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The fifth Australia-Japan Workshop on Plasma Diagnostics was held at Japan
Atomic Energy Research Institute (JAERI), Naka, Japan, from December 15 to 17 in
1999. The first workshop was held at JAERI, Naka in 1989, and the workshops have
been held almost every two years in Australia and Japan under the Agreement
between the Government of Japan and the Government of Australia on cooperation
in the field of Science and Technology. In the workshops, latest research works for
plasma diagnostics and plasma experiment have been presented and discussed. The
research works of both countries have been developed, and the mutual
understanding became deeper through the workshops.

In the fifth workshop, the statuses of JT-60U (JAERI), LHD (National Institute
for Fusion Science) and H-INF (Australian National University) were introduced,
and the latest research works for plasma diagnostics were also presented. The active
and deeper discussions were performed.

This report contains twenty-eight papers presented at the workshop.

Keywords: Australia- Japan Workshop, Plasma Diagnostics, Spectroscopy,
Interferometer, Reflectometer, Neutron, Laser Scattering, FIR-laser,

Gyrotron, Fusion
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1-1 H-1NF program and diagnostic systems

John Howard on behalf of H-INF team
Plasma Research Laboratory, Australian National University.
Canberra ACT 0200

The H-1NF heliac has undergone major upgrades during 1999.
These include the commissioning of a new magnet power supply to
produce fields up to 1T for 1s, the installation of an additional
500kW of rf heating power and the near completion of the 28 GHz
ECH heating system. The latter will be operated at 0.5 T in year
2000.

New diagnostic systems include the 4-channel 2mm microwave
scattering system, the swept frequency 2mm interferometer, a
multiplicity of visible spectroscopy systems, including correlation
spectroscopy, a new set of magnetic pick-up coils and various probe
diagnostic enhancements. The MDS data system software has been
upgraded to MDSPlus. We are now routinely using this platform
and have developed a simple IDL-based point-and-click interface for
easy access to the diagnostic signals.

This paper reports some recent H-1NF results, gives an overview of
the program planned for H-1 in 2000 and describes briefly the
important diagnostic systems that will be used during the next
campaign.
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1-2 Initial plasma e—xperiments and plasma diagnostics
' on LHD

Kazuo Kawahata and LHD experimental group
National Institute for Fusion Science.
Tokishi 509-5952, Japan
S. Okajima
Faculty of Engineering, Chubu University

Kasugai 487, Japan

In National Institute for fusion Science, the Large Helical Device (R = 3.9
m, ap = 0.65 m, B =1.5-3.0 T ) has been construted in Toki City, and its first
plasma experiments started at the end of March in 1998. Almost of the main
diagnostics such as the Thomson scattering system, FIR laser interferometer and
others have been installed in the summer of 1998 just before the 2nd experimental
campaign of the LHD, and routinely provide us plasma profile information such as
Te(r,t), Ne(r,t) and so on. In this workshop we will report about initial plasma
experiments and major diagnostics, especially IR/MM wave diagnostics, on the
LHD.

1 Introduction

The Large Helical Device(LHD) expériments has successfully started[1] after
the eight-years of construction period(1990-1997). The magnetic field up to 3 T is
generated by a pair of superconducting helical winding of pitch parameters of m/l
= 2/10 and three sets of superconducting poloidal coils. The plasma is genarated by
ECRH of 84 and 82.6 GHz, and heated up by NBI (negative ion sources, ~4.5 MW)
and ICRH ( 38MHz, ~1.5MW).The plasma parameters obtained in the 3rd
experimental campaign are: the electron /ion temperatures of 1.0-5.0 keV, the line-
averaged electron density of 2-12 x 10'° m™3 and the maximum stored energy of
~870 kJ. There are no mechanical disturbance caused by the change of the magnetic
field in the laser diagnostics which usually need the exact spatial alignment. Among
various activities of the LHD plasma giagnostics, the characteristic major
diagnostics are described below.

2 FIR Laser Interferometer System
A multi-channel FIR laser interferometer system [2] has been developed for
the measurement of the spatial and temporal behaviors of the electron density on the

LHD. Among several candidates of the high power laser sources a 119-um CH30H
laser was adapted as a probing light. The optical configuration is of the Michelson

_2._
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interferometer type with 13 channels.

Figure 1 shows a schematic drawing of the interferometer system installed in
the LHD experimental room. The FIR lasers are installed in the laser room 30 m
apart from the LHD, and propagate about 40 m through a couple of the dielectric
waveguides to reach the optical housing of the interferometer. The optical housing,
where 150 optical components are installed, is mounted on a massive frame. The
frame encircles the plasma vacuum vessel and floats on three pneumatic vibration
isolation mounts in order to minimise the transmission of vibrations from the
machine. This isolation stand is 18.4 meters tall and weights about 30 tons. The
diameter of the three main supports is 712 mm. The upper shelf of the stand
supports thirteen corner cube reflectors, while the interferometer housing(3900 x
1500 x 4500 mm3) is supported by the lower shelf which is located below the floor
of the Large Helical Device. The optical housing is air tight and filled with dry air
in order to reduce absorption of the CH30OH laser radiation by atmospheric water
vapor. Figure 2 shows the time behavior of the line integrated electron density
profile measured by the FIR laser interferometer. In this experiment the plasma was
produced by the second harmonic ECH with the power level of 100-200 kW and
auxiliary heated with NBI of 2 MW. The observed mechanical vibration level is
about 1/100 fringes for the high frequency components and 1/50 fringes for f 1
Hz. At the present experimental condition, the resolution of fringe counters is 1/100
fringes, and it corresponds to a line averaged density of 5.6 x 10'%m3 at the central

chord.
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Fig.1 Schematic of the interferometer system
installed in the pnumatic vibration isolation stand.

.._3_

Fig. 2 Output of the 13-channel interferometer
as a function on time.

A hydrogen ice pellet is injected at 0.6 s.
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3 Thomson Scattering System

After comparing various Thomson scattering systems under operation, and
taking into account the limited access to the plasma confined in the helical magnetic
field, an obliquely back-scattered YAG Thomson scattering system[3] was chosen as
is shown in Fig.3.This configuration enables us to measure electron temperature
and density profiles from the outer edge to the inner edge of the plasma in one laser
shot. A bundle of 6 Nd:YAG laser beams, guided by mirror relay system, are
injected along the major radius, and the nearly back scattered light are collected
through the same port as that used for injection by a spherical mirror(1.5m x 1.8m)
and focused onto the end of arrayed optical fibers 2 mm in diameter and 45m in
length. Each YAG laser operates with a maximum repetition rate of 50 Hz. They
are planed to achieve a shortest time interval of 10 us for studying high temporal
profile evolution. The scattered lights at ~130 different spatial points are analyzed
by the polychromators which have 5 color channels. The spatial resolutions are
estimated to be 15 - 40 mm. Figure 4 shows the typical electron temperature
profile obtained in the NBI plasma.
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1500 —— —— R M —
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P % @ |
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Fig.4 The radial profile of electron
temperature, Te(r).

10-LASER BEAMS

Fig.3 The schematic drawing of the LHD
Thomson Scattering.
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1-3 Recent results on steady state and
confinement improvement research on JT-60U

S. Ide and the JT-60 team

Naka Fusion Research Establishment, Japan Atomic Energy Research Institute
Naka-machi, Naka-gun, Ibaraki, 311-0193 Japan

Abstract : On the JT-60U tokamak, fusion plasma research for realization of a steady
state tokamak reactor has been pursued. Towards that goal, confinement improved plasmas
such as H-mode, high f,, reversed magnetic shear (RS) and latter two combined with H-mode
edge pedestal have been developed and investigated intensively. A key issue to achieve non-
inductive current drive relevant to a steady state fusion reactor is to increase the fraction of
the bootstrap current and match the spatial profile to the optimum. In 1999, as the result
of the optimization, the equivalent deuterium-tritium (D-T) fusion gain (Qp) of 0.5 was
sustained for 0.8 s, which is roughly equal to the energy confinement time, in a RS plasma.
In order to achieve a RS plasma in steady state two approach have been explored. One is
to use external current driver such as lower hybrid current drive (LHCD), and by optimizing
LHCD a quasi-steady RS discharge was obtained. The other approach is to utilize bootstrap
current as much as possible, and with highly increased fraction of the bootstrap current, a
confinement enhancement factor of 3.6 was maintained for 2.7 s in a RS plasma with H-mode
edge. A heating and current drive system in the electron cyclotron range of frequency for
localized heating and current drive has been installed on JT-60U, and in initial experiments
a clear increase of the central electron temperature in a RS high density central region was
confirmed only with injected power of 0.75 MW.

1 Introduction

The JT-60U tokamak is a single null divertor
tokamak device, the plasma major radius (Rp)
3 - 3.5 m, the plasma minor radius (ap) 0.6 -
1.1 m and the maximum toroidal magnetic field
(B;) <4 T at R = 3.32 m. The main objec-
tives of the JT-60U project are studies on con-
finement, stability, steady state, heat and particle
handling by a divertor configuration and under-
standing of underlaying physics in order to estab-
lish physics basis for the international thermonu-
clear experimental reactor (ITER) and steady
state reactor such as SSTR [1]. For this pur-
pose high performance plasmas, such as H-mode,
high 8, [2], reversed magnetic shear (RS) plas-
mas [3] and the latter two combined with an H-
mode edge [4, 5], have been developed. What is
essential to keep improved confinement in those
plasmas is to maintain the internal and/or the
edge transport barriers (ITB {3,6] and/or ETB).
A variety of heating and current drive method
such as neutral beam injection (NBI; both posi-
tive and negative ion based), lower hybrid waves

(LHW), ion cyclotron range of frequency (ICRF)
and newly installed electron cyclotron range of
frequency (ECRF) systems has been utilized to
optimize heating, pressure, rotation and current
profiles for maximizing the confinement charac-
teristics and the 3 limit. Plasma shaping control
is also a key issue to improve the 3 limit. To date,
the equivalent deuterium-tritium (D-T) fusion
gain (Qpi) of 0.5 was succeeded to be maintained
for 0.8 s in a RS plasma with L-mode edge. A
RS plasma of the confinement improvement fac-
tor relative to the ITER 89 power law (H3%P) ~
1.4 and the normalized beta (fn) ~ 1 was suc-
ceeded to be sustained fully non-inductively by
LHCD with almost fixed current profile. With
the ELMy H-mode edge, a RS plasma of H 8% —
3.6 and On ~ 2 has been maintained for 2.7 s with
bootstrap current fraction of about 80%. A high
8, H-mode plasma has been demonstrated to be
maintained for long (> 57) with high By of 2.5 -
2.7 even at low safety factor regime by optimizing
pressure profile and plasma shaping. It should be
noted that by using various heating method situ-
ations in which T is close to or even higher than
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T; (as high as twice) have been obtained. ECRF
system of 110 GHz has been installed on JT-60U
and started operation since February 1999 for lo-
cal heating and current drive. The latest progress
of the JT-60U experiments in steady state fusion
plasma. research is highlighted in this paper.

2 High performance RS plas-
mas in JT-600

A RS plasma has a region of negative mag-
netic shear (s = r/qdq/dr, q being the safety
factor and r being the minor radius) region, as
its name indicates. Usually, negative shear is
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Figure 1: Spatial profiles of ne, T, T; and q in a
plasma in which QF'; = 1.25 was achieved (I, =
2.6 MA, By = 4.4 T and P8% = 12 MW).

produced in a plasma by injecting heating power
(usually neutral beam power, in some cases RF
powers) during fast I, ramp up phase to raise T},
and retard current penetration. In many toka-
maks it is found that a plasma with a RS con-
figuration can achieve high confinement (3,7, 8].
The improvement is established by formation of
ITBs. In the case of JT-60U, ITBs are formed
in both the electron and ion temperatures and in
the electron density [3]. Thanks to the improved
confinement due to formation of ITBs, QT}. of
1.25 was achieved in a RS plasma with an L-
mode edge of I, = 2.6 MA at B; = 4.4 T with
P3% =12 MW. [5]. In Fig. 1, spatial profiles of
Ne, Te, T; and g in the discharge at when QR
reached 1.25 are shown. As shown in the figure,
ITBs in all the profiles are found to be formed
and to locate at near ¢ became minimum.

Time (s)

Figure 2: Wave forms of a discharge in which
Qbr = 0.5 was maintained for 0.8 s, I, Py,
feedbacked Wis (reference and measured), Qpip
and gmin-

In these high QF. discharges, input NB power
was feedback (FB) controlled by monitoring the
neutron yield (S,) in order to avoid a 8 col-
lapse to reach best performance. However, a dis-
charge was terminated by a 3 collapse when the
minimum value of ¢ (gmin) reached about two.
Since then FB control based on the stored energy
(Waia) measurement was developed and applied
in order to extend sustainable period of modest
Qpr- As the results, Qo of 0.5 was succeeded
to be maintained for 0.8 s, which is roughly equal
to energy confinement time, in a RS plasma, as
shown in Fig. 2. However even in this discharge
gmin continued to decrease as shown in the bot-
tom box, and the plasma ended up with a 3 col-
lapse when g¢mi, reached about two. The results
indicate that towards steady state sustainment of
high confinement RS discharge control of g, or
the current profile is necessary.

3 Approach towards steady
state sustainment of RS
plasmas

As shown in the last section, current profile
control is indispensable toward realization of a
steady state RS plasma. In order to control
or maintain the current profile, two approaches
have been tried in JT-60U, one is external non-
inductive current drive and the other is to utilize
the bootstrap current.
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3.1 Sustainment of a RS plasma by
LHCD

tin?e (s)

Figure 3: Sustainment of a RS plasma by means
of LHCD. I,, LHCD and NB powers, surface loop
voltage, BN, gmin and contour plot of T.

On the former approach, lower hybrid current
drive (LHCD) has been used and a RS plasma
accompanied by ITBs was successfully sustained
in quai-steady state with By of about unity [9].
Wave forms of the discharge are shown in Fig. 3.
Nearly zero surface loop voltage indicates that
the current is sustained almost non-inductively,
and gmin stays around two since the current pro-
file is fixed by the external LHCD. As shown in
the bottom box, T, profile is also fixed.
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Figure 4: Spatial profiles of ¢ before and during
LHCD (top box), and T, and 7; profiles at the
later phase of LHCD.

In Fig. 4 shown are spatial profiles of g at dif-
ferent times and T, and T; just before LHCD was
turned off. As shown in the figure, the ¢ pro-
file is almost fixed after LHCD was switched on.

And even just before the end of LHCD pulse, a
steep gradient, in other words ITB, in both the
T. and T; profiles I'TBs are found to be main-
tained. From the motional Stark effect (MSE)
measurement and the code calculation, LHCD
driven current fraction was evaluated as 77% of
the total current and the rest 23% was driven by
the bootstrap current.

3.2 A high bootstrap fraction RS
plasma

B,=2.6-3.0, H-36
E35037, 3.4T e —

Figure 5: Wave forms of a high bootstrap current
fraction RS discharge; I,,, PnB, Wdia, Te, Tte at
T/a = 0.2, ,BNy ﬂpv Veurf and D,

Along with the latter approach, a plasma with
high bootstrap current fraction was established
and maintained for 2.7 s. In Fig. 5, wave forms
of the discharge, at By =3.4 T, ¢ at 95% flux
(gos) = 8.4 and the triangularity (§) = 0.37, are
shown. In this discharge, only NB heating power
was used. As shown in the figure, Wg;, ~ 3 MJ,
high B, of 2.6 — 3.0, fn ~ 2 and H-factor of
about 3.6 were maintained for 2.7 s by 6 - 7 MW
of Pyp. As the deuterium « line intensity (D, )
shows the plasma edge stayed in ELMy H-mode.
The profiles of T, and n. at 8.5 s and the T} pro-
files at 7.45, 8.5 and 9.9 s are shown in Fig. 6.
The profiles had a steep gradient at p ~ 0.5 - 0.7
indicating the existence of the ITB and did not
change for 2.7 s. The surface loop voltage (Vgurf)
was kept nearly zero indicating that a large frac-
tion of I, should be sustained non-inductively.
From the MSE measurement it could be evalu-
ated that about 80% of I, could be driven by the
bootstrap current and the rest 20% was driven
by tangential NBs. Further optimization to raise
I, will be tried.
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Figure 6: The spatial profiles in the discharge
shown in Fig. 5; T, and n. at 8.5 s and the T; at
7.45, 8.5 and 9.9 s.

4 JT-60U0 ECRF system

«»  Diamond window

Vacuum ves sel

Yor

Figure 7: Schematic view of ECRF injection sys-
tem. The antenna is shown in a bottom box.

A heating and current drive system in the elec-
tron cyclotron range of frequency (ECRF), for
localized heating and current drive (ECH and
ECCD) has been installed on JT-60U and started
operation since February 1999 [10]. Major ob-
jectives of the ECRF experiments in JT-60U
are, suppression of the neo-classical tearing mode
(NTM), verification of ECCD application in a
fusion plasma, pure electron heating, transport
studies such as heat pulse propagation, and so
forth. Among them, suppression of NTM is of
a great interest, since it limits sustainable [y
in a high performance discharges. Also in the
ITER, it is expected that NTM may limit Sx.
The power source is a gyrotron of 110 GHz with
1 MW output. Key technological advantages of

the gyrotron are the collector potential depres-
sion (CPD) technique [11] and a diamond win-
dow. The transmission line is about 60 m long
and transmission efficiency from the gyrotron to
the torus is about 75%. To date, the output
power of 1 MW was generated for 2 s and 0.3 MW
for 5 s and injected into plasmas (as mentioned
above, injected power was 75% of the output

e e — .
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Figure 8: Changes of the T, profile by fundamen-
tal O-mode central ECH in a RS plasma,; I, =
1.2 MA, PNB =35 MW, Raxi = 3.41 m, ap =
0.83 m, nep ~ 3 x 10°m~3 and Tjp ~ 7 keV at
6.0 s. ECRF was injected from 6.0 s.

power). One steerable mirror and three anten-
nas are installed in a port located about 45°
above the equatorial plane; currently only one
out of three has been used. Schematic view of
the ECRF injection system and the antenna are
shown in Fig. 7. In Fig 8, a change in T, profile
in a RS plasma with fundamental O-mode cen-
tral heating is shown. Although the central n,
is rather high (~ 3 x 10'®m~3), a clear increase
in T, is found. From the Spring of the year 2000
on, other two gyrotrons will start operation and
about 2.3 MW of injected power will be available.
Further studies on NTM suppression, ECCD and
so on will intensively carried out.

5 Summaries

Recent results in JT-60U experiments towards
steady state and confinement improvement are
briefly reviewed in this paper. On high perfor-
mance RS discharges, QR of 0.5 was succeeded
to be maintained for 0.8 s with L-mode edge by
utilizing Wy, feedback. On steady state RS stud-
ies, a RS plasma of H8% ~ 1.4 and By ~ 1 was
succeeded to be sustained fully non-inductively
by LHCD with almost fixed current profile and
with the ELMy H-mode edge, a RS plasma of
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HB8P = 36 and Oy ~ 2 has been maintained
for 2.7 s with bootstrap current fraction of about
80%. ECRF system of 110 GHz has been in-
stalled on JT-60U and started operation since
February 1999 for local heating and current drive.
Clear increase of T, in a RS plasma high density
central region was demonstrated.
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Abstract

A new electro-optically Modulated Optical Solid-State (MOSS) interferometer has been
constructed for measurement of the low order spectral moments of line emission from op-
tically thin radiant media. The instrument, which is based on the principle of the Fourier
transform spectrometer, has high etendue and is rugged, compact and inexpensive. By
employing electro-optical path-length modulation techniques, the spectral information is
transferred to the temporal frequency domain and can be obtained using a single photode-
tector. Specifically, the zeroth moment (brightness) is given by the average signal level,
the first moment (shift) by the modulation phase and the second moment (line width) by
the modulation amplitude.

1 Introduction

This paper describes an electro-optically modulated solid state (MOSS) spec-
trometer for general purpose optical plasma spectroscopy [3, 4]. The spectrom-
eter monitors the temporal coherence of an isolated spectral line using polariza-
tion interferometric techniques. It is essentially a Fourier transform spectrometer
modulated about a fixed delay. The amplitude of the interference fringes pro-
duced by the modulation is related to the light temporal coherence while the
phase conveys the line centre frequency.

When the line-centre frequency changes (e.g. Doppler drift), the interfero-
gram phase varies (much like an accordion), leaving the envelope unchanged. On
the other hand, when the lineshape (e.g. Doppler width) changes, only the co-
herence envelope is affected, the carrier phase remaining undisturbed. As shown
below, this decoupling of first and higher-order spectral moments is one of the
more important fundamental advantages offered by time-domain spectroscopic
methods applied to spectroscopy of plasmas.

In this paper we discuss a number of experiments based on MOSS technology
that are presently installed on the H-1 heliac at the ANU. These include the
MOSS spectroscopic camera (see also Michael and Howard - these proceedings),
the ToMOSS (Tomographic MOSS) spectroscopy system, the SOFT (Spread-
spectrum Optical Fourier Transform) spectrometer and various polarization spec-
troscopy systems.
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2 MOSS spectrometer

The spectrometer is shown in Fig. 1. A narrowband interference filter isolates the
spectral line of interest. The first polarizing cube transmits the horizontally polar-
ized component of the filtered plasma light before traversing a birefringent crystal
(typically LiNbOs, L = 25 mm thick, birefringence B = 0.1) whose fast axis is
at 45° to the plane of polarization. For light of centre frequency vy = ¢/ A, this
introduces a phase delay ¢o = 2myBL/c = 2myy7 between the orthogonal char-
acteristic waves. An additional small delay modulation ¢; = 277y = ¢y sin(2t)
of amplitude ¢; = /2 is imposed by applying an oscillating voltage (typically at
tens of kilohertz) along the crystal z-axis. Finally, the light is once more polar-
ized using a beamsplitter cube to allow the independent components to interfere
at photomultiplier tubes intercepting the transmitted and reflected beams.

Figure 1: Optical layout for the modulated solid state spectrometer.

The operating principle of the instrument is illustrated in Fig. 2. When
the species temperature increases (decreases), the light coherence decreases (in-
creases). This is monitored by dithering the instrument phase electrooptically by
+7/2 about the fixed delay (phase) offset. When the centre frequency changes,
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the intereferogram expands or contracts and the offset phase changes. This is
registered as a change in the ratio of the power in the odd and even harmonics of
the applied modulation. Because of the large fixed delay 7o, even small changes
in wavelength can give significant shifts in the interferogram phase.

Interferogram MOSS signal
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Figure 2: Simulated interferograms showing the effect on the interferogram phase of a change
in line centre frequency (exaggerated for clarity). The dashed vertical line corresponds to the
delay introduced by the birefringent crystal while the bold section is the portion of the inter-
ferogram swept by the electrooptic modulation. The fringe contrast also varies with changes in
the temperature of the emitting species.

The intensity at the output port is proportional to
oo ~
Si= /0 I(v, B)[1 % cos(v/wo)] dv /vy (1)

where ¢ = ¢g + ¢, is the total phase delay introduced by the birefringent crystal
and I(v,1) is the line integrated intensity at impact parameter p on the plasma
and in the direction I.

The high voltage modulation of the electrooptic plate(s) is achieved using a
function generator, a standard audio-amplifier and step-up transformer (100:1)
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This system has been optimized using a detailed circuit model (Cheetham, Michael
and Howard - these proceedings) and is capable of operating over a range of fre-
quencies from 0.5 kHz to 100kHz.

The low level signal to the modulator is provided by a PC card (PCI-MIO-
16E-4) controlled using a LabVIEW virtual instrument. The card/software also
acquires the MOSS signals, processes, displays and archives the data from up to 8
channels in real-time. Other instrumental issues such as sensitivity and resolution
are discussed at length elsewhere [2].

3 Doppler Tomography

The most basic optical spectroscopy measures the Doppler shift and broadening
of emission from excited plasma atoms and ions. Usually these measurements
are line integrated. Though charge exchange recombination spectrosopy achieves
a degree of localization, colder edge emission often masks the charge exchange
light. Multi-channel measurements and tomographic techniques must then be em-
ployed. However, because of the summation of Doppler spectra of varying width
and shift along the line-of-sight, spectral-domain (i.e. grating based) systems are
not well suited for the inverse procedure.

We consider an inhomogeneous drifting isotropic velocity distribution function
f(r,B — Bp) where B,(r) = vp/c is the normalized local drift velocity. The
integrated measurement along some line L viewing the plasma in direction 1 is
given by

161 = [ L) g(r, D al 2)

where { = (v — 14) /14 is a normalized optical frequency coordinate, Iy(r) is the
local emission spectrum and

o(r,&50) = [ £(r,8 - Bp) 5(¢ - B1)dB. 3)

The delta function selects the part of the velocity distribution f that contributes
via the Doppler effect to the optical intensity at normalized frequency ¢.

Taking the Fourier transform of Eq. (3) delivers a remarkable simplification
— the contributions from the drift and the body of the distribution separate:

G(r, gzﬁi) = Flg(r,&; i)] = exp (iQSﬁD.i)C}(r, ¢2) (4)

G(r, ¢l) is a central slice of the Fourier transform of f(r,B) in the direction .

As noted above, this Fourier transform can be achieved optically using in-
terferometric techniques. The MOSS spectrometer (interferometer) measures the
complex coherence whose modulus (envelope) is independent of the spatially vary-
ing drift Bp:

V@iDl= [ 1) Gir, gl (5)
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The inversion of Eq. (5) gives the isotropic but inhomogeneous distribution func-
tion f(r,&)[4]. For a locally Maxwellian velocity distribution, this becomes:

A &:D)|= [ To(r) exp [~Ts(r)/Teldt ©)

where Ts(r) is the species temperature distribution and T is a “characteristic
temperature” set by the interferometer phase delay ¢, and species mass mg:

1 2c
kTC = Emgvg Vo = % (7)
Tomographic inversion of Eq. (6) gives Ts(7).
The imaginary part (phase) of the interferogram is given (to first order in
small quantities) by

= ¢0 [ 1o(r) G(r,61) Bp-dl (®)

where I = Idl. Observe that the small Doppler shift component is amplified by the
fixed phase delay ¢o. Equation (8) is a vector field line integral whose inversion
gives the vorticity of the field I,GB,. Under conditions of LTE, we write ¢ =
¢s = exp [-Ts(r)/Tc]. Under some conditions, it is possible to reconstruct the
component of the flow-field vector potential that is normal to the measurement
plane [1].

4 MOSS Doppler measurements in H-1NF

If we ignore the spatial integration and assume LTE, Eq. (1) gives the signal at
the spectrometer ports as

St = Iy £ Ip¢cos[po(1 + Bp) + ¢1 sin ()] (9)

where the total fringe visibility (coherence envelope) ¢ = (;(s includes an in-
strumental component analogous to the familiar slit function for grating spec-
trometers. The instrumental fringe contrast ¢; is determined by the collected
light solid angle and optical imperfections, and can be represented by the factor
¢1 = exp (~T1/Tc), where Ty is the instrument “temperature”. It is apparent that
the source temperature T's can be obtained from the measured fringe contrast via
a simple subtraction of exponents proportional to the measured and instrumen-
tal temperatures rather than requiring the usual deconvolution correction for the
instrument function.

Uncertainty in the instrumental phase offset ¢y is equivalent to a wavelength
calibration error for grating instruments. Generally, it is difficult to absolutely
determine the phase shift ¢, corresponding to a given wavelength v,. Estimates
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of the Doppler drift Bp are usually obtained with respect to the measured phase
¢o at the commencement of the discharge.

The unknown quantities Iy, 8p and Ts can be recovered numerically from S+
synchronously sampled at times t = 0,T/4,T/2,3T/4, ... where T = 2 /Q) is the
modulation period. The instrument is “optimum” in the sense that all available
photons are used simultaneously to determine only the three unknown quantities
I(), ,BD and Ts.

To demonstrate the instrument performance, we show temperature and flow
data for an rf heated (7MHz, 80kW max) argon discharge in a low-shear mag-
netic configuration close to the 3/2 resonance. Arll light at 488nm is collected
from a cylindrical plasma volume of diameter ~ 30 mm with axis parallel to the
major axis of the bean-shaped plasma cross-section. The viewing chord can be
translated across the plasma poloidal cross-section on a shot-to-shot basis. The
system has been used for study of ion dynamics during confinement transitions
and during power modulation experiments.

The observed ion temperatures are in the range 10-100 eV and match well
the dynamic range for a LINbOj crystal of thickness 25mm (T = 70 eV). The
instrument temperature, measured using an expanded argon ion laser beam at
488nm is ~ 20 — 25 eV and arises from mainly imperfections in the birefringent
plate. The estimated component due to beam divergence is less than a few eV.

By virtue of its high light throughput (in our case, ~ 40 times greater than for
an equivalent-resolution grating instrument) and direct sensitivity to low order
spectral moments, the MOSS spectrometer is especially well suited to measure-
ments that require high time resolution such as for the observation of fluctuations
and coherent modes.

Figure 3 shows the temporal evolution of various diagnostic signals for a dis-
charge which exhibits a spontaneous transition from low to high confinement at
t = 13 ms. The first two traces are the plasma line-density and stored energy.
The MOSS quadrature sampled signal for a chord at position 20 mm outside the
magnetic axis is the third signal (four independent traces are shown). The follow-
ing three traces are the inferred zeroth moment (Io), ion temperature (7,) and
flow velocity (vp), where angle brackets denote line-averaged quantities. Since
the absolute phase for the unshifted spectral line is not calibrated, the absolute
flow velocity is not significant. However, note that the change in flow velocity
throughout the transition is small (< 500 m/s). This is also true at other mea-
surement positions. The final trace is Arl atomic emission intensity showing a
slight decrease at the time of the transition. The ion temperature has not been
corrected for the instrument temperature, while the observed noise levels for the
ion temperature and flow are consistent with estimates based on the light signal
to noise ratio.
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Figure 3: Plot showing temporal evolution of plasma parameters during spontaneous transi-
tion from low to high confinement at ¢ = 13 ms. From top to bottom: Line averaged density,
plasma stored energy, quadrature sampled MOSS light signal at impact parameter -20 mm ,
inferred light intensity, ion temperature, flow velocity and Arl atom light emission intensity.
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4.1 Spectroscopic Camera

It is natural to extend the MOSS spectrometer to allow for multiple spatial chan-
nels. Because the information is contained in the temporal frequency domain,
it is possible to use the camera for truly two-dimensional plasma spectral imag-
ing with high time-resolution. Each spatial channel requires its own detector,
and the associated signals must be separately acquired. Commercially available
multi-anode photomultiplier detectors (MAD) are well suited for this applica-
tion. We are constructing two cameras. One views the plasma directly using a
16 element linear detector array (Michael and Howard - these proceedings). The
second camera utilizes an 8 x 8 MAD array to process light input from an array
of 55 lens-coupled optical fibres as described below. Issues such as instrument
contrast and field-of-view are discussed in the companion paper by Michael and
Howard.

4.2 ToMOSS

The Tomographic MOSS (ToMOSS) spectroscopy experiment is designed to ob-
tain detailed tomographic reconstructions of edge flow fields and temperature
distributions in the H-1 heliac. A large diameter (~ 800mm) rotatable stain-
less steel ring that encircles the plasma in a poloidal cross-section, is used for
mounting 5 independent modules each containing 11 lens coupled optical fibres
for collecting plasma light emission along parallel chords separated by ~ 20mm.
Fig. 4 shows the mounting ring, supporting frame and the five sets of viewing
chords superimposed on the plasma cross-section. A photograph of one of the
optical modules showing the collecting lenses is given in Fig 5.

The optical fibres drape around the edge of the wheel and are shielded from
the plasma. The lenses can be rotated away from the plasma region when not in
use. An array of narrow (4mm) fluorescent tubes are located in the viewing cross-
section (above the plasma region) for calibrating the relative channel sensitivities.
The fibres exit the H-1 vacuum chamber via rubber O-ring seals and terminate at
a patch panel. The rotatble ring, which has been recently installed, is driven by a
stepper motor outside the vacuum vessel under CAMAC control. Light from the
55 channels will be fibre coupled to an imaging MOSS camera and the parallel
signals acquired via CAMAC.

