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ABSTRACT

Experiments on the STaR-1M tokamak have addressed the following

problems in magnetic confinement fusion research: 1) the attainment of

quasi-continuous operation in a fusion reactor by inductively driving a

current which alternates polarity; 2) plasma heating by inducing

turbulence to enhance the Ohmic dissipation; and, 3) the stability of

tokamak plasmas carrying large currents.

STOR-1M plasmas have major and minor radii of 22 cm and 3.5 cm,

respectively, and are produced with hydrogen at a pressure of 0.9 mTorr.

Typical discharges carry a current of 5 kA with a toroidal field of 1 T.

Around the current peak, electrons at a density of 1 x 1013 cm-3 are

heated to a temperature of 80 eV. The ions, with an effective charge

number of 2, reach a temperature of 30 eV. Input energy is confined for

almost 0.1 ms at the current peak, and the total discharge length is

usually 4.5 ms.

To simulate the current reversal phase in an;ac tokamak reactor, a

sinusoidal plasma current has been sustained for one cycle. Peak currents

of 8 kA and electron densities of 1.8 x 1013 cm-3 have been attained.

The electron density at the reversal is always at least 2 x 1012 cm-3.

The unexpected equilibrium when the toroidal current goes through zero may

be due to vertical plasma currents closing through the limiter or chamber

walls.

To induce turbulence for plasma heating, an electric field pulse

of amplitude up to 360 Vim and width 20 �s drives up to 10 kA of current
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on top of a normal discharge. After the pulse, electron temperatures of

300 eV and ion temperatures of 200 eV have been recorded. About 200 �s

after the pulse, the electron density and temperature reach a peak,

implying that containment of energy is enhanced.

The safety factor at the plasma surface during the pulse can be as

low as 1.5. Disruptive behaviour, in the form of current interruption and

loop voltage spikes, is observed when the safety factor is between 1.85

and 2.1. Outside this range, the plasma is grossly stable.
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1

CHAPTER 1

INTRODUCTION

1.1 Nuclear Fusion

For a number of years now, research has been carried out in the

Plasma Physics Laboratory at the University of Saskatchewan on problems

which relate to the attainment of controlled thermonuclear fusion. It is

fitting, therefore, to begin this thesis with a short description of the

relevant issues in fusion research. For a more complete treatment of the

fusion research program, some of the many reviews on the subject may be

consulted (Gill 1981" Teller 1981, Pitts et al. 1982, Stacey 1984,

Thomassen 1984).

The impetus behind the world-wide research program is the

possibility of producing energy economically in a reactor based on nuclear

fusion. The key problems involve heating the fuel to a temperature where

the Coulomb barrier can be overcome, and confining the fuel for long

enough so that more energy is produced than is consumed. At the

temperatures necessary for fusion, the fuel will exist as a plasma, and so

plasma physics is the most active area of research in the fusion program

at this time.

The fuel involved will be light elements, and the fusion reaction

which proceeds at the lowest temperature (Fig. 1.1.1) uses deuterium and

tritium:

D + T � 4He + 1n + 17.6 MeV

The critical temperature for this reaction is (in energy units) 7 keV.

The confinement necessary for energy br�akeven is usually expressed in the
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form of the Lawson criterion (Lawson 1957):

Here, n is the plasma density and �E is the characteristic time for

confinement of the energy in the plasma, and is given by (Artsimovich et

al. 1967, Pfeiffer and Waltz 1979)

W

P.
In

dW
dt

(1.1)

where W is the energy content of the plasma and Pin is the input power.

These requirements can be conveniently shown on a Lawson diagram

(Fig. 1.1.2). World-wide progress toward the reactor relevant region in

the upper right (Q = Pout/Pin) has been steady in the last thirty

years.

1.2 Tokamaks

One of the best ways of confining a hot plasma is to use a

suitable configuration of magnetic fields. There are many different

geometries which may be used, but the one which has been most successful

in approaching the conditions for fusion is the tokamak configuration.

Since the success of early experiments done in the Soviet Union in the

1960's, the tokamak has enjoyed much popularity world-wide. Many reviews

have been written on this device (Artsimovich 1972, Coppi and Rem 1972,

Furth 1975, Robinson 1982), and only a short discussion of the importan�.

parameters will be given here.

The name 'tokamak' is a Russian acronym for toroidal magnetic

chamber. The name was chosen because a tokamak consists of a toroidal

chamber surrounded by various coils for producing magnetic fields. It is
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shown schematically in Fig. 1.2.1, and the co-ordinate system used here

for describing it is depicted in Fig. 1.2.2. The strongest magnetic field

is the toroidal field BT, which is produced externally by

current-carrying coils. A transformer is used to induce an emf in the

toroidal (�) direction which drives a toroidal current Ip in the plasma.

This current produces a magnetic field Bp in the a, or poloidal,

direction. The combination of toroidal and poloidal magnetic fields gives

a resultant set of helical field lines winding their way around the

torus. The complete set of field lines forms a structure which can be

described as a set of nested toroids, and the field lines lie on these

magnetic surfaces.

Other magnetic fields which are present in a tokamak are in the

vertical (z) and horizontal (r) directions. The plasma column tends to

expand radially outwards due to plasma pressure and magnetic forces. The

applied vertical field interacts with the toroidal current and provides an

inward J x B force to balance this outward force. Similarly a horizontal

field is applied to maintain vertical equilibrium.

The necessity of such a magnetic structure for plasma confinement

may be understood by considering the following standard explanation of the

behaviour of charged particles in this geometry. A toroidal field alone

has a radial gradient and curvature which causes a vertical drift of

plasma particles given by (for example, Chen 1974)

v =

d � r
c

1 ) (1.2)

where �c = ZeBT/M is the cyclotron frequency of a particle of mass M

and charge number Z (Z = -1 for an electron), and v" and v1 are the
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velocities parallel and perpendicular to the total magnetic field,

respectively. In Fig. 1.2.3, this drift is upward for ions and downward

for electrons, and results in charge separation and production of a

vertical electric field. The electric field causes an E x B drift

(= E x B/B2) radially outwards from major axis. These drifts would

rapidly cause a loss of plasma to the walls of the chamber but for the

effect of the poloidal field. With this field present, the particles may

travel along the helical field lines between the top and bottom of the

plasma and short out the electric field.

The twist in the magnetic field lines is called rotational

transform. It is expressed quantitatively by the safety factor q(p),

which for a tokamak of large aspect ratio Ria is given by

q(p)
pBT
RB (p)

p

(1.3)

Geometrically, it is the'number of times a magnetic field line must trace

around the torus in the toroidal direction before it comp�etes one

complete revolution in the poloidal direction. Physically, it is an

important parameter in the magnetohydrodynamic (MHO) picture of tokamak

plasma stability (Bateman 1978, Wesson ·1978). MHO instabilities manifest

themselves as perturbations of the poloidal field (the so-called Mirnov

oscillations--Mirnov and Semenov 1971a, 1971b) having a mode structure

which may be given by

B (p,a,�,t) = � f (p) exp[i(w t + rna - n�)]
p ,m,n mn mn

where fmn(p) contains the minor radial dependence of the mode with

integer mode numbers m and n, wmn is the oscillation frequency of the
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mode, and the tilde indicates the fluctuating component. When the pitch

of a perturbation equals the pitch of the magnetic field lines on a

particular magnetic surface (the resonant surface), the mode may be

unstable. In other words, magnetic surfaces on which q min (rational

surfaces) are usually the sites of growth of this type of instability.

The most restrictive limit on q, however, is the so-called Kruskal-

Shafranov limit, which constrains q to be greater than unity throughout

the plasma. Since Bp(a) « Ip, this means that the plasma current is

limited.

The limitation on plasma current is important because in a tokamak

t�e current is also used to heat the plasma. The heating mechanism is

Ohmic dissipation �J2, where � is the plasma resistivity and J is the

current density. The resistivity of a classical, fully ionized plasma

arises from Coulomb collisions of the plasma particles. With ions of

charge number Z and electrons of temperature Te' it is proportional to

Z/T3/2 (Spitzer 1956). This means that for a limited current,e

the Ohmic heating becomes ineffective at reactor relevant temperatures.

For this reason, it is generally believed that some form of auxiliary

heating will be necessary on a tokamak reactor, although this has recently

been disputed (Hutchinson 1986).

Another limitation of tokamaks is due to the method of production

of the Ohmic heating current. A transformer is used, so current cannot be

driven continuously in this way. But a fusion reactor should ideally be

operated in a steady state, and much work has been done recently to

overcome this limitation.

A measure of the efficiency of magnetic confinement systems is the
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plasma � factor. It is the ratio of plasma pressure to magnetic pressure,

and is given by

(1.5)

where �o is the magnetic permeability of free space (4n x 10-7 Him), p

is the plasma pressure p nT = n(Te+Ti), n is the plasma density, and

Te and Ti are the electron and ion temperatures, respectively (in

energy units). This is an important parameter because fusion power in a

reactor will be proportional to �2. In present day tokamaks, � is

limited to a few percent (Troyon and Gruber 1985).

1.3 STOR-1M Tokamak

STOR-1M is a small tokamak which has been built in our laboratory

to carry out fusion-related research. The name stands for �askatchewan

Torus - 1 Modified. As the name suggests, STOR-1M is the descendent of an

earlier toroidal machine (not a tokamak) named STOR-1 (Kuwahara 1980),

which itself was the follower of the Plasma Betatron (Hirose and Skarsgard

1977).

The research done on these earlier devices concentrated on the

heating of plasma due to turbulence which is induced by intense plasma

currents. The Plasma Betatron demonstrated rapid current penetration and

thermal transport to the plasma core (Nishida et al. 1977). When these

results were verified on the higher-BT STOR-1 device (Boucher et· al.

1983, Kuwahara 1980), they became useful contributions to the fusion

research program. The next step was to investigate the effectiveness of

turbulent heating on a tokamak plasma, and for this reason, STOR-1M was

built.
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The basic parameters of the STOR-1M tokamak and its plasma are

presented in Table 1.3.1. It features an iron-core transformer for more

efficient Ohmic heating current generation and a stainless steel chamber

with ultra-high vacuum properties.

Two problems in tokamak fusion research have been addressed with

STOR-1M. They were both all�ded to in the previous section. The first is

the attainment of a quasi-continuous tokamak reactor. If the plasma

current can be inductively driven with both polarities (ac operation)

rather than unidirectionally, a reactor may have a much higher efficiency

(Fig. 1.3.1). The findings presented here show this may be possible.

The second problem concerns the attainment of high � in a tokamak

configuration. This will have to be done through a combination of

efficient plasma heating and adjustment of the current and pressure

profiles to optimize the equilibrium configuration with respect to MHD

instabilities. Initial results on the application of a fast current pulse

to produce profile modification and turbulent heating in STOR-1M plasmas

are promising.

Thus, STOR-1M can be operated in three ways: 1) as a normal,

Ohmically-heated tokamak with unidirectional current, 2) as an ac tokamak,

and 3) as a tokamak with a fast current pulse superimposed on the normal

plasma current.

