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The maximum normalized beta achieved in long-pulse tokamak discharges at low collisionality falls
significantly below both that observed in short pulse discharges and that predicted by the ideal MHD
theory. Recent long-pulse experiments, in particular those simulating the International
Thermonuclear Experimental ReactbFER) [M. Rosenbluttet al., Plasma Physics and Controlled
Nuclear Fusion(International Atomic Energy Agency, Vienna, 19980l. 2, p. 517 scenarios with

low collisionality ve«, are often limited by lown/n nonideal magnetohydrodynami®HD)

modes. The effect of saturated MHD modes is a reduction of the confinement time by 10%—20%,
depending on the island size and location, and can lead to a disruption. Recent theories on
neoclassical destabilization of tearing modes, including the effects of a perturbed helical bootstrap
current, are successful in explaining the qualitative behavior of the resistive modes and recent
results are consistent with the size of the saturated islands. Also, a strong correlation is observed
between the onset of these lam/m1 modes with sawteeth, edge localized mo@&sM), or fishbone
events, consistent with the seed island required by the theory. We will focus on a quantitative
comparison between both the conventional resistive and neoclassical theories, and the experimental
results of several machines, which have all observed thesenfowaonideal modes. This enables

us to single out the key issues in projecting the long-pulse beta limits of ITER-size tokamaks and
also to discuss possible plasma control methods that can increase ti3disuff decrease the seed
perturbations, and/or diminish the effects on confinement.1997 American Institute of Physics.
[S1070-664X97)94005-3

I. INTRODUCTION stepped up and, typically after a sawtooth crash or an ELM,
] ) a low-m/n mode is excited. In this case a 3/2, mode is onset

The ideal magnetohydrodynami@HD) theory has 4¢—2280 ms and grows on a resistive time scale to a satu-

been shown to adequately predict the upper bound for thgsieq island width W), inducing a drop in the stored en-

beta limit in present day tokamak discharges, without WaIIergy such as\ 7./ 7.= — 4(ps/a) *Weulps, Wherer, is the

stabilization and neglecting the=1/n=1 internal mode re- energy confinement time, is the radius of they=m/n flux

lated to sawteeth activity and stabilized by nonideal effécts.surface and the minor plasma radit&This will be referred

The ideal limit can be expressed, for monotoqiprofilgs, 85 to as a soft beta limit. In this shot the injected power is

Bn=p(%)[1(MA)/ a(m)B(T)]~4l;, wherel; is the inter- g, yher increased and the 3/2 mode increases, but more im-

n?I hplasrl?a indkuctagce. TEiS _Iimit hasdbegﬁ rﬁa%h‘?d irf1 m?fﬁortantly a 2/1 mode is destabilized. This mode grows to a
of the tokamaks and can be Increased with the help of su Ifarge size such that the rotation slows down and eventually

cient toroidal .rotatlon and a nearby conductmg iatow- locks, inducing a disruption. This is referred to as a hard beta
ever, these discharges have only been transient. In more rg- .

cent experiments, when trying to maintain a high beta

discharge for many confinement times, lewn resistive appear is in the range 1.5-2.5 in discharges similar to the

modes have limited the achievable bEAA typical sce- . International Thermonuclear Experimental ReaddiER)

nario is shown in Fig. 1. At a constant density, the power 'Sscenarios, high confinement modésmodes with edge lo-

calized modegELM), and at a collisionality yex ~n.qR/
*Paper 61B3, Bull. Am. Phys. Sod1, 1528(1996. €%/2TZ, similar to the one expected for ITER reference sce-

Invi i - i . . . . .
rg;/rltt:;%sepnetaker. Presently assigned to ITER-JCT San Diego underaVHTIﬁamos_ The |dea18N limit for ITER scenarios is 3_5_1{),

*Permanent address: IPF, Universitaet Stuttgart, Pfaffenwaldring 31\,Nh||e it reqwres Onlyl_8N>2 to be able to ignite. _Hc_)wever,
D-70569 Stuttgart, Germany. this value is exactly in the range where the resistive modes

The typical value of3y, at which these resistive modes
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86144 ASDEX-U, COMPASS-D, DIII-D, JT60-U, and TFTR. This

M___,_H_‘”\ provides us with a wide range of plasma parameters that
0 : : . . ‘ permits identification of those parts of the theory that can be
6 R DL B—— used with confidence to extrapolate to ITER and isolates the
0 wa specific uncertainties limiting the accuracy of the predic-
7 n=2BRMS (G) tions.
ap /\M/\ The physics of the neoclassical island evolution equation
- ; ; : ; : and the comparison with experiments is described in Sec. Il,
n=1BRUS G) ,J‘n & A where we show that the driving term explains the island evo-
g ' - ' ' lution very well and show how to distinguish these modes
MMMMMWMMW from the conventional resistive theory. We discuss the pro-
0 x , : : : jection to a plasma of the size and characteristics predicted
1000 2000 3000 t 000 for ITER in Sec. Ill, where we see that the predicted seed
TIME (ms) Locks  Disrupts

island threshold is 2—-6 cm and therefore that neoclassical
FIG. 1. Typical time history of the neoclassical modes. In this DIII-D dis- modes can be expecteq to b.e unstable in ITER. However.’ we
charge #86144, a 3/2 mode is excited-a2250 ms and induces a saturation SNOW that the growth time is of the order of 100 s, which
of B. At t=3450 ms, a 2/1 mode grows to a large amplitude until it locks gives plenty of operational time for profile or feedback con-
and triggers a disruption. The computed ideal limit for this cas@is  trol. We also present a preliminary study, indicating that lo-
~3.4. cal electron cyclotron current drivéeCCD) can be used to
stabilize the modes. Finally, in Sec. IV, we summarize the
results and discuss theoretical and experimental work needed

