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ABSTRACT 

Magnetic compressional heating of a tokamak discharge has been demon
strated suc:cessfully in the Adiabatic Toroidal Compres·sor (ATC). In addi
tion to these investigations of compressional heating, other basic 
measur~ments have been made on ATC recently. These measurements are of 
interest because the ATC incorporates an air-core transformer and. dispenses 
with the usual copper shell, two features likely to be found on future · 
larger devices with smaller aspect ratios. The followini topics will be 
discussed: (1) characteristics of the uncompressed discharges in ATC, 
including the dependence of 6p on discharge parameters, bolometric measure
ments of the energy balance, measurements of the con'centration of 
impurities; (2) MHD behavior and attempts at stabilization of the m = 2 
kink-tearing mode. 

I. INTRODUCTION 

Magnetic compressional heating involving a large change in major radius 
h;:iR hP.P.n Rnrri;>ssfl.!lly demonstrated in the t\diobotic Toroidal Compressor 
(ATC). A general discussion of slow adiabatic compression has been given 
by Furth and Yoshikawal and the first experimental results obtained on ATC 
have been published.2-4 Typical pre- and post-compression parameters are 
listed in Table I. Two of the distinctive features of ATC, the use of an 
air-·core transformer and the absence of a conductive liner, are very likely 
to be found on future larger devices with smaller aspect ratio, so that· the 
detailed investigation of the precompression plasma of ATC is of special 
interest. The design of ATC has also permitted the study of plasma heating 
by injection of high-powered neutral beams.5,6 

In section II, the ATC device is described and compression results are 
summarized. In Section III, some characteristics of the uncompressed· ATC 
discharges are considered including: the scaling of the poloidal beta, Bp , 
with discharge parameters; bolometric measurements of energy balance; and 
ti:1e concentration of impurities. In section IV, the MHD behavior and 
attempts to stabilize the kink-tearing mode are discussed. 
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II. THE ATC DEVICE 

The major radius compression in ATC is produced by increasing the 
vertical equilibrium field, Bv , ·in a time which should be long compared 
with the particle collision time and short compared with the energy confine
ment times. For a plasma assumed to obey infinite-conductivity MHD theory, 
simple scaling laws have been derived1 which give the plasma behavior for 
various modes of compression. The compression in ATC is car.ried out in a 
stati~ toroidal field for which the following relations hold if C = Ri/Rf , 
where Ri is the initial major radius, and Rf is the compressed major radius 
and i and f denote the initial and compressed states, respectively, 
Tf/Ti = c413 ; nf/ni = c2 ; af/ai = c-1/2 ; and If/Ii= C where T, n, a, 
and I denote temperature, density, minor radius, and plasma current 
exclusive of skin current. 

The magnetic field configurations of the vertical eq4ilibrium (and 
compression) field and of the ohmic transformer field are shown in Fig. 1 
for the following states: just prior to the discharge; during the precom
pression phase; and during the compression. ·The physical arrangement of .. 
the poloidal field coils and a cross section of the vacuum vessel and of a 
toroidal field coil are shown in Fig. 2. The standard tokamak diagnostic 
systems are in routine use on ATC. The vacuum vessel is a stainless steel 
bellows without an insulating break. Originally four pumps wit~ a pumping 

·speed of~ 2000 liters/sec produced a bas~ pressure of 2-4 xlO- Torr after 
discharge cleaning with several thousand 2 msec 20 kA discharges in a mixture 
of hydrogen and neon. It has proved possible to obtain satisfactory dis
charges with only one pump although the base pressure increased as the 
number of pumps was reduced. The limiters for most of the discharges 
presented here were molybdenum top and bottom rails and inner and outer 
segments which conformed to the shape of the vacuum vessel. Only the inner 
limiter segments show significant erosion which occurs after compression 
and is attributed mainly to the effect of the high densities and thermal 
energies of compressed discharges which almost invariably terminate on the 
inner limiters. Recently it has been possible to use stainless steel 
limiters without any evidence of either excessive impurities in the 
discharge or damage to the limiters. 

