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Onset of high- n ballooning modes during tokamak sawtooth crashes
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A new phenomenon has been found during the nonlinear stage of the tokamak sawtooth crash in
relatively highB plasmas. Then/n=1/1 magnetic island evolution gives rise to convection of the
pressure inside thg=1 radius and builds up steep pressure gradient across the island separatrix,
and thereby trigger ballooning instabilities below the threshold at the equilibrium. Effects of the
ballooning modes on the magnetic reconnection process during the sawtooth crash are discussed.
© 1999 American Institute of Physid$51070-664X99)02812-§

I. INTRODUCTION tion of the secondary high-ballooning modes will be pre-
sented. Quantitative analysis of enhanced magnetic field line
Sawtooth oscillatiorlsare generally observed in toka- stochasticity is discussed in a separate p&per.
mak plasmas when the safety factpat the magnetic axis is This paper is organized as follows. In Sec. Il the basic
below unity. The temporally discontinuous soft x-ray signalsmodel for magnetohydrodynami®HD) simulation is dis-
suggest sudden electron temperature drops or crashes in tbgssed. In Sec. I, we present results of MHD simulations
core of the plasma column. After the crash, the temperaturgn the onset of higi+ballooning modes, showing evolution
profile inside theg=1 radius is flattenedSome exceptions of both the pressure and magnetic field structures. Toroidal
of sawtooth free discharges are reported in Toroidal Experiasymmetry of them=1 magnetic island structure is dis-
ment for Technically Oriented Resear¢REXTOR)* and  cussed in Sec. IV. We summarize this work in Sec. V.
Tokamak Fusion Test React6FFTR) supershots]
There is a large gap between the theoretical understand-
ing and the experimental results; the mechanism responsible
for the nonlinear stage of the crash phase is far from beiné]' BASIC MODEL FOR COMPUTATION

understood. The following two principal problems remain In this section, the basic properties of a magnetic field
unsolved for sawtooth studiesl) The centralg-value re-  gnq 5 reduced MHD formulation in a tokamak are reviewed.
mains below unity during the crash in most expenm%ntsA nonorthogonal, straight-field-line coordinate system is em-
whereas zero-pressure Kadomtsev model prédiatsull ployed in the present calculations, in whighis the flux
magnetic field reconnection and that the cengaises 1o grface labelg is the poloidal-like angle, andis the toroi-

above unity in the core of the plasm@) The time scale of 45| angle. The magnetic field in a tokamak can be written as
the final crash phase is much shorter than the one predicted

by resistive reconnectidror the Sweet—Parker layer model. B=Beqt B, 1

In today’s high-temperature tokamak plasmas, the time scale

is on thye or(?er of tepns of microsecorfgs. Beq= ~FV{+ VIXVileq, )
Rece_nt gxpenmenta_l results, for example, 'Fhose in Refs. B=VXA=VX (= V) =VI{XV, @)

7 and 8, indicate dynamical temperature evolution during the

crash phase of a sawtooth oscillation. Furthermore, the exvhere J(p) and F(p) stand for the equilibrium poloidal

perimental measurements in TFTRave suggested the mode magnetic flux and equilibrium poloidal current. Here,

localization of the pressure driven modésllooning modes  #(p, 0,{) == wn¥mn(p)cosmé+ng) is the poloidal flux

on the bad curvature side of the torus. function of the perturbed field, whera andn are the poloi-

On top of the ballooning mode localization, a series ofdal and the toroidal mode numbers, respectively. We denote
TFTR experiments'® as well as TEXTOR experimerifs the total poloidal magnetic flux asi(p,6,l)=efp)
have inferred that the magnetic field line stochasticity in the+%(p, 6,¢).
vicinity of the q=1 radius plays an important role in thermal ~ Numerical simulation has been conducted employing a
transport and the resultant rapid changes in the magnetieduced MHD formulatiot? in a toroidal geometry. Toroidal
field structure. In the experimetttit is suggested that the geometry enters via metric elements obtained from an equi-
pressure contours and the magnetic flux surface does n@brium solverrsTEQ™ The initial value simulation is con-
coincide during the nonlinearly developed stages of thejucted by employing thear codé® which originally con-
crash. tained a full set of MHD equations. In our study the reduced

