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DISRUPTIVE TINSTABLLITLIES IN A
POLOIDAL DIVERTOR TORKAMAX
Thomas Howard Osborne

Under the supervislon eof Asseciate Professor Stewart C. Prager

Relaxztion oscillations in the plasma pressure. that appear as
sawtooth oscillations om coliimated soft x-ray detectors, are
observed in all Teckapole II discharges. These instabilities
exhiblt characteristics which are unexpected from the usual picture
of disruptive instabilities in poloidal divertor tokaamsks without a
clese fitting conduciing shell.

Tokamak discharges are observed with safery factor, g, as low
as 0.5 over most of the curvent channel within the poleidal
divertor separatrix. These discharges show sawtooth oscillations,
but magnetic probe measurements indicate the cemtral gq values,
instead of relaxing to 1, remain nearly fixed. The g=1 surface for
this case is very near the separatrix, and there is 2z small
oscillatfion in g near the g=1 surface which Is tilme correlatad with
the sawtooth oscillations. The observation of discharges which
maintain q<1 fs at variance with the usual resistive MHD theory of
sawtooth oseillations- These discharges have poor Energy
confinement (TE<50”S}'

If g=1. sawtooth oscillations are observed in which the

disruption {sawtooth crash) Litself has an n===] helical structure.



This suggests that these distuptions may maintain a single helicity
through the nonlinear phase.

At low toroidal plasma- current and high toroidal fileld.
several small sawteeth of period 100-200ys are superinposed on
giant sawteeth of period Ims. Precursor oscillations with even m
and odé n are observed on magretic loops for both types of sawtooth
oscillations. This is cousisteat with the standard wodel for a
disruption that Tesults from the m=2. n=1 mode. Except at very low
electron density, the plasma current ts not terminated im a
disruption.

As the plasma current is fncreased with the torolidal magunetic
field constant, the glant sawteeth become less regulaT. At large
enough piasma curreant, only smzll sawtooth oscillations are
obsarved- these show am m=p=1 precursor in the soft x-rsy. Am MHD
equilibrium code predicts that the q=2 surface 1g very near the
divertor separatrixz for this case. This suggests that the a@=Z, o=l
disruption may bde eliminated by the proximity of the q=2 surface
and the separatriz. These discharges have good energy confinement

time {T=600p8)-
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CHAPTER 1

BACKGROUND AND OVERVIEW

A. Background

"Disruptive instabilities” represent a malor {apedizent to the
achievement of reactor plasmas in tokamaks. Ta these instabilities
a large portion of the thermal epergy comtent of the plasma can be
rapidly lost to the vessal wazlls, often rasulting In complete
termination of the discharge. The understaanding and control of
disruptions has, for the past 10 years, beea one of the major
concerns of theoreticazl and experimental plasma physics. Chapter 2
contains a rTeview of the experimental and theoretical results for
disruptive instabiliries, and alsc an account of the rtelation of
these instabilities to the goal of controlled fusion In tokamaks-

A fairly complete understanding of these instsbilitiles, based
on the deceptively simple set of single fluid resistive
magnetohydrodynamic equations, has emerged from this research.
Experimental work led to the identification of  Thellcal
perturbations to the torveldally symmetric equilibrium, that are
precursors to the disruptions. Thege helical wmodes are resooant
with the pitchk of magnetic fileld ifanes ina the region where their
amplitudes are peaked, and grow in amplitude Just bhefore the
distruptioca. The time scale for the disruption, and the growth rate

for the precursor escillations 1is Intermedlate  between  the



prineipal time scales for resistive MHD: the hydromagnetic time
scale {the time For an Alfvén wave to propagate around the torus)
and the resistive diffusion time scazle. These hydromagnetic and
resistive time scales can be a factor of 106 different in today’s
tokamaks. The great physical imsight of a few individuals, led to
the recognition of the Iimportance of a small, bur finite,
resistivity to the stability of the tokamak wmagnetlic topology.
bespize the fact that the resigrive decay time for the plasma
curreat can be 1000 times the disruption time, even very small
values of resistivity allow localized wnagnetic field 1lime
reconnection that affects the mzgnetic Eield structure globally.
The growth rates of the helicelly Tesomant precursor oscillations
fit well with the fleld 1Iiuse reconnection Instabilities of
resistive MHD linear theory. Thesz Ttesults suggested that aa
explanation of the disruption might be found 4in the nonrlimear
behavior of the resistive MHD modes, and led to the building of
large computer codes to follow the 3-D nonlinear evolution and
tateraticn of the helical modes. The nonlinear code runs showed
that fleld line recoonection could tead to the destruction or
rearvangement of the magnetic surfaces which results in the sudden
heat lose.

The exteansion of nonlineaz resistive HED codes te include high
thermal pressure effects, and more complex magnetic geometry, is a
topic of current research. Also of current fnterest is the effect

of turbulence, based on the resistive MED wodel, on the fine scale

integrity of the magnetic surfaces. It is hoped that this
turbulence model may provide an understanding, and perhaps an
avenye of control, for the anomalously high electrem thermal
conductivity that 1is the chief energy loss channel for tokamaks

today.

B. Overview of Thesis Research

The vresearch of this thesis centers on an sttempt Lo
understand certals operational modes and instabilities in Tokapole
I1, that were snexpected from the polnt of view of the theory of
disruptions. it 1s possible to operate at tokamak safety factor,
q, values below what would normally be prevented by disruptioas.
The device has several unusual features which may de related to the
ability to operate at low g. Ia particular, Tokapole II may be the
only poleldal divertor tokamak thet £s routinely rua with
substantial plasma current outside the dlvertor separatrix. This
might produce a unigue relaticoship between the locatiom of the
magnetic surfaces at which the helical modes ate rescanant, and the
current density gradient which drives the recounectioa, that may be
responsidble for the low q operation.

The device can be operated with central g values {q=1/field
line pitch) as low as 0.5. In the usual model, vwhen q drops below
1, a helical mode that is resonant with the magnetic field lines on
the q~1 magnetic surface, grows until the current deasity profile

within the g=1 surface iz flattened, ralsing q zbove T everywhere.



The perfodie Flattening of the temperature profile that results
from the magnetic field line recornection ia this instabllity Is
manifested as ~sawtooth” oscillations om collimated soft xray
detectors. Even though sawtooth oscillations arve observed io the
seft xrays, the central g values temain below 1. An attempt has
been made to explain the behavior with a nonlinear resistive MDD
code. The energy confinement of these very low g discherges is
relatively poor.

At higher toroidal magnetic fleld, in cases for which the
energy confinement is &a order of magnitude better thao the very
low g case, it appears to be possible to operate with most of the
region within the divertor separatrix below q=2 without a major
disruption. In these q<2 discharges only internal distuptiomns are
observed. The ability to operate belew g=2 without a conductinog
boundary near the plasma surface would be unique.

if q=3, dis;uptions are observed which have magnetic precursor
oseillations ludicative of the m=2, n=l helical modes seen on other
tokamaks. No terminatios of the plasma current, however, is
normally seen for these discharges. This may be the result of the
smallness of the disruption major axis shift predicted im Tokapole
11 wmagaetic geometry, and the lack of a2 material boundary near the

separatrix.

C. Dutline of Thesis

Chapter 2 contalns a drief review of the experimental and
theotetical results for disrzuptive instabilities, and also an
account of the relation of these instabilities to the gozl of
conttolled fuslfon in tokamaks.

In chapter 3, Tokapole IT Iz described, and some detalls of
the diagnostics and data analysis are given.

Chapter & gives a detailed outline of rhe experimental results
and discusses theilr interrelaticn.

Chapter 5 discusses the detalls of high toroldal fieid
discharges In which periedic minor distuptioms are observed. These
di{sruptions have magnetic precursor cscillatlons consistent with
the 3~2, u=l modes observed cn other toksmaks. Distertion of the
precursors are coasistent with an odd » even n mode. The lack of
curreat termination In these disruptions may be related to the
suall major axig shift that would occur in Tokapole magnetic f£ield
geometry. Langmulr probe studies Indicate g rapid loss of plasma
to the regiom near the diverter rings duricg the dlistuption.

Ia chapter 6 the high toroidal field q{2 case is discussged.
This case exhibits sawtooth osciliations in the soft xrays with
a=na}l precursor osciliatioms. Fits of the iaversion radiuvs for the
sawtooth oscillaticons and wvarious global parameters to a MHD

equilibrium code indicate that the ¢=2 surface lg very close to the

<

divertor separatrix.



Chapter 7 give an account of the results for a low toroidal
fleld case with gq=l. Sawtooth osciilations are also observed ia
these discharges; however, lnstead of m=n=1 precurscr oscillations,
the diszuption Itself propagates with the pitch of an m=n=l fleld
iine. This may be a Ttelatively clear example of a helical
structure 1in the mnonlinear phase of the modes growth that is uot
normally observed, that may be more consistent with the clasgsical
Kadoptsev plecture thas with the propagation of an axisymetric
turbulent regioum.

Chapter B discusses the very lov g data. BHere the central q
values remain below 1 durfng sawiooth osciliations. Some nonlinear
resistive MHD code results, with the original position of the q=1
surface gear the separatrix in the equilibrium £iux :plot, -showed an
apparent saturation of the instability. In -these code rtums,
bowever, most of the current density profile is flattened; which

- would have resulted in an experimentally measured q value near 1.
Another resistive MHD code run showed the ususl development of the
fnstabliity with g relaxing to values greater than 1. "The factors
which determine whether sataration will oceur are aot yet
anderstood. Also discussed in this chapter are scalings of various
perapeters .with q. An .attespt is wmade to .account for: the .poor
confinement of these discharges on the -basis of localized
.interchange -modes. -Although the eireular flux surface version of
the Mercler crlteria suggests instability at-these low g values,

more deralled calculations, using the MHD equilibrium code,

indicate that, at the very low pressures of these discharges, even
the relatively flat terofdal current profiles obsezved

expetimentally have sufficlent shear to stabilize these modes.



CHAPTER 2

TOKAMAX STABILITY LIMITS

A. Introduction

Among the first attempts at wanaging the energy  of
thermonuclear fusicn was the lineer 'z~p£nch-’1 In this device z
iatge current {s driven through a plasma discharge columm. This
curTent serves to ohmically heat the plasma, and the magnetic field
geaerated conpresses the coluan, isolating it from the vessel walls

zod  further valsing the plasmz pressure. Unfortunately, this

(3

imple type of discharge {5 unstable to kinking or leoeal gploching
the current chaanel. A strong magnetic £feld added aleng
the column’™s length can act through 1te wmagnetic pressure Zao
prevent the pinching off instabillty, and also, 1f ir Is lacrge
enough, can, through its magnatic tension suppress the kink mwode zs
weil. Unfortunately, with a large magaetic field compouent along
the discharge length, plasma particles can easily flow along the
field and escape. A solutlon to this free streaming problem is to
simply cosnect the two ends of the current column together forming
a torus, and drive the plasma current inductively as a transformer
secondary: this is the tokamak configuratioa.

The g, or tokzmak safety factor, is 2 measure of the ratic of

the mnagnetic f£ifeid along the current column, BQ, to tke teroidal

plasma current, Ip‘ Cn & {ield Iine, in a2 alrcular cross section
tokamak,
q = d¢fde = IBQIRBB, (2.1)

where ¢ 1is the aagular tereidal coovdinate, and 8 is the angular
peloldal coozdinate, By is the poloidal magnetic fleld, ¢ Iz the
miner radius and R Is the meajor radius {figure 2-1). 1In any type

of toroldal geometry,

= lim(toroidal treasits/poloidel transics}, (2.2}
q P

where the limit fs to an infinite numdber of torecidal transits. in

axisymmetric toroidal geometry,

L4
= __tor (Z.3)
dépol
where gpo, is the flux of the toroidal magnetic field within &

magnetic surface, and ¢pol 1s the flux of the poloidal field.
lthough operating at sufficiently high g solves the problem
of the Ip driven modes described above, this is a rather Pyrrhic
victory. As will be described in more detail in the next section,
the particle and energy confinement in z tokamak depends om the
presence of the poloidal magnetic field, and scales fnversely with

q- In additioa, in order for tokamaks to be feasible as raactors,
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pressure attainable for 2 given magretic field stzength wmay be

javersaely witk q2. These considerations have made low g operation
of great izpartance in the tokamak contrelled fuslon progras, which
has brought an exteasive theoretical aad experimental effort te
vear on understanding the physics ef the current driven

fustabilicies, and thereby facilitstisng their centrol.

3. Low g Cperaticn aad the Tokamak Fuslion Reactos

Pe = Yi,j“i“j<ﬁv>i,jgf’ {2.4)

vhere Yi’jzilz for 4= and Ti,j'l for 423, n; is the specles
density, <°v>i,j i3 the velocity space averaged reaction rate, and
E; is the energy per fusion. <nv>1’j is a very strongly increasing
function of temperature, rising over 3 orders of magnitude for
temperatures from 3 o 30 keV. Significant power production im
tokamaks, thus, depends on operation at high plasma pressure.

The plasma pressure gradieot cam drive imstabilities which may
1imit the maximum attalnable plasma pressure. If the magnitude of
B decreazses lu the directlion that the pressure decreases, thean the

volume of a tube with a given zmount of magnetic flux Increases

13

wnile the pressure within it decreases. TEf a tube from the outzide
iow prassure, high volume reglen is sdizbatically intarchanged with
& tube from the high pressure, iow velume reglon then the energy of
the system will be ieowered resuitiang iz =22 iastabilivy «hich
flattens the pressure gradiemt. In 2 tokazak the volume of 2 flux

tube is normal the 1/R variztifon of the torvecidal

=
-
e
Q
B
ey
o
]
I
L
£
7
L

magnetic field; oa the large majer radiue side of the torus the
interchasge described abova lowers the energy of the plasma, while
on the small major radius side of the Iorus, the pressure gradient
is im the direction of decrzasing f£iux tube volume and so the
interchange raises the plasma energy. Heowever, 1f the interchange
i localized to the large major radiss, or "bad curvature” side,
then the displacement of the plasms zust vary aleez a2 fileld lime.
This variation must bead the field line, which reprasents &
restoring force that helpgs o stabilize the “ballooning.” This
fieid line bemding becomes mere pronounced the woTe quickly & field
iine goes from bad to good curvature, thus, this mode 1s more
stable at low q. A theoreticslly predicted limit on the ratio of

the plasma pressure to the magnetic pressure,

B> = zp°<p>fsg, {2.5)

which results From the "balloeming”™ mode of tdeal {resistivity,

7,=0) D {mpiles that®
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B < Popgp = TE(RQF) =52, (2.6)

vhere £ £s & pavameter Cthat depends on the shape of the plasms
cross section and 9, is the q value at the plasma edge. Since the
technologically attainable B¢ over the ~2m minor radlus envisiomed
for fusiom reactors is 5-10T, <E>=5X 1s barely adequate for
significant power productlon (Q*S).& Although the ballooning mode
1{mit has not yet been completely verified by experiment, 1f It
does exist, operating at higher fusion power densities, or at a
lower, mote economically desirable B¢ value may be possible at
lower q.

1f the mode 1s of constant amplitude alomg a field line rather
thsn localized in the bad curvature, then the £ield 1line bending
menticaed above does nor occur. Ia this case stability 1is
deterained by & competition of the effects of the displacement in
the good curvature and bad curvature region. For q<l the overall
affect 18 destabilizing. A necessary condition for stability of

this wmode is glven by the Mercler criteria for a Rfr>>1l, elrcular

:o&anaks as
i{ﬂ’(r)}z + 2p, PT{t)e1-q2) > 0. (2.7}
&q(r) rB%

Since the shear of the magnetic field 1ines 1s stabiliziag through

15

the first term in equatfon 2.7, thils mode 1is expected to be
important only near the magnetic axis.

For & glven fuslon power level to be sustained, eilither the
power produced must be greater than the losses, or power laput
(ohmic heatieg, tf, neutral besms, etc.) wust make up the
difference. The ability of the tokamak to confine energy, which 1is

characterized by the global parameter

g = 3/2<0k(THT /By 4P, (2.8

then, may determine the euglneeriag feaslbility of attaiasing
sustained fusiom.

The 1lon enerpy confinement time 1s experimentally in good
agreement with "neoclassical” theotyﬁ and so should scale as 1/q2.7
The electron thermal conductivity, which 18 the dominant loss from
most large tokamaks, 1s oot completely wunderstood; however, a
theory based ou resistive balloonlog wmode turbulence predicts

thst&’a

Tpe ~ T,/ (aXKER/)2. (2.9)

Operating at low q may, thus, redeuce the amount of power Input

needed to attain a given level of fuslon power production.
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The inmsrtabilities which have set = lower 1liamit on q are
related to the simple ink mode of the lineat z-pinch. The
magnetie eneryy associated with large toroldal curreats can drive
modes which rezrrange the magnetic fileld geometry in & destructive
fashion. Thege wmodes are knowno &8 "diszuptive fnstabilicies”

because of their often dramatic effect on the tokamak dischazge.

&. Disruptions Resulting from m=n=1 Belical Modes

im 1973 relaxatlom oscillations im the soft xray (0.5-10 keV}
emissivity were fizst observed on the T~& tokamak at the Furchatov
institute in the USSR-g This was qulckly followed by gimilar
observations oe the 5719 and ATCEI rokamsks at the Primceton Plasma
Thysics Laboratory- These "sawtooth” cscillations have
subsequently been seen oo ali tokamaks, o2 BERY different
djagnostics.

