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1 – Introduction

In recent years, confinement and fusion yield in tokamaks has been significantly increased by forming
a core region of reduced anomalous transport called Internal Transport Barrier (ITB) characterized by

the rapid appearance of sharp temperature gradients near q rational surfaces [1].

The appearance of ITBs has been mostly observed to be associated with regions of small or negative
magnetic shear (s = rq’/q ~ 0 or <0) and recent experiments [1-3], provide evidence that low order

rational q-surfaces play an important   role in the formation of  ITBs both  for reversed and low positive
magnetic shear. The different q profiles are usually obtained in the plasma current ramp-up using

various combination of heating schemes. In JET, for example, low positive shear target q profiles are

produced without additional heating or with small level of Ion Cyclotron Resonance Heating (ICRH)
power. Strong reversed magnetic shear profiles are formed by pre-heating the plasma with Lower

Hybrid Current Drive (LHCD). The combined effect of off-axis current drive and electron heating by
the lower hybrid wave can sometimes result in very large value of the safety factor on axis. Although

the techniques of tailoring the equilibrium current density profile have made possible the empirical

assessment of the conditions for ITB formation, the triggering mechanism and the control of the

process, possibly linked with the physical properties of low order rational q=m/n surfaces, remains
somewhat obscure.

Models of  turbulent transport lead to conjecture that the onset of ITBs may be related to  the

modification of  the electrostatic potential profile caused by the structure of magnetic island formed by

reconnection  at rational q surfaces. This should lead to a variation of  the shear of the plasma electric

drift velocity in the poloidal direction BcEV rEXB ≡q . An accepted criterion for reduction of the typical

scale length of turbulence (and consequent reduction of transport) is that the E¥B velocity shear

g≥¢q
EXBV , where g is the typical growth rate of turbulence [1]. We discuss whether a magnetic island,

possibly driven by external perturbations, can modify locally EXBVq¢ , near q=m/n, in a sufficient and

favorable way. It has been suggested that the perturbation forcing reconnection and EXBVq¢ modification

could be provided by mechanisms of mode coupling, possibly involving outer kink-modes with m>3

[2], as this type of MHD activity is often associated with the appearance of an ITB (Fig.1). However

this is questionable in terms of overall momentum conservation. On JET (Joint European Torus)

experiments of externally driven reconnection have been applying external helical fields by means of



4

saddle coils on plasma with rotation impressed by 5-8 MW Neutral beam power (NBI) and 5 MW of

Ion Cyclotron Wave heating (ICRH) [3].

Experimental evidence shows that reconnection is strongly hindered by plasma rotation and

generally insufficient to produce the required E¥B shear perturbation, while naturally occurring ITBs,

“anchored” to the q=2 surface are indeed associated with edge MHD signals. In the next two sections

we present theoretical arguments that demonstrate the intrinsic limitations of the technique used  to

trigger ITB’s in a monotonic shear situation.

2. Regimes of  plasma rotation and magnetic reconnection.

The role of the braking of toroidal rotation velocity by external helical fields resonant at a q-rational

surface can be analyzed in terms of the general response of a reconnecting perturbation in the different

regimes of plasma rotation. For clarity and contact with the existing models we recall an established

formalism [4] to describe the toroidal momentum balance in terms of the angular toroidal frequency
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The electrodynamic torque produces a localized braking (acceleration) that locally steepens the

gradient of Wd  and consequently of fV . The question of interest here concerns how steep this gradient

can become.
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The gradient of fV  in the region where reconnection takes place and profiles tend to flatten, is directly
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the mechanisms advocated to explain ITBs is the reduction of the typical scale length of turbulence

(and consequent reduction of convective transport) occurring when the E¥B velocity shear g≥¢q
EXBV ,

g  being the typical growth rate of turbulence [2] Other interesting linear mechanisms forbidding the

onset of turbulence also rely on the existence of a gradient of fV  [5].

The relation of ITBs with the rational surfaces could be due to the electrodynamic torque that is applied

locally at the  q=m/n rational surface by some external helical fields and can be modelled as

)rr()t(T)t,r(T sEM -d= f .

In section III this aspect will be investigated in some detail, but here we are content of using the

standard expression for the toroidal torque driven by an external field integrated across a reconnection

layer:
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is the inner layer tearing index, generally a function of rotation frequency. Even in the limit of

vanishing dissipation it can be shown formally that the presence of a singularity at the q(r)=m/n surface

causes an absorption of torque (and energy).