In this work, numerical simulation results on the excita- MHD equation§3 are solved for the magnetic fluy, the
toroidal component of the vorticity¢, and the pressurp.
3present address: Department of Physics, University of Colorado, Boulder] N€ relevant equations are: the toroidal component of Ohm’s
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and the pressure evolution equation, ”“,”””,./
dp oooo/.'oo o/;
==K, V2p. (6) o
dt ooooﬁ,.oo

In these equations} stands for the major radius=R?V ¢ 0 L ) ) ' '

XV ¢ is the fluid velocity (¢ is the stream function U -5 0 5 10 15 20 25 30
=R2?V X (R?V/F) is the vorticity, and)=V X B is the current m

density. Superscriptésubscripts denote the contravariant fiG. 1. Mode spectrum employed for the simulation. The abscissa and
(covarianf components. Hereyp is the resistivity and the ordinate corresponds to poloidal and toroidal mode numbers, respectively. A
transport coefficients are given by , and «, , which are  total of 151 modes are used in the simulations.

the perpendicular viscosity and the perpendicular heat con-

ductivity, respectively. In this work heat conduction paraIIeImagnetic structures, magnetic field line trajectories have

to the ma_gnenc f|elq is ignored due to numerical d'ﬁ'cu“_'esf'been obtained by integrating the magnetic field line equation
The maximum toroidal beta value at the magnetic axis is

denoted byg, while the inverse aspect ratioésThe reduced dp B” 1 9y
MHD formulation is derived by neglecting? and higher- d_gz @Z - p_F 90"
order terms and is correct to the small inverse aspect ratio

limit where e<1. de B? 1 oy

Time is normalized by the resistive time=a?/ 5 and
the length is normalized by the minor radius The
Lundquist number is given b§= , /7, wherer, is the po-  using a fourth-order Runge—Kutta—Gill methtd.
loidal Alfven transit time. Incompressibility{- R"2v=0) is
implicit in Eq. (6). Toroidal curvature effects are included in |j|. SIMULATION RESULTS
the second term of Ed5), which is the minimum require-

ment to describe the ballooning-type pressure driven modes. Pz?\ra_meters used in the calculations were as _fOHOWS' The
; g-proflle is taken as a peaked proftféThe centralg is taken

asqy=0.81 to avoid the resonance wi’/n=4/5 mode near
the magnetic axis. The equilibrium pressure profile has the
form of p=yZ,. Major radiusR=5 m, minor radiusa
=1.25 m (the inverse aspect ratie=1/4), and Lundquist
number S=10° are taken. A total of 500 equally spaced
mesh points was used in the radial direction. The mode spec-
trum was selected as shown in Fig. 1, so that it fills the

the absence of higher-order term effects, i@ = 1/1 ideal/ 0.81=q~m/n<2.7 region. A total of 151 modes was in-

resistive kink modes are always linearly unstable regardles‘éIUded in the S|mulat|9ns. The transport coefficients are
of what 8 value one employs. taken as small as possible; =0.1, andx, =0.1.

To time advance the reduced MHD equations, the un- . Figures 2a) qnd Zb)_ShOW prSssure contour's in the po-
known quantitiesc(p, 8, ) in Eqs.(4), (5), and(6) are sepa- I0|glal cross_sectlons zg_t—_rr and (=0 afte_r a non_hnegr evo-
rated into equilibrium and perturbation parts(p,6,¢) lution of m= 1 magnetic _|sland_. All the figures in thl_s paper
. 8)+%(p, 6.2). The purely equilibrium terms are dis- are plotted in the Cartesignonfiguration spagecoordinates
N eq(p,_ p0.¢ ‘15 purely eq ) (X,Z). The center line of the torus is located at the middle of
carded in theAR code,” leaving only terms that are linear or

