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Growth to large amplitude of a single core-resonant tearing mode in the Madison Symmetric Torus
[R. N. Dexteret al, Fusion Technol19, 131 (1991)] reversed-field pinch is accompanied by
braking and eventual cessation of mode rotation. There is also a concurrent deceleration of bulk
plasma rotation. The mode deceleration is shown to be well described by a time-dependent version
of a magnetohydrodynamical mod@&. Fitzpatricket al,, Phys. Plasma8, 3878(1999] in which

a braking torque originates from eddy currents induced by the rotating mode in the conducting shell
surrounding the plasma. According to the model, the electromagnetic braking torque is localized to
the plasma in the immediate vicinity of the mode’s resonant surface, but viscosity transfers the
torque to the rest of the plasma. Parametrizing the plasma viscous momentum diffusivity in terms
of the global momentum confinement time, the model is used to predict both the momentum
confinement time and the time evolution of the decelerating mode velocity. In both respects, the
model is quite consistent with experimental data. 2@04 American Institute of Physics.
[DOI: 10.1063/1.1689353

I. INTRODUCTION in the immediate vicinity of the mode’s resonant surface.
) S _ Since the rotation of a resonant tearing mode is due to rota-

_ Toroidal plasma rotation is important, and in some casegion of this local plasma, damping the local plasma rotation
critical, in toroidal magnetic fusion configurations such asjggq4s directly to a decrease in the mode rotation and can

the tokamak and reversed-field pinch. One reason for this i§yentyally cause locking. This initial theoretical work was
that with sufficiently fast plasma rotation, internally resonant| ;. augmented for the tokamak with a more detailed model
resistive tearing modes corotate with the plasma. However, thich takes into account the viscous coupling of the local

the plasma rotation becomes too small, then such modes C%'Pasma to the bulk plasma, described further béloThe

lock (i.e., become stationary in the laboratory frame of ref- L . .
erence. Mode locking has a variety of negative conse- physics incorporated in this augmented model also formed
the basis of a revised model for the REP.

uences. For example, locking in the tokamak often result . . . .
d P 9 While there are differences in detail in the tokamak and

in a disruption or total loss of plasma containment. In theRFP 462 for braking d ad he basi
reversed-field pinch, locking does not usually cause disrup- modelS” for braking due to eddy currents, the basic

tions, but it can give rise to enhanced plasma—wall interacPhYsics of the models is generic. Fundamentally, the models
tion and a consequent degradation of energy confinement, 4€scribe a mutual torque exerted between the plasma and
In both the tokamak and reversed-field pinRFP), conducting shell, leading to the transfer of plasma angular
damping of plasma rotation and mode locking occur under &0mentum to the shell. A rotating, internally resonant tear-
variety of circumstances. In both configurations, mode decell’d mode, amplitudebyqqe, surrounded by a conducting
eration and locking can occur with the growth to large am-shell induces in the shell a pattern of eddy image cur-
plitude of a single, internally resonant tearing mdd&ln rents with the same toroidal and poloidal mode number as
the late 1980s, a theory was proposed for the tokamak ari@ile mode. The eddy currents generate a rotating magnetic
RFP that linked the deceleration and locking of a singleperturbation, amplitudé.qq,, Whose phase lags that of the
mode directly to the amplitude of the motig.Accordingto  mode. This lag is due to the finite self-inductance and resis-
this theory, eddy currents induced in the conducting sheltance of the shell. A sheetlike currggiee= (V X begay)/ 1o is
surrounding the plasma exert a braking torque on the plasmgenerated in the plasma in the vicinity of the tearing mode’s
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resonant surface. Given the phase lag betwgen,and companied by deceleration and locking of the mode. We test
Prmoder @ (NONIiNEaAY jspeeiX Pmoge €l€Ctromagnetic torque is the RFP theory described in Ref. 9, but we have extended

exerted on the local plasma which always opposes the locéhis theory to include time-dependent mode growth. Model-
plasma and mode rotation. ing the entire braking sequence, we find that the theory fits
Assuming a tearing mode of sufficient amp"tude' a mag_the data quite well. We have also ruled out other causes of

netic island will be present, centered on the mode’s resonafaking and locking, such as the partially corrected magnetic
surface. There is little or no net plasma flow relative to this€fror field, which play a role in some MST plasntés’

island; i.e., the mode corotates with the plasma in the vicinity ~ €oncurrent with the deceleration and locking of the
of the mode’s resonant surface. Consider the case of a growingle tearing mode in these MST plasmas, there is also a
ing mode and, hence, a growing braking torque. A key asdeceleration of the bulk plasma. This mode and plasma de-
sumption of the model is that the locékland plasma is cele_r_atl_on occurs without any significant change to the global
viscously coupled to the bulk plasma external to the island®duilibrium, in terms of, e.g., the plasma current and electron
Thus, as the island plasma begins to decelerate, a counteriffgnsity: The unchanging equilibrium, along with MST's

viscous torque develops. If the braking torque continues t&MPIe, circular poloidal cross section and single, thick con-

grow, substantial braking of the island plasma and island cafucting shell, provides an ideal test bed for the theory. The
| deceleration occurs with different fuel isotopes, magnetic

occur, but not without substantial deceleration of the bulk™ ™~~~ “"="" . .
plasma as well. The mode braking and locking cannot occu?qu'l'b”a' initial mode rotation velocities, and mode growth

on a time scale significantly faster than that of global viscougates' allowing tests of the model over a relatively broad

diffusion. Note that as the mode rotation velocity approachegﬁr?metegir\‘;’mr??h and Inma dreiI;tIV(ar![y nIargef r:rl:mgelrkofl dl:
zero, the phase lag betwegfjeerand boqe @lSO approaches charges. en the assume portance ot the bulk-plasma

L o Yiscous momentum diffusivity in the deceleration, we param-

zero, resulting in a vanishingly small torque. Hence, actual . e

locking cannot take place solely due to eddy currents How-etrlze the diffusivity in terms of the global momentum con-
) fir%ement time(in the absence of the braking torqudhe

ever, eddy currents can decelerate the mode to an extent tha . : )
. . . model is then used to predict both the momentum confine-
other sources of braking torque can easily lock it.

There have been relatively few published ex erimenta[nent time and the time evolution of the decelerating mode
. y b P ~._velocity. In both respects, the model is quite consistent with
tests of eddy current braking theory. Tests of the theory in it

Txperimental data.
first incarnatiorf.~’ without a detailed accounting of the P

| . de in the tokd In Sec. Il, we describe the MST device, relevant MST
plasina vIScous response, were made in the tok plasma diagnostics, and the observed mode growth and brak-
RFP to account for the growth of a single tearing mode

. . . ing. We follow in Sec. Ill with a discussion of the causes of
accompamgd t,)y decel.eratlon a.nd eventual locking of th%raking and locking in other MST plasmas, and we show that
mode. Qualitative consistency with the theory was reportedy,ose causes do not pertain here. Section IV is devoted to a
The theory was also used successfully in a tokamak 10 aGetajled discussion of the original time-independent model
count for so-called forbidden bands of mode rotation fre-¢,, braking due to eddy currents in the RFP. In Sec. V, we
quency, where a mode transitions rapidly across a particulgfescribe modifications to the model needed to make it time
band of fr.eq(L)Jency when the mode is decelerating Ofependent and show applications of the revised model to
reaccelerating” The modified theory for the RFRvas also present MST data. We summarize in Sec. VI and discuss the

applied to predict a mode amplitude threshold for locking injmpications of this work for the RFP and tokamak.
three RFP experiments!~2 Consistency with the theory

was found, in that mode amplitudes in locked plasmas were
above the predicted threshold. Most recently, an estimate of
the eddy-current torque was made to try to account for WQ, EXPERIMENTAL APPARATUS AND BRAKING DATA
cases of varying mode rotation behavior in a tokatfakhe '
plasma viscous response was not included in this calculatiort- MST and relevant diagnostics
Contrary to the aforementioned papers, it was concluded in  The data in this paper were measured in the MST RFP.
this latest work that the mode rotation behavior was not sigThe MST plasma is toroidal with a circular poloidal cross
nificantly affected by the eddy-current torque. section. The plasma is surrounded by a single conducting