In general the expression of this localized torque depends on the (differential) plasma rotation

coil
1VR w-=Wd f

- , and this dependence can be sorted out explicitely on the basis of  the asymptotic

form of the magnetic flux function in the reconnection layer, that  may depend itself on the differential

rotation.

A widely accepted form of linear magnetic reconnection response, driven by external fields [4] is

obtained from the layer asymptotic expressions for the magnetic perturbed flux:
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s
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with the appropriate phases f(t) and fc(t) and

† 
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 ))t()t((i

s

coil
mlayer

ce f-f

y

y¢
+D¢=D¢                                                       (7)

and the complex expression of driven reconnected flux is then given by
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that embodies the dependence of layerD¢  on frequency.

The complex nature of expressions (7,8) entails the appearance of a phase difference between the

driving and driven field perturbations, expressed explicitely by :
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The plasma rotation regime has been framed by R. Fitzpatrick into intervals defined by comparison

with a certain value 3/13/23/2
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- ttt≡w  [4]. For the present purposes it is sufficient to consider the
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showing a frequency response to a time-periodic  magnetic field  analogous to that of a metallic

conductor with a resistive time constant rect . In the visco-ideal regime the relevant expressions are:
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and notably the layer width varies with  frequency.
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where

† 

b ≥1 . The consequences of scaling of the torque with a fractional power of the slip frequency

are discussed in  the next Section .

3. Theory of local toroidal braking.

The toroidal torque, for certain frequency ranges , both in  the visco-resistive and in the visco-ideal

regimes, has  a limiting form with a general scaling
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In a range 2
rec b<tWd

n  these expressions can be effectively linearised with a negligible non linear rest.

In these frequency intervals the momentum balance equation admits solutions that to leading order can

be factorized )r(u)t(A)t,r(Yrec ==tWd  and therefore its gradient in the braking region (reconnection
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layer) evolves self-similarly: either it exceeds the threshold required for turbulence shearing or it will

never do as reconnection proceeds.

In the frequency intervals where the nonlinearities are non negligible (e.g. in the non-monotonic part of

the function 

† 

Tf (W) [4]) the factorization is not possible at all and therefore the gradient evolves

(increasing in absolute value) as reconnection proceeds.

An attractive analytical interpretation is possible. To be definite, in the neighborhood

† 

r - rs < dlayer << rs, the e.m. torque is localized and if  modelled  as a d function the equation of motion

may be  simplified as

† 

4p 2rsR0
3r

∂dW
∂t

- 4p 2R0
3 ∂

∂r
mrs

∂dW
∂r

È 

Î Í 
˘ 

˚ ˙ - KdW1/ 4d(r - rs) = 0                           (18)

In dimensionless form the equation becomes

† 

∂y
∂t

- B ∂2y
∂x 2 - Cy1/ 4d(x - xs) = 0                                                                     (19)

with 

† 

x = r /a; t = t / t0; y = dW /w; B =
mt0

a2

Ê 

Ë 
Á 

ˆ 

¯ 
˜ ; C =

K
4p 2R0

3raw 3 / 4

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

Equation  (24) is invariant under the  one-parameter stretching group transformation

† 

d ¢ W = l4 / 3dW

¢ r = lr
¢ t = l2t

                                                    (20)

therefore it has a similarity solution 

† 

dW µ
t

t m

Ê 

Ë 
Á Á 

ˆ 

¯ 
˜ ˜ 

2 / 3

Y r
a

t m

t

Ê 

Ë 
Á Á 

ˆ 

¯ 
˜ ˜  with  ^m mªt /a 2 and Y(z) governed by an

equation obtained from  eq. (24) introducing the similarity variable 

† 

z =
r
a

tm

t
.

Since 0<r<a, as time evolves z spans a narrower range, while A(t) varies slowly . Therefore locally the

profile of 

† 

dWt rec ª A(t)Y(z)  flattens. In the vicinity of the rational surface, a certain profile of 

† 

W(r,t)  ,

with a “hole” due to the external torque, will experience a reduction of the local slope because of

viscosity (the local gradient scale length increases 

† 

µ t tm( )
1/ 2

) in a trend adverse to the requirements of

ITB formation.

