
Du^.lhfrc./cfM:«*«nl •cknOrtt«d9t l . £ X AJ f — ^ 3 I 0
the U.S Gov(»nm*nfj fight TO

*«t«<n • non«nciu$iv«. royalty <*••

lic«nt« in and to a«v copy/tght

covering th« «rtict«

RECQNNECTION I N TOKAHAKS

CONF-8310229—6

V. K. Pare DES4 004695

Oak Ridge National Laboratory

I. Introduction

The tokamak concept is currently the leading contender for

development into a fusion power reactor. For this reason many research

tokamaks are being operated with elaborate sets of diagnostic devices,

and much theoretical effort is being devoted to understanding the

observed phenomena. The occurrence of magnetic reconnection during

dynamic instability processes in tokamaks has been well established by

the agreement with experiment of theories in which reconnection is

implicit. Recently it has also become possible to visualize the

process directly in time sequences of x-ray images of tokamak plasmas.

Me will describe briefly the magnetic configuration of a tokamak

and the design of diagnostic systems used for observing phenomena

involving reconnection. We will then discuss the behavior of a

particular instability and show how its evolution in space and time has

been studied both theoretically and experimentally.

*Research sponsored by the Office of Fusion Energy, U. S. Department of

Energy under contract W-7405-eng-26 with the Union Carbide Corporation.
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II. Magnetic Configuration of a Tokamak

The basic elements of a tokamak are shown in Fig. 1. End losses

are. precluded by the toroidal magnetic field. Since such a field must

vary inversely with major radius, the V B drift would destroy

confinement in a simple toroidal system. This drift can be cancelled

by- making the field lines go helically around the torus, so that a

particle spends on the average equal amounts of time drifting toward

and away from the midplane. The distinguishing feature of a tokamak is

that the hell city is introduced by the poloidal magnetic field of a

toroidal current induced in the plasma itself.

The structure of the magnetic fields can be discussed with the aid

of the definitions In Fig. 2, which.represents a tokamak cut in half

along its major axis, exposing two poloidal planes. At a location

(RJ.ZJ) the pololdal flux function, •» Is the Integral of the poloidal

field crossing a surface whose periphery is a circle of radius Rj and

height Zj, centered on the major axis. The contours of constant ^ form

tubular surfaces when swept around in the toroidal direction; these

surfaces by definition contain the helical field lines and are called

flux surfaces. The line of maximum # is known as the magnetic axis.

Because of the high mobility of particles along field lines and

because the plasma pressure must be constant on a flux surface, plasma

parameters such as temperature and density are also normally uniform

over a flux surface. If the distribution of toroidal current over a

poloidal plane has simple topology (decreasing monotonically in all
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directions from a maximum), then ty also has a simple topology of nested

closed contours. The global heliciby is specified by q, the ratio of

toroidal to poloidal transits of a field line. It is a flux surface

quantity. Since the toroidal current density is normaliy peaked in

minor radius, q has its minimum value at the magnetic axis and

increases toward the outside. If q is an irrational number a single

field line covers a magnetic surface ergodically. However, if q is

rational, q = m/n, the field line closes on itself without covering the

surface. Such magnetic surfaces are called singular surfaces.

Singular surfaces are important because they are "weak spots"

where instabilities can develop. A radial magnetic perturbation having

poloidal mode number m and toroidal mode number n resonates with the

helicity at the singular surface q - m/n and can cause a change of

magnetic topology, generating an "island" in the "contour map" of the

poloidal flux function. The island extends around the torus with the

helicity of the flux surface at which it is resonant.

III. Diagnostics for Magnetic Structures in Tokamaks

The high energy densities in most tokamak plasmas preclude the use

of physical probes. It has not thus far been possible to develop

another diagnostic that will, by direct measurement, map the current

distribution or poloidal field within the plasma.
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A very useful substitute exists, however: the plasma emits x-rays

whose emission power density can be observed as a function of space and

time by relatively inexpensive semiconductor detectors. The emission

is. a complex function of plasma density, temperature, and impurity

content, but all tliese parameters are expected to be constant over a

flux surface. Thus the x-ray emission can give information on the flux

surface shape and topology even though absolute values cannot be

inferred.