can appear and limit the operation@} below 2. This is why o gain confidence in the predictions to ITER

it is important for projecting ITER performance to be able to
predict the physics of these modes. The neoclassical tearing
mode theory was first developed ten years Hgdbased on
neoclassical MH33® and was reemphasized recenfly)  1I. NEOCLASSICAL TEARING THEORY AND
showing the destabilizing effect of the perturbed bootstrageXPERIMENTAL OBSERVATIONS
purrent, .but was c.or_related to t_he evolutioq of the saturateg_ Modified Rutherford equation
island width of resistive modes in the experiment only a few
years ago in the Tokamak Fusion Test Read®FfTR).® The nonlinear island evolution in the “conventional”
They have also been identified as a soft and/or hard betisistive theory is given by the Rutherford equafiés?
limiting process in Axisymmetric Diverter Experiment- a
Upgrade(ASDEX-U),* COMPASS-D? DIII-D,” and JT60-U R = pA (W) — Bpps
(Japan Torus-60 Upgragié This has stimulated much theo- w
retical work as well;>~*°related in particular to the threshold ey
island size of the seed island required by the theory, includ- =ps(A"—aw) = Bpps — = 1)
ing the effect of finite ratio of perpendicular to parallel trans-
port, x,/x,,***® and drift and polarization current where 7r=10p2/1.227ne0; 7neoiS the neoclassical resistiv-
effects®-19 ity; ps is the location of they=m/n flux surface; ang is the
Neaoclassical tearing modes are not the only modes caadial coordinate related to the square root of the toroidal
pable of limiting the operational beta. Other MHD effects flux, p=a(®/®,)"% B, the local poloidal beta with
can occur even at relatively low beta, such as frequent giarwp=2,u0p/B§O|, Bpo= (d¢/dr)/Ry, andy the poloidal flux;
ELMs, g, collapse, or external kink modé$”#' These are, A’ the usual tearing parameter, given by the jump in the
in general, related to the ideal MHD limit, which can be logarithmic derivative of the radial magnetic field and driven
lower than (4;) if the profiles are not optimized. However, mainly by the equilibrium current gradient;is the reduction
the ITER reference scenarios are clearly ideally stable wittof this jump when the island is large enough to modify the
respect to external kink modes and to ballooning modes irquilibrium current profile; and the last term is the stabilizing
the core region. The axis safety factor is below unity,Glasser—Green—Johns@BGJ effect due to the equilibrium
go<1 and the pressure gradient near the edge is limited bpressure gradients and favorable curvature in the outer part
the ballooning criteria, thus sawteeth and ELMs are expectedf the island®*~2® Neoclassical effects such as the bootstrap
in ITER, which can trigger finite-size seed islands at thecurrent have to be included in Ohm'’s law, not only in the
g=m/n surfaces. Therefore the conventional resistive anaquilibrium calculation, but also in the stability calcu-
neoclassical modes are the most likely candidate to limit théation*2Then a new driving term appears in Ed) due to
operational beta in ITER. We shall therefore concentrate omhe flattening of the pressure profile inside the island and the
this topic in this paper. We aim to determine whether thereduction of the bootstrap current that follows. This results in
ITER design rangeBy=2-2.5 that is 30%—-40% below the a negative perturbed helical bootstrap current inside the is-
ideal limit, is reasonable and can be sustained in such londand, which is destabilizing, as is sketched in Fig. 2: the
pulse monotonia dischargeg1000 3. Therefore we have equilibrium magnetic field near the rational surface
analyzed the different aspects of the theory in a compreherg=qgs=m/n is written in the vicinity of the resonant surface
sive way and compared the predictions with the results fromasB = B, + B*, where
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4 with the wall® This work has pointed out an inconsistency
between the form of the velocity profile across the island

@ B ~js separatrix and the other assumptions used in the model, and
therefore more physics in the kinetic treatment is needed to
resolve this issue. With this caution we include the polariza-

tion term and study its effect. Altogether the modified Ruth-
B o erford equation is given B§®1°
TR dW éGGiW)
= = p A (W) + - ==
ps dt psA’(w) Bpps( W
I I
! | + 2 apsa(Ver) 5 —>——
[ | p- ps A=ng,Te,Tj sALTe W2+Wd,A( Ve*)
f , > .
-w/2 w/2 ap0|(W,g)
Sl ®
FIG. 2. Sketch of the helical componeidt: 6—ne/m, of the equilibrium .
magnetic fieldB* near the resonant surfapeg, perturbed by a small radial with
field 6B, . The equilibrium current is in the direction &;, whereas the D €2 1
. . L o R _ R q
perturbed bootstrap curredjys inside the island is in the opposite direction. aGGiW) =6 — hl(W) ~B6— 3 ( 1— az) hl(W),
p p
(49
q ds
B*:B(l——)~—— —ps)B 2 Lo
0 ds Qs (P pS) o ( ) absA(Ve*)%az(_LbsA) L ' (4b)

