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DEVELOPMENT OF DIAGNOSTICS FOR LARGE HELICAL DEVICE(LHD)

Y. Hamada and LHD Design Team, National Institute for Fusion

Science (NIFS), Nagoya Japan

§1 LHD Project

The LHD device is a Heliotron/Torsatron-type superconducting helical

machine, which is scheduled to be build by National Institute for Fusion

Science (NIFS) as the major joint-university fusion research project in

Japan. This year it was approved by Ministry of Education of Japan that

LHD is to be build as a seven years' program in the new site in Toki city

( about 40 km north-east of Nagoya University ). Figure 1 is a schematic

picture of LHD. A large building for the development of the superconducting

helical coil, was completed in the new site and researches in the new

facilities already started. Helical devices are free from major problems

associated with the toroidal plasma current( plasma current disruption and

economical non-ohmic current drive). In addition, it has been demonstrated

by small and medium-sized experiments that plasma confinement in helical

device is comparable to that of the tokamaks with comparable size.

Accordingly, LHD will be a very important helical device for studying the

confinement of the very high temperature plasma, comparable to the present

large tokamak. Parameters of the device are as follows.

Major radius, 3.9 meter,

average minor radius, 0.6 meter,

magnetic field 3.0 Tesla, extendable to 4 Tesla,

m number jQ , j£= 2 Helotron/Torsat; on

§2 Diagnostics of our present devices

The design of diagnostics in LHD is primarily based upon the present

technique of the plasma diagnostics which are used in the universities in

Japan, especially of Heliotron E in Kyoto University and of JIPP T-IIU and

CHS in NIFS. Here, a brief sketch of the diagnostics in JIPP T-IIU and

CHS will be given.



As for the detailed profile measurement of plasma density and

temperature, we have developed

1) 10 channel ECE polychromator,

2) 6 channel FIR interferometer,

3) 2-dimensional CXRS( about 50 ch.),

4) 28 channel, 100 Herz YAG Thomson scattering apparatus.

As for the turbulence study of L- and limiter-H mode plasmas, we have,

1) FIR laser scattering apparatus,

2) 500keV heavy ion beam probe.

In addition, reflectoraetry is being constructed.

Diagnostics development for LHD

A large number of plasma diagnostics are planned for LHD as shown in

Table 1. A preliminary plan of the layout of various diagnostics and

heating devices is shown in Figure 2. Major targets for the development

are,

1 The very precise profile measurements of plasma quantities in

3-dimensional helical plasma. We may find many islands and may

be able to explain the anomalous transport by them.

2 Measurement of the electric field and plasma turbulence in the

center of helical plasma, for understanding the classical and

anomalous transport in the helical system,

3 Measurement of escaped high-energy particles to assess the

confinement of the high energy particles in the helical system.

4 Measurement of the magnetic field in the plasma to observe the

deformation or partial destruction of the magnetic surface due

to the finite beta or instabilities in the plasma.

The requirement (1) is still a very difficult task. The present effort

of the development of 28 spatial-points-lOOHz YAG Thomson scattering

apparatus in JIPPT-IIU is very valuable. Since this system has already 28

filter polychromators, the development of IR Si-avalanche detector or

2-dimensional sensitive IR-detector is necessary for the further

improvement of the spatial resolution. In Kyushu University the

experimental effort of the improvement of the space resolution of the LIDAR

Thomson scattering is under way. In a few years, we are going to make a
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choice out of TV Thomson(ruby), YAG Thomson and LIDAR Thomson. The

combination of those may be the best choice.

In addition to the development for the precise measurement of

1-dimensional profile, two dimensional Thomson measurement by the use of

multiply reflected laser beam is an interesting idea and preparatory works

are necessary.

In order to have the spatial resolution, most of the diagnostics which

measure the chord averaged quantitites, are going to have as many measuring

chords as possible. In order to have many chords for FIR interferometer,

the development of a high power DCN laser and high power optically pumped

FIR laser is now under way. In addition, the STRS( Space Time Resolved

Spectroscopy ) will be employed in visible bremsstrahlung radiation, Ha.

CXRS, and in VUV diagnostics. The image of the plasma is placed on the input

slit of the spectrometer and the output of the spectrometer (slit height

for spacial points) is recorded finally by the 2-dimensional detector of

CCD or 2-dimensional photodiode array. The STRS in VUV region will be

performed by NIFS and John Hopkins University. The utilization of the high

capabilities of Japanese Industry in the 2-dimensional detectors is the

necessary condition for the success of US-Japan cooperation.

The requirement (2) is also a difficult task since the energy of the

heavy ion probing beam is estimated to be above several MeV. The experience

of the 0.5MeV Heavy Ion Beam Probe(HIBP) in JIPPT-IIU and 0.2MeV HIBP in

CHS will be very helpful for the development of the multi-MeV HIBP for LHD.

In addition, the novel CXRS developed in JIPPT-IIU using an image

intensifier and CCD detector, will be used for the indirect measurement of

the plasma potential. As for requirement (3) and (4), trials are already

performed in JIPP T-11U by installing the high energy loss-particle

detectors and FIR polarimeters. Development program will be formed in near

future.

The basic experiment related to the development of diagnostics,

utilizing facilities of ACE, NICE and TPM-3 for atomic physics are performed

in this laboratory. In addition Synchrotron Radiation Experimental

Facility on the beam line BL5B of the UVSOR at Institute for Molecular

Science, Okazaki is operated for the calibration of the optical instruments

in VUV region.
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PLASMA VACUUM VESSEL

LARGE HELICAL DEVICE

Figure 1 Schematic View of LHD



DIAGNOSTIC

Magnetic Field Measurements

MM Wave Interferometer

FIR Laser Interferometer

KIM Have Reflectometer

Thomson Scattering

Electron Cyclotron Emission

X-ray Pulse Height
Spectroscopy

Charge-exchange Neutral
Particle Analyzer

Charge-exchange
Recombination Spectroscopy

X-ray Crystal Spectroscopy

Neutron Diagnostics

Bolometers

VUV Spectroscopy

Visible Spectroscopy

Langmuir Probe

Visible/Infrared TV

Soft X-ray Diode Array

MM Wave/FIR Laser Scattering

Heavy Ion Beam Probe

Diagnostic Pellet Injection

High-energy particle
diagnostics

PURPOSE

Plasma Current, Plasma Position
Plasma Shape, Plasma Pressure

Line-Integrated Electron Density

Electron Density Profile

Electron density profile and
fluctuations

Electron Temperature/
Density Profile

Two dimensional profiles of
electron temperature

Electron Temperature, Impurities

Ion temperature and energy
distribution

Ion temperature profile and
plasma rotation velocity

Ion temperature porfile and
plasma rotation velocity

Neutron Flux, Ion Temperature

Radial profile of radiated power

Impurities, Ion Temperature

Neutral Hydrogen Density, Zeff

Electron temperature and density

Plasma Position, Plasma-Wall
interaction, Waii/Limiter
Temperature

Mode structure of MHO oscillations

Study of m1cro1nstabil1t1es

Plasma potential and fluctuations

Study of particle transport

Study of the behaviors of
high-energy particles

BRIEF DESCRIPTION

Rogowski coils, flux loops and
Mirnov colls

2mm/Inn wave single channel
Interlocking for heating system

CH3OH laser (119pm) or
DCN laser (195nm) with .
10 vertical chord channels

20 channels reflectometer with
fixed frequency

Measurements of electron temperature
and density profiles along a vertical
chord

Fourier transform spectrometer,
grating poiychromator and heterodyne
radiometer with different viewing
chords

Si(LI) detector (SkeV-lOMeV)
Ge detector (l-60keV)

Energy range: l-150keV,
32 channel, radial scan

Combination of diagnostic neutral
beam probe and visible spectrometer

Wavelength: 1-40/f, X/AX: 104

NE-213 detectors, He counters and
activation of metal foiies

Two array system of metal film
bolometers and pyroelectric detectors

Wavelength: 10-2000A", X/&X: 104

Wavelength: 2OOO-7OOO/P, x/AX: 5xl04

Fast scanning probe and fixed probes
in the shadow of the limiter

TV system will be used for control
of the magnetic configuration and
heating devices

An array of silicon surface-barrier
diodes

lmm/337pm(or 195ijm) multichannel
scattering system

Ta+or Au", 2-6MeV. 100MA

Impurities (c, Fe) and hydrogen
ice pellets

Li beam (2MeV, 10mA) probe and
particle detector probes

Table 1 list of diagnostics for LHD



Charge-Exchanged Neutral
Particle Analyzer

Bolometer Array

CXRS for Ti(r)

Diagnostic Neutral Beam

CXRS for Ti(r)

I
o
I

Vacuum Pumping
Svstein ~

FIR-Laser Scattering
IR-TV Camera

FIR-Laser Interferometer —
Soft X-Ray Detector Array

TV-Camara -
S

Neutral
Beam

Heavy fon Beam Probe •

X-ray X'tal Spectrometer'

Pellet Injector for Diagnostics1

High-Energy Particle Detector'

Measurement of Magnetic Surfaces;

V.U.V. Spectroscopy.

Fig. 2 Arrangement of Plasma Diagnostics for LHD.

Neutral
Beam

Hard X-ray Monitor

X-ray Pulse Height Analyzer

Fast Response Magnetic Probe

Magnetic Probe (M.P.)

X-ray Pulse Height Analyzer

X-ray X'tal Spectrometer

Visible Spectrometer

Z-Meter

Thomson Scattering

MM-Wave Interferometer

Rogowski Coil

Diamagnetic Loop

Electron Cyclotron Emission

TV-Camera

Neutron Spectrometer

Electron Cyclotron Emission

Soft X-ray Detectors

Diamagnetic Loop

Neutral
^S^%s Beam



SPATIALLY RESOLVED DIAGNOSTIC SYSTEM IN JT-60U

H. Takeuchi and A. Nagashima

Naka Fusion Research Establishment, Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun, Ibaraki-ken, 311-01, Japan

ABSTRACT

JT-60 has been shut-down since November 1989 for the modification
to JT-60 Upgrade(JT-60U) which the machine parameters are R=3.2-
3.4m, a=1.5m, b=0.8-l.lm, Ip=6MA(divertor), 6.5MA(limiter), Bt=4.2T,
P N B = 4 0 M W , PLHCD<10MW and PICRH<5MW. At the end of March 1991,
JT-60U will initiate a new regime of experiments; 1) confinement
study in new parameter regime of high plasma current, large plasma
volume and aspect ratio, 2)non-inductive current by LHCD, bootstrap
current and negative NB, and 3) energetic particle physics relating
burning plasmas. Fusion product is expected to reach 1-
2 x l O 2 1 ( K e V s e c m - 3 ) in hot ion H-mode. The diagnostic system is
rearranged for the sufficient comprehension of the upgraded plasma
by means of intensifying the spatially resolution for various plasma
quantities such as density and temperature profiles and so on. Though
the most of all plasma quantities are to be measured by using
extrapolations of established techniques, several of new attempts is
included in it to understand characteristics of fusion plasma. We
outline the diagnostic system in JT-60U tokamak.

1. INTRODUCTION

JT-60 is reconstructed a single null non-circular tokamak (JT-
60U) which features high plasma current, high heating and current
drive powers. The primary mission of JT-60U is to study the increase
of confinement, impurity control, non-inductive current drive and
energetic particle physics relating burning plasma in new regions
close to a core plasma of reactor. For the study of confinement and
impurity control, we intensify the the spatially resolved measurement
of temperature, density, and other plasma parameters especially in
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edge region. To accelerate the understanding of current drive physics,
we add instruments of measurement of current density profile and
spatial profile of high energy electron and ion velocity distribution.
And also we intensify the diagnostics of energetic ions relating
burning plasma. The experiment will start at the end of march 1991
and be operated with deuterium gas which will be first experience in
JT-60 after July 1991. Plasma temperatures and density are expected
to reach Te(0)~20 keV, Ti(0)~30keV, and ne(0)~2xl020m-3. The
rearrangement is performed by the existing instruments with
enforced capability and several newly developed diagnostics. And
also neutron and gamma ray shield is installed in the detectors
(neutral particle analysis, XUV spectroscopy and so on) which are
influenced by these radiation. The JT-60U diagnostics system
consisted of 55 diagnostic instruments is summarized as shown in
Table 1 and 2. As the followings, we outline the picture of overall
diagnostic system in JT-60U.

2. ELECTRON DENSITY, TEMPERATURE AND FAST ELECTRON
VELOCITY DISTRIBUTION

Far infrared ( 2 chord ) and CO2 (1 chord) lasers are applied to
measure the line electron densities. The density profile is measured
by a millimeter-wave reflectometer and a Thomson scattering system.
The reflectometer, which consists of wide band BWO oscillators(110-
170GHz) and a super hetero-dyne receiver using feed-forward
method will give information for about 4000 spatial points at 10ms
time interval. The Thomson scattering system using two independent
multi-pulse Ruby lasers provides 70 spatial points of density and
temperature having a resolution of 20 mm and 8 mm at the center
and plasma edge region, respectively. The two lasers are capable of
firing at the time difference of several msec. The scattered light is
guided spectrometers set at a diagnostic room apart from 80m
through bundle optical fiber cables. The light is detected by
PDA(photo diode array) using Multi-channel plate. And also ECE
measurement by Fourier spectrometer and 20ch polychromator is
used to obtain electron temperature profile. Fast time variation of
edge temperature profile will be provided by hetero-dyne
radiometers. Velocity distribution of fast electron is estimated by ECE
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and x-ray spectra. Soft x-ray is measured by a germanium detector
and hard x-ray is detected by 8 and 2 scintillators set to the
perpendicular and parallel (co and counter) directions to the plasma
current, respectively.

3. ION TEMPERATURE PROFILE AND FAST ION VELOCITY
DISTIBUTION

Optical fiber guiding charge-exchange recombination
spectroscopy using heating beam is employed to obtain a profile
information of 30 points for the poloidal and toroidal ion
temperatures and plasma rotations. For the sake of the measurement,
we have developed a optical fiber cable which is capable of standing
300 degrees of baking temperature. These poloidal and toroidal
profiles will also be provided by spatial XUV scanning spectrometers
using crystals which will rotate at 50 revolutions per a second. We
have to develop a stable rotation system of crystal in the enviroment
of 4 T of toroidal field for the profile measurements. These ion
temperature values will be checked by an absolute measurement
with Helium beam scattering method using 200keV and 3.5A ion
source and E//B mass energy analyzer. 5 charge-exchange neutral
particle mass energy analyzers are employed to measure
perpendicular and parallel velocity distribution of 1-500 keV fast ion.
These analyzer system are shielded by polyethylene and lead of
about 30cm and 15cm thickness, respectively. Excited wave by an
instability due to an anomalous ion velocity distribution will be
investigated by an electrostatic probe. And also we will try to detect
the wave by using FIR laser scattering.

4. PROFILES OF RADIATION AND IMPURITY LINES ON MAIN
PLASMA

A 32 channel metal bolometer array gives information of
radiation profile. Metal bolometers are used to detect radiation power
in environment of the high neutron flux. A spatial profile of effective
charge of plasma Zeff(r) is determined by it of visible brernsstrahlung
which is measured with an optical fiber system. Spatially resolved
measurements of visible and VUV lines are performed by



spectrometer systems having rotating mirrors with time resolution of
about 20ms. These spectrometers are calibrated by standard light
sources and branching ratio method between visible and VUV lines.
Though the spectrometers is not installed a neutron shield, the net
signal is obtained by subtracting background signal from raw signal.
Spatial profiles of XUV lines will also be measured by spatial XUV
scanning spectrometers with a rotating crystal. We will study an
impurity transport by an impurity injection with a laser blow off.
The laser power of 2 MW(dye laser) is transmitted to the target plate
through the optical fiber cables. Soft x-ray energy spectrum is
measured by a pulse height analysis using germanium detector.
These detectors of XUV and soft x-ray have to tightly shielded by
polyethylene and lead.

5. DIVERTOR AND EDGE PLASMA

In the divertor region, the radiation power is measured by 1 ch
bolometer and intensity profiles of visible impurity lines along the
poloidal direction of the divertor plate are investigated in detail on
the 40 points. The visible lines are guided diagnostic room through
optical fiber cables and analyzed by filters or spectrometers. The
intensity of VUV lines are also measured by a VUV spectrometer with
multi-channel detector. A normal incidence vacuum spectrometer
gives information of Doppler ion temperature in the divertor region,
the light of divertor region is guided the spectrometer by a metallic
mirror set in the wall of vacuum chamber. The temperature of
diverter plate is provided by an infrared TV camera and
thermocouple array of 23 points. The electron temperature of
divertor region is measured by electrostatic probes of 30 points.

The interaction between plasma and wall is measured by Ha
monitors set at 10 poloidal directions, 6 toroidal locations and 1
divertor region. Fast time variation of edge electron temperature will
be measured by ECE hetero-dyne radiometers. The condition of the
first wall is usually investigated by 3 tangential CCD TV cameras.
Temperature of first wall is measured by 13 thermocouples and
temperature of ripple loss region is especially measured by 40
thermocouples and an infrared TV camera. As the ripple of toroidal
field is predicted about 2-3% at the plasma edge, the effect to
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confinement and its tolerance level in fusion reactor can be studied.
And also the heat load to antenna facing of lower hybrid current
drive and ion cyclotron-resonance heating will be investigated by an
infrared TV camera.

6. NEUTRON AND FUSION PRODUCT

Absolute neutron flux is measured by fission chambers installed
at 3 toroidal locations. The detection efficiencies will be calibrated by
moving 252£f neutron source in the vacuum chamber. Shot-integrated
neutron source yield will be measured by activation foil method. The
neutron source profile will be measured by 10 channel scintillator
arrays. Neutron spectrometer of 3He ionization chamber gives
information of ion temperature when high energy ion tail does not
existed. The confinement of I MeV triton will examined by 14 MeV
neutron measurement using SBD detector and recoil proton counter.
To study the energetic particle physics relating burning plasmas,
fusion product of proton, triton and cc particle and so on will be
measured by 4 channel escaping charged particle monitor. Fusion y
measurement will be performed by 1 chord Nal(Tl) scintillator
detector in order to estimate the fusion power in D-^He experiment.
Fast alha-ash(Ea < 400keV) is detected with He beam scattering
system. A collective Thomson scattering diagnostic using Gyrotron
oscillator will be apply to measure the distribution of energetic
alphas.

Activation level of tokamak device by neutron will be
investigated in detail using radio active measurement techniques in
order to obtain data base for tokamak reactor. And also tritium
retention in first wall will be studied.

7. CURRENT PROFILE AND WAVE ACTIVITY

FIR Faraday rotation(2 chord) is applied to roughly estimate the
current distribution. The current profile is reconstructed by
comparing equilibrium calculation result. In order to obtain more
detail information for Lower hybrid, neutral beam and bootstrap
current drive experiments, a spatially resolved motional stark system
using heating beam will be developed.
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Wave activities are investigated by magnetic loop, pin diode and FIR
laser scattering and so on. Magnetic properties are provided by
conventional magnetic loops which consist of 3 Rogowski coils, 15
flux/voltage loops, 56 Mirnov coils and 4 diamagnetic loops. 64 pin-
diode array is employed to measure soft x-ray fluctuation profile. In
next step, channel of pin diode is increaseed to 128 channels. And also
fluctuation of electron density and temperature will be measured by
the reflectometer and ECE polychromator(see electron density and
temperature) and FIR laser scattering system will be introduced to
study characteristics of micro instability in the plasma.

8. SUMMARY

On the modification of JT-60 to upgrade, the diagnostics system
is improved to intensify the measurement of spatial profile. In the
improvement, we intensify especially the capability of following
diagnostics; electron density, electron and ion temperature, current
profile, high energy electron and ion, neutron and fusion product. The
rearrangement is performed by the existing instruments with
increased capability and several newly developed diagnostics. As a
results, we could accelerate the experiment for confinement study in
new parameter regime, non inductive current drive and energetic
particle physics relating burning plasma. More over the diagnostics
system will be intensified the capability corresponding to needs of JT-
60U experiment.
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Tabiei JT-60U DIAGNOSTICS

I: Improvement, R: Rearrangement, N: New establishment, P: Planning

Measured Parameter

Electron Density

Electron Temperature

Electron Velocity
Distribution

Ion Temperature

Ion Velocity Distribution

Radiated Power

Impurity

Diagnostic

FIR Interferometer

CO2 Interferometer

Reflectometer

Thomson Scattering

ECE Polychromatbr

ECE Fourier Transform
Spectrometer

Thomson Scattering

Hard X-ray: Vertical

: Tangential

ECE Fourier Transform
Spectrometer

Charge Exchange
Recombination
Spectroscopy

He Beam Scattering

Single Points XUV
Spectrometer

Spatial XUV Scanning
Spectrometer

CX: Perpendicular
: Tangential

Bolometer Array

Single Points XUV
Spectrometer

Spatial XUV Scanning
Spectrometer

VUV Spectrometer

VUV Monochromator

Saptial Scanning VUV
Spectrometer
Spectrometer for
PeriDherv

Visible Monochromator

Zeff Spectrometer
Soft X-ray Spectrometer

Laser Blow Off

Specification

2 Chords

1 Chord

4000 points,
At :200msec, 110-170GHz

2 lasers At > 2ms
60 points
AL > 8mm

20 points, At =20 v sec

30 poitns At =20msec

see above

8 Chords,
E=30-600keV
2 Chords,
E=30-600keV

see above

3 x 30 points

Ti > 100eV

1 points, E<400keV,Ti > 1keV

1 points, Ti>ikeV
k=1-10A
20 points, Ti>1keV
X=1-10A

3 Chords E=1-110,300keV
2 Chords E=1-500keV

2 Arrays x 16 chords

see above

see above

1 Chord, JU5-1300A

Chord, *=10-1300A

20 Points, X-100-1300A

18 Chords
k=2000-7000A
1 points, X=2000-7000A

11 points

Chords, E=3-11 OkeV

Dye Laser 2MW, Optical Fiber

Status

I

N

N

I

R

R

I

N

I

R

I

P

R

I

R

R

P

R

R

R
R

N
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Table 2 JT-60U DIAGNOSTICS(Continue)

I: Improvement, R: Rearrangement, N: New establishment, PPIanning

Measured Parameter

Divertor Plasma

Edge Plasma

Neutron and Fusion
Products

Current Profile

Wave Activity

Diagnostic

Bolometer
VUV Spectrometer
Visible Spectrometer
Normal Incidence Vacuum
Spectrometer
IR TV Camera
Ha photo-diode

Thermocouple

Electrostatic Probe

Ha photo-diode

ECE Hetero-dyne Radiometer

Visible TV Camera

Thermocouple

Infrared TV Camera

Fission Chamber
Activation Foil
Recoil Proton Counter
SBD
3 He lonization Chamber

Neutron Multi-Collimator
•y-ray Spectroscopy

Escaping Charged Particle Monitoi

Double Charge Exchange

Gyrotron Scattering

FIR Faraday Rotation
Motional Stark
Mirnov Coils

Pin Diode Array
_CE Grating Polychromator

FIR sacttering

RF Probe

Reflectometer

Specification

1 Chord
1 Chord, X=5-1300A
40 points. a.=4000-7000A

1 point, X=1000-2350A

T=400-1200deq.
1 point
23 points

56 points

Toroidal 6 Chords
Poloidal 10 Chords

Spatial 8 points At= 10msec

3 points

53 points

1 points

3points, Total Neutron

3 points,Total Neutron
1 points, 14MeV Neutron
1 points, 14MeV Neutron
AE=2%, Neutron Doppler

0 Chords,At=3msec
Chord, E> 10 MeV

4 points,

see He Beam Scattering

60 GHz,500 kW
At=i 00msec. X-mode
2 Chords, At=10ms, Atf=0.2deg.
8 points
56 Coils

2 x 32Chords
see above

points scattering angle=2 deg.

points

see above

Status

R
R
N

R

R
R
R

N

R

P

N

N

I

N

N
N
N

N

P
P
1

P

R
P
R

1

N

R



Profile Measurements of Electron Density

and Temperature on JIPP T-IIU

K.Kawahata, J.Fujita, S.Okajima* and JIPP T-IIU Group

National Institute for Fusion Science, Nagoya 464-01, Japan

*Appl.Phys.Lab., Chubu Univ., Kasugai 487, Japan

Abstract

On the JIPP T-IIU Tokamak (R = 0.93 m, ap = 0.23 m, Bt = 3T) ,

the electron temperature profile is routinely measured by

ten-channel grating polychromator(ECE). The spatial- and

time-resolutions are 2 cm (Ar) x 5 cm (AZ) at the center of the

plasma and ~ 1 jus, respectively. A high-temperature radiation

source has been developed for the absolute calibration of the

instrument. The source has a radiation area of #150 mm and can

be heated up to 500 "C. The calibrated temperatures agree with

those by Thomson scattering measurement within 10 %. As a

diagnostic of the electron density profile, a six-channel HCN

laser interferometer has been used. The optical configuration

is of the Michelson interferometer type, of which reflecting

mirrors are directly attached on the wall of the vacuum vessel.

An effective area of the optical window is only #40 mm. This

optical configuration enables us to make the electron density

profile, measurements by the multichannel laser interferometer

with a single small optical window.

1. ECE measurements by use of ten-channel grating polychromator

The optical arrangement of the grating polychromator [1] is

shown in Fig.l. The spectrometer has the configuration of

crossed Czerny-Turner mounting. This polychromator is designed

in such a way that it can efficiently measure over the range

between 130 GHz and 220 GHz in which the 2nd harmonic of ECE from

JIPP T-IIU [2] appears. The grating spectrometer is blazed at 2

- 15 -



mm. Further, the polychromator is so designed that it has a

resolving power of 50 and that it covers a wide spectral range

((̂ moi. - t-min.) /^center) ~ 0.4. The spectral resolution of 50

corresponds to the spatial resolution of 2 cm.

Figure 2 shows typical ECE signals from the different radial

positions of the plasma. At the beginning of the discharge,

strong bursts of the radiation are seen. These bursts are

characterized by extremely large pulsive radiation which cause

sometimes under-shooting of the signals. In order to prevent

this effect, waveguide transition from C band to E band which

works as a high pass filter, is installed between the antenna

and the polychromator. Figure 3 shows the electron temperature

profile obtained by normalizing ECE intensities to the Thomson

scattering values. At the beginning of the discharge, the plasma

is located to the low field side and has a hollow temperature

profile, and then shifts to the central position of the vacuum

chamber by the vertical magnetic field control. At 110 msec,

ICRF heating power of 1 MW is injected from high field side. Just

before RF power injection, a strong gas puffing is applied to

reduce plasma-wall interactions, which leads to a decrease of

the peripheral electron temperature. After RF power injection,

the central electron temperature rapidly increases and the

temperature profile becomes peaky, and then the internal

disruptions occur to make broad temperature profiles. These

sequential changes of the electron temperature profiles can be

observed vividly by the ECE measurements.

In . order to determine the absolute values of electron

temperature from the ECE spectrum measured, the normalization of

the spectrum to the Thomson scattering values has widely been

used. When the ECE diagnostics can be calibrated absolutely

without helps of any other plasma diagnostics, they would be more

useful for measuring electron temperature. However, there exist

no suitable radiation sources in the region of submillimeter and

millimeter waves. Then, a new high temperature radiation source

[3] has been developed.

The radiation source developed is composed of a heater plate
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and a radiation plate. We have used Macor as a radiation material

from the view points of its higher absorption coefficient

compared with ordinary ceramics in the far-infrared wave region

and its excellent machinability. Figure 4(a) shows a schematic

drawing of the radiation source. In order to have large heat

capacity, a massive copper plate («H90 mm x t40 mm) is used as

the heater plate, which is uniformly heated up to a temperature

higher than 500 "C by the use of a resistive heating element in

a spiral shape. Figure 4(b) shows the thermogram of the

radiation source measured by the thermoviewer. The temperature

distributions along the crossed hair are shown on the left side

and lower side in the figure. The temperature scale is 3

*C/div. It is found that the temperature variation across the

source surface is less than ±3 K at the temperature of 369 'C.

The radiation spectrum from the Macor was measured by a

Martin-Pupllet Fourier transform spectrometer, which is similer

to that from the microwave absorber, Eccosorb. The microwave

absorber is a good approximation to a blackbody in the millimeter

and submillimeter waves. By comparing two spectra, it is found

that the Macor has an emissivity of 0.95 - 1.0 in the frequency

range of 100 -500 GHz. The developed radiation source has been

applied to the calibration of the grating polychromator. The

radiation from the source is chopped at the frequency of 38 Hz.

In order to increase S/N, the output signal is amplified with a

lock-in mode at the time constant of 125 s. The responsivity

calibrated in this way agrees with those calibrated by the

Thomson, scattering measurements within 10 %.

2. Electron density measurements by FIR laser interferometer

In recent years, high density plasmas in the range of lO20

m~3 have been achieved in toroidal devices. For the measurement

of such high electron density, infrared laser and far-infrared

laser interferometers have widely been used. On the JIPP T-IIU

tokamak, the maximum electron density is about 1O20 m"3 and the

plasma size of ap = 23 cm. A HCN laser source is considered to

be appropriate for the probe beam of the interferometer from the
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view points of mechanical stability of the interferometer and

diffraction effects caused by the plasma density gradient. For

the measurement of the density profile it is necessary to

construct a multichannel interferometer system. Usually to

construct a multichannel assembly it is necessary to equip with

a large sized window or a large number of windows [4]. These

requirement, however, are not always satisfied in toroidal

devices. In the JIPP T-IIU device no windows meet such

requirements. Then we have developed a multichannel HCN laser

interferometer [5] with a Michelson type which enable us to

measure a full density profile through a single small window.

Figure 5 shows the schematic drawing of the optical

configuration of a six-channel HCN laser interferometer. A high

power 337-/im HCN laser [6] of waveguide type, which has a cavity

length of 5 m and the maximum output power of 500 mW, is installed

in the diagnostic room 8 m apart from the tokamak. The laser beam

propagates 6 m to reach the optical bench of the interferometer

through a dielectric waveguide of 59 mm^(Pyrex glass). The laser

beam is divided into 6 probe beams and a reference beam by the

beam splitters (B.S.I ~ 6) made of quartz. Each probe beam split

off at B.S.I ~ 6 enters into the vacuum chamber through a port

on the outside midplane. The incident beams are reflected back

toward the port by the concave mirrors made of stainless steel

which are directly attached on the inner wall of the vacuum

chamber. In order to read out the phase shift directly the

frequency of the reference beam is Doppler shifted by means of

the rotating grating. For the detection of the interference

signals and the reference signal, compact sized Schottky barrier

diode mixers with corner cube mount [7] are used. The phase

difference between probe and reference signals is directly read

out by a digital counter, which enables us to measure the phase

shift within a dynamic range of 15 x 2 x with an accuracy of 1/16

x 2 i. As is shown in Fig.5, this interferometer system can be

considered to be composed of 2 interferometers, 3 chords

(including midplane chord) interferometer in the upper side of

the plasma column and 4 chords interferometer in the lower side.
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Therefore, it is possible to examine vertical asymmetry of the

plasma density profile. In the usual operational regime of the

tokamak plasma, it is considered that the plasma maintains up to

down symmetry. In such a case this interferometer can be

operated as a 6 channel interferometer in a half radius of the

plasma, shifting chs 5 and 6 into the lower side.

Figure 6 shows the effects of the charge of the toroidal

magnetic field and equilibrium field on the interferometry

signals. When the toroidal field is excited, the phase of the

interferometer gradually shifts and becomes a constant value

during flat top of the field, where the plasma discharge occurs

(t = 2.5 s). After the plasma discharge, low frequency

oscillations appear due to the mechanical vibration. The

amplitude of the vibration is about 13 nm which corresponds to

the fringe shift of 1/13 fringe. At the present system, there

is no installation of visible wave-length interferometer for the

correction of the vibration, so that the noise equivalent average

density is about 6 x 1017 m"3.

Figure 7(b) shows the temporal variations of the line

integrated density for six different chords obtained in the case

of the ohmically heated plasma. In this discharge, the voltage

(VpU//) was increased from t = 150 ms to increase the electron

density. When the Vpu// is turned off at t = 260 ms, the line

integrated density at the outermost chord initially decreases

with the time delay of ~ 7 ms. On the other hand, the central

chord signal continues to increase after that and reaches the

maximum- value after ~ 20 ms from the switchoff of the gas

puffing. In order to reconstruct the density profile from the

line integrated density measurement, some inversion methods are

employed. The Abel inversion is a conventional method widely

used, which in general assumes that the object to be

reconstructed has axial symmetry. To examine the vertical

symmetry of the electron density profile, the upper and the lower

chord signals are analyzed independently. As a result, it is

found that the plasma maintains the vertical symmetry of the

electron density profile at the flat-top phase of the plasma
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current. Since the up-down symmetry of the plasma column can be

confirmed, conventional Abel inversion is carried out using all

chord signals, and the result is shown in Fig.7(c). The measured

density profile is relatively uniform at the start-up phase of

the discharge, and well fitted by ne(r) = ne(0)[l - (r/a)2]k at

the flat-top phase. Figure 7(d) shows that the profile-shape

factor, k, remains at a constant value between 0.9 and 1.0, though

the central electron density increases from 2 x 1013 cm"3 to 8 x

1013 cm"3 due to the gas puffing. After the end of the gas puffing,

electron density profile changes to the peaked one and the

profile-shape factor becomes ~ 1.3. This experimental result

indicates that an influx of the neutral particles plays an

important role to maintain the electron density profile to be

constant in the ohmically heated plasmas.
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Fig.5 Schematic drawing of a six-channel
HCK laser interferometer installed on the
JIPP T-IIU tokamak. B.S.: beam splitter,
M.:mirror, L.:lens, R.G.:rotating grating.
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Fig.6 Effects on the interferometric
signals caused by the change of the
toroidal magnetic field. The slow shift
of the signals from t=0.8s are due to
the switch-on of the toroidal field,
and the rapid changes at t=2.5s are due
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IAEA-TCM on Time Resolved 2- & 3-Dimensional Plasma Diagnostics

APPLICATION OF TWO-DIMENSIONAL ECE
MEASUREMENTS TO REACTOR-GRADE PLASMA

M.SATO, A.NAGASHIMA, S.ISHIDA and N.ISEI

JAPAN ATOMIC ENERGY RESEARCH INSTITUTE,
NAKA, NAKA, IBARAKL JAPAN, 311-01

ABSTRACT
Effects of relativistic frequency broadening and polarization

state evolution on the horizontally two-dimensional ECE
measurements for a reactor-grade tokamak are studied. In order
to investigate the influence of relativistic frequency broadening,
calculations of the radiation transfer are carried out assuming the
relativistic Maxwellian distribution function for electrons. It is
almost impossible to obtain the electron temperature profile in
the measurement from the high field side for a reactor grade
tokamak.

In order to investigate the polarization evolution, the
propagations of ECE through the reactor-grade plasma are
calculated. The large plasma current causes remarkable effects of
the Faraday rotation and the elliptization on the two-dimensional
ECE measurements. The final polarization states are very different
from the initial states, especially in the off-axis propagation. For
the horizontally two-dimensional ECE measurements, the
sufficient information on the polarization states is required.

1. Introduction
In a tokamak plasma, the measurement of electron

temperature from the electron cyclotron emission (ECE) has been
an useful diagnostic tool[l]. In a future tokamak reactor, it is
believed to be a primary diagnostic method for the electron
temperature measurement[2]. The ECE measurement capability is
mainly limited by following items that are harmonic overlap,
internal magnetic fields, frequency broadening, refraction effect
and change of polarization state. Among them, the relativistic
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frequency broadening and the change of polarization state have
not been taken into account in the present tokamak. Lately in the
ITER diagnostics conceptual designs[2], the effect of relativistic
frequency broadening is discussed and horizontally two-
dimensional ECE measurements are also planed. We pointed out
in the ITER diagnostics conceptual designs activities that the
change of polarization state give significant impact on the two-
dimensional ECE measurements. Here we present the effects of
the relativistic frequency broadening and the polarization change
on the horizontally two-dimensional ECE measurements for the
reactor-grade plasma.

2. Influence of Relativistic Frequency Broadening
In the ECE measurement, we usually assume to use the

unique correspondence between the electron cyclotron frequency
and the spatial position. When the electron temperature is high,
the frequency decreases due to the relativistic mass increase. The
mass increase makes the frequency lower at the same spatial
position. The emissivities of the extraordinary wave are
calculated using the following Trubnikov's formula in the case of
the perpendicular direction to the magnetic field[3],

X=co/(OB> ji=m<>c2/Tet p=v/c

S(
n

x)(Q.)=p2/21 (sin 9)2J^2(npsin 9)sin 9d8(
n

x)(Q.)=p2/21 (si

where ^ B is non-relativistic angular electron frequency, ^2
modified Bessel function of the second kind of order two,

•'n(z) the Bessel function of the nth order. The function of electron
velocity-distribution is assumed to be the spherically relativistic
Maxwellian in the formula,

N ne exp(-e/T)eV(£2-(me°c2)2)
fm°cV *
(mec ;
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where £ is energy of the electron. The emissivity profiles near the
second harmonic frequency are shown in Fig.l. The electron
temperature is higher, the emissivity profile shifts to the lower
frequency.

Three emissivity profiles including the broadening effect
and the radial dependence of the non-relativistic electron
cyclotron frequencies in the tokamak are shown in Fig. 2. The
frequency shift of 32GHz occurred in the central region
corresponds to the displacement of 0.38ap where ap is the minor
radius. The estimated displacement is very large, however, it is
realized that the effect does not results in problem in the
determination of the temperature profile using a suitable view
direction. We will explain the reason why the electron
temperature profile can be measured even in the presence of the
relativistic broadening effect. Note that the only limit of the
relativistic broadening on ECE measurement capability is taken
into account in section 2.

2.1 Radiation Transfer
The emission and the absorption processes in the plasma are

described in the following equation of radiation transfer[4],

f(
s N(co,s)2

The first and second terms represent the emission and the
absorption processes, respectively. I is the radiance, j the
emissivity, a the absorption coefficient, N the refractive index, co
the angular frequency of the wave, s the distance along the ray
trajectory.

The equation is solved in a slab model under the following
assumptions. Plasma has the cylindrical symmetry except the
toroidal magnetic field. The absorption coefficient is obtained
from the emissivity applying the Kirchhoffs law, that is

a(co,s)=j(co,s)/[N((o,s)2IBB((o,s)]

where IBB^W'S) is the radiance of the black body. The emissivity
and the absorption coefficient are taken into account of the
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relativistic effect. The refractive index for the wave propagation
is unity. The propagating ray of ECE is in a straight line. The
plasma parameters used in the calculation are following. The
aspect ratio is 3. The profiles of electron temperature and density
are parabolic. The central electron temperatures Te(O) are lOkeV
and 40keV. The central electron density ne(0) is 1020nr3

? the
toroidal magnetic field Bt 5T, respectively.

2.2 Radial Profiles of Absorption Coefficient
The radial profiles of the extraordinary absorption

coefficient in the high and intermediate electron temperature
cases of Te(0)=10keV, 40keV are shown in Fig. 3. Higher value of
absorption coefficient means more absorptive. We study the
propagation of the extraordinary second harmonic ECE for the
measurement of central electron temperature. The frequency of
wave is 280GHz which corresponds to the second harmonic non-
relativistic electron cyclotron frequency at the center.

First consider the propagation from inside to outside of the
torus. This is the conventional measurement from the low field
side. There is no process of emission and .absorption in the region
where r/ap < -0.5 in the case of Te(0)=10keV. Since there are
strong emission and absorption due to the second harmonic
relativistic frequency in the region where -0.5 < r/ap < +0.0, the
radiance is nearly the level of the black body radiation. Since
there is no process of emission and absorption after ECE passes the
center, the central electron temperature can be measured.

Note that in the high electron temperature case of
Te(0)=40keV, the third harmonic relativistic frequency overlaps
the second harmonic non-relativistic frequency at the same
spatial position. There are processes of strong emission and
absorption due to the resonance of the second and third harmonic
relativistic frequencies in this region where -0.8 < r/ap < +0.9, then
the radiance is nearly the black body radiation. Since the emitted
radiance at the center is absorbed after ECE passes the strong
emission and absorption region, the central electron temperature
can be hardly measured. The measurable region of the electron
temperature in the high temperature case of 40keV is narrower
than that in the intermediate temperature case of lOkeV.
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Next consider the propagation from outside to inside of the
torus. This is the measurement from the high field side. The
second harmonic relativistic frequency in the inner region shifts
to the second harmonic non-relativistic frequency at the center.
Since the radiance emitted at the center is absorbed due to the
resonance of the second harmonic relativistic frequency along the
propagation, the central electron temperature can be hardly
measured.

2.3 ECE spectra and Temperature profiles
Typical extraordinary ECE spectra in the conventional

measurement from the low field side in the cases of Te(0)=10keV
and 40keV are shown in Fig. 4. The dotted lines represent the
black body radiation of the central electron temperature. The
radiance near the center can come out without the absorption in
the case of Te(0)=10keV. However the radiance near the center
does not come out due to the absorption in the case of
Te(0)=40keV. These phenomena can be easily understood from
the discussion in the section 2.2. The assumed and derived
electron temperature profiles in the cases of Te(0)=10keV and
40keV are shown in Fig. 5. The dotted lines represent the derived
temperatures from the calculated extraordinary second harmonic
ECE spectra. The solid profiles represent the assumed
temperature profiles. The electron temperature can be measured
in the region where +0.0 < r/ap < +1.0 and +0.8 < r/ap < +1.0 in
the cases of Te(0)=10keV and 40keV, respectively.

Next study the temperature profile in the measurement
from the high field side. According to the discussion in section
2.2, all second harmonic non-relativistic ECE are affected by the
resonance of the second harmonic relativistic ECE at the inner
position. The emitted non-relativistic radiance is lost along the
propagation. So the electron temperature profile in the reactor-
grade tokamak can be hardly obtained in the measurement from
the high field side.

3 Influence of Polarization Change
Generally the polarization of the electromagnetic wave

propagating through the magnetized plasma is rotated and
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elliptized. The rotation is due to the Faraday rotation and the
elliptization. The Faraday rotation results from the poloidal
magnetic field along the propagation. The elliptization results from
the magnetic component perpendicular to the propagation. These
effects have not been considered in the conventional ECE
measurement. Large plasma current causes the rotation and the
elliptization of the ECE polarization up to a considerable amount in
the reactor-grade plasma. We will study the propagation of the
electric field of ECE through the reactor-grade plasma. Note that
the only limit of polarization change on ECE measurement
capability is taken into account in section 3.

3.1 Wave Propagation in Magnetized plasma.
Firsts consider the wave propagation in the magnetized

plasma. We express the transverse components of the electric
field of the wave in terms of its decomposition into the two
characteristic wave polarizations[5],

E+=(iq,l)/(q2+l)1/2, E_=(l,iq)/(q2+O1/2
 i n (x- y ) ,

where q is the polarization ratio. We take the z-axis parallel to
the propagation and the x'-axis perpendicular to magnetic field.
The characteristic waves propagate separately for a small distance
z, acquiring different phases exp(iN+©z/c), so that then

E(z)={a+E+exp(iN+a.z)+aE.exp(-iN^-z)} x exp(.i(Dt)

where a+ and a- are complex number and N+, N- are the refractive
indices of the Appleton-Hartree formula for the ordinary and
extraordinary waves, respectively[5]. In order to obtain the
orientation of ellipse and the ellipticity of ECE polarization, the
electric field of ECE is written in the following equation,

We calculate the amplitudes Ei(z), E2(z), and the phases cpi(z),
cp2(z) from the initial condition of amplitudes Ei(0),E2(0), and
phases (pi(0), <p2(0).
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3.2 Orientation of Ellipse and Ellipticity of Polarized
Wave
Electromagnetic wave travelling parallel to the z-axis can be

written in the equation (1) using the amplitudes El, E2, and the
phases (pi, <p2. The orientation of ellipse of the polarized wave is
described by the azimuth a of the major axis with to the x' axis,
the a can be written in following equation,

tan(2a)^2ElE2cos ( (pr (p2 )

2 2

The ellipticity b/a and the ellipticity angle J5 can be written in the
following equations using the amplitudes El, E2, and the phases (pi,
q>2[6],

b/a=(l -V1 -4D2)/(2D)=tanP

where a and b are components in semi-major and semi-minor
axes, respectively and

D_E1E2sin((p1-(p2)

E i 2 + E 2 2

The Stokes parameters describe the polarization state are
calculated from a, (3 and the radiance of the wave.

3.3 Spatial Evolutions of Polarization
We calculate the spatial evolution of the orientation of

ellipse and the ellipticity of the polarized wave. The coordinate
system, where the x-axis is vertical, the y-axis parallel to the
toroidal field and the z-axis parallel to propagation, is shown in
Fig. 6. Note that the x and y axes are different from the x1 and y'
axes which are used in the calculation of the wave propagation.
Assumptions and the plasma parameters used in the calculation
are following. ECE is generated at the plasma center and is
propagated in a straight line to outside. The initial state is
linearly polarized extraordinary wave. Plasma has the cylindrical
symmetry except a toroidal magnetic field. The toroidal magnetic
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fields are 3T, 4T and 5T. The profiles of electron density and the
plasma current are parabolic and constant, respectively. The
central density is 1020m-3, the total plasma current 20MA, the
frequency of ECE 280GHz, respectively.

The spatial evolutions of the polarization state are shown in
Fig.7 in the cases of Bt=3, 4, 5T. In the case of Bt=4T, the initially
linearly-polarized extraordinary wave can be changed to be the
almost circularly polarized wave. The early trajectory on the
Poincare sphere is from the equator to near the north pole. The
vertical distribution of the final polarization states of ECE is shown
in Fig. 8. The polarizations of ECE propagating in the plasma are
changed due to the Faraday rotation and the elliptization. The
large plasma current causes the remarkable effects of the Faraday
rotation and the elliptization on the two-dimensional ECE
measurement. The final polarization states of ECE are not invariant
and are very different from the initial states. Therefore for the
horizontally two-dimensional ECE measurement, the information
on the polarization state described by the Stokes parameters is
required.

4. Summary
In the measurement of the electron temperature profiles,

the spatial position has been obtained by the radial dependence of
the non-relativistic electron cyclotron frequency. When the
electron temperature is high, the radial dependence of the
electron cyclotron frequency is modified due to the relativistic
mass effect. In order to investigate the influence of the
relativistic frequency broadening on the determination of the
radial position, we calculated the radiation transfer assuming the
spherically relativistic Maxwellian distribution function for
electrons. We found that the electron temperature profile can be
obtained using the radial dependence of the non-relativistic
frequency in the measurement from the low field side. The
measurable region of the electron temperature in the high
temperature case of 40keV is narrower than that in the
intermediate temperature case of lOkeV. Because by the
relativistic effect, the third harmonic frequency overlaps to the
second harmonic non-relativistic frequency at the same position
in the case of the high temperature. On the other hand, in the
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measurement from the high field side, the electron temperature
profile can be hardly measured. Because the second harmonic
non-relativistic ECE passes through the optically thick region
where the second harmonic non-relativistic frequency at the inner
position shifts to the second harmonic non-relativistic frequency.
The polarization of the electromagnetic wave propagating through
the tokamak is rotated and elliptized. The Faraday rotation
results from the poloidal magnetic field along the propagation. The
elliptization results from the magnetic component perpendicular
to the propagation. These effects have not been considered in the
conventional ECE measurement. In order to investigate their
effects on the two-dimensional ECE measurements, we have
calculated the spatial evolution of the electric field of ECE
propagating in the reactor-grade tokamak plasma. The
orientation of ellipse and the ellipticity are deduced from the
calculated electric field. In the case of initially linearly-polarized
extraordinary ECE, the early trajectory on the Poincare sphere is
from the equator to near the north pole. So the large plasma
current causes the remarkable effects of the Faraday rotation and
the elliptization on the two-dimensional ECE measurement. The
final polarization states are very different from the initial states.
Therefore for the horizontally two-dimensional ECE
measurements, the information on the polarization states
described by the Stokes parameters come to be important for the
reactor ECE measurement.
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perpendicular to the magnetic field. In the case of Te(0)=40keV, the

shifted frequency is 32GHz.
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Fig.3:Extraordinary absorption coefficient profiles in the cases of Te(0)=10

keV and Te(0)=40kcV. Higher value of absorption coefficient means more

absorptive.
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Fig.4:Typical extraordinary ECE

spectra in the measurement from

the low field side in the cases of

Te(0)=10keV and 40kcV. The dotted

lines represent the black body

radiation of the central electron

temperature, ce is the electron

cyclotron frequency at the center.

In th? case of Tc(0)=10keV, the

radiance near the center can come

out without the absorption.

However in the case of Te(0)=40keV,

the radiance near the center does
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Fig.5:Assumed and derived temperature profiles in the cases of Te(0)=10

keV and Te(0)=40keV. The dotted profiles arc derived from the calculated

extraordinary ECE spectra. The solid profiles are the assumed profiles.

Bpoloidai

Fig.6:Coordinate syrtrm in the calculation of the spatial evolution of the

orientation of ellipse and the ellipticity. The x-axis is vertical, the y-axis

parallel to the toroidal field and the z-axis parallel to propagation. Note

that the x and y axes are different from the x' and y' axes which are used in

the calculation of the wave propagation.
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Fig.7:Spatial evolutions of the polarization state in the cases of Bt=3, 4 and S

T. The a and (3 are the orientation of ellipse and ellipticity angle,

respectively. The initial state is linearly polarized extraordinary wave.

The z is the horizontal coordinate from the magnetic axis. The polarizations

of ECE propagating through the plasma are changed due to the Faraday

rotation and the elliptization.
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Fig.8:Vertical distribution of the final polarized states of initially linearly

polarized extraordinary ECE. The h is the vertical coordinate from the

magnetic axis. Final polarization states are different from the initial states.
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One Dimensional Multipoint Thomson Scattering System

Using a High Repetition Rate Nd:YAG Laser and its Extension

to Two or Three Dimensional Multipoint Measuring System

K. Narihara and JIPP-TIIU group

National Institute for Fusion Science,Nagoya 464-01,Japan

[ABSTRACT]: We present the design consideration and the performance of the 28 points

100 Hz repetition rate YAG laser Thomson scattering system constructed for the JIPPT-IIU

tokamak. An emphasis was placed on achieving a high temporal resolution while keeping

the spatial resolution and accuracy of measurement at a reasonable level. The essence

of realizing high repetition rate operation ( 100 Hz) is to use a bright optical system (

/ # = 3 ) and Si-avalanche photo diode (APD) detectors with high quantum efficiency (v =

0.S at 900 nm), combination of which provides high quality data ( accuracy better than

10% at the electron density 1.0 x io13cm~3) even with a small laser energy (0.5 J) at which

the laser can operate at a high repetition rate. A small spatial resolution of 1.5 cm was

realized by stacking 2S polichromators which were made as thin as possible with their

slits aligned along the 3.7 times magnified image of the laser beam.

The extension of this system to a two or three dimensional measuring system is, in

principle, quite easily realized by arranging laser beam path in two or three dimensional

configuration and preparing a large number of detection system. A practical method of

obtaining a multi dimensional laser beam is to use a set of high power mirrors which steer

the laser beam. Development of high quality mirrors and appropriate stop appertures

is a key issue for solving the stray light problem. Use of optical fibers is indispensable

for transporting the scattered lights from the image points to the entrance slits of the

polychromators. Fabrication of arrayed APD, which seems quite feasible with the present

technology, is also requisite for detecting a large number of light signals.

1. Introduction

The properties of a magnetically confined plasma with / degree of symmetry, which is

inherently inhomogeneus in (3 - /) directions, arc deeply understood only through (3-

/) dimensional profile measurements of various plasma parameters. The time resolved

measurements of the heat pulse propagation and responses of the plasma to a sudden

start and stop of an auxial heating and to a pellet injection often reveil the transport

properties of the plasma. Then the modern fusion plasma diagnostics are highly required

to have high spatial and temporal resolutions, | Ar | and At respectively. Obviously, it
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should be that | Ar |< ( the scale length of the spatial variation of a quantity of interest)

and At < ( the time scale of the temporal variation). However closely in spacetime a

plasma parameter F is measured, it is meaningless unless the error in F, SF, be small

enough: if we are interested in, for example, the first derivative of F with respect to x, it

should be that •/{2)6F <£ Ax | (dF/dx) |.

The incoherent Thomson scattering (TS in brief) of an intense laser beam is an ideal

means to obtain electron temperature Tc and density nt profiles: it gives local Te and

nt along the laser beam, which are therefore free from the error propagation associated

with the profile reconstruction; the incoherence assumption on which the Te and nc are

deduced is well defined and valid over wide range of plasma parameters. In spite of

these favarable features, TS has not been fully developed, in particular in respect of At,

to the level which is required for the modern fusion plasma experiment. The primary

reason for this is that, in order to obtain high quality data, a giant pulse laser with large

output energy is required, the high frequency operation of which is inevitably limited by

the thermal effects in the laser components. The first step to realizing high repetition

rate TS systems was took by the ASDEX group by developing the large sensitive area

high quantum efficiency silicon avalanche photodiode (APD) and the Nd:YAG laser with

measures compensating the thermal effects in the laser components. Combining these

components, they constructed a 60 Hz repetition rate 16 points Nd:YAG laser TS system

Stimulated by the ASDEX's result, we designed and constructed a 100 Hz repetion rate 2S

points Nd:YAG laser TS system for the JIPP- TIIU tokamak. In what follows we describe

the design consideration and the performance of the system. We also discuss further

improvements and a possible extension of the present system to a two or three dimensional

measuring system.

2. Design Consideration and System Ingredients

As mentioned above, the performance of the modern TS system is described in terms

of | Ar |, At and the accuracy e. | Ar | is the nearest distance between the scattering

points, At is the inverse of the repetition rate of the laser oscillator and c is determined

by the shot noise and the fluctuation of the plasma light. Since these parameters are

mutual dependent and the attainable ranges of them are limited by, for example, the

present status of the technologies, a budget and the available space to install the system,

a balance of them is necessary according to the purpose of experiment. We first show the

possible ranges of these parameters based on an order of magnitude estimate. When a

laser beam of a wave length A with the pulse energy SLASER is scattered by electrons of

density ne over a length I and then collected by a optical system with a solid angle dCl and



a throughput i)opt, and finally detected by a photodiode with a quantum efficiency 7jd£<,

the number of photoelectrons induced on the APD is

2
Npe « yoVtVdtt£LASER(^fhc)dQ.tnc-Tl,

o

where r0 « 2.S2 x 1O~13 cm, c is the speed of light and h is the Planck constant. More

conveniently

X

Since the accuracy is primarily determined by the shot noise,

The repetition rate /Tep and cu,t, are related through

frtpSLASER ~ costant.

Appparently

I <l Ar | .

From these relations, it is obvious that high value of the product T)OP,77^, -dCl is essential for

constructing a high repetition rate TS system with high spatial resolution. The Nd:YAG

laser (HY 900S Lumonic LTD) can operate at up to 100 Hz repetition rate with SLASBR ~

0.6 J. The large sensitive area APD with 7^, as 0.8 around A as 900 nm are commercially

available ( RCA C30974E). The collection optics with vopt « 0.7 and d£l « 0.08 sr for the

plasma center and a 0.03 sr for the periphery of the JFPPT-IIU tokamak is possible. With

these parameters, we could design a 100 Hz repetiton rate TS system with Ac = 1.5 cm

which yields the total number of photoelectrons of about 20000, giving e of few % at

ne = 1.0 x 10l3cm~3. In the below, brief descriptions are given on each important items.

The system layout Fig. 1 shows the layout of the TS system installed on the JIPPT-IJU

tokamak, the important parameters of which are: the major radius 93 cm; the minor

radius « 23 cm; Tc < 2 keV; nt < 1.0 x ioucm~3 at the center. The laser beam, focused at

the center of the plasma by an f= 1200 mm lense, passes downwards at R = 93 cm through

the plasma. The scattered lights from the beam path over 43 cm arc collected by a 200

mm<A lense system located at R =146 cm (/# = 3 ). 2S polichromators are stacked with

their entrance slits aligned along the 3.7 times magnified image of the scattering volumes

each being separated by 5.7 cm, giving Az = 1.5 cm.

Nd:YAG Laser The HY-900S Nd:YAG laser (Lumonics) is specially designed to yield

a burst of 0.6 J energy pulses with the repetition rate of 100 Hz. The unique features

which enable the high repetition rate operation are: (1) employment of small diameter

Nd:YAG laser crystals with a large surface to volume ratio to reduce the thermal time

constant; (2) compensation of the rod thermal lensing by use of intra-cavity telescope;
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and (3) a 90° rotator used for compensation for the depolarization due to thermal strain

birefringency in the laser rods. The pulse width « 30 ns, beam diameter » 10 mm, and

beam divergency «< 1 mrad.

Polichromators The scattered lights are spectro-analysed by three filter polychroma-

tors with the thickness of 4.5 cm. Since the scattered lights pass the different positions

of the collection lense system, the lights incident to the filters have a spread in the an-

gle of incidence, each light with different angle showing up different filter characteristics.

To reduce this angle spread to a tolerable level, the image of the scattering volumes are

magnified by 3.77. Behind each filter there are a detector lense of /# = l.o and the APD

(C30974E, RCA) with a quantum efficiency « 0.8 at A « 900nm. The filter transmittance

T(X)x APD responsivity 7i(X) are shown in Fig.2 as a function of A for different filters.

The shield box containing the polichromators is temperature controlled with in ±1.5° C.

Data acquisition The number of the signals necessary for obtaining Te and nc profiles

at every laser pulse are 3 x 28 = 84 scattering signals, 1 laser power monitor signal, 84

reference signals which are used to calibrate the APD' responsivities and 84 background

signals which monitor the plasma lights. Six modules of 16 channel fast encoding and

readout ADC (FERA, Lecroy 4300B ) together with two FERA driver(4301) and two

memory modules (4302) are sufficient to read these data. To reduce the number of

expensive modules, the 84 reference signals and the 84 background signals are read at

the moments delayed by 20 and 40 /*s, respectively.

3. Data Analysis and System Performance

We consider to deduce Tc and nt at the j-th position from the i-th APD signals ?, on the

j-th polichromator, which are expressed as

J
where Ni is the number of the photoekctrons induced on the i-th APD and c, is the

gain of the following amplifiers, A is the constant to be measured by a separate method,

S{Tt,X) is the Thomson scattered spectrum as shown in Fig.2 for different Te. We can, of

course, determine two parameters, Tt and nc, from three data, qit by using the standard

least square parameter fitting method. But this method takes too much lime to calculate

and display the Tc and ne profile evolutions between the shot intervals ( 5 min) by the

micro VAX. To reduce the computational time, we adoped an another method. First,

for the Maxwell distribution of various temperatures, the expected values of the ratios

#i = 9i/(<72 + 9J) and Rn = 92/73 are calculated. Then the inverse relations R, vs Te are

approximated by 7-th order polynomials with accuracy better than 0.1 %. Using the

polynomial coefficients, two Tt, TY and T2, are calculated from the observed data. The
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most probable temperature and error are

re ± STt = (wiTj + w2T2)/{wi + w2) ± (wi + tu2)~
ip,

wk = l/(STtf,

where 6Tk are the errors in Tk which will be soon described below. Using this Tt, we can

obtained nc:

nt = (91 + ?2 + 93)M(ci + c3 + caJs-L ŝenffCTi),

where G(Te) is a function of Te and also well expressed by a 7-th polynomial expansion. A

data deduction program, in which (8+S+8) x 28 = 672 coefficients of polynomial expansions

are given, can give the Te and ne profiles expressed in the (t,z) space composed of 50 x 28

points in a time less than 1 min.

Having relations Tk = Tk(Rk) and nt = ne(?,,Tt) , we can calculate their errors:

< STk/Tk)
2 >= (Rk/Tk)

2(dTk/dRk)
2 < (SRk/Rtf >. (k = 1,2),

< (SRJRif >= l/JV! + 1/(N2 + iV,),

< (6R2/R0)2 >= 1/JV3 + l/iV3,

< (Snjnt)
2 >= 1/(^+^2+^3)+ < (WMf > +(Te/G)2(dG/dTt)

2 < (6TJTef > .

Here we used the relation < (Sty)2 >= IV, and assumed that ci = c2 = c3. Fig. 3 shows

y/((5Te/Te)
2) as a function of Te for ne = 1.0 x 1O13 cm"3. Up to this we discussed the

random noise. Systematic error is another source which deteriolates the quality of the

data. Concerning the Te, the systematic error arises through the calibration process: The

filter transmittance T times APD's responsivity H are measured by use of the scanning

monochromatic light source which is obtained by passing the black body radiation from

the NBS standard lamp through the Jarrell-Ash monospec-25 monochromator. The un-

certainties in the filament temperature Tju of the lamp and in the transmittance of the

monochromator introduce the errors in Te as shown in Fig. 4. To keep the STt/Te with in

2%, Tjn and the transmittance of the monochromator should be determined with accura-

cies more than 2%. Concerning the ne, on the other hand, the accuracies of the solid angle

dn and the scattering length I, which arc contained together in A, are primary source of

the systematic noise. Accuracy of A measured by the Raman scattering method is, in the

present case, limited to about 10% by the reproducibility of the laser beam setting.

Fig. 5 shows 54 (= 3 x 18 ) raw scattering data; 10 of 28 channels were not operating

becuase of a unsatisfactory setup. The deduced Tc profile in the (t,z) space is surface

plotted in Fig. 6. The Te at the central part seems to fluctuate probably correlated

with sawteeth, while Te at the mid-slope and the edge region remains relatively constsnt,

which is in general agreement with the picture obtained with soft X-ray observation. Fig.

7 shows the spatial profiles at various elaped times. Altohogh the noise level due to
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the shot noise, plasma light fluctuation and the stray light is estimated to be less than

4%, there are noticed irregularities of about 10 % on some profile. The origins of these

irregularities (fluctuations ) are now under investigation.

4. Prospects of Further Improvements

Near term improvements The data quality at the edge region is not sufficient to derive

the gradients of Tc and ne, which are considered to play important roles in driving various

kind of instabilities. This poor data quality arises partly from the fact that the periphery

of the window masks the field of view from the edge and partly from the inappropriate

combination of filters. Exchange of filters will be relatively easily done and improve the

data quality about 2 times. The fact that the APD's responsivity 71(A) depends on largely

on the ambient temperature necessitates us to calibrate the filter transmittance x APD's

responsivity frequently and is apt to introduce a large systematic error. This problem

will be removed by precisely controlling the temperature of the walls of the shield box

containing the 28 polichromators.

Long term improvements The parameters describing the perfomance of advanced TS

systems, | AT |, At and the accuracy, are, as already stated, mutual dependent. Improving

resolutions Ar and At inevitably meets with the shortage of the scattered light quanta,

which in turn results in enhanced noise level. Usage of APD with higher quantum effi-

ciency will alleviate the problem a bit; but improvement is not so drastic on considering

the quantum efficiency of the present APD ( 0.8 at 900 nm). For the low Te measurement

at the edge region, however, availability of Ge-APD will greatly improve the data quality

because it has still high quantum efficiency near the YAG laser wavelength (A = 1.064 nm)

contrary to Si-APD.

Essential improvement will be made by developing a giant pulse laser with higher

repetition rate and higher output energy. The fact that the repetition rate times output

energy of the present laser is limited by the thermal effects in the laser rods immediatly

leads us to an idea to use a laser diode pumped Nd:YAG lascr[2]. Since the laser diode

(GaAlAs) emits » 0.8/tm light which is close to the absortion spectrum of Nd3+, the

laser rod is efficiently excited with only a small amount of heating; it will improve the

/rep x tLASEn more than ten times compared with the conventional Xe-flash lamp laser.

Another drastic improvement will be made by recycling methods. It should be noted

that 0.09099990 of the injected laser energy is lost in the beam dump. It is wise of us to

use this wasted laser energy. A TS system with a multipass system has already proposed

[3]. Here we propose another type of recycling method using a concave-symmetric cavity

with a resonant Gaussian beam ( see Fig.8). The beam size around the waist, given

by u»o = s/l^-nh), is sufficiently small for scattering experiment. When the mirrors are

finely tuned, the power inside the cavity / the incident power =s 2/(1 - p) , where p is the
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geometrical mean of the reflectance of the two mirrors forming the cavity. With use of the

ultra-low loss mirror developed recently [4] , the above enhancement can be made as large

as 20,000. Recent progress in optics, such as very fine setting technique and fabrication of

ultra-low loss optical components seems to make the above scheme feasible. The steady

state operation of the fusion plasma machine is also favorable for realizing the above idea.

5. Extension to Multi-dimensinal Measuring System

Finally we consider to extend the present NdrYAG TS system, which is one dimensional

measuring system, to a two or three dimensional measuring system. Because of its locally

measuring property, multi-dimensional TS system is, in principle, quite easily realized

by arranging laser beam path in a multi-dimensional configuration and preparing a large

number of detection system. Fig. 9 shows an example of two dimensinal TS system

installed to a tokamak. The laser beam is steered by a set of high power ultra-low loss

mirrors to form a multi-dimensional path. The stray light problem, about which we must

worry first of all, will be solved by use of the ultra-low loss mirrors, appropriate stop

apertures and viewing durrps. Use of the recently .developed interference filters with

ultra-high blocking power (> 105) outside the passband will also alleviate the problem.

Use of bundle fibers of large N.A and large cross section is indispensable for transporting

lights from the image points of many scattering points to the entrance of polychromators.

Arrayed APDs, fabrication of which seems quite feasible with the present technology, will

enable us to construct a high repetition rate TV Thomson system.

Conclusion

Integrating small / # collection optics, high throughput polichromators, Si avalanche pho-

todiode with high quantum efficiency and a high repetition rate Nd:YAG laser, we con-

structed a Thomson scattering system which is able to measure Tc and nt profiles, com-

posed of 28 data along the laser beam over 42 cm, every 10 ms with the accuracies of

(Anjnt) < {&Tt/Te) < 10% for nt > l x 1013 cm"3 and 3 keV > Tt > 150 eV. Further im-

provements including an extension to a two or three dimensional measuring system are

imagined in view of the recent progress in optical technologies.
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Fig.7 The minor radial profiles of Tt at different moments.
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To satisfy ITER physical experiment requirements the electron

temperature distribution shoud be measured with a spatial resolution

about 10cm. Thus, 0,3ns laser pulses will be suitable. In accordance

with the tested plasma length the number of spatially resolved points

for temperature measurements will be equal to 70 or more.The measure-

ments of scattered light intensities in 10f20 spectral intervals for

each point seem to be quite enough to determine the electron

temperature of Maxwellian plasma with a good accuracy. As it will be

seen from the following consideration the Nd-glass laser with output

energies from 10J to 30J in 0,3ns pulse entirely provides the measu-

rements of electron density and temperature distributions in ITER.

