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Currents driven by rf (radio frequency) waves in the interior of magnetic islands can stabilize dele-
terious tearing modes in tokamaks. Present analyses of stabilization assume that the local electron
acceleration is unaffected by the presence of the island. However, the power deposition and electron
acceleration are sensitive to the perturbation of the temperature. The nonlinear feedback on the
power deposition in the island increases the temperature perturbation, and can lead to a bifurca-
tion of the solution to the steady-state heat diffusion equation. The combination of the nonlinearly
enhanced temperature perturbation with the rf current drive sensitivity to the temperature leads to
an rf current condensation effect, which can increase the efficiency of rf current drive stabilization
and reduce its sensitivity to radial misalignment of the ray trajectories. The threshold for the effect
is in a regime that has been encountered in experiments, and will likely be encountered in ITER.

PACS numbers:

Introduction: A study of the root causes of disrup-
tions in the JET tokamak found that neoclassical tear-
ing modes (NTMs) were the single most common cause
[1, 2]. Theoretical calculations in the early 1980’s showed
the feasibility of using rf current drive to stabilize tearing
modes [3, 4]. The recognition in the late 1990’s that boot-
strap currents were driving NTMs in hot, collisionless
tokamak plasmas [5-8], led to a resurgence of theoretical
work in this area [9-13], to experimental demonstrations
of stabilization [14-20], and to continuing intensive at-
tention [21-40]. A variety of rf waves are used to drive
current [41], but, for stabilizing the NTM, the most stud-
ied methods are electron cyclotron current drive (ECCD)
[42] and lower hybrid current drive (LHCD) [43]. ITER
is designed with an NTM ECCD stabilization capabil-
ity, with continued effort to model and improve this ca-
pability [25, 29, 30, 44]. We identify here an rf current
condensation effect, previously overlooked, which can sig-
nificantly facilitate island stabilization.

Calculations of rf stabilization of magnetic islands as-
sume, at present, that the local acceleration of electrons
is unaffected by the presence of the island. However,
the local deposition is sensitive to small changes in the
temperature, and these changes can be significantly af-
fected by the presence of an island. The effect on the
local deposition becomes significant when the fractional
temperature perturbation exceeds about 5% for electron
cyclotron waves and 2.5% for lower hybrid waves. Tem-
perature perturbations as high as 20% have been mea-
sured in islands in rf stabilization experiments [45].

In the conventional picture of rf current drive stabi-
lization of a rotating island, a geometric effect associated
with the equilibration of the rf driven current density
within the flux surfaces of the island leads to a higher
current density near the center of the island than near
its periphery, and to a corresponding stabilizing resonant
component of the field. We show that the sensitivity of
the current drive and power deposition to small changes
in the temperature can give rise to a “current conden-
sation” effect that can greatly concentrate the current
density near the center of the island, thereby greatly in-
creasing the efficiency of the stabilization. Thus, a given

rf power stabilizes larger islands.

Conventional stabilization by rf driven currents is sen-
sitive to the radial alignment of the current deposi-
tion profile with the O-line (center) of the magnetic
island. The effect changes sign (becoming destabiliz-
ing) if the current deposition is displaced a distance
0.5 max(W;, Wy) relative to the O-line, where W; is the
island width and Wy is the width of the deposition pro-
file [26]. Current condensation reduces the sensitivity
of the stabilization to precise alignment of the RF ray
trajectories. Even a broad rf driven current, primarily
for steady state operation, condenses, thereby providing
stabilization even absent a stabilizing geometric effect.

Power and Current Deposition: The power deposition
by electron cyclotron [46] and lower hybrid waves [47] is
sensitive to the temperature because they deposit their
energy on the electron tail. Let vy be the the electron
speed at the location in velocity space of greatest power
deposition. The deposition in that region is proportional
to the number of electrons there, P,y o exp (—wQ),
where w = vo/vr, mv%/2 = T, and T is the electron
temperature. For a small temperature perturbation, T,
the change in the local power deposition produced by the
perturbation is given by

Py o< exp (—w2) = exp (—wg) exp (ng/To> ) (1)

where Tj is the unperturbed temperature and wq is the
value of w in the absence of the temperature perturba-
tion. Typically wg ~ 10 for ECCD and w3 ~ 20 for
LHCD. The power deposition is thus sensitive even to
a small T'/Tj, even as other quantities, such as the dis-
persion relation, are not. The rf driven current similarly
grows exponentially, but with w? T /Ty, where w, is the
resonant velocity producing the maximum current. For
high current drive efficiency, wg =~ w,s, with wy sub-
stantially in the parallel direction. For simplicity, in the
following we will assume wy = wy¢.