In part due to the relative paucity of detailed compari-shell which also serves as the vacuum vessel and single-turn
sons of experiment to theory, and in light of the paper justoroidal field winding. The shell has a 150-cm major radius
described, the explanation of mode deceleration and lockingnd a 52-cm minor radiugmeasuring out to the plasma-
in terms of the torque from eddy currents cannot be said teacing surface of the shellThe plasma minor radius is lim-
be universally accepted. There has yet to be a definitive exted to about 51 cm by a distribution of tiles covering 10% of
perimental test of the more recent braking theories for thehe shell surface. The shell is 5 cm thick, comprised of an
tokamaR and RFP. aluminum alloy(6061-T6, and is largely uniform toroidally

In this paper, we report a fully quantitative, dynamical and poloidally. The primary nonuniformities are portholes,
test of eddy-current braking theory. The test is conductedhe largest of which are 11.4 cm in diameter, and two 1.3-
using RFP plasmas in the Madison Symmetric Toruscm-wide electrically insulated gapsuts. The so-called po-
(MST)* in which growth to large amplitude of a single core- loidal gap extends poloidally to allow poloidal flugpro-
resonant tearing modg@oloidal mode numbem=1) is ac- duced by toroidal plasma currerib enter the vessel, while
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the so-called toroidal gap extends toroidally at the inboard 0.25¢ ]
midplane and allows toroidal flux to enter the vessel. Image : (1,5) (a) 1
currents on the surface of the conducting shell arriving at one 0.20¢
side of the poloidal gap are able to pass to the other side by & 0.15 5
a conductor connected across the gap. No such conductor is§ O
connected across the toroidal gap. Image currents arriving at » . 1gFf
the toroidal gap pass into the toroidal magnetic field circuit, % ;
which is connected directly to the vessel. D 0.05F
Radial magnetic error fields occur at both gaps. In this E
work, we need only be concerned with error fields that have 0
the same poloidal and toroidal mode numbersr() as the e
single large mode, since only such resonant error fields can 0_15f
affect the mode’s rotatioh"*®As discussed further below, 5 -
this large mode has{,n)=(1,5) or(1,6), depending on the ‘g 0.10F
magnetic equilibrium. The error field at the poloidal gap has "; E
a fairly broadm and n spectrum, including1,5) and (1,6) @ 0.05f
components. However, we show below that even a relatively & C
large resonant error field at the poloidal gap does not affect ofF
the mode’s rotation. Recent measurements of the error field _0_053 . . . .
at the toroidal gap indicate that the resonant components are 0 0.2 0.4 0.6 0.8 1.0
small!® Hence, we assume here that this field plays no role. r/'a

The amplitudes and phase velocities of the internaIIyF
resonaqt tearlng modes are measured with a torou?ial array Bfasmas with(@) F=0, I ,=300 kA, shot(1990131033and (b) F= 0.2,
magnetic sensing coils mounted on the plasma-facing surfaqg: 385 kA, shot(1001112138
of the conducting shell just beyond the plasma boundary.

Detection at the plasma boundary of all the core-resonant

m=1 modes is possible given the global perturbations assderred to as standard, since their global energy confinement
ciated with the modes. The sensing coil array is comprised ofime is approximately the MST standard 1 ms. We exclude
32 coil pairs. One coil in each pair measures the fluctuatingrom this study recently achieved plasmas in which the con-
poloidal field, while the other measures the fluctuating toroi-finement time is substantially improvédl.

dal field. A Fourier decomposition of each set of 32 discrete  For theF=0 andF=—0.2 plasmas studied in this pa-
signals provides the poloidal and toroidal magnetic fluctuaper, we show in Fig. 1 the locations anah,() values of the
tion amplitudes of each mode, as well as each mode’s toroffive lowestn, m=1 modes, resonant in the plasma core. The
dal phase velocity. Toroidal rotation of Qr C**) impurity  locations indicated are of the mode resonant surfaces. They
ions is measured with a passive Doppler spectrometer havingre labeled on plots of the safety factor profigr), which

a tangential—toroidal view of the plasiffaThe location of is equal tom/n on resonant surfaces. These=1 modes
the measured velocity depends on the profile of the CV emisdominate a typical mode spectrum. One notable difference
sion. For the CV data shown below, the emission is strongetween the tway profiles in Fig. 1 is the value ofj(0),
across the plasma core, thereby allowing measurement of thehich determines the toroidal mode number of the innermost
CV rotation in the region where the dominamt=1 modes resonantm=1 mode. In thec=0 profile, q(0)>0.2, mak-

are resonant. The poloidal velocity of the modes and plasming the (1,5 mode innermost resonant. In the= —0.2 pro-

in the core is small compared to the toroidal velocity. Hencefile, q(0)<0.2, making the(1,6) mode innermost resonant.
we consider only the toroidal component of the velocity inAnother notable difference between these profiles is the
this paper. value ofq(a). With g(a)<0 in theF= —0.2 profile, modes
with m=0 (n=1,2,3,...) are resonant in the plasma, all at the
same radius. Witlg(a) =0, them=0 modes are resonant at
the surface of the conducting shell. The potential significance

The discharges included in this work were fueled withof the m=0 modes in this work is discussed below.
either hydrogen or deuterium and have toroidal plasma cur- The plasmas of interest in this paper exhibit growth to
rentsl , from 230 kA to 390 kA and a central line-averaged large amplitude of the innermost resonant 1 mode. Mode
electron density (n,) from 0.7x10"°m™ 3 to 1.5 spectra with this feature have been dubbed quasi single he-
x10"m™3. The toroidal magnetic field reversal parameterlicity (QSH), referring to the fact that the mode spectrum is
F=By(a)/(B,) ranges from 0 to-0.2, whereB4(a) is the  comprised approximately of only one mode helicity
surface toroidal magnetic field an@,) is the poloidal- (m,n).?>~>*A QSH spectrum appears in tife=0 discharge
cross-section average. Most of the plasmas studied here hashown in Fig. 2, and it results in mode braking and locking.
F=0. The related pinch parameté&=B,(a)/(B,), where  The evolution of them=1, n=5-9 mode amplitudes is
B,(a) is the surface poloidal magnetic field, varies from shown in Fig. 2a). Until about 14 ms, the amplitudes are
about 1.45 to 1.70, the lower value corresponding-te0 comparable to one another, but tfiile5 mode then grows
plasmas. All of the plasmas examined in this paper are resteadily and ultimately dominates the spectrum. The

G. 1. Safety factor profiles reconstructed from an equilibrium model for

B. Experimental braking data
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tuation amplitude of then=1, n=5 mode (black line and them=1, n 17.0 17.5 18.0 18.5 19.0 19.5 20.0
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(e) central line-averaged electron density.

FIG. 3. From theF=0 plasma used in Fig. 1a) toroidal phase velocity of

them=1, n=5-9 modes, in order from top to bottom, afiml the toroidal

phase velocity of then=1, n=5 mode and toroidal flow velocity of the CV
roughly linear growth and eventual sudden drop of the domiions.
nant mode amplitude shown here is common to all the plas-
mas in this study. In other plasmas, the dominant mode am-
plitude grows and saturates, remaining large and constant farot disrupt in the presence of such a large mode partly be-
tens of ms, but in all cases, mode braking and locking occursause the field structure in the core of a standard RFP plasma
during the mode growth phase. These peaked mode specisaalready stochastic, although the region within the large
do not occur in all MST plasmas, even with the same operamode’s island is substantially less stochastic, possibly exhib-
tional parameters, and they appear at different times in plasting healed flux surface®. To illustrate the constancy of the
mas in which they do occur. plasma equilibrium in QSH plasmas, we show the toroidal

