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Abstract. A rapid formation of an electron internal transport barrier (eITB) is observed during a slow evolution
(~200ms) from a centrally peaked to a hollow current density profile, while all external actuators remain
constant. The time constant for the barrier formation appears to be shorter than the electron energy confinement
time. The improved confinement associated with the barrier formation occurs first in a localized region off-axis.
Then the effects propagate to inner and outer flux surfaces on a confinement time scale. The temporal and spatial
localization of the barrier formation suggest a threshold in the magnetic shear profile, which triggers the onset of
the eITB. The location of the barrier corresponds to the radial location of the zero-shear flux surface based on a
Fokker-Planck code and, therefore, we assume that the inversion of the q-profile corresponds to the barrier
formation in both time and space. A simplified model is presented that attempts to characterize the current
profile evolution and correlates the onset of the barrier with the time at which the current profile becomes
inverted.

1. Introduction

Generation of non-inductively driven electron Internal Transport Barriers (eITB)[1,2,3,4] on the
Tokamak à Configuration Variable (TCV) initially starts with a steady-state Ohmic plasma
discharge with the current density profile (jP) peaked in the center. The plasma current is then
sustained using co-Electron Cyclotron Current Drive (ECCD) deposited off-axis (ρCD~0.4,
1.0MW), which broadens jP. The co-
ECCD current density profile (jCD) is flat
or slightly hollow from the deposition
location inward due to a strong particle
diffusion[5]. The off-axis co-ECCD also
broadens and increases the electron
temperature (Te), steepening the electron
pressure gradient off-axis (∇ Pe) and
resulting in an increased bootstrap current
(IBS). The bootstrap current density profile
(jBS) is peaked off-axis, and combines
with jCD to generate a slightly hollow jP.
The transition from a peaked to hollow jP

profile occurs on a slow time scale
(~200ms). Even though the applied
external loop voltage is zero, the plasma
inductance generates local electric fields
that drive internal currents (jI), which
attempt to maintain the peaked jP profile
that existed before the co-ECCD turn on.
jI decreases with a time constant τ jI,

21655 

0

0.2

0.4

0.6

0.6 0.64 0.66 0.68 0.70.62

ρ

ρ = 0.44

ρ = 0.05
ρ = 0.2
ρ = 0.3

ρ = 0.4
ρ = 0.5
ρ = 0.6
ρ = 0.7

0.6 0.62 0.64 0.66
0

0.4

0.8

1.2

1.6

t [s]

I S
X 

[A
U

]

ρ = 0.44

21655

a)

b)

FIG. 1 a) The temporal evolution of the line-
integrated soft x-ray emission across the plasma
cross section, the eITB forms near 0.62s and b)
viewed at selected values of ρ, during the eITB
transition; the barrier foot position corresponds to
the horizontal dashed-dotted line at ρ=0.44.[6]
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governed by a combination of the current redistribution time and the plasma�s L/R time
constant. The transition from the centrally peaked to the hollow jP is delayed until jI is
reduced to the point that it no longer fills in the hollow non-inductive current profile.

Despite the gradual evolution of the current profile and all external actuators being held
constant, a rapid improvement in confinement is observed[6], see FIG. 1. The fast transition
suggests the reaching of a threshold during the magnetic shear profile evolution, which
triggers the onset of the eITB. We have determined the transition to occur at the moment at
which the q profile becomes inverted. Unfortunately, there is no direct measurement of the
local magnetic field line pitch angle on TCV, but simple modelling of the magnetic shear
profile under equilibrium conditions and the of the current profile evolution, motivates the
hypothesis that the rapid and localized barrier formation coincides with the appearance of the
zero-shear (s=0) flux surface in time and space.

In the next section, the experimental evidence that the barrier forms rapidly and in a very
localized region off-axis will be presented, with the position correlated to the modelled s=0
flux surface. Also, the formation of the barrier is shown to occur on an even faster time scale
than the electron energy confinement time (τeE). In the third section a simplified model of the
current profile evolution is presented, which approximates the three source current
components:  inductive, ECCD and bootstrap. The barrier�s appearance is correlated with the
inversion of the modelled current profile and the confinement enhancement is proportional to
the modelled depth of the hollow jP. Conclusions are  offered at the end of this paper.

