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ABSTRACT 

A description is given of the measurements of both poloidal and 

toroidal magnetic field components as functions of radius and time in a 

small turbulently heated tokamak. These measurements have been carried 

out with an array of miniature pick-up coils, enclosed in a quartz tube 

which is inserted into the plasma. The electric fields inside the plas

ma, as well as the parallel resistivity profiles are deduced from the 

measured magnetic fields. The ohmically dissipated energy is determined 

from the field distributions and compared with the total input energy. 

The experimental results are compared with the outcome of a numerical 

model. The consistency with information obtained from other diagnostic 

measurements is checked. 
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I. INTRODUCTION 

The TORTUR I device ' is a snail tokamak (RT=0.46 m, a=0.09 m), 

which has especially been designed for the study of current-driven tur

bulence in a toroidal geometry at relatively high plasma densities, 

5*1019 < n < 2*1020 m-3. A fast increase of the plasma current causes e 
a variety of turbulence phenomena, mainly near the edge of the plasma 

in a relatively narrow skin layer (6 ~ c/w . ) . Anomalous heating of 

electrons and ions, suprathermal electromagnetic radiation and enhanced 

resistance of the plasma column are typical features during the fast 

rise of the discharge current. In order to gain understanding about the 

physical processes involved, it is of crucial importance to have inform

ation on the evolution in time and space of the poloidal and toroidal 

magnetic field components, because using Maxwell's equations, knowledge 

of these fields yields information on the current density and the elec

tric field components. Invoking conservation of momentum and energy then 

gives the resistivity profile, the macroscopic plasma movements and the 

pressure distribution. So, theoretically, it is possible to get a rather 

complete picture of what is happening inside the plasma as a function of 

time merely by measuring the magnetic field distributions. 

Several authors have used magnetic probes for the study of cur

rent penetration in turbulent plasmas. The mcst related work in this 

field has been done on the T(exa3) T(urbulent) T(okamak) by Jancarik 
2) et al. '. The TTT is very similar to TORTUR I, but operates at lower 

densities (n from 1*1018 to 2xl019 m~3) and at a higher frequency 

(250 kHz versus 70 kHz of TORTUR I). At a density of l.lxio19 m"3 a 

pronounced skin current channel is observed that has a constant thick

ness for at least 1.8 us. At a low density, the current has fully pen

etrated the 10 cm colurun in about 1.2 us (n = 2.6*1018 m~ 3). Full pen

etration of the plasma current has also been observed by Skarsgard 

et al. in a smaller toroidal plasma column with lower density. 

Well-defined skin phenomena have been observed in several other 
4) - linear - experiments. Wharton et al. measured a marked skin current 

with a magnetic probe, which lasted for about 0.7 ps at a density of 

5- 8*1019 m-3 in the Cornell turbulent heating experiment. The GROM III 

linear machine, operated at a density of a few times 1020 m"3 with an 

axial field of 1.5 tesla and a plasma current of 100 kA, also exhibited 

a pronounced skin effect, as has been observed by Suprunenko '. 

Finally, we mention current penetration studies that have been 

made on the LT-3 device ', which is a small classical tokamak. The cur-
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rent penatrated with a typical timescale of 500 us, which is faster than 

the classical penetration time. In this experiment the local drift veloc

ity was close to the critical velocity for the onset of ion-acoustic 

turbulence. 

The analysis of the data obtained by magnetic probes in TORTUR I 

is quite straightforward. However, the tokamak character of the dis

charge provides us with some complications. The plasma is immersed in a 

stationary toroidal magnetic field of about 1.6 tesla. Both radial 

collisional or collective heat transport and radial plasma motion are 

suppressed by the presence of this field. Furthermore, the poloidal 6-

value, both the local and cross-section averaged value, is less than 

unity. The plasma is intrinsically paramagnetic. The paramagnetic cur

rent density in combination with the toroidal field yields a local force 

density which is directed opposite to the pinch force of the current 

which arises from the toroidal current density with the poloidal field 

of the current. These two force densities have rather large numerical 

values of about the same size, hence, the sign as well as the numerical 

value of the linear combination of these two force densities, yielding 

the radial gradient of the total pressure in a state of equilibrium, 

can only be determined with very restricted relative accuracy. There

fore, a determination of the pressure profile by integration of the 

gradient, obtained in the way sketched above, is cumbersome. For the 

same reason the profiles of the radial plasma velocity and the parallel 

resistivity cannot be derived from the magnetic field profiles with the 

accuracy one should desire. 

For the study of the parallel current-induced instabilities, the 

gradient of the poloidal magnetic field driving the toroidal current, 

has to be known. The intersection of the poloidal flux surfaces and a 

cross-section will, in first approximation, be circles, because a thick 

copper shell closely surrounds the plasma. To determine deviations from 

these ideal flux lines, the probe measurements have been carried out in 

the equatorial plane of the torus as well as in vertical direction, the 

latter for a few cases only. 

The measured profiles have been compared with the results of a 
7) numerical study reported before . By introducing a set of phenomeno-

logical factors into the numerical model, the agreement of calculated 

and measured profiles can be made satisfactory, at least up to 1.8 us 

after the initiation of the fast current. Due to large-scale macro

scopic events, the poloidal magnetic field is redistributed over the 

cross-section within 3-5 us. In some cases poloidal field reversal is 

observed, indicating that a tearing mode is responsible for the dis

appearance of the skin structure. However, in this report the latter 
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effects will not be treated. We shall concentrate on the first stage of 

the current-penetration process, i.e. the formation and subsequent per

sistence of the current skin with fixed thickness. 

in section II a short description of the experimental device 

TORTUR I is given and a survey of the fully automated data acquisition 

system is added. 

Section III deals with the magnetic multi-probe, its construction, 

sensitivity, frequency response etc. in detail, while the calibration 

procedure is also described. 

In section IV the framework of equations is given from which we 

derive the various quantities that are to be determined as functions of 

time and radius. 

Section V gives the profiles measured for a set of particular ex

perimental conditions, and the derived quantities such as current densi

ties, electric fields, ohmic dissipation, and parallel resistivity. 

Section VI contains a comparison of the experimental results with 

the outcome of the numerical model. 

Section VII gives a summary and a short discussion of the results. 

The error analysis is discussed at some length in an appendix. 

II. APPARATUS, DIAGNOSTICS AND DATA ACQUISITION SYSTEM 

II.1 The TORTUR I device - a survey 

The name of the machine is derived from toroidal turbulent heat

ing experiment. The vacuum vessel is a four-segmented quartz torus, ma

jor radius R_ =0.46 m, minor radius a = 0.09 m. A residual pressure of 

about 3*10~6 torr, with water vapour as the main constituent, is main

tained by means of a 4 50 1/s turbo-molecular pump. The quartz torus is 

closely surrounded by a 1.7 cm thick copper shell, minor radius 0.105 m, 

which is also divided into four segments. This shield serves two pur

poses: it is the primary of the 1 : 1 air-core transformer for the in

duction of the plasma current and, secondly, it should stabilize fast 

growing MHD instabilities. The L/R time of the shield is about 20 ms, 

whereas the duration of the experiment is not longer than 0.5 ms. The 

segmentation of the copper shell allows for applying four times the 

loop voltage that is obtained in the case of one gap. 

The toroidal D.C. magnetic field is applied by a set of 24 coils. 

The maximum field on the axis of the torus is about 2 tesla. The field 

ripple is less than 1.2% (at R = 0.56 m). 

Pre-ionization is brought about by coupling RF-signals capaci-

tively to the plasma: a 7 MHz pulsed source (ignitron) and a 2.7 MHz -
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1 kW continuous wave from a transmitter. 

The experiment is then continued by discharging three different 

capacitor banks through the copper shell. A slow and a small fast capac

itor, triggered simultaneously, induce the predischarge current. The 

small capacitor - 770 uF, 5 kV - has a quarter period T = 30 us and 

is critically damped. The slow electrolytic capacitor - 1 F, 0.5 kV - is 

critically damped also and reaches its maximum current after 250 us. The 

combination of these two banks gives a plasma current as shown in Fig. 1, 

< 

o 

c 

Fig. 1. Typical t races of the predischarge. 

a) The t o t a l plasma current as produced by the 
predischarge banks. 

b) The corresponding loop voltage. Note the minor 
disruptive i n s t a b i l i t y a t t = 300 us , which i s 
frequently observed. 

c) The mean density as a function of time (CO 
interferometer t r a c e ) . 

The maximum a t t a i n a b l e c u r r e n t i s about 50 kA. At any p r e s e t 

t ime , t h e f a s t c a p a c i t o r bank - 100 uF, 50 kV - can be f i r e d , inducing 

a plasma cu r r en t of about 320 kA a t VH = 50 kV with T * 3.5 u s . In 
H 1/4 

all the discharges referred to in this report the heating bank is fired 

at t = 150 us, VH « 20, 30 and 40 kV, the predischarge current is about 

35 kA. Most of the data presented here have been acquired in the ringing 

mode of the heating bank, where the plasma current reverses after 7 

microseconds. 
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The heating bank can be crowbarred at any preset time by Means 

of a - low-inductance - metal-to-metal switch. The decay time of the 

plasma current after crowbarring is mainly determined by the condition 

of the quartz wall. Neutral hydrogen, which is absorbed at the wall, 

is released by the discharge itself, thus cooling the plasma and in

creasing the density. The plasma resistance increases, the current chan

nel shrinks (self-inductance increases), hence the current decays much 

more rapidly than when the vacuum vessel is constituted of other mate

rials, such as stainless steel for the TORTUR II device. An example of 

a clamped discharge is given in Pig. 2. 

200 

Fig. 2. The current (a) and the density (b) as functions 
of time for a clamped main discharge, V = 17 kV. 
In this figure t = 0 is 150 us after the start of 
the electrolytic bank. 

14 nH SO|ifi 7nM 

Fig. 3. The equivalent electric scheme of the TORTUR I experiment. 
The current trace of Fig. 1 is produced by firing both the 
1 F (0.S kV) and the 770 yF (5 kV) capacitor banks. 

5 



In Pig. 3 the equivalent electrical scheme of the experiment is 

given. This scheme has been used to simulate the observed waveforms of 

the various currents and voltages, assuming a realistic time dependence 

for the plasma resistance and self-inductance. To study the first quar

ter period of the heating bank discharge, which part of the experiment 

is the main subject of this report, the simplified scheme given in 

Fig. 4 can be used, as has been done in the numerical model of the 

turbulent phase (see Ref. 7). 

Fig. 4. The simplified equivalent circuit. 

II.2 Review of the diagnostics on TORTUR I 

The following measurements have been carried out during every 

shot for the determination of the magnetic field profiles: 

a) The loop voltage - voltage divider (100:1) on one of the supply 

flanges. 

b) The plasma current - Rogowski coils followed by passive integration. 

c) The time derivative of the current - direct output of a Rogowski 

coil. 

d) The position of the centre of the current - sin-cos coil set and 

Mirnov coils. 

e) The toroidal flux change A<t - two diamagnetic loops. 

f) The D.C. toroidal fieiu - single loop connected to a 10 seconds 

active integrator. 

g) The filling pressure - ionization tubes, 

h) ƒ n dd - COj-laser interferometer. 

Additional diagnostic measurements which were performed occasion

ally during the series of probe measurements are: 

i) Ruby laser - 90° Thomson scattering (10-channel system) for T (r,t), 

ne(r,t). 

j) Far-infrared spectroscopy - w radiation for T (r,t). 
Cc G 

6 



k) Soft X-ray attenuation by foil-absorption for <T > (t). 

1) A 10-channel electrostatic energy analyzer for <T.> (t). 

m) A 10-channel microwave spectrum analyzer for supratherma1 radiation. 

II.3 The data acquisition system 

The data that have been registered and stored during every shot 

are: 

a) The time settings of the digital programmer (16-channel). 

b) The settings of a 16-chnnnel hand-set digital memory, as well as the 

contents of 4 digital 0-2 V metres and the shot counter. 

c) The contents of a slow 16-channel ADC. 

d) The contents of 4 fast transient recorders - Biomation type 610 B. 

e) The contents of 20 special transient recorders - designed and built 

at Culham laboratories in England. 

All the digital memories except c, which is internal, are read 

out via a CAMAC interface to a PDP 11/10 computer. The data are stored 

on a magnetic disk and, later on, on magnetic tapes of the DEC-type. The 

data can be visualized by means of a Tektronix display, equipped with a 

hard-copy unit as a plotter. 

The data summed up from a) to e) are specified as follows: 

a) The digital programmer is started by a pulse from the pneumatic pro

gramming equipment which selects the sequence of loading of the var

ious capacitors and starts the gas-inlet system etc. The various 

trigger times of banks, scopes, ADCs etc., can be set by means of 

tumble-wheel switches with an accuracy of 0.1 us. 

b) The memory can also be set by tumble-wheel switches and contains 

information such as: 

shot number, date, data that cannot be read out automatically to 

the computer, such as sensitivity settings of amplifiers, time-base 

settings of the Culham ADCs, etc. 

c) The filling pressure, the D.C. magnetic field, the load voltage of 

the electrolytic bank and the load voltage of the heating bank are 

registered by a 256 points 16-channel ADC from 2 seconds before the 

shot up to 3 seconds after the shot. 

d) and e) Most of the output signals of the diagnostics summarized in 

section II.2 are recorded with the fast ADCs. 

Some (e.g. the Thomson-scattering signals) are still recorded 

photographically (Tektronix oscilloscopes +polaroid cameras utilizing 

10000 ASA film). 
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The Biomation ADCs have a 256 points 6-bits memory. The fastest 

sample rate is 0.» us, with a bandwidth of about 2 MHz (fixed sensitiv

ity) . With the "biomations" signals with a rise time longer than about 

0.18 us can be recorded properly. The Culham ADCs have a 1024 points -

7-bits memory. Here the fastest sample rate is 0.2 us, with a bandwidth 

of about 1 MHz, so that signals with a rise time longer than 0.35 us 

can be recorded. It is possible to select 30 different sample rates 

during one shot with the Culham ADCs. We used only 3 values: 0.4 (or 

0.8) us for the predischarge, 0.2 us for the first 12 \is of the main 

discharge, then again 0.8 us thereafter. Ths input of the Culham ADC 

is suited for signals of 0-4 volts. Therefore, every Culham ADC is pre

ceded by a IOC* amplifier with a variable attenuator, which can be read 

out by computer via a CAMAC module. Therefore, the sensitivity per bit 

of an ADC can be computed directly. The Culham ADCs are placed direct

ly into two CAMAC crates, equipped with a crate controller, so that 

they can be read out directly by computer. For the biomations a special 

module has been built in CAMAC, hence the,, can also be read out by com

puter. 

The PDP 11/10 computer system consists of a processor with a 

28 k bits memory, a CAMAC interface to which the two crates are connect

ed, a disk (1.2xl06 words of 16 bits), a DEC-tape unit (1 tape = 144384 

words of 16 bits), an AR-11 interface for the display and the slow ADCs. 

Furthermore, a paper-tape reader and puncher. The computer runs the 

RT-11 software system. An extensive software library (MACRO, FORTRAN 4) 

has been written for data handling, data analysis, plotting, etc. Apart 

from the system programs and the users' programs, the disk can contain 

data of about 40 shots, each shot being represented by a standard file. 

The data needed for the identification of each shot are stored into an 

extra combination file. 

The whole data acquisition system is placed inside a screened 

room as to ensure complete insulation against electromagnetic noise 

from the spark-gap switches of the fast capacitor banks. 

