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EXPERIMENTAL STUDIES OF ANOMALOUS PLASMA 

HEATING IN TORTUR II 

by 

A.W. Kolfschoten 

Association Euratom-FOM 

FOM-Instituut voor Plasmafysica 

Rijnhuizen, Nieuwegein, The Netherlands 

ABSTRACT 

Investigations with the toroidal turbulent heating experiment 

TORTUR II are described. Anomalous plasma heating - due to the presence 

ol turbulent oscillations - is observed by the application of a low 

electric field pulse (E ~- 3 - 10 V/m) on the timescale of one millisecond 

and a high electric field pulse (E "- 1-2 kV/m) on the timescale of 

several microseconds. 

A short description of the TORTUR II device and a detailed dis

cussion on the Thomson-scattering system as well as on the soft X-ray 

detector is presented. 
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I INTRODUCTION 

Within the framework of the European fusion research programme, 

the TORTUR device at the FOM Institute for Plasma Physics at Nieuwegein, 

The Netherlands, serves the purpose of exploring the heating potential 

of turbulence in a toroidal magnetic confinement system. Turbulent heat

ing is based on the principle that by driving a sufficiently large cur

rent through the plasma, electrostatic microinstabilities are excited 

which enhance the resistivity. This enhancement of resistivity depends 

on the ratio of the drift velocity to the thermal velocity of the elec

trons and thus on the applied electric field. A large ratio results in 

a large resistivity. 

The turbulent heating mechanism can be employed in several ways. 

A powerful electric field pulse - on the rather short timescale of a 

few microseconds - gives rise to a large resistance and to a rapid ener

gy input. A much smaller electric field pulse leads to a lower enhance

ment but can result in the same energy input when applied for Longer 

times. The first method has been extensively studied in various small 

experimental devices and has been successful in producing interesting 
1-4) 

plasma temperatures and densities . However, there are several dis
advantages. In large devices, the high fields lead to enormous loop 
voltages and require vulnerable insulating breaks in the vacuum vessel. 
Clearly, this gives rise to serious technical problems. Consequently, 
a reduction of the value for the electric field is necessary to make 
turbulent heating a candidate for heating a large tokamak. 

Smaller fields, for longer times, will not yield a large enhance

ment of resistivity, but do not have the difficulties associated with 

the large fields. Heating at lower fields - and correspondingly lower 

frequencies - is feasible as long as the ratio of the driving electric 

field over the frequency of the heating pulse (assumed to be represent

ed by a sine-wave) exceeds the threshold for an anomalously resistive 

plasma state. 

The turbulently heated tokamak "TORTUR I" started its operation 

in 1974 and was designed to investigate the turbulent heating process 

with fast, large electric field pulses in a direction parallel to the 

confining magnetic field. In TORTUR I, equipped with a quartz vacuum 

vessel, up to 1 kJ is dissipated in the plasma during a heating pulse 

of 3.5 ys. In this version of the experiment, the plasma was rapidly 

cooled by the influx of neutrals from the quartz discharge vessel. The 

study of the plasma during the turbulent heating phase was not affected 

by this influx. However, the plasma after the heating pulse could not 
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be diagnosed properly. 

To study turbulent heating at various frequencies and to inves

tigate the containment of the plasma, the TORTUR I device was modified 

in 1978. In the new version of the experiment, called TORTUR II , the 

quartz vacuum vessel was replaced by an all-metal vessel, made of 

inconel. This vessel, with a much lower capacity than quartz to store 

molecular layers of hydrogen and other gases, ensures fine vacuum prop

erties and does not lead to an influx of neutrals. The size of the ex

periment has enabled us to take such a thin inconel wall that the 

fields penetrate sufficiently fast, so that pulses with the same fre

quency as in TORTUR I can be studied. To improve the particle and ener

gy confinement of the plasma, TORTUR II is provided with a larger mag

netic field. 

In TORTUR II, turbulent heating by a slow, low electric field 

pulse and a fast, high electric field pulse has been studied. A conven-

tional discharge is made in which the driving electric field is suffi

ciently large, so that turbulence is excited and an anomalous resistivi

ty results. The tokamak plasma created in this way can be heated fur

ther by a steeply-rising turbulent heating pulse of the type studied in 

TORTUR I. 

The contents of this paper is as follows. A short description of 

the experiment and the modes of operation to obtain anomalous heating 

are given in Chapter 2. A review of the diagnostics employed in 

TORTUR II - with special attention to the Thomson-scattering system 

and the soft X-ray detector - is presented in Chapter 3. In .Chapter 4, 

we start with a presentation of the principle that slow - low electric 

field - pulses may produce turbulent heating effects in a plasma as 

long as E/f is larger than a critical value. A description is given of 

the results- of experiments in which a moderate electric field pulse 

(on a timescale of one millisecond) was applied to a preionized plasma. 

In this chapter we also discuss the plasma behaviour after the turbulent 

current-rising stage, i.e. the decaying-current stage of the plasma. 

Results of the high-field heating pulse are presented in Chapter 5. Al

though this heating pulse is 3imilar to those used in TORTUR I, the 

plasma on which it is applied is not. In TORTUR I such a pulse was ap

plied to a relatively cold plasma, while in TORTUR II the plasma has 

already been heated by the slow - low-field - pulse. Finally, a summary 

of the observations and a discussion of the implications and conclusions 

of the TORTUR II experiments are given in Chapter 6, 

The MKS system of units is employed throughout this report un

less specified otherwise. 
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2. THE TORTUR II DEVICE AND ITS OPERATION 

2.1 The TORTÜR II device 

The toroidal turbulent heating device is a plasma apparatus of 

the tokaaak type . An outline of the device is shown in Fig. 1 and its 

main parameters are listed in table 1. 

plat* system 

3 4 toroidal field coi ls 

fast capacitor bank 

slow capacitor bank 

~~* ionization bank 

'""'t 
diagnostic ports ^—-•"'^ p lasma 

IX-—""* liner 
copper shall 

Fig. 1. Outline of the TOfcTUR II device. 

major radius R = 0.46 m 

copper shield radius rs 
= 0.105 m 

mean liner minor radius re = 0.098 m 

limiter radius a = 0.085 m 

working gas H2 
peak magnetic field 

% 
= 3.5 T> 

line-averaged densities <nm> = (0.3 -1.5) 1020 m"3 

Table 1. Main parameters of TORTUR II. 

To avoid vulnerable insulating gaps, the vacuum chamber consists 

of a completely closed inconel vessel. The vessel, which will be fur

ther referred to as liner, consists of 40% of rigid sections, housing 

the diagnostic ports, and 60% of bellows sections. The time required 
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for the induction voltage to penetrate the conducting liner can be 
8) shown to be 

w A*in ̂  - (r - r . ) 2 

s i T - ~ , (2.1) 
p e R * b 

where p denotes the resistivity (1.1* 10"* Gm), c. the circumference cor

rection factor of 2.4 for the bellows and t the wall thickness of the 

liner (0.15 m ) . Insertion of the relevant TORTUR data leads to 

T < 1 us, which is sufficiently small for our purposes. A residual 

pressure of 10~8 torr within the liner is brought about by means of a 

450 1/s turbomolecular pump. 

The inconel liner is enclosed by a segmented copper shell 

(thickness 17 mm, L/R time about 10 ms). The clearance between liner 

and copper shell is about 4 mm. The massive copper shell serves two 

purposes: it is the primary of the 1:1 air core transformer for the 

induction of the plasma current and, secondly, it ensures an equilib

rium position of the plasma on the timescale of the experiment. The 

magnetic stray fields near the attachment of the transmission plate 

system to the copper shell, due to the redistribution of the current 

at this site, are effectively shielded by a 200-mm wide conducting 
9) copper ring, installed at the toroidal gap (Fig. 8). 

The copper shell is surrounded by a set of 24 magnetic field 

coils. Limited by the available power supply of 20 MM (solid-state rec

tifier) , the coils produce a maximum confining magnetic field of 3.5 T 

at the plasma centre with a pulse length of nearly one second. The mag

netic field ripple at the high-field side of the torus is about 3%. At 

the low-field side it is less than 1% . The required cooling of the 

field coils limits the repetition time between successive discharges 

to 5 minutes. 

