Universita degli Studi di Padova
Universidad Carlos III de Madrid
Técnico Lisboa

Three Dimensional Physics in Reversed
Field Pinch and Stellarator

Promoters:
Prof. Dr. Paolo Bettini
Prof. Dr. Raul Sanchez

Supervisors:
Dr. David Terranova
Dr. Daniel Lopez-Bruna

Doctoral Student: Yangyang Zhang

JOINT EUROPEAN RESEARCH DOCTORATE IN
FUSION SCIENCE AND ENGINEERING
Cycle XXIX

ERASMUS MUNDUS

FUSION Erasmus

Mundus







Summary

Fusion research is motivated by the dilemma between the dramatic increase of en-
ergy demands and the limitation of total energy storage on earth. Thermal nuclear
fusion has been developed addressing to this issue, along with many other ways of
exploring new energy source and it is considered to be one of the most promising new
energy sources for sustainable development of human civilization. Toroidal magnetic
configurations are the main magnetic fusion research field. There are mainly three
different types of toroidal magnetic configurations:

e The first type is tokamaks. Tokamaks are considered to be the most advanced
toroidal configurations with most of the magnetic field being in the toroidal
direction. The toroidal field is generated by external coils and the poloidal field
is generated by both the plasma current induced externally and the bootstrap
current generated by plasmas. The safety factor ¢ in tokamaks is typically
above 2.

e The second type is stellarators. Stellarators feature complex coil design be-
cause the helical magnetic field is generated by external coils only. This makes
it free of plasma current so that stellarators are free of current driven insta-
bilities, which makes one of the biggest advantages for stellarators. However,
stellarators suffer some drawbacks like low [ value and complex design and
manufacturing of field coils. The ¢ profile is usually below 1.

e The third type is reversed field pinches (RFPs). It has similar design with
tokamaks. The magnetic field, however, is dominated by the poloidal compo-
nent in the plasma edge. In fact, part of the toroidal field is generated via
the so-called dynamo mechanism. Consequently, it could couple higher plasma
current than tokamaks. The ¢ profile is below 1 and becomes negative in the
plasma edge.

One of the main challenges for toroidal magnetic configurations is to maintain high
plasma confinement properties. Particles and energy are constrained on the flux
surfaces with losses via radial transport process across the nested flux surfaces.
Transport study has been intensively carried on tokamaks on one dimension with
the assumption of toroidal symmetry. Indeed, the design of tokamaks is to achieve
toroidal symmetry. However, in real experiments, error fields or MHD activities
could distort the magnetic surfaces, leading to the increase of transport properties.
Among those factors, magnetic islands, being resistive MHD tearing modes, exist



commonly in all fusion devices. The formation of magnetic islands relates to the
reconnection process of magnetic field lines and this makes the system intrinsically
three dimensions. This dissertation presents the transport related study on both
RFPs and stellarators.

RFX-mod is currently the biggest RF'Ps in the world. It is capable of coupling up to
2 MA plasma current and the first observation of the so-called Quasi-Single Helicity
(QSH) state has been done on RFX-mod. The dynamo mechanism is related to the

nonlinear interactions between the helical magnetic field and the velocity <1~) X I~)>,

which enters into Ohm’s law and plays a role of effective electric field. This mecha-
nism, used to be sustained by the overlap of saturated magnetic islands in Multiple
Helicity state, has been theoretically predicated that it can be sustained by only one
single tearing mode and it is named Single Helicity state (SH). Experimentally, how-
ever, SH has never been observed. Nonetheless, an intermediate state, Quasi-Single
Helicity state has been observed on all RFP devices under proper plasma discharge
conditions. QSH appears periodically in RFP plasma discharges. It features the
inner-most mode growing dominantly (dominant mode), with the rest of the modes
(secondary modes) staying at low amplitude. Further experiments reveal the exis-
tence of three sub-states in one QSH cycle, named Double Axes state (DAx), Single
Helical Axis state (SHAx,,) and SHAx,, with n and w indicating narrow and wide
thermal structure. The transport study has been carried out on the three sub-states
of QSH. Specifically speaking, the work has been carried out on a selected database
containing 208 cases of electron temperature profiles obtained from Thomson scatter-
ing diagnostic on RFX-mod. An automatic routine called TeGrA has been developed
to get the information of the thermal gradient. For the first time, a complete com-
parison on thermal properties among these three sub-states has been presented. The
role of dominant mode and secondary modes has also been studied.

What is more, the transport study on these three sub-states has been preliminary
carried out using a transport code named Multiple Axes Solver (MAxS). Transport
study benefits the availability of many well-developed 1.5D transport codes. They
are capable of dealing with transport issues with only one single axis. In the case of
DAx, however, two magnetic axes bring difficulties and for which, the code MAxS
has been developed and benchmarked with ASTRA. The good agreement between
these two codes in the benchmark results gives us confidence to move to multiple
axis situations. The preliminary results confirmed the results of thermal gradients
mentioned above.

And the last part of RFX work is to calculate the total energy confinement time. In
this part, an improved method, considering the real shape of the helical flux surfaces
has been adopted with the help of code SHEq. The result shows that the total energy



confinement time increases up to 40% from DAx to SHAx,,. This result indicates
that the plasma enters into more ordered state with the evolution of these three sub-
state and this is confirmed by looking into the global dynamo parameter (1 — F')/©,
which slightly decreases within this evolution process.

For the study on stellarators, the work has been carried on TJ-II stellarator, located
in Madrid, Spain. Stellarators poses no toroidal symmetry by its nature. Thus, the
neoclassical fluxes are much higher than ones in tokamaks. It has been reported by
D. Lépz-Bruna that the magnetic islands in TJ-II play a role of transport barrier
and they also modify the local electric field in the vicinity of magnetic islands. Thus,
the associated E x B drift plays a role in L-H transition. This modification on radial
electric field is considered that it is due to the modification of non-ambipolar fluxes
induced by the presence of magnetic islands. K. C. Shaing has demonstrated that in
tokamaks, in the vicinity of magnetic islands, the non-ambipolar fluxes are modified
due to the increase of toroidal plasma viscosity and this in turn, leads to the modifi-
cation of local electric field. Here we adopt the theory developed by Shaing despite
of the fact that the theory is derived for tokamaks. The reason is that the physics
behind is the that the presence of magnetic island increases the toroidal viscosity
which valid both in tokamaks and stellarators. Nonetheless, a geometry factor for
stellarators is applied because the neoclassical transport is much higher in stellara-
tors due to its geometry than in tokamaks.

The study on Shaing’s theory presents some interesting results. First of all, we con-
sider the steady state situation, i.e., 0F/Jt = 0. Thus the electric field is obtained
from ambipolarity condition I'; = I',. The results shows that at both high (above 250
eV) and low (below 105 eV) ion temperature, the ambipolar electric field has only
one root and in between of these two values, three roots appears. Besides, the fluxes
become ambipolar when the ratio between ion and electron temperature 7; /7T, = 0.3.
What is more, decreasing the ratio T;/T, leads to a sign change of ambipolar electric
field, from positive to negative. Meanwhile, the amplitude of electric field also in-
creases. Finally, the plasma density also plays a role in the ambipolar electric field.
By increasing the plasma current at a certain percentage, the three-root zone disap-
pears.

Next step, we consider the time evolution of electric field. Here we apply Shaing’s
formula in ASTRA, together with both Kovrizhnykh’s model and Beidler’s model.
The simulations are performed on a ECRH plasmas in TJ-II. The flux is calculated
as [ = [meoclassical 4 Trisland  [ape 'Neoclassical jg the "hackground’ flux and it is gen-
erated by either of the two neoclassical models mentioned above. First of all, we
only take Shaing’s model and the result shows that local electric field appears only
in the vicinity of magnetic islands. This is true because far from magnetic islands,



the fluxes are intrinsically ambipolar in tokamaks and thus no radial electric field
appears. Afterwards, both neoclassical models are applied, together with Shaing’s
model. The results shows some differences between these two neoclassical models,
indicating that the choice of background flux could play a role in the modification
process. What is more, the simulations on NBI plasmas in TJ-II shows that the
modification effect due to the presence of magnetic islands is always positive.
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Introduction






Toroidal Magnetic Confinement

The human civilization tends to grow exponentially within the last decays,
at the same pace of energy usage efficiency and information transporta-
tion speed. This brings us the dilemma between the dramatically increased
energy demand and the limited energy storage. Hence, effects has been
made to find new energy sources, among which, the thermal nuclear fu-
sion s considered to be the most promising one. For the past 60 years,
fusion plasmas becomes more and more close to be realized commercially.
However, the main issue, enerqy confinement, remains lower than the
target due to the fast energy and particle loss. Fusion energy is consid-
ered to be the most promising way of producing energy and great effects
have been devoted to the research work of magnetic confinement fusion.
This chapter describes the current energy issue as well as a brief introduc-
tion on the toroidal magnetic configurations. Also both ideal and resistive
MHD theory has been presented to describe the equilibrium. The dynamo
mechanism in reversed field pinches is discussed and finally, descriptions
on both RFX-mod and TJ-II stellarators have been presented.

1.1 Energy Issue and Plasma Fusion

Looking back to the history of human civilization, it is obvious to see that it is the
efficiency of energy consumption and the efficiency of information transportation that
determines the level of our civilizations. With the development of our society, the
usage of energy increases dramatically, as one could see from Figure 1.1, in which
the time trace of energy consumption is listed from year 1965 to year 2015. The
total consumption increases up to 3.5 times and it is going to increases more in the
following decades. The total energy we could use, however, is finite. Nowadays,
we are strongly relying on the so-called traditional energy sources like oil, gas and
coal, which are, unfortunately nonrenewable meaning that once they are consumed,
there will be no more left(or it will takes too long to recover). The increasing needs
for energy are conflicting with the fact of finite energy storage and this brings us a
very urgent issue: finding a sustainable way for our civilization. Among countless
solutions proposed, the most reasonable one is to find new energy sources and this
is being put into practice, as one could see in Figure 1.1. There are many new
energy source being explored and used currently but the percentage still remains low
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compared with the traditional ones.

Among those new energy sources, nuclear fusion is considered to be on of the most
promising in long time term. First of all, the fuels for fusion are nearly beyond
limit’ in the foreseen future. There is huge amount of deuterium (D), one of the
isotopes of element hydrogen (H), in sea water and tritium (T), another isotope, can
be self-sustained during fusion reactions. Secondly, fusion brings no CO, emission,
which is considered to be the main reason responsible for green house effect. Thirdly,
there is hardly any danger compared with nuclear fission.

The main principle of nuclear fusion is to find a way to "fuse” two nucleus into one
and during this process, there should be a mass lossAm and in most cases, Am > 0,
through which certain amount of energy will be released according to Einstein’s
equation: £ = Amc?. This huge amount of energy per unit of fuel weight, compared
with other ways of energy sources, can be afterwards transformed into electricity. In
order to achieve fusion, particles must overcome the repelling Coulomb force which
raises the requirement of seeking a way to heat particles up to a sufficiently high
energy within sufficiently long time to compensate the energy dispassion. With such
high energy, particles like hydrogen, deuterium, etc. will stay excited state in which
the electrons are no longer bounded by the nucleus. This new matter state is named
plasma, the fourth state of matter after solid, liquid and gas.

Fusion is probably the second most efficient ”power plant” prototype in our universe.
Our energy source, the sun, is working as a nuclear fusion power plant. The nuclei
are pulled together by the huge gravitational force due to the huge mass the sun
has. This naturally happened fusion reaction, unfortunately cannot be adopted on
earth because there is no way to create such huge amount of mass and control its
behavior. There are several ways under consideration for the use of fusion. The first
one, inertial fusion, is the one adopted by National Ignition Facility (NIF), USA. Tt is
designed to achieves inertial fusion by means of giving particles enough energy within
very short time, thanks to the 192 high power lasers. The simultaneous high power
lasers arriving at the fuel target, which is a near perfect sphere, can generate high
pressure and push the fuel sphere inwards. During this process, the fuel particles
reaches fusion condition within a time so short that they can not be repelled from
each other and thus fusion reaction takes place.

A more intuitive way, considering that the fuel is charged particles, uses magnetic
field to confine the plasmas. The concept of magnetic confinement for fusion research
is the first fusion idea proposed by Russian scientists and now it is the most popular
way of fusion research worldwide. The condition of achieving fusion, proposed by
Lawson, is related to three plasma parameters: plasma density n(m=3), plasma
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Figure 1.1: World wide energy use between year 1965 and 2015. The data is from
British Petroleum.

temperature T, (KeV') and confinement time 7g(s):
nTorp >5x 1028 m™3 .- KeV - s (1.1)

The confinement time is defined as the ratio between internal energy (U) and input
power (P):

From Equation 1.1 it is clear to see that the requirement of fusion is to sustain
sufficient large density plasmas at high temperature within sufficient long time. This
brings us two main topics: plasma confinement and heating. In principle, any two
elements before Fe could have fusion reaction under proper conditions. However, to
make story easier, we need to start with the easiest one, i.e. the one with the biggest
reaction cross-section. Figure 1.2 shows the cross section of three different fusion
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Figure 1.2: Reaction cross section of three typical fusion reactions: D-D, D-T and
D-H3. This figure is generated using the formulas presented in Ref [1].

reactions:

D+ D — H2(0.82MeV) +n(2.45MeV)
D+ T — HY(3.5MeV) + n(14.1MeV)
D+ H? — H*(3.6MeV) + p(14.7TMeV)

And it is clear that the D — T reaction has the biggest reaction cross section at a
relatively low temperature (~ 50kel’). Moreover, one of the products from D — T
reaction is helium (H,.) with 3.5 MeV energy, which is considered to be the critical
heating source for self-sustained fusion reaction through the so-called o (H2) heating
process.
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1.2 Toroidal Magnetic Configurations

There have been several configurations proposed and studied for magnetic confine-
ment. They are, depending on the configurations, linear devices and toroidal devices.
Linear devices are not suitable for fusion due to end loss issue. By intuition, a toroidal
devices without open ends could solve this problem. However, a toroidal device with
only toroidal field still suffers bad plasma confinement due to the particle drifts in-
duced by the curvature and gradient of the magnetic field. In order to overcome this
issue, a rotational transform ¢ is introduced to the design of toroidal configurations.
The rotational transform measures the winding properties of the field lines.

There are mainly two types of toroidal magnetic configurations categorized by how
magnetic field is generated. Tokamaks and Reversed Field Pinches (RFPs), as the
magnetic field is generated by both external coils and plasma current, belongs to
pinch family. The toroidal field in tokamaks is generated by external coils and the
poloidal component is generated by the plasma current, which is induced by the
primary transform. In advanced tokamak scenario, however, most of the poloidal
field component is generated by the so-called ’bootstrap’ current which is induced
by the density gradient. Nevertheless, the disadvantage for tokamak configuration
is that it suffers a limitation of plasma current due to plasma instability. Conse-
quently, extra heating method besides Ohmic heating is needed for plasma fusion in
tokamaks. RFPs, however, can sustain very high plasma current and this makes it
to be considered a potential fusion device with only Ohmic heating. On the other
hand, the generation of plasma current needs a time variation of magnetic field which
is sustained by the primary transform. This time variation makes the devices, on
some level, not in steady state. To overcome this problem, a toroidal configuration
which all the field components are generated by external coils is introduced. This
device is the so-called stellarators. Figure 1.3 shows a sketch of these two families.
In the left graph, the red coils aligned toroidally are the toroidal field coils and the
green helical ones are helical field coils. In the right graph, the red cylinder in the
device center is the primary transformer. The red coils aligned toroidally are the
toroidal field coils and the two green ones in the top and bottom of the device is
the vertical stabilization coils. The stabilization coils are introduced because due to
the existence of Shafranov shift in toroidal devices, the plasma position needs to be
optimized in order to avoid touches between magnetic field and the first wall. The
stellarator shows a much more complicated magnetic coil design than one in pinch
family. Consequently, the manufacture process for magnetic coils are more complex
for stellarators than for pinches. On the other hand, due to lack of plasma current
in stellarators, it is almost free of disruptions.
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Figure 1.3: Sketch of two types of toroidal magnetic configurations. The left figure
represents stellarator family and the right one represents pinch family. The stel-
larators have complicated coil designs while coils used in pinch family have simpler
shape.

The magnetic field designed to confine plasmas in a toroidal configuration contains
two component: the poloidal component and the toroidal component. The corre-
sponding coordinate system is the so-called toroidal coordinate system (r,0,¢), de-
fined in Figure 1.4. r is the radial coordinate, 6 and ¢ are the poloidal and toroidal
angles, respectively. The equilibrium magnetic field has both toroidal and poloidal
components and they are linked by the so-called safety factor ¢. In cylindrical ap-
proximation, it is defined as:

r Bs(r

q(r) = =7 o)

RO Bg (’I“)

The safety factor is introduced to describe the winding of magnetic field lines: how

many poloidal turns a field line completes before it complete one toroidal circle. Its
inverse quantity is the rotational transform ¢/27 = 1/q.