III. THE MAGNETIC PROBE 

III.l General considerations 

The energy densities and containment times in TORTUR I, typically 

2.5 kJ/m3 during 10 microseconds, permit the measuring of the magnetic 

field and current density profiles with a probe immersed in the plasma: 

boil-off of probe material, both quartz and Al-oxide, is not to be ex

pected. Therefore, one of the main objections against using a probe, 
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i.e. the probe as a source of impurities, is cancelled. However, other 

disadvantageous interactions between probe and plasma will remain; the 

plasma will be cooled locally, accompanied by a decrease of the local 

density. Furthermore, the current flow pattern will be disturbed due 

to the presence of non-conducting material. To minimize these effects, 

all of which are very difficult to estimate, one is forced to use a 

probe that is as small as possible. This is in contradiction with the 

requirements set to the probe for optimal performance, namely, a large-
B) sized coil with a few turns . The following considerations led us to a 

compromise in which both requirements are reasonably satisfied. 

An equivalent electrical scheme for an ideal pick-up coil and 

associated components is given in Fig. 5. 

PROBE CABLE INTEGRATOR 

Lc = probe-coil inductance 

rc — probe-coil resistance 

Cc - turn to turn capacitance 

Cpc = electrostatic coupling 

from plasma to probe 

= resistance of coaxial cable 

= termination resistance 

= integrator resistance 

C, — integrator capacitance 

Pig. 5. The equivalent c i r c u i t of one probe c o i l , coaxial cable 
and pass ive in tegrator . C can be neglected in the 
a n a l y s i s . 

The input voltage V. is related to the time rate of change of 
the magnetic field at the position of the pick-up coil in the follow
ing way 

„ _ M . dB 
V i = " N A ïït 

( I I I . 1 . 1 ) 

where A is the effective area of each turn of the coil, N is the number 

of turns. Of course, Eq. (III.1.1) only holds if the gradient length of 

the magnetic field is so large, that the field can be considered con

stant over the area A. The fraction rt/^ rt + R e^ z
D robe

+ Zcable^ o f Vi 

is the input voltage V. for the integrator. If the electrical resis

tance of the pick-up coil is neglected, Z_robe equals o)Lc, to being the 



rt + Zcable r. + r. . The self-inductance L should be as low 

characteristic angular frequency of the signal to be detected. To mea

sure independently of the frequency, it is required that 

-Lc 

as possible. However, the upper limit to the ultimate frequency to be 

detected will - in practice - be set by the d(ata) a(cquisition) s(ystem) 

and amounts to about 2 MHz. The response time of the probe (i.e. the 

time it takes before a stepwise applied field has entered a coil) is 

approximately given by T = L /r and this time need not be shorter 

than the shortest rise time that can be detected by the d.a.s., so we 

have the condition: L /r < 1/2.85 £_,„• r. is fixed by the coaxial ca-

bles used, i-e. rv = 75 .1. Substituting this value and f ,„ = 2 MH2, 

we get L <_ 1.3* 10"5 henry. 

If r is the radius of the probe coils, l is the length and N is 

the number of turns, then the self-inductance L is approximately given 
by" 

U nr^N' 
L * — < 1.3x10" 

c U+0.9r) -
H 

It has appeared possible to construct coils with an equivalent 

radius r = 0.82 mm, and l = 1 mm. This sets an upper limit to N of 92, 

however, this would require too small a wire thickness to be technically 

feasible {- 0.01 mm). The actual probe coils of the above size could be 

provided with 60 turns of copper wire with a diameter of 0.03 mm. 

III.2 Construction of the probe 

The multi-channel probe consists of an array of six pairs of 

identical probe coils, so that during one single shot at six radii both 

1.4 mm 

Fig . 6. Macro-photograph of a c o i l p a i r . 
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gear rack 

the poloidal and the toroidal magnetic field components can be deter

mined. The spacing between each pair is 3.4 cm. The individual coils 

consist of a perspex body with a square cross-section Of 2.12 mm2, and 

i length of 1 mm. Each coil has 60 turns of thin isolated copper wire -

0.03 nun diameter - wound in such a way that no flux can be picked up by 

the connectors. The connecting wires of each coil (same copper wire) 

are twisted with different 

cable shielding pitch to suppress cross-talk. 

A photograph of one of the 

six coil pairs is depicted 

in Fig. 6. The twelve coils 

are mounted inside a quartz 

tube (2.2 mm outside bore) to 

insulate them from the plasma. 

Between the six pairs of coils 

a grounded silver tube is 

mounted to suppress electro

static pickup by the connect

ing wires. 

The probe can be moved a-

lcng its axis by means of a 

bellows construction. It can 

be totally removed from the 

plasma without breaking the 

vacuum, for checking the in

fluence of the presence of the 

probe on the plasma param

eters . The probe can also be 

rotated around its axis for 

directional adjustments. The 

whole mounting contains only 

static 0-ring seals. For de

tails, see Fig, 7. 

The signals from the coils 

are transmitted via a multi-

plug and twelve IS ü coaxial 

cables, which are shielded 

against electromagnetic noise 

from the spark gaps etc. by 

a 5 mm thick copper bellows, 

F i g . 7 . 

quartz tube 

stainless steel 
bellows 

o-ring seal 

copper shell 

quartz torus 

quartz probe 
jacket 

Sketch of the probe mounting. 
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to the screened room. The cables are terminated by 75 ti for negation of 

the cable capacitance. The signals are passively integrated (RC-time ~ 

100 us) and fed into the amplifiers of the d.a.s. 

III.3 Calibration of the probe and related components 

The probe coils, the integrators, and the d.a.s. have been cali

brated separately. The d.a.s. may be subject to long-term variation of 

gain and offset values due to temperature influences. Therefore, it has 

been calibrated several times during the measurements. 

The sensitivity, frequency response, orientation and relative 

angles of the probe coils have been measured within a homogeneous mag

netic field generated by a Helmholtz coil set, of which the field 

strength was determined in D.C. operation using a Hall probe gauss 

meter. 

The geometrically determined equivalent area of a single coil 

typically amounts to NA = 119 + 6 mm2, whereas the value measured in 

the calibration setup is NA = 118 + 5 mm2. 

All coils exhibited a frequency response, satisfactory for our 

purposes. The frequency-amplitude plot is essentially flat up to 3 MHz, 

with a negligible phase shift. The coil-pairs were rather well-aligned. 

The largest fault angle measured was 4.65° +0.05°. Due to the construc

tion method the two coils of each pair are perpendicular to within 0.5°. 

The resistance of each coil and its coax-cable have also been measured. 

The total of coil and cable resistance varied between 39.3 and 47.8 ÏÏ 

for the twelve coils. 

The RC-times of the integrators (r, * 10 kfl, C. * 10 kpF) have 

been determined as functions of the frequency by a measurement of the 

amplitude attenuation of a sine up to 1 MHz. In this frequency range 

the value varies less than 2%. 

Calibration of the d.a.s. has been performed by recording a 

10 kHz sine simultaneously on all twelve channels. In this way, the 

linearity of the ADCs and the amplifiers could be tested. Zero line 

deviations - if any - could also be noticed and corrected. 

After mounting the multi-probe to the TORTUR I device, the ori

entation of the probe coils relative to the torus axis has been adjust

ed. For each pair of coils the angle between the axis of the torus and 

the axis of the <f-coil (which measures the toroidal field variations) 

has been determined. This was done by recording the signals of coil-

pair i (i = 1,6) when the D.C. magnetic field (1.6 tesla) was switched 

on. The ratio of the signal S0 from the poloidal coil (9-coil) and the 

signal S. from the ({)-coil is related to the desired angle a, through 
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the relation tga* = - SQ /S*,.. The probe was rotated such that a, * 0 

for as many pairs as possible, which turned out to be 2. The other 4 non

zero values of a- are needed for determining the mutual pickup, i.e. 

the fraction of the B_-field "seen" by the <j>-coils, or the fraction of 

the B -field measured by the 6-coils. This rather important effect has 

been accounted for in the data analysis. The relative angles of the 

coil-pairs obtained in the above way agreed, within the experimental 

error, with the angles determined in the Helmholtz coil setup. No rota

tion around its axis was observed when the probe was moved in and out 

of the torus, hence, a constant value of a. for each probe setting was 

ensured. 

IV. THEORY 

IV.1 Introduction 

The experiments with the multi-probe have been carried out in the 

majority of the cases with the probe in the equatorial plane of the 

torus. To check the assumption made about the shape of the magnetic flux 

surfaces in the analysis of the horizontal measurements, additional 

measurements were performed in vertical direction at a position of 2.2 cm 

(to the outside) from the torus axis. Unfortunately, the series of ver

tical measurements were terminated due to breakdown of the TORTUR I ma

chine. Hence, the data of vertically measured profiles are available 

for three conditions only. 

In part IV.2 the one-dimensional analysis will be explained and 

in part IV. 3 attention will be paid to the analysis of combined - hori

zontal and vertical - data. The data reduction will be described in 

section IV.4. 

IV.2 Basic formulae for the one-dimensional analysis 

The fundamental basis of the data analysis is given by the Max

well equations and the conservation laws of momentum of electrons and 

protons combined in the generalized Ohm's law. Neglecting displacement 

currents, the relevant Maxwell equations are: 

v" x ê = - il (iv.2.1) 

$ * B = p05 . (IV.2.2) 
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Fig. 8. 

The cylindrical coordinate system (R,(f,z) 

In cylindrical coordinates, which are 

defined in Fig. 8, the above-mentioned 

equations read: 

3ER 3Ez _ 

3z 3R 
£ 

3 t 

R lR ( R E ^ ) " 
1 3ER 
R 3d> 3t 

{IV.2.3.a) 

(IV.2.3.b) 

US 
3z 

= ^«J> 

R 3R < R V ' R 
US 
d4> 

= uo^z 

{IV.2.4.a) 

{IV.2.4.b) 

a ) 2ë£ëEïïiD§£i9ïL2f_Jz_
a25_§<i) 

With the multi-probe in the equatorial plane (R, cf>-plane) the 

components B (R,t) and B.(R,t) are measured directly. Assuming toroidal 

symmetry, i.e. 3/3$ = 0, the toroidal electric field E. and the z-com-

ponent of the current density j can be derived from 3B /3t and B. re

spectively by integration with respect to R. If it is assumed that the 

magnetic axis is positioned in the equatorial plane, j, is identical 

with the poloidal current density. The integration constants have to be 

specified. For j we take j_ = 0 at the position of the quartz wall. 

The E -field at the plasma boundary, r = a, can in principle be derived 

from the externally measured loop voltage, and the time derivative of 

the plasiua current, dl/dt (from the output of the Rogowski coil) in the 

following manner: 

2ir(RT+ A ±a) |E (+ a) V -IT 21 
loop coax dt ' (IV.2.5) 
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where L and L are spatial integrals of the poloidal magnetic coax coax r 

field B over the area a <̂  r f_ b between the plasma boundary and the 

copper shell taken at the outside and the inside of the torus respec

tively, A is here the displacement of the plasma column. For the deri

vation of Eq. (IV.2.5) see appendix A. However, during the first few 

microseconds of the main discharge, V, cannot be measured with a 

voltage divider, with sufficient accuracy, due to electromagnetic pick

up and oscillations of the circuitry (the damping section induces 2 MHz 

ripple). Therefore, Eq. (IV.2.3.b) is integrated putting E.<r=0) equal 

to zero, which is the reasonable assumption that the electric field has 

not. yet penetrated the axis at early times. From the results obtained 

in this way it is easy to conclude when this assumption is no longer 

valid. This happens after typically 2 ps. For t > 2 ps we integrate Eq. 

(ÏV.2.3.b) from the edge to the centre, inserting E.( + a) as derived 

from Eq. (IV.2.5). 

We obtain V, for 0 < t < 2 us as a function of time by inte

grating Eq. (IV.2.3.b) up to the radius of the plasma column and then 

adding the term L" dl/dt (see Eq. (IV.2.5)). This value turns out 
coax 

to be 10-30% lower than the value obtained with the voltage divider. 

The calculation of j and E from Eq. (IV.2 .4.a) and Eq. (IV.2.3.a), 

respectively, is somewhat more complicated due to the occurrence of the 

3/az-terms, which are not measured directly. To bs able to account for 

these terms, we have to make use of some assumptions about the circular

ity of the poloidal flux lines, i.e. the intersections of flux surfaces 

and a perpendicular cross-section. First we consider a coordinate system 

that is more suited co deal with the circular shape of the flux lines. 

We assume that the magnetic axis is shifted in the equatorial plane over 

a distance A (not identical with the displacement of the column), from 

the geometrical centre 

(position R_) of the cop

per shell. Then R is taken 

as the centre of the cylin

drical (r,ö)-coordinate 

system (see Fig. 9). Note 

that the ^-direction of 

this system corresponds to 

the negative 41-direction 

of the system defined in 

Fig. 8. The flux lines are 

supposed to be a collec

tion of circles. 

The lines of equal poloidal flux 
as assumed in the one-dimensional 
analysis. 
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The innermost circle has a radius zero and its centre on the 

magnetic axis (position R.), the outermost circle coincides with the 

copper shell cross-section (centre in R_). An intermediate circle has 

its centre between R_ and A at a distance from R_, that is linearly de

pendent on its radius. The poloidal magnetic field H , is tangential 

to these circles. The vector can be decomposed into a radial component 

H and a tangential component H„ in the coordinate system introduced in 
r 3 •+ -+ 

Fig. 9. In this system Eq. (IV.2.4.a) reads (with B = P QH): 

where j. is the toroidal component of the current density (perpendicu

lar on the r,9-plane), H„ is measured directly for b = 0° and 6 = 180° 

(H = Hn cos 6), so for the determination of j. we have to calculate the 

term — (3H_/36). A similar procedure as used in Ref. 10 leads directly 

to the following results. 

For Rfi > R_, we get: 

(IV.2.7) 
1 
r 

3Hr _ 

ae r 
A 

E 
cos 6 • 

For R. 
A 
< «T the resi uJ 

J. 
r 

3Hr 

39 r 
1 
• • 

A 

E 
cos e (IV.2.8) 

In practice, we take for A the distance between the geometrical centre 

of the copper shell R-,, and the position where the measured H -field 

changes sign. Combining Eqs. (IV.2.6), (IV.2.7) and (IV.2.8) j. can be 

calculated as a function of R in the equatorial plane. With R. - R_ = A 

and defining sgn 5 (R-R.)/|R-R.|, we obtain: 

3 Hz Hzl :L - -
Al 

'$ dR |R-R 
jl - sgn x Aj , (IV.2.9) 

where A > 0 means that the magnetic axis lies at the right-hand side 

(outer side) of R_. 

Next an expression for E is derived. In the coordinate system 

coupled to the magnetic axis Eq, (IV.2.3.a) reads: 

7 & <rV " 7 -W ' ' Tt" (iv.2.10) 
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(_or e = 0° we have Efi = E . E„ = ED, whereas for 6 = 180° Eft = -E . 
o Z T K 0 Z 

Er " - V • 
Looking at the determination of j., we anticipate that the term 

l/r (3E /99) will effectuate a correction of the order A/b to the solu

tion of the equation 
3B 

7 -k ( rV " - T^ • (IV.2.11) 

Since we do not accurately know the position where the sign of E. 

reverses, the correction term will not. be calculated. Because the cor

rection is expected to be small, we calculate EQ from Eq. (IV.2.11), 

with the centre of the coordinate system coinciding with the geometrical 

centre of the copper shell. Hence, E (R_) = 0 and thus: 

E z ( R ) = 'fR-Vnl i '|RT~R,i St' dR' ' (IV.2.12) 
*T 

A test of the correctness of the calculation of E with the above assump

tion is to integrate Eq. (IV.2.12) up to the copper shell and check 

whether E„ indeed approaches zero at R = R_ + b. 