4.3 Spread-spectrum methods - the SOFT spectrometer

A generalization of the MOSS spectrometer that utilizes a number of birefrin-
gent electrooptic plates mutually aligned at 45° and placed between crossed or
parallel polarizers has been constructed and tested. The Spread-spectrum Opti-
cal Fourier Transform (SOFT) Spectrometer allows simultaneous measurements
of the coherence enevlope of a narrowband spectral feature at a multiplicity of
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Figure 4: Schematic drawing of ToMOSS optical ring and support structure showing plasma
region and viewing chords. Two chords have been shaded for clarity.

delays. As its name suggests, the information is now encoded across a series
of harmonics of the common sinusoidal drive voltage applied to the electrooptic
crystals.

A representative 3-crystal layout for the SOFT spectrometer is shown in Fig.
6. The three crystals give rise to six independent fixed delay modulated interfer-
ometers. Because the modulation indices ¢y; are in the same ratio as the delays
¢oi, the larger the delay, the greater is the modulation depth and the higher in
frequency are the generated harmonic carriers.

The interferogram can be processed numerically using a series of bandpass
filters centred on the respective carriers and having a bandwidth determined by
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Figure 5: Photograph of lens-coupled fibre module. The lenses are 5mm in diameter. Five
such modules are mounted on the carrier ring at intervals of 45°.

Figure 6: Diagram showing the relative orientation of the polarizers and birefringent crystals
for a 3-crystal SOFT spectrometer.
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the plasma properties and the modulation frequency. Inverse FFT recovers a
set of time vectors which can be unwrapped to extract 12 independent pieces
of information pertaining to the spectral line shape. The drive voltage should
be sufficient to produce a modulation amplitude of at least 7/2 radians for the
interferometer having the least phase delay offset to ensure data inversion with
good condition number. The SOFT spectrometer is ideal for the study of non-
thermal or complex spectra or for effectively extending the dynamic range of the
MOSS spectrometer.
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1. Introduction

The MOSS (Modulated Optical Solid-State) spectroscopic camera has been developed for temporal
and spatial measurements of the temperature T, and flow speed V of plasma ions and neutrals from
the Doppler broadening of transition radiation. It is a modulated, fixed delay Fourier transform
spectrometer [1,2], which measures the three lowest spectral moments of a given spectral line
(quantities related to the light intensity, centre frequency, and line width). It is able to resolve the
relative direction of flows and can provide information about the poloidal plasma rotation. In
addition, it can spatially resolve the average temperature along its viewing chords, which, subject to
the assumption that flux surfaces are isotherms, can be tomographically unfolded to yield the
temperature profile T(p), where p is the flux surface label.

As opposed to a single channel MOSS spectrometer, the camera images light from spatially distinct
regions within a plasma, through a single instrument, onto an array of light detectors. It can be used
for 2-D imaging of the plasma temperature and flow profile. As compared to grating spectrometers,
the MOSS Camera has a light-collecting ability (etendue), orders of magnitude higher because it
uses large aperture optics instead of a thin slit. Gathering more light means that it has improved
signal-to-noise ratio and much better time resolution. In fact, in most cases, the limiting factor of
the etendue is not the spectrometer but the light collection optics. However, there are limits on the
spectrometer’s etendue, and understanding these limits defines certain design considerations.

A MOSS camera has been installed on the H-1NF Heliac in Canberra, Australia. It is to be used, in
conjunction with other diagnostics, for measuring the ion thermal diffusivity by modulating the
plasma heating source and measuring the spatial profile of corresponding modulations in ion
temperature.

A camera can be used to obtain spatial resolution in other spectroscopic applications, such as
Zeeman effect and motional Stark effect measurements of the orientation and magnitude of a
magnetic field, and the SOFT system [1,2] for measuring non-thermal distribution functions.

2. MOSS spectroscopy

The MOSS spectrometer is a modulated fixed delay polarisation interferometer, shown in figure 1.
A polariser first selects a plane polarisation state from the incident light. A birefringent, electro-
optic Lithium Niobate (LINBO;) crystal, whose fast axis is oriented at 45° to first polariser resolves
this polarisation state into two components, and introduces a fixed mutual delay of N wave periods.
LB
N=— 1
A (M
where L is the length of the crystal, B is its birefringence and A is the wavelength of the

atomic transition.

This delay defines the spectral resolution, which defines the measurable range of temperature and
flow speed. A final polarising beam splitter, whose polarisation axis is the same as the first
polariser is used to mix these two wave components together. It then sends conjugate signals out -
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the transmit and reject ports respectively. In addition, a narrow band (~1nm) interference filter is
used to select the spectral line corresponding to the atomic transition of interest.

The electro-optic crystal has the property that the birefringence can be modified by applying a
electric field across it, so that B=B, + C E. E is the applied electric field strength, B, is the
birefringence with no electric field, and C is a constant specific to the crystal and the orientation of
its axes. In this way, the delay N is modulated in time by applying a sinusoidal AC voltage to
electrodes across the fast axis of the crystal.

N=N,+N,sin(Qt)
where typically, N, ~ 1000-5000, and N, is V.

For many spectral lines in a high temperature plasma, Doppler broadening dominates the fine
structure, and so the centre frequency shift v, and broadening o are related to the species flow
velocity V, and temperature T,, if the distribution function is Maxwellian (line shape is Gaussian):

o _ Ve
Vo B C (2)
— kBTs
v, \mgc?

where v; is the frequency of the atomic transition.

The intensity at the output port is an interferogram characterised by the quantites I, (the light
intensity), fringe contrast, {, and fringe phase ¢.

1= 1°—(’.1+Ccos({>)
2
The variation in phase is related to the species flow velocity V,, through the Doppler frequency shift.

Similarly, the measured contrast { is related to the plasma temperature T, through Doppler
broadening.
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TS
E=Cac T and

o=2n(1+ &)NO
C

The fringe contrast { and phase ¢, which are sufficient to determine T, and V, are measured from
I(t). They are determined from the relative amplitude of the zeroth, first and second harmonics of

Q11,2].

The instrument function, which is built in through the quantities Ty, Gy and N is analogous to

that of a grating spectrometer. T, which defines the measurable temperature range, depends on
2

N, (which depends on crystal thickness): T, ., = NI

0
mm of the grating. The range of path lengths for rays entering the MOSS (AN,) is responstible for a
false measurement of line broadening, which reduces the fringe contrast, by multiplying it by C,,.
N, is the phase calibration, analogous the frequency calibration of grating spectrometers. Although
this is determined from known parameters, the length of the crystal, its birefringence, and the
wavelength of the line being examined, these quantities are not known accurately enough to
determine N. In particular, the birefringence is a sensitive function of temperature, and can vary
over the timescale of minutes, so N, it must be measured

3. The MOSS camera

The MOSS Spectrometer can be easily extended to imaging applications, because only a single light
detector per spatial channel is required; time-resolved spectral information is carried at harmonics

of the modulation frequency Q.

and is analogous to the number of lines per

A schematic diagram of the imaging optics of the MOSS camera is shown in figure 2. It images
light from the object plane (the plasma) to the image plane (a detector array) through a MOSS
spectrometer with two lenses, a collimating lens and an imaging lens. The collimating lens
collimates rays from the object plane, so that they are quasi-parallel as they pass through the MOSS
optics. The imaging lens then focuses these rays down onto the detector array. Each detector on
the detector array is of finite spatial extent; which determines the spatial resolution in the plasma,
the amount of light gathered per detector, and the angles of the off-axis rays. The larger each
detector element, the larger the range of angles between the axis and each ray, as the rays pass
through the electro-optic crystal, as shown in figure 3.

Rays traversing
through optical system

Imaging Lens

Polarising beamsplitter (used for introducin,
: a calibration light source

........................

Collimating

Object plane )
[magnified image of detector array]

Electro-optic
birefringent
crystal

Detector arra;

Figure 2: Ray diagrams and imaging optics of MOSS camera
[plasma is not to scale]
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where ray’s position is (x,y), and angles are (8,n)). 0 is the angle or§ >90%

of each ray through the electro-optic crystal subtended between
the ray and the central axis, and 7 is the azimuth with respect to
the fast axis (shown by arrows in the above picture). The
integration region P is the entire surface of the lithium niobate
crystal, and A is the region in angular space of rays arriving at a
detector. A simple calculation of the instrument contrast as a

1
\
\
\\
\\

\\‘
\

o

o
SR I...J

a <
I’y

//__“..A...\\\

SN ¥ AU

2.5 1 1.5 Z
Range of phases, AN

Instrument contrast, Zinst

function of th f path lengths (AN,) is sh in fi 4.
nction of the range of path lengths (AN,) is shown in figure Figure 4: Instrument

The instrument contrast can be separated out as §;., = {o s Saer contrast variation with
where C,. is the contrast due to spatial variations of N,, and Cer 18 range of phases
due to the range of angles collected at each detector element.

N()(?) = NO + Nspalial(x’ y) + Nangle(ex’ey)

Cinst = crystalz;det
In order for (., to be close to unity, AN, << 1. Therefore the Lithium Niobate must be made to
very stringent specifications of spatial homogeneity of B,, the surface roughness and degree of
parallelism between faces. In practice, the best crystals obtainable have Cerysrar = 0.9 (for N;=5000,
25mm thickness at 488nm), and 0.98 (for N;=1000, 5mm thickness at 488nm).

For {4—1, the range of angles of each ray collected by each detector element must be small,
A8—0, An—0; this is why the rays are collimated through the MOSS optics. However, due to the
finite spatial extent of each detector element, the rays collected have a non-zero range of angles,

which degrades (.

The variation of N, with angles 8,1 is

r a2 2 12
N0=LB(1+SII’1 (-)[cos M _sin 'q)] @)
' 2n, | n, n,
Nl:

where n, and n, are the two refractive indices.
This function has a saddle point at the origin. Along the axis n=0, the delay increases, along N=90°
it decreases and along n = itan"(‘[:i) ~ 45° (since n,/n,~ 1), there is no variation. The
4]

interference pattern corresponding to this phase variation is a contour plot of Ny. A photograph of
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Figure 5:  Photograph  of
interference pattern

this pattern as it appears at the focus of the imaging lens is
shown in figure 5. The circles indicated in the diagram
represent the placement of a line of circular detector
elements.

The following approximate calculation illustrates the factors

contributing the degradation of {,, The range of angles
d

detect

gathered by a single detector element is : AWy =
imaging lens

and the characteristic angular distance A® (not necessarily

directed towards the centre) for AN,=1 is approximately:

A e = ———1———— Therefore,

N n,n,sin6

detecthn One sin e

= A(’Odetect ~ d

AN, (%)

A(‘l)l"ringe fimaging lens

This shows that the contrast degrades (AN, increases) by increasing A (Qyereetfimaging tens)» the
spectral resolution N, and 6, the angle off axis at which the detector is located. This trend can be
understood from figure 6. The decrease with angle is due to the fringes becoming closer together
towards the edge, and defines a circular boundary in which detectors can be placed. This is defined
as a maximum angle 8, : £, (0,..)=50%.

view

The angle spanned by each detector determines what fraction of a fringe (AN) is gathered. 1t also
scales with Nj; higher resolution results in less detectors possible.

{4 varies very little with 1), even though the phase varies dramatically. This is because the width of
the fringes remains the same; only the direction of phase variation changes (according to the
fringes’ hyperbolic shape). This change in direction does not matter for a circular detector as it has

no preferred directionality.

QO = Optical Fibre

MOSS SPECTROMETER
T T T

MICHELSON INTERFEROMETER 4, -~ <
'S 08
N\
ﬁ Figure 6: Interference
] K OO ] fripge patterns for
s Michelson interferometer
<t ) and MOSS spectrometer.
7
%

theta_x

Contrast falls off fast! Contras ——etl 1y

The interference pattern differs from that of a Michelson interferometer, which has circular fringes.
The variation with 1 is because of the birefringence variation. This is an advantage, because
detectors can be aligned along the axis with no phase variation. A, is larger, because rays bend
towards the normal in the crystal, which means that the field of view 0,,,, is approximately 2 times
bigger because the refractive index is very high (n,=2.2 and n_=2.3).
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Field Widening

In some instances, 6., 1s not sufficient to image the entire plasma region. Instead of decreasing
Oinge (by decreasing the focal length of the imaging lens, for example), which would decrease the
amount of light gathered, it is possible widen 6,,., by using two lithium niobate crystals and a %
wave plate [3].

"Field-widened" phase
retardation

. Polarisation
Fast Axis Axis

Fast Axis

Phase retardation of anothe
EQ crystal after axis rotatio

1/2 wave plate to rotate
polarisation axis by 90°

1/2 wave
plate

niobate
) lithlum
Phase retardation from niobate
one EO Crystal

The set up is shown in the above figure. Two crystals of identical size are placed in line with their
fast axes perpendicular to each other. A )2 wave plate is placed in between with its polarisation axis
at 45° to each crystal’s fast axis. This rotates the polarisation state of the light from the first crystal
by 90° as it enters the second crystal. The resultant phase delay N, is given in equation 6

22
N \ae (6,1) = N(8,1) + N(8,1+90°) = Nc(2+ sin” [_I__LD 6)
2n, |n, n,
This has a much weaker variation than for one crystal only; this is because the two phase delay
profiles (with angle), which are saddle shapes, almost cancel each other out. The axis along which
the phase was increasing for the first crystal now becomes the axis along which it decreases for the
second crystal. The resultant phase variation is only due to the difference between n, and n,. This

is pictorially explained in the above figure.
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5. MOSS Camera on H-1NF

The MOSS camera installed on H-1NF has been designed to optimise the etendue and still maintain
a low instrument temperature. It images a transverse cross-section of the plasma, along its long axis,
for symmetry reasons (see figure on next page). Although 2-D imaging is possible with the camera,
access through the toroidal field coils permits only a 1-D view of the plasma. The vacuum vessel of
H-INF encompasses the field coils and many other diagnostic systems. In order to place the
camera as close as possible to the plasma, and hence maximise the collection solid angle, it is
placed just outside the vacuum vessel. Mirrors in the vacuum vessel direct the line of sight along
the long axis of the plasma, and a viewing dump is located behind so that no stray light is gathered.
All optical elements in the camera have 40-50mm apertures.

The instrument temperature, or contrast, relative phase and intensity calibration for each channel is
achieved by introducing a narrow-band light source into the 2™ input port of the first polarising
beam splitter. This is simply an expanded, diffused laser beam, and is brought in by an optical fibre.

The instrument calibration is carried out before or after each plasma shot by using a shutter which
is synchronised to the machine control system. This is necessary as the phase and contrast can vary
over time scales of minutes due to temperature variations.

The detector array consists of a line of optical fibres, which transmit the light to a bank of photo-
multiplier tubes. However, another solution is to use a multi-channel photo-multiplier tube [5],
saving cost and instrumentation overhead, as only one high voltage bias is required for many output
channels, and the cost is comparable to a single photo-multiplier tube.



JAERI—Conf 2000007

"Image" of optical fibres. These spots

define the object focal plane,

Magnetic Field flux surfaces. These MOSS Camera
define position of the plasma

o o

Window through / -{J
Vacuum vessel

Mirror

Extremity rays, defining the region
in which light is collected

The signals are acquired with a set of digitisers and are stored and processed on a computer, using a
Fourier-transform based demodulation algorithm.

The high voltage drive signal for modulating the crystal is achieved with a transformer and audio
amplifier [4]. The modulation frequency is 40-50kHz, which is sufficient for a minimum of 20us
time resolution; however, the attainable time resolution (for a reasonable signal-to-noise ratio)
depends on the brightness and is imposed by convoluting the time-resolved signals with a
windowing function.
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1-6 TIME- AND SPATIALLY-RESOLVED STUDIES OF A
DIELECTRIC BARRIER DISCHARGE

W. Payne, B.W. James, 1.S. Falconer and J. Khachan
School of Physics, A28, University of Sydney, NSW 2006, Australia

Abstract

We have recorded time- and spatially-resolved images of the light emission
from a dielectric barrier discharge. The discharge is a scaled-up version of the type
used in plasma display panels (PDPs). These results can be used for comparison with
a modelling that has been done for such discharges.

Introduction

A dielectric barrier discharge (DBD), or silent discharge, is a discharge
formed in a gas-filled gap between two electrodes, with a dielectric either on or
between the electrodes. When a voltage is applied between the electrodes the gas
breaks down and a current flows in the ionised gas. Charge builds up on the dielectric
to reduce voltage across the cell, and terminate the current pulse. Dielectric barrier
discharges (DBDs) were first produced in 1857 by W. Siemens [1]. Until recently
their main use has been for the production of ozone.

An AC plasma display panel consists of an array of DBD cells between to
sheets of glass, where a DBD cell is formed by the overlap between a vertical
electrode on one sheet and a horizontal electrode on the other. The cell is separated
from its neighbours by barrier ribs, the electrodes are coated with a dielectric and
there is usually a phosphor, to produce colour, on the walls of the cell. Normally the
filling gas is a mixture of an inert gas and xenon, which produces UV to excite the
phosphors. More recent designs use coplanar electrodes, where the cell has the two
discharge electrodes on one sheet, and the other sheet has an address electrode [2,3].

In the past few years research into and production of large screen, light-
weight, flat-panel, low production cost displays has greatly increased because of the
introduction of high-definition television (HDTV). The plasma display panel is
competing for this market, or a share of this market, along with display technologies
such as liquid crystal displays (LCDs), field emission displays (FEDs), and
projection-type displays.

The important attributes for a display are production and running costs,
lifetime, luminous efficiency, brightness, and size. In most areas the plasma display
panel achieves these aims, except efficiency. It is expected that efficiency can be
improved by optimising gas mixtures, cell structure, and the driving voltage
waveform.

We have taken time and spatially resolved measurements of a dielectric
barrier discharge for comparison with the results of 2-dimemsional modelling.

Experimental Setup

The gas filling pressure, normally 50 mBar, is lower than in a standard plasma
display panel by an order of magnitude, because the dimensions of our discharge are
scaled up by an order of magnitude: thus pressure x distance is the same in both cases.
A diagram of the discharge cell is shown in figure 1. The opposing electrode cell has
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Images were obtained using an image intensified CCD, with a telecentric
optical system. The telecentric optical system is comprised of a lens and a small
aperture placed at the focal plane of the lens. The aperture passes only rays which are
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Figure 2: Diagram of Experiment 3-dimensional cell is

viewed as a 2-

dimensional image, without the ends of the discharge being out of focus. This is

required for comparison with 2-dimensional models. The image intensifier is gated a

by a pulser which is triggered from the function generator signal. The gate width was

0.01 ps. A diagram of the experimental equipment used to obtain images is shown in
figure 2.

Experimental Set-up

Results

Figure 3 shows the voltage waveform, the current pulse and the light emission
pulse. Figure 4 shows some images from an argon discharge at various times after the
voltage is applied to the cathode.
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Figure 3: Voltage waveform with carrent and light emission pulse

For the period of interest, before, after and during the current pulse, a series of
images as in figure 4 were obtained every 20 ns. For each of these a line from the top
to the bottom of the middle of the electrode was plotted as a function of time to
obtain contour plots as shown in figure 5.

1.36us 1.54us

1d42us 1.60ys

1.48us ' 1.66us

Figure 4: Time-resoived images of Ne discharge at 38 torr.
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Figure 5: Log contour plots of emission for centre vertical line, for various
conditions, the cathode is at 0mm, the anode at 2mm.

The 4s—>4p’ transition of argon in figure 5(ii) gives an approximate indication
of relative electron density[4]. The electron density plot shows a lower relative
intensity at the anode than the total light emission plot. The rise in electron density
starts at the anode, while the rise in total light intensity begins closer to the middle of
the gap.
The pressure in the discharge has a strong influence on the light emission both
spatially and temporally (figure 5 (ii1)). For a lower pressure the discharge pulse
occurs at an earlier time, and it is shorter in duration. The light emission from the
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plasma at 7.6 torr is significantly lower than for 38 torr. At the anode it is less
intense, with respect to the cathode, than for 38 torr.

The various gases, Ar, Ne, He, all show similar characteristics for 38 torr. The
light emission pulse begins at the same time. The helium discharge is far less intense
than the argon and neon. The decay at the anode is faster for helium than for argon
and neon discharges. Helium and neon have a faster decay at the cathode than the
argon discharge. The intense region of the discharge is nearest the cathode for argon,
further away for neon and helium.

Conclusion

The images taken showed that during the rise of the current pulse the
discharge moves from the anode to the cathode. During the fall of the current pulse
the discharge stays at the cathode and decreases in intensity. The total light emission
pulse follows the current pulse very closely.

The pressure and gas have a significant effect on the spatial, and temporal
characteristics of the plasma. This is important for plasma display panels, where it is
desirable to get maximum excitation of phosphors by UV emission from xenon,
because excitation will depend upon the spatial characteristics of the discharge as well
as the structure of the cell and location of the phosphors.
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1-7 Development of frequency tunable gyrotrons
for plasma diagnostics

T.ldehara, S.Mitsudo, S.Sabchevski, M.Glyavin, L.Ogawa*, M.Sato®,
K.Kawahata® and G.F.Brand®

Research Center for Development of Far-Infrared Region, Fukui University
* Faculty of Engineering, Fukui University
® National Institute for Fusion Science
© School of Physics, University of Sydney

Development of two types of frequency tunable gyrotrons are described. One is
frequency step-tunable gyrotrons (Gyrotron FU Series) which cover wide range
from millimeter to submillimeter wavelegth region. The other is a quasi-optical
gyrotron operating in 90 and 180 GHz bands. Both are applicable for plasma
diagnostics as power sources.

1. Introduction

The development of gyrotrons is proceeding in two directions. Oneis the development of
high power, millimeter wave gyrotrons as the power sources for electron cyclotron heating
of plasmas and electron cyclotron current drive of tokamaks and for industrial
technologies, for example, ceramic sintering. The second direction is the development of
high frequency, medium power gyrotrons as millimeter to submillimeter wave sources for
plasma scattering measurements, ESR experiments and so on.

Gyrotrons developed in Fukui University, under cooperation with University of Sydney
and National Institute for Fusion Science belong to the second group. High frequency,
medium power gyrotrons covering a broad frequency band in millimeter and
submillimeter wavelength regions have been developed. 'Gyrotron FU series' consisting of
8 gyrotrons has many achievements including frequency tunability from 38 GHz to 889
GHz, high harmonic operations up to the fourth harmonics, studies of mode competition
and mode cooperation, high purity mode operation, frequency and amplitude
modulations, frequency step switching, complete cw operation for a long time (215
hours), high stabilization of the amplitude by feed back control of anode voltage of
electron gun and so on.

A quasi optical gyrotron for plasma diagnostics is being developed in National Institute
for Fusion Science in cooperation with Fukui University. The frequency tunabilities in two
bands near 92 GHz (fundamental operation) and 184 GHz (second harmonic operations)
will be achieved.

This paper summarizes achievements of ‘Gyrotron FU series' and present status of the
quasi-optical gyrotron development.

2. Gyrotron FU Series

Gyrotrons included in Gyrotron FU series are frequency step-tunable sources covering a
wide wavelength range from millimeter to submillimeter wave region. The output powers
are not so high, that is, from several hundreds watt to several tens kilowatt for
fundamental operation and from several tens watt to several kilowatt for second



4

JAERI—Conf 2000—007

harmonic operation. The main results are summarized as following.

(a) Frequency tunability in broad band from 38 GHz to 889 GHz'*

All frequencies achieved up to now by 5 gyrotrons included in Gyrotron FU series are
summarized as functions of field intensity B, in Fig. 1. Solid lines represent the
fundamental (f=f,), the second and the third harmonic (f=2f, 3f,) resonances. Frequency
step-tunability from 38 to 889 GHz is achieved by the fundamental, second and third
harmonic operations. Gyrotron FU IVA has achieved the highest frequency of 889 GHz
for single mode operation on the TE,, cavity mode at the second harmonic (f=2f). The
corresponding wavelength is 337 pm.

! " " j T T T T T ]
o
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Fig.1 All frequencies achieved up to now by Gyrotron FU series as functions of field intensity B,.
Solid curves show the fundamental, the second harmonic and the third harmonic resonances.

(b) Amplitude modulation*’

Gyrotrons FU 1l and IV have achieved amplitude modulation of their outputs. A
modulation of the anode voltage V, will modulate the velocity distribution function of
beam electrons, which, in its turn, will modulate the gyrotron output. Fig. 2 shows a
typical result of amplitude modulation in the submillimeter wave gyrotron (Gyrotron FU
1) with the ratio AV,/ V, as a parameter. This ratio represents the modulation level of the
anode voltage V,. The gyrotron, in this instance, is operating on the second harmonics of
the cyclotron frequency. The cavity mode is TE,,, the frequency is 444 GHz, and the
output power is about 300 W. The modulating frequency is 5 kHz and modulation mode
is sinusoidal wave. The upper traces show the high voltage pulse applied to the anode.
The small sinusoidal wave modulation signal is visible on the traces. The lower traces
show the output power of the gyrotron. The modulation rate AP, /P, of gyrotron output
increases with the modulation rate AV,/V, of the anode voltage. The 100 percent
modulation of the output (AP,,/P,.=1.0) is attained, when AV,/V, is only several
percent (AV,/V,~0.055). The modulation rate AP,/ P,, of output power is almost
linearly proportional to AV,/ V,. This means the sinusoidal modulation of output power
is possible by the sinusoidal modulation of anode voltage. Sinusoidal modulation of P,
at the modulation frequency up to 600 kHz has been achieved with the low AV,/V, value
of 1.1+ 10*

In Fig.3, the amplitude modulation efficiency (AP./Po.0/(AV, /V,) is plotted as a
function of the beam current 1,. The theoretical prediction for the efficiency is derived from
the energy transfer function between electrons and electromagnetic wave, as follows,
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(APout/ Poud / (AVL/ V) = (1 + P/ Pout) (30’ + 4),

where P,,is the ohmic power lossin a cavity and a the pitch angle of beam electrons. The
broken line in Fig.3 shows the efficiency when P,,/P,, is neglected. In the figure,
experimentally obtained efficiency becomes close to the theoretical prediction (the broken
line), when ], is so high that P, is high enough.

(c) Frequency modulation®

Gyrotron FU IV has achieved the frequency modulation within the limit of resonance
frequency width of a cavity mode. The mechanism is as follows. The energy of beam
electrons is modulated by variation in the body potential. The body includes the cavity
and is separated electrically from the beam collector by a ceramic insulator. Therefore, the
electron cyclotron frequency is modulated by the changing of electron mass and, as the
results, a frequency modulation takes place.

The output power is transmitted by circular waveguides and emitted to a horn antenna.
The frequencies measured by a heterodyne detection system consisting of a sweep
oscillator, a frequency counter, a harmonic mixer and a modulation domain analyzer. The
detected signal (f) is mixed with a high harmonic of the local oscillator and converted to
the low frequency signal (f;;). The time and frequency resolutions of the detection system
are 10 psec and 10 kHz, respectively.

A typical result of the frequency modulation experiment is demonstrated in Fig. 4. A trace
in the left hand side shows the sinusoidal modulation of body potential V,. The
amplitude of the modulation is around 120 V. Corresponding frequency modulation is
demonstrated in the f; trace in the right hand side. It is also close to sinusoidal modulation
and the amplitude is around 30 MHz. The modulation frequency f,, is 10 kHz in this
instance.

The frequency modulation amplitude Af versus the body potential modulation amplitude
AV,is plotted in Fig. 5 for several values of the modulation frequency f,.. Thereis an almost
linear dependence between Af and AV, for all values of f,.. The efficiency of frequency
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Fig. 4 Typical xperimental results of frequency modulation. The traces show the modulation ofV, (in the
left hand side) and the modulation of the output frequency which is demonstrated by the modulation
of f (in the right hand side) f,=15 kHz, AV,=120 V and Af=31.1 MHz.

modulation Af/AV,=0.247 MHz /V. The simulation results are also indicated by solid
circles in the figure. The estimated efficiency is distributed close to the experimentally
obtained values. The submillimeter wave gyrotron is used as a radiation source for
plasma scattering measurement and ESR experiment in our laboratory. The advantages of
frequency and amplitude modulations will be useful in these applications.
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Fig. 5 Experimental and simulation results for frequency modulation amplitude Af versus the amplitude
of body potential modulation AV forf, =10, 15, 20, 25, 30 and 40 kHz. Observed frequency modulation
efficiency Af/AV,=0.247 MHz/V. Output power P=20 W.

(d) Complete cw operation with high stabilities of amplitude and frequency

One of the advantages of complete cw operation is stabilization of the frequency and the
amplitude of the gyrotron output. The longest period of the operation which our gyrotron
series has achieved was 15 hours. This means ‘complete cw’. We employ a current-
stabilized high voltage power supply in our experiment to ensure stable operation. A
variation in the output frequency was measured by a time-resolved frequency
measurement system which is the same as the one used for measurement of frequency
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modulation. The measured frequency variations & during 100 msec are several MHz and
&/f are of the order of 10° for several cavity modes. The output power variations
measured by Schottky diode during ten minutes are several percent. These variations
come from the variations of anode and cathode voltages of electron gun. We are planning
first to stabilize both voltages, and then, we will try feed back control of them to achieve
further high quality stabilization.

Fig.6 shows a preliminary result for amplitude stabilization by the feed-back control of
the anode voltage of electron gun. It is seen in the upper trace, that the fluctuation level of
the amplitude is decreased lower than 0.1 percent.
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Fig. 6 A typical result of amplitude stabilization experiment by feed-back control
of anode voltage V,.

3. Quasi optical gyrotron

Fig. 7 shows a schematic drawing of a quasi optical gyrotron which is being developed by
the collaboration between National Institute for Fusion Science and Fukui University. In
the gyrotron, Fabry-Perot resonator is installed. It enables frequency tuning in wide ranges
near 90 GHz and 180 GHz. The operation parameters of the gyrotron are listed inTable 1.
The output powers obtained by computer simulations are around 100 kW for
fundamental operations and 50 kW for second harmonic ones.

Table 1 The operation parameters of the quasi optical gyrotron

Frequency ranges 80~100 GHz (fundamental operations)
160~200 GHz (second harmonic operations)

Output power ~100 kW (fundamental operations)

~50 kW (second harmonic operations)
Efficiencies 20~30 % (fundamental operations)

10~20 % (second harmonic operations)
Maximum field 45T
Electron beam parameter 70 kV, 10 A, Tmsec (first stage)

80 kV, 20 A, 10 msec (final stage)
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Fig. 7 A schematic drawing of the quasi optical gyrotron

Frequency tunability of such a high power gyrotron will be useful for application to
plasma diagnostics and high power spectroscopies in wide fields.

4. Conclusion

We have developed frequency tunable, submillimeter wave gyrotrons (Gyrotron FU
series) with medium power and a quasi optical millimeter wave gyrotron with high power
for plasma diagnostics and millimeter to submillimeter wave spectroscopy. The former
gyrotrons have achieved frequency and amplitude modulations and high stability of the
output power.

The fluctuation level of output powers is now lower than 0.1 percent. These advantages
of the gyrotron series enable us to apply them to high power, millimeter to submillimeter
wave spectroscopies in wide fields. The gyrotrons are used for measurement of LHD in
National Institute for Fusion Science in near future.
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1-8 Design of a system for conversion of gyrotron output

into a gaussian beam
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Abstract

A quasi-optical system consisting of a quasi-optical antenna, two ellipsoidal mirrors and a filter to block
sidelobes can convert four TE,, mode outputs of the Gyrotron FU IVA into gaussian-like beams with
waist size of 16.3 mm. This system can convert three TE, mode outputs into bigaussian-like beams
with waist size of 23.5 mm in width and 16.4 mm in length.

1. Introduction

High frequency gyrotrons are characterized by their capacity to deliver high powers in
submillimeter wavelength range and frequency step-tunability due to the alternation of an operating
mode. Considering that some applications like plasma scattering measurements need more intense
waves, they are the most promising candidates as power sources in this wavelength range.

The gyrotron output should be converted into a gaussian-like beam because the gyrotron delivers
the TE,,, waveguide mode output, which is far from what is usually required as radiation power source.

In an earlier paper, we presented a quasi-optical system to convert the gyrotron output (TE,s mode,
354 GHz) into a gaussian-like beam. In this system, a quasi-optical antennaconverts the gyrotron
output into a linearly-polarized beam. Its far field consists of a main beam with a circular cross-section
and sidelobes, Quality of the beam produced is improved only by focusing the main beam using an
ellipsoidal murror.

If we apply the system to other TE,, modes, the positions and sizes of beam waist undergo
changes. For most purposes, the gaussian beam with waist whose position and size are constant is
required.