1.4 Thesis Outline

The remainder of the thesis is organized as follows. Chapter 2

gives the construction details of STOR-1M tokamak. The vacuum system, all

power supplies, and the mechanical structure are described. The methods



Parameter

Plasma Major Radius R

Plasma Minor Radius a

Aspect Ratio Ria

Plasma Volume 2n2a2R

Toroidal Field BT
Plasma Current Ip

Typical Value

22 cm

3.5 cm

6.3

5.3 x 103 cm3

LOT

5.0 kA

Safety Factor q(a) 5.6

Loop Voltage V� at peak Ip
Electron Density (av.) 0e

Electron Temperature Te

Ion Temperature Ti
Effective Ion Charge Zeff

Energy Confinement Time TE

Discharge Duration

3 Volts

1 x 1013 cm-3

80 eV

30 eV

"'2

"'0.1 ms

4.5 ms

13

1.3T

7.5 kA (Ohmic)

15 kA (with TH)

3.7 (Ohmic)

1.5 (with TH)

3 x 1013 cm-3

>300 eV (with TH)

"'200 eV (with TH)

Table 1.3.1 Parameters of STOR-1M Tokamak

(TH = turbulent heating)



14

AC Tokamak Reactor

Ip

O�------��------���----��------_.
t

Traditional Scheme
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used to diagnose the plasma are explained in Chapter 3. The experimental

results are given in Chapter 4, including optimization of the tokamak

discharge, attainment of an ac plasma, and application of turbulent

heating. A summary and suggestions for further work are given in Chapter

5 to conclude the thesis.

S1 units are used for all formulas, except where numerical

quantities are involved, in which case the most convenient units are

used. Plasma temperatures are expressed, following tradition, in energy

units (usually eV, where 1 eV = 11,600 K), and so the Boltzmann constant

is dropped in all formulas.
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CHAPTER 2

MACHINE DESCRIPTION

2.1 Introduction

The STOR-1M tokamak is an extensive upgrade of its predecessor

STOR-1 (Kuwahara 1980), a toroidal device (not a tokamak) which had a

Pyrex vacuum chamber and could only sustain short (tens of �s),

oscillatory discharges. The major modifications were the installation of a

stainless steel vacuum chamber for cleaner, higher quality plasmas, and

the addition of an Ohmic heating circuit, featuring an iron-core

transformer, to produce longer, tokamak discharges. It was also necessary

to add other circuits to make the transformation to a tokamak complete.

STOR-1M was completed in late 1983, and the first discharge was

produced on 25 November of that year. It has been in use since then, and

to this date has logged more than thirty thousand shots without a major

failure.

In this chapter, the major components of the STOR-1M tokamak will

be described.

2.2 Vacuum and Gas Feed Systems

The STOR-1M vacuum chamber (UHV Ins t runent s , Toronto; see

Fig. 2.2.1) was fabricated in four quadrants from type 304 stainless

steel, and has the following parameters:

Major radius: Rc
Minor radius (inner): ac

Wall thickness: tw

22 cm

4.8 cm

0.3 cm
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The characteristic time for penetration of poloidal magnetic field through

the wall is given by LW = �oactw/2�ss (for example, Rothman

1968), where �ss is the resistivity of the stainless steel (7.2 x 10-7

Q-m). In STOR-1M, this amounts to 130 �s, and allows for complete

penetration of magnetic fields on the ms time scale of the tokamak

discharge while still enabling the chamber to act as a conducting shell

for the short (tens of �s) turbulent heating pulse (see Section 4.4.2).

The chamber is equipped with a large port for pumping, four

horizontal and four vertical diagnostic ports, and two horizontal and two

vertical windows. It also has two insulating ceramic breaks to inhibit

toroidal current induction in the wall. A 'rail limiter' (Fig. 2.2.1) is

located at one of the joints. It limits the maximum size of the plasma

while still allowing for some horizontal movement (± 2 mm). All vacuum

seals are Viton O-rings or copper gaskets, except for the window seals

which are indium.

The systems used for evacuating the chamber, gas filling, and

pressure measurement are shown in Fig. 2.2.2. To obtain pressures in the

ultra-high vacuum regime necessary for tokamak experiments, a turbo-

molecular pump (Leybold-Heraus; TMP in the figure) with 450 lis capacity

is used. The effective pumping speed, after taking pump-port conductance

into account, is less than 100 lis. The turbo is backed with an

oil-filled rotary roughing pump (RP). The ultimate pressure attained is

less than 2 x 10-8 Torr.

Filling the chamber with hydrogen gas is done with two valves.

For steady filling to the mTorr range, a thermo-mechanical leak valve

(Balzers UDV-135; TV in the figure) is used with a feedback controller
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(Balzers RVG-050) for regulation. Puffs of gas may also be admitted using

the piezoelectric valve (Veeco PV-10; GP in the figure), driven by its own

pulsed power supply.

Two ionization gauges (IG), one on the chamber and the other at

the pump inlet, are used for pressure measurement. A thermocouple gauge

(TC) is used for measuring backing pressure. A quadrupole mass filter

(Spectrum Scientific; QMF in the figure) is also mounted at the pump inlet

for residual gas analysis.

2.3 Toroidal Field Coil System

The toroidal field coil system is a slightly modified version of

that used on the toroidal device STOR-1 (Kuwahara 1980). It consists of

24 circular coils of 29 turns each. They are made from 2.0 cm (3/4 inch)

copper strip, 0.64 mm (0.025 inch, AWG 22) thick, and the turns are

insulated from each other with 0.07 mm (3 mil) Mylar. The coils are

supported azimuthally by sandwiching them between acrylic sheets with

slots for each coil, and radially by a cylindrical acrylic structure. With

this arrangement, the worst field ripple (Bmax-Bmin)/Bav seen by a

well-centered plasma occurs at the outermost major radius (r = 25.5 cm,

z = 0), and is expected from calculation to be about nine percent.

Twelve coils are connected in series, and the two sets of twelve

are connected in parallel, with the coils from each set alternating

positions around the torus. A return winding is also included to minimize

stray fields and coupling to poloidal windings. The inductance of this

arrangement, deduced from the waveform, is 2.2 mHo The resistance,

including connecting cable (RG-218/U), is 0.14 Q. The coil system is
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connected to a 5 kV, 2.7 mF capacitor bank through an ignitron

(GE GL7703). To keep the current from ringing, a set of diodes is used to

dump the inductive energy ('crowbar') when the capacitor voltage reaches

zero. The circuit diagram of the system and a typical current waveform

are shown in Fig. 2.3.1. The current rise-time is 3.5 ms, and the

measured decay time (L/R) after crowbarring is 15.4 ms.

At the maximum stored energy of the capacitor bank (34 kJ), the

toroidal field at the minor axis is 1.7 T. Normally, however, the system

is operated to produce 1.0 T on axis, which requires 3 kV on the bank

(12 kJ stored energy).

2.4 Poloidal Field Coil System

2.4.1 Introduction

The various poloidal fields in STOR-1M are produced by an

axisymmetric winding system shown in cross-section in Fig. 2.4.1. All of

the windings except the preionization windings were constructed from

2.0 cm (3/4 inch) copper strip, 2.4 mm (3/32 inch) thick. Insulation

between turns was provided by 0.07 mm (3 mil) Mylar, and the whole

arrangement was wrapped with fibreglass tape and resin. A final coat of

insulating paint completed the windings. The electrical parameters of all

poloidal field coils are given in Table 2.4.1. The system is described

briefly in the following sections.

2.4.2 Preionization

The conditions at the initial breakdown of the gas influence the

plasma behaviour later on in the discharge. For this reason, it was
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Wjnding Set Nit) Location (r, z) L R C v (3) Comments

(mm) (�H) (rnSl) ( mF ) ( VoIts )
--

OhmicHeating (OH) 3 97.5, +443 700(2) 8 B .223 -2000 Flux swing 0.036 Wb
3 97.5, -443 F 1.9 300 Saturation current:

S 16 100 290 A

Vertical Field (VE) 2 123, +162.5 26 8 F 0.87 650
(pre-programmed) 2 123, -162.5 S 6.4 200 55.6 G/kA

-2 390, +146 ac: 1.0 500 6.5 cm out
-2 390, -146

Vertical Field (VC) 2 123, +203 24 11 -- ±36

(feedback) 2 123, -203 48.8 G/kA
-2 360, +146 6.5 cm out
-2 360, --146

Horizontal Field (HC) 5 360, +203 80 12 16 30 97.9 G/kA
(compensa ti on) -5 360, -203 6.5 cm out

Turbulent Heating (TH) 1 290, +160 2.8 0.019 5000
1 290, -160

(1)Minus sign indicates current in reverse direclion.
(2)Measured at zero flux.
(3)Typical.

Table 2.4.1 Parameters of the poloidal field windings and power supplies,
including turbulent heating.

N
�
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advantageous to produce a low density 'seed' plasma (preionization)

immediately before the main discharge. This is done by applying a pulse

of rf power to two windings, connected in parallel, placed above and below

the chamber (see Fig. 2.4.1). The rf is provided by a 20 MHz, 20 kW

(maximum) generator.

2.4.3 Ohmic Heating System

After preionizing the hydrogen gas, the main discharge is

established by inductively driving an Ohmic heating (OH) current through

the plasma. The circuit used for this consists of a six-turn primary

winding (three above the midplane and three below) encircling an iron-core

transformer (see Fig. 2.4.1), and a three-stage capacitor bank for

producing the required primary current waveform. The transformer core

(Elma Engineering, Palo Alto) was made from type M-4 silicon steel

laminations, and the effective radius of the central leg is 6.5 cm.

The transformer was chosen as iron-core rather than air-core

because of its better coupling to the plasma, resulting in a saving of

power for the OH power supply (Bettis et al 1977). (Power is also saved

in the vertical field power supply: see Section 2.4.4). However, the

iron core makes designing the poloidal field coil system more difficult.

Both the effect of the core on the poloidal field and hysteresis must be

taken into account.

The presence of an iron core changes substantially the magnetic

field of a current ring encircling it. For a long, infinitely permeable

(� - �) core of radius rc' the vector potential for a ring current I at

radius R can be split up into vacuum and 'image' contributions (Hirose



26

1981, van Wees et al. 1980) as follows:

A�(r,z) = A�c + A�i (2.1)

where A�c is the vector potential with no core present, given by

�oRI (2-m2)K(m) - 2E(m)
A

....c
( r , z) = --'

2 2 2 �Y
n m [(r+R) + z ]

and A�i is due to the image effect and is given by

�oRI IOO Io(krc)
A�i(r,z) =

-n-
0 Ko(krc) K1(kR)K1(kr)cos(kz)dk

The magnetic fields are given by

B (r,z)
r

and (2.2)
1 0

B (r z) = -'--(rA )z· - r or �

Here, K(m) and E(m) are the complete elliptic integrals of first and

second kinds, respectively, with m2 = 4Rr/[(r+R)2+z2], and 10,

KO' and Kl are modified Bessel functions.

For the OH windings positioned as shown in Fig. 2.4.1. the leakage

magnetic field at the midplane was measured and compared with that

calculated using these equations (Mitarai et al. 1985). The results are

shown in Fig. 2.4.2. The assumption of a long core is questionable in

this case since the OH primary windings are located at the ends of the

core. Because of this. the calculations overestimate the image

contribution by about a factor of two. The total leakage field is

typically less than five percent of the main poloidal fields (see

Fig. 2.4.5).