It is useful to note that compactness and high reliability of this

laser system should be provided.

Let us consider the expected signal levels.

Laser system parameters: Ej^lOJ,

7^=0,3ns, X=l,054/an (frequency doubling of output laser

radiation with 70% efficiency i s possible).

Scattering length Lgc=9cm

Scattering angle 0 * 180°

The following three specific points in the tokamak chamber are taker

to make numerical estimates:

point A - just near the plasma torus outer edge

ne=1013cm"3; Te*lkeV;

point B - on the axis of the plasma torus cross-section

ne=1014cm"3; Te*20keV;

point C - just near the plasma torus inner edge

ne=1013cm"3; Te*lkeV;

It is easy to calculate the radiation energy scattered in a plasma

volume corresponding to the "laser pulse volume":



= r 2
e = (2,810'13)2«10"25cm2.

dfi _>

(the angle between the probing beam vector E and the direction of ob-

servation i s equal to 90°).

Now we can estimate the scattered radiatian energy leaving the

tokamak chamber through the diagnostic window (see Fig. 1).

For point A (9m from the window)

AO=10~2Sr.; Esc=10~12J - Nph=0,6-107.

For point B (llm from the window)

AQ=0,6-10~2Sr.; Egc=6-10'12J - Nph=4-107.

For point C (5m from the window)

AQ=0,3- l(T2Sr.; Esc=0,3- 10"12J - N p h = 0 2 . 1 0 7

It comes from the estimation that the number of scattered photons

drops by about an order of magnitude with increase of a distance

from the axis to the edges of the plasma torus cross-section. Thus,

if we have 10 spectral channels, then taking into account Gaussian

spectral profile of scattered radiation the photon number per channel
ft /?

will vary from 10 to 8-10 for point B and about an order of
magnitude less values will be for point A and point C.There are

several possibilities to solve the problem of scattered light

analysing and recording. One approach is to use 6-flO independent

spectral channels with 1-D large photocathode timeanalysing image

converter tubes [1]. The tubes with great reduction of electron beam

cross-section are favourable in this recording system. The scattered

light collection system is very simple here because the radiation fo-

cusing into the small size spot is not required. But very difficult

problems of synchronization and parameter stability maintenance usu-

ally arise in any system with many separate recordes. The approach
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based on 2D image transformer employment to obtain an information

about 1(1,A) function seems to be more fruitful. However other

problems arise because now is very difficult to construct a proper

wide aperture optical system of scattered radiation collection.

Indeed the imaging of an extended along observation line radiation

sourse under the requirement of focusing into a small size spot is not

trivial problem. It is appropriate to note that the linear dimentions

of present-day streak camera photocathodes don't exceed 10mm and the

streak length on the camera screen is usually equal to 40mm [2]. Spa-

tial resolution of these devices is 10T20 mm , so if the image size

on the photocathode is less than 80 ;um we can in principle have more

than 500 independent recordings along the time axis. There are no

any difficulties to obtain the image size of 80/um or less even in

the case of extended radiation sourse when focusing optics having

a small angle aperture is used. But the scattered light flux is small

and the angle aperture of the optics should be large enough. It is

clear that the best way to solve this problem is develop the special

streak camera having a large photocathode, a long streak line on the

screen and essential electron image reduction in following cascades

to provide conjugation with a recorder (for example, with CCD mat-

rix).

We shall come back to this attractive perspective later but now

let's estimate the possibilties of ordinary available streak cameras.

The general scheme of the Scattered light analysing and recording sys-

tems is presented in Fig.2. The objective (1) collects the scattered

light and focuses it on the input slit of spectrograph (2).The streak

camera with image intensifiers (3) sweeps the spectrum image in di-

rection transverse to the direction of a dispersion. A fiber optic

disc is used to transport the output image from the streak camera to

the CCD matrix. IBM/AT computer (4) controls the laser, measurement
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devices, a data acquisition, processing and treatment systems with

the help of CAMAC interface. A channel for the PC connection with a

host computer is foreseen.

It seems useful to consider in more detailed manner the optical

scheme providing the scattered light collection. This scheme should

meet the following conditions:

1. the d:f value of optical system must be large to collect maximum

possible number of scattered photons;

2. the optical system should be able to focus the scattered radiation

into the small spot to provide the requires camber of spatially

and temporally resolved recordings.

If we use any available streak camera (about 10 mm photocathode

linear dimensions and about 40mm streak line length on the camera

screen) then for the magnification factor M=l to obtain 70 temporally

resolved recording the focal spot diameter should be equal to M),5mm.

For this value of spot diameter more than 20 spectrally resolved re-

cordings can be made that is of course quite enough for the conside-

red measurements. Since the width of the scattered light spectrum is

expected to be about 10^A° the optical system must be as much achro-

matic as possible. For the extraordinary extended radiation sourse

(~7m) it is impossible to meet simultaneously both above mentio-

ned requirements to optical system (large d:f value and small focal

spot), because it would result in a great decrease of the collected

radiation flux. It is obvious that we ought to look for a reasonable

compromi se.

Several collection systems have been analysed and the Kepler's

telescope like optical system is found to be the best one (see

Fig.3).

All parameter definitions are given in Fig.3 and don't require

any explanations. With the object lenth along the optical axis
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L=A-A the distance between the points corresponding to the images
A-Ao

of the outermost object points i s given by ^g-^c^ ' w ^ e r e

F M
M= is a reduction factor. It should be noted that for the Kepler

f

type optical system a ratio of object-image transverse dimensions in

all pairs of cojugated planes is constant and equals to M.It is clear

that even with large M values the object points spased by 7m can not

be imaged in same plane. IF you want to obtain the minimum light spot

(AY in Fig.4b), the input of the recording system should be placed ap-

proximately in the middle between o^ and <5Q positions. The real value

of the light spot in the choosen recorder position depends,of course,

on the probing beam diameter. To diminish the beam diameter to the

value somewhat less than M-AY the lens LQ shown in Fig.4a is used.

The results of calculations performed for two sets of reasonab-

le parameters are presented in Table 1.

Table 1.

F+A
m

30

35

D
m

0,5

0,5

F
m

0,75

0,75

A
m

22,25

27,25

d
mm

9,9

8,1

f
mm

9,9

8,1

M

75

92,3

*o
mm

5,2

3,2

mm

3,96

4,02

mm

1.2
0,8

VY
mm

~0,6

~0,4

%
Sr

10~4

°1
Sr

10"4

°2
Sr

10'4

One can see that it is possible to have this optical system the

required value VY=0,5mm,but only the several percent radiation scat-

tered into the diagnostic window aperture are collected for measure-

ments. Fortunately in our case (see the second row in the Table 1)

the number of collected photons for all considered object points va-
e ft

ries from N ̂ =10 to N ft=l,3 10 . Thus, even the present-day equip-

ment provides the satisfactory measurement results.

Note, that the considered collection system should be coupled

- 52 -



with a spectrograph having a large angle aperture.The construction of

the proper spectrograph isn't trivial problem. However following two

circumstances simplify its solution:

- the spatial resolution along the spectrograph input slit is not

requi red;

- aberrations can be compensated with the help of the specially

shaped fiber optics.

In future for ITER LIDAR system the electrooptic devices with

nonlinear crystal lenses (IiNb,KDP) can be useful to change the fo-

cal point position synchronously with the laser beam propagation.

Let us consider the possibilities of the scattered radiation

analysis by the scheme shown in Fig.3.The energy distribution in the

light spot on the input plane of a spectrograph is presented in

Fig.5.It has been obtained from the power density distribution of the

probing laser beam in the investigated plasma object and the consi-

dered system of a scattered radiation collection. The intensity dis-

tribution of the laser beam was taken from the real experiments on

the operating laser facility (EL=30J, 1^=0,3ns). The computer simula-

tions have been carried out to obtain the energy distribution on

the photocathode along the dispersion line (see Fig.6).The noise due

to the primary photoelectron fluctuations has been calculated and

added to these computer simulations.The results of the scattered ra-

diation spectrum reconstruction together with the estimation of the

errors in plasma temperature measurements are also presented in

Fig.6. One can see that in accordance with our prognosis it is qui-

te enough to have lO-i-20 recordings in the spectral distribution on

the photocathode. As to concern the spatial resolution in the mea-

surements of plasma density and temperature distributions along the

line of sight in tokamak it is more difficult problem. But this pro-

blem can be solved in real tokamak situations except the "magnetic
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islands" studies.

Computational results are presented in Fig.7. The graph "a"

shows the electron density distribution along the probing beam for

typical conditions in tokamaks. The graph "b" shows the convoluti-

on of this density distribution function with the collection system

transfer function (measured in real experiments laser pulse profi-

le has been taken into account). As well as in previous considerati-

on we assume that the noise is determined by primary photoelectron

statistics only. The graph "c" shows the reconstracted electron den-

sity distribution. One can see that the reconstruction accuracy is

equal to ~3%.

The advanced streak camera is now developed and will be availa-

ble in the near future. This improved device will have the following

parameters: the photocathode dimensions - 5x30mm , the streak line

length on the screen - 80mm, the image reduction in intensifier cas-

cade - 1/5 (to provide the proper coupling with CCD matrix).

The novel improved streak camera will allow either to use the

collection system with a large d:f value and to raise the accuracy

measurements as a result of a signal to noise ratio increase or to

obtain with the same collection system much more spectrally and spa-

tially resolved recordings. The first possibility seems to be more

preferable. The measurement accuracy is mainly determined by a num-

ber of scattered photons. Note, that the attempt to work with a shor-

ter pulse at the same energy leads to the proportional decrease of

the photon number scattered by a plasma in the "laser pulse volume".

The sitiation is redouble by the fact of the optical element damage

threshold lowering with laser pulse shortening (the damage threshold

energy density is proportional to the root square of laser pulse du-

ration). Thus, laser pulse shortening by an oder of magnitude leads

to three times less value of the output energy that can be extracted



from the same laser system without any damages. It is possible of

course to construct the diagnostic laser delivering about 0,5kJ of

energy in 30ps pulse, but it will be too expensive and cumbersome to

be the subject of any serious discussion.

To overcome this principle difficulty multipulse regime of

plasma probing with short las^r pulses of comparatively small ener-

gies can be used. The method based on information accumulation in

recording system is well known and often employed in small signal

measurement practice. The spacing of the probing laser pulses is de-

termined by time of double passes through the investigated plasma

T=2L/C and their number depends on the energy required to record

plasma parameter distributions. However to realize this method it is

necessary to increase the streak camera resolution power and to orga-

nize the special regime of its operation. Apparently this solution

will not be perspective for the main plasma studies on ITER instal-

lation. But for investigations of a less extended object like a

plasma in a tokamak diver tor the laser system providing 10-M5 30ps-

pulses spaced by 2T3 ns would be very useful. The above mentioned

improved streak camera will be necessary for these experiments. The

multi pulse laser system for UDAR Thomson Scattering measurements

will be considered in detail later.

CLASSICAL LASER SCHEME FOR UDAR THOMSON SCATTERING SYSTEM

Analyzing possible schemes to realize LIDAR Thomson scattering

diagnostics one can conclude: required parameters of laser radiation

(10-16J, 300ps) does not seem to be an extreme one for classical

laser system of reasonable size (a problem of ps - laser will be

discussed latter). However to construct a compact and reliable laser

system it's necessary to overcome some difficulties concerning the

- 55 -



laser beam propagation in amplifier chain. Self-focusing is known to

be the main source of troubles for 1 nsec or shorter laser pulses.

When the intense laser beam propagates along a n amplifier chain

intensity fluctuations in a beam crossectiohs grow and the characte-

ristic spatial wavelength of the most dangerous mode is given by

The total growth i s governed by so-called "B-integral"

B=(dTicnn/\cn) I (z)dz.

Self-focusing constrains the output beam brightness. On the other

hand peak intensity in a modulated beam spikes can exceed the damage

thresholds of laser elements, active media and antireflecting

coatings. To compensate a self-focusing effects serious efforts

should be undertaken. In the first place it's necessary to increase a

beam cross-section towards the laser output. Besides, laser radiation

filtering is required to eliminate the most dangerous spatial modes.

For this purpose the beam is passed through a pair of confocal lenses

with a pin hole diaphragm in their common focus with a hole diameter

d £ fX/A. Changing lens focuses one can enlarge a beam diameter.

To provide a proper intensity distribution at the exit of the

system it's necessary to use a set of aperture diaphragms, opti-

mally distributed along the amplifier chain. The images of this

apertures are to be retranslated along a chain.

To provide a proper shape of laser pulse ( T £100 psec) the

additional subsystem should be used containing any electrooptical

shutter.

To obtain efficient Q-»2G> conversion output laser beam quality

should be high enough: divergence 60 £ 10"5-5- 10"4rad, 5\ *(0.1-1)A,

low depolarization level (£0.5%), high intensity distribution unifor-
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mity across the KDP-crystal (besides the crystal parameters should be

conjugated with laser pulse parameters). It dictates some require-

ments both to laser system as a whole (master oscillator scheme,

spatial filtering system, cooling regime etc.) and to optical quality

of any element in this system.

And, finally, compactness and high reliability of considered de-

vice demand high level of research and development works with all la-

ser system elements - mechanical structures, adjustment elements, op-

tical elements, effective amplifiers, charging system, capacitor

banks and so on.

All above mentioned problems were taken into account during de-

velopment of the laser system now under consideration.

The first scheme seems to be preferable as it was tested in 1988

and since it has been used in laser plasma interaction experiments at

the Optical Research Division of the I.V.Kurchatov Institute [3].It is

quite reliable and easy to operate. The parameters of this device are

as follows:

output energy E=15 Joules;

wavel ength X=0.527 pun;

pulse duration T=0.3 ns;

divergence 0=5* 10""4 rad.

Fig.8 shows the laser pulse profile (a) and far field intensity

distribution (b). Our experience shows that series of ten pulses (1

Hz repetition rate) should be followed by half-an-hour cooling of ac-

tive elements. The parameters of the tenth pulse degrade (E10=0.6*EA;

0io=20j) due to thermooptic distortions. This is the main disadvan-

tage of the proposed scheme.

The optical layout is presented in Fig.9. The main elements are

master oscillator, Nd phosphate glass rod amplifiers (alO-a75), tem-

poral and spatial shaping devices, air and vacuum spatial filters
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(asf, vsf), frequency converter (KDP crystal).

The master oscillator is a single mode, stabilized wavelength

device. The length of the resonator is equal to 1 meter. The 1 mm

diameter diaphragm is used to select one transverse mode. Coupled

Fabry-Perrot interferometers provide a one-longitudinal mode opera-

tion. Brewster angle arranged plates are responsible for linear pola-

rization of the output radiation. IiF(Fg) crystal provides Q-switch

mode operation and 20 ns (FWHM) laser pulse with energy *20mJ and
o

linewidth < 0.5 A is generated.
Temporal pulse shaping device consisting of Pockels cell and

preamplifiers (alO) are used to cut off 0.3 ns pulse from 20 ns os-

cillator pulse. The Pockels cell is driven by the laser triggered

gap. The minimum duration of the laser pulse is determined by rise

time of the electrical driving pulse and equals to 0.25 ns (FWHM).

The design of the Pockels cell enables to change the pulse duration

in the range 0.3 - 10 ns.

Spatial beam shaping device is designed to eliminate the wave

front distortions of the laser beam and to shape intensity distribu-

tion in beam cross-section. Air and vacuum spatial filters are used

to improve high-intensity laser radiation parameters, to relay the

image of hard-aperture d2 through the laser system towards the output

surface of active elements and KDP crystal.

The laser parameters are suitable for effective conversion of

the laser radiation into the second harmonic with at least 60 percent

effi ci ency.

Fig. 10 shows the output amplifier, crystal KDP with 100*100 mm

aperture and 20 mm thickness, spatial filter responsible for beam ex-

pansion from the a45 amplifier to the output a75 amplifier.



30-50 PSEC-LASER SYSTEM.

Development of laser system with output parameters on the level

of E^ a 1—16 J, T * 30-50 psec for divertor diagnostic seems to be

quite serious problem. The main source of trouble is self-focusing.

As it was already mentioned self-focusing constrains the intensity in

laser media on the level of (l-3)GWt/cm, so to obtain the above pa-

rameters the output active elements aperture must be of the order of

S ~ 100 cm . In other words laser system appears to contain the out-

put amplifier with high aperture and cost. Besides, reliable opera-

tion of these high aperture (disk) amplifiers demands clean laser

operation conditions. And, finally, the energy flux in this condi-

tions would be of the order of 10 J/cm (much less than the satu-

ration level for Nd-Ph glass media: ~5 J/cm ), so the extraction ef-

ficiency appears to be quite poor.

On the other hand let's consider the measurement of plasma scat-

tered laser radiation. If the main noise source is the fluctuations

of the total photon number scattered into recording system aperture,

it's clear that the accuracy of measurement will be determined be the

total laser energy injected into plasma:

M ~ E • /E • ~E • /(E • ) /
 P

/
ms-n ^sign'^noise ^sign'^sign' ~ E *> E

i
E

sign las

Consider now a situation when for measurement of plasma parame-

ters a set of sequential psec-pulses with single pulse energy E* and

constant time interval T_ between pulses ( this interval being large

compared with 2Lp/c) i s used. I t ' s easy to derive that in so-

organized measurement a signal-to-noise ratio would be

Ms-n~
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where Ej - total energy in the set of pulses. In the other words this

multi-pulse method of probing enables N-folding reduction of of a

single pulse energy, while maintaining the constant accuracy of a

measurement as a whole. This circumstance drastically changes the s i -

tuation if we are going to build a diagnostic laser system of reaso-

nable size and cost, since i t enables to diminish an exit aperture by

the order of magnitude.

Before discussing a laser system, l e t ' s consider the possibility

of scattered light registration in this conditions. The scattered

light signal would be a sequence of N self-similar pulses with dura-

tion T ~ 2L^/c spaced by time intervals T . For example, with N ~ 10

and Tp ~ 2 nsec (that corresponds to L 5 30 cm)to provide time reso-

lution of the order of 6r ~ 30 psec one needs approximately NT^oV =

600 counts during all the measurement cycle - the value quite real

for modern optical streak cameras.

Consider now a laser system. To realize the above described me-

thod laser system should consist of subsystem to generate a sequence

of psec-pulses and a proper amplifier chain. As a f i r s t one of course

a mode locked master oscillator i s to be used (Fig. 11). This device

generate in a natural way a necessary set of pulses with T =2L_/c and

Tp ** T_/m , where L_ - oscillator length, m - number of axial modes

incorporated to form a 30-psec pulse. This number i s determined by

Fabbry-Perrot interferometer. To select a single transverse mode dia-

phragm with a hole i s used.' Mode locking i s provided by dye media

placed in contact with a back mirror. Polarization of the exit radia-

tion i s determined by glass plate located in resonator by the Brew-

ster angle to i t s axis. A generator of this type can produce a set

of 10 - 20 psec pulses with a single pulse energy of the order of 100

- 200 /JJ.

To increase the energy of radiation an amplifier chain would be
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quite analogous to the above discussed classical one, so we'll not

consider it in detail. It's worth mentioning only that T ~ 2 nsec is

somewhat greater then the low laser level decay time, and with N ~10

and Tp * 30 psec we have NT < T , so the ability of chain, discussed

in previous chapter seems to be at least quite proper to realize a

system needed for divertor testing.

We should note some questions required an additional and more

detailed discussion. Namely: a possibility of spatial filtering of

laser radiation in the form of high power psec-pulses with total du-

ration of 20-30 nsec and energy level ~1 J/pulse; a possibility of

stable psec-pulses set generation with high repetition rate; the in-

fluence of the errors of each scattered pulse measurement on the ac-

curacy of the total measurement; the influence of the longitudinal

plasma scale length (especially when it becomes comparable with

TpC/2).

Nd-glass laser system with composite active

elements incorporating WR-Pulse compressor.

In the second scheme [4] a lot of Nd:glass rods with flashlamps

between them compose the large aperture double-pass amplifiers. The

special system of glass wedges is used to split the input beam on

many rectangular cross section beams directed into corresponding

amplifier rods (see Fig.12).Each beam enters into the individual wave

front reversal (WFR) cell after the first pass through amplifier rod.

Then, reflected by Stimulated Brillouin Scattering (SBS) mirrors

beams after the second pass through the corresponding amplifier rods

are transformed to the one compact beam by the above mentioned

splitting system. The Faraday rotator and polarizer are used to

remove this compact beam from the laser system (see Fig. 12). The main

features of the proposed scheme were studied on the experimental test

-61 -



facility shown in Fig. 12.

The output beam of the TEMQ0 mode operating oscillator

transformed by 10 telescope and 13*13 mnr aperture diaphragm is

directed into the first amplifier cascade. This amplifier cascade

consists of Faraday isolator, amplifier with 20 mm diameter Nd:glass

rod and WFR cell. The WFR cell includes the tube filled with SFg gas

at 15 atm and focusing lens (f=50 cm). The reflected beam after the

second amplification in the same Nd:glass rod is directed to the next

amplifier cascade by the Faraday isolator.

It was shown that the WFR cell can reflect about 80% of beam

energy without essential distortion of the pulse shape. The second

amplifier cascade consists of Faraday isolator, splitting system,

amplifier with composite active elements and SBS pulse compressors.

The splitting system transforms the input beam into 9 separate beams

corresponding to active elements of laser amplifier. The laser

amplifier includes nine 20 mm diameter Nd:glass rods and 12

flashlamps placed between rods(see Fig. 13). Each separate laser beam

is focused by lens (f=260 cm) into 300 cm long gas cell working as a

SBS pulse compressor. The splitting system in the double-pass

amplifier cascade acts as a precise summator of reflected beams,

collecting them to the compact output beam. The measured energy of

one beam of diffraction quality was about 4J in 2ns pulse. It was

found that balance of input energy in different beams and choice of

the suitable compression rdgime provide the time delay jitter of the

beams to be less then rise time of the individual pulse. Thus the

total output energy was about 40J in 3ns pulse.

Let us formulate the main principles of this type laser system

construction.

1. Double-pass amplifiers in combination with WFR-mirrors are used

in all amplifier stages. Non-linear WFR-mirrors on Stimulated
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Brillouin Scattering provide pulse compressor functions.

2. Several separate active elements compose the aperture of

powerful amplifiers. The special splitt ing system and WFR-mirrors are

explored to conjugate both the compact input beam with separate beams

in amplifier and these beams with the compact output beam.

On the base of these principles Nd-glass laser system is

proposed with the following parameters of the output beam:

beam aperture - 60x60 mm2

wavelength - 0,527 /m

energy - 15 J

pulse duration - 0,3 ns

divergence - 10~4 rad.

The laser system consist of oscillator, pre-amplifier, composite

aperture output amplifier, non-linear WFR-mirrors pulse compressors,

Faraday isolators and mentioned above split t ing system (Fig.14).

The TEM00 mode operating oscillator generates the 30 ns pulse

with the energy of 10 mJ (X=l,06 jum). 15 mm diameter—and 300 mm long

active rod element i s used in the preamplifier stage. After the f i r s t

pass through amplifier rod the beam energy rises up to 150-200mJ and

then the pulse duration i s shortened in SBS compressor from 30ns to

3ns with the 50% energy efficiency. Reflected beam after the second

pass through the amplifier rod in the opposite direction has the

energy about 2J. As an active medium in output amplifier six separate

slab elements 15x70x300 mm"" are used with the flashlamps placed

section beam 60x60 mm into six separate beams 6x(10x60) mm . So the

radiation energy density at the input of the composite aperture

amplifier equals 40 mJ/cm and increases after amplification to

300-400 mJ/cm . Each beam 10x60 mm is divided by special lens system

into 6 beams of 10x10 mm cross section and focused into nonlinear

medium. As a nonlinear medium Ar or SFg i s used at pressures about
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10-15 atm. As a result of SBS compression the pulse duration is

changed from 3ns to 0.3ns with 30% energy efficiency. The energy

density equals 0.8 J/cm after the second pass through the amplifier

in the opposite direction. At this conditions the output energy

equals about 15J after 50% efficiency frequency doubling (X=0.527/jm).

Due to WFR-effect and the high cooling efficiency of the small

thickness active elements the laser system generates a series of 30

pulses (1-10 Hz frequency) without degradation of the output beam

quality. The main advantages of the considered scheme in comparison

with the ordinary direct amplification scheme with large aperture

active elements are as follows:

1. Due to the double-pass regime of amplification and the

efficient pumping system of composite aperture amplifiers high

efficiency, durability and re l iabi l i ty of the laser system are

provi ded.

2. The requirements to the optical elements are not so hard due

to WR-effect. Glass active elements can be substituted by crystal

elements and thus pulse repetition rate regime can be easier

realized. This system i s also practically nonsensitive to thermal

effects and mechanical vibrations.

The considered laser system seems to be more compact and less

expensive if we take into account that the functions of WFR-mirror,

spatial f i l te r , image retranslator, shutter and pulse compressor can

be carried out by one nonlinear element.
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VISIBLE CHARGE EXCHANGE RECOMBINATION SPECTROSCOPY ON TFTR

B. C. Stratton. R. J. Fonck,* K. P. Jaehnig." N. Schechtman. E. J. Synakowski

Princeton University. Plasma Physics Laboratory. Princeton, NJ, 08543, USA

ABSTRACT

Visible charge exchange recombination spectroscopy is routinely used to measure

the time evolution of the ion temperature (Tj) and toroidal rotation velocity (vj profiles

on TFTR. These measurements are made with the CHERS diagnostic, a fiber-optically

coupled spectrometer equipped with a two-dimensional photodlode array detector which

provides both spectral and spatial resolution. The instrumentation, data analysis

techniques, and examples of Tj and v. measurements are described. Recently, CHERS

has been used to perform impurity transport experiments: radial profiles of diffusivities

and convective velocities for heiium and iron have been deduced from measurements of

the time evolutions of He^+ and Fe 2 4 + profiles following impurity injection. Examples

of these measurements are given.

INTRODUCTION

Charge exchange recombination spectroscopy (CXRS) II] has become a standard

technique for measurement of the ion temperature (Tj) and toroidal rotation velocity {vj

on tokamaks in recent years. Line radiation excited by recombination of an impurity

ion (usually fully ionized) with a hydrogen or deuterium atom in a neutral beam is

observed, and Tj and v^ are deduced from the Doppler broadening and shift of the line.

CXRS has the advantage that tha emission is localized to the region of intersection of the

beam and spectrometer sightline, making it possible to obtain accurate spatial profiles of

Tj and v^ from spatially-resolved observations of a single spectral line. These

measurements are usually made in the visible region of the spectrum, which allows fiber

optics to be used to couple the spectrometer to the tokamak and therefore makes

radiation shielding simple. CXRS has also been used to measure profiles of light

impurities [2, 3] and their absolute densities [4, 51, and to study transport of both light

(6. 71 and mediurn-Z [8| impurities.

CXRS in the visible region of the spectrum on TFTR is performed using the CHERS

diagnostic 191, a visible and near-UV spectrometer equipped with a two-dimensional

detector which provides both spectral and spatial resolution. This paper describes the

CHERS instrumentation, data analysis techniques, examples of Tj and v^measurements,

and recent studies of helium and iron ion transport.
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INSTRUMENTATION

Figure 1 shows the locations of the heating neutral beams and the diagnostic neutral

beam on TFTR. There are four heating beamlines: beamlines 1 and 2 inject in the counter

direction relative to the plasma current and beamlines 4 and 5 inject in the co-direction.

Each beamline has three ion sources sharing a common neutralization gas cell and

produces three independent beams, designated A. B. and C. The heating beams operate in

deuterium with energies typically in the 90-110 keV range, and the diagnostic beam

operates In hydrogen at 60-70 keV. The spatial coverage of the principal arrays of CHERS

sightlines are shown and are labeled with the letter designating the "bay", or region

between adjacent toroidal field coils, at which the viewing optics are located. The arrays

located at bay K and bay P are routinely used for Tj and v, measurements. These arrays

see the heating beams with tangential views lying in the plasma midplane: the bay K

array views the beams injected by beamline 4, while the bay P array sees the beamline 1

beams. Note that the inner sightlines of the bay K array also see the beamline 5 beams

and therefore see two regions of the plasma of different temperature when both

beamlines 4 and 5 are used; In order to avoid the resulting complications in the analysis,

the bay K array is normally used only when beamline 5 is not in use. The sightlines of the

bay K and bay P arrays are close to tangent to the flux surfaces and. as a result, the

intersection of a given sightline with each of the three beams produced by a heating

beamline occurs in a region of the plasma with approximately the same temperature.

Thus, viewing across the three beams injected by one beamline does not result in

significant loss of spatial localization of the signal. There are also two arrays viewing

the diagnostic beam (not shown in Fig. 1): a tangential one at bay E and a vertical one

looking down on the diagnostic beam at bay A.

Each array consists of a group of high-purity quartz fibers with their ends arranged

in a row and viewing the plasma through a quartz focusing lens and a window on the

vacuum vessel. The windows have shutters that may be closed to prevent coating of the

inner surface during discharge cleaning. The bay P array consists of 18 fibers of 0.6 mm

diameter, while the other arrays have 12 fibers of 1 mm diameter. The sightlines of the

bay K array Intersect the beamline 4 beams at major radii (R) of 2.34-3.34 m with 0.1 m

separation between channels, and the bay P array views the region R=2.50-3.00 m with

0.05 m channel separation. (The views of the outer six fibers of the bay P array are

presently obstructed by structures inside the vacuum vessel; this will be corrected in the

near future.) The bay K array therefore provides coverage of the outer half of a standard

TFTR plasma with R=2.45 m and a=0.80 m, and the bay P array covers the core region of

such a discharge. The spatial resolution of the measurements is determined by the radial

extent of the region viewed by each fiber, which is 0.03-0.05 m. One fiber in each array

views a mercury lamp used for measurement of the instrumental iine shape.

The fibers run to a 0.6 m. f/5.7 Czemy-Turner spectrometer, shown schematically in

Fig. 2, which is located in the basement of the TFTR test cell. The images of the output
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ends of the fibers in each array are directed onto the entrance slit in a vertical row via a

galvanometer-driven mirror used to select which fiber array is used at a given time. A

remotely adjustable lens is used to focus the images. The useful spectral coverage of the

system of 2800-7300 A is limited at the short wavelength end by a rapid decrease in the

transmission of the fibers below 3000 A. The detector is a two-dimensional

image-intensified photodiode array located in the output focal plane of the spectrometer,

and, as shown in Fig. 2, it is oriented so that the directions of dispersion and imaging are

aligned with the rows and columns of pixels. Each pixel in the 128 x 128 photodiode

array (Reticon MC9128) has dimensions of 60 nm x 60 pm. The entire detector is

magnetically shielded in order to prevent distortion of the image by stray magnetic

fields.

A block diagram of the data acquisition system and electronics is shown in Fig. 3.

The data are read out from the detector at 8 Mhz and are digitized at the 10 bit level by an

image processor (Recognition Concepts Inc. Trapix 5b/64) interfaced to the Q-bus of a DEC

mlcroVAX II computer. The detector analog signal and detector synchronization signals

are transmitted by 350 m fiber optic links to the image processor and computer, which

are located near the TFTR control room. An ethernet link connects the microVAX to the

laboratory's VAX cluster, where the data are permanently archived, and to a VAXstatlon

3100 workstation dedicated to automatic analysis of the data following a discharge. Up

to 64 time points during the discharge may be acquired, resulting in 2 megabytes of raw

data per shot. The detector timing and other functions, such as fiber bank selection,

detector high voltage, the spectrometer wavelength drive, and window shutter control,

are controlled through through CAMAC interfaces connected to the microVAX by a

fiber-optic CAMAC serial highway.

ION TEMPERATURE AND ROTATION VELOCITY MEASUREMENTS

The C 5 + 5292 A line (n=7-8) is usually used for Tj and v^ measurements uecause it is

strong and unblended. Figure 4 shows measurements of this line from edge and ce;. 'ral

channels in the bay K array taken in a supershot discharge produced by injecting 21 MW

of beam power into a low density deuterium plasma at 1.3 MA plasma current. The total

power in the beamline 4 beams was 7.1 MW at an average energy of 99 keV. The spectra

are from a single frame, or readout of the detector, of 0.02 s integration time and are fit

using a nonlinear least-squares-fitting routine with a single Gaussian plus a linear

background convolved with the measured instrumental function. For bay K, the

measured instrumental width at 5292 A is 6 A. which is equivalent to Tj=2.6 keV. A "dark

frame" of data taken approximately 15 s after the end of the discharge, when the detector

is not exposed to light, is subtracted from the data to remove the detector dark current,

and a white-field calibration is applied to correct for pixel-to-pixel variations in the

detector sensitivity. A correction for a measured nonlinearity in the detector gain is also

made. The measured dispersion of the spectrometer is used to obtain Tj and v^ from the
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fitted line width and peak position. The zero velocity reference for the v^ measurement is

obtained from the rest position of the line peak measured either prior to beam injection

or at the plasma edge where v^ is close to zero.

A frame of data taken immediately after the end of beam injection was subtracted

from the spectra shown in Fig. 4 in order to remove the contribution of edge light to the

signal. (Edge light on TFTR is emitted with a characteristic temperature of 0.5-2 keV and

is excited by electron impact at the plasma edge and possibly charge exchange with

thermal neutrals.) This technique works well provided that the intensity of the edge light

does not change significantly between the time of interest and the end of the beam pulse;

when there is a significant change, a better approach is to fit the total signal with two

Gaussians, one for the beam-excited component of the line and the other for the edge

signal. The beamline 5 beams were injected in this discharge but were turned off for 0.05

s around the time of the data shown in Fig. 4, so there is not a second beam-excited

component of the line emitted from a lower temperature region of the plasma. In cases

when beamline 5 remains on, the data can be fit with two Gaussians, one for each of the

beam-excited components of the line: however, this technique can be unreliable, so it is

preferable to use the bay P view of the beamline 1 beams in this situation.

Figure 5 shows the Tj and v^ profiles obtained from these data: the error bars

include both statistical and systematic errors. The data were analyzed by on the

workstation by a DEC command language program which is automatically started when

data aqulsition is complete. This program runs the line fitting code according to a

template which may be edited by the user to change parameters such as the range of time

points to be analyzed and the background frame to be subtracted. The results are written

into files which can be read by codes such as SNAP, an equilibrium power balance code

used to deduce the energy confinement time, as well as ion and electron thermal

difiusivities (for examples, see reference 10). This approach has proven quite successful

in providing prompt analysis of the data after a shot: Tj and v^ profiles at a single time

point, such as those shown in Fig. 5. typically require one and one half minutes of CPU

time on the workstation, and the analysis is complete within five minutes of the

discharge. A number of experiments have been performed in which the response of the Tj

and v^ profiles to a perturbation, for example, a rapid change in beam power or a change

in the torque applied to the plasma by the beams, is used to provide information on

transport parameters such as ion thermal and momentum diffuslvlties. These

experiments require measurements of the time evolution of the Tj and v^ profiles.

Because such analyses are time consuming, they are usually performed as batch jobs on

the workstation or VAX cluster.

IMPURITY TRANSPORT MEASUREMENTS

In addition to the measurement of Tj and v*. CHERS may also be used to accurately

measure the radial profiles of impurity ion densities as a function of time. Recent
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experiments on TFTR have demonstrated that the radial profiles of transport parameters

for helium [71 and iron [8] can be deduced from such measurements following impurity

injection. Data for both elements were obtained in identical L-mode deuterium

discharges with L=1.4 MA. The three beamline 4 beams at a total power of 6.7 MW and

100 keV energy were injected for 1.0 s. starting 3.5 s into the discharge. (As a result of the

unbalanced beam injection, these plasmas had significant rotation in the co-direction.)

A small helium puff was introduced at 4.2 s and the He+ 4686 A line (n=3-4) was

observed with the bay K array. The contribution to the total line intensity of emission

from "plume" ions, He+ ions created by charge exchange of beam neutrals with He2 + ions

which then drift Into the CHERS field-of-view and are excited by electron impact, was

calculated and subtracted from the observed intensities to yield the signal due to prompt

charge exchange. Profiles of the He2 + density as a function of time were obtained from

these line intensities, cascade-corrected excitation rates, and beam neutral densities

calculated using a beam attenuation code based on the mean free paths of Boley, et al. [11].

He2 + profiles at several times following the puff are shown in Fig. 6, along with profiles

calculated by the MIST impurity transport code [12] assuming a hollow diffusivity,

shown in Fig. 7, and a convective velocity which reproduces the equilibrium He2 +

profiles: agreement is quite good. As seen in Fig. 6. it is not possible to fit the measured

profiles with a spatially constant diffusivity.

For the iron transport measurement, iron was injected at 4.06 s using the

Iaser-blowoff technique, and CHERS was used to observe the Fe 2 3 + 5001 A and Fe 2 2 +

5445 A lines (n=18-19 transitions). Modeling of the line intensities to obtain the time

evolutions of the Fe 2 4 + and Fe 2 3 + profiles (Ke- and Li-like iron) is similar to that used

for helium, except that a plume calculation is not needed because electron-impact

excitation of the iron lines is negligible. Time evolutions of the Fe 2 4 + densities at four

radial locations are shown in Fig. 8, along with values calculated by MIST assuming the

moderately hollow diffusivity shown in Fig. 7 plus the neoclassical flux calculated in the

Pfirsch-Schluter regime. Again, agreement is good. Agreement between the measured

and calculated Fe 2 4 + radial profiles is also good, although the profiles provide less of a

constraint on the transport model for iron than for helium due to uncertainties in the

dielectronic recombination rates used in MIST.

As seen in Fig. 7, there is a significant difference between iron and helium transport

in these discharges. This difference would be difficult to observe using traditional

spectroscopic measurements of impurity transport in which the data are modeled by a

spatially-constant diffusivity and parametrized convective velocity. Modeling is

underway to determine whether or not this difference can be explained by theories of

fluctuation-driven transport. Data have also been obtained which will allow

comparison of helium, iron, and electron transport in L-mode and supershot plasmas

with balanced beam injection.
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SUMMARY

The CHERS diagnostic is routinely used to make time resolved measurements of Tj

and v^ profiles in TFTR Aided by recent progress in automating analysis of the data, it is

possible to provide Tj and v^ profiles for a wide variety of steady-state and perturbative

experiments designed to study ion thermal and momentum transport. In addition,

measurements of radial profiles of transport parameters for helium and Iron ions using

CHERS demonstrate that this is a powerful technique for the study of particle transport

in tokamaks.
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Measurements of Ion temperature and Plasma Rotation Profile
with Charge Exchange Spectroscopy

KWa S.Hidekuma, CHS and JIPPT-IIU Group
National Institute for Fusion Science

Nagoya. 464-01. JAPAN

Y.Miura. M.Mori, N.Suzuki. JFT-2M Group
Japan Atomic Energy Research Institute

Naka-machi. Naka-gun. Ibaraki. 311-01. Japan

ABSTRACT
A multichannel space resolved visible spectrometer system using a CCD detector coupled

with an image intensifier has bee-i. developed to measure the profiles of ion temperature
and toroidal and poloidal rotation velocity simultaneously, with a time resolution of 16.7
ms. using charge exchange spectroscopy. These systems have been installed in CHS
Heliotron/Torsatron device and JIPP T-IIU and JFT-2M tokamaks. They have 128
channels in space (0.4 - 1.5 cm spatial resolution) and 128 channels in spectrum (0.1 - 0.4 A
spectrum resolution). Charge exchange transfer between fully ionized carbon and the fast
neutrals of NBI heating results in excited ions with one more electron per ion. The emission
of hydrogen-like carbon (C VI n = 7-6,and n = 8-7) is localized at the cross-section of the
neutral beam line and the line of sight of the viewing array. Two sets of viewing optical
fiber arrays, one viewing a fast neutral beam and the other viewing off the neutral beam
line, have been arranged to subtract the background radiation. The background radiation
(cold component) is mostly due to the charge exchange reactions between fully ionized
impurities and background thermal neutrals at the plasma periphery. A reference of zero-
rotation velocity has been determined by viewing the plasma with two arrays in the
opposite direction.

I. Charge exchange spectroscopv

Space- and time resolved measurements of ion temperature and electric field derived
from the plasma rotation velocity are crucial for the proper understanding of plasma
transport and H-mode physics. Multi-channel space resolved visible spectrometer systems
using a charge coupled device (CCD) detector coupled with an image intensifier has been
developed to measure the ion temperature and poloidal/toroidal rotation velocities in
JIPPT-IIU and JFT-2M tokamaks and CHS Torsatron/Heliotron. There are four sets of
optical fiber arrays. Two of them (one poloidally and the other toroidally) view a fast
neutral beam poloidally and the other two view-lines do not intersect the neutral beam line



to subtract background radiation. These optical fibers with 100 u mm diameter are led Into
the entrance slit of 0.5 m (for JIPP T-IIU) or lm (for JFT-2M and CHS) Czemy-Tumer
spectrometer with a 2400 grooves/mm grating as shown In Fig. 1 At the exit plane, the light
from each fiber gives the spectrum from one spatial position. The light from all of the
fibers is focused onto an image intensifler tube coupled with a CCD TV camera. The output
of the CCD detector Is a standard TV composite video signal and It is digitized by a Lecroy
model 6810 digitizer. Figure 2 shows a diagram of the clock generator circuit which
produces the preuigger for the CCD camera to stabilize the CCD and the start trigger and
clock bursts for the digitizer to synchronize the TV frame scan.

JIPP Til-U

Fig. 1 Schematic of the setup on JIPP T-IIU for charge-exchange spectroscopy. Array (a)-(b) Is viewing
the heating fast neutral beam, while array (c)-(d) is viewing off beamllne.

The resolution Is 0.4 A (for JIPP T-IIU) and 0.1 A/ch (for JFT-2M and CHS) with 100-128
spectral channels, while the time resolution is 16.7 ms. Most measurements have been
performed using charge exchange recombination (CXR) line of carbon CVI 5292 A (n = 8-7).
In principle the emission is localized at the cross section between the neutral beam line
(midplane) and the line of sight. However, the background radiation emitted from the cool
plasma edge due to the reaction between fully ionized impurities and background thermal
neutrals is of significant contribution to the radiation from CXR reactions of the fast
neutral beam. This background radiation is measured simultaneously and subtracted from
CXR radiation1^.
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Fig. 2. Diagram of clock generator for Lecroy 6810 data-acqulsttlon system for CCD detector

composite video signal.

Figure 3 shows space-resolved spectra for the charge-exchange recombination line CVI
5292 A (n = 8-7) both for the array viewing the background (Flg.3(a)) and viewing the NBI
beam path (Flg.3(b)). The line profile In Fig. 3(b) is much broader than that in Fig. 3(a), since
Fig.3(a) corresponds to the cold component emitted from plasma edge region and Fig 3(b)
corresponds to the superposition of cold and hot components. This hot component is
emitted from the Intersection of the fast neutral beam and the line of sight of the optics, in
a region of hot plasma.

2. Profile of fully stripped carbon

The intensity of the CXR line is proportional to the product of the Impurity density TIQ6+,

the fast neutral beam density njjO and the charge transfer cross-section. The fast neutral
beam density profiles are calculated with Monte Carlo code, using the electron density
profile measured with HCN interferometer and the electron temperature measured with
ECE polychromator. The cross-section for the charge transfer with the production of CVI
(n=8-7) line radiation is calculated using atomic orbital expansion model by Fritsch2'.
Figure 4 (a) shows the profiles of fully stripped carbon for NBI and NBI + ICRF heated
plasma in JIPP T-IIU tokamak. The peaking strength of cv (=-va2/2Dr). which is defined as
the ratio of Inward velocity to diffusion coefficient in the impurity transport model is 1-1.5
for these discharges3^.
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Fig.3. Three dimensional plot of the charge-exchange recombination line CVI (5292A, n=8-7) for the

arrays viewing the (a) background and (b) NBI beamline measured In a JIPP T-I1U NBl heated plasma,

where 5X=5292-X.

3. Ion temperature measurements In JIPP-TIIU. JFT-2M tokamaks and CHS
Torsatron/Hellotron

Radial profile
Ion temperature profiles in Fig.4(bj shows the effect background radiation on the estimate

of ion temperature. The solid line is the ion temperature profiles corrected by the
subtraction of background light, while the dashed line is the ion temperature profiles
without the correction. The value of the central ion temperature for NBI + ICRF heated
plasma agrees with the value determined from the width of the TIXXI Ka line (Ti = 1.8 ± 0.3
keV) at the plasma core (averaged over r < 6 cm) measured with x-ray crystal spectrometer.

Time evolution
JFT-2M is a tokamak with a major radius R=1.31 m and minor radius a=0.35 m. It has

two tangential neutral beams, one is in the co-lnjectlon direction and the other is counter
injection. We interchange the neutral beams
during the discharge to study the response of electric field and particle flux. The toroidal
rotation velocity and electric field changed within 30 ms after the onset of counter
injection. The central ion temperature increases In counter-NBI phase as shown in Fig.5(a).
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Flg.4 Radial profile of (a) fully stripped carbon and (b) Ion temperature profiles measured In JIPP T-
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Fig. 5. (a) Time evolution of central electron and Ion temperature for co- and ctr-NBI phase In JFT-

2M and (b) Profiles of Ion temperature In CHS. where v.j Is the normalized Ion colllslonallty

evaluated at the half of the plasma minor radius. Arrows show the location of magnetic axis for

vacuum magnetic field and finite p equilibrium.
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Shafranov shift
The Ion temperature profile in CHS shows the significant Shafranov shift of magnetic

axis due to the bulk and beam pressure as shown in Fig.5(b). The Shafranov shift estimated
by using the Oak Ridge National Laboratory(ORNL) finite (3 equilibrium code VMEC Is 3 cm
for high density case and 4.5 cm for the low density case. The large shift in the low density
case, which is also measured in the shift of ion temperature peak, is mainly due to the
peaked parallel beam pressure driven by the tangential neutral beam. On the other hand,
the magnetic axis shift In the high density case is due to thermal pressure.

4. Poloidal rotation and radial electric field profiles

Radial electric field profiles are obtained from the profiles of the Son pressure gradient
dpj/3r and the toroidal/poloidal rotation (v^/v ) with the use of the momentum balance
equation.

where / stands for the measured impurity species. Here the radial frictional force between
the different species is small enough to be neglected.

Edge poloidal rotation and electric field profiles in H-mode
Figure 6{a) shows the time evolution of the poloidal rotation velocity for a plasma with a

current of 250 kA, a toroidal field of 1.24 T. q^ of 2.8 in a single null divertor configuration.
The neutral beam is injected at 700 ms in the co-direction with a power of 0.7 MW. A jump
of poloidal rotation velocity at the L/H transition is observed at 0.4 cm inside the
separatrix, while the significant increase of ion temperature is observed at ds=-1.3 cm,
more inside the plasma(Fig. 6(b)). The poloidal rotation increases in the electron
diamagnetic direction in the H-mode regardless of the direction of plasma current and
neutral beam injection4-5). The change of poloidal rotation is prior to the change of ion
temperature and is fairly localized near the separatrix as shown in Fig. 7(a), while the
sharp gradient of ion temperature is also observed more inside. As shown in Fig.7(b), the
electric field profiles for L-mode and H-mode plasmas are calculated from rotation
velocities and pressure gradients of carbon using a momentum balance equation of C^+
not bulk ions. The electric field becomes more negative in H-mode. due to increase of
poloidal rotation in the electron diamagnetic direction. The gradient of the electric field
inside the separatrix, ds = -0.7 cm. becomes more negative. -80 ± 10 V/cm^, in the H-mode.
The ion/electron thermal transport barrier is found at 1-2 cm inside the separatrix.
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Bulk poloidal rotation and electric field profiles in CHS
The plasma heated by NBI rotates in the electron diamagnetic direction and has a strong

shear near the plasma periphery. The poloidal rotation velocity at the plasma edge depends
on the collisionallty of the plasma. The poloidal rotation profile for these discharges has a
strong shear near the plasma edge®'. The poloidal rotation velocity shear results from the
shear of radial electric field at the plasma periphery(Fig.8(a)). Although the profile of
poloidal rotation is similar to those observed in tokamak H-mode plasma, the poloidal
rotation velocity is not large enough to trigger L/H transition.
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Fig. 8 Profiles of (a) poloidal rotation velocity (v Q) measured with charge exchange spectroscopy for the

two cases in Fig.5(b) and (b) radial electric field profiles measured in CHS and neoclassical estimates.

Solid lines are calculated radial electric field for the high density plasma, while the dashed lines for

the low density plasma.

The edge electric field estimated from momentum balance equation increases as the
electron density is Increased. This negative electric field is -80 V/cm for the low density and
•120 V/cm for the high density plasma as shown in Flg.8(b) The radial electric field profiles
measured in CHS are compared with the results based on the neoclassical theory presented
by Kovrizhnykh7) and Hastings**). These calculated electric field profiles are smaller than
those measured from poloidal rotations.
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5. Toroidal rotation velocity profiles In tokamak and Torsatron/Hellotron

A comparison of the toroidal rotation profiles in the presence of parallel NBI Is made
between CHS and JIPPT-IIU for L-mode plasmas to study parallel viscosity damping due to
helical ripple in CHS, and the radial momentum transport in JIPPT-IIU. For this study, the
neutral beam is injected tangentlally (tangency radius of beam line: Rnbi = 84cm in JIPPT-
IIU and 87 cm in CHS). Figures 9 show the toroidal rotation profiles measured in JIPPT-
IIU and CHS for plasmas with tangentially injected neutral beams^.
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Fig.9 Radial profile of (a) toroidal rotation velocity normalized by ion thermal velocity for

tangential (Rnbj=84cm) co- and counter-NBI in JIPPT-IIU and (b) toroidal rotatlonvelocity for

tangential (Rn]3l=84cm) co-NBI In CHS. The dashed line Is calculated toroidal rotation velocity by

neoclassical (NC) parallel viscosity. The solid line shows the estimation with NC vlscodty and

additional radial momentum dlffusivity of 2 m 2 / s .

Tokamak

A broader toroidal rotation profile in JIPPT-IIU is mainly determined by radial
transport. The absolute value of the toroidal rotation velocity in counter-injection case
(NBI is injected in the direction opposite to the plasma current) is larger than that in the
co-lnjectlon case (NBI is Injected parallel to the plasma current). There is a rotation in
counter direction In the Ohmic plasma without an apparent momentum source10*. Similar
results has been reported in JFT-2M1 *' The change in the toroidal rotation velocity from
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an Ohmic plasma Is comparable for co- and counter- injection cases. The toroidal
momentum difiusivlty in JIPPT-IIU Is found to be anomalous and is 3-4 rn^/s at r/a < 1/2 ,
which is comparable to the ion and electron thermal dlfiusivity.

CHS Torsatron/Hellotron
The toroidal rotation velocity in CHS has a very narrow profile since the toroidal

rotation velocity is strongly damped at r > 0.5a (a=20 cm), where the neoclassical parallel
viscosity due to helical ripple become large (ejj = 0.25p2) . Since there is no helical ripple at
the plasma centre, the toroidal rotation velocity Is not limited by the neoclassical parallel
viscosity, but by anomalous radial momentum transport. The radial momentum transport
coefficient estimated from the gradient of the toroidal rotation velocity is 2 ufi/s as shown
in Fig.9(b). This difiusivlty of momentum Is comparable to the electron thermal diffusivlty
(2-10 m2/s).
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ABSTRACT

Space- and time-resolved measurements of atomic hydrogen

density, together with data on hydrogen penetration velocity

and electron density fluctuations, yield a consistent picture of

hydrogen recycling, particle confinement and its correlation

with microturbulence in Heliotron E.

1. INTRODUCTION
In order to understand particle recycling at the wall and particle/

energy confinement in the core of a plasma, atomic hydrogen behaviour

(density n^ and velocity distribution fjj(v)) has to be understood. For

plasmas with divertors and in helical confinement systems, recycling

processes are not azinnithally uniform, and space-resolved measurements are

required. In addition, non-stationary behaviour during a gas puff, pellet

injection and/or additional heating requires time-resolved measurements.

Thus, experiments which are both space- and time-resolved are required.

For the above purpose, we exploited the potential of laser induced

fluorescence (LIF) to the full, namely LIF tuned to the Balmer alpha

transition in the core of the plasma and LIF tuned to the Lyman beta (2

photon excitation) in the edge plasma. The former is applicable only when

Te > 20 eV and ne > 10 m , because a collisional-radiative model has

to be invoked to calculate n^ at the ground level from the measurement of

the excited level, while the latter requires n^ >10i m to obtain suffi-

cient signal to overcome the Balmer alpha background radiation.

The experiments were performed on Heliotron E, and the former yielded,

together with the computer simulation code DEGAS to interpret the observed

data, useful information on particle behaviour and particle confinement
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• time, while the latter yielded the first signal during the latest experi-

mental campaign.

2. EXPERIMENTAL METHODS AND EQUIPMENT

In order to understand hydrogen behaviour in Heliotron E, LIF was

used extensively and the results were interpreted using the computer code

DEGAS [1]. In addition, other measurements were employed to reinforce the

interpretation and further correlating the LIF results with physical issues

involved.

2.1 LIF

The principle of LIF has been well documented, e.g., Hintz [2], and

the features relevant to the present measurements are briefly described.

Since most of the hydrogen atoms are at the ground state, it is desir-

able to apply LIF using a transition of the Lyman series. The direct

excitation of the transition requires a tunable vacuum ultraviolet (VUV)

radiation source and a vacuum light path, and there have been studies em-

ploying this approach using Lyman alpha transitions [3, 4]. However,

the required optical access for the measurement has hindered its applica-

tion to high-temperature plasmas, except for the case of devices having

specially designed access like TEXTOR [5]. Therefore, we have extended

the capability of the two-photon excitation of the Lyman beta transition

and the observation at Balmer alpha (LIF-TP) [6], to enable measurement of

atomic hydrogen density (n^) of 101Jm when background radiation is

absent, and have the calibrated the system [7]. It was then modified for

coaxial laser input and fluorescence detection, so as to be readily

applicable to plasmas in a scrape-off layer in high-temperature plasma

devices.

Because nu in the plasma core is below the detection limit of the

above technique, we had to resort to LIF among excited levels. LIF using

the Balmer series to determine local njj in plasmas is well known [8, 9].

The fluorescence profile obtained by scanning spectrally narrowed

laser light yields information on the spectral profile of the atomic

transitions being probed. If the Doppler profile dominates the spectral

profile, we get the velocity distribution (f(vjj)). In order to obtain the

spectral profile during a single pulse laser shot, we developed the techni-

que of RAFS laser spectroscopy, [10], This technique was applied to the

measurements of Doppler profiles of hydrogen atoms in the peripheral region
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of Heliotron E by tuning the laser to the Balmer alpha.

2.2 Other measurements

The usual technique of observing Balmer alpha radiation was employed.

where lenses were used to define the observation volume, and fibres were

used to relay the observed light into photodiodes through band-pass fil-

ters. One of the detecors had a tilting structure, which was used to

measure Balmer alpha emission profiles across the poloidal cross section

by changing the tilting angle from shot to shot.

Because the limited optical access of Heliotron E had prevented the

application of the usual Bragg diffraction technique for the measurements

of electron density fluctuations, we applied Fraunhoffer-diffraction (FD)

[11]. The results were used to correlate the level of density fluctu-

ations with the particle confinement deduced from the above LIF and plasma

emission measurements.

2.3 Heliotron E and arrangements of the experimental equipment

Details of the Heliotron E machine and its performance have been de-

scribed elsewhere, [12], and it is sufficient to say here that it has a

heliotron-torsatron type magnetic configuration with machine parameters

of R=2.2 m, a=0.2 m, B<!1.9 T and a pitch number m«19, yielding plasma pa-

rameter ranges of n ^ x l O 2 0 m"3, 1^2 keV and T.^2 keV.

The arrangement of the above experimental equipment on Heliotron E

is shown in Fig. 1, where other major components for heating and gas puff-

ing are also included.

3. RESULTS AND DISCUSSION

3.1 LIF

The arrangement of the coaxial laser input and detection for measure-

ments of n^ by LIF-TP in the scrape-off layer in Heliotron E is shown in Fig.

2. With this arrangement, it is easy to install the equipment on machines

with limited optical access. It was shown, [13], that spatial resolution

as small as 10 mm was possible. During the latest experimental run in

July 1990, we observed the first signal, as shown in Fig. 3 for an ECH

plasma. The signal yielded atomic hydrogen density at the horizontal

mid-plane 30 mm outside the separatix and at 4 msec after the initiation

of the ECH plasma to be nH=1.6xl0
17 m~3.

LIF at Balmer alpha was used to measure n^ in the core of the Helio-

tron E plasma. The results are shown in Fig. 4 (a) and (b) for different
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chords £^ and £2* a s shown in the insets, at an average electron density

of ne=3.8xl0
1' m . Also shown are calculated profiles from the DEGAS

computer code, [1], for the Heliotron E configurations. Here, the calcu-

lations were performed for the cases of a localized wall source (local.) at

divertor traces on the wall and of a uniformly distributed wall source

(unif.), and for the cases of atomic hydrogen energies of 3 and 20 eV. As

can be seen from those results and other data with different values of ne,

together with measurements of f(vjj) shown below, we conclude that the mea-
— 1Q *3

sured n^ for n >1.5xlO m are well explained by the penetration of atom-

ic hydrogen possessing Franck-condon energies C^deV). On the other hand,

for n" <1.0xl0 m~ , as can be seen from Fig. 5 for the chord Cj at "n =

7xl010 m , the measured gradient of njj at the plasma edge is too steep

compared with the calculations. We understand this fact to be attributa-

ble to the production of hydrogen atoms at excited levels by the direct

dissociation of hydrogen molecules n ^ upon electron impact. In fact, at

this lowlTg, n ^ a s n ig n as 101" m~^ was calculated to be present at the

separatrix and dissociation of this n ^ contributes about half of the

LIF signal just inside the separatrix in Fig. 5, which lowers the value

of njj there by about half.

The RAFS laser spectroscopy was applied to measurements of f(v^).

The results are shown in Fig. 6 for ne=6xl0
 y m . As can be seen from

the figure, the measured profile is consistent with an energy of 2.5±1.0

eV, namely the Franck-condon energy, assuming a Maxwell energy distribu-

tion function.

3.2 Relationship of the LIF results with other measurements

In order to assess the usefulness of using Balmer alpha emission for

understanding hydrogen behaviour in high temperature plasmas, a comparison

was made between n^ obtained by LIF with those deduced from the absolute Balmer

alpha emission combined with DEGAS calculations. The results are shown in

Fig. 7, yielding agreement within ±30% for the standard magnetic configu-

ration. On the other hand, deviations between the two become large for

low ng and/or for plasmas with an enlarged radius.

Figure 8 shows the Balmer alpha emission profile across the plasma

poloidal cross section observed at ng= 2.7x10
 y m . The abscissa of the

figure is the tilting angle of the detector, whose sightlines in the plas-

ma cross section at different angles are shown in the inset. The solid

curve is the calculated emission profile based on the neutral density dis-

- 101 -



tribution predicted by the DEGAS code under the assumptions of the local-

ized wall source and an atomic hydrogen energy of 3 eV. For comparison,

the dashed curve is the calculated profile when the neutrals are assumed

to be distributed uniformly at the separatrix. As can be seen from the

figure, the measured emission profile agress well with that predicted by

the DEGAS calculation for the localized wall source, which further confirms

the above arguments.

It has already been reported, [11], that the density fluctuations in

Heliotron E measured by FD were of a drift-wave nature, and the fluctu-

ation levels were sufficient to explain the observed global particle confine-

ment times. The correlation of the measured particle confinements de-

scribed above with the fluctuation levels deduced by FD is shown in Fig. 9

for standard NBI discharges. The correlations are clearly observed, sug-

gesting that such fluctuations may be responsible for the measured particle

confinement.
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FIGURE CAPTIONS
Fig. 1 Arrangement of the experimental equipment on Heliotron E.

Fig. 2 Arrangement for measurements of n^ in the scrape-off layer of

Heliotron E, using coaxial optics for two-photon excitation at

Lyman beta and observation at Balmer alpha. LI through L5 are

lenses, Ml and M2 are mirrors, A is an aperture, F is a filter and

PMT is a photomultiplier.

Fig. 3 LIF signal at the Balmer alpha by LIF-TP.

Fig. 4 njj measured by LIF tuned at Balmer alpha, shown together with the

calculated profiles from the DEGAS simulation code for the Heliotron

E configulation, for different chords (a) §j and (b) ̂ 2» a s shown in

the insets, at "n*e=3.8xl0
19 m~3.

Fig. 5 Similar figure as fig. 4 for £j at ~n"=7xlO m •

Fig. 6 Measured line profile (solid) of Balmer alpha, shown together with

the convoluted profiles (dotted) of the laser line width, Zeeman

splitting for B=0.9 T and Maxwellian having energies shown in the

figure.

Fig. 7 Correlation of n̂ j at the plasma edge measured by LIF with those

estimated from the absolute Balmer alpha emission intensities.

Fig. 8 Comparison of measured Balmer alpha emission (data points) and

calculated profiles of the neutral density distribution by the

DEGAS code for a localized wall source (solid curve) and on the

uniform neutral density distribution at the separatrix (dashed

curve). All profiles are normalized at 0 degree. The inset

shows sight lines in the plasma cross section when the detector

is set at the angles indicated.

Fig. 9 Correlation of T_ deduced from LIF and Balmer alpha emissions with

the levels of density fluctuations obtained by FD. In the abscis-

sa, n is the level of electron density fluctuation (m ), Ad is the

width of the density fluctuations (m), and neL is the electron line

density (m ). Typical error bars are shown in the figure.
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Development of a 2 MeV Heavy Ion Beam Probe for TEXT

K.A. Connor

for

The Rensselaer Plasma Dynamics Laboratory
S.C. Aceto, T.P. Crowley, J.W. Heard, R.L. Hickok, J.F. Lewis,

P.E. McLaren, A. Ouroua, J.G. Schatz, P.M. Schoch, J. Schwelberger,
VJ . Simcic, G.H. Vilardi, Q.J. Xiao, and J J . Zielinski

Abstract A 2 MeV Heavy Ion Beam Probe diagnostic system is being developed

for application on the TEXT tokamak which is being upgraded to study H-mode

operation. We have identified and are addressing the critical design issues for this

apparatus. Primarily, these involve maintaining substantially higher voltages on

larger surfaces in vacuum. Recent measurements using the beam probes on TEXT

(500 keV) and ATF (160 keV) have demonstrated new capabilities that will be

exploited with the new system for TEXT. We have, for example, extended our

understanding of potential and density fluctuation measurements and have been

making measurements of the fluctuating magnetic field produced by coherent

MHD activity. The latter results have finally demonstrated thj practical sensitivity

of this diagnostic technique to plasma produced magnetic fields, as predicted by

Hickok and Jobes in the late 1960s.

1. INTRODUCTION

The 2 MeV Heavy Ion Beam Probe (HIBP) being designed for the TEXT

Upgrade experiment will have substantially greater operating capabilities than the

500 keV system used previously on TEXT.[l] In particular, the higher accelerator

voltage permits measurements to be made essentially throughout the plasma cross

section and at larger operating densities. TEXT has proven to be a very effective

device for the exploration of transport phenomena because of its extensive set of

space and time resolved diagnostics. [2] The upgraded device will have an

expanded operating regime that is to include H-mode by the addition of a divertor

and significant electron cyclotron resonance heating.p] The ability of the new
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HIBP to provide measurements near the X points and in a large fraction of the

surface plasma will play a critical role in achieving TEXT goals.

A schematic of the planned HIBP is shown in Figure 1. The beam will be

able to access 90% of the plasma cross section including all three X points for the

typical magnetic fields planned. Several new design features will be incorporated

into this system. Many of the new features arc dictated by the higher beam

energy, while others are improvements that are desirable in any experiment, as

demonstrated with recent measurements on TEXT and ATF. Some of the

improvements require only changes in software while others necessitate

modifications to almost all the system hardware from the ion source to the

detector electronics. The primary modifications and the extent to which they

permit maximum exploitation of fundamental beam probe capabilities are

described in the following section. In Section 3 we address examples of

measurements now under study and how they will be applied on the upgrade

system.
Electrostatic Deflectors

Fig. 1 Planned HIBP for TEXT Upgrade

2. THE 2 MeV HIBP SYSTEM FOR TEXT UPGRADE

2.1 Beam Probe Basics

In an HIBP diagnostic, a high energy beam of heavy ions, or neutral

particles, such as cesium or thallium, is injected into a magnetically confined
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plasma. As the beam passes through the plasma, as shown generically in Figure

2, the ions or neutrals collide with plasma particles (usually electrons) with the

result that one or more electrons are stripped from the probing (primary beam)

panicles forming a spray of higher charge state particles. A small aperture

detector placed generally outside the confining field forms a narrow (secondary)

beam. The secondary ions which pass into the detector originate in a small region

of the probing beam; present systems have three detector slits which form

secondary beams originating in three nearby sample volumes, as shown in Figure

2. The position of the sample locations can be changed rapidly along a curved

line during a typical discharge time by redirecting the probing beam with

electrostatic sweep plates. Different lines are selected by changing the accelerator

voltage between discharges. The spatial resolution typical of present HIBP

systems is determined by the dimensions of the sample volume which are the

order of 0.1 to 2.5 cm. with the dimension along the beam usually an order of

magnitude smaller than the beam diameter unless an aperture is used to reduce the

beam size. Temporal resolution is limited by electronics and is presently about

1 microsecond.
Sweeo siaies

3'imaty oeam
."•'V Cs'l

I "I

Vaior "Kius cm i

Fig. 2 HIBP Geometry

The number of secondary ions created in a sample volume is proportional

to plasma density and sample volume size according to the relation

- 1 1 6 -



where F^ and Fsec represent attenuation along the primary and secondary beams

and g is a geometric factor. The term fCTJ contains the sensitivity to temperature

through the energy dependence of the ionization cross section and is inversely

proportional to the beam velocity so that the four-fold increase in beam energy

associated with the new HIBP will roughly double the signal level for identical

plasma conditions.

The energy of the secondary ions differs from that of the injected primaries

by the value of the electric potential at the location of the sample volume. Thus

if the detector incorporates energy analysis, a detailed characterization of the

plasma potential structure can be obtained. In addition, the deflection of the beam

is determined by the magnetic field which has recently permitted the successful

characterization of coherent magnetic fluctuations.