Figure 3 illustrat~s the operating cycle of ATC. After preionization 
by a 100 kHz oscillator, the transformer and vertical field windings are 
energized by the currents Ion and Iv.which respectively induce the plasma 
current and determine the major radius. The transformer field becomes 
large for R < 60 cm which requires that the transformer be current-biased 
so that IoH is near zero at the time of compression, the precise value being 
an important compression parameter. The loH current waveform is determined 
by the discharge of capacitor banks and the Iv waveform up to compression 
is determined by an amplifier whi'ch also provides control of the major 
radius of the plasma current by a feedback loop involving an array of mag
netic probes as position sensors. At a pre-determined time a capacitorbank 
is discharged into the Bv windings, rapidly increasing Bv and causing the 
compression. The compression field reaches a peak in about 2 msec and 
slowly decays. The compressed plasma equilibrium is governed by the decay 
of the currents in the Bv and OH windings, which are not controlled exter
nally. The discharge in Fig. 3 slowly decreased in major radius until it 
terminated in a disruptive instability caused by contact with a limiter 
protecting the inner surface of the vacuum vessel. 

Table I summarizes typical parameters for. uncompressed and compressed 
discharges in ATC. The density and the ion temperature generally follow 
the expected behavior (n - c2 ~ 5 , Ti - c4/3 ~ 3) whereas the electron 
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temperature tends to be directly pro1 1ortional to the compression ratio. 
Figure 4 shows tl1at this difference in behavior also occurs for partial 
compressions. The difference presumably reflects the fact that the compreEr 
sion time Tc is intermediate with respect to the ion and electron energy 
replacement times Ti and Te , respectively: Ti > Tc - Te . 

The total plasma current should ideally be such that the poloidal flux 
linked by all of the plasma ring remains constant. Usuall.y there is some 
decrease in this external flux during compression; so that the total current 
undergoes a somewhat smaller increase than would be expected in the ideal 
case. 

TABLE I. Typical ATC Parameters 

Before Compression After Compression 

Major Radius R 90 38 
.. .,,.,. 

cm cm •,·, 

Minor Radius a 17 Ctn 10 cm 
Toroidal Field Bt 15 kG 46 kG ·. ~' 

l'lasma Current Ip 60 kA 150 kA 
Ion Temperature Ti 200 eV 600 eV 
Electron Temperature Te l keV 2 keV 
Average Electron Density ne 1-2 x 1013 cm-3 1014 cm-3 

III. SOME CHARACTERISTICS OF THE ATC UNCOMPRESSED DISCHARGES 

The time behavior of the loop voltage, plasma current, average density, 
and peak electron temperature of a typical ATC discharge are shown in Fig~·: 
S. The electron density continues to increase long after the ionization of 
the filling gas, indicated by the break in the density curve shortly after. 
the start of the discharge. This is an indication of a large influx of gas 
during the discharge which has been shown to be mainly hydrogen from the 
vicinity of the limiter. F~gure 6 shows two temperature and·density pro
files which were taken (with Thomson scattering) during later portions of 
the discharges when a quasi-steady state has been reached. The ~lectron 
temperature profile is always more narrow than the density profile and the .. , 
average temperature is relatively independent of the density. For the pro-.~ 
files shown in Fig. 6,_ the toroidal field and plasma current were the same; 
the electron temperature profiles are almost identical although the 
densities differed by a factor of twri. 

The measured resistance of the plasma column is always 2 to 5 times 
larger than the value calculated from the temperature profiles assuming 
a z = 1 plasma and .neglecting trapped particle effects. Assuming that 
the increased pla~ma resistivity is due to an enhancement of the collision 
frequency which is independent of radius and affects trapped and untrapped 
particles alike, we found that trapped particle effects are unimportant. 