Four removable stainless-steel plate limiters inserted through 

diagnostic ports (Fig. 2) determine the plasma radius in TORTUR. The 

location of the limiters is indicated in Fig. 8. The limiter beaks 

span 130 mm, the plasma radius can be varied between 73 and 87 mm 

without breaking the vacuum. 
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Fig . 2 . Linieer , inserted through A d i a g n o s t i c p o r t of t he l i n e r . 

2 . 2 The TORTÜR I I o p e r a t i o n 

The e q u i v a l e n t e l e c t r i c a l c i r c u i t o f t h e TORTÜR I I e x p e r i m e n t 

i s shown in Pig . 3 . 

310 r>M 5 nH 10 nH 50uQ 45 nH 88 nH 
0000 QQOQ gflfl.0. i . _ Q0.0Q , QQQQ 

100 m£i 140 tnQ I I 3 mQ 

50 nMS 

I 
% 2.5 uH o 1.1 uH 

i { 
=T= ^ 1 F 

[1050 uF I 
fast 
bank 

ionization slow 
bank bank 

o 
o 
o 555 nH 

0' 
63 mfl 

s 
o 
o 

shield liner plasma 

Fig, 3, Equivalent electrical circuit. 
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8re»it-d©*n in the hydrogen gas (filling pressures 10"1 - 10~' 

torr) is achieved by * 2.7 MHz, 500 M oscillator connected to a set of 

limiters. The ionization bank (1050 uF, 5 kV) produces a completely 

ionized plasma. The final number density is reached within 200 „s (see 

Fig. 4). 

In the fully ionized plasma the current is subsequently driven 

by an electrolytic capacitor bank {l F, 500 V), with a rise time of 

about 0.8 »s and a total pulse length of 4.2 as. The associated elec

tric field is large enough to excite a weakly-turbulent plasaa state. 

The combination of the ionization and the electrolytic bank ?ives a 

critically-damped plasaa current as shown in Fig. 4. The maximum at

tainable current is about 50 kA. 

CkA) 

p 

1 

(mi) -*> t Cms) 

Fig. 4. Plasma current (a) and line-averaged density (b) of a 
typical discharge. 

The fast capacitor bank (25 »F, 50 kv> for the steeply-rising 

heating pulse can be fired at any preset time. It induces extra plasma 

currents on top of the existing toroidal current. An example of the ad

dition of a critically-damped current is shown in Fig. 5. The well-

known constraint for gross MHD stability, q > 1, sets an uppr limit 

to the additional turbulent heating current. 

Before the start of each series of experiments, the liner is 

outgassed by prolonged heating at a temperature of 180 °C and precondi

tioned by repeated discharges in hydrogen. The primary purpose of this 

wall conditioning is to remove low-Z (oxygen and carbon) impurities 

from the vacuum vessel wall. Without this removal the plasma current-

pulse length is severely restricted and the reproducibility is poor. 
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cut rent in deta i l (b ) . 

The cleaning discharges are created by a 2 MHz, 100 w oscillator con

nected to the limiters. In addition, a pulsed toroidal Magnetic field 

of 0.02 T is generated and a snail capacitor bank is fired over the 

copper shell. It results in 0.2 ms partially-ionized plasmas with cur

rents up to 500 A, every 3 seconds. A measure of the plasma purity af

ter a period of discharge cleaning may be gained fro» the maximum at

tainable line-averaged density. The density is limited by the appear

ance of disruptive instabilities1 l' l2 ). The disruptive instability is 

an abrupt radial redistribution of the plasma current, so that the cur

rent density decreases in the central region and increases at the pe

riphery. As a rule, the instability is accompanied by intensified local 

contact of the plasma with the walls. Generally, it is believed that 

the disruptive instability is caused by the inability of a given pow*>r 

density to heat the outer plasma layer sufficiently to avoid contrac

tion of the current channel. As a result, the safety factor at the 

plasma centre, qo = 2B^/poJ^ Q R (with j ^ Q the central current density), 

may fall below the Kruskal-Shafranov stability limit. By radiative 

cooling, low-Z impurities influence the energy balance at the boundary 

in proportion to their abundance13) and thus cause the ins'alility to 

occur at lower densities. The large negative spike of the loop voltage 

occurring during the disruption (Fig. 6) corresponds to the ejection 

of part of the poloidal magnetic flux from the plasma. 
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Values of the c r i t i c a l d e n s i t i e s obtained in TORTUR are sho-«. 

in Fig. 7. Using an enpir ical scal ing law for the c r i t i c a l density M) 

e,cr 10 ia • /q Z .rR (derived for ohaic discharges), values foi 

the effective charge of the pla 'eff' bet n I-S and 2.2 May be 

derived. Assuming that oxygen is the dominant iapurity in TORTUR, 

these values yield an oxygen inpurity concentration of l-Jt. 
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Fig. 

Experimental and calculated valine 
for the critical density in TORTUR. 
The calculated data arc obtained 
accepting an effective charge value 
of l.i. 
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3. DIAGNOSTICS 

3.1 Review of the diagnostics 

Diagnostic ports are located at the rigid sections of the con

tinuous Liner (Fig. 8). 

voltage divider 200 :1 

Fig. 8. Diagnostics set-up. 

The diagnostics are: 

a) The loop voltage-voltage divider (200:1) on the transmission plates. 

b) Rogovski coils for the determination of the plasma current and time 

derivative of the current. 

c) Sin-cos coil set for the position of the centre of the plasma cur

rent, 

d) A CCK-laser interferometer for line-averaged plasma densities. 

e) A ruby-laser Thomson-scattering apparatus. It provides the values 

of electron temperature and density at two radial positions in the 

plasma (see Section 3.2). 
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f) A multichannel X-ray detector to get information on electron temper

ature and impurity concentration or Z ^ value (see Section 3.3). 

g) The ion temperature is measured passively by a time-of-flight energy 

analyzer 

h) An active neutral beam probe for local ion temperature measurements 

(Ref. 16). The neutral particles are detected by the combination of 

a stripping cell and an eight-channel electrostatic analyzer. 

Signals from the various diagnostics are collected on the mag

netic disc of the PDP 11/10 on-line computer of the experiment. Subse

quently, the data are transmitted to a PDP 11/70 computer for further 

processing. The raw and processed data are stored on magnetic tapes. 

In the following sections we shall describe in detail the Thomson-scat

tering system and the soft X-ray detector. 

3.2 The Thomson-scattering system 

The most straightforward and wjr.ely used method to measure the 

electron temperature of plasmas is based on the scattering of a high-

power ruby-laser beam (A = 694.3 nm) . This scattering is characterized 

by a value of the scattering parameter a = k"1^"1 << 1 (k-1 being the 

scattering scale length and An the Debye length). The theory for Thom-
17 18) son scattering in a plasma is we11-developed and documented ' . The 

most important result is that, given the electron distribution function 

f (v) is maxwellian 

fe(v) = ne 

JiL 

2irkT_ exp 
m v2> 
e 2kT eJ 

(3.1) 

the 90 -scattered photon flux is given by 

P(M = p 0
n
e
a
T 

l c ^ 

m 
2irkT 

h 
exp 

m c' 
e 
4kT, 

(3.2) 

Here, P(\) is in photons/(m3, sterad, nm (A), s), P is the incident 

intensity in photons/(m2, s), a„ the Thomson cross-section, A the 

wavelength of the ruby laser and A the wavelength of the scattered ra

diation in nm. Thus, from the scattered spectrum, one can deduce the 

electron temperature kT and the density n by fitting of the data with 

a gaussian distribution (Eq. (3.2)). 

The TORTUR II scattering system is shown in Fig. 9. 
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M« 

f-
ussing lens •» • — » focussing 

r = 60 mm 

torus axis 

+ 
viewing 
dump viewing lens 

laser monitor 

beam dump 

cross A-A 

\ ,.*-•' | \ 2 position 
•—£ \ detection mirror 

\ 

M, 

small screen room for 
peripheral instruments 

10-channel fibre 
optics array 

'polychromator 

Fig. 9. Experimental s e t - u p for Thomson scat ter ing of ruby-laser l i g h t on TORTUR. 