The general character of the soft xray (SXR) signels as they
appear oa a highly collimated, muitfichord, SXR array is shown
schematfically in figure 2-2. All the central chord signals show =3
giow rise followed by an essentially simulraneous rapld dzop.
Beyond a transitien radius the sawteeth sre inverted in character;
each c¢hord begins to rise elmultaneously, and chords further from
the plaszma ceaier peak progressively later. These "Internal

disruptions™ occur nearly sigultaneously at all toroldal angles.

17

FIG. 2-Z. Schematic Tepresentaticn of typlczl sawtooth oscillations
and mrn=1 precursor oscillatioms ag observed on a highly coilimated
SYXR array. The nuubers deaote the positios of each chord above {+)
and beiow {—) the midplane. The central chord shows a frequency

doubling of the precursocd ‘osciilation dwe to line averaging

effects.
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Accompanying the sawteeth .are searly -sinusoidal precurser
osciilations which grov in amplitude as the central chord signals
ramp up. The structure of the precursor oscillation is found to be
m=u-1,10 where the mode numbers are determined by assuming a prhase
factor exp{i(m8-nd)}). These are the mode numbers for a disturbance
which has the sase helical pitch as, i.e. 1s resonant with, the
magnetic fleld lines on the q = 1 magnetie surface.

The curreat demsity profile, and heace q, of tokamak piasmas
is wusually determined from Thomson scattering meagurements of the
electron teamperature, Te, and density, u,, profile. From 1, and
Tar the resigstivity profile is computed from the Spitzer reiatioulz
under the assumptlon that Z.ef (the effective fon charge state) is
a constant. The current density profile cam then be deterained if
the curreat density ig assumed to be in equilibrium with respect to
resistive diffusion, so that J¢~l/n-lﬂ’11 The q prefile has also
been determined by smalyzing the drift orblts of injected weutral
particles-13 These techaiques show that the inversicn radius of the
sawtooth oscillations is umear the g=1 surface. iIn addition, when
o gq~1 surface exists in the plasma, the sawtooth oscillations are
aot present-u"ls’16

Although the S5XR detecﬁors are sensitive to electron density
(~u§) .and temperature (~T:), the TFR group has shownla that the
jnternal disruption 1s predominantly a telaxatlion of Te' On  AYC,

the ceatrai T, from Thomson scattering saturated near the time the
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savtooth oscillation  began, indicating that the internal
disruptions affect the heat coufinement.l1

These facts suggest the following model for the laternal
disruption-17 Prior to the diszuption, the temperature of the
region of the plasma within the g=1 surface iacreases by nJ?
heating, causing the central chord SXR signals to vamp up. At some
polnt =2 catastrophe occurs which rapidly transports heat ocutward
across the gq=1 surface causiog the rapid rise of the external chord
signals. Further from the plasma center, the rounded character of
the imverted sawtooth 1s consistent with the arrival of a diffusive
heat pulse.17’18 B. Kadomtsevlg provided a heuristic description of
the rapid heat loss mechanisa that is consistenmt with the g=l
gsurface javersion  poimt, and the growing wm=n=l precursor
oscillaticaos.

fn ideal MHD, a plaswz with g<l ecan lewer Its magnetic energy
by kinking into & helix with m=n=l-20 This cao be eovisloned as a
rigid shift of the poloidal cross section in the direection of the
displacemant vecIerT ¥ vhich rotates with z helicsl piten of m=m=1
as shown in figure 2-3. Since the magnetic enexgy of cuter reglon
of the plasma with g1 1s raised by such a kinking, the
displacement g, for the most unstable mode, must go to zero near
the q=1 surface. Thus, as the amplitude of the wode grovs,
mzgnetle flux is compressed between tha q<1 and q>1 reglons- This
compression would satutate the 1deal mode at a low amplitude.zl The

£lux that is being compressed comes from the component of B

2%

FIG. 2-3. men=1 kiak. ¢ each toroidal azimuth, ¢, the part of the
plasma current columa withio the g=1 surface %s shifted radialiy
outward withouz distortisca of the surfaces.- Since the region
outgide the g=1 surface remains fized, as the kiok grows flux is

coppressed between the g<l and q>1 reglons.
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petpendicular to the fleld ar the q=1 surface. For & flnite
resistivity plasma, this compressed flux (which can zlse be thought
of as an image current generated im the q>1 plasma by the outward
motion of the kink) can resistively decay. Thus the %kink can
continue to grow as flux just within the g=1 surface ig resistively
reconnected to flux just outside the q=1 surface. This process
. b changes the topolegy of the flux surfaces, crestiag a helical
"magnetic island” as shown 1in figure 2-4. The teconnection
continues uatil the current denasity 1s Eflattened withia the

original q=1 surface, and g is raised above 1 everywhere. Toroldal

ax{symmetry is restored with the o-poiat of the island becoming the
magnetic axis (figure 2-53). The magnetic enezgy liberated in this

- process is lost to thermal energy as the jmage cutrent generated at

the reconaection polut {island x-point) is resistively dissipated,

and also to the kinetic epergy of the fiuid flows.

b w n/2

Since wmagnetic surfaces within the het q<l region are
connected te surfages in the cold q>1 regiom, heat &= rapidly
transported outwards as the temperature equilibrates through the

large thermal conductivity within a gives surface; this produces

KINKED MAGNETIC AXIS

the .5XR sawtooth osclllations.

The time rteguired for the {nstability to Elip the magmetic
topoliogy, Teigps can be estimated a8 follows.ig’zz’za In
eylindrical geometry, the flux which s reconnected comes from the

component of B perpendicular to a helical surface containing a

/
g
L]
2

ORIGINAL

magnetic Ffield 1lime om the g=1 surface. For modes with long
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FIG. 2-4. Selical maguetlic island generated by flux reconnection at

the ¢=l surface. ¢ denotes the toreidal azimuth.
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FIG. 2=5. 1/1 disruptien, & <ty <ty <t,. The m=n=1 island
contiaues to grov ustll all the Fflux within the origiaal q=1
surface 1s teconnected and the fsland o—point becomes the new

axisymmetric magnetie axis.
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torotdal compared to polofdal wave length, this thelical flux, 1y,

satisfies the magneric diffuslon equatiom,
2 S
EE + $i ¥y w7, . (2.10)

Since the flow pattera of the resistive mode is similar to the
ideal mode, the radial flows go to zero near the recomnection
point, so that at this polat the flows are nearly purely poloidal,
and B0

g

= . (2.11)

vhere J_ is the current gemerated at the recoanectlon point by the

Jump 1n the component of B that generates the helical flux, B*,
-7 B
Jg =12 3’ (2.12)

vhere & Iz the width of the recoannection layer. Outside the

reconnacticn layer, the plasma behaves as in ideal MED so

93 - -y El - —vrB*.

at T ar (213

Since the helical fiux Ls essentlally conserved during the

reconanection, equating (2.11) and (2.13) gives

i

Tep * 2 ,
P73, 2 (2.14)
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where a 1s the minor tadiuns, and R tg the characteristic resistive
diffuaion time = aZ/q. The width, 5, is deternined from the
jncompressibliity conditien God=0,
ﬁv*
A

,
r a

(2.15)

where vy is the Alfvén speed la the 3* field. Combialng {2.13),

{2.14), and {2.15) gives,

*
Titp = (z.tA.;R)ill, {2.16)

vhere 1: i{s the characteristic Alfvéa time = a/v:. The distuption
time arrived at in this way is close to the time the centrzl chord
SEXR signals take to fall ia the experiments. In the Tokapole II
q=l plasmas, equation (2.16} gives 1511p=24p8 which i{s c¢lese to the
ocbserved value.

The m=n=1 precursor oscillatioms can be understood a3 belog
the image of a rotating, helically kioked structure. Diamagnetic
frequencies, inferred from temperature and density profile
measurements, are in agreement with the frequency of the pra=1. 10

Honlinear resistive MHD codes have been in good gqualitative
agreement with Kadomtsev's picture. Codes iaciuding parallel
trangport have reproduced the drop in the central temperature and
rise in the outer regloans, and are in agreement with the time tszken

for the central chord S¥R signal to 5311'2& These ccdes also
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jndicate that, 1o the nonlinear phase, the mode continues to grow
exponentially at a growth tate determined from a linear plcture,
which is propertiecnsal to (dqldr)2’3-25 This faet allows the growth
rate of the island, and Thence 1its size, to be computed as a
cunction of time as ohuic heating peaks the current profile and g0
{nereases dq/dr-15’17 The growth rate thus predicted is ia good
agreement with the growth rate of the precursor oscillations.
41so, by assuming that the disruptlon occuts when the igland width
ig equal to the minor radfus, the sawtooth period can be computed
aad is 1in good agreeument with that found In tokamaks operating ia
many different psrameter regimes.15
The internal disruption resrriction of q » 1 represeats anm, a8
vet, sasurmounted obstacle to low q operation in tokamaks- The
epergy cocnfinement of the plasma within the g1 surface before the
disruption is as good as the remainder of the plasma,ze but 1z{qa<l)
{s poor when averaged over a gawtooth period. For toka=maks
operating at high edge g values (>2) the radius af the g»1 surface
is small compared to the minor radius; and so, the g of the
gverall plasma 1s relatively upaffectad by the intermal disruption.
vor tokamaks coperating below qaaz, the internal disTuptiom can
dominate the overall energy cunfinement-26
The internal disruptlion was suppressed in the Tosca tokamak by
an m=n~l extarnal winding. The required winding curxent was,
however, mnearly 208 of the plasma current-27 Locally intense

microwave heating of the plasma electrons oo the T-10 tokanak
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greatly extended the sawtooth period, presumably through some local

profile change. The resiative m=n=l mode is stabilized by pressure

effects at high (5),28 and 8o may not be a problem in reacter

tokamaks.

D. Distuptions Resulting from m>l Belical Modes

Perhaps the most dramatie problem to confroant the tokamak

reactor effort 1s the disruption. In its wost destructive form,

this zode can result Lo the loss of nearly the eatire thermal

energy cootent of the plasma and terminstion of the plasma current

in a time less than 1 % of the discharge length. +This can result

In a power loss rate of 10 glgavatts for a reactor scale device.?

In addition to the power depogitfon problems, the tapid curreant

change can rtesult in eddy turrent geoeratior, which can produce

severe mechanical stresses, or induce dangerously large voltages {no

pololdal flux supply clrcuitry. This mode also restricts the

maximum plasmz density thet can be obtained by neutral gas puffing,

and the maximum plasma current that can be obtalned for a given

toroidal field;29 thus, It is a significaat obstacle to the

attainment of reactor plaswas In tokamaks.

The sequence of events involved fn the disruptive instability

in the Pulsator I tokamak,30 which 1s typical of most devices, 1is

shown in figure 2~6. Some time bafore the distuption, an m=2 o=l

osciliarion is observed on magnetic field plckup coils located st

the wall. The w=2 acde grows In amplitude as the time of the
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FIG. 2-6. 2/1 disruptlon om Pulsator 1.30 427 modes observed on
nagpetic plck up loops grow in amplitude before the distuption.
a=1 modes of the same frequency a8 the w=l are observed on the BSXR
array. As the coupling point of the a~l and m=2 modes passes the
jimiter, bursts of hard x~rays from the 1imiter occur. At the time
of the disruption the S¥R signals drop, 2 large oegative voltage
spike is ohserved on the loop voltage, aand the plasma current lumps
upward.  After the disruption the plasma current falls relatively

slowiy te 0.
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diszuption approached and eventually impresses its frequency cn an
a=n=l mode observed on the soft xray emissfon from the plasma
center. Roughly 40 ps before the disruption {defined as Fhe time
at which the roroidal loop voltage falls by more than 30 volts in
3 ps) there 1s a durst of hard xrays (HeV). For the followlng 40us
the loop voltage drops by a few volts while the central chord soft
xray signal falls to aearly zero. At the time of the maia negative
voltage spike there is a rapid increase io the loss of fast meutral
particies {energy 2 Ta? and a suddea 1increase im the plasma
current, which then decays to zero over the next few huadred us.
The plasma current {s not always totally lost during the
disruption. For so called "minor” disrtuptions, the effect ou the
plasms current is szall and several of this type of distuption are
often seen during 3 discharge.30’31 The disruptions which terminate
the discharge are referred to &s ~major® disruptions. In some
discharges ao dlstuptlon occuts, Burt a 2/1 mode of comstant
ampiitude 1s seen through most of the digcharge duraticn.31
Direct magnetic probe measureuents of the current profile show
that the central current falls rapidly during the time of the
negatlve voltage spike while {acreasing gomewhat ou the
outside.33’3h This dvop in the plasma inductance 1s the primary
cause of the negative voltage spike. 1m most large tokamsks, the
plasma i3 kept centered in the vacuum vessal by an externally
applied yertlecal magnetic fleld. When the disruption greatly

jowers the plasma Inductance znd pressure (Bpul)’ the plasma
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current geunerated forces, which push the plasma outwards Ia major
radivs, are reduced. The applied vertlcal magnetic fileld wusually
cannot respond on the time scale of the disruption, however, and so

the plasma i3 thrown agalunst the vesgssl ianer w311.36

The appearance of & growing m=2, a=l cscillaticn prior to the

disruption %8 a feature common tu most tokamaks.30”33 Disruptions,

however, are sometimes seen with a dominant 3/1 mode, or with no
precursor osciliatinn3.31 The appearance of a coupled 1/1 mode is
less generic however. 1In some cases the 1/1 made seems to be
related to the imstability but does not have the frequency of the
2/1;31 in others, a coupled 3/2 mode ia observed.32’33 The q=2
surface (at which a 2/1 mode 13 resonazmt), as detetmined by

pagnetic fleld and Thompson scattering measurements, is further

implicated ia the disruption by the fact that the curreat and soft
xray emissivity drop is sometimes observed to propagate ILawards
from this sx\.u'fa::¢a.31'3'S Resistive MHD theory incorporating

sonlinear mode coupling has been very successful in accounting
gquantitatively for the features of the disruptfon.

While the torofdal m~n~l mode 1s marginally unstable {y=0) in
i1deal MHD, the m>2 modes are stable.37 This 1s a result of the fact
that the w=l mode 18 a rigld displacement of the plasma cross
gection while the m>»2 modes distort this croees sectiou. This tends
to loealize the pertutbation for wm»2 to the regloa near the

resonant surface, and produces a tearing mode which is weaker im

the sense that its exponential growth rate {s closer to a reslstive
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~ 151[3.37 Bacguse of the

tine scale yguy ~ 1%315,38 while Ypo
weskness of the wm»2 tearing wnode, forces due to secoad order
currents are able to change the growth from expouentfal to linear

39 Even this slow

ia time at =& vate ou a4 resistive time scale.
process, which can be comparable to the discharge duration, can be
halted by a self stabilization through quasilinear flatteniag aof
the current deunsity profiles.ao The gaturated Zsland width 18
detersined by the shape of the equilibrium curreat densily and
tesistivity profile, and gemerally is larger whea the currTesnt
density gradfent 13 steepest. A typleal saturated {gland width for
the 2/1 mode is 19% of the minor radius. The saturaticn of a 2/1
island explains the observation of discharges with continuous 271
fluctuations and no disruption.

B. Carreras and othets&l’&2’43 have shown that the ooalinear
{nteraction of the 2/1 with other modes can lead to destabilizetion
of many tearing modes. This destabllization proceeds both through
quasilinear zodification of the equilibriza current densgity
profile, and through direct nenlinear mode coupling. The nodes
ptimarfly studied by Carrerss et al. were the 2/1 and 3/2Z. Both
of these modes were limearly wunstable Ffor the current deasity
profiles employed. The quasilinear perturbation of equilibrium by
the 2/1 and 3/2 destabilized the 5/3, which in turn coupled to the
3/2, tremendously Increasing its growth tate and also destabilizing
the 2/1. This process produced large pertuthbations of

tnconmensurate helicity ocecupying the same regioa of the plasma-
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Becavge of the 3-D nature of the magnetic  geometry, this
interactior produces a tegion of ergodic field rather thaa magnetic
surfaces as shewn in figute 2-7. The exact extent of the ergeodic
reglon depends oa the modes iavelved and the current demsity
profile.

This model 1s consistent with the experlmental results which
show that the disruptfon £z initfated on the ianside of the q=2
surface. The ezperimental dats seems to be more indlcative of 11,
2/1 coupling. THowever, the unodel alse pradicts that a 1/1 mode
wiil be driven by coupling of the 2/1 and 3/2.

In experiments on JIPP T-II the 3/2 mode was identified. The
workers on this experiment were able to prevent the occurrence of
disruptive imstability by contzolled gas puffing and plasma curremt
programing.33 H.R. Hicks et al.&é used the current deosity profiles
chrained for this experiment as initial coanditions for code rTuns.-
They were able to predict the duratfon and size of the negative
voltage spike observed om the discharges that did disrupt. For
those discharges which &1id net discupt, the mode interaction was
found to be small snd the magnetie islands remained saturated. The
code accurately predicted the level of magnetic field fluctwation
obgserved.

The 2/1 mode is important in the disruption because the g=2
surface lies near the edge of the plasma in a region of large
current denglty gradient. kg already mentioned, the wmagnetlc

island size generally dincreases with the equilibrium curreot
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FIG. 2-7. Production of a large ergodic fleld reglon through the
interaction of the 2/1 and 3/2 modes. At % the 2/1 and 3/2 island
are visible and some ergedicity 1s seen In the outer 1islsnd
surfaces; from t, *to ty the ergodicity spreads until it covers

nearly the entirsa plasma column.