2. Spatial and temporal formation of the barrier

A typical eITB discharge from the turn on of the ECCD to a nearly steady state regime is
shown in FIG. 2. The co-ECCD (1.0MW) is initiated at 0.4s, and at 0.42s all external
actuators (including the ohmic transformer current, IOH) are held constant. After 0.42s the
plasma current is sustained by only ICD, IBS and II, and evolves from a peaked to hollow
current profile as II decays on τjI scale. Approximately 200ms after the IOH is held constant, a
transition to the improved confinement regime is observed between 0.6 and 0.65s by the
increase in the central electron temperature (Te0), the electron energy confinement time (τeE)
and the confinement enhancement factor, HRLW (=τeE /τRLW)[7,8], see FIG. 2. Unfortunately, Te

and τeE are obtained on the Thomson
Scattering (TS) diagnostic acquisition
rate of 20Hz and can not resolve the
rapid barrier formation evidenced by
the soft x-ray emission (measured by
a multiwire chamber proportional x-
ray detector, MPX) of FIG. 1 and 2c,
which occurs at tT~0.618s. The
barrier formation improves the
confinement in the center as the
emission from inner chords relative to
ρ=0.44 increases, while the outer
viewing chords register a momentary
decrease as the barrier reduces the
energy flux from the core to the
outside, see FIG. 1b. The median
radial location between the chords
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FIG. 2. Typical eITB discharge with the improved
confinement starting at 0.62s, including a) ohmic
transformer coil current and plasma current; b)
internal inductance and central electron density; c) ISX

and central Te, and d) HRLW and τeE..
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along which the emission
respectively the increases and
decreases corresponds to the
barrier foot location, defined as
the radial location of the
maximum in ρ*Τ

[9], which we
refer to as ρρ*

[10] (dashed line of
FIG. 1b). The ρ*Τ parameter is
defined as:

  ρ ρ T  =  /  LTe
*

s
where LTe=-Te/(∂Te/∂r) is the local
temperature gradient scale length,
ρs=cs/ωci is the ion Larmor radius
at the sound speed cs ωci is the ion
cyclotron angular frequency. After its inception the barrier's radial location remains stable
until additional heating or counter-ECCD is applied in the center at 1.1s (not shown).

Even though HRLW is calculated on the TS acquisition rate, the rapid transition can also be
observed by assembling several similar shots and plotting HRLW at each TS acquisition time
relative to tT, see FIG. 3a. A gradual improvement in confinement is observed leading up to
tT, and then a rapid increase in HRLW of magnitude ∆HRLW occurs. There is a slight variation
in  ∆HRLW for the three discharges, which can be attributed to the formation of the barrier at
slightly different radial locations from shot-to-shot. If the barrier forms at a larger radius, the
whole volume inside that radius will experience the improved confinement resulting in a
greater step in ∆HRLW as shown in FIG. 3b. It appears that ∆HRLW depends on ρρ*

2

(proportional to the enclosed volume) as shown in FIG. 3b (red curve), consistent with the
eITB figure of merit proposed in reference [10].

The chord-integrated ISX seems to indicate a uniform increase across the whole core; however,
chords viewing the plasma axis cannot distinguish between an increase at the center and an
increase near the barrier. A recently upgraded MPX camera, viewing the entire plasma cross
section, is used to obtain a local emissivity
profile (εSX) by inverting the integrated
profile, assuming a constant emissivity on a
given flux surface and using a minimum
Fisher inversion method[11]. The inverted
profiles, averaged over 0.25ms and plotted
at 0.75ms time intervals, are shown in FIG.
4a. The relative intensity (normalized to
pre-eITB levels) for selected radial
locations may then be plotted as a function
of time, see FIG. 4b. An increase in the soft
x-ray emission is first observed in the
region of ρ~0.3, then progresses inward
toward the center and outward toward the
barrier foot. We chose to estimate the
propagation time by fitting (solid line) the
relative intensity change at each radial
position to a hyperbolic tangent:  εSX(ρ) =
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FIG. 4 a) The reconstructed εSX profiles
averaged over 0.25s and plotted every 0.75ms
during the eITB transition. b) The temporal
evolution of εSX normalized and plotted for
selected radial locations. The barrier forms first
around ρ~0.3.
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FIG. 3 a) The enhancement factor, HRLW versus the time
relative to the eITB formation time, tT, for three different
discharges. b) The step in confinement enhancement at tT is
correlated with the radial location (red curve) of the
barrier formation. The time tT (blue curve) is earlier for
broader barriers.
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tanh[(t-tT(ρ))/τF(ρ )] ,  where ε SX(ρ)
corresponds to the amplitude rise, tT(ρ)
the inflection point of the rise and τF(ρ)
the rise time for the given flux surface ρ.
The time of the initial rise of εSX(ρ) at
each radial location is approximated by
tT(ρ)-τF(ρ) and is plotted as a function of
ρ  in FIG. 5a. The increase in εSX(ρ)
occurs first at ρ ~0.3, which can be
attributed to a local decrease in thermal
diffusivity, i.e. the formation of a barrier.
As time progresses, neighbouring flux
surfaces are influenced as the barrier
�dams� the thermal flux resulting in a
build-up of the local temperature. The
inward and outward propagating effects
of the barrier formation of FIG. 5a result
in a relatively sharp �V� rather than a �U�
shape indicating that the barrier width is very narrow (~0.05 in ρ or 1.2cm). The flat Te