(1.3)

1.3 Ideal MHD

A large variety of plasma properties, such as the magnetic equilibria or several in-
stabilities can be described by a fluid model called Magnetohydrodynamics (MHD).
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Figure 1.4: A sketch of magnetic coordinate. Ry is the major radius, a is the minor
radius, r is the radial coordinate, 6 is the poloidal angle and ¢ is the toroidal angle.
The magnetic surfaces share one axis at which » = 0.

It contains the fluid equations as well as Maxwell equations. The fluid equations can
be derived from Maxwell-Vlasov equation, which is kinetic description of plasmas,
by taking different order of velocity moments for distribution functions. The ideal
MHD equations, with zero plasma resistivity, are:

Mass Op/ot+V - (pu) =0
Moment Equations: Momentum  p(Qu/0t —;u -Vu)=-VP+JxB
E 2w/ =0
nergy o (2/P7)
(Gauss's Law V-B=0
Gauss's Law V-E =q/e
Maxwell Equations: Ampere's Law V x B = g
Faraday's Law OB/0t = -V x E
| Ohm’s  Law E+uxB=0

Where p is the mass density, u is the flow velocity, P is the pressure, J is the
current, B is the magnetic field, F is the electric field, ¢ is the charge, ¢y is the
vacuum permittivity and g is the vacuum permeability. The basic assumptions
used to derive ideal MHD equations are:
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Quasineutrality

Plasma typical length > Larmor radius

Typical frequency < Cyclotron frequency

Zero resistivity and viscosity
e No trapped particles (no neoclassical effects)

Here the Larmor radius is the gyration radius of charged particles along a field line
and it is given as p = mwv, /q| B| with m the particle mass, v, the velocity component
perpendicular to the field line, ¢ is the charge of particles and B is the modulus of
magnetic field. To study time evolution of perturbations, any physical quantity A
could be written as A = Ay + A; with Ag > A;. In equilibrium state, which is
required by steadily operated fusion devices, we have: 0A,/0t = 0 and w = 0. Thus
the equilibrium condition could be easily obtained from the 8 equations mentioned
above:

JxB=VP (1.4)

Equation 1.4 shows that a plasma equilibrium is sustained by the force balance be-
tween J x B and the pressure gradient VP. Moreover, it also shows that both
plasma current and the magnetic field lies on a surface defined by constant pressure.
This can be easily approved by applying dot product of J and B on Equation 1.4
respectively. These surfaces with constant gradient are the so-called flux surfaces.
Charged particles which follow the field lines are thus bonded on the surfaces and the
radial energy or particle loss are significantly reduced and the only loss is due to the
collisions between particles. The field lines are winding on the flux surfaces in the
helical direction. A sketch of flus surfaces, helical field line as well as the gyration of
a charged particle along one magnetic field line is shown in Figure 1.5. The yellow
torus represents the flux surfaces and the black helical lines represents the magnetic
field lines which lies on the surfaces. The small winding along the center field line
represents the gyration motion of a charged particle. Note that the gyration is not
in the correct scale rather than a sketch.

The shape of the magnetic surfaces varies with the magnetic field condition and
it always has the Shafranov shift due to the toroidal configuration. The Shafranov
shift is induced by the toroidicity in the sense that on one flus surface, the area in
high field side Sy is smaller than in low field side S7 and thus a net force towards
low field side is generated: P(Sp —Sg). Figure 1.6 shows a sketch of Shafranov shift
in circular plasmas. The black circle is the vacuum chamber and the red circle repre-
sents the equilibrium plasma cross-section. The shift between the vacuum chamber
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Figure 1.5: A sketch of flus surfaces, field lines (black helical) and the gyration of
a charged particle along one magnetic field line (the black half spring in the center,
not in scale with the torus) is presented.

center and the plasma equilibrium center A(r) is the Shafranov shift. This simplified
model shows that all the flus surfaces are shifted towards low field side and since in
general the Shafranov shift depends on r, the value is different for each flux surfaces.

The existence of Shafranov shift leads to a different metric tensor compared to the
concentric circle configuration and this brings complicity in transforming between
Cartesian coordinate and flux coordinate. For quantities which are function of flux
surfaces like the temperature, density, current, etc., the use of flux coordinates al-
lows one write simpler equations to study various phenomena such as stability and
transport. Moreover, things could get more complicated if the topology of magnetic
field is modified further by other phenomena.

1.4 Resistive MHD

In the framework of ideal MHD, the main assumption is that the plasma resistivity
is zero. The consequence is that the plasma topology remains unchanged. However,
even a small, non-zero plasma resistivity could change the field topology and this
introduces further complexity into the metric. The theory considering a finite plasma
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Figure 1.6: A sketch of Shafranov shift in a circular plasma. ¢ is the toroidal
direction, Ar is the Shafranov shift.

resistivity is called resistive MHD. Here we consider the plasma with a non-zero
resistivity 7. The corresponding Ohm’s law is:

E+vxB=nJ (1.5)

Together with Faraday’s Law and V x B = ugJ, using the vector relation VxV x A =
V(V - A) — V2A, the induction equation is obtained:

OB /0t = (n/uo)V?B + V x (v x B) (1.6)
This The dimensionless form of induction equation is thus:
OB/t = (1/R,,)V’B + V x (v x B) (1.7)

Where t = tV, /L, V=LV, o= v/Vy4 and L is the typical plasma length. R,, =
uLV4/n is the so-called Reynolds number and it is also referred to as the Lundquist
number S = 7g/74 Where Tr ~ poL?/n is the characteristics resistive diffusion time
and 74 ~ L/Vy is the Alfvén time. The Lundquist number is a quantity indicating
how far the plasma is from the ideal MHD, i.e., when S — oo, the plasma is close
to ideal MHD. On the right side of induction equation, there are two parts. When
the resistivity n — 0, the induction equation becomes to the form ideal MHD. The
plasma moved with the field lines. When (1/R,,)V2B > V x (& x B), the induction
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5.2 Magnetic relaxation and reconnection 143

Fig. 5.2. Magnetic islands.
Figure 1.7: A typical magnetic island is presented. The field lines reconnect and the

topology of magn@tﬂ@ﬁ@dde]chmg@ggtched strings; the tension in them has been reduced

because breaking and reconnecting allows them to contract around the island axes.
The stored (potential) energy in the fina configuratio is less than in the original
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tpfe i ely independent of its initial conditions. Indeed a feature
Hence, the unstalif ?6%&'?6;;?@8?%

erfain toroi rges is that after an initial, violently unstable phase, the
discharge relaxes to a grossly stable, quiescent state which depends only on a few
external parameters and not on thg, history ofjthe discharge. The characteristics

of reversed fiel pinkles,B pa;tieu-laB@ay—l—be-iﬂth&;tcdzoa the basis of Taylor’s (1 . 8)
hypothesis. By contrast, relaxationkoes not pla}Ruch a prominent role in tokamaks
on account of the strong toroidal magnetic field

Recall the definati AL AR AR B S e o

TB¢_ m

q(r) = “RB, 0 (1.9)

Now we arrives a critical point that the unstable positions are ones where the mode

number m and n are rational numbers. The result of tearing mode is that it modifies
the magnetic topology through reconnection process of magnetic field lines. Figure
1.7 shows a typical magnetic island after reconnection of field lines. The reconnection
of field lines occurs in the resonant position and the topology of magnetic field thus
changed. The existence of magnetic islands distorted the nested flux surfaces and
gives rise of three dimensional properties of the transport process.
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1.5 Equilibrium in RFPs: the Dynamo
Mechanism

In a typical RFP discharge, the poloidal component of the magnetic field (By) is
comparable with toroidal component (B,) in amplitude and By dominants in the
outer region where By reaches zero value and changes sign. This magnetic configu-
ration is quite different from ones in tokamaks where toroidal field By is much larger
than poloidal field By. Moreover, the safety factor profile in RFPs features ¢ < 1
and its sign changes in the edge. A typical magnetic field profiles with poloidal and
toroidal components are shown in Figure 1.8(a), plotted as a function of the radius
normalized by minor radius a of the poloidal cross-section. The corresponding ¢
profile in RFX-mod is shown in Figure 1.8(b). This unique ¢ profile, different from
the one in tokamaks (¢ > 1), leads to the possibility of many MHD tearing modes,
as the symbol dots shown in Figure 1.8(b). In the plasma center, tearing modes
resonant and overlap with each other, breaking the nested flux surfaces, leading to
a degradation of plasma confinement with increased transport properties.

The edge reversal of toroidal magnetic field is a self-organized behavior, by means of
so-called dynamo mechanism which is related to the non-linear interactions of MHD
tearing modes. To be more specific, the non-linear interactions between resonant

modes generate a non-zero part of <’f) : I;> in Ohm’s law with symbol (- -) meaning

average value, playing a role of effective electric field. The none zero <f) . l~)> con-

nects between toroidal current and poloidal current and as a consequence, part of
the poloidal current is generated by the toroidal current through the dynamo mech-
anism.

A physical picture of the dynamo mechanism is presented in order to get a better
understanding. A RFP discharge is presented in Figure 1.9, with magnetic (upper
graph) and current (lower graph) profiles along the normalized minor radius. The
vertical dashed line represents the radial location of the reversal point, where the
toroidal field By reaches zero. It is clear to see that at the the value of poloidal
current jy is not zero. By checking the induction equation and Ohm’s law in the
reversal location: 0B/0t = —V x E and E +v x B = nJ, one obtains Ey = 0 and
Ey =ndy. The following result Jy = 0 disagrees with the discharge profile. In fact,
the poloidal current at the reversal location is not generated by 0B,/0t. Instead, it
is generated through the dynamo mechanism mentioned above.
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Figure 1.8: (a). A typical magnetic field profile in a RFX disachrge is presented with
both poloidal (in blue) and toroidal (in red) components, with the black herizontal
line representing B = 0. The amplitude of poloidal field dominants in the edge and
the toroidal field changes sign near the edge. (b). The corresponding safety factor ¢
profile is presented as a function of the minor radius normalized by the minor radius.
The circle markers on the curve are the corresponding resonant MHD modes with
the horizontal line indicating g = 0.

Taylor Relaxation Theory

The first explanation of the RFP configuration was proposed by J. Brian Taylor [2].
The main principle of his theory is that plasma are seeking the minimum energy by
neglecting the pressure and velocity:

W= [ —dV (1.10)
The constrain comes along is that the system has constant magnetic helicity:

K:/A-BdV (1.11)
14
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Figure 1.9: A model for one RFP plasma discharge. The profiles of two magnetic
field components By and By are presented in the upper graph, plotted as a function
of the normalized minor radius. The two corresponding current density profiles j,
and jy are presented in the lower graph.

where A is the vector potential defined as B = V x A. It is true that the magnetic
helicity is conserved in non-resistive plasmas. When it comes to resistive plasmas,
K is considered to be approximately constant if the variation of K is much slower
than the magnetic energy variation|[3].

By checking the force balance equation: J x B = VP = 0, one obtains a force free
system with J = uB, with p a constant. In cylindrical configuration, the solutions
are Bessel functions for .Jy and Ji:

The above mentioned theory developed by Taylor shows that the plasma behavior
seems only to be affected by the global parameters. Hence, before further discussion,
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we define two global plasma parameters: reversal parameter ' = By(a)/ (B,) and
pinch parameter © = By(a)/ (By) with By(a) and By(a) the poloidal and toroidal
magnetic field in the edge, respectively. The symbol (---) indicates the volume
average. The comparison between Taylor’s theory and the experimental data shows
a disagreement, especially in the plasma edge. A modified theory, adopting a non-
constant p along the normalized minor radius r/a as well as considering a non-zero
pressure, shows a good agreement with experimental data.

The dynamo effect has been shown that it is a global RFP plasma behavior. This
self-organized plasma behavior allows the plasma current which flows in toroidal
direction, flows in the poloidal direction and part of the toroidal field is thus generated
by the toroidal plasma current through this mechanism. The contribution of the
toroidal magnetic field via dynamo mechanism can be expressed as:

(By) = (Bg,dynamo) + By(a) (1.12)

(B, dynamo) 1s the average paramagnetic toroidal field self-generated through dynamo
mechanism. Hence, this quantity is an indicator for the dynamo mechanism. One
can easily get:

(1 = F)/© = (Bg.aynamo) / Bs(a) (1.13)

So the quantity (1 — F')/© is the dynamo parameter for RFP plasmas.

1.6 Experimental Devices

The thesis work has been carried on two machines: the RFX-mod and the TJ-
IT stellarator. Here brief descriptions together with main diagnostics of these two
toroidal configurations are presented.

Revered Field eXperiment

The Reversed Field eXperiment modified (RFX-mod) is currently the largest RFP in
the world, located in Padova, Italy. It has a major radius of R = 1.99m and a minor
radius of a = 0.459m. It is capable to reach plasma current up to 2 MA. Figure
1.10 shows the bird view of the device. One of the most innovations in RFX-mod is
the new feedback control system based on 192 active saddle coils covering the whole
plasma volume (4 poloidally and 48 toroidally). This new feedback system functions
to suppress the radial magnetic perturbations. Here a brief description of diagnostics
on RFX-mod is present.
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Figure 1.10: A birdview of the RFX-mod device, located in Padova, Italy.

Magnetic diagnostics. Four Rogowski coils between the vacuum vessel and the
shell for measurement of toroidal magnetic flux as well as plasma current. (8
toroidal and 6 poloidal voltage loops for measurements of flux variations.) 192
pick-up coils, distributed along 48 toroidal directions and 4 poloidal directions,
measure toroidal and poloidal components of magnetic fields. 192 saddle probes
distributed the same as the pick-up coils, measuring the radial component of
the field, coupled to the active control coils.

Tomographic reconstruction [4]. It is meant for the reconstruction of the
poloidal emissivity map. The diagnostic is composed by 3 vertical fans each
with 19 lines of sight and 1 horizontal fan with 21 lines of sight. The total 78
lines of measurements almost entirely cover the plasma cross section.

Thomson scattering diagnostic [5]. It features spacial resolution of 84 points
along the diameter of the vacuum chamber. The laser path lays on the mid-
plan (poloidal angle § = 0(w)) with toroidal angle ¢ = 82.5°. The maximum
capacity per discharge is around 20:25 pulses.

A multi-chord interferometer [6, 7]. It measures the electron density averaged
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along 14 lines of sight. The measurement is performed measuring the phase
variation induced in a C'Os laser beam (A = 5.4um) that passes through the
plasma.

e Spectroscopic diagnostics [8]. It measures line intensities of radiation emitted
by main gas and by impurities, in order to calculate their influxes at the edge,
the toroidal flow of the plasma and the effective charge.

e Soft-X Rays multi-filter diagnostic [9]. It is used for measuring electron tem-
perature at the center of the plasma by means of comparing SXR emissions
measured by differently filtered silicon detectors. It allows a higher time resolu-
tion with respect to the Thomson scattering, but with a lower spatial resolution;
4 chords with different filter thicknesses (40 pm, 75 pm, 100 pm, 150 pm) are
used in order to measure temperature in a wider range of emission levels.

e an integrated system of internal sensors (ISIS) [10], which includes poloidal and
toroidal arrays of 139 magnetic pick-up coils and 97 electrostatic (Langmuir)
probes (used to measure and correlate fluctuations of electric and magnetic
fields), and 8 calorimetric sensors.