In the following sections the function and operation of the 
interdependent subsystems are described. 

a ) Tbf-iSSe5.iDd_gEtical_ingut_sxgj.enj 

A major problem of Thomson-scattering measurements i s to obtain 
sufficiently large s ignals . For th i s reason the ruby-laser o sc i l l a to r -
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amplifier system is operated in the Q-switched mode. The laser produces 

a 4 J, 18 ns horizontally polarized light pulse with a beam divergence 

of 1.5 milliradians. The amplifier rod is focussed onto the equatorial 

plane of the torus by means of an f = 500 mm lens, resulting in a small 

focal spot (<J> ~ 1.3 mm) at the scattering volume. 

The optical input system consists of three interference mirrors 

M-, M_, and M, to guide the laser beam to the TORTUR experiment and 

two sets of mirrors M4 -Mr and Ml -Mi, to direct the beam vertically 

through the plasma at two different radial positions, namely r = +60 mm 

and r = +5 mm, respectively. Selection of the radial position is brought 

about via the swirg-out mirror M. {Fig. 9). 

b) Stray_-light_reductign 

The small ratio of the scattered-to-incident power ("• lO"1**) 

demands a system that absorbs the stray light from entrance and exit 

windows. We effectively diminished the stray-light intensity by guiding 

the laser beam into the vacuum vessel through a tube containing a se

ries of aperture plates. A similar tube takes the beam out to an absorb

ing dump under Brewster's angle. The ceramaseal entrance window is per

pendicular to the incident beam and the exit window is placed under 

Brewster's angle. 

Further reduction of the stray light by a factor of 10 is 

achieved by placing a viewing dump (Fig. 10), consisting of a set of 

stainless-steel wedge plates, opposite the collection system in the 

shadow of the limiter. 
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c) Collectior\_s^stem_and_golYchromator 

The scattering volume is imaged onto the polychromator entrance 

slit by antireflection-coated lenses Lj (LJ) and L2. The viewing lens 

L. (L!) images the scattering volume by means of the aluminum-coated 

mirrors M, (MM and M7 (2-position mirror, Fig. 11) onto the image stop. 

A polarizer at this site gives a reduction by a factor of 2 in the 

background light. The field lens L, projects the pupil of the viewing 

lens via the alignment mirror Mg onto the focussing lens L2 which, in 

turn, projects the image stop onto the polychromator entrance slit 

(2.4x20 mm 2). The collection system has an overall transmission of 10%. 

r = 60 mm 

i—\->p toPM 

scattering volume: 
1.1 x 4.5 mm* 

^ . 

r = 5 mm 

Mi 
polarizer 

2-position 
mirror 

! i ' 

image stop 

IT] -:::-
*•! L removable fibre 

optic array 

M 8 ^translatable 

iment 

""8 • trans 
— V for 

[^ faltgn 

i 
to PDP 11/10 

buffer 

(-C=i-<H 

integrating ADC 

pneumatic 
shutter 

polychromator 

Fig . 1 1 . Thomson-scattering c o l l e c t i o n system. 

The s c a t t e r e d spectrum i s resolved in wavelength by a c a l i b r a t e d 

polychromator. This polychromator c o n s i s t s of a ho lographica l ly r u l e d , 

concave g ra t ing (blaze wavelength 694.3 nm) with 1800 lines/mm and r a 

dius of curvature r = 115.5 mm. The use of a holographic , concave g r a t 

ing a s d i s p e r s i v e element r e s u l t s in an important reduct ion of s t r a y 

l i g h t . 
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Ten wavelength bands (AX = 3.2 - 20 nm) of the scattered spec

trum are guided to the red-sensitive photomultipliers (Section 3.2d) 

via a set of fibres with a transmission of about 30%. A final lens 

images the light from a fibre onto the photocathode. 

d) Phgtomultieliers (PM) 

The spectrum is recorded by six RCA-C31034A photomultiplier 

tubes with high-sensitive GaAs photocathodes (efficiency *~ 18%) and 

flat spectral response , and by four EMI-9658BM tubes with extended 

S-20 photocathodes (efficiency - 5%). Each tube is insulated by a mylar 

foil and electrostatic and magnetic shielding is provided by a mu-metal 

cylinder. 

The sensitive GaAs cathodes are also very vulnerable. Ion feed

back of the dark current may already destroy the cathode so that gating 

of the photomultipliers is necessary. In our electronic circuitry we 

gated the first, the third and the fifth dynode to regular operation 

voltage (Fig. 12). The DC-voltage of these dynodes was only 1/3 of the 

regular voltage. In this way, a cut-off ratio of 10*4 is obtained with 

dark currents less than 50 pA. 

O.O 1.0 2.0 

t (»• ) 

Fig. 12. The positive gate pulse at the 1st, 3rd, and 5th dynode and 
the corresponding response of the photomultipliers to con
tinuous light. (Response linear down to -1 V.) 

To prevent d e t e c t i o n of undesired l i g h t , the c o l l e c t i o n system 

i s enclosed in a l i g h t - t i g h t box. The polychromato.-, f ib re o p t i c s and 

pho tomul t i p l i e r s a re mounted in a Faraday cage to prevent pick-up of 

e l e c t r o n i c noise from the capac i to r banks. 

e ' 22ta_acc[uisi t ion 

Two LeCroy 12-channel a n a l o g - t o - d i g i t a l conver te r s ( s e n s i t i v i t y 

0.29 pC/count) a re used to record the pho tomul t ip l i e r s i gna l s in a 

time i n t e r v a l of 250 ns from the plasma l i g h t p r i o r t o the l a s e r pu lse 
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and from the scattered light during the laser pulse. The ADCs are con

nected by a CAMAC interface to the PDP 11/10 on-line computer of the 

experiment. Before data reduction, the scattered light signal is cor

rected for the plasma light signal to obtain the actual Thomson-scat

tered signal. During the high-voltage turbulent pulse (Fig. 5) enhanced 

background levels were encountered which changed rapidly in time. For 

determination of the scattered signals during the high-voltage turbu

lent pulse, we therefore recommend that plasma light signals should be 

recorded before and after the laser shot. 

Absolute calibration, required for density measurements, is ob

tained by Rayleigh scattering in nitrogen gas. At a laser energy of 

4 J, a system sensitivity of 800 counts/torr N, was found. 

The relative calibration of each channel is obtained by record

ing the number of counts in the channel from a tungsten lamp with known 

spectral emission. A relative calibration with a light-emitting diode 

placed near the polychromator can be carried out before and after each 

plasma shot to compensate for the day-to-day and shot-by-shot varia

tions of the photomultiplier response. 

The laser beam can be identified by a burn spot of the ruby 

laser on a plastic tape located at the divergence limi'er (Fig. 9). A 

low-power continuous helium-neon (He-Ne) laser mounted behind the am

plifier rear mirror is then used to define the laser axis. Subsequent

ly, the input system is aligned by the He-Ne laser beam, which is 

steered to the entrance of the beam dump via all the input components. 

To verify whether the image of the scattering volume is centred 

at the image stop, a fibre-optic array can be placed behind the image 

stop (Fig. 11). The fibres are connected directly to the coupling 

lenses of the photomultipliers. The collection system is aligned by 

projecting the small beam spot of the polychromator exit window, made 

visible with the aid of a He-Ne laser located behind the polychromator, 

via the alignment mirror Mg, onto the rear of the image stop. 

3.3 The soft X-ray detector 

Some X-ray signals from the TORTUR II plasma are shown in 

Fig. 13. They were recorded with the multichannel soft X-ray detector 

to be described in Section 3.3c. The signals are typiu-1 for a varie

ty of discharge conditions in TORTUR. Figure 13a was measured during 
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the occurrence of minor current disruptions. From the increase in sig

nal (at t = 2.5 ms) after a disruption, it is inferred that impurity 

concentrations are considerably increased by limiter contact during the 

disruption, so that the main contribution to the X-ray signal arises 

from recombination radiation. After some weeks of machine operation, 

the continuum is still predominantly recombination radiation and we ob

tain the signal shown in Fig. 13b. 

0.7 

CVÏ 

x-roya 

(V) 

x-rays 

Fig, 13. Typical X-ray signals from the TORTUR plasma. 

