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Development of 3D radiation measurement using IR imaging

video bolometers for the study of radiation collapse in LHD
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Summary of thesis contents

High density operation is preferred for a future fusion reactor since the fusion output is
proportional to the density squared. Especially in magnetically confined plasmas, the energy
confinement time increases with density. High density operation is also beneficial for the heat
load reduction on plasma facing components called the divertor. At high density, the radiation
loss is increased and the divertor heat load decreases. The maximum achievable density in a
magnetically confined plasma is, however, limited by a density limit that has been expressed by
semi empirical scaling, e.g. the Greenwald density limit for tokamaks and the Sudo limit for
helical plasmas. The density limit of the tokamak is often accompanied by a current disruption
which can inflict much damage on the reactor and should be avoided. On the other hand, in
helical plasmas, where large plasma current is not needed since the plasma is confined by the
magnetic fields generated by external magnet coils, the radiation loss rapidly increases when the
edge plasma density approaches the Sudo limit and finally, plasma collapses in a relatively
benign manner due to the large radiation loss. Therefore, for the steady state operation of a
fusion reactor, understanding of the physics mechanism of the density limit and the radiation
collapse is quite important. In this study, the temporal evolution of the radiation collapse in
helical plasmas of the Large Helical Device (LHD) is studied by using infrared (IR) imaging
Video Bolometers (IRVB). Since the helical plasmas are characterized by a three dimensionally
(3D) complicated shape, simple assumptions, such as e.g. axial symmetry, are not applicable and
therefore a 3D approach is necessary. This thesis is composed of three parts, i.e., the
development of the IRVB, the development of the 3D measurement and the investigation of the
radiation collapse.

The IRVB has been developed for the measurement of 2D radiation profile patterns. The
IRVB provides a distribution of the incident radiation on an IRVB foil. The IRVB has the
advantage of having a large number of channels in a 2D array. This advantage is also beneficial
for the 3D measurement. For the 3D measurement, in this study, three improvements have been
applied to the  IRVB. The first improvement is the selection of the material for the IRVB foil.
The performance of the IRVB depends on the foil material. In this study the thermal
characteristics of foil materials have been evaluated systematically. As the candidates of the foil
material, Au, Pt, Ta, W were examined. These were illuminated by a He-Ne laser and their
thermal characteristics were evaluated. Among these candidates Pt shows the best characteristics
in the simultaneous achievement of high sensitivity and fast time response. According to the test
results Pt has been selected. The second improvement is the foil calibration. The IRVB
measurement as an absolute measurement requires a knowledge of the distribution on the foil of
3 foil parameters. However because two of the three parameters, foil thickness and emissivity,
had not been evaluated, the IRVB measurement mainly served as a qualitative measurement. To
evaluate the distribution of these two parameters, a new calibration technique has been

developed. The calibration technique evaluates the effective thickness and effective emissivity
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distribution on the foil with a comparison between the 2D temperature which is measured from
the laser illuminated foil, and the calculated 2D temperature using a Finite Element Method
(FEM). The evaluated distribution of the effective foil thickness and the effective emissivity
made possible for the first time a quantitive measurement using an IRVB. The third improvement
is the calculation of a projection matrix and the design of the fields of view of the IRVBs. The
3D measurement requires a 3D knowledge of the relation between each IRVB channel’s signal
and 3D space. To obtain the relation, a calculation is made of the contribution of the radiation
from each plasma volume element to the field of view of each IRVB channel. The fields of view
of the IRVBs are designed to complete the coverage of the plasma using the calculated fields of
view.

In this study two methods have been developed for the 3D radiation profile measurement.
The first one is an algebraic reconstruction of the radiated power density from the IRVB images.
For the algebraic reconstruction, Tikhonov regularization with the criterion of minimum
Generalized Cross Validation (GCV) is employed as the reconstruction technique. The
reconstruction has been numerically and experimentally examined. The simulated radiation
profile using the EMC3-EIRENE code has been used as a numerical phantom in a numerical test
of the reconstruction and has been reproduced with the reconstruction process. In reconstruction
tests with experimental data which are taken before and after the plasma collapse, reconstruction
results have responded to changes in the plasma condition. The first application to plasma
measurements of a challenging 3D reconstruction has been performed. The reconstruction
provides 3D radiation profiles as a quantitive 3D measurement. The time resolution of the 3D
measurement is 20ms and the spatial resolution is roughly 5cm. Although a quantitative
understanding of the reconstructed profile can be obtained by this algebraic reconstruction, a
quantitative discussion of the reconstructed profiles relative to the changes in the plasma is still
difficult.