The transient hysteresis curve of the transformer is shown in
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Fig. 2.4.3. To maximize the flux available for driving plasma current,

the core must be driven close to negative saturation with a 'bias'

current. Then, to break down the gas, a relatively large electric field

of about 20 Vim must be induced around the torus, which means the

rise-time of the primary current must be short. Finally, to sustain the

plasma current, a slowly-changing primary current is needed to overcome

plasma resistive loss. These three requirements are fulfilled with the

three-stage OH power supply shown in Fig. 2.4.4. Note that when the

tokamak is used in the ac mode, the slow bank is bypassed and the ignitron

holding anode is energized to allow the primary current to ring between

the fast bank and the windings. Typical current and loop voltage

waveforms for both operating modes (without plasma) are also shown in the

figure.

2.4.4 Vertical Field System

In order to maintain a tokamak plasma in stable equilibrium, a

suitable vertical magnetic field must be applied. For a plasma of major

(minor) radius R (a) and carrying toroidal current Ip, the required

vertical field is given by (Shafranov 1962)

�OIp [8R �i
BV =

4nR
In a- + �p +

� � 1 (2.3)

where �p is the po oidal beta factor defined by

p (2.4)
2

B (a)/2�
p 0

and �i is the internal inductance coefficient defined as

�.
1

(2.5)
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Here, p is the plasma pressure, Bp(p) is the poloidal magnetic field at

minor radius p, and Li is the plasma internal inductance. The bar

indicates averaging over the plasma cross section, with cylindrical

symmetry assumed. In STOR-1M, �p is expected to be less than unity.

�i depends on the profile of toroidal current, and ranges from near zero

for a skin current to greater than one for a centrally peaked current

distribution.

The equilibrium vertical field also depends on R, the horizontal

position of the plasma. Since it is very difficult to produce a

pre-programmed vertical field which keeps the plasma stationary, a

feedback system is necessary for good position control. So in STOR-1M,

the vertical field has two components: 1) a pre-programmed field produced

by windings labelled VE in Fig. 2.4.1, and powered by a capacitor bank;

and, 2) a smaller 'correction' field for more precise position control,

produced by windings labelled VC in Fig. 2.4.1, and powered by a feedback

system. The feedback system was designed and built by M. Emaami, so only

the pre-programmed field system will be described here.

The VE windings consist of two inner turns and two outer turns,

both above and below the midplane, carrying current in opposite directions

to minimize coupling to the OH circuit. All turns are in series.

The vertical field felt by the plasma is not all produced by these

windings, however. It has three components:

(2.6)

where BvE is the field due to the vertical field windings, Bpi is the

image vertical field produced by the plasma itself, and BOH is the OH

leakage field. The first and third terms can be measured directly, while
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the second term must be calculated using Eqns. 2.1 and 2.2. These

quantities are shown in Fig. 2.4.5. Notice that more than half of the

required vertical field is supplied by the plasma itself, a considerable

saving in vertical field power.

Another important consideration in the design of a vertical field

system is the field index, defined by

"a
= _[ � oBz )Bz or, z=O

(2.7)

It can be shown (Mukhovatov and Shafranov 1971) that stability against

vertical displacement requires nB > 0, while stability against

horizontal displacement needs nB � 1.5. (Note that these are necessary

conditions. The sufficient conditions for stability depend on the iron

core geometry (Belyakov et al. 1982).) From Fig. 2.4.5 it can be seen

that the field produced by the coils alone has unfavourable curvature, but

the total field has a favourable field index 0.35 < nB < 0.7.

The time evolution of vertical field can be deduced from Eqn. 2.3.

If one assumes �p + li/2 is constant (as a first approximation), it is

evident that the vertical field should follow the plasma current.

Therefore, the vertical field power supply is designed with a fast bank to

follow the initial rise and a slow bank·to follow the current plateau. In

ac operation, the slow bank is bypassed and the ignitron holding anode is

energized to allow the current to ring between the fast bank and-�ne

windings, as in the OH supply. The total circuit and a typical waveform

for each operating mode are shown in Fig. 2.4.6.
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2.4.5 Error Field Compensation

Unwanted, stray poloidal field components are unavoidable in a

tokamak. They arise from flux leakage from the OH primary circuit, stray

fields from coil feeders, and non-axisymmetric components of the toroidal

field. The latter is due to coil misalignment, field ripple, and the

azimuthal component of the winding (partly compensated for by the return

winding).

These 'error fields', of the order of tens of Gauss in magnitude,

inhibit breakdown and may cause unwanted plasma movement (see Section

4.2.2). Both vertical and horizontal components must be compensated for.

In STOR-1M, the vertical component at breakdown is cancelled by starting

the VE pulse a few tens of �s before the discharge. (Originally a

separate power supply was used for this purpose, but the present method

was found to be more convenient). Later in the discharge, horizontal

plasma movement is compensated for by the feedback system.

The horizontal stray field component is cancelled by supplying a

field produced by the horizontal compensation (HC) winding system. It

consists of an upper and lower five-turn winding, both connected in series

and each carrying current in opposite directions (see Fig. 2.4.1). The

field profile of such an arrangement, including image contribution, is

shown in Fig. 2.4.7. The windings are powered by a low-voltage, 16 mF

capacitor bank. The waveform should theoretically follow that of the

toroidal field. It may be adjusted by varying the series inductance or

the series resistance. The circuit and a typical waveform are shown in

Fig. 2.4.8.
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2.5 Turbulent Heating System

In STOR-1M, turbulent heating is accomplished by inducing a large

electric field to drive a short, intense toroidal current in the plasma.

This is done by applying current to two windings located as shown in

Fig. 2.4.1. The windings are made of two loops of 6.5 mm diameter copper

cable (AWG 2) of 7 strands each. They are connected in parallel to a

high-voltage, 19 �F capacitor bank through three meter lengths of RG-218/U

coaxial cable and an ignitron (see Fig. 2.5.1). The current is inhibited

from ringing by firing another ignitron to dump the inductive energy

through a 'crowbar' resistor.

A typical waveform is also shown in Fig. 2.5.1. The rise time is

10 �s and the total pulse length is 20 �s. The L/R decay time of the

pulse can be varied from 10 to 15 �s by adjusting the crowbar resistance.

The total inductance of the system (connecting cables plus windings) is

2.8 �H, and the crowbar resistance is usually 0.28 Q.

The core has some effect on the turbulent heating circuit. Enough

turbulent heating flux penetrates the core (at dominant frequency 25 kHz)

so that coupling to the Ohmic heating circuit is about 1:1.

2.6 Support Structure

Good mechanical support must be provided for the various systems

mentioned already. Vibration of the vacuum chamber must be minimized; the

large forces experienced by the toroidal field coils due to their

interaction with the poloidal field have to be taken up; and the total

machine, including the massive iron core, must have a solid base.

The toroidal field coils, due to their own magnetic field, tend to
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expand in minor radius and contract in major radius. The former forces

are taken up by each coil internally, while the latter tendency is offset

by a cylindrical acrylic block, shaped to distribute the force. The

overturning forces are supported by sandwiching the coils between acrylic

plates with slots for each coil. These plates are all clamped together

between two 2.5 cm G-IO plates, using stainless steel bolts. Further

support against twisting forces is provided by four 'cross-members'

positioned ninety degrees apart.

The vacuum chamber is supported by 8 horizontal, stainless steel

rods screwed into flanges welded onto the chamber. These rods are bolted

onto vertical legs which are themselves bolted to the G-10 plates.

This whole structure is mounted on 5 cylindrical stainless steel

legs of 6�0 cm diameter. They are bolted to a large, laminated wooden

base. This base also supports the iron core (mass 700 kg). Details of

these structures are given in Figs. 2.6.1 and 2.6.2.

2.7 Control System and Operation

All power supplies are monitored and controlled by the STOR-1M

master control unit. This unit charges all capacitor banks to preset

levels and sounds an alarm if any fail to reach the desired voltage. An

array of meters monitors the voltages on each bank. A clock is built in

which cycles at any'desired interval up to 6 minutes. The charging period

is one minute, and the cycle time is usually set at three minutes to avoid

overheating the TF coils. The unit also produces a single pulse to

initiate the firing sequence of the coil power supplies. This 'start'

pulse triggers a bank of timers which fires all the power supplies at the
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desired time. The usual operation sequence of a STOR-1M discharge is

shown in Fig. 2.7.1.
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CHAPTER 3

DIAGNOSTICS

3.1 Introduction

Since the birth of nuclear fusion research, the diagnosis of hot

plasmas has become a science (and an art) in itself. The problem is to

determine as many parameters as possible without significantly disturbing

the plasma. Much work has been done on this problem, and two references

which provide good overviews are by Huddlestone and Leonard (1965) and

Podgornyi (1971). A mo�e recent work concentrating on tokamak diagnostics

comes from the TFR Group (1978).

The STOR-1M tokamak is equipped with a standard set of diagnostics

for measuring both machine and plasma parameters. Since the discharge

length is much longer than in STOR-1 and the plasma is of higher purity,

it was concluded that probes inserted into the plasma would not be

suitable, as they were on STOR-1. Sufficient information was obtained,

however, by non-invasive methods.

Macroscopic properties of the plasma, such as current, induced

voltage, and position, can be obtained by measuring its magnetic flux

(Mitarai 1978). The behaviour of the various tokamak circuits can also be

monitored using the same methods. These measurements involve Rogowski

coils for plasma and coil currents, small induction coils for poloidal

magnetic fields and hence plasma position, and single-turn loops for

plasma loop voltage and transformer core flux. They were among the first

measurements to be performed on tokamaks and continue to be invaluable in

modern machines. STOR-1M is equipped with these diagnostics, and they
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will be described briefly in the following section.

Other diagnostics will also be described in this chapter. They

include a 4-mm microwave interferometer for measuring central

line-averaged electron density, a visible spectrometer for deducing ion

Doppler temperature and monitoring impurities, and a scintillator

photomultiplier combination for detecting the hard x-ray emission.

Recently, another set of magnetic coils for monitoring magnetic

fluctuations has been installed, and it will also be described briefly

here.

The locations of all diagnostics are shown in Fig. 3.1.1. Other

diagnostics which have been added recently are also shown (soft x-ray

detectors, neutral energy analyzer), but these are described elsewhere

(Sarkissian 1986, van Heesch et al. 1986).

3.2 Flux Measurements

3.2.1 Rogowski Coils

Rogowski coils are toroidal coils (solenoids) which encircle

conductors carrying time-varying currents, and produce a voltage

proportional to the time derivative of the flux linked by the coil. In

STaR-1M, they are used to measure the currents in the various windings and

in the plasma. Each coil is constructed by winding a suitable number of

turns of 0.4 mm diameter (AWG 26) enamelled wire on a toroidal former of

circular cross section. A return winding, wound in the opposite direction

(in the toroidal sense), is also included to reduce pickup of unwanted

flux. The number of turns and the dimensions of the former must be

considered carefully so that sufficient sensitivity is obtained without
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sacrificing high frequency response.

In this section, all Rogowski coils will be described. Details of

each one are given in Table 3.2.1, and circuit diagrams are given in

Fig. 3.2.1.

Each Rogowski coil for monitoring machine performance has close to

590 turns of wire wound on an acrylic former of 5.0 cm major radius and

1.0 cm minor radius. The inductance is about 400 �H and the resistance is

4.8 Q. With 1 kQ termination, the frequency response is flat up to about

500 kHz. The coils encircle the feeders of the various machine windings.