The unique combination of measurements that are possible with an HEBP

provide the necessary information to determine panicle transport produced by

electrostatic fluctuations. These measurements are similar to those possible with

Langmuir probes with some major differences. First and foremost, an HIBP can

determine these quantities throughout the plasma region, not just at the plasma

edge. Second, the energy analyzer gives a direct measure of the plasma potential

so that it is not necessary to make a model dependent inference. In slab

geometry, this particle transport in the x direction is given in terms of the

magnetic field Bz, the wave number of the potential fluctuations ky, and the cross

power spectrum of the density and potential fluctuations Pnphl according to the

expression
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In a tokamak or stellarator, x becomes, the minor radius coordianatc, y becomes

die poloidal coordinate, and z becomes the toroidai coordinate. The wavenumber

ky is determined using two point measurement techniques developed for Langmuir

probes.[4]

2.2 Measurement Capabilities

In Figure 1 we see that the new system will have two primary beam lines

and two detectors so that, with the exception of the accelerator which is the most

expensive piece of appararatus, there are two complete beam systems. Even

though TEXT has excellent port access, it is necessary to combine two beam

geometries to reach all three possible X points. No previous HIBP has

incorporated such compexity so that it is expected that maintaining alignment of

the beamlines will present additional difficulties. Two perpendicular sets of sweep

plates and more beam monitors are incorporated for this purpose. Figures 3 a-c

show the plasma coverage obtained with the existing 500 keV system and the two

operating modes possible with the 2 MeV system.

500 k»V Thallium a M«v Thallium „ „ „ _ „,
3 M«V Thallium

Fig. 3 Plasma Coverage with Existing 500 keV System and the two Injection

Options of the Proposed System, Respectively

2.3 Uniform Electric Fields in the Analyzer

The energy analyzer is the critical component in the design of a Heavy Ion

Beam Probe because it is necessary to obtain extremely accurate determination of



the secondary ion energy (the order of at least a few parts in 10*). Previously we

have used a Proca and Green type analyzer with a series of guard rings to

establish the boundary condition at the edge of the electric field region.[5] An

electrode configuration such as that shown in Figure 4a. should ideally be able to

produce the uniformity required for such an accurate measurement. Unfortunately,

this approach has encountered problems in holding proper voltages on the guard

rings because UV radiation striking the electrode surfaces produces electron

current that unbalances the voltage divider connected to the rings. We have

solved this problem for moderate loading levels by using a much higher current

divider located outside the vacuum system for which the UV produced currents

cause only a relatively small modification to the divider currents. Such a divider

has proven effective on the original TEXT system and on the new ATF system.[6]

In the latter case, accurate potential profile data cannot be obtained during neutral

beam heating with the present divider. A new divider with about four times the

power capacity will very likely solve this problem for a 160 keV system such as

the one used on ATF. However, the high power external divider method does not

scale well to the higher voltages necessary for the 2 MeV system. A second and

preferred method for addressing this issue is now being pursued in which an

anlyzer field configuration is being developed that requires no guard rings to

maintain a uniform field.

Prototypes of the new type of analyzer are under test at Rensselaer.[7] For

these analyzers, the uniform field is produced by using a shaped top plate (anode)

as shown in Figure 4b. The electric field structure that results from such

electrodes have been analyzed using a commercial finite element code to identify

the optimum configuration. The ideal numerical field solutions demonstrate that

the field uniformity is improved over that of the present TEXT and ATF

analyzers. The simpler construction of the shaped anode configuration makes it

much less prone to manufacturing errors so that analyzer performance will be

substantially improved with the new design. Since no voltage divider is required,

the overall complexity and cost of the HIBP is reduced. One other advantage of
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the shaped anode is that the maximum electric field is smaller because of the

larger curvature used at the ends of the top plate.

Fig. 4 Elccaic Field Strucrure of Present and Proposed Analyzers

2.4 High Voltage Anode

Our standard analyzer, with or without guard rings, requires anode voltages

up to 400 kV to be useful in the 2 MeV system. The large size of the anode (150

cm x 40 cm) makes it difficult to achieve such voltages without arcing and

substantial x-ray production, neither of which is acceptable for beam probe

application. We have been investigating a variety of materials, insulator and

support structure geometries, and feed throughs and have found that we are

nearing the limits of operation for this type of analyzer. Any further increases in

beam probe injection energy will require a change to other types of detectors with

a corresponding loss in flexibility. It may not be possible, for example, to

measure both fluctuations and profiles with the same apparatus when beam probe

energies are required to be 4 MeV or higher.

3. NEW MEASUREMENTS

3.1 Magnetic Fluctuation Measurements

Since the very first work on the Heavy Ion Beam Probe concept was done

by Hickok and Jobes in the late 1960s it has been well known that the detected

secondary ions carried direct information on the magnetic field at the sample
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volume location.[8] Unfortunately it has not been possible to. extract this

information in a simple, reproducible manner because confinement fields are too

complex and detector apparatus are not adequate. We have observed indirect

manifestations of magnetic fluctuations by monitoring, for example, coherent

MHD activity on density and potential signals. Recently we have begun

investigating a signal that is more directly related to the magnetic field — the

toroidal position of the secondary ion beam.[9] The ion trajectories move

toroidally due to the poloidal fields. Thus, fluctuations in the plasma current

should appear as fluctuations in the toroidal beam position. Since this

phenomenon should be clearest for coherent oscillations, we chose to look for it

when the Mirriov coils showed large, very well defined, nearly single frequency

signals. Figure 5 shows data for such a comparison where the magnetic loop

signal and the HIBP toroidal position signal are seen to be very much alike. This

encouraged us to reconsider magnetic field measurements, a capability that we had

not addressed for about a decade.

0 5

0.0

-2.5

MC signal

A A /
MVVV

— 7J
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020

O.IS
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|U
I

u.uo

-0.05
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_'6o 2t)7 269 270
lime [ms|

Fig. 5 Comparison of HIBP Signal (Top) and Mirnov Coil Signal (Bottom)

Theoretically, the ion beam velocity in the direction of an ignorable

coordinate in a symmetric magnetic field has been shown to be directly related to

the magnetic vector potential component in the same direction in a manner similar

to the direct relationship between the electric scalar potential and the ion
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energy.[10] Actual experiments do not have the required symmetry; for example,

tokamaks are not axisymmetric because of toroidal field ripple. This discouraged

any effort to develop a detector for beam velocity with a sensitivity comparable

to the energy resolution necessary for potential measurements. However, since the

toroidal position can be obtained using present HEBP apparatus, we reconsidered

the theoretical basis of the magnetic field sensitivity to determine if there was as

direct and local a relationship between toroidal position and magnetic vector

potential as Figure 5 suggests.

In an axisymmetric system, such as an ideal tokamak without ripple, the

toroidal canonical momentum of a charged particle is conserved.

- constant

By integrating the phi directed velocity along the ion trajectories, a fluctuating

position as a function of a fluctuating magnetic vector potenaal can be obtained.

The subscripts g, s, and d refer to initial', sample volume, and final locations,

respectively. The first term in this expression is dependent on the local value of

the magnetic vector potential at the sample volume so it should dominate if the

toroidal position is to be related directly to the magnetic field. The second term

depends on the vector potential outside the plasma in the region where the ion

beam is injected. This is usually very small for MHD signals because the field

falls off with the inverse power of the mode number. The path terms contain the

integrated effect of the fluctuating magnetic field and are given by

m i T K m
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As long as these path effects are negligible, there will be a simple linear

relationship between the toroidal position and the fluctuating magnetic vector

potential.

The theoretical picture just presented requires axisymmeny. However, it

can still be applied to a realistic experimental situation because the ripple field,

for example, has a simple systematic effect on the ion trajectories. Data of the

type shown in Figure 5 were obtained for a complete radial scan of the TEXT

plasma. The amplitude of the toroidal position fluctuation is shown as the solid

line in Figure 6. The relationship between toroidal position and vector potential

permits us to also label this line also as the fluctuating toroidal vector potential.

To test the accuracy of this result, the potential so determined was added to the

trajectory code to evaluate the predicted toroidal position that should correspond

with this measurement. The triangles are the calculated points. Note that there

is excellent agreement where the fluctuation is large but that the path effects that

were neglected to obtain the potential become important where the fluctuation is

small. We can therefore conclude that the toroidal position provides a good

measure of the fluctuating magnetic field. We are presendy investigating a

theoretical model of MHD activity to determine the full usefulness of this method.

We also expect that it can eventually be extended to broad band fluctuations.
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Fig. 6 Amplitude of Toroidal Position and Magnetic Vector Potential
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3.2 Interior Broadband Wavenumber Measurements

As noted in the introduction, one of the most important applications of

beam probing is in the characterization of electrostatic transport from the interior

of the plasma to the edge where Langmuir probes become useful. Measurements

of wavenumber in the interior where signal levels are smaller are subject to

several types of errors. We have investigated a variety of possible causes of under

estimates of wavenumber since that is the primary type of error possible with a

beam probe measurement.[ll] For example, we have considered beam

attenuation, finite sample volume size, and counter propagating modes as possible

sources of error here we consider only beam attenuation.

In Section 2.A., the expression for the magnitude of secondary current

signal shows that attenuation along both the primary and secondary ion trajectories

can have a significant effect, as indicated in the terms F^ and F,^, where

FPH - /

Representing a small density fluctuation by

nff,t) - n4(f) * nt(r,t)

we see that there will be fluctuating attenuation terms

The fluctuations on the primary carry the memory of the past interaction of the

probing ions with density and temperature (through the effective cross section)

fluctuations up to the sample volume. If this contribution is significant, the

signals from two nearby sample volumes will appear to be very coherent and

almost in phase which yields a k value of about zero. When this is averaged with
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the local contribution, a reduction in average k will result. The phase shift

between two sample points must be less than 90 degrees for most of the spectrum

of observed frequencies if this effect is dominant. Since this is almost never the

case, we expect that by far the largest component of our signal is local in origin.

This phenomenon is most pronounced for a beam passing through a coherent

oscillation as was observed with an early HIBP on the ST tokamak. For totally

random fluctuations, no effect should be observed since the fluctuation

experienced at each point along the primary will not be coherent with all other

contributions.

A simple test for significant fluctuations in attenuation can be performed

by measuring k under identical plasma conditions but using two different probing

ions. The velocity of thallium ions will bee smaller than the velocity of cesium

ions by the ratio of their masses. Thus, the effective cross section for thallium

with be about 50% greater with a corresponding increase in attenuation. However,

this experiment is complicated by the fact that the thallium source material we use

is natural in origin an thus has two isotopes of similar abundance. Thus, the

sample volumes for thallium will be larger than those for cesium. The comparison

between the two measurements cannot yet be clearly made. Single isotope sources

are being developed for application on the new 2 MeV system where the

possibility of using two detection geometries and the greater range in energy will

make this experiment more effective.

4. SUMMARY

The extension of the heavy ion beam probe concept to the MeV range of

energies will permit a much greater range of operation. This will permit a

detailed study of plasmas in a tokamak with a divertor and sufficient auxilliary

heating to achieve H-mode conditions. The unique capabilities of the HIBP to

characterize potential profiles and electrostatic and magnetic fluctuations are of

particular importance in studies of the plasma under these conditions. Other

corresponding improvements in beam probe hardware and analysis software will

also add to the potential uses of this diagnostic.
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SPATIAL-TEMPORAL MEASUREMENTS OP PLASMA PARAMETERS
BY HEAVY ION BEAM PROBE ON T-1O TCKAMAK

A.V.Melnikov

I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR

L.I.Krupnik, I.S.Nedzelsky

Kharkov Physical-Technical Institute, Kharkov, USSR

A Heavy Ion Beam Probe (HIBP) system, using Cs+ with the ener-

gies up to 400 keY for time and spatial resolved measurements of

plasma parameters was installed on the T-10 tokamak [1]. The compo-

nents of the diagnostic system in a meridian cross-seotion of the

device are shown in Pig. 1.

The probing beam passing through narrow diagnostic ports of

the tokamak chamber under a considerable probing particles trajec-

tories displacement required profound studies of the confining mag-

netic field structure inside the plasma and of the scattering one.

There was used a numerical code which models the confining field as

a superposition of separate coils fields taking into account, their

real form and dimensions. A considerable toroidal displacement by

poloidal components of the scattering field leads to the fact that

the probing particles trajectories appear at the magnetic hole slo-

pe of the rippled confining field at the plasma periphery. In this

region the poloidal components of the confining field are large

enough and their influence can be compared with the plasma current

field one. The influence of the confining field poloidal components

leads to the "quasi-focusing" effect. It means that the probing

"beams return to the mid plane. But this effect is not great enough

and it is necessary to get initial toroidal deviation of the prima-

ries to let secondaries to rich analyzer. The detector grid in a

meridian cross-section of the plasma core (energy range is given

for HQ=1 .5 T) is shown in Pig. 2. The sweeping angles across the
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detector grid is 30° ± 3?

The probing beam attenuation (calculated for the plasma with

n (0)=5x10 cm » T (0)=700 eV and the primary beam current

i =10-20 jiA) deteiroine the plasma region available for the measure-

ments with r>15 cm. The spatial measurements resolution is Al~1 cm

under the analyzer aperture width 0.5 cm.

A peculiarity of the given HIBP system is the electrostatic

plates which correct the secondary ions trajectories in an equato-

rial plane. The plates are located at the entrance to the analyzer

aperture . Their usage is determined by the necessity of secondary

ions toroidal displacement compensation (Pig. 3) since the diagnos-

tic ports dimensions does not allow the mechanical rebuilt of the

analyzer position relative to the probing particles trajectories in

a toroidal direction.

A standard 30 parallel plate analyzer is used for the secon-

dary ions registration as well as the definition of their energies.

The plasma potential value is defined from [2]:

= 2 7 . i li " ̂  P(6) + G(9)l - •f 1 "1 h +i + IL-% **

where ••••^ - the accelerating and analyzing voltages;

i-i»lp " secondary ions currents at the upper and
lower collector plates of the analyzer;

P(8),G(9) - analyzer geometrical parameters functions;

6 - the entrance angle to the analyzer.

A G(8) curve obtained in the calibrating experiments is shown

in Pig. 4. This curve defines the sensitivity of analyzer to the

particles entrance angle change. The measurements accuracy of the

potential absolute values in a real experiment is determined as ±

300 V for the energies of the probing beam 200 keV. It is possible

to reduce it up to ± 100 7 gradually. The database characteristics
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allows us to speak of the plasma parameters fluctuations measure-

ments in the frequency range 70 kHz with 500 kHz bandwidth of the

current to voltage converters and the digitizing time 3 p.s. The

sensitivity to the plasma density fluctuations n/n is 2z10 in

narrow frequency band. The sensitivity to the plasma potential flu-

otuations is ~ 5 V.

Figure 5 shows the preliminary results of the plasma density

profile in the regime HQ=1.54 T, ^p
3 1 0^ ^A* ne=*1.9x10 cnf . The

region of the detector grid where the measurements were performed

is shown by a bold line in Pig.2.
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FIGURE CAPTIONS

F i g . l HIBP complex elements location on T-10

Fig. 2 Detector gr id for HIBP a t T-10

Fig.3 Primary and secondary beam t r a j e c t o r i e s in an

equa to r i a l plane

Fig. 4

Fig. 5 The e l ec t ron density p ro f i l e for OH plasma in T-10

Bo=l. 54T, I =106KA,n =1.9 • 1013cnT3 , At=100ms
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An Alkaline-Earth Beam Probe Spectroscopy for
Electric and Magnetic Fields Measurement

I. Katsumata
Department of Applied Physics, Faculty of Engineering,

Osaka City University,
Sumiyoshi-ku, Sugimoto, Osaka-shi, 558 Japan

ABSTRACT

A new diagnostic is proposed for the measurement of both the
electric and the magnetic fields in a hot, dense plasma confinad in
a intense magnetic field of the order of T.

The method is a combination of a high energy alkaline-earth
beam and a laser induced fluorescence spectroscopy (LIFS), because
either of their atoms or singly charged ions have so called
resonance lines in visible or ultraviolet region. At the primary
injection, the probe beam is used in the atomic form to avoid the
effect of the plasma confining magnetic field on the probe beam as
much as possible. The beam is then transformed into the singly
charged ion beam by the electron impact ionization in the plasma.
At the measuring point, the singly charged ion beam plays a leading
role.

The electric field and the magnetic fields are measured through
the Doppler shift and through the Zeeman effect of a resonance line
of ion, respectively. The use of the light as the information
carrier is also to avoid the effect of the magnetic field. In
addition, the LIFS raise the sensitivity of the measurement
substantially.

The density-depth product of measurable plasma is estimated to
be from 2XlOL'Vcm:j in the case of Ba beam to somewhat above 10'3/cm2

by a Mg beam each having an energy of lOOkeV and an intensity of
100/i A, respectively.

The R and D of an actual measuring system using a Ba beam is in
progress. In addition to a simplified view of the new method, the
present state of the preparation of the Ba atomic beam is presented.

§ 1. Introduction
For the magnetic confinement fusion research, the importance of

the electric and the magnetic fields measurement may be self-
evidient. Up to now, a number of beam probe technics have been
successfully used in the field measurements. Recently, however, the
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density and the temperature of plasmas in the research go up into
the orders of liT'/cm3 in density and keV in temperature. In
addition, the use of the intense confining magnetic field of several
T is already rather ordinary case.

As stated above, the preparation of a diagnostic technics for
the measurement of both the fields that is applicable to those
plasmas just mentioned may be necessary for the further progress of
plasma physics and nuclear fusion research. This is the purpose of
the present proposal.

In the consideration below, a target zone of the resolution of
each ability of the new method is tentatively set as follows:
(1) lOOV/cm for the electric field,

10"2T for the magnetic field,
lcm3 for the space,

(2)
(3)
(4) 10"2s for the time, respectively.

When the actual research and development is considered, a
probe system by Ba beam will be refered to as the prototype. This
is due to the easiness of its generation according to its lowest
ionization energy among alkaline-earth elements and of the optical
measurement due to the fact that the wave lengths of spectral lines
concerned are within visible range.

§ 2. Frame Work of New Method
Major subjects to be solved in the new diagnostics may be

follwing two:
(1) How to reduce the effect of a intense confining magnetic

field on the whole probe system.
(2) How to extend the density of measurable plasmas to the

ordrs of (10 1 3~ 10'" )/cm3.
These may be solved by the introduction of an energetic

alkaline-earth neutral atomic probe beam combined with a laser
induced fluorescence spectroscopy technique(LIFS). The proposed
arrangement is shown schematically in Fig. 1 (A).

(A)
L 'SER INCUCEO
FLUORESCENCE

SHIFT

Fig. 1. The proposed arrangement of the measuring system. (A)
is for the dense plasma and (B) is for the lower density plasma of
the orders of lO'Vcm3 or less in which the photoionization is used.



Table I . Some quantities of alkaline-earth elements.

element

Be

Mg

Ca

atomic

we i grit

(u)

3.01

24.31

40.03

57.62

137.34

icnization energy

Stj. wave

length

(eV) (1)

3.323 1330

7.S46 1622

5.113 2023

5.536 2177

5.212 2375

pair of resonance lines (1)

at cm

'So-1?!

2348 (3067)

2B52 (3759)

4227 (3200)

4067 (4684)

5533 (4172)

singly ionized icn

zc 2o *c 2a
" 1 / 2 — r3/i i i / j - ?•_/•:

3130 3131

27SS 2303

3S34 3SS3

4078 421S

45=4 4934

larsor radius

of ion (en)

energy; IOOKeV

Mag.field: 4T

3.3 -

5. 5

7.2

10.7

13.4

In the case of alkaline-earth elements, each of its atom and
singly ionized ion has a pair of resonance lines within visible and
near ultraviolet region, respectively, as tabulated in Table I
together with some important parameters relating to the present
proposal (on which descriptions will be found in the last part of
the section). This fact enable the application of the well
established LIFS in the measurement so that the extinguishabie
increase of the measuring sensitivity by orders of magnitude may be
expected compared to the method using the sponteneously emitted
light that is the case in our foremer proposal. " The atomic
resonance lines can be used in the monitoring the quality of the
generated atomic beam such as the stability and the width of the
beam energy.

To avoid the orbit bending in the case of ion beam probe as far
as possible, the neutral atomic beam has to be primarily
injected into the plasma. A part of the beam is, then, converted
into singly charged ion beam at anywhere in the plasma by impacts
with plasma electrons. This ion beam is the final form of the probe
beam to be used in the measurement.

In addition to this conversion mode, an artificial
photoionization technique may give an alternative ionizing means to
extend the measurable plasma density to lower density side where the
beam conversion by the electron impact is not sufficient for the
measurement. A measuring system of this type is shown in Fig. 1 (B).

The information of the plasma electric field and the magnetic
fields can be carried out by the Doppler shift and by the Zeeman
effect of a spectral line emitted by probe ions, where the Doppler
shift is due to the velocity change of probe ions by the accelera-
tion in the plasma electric field.

The mapping of both the fields over the plasma cross section
can be made by sweeping the measurement. The sweeping of the probe
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beam is possible by the electrostatic deflection of the beam in
ionic phase before the neutralization. The sweeping of optical
measurement may also be possible by introducing some mechanical
system. This item may be the next step of R and D of the present
method, so that the description on it is not made in this report any
more.

For the second requirement, the use of an eneregetic atomic
beam as the primary injecting beam may give a solution for the
problem of the beam attenuation in passing through the dense plasma.

A quantitative estimation of the attenuation has been made for
lOOkeV atomic beam of each alkaline-earth element using published
cross section data. As a measure, they are presented in Table II in
terms of the density depth products of plasmas passing through which
the injected atomic beam intensity attenuates to e "3=^l/20 times of
its orginal value.

Table H . Density depth product values, expressed in terms of
per cm2, of measurable plasmas by lOOkeV, 100/i A atomic probe beam.

Mg ; 1.4 x io15 , Ca ; 0. 9 x 1013 ,
St ; 0.4 x 10's , Ba ; 0. 2 x 1015 .

For the reference in the following consideration, brief
descriptions are presented here for quantities other than resonance
lines in Table. I .

The ionization energy is expressed in both units, eV and the
wave length (A ) of photon having the same energy. Relatively low
ionization energies which are notable in heavier elements are
favorable from the view point of the probe beam generation. This
nature is advantageous also in the artificial photoionization for
the beam conversion in low density plasma.

The wave lengths of a pair of resonance lines each of the atom
and the singly ionized ion are given together with the corresponding
trasition schemes. The quantity in the blackets for each element
shows the threshold wave length of the partner photon in the case of
two step photoionization. It has to be used to bring the atomic
electron at the first excited state, which is brought up there
through the resonance excitation by the first photon, to the free
state.

The Larmor radius of lOOKeV ion of each element in a 4T
magnetic field are given for the reference in the last column.

§ 3 Theory of Measurement
The outlines of the theory of the electric and the magnetic

fields measurement are already mentioned in the fomer section. The
Doppler and the Zeeman effect appear at the same time on a observed
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spectrum as a combined form. So that it is necessary to device a
deduction procedure of both the fields from the observed spectrum.
A solution will be proposed here.

Scince both the effects are independent with each other, the
Zeeman pattern in the actual measurement may appear simply as
superimposed on the Doppler shift. Schematic examples of the
composition of the pattern to be observed are illustrated step by
step in Fig. 2 in the case of 2P./ 2 —

2 S i / 2 transition lines excited
by an unpolarized light beam.

Fig. 2. Schematic repre-
sentation of related shifts
and their combination ex-
pected in the actual meas-
urement in the case of the
2Pi/a— 2 S l / 2 transition
lines observed perpendicu-
larly to the magnetic
field.

As clear from Fig. 2 (D), the most important point to secure
the required accuracy in the measurement may depends on the accuracy
of the determination of A I D. In the case of a lOOkeV Ba* ion beam,
forexample, A X 0 of 4934A line amounts to 6. 1 3 7 A as described in
the former subsection. On the other hand, variations of both the
shifts to be maesured in the plasma may be of the orders of 10"3

times or less of this value.

As a solution for the problem, the following method is
proposed. That is the addition of a reference signal of A Z D as
shown in the pattern in (D) of Fig. 2. The signal can be produced
simply by using the original ion beam of the neutral probe beam and
the LIFS. In practice, the utilization of survived beam ions from
the neutralizing gas cell may be preferable. After leaving the cell,
they are seperated from neutral atomic beam by means of either an
electrostatic or magnetic deflecting system. Then, the LIFS can be
applied using the same laser beam for the plasma measurement. The
signal thus obtained may easily be processed electronically in order
to add to the position corresponding to A ?. D in the signal
obtained by the plasma measurement as shown in Fig. 2 (D).
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According to this method, long time variations of the qualities
of probe beam and of the optical measuring instrument may be
elliminated.

To obtain A A s ( e <P ) and A A s. ( B ), the LIFS measurement
should be made sweeping through a necessary wave length width.

§ 4. Signal intensity in LIFS and use of CW laser
In general, the main factor limiting the resolutions of the

measurement may be the available signal intensity. The signal
intensity estimation will be made assuming the use of a CW laser
with the band width wider than natural line width as the light
source of LIFS.

According to the theory, the scattered photon number "W into
solid angle A Q during a time interval A r is given by

g 1 "I" g 2 1 + S
{ 1 - e x p [ - ( 5 + 1 ) A 2 l t l }

X n V —. A v photons, (8)
4 x

where g i and g 2 are statistical weight of the lower and the upper
states, respectively, the definition of S is given below, n the
particle density of the probe beam irrespective of their energy
state, A 2 i is the Einstein's coeficient of spontaneous emission and
V is the fluorescent volume observed- The definition of S is

g i + g 2 A 5
0

S = / ( A o) ° L ° * fl V 2 , (9)
g i 8 it h c z

where / ( Z 0) is the incident power flux density per unit wave
length interval and h is the Planck's constant.

The equation (8) include a exponential transient term. However,
the value of A 21 are, for example, about 103/s in the case of Ba*
resonance lines and this term quickly become negligible for
t S 10"8s. Thus, in many cases where long pulse lasers are used, the
steady state expression of eq. (8) without the exponential term may
give a good approximation.

Nextly, the saturation photon energy flux density I s ( A ) is
defined as putting S = 1 in above equation,

1 ( x}

In the absense of magnetic field, g 1 and g 2 depend on the
total angular momentum J of the state as 2 J •+• 1 . The value of
g 1 of the ground state 2S 1/2 is 2 and those of g 2 are 2 for
thefirst excited state 2P 1/2 and 4 for the state 2P 3/2,
respectively.



In the presence of intense magnetic field, however, each energy

level splits into 2 J t 1 levels by the Zeeman effect. Then, gi

for - S i / 2 is 2 but g 2 for both the states
 2 P >/•> and 2 P 3/2 may

be 1 for each splitted line.

A numerical expression of / s ( I ) is

g . I l 0 4 \ 5
Is ( X ) = 1 5 . 0 —2_i 7 . . . W / A cm2. (11)

g1+ g 2 \ I ( A ) /

In the case of the Ba beam, / s ( 1 ) corresponding to the 3a+

lines i = 4934A (2P 1/2- 2S !/2) and Z = 4554A (
2Pa/2- 2Si / 2)

are estimated to be 342W/A cm2 and 511W/Acm2 .respectively.
Recenytly, the qualified ring dye laser of CW operation with

very narrow band width become already commercially available. An
example of its performance is; at the wave length 5 0 0 0 A , the band
width is 20MHz which corresponds to about 1.7X1O"4A in wave length
width and the available power is aout lOOmW. At 5 0 0 0 A wave length,
the power converted into per lA band width rate is culculated to be
588W / A cm2 and already in excess of / s ( A. = 5000A )= 320W/ A cm

2.
We estimate here the necessary probe ion density in the case of

Ba beam under rather severe conditions. We use the 4934A line.
So that, g 1 = 2 and g 2 = 1 • The measuring volume V= 1 cm

3,
4 i3/ 4 re = 1 0 "3 and 4 r = 1 0 " 4 s for the one point on the
spectrum where lOOpoints are assumend for the one spectral profile.
To assure the fluctuation of signal within 1%, the required number
of photoelctrons from the cathode of the phototube in the detector
amounts to 104. The quantum efficiency may reasonably be assumed to
be 10% and the total trasparency efficiency of the optical sysytem
may also reasonably be assumed to be 109fi.

When we use the laser beam of I S(X ) = 342W/A cm
2 at the wave

length (4934-r A X D)A, the necessary probe ion density at the
measuring position is estimated by eq. (8) to be about 106/cm3. This
is just the value used in the estimation of measurable density in
§ 2.

§ 5 Present State of Probe Beam Generation Research
At present, a Ba atomic beam of 40keV, 100 ti A and the diameter

less than 1cm is already available.
In Fig. 3, a test stand for the beam generation is shown

schematically. It is consist of an ion beam source assembly, a
neutralizing Li vapor cell, a beam intensity and profile detector
and an optical measurement assembly.

The ion beam source assembly is shown in Fig. 4. The ion beam
is generated by the thermal contact ionization2' on the inner
surface of a cylynder of Re foil 5mm in diameter and 0. lmm in
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thickness inserted into the tungusten cylinder to protect the local
overheating of the ionizer. Its detailed structure is shown in
Fig. 5. The operating temperature of the ionizer up to 3000K is
already achieved although some further alteration has to be made for
the more stable operation.

NEUTRAL SEAM
PROFILE DET.

T0 S l JL

eEAM PROFILE
CRIFT TUBE DET.

( ! M l , DFLECTION
•fU, PLATE PAIRS

f
TARGET
fo-
NHUTRAL
BEAM

r—i
" =L

RESiDUAL ION
DET.

XENON ARC LAMP
for RESGN.FLUOa

TO VAC. VAPOR ION BEAM
PUMP CELL SOURCE

1 M ,

Fig. 3. Test stand for the beam generation.

f

c
:
:
:

!

5CM

Fig. 4 Ion beam source assembly.

5mmi

Re w ' T Q

5 cm

Th.Coucls

Fig. 5. Detail of ion source.
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Fig. 6. Li vapor cell for beam neutralization.

Ba + Li -+ 3a + Li

H20
mm

20 25 30
BEAM ENERGY

35keV

Fig. 7. Energy dependence of neutralization efficiency and beam
focusing. .

In Fig. 6, the Li vapor cell is illustrated diagrammatically.
The reason of the use of Li vapor is due the fact that it is the
lightest metal element. This nature is essentialy important to the
neutralizing gas to make the energy spread of the resultant neutral
atomic beam as small as possible. One reason is the momentum
transfer collision in the cell and the other is the space voltage
pile-up due to the acumulation of the positive charge by charge
exchanged slow Li ions in the cell. The voltage at the point of the
charge exchange interaction reduces the energy of the resultant
neutral atom by the corresponding value. These two effects may be
reduced by the use of the lighter element.



The another point of advantage of Li is the possibility of the
use of a heat pipe type, circulating structure of. the cell, scince
the melting point of Li is about 180°C and the operating temperature
of the reservoir part is from 600~700°C.

The figure 7 shows an energy dependence data of charge
exchange efficiency and the beam diameter as a typical example of
experimentally obtained data. They are taken with the 30 fi A ion
beam.

§ 6 Concluding Remark
As considered above, the realization of the proposed method

may depend only on the performance of the probe bean) generation.
Our next step is to qualify the beam neutralization and to proceed
to the optical system development.
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Frequency modulated broadband reflectometer for the
spatially resoived density profile and fluctuation measurements*
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Abstract As an alternative approach of the conventional

multichannel reflectometry, a unique frequency modulation

technique is introduced, which can provide detailed fluctuation

profiles. Concerning the H-mode transition physics, application

of this exploratory technique has successfully enabled the

detailed investigations on the suppression depth of turbulent

fluctuations in the DIII-D tokamak. As to the density profile

determination, heterodyne X-mode reflectometric system with

feed-forward technique has been developed for the JT-60 Upgrade.

In this rudimentary system, the full bandwidth ( 110 - 170 GHz ) of

two BWO frequencies are swept in 200 us to dramatically increase

the spatial data points up to 4,000 over 80 % of the plasma cross

section. Limitations intrinsic to the reflectometric measurement

due to the frequency stability of the source oscillator, internal

magnetic field, relativistic effect, and turbulent fluctuations

are also described in this paper.

* This work has been carried out as a part of the US-Japan
collaboration program D-26, and the original reflectometer on
which the modification described in this paper was applied has
been developed by the Institute of Plasma and Fusion Research,
UCLA with the support of General Atomics Subcontract SC120536
under U.S.Department of Energy Contract No.DE-AC03-89ER51114.

*i Institute of Plasma and Fusion Research, UCLA, CA 90024, U.S.A.
*2 General Atomics, San Diego, CA 92121-1194, U.S.A.
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1. Introduction

Recent theoretical progress to elucidate the physics of

ubiquitous H-mode phenomena as well as the anomalous transport

urges the detailed measurement of local quantities. One of the

straightforward and conventional approaches for the improvement of

spatial resolution in reflectometry is a multichannel arrangement,

which has been accepted to various tokamaks, such as JET,[1]

JT-60,12] and DIII-D.[3] However, it requires a great number of

millimeter-wave components to achieve adequate spatial resolution.

The alternative method proposed in this work is a unique

frequency-modulated reflectometric technique, which can provide

detailed density and fluctuation profiles. In reflectometry,

spatial distribution of critical layers is directly related to

the probing frequencies.

The first application of this exploratory technique was

undertaken on the DIII-D tokamak for the investigation of the

H-mode transition physics. Stimulated by the K.C.Shaing's [4] and

H.Biglari's [5] theories, K. H. Burreli et ai. recently pointed out

that across the H-mode transition, poloidal flow shear and

resultant suppression of turbulent fluctuations occur in a limited

edge plasma layer, and suggested that this particular layer could

work as a transport barrier, to which the subsequent reduction in

transport parameters is attributed.[6] The significance of

detailed investigations concerning the suppression depth of

density fluctuations has henceforth been recognized.

As to the density profile determination, detailed profile

shape yields the local gradient as an off-diagonal term, and the

local scale length can provide "He profile or yield investigations

regarding the mixing length rule. Previous broadband

reflectometers, however, employ hcmodyne detection method which

does not directly provide the phase information. For the X-mode

reflectometry, in particular, the relativistic effect and

distribution of internal magnetic components: paramagnetic,

diamagnetic, and poloidal field, deteriorates the spatial

resolution. The width of the reflection layer is discussed

elsewhere, [7] while the inclusion of the back-scattering
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component has to be further investigated, and it is beyond the

scope of this paper. Also for the fluctuation measurement, the

frequency and power stability of the 3W0 as well as turbulent

fluctuation close to the reflection layer deteriorates the fringe

resolution. In order to eliminate the detrimental effect,

heterodyne X-mode reflectometric system with feed-forward

technique [8] is introduced in this work.

2. Limitations on the reflectometric measurement

2.1 Frequency and power stability of the source oscillator

One of the major constraints intrinsic to the reflectometric

measurement is the source frequency and power stability.

Additional restrictions have to be considered when the homodyne

detection technique is employed. As for the frequency stability

required, supposing the electric field at the source and local

microwave oscillators in Fig.l in the following form:

es = As sin [cost + <j>s(t)], (1)

eL = AL sin [COLt + <j>L{t)], ( 2 )

the detected e lec t r ic field at the mixer M2 can be written as

e S l = A S s i n [<as ( t - ) + <j>s ( t ) + < b ( n e ) ]

e L l = AL sin (coL( t - — ) + <J»L( t - — ) ]
C C /

and for the reference local signal at the mixer Mi
As sin [cos( t

•= c

-
c

=ALsin 1 4t t
14

(3)

(4)

(5)

(6)

TransmitterX, e S 2 V

*1

Fig.l Basic heterodyne reflectometsr layout
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Here, CD. ar.d co. are the angular frecruency of the source and

local oscillators, and they are supposed to be constant to exclude

the frequency fluctuation which is assumed to be enclosed in the

phase term <?s (t) and $L (t) . I1-I4 are the propagation distances

indicated in Fig.l, and <j>(ne) is the phase shift which the

incident wave experiences ins.de the plasma.

The phase of the reflected wave is obtained from the phase

difference between the signals at Mi and M2, which is written as

<? - W ~ > -«Ps<t-^) -<DL(t-^) -^(t-^). (7)

Phase detection error A © due to the frequency fluctuation is to

the first approximation, supposing <o3 = cos - coL,

A<b = - [ (13 - li> A®s+ (I2 ~ I4) AG)L]

- - [{I3 -I1+I2 -14) Acos + (l2 - 14) AooB]. (8)

For the perspective dimensions of the JT-60 layout without

the consideration of delay line, li - I3 - 5 m and I2 - I4 = 1 m.

Ad)=»Acosxl.33xl0"
 8-i-Aco3x 3.3-4 x 10"

 9. (9)

The anticipated frequency stability of 1 MHz (nominal

frequency stability of the BWO is less than 10 , which is 11 to

17 MHz for the D-band source) and the offset frequency stability

Aco3 of 500 kHz yield the fringe jitter of 0.013 and 0.0017,

respectively, while the density fluctuation of 0.1 % induce the

fringe shift of 0.005. This result rigorously emphasizes the

prerequisite of either the source frequency stability or the path

length compensation.

Another factor which may deteriorate the fringe resolution

for the heterodyne detection is the power stability. When the

source power is modulated by a(t) («1) , electric field of the

source and local oscillators are written as

es - As [1 + a(t) ] sincost,

eL = ALsin (coLt + a L ) .
Mixer output Vs is expressed as

L [l + a(t) ] [ p-
 a (t> + cos(aBt - O R ) ] .

AL 1 -r a (t) a



Here, K is a constant determined by the attenuation of

propagating bean intensity and sensitivity of the mixer, and a(t)

is the component of a{t) which comes into the detection bandwidth.

The zero-cross point is shifted to the maximum value

At = — ^ a ( t ) .
a>3 AL

In terms of the fringe resolution, (13) is written in the form

AF " :r~ T 1 a(t) •
In order to restrict the fringe resolution below 0.1 %, the

amount of amplitude modulation must not exceed 0.6 %, supposing

AS = AL .

For the hcntodyne detection, supposing liand^ to be the

signal and local path lengths, respectively, the mixer output

through the low pass filter is described as

Vh - AS ( t - — ) AL ( t - — )

- ii ) - <j>s < t - — ) -
c c

• cos [ ( hlZll) cos + $ s {t - i i ) - <j>s < t - — ) -<j>(ne)J.
c c c

Provided t ha t I i a n d l 2 are constant, the f luc tua t ing component i s

wri t ten to the f i r s t approximation as ,

AV h =cos [ ( i i—— ) Acos -4><ne)} • ( 1 6 )

Substituting I3.-I2 = 5 m, practical 3W0 frequency stability

required to extract the fringe information of 0.005 is

A(OS < 1.88 x 10
6 (Af = 300kHz). (17)

Besides the power stability directly affects the homodyne

beat signal amplitude, the phase information is detected in the

cosine form. Taylor expansion of cos <j> around *o , viz:

c o s * - c o s * 0 - ( * - <f>o) s i n * o j-Z— c o s <j>o , (18)

c o s * = c o s *o— A * s i n <ba , A <j> = * — <}>o (19)

claims that the fluctuation intensity varies according to 6O . In

other words, when positional shift of the reflection layer occurs,

the fluctuation intensity can alter even if the amount of phase

fluctuation stay invariant.

-150 -



« 0.006 -]
a
2>
•= 0.004 -

Z 0-002 -

« 0.000 :

J -0.002 -i

-0.004

' Cutoff layer

34 GHz 0-mode
Sinusoidal modulation

0.1

l!= 12.6 cm '

m » 0.5
Central density
5.OX1O !9m"3

1.00 1.01 1.02 1.03 1.04 1.05 1.06
minor radius (m)

Fig. 2 Phase deviation of the 34 GHz 0-mode wave
due to the density fluctuation of 0.1 % and 12.6 cm"1.

2. 2 Effect of turbulent fluctuations

Numerical evaluation on the effect of turbulent fluctuation,

represented by the fluctuation of 0.1 % and 12.6 cm" in

wavelength has been carried out. Fig.2 shows the phase deviation

produced due to the existence of turbulent fluctuations for 34 GHz

0-mode wave. It is noteworthy that phase variation of the

reflected wave is rigorously affected by the wave number and

intensity of turbulent fluctuations close to the reflection layer.

2. 3 Refativistic effect

The dispersion relation for the extraordinary mode wave,

propagating perpendicular to the magnetic field is written as

N2 = ~ - 1-X (1-X) / (1-Y*-X), (20)

CO

where N and Kj. are the refractive index and the wave vector

perpendicular to the magnetic field, respectively, and

C0 CO = an

= Q)c / 0>=bB / F

(21)

(22)

.-3a = 80.59, b = 2 .8x lO 1 0 i f n e o i s given in m~J and B in Tesla. Using

the equation (21) and (22), the upper cutoff frequency i s defined

as X = l - Y and rewr i t t en in the following form:

(23)
Fuc = ~ ( bB+ Vb

232+4ane)
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Since both the plasma frequency and cyclotron frequency include
electron mass, relativistic effect should be evaluated by the
replacement of

-1/2

(24)

where mo and v are respectively the electron rest mass and thermal

velocity. As seen in Fig.3, where the phase delay of the

reflected D-band X-mode wave is depicted, the fringe deviation

reaches 100 at T eo - 10 keV. For the detailed evaluation,

electron velocity distribution function has also to be considered.

2. 4 Effect of internal magnetic field components
For the X-mode reflectometry, where the internal magnetic

field carries dominant contribution to the detection of the

reflecting position, effect of the paramagnetic, diamagnetic, and

poloidal field has to be taken into account. Since injected

linear polarization can not sustain its initial polarization due

to the Cotton-Mouton effect, and the 0-mode component is produced

due to the pitch angle distribution, total magnetic field has to

be considered, which is written in the form:

3(r) - V 3p
2+ <B 1 para

+ B

2000

V)
O)

at
1500

11000

-o

SCO

BT 0 - 4.5 T / 20 k«Y
m- 0.5
5.0 X 10I9m"3

8 T 0 - 4 . 5 T / lOfceV
m « 0.5
5.0 X IOl9m~3

B T 0 - 4 . S T / 1 keY
m - 0.S
S.0 X t0 1 9 m" 3 BT 0 - 4 .ST

m« 0.5
5.0 X 1019m"3

non-relati viatic
evaluation

100 110 120 130 M 0 ISO ISO 170 180

av/O frequency ( GHz )

Fig. 3 Phase delay of the reflected upper
cutoff wave with the relativistic effect
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a

a

I
<X+ 1

j -i- a + 1

j - o 3 + a + 1

a + 1

1-

(25)

Here, e is the inverse aspect ratio, and parabolic pressure and

current density profile has been considered, viz:
_ a. _ B

Jo (I" f
3.

/ and Pj.(r) = P o ( 1 - - ) .
 ( 2 6 )

The density profile parameter m, which appears in the formula

2 m

ne (r) *neo (1 - — )a
(27)

was assumed to be 0.5 in the calculation. Fig.4 shows the effect

of central beta value at a fixed plasma current. As the plasma

response turns from paramagnetic to diamagnetic, according to the

increasing beta value, the poloidal field contribution is also

eliminated. Poloidal field effect, on the other hand, is more

rigorous at the edge plasma region. Deviation of the internal

magnetic field from the vacuum field produces the fringe error of

over 100, which is equivalent to the spatial displacement of

roughly 90 mm.

tn
a
o
c
u
u.

zn
a
3
•oa
tn
a
51

1500-

1000-

500-

•

•

0 -

Vacuum field
— t — Central bets - 1 %

• Central beta - SX
• ' Central beta «10 %

Parabolic pressure and
current density profiles
are assumed

As f
Ip- 4.0MA
BT0 -4.ST/SfceV
m - O.S
3.0 X IO I 9m" 3

100 110 120 130 140 ISO 160 170 180

8W0 frequency ( GHz )

Fig.4 Paramagnetic and diamagnetic contributions for the
determination of the phase delay of reflected upper cutoff wave.
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3. Broadband frequency modulated reflectometer

Instead of probing the plasma with as many frequency channels

as required, the BWO frequency is modulated in steps, as depicted

in Fig.5. The frequency control of 3W0 was conducted via IEEE 4 88

GPI3. As to the determination of the position of reflecting

layers for a given upper cutoff frequency, intersection of the

density profile measured by the Thomson scattering and

n e- position curve (23) has to be found.

The first application of this exploratory technique was

undertaken on the DIII-D tokamak for the investigation of the

K-mode transition physics. The suppression depth of turbulent

fluctuations was previously diagnosed with 6 ch O-mode fixed-

frequency reflectometer described in Ref.3, which has prevailed

the lack of probing frequencies. The frequency modulated

reflectometer utilizes the broadband sweep unit described also in

Ref.3. The homodyne beat signal as well as the cathode voltage of

BWO are digitized by 800 KHz and stored in a camac memory module.

After FFT processing and integration over the frequency domain

from 100 to 400 kHz to eliminate the MKD fluctuation components,

spectrum densities of the fluctuation signal for the same

frequency were compared to see if it reduces or not across the

H-mode transition. Though discrete in time, temporal evolution of

the fluctuation intensity of each frequency layer can thus be

found, as if the plasma is probed with several frequencies

concomitantly.

The result of remote control test indicates that the

required time to sweep the given frequency range is independent

frequency T

D-»lph« \ Sampling Gate Pulse

Time

Fig.5 The frequency sweep scheme of 3WC.
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from the sweeping frequency range, and it is rigorously dependent

on the number of frequency steps. In the present scheme, the

maximum speed with 8 steps was 25 GHz / 40 ms, and the controlled

frequency deviation was less than 50 MHz. The result of X-mode

frequency modulated reflectometry is shown in Fig. 6, together with

the electron density and the divertor Da signal. This shot was a

limiter H-mode discharge and the values of Ip and BT were 1 MA and

69221
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o.os
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H-model)

4.0
3.0-
2.0-
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0.15-
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BWO controlled
frequency

Bulk atep number

Integrated
density of

spectral

i T 2
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3 r4
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1700 1800 1900 2000 2100 2200 2300
Time (ms )

Fig. 6 The integrated (100 to 400 kHz) turbulent fluctuation
intensity, measured by the frequency modulated reflectometer.
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-1.03 T, respectively. Since the injected beam power was marginal

to attain the H-mode, L to H and H to L-mocte transitions were

repeated. Twice for each L and H-mode phase, the step modulation

of the BWO frequency was carried out. The number of sweeps was

limited by the CAMAC memory size. Here, for convenience, each

group of the modulation is denominated as the bulk step number 1

through 4; 1 is the earliest sweep in time and 4 is the latest

one. For analysis, concerning the density profile evolution which

makes the data analysis more complicated to understand, the step

number 2 and 4 have been chosen.

The integrated spectral density of the turbulent fluctuation

is depicted in Fig. 7, as a superposition of the signals between

1945 to 1985 ms and 2025 to 2065 ms. Lower figure shows the

corresponding BWO frequency, converted from the cathode voltage.

It is clearly shown that in the frequency range from 50 to 65.6

GHz, the suppression of density fluctuation was observed and not

from 68.8 to 75 GHz. For higher frequencies, the amount of

suppression is larger, which can be due to more moderate shear in

the poloidal flow velocity.

4. Broadband heterodyne reflectometer for the profile
determination

Investigation on the required frequency and power stability

implies that heterodyne reflectometer with frequency stabilized

source oscillator is indispensable for the well resolved phase

delay measurement. However, development of the 5 kHz phase-lock

circuit with BWOs does not seem promising. Therefore, feed-

forward technique as described in Fig.8 was introduced. Suppose

the transmitter and local oscillator are offset from their nominal

frequencies by £ and 5, respectively due to the frequency noise and

drift. The signal frequency experiences the phase shift as it

penetrates into the plasma and reflected back, which produces the

frequency offset of fp. The auxiliary IF signal from Mi is

amplified by Aa and mixed with the output of a crystal controlled

reference oscillator fsi ' .i mixer M3. Virtually all frequency

-156 -



Transmitter.
BWO 1

Reference
E/0 conversion £/O conversion

Fig. 3 Super-heterodyne feed-foruard circuit

jitter and drift in the signal is canceled out in mixer M4. The

third mixing stage is to translate the signal down to a low

frequency region which can be accommodated by 20 MKz fringe

counter developed for the JT-60 interferometer. The delay line

shown in the figure is to compensate the difference of the

propagation delay time.

Preparations with a time-interval analyzer are presently pursued

as to examine if the frequency of the output from Ai remains well

within the passband of BPFj.
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1. Introduction

Combination of data coming from different diagnostic and

plasma equilibrium calculations gives more reliable results in

studies of equilibrium plasma configurations in tokamaks.

Magnetic diagnostic is one of important instruments in such

studies as it allows to determine a plasma boundary and

magnetic field on this boundary as well [l]. However external

magnetic fields are not very sensitive to plasma current pro-

files. An analysis of EM wave propagation in ITER plasma showed

that use of dual-polarization reflectometry (DPR) (O-mode and

upper X-mode launch) allows to measure profiles of electron

density and magnetic field as well [2],Use of these data with

data of magnetic diagnostic allows to approach a task

of equilibrium configuration reconstruction in ITER.

In this report we describe the results of numerical experi-

ment on current profile(characterized by internal inductance

of 2.) reconstruction with account of errors of magnetic field

measurements via DPR and magnetic diagnostic.

2. Numerical experiment

It was supposed that external magnetic field in ITER is

measured by means of 48 two-component magnetic sensors placed

along vacuum chamber contour [1] (Fig.l).

Internal magnetic field is measured as follows.Position of

cut-off layers (COFL) is determined by normal plasma probing

in tokamak mid-plane (Fig.l),0-mode inward and outward launch

(F=30-90 GHz) and X-mode outward launch (110-220 GHz) are

used.These measurements give data on radial distributions of
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electron plasma frequency F (r) and upper X-mode cut-off

frequency F (r) (Fig.2).From these data the electron

cyclotron frequency profile Fc(r) is determined as

Fux

and magnetic field profile B(r) is calculated (Fig.3).

The plasma equilibrium in ITER was modeled with numerical

code ITERS developed by L.Zakharow (Kurchatov Institute).This

code describes a free boundary finite beta equilibrium of

double-null divertor tokamak plasma and allows to calculate

magnetic field and flux surfaces in ITER.The equilibrium

plasma pressure and current profiles belong to a class of

Grad-Shafranov equation solutions with flat/peaked profile

functions.Plasma boundary is defined from external magnetic

field measurements,magnetic fields of TF and PF coils are

determined by their known currents.

In numerical experiment we have modeled the situation when

a problem of equilibrium reconstruction is solved by

minimization of cost function F defined as

N. 2

F = J ot..y —i--i- (3)

where Yitfyi are calculated and measured values of parameters,

lsj^M is the number of measured parameters,N. is the number of

measurements of parameter of index j, cr. is standard error,

a. is weight constant of measurement j.
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Two kinds of measurements were considered: external magne-

tic field-by magnetic probes (Fmaa)
 a n d internal magnetic

field-by DPR (Fref).It
 w a s supposed that measurement errors

are random ones and are distributed uniformly in the interval

of ±5%.

"Measured" values of parameters were calculated as follows.

For specified values of ITER parameters magnetic fields at

magnetic probe locations and in 13 points along mid-plane

plasma diameter were calculated.These data were changed by

addition of random errors in the interval of a,this procedure

was repeated N times (N=100).These data were used for calcu-

lation of cost function F(2.) together with magnetic field

calculations by ITERS code for different values of parameter

V
As for equilibrium reconstruction was realized in a class

of functions which contains the exact model solution the er-

rors of this numerical experiment are connected with "measure-

ment" errors only.

The numerical experiment was fulfilled for reference ITER

case:

1=22MA,B=4.85T,0 . =0.6,1^=0.65,separatrix parameters-

R.=3.85m,R , = 8.15m,R =4.71m,Z =±4.78m.
xil Out X X

Fig.4 shows dependence of maximal and minimal values of mag-

netic diagnostic cost function $ (1.) calculated for measur-

ement error of 5=1%.From these data one can come to an conclu-

sion that the "measured" value of 1. is 0,65+0.04. Current

profiles corresponding to extreme values of li (0.61 and 0.69)
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are shown in Fig.5.

The same error of internal magnetic field "measurement"

gives better result on 1^ evaluation :li=0.65±0.01 (Fig.6).

Current profiles for these extreme 1. values are shown in

Fig.7.The DPR magnetic field measurement error of 4% gives the

same error of 1. evaluation as 1% error of external magnetic

field measurements (Fig.8).

3. Discussion

Described numerical experiment showed that current profile

reconstruction within of error of 5-10% (see Fig.7) is pos-

sible when DPR magnetic field measurement errors are of

order of l%.To guarantee such accuracy of internal magnetic

field measurements it is necessary to measure of COFL positi-

ons within of errors of 5cm.Such accuracy can be guaranteed by

reflectometry in ITER if effects of plasma density fluctuati-

ons on the COFL position measurements will be eliminated by

averaging technic or pulse radar reflectometry[2].
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Current profile reconstruction in ITER
(numerical experiment,Ncalc=100)
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Current profile reconstruction in ITER
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Current profile reconstruction in ITER
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ABSTRACT. Knowledge of the current density profile, j(r), and the safety factor, q(r), is

important for the understanding of plasma equilibrium, stability, and confinement. Two of

the techniques for obtaining this information, developed on the Princeton Beta Experiment-

Modification (PBX-M), have demonstrated their utility under a variety of plasma

conditions. Motional Stark Effect (MSE) polarimetry involves the spectroscopic analysis of

the polarized emission from a diagnostic neutral beam for obtaining the pitch angle

distribution of the internal magnetic field. Internal plasma shapes have been determined

with an X-ray pinhole camera, from which values of central q have been deduced. Plans for

modifying and upgrading these systems include additional spatial channels for the MSE

diagnostic, and the replacement of the phosphor screen and image reducer on the soft X-ray

pinhole camera with a hard X-ray imaging tube. The latter will be particularly useful for

determining suprathermai electron distributions during profile control experiments with

lower hybrid current drive.
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1. MOTIONAL STARK EFFECT POLARIMETRY

The development of the Motional Stark Effect (MSE) diagnostic^] hr.r been a

collaborative effort involving Fusion Physics and Technology (formerly JAYCOR) and

Princeton Plasma Physics Laboratory. The layout of the diagnostic is shown in Fig. 1. The

technique uses the polarized spectral emission from the collisional excitation of a neutral

hydrogen beam[2] as it propagates through a plasma. As the beam atoms move across the

confining magnetic field, there is an electric field induced in their rest frame, and this gives

rise to a "motional Stark effect" wavelength splitting and polarization of the emitted

radiation. When viewed transverse to the magnetic field, the emission from the Am = +/-1

transitions is polarized parallel to the field. The angle of the polarized emission gives the

direction of the magnetic field, and the spatial location of the measurement is determined

from the intersection of the beam trajectory and line of sight of the spectrometer. Because

its plasmas are strongly shaped, the determination of current profiles in PBX-M is an

explicitly two-dimensional problem. The internal magnetic field values are thus combined

with data from the flux loops, whose locations are shown in Fig. 2, and pressure profiles

derived from electron temperature and density measurements in a program that solves the

Grad-Shafranov equation for PBX-M equilibria. From these results, two-dimensional

reconstructions of the internal flux contours and the q(r) and j(r) profiles are obtained.

One application of the MSE diagnostic has been in the study of the fishbone instability.[3]

Stability against such modes, and the particle losses associated with them, are governed by

the radial dependence of q and its values at the center and edge of the plasma. PBX-M has an

extensive capability for varying the external shape of its discharges, and this was used to

determine the effect of such shaping on the shear in the q profile. Plasmas were

prepared which had moderate indentation early in the neutral beam heating phase, and as the

beam injection continued, these discharges subsequently relaxed to a more "D-shaped" form.

In Figs 3 and 4, the Mirnov signal and the charge-exchange flux near the injection energy

are shown below the equilibria corresponding to these two phases. Although fishbone

oscillations were present in the Mirnov signals throughout the discharge, bursts in the fast

ion flux occurred only during the period when the plasma was less shaped. The measured q

profiles as a function of flux surface and major radius at the two times are given in Fig. 5,

and they indicate that the q=1 surface is located at a larger minor radius when the fast ion

bursts occur. These results tend to support the mode-beam ion resonance theory for

fishbones,[3] since the relationship it predicts between the fast ion losses and the

broadening of the q profile was directly observed for the first time in this experiment.
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2. SOFT X-RAY PINHOLE CAMERA

A tangentially-viewing soft X-ray pinhole camera[4] has been used to measure the

internal shape of the plasma. The major elements of the diagnostic are illustrated in Fig. 6.

In highly non-circular plasmas, such as those in PBX-M, knowledge of the internal flux

surface shapes allows the determination of q(0), and provides a constraint on the current

profile. Several methods for deriving the poloidal emissivity from the camera image have

been investigated, the most effective being a forward modelling technique. A numerical

equilibrium code is used to create a series of model equilibria, where the external shape is

constrained by measurements of the external poloidal flux, but the internal shapes are

permitted to vary according to the chosen value of q(0). These results are combined with

the X-ray emissivity as a function of the poloidal flux, which is derived from the midplane

image data, to produce a series of model camera images. A least squares fit is performed

between the experimental and model camera images, and the q(0) corresponding to the best

match is inferred to be the value associated with the particular discharge. The uncertainty

in the q(0) determined by this procedure is in the range of 0.1 to 0.3, depending on the

experimental conditions on PBX-M.

Time-resolved measurements of the internal shape have been made with this diagnostic

during experiments where numerous methods for plasma equilibrium modification were

explored. One of these techniques involved ramping the piasma current at rates of up to =

2.5 MA/sec in an attempt to modify q(0). The X-ray images and the best fit model

emissivities for time points near the beginning and the end of the current ramp are shown

in Fig. 7. The axial ellipticity, which is a measure of the shape of the flux surfaces, varies

from 1.39 to 1.57 between these times. This is consistent with the overall increase in the

plasma current, including a 10% rise in the central current density that causes a lowering

of the central q. However, the increasing elongation also corresponds to a rising q in this

time interval. These competing effects result in a q profile that broadens as the current

penetrates from the edge, but with a central q value that changes only slightly, from 0.64

+/- 0.14 at the start of the ramp to 0.60 +/- 0.06 near its end. The particularly low

uncertainty at the later time reflects the large increase in signal intensity that accompanied

the current ramp. Time-resolved information was also obtained during pellet injection and

neutral beam current drive experiments. Where there was overlap with the data from the

MSE diagnostic, there was good agreement between the results from the two systems.

3. FUTURE MODIFICATIONS ANO IMPROVEMENTS

Modifications planned for the next operational period include a tangentially-viewing hard

- 178 -



Current Ramp Discharge
X-rav Pinhole Camera Results

Camera Image
Besr-fir

Model Emissivirv

too iso :oo
Major radius (cm)
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X-ray imaging tube that will use the same image processing electronics and data acquisition

system as the X-ray pinhole camera.[5] The basic components of the system, as shown

schematically in Fig. 8, are as follows. 1) Optical lens interface between imaging tube and

fiber optic bundle. 2) Polyethylene radiation shielding. 3) Hard X-ray imaging tube. 4)

Soft iron and mumetal magnetic shielding. 5) Primary lead radiation shielding. 6)

Secondary lead radiation shielding on sides of diagnostic facing PBX-M. 7) Absorber foil

assembly for energy discrimination. 8) Lead image-defining aperture. 9) Aluminum

vacuum flange.

For the MSE system, the single-channel prototype has been replaced with a version

having more spatial channels and optics with improved throughput for better counting

statistics. This will result in q-profiles with increased time resolution, and fewer shots

will be needed to obtain them. Both of these diagnostics will support the further study of

current profile control techniques on PBX-M, especially using lower hybrid current drive,

which will be available in the spring of 1991.
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Abstract

Pressure-driven MHD instabilities in Heliotron E were studied by by shifting the vac-

uum magnetic axis outward (Av > 0) or inward (_lv < 0). and/or applying an additional

toroidal field additively or subtractively. The global stability aspects of experimental

results are consistent with the theoretical predictions using the ideal and resistive MHD

model based on the stellaiator expansion approximation. Stability improvement was ob-

tained for the J(0) £ 1% regime in case where the additive toroidal field was (3-8)% of

the toroidal component from the helical coils for —2 cm < Aw < 0 cm. It is believed that

the pressure profile due to toroidal field effects was unintentionally adjusted to improve

stability instead of the magnetic hill.

For higher beta /i(0) >2-3%. It was found that the m=l /n=l mode associated with

the t — 1 rational surface became strongly unstable, which may limit the central beta

value. Strong coherence was also observed between Bo (m=l/n=l) and nl (m=l/n=l) .

1. Introduction

Previous confinement MHD stability studies on Heliotron E have been extended by chang-

ing the vacuum magnetic configuration to stabilize the ideal and resistive interchange modes.

Two method have been proposed to improve the beta limit of Heliotron E. One is to produce

a sufficiently deep magnetic weil by shifting the magnetic axis outward[l]. The other is to

apply an additional toroidal magnetic field for shifting the * = 1 surface resonant with the

m/n=l / l mode into an outside region where shear stabilization is expected [2]. High beta

experiments were tried agai^ to study these theoretical predictions and to improve the beta

limit considerably by using both additional vertical field coils and nineteen toroidal field coils.

Finite beta plasmas were produced by injecting NBI (maximum power is 2.5 MW) into the
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target ECRH plasmas at Btot — Bho + Bt0 = 1.9 T or Btot = 0.94 T, where Bho and Bto

are toroidal fields at the center of the vacuum chamber produced by the helical coils and the

toroidal coils, respectively.

Magnetic fluctuations measurements were done to understand the physics of the inter-

change instabilities and to compare with the global MHD activities studying with soft A'-ray

and line density measurements[3, 4]. The main purpose of this paper is to clarify the MHD be-

havior at the high beta 3(0) ~ 3% near the ideal limit, and at threshold beta value depending

on the magnetic field stability properties. Below the ideal MHD limit the resistive interchange

mode is always unstable because of the magnetic hill configuration that is inevitable in the

heliotron device. The study of Bg was recently done in a very low beta plasma whose beta is

below the Mercier limit.

In §2, we discuss results of the magnetic axis control experiment and the compare them

with the theoretical stability analysis. In §3, the results in the additional toroidal field ex-

periment are shown and compared with the theoretical predictions which is done in the more

realistic magnetic field configuration than that in the simple modelfo]. In §4, the correlation

between magnetic and line density fluctuations are shown.

2. Magnetic Axis Control Experiment[6]

In Heliotron E the magnetic axis position can be controlled by changing the vertical field.

MHD stability theory predicts that the magnetic well is deepened by outward shift, which

improves the stability beta limit. On the contrary an inward shift of the magnetic axis degrades

the stability.

Figure l(a) shows the oscillations on the soft X-ray signal, Iax, for several cases with an

inward magnetic axis shift. Here discharges with 0{O) < 1% or Btot = 1.9 T were selected.

For the standard case with Av = 0, the sawtooth like oscillations were never observed for

j(0) < 1%. At Av = - 2 cm the sawtooth amplitude is A/JX//)Z ~ 60%, and at Av = - 4

cm A/,x / / l x ;$ 10%; however, the sawtooth repetition time reduces to (2~3) msec compared

to ~10 msec at A,, = —2 cm. For the outward shift case of 0 < Af/ ;$ 4 cm. there were no

detectable oscillations on the soft X-ray for /?(0) < 1%. The large sawtooth at Au = —2
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cm occurred near the * = 1/2 surface (see Fig.l(b)). This is a new phenomenon observed

with an inward axis shift because the * = 1/2 surface appears in the hill region due to the

inward shift. Also post-cursor oscillations with m/n=2/l were observed on the soft A"-ray

signal, which means that the m=2 magnetic islands survive after the crash of the sawtooth.

This shows a role of the resistive interchange mode, since resistive reconnection is required to

produce the magnetic islands. Figure l(b) shows the phase inversion radius of the sawtooth

as a function of Aw. Circles correspond to gas puffed discharges with /?(0) < 1% and triangles

belong to 1% < $(0) < 3% obtained by pellet injection. Resonant surfaces with * = 1/2. 2/3

and 1 (or q = 2. 3/2 and 1) at 3(0) = 0% and separation lines between the magnetic well and

the magnetic hill at ,5(0) = 0%, 2% and 3 % are shown. Figure l(b) clearly shows that the

phase inversion radius of the sawtooth for the higher beta plasmas appears in the outer region

where the « = 2/3 and * = 1 surface exist. One explanation is that the resistive interchange

modes at the * = 1/2 surface which trigger the sawtooth for 0(0) < 1% and A,, 2; —2 cm

are stabilized by the expansion of magnetic well region and the disappearance of the * = 1/2

surface due to the increase of .3(0).

These experimental aspects are consistent with the theoretical MHD stability analysesfo].

In stability calculations the pressure profile P oc (1 — $)2 is assumed, where ty is a poloidal

flux function. The stability beta limit for n=l and n=3 global modes reduces from above 4

% (Aw = 2 cm) or 3.2 % (A* = 0 cm) to 2.8 % (Aw = - 2 cm) for the m/n=l / l mode. For

Av = —2 cm, the ideal beta limit for the m/n=2/l mode becomes ~1 %. This well stabilizing

effect agrees with the global experimental aspect. Experimentally, for A« = —2 cm, the inter-

nal disruption occurs at (3(0) ~ 0.5%. The Mercier limit is close to this experimental value.

3. Stability Properties with Additional Toroidal Field

When a toroidal field is added to deciease the rotational transform or a" > 0, the outermost

flux surface expands to increase the average plasma radius, a where a" = Bta/Bho- The

magnetic shear increases slightly with increasing Bt and the very shallow magnetic well is

formed due to the modification of the plasma shape. On the other hand, when the toroidal

field is subtracted to increase the rotational transform or a" < 0, the shear decreases and no
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magnetic weil is formed. Thus for a' > 0 the mild stability improvement can be expected,

but for a" < 0 the stability degrades. Figure 2 shows experimental results for various a"

under the condition of Av = —2 cm and 3(0) < 1%. As discussed in Section 2 the sawtooth

oscillations appear even for ;?(0) < 1% under a" = 0 and A^ < 0. The sawtooth amplitude

is enhanced by a" < 0. We note that, when 0.03 < a* < 0.08, the sawtooth oscillations were

suppressed. For a* > 0.1, however, they appeared again. For a" = —0.1, the phase inversion

radius of the sawtooth oscillations is found to be close to the * = 2/3 surface. In this case the

> = 1/2 surface, which with is resonant the m/n=2/l mode for a" = 0, does not exist. For

a" = +0.15, however, the phase inversion radius is still close to the t = 1/2 surface, although

it becomes far from the plasma center compared with the case for a' — 0. This is shown in

Fig.3. Thus in this stability window (0.03 < a." < 0.08), we consider that the m/n=2/l mode

is stabilized. Other important characteristic of the a* effect is that the peaking factor of the

density profile is changed as shown in Fig.4 This factor n,(0)/(ne) can be controlled about

a factor of two in the range of 0 < a" < 0.1. However, the electron temperature profile was

almost same for —0.1 < am < 0.1. The reason for these profile effects is not known at present.

