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IN THE ADIABATIC TOROIDAL COMPRESSOR - 
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ABSTRACT 

/'- 
The soft x ray signal from the Adiabatic ~oroidal 

Compressor (ATC) sometimes exhibits a 10% modulation with 
\ 

a frequency between 1 and 2 Kilohertz. The 'radial profile 
. . . . 

of the soft x ray signal and the electron temperature deter- 

mined by laser scattering indicate that these fluctuations 
' 

are associated with, a l.imitat8ion of the central electron ' . 

temperatur.e and a broadening of th,e- temperature.,profile. 

By ohserving changes in the. radial dependence of'the relaxation 

oscillation during neutral injection, an increase of thirty - 
to fift-ercent in the radia,s where q = 1 has been measured. 

3,. . 
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I. INTRODUCTION 

At several tokamak installations around the world, 

including ST , [41 [I1 ATC'~], TFR[~', andT-4 , the plasma 

nearest the magnetic axis has been observed to possess an 

instability which results in a periodic modulation of the 

emitted soft x rays under suitable. experimental conditions. 

This instability does not destroy the confinement of'the plasma 

as a whole, because it is commdn for several tens of relaxa- 

tion perlods to occur i l l  succession. This instabil~ty does 

not occur in ATC at the same time as a saturated m - 2 instability, 

and a particular discharge may pass from one mode of instability 

to the other. At ST, the mode numbers of this modulation have 

been .shown to be m = 0, n = 0, with an additional faster 

modulation characterized by m = 1, n = 1. This fast modu- 

lation, which has a frequency near 15KHZ on ATC, 'grows to 

a maximum just.before an abrupt decrease in the signal from 

the center of the plasma. The detailed shape of this relaxa- 

tion or sawtooth' instability providels information near the 

center of tokamak plasmas which supplements the information 
/ 
/ 

provided by the'variations with radius and time of he average 

detector signal. 
lC 

At ST and TFR, it has been shown that the radius where 
. . 

' q  = 1, calculated from the Thomson scattering data, has a 
. .. 

definite relationship to the form of the modulation as a 



function of the viewed chord through the plasma. This re- 

ationship is illustrated in Fig. 1, a schematic representation 

of the two detector system used in these experiments. 

Consider one detector with the line of sight shown and three 

positions for the q = 1 surface. As the q = 1 surface moves 

out to touch and then to include the viewed chord, the slow 

modulation has the following forms: an abrupt rise followed 

by a slow decrease, a series of impulses at the point of 

tangency, and a slow increase followed by an abrupt decrease 

when looking thr~ugh the magnetic axis. This relation between 

.. . the q = 1 surface and the shape of the modulation can be 

-l 

used to examine changes in the current profile even without 
9 

a complete theoretical understanding of the instability. 
v .  

After a discussion of the experimental method, the time 

varl~tions of the plasma density and central electron tempera- 

ture will be compared with the x ray signals observed along 

different chords and at two values of limiter q.' The in- 

stability is believed to depend upon a competition between 

the peaking of the central electron temperature and current 

density on the one hand, and on the growth of the internal 

kink mode ' 5 1  , on the other hand. An experimental attempt 

to influence this competition and .its resulting relaxation 

oscillations will be described. 



' 11. EXPERIMENTAL TECHNIQUES 

The detectors used in these experiments were partially 

depleted silicon surface barrier detectors with an area of 

0. 5cm2 and a depletion depth of 100 microns. They could be 

moved independently and vertically, and they looked through 

a common horizontal beryllium window with dimensions 

2cm x 0.24cm x,:25microns. The distances between the detectors 

and the window and between khe windnw and the magnetic 

axis were 25cm-and 60cm, respectively. As in the ST experi- 
.. .. 

ments, the space between the window and the detectors was 

filled with one,atmosphere of Helium to prevent excessive 

signal attenuation. The detected photons with energies between 

1.5 and 10.0 KeV produced a direct current of one charge hair 
. . . .. ., , 

per 3.6 eV of energy deposited in the depletion region. The 

spatial resolution at the magnetic axis was approximately 
. . 

one cm. The measured current was the product of the detector 

system sensitivity and the source power integrated over frequency 

and path length through the plasma. 
. . 