A
is the component in the helical directidr= 6—ng/m per- 12 14 "
pendicular to the magnetic fiels at the rational surface, Wd~5-1ps( i) (X_i) , (40)
and the’ denotes the radial derivative with respectgolf €sm Xi
B*, shown with the straight arrows in Fig. 2 is perturbed
with a small radial magnetic fieldB,(p)sin¢, islands are épol(wag)~a3
formed and the new topology is shown as well. Due to the
large parallel thermal conductivity, the temperature equili- n
brates on the new flux surfaces inside the island and thus )1 if =0.3, 4
flattens the radial profile. Therefore the bootstrap current, g(ewi)= a2 €Per (49
proportional to the radial temperature and density gradients, € otherwise,
decreases and gives rise to a negative perturbed bootstrafmere Dr=E+F is defined in Refs. 24-25y,=8.16
current 8j,s, Which has the same helical structure as thex10'ng,oZew/T;/(Tim)Y? is the ion collision frequency:
island. As seen in Fig. 29j,{~ —Bs) reinforces the per- L,=a/q"=ps/s; L,=p/p’; e=al/Ry; Ry is the major ra-
turbed helical magnetic field and is therefore destabilizingdius; the coefficients,=3.2 andaz=9.3, from the large
We note also from this figure thatif is negative, then the aspect ratio result$;'® are used here as free parameters of
arrows on the magnetic surfaces change direction, whilerder 1 to fit the experiment and to compensate the uncer-
dj s remains unchanged, and the perturbed bootstrap curretdinty on the value ofA’; and the terms with a subscript
is stabilizing!}'? If the island is small enough so that the are defined below. Note that, Dg and the bootstrap current
perpendicular transport can compete with the transport alondriving termay can be computed using noncircular toroidal
the magnetic field, then the pressure is less flattened and ébdes likeresT-IP°® andcHease®® Therefore one can expect
reduces the driving term. Therefore there is a threshold isa constant value od, valid for all the different geometries
land width, related toy, /x,, below which the mode is and collisional regimes. We have takap=2.6 andaz=5,
stable, assuming ' <0.1* The effect of the bootstrap current similar to Refs. 6 and 8, respectively. FoyA’ we use the
on the stability, and the dependence of the threshold islancesults from cylindrical or largea®! calculations when a re-
width on x, /x;, has been confirmed in a three dimensionsconstructed equilibrium is available and otherwise use

Lq ? 2
__Lp pp 9(€,v)hs(w);

(3D) nonlinear noncircular toroidal code as w&l\where the  p,A’=—m, which is a typical value one obtains from the
neoclassical stress tensor has been included in the high beatglindrical calculation, at least fom=4, while (—2m)
reduced MHD equations used in therco code?® would give a lower bound. The exact form of the GGJ term

Several authors have also shown that inertia effects givwhen the pressure profile is not flattened due to finite
ing rise to a finite polarization current through the perturbedy, /x, has still to be determined; that is why we have intro-
electrostatic potential are also importafit’® They found  duced a factoh, (w)=w?/(W?+w3sg) similar to the modi-
that this term is large and stabilizing, assuming the islandication of the bootstrap current term. It would be interesting
rotation w~ we« in the frame rotating with the plasma fluid, to extend the work done in Ref. 26 and determine whether
wherewes =T/(eBrsLtg) is the electron drift frequency and wygg;is smaller tharwy or if h, has a different form. Note
L+e=T./T,. However, a recent work indicates that this termthat even thoughagg; is two to three times smaller than
is destabilizing and of smaller amplitude without interactionay,, it has to be included when comparing with experiment.

1656 Phys. Plasmas, Vol. 4, No. 5, May 1997 Sauter et al.
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Moreover, it has a different dependence ©fdue to its 8
rather thang, dependenge which can enhance its impor-
tance at a large inverse aspect ratio. R@j we use
x.=0.5"(1+ k?)* a%/67yERes, o2 and x,=v2.7e, except
when mentioned otherwise. Different forms gf and y;
have been used and they give about the same valug for
within a factor 2.

a;=—0.55, which are very similar, and, in particular,
L,s= —0.2 as well. One notes that the density gradients are
much more efficient in driving bootstrap current than tem-
perature gradients and therefore ITER H-mode reference sce-
narios, having flat density profiles, will have a smaller boot-
strap fraction relative to some of the present experimental
results. Note that ASDEX-U and DIII-D also have flat den-

As mentioned above, the exact form and sign of thesity profiles.

polarization term is still under investigation, which is why

we have introducedh;(w) to keep a general form. If
hs;=1, one expects the value gfto drop from 1 toe*? at the
onset of the mode when, /ewex <0.318 while if the term
has to be neglected we can get0. Therefore we shall use
hy=1 andg=0 or €% in the remainder of the paper. Note

that the saturated widttvg,; does not depend on the exact

form of aggzanday but only on their value at large, and
we obtain, assuming ' <0,

Aps— Acey

Wsar= Bp oA 6)
S

This relation gives a good fit of the saturated island size of

the m/n resistive modes observed experimentiii§,and
does not depend on the exact formagfs; anday,.
The termsL,s4 come from the contribution of the den-

The collisionality enters in the definition of several pa-
rameters of Eq(3) and is always such as to decrease the beta
limit when decreasing« . This is why one can explain the
vex dependence of the observed beta limit, even with the
different terms taken separately

@
(b)

The width wy decreases with smaller.« values and
thus the island threshold decreases as well.

The value ofg changes from a large valug=1, in the
collisional regime, to a small valug=e€>? when
vilewex<0.3, and therefore dramatically reduces the
critical island width as well.

(c) The bootstrap current increases at smallgr values,
which is reflected in the 1/(% viiz) dependence of

L3 andLs,.