Therefore, another method of 3D model fitting has been developed to quantitatively
investigate the physics mechanisms of the radiation collapse. Nine parameters have been
selected to characterize the radiation profile, i.e. semi major and minor radius of radiation region,
the center of radiation region, the width of radiation region, radiation intensity, the asymmetric
factor for inboard-outboard asymmetry, the asymmetric factor for toroidal asymmetry, the local
peaking factor and the specific size of the local peak. Using these nine parameters, the radiation
is fitted to the model to minimize the mean square error between an experimental IRVB image
and a synthetic IRVB image which is calculated from the model. The model fitting quantifies
the temporal evolution of the radiation profile as the changes in the nine parameters. The time
resolution of the model fitting is 40ms.

The developed 3D measurements have been applied to the study of the radiation collapse.
Results of the model fitting show significant changes in the evolution of the radiation structure
as model parameters change, during radiation collapse over a time period of 300 ms. The

radiation region is minor radially localized before radiation collapse as the first step of the
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structure changes and the radiation region shrinks and radiation from the inboard side is
significantly enhanced during radiation collapse. With changes in the radiation structure which
are obtained by model fitting, it is possible to define the initiation of the radiation collapse,
which has been difficult to define until now by using only the total radiation from the resistive
bolometer.

To clarify the detail of the observed structure changes by the model fitting, algebraic
reconstruction with Tikhonov regularization is also applied to the radiation measurement for the
same plasma discharge. A result of the algebraic reconstruction shows that the inboard
enhancement initiates at the vertically elongated cross section and then it is extended to the other
poloidal cross sections along the Last Closed Flux Surface (LCFS). The inboard side of the
vertically elongated cross section is at the nearest point to the wall.

The radiation structure of carbon Il (426.7nm) and 11l (464.7nm) emission at the timing of
the shrinking and the inboard enhancement has also been investigated using a visible imaging
spectrometer. The measurement result of the imaging spectrometer shows the carbon emission
peak moves inward from the x-point and ergodic region towards the LCFS at that timing. It
indicates that the shrinking and the inboard enhancement is related to the electron temperature.
To clarify the relation, the electron temperature profile and the radiation profile which is
obtained from the model fitting have been compared before and during the radiation collapse.

The comparison has provided a scenario of how the radiation structure changes during the
radiation collapse as follows: When the electron temperature reduces, the radiation region starts
to concentrate as the first step. As a second step, enhancement of the radiation from the inboard
side and shrinking of the radiation region occur simultaneously.

As a third step, the radiation region crosses the LCFS and the radiation power reaches a
peak. Finally, the radiation region is concentrated at the center of the plasma. In this scenario,
asymmetry in the radiation structure plays an important role. When the parallel transport is large
enough, this kind of asymmetry cannot appear. To discuss the asymmetry, the mean free path at
the plasma edge is investigated. At first, the mean free path decreases linearly with the electron
density. This relation is changed before the initiation of the asymmetry. In this phase, the mean
free path suddenly drops nonlinearly with increasing electron density. This behavior indicates
that the asymmetry during radiation collapse is related to the reduction in parallel transport.

In this thesis, the IRVB measurement has become a quantitive measurement and is related to
the 3D plasma space using a projection matrix calculation, through three improvements. Two
methods for quantifying the 3D radiation structure have been developed with the improved IRVB
measurement. In addition to a 3 dimensional tomography method, a nine parameter model
quantifies the characteristics of the changes in the radiation structure during radiation collapse
and algebraic reconstruction shows radiation collapse is initiated at the inboard side of the
vertical cross section. Several events during the radiation collapse evolution have been observed
for the first time from the model parameters and algebraic reconstructed profiles. By relating

these events, a scenario for the radiation collapse has been obtained. That is the main result of
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this thesis. The developed IRVB improvement and 3D measurement techniques will also be
applicable in the future to enhancing the understanding of radiation collapse and other radiation

phenomena.
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