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Abstract

A new bolometer system using an infrared (IR) camera has been developed to measure the 3-D
structure of plasma radiation. This bolometer is called the IR imaging bolometer (IRIB) and of this
diagnostic there are two types of the mask pattern that are known as the Segmented Mask Infrared
Imaging Bolometer (SIB) and the Infrared Imaging Video Bolometer (IRVB). Theincident radiation
power coming from the plasmais collimated by an aperture and then absorbed by athinfoil located in
the vacuum vessel. An IR camera outside of the vacuum vessel measures the temperature rise of the
foil by means of the thermal radiation that passes through the vacuum interface by means of an IR
vacuum window. Therefore, this system does not use el ectrical vacuum feed-throughs, and has avery
simple design as described above, compared to conventional resistive bolometers. The difference
between the two IR bolometer systems is in how the spatial channels are determined. The spatial
channels of the SIB foil are physically defined and separated by the segmented mask and those of the
IRVB are determined by numerically dividing up the space on a single large foil exposed to the
plasma radiation.

In this study, the design, production and installation of the two differential types of IRIB systems
were made for LHD.

The mask was designed by taking into consideration the incident power of the radiation. For a
sufficient signal-to-noise ratio of the detected foil temperature, athin meta foil was used in the mask,
aluminum with athickness of about 0.8 um for the SIB system and gold with a thickness of about 1
um for the IRV B system were selected. The other parts of these systemsincluding the aperture plate,
the light shielding pipe and the support of the IR camera were also designed.

After the installation of these IR bolometers, an in-situ calibration experiment was done. The
common parameters for both systems, the calibration factor (K/mwW) and the cooling decay times,
were measured using a He-Ne laser as a known radiation source. For the SIB system, the calibration

was done for each channel and for the IRVB system, a combination of in-situ calibration and model



profile of the temperature rise of the foil was used.

Using these coefficients, the plasma radiation power density at the foil was calculated from the
two-dimensional temperature distribution of the foil as measured by the IR camera. This resulted in
images of the plasma radiation intensity with a sufficient signal and a time response to demonstrate
the usefulness of this two-dimensional diagnostic system for plasma radiation.

The merits of the IR bolometer are as follows:

1. Broad two-dimensional radiation brightness profiles are measured by one IR camera using

infrared cameraimaging technology.

2. Electrical vacuum feed-throughs are not necessary in this system as the information about the

foil temperature is passed as IR radiation through an IR vacuum window to the IR camera.

3. One IR bolometer has over one hundred spatial channels.

4. For the case of the IRV B, these spatial channels can be determined after the plasma experiments

with flexibility depending on the experimental objectives and the conditions of the plasma.

Inthelatter half of thisthesis, some experimental results are shown using the IRVB data. At present
two IRVBs areinstalled, one at an upper port and the other at atangential port, and began to measure
the plasma radiation from two directions simultaneously during the 2001-2002 experimental
campaignin LHD. Both of these IRVB view the samefield period and use a1 um thick gold foil. The
frame rates of these IR cameras are 15 Hz for that with the tangential view and 60 Hz for that with the
view from the upper port.

Initial measurements with the IRVB at the tangential port show the variations of the radiative
structure as two-dimensional brightness profiles and are compared to data from resistive bolometer
arrays, the visible CCD camera and the magnetic field line simulation. Images from two different
limiter experiments show the source of the radiation to be localized near the plasma-limiting surface.
Also comparison with the magnetic field line calculation shows the structure of a hollow radiation

profile in the helical geometry of LHD during standard discharges using the natural helical divertor.



In particular, a change in the radiation structure was observed as a continuous series of images or
movie made by the IRV B as the discharge passes through asymmetric radiative collapse.

Finally, using data from the two IRV Bs, the three-dimensional position of the radiation source in
thefield of view of the two cameras was determined during the collapse. The brightness source region
of theinboard asymmetric collapse was observed to be below the horizontal midplane at the vertically
elongated cross-section of the plasma and this region continued in an axisymmetric manner in the
field of view of the two cameras (approximately half of a field period). This was confirmed by
gualitative agreement of the measured images with a calculation of the two-dimensional brightness
profiles at each camera resulting from an axisymmetric model of the radiation source localized at the

lower inboard side of the torus.
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1 Introduction
1.1 Objective

The various widely used thin-metal foil resistive bolometer systems are the standard
radiation measurement systems for thermal fusion plasma experiments. However, in the case
of afuture reactor many detectors will be needed, but the cables of these resistive bolometers
are subject to noise and vacuum leaks at the feed-through.

With am of measuring the radiation structure of the three-dimensiona plasma in the
Large Helical Device (LHD) a new diagnostic system to measure the plasma radiation was
envisaged. At the same time, infrared (IR) technology has been developing quickly including
IR cameras. Using IR camera technology, a new two-dimensional bolometer diagnostic
system was developed. This bolometer is called the IR imaging bolometer (IRIB). In this
system only the IR camera is installed outside the vacuum vessel and the thin meta foil is
installed inside the vacuum vessel with supporting masks. This system has the ability for
two-dimensional measurements and the possibility of gaining three-dimensional information
using two IR bolometers, which is an important point for the LHD plasma.

In this thesis, the development of the IR bolometer with two different mask types and
the results of images by the IR bolometers are shown. Images from the IRVB of some
interesting radiation structures such as the radiation collapse, the wall limiter experiment and
the movable limiter experiment are shown. Finally, the three dimensional position of the
brightness peak during the asymmetric radiation collapse by two IRV Bs with different fields
of view is shown.

From the details of the IR bolometer systems and each experimental result, the

advantages of the IR bolometer are also shown in thisthesis.



1.2 Information on the Large Helical Device (LHD)

The Large Helica Device (LHD) is the largest helical device in the world. LHD is a
large-scale superconducting heliotron system in the National Institute for Fusion Science (NIFS)
with poloidal and toroidal period numbers I/m = 2/10, and the major and minor radii of R/a =
3.55-4.0/0.5-0.65 m that is shown in Fig. 1.2.1. The maximum magnetic field produced by two
superconducting helical coils is about 3 T [1]. The various heating systems of the Electron
Cyclotron Heating (ECH), the lon Cyclotron Resonance Heating (ICRH) and the Neutral Beam
Injection (NBI) are installed and flexibly used and combined for each experiment. Three types of
gyrotrons with the frequencies of 84 GHz, 82.6 GHz and 168 GHz are used for plasma production
and electron heating with a power of 0.45 — 1.9 MW. The main heating systems for the LHD plasma

are three NB injectors with atotal power of 9 MW.

Fig. 1.2.1 The outward form of the Large Helical Device (LHD) in
NIFS



1.3 Bolometersin general

Bolometer diagnostics measure the total radiation from the plasma. The wavelengths covered
are from the infrared to x-rays. The total radiation power can provide an estimate of the radiation
power loss for study of the power balance of plasma [2] and profile information can be used in
impurity transport studies, for example breathing plasma [3]. The energy balance of the plasma is
estimated from the comparison of the heating input to the radiation and other losses. These

diagnostics are important systems for plasma experiments.

1.3.1 Radiation from plasma

The sources of plasma radiation include cyclotron radiation from free electrons,
bremsstrahlung from ion-electron interaction, recombination from free-bound transitions, and line
radiation of impurities from bound electrons. The strongest source of radiation is the line radiation
of impurities. The major intrinsic impuritiesin LHD are C, O, and Fe [4], but Fe was reduced after

changing the diverter plates from stainless steel to carbon.

1.3.2 History of bolometers

The term bolometer means something used to measure heat flux, something like a thermometer.
In the study of fusion plasma, it is used to measure energy losses due to plasmaradiation. In 1961, a
semiconductor type bolometer with a wavelength response of about 1 nm to 1 mm was used in the
Perhapsatron S-4 [5]. In 1975, a bolometer having an oxidized nickel film with 25 um thickness
was used in the ATC-tokamak [6].

Since then, these types of semiconductor or metal film resistive bolometers have been used in
other tokamaks [7-8]. This technical system was established including a calibration method of the
response time, reflectance of wavelength absorption and sensitivity.

The one common thing among these measurement systems is that basically one spatial channel



results from one detector and in genera these detectors are connected to one another to make an
array. Then one array measures one radial profile at one poloidal cross-section of adevice.

G Apruzzese and G. Tonini had another idea for a bolometer diagnostic using an infrared (IR)
camera, which was the first proposal of this type [9]. In addition, semiconductor technology was
improved and diodes could also be used to measure radiation from the plasma. Presently, some
devices aready installed this type of diode [10-11] (shown in the next section) and the bolometer

using an IR camerawas actually developed for LHD [12-15].

1.3.3 Bolometer detector types

Table 1.3.3.1 shows a comparison of the bolometer detector types used in LHD. At present,
three types bolometer systems are installed in LHD and two of these systems are basically the same
as those used on other fusion devices. The most popular system is the resistive metal foil bolometer
that is a well-established system and is sold commercially [16]. In LHD, ASDEX-type bolometers
[16] are used and each bolometer represents one spatial channel. Figure 1.3.3.2 shows a picture of
the resistive bolometer array using a gold foil with thickness of 4 um with 12 channels. The gold
foil faces the plasma and the plasma radiation is absorbed by a gold foil. The other side of this foil
is attached to the Kapton sheet of insulation and a gold resistive meander grid. Due to the
temperature rise on the foil, the resistance of the resistive grid at the backside of the foil changes
and this value is transformed into an electrical signal that shows the plasma radiation power. This
resistive bolometer has to subtract the change in the temperature of the bolometer mount due to
plasma radiation, so the reference channels as shown in Fig. 1.3.3.2 were covered by an aluminum
plate.

The field of view (FOV) depends on the pinhole size and its position. At one field period, a
wide-angle bolometer was installed and measured the total radiation by normalization to the total

radiation power measured by the bolometer array.



The Absolute eXtreme UltraViolet (AXUV) detector is another type of bolometry system as
shown in Fig. 1.3.3.2. This detector has a flat spectral power response from ultraviolet to x-ray
photon energies as shown in Fig. 1.3.3.4, and with a slightly increased efficiency al the way down
to visible wavelengths [11]. This type has a very high time response and does not detect low energy
neutrals which point is different from the resistive and IR imaging bolometers. The detectors using
the metal foil such as the resistive bolometer and the IR imaging bolometer absorb the plasma
radiation and the neutrals, these two sources cannot be separated. To determine the neutral
contribution is one problem in estimating the radiation power. By comparing with the AXUV diode,
the neutral contribution can be estimated and at present this study isbeing carried out in LHD.

The third oneisthe IR imaging bolometer (IRIB). The merits of the IR bolometer relative to
other bolometers are flexibility to measure two-dimensional profiles and no electrical feed-throughs
for the vacuum vessel. More details are shown in Sec. 1.4.

For various cross-sections of the three dimensional plasma in LHD, bolometer systems were

installed.



Table1.3.3.1 Bolometer Detector Types

Type

Metal filmresistive

IR bolometer

AXUV photodiode

Merit

sensitive
rad-hard
good At (1 ms)

2-D flexible
rad-hard
low $/ch

very sensitive
high At(100 ps)
no low energy
neutrals

Demerit

e €lectric -noise

e vacuum leak risk
* expensive

* lesssensitive
e poor At (60 Hz)
o fragile

e rad-weak
* low Ephoton
» dectric-noise




Main channels

Onechannd

Fig. 1.3.3.2 Picture of the resistive bolometer array with 12
channels in LHD. Each small rectangle is one spatial channel
and a gold foil with a thickness of 4 um is installed in this
rectangle. This side looks toward the plasma (photo by B.J.
Peter son).

Fig. 1.3.3.3 Picture of the AXUV diode with 16 channels.
Inside of the blue line is the array of detectors. The size of one
channe isabout 2 x 5 mm?,

(International Radiation DetectorsInc. , www.ird-inc.com)



International Radiation Detectors Inc., www.ird-inc.com

Fig. 1.3.3.4 The quantum efficiency of the AXUV diodes. The quantum
efficiency isconstant (0.27 A/ W) in most of the range (above 10 eV)



1.4 IR imaging bolometer

The first proposal to use an IR camera for a bolometer was by GApruzzese and G.Tonini [8].
After this proposal, the concept was revived in 1997 by GA. Wurden in Los Alamos National
Laboratory with sensor based on a two-dimensional segmented matrix of raised absorbers [17]. An
original design was considered for LHD called the Segmented mask Infrared imaging Bolometer
(SIB) that was aso proposed by GA. Wurden, et al. [12]. The SIB is one of the mask types of the IR
imaging bolometer. In this proposal, the actual mask design was considered and the model of the
detected radiation power density to the metal foil of the SIB was estimated. In addition, the first SIB
was tested on the Compact Helical System (CHS) in the National Institute for Fusion Science
(NIFS) [13]. This test was only to detect the plasma radiation and the values of radiation signal
could not be estimated due to a lack of calibration for each pixel (corresponding to spatial channels
as shown in Sec. 1.4.3).

The other concept of asingle large foil was proposed as the Infrared Imaging Video Bolometer
(IRVB) by B.J. Peterson [14]. The IRVB is the other mask type of the IR bolometer. The spatia
channels of the IRVB can be determined after experiments since they are determined by numerical
analysis. More details of the IRVB are shown in Sec. 1.4.4.

In this study, new designs for the SIB and the first IRVB were done for LHD and they were
manufactured and the installed in LHD prior to the 3" campaign (1999-2000). In addition, the first
steady-state measurement was done using the SIB and the IRVB in LHD. To calibrate both mask
types, data were analyzed using the calibration parameters and the resulting radiation power density
was shown as a two-dimensional image [15,18]

In Sec. 1.4, the basic concepts of the SIB and the IRV B are shown.

1.4.1 Bascequation for the detected radiation power density

The basic concept of the IR bolometer is to measure the profile of the temperature rise on a



foil by the plasma radiation using the IR camera. For this profile of the temperature on a fail, the
two-dimensional heat diffusion equation with a source term and the blackbody radiation effect was

estimated as follows,

%+g§—:=%%—{m + S (1.4.1.1)

where, T is a temperature on the foil, x is a therma diffusivity, ¢aq IS the term of due to the
incident radiation power to the foil and ¢y, is the term due to the blackbody radiation from the foil.
In this equation, the incident radiation power term, raq, and the blackbody radiation term, ¢pp, are

shown as follows,

rad = Praa [K-th- Ay, (1.4.1.2)
and
Gl yit) =222 S th_ %) (14.13)

where k is thermal conductivity, th is a thickness of a foil, Ayix is the area of the bolometer pixel,
Prag IS the detected radiation power by the IR camera, ¢is the blackbody thermal emissivity and oss
is the Stefan- Boltzmann constant, o = 5.6697 x 102 [W/(cm?K*)]. The mask temperature, To, (as
shown in Sec. 1.4.2) is basically the temperature of the vacuum vessel. The solution for Prag Using

Egs. (1.4.1.1) — (1.4.1.3) are shown asfollows,

2 2 4 T4
P =k-th A, 20T [T, OTH, 05T -T,') (1.4.1.4).
kot (ox® oy k-th

For the two-dimensional Laplacian term, different equations are used for the SIB and the IRVB.

142 Mask
The IR bolometer system uses a metal foil mounted in a mask to absorb the plasma radiation
and the infrared (IR) camera measures the temperature rise on the foil. In Sec. 1.4.2, the details of

the mask are shown. The detectors of both the SIB and the IRV B consist of one thin metal foil, two

10



masks and tightening bolts.

Figure 1.4.2.1 shows the conceptua cross-section of the IRIB mask. Only the IR camera side
was blackened by a carbon spray to have a high IR emissivity of about 0.9. The other side was pure
metal foil facing the plasma. Using a gold fail, this IR emissivity is about 0.07 at room temperature,
300K. This metal foil was sandwiched by two masks with the same patterns and bolts were used to
tighten the masks and the metal foil. The tightening is important to avoid cross-talk for the SIB
(shown in Sec. 3.1.1) and to keep the boundary condition. The exposed region of the metal foil to

the plasma s the detecting area.

1.4.3 Segmented mask infrared imaging bolometer

Figure 1.4.3.1(a) shows a picture of the Segmented mask Infrared imaging Bolometer (SIB) for
the LHD 3" campaign. The spatial channels of the SIB are separated by the mask pattern. The small
circle represents one pixel as shown in Fig. 1.4.3.1(b). The temperature rise at one pixel is modeled

as an infinite solid cylinder (diffusion only in the radial direction), using the equation given by,

S @ . _ _ 2
Ty = 2x St g dolan 1/0) 1-em|-s(ay/b) xt]

(1431
b kxthe: J(a,.) (a, /b)° ( )

where k is the thermal conductivity, xisthe thermal diffusivity, & isincident power flux density, b is
pixe radius, this athickness of afail, r isthe radial coordinate, t is the time coordinate, Jyisthe mt"
order Bessel function of the first kind and i, is the m-th root of Jo Bessel function [12,18].

Using this model, the foil radius b and the foil thickness th were varied for various metals to
arrive at an optimum set of design parameters for LHD. The total radiation power was estimated to
be about 4 MW, and the other parameters, the foil position from the plasma, the pinhole diameter,
and the pixe radius were considered. The materials of nickel, titanium, aluminum, gold, carbon
beryllium and stainless steel with the parameters, (the thermal conductivity, the thermal diffusivity,

11



the specific heat, and the density) were calculated. With the aim of finding the best material for the
thin foil and to keep the signal to noise ratio (SNR) about 30 with the temperature rise over 2
degrees, an aluminum foil of dimensions 150 mm x 150 mm with a thickness of 0.8 um was chosen
for the SIB in the 3 campaign. For this SNR, the signal was estimated using Eq. (1.4.3.1) and the
noise was estimated using the temperature resolution, 80 mK of the IR camera.