Thus we obtained the maximum stored energy in this stability window.

The stability calculations shows the monotonical stabilizing effect of the toroidal field.

For Av = —2 cm, the ideal stability beta limit of the m/n=l / l mode reduces to 2.3 % for

a" = -0.1, but increases to 3.2 % for a' = +0.1. Other modes. m/n=3/5 or 2/3 can be

unstable for a" — —0.1 and give the lower beta value less than 1%. For a" — +0.1, however.

these modes become stable until beta is above 2 %. This result seems to be contradict with

the experimental results. These calculations were done under the fixed pressure profile. From

the observed profile effects and the change in the average plasma radius, if the pressure profile

becomes peaked again when a' > 0.1, the Merrier limit may reduce, which causes enhance-

ment of the MHD activity again.

4. Correlation between B and nt [7, 8]

Magnetic fluctuations were measured by using magnetic probes inside the vacuum chamber.

It was found that the most dominant mode of Bo was the rn/n=l/l mode even in the case that



the global MHD aspect was quiescent. In figure 5, no precursor oscillations were observed on

both soft A'-ray and line density signals before internal disruption at t = 72 msec. Coherent

B# oscillations with m/n=t/ l appeared around t ~ 50 msec at which the density profile

became peaked by stopping gas puffing. Frequency spectra, cross coherence and cross phase

between two probes at the same toroidal cross section are shown in Fig.6.

On the other hand, after disruption, an m/n=2/l mode was observed on the soft A'-ray

and B9. The * = 1/2 surface near the magnetic axis is unfavorable due to the magnetic hill.

The frequency of this mode is about 4 kHz and is lower than 11 kHz for the m/n=l / l mode,

as shown in Fig.7. This is quite different from the tokamak results, where the higher mode

has the higher frequency. The reason why the m=2 mode has the half frequency of that for

the m=l mode is not clear at present. However, the * = 1/2 (q — 2) surface locates near the

axis and the * — 1 surface is around r/a ~ 0.7. This situation and the radial electric profile

may affect the mode frequency.

The toroidal field stabilization effect is also observed on the magnetic fluctuations, shown

in Fig.8. Although the electron pressure gradient around the<* = 1 surface, which is monitored

by soft A'-ray profile, is the largest in the stability window, there are no coherent Be oscillations

with m/n=2/l and 1/1 modes. Outside this window, Bg with m/n=l / l grows as |a"| increases.

For high beta plasma with 8(0) > 1%, correlation between Be and n£ was studied in the

case of a" = —0.1 and Av = 0 cm at B = 0.94 T. Strong MHD activities were observed as

shown in Fig.9. In this plasma the m=l/n=l mode was dominant and it was found that both

Be and nt oscillations had the same frequency of ~ 4 kHz (Fig. 10).

Except for these low frequency oscillations ( %, 15 kHz) high frequency coherent oscilla-

tions were observed in the range of 20-80 kHz[8]. Recently, 120 magnetic coils were installed

inside the vacuum chamber to study this high frequency component of B9. This component is

clearly observed in ECRH plasmas (rQ < 1.5 x 1013 cm"3, Te(0) < 1 keV, P < 400 kW and

B — 1.9 T). Poloidal distribution of Be is measured at the vertically elongated plasma cross

section at which helical coils are on the equatorial plane. The amplitude of Be at around

/ ~ 60 kHz shows that the inner one (9 s; T) is the biggest. It is found that the sum of

Be(&) at this frequency strongly depends on the rf power. This aspect well correlates with the
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power degradation of rr[9j. .The effect of the magnetic axis shift on the B»{9) distribution is

studied, because by the inward shift of A,,/a ~ 10% the confinement improvement has been

observed[6. 10]. Outer B#(9 — 0) dropped by an order of magnitude when A,, ~ — 1 cm, while

inner B»(8 = -) increases by a factor of 2-3. Both top and bottom Bg's don't change by the

axis shift. If the origin of this high frequency component is near the plasma surface, it should

disappear when the material limiter is inserted. Because the high frequency component has

the strong radial dependence if this component is due to high m modes. This experiment is

done at the standard configuration. It is found that this component survives until the material

limiter is inserted up to 10 cm from the bottom of the outermost surface. More precise study

is in progress.
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msec. Here all cases belong to 0(0) < 1%.
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Fig.6 (a) Frequency spectra calculated using the period before the internal disruption,
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Fig.7 (a) Frequency spectra calculated using the period after the internal disruption,
£=80-83 ms on Fig.5. (b) Cross coherence and (c) cross phase spectrum with the
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ved (electron diamagnetic rotation), 6 and <f> direction are shown, (e) Time evolution
of the amplitude integrated centering around 4 kHz (3.5-4.5 kHz). No coherence is
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Fig.9 Time evolution of FIR signals
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Fig.10 Correlation analysis of the ~3 kHz oscillations found in Fig.9. (a), (b) Cross
coherence and cross phase of two couples of FIR signal (chord 3-4, 3-2). (c) Between
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(d) Cross phase v.s. Ai{> with m=l/n=l.
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How to Measure Magnetic Turbulence

by Thomson Scattering

F.A. Haas and D.E. Evans
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A B S T R A C T

Thomson scattering is proposed as a diagnostic for mag-

netic turbulence in tokamak plasma. By choosing the in-

cident beam polarization parallel to the local mean mag-

netic field B^, and observing scattered radiation in the

plane of polarization perpendicular to B through a

suitable polarizer, a signal depending on magnetic field

fluctuations alone is isolated. The ratio of this signal

to that from density fluctuations measured convention-

ally is about (w /w)2(AB/B )V(An /n ) 2.

Introduction

Magnetic field fluctuations may play a role in anomalous

transport of particles and energy in tokamaks. They are generally

measured only at the plasma edge because of the vulnerability to

plasma damage of the probe coils used. There they seem too small,

according to current theories, to contribute significantly to

transport. But there is evidence that, in contrast to fluctua-

tions in other quantities like density, temperature, potential,

and so on, the amplitude of fluctuations in the magnetic field

may increase with increasing depth in the plasma [1]. So it ap-

pears of interest to investigate how magnetic activity in the

confinement zone and near the plasma axis correlates with

transport. There is accordingly a need for a non-intrusive diag-

nostic to measure magnetic turbulence in the hot interior of

tokamak plasmas, and we propose that Thomson scattering affords

such a technique.
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Several years ago, W.B.Thompson [2] showed that scattering could

be employed to observe magnetic activity in plasma. Following

him, we use the electron fluid momentum balance equation to cal-

culate the polarization induced by an incident electromagnetic

wave in the presence of magnetic fluctuations, but we make ap-

proximations consistent with an application specifically to a

small tokamak plasma such as TEXT.

Polarization

We construct the bulk polarization, P, due to the incident radia-

tion, in the presence of the fluctuating magnetic field. This is

P = - e n Q/(iw) ...(1)
a —'

where the density n consists of a mean plus a turbulent part:

ne = nao + Ana, and u is the velocity at the incident radiation,

frequency w.

The velocity is evaluated taking into account the magnetic field

through the electron momentum balance equation:

iwma Q - - e [ E + Q x ( B o + AB)], (2)

with I the electric field of the incident radiation. The result

is

P = e ne w(me/e)I- (e/maw)B.E B - i B x E

~~w~~ (B2 - w2ma
2/e2) . ...(3)

By writing n = n + a. n and B = B + A B , mean and fluctuating

parts of P can be identified and separated.

It is convenient at this point to specify the scattering

geometry. A set of orthogonal coordinates x,y,z is defined with

its origin at the point at which scattering occurs (Figure 1).

The z-axis lies along the direction of B̂  at the origin, and the

x-axis along a vertical minor diameter of the plasma, the mag-
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netic surfaces being assumed circular and concentric. The plane

polarized probe beam is incident along the negative x-direction

with its electric vector in the z-direction parallel to B). A

detector is arranged to observe radiation scattered in the xy-

plane, at angle t* to the incident beam direction.

The mean polarization is found to be

P = - e (w 2/w2) E ,
—o o pe —

while for this geometry, the fluctuating part has components

.AP = P Y [i b + (w /w)b ] -.-(4)
x o y ce x

bx - (wc#/w) by] . . . ( 5 )

P C ( A n / n ) - 2 Y (w /w)(b-b )] . . . ( 6 )

where t = (wc-/w)(wea
2/w2-l)-1, bx = A B X / B Q , by = ABy/Bo,

b = A B / B , and b2 = b 2 + b 2 + b 2 .

We note that density fluctuations contribute only to AP2-

The Scattered Signal

Let k = - x cos oc + y sin o< be a unit vector in the direction

from the scattering point to the detector. Then the scattered

electric field at the detector is proportional to

k x (k x AP) =* x ( -AP sin«<-AP sin«<cos<^)
—s —» — — x y

i

...(7)
( - APx sin of COS O< - A P COS2<* )
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We see that A P , which alone of the three components of

depends on density fluctuations, appears only in the z-component

of the scattered electric vector. Thus by passing the scattered

light through a properly rotated linear polarizer, the density

fluctuations can be suppressed and magnetic fluctuations left to

determine the observed scattered signal. Such a polarizer is rep-

resented by the unit vector

A = x sine* cos 9 + y_ cos x cos G + z sin 9

Applying this to the scattered electric field, substituting for

the components of AP from eqs 4,5,and 6, and assuming the scat-

tering angle « is small results in

A. [k x (k x AP)] = P y (w /w)[b cos 9 - 2(b-b )sin 9]

+ P [ An /n ]sin 9 - i P Y [b cos 9]. .. .(8)
o * co a x

Through Poynting's theorem and the Wiener-Khintchine theorem,

this is converted to the scattered intensity, which is found to

be proportional to

[Y(wce/w) b? cos 9 + (Ane/neo) sin 9]
2 + jf2 bx

2 cos29 . ...(9)

The ratio of the intensities of the field and density scattering

terms, when W=B
2/W2<< 1, is approximately

IB/IB ~(wca/w)
2(AB/Bo)

2/(Ane/neo)
2. ...(10)

When the polarizer is aligned with the z-axis, 9 = 90°, and only

the density fluctuations are observed. When the polarizer is

rotated until 9 = 0 ° , no z-component is admitted to the detector

and the scattered intensity is due entirely to magnetic field

fluctuations.
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Figure 2 shows how the scattered signal, normalized to

(An_/neo)
2, varies with polarizer angle. Adopting parameters from

TEXT [3], the probe wavelength is taken to be 1.22 mm and the

toroidal magnetic field is about 2T corresponding to w=e/w =

0.226 and Y - -0.238. Near the edge of TEXT, A B / B Q — 1 0 "
4 while

A ne/neo ~ 10"z. Then the signal at 0°, attributable to magnetic

turbulence, is 5xl0"6 times its density fluctuation value at 90°.

If towards the plasma core, magnetic fluctuations should increase

and density fluctuations decrease, each by an order of magnitude,

then the magnetic signal at 0° increases until it is only 5xlQ~2

times the density fluctuation value.

If the polarizer angle is not quite zero, say 9 = AQ , then

terms incorporating density fluctuations make their appearance.

For these to be negligible,

U2(wco/w)
2by

2 + tf2bx
2] > (AnB/n#o)

2(A9)2 + 2V(wei/w)bT(An/n<e)( 0)

i.e. A 8 < tf(AB/B )/(An /n ){-(w /w) ±J2(w /w)2+l } . ...(11)

Suppose conditions at the edge of TEXT apply. Then the filter

angle (A9) at which density terms become as important as magnetic

field fluctuation terms in the scattered radiation is only be-

tween 0.1° and 0.2° . If within the plasma, the relative

strengths of magnetic field and density fluctuations are the

same, (A9) becomes quite substantial, increasing to between 10°

and 15°.

Influence of Faraday Rotation

Faraday effect can undermine the field fluctuation measurement by

influencing the polarization of either the probe or the scattered

radiation. Provided the incident wave frequency is sufficiently

large with respect to both wca and w e [4], the Faraday effect

simply rotates the plane of polarization of the radiation by an

amount

9° = 1.5xlO'n X,z / n (s) k .B ds ...(12),• / •>.
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all quantities being expressed in SI units.

For this discussion, the tokamak flux surfaces are assumed to

have circular and concentric cross-sections, and the incident

beam is directed along a vertical diameter so as to be everywhere

perpendicular to the field. For non-vanishing scattering angle,

the path of the scattered radiation cannot be perpendicular to B.

The small rotation that would be experienced by scattered radia-

tion as it travels from the scattering point a distance xo along

the vertical diameter above the magnetic axis, through the plasma

in the direction k to the plasma edge (Figure 3) has been com-

puted. We have taken into account that the plane of scattering,

defined by the vectors k and k , is rotated with respect to the
0 — •

poloidal plane, since the z-axis of the scattering plane must be

parallel to the mean field direction at the scattering point.

Density and current profiles have been assumed parabolic. The

result can be expressed as

6° - 1.5xlO"xl V a n oc BJa) a F(x/a). ...(13)
1 SO 9 O

The function F(xo/a) has the form shown in Figure 4. Thus, for

neo * 10
19m"3, * * 0.1 rad, a * 0.27 m, and toroidal current Io »

200 kA, we find 0 - 2.5xlO"2 degrees, too small to corrupt the

scattered signal significantly.

Conclusions

Magnetic field fluctuations in directions normal to the mean

field can be measured in a tokamak plasma by Thomson scattering.

By arranging that incident radiation propagates perpendicular to

the mean field and is plane polarized parallel to it, while

detecting radiation scattered at small forward angle, polarized

perpendicular to the mean field, the contribution of density

fluctuations to the scattered signal is suppressed, and the

scattered intensity remaining is due to magnetic fluctuations

alone.
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The angular precision with which incident and scattered radiation

must be polarized depends upon wce/w, the ratio of the gyrofre-

quency to the frequency of the incident wave, and upon the ratio

of the relative magnetic and density fluctuation levels,

(AB/B )/(An/n ). When w /w = 0.226, polarization must be precise
o eo ce

to about 0.1° if the above ratio is 0.01, increasing to about 10°

when this ratio approaches unity.

For the plasma conditions and experimental configuration under

consideration here, Faraday effect is too small to corrupt the

scattered signal significantly.

The ratio of the intensities of magnetic to density scattering

when (w /w)2<< 1 is (w /w)2(AB/B )V(An /n ) 2.
ce ce o e eo
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FIGURE CAPTIONS

A

Fig.l Scattering geometry. Probe radiation, wave number k̂ ,

electric vector E&, is incident in the negative direction along

the x-axis. Scattering occurs at the origin where the mean mag-

netic field is B z. Scattered radiation, wavenumber k , is

observed in the xy-plane, at scattering angle <x ,through

polarizer A.

Fig.2 The variation with polarizer angle 9 of the scattered sig-

nal, normalized to that for density fluctuations alone at 90°. At

9=0° there is no dependence on density fluctuations. Full line

corresponds to (AB/B )/(An /n )= 0.01, dashed to same ratio = 1.
eo

Fig.3 Scattering configuration relative to magnetic flux sur-

faces. Incident radiation is directed up a vertical diameter to

the scattering point xo above magnetic axis. Scattering vector ka
and incident vector k, lie in a plane to which mean field B at x

is normal.

Fig.4 The dependence of Faraday rotation experienced by the

scattered radiation as a function of the location, x /a, of the

scattering point on the minor radius. The ordinate is defined in

the text.
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Fig.2 The variation with polarizer angle Q of the scattered sig-
nal, normalized to that for density fluctuations alone at 90 . At
e-0° there is no dependence on density fluctuations. Full line
corresponds to (AB/B )/(An /n )- 0.01, dashed to same ratio - 1.
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Fig.3 Scattering configuration relative to magnetic flux sur-
faces- Incident radiation is directed up a vertical diameter to
the scattering pointyx above magnetic axis. Scattering vector k̂
and incident vector kt "lie in a plane to which mean field B^ at x3
is normal.

0 0 3 r

0021-

001 i-

0-4 06

Xo,

Fig.4 The dependence of Faraday rotation experienced by the
scattered radiation as a function of the location, *o/a, °* the
scattering point on the minor radius. The ordinate is defined In
the text.
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INFORMATION ASPECTS OF OPTICAL IMAGES.

M.I.Pergament

I.V.Kurchatov Institute of Atomic Energy

MOSCOW D-182, 123182 USSR

A B S T R A C T

The possible applications of information theory methods to the

optical system analysis and to the constructed image investigation are

discussed. Visual images are not considered here but only the images

in the form of two-dimensional numerical arrays are under

consideration. The extraction of information about the investigated

object from the numerical arrays and suitable data processing

procedures are also described. Algorithms and methods of optical image

entropy calculations taking into consideration the features of the

real measuring systems and the spectral and stochastic properties of

signals and noises are proposed. The expressions for the optical

channel capacity and the information capacity of the optical memory

units are derived.

The reconstruction accuracy is shown to be determined by the

difference between image and noise entropies only. Thus the value of

this difference can be used as a quantitative estimation of the real

measuring system possibilities. The influence of reconstruction

methods and information theory criterions upon the inverse problem

solutions is discussed. . To illustrate the obtained results several

examples of reconstructed images are shown.
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1. INTRODUCTION.

Optical images obtained in modern physical experiments are

usually intended for using as initial data in calculations of spatial

distribution of the object parameters rather than for immediate visual

perception. Moreover, basically they are not images in the traditional

meaning but only a numeric array that reflects the illuminations

conditions at input of measuring system. The requirements to such an

array, i.e. to the output image, are determined by the accuracy

required for evaluating the functions of coordinates and time that

describe the state of an object under investigation and that

represents a final purpose of measurements. The possibility to meet

these requirements depends on specific parameters of measuring and

recording systems used. The latter usually include a number of devices

for multiple transformation of data brought by the light flux so that

images at input and output are sometimes significantly different (it

means, in fact, a loss of accuracy). To predict output images as well

as to analyze capabilities of measuring system including, along with

optical devices, various radio-electronic devices with communication

links, automatic microphotometers, analog-to-digital converters,

storages, etc., one should apply an general approach on an integrated

base. For describing and analyzing the above systems it would seem

only natural to use well developed methods of information theory since

it is the purpose of this theory to determine and optimize the

transferability of information channels and the capacity • of storage

systems, and all the above mentioned devices are destined for data

acquisition, transmitting, processing and recording. The fact that

some devices concentrate information in the time-structure signals

while the others - in the space-structure signals is unessential. All

these devices have, to an equal degree, some fundamental properties,

and first of all, linearity and invariance, i.e. independence of space

and time shifts. In this situation the mathematical tools used for

their analysis are nearly the same, therefore the well developed and

extended methods from the communication theory used for analysis and

synthesis of electronic systems may be applied to optical devices. It

is not once that the attempts to use information methods for

estimating the image quality have been undertaken. As a rule, it is

proposed to calculate informational entropy by using the relation like

H = k log,1* > w h e r e fc - VA is the number of discrete points of

illumination readout on an unit area of image, A is the reading step
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and L is the number of measured brightness steps. However, when a

FWHM of the transfer function (3 « A, a critical value of highest

spatial frequency of the image f ^ I/A while L » 1, the image

information content exceeds the actual content only by 20r30 percent.

The reason is not in the error value - the above conditions ((3 « A «

l/f_) are far from optimal, and in the optimal (or near optimal)

situation this familiar formula is simply not true, i.e. it cannot be

used where it is exactly needed. In this respect, the mathematical

description proposed in [1] and remained unnoticed by specialists is

much more helpful. Let us add, it is no mere chance that it has been

neglected. The main (although not the only) reason to this - a

traditional attitude of physicists and engineers engaging the

development and use of optical measuring devices. Just for them this

publication is intended to show potentialities of other methods and to

propose a mathematical tool adequate for an analysis and synthesis of

up-to-date optical systems designed for obtaining images put to

processing. Experts in the communication theory will not find here new

important results in terms of the information theory, however they may

be interested in how the known ideas and methods have been extended to

a new field.

In the last years it has become ever increasing practice to

estimate the system quality in terms of maximum information that may,

in principle, be contained in the output image. Grounds for this,

among other things, are achievements in images reconstructions by so

called method of "maximum entropy". Let us explain its essence by

considering the problem of optimal readout from the electrica1

converter screen or the photo layer. An available alternative is as

follows: either we take the reading with a small step in coordinate,

which means preserving high spatial frequencies in the readout array

and having the great number of readouts with low accuracy, or we take

the readings with a large step in a wider window and, hence, cut off

high frequencies, having less readouts but with a higher accuracy for

each of them. In terms of the maximum entropy, the readout optimum can

be achieved in photometric measurements with the step A (or the

measured area A ) at which the readout array contains maximum amount

of data. (Note that the readout information is always less and only in

the limit is equal to that contained in output image). From this it

follows that firstly we should determine how the readouts H depend on

A, find a maximum of this function and than evaluate an optimal step
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of reading. Fruitfulness of this approach is convincingly shown by ths

computer simulation in [2], from which it. follows that a minimum mean

square deviation from the model is reached for maximum information

taken from the output image. The last statement is intuitively taken

as a truism - it would seem natural that accuracy of reconstruction is

the higher the more information is used. But, strictly speaking, it

does not mean that for a great quantity of unaccurate readouts (it is

under this conditions that maximum of information is obtained) the

function can be reconstruct with a lesser errors than for fewer

readouts of higher accuracy. Therefore, we need theoretical and

experimental evidence for any concrete conditions and any specific

systems. Of course, it is not necessary to do this if we take on trust

the heuristic idea formulated most definitely by K.Shennon [3] that

information may be treated like the physical values such as mass or

energy, i.e. the conservation laws may be applied to it. However, in

this case the methods of optical image entropy calculating must be

developed further to take into account real characteristics of

measuring-recording systems as well as spectral and statistical

properties of optical inputs signals and noises in the systems. We are

going to do this now.

2. Information entropy of optical images.

The purpose of this section is to determine entropy of optical

images and information capacity of optical storing devices as well as

information losses in optical channels. Here two ways are possible:

either we construct a new theory maximal applicable to the optical

problems or we reduce these problems t,o the ones of communication

theory, i.e. find an approach to analyzing optical systems that would

allow using, without important changes, the well developed

mathematical apparat and methods of information theory. Although

to-day the first approach has numerous supporters, it does not seem

correct to the author. For the latest decades the information theory

has been transformed into such a perfect analysis tool that ignoring

it would be impractical. The more so that analogy will, in fact, be

complete if we remind that in the communication theory the information

is concentrated in the time structure of signals and for optical

systems the analogous information ted in the spatial structure of

images. We explain this on two simple examples. Let the radio
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channel uses a storage oscilloscope as a recording device. Than, when

analyzing an oscillograph record (either for decoding a message or for

studying the properties of communication channel) we are dealing,

liking it or not, with spatial structure of an image rather than the

time structure of a signal. Another example - the TV channel where

image is recorded on a film. For the line-by-line scanning of photo

image, if the number of scans is equal to the number of lines, the

spatial structure of microdensitogram corresponds to the temporal

structure of radio signal. Note that from an abstract point of view,

the nature of function argument plays no role at all, therefore the

mathematical apparatus of information theory may be used without

changes. Thus, in analyzing optical images and optical systems the

spatial frequencies replace the temporal ones. Hence, in our case,

i.e. in optics, the exposure S = ET (energy per unit length of one

dimensional image or energy per unit area of two-dimensional image) or

illuminance (if the exposure time T is given) are analogs of power

(energy per unit time). We shall assume that input image is given by

spatial distribution of input illumination E. (x,y) or input exposure

£. (x,y)=E. (x,y)i. Frequency properties of optical can be defined if

we shall produce a sequence of sinusoidal illumination distributions

on the input end of our system with special frequencies U.. Then the

bandwidth will be determined by the critical frequency 0 ,above which

the output EQU+i
<j)>ti>cr) ^ 6(U). Here Eout(

u) J-s a variable component of

the output "screen" illumination at input signal E. =E Sin(d)x), and

<5(0J) is a spectral noise component.

Noise in optical systems is a spatial fluctuation of the output

illumination (or luminosity) at the strictly uniform input

illumination. In optical experiments the power of noise, its

statistical and spectral properties are determined by photometric

measurements of output illumination distribution along spatial

coordinate at uniform illumination of "entrance pupil", i.e. at

E. (x,y)=const. (Such measurements testify, for example, that ths

film noise is white and have a normal distribution [4]). Further

explanations will be given in the course of discussion, and now we do

not hesitate in using the mathematical calculations of information

theory and in applying its theorems. We shall restrict ourselves by

explaining only the physical sense of the obtained solutions and refer

the reader who is interested in the proof of theorems or the

stipulation of results to original works by K.Sennon [3], [7],the
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monograph by R.Fano [5] or the text book by S. Goldman [6]. We shall

also keep in mind that our main task is to develop a tool for

analyzing optical systems. This tool must enable us to design the

optical systems that would be optimal in the sense that the input

image may be recontracted by the output image with a given accuracy at

the minimal information transfer power expenses. This last condition

is not superfluous because if input power and dynamic range are

unlimited the input image may be reconstructed with as a small error

as desired.

2.1. The data transfer rate in the channel is determined by the

relation [7]

R=H(X)-HYX=H(Y)-liXY (1)

Here H(X)=H[E. (x,y)] is the source entropy equal to the input

entropy; H(Y)=H[E t(x,y)] is the output entropy of the recorded
+00

image; Hvx= p(X,Y)log_pv(X)dXdY is the conditional input entropy

-00

("inreliability"), i.e. the portion of the input image information
+00

which is lost. in the recorded image p(X,Y)log2px(Y)dXdY is the

-co
conditional output entropy i.e. uncertainty of recorded image in case
the input image is known.

It is clear that the value R determines a quantity of information

about the input image contained in the output image. In the

information theory, instead of the values R, H(X), H(Y)..., the values

R.,, H.(X)...,i.e. entropy or information quantity per one "degree of

freedom", (in our case per one readout of functions E
o u t(

x» y) or

E-n(
x»7)) a*"e usually calculated. Let us note the following. If signal

and noise are statistically independent the conditional output entropy

is equal to the noise entropy, H^sHfN), and it being known that at

the additive noise N=Y-X. In the absence of noise and provided that in

the transfer coefficient K(U))=1, we have H(X)=H(Y).

Let us calculate the data transfer rate about ensemble of

functions described by the probability density p(x)=l/E =const if

channel with Gaussian noise (p(N)=(O V2% )~1exp[-N2/20Z]). (Let is

note, that p(x)=l/Em3 =const if 0^E^Emav and p(X)=0 if E<0 or E>E m_K
max max maxIf the signals are limited in amplitude then at E»M for such ensemble
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a maximum rate is achieved, i.e. the channel capacity is realized.

According to (1) the rate R=H(Y)-H . The second term in the right
i xy

side of this relation usually causes no difficulties. For the normal

noise distribution H- =H(N)=l/2 log_(2H;£a ). The things are worse with

H(Y) since the distribution of p(Y) cannot be obtained directly.

However, by using the known formulas of the probability theory we

may find at first P(X,Y), then p(Y) and finally H(Y). Indeed, the

formulas

( 2 )
p(X,Y)=px(X)-p(Y)=px(Y)p(X)

+00

p<Y)= p(X,Y)dX (3)

-oo
are well known. In our case

max
_ (Y-xy

20'
whence

where
- •

Y

( 4 )

V2%
expl

is the probability integral. Now it is easy to find H(Y):
+00

-00

Unfortunately, the integral (6) cannot be evaluated analytically. At

the same t

expression

the same time, the function R_s=H(Y)-H (Y) is well approximated by the

1 2
1 - B ( 7 )

where the approximation accuracy grows with L. Here L=E /2C=E/G and

G is the noise dispersion. This result may be conveniently presented

in the usual form

R1=Q1log2L (3)

The slowly varying function Q1(L) at L>1.2 is very well
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approximated by the relation

Q (L)=l ^ (9)
iog2(L)

It is plotted in Fig. 1, where it is seen that everywhere QX(L) is

about 1, for most frequent values of L (10<L<100) we have Q.,(L)«0.8.

The function R(L) is monotonic. Proceeding from the common sense, it

is clear that as the signal-to-noise ratio decreases the quantity of

transferred information must monotonically decrease. Nonmonotony of

Q(L) is due only to the fact that when L =» 1 we have log_L => 0, all

though RT*O when L=l.

Naturally, for other ensembles of input signals and available

noises, as is seen from. Fig.l, the information about input image,

contained on unit length or unit area of the output image will be

different. However, the algorithm for calculating RjfL) will be ths

same: we at first calculate p(X,Y), then p(YJ, on which basis we ob-

tain H(Y) and finally evaluate H™=H(N). Now, with all the summons

available we find R^Hf Y)-H(N).

If we may take K independent readout of E on the unit length or

unit area of the optical image, then the channel capacity is

determined by

C=K-R-=KQloq-L (10)

This value is an upper bound of information about the input image,

contained an the unit length or unit area of the output image.

According to the theorem about readouts for images, whose a spatial

spectrum is limited by frequency f , readouts of E should be taken

with step A $ 1/2f . If we put A=l/2f , then for ID and 2D images we

shall have, respectively,

C=2fcQ 1OC2{L)= 2fcQ log2[f] (bit/cm)

(11)

C=4fcQ log2(L)= 4f*Q Iog2[|] (bit/cm2)

2.2. So far, when studying informational aspects of optical images wa

llf we set A=1.286 and B=1.047 an error in evaluating Q(L) will be

about one percent for L=1.5 while for L=10 a value of Q calculated be

the formula (9) will differ from the true one in the sixth figure

after the point.
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assumed that in the entire band of spatial frequencies up to f the

gain X(W)=1; however, there is a noise in any information channel. Let

us at first consider an opposite situation when there is no noise.in

the channel, but the gain K(W) or, which is the same, the contrast

transfer function K(f)^l. If the noise is absent and K(f)=l, then

H(X)=H(Y), i.e.would be no losses in information. But if the noise is

absent and K(f)^l in the band of transferred frequencies, then, as

shown in [7], we have

H1 ( Y ) = H1 ( X ) + "f" I l o g 2
I K ( f ) i d f ( 1 2 )

0
Since the second term of this sum is always below 0 in practice, i.e.

when K(f)?*l, all the values of R and C calculated with the above for-
f

mulas must be decreased by the value hi''log_|K(f)|df which

0
accounts for information losses in the channel due to a finite width

of the transfer function, i.e. due to the energy losses of hicfi

spatial frequencies. These information losses may conveniently fce

taken into account by using instead of L the value

ln|K(f)|dfl (13)

0
By analogy with (7] the quantity

ln|K(f)|dfl (14)

0
is called power losses factor.

Thus, for a real channel of optical data transfer with noises and

K(f)?l we have:

ln|K(f)|dfl (15)

0
Now, the well known theorem of information theory about a relationship

between the data transfer rate R and the channel capacity C [7] may be

formulated as follows:

"If the spatial spectrum of input image is limited by frequency

f. and the channel, where there is a noise with dispersion 0 ,is cha-

racterized by the contrast transfer function K(f), then by using the
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output image ve may approximately estimate the input image with a mean

square error <5 if and only if R ^ C, i.e. when

This inequality allows us to evaluate a required capacity of the chan-

nel when the approximation error is given, or to determine an error

value if the channel parameters are known. For example,if the numbers

of independent readouts of input and output images are equal then the

accuracies of reconstruction is

Erec Eout X

Thus, we obtain a lower bound of the errors for reconstruction the

input image by the output, i.e. the minimal value of error which may,

in principle, occur.

3. Capacity of optical data channels and storage.

In this section, by using the above extended methods we consider

an example of most widely used devices intended for receiving, ampli-

fying and recording low optical signals when ID and 2D images are

readout.

In the ID images there is the prefereutial direction along

which the illumination is fixed.Due to this,to describe properties of

a measuring recording device we may use the ID spread function g(x)

measured by the output when a slit with width of d « (3 ,where j3 is

FWHM of the transfer function,is projected onto the input. A typical

example of the ID image is a spectrogram obtained at the uniform

illumination of the input slit of spectrograph. Images may be assumed

one-dimansional also when their frequency spectrum along one of

directions is much wi der than along the other,i.e. £ » f ,as it
c, x c , y

occurs,e.g.,inter ferograms with low phase changes,where interference

lines only slight ly bonded.Maturally, a question arises here about the

readout direction which is usually identified with a coordinate

direction. In the array read out of the ID image the spectral

components f (or f ) willbe ab sent only if the axis directions are
Y *

chosen so that E. .=const. or E. .=const. Of course,we may act
differently: not caring of the image orientation at readout, we find

the directions along which the illumi nation (or blackening) is
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constant, and by using this we transform the 2D array into the ID one.

For analyzing the two-dimensional cases we need knowing the 2D

transfer function g(x,y) which,generally,may be evaluated by

measuring g{x) and g[y) separately.In the absence of astigmatism the

2D spread function may be obtained from the equation
00

r g{x)rdr
g(x) s 2 <18>

the sobetion of which is well known:
CO

Here g{x)= g\j~ 2 +
 2 Iisthe 2D transfer function g{x,y).Respectively,

the gain will be a function of two variables, K(U ,0) ). In the absence

of astigmatism K(to ,0) )= K(Q )= K [ / o)2+(1)
2] * which,in fact,means only

transfer to the polar coordinate system in the Fourier space.

3.1. It is known that the transfer function of image converter

tu bes may be very accurately approximated by the Gaussian:

a . 2 ,
g(x)= exp |- [ax) j

(Here the FWHM of transfer function is (3=2v 2nZ /C ). Making use

of the fact that K(U) is the Fourier-image of g(x) we obtain the

transfer coefficient factor:

= exp j

and the contrast transfer function

K(f)= exp \ - l-g- | } (22)

le p<

%2f2

For the two-dimensional case in the absence of astigmatism we have in

virtue of (19) a2
g[r)~ "v" 1— ir-n \ \ (24)

According to (14) we may now evaluate the power loss factor

1231

a , 2 >
= exp J_ (ra) t
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from which the transfer coefficient factor

2 ,. 2.

the contrast transfer function
4d

2 2

K2(f) = exp

a

(25)

(26)

and the power loss factor

K_ = exp (27)

At low illumination levels the quantum noise of input photocathode

is a main component of the image converter tube noise. At the average

photocathode illumination E(x,y) and the quantum efficiency \x the

average electron emission from a unit area of photocathode for the ex-

posure time X is equal to TZ(x,y)Xh |J.=£|iA =N . Therefore,if the image

readouts are taken with step A,the signal-to-noise ratio at output may

be written as L=Me//Me=4v
/tfi . Due to a finite width of spread fun-

ction the contrast at high spatial frequencies will drop and,hence, the

signal-to-noise ratio will also decrease.An effective signal-to noise

ratio denoted by L may be calculated by using formulas (13) and (27).

We write it down in the form

£*=AV£ |JL K =V£ fi exp
2a'

An the one hand,the readout step A is restricted

J:y conditions of the counts theorem, i.e. A^*/** ,

hand, it is restricted by the reconstruction error,

which is? a complex function of A because of the function L

Therefore, it is reasonable by making the substitutions

(28)

on the other

2 *

f2=l/4A2

c and a2=41n 2/(32

In a more

rigorous consideration [8], when a variety of additional parameters,

first of all, the amplification factor dispersion are involved, the

so called "generalized quantum output" jl =t)ix, where T) is a

coefficient of about unity, is used (instead of the quantum output).
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to obtain the relation (28) in the form:

* x x 2 3 ..

As a result, the information density in the electro-optical channel

is:

R= ^2Qn log2[A/£JT exp{- 5 | j - 2 (f)2}--^f- (30)
* cm

(Let us remind that Q n
=Q n(

L ) is a slowly varying function depending

on the signal and noise ensembles; in this case, it is governed by

the Poisson noise and the ensemble E. (x,y) characterized by the

probability function p(x)=l/E =const). Respectively, in the

one-dimensional case:

exp {"if^-ff )2H and

exp{- f ( |)}] j ^ (32)

Let us used the results obtained to analyze a real situation

arising at readouts of images under low light flues by investigating

numerically the functions L*(A/P), e/R(A/(3) and R(A/|3).

Values of the above functions calculated for the argument varying
'n fi 7 S ^?

from 0.4 to 10 for e equal to 10 , 10 , 10 and 10 cm are given

in Fig. 2 . The information value in energy terms depending on A/|3

was calculated for the average photon energy T]V=2eV and the quantum

output of photochathode [1=0.3. As is seen from the given data, even

under low illumination but at optical A/|3 about 1 Kbyte/cm of

information may by transmitted through such electro-optical channel

despite the fact that a single readout of output image contains, on
2

average, about 1 bit only. In this case, less than 10 primary

photoelectrons are accounted for by an image element of area A , the

signal-to-noise ratio is in the range from 3 to 8 at input and from 2

to 4 at output. Note also that increasing the input leads to a sharp

rise in energy value of information since increasing the input

illumination by an order of magnitude will cause at best a three-fold

growth of information content in the output image. It has been always

understood intuitively - it is not without reason that a heuristic

rule recommends to expose photomaterials up to D*l only.

Thus, we have obtained the relations that enable us to take into

account the transfer function and to evaluate the data rate in a real
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optical channel with noise depending on the input illumination and

the method of output image readout. These relations are very impotent

for practice and allow one to find optical conditions for received

and recording optical images and to estimate an accuracy of

reconstructing the input image by the output specific applications.

However, we need also a parameter that would uniquely

characterize our measuring-recording devices, on the other. In order

to undertake this last step we return to Fig. 2 and notice two

following things. With increasing input signal we have, first (whi

natural), growing information density and, second, (A (3 )OTjt"*
0-5- J t

means that if the transfer function K(W) and the system noise,

characterized by entropy power Q or dispersion a in the normal

distribution, are known the maximal information density, i.e. the

channel capacity C, is determined by limiting input illumination

E . (Note that strictly speaking the expression obtained for themax ^̂ ^
signal-to-noise ratio, E /20=A/£|X, is valid only for not very long

exposure t). By taking into account that at high input illumination

(A/P) t~
0-5 a n d using (30), we obtain for image converter tubes:

C = 43 o log
P2 *n*

w*2 20
bit/cm2 (33)

It is, in fact, the parameter that in combination with energy

value of information quite fully characterizes optical

measuring-recording devices the capacity of which is governed by the

image converter tube.

3.2. Let us consider the information capacity of film that is a

long-term storage in optical systems. Due to a granular structure of

the developed picture the blackening readouts may, in principle, be

taken averaged over an area AS=AxAy. The last may be small enough but

always bounded below by a value of the restoring error

§S/S=G(D)/A7(D), where A=VT3,7=D»(lg(S)) is the contrast, D is the

blackening, and G(D) is the granularity factor. Figure 3 shows a

behavior of the function G(D); also here are given tho approximated

curves of G(D)/G(0.1). Besides, the figure presents values of

relative error 5e/6 calculated depending on D by using data from [9]

3Note that here G(D) Is normed so that the equality 5e/e=G(D)/Ay(D)
to be fulfilled without additional numerical coefficients.
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on the KODAK 4X film developed for 7=1. Note that at blackening

D>0.8 the both 8i/S and G(D) are practically constant. A sharp

rise in 5e"/£"=<?{D)/Ar (D) for D < 0.2 occurring simultaneously with

decreasing G(D) is caused by that, the function 7(D) falls off

quicker than G(D) as D -> DQ
4. Note also that in the region 0.8 ^ D $

2.5 the contrast 7(D) » const. Thus, on the "linear" segment of

the characteristic curve D(lg(8)), i.e. where 7*const, the

reconstraction error 6£/£ depends only on A and not on 8.

Therefore, if there is sufficient power, a picture should be projected

on the photolayer with the enlargement M so that A/f3 » 1 (respecti-

vely, K«*l) while D > 0.8. In this case the signal-to-noise ratio is

s 7 A
L = g " —

Now we shall find an effective value of signal-to-noise ratio when

i.e. evaluate L . As is known, softening of high spatial contrast is

determined by light scattering in photoemulsion. In the one-dimensio-

nal case, the illumination in the scattering pattern is described by

the so called dispersion curve which, in fact, is the transfer

function of photolayer, i.e.

P
(35)

where 6 is the FWHM. By using the Fourier-transformation we ob tain

the transfer coefficient

K(0))=exp(- j-) (36)

and the contrast transfer function

K(f)=exp(-icpf) . (37)

Now, according to (14) we obtain

*Pf ftp iJ ' <38>4A

4Do is the blackening of a developed but not exposed photolayer, i.e.

the blackening of the so called fog.
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and then

4A-J •

In the two-dimensional case the spread function g(r) may be obtained

by using (19). In has the form

P
g ( r ) = 1—~a TT77 { 4 0 )

4 7 C [ r 2 + ( j 3 / 2 ) 2 ] 3 / 2

By a n a l o g y w i t h t h e above c a l c u l a t i o n s we o b t a i n K(G)),K(f ) , £ and L :

J (41)

K(fx,fy)»exp[-xp A t \ fy ] , (42)

icj3

J (43)

a= "G e*P[- 33-J •

The expression (39) and (44} are used to write down the formulas for

for calculating information capacity of film in the one- and

two-dimensional cases, respectively :

H = i Q loga^.exp[- ^ JJ bit/cm, (45)

r7& , icp n
H = -2Q log2^-g-exp[- ^ JJ bit/cm% (46)

How we use the relations obtained to find out how entropy of unit area

cf optical image H, the energy value of information, S/H, and infor-

mation contained in an "average" readout with step A depend on the

parameter A//3. These curves are given in Fig. 4 for the FOTO-32,

FOTO-250E and KODAK 4X films ( Their characteristics are listed in

Table 1 ).

For these films developed up to a recommended value 7p ,middles
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of "linear" portions of the curves correspond to the blackening den-

sity D=1.5. Initial illuminations at the boundaries of the linear re-

gion 0.8 < D < 2.5 differ by more than two orders of magnitude which

ensures the above functions to exist in the argument variation

range 1-50.

Let us turn back to Fig.4 and discuss main conclusions of our nu-

merical study. First, we compare the curves corresponding to FOTO-32

and FOTO-250T. This pair of films is interesting because with the same

contrast 7 the half-width (3 of spread function and the granularity

factor G for the first one are twice as small as those for the second.

Hence, it follows that the ration GA/7f3 is the same for the both

films, which means that their characteristic functions L (A/(3) and

1 are also identical. Naturally, due to this the data density on

FOTO-32 is four times as high as that on FOTO-25OT for the same ratio

A/|3. However, to obtain the same blackening density for FOTO-32 the

required exposure is six times as large, and to record the same

quantity of information we need 1.5 times as high power for FOTO-32

than for the very sensitive FOTO-250T film. Note that the so called

sensitivety numbers of these films differ more than by an order of

magnitude while energy concerned for recording the same quantity of

data-only by a factor of 1.5J The paradox is well known to

experimenters weasuring weak light fluxes - using a film more

sensitive by an order of magnitude yields accuracy of reconstruction

E(x,y) higher at best by 30 percent only.

Certainly, it is not so when the exposure is not sufficient for

obtaining blackening D^O.S on low sensitive film; in this case a gain

in using high sensitive photolayers may be appreciable.

Let us compare FOTO-250T and KODAK 4X. The first film has larger

FWHM of transfer function by 25 percent but its signal-to-noise ratio

is better by 12.5 percent. As a result, for these two films maximal

data density is approximately the same and in the reasonable interval

of A/|3 the difference does not exceed 30-40%, which is seen from

Fig. 4. The other thing is important here - the KODAK 4X film requires

twice as short exposure to achieve the same blackening. Therefore, to

record a certain quantity of information on the KODAK 4X film requires

two - three times as little energy in comparison with FOTO-250T. In

this case a minimal energy value of information for the KODAK 4X

photolayer is about 4 10~ erg/bit. Note, however, that when recording

with minimal energy values, i.e. with maximal data density one does
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not need exposing a film up to D=1.5 because in that case the number

of readout blackening grades is not high. At D=0.8-1.0 the energy

value of recorded information drops to (1-3) 10 erg/bit for best

films. It is by 2.5-3 orders of magnitude higher as compared with

electro-optical systems - the result is known and repeatedly obtained

by different researchers using different techniques. We should add

only that with this advantage the data density in electro-optical

systems does not exceed 1 Kbyte/cm , which at least by 1.5 orders of

magnitude is less then the maximal information density on films.

Finally, we should focus our attention on the fact that maximal

data density on the film is reached for A/(3<*2 (see Fig. 4); in this

case H(A/P=2) differs from H by 1-2% at most. Owing to this and by

using (46) we may obtain the expression for calculating H in the

form:
1 <->~o r »i -j

bit/cnT (47)
-™* 4p

2 -*—[ G e x p r i
Along with energy value of recorded data (e/H)min

=cn=n H
o

this parameter quite fully describes films. Naturally, we need values
of (3,7,G and these parameters will allow optimal recording conditions

to be found and an accuracy of reconstruction input images to be

estimated.

Let us discuss the results. By using the relations derived we may

calculate the data rate in real optical channels with noise, determine

the density of recorded data and the energy value of information

received. Our task was to obtain the output image with maximal

information about input image and we did not seek for conditions under

which the difference between input and output were minimal. We are

stressing - it is not the same at all, and our efforts have not been

wasted if only by using maximum information about input obtained at

output we achieve a minimal difference between original and

reconstructed images. Therefore, our next step is to reconstruct

original images.

4. Reconstruction of original images.

We consider the problem of reconstruction of original images. As

an accuracy criterion for comparing different restoration techniques

we use the root-mean-square error SEW^E) , whose square is
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X/2

JJ |Ein(x)Eout(x,|dx (48)

-X/2

by definition. Fist of all, we estimate an accuracy of measuring the

original illumination distribution when no mathematical processing is

carried out, and when taking output readouts ve simply assume that

_,fx)=E,,, . (x)*E. (x). We make a few preliminary remarks. If the
tcC Out. XIX

exposure T is given and the quantum efficiency \i is known, it is more

convenient to deal with exposures £(x)=E(x)T and the spatial density

distributions of emitted photoelectrons or activated grains of film

n. (x)=(iS.n(x). We recall that the last equality is satisfied only in

the average-here we are dealing with a random process in which

(J.£(x) act as expectation. Therefore, in particular, along with the

deterministic component
a

—<x

the output signal contains noise N(x), due to which the readouts of

outputs £ (x. )=£,(x. )+N(x. ) taken at points x. will not fall on

the curve £.(x), but spearing around it. Furthermore, the situation

when the window width of a readout device A >j3, will result in an

increase of systematic error, which must be accounted for by

introducing a total transfer gain K(0))=K_ (uj -iC-fti)), where K, (W) and

K_(U) are the transfer coefficient of the measuring and the reading

devices, respectively. By using the Parsevalle equation it is easy to

show [10] that the total error is
fc -, - — * — ~

(49)J
0

From this it follows that, first, the stochastic and systematic errors

are summed over as orthogonal vectors, and second, a minimum of the

function §6 (A) is reached for

* c i 1
£ m[i-K(f)rdf
in

if dS=S£(A).

At last, let us make a final remark. By using a set of readouts

£ t(x.) as the description of input distribution e(x) we introduce

another additional error. Indeed we have
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^ ) ] ^ J J
~* -X/2

only because, willing or not we calculate, in fact, the right-hand

side integral by the rectangle method. Naturally, this additional

error is appreciable for rather large Ax only.

Thus, we considered the error in measuring distribution of input

illumination in the cases when it is presented as a set of discrete

readouts and determined on what grid the measurement error is minimal.

In the conditions of high message redundancy (L»l,while 1/f »(3) no

other processing is usually required. Unfortunately, such a situation

is not typical for experimental physics, and it means that if we want

to reduce the measurement error an inverse problem of

reconstruction the original illumination distribution by basing on

output must be solved.

4.1.So information on the input %, in this case E(x,y), is

contained in a set of outputs Y. Our task, is to reconstruct X by

basing on Y, or more exactly, to find an approximate description of X,

i.e. a model of %. Determining a model includes two tasks: choosing a

class and selecting an individual model in the given class. Usually

two methods are applied: either a basic regularization scheme of

A.N.Tikhonov [IS] is used or a solution is sought for in the

parametric form while the parameters are determined in comparing

them with the set Y, e.g., by the least square method.

The class of models is a set of functions ZM given by the number

of parameters M. If it is known that implementation of 6 »(x.)

contains N readouts with dispersion 0 for each, we may estimate a

critical value of error Se (N,M,(J ) by using values of M,M and <J .

value of Ss is determined either by basing on some or other criteria
cr n

of testing the statistical hypotheses (the Fisher criterion, % and so

on) or by proceeding from the data quantity contained in the output

image and describing the input image. The model £ r e s(
xKZ Mis called

comparable with the set Y if the condition p(S ,£ «.K§£ is
' * app out cr

satisfied, where eapp(x)=JSrec(x' )g(x-x')dx', and P(£app,Sout) is the

mean deviation calculated with £aDD(
x-) a n d £

Out'
x''' Incorrectness of

the problem consists in that there are models equally comparable with

Y but different from each other as strongly as desired. In this case

the simplest model is selected among them. The number of parameters

may act as a measure of complexity (or simplicity ). The
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regularization is reduced to choosing a model among those comparable

with Y, which is given by the minimal number of parameters, M . . If

< M . , the class Z^does not include models comparable with Y, i.e.mxn M
the models of class Z u are too crude, simplified. At M = M . the

to r m m

approximation error is about <3e . so that the quantity of information

about input image, which is contained in the output image, may still

justify the model complexity. Note that the situation becomes quite

different when a priori date about E(x,y) are known, then the answer

may be immediately found in the given class of functions.

Let us see how the above approach works if the solution is

presented in the form of the Fourier series. (In this case M is the

number of harmonics). By using the least square method we find the

coefficients of the a and b expansions, and determine both the
S __(x) and the approximation errorrec «-

(51)

Now two situations are possible : either §£;3TW>3sc or § e
a D D^ §£_ •the first case the class chosen by us does not contain models

comparable to Y in accuracy. In the second case such models exist.

However,having several solutions of the subclass of comparable models

we can give preference to no one and must, in fact, deal with the

entire set if no additional information that enables us to select only

one solution is available. Naturally, all the solutions for M>M .
m m

will prove comparable to Y too. It cannot be ruled out also that one
of them will happen to be closer to S. (x) than to S (x) obtained at

in rec

M = M . . However, it is impossible, in principle, to select this

"lucky" one out of a vast quantity of such solutions comparable with

Y. The matter is that more information is contained in "the details"
of £ (x) distribution obtained for M > M . than in S . «.(x) used forrec m m out*
reconstructing - a typical case of excessive accuracy. In reality the

restoring accuracy can be improved only if the set Y provides N »

readouts. It was shown [11,12] that in this case the reconstruction

error may be reduced by a factor of V N/2M.

Applying the regularization method of A.N.Tikhonov to

reconstructing original images may be illustrated in the following

way. Let us have the integral equation of the first kind

m nHL

-00

Then for any right-hand side e o u t(
x) w e solve, instead of (52),
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the variation problem of minimizing the functional

r °° i?
M ^ Je (xMg(x-x')dx'-8out(x)rdx +

L—oo -I
X , (53)

while the function Sa(x) that implements this minimum at a proper

choice of a is taken for the solution of equation (52). The first in-

tegral of (53) is the deviation measure, and the second integral is

the solution smoothness measure.Amplitudes and rates of S (x)will be

higher for greater values of the second integral.

4.2. For illustrative purposes we shall use computer simulation

of reconstructing images, comparing different reconstruction

algorithms and testing the reconstruction error estimation techniques.

Let E. (x) be the in put of an electro-optical system and let

E. (x)=E. +E. , where E. and E. are the constant and variable
in in in in in

components. The function E. (x) characterizing the photocathode

illumination is best seen in Fig. 5. Here we deal with a typical case

of photographing a hatched test object against the parasite light

exposure background. The only difference from typical conditions is

that the derivative E'. (x), and thus the critical frequency f , are

restricted. Before we get engaged in reconstruction, let us solve the

direct problem and obtain the so called "quasi real data" - a set of

readouts S ut(x.) taken from the screen image converter tube for

different apertures A=A + . For convenience we shall use the spatial

electron distribution density n(x)=(X£ (x). A principle of obtaining the

quasi linear data is known: we calculate a deterministic component of

signal equaled to its expectation and add the noise. In order to

obtain a set of M-sotIt(
x£) bY employing £in(x) it is necessary:

(a) to calculate x. at points of the grid with intervals A; the

expectation of electron number N (x.) in the aperture A is

A/2 oo
N (x )= (if dx|£. (x')g(x-x')dx'= ns(x )A=M[M (x.)l;
e x -A/2 -oo i n i e i

(b) to calculate a random value 8̂ ^ determined by the Poisson

distribution with unit dispersion, i.e. the frequency function
1

P(H=2a exp{-|£/a|}, where a=l//2;

(c) to find the number of "noise" electrons, N
en(

xi)» getting

into aperture A, i.e. the difference between the number of electrons
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per image length \ in quasi real experiment and their expectation:

Nen<V^i^<xi>Al1/2'
(d) at last, to determine the desired set

i : :

A A
Obtaining the set of quasi experimental data is the first part of our

task. Such quasi real data are of dual interest. First, this very

accurate model of output image makes it possible to analyze the image

quality depending on illuminations conditions, a type of input image,

the transter function, etc. Second, in solving the inverse problem,

i.e. output-based reconsruction of input, such a model enables us to

test and compare different restoring algorithms because we have a

standard for comparison - the input image is known accurately.

Let us make experiment. It is clear that it is interesting to

consider specific features of image restoration in the situation when

this operation is simply necessary, i.e. when the light flux is weak

and the 1/f value is of the order of j3. At the same time, the

requirements must not be too stringent not to make the measurements

sense less. In other words, the error must not exceed a reasonable

value, say, 10-20%. Let us try to determine such conditions.

First, we note that in this case it is necessary to have only

four harmonics of the Fourier series to describe the variable

component E. (x) accurate to within 2%. A smallness of this value in

comparison with an expected error gives ground to assume that f =4fn

and thus to calculate A =l/2f . Now we choose the ratio A/(3 close to

its optimum and take into account that, as it follows from information

estimate, the lower error bound is
f 31 cfc|3 2

6amin/ MieTexpf- - J J S [-j-] ] '
The written relations are sufficient to determine the conditions

of our experiment with a given error.By using the scale of Fig. 5 we

find that f^SOcm"1, Ac=6.25- io"
3cm and (3= i.2io"2cm. As is seen,

these conditions are a little worse than optimal in terms of channel

capacity but they are chosen so as to show more vividly an influence

of transfer function on the output signal. (A nature of arising

distortions is shown in the same Fig.5, where the curve E n v(
x) *s

Nevertheless, energy

high but exceeding
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3- 10~ erg/bit if the quan- turn output of photocathode |i=0.3. It means

that recording five lines of the test object requires input with

energy of 2.5-10 J only. Obviously, if the quantum output is, e.g.,

three times as worse the required energy will be three times as high.

In this problem formulation we performed computer simulation with

E. (x) as input (its parameters are given in Fig.5) and £
Q i r t (

x - ) an

output. We computed 6-8 sets of s
o u t (

x - ) for each value of A with

different noise in each case. (Some of output 8 ut(x.) obtained for

A=30, 20 and 4 |J,m are shown, respectively, in Fig. 6 A, B and C). Arrays

of SQUt(x.) entered into the reconstruction block, where the values of

£ e c(
x-) were computed by the regularization scheme with criterion X .

This procedure provide simulation along the entire data path including

the measuring-recording system, the readout device and the processin

and representation unit. The fact that information approach were n

used in the simulation software made comparison between the obtained

results and the information theory deductions to be correct, and their

agreement was considered an experimental confirmation of information

estimates and information methods developed by the author.

In Fig.6 we compare the restoring error and their components,

calculated by the above given formulas and obtained in experiment. The

reconstruction errors were calculated for the signal region %-2.
4 —1mm. It means, in particular, that at US (x)=2.4-10 cm we ha\e

LLS(x)=1.76-104. The curve 0 (A )/6=2CT f /£"=(|J.£A ) ~ ~ 1 / 2 given in Fig. 6 was

o c

calculated with this value of |ie(x).

Along with mean value of "measured" parameters experimental date

include the mean square deviations too. From the figure it is well
seen that ds. continuously falls with decreasing A while Ss stopsIT conv«
decreasing as soon as A becomes appreciably less than |3. The obtained

experimental values 5S./S=6/S and Qs«/8 fall on the theoretical curves

with good accuracy. Also in Fig.6 is given £out(x) which illustrates

the situation: for large A . (Fig.6A) the random error component is

small but the curve 8 t(x) is extremely smooth, and the total error

is great due to 5£ ; for small A (Fig.6C) the noise is very high

and so the total error is great; optimum (Fig. 6B) is achieved when

Ss is approximated equal to 5 e
c o n v. •

Thus, there is a certain value of the readout aperture A _ad, at

which the output £ t(
x) has the least deviation from the input, i.e.

S. (x). However, it is not this output that gives maximum information
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about the input. As it follows from the above, entropy of the readout

image H .=• H as A=»0. It means that for reconstructing the input

by basing on the output one should use as many readouts £ «.{x. ) as

possible, i.e. take them with small enough A, even if the accuracy of

each one is not high. That it is so we may easily see from the curve

$8 (A) given in Fig.6 or from the reconstructed input 6 (x) shown

in Fig. 6. Here the relative error 8s (A)/£«0.15 although 5sTT/8"=0.5.

4.3.Let us discuss the results obtained. First, we shall try to

understand why for reconstruction it is better to have as many output

readouts as possible, even if they are inaccurate, than to have fewer,

but more accurate readouts. What is the physical sense of this

information paradox - an apparent contradiction to common sense? TO

answer this question we consider an extreme situation. Let us take the

output readouts with step AX«l/n(X). (By the way, it is done

sometimes for very weak light fluxes. ) Then, a set of readouts will

consist of zeros and unities only, answering the question whether

electron ( or a grain of the film) exists or not in the vicinity Ax of

coordinate x.. In this case we shall not seek for a value of n(X) in

the form 1/AX which is senseless; we simply down the coordinates where

electrons (or grains) are found out. In this extreme case we count all

the electrons that generate the output image and, by indicating

coordinates of each, we readout all the information contained in tha

output image - exactly all, because there is no other as no other

electrons are available. It is, in fact, an underlying reason why the

restoring accuracy grows with decreasing step of readout. Obviously,

the record consisting of zeros and unities does not allow sometimes

clear representation of £ •(*), because we go over as if from

amplitude to phase modulation, but it is not required at all. We need

data only for reconstruction S. (x).

How far shall we go in reducing the readout step? Advancing in

the region of small A is not quite harmless - the readout time increa-

ses, the data arrays grown meaning that the transfer and processing

time grows too, etc. The prescription here is obvious: to avoid

additional losses of information at readout the power loss factor of

the readout device K. must be close to unity. As is seen from Fig. 6, in

our case it is sufficient to take readout with A by an order of

magnitude less then |3. Of course, we may go on with decreasing A, but

the gain in accuracy will be less then spread from implementation.
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Now, we shall turn to estimating the reconstruction accuracy. As

it follows from Fig. 6, at the great number of readouts per the

parameter to be determined, N/M=A_/A __^, the both methods of accuracy
c reaa. ._ _ ^

e s t i m a t i o n , i . e . 6S ^ £ S£r, (2A/A1 ' * and 56. . . , . ^ 8/L , a r e
rec ). c rec

acceptable and yield agreeable results differ between themselves and

from experimental data less than by Is*. For small samplings, i.e.

small N/M, the information estimate S8 £ S/L better agree with the

set of experimental data. But, to our opinion, other thing is more

important - equidistance of curves §S (A)/S and 1/L (A) graphically
rec

confirms not only validness of our information estimates but their

correctness as well. It would seem that since the information theore

is a brunch of mathematical statistics one consider it strange when

different methods of statistical estimation may yield different

results, so there is no need in such experimental confirmation. It

would be true if all representation and ideas of the information

theory - first of all, the idea of C.Shannon on applicability of

conservation laws to information were substantiated by strict

mathematical proofs and did not follow from the intuitive vision. It

is on such ideas that our estimates of reconstruction accuracy are

based. For example, the relation ^ e
r e c/

e £l/L was obtained simply by

proceeding from the idea that the reconstructed image cannot contain

more information about the input image than that contained in output.

(All the rest is only techniques). This is why (among other things)

feasibility of extending the ideas and representations from the

information theory and the statistic communication theory to the field

of optical images needed in calculation and experimental

confirmations, and such confirmations have been received. Finally, let

us mention the publica- tions [13,14] where the lower bound of

restoring accuracy is obtained by using Kolmogorov's idea on £-entropy

[15]. In contrast to this paper, the authors of [13,14] do not

consider the methods of calculating entropy of the recorded array (it

is assumed that information contained in the right-hand side of the

equation on the integrand function is known or evaluated), They seek

for the minimal error to occur in the solution if the used algorithm

is best. Note that if the upper bound is an error for a specific

algorithm of restoring then the lower bound is an actual accuracy

limit. It is natural that the both estimates converge in the optimal

case.
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5. CONCLUSIONS.

The results obtained have been repeatedly discussed in detail and

in various aspects throughout the paper. Here we restrict them selves

only by listing them briefly.

1. Applicability of the information theory tools to analyzing

optical systems and estimating the images generated by them has been

proved for the cases when the images are not objects of direct visual

perception but used as input data for mathematical treatment with the

purpose to reconstruct a spatial distribution of input illumination or

luminosity of radiation sources.

2. Algorithms have been constructed and methods developed for

calculating the information entropy of optical images with involve-

ment of real parameters of measuring and recording systems as well as

spectral properties of optical input signals and channel noise.

3. It has been shown that entropy of output image (information

about input image, contained in the output image) minus entropy of

noise uniquely determines the error of reconstruction the input image.

It proves the channel capacity, i.e. maximal data density, may be used

as the criterion that determines objectively the capabilities of

measuring-recording systems.

4. The relations have been obtained for evaluating the data

capacity of electro-optical measuring devices and information capacity

of films.

5. The conditions for readout of output images have been found,

the reconstruction algorithms considered and the validness of

information estimation of reconstruction accuracy proved, i.e. it has

been shown that the relative error of reconstructed image is

f
f l 'c ^
J — ; m|K(f)|df I
*• fc >

0

6. A minimum of parameters of measuring-recording systems (p, 5,

\l and E_ax) has been determined to provide calculating the channel

capacity or entropy of output image.
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Fig. 1 Channel capacity as a function of the effective
signal-noise ratio.
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Fig. 2 Optical channel capacity (image intensifier tube)
as a function of A/8 ratio.
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Fig. 6 The reconstruction accuracy of the input spatial
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SPACE-TIME TOMOGRAPHY PROBLEM

FOR PLASMA DIAGNOSTICS

Yu.N.Dnestrovskii, S.S.Lyadina, P.V.Savrukhin

I.V.Kurchatov Institute of Atomic Energy

Moscow

USSR

Abstract.

A new approach to the tomography data processing in tokamak

is proposed. Combined space-time procedure allows to reconstruct

a self-consistent space-time plasma distribution. A regularized

method uses an optimal adaptive filtration procedure on large

spatial-temporal statistical base. It allows to increase the

reconstruction accuracy in comparison with any techniques in

separate time cross-sections. The use of spline fitting in time

ensures the smooth temporal evolution of the reconstructed

image.
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1. INTRODUCTION.

Tomography reconstruction of spatial plasma parameter

distributions is effective tool to study an internal plasma

structure in toleamak.

Adaptation of the tomographic methods to fusion diagnostics

has some difficulties. The main of them is limited number of

chords and view directions. Otherwise physical tomography has

some additional opportunities to use a different 'a priori'

information, the condition of continuous time evolution of the

reconstructed image in particular.

If some fusion diagnostics maintains rather high time

resolution, it is possible to use all the statistical

information, contained in the total 3-D experimental data array

for regularization of the procedure and for reliable space-time

image reconstruction.

2. DIAGNOSTIC SYSTEM.

The proposed combined algorithm for tomographic processing

of the spatial-temporal experimental functions has been

developed for SXR-diagnostics with high time resolution on T-10.

It allows one to reconstruct 2-D emissivity space structure and

to study its time evolution.

The observations were performed in three view directions

located at 60° with respect to each other (Pig.1). Diagnostic

system description is given in [1,2] in detail.

The time traces of the registered signals along a few

chords are given in Pig.2. The time resolution of 10 |JLS has

allowed us to study the processes of rapid plasma structure

rearrangement during internal and major disruptions in tokamak.
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3- CORiaCK TOMOGRAPHIC METHOD.

Experimental • data tomography processing allows one to get

the local spatial SXR-emissivity or some other plasma parameter

distribution g(r,d,t) from the set of integral projections

f(p,<p,t). The function f(p,ty,t) is produced by integrations of

g(r,B,t) along the view chords L(p,ty) (Pig.3):

= S g(r.B,t) <n cv

The equation (1) is named as Radon transform. Tomography

problem is to invert the Radon transform at noisy experimentally

measured function f(p,<p,t). This problem is ill-posed. To solve

this problem one needs to apply the regularizat ion methods and

to use a different additional fa priori1 information.

Proposed spaoe-time tomography processing is based on

classic Cormaok inversion [4-6], using the expansion of the

solution into trigonometrio Fourier series in angular component

0 and expansion into orthogonal Zemioke polynomials Rj-j(r) in

radial component r*.

For the emissivity function in the polar coordinate (r,d)

one has (Fig.3):

a
 r cos sin

g(r,Q,t) = Y, [BJH (r>t) Cos md + g^ (r,t) Sin mB\ (2)
m=0

The projection function f(p,ty,t) has the similar

expansion:
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008 sin

f(p,ty,t) = 2 \fm (p,t) Cos mfy + fm (p,t) Sin
m=0

Here p is the impact parameter, (|) is the angle

characterizing the slope of the view direction (Fig.3).

In this case radial functions g^(r,t.), fm(p,t) are

connected [4] by the integral equations:

8J*) Tm(p/r) r dr
j ^^=z (m=O,...,M), (4)

where Z^Cp/r^ are the Chebyshev polynomials of the first kind.

By this way 2-D problem (1) is separated into a set of 1-D

problems (4).

The number of view directions determines the number of

angular harmonios (U+1) retained in the expansions (2),(3). In

the case of two view directions on (E-10 (^=0, <Ĵ =1C, <j)3=7C/3,

<j) =4ic/3) the terms with m=0, Cos6, Sin6, Cos 26 are retained

in the expansion. The third view direction adds projections with

<|>5=2TU/3, (})g=5TC/3 and the terms with Sin 29, Cos 3&.