. The poloidal beta, B ~ 8n < nkTe >/ll9(a) 2 , and· the safety factor, 
q(r) , can be c::ilcul<tted trom the Thomson scattering profiles. For the 
computation of q , the current density is nssumed proportional to T3/2 
In Figs. 7 and 8 the results obtained in the followi~g ranges of parameters 
are summarized: 12 < B < 20 kG ; 0.8 < ne < 2.5 x 1013 cm-3 ; 
500 < Temax < 1500 ev ; 50 < Ip < JOO kA ; 85 < R < 90 cm; and a "' 17 cm. 
As shown in Fig. 7a, in which Bp/< ne > is plotted against q(O) for nearly 
constant values of q(a) , q(O) is seen to be a·signific::int p::irameter 
because for q(O) > 1 the poloidal beta seems to be proportional to the 
density and for q(O) < 1 , Bp/< ne > decreases almost linearly. Similar 
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behavior is exhibited in Fig. 7b in which data obtained with values of q(a) 
between 3.5 and 7.0 are included. These data yield a value of the ratio 
Bpi< ne > equal to 2.5 x 1014 cm-3 for q(O) > 1 • 

The electron energy confinement time, TE , defined as the ratio of the 
plasma electron energy to the Ohmic power input is proportional to the ratio 
of Bp to the resistance, n , of the column. Therefore, in our case TE is· 
proportional to < ne >/Q if q(O) > 1 and is also directly proportional to 
q(O) if q(O) < 1 • This dependence of· TE is shown in Fig. 8. 

If it is assumed that the plasma resistivity has the classical depen
dence on Te , then TE in ATC has a similar dependence on Te and < ne > to 
that reported in Re~. 5. However, in ATC, TE is also ·inversely proportional 
to the resistivity enhancement factor and also decreases with q(O) as q(O) 
falls below one. 

Gross properties of the energy balance in ATC have been investigated 
in terms of the energy loss to the limiter and through the plasma surface. 
The energy loss associated with charged particle diffusion and thermal con.;_ 
duction was monitored by measuring the temperature of the limiters. The 
radiation and the charge-exchange losses were detected by a bolometer 
devised out of a thick film flake thermistor, which had a time resolution 
of ~ 1 msec. Peak plasma currents ranged from 40 kA to 90 kA . Some new 
findings are that (1) of the 60-80% of the total energy ~oing to th~ 
limiters, the greatest part arrives during the steady state phase of a 
normal discharge. (2) At the termination of the discharge, the energy loss 
occurs mainly through the surface via radiation and/or charge~exchange. 
The amount of surface energy loss at the termination is larger than the 
stored plasma kinetic energy and is shown to include a large portion of the 
poloidal magnetic energy for a current larger than 50 kA . In addition to 
the above findings, our measurement has confirmed the results of other 
existing tokamaks. 0 ,7 These results are as follows: (1) The charged 
particle loss and the thermal c·onduction loss are the major mechanisms for 
the energy loss in our operating region of the discharge current. (2) 
Radiation loss constitutes less than 20% of the total energy ioss before 
the current decays, with some evidence that the percentage

1
rises with 

current. (3) Impurity contamination can greatly increase the radiation 
loss. This was demonstrated by injecting about 10% of neon into the hydro
gen working gas, which almost doubled the radiation loss. (4) Disruptive 
instability also enhances the radiation loss. This was observed as the 
disruptive instability occurred but not in a controlled reproducible 
manner .. 

Measurements of the impurity concentration were carried out using a 
calibrated grazing-incidence monochromator looking horizontally along the 
major radius 135° away from the limiter in the midplane of the torus. The 
procedures of Hinnov and Hofmann8 were used for calibration and evaluation 
of the data. The limits on impurity concentration obtained for typical 
discharges (< ne > ~ 2 x 1013 cm-3) are (all in cm-3): 8 x 1010 < Oxyge.n 
< 4. 5 x 1011 ; Carbon < lolO ; Molybdenum < 1010; 3 x 109< Iron< 1. 5 x l01 0 • 
Nitrogen was negligible except immediately after opening the vacuum system 
to air. The accuracy of the measurements is estimated to be ± 40% for 
oxygen and somewhat higher for iron and molybdenum. The concentrations of 
impurities given here are representative of tokamaks of this size. These 
values of impurities give values of Zeff = r niZt/niZi (where ni is the 
concentration of the ions with charge Zi) in the range Zeff ~ 2-4 . The 
Zeff determined from resistivity measurements is - 4-6 . The impurity data, 
together with some measurements of the absolute intensity of the hydrogen 

... 
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light yield estimates of the particle confinement times which lie in.the 
range 20-25 msec. 