Let us now discuss in more detail E@®) and its main

sity and temperature gradients in the bootstrap current. Theharacteristics. First, from the database, the typical range of

total bootstrap current can be writter*as

. p Ne Te
Jos =g — La; —+Rpe(LaitLay) T_+L31(l+ai)
po Ne e

Ti/
X(1=Rype) ?), (6)

where we have use®;=p—pe, Rpe=pe/p~0.5 and

L31,L3,,ai depend on the effective trapped fraction and on

U(1+ vE2+0.2506 172).3 Therefore Lyga, for A=n,,
Te, and T;, is given by L3, Rpe(LaitLlsy), and
L3i(1+aj)(1—Rye), respectively. Similarly, the term
1/L, A in Eq.(4b) is given byng/ne, T¢/Te, andT{/T;. The
corresponding value ofig 5 is Wp, andw,;, as defined in
Ref. 15 forA=n, andT,, respectively, andvy, Eq.(4c), for
A=T,.. Here we shall consider only the flattening ©&
(The contribution frorm, and T/ are implicitly included in
the free parametes, andn/ is very small in most experi-
ments) ThereforeL s is then defined aR,¢(L3;+ L3y and

values of the relevant coefficients are

ageyr0.07-0.27, (83)
a,s=0.45-0.85, (8b)
Wg=0.5-1.9 (cm), (80
apoi(g=€*?)=1-5 (cm?), except for TFTR,
which has a,,=5-15 (cn?). (8d)

For COMPASS-D, we have used the “convective” form of
Wy, since it is in a very collisionless regintéIf we use the
same form for the other tokamakwy is typically twice as
large, and this gives the expected range of valuegofThe
value ofa, is larger in TFTR due to more peaked profiles
and a relatively larger value of the poloidal Larmor radius
pp because of higher temperaturegjatm/n. These param-
eters for ITER are of the same ordeagg= —0.25,
aps= 1, Wg=2.5 cm, anda,,(g=e€¥%)=3. Taking into ac-
count for the different possible expressions fer/x,

A=T, only. A database of high beta long-pulse dischargesWq~2-5cm in ITER.

ITERLPBL.DB1, with and without lowm/n resistive modes

A typical plot of the right side of Eq.3) is shown in Fig.

is being assembled at the San Diego ITER-JCT working sit8- Three curves are shown, using the typical parameters with

(web page: http://picard.iterus.ofgthd]). It contains at

g=0 [continuous line, Figs.(®) and 3b)] andg= ¢*? [dot-

present 32 datasets from TFTR, 40 from DIII-D, 20 from ted line, Fig. 80)], and at the criticajg, value[dashed line

COMPASS-D, 3 from ASDEX-U, and 2 from JT60-U. Us-
ing the effect of trapped particles at};, we obtain the
following typical values for the coefficients in E¢p), using
the local profile characteristics:

Ly~—0.6+0.1; L3~0.2+0.05; a;~—0.65-0.1,
)

which gives a typical value forL,, of —0.2, using

Fig. 3@]. The value 0fB, gnseidS taken from the TFTR shot
66873 att=3.90 s, reproduced in Fig. 4 and that develops a
4/3 mode of 5.2 cm saturated width. As mentioned above,
Ws5 does not depend oay,, due to its 1w? dependence, as
seen in Fig. &). The main effect of the polarization current
is to change the island threshold width,;, and Fig. 3b)
illustrates the uncertainty in the theoretical predictions, typi-
cally in the range 0.2—3 cm. The typical characteristic of

R,e=0.5. In comparison the expected values for ITER ref-these neoclassical tearing modes is a hysteresis behavior be-

erence scenarios al=2 are Lz;=—0.6, L3,=0.2, and

Phys. Plasmas, Vol. 4, No. 5, May 1997

tween the value of beta at the onset of the mode and the
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Without polarization current neoclassical tearing mode with’ <0, using the saturated

12 MMM AL I(a) island width and the growth time from the experiment. Natu-
E rally, one obvious way is to calculate’ from an equilibrium
E reconstructed using experimental measurements and deter-
.=0.31 7 mine if it is positive or negative. However,’ depends on

the derivatives of the current ar profile, and for marginal
cases, it might be difficult to decide on the signAdf In this

| section, we quantify the accuracy on the value\bfneeded

e Prfewtes: to distinguish between the two modes, using only the grow-
16 7 ing and saturated phase of the evolution. Dividing Eds.
and (3) by [psA’|, normalizing the distance byps,
w=Ww/pg, the time byrea= Tr/|psA’|, t=1t/Tieqr, and keep-

dw/dt [A.U.]

12 Polarization current affects W ing only the terms necessary for recovering the saturated
10 R PSR state, we can write the “conventional” Rutherford equation
E ] as:
S5 OF — —
< 6 n dW_ w
oy CI—" ©
B 2 E satconv
z 0 With Weacon= A’/ (aps), and the neoclassically modified
DF Rutherford equation, as
40 dw _ W
P TR Wsatneofz 2 (10

FIG. 3. The right-hand side of E¢3) with parameters similar to the TFTR  With Wgaimes= Bo(aps— aga)/|psA’|. The island evolution
shot 66873, ps=34cm, pA’'=—4, Wy=Wgee=0.8, ase=0.09,  due to each of these equations is shown in Figa) &nd
8s=0.7: (&) 8po=0, and,=1.1 (continuous lingand f,=0.31(dashed () - respectively, for different values ofVgacony and
line). The effect ofay, is shown in(b), with a,,=1, B8,=1.1(dotted ling. W_satneo respectively. For Fig. ), we ChOSG/TdI 0.025, as

in present tokamaks, and verified that usmwg=0.01, as
value at which the mode is stabilized, by lowering the inputexpected for ITER, does not change the curves significantly.
power while keeping the other plasma parameters constariiote that the mode does grow lineartinin Fig. 5a), and
This can be understood from Fig(é® At By=Pponser @  Proportional tot*2 in Fig. 5b), for smallt, but due to the
seed island of widthv .3 W, is destabilized and grows to exponential saturation both type of curves cannot be distin-
its saturated widtlw,,,. If the input power is then ramped- guished experimentally fowg,/ps<0.2. The typical values
down, the island width decreases wj#h and is stabilized at of 7 are 10-15 s for TFTR and JT60:4 s for DIII-D, 2 s
Bp=Bp.ciit<PBp.onser This hysteresis behavior has been seerfor ASDEX-U ard 1 s for COMPASS-D, while 800 s for

in all the tokamaks mentioned earlier. ITER.
In order to show how to use Fig. 5, we shall do it for the
B. “Conventional” and neoclassical tearing modes TFTR shot shown in Fig. 4. We havevg,/ps~0.15

gps= 34 cm) and 80% of the saturated width is reached in
about 0.2 s. From Fig.(8), one need$=0.25 to reach 80%
of a wg,=0.15 island, that is a tim&=0.25rg/|psA’|.
Therefore, withp, A’ ~10, one can model the island growth