For the interpretation of the X-ray signals, we have to consider 

the various contributions to the X-ray continuum and to the X-ray line 

radiation. This is presented in Section 3.3a. The foil-absorber method 

to determine the electron temperature, kT , and the effective charge 

value, Z f-, is described in Section 3.3b, while the multichannel de

tection system with which the measurements are carried out is presented 

in Section 3.3c. 

A continuous spectrum of X-rays is emitted from a plasma as a 

result of bremsstrahlung from electron-ion collisions (free-free) and 

recombination radiation (free-bound). For a maxwellian electron popula

tion of temperature kTe (eV), density nfi, and ionic species of atomic 

number A, with charge states Z^ and densities n.,, the X-ray spectrum 

(photons/(m3, s, eV)) is well-described by 20) 
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r n 2 2 

ff = ̂ G(E,kTe) | l ^ H < i f f + 5fb 
ï e 

, T 2 XH Zi f XH 2i 
v=l e (n+v)3 l e (n+v)2 

„7 ^ ê expUr;J 

> , (3.3) 

with 
-E/kT 

G(E,kT ) = 9.6xl0~20 e . (3.4) 
e E /-j^f-

Here, gff and gf. are the free-free and free-bound temperature-averaged 

Gaunt factors (quantum-mechanical correction factors), which do not 

differ substantially from unity in the energy range of interest and 

shall subsequently be put equal to 1. E is the photon energy (eV) and 

vu represents the ionization potential of hydrogen. The summation over 

i extends over the ions of all elements in the plasma, including hydro

gen. The first term in square brackets is intended to approximate re

combination radiation to the lower states, with principal quantum num

ber n, all of which are taken to have a common ionization potentxtl x-

(Ref. 21). The factor 2/n in the Kramers-Unsold formula for hydrogen

like ions is replaced by T/n3, where 

n-1 
T = 2(2£+l) - (u-1) + 2 I (2r + l) . (3.5) 

<L' = £+1 

The first term in Eq. (3.5) comes from the statistical weight of the 

configuration n£, with v the number of equivalent electrons in the nil 
subshell after recombination. The sum over a, • > % gives the statistical 

weights of the unfilled subshells of the n-th shell. The second term in 

square brackets (Eq.(3.3)) represents recombination to states with 

higher principal quantum number, which are considered as hydrogenic. 
22) It is conventional to introduce an X-ray anomaly factor f, -

defined a& the enhancement of the emission relative to that expected 

for free-free radiation from a pure hydrogen plasma - by writing the 

emission spectrum (Eq, (3.3)) 

§ | = n eG(E,kT eK . (3.6) 
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Small anomaly factors are associated with clean, gettered dis

charges and the large ones by plasmas dominated by impurities. To il

lustrate the large effects impurities play on the number of continuum 

photons emitted, we plotted the anomaly factor i as a function of the 

electron temperature for a plasma in coronal equilibrium containing 

1% of oxygen (see Fig. 14). 

600 

•*• k T . (eV) 

Fig. 14. Anomaly factor f) versus temperature 
for a plasma containing 1% uf oxygen. 
(30 ym beryllium foil.) 

In addition to the continuous spectrum there is also line radia

tion. The X-ray line radiation of ions of charac- state Z. and density 

n^ (photons/(mJ, s)) is given by 
23) 

d N* = ne ni I Qj (3.7) 

where the summation over j extends over all the transitions of the ion 

Z. . The excitation rate coefficient Q. for light ions can be expressed 

analytically 24) 

Q. = 10 ''» 
J 

X-.E 
iLJLi 

AE:Eojj 

3/ 
AE. 

Bj exPlkr: 
A E i 
kT, e' 

(3.8) 

Here, AE. = E ~E is the line energy in eV (E-. and E^. being the 

ionization energies of the lower and upper levels, respectively) and 

F(B) is a function given by 

-19-



for AS = 0 transitions 

(3.9) 

for AS = 1 transitions. 

The parameters B and $ occurring in the expressions mentioned above, 

are given in table 2 fcr some principal oxygen lines, together with 

their excitation energies AE. 

Ion Transitioi 

Configurations 

is 

Terms 
AE (eV) B * 

o 7 + Is - 2p 2S- 2P 650 20 0.26 

-3p - 2P 775 16 0.30 

-4p - 2P 815 14.8 0.31 

o 6 + Is - ls2p 's-lv 574 40 0.21 

- Is2p - 3 P 568 15 0.625 

- Is3p - 1 ? 665 32.5 0.25 

- Is3p - 3 P 665 16.5 0.70 

Table 2. Transitions of oxygen. 

Beside oxygen, which is generally considered to be the dominant 

impurity, impurities from the wall materials, like Cr and Pe, may be 

present in the plasma. The calculation of the line radiation of these 

heavy elements is involved because of the complexity of the spectra. 

For the temperatures in TORTUS (see Chapters 4 and 5), the strongest 

Cr- and Fe-lines are arcund 1 keV. By using foils with a cut-off ener

gy well above these lines, the presence of discontinuities in the 

X-ray spectrum can be eliminated. 

The determination of the electron temperature is based on the 

exponential dependence of the continuum X-ray spectrum. This spectrum 

is usually measured using a silicon-lithium-drifted (Si(Li)) detector 

and a pulse height analyzer. The count rates are restricted to 3'10t' 

counts/second, due to pulse pile-up problems. As the TORTUR II dis

charges last only 4 ms, a Si(Li) detector cannot be used on a shot-to-

shot basis. A rough estimate of the spectrum on these timescales can, 

(S+l)/g 
e+$ 

B+* 
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however, be gained by using the foil-absorber method. Several detec

tors, four in our experiment, detect radiation from the plasma, each 

through a different foil. The number of photons per second, detected 

by detector m, is given by 

Nm = f ISël <ï <E> t (E) dE \& 
! dEl m m i4it 

(3.10) 

Here, 9m(E) represents the detection efficiency of detector m, t (E) 

the transmission of any foil placed between the source and detector ra, 

V the emitting plasma volume seen by the detector, and L.. the solid 

angle relative to the source, subtended by the detector aperture. 

N is still a function of kT , n and Z ffr but the ratio of 

the signals of two detectors with different foils, N_/N , is a function 
m n 

of kT on ly . For f o i l m a t e r i a l s with no absorpt ion edge in the detected 

energy range , t h i s function i s monotonie (Fig. 15) . Thus, the e l e c t r o n 

temperature can be recovered from a comparison of the measured r a t i o 
N /N and the ca l cu la t ed one. in n 

100 200 300 400 300 600 

k T , CeV) 

F i g . 15. C a l c u l a t e d r a t i o of the count r a t e w i t h 4 0 , 70 
•and 100 Vim Be t o the count r a t e w i t h 30 \im Be 
as a func t ion of kT (channe l tron d e t e c t o r s ) . 

e 

Because of the decrease in the flux with inc reas ing fo i l t h i ck 
n e s s , t he re i s a l i m i t a t i o n to the fo i l th ickness t ha t can be used. 
For the TORTUR I I case we used metal f o i l s , such as beryl l ium (30 -
100 um) and aluminum (10 - 50 um). The mass-absorption c o e f f i c i e n t s 
required to c a l c u l a t e the t ransmission of these f o i l s a r e taken from 

Veigele 25) 
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The deterninit ion. ">f the eUvtro:'. tiT-jvr-̂ t ure is compi icatea uy 

spatial profile ffects, because the Line •>:' siaht of the X-ray detec

tor samples regions «it:. different ter-.pei iture- H o w e r , at photon 

energies such 1 ir^y-r than the el»_-ti" r. temperature, the outer cooler 

reaions of the :> Las rut c'.'i'.'i'Û ô . i-tlt- to the X-ray emission because 

of the steep exponential fall of the spectrum. Therefore, at hî :h pho

ton energies, one observes only the ;. ftest part .">: t'f.J discharge. Ir. 

principle, one can eliminate ;;o:ile afreets f ror. t :.*.- 1 me-integrated 

flux measurements completely Ly Atel inversion : t:ie measureu : I. >: 

Front a comparison Letve-on t he calculated brersstrahlung tor a 

hydrogen plasma and the measured value, the anomaly factor •", can be de

duced. One is able, in principle, to determine from this factor the ef

fective charge value o: the plasma defined by 

efr n . i i 
e i 

where the summation extends aver all the atonic s:>ecies in the piusmu. 