111. RELAXATION OSCILLATIONS AND THE AVERAGE X RAY SIGNAL 

Five milliseconds after the initiation of the discharge, 

the typical soft x ray signal from the center of ATC' 'began to 
. . 

rise. Af ter tei milliseconds, the relaxation oscill~tions 

appeared and there was an abrupt decrease in the rate of rise 

of the signal.   he amplitude decreased slightly and' then 

continued to r i ~ e  at a slower rate than before the abpearance 
a 

of the relaxation oscillations. Most of the increase' in the 



amplitude can be explained by the increase in plasma density. 

This is shown in Fig. 2, which compares the central x ray 

signal, line averaged density, and the ratio of signal to 

the square of the density. For this and succeeding figures, 

"T=O" occurs six milliseconds before the initiation of the 

current. The experimental conditions were the same as were 

used to obtain Fig. 4 and part of Fig. 3. 

The abrupt decrease in the growth of the central x ray 

signal was associated with a saturation of the central electron 

temperature measured by Thomson scattering. In Fig. 3 we 

see a comparison of these two quantities for two values of 

q at the limiter (aBT/RB ) .  There were Thomson scattering 
P 

data only for the initial part of the discharge, as shown. 

When the toroidal field was increased from 15 KG to 20 KG 

and the plasma current reduced from 80 KA to 60 KA, the limiter 

q value increased from 2.8 to 5 and the central x ray signal 

lost both its relaxation oscillations and its abrupt decrease 

in its rate of rise. With this increased limiter q, the 

central electron temperature increased steadily during:Che 

initial part of the discharge. 

The x ray signal observed along other chords also showed 

abrupt changes when the relaxation oscillations appeared. 

Fig. 4 shows the comparison of the signals from lines of sight 

tangent to radii of 1.5, 4.5, 6, and 7.5 cm. The central signal 

behaved as described above, but at the time that the relaxation 

oscillations appeared, there was an abrupt increase in the power 
I 



emitted from radii of one third to one half the limiter radius. 
. . 

The upper traces are from an adjacent detector covered with an 

additional filter of twenty five &&on thick aluminum. 

Although the present system was not capable of measuring the 

plasma temperature due to the very thin beryllium foil that was 

used, it is clear that the higher energy photon emission during 

the discharge increased much more at large radii than at, small 

radii. This effect was not observed for the case of higher 

limiter q. 

The phenomena described in Figs. 2, 3, and 4 suggest that . . 

the observed relaxation oscillations limit the central tempera- 

ture of ATC and tedistribute the plasma energy to larger 

radii. The emitted power also depends strongly upon.the 

impurity content of the plasma. The simplest assumption for the 

source of the radiation is Bremsstrahlung, for which the power 

2 - 
per frequency interval is proportional to n '/*exp (-liv/r~ ) . e 'effTe e 

However, it is,known that the radiation is stronger than pre- 

dicted by Bremsstrahlung and is believed to be due to recombi- 

nation radiation [ which depends more strongly upon the 

impurity charge. Because the central temperature is nearly 
. . 
.. . 

constant and the temperature profile is apparently broadening, 

the near proportionality between the x ray signal and the 

square of the density in Fig. 2 suggests that the relative 

impurity concentration does not change significantly during 

the time of these data. 

Such a broadened temperature profile was difficult to\ 

confirm with the laser T data because of their large error .e 



I .  

bars as shown in Fig. 3. However, one particular set of 

data, two laser profiles near fifteen and thirty milliseconds 

. in the discharge did show a decreased central temperature and 

a broadened temperature profile after the appearance of the 

relaxation oscillations. The temperature profiles at these 
2 

two times could be approximated by 1550 exp [5.87 (r/16) I and 

2 1100 exp [-2.46(r/16) I, respectively. Because the temperature. 

at 6 cm was nearly 700 eV and the detectors were insensitive 

to photons of energy less than 1.5 KeV, a 100 eV variation in 

an original electron temperature of 700 eV would cause a large 

change in signal. Thus the x ray signal was quite sensitive 

to changes in the sloping region of the temperature profile 

which were difficult to measure with the laser system on ATC. 