TJ-II Stellarator

TJ-II stellarator flexible Heliaca under operation in CIEMAT, Madrid, Spain. It
has a major radius R = 1.5m and minor radius a = 0.22m. The magnetic field
on axis is up to 1.27. Figure 1.11 shows a perspective view of TJ-II. In TJ-II,
the magnetic trap is obtained by means of various sets of coils that completely
determine the magnetic surfaces before plasma initiation. The toroidal field is created
by 32 coils. The three-dimensional twist of the central axis of the configuration is
generated by means of two central coils: one circular and one helical. The horizontal
position of the plasma is controlled by the vertical field coils. The combined action of
these magnetic fields generate bean-shaped magnetic surfaces. The heating systems
are: Electron Cyclotron Resonant Heating, Neutral Beam Injection (NBI), Electron
Bernstein Wave Heating. The fueling systems are Gas puff, NBI and Pellet injector.
There are both passive and active diagnostic systems installed on TJ-II. Here listed
briefly the main diagnostic systems installed on TJ-II. The main passive diagnostics
are:

e A set of magnetic field diagnostic. There are two straight arrays of Mirnov
coils and one poloidal array with 15 coils. The mirnov coils are with cylindrical
shape and they measure the position of plasmas. Besides, there are two sets
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of Rogowski coils installed to measure the poloidal magnetic flux. Also two
internal diamagnetic loops are installed to provide the toroidal loop voltage.

e Electron Cyclotron Emission [11]. Electron temperature profiles are measured
at TJ-II by means of a 16 channel heterodyne radiometer, covering the fre-
quency range 50-60 GHz, corresponding to the second harmonic of electron
cyclotron emission (ECE) in X-mode polarization at a magnetic field of 0.95 T
on the plasma axis.

e Soft X-rays. The TJ-II multichannel soft X-ray system consists of 5 cam-
eras with 16 channels each, allowing tomographic reconstruction of the plasma
emissions

e Bolometry. Three 20-channel pinhole cameras, monitoring the same poloidal
section and used for tomographic reconstructions of the total plasma emissivity.

e Four spectroscopy system: 1. Multichannel system with nine-channel, high-
resolution, spectroscopic diagnostic system for measurements of ion impu-
rity temperature and poloidal rotation via passive emission spectroscopy. 2.
Toroidal rotation measurement. 3. Vacuum ultraviolet spectrometer (VUV)
spectroscopy, covers wavelength from 20 to 300 nm on the purpose of obtaining
the impurity ion temperature as well as its time evolution. 4. Charge exchange
recombination spectroscopy.

e Charge Exchange Spectroscopy. It is used to obtain the ion temperature profile,
assuming a Maxwellian energy distribution function.

e Fast Camera is installed for various studies like turbulence, dust, 2-dimensional
electron and ion temperature imaging.

The main active diagnostics are:

o Interferometry [12] contains two parts: the microwave interferometer located
at ¢ = 264.4°. The probing beam has an inclination of 18.7° with respect to
the vertical and a frequency of 140 GHz, corresponding to a wavelength of A
= 2.14 mm. There is also a two-color interferometry (COy with 10.6 pm and
NAYAG with 1.064 pum) provides the line integrated density.

e The reflectometry contains three parts: an amplitude modulation reflectom-
etry system [13]; a fast frequency hopping reflectometer [14] and a doppler
reflectometer [15]. The amplitude modulation reflectometry is used for density
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Figure 1.11: A sketch of TJ-II stellarator is presented.

profile measurement with a temporal resolution of 2 ms. The fluctuation reflec-
tometer works in the frequency range between 33-50 GHZ and it was used to
study the velocity shear layer and the radial position of its origin. Doppler re-
flectometer, located at ¢ = 337° measures plasma density fluctuation velocities
and their wave number spectra. The spacial resolution of doppler reflectometer
is about r/a = 0.6 : 0.9 with a the minor radius. The perpendicular wavenum-

ber can be selected between k, = 3 and 15e¢m ™.

Heavy ion beam probe [16] has been installed for measurements of plasma elec-
tric potential, electron density and poloidal magnetic field component. These
quantities are measured at one plasma location and it can scan through the
plasma cross-section.

Two Langmuir probe system [17] installed at position ¢ = 38.2°, R = 134cm
and position ¢ = 195° for plasma potential and plasma density measurements.
Also it can provides turbulence information. Several designs of the probe can
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be mounted into the system like a rake probe, a multi-pin probe and a biasing
probe.

e Thomson scattering diagnostic [18] located at ¢ = 14.5°. It provides electron
temperature, density and pressure profiles in a single discharge.



Three Dimensional Transport Induced
by the Presence of Magnetic Islands

Transport is a common phenomenon in fusion devices. The transport
1s induced by the collisions between particles and through which, mass,
momentum and enerqgy are transferred. Consequently the transport phe-
nomenon strongly affects the plasma confinement properties. The trans-
port study in toroidal symmetry configurations with nested flux surfaces
like tokamaks or helical symmetry with nested flur surfaces like stellara-
tors can be treated on 1.5 dimensional level. The kinetic quantities like
temperature, density are functions of flux surfaces and thus they can be
averaged over the radial and poloidal directions. However, the existence of
magnetic islands in above mentioned devices breaks the symmetry as well
as nested flux surfaces, giving rise a three dimensional transport pro-
cess. In RFPs, similar situation with many tearing modes resonating also
brings up three dimensional transport problems. This chapter describes
the three dimensional transport induced by the presence of magnetic is-
lands. General descriptions on both neoclassical transport and stochastic
transport theory are also presented.

2.1 Neoclassical Transport

Neoclassical transport is a theory describing the transport process due to Coulomb
collisions in quiescent state, considering the field inhomogeneity of field lines induced
by the toroidicity of the configuration. Compared with classical transport theory,
it considered the complex geometry of the field, which gives rise to more complex
particle orbits and drifts than Larmor radius and gyration motion of charged parti-
cles. Here we introduce the main particle drifts induced by the toroidicity in toroidal
magnetic configurations developed within the framework of neoclassical transport
theory. First of all, applying Faraday’s law:

we have the toroidal magnetic field:
B, = joj/(277)es (2.2)

29
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This is the dominant part in tokamaks and it is inverse proportional to the radius
r. 3 is the total poloidal current following in the coils, r is the radius from the
toroidal geometry center and ey indicates the toroidal direction. Now consider the
first adiabatic invariant, magnetic moment y = mwv? /2B, the Larmor radius, p =
muv, /|q| B becomes:

p=(2mu/B)"?/q (2.3)

Where ¢ is the charge carried by particles. Clearly, Larmor radius varies as the
magnetic field strength changes. The Larmor radius is smaller in high field side than
one in low field side. Accordingly, particles follows a much bigger orbit than Larmor
radius. This new particle orbit is named as banana orbit, as its poloidal projection
is like a banana. Figure 2.1 shows the particle trajectory on poloidal plan. Particle
trajectories within this banana orbit is named trapped particles and particles who can
exploring the whole plasma volume, i.e., the poloidal cross-section of their trajectories
are complete circles. The boundary between trapped and passing particles is shown
in velocity phase space in Figure 2.2. The gray shadow is the trapped region and
the white region is the passing region. The critical angle 6. defines the boundary.
The fraction f of the trapped particles is f = cosf,. ~ a/R = €. Here € is the inverse
respect ratio defined as the ratio between minor radius a and major radius R. This
banana orbit particle trajectory followed is caused by the non-uniformity of magnetic
field in toroidal configurations. Note that the Figure 2.2 shows a situation with no
density gradient, i.e., the trapped particles between two neighboring banana orbits
are equal. However, in a toroidal magnetic configurations, there exists the density
gradient, which gives rising the unbalance of trapped particles between adjacent
banana orbits. This will leads to momentum transfer between trapped particles and
passing particles and consequently a net toroidal current is formed and this is the
so-called bootstrap current. In advanced tokamak scenario, the bootstrap current
could take a significantly part of the whole toroidal plasma current (in ITER, the
designing is up to 70%).

Besides the banana orbit, another effect caused by this field non-uniformity leads
to a particle drift motion:
_ puBxVB
=B
The direction of this drift velocity depends on the sign of the particle charge. Conse-
quently, it leads to a charge separation and a local vertical electric field is naturally
appears. With the presence of the local electric field, another particle drift motion,
deducted from momentum equation easily, will occur:

Vg (2.4)

vqe= (E x B) /B? (2.5)



2.1. Neoclassical Transport

2.11 Adiabatic invariance and particle acceleration 35

trapped

Fig. 2.10. Orbits of passing and trapped particles in a tokamak projected on the poloidal

Figure 2.1: A sketdli"of banana orbit on the poloidal projection in tokamaks. This
ﬁgure iS fI'OHl Referﬁn«@lﬁ’liylgkcedure is outlined in Exercise 2.5. Trapped particles describe the

banana orbits shown in Fig. 2.10. The width of a banana orbit is approximately

1

2R\?
[Ag| ~2 (7) qrL (2.47)

We see from this estimate that trappéﬁfg_article orbits can be an order of magnitude
bigger than a Larmor radius.

Particle acceleration is of widespread ifteregt in both laboratory and space plasmas.
As an example we consider gn idea orfiginally pfit forward by Fermi (1949) to ac-
count for the very energetic icles (|0(10'® ¢)) in cosmic radiation. How such
enormous energies are attaine§ is obvjously g key question in cosmic ray theory.
Fermi postulated that there are fggiong of spate in which clumps of magnetic fiel

of higher than average intensity ogcur With cjiarged particles trapped between them.
He argued that these magnetic champp wquld not be static and trapped particles
could be accelerated if such regioNs werg approaching one another. By the same
token, particles would lose energy \n|mfrror regions that were separating. Fermi

2.11 Adiabatic invariapce ?"I’fﬂﬁﬁ%’&riﬁﬁfticles

C

Vi

Figure 2.2: Velocity space showing the trapped-passing boundary. The critical angle
0. defines the so-called loss cone which is the white space.



32 Three Dimensional Transport Induced by the Presence of Magnetic Islands

This drift motion is towards outwards, which could leads to serious degradation of
plasma confinement. A rotational transform of the field lines, ¢ thus is realized in
order to average this vertical charge separation. It is defined as the poloidal angle
when particles complete one toroidal circle divided by 27:

L _ﬂ_

1 n

= == 2.6

2t d® g m (2:6)

Where ¢ is the safety factor, m and n are the poloidal and toroidal mode number,
and ® are poloidal and toroidal magnetic flux, respectively, defined as follows:

%= / B-dS
Sy
o = / B -dS
Sy
Where Sy and S, are the area with its vector in the poloidal and toroidal direction,

respectively.
The third important particle drift is the so-called curvature drift, which is generated
by the curvature of field lines. A particle moves along a curved path, there is a
centrifugal force, which in turned generates this particle drift in a magnetic field. It
is defined as:

vg = mvf(B x (B x V)B)/eB* (2.7)

By far we defined two kinds of particle drifts which commonly exist in fusion plasmas.
These drifts enters the flux function, whose time evolution is:

DA/t =V - (D) + S (2.8)

Where A is particle density (particle transport) or energy density (energy trans-
port), I' = DVA is the particle or energy flux with D the diffusion coefficient,
and S is the source or sink. Note here the non compressive assumption is taken
(V- (wA) = 0). For a tokamak case, a sketch of diffusion coefficient D versus the
normalized collision frequency v* = v /wj, with w;, the bounce frequency, is presented
in Figure 2.3. The banana region is when v* < 1 and this region is called low col-
lisionality region. Particles in this region complete many banana orbits before they
collide with each other. Here the bounce frequency w, = v/(Rq) is the frequency for
trapped particles to complete the banana orbit.
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Figure 2.3: Diffusion coefficient D is plotted in log-log scale, as a function of colli-
sionality v*. The solid line represents the neoclassical transport and the dashed line
represents the classical transport. This plot is valid in magnetic configurations with
toroidal symmetry. It starts with banana region, in which the collision frequency is
lower than bounce frequency. Particles within this region are trapped inside of the
banana orbit.

2.2 Stochastic Transport

In RFP plasmas, many MHD tearing modes resonating at the same time, nested
flux surfaces no longer exist due to their overlapping. Thus, the transport in RFPs
is dominated by stochastic transport. Here a rather simple description of stochas-
tic transport theory, considering collisionless plasmas, developed by Rechester and
Rosembluth [20] is presented. The model describes the parallel transport in plasmas
with destroyed magnetic surfaces due to many resonating modes.

First of all, the magnetic field is written as B = B, + By+ 0B, with the perturbation
part:

0B =Y byu(r)expli(mb — nz/R)] (2.9)

m and n are the wave numbers in poloidal and toroidal direction, respectively. The
shape of magnetic surfaces described with each harmonics is the magnetic island,
which has been discussed in the previous section.

When many modes resonate at the same time, magnetic surfaces conserve if the
Poincaré plot on a poloidal cross-section shows smooth curves. Starting from one
poloidal plane at a fixed toroidal angle and following one field line, if the intersec-
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Figure 2.4: A sketch of area mapping in multiple modes resonating magnetic field.
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((6r)*) =2LDy (2.10)
L is the distance in the ¢ direction with L > L. = L.In(rmry). Dy is given:
|bm,n(T)|2 m
Da(r) = WR; ol ek (2.11)

The function g(r) describes the locations of resonant surfaces and it is equivalent to
Equation 1.9.

Now consider the time evolution of electrons in a small region. Being a Brownian
process, the radial spreading process has its thermal conductivity as x, = ((Ar)?) /27
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with 7 the time interval and Ar the radial displacement within this time interval.
This is equivalent to collisionless condition, which brings us the thermal conductivity
in radial direction:

Xr = ((Ar)?) /21 = 2LDy /27 = Dyv (2.12)

The thermal conductivity in a stochastic field is proportional to the ion thermal
velocity v = (27;/m;) instead of the collision frequency. Also it is proportional to
the sum of all the modes, which is shown in the expression of Dg(r) above. The
stochastic transport in RFPs are the dominant transport process due to the overlap
of resonant modes. This mechanism has been studied and discussed in the study of
thermal properties in Quasi-Single Helicity state on RFX-mod, presented in Chapter
4.

2.3 Three Dimensional Transport due to the
Presence of Magnetic Islands

Transport theory deals with the particle and energy flow inside of the plasma and
it is one of the critical point for thermal nuclear fusion. Transport phenomenon,
depending on the direction of mass/energy flow, can be divided into parallel and
perpendicular transport, with its direction respect to magnetic field. In toroidal
configurations with preserved nested flux surfaces, perpendicular transport, although
very small compared with parallel transport, is the one who plays an important role
in plasma confinement properties. This is not valid in configurations where nested
flux surfaces are broken. In this case, the field lines fill in the whole plasma volume
and the 'radial’ transport is dominated by the parallel one.

Confinement in toroidal magnetic configurations with nested flux surfaces strongly
depends on the constrain of radial particle or energy transport across the magnetic
surfaces. Field inhomogeneity is the fundamental reason for the radial transport
within the framework of neoclassical transport theory. For tokamaks, the existence
of nested flux surfaces indicates the kinetic quantiles are functions of the flux surface
labels. Temperature and density on one flux surfaces can be considered constant
due to very high parallel motion of charged particles. The transport study has
been intensely carried out on 1.5 dimensional level due to the possession of toroidal
symmetry. Here 1.5 dimensional means 2 dimensional (poloidal (6) and radial (r)
directions) quantities averaged over the magnetic flux surfaces. This simplification
significantly reduced the calculation task because now the problem is simplified to
one dimensional.
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Despite of lacking axisymmetry, for stellarators, transport work has also been carried
out on 1.5 dimensional level due to the possession of nested flux surfaces. And finally
for RFPs, due to lack of nested flux surfaces, transport processes are dominated by
stochastic transport.

In real magnetic configurations, however, the commonly existed magnetic islands,
i.e., the resonant MHD tearing modes rises intrinsically three dimensional aspect of
transport study. In tokamaks and stellarators, nested flux surfaces are distorted in
vicinity of magnetic islands. This brings two main issues for transport study:

e No monotonic coordinate could be defined to describe the whole plasma volume.
With presence of magnetic islands, there are two zeros in flux coordinate, one is
the original magnetic axis and the second one is the center of magnetic islands.

e The distorted flux surfaces break the toroidal symmetry (tokamaks) or helical
symmetry (stellarators), leading to non-closed banana orbit of trapped particles
drifting outwards. This effect is essentially induced by the increase of toroidal
viscosity and the consequence is that it increases the radial particle drifts.

This dissertation is focused on the transport study with the presence of magnetic
islands. The thesis work has been carried on two toroidal configurations: RFX-mod
and TJ-II. To be more specific, this work contains the following two parts:

e The first part is the thermal property study as well as transport study on three
sub-states within Quasi-Single Helicity state (QSH) on RFPs. QSH state has
been observed on all RFP devices under proper plasma conditions. It reveals
a better confinement regime compared to multiple helicity state. The thermal
structure with high electron temperature in QSH features a bean-shaped heli-
cal structure. There are three sub-states, named Double Axes (DAx), Single
Helical Axis (SHAx,) and SHAx,, with n and w indicating narrow and wide
thermal structure. This part has been dedicated to the study of characteriza-
tion on thermal properties of these three sub-states. A complete comparison
between these three sub-states has been firstly studied. This part has been
carried out on a selected database obtained from RFX-mod [22], the largest
RFP devices on operation in Padova, Italy. The detailed results are presented
in Chapter 4.

The transport study on these three substates has been carried out to solve the
multiple magnetic axis issue and for this purpose, a multi-domain scheme, di-
viding the whole plasma volume into three separated regions has been studied.
Monotonic coordinate can be defined in each of the three separated regions
and consequently, the transport equation can be solved in each region. The
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interface between these three region is the so-called separatrix and it is the
connection for solving the transport in the whole plasma volume. A routine
named Multiple Axes Solver has been developed and benchmarked with code
ASTRA. Preliminary transport study with the help of MAxS has also been
performed. This part is presented in both Chapter 3 and 4.