39
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density gradient st the mode ratiopal surface. Since the slze of
the 2/l island determives the strength of its interactlon with
other #wodes, the current density gradient at the q=2 suxface
detersines 1if a disruption will occur- Tncreasing the plasma
denstity by gas puffing from the wall increases the impurity imput
from the wall and subsequently cools the edge of the plasma.
Cooling of the edge plasca decreases the curreat density in this
region and, thus, increases the curreant density gradieat near the
g=2 surface. increasing the plasma density by pellet injection may
avoid this effect and allow the disruptive density limit to be
surpassed. Improving wall cleanliness, either by discharge
cleaning or gettering, can decrease the impurity foput that results
from increased Tecycling with heavy gas puffing. This techuique
has ailowed higher demsity operatica without disctuptiou in several
tokamaks.33'&5 The distuptivelcurrent timit can be understoed on
the same grounds. As Ip {3 increased, the g=2 surface moves closer
to the edge where the curreal density is larger producing a larger
2/1 island.

Control of the disruption centers oo conttol of the 2/1 mode.
Attempts to actively suppress the disruption involve elther
fiattening the curreant density profile in the region near the q=2

surface, or attacking the 21 perturbation directly by dc27’3ﬂ
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or
feedback coantrolled external helical windiags. Although 2/1
helical windings have beea somewhat guccessful, on larger tokamaks

the helical colls require prohibitively large curreats, and the
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helica)l windings can add significantly to the complexity of the
device. A related technique uses @ nouresonant winding to destroy
the magnetic surfaces, and thus flatten the temperature and curreat
density gradient 1n the neighbochood of q_=2.£'7

Most tokamaks today use Ip and gas puff programiag te control
the current density profile at the g¢=2 |;\.11'face.3:'3"!'s Because the
plasma 1s a good conductor, attempting to rapidly incresse its
current will generate ekin currents which flattea the current
density mnear the plasma edge, and counteract the peaking effect of
impurities produced by gas puffing. Using this technique waay

iarge tokamaks are able to operate routinaly below qedgesz.s.

E. g <2 Tokamaks

A1l tokamaks which have operated with q<2 have enployed a
conducting wall nmear the plasma surface.zs'Z?’ag This wall acts to
stabilize the 2/1 mode when 1t 1s near the plasma edge. Oace
qedge<2’ no 2/t disruptions are observed; weually & positive
voltage spike 1s observed near the transition to q<2. The energy
confinement time of DIVA,26 when operated below qedge-z, is wmot
significantiy lower thas for qedge>2 operation. As q is lowered
further, the energy loss becomes dominated by internal distuptlons
as the gq=1 surface moves near the plasma boundary. During the
sawtooth Tamp up, Ty is a factor of & better than the average
value. Below qedge'1'3’ T drops by & Ffactor of 100, and a

saturated m=n=1 kink is observed. The authors attributed this drop
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to the close proximity of the g=l surface to the plasmz boundary.

In the LQT {(Low g Tokamak) at Culham ].—al:w:ral:oty,“9

as q approaches
1, positive voltage spikes appear and a rapid Tpump out” of plasma
density occurs. Sawtocth oscillilations occur, accompanied by
predozinantly m=n=l oscillatlions observed on magnetic loops at the
plasma edge. These authors did not attribute the loss of
confinement directly teo internal disruptions. In both experiments
the current could not be raigsed beyond the point at which the 1losa
ia conflnement occurred.

The q<2 reglme was reached ia the TORIUT-4 tokamak with the
conducting boundary placed as far out as 1.5 times the plasmaz miner
zadfus- Thiz was made possible through the use of an externsl 3/1
winding that ergodized the 2/t island during the curreat build up

phase of the dischatge.&7
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CHAPIER 3
APPARATUS AND DIAGNOSTICS

A. Tokapole II

These experimentd were carcled out ia Tokapole 111 {figure
3~1}, a poloidal divertor tokamak, which has bheen in operation =t
the University of Wisconsin~Madison physics department siace March
1978. Ap excellent descriptiom of the engineering and physics
considerations involved in the desigs of the device can be found in
references 2 and 3.

The vacuum vessal consists of a 44 cm square cross sectlonm
torus, with & major radius of 3G cm (figure 3~2). The vessel walls
are 3 ecm thick aluminum, with {nsulated bresks both poloidally and
roroidally to allow the rmagrnetic fields to enter. Within the
vessel are four, solid copéet, % ¢m cross sectlional diawmeter,
toroidal rings, which are each supported at three points by
beryilium copper rods. The rings cau be moved vertically + 5 =zm to
position the plasma.

The torofdal current in the rings and plasma {s driven
faductively through a 40:1 turns ratio transformer core, by & 7.4
oF, 5 kV capacitor bank. The curreat Ain the rimgs, which is
typically a total of 200 kA, produces an octupole patfern of
poloidal flex contours in the absence of plasma curreat, as shown

in figure 3-3a. The position of the rings within the conducting

&7

FIG. 3~1. Wisconsin Tokapole II poloidal divertor tokamak and

typical experimentec.
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FIS. 3-2. Cross section of Tokapole IT vacuum vessel. The diverter
rings are shown in the pesition esed for most of the experizents io

this thesis.
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¥IG. 3-3. Contours of constant poloidal magnetic flux For {a) with
no plasma current and {b) with plasma current. The insertable
baffie plates .are :showa in thelr current shapes as @ .solid Line,

and by a dashed line for their original shapes.
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division, the vacuum electric field at zhe sachive ceater, which
drives the plasma curvent, iz gbout half what {t is st the machins

wall.

The contours of poloidal flux with toveidal plasma current

Throsghout the semzinder of this thesis, ucless otherwise
specifled, "inside the sepavatrixz” will refer to the poloidal flux
which does mot esclrele any of the divertor colls, zud “outside the
gepavatrix” will refer to the remainder of flux space. AZse shown
fn figure 32-3b are the four, thin stainiesa steel, baffle plates
that can be used to restrict the curreat to the regioo within the
separakrix.

The Tokapole II poloidal field geometry is gimilar to the
Doublet III& (when run in ewpanded boundary wmode}, ASDEXS, ?Dxﬁ,
and DIVAT tokamaks, and fs termed a poloidal divevtor configuration

since flux 1ines outside the separatrix are diverted from a
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cireular path to one which encitcles the rings. A poloidal
divertor configuration £s dimportant since the plasma wall
interactfon cau be 1solated to structures inserted into the plagma
i{n the gap betweez the rings and the wall, which facilitates
conttol of impurity influx.5‘6’7 Also the preseasce of the
separatriz appears to allow the achievement of an enhanced
coafinement regime in peutral beaa heated tokamaks.® Tokapole II 1=
the oaly divertor tokamak that routinely runs with substantial hot
plasga and plasma curremt outside the geparatrix. In other
polofdal divertor tokamaks the flux lines outside +the separatrixz
intersect a limiter plate; this makes the gradients of pressure and
current density large mnear the separatrix. In Tokapole 1I,
subtantial plasma curreat aad pressure exist outside the separatrix
o that the curreat density gradfent in this reglon can be sguail.
Since these gradfeats are {wportant in determlining tearing mode
stability, disruptiocns ip Tokapole II could behave much differently
than in other pololdal divertor machlaes.

Two types of transformer primary waveforms were used In this
experiment. TFor the "low ¢~ case (figure 3-4a) the capacitor bank
{s connected directly to the transformer primary producing a gingle

turn secondary voltage, "V " of egsentlally & quarter sine wave;

g’
when Vpg reaches =zero, a diode across the primary clamps the

voltage. ¥For the "high 4" case {figure 3-4b} a zesistor ts added

to the primary circult which damps the main capacitor bank voltage

FIG. 3-4. Typical torcidal plasma current, I

voltage,

v
g’
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" and poloidal gap

for {a) a lovw q case and (b} a high g case.
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waveform; & 0.98 F, 450 ¥V capacltor bank added to the Zlode elzcult

claaps V capacitor bankp ta 5 V capacitor bank.

E

The teoroidal field, 'B¢," is produced by 96 poloidal windings
driven By & 52 aF, 5 k¥ cepaclitor Dbank; when the bank voltage
reaches zera it £s clamped by an ignitvon acvoss the windings. The
3¢ capacitor bank is uwsually triggeved 6 ms before the bamk which
drives the ving and plasma curreats; thus, B¢ remains failrly
constant ower the course of the dischevge {figure 3-5). 5¢ a2t the
wachine center tanged from 1.5 te & kG feor these experiments.

Hydrogen gas Is puffed into the vacuus ~vessel BF &
piezoelectric valve 16.56 ws befove vpg is flred. For the low g
experinents, 50 watts of coantlavous S-baud microwsves are used to
preiopize the plasma. The line averaged density as measuved by a
70 GHz interferometer for this case Is shown in figure 3-fa. For
the high gq experiments, 4o additfcn to the inftvfal gas puff, a
feedback ot mansally costrelled gas bleed wmaintalas the density
{figure 3-56b1}. For the high g case a 500 ps pulse of 8 ¥ E-baand
preionization is used.

Typical plasma  parametexrs  are Te = 100eV, Ti = 40eV,

a, = 108973, . = 50ps(low q) to 500ps(high q), and <B> = 0.1%,

B. Magnetic Probe Measurements of q and ¢

The poloidal magnetic field was wmeasured with magnetic probes.
These probes consist of two 1 em long coils of about 50 Aturns,

wound on top of each other, and encased ia 1/8 iach dlameter, $.01C
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a .high q case.
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The values shown are typical of
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FI&. 3-6. Typical l1ine averagad

case and (b)) 2 high q case.
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inch-wail-stainless.steel tubes. :petails of the probe -design -can

~be ‘found .in :referemce :%. "The .colls.are orlented to-detect the
-'com;rnnents~of-‘§P°1.,pEtpendiculal‘ .and.parallel-to :the .probe -axis.
“The - freguency -Yesponse .of :the-probe. was measured: to better thaa
100 -kHz.

‘The,probe-signals are’ first run :through passive ‘integrators
.uwilth - time :constants:of about 20-ms, .and: then digitized .and:stored
by computer. ‘Sloce slight-misalignmentg:of the sprobe about -its
+axks -would .cause large ;-_Be-pickup, the . probe -signal -from a-pilse

with vacuum. toroidal field ~only -is ssed :as -a -baseéline. The
‘perturbatica .on ‘the -vacuua toroldal field -that results ‘from
poloidal -plasma -currents -was ‘found .to be £ 5.X -of BO’ zand
- therefare, .irs -effest .om the baseline .signal .and .in .the
computations described:below.were ignored. 'The.data.grid used for
-the:magnetic -probe -measurements 1 ghown in figure:3~T7.

‘The pololdal -magnetic field data was .analysed, -assuming
toroidal symmetry, to produce.plots of poloidal:magnetic ~flux, -4,
profiles wof :the flux -surface averaged .q, .and.profiles ofthe
gurrent density averaged. over an ares ‘between. two flux '.surfaces;to
“The -magnetic -axis, -a:-which._BpoiiO,n-waa found by firstusearching
~the-data for the minimum:'ggol.point,:and'-.:hen intarpolating from -2
-polyaonial - fit to thessurrounding-data poiats. “The flux surfaces

-were.thensgenerated:as contours .6f the function

BR 4 -+ .
$(r, 8= Zu_fodr’{l?\b-Pr’.cuse)‘er, (3.1)

B3

FIG. 3-7. Typlcal:data grid for magnetic probe -measurements -of :¢

and g. The -minor:radlus,.r, used in-the -plots-of q 15 defined -as

the distance from.the-magnetic.axis to s given .¢ surface .in :the

‘direction of a:major:radius wector.
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where R, is the major radius to the midcylinder, T the radius froum
the magnetlic axls, g 12 a pelynomial £it to the data, and ; is =
soit vector along r. Once the locus of poiaﬁs for the k7th flux
surface {r{k,8)} aze known, the flux surface averaged q, g{k), the
current within a surface, 1(k), and the ates within a surface,
A(k), are computed from

1 Beor
k) = 2§ ——= 48, 3.22
(k) 2'.—.‘{ (3-2a)

{xe, 0017

(k) = %5 ] Bool ds, (3.21)
{z{x,0}}

a0 = [ £t de. - (3.20)

{r(x, &)}

The aversge current demsity between btwo flux surfaces 4s then

computed as

30k) = [Ikti)-T(k}]/ [ACKHL)-A(K)]- - N & 5

¢. Soft Xray Meagsurements

As mentioned in chapter 1, disruptive Ingtabilities are
asgociated with rearrangement or destruction of the wmagnetic

surfaces within the = plassa. Because of the high thermal
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conductivity parallel to the magnetic fleld, the CLemperature
equilibrates rapldly ovex the new magnetic surfaces or ergedic
reglons created by the instability.

Radlation in the SXR in plasmas comes primarily from socurces
with emissivity that 4&s strongiy dependent on Te,11 so that even
though a collimated detector averages over a cherd, the detected
signal comes primarily from the hottest polnt along the chord.
Detector artays viewing several chords in a poloidal plane can,
thus, provide a qualitative image of the changing magoetic
topology. Very often plasmas rotate rapidly compared to the growth
of the imstabilities; this allows tomographic technlques to be
applied, and the aumber of chords seeded to invert the signals is
tedu:e&-12

The central temperature in Tokapole 1f 1s approximately
100 eV.13 At this teamperatura, SAR radlation comes primarily from
Iine radiation. For =& Mawxwellfan electron distributiocn
bremsstrahlung is expected to dominate recombination only when
kTe>35.&z§fE.1é The right hand side of the preceding expression is
about 220 eV in Tokapole II so that recomblnation radiation I1s
expected to dominate bremsstrahiung. Dielectronle recombination,
which is importamt ia the outer shells of heavy Iimpurities where
the epergy 1ievels are closely spaced, I1s not expected to be
significant, since the photons emitted would be below the
detectable energy limit. Groebner aund Dexter15 deternined from

fmpurity doping experiments that radfation from 1ight impuritles
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{eg. carbon or oxygen) accounted for < 20 % of the SXR signal. At
100 eV the emission from metals is predominately line radiation.ls
The intensity of this radiation iz expected to vary approximately

as16

I~ nanie‘ElTe, (3.4)

were o, i3 the electroa density, ay i the ifon density In the i7th
charge state, and E ig the photon energy.

surface barrier diodes with polypropylene filters are used for
5XR detectors on Tokapoie II. This detector {ilter combination
aliows sensitivity down to photon energies of = 60eV. The choice
of surface barrier diodes was optimum because of their extremely
thin “dead™ {undepleted) P layer wiudow-17 The filltetrs were made by
stretching polypropylene sheet. 800 nm of polypropylene has a
transmittance of 1T at 80 eV and 25% at 120 e¥. 1In practice, if
the fliters were too thin {or had holes), the detector”s echanced
sensitivity to VUV produced an obvicus n, dependence ian the
signals; 1f the filters were too thick, the signal dropped to an
unusably low level.

The temperatura dependence of the composlite detector depends
on the filter, dead layer, and gold contact layer thlckness as well
as the temperature dependence of the source. In an impurity doplng
experiment, 1ia which another parameter of kmown T, scaling was

compared with the SXR signal, Groeboer and DEXtEtlS found that
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SR ~ o 280/Tq. (3.5)
The signal is also expected to be proportional te ng and ng-

The detectors are always operated im “current mode” im which
the output 13 sisply terminated with a 5-100 k£ resister and rTunm
into zn amplifier. Xo biss voltage is normally applied to the
diodes, and they are operated at room lemperature.

The detector array conslsts of geven detectors located on the
outer wall and several other detectors which caan be placed om  agy
swivel port whers they caa be tiited £259 (figure 3-8}. The
roroidal locatfion of the side array, and of avallable swivel ports
ts ghown in figuze 3-9. The side array detacters viewed a spot of
~3em dlameter oa the mideylinder, while the tiltadble detectors hed
z apot size of #0.5em. The frequency response is limited by the
iarge diode capacitance = 200 3F, due to the narrow depleted region
for the unbiased dicdes. Typlcally a frequency respoase of a2 few
hundred kSz could be achieved on the ceatral chord signels, while
the response of the edge chord signals was never greater than
100 kHz. The low frequency response (or equivalently signal to
aclse ratio) of detectors 1 aad 7 (and sometimes 2 and 6) made them

unugable for fluctuation studles-

D. Electric Field Frobes

6%

FIG. 3~8. S¥XR chords. Seven Fixed detectors are available ou the

side array, and ather detectors can be placed on swivel ports which

caa be tilted over the range shown.
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roidal location of S3XR array and other diagnostics.