In the preceding subsections expressions have been derived for 

j., j , E, and E as functions of time and radius in the equatorial 

plane using the measured values of B and B . From this set of vector 

components other quantities relevant for the knowledge of physical 

events in the plasma will now be derived. 

The electrical resistivity n and the radial fluid velocity of 

the plasma v , will be considered first. To derive expressions for n 

and v we start with the generalized Ohm's law and the equation of mo

tion of the plasma. In the limit m /m. << 1, with n = ^ini' taK^n9 

A . £ , ue haveH) 

iil.i^.i.H.JL^.i^.j.l] 

3v. 3v 

(IV.2.13) 
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where 3 = ne(v. - v ) , v = v. + -p- v , p = nkT .. The off-diagonal x e x m^ e_^ e , x Cf 1 

elements of the resistivity tensor, ?j, have been put equal to zero and 

the pressure is taken a scalar. In the (r,9)-coordinate system of Fig. 9, 

where B £ 0 in the equatorial plane, the components of the vector 

equations (IV.2.13) read as follows: 

m e * jr 1 f3pe 

^7-3T=Er+voB*-Ve~nA + n¥ ' 

m 

ne^ 

m 3p. ._ e 1 
}F ~ in" T T ~ 26B$ + :^ B9 

Hi 
9t 

= Eo'W Vo + ̂  r 39 m~ r 3ö + JrB<J»J 

me 3jtf 1 
^ " 3 t " E0 + v r B ö - ^ ^ - - JrB{ 

(IV.2.14) 

ran 
8v. 
ir 

i 3t 

nm. at 

3v. 

9v 3p 3p. er e i + nm —r-— = j^B, - i.B,, - - ? — - — — e 3t Je $ J<p <i 5r dr 

3v 
+ nm 

e9 
at 

1 *pe 
— -in — — 

3r<t> r »& 

r 3ft 

av i't eó . „ 
nmi T t " + nn,e T t = Dr B0 • 

•(IV.2.15) 

Eliminating the radial pressure gradients from the above set of equa

tions, we find for the 9- and for the ^-components of Eqs. (IV.2.14): 

m. Zv.n 
1 19 dt 0 r <p Vfl 

1 
ner 

(IV.2.16) 

m ^v., 

e 3t 
= E, + Vr B6 V* 

If it is assumed that the current in the 0- and in the f-direction is 

totally carried by the electrons, i.e. 3v.. p/3t = Dv. /»t = 0 , and 

that the ion pressure ir symmetric with respect to the equatorial 
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plane, i.e. dpj/30 = O, Eqs. (ÏV.2.16) reduce to 

E- ~ v B. = rtnJfl 
-: r $ eJ6 

E + v^Ba = n.j. 

(IV.2.17) 

< < 

12) 

If the resistivity is classical, we have n9 = 1.96 r\ . However, in 
the case of anisotropic raicroturbulence it can be imagined that 

. Therefore, we put nA = -n., and keep A (0 < \ < 1.96) as a 
parameter. Solving Eqs- (IV.2.17) for v_ and r. , we finally obtain 

r )̂ 
j^E, - XjnE. 

E B + EGBa 
= $ $ e 9 (Iv 2 19) 

For the radial component of the pressure balance we have, from Eqs. 

(IV.2.15): 

\r - h% - V e -""ilT • UV.2.20) 

Having determined the fields and the currents from the measured 

B -and B -profile, it is in principle possible to find the local pres

sure distribution by integrating Eq. (IV.2.20) over the radius. The 

inertia term can be determined by using the results of Eq. (IV.2,18) 

for the radial velocity as functions of time. When a constant density 

is inserted, the inertia term appears to be negligible compared to the 

other two terms at the right-hand side of Eq. (IV.2.20). As already 

mentioned in the introduction, the calculation of the pressure profile 

in the way sketched above yields rather unreliable results due to the 

following reasons. The values of j„ and j. are the result of a numerical 

differentiation of the measured profiles, and hence tend to lack accu

racy. The same is true for E, and E a, where a numerical differentiation 

with respect to time is involved (see Eqs. (IV.2.3.a and b)). The terms 

j ,B4 and j,B„ in Eq. (IV.2.20) have a comparable large numerical value, 

therefore the difference yields a considerable relative error. Hence, 

the gradient of the plasma pressure 3/3r (p + p.) is known with a large 

uncertainty only, being typically of the order of a factor 2, and so the 
determination of p e+ pi from Eq. (IV.2.20) is intrinsically unreliable. 
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Therefore, we show no results of the integration of Eq. (IV.2.20) in 

this report. 

Finally, we pass on to quantities relate, 'o the power dissipated 
121 

in the plasma. According to Braginskii the tcta. production of heat 

per unit tine and volume in both the electron and ion population is 

given by 

W, = Q e • Q. = n^j • , , j | (IV.2.21) 

if the thermal force effect is neglected. Equation (IV.2.21) immediately 

gives the total dissipated power W-. (watt/m3) as a function of tine and 

radius. Because in our case n 9j| <<
 ruJ^> we neglect the second term in 

Eq. (IV.2.21) in all forthcoming calculations. The total energy density 

dissipated by the current in the plasma at radius r and time t is given 

by: 

t 

£n(r,t) = J W^(r,t
,)dt' . (IV.2.22) 

0 

The initial point of the time integration coincides with the time at 

which the main bank is fired. The upper limit of the local plasma pres

sure is given by 2/3 e^r^t). The total energy (joules) dissipated in 

the plasma is found after integration over the volume 

Ut2(t) = ƒ c,(r,t)d
3r . (IV.2.23) 

To carry out volume integrals we use the following semi-cylindrical 

approximation: 

a 0 

| f(r,-3)d3r = 2 7 1 ^ j I rf{r,o)dr + f rf(r,-)dr| , 

0 -a 

since £{r,d) is known in the equatorial plane only. 

Further, we have the poloidal magnetic energy density 

B?(r,t) 
eM(r'fc) = -% (IV.2.24) 

o 

and hence the total poloidal magnetic energy stored in the plasma: 

r B?(r,t) 
UM ( t ) = ! — d 3 r ' (IV.2.25) 
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The relation between the dissipated power and the magnetic energy den

sity is given by Poynting's theorem, which reads after decomposition 

into a poloidal and a toroidal partt 

r 7r < rW = V» + A [_
BA] (IV.2.26) 

" r JÏ < r E e V = Ee>e + A [it (IV.2.27) 

where omission of the electrostatic electric field energy density is 

identical with the neglect of the displacement current. When we put 

E,j = n.j?, (i.e. vr = 0), the integration over the plasma volume of 

Eq. (IV.2.26) yields, in the semi-cylindrical approximation: 

2TT23 «T 
v {Be(a)E$(a)+lBQ{-a)lE0(-a)} = W^d3r + ̂ r e„d3r . (IV.2.28) 

ft 3t M 

Time-integration of Eq. (IV.2.28) gives: 

utot ( t ) = VU + UM ( t ) ' (IV.2.29) 

where U is the total input energy given by 

V 2Tr2aRT 
U tot (Be(a)E^(a) + |BQ(-a)|E^(-a)} (IV.2.30) 

and öM(t) = ƒ eM(r,t)d
3r - ƒ eM(r,0)d

3r is the increase of the poloidal 

magneto energy from the predischarge level. 

Eq. (IV.2.29) is not satisfied for experimental results, 

we conclude that the calculation of the fields and the related quanti

ties is no longer correct. Evidently, the underlying assumptions do not 

longer hold in those cases. 

The consistency of the calculation of the various quantities has, 

of course, also to be checked as a function of the radius. This is done 

by integration of Eq. (IV.2.26) with respect to time: 

t 

(r,t) 5 J 
0 

tot 
£ ~ (rE^iydf = £r2(r,t) + eM(r,t) . (IV.2.31) 

Finally, we note that numerical integration of the left-hand 

side of Eq. (IV.2,31) over the volume also yields a value for U. ., 
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which can be compared with the value that is calculated with relation 

(IV.2. 30) . 

IV.3 Two-dimensional analysis 

The toroidal current density j is given by (in cylindrical co

ordinates, Eq. (!V.2.4.a)): 
'* 

3H 

D* = 

R 
3z 3R (IV.3.1. 

Measurements along a horizontal axis do not give information on the 

first terra of the right-hand side of Eq. (IV.3.1), as is the case along 

a vertical axis for the second term. In this section a procedure will 

be described, where the unknown terms of Eq. (IV.3.1) are evaluated by 

means of a Fourier expansion of the poloidal flux function, / ,. 

Poloidal magnetic surfaces are defined by ^Dol = constant. This 

means that B i is tangential in every point of the surface. Consider 

a coordinate system that is defined by the two axes R and z along which 

the magnetic field has been measured (see Fig. 10). Assuming toroidal 

Fig. 10. The coordinates associated with the two-
dimensional analysis. 

symmetry, i.e. -jr = 0, it can be seen from ^«5=0 that the relation 

between B . and 'F - is given by 

ë = — '̂f x ê 
pol ~ R pol <| (IV.3.2) 
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or, written out in components: 

B„ = 

B = 

R 32 

i 3Vi 
R 3R 

(IV.3.3) 

Denoting the position on the R-axis where H crosses zero by R and the 

location on the z-axis where HR reverses sign by z , the poloidal flux 

(per toroidal radian) is obtained by integration of Eqs. (IV.3.3): 

*pol(R) 

W ( z ) 

= W, R'H (R')dR* + Cn 2 R 

o 

z 

-u. RvHR(z•)dz• + Cz , 

(IV.3.4) 

where CR and C are arbitrary integration constants, R„= R-, + 0.022. 

Since the circular cross-section of the copper shell is a poloidal flux 

line, the quantity C - C„ can be determined unambiguously by equating 
R z ï , and 4* , at the position of the copper shell. CR is chosen zero, 

hence we have: 

Cz = j R,Hz(R
,)dR' RyHpJz'Jdz' 

where Rb and z. are the coordinates of the copper shell. 

Because for each value of r the flux function is known for 4 

values of e we represent the flux lines in the R,z-plane by the follow

ing function: 

V ol ( r , 6 ) =c
0(

r> +C11(r)cos6 +C12(r)sine + C21 (r)ccs2Q , (IV.3.5) 

where the origin of the (r,9)-coordinates is positioned at the geo

metrical centre, R_, of the copper shell (see Fig. 10). Equation 

(IV.3.5) allows for (shifted) elliptical as well as for m=2 deform

ations of the flux lines in one orientation only. The coefficients 

C,.(r) are expressed in the measured values of f-»! on the horizontal 

axis (FDO](r,o)
 a n d *pol*r,Tr^ a n d o n t h e vertical axis (*DOi(r>a) 
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and Y jtr.-a)). Here a = arctg(/r2/d2-l), d = distance between the 

geometrical centre and the vertical axis, where H„ is measured 

(d = 2.2 cm). This gives (omitting the index pol): 

C o ( r ) 2(l-cos2o>) 
{-Hrro!(cosa + cos2oi) + <? (r,7T) * 

x (cosot - cos2a) + *(r,a) + 4* (r,-a) } 

C21{r) =-| {ï(rfo) - 4<<r,TT)} 

C 1 2 ( r ) = 2ÏÏTn¥ t4,(r'a) " * < r ' - a > ' 

C21 (r) 2(1- cos2a) {f(r,o) (1 + cosa) + "^(r,^) (1 - cosa) 

- f(r,a) - <Mr,-a)} -

} (IV.3.6) 

known: 

From Eqs. (IV.3.3) and (IV.3.5) the radial component of M , is 

Hr(r,Ö) = 
CJJ(r)sin6 - C 2(r)cos6 + 2C21(r)sin2fl 

Mo r ( RT + r c o s 6 ) 
(IV.3.7) 

3HR 
Along the R-axis we have to calculate the term -r— of Eq. (IV.3.1) 

*HR 3HR 3r A
 3 H R 56 . a

 9 H R ̂  cos6 S H R 
~~ + -z-r- r- = sinö -z—r + 

3z 3r 3z 56 3z 3r r 39 
(IV.3.8) 

Along the R axis (8 = 0, HR = H ) and along the R~ axis (6 = ir, 

H_ = -H ) the first term on the right-hand side of Eq. (IV.3.8) is zero, 

so we obtain: 

3H, ] dHr ± c n ( r ) + 4 C 2 i ( r ) 

3z r 30 uQr
2(RT± r) 

(IV.3.9) 

d» 
Along the median line the term - ^ in Eq. (IV.3.1) has to be determined 

z _ z _ar z jK) z sinG z 
3R 9r SP 39 9R ~ C O S J 3r ~ r 39 (IV.3.10) 
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On the positive median line (9 = T/2, H = H ) as well as on the 

e median line (6 = 3TT/2, H = -H ) the fj 

hand side of Eq. (IV.3.10) vanishes. So we have: 

negative median line (6 = 3TT/2, H, = -H ) the first term on the right-

3H Z ± 

~3R~ 

1 3 Hr ïC12(r) + 4c2l(r) C u ( r ) 
_ ___ » (IV.3.11) 

"oV v<& 

Substituting Eqs. (IV.3.9) and {IV.3.11) into Eq. (IV.3.1), we obtain 

for the toroidal current density 3.: 

C n(r)^C 2 I(r) 3Hz 
Vr '0) '—TTT^zr---w U 0(R T+r)r

J 

j.(r,7i) = 
-C11(r) + 4C21(r) 3Hz 

3R" 
^ 0 ( R T - r ) r 2 

. , *. _ 1 3 2 ^ C l 2(r)-4C 2 1(r) C n ( r ) 
D* '3 = «T IÏÏ ! ~ "oV V* 

i (r 12L, = _L Ü I - lil 
C,,(r) +4C 2 l(r) «^(r) 

y0V »<& 

(IV.3.12) 

Lines of equal current density in the R,z-plane can be found from the 

values along the axes by using a similar Fourier expansion for j (r,8) 

as for f|r,e). The total toroidal current is given by 

a 2TT 

tor 
j (r,0)rdrde 

0 0 

Hence 

a r 

tor 1 
0 L. 

3w, 
V r' 0 ) + V r ' ? } + ĵ (r,ir) + j^(r,T) rdr . (IV.3.13) 

The toroidal electric field E on the median line can be found by inte

gration of 

5z at (IV.3.14) 

25 



The remaining j- and E-components are related to the measured B -profile 

on the vertical axis* 

u -i = 1 . (IV.3.15} 

- ^ - — £ = - — i . (IV.3.16) 
dz 3R 3t 

The ED- and E -components cannot be determined from Eq. (IV.3.16) in a 
rv Z 

straightforward manner. However, a good approximation for the poloidal 

electric field along the vertical axis in the skin region is 

En(z) = R% ' !z| 

9B 

3t 
£ dz' (IV.3.16') 

as is evident from Eq. (IV.2.12), by identifying the G-components in 

the equatorial plane with the R-components along the vertical axis. 

IV.4 Data handling 

Before application of the formulae of the previous two sections 

to the measured B - and B -profiles, the raw data are subject to a 

number of operations, which are described in this section. A detailed 

error analysis is given in appendix B. 