To obtain accurate values of Z ,., additional information is required 

about which impurities are present :ro:r., e.a., '"V spectroscopic obser

vations. Moreover, one needs to know the various densities of the im

purity ions as well as their charoc ;:t.ito distribution. At this point 

it should be mentioned that the T-'RTf'P plasmas depart from coronal 
27' 

equilibrium. This causes only small ch.tn-tes in tr.c toil ratio ' and 

thus affects oniv slight iv the kT -vaiuo. but it stror.^iv influences 
e 

the distribution over the various char ie states. 

The follovfino net hod was id-<pted f<"»r a rr 

fective charge value in TORTUK. A-ssumin : that oxygon is the only impu

rity present in the plasma, we calculate trom the las».>r tensieriture 

and density the charge state distribution .is a function of time froai 

the continuity equations for the throe jnost irr̂ .̂-r" ..W.T charge states 

n 
o 

'e 
n dt no "- = Sh " =7fST; '8- !io * { i ' l 2 ) 

3t A* 
n O :;, - . n 
o 4 :. 

S and >., arc the » emperat.ure-aver lood r.ite coefficients for ionization 
'A i 

and recombination, respectively" . Wc also assume t.riu: .»I [ the ions 

are in tne o ground staff: initially. With the cii.ir-fc state distribu

tion known, the oxygen amount I .; estimated from the measured anowaly 

factor •*. anti the value for 7. _, is determined. 



Sül LCÏÜi X-ray i e t s c t s r 

A quick determination of the e lectron t t f > r < t u r t as a function 

of time - within on* s i n g l e plasma shot - can be obtained froa two or 

•ore detector s ignals K . Figure 1* shows the schematic representation 

of our Multichannel X-ray detector . 

Fl?. 16. The aulticiianael x-ray detector. 

Pour MgFj-coated channeltrons are contained in an armco-steel 

vacuum chamber for shielding the TORTUR Magnetic field. The vacuum 

chamber is insulated from the torus by a ceramic break. A working pres

sure of 3*I0~7 torr is attained by means of a 200 t/s turbomoiecular 

pump, k 2 urn thick nakrofol foil provides a barrier against pumping be

tween the torus and the analyzer chamber. In addition, this foil screens 

out VUV light to which the channeltrons are sensitive, n valve bypassing 

the window foil is closed automatically by the pressurized air system 

of the experiment when gas is let into the torus. The valve is opened 

again after the discharge, when the remaining gas has been pumped out. 

With a filling pressure of 4'10~t' torr in the torus, the pressure in 

the detector chamber increases to 10"" torr. The channeltrons are still 

fully operational at this relatively high pressure. The grid supporting 

th« window foil has a transmission of 80%. 

The channeltrons are mounted on a disc facing the plasma (Fig.l7). 

The solid angle seen by each channeltron is well-defined by a set of 

collimators. These collimators, which are conical in shape, provide a 

shielding against fluorescence radiation fro» the tube walls. In front 

of each channeltron a rotating disc with four positions tor different 
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foils is mounted. 

Fig. 17. Channeltrons and foil exchangers. 

The signal cables and the high-voltage supply are shielded 

against electromagnetic fields and are fed directly into the measuring 

cage. A preamplifier converts the charge from the channeltron anode to 

a voltage and acts as a line driver. The signals from the preamplifier 

enter into a discriminator/pulse-shaper circuit. The output of this 

circuit consists of 4 V, 20 ns pulses, which can be counted separately 

and integrated. The integrated signal is again amplified and fed into 

an ADC, which is connected by a CAMAC interface to the PDP 11/10 com

puter of the experiment. 

We calibrated the channeltrons with the aid of a simple soft 
29) 

X-ray source to be able to determine the enhancement factor E,. 
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4. PLASMA HEATING AT MODERATE ELECTRIC FIELD STRENGTHS 

4.1 Turbulent heating effects 

The basic idea of turbulent heating is to use the strong dissi-

pative effects of certain microinstabilities to raise the plasma tem

perature. Weak turbulent instabilities of various nature may develop 

on rather short timescales (< Ü>""Ï , u~}) and can be maintained about a 
~ pi ci 

marginally stable state for macroscopic times, whenever the plasma cur

rent increases at a sufficiently high rate. As a result of such insta

bilities, the electrons lose momentum by interactions with collective 

fields, in addition to the usual loss due to individual particle fields, 

so that the resistivity is Increased above the classical value. Due to 

this anomalously high resistivity the plasma temperature increases rap

idly during the marginally stable state. 

In this section we present a simplified picture of plasma heat

ing by turbulence. In particular, we shall derive a necessary condition 

for the excitation of turbulence by an electric current pulse in terms 

of the ratio of the driving electric field, E, and the frequency, f, of 

the heating pulse. 

The current that excites the turbulence is expected to flow in 

a skin layer that broadens on a macroscopic timescale. The induced 

toroidal current density in the skin satisfies the relation 

where it is assumed that the skin width,6, is much smaller than the 

plasma radius, a. it is convenient to express the current-density in 

terms of a drift velocity, vd, of the electrons relative to the ions. 

For the onset of a particular microlnstability this drift velocity 

should exceed a critical velocity,v^,. For current-driven microinstabil-
cr 

ities,v depends on the values of the plasma density, the ratio of the 

electron temperature to the ion temperature, Te/
Ti» ana% t n e ratio of 

the electron plasma frequency to the cyclotron frequency, w /<u 

(table 3). The critical velocities for the important current-driven in

stabilities can all be expressed as v = (kT/m ) (with T = T. or T , 

depending on the precise instability) if an effective instability mass, 

m , is introduced. 
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p . . . . 

Type o f i n s t a b i l i t y Thr«shold Growth r a t e m 
o 

Comments 

I o n - a c o u s t i c v a > ( k V » . ) * - (m / m . ) ^ u . e i p i i 
Depends c r i t i c a l l y 
on t h e r a t i o T / T . 

Buneman-Budker 

p * 
~ On /m.) ^ u 

e i pe Independent o f the 
r a t i o T / T . 

e l 

I o n - c y c l o t r o n 
a 1 1 

- 0 .1 u . 
C l 

m./50 
i 

Occurs even f o r 
T / T . - 1 

e ï 

Table 3. Important current-driven instabilities. 

In general, the turbulent plasma evolves as an oscillation about 

a marginally stable state and is characterized by alternate growth and 

quenching processes of the relevant instabilities. Here we make the as

sumption that the system just is at marginal stability for which the 

ratio of the drift velocity to the critical velocity, y = v,/v , is 

constant. Equation (4.1) can thus be written as 

E 
• n e y 

U Q S 2
 s 

* V cr n s e * 3kT 
3t- 'M-

E 
• n e y 

U Q S 2
 s 

D t 2 /nkT 3 t 
o 

(4.2) 

with ng the particle density in the skin. The applied electric field 

and the particle heating rate, 3kT/3t, are also related to each other 

through the energy balance equation in the skin 

3 ,(kVkTA) 3 

1 at = I R Tt = (1"a)vd E (4.3) 

In this equation, R is equal to the relative heating rate of electrons 

and ions for the microinstability considered. Equations (4.2) and (4.3) 

lead to an expression for the current-skin width <5. If we substitute 

this expression for Ó in Eq. (4.1), demand that vd > vcr, and approxi

mate the rising-current stage as a part of a sine wave with frequency 

f, we obtain a lower bound condition for the ratio E/f 

Y2d-a) 
J' m kT o 

(4.4) 

where kT has to be expressed in eV. Equation (4.4) implies that the 

heating by high frequency (50-250 kHz) current pulses - used up to 

now - requires powerful electric field strengths. Heating at lower fre

quencies enables the application of correspondingly lower - technically 

more attractive - electric fields. 
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The anomalous plasma conductivity during the turbulent staqe 

can be derived to be (Eq. (4.1>) 

an 
(4.5) 

Po<5- 3j/3t 

The lower frequency pulses - associated with smaller fields - thus 

lead to a lower enhancement of resistivity (Fig. 18). However, the 

amount of energy dissipated 

l/4f 

'a = j*E d3r dt 

l/4f 

-\ i d3r dt (4.6) 

can be t he same, because the lower frequency pu l ses a r e appl ied for 
longer t imes . 