The toreldal azimuth 1is defined relative to the location of the
gap-
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E z These probes consisted of & single loop of wire of wuniform
o R=]
3 §§ width encased in a 1/47 $.5. tube. When a probe of this type is
Ea_ %E tnserted vertically from the machine top of bottom, znd oriested
?,:’:é §§ with the plane of the loop parailel te the teroidal directiesm, it
= " D; intercepts an anount of poloidal magnetic flux _proportional e the
g | 3

. tetal poloidal magneric flum, i o544 between the machine wall and

the probe tip (assuming totoidal symmetry). An imaginary toreidal

loop passing through the probe”s tip then links the traunsformer

core aad $y o140 IBus, the voltage along this loop is

=]

> v 2 (. ~ed PR R ' {3.8)
& loop core - probe pg ~ probe® - i

t?q -

o where ¢ is = constant which depends on the coll”s area. a can be
=

=] determined ewperimentally from the fact that V]_OQ oa the nidplane
g

[

= ¥ 2.
1in vacuum pg/

Rapid changes In the plasma positicn, Inductance, or

turrent
= can accompany the instabiiitiesz studied. An electric field probe
a
Zm respoads to the subseguent, fast, changes Ia the flux with wvoltage
=)
E_E :g gpike. Using a simple circulr modells,
ECQ
R
=] Egdw .
@S o E £ v = (L 1 Yy (L i b ’ (3.7}
wQ Lok =N 1 probe plasmaplasma ring ring’ ° -
& B o B :
© &2
= a ERE
o; g; Chsnges' in parameters within the plasmz current chamnel affect the
b} =
bl o~

ring inductance and curreat only as images and are therefore of

higher order se that
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CHAPTER &

INTRODUCTION IC RESULTS

The plasma behavier in different operaticnal reglwmes, as
characterized hy_the parameter <q>, iz suamarized in figure &-1.
{g> 1z the q at the edge of a unifore current demsity cirzular
plasma with the same current and roughly the same cross sectiomal
area as the actual discharge. {q> is derived from the circuit
parametets1 as follows. Assuming the current In the plasma fs a
filament dowm the vacuum vessel minor axis, and that the rings are
symmetrically placed and carry equal currents, them the radial

pogition of the poloidal ffeld aull fs given by

8 = 17401 T )0 F (em), (6.1}

where the poloidal fleld of the rings is assumed to vary as 3
(strictly true oaly near the vacuum poloidal fleld null). <g> 1is
defined 4 the edge gq wvalue of 2 uniform currest density
cylivedrical plasma carriag currant IP’ with the same area as 3

square of half diagoral a:

{q> = azsé(T)/lp(kﬁ)- (4. 2)

{q» 1s close to the ceatral q valugs if the current density Is

sufficiently flat (as exists for the very low q case), and gives a

77

FIG. &4~1. General characteristics of MWD activity parameterized by

{q>». Above <q*> = 1.5 the deruped form of Vpg is used,

<q> = 1 the quarter sinme wave form of V

P

g i3 used.

while

below
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MHD ACTIVITY

<g> No sudden current termination #s mormally seen.
Sowe form of relaxation always seen ot S5XR.

S¥XR - Giait and small $awtooth oscillations with
i~ na obvicus precursors.
3.0 B - Distorted even-m, odd.a précursers (2/1;3/2 7).

e~ SXR - Less periodic giant sawteeth and small
sawteeth.

2.0
| o S8R « Smzll sawteeth only with m=n=1 precursors.
B - No obwvious precursors; turbulent spikes at
the time of each sawtooth.
e
1.0 —} ~—SXR - No precursor oscillatioms; savtooth crash has

men=1 structure.

SXR - Confusion
.r.‘s - Magnetic fielé measursements indicate that g
remains below 1 during the "sawteeth! with
an osciliation in q near the separatrix.

FEZATURES
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value that i3 close to the actuasl q at about 30X of the minor
radjus 1o the more peaked cases (e.g. the better coafined high B¢
case).

411 plasmas with {q> < 1 were obtalned with the gquarter sine
wave driving voltage while all those with <q>» » i.5 used the danped
vpg with power crowbar. Tokamak discharges with q values as low as
0.5 over most of the current channel withia the separatrix can be
formed for 3-4 ms. These dischatges show sawtcoth escillations on
the SXR signals, but magnetle probe measurements ivdicate the
central q values, Instead of relaxing to 1, as would be expected
for intermel disruptions, remain nearly fixed. The g>1 surface for
this case 1s wvery near the separatrix, and there is = small
oscillation la q near the g~1 surface which ig time correlated with
the SXR sawtooth oscillatlons. These discharges have poor energy
confinement (13<50p3}, and so, would require a large ohmic heating
power 1input to be sustaloed. The discharge length in thus Iimited
gaverely limited by the available voit—seconds of the irom core.
The 3-D nonolinear resistive MHD code, HIB,Z provided by the
Princeton Plasma Physlics Laboratory has been employed in an attempt
to reconcile the very low gq data with the resistive tearing mode
theory. This has not yet provided an understanding of the very low
q results;

If <4g> = 1, sawtooth oscillations are observed which show no
precursor oscillaticons; instead, the disruption (sawtooth crash)

itself has an n=m=1 helical structure. A helical gtructure in the



8C

sawtooth crash is consistent with the classic Kadomtsev model, and
may be a unlgue example of the contlnued applicability of this
plcture through the nonlinesr phase of the 1/i disvuption.

48 <q> ia decreased from 4 to 2 in an IP scan at constant B¢,
the characteristic of the szwtooth osciliaticns, as viewed on chord
4 {central) of the side SXR array, changes greatly (figure 4-2).

At low I?, 3 or 4 small savteeth of period 100-200ps are
superimposed om glant sawteeth of pericd = ims. This uniform
combluation of large and small sawteeth is obtained whenever
¢g> » 3.0, and £s Iindependent of the plasma deunsity. TPrecursor
osciliations of even m and odd n character are observed oo magnetlic
loops for both the giant and swmall sawtooth oscillations. 4n odd m
mode with twice the frequency of the even @ 0dd = mode appears Just
before the disruption. This is conslstent with the standazd 2/1
disruption medel; the superimpesed odd = mode may be a coupled 3/2.
Except at very low deomsity, IP 1s oot terminated 1n a disruptiom.

As Ip is increased with B¢ constant, the glant sawteeth become
less regular. Below <g>=2, only swmall gawtooth oscillations are
observed. These sawteeth show very little magnetic precursor, but
instead, show a streng 1/1 precursor on the SXR. Fits to an MHD

equilidrium code3

indicate that the q=2 surface 1s very near the
separatrix for this case. This suggests that the 2/1 distuption
has been eliminated, leaving only the internal 1/1 wmode, perhaps as

a result of the proximity of the g=2 surface aad the separatrix.

BL

¥1G. 4-2. Change im the character of the sawtooth oscillations as
Ip is increased at cosstant B¢. At high <q> both large and small
sawtooth oscillatioms are seen, while at low <g> only small

gawtooth oscillations are geen.
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These discharges have relatively good energy confinement time

{1=600ua), similar to the {g>=3.0 case.
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CHAPTER 5

DATA AND ANALYSIS FOR <{g> = 3.0

The sawtooth oscillations observed for this case teex to be
associated with a2 2/1 mode that is observed on wagnetic pick wup
loops located near the separatrix. The SXR data shovw some
precursor activity that may include odd and even modes, but cannot
be attributed to 2 1/1 mode. Fits of the inversion radius of the
sawtooth osclilations, the position in major radius of the pesk 1im
the GSXR emissivity, and the gress plaswus parameters to an MAD
equilibrium code are consistent with an {aversion radius near the
q*2 surface; it is difffcult to fit this data uvnder the assumption
that the inversico radius is at the g=1 surface. These facts
suggest  that the sawiooth oscillations observed for this case are
2/1 related disruptions. The fazct that the plasma cutreut 18 a0t
terminated " In this case could be the result of the small major
radius shift predicred for a& flattening of the current deasity
profile coupled with the lack of a material boundary near the

geparatrix.
A. Soft X-Ray Data

At <g> =3, the S$XR signal shows glant sawtooth oecillations
with a period of azbout 1 ms; superimposed on the large sawteeth are

several small sawteeth with 2 perlod of zbout 200 us (figure S5-1B).
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FIG. 5-1. Large sawtooth oscillations (b,d) correlated with (a}
upward bumps In Ip, and:. {c) sharp inverted sawtooth oscillations in

the average pressure outside. the separatrix.

87

1 E

P =

% ]

= :

e b

T 3

() ]

= "]

< 4

- 4

e -
w

Fa Rt o s A o E

o0 e L

[ B 2000 4000 6000 B00C.

USEC




VoS

SXR (A.U.)

35 B9

Coincident with the rapid drops in the SXR signal, there 18 aa

L A upward bump in P {Elgure 5-la), and a fast upward jJump Iin the

sat pressure outside the separatrix, as read by a probe that is
— proportional to the volume average of ﬁe(TE)”2 over this :egien1
(e}
{figure 5-ic}.

k The SXR signals For 2 glant sawtoth are showa ia figure 5-2,

while those for & small sawtooth are showa io figure 3-3. fznals

from 3 detectors spaced %0° apart teroidally (60° is the locatlon
of the side arvay}, show an apparent lack of symmetry in both the

large (figure 5-2b) and sa2ll sawteeth {figure 5-3b). Trpleally,

wodels for the disruption,z and the experimental resu1t33 indlicate

I

that the drop 1a the S5XR emlissivity should be neariy m=n=0, and

should propagate inward ia minor radles, «ith an iIaversion unear
(but sometimes imside) the g=2 surface. Some major disruptions on
(a}
. PLT,a however, show an asymmetric drop Im the SXR emission which is

similar 4n character to the one observed oo Tockapole II. Oun PLT,

the disruption appears to propagate inwards Erom the ¢ = 2 surfsace,

but 35SXR chords above the midcylinder £all more rapidly thao cherds

below. Chords ou the bottom mear the Ioversion radius inftially

drop more rapidly than the correspeading chord ou the top, then

increase again, before finally falling sometime after the top chozd

NPITITYN SUTEPITY SPRTOTSI PSSRV AR

| 1 - ' (figure 5-4). The authors of reference 3 felt that this asymmetry
O.D k3 3 1 1 1 1 . z X td L 1 ! 1 1 i L3 ! 2

] 2000 4000 8000 8aca
BSEC

could not be due to a wotion of the plasma ceanter because the upper
chords showed no drop cotrespending to the upward bump of the lower

chords. Instead, they attributed the asymmetry to some type of

¥
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FIG- 5-2. Large sawtooth on (a) side array and (b) toroildaily
spaced SXR detectors. The detector at side 60° ig tilted 9.6°
down; the detector at top 150% ts rilted 2.6% ia toward the wa jor
ax{s; the detector at side 240° is tilted 9.6% up. The toroidally

spaced detectors show an apparent ssymmetry im the disruptiem.

(a)

Soft Xray

()
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FIG. 5-3. Smail sawtooth os {(a) side array and (b} toroidally
;paced SXR detectors. The detector at side 60° is tilted 9.6°
down; the detector at top 150° ig tilted 2.58° in toward the major
axis; the detector at side 240° {s tilted 9.6% up. The toroldally
spaced detectors show aa apparent asywmetty Iin the disruption. The
side array signals {a) show possible precursor oscillaticns: 2 low
frequency, possibly even = mode between 2600us and 2700ps, and a
high frequency, possibly odd m mode between 2700ps and the

disruption.

Soft Xray

®
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¥IG. 5—4. Asymsetry ln & 2/1 disruption om PLT.} The signals are
fiom. chords. located on opposirte sides of the midplane: at 3/10 of

the minor radius: to the limiter which defines the plasma boundary.
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mode coupling effact, possibly between 171 =nd 2/1 mode (botk of
which were observed with meavly the same fraguency).

Tha chords shown in figure 5-2b and 5-3b are somewhat inside
the iaverslen radius for the sawteeth. The upward jump io the top
136% 2nd  side 240° siznsis cowld be due to the increase in

temperature of the outer regions of the plasma which ile slong the

linz of sight of

the detectors. Since the side 60% deteczor iz
pointed down 2,6% vhile side 240° 1s pointad up 9.60, zhe lack of
an  upward  butp iz the side 60°% signal msy be due to the fact that
the peak of the 5XR emission usually indicates that the plaswma sits
i~2em below  the %idplsne“ 1f the upward Jump iz the tep 150° and
side 240° signals {s due to the plasma center being below the
midplane, then the tlme Aifference between the £irst drop of side
240° 2t 3180ps in figute 5-2b, amnd the dzop of side 0% ar 3200us
may then be attvibuted to propagaticn of the disruptiocn ioward im
minor radiuvs. This interpretation 1ls sowewhat borae out from the
side array sigaals, especlally for the small sawtooth of figure
5-3z. In this figure, if the center of the plasma is assumed to be
near but somewhat above chord 5, them the propagatioa of the first
large dro§ in the signals in the ozrder 3-6-4-5 near 2730ps 1s
consistent with inward propagation.
Seme precurzor oscillations can be seem on chorda 3, 4, asd 6
fn figure 5~3a. TFrom 2600us to 2700ps a mode with period =5Cus is
seen, that seems to be in phase for the detectors. Betweea 2700us

and the time of the disruption at 2730ps, 2 wmode with period of

97

=2Gue i seen. This higher frequency wrede fiips phase betweesn

chordes 3 and %, and again between chords & and 6. 4s described

b

a
the section B, the magnetic coil signals show an even =, odd n
precuraot, with parthaps gn odd 2 eves n mode at twice the frequency
superimposad. The low freguency mode just described is  consistent
with the even = magnetic precurser. The ilaversion of the highez
Erequency zode acrtoss chord 3 iz consistent witk the preseace of an
odZ = 4island; the second iovarsion between 3 and & could be that
which would be expectsd across the localized fsliand iteelf. The
structure of these oscillations cannot be consistent with & growiag

1/1 mode.

B. Magnetic Precurser Oscillations

The central chord SR signal, znd the signal to 2 coll which
iz orieated to pick up the poleidal field compoment aleng & wmajer
radius are ghown in figure 5-5. This coil was located ou the
mideylinder, 1iem from the midplame. The frequency composents of
the magaetle plick up loop signal below 10 kIz have been filtered
cut; the high freguency response of the coil fa limited to 300kHz.
An expansion of the fourth spike of figure 5-5b, shows the growth
of the magnetic oscillatious just before the $XR drop (figure 5-6).
In figure 5-6c,d coils located licm above the midplane 180° away in
toroidal angle from the coil in 5-6b, and a coil located llcm below
the midplane at the same torofdal angle 28 5-6%, show the even ao

0dd n character of the pracursor oscillaticas.
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FIG. 5-5. Bursts of oscillaticas on magnetic field pick up loops at

cvery SXR sawboothi {a) large and small sawtooth oscillatiozs oD

the central chord detactor {4y of the side SKR arraf: (%} the
[

signal from a poloidsl megnetic field pick wup loop located 1llcz

above the midplisme ou the zideylinder.

.
5 Top 330° - MEIDCYLINDER

(b}
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FIG. 5-6. Basic aven = odd o structure of the magnetic precursor

ogeiliations: (&) expansion of the SXR signal for the sawtooth that

polcidal magnesic Ileld pick up loop locatad on the sideyiinder
iiem above the midplane 130% away in totoldel angle frem the loop
in (b); (@) gignai from  a poloidsl magmetic field pick up loop
locsted ou the ﬁidcﬁiindef iicm below the wnidpleme =t the game

toroidal angle as {bya

CENTRAL CHORD SXR - SIDE 60°

&y

161
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% 7op 150° - MIDCYLINDER

% poTTOM 3307 -MIDCYLINDER

s '
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4 close examinstion of the precurser oscillations just before
the disruption {figure 5-7} shows a distortion of the wmodes that
suggests the presence of aun additicnal component at fwice the
fregusncy. 1f the pracursor oscillatlions zre the result of z wigid

torcidal rotatlon of phage locked helicsl wmodes, this distortion is

a
0
+J
“
i
5]
[l
o
)
[z
%
!
Tt
)
I
I
13
Rt
¥
v
"
w
o
”
™
Q
n
o
o9
O
(AN
=1
B
®
©
w
»
g
i=3
£
f
o
En
r
3
=

of wode iocking hes been cbserved on other :okamaks.a’s

Te snalvze the precursor oscillations Iz wmere detail
gisulation was perfcrmed wuslag asing the EIBS vesistive MED code
output {this code is discussed io datall in chapter 8). The
;agnetic surfaces for a code run, that spentanecusly produced a
large 2/} and small 3/2Z island duriﬁg the course of the 1/1 wmode
evoletion In Tokapole flux geometyy, are shows in figure 5-8a. To
simulate the signals to the plek up coils, the poloidal {field
componsat along the majer radiuns at the coll positlions was computed
as & functlion of the woroidal amgle. In order te produce am
shzervwable ©=2 pertuchalion, it was necessary to multiply the a=2
cowponents by 2 factor of 10; the magnetic surfaces vhich result
show & larze ergodic rvteglon (figure 3-8B). The siaulated coil
signals are showsn fn figure 3~%, and are im qualltagive agreesment
with the observed precursor distortion.

The phase relatfon between the u=l and u=2 wmodes Is deteruined
by the fact that all the island o-points are sligned on the cutsids

of the amidecylinder on the midplane. Thia alignment {s a feature
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5 tor 330°

MIDCYLINDER

FI5. 5~7. Distortion of magnetic precurscr oscillatiose just before

MIDCYLIRDER

the disruption of figure 5-6.
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FiG. 5-B. Magnetic surfaces from resistive MHD code run used te

simuiate the magnetic precursor oscillaticns in figure 5-6: (a) as

(8}
zhey appeered during the code rtun; (b} when the a=2 componeats are

(n = 2)*1p
artifically ampliffed by & factor of 10.




108

FIG. 5-9. Simulated wagmetic precursor oscillations show
qualitative agreement with experlment {figure 5-7) 1if the a=2
components are aaplified by a factor of 10, (b); but show mearly a
pute 2/1 osciliatloa if ne artiffcial amplificatlon is used {a}-
the oscillations have an amplitude of about IZ znd are plotted with
respect to toroidal angle, 4, which 1s equivalent te time for a

uniform rotation.

(a)

NO AMP
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comronly sbserved Iln other experimenta,s'6 and resulta from the

fact that the perturbations te the equilibrive current, that

produce the magnetic iglands, attract each other, and this

positioning locates them as cloge together as possibl&.s With this

position of the alignment point, the direction of toroldal

rotation, i{nferred from the distertien of the precursor
oseillations, would bz observed for .a pololdal rotation in the

electron diamagnetic drift directlion.

