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PREFACE

USSR-Japan Joint Seminar on Plasma Diagnostics was held on

November 13 through 16, 1979, at the Institute of Plasma Physics,

Nagoya University. At this seminar, the following topics were

discussed; development of high temperature plasma diagnostics

suitable for nuclear fusion research; diagnostics for large

tokamalcs JT-60 and T-1S which are under construction in Japan

and USSR, respectively; diagnostic results recently obtained in

several experimental devices.

Through the discussion on these topics, we recognized the

achievements in both countries and could find out the basic

direction of the research in this field.

This preprint contains the reports orally presented at the

seminar. Therefore, detailed descriptions might be missing, or

preliminary results are included in some case.

It is requested not to reproduce or transmit any part of

this preprint without the consent of the authors.

0. Pavlichehko

J. Fujita
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Al STATUS OF JT-6O DIAGNOSTICS

Yasuo Suzuki

Japan Atomic Energy Research Institute

The content of my talk is classified as follows:

1. General Description of JT-60 Device,

2. Status and Schedule of JT-60 Project including Schedule of Experiment.

3. Status of JT-60 Diagnostics.

o Diagnostics to be prepared for the First Phase of Experiment and

Advanced Diagnostics for the Second Phase of Experiment,

o Problems and Research and Development,

4. System Consideration of JT-60 Diagnostics.

1^JT-60 DEVICE

JT-60 is a large tokamak device with objectives of producing reactor-grade

plasmas and investigating their physical and technological aspects relevant to

fusion reactor development.

Figure 1 shows the bird's-eye-view of JT-60 machine and major parameters

of JT-60 are listed in Table 1. In the past years there have been changes in

the design and decisions in selecting one out of many alternatives.

These changes, however, reflect the results of design examination and are the

improvement or simplifications in-nature. There was no charge in the major

parameters of JT-60.

JT-60 is primarily designed for non-DT experiments. Although this choice

precludes DT-burn physics studies in JT-60, it provides flexibility in the

machine design and permits detailed studies of plasma physics and fusion

technologies in reactor-grade plasmas. For that objective the design

temperatures and confinement time are up to 10 keV and 1 sec, respectively,

within a factor of two of reactor values. A long discharge duration of 5-10

sec is incorporated in the design.

Diagnostics are made along vertical and horizontal view lines and also

along lines at about 40 degrees with the median plane. Most of the diagnostics are

placed on a diagnostic table placed above the machine and the diagnositc table

are held independently by the building. Other diagnostic instruments are

placed under the lower support and at the place between the adjacent neutral

beam injectors.
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2. STATUS AND SCHEDULE OF JT-60 PROJECT

In April 1978, the fabrication of JT-60 machine was started. The tqkamak

machine is being fabricated by Hitachi Ltd. The power supply for the poloidal

field coils is also being constructed by Toshiba Corporation. The construction

of the computerized control system and the power supply of the Toroidal Field

Coil will begin in a few months.

Design work of the experimental building is now completed and the

construction will begin in the near future. Heating and diagnostic devices

require further development. Fabrication of the prototype neutral beam

injector for heating and hardware development of diagnostic instruments have

started this year.

JT-60 will be located at a new site near Tokai Establishment of JAERI

which will accommodate not only JT-60 but also two more generations of devices

after JT-60 and other engineering facilities. The site procurement has been

completed on the first of the October.

The total completion of JT-60 is expected in December 1983.

After the completion of JT-60, that is, from 1984, the experiment will

begin. The experimental plan and schedule are established. The experimental

schedule is devided into three steps.

The first step of experiment is devoted to produce the target plasma with

joule heating in order to enable injection of neutral beam (Phase 1) and to

provide the production of break even plasma by neutral beam injection heating

and RF power heating (Phase I) . The second step of experiment will aim at

the long pulse discharge control and modeling test of reactor-grade plasma.

After the reconstruction, the Proto-ETR test experiment is planned as the

third step.

Arrangement, and instrumentation of diagnostic devices will be changed in

accordance with the purpose of Experiment. Instruments to be installed in

the vacuum chamber, such as electro-magnetic probes, rogowsky coils and so on

will be completed before! the preformance test. Most of. diagnostics will be

prepared at the: start of the. first experimental step. Adding the advanced

diagnostics (B group) and improving the diagnostic performance, the various

diagnostics will be applied to the JT-60 device.

3. STATUS OF JT-60 DIAGNOSTICS

Scoping studies of JT-60 diagnositcs were started in 1976 and the first

equipment plan of the diagnostics was made successively. The program of both

the whole diagnostic system and each diagnostic instrument, went through stage
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of conceptual design picking up the technical problems on the application of

the diagnostics for the large tokamak and the stage of technical developments

in order to solve the problems in the instrumentation of the diagnostics.

In this year, we have been reexamined the first plan of diagnostics and

selected optimal diagnostic instruments, in the light of the fabrication status

of JT-60 device and the experimental schedule and purposes.

In the large tokamak experiments, the diagnostics should work not only for

the understanding of plasma behavior but also for the control of plasmas in a

broad sense, that is, for the production of plasmas of high quality. The

diagnostics should be also the sensors of safety protection because the thermal

and electrical interactions will be large between plasma and tokamak machine.

On the other hand, the high accessibility of the diagnostics to the plasma

is not obtained in the large tokamaks and the duty cycle of the discharge is

very low; one discharge per 10 minutes .in JT-60 case. So, each diagnostics

should obtain the useful data with highly temporal and spatial resolution

simultaneously and the data processing system should work efficiently.

Diagnostic instruments for the JT-60 can be classified as follows; for

phase I experiments (Group A ) :

(1) Electromagnetic sensors, (2) interferometers, (3) Thomson scattering

system, (4) spectrometers, (5) X-ray analysers, (6) neutral particle analysers,

(7) boundary layer analysis equipments, (including monitors and analysers of

first wall conditions), (8) neutron counters,

and as advanced diagnostics, (mainly for phase H experiment, Group B ) :

(9) FIR laser scattering, (10) resonance scattering, (11) fluctuation analysis,

(12) neutron measurements, (13) ion density distribution measurements in

respect to H. D, T and He.

Most of the diagnostics ports has been assigned to the diagnostic

instruments and the space and the setting method are presently under consider-

ation.

The items of research and development for each diagnostics mentioned above,

which has been carried out recently by JAERI with the laboratories and

industries, will be reported at the Seminar. An example of design work is

shown in Fig. 2 which is illustration of Thomson scattering system.

4. SYSTEM CONSIDERATION OF JT-60 DIAGNOSTICS

We have many items of experiments during short time but discharge

frequency is very low. So, the efficient use of every discharge shot is

essential. On the other word, the Control devices, and data processing are
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essential.

Let us consider the functions of diagnostics and data processing device

in the execution of experiment. We can draw a flow chart of the decision

process of the experimental conditions of experiment as shown in Fig. 3.

There will be four loops to let the diagnostic data reflect on the

experimental procedures, such as real time feedback loop, shot by shot loop,

day-unit loop and week-unit loop, in which different analysis processes may

exist. Diagnostics and data processing system should be useful for each

analysis process.

We are going to realize this experimental scheme with the hierachical

computerized system of control and data processing so that these control loops

may work actively, systematically, and efficiently.

The computer system of JT-60 control and data processing is shown in

Fig. 4. The data processing system (the right hand side of Fig. 4) is composed

of computers of three ranks: the first is center computers which is composed of

high level large computers which service as a processor system of week-unit

loop, the second is inter-shot data processors which.are located in the

computer room of JT-60 control building and act as processor system of day-

unit and shot by shot loops. This computer system is composed of minicomputers.

The third is real time data processor which can be connected to the device

control system. The computers in this rank are composed of micro-computers

incorporated in the CAMAC modules.

R

a

BT

flat top

h
P1nj

PRF

3.0 m

0.95 m

45 kG

10 sec

2.7 MA

20 VU

10 MW

Table 1 MAJOR PARAMETERS OF JT-60
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Fig. I BIRD'S-EYE-VIEW OF JT-60
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Fig. 3 EXPERIMENTAL SCHEME
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Fig. 4 Structure of the JT-60 Control and Data Processing System
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A2 DIAGNOSTIC COMPLEX OF T - 15

D.V.Orlinskii, presented by A.Stefanovsky

Kurchatov Institute of Atomic Energy

Scientific program of T-15 device is the natural continuation of the

works which were carried out on smaller devices till now: investigation of

feasibility and characteristics of additional heatings ( SHF on TM-3,

neutral injection on T-ll ); investigation of influence of impurities and

of transport phenomena on the balance of energy in plasma. The power of

additional heating is supposed to be sufficient for achievement of thermo-

nuclear temperature ("̂  15keV) that is one of the most important task of

T-15. Investigations of energy balance in plasma, of energy loss channels

and their nature, of impurity problem - their behavior in plasma, composit-

ion, origin and so on are closely connected with the main aim.

The main parameters of the device and assume plasma parameters are

given in Table I. The schematic sight of the device construction is shown

in fig. 1 and 2. The vacuum chamber consists of 24 cylindrical stainless

steel pieces, 12 of which are connecting bellows and other 12 are solid

cylinders with three holes for ports. The inner side of chamber can be ar-

moured by any other materials plates. Circular toroidal superconducting

coils are placed in the vacuum chamber of criostat and enclosed from the

discharge chamber with heat screens. The vertical field coils are disposed

on outer side of toroidal coils. All these systems and iron magnet with

12 outer cores are situated in vacuum chamber of criostat.

The following peculiarities of the device are of importance for plasma

diagnostics:

1. The magnetic field in the diagnostic disposition place is less than 250

oersted.

2. The distances between plasma axis and port flanges are very large: 2

meters in vertical port (given in fig.3) and 3 meters in horizontal one.

(see fig.4)

3. The inner wall of chamber is accessible without dismantling of device

and can be useful for set of diagnostics.

It should be underlined that the diagnostic itself has a number of

peculiarities connected with large size of plasma, its high plasma para-

meters, the volume of the experiment and its cost.
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1. Many measurements must be doubled to ensure high reliability.

2. The sizes of plasma column and space resolution of different diagnos-

tics (especially active) let us to carry out local measuremants for many

plasma parameters that is very important for the experiment.

3. Transition to shorter wavelengths is necessary in measurements of plas-

ma density and electron temperature. It leads to treatment of new instru-

ments .

4. Automatization of acquisition and analysis of experimental data.

Some groups of methods, shown in Fig.5, can be outlined in diagnostic

complex of T-15.

1. Electromagnetic measurements, including measurements of current, volt-

age, toroidal and poloidal fields and diamagnetic signal. Under some con-

ditions, from these values one can calculate plasma energy storage, heating

power, plasma pressure, mean conductivity (and therefor Z „ ) and q(a).

All these quantities are integral, required in all experiments.

2. Parameters of electrons are defined by submillimeter interferometry,

laser scattering and measurements of bremssrahlung and cyclotron radiations.

3. Temperature and density of hydrogen or deuterium ions will be measured

with the help of active and passive corpuscular methods, neutron emission

and doppler spread of impurities lines.

4. Energy and partical balance and impurities behavior will be studied with

bolometers, by measurement of plasma radiation intensity in the wide spec-

tral range and by charge-exchange between fast neutral atoms and impurity

ions.

5. The plasma stability is supposed to be investigated with magnetic

probes, resonance Rogovsky coils, soft and hard x-rays detectors and later

on by microwave scattering.

6. The usefulness of other diagnostic methods for T-15 particularly con-

nected with investigation of plasma-wall interaction (resonance fluorescence.

Auger-spectroscopy of samples and so on) is studied now.

The diagnostics, marked with solid lines in Pig.5, form the main minimal

set of methods, giving sufficient information about plasma parameters.

1. Electromagnetic methods in main variant.

2. 2-3 pyroelectric detectors;

3. 3-channels interferometer?

4. Thomson scattering in three points;

5. x-ray spectroscopy radiation along main diameter; *
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6. cyclotron radiation from central plasma region measurement;

7. energetic spectrum of charge-exchange neutrals;

3. integral neutron radiation;

9. intensity of impurity lines in soft x-ray range.

Other methods, as a rule, give additional information and can be

regarded as a second group.

The main diagnostic methods and their peculiarities:

1. Electromagnetic measurements.

The main set: 1) Rogovsky coil; 2) Voltage around the chamber; 3) Meas-

urement of mean vertical magnetic field; 4) Value of vertical field on inner

artd outer (along the radius) side of plasma column (displacement of current).

5) Diamagnetic signal. In additional group there are : 6) Magnetic probes

for normal and tangential components of poloidal field on the plasma surface

measurements (the shape, displacement and MKD-activity of plasma column)

7) Resonance Rogovsky coils (MHD-modes). Nearly all probes, coils and rings,

named above are situated in discharge chamber in special screens and limiter

shadows. Some of them (R.P; m.p.) have a special pumped screen.

Plasma interferometry.

It is planned to use two interferometers with A=337pm and X=118.6}jm

for vertical channels. They can be disconnected with device and be free of

vibration, arising in a discharge time. On the same ground the interfero-

meter working along the large radius will have A=lmm and work only in equa-

torial plane. In the main set there will be three channels (placed on R=R

and R=R +S5cm). Then the number of channels will be increased up to seven.

Thomson scattering.

In a first stage of experiments a distribution of T along the radius

will be measured in three (then in ten) points one-two times during a dis-

charge. The laser beam will be led in vertically and window in horizontal

port will be placed as near as possible to plasma column. Later on it is

assumed to use some many-pulse system with horizontal propagation of laser

beam.

Bremsstrahlung of electrons.

Two systems will be used for spectroscopic measurements of bremsstra-

hlung along vertical and horizontal direction. Each system consists of

several semiconductive detectors (cooled Si(Li) )and several Policarpo

detectors (gaseous counter with xenon). One can follow an evolution of

electron temperature in many points, to measure Z ,, in it and observe
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impurity radiation with the help of these system. One can observe inner

MHD-activity using integral soft x-ray detectors.

Cyclotron radiation.

It is presumed to use nine channels system of superheterodyne receivers

for electron temperature distribution measurements. They will work in the

range of 1 ^ 2mm (second cyclotron harmonic) with space resolution less than

0.1 of plasma radius. Later on this system will be supplemented with the

wide-range Fourier-spectrometer for measurements of higher harmonics.

Corpuscular diagnostic methods.

Two multichannels energy neutral analysers, oriented along and perpen-

dicular to plasma axis will be used on T-15. They will give information

about the ions energy distribution, ion temperature, intensity of charge-

exchange processes and their role in energy balance. While injecting fast

neutrals one can investigate a main bulk of ions heating and thermalization

of injected particles.

With high density neutral beams one has an opportunity to measuure the

concentration of light impurity nucleus - C and 0 . Born in charge-
+5 +7

exchange processes excited ions C and 0 radiate the characteristic lines

which can be detected. If the possibility of ions appearance in excited

state is known then one can estimate the concentration of C amd 0 measur-

ing an absolute intensity of this radiation. For this measurements it is

supposed to use vacuum and soft x-rays monochromators directed at the right

angle to beam.

Neutron measurements.

It will be measured: 1) integral flux of neutrons per pulse - with

detector calibrated with the help of activation method. 2) Variation of

neutron radiation in time by several calibrated detectors ( for definition

of radiation uniformity along the column ). 3) Distribution of neutron

radiation 'source density in cross-section - with seven collimated neutron

detectors and 4) energy distribution of neutron - with one of seven detec-

tors.

Peppier spreading of impurities lines.

Two spectrometers with concave crystals working in the spectrum ranges

near the lines of Fe XXV (6.8kev) and of Ar (3.14keV) will measure an impu-

rity temperature near the plasma axis and in periphery region.

Pyroelectric detectors.

For rough measurements of radiation losses use is made of 2 or 3
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detectors. For more detailed and exact measurements a multichannels

system with 40 - 50 detectors will be of use.

Spectroscopy.

It is presupposed to measure a radiation intensity of hydrogen and

different charge state impuritities lines by:

1. Mirror spectrometer in visible and near ultraviolet range of spectrum.

2. Spectrometer in vaccum ultraviolet range {20 - 1300A) made of several

modules (each only for part of mentioned above range) with resolution j£ 0.5A.

3. Two survaying spectrometers with changable crystals in range of wave

lengths 1.2 - 19 8.

4. Two readjustable monochromators with 10 detectors for measuring of

intensity of different lines distribution along the plasma radius.

Several ( 4-5 ) fixed monochromators will detect lines radiation of main

impurities along different chords.

Interaction plasma-wall.

Till now only two diagnostics are considered for this problem: Auger-

station for measuring of exposed sample surface composition and impurity

atoms and ions resonance fluorescence near the wall.

Data acquisition and analysis system.

The preliminary estimates show that the volume of raw data per pulse

equals about 0.5 Mbytes. For acquisition and data analysis of this informa-

tion and for control of technological and diagnostic subsystems the system

of experimental automatization is developed.

The planned system is distributed one. It unites the autonomical data

acquisition and analysis and central control of machine. It consists of

nine technological and 6 diagnostic subsystems. Communication between

these subsystems is obtained through level of leading experimentator.

Practically the data acquisition and analysis system is a multicomputer

configuration with computers using for different tasks on each level. All

computers are of one and the same type. The CAMAC standard will be used to

interface the measuring modules to subsystem and parts of different levels

one to another.

Software based on the effective real-time operating system meant for

many users.
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TABLE 1.

Toroidal magnetic field on the axis [ T ] 3.5

Major radius [ m ] 2.4

Minor plasma radius [ m ] 0.7

Plasma current [ MA ] 1.4

Duration of flat part of current pulse [ s ] up to 5

Number of pulses per hour 6

Working gas H

Plasma density [ cm ] 5^7

Energy condinement time ; s ] 0.3
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A3 Diagnostics In Heliotron-E

Heiiotron E Group
Plasma Physics Laboratory
Kyoto University
Gokasho, Uji
Japan

Introduction
The object of the researches in Heliotron-E is to confine and heat plasma

in the heliotron magnetic configuration (refs. 1,2,3).
The project of the Heliotron-E started from 1976 and the device will be

completed in spring of 1980.
The basic device parameters and expected ohmically heated plasma parameters

are shown in Tables 1 and 2.

Diagnostics
The measurement will be made in the range of plasma conditions with 10 1 3 <

n <10llfcm"3, T , Ti < 2 keV at the center and wide variation over radial
profiles. Requirements in the diagnostic planning for Heliotron-E are as follows;
( 1 ) Prepare more than one diagnostic technique for each physical quantity.
( 2 ) Both time evolutions and radial profiles should be obtained on a single

discharge basis.
The Table 3 shows the diagnostics under construction and will be finished

until spring of 1980. Fig. 1 shows the proposed arrangement of diagnostics on
the Heliotron-E.

Electron Density is measured by 2 mm y-wave interferometer with five
channels. But in the high density region, this system is not sufficient to
estimate accurately, we are now designing FIR-laser interferometer.

Electron Temperature is measured by three methods, ruby laser Thomson
scattering, soft X-ray energy analysis, and cyclotron harmonic emission.

The ruby laser Thomson scattering system is consisted of two laser
oscillators and collecting optics. We can deliver two pulses of laser from
each oscillator during one discharge. The interval of the two pulses is about
one hundred milliseconds. The diameter of the laser beam is limited to 1 mr
at the oscillator to reduce the beam divergence below 1 mrad and the output
energy is 10 joules after three-stage amplification.

The two laser beams are parallel to the major axis of the torus and can
transverse the minor cross section at major radii located -100 mm to 100 mm
at every 20 mm separations from the magnetic axis. The cross section of the
vacuum vessel is not circular and helical coils occupy the portion out of the
vessel to the smaller radius side. The incident and scattered wave vectors
can not exist in the same poloidal plane. The scattered light is collected
through the side ports located ±9.5° around the major direction of the torus
from the entrance port of the laser beams. The collecting lenses can gather the
scattered light from 30 cm length of the laser beam and make image at the
deflection prisms, through which devided images are introduced to three
monochromators. Each monochromator has two multichannel optical trains and
sixteen photomultipliers. We use photomultiplier for photon detection.
Signals are fed via CAMAC buffered ADC (LeCroy 2250L ) to the data processing
computer. The other collecting system can offer four more informations and
finally we can obtain ten spatial and two temporal data of the electron
temperature on single discharge.

Soft X-ray PHA system is used to obtain electron temperature. We have
designed to count photons at 105/sec in order to estimate the electron
temperature at each 10 msec tine slice throughout the discharge. Output signal
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from three lithium-drifted silicon detectors (ORTEC 7400-4200-3s ) are
introduced to two ADC (TN-1213 ) with selecting switch to raise counting rate.

Cyclotron harmonic emission measurement has been accepted as a promising
method to estimate the electron temperature (refs. 4,5,6). This method has
advantage over Thomson scattering that time evolution of the electron
temperature can be obtained throughout the discharge. We select to apply
heterodyne receiver system composed of backward oscillator (Siemens BWO H OB )
with auto-level controller (Hughes 44765H ). The receiver scans 75-110 GHz
every 10 msec. This frequency range corresponds to the second electron
cyclotron emission emitted from the region of the plasma between the center
and the outer edge. The bandwidth of the I.F.amplifier (ALN-4118 ) is 250 MHz
and corresponds to spatial resolution of 1 cm.

Ion Temperature is estimated by the analysis of charge exchange fast
neutrals emitted from the plasma. We use a 10-channel mass resolved energy
analyser developed at Ioffe Institute in USSR (ref. 7). This analyser covers
over wide energy range from 0.2-50 keV with typical energy resolution of 0.1-
0.2. Output signals fromB3Y-6 channeltrons are processed using PAD-400 pulse
amplifier-discriminators and fed into 50 words 10 channel sealer of the data
acquisition system.

The other method is the measurement of doppler broadening of impurity ion
lines (ref. 8). The measurement will be performed with a SPEX 1.26 m Czerny-
Turner type monochromator in range 1200-7000 A. We install the vibrating
mirror assembly in front of the exit slit and it provides a means for repetitive
scanning of a short wavelength interval. The device operates at 100 Hz and
gives 50 doppler profiles during 0.5 sec discharge.

Impurities; the contents and locations are measured by a McPharson 2.2 m
grazing incidence monochramator in spectral range 10-1250 A. In standard style
of the instrument it needs many shots to obtain space resolved data.. It is
desirable to have the maximum number of informations about wavelength and
location (ref. 9).

Data Acquisition System for Heliotron-E is shown in Fig. 2. The input
data channels are devided into seven groups and interfaces of OKI Co. and
CAMAC standards are used to connected the buffer memory to the computer system.

The analog data channels are classified by the sampling time and data types.
The low- and medium-speed data channels are composed of OKI Co. standards and
minimum sampling time is 10 ysec and the memory size is 2 kW per channel.
The number of these channels is 72 and ADC accuracy is 10 bits. These channels
are isolation type and high cut filter and integrator can be inserted if
necessary. Two PHA channels with 8 kW are provided and the fastest ADC time is
5 ysec. The 10 sealer channels with 50 W for charge exchange neutral energy
analysis are also provided. The CAMAC system is introduced for laser
scattering measurement and high speed analog data acquisition. The CPU of
OKITAC 50J40 minicomputer system, 30 Mbyte magnetic disk and magnetic tape are
provided to process the experimental data and preserve all data permanently.
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Table 1 HELIOTRON E DEVICE

VACUUM CHAMBER
MAJOR RADIUS
MINOR RADIUS
MATERIAL

MAGNETIC FIELD
TOROIDAL COMPONENT OF
THE HELICAL FIELD PRO-
DUCED BY THE HELICAL
COIL
TOROIDAL COIL FEILD
VERTICAL COIL FIELD

HELICAL COIL
TOROIDAL ROTATION
NUMBER
POLOIDAL ROTATION
NUMBER
HELICAL COIL CURRENT
HELICAL COIL CURRENT
DENSITY

NUMBER OF TOROIDAL COILS
FLAT TOP TIME
REPETITION TIME
POWER SUPPLY

R
a

Bto

Bv

1

«(m/2

IH

2.2 m

0.21-0.4 m
YUS 170

2 Tesla

O.fi Tesla
-0.37TesIa

2

) 9.5
1.16 MA

7kA/en,*
38
0.5 sec

10 min
330 M\ A

Table 2 PLASMA PARAMETERS

xMAJOR RADIUS

MINOR RADIUS

VOLUME

ELECTRON TEMPERATURE

ION TEMPERATURE

PLASMA DENSITY

PARTICLE CONFINEMENT
TIME

ENERGY CONFINEMENT TIME

NTVALUE

PLASMA CURRENT

R 2.2 m

r(long) 0.3 m

(short) 0.15 m

V

Te

Ti
N

1.7 m3

1 keV

800 eV

lxl0 2 O m-3

> 20 msec

> 10 msec
1018< N T < 1019m-3 sec

120 kA
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Magnetic Probes

TV camera

2 mm uwave

Interferometer

Fast Pressure Gauge

Vacuum

Pumping

Manifold

Soft X-ray (Si(Li))
Visible Monochromator

SoftX-ray(SSB)

Electrostatic Probe

Bolometer

2 mm uwave

Interferometer

Rb-Laser Thomson

Scattering

Helical Coil Feeder

Monochromator

Electron Cyclotron Emission

Magnetic Probes

Neutral Particle Energy Analyser

Fig. 1



Table 3

Diagnostic Name

Voltage Loops

Rogowski Loops

Magnetic Loops

Electrostatic Probes

Multichannel Interferometer

2 mm ft-wave

FIR laser

Multiple Rb laser Thomson Scattering

Visible Spectrometers

VUV Spectrometers
X-ray Crystal Spectrometers
Soft X-ray PHA

Soft X-ray wave Detector
Hard X-ray
Charge Exchange Neutral Particles
Neutron Spectoscopy
Bolometers
Synchrotron Radiation

Scattering
fx- wave
FIR laser

Surface Physics Analysis Stations

Brief Description

d a torusVoltage a
Ohmic current
Fluctuation, current channel position
Dynamics of divertor lay?r

Radial and temporal behavior of electron density

Spatial variation of electron temperature and density at foi
times

Hydrogen atom density and impurity
Impurity content, radiated power, ton temperature
Ion temperature, impurity content
Electron temperature, impurity
Internal plasma fluctuation
Runaway electron

Ion temperature
Ion temperature
Energy loss distribution
Thermal electron cyclotron dmissinn
Fluctuation

Examine wal! surface effects

LOW SPEED
ANALOG DATA

40 c h .

MEDIUM SPEED
ANALOG DATA

32 c h .

OXITAC 50/40
64 kW.