As mentioned above, the radial profiles of q inferred . 

from the temperature profiles 'and the assumption that the 

current density is proportional to Te 3/2 were in good agreement 

with the location of the q = 1 surface determined by the 

x ray modulation in the experiments performed on ST and TFR. 

This was not true on ATC, where the q = 1 radius determined 

by the laser was typically 7 to 9 cm, while the x ray modulation 

implied a radius of about 3 cm. One can resolve the discrepancy 

by postulating an enhanced resistivity near the magnetic axis. 

Preliminary experiments with a mult'i-charmer m'icrowave inter- 

ferometer detected density fluctuations within three or, 

[81 four cm of the magnetic axis, supporting the x ray data . 
Such measurements of the q = 1 radius by means of the x ray 

I 

modulation have also been made during neutral injection experi- 

ments on ATC. 
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IV. X RAY MODULATION DURING,NEUTRAL INJECTION 

The neutral injection experiments used a Lawrence 

Berkeley Laboratory source with curved grids to increase 

the fraction of .beam transmitted into ATC. The beam power 

was measured on :a calorimeter at the end of the neutralization ... 
. - 

tube and about one meter from the vacuum chamber. Suitable 

corrections for ,;beam . . geometry and partial neutralization 

Such a neutral beam is primarily intended to heat the 

plasma ions. However, a more subtle effect, can be seen in 
. . 

Fig. 5, which shows the modification of the form of the soft 

x ray modulation caused by the counter injection int,o a 

hydrogen plasma of a 65KW 15 KeV deuterium beam. In this 

figure, there are four pairs of traces in the left column with 

the neutral beam on and four pairs in the right column with the 
. . 

beam off. Each pair of traces is from two detectors located 
i 

symmetrically with respect to the machine midplane. The 

distance which each detector has been moved is shown next to 

each pair of traces. In these units, "100" corresponds to 

a line of sight .passing approximately 3cm above the magnetic 

axis for.one detector and 3cm below this axis for.the'other 

detector. The increased detector displacement which"was ' 

needed with the beam to obtain a modu'lation similar in shape 

to that without the beam is evidence for an outward shift of 

the q = 1 surfac by 1 to 1.5cm. The "Beam On" signal differs 
. . . ... 

. . 



from the "Beam Off" signal because of the increase in several 

quantities: the amplitudes of the average x ray signal and of 

its modulation, the period of the relaxation modulations, and. 

the frequency of the m = 1 modulation. These changes are very 

evident even at the end of the discharge, ten milliseconds 

after the end of injection. 

For these experiments, the electron density at the end of 

the lOmsec injection pulse was increased above the value with 

-3 13 -3 
no injection from a line average of 1.4x10~~crn to 1.8~10 cm . 
The average x ray signal was nearly porportional to the square . 

of the electron density with or without injection, although the 

relative amplitude of relaxation oscillations was roughly fifty 

per cent.larger in the case of injection. No significant changes 

in electron temperature due to neutral injection were observed 

with laser scattering. The period of the relaxation oscillations 

normally increases by roughly fifty per cent during a discharge, 

and the present neutral injection experiment caused an additional 

sixty per cent increase. The frequency increase of the m = 1. 

.-iodulation is in the direction appropriate for a doppler shift, 

due to toroidal rotation, of the oscillations manifesting the 

electron diamagnetic drift. When comparing the frequency 

shifts of the m = 1 oscillations observed by x rays and the m = 2 

oscillations observed by external coils, under somewhat different 

experimental conditions, the frequency shifts were in opposite 

directions for co and counter-injection and implied a toroidal 

7 5 rotation speed of 5 x 10 cm sec-l. The m = 1 modulation is 

I 



quite clear on the upper left pair of traces in Fig,. 5, and the 

odd m character of the instability can be seen from the phase 

relation between the traces. From this picture, a plot of the 2 

logarithm of the peak-to-peak amplitude for each half cycle 

4 
gives a growth rate of 7 x 10 sec-I for a plasma line average 

density of 1.8 x 1 0 l ~ c m - ~  hydrogen, a toroidal magne,tic field 

of 15 Kilogauss, a plasma current of 70 Kiloamps, and major 

and minor radii,.of 85 and 16cm. The ion and electron temperatures 

were not measured, but they were probably near the typical ATC 

peak values with injection of 250 eV and 1200 eV, respectively. 