We consider in turn the two pieces to the current con-
densation effect: the increase of the rf current with in-
creasing temperature, and the nonlinear feedback arising
from the increased power deposition with increasing tem-



perature, which enhances the temperature perturbation.

Sensitivity of Current Density to Temperature: Both
the ohmic current and the rf driven current are affected
by the temperature, which is peaked at the O-line be-
cause of the well known effect of the thermal insulation
in the island. The effect of the Spitzer ohmic current
perturbation has been extensively studied, and it is be-
lieved to have provided a significant stabilizing effect in
a number of experiments [9, 26, 45, 48-50]. There is ex-
perimental evidence of strongly reduced transport in the
interior of islands [51-54], and the associated increase in
the temperature perturbation will enhance both effects.

The Spitzer current density perturbation AJ pro-
duced by a temperature perturbation T is AJg,/Jsp =
Aosp/osp = (3/2)T/T0. It follows from Eq. (1) that
the perturbation of the rf driven current is AJ,;/J.; ~
exp (wST/T()) — 1 > w@T/T,. The perturbation of the
rf driven current can dominate that of the ohmic cur-
rent density even when the unperturbed rf driven current
density is relatively small. When the bootstrap current
density is comparable to the ohmic current density, as it
is expected to be at the ¢ = 2 surface in ITER, the rf cur-
rent density needed for NTM stabilization is comparable
to the ohmic current density.

Some implications of the rf current density dependence
on temperature for the rf current drive stabilization of
magnetic islands are discussed in Ref. [3]. Although the
discussion of the effect there is in the context of LHCD, it
is only assumed that the power is deposited on the elec-
tron tail, so the calculations there apply also to ECCD.
Although the ohmic effect continues to be the subject
of intensive research [49, 50], the effect of the rf current
perturbation has not been investigated beyond the cal-
culations of Ref. [3]. Here we show that the combination
with the nonlinear self-reinforcement of the temperature
perturbation leads to the rf current condensation effect.

Nonlinear Feedback Effect on the Temperature: The
considerations of this section will be applicable to ECH
or lower hybrid heating in an island, regardless of whether
there is unidirectional injection for current drive, and will
therefore be applicable also to ohmic stabilization.

For an NTM, the temperature in the island equilibrates
on a time short compared to the growth time of the is-
land, suggesting that we consider the steady-state diffu-
sion equation V - (Tm . VT) = —PF,¢, where n is the den-
sity and k is the thermal conductivity tensor. We assume
that the island is sufficiently large that the temperature
is constant within the flux surfaces in the island [55, 56].
The unperturbed temperature (P,y = 0) is flat in the
island. For simplicity, we take n and the perpendicular
thermal diffusivity, 1, to be constant in the island.

Consider the case where T'/Ty is small, but w3T'/Tp is
not necessarily small. We are interested in the temper-
ature in the island interior relative to that at the sep-
aratrix, and we can set Ty = T,, where T is the tem-
perature at the separatrix, absorbing a constant factor
exp (w3(Ts — Ty)/To) into Py below. For typical ECCD
applications, the change of the wavenumber in the island

is small, giving wy ~ ws, where w; is the value of wy
at the separatrix. Neglecting wave depletion, and using
Eq. (1), we can write P,y = Py(p)exp (w?T/Té) We
take p = 0 at the O-line. We consider the case where
Py is independent of p, corresponding to an unperturbed
power deposition profile broad compared to the width of
the island. (The power deposition outside the island does
not affect the temperature perturbation inside.)