The resulting foil segments have b = 5.25 mm and the total number of pixels on the mask is
118 limited by the foil size and the bolometer pipe diameter (shown in Sec. 2.2).

In the 4™ campaign, the foil was changed to gold with a thickness of 1 um in order to increase
the upper limit of detectable photon energy as shown in Fig. 1.4.3.2. The new SIB mask was made
by four gold foils and the total number of pixelsis 114 with the pixel radius about 5 mm. This mask
was divided at the center in order to use four foils and to maintain strong tightening to avoid
cross-talk due to the dishing problem of the masks (more details about cross-talk are shown in Sec.
3.1.1).

At present, the SIB mask has some problems. One is the shadowing of the foil by the copper
masks for the plasma radiation and that also may contribute to excessive deposition of carbon spray
during its manufacture. The second one is thermal energy losses due to thermal contact by the edge
of the pixel to the mask frame and the third one is overlaps of the field of view of the plasma.

On the other hand, one of merits of the SIB is an easy calibration for each pixel due to separate
channels and the clearly estimated profile of the thermal source. The second merit is that the support
by the mask frame is stronger than with the IRVB. The third one is that estimating thermal diffusion

is simple due to the thermal isolation at the pixel edge.
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Plasma side
Emissivity (gold foil) =0.07 @ 300K

Mask with the same pattern
Bolt

Metal foil

Blackening by carbon

Emissivity (carbon) = 0.9

|R camera side

Fig. 1.4.2.1 Conceptual cross-section of the IRIB mask.
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(b)

Mask

L~

Pixe

| Gold fail

Fig. 1.4.3.1 (a) Picture of the SIB mask and (b) magnified picture
of the SIB mask in the LHD 3rd campaign. The small circle shows
a pixel with a radius, b = 5.25 mm. Total pixel nhumber is 118.
These masks were made at L os Alamos National Laboratory.
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1.4.4 Infrared imaging video bolometer (IRVB)

The InfraRed imaging Video Bolometer (IRVB) is the other mask type of the IR bolometer
with a exposed single large foil [14] as shown in Fig. 1.4.4.1. The large foil is supported only by the
mask frames tightened with some bolts as shown in Fig. 1.4.4.2(a). The large exposed area of the
foil should be very weak to pressure differences, but foils did not break during the plasma
experiments in 1999-2002. So when the IR bolometer system was installed, care had to be taken to
reduce the difference of the air pressure on either side of the foil in the vacuum vessel. In addition,
when the foil was put on the mask frame, a special stand was used to support the foil.

Figure 1.4.4.2(b) shows the concept of the IRVB that has flexibility in the number of spatia
channels that can be decided by the analysis, this meansiit is possible to determine the number of the
gpatial channels and the channel size on the foil in terms of the number of IR camera pixels after the
experiments. The fundamental difference between the SIB and the IRVB is in how they deal with
the thermal diffusion in the foil. Instead of using the copper mask to physically divide the foil into
the thermally isolated circular pixel patterns of the SIB mask frames, the entire foil is numerically
divided into square pixels of dimension I, Of the side of the bolometer pixel. The length I, should
be greater than or equal to the length, | g, the side of the IR pixel, that gives the minimum spatial
resolution by the IR camera. At present, the area of the spatial channel, Ay, is equal to lpy” for
sguare pixels. The temperature rise, AT, of each bolometer pixel during At is written as the sum of
the temperature rise including the incident power from the plasma radiation and the thermal
diffusion from neighboring pixels.

At present, for the two-dimensiona Laplacian term of the thermal diffusion in Eq. (1.4.1.4),

the forward time center space (FTCS) algorithm was used as follows [20],

o°T N O°T _T(xy+D)+T(xy-D+T(x+1,y)+T(x-1,y) - 4T(x,y)

14.4.1).
ox* oy | ’ ( )

The stability criterion for the FTCS algorithm is given by [20],
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|, = 26t (1.4.4.2).

The spatia derivation of the FTCS is calculated at t-At and more discussions about the algorithm
for the diffusive term including the relationship between time steps are given in Sec. 3.5.

One of merits of the IRVB is the flexibility in the number of spatial channels that can be
determined after the experiments. The second one is low influence from the edge of the mask frame
including no shadowing of the foil by the mask frame and the therma energy losses. For the
thermal energy losses by the mask frame, that might be reduced using other isolation such as the
Teflon sheet in the future. The third one is that simple two-dimensional images are shown on afoil
because the images by the SIB system are a complicated due to shadowing by the mask frame
between pixels.

On the other hand, one of the demeritsis the weak support for the foil. The second oneisa

complicated calibration method (as shown in Sec. 3.1) due to no-separated spatial channels by the

mask frames.
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Fig. 1.4.4.1 Picture of the IRVB mask (plasma side). This
detected area is 66mm x 90 mm.
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2 Development

The IR bolometer consists of the IR camera, the bolometer tube with the mask and the vacuum
window. Inside the vacuum vessel, the bolometer tube (that has a aperture plate at the tip of the tube
and a mask is set inside the tube) is installed. The plasma radiation comes through the aperture to
the foil, the temperature of the detected area on the foil rises about a few degrees above room
temperature. The IR camera measures this temperature rise through the vacuum window. The IR
camera does not need to exist in vacuum due to the IR vacuum window that separates it from the
vacuum. The CAD of the installed configuration of the IR bolometer on the upper port in LHD is

shownin Fig. 2.1.

2.1 Design of IR bolometer pipe
For an estimation of plasma radiation power, the absorbed power at the metal foil depends on
each parameter of the IR bolometer, the distance from the foil to the last closed magnetic surface
(LCMYS), the size and position of the bolometer camera aperture, the foil materials, the area of the
gpatial channel and the thickness of the fail.
The design of the bolometer pipe for the SIB mask on the upper port in the 3" campaign
(1999-2000) is shown in this section as one example. From the distance from the foil to the
midplane of the plasma, the solid angle of the fail, £, assuming that the aperture size is larger than

the pixel areais estimated as follows,

Q¢ = A (]/ I fa)2
where A is the pixel area of the SIB mask and I;, is the distance from the foil to the midplane of the

plasma. The absorbed radiation power at the foil is estimated as follows,
2r. -Q
— a f res3slp

Iy -4r
where r, is the minor radius at the LCMS, r is the spatial resolution at the midplane, and Sy, is the

P;
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plasma radiation power density. S, was estimated as the total radiated power normalized by the

plasma volume,

Paa
\%

p

Sp =

where P4 is the total radiation power and V,, is the plasma volume.

Using Ps, the temperature rise, AT, on the pixel was estimated as shown in EqQ. (1.4.3.1). From
these equations, the position of the metal foil, which depends on the length of the IR bolometer pipe
and the design of the mask frame and the foil materials were determined.

Finally, for the plasma radiation power of 1 MW, the plasma volume of 2.8 x 10" cm®, the
minimum detected temperature of the IR camera, delT, of 0.08 K with the aluminum foil of 0.8 um
thickness and the diameter of the pixel of 10.5 mm, the temperature rise, AT was calculated to be

about 6.5 K.
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Fig. 2.1 Installed configuration of the IR bolometer on the upper
portin LHD.
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2.2 Mask

Two different mask types, the SIB and the IRVB, were used in the IR bolometer system as
shown in Sec. 1.4. In Sec. 2.2, the actual details of each mask installed on LHD are shown. Table
2.2.1 shows the details of each mask of the IR bolometer systems on the LHD.

In 1999 for the 3" LHD campaign, the SIB system was installed on the upper port and the
IRVB system was installed at the tangential port on the LHD. But only one IR camera, the
THV900LW, was used at thistime. The first operation of the IR bolometer for the LHD plasma was
made by the SIB system [21], and sufficient signals were measured by the IR camera. After these
experiments, the THV900LW was moved to the tangential port and the IRVB system was also used
[15].

After the 3 campaign, the SIB mask was redesigned to avoid the cross-talk and the new
design of the SIB mask had 114 pixels with a pixel diameter of 10 mm. This mask was made of four
gold foils with dimensions of 10 cm x 10 cm in order to make a large mask with a diameter of 200
mm. The detected area on the mask frame was separated into four foils as shown in Sec. 3.1.

In addition, a new IRVB mask was made for the upper port with an area facing the plasma of
90 mm x 90 mm. Two new IR cameras, the TVS-620 and the SC500 were tested and installed
before the LHD 4™ campaign (2000-2001). Basically the masks during the 4™ campaign and the 5™
campaign (2001-2002) were the same. The number of the spatial channel of the IRVB systems is
one exception, because the spatial channels of the IRVB system are determined by the analysis after
the experiments.

During the LHD 5" campaign, the number of the IR camera pixels for one bolometer pixel of
the IRVB systems was |ess than the 4™ campaign’s to get higher spatia resolution. The data of the
IRV B on the upper port in the 4™ campaign was not analyzed due to insufficient images, the number

of spatial channels was not shown.
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144

Table 2.2.1 Details of each mask of the IR bolometer systemson LHD

3rd campaign 4th and 5th campaign
SIB IRVB IRVB IRVB SIB
Port upper tangentia upper tangentia lower
Materid Aluminum Gold Gold Gold Gold x4
Thickness 0.8 um 1 um 1 um 1 um 1 um
Pixel number 118 114
Pixdl diameter 10.5 mm 10 mm
Faced foil size 66 mm x 90 mm| 90 mm x 90 mm| 66 mm x 90 mm
spatia channel 10x 14 10 x 14 (4th)
10 x 10 (5th) 12 x 17 (5th)
IR camera THVO00LW THV900LW SC500 TVS-620
/THVO00LW
Slit size 24 mm x 20 mm d 10 mm 2Z4mmx20mm| 8mmx 8mm |16 mmXx 16 mm

Note; In the 34 campaign, only one IR camera was used and sometimes installed at a
different port. In the 4" campaign, the TV S-620 was tested at the tangential port due to repair

of the THV900LW, but mainly the THV900LW was used.



2.3 Field of view and spatial channels

In this thesis, the IR bolometer systems on the upper port and the tangential port were used. In
this section, each field of view (FOV) is shown. As one example, the FOV of the poloidal
cross-section from the upper port at the center of the IR bolometer port is shown in Fig. 2.3.1(a).
Figure 2.3.1(b) shows the measured region at the midplane of the LHD plasma as the light blue line
with the color image from the IR bolometer and the center of the port is at the nearly vertically
elongated plasma and the center of the FOV in this case. This FOV was determined to observe a
sufficient plasma region including the ergodic region but the LHD plasma rotated as a
three-dimensional plasma and the edge of the FOV cannot fully see the plasma.

Figure 2.3.2(a) shows the FOV of the vertical cross-section from the tangential port and (b)
shows the FOV at the midplane. The vertical cross-section in Fig. 2.3.2(a) is located on the solid
greenlinein Fig. 2.3.2(b) that is near the center of the FOV and marked on the data of the IRV B.

In Fig. 2.3.2(a), the FOV from the upper port is also shown as a green line that islocated just at
the same cross-section asin Fig. 2.3.1(a)

The FOV from the tangential port goes through a long distance in the plasma and the images
from the IR bolometer and the CCD camera are shown as twisted, complicated structures.

In addition, the CAD at the midplane on the LHD is shown in Fig. 2.3.3. The FOVs of the
different three bolometers are shown as each line of a yellow (resistive bolometer), a red (IR
bolometer), and a green (AXUV diode). The blue line shows the last closed magnetic surface and a

light red line shows the ergodic surface and alight blue line shows the vacuum vessal.
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IRVB system in 2000 on the green linein (b). (b) the FOV isshown insidethe
blueline at the midplane and thered line showsthe tangential view of the IRVB.
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Fig. 2.3.3 CAD image at the midplane on the LHD. The FOVs of
three different types of bolometers are shown as each line of a
yellow (resistive bolometer), a red (IR bolometer) and a green
(AXUV). The blue line shows the last closed magnetic
surface(LCMS) and a light red line shows the ergodic surface and
a light blue line shows the vacuum vessel.
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24 Infrared(IR) Camera

The IR camera is a main part of the IR bolometer system. Three different IR cameras were
tested for the IR bolometer system on LHD. In Sec. 2.4, the details of each IR camera and the

working environment of the IR camera are shown.

2.4.1 Outlineof each IR camera system
2411 AgemaTHV900LW
The first one is the Agema Thermovision 900LW. The detected wavelengths of this camera

are about 8 — 12 um and the temperature range is from -30 degree to 1500 degree. This temperature
range is separated into four regions and at present the region about -30 degree to 80 degree is used
for good sensitivity. The minimum sensitivity is 0.08 degree at 30 degree (room temperature) and a
total pixel number is 272 (horizontal) x 136 (vertical) at 15 Hz. During plasma experiments on the
LHD, temperature noise fluctuations are large since this camera is very sensitive to the strong
magnetic fields in LHD. The field of view of the lensis 5 degree x 10 degree with the minimum
focus distance of 1 m, which size is very useful for the IR bolometer system on LHD. The detector
is the Mercury Cadmium Telluride (MCT) type that needs a Stirling cycle cooler [21]. Table 2.4.1
shows the parameters of each IR camera.

The THV900LW can change the scanning area of the total pixels depending on the frequency.
The case with 272 (horizontal) x 68 (vertical) is scanned at 30 Hz and the other case with 272 x 1
(that means only one line is scanned) is scanned at 2.5 kHz. For the plasma experiments, only the
total pixel case, 272 x 136 has been used except for the calibration experiments, which sometimes
used the 2.5 kHz mode.

This camera is controlled by a special control system and the data format is also analyzed as

the special Agematype data.
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24.1.2 AvioTVS620

The second one is the Avio TVS-620 that is made by a different company. The detected
wavelengths of this camera are about 8 — 14 um and the temperature range is from -20 degree to
300 degree. The minimum sensitivity is 0.1 degree at 30 degree as the room temperature and a total
pixel number is 320 (horizontal) x 236 (vertical) at 30Hz. The field of view of the lensis 9.8 degree
x 12.9 degree with the minimum focus distance of 1 m, and the detector is the staring array type
with 2-dimensional pixels which doesn’t need aforced cooling system.

This camera is basically the handy type but in this system the camera is controlled by a PC
with an exclusive software.

The TVS-620 is very sensitive to the surrounding environmental temperature. The actua
sensitivity was about 0.2 degree at room temperature without magnetic fields. In addition, to check
the variation of the temperatures each time by a PC was difficult because this software shows only
black and white images and this image was of bad quality.

In this thesis, the data of the TV S-620 were not used.

2413 FLIR SC500
The third one is the FLIR SC500 whose company and Agema are the same due to the merger
of companies. The detected wavelengths of this camerais about 7.5 - 13 um and the temperature
range is from -20 degree to 1200 degree, but during plasma experiments only the region from —20
degree to 120 degree is used for good sensitivity. The minimum sensitivity is 0.1 degree at 30
degree and the total pixel number is 320 (horizontal) x 240 (vertical) at 60 Hz. The field of view of
the lens is 8 degree x 12 degree with the minimum focus distance of 2 m, and the detector is the
staring array type with 2-dimentional pixels which doesn’'t need aforced cooling system.
This camerais controlled by a general PC using special software and the binary type files can be

obtained directly.
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2.4.1.4 Thelatest model

The latest model of the IR camerais also shown in Table 2.4.1. The detected wavelengths of
this camera are about 3.5 - 5 um. The minimum sensitivity is 0.02 degree at 30 degree and a total
pixel number is 320 (horizontal) x 240 (vertical) at 420 Hz. The detector is the staring array type
with two-dimensional pixels and this IR camera need the Stirling cycle cooling system. In addition,
the scanning region of total pixels can be changed as 128 (horizontal) x 8 (vertical) at 13 kHz. The
improvement of the sampling frequency, the minimum sensitivity and the number of pixels of the

IR camerais a developing technology that is changing for the better every year.

24.1.5 Control system

Figures 2.4.2 — 2.4.4 show the control systems of each IR camera. During the plasma
experiments, the IR cameras were remotely controlled from outside the LHD room. The differences
of each IR camera are cables and the controllers.

Figure 2.4.2 shows the control system of the THV900LW. The THV900LW was installed in the
neighborhood of the LHD vacuum vessel but this controller was set outside the LHD room, because
of restricted access to the LHD room during plasma experiments. The data and the signals are sent
by the three optical cables ant these cables are connected to the special cable of the THV900LW
with the optical fiber relay units. An operator controls the IR camera from the diagnostics device
room at present.

Figure 2.4.3 shows the control system of the TV S-620. The cable from the PC to the IR camera
uses the IEEE 1394 cable with the optical repeater and plastic optical fibers, because the IEEE 1394
can not be used over along distance.

Figure 2.4.4 shows the control system of the SC500. This camera has to use the special cable

from the FLIR company and this cable is connected to the connection box with the RS-232C and the
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RS-422 cables. These RS type cables are connected to the PC. In the future, an optical cable will be
used from the connection box to the PC with RS type cables because this operation at the present
length of about 15 m is not guaranteed.