C. Current Terminatfon in Tokapole II Disruptions

As wentloned in chapter 2, perhsps the principal cause of
termination of the plasma current durlag a disruption is the large
jpductance and <> drop, that shifts the plasma inwards io major
radius. The subsegueat interaction of hot plasma with limiter or
wall surfaces causes a large impurity influx. The radiated energy
loss from these {mpurities can be substaatial. Also, the charge
exchange 1loss of hot plasma caun be large. These effects result in
a more resistive plasma with poorer energy confinenment, that oftea
cannot be sustained by the cohmic heating power fomput. Loss of the
current results. The fact that o current terminaticn Is seen in
Tokapoie i1 distuptions may be the tesult of the lack of a physical
boundary aear the plasma curremt channel. -

The major axis shift in Tokapole II is small even for a very

large change in the plasaa Ilnductance and {B>». An MHD equilibrium

:oée7 was uged to simulate the effects of the disruption. This was
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done by starting with an equilibrium that matched the Ip, Irings'
By and position of the peak of the SXR profile as determined from
a tiltable detector on the nidcylinder. The curreat demsity and
ptessure profiles were then Elattened preatly, keeping Ip constant,
to simulate the effects of the disruption (figure 5-10). The
change in the egullibrive that this “disruption” caused fs shown In
Figure S5-11. The shift in major radiss is ooly Zcm, and does not
result in centact betweem the plasma within the geparatrix and the
baffle plate. The small major axis shift is probsbly the resulr of
image currents faduced 1n the laner rimgs; in addition a divertor
vertical £ieid is inherently less gusceptible to these shifts-s

The cucrent termination that is observed ino <g»=3 plasmas at
jow demsity might be related to the large number of “rum away”
alectrons which sees to de preseant iz these dlscharges.9 Run away
eiectroae occur if the collision freguency ig not sufficiently high
te moderate the electron veloclty in the toroidal electric field.
The ergodic magaetic fileld vegionm, which forms during the
{gstability, would cause a rapid transport ef thege electrons gut
from the plasma center where their orbite are presumably well
confiaed to the edge reglom where they may be lost. Large bursts
of hard xrays accompany the current terminaticn 1n low densiry
discharges. 1f a significant portiom of Ip was carried by these
alectrons, their loss could represent a gubstantial curreat drep.
In additfon, for plasmas with a large compooent of run away

electrons, the temperature of the background plasma caa  be such

i3

FIG. 5-10. Simulated changes Iim the toreidal curreat demsltiy, JQ,
and SXR profile, as viewed from a tiitable detector on the top
mideylinder, used to test the equilibriua shift that would oceur

during a disruption. The total plasms currect i3 held constaat 1n

the J¢ change.
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lewer than what would be expected from the plasma conducti?ity.lo
Also, large lmpuriry influx may result from impact of the high
energy electrous. A factor of 3 increase iz the visible light
intensity was observed at the time of the disruptioan compared Lo &
30% iﬂcréase in a distuption that did not terminate the curtent.
Thege conditions would leave a cold low comductivity plasma with
large {impurity coantent after the loss of the run away electrons

that =ight produce cozplete current termination.

D. Traasport Across the Equilibdrium E-Peints During Diszuption

A Langmuir yrubell was used in g #reliainary attempt to see if
the equilibriue sepsratrix was somehow invelved in the disruptiocn-
The probe was blased positive to collect saturated len current, and
a scan was taken over the points shown fa figure 5-12. The loss of
plasma {or perhaps run away electrous} propagates raplély iato the
flux reglou surrcuading the ving (figare 3-13¢,d)}. 7This suggests
that this reglon of flux space nay be invelved iz the recconection
duriug the disruption. Points ic the flux region cutzlde the
separatTix show 2 more rapld vigse the closer they are in physical
apace To the x-polmt reglon, even rhough they are approximately on
the same Ilux surface {figure 3-13s,b), which may again indicate

some coanection between the x—-point aand the reconnection process.
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FIG. S—i3. Fast spikés in the signal to & Langmuir probe biased to
.célle:t fon saturation cutrent occur for points A, C, and D located
- mear the x-point, while point B located further from the x—pelnt
-.has a amore rounded character especially for the small sawtooth.

Hote the difference in scale for polnt C.
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CHAPTER &

DATA AND ANALYSIS FOR <q> < 2.0

For <gq> < 2.0 only small gawtooth osclllations are seen. A
stroug m=n=l precursor oscillation is observed on the SXR signals
for this case, and no clear precursor is observed oo the magnetic
signais. These observations suggest that these  sawtooth
oscillatfions ara dfsruptions asscclated with the 1/1 mode. Fits to
an MAD equilibriuvm code are made by locating the inversion radlus
of the sawteeth just inside the q=1 surface, using the locatiom in
major radius of the peak of the SXR emlssivity profile as am
{adication of the center of the discharge, and Includiag the gross
plasma parameters. They indicate that the ¢=2 surface 1s very pear
the separatrix. The lack of 2/1 related disruptlons In this case
may be due to this location, and the pregence of plasma curremt ot

hot plasma outside the separatrix.

A. SXR

Precyrsor oscilliations can be seen on geveral sawtooth
oscillations in Figure 6-~1. The overzll rapid drop of the sigoal
is due to a density locss that caa be reduced by more careful gas
puffing. A growing odd m oscillation can be seen on chords 3 and 5
of the side 5%R array in figure 6-2a. The ceantral chord signel is

hard to lnterpret because of line averaglag effects. In figure



FIG. 6-1. SXR signal for chord 5 of the side array shows anly small

gawtooth oscililations for <q>» <2.
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FIG. 6-2. w=n~l structure of SXR precursor osclllations Is
Indicated from sigrals to toroldally displaced deteczors {b). The
side 60% derector is vilted up 12°; the top 150° detector is tflted
2% {nward toward the wator axis; the side 240° detector is tilted
12% down. The fact that these detectors are in phase is coosisteat
with a mode that is of constant smplitude on a field line at the

q=1 gurface In Tokapole IIX.

Soft Xray

(b}
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§-7b the elgnals from 3 detectors spaced 90% apart 1in toroidal
angle c¢learly show the growing precursor oscillations. These
detectors were tilted to match the pitch of an men=l fieléd line
(Flgure $-3), and the fact that all the pracursora are ia phase
indicates aan m=n=l wmode; reversing B° ipverts the precursor
oscillations seen on the detector at top 150%,

A growth rate for the m=n=l wmode estimated from figure §-2b
Bives: Yoo, * Z-leo-zps. This value compares well to an estimate
based on the siagle helicity resistive MiD value!l of Yo * 2x10‘2p3

conputed from
Yo = (232,078Y2 3 %, (6-1)

vhere r, 1s the wall radfius (for the numbers givem here this was
taken as the separatrix radius), g7 1s dq/dr at the g+l surface,

and 5 is the magnetic Renolds number,

£2 R pl/2
Sl o) (55— ®-2)

By

where p 1s the mass density. The period of the sawteeth computed

from the semiempirical formula,z

2475, 247,

S ™ 6.3)

FIG. 6~3. Pitch of an m=n=l field line in Tokapole II.

i2%
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where L 3nTei2njz is a characteristic ohmic heatiag time, glves
Tgp = 370ps, compared to an experimental value of 200ps. EZquation
6.3 1s determined by combining & resistive d1ffueion equation for
the poloidal magnetic field, with a zero dimensional thermal energy
balance equation to determine q and n as a fuoction of time during
the ramplng up phase of the sawtooth. The thermal energy balance
equatiou includes ohmic heating and luaps the thermal losses Iinto a
—E/TE term. q7 and 5 are then inserted Iato equation 6.1 to give
the growth rate of the mode as a functlonw of time. Ignoring the
fact that the presence of a large magnetic island could medify the
procesges wmentioned above, this growth rate {3 used to compute the
size of a 1/1 island as & function of time. The disruption 1is
assumed to occur when the 1sland width reaches the minor radius af
the original q=1 surface. Equation 6.3 matches the period of the
sawtooth osclillations in most tokamaks, operatiang over a wide range
of parameters, very well.

The diamagnet;c frequency was computed from a SXR estimate of
the I, profile, assuming that .electric fleld effects were
negligible-3'6 The frequency of the precursor oscillation is often
found to agree with estimates of the diamagnetic frequency.5 which
may represent a real part of the frequency of the mode that is
predicted by a kinetic theory treatment.ﬁ Computing the precursar
period in this way gives .a wvalue of 35ps compared to the

experimental value of about 30ps.
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B. Magnetic Osciliatlons

Under the same operatlng conditioms as showa 4n figure 35-5

except for I_, no magnetie precursors are seen for the <gr<{2 case.

p*
In figure &-4a chord & of the SXR side array i3 shovm. In £igure
‘6-5b the signal to a poloidal magnetic Efeld probe for the sawe
sawtooth ss 6-4a is shown. The tip of the probe was llem below the
widpiane and on the mideyiinder. Again the frequencies below
10 kiz are filtered out, and the upper frequency Tesponse is
300 ¥Ez. Figure 6-5a shows a detall of the SXR sawtooth, the small
osciliation seen just before the disruption 1s probably the 1/1

mode. The corresponding probe signal fs shown in figure 6-5b; very

iittle magnetic precursor is seea.

The large 1/1 precursor oscillatlons seen for this case, and
the 1lack of observable 2/1 magnetic precursors, suggest that the
elimination of the large sawtooth escillations as Ip is increased
(tigure &~2) may be the result of the stabilization or elimination
of the 2/1 mode, and hence the distuption associated with this
mode. Other :okamaks7’8'9 operated below qedge=2 observe a
positive spike on the driving voltage as dedge passes through 2,
subsequently npo 2/1 osclllations or associated disruptions are
seen; however 1/1 internsl dlsruptions are st1il observed. In the

tokamaks operated below qedge~2, a conducting boundary was close to
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PIG. 6~4. Bursts of oseillations on wagnetic fleld pick up loops at
every SXR gawtooth: {(a) sawtooth oscillations om the ceatral chord
detector {#) of the side SIR array; {b) the signal from & poloidal

magnetic field pick up loop lecated llem below the midplane oa the

wideylinder.
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CENTRAL CHORD SXR — SIDE 60°

(a)

PIG. 6~5. Wo clear pracurset oscillations are seen on the poleidal

magnetic fieid pick up loops (b} for the sawtooth oscillilatlons (a).

(&}
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the plasms edge. 1In Tokapole II, no conducting boundary exists
mear the geparatrix; however, as IP 1s increased, the 9=2 surface
woves closer to the Separatrix.

The q profile ¢or this case was estlmﬁtéd uslng an ¥HD
equilibrivom codet? matched to the plasma coaditions. The inputs to
the code were Ip and Iriugs as determined by the curreat monitor
circuitry,ll 3¢ deterﬁined frow ele:tronically integrating the
toreldal gap voltage, and the position ¢f the fnversion radii for
the sawtooth oscillarions. It wag assumed that the SxR inversion
radius cogresponded to the g=1 surface. A& 9irgle parameter in the
code determined the degree to which the plasma current was peaked;
this parameter wag adjusted uat{l the inversion radius of the
sawteeth matched the gel surface. The <g> values of these plasmag
are so low that thermal pressure does net appreciably affect the
equilibeivm. The equilibrium determined ip this way 3is shown in
figure §-6. The q profile for thig case is shown 1z figure 6-7;
the q=2 surface is Very mear the separatrix.

Beczuge the SXR signals are chordal averages, a:chord passing
through the 941 surface gees westly plasma Ffor which the
tempera:ure.gnes up during the disruption. In order Ffor the 33R
signal te show a drop, its chord Tust pass somewvhat to the Inside
of the g=1 gurface. This effect would, hovever, tead to lower the
q profile even more, Tesulting in a g=2 surface even closer to the

separatrix.
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FIG. 6~6. Poloidal flux plot obratned from £it of g=1 surface
derermined from the position of the gawtooth inversion and gross
plasma parameCers. The angles shown in the figure are the position
of the q=l surface; the inversion radius of the sawtooth
ogcillations was % 14° from the side, and 18° out and 5° in from

the top.

up 15°

pow 15°

13%
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FIG. 6-7. q profile obtained from the flux plot of figure 6-6 gives

a position for the g=2 surface that is, near the separatrix. 1.0

L 3 : L I %, 1 1 . x L I 1 s

.52 .53 -54 .55 .56 .57 -58 .59

R . (meters)
major
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Although a large 1/1 componeat 1s seen in the SXR and no
obvious 2/1 mode is observed on the magnetlc signals, perhaps the
disruption s actually the result of an unobserved arl mode. In
sther tokamsks, a 1/l wmode is often seen in sssociation with the
predominant 2/1 mode before & disruption.ll’iz In sguch cases the
inversion radius for the SXR sawtooth 1s usually at the q=2 surface
or between the q=1 and q=2 surfaces. A careful examination of
chords 2 and 6 1p figure 6-2a suggests the presence of an
2dditfonal wmode at large ainor radius; howevar, {f these
distuptions are associated with an m>l mode 1t would be very
difficelt to match the farer inversion radius as viewed from the
botrow SXR detector. This is becavse, ian order to move the
saversion radivs to a higher g, the cutreat profile must be
substantially flattened, shifting the minor axls fowards in major
radius. For these plasma conditions, it 1is rather 1Iikely that
these disruptions are the result of a simple i/l mode.

%o detailed attempt hes been made to understand the reason for
the apparent eliminatiom of the 2/i disruptiom for the high Ip good
confinement discharges. Ope possibility 1s that, in the vicinity
of the separatrix, the 2/1 mode is linearly stable, or saturates at
a low levei. Linear stability seems uniikely since, for small
tsland widths, the stabllity is dominated by local effects uear the
recosnection layet where the geometry of the flux surfaces is
relatively unimportant. The curreat density gradient near the

separatriz is relatively steep eveun for the case without the baffle
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plates 1inserted; thus, the mode would %e expected to  be
destabllized by moving the q=2 surface closer to the separatrix as
seen in other machines. A caleulation in Tokapole I1 geometry
would be necessary, however, to test llnear stability. Near the
separatrix the magnetic ghear scale length, (dlnq/dr}-l, could be
small cowpared to the recoanectioa layer width. This s =&
possibility not normally {ncluded in resistive MHD theory. Since
the mode draws on Flux between the g=2 surface and the separatrix
during the recoamnection, if the q=Z surface is sufficiently close
to the separatrix, them the flux supply w111 be exhausted while the
2/1 islané {s still small. What happens at this point is somewhat
uncertain; 1f the 2/1 perturbation continues to grow, the outer
surfaces of the fsland will probably become ergodic. Thisg
situation will be discussed In more detall in chapter B in the

context of the 1/1 mode. The HIB™®

code could be used to test the
conseguences of this posstbiliry. Still another interesting
possibility {a that the reglon near the geparatrix 18 always
ergodic. This might be due to some nonaxisymmetric error in the
placement of the divertor vings {a fairly likely possibility), or
the close proximlty of maay low order mode rational surfaces in
this reglon might iead to overlap of several small islands and
ergodization. The experimental vtesults of Yoshida, et al.,

fadicate that the 2/1 disruption can be suppressed with a 3/1

external winding that ergodizes the 2/1 1sland magnetic Surfaces.la
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The questfon rvemains as to how the the q=Z surface gets to the
separatrix, since the q=2 surface probably moves from the center
outwards as the current Is jgereased. The carrent rasp up inm
Tokapole II is rapid relative to other tokamaks, because of the
latge initlal driving voltages. Rapid current ramp up seems to be
one avenue to qedge<2 in other devices.T’N Independent control of
the rate of the curreat rise and the plateauw value was not possible

duriag the course of this research.
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CHAPTER 7

DATA AND ANALYSIS FOR <q> = 1.0l

The sawtooth oscillations in the {q> = 1.0 discharges de not

show obvious precursor oscillations oz either magnetic pick up

loops or SER detectors. Bowever, the crash of the sawtooth Iitself

exhibits phase shifts between different SXR detectors that have an

z=n=1 structure. In most other tokamsks im which this guestion has

been addressed, the sawtooth crash of the 1/1 disruption was
poloidally and toroidally symmetric (m=m=0). A helical phase shift
of the sawtooth crash is consistent with what would be expected in
the Tadomtsev model of the disruptlon in which only the 1/1 =ode is

invoived- The symsetry of the disTuption in other devlces may be

the result of the formatiom of an ergodic regionm produced by the

fateractlion of a mumber of higher order rmodes drivem by the curTent

spike {equation 2.12) ar the recounection point of the /1. The

iow & value of <g> = 1.0 discharges in Tokapole IT may limit the

current demsity gradiemt azt this spike, and aliow a nearly pure 1/1

sode to contiaue through the nonlinear phase of the imstablliry.

A. Soft X~Ray Data

As mentiooed in chapter 3, the <{g> < 1 cases are operated with

the quarter sine wave Vpg. This is necessary because the energy

confinement of these discharges 1is low, =g ¢ SDps. A typieal
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overall SXR trace for this csse 1s shown in figure 7-1a for

&

chord
» and in figure 7-1b for chord 2. Precursor oscillations are nor
observed; however, the ctash of the sawtooth itself propagates in a
helical wm=n=1 structure following the field lipe pitch. For 1§ of
43 sawteeth studied, the sawtooth crash propagated upwards at side
&0° array; Ia other vords, the sawtooth falls first at the bottom
detector, them at the central cherd, and finally st the top
detector (figure 7-2a). The nmaximue time delay between detectors
is about 45 gpsec. For these sawteeth the rtelative phase of
tilrable 3XR detectors at top 1509 (90° avay from the side array ia
toroldal angle} and side 260° (1809 away in toroidal angle)
indicated that the crash propagated inward 4n major radius at top
150° and downward at side 240° (figure 7-2b}. This 1is consisteat
with sa @=o=l structure following the Tokapole TI field line pitch
(figure 6~3). BReversing the toroidal field veversed the direction
of propagation of the top 150° detector. In ome case, the rime
delay of the side array {s wmuch smalier thas the &5 usec of the
previous cases; however, for this case the tilted detector at
bottom 240% shows that the crash propagates from in to out

s
indicating that the time delay is stiil approximately the same

s
even though the propagatior direction wvaries From sawtooth to
sawtooth. For 3 of the sawteeth studied the direction of
propagation was downward om the side 609 array. The other cages

appear to propagate In random order with respect to the side érra
y,

with the central chord never belng the First to ecrash Th
. e
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FiG. 7-2. Typical upward propagation of sawtooth crash in the side

SXR detector gignals {a); phase correlation of gignals to

torcidally displaced detectors (b} indicate s constant phase of the

sawtooth ~crash aloag a field line on the q=l surface {figure 6-3).