The expansion of the solution into trigonometric Fourier

series in angular component is very convenient for data

processing on tokamaks for following reasons:

- it allows one to limit a number of angular harmonics at

the small number of view directions by the natural way;

- it is convenient for reconstruction of g(r,Q,t) -

functions defined in the circle;

it is natural for plasma MHD-instabilities

representation.
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To resolve the integral equations (4) the Cormack method

uses two 'adjoint' systems of orthogonal functions for expansion

of gftd",*) and f-,(p,t) in radial coordinates r and p. It

proposes to use the Chebyshev functions of the second kind for

fm(p,t) expansion and the Zernicke polynomials for g-(r,t)

expansion [53:

L 2

fn(p,t) = V. CLn-iCt) Sin (w. + 21 + 1) arcoos p (5)
(Til + 21 + l)

I
ZanCtJBrtCr) (6)

1=0

where

7 k
1 (-1) (M + 21 - H)! rn+Pl-Pk
2 ^+dl 2R (7)

k=0 k! (m + l " k)! (l~k)1

are Zernicke polynomials.

It is seen from (5)-(6), that the expansion coefficients in

these series are connected by simple expressions.

The standard scheme of Cormack method consist in three

stage:

- the expansion of the projection function ' f(p,<p,t) into

Fourier series in angular component <|) at a given value
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- the least-square approximation of derived functions f-(prti)

by Chebyshev functions with help of equation (5).

coefficients a^Ct ^) obtaining;

- the calculation of the solution g(r,t) by means of (2)-(6).

The main advantage of the Cormack method is connected with

the use of the orthogonal expansions, simplifying the processing

and rising the reconstruction accuracy.

There are some relative disadvantages of Cormack method:

1. The Chebyshev functions of the seoond kind are

orthogonal with the weight function w(p)=(1-pF )~"* ; it is

equivalent to the special measurement error dependence on the

impact parameter p :

( 0 £ p £ 1 ) (8)

If under the real experimental conditions such a dependence

is different from (8), then treatment has to use the non-optimal

weights. It decreases quality of obtained statistical estimates.

2. The Zernioke polynomials may be non-zero at the plasma

boundary: K--,(1) £ 0, therefore the fulfillment of the condition

g-J[1tt)=0 needs an improved measurement accuracy near p=1.

It needs to note that the direct numerical solution of the

equations (4) is very sensitive to noise near r=0 at high m.

It happened due to ill-posed nature of the equation (1). Using

the Cormaok method we transit the difficulties to the summation

problem of the expansion (6). It will be discussed in the next

sections.
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4. DETAILS OP CORMA.CK METHOD APPLICATION

TO PLASMA DIAGNOSTICS IN TOKAMAK

The application of tomographic Cormack method to plasma

diagnostics in tokamak is complicated by some peculiarities oi

experimental installation. At first it is limited number of view

chords and their non-regular arrangement.

A typical shape of integral projections for two view

directions on T-10 is given in Pig.4a,b.

Having a non-regular spatial arrangement of the measurement

channels and small number of them, one needs to do an anoillary

interpolation of integral projections between view chords to

calculate the experimental dependence f^P^i^ at arkitrary

value p . We have used a piece-wise linear interpolation in all

the ranges, except the first and the last ones. In the
v

peripheral ranges the interpolation of a special form has been

used. It is ohosen by means of simulation for a minijnum of

artifacts, produced by Zernicke polynomials at the

reconstruction boundary.

The comparison of the Pig.4 and Pig.2 demonstrates, that

temporal dependences of the measured signal ("Pig. 2) are

registered by better sampling than spatial ones (Pig.4).

Therefore temporal experimental functions are more informative

than spatial ones for signal-noise separation problem, which is

substantial component in the tomography processing.

A typical shape of the function ftn^'^l^ ^ :fao'fcor

fs(p,t*) at the angular harmonic Cos (|) ) is given in Pig.5«

The radial functions fm(pft^) at a fixed value t^ are to

be fitted by Chebyshev functions of the second kind. This

problem is being solved by means of regression analysis. The
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quality of produced statistical estimates depends on the amount

of used statistical data. In this connection spatial

experimental data processing in a separate time cross-section

with a small (N=5-15) number of view chords in each direction

meets with the following difficulties:

1. An optimal length L in expansion (5). (6) is being

determined by means of several criterions for statistic

hypothesis testing, Fisher's criterion for example. Under given

conditions all these criterions have a low power.

2. At a rather complicated plasma structure the adequate

statistical estimates for a^-t coefficients, given by the

standard regression analysis in a separate time cross-section,

are very sensitive to noises.

3. To be fitted values fm(P'ti)
 ax'e not ^iie measured

values, being linear combinations of the measured ones. In this

case quantities fm(Pj>t^ can rather strongly correlate with

each other due to forced interpolation of spatial projections.

It decreases further the quality of the statistical estimates.

In this connection all the construction of a

statistically-based method for choice an optimal regularization

parameter ( the central point of the processing ) and an

obtaining of the stable estimates for solution parameters have

not the sufficient statistical base in a separate time

cross-section.
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5. SPACE-TIME PROCESSING.

A combined algorithm for spatial-temporal experimental

funotions processing will be designed in this Section. It uses

all the statistical information from the total (pfty,t)-

experimental data array for regularization of the procedure.

The main ideas of the space-time processing:

- the use of the stabilizing factor technique

for regularization of the summation procedure;

- the statistical analysis in the time traces

of spatial expansion coefficients O-iftJ

for determination of the optimal stabilizing factors.

Central point of the processing is the summation procedure

in the expansion (6). Here the essence of starting ill-posed

problem (1) is being exhibited.

The registered experimental data are noisy:

. (9)

Therefore instead of the true coefficients cmj(t) some

perturbed coefficients

o^ft; = cml(t) + %l(t) (10)

take part in the series (5) and (6) summation.

Here Cm^(t) is the true value of the expansion coefficient,

is the perturbation of this coefficient.
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If perturbations ®ffc(t) of the registered signal time

functions are stationary Gaussian random processes, then the

perturbations of the coefficients Tlml(t) are stationary

Gaussian random processes too.

It is known [33, that summation problem of the Fourier

series with noisy coefficients a ^ is ill-posed. It means, that

small perturbations of the coefficients a ^ in Z^-norm can cause

unlimited disturbance of the summation result / and g in

C-norm. Such a procedure needs a regularization. The method of

stabilizing factors [3] is theoretically validated and has many

applications to regularization of summation procedures.

This method proposes to replace the sensitive series

(11)

with the series

I
where stabilizing factors

7

(12)

( 0 S qL(t) 1 ) (13)

ensure stable summation of the series (12). Here regularization

parameter 7 is connected with the level TJ of the

coefficients perturbations.
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It is proved [3]:

if the quantities ^m^(t)^O are growing in dependence on I

as I (£20), then summation prooedure of the series (12) is

stable;

in addition, if 7 -» 0 by T) -* 0, then sum (12) converges

to the true value of the series sum.

It means, that correction by the stabilizing factors is a

regularizing procedure [3].

Different sets of iimi^ produce a different regularizing

procedures. In particular case of random non-biased (TJ^Ci^O)

non-correlated perturbations ^mi^t) with variance at-, some

optimal values of stabilizing factors Qjai(t) m a v be derived.

At this optimal factors

is realized, i.e. the reconstruction error is the least one.

Here g£ e^ and g^ are the regularized and true series sums.

This optimal values

(1) °ml
correspond to

where O£T is the variance of the coefficient CL,-, on the

realizations ensemble, Ofa(t) is the mathematical expectation

for the square of the noisy coefficient aml(t).
iiv v
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Such stabilizing factors characterize a certainty degree of

each coefficient a^(t). If coefficient a^(t) has a low

ratio p^o^^/a^jd) (noise-to-signal ratio for given

coefficient), then the value qm^(t) * 1, and coefficient

d--j(t) takes part in the sum (12) practically without changes.

With a rise in ratio p the value qm^(t) decreases and

suppresses coefficient (X^t) in according degree. Non-reliable

coefficient a-7(t) with oz7 * a£7(fr,) has stabilizing" factorml MI Hit ^

qm^(t) * 0 and, as a result, has'not some influence on the

value of sum g^rtt).

Let us try to get some estimates for 0 ^ and a^^Ct)

under the real experimental conditions, when one has a single

realization of random processes.

Space-time processing method proposes to obtain the

statistical estimates for the values oj^ and C^^(t) by means

of statistical analysis in temporal traces of noisy coefficients

a^Ct). It is possible under the assumption, that registered

signals perturbations and, in consequence, coefficients

perturbations are some ergodic random processes. It means, that

their statistical characteristics, produced by an averaging over

the realizations ensemble at a given time moment, are equal to

the temporal mean produced by averaging over sufficiently large

temporal interval from the unique realization of random process

[73. This equality should have the probability closely spaced to

the unit.

An ergodio property of the processes is the main assumption

necessary for the proposed space-time processing. It is rather

natural property of real physical stationary processes.

A typical time trace of the coefficient d-j obtained by

fitting to the noisy radial function fm(p,t^) with Chebyshev
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functions separately for each time cross-section t, is given in

Pig.6. From Pig.6 one can see, that this coefficient undergoes a

steep change within the zone of internal disruption and is

quasi-constant within the stationary zones. It undergoes the

stochastic perturbations, caused by the noisy experimental data.

Variance of this perturbations is small for the low number

coefficients (Pig.7), rises with a number of radial harmonic

(Pig.8) and beoomes comparable with the mathematical expectation

for the high number coefficients (Pig.9). One should note, that

the variance growth with Z is not obligatory

strictly-monotonous.

The zones, where the coefficient a ^ is quasi-constant,

can be used for aj^ - estimation in prinoiple. However, we have

used a more universal approach: smoothing cubical spline

fitting by the cross validation method [8,9]. The use of the

spline fitting is very convenient for the analyzed time

processes representation, since it allows to describe adequately

the function, having a different character on the different

intervals of the time evolution (quasi-constant, oscillating,

steep changing).

Cross-validation method is the unique fitting procedure,

which does not require an 'a priori' assignment of the

perturbations level. !Phis method is applicable at a great number

of experimental points ( in our case a number of time

cross-sections is up to 8192 ). It uses the minimization of the

prediction error square for an estimation of smoothing parameter

optimal value.

The spline fits to the time traces of the coefficients

Qyni("t) obtained by means of the cross validation method are

given in Pig. 6-9- After building the smoothing spline
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up, an estimate of the variance az-r for each coefficient CL.7

can be obtained:

P 1 nt

H'1

Analogous smoothing spline fitting by cross validation

method to function dj^(t) produces a statistical estimate for

value.

After obtaining of the statistical estimates OZ7 and

the stabilizing factors q^|J(t) may be calculated. The

factors of this type are optimal for filtering a stochastic

component of the perturbations r^Ct). This factors correspond

to the potentially achievable regularization accuracy ( at a

true value o ^ and €fo(t) ) and lie on the boundary of the

procedure stability.

In real situation one has:

1) if number of view chords is small and ancillary

interpolation of integral projections is necessary, then a small

systematic misalignment in a mathematical expectation a^d)

in relation to the true value of the coefficient cm^(t) at high

Z is possible (Pig.10);

2) derived estimates for OC7 and djLj(t) include some

slight time sampling error.

In principle this two factors can guide the procedure

outside the stability boundary. Therefore in the real situation

stabilizing factors qj^'it) should be reinforced a bit for

suppressing of the systematic and sampling errors. We have

considered the following types of reinforced stabilizing

factors:
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a)

corresponding to

(2)
***<*> = —=r- '(U1) (19)

b)

corresponding to

(3) °ml

0?he factors of the types ql y and ql y differ from the

factors g* ̂ with coefficients (1+1) and (1+1) in the

£ mj- expression. Therefore they limit the values a^ at high I

more strongly and suppress effectively the systematic errors.

The numerical simulation ( Sec.6 ) has shown that the least

reconstruction error is maintained by the stabilizing factors of

the type qK J in the real detector configuration on T-10 with

the real level of measurement errors. These very factors are

used in the real experiment data processing.

Noisy values a^-^ft) are replaoed in formula (12) by the

smoothing spline fit c££(t) for the smooth time evolution of

the reconstructed image providing and for the reconstruction
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accuracy increasing.

The time traces of stabilized coefficients and stabilizing

factors are given in Pigs.7-9- One can see that the stabilizing

factors do not change actually the lower-order expansion terms

O_y. With a rise in the number of radial hannonio the

stabilizing factor decreases, retaining the dependence on the

current signal-to-perturbation ratio at each time point. The

stabilization produces the most limited values SzZ^^

permissible at a given level of their perturbations. The

stabilizing factors actually are equal zero for the higher-order

harmonics a^ statistically negligible at a given level of

experimental noise.

Thus , the radial component of the regularized solution has

the form :

8m(rft)= 2 qmi(t) a^(t) R ml(r) (22)
I

where the functions azfitt) are the smooth splines in time,
lib V

and the factors 0 < Qjni(t) ^ * ensure the stable summation of

spatial expansion. It is significant, that the stabilizing

factors Qmi(t) are in accord with the level of measurement

errors.

The study of time traces of the Pourier-Zernioke expansion

coefficients gives the criterion for optimal regularization of

the procedure and allows to get the smooth time evolution of the

reconstructed image. Note that a trivial smoothing of the

registered time functions does not solve these problems.
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Thus, space-time processing consist in three stage

1- to obtain the noisy time dependences

of the spatial expansion coefficients

by means of Cormac method

in each separate time cross-section;

2- to conjugate all the time cross-sections

- to get spline fit a^Ct) in time,

- to construct the stabilizing factors

- to construct the stabilized coefficients

3- to produce regularized solution (2)-(22) which is the

smooth spaoe-time image

The stabilizing factors procedure realizes the adaptive

filter selecting the valid signal and suppressing the noisy

component (Pig. 11). In fact this method takes into aooount the

real spectral properties of signal and noise . In comparison

with abrupt limiting of the radial expansions (ideal filter)

this method allows to suppress artifact oscillations of

reconstructed image at plasma edge.

Approximated fits to the experimental radial function

fm(p*t,), produced by the adaptive filtration and by the abrupt

spectrum cut-off, are given in Fig.12a,b. One should note, that

fit, given by the space-time processing, is somewhat different

from the result of usual least square technique in a separate

time cross-section, since it has been carried out in the class

of functions smoothly-conjugated with the adjacent time points.
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The main ideas of proposed method rise from the ideas of

optimal Wiener filtering [10] and local regularizat ion [11]. Our

approach gives practical method to get the statistical estimates

for analogs of signal and noise spatial spectral densities.

Space-time tomography processing is applicable not only to

Zernicke polynomials expansion, but to any other types of

orthogonal expansions in radial component, when different

expansion coefficients are determined independently of each

other and their time traces separate into independent processes.

The methods, using orthogonal system of Laguer functions [12,6]

or orthogonal system of Bessel functions [133• may be completed

successfully by means of space-time processing.

6. NUMERICAL SIMULATION.

The accuracy and stability of the proposed method have been

studied by numerical simulation on the complete space-time

model. In this case the test evolution has corresponded to the

real evolutions observed in experiment by a degree of

complexity.

Integral projections, calculated for test spatial-temporal

distribution, has been perturbed by random Gaussian noise with

given variance <r. The solutions, derived by different treatment

methods, have been compared with the true test distributions.

The reconstruction error have been estimated in lip-norm.

The contour plots for test distributions, typical for two

different phases of internal disruption on T-10, and those for

obtained solutions are given in Fig.13a,b. These images are

reconstructed using two view directions from the real detector

configuration with relative measurement error a=0.03. Normalised
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reconstruction error at these time moments is equal to 0.05 and

0.07 respectively. It is important, that the tomographic

reconstruction keeps the main topological structures of the test

function. The profiles in equatorial plasma cross-section of the

test function and those of the reconstructed one are given in

Pig. 14 for time moment to.

Pig. 15 illustrates reconstruction accuracy at moment tn

for an increased number of view chords ( N=85 ) in each

direction.

Time trace of the reconstruction error characterizes the

variation of the processing accuracy on different types of test

images and on different realizations of measurement noise. Time

traoes of the reconstruction errors for several detector

configurations and for several processing techniques at the

Gaussian measurement noise with the level a=0.03 are given in

Pig.11.

The ourve (3) illustrates the reconstruction error for

standard Cormack method, when summation of the series (6) is

executed without stabilizing faotors and the length of expansion

is non-optimal. One can see, that reconstruction error is great

and very sensitive to the particular noise realization.

The curve (1) has been produced by the space-time

processing with the stabilizing factors of the type gl 'afc the

real number of view chords ( N=14+5). It is of interest to

compare it with the curve (4), produced without stabilizing

factors, but with the true expansion length for the used test

function ( this value is unknown under practical processing ).

One oan see, that the spaoe-time processing allows one to catch

the real spectrum boundary with a high accuracy, even providing

the smooth time evolution of the solution. The filtering
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properties of an approximation procedure for time traces with a

large statistical volume are much better than those for spatial

traces with a small statistical volume. Therefore the curve (1)

is less sensitive to noise than the curve (3) and even less than

the curve (4).

The normalized reconstruction error at the curve (1),

dependent on the complexity of reconstructed image and on the

particular realization oX experimental perturbations, is equal

to 0.03-0.08. This error is mainly caused by a small number of

the view ohords. The increase in the number of spatial channels

up to 85 in each direction allows one to reduce the

reconstruction error three-times (curve 2).

Any regularized algorithm for ill-posed problem solving

must satisfy two requirements:

- the stability of the obtained solution on the correctness

class [3] for given ill-posed problem;

- the adequaoy of the corresponding integral projections to

the real experimental data.

As to our problem, Fig. 13-16 demonstrate the stability of

the solution, given by the space-time processing, on the

correctness class.

The adequacy of obtained solutions is controlled by the

time traces of the experimental signal in comparison with

approximated fit provided by the method (Pig. 17); these traces

are more statistically representative, than the spatial

projections.

In general case reconstruction error consist of two

components: random error, caused by the measurement noise, and

systematic error, caused mainly by the small number of the view
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chords. Fig.1S,19 represent time traces of reconstruction error

for simulation schemes with 0=0.03» N=(85+85) and <J=0.2,

N=(l4+5) respectively. Under such a condition systematic error

is small in comparison with the random one. In this case curve

(1) goes lower, than the curve (4), and advantage of the

spaoe-time processing is more pronounced. It means, that the

smoothing of time traces O^Ct) is an effective method to

eliminate just a random errors caused by the measurement noise.

Note that the reconstruction error tends to zero only in

that case, if both error components tend to zero simultaneously;

it means: o •* 0 and N •* oo.

The time traces of the reoonstruotion error at various

types of stabilizing factors: Q fQ tQ are given in

Pig.20,21. One oan see, that least reoons truo t ion error is
(2)maintained by the qK J-tactors; this very factors have being

used at real data prooessing. Pig.20 illustrates the rise of the

reconstruction error at instability of the prooedure; Pig.21 -

those at inadequacy, when too pressing stabilization for the

coefficients causes too simplified model for g(r,Q,t). In last

case solution gO*,6,t,) ^i3JS integral projections, fallen

outside the measurement error range in statistical mean.

Note that only spline fitting of the coefficients without

the stabilizing factors correction does not ensure the stability

of the series summation (Pig.20). It is due to statistical

accuracy of spline fitting, which is sufficient for Cf^j- and

Q^^Ct;-estimation and is not sufficient for more delioate

procedure of series summation.

The dependence of the reconstruction error on the level of

measurement noise 0 is important • characteristic of an

algorithm. Averaged in time values of the reconstruction error
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in dependence on a for several reoonstruction techniques are

given in Pig.22. Curve (2) is obtained without the stabilizing

factors using the test true expansion length, unknown under

practioal processing. This ourve illustrates the best

potentially achievable reconstruction accuracy, provided by the

standard Cormack method, using ideal filter at a small number of

spatial channels. All the statistical criterions for

determination of quasi-optimal expansion length give the

results, falling higher than curve (2). A rather modern

statistical Akaike information criterion gives the result

practically coincident with the curve (2). Space-time processing

(curve 3) gives a better result in comparison with any

techniques in separate time cross-section because of radical

expansion of the statistical sampling base, used for statistical

estimation (from 5-15 to 200-SOOO ).

The main component of reconstruction error at small values

of measurement error a is systematic error, caused by the

small number of spatial channels N. In this area the results of

both treatment techniques are converged (Pig.22).

Pig.23 demonstrates the ability of the cross-validation

method to spline fitting without fa priori' giving of the

perturbations level. The results of spline fitting and

stabilization for one of the coefficients a^it) at different

value G: o=0.03 and G=0.1 are given there. In this cases

smoothing spline parameter is equal 2.5 and 1000

respectively. One can see, that fitting procedure by

cross-validation method takes into account automatically the

noise degree of the data. It provides the more intensive

smoothing at a greater a.
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6. COMPUTER REALIZATION.

The solver for 3-D inverse tomographic problem has been

realized with IBM PC/AT/XT. All the stages of the processing are

visualized. One has an opportunity to memorize graphical images

and to display as a film a continuous plasma evolution in time.

The use of spline fitting for time traces of process allows one

to make this film in so much detail as you need. It is

convenient in the studies of fast plasma processes.

Some frames from the film on the time evolution of spatial

plasma structure in the act of internal disruption in low-q

regime on T-10 are given in Pig.24. Pig. 13,15 are the frames

from the films on the test evolution reconstruction. It is

possible to demonstrate the film on the oontour plots evolution

not only for the total emissivity, but for separate perturbation

modes too. A frame from the film about rotation of the first

perturbation mode in regime with high q on T-10 is given in

Pig.25. A film on simultaneous evolution of different

perturbation mode profiles is also possible (Pig.26). One should

note, that the expansion of a solution into Pourier series for

angular component is very convenient in the analysis of plasma

perturbation mode structure.

A set of space-time tomography programs is inoluded into a

system of experimental data processing on Tokamak-10. An

internal spatial plasma structure is studied with its help under

Ohmic heating and under ECRH.

The picture of internal plasma structure on T-10 in time

moment just before the major disruption is given in Pig.27. Data

processing at three view directions allows to reconstruct the

reliable m=2 perturbation mode growth before the major



disruption.

Different aspects of the SXR-tomography on T-10

(diagnostic system, tomography processing, physical results) are

represented in [1,2,14-18].

The complex space-time tomography processing is applicable

not only to the X-ray tomography, but to the data processing in

other non-local plasma diagnostics in tokamak, providing rather

high time resolution (interferometry, bolometer measurements,

etc.). It could be universal tool of physical tomography, i.e.

tomography of time-prolonged processes.

The reconstruction of the smooth self-consistent

spatial-temporal image is especially useful in the studies of

the transport processes and fluctuations in plasma.
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C O N C L U S I O N .

A new approach to the tomography data processing in

tokamak is proposed.

It allows one:

- to reconstruct the self-consistent

space-time plasma distribution;

- to use all the statistical information

contained in total 3-D experimental data array

for regularization of the procedure;

- to decrease the reconstruction errors

in comparison with data treatment

in separate time oross-section;

- to use a universal stabilizing factors technique

for ill-posed problem of summating

the Fourier series with noisy coefficients;

- to use a statistical analysis in time traces

of the spatial expansion coefficients

to obtain optimal stabilizing factors;

- to realize optimal adaptive filter according to the real

spectral properties of signal and noise;

to suppress artifact oscillations

of reconstructed image at plasma edge

in comparison with abrupt spectrum cut-off;
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Figures.

Fig.1. Detector configuration for SXR-diagnostics with high

time resolution on Tokamak-10.

Fig.2. Time traces of the registered signals for a few

chords of observation.

Fig.3« Coordinate system and geometry of experimental data

registration.

Fig.4- Typical shape of integral projections at the two

view directions:

1-interpolated experimental data

2-approximated fit

( Vertical lines indicate the view chords location )

Fig. 5. Typical shape of the function fm(P*ti) *°r one of

angular harmonics ( Costy ) :

1-noisy values

2-approximated fit

Fig.6. Typioal time trace of the coefficient GL, in the

spatial expansion of the solution:

1- noisy value

2- spline approximated fit

• 3- stabilized value
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Pig.7. Typical time trace of the coefficient CL,

at small I :

1- noisy value

2- spline approximated fit

3- stabilised value

4- stabilizing factor qmi(t) ( 0 4 qml(t) < 7 ;

Pig.8. Time trace of the coefficient QQ^ :

1- noisy value

2- spline approximated fit

3- stabilized value

4- stabilizing factor qmi(t) ( 0 ^ qnl(t) $ 1 )

Pig.9. Typical time trace of the coefficient CL.7

at high I:

1- noisy value

2- spline approximated fit

3- stabilized value

4- stabilizing factor qmi(t) { 0 £ qml(t) < 1 )

Pig. 10. Deviation in a^CtJ-function at high Z from the

true value of the coefficient c m 7 ^ ^ a* ^ e test processing of

non-perturbed data (it illustrates possible misalignment of

mathematical expectation for noisy coefficient (l--,(t) in

relation to the true value of the coefficient).
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Fig.11. Typical dependence of stabilizing factor q ^ and

the quantity £m^ on a number of radial Z- harmonic:

1- for the method with stabilizing factors according with

the measurements errors (adaptive filter)

2- for the abrupt spectrum cut-off (ideal filter)

Pig. 12a. Pit to the function fm(ptt^) for the angular

harmonic Sin <{> obtained by the abrupt spectrumm cut-off:

1- noisy values

2-approzimated fit

Pig. 12b. Pit to the function fm(pft^) lor the angular

harmonic Sin (j) obtained by the adaptive stabilization:

1- noisy values

2-approzimated fit

Pig.13- Contour plots of the test (1) and reconstructed (2)

SXR-intensity typical for two different phases of internal

disruption in a low q- regime on T-10 ( real detector scheme, a

= 0.03)

Pig.14. Profiles in the equatorial plasma cross-section of

the test distribution (1) and those of the reconstructed one (2)

under the conditions Pig. 13b.
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Pig.15. Contour plots of the model (1) and reconstructed

(2) SXR-intensity for an increased number of view chords (N=85)

in each direction and the measurement noise with a = 0.03.

Fig.16. Time traces of the test evolution reconstruction error

for different processing methods and different detectors schemes

at Gaussian noise with a = 0.03 :

1,2 - with the use of stabilizing factors:

1- for a real detectors scheme (14+5 channels)

2- for the increased number of channels (85+85)

3.4 - without stabilizing factors:

3- with a non-optimal expansion length

4- with a true expansion length ( unknown under

practical processing )

Pig.17. Adequacy of the obtained solution:

1- experimental signal

2- approximated fit given by the space-time processing

Pig.18. Time traces of the test evolution reconstruction

error for the inoreased number of the ohannels (85+85) at

Gaussian noise with a = 0.03 :

1 - with the use of stabilizing faotors

(space-time processing)

3,4 - without stabilizing factors:

3- with a non-optimal expansion length

4- with a true expansion length ( unknown under

practical processing )
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Fig.19. Time traces of the test evolution reconstruction

error for the real number of the channels (14+5) at Gaussian

noise with increased level a = 0.2 :

1 - with the use of stabilizing factors

(space-time processing)

3,4 - without stabilizing factors:

3- with a non-optimal expansion length

4- with a true expansion length ( unknown under

practical processing )

Pig.20. Time traces of the reconstruction error at

different types of the stabilizing factors:

1 - stabilizing factor q{ J

2 - stabilizing factor q* '

3 - spline fitting without stabilization

Pig. 21. Time traces of the reconstruction error at

different types of the stabilizing factors:
(2)

1 - stabilizing factor q J

2 - stabilizing factor'
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Pig.22. The dependences of the reoons true t ion error

averaged in time on the level of measurement noises for

different reconstruction techniques at real number of spatial

channels (N=14+5):

1,2- Cormack method at separate time cross-section:

1- non-optimal expansion length

2- true expansion length

(unknown at practical processing)

3- space-time processing with stabilizing factors

Pig.23. The results of spline fitting and stabilization at

various noise level: Q=0.03 and a=0.1.

Pig.24. Some frames from a film on time evolution of

contour plots for the SZR-intensity during sawtooth crash in

T-10 (low q - regime).

Pig.25. A frame from a film on the rotation of the first

perturbation mode in T-10 (high q - regime).

Pig.26. A frame from a film on simultaneous evolution in

the profiles of different plasma perturbation modes.

Pig.27. Internal plasma structure in T-10 at the time

moment JUST; before the major disruption. The image is obtained

by the 3-acpects measurements data processing.
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NUMERICAL OPTIMIZATIONS OF
PLASMA IMAGE RECONSTRUCTIONS
WITH SPARSE-DATA COMPUTER TOMOGRAPHY

N.IWAMA
Department of Electrical Engineering, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya 464, Japan

In computer tomographical reconstructions of plasma image, one often has to meet
poor experimental conditions of few projection data, strong projection angle limitations
and/or low signal-to-noise ratios, that may lead to the failures of the standard methods for
Radon inversion, namely, the filtered back projection method and the FFT method. One
has to study other numerical approaches from a basic viewpoint of solving the Fredholm
integral equation of the first kind.

One approach, which may be useful, is the fitting of series expansion models to
plasma image. The Radon transform of a model is a series expansion model of the
projection of plasma image with the same coefficients and with the Radon transformed
basis functions. The least squares fitting of the projection model to data is achieved by
solving a normal equation system on the coefficients, whose number may be expected
much smaller than that of data if the model is suitable. The obtained coefficients may then
be expected numerically stable, and the plasma image reconstructed by giving back the
coefficients to the image model may be good. With the Cormack type of expansion
model, this approach has been the most effective tool of numerical analysis for imaging the
MHD instability of tokamak plasma. A question remains, however, in optimizing the
basis function system, that is, in finding the best term number and further the best type of
basis function. In general, the increase of term number gives a decrease of the minimized
mean squares, and the more precise fitting to the specific data implies a tendency of higher
spatial resolution and lower robustness concerning the noise and the sparseness of data.
The reverse is also true. If a suitable type of basis function is used, this contradiction
between the resolution and the robustness will be optimally compromised with a small
number of terms.

Another approach is fully algebraic by starting with the discretized integral equation
S=LE; S and E are the vectors composed of the projection values at M detectors and the
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unknown plasma image values at K pixels, respectively, and L is a geometrical projection
matrix proper to the given imaging layout Then, the equation is "solved" either without
or with the least squares criterion. The matrix inversion and the ART (algebraic
reconstruction technique) represent the simpler class. The adoption of the criterion for
the purpose of gaining the robustness, however, should meet the ill-posed problem when
the number of data, M, is smaller than that of unknowns, K, and also when K is increased
even for K<M. The maximum entropy method can be considered as a technique for
regulating the solution with a guarantee of the positive values of plasma image. A
logarithmic function, which should be minimized with a given magnitude of mean squares,
leads necessarily to the use of nonlinear programming techniques and thus to the increase
of computation time. A problem remains also in finding the best value of Lagrangian
multiplier, and equivalently, the best magnitude of mean squares, that is, in determining the
regularization parameter for optimally compromizing the contradiction between the
resolution and the robustness. Answer is wanted also on the best choice of the type of
objective function, and generally, the type of regularization technique.

Surely, physical insights are important to answer. From a standpoint of
mathematical statistics, the above optimization problem in each approach may be given an
answer by the following neg-entropies: [I] the Akaike information criterion (AIC)
applicable to the basis function system optimization in the first approach; [II] the
generalized cross validation (GCV) applicable, in the second approach, to the optimization
of the linear reguiarizations of Tikhonov-Phillips type and also of singular value
decomposition type.

The AIC [1 ] is an estimate of the Kuilback-Leibler (KL) information quantity with a
difference of factor 2. In the case of the series expansion method of image reconstruction,
the information quantity is defined as a distance between the joint probability density
function of projection data and its model, which can be written in a Gaussian form under
the assumption that the residuals between projection data and their series expansion model
values are zero-mean mutually independent Gaussian. Then, the minimization of the
distance on the series expansion coefficients means the least squares estimation of the
coefficients. The minimized distance can be approximately evaluated on a sufficiently
good image estimate in order to get the following definition of AIC:

AIC(N) = M In e2+2(N+l), (1)
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where e2 denotes the minimized mean squares, and N is the term number of model. As the
monotonical decrease of s2 with the increase of N is cancelled by the second term, one
finds a minimum of AIC(N), for which the reconstructed image may be best with the given
type of basis function. With a more suitable type, a smaller minimum value of AIC(N)
will be attained at smaller N, and the resulting reconstruction will be better. This
application of the Akaike criterion to the image reconstruction was firstly studied on spline
function model for the soft X-ray MCP tangential observation and the visible light poloidal
observation of toroidal plasmas [2-3], and then, successfully made on the Fourier-Zernicke
and Fourier-Bessel models for the soft X-ray poloidal observation of the MHD instability
of tokamak plasma [4].

Another neg-entropy GCV [51 is a quantity similar to the Akaike final prediction
error of time series analysis, and its asymptotic equivalence to the AIC has been proved in a
special case. With respect to a linear regularization technique, the "prediction" means to
predict a projection datum value by numerically projecting the plasma image which is
reconstructed from all the other projection data. The difference between the predicted
value and the actual one is termed a prediction error. Its mean squares on every datum is
the quantity termed the ordinary cross validation, and also termed the prediction sum of
squares (PRESS). The generalization to the GCV can be made by finding a unitary
transformation so as to reduce the PRESS to a simple form without changing either the
least squares plasma image solution or the minimized mean squares. The reduced form is
as follows:

GCV(Y) = M |[I-A(Y)]S|2 / Tr[I-A(y)], (2)

where A(y) is a matrix transforming the projection datum vector S, as S'=A(Y)S, to its
estimate S' which corresponds to the regulated least squares estimate of plasma image: I is
a unit matrix, and Y stands for regularization parameters.

Now, when the entropy function is replaced by an objective function of Tikhonov-
Phillips type, the regulated least squares estimate of plasma image can be written as a linear
transform of data S. For example, Phillips' function/[V2E(r)]2dr to be minimized on
the plasma image E(r) leads, in the discrete scheme, to a linear transformation operator
including the Laplacian matrix C and the reciprocal of Lagrangian multiplier, y [6].

Another linear technique of regularization is a series expansion whose basis function
system is generated by the singular value decomposition (SVD) of the matrix L. That is,
the least squares solution with the minimum norm criterion can be written as an expansion
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of plasma image with the SVD generated basis vectors. Each expansion coefficient are a
linear transform of S and inversely proportional to one of the singular values oj's. The
enhanced contributions of nearly zero and noisy singular values of the ill-conditioned L
may be avoided by tapering the coefficient series with a window function, which should be
optimally designed for the well-compromised resolution and robustness. For example,
when one takes a window function of the form WJ(Y) = (1+y/Oj4)'1 for j<R, =0 for j>R, y
and R are regularization parameters to be optimally chosen.

For the Phillips function and the window functions defined above, the unitary
transformations required for the expression (2) are obtained by the SVD's of LC1 and L,
respectively. Once these SVD's are carried out on the given experimental layout, one
can easily calculate the GCV and also the plasma image estimate by using algorithms which
are free from any inversions of large matrices [6].

Analysis was made on a poloidal three-port layout which was designed for the Ha

radiation distribution imaging of a small tokamak as in Fig. 1. Numerical simulations
showed satisfactory behaviors of GCV and also PRESS as neg-entropies with respect to
mutually independent Gaussian noises, which were numerically generated and added to the
true projection values. Figures 2 and 3 which demonstrate the results of analyzing
experimental data may be useful to observe their behaviors and also to compare two
regularization techniques. For the datum number of M=600 and the pixel number of
K=900, the change of Phillips image estimate with y is well minitored by the GCV as in
Fig. 2(a). The y value which minimzes the GCV presents a plasma image displayed in
Fig. 2(b). In comparison with this well regulated reconstruction, the SVD regularization is
weak even when K is decreased to K=625 as seen in Fig. 3. The SVD plasma profiles
in Fig. 3(b) are much worse regulated while the obtained mean squares e2 is similar to that
of the minimum-GCV Phillips estimate. This observation for a superiority of the Phillips
method is supported by the smaller minima of two neg-entropies. Compared to the
Phillips method, the maximum entropy method was inclined to give a weaker
regularization, that is, less robustness and higher resolution.

On the same experimental data, it was found that the AIC failed in taking a
minimum as a function of term number N with respect to the spline function model [3].
With the increase of N, the AIC continued to decrease, and the plasma image estimate was
given unstable profiles especially at the boundary far from the observation ports. It was
also found that the coefficient matrix of normal equation system became ill-conditioned.
Meanwhile, numerical simulations showed that the situation was improved with less
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angular limited layouts, in agreement with the experiences of tangential observation [2] and

of poioidal observation aided with the plasma rotation and also with the suitable image

model [41. The failure of AIC in the present experiment might be caused by the failure of

the assumption of sufficiently good image estimation in the Akaike evaluation of Kullback-

Leibler information quantity.

The author would like to thank Prof. S. Takamura for useful discussions and his

support in acquiring valuable experimental data.

REFERENCES

[11 AKAIKE. H., IEEE Trans. AC-19 (1974) 716.

[2] IWAMA, N., TAKAMI, H., TAKAMURA, S., TSUKISHIMA, T., IEEE Trans. PS-

15 (1987) 609.

[31 SHEN, Y., TAKAMURA, S., IWAMA, N., KURODA, T., OKUDA, T., Kakuyugo

Kenkyu 59 (1988) 30.

|41 NAGAYAMA, Y., J. Applied Phys. 62 (1987) 2702.

[51 WAHBA, G., SIAM J. Numer. Anal. 14 (1977) 651.

(61 IWAMA, N., YOSHIDA, H., et al., Appl. Phys. Lett. 54 (1989) 502.

View Dump
Plate

FIG. I. Optical-fiber imaging system of the tokamak CSTN-IIL In each port, a sensor

rotatablefor 20 a-values was amounted at each of the positions of 10 Q-values in order to

get the lines of sight numbered by M=600. The dotted circle indicates the limiter position:

R = 40 cm, 0 ,̂= 10 cm, ap= 8 cm, Ip=lkA.
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FIG. 2 Phillips regularization. (a) Dependences of the GCV, the PRESS and the mean
squares e.2 on the reciprocal ofLagrangian multiplier, y. Inset illustrations show the
reconstructed plasma images for three values ofy. (b) Plasma image estimate at the
minimumofGCV(y=5.QxlO-3,e2=7.6). M=600, K=*3Qx30.

outside
of torus

FIG. 3 SVD regularization. (a) Dependences of the GCV, the PRESS and the mean
squares e2 on the window junction parameter y with R=567. Inset illustrations show
the reconstructed plasma images for three values ofy. (b) Plasma image estimate at the
minimum of GCV (y=l.Qxl(P, e* =6.7). M=600, K=25x25.
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Abstract

Modern optimization procedures will improve largely the quality of profile

reconstruction from noisy data. However, the minimization of errors in the chordal

input data should have priority. For ohmically heated discharges in the TEXTOR

tokamak with regular sawtooth activity, several methods are used to provide sets

of nearly noisefree data from multichord diagnostics like interferometry,

polarimetry, or SXR-emission analysis. (1) Signal components that are not

correlated with the sawtooth phase are eliminated by forming a coherent average

of a large number of sawteeth. (2) Signals from highly reproducible plasmas

positioned at slightly different major radii are combined to increase the virtual

number of diagnostic chords. (3) A relative calibration of the SXR-detector

channels is enabled by this horizontal displacement of the plasma column.

The benefits of these procedures are demonstrated by measurements of the

sawtooth modulation of the current density and of the Shafranov shift. The

generally assumed identity of surfaces with constant SXR-emission and magnetic

flux surfaces is reexamined.
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Introduction

The theory of image construction from blurred and noisy data, gained from

a finite number of observation channels, has made large progress during the last

years, mainly motivated by the development of computer tomography. Modern

optimization procedures (Bayesian methods) will largely improve the quality of

image or profile reconstruction from input information normally not adequate for

a sufficiently exact solution. In general, the input data are noisy and distorted by

caiibration errors and non-linearities in the detection system. Also, the number of

detection channels and their positions very often do not match the specific

geometry and the required resolution. However, instead of accepting these

deficiencies and trying to make the best out of the data by using methods of

modern information theory (e.g. principle of maximum entropy), it seems still

reasonable to reduce these sources of error as much as possible.

The paper describes methods for providing sets of nearly noisefree chordal

data for a subsequent inversion. For the latter standard techniques are used. The

finally obtained high resolution, demonstrated in the second part of the paper,

therefore can be attributed solely to the quality of the input data. A subsequent

analysis of the reconstructed profiles will allow a critical reexamination of the

assumptions generally made for the different inversion techniques.

Amendment of input data

In the quasi-stationary phase of ohmically heated sawtoothing discharges of

the TEXTOR tokamak measurements of the phase shifts and the Faraday rotation

angles of linearly polarized probing beams were performed by a 9-channel

HCN-interferometer/polarimeter and supplemented by measurements of the soft x-

ray intensities obtained by a 40-channel mode analyzer (fig. 1).
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a) Noise reduction

In the following, we assume, that nearly all details of a stationary phase of

the discharge are sufficiently well described by a single sawtooth cycle. Therefore,

by forming a coherent average of a large number (100 - 300) of sawteeth

measured in 3 - 4 consecutive shots, all signal components that are not correlated

with the sawtooth phase are eliminated. By an interactive computer program, first

the times t; of occurrences of the crashes are determined and averaged to get a

period rs = t i + 1 - tj. After discarding non-representative sawteeth, the remaining

intervals are divided into 100 equidistant times tik = tf + k(t j+1 - tj)/100, and the

signal amplitudes S(tik) are calculated by interpolation between the actual data

points sampled next to t ik. Finally, signal values with common index k (i.e. with

the same relative location in a sawtooth cycle) are summed and combined from

several shots. In fig. 2 a comparison of SXR-signais before and after the

application of this procedure is shown for the ten central channels of the mode

analyzer. Note, that the same averaged sawtooth is displaced repeatedly. A

reduction of the noise by about a factor of 10 can be seen. Especially the details

of the sawtooth inversion near the q = 1 radius are only detectable in the averaged

plot. On the other hand, any poloidal dependence during the crash itself as well as

pre- and post-cursors are eliminated.

b) Creation of virtual chords

The use of newly developed detector arrays for emission spectroscopy

enables measurements with high spatial resolution. By contrast, for active beam

diagnostics like interferometry and polarimetry, a Tokamak does not offer

sufficient access for a large number of channels. Therefore in TEXTOR, signals

from highly reproducible plasmas positioned at slightly different major radii have

been combined to increase the virtual number of chords. As an example fig. 3

shows a phase shift profile measured by the HCN-interferometer. Here the plasma

is shifted in steps of 1.5 cm from its central position (solid dots). Virtual chords

are created at larger (smaller) radii, if the plasma is shifted to the high (low) field
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side. The solid line is a spline interpolation solely of the points of the central

position. The points belonging to the shifted positions do not deviate from that

graph, indicating that the profile is not deformed by the shift. In order not to

change the minor plasma radius, only limiters in up-down positions must be used.

The current density on axis should be kept constant by varying the toroidal field

BT (in the laboratory system) like ABT/BT = 2AR0/R0.

The high shot-to-shot reproducibility needed is achieved on TEXTOR by

conditioning and carbonizing the wall very carefully. In order to account for

residual shot-to-shot variations, especially induced by the horizontal displacement,

the signals have to be normalized to the area below the measured profiles by

integrating the output of all chords.

c) Relative calibration

The horizontal displacement of the plasma column enables also a relative

calibration of the SXR-detector channels, which is otherwise quite a problem due

to the lack of appropriate radiation sources for that spectral region. The segments

generated by adjacent SXR-detector channels overlap in a graph like fig. 3. A

fitting routine applied to these segments results in a list of calibration factors (fig.

4). The calibration has been repeated several times with different radiation filters

and different plasma conditions. No essential drift of the calibration factors was

observed. Systematic errors {channel 32) are easily detectable. The variance of the

calibration factors proved to be too large as to be tolerated in the subsequent

reconstruction. Of course, the set of calibration factors is useful also for non-

averaged data obtained from a fixed plasma position. An absolute calibration is

performed by observing the SXR-emission filtered by identical foils with Li(Si)-

diodes.
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Applications

By coherent averaging, phenomena in the plasma center could be observed,

which otherwise were nondetectable. For example, in fig. 6 the sawtooth

modulation of the electron density, the current density, the q-value on the

magnetic axis, and the sawtooth-modulated shift of this axis are shown. In the

corresponding polarimetric raw data, sawtoothing is totally concealed by noise

(Fig. 5). Only the interferometer provides a signal sufficiently noisefree for a direct

detection of the modulation of ne and for the "lock-in" timing of the Faraday

rotation measurements. The observed shift of the magnetic axis, induced by the

sawtoothing plasma pressure, amounts to not more than 1 °/oo of the plasma

diameter. We believe the fine structures on that signal to be artefacts which often

arise near the resolution limits (for further details see IM).

The effect of a combination of the three methods described above is shown

in fig. 7. Since profiles of ISXR do not reproduce the achieved accuracy sufficiently

well, fig. 9 shows the deviation 'SXR^-'SXR where 'SXR
 i s t n e t ' m e average of

lSXR(t). The signals from the two arrays in the overlapping central region differ by

about 1 °/oo of the maximal 'SXRW* The ' o s s °* symmetry at t/rs = 0.95 (i.e.

about 1 ms before the crash) coincides with the occurrence of precursors in

fig. 2a.

Under the assumption of circular flux surfaces with a parabolic Shafranov

shift 6{x) = <J0(1-(r/a)2-5) both sides of the lSXR(R)-lSXR(R)-distributions were

inverted independently to get the differential emissivity e(r,t)-e(r) of fig. 10. The

input error of 0.1 % has increased to about 1.0 % by the inversion procedure. A

similarly perfect symmetric reconstruction has been obtained for SSXR only for flux

surface radii larger than rt as shown in fig. 8. Thus, the condition of constant

emission on a given surface is surprisingly well fulfilled for all radii in the case of

-7 but only for r > r-, in the case of eSXR.
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The deviation from constant emission as indicated by the corresponding

non-symmetric s-profile in the region r<r1 is a matter of major concern to us. Of

course, if we allow for circular flux surfaces with a non-monotonic dependence of

the Shafranov-shift S, contour lines of constant emission may easily be

constructed. For example, an inversion method proposed by Gottardi 121 yields an

anomalously large excursion of 6 in the region 10 cm <r<5cm, which would be

compatible only with a hollow pressure profile (in contradiction to the observation

of peaked density and temperature profiles). Systematic errors produced by our

data handling methods must be excluded, since in that case regions of perfect

symmetry as described above would not have been obtained. Also, external

sources (liner, limiter) cannot contribute to the observed intensities, because the

lSXR-profi!es measured in displaced plasma positions are congruent.

We conclude, that for a region of some cm width inside the q = 1 surface

the SXR-emission is not constant along magnetic surfaces for the total time of the

sawtooth rise (note, that we never discussed the crash itself). The apparent

polodial dependence of eSXR does not vary proportional to the poloidal angle or to

the cosine of it (as suggested, e.g., in 131).

Summary

Coherent averaging, the creation of virtual chords, and an in-situ calibration

will provide sets of nearly noisefree data from multichord diagnostics, which

enable profile reconstruction of high accuracy. Phenomena like sawtooth

modulation of the current density, the q-value, and the Shafranov shift are now

open for observation. The generally assumed identity of magnetic flux surfaces

with lines of constant SXR-emission is confirmed for regions outside the q = 1

surface, but not inside that surface.
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Figure Captions

Fig. 1 The chord systems for interferometry/polarimetry and SXR mode

analysis with the plasma cross-section shifted to 3 of 5 different

positions (Ro = 1.72 m, a = 0.42 m, lp = 340 kA, By = 2.25

Tesla).

Fig. 2 a) SXR signals of 10 channels observing the central part of the

TEXTOR-plasma. b) SXR signals from the same channels after

coherent averaging of 195 sawteeth from 4 consecutive discharges

(5 repetitions of 1 representative sawtooth).

Fig. 3 Phase shift profile in the non-displaced plasma position (solids dots

connected by solid line) with additional phase shift values (open dots)

obtained by the horizontal displacement of the plasma cross-section

in steps of 1.5 cm.

Fig. 4 Relative calibration factors for the SXR detector channels obtained

from two independent sets of measurements.

Fig. 5 Phase shift and Faraday rotation angles measured with the nine

interferometer/polarimeter channels during the quasi-stationary phase

of a standard TEXTOR discharge.
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Fig. 6 Modulation of electron density, current density, safety factor at the

axis and of the axis shift, derived from the measurements in fig. 5.

Fig. 7 lSXR-profiles at 10 equidistant times during a sawtooth period

(abscissa corresponds to the minor radius).

Fig. 8 Continuum emissivity £SXR inverted independently for R<0 and

R>0, as a function of flux surface radius.

Fig. 9 Modulation of SXR-intensity

during a sawtooth period.

a t 10 equidistant times

Fig. 10 Modulation of SXR local continuum emissivity s(r,t)-e(r) at 10

equidistant times during a sawtooth period.

SXR-Mode-
Analysis

Plasma

Interferomefry/
Polartmefry

Fig. 1
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DETERMINATION OF TOKAMAK PLASMA BEHAVIOUR
AND PARAMETERS FROM TOMOGRAPHIC ANALYSIS OF

SOFT X-RAY CAMERA DATA

R D Gill, A Edwards, D Pasini, and S Wolfe

JET Joint Undertaking, Abingdon, Oxon., OX14 SEA, UK

Equipment Two soft X-ray cameras and a set of toroidal detectors view the JET
plasma. The cameras1 view the plasma from both vertical and horizontal
directions (fig. 1) in the same plane and contain 38 detectors mounted in a single
row and 62 detectors in three parallel rows respectively. The diffused Si detectors
are shielded by Be or A£ foil and the signals are digitised at up to 200 kHz. The
relative response of each detector was calibrated to 0.5% with a radio-active
source and spurious electrical noise was virtually absent due to a carefully
designed earthing system. Five toroidal detectors assemblies have been installed,
each containing 4 individual detectors viewing the region of m=l activity. An
attempt was made to install these at optimum toroidal angles cp = %/rv (fig. 2), but
this was not entirely possible due to port availability.

.'aflicaj camwa

Toroidal Detectors

38
109-112

S3 (<J«180')
113-6

2D (0-67*) now removed

X-ray diode
arrays (?»56')

IBft-0)
101-4

Ideally detectors should
be spaced at n/n

/6D (<J-247-)
117-120

Fig. 1 Location of soft X-ray cameras

showing the detector lines of sight.

Positions of the five

toroidal cameras.
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Data acquisition and processing. Data from the 120 channels can be stored in Ik
blocks at 200,10,1 or 0.1 kHz. Because of data storage restrictions (-3.5 MW) data
in the higher frequency blocks has to be selected by either a software or hardware
trigger. A new hardware trigger system has just been installed which operates by
using a preprogrammed micro-processor2 to look in real time for events of
interest on any 4 channels. This has been particularly successful in trapping mhd
oscillations and partial sawteeth as well as disruptions, pellets and normal or
monster sawteeth. After a pulse the data is filed in a central store and can be
accessed and displayed by a suite of programmes.

Tomography

The observed soft X-ray signals are integrals along a line of sight
I = Q, j e (x) a(Ex) dx dEx where Q is the solid angle, s (x) the plasma emissivity
and cc(Ex) the transmission coefficient of the X-ray filter. For many purposes the
spatially resolved emissivity G(r, 0) is required and is obtained by a tomographic
inversion of the raw data3- Most work in JET has used the Cormack method
based on an expansion in Zernicke polynomials,

^sin mQ +A^ cos m6)RcJr)
tm

to describe the inverted data and the expansion

U s in mX + Kic°smx)Ste(p)
tm

to describe the line integral data with S^m(p) = 2 sin [(m + 21+1) cos"1 p]/(m + 2£
+ 1) and x ihe detector angle. The coefficients A% are then determined by a fit to
the experimental data. The maximum values of I and m which can be used
depend on the experimental assembly with I determined by the radial resolution
to a maximum of about 12 on JET. m is determined from the maximum number
of independent views of a particular surface of constant p. In JET the two
cameras provide essentially four independent views and thus one can determine
a maximum of 4 coefficients A% which are typically A0O, A'f, A{t. Higher
m-number modes will alias down to appear as combinations of lower m-modes.

Using high speed data processing based on transputers, it is possible4 to carry out
the tomographic inversion in real time and provide a simultaneous display of
the data on a colour monitor at a rate of > 25 fps. The JET system uses a network
of INMOS transputers and has just been successfully commissioned.
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Applications The JET X-ray cameras have made major contributions to the
understanding of sawteeth, disruptions, pellet injection, the snake, radiation
profiles and impurity diffusion and mhd efforts generally.

Sawteeth Sawteeth in JET have been studied extensively with tomographic
analysis of the fast crash phase. Generally, JET sawteeth have neither successor
nor precursor oscillations and this considerably simplifies the analysis.
However, the new trigger system has the flexibility to select sawteeth associated
with mhd oscillations and as a result many examples of partial sawteeth and
sawteeth with mhd oscillations have been found.

Initial work5 on JET centred around the analysis of both normal and monster
sawteeth with no mhd oscillations. Monster sawteeth, for example, have a long
duration (several s) and have a very large amplitude of crash which occurs on a
rapid timescale (< 100 usec) but well within the instrumental time resolution.
The tomographic reconstructions of the sawtooth in fig. 3 show (fig. 4) that the
crash occurs as a displacement of the hot central core off axis to form a crescent

Central channel (21) Monster sawtooth — 9S88
Vertical camera expanded below •
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gig. 3 Sawtooth collapse in an additionally heated discharge.
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Fig. 4 Tomographic reconstruction of the sawtooth collapse indicated in fig. 3.

shape which then decays. All JET sawteeth correspond to this pattern. It has
been suggested that the observed patterns can be described by a convective flow
associated with low shear 6.

This interpretation of our data has recently been questioned by various groups
(e.g. ref. 7) who have analysed their own data and found it to be described by a
Kadomtsev type of model. In order to investigate the validity of our analysis, a
simulation has been made8 of both models from which the X-ray signals have
been calculated. These have been input to the tomography code and a
comparison of the reconstructions with the original data (fig. 5) shows that our
analysis method can very clearly distinguish between the two models at least
when the displaced core moves in the median plane. When the core moves at
45* to the median plane ambiguities can arise. This analysis confirms our view
that JET sawteeth follow a convective flow pattern.

Sawteeth with successors often occur and tomographic analysis has shown that
the rapid part of the collapse still looks convective, but the crescent shaped
plasma does not collapse and rotates to produce the observed mhd oscillations.

The more recent data on sawteeth with precursors is only now being analysed.
However, preliminary indications are that the precursor phase looks very
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Fig-, 5 Comparison between simulated model data and tomographic
reconstructions for the Kadomtsev and convection models of the
sawtooth collapse.

similar to the initial phases of the fast collapse but developing on a slower
timescale. The detail mechanisms of the fast collapse have not yet been
understood due to the difficulty of disentangling rotation effects from
movements in the plasma core. (fig. 6)

JET sawtooth crash data has also been analysed9 by the maximum entropy
method and this shows general agreement with the Cormack method. However,
this method, as applied to JET data, has not yet reached the stage of providing
useful noise free reconstructions which are in reasonable agreement with
physical expectations, i.e. the outer soft X-ray emission contours often show very
poor agreement with the flux surface derived from the magnetic measurements.
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Hg.6 Tomographic reconstuction of a complete oscillation of a sawtooth
precursor.

and Snakes

JET is refuelled by injection of solid D2 pellets with diameters up to 6 mm. The
injector is in the median plane with its line of sight in the plane of view of the
vertical soft X-ray camera. This has enabled us to make detailed measurements
on the plasma-pellet interaction zone and determine from the time trajectory of
the pellet its velocity and range (fig. 7). These measurements have been then
compared with the results of various calculations. In addition it has been shown
that the X-ray emissivity of the pellets is in reasonable agreement with model
calculations although the radius of the emitting cloud is somewhat larger than
anticipated10.

X-ray intensity

major radius

Contour plot of X-ray intensity

rao

.as

end of rang*

8.0330. 80332 8X1334
Tims (ms)

Fig. 7 View of pellet-plasma interaction zone.



Some pellets cross the q=l magnetic surface and this gives rise to anomalous
effects and the plasma-pellet H a and X-ray emission (fig. 8) decrease severely due
to the reduced reservoir of hot electrons which is available at q=l. This effect,
which has also been seen on other machines, has been used to calculate11 that
dq/dr is extremely small at q=l.

X-ray intensity

Time
out

Fig. 8 Dip in X-ray emission as a pellet crosses the q=l surface.

The most striking effect of the pellets is to produce a small region of high density
plasma12 which persists for seconds, apparently unchanged. The density can be
up to twice that of the background plasma, although the temperature is
approximately similar. It is thought that this phenomenon ("the snake") is
caused by island formation, but convincing explanations of its longevity have
not yet appeared. More recently, snakes have been observed (fig. 9) in ohmic

2.0 6.53
4.0

Fie. 9 A snake observed in an ohmic discharge with no pellet injection
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discharges at the onset of sawteeth, and generally following an m=l oscillation.
These snakes seem to be dominated by impurities. Tomographic analysis of the
snake data would require high poloidal m-numbers to fit the data well and
would require the analysis of the data from a complete rotation. This analysis
has not yet been carried out but would only be successful for data where the
snake rotates uniformly.

Impurity Radiation

The tomographically inverted profile G(r9) represents the radiated power in the
X-ray region transmitted through the filters in front of the detector. This
quantity may also be calculated from a knowledge of the plasma density, ne,
temperature, Te/ and impurity concentration,/^

,T.,Z) a(E) dE

assuming coronal equilibrium. S depends on the atomic physics of the impurity.
Alternatively, if one impurity makes a predominant contribution to G, then
values of nz may be determined. This technique has been successfully applied to
the determination of impurity profiles and diffusion coefficients following laser
blow-off experiments13.

In another series of experiments alternate detectors in the vertical and horizontal
cameras have been equipped with different filters. It is then possible to
tomographically invert the two profiles separately. The ratios of the emissivities
at a particular radius together with a knowledge of the plasma impurity
concentration then allow the determination of the plasma temperature and
density on a very rapid timescale. This technique is presently being used to study
the development of the plasma density and temperature during plasma
disruption when other diagnostics often fail. (fig. 10)
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Fig. 10 Development of the plasma density and temperature proceeding a
disruption. The solid curve corresponds to the plasma centre and the
dashed curve is at r/a ~ 0.15 Pronounced peaking occurs at late times.

Future Developments

It is intended to develop the existing soft X-ray system in JET by (a) increasing the
number of detectors in the poloidal plane to improve the poloidal mode number
determination, and by (b) designing a new system which can be used in the D-T
phase of operations.

(a) Because of port limitations there is no possibility of adding cameras of the
sort already described. Instead it has been decided to use an array of diodes
mounted on a single chip - 4 x 0.5 cms (EG & G PDA-38). These allow the design
of extremely compact cameras and the detectors have been successfully used
elsewhere particularly at MIT. It is estimated that they will work in the JET
neutron radiation environment for up to one year with occasional annealing to
reduce the effects of neutron damage. Good signal to noise ratios can be achieved
and it is estimated that the neutron induced signals will never be large for D2
plasmas. A trial of the detectors has already been made with successful results.

The choice of the location of these extra cameras is complicated by the positions
of available JET ports and the presence of structures within the torus such as the
belt limiter. The aim is to resolve at least up to m=3 and this then implies the
addition of at least two full cameras. The positions of these have been guided by
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the ru/m rule but simulations have been made to test the new camera's ability to
reconstruct features with the required m-numbers. It is hoped to install this new
system by 1993.

(b) In the D-T phase of operations, neutron and gamma fluxes will increase
more than two orders of magnitude and neither the present nor the compact
cameras will operate due to the very large radiation damage which will occur. A
new system is therefore required. Currently we are pursuing the idea of using a
very high mass shield which shields both the neutron and the gammas with
good efficiency. This shield could be used with Si detectors but we are also
considering the use of other detectors. Such a system would be mechanically
decoupled from the machine and would probably have a single view of the
plasma from a horizontal port with a reduced number of channels.
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The X-ray Imaging Diagnostics on Alcator C-MOD

R. Granetz, J. Irby, L. Wang, MIT

Abstract

Two separate x-ray imaging systems will be installed on Alcator C-MOD: a set of

photodiode arrays in a poloidal cross-section for tomography and a tangentially-viewing

2-D camera. The tomographic imaging system consists of five linear photodiode arrays,

each array containing 38 detectors, for a total of 190 channels. Slit apertures and fixed

beryllium filters (50 /jm) result in the usual 'fan'-shaped chord projections. The detectors

and associated signal cabling are ultra-high vacuum compatible, enabling installation of

the arrays on the interior wall of the vacuum chamber. Reconstructed images will have

a radial resolution of AT/a < 0.1 and a poloidal resolution of at least m — 4. All of the

channels can be simultaneously digitized at rates up to 100 kHz. The 2-D camera system

uses pinhole apertures and foil niters to project an x-ray image onto a thin scintillating

surface (CdWO4) deposited on the vacuum side of a fiber-optic faceplate. The visible

image is optically coupled by a coherent fiber bundle to a standard MCP-intensified CCD

camera. 64 frames at rates up to 250 Hz can be recorded during a discharge. Several

different foil filters and pinhole sizes can be selected remotely, which permits imaging in

different spectral ranges. Information from the two different x-ray imaging systems can be

used to check for self-consistency of both the data and the reconstruction algorithms.

Brief Description of Alcator C-MOD

Alcator C-MOD is the newest experiment in a long history of high field {B^ < 9
Tesla), high current (/p < 3.0 MA), high density ((rae) < 1021 m~3) tokamak research at
MIT. However, there are major differences between this machine and its predecessors, and
x-ray imaging will be a useful diagnostic tool to help study many of the new physics issues
that will arise. For example, C-MOD will have highly-elongated, shaped equilibria, and
x-ray imaging will provide independent information on the shape of the innermost flux
surfaces, possibly helping to determine the qr-profile near the magnetic axisM. Highly elon-
gated equilibria are unstable to the axisymmetric vertical instability, and sequences of x-ray
images will shed light on the growth rate and behavior of the plasma shape during these
disruptions. With its capability for divertor operation, C-MOD may achieve an H-mode
with both ELM's and changes in the density and temperature profiles reflected in the x-ray
emission. ICRF minority heating of H and/or He3 will possibly lead to sawtooth stabili-
sation and 'monster' sawteeth, a phenomena for which fast x-ray imaging is invaluable^.
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In addition, the multiple-pellet injector on C-MOD (up to 20 per discharge) will proba-
bly produce MHD oscillations, changes in sawtooth behavior, impurity accumulation™,
'snakes'^, ablation x-rays^, etc.

The X-ray Tomography Arrays

Since many of the C-MOD ports axe large enough to permit manned access, miniature
x-ray arrays can be mounted on the interior wall of the vacuum vessel as long as they are
compatible with ultra-high vacuum. This allows for a relatively large number of arrays,
resulting in good poloidal resolution, and has the added advantage of not blocking access
to any of the horizontal ports for other diagnostics. The detectors we are using are linear
photodiode arrays manufactured by EG&G (#PDA-38-3, with the glass cover removed).
Our tests have shown that they are vacuum compatible (10~7 Pa) and can tolerate the
vessel bakeout temperatures (< 170° C). This simplifies the engineering design significantly,
since the detectors do not have to be sealed in a secondary vacuum, and they do not have to
be actively cooled. In fact, experience on JET indicates that periodic baking of solid-state
detectors at these temperatures helps to anneal out radiation damage.

The C-MOD tomography system consists of 5 arrays, each with 38 detectors (total of
190 channels), installed at one toroidal location (the same one as the pellet injector). An
additional array may also be installed at another toroidal location at a future time. There
are several possible array configurations that are being considered. The most desirable
is shown in fig. 1, but it would require a sizeable gap in the divertor tile hardware, so
other configurations axe being looked at in case this is not feasible. Partly because of this
uncertainty, we are using the modular design shown in fig. 2 for the construction of the x-
ray arrays in order to have more flexibility in their placement. The detectors can be moved
to different locations and still have excellent field-of-view and spatial resolution. This is
achieved by being able to change the aperture-to-detector distance using different numbers
of 'spacers', and by offsetting the aperture with respect to the center of the detector array
using simple insertable aperture pieces and a sliding filter foil holder. Relative alignment
between the aperture and detector is critical, and accuracy is ensured with precision-
machined alignment pins and holes in the associated mounting pieces. This modular
design also allows for replacement of radiation-damaged detectors in situ (i.e. from inside
the vessel during a vacuum break). This may become necessary every year or so during
high-performance deuterium operation. The x-ray filters, which will be 50 fixa beryllium
foils initially, can also be changed in-situ. These foils must be light-tight, but do not need
to be vacuum-tight since all the detector hardware is vacuum compatible. This means
that more complicated shapes for the foil are feasible, and in fact, for our arrays we
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have designed a recessed, moveable, semi-circular shaped foil holder. This means that all
chord lines of sight have the same attenuation thickness. The signals from the detectors,
which will be in the range of 0.1 to 100 /xA, are shielded by solid coax cables (vacuum
compatible), with shields at circuit ground. An additional shield, grounded to the vessel,
will surround the detectors and cables of each array. The circuit ground and vessel ground
are electrically isolated. Linear amplifiers with computer-controlled gains will be used
instead of logarithmic amplifiers because they are much less sensitive to high-power ICRF
pickup (which was a problem with the Alcator C system).

Extensive image reconstruction tests have been done to determine the angular and
radial spatial resolution of this system, and to specify the tolerances for noise and cal-
ibration accuracy. In these tests, an arbitrarily complex 2-D x-ray emission profile is
specified, usually as a function of if? on a Grad-Shafranov equilibrium. Using a given de-
tector and aperture geometry, the radiated power incident on each detector is calculated.
Random noise is added to each signal (cr = 2% for the cases shown here) and then they are
passed to the tomography reconstruction program, along with a specification of the plasma
boundary. The emissivity is reconstructed using the Fourier/Zernicke harmonic expansion
algorithm^ and compared to the original source function. Improvements in this linear
least squares algorithm have been made so that even the high poloidal and radial harmon-
ics are well-behaved in the outer regions. Two examples of this procedure are shown in figs.
3 and 4. Note that the differences between a displaced crescent-shaped core (often seen
during the sawtooth crash) and a rigidly displaced core can be accurately distinguished.
The radial resolution has been determined by using a source function consisting of two
narrow rings of emission. The radial separation between the rings is decreased until they
are just barely resolved in the tomographic reconstruction. The result is that with a 1.0
mm wide aperture slot, the radial resolution is about 2.6 cm, or Ar/o as 0.1. Other tests of
the poloidal resolution have shown that m < 4 will be well resolved using the configuration
of fig. 2. The radial resolution can be improved somewhat by using a narrower aperture,
which may be feasible depending on the actual x-ray emission levels in C-MOD. The effect
of the 2% noise is definitely noticeable in figs. 3 & 4, and raising this to 4% produces
significant degradation. It is concluded that the combined errors due to calibration and
noise should be no worse than 2%, and preferably even better.