PRESET DATA
OF MAGNETIC
CONFIGURATION

TIMING
C0NTAOLER

HIGH SPEED
ANALOG DATA

LASER SCATTERING
S2 ch.

PROCESS
I/O

CAMAC
INTERFACE

Fig. 2
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A4 WORKS ON PLASMA DIAGNOSTICS IN KhPTI

0. S. Pavlichenko, V. I. Tereshin

Development of high temperature plasma diagnostic methods and apparature

which are produced in Kharkov Physical Technical Institute has the aim to

supply operating experiments (stellarator "Uragan" et al.) and future devices

(torsatron "0ragan-3" and tokamak "TB-0") by adequate possibilities for

plasma study. Main subjects of plasma diagnostic studies in KhPTI are laser

resonance fluorescence, IR and submillimeter laser interferometry and

particle diagnostics.

1. Laser resonance fluorescence

Development of laser resonance fluorescence method is aimed to solution

of problem of measurement of spatial distribution of hydrogen (or deuterium)

atoms and impurity atoms (such as 0, C, Fe, Mo, W ) .

1.1 Breton and Papoular have proposed to use resonant scattering of I -

radiation by hydrogen atoms for measurement of spatial distribution of these

atoms in plasma. We have studied a behavior of hydrogen atoms in plasma

pumped by the radiation with wavelengths corresponding to spectral lines of

Lyman and Balmer series thoroughly.

This analysis was based on collisional radiative plasma model taking

into account spontaneous and induced radiative processes. We have considered

a few cases of hydrogen atom photoexcitation in plasma: 1) by L -line; 2) by

H -line and 3) by L and H lines simultaneously. As a result of this

analysis we have arrived at the next conclusions.

1. The fluorescence signal is saturated (doesn't depend on pumping intensity)
ik

at the value of saturation parameter S., > 1 (S., = -; :—, u.,-spectral
87r'«'vin (uik'o l k

power density, ( u i k ) o = -p ) .

2. Saturation of fluorescence signal is reached quite easily for a transition

n = 2 •* n = 3 [(P., ) = 5 x 102 W.cm" ] and more difficult for transition n = 1
Ha ° c _,

+ n = 2 [(P. ) - 5 x 105 W.cm z ] .
L a O

3. At saturation (S > 1). the fluorescence signal is proportional to the

density of atoms at the lower level.

4. Lower limit of hydrogen atoms detected by a fluorescence method is equal

to - 105 atoms cm at L -line pumping and is equal to 109 atoms.cm"3 at H -

line pumping.
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5. Simultaneous pumping of hydrogen by L^ and H light allows to realize

the sensitivity limit of method, but allows to simplify a problem of spatial

distribution measurement by observation of fluorescence at H light.

6. L -line source of Breton Papoular type intensity is far from necessary

for saturation; this task demands of development of L -laser sources of the

type of Hoopman and others.

Saturation o f n = 2-»n = 3 transition can be reached with dye lasers.

For experiments on the "Uragan-2" stellarator we have developed the dye

laser using Rhodamine 6G and Cresyl Violet dye and lamp pumping. Laser

output parameters are: X = 656.3 mn, AX = 0.1 mn, pulse energy = 0.2 J,

pulse duration =2.5 psec.

1.2 Saturation conditions for resonance excitation of impurity atoms which

are of interest in the study of high temperature plasma-wall interaction

(O, C, Fe, W, Mo) can be met with frequency multiplication of output of

tunable dye lasers with the coherent pumping/ Fig.l shows the position of

strongest lines of atoms and single ionized ions and hydrogen as well.

analysis of time behaviour of fluorescence signal and saturation

conditions for metal atoms was performed on the basis of simple three-level

model, Fig.2 shows the simplified scheme of every levels of Fel. The

essential peculiarity of this scheme is an existence of metastable levels

(a5F). The analysis of this scheme allowed to specify requirements to pump-

ing sources on power (Table 1) and pulse duration (t = 30 nsec). At

saturation conditions (S = 10), the lower limit of detectable atom density

is defined mostly by geometry of experiment and parameters of detecting

system and for typical experimental conditions is of order of 105 atoms.cm

Possible schemes of light sources for resonance excitation are shown at

Fig.3. Efficiency of frequency multiplication for this schemes is shown in

Table 1 and pumping laser power PT as well. One can see that saturation
I*

conditions for most atoms can be easily met with exciting lasers.

An source for resonant pumping of iron (X = 302 mn) is under development

at Kh PTI now.

2. Submilliroeter and infrared laser interferometry

The development of interferometric methods of electron density

measurements was connected with using of molecular lasers of submillimeter

(X = 337 pm) and infrared (X = 10 ym) region.

2.1 In submillimeter interferometry we have used conventional HCN-laser
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(A = 337 ym) with output power equal 20 mW. As a detector with a time

resolution At < 10~ sec we used point contact Bi :—. InSb. We have studied

the time resolution of three mirror HCN-laser interferometer and showed that

it's near to the theory predicted (=2 ir.psec ) .

For measurement of spatial density distribution we have developed a

scanning HCN-laser interferometer (Fig.4). The parabolic mirror and rotating

plane mirror placed in parabolic mirror focus were used for parallel scanning

of laser beam. The scanning rate of 0.4 cm/psec was obtained at the mirror

rotation frequency 7 x 101* rot/min; scanned region was equal 18 cm. The

limit of measurable phase shift was defined by laser noises and was equal to

0.03 in this device.

Fig.5 shows the typical signals of submillimeter interferometer detector

during the scanning process at small test 6-pinch experiment (1-no plasma,

2-with plasma) .

2.2 For study of plasma sources with n L = 10 1 5 cm"2 (6-pinches, plasma

guns) we used C0_-laser interferometer (X = 10.6 urn).

CO laser, used in the Michelson type interferometer, had parameters:

A = 10.6 inn, output power = 5 W, beam divergence - 5 x 10 . The phase

shift calibration system for measurement of comparatively small phase shifts

(A</> « 180°) was used. This system used the optical pathlength modulation

produced by rapid movement of one mirror in the reference channel of inter-

ferometer (Fig.6). The second Michelson type interferometer (X = 0.63 pm)

was used for meausrement of shift of movable mirror ci IR interferometer.

With such calibration system it was possible to measure small phase shifts

and to distinguish optical path changes in 10.6/0.63 - 16 times smaller.

Fig.7 shows the typical oscillograms of IR detector (1) and photomultiplier(s)

outputs during the above mentioned calibration process.

3. Particle Diagnostics

3.1 Analysis of energy spectrum of neutral atoms emitted by plasma is a

traditional method of ion temperature measurement. For this measurement we

used particle analyzer which is the size of 12 x 27 x 27.5 cm and has 5

channels of detection. The plane parallel electrostatic reflex analyzer is

used for energy analysis of ions. Input slit of analyzer has the width of

2 mm, five output slits have the width- of 3.5 mm each. The distance between

these slits is chosen to cover energy range E /E . =5.5.
max nun

The energy resolution is changing in channels from 10 to 2%, and energy

range is 0.05 - 20 keV. Ion-electron-photon transformers are used as ion
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detectors. Fig.8 shows the schematic view of the analyzer as it used at

measurement of energy spectrum of ions in plasma streams produced by coaxial

plasma gun. At upper part of this figure is shown a nozzle used to diminish

the ion density of plasma. The analyzer of such kind are widely used at

KhPTI at stellarators and electromagnetic traps.

3.2 The hydrogen target with atom density two-three orders higher than

hydrogen density in plasmas of modern tokamaks (108 ~ 109 cm 3) is used for

local measurement of ion temperature. This target is produced by small

coaxial plasma gun which is operating in a regime when it produce an intense

stream of hydrogen atoms (Fig.9). This gun produce well focused ($ = 3 cm at

distance 50 cm from gun) beam of hydrogen atoms with average energy = 100 eV

and density = 10 1 1 atoms/cm3. These atoms have the mean free paths of 40 cm

in a plasma with n = 10 1 3 cm and T - 100 eV (maximum ionization rate)•

This target is used for measurement of T.(r) on stellarator "Oragan".

3.3 During this year we have performed a test experiment on neutral

particle small energy scattering for measurement of spatial distribution of

ion temperature of plasma. It's well known that monoenergetic atom beam

experiences an elastic scattering in plasma. During this process these atoms

change their energy. For small angle scattering one can get the relation

between energy spread E of beam and parameters of plasma and geometry of

experiment

AE = 4 jta2——-E .kT..e

where m., , m. -ionic mass of beam and plasma, E -energy of neutral beam

atoms, T.-plasma temperature, 6-scattering angle.

In our experiment we injected hydrogen beam and plasma was of deuterium.

We have used hydrogen atom beam injector with parameters: E = 3 ~ 14 keV,

1 < 1 A, At = 100 usec, AE = ± 25 eV, A9 < 1° (6 = 7°). Fig.10 shows the

layout of experiment. As a test plasma we have used streaming plasma

produced by coaxial plasma gun which produced plasma moving with velocity

2 x lo7 cm.sec , ion density n. < 2 x IO11* cm and parallel ion temperature

T i H = 30 eV with small amount of impurities (< 0.5%). For measurement of

energy spectrum of scattered atoms in plasma we used the single channel of

analyzer and scanned the energy spectrum by sweeping of reflecting plates

voltage (sweeping time - 0.1 usec). Fig.11 shows the typical signals of

detector during the plasma probing (upper oscillogram) and without plasma

(lower oscillogram). As a result of this test experiment we have measured

- 30 -



the ion temperature of plasma (T.A = 32 ± 5 eV) and specified the require-

ments to the detecting system for ion temperature distribution measurement

at "Uragan-2" stellarator.

Table 1

X , A

*s

. W
V ~2cm

source
scheme

n

PL' W

HI

1216

5.106

5.105

6X-»-3-»-X

-3.10"4

8.103

CI

1657

l,2.106

4.104

3X-+X

-2.10"3

io 3

01

1302

3,6.106

9.104

6X-»-3X->-X

-3.10"4

l ,5.103

F e l

3020

5,5.104

l ,7.103

2X->X

2.10"2

4,3.103

Hoi

3798

l,6.104

5.102

X

4.10~2

7.103

WI

4302

9.103

2,3.102

X

4.10"2

2,9.103
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A5 PLASMA DIAGNOSTICS ON JIPP T-H STELLARATOR/TOKAMAK

Junji Fujita

Institute of Plasma Physics, Nagoya University,

Nagoya 464

INTRODUCTION

Although JIPP T-H does not belong to the category of large tokamak, it

is, at least at present, the largest torus in this institute. Some of the

diagnostic methods developed for JIPP T-H must be applicable to larger

tokamaks. We are also developing new diagnostics for future use, which will

be tested using JIPP T-H device.

JIPP T-I DEVICE

JIPP T-H is a hybrid device of stellarator and tokamak. The machine

parameters are as follows:

Major radius

Fixed limiter radius

Rail-type limiter distance

Toroidal magnetic field

Helical windings

Rotational transform

R =

a =

d =

B t =

«, =

l/2ir

1./2TT

91

17

30

' 3

2,

35

S5

cm

cm

cm

T
max.m = 4

0.1 for

0.3 for

Bt
Bt 1.8 T

It can be operated both as a stellarator and tokamak without changing

any part of the machine. Then, we can compare the confinement characteris-

tics of each configuration using the same device.

We have two additional heating systems; a neutral beam injection heating

and a lower hybrid heating. The third heating system, an electron cyclotron

heating system is almost ready to apply.

Neutral beam injector 25 kV, 150 kW x 2, 100 us, P. . ~ 90 kW
in]

Lower hybrid heating 0.8 GHz, 160 kW, 20 ins, P. . - 60 kW
in]

Electron cyclotron heating 35.5 GHz, 130 kW, 10 ms, ready to apply
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The parameters of the plasma produced ore as follows:

Line-averaged electron density

Electron temperature

Ion temperature

Plasma current

Discharge duration

Energy confinement time

Safety factor

Averaged effective ionic charge

n = 1 - 8 x 10 1 3 cm"3

e

T = 400 - 1300 ev

T. = 250 - 750 eV

I = 160 kA max.
P
T, = 0.2 - 0.5 sec
d

T R - 14 ms

q - 2.5

eff
1 - 2.5

DIAGNOSTICS

The diagnostics used

original and found useful

Electron density

Electron temperature

Itn temperature

Plasma current

Loop voltage

Plasma shape and position

MHD activities

Impurities

Internal disruptions

Runaway electrons

are more or less conventional. Some of them are

for specific type of experiments.

2 mm microwave interferometer with direct

read-out system.

Thomson scattering of ruby laser light

FIR laser interferometer

Thomson scattering of ruby laser light

Fast scanning Fourier spectrometer

Energy analysis of charge-transferred fast

neutrals

Rogowsky coil

One-turn loops

Magnetic probes

Television camera

Magnetic probes and multichannel data recorder

Visible and VUV spectrometers

Si(Li) X-ray detector and PHA

Soft X-ray detector arrays

NaI<T£) + PMT Hard X-ray detector
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Experimental

So far we have carried out four major experimental programs:

1. Feedback control of plasma position.

2. Production of stable high density plasma by the combination of strong gas

puffing and the programming of discharge current.

3. Additional heating of tokamak plasma by neutral beam injection and lower

hybrid heating.

4. Stellarator experiment; disruption-free smooth discharge.

Electron cyclotron heating experiment and the study of plasma-wall

interaction will start soon.

1. Feedback control of plasma position

Generally it is.difficult to equip a thick conducting shell surrounding

the plasma. It is especially true for a large tokamak in the next genera-

tion. Then it is absolutely necessary to employ a feedback control system

to attain an equilibrium plasma position. We could establish it using a

digital computer and a combination of feedback and feedroward control, based

on the detailed analysis of the system. The detail will be explained later

by Prof. Matsuura, and Dr. Toi will make a brief comment on it.

Regarding to this experiment, the measurement of exact plasma position

is very important. Magnetic probes placed outside the liner can not neces-

sarily give us the exact information on the shape and the position of plasma

column as a whole. Moreover, the interaction of plasma edge with an

aperture limiter is also important from the viewpoint of limiter loading and

plasma-wall interaction. The plasma edge does not always interact uniformly

with the limiter, especially when the cross section of the plasma column is

noh circular.

We have developed a television camera system to monitor the shape and

position of plasma column visually. Through an optical system in tangential

port, the image of aperture limiter is focused onto the photoelectric

surface of vidicon tube. The vidio signal is recorded with video-tape-

recorder. It takes 1/60 sec, roughly 17 ms for scanning one picture frame.

This sort of time resolution is good enough for an ordinary tokamak discharge

even taking a persistence effect into account. In the case we are interested

in a faster phenomenon, it is not enough so that we modified the system to

have maximum 7 times faster vertical scanning frequency. The principle is

shown in Fig.l. Thus a higher time resolution is achieved in return for the
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sensitive area or spatial resolution if the vertical scanning is expanded.

2. High density tokamak plasma

As is already getting familiar, a high density plasma can be obtained by

puffing the gas after the discharge starts. The cooling of plasma edge by

intensive gas injection causes a shrinking of plasma column, and results in

a disruption,

If we apply a rapid current rise a little after the gas puffing, the

edge of plasma will be heated due to the skin effect. The radial profile of

discharge current becomes flatter, or at least has some pedestal at the

edge, and prevents the occurrence of disruptions.

Typical traces of loop voltage, discharge current, line-averaged elec-

tron density, and electron temperature at the plasma center is shown in Fig.

2, for the gas puffing only (a) and the second current rise combined (b).

In this experiment, a direct readout system for microwave interfero-

meter was useful. The number of fringe shift becomes so large that usual

zebra-pattern method is no longer usable. Besides, it is not easy to

process the zebra-pattern with computer. The principle of direct readout

system is shown in Fig.3.

For high density plasmas, far-infrared laser interferometer has many

advantages. We constructed HCN laser interferometer (X = 337 pm) and

applied to JIPP T-H plasma. The comparison with the results obtained with

microwave interferometer is illustrated in Fig.4.

Much more sophisticated interferometer consisting of CO. laser-pumped

twin CH3<DH laser is now under construction. Dr. Yamanaka will report on

this topic later.

Another important topic on the diagnostics of high density plasma is
4)

the determination of Z& „ from visible spectroscopy. Simply because we

could achieve so high density plasma, the absolute intensity of visible

continuum was measurable. Visible continuum under such high temperature

condition consists entirely of Bremsstrahlung free from the recombination
o o

continuum. A spectral window of 5 A at 5230 A has been chosen, confirming

there are no impurity lines in its vicinity. The time evolution and the

radial profile of this continuum radiation intensity measured are quite

different from those of impurities and hydrogen line emissions, and

resemble rather' those of electron density. An example of continuum radiation

is shown in Fig.5, and the radial profile of Z „ derived from these

measurements is shown as a function of time in Fig.6.
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;... ; ;';c halt ; e::; L-i:,:;:nts, the most essential diagnostics are those

for ion •"!. •' i.j loc.'cron temperatures.

Thomson scattering of ruby laser light is used for electron temperature

measurement as usual. Our system is proud of the highest light collecting

power in the world. The scattered signals through a spectrometer are

detected by photomultipliers, digitized by fast analog-to-digital converter

(CAMAC module), and processed by mini-computer to derive the electron temper-

ature . After each shot of discharge, the value is presented on a graphic

display together with the best fit gaussian profile. With this system it is

easy to find out when something is wrong, for example, a saturation at

photomultiplier or a defect in some channel. A part of a hard copy is shown

in Fig.7.

As for T., conventional fast neutral energy analyzer is constructed.

Detectors used are ceramic channel type multiplier called Ceratron, a

product of Murata Co. in Japan. Here again, the energy spectrum is always

shown on the graphic display so that we can check whether the temperature

obtained is of proper one or not.

As another example, the evolutions of ion temperature are shown in Fig.

9, when both neutral beam injection heating and lower hybrid heating are

applied.

In order to obtain space- and time resolved behavior of electron

temperature, synchrotron radiations have been measured with a fast scanning

Fourier spectrometer. This is a collaborating work with Dr. Sakai of Osaka

University. Again, the data processing system played an important role in

deriving the electron temperature from Fourier spectrometer signals. The

schematic drawing of the spectrometer is shown in Fig.10, and the example of

spectrum obtained in Fig.11.

Stellarator experiment

The stellarator experiment has just started recently, so that the

experimental results are rather preliminary. Very significant in the

stellarator discharge, more exactly the tokamak discharge to which stel-

larator field is superposed, is that the current waveform is quite smooth

and the discharge ends calmly in a disruption-free manner. It is really

great if we could suppress the occurrence of disruption by this stellarator

field. Even a single disruption may easily destroy the vacuum chamber in a

larger device.
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CONCLUSION

Some of the useful diagnostics which have been developed and applied to

JIPP T-It stellarator/tokamak are reviewed, together with major experimental

results.

Finally some activities of diagnostic group in this institute will be

presented. The group joined to JIPP T-K to develop and prepare the diag-

nostics for it. At the same time, some members of the group made effort to

develop new diagnostics independently, including the establishment of

absolute calibration method in VUV and X-ray regions.

TPD-I device which can produce steady state high density plasma over

10lif cm has been used to study the validity of atomic branching ratio

method for the absolute calibration.

Most of the heavy impurities in a tokamak plasma can be simulated and

studied by the use of the ions of highly ionized state produced by intense

irradiation of the target with high power laser, HALNA in this institute.

Another new diagnostic method we have developed is a neutral beam

probing. When we shoot a neutral particle beam into a high temperature

plasma, various kinds of atomic processes take place. We are interested in

the light emitted from the neutral beam particle injected. The intensity of

the light is expressed by the product of beam atom density I / e v , electron

density n and electron impact excitation rate. Local electron density can

be obtained from the absolute intensity measurement of the light emitted,

provided the other parameters are known separately.

The beam probing which utilizes neutral lithium has been confirmed

usable and is now going to be applied to Nagoya Bumpy Torus in this institute.

We believe this neutral beam probing is very powerful in studying the

scrape-off layer of tokamak-like plasma from the'Stand point of plasma-wall

interaction.
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Figure captions

Fig.l a) Optical arrangement of TV system.

b) Schematic diagram of the system.

c) Illustration of the principle of the fast scanning TV system.

Fig.2 Temporal behaviors of plasma parameters in the case of strong gas

puffing only (a) and of the strong gas puffing combined with the

second curret rise.

Fig.3 Schematic diagram of direct read out system for microwave inter-

ferometer.

Fig.4 a) A trace of HCN laser interferometer signal.

b) The electron density deduced from a ) .

c) The electron density obtained from microwave interferometer.

Fig.5 Typical traces of continuum radiation, OVI line emission and H

emission.

Fig.6 Temporal change of radial profile of Z ,,, and that of Z in the

insert.

Fig.7 A.hard copy of computer display for the electron temperature

measurement from Thomson scattering of ruby laser light.

Fig.8 Energy spectra of charge-transferred fast neutral which show the

relaxation of high energy tail associated with neutral beam injec-

tion heating.

Fig.9 Time evolutions of ion temperature for ohmic heating only (bottom

left), lower hybrid heating applied (bottom right), neutral beam

injection applied (top right), and both heatings applied (top

left) .

Fig.10 Schematic drawing of fast scanning Fourier spectrometer.

Fig.11 An example of frequency spectrum of synchrotron emission deduced

from the Fourier spectrometer.
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A6 Plasma Diagnostics in Tokamaks on Emission

and Scattering of Electromagnetic Waves

V. V. Rozhdestvensky

A. P. Ioffe-Institute of the USSR

Academy of Sciences

1. Introduc tion

At present for plasma created in thermonuclear installations to study it

should be used methods, which enable to obtain quite correct data about its

local parameters. Therefore development of appropriate diagnostics and

apparatus becomes actual.

From this point of view determination of the electron temperature

profile on frequency spectrum of cyclotron emission in toroidal systems may

be useful, /I/. Recently such measurements have been conducted in some

tokamaks, /2-6/, and stellarators, /!/. The interesting data have been

obtained both about electron temperature profile, /2-7/, and about influence

on the local temperature of various factors such as plasma displacement, /8/,

neutral gas injection, /9/, MHD-activity and plasma turbulence, /4, 10-12/,

additional heating methods, /10, 13, 14/.

Comparison and analyses of the results obtained on different devices

are given in /15, 16/.

Application of the method in thermonuclear experiments has let to find

out a number of peculiarities, which should be taken into account in practice.

The aim of this report is to discuss physical bases and possibilities of

the method and to consider some peculiarities and prospects of its applica-

tion in toroidal systems.

2. Physical bases and diagnostic possibilities, /I/

As known, magnetobremsstrahlung emission of the thermal plasma named

usually cyclotron occurs at the electron cyclotron frequency and its harmon-

ics.

In toroidal devices, Fig.l, a cylindrical plasma layer, (1), is in a

constant longitudinal magnetic field, which is inhomogeneous in the radial

direction:

Hr * V 1 * IT'J r" IR-Rol'- (1)

o
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where H , H - the longitudinal magnetic field at the discharge axis and at

the distance r from the axis; R - the major torus radius; R - the radius
o

of the cylindrical plasma layer.

The layer emits at frequencies connected in a single way with its

localization along the major torus radius by the expression:

eH
n<ooe(r) = n -^ ; nu^dr) = ™ c e o ( l ± ~) ; (2)

c o

where to = 2irf , e, m - the cyclotron frequency, charge, mass of electrons,

n - the harmonic number; c = the light velocity.

The emission intensity depends on the density and temperature of elec-

trons in the layer. If meanings of these parameters are such that the layer

optical thickness is quite large, x > 1, the layer radiates at the appro-

priate harmonic like a black body.

The "black" layer emission intensity is described by the well known

formula:

[nu (r)]2-kT <r)

I (r) £2 ^ . (3)
n O 8ir3.C2

where T - the electron temperature.

From (3) follows that local electron temperature can be determined on

the emission intensity of the "black" layer at a single frequency. Frequency

spectra of a "black" harmonic measured in detail in various stages of a

discharge over the frequency range:

nuceo(1 " iT> <»<»»eeo(1 + r*' (4)

o o

where a - the minor plasma radius, determined by the magnetic broadening of

the cyclotron line. Aw » — . nu yield the electron temperature profile
n R C6O

and its evolution during the discharge.

The radial dependence of polarization of the cyclotron emission,

measured in the same conditions, can give data about the poloidal magnetic

field and current density profiles.

In the case of the small optical thickness, T < 1, the layer is a

"gray" body, transparent for emission. Frequency spectrum measurements at

any "gray" harmonic give the electron temperature profile, if the density

profile is known, or the density profile, if the temperature is known.

The ratio of the intensities of two successive "gray" harmonics depends
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only on the harmonic number and the electron temperature. Therefore measuring

their spectra over the same frequency range, one can determine the tempera-

ture profile and use the data for estimating the density profile.

Finally, the panoramic observation in the frequency range, including

several harmonics, may provide the useful information about the emission

nature and the radiation energy losses.

The "locality" of measurements is an important characteristic of the

method.

In the method considered the locality is determined by the geometric
Aton

thickness of an emitting layer, L = jgjjj—r , where Aa>n = 2irAfn - the

dnw
ce ceo - the value of the longi-thermal cyclotron line broadening, ,

OT Ro

tudinal magnetic field radial gradient.

In practice it.is convenient to register the emission, propagating along

the major torus radius athwart to the magnetic field. In this case one

should take into account the relativistic cyclotron line broadening. Aw =
/2irn«nu> •—= .

ce 2
me

The layer thickness along the major torus radius:

kT (r)
L (r) = /Sin"—2-5- • R ,- (5)

• n m e 2

depends on the harmonic number, electron temperature and localization of the

cyclotron layer. In toroidal devices the "locality" condition, L (r) << a

n

is usually fulfilled.

Such are the diagnostic possibilities predicted by the theory and based

on the registration of the cyclotron emission in toroidal systems. Their

realization enables to obtain a numerous data about the electron component,

if its temperature is not larger than 101*.

3. Peculiarities of the method application

To determine the local electron temperature on the "black" cyclotron

layer emission it is necessary to take into consideration a number of peculi-

arities, which can be conditionally devided into three groups.

The peculiarities of a radiophysical type essential for absolute

measurements of the cyclotron emission power at various frequencies should

be included in the first group.

One can relate to the second group the peculiarities connected with
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the emission propagation in the metalic discharge chamber with a plasma,

acting upon the operating frequency selection, possibility of measurements

in a relatively dense plasma, creation of the artificial blackness of the

cycltoron layer.

The third group contains the peculiarities due to by changing emission

properties of a plasma in production of accelerated electrons, influencing

on the possibility of the local electron temperature determination.