Although the size of main beam of the far-field depends on gyrotron output mode, it is expressed
by the gaussian beam with constant size waist located at the antenna®.  Therefore, the objective beam is
obtained by focusing main beam of the far-field using two ellipsoidal mirrors.

As an example of this approach, we will design the system compatible with four TE,, mode
outputs of the Gyrotron FUIV A.  This system will also be examined with respect to its compatibility
with three TE,,, mode outputs.
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2. Calculation of radiation patterns

If the electromagnetic fields produced by a quasi-optical antenna are known, then those at any
subsequent point can be obtained by solving the Helmholtz equation together with the boundary
conditions on each mirror. Solving the Helmholtz equation is equivalent in calculating the Huygens
equation.

The quasi-optical antenna (Fig. 1) consists of a circular waveguide (internal radius a,=10 mm)
with a step-cut and a parabolic cylinder reflector (focal length £=15.5 mm). This antenna converts the
TE,, output of Gyrotron FU IVA into a linearly-polarized beam. The electric and magnetic fields are
parallel to the x- and y-directions, respectively.

Radiation reflected from the parabolic cylinder reflector of the quasi-optical antenna is treated as if
it came from a plane image source lying behind the parabolic cylinder with emission angle . (=8.63 ° ).
This emission angle is independent on the mode, if the radiation is excited in a gyrotroncavity operating
at the cut-off  The fields over this image source are calculated using geometrical optics.

The incident electromagnetic fields at the first mirror are calculated using the Huygens equation.
The electromagnetic fields reflected from the miror are given by the boundary conditions. The
electromagnetic fields on subsequent mirrors are obtained by repeated use of the Huygens equation and
the boundary conditions together with the previously calculated results as the source fields.

Fig. 1 Quasi-optical antenna

3. Design of the system using gaussian optics
In order to investigate how the beams spread, their intensity profiles have been calculated for a
plane at a distance from the image source. The image source is located so that the beam with
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polarization in the x-direction propagates along the z-direction (Fig 2). The intensity profiles TE,,
modes are shown in Fig 3.
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Fig. 2 Plane image source used in the calculation of the subsequent radiation patterns of the quasi-
optical antenna with a single parabolic reflector. The beam propagates along the z-axis.
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Fig3 Calculated intensity contours in the far-field region (Distance 100000 mm). (a); TE, mode
(170 GHz), (b); TEzmode (271 GHz), (c); TE,, mode (372 GHz), (d); TE;s mode (472 GHz)



JAERI—Conf 2000—007

Each far-field consists of a main beam and additional sidelobes. The main beams for TE,,
modes are circular and their spot sizes are given by assuming a gaussian beam whose waist (waist size
w,=18.1 mm) is located at the center of the image source.

Propagation and focusing of a bigaussian beam is most conveniently treated by the use of the
complex beam parameters.

In the system (Fig 4), the focal length £, of the mirror m1 coincides with the distance d), namely,
f=d, (<1500 mm). For this special arrangement, the far-field of the image source appears in the
y=1241 plane.

If we treat the main beam as a bigaussian beam having a waist at the position of the image source,
the beam waist size w, at the y=1241 plane as

A
we =12 )
Tw,
The equations show that since one waist is at the image source, the beam will come to a waist at
the y=1241 plane. Because the mirror m2 has also the special arrangement (£;=d,=1241 mm), the

beam will come to a waist at the z=1241 plane.  The final waist size w, at the z=1241 plane as

Wor = L W @

f
This result generally holds for a confocal system consisting of two mirrors. Note that this result
does not depend on frequency.
The focal lengths £, and £; are determined as 1500 mm and 1241 mm so that this system produces
a gaussian beam with the waist size w,=15.0 mm for TE,, mode.

Image source Mirror ml
(0, 2741, -1500) (0,2741, 0)
_~
— §
|‘_ d1=1500 mm
d1=1500 mm
I I e o
d=1241 mm
\ |
N?O”%r 3;2 Beam waist
. (0,0, 1241)
d»=1241 mm

Fig 4 Quasi-optical system.
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4. Calculation results using the Huygens equation

The mirrors m1 and m2 are wide enough (m1; 160 mm in width and 590 mm in length, m2; 170
mm in width and 240 mm in length ) to avoid any diffraction loss due to beam truncation. The shape
of the mirror m1 is defined by an ellipse with focal points (0, 2741, -10000) and (0, 976, 0) resulting in a
focal length of f=1500 mm. The shape of the mirror m2 is also defined by an ellipse with focal points
(0, 10000, 0) and (0, 0, 1417) resulting in a focal length of /=1241 mm.

In order to improve the quality of the beams produced, it is necessary to remove the sidelobes
from the far-field of the image source. This is experimentally done by inserting a spatial filter to block
the sidelobes in the y=1241 plane.

In principle, loss-less methods exist to transform any field distribution to gaussian beams, but
these techniques are not broad band.  Therefore, a small power loss is taken into account.

At first, the incident electromagnetic fields at the y=1241 plane are calculated. The
electromagnetic fields on the subsequent mirror m2 are obtained by repeatedly using the Huygens
equation with the previous calculated results as the sources.

The intensity profiles at the z=1241 plane with spatial filtering for TE,,, modes are shown in Fig. 5
and those for TE,, modes are shown in Fig 6.  One can see, that this system converts four TE,, mode
outputs of the Gyrotron FU IVA into gaussian-like beams with waist size of w,=w,=16.3 mm and
converts three TE, mode outputs into bigaussian-like beams with waist size of w,=23.5 mm and
w,=164mm. The spot sizes w, and w,, agree well with the waist sizes w,, and w,, given by equation
2).

Most (85 % for TE,,, mode and 90 % for TE,, mode) of power from the image source still arrives
at the beam waist in spite of the truncation of the sidelobes at the y=1241 plane.

5. Conclusion

A system consisting of a quasi-optical antenna, two focusing mirrors and a spatial filter to block
the sidelobes can convert four TE,, mode outputs of the Gyrotron FU IVA into gaussian like beams with
waist size of w,/=w,=16.3 mm and can convert three TE,, mode outputs into bigaussian-like beams with
waist size of w,=23.5 mm and w,,=16.4 mm. The system has the advantage of being applicable to
frequency tunable gyrotrons as the Gyrotron FUIVA.

In this system, the beam quality is improved by truncating the sidelobes of the far-field. In spite
of the beam truncation, most (85 % for TE,, mode and 90 % for TE , mode) of the image source power
is transferred to the waist.  This enables us to produce an intense beam in submillimeter wavelength
range.



JAERI—Conf 2000—007

@ (b) ©
40 — 40 40 -

v {mm)

(]

1
@l
w_&
"~/
v _gmm}
<

|
¥ (mum)

o

|
0

40 407 T | |
-40 0 40 40 0 40

X (mm)

x (mm)

Fig 5 Calculated intensity contours. (a); TE,, mode (223 GHz), (b); TE,; mode (323 GHz),
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1-9 Development of Short-Wavelength Far-Infrared Laser
for Future Plasma Diagnostics

S.Okajima, K.Nakayama and H.Tazawa
College of Engineering, Chubu University
Kasugai, Aichi 487-8501,Japan

K.Kawahata, K.Tanaka, T.Tokuzawa and Y.Itoh
National Institute for Fusion Science
Toki, Gifu 509-5292,Japan

1.Introduction

Powerful and stable FIR (Far-Infrared) lasers of 25 pm to 1 mm in wavelength are useful for
optical sources of plasma diagnostics, molecular- and solid state-spectroscopy, research of
astronomy and metrology. Recently, the development of short wavelength FIR lasers are required
for several applications.

2.Stable and powerful 119-um CH3OH laser

We have constructed powerful and stable 119-um CH3OH laser to measure the electron density
profile of LHD-plasmas in National Institute for Fusion Science (NIFS) by using the results of
R&D for CO7 laser pumped FIR laser in Chubu University[1] . This laser is composed by a
pump CO2 laser and a twin FIR laser. On 119-pm CH3O0H laser, we have obtained maximum
power of 0.62W for 99W pumping. For a precise phase measurement, the high beat frequency
stability of the two FIR lasers is necessary in addition to amplitude stablllty In order to achieve
the stable laser operation with high power, we have applied active feedback control system in
addition to passive stabilization as in Fig.1. The frequency of 9P(36) pump CO7 laser is
stabilized by using external CH3OH Stark cell modulation. The output power of CH30H laser of
probe beam is stabilized at a point on the slope of the de-tuning curve by using a stepping motor.
The frequency of CH30H laser of reference beam is locked at the frequency shifted with respect
to that of the probe beam laser by 1 MHz. As the result, we have achieved less than 0.5% of the
long term drifts of the laser output power and beat frequency for times longer than 15 h. The
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Fig.1 Schmatic drawing of 119-um CH3OH laser system for LHD diagnostics
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short term fluctuations of the beat frequency are limited at 5 kHz of the control boundary. This
laser system has been equipped for a 13-channel interferometer system, and is using for everyday
experiments of LHD[2].

3.Construction of data-base of short-wavelength FIR lasers

For the higher density operations of LHD and for future large plasma machine, FIR lasers of
from 40 to 100 um in wavelength may be useful rather than the long wavelength FIR lasers
mentioned above and 10-pum CO? laser from the view points of refraction and vibration effects
and fringe shifts in the interferometer.

On this wavelength region of FIR laser spectrum, lasers from CH30H and the isotopes have a
dominant role. However, the details on available lasing line, the power level and the pressure
dependence have not been so well known. In order to establish new optical sources for plasma
diagnostics, we have constructed new R&D laser system in Chubu University as shown in Fig.2.
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Fig.2 CO2 laser pumped FIR laser system to constract the data-base

This FIR laser sysem is the twin type and can instal the laser tube of 25 to 54 mm in diameter and
2 to 3 m in length. Using the laser sytem, we are constructing now the data base for
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Fig.3 Detunning curve of 57.2-um CH30D laser pumped by 9R(8) cw CO2 laser
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Tablei CO2 laser pumped FIR lasers

CO2 laser FIR laser
line power (w) molecule wavelength (um) pol. pressure (torr) power (mW) tube diameter(mm)  output mirror type
9R(26) 87 CH30H 151 It 0.78 3 25 Si hybrid coupler
9R(18) CH3OH 61 1 25 Si hybrid coupler
CH30H 186 Il 25 Si hybrid coupler
9R(10) 80 CH30H 9.5 ] 07 {68] 25 Si hybrid coupler
9R(8) 65 CH30H 3 ] [1.5) 25 Si hybrid coupler
9P(24) 9% CH30H 133.1 i 034 14 34 Si hybrid coupler
9P(34) 75 CH30H 70.5 L 02 65 34 Si hybrid coupler
9P(36) 9 CH30H 1188 1 037 620 34 Si hybrid coupler
9P(38) CH30H 193 L 0.16 33 25 Si hybrid coupler
CH30H 198 L 0.14 44 25 Si hybrid coupler
CH30H 292 ] 25 Si hybrid coupler
10R(38) 64 CH30H 163.0 Il 033 25 Si hybrid coupler
CH30H 251 ] 034 25 Si hybrid coupler
10R(16) 90 CH30H 63.0 ] 0.28 34 Si hybrid coupler
9R(34) 63 CD3OH 52.9 1 035 10 34 Si hybrid coupler
9R(28) 81 CD30OH 55.6 L 03 4 34 Si hybrid coupler
. CD30H 426 i 0.25 4 34 Si hybrid coupler
9P(40) 42 CD30H 198.6 ] 033 34 Si hybrid coupler
10R(36) 85 CD30OH 253.7 1 035 28 34 Si hybrid coupler
57 CD30H 4187 il 0.27 2 34 Si hybrid coupler
10R(34) 7 CD30OH 1280 L 03 9 34 Si hybrid coupler
76 CD3OH 168.1 4 017 3 34 Si hybrid coupler
tOR(18) 89 CD3OH 414 L 0.18 13 34 Si hybrid coupler
107 CD30OH 487 i 03 6 34 Si hybrid coupler
10R(16) 98 CD3OH 81.6 (] 0.30 5 34 Si hybrid coupler
9 CD30H 86.4 41 03 34 Si hybrid coupler
10P(24) 83 CD30H 286.7 I 0.26 34 Si hybrid coupler
10P(42) 79 CD30H 1884 i 0.2 3 25 Si hybrid coupler
9P(10) 9% CH3QD 133 i 0.27 3 34 Si hybrid coupler
9P(26) 85 CH30D 117.2 ] 03 26 34 Si hybrid coupler
9P(30) 84 CH30D 103.1 4 032 23 34 Si hybrid coupler
O 9RE®) 60 CH30D 572 1 031 85 25 Si hybrid coupler
60 CH30D 478 i 25 Si hybrid coupler
10R(24) CD30D 184.7 L 0.24 34 Si hybrid coupler
10R(10) CD30D 2217 L 0.22 34 Si hybrid coupler
9P(10) 65 CH2DOH 183.6 ] 0.19 10 25 Si hybrid coupler
9P(12) 56 CH2DOH 108.8 ] 031 16 25 Si hybrid coupler
56 CH2DOH 125 ] 031 38 25 Si hybrid coupler
9P(14) 85 CH2DOH 206.7 ] 0.17 19 25 Si hybrid coupler
9P(16) 82 CH2DOH 102.0 1 0.29 15 25 Si hybrid coupler
9P(30) 95 CH2DOH 44 I 0.13 [3 25 Si hybrid coupler
10R(34) 74 CH2DOH 150.8 ] 0.26 22 25 Si hybrid coupler
74 CH2DOH 156 L 0.09 7 25 Si hybrid coupler
10P(26) 110 CH2DOH 150.6 1 0.3 24 25 Si hybrid coupler
10P(34) 91 CH2DOH 124.4 It 0.43 63 25 Si hybrid coupler
10P(46) 43 CH2DOH 49.1% L 02 17 25 Si hybrid coupler
10R(20) 82 CHD20H 260 ] 0.29 4 25 Si hybrid coupler
10R(16) 9% CHD20H 179 ] 0.20 25 Si hybrid coupler
SR(30) 7] NIB 67 T 023 rE) PT; Si hybrid coupler
9R(32) 81 CH2F2 1843 L 0.19 298 34 Si hybrid coupler
81 CH2F2 195.8 1 0.19 146 34 Si hybrid coupler
81 CH2F2 2356 ] 34 Si hybrid coupler
9R(20) 81 CH2F2 177 1 0.50 62 25 Si hybrid coupler
9P(10) 50 CH2F2 158.5 ] 34 Si hybrid coupler
9P(16) 79 CH2F2 105.5 ] 34 Si hybrid coupler
10P(18) 57 Tl 447 T 0.20 3 25 Si hybrid coupler
9R(32) 69 CD3l 444 1 0.26 1 25 Si hybrid coupler
9R(12) a5 CD3I 460 1 0.20 25 Si hybrid coupler
9R(22) 68 HCOOH 418 il 34 Si hybrid coupler
9R(20) HCOOH 4324 I 023 5 25 Si hybrid coupler
9R(18) 20 HCOOH 393.2 [ 032 21 25 Si hybrid coupler
9R(16) 107 CH3CN 453 L 0.14 04 25 Si hybrid coupler
9R(12) 87 CH3CN 388 ] 0.13 5 25 Si hybrid coupler
9P(6) 30 CH3CN 494 1 0.16 015 25 Si hybrid coupler
10P(20) 112 CH3CN 374 I 0.17 1 25 Si hybrid coupler
=5r@) 75 CD3CN 455 T 0.16 0.5 25 S hybrid coupler
* new line
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characteristics of FIR lasers at from 40 to 500 um in wavelength. Presently, we have obtained 66
laser lines with useful power level from 13 lasing species as shown in Table 1. From the results,
70.5-um CH3O0H laser, 67-um NH3 laser, 57.2- um CH3O0D laser are powerful and useful as
short-wavelength FIR optical sources. In Fig.3, we showed the detunning curve of 57.2-um
CH30D laser. For these lasers, the output power (85 mW for 57-um CH3OD laser) is not so
high because the FIR laser cavity is not optimized for the wavelength yet. The improvement of the
laser cavity is proceeding now.

4.Detection of short-wavelength FIR laser light

We could detect the 57-um (5.2 THz) laser light by using a GaAS Schottky barrier diode
(SBD) detector with corner reflector as shown in Flg.4. The improvement of the detector are
proceeding now, too.

'H,l’?:(?j'l"\" T ) Tonf= i d
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mimy
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Fig.4 Video signal of 57-um CH30D laser output detected by GaAs Schottky barrier diode .

5. Conclusion

We have developed powerful and stable 119-pm CH30H laser to measure the electron density
profile of LHD-plasmas in NIFS by using the results of R&D for CO?2 laser pumped FIR laser in
Chubu University.

For the higher density operations of LHD and for future large plasma machine, we are
developing now short wavelength FIR lasers of from 40 to 100 pm in wavelength in Chubu
University. We have detected the 57-um (5.2 THz) laser light by using a GaAS SBD detector
with corner reflector.

The improvement of the detector for short wavelength FIR are proceeding now.
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1-10 THE PROGRESS OF FAR INFRARED TANGENTIAL
INTERFEROMETRY/POLARIMETRY SYSTEM ON NSTX
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It is essential to measure the core By(r,t) value in NSTX, since effects of paramagnetism and
diamagnetism in NSTX are expected to be considerably greater than that in higher aspect ratio
tokamaks. The multi-chord Tangential Far Infrared Interferometer/Polarimeter (FIReTIP) system'
currently under development for NSTX will provide temporally and radially resolved toroidal field

profile [Br(r,t)] and 2-D electron density profile [n.(r,t)] data.
1. Introduction

The toroidal magnetic field (Br) is modified very little in the presence of plasmas in
conventional toroidal devices such as stellarator and conventional tokamaks. Important plasma
parameters such as safety factor (q), local B and magnetic shear are consequently estimated based on
the use of the vacuum magnetic field strength without independent measurement. However, the
vacuum magnetic field in spherical tokamaks, is expected to be altered significantly in the presence
of plasmas. Without independent measurement of Br, it would be difficult to obtain g-profile from
the measured pitch angle unless the MSE system has an intricate configuration of beam and sight
lines to address By, and Br independently’. The technique based on Faraday rotation effect also has
evolved and has been applied routinely in machines where accessibility is not a problem. This paper
will describe a far infrared tangential interferometer/polarimeter (FIReTIP) system using the source
wavelength of 119 um that is the optimum wavelength for NSTX parameters to measure the toroidal

magnetic field. The FIReTIP system design will be based on a triple FIR laser system® including
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Stark-tuned laser to avoid the effect of machine vibration for Faraday rotation measurement. The
primary goal of this system is the measurement of the toroidal magnetic field, thus answering one of
the perceived needs for NSTX diagnostics. Simultaneously, temporally resolved 2-D density profile

information will be available as well.
2. Optical Arrangement and Measuremental Technique

The FIReTIP system will have a fan beam arrangement composed of seven laser beams
which enter the three different entrance windows located at Bay K as shown in Fig. 1. Each
beam traverses a different chord along the horizontal mid-plane of the device, reflects from a
corner cube retro-reflector, and traverses back through the plasma to return to a common
point for detection. Four retro-reflectors (#1, #2, #5, #7) will be located outside of the vessel
whereas three of them (#3, #4 and #6) will be installed inside the vessel. The tangencies of each
chord are R(1) = 33.3 cm, R(2) = 57.9 cm, R(3) = 78 cm, R(4) = 102.8 cm, R(5) = 123 cm, R(6) =
137.2 cm, and R(7) = 149.9 c¢m. Here, the O-mode polarized radiation undergoes a phase
shift given by

o(x)=2.8x% 107'51J:n(x’)dx'

In the presence of a parallel magnetic field component, BT, the polarization of the wave is

Faraday rotated through an angle
Y(x)=26x10""4 jxn(x’)Br(x')dx'

With seven chords spanning the plasma with a properly arranged spacing, FIR
interferometry data can be inverted to yield the temporally and radially resolved plasma
density ne(r,t). FIR polarimetry data can be subsequently inverted to yield the time

dependent parallel magnetic field B(r,?).

The FIReTIP system geometry is similar to the fan beam densitometer concept introduced
by Howard' and Jobes’. In the densitometer concept, however, only the Faraday rotation

signal from
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0 0
) g

Fig. 1. Schematic illustration of top view of beam arrangement for the
FIReTIP system on NSTX. Seven beam lines are shown together with retro-
reflectors and windows. NBI beam armor and penetration holes are indicated in

this figure.

each chord is utilized to provide density information and the interferometer phase signal is
basically ignored. The assumption of a constant and known toroidal magnetic field, while
essentially correct in the case of tokamaks and stellarators, is not valid for the case of spherical
torus devices such as the spherical tokamak and the spheromak. Hence, the FIReTIP system
utilizes both the interferometer phase and the Faraday rotation angles to extract both density
profile and toroidal magnetic field profile information. Simulation results for nominal NSTX
parameters shown in Fig. 2, demonstrate a large signals (~10 interferometer fringes and ~10°
of Faraday rotation) with good signal-to-noise ratios (minimum detectable signal for
interferometer and Faraday rotation are 1/32 fringe and 0.02°, respectively), while the

refraction of the beam is insignificant (< 0.5 mm).
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Fig. 2. The choice of 119 um is ideal for NSTX parameters: Simulation results
for NSTX parameter (Rinside = 17 c¢m, Routside = 153 cm, Raxis = 98.6 cm,
Shafranov shift = 20 cm, B = 0.3 T) show (a) Faraday rotation angle and (b) line
integrated density as a function of tangential position. The central electron

density is assumed to be 7.5 x 10"/cm’ with various profile shape factors (o) for

n(p)=n(0)[1-(r/a)’]".

Measurement of the Faraday rotation signal will be performed via a variation of the
rotating elliptically polarized wave technique that was successfully implemented first by Rice®’
on the MTX tokamak. A major limitation of the rotating half-wave plate is the limited
modulation rate (< 10 kHz) that can be created by the mechanically rotating plate. This
limitation can be removed by replacing the rotating plate by an additional FIR laser. In this
approach pioneered by Rommers and Howard on RTP’, the rotating elliptically polarized
wave is formed by injecting two co-aligned counter-rotating circularly polarized laser beams

into the plasma. This scheme is illustrated in Fig. 3. The beams, generated by separate FIR

lasers with frequencies ® and ® | are offset to allow the use of heterodyne detection methods.

A polarizing grid or polarizer is placed in front of each mixer, forming three IF signals
corresponding to the difference frequencies ®-w, ®-0 , and ©-0 . The interferometer
phase ¢ can be obtained from the average of the phase changes registered by the two probe-
LO signals with the difference between the two phase angles being equal to twice the Faraday

rotation angle ¢m. Alternatively, the Faraday rotation angle may be determined directly by
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the mixing product between the two probing waves. The Faraday rotation measured by these

two techniques is equivalent, although signal-to-noise concerns may favor one over the other.

o1 NSTX
FIR Laser —o——\ M4 Plasma
— — w2 Plate R oL
FIR Laser ¢ = e
; Polarizer
‘ Stark Laser d ¥ =
— Lo
cedess

Reference
Mixer

Fig. 3 Schematic illustration of the triple laser approach to be implemented on NSTX

Since the FIReTIP system utilizes three lasers, there are practical problems to be considered in
order to maintain the required IF frequency. Two FIR lasers will run at 119 pm with a difference
frequency of 2 MHz and the difference frequency will be maintained by mechanical cavity tuning.
The third laser, LO source, will be a Stark-tuned laser operating at offset frequency of 5 MHz which
will be controlled by a combination of applied electric field and mechanical tuning. Therefore the

three IF frequencies will be ®,—®, , = 4+0.75 MHz, 0,~0, , = 6£0.75 MHz and ®,-, = 2+0.5 MHz,

respectively. Note that only a single detector is required for each chord in the tangential
interferometer system, but that a total of three digitizers would be required for simultaneous
interferometer (1 per chord) and polarimeter measurements (2 per chord). A phase-locked
quadrature phase comparator system will be used to detect both density and Faraday rotation signals
with high temporal resolution®. In this approach, the ~2 MHz raw polarimeter signals can be

transformed into quadrature Faraday rotation signals with a significantly fast temporal resolution.
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3. Optical System Design and Future plan

The preliminary analysis results' have pointed out that the most well suited wavelength for this
measurement technique is 119 pum, based on optimizing the signal to noise ratio and minimizing
problems associated with the beam refraction for NSTX plasma parameters. Therefore the
experimental design is largely based on utilizing existing hardware custom designed for the TFTR
MIRI system. For instance, the windows fabricated for FIReTIP system are based on etalon cut
crystal quartz window material from TFTR MIRI system. FIR laser system optimized for 119 um
operation will be combined with a modern CO, laser developed by the UCD group. In addition,

there are numerous optical parts and control systems that can be used for the FIReTIP system.

The three laser system will be located in the test cell basement and optical arrangements
for the initial installation (phasel) are shown in Fig. 4. Here, the laser system and optical
tables are

To Plasma

N
: —p 5
Concave Miror : 7 " V%

S

\\ Plain Mrror Y \
N\ Beam Splitter ' §
\
f
f

Polarizer et
1/4 Wave Plate
1/2 Wawe Plate

Fig. 4. Top view of the phase 1 optical arrangement for FIReTIP system. The
laser system is located in the test cell and beams are separated using wire-mesh

beam splitters [4 and 5 stand for 400 and 500 Ipi, respectively].
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positioned on the NSTX test cell level. It is important to minimize a distortion of the circular
polarization required for this measurement. The wire-meshes’ (400 and 500 lIpi) at a small
angle (~10°) will be used to split the beams. In this arrangement, the FIR laser beams are
transported to and from the NSTX vacuum vessel via an enclosed fiber glass structure. In
early year 2000, laser system will be installed to operate three channel (#1, #2, and #3)
interferometry system. At the same time, the polarimeter system will be tested. The seven
channel system will be completed in year 2002 and the optical arrangement will be quite

similar to this initial system.

Since this system will entirely rely upon the retro-reflectors mounted on the wall of
vacuum vessel, the research must be concerned with the identification of a possible vibration
compensation, even though the fringe shift is expected to be large (up to ~30 fringes). If the
initial operation (three channels) could not serve as a reliable density measurement tool, it will
provide the scope of the visible compensation laser system needed for the system but it is not a
necessary condition. Here, if one is only interested in the Faraday rotation signal, there is no
need for a two color (i.e. two wavelength) system to separate out the effect of mechanical
vibrations. This is because the Faraday rotation signal is derived from the phase difference of
two co-propagating circularly-polarized (left and right) signals which experience the phase
change due to mechanical vibration. Such is not the case for the interferometer signals
themselves. For the interferometer signals, the use of co-propagating visible light
interferometer system may prove necessary. We plan to install first a single channel
polarimeter system to study this problem, and design and incorporate a co-propagating visible
light laser interferometer system based on the test results obtained in the early operation

stages.
4. Summary

This paper presents a multi-purpose Far Infrared Tangential Interferometer/ Polarimeter

(FIReTIP) system to measure B (r,t) and n(r,t), simultaneously on NSTX. It is essential to
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make a measurement of time dependent toroidal field variation in NSTX, since
paramagnetism and diamagnetism will alter the vacuum magnetic field significantly in the

presence of plasmas in spherical torus.
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1-11  New Applications of Microwave
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Abstract

Interferometry and reflectometry measure phase of the transparent or the reflected wave to derive the
information on plasma density. Homodyne reflectometry for an interlock and transmissiometry for
sheet plasma measurements could be another class of microwave diagnostics which does not measure

the phase.

1. Homodyne reflectometry for an interlock

In helical system, neutral beam is usually injected to a target plasma produced by other methods. If the
neutral beam is injected to a very low density plasma most of the injected particles go to the wall
directly, so that they cause damage to the vacuum vessel wall. Thus, we need some kind of interlock of
NBI. Since the possibility of particles to hit the wall depends on density, a method to determine
whether the plasma has the density high enough to avoid such problems is appropriate. In contrast to
tokamaks, plasma current or stored energy can not be used as an indicator of target plasma in helical
systems. Interferometry is a standard diagnostic to measure density, but it requires appropriate signal
or data processing to provide real time density information. In addition, one must be careful to fix
integer fringe ambiguity, and it could be impossible to do it in some cases (e.g. after pellet injection).
Homodyne reflectometry has been proposed as a density interlock for NBI in LHD. It has the

possibility to satisfy the requirements as an interlock.

A reflectometer launches microwave to a plasma and measures returned wave which is reflected at a
cutoff in the plasma. In the case of ordinary mode (O-mode) the cutoff condition depends on the
density. For a given microwave frequency, the reflection occurs if the maximum density exceeds the
critical density for the frequency. This idea has been test with a homodyne reflectometer in Compact
Helical System (CHS). The frequencies 26.5, 32.5, 40 GHz were launched to the plasma from the
midplane along the major radius. The polarization is matched to have pure O-mode around the plasma
edge. In addition the same antenna is used to launch and receive the wave. When the maximum
density is below the critical density for the launched wave frequency, the system measures the wave of
interferometry path, in which the wave penetrates the plasma and reflected at the inner wall of the

vacuum vessel. At the initial phase of a discharge, the density is very low, and the homodyne signal
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show a large amplitude sinusoidal oscillation (Fig.1(a),(c)). This corresponds to the phase change of
the interferometry path. With the increase of density the amplitude decreases and the sinusoidal
oscillation disappears quickly. With the father increase of density fluctuating signals with much higher
frequencies grows. This signal arises from the wave reflected at the cutoff. This picture was confirmed
by comparing the signal behavior with the position (and/or appearance) of cutoff (Fig.1(b)), which is
calculated from the density profile obtained by a multi chord HCN laser interferometer. In order to
distinguish the slow oscillation due to inteferometry from the high frequency fluctuations due to
reflectometry a numerical frequency filter is applied to the signal. The frequency band is adjusted to
get clear contrast in the final signal before and after the appearance of cutoff (Fig.1(d)). Qualitatively

similar behavior are obtained in the other frequencies.

A homodyne reflectometer with the frequency 34.9 GHz has been installed into LHD. Figure 2 shows
a case where the reflectometer provided an interlock signal, by which NBI was terminated. The system
provides rms amplitude of the homodyne signal (Fig.2(b)). At the highest density, the radiation power
increased abruptly and the plasma collapsed. Then the density and the rms amplitude decreased.
When the rms amplitude became below a threshold level, the digital signal, which indicates the

existence of the cutoff, turned off. Then NBI was stopped.

2. Transmissiometry for sheet plasma measurement

Measurement of transmitted wave can be another class of microwave diagnostics in which phase is not
measured. When microwave propagate to a cutoff, the wave is reflected and it cannot pass through the
cutoff, because the region beyond the cutoff is an evanescent region where the wave is exponentially
damped. If the evanescent region is not too thick, the wave with a damped amplitude appears from the
opposite surface of the cutoff, and can propagate forward. In the following, we propose microwave
transmissiometry, in which microwave is injected perpendicularly to a sheet plasma, and the

transmissivity is measured to obtain density information.

The transmissivity can be represented by the Gamov’s penetration factor, which is a function of
density profile for O-mode propagation. Let us consider a sheet plasma, and microwave is injected
perpendicularly. When the microwave frequency is well above the maximum plasma frequency the
microwave pass through the plasma. As the frequency decreases from the maximum plasma frequency
the transmissivity decreases quickly, and the reflectivity becomes almost 100%. The behavior of the
transmissivity can be represented by Gamov’s penetration factor except the frequency around the
maximum plasma frequency. This is because the WKB approximation fails in this region. Figure 3

shows the transmissivity as a function of probing frequency for parabolic density profile with three
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different widths. One dimensional wave equation is solved to calculate transmissivity and plotted in
the same figure. These show good agreement. For parabolic profiles the transmissivity becomes a
straight line in the semi-logarithm scale. As the width increases the slope of the line becomes steep.
Figure 3 shows the principle of transmissiometer. When we measure the transmissivity with a
frequency swept source, we will obtain a curve similar to Fig3. The maximum density is obtained
from the frequency where the exponential curve and the flat line intersect. The information on the

profile will be obtained from the slope.

While a parabolic profile shows a line in the semi-logarithm scale, the curvature changes its sign as the
index of the profile passes the value 2 (Fig.4). Although this feather yields the possibility of getting

the profile shape, the determination of profile may be a complicated procedure.