The second part has been carried on TJ-II [23], a stellarator device in CIEMAT,
Madrid. This part is focused on the transport modification in the vicinity of
magnetic islands, using the Neoclassical Toroidal Viscosity (NTV) developed
by K. C. Shaing [24]. It has been reported that magnetic islands plays a role
of transport barrier [25] and also it modifies the local electric field [26]. The
original theory developed by K. C. Shaing is focused on the toroidal plasma
viscosity induced by axisymmetry breaking effect due to the presence of mag-
netic islands in tokamaks. The same equations, with an exztra geometry factor,
are adopted due to the fact that the distortion effect induced by magnetic is-
lands is similar in tokamaks and stellarators. The geometry factor is applied
because that the non-ambipolar fluxes in stellarators are much higher than in
tokamaks. A general description on the theory of NTV is presented in Chapter
5. The application of this theory on TJ-II plasmas has been carried out. The
detailed results and discussions are presented in Chapter 6.
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Quasi-Single Helicity and Multiple
Domain Scheme

Quasi-Single Helicity state has been observed on RFX-mod firstly and
confirmed by other RFP devices afterwards. It shows a better confinement
regime compared with multiple helicity state. This chapter presents the
description of QSH state as well as its three sub-states. Moreover, the
tool for transport study in multiple magnetic axes situations has also been
developed and tested, based on the concept of multiple domain scheme,
which is also presented.

3.1 Multiple Helicity and Quasi-Single Helicity

In RFX discharges with low plasma current Ip < 1M A, due to unique safety fac-
tor profile ¢ < 1, many MHD modes saturated intrinsically, producing superposing
magnetic islands and giving rise to a chaotic magnetic field in the plasma core. This
chaotic magnetic field leads to high transport in the center with very limited confine-
ment properties. Indeed, the electron temperature in such states shows a flat profile
with low amplitude in the center and this is named as Multiple Helicity (MH) state.
On the other hand, the nonlinear interactions between these modes gives rise a part
in Ohm’s law acting as effective electric field, via the average interactions between

velocity and field pertubation <'f) X 5> This is called dynamo mechanism mentioned

in Chapter 3. Compared with other fusion devices like tokamaks, RPFs in MH states
shows a big gap due to the bad plasma confinement properties.

Nevertheless, it has been theoretically predicated with 3-dimensional MHD simula-
tions [27, 28| that one single helical mode could sustain the dynamo effect and this
state is named Single Helicity state (SH). This shows a promising future for RFPs
in fusion research since nested flux surfaces are preserved inside of the single helical
mode and radial transport could be significantly reduced compared with MH state.
Experimentally, however, SH state has never been observed while an intermediate
state, with enhanced plasma confinement properties has been observed in RFX-mod
and further been confirmed on all RFP machines[29, 30]. This new regime which ap-
pears periodically in the high plasma current discharges (Ip > 1M A in RFX-mod)
is Quasi-Single Helical (QSH) state, with active control of radial magnetic perturba-
tions [22, 31]. A typical discharge with Ip > 1M A in RFX-mod is shown in Figure
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3.1. The upper graph is the time evolution of the plasma current and the lower one
is the time evolution of the toroidal magnetic tearing mode spectrum in which the
red line represents the m=1, n=-7 mode, whose amplitude dominants the spectrum
periodically during the discharge and the blue line represents the rest of the modes

(secondary modes) defined as bye. = [ng_s(b;")z} 2 (in this thesis the toroidal
mode number -8:-17 is used). The duration time of one cycle increases with the
increase of the plasma current [32]. A typical mode spectrum of both QSH and MH
are presented in Figure 3.2. One could see that modes shows a comparable amplitude

: A1l ot MOTTY L ot ot . A A ut o L d
in MH w
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Figure 3.1: A typical discharge in RFX-mod. (a): plasma density. (b): plasma
current. (c): The time evolution of toroidal magnetic component by with red line
representing the dominant mode (m=1,n=-7) and the blue line representing the
secondary modes (m=1, n=_8:17).
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Figure 3.2: Typical toroidal field by spectra (2ms averaged value) for m=1 mode
against the toroidal mode number n. The blue spectrum is for MH state and the red
one is for QSH state.

3.2 Three Sub-States in QSH

There are three sub-states in one cycle of QSH state. One cycle of QSH begins
with the most inner mode starting to grow, while the rest of the modes remains
at a low amplitude, forming one dominant magnetic island with a separatrix. A
bean-shaped thermal structure with narrow, off-axis electron temperature structure
spontaneously formed in the island center. This first stage is named Double Axes
state (DAx) in the sense that there are two magnetic axes existing at the same
time. Afterwards, the dominant mode grows further, reaching the threshold on
which a magnetic topological transition takes place: the X point of the dominant
mode anneals with the original magnetic axis and the O point of the dominant mode
survives as the new magnetic axis. During this process, the bean-shaped thermal
structure remains relatively unchanged: narrow and off-axis. This is the second stage
and it is named Single Helical Axis state (SHAx,) with the subscribe n meaning
narrow thermal structure. When the dominant mode grows up to 4% of the edge
magnetic field, the high electron temperature structure usually evolves from off-axis
in SHAx,, into a wider profile enclosing the geometrical axis. This third sub-state
is named as SHAX,, state with the subscribe w indicating wide thermal structure.
The three sub-states of QSH are shown in Figure 3.3. The lower three figures d, e,
f, are electron temperature profiles measured with an 84-point Thomson scattering
diagnostic [5] in each sub-state. The upper three figures a, b, ¢, are the corresponding
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T, contour plots, calculated with the magnetic equilibrium reconstruction produced
by the code SHEq [33], thanks to the fact that temperature, in QSH states, is a
flux function [31]. Both DAx and SHAXx, feature narrow and off-axis 7, thermal
structure. The SHAx,, on the other hand, has a wide thermal structure in the
plasma core.

The transition from MH to QSH features a bean-shaped thermal structure with high
electron temperature forming in the center of the plasma sustained by the existence
of the so-called electron internal transport barrier (eITB)[34] with significantly low
thermal diffusivity. This critical region should be studied in order to understand the
physics of QSH states. Accompanied with the thermal evolution, MHD modes also
shows an interesting evolution, partially in their amplitude. A thermal gradient study
as well as a preliminary transport study, based on 208 selected electron temperature
profiles obtained from Thomson scattering has been performed to understand the
role of dominant mode and secondary modes in the time evolution of 3 sub-states in
QSH and the results are shown in the following chapter.

3.3 Multiple Domain Scheme

Transport research benefits of the availability of several well-developed 1.5D trans-
port codes, which have been widely used in single axis magnetic configuration for
decades while it is beyond their capability to treat situations with the presence of
magnetic islands due to the fact that it is impossible to find a monotonic coordi-
nate to describe the whole plasma volume. Indeed, in plasma configurations with
multi-axes, a monotonic radial coordinate is undefinable in the whole plasma volume,
which, together with the correct metrics (the spatial derivative of the volume and the
first element of the metric tensor, denoted as V' and G, respectively), are essential
to solve the transport equations:

3 OT. . 1 dr',
_ne_ - —
2 "0t V' op

S, (3.1)

where n, and T, are the electron density and temperature, I'. = —V'Gn. x0T, / ap
is the energy flux, y is the thermal diffusivity and S, is the energy source.

Facing this issue, a new approach, named Multiple Axes Solver (MAxS), capable of
studying transport under multi-axis configuration is developed and tested on RFX-
mod. Figure 3.4 shows a sketch of a poloidal cross-section of a magnetic field with
the presence of a magnetic island. The 3 regions are: Region I, the circular plasma
containing the original magnetic axis; Region II, the magnetic island containing its
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Figure 3.3: Three sub-states: (a) DAx, (b) SHAx, and (c) SHAX,, are presented.
The black horizontal lines in the contour plots represents the Thomson scattering
laser path and ones in the lower 3 plots are the width of the thermal structure.

own axis and Region III, the outer region in the plasma edge. The red line represents
the separatrix, which is a thin layer around the magnetic island and it features high
stochasticity. In each of the 3 zones, monotonic coordinate p could be well defined
and the temperature could also be considered as a function of p in each zone, which
will be demonstrated later. The separatrix region is the interface between the three
zones, which has very small volume compared with the three zones. Hence, there
is assumed to be no heat source nor sink in the separatrix region. What is more,
due to the stochastic property of the separatrix, the transport is high so that the
electron temperature is uniform everywhere inside of the separatrix. The main steps
for MAXS are:

e Make initial 'guess’ for thermal diffusivity x in each zones and set the proper
boundary conditions.
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e Evolve transport equations in three zones until the temperature profiles remains
unchanged. Then get the fluxes from three zones, namely I';, I';; and I'7y;.

e These fluxes enters into separatrix and evolve according to 0T,/0t = (2/3n.)[(I';+
Uit +Trrr)/ Viep)-

o If 0T, /0t < 10%¢V/s then break. The consequente yx profiles are the ones we
are seeking.

o If 0T,.,/0t < 10%eV/s then go back to step 2, adjusting the y profile via the
genetic algorithm.

The chart flow of code MAXS is presented in Figure 3.5.
MAXS have been developed and benchmarked with a well know 1.5 dimensional
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Figure 3.4: A sketch of poloidal cross section of a magnetic field with the presence
of a magnetic island. The red line represents the separatrix.

transport code ASTRA [35]. The benchmark has been carried based on two SHAx,,
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the volume of the cell containing the separatrix;
¢ the calculated Ty, is the new boundary condition for the next step of transport equation integration.

The simulation run until the balancing of the thermal fluxes in the separatrix region is achieved and the
separatrix temperature becomes stationary (convergence to stationary solution). In case of evolutive

i U|atiR7f ti\gre freﬁo convergence criteria and the simulation ends after a prescribed number of time
gt?’n's ultip omalin scneme
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The flow chart of MAXS is:

* Setinitial guess for T (p)
e

in each zone and for Tgep
* Set y(p) in each zone

* SetB.C
TRANSPORT SEPARATRIX
MODULE MODULE

Compute Tgep, with explicit
method (At = 10775 to Teps 2
prevent numerical instability)
0Tsep _ 2 (M+Tu—Ti)
ot 3n, Vsep

Solve transport in ZONE |

Iy; T T

Solve transport in ZONE Il

Solve transport in ZONE IlI

CT ~ 10%ev/s : Convergence Threshold

CONVERGENCE: EXIT

Introduction. .
Figure 3.5: Flow chart of code MAxS.
An electron heat transport simulation has been performed with MAxS on LHD in presence of magnetic

islands.

Jaset obtamed 1 HEXhod. ™M Gamites o s VIR S are provided by
CodMPffq. The main principle is to let these two codes to find the best thermal
diffusivoltymjlgpg oW df?: co;%g'ﬂfltsee% the best fit between simulated and real electron
temper%t&reﬁg%BﬁY@. For MAXS, the selection of x profile is done by hand while for
ASTRA, ¥ isglone automatically using Genetic Algorithm, which is implemented
ih FIXticpesfilesites a serials of ”best choices”, also named confidence interval (CIs).
The reSulf"éPhenchmark between these two codes is shown in Figure 3.6. The upper
graphs are the two electron temperature profiles from experiment (blue stars), best
fit solution from MAXS (red solid line) and the CI's from ASTRA (gray shadow).
The lower two graphs are the corresponding thermal diffusivity profiles from MAxS
(red solid line) and from ASTRA (gray shadow). The result shows a good agreement
in both the electron temperature profiles and the thermal diffusivity profiles between
MAxS and ASTRA, which gives confidence for MAxS to perform further transport
study. Moreover, the Genetic Algorithm has also been implemented into MAxS for

further work.
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Figure 3.6: Benchmark between MAxS and ASTRA applying two SHAx,, cases in
RFX-mod. The upper figures are the electron temperature profiles (green stars) from

Thomson scattering and the simulated electron temperature profile from MAxS (red
line). The gray shadow is the acceptable range obtained from ASTRA.

3.4 Flux Coordinate

The coordinate system adopted by MAxS is the radial flux coordinate.The equilib-
rium quantities and the eigenfunctions are obtained solving the force balance equa-
tion in toroidal geometry with a perturbative approach. The basic equations are:

V-B=0 VxB=puJ JxB=VP=0 (3.2)

A physical quantity £ could be written as the equilibrium part plus the perturbation:
E(r,0,0) = &(r) + & (r) where & > &. By taking the Fourier analysis on the
pertubation &;, one have:

£(r,0,0) = &(r) + > [€1"" | expi(mb — ng) (3.3)
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Figure 3.7: (a) A typical electron temperature from SHAx,, state as a function of
the radius is presented using the symbol of dot while the solid line represents the
normalized helical flux function p.(b) The same electron temperature profile as in
(a), presented as a function of p with two colors representing the two sides between
the ppmin. The green dash line represents the location and 7, value for the top and
foot of the el TB, which is obtained from TeGrA routine.

Write quantities in forms of Equation 3.3 and substitute into Equation 3.2, a set of
partial differential equations is obtained, with boundary conditions from experimen-
tal data.

The next step is to map electron temperature over the flux surfaces, under the as-
sumption that the kinetic quantity, such as electron temperature, is a monotonic
function of the helical flux in one axis condition. A typical electron temperature
profile, measured in SHAx,, state is presented in Figure 3.7(a), as a function of the
radius r. There is one flat region with high electron temperature in the core and on
both sides of the flat region, there are two temperature gradients, marked as the gray
shadow which are eITB regions. The width of the eITB is denoted as Arpo r(r)
with subscript Foot meaning the foot of the gradient and R(L) meaning the two
regions located in the right and left side. The width of the flat top is denoted as
Arqe,, which is also shown in Figure 3.7(a). The T, profile is split into two parts,



50

Quasi-Single Helicity and Multiple Domain Scheme

marked as blue and red, by a vertical green line which corresponds to the minimum
value of the square root of the normalized helical flux p = /®/®, where ® is the
helical flux defined as ® = m¥y — nFy + my™" — nf"™" with m,n the poloidal and
toroidal mode number, Wy, Fj are the equilibrium poloidal and toroidal magnetic
flux. The 1, f are the poloidal and toroidal magnetic flux of the dominant mode. ®
is the helical flux on the plasma edge [33]. Using p as a new radial coordinate, the
result of T, remapping along p shown in Figure 3.7(b) indicates the kinetic quantity
T, can be described as a function of the normalized helical flux. Figure 3.8 shows
results of a remapping done in a DAx case, in which both the core region and the
island region are detected by Thomson scattering system.

e (a). Contour plot of the helical flux at Thomson scattering angle, with the thick
red curve representing the separatrix. There are four intersections between the
separatrix and mid plan (@ = 0) and their locations are marked with four
dashed black vertical lines. The three vertical lines represents the location of
maximum or minimum of the helical flux, red for magnetic island region and
blue for the core region.

e (b). The normalized helical flux p is plotted versus the geometrical redius.
There are two separated island regions detected by Thomson scattering, shown
as the two red curves, together with one core region, marked as blue. The
two black curves are the outer regions. The horizontal black line represents
the sepatratrix. The four vertical dashed black lines are the corresponding
intersections shown in graph a.

e (c). The electron temperature, measured by Thomson scattering diagnostic, is
plotted versus the geometrical radius. The red color indicates the island region,
the blue color indicates the core region and the black color indicates the outer
region.

e (d). Remapped electron temperature in island region is plotted versus p. The
remapping is to build the relations between T, and p, through the information
of the radial distribution. The pink color represents the right side and the
green color represents the left side.

(e). The remapped electron temperature in the core region.
(f). The remapped electron temperature in the outer region.

The minimum helical flux doesn’t reach value zero is due to the face that the Thomson
scattering laser did detect, in fact most of the cases it cannot, the island center.
This brings the fact that the electron temperature measured cannot show the whole



3.4. Flux Coordinate

51

structure. Nonetheless, the information of the thermal gradient can be, at least
partially reflected via the T, profiles obtained. Meanwhile, most of the T, points
measured in experiments are in outer region. This leads to the problem that the
points in island region sometimes are not enough to perform an automatic algorithm
for gradient analysis in flux coordinate. Hence, the thermal properties are, in the
following chapter, performed and discussed in the geometrical coordinate.