Eventually over several viscous times

† 

tmthe rotation will flatten out in any regime. The argument can

be tested performing a numerical integration of a  (RMHD) quasi-linear model that includes toroidal

and poloidal rotation.
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From Maxwell and momentum balance equations a RMHD system of equations for the space and time

evolution of the magnetic flux perturbations )R/nzimexp()t,r(~ -qy  and velocity stream function

)R/nzimexp()t,r(u~ -q  has been written in large R/a limit including the evolution of the background

toroidal and poloidal velocity fields. The magnetic field is written as zzh Bg eeB +¥Y—= , with

( )21 mRnr1g +=-  and ( )mRnrzh q+= eee . and the equations for the background velocity

components  (

† 

Vz0 = WR0 ,

† 

Vq0 = Wa)are:
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with standard notation for the coefficients. For a given Lundquist number S=th/tA the calculations

show that the relative width 

† 

d/W of the region where the e.m. force is applied shrinks as the island

grows, so that the effect of perpendicular (anomalous) viscosity on the velocity profile fV  prevails.

It is instructive to present the picture of the reconnection and momentum braking process in the

quasilinear regime (where the equilibrium evolves) for a model case with plasma equilibrium

parameters: B0=1T, R0=3m, a=1m, 

† 

ne0 = 6 ⋅1019 m-3and a relatively flat q(r) profile with q0=0.7 and
qa=3.1 The rational surface q=2 is located at r/a=0.79.
The Lundquist number is 

† 

S = 2 ⋅107 and the toroidal angular plasma rotation on frequency axis is

† 

V0z /2pR0 = 6kHz ; two regimes of viscosity are considered, with values of the Prandtl number

G=th/tm ~ 0.05 and G=5. Reconnection at the q=m/n is driven by the (m,n) component of the external
coils error field.
This field is first ramped up and then kept static at a fixed amplitude (the equivalent coil current is
2.5kA in the low viscosity case and 4 kA in the viscous case).
For the low viscosity case (g =0.05,visco-resistive regime) in Fig.2 the forced reconnection process is
illustrated by the  (normalized) island width W/a growth and the time evolution of the toroidal velocity
at the rational surface, being braked by the localized applied torque. From Fig.3 it appears that the
mode amplification of Fig.2 is due to the time behaviour of the phase shift between the external field
and the mode.
Fig.4 shows that for low Prandtl number the gradient of fV may be large and have a transiently

increasing trend in the reconnection region, up to the viscous time-scale. In Fig.5 the radial profile of

the total (electromagnetic plus inertial) torque is shown. For high Prandtl number, e.g. for values G ~5

(ideal-viscous regime) the reconnection process and evolution of rotation are shown similarly in Figs 6
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to 9. The region of braking of the rotation widens and the velocity gradient in vicinity of the rational

surface (Fig.8) cannot increase beyond a certain value. It may be concluded that large differential
rotation prevents field penetration (and braking torque) in low viscosity regimes, or broadens the
braking region at high viscosity. Therefore viscosity opposes the formation of large W shear near

rational surfaces, frustrating the hopes for the ITB onset.

Another physical interpretation can be given in the following terms. The external electromagnetic
torque is applied locally. Formally it corresponds to a condition of a finite jump in the velocity
derivative across the layer, proportional to the external torque. Thus, it does not define the velocity

profile by itself but simply should be considered as a boundary condition. The full profile will be

determined by this boundary condition in addition to the other conditions (on the axis and at the plasma
edge) by the value of the diffusivity and by the momentum input (if any). The argument can be made

that if the plasma is clamped at the rational surface (with external torque) then it is possible to have a
strong shear only if the plasma at the other side (boundary or axis) keeps rotating fast. If the rotation is

not maintained there the whole plasma will stop [7].