The PCs of two systems are removed from the coils of LHD due to the necessity for

installation at low magnetic field.
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Table 2.4.1 Details of each IR cameraon LHD and the latest model

Avio TVS-620 L atest model
(testeda B=0.6T)
Temperature -20 300 ?
Wavedength 8-14um 3.5-5um
Sensitivity 0.1 30 0.02
detector type staring array staring array
cooling style no-cooled Stirling cycle cooling
Lens FOV 12.9° 9.8°
Pixel number 320 236 320 240
Frequency 30Hz 420Hz (320 240

13 Hz (128x8

Used on IR bolometers
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Fig. 2.4.2 The control system of the THV900LW. The IR cameraisinstalled on
LHD and controlled by the Agema control system from outsidethe LHD room.
The data and signals are send by three optical cables and these cables are
connected to the special cables. The power cables are connected to the power

box and the control system.
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Fig. 2.4.3 The control system of the TVS-620. The IR cameraisinstalled on
LHD and controlled with a general PC using special software from outside
the LHD room. The data and signals are sent by the IEEE 1394 cables and

the optical cablewith the optical repeater.
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Fig. 2.4.4 The control system of the SC500. The IR camera is installed on
LHD and controlled with a general PC using special software from outside
the LHD room. The data and signals are sent by the special cables and the
RS-232C and RS-422 cables.
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2.4.2 Detected wavelength by IR camera

The wavelength region of plasma radiation varies widely from the x-ray to the infrared. But in
the IR bolometer system, the minimum and the maximum limits of the detected wavelength
depend on the materials of the foil in the mask. For the 1 um thick gold foil, the minimum limit is
about 0.25 nm and the maximum limit is about 600 nm. In this region, the plasma radiation can be
absorbed on the foil and this absorbed power is changed into the thermal radiation.

The spectral emissive power of blackbody radiation as the Planck distribution [22] is

C

B T) = eplC, 7)1

(2.4.2.1)

where the first and second constants are C;=27hcy® = 3.742 x 10° (W pm? / m?) and C; = (hco/k) =
1.439 x 10* (um K) with Boltzmann constant, k = 1.3805 x 102 JK. Figure 2.4.2.1 shows the
Planck distribution with 500 K and 300 K. From Fig. 2.4.2.1 the blackbody radiation about the
room temperature of 300 K peaks at 10 um, so the long-wave IR camera type of the IR bolometer
system is better, because the IR camera measures around room temperature.

The IR camera can not measure the radiation from the plasmadirectly asthe view is obstructed
by the bolometer pipe and the mask. The changing of the temperature on the vacuum vessel on
LHD is very slow during one day, and during the discharge this temperature does not change. The
temperatures of the bolometer pipe and the mask frame are also same as the temperature of the
vacuum vessel due to thermal connection by the bolts. The blackbody radiation effect from the
other regions (for example, the bolometer pipe) to the foil of the mask was negligible due to the
same temperature as mentioned above.

The vacuum window is a ZnSe window with specia coating for a high transmission of
penetrated wavelengths about 3 — 13 um with a transmission of over 90 %. The detected
wavelength of the IR bolometer depends on each IR camera, and this region about 8 — 12 um. At
present, the losses of the other IR regions were not estimated for the data of the IR bolometer.
Figure 2.4.2.2 shows the relationship of each wavelength region of the IR bolometer system.
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2.4.3 Magnetic shielding

The essentially steady magnetic fields by the superconducting coils on LHD are a big problem
for the IR camera because basically the IR camera is weak to the magnetic field. Each IR camera
was tested by another magnetic source. Before this magnetic field test, only the THV900LW was
tested under 300G [23] but this value was not sufficient for the installation of the IR bolometer. In

this section, some steps for each camera are shown.

24.3.1 AgemaTHV900LW test

Initially, the position of instalation for the THV900LW was designed for the upper port.
The THV900LW IR camera has several components which might be susceptible to magnetic fields
due to having four electric motors at a minimum. These are a cooling motor, a lens focus motor, and
two motors for the X and Y scanning mirrors. The stray magnetic field at the designed position was
estimated at about 1.0 T with the magnetic field at the magnetic axis about 3.0 T on the LHD. Using
a linear magnetic coil system in NIFS with a maximum magnetic field of about 0.6 T, the
THV900LW was tested without the shielding box. In addition, the effect of the direction of the
magnetic field lines was observed. From these test, it was observed that the motors of the
THVO00LW were weak to the large magnetic gradient since the perturbation of the measured
temperature relative to the direction of the magnetic field was confirmed.

Due to the limited space around the linear magnetic coil system, the effect of the magnetic
shielding for the IR camera was tested during the test of the superconducting coils on LHD. The
THV9O00LW was installed to fix the direction relative to the strong magnetic field line at the upper
port. The magnetic shielding box was made of the soft iron plate with a thickness of 6 mm. The
magnetic field was changing 0.1 T per minute as the magnetic field at the magnetic axis on the LHD.
At first, the motor of the focus lens was not controlled and the cooling motor also did not move,

finally the complete control system did not work. The magnetic field was estimated to be about 2.0
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T at the magnetic axis at the timing of the trouble.

From this result, to minimize the magnetic field for operating of the IR camera, the position of
the IR camera was shifted up to give a magnetic field of about 0.4 T and is was determined that the
IR camera has to be covered with a shielding box during the magnetic field on LHD.

The value of about 0.4 T was smaller than the result of the linear magnetic coil system. The
reason for this was estimated to be that the effect of opening of the shielding plate was too large due
to the diameter of the neck of the lens. For the cooling inside the shielding box, a fan was setting at
the backside. The extra boxes including the power source and the optical fiber relay unit
(components of the camera) were also installed at the lower magnetic field area of about 0.1 T.

The conditions to use the THV900LW on LHD during the plasma experiments were estimated
asfollows,
(1) IR camerawas shielded by an iron box with athickness of t = 6 mm,
(2)The highest magnetic field outside the iron box is under 400 G, as determined by calculations
and field measurements,
(3)The optical fiber relay unit (component of the camera) was also installed at a low magnetic field
area
Figure 2.4.3.1 shows the drawing of the shielding box for the THV900LW with a thickness of t = 6

mm.

24.3.2 Avio TVS-620 test

For the second case, the other company’s IR camera, TV S-620 was tested in the magnetic field.
For the magnetic field, this type is better than the THV900LW due to no-cooling and no-motors.
Basically, the main system of the IR camera was strong but the power box was weak due to the low
capacity of the DC/DC converter. This converter was damaged at about 0.5 T. From this experience,

ashielding box for the power box was made.
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24.3.3 FLIR SC500 test
For the third case, the SC500 was tested during the magnetic field with the soft iron shielding
box on LHD. This type was also strong to the magnetic field due to the same reason with the
TVS-620. For both case, the THV900LW and the TVS-620, the poison at the upper port was
determined to have a magnetic field of about 0.6 T and the extra boxes including the power source
and the optical fiber relay unit (component of the camera) were installed at about 0.3 T. But the
DC/DC converter was damaged. From this result, the positions of the extra boxes were determined
which had a magnetic field of under 0.1 T. The main system of the IR camera basically doesn’'t have
any large problems. But for the case during the local island diverter (LID) magnetic field and in the
case of the shifted magnetic axis to the inboard side, about 3.5 - 3.57 m, the observed temperature
by the IR camera has perturbations on the signals.
At present, the SC500 is working with the soft iron magnetic shielding box with a thickness of t

= 6 mm and the extra boxes are not used.

2.4.3.4 Personal computer (PC)s

For the PCs of the TVS-620 and the SC500 as shown in Figs. 2.4.3 and 2.4.4, the magnetic
fields at the installed positions were calculated. From the experience of troubles for hard disks by
other groups, the maximum magnetic field for using the PC of the IR bolometer system was

estimated to be about 0.1 T.
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Fig. 2.4.3.1 The magnetic shielding box of the THV900LW with a thickness of
t =6 mm. Thissizeisabout 200 mm x 200 mm x 470 mm. T he cooling fan
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3 Detailsof IR bolometer system
3.1 Calibration method

For the thermal diffusion equation asin Eq. (1.4.1.1), the area of pixel is multiplied as shown in

Eqg. (3.1.1)
27 B2 A, A, -cog(T*-T,
A OT 0T P T Fra | P ooT* T') (3.1.1).
X oy K ot ket k-t,

Where Ay is an area of bolometer pixel, xisathermal diffusivity, k isathermal conductivity, t;isa
thickness of afail, P;aq is aincident radiation power, ¢ is the blackbody thermal emissivity, oss is
the Stefan- Boltzmann constant, o = 5.6697 x 10 [W/(cm?K*)]. Solving for the incident
radiation power, P54 Of EQ. (3.1.1), is shown as follows,

T T
aXZ ayZ

A
Pradzk'tf plx%_k.tf 'Apix(

K

J+ Koty - ApeogT =T, (3.12)

In this equation, the parameters, x, k, and ¢ depend on the materials, but the emissivity, ¢ is
estimated as a constant equal to unity due to the blackening effect. The actual other parameters of a
foil depend on the foil condition, and are not uniform on a foil. This is due to (1) variation in
thickness due to manufacturing, (2) the effect of uneven deposition of carbon on the foil, (3) the
wrinkles on the foil.

For the actual xandk of each spatial channel on a fail, the calibration parameters were
determined as the calibration coefficient K = 1/(k tr) [K/mW] and the cooling decay time 7= Aix/
x[s] that have been used for the other bolometer types [16, 24, 25]. For these reasons, K and 7 are
measured for each spatial channel by the calibration experiment.

For the measured temperature on one IR bolometer pixel using the IR camera, AT, if an
effective temperature distribution including the blackbody radiation effect on the area of the
bolometer pixel isdefined as follows,

AT = Apix{wss (T*-T,") —[g: + Z; j} (3.1.3).
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where Ty is the mask temperature estimated as room temperature and T is the rise temperature by a
heat source (plasma radiation or calibration heat source). On the right hand in Eqg. (3.1.3), T is
calculated at each position, x and y, but AT is normalized on the pixel area. Solving for the incident

radiation power, P44, using Eqg. (3.1.3), K, and 7, is shown as follows,

P 1 oT

rad ZE(AT +TEJ (314)

Thisisacommon equation for both IR bolometer systems and also other bolometers [15 ,21].

3.1.1 Calibration method of the SIB

For the SIB mask, K and rof each pixel were determined by the calibration experiment. A
He-Ne laser (1 = 632.8 nm) as a heat source is used for this calibration whose power is about 10
mW. Using small relay mirrors, the laser light was scanned for each pixel to heat the foil while
being measured by the IR camera. The transmission power loss of the laser is about 5 % at each
mirror. In general two or three mirrors were used, of which number depends on the position on the
mask. In addition, the laser power decreased after passing through the infrared vacuum window by
about 10%. Finally, the laser power arriving at the mask is about 80 % in the case using two mirrors.
The effect of the laser incident angle to the IR vacuum window was small because the scanning
angle of the laser is varied for only a few degrees since the mask was far from the laser light and
also from the test chamber, and the angle was also kept as small as possible by changing the mirror
position.

The detected power density of the plasma radiation, P4, on each pixel can then be calculated
as shown in Eq. (3.1.4) [16, 24] with measured K and z. The K is determined from the temperature
rise, AT, divided by the incident laser power.

One example of a representative calibration experiment using the He-Ne laser is shown Fig.
3.1.1.1(a) that is the IR image using the THV900LW of the SIB mask with laser light for the pixel
R5P4. In fact, this calibration experiment was done for all 118 pixels of the mask used in the 3rd
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LHD campaign. Figure 3.1.1.1(b) shows the calibration data of the changing temperature on pixe
R5P4 using the IR camera (THV900LW) data with line scanning at 2 kHz on the peak of the
Gaussian profile of the laser. At 0.77 s, the chopper cut the laser light and the temperature was
decreased to zero.

The decay time, 7, is determined by fitting the exponential decay time of the foil temperature

when a chopper cuts the laser light as shown in Eq. (3.1.5),
aT=mp-epl-t/ ) . (319

Using this equation to relate t and AT, two parameters, ml and m2 are solved for. The value, ml
shows the temperature rise and m2 shows the decay time.

For the pixel R5P4, the decay time is about 0.077 s as shown in Fig. 3.1.1.1(a). The decay time
varies from pixel to a pixel, depending on the clamping of the mask and foil, and typicaly is about
0.13s.

In the SIB mask, the pixels were referenced was called by R and P numbers as shown in Fig.
3.1.1.2. For each row, “R”, the number of the position,” P’ was given. For example, the pixel R5P4
was around the center of the mask.

On the pixel R5P4, ml was about 4.3 deg. and the incident laser power was about 6.3 mW, so
the calibration coefficient, K is about 0.68 deg./mW. A typical value of K for al pixelsisabout 0.80
deg./mw.

To determine K, a consideration was made of which type of AT is better. Figure 3.1.1.2 shows
different values of AT, (a) is using the difference of the peak temperature of the Gaussian profile of
the laser to the mask temperature and (b) is using the difference of the averaged temperature in the
pixel to the mask temperature. For each of the pixels among 118 channels, a different color is
marked on the mask indicating the level of K. The incident power of the He-Ne laser is deposited on
an area that is smaller than the foil inside the pixel due to the beam width of the incident laser of
about 1 mm which is smaller than the diameter of the pixel of about 10.5mm. Both cases have some
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problems. For example in case (a) some pixels near the edge of the mask have too a high
temperature rise (yellow pixels) and in case (b) the edge of the pixels did not detect laser power and
for the present, the equation of the Gaussian profile is not included. In using each parameter for the
actual plasmadata, case (b) was chosen for K.

Some of the edge pixels of the SIB mask have cross-talk as shown in Fig. 3.1.1.3 which is an
IR image of pixel R10P2 using the THV900LW. Cross-talk means the leakage of the signals to the
neighboring pixels and these pixels are marked with a bold circle in Figs. 3.1.1.2(a) and (b). The
weak tightening of the two masks with the foil is the reason for this problem and this SIB was only
used in the 3 LHD campaign. For the 4" campaign, a new SIB was designed with 114 pixels as
shown in Fig. 3.1.1.4(a). To have sufficient tightening, alot of bolts were used and this type did not
show any cross-talk. One example of the IR image from the calibration experiments using the
THV9O00LW isshownin Fig. 3.1.1.4(b).

From the calibration data, the cooling decay time of the SIB is almost the same as that for pure
aluminum foil but the calibration coefficients are different from pure aluminum by a factor of 2.

At present al pixels of the SIB were calibrated using each parameter.

3.1.2 Calibration method of the IRVB
For the IRVB mask type, basically the same equation for the detected power density of the

plasmaradiation is used as shown in Eq. (3.1.4). The different point of the calibration parametersis
that the two parameters, K and 7, are two-dimensional functions of (x, y) because each spatial
channel is not separated on the foil. In Sec. 3.1.2.1, the estimated profile calibration method using
data from the tangential IRVB is shown which is used at present for both the tangential and upper
port IRVBs. In Sec. 3.1.2.2, the detailed pixel calibration method is shown that will be used in the

future.

3.1.2.1 Estimated profile calibration of the IRVB
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The gspatial channels of the IRVB system were determined by the analysis because each
channel is not separated on the foil by masks. For the first calibration of the IRVB, the ssimple
method using the estimated profile of the cooling decay time on the foil was employed.

The absorbed power on a gold foil as a function of time was calculated including the time
derivative term and the spatial derivative term. The thermal diffusivity was adjusted to fit the
measured temperature rise by the IR camera to the incident laser power by the calorie-meter as
shown in Fig. 1.3.2.1(a). The thermal conductivity was also adjusted to fit the measured cooling
decay time by the IR camera. Matching the calculated power to the laser curve required the thermal
diffusivity that was 0.83 times the value for pure gold (xkay= 1.27 cm?s) and the thermal
conductivity that was 3.5 times the value for pure gold (kay = 3.16 W/cmK). From this result, the
calibration coefficient, K, was determined to be about 0.90 [K/mW] that was assumed to be constant
for al spatia channels on the foil. One notes from this figure that the time derivative term
dominatesinitialy, then gives way to the spatial derivative or diffusive term.

Using the chopped He-Ne laser, avariation in the decay time as a function of the distance from
the mask frame was observed as shown in Fig. 3.1.2.1(b). By the parameter k= xay /1.2 and the

observed data, this dependence to the mask frame was modeled as shown [15],

K(x,Y) = x|cos(mx/a, )codmy/a, )* (3.1.6)
where ax and ay are the dimensions of the foil and x and y are the distance from the center of the foil.
Thisresult using Eq. (3.1.6) is shown in Fig. 3.1.2.1(b) with the observed data. From the Eqg. (3.1.6),

the cooling decay time was determined as

7(X%,Y) = Ay /x(XY) (3.1.7)

for each spatial channel of the IRVB.
From these calibration data, the cooling decay time of the IRVB is amost the same factor to

the pure gold foil but the calibration coefficients are different by a factor of 3.5 which is the same
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tendency as with the SIB.

3.1.2.2 Detailed calibration method of the IRVB

In this section, the detailed calibration method of each spatial channel of the IRVB using the
minimum spatial resolution of the IR camerais described [15].

The calibration parameters for the IRVB are measured using the heat source with as uniform a
profile as possible whose power is unknown. The distribution of the foil temperature with the
boundary condition and including the mask temperature using the heat production at a constant rate
Ao in the rectangle with keeping the surface temperature at x =+ a and y =t b (the edge of the foil)

isgiven by [26],

T A@*-x*) 16A2° i (-1)" cosh[(2m+1) -z - x/ 2a]- cosh[(2m+1) - 7 -k - y/ 2a]
rd 2k kr? = (2 +1)2 cosh[(2m+1) -z -k -b/ 2a]

(3.1.8).