Let us now consider these peculiarities in detail.

3.1 Radiophysical peculiarities

Usually the plasma studied is created in a metalic discharge chamber

with dimensions much larger than the cyclotron emission wave length, Fig.2.

The emission of the "black" plasma layer is reflected by chamber walls back

and absorbed completely in it. The chamber walls influence on the emission

propagation can be ignored in this case. Measurements should be conducted

as in "free-space" situation.

3.1.1 Reception condition and spatial resolution

Usually directed antennas of the horn or horn-lens type are used for

reception of the cyclotron emission. The polarization plane of the antenna,

its aperture dimensions and position relatively the emitting layer are

chosen so as to receive the necessary mode and to satisfy the matching

condition:

!r < * < fr - <6>
4A 2A

where A, D - the transverse dimensions of the antenna aperture and the

cyclotron layer, £ - the distance between the antenna and the layer, emitting

at the wavelength X.

If the matching condition is fulfilled, the emitting layer is in the

far zone of the antenna and overlaps its directivity diagram.

The antenna position along the major torus radius from the weak magnetic

field side is the most convenient.

The cyclotron layer, being near the antenna, emits at longer wavelengths

than that, being far from it. This fact facilitates a realization of the

matching condition in the plasma periphery.

When the condition (6) has been satisfied, the received emission

power is connected with the cyclotron emission intensity by:

P = I -S ,_-fl-Ati) = kT -At ; (7)
n no ex£ n e n

- 53 -



where ft and S _- - the solid angle and the effective area of the antenna.

Just as there are antenna and transmission line losses and the receiver

frequency band is usually less than the thermal cyclotron line broadening so

the emission power registered with a receiver is less than that coming in the

antenna; P > P1:n n

P1 = a -M- • P = a -kT -Af ; (8)
n ne Af n ne e

n

where a - the antenna and transmission line losses in the receiver
ne

frequency band Af.

Therefore, to determine the electron temperature profile from absolute

measurements of the cyclotron emission at different frequencies it is

necessary have data about the antenna and transmission line losses, the

receiver sensitivity in the frequency range given the magnetic broadening of

the used cyclotron harmonic.

The spatial resolution of such measurements can be evaluated in a

following way.

The resolution along the major torus radius, or the longitudinal resolu-

tion, is estimated by the formula /&/:

.. kT

n me

Arn - 10"
2Ro ; (9)

As a rule, the longitudinal resolution is of about some per cents of

the major radius and for typical tokamak conditions: H = 30 kG; R = 100
o o

cm; Tg = 1 keV; n = 2 ; Af = 0.5 GHz; is equal approximately to ~ 1 cm.

The resolution along the cyclotron layer, or the transverse resolution,

depends on the antenna directivity:

ArA = 2X,t j = 4.6 ; 6 = 6S.|- ;

Arx = lO^a ; (10)

and is of about one tenth of the minor plasma radius. It is quite difficult

to prepare the horn antenna with the angular witdth of its directivity

diagram better than (3 ~ 4)°. This provides the transverse resolution of
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about (2 - 3) on for distance roughly equal of about the plasma radius.

As the longitudinal resolution exceeds the transverse one, it should

use the antenna, which dimensions provide the layer-antenna matching. In

processing the measurement data on has to take into account the averaging of

the electron temperature over the region with dimensions of about the trans-

verse resolution. This effect manifests itself stronger at large distances

between antenna and the emitting layer.

3.1.2 Measurement of P (f)
n

Consider now some methods of measuring the frequency spectrum of

cyclotron emission, used in experiments.

One of the most perspective is the method based on the multiple during

the discharge detail analysis in the frequency range provided by the cyclo-

tron line magnetic broadening, Fig.3-1.

For this aim one can use a scanned superheterodyne radiometer, Fabry-

Perot interferometer or Fourier-spectroscope, based on a scanned Michelson

interferometer, having the frequency resolution of about the thermal cyclo-

tron line broadening.

A peculiarity of the method is some superfluous information, obtained

during a single scan. Since the electron temperature profile is usually

quite smooth, for determining the profile it is enough to measure the

cyclotron emission power at several frequencies, appropriating to several

spatial points along the major torus radius.

Moreover, because of the finite analysis time data about the profile

evolution can be obtained only during relatively long discharges.

Therefore, emission power measurements carried out simultaneously with

a set of pass-band receivers tuned at different frequencies are attractive

too, Fig.3-2.

The emission registration at a single frequency is simpler from the

technical, but is not so convenient from the experimental point of view,

Fig.3-3. In this case frequency spectra can be obtained in changing the

longitudinal magnetic field and the plasma position, in shifting the

receiving antenna parallel to the cyclotron layer. When the dishcarge is

reproduced quite good, it is possible to use the receiver with a frequency

changed from shot to shot. Disadvantages of these methods are obvious.

However, they can give an interesting information about various processes

in a tokamak plasma.

For the emission nature and radiation energy losses to determine it

should be made the panoramic scanning in the frequency range, including a
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number cyclotron harmonics. These measurements can be conducted with a

Fourier-spectroscope or tuned grating monochromator in millimeter, submilli-

meter and far infrared wavelength ranges. The description and parameters of

apparatus providing a detail and panoramic frequency analysis of the

magnetobreinsstrahlung emission have been given in /2, 9, 17-19/.

3.1.3 Calibration problem

As mentioned above, in absolute measurements of the emission power it

is necessary to know, what are power losses in the transmission line,

connecting the antenna with the receiver, and the receiver sensitivity in a

broad frequency range. In order to measure these parameters a calibrated

attenuator, signal and noise generators are used.

Application of an artificial balck body for the power losses to deter-

mine seems to be perspective.

However, it is possible to do without such measurements, if there is

another diagnostics to obtain the local electron temperature, for example,

such as Thomson scattering or soft X-ray technique. In this case relative

measurements of the cyclotron emission at different frequencies are enough.

In calibration it should use the electron temperature meanings obtained by

one of the methods mentioned above for any spatial point, for instance,

being near the plasma axis.

Pig.4 shows electron temperature profiles, obtained in high density

discharges in Alcator, /5/, by various methods.

The profile (•) has been calculated from absolute measurements of the

emission power in the frequency range, appropriating the second harmonic

magnetic broadening. For this aim a scanned Fourier-spectroscope has been

used.

In order to calibrate the receiving system from the antenna to the

display a mercury - arc lamp with the known radiation temperature was used.

The profiles (o), and, (x), were obtained by Thomson scattering and soft

X-ray diagnostics. The local electron temperature in the plasma periphery

was measured with a probe, (o). One can see that there is a good agreement

between the meanings provided by different methods presented in Fig.4. It

means that the electron temperature profile can be obtained independently

from absolute measurements of the cyclotron emission power at different

frequencies.

3.2 Peculairities, connected with the emission propagation in the metalic

discharge chamber with a plasma

3.2.1 Operating frequency selection
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Parameters of modern toroidal devices and plasmas are such that the

black-body condition is fulfilled for the first and second harmonics. The

third harmonic may be "gray".

For the fourth - the cyclotron layer is optically thin. The question

crises, what from "black" harmonics should be selected as the operating

frequency?

If the plasma density is quite small so as the Langmuir frequency of

electrons is less than the cyclotron one, ioz « to2 , the layer optical

thickness for ordinary and extraordinary modes of the first harmonic, propa-

gating athwart to the magnetic field, 6 = TT/2, where 6 - the angle between

wave and magnetic field vectors, is described by the expressions, /15/:

0) = 10
ce

2

T° „ E . !Ef_. (!̂ .)2.(i - ! E % V 2 . R .
T l 2 2 * c ' l 2 ^ X ' K '

•°ce "ce

) 2b)

ce ce

where v - the thermal velocity of electrons. The analogous expressions for

the second harmonic are:

03 = 2o . c e ;

ce

e „ 2 .6 ~ M p > J e .2 "ce . ,VTe,2 R
T2 - * • [ : — , 2 , 2 ] - — (—} ' \ '• ( 1 4 >

6 - 2u /(* IDpe ce ce

Bie analysis of these expressions shows that it is difficult to fulfil

the black body condition for the extraordinary mode of the first, (12), and

the ordinary mode of the second, (13), harmonic. At the same time the

optical thicknesses for the ordinary mode of the first, (11), and the extraor-

dinary mode of the second, (14), harmonic depend equally on the temperature

and somewhat differently - on the electron density.

Fig.5 shows the electron temperature and density regions, in which the
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black body condition is satisfied for considered modes of the both harmonics.

One can see that these regions are typical for modern tokamaks. The black

body condition for the second harmonic is fulfilled at smaller meanings of

temperature and density of electrons than for the first. Therefore che

extraordinary mode of the second harmonic seems to be attractive as the

operating one.

It should be noticed that sometimes there is a possiblity to operate at

the extraordinary mode of the first harmonic.

As follows from the theory the cyclotron layer optical thickness for

thermal electrostatic waves arising in it is described by the relation, /15/:

2
11 3 ,*jge VTe, 1/3 R

"ce

One can see from (15) that this parameter weakly depends on electron

temperature and density. Just as in modern tokamaks its value is of about

~ 103, so the black body condition, T*1 > 1, will satisfy both in the middle

and in the plasma periphery.

Thermal electrostatic waves arising in the cyclotron layer, (f ) , Fig.6

propagate along the major torus radius to the upper hybrid resonance surface,

(f ) . Near it they are tranformed into electromagnetic extraordinary waves,

which propagate back-wards with a small absorption in the cyclotron layer.

At the same time these waves carry information about the layer electron

temperature.

The possibility of using the extraordinary mode of the first harmonic

has been realized firstly in PLT tokamak, /3/.

The radial profiles of the emission at the extraordinary mode of the

first, (•), and the second, (o), harmonics are presented in Fig.7a. The

profiles has been measured during the quasistationary stage of the discharge

with a single antenna located from the strong magnetic field side and

superheterodyne receivers tuned at different frequencies in change of the

longitudinal magnetic field. Fig.7b exhibits the temporal dependencies of

the emission of the layer, being at the distance 5 cm from the chamber axis,

at the same harmonics.

As is seen, the temporal dependencies are identical and the profiles

are in accordance with the electron temperature profile, obtained by Thomson

scattering, (-). Thus, the cyclotron layer emits and at the first harmonic

like the black body independently of its localization. The discrepancy with

theoretical results can be excluded by taking into accout the transformation
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of thermal electrostatic waves into electromagnetic one near the upper hybrid

resonance surface.

One can see also that in the plasma periphery the emission at the first

harmonic is somewhat less than that at the second one. This fact is connect-

ed with the larger averaging of the received emission along the layer because

of the antenna directivity deterioration in the case of the first harmonic.

Unfortunately, this way of the emission registration can not be used

often in real conditions because of technical difficulties, which occur in

placing the antenna of a high directivity from the strong magnetic field

side.

At the same time it is not possible to receive the extraordinary mode

of the first harmonic from the weak magnetic field side, as there is the

opaque region between the upper cut-off and the uppe hybrid resonance

surfaces.

In such a case one could operate at the ordinary mode of the first

harmonic. However, in moderate magnetic fields and relatively large electron

densities this may be difficut too, if there is the opaque region in the

plasma, where the Langmuir frequency exceeds the cyclotron one.

Therefore the use of the second harmonic extraordinary mode seems to be

more attractive, in spite of some losses in the spatial resolution and

broadening of the operating frequency band. In this case the plasma is

transparent for the emission arid its registration is possible both from the

side of a strong and weak magnetic field.

3.2.2 Boundary value of f /f

In discussion of method possibilities it has been supposed: values of

the magnetic field and the plasma density are such that the cyclotron fre-

quency of electrons is much more than the Langmuir one. In practice this

condition can be broken, especially, in devices with a moderate magnetic

field and a large electron density. Therefore, it is extremely important to

know, at what meanings of f /f the method application has been permitted

yet.

The answer has been obtained recently in experiments conducted in

TORTUR device, /26/.

The theoretical and experimental dependences of the emission at the

second harmonic on the ratio f /f are presented in Fig.8. The emission

has been registered with a receiver, consisting of a polarizer, wire-mesh

pass-band filters, cooled Patly detector, at various magnetic fields and

plasma densities.
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One can see that the opaque regions predicted theoretically for meanings:

/if < f /f < /2~ and f /f > /§" exist really. In the region, where f /

f < 1.3 the electron temperature estimated on the second harmonic power
ce -

and on the soft X-ray intensity proved to equal of about 2 keV. Thus, these

data allow to consider that for the second harmonic the method is applicable

at meanings f /f < 1.3.3 pe ce -

3.2.3 Influence of metallic walls of a discharge chamber

When temperature and density of electrons are not large, the cyclotron

layer can be transparent for the plasma emission. The emission is reflected

many times by metallic walls and accumulated in the discharge chamber, losing

the initial polarization, crossing the layer in different directions, getting

isotropic.

In this case the layer optical thickness depends on the emission

absorption by chamber walls and the Doppler broadening of the cyclotron line,

%1/2** — r *.,, - noj • (——) • cos 6.
n c e me 2

The absorption coefficient of chamber walls can be measured experi-

mentally, /20/, or evaluated by one of the relations:

T - 3 L , T -:
W ch W

where S, , S . - the area of holes and walls of the chamber, 0 - the conduc-
h ch

tivikty of the chamber material, f - the operating frequency.

In the mm wavelength range: T - 10 - 10

The optical thickness averaged over all directions of the emission

propagation is determined by the expression, /I/:

n n.(2n+l) n 2

If the emission absorption in the walls is less than that in the layer,

T W < Tn < 1, its effective optical thickness proves to be quite large, T >

1. The layer will emit like the artificial black body. The artificial

black body condition is

< = > x •

In such a case the emission can be received with- an antenna located in

any diagnostic port. The spatial resolution of measurements:
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Ar - /iT • R • (—1) 1 / 2 ; (19)
me

will deteriorate, since it will be determined by the Doppler cyclotron line

broadening.

In processing the measurement results one should take into account a

partial averaging of the electron temperature along the layer due to the

emission propagation through different layer regions.

Because of this reason the electron temperature obtained in such condi-

tions may be reduced in comparison with that obtained in the case of the

usual "black" layer.

Fig.9 presents the profiles of the electron temperature determined in

TFR device, /2/, by Thomson scattering and from absolute measurements at the

second harmonic emission with a superheterodyne receiver. As is seen in the

middle of the discharge, where the black body condition is fulfilled, the

temperature meanings obtained by both methods are the same. But in the

plasma periphery, where the layer blackness is apparently aritificial, the

"cyclotron" meaning is equal to a half of the "laser" one, appropriating to

the maximum electron temperature in the layer. Such a difference may be

produced by the averaging effect discussed above.

3.3 Peculairities produced by changing emission properties of a plasma

3.3.1 Arising of the superthermal emission

As known, electrons with large energies up to hundreds keV accelerated

by vortex electric field may occur during ohmic heating of the low density

plasma. The electron beam influences essentially on emission properties of

the plasma.

The beam-plasma interaction originates high frequency plasma waves, for

instance, - oblique Langmuir waves arising because of the anomalous Doppler

effect, /21/.

In addition to that the transverse energy of accelerated electrons

becomes quite large up to the longitudinal one. Such electrons are the

source of synchrotron emission at electron cyclotron harmonics, /22/.

The radiation temperature of the synchrotron emission depends on the

density and the transverse energy of accelerated electrons. It is obvious

that in studying the synchrotron emission one can obtain data only about

beam parameters. Determination of the temperature of thermal electrons

proves to be difficult.

The intensive emission in the electron Langmuir frequency range can
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make impossible temperature profile measurements too. This kind of emission

occurs usually because of the nonlinear interaction of plasma waves,

accompanying by transformation of longitudinal waves into transverse one in

scattering on electron density inhomogeneities.

The question arises, how can one avoid an influence of these inter-

ferences?

First of all, it is necessary, apprarently, to get familiar with the

suppression of acceleration processes especially in the initial stage of the

discharge, when the vortex electric field is quite large and the plasma

density is small.

3.3.2 Methods of suppressing the electron acceleration

One from methods of suppressing the acceleration of electrons in the

initial stage of the discharge may be use of the programmed transverse

magnetic field, driving a plasma position in the discharge chamber.

In WEGA device it has been succeeded to suppress acceleration processes

by choosing a value and direction of the magnetic field, /8/.

Two sets of oscillograms obtained in this device are exhibited in Fig.

10a, b.

The set (a) corresponds to the discharge with the effective electron

acceleration in the initial stage. Flashes of the superthermal collective

emission at electron Langimair frequencies (2), the synchrotron one - at the

second electron cyclotron harmonic (3), and the X-ray emission, (4), witness

about this process.

The set (b) has been obtained in the discharge with the optimal driving

magnetic field. In this case there are no flashes in the discharge begin-

ning, (2, 3, 4). It was shown by checking that the emission at the second

cyclotron harmonic and soft X-ray one observed during the discharge are

connected with the bulk of thermal electrons. This witnesses about the

effective suppression of acceleration processes during the discharge.

The other method based on use of the preionization by the vortex

electric field of the auxiliary discharge has been applied successfully in

FT-1 device. The direction of the electric field in this discharge was

opposite to that in the main discharge.

Oscillograms presented in Fig.lla were obtained in the discharge with

the preionization at H =6-7 kGs, when the cyclotron layer was in the

vicinity of the chamber axis. One can see that the flash of the super-

thermal emission at the second electron cyclotron harmonic with the maximum

radiation temperature of about 200 eV, (2) , arises during the relatively
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cold auxiliary discharge, (1), with the electron density up to 5 x 10 1 2 cm 3,

/W, (3) .

The flash disappears before the main discharge, but after its beginning

the emission arises again. The emission power does not exceed of the thermal

level during the discharge. However, the emission nature changes in time and

depends on the plasma density.

Fig.lib shows the radial dependence of the emission radiation temperature

obtained at various longitudinal magnetic fields. Such measurements are

equivalent to the detail frequency analysis of the emission in limits of the

cyclotron line magnetic broadening.

As is seen from Fig.lib, the emission power increases slowly, when the

plasma density raises up to 8 x 10 1 2 cm . At the tenth millisecond from the

discharge beginning the radiation temperature reaches 100 eV and decreases

gradually from the axis to the chamber walls. Existence of the radiation

temperature radial dependence witnesses about the thermal nature of the

emission observed during this stage of the discharge. The profile asymmetry

is due to by the plasma displacement outwards equal - 4 cm.

During the next discharge stage the plasma density decreases, but the

emission power increases, coming to the maximum with the radiation tempera-

ture of about 200 - 300 eV, Fig.lla, independent practically of the radius.

Fig.lib. In this period the electron temperature determined by Thomson

scattering is of 400 •- 500 eV.

In spite of the emission radiation temperature seems to be less than the

electron one, the width of the emission frequency spectrum is much more than

the cyclotron line magnetic broadening. These facts point out that the

emission can be produced by the not too numerous group of electrons with a

considerable energy.

Thus, in the high density stage of the discharge the thermal electrons

are a source of the emission observed. In decreasing the density an addi-

tional source - electrons accelerated by the vortex electric field perhaps

during the quasistationary stage appears in the discharge.

The data obtained allow to consider that electrons accelerated in the

auxiliary discharge are locked by the vortex electric field of the main

discharge. Acceleration of electrons in the initial stage of the main

discharge proves to be uneffective apparently because of the locking influ-

ence of the cold plasma with density of 2 x 10 1 3 cm 3 arising dv, i.ng the

preionization. A small number accelerated electrons occur only in de-

creasing the plasma density in the quasistationary stage of the discharge.
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One should notice also that without the preionization by the opposite

electric field it is possible to obtain the accelerating discharge, in which

a great part of the current is connected with accelerated electrons and the

synchrotron emission exists during the whole discharge.

Suppression of acceleration processes in increasing the plasma density

during the quasistationary stage of the discharge has bsen demonstrated

firstly in experiments in TM-3, /23/, TFR, /24/, Alcator, /5/.

Frequency spectra of the microwave emission obtained in TFR, /24/, at

different electron densities are presented in Fig.12.

One can see that in the "hot" plasma with the electron temperature - 1

keV and the peak density less than 5 x 10 1 2 cm (1), the emission is super-

thermal. There are dips at the fundamental frequency and the second harmonic

due to the emission absorption by thermal electrons. In increasing the

density up to 2 x 10 1 3 cm , (2), the power of the collective emission at

plasma frequencies becomes larger than that at cyclotron harmonics.

The following fact is important from the diagnostic point of view. At

densities larger than 3 x io13 cm , (3), the spectrum is in accordance with

that predicted theoretically in the region, including the fundamental cyclo-

tron frequency and its harmonics. However, the peak placed in the plasma

frequency region points out that there are a small number of accelerated

electrons in the discharge at the same time.

Thus, in the dense and hot plasma the electron temperature profile can

be determined from measurements of the cyclotron emission frequency spectrum

without any difficulties. Such measurements have been conducted in various

devices.

The experimental data about the synchrotron emission absorption by

thermal electrons are very important too. Fig.12-1.

Results of recent experiments in stellarators L-2, /7/, "uragan-2", /25/

give a reason to consider that in spite of the energy of accelerated elec-

trons the synchrotron emission intensity does not exceed of the thermal level

in the frequency range, in which the plasma emits like the black body. This

fact gives a possibility to extend the region of application of the method

discussed.

3.3.3 Influence of additional heating methods

At present a great attention pays to the development of methods and

technique for additional plasma heating by fast neutral injection, HF-pumping

in frequency ranges of the upper and low hybrid resonances, adiabatic plasma

compression with an external magnetic field.
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Consider an influence some of them on emission properties of a plasma.

In experiments on the low hybrid heating in ATC device, /10/, it has

been discovered that during the HF-pulse the magnetobremsstrahlung emission

becomes superthermal, Fig.13, (1).

After the pulse the emission somewhat diminishes to the discharge end.

These phenomena are produced, perhaps, by accelerated electrons, increase of

their transverse energy under the HF-field action, good confinement of such

electrons in the discharge.

Analogous phenomena were observed in TM-3 device, /13/, during the HF-

heating in the low and upper hybrid frequency ranges.

In ATC device, /10/, during the adiabatic plasma compression it has

been observed increase of the magnetobremsstrahlung emission, which was in

accordance with the growth of the density and temperature of electrons. After

compression, when the density and temperature begin to decrease, the emission,

especially, at higher cyclotron harmonics continues to increase. This means

that accelerated electrons oocur also in the compressed plasma.

Thus, the presented results witness that the electron temperature

profile determination by the considered method during and after the plasma

heating may prove extremely problematic.

Conclusion

Peculiarities of determining the local electron temperature on the

cyclotron emission has been discussed in the report. One can consider that

application of the method in devices with the ohmic heating is not induced

any difficulties. In these conditions the method is quite informative and

operative, worthy to be ina diagnostic arsenal of toroidal devices of

present day and next generation.

The possibility of using the method during the additional plasma.

Heating has not made clear yet. Perhaps, decision of this problem is

connected mainly with successes in understanding the nature and properties of

collective processes due to appearance of accelerated electrons in a plasma.
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I. Experiments on scattering of electromagnetic waves by a plasma in the

presence of a singular point, [7]

Scattering of electromagnetic waves by collective fluctuations is

potentially valuable method of plasma diagnostics. It is not extensively

used, however, because of the low intensity of the scattered signal and

because of the absence of radiation sources that make it possible to observe

fluctuations with wavelengths of the order of the Debye radius. It was shown

theoretically long ago /I/ (see also /2/) that these difficulties can be

overcome to a considerable degree by choosing the experimental conditions

such that the hybrid resonane condition is satisfied for the probing wave in

the investigated plasma volue. In this case the incident wave is linearly

transformed into a slow plasma wave, and it is the latter which is scattered

by the fluctuations. The scattered wave is transformed back into an electro-

magnetic mode that is radiated out of the plasma. Owing to the increase of

the amplitude of the incident and scattered waves near the transformation

point, the intensity of the scattered signal increases by several orders of

magnitude, and the slowing down of the wave makes the scattering sensitive to

small-scale fluctuations. This effect was first observed in /3/. However,

the high plasma turbulence level did not make it possible to interpret

uniquely the experimental results. The later experiments were performed with

ion-sound oscillations artificially introduced into the plasma /4/. The

purpose of the present stu^y was to observe experimentally enhanced scatter-

ing in a relatively quiescent plasma, and to compare in detail the results

with the theory. The experiments were performed with the linear installa-

tion of /5/ (Fig. 14), in the frequency range /jj ^ ~ < oo < io . The plasma
CS CX O CG

was produced in a vessel placed in a uniform (- 3 kOe) magnetic field and

was maintained by absorption of 3-dm waveguide power. The working gas was
—4 —2

argon at pressures 5 x 10 to 5 x 10 Torr. The probing wave (X = 12.5 cm,

fQ = 2.4 GHz) was fed to the plasma through a waveguide. The scattered
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signal was registered with an S4-27 spectrum analyzer.

Under the experimental conditions the plasma was not uniform in either

the radial or the longitudinal direction. When the concentration on the tube

axis at the location of the waveguide junction exceeded the critical value n
c

for the frequency f , the so-called oblique Langmuir wave (the Trivelpiece-

Gould mode) was excited in the plasma. The shape of the surface n = n ,

which bounds the transparency region of this wave, and the pattern of its

propagation in a two-dimensionally inhomogeneous plasma waveguide are shown

in Fig.17. The linear transformation takes place in the vicinity of the

singular point (focus), /5, 6/.

In as much as T >> T. under the experimental conditions, the wave with

longitudinal (relative to the magnetic field) deceleration could be scattered

by ion-sound fluctuations propagating along the magnetic field. A theoreti-

cal calculation for actual experimental conditions leads to the following

expression for the ratio of the spectral density of the power p of the

scattered signal to the incident power P :

Ps , 1 % 16 , 2 IT. 2 ,A,3 ... S(Q) ,2
- ( - ) = - • ^ (—) n.are (-) - p(0) - ^ - k ,
o 2 pi D T

(20)

p(fi)
"pi

where u> . - is the ion plasma frequency, a and b are the longitudinal and
y cradial scales of plasma in homogeneity, respectively, X = — , r is the

3 v a ° ° D

Debye radius, fl = w - W Q , a = —(.b/rQ), v = (—) (—) , v is the frequency of

the collisions of the electrons with the neutral atoms, k - is the ratio of

the probing power that reaches the focus to the incident power P (the

coupling coefficient), S(fi) is the spectral density fo the ion-sound oscil-

lations in the plasma, and S (fi) is the analogous quantity for an equilibrium

plasma.