The side 60° detector is tilted wp 79, the top 150° derector 1is

rilted 4° fLoward towaxd the malor axis; the gide 240° detector is

tilred 7° dowa.
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tendency for the sawtooth to propagate upwards at gide 60% occurs

even for the reversed Bto cage; possibly, this tendency i3 the

r
result of field errors, and may telate to the faect that most

Tokapole I1 plasmas'sit below the midplane.

B. Interpretatios of Disruption Phase Shift

It does not seem likely thar the phase shift described above
represents a diffusive process, siace the charvacter of the crash is
sore couvective than diffusive. The fall rate of a sawtooth oa the
side array detectors is simllar, rather than progressively more
rounded for detectors fallinag later.

The propagation of the disruption may be the result of the
grawth of a 1/1 mode without rotatiom. If for -some reasonm, such as
an error in the equilibrium flelds, the recoanection point of the
magaetic {sland was prefereatially above the wmidplane at the
location of the side SXR array, then the chords below the uidplane
would be lookiag through flux surfaces on which the temperature
drops first due to reconnection (figure 7-3). Since the hot
central part of the plasmwa would be displaced upward in this
{vstabllity, the upper chords would fall progresgively later. An
unusual featurve of these discharges {s that, because of the large
driving voltage, the ohmic heating time {60ps) is comparable to the
sawtooth peried (200ps) and the disruptlon time {40us). This might
explain the observation that the lower chords begin to rise agzin

before the upper cherds drop.

153

FIG. 7-3. Growth of a 1/1 island may produce the observed
propagatloa of the sawtooth crash. 3SXR chords of the side array
are ghown superimposed on & reslstive MED code result in which a

1/1 islacd occurred.
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The helical structure of the 1/1 disruption in Tokapole II may
be a unigque example of the classic Kadomtsev flip2 ag described In
chapter 2. In other experlmenta3 the disruption itself is
toroidally and poloidally symmetric (m=n=0), although the precursor
oseillations exhibit the 1/1 structure. As aliternate theory,"s
that accounts for 0/0 structure of the disruptlon, is based om the
fact that the singular cuarrent that £s generated by the
reconnection can drive other higher ozder tearinog modes.s The
overlap of these higher order islands produces an ergodic region
that first forms neatr the island separatrix and then propagates
sympetricaily Ainward and outward. The current density gradieat
which drives these higher order modes can be estimated from

equations 2.11-2.13.

=

ig v B*
T E)

o] pte

J
=5 %, (7.1}
a

Since the § value for the <q> = 1 discharges ls approximately 5000,
while for large tokamaks S5 can be zas large as 106, the current
density gradient of the receasection faduced current is expected to
ba a factor of 200 smaller tham in large tokamaks. This may
inhibit the produetion of the axisyumetric turhulent reglon and
allow the 1/1 structure of the nmode to persist through the
nonlinear stage. Ia an HIB run for a very low g plasma with $=3000

and spacially constant resistivity, although sowme smaller island
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chaias were Formed along the 1/1 4{sland separatrix, the mode
continued to grow in the classic FKadomtsev fashion until the
topology was flipped {figure 7-5}.

The léck of rotation for this casa may be the resulr of the
" small temperature gradfeat as inferred from the S5XR profile.
Estimates of the diasagnetice frequencyT glve values close ro the

40us distuption time.

157

References for Chapter 7

IT.H. Csborae and ¥.S. Brickhouse, University of Wisconsin-PLP 908,
{1983}.

25.8. Radomtsev, Sov. J. Plasma Phys., 1, 389 (1975).

36... Jahns, M. Scler, B.V. Waddell, J.D. Cailen, H.R. Ricks,
¥ucl. Fusion, 18, 609 (1978).

4. Dubols, and A. Samaln, Nucl. Fusion, 20, 1101 (1980).

63. Dubois, A.L. Pecquet, C. Reverdin, Nucl. Fusion, 23, 147
{1983). -

7H.S. Brickhouse, private communicatiocn.



158

CHAPTER B
DATA AND ANALYSIS FOR <g> £ 1.0

Discharges with centrsl g values as low as 3.5 are routinely
gbtained. Although these discharges exhibit sawtooth oscililatiens,
the central g values do =zot relax to 1. Im the usual Radomtsev
picture im which recconection of hellcal flux proceeds to the
original magnetic axis, the central g values would be expected to
relax te 1 during the disruption. This result might be explained
1f the growth of the 1/1 mode sarturated before the recoumnectfon was
complete. Although the polofdal divertor geometyy appears to
provide a topologlcal comstralmt that would ldmit the growth of the
1/1 mode tf the g=1 surfaca is located near the separattix,
resistive MHD code results do oot agree with this model. Some
resistive MAD code ruums show an apparent saturatlonm of the
inscability. However, this saturation occured well after the
tnteraction of the mode with magnetic flux outside the geparatrix
began. 1f recoasection iz the experimentally observed disruptiouns
had proceeded to the exteaz obtained for these code rums, the
experimentally deternined q valueg after saturation would have been
near 1. Another resistive MHD code run developed 15 the ususl way,
with the island o-point becoming the magnetie axis. The factors
which determine the extent to which the Imstability will procead

have not yet been determined.
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A. q X1 Discharge General Characteristics
For B, £ 3kG and the guarter sine wave form of Vpg. discharges

with central g values as low as 0.4 are readily produced. The time
evolution of the q profile for such a discharge is showo in figure
8-1. For almost all of the <g> < 1 discharges, the gq profiles,
determined from the probe measurements, are flat across most of the

region within the separatrix, turning up sharply at the separatrix

{where foramally g+ =). Although central q values as low as 0.5

have been observed, the uost common value wag 0.7.

table B-1 summarizes the characteristics of the discharges for
which the magnetic probe data was tsken to determine q. Low g
discharges were obtzined for both D, laverse D, and square cross
sections. Thete appears to be no preferred shape of the g profile
at the time when g goes through 1; gq profiles that increased with
miaor radius, decreased with minor radius, or were more or less
flat vere observed. The time at which the first sawtooth occurs is
usually between the time when q goes through 1 and the time when q
reaches 1zs minimum value.

There is a tendeacy for the sawtcoth period to become smaller

as S¢ is lowered, with ¥

- and density held constant. The period

of the sawteeth can drop from 200ps to 50us as B¢ is decreased by
less than a factor of 2. Based on the scallng B¢ ~ Ip' obtained for

this type of scan, and described in more datatl in section F, the
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FiG. 8-1. Typical time evolution of q profile as the plaswa curreamt

increases.
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Table 8-1. Low g discharge characteristies. Column 1 indicates
whether the plasma czoss sectlon shape was aa inverse ¥ {ID),
square {8} of Dj g 4, is the wminimuz gq value attained 1o the
plasma; ¢, is the time after the poleidal field capacitor bank was
fired that q passed through 1; ty i{s the time at which the first
sawtooth crash occurred; column 6 1ndicates i1f the q profile was
flat {F}, had 2 minfmum at the minor axis {P}, or had a maximum at
the magnetic axis (I); t; {s the time at which the plasma reached

irs minimue g value.

Table 8-1

Case Gy ty ty T3
2/15/80 ID 1.0 1350ps 1400us

3/1/80 ID 0.6 1450ps 1500us 1600ps
3/9/80* 1D 0.6 1800ps 2150us 2200p8
&/15/80 S 0.7 1600ps 1750us 1800us
£/20780* D 1.0 1600us 1700s

8/4/80 s 0.7

9/2/86 D Q.5

3/21/81 D 0.6 1350us 1650ps 1900ps
7/31/81 ID 0.7

11/10/81 § 0.6 1850ps 2000ps 22008

#Limiter plates lnserted.
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gawtooth period (equation 6.3) should be a very weak Cfunction of

Tee ~ By - . {B.1)

slso, as B, ig lowered, the sawtooth crash becomes progressively
more rouaded off. At very low B¢ {roughly ¢ <€ 0.5}, instead of
sawteeth, a highly distorted 1/1 mode is observed on unintegrated
magnetic plckup loops (figure 8-2). This transitien to ao
oscillatiag helicsl mode at very low q i{s similar to observations

on DIVA.3

Integration of the signals Ian figure 8-2 produces a
scallop like magnetic field s;gnal.

The shortening of the sawtooth peried greatly beyond what
would be predicted from equation 8.1, and the gradual rounding of
the sawtooth crash, with the appearance of g nearly pure i/l mode
at 4 €< 0.5, may indicate that a fundamental change in the nature of

the mode occurs as 3¢ 1s lowered, which might be consistent with

the obgervation that q does sot relax to 1 during the sawtooth.

B. Counection of Sawicoth Oscillations to g=1

¥o direct observation of a helical structure has been made 1{n
the g=0.7 discharges for which the magnetle probe determinatione of
q were done. Several facts, however, suggest a comnection between
the sawtooth oscillations and the 1/1 mode. 1In the <q>+i cage

{chapter 7), the sawtooth crash {rself shows a 1/1 helieal

165

FIC. 8-2. Distorted 1/1 mode chserved on poloidal magnetic field

pick up loops at g < 0.5.



B,70P 330

166

167

structure. For g < 0.5, the distorted 1/1 mode is observed on
wagnetic pickup loops. The assoclation of a 1/1 helical mode in
cages with g above and below §.7 suggests that the sawtooth
oscillations in the q=0.7 cases are related to & 1/1 mode as well.

The position wof the inversica vadius of the sawtooth
oscillations occurs near the =l surface; this alse suggests aa
assoclation with a 1/l wmode. Figure 8-3 shows the tesults of a
Langmulr probe scan along the midplane, for the case of 7/31/81
(Table 8-1). This probe is gensitive to ue(Te)ifz, and shows an
f{aversion within 1 cm of the ¢=l surfaca. The inversion radius as
deternined from a scan with a SXR detector is about 2 cm inside the
radius deterained from the Langmulr probe secan; this is probably
attributable to line averaging effects. The accuracy of this data
is not sufficient, however, to distingulsh an iaversion at the g=1
surface from ome at a g > 1 surface (e.g- g=2), between the g=i
surface aad the separatzix.

Another datum suggestive of a correlatiocn between g=1 and the
sawtooth osciliatioms for the gq=0.7 cases 1s that the first
sawtooth normally occurs sometime after the q=1 surface eaters the

plasma, but before q reaches {ts minimum value (table 8-1).

C. q Oscillations During a Sawtooth

During sawtooth activity as observed on the SXR arrays,
similar signals are seen on magnetic probes. A trypleal poloidal

field signal from a magnetic plckup loop on the nidplane nesvr the
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FIG. 8-3. Sawtooth oscillations observed om a Langmulr probe blased
to collect lon saturation current show an Inversion near the q=1
-sxurface. The minor radii shown are measured from the magnetic axis
of the flux plot at the sawtooth peak determined from the magnetic
probe measurements shown in figure &-8; the g¢=1 for thls case

(figure 8~7) i3 at r = Hecm.

r = 5.25cm

'« 5.75cm

t = 6.25cm

r = 7.75cm
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separatrix 1s shown ia flgure 8-4; sawtvoth oscillations of = 15T
of the peak value can be seen. The poloidal fleld data was flrst
analyzed to produce the maximum possible change ir q during a
savtoorh, independent of the absolute phase velation of the
sawtooth osetllations between different polnts fm the data grid.
This was done by using the poloidal magnetic fleld values, for a
given grid polnt, at times that weve withia one sgwtooth period of
2 chosen time, for which the magnitude of the poloidal field was a
maxizus zod 2 ainfmum. The flux plots obtalned in this way for the
cage of 7/31/81 are shown in figure 8-5. The ¢ profiles determinmed
from this amalysis (figure 8-6) show that the mnaximum possible g
during the sawtooth oscillation ias still significantly less than L.

As mentioned in section B, there 1s indirect evidence of 2
correlatfon betweem a 1/1 perturbation and the Instabilitles
observed at g=0.7; also, the time scales for the disruptive phase
of the sawteeth i{n these discharges (10 to 20us) is consistent with
estimates based on the resistive MHD model (equatfon 2.16). These
facts suggest that lovw mode number, resistive MAD is applicable to
the sawteoth oscillations 1o the q=0.7 case. If the sawtooth
oscillations were the result of a 1/1 mode ipm which the
reconnection proceeded to the original magnetlc axis, thea the
current density would have been flattened and q valsed to 1
everyvhere.& Moreover, 1Lf ¢ was sowehow relaxing to 1 during the
tastabilley, it seems unlikely that g could return to values of 0.7

during the sawtooth vtamp up. This return to low g would take an

FIG. 8~4. Typical sawtooth oseillations observed o a poloidal
maghetic fleld signal on a probe placed mear the separatrix on the

midplane.
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¥iG. 83-5. Flux plots determined f{rom the magnetlic probe data in
which the wvalue of the poloizfal field at each point In the dats
grid is taken at a time such that the savwtooth osciliation makes

the magnitude of the fleid a maximum {a}, aud a minfaaw (b)-
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L/R time, which iz determined from circuit parameterss to be =2ma,
whila the sawtooth peried is oniy =iGOps.

Iin order to estakliishk & correlation of the savicoth phase
between data grid polnts, a phase rveference signal was also takem.
in one case the midplane SXR was used as a phase reference, while
in 11 others the poloidal magnetic fleld on the midplane at 3 cm
from the machine nideylinder was used. A magneric signal was used
for phase reference because, at the time, only & very low signal to
noise ratlo was available oun the SXR signals, and also because the
magnetic relaxations seemed to be less perturbed by the presence of
the probe {(this was thought to be a consequence of the fact that
the usual tearing mode picture predicted that the Instability was
fundamentally wmagnetic).

The g profile, obtained using the pololdal magnetic field at
the separatrix as the phase reference, for the case of 7/31/81
shows no oscillation for the central values, with 8 small
escillation localized to the tegion near the separatriz (figure
8-73. The q wvalues for sawtooth peak are plotted at the minor
radius at which the same flux value occurred in the plot Ffor the
sawtooth wvalley. The flux plots genmerated at the sawtooth valley
and peak, relative to this phase reference aignal, are showa in
figure B*Sa_and §-8b respectively. If the currvent deunsity profile
wag flattened by the disruption, as would be expected for a 1/1
mode that flipped the magretic topology, the equilibrium obtalined

after the disruption should have been shifted inwards in major
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radius because of the decrease in plasma iaductance; instead, the
fiux plot at the sawzooth peak (figure 8-8a) is Ilocated at =a
somewhat smalier minor radius thaa the vailey (figure 8-8b). These
features repeat om subsequent sawtooth escillatlons.

The phase-correiated g profiles of figure 8-7 do not refleet
the maximuz pessible change in the cemtral g valueg shown in figure
5~6, because the sawtooth peaks and vatleys on the phase rteference
signal may =not colocide with the beginning and end of the
distuption. The times chosen for the phase-correlared ¢ profiles
and flux plots then would represent an intermediate phase in the
developument of the iInstability. The sawbgoth c¢rash on other
vokamaks 1s axisymmetric.l’z The SXR data for the <q>=i case
described in chapter 7, however, indicate non-axisymnetric
remperature relaxations. No correlatioa has, as vet, been made
setween the degree of toroidal asyuwpetry and other parameters
{although there £s some landication that the sawteeth become less
toroidally symsetric as the sawtooth perioed is shortened}.
Toroidal symmetry of the sawtooth oscillations was not checked for
every case in which magnetic probe data was time-correlated with 2
phase reference signal. In those cases for which a check was made
a phase shift in the sawtooth grash on the order of that observed
in the <q>=l case cannot be rulad out.

tf the plasma is not axisyumetric at the time when the fiux
surfaces and g values are determined by the techaiques of chapter

3, the flux surfaces will not coincide with the magnetic surfaces
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{surfaces in which the fleld lines lie)}, mnor will the g values
determined in this way rtepresent the actual q values for the
magnetic surfaces as defined by equarion 2.2, Under  the
assumptions of lomg toroidal wavelength, low 8, resistive MED
discussed In the appendiz to this thesls, the poloidal wmagnetic
field data obtained at one toroidal azimuth snd time-correlated
with the phase reference sigral can still provide Informatiom on
the development of the current density profile during the

instability.