52

Quasi-Single Helicity and Multiple Domain Scheme

DAx .
(a) 1| \ '\ ((;)
] |
™
_ 08 {1 A
- = | ®
N = 06} I A |
X LTI T e
0.4] podm ] |
(: o ® N \ \ h)
| 0.2L— N I | 1
2 b d2 04 0.4 0.2 0 0.2 0.4
r(m) r(m)
03 Island Core Edge
N (t7’> (d) (e) (f)
[y 0.8 .

o.2f 1| —~ L
IR | > o %

2 IR | < 0.6 o .

o1l 11| RS ° 1 R B 2
IIRN | 0.4 y-ﬂé.\
I | ¢ %

0 L] | | 0.2

0.2 0 0.2 0 01 0223 0235 024 0.5 1

r(m) p p P

Figure 3.8: Electron temperature remapped on the flux surfaces in a DAx state.
Vertical dashed black lines represent the location of separatrix intersected by mid
plan at Thomson scattering angle ¢ = 82.5°. The vertical thin lines represents the
local maximum or minimum of the helical flux (red for island region and blue for
the core region). (a). Contour plot for the helical flux on the poloidal cross-section
at Thomson scattering toroidal angle. The horizontal line represents the Thomson
scattering laser path and the thick red curve represents the separatrix. (b). The
normalized helical flux plotted versus the geometrical radial, zoomed at the island
region. The horizontal line represents the separatrix, intersected with the curve with
four intersections, marked with the dashed black line. There are two parts belongs
to magnetic island, marked with red. The blue part is the core region and the two
black part on both side of the profile represents the outer region. (¢). The Thomson
scattering profile versus radius of vacuum vessel. The colors represents different
regions. (d), (e) ,(f). The results of remapping in island (d), core (e) and outer
region (f). The pink represents left side and the green represents the right side.
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in QSH state

The Quasi-Single Helicity state has shown a better confinement regime
compared with multiple helicity state. Here the thermal properties, with
the help of a routine named TeGrA, as well as the preliminary enerqy
transport, with the help of MAzS, study are presented. The behavior of
thermal gradients respect to both dominant and secondary modes are pre-
sented and discussed within the framework of stochastic transport theory.
In the end, the energy confinement time is evaluated within these three
sub-states.

4.1 Thermal Gradient Analysis

This chapter presents the study on the thermal properties of three sub-states in QSH.
The work is based on a selected database contains 208 electron temperature profiles
obtained from Thomson scattering diagnostic in QSH state whose signal path lies
in the middle plane at the poloidal angle # = 0° and toroidal angle ¢ = 82.5°. The
angle between the Thomson scattering laser path and the line going through the
maximum thermal width is between -35° and 35° in order to be sure to not miss the
highest temperature region in the plasma. The database was further selected based
on the density range from 2.5 to 3.5 with unit of 10'%m =2 and the plasma current
varies from 1.2MA to 1.5MA.

A gradient automatic analysis (TeGrA) routine, capable of extracting the positions
as well as T, value of the foots and tops of the eITB, has been developed. The
TeGrA routine, in general, has the same procedure for all the T, profiles with minor
differences between peaked T, profile and flat ones. TeGrA is based on the principle
that the left and right of the eITB foot should share the same T, value, which is
equivalent to the assumption that 7. is a function of p. The basic algorithm for
TeGrA are:

e Get the original T,(r) profile.
e Get the mean value of the T,(r) profile, T.
e For top analysis, update the T,(r) profile with T,(r) > (1 — z1)TM with 0 <

xr1 < 1, a parameter to be decided based on the profiles.
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e Repeat step 2 on the updated T,(r) profile until the value of ™ doesn’t change
anymore and the final value of TM is the value of T, (top) with its corresponding
value of 7 being the r(top).

For foot analysis, similar steps are applied with a difference in step 2 which is Te <
(1 + 22)TM, where x5 > 1. The main steps of routine TeGrA are shown in Figure
4.1.

Applying TeGrA routine on the selected database, the absolute value for left and
right gradients of the electron temperature could be easily obtained, denoted as VT'X
and VTE. The minimum values of the two gradients are shown in Figure 4.2, as a
function of the toroidal component of the dominant mode bif? normalized to the
edge magnetic field B(a). The error bar is estimated as follows:

SVT./VT. = \|S (6T./T)2 + 3 (or/r)? (4.1)

Where 67, and dr are the error of electron temperature and the corresponding radial
errors obtained from experiments. There are two clear points of transition between
substates: the first one is between DAx and SHAXx,, states when the normalized
dominant mode b;;*? /B(a) ~ 2%, and the second one is between SHAx,, and SHAx,,

where b;;_7 /B(a) =~ 4%. Furthermore, with the increase of the normalized dominant
mode, the minimum temperature gradient decreases. This result might give us a hint
of alocal increase of energy transport and this might play a role in energy confinement
time behavior and this is confirmed by the priliminary transport study results using
MAXxS, which is shown in Figure 4.3. Indeed, with the increase of the dominant
mode, the minimum thermal diffusivity y increases. Here it is worth mentioning
that in Ref [36], a thermal gradient oscillation has been observed below 2 keV/m
around b;’q /B(a) ~ 4% on the flat top of one QSH cycle. This result is agreed with

Figure 4.2, in which there are both SHAx,, and SHAx,, around b;’q/B(a) ~ 4%.
Moreover, the evolution of the thermal structures is also studied. The width of the
thermal structure, Wr. = Arrey + ATroot R + AT Foot, 1, has been reported a sudden
change from SHAx,, to SHAx,, in Ref [37]. Here we look into the evolution of Arg,
and Ary,, separately. The minimum value between Arpyo and Arpeerr, AT,
shows a continuous increase from DAx to SHAx, ,, as a function of the normalized
dominant mode. This is shown as empty symbols in Figure 4.4. Arp,, shows a
sudden jump in its amplitude (solid symbols in Figure 4.4) from SHAx,, to SHAx,,.
This indicates that the sudden jump in Wy, reported in Ref [37] is due to the growth
of the top region in T, profile rather than the gradient width Arpg,e.
Finally, the value of T, 7op, Tt poot and AT, = T, 1o, — Tt root are calculated and shown
in Figure 4.5. The value of T¢ poo slightly decreases within these three states. An
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Figure 4.1: The main steps for routine TeGrA.
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Figure 4.2: The minimum temperature V™" between VT and VT is presented
as a function of the dominant mode normalized by the edge magnetic field.

explanation is that the foot of the gradient is expanding towards outer region where
electron temperature is lower. The top value, however, shows an increase trend
from DAx to SHAx,, and decreases in SHAx,,. Consequently, the value AT, slightly
increases from DAx to SHAx,, and then decreases in SHAx,,.

The results shown above confirmed that the thermal structure enlarges within these
three sub-states as the dominant mode increases. However, the thermal gradient
decreases as the dominant mode increases. In order to check if this peculiar thermal
gradient behavior is related to the stochastic transport in RFPs, we investigated the
behavior of secondary modes, defined as by.. = (Zn:—&—17 bin) Y 2, Figure 4.6 shows
the minimum gradient versus the secondary modes normalized to the edge field.
The plot shows a clear separation between the group of SHAx,, and DAx structures,
that occurs when the secondary modes are higher than 0.85%, and the SHAx,,, that
occurs when the secondary modes is lower than 0.85%. In DAx and SHAx,, group, the
thermal gradient tends to increase with the decrease of the secondary modes. This
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Figure 4.3: Preliminary results of transport study is presented.

trend agrees with stochastic transport in RFP plasmas. The steepness of the gradient
suddenly decreases in the SHAx,, group. Such last behavior can be understood in
the light of the analyses presented in Ref [37]. In such paper it is shown that the
transition from narrow to wide thermal structures is related to the stabilization of
the subdominant, m=1, n=-8,-9 modes, whose amplitude is significantly reduced
in SHAx,, state. In particular the m=1, n=-8 mode, which usually is the highest
among secondary modes, in such states becomes comparable to higher n modes. The
widening of structures is then attributed to the decrease of stochasticity produced
by such two modes, which allows the region enclosed by the resonance radii, where
the temperature is usually flat due to the high transport, to host the eITB gradients.
This conclusion is supported by the result that, while the DAx and SHAx,, gradients
form internally to the m=-1, n=-8 mode resonance radius, SHAx,, gradients form
between m=-1, n=-8-9 mode resonance radii. Since the SHAx,, gradients develop
more externally than the others, they are supposed to be more sensible to the field
stochastization produced by higher n modes, being near to their resonance radii.
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Figure 4.4: The maximum value of the gradient width Ar7%% (empty symbols) and
Arrg, (solid symbols) plotted as a function of the normalized dominant mode. The
foot shows a continuous growth while there is a sudden jump between SHAx,, and

SHAx,,.

This last element could explain why such gradients are less steep than the DAx and
SHAx,, ones although the secondary modes are the lowest ones.

So far we know that both dominant mode and secondary modes play a role in setting
thermal gradient in eITB region. In both DAx and SHAx, groups, the thermal
gradients are, on certain levels, negatively correlated with both dominant mode and
secondary modes. While in SHAx,, group, the thermal gradients does not share the
same behavior pattern. Now we investigate the weight of setting thermal gradients
due to dominant mode and secondary modes, which is shown in Figure 4.7. In DAx
state, thermal gradients show an increase trend with decrease of the ratio bge./ béf?
while in both SHAx,, and SHAx,,, the thermal gradients are positively correlated with
the value of bse./ b(lz)’_7. This result could be explained by the stochastic reduction
by separatrix. In DAx state where there is separatrix, the thermal gradients are
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Figure 4.6: The minimum gradient is plotted as a function of the secondary modes. In
both DAx and SHAXx,,, the thermal gradient increases with the decrease of secondary
modes, indicating a stochastic transport in both sub-states. While when it comes
to SHAxw, the thermal gradient shows a sudden decrease. This change indicates a
reduced stochastic transport properties from DAx/SHAx,, to SHAx,,.

maintained by the reduction of stochastic transport by the existence of the separatrix
as well as the stabilization due to the secondary modes. After the disappearance of
the separatrix, the thermal gradients, still benefiting the stabilization of secondary
modes, suffers more from the increases of stochastic transport due to the expulsion
of separatrix.

The behavior of thermal gradients discussed above are localized in the eITB region.
To further understand the global confinement properties in QSH states, the total
energy confinement time is investigated in the following section.
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Figure 4.7: Minimum thermal gradient is plotted as a function of b/ bé’J.In DAx
group, the thermal gradients shows a negative correlation with respect to the value
of bsec/ b;’q while in both SHAx,, and SHAx—w groups, the thermal gradients show
a positive correlation, instead.

4.2 Energy confinement time

Energy confinement time is calculated as:
3
T=3 / Kpn(T, + T;)dV /(Py) (4.2)
v

where Kpg is the Boltzmann constant, n is the electron density, T; is the ion tem-
perature and P, is the input power. Concerning the volume information, a more
detailed approach, considering the correct shape of the non-axisymmetric flux sur-
faces is adopted with the helical reconstruction of magnetic field using SHEq. Also,
all the profiles used here (T, T; and n) are remapped over the helical flux surfaces
based on the same reconstruction. In this way, a more precise energy confinement
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time is obtained. The density profiles are assumed to have this shape:
n=0.8ng [1 — (r/a)"’] 4+ 0.2ng (4.3)

where ng is the plasma density in the core. This is due to the fact that in RFX-mod,
the shape of the density profile is mainly ruled by the density level, by an interplay
of stochastic transport, electrostatic transport and source effects[38, 39].

Also the ion temperature is assumed to be the same as electron temperature. Note
that this assumption only affects the absolute value of the energy confinement time.
The confinement time, plotted as a function of the normalized dominant mode, is
shown in Figure 4.8(a). In DAx states, the average confinement time is around
1.4ms. It increases to 1.7ms in SHAx,, and eventually in SHAx,,, confinement time
arrives at around 2ms. The increase of the confinement time indicates a less chaotic
plasma in SHAx,, than in DAx. This is confirmed by looking into the global dynamo
parameter: (1—F")/O. From Figure 4.8(b) it can be seen that the dynamo parameter
slightly decreases with the increase of the normalized dominant mode, which means
that from DAx to SHAx,,, the plasma goes into more ordered states.
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Figure 4.8: (a): Total energy confinement time as a function of normalized dominant
mode. The mean value increases from around 1.4ms in DAx up to around 2ms
in SHAx,. (b): The dynamo effect (1 — F')/O decreases with the increase of the
normalized dominant mode.
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4.3 Thermal Gradient after Remapping

As mentioned above, the database was selected based on the angle range of -35°
and 35°. The above mentioned results are based on the experimental data. Here we
briefly present the results after rotating the angle to be 0, i.e., the maximum thermal
structure width lies on the mid plan. The rotation is based on the principle that
after rotation, the minimum helical flux lies on the mid-plane. The definition of the
helical flux function ®, containing both the equilibrium flux and the dominant mode
flux:

d = g + O sin(mb — ne + ¢o) (4.4)

Where @ is the equilibrium flux function, ® is the amplitude of the m=1, n=-7
mode flux and ¢ is the phase of the dominant mode. The minimum helical flux lies
on the mid-plane thus becomes:

ml —neo + ¢g = —m/2 (4.5)

If the minimum helical flux lies on the high field side, then 6 = 7. If the minimum
helical flux lies on the low field side, then # = 0. Depending on these two differ-
ent situations, the correct toroidal angle which should be used for rotation is thus
obtained. The rotation proceeds as follows:

e Get the information of eITB gradients, i.e., four critical locations of the el TB:

R L R L g . Top Foot
TFoots TFoots TTopy TTop a0 two critical temperatures: T, 7 and T, .

e Get the helical flux function ®rg on the Thomson Scattering toroidal angle
ors = 82.5°.

e Interpolate the helical flux values on the four radial positions of the eITB

: - : TS TS TS TS
mentioned in step 1, being ®r,y ry Proor 1) Prop p and Prp, ;.

e Obtain the new helical flux function ®,., at a new toroidal angle calculated
based on the rotation principle mentioned above.

e Find the new four radial locations via the four helical flux values obtained in
the previous step.

e Using the new radial locations, together with the temperature values obtained
in step 1, the new thermal gradients, after rotation are thus calculated.

An example of rotation, performed in a DAx state, is presented in Figure 4.9. Graph
(a) and (b) are the contour plots of the helical fluxes before and after rotation,
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respectively. Graph (c¢) shows the helical flux on the mid-plane versus the geometrical
radius. Red lines indicate before rotation and blue lines indicate after rotation. The
vertical lines are the locations of the thermal gradients obtained from TeGrA. Note
that in DAx cases, one needs to pay attention that the remap should perform within
the island region because for the same y value, there might be another point in the
core region. Also one may notice that the X, does not reach 0, this should be the
reason that the grid to obtain the value of y is not dens enough.
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Figure 4.9: An example of rotation is presented. (a), The contour of helical flux at
Thomson scattering angle. (b), the contour of helical flux after rotation. (c), The
corresponding helical flux along mid-plane before (red) and after (blue) rotation. The
vertical lines represent the location of the thermal gradients obtained from TeGra.

The reason why we performed TeGrA on the Thomson scattering angle rather
than on the actual line of maximum thermal width is to reduce the errors induced
by the remapping process. As we mentioned in Chapter 3, The remapping suffers
some lack of accuracy in DAx cases and in single axis situations, even the remapping
results are acceptable, the extra error induced by remapping is hard to evaluate.
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Nevertheless, here we neglect the errors induced by the remapping process, only
considering the error induced by TeGrA, and did the calculations on the remapped
grid in machine coordinate and the results shows a good agreement with the results
shown above in the sense that they both shows the same statistical trend. Here we
present the 'new’ results in Figure 4.10. The thermal gradients as well as the thermal
structure widening behaviors the same as ones obtained in the previous sections.
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Figure 4.10: Thermal properties after rotation. (a), the minimum thermal gradients
versus the normalized dominant mode. (b), The minimum thermal gradients versus
the normalized secondary modes. (c) The minimum thermal gradients versus the
ratio between secondary modes and the dominant mode. (d), The maximum thermal

gradient width Ar72%% (empty symbols) and the top width of the thermal structure

A7,y (solid symbols) versus the normalized dominant mode.
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Enhanced Radial Transport due to
Toroidal Viscosity in Tokamaks

Plasma confinement property is one of the most important issue for fu-
sion research. The goal of fusion reactor is to achieve fusion by confining
plasmas within sufficient long time. Thanks to the existence of nested
magnetic flux surfaces, the radial particle transport processes are strongly
suppressed. Nonetheless, the radial transport is sill one of the main parti-
cle and energy loss in fusion plasmas. This chapter discuss the situation
of distorted magnetic surfaces due to the existence of magnetic islands.
More specifically, the enhanced radial transport in vicinity of magnetic
1slands due to the enhanced toroidal viscosity is presented.

5.1 Symmetry Breaking Effect: Enhanced Radial
Transport

Tokamak is a toroidal magnetic fusion device featuring toroidal symmetry. Charged
particles are bonded on the flux surfaces with small loss via radial transport process
across the magnetic flux surfaces. This is true within neoclassical transport theory
and the magnetic configuration poses perfect toroidal symmetry. Particle fluxes are
intrinsically ambipolar:

Fi - Fe (51)

Also the guiding center trajectories of particles are closed banana orbit on poloidal
cross-section. However, in real tokamak operation, the presence of error fields or
MHD activities could break the toroidal symmetry, which leads to the increase of
toroidal viscosity. Consequently, the banana orbits are not closed any more and
particles are drifting outwards. An enhanced radial particle transport is thus induced
by the symmetry broken.