The toroidal phase velocity of thel,5 mode and the plasma current and line-averaged electron density in Figs.
toroidal flow velocity of CV ions are shown in Figs(® and  1(d) and Xe). Parameters such &and®, which reflect the
2(c). Before the(1,5 mode grows large, it and the plasma shape of the magnetic field profilésare also unchanging.
rotate continuously. The same is true for the other 1 The deceleration and locking of thea=1, n=5-9
modes(not shown. However, as thé¢1,5 mode amplitude modes in the plasma shown in Fig. 2 are shown in detail in
becomes large, this mode and the bulk plasma, represent&ig. 3a). In Fig. Ib), we overlay theg1,5 and CV veloci-
by the CV ions, slow down. CV rotation is taken as repre-ties. Since each tearing mode rotates with a velocity deter-
sentative of bulk plasma rotation in the core, since the C\inined by the plasma flow in the vicinity of the mode’s reso-
ions andm=1 modes always rotate at similar velocitfs. nant surface, differing mode velocities reflect a radial
Eventually, at 19 ms, th¢l,5 mode, as well as the other variation of the plasma flow velocity. While the radial profile
m=1 modes, locks and remains locked until the end of theof the flow varies somewhat shot to sietg., some profiles
discharge(which occurs at 47 ms in this cgs@he plasma are flatter than othersa feature common to all plasmas in
does not cease to rotate, however, but continues on at a r#his study is that the core-resonant=1 modes and CV ions
duced speed, as is typical with mode locking in MST. Suchdecelerate on the same time scale. This is sensible since the
permanent mode locking is the typical result of QSH modemode resonant surfaces and CV ions overlap in space.
growth and braking, as long as the mode grows to sufficient  With the data shown thus far, we have established a clear
amplitude. However, the modes and plasma do occasionallgorrelation between the growth of the QSH dominant mode
spin up again, after the dominant mode amplitude hasnd the modeand plasma deceleration. When the QSH
dropped. There are also plasmas in which the dominant modgpectrum appears, the mode phase velocity evolves as a rela-
amplitude drops during the mode deceleration before lockingively simple function of the mode amplitude. In Fig. 4 we
can occur. In these cases, the modes and plasma reacceleratet the mode phase velocity versus the normalized mode
The appearance of the QSH mode spectrum and the remplitude extracted from 10 to 20 ms from the data shown in

sultant braking and locking has little effect on the globalFig. 2. The mode amplitude is normalized to the equilibrium
equilibrium. This is in contrast to locking in the tokamak, field strength at the plasma boundary. Henceforth, we will
which often results in a disruption. The MST plasma doegefer to curves such as that shown in Fig. 4 as braking
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curves. At low mode amplitude in Fig. 4, the velocity is 05 4 3 ) 1 0
largely independent of amplitude, but as the mode amplitude Time before locking (ms)

grows, a clear relation between velocity and amplitude

emerges, with the velocity steadily decreasing until lockingF!G. 5. In the presence of large and small error fields, time variatioka) of

occurs. The braking curve is not perfectly smooth due tgh® Poloidal magnetic fluctuation amplitude of t{i5) mode, (b) the am-
L L . plitude of them=1 radial error field at the poloidal gafx) the product of

both noise in the data and.real variations n the mode amplige mode amplitude and error field, afati the toroidal phase velocity of the

tude and velocity. Curves like that shown in Fig. 4 are traced1,5 mode. Data were recorded on 8 January 2003.

out whenever the QSH dominant mode grows to sufficient

amplitude. More braking curves are shown below.

In this section, we have shown that braking and Iockingmight induce locking or, at least, affect the shape of the

of the core-resonant=1 modes accompany the growth t0 p,.aying curve. There is a finite error field at the poloidal gap
large amplitude of the innermost resonamt1 mode. We in all the plasmas studied here.

have also demonstrated that this mode braking is accompa- To test for influence of the error field, we examined QSH
nied by deceleration of the bulk plasma. In the next sec:tionmode braking with arm=1_error field of varying magni-

we begin examination of the possible causes of this modg,ye The error field magnitude can be varied shot to shot.

braking. Shot-averaged wave forms from plasmas with a QSH mode
spectrum but differing error fields are shown in Fig. 5. One
ensemble is comprised of seven shots with a large error field,
and the other is comprised of eight shots with a small error
field. The ensembles are comprised of data extracted from
There are previously established mechanisms for modeach shot during the 5-ms interval leading up to locking of
braking and locking in MST that could, in principle, contrib- the dominant mode. Thege=0 plasmas were generated on
ute to the phenomenology described above. One mechanisiiie same day with the same plasma current and similar elec-
is the torque exerted by error fields. Another is the torqugron density. Th&1,5 mode amplitude and the amplitude of
exerted via nonlinear coupling to other modes resonant in ththe m=1 radial error field are shown in Figs(ef and 5b).
plasma. We will show that neither mechanism plays a rolelhe two mode growth rates are very similar, showing that the
here. mode growth is unaffected by the substantial difference in
error field amplitude. The product of the mode and error-field
amplitudes is shown in Fig.(8), showing that there is a
As with the torque from eddy currents in the shell, thelarge difference in the error-field torque in these plasmas.
torque from an error field is exerted on the plasma in theEven with this large difference, the evolution of tli&5
vicinity of a tearing mode’s resonant surface and is proporvelocity in the two cases, Fig.(8), is quite similar, even
tional to the product of the mode’s amplitude and the correduring the phase of rapid deceleration when the product of
sponding resonant component of the error fieléllt has  the mode and error-field amplitudes differs by almost an or-
been demonstrated in MST that a sufficiently large=1  der of magnitude.
error field applied at the poloidal gap can decelerate and lock  Not surprisingly, given the data in Fig. 5, there is no
the m=1 modes.’ Given the large amplitude to which the significant difference in the braking curves for these two en-
QSH dominant mode grows, even a relatively small errorsembles. In Fig. 6 we show two shot-averaged QSH braking

Ill. ROLE OF THE ERROR FIELD AND MODE
COUPLING

A. Error field
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FIG. 6. Shot-averaged braking curves for fi¢b) mode in the presence of g_
large and small error fields. Curves were compiled from the same plasmas as
those used in Fig. 5. 5o
-
T E
=
curves, comprised of data from the same ensembles used in

Fig. 5. Not only are the shapes of these curves quite similar,
but the value of the mode amplitude at which locking occurs
is the same. The similarity of the braking curves is also apFIG. 7. InF>0 andF=0 plasmas, time variations of the poloidal magnetic
parent when one compares individual sh@ss., this similar- ~ fluctuation amplitude of théa) (1,5 mode and(b) (1,6 mode, (c) the

R . - . _toroidal magnetic fluctuation amplitude of tf& 1) mode,(d) the product of
ity is not an artifact of averagingWe did record some plas the (1,5, (1,6, and (0,1) mode amplitudes, ant) the toroidal phase ve-

mas with an error field much larger than that shown in Fig.ocity of the (1,5 mode. Data were recorded on 30 March 2001 and 3 April
5(b). Consistent with previous experimenfsan error field  2001.

well over 100 G caused robust locking of the=1 modes,

in most cases in the absence of a QSH spectrum. Althougth th h durina decelerat f the OSH dominant
the error field is unimportant within the range of error am- 100t crash occurs during deceleration of the QSH dominan

plitude shown in Fig. 5, we did adjust the error field to be asmOde' Between crashes_ in QSH plasmas, asin other standard
small as possible in the plasmas modeled below. MST plasmas, the amplitude of 1@, 1) ”.‘Ode is small. Thus
we expect that the three-wave torque is also small.

