perturbation, which is believed to be larger than the expected measuremental
errors, is well localized in the profile area where the perturbation is made, and

its magnitude is on the order of that of the perturbation.
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6. SUMMARY

The method developed by Park [4] for multichord interferometer inversion
of tokamak data has been applied successfully to both FIR interferometer and
bolometer array data from the ATF torsatron. It should be possible to apply the
method in a similar fashion to other non-axisymmetric toroidal plasma confine-
ment devices. The resulting profiles from the method are limited in resolution
primarily by the number of chordal measurements available. The sensitivity
of the method to the geometrical variations and measurement errors has been
studied and is not found to be excessive for the types of errors expected.

The results of applying the method to ATF interferometer data show that
density profiles during ECH-only portions of discharges are generally hollow,
which is similar to results from other stellarator experiments. When NBI is
applied, the density profiles are typically flat. Pellet injection has been used suc-
cessfully to centrally peak the density profile in ECH discharges and has provided
some peaking of the density profile during NBI. The results from bolometer array
inversion indicate that the radiated power profiles in ATF are generally hollow
but show strong central radiation after a thermal collapse of the plasma has
occurred. The inverted radiated power profiles from the bolometer array data
agree qualitatively with calculations of radiated power profiles from spectroscopic

measurements of impurity radiation.
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