Let us now discuss how one can distinguish between
“conventional” resistivem/n mode, havingA’>0, and a

mn=4/3 from the conventional resistive MHD. The same exercise
in Supershat Shot 66873 from Fig. S5b) gives t=0.15, and thus one needs
. b psA’~—5. Note that the latter value is approximately what
g r 1 was obtained using a cylindrical calculation in Ref. 6
gy ) ] (—3.74) and is close to the typical value used heran).
= y .
5 Exp. \ One could argue thak’ should be computed using a two-
2 [ ?‘g i dimensional2-D)-toroidal code likePEST-IIl, and Fig. 5, us-
Cat 4 - ing the experimental values of,/ps and of the growth
% i | time, gives the accuracy at whicXl has to be computed in
- order to distinguish between a “conventional” and a neo-
0 : S— classical tearing mode. Comparing also with some DIII-D
3.2 4.0 4.4 shots, one typically needpdA’')=2m to model the mode
Time [sec] growth with the conventional theory apdA’~ —m for the
F1G. 4. Tvoical fim lution of & neoclassical moda/fi—4/3). includ neoclassical case. Therefafé has to be evaluated with an
ing ihe- deyfaI\;awr:erftﬁ\éop%\lf\c/)er?s ?urr?eog 2fsf.stl?ﬁis TOFTRﬁcase )v;/ellscplfjblishegl,ccuracy better tha,‘m m/ps. “_1 the case of TF,TR’ due to its
in Ref. 6, Fig. 2b). Note thatg, decreases slightly between the onset and C'rC_UIar cross section and high-modes, pre_:llml_nary com-
the saturated stage, due to the island. parison with PEST-II shows that the cylindricalA’ is
1658 Phys. Plasmas, Vol. 4, No. 5, May 1997 Sauter et al.
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Conventional resistive MHD

171 e
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:/l’ o —=w__/p =0.40
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t-" F(a) ]
[ ) — N P | I
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1 T e
-/ e
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Y4
B o6
< _/.,. —w_/p =0.10
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0.4 —=-w_ /p =0.20
F sat 8
g e —w__Ip =0.40
0.2 sat ' s
- (b)]
0 L NI EESRTETN S ST U SR S
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=t/

norm tear

FIG. 5. Time evolution versus the normalized timF:t/rlea,, with wgyas
parameters. No assumption gmA’|, as it only enters inr,,. (8 Evolu-
tion according to Eq.(9); (b) evolution according to Eq(10) with
wy=0.025. The faster growth itb) is due tot*>>t for t<1.

relevant®® However, for the 2/1 mode, and, in particular, in
ITER-like geometry as in DIII-D,A’ is often found to be
marginal, usingPEST-Ill, and an accuracy of m/pg is not

easily obtained, due to the uncertainty on the reconstructe
g’ andqg”, which can explain the discrepancy mentioned in

Ref. 7.

However, another characteristic of the mode, which is it

decay with decreasing,, allows one to distinguish between

a “‘conventional” and a neoclassical tearing mode. This wa

shown in Ref. 6 for this TFTR shot 66873, whexéand alll
the other parameters stayed constant, exceppfoas the
NBI power was turned off at=4 s. Note that the change in
beta is usually too small to affect the current apgrofiles,

which is why A’ stays about constant. One should also men
tion that the GGJ term cannot explain the island evolution

since decreasing, would reduce the stabilizing GGJ effect

and thus would not reduce the island width. One sees in Fig.

S

© COMPASS Shot 18432
g
S o
w
[,42 - 1.2
Theory %
Bp ’ I
]
H by .
Experiment - - |- - & - Pp,crit
— 0.0
= o 0Z
KA
£
)
S .
s Experiment - - - -Wmax
s o |
% 02 0.25 0.30

Time [s]

FIG. 6. Typical decay of the island size during a power ramped-down,
shown for a COMPASS-D shot. At=0.29, 8,< B i, the mode is stabi-
lized and the island width drops very fast, consistent with the theoretical
prediction, using the modified Rutherford equat{8n This figure was pub-
lished in Ref. 8.

current driving term. If 3, decreases or the collisionality
increases, the islandi=w,4 decays away rapidly. Note
that the “theory” curve can reproduce well the island decay
and stabilization with or without the polarization term, as
shown in Ref. 8, because the /x, and polarization contri-
butions are of the same order. Theref@g . and Wparg
depend on the exact form at low of the coefficients in Eq.
(4). However, a systematic study gf, cit, Wmarg, @nd of the
“drop-rate” of the island once8,< B, it across different
tokamaks should be sufficient to determine the relevance of
the polarization term and the magnitude of the different
rms3® At present analysis, the polarization term is needed
to explain COMPASS-D dathwhile it seems to give too
large values ofv,,4in larger machines. However, the value
of az was determined in Ref. 8 usingy=0, which increases
a;, and one should redo the study with the full form of Eq.
(3), but only a parameter study can give a definite answer.

SNote that adding more detailed measurements to the database

will give us the opportunity to compare the details of the
theory over a wide range of plasma parameters and size. This
is needed if one hopes to distinguish between factors of 2—3
in the theory.