»
As noted in the appendix, B can always be writiten as,

+ -+
B = R, X V¢ + by) + RE,V4, (8.2)

where )| denotes the components in the poloidzl piace. The time for
the propagation of a compressionsl Alfvéa wave in B¢ across the
poloidal cross section is short compared to the growth times of the
ingtabilities. This Iimits perturbations of B¢ to be of order
g? = (a/Ro)z, and keeps the toroidal field divergence free to order
€3,  Becauss of this fact, §31 wi1l be maintained 0(e3) througheut
the development of the instability, so that the poleidal field can

Be written as,

-
B, = R % x T4 + 0(cB,). 3.3

When a helical perturbation Is present, ¢ 1ln the above equaticn is
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2 fumzilion of §; however, the & derivatives of ¢ deo not enter

equztior B.3 so thet at a given toroidal azfmuth, $or

Bla 3 = R, Va6 ) * Vo + 0(e?8,)- (8.4)

If =ze phase reference signal corresponds not only to s particular
poizt Iz the progress of the recornection, but alse to a parilcular
orfentation of the helical perturbation, them ¢ in equation 8.4 is
propertional to the flux function defined in chapter 3. The <gd=1
vesulis ipdicate that there may be a preferred orientation for the
helizal wode. The toreidal curvent at ¢y is Ttelated to ¢{¢0) ic

the same way as in an axisymmetric toroidal system,

dtem Tig - 220

R
e - 2y, .
- RBR ETI -3

Thus, If the above assumptiens apply, the g profiles cobtained with

the phase-reference signal (figure 57} are those for a toroidally

v

yzaetric  svstem with J¢ given by J¢ at the toroidal azimuth where
the zeascTesents were made. T1f the phase-correlated poloidal field
data rerresents a particular phase in the reconnection but a random
orleateziza of the helical perturbation, them the poloidal £ield
data =mar pot be divergence free. If this Is true, them the ¢
contours constructed as specified im chapter 3 are not unigue and

depead 23 the choice of a winor axis; and the q profiles would then
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correspond to some average over different orlectations of the
perturbed current density.

To simulate these phase effects, output of the HIB code that
showed a 1/1 disruption was used %o generate wmagnetic field data
for input ifate the program used to produce the ¢ coatouts aad g
profiles. This was done for different fixed orientaticns of the
magnetic island and for & case in which each polat in the dataz grid
corresponded to a random orierntaticm of the mode. The results of
this simulatfon {figure 8-%) show that the experimencally measured
q values would have responded to the flattening of the current
profile by the 1/1 mode, aznd that 2 complete reccnnection would
have raised the experimentally determined q velues te 1 regardiess
of the interpretation of the phase informatioa. Also, a

luctuation in the edge q values can be obtained for different
fixed orientations of the magnetic island that is similar to that
obtained experimentally (figure 8-7). The shifts of the ¢ surfaces
corresponding te this oscillation are =zlso comsistent with the

observations (figure 8-8).

D. Heuristic Model for Partlial Recomnnection

In the standard picture of the distuption assoclated with the
/1 mode,A the Instability flattens the curreat prefile, raising q
above 1 everywhere. As discussed {n section B, there are saveral
reasons to believe that the instability for the q=0.7 case may be

assoclated with & 1/1 mode. The g profile data, however, do not
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FI5. B-92. Simulatien of the effects of the nonaxisymnetry expected
éuring the developement of the 1/1 disruption, using the output of
z tesistive MAD code rum showso in {igure (B-18), show that the g
prefiles respond to the overall curvrent density change, and that aa
asciilation in the edge g wvalues can Tesalt from different
srisntations of the magaetic island. The times correspond to those
of the cofe Tun. Although the resistive MHD code rum did net fully
reconmect, the current demsity was flattened sufficiently to raise
g to mear 1. For each time polnt two £lux plots are showa
corresponding to thaving the kinked wmagnetic axis on the inside
(¢ = 3) and outside (& = %) of the equilibriuvm magnetic axis ia =
particrelar  poleidal plane. "Initial” refers ro the initial

condition equilibrium.
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show the expected relaxation to 1. g would not relax te 1 if the
reconnaction of flux were limited In extent.

Since the growth of this instability proceeds through flux
reconnecticn, if the g=1 surface is close encugh te the separatrix,
the flux supply withln the separtatrix will be exhausted before the
1/1 mode flips the topology. If the separatrix were a conducting
boundary, this depletlon of the helical flux supply would stop the
grovth of the magnetic island.

The flux that {s reconnscted in the 1/1 disruption is the fiux
through a helical surface that contains a field line on the g=1
surface and the magnetlc axlis. Because this helical surface wraps
once around poloidally in going once around toroidally, the helical
filux ts just the difference between the poloidal and toroldal flux
for any toroldally symmetric system. The helical flux, ¥, for the
case discussed above was computed in this way for the sawtooth peak
and is shown in figure B-10. This figure shows that the helical
£lux withino the separatrix will e exhausted before the Instability
has flipped the magnetic topology.

If reconnection couotinues beyond the separatrix, then it is
topologically impossible for the simple 1/1 1sland structure to be
maintained. Iz the elassie TKadomtsev mnodel, Just after two
magnetic surfaces reconnect, a field 1line con the new surface
follows a path that essentially wmaps out the original two surfaces,
except that the field line moves from one surface to the othar at

the island tips. If one of the original surfaces is inside the
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FIG. 8-ift. Helical flux functlion computed from the q profile at the
sawtooth peak 1In  figure B&-7 indicates that insufficient helical

flux 1s avallable within the separarrix for full reconnection.
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separatrix, and oae osutside the separatrix, then although it 1s
possible to imagine the surface that might resulr at ome toroidal
azimuth, this pattern camnot be mapped around the torus with the
helicity of the mode {figure 8-11). A possible resolution of this
topological constraiat is for the reconnectionm to proceed beyond
the separatrix through the formation of an ergodic field region.
This seems reasonable since the equilibrium separatrix could be
thought of as an n=Dd island structure that might become ergodie
through overlap with the 1/1 1sland, as occurs for other
incommensurate modes (chapter 2). Obviously the structure of the
mode would have to be modified greatly {if the reconnection went
bevond rthe separarrix; 1f this modification was stabilizing, the

growth of the mode might be arrested.

E. E136 Resistive MHD Code Results

An attempt was made to understand the low g results, and
perhaps verify the possibility that the separatrix acts as a
conducting wall to stop the growth of the 1/1 mode, within the
resistive MHD model. To this end, the nonlinesr reduced resistive
MHD code, HIB, was provided by the Princetom Plasma Physics
Laboratory. 1Im this sectios 1/1 island, 2/1 island, etc. will be
used to denote the islands that occur on the q=1, q=2,
etc. surfaces, respectively. Sinee the local gq, as defined by
equatios 2.1, varies on a magmetle surface, so does the pltch of a

sagnetic island on that surface. Thus, using 1/1, 2/1 etc. 1s only

197

PIG. 8-11. Topological impossibility of simple 1/1 island growth by

reconnection to flux outside the separatrix.
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sntended to dencte the basic structure of the island, not to
specify its mode numbers in terms of poloidal and toroidal angle.

A derivation of the set of reduced rtesistive MHAD equations
used in the AIB computer code is sketched in the sppendix to this
thesis. The teduced resistive MED equations are an expansion of
the full set of single flnid resistive MHD equations in the inverse
agpect ratio g = a/RO. The lowest order im which toroidal effects
enter in the dynamical equations is g?if g~ eZ, and €* 1f B ~ £.
In the Tokapole 8 = 0.1% and £ = 1/7, sc the e? egquations are
applicabie; this reduces the number of independent warilables
involved, and greatly increases the code”s efficlency. The unit of
time wused 1in the code is the poloidal Alfvén time, tgp. The
fastest waves included in the reduced equations travel across the
poloidal cross section in 7T5p. Hany of the considerations iavolved
in the choice of an Initial cocditicn Ffor the HIB 1tuns were
dictated by the time step that had to be used for numerical
stabilfty. The size of the time step determines 1f a run will take
a few days or a few weeks, and thus, determines if enough rums can
be dome to appreciate what aspects of the fnitisl conditioms are
important. For the chosen initiszl conditions, approximately 1
minute of computationm time on the MFE Cray computer was ueeded to
advance the equations 1 poloidal Alfvén time (=0.24ps); usually
zuns of a few hundred typ are required to follow the instabilities”

development.
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An MiHD equilibrium codeT was used to produce the initial
condition Ffor EIB. The ariginal version of the equilibdrium code
41d not allow plasma current outside the separatrix; this
restriction led to some unanticipated effects in the fipnal results
related to the way HIB treats the resistivity profile. 4 version
of the eguilibrium code that allowed plasma current outside the
separatrix was compliered; however, the use of this eqguilibrium ia
BIB required a finer computational grid that reduced the code’s
efficiency, so that no runs have yet been complieted.

The choice of a current density profile for the cases with no
plasma current outside the separatrix was restricted by several
considerations. TFirst, 1f the current deasity profile is £lat
across most of the plasma cross section, then large gradients will
be present near the separatrix. Since the g=1 surface Is located
gear the separatrix, 1t wvas suspected that this type of profile
wouid produce extrzneous results. Seccndly, sisce the code Fourler
analyzes in toroidal and poleidal angle (a great advantage over 3-D
grids for nearly ecircular tokamak equilibria} the lacrge gradients
near the separatrix, for the square cross gection Tokapole flux
surfaces, are d4ifficult to resolve unless wmany rtadlal grids are
used. The time step of the computatiom 1s restricted by aumerical
stabllity consideratfons te a value of At ~ (4r)2/S so that =adding
more radifal grids can grestly reduce the code’s efficiency.
Finaily, it was felt that the stability of the 1/1 wmode, In

contrast to myl wmodes, was fairly iInsenslitive to the current
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density profile, since the free emergy that drives the mode exists
whenever g<i. The question of whether the separatrix acts 2s 2
topoioglcal comstraint might be answerad independently of datails
affected by the exact form of the current density profile
(e.g- growth rate). The curreat density profiles chosen were
basically parabolle; the flux plot and current profile used as am
jnit{al conditiom into the code runs ave shown in figure 8-12.

Another restriction of HIB is that the conducting boundary
must  be circular jin poloidal cross section- This greatly
simplifies the boundary conditions and faciiitates the use of
fourier amalysis. For all the completed code runs the bouadary was
placed at 2 smzll miner radius so that the divertor rtings (which
represent other, nonsimply connected conducting boundaries) were
ot included. By essentfally placing surface currents in the wall
that remain constant during the code evelution, equilibrium flux
lines are allowed to pass through the boundary, but no perturbed
radial field is allowed at the wail. The computahional domain is
shown in figure 8-13.

The 5 value for Tokapole low q discharges is = 300C. There is
a2 great advantage to usimg a low § vaiue for the HIB runs. As
mencioned above, the time step needed for numerical stability is
inversely preportional to S; this is set by the parabolic form of
the resistive diffusioen term in the flux evolutlon eguation. There
{s, however, the additional effect, mentioned in chapter 7, that

the stze, and inverse gradient scale length, of <the current
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= 0.54
o

CASE 2
= .46
c

£I6. 8-i3. Cozputational domain used in EIB cade runs. The ; CASE 3

positions of the g=1 surface for the three cases with S=1000 are % = 0.82

shown on the flux piot and midplane J¢ profile.
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generated at the recounection point is propoerticnal to 5. Such a
iarge localized curtent spike in 2 square cross section equilibrium
requires many tadial grids to resolve properly. This further
iimits the time step that can be used. A rtun with an 5 of 105 was
artempted but the time step was so restrictive that no progress was
made.

For three of the completed runs, an § of 1000 was used, and
the resistivity profile was assumed to vary as 1/RJ¢; one Tun wA4as
completed with S5 of 5000 and spacially coastant resistivity, n.
The choice of n~1/RJ¢, in conjunction with the proper boundary
conditfon keeps the current density profile from resistively

diffusing. The pololdal flux, ¢, is defined through

.
B, = BV x V4, (8.6)

where the 1 compoments are thoge 1o the poloidal plane. The

+ ->
toroidal current is related to ¢ through J = ¥ x B, or

- -2 2% = - _[¥7 - L2
RI, 2 A® R (7% m). ¢8.7)

¢ satisfies the diffusion/convection eguation,

2
o, -_R_qx¢+§ia-w ) (8.8)
3 K, =2
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where U 1s the velocity potential defined through
> r2
v = = e ox Vb . (8.9}

If 0 ~ 1/RJ¢. then the first term on the right of equation £.8 is 2
spacial counstant. Xf the wall boundary condition corresponds to s
constant voltage of magnitude nRJ¢. then ¢=—nRJ¢t ¥=0 is a solution
to equatiom §.8. Flux comes in from the wall at the rate needed to
gompensate the resistive diffusion, and the shape of &, and thus of
J¢ from equation 8.7, remalns constant. Using equaticn 6.1, the
ratio of the growth time for the 1/1 mode to the characteristic
resistive diffusion time scales as S2/3. For § of 3000 and 1000
this gives a ratic of 292 and 100 respectively. If the scaling
were more like 31/2, as would be predicted from 2.16, the ratics
would be 71 and 32 rtespectively. Tnless 1+ i!RJQ, substantial
diffusive change in the q profiles wmight occur duriag the
development of the Instability.

For § of 1000, three positfons of the q=1 surface were chosen
to test the separatrixz effects on the mode”s growth {flgure 8-13}.
In cases 1 and 2 there is insufficlent helical flux between the
separatrix and q=1 for the mode to fully recommect without reaching
the separatrix. It case 3 the g»1 surface was located at small

winor radius so that full reconnection should have been possidle.
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The time evolution of the magnetic surfaces for cases 1 and 2
(figure B8-14 and 8&-15) showed an appareat saturation of the mode
before full reconnection. The saturatfion occutred well after
recopnection to Flux outside the separatrix began however, so that
the lack of sufficlient helical fiux for £ull reccmnection within
the separatriz does not appear to iimit the reconnection. Figure
8-14b and 8-15b show the uagnetic surfaces aad current demsity
proflles mear the saturatlom point- further in time, the bump lu
the curreat density that remains resistively diffuses. As this
buzp diffuses, new magnetic surfaces are forwed vhich first appear
out of the ergodic region near the edge of the remnant of the
original magnetic surfaces as wmagnetic iglands. The small m=2
isignd that can be seen in figure 8~15c has a 2/3 structure, which
indfcates that this surface still has an actual q value (equaticn
2.2) of 0.66. The fact that recoanectiom to flux outside the
separatriz occurred 1s illustrated most clearly by figure 8-15b in
which a large gap exists between the rewmnant of the central flux
region and the remnant of the 1/1 #slané. This gap results from
the fact that fieid lines that started In this region waader out of
the computational domain to encircle the divertor rings.
Eventually this gap is filled in; this =might be the result of flux
reconnection across the equilibrium separatrix x-points. The g
profiles that would have been measured experimentally at £=130 for

cagse 1 were determined as wentioned in section C. These showed
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FIG. 8-14. Magnetic surfaces and current density profile evolution
For case 1 with $=1000. The times glven correspond to poloidal
Alfvén times. (a) is near the time recomnection to flux outside
the separatrixz begins: (b) i3 near the time the mode saturates; {c)

{s ay the plasma returns to axisymmetry.
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FIG. B-15. Magretic surfaces and current density profile evoiution
for case 2 with $=1000. The times given correspond to poiocidal

Alfvén times. (a) is near the time recommection to flux outside
the separatrix begins- (D) Is near the time the mode saturates: {c)
J¢ is as the plasma returns to axisymmetry.
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(figure 8-9c} that although the mode seemed to saturate. the ¢
values were ralsed to near 1.

in cases 1 aad 2, the 1/l island visible in the field line
wapping plots starts to become ergodic at about the time that
reconnection to £iux outside the separatrix begins. The ergodicity
of the 1/1 island seems to start at its center rather than at 1its
edges. If the ergodicity was the reswvit of averlap of the 1/1
tgland with the separatrix, or another island, the edges of the
1zland would be expected to become ergodic first. The innermost
isiand magnetic surfaces plach off near the lsland magnetic axis to
form the twoe smaller islands seem In figure 8~14b, and the ergodie
region propagates outwards froam this peiat. Mest of the ergodicity
appears to come from an interactiom with the n=2. The twe heoles in
figure 8-14b r7Totate with the 1/1 structure, indicating that
whatever produces them 1s of aearly the same helicity. An
exzmination of the mode ampiitudes,r and curremt perturbation
profiie plots shows that the additionsl mede is principally an
o=n=2. The ratio of the m=o~l Fourier cosmponent of the cutrent
perturbation to the m=n=2 compoment goes from 4.3 at t=10 when very
iittle ergodicity is seen, te 1.3 =zt t=25 when the Island is
strongly ergodiec. It 4ig mot clear from these cases if the
transformation of the island magnetlc surfaces to an ergodic reglon
ta directly attributable te interaction of the 1/1 mode with the

separattix, or reiated to the saturatlion mechanlsm.
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The third case with S=1000 gave another unexpected result
(figure B8-163. Even though enough flax was available within the
separatrix. the mode did mot fully reccanect. This case was run
for 476 poloidal Alfvén times, and the Island sizes changed very
1lircle after t=30C0. A large 2/1 island snd 3 small 3/Z island are
alse apperent in the Ffield Iine maps. The 2/1 iIsland began to
appear at about t=100. The mechanism for the saturation is not
clear.
The initfial condition, for a fourth case with 7 a spacial
congtant and $=5000., placed the q=1 surface agaln near the
separatrix. so that insufficient helieal flux was available for
reconnection- This case exhibited the classlc Kadontsev £lip with
FIG. 8-16. Magnetic surfaces and current demsity profile evolution
the island o-point becoming the magneric axis (figure 8-17). Since
for case 3 with $=1000. The times given correspend to poloidal
the magnetic surfaces returned to axisymmetry, the final q profile

Alfvén times. (b) is near the time the wmodes saturate: (c) shows
could be determined from the field line mapplng: as expected the g

. the lack of island growth.
values are 8]l above 1 {figure B8-18). It 1is posgible that
diffusion of the overzll current density profile modified the
process to allow the reconnection to costinue. The gap between the
central flux reglon remnant and the 1/1 island does occur for this
case- however, this gap fs fililed im almost as rapidly as the
reconnection opens it up. Alsoc, although the outer surfaces of the
isiand show some ergodicity, this disappeared by the time the £flip
was completed. Somehow, perhaps through recoanection across the

separatrix x-points, flux frow the regicon outside the separatrix is

getting to the inside to form the {sland”s outer surfaces. Another
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FIG. B~17. Magretic surfaces and current density profile evolution
for case & with $=5000 and constant resistivity show the flip in
the magnetic topology that would be expected from the Fadomtsev
model. The times given correspond to poleidal Alfvén times. [€3)
shows reconnection to flux outside the separatrix; (d) shows the
return to axisymmetry and total flatteaing of the current deasicy

profile after complete reconnection.
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FIG. 8-18. Inirial and final q profiles for the HIBR run with $=3000

show the expected relaxation of q to values greater fhaa .
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possibility is that resistive diffusiom somehow ralses the q values
at the edge of the central flux reglon above 1. thus creating extra
helical €flux on the inside of the separatrix. allowing the
recennection to continue without involving flux outside the
separat:ix-s The time for this flip to occur was just 260 poleidal
Alfvén times, which 1is 1/25 of the characteristic reslstive

diffusion time.