1) £orrection_for_the_finite_RC2time_of_the_Bass 

As has been mentioned before, the output signals of the probe 

coils are integrated passively by means of a RC-integrator with 

RC * 100 MS. The time of observation should be much shorter than 100 ps 

for correct integration. However, we are interested not only in the 

first few microseconds of the main discharge, but also in longer time-

scales (predischarge studies, damped discharges). Therefore, the out

puts of the integrators are numerically corrected for the rather short 

RC-time, which was needed for avoiding too much attenuation of the 

signals. This has been done in the following way. The input and output 

voltage of a simple RC-integrator are connected through the relation: 

V - V = RC d V - ° ^ vin out KL- dt 

or identically: 

t t 
V. dt' = RC V . + in out V .dt' out 

0 
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In the limit t << RC the above relation reduces to the usual form: 

V. dt' = RC V in out 

In our case t > RC is possible, hence, the term ƒ voutdt' is determined 

numerically and added to the first term. In the software package of our 

d.a.s. this operation is applied as a standard procedure to all signals 

that pass an integrator before recording. 

^) C2EE2£tions_f 2£_lËi5S_£25?B2DEDtl_2f _tÖÊ_Sï9D2i 

As has been mentioned in section III, the 8-coils will pick up a 

certain fraction of the B.-field, while the <J>-coils measure a BQ-contri-
th bution, due to the angle ot. between the i coil pair and the toroidal 

($)-direction. Before further operation, the signals of the i coil 

pair are replaced by the following 

Bn = Ba m cosa. + B sina 

B, = B. cosa. + Bn sina. , 
$ $,m i 9 ,m x 

(IV.4.1) 

where B, and BQ are the actually recorded signals. B. is the time-

dependent part of the toroidal field B.. For each coil pair the magni

tude and the sign of a. have been determined from a measurement of the 

D.C. magnetic field (see section III). Since B„ >> B , only the B.-

signals can change significantly, especially in the skin region of the 

plasma, where Bfl is the largest. A change up to 30% of the maximum 

value in B* is seen in some cases. 

A second source of false signals is the pickup by the cables. 

Although the twelve coaxial cables from the probe to the screened room 

are surrounded by a copper bellows, the stray fields originating from 

the slow-current pulse (T, * 250 us) are attenuated by 30% only. There

fore, the signals recorded during a shot when no plasma is present, 

are subtracted fvom the measured signals. False signals due to stray 

fields can be as large as 50% of the maximum values of the true signals 

for the relatively small B -sigr.ais and for the B.-signals near the 

magnetic axis. See also appendix B. 
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•*} ?ït£2E2i2ti2D_SS§E_ÈllS_ë21iSÉ2£ï 

With the prcbe in horizontal position, measurements of fields 

near the inner torus wall are restricted to distances of 8.2 cm from 

the geometrical centre of the discharge tube. Measurements at the outer 

wall are less reliable due to the field line deformation caused by the 

presence of the 3 cm hole in the copper shell. Thus, for a radius larger 

than 8.2 cm, the fields are not known exactly. To perform the calcula

tions discussed in section IV.3, the fields between plasma column and 

copper shell have to be known as well. For the Bfl-field in this region 

13) 

we use the vacuum field expression given by Bobeldijk . For the cal

culation of this field {see appendix A) the total plasma current I, as 

measured with the Rogowski coils, is used. Also the plasma radius a has 

to be specified. The value of a is usually taken between 8.5 cm (posi

tion of the limiter) and 9 cm (position of the quartz wall). The B„-

field between 8.2 cm and the vacuum field at r = a is interpolated lin

early. In Fig. 11 a schematic profile near the outside wall is sketched. 

The plasma radius a and the displacement A can always be chosen such 

that the total B^-profile, i.e. the combined measured field and the cal

culated vacuum field show no discontinuities. The values of a and A 

needed for this procedure are consistent with values obtained from other 

Fig. 11. The By-profile? near the outer torus wall. The dots 
represent measured data points. Curve 1 is calculated 
by using the total current (see appendix A). Curve 2 
is a straight line, connecting the measured BQ at 
r =8.2 and the calculated Bn-value at the plasma 
edge r = a. The diamagnetic loop is positioned at r= r 
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measurements (8.5 <_ a <, 9 cm; | A | <, 2 cm, as inferred from the position-

coil data). The vacuum B.-field is calculated from the diamagnetic loop 

signal, by assuming flux conservation within the copper shell: 

B.(r) = 

B.(a) = 

R„ + acosö-, 
B. (a) a < r < b 

«T + rcosf 

•«T ± 
* (RT + a ) n(b2-r2) 

i 

(IV.4.2) 

where <p is the flux measured by the diamagnetic loop, r, is the radius 

of the loop, b is the radius of the copper shell (b = 10.5 cm). Again, 

from r = 8.2 cm to r = a, BA(
r) i-s interpolated linearly. In this way 

we have, in a sense, the internal probe measurements normalized to the 

external loop measurements, thus allowing for checks on the results of 

the calculations to be performed with the fields. As an example, by in

tegrating the toroidal current density over the plasma cross-section, 

the total current I should be retrieved. 

After the corrections and extensions of the measured profiles de

scribed above, a smoothing procedure is introduced, which flattens unre

alistic spatial variations of the profiles, but maintains the overall 

spatial shape. Smoothing of the profiles always has the danger of remov

ing real physical effects from the analysis. However, the following 

considerations justify the smoothing procedure. 

With a series of 40 shots the profiles at a given plasma condi

tion have been determined as follows: 8 probe settings have been chosen, 

thus allowing for a spatial resolution of 4 mm. Each position has been 

measured 5 times, though not in successive shots. Thus, each point of 

the profiles is an average of 5 values, which have been taken with rath

er long time intervals. This has been done to cancel possible effects 

due to long-term changes of the condition of the vacuum vessel and, 

thus, of the plasma properties. Such changes have been observed (X-rays, 

VUV) the first day that the machine was in operation after it had been 

opened. 

The spread of the mean value of the fields at a certain position 

depends on the time and the position. Up to about 2 ys after the firing 

of the main capacitor bank the sample standard deviation is less than 

30%, thereafter it may become as large as a few hundred %, particularly 

for the B -profile. However, after 8 us (clamped discharge) the stan-

dard deviation is smaller again, up to some 20%. So, there is a time 
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interval during a discharge when the assumed reproducibility is not ob

tained. The spatial fluctuations in a profile have amplitudes that are 

about equal or smaller than the standard deviation of the composing 

points {see appendix B ) . Moreover, the irregularities are the result 

of irreproducible plasma behaviour, hence they have no physical meaning 

when occurring in a profile that is based on 40 separate shots. For 

these reasons the profiles may be smoothed, thus obtaining a kind of 

expectation value for the profiles during the irreproducible plasma 

state. 

The smoothing procedure is as follows. The unequally spaced data 

points (spacing about 4 mm) are transformed into an array of equally 

spaced points (2 mm) by means of linear interpolation. Then, through 

seven adjacent points a polynomial is fitted, the degree of which de

pends on the chi-square value that one wishes to be realized for the 

profile as a whole. Next, to the right of the array of 7 points, one data 

point is added, whereas to the left side one point is left out, and 

through this new array of 7 data points again a polynomial is fitted. 

In this way, one obtains 7 values from a polynomial fit for every data 

point. The final smoothed data point is an unweighted average of the 7 

values. The subjectivity of the method remains in the specification of 

a chi-square value for the profile as a whole. The larger this value is 

chosen, the more smoothed the profile will be. If the value is chosen 

zero, the original data points will be retrieved. 

The smoothed profiles are available as an array of 100 data 

points with 2 mm spacing. Spatial derivatives are evaluated with the 

following formula: 

3 £i f i + l -
£ i - l 

Sr 2Ar" ' (IV.4.3) 

where Ar = 2 mm. Second derivatives are calculated in the usual way: 

>2fi 1 

9r? (Ar) 
f i + l " 2 fi + fi-l! ' (IV.4.4) 

The data points are taken every 0.2 us. Hence, the time derivative of 

a quantity is determined as an average over a time interval of 0.4 us: 

3f(t ) f(t + At) - f(t - At) 
- I t " 2At ' (IV.4.5) 
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where ^t = 0.2 ys. Moreover, we have kept the possibility of determining 

the time derivatives from 4 data points, as to be able to smooth the 

time dependence: 

3f(t ) 
jf- = j - ^ {-f(t0+2it) +8f(tQ+At) - 8f(t0-At) + f(tQ-2At)} . {IV.4.6) 

In practice the results are insensitive to which of the differentiation 

formulas is used. 

All time and space integrals have been evaluated with the trape

zium rule. 

V. EXPERIMENTAL RESULTS AND DISCUSSION 

V.l Examples of measured H.- and H -profiles 

In this section some typical examples of measured profiles are 

shown and discussed. In Pig. 12a the poloidal magnetic field profiles 

(referred to as H or H ) are given for n = 1020 m~3, V„ = 30 kV at 
o z n 

t = 1.4, 2.0, 2.4, 2.8 and 3.4 ps respectively. The probe is shifted 

in such a way that the field at a given radius is measured by different 

coils (3 at maximum, for -2 < r < 10 cm). The corresponding H -profiles 

are given in Fig. 12b. Note that H has the same sign as the static to

roidal field component H. . The profiles display a feature that is com

monly met, namely the increase of the spread of the data points for 

t > 2 MS, notably at the inside of the torus (left side of the profiles). 

In particular, the H -profiles are most suited to observe this effect 

which is due to irreproducible plasma behaviour during the implosion of 

the skin structure. The H (and H„)-fluctuations of irregular character 

start nearly simultaneously within a relatively large portion of the 

column, located at the inside of the torus. 

The spatial irregularities are smoothed before further processing 

of the profiles. The drawn curves in Figs. 12a and b are the profiles 

after application of the smoothing procedure. 

A check on the reliability of the H.-profiles can be made by 

comparing the magnetic flux change within the area of the diamagnetic 

loops as obtained from the time-integrated output voltage of the loops, 

and the spatial integration of the H -profiles respectively. Such a 

comparison is shown in Fig. 13, where both fluxes have been plotted 

as a function of time. This excellent agreement is unfortunately not 

found in all cases. Sometimes deviations of more than 60% between the 

two results are found. This is probably caused by asymmetry with respect 
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Fig. 12, An example of measured profiles. ^ 
The HQ-profiles a* different times. b. The corresponding H.-profiles 

10 kV, n = 10''° m - 3 , VH 
BA - 1.65 T. 

The solid lin^s are the resu l t of 
the smoothing procedure. 
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Fig. 13. Conparison of the probe measurements with the diamagnetic loop 
measurement, for the same discharge parameters as in Fig. 12. 

A0 from the diamagnetic loop 

xxxxx A(f from area integration of the H -profile. 

to the equatorial plane in those cases. 

The reliability of the smoothed H.-profiles is tested by the 

evaluation of the poloidal flux at the position of the copper shell. 

In general, the flux at R_ + b is within 15% equal to the flux at 1^-b. 

Another check on the reliability of the H.-profiles is the comparison 

of the integrated j -profile with the total current as measured with 

the Rogowski coils (see the next section). 

V.2 Radial profiles of E. and j,, ohmic dissipation for various 
4>J 

densities 

First the results are presented for discharges which are not 

crowbarred with the heating bank charged up to a voltage of approxi

mately 30 kV and with a toroidal D.C.-field of about 1.7 tesla. For 

this condition we have measured the magnetic field profiles in both 

directions at a Hj-gas filling pressure of 3x10"*, öxio"1* and l.lxio"3 

torr respectively. The line density has been measured by means of a 

CO.-laser interferometer along two vertical chords, positioned at 

r - + 2.2 en and r = + 7 cm. At 150 ys after the start of the predis

charge the heating bank is fired. The results of the CO_-laser density 

measurements at this time are listed in the following table. 
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H filling pressure n (m~J) profile 

(torr) _ ^ _ 

3'10"^ 5*10l* flat 

fi'lO*1* 10 2 3 flat 

1.1*10~3 1.8*10-° nearly flat 
(hollow) 

The accuracy of the density measurements is estimated to be of the 

order of 30%. The 90° Thomson-scattering measurements agree to within the 

experimental error with the interferometer measurements for both the 

absolute value of n and the shape of the profile. However, in the low 

pressure case the scattering measurements yield higher densities 

(3-4 times). 

In Figs. 14a, b, c, the parallel current density profiles are 

shown for the 3 densities as a function of time. Note that -j. is dis-

played here. The actual current flows in the negative ^-direction 

(compare Fig. 8 and Fig. Al). The calculation of the current density 

near the centre of the discharge (r <. 4 cm) is rather sensitive to the 

position of the magnetic axis (see section IV.2.b), which is assumed to 

remain in the equatorial plane. From the measurements in vertical di

rection however it is inferred that this assumption holds for the first 

stage of the main discharge only, that is for approximately 2 ys. Hence, 

the j -profiles near the centre at later times are subject to consider

able inaccuracy. In Figs. 15a and b it is illustrated how the smoothing 

procedure applied to the poloidal magnetic field profiles affects the 

jA-profiles deduced. The more smoothed the profiles are, the greater is 

the discrepancy between the column integral of j , obtained by assuming 

symmetry of the upper and lower half of the plasma column, and the total 

current measured with the Rogowski coil. This effect is mainly deter

mined by the outermost region of the column, where the smoothing re

duces the steep gradient of the jft-profile. 

For all three density cases a pronounced skin current builds up 

within 1 us, which persists for another microsecond, and then starts 

to collapse asymmetrically, the inside earlier and faster than the out

side. The bumpy character of the profiles during the collapse stage 

reflects the erratic nature of the current redistribution processes. 

In Figs. 16a -c the parallel electric field profiles (El are 

shown for the three densities. The profiles presented have all been 

obtained by taking E^ equal to zero at r = 0, also for t > 2 ps. This 

seems to be a false assumption as will be argued from Fig. 17. 
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Fig. 14. 

The toroidal current density r -ofiles 
versus time for different densities 
at VH = 30 kV, B^0 = 1.67 T. 

a) n = 5*1019 m"3, 

b) n = 1020 m-3 , 

c) n = 2xl020 m"3 . 

-10 -5 0 5 10 

-*- r 110 'm) 
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Fig. 15. The effect of smoothing of the Bg-profile on the current density. 

a) J(t)_Profiies calculated from an unsmoothed Bg-profile 
(smoothing parameter 1) , a moderately smoothed pro
file (102) and a strongly smoothed profile (10u) 
respectively. The smoothing parameter is proportion
al to the x of t n e total profile. 

< 
M 

200 -

150 

100 -
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b) The total current as a result of area integration of the 
unsmoothed j^-profile (xxx), and the strongly smoothed 
profile (...), compared with the current measured with 
a Rogowski coil ( ) . 
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Flg. 16. 

The toroidal electric field profiles 
versus time for different densities 
at V„ = 20 fcV, B. = 1.67 T. 

H (J>o 
a) n = 5*101 9 m-3, 

b) n = i o 2 0 m"3, 

c) £ = 2X1020 m"3. 

•10 -5 0 5 10 

In this figure E, (r*=0) 2 0, a = 9 cm. 

— r (10"' m) 

37 



i • T — ' • — r - i 

20 -

15 

I * " \ 

l * ^ \ . 
1 « x * x \ 

10 1 * \ 

f X X \ X 

lx \ * 

1 \ " 
5 

n 

1 \ x 

1 \ * " * 
* \ 1 1 1 \ 1 

-»* t 

3 

(ps) 

Fig. 17. 

The loop voltage measured with 
the voltage divider ( ) com
pared with the value calculated 
from E.(a) and E (-a) (xxx). 