Consider first a simple slab model, which can be
solved analytically, with « = 0 representing the O-line
and © = +W;/2 representing the separatrix. Letting

= w?T/T, and Py = W2w?Py/ (4nr  Ty), where W;
is the island width, and normalizing x to the island
half-width, the diffusion equation becomes d?u/dz? =
—Poexp (u). We solve this equation explicitly, get-
ting u(x) = In (A1/2Fy) — 2In {cosh [vA1 (z — X2) /2] },
where A; and Ay are constants of integration. The
boundary conditions, du/dx = 0 at z = 0 and u = 0
at x = 1, yield a nonlinear eigenvalue equation \; =
2Py cosh? (v/A1/2) . It has two roots below a threshold
in Py corresponding approximately to Py = 0.88, and no
roots above that threshold. This is a fold bifurcation. In
the context of catastrophe theory, this type of behavior
is known as a fold catastrophe [57].
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FIG. 1: Temperature differential w27 (0)/Ts vs. normalized
power density coefficient Py, showing the fold bifurcation.

The value of w2T /T, at & = 0 as a function of Py
is shown as the inner dashed line in Fig. 1. Above the
threshold value of P, there is no steady-state solution
for small 7(0)/Ts. The temperature in the island in-
creases until it becomes large enough to encounter addi-
tional physics, such as the depletion of the energy in the
rf wave, or a gradient threshold for stiff transport.

Calculated solutions to the diffusion equation for a
range of P, ¢ profiles in the slab, in addition to a constant
P,, find that that bifurcation threshold is relatively in-
sensitive to the width of the profile.

The solid line in Fig. 1 corresponds to the solution for
a more accurate treatment of the diffusion, taking into
account the geometry of the island flux surfaces, with
a uniform unperturbed power deposition in the island.
This treatment employs a conventional cylindrical model
for the magnetic field, B = V¢ x 2 — (kr/m)B.0 + B, 2,
where we can expand 1) about the rational surface as



W = pia?/2—ecos(m(), ( = 0—kz/m, and € is a constant
(the “constant-psi approximation”) [55, 58]. We define
p? =) /2e+1/2. After some algebra, and after discarding
a term small in W;/R, where R is the major radius, the
diffusion equation takes the form

. <E<p> - (1p—p )K(mci)u(p)) — PopK (p)esp (u),

where K (k) = foﬂ/2 (1szsin2x)71/2dx is the com-
plete elliptic integral of the first kind, and E(k) =

Oﬂ/2 (1-— kQSiHQX)l/QdX is the complete elliptic integral

of the second kind. The boundary conditions are u = 0
at the separatrix and du/dp = 0 at the O-point. The
bifurcation threshold corresponds to Py =~ 1.02.

The bottom curve in Fig. 2 shows the solution of the
linear diffusion equation, which neglects the dependence
of the power deposition on the temperature.

The bifurcated solution corresponds to the following
physical picture. Initially, at low T, the power deposi-
tion term in the time-dependent heat diffusion equation
dominates, and the temperature increases. The second
derivative increases with increasing temperature, until
it balances the power deposition at the lower root of
the steady-state diffusion equation. A perturbation to a
higher temperature gives a further increase in the second
derivative, so that the lower root is stable. At sufficiently
high temperature, the exponential begins to dominate,
and the power deposition increases more rapidly with in-
creasing temperature until the two terms again balance
at the second root. The power deposition continues to in-
crease more rapidly with increasing temperature, so that
the second root is unstable. The temperature then con-
tinues to increase until limited by an effect not consid-
ered here, such as those mentioned above, giving a third,
stable solution branch. The two lower solution branches
merge at the bifurcation point. Above the bifurcation
point, the increase of the power deposition with tem-
perature begins to dominate before a balance with the
diffusive term is reached, and the temperature rises until
the uppermost solution branch is reached. Interestingly,
if the island width is now decreased, there is a hystere-
sis effect, with the solution moving along the uppermost
branch, leading to smaller saturated island widths.

Increased Stabilization Efficiency and Decreased Sen-
sitivity to Alignment of Ray Trajectories: The exponen-
tial dependence of the driven current on the tempera-
ture combines with the nonlinear effect on the temper-
ature perturbation to give an rf current condensation
effect. A widely used measure of the efficiency of RF
current drive stabilization is the ratio of the resonant
Fourier component of the current to the total RF driven
current: gap = [ o dz d(jdcos(mg)/ 2 dx $dlja
[9, 40, 59, 60]. (The quantity A’ in the modified Ruther-
ford equation [3, 9, 23, 58] is proportional to the res-
onant component of the current.) Using the tempera-
ture profiles calculated in the previous section, we calcu-
late the efficiency for a broad, Gaussian deposition pro-

file, Py = Poe_‘l””g/wfexp (w?T/TS)7 with Wy > W;.