Since the heat source Ag is unknown, the ratio of the measured temperature by the calibration
experiments to the temperature distribution using Eq. (3.1.8) is normalized to the center IR pixel of

thefoil giving therelative calibration of each bolometer pixels as follows,

Ko (X y)= % (3.1.9)

Where, Theat IS the temperature distribution obtained by the calibration experiment, and K.q is the
relative calibration coefficient for each pixel (X, y).
The absolute calibration can be carried out for the IRVB mask by illuminating the center of the
foil using a laser light source of a known power distribution. For instance, if a He-Ne laser of a
known power, Pja«r, With a Gaussian distribution given by
(¥
Ser (1Y) = %e [ ”ZJ (3.1.10).

Where Sa«r is the observed heat flux, « and g are the width of the laser (in the case of a circular

49



laser power distribution, = f) and the x and y are the relative position inside the circle (x <

@, Y< ).

The resulting temperature evolution near the center of the foil is given by

K P 2/ 2,2 2,2 2
T (X yit) = 405/8 (X Y) Placer Zz cos XCOS/I mY e—(a 2+p zm)/4(1_ e it (3.1.11)
+ﬁ ) m=0 =0
where,
j = (2 +)rx . (Zm;rl)ﬂ A :m . a,f<<ab (3.1.12)
a

These a and b are the same value for Eq. (3.1.8). The relative time t is determined from the starting
time of illumination at the center of the foil. Fixing the position of the incident laser power is too
difficult, the x and y positions should be near the center of the foil but the x and y positions have to
be measured.

This relation has been derived by anaytically solving the heat diffusion equation in
rectangular coordinates given by Eg. (1.4.3.2) using the Gaussian function given as Eq. (3.1.10)
divided by k, as the boundary condition for the first derivative of the temperature in the z direction.
Taking the temporal limit of this as the foil reaches thermal equilibrium (t = o« ) and integrating this

over the IR pixel and dividing by its area gives the temperature of the center IR pixel, Teenter ,

40K g P < 0P @72 + P20 )1 4[| 1Rk, 1A,
il s e [ S T

Solving for Keenter in EQ. (3.1.13), the absolute calibration coefficient K(X,y) is determined.

KX Y) = K Kig (X, Y) .
Using these analyses, it would be possible to determine the calibration parameters for the each
of the channels of the IRVB. Figure 3.1.2.2 shows one example of the mask at the tangential view
that (a) is IR imaging data made by illumination with a heat lamp and (b) is the temperature profile

at the center of the foil using the data in Fig. 3.1.2.2(a). Figure 3.1.2.2(c) shows the result of Eq.
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(3.1.8) with the parameters, a = 45 mm, b = 33 mm, and y = 0 mm because this mask size is about
90 mm x 66 mm. The value of the temperature rise of this result is normalized to the experimental
result as shown in Fig. 3.1.2.2(b). The comparison of the experimental data with the calculated one
shows good qualitative agreement. Figure 3.1.2.3(a) shows the IR imaging data of the mask at the
upper port when illuminated by a heat lamp and (b) is the temperature profile near the center of the
foil using the datain Fig. 3.1.2.3(a). For the calibration using Eq. (3.1.8) the temperature is changed
toa=45mm, b =45 mm, and y = 7.2 mm for this mask because this size of the detected area on
the foil is about 90 mm x 90 mm and the profile position is shifted only 7.2 mm. For the upper port
mask, the center of the foil has a different characteristic, that is a sharp peak on the temperature
profile as shown in Fig. 3.1.2.4. Seeing Fig. 3.1.2.4(a), the brightness spot in the center of thefoil is
observed. The reason for this may be athinner thickness in the center than the other area on the foil
but this difference could not be seen by human eyes.

In the future, calibration parameters from this technique for each spatial channel of the IRVB

will be used.
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Fig. 3.1.1.1 (a) IR image using the THVO00LW of the SIB mask
with laser light and (b) the calibration data during the decay time
with thetemperaturerisefor pixel R5P4.
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Fig. 3.1.1.2 (a) and (b) show the calibration results of the calibration
factor K for all pixels. Some pixels with a bold circle near the edge of
the mask have cross-talk of theincident signal.
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Pixel R10P2

Fig. 3.1.1.3 IR image using the THV900LW of the pixe
R10P2 with cross-talk to pixels near the edge.
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(@)

(b)

Fig. 3.1.1.4 (a) The picture of the new SIB mask that has been
used during 4" and 5™ LHD campaign. (b) The IR image using
the THV900LW of the new SIB mask with the laser light to heat
the edge pixel.
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Fig. 3.1.2.1 (a) The time evolution of the laser power (broken line)
and measured laser power (diamonds — total, triangles — time
derivative term, squares — spatial derivativeterm) for k= 1.2x,y and k
= 3.5 kay. (b)The estimated calibration for the full area using He-Ne
laser for the cooling decay time, rusing Eq. (3.1.7). The difference of
two linesarethe vertical position [15].
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Fig. 3.1.2.2(a) The IR image of the IRVB mask at the upper port
illuminated by a heat lamp. (b) isa temperature profile on the center
of (a), and (c) isaresult of the calculation using Eq. (3.1.8).
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Fig. 3.1.2.3(a) The IR image of the IRVB mask at the upper port
illuminated by a heat lamp. (b) is a temperature profile on the
center of (a), and (c) isaresult of the calculation using Eq. (3.1.8).
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Fig. 3.1.24(a) The IR image of the IRVB mask at the upper port
illuminated by a heat lamp and (b) is a temperature profile on the center
of (a).
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3.2 Noise Equivalent Power (NEP)

The noise equivalent power (NEP) is defined as the value of the minimum detectable power by
the detecting system. In this system, that is estimated as the incident power flux equal to the noise
level. The main source of the noise in the IR bolometer system is the error in the IR bolometer
temperature measurement due to the thermal noise of the detector. In this section, the NEP of the
SIB and the IRVB systems are shown and the comparison of both NEPs is also shown. For the
analysis of the IRVB data, the forward time center space (FTCS) algorithm is used in this section.
In addition, the blackbody effect for the detected radiation power as shown in Eq. (1.4.1.4) is not

considered in this section.

3.2.1 NEPof the SIB system
Using the estimated incident power to the pixel of the SIB as § = P,.q /7b% the average
temperature over the pixel of the SIB is calculated by integrating Eq. (1.4.3.1) over the pixel area

and isgiven asfollows,

w1 2 2
Toy(0) = 4 B - 1-expl-ka,t/b7]

T kth m=1 0(:]

(3.2.1.1)

where k is the thermal conductivity, « isthe thermal diffusivity, Praq is the incident radiation power,
b is pixel radius, th is a thickness of a foil, t is the time coordinate, Jo is the m™ order Bessel
function of the first kind and am is the m -th root of Jo Bessel function [13]. For the terms in the
seriesin Eq. (3.2.1.1), only thefirst term is used, then Eq. (3.2.1.1) can be written as follows,

T g (1) = 4P, [1— exp(—xa2t /b?)] / ek -th (3.2.1.2)

This is a solution to the differential equation give by Eq. (3.2.1.3) which has the same form as

Eqg. (1.4.1.4). If the blackbody radiation term is neglected and the two-dimensional Laplacian is

writtenas T, (t) = 6°T/6x? + 6°T/oy? , the incident radiation power is given as,

ave
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b” M) (32.1.3)

P _ ma k-th
2
Ko, ot

rad —
4

(Tavg (t) +

Using Eq. (3.2.1.3), the standard error analysis is applied. For example when the variable is
X=auzbv, theerror of X, oy, intermsof the errorsin u, oy, and v, oy isshown [29],

o =a’c’+b%/} (3.2.1.4).
The error depends on the error in the IR camera temperature measurement, which is reduced by
averaging over space and time. The spatia averaging is made by averaging over the IR camera
pixels that make up one bolometer pixel. The time averaging is made by averaging over several IR
camera frames. If the signal to noise level is not sufficient, this method can be used with At = mAtg,
where mis the number of the IR camera frames averaged over, Atk is the frame interval of the IR
camera and the At is the time resolution of the IR bolometer system.

The relationship between the original error of the IR camera temperature measurement and the

error of averaged temperature on the bolometer pixel consisting of some IR camera pixels and
multiple frames is shown as o =0|R/~/m'N|R , Where gir is the error of the IR camera

temperature measurement, oris the error in the averaged temperature on the bolometer pixel, and
Nir isthe number of the IR camera pixels per bolometer pixel.
Using Eg. (3.2.1.4) to Eq. (3.2.1.3), the NEPR, 7 is estimated as oprag Of the IR bolometer

system, the NEP of the SIB system, 75z is given by [28]

n 7 i T 2 A (3.2.1.5)
e 4 JMN ¢ o’ KAt m

where, A,ix =7b°is the bolometer pixel area.
For the SIB in the 3" campaign with an aluminum foil using the THV900LW as shown in
Table 2.2.1, the noise equivalent power density (NEPD) that is Eqg. (3.2.1.5) normalized to the area

of the pixel, is calculated to be about 300 uW/cm?.
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3.2.2 NEPof the|RVB system
The basic idea of the NEP of the IRVB system is the same the SIB system. From Eq. (1.4.1.4)
and using the forward time center space (FTCS) agorithm as shown in Eq. (1.4.4.1), the solution

for Prag IS given as,

Pao (6 y,8) = th-K{ AL [T (X, y,t) =T (%, y,t— At |/ xAt

(3.2.2.1).
+HAT(Y) =T Y +D) =T y=1) =T (x+1, ) = T(x=1, )] .}

The standard error analysis is applied to Eg. (3.2.2.1). Using Eqg. (3.2.1.4) in Eq. (3.2.2.1) the NEP

of the IRVB system, nrys, asthe error of EQ. (3.2.2.1) isgiven as[29],

1 A
= 2Bk th—21R__ |94 = “lx 3222
M\rvB \/Wm\/ 10 KzAtlszz ( )

For the IRVB in the 3 campaign with a gold foil using the THV900LW as shown in Table
2.2.1, the noise equivalent power density (NEPD) that is Eq. (3.2.2.2) normalized to the area of the

pixel, is calculated at about 50 pW/cm?.

3.2.3 Comparison of the NEP of the SIB and the IRVB
Using the same material parameters, the IR camera, the pixel areaand m = 1, a comparison is
made of the NEP of the SIB and the IRVB. For the area of the pixel, Ayx = x4t, the NEP in Egs.

(3.2.1.5) and (3.2.2.2) are

4
o, o 2
Neg = 41 I\;F:R 1+ o (3.23.1)
o 1
M = 205-E 14 = (3.2.3.2)
V NIR 10

from oy = 2.4, the ratio of both NEPis 158/ mrvs = 5.0 that means the IRVB system is 5 times more

sensitive than the SIB with the same IR bolometer pixel size.
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The essential difference of these NEP values is caused by the two-dimensional term of the
thermal diffusion in Eq. (1.4.1.4). The SIB system has a boundary condition for each pixel, but in
the IRVB system only the edge spatial channels of the foil have a boundary condition. For the other
channels of the IRVB, the incident power flux does not escape, this energy is kept on the foil,

resulting in a higher foil temperature and therefore more signal.

63



3.3 Comparison of IR bolometer and other bolometers
3.3.1 Specsof each bolometer system

The resistive bolometer is one of the important plasma diagnostic systems in LHD with about
56 channels already installed. The total channel number of an IR bolometer is a larger than this
number of resistive bolometers. This is a one of the merits of the IR bolometer due to the
two-dimensional nature of the diagnostic system. The IR bolometer has a large number of channels
(exceeding 100) from one IR camera. Currently one of the IRVBs has about 121 channels at the
upper port and the other one has about 204 channels at the tangential port, but it is not a maximum
number. The resistive bolometer arrays at the lower port have about 20 channels and 12 channels
for the same cross-section. The AXUV diode is also used in a similar array system. Using the IR
bolometer, these wide two-dimensiona views could be measured and by two IR bolometers the
three-dimensional position of the brightness radiation region during the collapse could be observed
as shown in Chapter 5.

The time resolution of the IR bolometer depends mainly on the frame rate of the IR camera.
The frame rate of the old IR camera, THV900LW, is 15 Hz (the time resolution is about 70 ms and
the new one, SC500, is 60 Hz (the time resolution is about 15 ms). The fastest one of the bolometers
in LHD is the AXUV diode with a time response of 10 pus. The IRVB time resolutions are worse
than the present resistive bolometer (about 10 ms), but the latest model of the IR camera has atime
resolution of about 2.5 ms, therefore in the future this problem will not be a main problem.

The sensitivity of the IR bolometer as the NEPD for the plasma experiment is about 500
nW/cm?. At present, only half of the total number of pixelsis used to measure the temperature rise
on the fail, in the future a more optimal condition will be obtained by changing the FOV of the
focus lens of the IR camera. The AXUV diode has the best sensitivity of these bolometers.

The cost per channel of the IR bolometer is better than the other bolometers. The IR camerais

expensive but by averaging over many spatial channels, the cost per channel is not expensive, the
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IR bolometer is also useful in the case of needing many channels like for a future large
experimental fusion plasma device.

Asthe genera value of the sensitivity, the specific detectivity, D* is shown as given by

o _ JATA .

= @ ,  Af :ﬂ (3.3.11)

where At is a frame interval, A is the detector area. From D*, the IR bolometer as a diagnostic
system for the plasma radiation does not have the best time resolution and sensitivity, but as a
two-dimensional diagnostics system, the IR bolometer complements the other bolometer systems.

The parameters of the different types bolometersin LHD are shownin Table 3.3.1.1.

3.3.2 Comparison of the SIB data and theresistive bolometer data

Using the SIB data, the comparison of the resistive bolometer data and the SIB datain the LHD
34 campaign shot number #8644 are shown. Figure 3.3.2.1(a) shows the resistive bolometer data on
an outer port that is the total radiation power. Figure 3.3.2.1(b) shows the SIB data on the upper port
that is the absorbed radiation power on afoil of the mask [21]. The three plots shown are from the
different pixels of the SIB mask and the red one 'R5P6’ is the pixel near the center of the mask
frame and the other ones 'R2P9 and R10P1’" are pixels near the edge of the mask frame. R and P
numbers are the pixel indices on the mask as shown in Fig. 3.1.1.2. These two pixels do not have a
good time response due to the thermal cross-talk between pixels.

This plasma discharge had three pellets but each pellet had a different number of particles. The
strongest one is the second at atime of 1.3 s. The fourth radiation peak is the radiation collapse and
this discharge was terminated by this collapse. When the plasma discharge is started, the absorbed
radiation power of pixel R5P6 was rising and at the second pellet the SIB observed the radiation
peak. For the first pellet, the SIB could not sufficiently measure the radiation level. For the third

pellet, the SIB measured the small radiation peak and for the final radiation collapse the SIB could
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measure the radiation peak. After this collapse the absorbed radiation power quickly decreased.
From 2.7 sto 3.0 s, the SIB measured small signals but this signal level was not significant. Thisis
because for the SIB system in the 3 campaign, the NEP was estimated at about 0.4 mW using Eq.
(3.2.1.5) with girof 0.15 K due to the actua fluctuation level of the THV900LW by the effect of the
magnetic field from the LHD cails.

In the SIB system with the THV900LW in the LHD 3 campaign, the SIB system could not
measure the peak signals as well as the resistive bolometer because the time resolution was only 15
Hz. But the merit of this SIB system was the two-dimensional images, the mild peaks of the
radiation power from the second pellet as measured by the SIB system were considered to be at a
sufficient radiation level.

Some images of the SIB system are shown in Fig. 3.3.2.2. Figure 3.3.2.2(a) shows the mask
prior to the start of the discharge and the signal due to the radiation from the second pellet at 1.34 s
isshown in Fig. 3.3.2.2(b) with the radiation collapse at 2.54 s shown in Fig. 3.2.2(c). The poloidal
rotation of the plasma shape in the toroidal direction due to the helical structure is evident in the
inclination of the high radiation pixels from the upper l€eft to the lower right on the mask. The center
of the mask shows the vertically elongated plasma and pixels around the center absorbed high
radiation due to the wide ergodic region in the near proximity of the bolometer at that toroidal
angle.

This data is the first result on the LHD by the IR bolometer system, but at present the IRVB

system with the SC500 on the upper port has a better time resolution of 17 ms.
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Table 3.3.1.1 Comparison with the IR bolometer, a metal foil resistive bolometer and AXUV

diodein LHD
Detector Resistive bolometer AXUV diode |R bolometer
type
NEPD 10 pW/cm? 60nW/cm* 500 pW/cm?
(optimal) (1 pW/cn?) (10 pW/cm?)
10000JPY /ch 150 15 1-10
At 10 ms 1ms 66 ms
(optimal) (1 ms) (10 us) (1 ms)
Rad-hard + - +
Vacuum feed - - - (5wired/ch) - (1 wire/ch) + + (no wires)
Size (4ch-2x3cm) (20ch-1x3cm) (150 ch-15x 15cm)
Other merit No neutrals 2-D imaging, flexible
Steady-state - ++ (real time) +
D* ((cmw/Hz /W) 4x 10’ 2 x 10° 5x 10°
[Optimal] [4x 10 [1x 10~ [4x 10
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Fig. 3.3.2.1 (a) Thetotal radiation power by the resistive bolometer and
(b) the absorbed radiation power by the SIB at three pixels. The red
plot in (b) isthe pixel near the center of mask frame.
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(@)

0.00 s
(b) 1.34s
(c) 254s

Fig. 3.3.2.2 The absorbed radiation power by the SIB system. (a) is the
zero radiation image and (b) shows the second pellet at 1.34 s and (c)
showstheradiation collapse at 2.54 s.
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3.4 Resolution of IR bolometer system
In this section, the time resolution and the spatial resolution of the IR bolometer system are
shown. Basically both the SIB and the IRVB systems have the same method, the case of the IRVB

is shown as an example.