Here the loop vo l tage as measured with the v o l t a g e d i v i d e r i s compared 
with the loop vo l tage t h a t can be der ived from the E , -va lue a t r = + a 

.{> — 

(see Eq. IV.2.5). The plotted values are unweighted averages of the 
Vloon v a l u e s that can be derived from E (a) and E.(-a) respectively. 

During the stable phase (~* 2 us) the two curves have approximately the 

same shape. The discrepancy in absolute value, varying from 10 to 30% 

in different cases, is within the experimental error. Usually after 

1.8 tis the shapes of the two curves start to deviate considerably. The 
E(t> (± a)-values yield too high values for the loop voltage. To match 

the E (a) data to the loop voltage which decreases to zero in time, a 

strong E -field opposite to the current near the centre has to be 

assumed in the analysis. Moreover, integrating Eq. (IV.2.3.b) from 

r = a and r = -a to r = 0 respectively, taking E ( + a) from the loop 

voltage measurement, we obtain two different values for E at r = 0 

The reason for these phenomena is inferred from the fact that é mis

match is found in the determination of E, at r = 0 by using the left 

and the right side of the B0~profile respectively. This indicates 

that the toroidal derivative of the radial electric field (second term 

on the right-hand side of Eq. (IV.2.3.b)) is non-zero. Since the mea

surements have been taken at one toroidal position only, there is no 

way to account for this term in the present analysis. Moreover, the 

possibility of space charges due to kinetic effects cannot be excluded. 

This would give rise to an undiscernable electrostatic component of the 

electric field. 
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(us) 

'VS) 

Returning to Pig. 16 it appears 

that during the first 2 ps the 

electric field has penetrated in 

a skin region, which is not sig

nificantly different for the three 

density cases. 

In Figs. 18 a-c the ohmic dis

sipation eQ(r,t) is shown for the 

three densities. The parameter A 

which determines the ratio nn/n^ 

has been taken one (see Eq. 

(IV.2.20)). It has appeared that 

variation of X has no detectable 

influence on the results. The EQ-

correction is also unimportant 

because no difference is seen 

when \ = 0 and the E..Be is left 

out in the expression for n$ 

(Eq. (IV.2.20). Hence, ea = /E^dt 

is a very good approximation in 

our case. As we saw above, after 

about 2 us E can reverse near 

the centre if the measured loop 

voltage is used as a boundary con

dition for the integration of 

Eq. (IV.2.3.b) (see section IV.2.a) . 

The e,-results in Fig. 15 are 

calculated as e^=/n>j^dt, with 

'• = 0 if the calculation front 
Eq. (IV.2.20) yields a negative 

value for r) . The E. needed for 

the calculation of c^, and also 

of e. ., is determined as describ

ed in section IV.2.a. 

(PS) 

Fig. 18. 

The E^-profiles versus time for differ
ent densities, VH = 30 kV, B ^ = 1.67 1 

a) n = 5'- 1019 in-3, 

1020 m'3, b) n 

c) n = 2X1021 m-3 

For this figure E^Ua) is determined 
from the measured loop voltage for 
t> 2 us. Furthermore, r^ S 0 if the calcu
lation would yield a value < 0. 
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From Fig. 18 it appears that the ohmic energy input is restricted 

to the skin region, the thickness of which is no strong function of 

the density. The total amount of energy dissipated in the plasma, Up, 

which is derived from the e^-profiles by volume integration, is shown 

in Figs. 19 a, b and c. There the magnetic energy and the total input 

energy U. . derived from Poynting's theorem (Eq. (IV.2.30)) are also 

shown. We conclude that in all cases the total energy balance holds 

satisfactorily: Ufcot * UCJ + UM, surprisingly even after 2 us or the 

main discharge (agreement better than 15%). As has been argued in sec

tion IV.2.c, the agreement between Ö and U„ + U"M can also be regarded 

as a confirmation of the validity of the calculation of the fields and 

currents from the measured profiles. 

The total amount of ohmically dissipated energy is not a strong 

function of the density. It amounts to approximately 490 J after 2 i:s 

in all three density cases. During the genuine skin phase (t < 2 \is) 

the ohmic energy amounts to 40-70% of the magnetic energy (see also 

section VI). 

301 1 r r 

•- t (üs) 

Fig. 19a. The energy partition as a function of 
time. Ufcot is obtained from Poynting's 
theorem. 

V„ = 30 kV, n = SxlO1'3 m-3. 
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V.3 Ringing discharges - voltage scan 

At a H- filling pressure of about 6x10"* torr (n ^ 10 «2 0 m -3 ) we 

measured the poloidal and toroidal magnetic field profiles in the equa

torial plane for 3 values of the loading voltage V„ of the main capaci

tor bank: V„ = 20, 30 and 40 kV respectively. 

The width of the region of ohmic dissipation (where the skin 

current flows) does not depend significantly on the applied loop voltage. 

The energy dissipated in the total plasma volume and the total 

input energy depend strongly on the applied loop voltage. In Fig. 20 

these two quantities (given by Eqs. 23 and 30 of section IV.2) are 

shown for 3 values of the current increase at t = 2 vis resulting from 

an applied loop voltage of 20, 30 and 40 kV respectively. Both Ur and 

U t are expected to be proportional to (AI)
2 as will be rr.ade plausible 

by the following analytical calculation. 

O 

•- AI (kA) 

Fig. 20. Uf; and U t o t versus the net current 
increase AI at t = 2 jis for n = 10?-^ m~ 3. 

Assume that in a cylindrical plasma with radius a the poloidal 

magnetic field in the skin region is given by: 

U AI(t) 
Bn(r,t) = -

2narx o 

(a-rQ) (V.3.1) 

for a - r < r o — a and Bf.(r,t) = 0 for 0 a - r 
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Then the current density j and the toroidal electric field E. are 

consistently known via Maxwell's equations. He obtain for the ohmic 

energy: 

ü , = { rö r rn fe r r r * ^ D ' C ^ + D X } ^«T X (AI>2< <V-3*2> 

and from application of Poynting's theorem for the total input energy: 

ütot = 20ÏW «r IT (AI)2 • (v-3-3) 

For all 3 values of the applied loop voltage V„, the B„-profiles at 

t = 2 us can be presented reasonably by a profile of the form (V.3.1) 

with r /a = 0.5 and x = 1. In Fig. 20 the relations (V.3.2) and (V.3.3) 

are displayed for these values of r /a and y.. The 40 kV-points 

(AI = 193 kA) are significantly deviating. Th.̂ s is due to the fact that 

the experimental E -profile for this case strongly deviates from the 

profile resulting from the simple model here, even for t < 2 ys. In 

particular the inner torus side of the E -profile yields too low values 

of E at the wall (r=-a), due to convective effects i.e. Be decreases 

in time in this region. It is remarkable that the experimental value of 

both UQ and U. . are about 30% lower than predicted by the simple model, 

while the ratios U0/U.„. agree. 

The collapse of the skin structure is not significantly in

fluenced by increase of V„. Both the start time and the time rate of 
n 

the implosion seem to be independent of the applied voltage V„. The 
processes tend to have a more asymmetric character of the V = 40 kV 

case and the n = 5*10'9 m~3 case. 

We checked the energy balance locally as well as integrated over 

the entire plasma volume for the cases V„ = 20 kV and V„ » 40 kV. This 

is illustrated in Figs. 21 and 22. In Fig, 21 the profiles of the total 

energy input et , the ohmically dissipated energy profile e~ and the 

energy stored in the poloidal field, e„, are shown for V„ = 40 kV at a 
M H 

time t = 2 us. The equality E = eo + £M i s l o c a l ly satisfied to 

within 10%. The total of dissipated and magnetic energy density, how

ever, is systematically somewhat larger than the total energy density 

input. As has been remarked in section IV.2.c, we are able to compare 

three differently obtained values of the total input energy for the 

purpose of checking the self-consistency of the calculations. This has 

been done in Figs. 22a and b for VH * 20 kV and V„ = 40 kV, respective

ly. The largest value of Ufcot ic systematically found by adding up U~ 

and UM. The second largest value found is given by Eq. {IV.2.30). This 

value is within the experimental error (~ 25%) equal to the value U*, 
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Fig. 21. The energy density profiles at t = 2 lis for 
Vu = 40 kv, n 
n 

10= ° 
$o 

1.65 T. 

(ys) 

F i g . 22a. The energy p a r t i t i o n for VH = 20 kV, n = 102 0 m~3. 
U t o t i s obta ined from Poyn t ing ' s theorem, u* i s 
the t o t a l energy from volume i n t e g r a t i o n of £ t o t 

given by Eq. ( IV .2 .31) . 

found by spa t ia l in tegra t ion of ^ o t ^ ' t ) (see Eq. IV.2.3D) during 
the en t i re observation time. 

44 



•7 

M 

4 -

1 -

f—. 1 ^  T  

-
UQ+UM 

*"*" 
. V*oi. 

..' 

//Ï -""ö» 
/ ys / / / _ 

/ / ' 
" " " " « M 

/// ,' _ 

"*B 

. 

/s" ^' W' .-^ 
^* .-"-J£* .<•*" 

^ ^ " 1 1 1 , 

•*• t (us) 

Fig. 22b. The energy partition for V„ = 40 kV, n = ÏO20 m~3. 
H 

V,4 Results of the two-dimensional analysis 

a) TS}ë_^iYëi2B5!ëG£_2f_B2Ï2i^3i_Iiü5_iiDêS_i2_§E3£Ê_SS^_ii?2ë 

The validity of the outcome of the two-dimensional analysis is 

restricted to situations where all plasma quantities are essentially 

invariant in the toroidal direction for two reasons : 

1) The definition of the poloidai flux surfaces * o l is based on the 

assumption 3/3$ = 0 (see section IV.3). 

2) The field profiles in horizontal and vertical direction have not 

been measured at the same position along the toroidal axis, due to con

struction limitations. 

Hence, by combining the two directions it is implicitly assumed that 

the profiles do not change with the toroidal angle $. As inferred from 

the E -profiles, this is not a valid assumption during the collapse 

stage of the skin profiles. Therefore, the results at later times should 

be considered with some care. 

First we give the lines of equal poloidai flux at different times 

for n * 1020 m~3 (V • 30 kV) , Measurements at different densities give 

essentially the same results. In Figs. 23a, b, and c, the ¥ ,(r) lines 

are shown at t = 0.4, 1.4 and 2.4 ps respectively. The innermost line 
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The lines of equal poloidal flux at 
different times for VH = 30 kV, 

AY = 0.002 Vs per line in a, b, and c. 

AY = 0.004 Vs per line in d and e. 
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is the r = 0.002 Vs line. The intervals between the flux lines are 

0.002 Vs. The outermost line displayed is taken an exact circle with 

a radius of 10 cm, drawn as a reference. From these results we conclude 

that the assumption of nested circles with their origins located in the 

equatorial plane (z = 0) , used in the one-dimensinal analysis to cal* 

culate the j -profiles, is rather realistic up to 2.4 us, at least for 

radii larger than about 6 cm. 

The flux lines near the axis are known with much less accuracy 

than the lines positioned at larger radii. The reason for this is that 

near the centre of the column the flux lines are constructed by using 

only a few data points - which, in addition, are the most inaccurate 

of the profiles because of the smallness of their absolute values -

whereas at the outside almost all available data points are used, in

cluding the more accurate ones of the skin region. 

By examining the coefficients Ci^(r) in the region 0 < r < 7 a 

at a certain time, it appears that the cos29-component is relatively 

as important as the sino-component. Frequently, both terms are more 

important than the cos6-component. This indicates that the deformation 

and the displacement measured with respect to the equatorial plane is 

stronger than with respect to the median plane. The m=2 deformation 

is only partly known. Determination of the other independent m=2 compo

nent (sin20) would require a complete set of measurements with the 

probe at an angle of 45° to the equatorial plane, and the direction 

perpendicular. In the experiment there are no ports available for* 

realizing this. However, for the outer flux lines (7 <. r <. 8.5 cm), 

where the C -component is by far the largest, typically the m=l and 

m=2 terms constitute no more than 10% of the total Y .-function. 

The abscissa and the ordinate of the asterisk in Fig. 23 are 

the points where the horizontally and the vertically obtained poloidai 

field profiles reverse sign. 

From the flux lines we obtain a spatial picture of the current 

penetration process. We see that up to 2.4 us the flux enclosed within 

a radius of approximately 6 cm increases but slowly, whereas at larger 

radii the flux increases significantly with time. This is equivalent 

to a build-up of poloidal field energy density - hence, current densi

ty - in the shell 6 < r < 8.5 an. In Figs. 23d and e, the equi-flux 

lines for t = 3.4 and t • 4.4 us are shown. The innermost line repre

sents ï . = 0.004 Vs; &'¥ » 0.004 Vs per line. A remarkable phenomenon 

is the large shift of the zero point of the poloidal fielc' into the 

upper half of the column, occurring for t£ 2.4 us. This io also seen 

for the other two density values. A stray magnetic field in positive 

R-direction is probably responsible for this effect. Such a field 
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component is generated by insufficient compensation of the supply leads 

of the toroidal D.C. coil-set. When the orientation of the D.C.-field 

was reversed, the reversal of the sine-coil signal is consistent with 

this picture, because the sine-coil monitors the up-down motions of the 

geometrical centre of the total current. The reversed E -field measured 

in the upper half of the torus (see Fig. 27) is consistent with the up

ward motion of the plasma. 

A second way of getting a spatial picture of the field penetra

tion process is to observe a line of constant flux moving in time. This 

is illustrated in Fig. 24, where the time history is given of the 

r . = 0.01 Vs line, at constant time intervals of 0.4 is, starting at 

t = 0.4 us (the outermost line). It can be seen that this flux surface 

moves radially inwards during about 0.8 vis with a high velocity {typi

cally 2A101* ra/s) to a radius of about 7.5 era, where it stays for ap

proximately 1.4 us. Then it starts to move again, particularly at the 

lower part of the column with 

an even greater velocity 

(5. 4*10^ m/s) . The innermost 

line is the flux line at t = 

4.0 i,s. In the other two densi

ty cases a similar behaviour is 

observed. When tne flux line 

stays at a constant radius dur

ing a certain time, the current-

carrying shell keeps constant 

thickness. The first stage in 

the movement (v "* 2X1011 m s"1) 

of the flux surface can be iden

tified with the anomalous re

sistive diffusion of the poloi-

dal field during the formation 

of the skin-curren* layer. The 

observed diffusion velocity 

corresponds to an efiective re-

Fig. 24. The time development of the 
'Ï = 0.01 Vs lire, VH = 30 kV, 
n = 10?c m-3. The outer line re
presents ''i = 0.01 Vs at t = 0.4 us. 
The time difference is 0.4 ys per 
curve. The curves contract monoto
nously with time. 

sistivity of about 4*10 —** tim 
(see also section V.6). 

The second stage of the motion of the flux line corresponds to 

the implosion of the skin current channel. The velocity at which the 

line moves is too high to think in terms of resistive diffusion as the 

major process. The picture of a convective process of current transport 

is supported by the frequent occurrence of reversed toroidal electric 

fields in the region adjacent to the skin during this stage. This is 
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caused by a decrease of the poloidal flux associated with the predis

charge current within the area enclosed by th*» skin layer. In a few 

cases this effect is so stronq that the poloidal field component even

tually reverses sign, indicating a real counter current flowing in this 

cylindrical shell. The implosion phenomena indicate the presence of a 

type of unstable resistive MHD mode, since the hollow pressure and cur

rent profile are stable against ideal internal MHD modes (Ref. 14). 

b) Results derived from the flux lines 

By using Eqs. (IV.3.12) the toroidal current density j. on both 

axes has been calculated. Due to the shift of the vertical axis along 

which the probe measurements have been carried out, amounting to 2.2cm 

to the outside in the equatorial plane, it is not possible to calculate 

j within an area of the radius of 2.6 cm. The j.-profile in the equa

torial plane can be compared with the profile that is calculated by 

using only the horizontally acquired data, thus allowing for a check 

of the correctness of the assumption about the flux lines needed for 

performing the latter calculation (page 15). 