Using 

a pred 

the formula for the growth rate given in Ref. 1, one obtains 

icted y of 1.2 x 105sec-l for these experimental para- 

meters. 

The effects during neutral injection were not duplicated 

by the addition of D2 gas during a deuterium discharge by means 

of a fast pulse .valve. At a time when the pulse valve in- 

creased the line average density from 1.5 x 1013 to 

13 -3 1.9 x 10 cm , an existing relaxation oscillation increased 
. . 

its period for one or two periods, and then.the discharge chang- 

ed modes so that.there was a large m = 2 oscillation. The 

density increase occurred over three milliseconds with the 

. pulse valve and..over ten milliseconds with injection. It 'is - .  

possible that neutral injection prod:uced the above effects 

by modifying the,.impurity concentration and distribution. This 

would be especia.11~ likely for counter-injection, which has 

a greate~r:. proportion of uncontained fast ions. However, the 



proportionality between the signal and the Bquare of the 

density implies that any additional impurities caused by 

injection only occupied the outer, cooler regions of the 

plasma which do not emit much x ray power. 

An increase in the relaxation period of about fifty per 

cent was also observed for co-injection but without a change in 

the q = 1 location. This is in spite of co-injection's greater 

effectiveness for heating the plasma and its higher concentrap- 

tion of hot ions near the magnetic axis. Thus it is plausible 

that counter-injection shrinks the temperature profile by an 

increase of impurities near the plasma boundary and thereby 

changes the radius vhere q = 1. 

V. CONCLUSIONS 

Relaxation oscillations near the magnetic axis ofe ATC 

have been studied by observing soft x ray radiation. The 

electron temperature measured with Thomson scattering and the 

soft x ray signal through different chords were compared for 

discharges with and without relaxation oscillations by vary- 

ing the limiter q values. The presence of the instability was 

associated with a broader distribution of plasma energy' and 

a central electron temperature which did not increase after 

the oscillations appeared. The relaxation oscillations were 

modified by neutral injection, and the radius of the q = 1 

surface determined from the x ray signal was increased by 30 



to 50 per cent, although this was probably caused be an 
I 

increase of impurities at the edge of the plasma. 
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Fig. 1. A schematic drawing, not to scale, of the 
relation between detector poqit-ion, 1ocat.ion of the q=l .  
surface, and the detailed shape of the modulation of the 
detector signal. 

1 

Fig. 2. A comparison of 
the detector signal averaged 
over khe oscillation periods, 
Llie line averaged plasma density, 
and the ratio of signal to square 
of the density during the constant 
plasma current phase of an ATC 
discharge with relaxation oscil- 
lations. The discharge is 
initiated at six milliseconds. 



X-RAY 

Fig. 3. The time va-riations of central electron tempera- 
ture as measured by laser scattering and of the x-ray detector 
signal are compared for two values of limiter q. For the lower 
q value, a sharp change in the rate of rise of the x-ray 
signal occurs near the time that the central temperature ceases 
to rise. 

Fig. 4. The x-ray signals obtained from different chords 
for the experimental conditions q(a)=2.8 in Fig. 3. The four 
pairs of traces are for view lines tangent to radii of 1.5, 
4.5, 6, and 7.5 cm from the magnetic axis. The upper traces 
in each pair are from a detector covered by an aluminum foil 
of 25 v thickness. 



BEAM ON BEAM OFF 

Fig. 5. The x-ray signals obtained from different chords 
are shown for four detector positions without neutral injection 
on the right and for four positions with injection on the left. 
Each pair of traces is from symmetric displacements of the two 
detectors above and below the machine midplane. The changes 
caused by injection include an outward displacements of the 
q-1 surface, a lengthening of the sawtooth period, and an 
increase in the rn=l modulation frequency. 