According to (20) the scattering gain can amount to (X /r ) ^ ; 10

times.

We registered in the experiment scattered-signal spectra whose shapes

agreed sufficiently well with expression (20) at S(J2)/S = const (Fig.25) .

A comparison of the shapes of the spectra with (20) yields for the para-

meters a and y the values a = 4 5 ± 7 ; Y = 7 ± 2 . According to probe measure-

ments a = 2.5 to 3.5 cm, b = 0.4 to 0.7 cm, T = 1.9 to 2.3 eV, and
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correspondingly a = 4 7 ± 9 ; Y = H - 6 . T n e measured value of p /P at the

maximum of the spectrum was (7 + 2) x 10 Hz . From formula (1) at S(fi)/
-12 -1

S k = 1 we get for this ratio a value 3-10 Hz

When the incident vower changes from 10 to 10 1 W the shape of the

spectrum and the ratio p /P remained unchanged. Further increase of PO(PQ

2 x 10 W) led to a jumplike increase of the scattered signal by approxi-

mately 100 times, an increase accompanied by a radical change in the form of

the spectrum (Fig.16). These phenomena are apparently due to development of

parametric instability.

To establish to connection between the observed enhanced scattering and

the presence of a focus, measurements were made at a concentration n under

the waveguide, lower than the critical n , and also at n - n , but with a
c c

uniform distribution of the concentration along the system axes. In neither

case was a scattered signal registered.

The results allow us to conclude that in this experiment, we actually

observed enhanced scattering of electromagnetic waves by ion-sound oscil-

lations, with a level close to thermal, in the presence of a singular point.

The use of this effect is particularly promising in the investigation of

parametric turbulence. As known, such a turbulence may occur in toroidal

systems in additional plasma heating by HF-methods.
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Figure captions

Fig.l • Position of a cyclotron layer in the discharge chamber.

- 69 -



Fig.2 Disposition of a reception antenna in the case of a "black" cyclo-

tron layer.

1 - analyzer; 2 - noise generator.

Fig.3 Measurements of frequency spectra

1 - Receiver with a changed operating frequency.

2 - Set of receivers tuned at different frequencies.

3 - Receiver with a constant frequency.

Fig.4 Comparison of temperature profiles deduced from absolute intensity

of cyclotron emission with independent measurements, Alcator, [5].

Fig.5 Regions of the electron density and temperature meanings, in which

the black body condition of the layer for the ordinary mode of the

first and the extraordinary mode of the second cyclotron harmonic.

Fig.6 Radial dependences of the Langmuir, (F ) , cyclotron, (F ), upper

hybrid, (F™)• upper, (F ) , and low, (F ) , cut-off frequencies.

Fig.7 a) Radial dependences of the emission power at the first, (•), and

the second, (o), harmonics f

t = 100 meek,

Oscillograms of the emission power at the first and the second

harmonics f
c e

r = 5 cm, Te(0) - 1 keV; n = 3«1O13 cm" .

Fig.8 Dependences of the emission power at 2f /f
pe ce

TORTOR, /26/.

{ ) - theory; ( ) - experiment; (o) - emission at 2f for

different densities; (+) - total emission for different magnetic

fields.

Fig.9 Radial dependences of the emission power at 2f (A), and the elec-

tron temperature, (•)

TFP, / 2 /

I = 140 kft; H = 26 kGs; t = 150 meek;
o

Fig.10 a - Oscillograms of loop voltage, (1), collective, (2), synchrotron,

(3), X-ray, (4) emission, obtained in discharges with the electron

acceleration. WEGA, /8//

- the same - in discharges with the optimal transverse driving

magnetic field.

Fig.11 a - Oscillograms of current, (1), emission at 2f , (2), mean
ce

electron density, (3), obtained in discharges with the preioniza-

tion. FT-1.
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- Radial profiles of the radiation temperature.

Fig.12 Frequency spectra of the plasma emission.

TFR, /24/

1. - n = 5-1012 cm"3; H = 34.5 kGs; T - 1 keV;
eo _ o e

2. - n = 2-1O13 cm ; H = 33.8 kGs; T = 1 keV;
eo o e

3. - n = 5-1O13 cm"3; H = 39.0 kGs; T = 1.3 keV;
eo o e

Fig.13 Oscillograms of loop voltage, (2), magnetobremsstrahlung emission,

(1). ATC, /10/

a - ohmic heating; b - HF - heating.

Fig.14 Experimental set up.

Fig.15 Scattering spectrum.

Fig.16 Scattering spectrum upon development of parametric instability.
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A7 MEASUREMENTS OF NONSTATIONARY AND ANISOTRQPIC DENSITY

FLUCTUATIONS USING ELBCIROMAQJETIC WAVE SCATTERING

. Takashige Tsukishima, Osamu Asada, Kazuo Yoshioka and Akira Inoue

Faculty of Engineering, Nagoya University, Nagoya 464.

1. INTRODUCTION

Electromagnetic wave scattering from the density fluctuations in plasma

has become widely recognized as a powerful tool for diagnosing dynamic be-

haviours of microscopic instabilities in high temperature plasma. ' In

particular, low frequency suprathermal density fluctuations observed intokamak

devices are said to be responsible for an anomalous energy loss from plasmas.

The scattered radiations from these fluctuations have generally asymmetric

spectral distributions with respect to the frequency w. of the incident wave,

and these asymmetric spectral distributions show up as a result of anisotropic

density perturbations.

So far the asymmetric spectra have been measured by means of the hetero-

dyne method which requires two frequency-stabilized coherent sources, namely,

the incident and local sources. However, this requirement is hard, if not

impossible, to be met economically as well as technically, for the oscillators

operating in the frequency from 300 GHz to 3000 GHz which are suitable for

diagnostics of large tokamak plasma. Meanwhile the homodyne method utilizes

a fraction of the incident power as a local source, therefore only single

coherent source suffices and no frequency stabilization is required. Disad-

vantage of the conventional homodyne method is that the spectral components

in the upper(blue) and lower(red) side bands, having the same frequency

deviation from the center frequency w. , are observed superposed upon each

other, so that with this method it is difficult to obtain asymmetric spectral

distributions.

Recently we have developed a new honodyne method which is capable of
4)5)

distinguishing the upper and lower side bands of the scattered radiations. >

In the followings we report the principle of the measurement and a preliminary

experimental result which is obtained using the new method for the scattered

radiation from a linear turbulently heated plasma.

2. PRINCIPLE OF MEASUREMENT

The schematic arrangement of the new homodyne detection system is shown
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in Fig. 1. A fraction of incident power guided via a directional coupler D.

is again split and fed into two branches (a) and (b). The two branches are

made symmetric except that one of them, say (b), has a tt/2 phase shifter.

The M. and M are the magictees functioning as power dividers. The D. and D2

are 3 dB directional couplers where the local signals are caribined with re-

ceived signals and fed to crystal detectors X, and X . The V, (t) and V (t)

are the outputs of the crystal detectors.

The electric field E (t) of the scattered radiation at the site of the
s

receiving antenna is expressed as

Es(t) = $ e f 2^N+(u)exp(ju)st) , (1)

where j= /T and (fee indicates that the real part is to be taken, N (u) is the

Fourier transform of E (t) with to =UJ.+W, and it consists of a product of the

Fourier transform of the density fluctuations, n(k ,w), the Thomson scatter-

ing cross section a , the anplitude of the incident wave, and the inverse of

the distance from the scattering center to the receiving horn antenna. The

k + in n(k+ ,u) is defined by
 k
+=*s-Ki / where Ks=(u /c)e , Ki=<wi/c)ei , and

the e and e. are unit vectors in the directions of the scattered and incident
s 1

waves, respectively.

When the scattered radiation is mixed with two local signals E, (t) =

cos(w.t+40 and E_(t) = sin(u).t+^J, respectively, as shown in Fig. 1, we end

up with the following two low frequency signals V t̂) and V (t), i.e.,

V]_(t) = jjj-f {|N+(u>) |cos(wt+<(i1) + |N_(u))|cos(a>t-<|>2)} (2a)

V 2 ( t ) = l\M {-|N
+^!sin(wt+4-1) + |N_(a))|sin(wt-*2)} (2b)

where N_(a>) is the cccrplex conjugate of N A-m) and we have put N (10) =

IN+ (to) I e^+ r N_(u) = l^twJle"^-, and ̂ ^ ^ , ̂ ^ - - ^ • T h u s' N_(w)

represents a red component while N (u) does a blue component.

If the time histories of V^t) and V2(t) are known, the set of eqs. (2a)

and (2b) can be solved for JN +(W)| and |N_(u)| . After some lengthy algebras,

we arrive at the following results.

JN+(to)|
2

S±(to) £ — ^ = {Gu((o) + G22(a))} ± j{ G12(to) - G21(u))} , (3)

where T is the record length of V, (t) and V 2 (t).
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= A\(1- -Lfr!-)R.k(T)exp(-jioT)dT , (i,k = 1, 2) (4)
o

are the estimates of the auto and cross power spectral densities of the sample
A A

records V, (t) and V_(t), respectively. R.. (x) and R..(x) are the estimates
J. £, IX XK

of the auto and cross correlation functions of V, (t) and V_(t), respectively,

i.e.,

R i ] c(T)= fcp V±(t)Vk(t+T)dt, (i,k = 1, 2 ) . (5)

3. EXPERIMENTAL SETUP AND RESULTS

The experiment is carried out on a linear turbulent-heating device (THE

NU-I) which consist of a glass vaccum tube having an inner diameter of 10 an

and a length of 120 cm. A steady mirror field is provided. The magnetic

field at the tube center is about 800 G. For heating purpose a pair of hollow

electrodes having an inner diameter of 3 cm are inserted into the vacuum tube,

separated by 50 cm from each other along the tube axis. A hydrogen plasma is

introduced between the two electrodes by means of a titanium washer-gun which

is mounted on one end of the glass cylinder. The initial electron density

and temperature are neS£xl0
lz cm"3 and Teil0 eV. Immeadiately after the

initial plasma is injected into the central portion of the vacuum vessel, a

heating current I. is supplied from a 3.75 yp capacitor charged to 20 kV, via

the two ring electrodes. Then the electrons are heated very rapidly and T

is increased to a value as high as a few keV in a few usec. The ion tempera-

ture T. is also increased to a value somewhat lower than T .

A 50 mW, 70 GHz microwave beam, with the electric field vector parallel

to the static magnetic field, is launched perpendicular to the tube axis, and

allowed to pass through the central portion of the vacuum tube. The beam

diameter at the scattering center is about 2 cm and the scattering center is

located about 2 an off the tube axis. The scattering angle 9 is set on 40°,

and the relative geometrical configuration is arranged such that the wave

vector k+=K -K^ lies in a radial direction, pointing outward. The scattered

waves whose electric field is parallel to that of the incident wave are de-

tected by the new homodyne method.

Figure 2 shows the values of I h and V h as functions of time t. The

strong density fluctuations are observed during a period from t=0.47 ysec. to
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1.17 ysec. One of the hamodyne detected i.f. signal V.. (t), which has been

passed through a bandpass filter (25 MHz^75 MHz), is shown in Fig. 3. The

two i.f. signals, V, (t) and V 2(t), are first sent to transient recorders where

these signals are sampled at a rate of 108 samples/sec, respectively, and

stored in digital form. These two signals are then processed on a digital

computer, according to the formulae (3) and (5), to obtain the power spectral

distributions of the density fluctuations. In the present example, the whole

observation period (from t=0.47 ys to 1.17 ys) is divided into three sub-

periods, each having a period of about 0.25 ysec.

The power spectral distributions calculated for the three successive

sub-periods are shown in Fig. 4, where S+(ai) corresponds to the density

fluctuations propagating raiially in the outward direction, while S_(w)

corresponds to those propagating in the opposite direction. It is seen from

Fig. 4 that as time goes on, the S (to) conponent becomes dominant.
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Fig. 1. Schematic arrangement of

the new honodyne detection system.
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Fig. 2. The temporal develop-

ments of the heating current I.

and the heating voltage V. . The

measurement of the density fluc-

tuations is made in the period

shown by arrows.
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Fig. 3. An oscilloscope trace

of one of the i.f. signals, V,(t),
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Abstract
A twin optically-pumped far-infrared CH..OH laser has been constructed

for use in the plasma diagnostics. The anti-symmetric doublet due to the
Raman-type resonant two-photon transition is recroducibly observed at
118.8 urn. It is shown that the Raman-type resonant two-photon transition
is useful in order to get a few MHz phase modulation for the far-infrared
laser interferometer. Some preliminary performances of this twin laser
for the modulated interferometer are described.

I. Introduction
In the modulated far-infrared (FIR) laser interferometer used in Tokamaks,

there are two different phase modulation techniques such as mechanical
Doppler shifting scheme [1] and non-mechanical dual beam scheme [2]. With
the mechanical modulation, although the maximum Doppler shifted frequency has
been achieved upto one MHz [3], low frequency such as sbout 10 KHz is being
used conveniently [1], On the other hand, with the non-mechanical one, one
MHz modulation frequency is used [2]. In order to realize a few MHz
modulation, it may be important to know the cavity detuning characteristics
of the optically pumped FIR laser in detail. For such purpose, the
anti-symmetric doublet due to the Raman-type resonant two-photon transition
[4, 5] may be attractive because it can provide us a wide frequency range of
lasing.

We have constructed a twin optically-pumped FIR CH-OH laser for the
modulated interferometer system and the Raman-type resonant two-photon
transition at 118.8 um as well as at 70.5 pm was investigated experimentally.
Heterodyne beat signals were also observed to know the frequency stability
of this twin laser.

II. Experimental
Figure 1 3hows the twin CO.-laser-pumped FIR CH,OH laser and the

modulated interferometer attached to it for simulation experiments. The twin
laser is of waveguide type, consisting of two 30-mm ID fused-quartz tubes of
2 m in length. This laser is set on a granite bench, and the separation
between the laser mirrors is fixed using "Neoceram" glass pipes having thermal
expansion coefficient of about 1 x 10~'/°C.

Although the input and output flat-mirrors, which had a 2-mm hole at the
center, were used in the simulation experiments, the 4-mm hole mirror to
intr.oduce all pump power into the cavity and the capacitive mesh output
coupler to get as large output beam as 30 mm in diameter were also tried.
Each laser mirror is set between two bellows in order to be free from
atmospheric pressure change. The output coupler assembly is located on a
translation stage driven by a differential micrometer screw. This twin CH^OH
laser can lase at the wavelengths of 70.5 to 699.4 urn.
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III. Experimental Results and Discussions
The anti-symmetric doublet due to the Raman-type resonant two-photon

transition was reproducibly observed at 118.8 urn, as shown in Fig. 2. Since
the Dopller width at 118.8 urn is 5.5 MHz (FWHM) and the pump power was a few
watts, the small width as about 2.3 MHz on resonance pumping (in this case,
CH,OH pressure was 80 mTorr) may be pressure-broadened. The large (small)
peak corresponds to forward (backward) gain [4]. The doublet separation
frequency, 5 , is given by S = 2* | A | • \_ /A.T-TT>> where A is the pump

pump r J.K
offset frequency and \ and A. F I R a^

e pump-laser and FIR-laser wavelength,
respectively [4], The pump offsets calculated from the doublet separation
observed agreed with the actual pump offset within experimental errors.
Figure 3 shows that the anti-symmetric doublet disappears at 170.6 ;am. This
may be due to the smaller 5 at 170.6 fim being masked by collision broadening.
Figure 4 shows the doublet due to the Raman-type resonant two-photon
transition observed at 70.5 um and the doublet separation upto 4.3 MHz was
observed by changing the pump offset frequency. When the pump CO, laser was
set at its line center manually (Fig. 5 ) , the anti-symmetric doublet with
2.6 MHz separation was observed at 118.8 um. From this doublet separation
the pump offset was calculated to be -16t1 MHz. When the pump intensity was
about one order larger than Fig. 2, the power broadened anti-symmetric doublet
[4] was observed at 118.8 urn (Fig. 6) and the maximum doublet separation of
5.3 MHz was achieved. The 4.8 MHz width at A =fc 0 MHz is power-broadened by
1.4 MHz since the collision-broadened width is estimated to be 3.4 MHz [5]
where the CH-OH pressure is 0.12 Torr. Figure 6 is plotted on Fig. 7. In
order to get vider frequency range of lasing and larger output power, the
pump offset around -7 MHz may be suitable. When a capacitive mesh coupler
(grid constant being 76 jim and square separation being 21 jim [2]) was used for
10 W pump power, the width of 3.9 MHz (FWHM) was obtained on resonance pumping,
and a few mW output power was observed.

The heterodyne beat signals were generated in a Ge-Ga detector with two
elements, as shown in Fig. 1. The Ge-Ga detector [6] had the maximum
responsivity of about 1 KV/W and could observe the heterodyne beat signals
upto 6 and 5 MHz at 118.8 and 170.6 um, respectively. The about 1-MHz
heterodyne beat signal (Fig. 8) with the free-running twin laser and with weak
pumping was stable within £.1 MHz for 20~30 minutes when the room
temperature was of 20± 1°C.

IV. Conclusion
Our experiments have shown that the Raman-type resonant two-photon

transition may be useful in order to get a few MHz phase modulation for the
FIR interferometer. This twin laser will be applied to the JIPP T-II Tokamak
machine to measure the electron densities in the near future, which will be
published elsewhere.
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type resonant two-photon transition
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Fig. 4 Doublet due to the Raman-type resonant
two-photon transition observed at 70.5 jjm.
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Fig. 5 Anti-symmetric doublet observed at 118.8 iim
when the pump CO, laser was set at line
center. The pump offset was obtained to
be -16 + 1 MHz from the doublet separation.
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Fig. 6 Anti-symmetric doublet observed at 118.8 um
when the pump intensity was large.
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A9 DEVELOPMENT OF SMM WAVE LASER SCATTERING
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AND TURBULENCES IN THE TOKAMAK PLASMA
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Department of Physics
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ABSTRACT
The SMM wave laser scattering apparatus has been developed for the mesure-

ment of the waves and turbulences in the plasma. This apparatus will help
greatly to clarify the physics of RF heating of the tokamak plasma. The present
status of main parts of the apparatus, the SAW wave laser and the Schottky
barrier diode mixer for the heterodyne receiver, are described.

INTRODUCTION
The experimental determination of characteristics of the waves and

turbulences in the tokamak plasma is the essential requirement in the research
of the stability problem of the plasma. It will also greatly contribute to
the advancements of the understanding of the physics of RF heating of the plasma.
Among the many methods proposed for these measurements the scattering method
of the electromagnetic waves in the SMM wave region has many advantages such
as (i) fairly large scattering angle, (ii) small refraction effect in the
tokamak plasma, (iii) small cyclotron emission noise in SMM region, (iv) totally
non-disturbing method.

There are, however, many problems to be solved. Especially the development
of the laser with high power and long pulse and the development of the low
noise heterodyne receivers are the most important tasks to be attacked for the
successful application of the scattering method of SMM waves into the tokamak
plasma.

In this report we are mostly going to describe our recent results on the
high power HCN SMM wave laser and on the characteristics of the Schottky barrier
diode of our scattering apparatus.
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SCATTERING APPARATUS AND SNM WAVE LASER

Figure 2 shows the schematics of our S^M wave laser scattering apparatus.

The k spectrum in the plasma can be obtained by the horizontal translation of

the mirror holder and tilting of the mirror A. By the translation of the

whole system on the rail, we can choose the scattering point in the tokamak

plasma. The pulse length of the SM<1 wave laser should be long enough compared

with the oscillation time width of the waves we want to measure. It also should

be long enough to suppres the stray light to a order of 10 or 10 . This

stray light reduction ratio of 10 ~ 10~ is usually necessary in the case of

electron temperature measurement by Thomson scattering method of ruby laser

light. The Fourier spectrum of the wave pulse is given by the following formula,

where, (jjv is the frequency of the laser and T is pulse length. Because we want

to use this scattering apparatus for the determination of the RF wave trajectory

on the LHH heating experiment, we want to have SM4 laser of which pulse length

satisfy the following condition,

Since the RF power source of 230Mlz, 40kW is used in -our laboratory for LHH

experiment, the pulse length must be larger than 1 sec. In consideration of

this requirement we try to develop the transversely excieed HCN laser. '

Figure 2 shows the schematics of our TE HCN laser. One module is 70cm long

and the vacuum chamber length is 70cm. The discharge length is 4cm and 8cm wide.

One module approximately has 300 resisters. At present our laser has two modules.

The operating pressure is about 0.5 lOtorr. Preionisation is also done by the

discharge through the resistors on the side walls.

Figure 3 is the waveform of the laser output measured by Liquid Helium

cooled InSb detector. Its power level is presently about 100mW^ P < 20mW and

only about 10 times larger or so compared with the cw laser which has the same

discharge length of 1.2m. The wave form of photodiode, discharge current, the

voltage across the resisters and laser gas and the voltage between the electrodes

of the discharge chamber are shown in Fig. 4. Because of the low pressure of

the operation regime of the laser, the discharge goes soon to arc discharge and
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the voltage across the laser gas goes down from 5kV to 50V rapidly. At present

most of the energy goes to resisters instead of the laser gas. The improvement

of the discharge condition by such as the intensification of the preionization

or the change of the electrode material are necessaty.

We are also planning to carry out the experiment by the cw lOOmW HCN laser.

HETERODYNE RECEIVER SYSTEM

Figure 5a shows the schmatics of the Schottky barrier diode detector mount

with a translational comer reflector. The diode chip is manufactured by NTT.

For the good contact with etched tungsten wire with nicked Schottky barrier

diode, gold is plated on its surface. Movable corner reflector as well as

tungsten wire consist of an antenna system. By the change of the distance

between the diode chip and reflector, we can increase the responsivity of the

detector as shown in Fig. 6. We found that the chip of which characteristics

is given in Fig. 5b, can give the responsivity of about 10—'18V/W with a bias

current of 5 w A. The SM4 wave power is measured by Scientek power meter.

Figure 7 shows the schematics of the arrangement for measurements of the

noise equivalent power of our heterodyne receiver system. Local oscillator is

a lm long HCN wave guide laser. Its power is now about 5mW. A high pressure

mercury lamp which has the effective black body temperature of about 3000 K

at SNM wave region is used as a reference source. The chopping the mercury

lamp light gives the rectified signal out of the IF amplifier a change of the

ratio of 1 x 10 "^ . The noise temperature of the heterodyne receiver is, there-

fore, estimated to be 3 x 10° °K and NEP is 5 x 10~'^W/Hz. These results

should be compared with the recent results of 2 x 10"'^ W/Hz obtained by Fetterman

et al. of MIT group2-*. However it is noted that the coupled local pumping power

is only 3.5mW at present. Increase of the local power will increase the conver-

sion efficency in two directions. One is the increase of the IF voltage and

the other is the reduction of the IF output impedance. The mismatching of the

output IF impedance to the SOSL of the IF amplifier will be reduced. The

measurements of the conversion loss with increased local power will soon be done.

And with these developments finished, we hope we can soon apply this method

to the tokamak, especially to the RF heating of the tokamak plasma.
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FIGURE CAPTIONS

Fig. 1 Schematics of the SMM wave scattering apparatus.
Fig. 2 TE HCN laser and its discharge circuit.
Fig. 3 Laser output wave form.
Fig. 4 Discharge wave forms of the TE HCN laser.
Fig. 5a Schematics of the Schottky barrier diode mount.
Fig. 5b Structure of the Schottky barrier diode.

Fig. 6 Resposivity vs. distance between the tungsten wire and corner reflector.
Fig. 7 Schematics for the measurement of NEP of the Schottky barrier diode

heterodyne receiver.
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32 METHODS OF DETERMINING THE ELONOATION RATIO
IN A NON-CIRCULAR TOKAMAK

S. SHTNOHARA AND MIYAMOTO-TOYAMA GROUP

Department of Physics, Faculty of Science,
University of Tokyo, Tokyo, Japan

ABSTRACT. Four ways of determining the elongation ratio are demonstrated: that
is, measurements of the electron temperature and density profiles, the magnetic
surface, the current profiles, and the MHD instabilities. These methods are
applied to the study of the effect of the decay index on ihe elongation ratio
in a non-circular tokamak TNT-A.

1. INTRODUCTION

Tokamaks with elongated plasma cross sections are expected to have higher
beta value than the conventional ones. From the experimental point of view,
techniques for determining the plasma shape and the internal structures are
important and must be developed in order to investigate the stability limit
and the confinement properties.

In this paper, four ways of determining the elongation ratio are presented
in the experiment of TNT-A ( Tokyo Non-circular Tokamak ). Using these methods,
the effect of the decay index on the elongation ratio is studied.

2. DEVICE

TNT-A [1-3] is a non-circular tokamak with major radius RQ = ^0 cm and
^t — ^'^ ^G. Its schematic view is illustrated in Fig.l. The vacuum chamber
has a rectangular cross section, 2k cm wide and 60 cm high. The plasma volume
is limited by a molybdenum limiter with a D shaped aperture, 18 cm wide and
36 cm high. The plasma current is driven by an iron core transformer with a
flux of 0.15 V-sec. The plasma shape is controlled by the external shaping
field generated by 8 shaping coils surrounding the chamber. In addition, a
copper shell ( 10 mm thick ), on inside only, restricts the magnetic surface.
Hydrogen gas is pulsed through a fast-acting valve and preionization is done
by a rf ( 800 kHz ) oscillator and a thermionic filament.

3. TEMPERATURE AHD DENSITY PROFILES

Figure 2 shows the laser scattering system. The electron temperature and
density profiles can be obtained, by changing the scattering region. The
wavelength of the scattered light longer than the laser light of 69^.3 nm is
measured in order to avoid the strong emission of % line of 656.3 nm.

Figure 3 shows the time evolution of the electron temperature and density
profiles [k]. At the early stage ( 2.5 ms ), the elongation ratio is larger
and the temperature profile is broad, while the temperature profile is peaked
with time and the elongation ratio becomes smaller. The density profiles at
2.5 ms and 5 ms have similar bell shapes, though the temperature profiles are
different.

These measurements show that the larger elongation is obtained with the
flatter temperature profile.
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Figure k shows the contour map of the electron temperature and the mag-
netic surface [3], Measuring points of the temperature are shown by closed
circles. The.magnetic surface is obtained from the one-turn loops and the
magnetic probes around the plasma. The central electron temperature and
density are 180 eV, ~ 10^3 cm~3, respectively. The result of the electron
temperature profile is consistent with the measurement of the outer magnetic
surface, and the plasma is vertically elongated with the elongation ratio of
~1.5.