We demonstrate that the torque is smalFis 0 plasmas
by comparing braking of th¢l,5 QSH mode inF=0 and

In addition to the error field, there is also a torque thatF>0 plasmas. IrF=0 plasmas, th€0,1) mode is resonant
can be exerted by other resonant tearing md&ié&This  at the plasma boundary at the inner surface of MST’s thick
torque is exerted via nonlinear coupling of three modes, oneonducting shell. I=>0 plasmasg>0 everywhere in the
of which is the QSH dominant mode. In contrast to the ex-plasma, excluding then=0 resonant surface from the
ternally imposed torque due to an error field or eddy currentplasma and eliminating the three-wave torque. In Fig. 7 are
in the shell, which causes a net loss of plasma angular madata from two shot ensembles, one comprised of 11 shots
mentum, the torque from mode coupling results only in awith F=0 and the other comprised of 19 shots with
redistribution of momenturimternal to the plasma. The most = +0.015. These discharges all had the same plasma current,
important three-wave-coupled triplet for this paper involvessimilar electron density, and the sarf@mal) m=1 error
modes with (n,n)=(1,ngsr), (Lngsyt1), and(0,1). The field. The amplitudes of thél,5), (1,6), and(0,1) modes are
torque is proportional to the product of the three mode ameompared in Figs. (8—7(c). The evolution of them=1
plitudes and, once again, is exerted on the plasma in thmodes is quite similar comparing the two cases. The ampli-
vicinity of each mode’s resonant surface. When substantiatude of the(0,1) mode in theF>0 case represents a baseline
this mutual torque causes time=1 andm=0 mode phase or noise level since the mode is not resonant in the plasma.
velocities to equilibrate. In MST plasmas, the=0 modes The (0,1) amplitude in theF=0 plasmas is just slightly
are either stationary in the laboratory frame or rotate in theabove the baseline. The product of the three mode ampli-
direction opposite then=1 modes. Thus, when nonlinear tudes is compared in Fig.(d). Except for a brief time, the
coupling is substantial, thex=1 modes decelerate. product in theF =0 ensemble differs very little from that in

Obvious evidence for this coupling and equilibration hasthe F>0 ensemble, the latter reflecting a baseline in the
previously been observed only during sawtooth crashedriple product and three-wave torque. The evolution of the
when both them=1 andm=0 mode amplitudes become (1,5 velocity in the two cases is quite similar, Fig(ey,
quite large for a brief timé® Between crashes, when mode although the initial velocity differs due to the slightly differ-
amplitudes are generally smaller, the coupling is veryent equilibria.
weak?® In this study, we exclude plasmas in which a saw-  The two shot-averaged braking curves for these data are

Time before locking (ms)

B. Mode coupling
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35 system is assumed to be periodic in thalirection, with
periodicity length 2rR,. MST'’s conducting shell is assumed
sor i to be uniform in the axial and azimuth@broidal and poloi-
—~ o5l i dal) directions. The fact that the actual shell has portholes
g and two gaps should not significantly affect the results, since
< 20} . the induction of eddy currents does not require a completely
o continuous conductor, as noted recently in a tokamak with a
= 15 i segmented shetf
;é 1ok | Internal magnetic field profiles are modeled according to
the standard, well-testeg— 6, equilibrium modef’ accord-
5k i ing to which
0 1 1 ! ! ! VXB=a(r)B, (1)
0 0.5 1.0 1.5 2.0 2.5 3.0 where
be(1,5)/B(a) (%)
20, r
FIG. 8. Shot-averaged braking curves for tie5 mode inF>0 andF o=|—|11-|—] |, (2
=0 plasmas. Curves were compiled from the same plasmas as those used in a a
Fig. 7.

and #, and « are positive constants. The experimental inputs
to this equilibrium model are the reversal and pinch param-

shown in Fig. 8. There is an offset between the two curve£ters:F and®, measured at the plasma boundary.

that arises due to differences in both the phase velocities and

mode amplitudes'. The qiﬁerence in phase velqcities origig perturbed magnetic field

nates before braking begins. Although the offset in the curves

exists all the way to locking, the shapes of the braking curves  The model assumes only one unstable core-resamant
are quite similari.e., the rate of deceleration is quite simi- =1 téaring mode. The magnetic perturbation associated with
lar). The similarity of the mode amplitude triple products andthe single (n,n) mode is

the braking curves aIIovx_/s one to conclude that the three-  p(r)—p(r)gimé-né), 3)
wave torque is small during braking =0 plasmas.

where
IV. TIME-INDEPENDENT MODELING iy
b=~ @

Having ruled out other, previously established causes of r
braking and locking in MST to explain the braking shown in my’ ey
Sec. I, we turn to the torque exerted by eddy currents flow- p™n=_— I PRI (5)
ing in the conducting shell. An RFP-specific model for this m°+n“e” m°+n%e
effect was described in Ref. 9. In this section, we first ,
descibe the model, which is time independent in that it as-  pmn_ ney moy (6)

sumes a mode amplitude—and thus an eddy-current ¢ m2+n2e2 m?+n2e?’

torque—that evolves on a time scale much, much slo_were(r):r/Ro, and the prime denotas/dr.

than that of the mode deceleration. Most of the equations h - - . . mn
S . . The linearized magnetic flux functiog(r)=¢™"(r)

shown in this section are taken directly from Ref. 9. In de'satisﬁes Newcomb's equatidh

scribing the braking curve predicted by this model for MST,

we note a significant correction to the curve. The corrected d fdw _

curve predicts braking due to eddy currents at a substantially dr|' dr —9y=0, @

smaller mode amplitude. In Sec. V, we describe the time-

dependent extension to the model, made necessary by tl)%here

violation of the time-independent assumption in the plasmas r

studied here. We then show applications of the time- f(r)=-————, 8
dependent model to experimental data and discuss the degree m=+n-e
to which the model fits the data. - r(neBy+mB,) do
A. Geometry and equilibrium g(r)= T + (m2+n?e) (MB,—neB) dr

The model assumes large aspect ratio and Bgréthe )
volume-integrated plasma pressure normalized to the poloi- N 2mnec o ' ©)
dal magnetic field pressure at the plasma boundatgnce, (m?+n?e)? m?+n%e?

the equilibrium is well approximated as a periodic cylinder
and cylindrical polar coordinates ,(#,z) are adopted. The
major and minor radii of the cylindrical model plasma &g
anda. A simulated toroidal angle is defined és-z/R,. The MBy(rs) —Ne(rg)By(rg)=0. (10

"Equation(7) is singular at the tearing mode’s resonant sur-
face, located at minor radiug, which satisfies
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In the vacuum regionwhere o=0) surrounding the Yp(rs,b,c)=0, (18
plasma, the most general solution to Newcomb’s equation
takes the form Up(b,b,c)=1, (19
y=Ai(ne)+Bky(ne), (12) p(c,b,c)=0. (20
whereA andB are arbitrary constants, and It is nonzero only in the radial rangg<r<c, and it pos-

i _ sesses gradient discontinuities ratrg, r=b, andr=c.

im(ne)=[nellmsa(Inel) +min(nel), (12} This eigenfunction parametrizes the interaction between the
km(ne)=—|ne|K s 1(|ne)) +mK(|ne). (13) tearing mode and eddy currents induced in the finite-
conductivity shell, in the presence of the perfectly conduct-

Here, |, and K, represent standard modified Bessel func—ing shell.

tions.

. In .t_his model, the tg_aring mode is purely a cgrrent—drivgnE_ Modified tearing dispersion relation

instability. The destabilizing effect of the experimentally fi- _ _ _
nite plasma pressure is explicitly neglected. This is justified  In the presence of the two shells, the dispersion relation
by the fairly flat pressure profile in the core of standard MSTfor the tearing mode takes the form

plasmas and the relatively small value 8f~7%. Under AV =E(b)W+E WV, , (21)
these conditions, the contribution of pressure to core-
resonant tearing instability is smafl. _ EspFps

AV, = E(c)—E(b)\I’b+ EpsVs, (22

C. Standard tearing eigenfunctions
where

Let ¢ (r,d) represent the standard normalized tearing
eigenfunction calculated assuming a perfectly conducting AV =
shell at minor radiugd. In other words,i4(r,d) is a real
solution to Newcomb’s equatiof¥) which is well behaved
asr—0 and satisfies

s+

de

[

is a complex parameter which determines the amplitude and
phase of the eddy currents induced in the vicinity of the

Po(rs,d)=1, (14 tearing mode’s resonant surface, and
r=d,d)=0. (15) dy]P+
el o AW,=|r aw (24)
There are gradient discontinuities #y(r,d) atr=rg andr dr

b_

=d. The quanti
a vy is a complex parameter which determines the amplitude and

Ed)=|r disg(r,d)|"s (16) phase of the eddy currents induced in the finite-conductivity
dr shell. Furthermore,
.
is the standard tearing stability ind&calculated assuming Est[f M (25)
a perfectly conducting shell at minor radids dr o,
D. Modified tearing eigenfunctions and
Now assume a system with a finite-conductivity shell at __| dys(r,b) 26
minor radiusb and a perfectly conducting shell at minor bs dr Iy
radiusc, with b<<c. The finite-conductivity shell imposes a -
modification on the standard tearing eigenfunction. The mos@re both real parameters. .
general tearing eigenfunction is now written From Newcomb’s equatiof¥) one can demonstrate that
W(r) =W hg(r,b) + P (1 ,b,C), (17) (m?+n?ep) Egp=(M?+n?ed) Epg, (27)

whereW ¢ andW,, are complex parameters which determinewhere e,=b/R, and e;=rs/R,. One can also demonstrate
the amplitude and phase of the tearing perturbation at théhat
rational surface and finite-conductivity shell, respectively.