C. Seed island

The neoclassical modes néed seed island of width

4 that the neoclassical island evolution follows well both theabove the threshold valug;;, as shown in Fig. 3. This is
growth and the decay of the mode, while keeping the freavell correlated experimentally with other MHD events such

parameters fixed. As mentioned abovegif is sufficiently

decreased, beloy, ., then the mode should be stabilized.

as sawteeth, edge-localized modé& Ms) and fishbones.
Two examples are shown in Fig. 7, from DIII-D, where a

This is seen in all the mentioned experiments and an exsawtooth crash triggers a 3/2 mode, Figa)7and an ELM

ample from COMPASS-D is shown in Fig.86The ECRH
power is ramped-downg, decreases roughly linearly in
time, and so does the island width. Whgp<pg,, ., the
mode is stabilized and its island width drops fram,,,
defined in Fig. 3, to zero. Thus,,is the marginal satu-

provides a seed perturbation for a 2/1 mode in Figh).7

Experimentally, the typical size of the seed island driven by
a sawtooth crash or an ELM has not been systematically
studied and the scaling with plasma parameters is not well
known. It also depends on the difference in toroidal rotation

rated island width that can be sustained by the bootstrapetween thej=1 and theq=m/n surfaces, for example, for
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10 1 W FIG. 8. Herepy, versus localve (Zes=1) at the onset of thg=m/n neo-
O e e classical tearing mode from the ITERLPBL.DB1 database. Typical values of
divertor D, ; m/n are 3/2, 4/3, 2/1, and 5/2. The ITER point is obtained fromdhke2
14 f plasma parameters, and wifyz=1. The scaling was suggested by the
0 N W, DIII-D data in Ref. 7.
......... T
3300 3400 3500 3600
(b) time (msec)

density in order to reach ITER collisionalifyThe DIII-D

FIG. 7. Correlation of a sawtooth crag) with the growth of a 3/2 mode, experimenta] Sca”ng of the onset of the 3/2 and' in particu_
and of an ELM(b) with the destabilization of a 2/1 mode in DIII-D. This is P 0.32£0.02 0.13+0.15 ;

typical of most tokamaks. In TFTR, the onset of the modes is sometimeéar’ the Z/Jj modes is given byN Vex f_’* . Since
related to fishbones activity. no unambiguoug, dependence can be singled out from the

data, we show in Fig. 8y vs 5.2:»2;3 at the onset of the

i —1)— 0 -3
the sawtooth crash, as well as on kinetic effects. Moreovetlgl,ngn(k)des’ W'rt]h”e* (hzefrl)l_ d0'01mi(1/02 fm )ER( dm)/
the theoretical value of/.;; depends on the detailed form of € o(keV), where the local data g=m/n from the data-

the GGJ term, the polarization term, andxaf and y; in the base are used. Typic}azl valudesztt;ﬂnfare 3/2 andZA/JS Ior
definition of wy, which are still under investigation. If ASDEX-U, TFTR, 3/2 an 1 for DII-D, 211 tor

Wyea=Wy, then thew,; one obtains using only the COMPASSr-]D, ?fnd E:g a_nd 3/1 Lor JT6O-UH One slhould in-

“ x. " model, that is neglecting the polarization term, is typi- corporate the e ect aleif IN vex , hOwever, these values are
cally of a few millimeters, as can be seen in the example irfot complete in the dgtabase at pre_sent. Therefore we used
Fig. 3(a), which is too small. This shows that all the terms in et=1, as was dong in Ref. 7,' This W_OU|d’ for gxample,
Eq. (3) have to be revised for smal. Note also that the move the JT60-U points to the right &s;; is about twice as
perturbation at thay=m/n due to a sawtooth or an ELM large as in the other shots. However, one sees a clear depen-

vary when varying the plasma parameters, in particular as thg encehonve*h,. even |Lthhere 1S a:j!faflrge scatt?.r of 'Eltf d_atz;, and
reconnection time varies. Therefore, while in qualitativeI each machine might have a different scaling. This Is due to

agreement with the theory, a quantitative analysis of the onthe fact that it is very sensitive to the local profiles and more-
er to the formation of the seed islands. For example, the

set of the neoclassical modes, the scaling of the seed islarfy

size with plasma parameters, and the physics of the seééiTGo'U I(;)ng-pllillse discharges h?“%if 2, usmdg current- h
island formation are still needed. In particular, we have see rive and weakinegafive magnetic shear, and no sawtoot

that one typically sees these neoclassical modes at beta vé'ﬂgtiVitY' The neocla;sicgl tearing modes are typicglly seen
ues two to three times higher than the critical limit, at which gfter giant !ELMls, ;Vh'Ch IIS v.vhbeT6.0—U was ablehto mclrease
any seed island larger thaw,,{ ~Wwy) can be destabilized. 't.s op?rgtlanao etal Imit by flncreas!ng g eh P asrr?a
Thus, it indicates that the maximum experimentally observe&c”g::/?;:ggb q ne da SO Zees drom E'g' h t atht €
availablewgegqis typically smaller thamw,,, and its actual o= ata do pot epend og. ., ut that another
size determines the value of beta at the onset of the modg?echanlsm is responsible for dgtermmmg thg onset O,f the
Thereforewy(~Wnarg is @ good measure of an upper bound mc/;des. llat was ShOV@TI thath this - was conS|Ttent fwgh
for the island threshold and would therefore be of the ordel’i/ €@ex becoming smaller than a constant value of about
of 2—5 cm in ITER(Up to 6—7 cm with the maximum polar- 0.3, which is a change in the value of the polarization term.