In Fig. 25 both profiles are shown at t = 1.4, 2.4 and 3.4 us. 

The calculation of j, from the coefficients C..(r) apparently becomes 

too inaccurate for r <_ 5 cm. At radii larger than 5 cm the shape of 

both profiles is nearly the same, thus illustrating the relative un

importance of the exact shape of the flux surfaces for calculating j.. 

20 ~i 1 1 1 i p 1 1 r 

t = 3.4 us 

* [•••-...•••'• .1 • • • > 1 

10 

0 

i o . /•"••••, 

-10-8 -6 

-
1 1 

/ \ 
1 1 — 1 1 i • 1 1 

-
t = 2 . 4 vis 

A: 
" I — ~ — r T — i — 1 1 r 

t * 1.4 ps 

8 10 

—- r (10-2m) 

Fig. 25. A comparison of the JA-profiles derived from the flux 
lines (-—) and the profiles resulting from the one-
dimensional analysis (...). 
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We conclude that the calculation of j, from the coefficients of the 

flux lines supports the credibility of the one-dimensional analysis 

concerning the j.-profiles. 

The j -profiles along the median line, j (r, 8 = ÏÏ/2, 3TT/2) 

are shown in Fig. 26. This calculation is somewhat less accurate than 

previous ones, due to the occurrence of the 924'/3r2-term. The shape of 

the profiles for r ̂  6 cm however, compares satisfactorily with the 

shape of the j -profiles, resulting from the one-dimensional formalism 

applied to the vertically obtained data, as has been illustrated in 

the same figure. 

20 

~ 10 
ri 
I 

B 

2 ° 

1 T •T • — r r— T 1 — — T - • 

" f\ t = 3.4 vis 
—••<— A I..

 
1 

1 f \ ^•T"^ r r-rr r^ 

•*- r (10- 2m) 

Fig. 26. The j.-profiles along the vertical axis. 

from the flux lines 

... from the one-dimensionai analysis, applied 
to the vertical measurements. 

When the poloidal field profiles in the equatorial plane from 

direct measurements and the profiles that can be derived from the flux 

surfaces by employing Eq. (IV.3.3) are compared, there is no discern

ible difference. The formalism of Fourier expansion of the flux sur

faces is, as a matter of fact, a second smoothing procedure for the 

H^-profile. The m > 2 harmonics are left out. Hence, the profile should 

be smoother after back-transformation. Moreover, it appears that the 

omission of the sin20-term does not affect the H^-profile, at least in 

the equatorial plane because there is no detectable difference between 

the two profiles. Having determined the H,-profile along the vertical 

axis (r = 0) from the flux lines, it is possible to calculate the to

roidal electric field profile E in the median plane by integration of 

Eq. (IV.3.14). The result is shown in Fig. 27. The positive abscissa 
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numbers correspond to the upper half of the column, the negative ones 

to the lower half. The development of negative E -values near the upper 

skin corresponds to the apparent upward motion of the central part of 

the plasma column. During this event the poloidal magnetic field essen

tially decreases with time for 0 =: r <_ 7 cm in the upper half of the 

column. 

-10 -5 0 5 10 

*- r (10-2m) 

Fig. 27. The EA-profiles along the vertical axis, obtained 
from integration of Eq. (IV.3.14) with E* = 0 at 
z = 0; V„ = 30 kV, n = 1020 m"3. 

V.5 Some remarks on the pressure profiles 

As has been argued before, the calculation of the pressure pro-

files from the measured Bfl- and B.-profiles yields very inaccurate re

sults in our low-£ plasma. As an example, it can be estimated that if 

the B - and B -profiles are known with an accuracy of 20%, the 

resulting 3p/9r-profile is only known with an accuracy of about 150% 

at best. Therefore, we do not present results on the p-profiles. In the 

following we shall pay attention to an effect related to the pressure 

gradient in the outer skin region. 

The negative pressure gradient in the vicinity of the quartz 

wall is reduced due to the presence of the copper shell. This can be 

explained as follows. The shell has no toroidal gap, hence all toroidal 

flux is conserved on the timescale of the main discharge. The para

magnetic increase of the B.-field near the centre of the plasma is due 

to the total current flowing in the skin; AB. = B. is the same as in 

the case when there is a toroidal gap in the copper shell. From inte-
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gration of the pressure balance (Eq. (IV.2.20)), assuming a skin-like 

B_-profilef it is found that B = constant* (AI)2, when p (r = 0) is 

put equal to zero. The constant depends on the shape parameters of the 

B.-profile only. In our case B reverses sign in the region between 

the quartz vessel and the copper shell, the integral of B over the 

area inside the copper shell being zero (flux conservation). This causes 

a steeper gradient 3B./3r in the skin region of the plasma. Since 

j * SB,/3r, the poloidal current density in the skin layer is also en

hanced in our case compared to the case where a toroidal gap is present. 

The outwardly directed force density jpB. is larger, hence the pressure 

gradient in the outer skin is reduced. As the total dissipation is not 

affected by the absence of a gap, it is obvious that in our case the 

plasma wall interaction, reducing the p-gradient, will be stronger than 

if a gap were present. By the impact of the heated plasma on the wall, 

hydrogen gas adsorbed on the quartz can be released and ionized. It is 

known that quartz can have as much as 20 monolayers of hydrogen adsorbed 

on it. By interaction of the heated plasma and such a wall, a thin, cold 

plasma layer is formed, which broadens later on, causing cooling of the 

plasma core by ionization and charge exchange. 

V.6 The development of the turbulent resistivity in time and space 

In this subsection radial resistivity profiles resulting from 

the one-dimensional analysis will be presented and discussed. The 

T\ (r,t)-profiles are given by Eq. (IV.2. 19). in the results presented 

here X is taken equal to one. In Fig. 28 an example of the time de

velopment of the n.-profiles is 

given for 0 < t < 2 ys. As has 

been discussed before, the eval

uation of E,, and hence q,, be-

comes uncertain after 2 ys, due 

to the likely occurrence of 

toroidal dependences. A good 

approximation during the time 

interval shown is r\ = E,/], in 

the skin region, 

is always less than 20% of the 

total E,-value. However, the 
<t> 

calculation of n. yields negative 

resistivity values, particularly 

in the region adjacent io the 

skin layer. Evidently, in those 

<us) 

The v B A - t e r m 

(10"2 m) 

F ig . 28. The time development of the rv,-
p r o f i l e for v = 20 kv, n = 10 H 

2 ^ m - 3 
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cases the v Bü-term in the momentum balance is not large enough to 
r ö 

cancel the negative E -value. It is possible that the vQB -term, which 

has been neglected in the calculation of n. becomes important: macro-

instabilities generate B -fields in the equatorial plane. Besides, in 

an unstable plasma ion-inertia effects may become significant, that is, 

the (m./e)(3v. /3t)-term may not be neglected. 

The resistivity is only anomalously high in the outer skin re

gion. The maximum value is typically of the order of 3xl0_1* ftm during 

the first few hundred nanoseconds. This value is in good agreement with 

the n-value of 4xl0-tf ftm associated with the diffusion rate of the 

poloidal magnetic field in the early stage of the discharge (see sec

tion V.4) . 

After the formation of a quasi-steady skin-current shell 

(~ 0.8 ys), the turbulent resistivity in this layer should have a time 

dependence as predicted on the basis of the marginal stability concept. 

According to this philosophy, the turbulent resistivity is given by 

{neglecting energy losses from the skin): 

n(t) * ^ UB1 (v.6.1) 
co wpi Y { Y' 1 ) 

where y is the ratio between the local drift velocity and some critical 

velocity which is proportional to the ion-acoustic speed; the propor

tionality factor is related to the type of turbulence responsible for 

the anomalous resistivity. In our case this factor is equal to one, 

since current-driven ion-acoustic turbulence is the most probable 

microinstability. Furthermore, the value of y should approximately be 

constant in time. Next we shall compare the local resistivity in the 

skin with the value given by Eq. (V.6.1). As a representative skin val

ue of the resistivity we take the average, r\, of nè at r = 8 cm and 

r = -8 cm. 

In Fig. 29 the n-values are given as functions of time for three 

values of the capacitor voltage V„ (n = 1020 m~3) . In all three cases 

a significant decrease of n with time is observed. The n-curve obtained 

from Eq. (V.6.1) is displayed for two values of the parameter y A good 

fit ir obtained with the 30 and 40 kV data for t < 2.0 us, taking 

Y = 3.4 in Eq. (V.6.1). A curve with y = 2.6 fits reasonably the 20 kV 

points. From these resu *.s we conclude that for 0,8 i t < 2.0 ys the 

relation given by Eq. (V.6.1) gives a fair approximation of the exper

imental data. This indicates that during this time interval the skin 

is in a state of marginal stability with respect to some form of the 

current-driven ion-acoustic mode. In the vicinity of t = 2us the decrease 
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Fig. 29. The average skin resistivity n versus time for 
different values of VH at n = 10

20 m--. Curve a 
represents n as given by Eq. (V.6.1) with y=3.4, 
curve b with y= 2.6. 

with time suddenly becomes smaller. This is the crucial point in time, 

where in almost all observed quantities some drastic changes take place. 

According to Eq. (V.6.1), n should be inversely proportional to 

n. For the low-density case (n = 5*1010 nr3) this scaling is confirmed 

by the experimental data. This is demonstrated in Fig. 30a where the 

n-values for n = 5*1019 m"3, V"H = 30 kV, obtained from two independent 

series of measurements, are compared with Eq. (v.6.1), y = 3.4. The ex

perimental scaling of n with the density is less convincing towards 

higher densities, as is illustrated in Fig. 30b, where the experimental 

data for ö are shown for the case n = 2xl020 m"
3, V = 30 kV. During 

the marginal stability stage the data fit Eq. (V.6.1) reasonably well 

when Y = 2.6 is inserted, whereas for t > 1.4 ys no clear dependence 

of the form of Eq. (V.6.1) can be discerned. 

c; 

c 
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Cï 

( p s ) 

Pig. 30a. n as a function of time for 

V, = 30 kV, n = 5*1019 m~3 for 
two independent series of mea
surements. The solid line is 
given by Eq. (V.6.1) with 
Y = 3.4. 

Cï 

c 

k 

VH = 30 kV 

n = 2 x 10 2 0»" 3 

Fig. 30b. 

(us) 

n versus time for V H = 30 kV, 
n = 2xl020 m - 3. The solid line 
represents relation (V.6.1) 
with Y = 2.6. 

VI. COMPARISON OF THE EXPERIMENTAL RESULTS WITH NUMERICAL CALCULA

TIONS 

In this section some aspects of the measurements will be compared 

with the outcome of a numerical model, on which has been reported in 

Ref. 7. The consistency of the results with other diagnostic measure

ments will be examined. 

VI.1 The penetration of the poloidal magnetic field 

In comparing the measured and calculated Bfl-profiles we have to 

deal with the following complications in the experiment. Comparison is 

not possible when the profile is not entirely determined by diffusive 

processes, but partly by convection (see section V.5), since plasma 

motion is neglected in the numerical model. Another problem is the 

left-right asymmetry which sometimes develops already after about one 

microsecond. 

As a rule, the skin profile at the outside of the torus is less 
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affected by convective effects, and will therefore be taken for compar

ison with calculated profiles. 

An example of the time development of a measured radial Be-pro

file in comparison with a calculated profile is given in Fig. 31, for 

a high-density case (n = 2><1020 m - 3, V H = 30 kV, I , = 30 kA). The curves 

are the results of the computer model. The agreement between the model 

and the experiment could be obtained by a modification of the onset con

dition for microturbulence in the model. The two onset conditions in 

the model are taken from the linear theory of the parallel current-

driven ion-acoustic instability: 

> 1 + f 
T. 

> 3.4 (VI.1.1) 

where 

i' 

m , ^ rT. 

m 

3/2 

exp 2T. 
l 

The resulting values from the model of y and T /T. in the skin 
7) 1 

region are found to be " 7 and ~" 6 respectively . However, as is infer
red from the present probe results, the value y * 7 is roughly a factor 
2-3 larger than in the actual experiment (see section V.6). If the 
threshold condition for the onset of turbulence is milder, the result
ing Y and T /^-values in a marginally stable case also tend to be 
smaller. Therefore, the threshold conditions are adapted in the follow
ing way: 

1) the ratio lT
e/

Ti) c r *-s n o t bounded by 3.4, but is allowed to become 

lower, 

2) the threshold condition for y is taken 

Y > 1 + vf(T /T.) 
c 1 

{VI.1.2) 

with 

0 < v < 1 

By varying the values of ('T /T.) and v, a satisfactory agreement be

tween the outcome of the numerical model and the experimental profiles 

can be obtained. The justification for allowing lower critical T /T.-
e l 

ratios and lower threshold values of y is given by the following con

siderations. From computer simulations it is inferred that during 

a fully developed turbulent state the drift velocity required to main

tain this state may be lower (up to 2*) than the critical value needed 
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Fig. 31. Measured and calculated Bg-profiles at different 
times, V„ = 30 kV, r. 

H 

2xio20 m-3 

for the initiation of the turbulence. Furthermore, in the actual exper

iment other types of ion-acoustic or related modes may be present, 

which grow unstable for milder threshold conditions than the type as

sumed in the numerical model of Ref. 7. Examples of possible instab

ilities are ion-acoustic modes with a phase velocity non-parallel with 

the toroidal magnetic field (k, j* 0) , modes in the transition region 
16) between the ion-acoustic and the ion-cyclotron domain , lower-hybrid 

modes driven by cross-field currents (finite pressure gradient ef

fects) . All of these yield lower threshold conditions for y and T /T., 

but also lower growth rates than the parallel current-driven ion-

acoustic mode. It cannot be excluded that in the real experiment a 

combination of several types of turbulence is capable of maintaining 

the skin of the plasma in a state of marginal stability, exhibiting a 

lower Y a"d T /T.-ratio than anticipated with the original threshold 

conditions. We have chosen for a phenomenological approach by adapting 

the model in the way described above to find agreement with the exper

imental results. 

It is emphasized that local measurements of the resistivity (or 

anomalous collision frequency) on a macroscopic timescale do not yield 
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information about the (non)linear saturation mechanism of the micro-

instability, or even which microinstabiiity is responsible for the anom

alous resistivity. The type of turbulence is characterized by the local 

y-values, being 2-7 for the ion-acoustic and related modes. 

The Bfl-prcfciles of Fig. 31 have been calculated with v = 0.1 

and (T /T)__. = 2. The value of > that follows from the numerical e i cr 
calculations is about constant in time in the turbulent skin region. 

For the case shown y decreases from - 3 at t = 0.6 ys to ~ 2.7 at 

t = 2 us. The experimental value of y as inferred from the time rate 

of change of the resistivity amounts to >. 2.6 (see Fig. 30b). The cal

culated T /T.-ratio saturates at the inserted critical value of 2 

e l 
throughout the turbulent skin region. 