In the following, several points which degrade the performance of transmissionmetry are listed. When
a plasma is thick, the slope in the exponential region becomes very steep. In this case the accurate
measurement will be difficult because of the accuracy in the frequency and because of the finite
dynamic range in transmissivity measurement. For given dynamic range and relative frequency
accuracy, the measurable width decreases with the frequency. Multi reflection causes another
difficulty in the measurement. If there exists significant level of multi reflection at the launching side,
both waves interfere, and the effective amplitude of the incident wave changes. The same effect could
happen in the transmitted region. These lead to an error in the measurement. Tilting the beam from
perpendicular direction to the plasma is one of the method to reduce the effect. However, it destroys
the one-dimensional configuration, and refraction causes new error in the measurement. Thus, the
multi reflection should be avoided by appropriate isolators. If inhomogeneity in the density and width
exists, the transmitted wave experiences different phase shift within the cross section of the beam, so
that refraction of the beam occurs. The refraction causes the wave to escape from the receiving
antenna, and it results in an error of the measurement. Semi-analytic study shows that mild

homogeneity in the width and density of the sheet is required to avoid the effect of refraction.

3. Summary

Homodyne reflectometry for an interlock and transmissiometry for sheet plasma measurement could
be another class of microwave diagnostics in which phase is not measured. They are characterized by
their simplicity. The former has been tested in CHS and applied to NBI interlock in LHD. It is
operated routinely. The feasibility of latter has been studied. And it is shown the target sheet plasma
should be thin, and it should have mild homogeneity along the sheet. Transmissiometry may be

applied to diverter plasmas and process plasmas.
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Millimeter-wave imaging system in the frequency range of 70-140 GHz was developed
for diagnostics of magnetically confined plasmas. It successfully measures time evolutions of
three-dimensional (radial and axial) profiles of line density and electron cyclotron emission
(ECE) in the plug cell of the GAMMA 10 tandem mirror. It is also being installed in Large
Helical Device (LHD). In order to cover the frequency range of the second harmonic ECE on
LHD, a novel detector using monolithic microwave integrated circuit (MMIC) technology is
designed and fabricated. The optical system consisting of an ellipsoidal and a flat mirrors is
constructed and evaluated experimentally at 140 GHz.

1. INTRODUCTION

Millimeter-wave imaging diagnostic technique has been developed for measurements of
density and temperature profiles and their fluctuation components in magnetically confined
plasmas [1,2]. This technique uses a single set of optics and multichannel detector array
instead of a multichannel optical path with a single detector for each chord.

We have developed a millimeter-wave two-dimensional imaging system for the
application to the GAMMA 10 tandem mirror at the University of Tsukuba. It consists of a
quasi-optical transmission line with parabolic and ellipsoidal mirrors and a heterodyne
receiver with frequency of 70 GHz. The detector is 16 elements of beam-lead GaAs Schottky
barrier diodes bonded to bow-tie antennas, which is called as a hybrid-type detector. Imaging
system is also constructed in order to apply to the ECE measurement on Large Helical
Device (LHD) at the National Institute for Fusion Science (NIFS). The frequency of the
second-harmonic ECE on LHD ranges from 120 GHz to 180 GHz in phase 11, and from 190
GHz to 260 GHz in the final phase, respectively. In order to cover above frequency range,
monolithic-type detectors are designed and fabricated. The characteristics of the monolithic-
type detector and the results of the experimental evaluation of the optics are reported in this

paper.
2. EXPERIMENTAL APPARATUS

2.1. 2D imaging system on GAMMA 10

Schematic of the 2D imaging system on GAMMA 10 is shown in Fig 1. It is installed in
the west-plug cell (z=971 c¢m), where z is the axial distance from the central-cell midplane.
The optical system of the probe beam is designed using Gaussian-beam propagation theory.
A scalar-feed horn produces symmetric radiation pattern with low sidelobes, which is well fit
by Gaussian distribution. Probe beam is expanded by an off-axis parabolic mirror installed
inside the vacuum vessel to cover upper-half of the plasma. The cross section of the probe
beam is 200 mm x 200 mm at the plasma center. The receiving optics, an ellipsoidal
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Fig. 1 Millimeter-wave imaging system installed in the GAMMA 10 tandem mirror.

mirror, a flat mirror, and polyethylene lenses, are designed by using a ray-tracing method to
focus radiation signals onto a detector array. The diameter of the mirrors and lenses are
determined in order to obtain desired resolution calculated using diffraction theory. The
magnification of the optical system is designed to be 0.33. :

The detector array consists of beam-lead GaAs Schottky barrier diodes bonded to 4 x 4
bow-tie antennas. It is installed inside an aluminum box for electrical shielding, and a 2D
pyramidal horn antenna array in TE;( mode is attached to the input of the detector. A
dichroic plate, made of 10 mm thick aluminum with 4.0 mm diameter hole and 4.5 mm
spacing, is also attached to the vacuum window of the receiver side. Circular holes act as
highpass filters to prevent the mixture of electron cyclotron resonance heating (ECRH) power
with frequency of 28 GHz.

The imaging system is configured as a heterodyne interferometer as well as a heterodyne
radiometer. The quadrature-type detection system provides the phase difference between two
IF signals that is proportional to line density of the plasma. The second-harmonic ECE
signals in the ordinary mode are mixed with local oscillator (LO) power on the detector array.
The intermediate frequency (IF) signals amplified by 85 dB are fed to the band pass filter

with passband of (100 +10) MHz, and are square-detected. Thus, the phase imaging and the
ECE imaging in the O-mode can be obtained simultaneously.

2.2. ECE imaging system on LHD

The optics for ECE imaging on LHD are designed by using the similar method as shown
in 2.1. An ellipsoidal mirror and a plane mirror located inside the vacuum vessel converges
the ECE signals to pass a fused-quartz vacuum window with 192 mm in diameter. An object
plane located at the plasma center is 3.0 m in front of the ellipsoidal mirror. The
magnification of the optics is 0.68.

New monolithic-type detectors have been fabricated for the purpose of high frequency
ECE on LHD plasmas. The details of the fabrication and mask pattern are shown in
elsewhere [3]. It consists of the integration of a bow-tie antenna, down-converting mixer
using a Schottky barrier diode, and hetero-junction bipolar transistor (HBT) amplifiers on a
GaAs substrate. The HBT works as an IF amplifier with 10 dB voltage gain. The GaAs chip
with 4.0 mm x 2.0 mm X 0.625 mm is mounted on the case made of gold-plated brass
together with alumina substrate for dc bias of the SBD and HBT amplifiers. A coplanar
waveguide on the other substrate is used for the connection of an IF output to a SMA
connector.

3. EXPERIMENTAL RESULTS AND DISCUSSIONS
3.1. GAMMA 10 results

The detailed descriptions of the GAMMA 10 device are shown in elsewhere {4]. In each
plug/barrier cell, two separate 28 GHz gyrotrons are used. Fundamental ECRH in the plug

_64_
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region (ECRH-P) and second-harmonic ECRH in the barrier region (ECRH-B) produce
warm and hot electrons that are necessary for effective formation of thermal barrier and
confining (plug) potentials. When the ECRH power is applied at 1=90 ms, the plug potential
is created near the position of z=962 cm where the magnetic field strength equals to 1 T. At
the region of z=971 cm where the imaging system is installed, the loss particles decrease due
to the formation of the plug potential. The changes of the density profiles due to the
application of the ECRH are clear as shown in Fig. 2. When the ECRH is turned off, the
confining potential disappears, and a short burst appears in the line-density signal
corresponding to the axial drain of the plasmas. The variation of the profile in the axial
direction is caused by the change of the magnetic field. It is noted that the density profile in
the core region decreases during the injection of the ECRH power. This region corresponds
to that of the effective confining potential which coincides to the radial profile of the plug-
ECRH power deposition. The phase resolution is estimated to be less than 1/200 fringe,

where 1 fringe equals to the line density of 5.1x1013 cm? at 70 GHz.

during t=90-140 ms. The vertical scale is 70 mm and the horizontal scale is 60 mm.

The imaging system is applied to the measurement of ECE. In the present experiment, the
optical thickness of the second-harmonic O-mode is estimated to be less than 1 in the plug-
cell plasma. The ECE signal starts to increase when the ECRH power is injected at r=90 ms
and continues to be observed after the bulk plasma disappears at =150 ms. This means that
the ECE signal is mainly attributed by the mirror-trapped hot electrons. The hot electrons
with energy up to 60 keV are produced by a combination of the ECRH-P and ECRH-B
powers, which is useful for the formation of thermal barrier potentials in a tandem mirror
plasma. It is shown that the ECE intensity for the simultaneous injection of the ECRH-P and
ECRH-B is much larger than the sum of the intensity for the individual injection of each
ECRH. This is due to the heating efficiency of the ECRH.

3.2. Performance test of LHD imaging system

The Airy pattern of a point source is measured in order to confirm the performance of the
optical system. A 140 GHz source is located at the position corresponding to the plasma
center. The source is imaged onto the detector array. The Airy patterns in the horizontal plane
are shown i1n Fig. 3. The magnification of the optical system is also investigated
experimentally, which agrees well with the designed value of 0.68.

The heterodyne characteristics of the MMIC detector are measured in a test stand using
two oscillators in the frequency range of 70-140 GHz. One oscillator is used as an LO signal
and the other as a radio frequency (RF) signal. Two signals are combined by a directional
coupler, and radiated to the detector through a waveguide antenna. The heterodyne IF signal
is fed to a spectrum analyzer. Figure 4 shows the heterodyne signal intensity as a function of
IF measured with a spectrum analyzer. It is noted that rather flat response from 0.2 GHz to 9
GHz is obtained in contrast to a hybrid detector using a beam-lead SBD, which is probably
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due to the method of housing of the semiconductor chip as well as due to the small
inductance of the signal line and the performance of the SBD. The present IF bandwidth,
however, is limited to 9-10 GHz. This is mainly caused by the bandwidth of the HBT
amplifiers. The IF bandwidth larger than 10 GHz is observed without HBT amplifiers. The
heterodyne conversion loss of the detector, determined by scanning the LO power is
estimated to be 8-12 dB at IF=3 GHz and LO frequency of 70 GHz.

4. SUMMARY

In summary, a millimeter-wave 2D imaging array has been applied to the GAMMA 10
tandem mirror. The optical system consisting of a parabolic mirror and an ellipsoidal mirror
installed inside the vacuum vessel is effective to ease the restriction of the view by the
vacuum windows. The imaging array successfully measures the time evolution of the second-
harmonic ECE profiles as well as the 3D line-density profiles.

The optics for ECE imaging on LHD are designed by using the similar method as the
GAMMA 10 system. The Airy pattern of a point source and the magnification factor at 140
GHz are in good agreement with the designed values. A novel detector using MMIC
technology has been fabricated in order to apply the high frequency ECE measurements. The
heterodyne characteristics of the detector are evaluated for various values of intermediate
frequency. The response up to 8-10 GHz is confirmed and the low LO power requirement is
identified. These are attractive to the measurement of ECE in large plasma devices.
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2-2  Electron Cyclotron Emission measurements by means of a Grating
Polychromator on the Large Helical Device

P.C. de Vries, K. Kawahata, Y. Nagayama, S. Inagaki, H. Sasao and Y Ito

National Institute for Fusion Science, 322-6 Oroshi-cho, Toki-shi, 509-5292 Japan

The electron cyclotron emission (ECE) spectrum at the Large Helical Device
(LHD) is measured by a l4-channel grating polychromator. During standard
operation the polychromator monitors 2™ harmonic frequencies (100 - 150 GHz)
with a spectral resolution of 1.5 GHz. At sufficient high density the 2" harmonic
X-mode polarisation is optically thick and can be used to determine the
temperature profile. However, the large magnetic field shear in LHD affects the
ECE polarisation. This effect has been studied numerically. The wave
polarisation was found to rotate in the laboratory frame. Experiments have been
carried out by means of a polarisation rotator in the diagnostic waveguide
system, which confirmed the calculations. By a proper setting of the polarisation
rotator, the rotation can be corrected and pure X-mode is detected. Temperature
profiles have been measured successfully by the polychromator.

Keywords: ECE Diagnostics, Mode Conversion, Large Helical Device

1. Introduction

The electron cyclotron emission (ECE) spectra from magnetised plasmas, in particular
tokamaks, have been used for many years to determine the electron temperature profile. The
analysis is straightforward. Different spectral components are emitted from a different
position in the plasma, depending on the magnetic field. Two polarisation modes exists for
ECE waves: X-mode with the electric field vector perpendicular to the magnetic field and O-
mode with a parallel electric field vector. The two polarisation modes have different refractive
indices and, hence, propagate differently through the plasma towards the diagnostic antenna.
A specific harmonic and polarisation mode of the spectrum is monitored, which is optically
thick, such that its intensity is proportional to the temperature.

However, the situation is more complex in the Large helical Device ( LHD: Ry=3.75 m,
a=0.6-0.9 m B,=1.5-3 T ). The magnetic field configuration of a helical system, like LHD,
differs from that of a tokamak. The field strength is a non-monotonic function of the radius,
hence one frequency can be emitted at various positions in the plasma. Furthermore, the
magnetic field is highly sheared. This large shear causes the propagation of the two
polarisation modes to be coupled, with as a result mode conversion and polarisation rotation.
The polarisation effects of the LHD plasma have been studied numerically [1]. A brief
overview of the results will be given in this paper.

Beside a heterodyne radiometer [2,3,4] and Michelson interferometer [2,4], a grating
polychromator is used to measure the ECE spectrum. The details of the diagnostic apparatus
will be described in section 2. Experiments have been carried out in order to determine the
polarisation of the ECE spectrum. In section 3 the results will be discussed and compared with
the theoretical calculations. In section 4 it will be shown that electron temperature profiles
can be resolved using the ECE spectra from LHD.
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2.  The grating polychromator at LHD

The advantages of a grating polychromator (GPC) are the high temporal resolution and the
possibility to utilise the system over a broad wavelength range: (Amax ~Amac)/Acenire= 0.4. The
grating polychromator at LHD is set-up in a Czerny-Turner mount in order to avoid a large
stray-light level. Grating polychromators have been applied to diagnose ECE radiation on
various devices. A 14-channel system is presently operated at LHD that will be described
below.

2.1 The waveguide system

The microwaves are received via the ECE diagnostic antenna and is 60m circular oversized
waveguide system [2]. The antenna views the plasma in the equatorial plane. A polarisation
rotator and a polarisation splitter directs the appropriate polarisation mode towards the GPC.
It was measured that a linear polarised wave rotates its polarisation over 33 ° while being
transmitted through the waveguide. As will be discussed later, the LHD plasma itself may also
cause a polarisation rotation. The polarisation rotator can be used to correct for these effects.
Before the entrance to the polychromator two low-pass-filters prevent higher order mode
radiation (The cut-off frequencies are: f = 248 GHz and f* =168 GHz). In order to prevent
damage by high power ECH sources, a notch filter was installed in the waveguide system [2].

2.2 The grating polychromator

Fig 1. shows the set-up of the grating polychromator. The circular waveguide is tapered to
rectangular WR284. The electric field vector of the wave is directed horizontally. The
microwaves enter via slit of /2 x 34.85 mm and two small mirrors (M1/M2). Via a collimating
mirror (M3: 300 x 300 mm) the microwave beam is focused on the grating (G: 300 x 300
mim). The grating consist of vertical grooves with a blaze angle of: 6,,..=20° Tt has an
efficiency of 0.7 - 0.9 in the wavelength range: A/d=0.5 - 1.2, i.e. (d=3 mm) f=200 - 83 GHz.
Gratings with a groove constant of ¢=2.3, 3 and 5 mm can be applied. The angle of the grating
can be adjusted mechanically. The blazed grating scatters its refraction pattern on a large
focusing mirror (M4: 600 x 300 mm) with a focus point of R=1500 mm.

2.2 Detectors and data acquisition
The mirror (M4) directs the different wavelengths into 14 detector entrance slits of: 10.2 x 50
mm (E-band waveguides), which are connected to the detectors. Each channel has a spectral
resolution of 4f ™= 2.5 GHz. The 14 liquid He-cooled detectors InSb diodes are mounted in
a cryostat.

Low-noise pre-amplifiers, with a tuneable gain of 40 or 60 dB, are directly mounted on
the cryostat. The signals are fed to the main amplifier/filter bank with gain settings of 1, 3, 10
x and filter settings of 10, 100 kHz and / MHz. The output can be digitised with a sampling
rate of 250 kHz for 2 s. For long pulse operation additional data is stored with a sampling rate
10 kHz.

3. The polarisation of electron cyclotron emission spectrum

The plasma is a refractive medium for microwaves. While the ECE waves travel from the
resonance, where they are emitted, towards the antenna, they can be refracted, re-absorbed or
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reflected. Because X and O-mode have different refractive indices, their propagation differs
too.

LHD has a specific magnetic field configuration (see Fig. 2). It has a maximum in the
centre and a large shear (B"*/B"" is of order unity at r=a). Thus, each frequency, emitted at a
different position, will have its X-mode polarisation under a different angel in the laboratory
frame. Furthermore, the shear causes the propagation of the two polarisation modes to be
coupled [5].

3.1 Coupled propagation in LHD
If E, and E are the local electric fields of O and X-mode wave, the coupled wave equations of
both modes can be written as [5]:

d*E,  ° ) dE do
+ (&N —¢E, =42p—2 + E, —,
dr? (cz x =9k, ¢ dr tdr
d’E, @ ., ., dE de¢

+ N:—-¢E =-2¢—"-E,—,
dar? (cz 0o ~9IE. =29 ar "adr

where, N, and N,, are the refractive indices for X and O-mode, respectively and ¢ is the
gradient of the magnetic shear (see Fig. 2). In tokamak plasmas, were the shear is negligible,
one finds the wave equations to be uncoupled. The coupled wave equations were solved for
typical ECE frequencies, along their path towards the antenna. At the resonance, absorption
and emission were determined according to the proper absorption and emission constants [6].

It was found that strong mode conversion occurred in low-density plasmas (. < 0.25
10" m™). However, at higher densities the orientation of the waves electric field vector
rotated with the sheared magnetic field in the laboratory frame. In the case of X-mode it
remained perpendicular to the field and mode conversion was negligible. In Fig. 3 the angle of
the polarisation at the plasma edge for all 2" harmonic frequencies is given for different
densities. At low densities all frequencies exit the plasma under different angles, but at higher
densities they undergo polarisation rotation, and exit under approximately the same angle,
@=35° Polarisation rotation becomes stronger if the refractive indices of X and O-mode
differ, and hence depends indirectly on the density.

Polarisation rotation is profitable, because, X and O-mode can de separated in LHD.
Calculations showed that due to the large optical thickness of 2" harmonic X-mode, wall
reflections and emission from the second resonance are re-absorbed before they reach the
antenna [1,7].

3.3 Experiments on polarisation
Experiments have been performed in order to verify the polarisation the ECE spectrum.
During long pulse operation, the polarisation rotator was turned. The setting of the
polarisation rotator was monitored by the data acquisition system. The plasma was sustained
by Neutral Beam Injection (NBI) for 6 s. A magnetic field of B,=2.75 T was used. The
results are plotted Fig. 4. The central density increased from n., =1.5 to 1.810° m> , yielding
a decrease of the central temperature. The angle of the polarisation rotator is changed between
0 and 120° One of the Grating Polychromator channels (f = 150 GHz, R, = 3.7 m) is
plotted. The optical depth of O-mode is always smaller than, 7 < 0.03 but the X-mode
emission is optical thick (7 > 5). Thus the intensity for this frequency, usually matches the
central electron temperature. However, the rotation of the polarisation causes a large
oscillation.

In Fig. 5 the ratio between the radiation temperature and electron temperature is plotted
versus the angle. This is the real angle of rotation in the LHD laboratory frame, i.e. the
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polarisation rotator angle corrected by the offset rotation (see 2.1) in the total waveguide
system. An oscillation is observed with a maximum at, @ = §a)=359 when T“ = T* = T,,,.
While a minimum is found if pure O-mode is detected. The O-mode intensity is about 70% of
that of X-mode. This high level can be explained by wall X-mode waves that are converted to
O-mode upon reflection at the wall, which can propagate without re-absorption through the
plasma [1,7]. At intermediate angles a mixture of X and O-mode is measured. The radiation
temperature as a function of the polarisation rotator angle, ¢, for a given spectral component
®, can be given by,
T(a) =T " cos*(@—8(a)) + T sin?(a — 8(a)),

where it is assumed that the wave undergoes perfect polarisation rotation up to the edge of the
plasma. If the X-mode is optically thick and the intensity and the O-mode is 70% of that of X-
mode (calculated with an arbitrary reflection coefficient of the LHD wall of p=0.95 and a
mode conversion fraction of 7=0.1 caused by the reflection [1,7] ), the above equation can be
plotted in Fig. 5. A nice match between the measured and calculated curve is found.

4. Temperature profiles

During standard operation the polarisation rotator is set, such that it corrects for the rotation
caused by the plasma, and hence, X-mode is fed to the GPC. Small variations in the
polarisation angle, caused by changes in the magnetic field configuration, the position of the
plasma edge, or non-perfect polarisation rotation are found to be negligible during normal
operation.

Temperature profiles have been measured successfully by the grating polychromator
during the last experimental campaigns of LHD. The first measurements will be discussed in
this section. Discharges with B, =2.75 T have been analysed using a grating constant of d = 3
mm (incident angle of -4.4 °) covering the frequency range of, /50 - /00 GHz. A radial
coverage of, r/a = 0 - 0.89 was achieved. Because the magnetic field is a non-monotonous
function of the radius in LHD (see Fig. 2) only information of the outside ECE resonance, and
thus, half of the temperature profile can be obtained by the GPC. A second antenna, viewing
from the opposite side, is required to reveal the inside profile [4].

4.1 Cross-calibration and comparison with Thomson scattering

The GPC is cross-calibrated against temperature profiles measured by the Thomson scattering
diagnostic. For this purpose high density discharges (n, > 2-10'° m”) are used, heated by
neutral beam injection (NBI) with central electron temperatures of 2 keV.

The temperature profiles measured by Thomson scattering and the GPC matched over a
large parameter range: n, >1.0 -10”’ m>and 7, = 1 - 3.5 keV. A comparison is shown in Fig.
6, where the temperatures of 3 GPC channels (ch. 13: r/a = 0.08, ch 8: r/a=0.49, ch4:
r/a=0.74) compared with that given by Thomson scattering. The temperatures of the 2
discharges which are plotted decreased in time.

4.2 Measurements during ECH

The use of electron cyclotron heating (ECH) highly disturbed the grating polychromator
signals. The plasma is initially ionised by ECH (f=83 GHz). In this initial low-density phase,
extreme radiation temperatures up to 8 keV were detected, due to ECH generated non-thermal
electrons.
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During simultaneous heating of high density plasmas ( n, >1.5-10"° m™) by NBI and
ECH non-thermal electrons did not affect the measurement. Nevertheless, it was found that
ECH also disturbed the GPC signals directly by an increased stray-light level. It caused a
sudden jump in signal when ECH was switched on or off. Fluctuations in the stray-light level
enhanced the noise. Although the monitored frequencies are far from the ECH frequency still
several 10 eVs of stray-light were detected, despites of the notch filter in the waveguide. The
averaged stray light level increased for lower frequencies, closer to the ECH frequency. At
higher densities, when more ECH power is absorbed in the plasma, the stray-light decreased.

4.3. Temperature profiles during NBI

Temperature profiles have been measured during neutral beam injection. During NBI heating
the density is generally higher than ( n, >/.0-10'° m™) thus the outer resonance is sufficient
optically thick.

Typical density profiles in LHD are flat, or slightly hollow, yielding quite peaked
temperature profiles. Over a wide range of densities and temperatures, the temperature profile
shape is very rigid. A characteristic LHD temperature profile with the almost triangular shape:
T(rla)=T,(1- (r/a)'*%) was found by fitting to the profile data.

Changes in the profile shape have been observed during central heating by ICH and after
pellet injection. In the last case, cooling of the plasma edge by radiation and extreme hollow
density profiles yielded a peaking of the temperature profile.

In Fig. 7 an example is shown of the temporal behaviour of the temperature profile. In
this discharge (#8733) 5 pellets were injected, yielding an increase in density and a subsequent
decrease in temperature. The plasma energy reached 754 kJ at the end of the NBI phase. After
each pellet, a hollow density profile caused a fast peaking of the temperature profile. The
change in profiles can be clearly seen in Fig. 8a and b. The profiles are shown at t=0.81 s, just
after the before the pellet and at r=0.82 s. The hollow density profile results in a peaking of
the temperature profile.

5. Conclusions

The large shear of the magnetic field in LHD might cause problems for the analysis of ECE
spectra. The effect of the polarisation due to this large shear has been studied numerically as
well as experimentally, by means of a polarisation rotator and a 14-channel grating
polychromator.

At high enough density, mode conversion was found to be negligible. Calculations
showed that in this case the polarisation of the ECE waves rotate in the laboratory frame. This
rotation has been confirmed experimentally. If this rotation is not taken into account, a
mixture of X and O-mode will be detected. A polarisation rotator is set in the waveguide
system to correct for this effect.

Hence, 2™ harmonic X-mode spectra can be monitored. Temperature profiles have been
successfully measured by the LHD grating polychromator.
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Fig. 2: The magnetic field configuration in the line-of-sight of the diagnostic antenna. The
magnetic field amplitude, the shear, & =atan(B""/B""), and its derivative, ¢, are plotted.
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2-3  Electron Cyclotron Emission Diagnostic Systems
for Electron Temperature Perturbation Measurement in JT-60U

A. Isayama, N. Isei, S. Ishida, M. Sato and JT-60U team
Japan Atomic Energy Research Institute, Naka Fusion Research Establishment

1. Introduction

In JT-60U, there are three electron cyclotron emission (ECE) diagnostic systems [1],
which are the Fourier transform spectrometer system [2], the 20-channel grating
polychromator system [3] and the 24-channel heterodyne radiometer system [4]. The Fourier
transform spectrometer system is absolutely calibrated using liquid nitrogen, and its result is
used for relative calibration of the grating polychromator system and the heterodyne
radiometer system. The grating polychromator system and the heterodyne radiometer system,
whose temporal resolution is 20 ps, are used for the measurement of electron temperature
perturbations. In this paper, recent development and results of these ECE diagnostic systems
are described.

2. The Heterodyne Radiometer System

A heterodyne radiometer is advantageous in that electron temperature perturbations
can be measured with high signal-to-noise ratio. In JT-60U, the heterodyne radiometer system
is mainly used for measurement of structure of electron temperature perturbations. In 1999,
the number of channels was doubled to 24 by adding a new heterodyne radiometer. By using
this system, ECE ranging from 176 to 200 GHz can be measured. Schematic diagram of the
new heterodyne radiometer is shown in Fig. 1. It is composed of two components: ‘front end’
which converts the high frequency ECE to intermediate frequency (IF) and ‘back-end” which
ditect, divide and filter the IF signal. A Gunn oscillator with 91 GHz and a doubler is used for
the local oscillator. Inputted ECE signal is firstly filtered to reject the heterodyne image band
ranging from 164 GHz to 176 GHz. After then, the ECE signal is mixed with the signal from
the local oscillator and converted to intermediate frequency (6-18GHz). At the back-end, the
IF signal is divided into the 12 channels. Each channel contains a bandpass filter and a video
detector. Band width of the filter is fo+ 0.25 GHz. Here, fo is the center frequency of the
bandpass filter which ranges from 6.5 to 17.5 GHz at | GHz intervals. The system noise of
the heterodyne radiometer is 12 dB, and the noise temperature is about 4300 K. Linearity of
the output is kept within £5% in the range from -50 dBm to -20 dBm. After the detection, the
signal of each channel is sent to isolation amplifier and analog-to-digital converter, and it is
finally sent to the data acquisition computer through optical fibers.

After the upgrade of the heterodyne radiometer system, measurement range is extended
as follows: R=3.7 - 4.2m for B(=4.0 T, R=3.3 - 3.7 m for B{=3.5 T and R=2.8 - 3.2 m for
B=3.0 T. The range is shown in Fig. 2. By using the upgraded heterodyne radiometer, the
whole structure of various MHD modes, such as tearing mode in the steady state high B,
mode discharges [5, 6] and the barrier localized mode, which is a kind of
magnetohydrodynamic instability localized near the internal transport barrier, in the reversed
shear discharges [7] can be measured.

One of the disadVantages of the heterodyne radiometer is that the measurement points
can not be chosen freely but uniquely determined by the value of the toroidal field. Thus, if
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the heterodyne radiometer for JT-60U is used in low field discharges such as Bi=2.1T, the
measurement points locates outside the plasma. Furthermore, in the low field region, the
grating polychromator is not available because of low signal-to-noise ratio. In order to
measure the electron temperature in the low field region, the heterodyne radiometer for JFT-
2M is installed. Since the design of the IF component is similar in both radiometers, only the
RF component is replaced. The schematic diagram of the radiometer for JFT-2M is shown in
Fig. 2. The radiometer contains a 96 GHz and a 34 GHz Gunn oscillators, and can measure
ECE ranging from 100 GHz to 124 GHz at interval of 1 GHz. The measurement range, which
is shown in Fig. 3, is as follows: R=2.8 - 3.4 m for B;=1.9 T, R=3.2 - 3.8 m for B=2.1 T and
R=3.7 - 4.4 m for Bi=2.4 T. An example is shown in Fig. 4, where toroidal field is 2.1 T.
Sawtooth oscillations are clearly observed in this figure. The inversion radius can be also
determined using this radiometer. The information is also important for the measurement of
safety factor using the MSE (Motional Stark Effect) polarimeter.

In 1999, electron cyclotron wave injection system was installed aiming at the local
heating and current drive. The frequency of the electron cyclotron wave is 110 GHz, and the
maximum power is 1 MW at the gyrotron output. Power deposition can be controlled by a
steerable mirror. Toroidal injection angle is fixed at about 15°. In 1999, tearing mode
stabilization experiment was carried out using the EC injection system. Typical waveform of
the discharge, where m/n=3/2 mode is destabilized, is shown in Fig. 5. Profiles of amplitude
and phase of electron temperature perturbations in this discharge measured by the heterodyne
radiometer is shown in Fig. 6. The amplitude is normalized by DC component of the electron
temperature. The amplitude becomes small, and the phase is inverted across R=3.62 m, which
suggests that the center of a magnetic island locates at this position. The optimum injection
angle was determined from the measurement of the heterodyne radiometer so that the EC
wave can pass the center of the island. After the EC wave injection, magnetic fluctuations
with n=2 measured by saddle coils were slightly decreased. Electron temperature
perturbations near the center of the magnetic island were also decreased. However, so far,
disappearance of the magnetic fluctuations and electron temperature perturbations, which
suggests complete stabilization of the tearing mode, is not observed in a sequence of the
discharges. The tearing mode stabilization experiment is planned after the increase of the
injection power (up to 3 MW) in 2000.

3. The Grating Polychromator System

The grating polychromator system is advantageous in that the measurement points can
be freely changed by changing the grating mirror angle. In JT-60U, the grating polychromator
system is mainly used for measurement of electron temperature perturbation spreading to
wider spatial region. Schematic diagram of the grating polychromator is shown in Fig. 7. ECE
is firstly led to the polychromator which contains a grating mirror. The channel separation can
be changed by replacing the grating mirror. Usually the grating mirror whose pitch is 1.6 mm
is used. In this case, the channel separation is typically 6 cm in major radius. The frequency-
resolved ECE is led to the InSb detectors through 20 waveguides. The detectors are cooled at
4.2K by a refrigerator. Since the refrigerator makes mechanical noise, three of the detectors
are used for measurement of the noise. The noise is mainly composed of 2 Hz and 50 Hz
components. The former is removed at the preamplifier by using a canceling circuit. The
latter is removed by a numerical filter. After the preamplifier, the signals are led to the filter
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amplifiers, and then to analog-to-digital converters. Finally they are sent to the data
acquisition computer through optical fibers. It was found that EC wave from the ECH/ECCD
system can reach the detectors as stray light even when the measurement frequency region
does not overlap with the EC wave frequency. In order to reject the EC wave, a high pass
filter, which has —60dB attenuation, was installed. Time evolution of ECE signal measured by
GPS before and after the installation of the highpass filter is shown in Fig. 8. As is shown in
this figure, the EC wave is completely rejected, and electron temperature during the EC wave
injection can be measured.