3.4.1 Timeresolution
3411 Minimum timeresolution

The time resolution of the IR bolometer system is determined by the relationship between the
frame time interval of the IR camera and the NEP of the absorbed radiation power given by
Eq.(3.2.2.2). For the SC500, this frame time interval, At is about 0.017 s. At present, for al
discharges during each campaign used the same number of IR camera pixel per the IR bolometer
pixel, and the sufficient NEPD = NEP / Auix to measure the plasma radiation was estimated to be
under 1mW/cm2, then each parameter was determined. For each parameter, the thermal
diffusivity, «, thermal conductivity, k, thickness, th, of the material, and frame time interval , Atg,
minimum detected temperature, oir, of the IR camera, the area of the IR bolometer pixel, A, the
number of the IR camera pixel on the IR bolometer pixel, Nir, the number of the sampling data, m,
of the IR bolometer system, the NEPD with the SC500 on the upper port was estimated at about 270
uW/cm? with each parameter shown in Table 3.4.1 as case 1.

To keep under 1 mW/cm’ for this system, the number of the sampling data, m =1, is sufficient.
In this case the minimum time resolution of the IR bolometer system is determined only by the
frametimeinterva of the IR camera, Atjr.

If the NEPD isover 1 mW/cmz, the NEPD can be decreased by increasing m. In this case, the
actual frametimeinterval of the IR bolometer system is shown as At = mA{g.

The maximum acceptable level of the NEPD can be changed depending on the radiation power

level, a condition of the plasma discharge.
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3.4.1.2 Relationship between the cooling decay time and the time resolution

The two-dimensiona heat diffusion equation with a source term and the blackbody effect as
shown in Eq. (1.4.1.1) includes the effect of the thermal diffusivity as x. Atthe calibration
experiment, each parameter is determined only as the difference between the used foil and the pure
material, the cooling decay time, 7, does not have an effect for the time resolution. If the pure
material is used and is uniform and the black body radiation is neglected, for the SIB the cooling

decay time is determined only by 7[s] = Auix [cm?]/ & cm?/s].

34.1.3 Limitsof thetimeresolution
For the IRVB system using the FTCS agorithm, this algorithm has an upper limit for the
time resolution as follows,
ApiX > 2KAt
For case 1in Table 3.4.1, Aix= 0.67 isasufficient value for 2xA4t = 0.43. The sampling time, At has

to be under 0.26 s using the gold fail.

3.4.2 Spatial resolution
3421 IRVB

Before the installation of the bolometer pipe, some parameters have to be determined. For the
distance from the IR camerato the foil, these parameters, the FOV of the IR camera, the total pixel
of the IR camera, the distance from the lens to the fail, a, as shown in Fig. 3.4.2.1 and the facing
area of the foil, should be considered. For the distance, a, the FOV of the IR camera on the mask
should be equal to the area of the facing foil of the mask.

For the distance from the foil to the plasma, these parameters, the diameter of the pinhole plate,
the distance from the pinhole to the foil, b, and the distance from the pinhole to the plasma, c, as
shown in Fig. 3.4.2.1 should be considered. To give high spatial resolution, a small diameter of the
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pinhole is better. But using the small diameter pinhole, the incident radiation power to the foil is
decreased. For the sufficient FOV of the plasma, d, the distance, b, and c, are determined
considering the diameter effect of the pinhole plate.

After the installation of the IR bolometer pipe, the area of the spatia channel can be
determined after the plasma experiment in the IRVB system. From a numerical point of view, one
bolometer pixel equal to one IR camera pixel gives the minimum spatial resolution. At present, the
IRVB system on the upper port as shown in Table 3.4.1 uses one bolometer pixel equal to 64 IR
camera pixels and the FOV of one IR bolometer pixel at the midplane of the plasma is about 10.2
cm x 10.2 cm as shown in Fig. 3.4.2.2.

For the actual spatial resolution the effect of the NEPD has to be considered in the same way
as the time resolution. When one IR bolometer pixel is equal to one IR camera pixel, this result of
the NEPD is shown in case 2 in Table 3.4.1. For case 2, the NEPD is about 14 mW/cm? and thisis
over the maximum permissible value for the IR bolometer system which is 1 mW/cm?. On the
upper port, over Nir = 9 is need to keep below this level of the NEPD, the FOV at the midplane
using that caseis about 4 cm x 4 cm.

If the spatial resolution at the expense of the time resolution should be emphasized, that means
increasing m, to keep the same NEPD. For example, using the effective frame time interval, At=
1/15 sec with m = 4 for the SC500, one IR bolometer pixel consists of 4 times fewer Nig, to
maintain the NEPD that is under 1 mW/cm? resulting in the FOV at the midplane of 2.5 cm x 2.5
cm.

For the IR bolometer measurement in the LHD, the time resolution is thought to be more

important at present, so this one as shown in case 3 in Table 3.4.1 has not been used.

3422 SIB

For the SIB system, the spatial resolution is determined by the diameter of one pixel on the
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mask frame in addition to the other parameters before the installation of the IR bolometer pipe. The
limitation of the spatial resolution is considered with respect to the NEPD as in the IRVB case. The
radius of the pixel, r, with the SC500 needed to keep the NEPD under 1 mW/cm? is calculated as
case 4 as shown in Table 3.4.1. From this result, the radius of the pixel needs to be over 0.8 cm. If
this SIB mask is installed on the upper port as in case 1 of the IRVB, the FOV at the midplane is
estimated to be about 20 cm x 20 cm.

For the SIB system in the 3 campaign with an aluminum foil of 0.8 um, radius of the pixel, r
= 0.55 cm and THV900LW, the spatial resolution was 17 cm (toroidal direction) x 26 cm (major

radial direction).

3.4.3 Limitationsof mand N,g on the NEPD.

From the discussion about the NEP above, the limitations on the parameters, the IR camera
pixel, Njgr and the number of the sampling data, m are considered. If the working sensitivity of the
IR bolometer system is under 1 mW/cm?, the relationship between m, N and the NEPD as given by
Eq. (3.2.2.2) isshown in Fig. 3.4.3.1. For the number of the IR camera pixel, Nig, the shape of the
gpatial channel is assumed to be a square, then root Nig or one side of this square is used. The
curved line on this figure is the limit of the FTSC algorithm and above this line is the working
region. The other limit is the maximum value of the NEPD and the working region is under 1
mW/cm?. Figure 3.4.3.1(a) shows the case of the THV900LW and (b) shows the case of the SC500,
the difference of these IR cameras for the NEPD is the frame time interval and the IR camera

sensitivity.
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Table 3.4.1 Relationship of each parameter for both time and space resolution

Casel Case 2 Case 3 Case 4 (SIB)
IR camera SC500 SC500 SC500 SC500
Port upper upper upper upper
Material Gold Gold Gold Gold
Area (cm?) 0.67 0.0105 0.0420 2.01
kK (W/cn/K) 3.16 3.16 3.16 3.16
k (cm’/sec) 1.27 1.27 1.27 1.27
Thickness 1 um 1 um 1 um 1 um
Pixel number Nir 64 1 4 192
frame rate At (sec) 1/60 1/60 1/60 x 4 1/60
NEP 0.18 mwW 0.4 mwW 0.036 mW 190 mwW
NEPD 027 mW/cm’ | 14mwW/en® | 0.86 mW/cm® | 0.90 mW/cm’
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Fig. 3.4.2.1 The model of the bolometer pipe.

75

>




\\\\\my y
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3.5 Analysisof datafor IRVB system
3.5.1 Forward Time Center Space (FTCS) algorithm

The spatia channels of the IRVB system have to be determined by the numerical algorithm as
shown in Fig. 1.4.4.2. In this section, these algorithm techniques for IRVB data analysis [14] and
the actual data images from the resampling of the IR camera pixels and the calculation of the
algorithm [18] are shown.

Using Eg. (1.4.1.1) the absorbed plasma radiation power density is estimated from the thermal
distribution on the foil. The thermal diffusion in the z-direction (from the plasmato the IR camera)
was negligible due to the thin 1 umfoil used and only the blackbody radiation effect was
considered in this direction. As one example of the analysis, the images using the THV900LW at
the tangential port are shown in Fig. 3.5.1.1. Basically the same method is used for the SC500.

For the original thermal data of the IR camera, an equalization technique is used to avoid the
influence of reflection by the mask frame. After this technique the resulting THV900LW thermal
image has 136 x 272 pixels at a frame rate of 15 Hz. Of these, the observing pixels viewing the
facing foil and the neighboring frame were chosen, then in the case in Fig. 3.5.1.1, the number of
pixels, 120 (vertical) x 160 (horizontal) was used as in Figs. 3.5.1.1(a) and (b). It was determined
that one bolometer pixel consisted of 100 IR camera pixels, these resampling results using a linear
interpolation technique on (a) and (b) are shown in Figs. 3.5.1.1(c) and (d) which are 12 x 16 pixel
images. This resampling of the data had a smoothing effect [18].

Starting with Eg. (1.4.1.1) and solving for the radiation power density

Siet = Paa /A =& g K-thgiven by Eq. (1.4.1.2) one obtains three terms corresponding to the

two-dimensional Laplacian, time derivative and blackbody radiation terms by the Forward Time

Center Space (FTCS) algorithm [20],
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S = kl'zth [4T(%,Y) =T y+1) =Ty =) =T(x+1,y) -T(x=1,y)] (35.1.1)
S =D E (00 -T(x Y.t -] (3512)
Sp =0 (T*=T,") (35.1.3)

shown in Figs. 3.5.1.1(e), (f) and (Q) respectively where x and y are variables for the horizontal and
vertical dimensions of the foil respectively, t is time, th is the foil thickness, k is the effective
thermal conductivity of the fail, | is the dimension of the square bolometer pixel (1= A,y), x is the
effective thermal diffusivity of the foil, 7 is the cooling decay time, oss is the Stefan- Boltzmann
constant and ¢ is the blackbody thermal emissivity. T was estimated as the temperature of the mask
frame that is the same as the room temperature and T was estimated as the temperature rise on the
foil by the incident plasma radiation.

The plasma power density profile as shown in Fig. 3.5.1.1(h) is the result of Sag(h) = S (e) +
S(f) + Si(g). The scales of () and (g) are the same, in addition the scales of (f) and (h) are also the
same. For the blackbody term of (g), the emissivity on the foil is estimated with the IR camera side
(carbon) of 0.9 and the plasma side (gold foil) of 0.07 [27]. The total emissivity on the foil is
approximately one adding both sides.

In the 4" LHD campaign, the numbers of IR bolometer pixels as shown in Fig. 3.5.1.1 were
chosen to give a sufficient number for the NEPD as shown in Sec. 3.2, this result using 10 x 14
bolometer pixels is sufficient to measure medium sized radiative structures on the order of 15 — 20

cm.

3.5.2 Other algorithms
Other agorithmsfor Eq. (1.4.1.1) are discussed in this section. Oneis the fully implicit and the
other one is the Crank-Nicholson (C-N) [20]. The difference between these algorithms are in how to

calculate the two-dimensional Laplacian and the time derivative terms, the comparative relationship
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with time stepsis shown in Fig. 3.5.2.1. These agorithm use two frames of IRVB data and this time
frame rate is shown as At. The spatial derivation of the FTCS is caculated at t-At and the spatial
derivation of the fully implicit is calculated at t. For the Crank-Nicholson, the intermediate time
between t; and t; is used.

The fully implicit algorithm as shown in Eq. (3.5.2.1) [20],

o°T . O°T _| TOGY+N)+T(xy =N +T(x+1,y)+T(x=1,y) - 4T(x,y)

3521
ox®  oy? |’ o ( )
%=[T(x, Y1) =T (X y,t—At)J/At
and the Crank-Nicholson as shown in Eq. (3.5.2.2)

O°T 0T T(y+Lt)+T(Xy-Lt)+T(x+1,y,t)+T(x=1,y,t)—4T(x y,t,)
o oyt 2.1, 2
bol (35.2.2)
+T(x,y+|,t2)+T(x,y—I,t2)+T(x+I,y,t2)+T(x—I,y,tz)—4T(x,y,t2)
2'|bo|2
oT At At
E=[T(x,y,t2)—T(x,y,tl)]/At , tl=t—7 t2=t+7

The accuracy of the three algorithms using the Gaussian function on the foil as given by Eq.
(3.1.10) as described in Ref. 15, were calculated as shown in Figs. 3.5.2.2. The solid line shows the
Gaussian profile and the broken lines show the result of each algorithm.

The difference between the Gaussian profile and the FTSC agorithm was less than 6 % at the
peak, and the result of the fully implicit agorithm is similar to the FTSC, but the difference
between the Gaussian profile and the C-N algorithm was less than only 2 % at the peak. Therefore
the C-N algorithm was shown to have better accuracy, but experimental results have already some
errors about 10 % which is higher than the error of the algorithm error and for ease of use in
calculating data the FTSC algorithm is used.

If it is necessary to reduce the NEPD for better accuracy of the images, in the future the C-N

algorithm will be used.
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Fig. 3.5.1.1(1/2) Sequence of images showing data analysis technique of
the IRVB. (a) and (b) two consecutive 120 x 160 pixel IR camera
temperatureimages. (¢) and (d) images (a) and (b) after resampling to 12
X 16 pixels[17].
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Fig. 3.5.1.1(2/2) Using resampled data (c¢) and (d), contributions to (h)
radiated power density calculation using the FTSC algorithm : (e)
two-dimensional Laplacian term, S (f) time derivative term, S (g) black
body radiation term, S, for (¢)+ (d). The plasma power density profile
(h) = (e) + (f) + (g). Each scale shows the detected radiation power
density (mW/cm?). The top scale on the right is for (e) and (g), and the
bottom scaleisfor (f) and (h) (images by B.J. Peterson).
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3.6 Applicability for futurelarge devices

In this section, the applicability to other devices of the IRVB is shown. For the future fusion
device in particular, two problems are a lot of spatial channels with the large plasma diameter and
the effect of neutrons from D-D or D-T plasma experiments.

For alot of spatia channels for the future device, the IR bolometer is well suited to provide
broad two-dimensional data as each IR bolometer in LHD has over 100 channels as shown in Table
2.2.1. By one design for a future device the necessary bolometer channels are estimated to be about
300-500 channels. By using the IR bolometer to provide this data one can avoid a vacuum leak by
eliminating many feed-throughs.

For the second problem, the effect of neutrons damages some material's including the detectors.
To consider each different type of bolometer system, the AXUV diode is the weakest one due to
damaged to each diode and is considered difficult to use with strong neutrons in the device. In the
case of the resistive bolometer it is considered that some electronic wiring to the resistive grid under
the metal foil are damaged by neutrons [30]. In the case of the IR bolometer it is considered that the
infrared vacuum window will be damaged. Damage to vacuum windows by neutrons is well
documented, but the IR window of the IR bolometer does not need to face directly to the plasma, so
this damage will be a small. For the damage to the metal foil, thisis basically the same for resistive
and IR bolometers. At present a gold foil is used for both bolometers in LHD but different metals
also can be used for the IR bolometer. For gold, it is thought that the strong neutrons transmute gold
to mercury. To avoid this, another kind of foil can be used for the IR bolometer system.

The limitations of neutrons on the use of the IR bolometer have not been quantitatively
estimated. But the IR bolometer is considered stronger than the other bolometers to the effects of

neutrons, thisis also an advantage of the IR bolometer.

85



4 Plasmaradiation images by IRVB

The LHD plasma has a helically twisted three-dimensional structure resulting from the set of I/m
=2/10 helical coils. Using the advantages of the two-dimensional measurement of the IR bolometer
system, some characteristic plasma radiation structures have already been shown. The one result of
the IR bolometer was shown in Sec. 3.3 using the SIB system. In this section and the next section,
only the IRV B data are shown because the IRV B is more sensitive, hasflexibility for the analysisand
reconstructing images of the plasma radiation profileis easier in comparison with the SIB.

In Chapter 4, the two-dimensional images from the tangential port are introduced. Section 4.1
shows atypical hollow profile of plasmaradiation in the LHD, and Sec. 4.2 shows the comparison of
the magnetic field calculation and the IRV B data. From these results, what is shown by the tangential
IRVB data and where the high radiation sources are located can be understood.

In Secs. 4.3 and 4.4, IRVB images from the tangential port of localized radiation during the
movable limiter and the wall-limiter experiments demonstrate the capabilities of the two-dimensional

data of the IRVB.
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4.1 Radiative structure of helical plasma

Figure4.1.1 shows the discharge summary for LHD shot # 20740. This shot hasthree fueling pellet
injections. Immediately after injection of the final pellet the plasma was prematurely terminated by
radiative collapse as the plasma stored energy was rapidly reduced from its peak to zero, while the
NBI continued according to plan. In Fig. 4.1.2, the brightness profiles during the final portion of the
NBI discharge are shown from the resistive bolometer array set at avertically elongated cross-section
on the lower port in the field of view (FOV) of the IRVB. This contour plot shows the brightness
profile changing from a symmetric profile prior to 1.04 s, to one that is asymmetric on the inboard
side during the collapse from 1.09 sto 1.14 s, to a symmetric peaked brightness profile during the
unabsorbed beam neutrals by the NBI phase after 1.14 s. This type of asymmetric radiation structure
is commonly observed when the plasma reaches the density limit in LHD and has many features
similar to a MARFE in tokamaks [31]. Previous observations of this phenomenon using various
diagnostics at different toroidal cross-sections have indicated that it may be axisymmetric asin a
tokamak, but the actual structure of the LHD has a non-axisymmetric magnetic field and vacuum
vessel [32]. For example, at the vertically elongated cross-section the inboard asymmetriesin density
and radiated power have been observed [31]. At the horizontally elongated cross-section the
symmetric up/down radiation profile has been observed [31] and an asymmetric temperature profile
with lower temperature on the inboard side [ 32] indicating stronger radiation on the inboard side has
been seen. However the experimental measurements for the full toroidal extent on the LHD were not
made, as doing so is difficult only using the existing diagnostics such as the resistive bolometer.