1*. MAGNETIC SURFACE

By the lU magnetic probes located in the shadow of the limiter and the
6 one-turn loops inside the chamber, the magnetic surface outside the plasma
is obtained, using the equilibrium equation.

In addition to Fig.lt, the measurement of the magnetic surface is shown
in Fig.5 [3]. This figure shows the deformation of the magnetic surface during
the disruption. The magnetic surface expands in 10 us at the disruption
( dashed line ), and an increase of the elongation ratio is observed.

5. CURRENT PROFILE

The poloidal field distribution has been measured directly by inserting
the three magnetic probes ( 2 mm long and 1.1+ mm in diameter ) from the top,
the bottom, and the outer side of the plasma under a low current opertaion
( I = 8 kA ) [3,5,6].

The magnetic flux function, including the 1 st, 2 nd, and 3 rd harmonics
in 9 ( poloidal angle ), is derived by the best fit to the magnetic fields.

A typical result of the current profile from the magnetic flux funtion
is shown in Fig.6 [3]. A small up-to-down asymmetry observed at the early
stage has almost vanished at the time of the current peak ( 1.5 ms ), and the
elongation ratio of -1.6 is achieved. There is a tendency for the elongation
ratio to decrease slowly with time due to the current shrinking.

6. MHD INSTABILITIES

Figure 7 shows the data acquisition system. Data of Mirnov oscillations,
measured by the magnetic probes, are stored in the memory through MPX and
ADC ( sampling rate is 1.3 Us ) and analyzed by LSI-11 or HITAC 8800 at the
University of Tokyo.

Figure 8 shows the time evolution of the power spectrum of Mirnov
oscillations, analyzed by the FFT method, and the poloidal mode number m
against q^ value. The m mode appears around qa = m for m = 6, 5, ^, and 3.
However, m = 2 mode appears when qa is greater than 2, which suggests the
tearing mode.

. As the onset time of oscillations is related to the safety factor, the
elongation ratio can be roughly estimated [2], under the assumption of a flat
current and an elliptic cross section. Figure 8 shows the time evolution of
the elongation ratio £ in the three shaping field curvature, assuming that
the m = It, 3, and 2 modes start at qa = k.0, 3-0, 2.3, respectively, according
to the data from MINIMAK [7]. The average decay index, calculated without
the effect of the iron core and the shell, is * 0.2 ( ease A ); =* 0.1
( case B ); and - 0 ( case C ), respectively. A rapid decrease of the elon-
gation ratio reflects the decrease of the shell effect and the current peaking.
However, the value of E varies according to the curvature of the vertical
field; i.e. the elongation ratio increases when the decay index is decreased.
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7. EFFECT OF THE DECAY INDEX ON THE ELONGATION RATIO

In order to produce a desired shape of the plasma, we must know the
dependence of the elongation ratio on the field curvature. Figure 10 shows
the dependence of the elongation ratio K, qa, I

 m a x, and the mean current
density j~ on Tfx at the current peak [3,8]. Here, n"x is the measured decay
index without the plasma. The plasma boundary is estimated by the vertical
distribution of Ha line intensity and the effects of the three movable
aluminum limiters on the plasma properties. When 1TX decreases, K, Ip

m a x,
and j" increase while qa > 2 is satisfied. Around n"x - - 0.7,

 K is maximum
( = 1.5 ) and I p

m a x = Zh kA, qa = 2.1.

8. CONCLUSIONS

Four ways of determining the elongation ratio are established in TNT-A:
(i) the electron temperature and density profiles by the Thomson scattering
experiments, (ii) the magnetic surface by the magnetic probes and one-turn
loops measurement, (iii) the current profiles directly measured by the
magnetic probes, (iv) MHD instabilities by the magnetic probes.

It is shown from these measurements that Iplnax, K, j" increase with the
decrease of rfx until TTX = - 0.7, while qa > 2 is satisfied. In the case of
rTx = - 0.7, a D shaped plasma of I

 m a x = 2^ kA, qa « 2.1, K = 1.5 is obtained.
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B3 EXPERIMENTAL INVESTIGATION OF CIRCULAR

AND ELLIPTIC PLASMA COLUMN IN TORIUT-4

M. Kikuchi, N. Inoue, M. Mori, K. Moriya,

K. Miyata, K. Okano and T. Uchida

Department of Nuclear Engineering, Faculty of Engineering,

University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, JAPAN

ABSTRACT. Circular and non-circular plasmas are produced in TORIUT-4 tokamak

by means of active field shaping. Two types of passive feedback control

(strong passive and weak passive) are tested and it is confirmed that the

strong passive control is more effective to suppress the axisymmetrlc instabil-

ity than the other (weak passive control). Comparison of discharge character-

istics is made for several cases. The application of the pulsed shaping field

results slight increase of plasma current, the line-averaged electron density

and decrease of one-turn voltage. Disruptive discharges are created artifi-

cially by the contamination of discharge wall by exposing the chamber in bad

vacuum for several minutes. The comparison is also made under these condition

between circular and elliptic plasma columns.

1. INTRODUCTION

TORIUT-4 is a small tokamak the aspect ratio of which can be lowered down

to 2.6. It has the multipole windings which are set for the investigation of

the equilibrium and the stability of non-circular plasma, and the effectiveness

of magnetic limiter configuration on the confinement properties. In future

tokamak reactor, the non-circular plasma will be potentially advantageous over

the circular one in order to get the higher g-value and the magnetic limiter

will be required to reduce the impurity concentration resulting from the plasma-

wall interaction. Therefore the detailed investigation of the equilibrium and

stability of non-circular plasma column and the thermal insulation effect of

the magnetic limiter configuration is necessary.

We present the experimental results on vertical ellipsoidal plasma in

TORIUT-4.
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2. CHARACTERISTICS OF CIRCULAR DISCHARGE

2-1 MANIPULATION OF THE DEVICE

Figure 1 shows a cross-sectional view of TORIUT-4 tokamak. TORIUT-4

operates as a small aspect ratio (A i2.6), shell-less tokamak which exhibits

a poor discharge characteristics without conpensation of horizontal field error

and vacuum conditioning (typical Vi o o p = 20 V for I p = 10 kA). After applica-

tion of appropriate compensating horizontal field and repeated discharge clean-

ing good discharge characteristics with the inductive discharge can be obtained.

The wall conditioning by a Ti-Getter-flashing on the vacuum chamber wall

improves, the reproducibility of the discharge further.

2-2 SAWTOOTH OSCILLATION

Sawtooth relaxation oscillation and so-called Mirnov-oscillation are

observed by the soft x-ray detector (PIN diode) for relative weak toroidal

field (Bt - 2 kG). The repetition time of the sawtooth relaxation and the

frequency of the Mirnov oscillation are 100 ys - 300 us and 25 kHz, respectively.

The repetition time is much smaller than those observed in large devices but

the frequency of the Mirnov oscillation is comparable to those observed in

large devices. Figure 2(A) shows an example of sawtooth-like oscillation just

before the occurence of the major disruption. Up to now, we have not confirmed

that this relaxation oscillation is due to the internal disruption by the m = 1

reconnecting mode.

External poloidal field fluctuation is observed by the improved sector

coils of m = 2 and m = 3 pololidal modes. The mode frequencies of both m = 2,

m = 3 Mirnov oscillations measured by sector coils agree with the oscillation

frequency of the soft x-ray signal." However, the amplitude of the Mirnov

oscillation on the soft X-ray signal is large at just before the disruption

and those of m = 2 and m = 3 magnetic oscillations are large at just after the

disruption. In adittion to m = 2 and m = 3 modes which we measured, the

existence of high m unstable modes is possible. From the present results, we

may say at least m = 2 and m = 3 mode becomes unstable just after the disruption.

Figure 2(B) shows a typical example of m = 2 dominated discharge. In this

case, the intensity of soft X-ray levels off with the development of the m = 2

mode. This fact implies the existence of the enhanced thermal conduction due

to tearing modes or the enhanced impurity influx by the plasma-wall interaction

resulting from the helical deformation of the plasma column.
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2-3 ELECTRON TEMPERATURE

Electron temperature is measured by the Thomson scattering method. Figure

3 shows the typical example of measured electron temperature.

2-4 DENSITY FLUCTUATION

In order to investigate the microscopic density fluctuation, we tried to

observe the collective-scattering of microwave which satisfy the Bragg condition

in a scattering volume. Figure 4(A) shows an example of received micro-vave

signal and Fig. 4(B) is a Fourier transform of it. This signal may contain

both collectively-scattered microwave and wall-scattered microwave. Since the

microwave beam damp and the viewing damp were not equipped, most of the detected

signal is possibly wall-scattered one. Therefore the spectrum shows a line-

integrated density fluctuation along the antenna pattern of the receiver horn.

But, this data implies the existence of the density fluctuation whose frequency

is a few hundred kilo-hertz.

2-5 GAS PUFFING

Without the gas puffing during the discharge, electron density decreases

with a decay constant of 1 msec. In order to maintain or to increase the

electron density, we applied the secondary gas input during the discharge using

the Piezo-electric valve. As Piezo-electric valve opens fully in 2 milli second,

we triggered it 2 milli second before the discharge. The maximum line-averaged

electron density is 1.5 x 10 + 1 3 cm"3. Since the current density is relatively

small (J = 20 A/cm 2), this valve of the electron density is appropriate for the

stable operation. Further increase of gas puffing results the appearance of

positive spike on the loop voltage.

3. EXPERIMENTAL STUDY OF PULSED SHAPING OF THE PLASMA FOR A VERTICAL ELLIPSE

3-1 FORMATION OF PLASMA EQUILIBRIUM

Initially, produced plasma has an approximately circular cross-section.

Present device has an iron core which is used as the current trasnformer.

Without the iron core, Green's function for the Grad-Shafranov equation is

expressed by the following expression,

G(r,z,rp) = J£ (rpr)
1/2{(i.i)t2)K(k) _ E(k)y (1)

where,
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v2 = 4 r P r

(rp+r)5 + Z2

On the other hand, appropriate Green's function when the iron core with a

radius rc exists is expressed as follows ,

Q. <r,z,rp> = G(r...rp)

In our device, the vertical magnetic field deduced from the second term of

equation (2) becomes larger than the required vertical magnetic field. Hence

the pulsed vertical magnetic field whose decay index n varies from 0.2 - 1.3

along the plasma region is applied negatively. Although the decay index of

the image-field of the iron core is 1.5 corresponding to the horizontal ellipse

of b/a = 1.3, the conductive casings of toroidal field coils decrease the decay

index. Experimental evidence that obtained equilibrium is positionally stable

without any passive stabilization supports that the decay index may be less than

1. In the present calculation of plasma equilibrium, we suppose that initially

produced plasma column is maintained by the zero decay index vertical magnetic

field. When the decay index for initial plasma column is around 1, the vertical

elongation decreases slightly (-0.2 for flat current!.

Figure 6 shows the discharge characteristics of both circular and vertical

ellipse, and computed equilibrium configuration is shown in figure. When the

pulsed shaping field is applied, slight increase of the plasma current and the

line-averated electron density and the decrease of one-turn loop voltage is

confirmed experimentally. Similar results are also observed in the TOSCA
(2)

experiment . In the present experiment, shaping coils (3,5,8,10) and (1,4,

9,12) are energized by the independent condenser bank. The decay time of the

former set (3,5,8,10) is slightly longer than that of (1,4,9,12) which results

the gradual inward shift of the plasma column and hitting of the inner wall.

Calculated flux surface and poloidal magnetic field is compared with the

measured magnetic field in figure 7.

(2 3)
3-2.AXISYWMETKIC INSTABILITY '

Experimental study of axisymmetric instability is also carried out in

TORIDT-4. There are some experimental investigations of axisymmetric instability

of inverse-Dee, square , elliptic and triangular plasma (2> .

Recently, Jardin * ' has shown that a series of axisymmetric instability

is stabilized by the passive feedback of each shaping coil. Therefore we use
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two typer of passive feedback control connection which are illustrated in

Figure 9. In case of the strong passive control, plasma is stable down to

Ip/Is = j. When the ratio Ip/Is becomes lens than a critical value, abrupt

current termination occurs. Figure 8 shows an example of the axisymmetric

instability. In this case, the plasma moves in the 6 = 135° direction which

is consistent with the equilibrium configuration in figure 10(A). In a weak

passive control, critical Ip/Is becomes - 5 and the calculated elongation ratio

is around 1.6 (flat current profile is assumed). In case of the strong passive

control, the calculated elongation ratio is 1.9 for flat current profile and

1.5 for parabolic current profile.

3-3 DISRUPTIVE INSTABILITY

Disruptive instability is induced when the base pressure of the discharge

chamber is lowered to 3x10"^ torr for several minutes. In a circular discharge

poloidal mode number is 4 in a current rising phase and m = 2 like just before

the disruption. Disruption is accompanied by a rapid inward shift. The

elliptically shaped plasma column exhibits more strong disruptive instability

and ti-ie plasma column shifts inward repeatedly although the shaping field

has the strong stabilizing effect on the horizontal displacement.
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B4 FEEDBACK CONTROL OF PLASMA POSITION IN JIPP T-II

Satoshi ITOH? Kazuo TOI* and Kiyokata MATSUURA

Institute of Plasma Physics, Nagoya University, Nagoya 464

In a tokamak, a feedback control of plasma position by means of

vertical magnetic field is widely used as a standard technique. ' In JIPP

T-II, which is a hybrid device of tokamak and stellarator with a resistive

shell, we have used the control system of vertical magnetic field using

digital computer and thyristors. Schematic diagram of this system is shown

in Fig.l. Plasma position is calculated using digital computer CPU as func-

tions of magnetic probe signals S p S2, plasma current I and strength of

the vertical magnetic field B -. In the calculation we used the following

Mukhovatov-Shafranov re1ation: •"

(1)

where p, q, r, 6., 0_, A and U are given by

and a , a , b, R and T are the minor radii of the shell and plasma, the

distance from the center of resistive shell to magnetic probes, the major

radius of shell, and the time constant of shell, respectively. In the present

control system, the plasma radius a is assumed to be constant throughout the

discharge.

Equation (1) may be transformed into the following difference equation

with the time interval of the sampling time T ;

* Present address: Research Institute for Applied Mechanics, Kyushu
University, Fukuoka 812
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The required strength of vertical field B' _ (= B ) is estimated by the

following equation which is derived to be A ^ = 0 in eq.(2),

«

Above process of calculation can be expressed by the block diagram

shown in Fig.2. In the diagram the symbol H(n) is used to denote the shift-

back operation (n+1 •> n) with respect to B , U and A, and a denotes the shift-

back for plasma current I. This diagram can be reduced to the one shown in

Fig.3.

Block diagram for the vertical magnetic field generated by thyristor

power supply, the plasma, and the resistive shell has already been analyzed.

Therefore, we can have block diagram for the total system as shown in Fig.4.

Stability of this control system has been analyzed on the basis of

Bode-diagram. In Fig.S, we show open-loop gain as a function of angular

frequency &> for k = 1; k is a gain factor. Related phase-lag is shown in

Fig.6. In the figures, characteristics for various sub-loops are also shown

together with the over-all characters (thick lines). We see that the open-

loop gain at phase lag <p of -ir is somewhat greater than unity. This means

that the system is unstable. Therefore, it is needed to reduce the gain k

by a factor of 2-3.

This reduction of k is, however, very artificial; in Mukhovatov-

Shafranov relation k should be unity without arbitrariness. Thus k < 1

leads to some positional error. Block diagram shown in Fig.7 is the one

rearranged from Fig.4. We see that the input inside the dotted line play a

role of command in the feedback system. We made compensation of this effect

in the programming of the command Ag. Here we may note that the effects

associated with a causes almost negligible effects because change in plasma

current during the sampling time is very small, i.e., a is very close to unity.

The reason why we have such a high gain in spite of solving the equation

is as follows: the required B calculated by the computer is the one for

which the plasma position A should be zero at the next sampling time.

Therefore, in the case where shell time constant T is long with a short

sampling interval T , calculated B includes forcing effect associated with

the ratio T / T . This forcing leads to high open-loop gain of the control

system.

Above analysis has been compared with experimental results to show a
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good agreement.

In general, this kind of feedback control includes many time constants

and the system can not be stable at a high gain; allowable open-loop gain is

low (gain <; 10). Therefore good positioning must be realized by some hybrid

control. One is "compensation plus feedback" which is the case of our system;

compansation is provided by the plasma current in the computer calculation.

Other method is "preprogramming plus feedback" where preprogramming will be

made on the basis of real discharge. In comparison of these two methods, we

believe that the former has a merit of easiness in operation; in the latter,

one must prepare preprogramming before the discharge assuming reproduci-

bility of the plasma discharge.
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Fig. I. Feedback control system of JIPP T-II.

F t - 2. Block diagram of the calculation process in
the computer.

Fig. 3. Block diagram reduced from Fig. 2.
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B5-a CONTROL OF HORIZONTAL PLASMA POSITION
BY FEEDFORWARD-FEEDBACK SYSTEM WITH DIGITAL COMPUTER

IN JIPP T-II TOKAMAK

K. Toi*, K. Sakurai, S. Itoh*, K. Matsuura, S. Tanahashi

Institute of Plasma Physics
Nagoya University
Nagoya, Japan

Abstract

In the resistive shell tokamak, JIPP T-II, the control of horizontal
plasma position is successfully carried out by calculating the equilibrium
equation in a thin resistive shell from a large-aspect-ratio approximation
every 1.39 msec with a digital computer. The iron core effect also is takeri
account by a simple form in the equation. The required strength of vertical
field is determined by the control-demand composed of a "feedback" term with
proportion-Integration-Differentiation correction ( PID-controller ) and
"feedforward" one in proportion to plasma current. The experimental results
have a satisfactory agreement with the analysis of control system. By this
control system, the horizontal displacement has been suppressed within 1 cm
throughout a discharge for the plasma of 15 cm-radius with hiqh density and
low q(a)-value obtained by the second current rise and strong gas puffing.

INTRODUCTION
The present tokamak research aims to confine the high temperature and

high density plasma with low q(a)-value through longer time. The tokamak
plasma should be maintained in the optimum position without a strong plasma-
wall interaction and successive impurity-burst. The required vertical field
for macroscopic equilibrium depends on the plasma current, plasma pressure
and current density profile which considerably changes in the tokamak dis-
charge. From this reason, the feedback control system is introduced to main-
tain the plasma position in the optimum one throughout the tokamak discharge.
Various control methods have been adopted to obtain the tokamak plasma equi-
librium [1-4]. In these methods,the analogue circuits play an essential role
in controlling the plasma position. The plasma position and required strength
of the vertical field are calculated by the analogue calculation circuit.
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The control system composed by a digital computer is considered to be the

other effective method for tokamak equilibrium. The digital control system

can execute the complicated calculation with better accuracy, and is more

suitable for a precise control of complicated large-scale system in a large

tokamak in comparison with the analogue type system. In the digital control

system, the controlling parameters can be adjusted easily and precisely.

This paper describes the control system with the digital computer for

tokamak equilibrium in JIPP T-II and the experimental results.

CONTROL SYSTEM OF VERTICAL FIELD

The support of the helical coils acts as the resistive shell > *th a skin

time T = 5.2 msec, where the major and minor radii of the shell are R = 91

cm and b = 24.5 cm, respectively. The control coils consist of eight blocks,

and mainly produce the vertical field with a decay index of 0.5 to 1.0 over

the plasma cross-section. The controllable range of the field is 0 to 550 G

at the plasma axis. The series resistor is inserted in the coil circuit to

obtain a quick response. The coil current is fed by the SCR power supply

which is driven by the analogue signal from the digital computer system.

The plasma position is estimated every sampling time T ( = 1.39 msec ) by the

computer from plasma current ( I ), coil current ( I ) and signals of the

magnetic probe-pair located on the inner surface of the shell(S. and S2)[5],

CONTROL DEMAND OF VERTICAL FIELD

The required external vertical field at the n+l-th time step ( B ^ )

is estimated by the following equation,

vn+1 ~ c n+1 n+1 " rn+1 ^ 1 vn+1 2 vn

•\.

where/in+i,^.^i, B + j , Q +j and I .̂  are the normalized horizontal displace-

ment, required position, vertical field outside the shell, ratio of difference

to sum of signals of magnetic probe-pair ( (S1 - S2)/(S1 + S2) ) and plasma

current at the n+l-th time step, respectively. The parameters K and G are

the geometrical constant and the gain constant, respectively. The parameters

E-j, E2, E3, E4 and E? are the adjusting coefficients of PID-controller. The

integration correction which raises the loop gain in the lower frequency range

- n o -



is done by the combination among the E, -, E, - and E7 - terms of eq.(l).
The differentiation correction which raises the loop gain in the higher fre-
quency range is executed by the E3 to E^ - terms, or the E-j to E2 - terms,
where the former and latter are approximately proportional to the shift-
velocity ( d&/dt ) and acceleration ( d A/dt ), respectively. The differen-
tiation correction will improve the response of the control system. The slow
plasma shift is controlled by the terms of eq.(l) which are proportional to
the plasma current ( "Feedforward control" ), and the relatively faster shift
with similar time scale to T is suppressed by the first to sixth terms of
eq.(l) ( "Feedback control with PID-controller" ).

BLOCK DIAGRAM AND STABILITY ANALYSIS
We compose the block diagram of whole control system by the same proce-

dure in Ref. 6( Fig.l ). The area enclosed by the broken-line represents the
calculation process by the digital computer system. The operator !\ comes
from the sampling process. The stability property of the system can be
easily examined by the so-called Bode-diagram, i.e., gain-frequency diagram
and phase-frequency one ( Fig.2 ). It is seen from Fig.2 that when G is
larger than 0.3, the system is unstable and the characteristic frequency at
the critical gain is about 70 Hz.

EXPERIMENTAL RESULTS
The analysis has a satisfactory agreement with the experimental ones

( Fig.3 ). Figure 3 also shows that the steady state deviation increases
with the decrease of G . It is considered that the optimum range of G is
from 0.15 to 0.25. The introduction of the feedforward term ( E 5I n + 1 ) and
integration correction ( E2Byn and E?Bvn ) suppresses the steady state devi-
ation to the lower level with good stability of the system. Figure 4 is a
high density discharge with low-q(a) value obtained near the optimum condi-
tion of the control system, where the initial and final large displacement
results from zero-division in a digital computer due to no plasma current.
Recently, the effect of PID-controller has been studied experimentally. The
addition of the differentiation correction'in proportion to the shift-
velocity dtydt has considerably improved the settling time [7].

CONCLUSION
It is concluded that the digital control system which is composed of the
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feedforward-feedback system with PID-controller can be effectively applied
to maintaining the plasma position in the Jipp j-li tokamak.
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Fig.l Block diagram of whole control system in JIPP T-II.
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Fig.? 10
Gain-frequency and phase-
frequency diagrams for
various gain constant
Gc in the case without
PID-controller.
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B5-b CONFINEMENT OF OHMIC- AND TURBULENT- HEATED PLASMAS

IN SMALL HIGH- FIELD TOKAMAK TRIAM-1

K. Toi, S. Itoh, Y. Kawai, N. Hiraki, K. Nakamura, 0. Mitarai

Research Institute for Applied Mechanics

Kyushu University

Fukuoka 812, Japan

Abstract

— 1 4 - 3

The high electron density plasma of n = 1 - 2 x 10 cm with high

temperature ( central electron temperature T g 0 as 400 eV and central ion

temperature T^ — 200 eV ) is easily obtained by ohmic heating alone in

TRIAM-1, which is a small ( major radius R = 25.4 cm ) high-field ( B.

= 40 kG ) tokamak.

The turbulent heating is carried out by application of pulsed toroidal

electric field much higher than the Dreicer field. The bulk ions are effi-

ciently heated up without deterioration of confinement properties. The

decay time of the ion temperature raised by the heating pulse agrees well

with the prediction by the neoclassical transport theory.

INTRODUCTION

The nuclear fusion research by tokamak-type device is progressed by two

different schemes, i.e., by a large device with medium strength of toroidal

magnetic field such as PLT and T-10, and by a small one with high magnetic

field such as Alcator. The Alcator-type tokamak has high B../R-value and high

current density can be attained. According to Murakami scaling [1], it is

advantageous for obtaining the higher electron density. The Alcator-type

tokamak will contribute to minimization of tokamak-type fusion reactor.

The TRIAM-1 ( j_st Jokamak of Research institute for Applied Mechanics )

[2] is the small high-field tokamak. The one of the main purposes of TRIAM-1

experiment is to study the confinement of high-density plasma in low q(a)

regime. The other purpose is to heat up the high-temperature tokamak plasma

by turbulent heating which is carried out by application of the short pulse

of toroidal electric field as E^Ep, where Ep is the Dreicer field.
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The small high-field tokamak is advantageous for also turbulent heating by

current-driven turbulence excited by high current density. The experiment

in TRIAM-1 has been started at the end of 1978. This paper surveys the

TRIAM-1 plasmas obtained by ohmic and/or turbulent heating.

DEVICE AND DIAGNOSTICS

The characteristic parameters of TRIAM-1 are listed up in Tab.l. In

Tab.2,the used, prepared and planned diagnostic instruments are shown.

OPERATION REGIME OF TRIAM-1

We clarify three operation regimes of TRIAM-1 on the <ud*/<vt(ie*> - E/Ep

plane, where <ud>/<vthe> is the streaming parameter ( Fig.l ).

1) Ohmic Heating

The maximum values of plasma parameters obtained by ohmic heating are

as follows; central and ion temperatures T — 640 eV and T. « 2 8 0 eV,

average current density<j>*950 A/cm and line-average electron density n" -
14 3

2.2 x 10 cm . The central electron temperature increases in proportion to

<j>, and ion temperature T.. follows the Artsimcvich scaling.

A high density plasma by gas puffing is in regime I. In TRIAM-1, n~ is

usually higher than 1 x 10 cm" . The classical Coulomb-process is dominant

in this regime andfc>ce/<ype< 1, where <JCQ and cj^e are the electron cyclotron

and plasma frequencies, respectively. Figure 2 shows the typical discharge

obtained by strong gas puffing. The stable high density plasma of rf = 1 - 1 . 5
1H 3

x 10 cm can be obtained by careful control of gas puffing.

In TRIAM-1, the operation in regime II can be easily realized by reducing

rT, with high plasma current, where cJJOi. > 1 . This regime is very close

to the slide-away regime studied by Alcator [3] and TM-3 [4], Some current-

driven micro-instabilities will be excited due to high value.of streaming

parameter. Figure 3 shows the typical discharge in regime II. The current

density<j>^740 A/cm2 and <"d>/<vtne
> -0.2. The temperature ratio T ^ / T ^

is very close to unity, though the energy equipartition time is longer than

the ion energy confinement time. This type of discharge has the similar

features with that in slide-away regime.