IV. MHD BEHAVIOR AND EXPERIMENTS WITH m = 2 MODE 

1. MHD Behavior 

Poloidal magnetic field perturbations have been observed on ATC and are 
qualitatively similar to those observed on other devices.9,10 The slowly 
changing, oscillating kink-like modes have structures of the form 

A exp[i(me - n• - w t)] 
mn mn 

where e and • are the poloidal and toroidal angles, respectively, m and n 
are integers, and wmn is. the angular frequency of the m , n mode. Perturba~ 

tions with m = 2, 3, 4 and n = 1 have been observed with frequencies in the 
range 5 - 25 kHz , the m number being determined with an array of poloidal 
field pickup coils spaced 30° apart in the poloidal direction on the outer --
1800 of the ATC, and the n number with 4 coils spaced 90° apart in the 
toroidal direction. 

The occurrence of the modes has been compared with tearing mode 
theory, 11 assuming the current density to be proportional to T~/2 , and 
choosing that one of the four current profiles given in Ref. 11 which best 
fits the data. In general, the theoretical prediction is that as the 
current is raised a mode may first appear when the rotational transform near 
the magnetic axis resonates with the mode; i.e., 2n/1 = m . When the reso
nant surface moves out to large enough radius~ the ~ode becomes stable, the ·· 
precise limit depending on the current profile, although for any profile 
the m = 2 is unstable out to larger radii than the m = 3 . Our findings 
are that the theory accommodates the m = 2 reasonably well, but that the 
m = 3 can still occur when the resonant surface is beyond the theoretical 
limit.12 

2. Experiments With the m = 2 Mode 

It is in general possible to pass rapidly through the current range _in 
which modes with m > 2 are unstable, and it is presently unclear that these ... 
modes have much effect on plasma transport. The m = 2 mode, on the other 
hand, even when it does not lead to the disruptive instabilityl3,14 still 
has a d·eleterious effect on plasma confinement, and its stabilization or 
avoidance must be an important goal of tokamak research. Operation at 
currents above the unstable range may be a possibilityll,15 but it has re
ceived only brief attention on ATC. The other approach, stabilization of 
the mode, has been attempted with feedback and pulsed fields. These 
experiments are discussed below. 

(a) Feedback experiments. Fie11rP 9 showe: one arrangemeuL uf cont:t'ol ioops 
and magnetic pickup coils. The control loops generated a poloidal magnetic 
field having m = 2 , n = ±1 symmP.try> and unavoidable highei harmonics. 
However, the results were insensitive to the details of control loop arrang~ 
ment: essentially the same results were obtained using only the two outer
most control ~oops, and aeain with two pairs of loops outside the vacuum 
vessel that subtended approximately 35° each in major azimuth. The pickup 
coils were located on the midplane and oriented to minimize their mutual 
inductance to the control loops; opposite coils were connected in pairs in 
order to cancel the main (n = O) poloidal fields, as well as the m = 4 , 
n = 2 harmonic that may accompany the m = 2 . The signals from two such 
pairs 90° apart in major azimuth were added in suitable proportion to obtain 
a sl~nal shifted by an arbitrary amount from a reference phase tied to the 
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mode. After going through a series of phase and amplitude compensation 
circuits, the signal was fed to a half megawatt amplifier, transformer
coupled· to the control loops. The compensation was necessary because the 
lowest frequency pole in the equivalent circuit of the vacuum vessel lies 
at f ~ 10 kHz , within the range of frequencies spanned by the m ~ 2 mode. 
Amplifier phase shift from input signal to control current, after compensat
ing, was 90° at 22 kHz and 180° at 55 kHz . The amplitude response was flat 
(3 db) to 32 kHz . The overall loop gain was only about 0.5 , at the 
limiter r~dius, and perhaps half that at the q = 2 surface. Within a factor 
of 2 this was the highest gain at which it was possible to operate: for 
small mode amplitudes the limit was set by the residual coupling between 
the control loops and the pickup coils, and for saturated modes by the 
maximum power of the amplifier. 