E
The normalized eigenfunctios,(r,b,c) is a real solution to p(r,b,c)= ﬁ[%(r,c) — i (r,b)]. (29
Newcomb’s equation which is well behaved as:0 and (c)—E(b)
satisfies In the vacuum region outside the plasma,

KN€0)im(N€)—K(N€)i ()
parb)=1 O i nein(nen) —Kn(negin(ne)” 2= =2 29
0, r>bh,
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wheree,=a/R,. It follows from Egs.(26) and(27) that 72Rg\2 N[ W2 EEbe

STem~ .
¥s(a,b)(m?+n?e)) M Ko mP+n2el (nQgrybl 5,) Y2

= . - , (30

Km(N€p)im(N€a) = Km(N€a)im(Nep) In general, the electromagnetic torque has a dependence

(a,b)(m?+n?e? on the phase lag at the mode resonant surface between the
Dk (Nep)i m(Nen) — Km(New)im(Nep) | (31 tearing pertur_batl.on and the perturpatlon induced by the eddy
currents flowing in the shellor, equivalently, the phase lag

Thus, all of the real parameters appearing in the modifie¢t the shell between the tearing perturbation and induced
tearing dispersion relatiof21) and (22) [i.e., E(b), E(c),  eddy currents This dependence is sin meaning that, all
Eps. andEgy] can be calculated knowing the standard tear-g|se peing equal, the electromagnetic torque is largest for a

(36)
Ebs

E

ing eigenfunctiony(r,d). phase lag ofr/2 and smallestzero for a phase lag of 0. This
phase lag depends on the mode angular velogityation
F. Shell physics frequency.
Given a shell with radius, radial thicknesss,, and To understand the origin of the phase lag and its depen-

electrical conductivityr,, , the shell time constant is defined dence on angular velocity, consider the shell to be a driven
L/R circuit characterized by
Th= ,LLo(Tb(sbb. (32)

The conducting shell in MST is sufficiently thick that the Lﬂ+R|=V0eiwt, (37)
rotating tearing perturbation amplitude is zero outside the t

shell (at r>b+ 6b). The shell provides very strong shield- \yhere| is the eddy current induced in the shelly is the
ing. Given this, one can write a dispersion relation for they,qde amplitude, ana is the mode rotation frequency. In

vacuum vessel, steady statgwith | and V, oscillating at the same fre-
( )1/2 quency,
AVp=|in Q=] Yy, 33
b S b‘Sb b ( ) VO/R 5
relating the amplitude and phase of the eddy currents in- ~  1+iwlL/R’ (38)

duced in the finite-conductivity shell to the amplitude and .
; : : The phase betweevi, andl is

phase of the tearing perturbation at the same location. Intro-

duced in this expression 3, the toroidal angular velocity

_ - _ —w
of the plasma at the tearing mode resonant surface. It is ¢=tan '|——|=tan™* , (39
. ) R (R/L)
assumed that the tearing mode and plasma corotate toroidally
at the mode’s resonant surface. This is commonly referred tendL/R is the shell(circuit) time constant. Hence,
as _theno-_sllp_ constraint. The plasma’s toroidal angular ve- 712, w>RIL.
locity profile is represented b§2(r). (40)
From Egs.(21), (22), and(33), one can also derive the 0, w<RIL.

dispersion relation at the resonant surface, In the time-independent modeling described in this sec-

_ E<Ebs tion, the phase lag is approximated to be a constan{
AV ~ e"”""—l/z\IfSJr E(b)V¥,, (34 independent of mode velocity. In the time-dependent model-
(nQ7yb/ 6p) ing described in the next section, the full variation of the

relating the amplitude and phase of the eddy currents inphase lag with mode velocity is included.
duced in the vicinity of the mode’s resonant surface to the
amplitude and phase of the tearing perturbation at the same

location. H. Viscous torque

G. Electromagnetic torque The steady-state change in the plasma toroidal angular

. . _ . velocity induced bydTg), is written
This braking model includes both the electromagnetic

braking torque exerted between the finite-conductivity shell adr/ fa dr o
i iin ; — —, I¢<r<a,
and local plasmg in the vicinity of the mode’s resonant sur- AQ(N=AQ Jr ur s (a1)
face, and the viscous restoring torque exerted between the
local plasma and exterior bulk plasma. The toroidal electro-

magnetic torque acting in the vicinity of the resonant surfacgyhere u(r) is the plasma perpendicular viscosity profile and
due to eddy currents flowing in the conducting shell is given

1, r<rg,

by AQs=Os— QéO) : (42)
27®R, N Here, 0% is the value o), in the absence of eddy currents
oTem= o e Im{AW(Wo)*} (39 flowing in the shell. It is sometimes referred to as the “natu-
€s ral” angular velocity. The viscous restoring torque acting in
or the vicinity of the resonant surface is written
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) ,dAQ]"s the plasma occurs in the core. The model does not specify—
6Tys=47 Ro| T uRG—— (43)  nor does it depend on—the soufgeof viscosity or momen-
Ms— tum. Thus, one derives
It follows from Egs.(41) and(42) that 1, r<re,

Q(O)(r) - Q(O)

€ lIn(rfa)lin(r /a), resrsa. (52

2p3 (0) adr
5TVS:47T RO[QS _QS] -

. (44
reMl

The plasma rotation is constant in the plasma core and highly
sheared in the outer region.
|. Torque balance The viscous diffusion time scal@0) can be redefined

In this time-independenisteady-statemodel, the elec- a%p
tromagnetic and viscous restoring torques are exactly 1= 0, (53
balanced—i.e., He
5Tey+ 6Tys=0. (45) reflecting the fact that théinite) rate of viscous momentum
diffusion out of the plasma is determined by the finite vis-
Hence, from Eqs(36) and(44), one can write cosity in the outer region of the plasma. Suppose that the
J27( Q 12 ) b. |2 plasma radial density profile is uniform. It follows that the
_( S S (TS , (46) global momentum confinement timg, , defined as the ratio
2 Q(so) Q(so) A"Bo of the net plasma toroidal angular momentum to the toroidal
where angular momentum injection rate, is relatedrtpvia
|W | a’[dQ9(a)/dr]
bs= r (47) TV="Twm [20Ordr . (54)

is the perturbed radial magnetic field strength at the mode'gjence,
resonant surface due to the tearing perturbation,

4
432 2(nQO)32 7b 8p) M2 m2+n2e? ————. (55)
"= 5 1—(r./a)
\/2_7 Tv nzes
o Assume now that
1 au(0) dr
X / #(0) dr , (48) ™™ TE» (56)
EspEbs rslf*(r) r . . . -

' o o where ¢ is the global energy confinement tinftae validity
and By is the equilibrium magnetic field strength. In Eq. of this assumption is discussed in the next segtitinthen
(48), follows that

- _ &VHoPo (49) ja w(0) dr 57)
" B V)iw@ r "TE
is the typical hydromagnetic time scale, in Eq. (48), where
2
a“po

= 50 41In(alr.)
VT u0) (50 K= (58)

1—(r./a)

is the typical viscous diffusion time scale, apglis the cen-

tral plasma mass density. Equatiotf) is used to generate Hence, the viscous momentum diffusivity is parametrized in
theoretical braking curves. terms of the global momentum confinement tifirethe ab-

sence of an electromagnetic torguand this is in turn taken
equal to the global energy confinement time.