2) Turbulent Heating of High Temperature Tokamak Plasma

The following tokamak plasma in regime II is firstly produced by ohmic
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heating, i . e . , I - 2 ^ ! kA ( ohmic heating current ), Btc=- 26 kG, q(a)c=.4,
if ~ 2 x 1013 cm 3 , T 2 : 2 5 0 eV and T. ex 140 eV, respectively ( Fig.4(a) ).& eo l o
In this high temperature plasma, the pulsed electr ic f i e ld has been super-
imposed with the positive polarity on the ohmic heating f i e l d . Although the
applied electr ic f i e ld E is relat ively lower ( E ̂ 1 0 V/cm ), i t is much
higher than the Dreicer f i e ld En due to high electron temperature and
relat ively lower electron density. In Fig.4(b), the plasma current ( I )

TH "
and loop voltage ( V," ) induced by the heating pulse are shown. At the
peak of pulsed current, the streaming parameter averaged over the plasma
cross-section attains about 0.5 ( regime III ). In this paper, we pay atten-
tion to only time behaviour of plasma parameters except for the applied inter-
val of the heating pulse. Figure 5 shows the energy spectra of fast neutral
atoms emitted from the central position ( z = 0 ) in both cases without and
with the heating pulse during 0.1 to 0.2 msec after the heating pulse.
Both energy spectra indicate two groups with different "temperature". The
bulk ion temperature is estimated from the slope of energy spectrum in lower
energy range ( 0 . 4 ; < E < 2 keV ). In the case without heating pulse, the
bulk ion temperature { T. x = 146 eV ) follows the Artsimovich scaling. By
the heating pulse, the ion temperature has attained 260 eV. The fraction of
the higher temperature part is in order of 10 for the bulk temperature part.
The high energy tail of ion energy distribution that exists even without the
heating pulse may come from the weak current-driven turbulence due to the
considerable high value <ud>/<vthe> = 0.20 - 0.25.

The time variation of bulk ion temperature at z = 0 ( 7^ol ) is shownin Fig.6 together with those of central electron temperature ( T ) and
line-average density ( n" ). The solid curves marked by "A" and broken ones

6

marked by "B" denote the cases without and with the heating pulse, respectively.
The ion temperature raised by the heating pulse decreases to the ion temperature
obtained by ohmic heating alone with an e-fold decay time (£*.,• ) of about
330/<sec. Since the characteristic decay time is expressed by the
relation T*j = Zgaitj/(%q

 + ^ i )• tne io" energy confinement time T E i is
estimated as about 500/<sec, which agrees well with the energy confinement
time predicted by the neoclassical transport theory. Moreover, it is seen
from the vertical scanning of the neutral atom energy analyzer that the ions
of whole plasma region are heated up by an almost same rate after 0.1 to 0.2
msec from the heating pulse.

The diagnostic instruments are being arranged to observe the temporal
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variation of plasma parameters during the heating pulse. The mechanism of
turbulent heating in the high temperature tokamak plasma will be clarified
by fluctuation measurements by microwave scattering method etc.

CONCLUSION
It is concluded from the above experimental results that the tokamak

with high Bt/R-value such as TRIAM-1 is advantageous for obtaining high
density and high temperature plasma, and the turbulent heating is effective
for heating the tokamak plasma.
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Tab.l Characteristic parameters of
TRIAM-1

Major radius
Wall radius
Plasma radius
Toroidal field
Skin time of shell
(vacuum chamber)
Pulsed electric field
for turbulent heating:
T i b k

R=25.4 cm
b= 5.3 cm
a^4 cm
B.£40 kG
j r^160
B.£40
-j-r^160

s sec

10 V/cm
d

g: E £ 10 V/
Two ceramic breaks are equipped.

Tab.2 Diagnostics in TRIAM-1

Thomson scattering
Neutral atom energy analyzer
2 mm microwave interferometer
Magnetic probes and loops
Soft X-ray measurements
*Si(Li) detector
PIN diodes

* Microwave scattering
* Cyclotron radiation measurement
* VUV spectrometer

Visible spectrometer
* Neutron detector
* Far-infrared laser interferometer
* Fast ion gauge
* Pyroelectric detector
* Electric probe

* prepared or planned
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Fig.4
Discharge characteristics of both
cases without and with heating pulse,
where the pulse is applied in positive
polarity. The dot-dash curve denotes the
loop voltage produced by the vertical
field in the case without the plasma.
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Fig.5
Energy spectra of fast neutral atoms
measured in the equatorial plane
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during 0.1 to 0.? msec after heating
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Cl Poloidal divertor EKperiment in DIVA/JFT-2a

DIVA Group presented by Yasuo Shimomura

JAERI, Tokai, Naka, Ibaraki, Japan

Poloidal divertor experiment in DIVA is summarized briefly

1. Introduction

The DIVA/JFT-2a was an
1)2)

axisymmetric divertor tokamak

which was operated from Sept. 1974

to Sept. 1979. In the device,

impurities from the wall materials

were mainly studied without impuri-

ties from absorbed gas, i.e. impuri-

ty origin, impurity effects, impuri-

ty transport not only in the main

plasma but also in the scrape-off

layer plasma, impurity control, and

improvement of plasma confinement by

reducing impurities. Characteristics

of scarpe-off layer plasmas which are

very important to discuss impurity

control in a device were also

investigated. These results are

briefly summarized in this paper.

Table 1. History of DIVA

Analysis of configurations

R & D

Design

June — Construction
1973

Sept. — Operation
1974 Divertor configurations

Scrape-off layer plasma
Gas impurity free plasma
Pseudo-continuum
Metallic impurity study
Divertor actions

May — Improvement (IT •*• 2T)
1977 Scaling of scrape-off

layer plasma
Improvement of plasma
confinement
Particle and Impurity
transport
Origin of metal impurities
ICRF heating
Very-low-q discharges
Disruption
Carbon limiter and carbon
wall

Sept. — Shut down
1979

2. Device and diagnostics

The cross-sectional view of the device and the typical plasma

parameters are summarized in Fig.l. Three kinds of materials, i.e. Au,

T^ and C were tested as the first wall including the limiter.
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Fig.l DIVA/JFT-2a

Various kinds of diagnostics methods including conventional ones were

employed and summarized below. Numerical codes, i.e. the tokamak code,

Monte Carlo codes for neutral, Monte Carlo code for impurities in the

scrape-off layer, mhd equilibrium code with external coils and tearing

code, were applied for analysis.

Configurations:

BD, particle and heat flow, potential, high speed camera and Hard
3)

X-ray (Tracing runaway electrons) .

Fluctuations and disruptions:

BD, PIN, np, VT, ID, impurity injections and T e (Laser is triggered
4)

by sowtooth signals) .

Main plasma:

laser, ex, doppler, 2 & 4 mm, PIN, bolometer, X-ray energy analyzer

and average particle confinement time (saturation current on various

walls and H ^ g ) 5 * .

impurities in the main plasma and in the scrape-off layer plasma:

visible, VUV, bolometer, numerical code, impurity injections

(laser, arc, gas puff of 100 Ms), pseudo-continuum (space and

wave-length scan) .
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Scrape-off layer:

f , (movable small electrostatic analyser) , T. (Katsumata
8) 5) 1

probe) » v, (oneside electrostatic probe) , Dj, (combining movable
9)

limiter and one side probe) and heat conduction rate (combining

thermoprobe and electro static probe) .

Surface & impurity origin:

AES, SEM and impurity efflux v.s. limiter temperature or limiter

voltage.
3. Experimental results

1) Impurity production

(1) Absorbed gas

It is easy to obtain a pJasna free from gaseous impurities by cleaning

the first wall surfaces of Au, Ti or C ^ ' '. After reducing gaseous

impurities, radiation loss due to pseudo continuum becomes dominate with

Au-w.ll13)6>.

(2) Wall material

It was clarified what is the major mechanism of metallic impurity

production . Experimental results show that the self-sputtering of

the metallic impurity ions accelerated by the sheath potential near the

limiter surface is the major mechanism of metallic impurity recycling in

ordinary discharges. The evaporation of the limiter surface takes place

by local deposition of high energy electrons in low density discharges and

by arcing '.n an unstable discharge or in the case of a dirty limiter

surface.

Carbon wall with a carbon limiter was also investigated and it was

shown that the chemical sputtering is easily suppressed by pre-bombarding

the limiter surface at a high temperature. Consequently, ion sputtering

becomes dominant

2) Equilibrium

Stable configurations with a separatrix magnetic surface by using a

divertor coil current and a copper shell were obtained ' ' and dynamic
18}

magnetic limiter operations were stably demonstrated . The non-

axisymtnetric perturbation deforms the old separatrix magnetic surface and

there appears an ergodic region around the old separatrix .
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3) Stability

The separatrix magnetic surface stabilizes the surface mode but the

separatrix magnetic surface does not affect the tearing mode . No major

disruption is observed in impurity free plasmas with and without the

divertor. And the major disruption is excited with both of the impurity

injection and the internal disruption. The amount of injected impurities

exciting the major disruption with the divertor is two times larger than
19^20)

without the divertor ' '" No major disruption can be excited in the

non-divertor and divertor discharges with qa < 2 because of no existence

of the resonance surface for m=2/n=l.

4) Confinement

Impurity reduction by the divertor or by other methods increases the

energy confinement by a factor of 2.5 by increasing the radius of the hot

column but does not affect diffusion coefficients. Therefore the following

modified ALCATOR scaling can well describe the observed energy confinement

time both with and without the divertor.

1.8 x 1O~ 1 4
sec.

Where q , n and aj,aif
 a r e t n e safety factor, the mean electron density

in cm"3, and the half radius of the electron temperature profile in cm.

The divertor increases a, „ by reducing the impurity level
20)

5) Impurity transport in the main plasma and in the scrape-off layer

Impurity influxes to the hot column are shown in the following

figures.

24)~29)

The observed impurity profiles in the main plasma are wall described

by combining the neoclassical and anomalous effects. The anomalous dif-

fusion coefficient is almost equal to that of electron energy loss. The

transport of impurities in the scrape-off layer plasma is well explained
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by a Monte Cairo code. Therefore the experimental results shown in the

above figures are well described by combining the tokamak code and the

Monte Cairo code.

6) Scrape-off plasma

(1) Scaling laws 9 ) 2 2 ) 2 3 )

The energy and particle conservation laws give the following simple

formulas for plasma parameters in the scrape-off layer, i.e. electron

temperature T e s, width of the scrape-off layer d, the density n e s, the

particle flux density f_ and the heat flux density q:

T = 3TP(Pln " ?CX ~ V fi +? ) (1)
2T,, P4 Y ( e

E in

(2)

L n
e
a

nes " 2v7

fP " nes vf

V Tes fp

Y, Dj. v, and L are the heat transport rate, the diffusion coefficient the

particle flow velocity, and the half length of the magnetic field line

between the material surfaces in the scarpe-off layer, respectively, and

Pin* Pcx' PR' " V TE' ̂ e' ̂ i' \ a n d a a r e l n P u t P 0"". charge-exchange

loss-power, radiation loss-power, particle confinement time, energy

confinement time, electron temperature, ion temperature, density and minor

radius in the main plasma column, respectively. T , d, n , f and q
es es p

can be calculated from these equations if we know v,, Y> Dj_ and the

parameters of the main plasma. The space potential and the floating

potential which are also important parameters can also be estimated from

these values by assuming a certain magnetic configuration and secondary-

electron effects. Therefore, the essential parameters in the scrape-off-

layer plasma are vf, Y and Dj_. And these parameters were stadied.

The following results were obtained with B - 0.8 - 2.0 T,
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= (1.5-5.0) x 10 1 2 cm"3, T e g = 20 - 100 eV and T ± g = 2 0 - 8 0 eV.

vf ~ 0.3 Cs

D x ~ 0.1 DB

Y 21 100 in runaway discharges

Y ~ (8-15) in normal discharges

Where C and D are sound velocity and the Bohm diffusion coefficient.

The observed y in normal discharges are well described by the sheath model

including the effects of secondary electrons and epithermal electrons

T / T E S 1 in DIVA.

The results give the following simple equation from Eq.(l).

(P - P - P ) f
T . 0.2 i n C X 8- (Te + T.) ^ (6)

in *•

This equation shows that temperature at the edge is extremely high

in a high-temperature tokamak with P » P + P and T /xE ~ 1, and it

is expected that the surface erosion and the impurity production become

serious. Thus, some method of cooling the plasma edge down to a suffi-

cient low temperature, typically several tens of electron-volts or

reducing T_, is required in conventional devices

(2) Shielding and back flow 2 5 ) 2 6 )

It is rather easy to shield the impurity influx as shown in 5) but

neutral particles can penetrate into the main plasma because the charge-

exchange process is dominant and the wall-reflection gives a high energy

to the influx particles.

Impurities do not flow back into the main plasma column from the

burial chamber (see 5) ). No artificial pump for metallic impurities is

necessary in the burial chamber and gas impurities are easily controlled

by cleaning the vacuum vessel. Therefore, there is no difference between

the magnetic limiter (e.g. that of JT-60) and the divertor concerning the

impurity control.
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C4 ROLE OF IMPURITY SPECTRA IN TOKAMAK PLASMAS

K. Mori

Institute of Physical and Chemical Research

Spectroscopic diagnostics of high temperature plasma

are essential to observation of plasma parameters, i.e.,

electron and ion temperatures, plasma density, and impurity

concentration. Impurity concentration can be measured only

by spectroscopic means. Observation of spectral line

intensities and suitable modelling procedures yield the

spatial distributions of impurity ions in the plasma. In

order to carry out these analyses reasonably, accurate

atomic data are needed; i.e., wavelengths, transition

probabilities, ionization and excitation rate coefficients,

recombination coefficients, diffusion fluxes, etc. At

present, the status of atomic data for highly ionized ions

is not good enough. It is urgently needed to compile

necessary atomic data.

In tokamak plasmas, radiative energy loss by heavy

impurity ions have been severe problem. Such an example

was shown in PLT experiment on tungsten ions originated

from the limiter material. In other tokamaks such as DITE

and TFR , molybdenum ions from limiter played similar roles.

In the extreme case heavy metal impurities cause hollow

profile of electron temperature. Even if the predicted

accumulation of impurity in the core of plasma column has

almost been denied, presence of heavy impurity in plasma is

not desirable anyway, because it causes serious radiation
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loss in tokamak plasma. With the progressive elimination of

heavier molybdenum, tungsten and gold as tokamak construction

materials, the influence of iron in tokamak plasmas is

certain to increase. From the point of view of fusion

reactors, austenistic stainless steel is now recommended as

the best candidate, for constitution materials. So, we will

always find iron ions in the near future tokamak; especially
4

in the experiment of further heating . Recently, compilations
of wavelengths and energy levels of highly ionized iron ions

were published ' . Oscillator strengths of iron ions will

be published soon . The spatial distribution of iron ions

in tokamak plasmas can simply be predicted from the ionization

potentials of each ions, because the ions of a particular

species tend to be located in the plasma where the electron

temperature is nearly comparable to their ionization potential.

An example of spatial distribution of iron ions expected in

coronal equilibrium is shown in figure l(a). In actual

tokamak plasmas, the radial ion distributions deviate

conciderably from coronal equilibrium, as shown in a typical

case in figure 1(b). We should take into account radial

motion of ions in the plasma and probably also charge exchange

with neutral hydrogen in the case of neutral hydrogen

injection. These kind of plasma modelling has been extensively
O Q

carried out for the energy balance calculations ' .

Uncertainty of a factor of two is now unavoidable in these

simulations because of ambiguities of excitation and ionization

rate coefficients. If these atomic data will be accurately

known, transport of impurity ions in tokamak plasmas will be

analyzed quantitatively with the ionization balance calculation.

Although from the point of view of radiative energy

losses the presence of iron has not been overwhelmingly

important, it has many actual or potential applications for

plasma diagnostics. As has been described above, in the

tokamak plasmas of 1 - 10 keV electron temperatures, iron ions
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are present in states with outer electrons remained. Therefore,

2sp2pq configurations down to neon-like FeXVII are arranged

from the center to the periphery. In tokamak plasmas of

around 5 keV, we will have helium-like FeXXV ions (IP=8828 eVJ

in the plasma core. Measurement on FeXXV ion provide

informations of electron temperature and density. Line

intensity ratios of resonance, intercombination and forbidden

transitions of helium-like ions are successfully utilized.

This kind of diagnostics has been recently elaborated by

Japanese scientists . They proposed separate two phases

of ionizing and recombining in collisional-radiative population

model. In solar corona and tokamak plasmas, ionizing phase

is almost always established, but in afterglow region of

laser plasma recombination phase is dominant. In an experiment

on JIPP T-II tokamak in Nagoya, enhanced emission of OVI

in periphery region of high density operation with hydrogen

puff suggested outward diffusion of highly ionized oxygen

ions from the core, recombining at the periphery.

Satellite lines of helium-like iron ions are also
12useful for spectroscopic diagnostics of tokamak plasmas.

Intensity ratios of rasonance and satellite lines give electron

temperature and/or ionization ratios. This procedure should

be supplemented by.coronal model calculation. Although we

have still uncertainties in model calculations, these

diagnostics will be very promising.

Doppler broadening of impurity ions has been successfully

used for localized observation of tokamak ion temperature.

In the temperature range of keV, spectra of iron ions can be

conveniently used. In PLT experiment, doppler profile of
14

x ray line of FeXXV gave the accurate ion temperarure

Several spectral lines from forbidden transitions in the

ground configurations of highly ionized iron can also be

used for the doppler profile measurement.
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Spectral line intensity measurements provide the

representative diagnostic means as shown above. Especially,

iron spectral lines are powerful probes for measurement of

plasma parameters in temperature range (0.5 keV<Ti<6.5

keV) of near-term tokamaks. In future tokamaks of higher

temperature, iron ions will be completely ionized in the

plasma core. In that case, higher Z elements can be used

in place of iron. However, spectra of heavier elements,

for example, gold, tungsten and molybdenum, become more

and more complicated. Extensive analyses of these spectra

have recently been published. ' Owing to broaderiings

caused by doppler effect and other origins, fine structure

lines in multiplets overlap each others. So, line groups

of heavier ions show the features of "pseudo-continuum".

Photoelectric observation of gold pseudo-continuum was
22done on DIVA tokamak at JAERI. Spectral line

classifications of highly ionized ions are still important

because of academic reason and application to spectroscopic

diagnostics. Such efforts have been initiated in Japan,too.

IPCR in Tokyo has a low-inductance vacuum spark.

Measurements are performed with a 10 meter grazing incidence

spectrograph in the spectral range of 1 - 100 A.
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Figure 1. Radial distribution of highly ionized iron lines.
(a) Distribution expected in coronal equilibrium

in a PLT tokamak plasma.
(b) Observed radial distribution of iron lines.
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Dl SOME OPTICAL DIAGNOSTICS FOR THE PLASMA FOCUS

V.M.Korzhavin

1. Introduction
19 —3

The plasma focus is a dense ( n = 10 cm ),-high temperature

( T = 10 eV ) plasma column, which is 1 ^ 2 cm long and about 0.1 ^ 1 cm

in diameter. It is formed on the axis of the discharge chamber as a result

of a cumulation of the non-cylindrical plasma sheath. The most advantageous

feature of the plasma focus devices is a high neutron yield for rather small

energy supply and a very simple construction of the machine. Namely, the

neutron yield about 10 neutron per discharge is produced for 300 - 400 kJ

energy supply. The plasma focus is also a very intense source of X rays

with the energy of some hundreds keV and that of high current deutron beams.

The plasma focus was discovered by N.V.Filippov in USSR at the end of

50-th when studing Z-pinches in metal - wall chamber . The similary phe-

nomenon was later observed by J.Mather in USA when studying the coaxial
2)

plasma guns . Now a geography of the plasma focus devices is very broad.

But in spite of the numerous studies and high-quality diagnostics there

are no clear ideas about some principals of the plasma focus at present.

I mean the mechanisms of neutron emission and the life time of the plasma

focus.

My report concerns some aspects of studying the plasma focus dy-

namics. Experiments were carried out in Kurchatov Institute-and Lebedev

Institute in Moscow. The main results were obtained by means of the optical

diagnostics. Particular efforts were made to develope an infrared (IR)

diagnostics.

2. Experiments.

Installation". The drawing of the discharge chamber is shown in Fig.l.

The anode has a form of a disc 48 cm in diameter. The chamber body serves

as a cathode. The anode and the cathode are separated by a hollow cylindri-

cal ceramic insulator 12 cm high. The initial pressure of deuterium is

about 0.5 "v 1.5 Torr.

The capacity storage is used as a power source. The usual energy

supply is 50 kJ and the initial voltage is 24 kV. The maximum current

reaches 1.2 MA.
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The main stages of a discharge. When a voltage is applied to the elec-

trodes, the break-down of a filling gas occurs and a plasma sheath 1 cm

thick is formed near the surface of the insulator as a result of a skin-

effect (initial stage). The magnetic pressure of a discharge current accel-

erates the plasma sheath to the chamber walls. The top of the sheath is

accelerated to the axis along the anode surface. The plasma sheath is

opaque for neutral particles and the filling gas is also accelerated to the

axis (snow-plough mechanism). The radial velocity increases to supersonic

values and the strong shock wave is formed. There is also a strong gas flow

along the axis as a result of a pressure gradient. When the shock wave and

the plasma sheath cumulate on the axis, the plasma focus is formed (final

or collapse stage).

3. Diagnostics.

Standard techniques. The current J was measured by a Rogovsky coil

and the voltage U was measured by a capacitor divider. The oscillograms

J and U is shown in Fig. 2. There are negative spikes on the J signals and

the positive spikes on the U signals at the moment of a plasma focus forma-

tion. The current derivative was measured by magnetic probes and X rays

and neutron emission intensities (Xn) were measured by a photomultiplier

with a plastic scintillator. Corresponding oscillograms are shown in Fig.3.

The total neutron yield was measured by a fS-counter and a neutron-induced

activity in a silver foil. Typical yields were about 5x10 neutrons. Time-

integrated soft X rays pictures of the plasma focus (Fig. 4) were taken.by

a pin-hole camera covered by an Al foil 10pm thick.

Multi-picture speed photography. When the plasma focus dynamics is

studied, it is necessary to know a configuration, a location and dimensions

of the plasma for the successive moments, first of all. This information

must be taken during the same discharge because of a low reproducifaility

of high current discharges paramerers. In our experiments we have used 4

electro-optical cells as shutters. The exposition (20 ns) and the time

interval between two pictures (70 ns) were chosen from the fact, that the

duration of a neutron emission is about 200 ns. The plasma focus formation

and disruption are shown in Fig. 5 and Fig. 6 correspondingly. The maximum

intensity of a neutron emission occurs when a plasma focus is disrupting.

The screw instability (m = 1) can appear on the plasma focus (Fig. 7).

Laser interferometry The 4-mirrors Mach-zehnder interferometer

and the ruby laser were used to study a time-space distribution of the
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plasma density,' The time resolution (duration of a laser pulse) was about

2 ns. The interferogram of the plasma focus at the moment of a maximum

compression and the corresponding density profile are shown in Fig. 8.
19 —3

The maximum density on the axis reaches 10 cm . The first compression

is followed by some expansion and the by the second compression (Fig.9).

When the plasma focus is disrupting and a neutron emission occurs, the

interferometric pictures are non-symmetrical (Fig.10).

4)4. Infrared (IK) measurements

Turbulence and radiation. Rather many experimental results suggest,

that turbulent phenomena occur in the plasma focus. They are: anomalously

high resistance of the plasma column , anomal diffusion of a magnetic field

into a plasma , anomalously strong scattering of a laser beam , generation
7) 8)

of fast particles . It is well known fact, that a radiation of a turbu-

lent plasma may be superthermal for the frequencies u> >_ ui or id Z 2u> (here
9) P P

(i) = / 4ir.nê  ) . Plasma oscillations and transformation into the electro-

magnetic waves contribute mainly into a radiation in this case. An obser-

vation of a superthermal radiation near u may serve as a direct indication

of the plasma turbulence. As soon as a plasma density in our case is about
19 —3

10 cm , the corresponding wave length is about 10 ym; that is an infrared
spectral range.

Conrads and Post studied an IR radiation of the plasma focus in
.10)Mather geometry- They observed a non-thermal spectral emissivity. Post

concluded that the plasma focus radiation exceeds a thermal level by a fac-_

tor 10 - 10 • Unfortunately, this result was obtained when the sensitivity

of a detector used (Ge:Au) is decreasing rapidly by two orders of magnitude.

A short waves radiation may contribute very much in this case.

IR detectors. The type of an IR detector is determined by its charac-

teristics such as a spectral range, a time resolution and a sensitivity.

As soon as the life time of a plasma focus is about 10 s, the time resolu-
—8 —9

tion of a detector must be 10 - 10 s.

Ge:Au photoresistor cooled by the liquid nitrogen (T=77 K) is often

used for the range 2 + 8(10)pm. The time resolution (40 ns) is not rather

high. In bur study we have used a new type of detectors a photoresistor
2

Ge:Zn also cooled by a liquid nitrogen. Its spectral range is 2-16ym and
—9

the time resolution is 10 s. The main characteristics of these detectors

are compared in the Table 1. The spectral sensitivities are shown in Fig.11.

The absolute sensitivities were calibrated by HeNe and CO. gas lasers
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( X = 3.39ym and X=10.6pm correspondingly).

The optical system is shown in Fig. 13. The concave mirrors were used

instead of lenses. The total enlarge coefficient equals 0.3. The solid

angle is determined by the chamber window ( D = 4cm ) and equals 3 x 10

sterradian. The optical windows of a discharge chamber and a cryostat were

made of BaF-, AnSe, KRS-5 or KRS-6.

The spectral analyses was made by interferometric and desperse filters from

2 to 15pm.

The He-Ne gas laser was used to align the system.

Electronics. The simple evaluations and the experiment give a value of

the signal from the IR detector Ge:Zn U = 0.1 ^ lOmV. The oscilloscope

C7-10A (sensitivity of the tube is 100 mV/mm) and the fast amplifier Y3-11

(power amplification is 50 db and frequency range is 250 MHz) were used

in the experiments. The total sensitivity was about 0.6 mV/mm.