For a linear system described by a dispersion equation with well sepa
rated poles, it is easy to see that with weak (low gain) feedback the per
turbed poles execute circular paths about the original ones when the loop 
phase shift is varied from 0 to 2n , the radius of the circle being propor
tional to the gain.16 This is roughly the effect that was observed, as 
shown in Fig. 10, although the mode was certainly not in the linear regime 
but, in fact, nearly saturated. Distortion of the signal m~de the amplitude 
variation difficult to evaluate, although the fundamental frequency was well 
defined; a Fourier analysis of the signal to evaluate the fundamental 
c'ontent would no doubt have improved the data. 

Apart from the practical difficulty of attaining sufficient isolation 
between pickup coils and control loops it is clear that sensing the mode by 
the magnetic disturbance produced outside the plasma is in any case unsatis
factory. For it has been demonstrated experimentally,17,18 in conformance 
with theoretical expectation,11 that the mode is initially localized to the 
q = 2 resonance surface, and has then no detectable magnetic manifestation 
outside the plasma column. The mbde may be harmless to the pl~sma in its 
earliest stages but amplifier economy certainly demands that it be kept to 
the lowest possible lt:!vel. It should be possibJ e to develop the x-ray 
technique described in Ref. 19 and elsewherel8,20 to meet the need, pro
vided present results continue to hold at higher loop gain, i~e., that 
maximum stabilization of the mode will occur with a loop phase shift for 
which.the frequency shift is not loo large. 

(b) Mode-locking. To obtain the mode-locking results the feedback loop 
was opened and the amplifier driven from a signal generator. In general, a 
control field at the plasma surface of about half the mode amplitude secures 
locking; however, the threshold is not sharply defined: the mode may jump 
in and out of synchronism before locking tu the control signal, and is · 
locked more easily when saturated than when still growing. 

Whereas the threshold shows little frequency dependence, Fig. 11 shows 
the phase between mode and control signal to vary markedly with frequency. 
The phases have been corrected for the vacuum vessel, and in addition the 
phase of the pickup coils located near the control field nodes has been· 
shifted by 90° to make it correspond to the coils near the antinodes. Thus 
the divergence of the points at low frequencies implies that the locked 
mode is no longer a single rotating wave; a difference in amplitudes 
observed at the two locations shows that a standing wave component is 
generated which becomes dominant at frequencies below - 0~2 fmode , the 

. larger amplitude occurring at the control field antinodes. (Note that the 
pickup coils should not couple to ~he·equilibrium distortions of the 
magnetic surfaces produced by the control fields.) 

' \, • 
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It is interesting that when mode-locking occurs, it apparently takes 
place throughout the plasma within a fraction of a cycle, according to the 
signals obtained from the pickug.coils _and from x-ray detectors monit2ring 
emission from the plasma core.2 Presumably, then, the effect propagates 
thrriugh the plasma on the hydromagnet~c time scale; skin penetration times 
would be orders of magnitude longer. The implication of this result would 
seem to be that the saturated m = 2 oscillations do indeed result from a 
rotating quasistable helical equilibrium,21 and that the shear free rotation 
around the minor axis is due to an appropriately varying radial electric 
field which compensates for the variation of the electron diamagnetic drift 
frequency with radius. 

Finally, the relative ease with whi~h mode~locking 
that when two modes are present simultaneously--as an-m 
m = 2 and 3--they might lock together as soon as one of 
large enough amplitude. Such synchronism between the m 
observed on the ST Tokamak, where the m = 2 was detected 
emission and the m = 3 by magnetic pickups.22 

occurs also suggests 
= 1 and 2 ' or an 
the pair ha~ reached 
= 2 and 3·has been 

by means of x-ray 

(c) Mode-locking and stabilization by pulsed fiel~s. The most usual 
.result of passing a current puise of sufficient stiength through control 
loops generating an m = 2 ~ n = 1 magnetic field component is mode-locking 
at zero frequency. This ·is shown by Fig. 12, where the inode amplitude is , 
still ·small whe.n rotation is stopped, but where the mode appears fully 
saturated when rotation is resumed. The phase of the stationary mode with ·l 
respect to the applied field is difficult to determine precisely, because 
transient perturbations accompany and obscure the locking phenomenon. In 
general, ·it appears that· the field of the locked mode may lag the control 
field by any phase angle from 180° - 360° . It is not clear how this 
result should be related to the measurements shown in Fig. 11. It may be 
noted that the pulsed experiments were done with the external loops because 
the internal ones could not withstand the electromechanical forces. . 