We again define Py = W2w?P,/ (4nk, Ts). We find
Nstab = Mo[14+(Wa/Wi)R(F,)], where 19 = 0.25(W;/Wq)?
is the conventionally calculated efficiency [26], associated
with the geometric effect, and R(Fp) is shown in Fig. 2.

The current condensation contribution to the efficiency
dominates when (Wy/W;)R(Fy) > 1. Approaching the
bifurcation threshold, the current condensation contribu-
tion to the efficiency is O(Wy/W;) times 79. The stabiliz-
ing effect is relatively insensitive to the radial alignment
of the ray trajectories as long as the contribution of the
current condensation to 7st,, dominates the contribution
from the geometric effect.
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FIG. 2: (Wq/W;)R(Fo) is the relative magnitude of the contri-
bution of the condensation effect to the stabilization efficiency
for broad, Gaussian deposition profiles, where Wy is the width
of the deposition profile and W; is the island width.

Eaxperimental Relevance: When w?T /T, = 0.5, there
is a 656% increase in the local power deposition, and a
larger increase in the rf current density, relative to the
conventionally calculated values. Above this level of tem-
perature perturbation, there is an exponential increase.
Tearing stabilization experiments via electron cyclotron
waves on TEXTOR found T'(0)/Ts ~ 0.2 [45]. ASTRA
transport simulations for an ITER 2/1 magnetic island in
Ref. [45] considered a 24 cm island with 20 MW of heat-
ing power, finding T(0)/T, ~ 25% for x. = 0.1m?/sec.
The linear T(O)/TS scales as W; P, where Pj,; is the
total power deposited in the island, implying that the lo-
cal enhancement will become significant when the island
width is about 5 cm for 20 MW of heating power, or 10
cm with 10 MW.

On ITER, it is important to minimize the ECCD power
usage for NTM stabilization. That, together with low
predicted thresholds for island locking, has led to scenario
studies that envision the stabilization of islands at small
widths, with modest power deposition [25, 29, 30, 44, 60].
There will be a tradeoff between the desire for small de-
position widths to minimize the required power, and the
risk of misalignment. When the island widths remain
small and the ECCD power deposition in the islands is
modest, the rf current condensation effect will not come
into play. It can be anticipated, however, that there will
be off-normal events, such as flakes falling into the plasma
or abnormally strong sawtooth events, etc., so that the
attempted stabilization at small island widths will not be



100% successful. It will be critical to stabilize the result-
ing large islands to prevent disruptions, using whatever
power is available. The current condensation effect can
then be crucial.

The experimental bifurcation threshold can be esti-
mated from our calculation of the nonlinear enhancement
of T in an island, yielding 7'(0)/7Ts =~ 0.14 for ECCD and
T(0)/T, ~ 0.07 for LHCD. The observed T(0)/T, ~ 0.2
on TEXTOR suggests that the experiment may have
approached or exceeded the bifurcation threshold. Ex-
ceeding the bifurcation threshold gives a hysteresis effect,
with the island suppressed to widths below what would
otherwise be achievable. Suggestively, the experiment
observed suppression to widths well below the calculated
widths of the deposition profiles, where the geometric
stabilizing effect is predicted to be much reduced [61].

Hot Conductivity Current Condensation and Destabi-
lization: In the presence of rf current drive, the ohmic
current can be written as Jomw = Jsp + Ju, where
Jsp = ospE is the ohmic (Spitzer) current in the absence
of the rf, and Jy = oy FE is due to the hot conductivity
oy, arising from electron velocity space distortions pro-
portional to the rf power dissipated [62]. Although the
hot conductivity current is relatively small for usual toka-
mak operation, it may play a critical role in the case of
rf current overdrive, which occurs when the rf is utilized
for start-up operation [63—68], or when it is oscillated
to optimize the current drive efficiency [69, 70]. The hot
conductivity oy has been theoretically predicted [62] and
experimentally verified in detail [71]. It is proportional
to Py, so it displays the same exponential sensitivity to
temperature perturbations as the rf driven current, and
the same current condensation effect.