. - . . _the figure and the toroidal magnetic field falls off propor-
quadratic in the perturbed quantities. Linear calculatlons[ional to 1R toward the edges. In Fig. & of 4% (poloidal

time advance only the.,xx terms implicitly, while nonlin- pa5 of,=0.74) was used. The green and yellow crescent-
ear calculations integrate quadratic termsXx explicitly.  shaped part corresponds to the magnetic island. Localization
The perturbed quantitieg(p, 6,£) are finite differenced ip  of the mode on the bad curvature side can be seen starting
and expanded in Fourier series for the poloidal arynd ~ from t=1.205< 10" 2; the m/n=1/1 magnetic island evolu-

the toroidal anglef. At t=0 we perturb a single resonant tion gives rise to convection of the pressure inside t¢he
mode ¢4,; with a finite amplitude. To see the evolution of =1 radius and builds up a steep pressure gradient across the

@Bl !

then=1 toroidal internal kink mode. The analysis by Bussac
et al® reveals that the mode enters through orefein the
variational principle® Bussacet al!® have shown that the
internal kink mode is only unstable whef, gyssac> 0.3
(Bp.BussaciS the poloidal beta value which is volume aver-
aged within theq=1 radius, and differs from the conven-
tional poloidal betgs,). In our simulation, possibly due to
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FIG. 2. Pressure contours for tile=4% simulation. The axisymmetry cen- 0.0 Ly
ter line is located at the middle of the paga), (b) att=1.205<10 2, (c), ' S
(d) att=1.230x 102, and(e), (f) att=1.265<10" 2.
|
!
island separatrix or the Y-ribboli,and thereby triggers bal- 50.0 PN . 1
looning instabilities below the threshold at the equilibrium. 00 02 04 0868 08 10
At later times ¢=1.230<10 2 andt=1.265< 10 2), typi- p

cal ballooning type structureso-called ballooning fingers

on the bad curvature side can be seen. Note that the COIMErG. 3. Fourier spectrum of the stream functiopga) att=1.175<10"?
sponding higha mode activity is suppressed in Figdag and (b) at t=1.230x10"2. Commensurate modesn/n=1/1 to m/n
2(c), and Ze) where the hot core is facing the good curvature=10/10.

side. Figures @) and 2f) show the final temperature crash

phase.

Figure 3 shows eigenprofiles of the streamfunctitin An important observation is that these higher number
the commensurate 1/1 to 10/10 mode spectrum=dt.175 modes are not active in the axisymmetric equilibrium but are
X 10" 2 when the highm mode amplitudes are small, and at triggered by the change in the pressure profile in the vicinity
t=1.230x 10”2 when the higha modes are active. Figure 3 of the Y-ribbon!® These higha modes are not generated
indicates rapid growth of the 8/8 to 10/10 modesd, blue, from mode coupling but rather they result from changes in
and green curves the n=0 equilibrium modes. The ideai=10 ballooning

Figure 4 shows eigenprofiles of=10 modes but with modes are stable t8~e which is allowed for the reduced
differentm (poloidal modé numbers. These incommensurate MHD description'® The resistive ballooning mod&sare al-
helicity modes grow simultaneously. This is a typical eigen-ways unstable with a linear growth rate proportionatd’®
mode structure of ballooning modes; differemtmodes with  (here,Sis the Lundquist numberjust as for them/n=1/1
samen are correlated in the ballooning transformatf8n. resistive kink mode. However, in our simulation model, the
Note that each of the modes are localized near the corresmall amplitudes olh=10 modes at=0 never catch up
sponding mode rational surfaces exhibiting the nature of Wewith the amplitude ofm/n=1/1 mode, unless there is a trig-
ber functiond'— say 15/10 atj=1.5 surfacgred), 16/10 at  gering mechanism such as pressure steepening across the is-
g=1.6 (blue), 17/10 atq=1.7 (green .. ., and so on. land separatrix. The phenomena is different from a mode-
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p #1/1 modes come into play and destroy the coherent struc-

tures. A key to understand “tearing” of the ballooning fin-
FIG. 4. Fourier spectrum of stream functign(a) At t=1.175<10"2 and  gers is the finite dissipation. In a dissipative plasma, resistiv-
(b) at t=1.230x10 2. All modes shown have the same toroidal mode ity as well as viscosity plays a role in damping modes,
numbern =10, but they have incommensurate helicities. especially in the short wavelength modes. As a reminder, the
diffusion terms in Eqs(5) and(6) are proportional tan?.
Figure 6 shows magnetic field line Poincgiets during

coupling energy cascade as one sees in magnetdhe ballooning mode evolution, at the time corresponding to
turbulenceé®?* those for the pressure contours of Fig. 2. As one can see,