The coil for measuring plasma current is mounted outside but as

close as possible to the vacuum chamber. This dictated its dimensions to

be 5.7 cm major radius and 0.34 cm minor (winding) radius. It has 758

turns of wire on it, giving an inductance of 760 �H and a resistance of

2.5 Q. The coil has an aluminum foil covering (with toroidal and poloidal

breaks) to provide electrostatic shielding. The frequency response with

1 kQ termination is flat up to 800 kHz.

The signals from these Rogowski coils are integrated with gated,

active integrators. The RC times are 2.0 ms for the BT, BHC' and

BvE 'slow' integrators, and 0.2 ms for the Ip and IOH 'fast'

integrators. Integration is effective from about 5 Hz to 50 kHz for the

slow integrators, and from 5 Hz to 200 kHz for the fast ones (3 db

points). The effective time constant is therefore about 0.2 sec, which is

sufficient for the longest signals of <20 ms.

All of the Rogowski coils described so far were calibrated using a

small capaCitor discharge circuit (Fig. 3.2.2) having a waveform of

duration comparable to typical STOR-1M discharge lengths. The current in
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Current a R N NA/2nR L Res. fmax RC Cal.
measured (em) (em) (em-turns) (�H) (Q) (MHz) (ms) (kA/V)

IB 1.0 5.0 583 58.3 396 4.8 0.5 2 3.39
T

I 1.0 5.0 589 58.9 400 4.75 0.5 2 3.52
BHC

IOH 1.0 5.0 589 58.9 398 4.75 0.5 0.2 0.359

I 1.0 5.0 585 58.5 401 4.8 0.5 2 3.38
BVE

Ip 0.4 5.7 758 10.6 760 2.5 0.8 0.2 2.65

Ie,TH(uP) 0.34 5.0 150 1. 73 3.3 0.45 5.0 0.56 226

Ie,TH(dn) 0.34 5.0 150 1. 73 3.3 0.45 5.0 0.56 231

Ip,TH 0.34 5.7 120 1.22 2.1 0.37 10 0.56 195

Table 3.2.1 Rogowski eojl parameters
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this circuit was determined by measuring the voltage across a small

(8.70 mn), non-inductive resistance. The calibration factor was found by

comparing this signal with the Rogowski coil signal. The calibration

results are given in Table 3.2.1.

The Rogowski coils for measuring the turbulent heating coil and

plasma currents were designed with some care (Mitarai 1979) because of the

stricter high frequency response requirement. Each has a relatively small

number of turns in order to decrease both inductance and stray capacitance

so that high frequency response is improved. Also, for the same reason,

the coil and both ends of the coaxial (triax) transmission line are

terminated with their respective characteristic impedance. (This requires

a n-network of resistors between the coil and the cable). All coils are

electrostatically shielded with aluminum foil. The signals from these

coils are integrated with passive R-C networks with time constants of

0.56 ms.

For measuring the currents in both upper and lower turbulent

heating windings, two Rogowski coils were constructed. Each has 150 turns

of wire wound on a major radius of 5.0 em and a minor (winding) radius of

0.34 em. This results in a coil with inductance of 3.3 �H and resistance

of 0.45 n. With matching circuit and cable, the frequency response is

flat up to 5 MHz.

The Rogowski coil for measuring turbulent heating plasma current

is mounted outside and as close as possible to the vacuum chamber. It

consists of 120 turns of wire wound on a major radius of 5.7 cm and minor

(winding) radius of 0.34 em. The inductance of this arrangement is 2.1 �H

and the resistance is 0.37 n. With matching circuit and cable, the
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frequency response is flat up to 10 MHz.

To calibrate these TH Rogowski coils, the TH power supply (see

Secti�n 2.5) was connected to a loop of cable of inductance comparable to

that of the actual TH winding. The current produced in this circuit was

measured with a current probe (Pearson 3468) and compared with the

Rogowski coil signal. The calibration results are given in Table 3.2.1.

3.2.2 Position-Sensing Coils

To measure the poloidal fields produced by the various windings

and by the plasma itself, an array of magnetic induction coils was placed

outside the chamber, as shown in Fig. 3.2.3. Each coil was constructed by

wrapping about 460 turns of 0.1 mm diameter (AWG 34) wire onto a

cylindrical teflon former. The resulting cbil has a length of 6 mm and an

average radius of 3.5 mm. With 7.4 m of coaxial cable and 2 kQ

termination the frequency response extends to 200 kHz. Other parameters

of these coils are given in Table 3.2.2, and a circuit diagram is shown in

Fig. 3.2.4.

When measuring the poloidal field of the plasma with these coils,

unwanted field components are also picked up due to imperfect winding and

unavoidable tilting of the coils when mounting them. To eliminate these

components, a simple compensation circuit was constructed (Fig. 3.2.4).

It uses Rogowski coils to determine the waveforms of the currents

producing the offending magnetic fields, and then adds these signals, with

appropriate amplitude and polarity, to the affected magnetic coil signals

to cancel the unwanted portions. Toroidal field pickup is usually the

source of the largest unwanted signal in this geometry. On STOR-IM it was



in]

rm1
down

Fig. 3.2.3 Position-sensing coils

Chamber

�ut

54



Coil a (mm) Jt (mm) N R (Q) L (mH) Cal. (G!V)

Up 3.5 6 462 22.0 0.97 3.23

Down 3.5 6 460 22.2 0.93 3.37

In 3.5 6 460 22.6 0.96 3.26

Out 3.5 6 480 22.8 1. 01 3.17

Table 3.2.2 Parameters of the position-sensing coils.
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necessary to cancel this component from all four coils, and the vertical

field component from the upper and lower coils. It was not possible to

cancel the contribution from the OH leakage field since this quantity is a

complicated function of the changing core magnetization. The frequency

response of the compensation circuit determines the upper limit for the

coil-compensation circuit combination, and was found to be 10 kHz.

The signals, after compensation, are integrated with active, gated

integrators. The circuit is the same as that used for the 'fast' Rogowski

coils. The RC time is 0.2 ms, and the frequency response is good from 5

Hz to 200 kHz (3 db points), giving an effective time constant of 0.2 sec.

Calibration is performed by using a Helmholtz coil to produce a

known, uniform m&gnetic field, and then measuring the response of the

magnetic coil to this field. The Helmholtz coil is incorporated into the

capacitor discharge circuit used for calibrating the Rogowski coils (Fig.

3.2.2). It is calibrated itself by passing a dc current through it and

measuring the magnetic field with a Hall probe (Bell 120 with YA-48

probe). Calibration results are shown in Table 3.2.2.

3.2.3 Voltage Pickup Loops

The voltage drop along the plasma column is measured by a one-turn

loop placed on top of the vacuum chamber. The loop consists of the center

conductor of a length of RG-174/U coaxial cable, with the outer conductor

acting as an electrostatic shield. The inductance of the loop alone is

2.5 �H and the resistance is 0.58 Q.

The output signal must be attenuated, especially when measuring

turbulent heating loop voltage. Three voltage dividers were constructed
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for this purpose (Fig. 3.2.5), and they will be described here.

In normal tokamak operation, where voltages of less than 100 V are

expected, the signal is attenuated using a resistive divider. The 6 m

length of coaxial cable used to carry the signal from the tokamak is

terminated in 50 Q. The frequency response of this configuration is flat

up to 1 MHz.

When a turbulent heating pulse is applied, loop voltages may

approach one kilovolt. To measure these voltages, two different dividers

were used. One of them is a resistive divider with a capacitor placed in

parallel with the output to improve the step response. The frequency

response of the divider with cable is limited by the phase characteristic

to a maximum of 1 MHz.

The second divider has a balanced output to eliminate common-mode

noise. The frequency response is again limited by the phase response to 1

MHz. To minimize noise in these turbulent heating measurements, the

divider and signal cable were both shielded carefully.

To interpret the loop voltage V�, one must keep in mind that it

has two components--a resistive part and an inductive part:

V = I R + ddt (L I )� p p p p
(3.1)

where Rp is the plasma resistance and Lp is the plasma inductance

given by

L
p [8R

�.

1� R In -- - 2 + �
o a 2 (3.2)

and all other symbols have been defined previously. Since �i depends on

the current density profile (Eq. 2.5), it is difficult to determine. For
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the purposes of interpreting loop voltage, it is usually taken as constant

(close to unity for a parabolic profile). This is expected to be a good

approximation for a plasma near equilibrium. Thus a measurement of loop

voltage and plasma current can give information on the plasma resistivity

and, with suitable assumptions, the electron temperature (Eq. 4.1).

A one-turn loop is also used to measure the transformer core flux.

In order to minimize the pickup from the plasma, this loop is drawn

tightly around the outboard limb of the iron core at the midplane.

Shielding and attenuation are done the same way as for the plasma loop

voltage measurement. The flux is given by tOH = JVOHdt, and the

integration is performed using one of the gated integrators described in

the previous section.

3.3 Microwave Interferometer

Electron density measurement by microwave interferometry is a

standard diagnostic (Heald and Wharton 1965). There are many techniques

used to make the measurements, but the one found to be appropriate for

STaR-1M is a 4-mm interferometer with direct-reading output obtained

without source modulation (Nagashima et al. 1978). This method has the

advantages of easy interpretation and a frequency response not limited by

modulation. The system used on STaR-1M is described in detail elsewhere

(Emaami et al_ 1986), so it will only be considered briefly here.

The microwave circuit is shown in Fig. 3.3.1. A reflex klystron

(Varian VRE-2102A) operating at 75 GHz (A = 4 mm) provides the microwaves,

which are divided among three paths: a plasma path and two reference

paths. The portion passing through the plasma undergoes a phase shift
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related to the differing indices of refraction and given by

�� = 2� fa [ 1 _ ( 1 _

n

�
( x)

) � ] dx
-a c

where ne(x) is the electron density and nc is the cutoff electron

density nc = metow2/e2, which in our case is 7 x 1013 cm-3.

Since ne(x) and �� are related by an integral and the horizontal

position is fixed, the measurable quantity is the central line-averaged

electron density ne given by

n = � fa n (x) dx
e 2a e

-a

After passing through the plasma, the microwaves pass through an

E-H tuner and are split into two waves Esl and Es2' Each of the two

reference waves Erl and Er2 pass through an attenuator and phase

shifter before being mixed with Esl and Es2 in hybrid tees.

The microwave detectors are 1N53 silicon point-contact diodes

(Alpha Industries). The output signals are of the form

assuming the diodes are operated in the 'square-law' regime.

+

A1,2 and A1,2 are constants characterizing each diode's

efficiency. These diode signals are fed into buffer ampl1fiers with gains

adjusted to compensate for the different efficiencies. This ensures that

the square terms IEr1,212 and IEs1,212 may be cancelled out by

differential amplifiers. The final output of the amplifiers is given by
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V1,2 = K1,2 cos91,2
where 91,2 are the phase angles of the detected microwaves. If the

phase shifters are adjusted correctly these become

VI K1sin6�

V2 K2cos6�
where 6� has been defined previously.

Output signals of this form allow a direct-reading fringe counting

circuit to be constructed relatively easily so that the evolution of the

line-averaged density can be monitored in real time. This circuit has a

resolution of a quarter fringe, and is described more fully in the

aforementioned report by Emaami et al (1986).