The Tangential X-ray Camera

The tangential x-ray camera on Alcator C-MOD is shown in fig. 5. It is based on
the PBX design^, with several improvements. The xray-to-visible conversion is accom-
plished by a thin layer of cadmium tungstate scintillator deposited on the vacuum side of
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a fibreoptic faceplate. CdWC>4 has a high efficiency in the energy range of interest and a
fast decay time, thereby providing good temporal response. The camera design includes a
rotatable filter wheel with six positions, having filters for both soft and hard x-rays, a 50
fiTa. beryllium foil to match the tomography arrays, and even an Ha filter for looking in the
visible spectrum (in this case the scintillator would act only as a translucent screen). The
wide dynamic range required may surpass the capabilities of the scintillator, so a second
wheel with six different pinhole sizes, ranging in diameter from 100 to 400 /xm, is included
in the design. The alignment between the rotatable pinhole wheel and the faceplate is
critical—an error of < 60 /zm is desired. This tolerance is achieved by use of a clever
device called a Geneva mechanism, shown in fig. 6. A driveshaft turns the smaller wheel,
which in turn rotates the pinhole wheel via a small post near its edge and mating slots in
the pinhole wheel. The specially-shaped hub eventually fits into the semi-circular notch in
the edge of the main wheeL The Geneva machanism provides extremely accurate position-
ing, and also serves as a positive lock. The driveshaft position is no longer critical. For
design simplicity, the filter wheel is also designed with a Geneva machanism, even though
its positioning is not as critical as the pinhole wheel.

The visible image from the scintillator is transmitted through the faceplate, which
acts as a vacuum window, and coupled into a 3-meter long coherent quartz fibre bundle
with an image reducer. The bundle is routed out of the igloo neutron shield and the image
is optically coupled to a Reticon CCD camera (128 X 128 detector pixels) preceeded by
an ITT image intensifier. Additional neutron shielding will surround the camera. Using
a standard video digitiser, images can be acquired at intervals as short as 4 msec, with
enough memory to store up to 64 frames per discharge. However, the temporal resolution
will be controlled by the duration of the high-voltage gate to the image intensifier, and
this could be much less than a millisecond, depending on photon statistics.

Image reconstruction tests have been done for the tangential camera, in a similar
manner as the tomography arrays. A source emission function is specified and assumed
to be axisymmetric. The calculation of the radiated power incident on each detector pixel
involves an integration over tangential chords. Random noise is added to each pixel, but
in this case, the noise is due to photon statistics, and therefore <r is proportional to the
square root of the signal. In order to improve the statistics, the 128 X 128 signals can be
reduced to a 32 x 32 image by averaging neighbouring pixels. The reconstruction is done
by solving a grid of emission pixels (which are actually toroidal rings) for the least squares
fit to the chord signals. An example of the reconstruction of an elongated equilibrium on a
9 x 15 emission grid is shown in fig. 7. For this image, signal amplitudes have been chosen
so that the statistical noise on the maximum pixel has <x = 2% (i.e. maximum detector has
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2500 photons). The relative noise on lower-signal pixels is considerably higher. As with
the tomographic reconstructions, the effects of this noise are noticeable, and higher noise
levels result in significant degradation.

Present status of diagnostics

The Alcator C-MOD tokamak is presently well into the assembly phase, with major
systems tests scheduled for the first few months of 1991, followed shortly thereafter by
first plasma operation. The x-ray tomography arrays will be installed before operations
begin and will be working for first plasma. The details of the housing design are being
finalised and nearly all components have been procured, with the exception of the linear
amplifier circuits. The tangential x-ray camera is not planned to be installed until well
after operation begins, and its design details have not yet been addressed. An intense
x-ray tube has been built for calibration purposes and it is already operational, yielding
maximum signal levels even higher than those expected from typical C-MOD plasmas.
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Figure 1—One of several possible detector
configurations for the Alcator C-MOD x-
ray tomography system.
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Reconstruction of ECE and X-ray
signals on TFTR
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ABSTRACT. Reconstruction techniques have been developed to obtain 2-D
images of high P plasmas by taking advantage of the large toroidal rotation velocity
of the plasma on TFTR. A 20 channel grating polychromator measures the electron
cyclotron emission (ECE) profile, from which a local electron temperature profile is
obtained on the mid plane of the plasma. A 2-D image of the electron temperature is
reconstructed with the assumption of rigid poloidal rotation. Two X-ray cameras
view the plasma from vertical and horizontal ports. The X-ray tomography is
performed using the Fourier-Bessel expansion technique. The Shafranov shift,

which is large in high (5 plasmas, is taken into account in both reconstructions. The
techniques are tested numerically by analyzing m=l/n=l structures with a circular
hot spot. The 2-D X-ray tomography without rotation cannot reconstruct the
circular hot spot, however, the images reproduced from the source function by the
different reconstruction techniques using the assumption of rotation give
satisfactory results. Using the imaging techniques, sawtooth oscillations are
investigated. The observed features are basically consistent with the reconnection
model. It is observed that the reconstructed X-ray image is different from the ECE
image in the final crash phase. Using both X-ray and ECE reconstructions , we can
study sawteeth in more detail. These imaging techniques are very powerful tools
for understanding MHD phenomena on TFTR

•Permanent Address: Department of Physics, University of Tokyo, Tokyo 113,
Japan
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1. INTRODUCTION

Discussions of sawtooth oscillations are now complicated by the many different
types of sawteeth observed. On the large tokamaks, the sawtooth crash time is much
faster than the classical reconnection time. Two sawtooth crash mechanisms have
been considered: (1) reconnection model[1], and (2) quasi-interchange model [2]. In
the reconnection model, the plasma inside the q=1 surface is separated into two
regions, a circular hot spot and a cool crescent-shaped island. As the cool island
grows, the hot spot shrinks, and eventually disappears so that the cool island occupies
the central region. In the quasi-interchange model, the circular cold bubble comes
from the outside q=1 surface and the hot region is deformed to a crescent shape. The
phenomena can be examined using two dimensional imaging techniques, such as X-
ray tomography.

Several experiments using X-ray tomography have been performed. X-ray
pictures typically show a circular hot spot initially, changing to a crescent-shape in the
final stage of the sawtooth crash.[3,4] The results can be explained with both models.
It is necessary to examine the reliability of X-ray tomographic techniques and to
develop a new imaging technique for comparison with conventional X-ray tomography
in order to obtain a more accurate reconstruction of the plasma. On TFTR, the plasma
rotates toroidally at up to v=3x105 m/s (18kHz). Using this fast rotation, we can use a
new imaging technique, rotational ECE reconstruction, and we can also improve the
X-ray tomography technique. In this paper, we present X-ray tomography and ECE
reconstruction results using an assumption of rigid plasma rotation and which takes
account of the Shafranov shift. Firstly we examine different tomography techniques,
secondly we compare the X-ray tomography and the ECE reconstructions on the same
shot, finally we show ECE pictures of a partial sawtooth crash and a cold bubble, as
predicted by Wesson [2] and Park [5].

2. IMAGING TECHNIQUES

A. ECE RECONSTRUCTION

The electron cyclotron emission (ECE) measurement gives the local electron
temperature on the midplane. The 2D image can be reconstructed by rotating the
measured temperatures. This technique has an advantage in that the data is from a
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local measurement, thus it does not require an inversion process. The basic

assumption is the rotation of the flux surface. The 20 channel grating polychromator

measures the electron temperature on the midplane of TFTR.[6]

Reconstruction of the time-dependant 1 -D ECE data to a 2-0 picture proceeds as

follows. Assume there are 2 detectors (one is outside and another is inside) on the

same equi-temperature surface, having the radius r and the center c and rotating with

the same angular velocity co, as shown in Fig.1. The temperature at an arbitrary point

P(r, 6) on the surface can be obtained from the data, using linear interpolation, as

i) (detector P^, e2=oo(t-t2) (detector P2)

T.(r, 6) =
81 +02

This technique is reported in more details in ref.[7].

B. X-RAY TOMOGRAPHY

On TFTR, two X-ray detector arrays (X-ray cameras) are installed, as shown in

Fig.2. The vertical camera has 20 detectors and the horizontal camera has 60

detectors.[8,9] The Fourier-Bessel expansion technique[10] is employed for X-ray

tomography. The geometry is shown in Fig.3(a). Let g(r, 6) be the local emissivity and

f(p, <|>) the X-ray intensity on the line-of-sight L(p, <(>). We have

=J g(r,e)ds,
L(P, 0)

where r and p are the normalized radius and chord parameters, respectively. Using
the Fourier-Bessel expansion

9(r.e) = E n M 2 . 1 . (aCm' cose + asml sine) J(Xmlr)

and
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. 40 - J (cose, sine) J(\mlr) ds
L(p. 0)

\nl> " 0.

we have

f(P. 40 - 2 m . o iM Z j . 1 i L {acmi f°mi(P.40 + aa
m, f mi(p. 40).

The coefficients ac>s
m| can be determined using least-square-fitting, from which the 2D

image (=local emissivity) g(r, 6) can then be obtained.
In order to use rotation in the reconstruction, we have to compensate for the

Shafranov shift. Thus, a transformation T from Fig.3(b) to Fig.3(a) is needed. Assume
each flux surface is a circle with center c and radius rs. Since the circle is

(xo-c)2+yo
2=r2,

using the transform

x=xo-c, y=y0

we obtain un-shifted circle, x2+y2=r2, as in Fig.3(a).[11] Here the relation

c=co(1-r2)

is a good approximation. The transformation T is non-linear, however, our

approximate linearized transformation is found to work well.

3. MODEL SIMULATION

These imaging techniques are examined using a Kadomtsev-iike model source

function,

g(r,e) = go(r)e)+g1(r,e),

where the equilibrium part is
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go(1-r2)2exp(-r2/w2) (rs<r<1)

9o(r. 6)= {
(0<r<rs)

and the perturbation part is

(r<v)

(r>v)

where

r2=(x-c-ucosa)2+(y-usina)2, a=90-w)>0+ti>t.

The Shafranov shift is included as

r2=(x-c)2+y2, c=co(1-r2)

The simulated signals are shown in Fig.4. Random noise with a peak amplitude

of 3% of the central channel is added to all channels. The source function is shown in

Fig.5(a). We compare three types of imaging techniques (1) ECE imaging using

rotation [Fig.5(b)], (2) X-ray tomography using both the horizontal and vertical cameras

and rotation [Fig.5(c)], (3) X-ray tomography using both horizontal and vertical camera

without rotation [Fig.5(d)J. The rotation tehniques with the compensation for the

Shafranov shift, reconstructs the source image well [Fig.5(b,c)]. However, X-ray

tomography using 2 cameras without rotation reconstructs a Wesson model-like image

from a Kadomtsev model-like source[Fig.5(d)].

The tomography with 2 cameras without rotation is examined carefully. The

results are shown in Fig.6. Here, either the Shafranov shift or noise is not considered

in order to simplify the problem. The distortion is not due to either the Shafranov shift

or noise. The distortion is smaller when the hot spot is on the mid plane [Fig.6(a)],

compared to when the hot spot is off the midplane [Fig.6(b)]. The distortion is also

smaller when the hot spot diameter is big. However, generally, the distortion of the

image is so large that the reconstruction is totally unacceptable.

4. SAWTEETH ON TFTR
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A. Simple Sawtooth Crash
The ECE and X-ray imaging techniques are applied to sawteeth on TFTR. Since

the data sampling rate was fast (500kHz), the plasma rotation was fast (15kHz) and the
sawtooth crash was slow (400|xs), the time resolution and spatial resolution were very
good. Three kinds of images are shown in Fig.7: (1) X-ray tommography, (2) ECE
reconstruction, and (3) ECE signal variation (fluctuation). The ECE fluctuation is made
from the ECE signals by subtracting the one cycle averaged ECE signal. In the initial
stage of the crash, the ECE and X-ray images of the hot spot have a similar shape
[Fig.7(a)]. At the end of the crash, the ECE image of the hot spot is very small [Fig.7(b)]
or has disappeared, but the X-ray image is elliptical or crescent-shaped, although the
temperature of the hot spot is equal to or less than that on the island. This may imply
that impurities accumulate at the hot spot.

After the crash, the ECE signal has oscillations, which are due to a m=1/n=1 lower
temperature bubble. This suggests that the reconnection is not completed, and that
the q=1 surface remains for ~0.5 ms after the crash. In previous experiments, the
crescent hot spot on the X-ray image at the end of the crash was regarded as a cold
bubble, or as an indication of a kink flow pattern [4], However, our observations show
that impurities which are removed from the inversion surface have a slightly hollow
structure and a small m=1 mode remains, so that the impurity emission region makes a
crescent shape on the X-ray image. This crescent shape is not observed on the Te

profile reconstruction, so this is not evidence for Wesson's model or for a kink flow
pattern.

Simple sawteeth on TFTR have the following features which are consistent with
the reconnection model: The hot spot is basically circular, the island is crescent-
shaped, and the island becomes warmer during the crash, this implies the island has
closed flux surfaces. We can see the following new observations on the simple
sawteeth: The hot spot pushes out from the inversion surface on the weak field side
(larger major radius side). This phenomena is explained as a pressure effect by the
3D MHD simulation[i2]. However, the hot spot is radially oblated, whereas the
theories predict an azimuthally elongated shape.

B. Cold Bubble

In the Wesson model, a cold bubble plays an important role in causing a fast
sawtooth crash. On TFTR, a cold bubble has been observed as shown in Fig.8. This
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only appears in plasmas with a flat electron temperature profile. This is consistent with
the theory, however, it does not cause a fast sawtooth crash. The cold bubble grows
slowly, and finally disappears with a partial sawtooth crash. Figure 8 shows ECE
pictures before (t=3.945s) and after (t=3.94799s) the partial crash. Th JS, a circular hot
spot remains after the partial crash, and finally, a slow sawtooth crash takes place.

C. Partial Sawtooth Crash

For partial sawteeth, the region around the q=1 surface is destroyed but the
central region remains. Partial crashes can happen in OH plasmas and are part of the
compound sawtooth. In the L-mode plasma, partial crashes are observed for lower q
operation (q~3). Figure 9(a) shows the ECE images of a partial crash in an L-mode
plasma with q=3.1. In this case, a simple crash followed the partial crash. The hot
spot on the partial crash [t=3.80761] is bigger than that of the simple crash [t=3.81583].
The inversion radius does not change between these two crashes. ECE
reconstructions before the subsequent simple crash is shown in Fig. 9(b). The
features are the same as shown in Fig.7.

5. CONCLUSIONS

X-ray tomography with two X-ray cameras without using rotation results in a very
large distortion, so that this type of reconstruction is not useful in the study of sawteeth.
Using plasma rotation, accurate 2D images of ECE and X-rays are obtained on TFTR.
The experimental results are basically consistent with the reconnection (Kadomtsev)
model. An m=1 cold bubble is observed with a flat temperature profile, but it causes a
partial sawtooth, contrary to the Wesson model.

The X-ray images and the ECE images are not consistent at the end of the
sawtooth crash, possibly because the X-ray emission may be strongly affected by
impurity radiation. Using ECE reconstruction the following new features are obtained:
(1) the hot spot is extended on the weak field side, because of finite pressure effects,
(2) a radially oblate hot spot shape is observed. The time evolution of a partial
sawtooth crash is also observed.

ACKNOWLEDGMENTS

- 336-



The authors appreciates Dr. W. Park for the useful discussions. This work was

supported by the U.S.DOE under contract No. DE-AC02-76-CHO-3073.

[1]
[2]
[3]
[4]
[5]

REFERENCES

B.B. Kadomtsev, Phys. Plazmy 1 (1975) 243 [Sov. J. Plasma Phys. 1 (1975) 389].
J.A. Wesson, Plasma Phys. Contr. Fusion 28 (1986) 243.
A.W. Edwards, et al., Phys. Rev. Lett. 57 (1986) 210.
Y. Nagayama, S. Tsuji, and K. Kawahata, Phys. Rev. Lett. 61 (1988) 1724.
W. Park, et a!., proc. 13th Europ. Conf. Plasma Phys. Contr. Fusion, Madrid, 1987,
p.85.

[6] A. Cavallo, R.C. Cutler, and M.P. McCarty, Rev. Sci. Instrum. 59 (1988) 889.
[7] Y. Nagayama, et al., Rev. Sci. Instrum. 61 (1990) 3265.
[8] K.W. Hill, et al., Rev. Sci. Instrum. 56 (1985) 830.
[9] L.C. Johnson, et al., Rev. Sci. Instrum. 57 (1986) 2133.
[10] Y. Nagayama, J. Appl. Phys. 62 (1987) 2702.
[11] R. Buchse, private communication.
[12] W. Park, et al., to be published.

Outside
Detector

rotation

FIG. 1 Schematic view for the determination of the temperature at an arbitrary
point P from the temperature a 2 detectors, inside and outside, on the same equi-
temperature surface, which have radius r and center c, and which rotate with the same
angular velocity co.
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V-camera
(20 ch.)

H-camera
Be foil (60 ch.)

(127^m)

(unit: cm)

FIG. 2. Schematic view of two sets of X-ray detector arrays (X-ray cameras) on
TFTR. The vertical camera has 20 detectors and the horizontal camera has 60
detectors.

(a) to Detector

FIG. 3. (a) The geometry for X-ray tomography without the Shafranov shift, (b)
The geometry with the Shafranov shift. Transformation T from (b) to (a) is needed to
do the rotationd tomography.
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(a) ECE (noise 3%) (b) X-ray (noise 3%)

„ A. A . A A

time (ms) 1 0 time (ms) 1
FIG. 4. (a) Simulated ECE signals made by rotating the test source function, (b)
Simulated X-ray signals. In both signals, random noise with an peak amplitude of 3%
of the central channel is given to all channels.

( a ) SOUrCe (noise 0) ( b ) E C E (noise 3%)

(c) X-ray rotation (noise 3%) (d) X-ray no rotation (noise 3%)

R(cm)

FIG. 5. (a) Test source function, (b) ECE reconstruction using rotation from the
source data in Fig.4(a). (c) X-ray tomography using both horizontal and vertical
camera and rotation from the source data in Fig.4(b). (d) X-ray tomography using both
horizontal and vertical camera without rotation.
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Source Reconstruction

FIG. 6. X-ray tomography
using 2 cameras without
rotation. The source data are
generated by rotationg the test
source function. Here, neither
the Shafranov shift nor noise is
added. The signal wave-form is
similar to that shown in Fig.4.
(a) Reconstructions when the
hot spot is on the mid plane.
(b) Reconstructions when the
hot spot is off the midplane.

R (cm)

- 340 -



X-ray (total)
shot49543

ECE (total) ECE(fluctuation)

inversion surface "V ,/-50
210 310 210 310R (cm)

FIG. 7. X-ray tomography, ECE image (total), and ECE image (fluctuation) at the
middle [t=4.17243s] and the end [t=4.17276s] of a simple sawtooth crash. The ECE
image (fluctuation) is made from the ECE signals by subtracting the one cycle averaged
ECE signals

ECE(total) ECE(fluctuation)

cold bubble 3 ^ v £>,

FIG. 8. ECE images before
(t=3.945s) and after
(t=3.94799s) the partial crash in
the case of the cold bubble.

2 1 5 R (cm)



(a)
ECE (total)

shot54585

ECE (fluctuation)

(cm)

FIG. 9. (a) ECE images before (t=3.80746), during (t=3.80776) and after
(t=3.80776) the partial crash in an L-mode plasma with q=3.1. (b) ECE image before
the simple crash (t=3.81583).
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1. INTRODUCTION

X-ray measurement is one of the key diagnostic tools in fusion plasma
researches. Resolution in space, time and/or energy is required for the x-ray
measurement of high-temperature plasmas. In tandem mirror devices hot electrons
and warm electrons which are produced via electron cyclotron heating (ECU) play
essential roles for confinement potential formation[l-3j. Then x-ray imaging is
important to observe the spatial distribution of higher energy electrons. Also
imaging diagnostics in XUV region is important for impurity distribution
measurement. Two-dimensional (2D) detectors become key component in x-ray
imaging or spectroscopic diagnostic instruments. MicroChannel plates (MCPs)
have often been used as 2D x-ray detectors because of their compactness,
sensitivity to photons of energy ranging from the VUV to hard x-ray, high gain
and high degree of immunity to magnetic fields [4]. Imaging devices using MCPs,
such as a pinhole camera[5], an x-ray tomogaphy system [6] and a 2D imaging

spectrometer[7], have been installed or developed in the tandem mirror GAMMAIO.
X-rays originating from hot electrons have a continuous spectrum beyond 100 keV.
Most of the information on the detection efficiency of MCPs has been obtained
only at discrete energies by using x-ray tubes or radio isotopes[8-10]. The
incident angle dependence of MCP response for high-energy x rays (hi/>10 keV)
has not been well investigated. Therefore, it is necessary to accumurate data
of detection characteristics of MCPs for x rays in a wide and continuous energy
range and at various angles of incidence. For this purpose we have performed
the calibration of an MCP by using synchrotron radiation (SR). From the series
of experiments at six different beamlines, the current response curve of the MCP
for the wide energy range from the VUV to hard x ray (0.06-82 keV) has been
obtained in detail [ 11-15] . The dependence of the MCP response on the incident
angle of x rays has also been investigated.

A collimation imaging method has been considered for an application to 2D
imaging spectroscopy. A simple and new 2D imaging x-ray spectrometer having a
large-area collimator and a Bragg type diffractor has been proposed and
demonstrated its performance in a model experiment[7j. In the development of
the 2D imaging x-ray spectrometer to apply fusion plasmas, a mirror with layered
synthetic microstructure (LSM) is now considered as a large-sized diffractor.



2. CHARACTERIZATION OF MCP

The specif icat ion of the MCPs (Hamamatsu F1943-22MX) is as follows; The
channel d iameter D is 15 u m. channel pitch is 19 M m, and channel length L is
0.6mm. The L/D ra t io i s 40, The channel bias angle 8 B is 13' . The open-area
ra t io (OAR) is 57 %. The surface of the MCP is coated with normal e lec t rode
mater ia l s (Fe and Cr) , and deposi ted by no addit ional photocathode mater ia l .

In th i s work, MCPs were mounted on a ro t a t ab l e s t a g e to change the incident
angle of the x ray. Here, we denote the incident angle to the MCP surface as 4>
and tha t to the channel axis a s 6 . Experiments have been performed under the
geometrical configuration where the plane of incidence i n t e r s e c t s perpendicular-
ly the plane which includes both the surface normal and channel ax is . In th is
geometry the re la t ion of cos0 = cos<£ X cos<9B is s a t i s f i ed . The cal ibrat ion
has been carried out in the low-gain regime and the unsa tura ted output pu l se -
height d i s t r ibu t ion mode.

The exper iments were carried out by using monochromatized synchrotron
radia t ion a t beamlines a t the Photon Factory, the synchrotron radia t ion
research facility of the National Laboratory for High Energy Physics: ( i ) For
the energy range from 12 eV to 50 eV, the beamline with a 1-m Seya-Namioka
monochromator (BL12A) was used, ( i i ) For the energy range from 60 to 600 eV,
monochromatized radia t ion was supplied a t the beamline having a 2-m grasshopper
grazing incidence monochromator (BL11A). ( i i i ) The experiment for the energy
range from 0.6 to 2 keV was carried out a t the beam line with a 10-m grazing
incidence monochromator (BL12C). ( iv) The experiment for the energy range from
1.8 to 8 keV was performed by using x-ray radia t ion from the undulator beamline
with an I n S b ( l l l ) double-crys ta l monochromator (BL2A). (v) The exper iment for
the energy range from 5 to 20 keV was carried out a t an x-ray beamline with a
S i ( l l l ) double-crys ta l monochromator (BL7C). (vi) The experiment for the energy
range from 24 to 82 keV was made in a superconducting vert ical wiggler beamline.

A Si(553) double-crys ta l monochromator was used (BL14A). The incident photon
flux was cal ibrated with a gold p la te photodiode for the VUV to sof t x-ray
region. On the o the r hand, for x - r ays higher than 5 keV the incident photon flux
was monitored by an ionizaHon chamber with a Kapton window. Nitrogen, argon or
krypton gas was used as working gas .

The precise curve of the current response a s a function of photon energy i s
shown in Fig. 1 for the wide x-ray energy range from 0.06 to 82 keV. The da ta
have been taken for x rays incident on the MCP surface normally, tha t is, the
incident angle & to the channel ax i s is 13' . It is clarif ied tha t MCPs are
sens i t i ve to x rays in this wide energy range; t ha t is , the var ia t ion in the MCP
response remains within about one order of magnitude. A brief summary of the
response cha rac te r i s t c is described as follows. In the hard x-ray region a
r a the r large hump is observed a t around 20-30 keV; in the XUV and x-ray regions
the response dec reases a s a whole with photon energy from 0.1 to 5 keV, except
jumps and humps a t the energ ies of C, 0, Si, Ba, and Pb, most of which are the
cons t i tuen t mate r ia l s of MCP g lass . In part icular , the -strong jumps are
accompanied with XAFS-like osci l la tory s t ruc tu re a t the 0 K-edge (532 eV) and
the SiK-edge (1.84 keV) [12,13,15]. The overall feature in the response curve
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above 5 keV is similar to Bateman's calculation! 16], in which the penetration of
hard x-ray through multiple channels is taken into account.

The MCP response as a function of x-ray incident angle 6 to the channel
axis is shown for various photon energies in Fig. 2. As one can recognize from
Fig. 2, the angle-dependence characteristics are limited within an area bordered
by the two curves (cotd? and sec6 curves). For the lower energy x rays (hv <4
keV), the response varies with a cotd? dependence. In the low-energy range, x
rays interact mainly near the surface of the channel wall. Then the response is
determined by the x-ray-irradiated area on a channel wall which is proportional
to cotd? . This cotd? dependence stands for photons with energy down to about
100 eV[15]. For the lower energy the reflectivity of x-rays from the surface of
a channel wall becomes higher, then the effective MCP gain is reduced, it
turns out that the angle dependence deviates from the cotd? dependence as shown
in Fig. 3. When the x-ray energy becomes higher, the angle-dependence curve
parts from the curve of the cotd? dependence and transients through an angle-
independent region (h^ ~ 10 keV) to that of seed? dependence (hi/>60 keV).
In the high-energy range, x rays can penetrate through the channel wall and
excite multiple channels along the x-ray path. The number of channels that
x rays pass through is proportional to the thickness of a MCP traversed by the
beam which is denoted as Lsec<£ (also Lcosd? asecO ). Furthermore, for
photoelectrons produced by high-energy x-ray absorption, the electron range
in lead glass becomes longer than the thickness of the channel wall; thus each
MCP channel behaves as a volume emission photocathode. Therefore, in the high-
energy limit, the response is proportional to seed? .

For further direction the effect of polalization of x rays in MCP response
should be investigated especially in the lower energy (XUV or VUV) region.

3 . X-RAY IMAGING AND SPECTR0SC0PIC INSTRUMENTS

Two types of x-ray imaging system which are installed in GAMMA10 are
illastrated in Fig. 4. One is an x-ray pinhole camera by using tandem MCPs with

a )

Plasma
F i I t e r Came r a

MCP |—i CCD< G -
M i c r o CPU

Plotter

b)

P1asma

Pho3phor
Sc re e a

F i l t e r
(chareeable)

MCP Pre-Amp.

l o p p y

To
CAMAC

S l o t - j
h 0 ' e 50oh Anodes

Fig.4. X-ray imaging systems by using MCPs in GAMMA10.
(a) Pinhole camera with phosphor screen.
(b) Detector array type imaging system with multianode.
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a phosphor plate [51. This enables one to observe visual 2D images of x-rays in
confined plasmas'. When the applied voltage is modulated for a short period (1
ms - 5 ms) , a snapshot of plasma x-rays can be obtained. Because the camera
system is compact, x-ray images at various part of the machine (barrier, plug
central and anchor cells) has been investigated.

Another type of x-ray imaging instrument consists of a multianode (in this
case 50) MCP and readout electronics. This gives one-dimensional x-ray
intensity profiles with good time resolution. Tomographic reconstrumtion of 2D
x-ray images have been performed by using two se ts of this system[6].

Bragg Reflection
Mirror Channel Plate

Coliimator

X-Ray Source
Fig.5. Schematic drawing of

20 imaging x-ray
spectrometer with a
channel-plate coliimator

Monochromatic Image (CPC).

Energy resolved x-ray imaging would be useful for electron temperature
profile and impurity distribution measurements. A 2D imaging x-ray spectrometer
having a large-area colJimator has been proposed[7]. The principle of this
spectrometer is illustrated in Fig. 5. The key component of this spectrometer
is a channel-plate coliimator (CPC). A channel plate can also act as a
collimator for x rays because it is a bundle of small diameter tubes made of
lead glass. Besides being a coliimator, the CPC has a capability of remotely
imaging an x-ray source in a collimated beam[17]. After reflecting from a flat
Bragg-type x-ray dispersive mirror (such as a crystal or a multilayer mirror), a
monochromatized source image can be obtained. The model experiment has been
carried out by using an x-ray tube with V and Ti foil targets and a LiF crystal.
It has been demonstrated that the monochromatized 20 x-ray image can be
obtained by this spectrometer (Fig. 6) [7] . This optical system matches well

3mm

Fig.6. The target pattern of V foil strips on a Ti foil and 2D x-ray image.
(a) Energy-integrated x-ray image.
(b) V Ka(2.505A) x-ray image.
(c) Ti Ka(2.750A) x-ray image.
A LiF(200) crystal is used as a wavelength analyzer.
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with a multilayered x-ray mirror[l8] which would open various applications in
plasma diagnostics. In the development of the 2D imaging spectrometer to apply
the GAMMAIO plasma, multilayer mirrors are adopted as the large-sized dispersive
element. A simple and high-throughput soft x-ray spectrograph as shown in Fig.
7 is constructed to tes t the performance of the multilayer mirror. The
multilayer is made from Ni/C (2d = 200 A and 20 layer pai rs) . The wavelength
range is from 30 A to 80 A in the spectrograph.

in summary the characterization of MCP detector has been performed in a
wide x-ray energy range and various angle of incidence. MCP based x-ray imaging
and spectroscopic devices are constructed and installed in the GAMMAIO. We
hope to continue to make effort to develop and utilize challenging new
diagnostics for x-ray imaging and spectroscopy.

P i n h o l e

p 1 a s i a

m u l t i l a y e r
ni r r or

p h o s p h o r

Fig.7. Schematic drawing of mul t i layer mirror so f t x-ray spec t rograph.
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X-RAY TOMOGRAPHY AND POTENTIAL STUDIES IN GAMMA 10
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ABSTRACT. Relation between electron behaviours and plasma

potentials is investigated using X-ray tomographic

reconstruction techniques; such temporal and spatial

measurements are essential to plasma confinement studies. In

this paper, the first application of two sets of 50-channel

microchannel plates has been carried out using their detailed

calibration data as a function of X-ray energy and incident

angle. In the thermal barrier region, axisymmetric 60-keV hot

electrons and an axisymmetric potential profile with heavy

ion (Au°) beam probes are observed to be peaked on the

magnetic axis. These are found to be desirable for the

formation of the thermal barrier potential in the core

plasmas as well as for a good plasma confinement because of

avoiding the formation of a localized anisotropic electric

field, which may enhance a radial nonambipolar transport.

Furthermore, a combination of such spatial X-ray diagnostics

and X-ray energy spectrum observations solves the potential

formation mechanism in the plug region. The first observation

of a plateau-shaped plug electron velocity distribution

function has been carried out; this result is consistent with

Cohen's strong electron cyclotron heating theory. A drastic

improvement in an ion confinement time is, in turn, found due

to the formation of these kV-range plug potentials by using

temporally and spatially resolved end-loss-ion analysers.
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1. INTRODUCTION

Recent developments in plasma heating experiments, particu-

larly, in electron cyclotron heating (ECH) (1-4), have intensified

the importance of soft X-ray diagnostics with temporal and spatial

resolution. These electron heatings affect plasma potentials and

electric fields in the plasma. Recent H-mode mechanism studies in

tokamaks (5) also enhances the interest in the relation between

plasma potentials and plasma parameters. In tandem mirrors (6),

ECH plays a critical role in the formation of plasma confining

potentials. Therefore, the electron diagnostics using X-rays are

one of the most important issues in the mechanism studies of the

tandem mirror plasma confinement.

In the axisymmetric tandem mirror GAMMA 10, the second harmo-

nic ECH (a) =20. .) is utilized in the barrier region for the forma-

tion of the thermal barrier potential (<P b) (7), which results in

reducing the electron heat flow between the central cell and the

plug region. The fundamental ECH (a> =Q .) is employed for the ion

confining potential (4> <•) formation in the plug region (8).

The enhancement of <P c is theoretically predicted with

increasing <p b (9, 10), because of the efficient heating of

localized plug electrons; these are thermally isolated from the

large volume of central cell electrons when <t> b is formed. These

theoretical scaling of 4> o vs <t> b has recently been demonstrated

experimentally (11) using potential diagnostics.

As described above, X-ray diagnostics in the plug region is

another essential method for checking the scaling theories(9, 10)

due to the observation of the plug electron velocity distribution

function, f«P (11), along with the correlation between the X-ray

spatial distribution and the potential profile. Furthermore, the

contribution of the hot electrons (60 keV) in the barrier region

to the <t> b formation is investigated; here, a combination of

X-ray tomography techniques with the first application of two

sets of microchannel plates (MCP) (12) is employed using their

detailed calibration data as a function of X-ray energy and

incident angle (13-16).

2. EXPERIMENTAL APPARATUS

The experiments have been carried out in GAMMA 10, which is a
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minimum-B a n c h o r e d tandem m i r - ^ ^ ^ Plu9/Stnitr AnchOr . cen,r».
. . , , _ . . . _ _ Machine Length Z7.lm lAgrn-". 4.76 m . / . 6.0m .

ror with outboard plug/barrier _, j&SZt^^Mm

cells (Fig. 1). It has an axial

length L=27 m and the total

•volume of the vacuum vessel is

150 m3. The central cell has L=

6 m, a limiter diameter d=36

cm, and the magnetic field in-

tensity at the midplane Ba= FIG. I. Schematic view of tandem mirror GAMMA
0.405 T w i t h a m i r r o r r a t i o R= 1 0 ; ma^et c o i l s e t { t o p ) : "-wmtie flux tube

with heating systems (middle); axial magnetic

5.2. The plug/barrier cells arefield and potential profiles (bottom),

axisymmetric mirrors with L=2. 5

m, Bm =0.497 T and R=6. 2. Microwaves (28 GHz and 140 kW) are

injected as an extraordinary mode into the barrier (barrier ECH)

and the plug (plug ECH) regions, respectively. Neutral beam

injections (NBI) for a sloshing ion formation and ion cyclotron

heating (ICH; 6.2 MHz and 200 kW) in the central cell are

employed. New helium cryo-panel pumping systems with the pumping

speed of 2. 7X106 1/s have been installed.

In the thermal barrier region, the X-ray imaging system

(XIS) using the MCP is installed (Fig. 2). The X-rays from hot

electrons (60 keVJ are imaged on the MCP through a pinhole of 3

mm in diameter; the spatial resolution in the midplaae of the

plasma is 3 cm. To vary the photon energy range, an X-ray filter

assembly is used; the absorbers are 0.9 mm polypropylene

(hereafter referred to as p.p.), 1.5, 2, 4 and 5. 5 fi m thick

polyester (p. e. ) and 50 A m thick aluminium (Al) absorbers

together with a 0. 9 (i m thick p.p. filter.

The data analyses to reconstruct a two-dimensional X-ray

emissivity are carried out using a computer tomography technique

developed by Cormack (17).
LEAD LEAD SOFT
COLUMATOR SHIELD IRON

-XIS(B)

XIS(A)

CHANGEABLE 50 ANODE
ABSORBED MCP

FIG. 2. (a) Sche-

matic view of X-

ray imaging sys-

tem (XIS) with

an MCP (50 chan-

nels), (b) Sche-

matic view of

two sets of X-

ray tomography

systems install-

ed in the

Vacuum vessel D a r r i e r region.

Coil
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The X-ray energy spectra are ob-

served using a radially scannable Nal

(Tl) detector (5 cm thick and 2.5 cm in

diameter with a 2 mm Al window) as well

as a pure Ge detector system (a

depletion layer p=l cm with a 0.125 mm

Be window) as shown in Fig. 3.

The values of <t> b are measured with

heavy ion (Au°) beam probes in the cen-

tral cell and the barrier region (18).

In the plug region, adding to the

above described XIS and the pure Ge de-

tector, a Si (Li) detector (p=0. 27 cm FIC3. Schematic view of soft X-ray

with an 8 ti m Be window) is employed forpulse heisht^alys*" f " e m s : (a)

with a pure Ge or a Si(Li) detector

f.p observations using the X-ray pulse and <t>) with an Naiori) detector,

height analyses (PHA). Also, silicon surface barrier (SSB)

detectors are utilized for the observations of kV-range warm

electrons; here, the calibration data using synchrotron radiation

are taken into account (13,19).

For the X-ray spectrum analyses, the relativistic Born

approximation (20] corrected by the Elwert factor (21) is used

for the values of the X-ray cross section.

The plug potential is measured with multigrided

electrostatic end-loss-ion energy analyser (ELA) (8) and an E//B

end-loss-ion spectrometer (ELIS) from TMX-U at LLNL (8). From a

combination of the potential diagnostics, a plug electron-

confining potential <P Pb (=4> e + 0 t>) is obtained (11).

3. EXPERIMENTAL RESULTS AND DISCUSSION

40

3. 1. The Thermal Barrier Region „ 20
E
i 0

In Fig. 4 are shown the

magnetic lines of force (solid

curves along the z axis) as

well as the mod-B surfaces

(solid curves across the z

-20

-40

840 920 960SSO
z (cm)

FIG. 4. Magnetic lines of force (z direction) and

mod-B surfaces in the plu&'barrier region. Dashed

lines show the incident microwave lobe. Curves

a x i s ) in t h e b a r r i e r r e g i o n , labeled A, B, and C represent the locations of 10 =

Here, t h e t h i c k s o l i d c u r v e s 2 0 ' when B""0-497 T ( f o r s t a n d a r d t h e r m a l b a r r i e r

operations, 0.519 T, and 0.458 T, respectively.

labeled A show the location of
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cj =2Q «, under standard operating conditions for the thermal

barrier formation (Bm= 0.497 T). The lobe of the microwave beam

is the -bounded region by the dashed lines.

Under these conditions, the radial ~ *

profiles of line integrated X-rays mea- 3 2

sured by the two MCPs (open circles ob- ~ 0
served with the XIS(A) in Fig. 2(b) and

triangles with the XIS(B)) are plotted

in Fig. 5(a). These data are corrected

using the calibration data of the MCPs

C13—163. A two-dimensional tomographic

reconstruction of the X-ray emissivity

is generated in Fig. 5(b), and its con-

tour map is plotted in Fig. 5(c). From

the X-ray absorption method, the MCP

data indicate a radially uniform elec-

tron temperature T. (60 keV), as is con-

sistent with the data from the Nal(Tl)

detector(7).

Furthermore, the radial profile of

the total ion density n£ measured with a

microwave interferometer shows the same

profile as the square root of the X-ray FIG-5' x"ray data ln the midplane

of the barrier region in standard
emiSSivity p ro f i l e . Therefore, t h i s thermal barrier operations. The
Square rOOt p r o f i l e in Fig. 5 (b) alSO data are obtained by two X-ray

imaging systems using a 1. S~fi m-
shows the hot e l ec t ron dens i ty p ro f i l e , thick polyester absorber: (a)
Since the X-ray emiSSivity i s propor- Radial profiles of line-integrated
. . , . , _• . . ̂  . „ X-rays; open circles are data ob-
t i o n a l to inn . under the condi t ion of t a i n e d b y X I S (A) l n F i g . 2 { b ) . „«
Uniform TB as well as Of uniform Or triangles refer to system (B); (b)
small z . , , . (Good agreement between the a two-dimensional tomographic re-

constructed X-ray emissivity; (c)

PHA data and the absorption method data contour plots of x-ray emissivity.

using MCP supports this low Z.ff condition.)

These X-ray tomography data indicate the following important

information on the plasma potentials, which is essential to

tandem mirror plasma confinement.

(i) The observed peaking profile of the hot electron

population on the magnetic axis is desirable for thermal barrier

formation in the core plasma region, since <P b becomes larger

with increasing the population of the magnetically trapped hot

electrons (6, 7). From the scaling law of <P c vs <t> b (8, 11), $ o

-20 -10 0 10
Y (cm)



becomes larger with larger values of <t> b. Thus, this <P b profile

may result in the formation of the peaking profile of <P o in the

core plasma as well. In fact, such a <t> c profile is observed (8).

(ii) The next important point comes from the relation

between such an axisymmetric profile and particle confinement

properties. Asymmetries of plasma densities, temperatures, or

potentials may lead to local asymmetry electric fields; they may

cause nonambipolar radial particle losses (225. From this

viewpoint, the observed axisymmetric profile is desirable for

preventing such anomalous particle losses. In fact, such radial

particle losses are observed to be small with ELAs (8).

Next, for the mechanism study of the hot electron production,

the location of CD =2Q « are changed: For Ba= 0. 519 T, the location

of io =2Q , are indicated by the curves labeled B in Fig. 4. The

X-ray tomographic reconstruction in Fig. 6(a) shows an

axisymmetric hollow hot electron profile. Such a good axisymmetry

of the hollowness may be formed by E(r)XB(z) rotations of the hot

electrons, even though the electron heating configuration near

the 2Q. e surfaces is not hold axisymmetric (see Fig. 4). In Fig.

6(b), another X-ray-tomographic reconstruction is generated under

the configuration of the 2Q , surfaces labeled B in Fig. 4. Even

under this configuration, a new finding of a hollow profile is

obtained. The hot electrons produced near the crossings between

the surfaces of C and the microwave lobe, may move along bounce

trajectories together with EXB rotations.

(a) Bm=5.19kG (b) FIG. 6. X-ray
tomographic
reconstruc-
tions in the
case of (a) B.
-0. 519 T using
a 1. S-it m
polyester and
(b) B.-0.458 T
using a 50-/i m
aluminium ab-
sorber.

3. 2. Plug Region

In Fig. 7 (a) are plotted the scaling data on <p e vs <f> b with

the ratio of the plug to the central cell densities nP/nc=0.4-0. 5
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using ELAs and ELIS (O ). y

The data are compared with the ~ '
•s.

calculated results from the -a u
weak (dashed curves) and strong!

£03
(solid curves) ECH theories (9, o>
10). A transition from the weak |o.4

to the strong ECH prediction

is clearlywith increasing 0 b
shown in Fig. 7 (a).

From these ECH theories,

z C//B ) \

04 03 12

(c)
M

v.Thermal BanierWerrtial <ft,(W)

FIG. 7. (a) Scal ing data on 0 . vs ^ k as
compared with the ECH theories , (b) An axial

t h i s t r a n s i t i o n i s expected t o Potential profile. CO A model of an electron
velocity distribution function in the plus

be accompanied by a change in a region due to the strong ECH theory,

plug electron velocity distribution function, feP, from Maxwellian

to the plateau distributions, since a remarkable thermal

isolation effect due to the 0 b increase causes an efficient

heating of plug-localized electrons and thereby their drastically

reduced collisions. Therefore, the observation of f«P in this

high 0 b region is a critical issue. The axial configuration of

0 b , 0 c and 0 Pb is depicted in Fig. 7(b). In Fig. 7(c) is shown

a schematic drawing of f.P predicted by the strong ECH theory

(10). This velocity space is divided into three regions: (i) The

0 pb-trapped plateau electrons (regime P), (ii) Maxwellian elec-

trons trapped by the plug/barrier

mirror with a temperature TP_

(region M); these electrons

bouncing in the mirror are heated by

both plug and barrier ECH, and (iii)

the "loss cone" with an angle 0 0=

35* (region L).

SO W W
hv(teV)

The X-ray PHA data in the plug FIG. 8. (a) X-ray spectra for 2$ , k»5. 4
kV and 0. Data are f i tted by plateau

are represented With the Si (Li) de- electron distribution functions and

tector (Fig. 8(a)). The data are

taken during plug ECH (potentials

are formed as shown in Fig. 7(b)),

with the <t> , t (r) data along with
Maxwellian electrons (2.5X to the
total a., 60 keV with a "loss cone"
angle of 35") (the dashed curve). The
contribution of the on-axis core

as well as at 5 ms after plug ECH is electrons is shown by the solid curve.

switched off (0 P b has already de- <b) T n e eo-kev Maxwellian electrons
are observed. In (a). X-rays from

cayed t o 0, but the other heat ing MaxwelUan e l e o t r o n s w i t h x o r 2 keV
powers are S t i l l being injected) . are shown by the dotted curves.
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A remarkable feature is the quick decay of the X-rays at hv §5 keV

(in this case, 2<f> pb=5. 4 kV) as compared with <p Pb=0. However, a

higher energy component, continued to at least 7 keV, does not

change in each case. The data with the pure Ge detector are shown

in Fig. 8 (b) for the observation of such higher energy X-rays (hv

S5 keV). Almost the same spectra in each case of <f> Pt are again

obtained (for simplicity, a spectrum for 2<p Pb=5. 4 kV alone is

represented there). These spectra from the high energy electron

component observed with both detectors consistently show the same

electron temperature of 60 keV. This is the same Te as observed

in the barrier region (see Sec. 3.1.). These 60-keV electrons

observed in both barrier and plug regions support the existence

of the plug/barrier mirror-trapped electrons as predicted in the

region M (Fig. 7(c)). Even after the <P Pb decay, such

mirror-trapped high energy electrons are maintained as seen in

Figs 8(a) and 8(b), because of their low collisionality.

On the other hand, intense X-rays from the lower energy

component below 5 keV are observed only when 0 pb is formed (Fig.

8(a)). The spectrum is fitted using the calculated results from

relativistic Maxwellian distributions; however, the dotted curves

with 2 keV and 1 keV Maxwellian can fit the data ranging up to

2. 5 keV alone, and exceeding 2. 5 keV alone, respectively. No

Maxwellian combinations can fit the spectrum with K -d In(hv -dn)/

d(hv )2<0, since Maxwellian electrons always emit photon spectra

with K >0 as seen by these dotted curves. Such a spectrum with K

<0 is one of the remarkable X-ray characteristics from plateau

electron distribution functions. The solid curve in Fig. 8 (a) is

calculated using f. „ in Fig. 7(c); here, we use the data of 2<t> Pb

=5. 4 kV for the potential-trapped plateau electrons along with

the mirror-trapped Maxwellian with a 35" loss cone (Tpm=60 keV

and 2.5% to the total n P ) . Here, it is noted that the intensity

of electron-electron Bremsstrahlung is two-orders of magnitude

weaker than that of electron-ion Bremsstrahlung. This fitting is

based on the fact that dominant X-rays come from hot core plasmas.

More detailed analyses taking account of <p Pl,(r) are carried

out using fOP in Fig. 7(c) under our low Z.ff conditions

(Impurity line radiation from both K and L shells is not an

appreciable level as seen in Fig. 8 (a) (for more detail see Ref.
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12).): A line integrated inten-

sity at hv with the X-ray PHA,

IXP (hv ), is written as / Cn. •

ni -Z. f t
 2] (r)- Ixc (hv , r) dr;

here, I x c for hv at r is cal-

culated using the <f> Pb profile

in Fig. 9 (a). The product of

n.-iii-Z.f t2 at r is obtained 10
iPlugPlasmaRadius rlvri

from tomographic reconstructed F i a 9 . ( a ) Radial profile data on

X-ray emissivity at r, I i T ( r ) ,

which i s corrected by the

K)r(cm)

,w. (b)

Tomographic reconstructed X-ray emissivity
using a 1.8-fcm polypropylene absorber (hv 280
eV). (c) X-ray radial profile data with vari-

abSOrber t ransmissivi ty and theous absorbers are compared with the calculated

MCP-response (13-16) divided by x ' r a y p r o f i l e s from t h e p l a t e a u e l e c t r O D

distribution functions using the data in (a).

/Ixc(hv,r) d(hv), since

Ixc (hv ,r) is normalized for unit values of electron and ion

densities, n., ni, and an ion effective charge Zeff. Thus,

Ixp(hv ) is described by

/ C{Ixx(r)// Ixc (hv , r) d(hv )}-IJC (hv , r) 3 dr

In Fig. 9, the data from X-ray tomography for Ix-r(r) and the data

on <j> Pb(r) for calculating Ixc (hv , r), therefore, predict the

spectrum of IXP (hv ) (the dashed curve in Fig. 8(a)). Good

agreement between the data and the calculation in Fig. 8(a)

indicates the validity of the strong ECH theory, which predicts

the model in Fig. 7(c).

Another independent method of comparing ' *"» X-rav data with

the calculated X-rays from the plateau distributions requires the

assumptions of a low-Z.11 (or a radially uniform-Zeti) condition

and of a small contribution of high energy electrons to the total

X-rays (thereby, n.=ni); these are satisfied as described above.

Now, we can calculate the X-ray profiles with various thickness

absorbers from

/ Cn.-ni -Z.f f
2] (r)- Ixc (hv ,r) d(hv )

(solid curves in Fig. 9(c)). Here, we uza 4> Pb(r) and the model

in Fig. 7(c) as well as na profile deduced from X-ray data with a

1.8 (i m polypropylene absorber (sensitive to n.-ni'Z.(f
2 but

insensitive to hv ; see Ref. 7) ; this profile is consistent with

those with microwave interferometers in the barrier and the

central cell mapped along magnetic lines of force to the plug.

- 358 -



Good agreement between the X-ray profile data and the

calculations in Fig. 9(c) again proves the validity of the strong

ECH plateau-formation theory.

4. SUMMARY

Temporally and spatially resolved X-ray diagnostics have

been utilized for the studies of (i) hot electron production

mechanism, (ii) the correlation between the hot electrons and the

potential formation mechanism as well as (iii) the effects of the

potentials on the plasma confinement.

In the thermal barrier region, by using two sets of

50-channel MCP with the detailed calibration data, an

axisymmetric 60-keV hot electron profile peaked on the magnetic

axis is desirably obtained along with a similar axisymmetric

potential distribution. The X-ray tomography data show that the

relocations of u> =20. „ layers are accompanied by the correlated

spatial changes in the hot electron distribution.

In the plug region, a combination of the X-ray tomography

data and the X-ray energy spectra has clarified the plug

potential formation mechanism; a plateau electron velocity

distribution function predicted by Cohen's strong ECH theory for

the plug potential formation has been demonstrated.

These potentials, in turn, have drastically improved the

energy and particle confinement time in GAMMA 10. At this time,

simultaneously obtained one shot parameters are n=4X10ia m"3,

T EJ=0. 65 sec, and Ts x =5 keV with <f> O = 1. 5 kV and <t> b=l. 1 kV.
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Sawtooth Analysis by SXR Computer Tomography on WT-3
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K.Makino, M.Nakamura, T.Maekawa, Y.Terumichi

and S.Tanaka

Department of Physics, Faculty of Science, Kyoto University,

Kyoto 606, Japan

Soft X-rays(SXR) emitted from the WT-3 to':amak are measured

by three detector arrays, and these experimental data are

reconstructed to 2-D SXR pmissivity distribution by a technique

of computer tomography(CT). Numerical simulation results show

that the data from three or more sots of detector arrays a m

required to distinguish Kadomtsev's model from quasi-

interchange(Wesson's) model, further the noise amplitude must be

less than 1.5% of the signal.

Sawtooth oscillations(STOs) are classified into 4 types

according to the waveform, and into 2 types according to the

reconstructed images. The results of CT indicate that STO with

large precursor oscillations crashes slowly and is like

Kadomtsev's model. STO without precursor crashes quickly and is

like Wesson's model. The crash time agrees with the reconnection

t i me(~20ys).

1. introduction

Recently, it has been reported that many types of STOs are

observed' ' ' ' : ' ' 3 ' and some of them cannot be explained by the

well-known Kadomtsev's model'41 , and thus there are much interest

in revealing their physical mechanisms. As SXR CT can display

the change of hot plasma core during crash phase' 6 '• *><T ' , it is

one of the most useful methods for investigation of STO. But,

lack of data points and noise may prevent us from obtaining

proper reconstructed image. In this paper, the validity of a CT

method for study of the STO crash is discussed on the basis of

the numerical simulation results, and the experimental results of

the reconstructed images of STO in WT-3 are discussed.
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2. Measuring Apparatus

The? SXR measuring apparatus consists of throo fan upt.ofitor

arrays, which are installed on the top, bottom and horizontal

ports of WT-3 as shown in Fig.1. The detector arrays on tho top

and bottom ports have 21 detectors and the array on the

horizontal port. has 23 detectors. The time and spatial

resolution of this CT system are lOfis and 1.5cm, respectively.

The sensitive energy range of the detectors(0.2-27 keV) can be

varied by inserting absorbers in front of tho first collimetor:

2um mylar, 15nm He, 100am Be corresponding to 0.7-27 keV, 0.9-

27keV, 1.7-27keV, and 2mm Al blind window is used to measure the

noise amplitude.

3. Results of Computer Simulation

In order to evaluate the validity of reconstructed images,

numerical simulations are carried out. Test patterns shown in

Figs.2a and 2b have the different characteristic structure.

Fig.2a has the circular hot core(Kadomtsev' s type), and Fig.2b

has the crescent shape hot core(Wesson's type'01 ). The test

signals which are obtained by carrying out a line integration of

test patterns along viewing chords and adding Gaussian noise are

reconstructed, and the test pattern and the reconstructed image

are compared. Reconstructed images for these test patterns are

shown in Figs. 2c-f. Figs.2c and d are reconstructed by using

the data from 2 detector arrays(top and horizontal). Figs.2e and

f are reconstructed by three arrays' data. Though Figs.2a and b

have remarkable contrast in each m=1 structure, Figs.2c and d are

not distinguishable. On the other hand, Figs.2e and f are

distinguishable and the characteristics of the original structure

in each test pattern are reconstructed. These results indicates

that the data from three or more sets of detector arrays are

required to distinguish Kadomtsev's model from quasi-

interchange(Wesson's) model.

Next, we investigate the influence of noise on CT

reconstructed images. Fig.3 shows the variation of reconstructed

images, as the noise amplitude increases. The noise amplitudes

are evaluated by
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.where Pi is the integrated intensity along the kth chord and Di

is the detected .signal of the kth detector which includes noise.

Fig. 3a shows the test pattern, and Figs. 3b and c are the

reconstructed images by 3 port CT for An« , 9» = 0.8% and 1.6%,

respectively. The test pattern has the Kadomtsev-like mode

structure and the reconstructed pattern in Fig.3b is very similar

to the test pattern, but in Fig. 3c is like the Wesson-like mode

structure. This result shows that in order to distinguish

Kadomtsev's model from Wesson's model, the noise amplitude must

be Jess than a certain threshold value(Ac). Ac is estimated

about 1.2%-1.5% by numerical simulations on many test patterns

with various noise levels. In our experiments, it is confirmed

experimentally that the noise level is below 1% which is less

than Ac.

A. Experimental Results

STOs are classified into A types according to the waveforms.

Fig.4 shows the typical waveforms of these types STOs.

The first type shown in Fig.4a is most familiar and

accompanied by precursor and sometimes by successor. This STO

appears mainly in ohmic heating(OM) and lower hybrid current

dr i. ve (L11CD) discharge. STOs appeared in OH plasma almost belong

to this typo.

A feature of the second type shown in Fig.4b is that the

crash occurs without precursor, and this STO appears in only high

density (n~, > 2 . Ox 1 0! f cm- ' ) LHCD discharge. This STO has long

period(~3 times compared with Oil case) and large amplitude(~2

times ) .

The third type appears only in ECU discharge when the ECR

layer exists on the q=l surface, where q refers to the safety

factor. A feature of this type is that the crash occurs without

precursor and successor and has long periods(5-15 times). An

another feature is that the waveform saturates, and we may call

it "saturated sawtooth".
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The forth typo appears somohimps in electron eye 1 o tron

heat, i ng ( RCH ) discharges whori the RCR layer exists on the magnnt. ir

axis, and is similar to "compound sawtooth" or "double sawtooth".

This STO appears mainly in high pressure or low q. disclinr^s,

and the first small crash is accompanied by successors only nnd

the main crash is accompanied by precursors. The details of (his

STO is not discussed in this paper.

The CT images are shown in Figs. 5 and fi. Fig. 5 shows the

contours of constant emissivity during the typical STO crash of

the first, type. The STO crash occurs with precursor, and hot

plasma core is rotating around the magnetic axis with constant

speed(Figs.5a-g). The STO crash begins in Fig.5c and finishes in

Fig.f>h. The hot plasma core keeps the round shape during STO

crash and vanishes in Fig.5e. The shape of hot plasma core

during STO crash is consistent with the Kadomtsev's model and the

crash t i me (~60JIS ) dons not contradict the reconnection

t ime(~20ys).

Fig.fi shows the contours of constant emissivity during STO

crash of the second type. This STO crash occurs without

precursor. The STO crash begins in Fig.fib and finishes in

Fig.6f. The shape of the hot plasma core transforms from the

round shape to the crescent shape during STO crash. The shape of

hot plasma core during STO crash is consistent with the Wesson's

model and the crash time is faster than that of the first type.

To express the shape of hot plasma core, a certain index are

introduced. This index is determined as following. The peak of

the reconstructed image is located in (rt ,9r ), where r,0 are the

polar coordinates with respect to the origin of Fourier

expansion. As the m^O component, is expressed by tho function of

r, the m = 0 component is positive constant on a fixed

circumference. The m=1 component is expressed by

A(r)cose+B(r)sinfl. On a fixed circumference, A and R are

cofjstant, and the m= 1 component is positive from 9T -a to Bi +p ,

where a+p=n. The azimuthal interval a + /3 where the sum of the m=1

and 2 components is positive on a fixed circumference depends on

the radius r. We consider the value of a+0 on the circumference

with r=rr . When a + /? increases, the region where the sum of m= 1

and 2 components is positive expands, and the shape of the hot

core in the reconstructed image becomes crescent. When a+p
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decreases, tbo shape of the hot, core becomes round. Tl'i s a+fl

value on the circumference with r=rr is the index of the shape of

hot plasma core

In Fig.7, this index is plotted as the function of the

amplitude of m= 1 component at r=r? just before the STO crash,

that is, the amplitude of precursor. The shape of hot plasma

core transforms to the crescent shape with increasing the

amplitude of precursor. 3 types of STO are cJassified into 2

types in this figure. STOs of type 1 crash is like Kadomtsev's

model. The crash time and the existence of precursor and the

shape of hot plasma core are consistent with Kadomtsev's model.

STOs of type 2 and 3 crash are like Wesson's model.
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5SB Detector
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Fig.l

Soft X-ray measurement apparatus in the
poloidal cross section. This system consists
of 65 SSB detectors and the spatial
resolution is 1.5 cm on the central plane.
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Fig.2

(a) and (b) show the contour maps of two test
patterns, which have (a) the Kadomtsev type
hot core and (b) the Wesson type one.
Figs.(c) and (d) show the results of 2 port CT
and Figs.(e) and (f) showthe results of 3 port
CT. The regions surrounded by the dotted
lines show hollow profiles.



Test

Fig. 3

(a) shows the test pattern which has the Kadomtsev-1ike
mode structure, (b) and (c) shows the reconstructed
images of the test pattern with noise of 0.8% and l.b/o
respectively•by using 3 port CT.
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Fig.5

Top figure shows the time evolution of SXR signal
viewing near the center of plasma. This STO crash
of type 1, and large precursor oscillations appear
before the STO crash. Bottom 8 figures show the
reconstructed images with 3 arrays.
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Fig.4

Three waveforms show the typical STO crashes, and the top,
middle, and bottom waveforms are the SXR signals viewing
near the plasma center, near the inversion radius, and
outside of the inversion radius, respectively, (a) is
accompanied by large precursor, (b) and (c) crashes
without precursors and the waveform of the type 3 saturates
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Fig.6

Top figure shows the time evolution of SXR
signal viewing near the center of plasma.
This STO crash of type 2, and no precursor
oscillations appear before the STO crash.
Bottom 6 figures show the reconstructed
images with 3 arrays.
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Poloidal CT System for Visible Light Emission
with CCD Linear Image Sensor Array
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ABSTRACT

Tomographic reconstruction of visible light emission have been carried

out in the HYBTOK-II tokamak(R=40 cm. a=ll cm, Ip=15 kA). By employing

an image sensor of a charge coupled device(CCD) we have developed a simple

poloidal computer tomography(CT) system with high time and spatial resolution.

Five CCD linear image sensors are placed in the same poloidal cross-section to

obtain the chord averaged emission. Each CCD image sensor has 2048 pixels

with a FWHM sensitivity region between ?i=420~870 nm approximately. Signals

from 512 pixels of each CCD detector are converted into 8 bit digital data and

stored on a frame memory. Interference filters are employed to separate the

visible light emission with a specific wavelength. Present 5 channel poloidal CT

system has a time resolution of 300 p.sec and a spatial resolution oi about 8 mm

at the plasma center. In the HYBTOK-II tokamak the intensity profiles of the

visible light emission during the ergodic magnetic limiter(EML) experiment

were obtained and an enhancement of the particle transport by EML was

observed with poloidal CT measurement. This CT measurement will be applied

to study the particle transport in the limiter bias and electron beam injection

experiments.
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1. Introduction

Edge plasma properties are governed by complex processes, such as heat

and particle transport from the core plasma, recycling of fuel particles, impurity

transport and so on. Recently, it was found from experimental and theoretical

studies of H mode plasmas that the edge plasma properties affect the core plasma

confinement drastically. Understanding of the edge plasma properties is

necessary not only for the improvement of the plasma confinement but also for

the research on the plasma surface interaction.

With a progress of the fusion research profile measurements of the plasma

parameters with good spatial and time resolution are required. So far a

tomographic reconstruction of X-ray emission has clearly shown MHD activities

in the hot core region[l]. The X-ray emission from the plasma can not be applied

to measure the plasma properties in the edge region with the electron

temperature below several tens of eV. Profile reconstruction of the visible light

emission from hydrogen atoms, and/or impurity atoms and ions enable us to

study the edge plasma phenomena, such as recycling of hydrogen and particle

transport including impurities. We have developed a simple poloidal CT system

for visible light emission using five CCD linear image sensors in HYBTOK-II

tokamak. This CT system is applied to measure the dynamic particle transport

and impurity behavior in the ergodic magnetic limiter(EML)[2]-[3] and biased

Iimiter experiments[4].

T. Experimental Setup
2.1. Poloidal CT System with CCD Array

A poloidal CT system for visible light emission with five points of view is

shown schematically in Fig. 1. Five CCD linear image sensors are installed at the

same poloidal cross section and a viewing angle of each CCD sensor is 50° in the

poloidal direction, looking the whole plasma cross section. We can obtain a line

integrated image of the visible light by CCD image sensor. The output signals
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from 512 pixels of each CCD sensor which are proportional to the intensity of

the incident light and the integration time, are transferred to a static RAM

through an AD convenor simultaneously. High speed CCD image sensors enable

us to obtain a large number of projection data at single point of view with high

time resolution about 300 |isec. Specification of present CCD image sensor and

poloidal CT system is summarized in Table-I.

The optical arrangement of the poloidal CT system is shown in Fig. 2.

Visible light emission from the plasma is focused on the CCD sensor by two

cylindrical lenses through a slit in the toroidal direction. A specific line

radiation can be measured with a installation of a band pass filter between two

lenses. The width of the slit is 2 cm. This slit hole optical system increases the

intensity of the light without degrading the spatial resolution in the poloidal

direction. The viewing angle is limited to 50° by the distortion of the cylindrical

lens. The vessel wall where CT system is installed is covered by a viewing damp

with black coatina to avoid the reflection effect.

C y l i n d r i c a l L e n s

P J a s a a

C C D L i n e a r l i a g e S e n s o r

D r i v e r
C i r c u i t

F i l t e r

C o n v e r t e r
A

C O N T R O L

Fig. 1 Schematic diagram of the visible poloidai
CT system. Image data are analyzed to
reconstruct the intensity profile by an off-line
computer.

S R A M
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D i x e I

8 a s

c y l i n d r i c a l l e n s

Fig. 2 Optical arrangement of slit-hole system.
The width and height of the slit is 2 cm and 1
mm, respectively.

2.2. HYBTOK-II Tokamak

Profile reconstruction of the

visible light emission was carried

out in a small research tokamak

HYBTOK-II. Typical plasma

parameters are listed in Table-II. In

HYBTOK-II local helical coils

(m/n=3/l,6/2) are installed to study

the transport processes of hydrogen

and impurities in ergodized

magnetic configuration. In addition

to EML, limiter biasing and

electron beam injection experiments

are done to study the effect of the

modified electric field on the plasma

transport. Present visible CT

Table-I Performance characteristics
of CCD linear image sensor
and CT system

Wavelength(FWHM) 420-870 nm

No. of Pixel

Clock Frequency

Time Resolution

Spatial Resolution

Memory Size

2048

8.192 MHz

-300 [is

-8 mm

Zl kB(8 bits)

(50 frames)
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system is very useful to measure the

edge plasma phenomena in EML

and biased limiter experiments.

Spectroscopic measurements using

visible and vacuum ultraviolet light

emission are employed to compare

the time evolution of the emission

with that from CT measurement.

Table-II Typical discharge parameters

of HYBTOK-II tokamak

Major Radius

Minor Radius

Plasma Current

Density

Toroidal Field

R=40 cm

a=ll cm

Ip<15 kA

ne<1.5xl019nr3

Bt<0.5 T

Discharge Duration t<12 ms

3. Profile Reconstruction of the Visible Light in Tokamak Discharge

Profile reconstruction of the total visible light emission from HYBTOK-11

was carried out in order to test the performance of the present poloidal CT

system. In Fig. 3 time evolution

of the disruptive discharge for

performance test is shown. The

plasma was disrupted by the

density limit at t=4.8 ms and

shifted inward rapidly.