J. Estimate of the plasma viscosity

To generate a theoretical braking curve, one needs an .
estimate of the plasma viscosity profile. Suppose that th&. Time-independent braking curve for MST

viscosity profile takes the form MST is comprised of a single, finite-conductivity shell.
w, r<rg, Given the lack, of course, of a perfectly conducting shell, the
u(r)= u f <r<a (51 minor radiusc of the perfectly conducting shell in the pre-
co cI=d.

ceding analysis takes the value In other words, the per-
In other words, there is zero momentum confinement in thdectly conducting shell is now located infinitely far from the
stochastic RFP plasma core<r., but finite momentum plasma.

confinement outside this region. Suppose further that the in- A sample braking curve is shown in Ref. 9 for ttie6)
trinsic plasma rotation at the edge is negligibly smalltearing mode, initially rotating in ah,=340kA MST hy-
[Q©)(a)~0] and that all of the toroidal momentum input to drogen plasma. The braking curve is generated fron( 4.
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TABLE I. Some of the parameters needed in E&f) for generation of the
time-independent braking curve for MST, Fig. 9.

Parameter Value
4 (kA) 340
Bo=B(a) = uol 4/27a (T) 0.13
F -0.2
(C] 1.59
@ 3.0
0, 1.71
Ry (M) 15
a(m) 0.51
b (m) 0.52
Sy (M) 0.05
ea=alR, 0.34
rs(m) 0.17
es=rs/Ry 0.11
oy, (2 m) 4.0x10°8
Neo (10 m™3) 1.0
=T (MS) 1.0

Chapman et al.

1.07

Original

Corrected

ve(1,6) normalized
to initial value

0 1 2 3 4
be(1,6)/B(a) (%)

FIG. 9. Time-independent braking curves for MST based on®4.in Ref.

9. The curve labeled “Original” is the same curve found in Fig. 5 in that
paper. The curve labeled “Corrected” is for the same plasma, but with a
correction described in the present paper. Dots indicate the point on each
curve across which the model predicts a discontinuous drop to very slow
rotation.

in the present paper. Some of the parameters needed for Eq.

(46) are listed in Table I. Based on these parameters, one

calculates
a uwemgyn
7-H:M:5_5>< 107 (59
Bo
and
TbZMoabﬁbeO 82 s. (60)

m rs
babzmz+—nz€§ Ebsbs<g) , (64)
b= g p s 6
¢b_ 2+n2 2 bsMs b . ( 5)

Note that the factorr/b) (=1/3 for MST) in both of these
equations has been added as a correction to what was origi-

Taking V(O) the initial plasma flow velocity in the vicinity hally published in Egs(101) and (102 in Ref. 9.
of the modes resonant surface, to be 10 km/s, one calculates WO braking curves generated from H¢6) are shown

(0)

nV
nQ®=—"=4x10" rad/s.

0
This is the angular velocity of thel,6) mode in the limit of

(61)

very low mode amplitude where the braking torque due to

eddy currents is negligible.
For the chosen equilibriuntsee Table ) Newcomb’s
equation provide€(b)=1.038, E(c)=17.59, E,=5.826,

and Eg,=1.614. Taking the radius of the stochastic plasma

in Fig. 9. The curve labeled “Original” was generated using
Egs.(64) and(65) without the ¢</b) correction factor. This
is the curve that appears for MST in Fig. 5 of Ref. 9. The
curve labeled “Corrected” in Fig. 9 incorporates the correc-
tion factor. Both curves represent a series of equilibria in
Qwhich the electromagnetic and viscous torques are exactly
balanced. One feature of these time-independent braking
curves is the discontinuity that occurs when the mode veloc-
|ty reaches about 1/3 of its initial value. Across this transition
point, the braking torque due to eddy currents overwhelms
the viscous restoring torque, and the mode’s velocity is pre-
dicted to drop to a very low value.

Given the addition of the correction factor to E¢64)
and(65), the mode amplitude at which the transition to very

Using the above equations and parameter values allows orstow rotation is predicted now drops from about 3% to about

core to ber.=0.7a, one calculates
4 In(alr
(alre) 62
1 (ro/a)?
to calculate
| a2 Q)32 (bl 5p) M2 m?+n?€l
- K\/2_7 TE nzeg
1/2
X =0.03. (63
Estbs

To allow easier comparison with experimental déta,

the perturbed radial magnetic field strength at the mode’s

1%, implying potentially wider applicability of this braking
mechanism to MST plasmas. The same factar,0b applies

to Egs.(115 and(116) in Ref. 9, applicable to the Reversed
Field eXperiment(RFX) RFP that was in operation until
19992 meaning that significant braking is also predicted at a
lower mode amplitude in that device.

V. TIME-DEPENDENT MODELING

To model the braking data shown in Sec. Il in terms of

resonant surface due to the tearing perturbation, is related the torque exerted by eddy currents, we must add time de-
the amplitudes of the poloidal and toroidal field perturbationgpendence to the model. This is due to the fact that the mode

at the location of MST’s magnetic sensing coils via

amplitude (and the induced eddy curreptgrows on the
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same time scale as the mode deceleration. The time-
dependent model is based on the same physics as the time- {=
independent modélin this section, we describe the changes

to the model necessitated by the addition of time depen- The (complex shell response functiois defined as
dence. We will also describe a few additional differences in |

the modeling not related to time dependence but pertinentto  G(t)=— (M) +7. (70)
the MST plasmas studied in this paper. We then describe alnr ) _,

modeling for different MST plasmas and discuss the degre . .

to which the model agrees with the experimental data. We% quations(66)-(68) can be solved to give
will also illustrate why the addition of time dependence in

[YTb 1
the model is so important. We close this section with a brief G(t)= 7tanr( VYTh0) — 51.:2100 f, (71)
discussion of mode locking. '

dInky(ne)
din(r)

. (69)
r=b

_ o where y(t) =d In ¥ /dt is the (complex growth rate of the
A. Equilibrium and perturbed magnetic fields shell flux, =&, /b, and
Although time-dependent mode growth and braking are df. d
now accounted for, the plasma equilibrium is taken to be —!— —()\j—i-'y)fj—i-o'j—y’ (72)
fixed during the mode deceleration. This is justified due to t dt
the constancy ofF and® during the braking and due to data wjth
like that in Figs. 2d) and 2e). For each plasma modeled, the

H 2,2
magnetic field profiles and, thus, the location of the QSH )\:(1_1/2) 7T

73
dominant mode’s resonant surface are calculated 1 ms before 6 (73
locking occurs. We continue to use tle-®, model, but
with a modification. Attempts to reconstruct, e.¢r=0 _ 2\ 74
. . . . o= 5" (74)
plasma equilibria assuming zeg, failed in that the(1,5) (y+X))

mode was predicted to be barely nonreson@g(0)
=0.19]. Hence, we reconstructed the plasma equilibrium us

ing a more realistic finitgd version of thea—®, model. We  _ ; .
g @ 0 first term on the right-hand side of E¢r1) represents the

take B,=7% for theF=0 plasmas angB,=6.5% for the
F=-02 plasma§.1'348eparate internal measurements of thesteady-stateresponse of the shell, whereas the second term

magnetic field profiles in standard MST plasmas have showfEPresents theansientresponse.
good agreement with those reconstructed with this model.
We continue the assumption of only one unstahke 1
tearing mode. This is approximately justified for the QSHC. Time-dependent electromagnetic torque
plasmas described here. The dominamt 1 mode in the

QSH spectrum is substantially larger than the othrer 1 mode now varies in time due both to the growing mode

ques[see Flg. 2)]. The otherm=.1 mode amplitudes are amplitude and to the decelerating mode velocity. The toroi-
finite, meaning that these modes induce eddy currents in thgal electromagnetic torque acting in the vicinity of the mode
conducting shell, but their amplitudés:1% of the equilib- 9 d 9 y

rium field) are such that the corresponding braking torque isresonant surface takes the form

The above expressions were derived given that the condi-
tions | y|7,> 6 and\7,> & are both satisfied in MST. The