The geometry of the x-ray detector system now operating on the

ISX-B tokamak is shown in Fig. 3. There are three arrays containing a

total of 80 detectors. Each detector in an array is masked so as to

have uniform sensitive area and all the detectors in an array view the

plasma through a common collimating slit. A detector with its

associated current amplifier produces a signal proportional to the

x-ray power incident on the detector, within the photon energy range of

roughly 0.5 to 3 keV. The bandwidth is at least 150 kHz, so that rapid

variations can be followed. Each detector is connected to its own

digitizer. The digitizers can convert at rates up to.512 kHz and there

is sufficient local digital memory to store 8192 data values from each

detector.

The signal in a si it-col limated detector is proportional to the

line integral of emission power density along the detector's line of

sight in the plasma. Various efforts have been made to develop

algorithms that will, as in computer-assisted medical tomography,

convert these signals into a two-dimensional map of emission density ir
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a poloidal plane. For a plasma, whose parameters may vary rapidly with

minor radius r but should be relatively smooth functions of polordai

angle 9, it is appropriate to represent the x-ray emission power

density by an expansion of the form

M
E(r.e) = J E = Q [fm(r) Cos(m9) + gm(r) Sin

With three arrays in the same poloidal plane, as in Fig. 3, a maximum

harmonic number M = 3 can be employed, yielding realistic

representations of non-circular equilibria and low-order instability

modes [1].

IV. Instabilities and Reconnection in Tokamaks

Early x-ray detection systems contained modest numbers of

detectors. They revealed two types of periodic behavior in the

interior of tokamak plasmas - continuous, nearly sinusoidal

oscillations and "sawtooth" oscillations [2]. One or the other might

be observed, depending on subtle differences in discharge conditions.

Examples of signals from both types of discharges are shown in Fig. 4.

The continuous oscillations, with frequencies in the kilonertz

range, had previously been detected at the plasma edge with poloidal

magnetic pickup coils. It was recognized that these oscillations

represented island structures which were rotating, either poloidally or

toroidally. The rotation is caused by kinetic phenomena not clearly

related to the physics of the islands themselves, but is fortuitous in
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that it allows a small number of detectors to sample the entire

poloidal structure of the instability. Thus the poloidal and toroidal

mode numbers m and n could be determined by comparing the electrical

phases of the signals from different detectors having appropriately

positioned Iines of sight.

The sawtooth oscillation is the more cominon of these phenomena in

tokamaks. As seen by a detector looking near the center of the plasma,

each cycle of the oscillation consists of a slow (1 to 10 ms) rise

followed by a drop that occurs in less than 0.2 ms. The rise is

associated with an increase in central plasma temperature. The drop is

preceded by a growing oscillation (5 to 20 kHz) representating a

rotating instability with m = 1, n = 1 mode numbers. For detectors

whose lines of sight pass outside a certain minor radius, known as the

inversion radius, the phase of the sawtooth is reversed - an

approximately linear decrease in signal is followed by a sharp rise.

At successively larger radii the inverted sawtooth is observed in

progressively more rounded and delayed form. An example of sawtooth

waveforms is shown in Fig. 5. Clearly the drop in the central x-ray

signal represents a sudden transfer of heat energy from the region

within the inversion radius to the region immediately outside it; the

deposited energy then diffuses as a heat pulse to the edge of the

plasma.

Extensive numerical calculations, using a three-dimensional

resistive MHD representation, have been done in order to understand

these instabilities [3-9]. It is expected that over a large part of



the range of tokamak plasma parameters heating of the centra) part of

the plasma will, by reducing resistivity, sharpen the peak in the

current distribution. This heating is responsible for the rising phase

of.the sawtooth signal. The concentration of current drives q below 1

In the center, creating a q = 1 magnetic surface. The calculations

show that the (m = 1, n = 1) tearing mode that is thus resonant has

typically a high growth rate. This mode causes a change in magnetic

topology, forming an island. The island, within which the current and

pressure distributions are relatively flat, grows inward in radius from

the q = 1 surface, "stealing" flux surfaces from the original magnetic

structure that existed within q = 1. During this process the field

lines must be transferred, by reconnection, from the old flux surfaces

to the new ones. It is the rotation of this island structure that

produces the growing oscillation in the x-ray signals.

Finally, in a second change of magnetic topology, the original

magnetic axis, with its associated heat energy, is pushed out of the

plasma and the energy Is redistributed around the region just outside

of q = 1. The plasma then contains nested flux surfaces as it did

before formation of the island; however, the central current and

temperature have been reduced so that there is no longer a q = 1

surface. Thereafter, heating of the central region increases the

current there, re-introducing a q = 1 surface and thus allowing the

cycle to repeat.