By using the grating polychromator, electron temperature perturbations, such as
sawtooth oscillations and disruption precursor, were observed. In a sequence of the reversed
shear discharges, a collapse is often observed even in low beta region. In Fig. 9 (b), time
evolution of stored energy measured by diamagnetic loops is shown, where a collapse occurs
at t=5.15 sec. Time evolution of electron temperature near the collapse is shown in Fig. 9 (¢).
At t=5.131 s, electron temperature is slightly increase near the edge and the first collapse
occurs at t=5.133 s. By this collapse, electron temperature at the outer region (1/a=0.31)
suddenly decreases. On the other hand, electron temperature at r/a=0.23 slowly decreases, and
that at r/a=0.17 does not decrease so much at the collapse. At t=5.1382 s, the second collapse
occurs, and electron temperature at r/a=0.23 suddenly decreases, and that at r/a=0.17 slowly
decreases after the collapse. At the third collapse at t=5.1504 s, sudden decrease in electron
temperature is observed at r/a=0.17. Phase inversion of the electron temperature
perturbations, which suggests the formation of magnetic islands, is also observed before the
third collapse. From this process, it is thought that this collapse is caused by an external-kink
mode. In a sequence of the reversed shear discharges, many kinds of precursor are observed.
However, the cause of the collapses are not completely understood. Further analysis is being
done.

When the steep ITB is formed in electron temperature, there is one (sometimes no)
GPS channel which measure the change of the electron temperature. In those discharges, the
wide channel separation of the grating polychromator becomes serious. In order to narrow the
channel separation, a new detector system will be installed in early 2000. Since twenty
waveguides are inserted between the existing waveguides, the channel separation becomes a
half. The twenty detectors are cooled by liquid helium held by a cryostat whose diameter is
about 50 cm. We chose the cryostat instead of a refrigerator in order to reduce noise. It is
expected that the mechanical noise which is observed in the existing system is not observed at
all in the new system. The measurement will be started in April.

4. Summary

ECE diagnostic systems for electron temperature perturbation measurement are
described. In the tearing mode stabilization experiment, the location of the magnetic island
was determined by using the upgraded heterodyne radiometer system. The optimum injection
angle for the EC wave was determined from this measurement. Electron temperature
perturbations in low field region were measured by installing the heterodyne radiometer for
JFT-2M. The results on the sawtooth inversion radius were also informative for calibration of
the MSE polarimeter. Disruption precursor in the reversed shear discharge was measured by
the grating polychromator. In one of the discharges, mini-collapses were occurred from the

edge region, which suggests that one of the candidates for the collapse is an external kink
mode.
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Abstract

Pulsed radar reflectometer is the suitable reflectometric technique, in order to
study the effect of the strong magnetic shear on polarization of microwave in the Large
Helical Device (LHD). Because pulsed radar reflectometry is measured the delay time
of the reflected wave, it can be distinguished between X-mode and O-mode polarized
wave. At X-mode operation it is found the position of the ergodic edge layer is steady
in spite of the increased density in the core region during neutral beam is injected. If
the electron density is not reached to the critical cutoff one, the pulsed radar system
could be used as a delayometer. The measured delayometer signal is almost in
agreement with the numerical calculation using the assumption which the polarization
of the propagated wave into the plasma is decided at the edge region, nevertheless the
angle of the magnetic field line to the magnetic axis is changed in the propagated
direction of the launched wave.

Introduction

It is very important to know the edge density profile and fluctuation
information for the magnetic confined devices. In order to measure these plasma
parameters with high temporal and spatial resolution, we try to apply microwave
reflectometer on LHD. Reflectometer is a compact system and needs a small access to
the device and also has a higher resolution than conventional diagnostic methods. In
the world there are several types of reflectometers such as; FM-CW reflectometer, AM

reflectometer, pulsed radar reflectometer, ultra-short pulse reflectometer, homodyne
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reflectometer, heterodyne reflectometer, correlation reflectometer, etc. On LHD, we
have been applied three types of reflectometer system. One is three-channel
homodyne reflectometer for NBI interlock'. Second is pulsed radar reflectometer for
density fluctuation measurement. Third is FM reflectometer for density profile
measurement.

In this paper we are concerned with especially pulsed radar reflectometer.
Because LHD is complex structure of the magnetic field configuration and also has a
large magnetic shear, the launched microwave may become complicated behavior®. In
order to study this effect of the strong magnetic shear on polarization of microwave, we
think the pulse radar reflectometer is the suitable reflectometric technique. Because
pulsed radar reflectometry is measured the delay time of the reflected wave not to be
measured the phase, it can be distinguished between X-mode and O-mode polarized

wave even if the mode conversion and/or polarization rotation is occurred.

Pulsed radar reflectometry

The schematic of U-band pulse radar reflectometer system is shown in Fig. 1.
A 51GHz Gunn oscillator is used as a source. The output power is 50 mW. PIN
switch is used as a pulse modulator. The separate, transmitter and receiver horns are
used in order to avoid the mixture of spurious reflecting components in the waveguides,
vacuum window, etc. The antenna is a conical horn with teflon lens for focusing the
microwave beam and can be moved horizontally using a remote controller. The
reflected wave picked up by the receiver horn is mixed with reference a 39 GHz
microwave in a mixer. The IF signal is filtered by band-pass-filter and then detected
of the envelope of the reflected wave. The detected pulses are fed to diagnostics room
using electro-optical converter. And then time-of-flight (TOF) measurement is carried
and the data is acquired by CAMAC (Aurora 14 with a IMword memory) and windows
NT based personal computer. The launched pulse is measured just after PIN switch to
avoid the jitter of the pulse generator and PIN switch, and we measure the time
difference between the launched pulse and the reflected one. The pulse width is
around 2ns. The repetition rate is 250 kHz in the standard condition because the TOF
measurement system is required the condition that the repetition rate is less than 400
kHz.

Figure 2 shows the characteristic frequencies in the condition that the magnetic
field strength is 2.75T and the magnetic axis position is 3.6m in the standard operational
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mode in the LHD 3rd cycle. When we use the X-mode right-hand cutoff, we can
measure in the range where R=4.5-4.55m for 51GHz and R=4.2-4.55m for 60GHz.

Experimental results

LHD plasma is usually ignited by ECH and then neutral beam is injected. It
is found that the ergodic region and the edge surface layer are constructed steadily in
Fig. 3(a). The reflected position is changed about 5 ¢cm during the time is changed
from at (1) to at (2), so that the delay time is changed about 7 ns. Figure 3(b) shows
the power spectrum density at these two times. Fluctuation level of the ergodic region
is 20 times larger than the inner plasma region. A coherent mode is sometimes
appeared and its frequency is about 1-3kHz.

We also applied E-band (60 GHz) pulse reflectometer system. It is found the
reflected position is inner than the case of 5SIGHz. When the edge density is grown up,
the cutoff position is close to outer edge surface layer. So, it is found that if we
construct multi channel reflectometer system, the density profile can be measured.

When we launch both X/O-mode microwave pulse simultaneously, two

reflected pulses can be measured. The time evolution of the delay time is shown in Fig.
4. During t=2.0-3.5 s the launched wave is reflected from two plasma layers by X-
mode cutoff. We think that it is caused by the reflection from the divertor legs. At
=3.8 s the wave is penetrated and reflected from inner wall by O-mode propagation.
It is found the both polarized microwaves can be propagated. Especially, O-mode
wave is propagated through plasma as it is. So if we modify the TOF system, it is
found that the system can be measured both reflected signal and compared the behavior
of density and magnetic fluctuation.

If the electron density is not reached to the critical cutoff density, the pulsed
radar system could be used as a delayometer. The interferometer is measure the phase
difference caused by the plasma, on the other hand the delayometer is measure the time
delay by plasma. The merit of the delayometer is not to be arisen any phase jump. In
Fig. 5 the solid line is the numerical calculation using the millimeter wave
interferometer data and the assumption that the polarization of the propagated wave into
the plasma is X-mode. The delayometer signal is almost in agreement with the
numerical result, nevertheless the angle of the magnetic field line to the magnetic axis is

changed in the propagated direction of the launched wave.
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Summary

For the density fluctuation measurement, the pulsed radar reflectometer system
has been applied on LHD. It can be recognized the polarized waves and measured the
edge ergodic plasma fluctuation. Initial experiment of delayometric measurement is
carried and its signal is almost agreement with numerical calculation using the
assumption which the polarization is decided at the edge region.

Multi channel pulsed radar reflectometer system is planed to measure the
correlation and profile measurement. For the detailed study of the effect of the
magnetic shear to the wave propagation, the waveguide rotator is planning to be added.
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Abstract Novel millimeter wave imaging diagnostic techniques for the study of
plasma turbulence, i.e., the Electron Cyclotron Emission Imaging (ECEI) of
plasma electron temperature fluctuations, and the Microwave Imaging
Reflectometry (MIR) for plasma density fluctuation measurements, are discussed.
ustrative experimental results of ECEI are presented.

1. Introduction

Anomalous plasma transport remains an outstanding issue in magnetic fusion studies.
One of the main reasons limiting the understanding of this important phenomenon is the
difficulty in acquiring detailed fluctuation data, especially in the high temperature plasma core
region [1,2]. It was not until 1993 that plasma core electron temperature fluctuations (7~‘e) were
measured by applying the intensity interferometric technique to Electron Cyclotron Emission
(ECE) diagnostics [3]. However, it was soon realized that relatively poor spatial resolution
(compared to that required by fluctuation studies) and the one-dimensional nature of
conventional ECE radiometers have limited the available information of 7:8 [2,4]. This has led

to the appearance of a novel ECE diagnostic, Electron Cyclotron Emission Imaging (ECEI),
which utilizes compact millimeter wave imaging arrays as the heterodyne receivers [2,5,6].
This unique two-dimensional diagnostic has excellent spatial resolution, and has been
successfully applied to fluctuation studies in the TEXT-U and RTP tokamaks [2, 5,6]. New
information such as poloidal wavenumbers and 2-D structures of the fluctuations have been
obtained [2,7].

In a separate development path, microwave reflectometry has been utilized to study
plasma density fluctuations (n,) for more than two decades [8]. However, this radar-like
method retrieves the target information from the group delay of the reflected microwave signal
along the sight line. This inevitably is modulated by the plasma fluctuations transverse to the
sightline, so that quantitative interpretation of the data is very difficult [8]. Recently, it has been
proposed that the imaging approach can solve the ambiguity in reflectometric measurements of
plasma density fluctuations [8,9].

In Sec. 2, the main aspects of the implemented ECEI diagnostic systems are described,
along with representative experimental results. New developments in imaging diagnostics,
which includes microwave imaging reflectometry (MIR), and the combined three-dimensional
ECE and reflectometric imaging diagnostic, are discussed in Secs. 3 and 4, respectively.
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2. ECE Imaging of Plasma Electron Temperature Fluctuations

2.1ECE Imaging Diagnostic

Electron cyclotron emission (ECE) radiometers have been standard diagnostics for
measuring plasma electron temperature profiles in tokamaks since 1974 [10]; and recently, the
have been utilized to study the electron temperature fluctuations in the plasma core [3,4,11].
Conventional ECE diagnostics measure electron temperature profiles by using a single
antenna/receiver aligned along a horizontal chord in the direction of the major radius.
Therefore, 2-D measurements are impossible with this single sight line arrangement. The
spatial resolution of such a system in the transverse direction of the sight line is limited by the
divergence of the Gaussian beam pattern of the antenna, typically about 2 to 5 cm for small to
medium size tokamaks [12]. As the sample volumes of conventional ECE radiometers are
aligned radially, it is impossible to measure the poloidal wavenumbers of the turbulence, which
is essential for understanding the relation between drift wave turbulence and anomalous
transport of tokamak plasmas [2,11]. Thus, it is desirable to construct diagnostics with
poloidally separated sample volumes. It is expected that drift wave fluctuations have peak
power at poloidal wavenumbers of about kg ~2cm™ [13]. Therefore, it is important to

improve the spatial resolution of the ECE diagnostics to < 1 cm, so that the systems are

sensitive to fluctuations of kg < 3em™.

To meet the above requirements, a novel ECE radiometer, the ECE Imaging diagnostic,
has been developed and applied to the TEXT-U and RTP tokamaks [2,5,6]. The principle of
the diagnostic is illustrated in Fig. 1. Instead of a single receiver located in the tokamak
midplane as in conventional ECE radiometers, the ECEI systems utilized the hybrid millimeter
wave imaging arrays as the receiver/mixers. Shown in Fig.2 is the mask layout of the ECEI
arrays. In the system, the elements of the arrays are aligned vertically, and measure at the same
frequency, so that the sample volumes of the imaging systems are vertically aligned in the
plasma. The horizontal position of the sample volumes are determined by the magnetic field
strength and the ECE frequency, or the LO frequency of the diagnostic systems. By varying the
magnetic field strength or the LO frequency, the sample volumes can be scanned through the
plasma cross section to achieve two-dimensional measurements. As all the sample volumes are
positioned at the focal plane of the imaging optics, i.e., the Gaussian beam waist location,
excellent spatial resolution of about 1 cm is achieved.

Imaging Imaging Focal Plane of @
Array Optics ECE Imaging

Fig.1 Schematic of the ECEI
diagnostic, showing the imaging
array and the imaging lenses.
The sample volumes can be
scanned horizontally (see text).
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Fig. 2 Mask layout of the RTP ECE Imaging array.

Shown in Fig. 3 is the schematic of the RTP ECEI system. The motorized frames can be
translated horizontally to maintain good spatial resolution, when the sample volumes are
scanned across the plasma cross-section. From laboratory tests, it is found that for both the
TEXT-U and RTP systems, the interchannel spacing is about 1.3 cm. The beam waist
(diameter at 1/e intensity) is about 1 cm for the middle channels. This value increases to about
1.5 cm for the edge channels due to spherical aberrations and edge diffraction, mainly due to
limited port size.

To Thomson Scattering Imaging Lenses Beam Splitter z

f\

Fig. 3 ECE Imaging diagnostic system implemented on the RTP tokamak. The beam splitter
allows the ECEI system and the Thomson scattering system to measure along the same vertical
chord of the plasma.

2.2Examples of Experimental Results

Shown in Fig. 4 are the cross power spectral density and cross phases of T, fluctuations
measured by the ECEI system in TEXT-U [2]. Two sets of data are obtained from identical
plasma conditions, except that in one set of the discharges, the ECEI system is translated
horizontally so that the sample volumes are increased from 1 cm to 2.7 cm (defocused). It is
seen that, with degraded spatial resolution, the measured cross power spectral density and
cross phases are attenuated due to the sample volume effects [14]. This illustrates the advantage
of high spatial resolution ECEI system in plasma fluctuation diagnostics. More results are
presented elsewhere [2,7].
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Fig. 4 Sample volume effects in the measurement of drift wave fluctuations (70-170 kHz). The
measured cross power spectral density (a) of T, fluctuations is decreased by ~30%, while the
cross phases (b) are decreased by ~10% when the sample volumes are increased from 1 cm to
2.7 cm.

3. Microwave Imaging Reflectometry of Plasma Density ¥Fluctuations

As conventional radar-type reflectometers measure the reflected wave at a single point far
away from the plasma cutoff layer, it is impossible to resolve the complicated interference
pattern originating from complicated plasma fluctuations [8,9]. Therefore, accurate
interpretation of the data is impossible. In view of this difficulty, Mazzucato has recently
proposed the concept of imaging reflectometry [9], in which the plasma reflection layer is
imaged onto the detector array. Equivalently, an array of detectors simultaneously measure at
the plasma cutoff layer, so that the fluctuation structures can be resolved. Shown in Fig. 5 is a
schematic of a microwave imaging reflectometer (MIR) being designed for the TEXTOR
tokamak. It differs from the ECEI system [Fig.(1)] in that optics is required for illumination of
the plasma cutoff layer, and that the imaging optics needs to be designed to match the curvature
of the cutoff layer, which may vary with plasma conditions as well as the frequency of
measurement.

Imaging Beam  Imaging Plasma Cutoff @
Array  Splitter  Optics Layer

Illumination
Source

Fig. 5 Schematic of Microwave Imaging Reflectometry.
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4. 3-D ECE and Reflectometric Imaging of Plasma Turbulence

As a next step of the millimeter wave imaging diagnostic development, two dimensional
imaging arrays will be developed and will be utilized to construct 3-D microwave imaging
diagnostic systems, as shown in Fig. 6 [2,9,15]. These systems will combine the ECE imaging
diagnostic and the reflectometric imaging diagnostic, so that both the electron temperature and
density fluctuations as well as the correlation between these fluctuation quantities can be
measured simultaneously. It is expected that new information obtained in this fashion will
further advance the understanding of plasma microturbulence and related anomalous transport
phenomena [2,9,15].

Lens C

139 GHz ) 98 GHz
Dichroic . Dichroic
Plate, Plate

Gunn Okcs.

Fig. 6 Schematic of 3-D ECE and Reflectometric Imaging Diagnostic
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2-6 Development of O-mode reflectometer for density fluctuation measurement
on JT-60U

N. Oyama and K. Shinohara

Naka Fusion Research Establishment, Japan Atomic Energy Research Institute, Naka-machi,
Naka-gun, Ibaraki 311-0193, Japan

Abstract

The study of relation between turbulence and transport is very important to understand
characteristics of the internal/edge transport barrier (ITB/ETB). Recently, core correlation
reflectometer using X-mode propagation has been installed on JT-60U tokamak. In order to
complement the reflectometer system as to the dependence of measured point on toroidal
magnetic field, we have been designed 3ch O-mode reflectometer system.

The 34 GHz fixed frequency reflectometer has been measured density fluctuations in the
O-mode reflectometer system as a start. Clear change of the fluctuation spectra in low-
frequency region, f < 40 kHz, at the H-L back transition and abrupt increase of density
fluctuation in high-frequency region, f > 100 kHz, at starting X-point MARFE activity are
observed.

L. Introduction

JT-60U has achieved high performance plasma up to Qpr = 1.25 in the reversed
magnetic shear (RS) plasma[1]. Then, to realize the steady-state operation as well as high
performance is the next step to the fusion reactor. In such plasma, the internal transport barrier
(ITB) is the key to improve plasma confinement. Therefore, the ITB physics such as formation
conditions, controllability by changing plasma rotation and so on are under investigation. The
relation between transport and turbulence is also important to understand the physics related
to the transport barrier. A reflectometer is one candidate to measure the fluctuations in such a
high energy plasma. Therefore, the X-mode core correlation reflectometer has been applied to
the fluctuation measurement in ITB region.

The X-mode core correlation reflectometer, which has been developed in collaboration
with Princeton Plasma Physics Laboratory, successfully measured the decay length of density
fluctuations as shown in Ref. [2-3]. The frequency range of the system is optimized for
toroidal magnetic field, Br, from 3.3 to 4.0 T in a consideration of typical density profile.
Therefore, the system can not measure in lower Bt discharges due to the disappearance of cut-
off layer. In typical density case, there is no cut-off layer in a discharge of Br < 3.0 T.
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On the other hand, using O-mode propagation, the cut-off layer depends only on the
electron density. In order to measure various case of plasma configurations, 3ch O-mode
reflectometer has been designed for density fluctuation measurement to complement X-mode
system.

II. Instruments

The targets of O-mode reflectometer is the change of fluctuation during formation of the
transport barrier, H-L and L-H transition, ELM and MARFE activity and so on. These targets
are varying from edge to core plasma region. To cover these region, we chose 3 frequencies,
34GHz fixed, 34 to 40GHz selectable and 50GHz fixed, which correspond to the cut-off
density of 1.43, 1.43-1.98 and 3.10 x10"° m>, respectively. Examples of target plasma are
shown in Figure 1.

SSRS_ E34787

HighB,-H
5 Hig Bp-H E3s106 5
- 4| R [506Hz | = 4 |50GHz
> 3| > 3 -
1) o ¢ 34-40GHz
o 1} o 1

0 34GHz A 0 34GHz

0O 020406 08 1 0O 020406 08 1

r(m) r(m)

Fig. 1 Typical density profile measured with the YAG Thomson scattering system [4]
together with the cut-off position of each frequency. Left figure is high B,-H mode plasma in
relatively high density case and right one is steady-state reversed magnetic shear plasma with
L mode edge.

The transmission line which consists of corrugated waveguide was shared between X-
mode and O-mode system to measure the same location of a plasma and to avoid the
limitation of diagnostics port. Two separate lines for the incident wave and the received wave
are used to reduce the cross talk and each line has focusing antenna with steering system
which can control poroidal and toroidal mirror angle independently. The transition from
rectangular waveguide in Q-band to corrugated waveguide for O-mode system using horn
with lens is directly connected to the wire-grid beam splitter which acts as the polarization

separator.



JAERI—Conf 2000—007

Figure 2 shows the schematic of millimeter-wave section of the O-mode reflectometer.
There is some difference among each channel, but basically each channel is configured as a
heterodyne system having two separate sources. They produce two intermediate frequency (IF)
signals, one comes from the plasma, IFsg, and the other is used as a reference, IFrgr, with the
frequency of 140 MHz. The optical fiber link system, which can transfer the signal in the
frequency range from 10 MHz to 1.5 GHz, carries these IF signals from Torus Hall to
Diagnostic Hall. The quadrature-type phase detection system provides sin- and cosine-
components, E,sind and E,cos#, in each channels. The outputs are acquired by PC-based 12
bit digitizer with 4 MW memory and then stored on the magneto optical (MO) jukebox via
network file system (NFS) as shown in Fig. 3.

34GHz
RF )
n, » To PLASMA
- 7 7
/ / From PLASMA
IF si
LO2 8 )
(140MHZ)$
P 34-40GHz ) 50GHz
RF
IF ref
LO LX) e /
IF sig J
\IF ref IF sig )

Fig. 2 Schematic of millimeter-wave section of the O-mode reflectometer.

Torus Hall — —Diagnostic Hall — e ~Control Room ~
(-voptical fink system SM fiber | [opticallink system Net
» Workstation
**IQ % 6— nnnn
> PC

/ / N W‘ Quadrature
3440 Phase
34GHZ GHZ GPIB TEN Y Y P Detection

optical
link W PC-based - Timing control
Digitizer - PLL setting
50GHz 75— = 3 *Analysis
f- = 140MHz Iua Linux server
| fr ) - ) N J

Fig. 3 Schematic of the IF section and data acquisition system.
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M. Experimental results

The 34 GHz fixed frequency O-mode
reflectometer has been started to measure the
density fluctuation in JT-60U routinely. The
response of the reflectometer system was
checked by reconstruction of the plasma
motion from the phase variation of the
reflected signal, since phase variation
corresponds to the movement of cut-off layer
directly assuming the density profile
unchanged. The movement of cut-off layer
calculated using reflectometer signal is in
good agreement with that of plasma center as
shown in Fig. 4. In lower density case that
there is no cut-off layer, we also confirmed
that the system acts as a interferometer. Then,
the reflectometer system has been applied to
the edge fluctuation measurement.

Figure 5 shows the time evolution of
D, signal measured at divertor region and
spectrogram of the complex amplitude of
reflectometer signal in degradation phase of
high B,-H mode plasma. Increase of the
fluctuation with the frequency lower than 40
kHz is clearly observed during L-mode phase.
One feature of time slice of the spectrum is
the reduction of zero frequency component,
but total reflected power in low frequency
region is same in both case. After L-H
transition at ¢ = 8.52 s, the fluctuation level
decreased same as before H-L transition.
Unfortunately, the exact position of cut-off
layer is unknown, since we didn’t have all
Thomson scattering data in this shot. But we
supposed that the cut-off position didn’t
move so much, because the line averaged
density was almost constant at both transition,

Plasma Motion Check
015 ‘ . i __E35009
— 38R
’é‘ 01+t -— Reflectometer
[o
iel
‘B
O
o
<))
2
©
)
14
-0.15 * * - *
55 57 59 6.1 6.3 6.5
Time (s)
Fig. 4. Reconstruction of the plasma

motion (dotted line) together with the
motion of the plasma center (solid line).
The plasma position was swung radially in
3 Hz with keeping plasma shape.
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Fig. 5. Time evolution of D, signal at
divertor region and spectrogram of the
reflectometer signal. H-L back-transition
occurred at = 8.35 s.
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H-L and L-H transitions in this shot.

In JT-60U, there is some real-time feedback system to control plasma such as density
feedback, stored energy feedback, temperature gradient feedback and so on. We also try to
control divertor plasma using neutral pressure ratio feedback system, which control the
injection of gas puffing using a pressure ratio between inner and outer divertor region, to
sustain a detached divertor. To obtain the behavior of neutral pressure in a high recycling
divertor plasma for optimization of parameters in a feedback system, pressure response of
inner and outer divertor region has been studied under various case of gas puffing
configuration so far.

Figure 6 shows the electron density

profile and the spectrogram of the (a)4 YAG Thomson YT
reflectometer signal in high recycling : ® 8.513s
divertor plasma. In this shot, neutral beam _ala ’ i = 90
power and gas puffing from divertor were % . g L9

applied from ¢ = 5.0 s and then radiation 2 2 *e f g;ﬁ ’

in the divertor region gradually increased l’_‘; ‘s

toward an X,-MARFE occurred at ¢ = 8.4 c 1

s. At starting X,-MARFE, abrupt increase

of the high frequency fluctuation in the (()).0 02 04 06 08 10 12
range of larger than 100 kHz is observed r(m)

as shown in Fig. 6(b). Although the

density in the core region was gradually (b) '_le-_;M{'\’RFE _E35618

8

increase during X,-MARFE, the location

of cut-off layer is almost same at T 200
measured time as shown in Fig. 6(a). This x
increase of the fluctuation was finished in g

a few millisecond, which is much faster g 2000

than saturation time of radiation from the
divertor and changing time of density and

70 75 80 85 9.0 95 100

temperature.
Time (s)

The response of the spectrum
change at starting X,-MARFE is curious  Fig. 6. Electron density profile (a) measured
in its dependence of gas-puff location. with the YAG Thomson scattering system
before X,-MARFE, ¢ = 8.348 s, and during X,-
MAREFE, ¢t = 8.513 and 9.006 s, and the
the frequency range of larger than 100 spectrogram of the reflectometer signal (b).
kHz in divertor and main puff case.

Although abrupt increase of the

Figure 7 shows the integrated signal in



JAERI—Conf 2000—007

fluctuation was observed at starting Xp- 20 R
MAREFE using divertor gas puffing, using — - E35619
main gas puffing located at top of the g 1'6:(@{' Puf)
plasma, the fluctuation signal starts to ;g 1-2_
decrease at starting Xp-MARFE as shown 2 0.8
in Fig. 7. The starting time of the Xp- E 04l
MAREFE is different in these case. But < 0.0-
there is no clear difference at that time in _ 1:6  E35621 _X:- MARFE
major parameter around measured point 5 L (main puff)
such as density, temperature and plasma 8 1.2
rotation among two cases. Therfore, we é 0.8:
need further experiments for detailed o i u
discussion to find the answer. E 04
0.0
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2-7 Polarization Spectroscopy Using Optical Coherence-based
Techniques

J. Howard
Plasma Research Laboratory,
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Abstract

We demonstrate the utility of coherence techniques for the measurement of Zeeman and
Motional Stark Effect spectral multiplets. A spherical quadrature polarimeter constructed
of birefringent plates mutually oriented at 45° and followed by a polarizer is used to
modulate the intensity of the 7 and ¢ components. This effects a modulation of the
centre frequency and/or spectral width of the light which can be measured by the MOSS
spectrometer. Apart from the simplicity and photon-economy of the new approach, we
show that coherence methods naturally yield both the magnitude and orientation of the
magnetic field that gives rise to the polarization alignment.

1 Introduction

The use of coherence methods for Doppler spectroscopy has been discussed by
Howard et al (these proceedings). It is often the case that spectral lines are also
split by magnetic or electric fields (possibly induced). The amount of splitting
and the polarization orientation of the multiplet components convey information
about the vector fields B or E. By modulating the polarization state of the
multiplet, it is possible to vary the spectral content of the light. The change
in the spectral shift or width is then sensed by the MOSS spectrometer as a
variation of the interferogram phase or envelope. The phase and amplitude of
these modulations give information about the orientation and magnitude of the
originating field (electric or magnetic).

In the first part of this paper we describe a spherical quadrature polarimeter
based on two birefringent plates and an analyzer that enables simultaneous de-
termination of the three Stokes parameters. The applicability of the combined
polarimeter and MOSS spectrometer for MSE measurements has been described
elsewhere [1]. The primary advantages are higher light throughput and the elim-
ination of narrowband interference filters for isolating the central ¢ cluster of
lines. In this paper we give an overview of the MSE application and look at
the utility of coherence methods for estimating the plasma magnetic field using
Zeeman effect splitting.
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2 Polarimeter

The polarimeter uses two birefringent phase plates (delays é; and d,) having
their fast axes mutually oriented at 45°. The plates are followed by an analyzer
oriented to transmit light polarized parallel to the fast axis of the first phase plate
(the z direction) (see Fig. 1).

Figure 1: Optical layout for the spherical quadrature polarimeter.

The intensity of the light transmitted (or reflected) by the analyzer is related
to the Stokes vector of the input radiation by [2]

T
P = 3 (1+ s.p) (1)
8 = (cos2icos2y, sin2iysin 2y, cos2y) (2)
p = (cosd,, sind,ysindy, sindp cosdy) (3)

where s is the Stokes vector, 1 is the tilt angle of the vibrational ellipse and y
the ellipticity. Equation (3) defines an optical phase shift vector analogous to
the Stokes vector. If the phase plates are replaced by photoelastic modulators
operating at frequencies 2, and (), it is possible, using appropriate delay am-
plitudes and synchronous detection techniques to measure simultaneously all the
components of s.

=101 —
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3 Motional Stark Effect

Motional Stark effect (MSE) polarimetry is now a standard diagnostic for esti-
mating magnetic field pitch angle in tokamaks using high power heating beams
3, 4, 5, 6]. The MSE technique relies on the splitting of the high energy neu-
tral beam Balmer o light into orthogonally polarized ¢ and = components as a
result of the motion-induced strong electric field E = v X B experienced in the
rest frame of the neutral atoms. When viewed in a direction perpendicular to
E the Stark split o and 7 components are polarized respectively perpendicular
and parallel to the direction of E. When viewed along E the ¢ components are
unpolarized and the 7 components have no intensity. The magnetic field pitch
angle is usually estimated by isolating and measuring the polarization direction
of the central cluster of o lines.

The polarimeter proposed here requires a quarter wave plate and a single
photoelastic modulator. To show this, we note that the electric field vectors for
the o and 7 components are linearly polarized and orthogonal so that Xx = 0 with
Y taken as the orientation of the o components. Fixing the first phase plate delay
d; = m/2 (quarter wave plate) and sinusoidally modulating the second phase plate
delay §; = §sin 2pt with modulation amplitude § = 7/2 we obtain for the output
intensity at the two polarimeter ports

2P, (v) = Z(v) [1 £ ¢p(v) cos(2¢ — dsin Qpt)] (4)

where T =17, + I is the total intensity and (p = (Z, -1.)/(Z, + ) is the nett
polarization “contrast”. Provided the difference Z, — Z, in component intensities
is sufficiently great, the polarimeter signals will give the quadrature components
sin(2¢) and cos(2¢) at Qp and 22p respectively.

Since the integrated intensities for the o and 7 components are comparable (7],
some spectral discrimination is required to increase the polarization contrast. The
standard approach is to isolate the o components using a narrowband interference
filter. This is satisfactory provided the Stark splitting Avg is sufficiently large
for the m components to fall substantially outside the filter passband. It is also
necessary that the splitting be large or comparable to the spectral broadening
of the line due to the neutral beam divergence or range of viewing angles. Tilt-
tuned narrowband interference filters are required for each observing position.
The filters are lossy and make no use of the available 7 light. All these issues
bear on the achievable signal to noise ratio which in turn limits the range of beam
energies and magnetic field strengths for which MSE is useful.

As we have seen, the polarimeter transmits alternately the 7 and ¢ manifolds
using polarization modulation techniques at frequency Qp. Since the spectral
bandwidth of the 7 manifold is greater than for the central o components, the
MOSS spectrometer can enhance the signal modulation depth given an appropri-
ate choice of time delay 7 (see paper by Howard et al. - these proceedings). The

—102—
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MOSS is essentially a fixed delay Fourier transform spectrometer whose output
signal is given by
S = Io[l + CCOS(¢0 + ¢, sin Qt)] (5)

where I is the spectrally integrated incident light intensity, ¢o = 2mvy7 depends
on the spectral line centre frequency vy, ( is the fringe contrast (depends on
spectral line width) and ¢ sin Q¢ is an externally imposed modulation with ¢, =
7/2. In practice, the polarimeter and MOSS spectrometer would be combined,
thereby eliminating the need for the polarimeter analyzing cube. The combined
system is shown in Fig. 2.