Accordingly, these dataleave some unanswered questions about the three-dimensional structure of
this asymmetric radiative phenomenon. Therefore it is very interesting to look at this asymmetric
radiative collapse with the tangentially viewing IRVB.

The IRV B images from the three time frames corresponding to each of these phases are shown in

Fig. 4.1.3. The IRVB image from the period approximately corresponding to the phase with a
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symmetric brightness profile prior tot = 1.04 sin Fig. 4.1.2 isshown in Fig. 4.1.3 (a). In thisimage
the IRVB observesavery clear helical radiation structure. Thelinesfrom*“A” to“D” and from “E” to
“F’ inFig. 4.1.3(a) represent the position marker of the bright radiation region along the thick ergodic
region of the plasma. The nearest point “A” to the mask of the IRV B shows high radiation intensity.
Asit goes to the far point “D”, the intensity is reduced. Where it crosses the other field line at point
“F” another bright spot was observed. The point “G” near the center of the IRVB data measures
radiation predominantly from the core plasma, and there plasmaradiation intensity islower than from
the edge plasma regions as has been typically observed during the steady-state portion of plasmasin
LHD [33]. Thisisatypical helical radiation structure of the LHD plasmafrom atangential view. The
edge of the FOV as defined by the vacuum vessel walls and other structures are well reproduced by
the dark edges of thisimage. A simultaneousimage from aCCD camerausing aClll filter and having
nearly the sameview of the plasmaisshownin Fig. 4.1.4 and these images are used for areferencefor
visible images and the ergodic regions. These three CCD images have almost the same timing as the
IRVB images shown in Fig. 4.1.3.

In Fig. 4.1.3 (b) the next time frame from the IRVB shows the radiation image during the
asymmetric radiative coll apse corresponding to the time period from 1.09 sto 1.14s. Compared to the
previousIRVB imagein Fig. 4.1.3 (a), theradiation pattern ischanged to aless helical structureandis
more localized near the lower inboard edge at point “H”. One notes that the maximum radiation
power density isdifferent, for examplethe point “A” in Fig. 4.1.3 (a) is about 4 mW/cm? but the point
“H” in Fig. 4.1.3 (b) is about 8 mW/cm?. This image confirms the observation from the resistive
bolometers that the asymmetry occurs on the inboard side, and adds new information about the
vertical position of the asymmetric structure of the radiation during the collapse of the plasma.

In Fig. 4.1.3 (c) the image from the unabsorbed beam neutrals by the NBI period of the discharge
corresponding to the time after 1.14 s is shown. In the resistive bolometer brightness profile data

shownin Fig. 4.1.2 apeaked symmetric profile at alower level compared to the asymmetric period is
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seen during this period. This radiation is interpreted to be mostly due to carbon coming from the
graphite beam dump as confirmed by the strong Cl11 signal seen in the shot summary in Fig. 4.1.1(d).
Inthe IRVB image of Fig. 4.1.3 (c), amuch stronger signal than that of the previousimage during the
collapse is observed which is in contrast to the weaker signal seen in the resistive bolometers. The
source of this strong central signal in the IRV B image during the period of unabsorbed beam neutrals
by the NBI is believed to be the unabsorbed beam neutrals which can be measured easily from the
tangentially viewing IRVB compared to the perpendicularly viewing (from the bottom) resistive
bolometer arrays.

Each FOV of the bolometersisshowninFig. 4.1.5. The FOV of theresistive bolometer is shown as
the blue square and the FOV of the IRV B from the tangential port is shown as the three green lines of
which the two outside lines indicate the FOV and the other oneis the center of this FOV.

Two-dimensional images of the helical structure of radiation in LHD have been shown and
compare well with CCD images of CIII light. Also, a change of the radiation structure during
asymmetric radiative collapse of the plasma has been observed. In addition to confirming the results
from the resistive bolometer arrays, which show an inboard asymmetry in the radiation, the IRVB
addsinformation about the vertical position of the asymmetric radiation showing it to be coming from
the lower inboard region of the plasma. This result demonstrates that the IR bolometer spatial
resolution is adequate to provide new information on the structure of radiative phenomenain LHD

[33].
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Fig. 4.1.3 Image of two-dimensional radiation from tangentially
viewing IRVB at (a)t=1.02s, (b)t=1.09sand (c)t=1.16s, for LHD
shot # 20740 [33].
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Fig. 4.1.4 Image of ClII radiation from tangentially viewing CCD camera
at (a)t=1.02s,(b)t=111s,and (c) t =1.17 sfor LHD shot # 20740 (by M.
Shoji).

93



pN

P L
- IRVB from the
A< upper port
. AN / , !
/L/——Q \y\ =
Ergodic h ' Aé
-7 region BN -\
- IRVB from the
’ tangential port

4 Resistive \ .
bolometer % \ \
LCMS® / . N o

V , &

Im

Fig. 4.1.5 the FOV of each bolometer at the midplane. The red one
shows theresistive bolometer arrays on the lower port, the green oneis
the IRVB from the tangential port and thelight blueisthe IRVB in the
upper port. The blue line shows the plasma shape with the LCM S and
theergodic region.

94



4.2 Comparison of the magnetic field line calculation and the IRVB data

After the LHD 2™ campaign in 1998, the material of the diverter plates was changed from
stainless steel to the carbon and the main source of the radiation by heavy impurities was removed.
In the absence of heavy impurities radiation profiles should be hollow and the bulk of the radiated
power should come from carbon and oxygen radiating from the ergodic region of the plasma
outside the last closed flux surface.

Figure 4.2.1 shows the image of the IRVB with the tangential viewing at t = 0.99 s for LHD
shot # 20744. This image shows the typical hollow profile of the plasma radiation. Figure 4.2.2
shows the results of a magnetic field line calculation with the FOV of the IRVB from the tangential
port on LHD [34] and inside the blue rectangle is the FOV of the IRVB. Each blue point indicates
each magnetic field line launched in the region around the last closed magnetic surface
(o=1). Therefore brighter blue regions indicate regions where the IRVB has a more tangential
view of the edge ergodic region and should correspond to areas of more intense radiation. However
the effects of solid angle are not included in the calculation, therefore the portions of the indicated
regions which are far from the IR camera and would radiate less brightly are given the same weight
as those near the IR camera that radiate more strongly. But Fig. 4.2.2 very clearly shows the twisted
helical structure formed by the magnetic field lines of the ergodic edge region in the FOV of the
IRVB.

Comparison between the IRVB data and this magnetic field line model shows the strong
helical structure of the plasma radiation predicted by the magnetic field line simulation. In
particular the broad radiative structure observed in the lower portion of the field of view (indicated
by ‘A’) is a very bright region due to the fact that it lies in the near field of the IRVB to the core
plasma. The bright region in the upper portion of the IRV B image corresponds to the location where
the dense regions of the many magnetic field lines overlapped as indicated by point B. The structure

seen in the center of the field of view in Fig. 4.2.1 (indicated by ‘C’) is not so clear in the IRVB
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image, which is understood as being in the far field of the IRVB relative to the core plasma. This
distance from the IR camera to this region is approximately 6.0 m and incidentally the case of the
near field at ‘A’ isabout 1.0 m.

From these results, good qualitative agreement is observed in the comparison of the IRVB
image with a corresponding result from the magnetic field line ssmulation code. From this
simulation, the reason for the bright radiation regions having complex structures of the IRVB
images using the tangentia viewing can be understood, while in the case of using the CAD drawing
only it was difficult to understand [35].

For other images from the IRV B, this result of the magnetic field line simulation has been used

as areference for the bright regions.
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Fig. 4.2.1 Image of two-dimensional radiation from tangentially viewing
IRVB at t =0.99 sfor LHD shot # 20744. Some letters show the position of
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Fig. 4.2.2 The magnetic field line ssmulation including the ergodic
region with a launching point at p= 1.0. Some letters show the
positions of the high radiation areas. These are in the same positions
in Fig. 4.2.1[34].
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4.3 Wall limiter experiment
Two different sets of the image data are shown to demonstrate the capabilities of the

two-dimensional diagnostics system using the IRVB. The first set of data is from a wall limiter
experiment shown in Fig. 4.3.1. This experiment was carried out in the 3 LHD experimental
campaign by changing the distribution of the currents in the helical coil (made possible by three
independently driven helical windings in each helical coil) to change the plasma shape such that
flux surfaces are fattened in the plane of the helical coils (increasing “gamma’). In this shot, the
shot number is#12084, the magnetic field = 1.25 T, the magnetic axis= 3.6 mand y = 1.28 (y = ma.
/ IR, where mis the toroidal pitch number, | is the number of pole, a; is the plasmaradius and R is
the major radius). By increasing the y value, the belly of plasma (this means the thin ergodic side of
the plasma at a vertically elongated cross-section) expands in the radial direction and the inboard
side plasma touches the wall of the stainless steel at the point of closest approach at the toroidal
cross-sections where the plasma is vertically elongated. In this way, the ergodic region of plasma
was cut by this wall and the last closed magnetic surface was determined by the position of the wall
relative to the plasma. At this point of contact with the wall, the plasma has strong radiation due to
the wall interaction and the impurity source coming into the plasma. From the tangentialy viewing
IRV B, the two dimensional structure during the wall limiter experiment be measured. Figure 4.3.2
shows a CCD data filtered by a H-a filter from a tangential view at the same timing. In this
discharge, the recycling of Hydrogen due to heavy plasma interaction should result in a large
amount of H-o spectral line, therefore the CCD image with an H-a filter is used as a reference for
comparison with the image from the IRVB.

The same region on the inboard side shows intense radiation. Figure 4.3.3 shows the CAD

drawing of the IRVB tangential view. The FOV of the CCD datais nearly the sasme as Fig. 4.3.2.
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4.4 Movablelimiter experiment

As another representative measurement using the IRVB, the movable limiter experiment is
shown in Fig. 4.4.1 [18]. This experiment was performed in the 3 LHD campaign and the shot
number is #11969, the magnetic field = 2.75 T and the magnetic axis = 3.6 m. A large carbon plate
limiter is inserted from the lower side. When the movable carbon limiter touches the plasma, this
limiter cuts the ergodic region of the plasma and the last closed magnetic surface was determined by
the limiter head. It is basically the same effect as the wall limiter, but a a toroidaly localized
position. With insertion of this limiter, the strong brightness spot at the lower side of the plasma
could be measured. Figure 4.4.2 shows CCD data filtered by a ClIl at the same timing. In this
discharge, the bright radiation coming from the carbon limiter was predicted, but only the CCD data
filtered by a Cll filter was observed from this tangential port, therefore this wavelength for the CCD
image is used. This data shows strong radiation from the same region just near the limiter head as
shown in the CAD drawing of the FOV of the IRVB including the limiter head in Fig. 4.4.3.

For both resultsin Secs. 4.3 and 4.4, the discussion using the IRV B and the CCD images about
the dominant source of impuritiesis difficult at present. This investigation should be carefully made

by using the data of other diagnosticsin LHD.
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Fig. 4.3.1 IRVB image of theinboard wall limiter experiment
from thetangential port for discharge #12084.

Fig. 4.3.2 Tangential view by CCD image with H-a. filter for discharge
#12084 (by M. Shoji).
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Fig. 4.3.3 CAD drawing of bolometer tangential view. The red
line shows the edge of thereal FOV of the IRVB. The pink lineis
the X-point of the magnetic divertor at the 3.6 m configuration.
Thebrown lineisthe magnetic axis (by H. Kojima).
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Fig. 4.4.1 IRVB Image of movablelimiter experiment for
discharge #11969 [18].

Fig. 4.4.2 Image from CCD camerawith CI1 filter for
dischar ge #11969 (by M. Shoji).
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Fig. 4.4.3 CAD drawing of bolometer tangential view. A pink line
isthe X-point of the magnetic divertor at the 3.6 m configuration.
Thelimiter isdrawn in the lower left side asa small red point in a
red circle. The brown lineisthe magnetic axis (by H. Kojima).
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5 Three-dimensional structure of radiation collapse
5.1 MARFE in Tokamaks

MARFE isatoroidally symmetric loop of intense radiation typically appearing near theinside wall
of atokamak. MARFE is an acronym for Multifaceted Asymmetric Radiation from the Edge. It is
poloidally asymmetric and is usually quite localized near the inner wall in tokamak plasmas. The
localized radiation region of MARFE has a cold electron temperature of about a few eV and an
electron density which is higher than the average density. MARFE phenomena have been observed on
some main tokamak machines, for example Alcator C-Mod [36-37], JET [38], ASDEX [38], DIlI-D
[38], TFTR [38], JT-60U [39], MAST [40], TEXTOR [41-44] and the others.

On the other hand, the density limit is one of the important issues in both tokamak and
heliotron/stellarator devices whose goal is the achievement of a thermonuclear fusion reactor. The
physical basis for the density limit of plasmais not entirely understood, and quite different density
limiting processes appear to be in control, depending on operating conditions, auxiliary heating,
pumping, safety factor and pellet fueling. Some of these processes are essentially edge phenomena,
while others primarily involve the main plasma, for exampl e the effect of impurity radiation on power
balance, leading to a contraction of the current channel due to radial thermal collapse.

Therole of magnetic geometry in MARFE formation has been assessed up to the present mainly in
numerical modeling. The poloidal homogeneity in the heat flux from the plasma core caused by the
Shafranov shift of magnetic surfaces or the existence of an X-point was dependent on a boundary
condition [41]. In other work, poloidally asymmetric recycling properties resulted from the proximity

of the first wall on the inboard side [42].

5.2 Asymmetric radiation collapsein LHD
In helical devices, the radiation-induced density limit has particular importance, since it isamain

cause leading to collapse of the plasmawhen the radiated power increased with density exceeds some
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fraction of the deposited power. In LHD, a MARFE-like inboard asymmetric radiation structure has
been observed aready [31-32]. In Ref. 30-31, the resistive bolometers measured only at two
cross-sections by two arrays as shown in Fig. 5.2.1. Figure 5.2.1(a) shows the time evolution of the
radiation brightness profile at the vertically elongated cross-section that shows the inboard
asymmetry during the collapse. The other case of the horizontally elongated cross-section isshownin
Fig. 5.2.1(b) that shows the symmetric radiation structure during the collapse. Other signatures of the
asymmetric radiation collapse in LHD were observed in the electron temperature by the YAG
Thomson scattering (A = 1064 nm) from the horizontal elongated cross-section and in the electron
density by the far infrared (FIR) interferometer (A = 119 um) from the vertically elongated
cross-section. Figure 5.2.2 shows the asymmetric el ectron temperature during the radiation collapse.
At 1.8 s, an asymmetric profile was observed in the difference of both side profiles[32]. Figure 5.2.3
shows the comparison of the brightness profile evolution by the resistive bolometer as a contour plot
and the FIR interferometer for the LHD shot #3574 [31]. The peaks in FIR line densities are shown
with triangles. At the three inboard channels, the interferometer signals are degraded due to the
reduction of the beat signal amplitude of the heterodyne interferometer. As one example of the
degraded channels, the FIR signal of the line density at R = 3.4 mis show in Fig. 5.3.3 (b). On this
FIR channel, the deflected signal due to the high gradients was observed from about 0.96 sto 0.98 s,
the period when signal degradation is shown in Fig. 5.2.3 (a) by two plus signs connected by a
line.Therefore the phenomenon of an inboard side radiation collapse similar to MARFE in the
tokamak was observed at the vertically and horizontally elongated cross-sections, but no information
was given on the other cross-sections. To study more details of the asymmetric collapse in LHD,
using the two IRV Bs the three-dimensional position of the asymmetric radiation source region at the

collapse is determined in Sec. 5.3.
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Fig. 5.2.1 Time evolution of the radiation brightness profile by
the resistive bolometer arrays for discharge #10272 measured
at (a) the vertically elongated cross section and (b) the
horizontally elongated cross section [31].
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Fig. 5.2.3 The Comparison of the brightness profile evolution by the
resistive bolometer as a counter plot and the FIR interferometer for the
LHD shot #3574. The peak in FIR line densities are shown in with
triangles. The periods of signal degradation for three of the inboard FIR
channels are shown as two plus signs. (b) Line density evolution for the
FIR interferometer at R = 3.4 m (inboard side) [31].
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5.3 Images of asymmetric radiation collapse
5.3.1 Shot summary for atypical discharge terminated by radiation collapse

Figure 5.3.1 shows a discharge summary for LHD shot #28961. Two neutral beams (NB) were
injected during the interval 0.30 s - 2.30 s and the electron density was increased by hydrogen gas
puffing as shown in Fig. 5.3.1 (b). After 2.0 s the plasma devel ops a thermal instability leading to a
sharp drop in the stored energy (Fig. 5.3.1) and rapid increase in the radiated power (Fig. 5.3.1(b))
and spectroscopic signals from Clll and OV (Fig. 5.3.1 (d)) and the plasma was terminated at about
2.10 s by radiative collapse. The timing of these signals is synchronized to within better than 1 ms
by using the common LHD trigger.

Figure 5.3.2(a) shows the total radiation power data by the same wide-angle bolometer as Fig.
5.3.1(c) with a sampling frequency of 1 kHz using the LHD trigger. Using this data, the timing of
the highest radiated power is2.162 s.