Experimental results. The typical oscillograms of the IR radiation of

the plasma focus are shown in Fig.14. Two short pulses represent two suc-

cessive compressions of the plasma focus. The third long pulse is produced

by metal vapours from the anode. These signals are synchronized with the

5-picture laser interferometry with a time accuracy about 1 ns. The evalu-

ations of the electron temperature from the absolute intensity of IR radi-

ation and electron density give the values T =500 eV for the first compres-

sion and T = 1 * 10 keV for the second compression.

The signal after different filters are shown in Fig. 15. The amplitu-

des of the second pulses are always less than that of the first pulses for

X < 10pm. On the contrary the second pulse is larger than the first one

for X = 10pm. It is impossible to explain this result by a thermal radiafe?.-..-.

ion because the amount of a plasma in the second compression is much less

than in the first compression.

The radiation spectrum in the range 2 i> 15pm has non-thermal character

(Fig.16). The curve 1/X corresponds to the optically thin thermal plasma.

The radiation is thermal for X < 10pm and there is some superthermal emis-

sion for X = 10pm. But the intensity is decreasing rapidly for X > 10pm.

oppc
12)

This result is opposite to Post observation and is in agreement with

Schmidt results

Discussion. Above results suggest that there exists some superthermal

radiation during the second compression of the plasma focus, but it is not

so strong. The probable explanation of this fact is as follows.
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The high-frequency turbulence ( u >\» to ) does not prevail in the plas-

ma focus dynamics. The strong low-frequency turbulence exists in a plasma

and weak plasma oscillations are scattered on such turbulence into electro-

magnetic waves and escape a plasma. The lower-hybrid drift turbulence

prevails in a plasma most likely ( u "v y ^ /u)o u.. j.
pe pi

We have substituted the anomalous resistance due to the lower-hybrid

drift instability into the MHD computer model of a plasma focus and have

obtained reasonable results (Fig.17). The disruption of the plasma

focus has been simulated and the life time has been obtained for the first

time.

Conclusions. The IR technique in the range from 2 to 15 yns with a
-9

time resolution 10 s is developed in this paper. This technique is appli-

cable in the case of strong impulse noises.

Some improvements of the diagnostics are possible. The utilization of

a Ge:Zn detector cooled by liquid helium (T=4 K) will give an opportunity

to make measurements in the range 2 *> 40ym. The application of a multi-

channel diagnostics will make it possible to study the emisstion spectrum

for the same discharge. The utilization of IR detector Ge:An in the inter-

ferometry with C0_ laser will make it possible to study with good time

resolution the phenomena with a small line density when Rb laser is not

applicable. The studies of the interaction of high-power IR lasers and

relativistic electron beams with a plasma are also of great interest for

IR diagnostics.
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Fig.1 - Discaarge chamber

1 - chamber body, 2 - liner, 3 - ceramic insulator,

4 - anode, 5 - anode insert, 6 - current conductor,

7 - rubber insulator, 8 - initiating electrode,

9 - vacuum switch, 10 - insulator, '11 - cable,

12 - additional inductance

Fig,2 - Qscillograms of the discharge current (J) and

voltage (U)

Fig.3 - Oscillograms of the X rays and neutron intensity

and that oi' current derivative

Fig.4 - Pin-hole pictures of the plasma focus (soft X rays;

Fig.5 - Formation of the plasma focus

i ig.6 _ Di.srUption of the plasma focus

Fig.7 - Screw instability

i?ig.8 - The first compression of the plasma focus

Fig.9 - Commence of the second compression

Fig.10 - The late phase

Fig.11 - Spectral sensitivity of the detectors

Fig.12 - Electrical scheme for the IK measurements

$C - detector, S. - cryostat, cK aadSHi - shield,

C,,,C2 = 23 000 pF, C3,C4,C5 = 0,1 ̂ 1,

C6,C7 = 15 000 pF, it, a 75 a » i<2 = 1U kS., E = 0+200V,

Fig.13 - Optical system

Jir - gas laser, H-pI^iIlj - flat mirrors, U - oylia-

der, C$ - filter, JI - lense, 0,,,02,0. - windows,

PK - discharge chamber, B^.i^ - concave mirrors,

IlKQ - IE filber, fl - diafragme, iiHJ - IR detector

Fig.14 - Typical oscillograms of the IS radiation of the

plasma focus

g.15 - The oscillograms of the IR radiation for the diffe-

rent spectral ranges

Fig.16 - Intensity of the IS radiation opposite Jhe wave

length

Fig. 17 - Plasma parameters opposite time (i,5KD code results)

R — radius of tne plasma focus

Te(r=0) - electron temperature on the axis

^ - ion temperature on the axij

ilj - linear density

n(r=uj - electron density on tne axis

J — discharge current
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Table 1

The characteristics of the IR detectors used

.Detector

Ge:Au

tfe:Zn2

Ge:Zn2

A,.

8

3

1

x 2

x 7

x 1

180

9,

2 ,

5

5

100

2 0

10

A

2 *

2 t

2+

'X

8(10)

1 6

16

4

12

12

m

,5 50

0

3

Sj-, mA/

,02

,06

J =10,6̂

0,35

0 ,1

0,28

r.
40

o,

ns

8

8

•S, °K

77

77

77

Novations: A - sizes of the detector
R - resistance of the cooled detector
UQ - bias voltage

A'X - spectral interval
, J^m - maximum sensitivity wave length

Sj - current sensitivity
f - time resolution
T - operating temperature
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D2 Diagnostics of Dense Plasma Focus

by Ruby Laser Holography

M. Yokoyama, Y. Kitagawa, I. Tsuda

Y. Yamada and A. Ishizaki

Institute of Laser Engineering

Osaka University, Suita

1. Introduction

For the study of interaction of C02 laser light with plasma ' ,

measurements of electron density distribution with an appropriate spatial

and temporal resolution are very important.

In the present experiment, holographic interferometry by 2 ns short

pulse ruby laser was used to investigate the dense plasma focus density

evolution.

2. Experimental Apparatus

A schematic configuration of the plasma focus device is shown in

Fig. 1 . The inner electrode of 5 cm outside diameter is connected to the

4 pF * 10 condenser bank (50 kV, 50 kj) through the 5 m cable and the spark

gap. The outer electrode of 10 cm inside diameter is connected to a ground

as cathode. The length of outer electrode is 16 cm and the inner electrode

is 0.2 cm shorter than outer one. The capacitor bank was charged to 20 kV

- 8 kJ and the filling pressure of 2.5 Torr of deuterim gas was used. The

max current was 1.25 HA.

Fig. 2 shows experimental set-up of CO. laser irradiated plasma focus

device and holographic interferoraetry ' ' . An Apollo model 22 HD double

pulse ruby laser was used for holography light source. A 2 ns ruby laser
o

pulse (X = 6943A) was divided into an object beam and a reference beam by

the wedged beamsplitter. The-object beam expanded into 60 mm$ was passed

through the plasma chamber perpendicularly both to the pinch axis and to

the C0_ laser axis. The phase disturbance of the object beam in the plasma

region was imaged on to the holographic film with a magnification of 0.5

with a lens of focal length of 50 cm. The reference beam also expanded into

60 mm*, followed on equidistant path before being incident on a holographic

film (Agfa Gevaert 10E75) at an angle of 20° for the object beam. The phase

difference with focus plasma was recorded on the holographic film. The
o

holographic interferograms were reconstructed by using 6328 A He-Ne laser
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light.

3. Experimental results

Pig. 3(a) shows the reconstruction image of the interferometry of the

focus plasma at At = -30 ns. Here, time At was defined as At = 0 when the

dip of plasma focus current signal by Rogowski coil appeared. At At = 0,

y-ray emission was observed front focus plasma and the dense focus plasma

was produced at a peak compression. So, the pinch plasma of a diameter 2 mm

was observed at location of ^1.5 cm under the surface of the inner electrode

by soft X-ray pinhole camera. In Fig. 3(a), it is found that compression
•+ -+

moves toward the center axis of the electrode and downward by the J x B

motion, where J is focus current density and B is magnetic field by the focus

current.

The plasma shape was cone type, and the core density was lower than the

density of the interface region between the plasma and vacuum. Rapidly as

the time goes, the plasma shape changes from cone to cylinder. Subsequently

the plasma column expanded for thermalization. This expanded column was

produced under the electrode, and plasma column radius wholly expanded to 1.5

times of minimum column radius.

In Fig. 3(b), the expanded plasma column at At = 0 ns is shown. In

this case, the velocity of ionizing front was 1 ^ 2 x 10 cm/sec and it moved

in the direction of 2, where Z was the distance from inner electrode. Under

the inner electrode, the surface ripple was appeared on the plasma column

surface. This ripple was considered as the m = 0 sousage instability. In

Fig. 3.(c) growth of the sausage instability at At = 25 ns is shown. In this
g

case, the growth rate of the sausage instability was estimated as 1 >v> 2 x 10

sec . In Fig. 3(d) at At = 40 ns it is shown that plasma column bended

toward horizontal direction. The growth rate of this motion was about 10

sec . Subsequently, the sausage and kink instabilities grew up and the

plasma column collapsed.

Fig. 4 shows the temporal variations of the radial electron density
7 8)

profiles by the Abel inversion ' of the holographic interferograms at 15 mm

under inner electrode where CO, laser light irradiated. Fig. 5 shows the

peak electron density and the density scale length at this point on the C0_

laser axis as a fundtion of At. At At = 30 ns, the peak density was 1.3 *
19 -3

10 cm and scale length was 400 pm on the CO. laser axis. It was found

from the sequence of holographic interferograms that the pinched plasma is

stable with respect to sausage and kink type hydromagnetic instabilities
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between 50 ns before and 25 ns after the peak compression. After such a time,

however, the plasma become turbulent due to the growth of the hydromagnetic

instabilities.

A magnetic probe measurement (Z = 20 mm and r = 45 mm) showed that an

azimuthal magnetic field B. rises at -60 ns and becomes maximum at 0 ns and

disappers at 60 ns. The intensity of B. at 30 ns was estimated as 510 KG
9)from the Faraday rotation angle of 4° . The field value was in agreement

with the estimation from the focus pinch current (M).5 MA).

4. Conclusion

The electron density distribution of the focus plasma was measured by

double exposure holography.

We can distinguish the focussing phase of the plasma focus into five

subphases, so-called compression phase, very dense phase, expanded phase,

unstable phase and decay phase.

In the compression phase (At < -10 ns), the plasma was conic form and

was rapidly accelerated and moved downward. Usually, growth of Rayleigh-

Taylor instability was observed in this phase by ruby laser shadowgraphy

The very dense phase (-10 ns < A t < -5 ns), persists typically only

several ns. The plasma shape was cylinder type. At a minimum radius of
19 -3r min < 2 mm, the density on the axis (Z = 3 mm) is about 2 x 10 cm .

In the expanded phase (-5 ns < At <25 ns), the plasma expanded rapidly

under the electrode and the expanding region moved downward plasma column

wholly expanded.

Subsequently, the unstable phase (25 ns < At < 40 ns) was began. In

this phase, the sausage instabilities developed rapidly and locally all over

the plasma. The knik instabilities sometimes developed.

In the decay phase (40 ns < At ), the plasma was turbulent, and the

density measurement by the holography can hardly be analyzed.

Now, 3 channel holography measurement is under progress for study of the

excitation of Rayleigh-Taylor instability in CO, laser produced plasma.
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Figure Captions

Fig. 1 A schematic diagram of the plasma focus device

Fig. 2 Schematic diagram of experimental arrangement for holographic

interferometry

Fig. 3 Interferograms at each exposure timing

(a) At = -30 ns

(b) At = 0 ns

(c) At = 25 ns

(d) At = 40 ns

Fig. 4 Temporal variation of the radial electron density profiles at

Z = 15 mm under the inner electrode

Fig. 5 Peak electron density and density scale length at Z = 15 mm as a

function of At
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D3 INTERFEROGRW PROCESSING BY HELP OF A COMPUTER

Lazebnik D.B.,Petrov A.P.,Tserevitinov S.S.

I.V.Kurchatov Institute of Atomic Energy. Moscow. USSR.

Uncontact diagnostic methods have the decissive importance in the high

temperature plasma investigation. Among these methods the most interesting

are those which permit to obtain the spetial distribution of some parameter

of the object in its every realization. Optical laser interferomtry and

holography /I,2/ are such diagnostic methods for investigation of G - pinch,

plasma guns, plasma focus and so on.

Every interferogram containes a lot of information about the object of

investigation, but to decipher such picture and to obtain the information,

about required plasma parameters complex and tediois data processing is

necessary. The interferogram deciphering is carrying out on hands in many

physics laboratories up to now. It takes a lot of time and do not permit

the effective and perfect utilization of information contained in pictures.

In this report we shall tell briefly about sloving the computer inter-

ferogram processing problem in the Soviet plasma physic laboratories and

we shall give more detailed description of the most successful (as we con-

sider) system for such processing.

The work in this direction was not executed practically up to 1970.

Physicists of Kurchatov Institute of Atomic Energy started working out of

the automatic systems to put optical image information into computer and

developing of the processing of these images after they met the problem of

deciphering the interferograms of plasma in plasma gun investigations.

The first such system was created in 1970 /3,4/. It permitted to feed

the half-tone image information from films and photopapers to the computer

memory and to extract the transformed information from the machine by means

of output half-tone image constructing devices. The early interferogram

precessing programs were based on the algorithms of manual handling.

Foi example, algorithms of distinguishing the curves of extremal photographic

density values predominated at that time /3,5,6,7,/. These algorithms were

simple and had many defects. But even such simplest methods reduced the

time necessary for interferogram handling.

Already the first stages of the work showed the necessity of community
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efforts of iconica specialists to create more complicated densitomerers,

special mathematical algorithms and programs. It became necessary to create

the range of scanning devices with different speed, different precistion etc.

/8 T 12/.

Many half-tone image processing systems (which differs in paramters of

equipment and in its structure) are used in the Soviet scientific laborator-

ies /14 T 18/. Several systems capable to put pictures into computer and

to extract them from it are employed in Kurchatov Institute of Atomic Energy.

These systems satisfy different requirements; speed, accuracy in positioning,

the measuring range, the type of photosensitive material etc. So, for

example, the system besed on automatic densitometer " M$-4 " /19/ ensure

high accuracy and wide range in density measuring, but has comparatively

small speed. The last makes this system uneffective for mass interferogram

processing, when the base requirements to the reading device are the speed

and accuracy in positioning and when it is not necessary to measure the

absolute values of photographic density. We included apparatus which

satisfy these requirements into the system "SPFI" described below.

In the process of the interferogram processing software development,

we took into consideration wide variety of interferogram picture types:

the franges and streak photographs; big and small gradients of the object

density; big and small fringe distortions; variety in the value and the

spectral structure of noises; the availability of constructional shadows

on pictures and so on. It is impossible to suggest one universal algorithm

for processing of such a type variety of imagines.^ For effective work it

is necessary to have: the program pack of different algorithmic methods for

processng; the participation of experimental physicists to choose the path

of processing; the possibility to control the process of processing at any

its stage by operator and the possibility of surgical intervention into

processing process. This accounts for the fact that scilled groups of

mathematicians and programers are creating interferogram processing

software. Large library of programs is created with their efforts /5,20 T

30/, but the work aimed to perfect this library is going on.

As an example, we shall describe one of the most advanced system

'•'SPFI" (System for the Processing of the Film Information) for interferogram

processing. This system is used in the Kurchatov Institute of Atomic Energy.

The structure of this system is shown in Fig.l. "EC-IOIO" and "CM-3" are

minicomputers (resemble at "PDP-34) with storage capacity of 16 and 32 kwords

- 171 -



accordingly. The system has two devices to put into computer the half-tone

information: "YBB" /4/ and Automatic Microdensitomerer "AMD" /8,31/.

The first one is used to read the information stored at 35mm film and per-

mits to input up to 1200 samples from each line of a frange with the rate

2400 digitizations per second. Each digitization is the value of relative-

darkening of a scanning spot at the film. The dimension of this spot are

50 x 50um. The "AMD" device has much better accuracy. The scanning window

dimensions are changeable from 0 to 40pm in one direction and from 0 to

160ym in the other. If one measures the density of darkening in the range

(0 * 4)D by the woindow of lOOurn , the error is not more than 0,04D.

The maximum speed - up to 1000 measurements per second. Maximum dimensions
2

of the film frame are 240 x 180 mm . Four magnetic tape storages are used

as archive (data bank). Plotter ("BEKTOP-1302") and graphic display are

necessary for visual control and presentation of the results. Interactive

mode is realized with the help of alphanumeric display. The half automatic

device "IIAYK-221"/35/allows to put into computer graphic information by

means of ultrasonic pencil.

System "SPPI" handling program library contains a lot of different pro-

grams among which the bases are: programs of image filtering (linear and

nonlinear); programs of phaze-function calculation and programs of electron-

density distribution calculation. The programs of phaze-function calcula-

tion are the most interesting among them. The algorithms used for this

procedure permit to achieve very high accuracy in the presence of a big

noise in the sreak-photograph regime is shown in Fig.2a. Density distibu-

tion curve mesured by "YBB" device with scanning in the direction perpen-

dicular to the interprocessing process as: y(x) = A (x) cos [ kx + b(x) ] +

A2(x), ( 1 )

where A^(x) and A2(x) are slowly varying unknown functions; b(x) is wished

phase-function. The figure 2b shows that the noise slevel in this inter-

ferogram is considerable. It reaches 30% of the middle signal amplitude.

Figures 2c and 2d show the results of to stages of processing: the filter-

ing and phase-function calculation. The error in phase-function values do

not exceed 3% of a fringe thickness in the example described above. It is

necessary to note that scanned line was disposed in the unexited part of

the interferogram and the "ideal" processing result is the function identi-

cal equal to ziro. The error is due to the high level of noice and to some

imperfections of the processing algorithms.
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If one uses some improved methods of film preparation and developing

and uses the program which takes into consideration the film characteristics,

it will reduce the noise level and correct the unlinearity of photoemulsion.

If these methods are being used, the accuracy of the result will be much

better (up to 1 * 2)%.

The experiense of exploitation the system "SPPI" shows that the appli-

cation of computer to decipher interferograms permits to define the dis-

placements of interferogram fringes with very high accuracy (inaccessible

for manual proccessing). We remind that this accuracy defines the sensibi-

lity of the interferometry method. Accuracy achieved already now allows to

extend the range of the optical interferometry application. Thus the opti-

cal interferometry may be put into practice at experimental devices with

low density plasma and even at tomamak-type devices. For example, the

optical length (n-1) of the ruby-light in plasma did not exceed 3x10 cm

in some of carried out 0-pinch experiments in the KIAE small (n-1)-value

in some of these experiments caused only I/IO fringe thickness distortion

at the central chords of the chamber /32 * 34) and only data processing

with the help of system "SPFI" caused obtaining the density distributions.
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Fig.2a.Fragment of an interferogram obtained in the streak-pbo-
tograph regime.The arrow shows the direction of scanning.

Fig.2b. Darkening distribution by soanning perpendiouler to
the interference fringes.

Fig.2c. The same distribution after filtering by help of
a oomputer.
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•SO

Fig.2d The ihase-function for the interferogram without

distortion of the fringes (unexited interferogram),
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EI Plasma Diagnostics for GAMMA-6 Experiment

Kameo Ishii, Takaya Kawabe, Syoichi Miyoshi

Institute of Physics, The University of Tsukuba, Sakuramura, Ibaraki,

305 JAPAN

Abstract
A negative ion beam probe method is described as a diagnostics for plasma

potential in tandem mirror experiment and is compared with other beam probe
methods. Experimental results on plasma potential measurement by use of the
gold negative ion beam extracted from an ion source of sputtering type are
presented.

Introduction
We have been studing confinement of a plasma in a tandem mirror configura-

tion by use of GAMMA-6 at The University of Tsukuba, experimentally. The GAMMA-6
consists of three connected mirror cells. Identical pairs of Yin Yang coils for
plugs at the two ends are jointed by a solenoidal coil for a central cell to
form "Ambipolar Mirror" magnetic field configuration as shown in Fig.l. The
difference of the plasma potential \\> between the plug and the central cells is
expressed as follows:

* = Te ln( np/nc )
where T , n and n are electron temperature, plasma densities of plug and
central cells, respectively, assuming that the electrons in the plasma follows
Boltzman's distribution.

A relativistic electron beam is injected into the plasma along the
magnetic line of force from one end of the tandem mirror to heat the electrons
in the plasma and control the plasma potential. Because of existence of the
relativistic electron beam and hot components of the electron in the plasma, the
difference of floating potential might not reflect the difference of the plasma
potential. Therefore, we have been developing a new beam probe method and trying
to measure the plasma potential by use of a gold negative ion beam.

Two kinds of atomic processes are dominant in gold negative ion beam
probing, i.e. double detachment and photodetachment. At present* we are
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investigate-.;: about probing using double detachment effect. In this report the

principle of the method and the experimental results at a test stand are

presented.

Principle of the Method
1 2)Light ion beam and heavy ion beam methods ' ' have been used for plasma

potential measurements. The light ion beam is suitable for the injection along
the magnetic line of force. On the other hand a singly ionized heavy ion beam
is injected into the plasma across the magnetic field, and the doubly ionized
ions (ionized by collisions in the plasma) cross the magnetic field and are
detected.

In the case that a gold negative ion is used as a probing beam, two kinds
of atomic processes are dominant, i.e. double detachment and photodetachment.
The negative ion beam with an energy of E. is directed across the magnetic field,
and some of them are ionized by collision with the plasma and become singly
charged positive ions in the process of double detachment as shown in Fig.2.
The singly charged positive ion obtains an energy gain of e* at the point of the
event of double detachment, and its final energy outside the plasma becomes
Eb + 2e<j>, where <j> is the plasma potential at the point where double detachment
occurs. If a laser beam, with a higher photon energy than that of the electron
affinity of the negative ion, hits the ion, then the ion changes into the
-leutral particle and electron by photodetachment effect.

The advantages to use the negative ion beam for potential measurement are
as follows:

1. Instead of a doubly ionized ion beam, a singly ionized ion beam or
a neutral beam crosses the magnetic field and is detected, therefore
the orbits of the ion or neutral beam are easier to follow.

2. The final energy of the beam increases by two times e* because of
double detachment, then the resolution of the potential is improved.

3. Highly spatial resolution is obtained by detecting the neutral particle
in conjunction with injection of the laser beam.

If the temperatures of the ion and electron are low and the density of the
plasma is high, most of the neutral beam, which is produced by detaching the
electron from the negative ion by the laser beam, is ionized in the plasma in
the processes of the impact ionizations with the particles in the plasma,
therefore it is difficult to detect the neutral beam out of the magnetic field.
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As the data of the cross sections about the gold negative ion are few, we

roughly estimated the negative ion beam found at the point of photodetachment

by use of the cross sections about negative hydrogen and estimated the final

equivalent current of the neutral beam passed through the plasma. From the

above estimation, it is inferred that this method is suitable for the condition

that the temperatures of the ion and electron are more than about 1 keV and the

product of the plasma density on a beam orbit and the length of the orbit is

lower than about 6 x 10 cm" . We are investigating these processes in detail.

Ion Source

The characteristics of the negative ion beam should be as follows:

1. Atomic mass should be large to have large Larmor radius.

2. Electron affinity should be large to have large yield of beam.

3. Energy spread of ion beam should be small to have good resolution of

potential measurement.

4. Ion source should be compact and large current should be extracted.

A gold atom has the largest affinity of electron in the stable isotopes except

for atoms of halogen, and its mass is 1.55 times that of iodine which has the

largest mass in stable isotopes of halogen. The energy spread of the gold beam

produced by sputtering has been measured, and it is about 10 eV.

Sputtering yield of gold atom is the best in heavy elements which have the

atomic number of more than 60 , and compact sputtering ion source can be built.

Those are the reasons why the gold negative ion is chosen.

The ion source is shown in Fig.3. No.6 is a cylindrical anode. Magnetic line

of force is parallel to the axis of the anode cylinder and its strength is about

60 Gauss. A cesium boiler is placed near the anode and introduces cesium vapor

into the discharge region. No.5 is a concave target made of gold and the radius

of the curvature is 1.5 cm. Negative voltage is applied on the target, then the

cesium ion hits the sputtering surface of the target, and the most of negative

ions formed by sputtering is accelerated perpendicularly to the surface. The

current of the negative ion is measured by using nine channel Faraday cups at the

distance of 200 cm from the ion source. The current density ( 10 viA/cnf ) is

obtained at the target voltage of -3.4 kV. The diameter of the beam is about 1

cm.
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Energy Analyzer
The energy analyzer is a 6 channel electrostatic analyzer of parallel

plate type. A microchannel plate which is a kind of electron multiplier is
used for the detection of the ion beam. Six exit slits are set at the distance
about 25 cm from the entrance slit and arranged with separation, distance 0.02
cm. The width of the entrance slit is 0.2 cm and that of the exit slit is 0.18
cm.

Potential Measurement
The gold negative ion beam is injected into the plasma across the magnetic

field as shown in Fig.4. The plasma is produced by a titanium washer gun.
The density is about 5 x 10 cm and the diameter of the plasma is about 3
cm. The plasma potential is controlled by changing the applied voltage to the
wall surrounding the plasma column.

The upper trace is the ion saturation current of the plasma and the lower
trace is the beam current of the positive gold ion in Fig.5. The spikes in the
initial stage of the upper trace are noise due to the trigger pulse for the
gun. The delay time of the signal of the beam against the signal of the ion
saturation corresponds to the transit time of the positive ion beam between
the plasma and the detector. Fig.5 indicates that the negative ion is changed
to the positive ion in the plasma, because the shape of the signal of the ion
saturation is similar to that of the signal of the beam except the time shift
due to the transit time. As the applied voltage to the wall surrounding the
plasma column increases from -25 V to +25 V, the peak of the energy spectrum
of Au beam shifts to the higher energy side as shown in Fig.6. From the lower
graph, the following relation is shown.

AE£ = 2e A*
where AEb is the shifted energy of the ion beam, and A* is the potential
difference of the plasma. In this experiment it is inferred that the resolution
of the energy spectrum goes to up to 0.15 percent.

We plan to measure the plasma potential in GAMMA-6 by using this negative
gold ion beam in near future.
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; - !'ed_vy_ Ion Beam Probe for Potential Measurement

Itsuo KATSUMATA, Yoshiyuki SAKAI, and Takanori OSHIO

Research Institute for Atomic Energy,
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Abstract

A compact heavy ion beam probe is developed for the plasma potential
measurement. The probe can be installed in a vacuum vessel nearby a plasma
to be measured. It consists of a high energy heavy(singly charged) ion beam
source and a multi-grid type energy analyzer as a detector for doubly charged
secondary ions. The beam source functions sufficiently well for the purpose
in a rather strong magnetic field, up to 2 kG. In cross check experiments,
the good agreement is obtained between the potential measurements with the
present probe method and with a Langmuir probe within 10 volts in He test
plasmas; n 3 5 x 10 /cm , T ~ 30 eV and a confining magnetic field^ 0.5 kG.