Figure 2: Layout for the combined spherical quadrature polarimeter/MOSS spectrometer.

Because of its wide field of view (see Michael and Howard - these proceedings),
a combined polarimeter/MOSS camera can be located close to the viewing port
and the signals relayed by optical fibre to one or more detector arrays. Since
the full multiplet is observed, only a relatively wideband interference filter is
required to isolate the full energy emission spectrum. In practice, such a wideband
filter could be used for a number of viewing channels simuitaneously, thereby
eliminating the need for an array of tilt-tuned narrowband interference filters.

For the combined system, the light intensity at the final transmit polarizer
port is given by

S = Iy/2[1 + ({, cos® ¥ + (g sin® ¥) cos @] (6)

—103 —
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v = 2’(/)+52Sinﬂpt
® = ¢+ (7/2)sinQpt (7)

where {1p and U are the modulation frequencies for the polarimeter plate and
the MOSS birefringent plate respectively. Taking Qp < 0y, it is apparent that
the ellipse orientation 9 is carried by the phase of the amplitude modulation (at
frequency Q2p) impressed on the MOSS interferometer carier signal (at 23,). The
depth of this amplitude modulation ¢, — {, yields the magnetic field strength
| B|. The difference in contrast between the central ¢ and wing 7 clusters can
be maximized through appropriate choice of the dc phase offset ¢, introduced by
the birefringent plate. Variations in beam energy will be registered as changes in
the offset phase ¢o. For simplicity (though not necessity) the above analysis has
assumed that the total intensities of the o and 7 manifolds are comparable [7].

4 Zeeman Effect

The measurement of the poloidal magnetic field in a tokamak from the Zeeman
splitting and polarization of the magnetic dipole radiation from heavy ions was
suggested by Feldman [8]. While first results were promising [9], the accuracy
of the method was limited by signal to noise ratio problems. More recently,
however, accurate measurements of the poloidal field profile in the outer region
of JIPP T-IIU discharges during current ramping experiments have been obtained
by measuring the Zeeman splitting of Hell (468.8 nm) [10)].

The upper and lower electronic levels of an atom or ion in a weak magnetic
field are split into 2J + 1 sublevels with energy shifts given by

AEsm = goamMuB (8)

where, for L — S coupling, g,su is the Landé splitting factor, p is the Bohr
magneton and a denotes quantum numbers other than the total angular momen-
tum J and magnetic quantum number | M |[< J. Because of these shifts, the
spectral line is split into a number of components whose relative intensities and
polarizations depend on the corresponding changes in J and M [8, 11]. Viewed
along B, the intensity is zero for the AM = 0 lines and is circularly polarized
clockwise for AM = +1 and counterclockwise for AM = —1. Viewed in the
direction perpendicular to B, the emission is linearly polarized perpendicular to
B for AM = 0 and parallel to B for AM = +1. For tokamaks, this splitting is
often small compared to the Doppler broadening. The polarization tagging of the
frequency shifted Zeeman components is thus essential for their discrimination
against the unshifted component.

We consider a coordinate system where + is the angle between the helical field
lines and the line of sight (taken in the z direction) and ¢ is the projection of B
onto the orthogonal y — z plane as shown in Fig. 3. The local radiant intensity
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for the nth spectrally shifted circular component is Z2M)(vp + Av(AM)) where
AVAM) the frequency shift of the nth line of the group exhibiting the change in
magnetic quantum number AM. The resulting spectrum and polarization state
of the emergent radiation is the integral over the line-of-sight of the contributions
from all components of the Zeeman multiplet.

V4

X

Figure 3: Geometry for analysis of Zeeman effect. The viewing line is along the x axis.

For simplicity, let us ignore the line integration and assume a simple Zeeman
triplet. The Stokes vectors for the central and shifted components are given
respectively by

8y = (_817 82, 0)
8+ = (317 —82, :*:33)/2
(s1,s2,83) = (sin®7ycos2¢,sin® ysin2¢,2cosy). (9)

Taking p = (0,0,1) (i.e. & =0, 6, = 7/2), Eq. (3) gives the polarimeter output
4P = (1 — s3)T(vo + Av) + (1 + s3)I(vo — Av) (10)

where T = I, = Z_ and Av is the Zeeman frequency shift. Following the Fourier
transforming action of the MOSS spectrometer, the signal is proportional to

S = I + I,T() cos[po(1 — 2 cos yAv /vp) + ¢y sin (2] (11)

where ¢, is the spectrometer phase delay and I'(¢o) is the Fourier transform
of the spectral line shape Z(v). The phase of the interferogram is modulated
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by the component of the magnetic field strength in the direction of the viewing
line. This is due to the switching between the left and right handed polarizations
brought about by the polarimeter, and the resulting shift in the centre frequency
of the emission line that is detected by the MOSS spectrometer. Note that the
phase modulation is independent of the overall line-shape details of the Zeeman
multiplet. On the other hand, methods that rely on fitting the nett circular
polarization spectral profile must normally allow for the multiplet structure [9].
By simultaneously modulating d;, the polarimeter also switches transmission
between the perpendicular and parallel components of the multiplet (in the same
way as for MSE). This modulates the specral line width (or coherence length)
which the MOSS registers as a modulation of the total fringe visibility. In this
way it is possible to also measure the perpendicular component of B (angle £).
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2-8 LIF diagnostics for low temperature and fusion plasmas

B.W. James, LS. Falconer, H.J. Kim', B.C. Zhang?, M. Tbrahim, M.J. Wouters® and G.
Roupillard*

School of Physics
University of Sydney
NSW Australia 2006

Laser induced fluorescence (LIF) techniques allow the measurement of many plasma
properties with a high degree of spatial and temporal resolution. The LIF process
involves laser excitation of a transition from the ground or a metastable level of an
atom, ion or molecule and observation of the subsequent fluorescence from a
transition which may be directly or indirectly connected to the excited level. The
radiation source is usually a tunable dye laser; cw dye lasers provide very high
spectral resolution while pulsed dye lasers achieve high temporal resolution with
lesser spectral resolution. The plasma parameters which can be measured using LIF
include relative species density, species velocity and electric field. This talk will
present results of recent LIF measurements of hydrogen atom temperature in a
microwave discharge, ion velocity in a presheath, and electric field in a sheath. The
proposed use of LIF to measure electric fields in the H-1 Heliac is also be discussed.

Introduction

Laser induced fluorescence (LIF) is a plasma diagnostic technique in which a laser is tuned to a
transition from a sufficiently populated level of an atom, ion or molecule, usually a ground or
metastable level. The subsequent fluorescence when the atom, ion or molecule undergoes a
transition to a lower level is observed. As shown in Figure 1(a), the lower level of the
fluorescent transition is generally different from the original level. Indeed this is the preferred
situation as it allows a high rejection of stray laser light from the detection system. One of the
features of LIF diagnostics is the high degree of spatial resolution, as shown in Figure 1(b).

Many plasma parameters can be measured using LIF diagnostic techniques, particularly in the
case of low temperature plasmas where species with bound electrons are abundant. LIF can be
used to identify the presence of species, their densities, and their velocity distributions.
Electric and magnetic fields can also be measured from their effect on the quantum states
involved, and hence the corresponding effect on the transition probabilities and spectral
distributions of the transitions between the states.

This paper describes and presents results of measurements of the atomic temperature in a
high pressure hydrogen microwave discharge similar to those used for diamond thin film

! present address: Kyushu University, Kasuga, Fukuoka 816-8580, Japan

? present address: Thin Film Group, Chartered Semiconductor Manufacturing Ltd, Singapore738406
Y present address: CSIRO Division of Telecommunications and Industrial Physics, Australia 2070

4 present address: ESPEO, Université d’Orléans, 45067-ORLEANS cedex 2, France
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Figure 1 ~ (a) Typical LIF energy level scheme (b) Typical geometry of a LIF
measurement
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deposition, ion drift velocity in the presheath of an rf plasma sheath in a helicon wave plasma
source, and the electric field in the sheath of a dc hollow cathode discharge.

Hydrogen temperature in a microwave discharge

The experimental set up, shown in Figure 2, used a microwave discharge in a silica tube
passing through a rectangular microwave waveguide. Radiation at 205 nm from the frequency
doubled output of an excimer pumped, pulsed dye laser operating at 410 nm was used to
excite hydrogen atoms from their ground state to the n = 3 level, with fluorescence of the Ha
transition observed. The spectral profile of the fluorescence, recorded as the laser was tuned
through the excitation transition, is shown in Figure 3. The profile is well fitted by a Gaussian
profile, confirming that the hydrogen atoms are thermalised at a temperature of around 1200
K. Atomic hydrogen in such discharges is important as it plays a crucial role in the surface
processes which are involved in the deposition of diamond films in which case the discharge 1s
doped with ~ 1% CH, [1]. Further details of this measurement are available elsewhere [2].

Drift velocity in a plasma presheath

This measurement was made in a helicon wave plasma source used for thin film deposition
[3]. This device used rf bias applied to the substrate holder in order to accelerate ions into
depositing thin films, such as boron nitride [4]. The ion velocity in the presheath, which links
the rf sheath to the bulk plasma, was measured using the experimental arrangement shown in
Figure 4. This experiment used argon; the argon ion LIF scheme is shown in Figure 5. Because
of the Doppler shift associated with the ion motion towards the biased electrode, fluorescence
was observed when the laser was tuned above and below the excitation transition by equal
amounts. The drift velocity of the ions, determined for the difference in laser wavelength
required to produce fluorescence, is shown in Figure 6. These results show that the velocity
profile in the presheath is not affected by the application of rf bias, suggesting that the effect
of tf bias is localised to the sheath itself. The ion temperature could also be determined by
fitting Gaussian profiles to the LIF spectra.

LIF measurement of electric field

LIF techniques for measuring electric fields in plasmas are based on the Stark effect which
leads to shifting and splitting of transitions and the enhancement of the transition probabilities
of forbidden transitions due to wavefunction mixing. The measurement reported here uses a
technique due to Oda and coworkers [S] which uses a forbidden transition from the 2'S
metastable state of helium. Stark mixing between the levels shown in Figure 7 causes the
forbidden transition to be a function of the perturbing electric field. With increase in the
principal quantum number of the upper levels the technique becomes sensitive to lower values
of electric field. As the quadratic Stark effect is applicable, for a sufficiently strong field the
electric field is given by

1,/1,=a+bE

where a and b are constants, and /rand /, are the fluorescent signals resulting from excitation
respectively of the forbidden transition and the adjacent allowed transition (see Figure 7).

Results of measurements on a hollow cathode discharge in helium at 0.7 torr are shown in
Figure 8. Calibration was achieved by requiring that the potential difference between the
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cathode and the mid point is equal to the total potential difference across the discharge. This
measurement confirms similar measurements made by Oda and coworkers [5]. A variation on
this technique which uses polarisation of the fluorescence to determine the field [6] does not
require calibration.

Measurement of Electric Field in H-1 Heliac

In common with other magnetically confined plasmas, the H-1 Heliac [7] can operate in a high
confinement mode which is characterised by an enhanced radial electric field. Direct
measurement of this field is important for understanding this mode of operation. It is planned
to use the LIF technique described above to measure the radial field in H-1. There are however
a number of issues which require attention to ensure the success of such a measurement.
These are the generation of a hclium beam with a sufficiently high metastable density,
calibration of the technique in the absence of electrodes, and the effect of the confinement
magnetic field on the fluorescence polarisation.

Stark mixing

nlp alo

Aox o7
.
fluorescence

g

Figure 7 Helium LIF scheme for measuring electric fields
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Figure 8  (a) Fluorescence and (b) electric field as a function position in a
parallel electrode hollow cathode discharge.
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Conclusions

LIF techniques allow the measurement of many plasma parameters with high spatial and
temporal resolution and minimal perturbation. LIF measurements of atom temperature in a
microwave discharge, ion drift velocity in a helicon wave plasma, and electric field in a hollow
cathode discharge have been described. The last technique is proposed for measuring radial
electric fields in the H-1 Heliac.
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2-9  Measurement of Electric field distribution in Ar plasma

H. J. Kim, V. P. Gavrilenko, T. Ikutake, M.D. Bowden and K. Muraoka
Interdisciplinary Graduated School of Engineering Sciences,
Kyushu University, Kasuga Fukuoka 816-8580, Japan

Electric field distribution in the sheath region of the discharge is important because it
govern the behavior of the charged particles which directly influence the characteristics of the
deposited thin film and etching properties in processing plasma. In particular the electric
field in Ar has practical importance because the Ar is most commonly used gas species in the
processing plasma.

In this paper we present the results of the measurement of the electric field distributions in
Ar discharge. The strength of the electric field was determined by comparing the set of
numerically calculated spectra corresponding to the transitions from the lower metastable
level 4s[3/2], to Rydberg levels of Ar atoms and experimentally obtained LOG (Laser
Optogavanic) spectra. The effect of laser polarization on the LOG spectra was considered to
determine the direction of electric field vector. The effect of the electric field gradient within
the spatial width of the laser beam was taken into account.

The population of the lower metastable level 4s[3/2], was transferred by laser radiation (~
300-320 nm) to the Rydberg states, nf (n = 6,7,...14), of Ar atoms. The Stark splitting of
Rydberg levels of argon atoms was observed using LOG spectroscopy. When the electric
field is strong enough the linear Stark effects of the forbidden lines which appear due to Stark
mixing of wave functions were used as a measure of electric field strength. When the electric
field is weak the separation between forbidden lines is not resolved and the magnitude of the
electric field was measured using the quadratic shifts of allowed lines corresponding to the
transition 4s[3/2], — nf [5/2].

The LOG spectra were obtained for 3 different laser polarization, parallel to electric field
vector, orthogonal to electric field vector and at the angle of 45 degrees to electric field
vector. The experimental spectra give a good agreement with theoreticallv calculated soectra.

A Collisional ionisation

Experiment

nf levels

4s[3/2],

Fig. 1 Spectroscopic energy scheme used for the LOG expeiment
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We use the laser excitation from the lower metastable level 4s{3/2], in order to populate

Rydberg levels of argon atoms (see Fig. 1). The laser source used was a tunable dye laser
pumped by a xenon chloride excimer laser. The laser was operated at A ~ 640 nm and the

laser output was frequency doubled to generate the radiation at A ~320nm which was
needed for the experiment. The output of the dye laser had a pulse duration of 25ns and a

spectral width of 02 cm™. The beam was directed through the plasma parallel to the electrode

surfaces. For the measurement of the Stark splitting of Rydberg levels of argon atoms we use
the method of laser optogalvanic (LOG) spectroscopy. The experimental apparatus were
shown in Fig.2

Excimer Laser [—{ Dye Laser —»| SHG ——4\ Mirror

Boxcar Impedance I
ATD Averager matching l DC Discharge
box

v

Fig2. Experiment set-up for the LOG experiment
Stark effect of Rydberg levels of an argon atom

To calculate the Stark effects of nf levels of argon atoms, we selve numerically the
following Schrédinger equation for the Rydberg energy levels of argon atoms in the electric
field F

Hy =¢eyp, H=H, +ezF. 1)
Here H, is the unperturbed Hamiltonian of an argon atom, and ezF is the operator of dipole
interaction of the argon atom with the electric field F. We used the basis wave functions of
energy levels of argon atoms in the form ¢ = 'nl[K] ,) where nis the principal quantum
number of the Rydberg electron, [ is orbital momentum of the Rydberg electron , Jc is the

ion-core total angular momentum, K = j. +1 is the angular momentum, and J = K + s is
the total angular momentum of the whole argon atom.

It is assumed that the axis z is chosen parallel to the direction of the vector F. The matrix
H, is diagonal, its elements being unperturbed energies of argon levels. The detailed

expression for z are derscribed in Ref. [1]

Since the initial state 4s{3/2], has a small admixture of the state 3d[3/2],, laser excitation
can populate nf Rydberg states of argon atoms. It follows that within nf Rydberg levels
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having the same n, only two fine-structure doublets nf[3/2],, and nf[5/2],; can be
populated by laser radiation in the absence of an electric field F . When F =0, the wave
functions of the levels nl[K], having the same nare intermixed. This leads to the
appearance of a large number of Stark components in the LOG spectrum of argon atoms in an
electric field.

The intensity of the Stark components in the LOG spectrum for the fixed magnitude of the
electric field F is obatained by calculating the transition probabilities between lower level

3d[3/2], and upper nf level. It is assumed in (4) that the Zeeman states .3d [3/2),,M >

(M = 0,:1,1-2) of the lower level are equally populated. The position of Stark components in
the LOG spectrum are determined by the values & which obtained by solving the equation

Q).
Results and discussion.

The figure 3 shows the experimental LOG spectra obtained from a plasma at 4.2 =05 Torr
and the theoretical spectra obtained for the various magnitudes of the mean electric field Fy.
These spectra correspond to the transitions from the lower level 4s[3/2], to the upper levels
of principal quantum number 7 and 10 respectively. When the laser beam is far from the
cathode, the spectra show only two main peaks corresponding to the transitions 4s[3/2]2 — nf
[5/2]23 and 4s[3/2]2 — nf [3/2],3 where n = 7 and 10 respectively. When the laser beam is
closer to the cathode, many peaks are observed due to Stark mixing.
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Fig.3 Experimental LOG spectra and theoretical spectra for n = 7 and 10.
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The magnitude of electric field

When the electric field is very weak, and the separation between forbidden spectral lines is
not resolved, the magnitude of the electric field can be measured using the small Stark shift of
the allowed spectral lines corresponding to the transitions 4s[3/2]; — nf [K] where K =3/2
and 5/2. When the electric field is sufficiently strong, there are many possibilities to measure
this field by comparing experimental and theoretical Stark spectra. This is due to the fact that
the positions of most peaks in the Stark spectrum are sensitive functions of electric field. One
of the best possibilities to measure rather weak electric fields is to use the dependence of the
separation between two closely spaced spectral lines indicated in Fig. 3 by letters A and B on
the magnitude of the electric field.

Figure 4 demonstrates the spatial distribution of the electric field in the cathode region of the
discharge. The magnitude of the electric field F;y, indicated by points in Fig. 4, was deduced
from the dependence of the separation between lines A and B on F|y. The voltage drop across
the cathode sheath can be calculated by integrating the field space distribution shown in Fig.
4. In particular, the magnitude of such an integrated voltage across the gap from 0.0 mm to
1.4 mm (the distance is counted from the cathode) constitutes about 96% of the voltage of 255
*+ 5 V which was applied across the whole discharge.
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Fig 4. Electric field distribution in the vicinity of the cathode in DC glow discharge.
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The effect of the electric field gradient

The important feature of the experimental LOG spectra, observed in the vicinity of the
cathode, is that the profiles of the outer spectral components are broader as compared to those
of the central components. This feature indicates that the electric fields are inhomogeneous
within the cross-section of the laser beam because of the electric field gradient. The reason,
why the outer spectral components are broader than the central ones, can be explained by the
combination of two factors. Firstly, for the inhomogeneous electric fields, the different argon
atoms within the cross-section of the laser beam see different magnitudes of the electric field.
Secondly, for argon atoms, when the magnitude of the electric field F is being varied, the
corresponding variation of the positions of the outer spectral components is greater than the
variation of the positions of the central components.

The effect of laser polarization

Figure 5(a) shows the theoretical spectra, for n = 9, obtained for three different laser
polarization, parallel to electric field vector, orthogonal to electric field vector and at the angle
of 45 degrees to electric field vector. It can be seen that the experimental spectra, presented in
Fig. 5(b), are well described by the theoretical spectra given in Fig. 5(a). It shows the
possibility of determining the direction of electric field in Ar plasma.
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Fig 5. Effects of laser polarization. 0, 45 90 indicate the laser polarization, parallel to electric
field vector, orthogonal to electric field vector and at the angle of 45 degrees to electric field
vector respectively.

References
1. M. D Bowden, V. P. Gavrilenko, T. Ikutake, J. B. Kim, H. J. Kim and K. Muraoka, Measurements of electric fields in a

discharge plasma using laser optogalvanic detection of the Stark effect of argon atoms, Contribution to Plasma Physics,
submitted

- 117 —



JP0050724
JAERI—Conf 2000—007

2-10 Laser Spectroscopic Measurement of Electric Field Structure Induced
in Plasma-Edges in Magnetic Field

T.OpAa*, K.TakiYAMA and M.WATANABE
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*Faculty of Engineering, Hiroshima Kokusai Gakuin Universi ty, Nakano, Aki-ku,
Hiroshima 739-0321, Japan

A new laser-induced fluorescence (LIF)technique was developed to directly
measure the electric field distribution with high spatial resolution in plasma
edges under magnetic field. As a model-type experiment, sheath electric field
distribution was measured in front of a biased metal plate inserted into an ECR
helium plasma flow under magnetic field. Good agreement was obtained between the
potential difference over the sheath determined from the measured distribution
and the applied bias voltage. Applicability of our LIF technique to the case of
strong magnetic field was discussed. Detectable range of the electric field is

estimated.

1. Introduction
The direct measurement with high spatial resolution of electric field

distribution in the plasma-edges is highly desired today because the electric field
is well recognized to play important roles in the plasmas.

We have proposed a sensitive method for measurement of the sheath electric
field structure in discharge plasmas which utilizes polarized laser-induced
fluorescence (LIF) spectroscopy.'”? In this method, we observe only the
polarization degree of the subsequent allowed fluorescence following the
forbidden-line excitation from the singlet helium metastable (2'S) atom, which
is due to the Stark effect and the electric quadrupole (QDP) transition. Because
strongmagnetic field is applied in fusion devices, further improvement is required
for our LIF spectroscopy.?®

In this paper, we report a model-type experiment to measure the sheath
electric field distribution in front of a metal plate inserted in an ECR plasma
flow in a magnetic field when the negative bias is applied to the plate by using
our improved LIF technique. The bias voltage dependence of the sheath thickness
is discussed. This will make a usefull contribution to diagnostics in the biased
divertor experiments.

Applicability of our LIF technique is described to the case of strong magnetic
field in showing excitation spectra of the Stark and QDP components observed in
the Zeeman split sublevels in a hollow cathode discharge plasma.

Detectable range of the electric field by our method is also discussed.

2. Forbidden-line excitation of He I 2'S atom for electric field measurement
in magnetic field

A partial energy level diagram of Hel and the relevant transitions among the
magnetic sublevels are shown in Fig. 1, where the polarization direction of the
excitation laser e, is taken as the z-axis and is parallel to the magnetic field
B and the electric field E directions. Note that selection rule for the Stark
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transition is different from that for the QDP transition. The Stark absorption
coefficient B° is expressed by a function of E while the QDP coefficient B is
independent of E. Consequently, both transitions produce the anisotropic
population called “alignment” between the magnetic sublevels of the upper level
(4'D) by laser excitation. Then the LIF signal is polarized as a result of
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Fig. 1. Partial energy diagram of He; and
relevant transitionsamong the magnetic
sublevels in E//B configuration.

Fig. 2. The geometry of LIF observation.
Bias voltage (-10 ~ -80V) is applied to
the metal plate.

the alignment of the upper level. We denote the sum of the 7z components of LIF
(492.2nm line) as shown in Fig. 1 by I, and that of the o components by I,. Both
I, and I, are observed as a function of time because of excitation by a short-
pulse laser.

It is essential to characterize the polarization of LIF using longitudinal

alignment a(t) defined by,

IRO BTN
a(t)= _i)__»ﬂ . (1)
]z(t)+21y(t)
Because of the collisions by the plasma particles, a(t) decays exponentially
with a characteristic time constant =z,. This decay process is called

“disalignment” . Then the initial value @, of a(t) can be determined from a(t)
at the onset time of the laser pulse. In the case of low pressure discharge plasma

such as ECR plasmas, 7, is much longer than the instrumental response time 7.

In this case, @, can be easily determined from LIF signals.
Using the similar procedure to those described in ref. 3, the longitudinal

alignment @, in the case of our excitation scheme is expressed by
2B, +1
a =——-,
4B, +4
where B<B(E)/B=I°/I°. When the quadratic Stark effect is valid, B° is
proportional to the square of E. Then we obtain B*=E’/C’ where the constant Cmeans
the electric field strength for B°(E)=B% e.g. C=240 V/cm for n=4. Then, E is
expressed by,

poC |[3%-1 (3)
2-4a,

We can directly determine E when ¢ is obtained from the LIF observation. From
eq.(3), a=1/4 at E=0, while @ approaches to 1/2 when E becomes infinity.

(2)
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3. Bias effect of electric field distribution in front of a metal disk in a plasma
flow

The geometry of our LIF experiment is shown in Fig. 2. The ECR He plasma is
produced by an NIT type ECR plasma source (AFTEX PS-501). The discharge conditions
are: He gas pressure of 3.3x10™ Torr, microwave frequency of 2.45 GHz and power
of 260 W. A brass plate with diameter of 25 mm and thickness of 5 mm is inserted
perpendicularly to the z-axis. The DCbias voltage from-10V to -80 V with respect
to the ground is applied to control the sheath potential. The excitation laser
light pulse (pulse width of 5 ns and repetition of 10 Hz) with wavelength of 397.2
nm and line width of 1 pm is introduced into along the y-axis. The LIF signal,
is detected by using a polarizer and a 25cm monochromator. The signal is averaged
over 1500 shots using a digitizing oscilloscope (Tektronix TDS620, 2Gs/s).
Spatially resolved measurement of LIF is carried out by moving the optical system
along the z-axis with a spatial resolution of 0.2 mm. Distance from the plate
is denoted by dz(mm). By using a probe, T. and n, measured at dz = 8.5mm are ~2
eV and ~1x10'° cm™, respectively, which is almost constant for all the bias voltages
applied. On the other hand, the plasma potential @, is ~6V to ~3V.

Fig. 3 shows the temporal variation of the LIF polarization components and
a (t) observed at dz=0.4mm in the sheath region. The plate is biased with -80V.
The initial longitudinal alignment a, is determined from extrapolating the fitted
line to the time of laser onset. We obtain 7, = 300 ns and a,= 0.44, from which
the value of E is determined to be 420 V/cm.
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Fig. 3. Temporal variation of each polari- dz (mm)
zation components I, and I, and of longi-
tudinal alignment of 492.2 nm LIF observed Fig. 4. Spatial distributions of measured
at dz=0.4mm in the sheath region. The bias electric field along the z-axis for three
voltage is -80V. different bias voltages.

Figure 4 shows the spatial distribution of the electric field obtained for
various bias voltages. It is noted that each distribution is linear against the
distance fromthe substrate surface (dz=0). Thismeans that the net positive charge
density is constant in the sheath. The potential difference Viir between the sheath
determined from the electric field distribution agrees well with the applied bias
voltage V,. This indicates that our LIF measurement is reliable for the electric
field distribution in plasmas such as in the sheath.

As shown in Fig. 4, the sheath thickness increases as the negative bias
increases. Figure 5 shows the bias voltage V, dependence of the sheath thickness
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s. The thickness is proportional to the square root of V,. For such a sheath having
linear electric field distribution, it is well known that s is proportional to
V,¥2.9 This sheath model explains well our experimental results.

5 v Y T

Fig. 5. Measured sheath thickness s versus
bias voltage V.

. 50 - iOO
v, (V)

4. Laser-induced fluorescence in the case of strong magnetic field

To show applicability of our LIF technique described above to the case of strong
magnetic field in fusion devices, we discuss results obtained in another
experiment which is carried out in a hollow cathode discharge plasma under magnetic
field of 2.5 kG. The He plasma is produced in a plane-parallel hollow cathode
consisting of a pair of disk electrodes with a diameter of 40 mm and a separation
of 11 mm as shown in Fig.6. The LIF observation is made in the similar way as
in the ECR plasma, except that the 2!S atoms are excited up to the 3'D level. The
spatial distribution of sheath electric field is also determined from measured
polarization P in this case. The cathode-fall potential obtained from the electric
field distibution agreed well with the measured value by a probe. The detail has
been reported in ref. 3.

Fig. 6. Observation geometry for laser-
induced fluorescence in the hollow cathode
discharge plasma under strong manetic field.

e lens
laser
(~1pm, ~4 ns) |

In the strong magnetic field, the Stark and QDP excitations shown in Fig. 1
can be separately made because of the Zeeman splitting between the magnetic
sublevels. To demonstrate this situation, excitation spectra were observed of
the LIF by scanning the laser wavelength covering the Zeeman splitting of 3'D.
Figure 7 shows the observed excitation spectra (a) in the negative glow where
negligible electric field exists and (b) in the dark space where the sheath electric
field is induced. The fitted spectrum shown in Fig. (a) has two peaks due to the
QDP excitations to m, = + 1 of 3'D because of negligibly weak electric field. Then
the fitted curve is resolved into two Gaussian components. By using this result,
another fitted spectrum shown in Fig. (b) is resolved into three components, the
central one corresponding the Stark excitaion to m; = 0,which is caused by the
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sheath electric field. The two side components are also due to the QDP. The stark
component is found to be almost the same in height with the QDP ones, from which
the value of E is estimated to be 1.2 kv/cm.

(a)

-
(=]

Fig. 7. Excitaion spectra of the LIF
—— . observed by scanning the laser wavelength
| ) T T covering the Zeeman splitting under B =
2.5 kG, (a)in the negative glow and

(b) in the dark space.

Toftal intensity (a.u.)
o
[5.3

°
o

Total intensity (a.u.)

10

The Zeeman splitting becomes larger with increasing magnetic field strength.
Figure 8 shows calculated excitation spectra under B =2 T and E = 0.85 kV/cm.
In such a case as in fusion devices, the 2!S atoms have to be separately but
simultaneously-.excited to both Stark and QDP sublevels to determine the electric
field. This can be made by an adequate laser system.

A,=504.2 nm B=2T, E=0.85 kV/cm

L 1 1 L 1

304 S

20 L

104 L
Fig. 8. Calculated excitation spectra under

0 B=2T and E = 0.85 kV/cm.
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4. Concluding remarks

The present polarized LIF spectroscopic technique was successfully applied
to direct measurement of localized electric field structure in front of the metal
plate inserted in ECR plasma flow in magnetic field. The bias effect of the plate
on the electric field structure was also revealed. It was also demonstrated
that this technique was applicable to measurement in strong magnetic field such
as in fusion devices.

To increase the sensitivity of electric field measurement, we can use the n=5
scheme (2'S-5'D). Detectable range of the electric field is estimated in Fig. 9.
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For n = 5, the detectable range extends from ~10 V/cm to ~120 V/cm while the
corresponding range is from ~80 V/cm to ~900 V/cm for n = 4.

X0 T T
1x10°
= ]
L
S - Fig. 9. Estimated detectabl
) . ' e range of elec-
% X100 ‘_L, - tric field versus principal quamtum number n.
2 '
8
@
W 1x10'F B
0 L L -
1x10 3 4 5
Principal number n
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2-11 A Spectroscopic Study of Ion Channels in a Prototype Inertial
Electrostatic Confinement Reactor

S. Collis and J. Khachan
School of Physics, Sydney University
NSW 2006, Australia

Inertial Electrostatic Confinement (IEC) involves using a semi-transparent and
negatively biased grid to accelerate light nuclei towards a common centre for the
purpose of generating neutrons through fusion reactions.

This project investigated the plasma properties in a small prototype IEC device
that was operated using a relatively low grid bias in a discharge of hydrogen.
Electrostatic lenses, which are the product of the geometry of the grid, create ion
channels. Doppler shift spectroscopy was performed on the emission produced by
charge exchange reactions in these channels.

Using the spectra we obtained, we were able to determine energies, ratios of
hydrogen species (H":H,":H;") and thermal properties of ions present in these
channels.

A discussion of results will be presented with particular emphasis on the
implications of our findings to the construction of a portable neutron production
device.

1.Introduction

Although Tokamaks have long been thought to be the best option as a fusion reactor,
they lack the simplicity and portability that would be desired of a small-scale neutron
production facility.

This report is about an investigation into an alternate method for initiating fusion
reactions to produce neutrons: Inertial Electrostatic Confinement (IEC). The primary aim of
this project was an investigation of fundamental plasma properties in an IEC device, with a
particular focus on ion beams generated in such a device.

In the short term it is envisaged that IEC devices will be used as small portable sources
of neutrons for applications such as elemental analysis of materials and medical treatments.