The contour plot of radiation emissivity profiles from the resistive bolometer arrays at a lower
port viewing a vertically elongated cross-section is shown in Fig. 5.3.2(b) which is inverted using
the magnetic geometry in terms of p. The value p = 0 corresponds to the magnetic axis and plus
p is the outboard side, the minus p is the inboard side. This contour plot has a 10 ms time
resolution, so the collapse time for this datais 2.16 s but this order is sufficient since the frame rates
of the IR cameras are dower than 100 Hz. At 2.00 s (“*A”), the radiation power has a symmetric
structure and after 2.10 s, an asymmetric pattern was observed (“B” and “C”). Around 2.16 s at the
collapse timing, the radiation power density was strongest and observed the most localized
asymmetric radiation spot “D” on the inboard side. During the radiation collapse, the asymmetric

radiation spot was maintained for 30 ms and the radiation power decreased quickly thereafter.

5.3.2 Imagesof both cameras

5.3.2.1 Tangentially viewing IRVB
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First of al, the frame with the radiation collapse has to be found by the localized structure and
the highest radiation power density. The localized radiation structure during the collapse is aready
shown in Fig. 4.1.3(b) but the width and the position on the data are different for each shot, and the
FOV was changed from the 4" LHD campaign in Sep. 2000- Feb. 2001 to the 5™ campaign in Sep.
2001- Feb. 2002. The highest power density sometimes is due to unabsorbed NBI neutral particles
in the afterglow period. The IRVB from the tangential port can measure the strong power from the
NBI, but these frames have a very characteristic structure in which only the center is peaked as in
frame 39 in Fig. 5.3.3. These NBI frames during the afterglow are excluded from the frames with
the highest radiation.

The THV900LW cannot measure a single frame during the radiation collapse period due to a
frame rate of only 15 Hz (time resolution of about 67 ms). Using the two-dimensional structure and
the highest temperature on the foil for every frame, one frame is chosen as the peak of the collapse.
Figure 5.3.3 shows images of the two-dimensional radiation from the tangentially viewing IRVB
during the frames numbered 33 to 39 for LHD shot # 28961. The color scale on the right side shows
the power density at the foil and a different level is shown for each frame. Using these frames,
Frame 37 is determined to contain the collapse data due to the reasons mentioned above.

Frame 38 shows two signals during the afterglow including NBI neutral power “C” and the plasma
radiation "B”. Frame 39 shows only an afterglow from NBI power “D”. The maximum density
color “ yellow” is shown to be over 50 mW/cm?during the above mentioned afterglow. Before the

collapse frames, 35 and 36 show hollow profiles similar to Fig. 4.1.3 (a).

5.3.2.2 Upper port IRVB
In Fig. 5.3.4, the top view of the LHD midplane shows the spatial channels of the top viewing
IRVB and the FOV of the tangentially viewing IRVB. The black square with mesh is the FOV from

the upper port of the IRVB. Three green lines show the FOV from the tangential view of the IRVB
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and the two outside lines show the edge of the FOV and the inside one is the center of the FOV. At
just the center of the upper port in the toroidal direction, the plasma has a vertically elongated
cross-section. Moving toroidally towards the 5-O port side as shown in Fig. 2.3.3 the near, thick
ergodic region of the plasma cross-section is rotated towards the outboard side of the vacuum vessel.
Moving in the other direction towards the 7-O port as shown in Fig. 2.3.3 the near, thick ergodic
region of the plasma cross-section is shifted towards the inboard side of the vacuum vessel. At
present, 11(toroidal direction) x 11(major radial direction) channels are formed from the IRVB data
after final resampling in the analysis. This channel number of the IRVB on the upper port is
considered sufficient due to the NEPD with over ImW/cm? during a plasma discharge. Some near
edge side channels have an FOV that intersects the wall. Additionally area "A” (Fig. 5.3.5)
unfortunately is not covered by the tangentially viewing IRVB.

For 11 x 11 channels of the upper port IRVB, each pixel was designated by a toroidal number
for the X-axis and aradial number for the Y-axis as shown in Fig. 5.3.5. The toroidal number = 1 is
at the 7-O port side as shown in Fig. 2.3.3 and the radial number = 1 is at the inboard side. The
plasma continues in the toroidal direction, but channels on toroidal number = 1 and 11 observed
negligible radiation that is considered to be incorrect. The reason for these incorrect signals is due
to incorrect calibration parameters, these channels are not referred to at present and in the future this
problem will be solved using the new calibration parameters derived as described in Sec. 3.1.2.2.

Figure 5.3.6 shows images of the two-dimensional radiation from the upper port IRVB during
the frames numbered 131 to 152 for LHD shot # 28961. The camerainstalled at the upper port isthe
SC500 with a frame rate of 60 Hz (17 ms). Seeing these frames of data, some different structure is
found. From frame 130 to 138, the high radiation region is dispersed in the FOV and the maximum
power density is about 6 mW/cm?. But from frame 139 to 141, the high radiation region broadened
and the maximum power density increased to values from 8 to 20 mW/cm?. Frame 142 shows the

hollow high radiation region again and the highest point of the radiation is detected on the inboard
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side that is shown by line “A”. Then frame 143 shows a clearly different structure from the
preceding frames. Only the inboard side observed the high radiation region in an asymmetric
structure. Frame 144 shows amost the same structure as frame 143 and the maximum power
density is over 30 mW/cm?, which is also the same. From frame 145, the high radiation region
moved towards the bottom of the image and the detected radiation power decreased. Frame 146
shows the start of a separation with a boundary line just at the vertically elongated cross-section of
the plasma. Frames 147 and 148 show separated high radiation regions and the maximum of the
power density was decreased to the same level as frame 138. Frames 149 and 150 show the
afterglow, but this camera did not measure the NBI neutral power, so the detected power was
decreasing like the resistive bolometer datain Fig. 5.3.2(a).

For the data of the upper IRVB, the magnetic field calculation is shown in Fig. 5.3.7(a). Each
blue point indicates each magnetic field line for Ry = 3.6 m launched in the region around the last
closed magnetic surface (o= 1). Inside agreen square isthe FOV of the upper IRVB and the image
of the upper IRVB as a hollow profile is shown in Fig. 5.3.7(b). At the upper right indicated by a
circle, many blue points were overlapped and at just this point the image shows the high radiation
region that is considered good agreement. The other region at the lower side of the image at the
outboard side in Fig. 5.3.7 (b) also shows the high radiation region which is considered to be from
the thick ergodic region from the upper IRVB as shownin Fig. 5.3.7 (a).

Table 5.3.8 shows the peak radiation signals of frame 143 and 144. Only radial numbers from
8 to 10 are shown due to the channels of the other radial numbers having lower values. The NEPD
of the present configuration using the SC500 camera at the upper port is about 680 p\W/cm? with At
=1/60s, Nr =64, ox=0.15inEqg. (3.2.2.2). But in particular, the experimental number is larger
than this numerical value. From the resistive bolometer data, the end of the discharge was at 2.298 s
(Fig. 5.3.2(a)) which approximately corresponds to the timing at frame 151. Using this frame, the

experimental NEPD could be estimated since basically this frame did not measure radiation signals.
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Spatial channels near the edge which have the low temperature data from the SC500 camera
sometimes have negative values due to the data analysis involving the difference of two small
numbers taken during the equalization. Using the other channels, the standard deviation of the
NEPD was calculated and this result was about 2 mW/cm?. In the following, this experimental
NEPD is used in this section.

Using the comparison of Fig. 5.3.2(b) and Fig. 5.3.3, the collapse frame should show a strong
asymmetric radiation structure on only the inboard side. Using this criterion, frames 143 and 144 fit
these conditions.

For next step, the highest radiation channels and their values are considered.

Before more discussion, the information about each spatial channel from the IRVB at the upper
port is written as (toroidal number, radial number) = (X, y).

The highest radiation point is data point (8, 9) at frame 143 whose location is the same for
frame 144. In frame 143, the highest detected radiation density is about 40.3 mW/cm? at point (8, 9)
and the second highest one is about 38.3 mW/cm? at point (7, 9). The difference of 2.0 mW/cm?is
not a significant value since this value is the same as the experimental NEPD, that means these two
signals are approximately the same signal level for both images. In frame 144, the highest detected
radiation density is about 35.1 mW/cm? at point (8, 9) and the second one is about 33.8 mW/cm? at
point (9, 9). Using the comparison of 40.3 mW/cm? at point (8, 9) in frame 143 and 35.1 mW/cm?
a point (8, 9) in frame 144, the difference of 5.2 mW/cm?is a significant value, that means the
highest signal is at point (8, 9) in frame 143. Using these numbers, it is determined that frame 143
has the nearest timing to the radiation collapse at 2.16 s because this frame has the channel with the

highest detected radiation signal and around this point (8, 9) other channels also have high signals.

5.3.3 Timing of both camerasfor the LHD relativetime

The THV900LW camera uses the LHD trigger but the actual relative time has a delay relative

113



to the LHD trigger time that is about 200 ms according to a statistical analysis and a jitter that is
about 10 ms. The accurate values of this delay time and jitter have not been measured yet.

The SC500 camera does not use the LHD trigger and this camerais controlled manually. This
jitter isabout 1.0 s.

With respect to the original LHD time data, the relative timings of both cameras are
determined using the collapse timing as a reference as shown in Sec. 5.3.2. Figure 5.3.9 shows the
timing of both cameras relative to the LHD time. Regarding the CCD data, the delay time and the
jitter at 30 Hz are not considered due to lack of information. For the SC500 camera at the upper port,
frame 143 is ascribed to the collapse timing. In the THV900LW camera at the tangential port, frame
37 isaso ascribed to the collapse timing.

For the actual data both cameras have a delay time and jitter because Fig. 5.3.9 shows only an
idealized model. That is to say in Fig. 5.3.9, the relationship between the data of each camera still

has a relative uncertainty.

5.3.4 Comparison of the SC500 at 15 Hz and the THV900LW at 15Hz
The original frame rate of the SC500 is 60Hz, but to compare with the THV900LW data the
frame rate is changed to 15 Hz by averaging over 4 frames, which is the same frame rate as that of
the THVO00LW. Figure 5.3.10 shows the images of the two-dimensional radiation from the upper
port of the IRVB for LHD shot # 28961 at 15 Hz. The frame numbers in this figure show the
original frame numbersin Fig. 5.3.6. For frame number 37 from the tangentia port in Fig. 5.3.3, the
same timing data from the upper port at 15Hz has four possibilities: “140 —143" %141 —144”, “142
—145", and “ 143 -146" since frame 143 isfixed by the collapse timing.
For these possibilities, the comparison of the FOV of the upper port IRVB and the tangential
port IRVB is considered. The image of the IRVB from the tangential view during the 5" campaign

has 17 x 12 spatial channels and the X-axis is called the horizontal number, Y-axis is called the
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vertical and in this section bolometer pixel number is referred to as (the horizontal number, vertical
number) = (X, y). On the image of frame 37 from the tangential port, the highest point of the
radiation is point (13, 4) and the high radiation region isthe rectangle in (11, 5), (15, 5), (11, 2), (15,
2) as shown in Fig. 5.3.12 (a). Figure 5.3.12 (b) shows the cross-section of the spatial channelsin
the plane of the radial channel number 4 in Fig. 5.3.12 (a) and channels 11 and 15 at the horizontal
direction are shown by an arrow as the high radiation region and channel 13 is shown by a blue
region as the highest radiation point. In this plane the magnetic flux surfaces have a complicated
structure since this plane is not a horizontal cross-section since the FOV of the spatial channels ook
down to the plasmafrom the foil of the IRVB.

Due to the limited FOV of the tangential IRVB as shown in Fig. 5.3.4, the tangential FOV on
the spatial channels of the upper IRVB having a high radiation region is limited to toroidal channels
around numbers 1-5 at the inboard side of the upper port IRVB FOV. For this reason, it is
considered that the high radiation region of frame 37 of the tangential IRV B corresponds to the high
radiation region around toroidal channel numbers 1-5 at the inboard of the upper port IRVB FOV.
Frames “140 —143” and “141 —144” observed high radiation as the total absorbed power but the
high radiation region was localized on the 5-O side of the FOV as shown in Fig. 5.3.10, therefore
these frames are considered to not correspond to the frame 37 of the tangential IRVB. Using this
consideration only two possibilities, “142 145" and “143 —146" remain.

Table 5.3.12 shows the peak radiation signals of frames “142 —-145" and “143 -146". Both
frames show an asymmetric radiation structure at only the inboard side and the high radiation belt is
spread widely along the wall as shown in Fig. 5.3.10.

The highest radiation point is data point (8, 9) at frame 142 —145" whose location is the same
for frame “143 —146". In frame “142 145", the highest detected radiation density is about 28.0
mW/cm? at point (8, 9) and the second one is about 26.9 mW/cm? at point (7, 9). The difference of

1.1 mW/cm?is not a significant value considering the experimental NEPD of 2.0 mW/cm?®. That
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means that both pixels have approximately the same signal level. In frame “143 —146", the highest
detected radiation density is about 25.3 mW/cm? at point (8, 9) and the second one is about 24.3
mW/cm? at point (7, 9). Using the comparison of 28.0 mW/cm? at point (8, 9) in frame “142 —145"
and 25.3 mW/cm? at point (8, 9) in frame “143 —146", the difference of 2.7 mW/cm?is a significant
value which means that frame “142 —145" has the highest signal level, so frame “142 —145" was
determined to be the best frame for the comparison with tangential frame 37 during the radiation
collapse. In addition, the channels with over 20 mW/cm? of radiation power density are shown in
bold print as a high radiation region as shown in Table 5.3.12.

By determining that frame “142 —145" from the upper port is fixed to frame 37 from the
tangential port, aforward frame “138 —141” can be considered to be fixed to the frame 36 from the
tangential port. Seeing frame “138 —141" as shown in Fig. 5.3.10, this image shows a wide high
radiation region that has a symmetric radiation structure. The forward frame 36 of the tangential
IRVB aso shows a symmetric radiation structure. Therefore by using frame “142 —145” as atime
reference the changing structure story of the radiation collapse can be examined.

This high radiation region from the upper port IRVB using frame “142 —145" and from the
tangential IRVB using frame 37 is shown in Fig. 5.3.13 as the magnified cross-section of the spatial
channels using Fig. 5.3.11(b). The squares with a blue mesh are the high radiation region from the
upper port and the green mesh shows the high radiation region of the tangential IRVB from ch.11 to
ch.15 and the blue chord is the highest radiation channel ch.13 of the horizontal channels. In
addition, the vertical cross-section of the tangentia IRVB is shown in Fig. 5.3.14. Each FOV is
shown by as a blue line and the extent of the high radiation region on the vertical channel 4 from
the tangential IRVB is shown by the red ellipse. At near the inboard wall, this FOV islocated under
the midplane which is original information from the IRVB data.

For the high radiation region and the highest radiation point as shown in Fig. 5.3.11, the image

of the three-dimensional position is shown in Fig. 5.3.15 with the two different boxes.
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Each region is shown in Fig. 5.3.16 in a view with the last closed magnetic surface and the
ergodic surface from the outside port of LHD. Figure 5.3.15(a) shows the left side (7-O side as
shown in Fig. 5.3.11) edge of the high radiation region, Fig. 5.3.15(b) shows the out side of the left
edge of the highest radiation region (as viewed from the outer side of the torus as seen in Fig.

5.3.16) and the Fig. 5.3.15(c) shows the center of the highest radiation region.

5.3.5 Toroidal and poloidal variation of radiation distribution by |RVB images

Compared to the data of the resistive bolometer, the data of the IRVB can show much more
information with the two-dimensional FOV. Figure 5.3.17 shows the comparison of the radia
profile of the IRVB and the resistive bolometer on the center FOV of the IRVB. The brightness
image of the upper port IRVB is shown in Fig. 5.3.17(a) for the case of a hollow profile with frame
139 at t = 2.09 s. At just the center of this FOV, the resistive bolometer array was installed from the
lower port and this brightness data is shown in Fig. 5.3.17(c). The brightness data of the resistive
bolometer is the detected line-averaged radiation power and using this data the emissivity data is
made by means of a tomographic inversion as shown in Fig. 5.3.2(a). Figure 5.3.17(b) shows the
radial brightness profile by the IRVB from the same FOV as the resistive bolometer corresponding
the toroidal number 6 at t = 2.09 s. From these example profiles, the two results using the different
two bolometer types show a good agreement.

The images of the IRVB can also show the other radial profiles and the toroida variation.
Figure 5.3.18 shows frame “142-145" during the radiation collapse and Fig. 5.3.18(b) shows the
other radial profiles on the toroidal number 3 and 8. From these profiles the full width at half
maximum (FWHM) of high radiation regions of the IRVB can be determined. From the spatial
resolution of one channel at the midplane of about 11 cm, the FWHM at toroidal number 3 is about
15 cm and at the toroidal number 8 is about 20 cm. The profile of the toroidal variation of frame

“142-145" at the toroidal number 10 is aso shown in Fig. 5.3.18(c). Due to the lack of a calibration
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for the upper port IRVB, in particular the edge channels of the toroidal number 1 and 11 are suspect.
Considering that the experimental NEPD is about 2 mW/cm?, the right side on this image around
the toroidal number 8 is higher than the left side around the toroidal number 2.