3.4 Spectrometer

Measurements of plasma light emission can give information on

plasma parameters such as temperatures and densities of electrons, ions,

and neutrals (Griem 1964). In particular, by measuring the Doppler

broadening of spectral lines, the temperature of the emitting atoms or

ions can be deduced. For a Maxwellian distribution of emitter velocities,

the temperature is given by

T

where 6X is the half-width of the line at half intensity, Xo is the

wavelength at the peak, M is the mass of the emitting atom or ion, A is

the mass number, and T is the temperature in eV. (Note that the measured

width includes the in�trumental line width in the following way:
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where 6AM is the measured line-width and 6Ar is the instrumental

line-width).

The intensity of line emission from impurities gives a qualitative

indication of the cleanliness of the plasma. Oxygen lines are often used,

since this element is a common impurity, originating from water adsorbed

on the vacuum chamber walls.

On STaR-1M, line emission in the visible range is monitored with a

0.75 m focal length Czerny-Turner grating monochromator (Spex 1702) with

relative aperture f/7 and dispersion of 10 A/mm at 5000 A. With entrance

and exit slits of width 10 �m and height 10 mm, the instrumental

half-width is 0.10 A. The grating (Bausch and Lomb) has 1200 lines/mm and

is blazed at 5000 A.

The monochromator input optics consists of a lens to image the

plasma on the entrance slit and a diaphragm to match the relative aperture

of the lens with that of the monochromator. Two different arrangements

may be used, depending on whether a plasma cross-section average or a

z-resolved measurement is desired. They are shown in Fig. 3.4.1.

The dispersed light is detected using a photomultiplier

(RCA C31034-02), shielded from magnetic fields with �-metal and enclosed

in a brass and copper housing. The photocathode (GaAs) and shield are at

a high negative voltage with the anode grounded. The anode current is

drawn across a 5.6 kQ output resistor. The voltage dividing circuit is

shown in Fig. 3.5.1.
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SPECTROMETRY RCA C31034-02
K

-HV 780 lill

R = 560 lill Photocathode: GaAs
HV: -2 kV max Response 200 - 930 rum

Dynodes BeO

HARD X- RAY DETECTOR

(0) �
plastic

scintillator \
- HV 100 lill

RCA 6217

R = 47 lill Photocathode response: S-10
HV: -1250 V max Dynodes : Cs-Sb

(b)1
NaI(TI)

scinti lIator

-HV

HAMAMATSU 2060

R = 510 kQ Photocathode: Sb-Cs
HV: -1250 V max
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terminated at the oscilloscope with 50 Q, and filtered with an RC low-pass

filter with cutoff frequency of 45 kHz. The voltage dividing circuits for

both photomultipliers and other specifications for both detectors are

shown in Fig. 3.5.1.

3.6 Magnetic Coils for Fluctuation Measurement

A simple magnetic coil system was constructed to monitor the MHO

activity of the plasma. The coils are shown schematically in Fig. 3.6.1,

and their electrical parameters are also given there. A set of four coils

was arranged poloidally with 90· separation between coils. They were

connected in series with polarities as shown, so that they are sensitive

predominantly to m=2 modes (see Section 1.2). Each coil has 220 turns of

wire wound on a former of area 1.3 cm2. When the set is terminated in

its characteristic impedance of 1.8 kQ, the frequency response is flat to

150 kHz. The vacuum chamber, however, has a cutoff frequency of about

10 kHz (Section 2.2), so this limits the response.

To detect higher frequency modes, another single coil was mounted

just outside a vacuum window to eliminate the chamber cutoff. It has five

turns on a former of area 0.79 cm2, giving a frequency cutoff of 4 MHz.

It is terminated with 50 Q. This coil does not, of course, discriminate

between modes.
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ALL COILS CONNECTED IN

SERIES WITH POLARITIES

AS SHOWN.

N = 220 TURNS EACH

A = 1. 3 CM2
COIL BANDWIDTH: 150 KHz
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A = 0.79 CM2
BANDWIDTH: 4 MHz

Fig. 3.6.1 Magnetic coils for fluctuation measurements
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CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Introduction

The three different operating modes of the STOR-1M tokamak have

produced three sets of experimental results. Although these results are

presented in separate sections here, they are not independent. For

example, results obtained concerning plasma breakdown are applicable for

all operating modes.

In Section 4.2, normal tokamak discharges in STOR-1M will be

described, including plasma breakdown, discharge optimization, and

parameters of operation. In Section 4.3, ac discharges will be

explained. Their production and behaviour will be considered, and a

discussion of the importance of the results will follow. In Section 4.4,

initial results on turbulent heating operation will be presented,

including discharge behaviour and gross stability.

4.2 Normal Tokamak Operation

4.2.1 Introduction

·A tokamak discharge can be divided into a number of different

phases, each of which may be characterized by different physics. One such

division is as follows: gas breakdown, plasma formation, current buildup,

steady state, current decay, and discharge termination. Operation must be

optimized for each phase, and usually compromises must be made to obtain a

satisfactory overall discharge.

In the following sections, the breakdown process will be
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explained, and the optimization of the total STOR-1M discharge will be

described. Measured plasma parameters will also be given.

4.2.2 Breakdown

Gas breakdown in tokamaks has not received a lot of attention in

the literature, and there has been only a handful of detailed studies on

the subject, some experimental (Hirano 1973, Hutchinson and Strachan 1974,

Sometani and Fujisawa 1978, Benesch et al. 1981, Kellman et al. 1985,

Valovic et al. 1985) and some theoretical (Papoular 1976, Abramov et al.

1975, 1977). Also, the breakdown process is sensitive to many factors

which are device-specific, so no precise rules can be laid down.

The applicable physics is that of the Townsend avalanche (Brown

1967), where discharge characteristics depend principally on the ratio of

applied electric field to gas pressure, E/p. Electrons are accelerated in

the applied electric field and, through ionizing collisions with neutral

gas molecules, produce more electrons. This gain is offset by losses due

to electrons drifting out of the discharge channel. (Losses due to

recombination are negligible for the range of E/p values here (E/p > 100

V/cm/Torr; see Papoular 1976».

In a tokamak, the breakdown conditions must be adjusted so that

the transformer flux spent in this phase is minimized. Also, the loop

voltage at breakdown must be small enough so that excessive numbers of

runaway electrons (see Section 3.5) are not produced. The relevant

parameters which may be varied in STOR-1M are: 1) degree of

preionization, 2) vacuum chamber wall condition, 3) magnetic field, and 4)

gas pressure. Some plasma parameters at breakdown are shown in Fig.
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4.2.1.

Preionization provides an initial population of electrons, easing

the loop voltage requirement and therefore decreasing runaway production.

It is accomplished by applying rf power (20 MHz) as described in

Section 2.4.2. The effectiveness of preionization was determined by

measuring the loop voltage at breakdown and monitoring both visible light

emission during the rf discharge and hard x-ray production later on in the

discharge. It was found that optimum preionization was obtained by

applying a 400 �s burst of rf power immediately before the main discharge.

The effect of wall condition has not been studied in detail, but

it has been observed that breakdown is more difficult when the chamber

walls have been conditioned by the cleaning effect of repeated discharges

('discharge cleaning'--see the following section). It was concluded that

the presence of easily-ionized, heavier impurity atoms made breakdown

easier.

Electron losses during breakdown have been recognized (Benesch et

al. 1981) as arising from Ep x B drift, where Ep is the electric field

due to charge separation. The charge separation is driven by the

following behaviour: 1) drifts from the gradient and curvature of the

toroidal field (see Section 1.2); and 2) electrons and ions moving along

magnetic field lines which have become skewed by the presence of stray

magnetic fields. (Note that at this early stage of the discharge, .there

is not sufficient plasma current to produce the rotational transform

necessary to cancel the charge separation).

The stray magnetic fields arise from (Artsimovich and Kartashev

1963) flux leakage from the Ohmic heating circuit and coil feeders, eddy
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currents in the vacuum chamber, and non-axisymmetric components of the

toroidal field due to unavoidable tilting of the coils. They can be

compensated for by applying small horizontal and vertical magnetic fields

at breakdown, as described in Section 2.4.5.

To determine the optimum corrections to the magnetic field, the

magnitudes of the compensating fields were adjusted to produce the minimum

breakdown voltage, as shown in Fig. 4.2.2a for the (radially outward)

horizontal field BHC' By plotting a series of these graphs for

different toroidal fields and noting the minima, a graph of required

compensating field as a function of toroidal field can be obtained. Such

a graph for the horizontal field is shown in Fig. 4.2.2b. It can be

described empirically by BHC = BHO + AHBT' where BHO does not

depend on BT (for example, flux leakage), and the second term represents

the effect of toroidal field errors. The slope of this line gives a

toroidal field error of about 10-3 of BT, or 10 G at 1 T, which is

reasonable for a small tokamak. A similar analysis can be done for the

vertical compensation field, but since the field changes rapidly, the

penetration time of the chamber makes interpretation difficult.

The dependence of breakdown voltage on filling pressure is shown

in Fig. 4.2.3. There is seen to be an optimum pressure where gas

breakdown is easiest. For successful breakdown, an electron density such

that the electron-ion collision rate exceeds the electron-neutral

collision rate must be realized in a time shorter than any loss time. The

various losses are very sensitive to E/p, as mentioned, and this can

explain the pressure dependence (Papoular 1976).

The point mentioned above when the electron-ion collision rate



0)

0 aT= 5 kG

Vao 40
0

0

(volts) 00
o 0

30 0 0 0 0

8 0
0 0

20

10�----�----� � �

o 10 20
BHC(G)"

b)

8
10

He
(G)

15

o

75

BT (kG)
Fig. 4.2.2 a): Breakdown voltage vs ;. horizontal field (p � 0.9 mTorr H2)·.

b) Determination of toroLdaI field error from opt�mum BHC.

5

5 10



76

10

V
40

SO

(volts)

30

20

Fig. 4.2.3 Dependence of breakdown voltage on filling pressure

(BT = 1 T, BRC = 13 G)



77

equals the electron-neutral collision rate also marks the end of the

(4.1)

breakdown phase and the start of the plasma formation stage, where the

relevant parameter is the temperature.

4.2.3 Discharge Optimization

An important property of tokamak plasmas is their degree of

purity. The presence of ions with atomic number Z > 1 has two opposing

effects on a hydrogen plasma: enhanced cooling through radiation loss

(because power radiated by bremsstrahlung« Z2_-see Jackson (1975», and

enhanced Ohmic heating because of higher plasma resistivity, given by

(Spitzer 1956)

where �s is in Q-cm and Te is in eV. Here, In A is the Coulomb

logarithm with A = 12nneA5e' and ADe is the electron Debye

length

[ :::� r (4.2)

where £0 is the permittivity of free space (8.854 x 10-12 F/m). For

typical STOR-1M parameters, ADe = 24 �m and In A � 15. (The Coulomb

logarithm is only· weakly dependent on ne and Te, so it is taken to be

constant over a wide range of parameters.) Zeff is the effective charge

number of the plasma, given by

2
k n.Z.

I I

n
e

(4.3)



78

where ni is the number density of ion species i with charge number Zi'
and the summation extends over all ion species present. The cooling

effect usually predominates, so that as Iowa Zeff as possible is

desirable.

Efforts to attain a low Zeff in STaR-1M started before the first

plasma was produced. All vacuum components were cleaned thoroughly before

assembling, according to good ultra-high-vacuum practice (Nichols 1983).