-8-

Development and improvement of resistive MHO codes have continued,

with the objectives of including additional physical effects and of

computing plasma quantities that are more easily observable than the

flux function. Two codes in use at Oak Ridge National Laboratory are

RST [10], which implements toroidal geometry, and KITE [11], which

employs cylindrical geometry but models more accurately the variations

of resistivity and density with temperature.

Figure 6 shows four stages in the growth of the (m = l,n = 1)

tearing mode as calculated by the KITE code. It is interesting to note

that the island is visible in the flux function maps but not in the

temperature distribution; in ths latter, the region corresponding to

the island simply becomes more or less flat when the island gets large.

The RST code contains provisions for simulating the x-ray emission

power Jensity, and some results are shown as both 3-D and contour plots

in Fig. 7. As would be expected from the temperature distributions

shown in Fig. 6, the simulated x-ray emission shows no island, but

simply a displacement of the emission maximum as the island grows.

To compare the experimentally observed x-ray emission with these

results it is helpful to suppress the toroidal rotation. This has been

done for the ISX-B discharge pictured in Fig. 5 by generating a series

of tomographic images at the times marked on the expanded waveforms

shown in Fig. 8. The selected times are at the maxima of signal from

detectors viewing vertically some distance out from the original

magnetic axis, and correspond to "freezing" the toroidal rotation at a

phase 180° from that depicted in Figs. 6 and 7.
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Figure 9 is a montage of the 16 resulting images. It can be seen

that the displacement of the emission maximum (representing the

original magnetic axis) accelerates rapidly toward the end of the

process. This behavior is predicted by the MHD codes.

The sequence in Fig. 9 represents every 34th data point over only

a fraction of the time sequence recorded by the data acquisition

system. To take fuller advantage of the data, a motion picture has

been made that shows the mode growth superimposed on the toroidal

rotation.

V. Summary

Calculations with several different computer codes based on the

resistive MHD equations have shown that (m = 1, n = 1) tearing modes in

tokamak plasmas grow by magnetic reconnection. The observable behavior

predicted by the codes has been confirmed in detail from the waveforms

of signals from x-ray detectors and recently by x-ray tomographic

imaging.
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FIGURE CAPTIONS

1. Basic elements of a tokamak.

2. .Definitions of •$, the poloidal flux function.

3. Lines of sight of slit-eellimated x-ray detectors installed on the

ISX-B tokamak. The rectangular hatched outline is a cross section

of the plasma vessel as shown in Fig. 1. The major axis is to the

left in this figure.

4. Waveforms showing continuous oscillations ("Type A") and sawtooth

oscillations ("Type B") in the QRMAK tokamak. The top traces are

from a poloidal magnetic pickup coil; the others are from x-ray

detectors looking vertically past the horizontal locations (with

respect to nominal plasma center) indicated.

5. X-ray "sawtooth" waveforms during 16 ms of a discharge in the ISX-B

tokamak. The line of sight of detector 25A15 passes just outside

the magnetic axis, while that of detector 25A18 is approximately at

the "inversion radius". The onset and growth of the (m = 1, n = 1)

tearing mode are revealed, through toroidal rotation, by the 15 kHz

oscillation. At about 303.6 ms the original magnetic axis, with

its associated heat energy, is expelled; the energy appears outside

the inversion radius.

6. Sequence of stages in the growth of the (m =1, n = 1) tearing mode

in a tokamak plasma calculated by the resistive MHD code KITE. The

time scale is in arbitrary units. In the last stage shown, the

magnetic island has nearly taken over the center of the plasma.
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7. Sequence of stages in the growth of the (m = 1, n = 1), tearing

mode in an ISX-B-like palsma, calculated by the resistive MHD code

RST. The 3-0 and corresponding contour plots represent simulated

_x-ray emission power density over a pololdal plsne, with no

toroidal rotation assumed.

8. Expansion of three of the waveforms shown in Fig. 5. The numbered

time ptoints are those for which the tomographic images in Fig. 9

were produced.

9. Sequence of tomograph!c images of x-ray emission power density in a

poloidal plane of the ISX-B tokamak. The numbers on the images

correspond to the time points indicated in Fig. 8.
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