1 r m TORTUR n , s l ow bank 

I 

10 

10-4!-

10 

T r 

URAGAN2 

10 

TRI AH 

S 

TÜRTUR n , f a s t bank 

''-fa 
TORTUR I 

TWIST 

TURHE ••%, 

10 10 

,n .. •_ - r anomalous , , E 
Fig. 18. Ratio of as a function of 

classical R.A. 
Values found in literature are quoted. 

The condi t ion for c r e a t i n g a tu rbu len t s t a t e , v , >, v , s e t s a 
31 32) lower l i m i t t o the e l e c t r i c f i e l d ' . The minimum e l e c t r i c f i e ld 

required to e x c i t e turbulence i s given by (Fig. 18) 

Emin ' < W ER.A. ' (4 .7 ) 

- 2 7 -



where E„ - represents the runaway or Dreicer electric field strength 

(E„ „ = m v .v.. _/e, with v . the classical electron-ion collision R.A. e ex th,e ex 
frequency and v._ the electron thermal velocity). 

Beside the minimum value for the electric field, there exists 

a lower limit for the frequency, f, of the heating pulse. Energy should 

be applied to the plasma within an energy confinement time,T_, that is 

f > -A~ . (4.8) 
*?E 

For the TORTUR device this condition results in a lower frequency limit 

of about 250 Hz. 

The values for the induced electric field and the frequency of 

the current pulses created by the slow electrolytic capacitor bank and 

the fast capacitor bank in TORTUR II are such that the constraints pre

sented above are fulfilled. Consequently, we expect anomalous heating 

of the TORTUR plasmas. This enhancement of resistivity will be associ

ated with anomalous transport. In general, anomalous transport gives 

rise to a reduction in the particle containment time, hence to enhanced 

wall bombardment and a reduction in T„. in turbulently heated discharges 

however, it can work out beneficial when the heat deposited in the tur

bulent outer plasma layers moves rapidly to the interior of the plasma 

(Refs. 33, 34). The anomalous transport phenomena necessitate measure

ments of precise radial temperature and density distributions, e.g. by 

the observations of electron-cyclotron radiation. 

We now proceed to a discussion of the experimental data accumu

lated in the course of investigations on the TORTUR II device. In the 

experiments to be described, the plasma radius - determined by the 

stainless-steel limiters - is fixed to a = 0.G85 m. 

4.2 Temperature evolution during the rising-current stage 

This section gives a description of the anomalous heating effects 

observed in TORTUR II during the rising-current stage of the discharge 

formed by the slow electrolytic capacitor bank (Fig. 4). The applied 

electric field strengths range from 3-10 V/m, while the frequency of 

the heating pulse is about 325 Hz. The associated streaming parameters, 

vd^Vth e' a r e o f t h e o r d e r o f °'2* 

The evolution of the electron temperature during the first milli

second for a discharge with a maximum toroidal current I - 40 kA, a 

toroidal magnetic field B = 2.8 T and an average density of 

<n > ~ 7.5xio19 m"3 is shown in Fig. 19. 
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Fig. 19. Electron temperature evolution in the initial discharge phase 
at r = 60 HUB (a) and r = 5 mm (b) . 

A comparison between the Thomson-scattering results at r = 60 nun and 

r = 5 inn suggests the existence of a skin during the first 700 ps of the 

discharge. Thereafter the temperature peaks in the centre. The average 

temperatures from the Thomson-scattering data compared with the values 

for the conductivity temperature - assuming that the conductivity for

mula of Spitzer is valid - indicate an anomalous electrical conductivi

ty of 2-3. Uncertainties in this anomaly factor enter as a result of 

low accuracy of the plasma loop voltage measurements and unknown pre

cise radial electron temperature distributions. 

The amount of energy dissipated as a result of anomalous resis

tivity (which depends on the electron density rather than on the elec

tron temperature) leads to the following dependence of the electron 

temperature on current and density at 

the end of the turbulent phase 

(Eq. (4.6)) CeV) 

lm kTe 
k T e - H ; • ( 4 - 9 ) i 

250 

200 -

The measured variation of the elec

tron temperature obtained from 

Thomson-scattering data at r = 5 mm, 

with the density shows this l/ne~ 

dependence (Fig. 20). 
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50 -
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•T
' 
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r 
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0.5 1.0 1.5 

-1 
•• n. 

2.0 2.5 

CIO"20™3) 

Fig. 20. Electron temperature at the end of 
the current-rising stage versus density 
(obtained from C02-laser data). Discharge 
parameters: I ~ 40 kA, B = 2.8 T. 
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The observed variation of the electron temperature with current 

for the particular discharges with average densities of 7.5*1019 m~3 

and toroidal magnetic fields of 2.8 T is plotted in Fig. 21. Changes of 

the radial density distribution with current together with the scatter 

of experimental data prevent a clear verification of the predicted re

lationship (Eq. (4.9)). More experimental studies are required before 

an unambiguous conclusion can be drawn. 

(ev) 

kT. 

0.0 1.0 

Z3U 
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F 1 
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150 -
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' \ 
t 

-

50 

< 1 

2.0 

2 9 2 
-*• Ijf (10 fl*J 

(Tt 

3.0 

Fig. 21. Electron temperature a t the end of the current-
r is ing stage versus I 2 . The Thomson-scattering 
data are averaged over 4-5 shots. 

The e v o l u t i o n of t h e ion t e m p e r a t u r e around t h e c u r r e n t maximum -

a s deduced from t i m e - o f - f l i g h t a n a l y z e r d a t a - i s p r e s e n t e d in F i g . 2 2 . 

The ion t e m p e r a t u r e i s o b t a i n e d from t h e h igh energy r e g i o n of t h e spec

t rum, where a s imple e x p o n e n t , c o r r e s p o n d i n g t o t h e c e n t r a l ion tempera

t u r e , can be d i s t i n g u i s h e d . 

300 

CeV) 

kT 
250 -

200 -

150 -

100 -

Fig. 22. ion temperature evolution around the current maximum. Dis
charge parameters: I ~50 kA, B =3,2 T, <n > ~ 5*1019
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As can be seen in this figure, the central ion temperature 

rises very quickly and reaches temperatures comparable to the central 

electron temperature. The classical thermal equilibration time exceeds 

1 ms for the temperatures and density involved, so that one is forced 

to believe that the plasma is heated by an anomalous process for which 

a substantial part of the energy goes into ion heating. For this rea

son we tend to the view that the main mechanism responsible for the 

anomalous heating, is the ion-cyclotron instability. Moreover, for 
T - T. ion-acoustic waves do not occur because of the strong ion 
e l 

Landau damping. 

For the ion-cyclotron instability, the ion heating rate, BkT^/at, 

greatly exceeds the electron heating rate, 3kT„/<*t . On the basis of 

this and the fact that the critical velocity depends on kiv, the ion 

heating will increase the critical velocity and shut off the instabil

ity. With respect to the physical picture of the heating we therefore 

expect the following. Initially, the electrons are ohmically heated 

and freely accelerated till their drift velocity exceeds a few times 

the ion thermal velocity. At this point, the ion-cyclotron instability 

starts operating. The strong interaction of the electrons with the 

waves keeps the drift velocity constant and heats the electrons and 

ions. The ion heating will increase the critical velocity and will 

bring the system to the point where the instability shuts off. Then 

the cycle repeats itself until the driving mechanism fails to increase 

the drift velocity above the threshold for instability. 