Recall the banana region in Figure 2.3, which is a linear relation between particle
diffusivity D;; and collision frequency v in log-log scale, it is modified into three
regions according to different collision frequency: v, /v and 1/v. A log-log scale
plot of particle diffusivity versus collisionality is shown in Figure 5.1, for magnetic
configurations with no toroidal symmetry (perturbed tokamaks or stellarators). This
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V*

Figure 5.1: A log-log sketch of particle diffusivity D;; is presented as a function
of the collisionality v*. This figure shows only the low collisionality region, i.e.,
v* < 1. There are three regions grouped according to different collisionaltiy regions:
v, v/v and 1/v. This figure is valid for tokamaks with broken toroidal symmetry and
stellarators who doesn’t poses any toroidal symmetry.

will leads to non-ambipolar fluxes and a local electric field is thus generated:
OE/ot =T, —T; (5.2)

It may play a role in plasma confinement properties by means of F x B plasma drift,
which is considered to play an important role in L — H transition by reducing the
size of turbulence structure in the plasma edge.

Magnetic islands, i.e., MHD tearing modes, exist in resistive plasmas on the resonant
surfaces. It modifies the magnetic topology and breaks the toroidal symmetry by
distorting the nested magnetic flux surfaces. Thus, the presence of magnetic island
leads to an increase of radial transport. In vicinity of magnet island, non-ambipolar
flux appears and this leads to the formation of local radial electric field. In the follow-
ing section, the methodology of neoclassical transport theory is presented to derive
non-ambipolar flux with toroidal symmetry broken due to the presence of magnetic
islands in tokamak configurations. There are two approached for neoclassical fluxes,
being moment approach and kinetic approach and it has been shows that the non-
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ambipolar flux origins in the appearance of toroidal viscosity [24] (see Appendix 6.10).

5.2 Radial Electric Field in Vicinity of Magnetic

Island in Tokamaks

There are at least two mechanisms which can affect the toroidal viscosity. The first
one is the electromagnetic torque induced by the interaction between the islands and
the wall or error fields [40] and a detailed work has been carried out by A. J. Cole,
etc. in Ref [41]. The second one is the plasma viscosity induced by the distortion
of the magnetic surface in the vicinity of the islands. Here we present the theory

developed by K. C. Shaing, focused on the second mechanism.

To begin with, the proper coordinate system should be introduced. Since we are
dealing regions in vicinity of magnetic islands, it is better to use a coordinate centered
in the O-point of a magnetic island. Figure 5.2 shows a contour with constant
helical flux function ¥ = ¢ — x/q with 1 the the unperturbed equilibrium poloidal

flux function, ¢ thsh):?g%gé/mggc&g_rg%ds)g\ the Jogoidal flux function. The majy id

ugus

FIG. 1. A schematic diagram of a magnetic island. The constant ¥ contour
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Equation 5.2. The particle fluxes, by definition, is obtained as:

I'= /d'vad VA (5.3)

v is the particle velocity, vy is the drift velocity, f is the particle distribution function
and VV indicates the radial direction. The theory is to obtain the distribution
function f through solving the kinetic equation. The theory focused on the vicinity
of magnetic islands and has the following assumptions:

e Large aspect ratio devices. In this condition, the F x B drift velocity is higher
than V B drift and curvature drift. So the drift velocity could be approximately

VE><B‘

e The size of the drift orbit is 0r 7V, /Ve.p where r is the radius and V, is the
radial drift speed due to both VB and curvature drift. The physical meaning
of this condition is to neglect the formation of supper banana orbit [42, 43].

e The process of trapping-detrapping process is neglected, i.e., the amount of
particles inside of banana orbits is constant.

Guiding Center Description of Drift Kinetic Equation

The neoclassical toroidal viscosity developed by K. C. Shaing adopts the kinetic
description, which starts with the guiding center description of drift kinetic equation.
The general kinetic equation for charged particles is:

of of _
E+U'Vf+a~%—0(f) (5.4)

Where C(f) is the Coulomb collision operator and a, the acceleration, is given by
the Lorentz force:

a=a(@vt) =2 |E@t)+ v x Bt (5.5)
m C

The equation 5.4 could be summarized as:

of dzof
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where 2' satisfies the transformation of (x,v) — (2!,---,2%). Each guiding center

can be specified by its position, magnetic moment and energy: (z,u,U). Adopting
this guiding center coordinate, equation 5.4 could be reformed as:

0 dU 0 du 0
eV G+ S =) (5.7

Where v, is the guiding center velocity and it is dominated along B:

Vye = bU” + 0(5) (58)
With b = B/B. The higher order is vy, = bu| +v4 + O6?, where vy is the drift
velocity and it is given by:

1 i 9 ob
Vg = Vg + ﬁb X <EVB+U”K,+U||E (5.9)

Where () is the groradius of charged particles. The theory is to solve the linear
version of Equation 5.7 by expressing the particle distribution f as

f=lu+h (5.10)

where f), is the equilibrium Maxwellian distribution function and f; is the perturbed
distribution function. Thus, we have C(f) = C(f1). The zero order of equation 5.7
would be:

vib -V fo = C(fo) (5.11)

The solution is fy = fa (V) for an unperturbed tokamak and fy = fa (¥, «) for an
perturbed tokamak and stellarator , where « is the helical angel.
The first order of the drift kinetic equation is:

b Vi +va- Vi =C(f) (5.12)

The physics in the non axis symmetric system is governed by the bounce averaged
drift kinetic equation, which eliminates the information along the magnetic field.
The bouncing average is defined as:

th= f Bl / § 0Bl 5.13)

For the passing particles the integral is performed between 0 and 27 and for the
trapped particles the integral is performed between —6. to 6. instead. Taking the
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bounce average of Equation 5.12, vjb - V f; could be annihilated (see Appendix 6.8)
and Equation 5.12 becomes:

o
b o
In order to solve Equation 5.14, a subsidiary ordering is adapted:

In the case of (vg- Va), dfo/0a ~ (C(fo)), > (va- V), dfo/OV, which implies the
drift orbit is much smaller than the characteristic length of the plasma, equation
5.14 yields to:

9fo

(vq-Va) + e V), 50 = (C(fo))y (5.14)

0
(o V), B0 — (0 (o)), (5.15)
And the solution is foo = fas. The next order equation in the subsidiary ordering is:
dfor Ofur
<’Ud . V(I)b % + <'Ud . V\P}b 0_\11 = <C(f01)>b (516)

In order to solve equation 5.16, the relative strength of the toroidal(helical) drift
frequency and the collision frequency should be examined.

e The toroidal(helical) drift frequency is much smaller than the colision fre-
quency. Equation 5.16 reduces to:

9 fum

(vq - V‘I’%W =

(C(for)), (5.17)

The bounced averaged radial drift velocity is [44]:

10V [uB, (E I;')E)A (518)

Where M is the mass, K and E are complete eliptic intergrals of the first
and second kind, respectively, and A = €, £ oy (¥ + cosma)/? with €, the
inverse aspect ratio evaluated at the resonant surface, d,, is the island width
rw normalized by the major radius and W is the helical flux function normalized
by perturbed poloidal flux function 15 The argument of the complete elliptic
integrals is k* = (E — uBy — e® + uByA) /2uByA. For particles trapped in the
toroidal magnetic well, x* < 1 and for circulating particles x* > 1.

With a pitch angle scattering Coulomb collision operator, Equation 5.17 can
be easily integrated once to obtain:

Ofo _ 1By \ Ofs 1By~ V60U IA 5 dw*(2E — K)
Ok v 0V MQB, 0 0a [E — (1 — k2)K]

(5.19)
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The flux surface averaged transport fluxes I' =< NV - VW > is thus obtained:

p—_G1lno- Vo) Vo) (q—;rwym%wé““ W)V +\If /dWW5/218fM
2 MT7/2Q)2 qs s K(ky
(5.20)
Where N is the plasma density, V is the flow velocity, <> indicates flux surface
average, C = 0.884, W = Mv?/2, F(V) = ¢ da(sinma)*(A/es)¥? /v + cos ma,
I = RB; and 7 =2/(1+ ).

When the collision frequency decreases further,(C(fn)), < (vq - Va),, equation
5.16 reduces to:

dfo10 Ofum

<’l)d . Voz)b 8—04 + <’Ud . V‘I/>b 8_\11 =0 (521)
and 5
- V), P = (O (o), (5:22)

The bounce averaged drift speed in the Va direction is:
<vg-Va>,=—(I/MQ)(0V/ov)(By-V0/B)(0J/0V)/(0J/OFE)  (5.23)
Here E is the particle energy and J = ¢ dfv is the second adiabatic invariant:

J = 16(uBA/M)Y?(E(r) — (1 — s*)K (k)] (5.24)

Applying Equation 5.24, the helical drift velocity after bounce average is thus:

<wvg-Va>,=—(I/MQ)(0V/0y)(By-V0/B)[uB2E/K — 1)0A /0¥ — ed']

(5.25)
Where ' = 9®/0V. The radial drift speed after bounce average, neglecting
the super banana and trapping-detrapping process, is:

<vg- VU >p=—(1/MQ)(0V/0Y)(By-VE/B)[uB(2E/K — 1)0A/0a] (5.26)
Applying these condition, we could obtain the distribution function fy10:

foro = —(uBo/e®') (1 — 2)[(F0w ) (¥ 4 cos ma)V? £ C1)0f1, /OV  (5.27)
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With €} = —(7/2)(1 + ¥)Y2/K (k;) is the integration constant. The corre-
sponding particle flux is:

= —(n/ < g*? >)/da/dE(l/qs/MBA)[((?\Il/agb)
x (By - V0/B)0 fa /0] /1 dr*J(0fy/OK*)* (5.28)

Where < g'/2 >= [df [ da/VV x Va - V.

By far, we have already obtained the formula of particle fluxes with presence of mag-
netic islands. These equation contains complex integrals, which brings the difficulty
to study. In Chapter 6, the simplified equations, based on the cylindrical approx-
imation are presented. The justification of transfer from tokamak to stellarator is
discussed. The study on this model, using the TJ-II stellarator parameters is also
presented.



Radial Electric Field on TJ-11

This chapter presents the study of enhanced radial electric field induced
by the existence of magnetic islands in TJ-1I stellarators, whose mecha-
nism is that the toroidal plasma viscosity is increased by the distortion
of magnetic flux surfaces induced by magnetic islands. The naturally ex-
isted magnetic islands in stellarators have been reported that they plays
a role of the formation of internal thermal transport barriers as well as
the modification of local radial electric field, which is considered to play
a critical role in the so-called L-H transition by the E X B shear. This
experimentally observed radial electric field needs to be reproduced in the-
ory in order to get a better understanding.

The theory adoped here is developed by K. C. Shaing and it was devel-
oped in tokamak plasmas who pose toroidal symmetry. Here the same
equations with minor modifications has been used in TJ-II plasmas. The
validation of the theory in stellarators is discussed and the results are
presented.

6.1 Magnetic Islands in TJ-1I

The magnetic islands in stellarators, which are current free devices, is produced by
coils rather than plasma current. The natural presence of magnetic islands plays
similar role compared ones in tokamaks. Low order rational surfaces are found to
ease the formation of internal transport barriers both, in tokamaks and in helical
devices [45, 46, 47, 48], and the transition to High confinement mode (H-mode) in
helical devices [49, 50, 51, 52]. These results have been interpreted in terms of local
changes in the radial electric eld and zonal ow development near low order rational
surfaces which may result in a reduction of plasma turbulence [53, 54, 55]. In Ref
[26], the modification of local radial electric field in TJ-II has been reported. This
modification is associated with the change of the non-ambipolar fluxes, which enters
into the time evolution of electric field OF /0t = T'. — I';. K. C. Shaing explained
this phenomenon in tokamak cases [24, 44| whose main principles are presented in
Chapter 5. The main idea is that the existence of magnetic islands distorts the
nested flux surfaces, giving rise to the toroidal plasma viscosity. This effect shares
the common features in all fusion devices so that the same effects is induced in
stellarators by the presence of magnetic islands. Here we adopt Shaing’s theory for

7
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TJ-II analysis.
First of all, two typical ¢ profiles, characterized by two different resonant location is
shown in Figure 6.1. Unlike the big magnetic islands in RFPs, the magnetic island

| W —--96_47_63 7| e
el ——100_44_64 =
15

0 02 04 06 08 1 |
normalized minor radius !

Figure 6.1: Cross section of the vacuum flux surfaces in two magnetic configurations
of the TJ-II Heliac and corresponding ¢ profiles. The resonance ¢ = 8/5 is located
in p = 0.56 in configuration labeled 96_47_63 (left), while it shifts to p = 0.76 in
configuration 100-44 64 (right). The circled crosses indicate the section of the central
conductors, which are protected from the plasma by the hard core.

in TJ-II are small. So in the flux equations, we neglect the 7"/T in vicinity of
magnetic islands. There are two points which should be clarified in order to justify
the validation of Shaing’s theory in stellarators:

e First of all, the neoclassical transport particle flux in stellarators is much higher
than in tokamaks. This is true for stellarators with no transport optimization.
The reason for this phenomenon is that the banana orbit is much bigger in stel-
larators than in tokamaks because there is no toroidal symmetry in the former
one. Nevertheless, it is also worth mentioning that the optimized stellarators
has much smaller particle fluxes by reducing the banana orbit [56]. TJ-II is a
stellarator with no transport optimization so in order to ‘compensate’ the flux
difference between tokamak and stellarator due to different geometry, a factor
big = 1000 is multiplied to the flux equations.

e Secondly, one of the assumption in the theory developed by K. C. Shaing
is that it neglects the effect of super banana. Super banana is caused by
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Particle orbits in stellarators

o Following a field-line around a tokamak the magnetic field
strength is approximately sinusoidal
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(solid line) alond%ieidici¥e is presented. There are many local magnetic wells exist
in stellarators.
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local trapped particles due local magnetic well. Particles trapped in the super
banana cannot explore the whole field. Instead, they are trapped either on the
high field surfaces (upper surfaces) or on the low field surfaces (lower surfaces).
Such situation will let them directly drift out because there is no cancellation
effect between E x B and VB any more. In stellarators, local magnetic well
commonly exists, which is shown in Figure 6.2. Hence, this assumption might
be not valid for stellarator. Nevertheless, it has been proved that including the
super banana does not change the dependence of the particle flux on the radial
electric field [57]. Here this effect is not considered, but it should be checked in
the future since the super banana effect should be much higher in TJ-II than
in tokamaks.

6.2 Flux Equation for Region v and 1/v

From here on, we discuss the flux equations derived by Shaing, in cylindrical ge-
ometry. As mentioned in Chapter 5, there are mainly three sub-regions in the low
collisionality region: v, v/v and 1/v. For v and 1/v region, Shaing presented equa-
tions which could well describe these two regions [58]:

I, =—C-(0.22Nv) (i)Q (5—W)2 e 12G(T) (6.1)

eBr WE

v eBr qs

Iy =-C-05 (5) (i)Q (RBp)? <q;rw>2 (mow 2ERH(T)  (6.2)
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N (cT/eBr)* (v/e)(RBp)*(¢irw /gs)*(mdw )"/

= RBP4 P 022G ()] + v/ 0 5H(T)]

(6.3)

The basic quantities are: N is the electron density, v is the collision frequency, ¢ is
the speed of light, T is the electron temperature, P = NT is the plasma pressure, ® is
the electric potential, e is the electron charge, B is the magnetic field. a is the minor

radius, R is the major radius, m is the poloidal mode number. ry = 2q§z/;/(q;Br$)
is the island width, dw = rw /R, wg = cEy/(Br) is the E x B angular speed with
Ey = —d®/d¥, ¢ = a/R is the reversed aspect ratio. ¢, = dg/dr evaluated as the
resonant surface. P’ = dP/dV and ®' = d®/d¥. V¥ is the helical flux function
centered at the magnetic island O point.

Equation 6.3 is the combined equation which could well reproduce Equation 6.1
and Equation 6.2 with the common factor C' = (P'/P + e®'/T), assuming 7"/T = 0
because of the small islands in TJ-II. Here the function G(W) is related to the first and
second elliptical integrals and essentially it is a function that defines the location of
the island region. Hence, for simplicity reason, here we use a Gaussian distribution

function to replace it. The same technique is applied for the H (V) function and
X () functions (presented later). Applying Equation 6.3, one could see the result of
reproduction from Figure 6.2. The two graphs are the log-log scale plots of particle
diffusivity Di(f) versus the normalized collision frequency. The superscript ¢ and e
represents ions and electrons. The black and blue dashed lines are for v and 1/v
regions. The black gray vertical lines represents the boundary below which the v
region is valid. The thine vertical red and blue lines represents the value of ion and
electron v*, respectively. The red curves are produced by Equation 6.3. The results
show a good agreement with Equation 6.1, 6.2 and Equation 6.3.