2.Grid Configurations

The three ring grid (figure 2.1a) was made by spot welding three stainless steel rings
together. Stainless steel was chosen because it is non-magnetic. The outer grid (figure 2.1b)
was constructed from a brass mesh which was welded onto a stainless steel supporting
structure.

<t
13cm
(@) (b) (©
Figure 2.1

IEC grid configurations

—124—



JAERI—Conf 2000—007

Our experiments were focused on the ion channels. A three ring grid (figure 2.1a) can
be thought of as eight closed loops which creates four opposing loop pairs. Ion channels were
observed (figure 2.2) to form in the centres of these loops.

figure 2.2
Ion Channels in an IEC reactor

Many of the measurements were carried out on one channel since all channels were
identical. To achieve this, we used a grid (figure 2.1c) which was made from two rings with a
diameter of 13.6 mm. These are designed to form electrostatic lenses similar to those formed by
two opposing triangles of the three ring grid.

3.Plasma Generation

Hirsch used an oxide coated outer grid as a source of electrons to generate a plasma
when the inner grid potential was turned on, resuiting in a DC discharge. In our experiment, we
decided to look at an IEC system that has a separate plasma generating system. To maintain
spherical symmetry, the plasma produced must be relatively uniform around the outer grid and
the signal used to generate the plasma must not interfere with the plasma dynamics inside the

outer grid.

Our system consists of a lower chamber (which was not used in our experiments), a
glass tube (G) with a single loop antenna (H) and an upper processing chamber:

Figure 3.1
Experimental setup

High voltage feed through

IEC inner and outer grids

Quartz window

Capacitance Manometer

Jon gauge Manometer

Mass flow controller

Glass discharge tube

Single loop antenna connected to matching network
Turbo molecular pump

TR mmigiale|

In its normal mode of operation, a 13.56 MHz radio frequency generator connected to
the antenna (H) excites (primarily) the m = 0 mode of a helicon wave, but for our purposes the
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antenna was used to inductively generate a plasma. When the rf generator (connected to the
single loop antenna / matching network) is operated at 10W it produced a low density (~10"
cm’) low temperature plasma (T.~1eV, T;~0.03eV).

4 Potential Calculations
To find the potential between a biased inner grid and the earthed outer grid Poisson’s
equation must be solved. In a vacuum this reduces to Laplace’s equation:

VV(x,y,2)=0 4.1

The geometry of the grids used in our experiments impose boundary conditions which
lack the simplifying symmetries regularly used to solve equation (4.1). So instead, we assume
that the potential is due to rings of charge (in the shape of the grid). If we have a distribution of
point charges at x,, y,, z, with charges gy, the potential at an arbitrary point x, y, z is:

1 2 2 2\72
V(x,y,2) = 24 ((x =x) +(n =) +(z, ~2) ) § 4.2)

4re,

After running the simulation, the validity of the model was checked by plotting an equi-
potential surface (or iso-surface), using the visualisation and data processing package AVS, at

the grid potential:

Figure 4.1
Equipotential surface at the grid potential

As shown in figure 4.1, the model produces a “virtual wire”. This is a grid which is an
exact solution to the model we used. The virtual grid closely resembles the real grid except for
where the approximation breaks down at the wire Joins. This is due to our charges having a
fixed position which does not allow them to redistribute themselves to maintain a uniform
charge density at a join (the charge density around any one given ring is uniform, but at a join

the two rings come into contact and the density increases).
One plane of potentials that is of particular interest is that which contains the centres

of the two triangles, that is, in the plane of an ion channel. Figure 4.3b shows contours (equi-
potential lines) of the potential well. Each contour has a thickness of 0.2V/V giq , where Vg 18
the potential of the grid. Figure 4.3a shows the plane in which the contours of figure 4.3b were

taken:

(a) (®)
Figure 4.3
Threshold contour plots of potential well structures
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As previously stated, our approximation only breaksdown near the welding joints, so
this plot is perfectly valid since it is far enough away from the joints.

5.0ptical Setup

Light from the discharge exited the vacuum chamber through port (C) (in figure 3.1)
where it was focused by a lens with a focal length of 15 centimetres.

For the spectra taken in this experiment we used an Optical Multi-channel Analyser
(OMA). The OMA has two components: A 500mm monochromator with a 2400 lines per mm
grating and a intensified CCD array detector (see figure 5.5).

Standard CCO, viewed from above

Nitrogen Gas inet —_— ICCD
- B \
’ Grid
%  Lens 2400 /mm
P ; @Opueal [\
‘ 1 Path v ’
J\ e UL I
a 4 |
34cm 34¢cm S0cm

Figure 5.5
Optical setup

To further reduce thermal noise, the entire intensifier-CCD assembly was cooled to -
30°C by a Peltier cooler and dry nitrogen flowed over the array to stop water vapour freezing
onto the chip and causing it to crack.

6. Charge Exchange
The following charge exchange reactions between hydrogen ions and atomic hydrogen
can occur', where the underlined species have approximately the same velocity:

H'+H——H +H*
H' +H—>H +H+H 6.1)

Hy +H——H +H,+H'

where the superscript * refers to an excited state.

If the neutral species is molecular hydrogen, the following reactions occur:
H'+H,——H +H,

H +H,—H +H+H; 62)

Hf +H,——H +H,+H;

Because the atom is initially neutral, the sum of the energies of the resulting neutrals is
close to the energy of the ion that caused the event. McClure® experimentally determined the
charge exchange differential cross-section for a variety of incident ion energies. The differential
cross-section for charge exchange reactions between H, molecules and 10keV H” ions is shown
in figure 6.1 below.
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Figure 6.1
Differential cross-section for a charge exchange reaction between H* and H," at 10keV

Figure 6.1 shows that the number of particles that will be scattered into angles greater
than 2 degrees is very small. From this we can conclude that charge exchange products do not
deviate significantly from the path of the incoming ion.

7. Two Ring Spectral Profile

Below is a spectrum taken from the two ring grid. The spectrum is a line of emission
integral. The intensity is greatest in the centre of the grid, which contains very weak
(negligible) electric fields.

There are a few important facts to note: The emitters (from the reactions in equation
6.2) are all neutral hydrogen atoms so there are no metastable states or molecular transitions.
Also, according to Volger” the resulting hydrogen fragments (in equation 6.2) resulting from an
H," or H;" impact event have approximately the same velocity (The difference in energy is
approximately 0.5eV).

The spectrum below (figure 7.1a) contains a total of ten peaks. This was not
completely obvious until a detailed analysis of the system was done.

sV a5
Spmcirum ol #, Lne ¥em 1EG o g rid
WOV 4 3 MO

Asiakve Intenaity
: 0% g a

Asatve intensty

Ak, (m)

(b)

Figure 7.1
Components of the Ha spectrum

Region A (in figure 7.1a, also enlarged in figure 7.1b) is due to the incoming and
outgoing ion beams. This region contains six (three incoming and three outgoing) beams due to
three different species of hydrogen ions. )

Region B is due to a thermal background. It is the emission due to three Maxwellian
velocity distributions for the three different masses of the ions. It is envisaged that this
background is formed by ion scattering due to columbic collisions with the other oncoming
beam and possibly becoming thermalised.

Region C (in figure 7.1a) is due to dissociative excitation of the neutral hydrogen,
which is stationary in the lab frame. Charged species gain energy from the electric field
produced by the grid. Energy is transferred between ions through columbic collisions.
However, the cross section for collisions between neutral and ionic hydrogen is much smaller
than the coulomb collision cross-section. As a result, the temperature of the gas was near room
temperature (~300 K). This will yield a half width of 0.005 Angstroms. Since this value is
sufficiently small we used the width of this line to determine the instrumental broadening.
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8.Three Ring Profile

The spectra presented in this section was recorded by Kristie Foulkes®. Spectra were
recorded for voltages ranging from 1 kV (B) to 12 kV (M). The pressure was kept at ~5
millitorr.

Decreasing Voitage, Pressuressm?
18000 —8
16000 | ——C
D
14000
Decreasing Vohape (kV) —E€
5 120 F
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a8 H
™ -
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o
00 7 o : 2
Ooppler Broadening {nm)
Figure 8.1
Varation of the H, line with grid potential
Adopted from [4]

Spectra shown in figure 8.1 contain the same features as the spectra for the two ring
grid but have four peaks due to charge exchange (one for each ion beam). From the wavelength
at which our signal drops below the noise level we found that the maximum energy that an ion
reaches was 27% of the vacuum well depth.

9.Quantities Obtained from the Two Ring Grid Spectra

By fitting Gaussians to each of the peaks present in the three ring grid we were able to
observe changes in beam energy, ion temperate and relative density (by doing rate equation
modeling), with respect to the grid potential.

¢ H,Peak Energy
31 | & H, Paak Energy s *  Relative density of H,"
® M, Peak Energy . 14 *__ Relative density of H_*
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Figure 9.1

Variation of plasma properties with grid potential

The energies of the three species are equal, however due to their different mobilities the
are collisionally heated (due to collisions with the background gas) differentially.

10.Conclusion

We have shown that when a three ring grid is immersed in a plasma ion channels are
formed due to electrostatic lenses formed by the grid wires. The ion beams formed consist of
H', H," and H;" and have an energy equal to 27% of the vacuum electrostatic potential well
depth. We have also shown that, due to increased collisions with background gasses, the beams
are heated when the potential is increased (which results in an increased beam flux).
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2-12  Plasma Polarization Spectroscopy
Atsushi Iwamae, Takeru Inoue, Akihiro Tanaka, Kazuki Kawakami and Takashi Fujimoto
Department of Engineeﬁng Physics and Mechanics, Graduate School of Engineering,
Kyoto University, Kyoto 606-8501, Japan

Polarization of radiation emitted from plasma reflects the anisotropic properties of the plasma, especially
the angular anisotropic distribution of electron velocities. Polarization has been observed on impurity ion

lines from the WT-3 tokamak and GAMMA 10 tandem mirror device.

1. Introduction

In the case that an electron travelling from z-direction on the z-axis collide with a classical
atom located at the origin and the energy of the electron is just enough to excite the atom, the electron
gives all of its momentum and energy to the atom. The atomic electron begins to oscillate back and
forth on the z-axis. This atom is a classical oscillating electric dipole, emitting radiation, which is
polarized in the z-direction, the n-light. When the energy of the incident electron is very high, and it
passes near the atom, the atom is exerted a pulsed electric field, the direction of which is, roughly
speaking in the x-y plane. The atom is excited in this direction, and emits the c-light. The situation
with actual quantum atoms is more complicated but the fact that angular anisotropic excitation produces
polarized radiation is still valid.

When the velocity distribution of electrons in plasma is anisotropic, e.g.,, Maxwellian
distribution is accompanied by a beam component, the emitted radiation should be polarized. This
reasoning suggests that, from the observed polarization characteristics of emitted radiation, we should be
able to investigate the anisotropic velocity distribution of electrons. The first observation of polarization

from a tokamak plasma was reported [1].

2. WT-3 tokamak

An image reducing (1/8) optics focussed the image of the plasma on the entrance slit (10 mm
in height) of the monochromator. Behind the slit, a calcite plate is placed, which displaced horizontally
the extraordinary ray ( the n-light which is polarized in the toroidal direction) from the ordinary ray (the
s-light polarized in the poloidal direction) by about 0.5 mm. These rays were dispersed and focussed on
the CCD detector. We thus obtained a polarization resolved and space resolved spectrum. Beryllium-like
oxygen triplet lines (OV 2s3s 3S1 - 2s3p 3P0,1,2) and helium-like carbon line (CV 2s 3S1 — 2p 3P9,1,2)

were observed. In the former case, the weakest line, J=1-J=0, which is never polarized, was used for the
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purpose of calibrating the relative sensitivities of our detection system for the two linearly polarized
components. It was found that, for the Joule heating mode, the 1-1 and 1-2 lines had stronger s-
components than the p- components. Figure 1 shows the longitudinal alignment A, = ( I -Io)/(It +
2IG ) at a certain time ( the signal accumulation was over 0.1 ms) against the distance from the central

chord.

-0.02 b

-0.04f T .

-0.06}- ® 4

Longitudinal Alignment A

-0.08- -
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Distance from the center of plasma / mm OVCTEmm)

Figure 1

We have constructed the atomic kinetic mode for the purpose interpreting our experimental
data, the population-alignment collisional-radiative model. In this model, to each ionic level two
quantities are assigned, i.e., the population and alignment. The former quantity gives the intensity of the
emitted line and the latter gives the polarization of the line. A set of rate equations is constructed for the
populations and another for the alignments, and they are solved in the quasi-steady-state approximation.
We tentatively assume that the electron velocity distribution is expressed by different temperatures for the
toroidal direction and poloidal direction. The negative longitudinal alignments in Fig. 1 suggest that the
poloidal temperature is higher than the toroidal one: the pancake-shaped distribution, but we are still

unable to interpret quantitively the result yet.

2. GAMMA 10 tandem mirror

The image of the plasma in the central part of the mirror machine was focused on the vertical
slit, and the image of the slit was polarization resolved by a calcite plate located just behind it and
focussed by a lens on the entrance surface of the optical fibers aligned in two columns. Each of the five
pairs of the optical fibers accepted the p — and s- components of the radiation emitted from the same line

of sight through the plasma. The other ends of the fibers are aligned in a line to fit the entrance slit of the
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monochromator. We thus obtained the polarization resolved spectrum for five locations of the plasma,

each 7.5 mm apart. Figure 2 shows an example of the spectra for one location. The broad line in the
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Figure 2

shorter wavelength side are the beryllium-like oxygen lines, which are the same as those presented in
Fig.1. The sharp lines in the longer wavelength region are those of singly ionized iron ion. The upper
traces shows no polarization with the former lines in this time interval, but one of the iron lines shows
substantial polarization.. These lines are emitted from the different parts of the plasma; the oxygen lines
from the central part and the iron line from the peripheral part. It is suggested that, while the central part
has an isotropic velocity distribution of electrons, the outer part has an anisotropic distribution, “shape” of
which changes with time.
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2-13  Drive Circuitry for the MOSS Spectrometer
Andrew Cheetham', Clive Michael and John Howard

Plasma Research Laboratory,
Research School of Physical Sciences and Engineering,
Australian National University, Canberra ACT 0200 Australia

The Modulated Optical Solid State (MOSS) spectrometer developed at the H1-National
Facility {1] is now used to monitor and measure the ion temperature and flow in a plasma
discharge with time resolution good enough to study temperature and flow fluctuations by
inexpensive, non invasive, optical means.

The operation of the MOSS spectrometer has been described in some detail elsewhere in this
conference (J Howard, Doppler Coherence Spectroscopy on H-INF). To summarise, a
birefringent crystal is used to impose a phase delay between the two polarisations of a light
beam collected from a chord through the plasma. These two waves are then recombined to
produce an interference pattern. The amount of phase delay can be modulated by imposing a
voltage across the crystal. If this modulation is of sufficient amplitude then the resulting
signal registers the local coherence envelope and phase at the mean phase delay. These
quantities relate directly to line integrals of intensity weighted temperature and flow speed via
the Doppler effect.

Blectroopticeell  Interference fifter

Figure 1: A photograph of the MOSS
Spectrometer showing the light from the
plasma being fibre coupled in from the
right. Then passing through an interference
filter to isolate the line to be examined, a
polariser the birefringent crystal, a second
polariser and finally the detector. Photomultipier Polarizerports  Lens coupled fibre

It is easy to show that for a plasma that assumes a Maxwellian ion energy distribution, the
signal from the detector will be of the form:

S=1,[1+¢ cos{g,(1+ ) +¢, }] .1
Where:
S = Intensity detected I, =Incident Light intensity
¢, = Phase delay due to birefringence ¢, = small perturbation to ¢,
T,
B= “b — Normalised ion drift velocity ¢ = Fringe Contrast Function =e
c

The phase delays within the crystal are functions of the crystal parameters and the voltage
applied to the crystal. The static phase delay due to the birefringence is given by:
2 BL
¢0 - A,

! Permanent address: Plasma Instrumentation Laboratory, University of Canberra, ACT 2601, Australia.
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Where, B is the birefringence, L is the path length in the crystal and A is the wavelength of the
light. For a typical crystal in use on H-INF (L=250mm) the static phase delay is
approximately 5000 wavelengths.

The delay is modulated using the electro-optical properties of the crystal, such that:
nLé

vy

where, 8 is the electro-optical coefficient of the crystal, d is the distance across the crystal
(between the electrodes) and V is the applied voltage. If the applied voltage oscillates at

angular frequency Q then the phase perturbation will oscillate about the value ¢, by an
amount.

¢ = %‘ZV sin(Q) .

Simple accurate operation of a MOSS spectrometer requires some care in the provision of the
modulation voltage that is applied to the birefringent crystal. The crystal is driven such that
the optical path length difference between the two polarisations oscillates, generating a
oscillating phase difference with an amplitude of 7/2. Though this value is not critical, the
algebra involved to extract the data from the signal is much simpler for a /2 phase sweep.
This modulation requires an applied voltage of between 1000 and 3000V, depending on the
thickness of the crystal and the wavelength of the light. The modulation frequency is chosen
to ensure sufficient bandwidth to carry the plasma information (typically 100Hz to 100kHz)

The analysis technique used to reduce the data involves quadrature sampling of the signal.
Using this technique harmonic components higher than 2Q are aliased down to the first two
harmonics, such that the contrast ({), phase (¢,) and intensity (I,) can be calculated as a
function of time, requiring only four point per cycle. Clearly, since this scheme relies on
harmonic analysis, to be reliable the drive signal to the crystal must be harmonically clean.
The MOSS operation has been simulated using a Labview program. Using this program and
injecting varying amounts of harmonic content into the drive signal it has been possible to
estimate contaminating effect of higher harmonics on the inferred parameters. Second
harmonic content affects only the calculation of the phase and not that of the temperature,
which is obtained from the fringe contrast (see equation 1). The presence of third harmonic
distortion on the drive voltage affects both the phase and the contrast.
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The drive system used at H-1NF comprises a synthesized signal source which drives a high
power (300W) audio amplifier. This signal is then fed into a 1:100 transformer to obtain the
required voltage across the crystal. The system can be driven entirely from a PC using a DAQ
card to provide the signals and to carry out the data acquisition.

»  Audio Amplifier p Trans |
former
Figure 3: Shows a block Ca?::;g:;:ﬂg . T
diagram of the operation of a > doublers g
typical MOSS spectrometer.
The DC bias to the crystal

using the circuit shown has
not yet been implemented.

Signal Light

This circuit works very well, however, the combination of the inductive transformer, the
capacitive load and the piezo-mechanical properties of the crystal leads to some interesting
resonances in the circuit. The main problems that had to be overcome include the resonance
between the load is capacitive and the transformer inductance; the avoidance of both series
and parallel resonance problems; operation off resonance where the primary currents can be
very large. A transformer can be modelled using an equivalent circuit such that the input
impedance (to the transformer) seen by the power supply (or amplifier) can be calculated as a
function of frequency. Such a transformer model must include:

Ideal reflection of the load into the primary,

Imperfect coupling between primary and secondary,

Transformer core losses, and

Resistance and capacitance of the windings.

The implementation of such a model leads to an equivalent circuit of the form:

T_ R, k2R /N2 L=(1-k3)L,
Lps ‘ k2L, -
i "’8
Ros >
Where: Lp is the primary inductance Cp 1s the parasitic capacitance of the primary

R, is the resistance of the primary
R, is the resistance of the secondary C, is the capacitance of the secondary

[, is the leakage inductance k is the coupling factor
1:N is the tums ratio (primary to secondary)
C, is the load capacitance R, is the load (to simulate crystal)

L, is the load inductance
R, is the power supply resistance L, is the inductance on the power supply
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For the transformer currently in use the parameters have been measured and calculated using
this model to fit the measured response under test conditions: 50Q source impedance, low
voltage. The transformer was then connected to the MOSS circuit and the measured and
predicted responses were compared.

=y
(=]

Figure 4: shows the frequency
response of the voltage and current in
the transformer primary for a crystal
voltage of 21000V at 11kHz.

T |

—d
N
\
\
!
-
N

The data from the model and from the
measurement are in good agreement
for frequencies less than 50kHz.
Above that the amplifier response,
which is not included in the model,
reduces. It shows clearly the effect of
the resonances in the circuit, in 0
particular that the primary current can
become very large if used away from

the optimum frequency, 11kHz in this case. When used at the primary resonance, indicated in
figure 4, the primary current and hence power demands are low, the harmonic distortion of the
signal of the signal applied to the crystal is very low. A typical example is shown in Figure 5
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Figure 5: compares the spectrum
of the original signal and the
drive voltage applied to the 0] - 11 S T
crystal. Although there are some “T
harmonics generated in the circuit,
both the second and third e
harmonics are less than 50dB, o
equivalent to about 0.3% content.
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In summary, we have realised an inexpensive circuit using an audio amplifier and transformer
that can provide an oscillating +2kV voltage that is fully compatible with PC control. A dc
bias can also be provided, using PC control, to adjust the static phase delay. We have
successfully modeled the transformer circuit allowing optimisation of the crystal drive and
have successfully operated the MOSS at modulation frequencies between 1 and 100kHz using
3 separate transformers. Work is continuing to design circuits that can handle several crystals
and that can achieve voltages up to +10kV for multi crystal applications.

The standard high frequency design of the MOSS that is employed on H-INF was modified
using this modelling technique in order to design a low frequency system that would be
suitable for installation on LHD where time scales are much longer. This system was
successfully installed and operated on LHD in December 1999.

[1] John Howard, Rev. Sci. Instrum. 70 (1999) 368-371
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3-1 Optical Fibre Sensing of Plasmas
G.A. Woolsey and G.B. Scelsi

School of Physical Sciences and Engineering,
University of New England, Armidale, NSW 2351, Australia

§1. Introduction

A consequence of the development of optical fibre technology for communications has been the
application of optical fibres to the sensing of a wide range of physical and chemical parameters. Any
of the properties of fibres that are important for communications are significant for sensing: these
include their small dimensions, their insulating nature and their immunity to high voltage and
electromagnetic noise. These attributes make them particularly attractive for diagnostics of plasmas
and electrical discharges. As insulators, optical fibres create none of the electrical disturbance or
breakdown problems often associated with metal probes, and their small dimensions mean that
distortion of plasma or discharge structure is minimised. With many plasmas and discharges occurring
in environments that are electromagnetically noisy and which involve high voltages, signal transfer
and processing through optical fibres provides significant benefits. The small dimensions of optical
fibres provide good spatial resolution, and their facility for remote sensing can be particularly useful
when working with large-scale systems.

Many of the wide range of physical parameters for which optical fibre sensors have been
developed are relevant for plasma diagnostics, and these include temperature, pressure, gas flow,
electric field and electric current. Furthermore, some of the optical fibre approaches to chemical
sensing are capable of application to plasmas. Optical fibre sensors essentially come in two forms,
intrinsic and extrinsic. In the former, the fibre itself is the sensing element, and in the latter, fibres are
used to transmit light to and from a separate sensing element.

§2. Basic principles of optical fibre sensing

The basic principle of an optical fibre sensor is
(O Source depicted in Fig 1. A source of light — it might be a
white light source, an LED, or a laser— launches
light into a fibre. The light passes through a region
where it is modulated by the quantity to be
measured. The modulated light is transmitted
through a fibre to the detector. In an extrinsic
Modulation sensor, the light leaves the input fibre to be
modulated before being collected by a second
output fibre. In an intrinsic sensor, a single fibre
transmits the light from the source to the detector,
and the light is modulated while it is in the fibre.
Characteristics of the light that can be modulated
are intensity, phase, polarisation and wavelength.
'{>*’ Detector Most extrinsic sensors are essentially optical fibre
modifications of established optical diagnostic
Fig1 Basic arrangement of an optical fibre sensor techniques. For example, plasma densities have
been measured using optical interferometry with
the light coupled directly to an optical fibre and split into reference and scene beams with a
bidirectional coupler [1]. This paper emphasises intrinsic all-fibre sensors where the light is retained
within the fibre system throughout. These sensors have most potential for diagnostics of plasmas
since they are relatively easy to assemble, have few alignment problems, are immune from

electromagnetic interference and can offer good spatial resolution.
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§3. Modulation techniques

3.1 Phase modulation
] In opti .
}G{ Mach-Zehnder ptical fibre sensors that rely on the modulation of the
¥ phase of the light propagating through the fibre, the phase
modulation is measured interferometrically. Single-mode
optical fibres carry monochromatic light without altering
>_< micheison  1tS coherence characteristics and can therefore be used to
assemble optical interferometers. Fig. 2 shows the
schematic arrangements of three commonly used optical
fibre interferometers. The similarity to unbound-beam
= ><'" Fay-perot INtErferometers is apparent given that the 2 x 2 directional
¥ coupler is the optical fibre equivalent of a conventional
50% beam splitter. The Michelson interferometer relies
on the Fresnel reflection at the cleaved ends of the two
Jaser source = 20 coupler fibre arms, generated by the refractive index discontinuity
g antiefective between silica and air. In the Fabry-Perot case, the
termination resonant cavity consists of a section of single-mode fibre
that has been carefully cleaved at the two ends to provide
optically flat and smooth surfaces. A review of optical
fibre interferometers and a discussion of their application to precision measurement are given by
Jackson [2]. As an illustration, we shall examine a Mach-Zehnder interferometer fibre sensor for
measuring temperature. One of the fibres between the bidirectional couplers is isolated from external
changes in temperature and pressure, while the second fibre is the sensor arm. A short length of the
second fibre is exposed to the environment where the temperature is to be measured. A change in
temperature 7" changes the optical path length by changing both the refractive index » of the fibre
material and the length L of the fibre. The sensitivity of the sensor to temperature is given by

l@_gﬁ{ﬁﬁ dn}

* photodetector

Fig. 2 Three optical fibre interferometers.

LdTl A | LdT ! ar
1dL dn

where 7" is the temperature coefficient of linear expansion, and 4T s the temperature coefficient
of refractive index. For fused silica, the values of these coefficients are 5 x 107/°C for expansion and
10 x 10/°C for refractive index. That is, the variation of refractive index with temperature is
substantially greater than the variation of fibre length with temperature. Putting in these values
together with the refractive index » value of 1.456 and the wavelength of the red line of the helium-
neon laser 632.8 nm gives

146 _ 107 rad °C™' m™ =17 fringes °C™" m™
LdT

The arrangement can be used to measure any quantity that will cause a change in optical path along
one arm. Such parameters include temperature, pressure, strain, magnetic field and electric field.

3.2 Polarisation modulation

Early work on the application of optical fibres to plasmas concentrated on current measurement. The
concept of the optical fibre current sensor is shown in Fig 3. A length of single-mode fibre is coiled
several times around the plasma and linearly-polarised light from a laser diode is launched into the
fibre coil. The current in the plasma produces a magnetic field with cylindrical field lines that are
parallel to the fibre wrapped around the bar. This means that the linearly-polarised light propagating
through the fibre is acted upon by a longitudinal magnetic field. The light therefore experiences the
Faraday magneto-optic effect where the direction of polarisation of the light in the fibre is rotated by
an amount proportional to the magnetic field, and to the length of path exposed to the magnetic field.
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magnetic  The total angle of rotation p of the

field direction  of  polarisation is
= proportional to the line integral of the
N magnetic field around the loop, that

s, p=NV{H.a

where N is the number of turns of the

coil, H is the magnetic field, L is the

length of a fibre loop and V is the

Verdet constant, which for fused

conductor silica is 1.6° m™'T™. Using Ampere’s

Fig3 The principle of the optical fibre current sensor circuital theorem, we can write the

line integral of the magnetic field

around a current-carrying conductor equal to the current. Hence p= NVI where [ is the current
measured.

laser

polarisation
detector

3.3 Fibre Bragg gratings and wavelength modulation

When a silica fibre is exposed to the radiation from a holographic interferometer illuminated with a
coherent ultraviolet source in the wavelength region 244-248 nm, a permanent periodic modulation of
the refractive index of the germanium-doped core is produced to form a set of partially reflecting
planes [3]. When light from a broadband source is transmitted along this fibre, a set of beams is
reflected from the planes and these beams interfere with each other. The interference is destructive
unless each beam is in phase with the others. The wavelength at which the reflected beams are in
phase is given by Bragg’s law: As = 2nA, where n is the core index of refraction and A is the period of
the index modulation. The set of planes, normally of length between 1 and 20 mm, is referred to as an
in-fibre Bragg grating. Perturbation of the grating, for example by a change of temperature, strain or
pressure, results in a shift in the Bragg wavelength. A change of Bragg wavelength with temperature
arises from both a refractive index change and thermal expansion of the fibre. For silica fibre, the
wavelength-temperature sensitivity is a few pm per degree [4,5]. Whereas optical fibre interferometric
sensors are illuminated by highly coherent lasers, fibre Bragg grating sensors generally require a
broadband light source and a high-resolution wavelength-shift detection system. Fibre Bragg grating
sensors have been used to measure strain, temperature, pressure and dynamic magnetic field, although
their application to plasmas has been confined to temperature measurement. A review of fibre Bragg
gratings has been published by Rao [6].

3.4 The evanescent field and intensity modulation

Light travelling through an optical fibre is not confined completely to the core of the fibre. The
evanescent field surrounding the core results in some transmission in the fibre cladding or in the
medium surrounding a naked fibre core. The depth of penetration outside the core is of the order of
one wavelength. The evanescent field of a naked-core fibre can be exploited for sensing. Numerous
chemical, environmental, biochemical and medical sensors have been developed, some of which
involve absorption of the evanescent field and some of which incorporate a dye or fluorescent
material coated onto the fibre core. Evanescent-field sensors have been used to measure gas densities,
levels of solid deposition and pH values [7,8]. Plasma applications of evanescent-wave sensing have
been confined to absorption techniques.

§4. Temperature sensing in plasmas

Intrinsic optical fibre sensing of temperature in plasma environments has been confined to the
discharge and plasma work of our group at the University of New England, and some solid surface
measurements in plasma processing systems at other laboratories. We have exploited interferometric
sensing of temperature in glow discharges, in a planar-coil inductively-coupled RF plasma and in the
Heliac H-1 magnetically confined plasma at the Australian National University.
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The glow measurements were made in a DC argon discharge. A glow is a weakly ionised plasma so
that fibre heating is by neutrals, and the fibre reaches equilibrium with the neutral gas so that the gas
temperature is measured. A Fabry-Perot interferometer was chosen for these measurements. An
integrated approach was used, and for any cross-sectional plane of the discharge, the sensing fibre
could be scanned across the discharge. In each measurement the optical fibre sensor measures the
integral of the temperature distribution along a straight-line path within the heated volume of gas.
After collecting a set of such integral measurements for different chords, it is then possible to recover
the entire temperature distribution by means of a deconvolution method. The results of a set of
measurements are displayed in Fig. 4 alongside a diagram of the argon glow structure.
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Temperature distribution in a
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A Fabry-Perot temperature sensor with a 17 mm fibre
arm, representing essentially a point sensor, has been
installed in a planar coil, inductively-coupled RF
plasma [9]. Like the glow discharge, the dominant
particles in the plasma are neutrals and these are
responsible for heating the fibre. The primary aim of
this work was to demonstrate the efficacy of optical
fibre sensing in an RF plasma, free of RF interference.
The results of two simple experiments were reported.
Firstly, the reactor chamber was filled with argon to a
pressure of 30 mTorr and the RF power switched on for
a short period (26 s) to produce a high electron density
H-mode discharge. The power dissipated in the plasma
(Fig 5a) and the signal from the temperature sensor (Fig
5b) were recorded. The sensor signal displays the
interferometer fringe shift as a series of 2 fringes, and
these are analysed to provide a temperature—time
distribution (Fig 5c). The gas temperature was then
examined during an E- to H-mode discharge transition.
The temperature was found to rise from close to
ambient in the E-mode to 250°C above ambient in the
H-mode, and the time between the transition and
attainment of the equilibrium H-mode temperature was
measured to be 20 s,

A similar point sensor has also been used to
probe a Heliac helical-axis stellarator ~ the H-1
Australian National Facility at the Australian National
University in Canberra [10]. In this plasma, it is ions
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that heat the fibre probe, and calculations of fibre temperature based on a knowledge of ion energy
and density and the thermal properties of the fibre agree closely with the temperature values of a few
tens of degrees above ambient measured with the optical fibre probe. The probe has been used to
obtain spatial distributions of ion flux within the plasma, and a screened probe has verified that
positive ions are the major species responsible for heating the fibre. The fibre probes were found to be
robust, with one probe surviving a thousand plasma shots with no noticeable deterioration of
response, although some etching of the cladding surface did occur.