profiles typical of the region contained inside eITBs[2,12] also indicate that the diffusivity is
comparably higher inside  ρ <0.3 than at the barrier. The barrier is located at the edge of the
εSX or Te flat top and not farther out at ρITB

[13] near the barrier foot (ρ=0.44 of FIG. 1b)
characterized by the radial location of unchanging  ISX-chords.

The jP (red curves) and q profiles (blue curves) of FIG. 5b were calculated using the Fokker-
Planck code, CQL3D14 for an equivalent shot (#21657) after steady-state conditions were
achieved. The calculations assumed two different averaged effective charge values, Zeff=5
(solid) and 2.5 (dashed). In each case the diffusion coefficient (D) was chosen in such a way
as to best reproduce the experimental total plasma current, e.g. D=0.5 m2/s (solid) and 0.7
m2/s (dashed)[15]. In both cases the zero-shear (s=0) flux surface occurs near ρ~0.3, equivalent
to the barrier location ρB~0.3 of FIG. 5a. Since the barrier location corresponds to the
modelled s=0 and the barrier position remains stable, it is reasonable to hypothesize that the
threshold, which triggers the barrier formation, corresponds to the appearance of a zero-shear
magnetic flux surface[6], i.e. that the barrier forms when and where s=0.

The step in confinement enhancement from the rise on the soft x-ray emission of FIG. 1
appears to occur on the order of τeE. However, if the transition occurred instantaneously, the
increase in stored energy would occur on a similar τeE time scale, indicating that the formation
of the barrier may occur at an even faster rate. In order to discern the formation speed, the
confinement improvement is modelled as a function of time and of the barrier's formation
time constant τF as follows:

τeE (t) =  τeE0 + ∆τeE (1+tanh((t-τF)/ τF))
where τeE0 represents the initial global confinement time and ∆τeE is the corresponding step
associated with the onset of the eITB. The experimentally measured values are used for both
τeE0 and ∆τeE. The corresponding increase in the local soft x-ray emission can then be
modelled as follows:
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where εmod is the soft x-ray emission, ε0 is the normalized reconstructed local emissivity, τn is
a normilization factor and ti is the interval time step chosen to be small relative to the
confinement time scale (ti <<τeE<<t). An example of three barrier formation rates: τF =τeE/20
(red), τF = τeE (green) and τF = 4τeE, are shown in FIG. 6a, with the corresponding modelled
response in FIG. 6b along with the reconstructed local emissivity at ρ=0.3. The formation
speed, can be estimated by choosing the value of τF that minimized the difference between
εmod and εSX (Exp.). This was performed for each radial location of the reconstructed
emissivity profiles. In the region near the barrier formation, τF <0.2ms (or <τeE/10), which is
nearly three orders of magnitude faster than the current evolution time scale τI. Note that the
resolution of τF is limited to the MPX acquisition rate for this discharge (20kHz).

3. Current profile evolution

Since no direct measurement of the local magnetic field line pitch angle exists on TCV, we
can only attempt to estimate the current density profiles through calculated and modelled
profiles of the different source currents. After the current in the transformer coil is held
constant, the plasma current is maintained by the sum of ICD (net co-ECCD current), IBS (net
bootstrap current) and II (net current from the induced electric fields from the plasma
inductance). IBS can be calculated from the Te and ne profiles[16], and the time evolution of ICD

and II can be approximated using the following expression:

  

I t  - I t  =  c
T , t

ne CD, t
 +  cBS 1

e CD
2P

t s

e jI( ) ( ) ( )
( )

−
−( )

ρ

ρ
τ

0 42.