The boundary between v and 1/v is defined as:

Vet < wr(RBp)(dirw /qs) (6.4)

With v.sr = v/e is the effective collision frequency defied as the ration between
collision frequency v and the revered aspect ratio e.
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Figure 6.3: Using TJ-II parameters, the combined function(in red) could well repro-
duce the two separated functions in v(dashed black line) and 1/v(dashed blue line)
regions. The thick gray vertical line represents the critical v* which indicates the
end of v region. The red vertical dashed line is the electron collisionality and the
blue dashed one is the ion collisinality.

6.3 Equation for /v and the complete Flux
Euqgation

For the /v region, applying the equation from Ref [59], we could get the follow
equation:

[y =—C-0.1v(cT/eBr)’ 63/ BpRm (—q'rw/q)"” |we| ™" X () (6.5)

For the complete equation which could describe the whole v, /v and 1/v regions(equivalent

to v* < 1), first we simplify the separate flux function as:
r,=-C-K,-(v)
Lyp=-C-Kg;-(1/v)
Fl/u - —C N Kl/u . (\/;)

and the corosponding coefficient K,, K s, Ky, are:
K, = 0.22N(cT/eBr)* (6w Jwg)?e Y2G (D)

K, =01 (¢T/eBr)? 6%v/RBpm (¢.rw /q)"” |we| ™" X (T)
Ky, = 0.5N(cT/eBr)*(RBp)*(d;rw /qs)* (mdw)*e* H (D)
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Using these notation we present the complete transport equation for v* < 1 region,
including v, /v and 1/v regions:

KK ;K - v

I'=-C-
(Kﬁ + K, - \/;)(Kl/y + Kﬁ . V1'5)

(6.6)

The comparison between Equation 6.3 and 6.6 is shown in Figure 6.4. The green
dashed line represents the /v region and it shares one common point with the black
solid line from Equation 6.3 and the gray vertical line from Equation 6.4. The red
solid line is from Equation 6.6. It is clear to see that when collisionality reaches /v,
the value of D is.

Now we used this complete equation to compare tokamak with stellarators. Using

1072 : : : : : : 1073
< 107 < 107
o a
£ 10 £ 10
= =
107° 1076
107 26 45 44 4A-3 40-2 4(-1 40 1077 5 An4 4M-3 1n-2 101 )
1078 10-% 104 1073 1072 10~ 10 1075 1074 102 102 10" 10
v v*

Figure 6.4: Comparison between equation 6.3(black, solid) and equation 6.6(red,
solid). The dashed green line represents the y/v. It is clear to see that the green line
and black line has a common point which also belongs to the gray vertical line which
is the end of v region. The vertical red and blue dashed lines are the collisionality
for electrons and ions, respectively.

Equation 6.6, one needs to justify that it suits the situation for tokamaks and also for
stellarators. Using the Figure in Ref[60] as the standard TJ-II Dy; —v* diagram and
applying the same plasma parameters in Equation 6.6, the comparison is obtained
and shown in Figure 6.5. The black figure is from Ref [60]. The red line represents
electrons and the blue line represents ions. Note that the geometry factor big = 1000
has been multiplied to Equation 6.6.
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Figure 6.5: Comparison between Equation 6.6 multiplied by 1000 (colored lines with
|E,| = 2300V /m) and the TJ-II data as well as tokamak cases. The black background
figure is from Ref [60]. The solid black lines are for electrons and the dashed ones are
for ions. From top to bottom with e®/T = 0,1,2,5,10. The thick solid and dashed
black lines are corresponding curves to the equivalent tokamak. The red and blue
lines represents electrons and ions, respectively.
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Quantity Value
N(m™3)  0.36 x 10"

T.(eV) 350

Ti(eV)  Te/3

Br(T) 0.995

B(T) 1

R(m) 1.5

a(m) 0.2

m 2

n 8

q 1/[1.551 + 0.05238r — 0.07569(r /a)? + 0.12862(r /a)?]

Table 6.1: A typical TJ-II plasma parameter.

6.4 Discussions on the Complete Equation

Unit Analysis

The flux equations mentioned above is derived from I' = (NV - VV¥) with (---)
represents the flux surface average. This definition leads to a different flux unit
[B]/(It) since V¥ has a unit of [B]l which is different from 1. Secondly, P’ =
dP/dV, ' = dP/dV and Fy = —d®P/dV¥ will have units which doesn’t have physical
meaning. So here one coordinate transformation is needed to convert the equations
in order to use the physical quantities with international units. One may apply
dr/d¥ = (dr/d¥p)(d¥p/d¥) = [(2rBpR)(¢.rw/qs)] " on the flux equations to get
there. Note that this ’extra’ step is due to the choice of coordinate. The three
coefficient K, K 5 and Ky, are:

K, = 0.22(dr/dV p) 2N (cT/eBr)? (0w Jwg, ) e G (D) (6.7)
K s = 0.1(dr/d¥p) ™" (¢T/eBr)’ 63/ RBpm (¢.rw/q)"” lwg, | "° X () (6.8)
Ky, = 0.5N(cT/eBr)*(RBp)*(dirw/qs)* (mdw ) ¥ > H (D) (6.9)

Where wg, = cE,./Br = —(c/br)(d®/dr). Together with the common factor C' =
(dr/dVp)(1/P-dP/dr+1/T-d®/dr) and the complete flux equation I' = (dr/dV)T’,,
', indicating the flux with unit of 1/(I® - t), (¢'rw/q) disappears in those three
coefficient.
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Validation of the collision frequency region

As this theory is derived from the ”low” collision frequency region, meaning the
Vie = Vie/Wh(ie) < 1 with v the collision frequency and wj, = v /qR the bounce

frequency. This condition leads to a collision frequency limit:

T, >2.22x107%/N.In A, (6.10)

T, > 1.86 x 107222~ Y4/ N;In A, (6.11)

With v, = 2.91 x 1072N, In AT5 %2, vy = 4.80 x 107424~ V2N; In AT, Y2, Z s
the ion charge state, 1 = m;/m, where m; is the ion mass expressed in the proton
mass m,. InA.; is the Coulomb logarithm for electron and ion.

Given the Coulomb logarithm doesn’t change much, it is clear to see that the ion
and electron temperature has a lower limit respect to a given plasma density.

Scan of the F,

As one could see from the two equations, the I', depends on the radial electric field
E,.. In order to see the function of the E,, a scan of the E, value, which could
see from Table 6.1 , is shown in Figure 6.6 based on a typical TJ-II plasma with
its parameters: n = 10 T = 300eV, B = 1T. It is obvious to see that since
the Di1(1/v) doesn’t depend on electric field, the Dy;(v) curve decreases as the E,
increases and the cross point between the two curves moves in the positive direction
of collision frequency.

Effect on radial electric field E, from different plasma
parameters

e ¢.rw/qs. This parameter is not in the particle flux equation, as one could
see from the discussion in the unit analysis 6.4. However, the island width
rw is a function of ¢/. If the magnetic island width 7y is fixed, then particle
diffusivity D;; doesn’t depend on the parameter ¢.ry /gs. Therefore, changing
this parameter will lead to the same Dy, and E,. The reason this parameter is
irrelevant to both D;; and E, is because it comes from the choice of the flux
coordinate system and when we calculate the flux, one should convert back to
machine coordinate so this factor disappears.

e [sland width 7. As one could see from Equation 6.6, the island width, which
is inside of dy = 7w /R, is an universal parameter of the particle flux. The
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Figure 6.6: Radial electric field F, scan in a typical TJ-II plasma. The red vertical
dashed line is the electron collisionality and the blue one is the ion collisionality.
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three coefficients K,, 1/, have common dependence on oy, which justify the
comment before. Hence, the island width could only affect the absolute value
of the separated particle flux in each region while as for the radial electric field
E, which is the root of equation of I', — I'; = 0, is independent of the island
width and this is confirmed by the simulation results.

e Poloidal mode number m. The poloidal mode number, especially the low m
number islands, in principle, should have big impact on the radial electric field.
Here the impact of poloidal mode number is investigated. The poloidal mode
number is functional when the collision frequency is in the /v or 1/v regions, as
one could see from the diffusivity equations. The simulations are performed on
the same TJ-II plasma parameters used before and the result is shown in Figure
6.7. Strangely, changing the mode number does not change the value of radial
electric field. The reason is that the electric field in these three calculations
are around -300 V/m and using this value to back check in Figure 6.6, we find
that roughly both electrons and ions are all in 1/v region and thus the mode
number doesn’t play a role in the charge balance equation.

5x1049; ;
‘_l‘ L
a 0
| L
:: — m=2
~ L |
| -5x10%- 1 m=3
Li” I m=5
-1 x1050; i

400 -300 -200 -100 0O 100 200
E.(V/m)

Figure 6.7: Estimate the effect of poloidal mode number m on the radial electric
field, using the plasma parameter listed in Table 6.1.
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e Scan of T;. This section is to investigate the effect of T;/T, on radial electric
field. The excises are done based on the same plasma parameters presented
in Table 6.1 with the only exception of electron temperature T,=350eV. The
value of I', — I'; is plotted as a function of both E, and T}, shown in Figure 6.8.
The contour line which has the value of zero is where the root(s) of equation
I'. — I'; lies on, i.e., the solution of ambipolar electric field. At the region T; <
105eV, there is single, positive ambipolar electric field. When ion temperature
increases between 105 eV and 250 eV, three ambipolar electric field appears
with the middle one usually the unstable one [61]. And in the region with
T; > 250eV, single, negative ambipolar electric field appears. Finally, one
interesting point around T; = 105eV should be pointed out. At this point, the
electric field is zero, meaning the fluxes I, = I'; fulfill the ambipolar condition.
This phenomenon is further studied below.

e Investigate the effect of T;/T, on the ambipolar electric field. This time we
make scans on both electron and ion temperatures and we calculated the value
of ambipolar electric field, by solving the equation I'. = I';. The result of these
scans are shown in Figure 6.9.

There is a vertical contour line with its value E, = 0 around T;/T., ~ 0.3.
This means ambipolar fluxes generates in vicinity of magnetic islands under
the condition of T;/T, = 0.3. This can be easily proved. Let us take the charge
balance equation I'. — I'; = 0 with the condition of E, = 0. One could easily
get the solution:

(T;/T.)"? ~ 60.42 (In A,/ In A,;) (6.12)

where In A, and In A; are the Coulomb logarithm for electrons and ions, respec-
tively. The value of In A./In A;, despite of depending on the value of electron
and ion temperature as well as the plasma density, has tiny change around the
value 1.1. So the solution to I'c — I'; = 0 with E,. = 0 is T;/T. ~ 0.3. This
confirmed the observation of E, = 0 around 7; = 1 — 5 eV in Figure 6.9. In
that case, the ratio T;/T, = 105/350 ~ 0.3.

e Here the effect of plasma density on the ambipolar electric field is investigated.
As the plasma density increases a factor of 50%, one root solution appears in all
T;/T. region, which is shown in Figure 6.10. The same E, = 0 point appears,
which has been shown in Figure 6.9.

From the discussion above, we know that the ambipolar electric field disappears
when T;/T, ~ 0.3. This results shows that the modification effect due to magnetic
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Figure 6.8: The solution for electric field under steady state assumption. The plasma
parameters used is presented in Table 6.1 with electron temperature modified to 350
eV. The contour line with E, = 0 is the solution for ambipolar conditions. With
ion temperature below 105 eV, single positive electric field appears. As the ion
temperature increases, three electric field solutions, one negative and two positive,
appear. The middle solution is unstable [61]. And finally, when the ion temperature
increases above 250 eV, single negative ambipolar electric field appears.

islands disappears and the fluxes are ambipolar. What is more, if we increase the
ratio between ion and electron temperature, the electric field changes its sign from
positive to negative and its amplitude also increases (neglecting the unstable ones in
the middle). Finally, the plasma density also plays a role of island modification effect.
The unstable ambipolar electric field region disappears with an increase of plasma
density (in our case, 50% increases on plasma density shows the disappearance of non-
stable E, region). These studies have been performed on an steady state situation
OF /0t = 0, which suffers lack of time evolution process. In the next section, this
model has been implemented into ASTRA and the preliminary results are presented
and discussed.
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Figure 6.9: The solution for electric field under steady state assumption. The plasma
parameters used is presented in Table 6.1. With a fixed electron temperature, the
solution of ambipolar electric field is positive in low ratio of 7;/Te < 0.3 and negative
in high ratio of 7;/T, > 0.3. When the ratio between ion and electron temperature
equals 0.3, the ambipolar electric field equals zero, which is shown as the vertical
line at T;/T,.

6.5 Preliminary Results Using ASTRA

The above mentioned theory is adopted in ASTRA via I' = ['Veoclassical | pisland T
plasma parameters used here is presented in Figure 6.11 and the plasma is obtained
with electron cyclotron heating (ECRH). The island width is assumed to be 0.5cm.
First of all, the theory is tested on a tokamak case, i.e., ['Veoclassical — () for different
island locations. The result is shown in Figure 6.12. The radial electric field in
tokamaks changes its sign depends on different locations of the resonant positions.
It is positive in both p = 0.48 and p = 0.65. When the resonant position moves
outwards, reaching p = 0.82, the electric field shows positive on the inner side and
negative on the other side. Thus, a electric shear generated. With further outer
moving, arriving at p = 0.94, the electric field becomes negative. Also it it clear that
the electric field only appears around the resonant location. This is true because in
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Figure 6.10: The solution for electric field under steady state assumption. The
plasma parameters used is presented in Table 6.1 with 150% plasma density and
electron temperature T,e=350eV. At all ion temperatures, the ambipolar electric field
only has one solution, as indicated by the 0 coutour line. When the ion temperature
is below 100 eV, the ambipolar electric field is positive and above this value, it is
negative.

tokamaks, regions far away from the vicinity of resonant surfaces, the electron and
ion fluxes are intrinsically ambipolar.

Secondly, a neoclassical model developed by Koverizhnykh [62] is included as the
background of the neoclassical transport, together with Shaing’s model. The result
is presented in Figure 6.13. The smooth line represents the background profile, i.e.,
generated only by Kovrizhnykh’s model. The three 'bumps’, located in the inner
and outer regions, are one generated with also Shaing’s formula. The inner two
results shows a positive results with either enhancement or decrease effect on the
background profile. In the outer region, however, the electric field is negative and it
shows a enhancement on the background profile.

And finally, another neoclassical transport model developed by Beidler [63] is applied
as the background transport, together with Shaing’s model. The result is presented
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Figure 6.11: The parameters of ECRH plasma in TJ-II. The blue solid line represents
the electron density and the dashed blue line represents the ion density. The red
solid line represents the electron temperature and the dashed one represents the ion
temperature. This parameters are used in the following calculations in ASTRA.

in Figure 6.14. Unlike the results shown in Figure 6.13, the modification on the
electric profile using Beidler’s model shows always enhancement effect. The most
inner resonant position shows a big decrease effect on the background and the most
outer one shows a increase effect. These two positions agrees with the one shown
in Koverizhnykh’s model. However, the middle resonant position, shows a decrease
effect which is different from the one in Koverizhnykh’s model.

From the preliminary results shown above, we begin to understand the theory
proposed by Shaing. The island effect will effect the background electric field, both
increase and decrease. Also the sign of electric field due to modification really differs
from one model to another. Another important thing needs to emphases is that so
far, all the excises are done in ECRH plasmas.

Besides this ECRH plasmas, an NBI plasma in TJ-II is also used to test this model.
The plasma density is around 1.2x10m =3, the central electron and ion temperatures
are 0.35keV and 0.15keV , respectively. The same island width as well as the locations
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Figure 6.12: Electric field profiles with scan of resonant positions in tokamak pa-
rameters. Four different island locations have been applied in ASTRA with Shaing’s
model. Four positions are marked at normalized flux labels p = 0.48,0.65, 0.820.94,
respectively.

are used here, adopting 1. Kovrizhnykhs model together with Shaing’s model; 2.
Beidlers model with Shaing’s model. The results are shown in Figure 6.15. The
left graph is obtained using both Kovrizhnykh’s model and Shaing’s formula. The
left one is obtained using both Beidler’'s model and Shaing’s formula. The smooth
line represents the background radial electric field and the "bumps’ are the extra
contribution from Shaing’s theory. Clearly, the background radial electric field profile
is always negative and the contribution from Shaing’s theory is always positive.
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Figure 6.13: Electric field profiles obtained from Kovrizhnykh’s model, together with
Shaing’s model is presented as a function of the normalized flux surface label. The
smooth line represents the background of neoclassical transport, i.e., the profile gen-
erated only by Kovrizhnykh’s model. The three "bumps’ are the results when Shaing’s
model is applied. In the inner locations, the electric field is positive with enhance-
ment or decrease of the background electric field. In the outer region, however, the
electric field is negative and it shows an enhancement of the background electric field.
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Figure 6.14: Electric field profiles obtained from Beidler’'s model, together with
Shaing’s model is presented as a function of the normalized flux surface label. The
smooth line represents the background of neoclassical transport. The three ’bumps’
are the results with Shaing’s model. In this case all three resonant positions shows
a positive electric contribution from Shaing’s model and only the edge one shows an
enhancement of the background electric field.
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Figure 6.15: Two simulations performed with different neoclassical models together
with Shaing’s formula in NBI plasma obtained in TJ-II. The left graph is obtained
using both Kovrizhnykh’s model and Shaing’s formula. The left one is obtained
using both Beidler’s model and Shaing’s formula. The smooth line represents the
background radial electric field and the ’bumps’ are the extra contribution from
Shaing’s theory. Clearly, the background radial electric field profile is always negative
and the contribution from Shaing’s theory is always positive.