¥. Parameter Scaling and Confinement at Low g

The energy conflnement time for the <{g» <1 discharges is vexry
poer. T 50ps, compared to the higher q discharges, 15 = 600ps.
The large energy ioss im the low g discharges does not seem to be
the result of the sawtooth wosciilations. A comparisen of an
estimate of the change in the centrai T, during the sawtooth ramp
up from eguation 3.5, to the input ohmic heatinrg power, reveals
that the energy confinement is 23 poor during this stage, as when
averaged over several sawteeth. This {s in contrast te the DIVA
resu1c93 that show good confinement during the sawtooth ramp up.

Since q is less than 1, equation 2.7 indicates that the
discharges may be wunstable to locaiized laterchange modes if the
shear of the magnertic field is small znough. Because the low g
discharges have flat g profiles, it seewed possidle that the poor
energy confinement at low q could be related to imterchange mode

instability. To determine {f the low q profiles were unstable, the

F(2n=dq/de)? b g 2

3

pressure gradient for marginal stability was computed in Tokapole

17 geometry from the Hercier stability criteria.9

Ll o) “”mw YBosE) +

s ‘:5 dpr}[ﬁ“d?’}] + % (8.10)

where the intergrals are takem over a flux surface. B is the
poloidal field. B is the total field. Jd§=d1/Bp. F=RB, {a constaot
om & Flux surface). and v=JE/RZ. The critical pressure gradient,
dp/dg. was computed frowm equation 8.10 for an MHD equilibrium with
& q profile that matched the case of 7/31/81. 1s figure §-19, this
result is compared to dp/dd. computed £rem a fit of the
experimental SXR profile at a sawtooth peak to glmulated profiles
determined from p(4). The results indicate that even the modest
shear present In the low q plasmas is sufficient to stabilize
localized interchange modes for the very low 8§ values of these
dischazges.- if resistivity {s included in 2 stability analysis of
the interchange mode. the stabillizing effect of magmetic shear |is
weakened because the plasma is no longer locked to field lines. A
stability computatior in this case is much more difficult and was
aot done it Is possible that these modes are unstable, especially

at the low $ values that occur in the q < 1 discharges.
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FIG. 8-19 DPressure gradient predicted for marginal stability to
localized interchange modes from an equillibriua with a g profile
and gross plasma paTameters that matched the g profile at the
sawtooth peak in figure 8-7 s far larger than the pressure

gradient inferred from the SER profile for these discharges.

dp/dyp ((Teala)szeber)
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The poor energy confinement of the low g discharges may not be
relared directiy to q. bukt may be associated with the large driving

voltages. A scan wss dome in B¢ using the quarter sine wave Vps.

During the time that Vpg was large. Tg ¥as poor. independent of q
{figure 8-20). 7This might. in some way, be assoclated with the
unusual pressure or current profiles that may be created by the

large ¥ A compatison of the SXR profiles for the low q case,

g’
and for the high q cases after the period of large Vpg, is shown in

1_10

figure 8-2 This data was taken over several shots and so

reproducibility is sowewhat uacertain, but the low g case does
indicate a somewhat hollow temperaturs profile.

Scans were dome vs vpg for various BQ valueg, with and witheut
the baffle plates inserted. The value of Ip at 2ms was maximized
by varvisg the density. This time wag chosen bDecause it wa;
believed to correspond more closely to the actual tiwe at which Ip
peaked. No obvious saturation was found ic <q¥ values as low as
0.4 were obtalned (figure 8-22). Throughout the range of vpg
values, IP/B¢ was found to be nearly independent of E¢ {figure
8-23} this {ndicates a scaliag im <g> at vpg/zsg.zsv {typical low

q discharge} of

B 1/2
> = 23(—2 )R (.7

tings

where B, is in tesla and 1 is the total ring current in kAmps.

rings
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F16. 820 Energy confinement time inferred Erom the external

plasma parameters at z time when the poloidal gap voltage is

is independent of q-

large



241

240

s proportional to B¢ at a fized vpg {and densitv)
vaiues.

i
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except at the higher vpg
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If it is aszumed that vpgfzavloup which would be true if the peak
of ip were actually at 2ms. then using the plasma minoer radius
computed from equation {4.1}. 7 cam be computed . The data

indicates that 7 ~ 1/<g> for the low q discharges (figure 8-24).
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2/1 fsland depend on current density profile. The ecuwrrent density

profile is deotermined by the radial dependence of the heating and

cooling rates which determine the resistivity profile. Presently,

the uncertainty of the J¢ profiles for the high q cases {g very

large. A SXR array. using a single filter for alz detectors, would

Frovide an enissivity profile on & single shot. 4 J¢ profile

inferred from thig data might provide enough certainty to Jjustify a

detailed theoretical calculation. A code to evaluate the linear

5tability would use much less computer time than rhe tonlinear HIB

eode,  azad might help identify which profile effects are izportane.

£ SFR array with enough spacial resolution to identify the

STTucture of the precursor oscillations for thisg case
Zapproximately 30 channeis across the poloidal gross section wili

be  needed) could provide a large amount of information. ¥Nor only

could rthe modes invoived be identified. byt also the Iaversion

Tadil of the oscillations could locate the position of the node

Tational surfaces and help wich curreat profile determination.

¥ith mote control over ¥

e it might be possible to vary the J¢

By

Prefile and affect the development of the instab{lities.

exteading the baffle plates, ir wilg be possible o test the

conjecture  that  the fact that the plates do no: teach the

STPEATALTLX preveats the terminaticn of Ip in the disruption.

The case with 1.5 ¢ <q> < 2 could represent the elimination of

The 271 disruption, without the afd of 3 conducting wali near the

slazsma  surface. The q values for this case should be deternined
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more carefully This cou be done by comw .'Lt‘lil'!g the gptro 2 an
. hi 4 b b hi £11 a

awtooth nve n tad & TomR 2 ngl er SXR array wit
i rsio i1 date ¥ single filt th
5 t >4

inte an MHD
ts of B with probes. as lioput
external measuremen pol

ise be useful in
3 SXR array may a

de. An improve

equilibrivm co

ested by the
identifying modes other than the 1/1 rthat are sugg
entif
i he 2/1
1 H inear stabllity of t
iculation of the 1
existing data- A ca
1T aske {t
d other modes could reveal what details of Tokapole
an .
& conducting
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The <g» = 1 case may be a unique experimental observation of a
1/1 distuption of the <c¢lassic Radomtsev type. The $ value for
these discharges in comparlson to other tokamaks, in which the
disruption associated with the 1/i mode {1s poloidally and
toroidally symmetriec. 1s low. At low 5. the current spike
generated by the reconnection will not have a large curreat density
gradient. Thus, the m.n>l modes driven by this current dJensity
gradient. which could be responsible for the n=m=0 structure of the
distuption in the nonlinear phase, may not occur in the <g>=1 case.
It should be possible to verify this conelusion with magnetic probe
measurements near the plasma edge- Qualitative simulations of
these signals could bDe done with the existing HIB results.
Simulations of the SXR data, assuming Infinite thermal conductivity
paraliel to the magnetle fileld and zero perpendicular thermal
conductivity, along with energy conservation. could also be done
with the existing resistive MHD code output-

The observation of g < 1 discharges, in which the g values do
not relax te 1 during sawtooth oscillations, suggests that the
recontection process im the 1/1 mode is limited by some effect.
The close proximity of the q=1 surface to the separatrix for this
case indicates that wmagnetic flux outside the separatrix must be
involved In the reconnection. if thls process is to proceed beyond
the polnt at which the magnetic island reaches the separatzrix- The
uniqueness of the ¢ observations, and their variance with the

standard theory, suggest that the unusual attributes of the
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separatrix ia Tokapole II might be involved Ynfortunately, probes
can no longer be inserted into the q<l discharges because of their
large perturbing effect. so that the magnetic probe data canmot be
repeated with the knowledge of the toroidal asyemetry of the
sawtooth oscillatiens. The transition of the modes observed in
these discharges f£rom nearly toroidally symmetric sawteeth to a
distorted 1/1 mode needs further study to reveal what plasma
parameters determine the degree of toroidal asymmetry in the 1/1
disruption. The HIE ruans indicate that exhaustion of the helical
flux supply withic the separacrix does not stop the growth of the
1/1 island reconnection seems to continue across the separatrix,
probably through the formation of an ergodic field regiom. An HIB
run with current outside the separatrix will more accurately wmodel
the experiment, and may reconcile the experimental observations
with resistive MAD. The f£ield lire mapping section of the code
should be modified to allew g profiles to be computed evem for a
highly kinked case, in ovder to resolve the questions regarding

resistive diffusion.
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APPENDIX

REDUCED RESISTIVE MED EQUATIONS TO ORDER 3 © 2

The set of equations solved by the HIB computer code are the

resistive MHD equations.

.
%; = -g¥ v v (A.la)
-
v + -
oqm =TI xb. €A.11)
> -+
_:l: x-¥ x E 4.10)
+
Eemv v (A-14)
- -+ + -
E==nJ~-7vXxXB (A.le)
» e
T=%x38 (A-1£)

where d/d: is the convective derivative a/a:+:-v p 1s the mass
density : is the fluid velocity. p is the pressure. and vy 1s the
ratio of specific heats. The assumptions made in the derivation of
the reduced form of these equatiocns used in AIB are 1} that the
toras is of large aspect ratiec € = afR <1 ) 51 ~ sB¢, which
holds for tokamaks with g > 1. 3) that the toreidal wavelengths are

long compared to the poloidal scale lengths. d/R34 ~ £3/dL this
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@will be true for Jlow mode number resonant modes because of
assunption 2. 4} V-: = 0 this wiil be true pfovided that all modes
grow at tates much slower than the sound speed time scale. so that
flow along f£ield lines can equalize any compressiom. 3) that the
plasma pressure is small § ~ £? and 6) that the growth times for
the mnodes are long compared to the characteristic time for the
propagation of a compressional wave in the B¢ acress the poleidal
cross section {the "fast poloidal Alfvén time™). The goal of this
ordering is to produce a comsistent set of equations. accurate to
order €3 in the dynamical equatioms. inm which the perpendicular
compoaents of g and : are derivable from potential functions, and
gQ and v¢ are negligable. The coordinate systewm used i{n the
solution takes = in the divectlion of increasing majer radius. and
; = ;x;.

Agsumptions 5 and & are the key assumptions to the reduction
of the equations (A.1) from a set 'witﬁ 3 wvelocity and magnetic
field wvariables, to a set In which the veloecity and magnerie fleld
are derivable from 2 potentfal functioas., ¢ and U. Assumption &
leads to & constraint on the velocity components in the poloidal
plane similar to the censtraint ?°:=0 that results from aeglecting
the sound wave time scale. Taking the ¢ component of equation A.le

glves,



-

B3(RB,)

v o Yo atemy - 829e03) 4 0(F A2
+vlv(rus¢)] ,g;vi(-ws) RV(R2]+ (S"HP) (A 2)

Taking the & component of equation A.1b gives

+

o2 B eZv
ad e A3 (Lo, o(—2) (A.3)
dr tgpe RByB, i

vhere v, is the Alfvén speed In the toroidal field (Bi/p}“z-

Since B ~ £2

and the time scale for the relaxation of compressions
in the toreidal Ffield 1s neglected the left hand side of eguation
4.2 can only produce changes in RB¢ ~ £2R3¢ by convection in the
poloidal plane so that the Ieft hand side of equation A.Z
-~ (EZITHP) From equation A.3 under the same assumptions Ve ssz
gince the poleidal Alfvéa time is the fastest time scale allowed -
Applying this last ordering into equatiecn 4.2 and assuming § ~ 1/¢
{a very modest assumptiom).

+

3

v,
R20 - (3) ~ - 2 &
r?2 tgp a

+
which is the desired constraint om the poloidal flows. Thus v, cam

be written as.
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r2

-
vy = RO(VU x V) + o(s3vm,) (A 5)

The final term {s of such an order that it does not enter fato the

dynamical equations.

>
B can always be written as

+ -
B = R,V4 x V¢ + by * RB, Ve (A.8)

Taking the divergence of A.6 and again irvoking the fact that RBQ

can change by convection only, and that Decause of the low B, this

change can only be 0(52R3¢) gives

+ ESB¢
Vebg ~ = {a.7)
3o that
g 3
By, = R V& x V4 + 0(e BQ) {4 8

As in the poloidal velocity the third order term in the poloidal
field does not eater the dynamical equations to the lowest order

retained Qperating on A.B with ¥, x glves

192 = - RJ

*
= 724 - .
SR AR R, ¢ * %
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To obtainm the ¢ time dependent equation operate with ¢ % eon

esuation A lc to give an equation invelving the poleldsl components

of B

2% R-2yv, & , 8.5 2
¢, 2 ey ) 2k z A.10
“‘5{ 'L\?D.& } RD a¢(¢x )] { 3

Substituting ohms law (4-le) into the second term on the right of

A.10 zfter scme algebra gives.

A g~ + R IE"‘B‘L
¥, = = -9, (rE - =5} + 0{—=} (A 11)
- =R R R4 .

Since pure functions of ¢ will not enter in computing B; from 4.8,
?i operator can be dropped In the above equation Substituting ina
EQ froz ohms law and using A.5 and A.9 gives.

iy
29 e's
?_:’ L gzs-w) +of__4). {a.12)
o 2Tgp

Defining D/dr as the coavective derivative in the poloidal plane.
4.12 can also be written as
"

e’B
1
a )‘

24 T
Se T =T + 3 - + 0
T ot T+ 0f

(4.13)
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Equation & 13 shows that comvection eof ¢ in the poloidal plane is
driven by resistive diffusion and dy amy lack of roroidal symmetsy
in the flows.

The equation for the flows in the poloidal plame is obtained
by operating oo the womentuz equation {A.1B) with ¢'$XQR2; this
eliminates v, and results fu an eguatiom for essentiaily the

vorticity of a 2-D flow with some torecidal corrections- Applying

this operator te the force tertms in A.1b gives

. .- » R2e3pv,
4=Vx(R2{IxB)) = R(B-VIRT, + O }. (4 14a)
ETEE
~ - REESPVA
$7x(R2¥p) = 2ZR4-VRxVp + Of ). {A 14B)
2

Using this operator on the left side of 4 ib and combining equaticn

A.ia and A.5 give

-

dv
s¥x{R2p—] = -R
$-7x(R%p -]

290
oPo

a{%cv-viu) + 22D (4.15)
0

Defining the vorticity W = ?-VLU and putiing together A 1% and

A.15 give
> Eap v
i - . -
P 2OY = (Bemyate + 28098 wwp + 0L 20 A 16)
t Ro ¥ Ro a%zp
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The vorticity is driven by wariastions of RJ¢ gn a magnetic surface
through the second term on the tight in eguation A 16 the
derivatives of this terwm in the toroidal direction in conjunction
with the second term oun the right of equatfon A.13 generate the
toroidal mode coupling ;ffects- A viscosity term. of the Fforz
u¥W. is added to A.16 for numerical stability this term has no
effect on the physics of the results provided that the viscous
dawping tiuwe is wmuch less than the reslstive time.3

Equation A.13 and A.16 are solved in HIB by Fourier expandiag
in toroldal and poloidal angle. with a grid 1o the radial
direction. This has 2 great advantage over a 3-D grid since the
most unstable modes tura cut te have low mode number with mest of
the radial structure localized iIin a small region. This last fact
aliows grid packing to be used mear the reconnection radius ocaly.
and reduces the pumber of radial grids needed to adequately resolve
the structure. 1In the rums for Tokapole II geometry a=0 to 4, a=-4
to 8. and up to 100 radlal grids were used.

The technique used in rthe solution of A.13 and A.16 15 a

semi~implicit half time step method {n which the convective terws

are advanced explicitly. and the dissipative terms 1mplicity-

E(t+AL/2)

X7 = C(t)} + D(t+At/2), {4 17a)
ELEHAY) | o(etarf2) + D{o+At), (A.178)

At
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where £ represents a dependent variable T represents the
convective terms and D represents the dissipative terms. This
technigue allows numerical stability with a nmuech larger time step
than would be possible in a fully explicit method.é Unfortunately.
for the cases 1n Tokapole II geometry im which 1 ~ lfjé‘ nis a
function of both r and & so that the dissipative term in the ¢
eguation is a convolution that cannot be handled implicitly in the
Fourier analysis. There is a provision in BIB that allows for the
qA*¢ term to be advanced at a smaller time step thanm the rest of
the code so that not all the advantages of an fmplicit time step
are lost. Generally &8 time step of 0.01 was sufficient for the
constant 7 case with S=5000. Far the cases with $=1000 and
L 1/3¢. a time step of 0.0l was used with the né*¢ tern advanced

at a time step of 0.00%
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