The electromagnetic torque induced by the rotating

quite small. This is supported by the data in Fig. 4, which 2m°R, IM[G(t)]
shows (for a single modg no apparent relation between T(t)=— 2. 2 ZEstbs|‘1’s|2ﬁ1
mode amplitude and velocity for amplitudesl%. Ko mo+nes |G(t) + | -
where

B. Time- t shell

ime-dependent shell response  EFos 6

Given that 6,<<b for MST’s conducting shell, Ohm’s K= E(c)—E(b)" (76)
law yields within the shell

Let
a5 i
povsg = . 6 Velvies 77
r
where g, is the helical phase of the tearing mode. It follows

The boundary conditions o#(r,t) are that

P(b,t) =Wy(t), (67) e dIn| v o des dG(t)/dt 78

((ﬂm/,) YO= 4 "4t Gix (78)

=¢, 68 . . . .
ainr r=b+ 8, ¢ (8 Finally, the no-slip constraint at the resonant surface yields
i - i deg(t

where W, (t) is the perturbed magnetic flux at the inner @s( )=nQ(rs,t). 79

boundary of the shell, and dt
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D. Time-dependent viscous response 40— T '
. o . B i — Expt |
The viscosity in the present model is now taken to be 5 & sor - Mo%el -
finite, and constant, across the entire plasma. This is consis- Z € 20 ]
X . . L ex Ho, F = 0, 298 kA
tent with measurements made in M¥Trhe viscosity is also T 10 [ %r'nodel) i oms (a) ]
taken to be constant in time, but the viscous torque evolves o LMY T .
with the changing plasma rotation. The plasma momentum - ' (b)

diffusivity is once again parametrized in terms of the global sop T

a7 |
momentum confinement timén the absence of braking - € 20f
x . [ Do, F=0,282kA
torqus. g 10 L Tm(model) = 1.7 ms
The plasma toroidal equation of motion is written o LMY A
JAQ) d [ dAQ T(t) 5 80 o 30f 22,(F=d-|(;.2, 2&:5 kA ]
- — - | = — > w P T e _ m{model) = 2.1 ms
TP ot Moy ar 4m2R3 (r=ry), (80) - g 20t .
° $2 0 i
whereAQ=0-0© 0©)r) is the unperturbed toroidal - . Y . . ~(c)
rotation profile, andu is the viscosity. The plasma densjiy 00 05 1.0 1.5 2.0 25 3.0 35 4.0
is once again assumed to be uniform. The boundary condi- be/B(a) (%)

tions associated with the above equation are _ _ _
FIG. 10. Experimental and model braking curves for three different plasma

o’)AQ(O,t) types. Indicated in each figure are the fuel isotope, toroidal magnetic field
———=AQ(a,t)=0. (81 reversal parameter, and toroidal plasma current. Also indicated are the
or model-predicted values of the global momentum confinement time. From

. . top to bottom, these data are from sh¢1990131033, 1990201021, and
Subject to these boundary conditions, E&f)) can be solved 1001112138

to give
-0 +
0(rs,H=07ry n;,m 9n(t), 82 The parameters fed into the model to generate the theoretical
h curves are essentially the same as those described for Eqg.
where (46), from which the time-independent braking curve was
d T(t 2 generated. Two differences are that the time-dependent mode
On (Dlun(ry)] . - 0y, (0)
T “BnOnt ——H 35 (83 amplitude,bsby, and the initial mode velocity) g/ vy,”’,
47 Roap are now taken directly from experimental measurements. The
Here, growth rate ofb, varies from plasma to plasma, but in all
) cases studied here, the mode growth is approximately linear
_ =Jdoljonr/a) versus time ,~t). Sinceb, never reaches zero in the ex-
Uuy(r)=2——=>-—= (84) , ) . .
Ji(jon) periment, each experimental braking curve is extrapolated to
and zero mode amplitude to determiné’” . The uncertainty in-

troduced by this extrapolation is minimal.
TR A third difference between the present modeling and that
Bn=""7lon- (85  described in the previous section is that the valuerpf
pa « 7\, appearing in Eq48) is no longer assumed. Instead, the
Note thatj,, is thenth zero of thel, Bessel function and model is used tqredict 7y, . The momentum confinement
that the momentum confinement time is writtepp=1/3; . time is the single adjustable parameter in the model, and it is
Equationq71), (72), (75), (78), (79), (82), and(83) form adjusted such that the theoretical and experimental curves
a closed set. They can be used to determine the temporabincide at locking ¢,=0). Model-required values ofy,
variation of the tearing mode phase velocily./dt, given  are shown in Fig. 10 for each plasma. With the fit value of
the temporal variation of the mode amplitudd;(|. Note 7y, as well as all the other input parameters, the model is
that the amplitudes of the perturbed poloidal and toroidaused to generate the time-dependent mode velocity over the
fields at the location of MST’s magnetic sensing coils are entire period of deceleration. The model-calculated mode ve-
locity is then combined with the measured mode amplitude
Iby(t)| = m EJ G- v (86) to produce each theoretical braking curve.
m?+n2e2 b |G+k[ The theoretical curves in Fig. 10 are a good match to the
experimental curves. As implied above, thisst a result of
ne, Egp|G—{| simple curve fitting. Each model curve could, in principle,
[by()]= m2+n2e2 b |G+« V. 87 deviate substantially from the experimental curves. This is
b one indication that the model is performing well in these
plasmas—i.e., that the mode braking is well described by
this model. The proximity ofry, to experimental values is
Experimental and (time-dependent model braking the other criterion by which we gauge the model’s success.
curves for three different plasma types are shown in Fig. 10We show in the next subsection that the model-required val-

E. Time-dependent braking curves

Downloaded 04 Feb 2005 to 128.104.223.90. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 11, No. 5, May 2004 Observation of tearing mode deceleration and locking . . . 2169

TABLE II. For three ensembles of different plasma type, number of shots inWe start with7,=1.0ms. the best fit to the experimental
the ensemble, plasma fuel, toroidal magnetic field reversal parameter, toroi; M ’

| : _

dal plasma current, central line-averaged electron density, normalizegata’ and vary it by factors of 2 and 16'\'(_0'1’ 0.5, 2.0,
growth rate of the QSH mode, normalized mode amplitude at which locking@Nd 10.0 mk All other par_ame_ters are held C0n3tam-_C|eéj‘r|y’
occurs, and the modeled momentum confinement time. All data after the firseven a factor-of-2 variation i, causes a substantial dis-

three rows are ensemble averaged. The reversal parameter is held constangigreement between the experimental and model braking
each case.

curves.

Case | Case Il Case Il ~ We have not measuret, in the specific plasmas stud-

ied in this paper, but based on a measurement made in other

Number of shots 6 8 4 MST plasmas and some fairly simple arguments, we con-
Fuel isotope H D, D, . . .
F 0.0 00 02 clude that the model predictions fef, are quite consistent
1, (kA) 265+23 284+14 384+7 with experimental expect_ations. T_he only direct measure-
(ne) (10°m™3) 1.2+0.3 0.9+0.1 1.0:0.1 ment of momentum confinement in MST was reported in
Growth rate(%/ms 0.8+0.2 0.6:0.1 0.3:0.1 Ref. 35, where the deceleration of the plasma was recorded
b,/B(a) at locking (%) 3.3:0.3 3.200.3 1.9-0.2 following acceleration with an insertable biased probe. This
v (MS) 1.3:0.3 1.9-0.4 2.1+0.1

experiment was carried out in standard-confineftefithy-
drogen plasmas with y,=200kA, F=-0.15, and(n)
=0.8x10**m 3. Based on the data in that paper, one esti-
ues ofry are quite consistent with what has been measurethatesr,;=1.0-1.5ms.

experimentally. Over a broad range of plasma parameters, the energy
confinement time in MST standard-confinement plasmas

E. Comparison of modeled and experimental falls in the narrow range of about 1.0-2.0 s Hence,

momentum confinement times ™™ TE in the plasmas studied in Ref. 35. Given the small