Introduction
The purpose of our study is to develop a compact heavy ion beam probe

system for magnetically confined plasmas. The system is an active particle
beam diagnostics for plasmas. The probe is intented to be built in a plasma
containing vacuum vessel nearby a plasma column to be measured. The use of a
heavy ion beam as a probe is to make possible the application of the probe to a
plasma confined in a strong magnetic field. The probe may have several abil-
ities in measuring plasma quantities such as space potential, electron density,
electron temperature, magnetic field distribution and so on. Especially, in
the plasma potential measurement, the heavy ion beam probe may be the most
practical non-contact type method for magnetically confined plasmas. The heavy
ion can penetrate through the plasma across a strong magnetic field with & rela-
tively low energy because the Larmor radius of ion is proportional to the
square root of its mass for a constant beam energy. For the potential meas-
urement, moreover, the theory of the probe is very simple as will be mentioned
in the next section.

Several reports have already been given on this technique by different
authors ~ '. Among them, those by Hickok and his collaborators are well-
known as examples of the practical application of the probe to the potential
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measurement. In their probe, a probing ion(Tl ion) beam source and its

detector are set at the outside of the plasma confining magnetic field. Con-

sequently, their probe may need such a high energy beam as around 100 keV,

and also need a large size. Our target of the present research is to improve

these points to the use of much lower beam energy and to a compact structure.

As the first step to approach the target, our main effort in this paper

is to make sure the basic functions of the probe in the measurement of the

plasma potential keeping the limitation just mentioned above.

ION BEAM SOURGE

Theory

The probe system is a combination

of an ion beam source and an energy

analyzer as a secondary ion detector.

Its schematic arrangement is shown in

Fig. 1. The theory of the potential

measurement is as follows. A singly

ionized ion beam is injected into the

plasma. A certain beam ion will be

ionized at some point in the plasma,

where the potential is <j>-|, by the

collision with a plasma electron and

become a doubly charged ion. The

kinetic energy of the ion is kept

almost constant during this ionizing

collision, scince very little momentum

will be transfered from the electron

to the ion in the colli-fon process

by the very large mass difference

between both particles. The change

of the energy of the ion during the collisin can practically be neglected.

The kinetic energy of the ion at the position of the ionizing collision

will, thus, be given by a relation e(VD - <f>,), where VD is a beam accelera-te I D
ting voltage. Voltages or potentials in this paper are referred to the

ground. The doubly charged ion will get an energy, twice of the potential

difference; i.e. 2e<t>-, on passing out to the outside of the plasma, where the

potential is at the same as the ground. Consequently, this ion will get a net

energy gain ecj), and its energ will, finally, amount to e(VB + <(>,). This is

a basic relation to obtain the plasma potential through the measurement of the

Fig. 1 Schematic representation

of the plasma potential measurement

by the beam probe.
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energy of this doubly charged ion.
A multi-grid energy analyzer is used in the present probe. To analyze

the energy of the doubly charged ion, the necessary retarding potential is,
apparently, one half of that for the singly charged ion having the same energy
as the doubly charged ion to be analyzed. So that, the seperate detection
of both species of ion has no basic trouble with regard to the retarding poten-
tial even if they enter into the analyzer at the same time.

Ion Beam Source
The structure of an ion beam source, which we have developed, is shown

in Fig. 2. The source consists of three parts; a beam material reservoir, an
ionizer by the thermal contact ionization, a beam extracting and modulating
grid, and a three electrodes lens (einzel lens). So far, metal Cs, CsCl
powder and metal Ba are used as
beam materials. The latter two
are found to be suitable from the
view point of the easiness to
handle in air, and to obtain
sufficient beam intensity.
Beam ions are created in the
ionizer, which is constructed
with a small ball of fine tung-
sten or rhenium wires stuffed
into an end of a tantalum pipe
1.2 mm in inner diameter. The
ion beam, extracted by the mod-
ulating grid, is accelerated and
focused by the einzel lens.
A several micro amperes ion beam,
3 keV or more in energy, can be
focused to 0.5 mm in diameter at
a position several centimeters
apart from the lens exit.

IONIZER
HEATER

When Ba is used, a beam in-
tensity of a few micro amperes
is obtained under conditions of
the ionizer temperature at 1500°C
and the reservoir temperature at

JACKET
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LENS
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MODULATING

GRID

^ I O N I Z E R
[Re WIRE BUNDLE)

1 CM
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RESERVOIR

CsCi or Ba

•THERMOCOUPLE

Fig. 2 Cross sectional view
of the ion beam source.
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about 600 C. In the case of Cs ion beam, where CsCl powder is used for the
beam material, the ionizer temperature at 1100 C and the reservoir temperature
at 400°C are enough to obtain a beam as intense as that in the barium beam
case.

The beam source is protected around its upper part by a metal jacket
against the electrical breakdown between its electrodes caused by the intense
ultraviolet radiation from the plasma. The jacket is connected to the gound
potential. It plays the other important role to inhibit the residual vapor
of the beam material diffusing into the plasma region.

Here, it should be emphasized that the ion beam source functions suffi-
ciently well for the present purpose in a strong magnetic field up to 2 kG
as expected.

Energy Analyzer
As mentioned before, the

energy analyzer is a multi-grid
type. Scince the analyzer must
be set close to the plasma, sig-
nals from the analyzer are buried
in very strong noises, having two
orders or more of magnitude in
amplitude, due to intense lights
and fast neutral atom fluxes from
the plasma. To avoid these
noises, a trick, so to call an
ion filter, is devised. In
Fig.3, the energy analyzer used
is shown together with the ion
filter. The filter is installed
at the entrance of the analyzer.
As shown in the figure, the ion
filter is an electrostatic deflec-
tion system which consists of
three parallel plate electrodes.
The central electrode has a netted
window at its middle part to pass
ions to be filtered. Supply
voltages for each electrode have

MULTI GRID
ENERGY

ANALYZER

ION FILTER

DEFLECTION PLATE 1 —
I biased to »V1 vo l t )

TRANSPARENT GRID-

DEFLECTION PLATE 2 -
(-V2 vo l t )

DEFLECTION PLATE 3-
(»V2 volt I

ENTRANCE
SLIT

PLASMA

Fig. 3 The energy analyzer with an

ion f i l te r .
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to be properly adjusted to pass ions to be measured. Their polarities are
shown in the figure.

In the ion filter, the probing ion beam is guided to the analyzer by
means of the deflecting electrodes. On the other hand, the lights and the
neutral atom fluxes go straight on and can not enter into the analyzer.

Potential Measurement Experiment

Up to now, barium ions, which have a larger ionization cross section
than cesium ions, are used for the plasma potential measurement experiment.

A block diagram of the electrical circuit of the probe system is given
in Fig. 4. Since thacurrent of the detected doubly charged ion is so weak

IONIZED CURRENT DETECTION

OSC.

BEAM ACCELERATION
AND RETARDING

PULSER

BOXCAR
GATED
INTEGRATOR

X Y

RECOftDER

_n_n_ BEAM MODULATION

Fig. 4 Block diagram of the beam probing system.

o
I
o

X

CO

(2)

2 msec/Div

Fig. 5 Oscillogram of the secondary
ion signals.
(1) Beam modulating pulse.
(2) Doubly charged ion signals.

Upper; Plasma is on.
Lower; Plasma is off.

Primary ion beam; 1 JJA.
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as typically of the order of 10" A, in addition to the use of the ion filter,
a simple noise eliminating technique is needed to treat the doubly charged ion
signals. The primary beam is modulated by a square pulse train with 10 msec
period. The secondary beam signal from the energy analyzer is fed, through a
preamplifier of gain 100, to a gated integrator and finally recorded on an X-Y
recorder chart.

An oscilloscope-photo of signals is shown in Fig. 5. The trace No. 1
in the figure is the beam modulating pulse and lower two traces designated as
No. 2 are the doubly charged ion signals. They correspond to the two cases;
the plasma is on and is off. Here, the primary beam is about 1 pl\, and the
scale of the secondary ion signals is 2 x 10 A/Div.

The potential measurement is made in a He test plasma. The results are

GAS He

PRESSURE- 1mTorr

8 = £70 3

Id= 2J3 A
DISCHARGE
VOLTAGE 95 V

Te^-30 eV

Fig. 6
a) Arrangement of the test

plasma source and the diagnostic
apparatus.

Vp=2Vp

ACCELERATION

V77
VOLTAGE VB = J5 KV

-*-v«

b) Schematic representation of
a method to determine the plasma
potential from X-Y recording of
the detected current signal.

-50
ANODE VOLTAGE Va I V)

( FROM GROUND)

-100

c) Comparison data between

plasma potentials measured with

the beam probe and anode voltages

given in Fig. 6. In the top of the figure, a block diagram of the experimen-
tal arrangement is given. The plasma is created with a modified PIG discharge
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in He gas. The plasma parameters are; the electron temperature 30-^40 eV,
11 1

the plasma density about 5 x 10 /cm , and the magnetic field 0.5 kG in this

case. A picture in the middle of Fig. 6 shows a method to determine the

plasma potential from X-Y recording of the detected current signal. In the

graph of the bottom of Fig. 6, a typical example of data is presented. The

abscissa at the left is the retarding voltage applied to the energy analyzer

and that at the right is the plasma potential derived from the value of the

left abscissa. The ordinate is the voltage of the anode of the discharge

with respect to the ground. The solid line is the anode voltage line. The

values obtained by the beam probe align well on the anode voltage line.

The plasma potential is also measured with a Lagmuir probe after the

measurements presented above. The potential distribution obtained is almost

constant across the plasma column, and its value is nearly equal, say within

an experimental accuracy, to the anode voltage. Thus, it can be said that

the values measured with the beam probe agree well, within 10 volts as

seen in the figure, with that measured with the Langmuir probe.

Conclusion

It is concluded that a compact, built in type heavy ion beam probe system

functions well for the low density plasma ofrviO /cm , even in a relatively

strong magnetic field up to 2 kG. The effectiveness of the ion filter in the

energy analyzer for noise elimination should be stressed.

It may be possible to extend its applicable range, say, as up to 10 kG
14 3

for the magnetic field and up to 10 /cm as for the plasma density.

This will be our next step of the development of the present probe method.
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E3 SUPERSOUND PLASMA COUNTER-STREAMING

INTERACTION AND THERMALIZATTON

INSIDE THE OPEN MAGNETIC TRAPS

Alipchenkov V.M, Bikmatov R.G., Goryacheva N.V.,

Zhitluhin A.M., Ilyushin I.V., Kiskin A.D.,

Konkashbaev I.K., Lyashenko V.N., Nikandrov L.B.,

Ravichev S.A., Skvortsov Yu.V., Solovyeva V.G.,

Strunnikov V.M., Ulinich F.R., Hurameedoollin F.R.,

Tserevitinov S.S.

I.V.Kurchatov Institute of Atomic Energy

Moscow, USSR

The results and successes in developing the methods of hot dense
2

plasma stream generation ( Pitot temperature T =M.V / 6k = (ITIO) kev,
16 18 —3 ^ "** Z

density n=10 -10 cm , total energy of each plasma stream Q =100-150 kJ

[1] permit to consider the possibility of creation both a forplasma with

T=l kev for the following adiabatic theta-compression and thermonuclear

temperature (T =10 kev) plasma inside the open magnetic traps. Moreover,

the experience and results of plasma gun investigations make us sure that

injectors with 1 MJ plasma stream energy will be created. Certainly, new

investigations are nesessary to generate such poweful streams, but as the

scaling up to Q =200 kJ is verified, the advance into megajoule plasma

stream region seems quite real.

The directional energy of such streams may be efficiently converted

into thermal energy by the colliding of two counterstreaming plasmas both

in availability or absence of the longitudinal magnetic field inside the

plasma streams.

It is interesting to investigate 3 cases of plasma stream collisions:

1) "dense" streams - direct energy relaxation length '£" (owing to binary

collisions) is much sma1ler than characteristic sizes of the system "L"

a « L) ;
2) "rarefied", nearly collisionless streams (S. ̂ L) ;

3) collisionless streams ( I » L ) .
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I case (8, << L) •

Thentalization of such plasma streams is useful for T =100-1000 ov

forplasma creation in the devices in which the following adiabatic

compression of two cylindrical plasma streams without inner magnetic field

by initial temperature T << T and initial density n . The interaction

takes place in the presence of the outside lonqitudinal field H = 8vn T ;
o o o

which isolates the plasma (plasma radius is R ) from a conductive liner
P

(radius is R ). The field flux conservation law lets to definate the vaiuj

of magnetic field strength inside the plasma-liner space AR=R -R .

Figure 1 is a typical picture of the computer simulated flow. One can

see: the upstream shock wave; following radial plasma expansion into outside

magnetic field and oblique shock waves due to braking expanding plasma.

The calculations show that it is possible to choose such combonation of

system parameters that the growth-time of the flute and Rayieigh-Tailor

instablicies will be limited due to the plasm flow flowing after a direct

shock wave. The value R < 0.2 R is enough to prevent the "overturn" of

the plasma - field boundary. Experimental results [ 1 ] do not con-

tradict such description.

II case ( I i L ).

The minimal energy Q of the theta-pinch like system depends on their

longitudinal size. To fill such magnetic traps it is reasonable to use the

plasma streams with stagnation path length £ ^ L.

We used 3-fluid model (one electron and two counterstreaming ion fluids)

fcr description the collision of such streams. The equations were obtained

before [ 3 ] by use of expansion the kinetic equation in small parameter

5 = (V /V ) << 1. Plasma parameters in dependence of plasma stream length

for some moments of collision are shown at the figure 2.

The calculations show the frontal stream part acceleration due to the

electron pressure, which appears in the first period of collision, when

electrons are heated mainly. Such calculations can be used to describe

the collision of two streams with parameters:

n = 10 cm" , T = 10 ev, T = 1 kev, V = (5-10)xl07cm/s,
O O K. Z

and relaxation length I = (3-5) meters (such parameters were received at

the experimental device MK-200 ) .

- 198 -



Ill case ( I << h).

In this case one can count on presence of turbulent interaction of

counterstreaming flows due to "two-stream instability of colliding plasma

flows" [ 4 ]. The estimates show that increment 7 of such instability can

reach the value to . . The level of fluctuations W is limited by nonlinear
Bi

processes of Alfven waves desintegration and it can grow up to a considerable

part of kinetic energy ( W <_ M.nv ) . So this mechanism can be very effec-

tive to thermalize the directed plasma stream by counterstream collisions.

The experiments showed the length of thermalization i < 100 cm for
t

colliding plasma stream of:
n = 3xl015 cm"3, T = 10 eV, T, = 1 keV, V = 7xlO7 cm/s and
o o k z

B = ( 1-10 ) kG. This value is much smaller than 1
z 3

I < 100 cm < I = 3x10 cm

It is in a good agreement with theoretical estimates of the thermal-

ization length due to the hose instability growth.

The typical curve of neutron emission yield in time is shown on figure

3. This emission due to the collision cf two deiterium plasma streams.

The total number of emitted neutrons N = 5x10 for pulse is smaller than

calculated value for T = 1 keV. This fact can be explained by nonmaxwel-
P

lian distribution of ion energy due to the turbulent mechanism of thermali-
zation.
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Fig.l

The typical Configu
ration of Lagrangian
cells .

Fig. 2

The space distribution
of plasma parameters
in the stream, which
moves from left to
right. T e and ne are
electron temperature
and density.

ft* v, r.

Fig.3

Neutron detector signal.
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E4 COLLISION OF HIGH ENERGY PLASMA STREAMS

Tadao UYAMA, Shoichi OHI, Norio BATOMI, Kenji WATAWABE

Seiichi GOTO, and Iliroshi ITO

Plasma Physics Laboratory, Faculty of Engineering,

Osaka University, Yamada-Kami, Suita, Osaka

1. INTRODUCTION

It was experimentally denoted that a high temperature plasma could he

easily ohtained through the collision process of two counter-streaming plasma.

Moreover, we found that such an encounter plasma was heated with a excellent

heating rate of several keV per a microsecond by a rapid theta compression.

In our laboratory, a series of such experiments have been performed for ten

years by using PIACE(Plasma Injection and Compression Experiments) machine of

various magnetic configuration; these are linear, sector and toroidal configu-

ration. As reported already, we have obtained a high energy density plasma of

1+ JceV ion temperature and 1 x 10:lt to 5 X io11* c m~ 3 density in first PIACE

machine of linear configuration. 1~'*In this machine,collision process was studied

in details since the behavior and parameters of the encounter plasma seemed

to be sensitively dependent on the succeeding heating process.5~7 According to

our experimental results concerning the collision process in PIACE machine, the

maximum ion temperature of encounter plasma reached about 100 eV with the con-

version efficiency of about 50 % which is sufficiently higher than the initial

ion temperature of the usual theta pinch experiments.

Experiments of the collision of plasma streams with a much larger relative

velocity were carried out by using another machine (PIACE-Ll). When the transla-

tio.nal energy of each stream attains to keV, a plasma with 600 eV ion tempera-

ture is obtained at maximum.

For the study of the plasma collision and the compression heating in a

curved magnetic field, two different machines have been used. Firstly in a

case of the sector machine (PIACE-Sl), which constitutes 90 degree sector of

torus, the successful energy conversion by collision of counter-streaming plasma

and the production of 2 keV plasma under a curved compression coil were experi-

mentally recognized. Next, in a fully toroidal machine (PIACE-Tl) the large

increase of the diamagnetic signal and the expansion of plasma column were

observed. In the succeeding heating process, such a plasma was heated to reach

order of keV without toroidal drift in the implosion phase.
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2. EXPERIMENTAL RESULTS

2-1 PIACE-L1 experiment

PIACE-L1 machine was constructed for an aim to produce of keV ion temper-

ature plasma only by the collision of two plasma streams with a translational

energy of order of keV. This machine consists of two guns situated oppositely

with each other and a strsight coil of 238 cm in length which is connected to

both guns as shown in Fig.l. A discharge tube is a glass one of l6 cm inner

diameter and 2hO cm length. Plasma streams are injected by conical theta pinch-

guns. The mean velocity of the bulk of a high energy plasma stream is 1.5 x

107 to 2.5 x 107 cm/s and the plasma density is in the range of 1 x 1011( r.o

5 x 10 1 = cm"3. The intensity of the guiding magnetic field is changeable and

its maximum can reach 6 k.G. Working gas of helium was introduced into a gun

end by a fast acting valve. The flov velocity of the plasma stream changes

depending on the charging voltage Vg of the condenser bank of a gun and the

time interval T between two operation times, the valve action and the preioni-

zation. Therefore we can choise the proper flow velocity of plasma by selec-

ting VQ and T. The diamagnetism of plasma stream were measured by magnetic

probes and one-turn loops wound around the discharge tube.

Acoording to the data measured ty diamagnetie loops and magnetic probes,

it is -found that the bulk of a high energy plasma ejected from a gun passes

through within a short duration 2 us or less, like a plasmoid. Succeeding

a plasmoid, a plasma with a lower density and a slower velocity is considered

to flow. The velocity of the center of such a plasmoid v* is calculated by

time-of-flight analysis assuming that the peak value of the diamagnetie signal

corresponds the location of a center of a plasmoid. In addition, the velocity

v(t) was measured by Doppler shift measurement of He II (1*686 &) line by using

OMA (Optical Multichannel Analyser). This typical data is shown in Fig.2.

v(t) is indicated generally to decrease monotonously as a function of time.

Collision of plasma streams was carried out in the center region of a

guiding c6il when both guns were operated simultaneously. The diamagnetic

loop signals of colliding plasma become several times larger than those of

one-side stream as shown in Fig.3. A large increase of plasma diamagnetism

and a prolongation of its signal suggest some efficient energy conversion of

the translational energy into the perpendicular energy. Temporal development

of the ion temperature during the collision process was obtained by the

observation of optical line broadening of He H line. These results are shown

in Fig.U. According to results in Fig.U, it is found that the efficiency of
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the energy conversion depends on the intensity of the guiding magnetic field

but not the flow velocity of the plasma stream. Such a relation is understood

by Fig.5 Where the ratio of the reached maxmum ion temperature due to collision

to the translational energy (l/2 m^v*2) is shown as a function of the guiding

magnetic field intensity. This relation suggests to us that the energy conver-

sion in the collision process has an optimum condition for guiding field

intensities, although we can not explain yet.

2-2 PIACE-S1 experiment

PIACE-S1, 90 degree sector machine is shown schematically in Fig.6.

This machine has a compression coil of an desrree sector with a ma.'or n/Hus

of 50 cm and has two sets of injectors at both ends, each of which is equipped

with a theta pinch gun and a long guiding coil of 60 cm in length. Working

gas was hydrogen added a small quantity of helium gas for Doppler profile

measurement.

The property of a plasma stream ejected from a gun was studied by using

magnetic and electric probes through three observation ports, A, B, and C

arranged axially along the discharge tube. Radial density profiles in the

horizontal plane at positions of A, B and C are shown in Fig.7, Fig.8 and Fig.9

respectively. As shown in these figures, the plasma stream flows along the

tube axis in the straight guiding field, while in the curved field, its center

shifts outwardly from the torus axis but flows appartly from the wall of

discharge tube.

Collision of plasma stream is observed under the curved compression coil

when two plasma guns are fired simultaneously. From diamagnetic signals

measured by one-turn loop set up at the position of C, we can find that the

diamagnetism of encountered plasma becomes about 10 times larger than that

of one-side plasma stream. This result suggests that an efficient conversion

of the translational energy of plasma streams into the perpendicular energy

is carried out in the curved magnetic field as well as in a linear magnetic

field. In addition, some generation of the ion current caused by ion motion

is suggested. Fig.10 show radial distributions in the horizontal plane n-f

density n(r) at various times which are obseved through the port C. According

to these temporal variation of n(r) we found that plasma column exhibits

some complicated behavior when plasma streams collide with each other in the

curved magnetic field.

Temporal changes of the ion temperature in the collision process was

obtained by observation of optical line broadening of mixed helium ions or
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impurties, carbon ions etc. Profiles of He U line (1+686 A) were analyze'?,

at each 2 us .after gun firing. Fig.11 shows typical line profiles for He .1

line at times of t = 13 Us and t = 20 ps. Profiles of 13 Us is approximately

able to "be fitted to a single Gausian shape, but that of 20 us is reduced a

double Gausian shape. The ion temperature estimated from these profiles

represented 100 eV at 13 Us and two temperature of 15 eV and 100 eV at 20 us.

The ion temperature in the early phase of collision is nearly the same as the

translational energy of plasma stream within the experimental error.

2-3 PIACE-T1 experiment

Fig.12 shows PIACE-T1 machine schematiclly. The coil system of this

machine is arranged in a full torus with a major radius of 30 cm and consists

of two sets of curved pinch gun coil and two sets of semi-circular compression

coil. Working gas of hydrogen is introduced vertically by a fast acting valve

set up at t'ae middle of the gun coil. Each gun injects plasma stream along

the compression coils which are connected ot both ends of each gun. Plasma

streams flow in the guiding magnetic field of lkG which is a sum of the bias

field for compression heating and the leakage field from two gun coils.

Fig.13 shows waveforms of diamagnetism measured by three one-turn loops wound

around the discharge tube near three ports; loop-SW, loop-S and loop-SE.

Waveforms of (a) and (b) are obtained in the case of one-side operation of

gun-W and gun-E respectively and waveform (c) in the case at "both guns operation.

The flow velocity of plasma stream is about 8 x 106 cm/s which is determined

from time-of-flight method calculated by loop signals. Waveforms detected by

loop-S (<j> = 0°) indicate that diamagnetisra. of colliding plasma becomes k to 5

times larger than that of one-side plasma stream, moreover it decreases more

slowly than that in the one-side flow.

The temporal evolution of the radial density n e and diamagnetism AB

distributions in the collision process was studied through the measurement by

using magnetic and electric probes. Time resolved, distributions of AB are

shown in Fig.l^t, where at various time, three profiles are presented; each

profile of a single stream and a profile of colliding plasma.These results

indicate that plasma column begins to expand inwardly toward the center of

torus immediately two plasma streams collide with each other and then a high

beta plasma cover almost all the space. Such an expansion of plasma column by

collision is also pointed out by a density measurement using electric probes

as shown in Fig.15- Observations through other ports denote the same plasma

expansion, but its start is delayed. In the succeeding compression heating
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process, a plasma column in an expanding state is heated to reach order of ksV

temperature without a drift in the implosion phase although a heated plasma

shifts outwardly finally.

3. CONCLUSION

It was found in the PIACE-L1 experiments concerning the collision of keV

plasma stream in that the conversion efficeincy of the translational energy

into the perpendicular energy in the collision process depends on the guiding

magnetic field intensity, "but not almost on the flow velocity. The collision

of plasma streams is consider to require an optimum intensity of a guiding

field under the given condition, although we can not explain completely its

mechanism.

In the curved magnetic field, a high temperature plasma with the same

order of the translational energy of streams was obtained by the collision of

counter streaming plasma. The energy conversion efficiency was indicaged to

be comparable with that in the linear configuration experiment. In addition,

the plasma expansion was found in the curved magnetic field. Particularly.,

in the PIACE-T1 machine a high beta plasma covers almost all the space after

two plasma collision.
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Fig. 1. Schematic drawing of experimental device (PIACE-LI)
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Fig. 2. Tipical translational ve-
locity as a function of time ob-
tained 'by Doppler shift measure-
ment of He H (1)686 X) line by using
OMA.

Fig. 3. Diamagnetic loop signals
of encounter plasma and one-side
plasma stream.
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E (1/2 m^v*2) as a function of the guiding magnetic field
intensity.
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Fig. 7- Time resolved radial
density profiles of one-side
plasma stream on the horizon-
tal plane at the position A
in the guiding field.

Fig. 8. Time resolved radial density
profiles of one-side plasma stream on
the horizontal plane at the position
B in the curved field.
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Fig. 11. Typical line profiles for He 11
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Fig. 13. Waveforms of diamagnetism measured by three one-turn loops;
loop-SW, loop-S and loop-SE.
(a) and (b) are waveforms on the one-side stream and (c) i s waveform
in the co l l i s ion process.
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