VI.2 The time development of the anomalous resistivity in the skin 

layer 

E 
« 

c 

k 

As has been shown in section V.6 the experimental values of n in 

the skin region decrease with time, approximately in accordance with 

the marginal stability dependence. Both the absolute values and the 

time behaviour of the anomalous resistivity resulting from the numerical 

computations are in fair agreement with the experimental data. This is 

shown in Fig. 32 where computed and measured n-values (at r = 8 cm) are 

displayed together as functions of time for the same density as in 

Fig. 31. A similar agreement is found for the other densities and 

V -values. 
n 

The occurrence of spikes on the 

resistivity in lower density cases 

and the higher voltage case is also 

retrieved with the model, though the 

exact occurrence in time of the 

spikes cannot be predicted. The model 

yields stronger fluctuations of n(t) 

in the skin, for higher saturation 

levels of the current-driven turbu-
7) 

lence . An example of a 3piky re
trace is shown in Fig. 33 for 
n - 1020 m~3, VH = 30 kV. The values 
(from the numerical model) of y for 

= 30 kv 
i p d = 30 kA 

n = 2 « 1 0 2 0 m" J 

(sr1 

= 0 . 1 

c r = 2 

- » t <us) 

Fig . 32, 

The anomalous r e s i s t i v i t y a t r = £ cro from 
measurements (o) and ca l cu la t ions ( ) . 
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this case decreases from ~ 3.5 at t = 

0.6 us to ~ 3 at t = 2 us, which is in 

agreement with the estimated value 

Y = 3.4 from Fig. 29. 

-m- t (MS) 

Fig. 33. 

The anomalous resistivity at r = 8 cm, 
n = 102" m"3. 

A measured values 
calculated values 
expression (V.6.1) with y = 3.4 

VI. 3 The ohmic and magnetic energy content of the plasma 

In this subsection a comparison is given of the measured and the 

computed time development of U~ and UM for the various n and V„-condi-

tions. u is the ohmically dissipated energy inside the entire plasma 

volume, U^(t = 0) = 0 (see section IV.2). U„ is the total poloidal mag

netic field energy deposited inside the plasma for t > 0: 

UM ( t ) * 

B 
!=• (Ï.M a'r -

Be 
2y„ 

<r,0) d3r (VI.3.1) 

In the calculations the quantities v and (T /T.) have been chosen 

such that the computed U„(t) and U„(t) agree satisfactorily with the 

experimental values for t < 2 ys. Further initial and boundary condi

tions for the calculations are: a flat density profile, a flat temper

ature and current-density profile at t • 0, the value of I , is adapted 

to the corresponding experimental value, T = 15 eV, T = 15 eV, the 

wall temperature is kept 1 eV for both electrons and ions, there is no 

extra electron temperature limiting boundary condition . The computa

tions have been run with the expression resulting from non-linear 

Landau damping (Sagdeev) as the upper limit of the anomalous collision 

frequency, because this formula yields high values for v ~. also at 
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lower (T /T.) ratios - a necessary condition for proper calculations 

based on the marginal stability approach. 

It appears that we have to insert values of v in the range 

0.1-0.3, and in two cases a value for (T /T.) of 2 instead of the 
" X vl 

usual 3.4 in order to get agreement between the experimental results 

and the computations. The numerical results appear to be rather sensi

tive to the values of v and ( T
e/

Ti) c r*
 A s a n example, when v is taken 

0.3 instead of 1, with (T^/T^ c r = 3.4, the value of UQ (and UM) at 

t = 2 us is about a factor 2 higher. The influence of still lower val

ues of v depends strongly on (T /T.) . As a rule the effect of v is 

stronger when (T /T.) is lower. As an example, taking v = 0.1 instead 

of 0.3 at (T /T.) = 2 yields a 50% higher value for UQ at t = 2 JJS, 

whereas with (T /T.) = 3.4 hardly any difference is seen. When v and 

(T /T.) are chosen such that the numerical results and the experimen-

tal curves show agreement, the computed values of y in the skin are in 

the range 3-4.5 which is considerably lower than in the case v = 1, 

where a value of typically 7 is found. Since T /T. * (y - 1), the ratio 
of T and T. in the skin is also found to be lower: T /T. = 2-3.5. e x e i 

In Figs. 34a-c the results are shown for 3 densities (V„ = 30 kV), 

12 -

2 io 
Of 

o 

-i r 

VH = 30 kV 
Ipd = 35 kA 
n = 5 * 1019m"3 

°/ un 

2 3 

-» t (MS) 
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VH = 30 kV 
Ipd" 35 kA 

102On,-3 

Fig. 34a. A comparison of U^ (o) and UM 
(A) from the measurements and 
the numerical model (curves); 
VH = 30 kV, B = 5xl0

19 m-3. 

Fig, 34b, As in Fig. 34a, n = 1020 m-3, 
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(us) 

Fig. 34c. As in Fig. 34a, n = 2*10 

T I The values of U„ and UM do not vary 

strongly with increasing density. 

The agreement between measurements 

and computations can be made satis

factory for U„ and UM simultaneous

ly. However, for n = 5*1019 m~3 the 

measured U-. is systematically larger 

than the calculated value for t >, 1 ys. 

This is due to the fact that in this 

case the B^-profile starts to broad

en somewhat earlier at the inner 

wall of the torus than in the other 

cases. Thus the magnetic energy in

creases faster in time than can be 

explained with the cylindrical model, 

although the skin depth resulting 

from the model equals the experimen

tal skin depth at the outside of 

the torus. 
20 nT3. 

In Figs. 35a-c the results with increasing voltage on the heating 

bank, Vu, are displayed. Good agreement can be obtained between exper-
H 

iment and calculations for U„ and UM in all three cases: 
the increase 

of U„ with increasing current is quadratical when comparing the results 

for V„ = 20 and 30 kV respectively, and 30% less than expected frbm 

quadratic scaling for the V., = 40 kV case (see section V.3). For the 

latter case the measured Upvalues are systematically higher than the 

calculated values, due to the asymmetry of the skin decay process. 

The n = 1020 m"3, VH = 30 kV case of Fig. 35b is quite different 

from the previous one (Fig. 34b) out still both agree to within the ex

perimental error (~- 25%) . 

In the next table the ratio U O / * Ü O + Ü M )
 i s listed at t = 1 ps and 

t = 2 i>s for all available cases. 

5 x l 0 1 9 n T 3 1 0 2 0 m " 3 2 * i 0 2 0 n r 3 20 kV 30 kV 40 kV 

1 liS 0 . 3 2 0 .42 0 . 2 8 0 .27 0 . 3 2 0 . 3 3 

2 us 0 .36 0 .44 0 .39 0 . 3 3 0 . 3 5 0 .32 

VH = 30 kV n = 1 0 2 0 in- 3 

These numbers can be regarded as the upper limits of the heating effi

ciency of turbulent skin heating. In all cases there is a slight in-
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Fig. 35c, As in Fig. 35a, v„ = 40 kV. 
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crease in time, except for the high-density case where the increase is 

significant. Summarizing, the efficiency of turbulent heating does not 

seem to depend on the particle density and the total current, at least 

in the parameter range studied here. A typical number is 30-40%, a 

value that can be made plausible by considering the ratio u^/u
tot fol

lowing from the analytical B -profiles introduced in section V.3. 
o 

using Eqs. (V.3.2) and (V.3.3) we get: 

"" - X l r° , (VI.3.2) 
Utot (2X + D 2(2X + 1) a ' 

from which relation we see that the final ratio of ohmic and total 

energy strongly depends on the steepness of the skin profile. Very 

steep B -profiles (narrow skin), i.e. high x-values, yield the theo

retical maximum U„/U. . = 0.5. The experimental B.-profiles for the 

VH = 30 kV cases at t = 2 us yield UM * 800 J, Un/Uto*. *
 40%. Insert

ing r /a =0.5 and x =1, values which reasonably fit the experimental BQ-

profile (compare Fig. 31), we get from the above formula Un/Ü
M
 = *2%. 

The absolute value of 'J,, also agrees. With y = 1 and r /a = 0.5 we 
7 M A o 

have U = ör ijRmfAI)2. This expression yields U„ = 800 J for AI=l38kA, 

experimentally AI * 130 kA (see Fig. 20). 

The energy is dissipated in a skin region of about 2 cm thick

ness. The local value of eo/(eQ + cjJ amounts to 0.3-0.5 in the skin. 

VI.4. On the consistency of the probe results with other diagnostic 

measurements 

For the V„ = 30 kV cases an experimental study on the heating 

of electrons and ions has been made by the TORTUR team. The results of 

this study have been published elsewhere (Ref. 1). The effect of the 

current increase is summarized in Fig. 36, where the energy (3/2 nkT) 

stored in electrons and ions is given as a function of time. Trace 1 

gives the contribution of hot-tail electrons determined by electron-

cyclotron radiation measurements near the second harmonic and by soft 

X-ray measurements. Curve 2 gives the bulk electron contribution de

duced from 90° Thomson scattering. Curve 3 represents the energy con

tent of the ion population. The charge-exchange measurements, which is 

the only diagnostic at TORTUR I that yields n.T., are severely hampered 

by the occurrence of an impermeable cold plasma blanket near the quartz 

wall. During the tirst 3 microseconds a hot ion population (T. *- 1 keV) 

is present in the skin region, a colder component (T, "- 100 eV at 

t = 3 ;is) is found in the contre. However, the absolute densities of 
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the ion populations could not be determined. Hence, the ion energy con

tent is actually not known during the first three microseconds. It can 

be reconstructed from charge-exchange measurements on the afterglow of 

clamped discharges, which indicate the occurrence of heated ions during 

hundred microseconds in the core of the plasma. Such an analysis yields 

the value of curve 3 at t = 5 us. The shape of curve 3 in Fig. 36 for 

0 < t < 5 us is based on the consideration that at t = 2 us nearly all 

of the dissipated energy is found back as thermal energy of the elec

trons, as will be shown in the following. 

12 
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Fig. 36. The measured electron and ion energy 
densities, VH = 30 kV, n = 10

2c nT3. 

The probe measurements yield an upper limit for the total par

ticle energy by equating it to \} (t). For the V„ = 30 kV, n = 1020 m-3 

case, a value of 4'J5 + 160 J at t = 2 us is found as an average of two 

independent series of measurements. This value should be compared with 

the value of curve 4 (the total particle energy content) at t = 2 us, 

which gives, after subtraction of the 30 J of the predischarge, a value 

of 454 J for the total energy content of the particles at t = 2 us. We 

conclude that no major energy losses occur during the turbulent heating 

stage. Almost all (90 + 10%) of the total ohmic input is found back as 

thermal energy of the particles. 

A remarkable phenomenon is the sudden collapse of the soft X-

ray signals and the electron-cyclotron radiation output after about 

1.7-1.8 us, indicating a fast reduction of T accompanied by a redis-

i a J i 
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tribution of the hot electrons over the plasma cross-section. This 

event is evidently correlated with the start of irregularities and 

irreproducibilities of the internal magnetic field distribution as 

well as with the sudden increase of the ion-energy content on a time-

scale much shorter than can be explained by collisions with the elec

trons. A speculative explanation of these effects is the triggering of 

a resistive MHD mode (m=l). A resistive mode is more probable than 

an ideal mode, because the current and the pressure profile have a 
14) 

positive gradient, which is stable according to ideal MHD theory 
18) 

The growth time of an m=l (n=l?) mode, according to Furth et al. , 

typically a few tenths of a microsecond, is short enough to account 

for a fast redistribution of poloidal magnetic energy. Moreover, local 

microinstabilities, such as cross-field modes, and electrostatic ion-

cyclotron modes are likely to occur during the rearranging process of 

the field lines, creating a resistive background for accelerating the 

very process itself, as well as heating the ions preferably compared to 

the electrons. The driving force of the instability is the magnetic 

pressure which builds up in the skin region. If the B^-gradient in

creases, the tension of the field lines at the pedestal of the skin 

becomes too large. They start to break up in the resistive layers and 

to rearrange in a configuration where the tension ij ."maller, i.e. a 

more flat current distribution. The collapse of the skin structure can 

also be understood in terms of neighbouring energy states. If the plas

ma is allowed to i?.ove towards a state of lower (magnetic) energy, it 

will strive to do this. The current profile starts to pass over from 

a skin profile into a more flat distribution during the rise of the 

plasma current. It can be shown easily that this causes the increase 

oZ the total of poloidal and toroidal field energy to be lower than 

when the skin structure would have persisted. 
VII. SUMMARY AND DISCUSSION 

The time evolution of the poloidal and toroidal magnetic field 

profiles during turbulent heating in the TORTUR I device have been 

studied by means of a multi-coil magnetic probe. During the first two 

microseconds the skin region of the plasma is in a state of marginal 

stability with respect to current-driven instabilities of ion-acoustic 

and related types. The penetration of the poloidal magnetic field and 

the ohmic dissipation as measured during this stage agree satisfactorily 

with the results of a phenomenological ID two-fluid MHD code. The max

imum attainable efficiency of turbulent skin heating, defined as the 

ratio of ohmic energy and the total of ohmic and poloidal magnetic 
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energy, amounts to 30-401. From experimental studies of particle heat

ing it is inferred that virtually all of the dissipated energy is con

verted into thermal energy. This result is significantly different from 

the heating results of TTT vhere indications of severe losses during 
2) the very turbulent phase itself have been found 

After approximately 2 microseconds the skin current profile 

starts to pass asymmetrically into a flat profile. This process is fin

ished within 4-7 microseconds depending on the density and the total 

energy deposited. During the implosion process erratic changes of the 

magnetic field profiles and large negative toroidal electric fields are 

observed. A detailed physical explanation of the processes responsible 

for the decay of the skin structure is not yet available. 7he occurrence 

of resistive MHD modes (m=l) is very likely. The understanding of the 

decay phenomena is important for the practical application of the tur

bulent heating scheme for tokamaks. Concerning the latter, it has to 

be remarked that the present experimental situation is not the one wish

ed for potential appl:cations, because the ratio of current added in 

the skin layer over bias current is much higher than should prevail in 

a tokamak discharge with additional turbulent heating. 
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APPENDIX A 

Boundary conditions for the toroidal electric field E 

To derive an expression for E at the edge of the plasma (r - a) 

we apply the induction law 
• 

O E-E-dH -u do 

to the shaded surface in Fig. A.l, which is positioned in the equato

rial plane of the torus. 

Fig. A.l. Sketch of the torus. 

This yields 

2 ^ R T + a + A ) V a ) = Vloop 

Rr+b 

- 2ir J (I^+A 
5B (r) 

(A.l) 

ly-a+A 

where V, is the voltage across the gap, BQ is the component of the 

poloidal magnetic field perpendicular to the surface. To calculate the 

integral over the radius in Eq. (A.l), we take for BQ(r,t) the expres-
13) e 

sion given by Bobeldijk , which is valid for a current-carrying plas
ma column with radius a, with a displacement A in the equatorial plane, 
surrounded by a conducting shell (radius b): 

B0(r,9) , ̂ £ JA- 1- J_ 
2-TT 2R„ inr + B cose } • (A.2) 

where I is the total current within radius a, and A and B are 

given by 

A = --
tZb2 

b2 - a2 a &-*'»<!>} (A.2') 
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B = 
b 2 - a 2 t2RT 

h 2 _ -2 h 2 

— + — Hnb - üna (A.2") 

respectively. Expression (A.2) is valid to the first order of r/R_. 