) ) variation in 7z in standard MST plasmas, it is reasonable to
In Table Il is a summary of experimental and model data, sq me that variations in, will also be fairly small. Such a

from all the plasmas included in this study. The data showng|4tion betweenrz and ,, is observed in tokamaks, where
in Fig. 10 are from the three cases in Table Il. The plasmag,casurements of both quantities are more exteriSive.
are grouped by fuel isotope and toroidal field reversal ParaMgience we conclude that the valuesmgf shown in Table Ii
eter. Although there are important parametric differences bez o 411 consistent with experimental values.

tween the three cases, the shot-averaged model predictions o,q other point of comparison adds to our confidence in

for 7y, shown in the bottom row, are all of the order.of. 1-2he modeling. Compare the predicted values gfin cases |
ms. Furthermore, as reflected by the standard deviations ofyq | in Table II. The primary difference in the background
the values ofry, the shot-to-shot variation in the modeled ,\,5m4 in these two cases is the fuel isotope. The factthat
7w Within each ensemble is not large. Slightly later in this;g yredicted to be larger with deuterium is consistent with
section, we shall compare these model predictions to what lSxperimental expectation. The neutral density in the MST

measured and expected experimentally. plasma core is relatively large;0.1% of the electron

The modeled value ofy, is well constrainedprecisely  gensit?” and charge exchange of plasma ions with these
determinedin each plasma. We demonstrate this in Fig. 110 1o particles is a significant source of momentum loss.

by taking the experimental braking curve from Fig(d®&nd  Rgcent measurements indicate that the central neutral density
varying 7 to produce various theoretical braking curves.;q cmaller in deuterium plasmas than in hydrogen plasthas.

Thus, 7, is expected to be larger in deuterium plasmas, con-

40 : : . : : : sistent with the model prediction.

35F g .. .

M, Tt G. Impact of time-dependent mode growth

30 ', 7 . . .
0 T = 2.0 msTs To describe the impact of the time-dependent mode
E 25[ - y Ty = 1.0 ms 7 growth on th_e mode braking.e., the _imp_ortance of time
~ o0k ™= i dependence in the modelve compare in Fig. 12 four brak-
o 05 ms ) . kY ing curves associated with four different mode growth rates,
T 15F B Expt data v all linear versus time. The modeled growth rates are varia-
>y ok b v tions of that measured in the plasma used in Figajl®iold-

e b ™ =100ms | ing constant the modeled value of, (1.0 m9 in that
51 — 1 | P plasma, we varied the mode growth rate to gauge the pre-
0 0dms &\ 4 {4 , L dicted impact on the braking curve. The rightmost curve in

o
-
(SN
w
I
(8]
»
~

Fig. 10 corresponds to the experimentally measured growth
be(1,5)/B(a) (%) rate. This is the same as the model curve shown in Fi@)10
- _ _ Working from right to left, the three remaining curves corre-
FIG. 11._ Fo_r the eqmllbrlum and expermental braking curve frc_)m the spond to mode growth rates that are factors of 10, 100, and
plasma in Fig. 1), various modeled braking curves based on different . .. .
assumed momentum confinement times. The experimental data and origin&000 times Sma"er_ than the OUgmala experimental rate.
model curve from Fig. 1@) are included. There are two important differences between these four
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40 tinuous drop to very low velocity in the braking curve and
35t i accounts for the fact that the mode amplitude at locking is
larger than in the slowly growing case.
__30f .
%’ o5t | H. Mode locking
~ oot i While eddy currents in the shell can significantly retard
) the QSH dominant mode’s rotation, they are unable to actu-
< 151 ’\\1 7 ally cause locking. The reason is that, again, the braking
> 1ok ';‘: \ i torque from the eddy currents approaches zero as the mode
a L velocity approaches zero. Experimentally, however, in all
Sr " \, 1 plasmas in which the dominant mode amplitude remains
0 . , , ) . large throughout the deceleration, all of the dominaust 1
0 05 10 15 20 25 3.0 modes lock(to within the noise level of the mode velocity
be(1,5)/B(a) (%) measuremeint This locking can occur due, e.g., to the finite

oo i 4 modeled . resonant error field. When the mode velocity is near zero,

FIG. 12. For the plasma equilibrium and modeled momentum confinement ; ; ; ;

time (1 m9 for the plasma in Fig. 1@), model-predicted braking curves nvery II'.[tle braking torque is requw?d to slow the plasma to

assuming different mode growth rates, starting with the experimental growtﬁhe point where the mode rOtat'Or‘ IS h?-“ed_comp'ete')’- In .the

rate(X1.0) and dividing by successive powers of 10, working from right to time-dependent modeling described in this paper, the final

left. asymptotic mode velocity is predicted to be quite small,
about 100 000 times smaller than the initial velocity. Hence,

: . .. locking due to an error field would not be surprising.
curves. One difference is in the value of the mode amplitude 9 P 9

at which locking is predicted. The slovyest growth I’?.te cor-VL SUMMARY AND DISCUSSION
responds to the smallest mode amplitude at locking. The
other difference lies in the shape of the curves. In the We have described here a fully quantitative, dynamical
slowest-growth curve, one can discern an almost discontinuest of a theory-based model of tearing mode braking due to
ous drop to zero velocity when the velocity reackel/3 of  eddy currents induced in a conducting shell. The model was
its initial value. This is similar to what was shown in Fig. 9 applied to braking data from MST plasmas with different
for the time-independent model, thus verifying the behaviorfuel isotopes, magnetic equilibria, initial mode rotation ve-
of the time-dependent model in the limit of very slow modelocities, and mode growth rates. The global momentum con-
growth. In contrast to the slowest-growth case, the fastesfinement time is the single adjustable parameter in the model
growth (experimental case exhibits no discontinuity. The and was adjusted such that the theoretical and experimental
mode velocity decreases smoothly to zero. This is, of coursdygraking curves in each plasma coincide at locking. That the
what is observed experimentally. theoretical curves overlay the experimental curves quite well
Both of these differences in the predicted braking curvess one indication that the model works well for these experi-
can be explained by comparison of the time scales for modmental data. Another indication is the good agreement be-
growth and momentum diffusion. The momentum diffusiontween the model-required and experimental global momen-
time scale~ r,,=1.0ms, and this is the lower bound on the tum confinement times.
time scale for the mode to decelerate. The fastest-mode- Consistent with the assumption of viscous coupling be-
growth time scale Tgrowth:[(1/b0)(db9/dt)]_1:1.5 ms. tween the island plasma and bulk plasma, we have shown
For the slowest-growing modeg;q,= 1500 ms. that the bulk plasma and the single large mode decelerate on
Consider first the deceleration of the slowest growingthe same time scale. We have also shown that, not surpris-
mode. Like the time-independent case described earlier, thagly, the other core-resonant tearing modes also decelerate
braking curve for this case can be approximated as a series oh this time scale. We have thus shown clear examples of
torque-balanced equilibria. As the mode amplitude increase$raking due to eddy currents, and in the process, we have
the mode and plasma have a long time, relativerjg to  also determined the primary cause of the mode deceleration
adjust such that the braking and viscous torques come intm MST QSH plasmas. This claim is strengthened by the fact
balance. Eventually, the braking torque becomes larg¢éhat we have ruled out in these plasmas the influence of
enough that the viscous torque can no longer sustain rotationther, previously established, causes of mode deceleration
and a transition to very slow rotation occurs on a time scalend locking in MST.
v . During this relatively fast transition in velocity, the The work described in this paper has several implica-
slowly growing mode amplitude changes very little, resultingtions for the RFP. First, it bolsters confidence that the time-
in an approximate vertical discontinuity in the braking curve.independent theory published earfiemnd the time-
Now consider the fastest-growing mode. There is also alependent extension described here are useful in describing
transition point in this case, where the braking torque overmode deceleration and locking under certain circumstances.
powers the viscous torque, but the deceleration to very slowublication of the time-independent theory was motivated
rotation occurs on the sams, time scale. So while this primarily by the almost complete lack of mode rotation in
transition is occurring, the mode amplitude has significanthe RFX RFP. However, given the lack of mode rotation,
time to grow further. This results in the smodtiot discon- comparison between theory and experiment was problematic.
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