Discharges tend to be unfavorably affected when mode rot~tion is 
suppressed: in high current discharges which are limited by the disruptive ·t 
instability, onset of the disr~ption occurs earlier, on the average, when 
rotation is suppressed; when the control field is raised above the level 
needed to stop rotation, small~scale disruptions (Fig. 13) occur with 
increasing frequency. Furthermore, plasma density, which ordinarily rises 
more slowly--if at all--when an m = 2 kink is present than when it is not, 
frequently dropped by - 10% during the 5-10 msec that rotation was 
suppressed in typical cases. 

Under certain conditions it appears that the mode can indeed be 
'f 

stabilized by the control field. Thus, Fig. 14 shows a case in which the ~ 
rotation persists, but the amplitude slowly decreases to the noise level 
over some tens of cycles. We believe that one of the preconditions for this 
effect is that the mode is not too violently unstable, but a more precise · 
prescription cannot yet be given. 
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electron and ion temperatures. 
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Fig. 5. Typical time behavior 
of plasma current, Ip; loop 
voltage, V; average electron 
density <ne>; and peak electron 
temperature, T~ax . 
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Fig. 7. Dependence of the 
ratio of the poloidal beta to 
the average electron density 
CBp/<ne>) to the safety 
factor, q(O). The safety 
factor at the limiter was kept 
almost constant in (a) and 
varied from 3.5 to 7 in (b). 
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Fig. 6. Radial profiles of 
electron density and temperature. 
The plasma current (60 kA), the 
loop voltage, (3V), and the 
toroidal magnetic field (16 kG) 
were the same in both. 
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Fig. 8. Dependence of the 
electron energy confinement 
time, TE , on the ave rage 
electron d e nsity, <ne > , the 
resistance of the p lasma 
column, and the safety factor 
at the axis. Min[q(O),l] is 
the smaller of q (0) or 1 . 
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Fig. 9. Diagram of control 
loops and mode sensors. 

Fig. 11. Phase nifference be
tween locked mode and control 
field vs control frequency. (a) 
Phase at anti-node ; (b) Phdse at 
node f90°. 
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Fig. 10 . Mutle frequency and 
amplitude changes as function of 
feedba ck loop pha se shift. 
Curves are lens~ square fit of 
sinusoids to data. 
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Fig. 12. Suppression of mode 
rotation by control pulse. 
12-a: (a) Plasma voltage, -2V/cm; 
(b) MngnPtir. pickup signal (unin
tegrated); (c) Plasma current , 
20 kA/cm. 
12- b : (c) Control loop curren t , 
200 A/cm; (f) and (g) fnteqratcd 
magnetic pickup signals from con
trol field ant.i-node and node 
positions respectively . 
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Fig. 13. Detail of rotation 
arrest and mini-disruptions. 
13-a: (a), (b), and (c) Plasma 
voltage, pickup signal, and plasma 
current respectively. 
13-b: (d) Plasma voltage, 1 V/cm; 
(e) control loop current, 200 A/cm; 
(f) and (g) integrated pickup signals 
from control field node and anti-node 
positions, respectively. Arrows show 
when mode was in phase wit~ control 
field. Two mini-disruptions occur in 
the quiescent interval. 

-12 

a 
e 

(a) 

( b) 

a 
e 

743721 

Fig. 14. Mode stabilization by 
control pulse. 
14-a: Zero control fi e ld (e). 
14-b: With control field, 200 A/cm. 
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NOTICE 

This report was prepared as an account 
of work sponsored by the United States Gov
ernment. Neither the United States nor the 
United States Atomic Energy Commission, nor 
any of their employees, nor any of their con
tractors, subcontractors, or their employees, 
makes any warranty, express or implied, or 
assumes any legal liability or responsibility 
for the accuracy, completeness or usefulness 
of any information, apparatus, product or 
process disclosed, or represents that its 
use would not infringe privately owned rights. 