After assembly, the pumping manifold was baked with heating tapes at 150

to 200 ·C for about two days to drive most of the water from the vacuum

surfaces.

The geometry of STaR-1M precluded baking the discharge chamber, so

to clean the chamber further, low power discharges were struck (BT = 0.5

T, PH - 1.5 mTorr). Such discharges produce high energy particles
2

which strike the wall and loosen the impurities so they may be pumped out

(Oren and Taylor 1977). Because of the difficulty in monitoring the

vacuum condition during the discharge cleaning, it is difficult to

optimize the process. But it was found that after opening the chamber to

atmospheric pressure, about 200 discharge cleaning shots were needed to

produce a low voltage (3 to 4 V at the current peak), high current plasma

(Fig. 4.2.4). Also, after a few days of idleness, the wall condition

deteriorates slightly so that about 10 to 20 normal power shots are needed

to recover a good plasma. A semi-quantitative measure of ,the cleaning

effectiveness was obtained by comparing the residual gases present before

and after discharge cleaning. The base pressure is also a crude

indication of wall condition. At best it is between 1 and 2 x 10-8

Torr, using the ionization gauge on the chamber port.



o

Vl}II Ip
•

V,_}A Ip

8T=0.5T
PH2 = 1.6 mTorr

8T= LOT

PH2 =O.9mTorr
15

VI
(volts)
atpeak Ip

---
"" A" A

I-R F Necessary-

4

Ip(kA)
3

peak

2

o 200 -....J
I.D100

Number of Discharge Cleaning Shots
300

Fig. 4.2.4 Effectiveness of discharge cleaning



80

Maintaining plasma equilibrium is the fundamental problem in

tokamak physics. It involves tailoring the magnetic topology of the

tokamak so that a stable configuration of plasma kinetic forces and

electromagnetic forces can exist. In STOR-1M this started with the design

of the various power supply circuits so that the correct waveforms are

attainable, as discussed in Sections 2.3 and 2.4. During routine

operation of the tokamak, fine adjustments can be made by changing timing

and capacitor bank voltages.

The Ohmic heating (OH) primary current waveform only requires

adjustment if the plasma current waveform needs changing. It must induce

a loop voltage sufficient to break down the gas (20 to 25 V) and sustain

the plasma current.

For equilibrium, the position of the plasma must be stationary.

This is accomplished by fine adjustment of the horizontal and vertical

fields. Even though the vertical field is self-adjusting due to the

feedback control system, it was still necessary to provide a good

approximation to the required waveform through judicious choices of

capacitor bank voltages and series inductance (see Section 2.4.4). Also,

the timing had to be adjusted carefully (to within 5 �s) so that the

requirement for breakdown was met at the same time.

As mentioned in Section 2.4.4, the vertical stability of the

plasma in an iron-core tokamak may be marginal, so that pre9ise setting of

the horizontal field is needed. Since a horizontal field is also needed

at breakdown for error field compensation, the best combination of timing,

bank voltage, and series inductance and resistance must be chosen.

The pressure of the hydrogen filling gas determines the plasma
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density (before any fast injection), and so is subject to some limits�

The optimum pressure determined by losses at breakdown has already been

discussed in the previous section. A more stringent limitation is set by

the appearance of runaway electrons during the main part of the discharge

(Section 3.5). Here again, breakdown conditions have an influence, but

runaways are also born during' steady state conditions. The critical

electric field Ec defined by Knoepfel and Spong (1979) is the electric

field which will cause electrons with velocities greater than the thermal

velocity to 'run away'. In other words, for applied electric fields

greater than Ec' thermal electrons will run away, while for field

strengths less than Ec' only the electrons in the tail of the

distribution will accelerate freely. This field is given by

n

E � 2.6 x 10-11 e
In A

c T
e

(4.4)

where ne is in cm-3 and Te is in eV. It is evident that the lower

the electron density, the lower the critical field and the greater the

number of runaway electrons. For typical STOR-1M parameters

(Table 1.3.1), Ec at the peak current is about 40 Vim, and E/Ec is

about 0.07. Empirically it has been found that tokamak discharges are

runaway dominated for J/ne > 1.5 x loll A-cm. For STOR-1M,

this means that fie must be greater than 9 x 1012 cm-3. Typical

densities are slightly larger.

The upper density limit for Ohmically heated tokamaks has

traditionally been the Murakami limit (Murakami et al. 1976) given by

(Reynolds 1980)

n
e,max (4.5)
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in SI units. This empirical limit marks the onset of disruptive

instabilities due to shrinkage of the current channel. This behaviour is

marked by negative spikes on the loop voltage. It is believed to be

caused by radiative cooling overcoming the Ohmic input power, but the wide

range of results obtained in other tokamaks indicate that the density

limit is a complex phenomenon (Alladio 1985). Modern tokamaks can exceed

this limit by gas puffing or pellet injection accompanied by strong

heating. In STaR-1M, this limit is 5 to 10 x 1013 cm-3.

After careful consideration of all of the above parameters, a

'standard' STaR-1M discharge was established. It is shown in Fig. 4.2.5.

The plasma horizontal and vertical positions were computed from the

magnetic coil signals using equilibrium theory (Mukhovatov and Shafranov

1971, Shafranov 1966). The electron temperature was determined from the

soft x-ray emission (Sarkissian 1986). By measuring the average plasma

resistivity and using Eqn. 4.1, a Zeff of 2 was deduced. The ion

temperature was determined from Doppler broadening of impurity lines. The

hard x-rays were detected with the NaI(TI) scintillator, after passing

through the chamber and about two em of lead.

The energy confinement time �E can be estimated from Eqn. 1.1,

using W = 1.5ne(Te+Ti) x volume, and assuming dW/dt = 0 at the

current peak, at which time Pin = IpVR = IpV�. This gives

�E � 0.08 ms. This can be compared with some popular scaling laws:

'neo-Alcator': �E 7 x 10-22 lleR2aq(a)
0.07 ms

4.9 x 10-21 a2RlleVq(a)TFR:

= 0.03 ms
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There is reasonable agreement with neo-Alcator scaling.

Parameters such as Ip, ne' and q(a) have also been

varied. A discharge where gas puffing was used is shown in Fig. 4.2.6. A

voltage step is applied to the piezo-electric valve about one ms before

the start of the discharge. At t � 1 ms, the electron density starts to

rise and reaches a peak of 2 x 1013 cm-3 at t 2.3 ms. In Fig.

4.2.7, a discharge with higher current (6.3 kA) is shown, corresponding to

q(a) = 4.4.

A convenient way to picture the operating range of a tokamak is by

using the so-called Hugill plot. It shows normalized plasma current

l/q(a) as a function of normalized electron density neR/BT
(Murakami parameter). The time progression of a discharge can be traced

out on the plot, and regions of instability can be delineated. The Hugill

diagrams for two representative discharges are shown in Fig. 4.2.8.

Trace #1 is a low-q Ohmic discharge, and trace #2 is a higher density

gas-puffing discharge.

4.3 AC Tokamak Operation

4.3.1 Introduction

The attainment of steady-state, continuous operation in a tokamak

has important implications for a proposed fusion reactor, and there has

been active investigation into novel ways of driving the plasma current

non-inductively. Fisch (1986) surveys some of these methods, most of

which have not been tested experimentally because of technological or

physical limitations of present-day tokamaks. The more conventional

approaches involve neutral beam injection (Ohkawa 1970) or injection of
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waves. The latter is technically easier, and so has received much more

attention. Lower hybrid waves have been used to drive substantial

currents in present tokamaks (Jobes et al. 1984), but the scaling up to

reactor conditions is not promising because of the higher rf power

necessary at high densities (Porkolab et al. 1984) and the possible

damping of the wave by a particles (Wong and Ono 1984).

Cyclic operation (Mitarai and Hirose 1985), where current drive

and inductive (transformer) drive alternate, is another way of approaching

steady-state tokamak operation, but the long recharging time of the

transformer is a drawback.

AC operation is an alternative to non-inductive current drive

(Couture et al. 1982, Ehst et al. 1983, Bromberg et al. 1983). The mode

of operation would involve producing a series of long current pulses which

alternate direction (Fig. 1.3.1). The current reversal phase is the most

difficult in this scheme,' both physically and technically. Plasma

confinement is an important question which must be investigated.

Up until now, alternating current as a means of quasi-continuous

operation has not been seriously studied experimentally. Some work has

been done on a small tokamak at Yokohama National University (Iizuka et

al. 1984), but its purpose was to study reconnection, and the time scale

was much sh.orter. Very recently, an experiment was performed at UCLA

involving a continuous, sinusoidal ac plasma (Pribyl et'al. 1986), but the

density and toroidal field were low. Many tokamaks use ac plasmas for

discharge cleaning (Oren and Taylor 1977), but these are usually high

frequency, low quality discharges, produced with no equilibrium in mind.

On STaR-1M, discharges with current reversal have been produced,



91

and the reversal phase has been considered in some detail (Mitarai et al.

1984). The ac plasma production involved operating the OH and vertical

field power supplies as LCR ringing circuits. (The feedback system for

position control is presently not able to be used in this mode). The

toroidal and horizontal fields are maintained unidirectional, and only a

slight modification to the horizontal field waveform is necessary. All

these power supply changes are described in Section 2.4.

The plasma current is approximately sinusoidal. Only a single

cycle can be produced because the toroidal field cannot remain reasonably

constant for more than one cycle's duration, and the vertical field does

not remain synchronized with the plasma current. The presence of one good

reversal is important, though, and it is expected to be a good simulation

of reversal between two long pulses.

4.3.2 AC Discharge Behaviour

A typical ac discharge is shown in Fig. 4.3.1. The plasma current

reverses smoothly from +4.1 kA to -4.0 kA. The loop voltage changes at

the reversal from +1 V to -5 V. The inductive voltage

VI � Lp(dlp/dt) is also shown. The separation between these two

curves is therefore the resistive portion IpRp (Eqn. 3.1). The

electron density peaks quickly to 2.8 x 1013 cm-3, and then decreases

to a minimum of 2 x 1012 cm-3 at the reversal. The vertical and

horizontal position were computed from the magnetic coil signals using

equilibrium theory (Shafranov 1966), and there is seen to be no large

plasma motion as the current reverses.

To obtain this good discharge required fine tuning of the zero-
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crossing time of the vertical field wavefo�m (see Fig. 2.4.6). The plasma

position was very sensitive to this, and if it was not tuned correctly, a

spike would appear on the loop voltage signal at the current reversal,

indicating large plasma motion into the wall or limiter. Electron density

was also observed to go to zero when this occurred. Such a discharge is

shown in Fig. 4.3.2.

Impurity lines were monitored in this experiment (Fig. 4.3.3), and

it was found that the emission dropped at the reversal, as it should since

both density and temperature (see below) are low. An important

observation was that there was no large release of impurities at the

reversal. Such a release was predicted by some people since impurity ions

deposited preferentially on one side of the limiter during one half-cycle

should be released by electron bombardment during the next half-cycle.

(In poorly-positioned plasmas, a release of impurities is observed,

however). Also, the width of the impurity dip at the reversal increases

with ionization state, as expected from the temperature evolution

discussed below.