Figure 5 shows the flow velocity field for the same although the magnetic field lines are globally stochasticized,
B=4% simulation. Interestingly, we can observe small scalehe field lines basically follow pressure surfaces. This is in
eddy structures along the ballooning mode fingers streamingontrast to the work by Kleva and Guzé&where the au-
both inward and outward. Note that the significant eddy apthors claim that the pressure and the magnetic field com-
pears outside thg=1 radius, while similar structures exist pletely decouple and the pressure finger evolution does not
inside theq=1 radius. These eddies convect plasma substaraffect the poloidal magnetic field strength. From the numeri-
tial distances across the=1 surfaces. cal measurement of the local magnetic field line pitch at

In an actual plasma discharge, no modes can keep grovt=1.265< 10" 2 we obtainedqy<1 near the shifted mag-
ing forever, unless, say, the entire plasma discharge is termiretic axis. The value of-profiles for both the equilibrium
nated. Any instability should reach a saturation stage. Fofthe solid line and at the time=1.265< 10 2 (circles are
example, in Fig. &) the ballooning mode fingers are torn shown in Fig. 7. Given the location of the shifted magnetic
and we see a transition to another instability perhaps of axis (Xy,Zy) in a Cartesian coordinate system, a poloidal
Kelvin—Helmholtz type?® This signifies that numerous/n  angle is calculated from
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FIG. 7. The safety factor profile at the equilibriu(eolid line) and att
=1.265x 1072 (circles which corresponds to Fig.(8.

looning modes and resultant global stochasticity can be a
possible explanation for the rapid escape of the heat ob-
served in TFTR experimen?.As a result, after the stage of
Figs. 2e) and 2f), the effect of finite parallel heat transport
along the stochastic magnetic field lines becomes dominant
for the pressure evolution. The inclusion of parallel heat
transport effects into the MHD model is numerically too de-
manding and we do not present these simulation results in
this paper.

FIG. 6. Poincareplots of magnetic field line trajectories for the=4% With a decrease i (4%—2%, see Fig. 8 the balloon-
simulation. The axisymr:nzetry center line is located ?lethe middle of the page'mg structures can be still seen, but they are rather modest
@, (b) att=1.205¢10°%, (), (d) att=1.230<10"% and(e), () att (g —0.49 for B=2%). The onset of the ballooning instabil-

=1.265<10 2. MNP ; : .

6310 ity is delayed for this lowerB case; finger-like structures
appear at a much later phase of the 1 island evolution. It
takes a longer time for the pressure gradient to build up to

Z—2Z4) the ballooning threshold. Another observation is the degree
®=arcta|§_xo(§). of radial extension of the fingers. In the=2% case, the

) _ . finger extends only up tg~1.3 surface. As a result, the
Then, the safety factor is calculated by an averaged field lin@y;ensjon of stochastic annular region is modest compared to

pitch higher 8 cases. Figure 9 shows magnetic field line Poincare
. l plots during the ballooning mode evolution, at the time cor-
()= lim 0(0)-0(0) (7)  responding to those for the pressure contours of Fig. 8.
{oe In the lowerg (8,<0.25) limit, the magnetic field lines