The presence of instabilities can be an obstacle to efficient 

confinement of the plasma because they give rise to anomalous trans

port levels well above those derived from classical theory. For exam

ple, the particle transport radially inward in TORTUR is estimated to 

be four orders of magnitude larger than the classical rate,p£ v /a2, 

where p is the electron gyroradius. The presence of turbulent fluc

tuations in TORTUR, however, did not lead to a substantial decrease in 

the energy confinement time. This is, e.g., inferred from the simpli

fied electron energy balance equation 

dW W 

-af = I2R " r ^ ' (4-10> 
TE,e 

where W e is the electron thermal energy, I
2R is the joule dissipation 

and T is the electron energy replacement time. This equation re

sults in a central T_ A value of approximately 0.6 ms at t = 1.0 ms. 
Et f G 

(Discharge parameters; I ~ 40 kA, B„ = 2.8 T, <n> ~ 7.5*10'9 m~\) 
m <P e 

Due to the closeness of ion and electron temperatures, T„ is about 
i, e -31-



one half of the total energy confinement time x_. For the case consid

ered, we thus find a T E value of 1.2 ms. The various experimental 

scaling laws (see e.g. table 4) indicate a value for x_ of about 3- 4 ms 

in case of ohmic operation in TORTUR. The scaling law derived from ex

periments with the PLT device (Princeton, USA) - expressing the influ

ence of dissipation on confinement in case of heating by neutral beams -

leads to a value of 0.5 ms. The experimental value of 1.2 ms falls 

within the range of scaling laws. 

1. Mirnov (T3) scaling 

(Nucl. Fusion 20 (1970) 43) 

2- Alcator scaling 

(Nucl. Fusion 1J> (1976) 31) 

3. TFR scaling 

(Nucl. Fusion 20 (1980) 1227) 

4. PLT (NBI) scaling 

Table 4. Scaling laws for T„ (JcT in eV) . 

4.3 The decaying-current stage 

The electron temperature evolution in the decaying-current stage 

of the discharge (Fig. 4) - as obtained from Thomson-scattering and 

soft X-ray data - is shown in Fig. 23. The spread in the values of the 

central temperature assessed by the X-ray spectra (hatched area) indi

cates the discrepancy between temperature determinations using the 

«oo 

(eV) 

kTe 300 
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0 
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•* t Cms) 

Fig. 23. Electron temperatures as obtained by Thomson scatter
ing (points) and soft X-ray spectra (hatched area) 
under similar discharge conditions (see text) . 
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ratios of different foil thicknesses. The characteristics of the par

ticular discharge are: maximum plasma current I - 40 kA, magnetic 

field B = 2.8 T, line-averaged density <n > *- 6.5*1019 m~J, and safe

ty factor at the plasma boundary q > 5.5. Generally, fair agreement 

between laser-scattering temperature and X-ray temperature was found. 

The measurements presented in Fig- 23 allow us to estimate the 

effective charge value in the way described in Section 3.3b. The rela

tive charge state distributions of oxygen, n /1 n , are calculated 
2 6+ 

by starting from the continuity equation for the charge states O , 
7+ 8+ 0 , and O (Eq. (3.12)) at t = 1.0 ms. The results obtained, together 

with the corresponding coronal charge state distributions, are shown in 

Fig. 24. It serves to illustrate the large departures from coronal 

equilibrium conditions in TORTUR 11. in the future, in the TORTUR lib 

device - equipped with a transformer yoke - the coronal equilibrium 

condition will be more readily satisfied because of the longer dis

charge duration. 

In* 1-0 
z 

0.9 -

0.2 

0.1 

i 1 1 r 

2 2 

Fig. 24, Fractional abundances n /£ n of oxygen as a 
function of tine, as deduced fTOO. laser data. 
( actual distributions, coronal dis
tributions.) 

To obtain the absolute oxygen impurity amount, we need to know 

what part of the plasma radiates, i.e., the effective length of the 

emitting plasma volucte seen by the detector has to be known. This length, 

defined by the radius where the intensity has dropped to 1/e of the 

central value, can be estimated from the measured bell-shaped electron 

temperature profile. It results in an impurity amount of 1-5*10'ö m"* 
at t • 1.5 ms, which leads tc an effective charge value of Z ,.= 1.3-2.2. 

The estimated evolution of the Z e I f value in time is plotted in Fig.25. 

After about 3 ms it is hard to obtain any reliable information on the 
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2 ,, value due to the effect of an increasing impurity contribution to 
el I 

the X-ray signal at lower temperatures, while the signal itself de

creases. 

2.1 

z 2'° 

I •• 
1.8 

1.7 

1.6 

1.0 2.0 3.0 
>• t Cms) 

Fig. 25. Z , as a function of time. 
^ erf 

One of the interesting features of the electron temperature evo

lution in the decaying-current stage is that the electron temperature 

at the plasma centre continues to increase beyond the point where the 

current passes through its maximum value. This increase becomes very 

pronounced in cases of large currents and low electron densities. The 

phenomenon is attributed to the appearance of a thermal instability. 

The mechanism driving the plasma towards instability is the fact that 

the classical resistivity is proportional to T~ z. Thus, current chan

nels into the hotter regions at the centre. This channelling will in

crease the electron temperature due to the effect of ohmic heating in 

combination with an improved insulation from the walls. For the toroi

dal magnetic fields in TORTUR, the channelling is possible without vio

lation of the Kruskal-Shafranov condition at the centre {q > 1). 

In Fig. 26, the variation of the central electron temperature 

at t = 1.5 ms with the density is shown for plasmas with a maximum 

current of I ~ 50 kA. The spread displayed in the electron temperature 

at lower densities is beyond instrumental error and corresponds to 

actual differences in plasma conditions. As can be inferred from 

Fig. 26, temperatures up to several hundred electronvolts are observed. 

However, as is evident from laser-scattering data, the electron veloci

ty distributions are not always pure maxwellians. 

T 1 r 

j i L 
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Fig. 26. Variation of electron temperature with densi ty . 
Discharge parameters: J^ ~- 50 JcA, B = 1.2 T. 

An example of the d i s t o r t i o n of the maxwellian d i s t r i b u t i o n -

which occurs a t l a rge cu r r en t s and low d e n s i t i e s - i s given in Fig. 27. 
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Fig. 27. Electron temperatures and corresponding spectral d i s tr ibut ions 
versus time for a thermal (a) and a non-thermal discharge fb) 
in TORTUR I I . 

Here, we p l o t t e d the Thomson spec t r a l d i s t r i b u t i o n s obtained in a t h e r 
mal and in a non-thermal d i scharge . One of the puzzling fea tu res of the 
obse rva t ions i s the appearance of the p l a t e a u - l i k e regime in the e l e c 
t ron d i s t r i b u t i o n funct ion. This regime e x i s t s for r e l a t i v e l y long 
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tines tl -2 »s) - far beyond the electron-electron collision time - so 

that the distribution function must be distorted continuously by suae 

driving mechanism. At the end of the discharge the distribution is 

again maxwellian. 

It is difficult to accredit the modification of the distribution 

function to a particular driving mechanism. Ion-cyclotron types of in

stabilities , e.g., should be ruled out AS no substantial ion heating 

is found in this phase. Gradient-driven instabilities are unlikely 

because of the steep gradients required. Current-driven instabilities 

do not occur due to the snail value of the streaming parameter in the 

decaying-current stage. 

The surplus of high-energy electrons in the poloidal plane may 

be caused by magnetic trapping. This trapping concerns a group of par

ticles with a velocity component parallel to the toroidal magnetic 

field much smaller than perpendicular to this field, v. • v^. It may 

occur in the magnetic mirrors along the trajectories of the particles 

and in the irregularities in the toroidal .magnetic field. The irregu

larities in TCRTUR are caused by the discrete number of coils and by 

the small straight sections between the four toroidal segments of the 

copper shell10>. The group of trapped particles experience a large 

velocity of the order of E/B- (Ref. 39) directed radially inward 

(E is the toroidal electric field and B.. the poloidal magnetic field) , 

and will lead to an effect such as the one observed. However, the time 

required for trapped particles to become passing ones is rather fast. 

For the moment, it should be concluded that no satisfactory ex

planation exists for the decrease of electrons in the central region 

of the distribution function. More intensive studies are required, both 

experimentally and theoretically, to understand this peculiar effect. 

An extension of our Thomson-scattering system (see Section 3.2} to 

20 wavelength channels is planned for this reason. 
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3. TURBULENT HEATING IN HIGH-TEMrEKATUItE PLASMAS 

5-l Effects of the heating pulse 

For the investigation of turbulent heating in well-confined 

hi<;h-te*perature plasmas, a steeply-rising <50 kHz) current puis* was 

applied to the plasaa formed by the slow electrolytic capacitor bank. 