Other plasma applications of optical fibre interferometric sensing of temperature in fusion
plasma systems includes the work of Forman ez al [11] in which they developed a 3-element fibre
Bragg grating sensor arrangement for measuring the temperature of the carbon tiles on the Los
Alamos CPRF/ZTH plasma. The three sensors had Bragg wavelengths of 830.1 nm, 833.0 nm and
836.0 nm, using as a light source a broadband superradiant diode centred on 833 nm. Wavelength
shifts were measured using a grating spectrograph. Wavelength shifts were found to increase linearly
with temperature over the temperature range 25 to 95 °C. This work demonstrates the potential of
fibre Bragg grating sensors for distributed sensing where the variation of a parameter over a wide area
can be monitored using a continuous length of fibre and a single light source and monitoring station.

Another area of plasma physics which is utilising optical fibre temperature sensing is that of
RF plasma sputtering. Here again the small dimensions of fibre sensors and their immunity to
electromagnetic interference provides substantial advantages over more conventional measuring
devices such as thermocouples. Both Fabry-Perot interferometer [12] and fibre Bragg grating [13]
sensors have been used in RF plasma sputtering systems to monitor the substrate temperature.

§5 Current and magnetic field sensing

Chandler and his co-workers at Los Alamos were the first to use the Faraday magneto-optic effect in
an optical fibre to measure plasma current [14,15]. Their measurements were made by looping a
single-mode fibre around the aluminium shell of ZT-40, a reversed-field-pinch that produced toroidal
plasma currents in the range 80 to 400 kA. Around the same time, Lassing et al [16] made optical
fibre sensor measurements of the toroidal plasma current in the high-beta tokamak SPICA II at the
FOM Institute for Plasma Physics in the Netherlands. Both groups reported good agreement between
current measurements made with a Rogowski coil and those made with the optical fibre sensor, and
each found that the fibre sensor displayed much less noise and higher frequency response.

It is significant however that optical fibre sensing of plasma current has not been exploited to
any extent since this pioneer work of the 1980s. This is due to problems associated with birefringence
in single-mode optical fibres. These fibres allow the propagation of two degenerate modes with
orthogonal polarisations. In an ideal fibre with perfect circular symmetry along the fibre length, the
two states are degenerate and the state of polarisation of the guided wave propagates along the fibre
unchanged. In practice, however, perfect circular symmetry along the fibre length does not exist due
to intrinsic and extrinsic birefringence. Intrinsic birefringence is introduced during manufacture in the
form of anisotropy of the refractive index of the core and asymmetry of the core geometry. Extrinsic
birefringence arises when the fibre is perturbed externally by temperature variations or as a result of
being bent, squeezed or stretched. Hence the fibre behaves as a birefringent medium due to a
difference in the effective refractive indices of the two degenerate modes, and the state of polarisation
is maintained over lengths of only a few metres. In the work described above, the birefringence
problem was reduced, but not eliminated, by using fibres that were twisted or spun during
manufacture. This has the effect of creating a high degree of circular birefringence which tends to
average out the linear birefringence to produce a low birefringence fibre. Because of this problem of
fibre birefringence, the development of optical current sensors has concentrated on devices that use
bulk optic materials with high Verdet constant and no birefringence. These are finding commercial
application in the electric power industry but they are not suitable for use on plasmas. However, now
that methods of manufacturing fibres with low inherent birefringence have become available, along
with the development of techniques for removing both inherent and bend-induced birefringence, it is
possible that optical fibre sensing of plasma current will yet prove its worth [17].
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A more recent application of optical current
Coil probe (a.u.] sensing based on the Faraday effect is the
’ ) ) ) measurement of magnetic field in a z-pinch
discharge [18]. Here the fibre loop was placed
within the plasma chamber and set to different
radii (20-70 mm) for successive pulses in order to
map the magnetic field through the plasma.
Birefringence effects were minimised by using an
ultra-low birefringence fibre (no details given) and
a single loop only. The noise difference between
the magnetic and optical measurements is seen in
Fig 6. Once again, the fibre suffered little damage
Fiber probe [aw] following hundreds of discharges.

—— T y—

§6. Chemical sensing

Chemical sensing in plasmas using evanescent-
field processes has been confined to the
measurement of deposition rates in etching
systems and to the monitoring of molecular
dissociation in SF, glows and coronas. In an SF,
discharge, dissociation of SF, molecules leads to

05 e et ke ke . . i
O T 25 s 6 7 tmeis) the production of gaseous and solid by .products

® and hence a reduction in SF, content. This means

that in any high-voltage system that uses high-

Flg 6 Magnetic field as a function of time in a helium pressure SF(, gas as an insulating medium’

| 15kV, 1 magnetic coil (b) optical fibre c e L .
plasma ( - 1 mbar) () magnet (b) optical f insidious coronas or switching arcs will lead to a

reduction in insulation efficiency.

One consequence of dissociation in an SFs glow discharge is the production of sulphur and its
deposition on the discharge chamber wall. A measurement of this deposition could thus be used to
monitor the degradation of the insulation. Such a measurement has been made in our laboratory by
examining transmission through a 0.6 mm-diameter silica fibre immersed in an SF, glow discharge,
maintained at a pressure of 1 Torr and a current of 10 mA over a period of seven hours [19].
Measurements were made with both white-light and He-Ne laser (633 nm) sources. A total fall in
fibre output intensity of around 20% was found to occur over the period of the 7-hr glow discharge.
An electron-microscope analysis of the coated fibre revealed that the deposited material was indeed
sulphur and indicated that the thickness of the sulphur coating after 7 hr was around 600 nm. The
results suggest that optical fibre sensing of sulphur production could be an appropriate technique for
insulation monitoring in SFe-insulated high-voltage systems.

A similar approach has been taken to monitor deposition rates and layer thicknesses on the
walls of integrated-circuit plasma-etching chambers [20] and to monitor the deposition of polypyrrole
thin films by AC plasma polymerisation [21]. Monitoring an etching chamber is useful for developing
efficient cleaning schedules and for reducing down time. The ideal sensor should indicate optimum
conditioning times following clean up, and warn of impending particulate formation so as to prevent
film flakes from the chamber wall depositing on the substrate. Quick er al [20] found that
transmission through unclad multimode quartz fibres inserted into etching plasmas (CHF; and O,)
decreased with time. This was interpreted as being due to polymer build up on the fibre, causing
scattering of the light impinging on the fibre/plasma boundary, plus irreversible surface roughening of
the fibre. Jose et al [21] also measured rates of transmission loss and hence of thin-film deposition,
and interpreted the transmission loss as being due to evanescent-wave interaction.
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§7. Conclusion

Although the use of optical fibre sensing for measurements in plasmas and electrical discharges has
been limited, the results that have been obtained have been promising, and in some cases the results
have been unavailable from other plasma diagnostic techniques. The versatility of optical fibre
sensors, which allows such a wide range of physical and chemical parameters to be measured, does
provide many opportunities for the development of appropriate plasma fibre probes. Clearly, the
early work of the late 1980s on current sensing of plasmas with optical fibres was not as successful as
had been hoped, mainly because of birefringence problems, and this experience may have sent a
negative message on optical fibre sensing to the plasma community. But developments since that time
in optical fibre design, fibre sensing techniques and optoelectronic components have greatly extended
the possibilities for plasma application. It is hoped that the work described in this paper will generate
new interest in the optical fibre sensing of plasmas, in areas such as gas temperature monitoring,
particle and radiation flux measurement and plasma processing of surfaces. The advantages of optical
fibre probes for plasma study — small size, insulating, immunity to electromagnetic noise, remote
sensing — are well proven.
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3-2  Results from the new JT-60U neutron time-of-flight spectrometer.
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Abstract

In this paper, the first results from measurements with the new 2.45 MeV neutron time-of-
flight spectrometer at JT-60U are described. The spectrometer was installed August 1999 and
neutrons from NBI-heated deuterium plasmas were measured for a time-period of 1-month
(Sep 1999). These measurements showed that neutron energy distributions can be obtained
when the neutron yields from the plasma are below 10'* neutrons/s. With higher neutron
yields, only random coincidences were detected. Improvements of the spectrometer involves a
smaller first scattering detector with an active voltage divider. An improved calibration
procedure for the second detector has also been suggested and will be implemented.

Introduction

At JT-60U, neutron diagnostics of fusion plasmas have been emphasized on measuring
total neutron yields utilizing fission chambers [1]. However, although the neutrons from a
fusion plasma are commonly regarded as mono-energetic (2.45 MeV or 14.1 MeV depending
on the reacting species of the fusion reactions), the energy spectrum of the neutrons is also of
interest. There have been attempts to measure the neutron energy distribution with He-3
chambers [2] but the maximum allowed count-rate is limited and it has been necessary to add
up several shots to get a neutron energy distribution.

A 2.45 MeV neutron spectrometer based on neutron time-of-flight coincidence
measurement between two fast plastic scintillators [3] has been installed at the JT-60U
Tokamak. According to Monte Carlo simulations of the neutron transport in the spectrometer,
the efficiency and resolution was calculated as 2.8-107 cm” and 105 keV, respectively [4]. The
accuracy of the Monte Carlo code was confirmed by measurements utilizing 14.1 MeV
neutrons [5].

The spectrometer is located ~9 m below the plasma center and will measure the emitted
neutrons in a vertical line-of-sight. For an assumed efficiency as calculated by Monte Carlo
and for a total neutron yield of 10" n/s the count-rate from true coincidences is estimated to
6 kHz.

In this paper, the first results from the spectrometer are descried. The data were collected
during one month of deuterium (D) plasma operation with Neutral Beam Injection (NBI).
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Principle of the spectrometer

The neutron spectrometer is based on the principle of measurement of the time-of-flight,
TOF, between two fast (~ns) plastic scintillators. The source neutrons, which enter through a
collimator (70 cm length, 0.4-0.8 cm?), interact with the first scintillator (D0) located in the
neutron beam. The amplitude of the generated signal depends on the scattering angle of the
neutron, which implies that an energy discriminator window can be utilized. Some of the
scattered neutrons are detected by a second large scintillator (D1) and a second coincidental
time signal is generated. To reduce the random coincidences, the start-stop sequence is
reversed.

2 +
yao0 B329

T
— Iplka} {150
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Coincidence Counts

Neutron time-of-flight [ns]

Fig. 1. Neutron TOF spectrum measured by the spectrometer. The peak
positioned at 92 ns are the coincidences from 2.45 MeV source neutrons. The
time scale is adjusted to the position of the coincidences from a y-calibration
source at 5.5 ns.

To keep the time resolution as good as possible, the detectors are positioned on a “constant
TOF sphere”. It can be shown that for mono-energetic neutrons that scatter with protons in the
lower pole of the sphere (in the central point of the DO-detector (5-10 cm?, 2 cm thickness),
the TOF to another point on the spherical shell is independent of the scattering angle.
Therefore, to achieve a constant TOF for mono-energetic source neutrons and to accomplish a
high efficiency, a big D1-detector has been chosen (30-60 cm?, 2 cm thickness) that is bent in
such a way that it follows the constant TOF sphere. The major limiting factor of the
scintillator size is the attenuation and timing deterioration of the generated light during its
way to the photo-cathode of the PM-tube. Therefore, two PM-tubes are connected via
adiabatic light guides to the 30-2 cm” edges of the D1 scintillator and the distance between the
scintillator edges has been limited to 60 cm. The time signals from these two photo-multiplier,
PM, tubes are then averaged, utilizing a mean-timer, MT, module, to minimize the
deterioration of the D1 time signal.

Monte Carlo calculations have shown [4] that the resolution is optimal for a neutron
scattering angle (in the DO detector) of 25°. However, to reduce the amount of stray neutrons
to the D1 detector, a neutron scattering angle of 35° was chosen.

The concept of a constant TOF sphere has been taken one step further by introducing a
second constant TOF sphere (see fig. 1 in [4]). For this sphere, the neutron TOF is constant
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for those monoenergetic neutrons that scatter along the 2™ spherical shell in the direction of
the center of the D1 detector. The DO detector is therefore tilted ~70° to approximately follow
the 2™ spherical shell while the central point of the D1-detector is positioned on the sphere.

According to Monte Carlo calculations, the resolution increased by 30% by such a
configuration.

Measurements and results

In Fig. 1 a neutron TOF spectrum measured by the spectrometer is shown. For this pulse
the neutron yield is relatively low (3.2-10"" neutrons). In this experiment, a Co-60 y-
calibration source was positioned on the DO detector. The position of the y-peak gives us an
absolute time scale reference. The distance between the DO- and the D1-detector is 163.8 ¢cm,
which means that the y-peak should be located at 5.5 ns. The absolute time scale was
accordingly adjusted. With this time calibration, the peak of the neutron TOF spectrum was

located at 92 ns which is in agreement with the flight time of 2.45 MeV source neutrons,
scattered 35°.

The plasma current and the power of the NBI is also shown in the figure. Typical start- and
stop- count-rates from the MT and the DO detector are 40-50 kHz and 60-70 kHz,
respectively.
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Fig. 2. Measured neutron TOF spectra for 4 time intervals. For high neutron
yields (>10" n/s), only random background is registered. For lower neutron
yields (~2-3-10" n/s) coincidence spectra can be measured. The figure also
shows the sum of two time intervals where a coincidence peak is registered. The

neutron energy interval 2-3 MeV as derived from the neutron flight-time, is also
indicated.

In Fig. 2 a neutron TOF measurement of a pulse with a high total neutron yield is shown.
For lower neutron yields (<2-3-10" n/s) we get coincidental counts corresponding to
2.45 MeV neutrons. The count-rates of the detectors in these cases (4.3-5.8 s and 10.5-12 s in
the figure) are 15-20 kHz from the MT (starts) and 30-40 kHz from the DO detector (stops).
As the neutron rate increases by a factor of 10, the count-rate of the MT increases with the
same amount. However, the DO detector (located in a direct line-of-sight to the plasma)
increases only with a factor of 5. The gray curves are coincidences uncorrected for random
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coincidences. The black curves are corrected for random background, utilizing the count-rates
of the starts and the stops.

Also shown is the integrated measured neutron TOF spectrum where the integration was
done during the low neutron yields (4.3-5.8 s and 10.5-12 s). The positions of the neutron
flight-times corresponding to 2- and 3 MeV are indicated. 2.45 MeV neutrons should peak at
92.5 ns but is weighted towards shorter flight-times (higher neutron energies). The reason for
this is the uncertainty in the time calibration. For this pulse, the maximum time between start
and stop, registered by the TAC, is 100 ns. This means that it is difficult to make a time
calibration using a y-source. The time calibration was therefore based on an earlier calibration
with a maximum time range of 200 ns.

300
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o i
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Fig. 3. DO detector count-rate versus the total neutron yield. The
count-rate is non-linear most likely because of the passive circuit of
the voltage divider for the PM-tube.

The DO detector is located in the direct line-of-sight and can therefore be exposed for a
very high neutron flux (~2.5-10° n/cm®s [3]). The DO detector also registers y-radiation which
is estimated as 10% of the neutron flux [6]. The present design of the voltage divider for the
DO detector is of passive type. This means that for high enough count-rates, the voltages
between the dynodes of the PM-tube drops and the signal level drops as well. The
discriminator levels of the DO detector are well calibrated using y-calibration sources [5].
However, if the amplitude of the signal drops, then the interesting range of amplitudes will
not coincide with the discriminator amplitude window and the relevant coincidences are lost.
Fig. 3 shows the count-rate of the DO detector plotted versus the neutron yield as measured by
a fission chamber. The count-rate is clearly non-linear which could mean that the measured
coincidences at higher count-rates (< 2-10" n/s) are purely false coincidences.

To investigate the fraction of background events in the D1 detector, we removed the DO
detector from the line-of-sight for a series of pulses. In Fig. 4, the count-rate from the MT is
plotted versus the total neutron yield from the plasma. Only those pulses that gave a neutron
peak in the PHA spectra are included in the plot for the case when the DO detector was
present.

The count-rate from the mean-timer (with and without the DO detector) is linear with the
neutron yield. From best linear fits we could estimate the background as more than 90% of
the interesting events. Unfortunately, this is a severe problem of the present design. To
register more true coincidences and to measure neutron energy distributions at higher total
neutron yields, we need to reduce this background substantially. Irrelevant events from the D1
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detector give irrelevant starts to the TAC, which is likely to be stopped by an event from the
DO detector. The DO detector sits in the line-of-sight of the plasma and the random
coincidence background therefore dominates.

[ With DO detecior | 23’
: . P o

z,

D) Cour Rate [kHz]

) b i :
‘ulull 101

Neutron Yield {o/s)
Fig. 4. Count-rates of the MT with and without the DO detector
in the neutron beam. From best linear fits of the count-rates, it is
estimated that more than 90% of the count-rate comes from
background events. :

Summary

It is clear that the performance of the spectrometer deteriorates as the total neutron yield
increases. For a count-rate of the DO detector exceeding ~80 kHz (corresponding to a total
neutron yield of 10" n/s), the count-rate becomes non-linear with the neutron yield. We
expect that the passive voltage divider of the PM-tube leads to signal attenuation for higher
count-rates. To solve this we therefore need to modify the voltage divider and reduce the size
of the scintillator of the D0 detector.

From the experiments where the DO detector was removed from the line-of-sight, we could
estimate that the fraction of relevant events in the D1 detector was merely 10%. This can be
an effect from improper settings of the discriminator levels (too low). The output signals from
the D1 detector has been energy calibrated but the results from that calibration were
uncertain. Improvements of the calibration procedure have been suggested and will be
implemented.

To increase the fraction of relevant events in the D1 detector we also need to improve the
shielding around the D1 detector. However, the shielding is already substantial and it is not
trivial to increase it further. Monte Carlo calculations of the effects from different shielding
geometries are in progress.
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ABSTRACT

The preliminary D-"He experiments was done on JT-60U with the negative-ion-based-
NBI(N-NBI) in reversed shear plasmas. Gas of *He was puffed in the plasma initiation and Jjust
before the N-NB injection of 3.5 MW with 360 keV. The D-"He reaction produce s 3.6 MeV
alpha and 14.7 MeV proton, however, has a small branch of 2.5 x 10° which provides °Li and
16.7 MeV gamma-ray. The total D-'He reaction rate was evaluated by the gamma-ray
measurement using BGO (Bi,Ge,0,,) scintillator of ¢3” x 3" located 17 m below the plasma
center. The pulse hight analysis of the gamma-rays provides the D-'He fusion power of 110+30
kW during N-NB injection.

1. INTRODUCTION

The D-"He reaction is attractive for the alternative fusion reactor, because it does not
produce neutrons, and for the estimation of alpha particle behaviors in D-T plasma because the
D-"He reaction produces almost same energy alphas as D-T reaction. The reaction cross-section
has strong dependence on the incident energy of D or *He. In JET, 140 kW of the D-*He fusion
power was generated with *He minority heating by ICRF[1]. The negative ion-base neutral beam
injector (N-NBI) [2] with 500 keV is suitable for the D-He experiment because the D-*He
reaction cross-section is maximized at D energy of ~500 keV, and has a potential to produce ~
IMW of theD-*He fusion power in 10 MW injection [3].

Reaction equations of D-'He are shown in Eq.(1) and (2). Almost all of the D-*He
reaction s produce protons and alphas which are confined in the plasma, so the direct
measurement of the D-"He reaction rate is very difficult. However, D-*He reaction has 2 small
branch to produce *Li and 16.7 MeV gamma-ray as shown in Eq.(2). We can evaluate the D-"He
reaction rate with the 16.7 MeV gamma-ray measurement.

D+ 'He — p (14.7 MeV) + & (3.6 MeV)  [100%] (1)
D + *He — °Li + v (16.7 MeV) [0.0025%] (2)

2. DIAGNOSTIC SET-UP

In the energy range higher then 10 MeV, gamma-ray are measured with elecron and
positron pear creation process. The cross-section of the pear creation increases with Z 2 where Z
is the charge number of the detection material. So the high Z material is suitable for the detection
of 16.7 MeV gamma-rays. We employed the BGO (Bi,Ge,0,,) scintillator, whose density is
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7.13 g/em’, with a size of 37 x 3”.

Figure 1 shows the arrangement of the gamma-ray detector on JT-60U. The detector is
located 15 m below the plasma center and measures the emitted gamma-rays in a vertical line-of
sight. The floor penetration with 4 x 8 cm’ is used as a pre-collimator. The detector is mounted
inside the heavy collimator which used be for the NE213 neutron spectrometer. The collimator is
made with polycthylene as a fast neutron moderator, borated polyethylene as a thermal neutron
absorber, and lead as a gamma-ray shield.

Lead

Polyetyelene

L fdy Polyethyleneﬁ i
B(5%) ™\
|| Floor

BGO
scintillator |

Magnetic —
shield

~1Tm - -
<
n
2 o 3
=2
I——

l  2.8m

-Gamma-ray
Detector

Fig.1. Arrangement of the gamma-ray detector on JT-60U.

Generally, energy and efficiency calibrations of gamma-ray detectors are done with
radio-isotope (RI) gamma-ray sources. However, RI sources with the gamma-ray energy higher
then 3 MeV are not available. The energy output of the BGO detector was calibrated preliminary
with "*’Cs (0.667 MeV) and °°Co (1.17 and 1.33 MeV). Extrapolation from those energy to 16.7
MeV may give large uncertainty. We calibrated the detector in the high energy region using
neutron capture gamma-rays from structural materials in DD discharges. Figure 2 shows the
gamma-ray spectrum measured in DD discharges, where H(n,y)D[2.22 MeV], 'O(n,y)'"0[4. 14
MeV], *°Cr(n,y)’*Cr[7.94 MeV], and **Ni(n,y)*’Ni[9.00 MeV]are identified.

Detection efficiency calibration is much difficult for 16.7 MeV gamma-rays. We
calculated the efficiency with the Monte Carlo code MCNP-4B[4] with 3-dimentional modeling
of the BGO detector, where the incident gamma-ray beam with 50 mm diameter is well collimated
onto the detector head. Figure 3 shows the detection efficiency of the full energy peak and single
photon escaped peak as a function of the gamma-ray energy. Single photon escaped peak which
corresponds to escape of the photon of the positron annihilation from the detector is almost
comparable for 16.7 MeV gamma-rays. Because the energy resolution of the BGO detector is
about 14 %, we could not distinguish the full energy peak and single photon escaped peak which
is 0.511 MeV lower than full energy peak. Here we adopted 40 % of the total efficiency including
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single photon escaped peak.

Count rate of the BGO detector for gamma-rays higher than 15 MeV is measured with
10 ms time duration during whole discharges (15 s). Pulse high spectrum is measured with 300
ms time duration and 500 channels of the conversion gain in the CAMAC ADC.

10 R yDZ 2T VeV 1 : : : _
17 ] L —@—Full energy peak 1
1 O‘RL léo(n’Y) O[4.14 MeV] 4 > 08l —X—Single escape peak| ]
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Fig.2. Gamma-ray spectrum during DD Fig.3. Detection efficiency of BGO
discharges. detector calculated with MCNP-4B.

3. EXPERIMENTS
We tried the preliminary D-*He experiments with N-NBI in reversed shear(RS) plasmas
[5]. The RS plasma has rather high electron temperature in wide region, which is preferable to

increase the fast ion density due to longer showing down time. Figure 4 shows the waveforms of
the D-’He experiment in JT-60U.
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Fig. 4. Waveforms of the D-3He discharged with N-NB injection in JT-60U.
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Gas of ‘He was puffed in the plasma initiation and just before the N-NB injection of 3.5
MW with 360 keV. Positive ion NBs of deuterium were used to create the RS configuration and
increase the electron temperature. The real time feedback control of the stored energy was used in
the current rump-up phase, therefore the positive NB power was modulated. ECRF of 0.4
MW (plasma input power) was injected into core region to boost the electron temperature. The
count rate of the gamma-ray s increases during the N-NB injection.

Figure 5(a) shows the gamma-ray spectrum during N-NB injection in the D-'He
experiment compared with that of DD discharge with almost same neutron emission. Two broad
peaks around 16 MeV and 14 MeV are identified in the D-*He discharge, which corresponds to ¥,
and vy, shown in Fig.5(b). The D-*He fusion power is evaluated to be 11030 kW from the
counts of Y, whose fraction is 0.0025% for the total D-"He reaction rate.

b
e — (b)
z , 16.66
- £35252 D-"He (5.7-7.5 s) 3/2+
ol ____E35238 DD (4.5-6.3 s)
10"k
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)
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10’ ; A 2P 112
10° - Y 2P3/2
0 20 sLi
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Fig. 5. (a) Gamma-ray spectrum during N-NB injection in the D-3He discharge compared
with that of DD discharge with same neutron emission rate, and (b) level scheme of SLi.

4. SUMMARY

In JT-60U, the preliminary D-"He experiments was done with N-NBI in RS plasmas.
We adopted the BGO scintillator for the D-*He fusion power measurements. The BGO scintillator
of $3” x 3" is mounted in the collimator located 17 m below the plasma center. The energy
calibration of the detector was done by neutron capture gamma-rays from the structural material in
DD discharges. The detection efficiency is calculated with Monte Carlo code. From the measured
gamma-ray spectrum, the D-"He fusion power is evaluated to be 110+30 kW during N-NB
injection n the D-'He experiment.

In 2000, we will try to demonstrate the ~I MW of D-"He fusion power production with
the increase in the NNB power to ~10 MW and with 2 or 3 of *He beams in the positive NBs. The
fusion gamma-ray detector will be replaced with a new BGO scintillator of ¢4” x 4™ in order to
increase the detection efficiency.
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In JT-60U, a collective Thomson scattering system (CTS system) based on a pulsed CO, laser
(10.6 pm, 10J, 1us) have been developed to measure ion temperature and fast-ion velocity
distribution and also to demonstrate feasibility of measurements of confined alpha particles
and ion temperature in ITER. In this paper, we describe the present status of the JT-60U
CTS system.
1. Introduction

Measurement of energy distributions of DT produced confined alpha particles will be
essential in diagnosing a fusion reactor since the energy transferred to the plasma from the
slowing down of alpha particles is required to maintain ignition. Studies of alpha particle
confinement will be an important physics program also for ITER experiments. Several
methods for the measurement of alpha particle velocity distribution have been studied,
including CO, laser Thomson scattering [1, 2, 3]. Recently, Bindslev et al. reported detection
of scattering from plasma fluctuations driven by fast ion population using 140 GHz gyrotrons
[4]. The advantages of using CO, laser are as follows: (1) there is practically no plasma
emission near 10um to interfere with the detection on any tokamak, (2) the calculation of the
alpha effect on the cross section is straightforward by avoiding k*B=0, (3) Faraday rotation
and refraction are unimportant, (4) good absorption notch filters (hot CO, gas cell) exist to
eliminate the stray laser line from the scattered signal and (5) the CO, laser diagnostic does
not require any major source or detector development.

In JT-60U, in order to demonstrate a measurement of the velocity distribution of D-T
produced alpha particles, the collective Thomson scattering system with a pulsed CO, laser
has been developed. The construction of the optical system in the torus hall (including remote
control mirrors) has been completed in the year 1999. Measurement in the JT-60U plasma
will start in the year 2000.

2. CTS System in JT-60U
Both tangential and vertical access was considered on JT-60U; the tangential view is
preferred because of better spatial resolution (polidal spatial resolution AR ~ 2 cm). For

vertical access, the profile is averaged over the scattering length (spatial resolution ~ 46 cm),

—155—



JAERI—Conf 2000-—007

however, we chose vertical access because of difficulties of tangential access. The laser beam

passes vertically through the plasma using top and bottom vertical ports about 20 cm in

diameter. Since no return route for the scattered light was found for vertical access, the

scattered light returns to the injection port.

Schematic of the CTS system on JT-60U is shown in Fig.1. The laser design chosen

for the CTS diagnostic is a transversely excited atmospheric (TEA) pressure laser with energy

of greater than 10 joules per pulse. We control both the pulse shape and wavelength by

injecting a beam from a small cw CO, laser into the TEA laser cavity. The beam diameter

confirmed with thermal paper burn pattern is fixed at about 4 c¢m by the output optics and

apertures on the laser tube flanges. Waveform of an output monitor indicates a nominal pulse

width of 1 us at FWHM.

Input and  output
windows of JT-60U vacuum
vessel are ZnSe coated with
PVAR to withstand over 20
J/pulse power. All mirrors are
made of Molybdenum and the
nearest mirrors to the tokamak
are remotely controlled. CCD
cameras monitor the He-Ne laser
of

alignment. The beam lines is

for calibration optical
enclosed for safety and purged
with dry nitrogen to insure good
transmission.

Figure 2 shows schematic
view of a heterodyne receiver
system. A notch filter with hot
CO, gas reduces stray light from
the scattered signal. The filter
provides absorption of about
50000 at a bandwidth of less
than 500. To obtain a good S/N

value in JT-60U, a quantum-well
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Fig. 1 Schematic view of the Collective Thomson Scattering
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Fig. 2. Schematic of the heterodyne receiver system with stray
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infrared photodetector (QWIP) are used. QWIP detectors are manufactured by the growth of
alternating layers of GaAs and GaAlAs. A local oscillator laser for the receiver is a DC-
excited CW CO, laser. The laser incorporates a feedback stabilization system to maintain
operation on line center of the 10P20, 10.6 um transition. The basic requirements for the
receiver are a noise-equivalent-power (NEP) of less than 9 x 10""° W/Hz and a bandwidth of 3
GHz. The NEP could be actually determined by using a blackbody with a known temperature
at diagnostic room. The NEP is below the specified level of 6~9 x 10" W/Hz up to a
frequency of 3 GHz, the specified bandwidth.
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5 3

g s . . . ‘h10_21 : = -1
possibility of fast ion diagnostic, o T=10keV : 13-9

the negative ion based neutral 10_22 | NS I i1t | 1111 I L 1] l S| ] LotoLt %
0 1 F 2 3 [Gifl ] [ -‘51610

. requenc z §

beam (NNB) heating quency g

=

O
g

o

experiments will be studied in
JT-60U. Figure 5 shows the

Frequency [GHz]

Fig. 4 Expected scattered power as a function of frequency shift
calculated scattered spectrum for  from the injection laser and detected power for each channel.

Plasma parameters are n,=n,=IxI10’’m” ion temperature of

slowing down distribution of T=10, 15 and 20 keV.

injected beam ions of E,,,, =
400 keV, n,,,, = 2x10" m”.  Good S/N ratio for ion tail is not expected by use of the same

bandwidth (B=0.5 GHz) as ion temperature measurement. Therefore the bandpass filter with a
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bandwidth of B = 2GHz will be used in order g ________ CHS - 2.5GHz-4.5GHz
to measure fast ions. Wide band filter will g ¥ V
... L10" e
improve the S/N ratio, because S/N ratio is 2, '°
. 3
proportional to square root of the bandwidth. g 10" =
) 3
Observation of scattered spectrum by the fast _g- ]
. . — @ 10% E
ions can be expected in negative ion based 5 -~
£ ]
neutral beam (NNB) heated plasma using & 10 .
2 ]
present laser and detection system. ‘S R ]

1022 PR BN - [N

4. Summary 0 1 2 3 4 5 6
Frequency [GHz]

The analysis performed in this article  Fig. 5 Expected scattered specira for negative-ion
based neutral beam heated plasma. Individual
contributions to the scattered power due to electrons,
receiver systems can measure fast ion tail Owlk-ions and NNB-ions are indicated. Plasma

parameters  are  n,=np,=8x10"m*,  T.=8keV,
and ion temperature of D-T burning plasma  T,=/5keV, Eypim = 400 kéV, ny,,, = 2x10'% m*,

shows that the CO, laser and the heterodyne

in RC-ITER. Measurement of fast ions in
NNB heated plasma is also possible by use of wide band filter and detectors. A calculation
was also performed to evaluate the possibility of high-energy alpha particle measurement of
D-3He plasma in JT-60U. Although the experiment is expected to be the first measurement of
confined alpha particles in a burning plasma, it seems difficult with the present plasma
parameters. The tangential view is preferred because several spatial resolutions are available
and a long path is beneficial to the discrimination of scattered power from incident laser beam.
Collective Thomson scattering will be constructed in JT-60U for a proof-of-principle. The
development of this ion tail diagnostic for JT-60U could contribute a great deal to alpha
particle and ion temperature measurement for ITER.
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