Fig. 4.3.4 shows the evolution of the resistivity temperature for

Zeff = 3 and 4. (Zeff here is not independently known; the values

used are typical for small tokamaks). Also shown are the ionization

potentials for given ionization states plotted at the times of their peak

emission. This gives a rough measure of the electron temperature, and is

seen to overestimate the resistivity temperature in most cases. The

temperature increases to about 100 eV in the first half-cycle, and drops

to about 10 eV near the reversal. In the second half-cycle, the

temperature increases again to a peak value higher than the first. This
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apparent increase may be due to a lower resistivity because of the

presence of more runaway electrons in the lower density second half-cycle.

By changing the peak current, the ramp-rate dIp/dt can be

varied. In Fig. 4.3.5, the dependence of electron density on ramp-rate is

shown. There is seen to be only a weak dependence. A plasma of

substantial density remains at the reversal, even though the peak-to-peak

reversal time (about 2 ms) is much longer than the energy confinement time

(about 0.1 ms at the current peak).

To investigate whether the density at the reversal could be

increased, additional hydrogen gas was injected into the chamber during

the discharge. Such a discharge is shown in Fig. 4.3.6. The density

during the second half-cycle increases significantly, and a second cycle

attempts to establish itself. However, the electron density at crossover

remains at 2 x 1012 cm-3, independent of ramp-rate (except possibly

for very low values) and amount of gas injected.

4.3.3 Discussion

On first consideration, it seems that ac operation in a tokamak

should not work well. As described in Section 1.2, one of the main

features of a tokamak is the presence of the plasma current which provides

the poloidal field and rotational transform necessary for confinement. If

the current- goes to zero, one would expect that confinement would be

seriously impaired, especially if the plasma energy confinement time were

short compared with the reversal time.

However, the results obtained in this experiment indicate that

this is not so. In STaR-1M, the reversal time is at least a factor of ten
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larger than the energy confinement time with no apparent ill effects.

Previous theoretical studies of current reversal for the Tokamak de

Varennes (Shkarofsky and Shoucri 1981, Storey 1983) have relied on the

fact that, for parameters relevant to that tokamak, the plasma current

density will not go to zero uniformly across the plasma cross-section. If

the characteristic time for the diffusion of magnetic field, given by

(4.6)

is comparable to or greater than the reversal time, the skin effect would

cause regions of positive and negative current density to exist

simultaneously, even when the total current goes to zero. This means that

a sufficient rotational transform would still be maintained. However, for

STOR-1M near reversal, Te � 10 eV and Zeff � 3, giving TM = 20 �s.

This is much shorter than the reversal time, and it may be concluded that

the skin effect is not a significant factor here.

So as the plasma current approaches zero, the rotational transform

is expected to become ineffective throughout the plasma. The unconfined

plasma should then accelerate radially outwards ('free-fall') under the

influence of the gradient-curvature forces. The free-fall lifetime TF

is found by equating gT�/2 to the plasma minor radius. Here, g

is the radially outward acceleration, given by g = 2(Ti+ZTe)/MR. This

yields

(
aMR

T.+ZT
� e l� (4.7)

For temperatures of 10 eV near the reversal and Z 1, this time is about

2 �s.
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The time during which the rotational transform is ineffective for

confinement may be obtained by equating the free-fall time with the

Pfirsch-Schluter diffusion time (Kadomtsev and Pogutse 1971) given by

2
a

(4.8)t
ps 2 2

q P V •

ep el

where Pep is the electron Larmor radius in the poloidal field and vei

is the electron-ion momentum transfer rate. This gives a critical current

below which plasma is expected to be rapidly lost. The current is reached

typically some hundreds of �s before reversal.

Some mechanism is apparently providing plasma confinement during

this interval. It may be that the charge buildup responsible for drift is

effectively cancelled by currents in the limiter or vacuum chamber walls

(Fig. 4.3.7). The current loop is closed through the plasma, producing a

transverse current density Jd. The resulting Jd x BT force

stabilizes the plasma over the interval that the rotational transform is

ineffective.

The possible importance of such a transverse current was

recognized earlier, at least theoretically (Yoshikawa et al. 1963,

Shafranov 1965). It was natural to apply the concept to the breakdown

phase, where little or no rotational transform also exists (Abramov et al.

1975, Peng et al. 1978). Transverse currents also playa role in the

plasma equilibrium in the ACT-1 device (Wong et al. 1982). Lut Storey

(1983) alluded to its possible importance during current reversal.

To see the effect of this transverse current, consider the

momentum equation in the direction of the major radius:

2 2 dv
2n a RPm dt

�OI� [ 8R �i 3 1 2 2-

-2nRlpBv +
--2-- In a-

+
�

-

2
+ 4n a p
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where Pm is the mass density, v is the plasma velocity, and all other

symbols have been previously defined. When rotational transform is

present, there is no charge separation and Jd is zero. Equilibrium is

provided by the vertical field alone. At reversal, drifts give rise to

Jd, given by rnjQjvdj' where the summation extends over electrons

and ions (j = e and i), and vdj (Eqn. 1.2) can be approximated by

2Tj/QjBTR. Therefore,

It can be seen that the drift term cancels the pressure force term when

the plasma current goes to zero, providing the necessary equilibrium.

To assess the significance of these results for a reactor-size

tokamak, more study must be done. Some predictions can be made, however.

In a large tokamak, the skin effect may be important, as mentioned

previously. This means that the time over which rotational transform is

ineffective would be reduced. Also, the fact that reversal may be slower

than originally thought has technical advantages since loop voltages are

smaller and eddy current induction and mechanical stress are reduced.

One of the most attractive aspects of ac operation is that the

transformer is used in a way which is more natural, and therefore more

efficient. In particular, the transformer does not need a long

'recharging' time, as for unidirectional, pulsed operation (Mitarai and

Hirose 1985), and the stored energy in the OH coil at the end of each

pulse can be used effectively for the next pulse (Mitarai et al. 1986).
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4.4 Turbulent Heating Operation

4.4.1 Introduction

Soon after nuclear fusion research had begun, it was realized that

unexpected plasma instabilities were limiting the progress toward

effective confinement and heating. Since it was impossible to eliminate

all instabilities, the question arose whether they could be used to

advantage. It was proposed that plasma turbulence--the result of

instability--could be used to achieve heating. In the early 1960's,

turbulent heating in a current-carrying plasma was proven experimentally

at laboratories in the Soviet Union.

Since then, turbulent heating has been studied for many years on

both linear and toroidal machines. An excellent survey of the field is

given in the monograph by Volkov et al. (1985). The basis of this heating

method is the enhancement of the �J2 Ohmic dissipation in the plasma due

to an anomalously large resistivity. The anomalous resistivity arises

from a collision rate which has been enhanced in the presence of large

turbulent fluctuations. (Fluctuations are able to scatter electrons just

as ions do.)- A general expression for the effective collision rate due to

turbulent fluctuations is (Papadopoulous 1977)

where w is the fluctuation elergy density, wpe is the electron plasma

frequency, and the constant a is usually 0.1 � 1. The resistivity is then

The large fluctuations responsible for an anomalously high

collision rate arise from the saturation of some instability. In
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experiments such as STOR-1M, a large current pulse excites the

instability. This current is produced by inducing a large electric field,

the important quantity for comparison traditionally being the Dreicer

field ED (Dreicer 1959) or the critical field Ec (= 0.2 ED; Knoepfel

and Spong 1979), given by Eqn. 4.4.

Because the time scale of the current pulse is usually shorter

than the magnetic diffusion time TM (Eqn. 4.6), the induced current will

initially be confined to a skin region, resulting in large current

densities. From there, current will diffuse inwards, and the hollow

current density profile will eventually fill in.

For turbulent heating to be effective, other enhanced �ransport

properties such as thermal conductivity must not lead to excessive energy

losses. In earlier experiments performed in this laboratory on the Plasma

Betatron, it was found that thermal conductivity was indeed enhanced, but

was preferentially inward from the skin layer to the core (Nishida et al.

1977). This has also been observed on other machines (Toi et al. 1980, de

Kluiver et al. 1979).

The use of turbulent heating as a source of auxiliary heating on a

reactor-size machine (Hirose et al. 1976) was a natural application, and

this is one of the reasons why recent experiments have involved tokamaks.

The Texas Turbulent Torus (TTT) at the University of Texas at Austin

exhibited substantial losses, current penetration no better than

classical, and no significant thermal conductivity to the core (Gentle et

al. 1979). Experiments done on TRIAM-1 tokamak at Kyushu University

showed rapid ion heating in the core while electron heating remained

localized in the skin layer (Toi et al. 1980). The TORTUR series of
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tokamaks in Rijnhuizen, Holland has produced promising results, the most

recent involving TaRTUR III. Using this machine, a delayed heating effect

occurring well after the heating pulse has been observed (Lopes Cardozo

1985).

The instabilities responsible for heating and the mechanisms for

enhanced inward thermal and particle transport are still active research

areas. Various current-driven instabilities, such as the Buneman

(two-stream) instability, ion cyclotron instability, and ion acoustic

instability have been shown to be important, and theoretical studies have

been done (Ishihara and Hirose 1981, 1982, 1984).

A key question when considering the applicability of turbulent

heating to fusion plasmas is one of MHO stability. Theoretically,

equilibrium states have been shown to exist for plasmas with hollow

current profiles and both hollow and normal pressure profiles (Kolfschoten

1981, Hirose and Ishihara 1983). The stability of these states has also

been studied (Rem et al. 1982). Tearing modes have been proposed as

responsible for the rapid current penetration observed (Lopes Cardozo

1985). Also, MHO kink modes may become important as the high currents

bring the plasma into low-q states. This aspect has not received much

consideration on turbulently-heated tokamaks because the emphasis has been

on heating and confinement, and low-q disruptive behaviour is

undesirable. (Non-turbulently-heated tokamaks, however, are normally

operated near the q-limits, since low-q operation is necessary for high �

in most configurations.)

On STaR-1M, preliminary experiments have been performed on

turbulent heating and low-q stability, and these will be described in the
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following sections.

4.4.2 Discharge Behaviour

A typical turbulent heating discharge on both long and short

time-scales is shown in Fig. 4.4.1. A fast pulse is superimposed on an

initial base plasma with parameters as shown in Table 1.3.1. The

turbulent heating bank voltage for the example shown is 2 kV. The induced

voltage peaks at about 200 V, corresponding to an electric field of

145 Vim. This gives a ratio E/Ec of 3.6 (with Ec calculated for Ohmic

plasma conditions). The resulting current increment is 4 kA. The width

of the current pulse is about 20 �s. After the pulse, the plasma current

drops slightly, compared with the value for a non-TH discharge, and

remains so for the duration of the discharge. The loop voltage is larger

immediately after the pulse, compared with the value for an Ohmic plasma,

and then falls quickly to the Ohmic value. Since the pulse duration is

substantially less than the penetration time of the vacuum chamber (130

�s), the plasm� is expected to maintain its equilibrium position because

of eddy currents induced in the wall. After the pulse, however, the

plasma experiences large horizontal displacements in spite of the feedback

control system. With larger current pulses, this sometimes leads to an

early termination of the discharge. The electron density cannot presently

be measu d on the turbulent heating time-scale because of noise, but on

the ms time-scale, a rise in density is observed about 200 �s after the

pulse.