6.6 Summary

The magnetic islands in TJ-II stellarators have been reported to play a role of modi-
fying the local radial electric field, which in turn, could play a role in L-H transition.
The main principle of this phenomenon is that the existence of magnetic islands
distorted the flux surfaces, which increases the plasma viscosity. It has been shown
by Shaing that in tokamaks, for trapped particles, toroidal viscosity indeed plays a
role of modifying the non-ambipolar neoclassical transport in vicinity of magnetic
islands. Here we adopted his formulas in TJ-II plasmas to study the modification of
radial electric field in vicinity of magnetic island.

From tokamaks to stellarators, there is a big difference and one need to adjust this
transformation. One of the issue is that in stellarators, there is no toroidal symme-
try so that usually the neoclassical transport is much higher than one in tokamaks.
Hence, a factor of 1000 is applied to the flux function and this modification shows a
reasonable result compared with the experimental data. Secondly, Shaing’s formula
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did not include super banana orbit. The validation of this assumption should be
further checked in stellarators.

The preliminary study shows that the presence of magnetic island indeed modifies
the radial electric field. In ECRH plasmas, the modification varies with the choice
of ’background’ neoclassical transport model, as well as the location of the magnetic
islands. In NBI plasmas, however, the modification due to magnetic islands is always
positive.

The formulas used here need to be studied and modified in the future in the sense
that the factor big = 1000 we applied is just a rough assumption. Also the su-
per banana effect, as mentioned above should be studied further. And finally,
the interactions between Shaing’s model and other neoclassical model is not sim-
ply I' = Tbackground 4 Trisland = The interactions between the two models should be
further studied.
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6.7 Ideal MHD
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6.8 Flux Surface Average

The flux surface average of a function F is defined as follows:

Fdod
<F> - M (6.13)
.~ T
If we consider the toroidal symmetry and substitute /g =1 / (B - VO#)we have:
Fdo/B -V
<F> = J / (6.14)
s i dG/B - Vo

The orbit average of a function F is defined as follows:

<F> _ <FB/ ’“'>s _ JFBAS/(uB-V6) _ [ Fdb/(uim-V0) o

<B/‘u|> ~ [Bdo/(juB-V8)  [df/(jun- V)

So if we take the orbit average in the form of <uVF > , we have:

o

(WVF) — JnlulVFd)/(juln-V0)  [n-(9F/00V0)do/(n-VO) [ dIOr/o
T Jd0/(uln-V0) J a0/ (fuln - V) ]t
The bounce condition is: .
fi(0 =20, \w) = f_(0 = £6,, \,w) (6.17)
so the average is:
(uVF) =0 (6.18)

6.9 Magnetic Field Strength in Tokamaks

E
VxB= Lo (J—|— ana_t) (619)

with OF /0t = 0, we have:
jf Bdl = o (6.20)
s
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which leads to

o
B=— 6.21
2rr ( )

Here r is the distance from the toroidal center of the machine to the position which
the calculation is performed.

For the magnetic field in the center of the plasma(geometry center), r = R, where R
is the major radius, we have By = joJ /27 R.

For any position r, here r is the poloidal local radius related to the magnetic axis,
we have:

Bt (6.22)
2 |+ R
So we have: B
B (6.23)
Bo |7+ R
where |7+ R| = v/ (r?2 + R? + 2rRcos ). Define e = r/R So we could get:
1
f(e) (6.24)

V14 € 1 2ecosf

And one could perform Taylor expansion to the 1st order at € = 0:

o (n)
for= 3 1O oy = 1)+ 00y

n

1 -
=1- [5 (€ 4+ 1+ 2ecosb) 3/2(26+2COS(9) - €
e=0
=1—€-cosf (6.25)

So the magnetic field strength |B| = By(1 — e cos )

6.10 Non-Ambipolar FLux and Toroidal
Viscosity

Moment Approach

In this part, Hamada coordinate [64] (V, 6, {) is adopted with V the volume enclosed
inside the magnetic surfaces, 6 the poloidal angle and ( the toroidal angle. The
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magnetic field can be represented as
B =¢'VV x V0 — \'VV x V( (6.26)

Where x is the poloidal flux and ¢ is the toroidal flux. The prime denotes d/dV'.
The Jacobian is:

Vi=(VV xV60-V() =1 (6.27)

The particle flux is I' = nv and its flux surface averaged in the direction of Vy is:
X = <nv : Vx> (6.28)

nm%-ne(E—i—lva>—V}U—V-é_r> (6.29)
c

The momentum equation is:

Where 7 is the plasma viscosity. Taking the B x Vy component of the steady-
state momentum equation and using With (B x Vx) /B? = (B;-B)B/B* — B,
ExB -Vx=E-B x Vy and I, = B; - B:, we have:

FX:(nV-VX>:<nCW>+< —5B X V- (vp—v-?{» (6.30)

Using a vector identity:

(B,-B)B B x Vy
Bt — 32 - BQ (631)

We could obtain:
FX:<ncEBB'2VX>+< —Bx Yy (Fi-Vp-V-7))
) (2 ) o)
:<ncE~B%>—<ncE~Bt +§<BBP;]> 6<%>_S<B'22‘?ﬁc>

B+ g (B; - Vp) + g <Bt V- é?> (6.32)
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The non-axisymmetric flux is
pyva ¢ ((Bt . Vp) + <Bt V- %’>) (6.33)
c

In Hamada coordinates, (B;-Vp) = 0 for any non-axisymmetric torus and only

B;,-V. (7?> contributes to non-axisymmetric partical flux I'V4.
The Pfirsch-Schluter flux

s (6.34)
The banana-plateau flux
<~
pp_ C B-V.nl.
e (5 ) o
The classical flux
ret (6.36)

The residual E x B flux

b ) () (B V7
o = ne®B) it (1= (5 73 2wy (037

The flux associated with the moving velocity of the toroidal magnetic flux surface
V/
4dm2q

Y = nc(E - B) ( —(E- Bt>) (6.38)

Note that the I'”, 'Y are usually ignored and the I'® is not in the banana regime.
Also the I'BP is the parallel viscous force part and goes to zero after solving the
bounced average of the kinetic equation.

Kinetic approach

The definition for the neoclassical particle flux is:

(4
X — </ dvfvy- vx> + <ncEB—;<B> (6.39)

with vg = —vb x V(v)/Q) [65], the Vx direction component is thus: vg - Vx =
(v/B)V - [ ((v/9)) B x Vx], we have:

X — </dval - VX> - </dvf%V- [32 (%) (%)D (6.40)
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Using a vector identity:

(B,-B)B B x Vy
B = (6.41)

e () () G [(252) (- )
(oG (252) B]) (252

The non-axisymmetric flux T'N4 is

rvA — </de () Vv (”“B;Bt» (6.43)

This is equivalent to Equation 6.33 from the momentum approach, which indicates
the non-axisymmetric flux is due to the toroidal viscosity.
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2.4 A sketch of area mapping in multiple modes resonating magnetic field.

3.1 A typical discharge in RFX-mod. (a): plasma density. (b): plasma
current. (c¢): The time evolution of toroidal magnetic component b, with
red line representing the dominant mode (m=1,n=-7) and the blue line
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3.2 Typical toroidal field b, spectra (2ms averaged value) for m=1 mode
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3.7 (a) A typical electron temperature from SHAx,, state as a function of the
radius is presented using the symbol of dot while the solid line represents
the normalized helical flux function p.(b) The same electron temperature
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3.8 Electron temperature remapped on the flux surfaces in a DAx state. Ver-
tical dashed black lines represent the location of separatrix intersected
by mid plan at Thomson scattering angle ¢ = 82.5°. The vertical thin
lines represents the local maximum or minimum of the helical flux (red
for island region and blue for the core region). (a). Contour plot for the
helical flux on the poloidal cross-section at Thomson scattering toroidal
angle. The horizontal line represents the Thomson scattering laser path
and the thick red curve represents the separatrix. (b). The normalized
helical flux plotted versus the geometrical radial, zoomed at the island
region. The horizontal line represents the separatrix, intersected with the
curve with four intersections, marked with the dashed black line. There
are two parts belongs to magnetic island, marked with red. The blue
part is the core region and the two black part on both side of the profile
represents the outer region. (c). The Thomson scattering profile versus
radius of vacuum vessel. The colors represents different regions. (d), (e)
,(f). The results of remapping in island (d), core (e) and outer region (f).
The pink represents left side and the green represents the right side. . . .
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4.4  The maximum value of the gradient width Arjf%% (empty symbols) and
Arp,, (solid symbols) plotted as a function of the normalized dominant
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4.6 The minimum gradient is plotted as a function of the secondary modes. In
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of secondary modes, indicating a stochastic transport in both sub-states.
While when it comes to SHAxw, the thermal gradient shows a sudden
decrease. This change indicates a reduced stochastic transport properties
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4.7 Minimum thermal gradient is plotted as a function of b/ b(lb’q.ln DAx
group, the thermal gradients shows a negative correlation with respect
to the value of bg./ bé’q while in both SHAx,, and SHAx—w groups, the
thermal gradients show a positive correlation, instead.. . . . . . . .. ..
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4.8 (a): Total energy confinement time as a function of normalized dominant
mode. The mean value increases from around 1.4ms in DAx up to around
2ms in SHAx,,. (b): The dynamo effect (1 — F')/© decreases with the
increase of the normalized dominant mode. . . . . . . . .. ... ... ..

4.9 An example of rotation is presented. (a), The contour of helical flux at
Thomson scattering angle. (b), the contour of helical flux after rotation.
(c), The corresponding helical flux along mid-plane before (red) and after
(blue) rotation. The vertical lines represent the location of the thermal
gradients obtained from TeGra. . . . . . . . .. ... ... ... .....

4.10 Thermal properties after rotation. (a), the minimum thermal gradients
versus the normalized dominant mode. (b), The minimum thermal gradi-
ents versus the normalized secondary modes. (¢) The minimum thermal
gradients versus the ratio between secondary modes and the dominant
mode. (d), The maximum thermal gradient width Arj%% (empty sym-
bols) and the top width of the thermal structure Arp,, (solid symbols)

versus the normalized dominant mode. . . . . . . . . . . . .. ... ...

5.1 A log-log sketch of particle diffusivity Dj; is presented as a function of
the collisionality v*. This figure shows only the low collisionality region,
i.e., v* < 1. There are three regions grouped according to different colli-
sionaltiy regions: v, /v and 1/v. This figure is valid for tokamaks with
broken toroidal symmetry and stellarators who doesn’t poses any toroidal
Symmetry. . . ..o Lo e e e e

5.2 A schematic diagram of a magnetic island. The constant ¥ contour is

6.1 Cross section of the vacuum flux surfaces in two magnetic configurations
of the TJ-II Heliac and corresponding ¢ profiles. The resonance ¢« = 8/5
is located in p = 0.56 in configuration labeled 96_47_63 (left), while it
shifts to p = 0.76 in configuration 100_44 64 (right). The circled crosses
indicate the section of the central conductors, which are protected from
the plasma by the hard core. . . . . . . . . ... ... ... ...

6.2 Magnetic field strength |B| in tokamaks (dashed line) and stellarators
(solid line) along field line is presented. There are many local magnetic
wells exist in stellarators. . . . . . . . . ...
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6.3

6.4

6.5

6.6

6.7

6.8

6.9

Using TJ-II parameters, the combined function(in red) could well repro-
duce the two separated functions in v(dashed black line) and 1/v(dashed
blue line) regions. The thick gray vertical line represents the critical v*
which indicates the end of v region. The red vertical dashed line is the
electron collisionality and the blue dashed one is the ion collisinality.

Comparison between equation 6.3(black, solid) and equation 6.6(red, solid).
The dashed green line represents the 1/v. It is clear to see that the green
line and black line has a common point which also belongs to the gray
vertical line which is the end of v region. The vertical red and blue dashed
lines are the collisionality for electrons and ions, respectively. . . . . . . .

Comparison between Equation 6.6 multiplied by 1000 (colored lines with
|E,.| = 2300V/m) and the TJ-II data as well as tokamak cases. The black
background figure is from Ref [60]. The solid black lines are for electrons
and the dashed ones are for ions. From top to bottom with e®/T =
0,1,2,5,10. The thick solid and dashed black lines are corresponding
curves to the equivalent tokamak. The red and blue lines represents
electrons and ions, respectively. . . . . . ... ... L.

Radial electric field E, scan in a typical TJ-II plasma. The red verti-
cal dashed line is the electron collisionality and the blue one is the ion
collisionality. . . . . . . . . ...

Estimate the effect of poloidal mode number m on the radial electric field,
using the plasma parameter listed in Table 6.1. . . . . . .. . ... ...

The solution for electric field under steady state assumption. The plasma
parameters used is presented in Table 6.1 with electron temperature mod-
ified to 350 eV. The contour line with £, = 0 is the solution for ambipolar
conditions. With ion temperature below 105 eV, single positive electric
field appears. As the ion temperature increases, three electric field so-
lutions, one negative and two positive, appear. The middle solution is
unstable [61]. And finally, when the ion temperature increases above 250
eV, single negative ambipolar electric field appears. . . . . . . . . . . ..

The solution for electric field under steady state assumption. The plasma
parameters used is presented in Table 6.1. With a fixed electron temper-
ature, the solution of ambipolar electric field is positive in low ratio of
T;/Te < 0.3 and negative in high ratio of T;/T, > 0.3. When the ratio
between ion and electron temperature equals 0.3, the ambipolar electric
field equals zero, which is shown as the vertical line at T;/T,.. . . . . . . .
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6.10

6.11

6.12

6.13

6.14

6.15

The solution for electric field under steady state assumption. The plasma
parameters used is presented in Table 6.1 with 150% plasma density and
electron temperature T,e=350eV. At all ion temperatures, the ambipolar
electric field only has one solution, as indicated by the 0 coutour line.
When the ion temperature is below 100 eV, the ambipolar electric field
is positive and above this value, it is negative. . . . . . . . . ... .. ..
The parameters of ECRH plasma in TJ-II. The blue solid line represents
the electron density and the dashed blue line represents the ion density.
The red solid line represents the electron temperature and the dashed one
represents the ion temperature. This parameters are used in the following
calculations in ASTRA. . . . . . ... ... .
Electric field profiles with scan of resonant positions in tokamak param-
eters. Four different island locations have been applied in ASTRA with
Shaing’s model. Four positions are marked at normalized flux labels
p = 0.48,0.65,0.820.94, respectively. . . . . . . ...
Electric field profiles obtained from Kovrizhnykh’s model, together with
Shaing’s model is presented as a function of the normalized flux surface
label. The smooth line represents the background of neoclassical trans-
port, i.e., the profile generated only by Kovrizhnykh’s model. The three
’bumps’ are the results when Shaing’s model is applied. In the inner lo-
cations, the electric field is positive with enhancement or decrease of the
background electric field. In the outer region, however, the electric field
is negative and it shows an enhancement of the background electric field.
Electric field profiles obtained from Beidler’s model, together with Shaing’s
model is presented as a function of the normalized flux surface label. The
smooth line represents the background of neoclassical transport. The
three ’bumps’ are the results with Shaing’s model. In this case all three
resonant positions shows a positive electric contribution from Shaing’s
model and only the edge one shows an enhancement of the background
electric field. . . . . . . . . ..
Two simulations performed with different neoclassical models together
with Shaing’s formula in NBI plasma obtained in TJ-II. The left graph
is obtained using both Kovrizhnykh’s model and Shaing’s formula. The
left one is obtained using both Beidler’s model and Shaing’s formula. The
smooth line represents the background radial electric field and the "bumps’
are the extra contribution from Shaing’s theory. Clearly, the background
radial electric field profile is always negative and the contribution from
Shaing’s theory is always positive. . . . . . . . . .. .. ... ..
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