Reconstructed profiles of the

total visible light emission by

the maximum entropy method

<MEM)[5]-[6] are shown

sequentially in Fig. 4. The

intensity profile shows a hollow

profile since the visible light is

emitted from the edge region

with low electron temperature.

With increasing the electron

density the intensity of the

visible lisht increases and the

Horizontal Position (lenvdiv)

8

Fig. 3 Time evolution of the plasma parameters
in performance test of the visible poloidal CT
svstem.
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reconsrructed profiles have high peaks around the inward edge with inward shift

after disruption. Time evolution of the intensity profile agrees well with that of

the total light emission measured with a photo diode. Intensity profiles

reconstructed by ART are coincident with that by MEM. From these

observations this poloidal CT system with CCD sensor works satisfactorily to

measure the visible light emission profile with high time and spatial resolution.

In HYBTOK-II EML was applied to modify the particle transport by

stochastic magnetic field line. Spatial and temporal behavior of the visible light

emission is closely related to the particle transport including impurities at the

edge region. In Fig. 5 contour profiles of the intensity difference between the

1* at f«
n<c"' 3. 5 m s

Fig. 4 Time evolution of the intensity profile of
total visible light reconstructed by MEM.
Corresponding plasma parameters are shown in
Fig. 3. Axes R and Z indicate the major radius
and vertical position, respectively.



visible light emission with EML and without EML are shown. It can be seen that

the visible light emission increases at the edge region, which comes from the

enhancement of the particle transport and shielding of the impurity influx at the

ergodic region by EML. This result is consistent with a spectroscopic

measurement that the line radiation of the impurities with low ionization

potential increases and that with high ionization potential decreases.

r

3C 4C

o m s

6 m s

Fio. 5 Contour plots of the intensity increase of
the visible light omission during EML. The
intensity shown hi the figure indicates the
difference between that with EML and without
EML.
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4. Summary

We have developed a compact CT system with high spatial and time

resolution for visible light emission from plasma. This poloidal CT system can

be applied to investigate the dynamic edge plasma phenomena, such as the

particle recycling and the impurity transport process. In HYBTOK-II tokamak

the particle recycling and impurity behavior during EML was measured by

present poloidal CT system and an enhancement of the visible light emission at

the edge region during EML was observed, which is consistent with

spectroscopic measurements. The particle and impurity behavior during limiter

biasing and electron beam injection is under investigation.
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Abstract
Analysis of the flux surface geometry via soft x-ray tomography is a potentially valuable

technique for the experimental determination of safety factor profiles in noncircular tokamak
discharges. However, the noise sensitivity of direct tomographic inversions introduces unac-
ceptable errors in the determination of the flux surface geometry, especially near the magnetic
axis. The introduction of a priori information via modeling can greatly reduce this effect. A
technique is presented for fitting model solutions to chord averaged experimental data via min-
imization of an appropriate cost function. It is planned to apply this technique to the highly
elongated plasmas in COMPASS-D where it is expected to yield q(r) with typical errors of
about 10-15% on axis.

1 Introduction

The experimental determination of tokamak equilibria is one of the most demanding areas
in plasma diagnostics. Conventional techniques require highly precise measurements of the
magnetic field direction [1]. Christiansen and Taylor have described an independent technique
whereby the equilibrium in a noncircular plasma can be determined from knowledge of the
geometry of the flux surfaces alone [2]. This technique has been demonstrated on JET using
tomographic reconstructions of soft x-ray (SXR) emissivity [3]. Though reasonable results
were obtained, it was found that systematic problems limited the effectiveness oi the technique,
particularly near the plasma axis. Firstly, near the plasma edge the SXR emissivity is very
small and the flux surface geometry can not be obtained accurately due to the degradation
in the signal to noise ratio. This effect can be remedied by the use of magnetic coil data
to define the edge region. Secondly, limitations in spatial resolution and random noise in the
measurements make it extremely difficult to accurately determine the shape of the flux surfaces
near the axis from tomographic data.

Powell has demonstrated a modelling technique ('forward modelling1) for tangentially im-
aged SXR data which does allow the equilibrium to be determined throughout the plasma
cross section [4]. Rather than first inverting the data, then fitting the inversion to a simple
model such as shifted ellipses (as in [3]), a number of candidate solutions were determined by
running an equilibrium code with a fixed value of the edge safety factor (qa, known from mag-
netics) and with various values for the axial safety factor (go)- Then, the candidate solutions
were compared to the uninverted SXR data to determine the closest fit.

However, the comparison of the candidate solutions to the experimental data is not straight-
forward. The equilibrium reconstruction provides the distribution of the poloidal flux function,
il'(R,z) while the experimental data consists of line integrals of the emissivity. To compare
the two the functional relationship between the flux function and the SXR emissivity, e(tp),
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is required, This then allows numerical integration to produce 'reconstructed brightnesses".
BT'C — Jdle{tl') which can be compared directly with the measured brightness. In general,
the functional dependance e(4>) is quite complicated and impractical to compute, even given
detailed profiles of temperature, density and Ze//. Powell thus determines e(i') as follows.
For a tangential viewing geometry the experimental data from the horizontal midplane can
be Abel inverted by assuming toroidal symmetry. Given the SXR emissivity on the midplane.
e(R,Z = 0), and the computed poloidal flux function on the midplane for each candidate
solution i'(R,Z = 0), this defines the required functional dependence, e(i}'(R,Z)). Ersatz
brightness measurements, BTec, are then computed by numerically integrating aiong the ex-
perimental lines of sight. The particular candidate solution which matches the experimental
data most closely (that is, for which £,(B t - 5"c)2) is minimized) is accepted as the solution.

That this technique gives better results than direct inversion is not surprising since it takes
maximal advantage of the available a priori information. With it, determination of go to within
10% has been quoted [4]. However, the technique as described above has drawbacks. Firstly,
note that the required transformation, e(<j>), can be found in this way only for a tangential
viewing geometry. The technique is thus not applicable to experiments where the plasma is
imaged radially. Secondly, the success of the technique relies critically on the accuracy of the
midplane Abel inversion since this inversion provides the key to the results of the subsequent
numerical integrations. While the Abel inversion is more straightforward to implement it
is not, in principle, any more accurate than the full tomographic inversion (the condition
numbers, and thus the noise sensitivity of the two problems are similar). In fact, the converse
is true: an error in the Abel inversion will lead directly to an error in the perceived flux surface
geometry in the method of Powell. However, if the full, two dimensional, experimental data
set is considered, local errors in the poloidal plane are less crucial.

This paper describes an algorithm which, when applied to the forward modelling technique,
fits the entire two dimensional data set and thus provides improved noise rejection. It is
also applicable to any viewing geometry, including radial viewing systems. Also, in cases
where full equilibrium reconstructions are not available (or where the computational expense
of this approach is not justified) the algorithm can be used to find the best fit to a simple,
parameterized model (e.g., shifted ellipses or shifted D's).

2 SXR Imaging Systems on COMPASS

COMPASS-C is a compact, circular (R=0.55 m, a=0.20 cm), air core machine with 1 MW of
additional heating (ECRH) and flexible poloidal and helical field systems [5]. In early 1990
the circular COMPASS vacuum vessel will be replaced by a D shaped vessel (COMPASS-D).
During this phase of the COMPASS program beta optimization experiments with 2 MW of
ECRH will be performed on highly elongated discharges. It is expected that Christiansen and
Taylor's technique for determining the parameters of the plasma equilibrium via SXR imaging
will be applicable to these discharges (the technique is not generally applicable to the circular
discharges in COMPASS-C [2]).

COMPASS has two systems capable of two dimensional SXR imaging: a pair of orthogonal
surface barrier diode (SBD) cameras and a tangentially viewing phototdiode array (TANSOX)
[6]. The SBD system consists of 21 channel horizontal camera and a recently installed 16
channel vertical camera. All the channels have a maximum digitization rate of 100 kHz. The
TANSOX system acheives much higher spatial resolution (64K channels) at the expense of
reduced temporal resolution (330 Hz maximum framing rate).

The two systems are complimentary: the high bandwidth of the SBD cameras make them
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suitable for the analysis of fast instabilities while the high spatial resolution of the TANSOX
allows a more accurate characterization of the flux surface geometry. The technique described
in the following section is thus mainly intended for analysis of TANSOX data on COMPASS.

3 A Cost Function Approach to Tomographic Reconstruction

The basic problem to be solved can be stated as

bi = Ujtj + en (1)

where 6; are the measured SXR brightnesses with experimental errors CTJ, ej are the unknown
SXR emissivities and /,; is the response matrix which is a function of the system geometry.
The following discussion will assume a cartesian pixel realization of the above equation.

Now, let the set of feasible solutions to this equation be defined such that the normalized
chi-squared, \-2, is less than one, that is

<rt
(2)

In general, there are many feasible solutions and additional constraints must be introduced
to chose a unique solution to the problem. For example, an often invoked constraint is that
the unique solution be that member of the set of feasible solutions for which the entropy, S, is
maximized [7]. Here entropy is defined as

S = - £ > > £ ; . (3)
j

The entropy can be thought of as a cost function which determines the relative desirability of
any feasible solution (though it is a somewhat atypical cost function as it is maximized rather
than minimized).

Other cost functions can be chosen which allow the inclusion of a priori information. In
particular, suppose one had some cost function G(il>,e) which was minimized when the shape
of the isosurfaces of the emissivity ej coincided with the isosurfaces of the flux function v-
Then, if one had a number of candidate equilibria the best fit to the experimental data could
be found by the following algorithm: for each candidate equilibrium, ^ , minimize the cost
function G{4>k,e) over the feasible region defined by \2 S 1- Then, the best fit between the
experimental data and the candidate equalibria is given by that particular equilibrium for
which G achieves its global minimum.

Note the properties that this cost function must have: it must be minimized when the
isosurfaces of e and ip coincide but it must not depend on the their actual values. A particular
realization of such a cost function is given by

(4)

The meaning of the indices ik is shown in figure 1. The plasma cross section is shown with
superimposed contours of constant V (labeled k=0, k=l, etc.) and the pixel centers shown by
their index 1 to 49. Now, ik simply represents the indices of those pixels which lie in the band
between the two i> contours k and k+1 and nk is the number of such pixels. For example, in
figure one, iQ = 25,26, n0 = 2, and h = 18,19,32,33, nx = 4.
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Figure 1: The labeled pixel centers (1-49) with superimposed contours of constant poloidal
flux, ip. The pixels are binned into a number of bands which are denned by the V contours.
By minimizing the variance of the emissivity within these bands the emissivity distribution is
forced to have the same geometric shape as f.

The interpretation of this cost function is simple: it is the variance of the emissivity, e,
within each band defined by the isosurfaces of %<. When G=0 all the emissivity pixels in a
given band will have the same value (and thus the same geometric shape as the template
distribution, il>) but the particular value of e in the band is not fixed by G.

The computer implementation of this cost function is straightforward. The appendix gives
codes (written in C) for the determination of ik when i/1, is known (V. are the values of xp at
the pixel centers), and a routine to calculate the cost function G. Also, a routine to calculate
the change in G caused by a small change in the emissivity in a given pixel is shown. This
last routine is required for the simulated annealing algorithm which is discussed in the next
section.

4 Simulated Annealing

Simulated annealing is a Monte Carlo technique which is useful for linear or nonlinear opti-
mization problems. Details of tills technique can be found in the literature [8,9] so only a brief
review is given here.

Assuming that one has an initial feasible solution e, (i.e., one for which \ 2 < 1) mini-
mization of G within the feasible solution space is accomplished as follows. The emissivity in
a single pixel is perturbed by some small amount Se and the effect of this small change on
the cost function G and on \ 2 is computed. If G is decreased and \ 2 remains less than one
the increment is accepted. If the increment would cause \ 2 to become greater than one the
increment is rejected. If G is increased and \2 remains less than one the increment is accepter]
according to Boltzman statistics

p{Se) = exp(-6e/T) (5)

where the 'temperature'T is initially set to some relatively large value (say, 2*Se) and gradually
decreased as the solution proceeds. Its purpose is to prevent trapping in local minima. The
optimum annealing schedule (i.e., the schedule for lowering T) depends on the comple-dty of
the cost function being used and thus the number of local minima. The optimum annealing
schedule for this particular problem is currently under investigation and will be reported at a
later time.
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Figure 2: 2a) A comparison of the ellipticity of a test phantom computed by simulated anneal-
ing (triangles) and by a maximum entropy inversion followed by a least squares fit (squares)
for various noise levels. For noisy data the simulated annealing technique is superior. 2b) The
relative error in the derived axial safety factor as a function of noise level [2]. The shaded
region represents typical noise levels for the TANSOX imaging array. It can be seen that the
forward modeling technique should be able to determine q0 to within 10-15% while the errors
in the direct inversion are unacceptably high.

The algorithm is stopped when G shows no average decrease in response to perturbations
to e. By repeating this process for each candidate solution that particular candidate for which
G is a global minimum is found. This then represents the best fit to the experimental data.

The initial estimate can be found by any convenient technique, for example the Cormack
algorithm [10] or an Algebraic Reconstruction Technique [11]. In fact, the initial solution can
also be found by simulated annealing though this is generally slower than the Cormack or
ART algorithms.

Figure 2 show the results of a simple comparison of this technique to direct inversion. An
elliptical phantom was generated with a axial ellipticity of 1.2 (see figure 3a). The ellipticity
on axis was estimated by direct inversion (using a maximum entropy algorithm [5]) followed
by a least squares fit of an ellipse to the inverted emissivity. The ellipticity was then found
by using the simulated annealing technique outlined above to compare candidate solutions
having axial ellipticities of 1.0 through 1.4 in increments of 0.02 and with fixed ellipticity at
the edge (1.8). The entire procedure was then repeated, adding increasing amounts of noise to
the data. The results verify that the forward modeling technique performs considerably better
with noisy data. Of course, this is hardly surprising: multiple choice tests are always easier.

However, it should be understood that the success of this (or any) modelling technique
depends on the validity of the a priori information which is used. If the 'right' solution is not
among the candidate solutions then the 'right' solution can not be found.

5 Use of Parameterized Models

The technique above is useful for forward modelling, that is for identifying that candidate
solution which most closely fits the experimental data. However, the generation of the candi-
date solutions is obviously a very computationally intensive task. In some situations it may
be preferable to represent the candidate solutions in some simple, parameterized form.

Let the possible flux surfaces be represented by the form Z = Z(p, $), R = R(p,6) where R
and Z are cylindrical coordinates and p and 0 are flux surface coordinates. An example would
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be a shifted ellipse model, that is

R = Ro(p) + pcosO (6)

Z = E(p)psm9 (7)

where Ro and E are the Shafranov shift and ellipticity functions which might be parameterized
as

Ro(p) = #00 + R02P2 + Ro4P* (8)

E(p) = Eo + E2p
2 + EAp\ (9)

For a given model there are l*m parameters where / is the order of the poloidal expansion
(/ = 1 for shifted circles, 2 for shifted ellipses, 3 for shifted D's etc.) and m is the order
of the radial expansion (m=3 in the example above). It is assumed that the Shafranov shift,
ellipticity, triangularity, etc. of the outer most flux surface are known a priori (from magnetics).
As mentioned earlier, this assumption is required because SXR imaging systems do not see
the edge. So, relations like Roo + RQ2 + Rot = Ra and £o + £2 + £4 = Ea (where Ra and
Ea are the shift and ellipticity at the edge respectively) decrease the effective number of free
parameters to / * (m - 1).

Now, each set of parameters corresponds to a candidate solution. However, it would be
prohibitively costly to examine all the possible candidate solutions. Instead, the simulated
annealing algorithm is again used. The algorithm thus becomes:

1 Start with any feasible solution for the emissivity and an initial set of parameters (Roo, R02,
Eo,E2, £4,61,62,83, etc.).

2 For each pixel i, solve Ri = R{p, 9) and Z, = Z(p, 0) for /?,- (the radial flux surface coordinate
at the pixel). This is quite easily accomplished using a Newton-Raphson algorithm (note
that the last pixel provides the initial estimate for the current pixel).

3 With pi known, the indices ik as denned in figure 1 are found (using p as the template rather
than V).

4 With ik known, minimize the cost function G over the feasible space using simulated an-
nealing.

5 Perturb one of the parameters ROJ, Ej then repeat steps 2-4. If the perturbation decreases
the cost function, accept it. If not, reject, it. Repeat steps 5,2,3,4 until G reaches a global
minimum.

This algorithm identifies the set of parameters which most closely fits the experimental
data. Again, whether this best fit is of any practical value depends on how well the functional
form chosen can actually fit the data.

This algorithm has been implemented on a PC AT 386 running at 20 MHz and equipped
with a math coprocessor. On this system each iteration (steps 5,2,3,4) takes on the order of 1-2
seconds for a 32x32 pixel digitization of the emissivity with 32x32 brightness measurements.
The global minimization takes on the order of 3-4 minutes (depending, of course, on how close
the initial values of the parameters RQ'J, EJ lie to the optimum values). It is planned to port
the algorithm to a fast array processor in the near future.

Figure 3 shows a demonstration of this technique. Figure 3a shows a numerical 'phantom'
consisting of shifted ellipses. Figure 3b shows phantom measurements generated by numerically
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Figure 3: A test of the simulated annealing parameter fitting algorithm. 3a) the original
numerical phantom. 3b) numerical line integrals of the phantom (the brightnesses) computed
assuming a tangential viewing geometry. Note that the edges of this image represent the view
through a tangential port on COMPASS-C. Gaussian noise (SNR=15) has been added to the
image. Note that noise level is larger than seen in most TANSOX data and thus represents
a worst case. 3c shows the simulated annealing fit to the phantom assuming a shifted ellipse
model (equations 6-9). Note that the phantom and the fit are constrained to have the same
elongation at the edge. 3d shows a maximum entropy reconstruction.

integrating through the phantom emissivity (assuming a tangential viewing geometry) and then
adding Gaussian noise (with a signal to noise ratio of 15) to the results. Figure 3c shows the
results of the simulated annealing algorithm with the shifted ellipse model (equations 6-9)
described in this section. Figure 3d shows the results of a direct tomographic inversion using
the maximum entropy technique of Gull and SkiUing. The functional fit is much less sensitive
to noise. Figure 4 shows the shape analysis of the two reconstructions. The shapes for the
maximum entropy inversion (triangles) were found by fitting ellipses to the inverted emissivity.
Note that the maximum entropy algorithm systematically underestimates the elongation. This
seems to be due to the slight smoothing effect of the algorithm. Again, the functional fit. is
seen to give superior results on noisy data.

6 Summary

A flexible optimization technique based on cost function minimization has been presented
which can be applied to either forward modelling or functional fitting. By incorporating
significant a priori information it allows the plasma flux surface geometry to be determined
much more accurately than by direct inversions. Unlike the forward modelling technique
developed by Powell, all the experimental data is fitted which provides superior noise rejection.
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Appendix

/****•***************************•***************•**•••*•********/
/ • • /

/* calsurf evaluates the flux surface averaged cost function. */
/ * •/

/ * * * • * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * • * * * * * * * * * * * • * * * * • * * * * * * * /

void calsurf (e,ne,indexband,nbands,ninband,suml ,sum2,cost)
float *e; /• The emissivity array. •/
int *ne; /• The length of the emissivity array. •/
int *indexband; /• This is an array (length *ne) whicii tells •/
/• which band an emissivity pixel is in. */

int *nbands; /• The number of (usually) elliptical bands. •/
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int *ninband; /• The number of pixels in each band. */

float *cost; /* The surface averaged cost function. */

float *suml; /* suml and sum2 are the components of the cost */

float *sum2; /• function for each individual band. They are */

/* stored for computational convenience. */

•C

int i;

/• Zero sumi and sum2. */

for (i=O;i < *nbands; i++)

i
*(8uml + i) = (float) 0.;

•(sum2 + i) = (float) 0.;

}

/* Compute suml and sum2 (the components of the cost function */

/• from each individual band. */

for (i=0;i < *ne; i++)

•C
if( *(e + i) != NULLPIX) /* Some emissivity pixels can not •/

/• possibly contain emissivity as */

/* they lie outside the vessel. */

/• Ignore these spacer pixels. */

{

*(sum2 + *(indexband + i)) += (float) *(e + i) * *(e + i);

*(suml + *(indexband + i)) += (float) *(e + i);

}

/* Add up the total cost. */

•cost = 0;

for (i=0;i < «nbands; i++)

i
*cost += (float) *(sum2 + i) - *(suml + i) * »(suml + i) /

*(ninband + i);

/• */
/* delcostsur calculates the change in the surface averaged •/
/* cost function caused by a small perturbation to emissivity •/

/• pixel k. This routine returns the perturbed cost and the •/

/* perturbed components of the cost for the particular band •/

/• that pixel k lies in. If the calling routine decides that •/

/* the perturbation is to be accepted it must update these */

/* values. */

/* •/
/*••**•••**•*•*•*•«•*•**••**•••*««******•**•*•«••••**••*•**••**••*/

void delcostsur(k,del,e,indexband,nbands.ninband,suml,sum2,sumlnew,

sum2new,cost,costnew);

int *k; /* The indea: of the pixel to be perturbed. •/

float *del; /* The perturbation. Can be positive or negative.*/

float *e; /• The emissivity array. •/

int •indexband; /* This is an array (length *ne) which tells •/

/* which band an emissivity pixel is in. •/

int *nbands; /* The number of (usually) elliptical bands. */

int *ninband; /* The number of pixels in each band. */
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float *suml; /* suml and sum2 are the components of the cost •/

float *sum2; /* function for each individual band. They are •/

/* stored for computational convenience. */

float •sumlnew; /• The perturbed value of *(suml + */

/* •(indexband + *k)). If the perturbation •/

/• is accepted, the calling routine must set •/

/• *(suml + *(indexband + »k)) = •sumlnew •/

float *sum2new; /• The perturbed value of •(sum2 + *(indexband + •/

/• *k)) as above. •/

float *cost; /• The surface averaged cost function. •/

float *costnew; /• The perturbed cost function. */

•sumlnew = •(sum2 + *(indexband + *k));

•sum2new = *(sum2 + •(indexband + *k));

•costnew = (float) •cost - *sum2new + •sumlnew * •sumlnow /

•(ninband + *(indexband + *k));

•sumlnew += *del;

•sum2new += (float) *del * (2. * *(e + *k) + *del);

•costnew += (float) *sum2new - *sumlnew * •sumlnew /

•(ninband + *(indexband + *k));

/**••*•**••*•**•••**••**••»•*•••*••**#•*•**••••••••*••••»»*•*»*/

/• sortband decides which band a given pixel is in. «/

/• The input is the poloidal flux function evaluated */

/• at the pixel centers and normalized from 0 to i. •/

/* Alternatively, rho can be used (the radial flux •/

/• surface coordinate). */

/• */
/•**••*•••••••••*•*•**•**•*•**••**••**••••*••**••*•*•••••••••••/

void sortband(psi,ne,nbands,indexband,ninband)

float *psi; /* The poloidal flux function (or the radial flux •/

/* surface coordinate. Assumed to be normalized •/

/• from 0 to 1. */

int *ne; /• Length of psi. •/

int *nbands; /• Number of emissivity bands. •/

int •indexband; /* An array (length *ne) which tells which band •/

/• each pixel is in. */

int *ninband; /* The number of pixels in each band. •/

int i;

/• Zero ninband. •/

for (i=0;i < *nbands;i++)

•ninband = 0;

for (i=0;i < *ne;i++)

•C
/• Decide which band the pixel is in depending on its value of psi. •/

•(indexband + i) = (int) *(psi + i) * *nbands;

/• Increment the number of pixels in the chosen band. •/

•(ninband + *(inaexband + i)) += 1;
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ABSTRACT Measurements from the JET neutron profile monitor are analyzed
tomographically to deduce the two-dimensional spatial distribution of neutron emissivity
and its temporal evolution. The most dramatic change in the emissivity profile is produced
by a sawtooth crash. The profiles before and after a sawtooth crash are determined and
changes in their characteristics, such as width and amplitude, are compared to those
deduced from other diagnostics, including soft X-rays, electron density interferometers
and electron cyclotron emission. The drop in the central neutron emissivity can be much
larger than that obtained from the integrated global neutron emission, and hollow
emissivity profiles are produced. The observed inversion radius is the same on neutron,
soft X-ray, and electron temperature profiles. This hollow profile can be understood by
observations of the soft X-ray emissivity on the fastest time-scale. A major theme of this
paper is that much more information and understanding can be gained if several
diagnostics are used together, with their different resolutions, time-scales and physical
properties measured.

1. INTRODUCTION
The JET neutron profile monitor [1] consists of two orthogonal cameras which allow a
two-dimensional spatial reconstruction of the plasma emissivity as a function of time. In
conferences [1-3] and an expanded publication [4], the methods used to analyse the
neutron profile monitor data and results on observations of sawtooth crashes are
presented. The tomographic method used here, which is fully described in [5], uses near-
elliptic contours described by a 4-term Fourier poloidal expansion and radial Abel
inversion. The method will be briefly summarized in this paper. This method has been
compared with an alternative method in [5] using Zernicke polynomials, and similar
results are obtained in the case of soft X-ray analysis using many channels. The main
emphasis of this paper is not in the details of the tomographic method. It is rather to
demonstrate how a more complete understanding of plasma physics phenomena may be
obtained by cross-comparison of 2-D diagnostics using similar analysis techniques, and
by further cross-comparisons with 1-D diagnostics in appropriate cross-sectional cuts.

The particular result of neutron emissivity analysis to be considered is the
observation that the emissivity is peaked before a sawtooth crash, and hollow afterwards.
Since the time and spatial resolutions of the neutron cameras are limited, the before and
after states of the neutron emissivity can be understood by watching the evolution of soft
X-ray emissivity, which displays much better spatial and temporal resolutions. The soft
X-ray results themselves and accompanying models of sawtooth crashes in JET have
been summarized elsewhere [6,7] and at this meeting [8]. The information is further
supplemented by 1-D electron temperature and density measurements. For completeness,
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it can be noted that 2-D electron temperature profiles have been determined using electron
cyclotron emission measurements during plasma rotation [6].

2. INSTRUMENTAL DETAILS AND DATA ANALYSIS METHODS
The neutron profile monitor [1] is shown in Fig. 1 with the lines-of-sight delineated. It
consists of 2 high density concrete (3400 kg nr3) fan-shaped multi-collimator cameras
with 10 horizontal channels and 9 vertical channels and NE-213 scin dilators to detect
2.45 MeV neutrons. The scintillators are operated with pulse shape discrimination of
neutrons and gamma rays, and a lower energy detection bias of 2 MeV to reject scattered
neutrons.

The raw data are corrected for neutrons back-scattered from material in the lines-of-
sight, detector live time, detection efficiency, neutron attenuation, collimator scattering
and collimator solid angles. One channel (#11) is rejected due to excessive gamma ray
counts.

For the examples given here, the viewing width in the poloidal plane is 0.1 m in the
central channels, widening to 0.2 m in the edge channels. The channel separation is 0.2
m in the central plasma region. The channel-to-channel efficiency has a systematic error
of about 10%. To obtain a statistical error of less than 10% requires a global emission of
1016n s*1 for 10ms, or correspondingly longer times at lower emission rates to achieve
sufficient counts in the channels viewing significant neutron emission.

Neutron emissivity profiles in 1-D have previously been unfolded from profile
monitor measurements using the program "ORION" [9]. "ORION" uses flux surfaces
from an MHD equilibrium and assumes them to be surfaces of constant neutron emission.
A best fitting curve is generated by an analytical source function with a small number of
free parameters. The plasma neutron emissivity has also been calculated a priori in the 2-
D plasma transport code "TRANSP", as discussed in [10]. The result is integrated along
the profile monitor's lines-of-sight and agrees acceptably with the experimental data.

In this paper, constrained tomography as discussed in [5] is used to determine the
2-D neutron emissivity profile from the line-integral measurements. A standard geometry
is chosen for the inversion using nested elliptical surfaces with fixed ellipticity and centre
chosen from MHD equilibrium analysis, with a maximum horizontal minor radius of 1.0
m. Because the deduced emissivity can vary strongly along a poloidal surface, the
deduced shape of the emissivity profile can be completely different from the solution
geometry, and is relatively independent of the choice of axis and ellipticity of this
geometry. The profile can have a different centre than the standard geometry and varying
elongation and shape. Near-elliptic contours described by a 4-term Fourier expansion
poloidally and radial Abel inversion are employed for the tomographic analysis. The
lines-of-sight are assumed to be of zero width in the analysis program, which is a good
approximation for profiles with weak gradients. The analysis program initially smoothes
the measured channel data into synthesized 100-channel signals for each camera before
the inversions are performed, to avoid unphysical oscillations exceeding the camera
resolution in the tomographic solution. Further smoothing is performed during the
tomographic inversion. The amount of smoothing is chosen so that the deduced
emissivity profile gives line-integrals which are within one standard deviation (10%) of
the original experimental measurements.

Given these limitations, the amount of fine structure detail obtainable is rather
limited. Tests using model profiles generated by the "ORION" code and including 10%
random errors show that peaked, flat, hollow, double humped, and outwardly shifted
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profiles, when reconstructed by 2-D tomography, can be distinguished from each other.
The correct emissivity values can be calculated. The advantages of 2-D tomograph v not
restricted by geometry are that emissivity profiles may be found which were not guessed
a priori, and that departures from constant emission on a flux surface may be observed.

3. RESULTS OF NEUTRON TOMOGRAPHY
In the sawtooth crashes in JET discharges 20981 and 20983 discussed in [3,4], fast soft
X-ray data are not available at the time slices considered. Recently, an improved soft X-
ray triggering system has made fast (200 kHz) data more available [11], along with
electron temperature (Te) data, typically at several kHz. To obtain the best time resolution
on the neutron profile monitor, a high emissivity is required. Since neutron emissivity at a
high level is often dominated by beam-plasma reactions between neutral beam injected
deuterium and thermal deuterium, the time-scale must be about 102s, an order of
magnitude less than typical beam slowing down times. A sawtooth crash redistribution of
the neutron emissivity at high emission rates is therefore an indication of the redistribution
of neutral beam injected fast ions, in regimes where the thermal deuteron density is
relatively flat, and thermal deuteron fusion rates are relatively small.

As a particular example, we consider JET discharge 22202, which has a high
neutron yield. It is a 4.7 MA deuterium plasma in a double-null configuration limited on
the inner wall, in the H-mode. The plasma is heated with 9 MW of deuterium beams at 80
and 140 keV at the time of the sawtooth crash. We examine the sawtooth crash occurring
at 13.412 s after discharge initiation.

First, we examine the neutron emissivity profile before (13.395-13.405 s) and after
(13.415-13.425 s) the sawtooth crash which occurs at 13.412 s. The tomographic
reconstructions are shown in Fig. 2 with the emissivity versus radius at the midplane in a
1-D cut, and in Figs. 3a and 3b, with a display of the 2-D neutron emissivity in major
radius and height, before and after the sawtooth crash. The neutron emissivity before the
crash is peaked at about major radius R = 3.05-3.15 m, with a maximum emissivity of
4xl014nr3s-1, and a Full Width Half Maximum (FWHM) of 0.60 m. The FWHM is
taken on the emissivity along a chord in major radius through the midplane, and does not
involve a poloidal average. After the crash, the emissivity profile is hollow, with a new
maximum emissivity (off-centre) of 1.3xl014m-3s"1. The axial emissivity is about 40% of
the off-centre maximum. For the hollow profile, defining the FWHM to be the full width
of the region on the mid-plane where the emissivity outside the maximum is half the
maximum, the FWHM is 1.3 m. Comparing the before and after emissivities along the
radial chord, the inversion points, or equal emissivities, occur at R=2.60 m and 3.45 m.

An examination of the accuracy of the tomographic reconstruction illustrates several
aspects of the method chosen. When the emissivity is integrated over the entire emitting
volume, the global emission is about 10% higher than the values measured by calibrated
fission chambers, well within the combined error for both systems [4]. Again using the
reconstructed neutron emissivity, line integrals of emission are calculated and compared
to the original experimental measurements. Due to the analysis method, the calculated
and experimental line-integrals agree to within 5% for channels intersecting the outer (in
minor radius) regions of the plasma. The differences are always largest for channels
intersecting the inner region, reaching up to 10%, which is still within experimental
accuracy. This occurs because this tomographic inversion method near the plasma centre
depends on the emissivity calculated in the outer plasma regions, whereas emissivity in
the outer regions depends only on outer region measurements. Furthermore, small errors

- - 3 8 9 -



in the reconstruction are only obtained when the measurements from the horizontal
camera and vertical camera measurements of the same region are self-consistent. (We note
at this point that the errors in the central, as well as the outer, region can be made much
smaller by multiplying the vertical camera by a constant (-0.95), but there is no
justification for doing this, since all geometry has been considered as accurately as
possible for both cameras.) In the reconstruction, all channels, except vertical channels
#11 and #15, give reconstructed line integrals within 10%. Channel #11 was eliminated
due to a known experimental problem, an excessive gamma count, which is measured by
the pulse shape discriminator. In the case of channel #15, the central vertical channel,
the experimental value is 35% higher than the reconstructed values, both before and after
the sawtooth crash. To investigate this, a 1-D unfolding method using the ORION code is
used with predetermined profiles, and a chi-squared minimisation is used. Again,
channel #15 had by far the largest error, even though it was weighted most heavily in the
fitting method. Channel #15 is therefore considered anomalous, and a subsequent
investigation is indicating that, at this time, #15 had an unreasonably high neutron energy
threshold, for which the efficiency was over-compensated. For discharges taken on
different days, channel #15 is consistent with other channels. The inferences are that: a)
details of tomographic unfolding by this method [5] are least accurate on axis; b) the
method provides a means of identifying channels which may have a correctable hardware
fault. With all these caveats, the emissivity profile is still very hollow after the crash, and
we want to understand how this happens.

4. ELECTRON DENSITY AND TEMPERATURE 1-D PROFILES
The line-average electron density is measured with 6 vertical interferometer channels, at
major radii of 1.89, 2.17, 2.70, 3.02, 3.35, and 3.75 m, in this case with a 25 Hz
sampling rate. As a result of the sawtooth crash, only the central channel shows a
noticeable change, dropping by 29%. The limited spatial resolution makes it difficult to
determine the exact nature of the density profile change. To analyse the profile, a method
is used [12] in which a function of MHD flux surface, allowing peaked, locally flat, or
hollow profiles, is obtained by a least squares fit to the line of sight integrals. The axial
density obtained by this method changes from 2.8xl019nr3 to 1.4xl019nr3 as a result of
the sawtooth crash, while the volume averaged density drops by only 1/10 from
1.3xl019nr3. The profile shape changes from peaked to slightly hollow, where the axial
value after the crash is 3/4 of the maximum value of the density off-axis. A similar
profile is found by Abel inversion. With only six channels, density profile accuracy,
especially for hollow profiles, is limited. If the thermal deuteron density is proportional
to the electron density, the change in the density profile provides part of the explanation
for the change in neutron emissivity profile, although the neutron emissivity profile is
much more hollow. Since the electron density is the sum of electrons provided by the
thermal deuteron density, the fast ion density, and the impurities, it is difficult to draw a
firm conclusion. For example, pan of the hollowness of the electron density profile
could be due to a hollowness in the fast ion profile. Also, the electron density profile in
the next time sample becomes flat in the central regions, indicating that the density profile
is evolving on the time-scale of the sampling.

Next we examine 1-D profile electron temperature data from the electron cyclotron
emission grating polychromater, here operating at 3 kHz (a much faster rate than the
density) and measured at the plasma midplane as a function of major radius. The electron
temperature versus time is shown in Fig. 4, for 8 of the 12 channels, going from the
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innermost channel at R=3.25m out to 3.78m. On this time-scale, the electron temperature
profile becomes nearly flat at 4.1 to 4.4 keV at major radii out to 3.63m, with a slight
hollowness of about 10%, and with a profile inversion occurring at R=3.5m. This
picture is supported on a 30Hz sampling rate by data from the electron cyclotron emission
Michelson interferometer. The inversion radius is approximately the same as for the
neutrons. There is no indication as to how the neutron emissivity becomes strongly
hollow.

5. RESULTS OF SOFT X-RAY (SXR) TOMOGRAPHY
We examine the SXR emission data from a vertical camera with 38 channels and a
horizontal camera with 62 channels. (This camera is also discussed in detail at this
meeting [8].) The tomographic method used in this paper is the same as for the neutrons,
and has been shown [5] to give similar results to alternative methods. The SXR camera
allows much better spatial and temporal resolutions than the neutron camera, with more
channels and up to 200 kHz sampling rates. Even with the improved resolution, the
reconstructed emissivity gives line integrals that differ by less than 1% of the measured
values on the outer channels, but up to 10% on the inner channels, much larger than the
measured accuracy. If all the measured emission values of the vertical camera channels
are multiplied by 1.04 and the horizontal channels divided by 1.04, then all reconstructed
line integrals are within 1-2% of the measurements.

In what follows, all the results have been calculated using a multiplier of 1.04, and
the same results as without a multiplier are found for topology and horizontal inversion
radius, although the absolute emissivity values differ by 10%. When the profile is
peaked on axis, the 1.04 multiplier gives the elongation of the axial emissivity as 1.45,
nearly equal to the MHD equilibrium value of 1.35. Otherwise, the result is 1.95, which
seems too large. The 1.04 factor has been used on all JET SXR analysis, and is justified
by the observation that the multiplier gives the same integrated brightness from both
cameras, and is presumed to to compensate for inaccuracies in camera geometry.

To compare with the electron temperature data, we first examine the SXR data at a
10 kHz sampling rate, with data summed over 100 |is intervals. A cross section through
the midplane of the deduced SXR emissivity profile is shown in Fig. 5a, for 12
emissivity profiles from 13.411999 s to 13.41^098 s, in 100|is steps, plotted versus
major radius. The profile is highly peaked before the sawtooth crash, and collapses and
broadens to a flat profile after it. The inversion major radii are R=2.65 m and 3.50 m,
similar to the neutron and electron temperature data. We note that this similarity was
reported for unprocessed line-integral data in [2].

An understanding of the neutron emissivity after the crash is obtained only by
looking at the SXR data on the fastest time-scale of 200 kHz, as shown in Fig. 5b,
looking at 12 SXR emissivity profiles from 13.412399 s to 13.412510 s, spaced 10ns
apart, with a 5|is data summation time. The emissivity profiles at the midplane are shown
versus major radius. An examination of Fig. 5 and of level contour plots shows that the
maximum in emissivity is observed to move from the axis to off-axis, then rotate and
spread out poloidally at an intermediate minor radius. This behaviour has been
previously reported, and also seen on electron temperature data using rotation for 2-D
reconstruction [6]. The full width of this rotating region at the midplane is about 1 m,
similar to the after-crash profile observed on the neutrons.

We therefore conclude that the change in the neutron emissivity is consistent with a
model in which the fast ions on axis, which cause most of the neutron emission by
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interaction with thermal deuterons, move off-axis with the plasma during a sawtooth
crash. The fast ions then spread around a surface poloidally, and stay there while slowing
down, causing the observed neutron emissivity profile, which is hollow, and which
persists for the beam slowing down time-scale, about ICHs. The electron temperature
and SXR profiles, in contrast, have diffused and become flat on the lms time-scale. The
electron density profile becomes slightly hollow, and cannot by itself explain the much
more hollow neutron emissivity.

6. CONCLUSIONS
We have shown that a combination of several diagnostics with several data sampling rates
and spatial resolution can be combined to allow a much improved understanding and
cross verification of data. The example shown of a sawtooth crash provides further
understanding of how the fast ions redistribute as a result of the crash.
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Abstract

X-ray and particle imaging is very important in the inertial confinement
fusion (ICF) research to look at symmetries and evidence of compression and to
learn more about implosion dynamics. Imaging using coded aperture such as
Uniformly Redundant Arrays (URA) plate and a large pinhole (for penumbral
imaging) has been developed for X-rays and high energy particles including 3.02
MeV protons and 14.1 MeV neutrons. They are brighter than the conventional
pinhole cameras. Multi-URA computed tomography (CT) and multi-pinhole
camera CT have also been brought into practical use for X-rays.

1. INTRODUCTION

X-ray and particle imaging plays a very important role in the laser fusion
research because it allows us to look at symmetries, evidence of compression, and
to learn more about implosion dynamics and distributions of temperatures. For
those purposes our goal is to be able to image X-rays and high energy particles
including alpha particles, protons and neutrons with 1 /um spatial resolution and
1 ps temporal resolution.

Pinhole cameras are very convenient instruments to use for X-ray and
particle imaging without reconstruction process. They have been used widely for
this purpose. They are good survey instruments. The technique can provide
spatial resolution of a few fjxa. with a few ̂ m pinhole placed close to the target.

Imaging using coded aperture such as Fresnel zone plate, Uniformly
Redundant Arrays (URA) plate and a large pinhole (for penumbral imaging) has
been developed for X-rays and particles. They are brighter than the conventional
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pinhole cameras. Especially, the penumbral imaging has been successfully
applied to image the burn region using 3.02 MeV protons and 14.1 MeV neutrons.

Coded aperture imaging methods have in principle tomographic
capabilities, which have limited tomographic resolution for laser produced
plasma due to its small size. However, multi-URA computed tomography and
multi-pinhole camera computed tomography have been brought into practical use
for X-rays.

In this paper, X-ray and particle coded imaging techniques developed at the
Institute of Laser Engineering, Osaka University are reviewed.

2. X-RAY IMAGING

2.1 URA coded aperture imaging

A single pinhole camera and a Fresnel zone plate camera have been so far
mainly used as the X-ray imaging instruments in the laser fusion experiments.
The single pinhole camera, however, has low S/N especially for a weak radiation
source because of its small opening area. Although the Fresnel zone plate camera
is much brighter than the pinhole camera, it is known that the Fresnel zone plate
camera inevitably produces an artifact similar to crater in the reconstructed
point image [1]. The uniformly redundant arrays (URA) has been introduced as
artifact-free arrays for the coded aperture imaging [2]. This URA camera has
been for the first time applied to the CO2 laser driven compression experiment [3].
The features of the URA camera are summarized as follows, (a) The URA camera
has 103 -104 pinholes and thus high photon or particle collection efficiency. If
there are N pinholes in the aperture, the S/N is improved by roughly (N/2)1/2 when
compared to the single pinhole camera, (b) The system point spread function of
the URA coded aperture camera can be made a delta function. Thus it has no
artifact in the reconstructed image for a plane-like object. This is superior to
Fresnel zone plate. And (c) the URA camera has a limited tomographic capability
as Fresnel zone plate [4]. It is known that the m-sequences URA has better
tomographic characteristics over the quadratic-residues URA due to its random
properties [5,6].

In order to demonstrate the high S/N capability of URA coded aperture
imaging, a 500 pun long soft X-ray source image was encoded on an X-ray film and
then decoded [6]. The URA aperture used consisted of 30 /um square pinholes
which were made small compared to the center-to-center spacings of 50 /an for
self-supporting. The pattern of pinhole arrays was based on 31 X 33 m - sequence
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[7]. URA was stretched by two cycles in both horizontal and vertical directions,
which was fabricated by a photo-etching method in a 10 /xm. thick nickel foil. The
encoded picture on an X-ray film was digitized using a TV camera system [8].
The reconstructed image shown in Fig. 1 (a) was compared to a 50 jura diameter
single pinhole camera image (Fig. 1 (b)) of the same exposure time and the same
magnification. The photon collection efficiency of this URA camera is calculated
to be 240 times larger than the 50 //m single pinhole camera. As seen in Fig. 1 (a),
grain noise and digitization error are clearly canceled out due to many pinholes of
the URA aperture and a high quality reconstructed image (Fig. 1 (a)) is obtained.

The URA coded aperture camera has been routinely applied to X-ray
imaging of laser-irradiated targets [9]. In this case, the 31 X 33 m-square URA
aperture was made on a 15-//m thick tantalum foil by using a computer-controlled
laser drill. Each pinhole size was 10 pan. in diameter and the center-to-center
distance of the holes was 40 pm.

Matched-filterd (or Ross-filtered) URA aperture similar to the matched-
filter-pair Fresnel zone plate [4] has been successfully made for narrow band X-
ray imaging between 8.33 and 8.98 keV [10]. Material thicknesses for the Ross-
filtered URA pattern were chosen to be 10 jum and 9.5 /<m for Ni and Cu,
respectively. All holes of 10 jum. thick Ni URA pattern based on 15 X 17 m-
sequences were coated by 9.5 /an thick Cu. The Ni URA aperture consisted of 40
fj.ro. diameter holes and the center-to-center distance of the holes was 80 //m. This
was made by means of the laser drilling. The Ross-filtered URA coded aperture
imaging has been for the first time applied to have a laser produced plasma image
in the spectral range of 8.3 - 9.0 keV [10].

In the laser fusion research, the implosion symmetry is one of the most
important issues to achieve high density compression. Therefore three-
dimentional imaging of the compressed core is one of the most important
diagnostics. In principle, coded aperture imaging technique using Fresnel zone
plate, URA plate and penumbral aperture can provide a little tomographic
resolution because different depths in the object cast shadows with different sizes.
The size of compressed core, however, is very small (a few tens of micrometers), so
it is impossible to get a good tomographic resolution [4,6].

In order to obtain a three-dimensional image of a compressed core, a
computed tomographic (CT) technique has been applied to reconstruct the three-
dimensional compressed core from three single-pinhole images [9]. The CT
techniques has been used successfully in medical diagnostics but for application
to laser fusion experiments, following three requirements should be satisfied, (a)
Because the number of viewing directions is limited by the finite ports of the
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vacuum chamber,-the tomographic information about the object is restricted, and
this has a great influence on the tomographic resolution. So it is necessary to
view the object with a larger solid angle at each viewing direction, (b) The CT
technique is very sensitive to noise contained in the projection data. We should
obtain the projection data with a high signal to noise ratio. And (c) in high-
density compression experiments, the dense plasma is so opaque for softer X-rays
that we have to image the harder X-rays with weak intensity emitted from
compressed core.

The single-pinhole camera can't satisfy the above three requirements
because it can't combine good collection efficiency with high resolution. In order
to satisfy above three requirements, a new CT technique has been developed
which uses URA coded aperture cameras instead of multi-pinhole cameras [11].
In URA coded aperture cameras, the pinhole is replaced by multi-pinholes arrays
arranged in m-sequences. So the URA coded aperture camera can view the object
with a much larger solid angle than a single-pinhole camera and provides a
projection data (encoded image) with higher S/N even for weak radiation sources
such as hard X-rays.

This URA CT technique has been applied to a laser implosion experiment
[11]. The experimental setup is shown in Fig. 2. The two URA coded aperture
cameras were placed at two almost orthogonal ports. The distance between the
aperture and the target was 9 cm and the camera magnification was X 6. A 30-
/JXD. thick Ni filter and a 40-/an thick Be filter were placed in front of the film
plane. X-rays greater than 8 keV were recorded on the film. Both URA apertures
used in this experiment were 31 X 33 m-sequence URA pattern, which was
fabricated by the computer-controlled laser drilling machine on a 40-^m thick
tantalum foil. Each pinhole size is about 20 /an in diameter and the distance
between the pinholes was 40 ,wm.

The target used was a glass microballoon of 1040 /an. in diameter and 1.36
/an in thickness and filled with DT gas at 1.6 atm. It was irradiated by a 9.4 kj ,
0.53 /an laser with Gaussian shaped pulse of 1 ns (fwhm). The areal density of
pusher p AR, which may affect the transmission of X-rays, was measured to be
0.76 mg/cm2 by the Si activation method [12]. Since the transmittance of 8 keV
X-rays is nearly 100 %, then absorption of X-rays in the pusher plasma was
negligible in this experiment.

The encoded images were recorded on an X-ray film (Fuji MI-FX). Each
encoded image was digitized into a 62 X 60 array using a 2-D digital image
processing system [8]. Then the digitized encoded images were calibrated to
intensity (photons/cm2) using H-D curve of Fuji MI-FX for 8 keV.
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From the encoded images, we have successfully reconstructed a three-
dimensional image of laser-irradiated target which consists of 29 X 29 X 29
pixels. One pixel was corresponding to 36 //m. The constraints of positivity and
boundary condition (the reconstruction outside the initial target should be zero)
have been imposed. To reduce the effect of noise contained in the encoded images,
a smoothing step was inserted at each iteration. The smoothing kernel consists of
7 pixels (one central and 6 nearest neighbors) with the weighted value of the
central pixel five times larger than that of its neighbors. Figure 3 shows the
layergram of the three-dimensionally reconstructed image at the center after 300
interactions. From this result, one can clearly recognize the spherical symmetry
of compressed core. The central core size was estimated to be about 230 /um
(fwhm).

The resolution of the reconstruction was estimated to be 48 pro. by the
computer simulation [11]. The computer simulation [11] results also show that
the resolution can be easily improved to about 21 jura by using three URA coded
aperture cameras based on 63 X 65 m-sequences and placing those at a distance
of 1 cm from target. This URA CT technique will be a useful diagnostic tool to
estimate the laser irradiation uniformity and the implosion symmetry in the
future laser fusion experiments.

2.2 Five pinhole camera computed tomography

In order to improve the resolution of the reconstruction determined by the
amount of tomographic information about the target, we have used a computed
tomographic system with five pinhole cameras to increase the solid angle of the
system and incorporated a priori information about the target (the reconstruction
must be positive and smooth, and that outside the initial target must be zero) to
increase the tomographic information [13]. The resolution of the reconstruction
has been improved down to 30 /mi. It becomes possible to study the implosion
symmetry by using this technique.

The experimental setup is shown in Fig. 4. Five pinhole cameras viewed the
target at different observation directions. The distance between the pinholes and
the target was 10 cm with the camera magnifications of X 6. The aperture of
each pinhole camera was 15 fxm. in diameter drilled in a 40-^m thick tantalum. A
10-^m thick Al filter and a 20-//m thick Be filter were placed in front of the film
plane. X-rays greater than 1.5 keV were recorded on the X-ray film (Fuji MI-FX).
Each pinhole image was digitized into 49 X 49 array using a 2-D computer-
controlled densitometer. The digitized pinhole images were converted to
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intensity using the H-D curve of Fuji MI-FX for 1.5 keV. The target was
deuterated polystyrene (CD) shell.

The total areal densities of plasma pR, which may affect the transmission of
X-rays, were measured to be about 2 mg/cm2 by secondary nuclear reaction
method [14]. The transmittance of 1.5 keV X-rays is estimated to be nearly 100 %
for such low pR.

In order to determine the three-dimensional distribution from two-
dimensional projections obtained at five different viewing directions, an iterative
method known as the algebraic reconstruction technique (ART) was used. To
reduce the effect of noise contained in the pinhole images, a smoothing step was
inserted at each iteration. The smoothing kernel consists of seven pixels (one
central and 6 nearest neighbors) with the weighted value of the central pixel five
times larger than that of its neighbors. The reconstructions were obtained after
ten iterations.

Figures 5 (a) and (b) show iso-intensity (a half of maximum intensity)
surfaces of the reconstructed compressed core of a uniform CD shell target (A) and
a nonuniform form target (B), respectively [13]. The pixel size was 20 /an, and the
spatial resolution of the reconstruction of compressed core was calculated to be 32
/um. as a point response (fwhm), taking into account of the effect of noise contained
in projections such as film grains and statistical noise (S/N = 10).

The averaged intensity fwhm of the compressed cores are estimated to be
about 110 and 240 /jm for Figures 5 (a) and (b), respectively. In order to evaluate
the uniformity of the compressed core, the radial distributions of the compressed
cores were expressed in the expansion by the spherical harmonics. The rms
values of the radius distributions of shots A and B were estimated to be 17 % and
46 %, respectively. Because the accuracy of the CT construction is about 9 %, one
can also easily recognize that the spherical symmetry has been much better for
shot A than for shot B.

The laser energy balances for both shots A and B were ± 3 %. The
considerable difference which may affect the uniformity of the compressed core is
the uniformity of initial target shell thickness. The uniformities of shell
thickness for shots A and B were about 1 % and 16 %, respectively. The effects of
the nonuniformity of target shell thickness on the implosion uniformity were
simulated by using a two-dimensional Lagrangian hydrodynamic code HISHO-
2D. The good agreement between the simulation results and the experimental
results strongly suggests that uniformity of initial target shell thickness is
crucial in achieving good implosion symmetry. As for the estimation of laser
irradiation nonuniformity, a spherical harmonic decomposition of 3-D X-ray
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intensity distribution on the target surface was compared with that of calculated
laser intensity distribution. The modal characteristics agreed well with each
other, and a dominant mode was found to be around 6 resulting from the
dodecahedral irradiation symmetry of GEKKO XII laser.

This technique has been applied to have 3-D distributions of electron
temperature by use of aluminum absorption filters with different thickness [15].
Electron temperature can be estimated by iterations even for non-neglisible
opacity, if the areal density is given from another diagnostics such as the
secondary nuclear reaction method or neutron activation. In this reconstruction
process, the transport of bremsstrahlung continuum radiation is treated with the
free-free and bound-free absorption assuming LTE.

Future efforts using more viewing directions than five will improve the
spatial resolution of the reconstruction to 10 yum to allow imaging at high radial
convergence.

2.3 Time-resolved CT

Time-resolved 3-D X-ray emission images from an imploding hollow shell
target have been successfully reconstructed with less than 100 ps temporal
resolution by using two sets of the identical X-ray multiframing cameras [15,16,
17]. Practically two sets of detectors are not sufficient to perform the tomographic
reconstructions. The intensity error was calculated to be larger than 50 %. Three
sets of the X-ray framing cameras will be used with the intensity error of 30 %.

3. PARTICLE IMAGING

In laser fusion research, it is essential to study the symmetry of the
compressed core and X-ray imaging is so far commonly used for this purpose.
However X-ray emission depends on the spatial and temporal profiles of the
plasma density, ionization state, and electron temperature. Thus, several
processes contribute to X-ray images that provide spatial information about the
core structure, but which are not directly related to the fusion reaction region.
Hence, fusion reaction products such as alpha-particles, protons and neutrons can
be used for the direct observation jf the fusion reaction region. In recent laser
fusion experiments, high neutron yields of 1013 have been achieved by imploding
large-high-aspect-ratio-targets (LHART) [18], making it possible to image the
reaction region using fusion products with a good resolution (— 20 fan).



3.1 Proton penumbral imaging

In recent laser fusion experiments, compression of fusion fuel to densities of
600 times its liquid density has been achieved [19,16], so that alpha-particles and
X-rays can no longer escape the compressed core and so can not be imaged. New
diagnostic methods are needed to image very penetrating fusion products such as
neutrons and high energy protons.

Penumbral imaging, one of the coded aperture imaging techniques, was
proposed for such penetrating radiations [20]. Because penumbral aperture may
be formed in a very thick substrate, this imaging can be applied to the fusion
particles which have long mean-free paths. The penumbral coded aperture
imaging has been applied to image the neutrons emitted from a glass shell target
filled with deuterium-tritium mixture (D-T) [21]. The thermonuclear neutrons
can be used to image the burn region even for very high pR compressed cores
because the mean free path of 14.1 MeV neutrons is — 5 g/cm2. However a
neutron yield more than 1011 is needed to obtain the image of burn region with a
reasonable spatial resolution of 20 - 30 //m, because of the small solid angle of the
aperture and the low sensitivity of neutron detectors. The resolution is also
degraded by the scattered neutrons from the aperture, target chamber and so on.

In order to overcome such problems, a proton penumbral coded aperture
imaging technique has been developed which uses CR-39 nuclear plastic track
detector [22] as a proton detector. Two of the possible candidates are D-D protons
(3.02 MeV) and D-3He protons (14.7 MeV). The D-D protons and D-3He protons
can be used for a target with a total areal density up to — 30 mg/cm2 and — 300
mg/cm2, respectively, and it is possible to obtain a proton image with a reasonable
resolution of 30 /um even with a yield of 108 because of the large solid angle of
aperture to target, the high registration efficiency (— 100 %) of the proton
detector and the high S/N. The first direct image of the D-D fusion reaction
region of a CD shell target was obtained using the 3.02 MeV proton penumbral
coded aperture imaging technique [23].

The principle of the penumbral coded aperture imaging technique is that
the encoded image consists of a uniformly bright region surrounded by a
penumbra. The spatial information about the source is encoded in this penumbra.
In general, deconvolution techniques for reconstruction are very sensitive to noise
contained in the encoded image, because the noise will be amplified to very high
levels at spatial frequencies with amplitude close to zero. The Wiener filter
method was applied to overcome this limitation. Simulation results show that
the blurring due to the Wiener filter is only several percent even for noisy
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encoded images with signal to noise ratio (averaged signal density / averaged
back-ground noise density) of 10.

The target used was a CD plastic shell of 733 /am in diameter and 6.08 jum in
thickness. It was irradiated by a 10 kJ, 0.53 //m laser with Gaussian shaped pulse
of 1 ns (fwhm). The distance between the coded aperture and the target was 15
mm and the camera magnification was X 5. The penumbral coded aperture in
this experiment was a 200 /an diameter hole drilled in a 50 pan. thick stainless
steel substrate. The hole was quite circular with the irregularity less than 1 %.
The substrate was thick enough to stop 3.02 MeV protons because its range in
stainless steel is 35.5 fjm. A CR-39 plastic track detector of 150 //m thickness was
used to record 3.02 MeV protons as it is only sensitive to energetic ions. The
registration efficiency of the CR-39 detector for protons with energies up to 5 MeV
at a dip angle of > 75° is nearly 100 %. A10 //m aluminum (Al) filter was placed
in front of ?nd in contact with the CR-39 to protect the CR-39 from the plasma
environment such as carbon ions, low energy protons and deuteron emitted from
corona region. Because the diameter of track depends strongly on the energy of
proton, it is easy to distinguish the tracks caused by primary (fusion product)
protons with those caused by protons recoiled by 2.45 MeV neutrons in the CR-39,
and secondary reaction protons (12.5 - 17.4 MeV) from the target. So we can
obtain an encoded image with extremely high signal to noise ratio.

After the exposure, the CR-39 was etched in NaOH to reveal the ionization-
damage tracks caused by the passage of energetic ions. Almost all the protons
entered a circle with a diameter of 1.9 mm on CR-39. In this region (encoded
image), the averaged track density was estimated to be — 1.0 X 103 counts/mm2.
Outside the penumbral region the density of background track was found to be ~
12 counts/mm2. Thus the signal to noise ratio was about 83. This encoded image
was then digitized into a 21 X 21 array by counting the proton tracks. The proton
signals were verified by track diameter analysis. We confirmed that almost all
tracks were caused by 2.65 (± 0.1) MeV protons. This is consistent with that the
primary proton energy (3.02 MeV) was reduced to 2.65 MeV due to passage
through the 10 ̂ m Al filter. The total proton yield in 4 n sr was estimated to be 3
(± 1.2) X 108.

From the proton encoded image, we have successfully reconstructed the D-D
fusion reaction region. The isointensity contour and line out are shown in Fig. 6.
For comparison, a simultaneously observed time-integrated X-ray image is
shown in Fig. 6 (b). From proton image, the thermonuclear burn region is
estimated to be about 70 //m (fwhm), which is almost same size of the X-ray
pinhole image. The contour map in Fig. 6 (a) shows that the thermonuclear burn



region has a deformed shape like hexagon. This deformed shape is not obvious in
the X-ray image (Fig. 6 (b)) probably due to the time integration, because in
comparison with X-rays, the protons were emitted from compressed core in a
much shorter time less than 100 ps (predicted from the hydrodynamic simulation
HIMICO). The hexagonal shape of compressed core has also been observed [17].
Figure 6 (c) shows the laser irradiation intensity distribution on the target
surface at the same viewing direction with the proton penumbral coded camera,
which was calculated by superposing the twelve focused laser beam patterns from
the two dimensional nonlinear laser transport simulation code GEKKO. The
deformed shape (hexagonal shape) of the burn region is in reasonable consistency
with laser irradiation distribution. So we can consider the laser irradiation
geometry might be imprinted on the shape of compression core.

In principle we can get a reconstructed image with a marginal spatial
resolution corresponding to one pixel size of 18 /ma. However, the spatial
resolution of the reconstructed image is degraded by three factors : statistical
error, scattering of protons in the fuel region and the background noise contained
in encoded image. Since the S/N of the proton encoded images is so high
(S/N = 83), the background noise is not significant. And so we have only take into
account the effect of statistical error and scattering of protons.

In this experiment, the proton yield was about 3.0 X 108, and the areal
density pR of CD plasma was measured to be 9.1 mg/cm2 by the secondary nuclear
reaction method. The Monte-Carlo simulations show that the scattering of
protons is not very significant at this pR value, which is consistent with the
proton energy obtained from the track diameter analysis. We estimated the
spatial resolution of reconstructed proton image to be 26 /mi from the Monte-
Carlo simulation results. It is reasonable resolution for the research of implosion
symmetry. Another simulation results also show that the spatial resolution can
be improved down to 10 //m by increasing the number of pixels, if the proton yield
is increased to 1X1010.

This technique might be applied to image high energy protons in order to
measure the shape of the thermonuclear burn region in future high density
compression experiments.

3.2 Neutron penumbral imaging

In the laser fusion research, one of the most important mile stone is to
achieve compressed fuel which meets the ignition condition (density-radius
product (pR) of — 0.3 g/cm2, — 5 keV temperature). In order to obtain this
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condition with the realistic driver energy, it is needed to compress a fuel target to
the density of — 1000 times its liquid density. In such high density compression
experiments, the fusion particle diagnostics become essential because of their
long mean free paths in the plasma. Especially neutron has actually no
limitation for the applicable pR (< 5 g/cm2).

The neutron penumbral imaging of laser-imploded target has been
successfully carried out at Lawrence Livermore National Laboratory (LLNL)
[21], Recently, we have developed a similar neutron penumbral imaging system.
In this section, it is shown that the signal to noise ratio (S/N) of the encoded image
including the statistical fluctuation is most important to reconstruct original
image accurately, and a neutron image with the spatial resolution of ~ 35 /an [24]
is described. The key points of neutron penumbral imaging are to fabricate an
appropriate aperture of highly penetrating 14.1 keV neutrons and to detect a
spatially distributed encoded neutron image.

The aperture should be thick enough to reduce the transmission of neutrons
(soft aperture effect). The soft aperture effect was quantitatively examined by
computer simulation. Hence the transmission should be as small as about 10%.
Therefore required thickness is at least 6 cm even for the high Z materials such as
gold, platinum and tungsten. Furthennore, the toroidal aperture is suitable to
obtain the isoplanticity for the field of view of 100/an — 200 /an. The radius of
troidal curvature was chosen to be 20 m. The aperture was fabricated by stacking
103 tungsten disks of 580 /on thickness each of which had a pinhole between 400
jura, and 540 //m. The circularity of was 90 % and they were drilled by laser
processing with the position error of ± 10//m. The average error of aperture
fabrication was inferred to be — 5%.

The arrangement of the penumbral aperture system is schematically shown
in Fig. 7. The aperture is installed inside a target chamber with a vacuum shield
port. The distance between the fusion target and the aperture is 11.5 cm, and the
detector is set at the position of 10.4 m from this aperture providing a X90
magnification of encoded image. The detector is a 94 mm-diam. scintillator array
which consists of 1550 pieces of 2 X 2 mm-square, 10 mm-long plastic scintillator
(BC 408). Each scintillator element has a clad layer to increase the light
collection efficiency. Moreover, the reflector was painted between scintillator to
minimize the cross talk of scintillation light. The output image of this scintillator
array is relayed to an optical fiber coupled two-stage image intensifier (I. L). The
first stage of 1.1. (40 mm in diameter, ITT F4113) can be gated. The opening and
closing time of the gate operation were measured to be about 10 ns. This gate is
quite important to suppress the y-ray noise, and substantially effective to reduce



the background noise due to the down shifted neutrons scattered by target
chamber wall. To reduce the background noise due to scattered neutrons, 50 cm-
thick paraffin shield with a 10 X 10 cm window was also installed near the target
chamber. Finally, the intensified image from the second stage of 1.1. (25 mm in
diameter, HAMAMATSU V1366 P) is recorded by a cooled CCD camera with a
frame memory.

The transfer function of this aperture including neutron scattering at
another structures was calculated by Monte Carlo neutron transport code
(MCNP). The chamber wall is so thick (8 cm stainless steel) that significant
reduction of the contrast occurs when we do not use the paraffin shield. These
scattered neutrons can be drastically suppressed by the paraffin shield.
Furthermore the overall aperture function is quite close to that for unscattered
neutrons by turning off the gate of I. I. at 25 ns after the arrival time of
unscattered neutrons. The spatial resolution is determined by several factors
such as the pixel resolution, the alignment accuracy of aperture, the S/N encoded
image, the statistical fluctuation of encoded image due to the limited number of
detected neutron signals. The pixel resolution was 22 /an for the present system.

The aperture was aligned by use of Moire technique [21], and the alignment
error was found to be at most 640 //rad which corresponds to the maximum off
axis of 75 jum on the source plane. Although this alignment accuracy should be
improved of course, the corresponding reduction of spatial resolution is
approximately 13 /an, which is not so significant in comparison with the pixel
size.

The most serious factor to reduce the spatial resolution is S/N of the encoded
image. Thus we measured the sensitivity and the noise level of the detection
system by using a 14 MeV neutron source at OKTAVIAN, Osaka University. The
detection system has fairly high sensitivity, and is applicable to the neutron yield
of 10n . The measured S/N is 15 which would be mainly due to the neutron-
induced reactions in microchannel plate (MCP) of the first stage of 1.1. Here we
defined S/N as the ratio of the intensity at the center of the encoded image to the
average intensity of background noise. To estimate the effect of this S/N to the
spatial resolution, we carried out the computer simulation for a point neutron
source by changing S/N. Here we added the background noise which obeyed
Poisson distribution, and we introduced Wiener filter method in the
reconstruction process. It is concluded that the additional degradation of
resolution due to the noise is 23 jj.ro. for S/N = 15, and that S/N exceeding 50 is
required to suppress it down to 10 /an level.
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Next we estimated the overall resolution taking into account the statistical
uncertainly of the encoded image. A simulation showed the spatial resolutions of
33 /JXO. and 27 /mi for the neutron yields of 5 X 10u and 1012, respectively.
Therefore the overall resolution including the alignment error of the aperture is
estimated to be 30 ~ 35 //m, which is minimum value required for the current
high yield experiments.