The electron and ion temperature evolutions after the turbulent

heating pulse are shown in Fig. 4.4.2. The electron temperature was



TURBULENT HEATING DISCHARGE

6

Ip 4

(kA)

Ip,TH 7

(kA)

VJ,TH 0.1

(kV) 0

lOfLs/div

o
0 2 3

t(ms)
Fig. 4.4.1 Typical turbul�nt heating discharge

(Bt = 1 T, P = 0.9 mTorr, VTH = 2 kV)

108

20

Vi.
(Volts)
10



109

300 •
I • 3.5 kV, .4,-_., / ." • 2.8 kV\ I. '

\ I \ o 1.5 kV
1 I \

• \ D No TH\ I \

200 • 'M •
\

\ \

Te • \
\ • a)

(eV)
• 1
, \
'. \-- ......... "- ...

...... '

100 'q_� .........�"
o]4?

-

......-.

n o"'9fi o� Q 8 B B & 6 a B f!

0

200 e 01I
•

(4415 A)
T· o om

0

I (3760 A)
(eV) • ON Cold Population

150 v onr Hot Populati0

(3737 A)

100

50

o 0.2 0.4 0.6 0.8
Time Since TH Pulse (ms)

Fig. 4.4.2� Electron temperature from soft x-ray emission

b) Ion temperature from Doppler broadening (VTH = 4 kV)



110

determined by measuring the soft x-ray emission from the plasma, and the

ion temperature was found by measuring the broadening of impurity lines

(Sarkissian et al 1986). The electron temperature cannot be measured

close to the pulse because of noise, but it is evident that it increases

substantially. The ions are also heated, but their behaviour is seen to

be slightly different.

At high electric fields (bank voltages 3 to 5 kV), the loop

voltage increases significantly (to about 10 V) and relaxes after about

500 �s to the Ohmic value. This is contrary to expectation and to what

has been observed on TRIAM (Toi et al. 1980), where a twenty percent dip

in loop voltage was observed after the pulse. This voltage increase may

be due to the change of plasma inductance with motion, or to an increase

in resistivity occurring when current is deposited predominantly in a

region with a higher impurity level. An alternative is to invoke some

unexplained (anomalous?) mechanism which keeps the resistivity high. In

either case, an independent check of Te is required, using, for example,

Thomson scattering.

The maximum applied loop voltage is about 500 V, which corresponds

to an electric field of 360 Vim and a ratio E/Ec of 9.0. The maximum

current increment is about 10 kA. The current increment is approximately

linear with the applied loop voltage, as shown in Fig. 4.4.3. The initial

current ramp-rate is also shown in the Figure. Tne plasma resistivity is

determined by measuring the loop voltage at the peak current, where it

should be predominantly resistive. It is seen to increase with applied

electric field, as shown in Fig. 4.4.4, to a maximum value about 40 times

the Ohmic value. The post-pulse density rise as a function of current
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increment is shown in Fig. 4.4.5. Its maximum is about 3 x 1013 cm-3.

For applied fields larger than about 60 Vim, the electron

temperature exhibits a second maximum coinciding approximately with the

density peak. This would imply improved plasma containment and a

corresponding increase in the thermal energy density nT. This improved

containment may be due to a modification of the current density profile,

as mentioned in Section 4.4.1. The skin effect would produce a current

density profile which is flatter (smaller internal inductance), and this

flattening would persist for a time comparable to the magnetic diffusion

time (lM = 0.15 - 0.6 ms, based on Ohmic resistivity). Such a delayed

heating of electrons and ions has also been observed on TORTUR III (de

Kluiver et al 1985, Lopes Cardozo 1985). In that case, it has been

attributed to a conversion of poloidal magnetic energy into thermal energy

as the plasma, pinched after the pulse, expands again into its original

state. Detailed measurements of current density profile would help

determine which mechanism holds.

Negative polarity current pulses were also applied. Plasma

behaviour after such a pulse was different than for a positive pulse: the

plasma was more stable horizontally, and the base plasma current increased

slightly compared with that before the pulse. But electron heating was

not observed in this case.

4.4.3 Low-q Disruptive Discharges

For these experiments, a base plasma with a slightly lower

toroidal field was produced in order to lower the safety factor. The

important base plasma parameters are BT = 0.8 T and Ip = 4.9 kA,
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giving q(a) = 4.5.

The fast pulse was superimposed on this plasma. Gross behaviour

as peak plasma current is increased is shown in Fig. 4.4.6. At low

currents, the plasma is grossly stable with no large voltage spikes.

Disruptions occur when the plasma is near q(a) = 2. These disruptions

appear as steps in the current waveform and large spikes (up to 2 kV) on

the loop voltage. At applied electric fields where we expect peak

currents to be near the q(a) = 2 current, the plasma experiences a series

of disruptions (trace 2). But if the peak current is large enough to

'break through' the critical region, a relatively stable plasma can

exist. Disruptive behaviour appears for q(a) between 1.85 and 2.1,

regardless of whether this region is approached from above or below. The

minimum q(a) attained is 1.5, which occurs at a total plasma current of

15 kA.

As the q = 2 surface approaches the plasma boundary, external MHD

kink modes with mode numbers min = 2/1 (see Section 1.2) may be expected

to grow (Bateman 1978). To check this, fluctuations in the poloidal

magnetic field were monitored by a set of magnetic pick-up coils

(described in Section 3.6). A set of four coils was designed to be

predominantly sensitive to m = 2 modes, and a simple coil picks up all

modes, but has a larger bandwidth. For reference, activity during a

disruptive Ohmic discharge at BT = 0.6 T was measured. This is shown in'

Fig. 4.4.7. Oscillations at about 300 kHz are observed to grow as a

disruption is approached.

Magnetic activity during the fast pulse is shown in Fig. 4.4.8.

Noise during the disruption made observations here difficult, but before
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the disruption, no substantial growth of fluctuations can be seen. This

indicates that any mode which is excited during the disruption must

experience an explosive growth.

A possible mechanism which has been put forward for low-q

disruptions in tokamaks involves growth of an min = 2/1 magnetic island

and its contact with either the limiter or a 3/2 island (Kadomtsev 1984).

For STaR-1M, the island width can be estimated using the following formula

(TFR Group 1982):

(
2-m m '"

j
�

2p PL B
o =

s .--E.
m B-

P

Here, Ps is the radius of the resonant surface, PL is the position of

the coil with respect to the plasma center, m is the mode number, and the

tilde indicates a fluctuating quantity. For the 2/1 island this

simplifies to 0 PLJb, where b is the relative amplitude of the

fluctuation measured at the coil. According to the traditional theory,

island widths of about ten percent of the plasma minor radius are believed

to be necessary to cause disruption. For the fast coil, this translates

to relative amplitudes of about 0.2%. Such fluctuations are not observed

during the fast pulse. This absence of precursor oscillations has also

been observed on the LT-4 tokamak (Cheetham et al. 1986) for disruptions

during Ohmic discharges.

NQ ow-q studies involving such a fast-rising current (ramp rates

up to 1.8 x 109 A/s) have been done previously. so it is uncertain how

these results may apply to other tokamaks. Other machines have been able

to attain q(a) < 2 easily (Mirnov and Semenov 1971, DIVA Group 1980, Ellis

et al. 1981), while others disrupt badly (Berlizov et al. 1981, Toi et al.
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1982, TFR Group 1983, Kuwahara 1986). It is obvious that the q 2

disruption is not well understood.

A speculative reason for the low-q stability during the fast pulse

is that the unstable region is traversed in a time too short for any

instabilities to do much harm (Fig. 4.4.9). This could be verified by

looking for a dependence of stability on current ramp-rate. This was

difficult to do on STOR-1M because more power was available to 'punch

through' the unstable region when operating at higher ramp rates. Other

studies of MHD activity during current ramping have been done (Hutchinson

and Morton 1976, Granetz et al. 1979; Kuwahara et al. 1986), but none have

approached the fast ramping of a turbulent heating pulse.

In summary, q(a) as low as 1.5 has been obtained using the

turbulent heating pulse. Disruptions are observed as the q = 2 surface

crosses the plasma boundary, and no substantial precursor oscillations are

present, casting doubt on the applicability of the traditional disruption

mechanism to our conditions.
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CHAPTER 5

SUMMARY AND SUGGESTIONS FOR FURTHER WORK

This thesis has presented results of work performed on the STaR-1M

tokamak which have important implications for the fusiori program. The

objectives were to 1) construct a small tokamak with an iron core and

produce good quality plasmas; 2) produce a discharge with a current which

reverses direction and study the reversal phase; and 3) apply a short,

intense current pulse to a tokamak discharge and study the effects.

STOR-1M was built as a small but versatile tokamak with many

features found on larger machines, such as a stainless steel vacuum

chamber, iron core transformer, feedback system for position control, and

gas puffing. The presence of the iron core not only made the Ohmic

heating more efficient, but saved vertical field power due to the effect

of 'image' currents. The standard discharge of about 5 ms duration was

produced with a toroidal field of 1 T and a plasma current of 5 kA. The

central electron temperature typically peaked at 100 eV, and the central,

line-averaged electron density was about 1 x 1013 cm-3 at the peak

plasma current. The ion temperature was about 30 eV and Zeff was close

to 2.

Lengthening the discharge and operating at higher currents are

possibl� in the future. This would involve 1) adding a capacitor bank to

the toroidal field power supply to lengthen the flat-top portion; 2)

making changes to the Ohmic heating power supply to use up more available

core flux; and 3) adding a feedback control system for vertical position.

Longer discharges would be more compatible with the gas puffing system.
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Also, the power supply timing and trigger systems should be upgraded.

An ac discharge was produced in which a sinusoidal plasma current

waveform was sustained for one cycle. Peak currents were 8 kA and

electron densities in both half-cycles were about 1.8 x 1013 cm-3 with

gas puffing. The electron density at the reversal was always at least

2 x 1012 cm-3. It was found that the current reversal time was longer

than the energy confinement time, but equilibrium was still apparently

maintained at the reversal, as indicated by plasma position and impurity

line emission. When the rotational transform is ineffective, vertical

plasma currents closing through external conductors such as the limiter or

the chamber walls are expected to maintain equilibrium.

If ac operation is envisaged in a tokamak fusion reactor, a more

thorough understanding of the physics around the reversal is necessary.

Also, experiments must be performed on larger machines to study the

process under more reactor-relevant conditions. In particular, the

plasma-wall interaction, the effects on mechanical structures, and the

means of reversing the flux economically should be investigated.

Finally, a turbulent heating current pulse was superimposed on a

standard tokamak discharge. A peak current increment of 10 kA has been

applied. Preliminary results have indicated that both electrons and ions

are heated during the pulse. The electron density increases after the

pulse and reaches a peak at er about 200 �s. For applied electric fields

larger than 60 Vim, a delayed heating of the electrons to about 300 eV is

observed, coinciding approximately with the density peak. This apparent

improved containment may be due to modification of the current density

profile.
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With �he turbulent heating pulse, limiter q as low as 1.5 has been

attained. Disruptive behaviour is observed when q(a) is between 1.85 and

2.1. These disruptions do not exhibit precursor MHD activity large enough

to cause them, according to the traditional model of disruption. This

indicates that the traditional model may not be applicable in this case.

More study must be done on turbulent heating operation in order to

clarify the physics of the delayed heating. Meaurements of electron and

ion temperature must be verified with other diagnostics. Also, the q = 2

disruption mechanism must be understood more fully. In order to attain

conditions more relevant for fusion machines, it would be interesting to

clamp the turbulent heating current at the peak so that extended high a,

low q operation results.
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