The Magnitude of the additional, critically-damped current pulse (Fie.S) 

was chosen such that the safety factor at the piasaa boundary did not 

fall below 2. Although the additional plasaa current was induced by a 

pulsed toroidal electric field auch higher than the runaway field 

(Fig. It), runaway electrons were virtually absent. This indicates that 

under the conditions where Couloab collisions are incapable of prevent

ing the passage of the electrons into the regiae of continuous acceler

ation by the electric field, a different braking mechanism appears in 

the weakly collisional plasmas. Apparently, collective effects arise 

in such plasmas and lead to an increased electrical resistivity (see 

Section 4.1). 

The application of the high electric field (E ~ l - 2 kV/m) 

pulses - associated with large streaming parameters, v d/
v
t n m i. °-* -

does not result in Macroscopic plasma deformations. This is inferred. 

cto 
»».-* 

-V 

CbV) 

e.g., from the behaviour of 

the plasaa column during and 

after the pulse as seen by 

the sin-cos coil set 

(Fig. 2f). 
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w 1 r r _ <c> 
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« 0 « 
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0.» I- 00 1.01 t.oz 1-09 
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Fig. 28. Line-avrraqed density {*), loop voltage (b) 
«rid vertical displacement (c) during the 
steeply-risinr current pulse. 
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In addition, the CO^-laser interferometer does not observe a noticeable 

change in plasma density (contrary to the large increase in dtnsity due 

to the influx of neutrals from the quartz discharge chamber in TORTUR I 

(Ref. 5)). Although the heating taxes place close to the wall, no addi

tional impurity influx after the pulse is observed by the soft X-ray 

detector. 

In the next section we will present the results obtained with 

the additional toroidal current on top of the already flowing current. 

The extra current pulse is fired at t = 1.0 ms. The emphasis is laid 

on the specific electron and ion heating. 

5.2 Electron and ion heating 

Figure 29 presents the electron temperature evolution at the 

plasma edge (r = 60 mm), with and without the application of the high 

electric field current pulse at t = 1.0 ms. For the relevant discharge 

parameters (Im ~ 50 XA, B = 3.2 T, <n > - 7*1019 m~3, additional tur

bulent heating currents I„ - 50-75 kA) the heating should occur in a 

s'̂ in layer ó of about 15 mm. 

Again a rapid flow of energy from the skin to the plasma core 

is observed. This fast transport is beneficial for the turbulent heat-
40) ing of large toroidal plasmas by repetitive skin heating . Otherwise, 

the temperatures in the skin would become undesirably high, quenching 

current-driven instabilities. As may be seen in Fig. 29, th J. electron 

heating at r = 60 mm, which results from the anomalous resistivity, 

appears earlier with increased charging voltage of the fast capacitor 

bank. From this a threshold current for turbulent heating may be de-
^41) rived 
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Fig. 29. kTfi versus time at the plasma edge with and without the steeply-rising 
current pulse applied at t - .0 ms. 
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In contrast with the observed electron heating at the plasma 

edge, no appreciable increase - within experimental errors - in the 

value of the central electron temperature is found. As an example, the 

variation of the central electron temperature with time, with and with

out the application of a steeply-rising current pulse is shown in 

Fig. 30. (Discharge parameters: lm ~ 50 kA, B = 3.2 T, <n - 7X101"' m~', 

IH - 50 kA.) 

(ev> 

kT. 

Fig. 30. 

kT versus time at the plasma centre, 
with and without a steeply-iising 
current pulse applied at t = 1.0 ms. 
Individual measurements by Thomson 
scattering are plotted. 
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Substantial ion heating resulting from the application of the 

current pulse is observed by the time-of-flight energy analyzer 

(Fig. 31) and the active ion-beam probe 
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Fig. 31. central ion temperatures for some- additional current 
pulses as inferred from time-of-Flight analyzer data. 
Discharge parameters: I ^50 kA, B .1'! 3.2 T, -n '• ~0xlO' • m 
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From the measurements we deduce that the deceleration of the 

electron drift motion along the magnetic field - induced by the fast 

capacitor bank - takes place in two distinct regions with anomalous 

resistivity, in the peripheral zone of the plasma we expect both ion-

sound and ion-cyclotron waves to be excited. The ion-sound waves -
35) 

which heat preferentially the electrons - are responsible for the 

observed electron heating at r = 60 mm. In the more inner zones of the 

plasma, where the electron response is different due to the strong ion 
42) 

Landau damping of ion-sound waves , we expect only ion-cyclotron 

waves to be excited. The ion-cyclotron waves are dissipated into heat 

as a result of cyclotron damping in which the Doppler-shifted frequen

cy of an ion coincides with the frequency of the wave. The spread of 

the additional electron heating over the plasma cross-section and over 

the total number of electrons results in a negligible electron tempera

ture increment above the already existing increment (see Section 4.3) 

at the plasma centre. In the TRIAM device (Kyushu, Japan), similar 
43) effects have been observed 
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6. SUMMARY AND CONCLUSIONS 

In TORTUR II, a tokamak discharge is made in which the applied 

toroidal electric field (E ~ 3 - 10 V/m) is just sufficient to excite 

microinstabilities. As a result, the electrons lose momentum by wave-

particle interactions in addition to the usual loss due to binary col

lisions, so that the plasma conductivity decreases. Although the de

crease is rather small at this moderate value for the electric field, 

considerable plasma heating is obtained. This is due to the fact that 

the external power supply forces the plasma towards a marginally stable 

turbulent state for several hundred microseconds. 

Ion temperatures comparable to the electron temperature are mea

sured at the end of the turbulent current-rising stage. The increase 

in ion energy forms a substantial part of the energy lost from the 

electron drift motion along the toroidal magnetic field. From this, we 

infer that the ion-cyclotron instability plays the major role in the 

anomalous decrease in plasma conductivity. As far as the electron heat

ing is concerned, we can explain part of the anomalous heat' g by an 

increase in resistivity connected with the presence of imp\ ities. The 

value for the effective charge in TORTUR II is estimated to be between 

1.3 and 2.5. 

The presence of the weakly-turbulent fields during the current-

rise time has not led to a serious reduction of the energy confinement 

time. This value is found to be between 1.0 and 1.5 ms. The various ex

perimental scaling laws for the energy confinement time indicate a 

value between 0.5 and 4.0 ms. 

Studies of plasma behaviour after the turbulent stage reveal 

that the central electron temperature continues to increase. During 

this current-decay stage, temperature increments of a few hundred elec-

tronvolts are observed. The increment is ascribed to a change in the 

radial current distribution. The current concentrates in the hotter 

regions at the plasma centre and heats the electrons via ohmic heating. 

At low densities (<ne> <. 5*10'
9 m~3) and large toroidal cur

rents (Im >. 50 kA), strongly-non-maxwellian electron velocity distribu

tions are observed. Trapped particles that drift towards the axis with 

large radial velocities, may play a role. As yet, no satisfactory ex

planation for the decrease of low-energy electrons in velocity space 

is available. 

To study the effect of turbulent current pulses in well-con

fined high-temperature plasmas, we applied steeply-rising current pulses 

with a high electric field (E - 1-2 kV/m) to the tokamak discharge. 
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It is found that strong ion heating takes place. We associate this heat

ing with a destabilization of electrostatic ion-cyclotron waves by the 

drifting electrons in the isothermal plasma (kTe ~ kl^) . The energy 

fed into the ions is roughly equal to the energy lost from the drift 

motion. 

The steeply-rising current pulses also resulted in electron 

heating at the outer zones of the plasma. This heating is probably due 

to excited ion-sound waves, which heat preferentially the electrons. 

Additional electron heating at the centre is not observed. 

The investigations on turbulent heating will be continued in 

TORTUR lib. This successor of TORTUR II will be equipped with a trans

former yoke. It is planned that the toroidal current will be stationary 

during several tens of milliseconds. This will enable the study of the 

effect of a train of superimposed current pulses with relatively low 

electric fields and long pulse times. If more effective heating is ob

tained by the multiple pulses, the application of turbulent heating to 

large-sized devices comes into perspective. 
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