4. Interpretation of some  JET experiment.
Spontaneous ITBs in JET occur normally under application of additional power to a reverse shear

discharge and is monitored by a sharp increase (above 0.014) of the conventional  

† 

rT
* = rs /LT

parameter related to the electron temperature gradient length 

† 

LT  and ion “sound) larmor radius 

† 

rs [2]

(Fig.10, Shot 58315). The typical range of parameters for the spontaneous ITB case was Ip=2.2 MA,

B0=2.6, line averaged density nel~ 1019  m-2, maximum NBI power 12.3 MW, maximum ICRH Power

6.8 MW  

† 

S ~ 2 ⋅108.  The JET experiments of externally driven reconnection have been done with
typical waveforms of the applied saddle coils current shown in Fig.11 (lower) on rotating plasma. The

typical range of parameters for this experiment was Ip =2.0 MA, B0=2.6 , nel ~ 1019 m-2  maximum NBI

power 9.1 MW, and a maximum ICRH power 3.7 MW, with a saddle coils ramp up to 

† 

Icoil = 3kA3 kA

creating a an m=2,n=1 helical magnetic perturbation of intensity  

† 

˜ b 2,1

Icoil

ª 2 ⋅10-4 T
kA

Ê 

Ë 
Á 

ˆ 

¯ 
˜ , while the

reconnection threshold scales as

† 

˜ b crit
2,1

B0

µn0.6B0
-1.2dW0.5 [7] . In both cases  

† 

S ~ 2 ⋅108, the  confinement

time is  tE~ 0.35 s  and  the Prandtl number scales as 

† 

G = S tA tE( )  and is estimated G~ 4, close to the

model.
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The MHD locked mode response shows that above a certain threshold amplitude of the external helical

field, a magnetic island is formed (Fig.11 middle) and the expectation was that local braking and

simultaneous strong NBI and ICRH power input (Fig.11 upper) would trigger the ITB. The r* criterion

for shot 53820 shows that for driven reconnection (Fig.12) no ITB appears, in contrast with shot 53815

case (Fig.10).

From the previous theoretical considerations and the present observations on JET it should be

concluded that in ITB experiments at relatively high temperature and in conditions of high slip rotation

(due to NBI) a regime of nearly self-similar braking was entered, unfavorable for onset of ITBs.

The magnetic triggering of ITB’s requires therefore a scenario of minimal  differential rotation between

plasma and external field, as may be obtained with  just radio frequency (e.g. ICRH) heating and

possibly  an oscillating external field that may be made synchronous with the plasma.

Conclusions

We have isolated one aspect of the complex phenomenon of triggering of ITBs, based on experimental

observations, namely that related to externally driven magnetic reconnection, attempted in JET to

control the process. Non-trivial aspects of the plasma momentum response to the local electrodyamic

torque associated with reconnection driven by external magnetic fields have been found.
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Fig.2: Evolution of the mode amplitude (W/a, full line)
and rotation velocity (dotted line) at the q=2 force
(S=2*107,G=0.05)

Fig.3: Evolution of the phase shift) between external
driving field and reconnecting mode(full line), and of the
amplitude of the localized electrodynamic force (dotted
line), (S=2*107, G =0.05)

Fig.4: Calculated profile of Vz(r,t) with localized braking
force at low viscosity (S=2*107, G =0.05) at various
calculation times tn.
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Fig.5: Calculated profile of the (normalized) localized
toroidal force at low viscosity (S=2*107, G =0.05) at
various calculation times tn.

Fig.6: Evolution of the mode amplitude (W/a, full line)
and rotation velocity (dotted line) at the q=2 surface
(S=2*107, G =5).

Fig.7: Evolution of the phase shift between external
driving field and reconnecting mode (full line), and of
the amplitude of the localized electrodynamic force (dotted
line) (S=2*107, G =5)

Fig.8: Calculated profile of Vz (r,t) with localized braking
force, at high viscosity; The local shear does not increase
(S=2*107, G =5) at various calculation times tn.
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Fig.9: Calculated profile of the (normalized) localized
toroidal force at high viscosity (S=2*107, G =5) at various
calculation times tn.

Fig.10: Time trace from experimental data of
ρ*parameter monitoring a sharp temperature gradient
(ITB) appearing spontaneously of in JET shot 58320; time
is in seconds, starting at 0.

Fig.11.(a)(top): Time trace of plasma current, NBI power,
ICRH power in shot 58315; (b)(middle): time trace of
MHD pick up coil (m=2 n=1 locked mode monitor)
tracking the driven reconnection (island formation) when
a threshold in external field is exceeded; (c)(bottom):
waveform of saddle coils current generating the helical
field resonant at q=2. Time is in seconds, starting at 0.

Fig.12: Time trace of the  ρ* parameter failing to detect
an ITB in JET shot 58315 where externally  driven island
formation was achieved (Fig.9); time is in seconds,
starting at 0.
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