The averagedq)-value in the perturbed state is no more seem to recover the Kadomtsev-type full magnetic reconnec-

than the ratio between the number of toroidal windings totion. As a reminder, the TEXTOR experiments are con-

poloidal windings. In Fig. 7, only five toroidal evolutions ducted in 8,<0.3 and the work by Nagayamet al. in

were taken forZ in Eq. (7). If one follows field lines for a TFTR® experiments revealg,~0.95 for the hot ion mode,

long period, the information of the initial position is lost due 8,~0.4 for the ion cyclotron range of frequencid€RF)

to magnetic stochasticity. plasmas, ands,~0.11 for the Ohmic plasmas. Although
In Figs. 6c)—6(f), global stochasticity can be seen in the magnetic stochasticity induced by the ballooning modes may

annular region extending tg~2 (most of the flux surface play a role, the mechanism for the incomplete magnetic re-

except for a few peripheral regions are destroydthe q  connection process in the lo@-lasmas remains to be ex-

=1 annular region is stochastic enough to produce rapiglored.

radial heat transporiNote that parallel heat conduction is

taken as zero in the work of this papeA simultaneous IV. TOROIDAL ASYMMETRY OF THE m=1

excitation of incommensurate high-n modes and the island/AGNETIC ISLAND

overlapping allows rapid escape of the heat from the center For the simulation in this section, we have taken the

to theg=1 regions. This mode coupling feature of the bal-equilibrium g profile and the pressure profilghe equilib-
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(a) (b)

FIG. 8. Pressure contours for tile=2% simulation. The axisymmetry cen- FIG. 9. Poincareplots of magnetic field line trajectories for the=2%

ter line is located at the middle of the paga), (b) att=1.162<10 2, (c), simulation. The axisymmetry center line is located at the middle of the page.
(d) att=1.187x 102, and(e), (f) att=1.225<10 2. (@, (b) at t=1.162x1072, (c), (d) at t=1.187x10"2, and (e), (f) at
t=1.225<10 2.

rium of B=4%) as in the previous section. However, we dothe bad(right) curvature sides of the plasma. As before, the
not include pressure/curvature effects in the mode evolutiogenter line is located at the middle of the figure, and the
and we se{3=0 in Eqg.(5). Thus, the plasma responds to atoroidal magnetic field falls off as-1/R from the center
Shafranov shift(which is 17% of the minor radius for the toward edges of the figure. By comparing Poinaaegpings
equilibrium employed hejeand the equilibrium geometry of the field line trajectories on the good and bad curvature
metric elements, but the dynamical ballooning mode evolusides, toroidal asymmetry in the magnetic field structure can
tion is absent. The aim of this rather artificial calculation isbe seen: the internal column is close to the wall in Figh10
to extract the magnetic field line structure near thel  when the hot core region faces the bad curvature side. One
island separatrix or the current sheet, until the moment of thean observe the three-dimensional structure of the current
ballooning modes onset. As shown in Figs. 6 and 9, once theheet® of them= 1 magnetic islandor the Y-ribbons®); the
short wavelength ballooning modes are triggered, the magzompression of the flux surfaces is much more pronounced at
netic field lines basically follow the pressure surface whicha toroidal angle where the current sheet is located on the bad
exhibits the finger-like structure. As suggested by Hegna andurvature side of the torus. The central core has an oval
Callerf’ the local magnetic shear can be an important factoshape rather than circular. The oval shape is upright when
for the triggering of ballooning modes. The ballooning facing the bad curvature side, but horizontal when facing the
modes can become unstable when the destabilizing pressumgeod curvature side. As shown in Figs.(&0and 1Qf),
drive overcomes the field line bending stabilizing contribu-Kadomtsev-type full magnetic reconnectioiakes place in
tion on the perturbed magnetic surféédnclusion of a dy- the absence of dynamical ballooning modes.
namical curvature term generates magnetic stochasticity and From this magnetic structure, one can expect that the
makes observation of the magnetic structures very difficultresultant ballooning-type instabilities across tfxel surface
Here, we have also employed an extremely large viscosityill be toroidally localized by their alignment with the mag-
value (v, =5.0) so as till the strong flow. netic island structure. This mechanismmist the same as the
Figure 10 shows Poincanglots of magnetic field line localization of the ballooning modes which is demonstrated
trajectories when the hot core is facing the gd@aft) and  in the previous section. This mechanism arises from the geo-
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(a) hence the possibility of temperature profile flattening without
complete magnetic reconnection in tokamak plasma dis-
charges.