For the tangential IRV B, the FWHM of the high radiation region on the image was cal cul ated.
Figure 5.3.19(a) shows the image of the tangential IRVB frame 37 during the radiation collapse.
Centered on the center of the highest radiation point (13,4) as shown in Fig. 5.3.11, the vertical
profile at the horizontal number 13 as shown in Fig. 5.3.19 (b) and the horizontal profile at the
vertical number 4 are shown. As the fitting analysis, y=a-x"exp(c- X) was used, where X is the
vertical or horizontal number, y is the power density and a, b, ¢ are fitting parameters. For Fig.
5.3.18 this anaysis could not be used due to difficult profiles. The spatial resolution of the
tangential IRVB near the FOV of the upper port IRVB is about 9 cm for each direction. Using this
number of 9 cm, the FWHMSs of the high radiation region from the tangentially viewing IRVB are

18 cm on the vertical profile and 19 cm on the horizontal profile.

5.3.6 Result of horizontally elongated plasma radiation by AXUV diode

Figure 3.5.20 shows the AXUV diode system with two arrays for the horizontally elongated
plasma for discharge #28961 at Port 8-O in LHD as shown in Fig. 2.3.3. The differential FOV of
each spatial channel with the vertical cross-section are shown in Fig. 5.3.20(a). The black channels
are the upper array with 16 channels and the red ones are the lower array with 19 channels. Prior to
the radiation collapse at t = 2.095 s, the two arrays measured the hollow radiation profile as awide
high radiation region in the FOV as shown in Fig. 5.3.20(b). The high radiation channels are
indicated as thin arrows in Fig. 5.3.20(a). During the radiation collapse at t = 2.162 s, the two arrays
measured different radiation profiles from t = 2.095 s as shown in Fig. 5.3.20(c). The channels of
the detected high radiation region were only from the midplane to the bottom side from ch.5 to

ch.10 of the upper array and from ch.23 to ch.30 of the lower array which is also indicated by thick
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arrows in Fig. 5.3.20(a). This result is similar to Fig. 5.2.1(b) in Ref. 31. But based only on these
data as shown in Fig. 5.3.20, the position of the high radiation region was not determined and the
full two-dimensional characteristics of asymmetric radiation collapse at the horizontally elongated

cross-section are not understood at present.
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Fig. 5.3.4 The FOV from the upper port and the tangentially viewing IRVB. Thered
region is not seen from the tangentially viewing of IRVB.
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Fig. 5.3.6 Images of the two-dimensional radiation from the upper port IRVB
during frame number 131 to 152 for LHD shot # 28961 at 60 Hz (2/3).
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Fig. 5.3.7 (a)the magnetic field calculation in which each blue point
indicates each magnetic field line for Ry = 3.6 m launched in the region
around the last closed magnetic surface (p=1). Inside the green line is
the FOV of the upper port IRVB [34]. (b) the image of a hollow profile

by the upper IRVB.
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Table5.3.8 The peak radiation signal during the collapse at the upper
port for frames 143 and 144

mwW/cm”2

Toroidal number| Radial number F143 F144
1 10 20.4 22.8
2 10 30.6 317
3 10 34.2 325
4 10 36.2 324
5 10 370 311
6 10 37.3 29.0
7 10 37.7 29.1
8 10 37.8 30.5
9 10 379 320
10 10 34.0 289
11 10 10.0 10.3
1 9 15.8 19.8
2 9 27.7 28.1
3 9 28.7 294
4 9 324 30.2
5 9 344 319
6 9 35.6 325
7 9 383 335
8 9 403 35.1
9 9 36.4 33.8
10 9 320 32.1
11 9 115 112
1 8 12.7 13.2
2 8 194 23.0
3 8 22.8 23.6
4 8 25.8 24.4
5 8 26.7 26.8
6 8 294 28.8
7 8 314 27.3
8 8 29.8 28.7
9 8 27.8 26.8
10 8 23.8 24.1

11 8 79 8.4
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Fig. 5.3.10 The IRVB data from the upper port for LHD shot #28961
at 15Hz (2/2).
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Table 5.3.11 The peak radiation signal during the collapse at the
upper port for frames 142-145

mwW/cm”2
Toroidal number Radial number 142-145 | 143-146
1 10 15.9 155
2 10 23.0 22.3
3 10 24.8 23.6
4 10 25.6 24.1
5 10 26.1 235
6 10 259 23.0
7 10 26.0 22.8
8 10 26.5 23.6
9 10 26.1 24.0
10 10 234 221
11 10 7.8 7.0
1 9 13.6 12.9
2 9 211 205
3 9 21.8 20.8
4 9 234 220
5 9 244 22.6
6 9 255 235
7 9 26.9 24.3
8 9 28.0 25.3
9 9 26.2 24.2
10 9 23.8 225
11 9 8.6 1.2
1 8 10.9 105
2 8 17.4 17.2
3 8 19 18.2
4 8 19.2 185
5 8 20.6 194
6 8 22.2 20.8
7 8 22.8 209
8 8 235 216
9 8 21.3 19.7
10 8 19.3 18.4
11 8 7.0 6.0
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Fig. 5.3.14 The vertical cross-section of the tangential IRVB. The highest radiation region is
shown by thered ellipse and the position of the vertical channel 4 near theinboard wall is
located under the midplane on the LHD.



Inboard wall

Fig. 5.3.15 Image of the three-dimensional radiation from both IRVBs data
(frame 142-145(upper) and frame 37(tangential)) for LHD shot #28961 during
the radiation collapse at two different cross sections (a) and (b) with the
magnetic surfaces. The small box (blue) shows the highest radiation point and
the large box (yellow) showsthe high radiation point(1/2) (by H. Kojima).
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Fig. 5.3.15 Image of the three-dimensional radiation from both IRVBs data
(frame 142-145(upper) and frame 37(tangential)) for LHD shot #28961 during
theradiation collapse at a different cross section with the magnetic surfaces. The
small box (blue) shows the highest radiation point and the large box (yellow)

showsthe high radiation point (2/2) (by H. Kojima).
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The small box(blue) showsthe highest radiation point and the large box (yellow) shows the
high radiation points whose data ar e from frame 142-145 (upper) and frame 37 (tangential).
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Fig. 5.3.18(a) The image of the upper port IRVB frame’ 143-145" during
the collapse and (b) radial profiles on the toroidal number 3 and 8 using
data of (a). the FWHM of the high radiation region is calculated about 15
cm at toroidal number 3 and 20 cm at toroidal number 8.
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54 Simulation of asymmetric radiation collapse with three-dimensional
Structure

Using the both IRVB data as shown in Fig. 5.3.12, the brightness radiation region during the
asymmetric collapse was considered. For the ssmple model, the brightness radiation region was
estimated as a belt at the inboard side of the vacuum vessel with a constant poloidal angle.

Figure 5.4.1(a) shows the model of the hollow profile using the estimated typical radiation
profile, S(p). From S(p), the images of both IRVBs are calculated as shown in Figs. 5.4.1(d) and (e)
by considering the FOV of the each spatial channel of the IRVB. The detected radiation power

density, P;, at each pixd, i, isgiven asfollows,

Q.
P=Y-%vs 5.4.1
i j Ar ij ~j ( )

where, 2;is the solid angle for each channel, § is the volume emissivity, Vj; is the intersecting
volume of i-th detector and j-th plasma volume. From the comparison of the image of the IRVB, (b),
and the model, (d) for the tangentially viewing IRVB, in particular the thick ergodic region of the
FOV of the IRVB showed the high radiation that is in good agreement for both figures. From the
comparison of the image of the IRVB, (c), and the model, (e) from the upper port, the obviously
toroidal asymmetry in detector brightness was observed and the right side on these figures at the
inboard are shown the high radiation region. At the center of Fig. 5.4.1(c), one spatial channel
measured a high temperature rise, thisis probably due to the condition of the foil as can be seen in
Fig. 3.1.2.4, not caused by radiation.

As amode of the radiation during radiative collapse, the hollow profile was multiplied by a

poloidally asymmetric function as shown in Eq. (5.4.2),

S(p,0) = S(p)-[L+F(9)] , where F(8) = (%J (5.4.2)

The angle, 6, isthe poloidal angle in standard toroidal coordinates. Figure 5.4.2(a) shows the case 1

of 6,=180° in which the high radiation region is situated at the inboard horizontal midplane,
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which is at a minimum distance to the inboard wall at the vertically elongated plasma cross-section
asshown in Fig. 5.4.2(b). The widths of the high radiation belt at the midplane are about 20 cm x 20
cm. In addition, two other models, (c) and (e) were calculated with the radiation belt shifted in
poloidal angle. In Fig. 5.4.2(c) the radiation region is shifted 45 degrees (¢, = -135°) ascase2to a
position below the horizontal midplane as shown in Fig. 5.4.2(d). For each poloidal cross-section
(constant toroidal angle), the same poloidal angle was kept. In case 3, the radiation belt was shifted
45 degrees (6, =135°) above the horizontal midplane as shown in Fig. 5.4.2(e).

These results using an axisymmetric radiation belt as an asymmetric radiation model are
shown in Figs. 5.4.3. The simulation results from the tangential view, (a), (b) and (d) show the high
radiation region clearly above, at, or below the midplane depending on 6, But the simulation
results from the upper port show interesting structures, basically the right side on this figure shows
the brightness region where the plasma rotated as shown in Fig. 5.4.3(e, f, h). From the comparison
of the simulation result and the image of the IRVB, the images of the IRVB, (c) and (g) are
estimated as asimilar to the model of &, =-135°. Thisresult isin agreement with the results of the
analysis in Sec. 5.3. But a more detailed consideration of this model should include finer stepsin
poloidal angle and avariation in the intensity in the toroidal direction.

The use of the images of both IRVBs at the tangentially viewing port and on the upper port

makes possible a discussion of the three-dimensional radiation structure.
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Fig. 5.4.3 Model smulation of the inboard asymmetric collapse. (¢) and (g)
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model using 4, = 135, (b) and (f) are using 4,= 180 and (d) and (h) are
model using ¢, = -135 (modeling images (a),(b),(d),(e),(f) and (h) by A.
Koustrioukov).
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5.5 Discussion about the asymmetric radiation collapsein LHD

For the plasma discharge for LHD shot #28961 in 2001, the asymmetric radiation collapse was
observed as shown in Chapter 5. Using these results in this chapter, the LHD plasma during the
radiation collapse is seen to have a strong radiation source at the inboard side and this radiation
source region extends widely around the toroidal position of the vertically elongated cross-section
at the inboard side. This three-dimensional position using two IRVBs s located under the midplane
along the inboard side around the vertically elongated cross-section. This information could not be
measured by other types of bolometers, and is the original information from the IR bolometer
system.

From these results, four new pieces of the information were obtained, studied and shown as
follows;

1. A series of two-dimensional images like a movie was made by the IR bolometer of the
radiation brightness intensity.

2. The wide FOV images from the upper port are shown and using this data the toroidal and
radial variation could be shown.

3. From both IRVBs from the tangential and the upper ports, the three-dimensiona
information on the position of the high radiation region during the collapse is shown.

4. Using a model including the full magnetic structure on the LHD, the possibility of
investigation by comparing experimental images and a radiation distribution model is
shown.

For the first point, continuous images are shown in Fig. 5.3.3 and Fig. 5.3.6 and using a PC the
movie can be shown by these images. From these images, the characteristic structures of the plasma
radiation are shown and they are easier to intuitively understand. During the collapse, using the
IRVB data at 60 Hz from at the upper port asin Fig. 5.3.6, the motion of the radiation source from

the inboard wall to the core plasma are shown.
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For the second point, some new radiation profiles for the LHD plasma were shown in Chapter
5. For comparison with the radial profiles from the resistive bolometer, the upper IRVB can observe
about 11 chords for the radial direction at present. The upper IRVB also can observe the toroidal
variation as shown in Fig. 5.3.6. For hollow profiles, the upper IRVB measured a broad high
radiation brightness region widely and during asymmetric collapse the upper IRVB measured the
localized high radiation region from the inboard side.

The radiation signals from the resistive bolometer could not show the three-dimensional
information of the position, but by the two IR bolometer systems the position of the high radiation
brightness region was inferred in Chapter 5. Using this information an axisymmetric model of the
high radiation region based on the full three-dimensional structure of the magnetic field was made
and using the geometric information of the IR bolometer chord data the two-dimensional brightness
profiles of the two IRV Bs were reconstructed from this radiation source model.

From the modeling simulation as shown in Sec. 5.4, the case of locating the high radiation
region on the inboard side under the midplane shows good qualitative agreement with the
measurements.

For the toroidal variation during the collapse, the radiation power density on the image of the
IRVB during the collapse shows that the right side on the image on the 5-O side is higher than the
left side but this difference is small. Seeing the modeling simulation, a more axiSsymmetric structure
was shown in Fig. 5.4.3. In the future the toroidal variation should be considered. This simulation
tested only a large poloidal angle pitch of 45 degrees with symmetry for the toroidal direction, the
actual high radiation region may have a more complex structure and variation. But information is
observed on the three-dimensiona position by the IR bolometer, and a new style of study of the
asymmetric collapse and MARFE has been started by using the model of the total radiation from of
the three-dimensional structure of LHD.

The effect of the plasma—wall interaction for the asymmetric collapse and MARFE can not be
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clearly answered at present, but the highest point during the collapse is not the nearest point from
the plasma to the first wall which is an interesting result for LHD discharge #28961. In addition
from frame 37 of the tangential IRVB the high radiation region during the collapse appeared at
about p = 0.6 —0.8. However these conclusions are not definitive at this point.

To answer the question about the relationship between the asymmetric radiation collapse and
the wall interaction, in the next 6™ LHD campaign, the FOV of the tangentially viewing IRVB will
be changed to cover all channels of the upper IRVB from the FOV of the tangential IRVB. In other
words, the region “A” as shown in Fig. 5.3.4 will have to be measured and in order to compare the
toroidal channél 2 from the upper port with the new FOV from the tangential IRVB around

horizontal channd 10.
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6 Conclusion

In this thesis, the development of the IR bolometer and the three-dimensional position of the
asymmetric radiation collapse using the two IRVBsin LHD were discussed.

In Chapter 1 different types of bolometers in LHD and the two types of IR bolometer that
were first developed in NIFS were shown. The IR bolometer is a new bolometer system to measure
the plasma radiation using the IR camera and has two different systems, the Segmented mask
Infrared imaging Bolometer (SIB) and the Infrared Imaging Video Bolometer (IRVB). The
difference between these systems is the type of mask used to absorb radiation. With the mask and
metal foil installed inside the vacuum vessel, the IR camera measures the temperature rise on the
foil. The IR bolometer system does not have a vacuum feed-through and measures wide
two-dimensional images with over 100 spatial channels.

In Chapter 2 the development of the IR bolometer system was shown. Mainly the details of the
system hardware were shown in Chapter 2 and in particular the effect of the magnetic field by the
superconducting coils in LHD was a big problems for the IR cameras but these problems were
solved through experience with the magnetic field.

In Chapter 3 more details of the image data from the IR bolometer were shown. A calibration
method was used for the first experiments and data of the IR bolometer show the plasma radiation
power density profiles. From this calibration, the noise equivalent power (NEP) of both types of IR
bolometers was determined and the first result from the LHD plasma using the SIB system were
shown. The limitations of spatial and time resolutions were aso shown. Basically the time
resolution depends on the frame rate of the IR camera and the number of the spatial channels and
the time resolution of the IRVB depend on the noise equivalent power density (NEPD). As a
criterion for the sufficient value of the NEPD, 1 mW/cm? was used. For the IRVB data, each spatial
channel was determined by the numerical algorithm. At present the forward time center space

algorithm was used for images but other algorithms were also considered with their errors. From the
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results of the errors, the Crank-Nicholson was found to be best algorithm and in the future the
Crank-Nicholson agorithm will be used. In addition the applicability to future large devices was
shown. One problem of the neutron effects during D-D or D-T plasma experiments was the
common problem for the resistive bolometer and from the differences of the system the IR
bolometer will be considered to be stronger than the resistive bolometer.

In Chapter 4 some good images of the tangential IRVB were shown during the radiation
collapse, the wall limiter experiment and the movable limiter experiment from only one IRVB at the
tangential port. To understand the radiation structure on LHD, the comparison of the IRVB image
with the hollow profile and the magnetic field calibration launched in the region around the last
closed magnetic surface (p= 1) was shown. From this result, the high radiation point with the
hollow profile on the image from the tangential IRVB depending on the thickness of the ergodic
region was understood.

In Chapter 5 images during the asymmetric radiation collapse in LHD were shown from the
upper port IRVB and the tangentia port IRVB. The FOV of the tangential IRVB covered the FOV
of the upper IRVB. The asymmetric collapse at the inboard side in LHD was already observed by
the resistive bolometer and the characteristics were similar to MARFE in tokamak. The resistive
bolometer measured just the vertical elongated plasma and the horizontal elongated plasma but
continuing structures during the asymmetric collapse between each cross-section were not observed
yet. For this question, using the merit of the IR bolometer, many images of both IRVBs were shown
to see the changing radiation structure and using two IRV Bs the three-dimensional position of the
asymmetric radiation during the collapse was determined. To determine the images having the same
timing some discussions about the observed characteristics of the radiation structures and the
relationship of the both images were shown. From the results it was estimated that the high
radiation region was located at the inboard side and under the midplane.

For more discussion, the comparison of the images of the IRVB and the model calculation with
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the localized radiation source at the inboard side was shown. This result also showed the high
radiation region during the collapse at the inboard side and under the midplane. In addition a
discussion of the three-dimensional structure of the plasma radiation has become possible by
comparing the images of two IR bolometers with the results of a model calculation.

From the many results of this thesis, the usefulness of the IR bolometer and its ability to
measure the three-dimensional radiation structure during the asymmetric collapse were

demonstrated.
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