The experiment was performed at the frequency doubled twelve beam Nd :
glass laser, Gekko XII, with the arrangement shown in Fig. 7. The target used
was 3.6 atm. DT filled glass microballoon of 1190 /an diameter and 1.52 /JXO. wall
thickness. This target was imploded by a 1 ns laser pulse of 8 k j energy
generating 5.2 X 1011 neutrons. Figure 8 (a) shows an encoded image. The
approximate size of penumbra is 5 elements which corresponds to 100 /an of burn
region by a crude estimation. From this encoded image, a reconstructed neutron
image was obtained as shown in Fig. 8 (b). Here the encoded image was corrected
for the nonuniform distribution of detector sensitivity which was mainly due to
relay lenses and image intensifies. The sensitivity distribution was calibrated by
irradiating this detection system with the almost uniform neutron flux at
OKTAVIAN.

The observed width of burn region was 122 jum (fwhm). Although the small
scale artifact can be seen, the overall size is considered to be reliable because the
resolution is high enough to evaluate it. The alpha-particle image [25], which
had been taken at the similar experimental condition, agreed well with the
present result suggesting the reliability of the penumbral imaging system.

S/N should be improved to apply this neutron imaging technique to the
forthcoming high density experiments in which the spatial resolution of around
10 JJXD. would be required [26]. Using multi-neutron penumbral cameras, a
neutron computed tomographic image will be reconstructed with the burning
high dense plasma under near breakeven conditions.

4. CONCLUSION

For the laser imploded plasma diagnostics, we have developed the X-ray and
particle coded imaging techniques, including URA-CT, Ross URA camera and
five pinhole camera CT for X-rays, and penumbral cameras for 3.02 MeV protons
and 14.1 MeV neutrons. It will be, however, necessary to develop the following
new imaging techniques for diagnosing the dense ICF ignition plasma, such as X-
ray multi-framing camera CT, Ross URA camera CT, and proton-, neutron- and y-
ray-penumbral camera CT.
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(a) (b)

Fig. 1 The 500-jum long soft X-ray source images taken by (a) a URA camera and
(b) a 50-jum single pinhole camera [6J.
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Fig. 2 Experimental setup for the two orthogonal cameras using 31 X 33 m-
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Fig. 3 Layergram of the 3-D reconstructed X-ray image at the center of laser-
irradiated microballoon target [11].
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Fig. 4 Experimental setup for five viewing directions for X-ray computed
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Fig. 5 The isointensity (the half of maximum intensity) surface of 3-D X-ray
images of compressed core, (a) Uniform shell target (shot A), and (b)
nonuniform shell target (shotB) [13].
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Fig. 6 (a) Reconstructed 3.02 MeV proton image using penumbral camera. Cb) X-
ray pinhole camera image (the angle between the X-ray pinhole camera and
proton penumbral camera was 21"). (c) Laser irradiation intensity
distribution [23].
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Fig 7 Experimental arrangement for the 14.1 MeV neutron penumbral camera
[24].
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Fig. 8 An encoded 14.1 MeV neutron image taken with the implosion ofDT filled
glass microballoon (a) and its reconstructed image (b) [24].
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Abstract

We describe two types of multi-channel far-infrared rotating diffraction gratings for plasma
diagnostic experiments. The scanning interferometer makes use of a multi-sectored blazed
circular grating that sequentially diffracts the probing beam through a fan of discrete angles.
In this case information from distinct spatial channels is multiplexed in the time domain. An
alternative approach that restores continuous time information (at the expense of signal to
noise ratio) is to simultaneously disperse the beam into a number of diffraction orders. Since
the Doppler offset (IF frequency) of the diffracted beams is proportional to the diffraction
order, the spatial information is now multiplexed in the frequency domain. In both cases
multi-channel interferometric data can be obtained using only a single laser beam and detector.

1 INTRODUCTION

Rotating grating wheels have been used exclusively as Doppler shifting elements for heterodyne
detection in far-infrared plasma scattering and interferometry experiments [1]. We exploit the
diffraction properties of the ruled circumference for the generation of multiple probing far-infrared
beams using both blazed single-order [2] and multi-order [3] reflection modes. In the former case,
the periphery of a multi-sectored grating wheel is blazed so as to reflect the incident laser beam
in first order and in sequential fashion through a fan of discrete scan angles. The diffraction angle
is determined by the grating constant of the illuminated sector. The resulting scanning beam
can be used for both interferometry and far-infrared Bragg scattering experiments. A high speed
(~ 10000 rpm) air turbine drive allows plasma scan rates approaching 1 kHz to be obtained. Design
considerations for the scanning grating and experimental results are reported in Sec. 1.

An alternative means of producing multiple probing beams is to disperse the beam incident on
the grating into an array of high order beams. The differing Doppler offsets allow simultaneous
multichannel phase shift information to be obtained using only a single laser beam and probe beam
detector. The multi-order diffraction grating is described in Sec. 3.

These devices will be incorporated in a multi-view interferometer to be installed on A.N.U. H-l
flexible heliac [4]. This is a helical axis stellarator that produces a typically distorted "bean" shaped
poloidal plasma cross-section and is capable of accessing a wide range of magnetic configurations.
By design, H-l offers almost unhindered viewing access to the poloidal cross section of the plasma.
This feature has motivated the design of a multi-view interferometer (Sec. 4) that posesses a true
tomographic capability. A single view (~ 10 channel) interferometer based on the multi-order
wheel is also to be installed on the Sydney University TORTUS tokamak.



2 SCANNING GRATING

As is well known, the mth-order angle of diffraction /? for a plane electromagnetic wave (Ao
wo = cJfco) incident at angle a on an infinite plane grating having groove spacing d is given by

sin a + sin /? = mX0/d. (1)

This grating equation, together with a simple-minded ray optics analysis has been used to success-
fully account for the reflection behaviour of a Gaussian beam wave incident on the edge, and in
a plane normal to the axis, of the circular scanning grating wheel [2]. For a beam incident in the
plane of the rotating wheel, the radiation is Doppler shifted in frequency by an amount

/ = mRQ/d (2)

where R is the wheel radius and ft/(2x) is the wheel rotation frequency.
From Eq. (1), it is apparent that the diffraction angle can be varied by changing the groove

spacing d. A grating ruled in M identical partitions comprising N equi-angular sectors (having
distinct groove spacings di, i = 1,2,...,N) will therefore produce M fan array scans for each
rotation of the wheel. Apart from the high-resolution scanning capability, the scanning grating
posesses the following desirable features: high scan rates (Afft/2?r < 800 Hz) with greater than
50% duty cycle are easily achievable; complete access to the wheel surface allows the generation of
many fan sources; only a small number of optical elements and a single detecror are required o r
each source; all of the source power is available for each probing beam; plasma access requirements
are minimal and, under certain conditions, a naturally bandlimited and Nyquist sampled projection
of the plasma can be obtained [2].

The competing design and performance criteria for the scanning grating are discussed at length
in [2J. We report measurements made on a prototype grating ruled using a numerically controlled
milling machine in a single partition (M = 1) of N = 15 distinct sectors on the edge of an
aluminium disc having radius R = 150 mm and width T = 20 mm. The grating for H-l is designed
for operation in first order at a probing wavelength of 337 pm (HCN laser). A fixed incident
angle a = 30° and diffracted fan spanning 0 = -10° — 10° (di ~ 0.5 — ds ~ 1.0 mm) give
clear separation of the incident and diffracted beams. The reflection efficiency is maximized by
tilting the reflecting face of each groove so that the normal to the face bissects the angle & — a (i.e.
specular reflection). To minimize scattering from imperfections the interior corner of the triangular
groove is in the shadow of the leading groove edge.

Figure 1 shows the test Michelson interferometer and the coupling geometry for the incident
beam. Focussing of the incident beam onto the wheel is necessary for collimation of the reflected
beams. These beams have been measured using a pyrolelectric detector on a motor driven stage
that translates transverse to the central beam (at 0C — 0). The sequence of diffracted beam
profiles measured at distances z = 0.3, (0.1),0.6 m from the illuminated surface are shown in Fig. 2.
The apparent decrease in grating efficiency for the outer channels is due to the increasing tilt of
the detector from normal incidence. The measured total reflection efficiency for light polarized
orthogonally to the grooves is ~ 90% for the central channel. The specularly reflected component
is generally less than 1% of the first order power with H 10% in higher orders. The cylindrical
lens corrects for the asymmetric reflection properties of the grating in the planes perpendicular
and parallel to the rulings.

The cylindrical return mirror causes the diffracted beams to execute a double pass of the grating
(twice the Doppler shift). The ratio of local oscillator and returned probe beam powers is optimized
(for maximum interference) by varying the orientation of the first polarizing beam splitter. The
polarization transforming reflectors (PTR) [5] and mixing polarizer are subsequently adjusted for
maximum detector signal. A sequence of fringe bursts is shown in Fig. 3 along with the frequency
history of the signal. In accordance with Eq. (2), the IF note changes with diffraction angle.
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Figure 1: Test interferometer configuration for scanning grating.
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Figure 2: Measured reflected beam profiles at distances z = 0.3, (0.1), 0.6 m from the grating. The
disproportionate decrease of signal amplitude with distance is due to the cylindrical asymmetry of the
reflection from the wheel surface.



1.33

kHz

Time (s)

Figure 3: (a) Sequence of fringe bursts for the 15 channel scanning gra t ing and (b) :.je rt
frequencies of the interference fringes. The decrease in signal ampl i tude at higher frequenr
due to the limited detector bandwid th .



3 MULTI-ORDER GRATING

We notice from Eqs. (1) and (2) that both / and 0 depend on the diffraction order m. If the
grating groove profile can be tailored to generate a fan array of Ar sufficiently closely spaced probe
beams {0m;m = rn^mj,... ,mjv}, each of the resulting distinct plasma spatial channels will be
tagged by fm. Furthermore, if the temporal frequency spacing is sufficiently large compared with
the rate of change of plasma phase shift, ail the probe beams can be mixed in a single detector
and the phase information ym(*) carried by the mth-order beam retrieved unambiguously.

In a simple-minded extrapolation of the triangular groove design for the scanning wheel, the
groove profile for the multi-order grating is constructed of N smaller, flat 'sub-facets', with adjacent
sub-facets incrementally inclined to reflect specularly into the next highest order. The width of
the sub-facets is fixed so that each presents the same surface area to the incident beam. In this
way, none of the required diffracted orders is preferred over any other. Typical groove profiles for
both types of wheel are shown in Fig. 4.

90

115 120 125 130 135 140 145 115 120 125 130 135 140 145

Distance (mm) Distance (mm)

Figure 4: Groove profiles for (a) scanning and (b) multi-order (# 3) gratings. The scale is x2.

For these experiments, 30 mm long test sections having d = 4 mm, (wJi,m,v) = (4,15), d = 4
mm, (mi, mjv) = (6,14), and d = 5 mm, (mi, m^r) = (6,18) were cut using a numerically controlled
wire-discharge machine on the edge of an aluminum disc (R — 150 mm, T = 20 mm). We refer
to these patterns as # 1 , #2 and # 3 respectively. The conservative choices a = 45° and f3c = 0
allow adequate separation of the incident and reflected beams while ensuring that reflected beam
collimation is not compromised.

The beam profiles were measured by scanning the detector across the diffracted radiation
at fixed distance z from the illuminated portion of the grating. The profiles at z — 0.3 m for
groove profiles #1-3 are presented in Fig. 5. The diffracted orders are indicated on the diagram.
Within experimental uncertainty, the angular positions of the beams are consistent with the grating
equation (note that the diffracted beams are clustered more closely for the d = b mm grating).
Because of the shadowing effect of the groove vertex, the higher order beams are extinguished
for values of m less than the design cutoff m#. The power in the lower orders also diminishes
dramatically as the design cutoff is aproached. Note especially the marked contrast between the
low order reflectivity of profiles #1 (mi = 4) and #2 (mi = 6). These observations give some
confidence in the 'blazed sub-facets' approach to the groove profile design.
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Figure 5: Reflected beam profiles for various groove shapes at distance 0.3 m from the grating.
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grooves. In each case, the intermediate frequency is nine times greater than the small amplitude modulation
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Questions of detection and demodulation are addressed in detail in [3J. However, we remark
that unambiguous recovery of the plasma phase shift requires /> < A//2 where fp represents the
bandwidth of the plasma phase <p(t) and A / = fm — Jm-\ is the channel separation. For test
grating #1 and wheel rotation at 6000 r.p.m., phase variations to a bandwidth of ~ 12 kHz can
be recovered. In practice, this could be achieved using bandpass filters and analog phase detectors
or by appropriate digital signal processing techniques [6].

A test Mach-Zehnder interferometer has been constructed by mixing selected diffracted beams
with part of the laser beam in an arrangement similar to Fig. 1 (but with no return mirror).
A narrow fan angle for the diffracted beams requires that the groove spacing d be substantially
greater than Ao. However, a sufficient number of grooves must be illuminated (requiring small d) to
ensure that the grating reflectivity is not modulated at the groove frequency - such modulation of
the IF signal would introduce unwanted sidebands at the difference frequency Af. Figure 6 shows
the IF signal bursts obtained by mixing with part of the laser output, the ninth order diffracted
beams from ruled sectors #1 and # 3 . Given that the spot at the grating surface illuminates only
~ 3 grooves, it is remarkable that the observed modulation is, if not insignificant, at least tolerably
small (see Fig. 6). The situation would improve for larger spot diameters [3]. As expected, the
signal frequency is nine times the groove modulation frequency. It has been confirmed thai the
other diffracted components also obey Eq. (2).

4 INTERFEROMETRY AND SCATTERING APPLICATIONS

Figure 7 shows a conceptual arrangement for the H-1 scanning interferometer. A lightweight and
compact air turbine accelerates the wheel to operational velocities in a few tens of seconds. The
high-speed, low-vibration performance is particularly important given the large (~ 3 - 5 m) optical
path lengths for the H-1 interferometer and obviates the need for the independent mounting or
vibration isolation essential for conventional motor driven assemblies.

The optical system has been modelled using a geometric ray trace code. The optics, including
grating/turbine are to be mounted in a vertical plane. Both horizontal and vertical views are
of Michelson configuration, while two diagonal (Mach-Zehnder) views bissectinz the vertical and
horizontal scans are generated using optics mounted on a separate rigid support surrounding the
plasma and attached to the magnetic coil support structure (CSS). Not shown in the diagram
are the local oscillator arms derived from the unshifted laser radiation. Also, for simplicity, beams
used for obtaining reference signals for the various views are not shown. It may, in fact, be possible
to subtract systematic phase shifts related to the wheel rotation and so be rid of this additional
complication.

The return optics (curved reflecting mirrors) inside the vacuum vessel must be mounted on the
CSS independent of the main interferometer and so are a possible source of spurious phase shift.
This may necessitate the installation of a vibration monitor. However, computer models of the
electromagnetic deflections in the CSS indicate maximum displacements of $ 0.3 mm [7]. These
movements are expected to be reproducible and of low frequency and so could be subtracted in
the post processing of the interferometer signals. The tomographic performance of the four view
system for reconstruction of the H-1 density contours is examined in [2].

A possible scanning configuration for a Bragg scattering experiment is shown in Fig. 8. The
beams are focussed at some location in the plasma, the fan angle being chosen to oest match the
expected Jfc- spectrum. A problem with the use of gratings for heterodyne scattering experiments is
the limited Doppler offset available. The frequency shift can, however, be increased with multiple
passes of the wheel. The adavntages of stability and low cost attending the use of the rotating wheel
(compared with, say, dual laser configurations) can outweigh losses due to reflection inefficiencies.
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Figure 7: Conceptual intereferometer arrangement for the H-I heliac. Local oscillator arms are not shown.
The axes are marked in centimetres and the origin is the centre of the vacuum vessel. The solid square
represents the main poloidal field coil and the shaded "bean" the plasma region. Key: Di_< - detectors
for the vertical, horizontal, diagonal and reference arms respectively; PR - polarization transforming
reflectors; G - 10 channel rotating scanning grating.
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VIBRATION-PROTECTED MULTI CHORD OPTICAL

INTERFEROMETER FOR LARGE TOKAMAKS

V.S.Burmasov, Eh.P.Kruglyakov

Institute of Nuclear Physics, Novosibirsk, USSR

A tendency to shorten the wave-length of radiation

sources used on large fusion installations for plasma

interferometry is observed. This tendency can be explained

by the growth of the role of refraction effects as

dimensions of the installations and plasma densities

increase. It is natural that with a decrease in a

wave-length of the radiation source the problem of

vibrations becomes more and more significant so far as the

level of the vibrations is achieved several hundreds of

microns for this large-scale installations [1]. Since the

moment of appearance of the interferometry methods the fight

with the vibrations was carried out mostly by passive

methods which are well known today. (It is necessary to

mention the use of materials well absorbing the sound

oscillations, the increase in the mass of frames etc.)

Lately the frames with air-springs have begun to be used.

The level of vibrations can be decreased in addition several

times [2]. The usual way of the vibration suppression

consists in the increase in the frame mass. However, a

creation of the frame for large-scale installations becomes

a complicated and expensive problem. For instance, even the

interferometer with the wave-length of the source of 119 fim,

built for JET, has the frame mass of about 50 t [3]. As to

the ITER where an arm length can achieve 30*50 m the

construction of the corresponding frame becomes an extremely

complicated technical problem. As a matter of fact, there is

no a single short wave-length ( X < 10 urn ) interferometer

on the large tokamaks with suppression of vibrations by

using only large mass of the frame. On the Dublet III, where

CO laser was used as a source of radiation in the

interferometer the level of vibrations made it possible to



directly register the plasma phase shifts [4]. Therefore,, to

take into account the vibrations, the interferometer

operation was carried out with two strongly different wave

lengths ( \^= 10.6 mn and A = 0.63 fim ). An application of

the two wave-length schemes those with feed-backs (for more

detail see review [5]) simplifies the demands to the frame,

however, the creation of the multichannel interferometer on

the above-mentioned principles makes the design enough

complicated.

In this work an optical set-up is proposed where the

low level of interference signal fluctuations is achieved

not by suppression of vibrations but with an equalization of

their level in every arm.

A phase shift appearing as a result of displacement a

of one of the optical element of the interferometer is equal

to

b<p = 2rrX~1a n. (1)

Here n is the unit vector, determining the propagation

direction of radiation, A is the wava length. In the

simplest case of harmonic oscillations of its optical

element the phase shift is

A0 = 2rcA~1a cos8-sin(fit+$ ) . (2)

Here B is an angle between the direction of propagation of

radiation and mechanical oscillations, Q is the frequency of

oscillations. If the oscillation take place in two arms of

interferometer, the total phase shift, led to the

fluctuations of the interference signal can be expressed as

follows:

A^i2=2TrA'
1[aoicos0i-sin(fiit+$oi)-ao2cose2-sin(n2t+*o2) ] (3)

One can see that even in the simplest case, when Q =n

(quite a realistic case) the expression in the square

brackets depends on time. Therefore, the fight with

vibrations "usually results in the decrease in the'

oscillation amplitudes a and a . As is seen from relation

(3), an interesting possibility exists, when A#i2 can be

reduced to zero. Such a situation appears if the amplitudes

of oscillations are identical in both the arms, aQi= aQ2 (it
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is -necessary also to fulfill the conditions: 6i= 6^ and

$ =* ) . In Fig.l the- optical lay-out is presented for

which the above mentioned conditions are satisfied quite

well. The vibrations should influence most strongly the beam

splitter C, forming the two arms, placed at a considerable

distance from the monolithic basement where the element A, B

PLASMA Fig.l Optical set-up of

the single-chan-

nel interferome-

ter.

TO DETECTOR

and D are fixed. The beam splitter C, the mirror B and the

semi-transparent plate A are placed in the apexes of the

isosceles triangle. The mirror D is fixed at a distance of

0.5 AB from the semi-transparent plate A. The radiation is

directed into the interferometer along the triangle altitude

Fig.2 Equivalent sche-

me of the inter-

ferometer.

OC. In Fig.2 an equivalent lay-out of the interferometer is

presented. The semi-transparent plate A is replaced here by

two planes A A' and A A' (A A'and A A' are the reflections
J 1 2 2 l i c. £

of the plate A by the mirrors B and D, respectively) . These

two planes are oriented so that their intersection line

(point K for the projection given in Fig.2) coincides with



the intersection lines of the elements A, B and D. The

optical paths CA and CA are equal to CB+BA and CD+DA,

respectively (Fig.l). Now, as it follows from the equivalent

lay-out for an accidental shift of the beam splitter from

the point C to the point C' the arm A C should change to the

size A C ' and arm A C to the size A C but as before, the

arms are equal: A C =A C . The role of all six degrees of

freedom of the beam splitter C was analyzed. In the case

when a flat beam splitter (for instance, the grating) is

used, its shifts in the plane yz does not change the arms

size of the interferometer. As it was already mentioned, a

displacement of the beam splitter along OC (x axis) leads to

the change of the arms size. In this case, however, the

phase difference remains constant. As to the rotatory

degrees of freedom the situation is the following. The

rotation round the x axis leads to the beams passing through

the different arms beyond the figure plane. It leads to

narrowing of the interference field, however, the phase

difference for the range of the field overlapped by two

beams does not change. The rotation of the beam splitter

round the y axis changes the length of the arms, but the

value of the phase difference again remain constant.

As it is seen from Figures 1 and 2, the rotation round

the z axis can lead to the phase shift appearance.

Nevertheless, taking into account the divergency of the

radiation source one can understand that for the beams

coming to the motionless detector along the previous path 1

and 2 (see Fig.l) the phase difference again remain the

same.

Since the wave length shortening makes the vibrations

more appreciable, the stability of the interferometer to the

vibrations was studied experimentally in the visible

spectrum range ( A = 0.63 Mm ). Instead of a grating some

different optical wedges were used. In one of the

experiments when the length of arms was 50 cm and the angle

between these arms was equal to 30° the interference fringes

did not practically change their position when the beam



splitter was moved along OC (see Fig.l) for 15 cm. In

another experiment with an angle between the beams 5° and

the arm size of about 8 meters the beam splitter was fasten

to base with the level of vibrations of several hundreds of

microns. Again, one could observe the stable interference

pattern. The interferometer of this type with dimensions of

the arms of about 3 m was tested on the GOL-M device for

studying of plasma dynamics. He-Ne laser with the wave

length X = 0.63 /im was applied. For the conditions described

the limit of sensitivity achieved in the experiments was

better than 10"2 interference fringe.

It is natural that the proposed scheme is not

universal. It has advantages in comparison with other

schemes for the cases whar, a considerable longitudinal size

is necessary wile the transversal size (AB see Fig.l) can be

several times less (in this case the mirrors A and B can be

fixed on a common base) . Using the grating as a beam

splitter one can construct a multichannel scheme which will

satisfy the demand of the transversal size smallness in

comparison with the longitudinal one. One of such schemes is

given on Fig. 3. In this case, each detector determines -the

PLASMA Fig. 3 Multi-channel in-

terferometer set-

up- The dashed

line shows a mo-

nolithic base of

single interfe-

rometer.

phase difference between two neighboring beams. As a matter

of fact, we deals with several interferometers. In each

interferometer it is necessary to mount only two neighboring

semi-transparent plates on the common base. The proposed

scheme may seem to be ineffective, since the reference beam

passes through a plasma. As a result, the phase difference
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decreases several times in comparison with usual schemes

where the reference beam passes outside the plasma.

Referring to the ITER for a plasma density n = 1014cm~3 and

plasma size 1 = 4-102cm the total fringe shift should be

equal to 2 (for X = 10.6 um ). Thus, one can expect the path

difference between two neighboring chords to be about

several tenths of fringe. This value of the fringe shift is

quite enough for the reconstruction of the plasma density

profile. For a practical application of this scheme it is

important that the beam splitter can be fixed on a wall of a

vacuum chamber. When the sensitivity of the scheme described

is not enough one can use other schemes with measuring the

total phase shift on every chord. In this case the beam

splitter should be placed outside the chamber.
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STAUS OF TEXT BOLOMETRY

Yexi He , R.V.Bravenec

Fusion Research Center

The University of Texas at Austin, TX 78712

Abstract

This paper is a report on the work of the lead auther

(He) while a visiting scientist at the FRC. It describes

calibration of a single bolometer array for TEXT. Radiation

profiles are presented both at and away from the limiter

port. Details of the inversion procedure, including automatic

error analysis, are discussed. Finally, time-dependent

profiles, as during pellet injection and gas puffs, are

presented.

I Introduction

The bolometer sensors and electronics used on TEXT were

fasioned after the system developed for TFTR1. Similar metal

resistence sensors are used on Asdex̂  and JET-̂ .

This paper is a continuation of the work begun by

J.Snipes4. Data presented here were collected in the period

May, 1986 to April 1987. Brief desriptions of the sensors and

electronics are presented, details could be referred 'to

Refs.l and 4. The method of data analysis is outlined in

Section I I I . Section IV presents the measurements and

analysis. Ini t ial ly (May-December, 1986), the array was

located at the limiter port. During this time we obtained

simultaneous measurements of radiation profiles far from the

limiter with the scanning bolometer, and at the limiter with

the array.

* Institute of Plasma Physics, Academia Sinica, Hefei, China



II Hardware

The sensors are small die-cut platinum grids whose

overall length. Each detective-sensor is mounted over a

trough in a stainless steel heat sink such that contact is

made only at the edges. An identical sensor is mounted flush

with the back surface of the heat sink as a reference sensor.

The resulting unit is placed in a Wheastone bridge exited

with a square-wave voltage at 20 kHz. This arrangement

minimizes temperature drift and electromagnetic pickup.

However, the bias current interacts with the tokamak

stray field to produce a Lorentz force. Since the sensor is

suspended over a trough in the heat sink, it is allowed to

vibrate, resulting in a time-average lengthening of the

sensor grid which is not cancelled by the reference sensor.

This problem is especially severe for the array for two

reasons. One, the detectors are much closer to the vertical

field coils and the iron core than the scanning bolometer.

Secondly, because of the narrower views of the individual

detectors of the array, the radiation signals are much

smaller. The data is sufficiently repeatable and predictable

(based on other signals) after subtracting background level

from normal signal.

The scanning bolometer (Fig.l) approximately 135° away

from the main limiter is the same as that of Ref. 4 except

for a reduction in the detector-aperture spacing and a

lowering of the pivot point. Since the work of Snipes, we

have determined the bolometer view again that is occluded at

its extreme positions.

The array was originally installed on the top limiter

port. In December of 1986 the array was removed to P9-T which

~70° away from limiter and almost directly opposite the

scanning bolometer. The modified array (Fig.2) is composed of

ten detectors viewing the plasma through a single rectangular

slit. The slit was made as long as possible in the toroidal

direction to maximize signal, and narrow enough in the
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transverse direction to provide acceptable resolution.

As mentioned earlier, the detective-reference sensor unit

is excited in a Wheastone bridge by a 20 kHz square wave. The

signal is synchronously detected by means of a lock-in

circuit . There are two methods of calibrating the system -

directly relating the output voltage to absorbed power, and

calibrating the thermal parameters of the detector sensor it

self.

Ill Data analysis

A radiation profile typically requires 21 shots at least

using scanning system (three shots at each of seven

positions, one shot of each to measure the background), and

as few as two shots using the array (one for the background

level) . The raw data is then smoothwed in time, the

background levels are subtracted, and the results are

converted to chord-integrated radiated power. Finally, the

resulting profile is Abel-inverted to yield radiation power

dersity Pracj as a function of horizontal position x. The

inversion, performed in flux coordinates, employs the method

of Bockasten5 adapted for asymmetric profiles by Yasutomo6.

From the inverted profile we also calculate a profile of the

total radiation power, assuming toroidal symmetry, inside a

flux-surface of radius.

There are several sources of error in the results -

uncertainties in geometry (worse for the scanning system),

inherent ac noise on the signals, calibration of the

detectors and electronics, significant background (more

serious for the array at the edge), shot-to-shot variances in

the radiation (more important for the scanning system),

finite spatial resolution (worse for the scanning system),

the contribution of charge-exchange neutrals, and others. The

extent to which these uncertainties (except the last two)

propagate through an inversion is estimated by assigning

error bars to the values Pracj.i and then performing N
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additional inversions, N being the number of channals, in

which each value of pracj j is increased to the maximum of its

uncertainty individually. The rms variation of the N inverted

profiles about the mean profile are used to define the error

bars on the mean. Because of the nature of Abel-inversion, -we

find the uncertainties greatest in the center, as expected.

They are also greater for the scanning system simple because

of the larger uncertainties in the chord-integrated data.

Uncertainties in the resulting profiles due to the

finite spatial resolution of the systems are hard to

quantify. Since the spacing between channels is 5-6 cm for

the array, the profiles cannot resolve features with spatial

distances smaller than that spacing. This point will be

addressed further in the following section. The contribution

of charge-exchange neutrals, assuming small*, will be

examined quntitatively in the future work.

IV Measurements and analysis

A. radiation loss during steady-state discharges

Radiation profiles were obtained simultaneously with the

scanning system and the array (located at the limiter port)

for a variety of discharge conditions. The profiles in x

always exhibit three peaks - one roughly centered on the

magnetic axis and two at the inner and outer plasma

boundaries. As mentioned earlier, the finite spatial

resolution of the systems prevents an accurate determination

of the locations and sharpness of the peaks.

1. Radiation profiles far from the limiter

Profiles of Pracj are shown in Fig. 3 for three toroidal

•fields. The scan positions are denoted on the 15 kG profile

by the points with error bars. We note that the central and

outer peaks increase as Bt decreases, and the total
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integrated powers clearly indicate a drop in radiated power

as Bt is increased.

Radiation profiles for two densities are shown in Fig.4.

We note that as the density is raised, the central peak drops

while the edge peaks increase. The drop in the center we

interpret as due to a reduction of high-Z impurities

physically sputtered from the walls and limiter. The

sputtering would decrease at the higher desities because of

the lower temperatures of the edge plasma and reduced high

energy charge-exchange efflux'. The net result is an increase

in the total radiation power as the increase of density. In

addition, the profile shifts its asymmetry from outside to

inside. The inward asymmetry at the higher density may be due

to formation of a Marfe .

Finally, we present a working gas scan in Fig.5. We first

note a strong increase in total radiation with the atomic

mass of the working gas. The radiation power is typically

40-60% of the ohmic power for hydrogen, 60-80% for deuterium

and 80-100% for helium. The scaling indicated in Fig.5 can

result from the impurity level increasing with working-gas

mass due to the strong scaling of physical sputtering with

mass7. In addition, the retention of impurities in the plasma

is greater due to the positive scaling of impurity

confinement time with mass'. We also notice an apparent

increase in the outward asymmetry, perhaps due to greater

interaction of the plasma with the outside wall.

2. Radiation loss at the limiter section

When the array was located at the limiter port, it viewed

a region extending 8.5 cm to one side of the limiter.

Therefore, the resulting rediation Prad.lim represents

toroidal average over this region. A comparison of the

radiation densities at and away from the limiter port is

shown in Fig. 6 for hydrogen discharge. We see that the

radiated power is typically much larger and strongly edge



peaked at the limiter port. This interpretation is physically

reasonable since the higher ionization stages of the

impurities responsible for the central radiation are expected

to be evenly distributed toroidally.

B. Pellet injection and gas puffs

Since moving the array from limiter, we have measured

profiles of plasma radiation during pellet injection and

density-equivalent gas puffs.

Shown in Fig. 7 are radiation profiles just prior (275 m's)

and at three times following a "high-confinement"1^ pellet:

injection. The error bars on the 275 ms curve denote the

channel locations. Note first that, unlike the original array

configuration and the scanning system, the location of the

edge peaks correspond to the inner and outer plasma

boundaries (-24 cm and 26 cm, respectively) . We see that

after injection of such a pellet, the central radiation

increases monotonically in time while the edge radiation

remains constant. This behavior eventually terminates with

either a series of minor disruption or a single major

disruption. Since the density reaches a quasi-equilibrium or

is decaying after 310 ms, this must be due to impurity

accumulation in the plasma core. We should point out that

because of the finite time response of the bolometer system,

the fast transient phenomena immediately during the pellet

injection and ablation cannot be tracked.

This behavior is compared to that following a gas puff

substituting for a pellet, as shown in Fig.8 (The density

following the puff was chosen to roughly agree with that

after the pellet.), we first note that the effects of the gas

puff manifest themselves more slowly than those of a pellet,

i.e., the profile at 310 ms is essentially unchanged from

gas-puff case. By 345 ms, the central radiation has decreased

(opposite from the pellet case) and the inner edge radiation

has increased. The better effect is probably associated with

Marfe formation since this discharge is dangerously close to



the density limit.In both pellet and gas puff cases the total

radiation is found to increase only slightly.
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DETECTION SYSTEM FOR RUNAWAY ELECTRONS

B.N. Breizman, Eh.R. Kruglyakov, L.N. Vyacheslavov

Institute of Nuclear Physics, Novosibirsk 630090, USSR

1. Introduction

The operation of the present day large tokamaks as well as the design of the next
generation reactor scale machines is seriously influenced by the unfavourable effects
of the disruptions. A particular problem is the appearance of runaway electrons
during the major disruptions. It follows from the preliminary estimates for the 1TER
that these electrons can be accelerated to about 300 MeV and have a total energy of
100 MJ with roughly half of the toroidal current being the runaway electron current
[1]. The anomalous losses of high-energy electrons can result in a substantial
destruction of the first wall. Of a special danger is the penetration of the electrons
through the water-cooled graphite with damaging the cooling tubes and a potential
water leakage. The present theoretical understanding of the physics of electron run-
ning away and the experimental information on the subject are not sufficient for
providing safe operation of the installation. Therefore, the problem needs further
study.

In this paper, we propose a simple method of detecting runaway electrons by
measuring the spectrum of high frequency oscillations in a plasma. The method has
been developed in the Novosibirsk Institute of Nuclear Physics to study the Langmuir
turbulence in the experiments on plasma heating by a relativistic electron beam [2,
3]. The diagnostic is based on the analysis of the coherent scattering of la:>er radia-
tion (CO2 laser, Xo= 10.29M.). With this technique, the excitation of Langmuir tur-
bulence due to two-stream instability has been observed in the experiment. The
method is easily applicable to the high frequency turbulence driven by runaway
electrons. It allows the detection of these electrons starting from an early phase of
their formation.

2. Theoretical Estimates

There are various electrostatic modes that can be excited in a plasma by the
electrons with a strongly anisotropic distribution function. As the electron cyclotron
frequency in a tokamak is typically several times larger than the plasma frequency, of
the primary importance are the Gould-Trivelpiece mode with the dispersion law

..,_*!' (1)



and the upper hybrid mode near the electron cyclotron frequency

lk\ul (2)

Both of them are excited due to anomalous Doppler resonance:

tot +wB/y-k,,vu = 0. (3)

Here, y is the relativistic factor of a resonant runaway electron. The instability is
basically due to the first anomalous resonance [4]. Other Doppler resonances can be
neglected because of the small angular spread of the runaway electrons. In contrast to
the two-stream instability, there is no pumping from runaway electrons at the
Cherenkov resonance (a)k-^nvM= 0) since the distribution of this electrons is a
decreasing function of longitudinal momentum. Therefore, the Cherenkov resonance
produces a dumping that determines a threshold for the instability at the Doppler
resonance. For the modes with a sufficiently small Cherenkov damping, the in-
stability growth rates are

^ ^ 2 <4)~ k.

for the Gould -Trivelpiece mode and

for the upper hybrid mode. Here, F is the distribution function of the runaway
electrons which is integrated over the solid angle in the momentum space. Note that
the runaway electrons are assumed to be relativistic. Eqs (4) and (5) give the follow-
ing estimates for the growth rates:

«'«! (7)

where n is the plasma density and n' is the density of the runaway electrons that have
the energies of the order of mc2y. It follows from Eqs (6) and (7) that the Gould-
Trivelpiece mode has a somewhat larger growth rate than the upper hybrid mode
(ri/r2=w/? AoP> 1). Of the effects that can suppress the instability an essential one is
plasma inhomogeneity which violates the resonance condition (3) by changing the
wave number of the mode. The condition under which the instability is allowed by
the inhomogeneity can be obtained according to Ref. [5]. For the Gold-Trivelpiece
mode, it has the form



n top up
(8)

where A is the Coulomb logarithm. Though Eq. (8) is rather restrictive, it seems
possible to have this condition satisfied in the large scale tokamaks where the parallel
gradient of the density is small enough. The excitation of the wave is also facilitated
by the periodic motion of both the wave and runaway electrons in the toroidal
direction. The radial inhomogeneity of plasma density is favourable for observing the
Gould -Trivelpiece mode since the radial profile of plasma density forms a waveguide
for this mode.

The cross section of collective scattering of the laser radiation on the modes (1)
and (2) is determined by the fluctuations of electron density in the modes and has the
form

da v JO£,. « ,2 (9)
^ = 8 ^ » ( ) k - k 0

with k and ko being the wave vectors of the incident and the scattered wave respec-
tively. The absolute values of k and ko can be taken equal to each other in this

equation. The function (6«/«)q in Eq. (9) is the spectral function of the electron
density perturbations; it is normalized by the equation

<(6«/«)2> «/(6n/n)q </q (10)

with <(6/J / / I ) 2> being the mean square of the relative density perturbations. The
difference between modes (1) and (2) is in the frequency spectrum of the scattered
radiation. The spectrum for mode (2) should have two narrow satellite lines shifted
from the incident laser line by ± ug. For mode (1) the shifts of the satellites do not
exceed wp and the width of a satellite is comparable with the shift.

3. Laser Scattering Technique for Studying high Frequency Oscillations

The collective scattering of laser radiation has been used in plasma diagnostic for
studying low frequency plasma oscillations [6]. It is much more complicated to use
the conventional homodyne or heterodyne detection of the scattered radiation in the
case of high frequency oscillations in the range of electron plasma and electron
cyclotron frequencies. This is because the frequency shift between the scattered
radiation and the incident one reaches 100-150 GHz for the modern tokamaks with
a plasma density of the order of 1014 cm~3 and a magnetic field B = 5 T. Under these
conditions, a traditional Thomson scattering set-up is applicable with a diffraction



grating as a spectrum analyzer and a direct detecting at the output. The adequate laser
is a pulsed CO2 laser since: (1) it is the most powerful source in both infrared and far
infrared spectrum range, (2) the refraction effects are practically negligible with this
laser, (3) rather simple highspeed and low-noise detectors are available. However,
for the plasma of a density n~ 1014 cm"3 and a temperature T~ 10 KeV, the observa-
tion of the collective scattering with CO2 laser is only possible at a small angles
a < 10~2 rad, and a very high contrast spectral instrument is needed because of the
strong stray radiation at the unshifted laser frequency. To provide high contrast the
following approach has been used in our experiments:

1) The laser has been tuned to R14 transition (xo= 10.29^).

2) An ammonia filled cell is installed between the plasma and the detector on the
pass of the scattered radiation to absorb the stray radiation. Ammonia has a separate
absorption line that coincides with R14 line. By using the cell of 40 cm length at the
pressure P = 0.25 atm one can suppress the radiation at the unshifted laser frequency
by 13 orders of magnitude. The scattered radiation with x < AO passes the cell with a
negligible absorption.

4. Experimental Observation of High Frequency Turbulence

The above mentioned technique has been used in studying high frequency
turbulence that is excited in a plasma by a relativistic electron beam in the GOL-M
device at the Novosibirsk Institute of Nuclear Physics [2, 3]. The parameters of the
experiment are:

Energy of beam electrons E = 0.7 MeV
Beem current density /=2-h3kA/cm
Plasma density n = (0.5-=-2.5)- 1015cm~3

Solenoidal magnetic field B = 1 H-4 T

Laser pulse energy Q = 10 J

Laser pulse duration t - 1 0 s

Length of the plasma scattering volume

in the laser beam direction L = 2 cm
Scattering angle a = 10 ~2 rad

The registration system for the scattered radiation allows the spectral measure-
ments in five bands by five detectors simultaneously. Typical scattering spectra are
shown in Fig. 1 for various plasma densities. It follows from the frequency shift being
proportional to the square root of the density that Langmuir turbulence is excited in
the experiment. The registration system allows measuring the intensity of Langmuir
oscillations at five different wave vectors simultaneously. The experimental data that
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characterize the distribution of the Langmuir waves over transverse wave numbers are

shown in Fig. 2 (the parallel wave number kn is chosen to be wp/c).

5. On the Possibility of Detecting High Frequency Turbulence in a Large
Tokamak

The GOL-M experiments give a serious background for detecting runaway
electrons by studying the excitation of the high frequency plasma oscillations in the
large tokamaks. It should be noted that a large reserve is available for improving the
sensitivity of the proposed diagnostic when applied to a tokamak like ITER. The
length of the scattering volume increases from 2 cm to 2 m. The duration of the laser
pulse can be reduced from 10~6 s to 7-10 ~ 8 s with the same energy of the pulse and
no complication in the laser system. Further amplification allows increasing the pulse
energy from 10 J to at least 100 J. In addition, better detectors can be used than those
in the GOL-M experiment. Our detector was a Si:B photoconductor cooled by liquid
helium. It has an order of magnitude less detectivity at x=10^ than some other
photoconductors (HgCdTe; Si:Mg; Ge:Be). Finally, the sensitivity of the method can
be increased by at least five orders of magnitude for the ITER experiment. With this
modification the high frequency turbulence can be measured in a plasma starting from
the level which is only an order of magnitude above the plasma thermal noise. This
seems to be sufficient for recording the very early stage of the high frequency in-
stability excited by the runaway electrons. In a practical use the method has to
provide a time resolution sufficient for monitoring the generation of runaway
electrons from the initial phase of a major disruption (the characteristic time of the
process varies from 20 ms to several hundreds of ms [1]). The time resolution
problem can be solved with a CO2, laser of a high-repetition rate. A laser that
operates at 700 Hz with a suitable pulse energy is available for more than ten years
[7]. In conclusion, we note that there is a possibility to investigate the spatial dis-
tribution of the high-frequency oscillations by using the LIDAR method. It requires
the laser pulse duration of about 5 ns if the laser beam goes tangentially along the
chord whose length is 25 m, and 1 ns pulse is required for radial sounding. In the
latter case, it can also be possible to study the space-time evolution of the alpha
particle distribution function.
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ORDINARY WAVE REFRACTION!
A NEW WAY TO MEASURE THE FOLOIDAL FIELD

DISTRIBUTION IN TOKAMAKS.
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Kharkov Institute of Physics & Technology, Ukrainian SSR
Academy of Sciences, Kharkov, 310108, USSR

Electron density n (r) profile and plasma current distribution
(poloidal field profile) measurements are among the most important.
problems of plasma diagnostics in the thermonuclear devices with
magnetic confinement. The one-chord technique of multifrequency

reflectometry ( ordinary wave, ft || vne) for measuring the density
profile in the experimental tokamak-reactor ITER has been discussed
and considered to be promising [1,2]. This technique was suggested in
the early 1960s [3J, it was developed in detail up to now and
successfully applied to tokamak (see, e.g. [4]).

It is a more complicated problem to measure the poloidal field
profile B (r). Up to now the B (r) data were obtained with the help
of the Faraday rotation of the polarization plane of the ordinary
wave passing through the plasma [5.6].

This paper suggests the B (r) measurement method using the
ordinary wave refraction in the frequency range used for
refleotometry measurements.

Consider the propagation of electromagnetic waves with the
frequency 0) ~ w ~ co in the tokamak plasma of large dimensions
(here w = (4101 jr/mm) , o = eB/mc, n is the electron density, B

per & & G& © ©

is the confining magnetio field modulus) .For future estimates we will
refer to a tokamak with ITER parameters: n (0) = 1.1014cm~3, 5(0) =
5T, the large RQ and small a radii of the torus RQ= 6m, o = 2.2m, the
total plasma current J = 22 MA. For the parameters given w (0) =

11s~1 w ^ = 88'1°11s~1 I t
5.7*10 s , w o « ? ^ = 8*8'10 s • In "foe frequency range
1.9-1011s"1< w < 5.7«1011s~'lthe wavelength \^° 0.3 cm -f 1 cm is



considerably less than plasma dimensions and inhomogeneity scales of
plasma and magnetio field parameters. Therefore we can employ the
geometric optics approximation.

In the covariant form the ray equations read

drVdx = dw/dk. = v\

dk./d% = - du/dx;

where 1 is the time, vi are the group velocity components, & { are the
covariant components of the wave vector. Now we introduce the
toroidal system of coordinates xi= (r, tft C). Here r is the
average radius of the magnetic surface, # and C are the angles along
the small and the large circumferences of the torus. We also
introduce on the magnetic surface the local system of coordinates
connected to the magnetic field direction in each point of the

magnetic surface so that e« = B/\B\, (e • e«) = 0. Note that
II _ P II

projecting the unit vector e« on unit vectors 6^, e* : e,,=
b^e^ + &£<?£, we have &| « t>2^.

Consider the probing in the small cross-section plane of the
torus. At the initial point N* = 0 (N = kc/bi, N* =N^/v gr>3). Due to
the axial symmetry d{ne,B)/dQ = 0 and one obtains frorr (1) that N^= 0
everywhere on the ray. Using the relationships N = tf^tV - ̂ r ^ ' |̂| =

^bi3 + V c we than have ̂  = b? ̂ P * ̂ P* Note that at ^f " 1 the
ordinary and extraordinary waves propagate in the plasma
independently. (The wave conversion effect due to the density
gradient and shear is negligible.) For ordinary wave accounting for
small but finite tf? we obtain the dispersion equation

Do = N
2- E3+ ff|(e3- 1) = 0 (s3= 1 - o ^ / w

2 ) . (2)
Hence, taking into account that 6Nz/dN3 = 83

1
3N3 = 0 we have

b^N^. I.e. when probing in the small cross-section of the torus the
velocity of ray displacement along the large axis of the torus is
determined by the poloidal field value along the ray and by the ray



ini t ia l angle in the small cross-section (by the N^ value).
Calculating dft/d% we obtain

dC (822]
W2'

= 1-3 &* br (s_ - D. (3)

C*) =
simultaneously with great ac-
curacy one may put b^ « 1. Thus,
probing rays going out of the
plasma will be located, as it is
shown in Fig.1, along straight
lines at u = const and N^
changing or along some curves at
N« = const and w changing. <P=C2

Consider the plasma cylinder model which enables one not only to
obtain the analytic expression of b^(r) for a number of interesting
cases, but also to clarify the basic principles of the ordinary wave
application for b^f^diagnostics in large tokamaks.

Assume in the zeroth approximation that n = n (r) and B = B(r).

In this case dDQ/&Q = 0, N2= const and N^ = N2c/ru3. Direct the
z-axis along the cylinder axis and put dz = RdC,. At the plasma
boundary at r = a

2 2 1/2 1/2

hb= e^ sir^' (4)• N -
'3b' rb~

Then in the plasma

'3b

= (s3-

'3b

sin (5)

,£ ) from
©2C ©X

One obtains the coordinates of the ray exit point
Eqs. (1) in which du/dk. = - (dD /dk.)/{dD /SGJ) may be calculated

t o t o

using the dispersion equation (2). Finally one gets



a

_ 3 3D

a
dr

— ^ 3-i—=—r-rrr , (6)
J rf 2 2 2 1 / 2

erc ^ 2 a strep f -r - = i-T7i , (7)

where r is the reflection point of the ray determined by the
o

is the refl
condition

e3(r ) = £3bo2s(JiV^. (8)
Equations {VZ) - {>$) relate the experimentally measured dependences

C , $ on to or on sintp with the ^(r) distribution which is

to be determined. One assumes n (r) to be known, e.g. from the

reflectometry using the ordinary wave with N^ » Nr w 0.

In the case of fixed angle of incidence iV̂ b= const Eq.(6) can be

cast into the form of the Abel integral equation [71. This leads to

the solution

Q(r> d r a. " "
(Xl/dr

r/a ^3in%)(r/a 3in^)~\ u)b= upe(a).

d u ) 2 ,

(9)

Similarly one may obtain the expression for b̂ fr,) at the fixed

frequency and sim|) changing. Thus, performing the measurements of ray

exit points versus to or N^ along lines shown in Pig.1 one may find

the b$(r) distribution in the plasma.

In reality the lines along which the receiving antennas are

ositioned may not coincide with ones depicted in Pig.1. In these

cases one may not regard w and simp as independent varibles. They are
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connected by Eq.(7) which serves to determine sirup for a given to. At
the same time 0) is uniquely connected to the position of the
reflection point rQ by the Eq.(8). Thus the appropriate equation
govering the b$(r) can be written as the Volterra integral equation
of the first kind. Making some transformation to remove the
singularity in the kernel of the integral operator we obtain the
Yolterra integral equation of the second kind [7]. The solution of
this equation is constructed by the method of consequent
approsirr;.. ons.

May the method suggested be used in practice? As simple
estimates show, t>j ~ cN^, and V * ~ cb^N^. Thus, if the
receiving antennas are positioned horizontally on the 1 m distance
from the equatorial plane of the tokamak, the ray deviation value
from the small cross-section in which the transmitting antenna is
located will be about 10 cm. It should also be stressed that to

measure Ugfr,) the diagnostic systems aimed for reflectometry n&(r)
measurements may be used.
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Abstract

A high speed soft X-ray measurement system has been developed to evaluate
the physics of absorption and thermalization process of intense short pulse free
electron laser (FEL) microwaves by the tokamak plasma. The 2 X 1 0 PIN photo
diode array is made to use the limited port area effectively , to get a strong X-ray
signal and to obtain fast response time. The pre-amplifier is installed in the
backside of the PIN diode array to maximize the time response of the system. A
time response faster than 10MHz and a spacial resolution of about 2.5 cm has been
obtained. Each diode pair looking at the same radial position is designed to use
various thickness Be filters to get soft X ray energy resolution in addition to the
spatial resolution.

Introduction

The electron cyclotron resonance heating of a tokamak plasma has many
physics and technology advantages over other RF heating methods and neutral
beam injection heating. From the physics view point, the microwave
propagation characteristics into the plasma are well understood and are not
affected by the edge plasma condition, the microwaves energy absorption region
is well localized and the energy is absorbed on a single pass through the
resonance region. Technologically, high efficiency transmission can be achieved
with a waveguide system that requires only small size antennas. It will minimize
the interferances with edge plasma and other systems such as vacuum vessel,
magnetic coils and shielding. A major obstacle of this heating method is the
technological difficulty to generate the high power and high frequency
microwaves. The new technology of the Free Electron Laser (FEL) has a
possibility to generate the intense high frequency microwaves. Short pulses of
FEL microwave are expected to ease the breakdown problem associate with high
power microwave transmission.

The objective of the microwave tokamak experiment (MTX) program is to
demonstrate that the newly developing FEL technology can be applied to plasma



heating and current drive with microwaves at the electron cyclotron frequency on
high density plasma confined in a high magnetic field tokamak.

In pursuing this objective, there are two major problems to be solved; [1] to
generate high average power (1-2 MW) microwaves in an FEL at high frequency
(140-250 GHz) and \2] to evaluate the physics of absorption and thermalization
process of this intense short pulse FEL microwaves by the tokamak plasma. FEL
generates the high average power by generating the high repetition (- 5 kHz) of
short ( - 50 nsec) and intense (- 8 GW) microwave pulse trains.

It is necessary to investigate the following issues to demonstrate the feasibility
of using the FEL technology for high field tokamak plasma heating;
(i) whether this intense microwave pulse can be absorbed efficiently by the
plasma, (ii) whether the perturbations of these microwave pulses to the plasma
induce side effects on the plasma energy confinement, and (iii) whether the
repetitive pulses have the accumulative effect on the plasma through high energy
electrons produced by repetitive intense FEL pulses.

This intense microwave pulse creates an electric field of approximately
500kV/cm at the FEL-plasma interaction region. The electron response to these
intense microwaves is shown in Fig. 1. Electrons in resonance with microwaves
change their mass with the energy increase. This causes the decrease of the
cyclotron frequency of the electron and changes the phase of the electric field
felt by the electron. This means the electron now gives its energy to microwaves
instead of gaining from it. This energy exchange process occurs several times
during the interval when the electron completes its path through the intense
FEL microwave region. The typical electron transit time duration through this
region is about 5 nanoseconds for MTX experimental conditions. Part of the
electrons interacting with the FEL obtain energy of approximately 5 keV. Fig.2
shows the effect of intense FEL microwaves on the electron velocity distribution
function. The initial distribution function of electrons is Maxwellian as in shown
in Fig.2(a). This distribution function is changed into the one shown in Fig.2(b)
after the electrons traverse through the intense FEL microwave region. The
initial and final velocity of electrons increasing their energy by absorbing FEL
microwaves are shown in Fig.2(c) and Fig.2(d). .The intense FEL microwaves
create a high energy beam-like electron component even in a short period these
electrons passed through FEL microwaves region. There is a possibility to create
an abnormal energy transfer process between these high energy electrons
created by intense FEL pulse and the back ground electrons. The process of FEL
microwave energy absorption by resonantly interacting electrons and the energy
transfer between these high energy electrons and background non-heated
electrons are the critical factors determining the overall efficiency of plasma
heating by FEL.

In investigating these processes experimentally, it is important to measure
the response of electrons to the FEL pulses with fast time resolution and to
establish the model of energy absorption and thermalization of plasma electrons.

The MTX facility consists of tokamak (formerly ALCATOR-C) and FEL (ETA
II/IMP) systems. MTX experiments are planned to run the tokamak mainly with
the toroidal field at 5T or 9T. These toroidal fields correspond to the electron
cycrotron resonance frequencies at 140GHz and 250GHz. The initial experiment
is planned forl40GHz FEL microwaves. Typical plasma parameters at the
toroidal field of 5T are Ip=300kA, <ne>=1.5xl0el4 cm-3. Te(0)=lkeV. These
target plasma for the i40GHz FEL experiment can be produced reliably and
reproducibly. The design values of 140GHz FEL are 50nsec pulse duration, 4-
8Gwatt peak powe:, 5kHz -epetition rate and l-2Mwatt average power. 50 to
1000 pulses in each plasma discharge are expected. Simulation shows the
intense FEL pulse generates approximately! OkeV hot electrons in the resonance



reagion. Figure 3 shows the overall view of the MTX facility. The high speed
soft-X ray measurement system is installed on the top port section at the same
toroidal location with the injection port of FEL pulses so this system has a direct
view of the FEL-plasma interaction region.

Design of soft X-ray measurement system

PIN diode array with Be filters can measure a fast time change of soft X-ray
emissivity with spacial resolution and rough energy resolution. The key issue for
adapting this method to the MTX program is how fast can we make the time
resolution. Characteristic times of MTX experiment are 50nsec for individual
FEL pulse duration, 300 nsec for electron transit time in the toroidal direction, 1
microsec for electron momentum deflection time, 10 microsec for ion transit
time , 100 microsec for classical thermalization time of high energy electrons
produced by the intense FEL pulse and 200 microsec for 5KHz FEL pulses
repetition rate. The purpose of this measurement system is to investigate
whether the anomalous energy relaxation process occurs. The characteristic time
for this anomalous process may be less than 1 microsec. Our goal is to design the
PIN diode array system to be as fast as possible, close to 100 nsec time response.
In addition to this, it is desirable to get energy resolution and spatial resolution.

The limit of time response of the PIN diode usually comes from the RC time
constant of the preamplifier to get enough signal to noise ratio. It has a typical
response time of 10 microseconds It is necessary to get more X-ray signal to
improve this time response. So we installed the sensors in narrow slit-like
shape port section close to the plasma. This place is under the influence ol time
varying strong magnetic field and vacuum.

Figure 4 shows the overall view of our PIN diode array soft X-ray measurement
system. Both of the pin-diode array and the preamplifier directly connected to
the diode array were installed inside a holder made of Al providing electrical
noise shielding. The holder was installed into the so-called key hoie section of
the port close to the plasma. The holder of the system was electrically insulated
from the key hole slot wall that was electrically connected with the MTX vacuum
vessel. The output signals from preamplifiers located in vacuum were sent to
buffer amplifiers installed on the top of the port through coaxial cables and
vacuum tight LEMO connectors. The buffer amplifiers were located outside of
vacuum.
The LEMO connectors were also electrically insulated from the holder. So all of
the signal cables, cables for biased power supply and power cables to
preamplifiers were electrically isolated from the holder. The diode and
preamplifiers were electically grounded at the camac module rack. The holder
was also grounded at the camac module rack separately.

Figure 5 shows the 2x10 channels PIN diode arrays specially designed to fit
the so-called key hole of MTX tokamak diagnostic port. The sensitive area of
each PIN diode was 4.44 mm x 5.94 mm and 20 diodes were placed inside
48.0mm x 18.2 mm base area. The preamplifier circuit for these diodes were
made compact to minimize the electrical noise from time varying strong
magnetic field. Electrical components such as ICs were installed on a good
thermal conductivity electrical insulator to dissipate the heat generated inside
the IC and to avoid the possibility of damaging the circuit placed inside the
vacuum.

A 125 micron thickness Be window devides the main vacuum of tokamak and
the vacuum around the PIN diode array. This secondary vacuum is required both
to protect from condensation of moisture from air when the MTX machine is



cooled down by liquid nitrogen to operate at high toroidal magnetic field and to
protect the machine against large scale air leak in the event of breakage of the
fragile Be-window. Ten PIN diodes out of 2x10 PIN diode array were masked by
another Be filter to measure a different ^art of the energy spectrum of soft-X ray
emissivity. Each diode pair was designed to measure th^different energy
spectrum emitted from the same poloidal spatial location. DC power to the pre-
amplifier and bias to the PIN diode were feed through the vacuum tight LEMO
connectors located at the top of the port.

The circuit of the diode and pre-amplifier is shown in Fig. 6. The time
response of the PIN diode itself was about 10 nanosecond. Required signal
amplification usually limits the time response of preamplifier and also limits the
time response of measurement system. In addition to locating the PIN diode
array close to plasma, a high gain-bandwidth-product linear amplifier AD849
was used to increase the time response with enough signal sensitivity. Low
power dissipation of this amplifier also reduced temperature increase within
allowable level. The PIN diode array was directly connected to these
preamplifiers to reduce the input stray capacitance to the preamplifier. The
capacitance was another limiting factor on the time responce of the system. The
soft-X ray signal has a wide dynamic range over the plasma density electron
temperature variation and it is usually desirble to use the log-amplifier or variable
gain amplifier. But a simple linear amplifier circuit without variable gain function
has better time response and is redundant against external noise, therefore, we
selected the simple linear amplifier circuit.

Data Acquisition System

The schematic diagram of the data acquisition system is shown in Fig.7. The
amplified signals are sent to LeCroy TR8818A 100MHz 8 bit camac analog-to-
digital convertors with LeCroy MM8105 128 kbyte memory through LeCroy 6103
camac programable amplifier. The camac system including these modules were
installed in the camac rack. The data acquisition system can take data from 12
channels out of 20 channels. The rack also contained DC power modules,
both for amplifiers and bias circuit of PIN diode array. The rack is located inside
the MTX vault. Triaxial cables are used between amplifiers and the camac rack.
Trigger signals were distributed from the MTX diagnostic main timing system. A
clock module received these signals, delayed and distributed them to ADC
modules as post trigger mode stop signals. The ADCs operate in a free running
mode, record data continuously Into their 128kbyte memory modules. A camac
programable clock module LeCroy 8501 generated clock signals at a preset rate
and distributed them to ADC modules. The clock signal can be changed from
kHz range to 20MHz and the the recording time could be changed from 6.8msec
at the 20MHz sampling rate to more than 500 msec at 0.2MHz sampling rate.
Recording duration of 500 msec is approximate the MTX plasma discharge
duration time. The date stored in memory modules are sent to a local compute;
in the MTX control room throgh a fiber-optic GPIB link. At present, the overall
data transfer rate is limited by this optically linked GPIB module. The time
necessary to archive data stored inl2 128 kbyte memory modules was about 5
minutes. It is approximately the nominal time interval between MTX plasma
discharges. The transfer rate could be improved if we changed the GPIB link to
the CAMAC serial highway. The data was mainly analysed in the local computer
system. The archived data is also compressed and transfered to the MTX
diagnostic host computer over night after experiments. The local computer has
its own disk for local data storage and also archived data into a host computer



could be retransfered to the local computer. ADC and memory modules can
operate as fast as a 100MHz clock rate. The 128 kbyte memory for each channel
was huge but not adequate for recording the signal for multi pulses burst mode
FEL injection experiment. It can take only the data of 15 FEL pulses if the
repetition rate of FEL was 5kHz and the sampling clock interval of the digitizer
was 20 nsec. The special hardware module with the capability of generating
burst mode clock signal is required to record the transient electron response to
burst mode FEL for more than 15 pulses.

Response Time Measurement

The critical performance of this system is its capability of high speed time
response to the soft X-ray intensity variation from the FEL heated plasma. As
there is no conventional high speed soft X-ray source, visible wavelength photons
are used to check the temporal response of this system. The PIN diode is
sensitive both to the visible light and the soft X-ray. The main difference is that
visible light creates one pair of free electron and hole in a depletion layer but the
soft x-ray could create many pairs of free electrons and holes in the entire Si
layer in the diode. The response of the PIN diode and preamplifier to short
laser pulse in visiblelight wavelength are shown in Fig. 8. The time response for
this system is from DC up tolOMHz. The 10MHz frequency response
corresponds to roughly about 40 nsec rise for square pulse input. The relative
sensitivity among the diodes including preamplifiers and amplifiers is also
calibrated by the visible light source. The relative sensitivity between each pair of
the diodes viewing the same radial but adjacent toroidal location was checked by
the bremsstrahlung emission from MTX plasma without additional Be filters. The
fastest time variation of soft X-ray emission intensity from MTX plasma without
FEL was an order of 50 microsecond at the plasma disruption. Fig.9 shows the
typical time variation of MTX soft X-ray emission intensity. This time constant
was not fast enough to check fast time response of the system to soft X-ray.

The maximum energy of FEL puises we have injected into the MTX plasma
was about 2 Joules per pulse. The energy input level was not adequate to be
detected by the fast soft X-ray measurement system. The necessary modification
to produce the high power FEL pulse burst is under way.

The sensitivity to the hard X-ray was examined by the runaway-like discharge
with hard disruptive plasma termination. The hard X-ray monitor, a Nal
scintillator, showed completely different time variation than the soft X-ray
measurement system. Thus, the system is not affected strongly from the hard X-
ray emission.

Sensitivity to soft X-ray

The sensitivity of this system to the soft X-ray was estimated from the
thickness of Be-filter and the thickness of the detectors Si layer. One of the Be-
filter thickness was 125 microns and the another was typically 325 microns.
The relative sensitivity of this system to the soft X-ray photon energy is shown in
Fig. 10. The thickness of the thicker Be filter could be changed to adjust the
sensitivity to the dominant soft X-ray energy emitted from high enrgy electrons
produced by FEL pulses. The plasma parameters of the target plasma for the
140GHz FEL experiment were measured. Typical plasma parameters were
Te(0)=1.0keV, ne(o)=2.0el4cm-3. Zeff=1.5, Ip=300kA at the toroidal field of
5T.



Intensity ratio of the soft X-ray emitted from the electrons heated by FEL to
the one from background non-heated electrons depends on the energy absorbed
by electrons, the energy of heated electrons and the focusing radius of FEL pulses
as well as background electron temperature. An example of the estimated X-ray
intensity ratio is shown in Fig. 11. The energy distribution of heated high energy
electrons was assumed to be monochromatic and the energy is shown as a
parameter in the figure. The total absorbed energy was assumed to be 100
Joules. The FEL was assumed to be focused to an area of 2cm radius. The
produced high energy electron were assumed to be distributed uniformly in the
toroidal direction. If the energy of heated electrons is 5.0 keV, the intensity
ratio for the diode filtered with 125 micron thickness Be is 1.2 and that for 425
micron is 1.7. The similar estimation for the background electron temperature
at 1.8 keV is shown in Fig. 12. These estimations show the system has a capability
to determine the electron energy created by FEL pulses on MTX experiment.
Together with the measured X-ray intensity shown in Fig. 8, we expect to
detect the change of X-ray emissivity from electrons heated by the FEL if the
absorbed FEL energy inside radius of 2cm is 10 joules and heated electron
energy is 5 keV.

SUMMARY

We developed a high speed soft X-ray measurement system with energy and
spatial resolution to measure the time variation of soft X-ray bremsstruhlung
intensity emitted from plasma electrons heated by intense FEL microwave pulses.
The frequency response of this system is from DC to 10MHz and spatial
resolution is about 2.5 cm. This system also has energy resolution capability to
check the generation of high energy tails by the FEL pulses. This is a key
measurement to check the linear and nonlinear FEL microwave plasma
interaction processes and to show the feasibility of using intense microwaves for
plasma heating instead of standard medium power level continuous microwaves
like the gyrotron ECRH. The experimental confirmation of energy absorption
and non-existence of serious degradation of plasma confinement provides a new-
way for magnetically confined plasma heating with FEL. The FEL has its own
superiority over other heating scheme due to very short pulses, potentially
controllable frequency, controllability of its he: ting power level, and suitability for
the higher frequency microwave generation gr od both for less diffraction and for
higher toroidal field tokamak. Up to aow ihe injected FEL power has not been
high enough to detect the plasma response to the intense FEL pulse, but we
expect to be able to detect the response to FKL pulses at the design level of
power intensity. We will be able to determine the characteristic time of the
electron energy decay or thermalization process av d to make clear whether the
anomalous process are occuring or not.

We will also be able to improve the spatial resolution further by making the
Be vacuum window thickness thinner to gain greater transparency to soft-X rays,
narrowing the slit width and moving the sensor further from the plasma.
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Figure Captions

Figure 1. Kinetic energy of an electron as a function of time as it passes
through an intense FEL microwave region at the electron cyclotron

frequency.

Figure 2. Plots of electron velocity distribution function on the
Vperp - Vpara space ; (a) an initial Maxwellian distribution ,
(b) distribution after the electrons traverse through the intense FEL
microwave region, (c) an initial distribution plot of electrons

increasing their energy by the FEL, and (d) a final distribution
function.

Figure 3. Overall view of MTX facility.

Figure 4. Schematic diagram of the fast soft-X ray measurement system.

Figure 5. The 2x10 channels PIN diode array with their measuring volume.

Figure 6. Circuit of preamplifier and PIN diode.

Figure 7. Schematic diagram of the data acquisition system.

Figure 8. Response of the PIN diode and preamplifier to a visible light source
in a frequency range from 100kHz to 100MHz .

Figure 9. Soft X-ray emission from a target plasma for 140GHz FEL injection
experiments.

Figure 10. Sensitivity of PIN diode with Be filter as a function of photon energy.

Figure 11. Estimated signal increment of PIN diodes at an FEL pulse injection.
The diodes are filtered by 125 micron or 425 micron thickness
beryllium. The signal increment of soft-X ray emission at an FEL
pusle is normalized by the intensity emitted from background
electrons of Maxwellian distribution. The background electron

temperature is assumed to be 1 .OkeV.

Figure 12. Similar to Fig. 11 with a background electron temperature
assumed to be 1.8keV.
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