As an artificial probe for the onset mechanism of high-
ballooning modes, thew/n=1/1 island evolution for a large
equilibrium B value (and thus a large Shafranov shifias
been simulated but without the dynamical pressure-drive. By
comparing the magnetic field line trajectories on the good
and bad curvature sides, we have observed a three-
dimensional, non-axisymmetric structure of time=1 mag-
netic island. It has been shown that the current stemtthe
Y-ribbon? is stretchedvertically elongategiwhen it is fac-
ing the bad curvature side. The effect is considered to induce
ballooning modes on the bad curvature side.

Compared to previous work by Pask al?® where the
helically twisted equilibrium produced by the kink mode was
taken as an initial configuration, this is the first MHD-
simulation to reveal the activity of the secondary highal-
looning modes, starting from a self-consistent concentric
equilibrium that evolved into am/n=1/1 magnetic island
structure. The simulation by Pa#t al?® was conducted to
account for the TFTRB limit disruptions® rather than saw-
tooth crashes. In thg limit disruptions it is observed that
the ideal kink modesinstead of resistive kink modegive
rise to precursor signals and the 1/1 kink strongly couples to
higher m/n components(lt is worth pointing out that the
localization of a pressure hot bulge to the bad curvature side
during the m/n=1/1 island evolutions has been demon-
strated by Parlet al3! and Aydemir®?) To emphasize again,
in our studies, the high-ballooning activity does not come
FIG. 10. Poincareplots of magnetic field line trajectories for thg=4% from the mode couplings. The ballooning modes are sud-

simulation. Kadomtsev type full reconnection takes place in the absence qﬁemy triggered due to the emergence of the magnetic island
dynamical ballooning modes. The axisymmetry center line is located at the

middle of the page(@), (b) att=2.52<10"2, (0), (d) att=2.56x 102, and  OF the “topological change in magnetic field lines” and the
(e), () att=2.60<1072. local pressure steepening.

With regard to magnetic structures, it has been shown
that the ballooning mode can break the helical symmetry and
thereby induce magnetic stochasticity. In the higkimula-
tions, significant stochasticity has been induced by the strong
mode couplings between modes of incommensurate helicity,
which can induce radial thermal transport along the field
V. SUMMARY AND DISCUSSION lines. This supports TFTR experimental results Whi_ch sug-

gest rapid heat escape from the center to the ouigidé

In this paper, the tokamak sawtooth crash phase has beeegion®
studied numerically employing a toroidal magnetohydrody-  The relation of our simulation results to the experimen-
namic initial value simulation. Motivated by experimental tally observed partial reconnection in TFT® discussed
results from TFTR showing dramatic temperature evolutiorhere. As indicated experimentdifithe flattening of the tem-
during the crash, emphasis has been put on the role of preperature profile takes place before the full reconnection of
sure driven highm ballooning modes. the magnetic field lines. We suggest that, in relatively high-

With a wide selection of Fourier modes, it has beenplasmas, the ballooning modes are playing a role in the flat-
shown that then/n=1/1 magnetic reconnection process in- tening of the temperature crash in the nonlinear stage of saw-
duces nonlinearly unstable high-n ballooning modes; theéooth events. The dominant mode is converted from the
m/n=1/1 magnetic island modifies the pressure profiles anan/n=1/1 mode ton=10 higher harmonicgvia onset of
generates unstable states for ballooning modes. The balloohighn ballooning modes Furthermore, we conjecture that
ing spectrum in the simulation compares favorably with thatthe resultant small scale vortices may be playing an impor-
expected from conventional MHD theof;all the modes tant role in the mixing and at the same time damping of
with differentm numbers but with the samremode numbers strongm=1 flow. At the temperature crash phase, we have
are correlated. In the crash phase, it is observed that smahown that the local magnetic field line pitch at the magnetic
scale vortices are generated. The results were significant iaxis stays ago<1. Though the parallel heat transport along
suggesting the breaking of the symmetnic=1 flows, and the stochastic magnetic field lines becomes dominant for the

metrical effects on then/n=1/1 magnetic island evolution
due to the 1R dependence of the toroidal magnetic field.
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