However, in exceeding the total toroidal current dur-
ing rf current overdrive, the rf-driven current induces a
toroidal electric field that opposes the rf-driven current,
with Jog ~ —Ji¢r. Now a change T at the O-line pro-
duces a AJog opposite to both the total current and the
rf-driven current, and so is destabilizing rather than sta-
bilizing. For strong overdrive, the ohmic countercurrent
is mainly limited by the hot conductivity, with Jog ~ Ju
[62]. In contrast to the Spitzer current increment, AJy
nearly matches the rf incremental current AJ, s, except
that it is destabilizing. Moreover, both for LHCD and
ECCD, it is inevitable that some rf power will drive cur-
rent opposite to Jy¢, which will further increase Jy rel-
ative to Jyr. Thus, it will be more difficult to stabilize
the NTM in the rf overdrive mode in the limit where the
overdrive is strong. A weaker rf overdrive would reduce
this destabilization.

Comparison of Current Drive Methods:  Although
other means of noninductive current drive have been con-
templated for NTM stabilization, the current condensa-
tion effect described here is only available for ECCD and
LHCD, because their damping decrements are highly sen-
sitive to the electron temperature. This sensitivity is not
available for current drive methods based on sub-thermal
electrons [72], such as through Alfven waves, or neutral
beam current drive [73], even if it could be relatively lo-

calized through minority species heating [74].

Most of the experimentation to date has involved
ECCD rather than LHCD, perhaps in part because of
the thought that ECCD could be better localized. How-
ever, with current condensation, this localization may no
longer be critical. Also, launching lower hybrid waves
from the tokamak high-field side allows greater localiza-
tion through single-pass absorption, and enables high-
magnetic field compact tokamaks [75, 76]. In addition,
LHCD, but not ECCD, can tap the energy in « par-
ticles in a reactor through the a-channeling effect [77],
reducing the recirculating power. The channeling is in
fact most effective under high-field side launch [78, 79].
LHCD also sees a stronger rf current condensation ef-
fect than ECCD, because of its higher phase velocity, a
potential advantage for stabilizing NTMs.

Discussion and Conclusions: The rf current conden-
sation effect identified here increases the efficiency of sta-
bilization, so that larger islands can be stabilized for a
given rf power. It also reduces the sensitivity of the sta-
bilization to radial misalignment of the ray trajectories
relative to the island O-line. Even very broad rf-driven
currents, such as used for steady state operation, can
condense in large islands, thereby stabilizing them.

The local power deposition and electron acceleration
are highly sensitive to the perturbation of the local tem-
perature in an island. Moreover, the nonlinear feedback
on the power deposition increases the temperature per-
turbation. The combination of the nonlinearly enhanced
temperature perturbation with the rf current sensitivity
to the temperature produces the rf current condensation
effect.

Our calculations here neglected the effects of wave de-
pletion, which have been left for future investigation. If
account is taken of wave depletion in launching the rf
waves, the effect can further increase the concentration
of the rf current near the O-line, and can thereby fur-
ther increase the stabilization efficiency. Also neglected
were more peaked unperturbed deposition profiles and
additional sources of heating in the islands, which would
lower some of the thresholds calculated here.

Despite approximations, what is clear is that the cur-
rent condensation effect is both new and important. Sig-
natures of the phenomena predicted here should be ob-
servable in more precise temperature measurements in
island interiors, through comparisons of different meth-
ods of rf current drive, through more careful analyses of
saturated island widths, and through comparisons to is-
land formation in the rf overdrive regime. Apart from the
academic interest of the fold bifurcation, it leads to the
practical applications of increased stabilization efficiency,
and decreased saturated island widths through hystere-
sis. The threshold for the current condensation effect has
been encountered in present-day experiments, and will
very likely be encountered in ITER. The condensation
effect is particularly effective in stabilizing large islands,
where the increased efficiency may be crucial for the min-
imization of disruptivity on ITER, which in turn could
impact the economical advancement of tokamak fusion.
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