Taking A constant in time, we get for Eq. (A.l)i 

dl 
2lr(RT + A + a) E (.) = V - 2* l4 a y - ^ (A.3) 

with 

o 

f b ) 
a+A BRT-l) (b- a- A) - A B + -̂ - {b2 - (a + A)2) + 

14 R^ +2 b fcnb - li (a*A)-2 + \ (a+A) I in (a+A) 
*T 

+ A: *T a+A b 
(A.4) 

where A and B are given by Eqs. (A.2*) and (A.2") respectively. In 

a similar way one derives the electric field at 9 - 180° for r = a: 

2lr(RT+A-a) E^(-a) = V l o o p - 2 , L ^ - ^ , (A. 5) 

where 

coax = (Upp + A) in 
a-A 

B RT'f ( b-a + A)-|lB+gI_j x 

{b2- (a-A)2}+ fi |i - i b 2nb-
i ^ . . , . . . , 

An(a - A) 

- AR„ a- A 
(A.6) 

The electric field at r=b is zero, due to the presence of the copper 

i^iell. The exact r-dependence of E for a < r < b is not important for 

our purposes. Therefore, we take a linear dependence as a good approx

imation. 
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APPENDIX B 

Error analysis 

There are 5 independent major sources of possible errors: 

1. perturbations of the plasma due to the presence of the probe, 

2. electrostatic pick-up noise generated by the plasma, electromagnetic 

pickup by the cables, 

3. errors generated by the data acquisition system and the calibration 

of the probe, 

4. averaging the data from separate discharges, 

5. theoretical assumptions and approximations; numerical procedures. 

The total error of the measurements consists of the contributions 

of each of these 5 components. In the following we shall investigate 

the relative magnitude and estimate the accuracy of the final results 

by simple accumulation of the separate errors. 

1. Perturbation of the plasma 

Due to the moderate values of the energy density in TORTUR I, 

reached during a limited time interval, it is possible to insert probes 

into the plasma. Typical numbers are n * 1020 m~3, T * 150 eV during 

5 us in the skin. Jsing the estimates of Ref. 8 no destructive boil-off 

of the quartz probe jacket is to be expected. The bt.il-off time for the 

skin parameters is t, * 15 us, in the afterglow of a clamped discharge 

t. * 200 ps, for the predischarge we have t. * 15 milliseconds. To ver

ify this experimentally, we inserted a quartz rod of 3 mm outer bore 

into the plasma before introducing the actual probe. Figure B.l shows 

a photograph of this rod after a few hundred shots. There are indeed no 

clear boil-off traces discernable. The skin region is identifiable by 

the deposit of impurity material (C). If the probe would introduce extra 

impurities (O, Si) into the plasma, the short duration of the relevant 

observation time makes it impossible for these impurities to reach high 

ionization stages. 

The effect of cooling and perturbation of the plasma column is 

difficult to estimate. It is to be expected that the large anomalous 

collision frequency during the turbulent heating will localize this ef

fect. The perturbation of the current flow pattern - the probe is a non

conducting hole in the plasma - seems to be the most serious effect. 

In the vicinity of the discharge axis the magnetic field to be measured 

is low, hence, the current perturbation inhibits accurate measurements 

in that region. In the analysis of the probe data no corrections have 
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been made for any of the above-mentioned effects. 

The presence of the probe did not affect the 

electron density (CO -laser interferometry, 90 -

Thomson scattering), nor U e total current, the 

loop voltage and the toroidal flux change. Soft 

X-ray signals tended to h«ve a higher level if 

the probe was present, also the fast charge-

exchange neutral yield was increased. 

Finally, due to the perturbation of the 

plasma it is reasonable to neglect spatial struc

tures smaller than 1-1.5 times the probe diameter 

^2.2 mm) in the final profiles. 

F i g . B . i . 

The quartz dummy probe. This rod nas been inserted hor
izontally into the plasma. The narrowest dark area corre
sponds to cii#> skin regi-.,:; at the outer torus wall . 

2. E l e c t r o s t a t i c and e l ec t romagne t i c pickup 

E l e c t r o s t a t i c no i se from the plasma can be coupled c a p a c i t i v e l y 

to the probe c o i l s . In g e n e r a l , t h i s p lasma-co i l coupl ing w i l l be low 

due to the r e l a t i v e l y low capac i t ance between the plasma and the probe 

c o i l s . Es t imat ing the coupl ing capac i t ance as t h a t of a pa i r of p l ane -

p a r a l l e l p l a t e s with an a rea of 1 square m i l l i m e t r e with a spacing of 

0.1 mm, one finds C c. 0 .1 pF. An e l e c t r o s t a t i c s i g n a l with an angular 
pc 

frequency of 10' s~l is divided 10- to 1 with the 7 5 ; termination 

resistor. For plasma potentials of 1 kV the possible electrostatic 

coupling voltage, developed across the termination resistor, is about 

7.5 mV. This value is much smaller than the typical output voltage of 

the probe coils, which is 1-10 V. Hence, we tonclude that electrostatic 

coupling between plasma and probe causes no serious errors. Electro

static pickup is furthermore reduced by the grounded silver tube sur

rounding the connector wires in between the coil pairs. The absence of 
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electrostatic pickup from the plasma has been verified experimentally by 

rotating the probe over 180 . The electromagnetic signals reverse sign, 

whereas any electrostatic component would be unaffected. No detectable 

systematic difference could be found between the absolute values of the 

signals before and after rotation of the probe. As has been stated be

fore in section IV.4.2, electromagnetic noise, generated by the pri

mary currents, is picked up by the cables. This causes considerable 

signals for which has to be corrected. A basic assumption for this 

correction is that the false signals detected when the capacitor banks 

are fired in the absence of plasma are the same as in a comparable 

situation (same loading voltages, trigger times) with plasma. However, 

the primary currents flowing through the copper shell are considerably 

larger - 20 to 30% - if no plasma is present. We assume that the false 

signal due to electromagnetic pickup is proportional to the primary 

current. Hence, the signals of a "zero-shot" with e.g. V„ = 20 kV, are 

subtracted from the signals obtained from a plasma shot with V' = 25 kV. 

It is estimated that by this procedure the true signals can be retrieved 

to within 5% of the maximum signal amplitude. 

3. Errors generated by the data-acquisition system (d.a.s.) and the 

calibration of the probe 

A basic error caused by the d.a.s. is due to the digitizing of 

the analog signal. The analog signals can be digitized into 128 bits 

at maximum, corresponding to +4 volt at the outputs of the amplifiers. 

The sensitivity settings of the d.a.s. have always been chosen such 

that full use is made of the 4 V range. A typical number of bits that 

could be realized in practice is 70-90 at maximum signal amplitude for 

the Bp-signals from the skin region, 30-50 for the B -signals (at max

imum amplification) from the centre. Hence, the digitization error for 

the B„-signals amounts to <, 2%, and for the B -signals to <, 4% of the 

maximum amplitude. Near the magnetic axis, where Bfi * 0, and at the 

points where B. reverses sign, a dynamic range of <, 10 bits has been 

realized at fully available amplification; hence, the digitizing error 

amounts to 10% at best. Typical numbers for the uncertainty of the 

H-fields corresponding to 1 bit of the ADCs are 3-6 kA/m for the Hfl-

profile (|H0| < 250 kA/m at current maximum for VH = 30 kV) and 1-2 kA/m 

for the H -profile ([HJ £ kA/m). A second error caused by the d.a.s. 

is due to the uncertainty in the zero-lines of the ADCs. In particular, 

when the observation time becomes comparable or larger than the RC-time 

of the integrators (100 ys), this error will be considerable for small 

signal amplitudes. It is estimated that the error is 5-10% of the max-
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imum amplitudes at current maximum (t ~ 153 ns). 

The calibration of the probe and the cables + integrators intro

duces a relative uncertainty of about 5%. No long-term variations are 

to be expected for the parameters associated with the probe coils, 

cables and integrators. This in contrast with the amplifiers and the 

ADCs where long-term variations are caused by the effect of heating and 

cooling whenever the system is switched on or off. Therefore, the latter 

components have been recalibrated regularly. It appeared that the long-

term variations did not exceed 5%. 

Taking into account all possible errors, the relative accuracy 

of the Bft-signal recorded in the skin layer during one single shot is 

estimated to be <, 25% up to about 40 microseconds after the start of 

the main discharge. At later times and for B„-signals taken more inside 

the plasma column, the inaccuracy is considerably larger due to the 

smallness of the signals. The relative accuracy of the B -signals 

amounts to <, 30% for maximum amplitudes at early times in the main dis

charge. Again, at later times the inaccuracy increases strongly. Since 

the settings of the sensitivity of the d.a.s. are tuned to the signals 

to be expected during the main discharge, it is not possible to analyze 

both predischarge and main discharge at the same time. The B.-signals 

recorded during the first 150 ps are too inaccurate to yield useful in

formation. This situation is somewhat better with regard to the B^-

signals and, hence the current-density profile. 

4. The averaging of the data 

During the rise of the heating current the plasma settles at a 

state in which turbulent heating and field penetration processes are 

in equilibrium with the time rate of steepening of the poloidal magnetic 

field profile. This state of marginal stability depends only on macro

scopic, more or less reproducible parameters, such as the density and 

the time rate of current increase. Hence, the discharge is expected to 

behaves reproducibly during this stage; therefore averaging the data 

of separate discharges is justified. Lack of reproducibility is more 

to bü ascribed to the density (profile), neutral gas content, impurity 

content, etc. than to the random character of plasma microturbulence. 

Most of the data points of the B-profiles are averages of 3-7 

shots. A practical criterion for reproducibility is that the standard 

deviation of the mean value is smaller than the estimated experimental 

error. By this criterion it appears that the discharge behaves repro

ducibly during about 2 microseconds of the main discharge. After that 

time the scattering of the data points introduces a far too large 
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Fig. B.2 . The standard deviat ion of the Hg-data po in t s a t d i f f erent 
t imes. The data of one of the c o i l s appeared l e s s r e l i a b l e 
due to internal shor t - c i rcu i t ing and they n&ve been omitted 
here. 

standard deviat ion to be ascribed t o errors in the measurements. As has 
been pointed out before, th i s e f f e c t i s l o c a l i z e d . The inner lower part 
of the column exhib i t s i t s irreproducible character e a r l i e r than the 
re s t of the plasma. A typica l example of the standard deviat ion cf the 
data points as developing in time i s given in Fig . B.2 for t i e H f l - f ie ld, 
in Fig. B.3 ior the H - f i e l d . In th i s part icular case <V„ = 30 kV, 
n = 5*1010 m~3) the ins ide torus region of the discharge s t a r t s to ex 
h i b i t irreproducible f i e l d d i s t r ibut ions a f t e r about 1 us (see sec t ion 
VI .3 ) . Although the larges t experimental uncertainty i s to be expected, 
near the centre of the discharge (r < 4 cm), for the H - d i s t r i b u t i o n , 
the reproducibi l i ty as inferred from the standard deviat ion i s exce l l en t . 
The standard deviat ion of the H -points for r < 4 cm I s smaller than the 
estimated experimental error in t h i s region (~ 10% versus "* 30%) during 
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the reproducible s tage ( t < 2 vs)-
In the case of a clamped discharge, the irreproducible processes 

have f in ished af ter about 8 us . At that time the skin structure has d i s 
appeared. In Fig . B.4 the Ha- and H^-profiles (for t = 8.4 _s) of the 
same shot of F igs . B.l and B.2 are d isp layed. The standard deviat ion 
agrees with the estimated experimental error . 
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Fig . B .3 . The standard deviat ion of the H>-
data. Near the centre the standard 
deviat ion i s about equal for a l l 
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Fig . B.4- An example of the H^- and 
the H*-profile in a clamped 
discharge at a time jus t 
af ter the legalization of 
the current p r o f i l e . 
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5. Errors due to assumptions, approximations and numerical procedures 

Many assumptions and approximations have been made to arrive at 

the final results. To summarize the most important ones, we mention: 

toroidal symmetry, i.e. 3/3$ = 0; MHD equilibrium for extrapolation of 

the B.-fields at r _> 8.2 cm; conservation of the total toroidal magnetic 

flux inside the conducting shell; E, ; 0 at r = 0; E Q = 0 at r = 0; 

partial cylindrical symmetry in evaluating the volume integrals; the 

magnetic axis remains in the equatorial plane. 

It is difficult to express in a numerical way how these assump

tions affect the accuracy of the final results. A general feature is 

that results near the centre of the discharge are relatively the least 

reliable, due to both measuring errors and theoretical assumptions. 

Results the least affected by the above premises are obtained in the 

region 6 <. r <, 8.5 cm. Furthermore, the important quantities are typi

cally an order of magnitude larger in this region of the plasma than near 

the centre, due to the characteristics of the penetration process. This 

causes the outcome of volume integrals, both the values and relative 

accuracies, to be mainly determined by the edge region, where the data 

have the best relative accuracy. 

Assumptions mentioned above are dubious after about 2 ys, when 

the collapse of the skin structure has commenced. Once the profiles are 

flattened, typically after about 8-10 ps in clamped discharges, the 

analysis is valid again. 

The numerical procedures used in elaborating the B„- and B,-

profiles are also of considerable importance for the accuracy of the 

final results. In order of application the relevant operations are: 

a) correction for .nutual pickup 

b) linear interpolation onto fixed points with 2 mm spacing 

c) smoothing 

d) numerical differentiation or integration with respect to time and/ 

or space. 

Again, the errors introduced by the above operations are hard to esti

mate quantitatively. The most important contribution to the error is 

caused by the smoothing procedure. Volume integration of a smoothed j -

profile, yields typically 12% less current at 3 M S than the non-smoothed 

profile (see also section V . 2 ) . 

The numeric 1 differentiation procedure is apt to introduce con

siderable errors. Both by the interpolation and the smoothing operation 

this effect : :rongly suppressed. Direct numerical differentiation 

with respect to the radius of a measured 8,,-profile, in order to get 
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the corresponding j.-profile, yields no useful result. The spikes intro

duced by 2-points differentiation overshadow the general structure com

pletely (see Fig. 15). However, when integrated over the volume, the 

outcome of an interpolated and smoothed profile differs less than 15% 

from the result obtained with the "raw" profile. We conclude that the 

information carried by the original profile is not seriously affected 

by the interpolation and subsequent smoothing, whereas the general fea

tures - skin structure, implosion - show up mere clearly. 

The differentiation of the B_,- and B -UÏ ":les with respect to 

time causes no serious errors. When comparing r-.̂  direct - unintegrated -

output of a probe coil with a numerically differentiated signal, no sig

nificant deviations are found (agreement better than 5%). Smoothing in 

time by using 4-points differentiation instead of the usual 2-points 

calculus does not significantly influence the results. 

Finally, the propagation of errors and the ultimate accuracy of 

the final results is summarized. The errors are expressed as a percent

age of the skin value. The toroidal current density in the skin region 

(6 < r < 8.5 cm) is known with about the same accuracy as the smoothed 

Bg-profiles, i.e. about 25%. The toroidal electric field profile is 

known with an accuracy of about 30% (due to the calculation of ^Bf/3t 

from BQ and the uncertainty about E. at r = 0). The r> -profiles have a 

typical error of + 35%. The quantities related to the ohmic dissipation 

are known with a relative accuracy of typically + 40%. The pressure 

profiles are the difference of two terms of comparable value each known 

with an accuracy of + 35%. Hence, the final p-result suffers from a huge 

relative error, which can easily be in excess of 100-200% To the extent 

that the above errors are random, they may be reduced in proportion to 

the square root of the number of composing shots. However, there is a 

significant systematic component in the errors, furthermore, the number 

of composing shots for each data point is relatively ]ov; (3-7); there

fore we adopt the above values as the maximum errors of the results. 
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