ization term taken into accounincluding the uncertainty in _Fmally, we gls_o note that for some of the discharges, the
the definition ofw,. ideal MHD limit was computed in order to make sure that

these modes were not due to a lower than expected ideal
limit due to unfavorable profiles. A limit consistent with
Bn = 4l; was found(well above the actually observed limit

In order to study the long-pulse beta limit in ITER for the external kink and with no wall stabilization.
DIlI-D made a systematic study of ITER-like sawtoothing, An ITER reference point is also shown, where values at
ELMy H-mode discharges withgs ~ 3—4, and varying the the q=2 surface of an ignited scenario have been used

lll. PROJECTION TO ITER
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(Ne20=1.3, Te=T;=5.1keV, ps=2.4m, 1,=21MA, Wseed ITER,MIN=2/1)~ 1.7 6By 1 edge (G)]¥2 (cm).
Ro=8.1m, a=28m, nNg,—=13, Tg,=20KkeV, (11)
Tio=19keV,By=5.6 T, Zgt=1.5, By=2.2, andB,=0.7).  Therefore, asv.;=6 cm, one can expect neoclassical modes
One sees that the ITER point lies in the middle of what carif the perturbation at the edge due to the sawtooth “gong” is
be called the “gray region,” where neoclassical modes havef the order of 10 G, which is quite realistic. One sees from
been observed. Two points should be mentioned about thigis crude estimate that a more precise scaling is needed in
plot. order to predict ITER performance.
(1) Each of the tokamaks have similar discharges that do nqt I Wseed™ Werit 1S satisfied, then one can define the _hard
have lowm/n resistive modes and have been sustaine%)?ta limit as the beta yalue at which the sqturated island
i . ._width of a given mode is of the order of its distance to the
for many energy confinement times, however, no d|s—WI a gven .
- . _ dge. This criterion was used in Ref. 8 to successfully model
charges, near .ITER collisionality, have begn Obt.a'F‘e he dependence amys of the hard beta limits in ASDEX-U
with a By significantly larger and close to the ideal limit, and COMPASS-D. Following this criterigy=2.2 is an up-

which ,WO‘%'O' be an approxirrlately horizoptal line at per bound for ITER as the saturated island width would be
3.5-4 in Fig. 8. Therefore the “gray region” represents 60—70 cm at thej=2 surface, whereas— p.=60 cm. Us-

the operational domain where neoclassical may or ma){ng Fig. 5b), 7r=800 s,W./ps=25%, and p.A’|=2, one
not occur depending on the local profiles and the availygag that th'e island wéulaatgrcs)w as féllows:s ’

able seed islands.
(2) While the points are the values at the onset of the modd would reach 30 crw/wg,=0.5)

and mogt of the discharges, excgpt for those W|th.the 2/1 in t=0.08800/2~30 s.

modes in DIlI-D, can be sustained for many, with

these saturated modes, the sustained beta is in generalltitwould reach 55 crfw/wg,=0.9)

the same value or slightly smaller due to the drop in . .

confinement time induced by the saturated island. If the in t=0.40"800/2~150 s.

power is increasedsy, is further reduced and the actual Therefore, while being a hard beta limit, there is sufficient

beta value stays the same. time to detect the mode and stop the discharge before the

disruption or try to stabilize or reduce the saturated width

. ) ) 12 r\??/ith a feedback system. A possible feedback mechanism is
saturated island width to be proportional tof 1), due to 5 replace the reduction of the bootstrap current inside the

the collisionality dependence of the bootstrap current coeffiisjand by electron cyclotron current drii&CCD), as this
cients, and therefore the operational or soft beta limit as wellsystem can provide highly localized current deposition. This
From Fig. 8, one expects the ITER soft beta limit to be in thecan stabilize the mode completely. The typical bootstrap cur-
rangeBy~2-2.5. One can change this limit by profile con- rent  density in ITER reference scenarios is

trol, as well as by avoiding the perturbations causing thg,~0.1 MA/m?, thus one has the following current to re-
large seed islands, as was done for example in JT60-Ulace, depending on the island simg,:

where they have increasey,;, above 1 and have no saw- )

teeth, as mentioned above. However, keepigg 1 might l6g( Q=2 Wsa) = 27 psKkWiat] ps=5 (Wsal ps) (MA).

require substantial current drive and removing the ELMsOn the other hand, a value wof,/ps of 10% gives a 20%
would cause problems in particle control in ITER, so that adrop in confinement time, which is the maximum value ac-
better operational regime is “a H mode with frequent andceptable to maintain a reasonable performance. Therefore
small amplitudes ELMs and sawteeth.” In JEJoint Euro- one has to provide 500 kA of ECCD in a normalized width
pean Torug they have been able to sustain long-pulse disof 10%. The driven current is given by the efficiengy
charges a3y values up to 37 This might be a challenge to (10?° m"2MA/MW) and one has the following require-
the neoclassical theory and should be studied in detail. Howments:

ever, the local collisionality is somewhat larger than the P (MW A

. . L Y ( ) Waat P
ITER value and therefore these data points tend to lie within = | gccp= 1P IR =lp=5—~5—,
or near the “gray region.” Moreover, as the fraction of fast Ne ( mR (M) Ps P

particles was rather high, one needs to study their effects owhere Ap/p determines the relative localization of the cur-
the stability of the neoclassical modes, which can be evenent profile. Therefore, assuming that 50 MW are available,
more important for ITER. Neo=1 andR=8, an effective current efficiency,