where the first term represents the EC driven current (ICD) and the second term the inductively
induced currents that decay on a τjI scale. IP is the measured total plasma current, and ρCD is
the co-ECCD deposition location. The constants c1, c2 along with τjI are obtained from an
optimization routine that minimizes the difference between the measured and modelled
currents. The evolution of the measured, calculated and modelled sources is shown in FIG. 7a
for a similar discharge (#21654). At 1.1s central heating is added which increases the central
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temperature, steepening the pressure gradient and increasing the driven bootstrap current.
Again, the inductive nature of the plasma prevents rapid changes in the current profile, and a
negative II is driven by the internal electric fields that then decay in time. The above
minimization procedure is repeated during the central heated phase as shown in FIG. 7a. Once
the magnitudes of the different current sources have been determined, the current density
profiles can then be reconstructed. The profile shape of jCD

[15] is supplied by CQL3D, jI at
t=0.42s can then be calculated by subtracting (jCD+jBS) at t=0.42s+δ (where δ is a small time
step) from jBS+jΩ at t=0.42s-δ, see FIG. 7b. Note that jΩ is taken to be proportional to Te

3/2,
with the absolute amplitude constrained by the measured total current. Finally we can write jI

= jI(ρ)*e-(t-0.42)/τjI from t=0.42 to 1.1s, and at 1.1s the process is repeated to obtain the complete
profile evolution throughout the discharge. The modelled jP becomes hollow between 0.6 and
0.65s consistent with the barrier formation near 0.64s (for #21654), see FIG. 8a.  Although
this is a simplified model of the complex evolution of jP, the transition from a peaked to a
hollow modelled jP occurs consistently near the formation of the barrier for the five discharges
analyzed. Hence it is reasonable to infer that the barrier forms once an s=0 surface appears in
the plasma, which occurs soon after the jP profile is inverted[6].
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The depth of the hollow current profile can
be characterized by dj= (jP-in-jP-B)/ jP-B, where
jP-in is the average current density inside ρ=
ρjp’=0 (the radial location of the off axis
maximum in jP) and jP-B is the local current
density at ρ = ρjp’=0. The evolution of both dj

and ρjp’=0 is shown in FIG. 8b, where the
eITB transition occurs when dj becomes
negative. Note that the modelled jP  is
strongly affected by the fluctuations in the
Te measurements, which provide the
estimated jCD and jBS profiles. The average
value of dj was calculated for each
discharge of FIG. 3b between 0.8 and 1.1s
and plotted against the average maximum
of ρ* (referred to as the barrier strength,
ρ*

max), see FIG. 9. The results suggest a
threshold in improved confinement once
dj<0 as well as when ρ*

max>0.04[10]. The
results further suggest that the improved
confinement increases as the current profile (and q-profile) becomes more hollow (i.e. more
inverted). However, the barrier width does not increase in size (as would be expected if the
confinement increases with negative shear, but appears to remains relatively narrow at the
zero shear flux surface. Therefore, the local improved confinement associated with the barrier
improves with increasing ds/dr at the zero shear flux surface.

4. Conclusions

In conclusion, a rapid and localized formation of an internal transport barrier is observed
during a slow evolution of the current density profile. The current profile evolution occurs on
a relatively slow time scale, >200ms, from a well-defined peaked inductive ohmic profile to a
steady-state fully non-inductively sustained hollow profile while all external actuators are
held constant. The magnetic shear evolves on a similar time scale from a monotonically
increasing to inverted profile. During this evolution, an internal transport barrier forms rapidly
(<0.2ms) in a very narrow region off-axis. The barrier remains relatively stable at this location
and the confinement improvement increases with the volume enclosed within the improved
confinement region.

The barrier position is correlated to the zero shear flux surface according to the q profile
modelled with CQL3D. A simplified model of the current profile evolution estimates the
inversion of the current profile to occur when the barrier forms. The combination of the two
models supports the hypothesis that the barrier forms when and where a zero shear flux
surface appears[6]. The barrier strength, which is characterized as the maximum in the ρ*

T

parameter, increases linearly with the depth of the modelled current, implying that the barrier
strength could be roughly proportional to ds/dr at the zero-shear flux surface. Here we have
not invoked anything other than a local increase in confinement at a radial position
corresponding to s=0 to explain the experimental data. The dual aspects of a rapid localized
formation of the barrier at the modelled zero-shear flux surface and the barrier strength
dependence on the ds/dr have yet to be incorporated in a single theory on internal transport
barriers.
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