A crude estimation of the perturbation at thhe=m/n
surface triggered by a sawtooth “gond® from toroidal yeﬁEL~
coupling without rotation effects, and assuming Aplp
OB mn~0.5@/ps)"(ps/2R) By m—1edge  UIVES Wseegmn IS required. Thisys versus the normalized radius where the
=[4p3(a/ps) "3B g m-1.edgd (NBoS) 1¥2, with By the axial to-  current profile peaksppeada, is shown in Fig. @) for a
roidal field andéB g, eqge the m/m component of the edge launch 2 m above the equatorial plane and a toroidal angle
perturbed poloidal magnetic field due to the sawtooth crashvaried from O(perpendicularto 45° along each curve. The
Using values at thg=2 surface, since the 2/1 mode is the poloidal angle with respect to the vertical line is a parameter
most probable mode to cause a disruption, one obtains  and is varied from 80° to 130°, as indicated. One sees that

0.8,
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from ASDEX-U, COMPASS-D, DIII-D, JT60-U, and TFTR
has also been shown. We have confirmed that the driving
term, namely the perturbed bootstrap current due to the flat-
tening of the pressure profile in the island, is well defined
theoretically for large islands and predicts well the experi-
mental saturated island widths. We have also pointed out the
present limitations of the theory in order to predict the island
threshold width, but have proposed an upper limit corre-
sponding to the width at the maximum driving term.

Several tokamaks are limited in their long-pulse dis-
charges to beta values much lower than the ideal limit due to
low-m/n resistive modes. These modes have been identified
as the neoclassical tearing modes. We have shown that the

_ 2::_ (b) ' Equillibriumlj 1 r hysteresis behavior of these modes betwgkn,s; and
N PR .._....n-..------—---..__b__$ H Bp,crit IS @ characteristic that helps to distinguish them from
:ﬂ 0.08 .-"r ,' the conventional resistive tear_ing modes. We have also seen
p 0.060 ’,. ] ._:" | that the error in the\’ calculations need to be smaller than
= / jenmn 1 ) * m/ps in order to be able to distinguish between the con-
0.04; ECCD ventional and neoclassical growth of the island. However,
0-021/ | | (30 MW) 1 the decay and stabilization of the modegat~ S, . Clearly
0 oz o4 s 019 7 identifies the mode as being driven by the perturbed boot-
pla q=2 strap current, since thg dependence oA’ is too weak to

explain the island evolution, and the GGJ term cannot ex-

FIG. 9. (@ Effect wdrive effici wed with th plain the evolution either.
. 9. ective current-drive efficiencyyes, as computed wi e . . _
codeTorAY normalized to peakedness of the deposition profile, versus the These modes need a seed island of 8ige s> wc- The

position of the profile peak, using an ITER equilibrium. The parameter is thedrowth of the neoclassical modes are well correlated with
poloidal angle, and the curves are obtained by varying the toroidal launclother MHD events and are often triggered by sawtooth crash,
angle. (b) qurespon_ding ITER equilibrium bootstrap cu_rrent der\sity and ELMs, or fishbones. The exact form Wcm needs further
ECCD density obtained witlP=30 MW, versus normalized radius, for . . .
0= 80° andg,= 15° theoretical work, and the scaling of.4with plasma param-

o] tor . . po . .

P eters has to be quantified experimentally. However, in com-

paring with results from ASDEX-U, COMPASS-D, DIII-D,

yert > 0.8 can be obtained at(q=2)/a=0.8. Note that this JT60-U, and TFTR, we have shown thaf, which mea-

is a preliminary study using the present design specification8Ures the location where the drive is maximized, is a good
for the ITER ECRH system. The efficiency can be optimizedestimate of the upper bound fove;. The lower limit of

as well as the actual requirement fogy reduced when the Werit IS not well determined but is of the order et pp. .
exact geometry of the island and the possibility of modulat-This gives a maximum value of 2—6 cm for ITER, that is
ing the rf power in phase with the island O point are takenWa/ps~0.01-0.02. Therefore sawtooth and ELM control
into account. Also shown in Fig.(B) is the equilibrium capabilities should be investigated for ITER, in order to be
bootstrap current and the ECCD driven with 30 MW of able to avoid these modes.

ECRH power. This shows that it is possible to substitute the |f the modes cannot be avoided, a limit of
bootstrap current near thg=2 surface, withAp/p<0.1, Bn=2-2.2 (B,~0.7) is predicted for ITER since, at this
within the ITER design parameters. Also, Figa@shows beta value, the saturated island size atghe? surface is of
that other modes, with loweg=m/n values, can be stabi- the order of the distance to the edge and will cause a disrup-
lized. However, the feasibility of such a feedback mechanisniion. However, due to the very large resistive time in ITER,
has to be demonstrated in present experiments first. Sudhe island will need 150—-200 s to grow to its full size. There-
experiments are underway in COMPASS-D and will be studfore one has operational time to detect the mode and end the
ied in ASDEX-U and DIII-D. The possible local modifica- discharge before the disruption, since one needs less than 30

tion of the current gradient by either ECCD and/or fast waves to decreasg by a factor 10} or control the final saturated
current drive could also be used to reduce i.e., make it Size with an external feedback mechanism. Such a system

more negative, thus raising the neoclassical destabilizatiogould be ECCD, in order to replace the reduction of the
threshold, or to change the sawtooth behavior. bootstrap current inside the island. We have shown that this
is possible with 50 MW of ECRH power, using the present
design specifications for the gyrotrons. However, this needs
to be first demonstrated in the present experiments. Other
An extensive study of the conventional and neoclassicapossible control mechanisms are keepigg>1, reverse
resistive theories has been presented, including an integrahear configurations, since the neoclassical tearing modes are
tion of all the previously published terms into a single islandstable forq’ <0, and profile control since they are very sen-
evolution equation. Most of the terms are valid for noncircu-sitive to local parameters.
lar toroidal MHD equilibria and a comparison with local data Further studies are underway to better quantify the pre-

IV. CONCLUSIONS
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