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Introduction

Dual role of rational surfaces in plasma confinement is widely discussed in literature. In
one hand, presence of rational surfaces in plasma can enhance transport and thus deteriorate
confinement. In the other hand, rationals can provoke changes in radial electric field and affect
turbulent transport.
Doppler reflectometry is a powerful plasma diagnostic. It allows measurements of both
plasma perpendicular velocity and level of density fluctuations. The new Doppler reflectometer
system was installed on TJ-II Heliac in January 2009.
The goal of this thesis is to study the influence of low order rational surfaces on radial
electric field of TJ-II ECRH plasmas. All the measurements were performed by means of
Doppler reflectometer system.
This thesis is organized as follows: Chapter 1 gives a short introduction to the magnetic
islands and historical review of investigations of their role in turbulent transport and plasma
confinement. In Chapter 2 theory of waves in plasmas and reflectometry are given. A description
of experimental set-up – TJ-II Heliac and Doppler reflectometer system is present in Chapter 3.
In Chapter 4 there is a short description of methods of data analysis. Results related to
perpendicular velocity of rotation and radial electric field are present in Chapter 5. Chapter 6
contains summary and conclusions.
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Abstract

During the 2008 experimental campaign a new mode of operation was implemented on
TJ-II Heliac. In the C mode of operation currents in the coils can be ramped during the discharge
in order to change the magnetic field configuration. This allows for dynamic scan of ι in a wide
range during a single shot and can reveal effects that are difficult to notice in scans performed in
a shot to shot basis.
In January 2009 a fast hopping reflectometer installed on TJ-II was upgraded to Doppler
reflectometer. The new system allows for measurements of perpendicular rotation velocity and
level of density fluctuations with excellent temporal and spatial resolution.
C mode together with Doppler reflectometer system is a unique tool to investigate the
dependence of plasma rotation and turbulence on rotational transform value.
Experiments in new operation mode were conducted in order to study the influence of
low order rational surfaces on the radial electric field of low magnetic shear ECRH plasmas in
TJ-II Heliac. It was discovered that the main magnetic resonances (7/4 and 5/3 in this work)
always make a positive contribution to the local radial electric field, and the contribution
depends on the plasma density and the plasma radius. A local reduction in the level of density
fluctuations due to the influence of low order rational surfaces was also observed, and the value
of reduction depends on plasma density. The reduction in fluctuation level might be due to the
radial gradients in E × B drift. Coherent modes of two types (low and high frequencies) in radial
electric field due to the rational 5/3 were revealed. High frequency modes are also present in the
signals from other diagnostics (Mirnov coils, Langmuir probes) and might be related to some
MHD activity induced by the rational surface.

Keywords: radial electric field, low order rational surfaces, stellarator, Doppler reflectometry.
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Chapter 1
Introduction

In magnetic confined fusion devices, if at a toroidal angle φ the magnetic field line is at a certain
position in the poloidal plane, it will return to that position in the poloidal plane after a change of
toroidal angle ∆φ. This change in the angle, divided by 2π is called safety factor:
q=

∆ϕ
.
2π

So, if the line comes back to its starting position after exactly one rotation around the torus, then
q = 1 . In order to calculate safety factor, one should use
q=

1
2π

1 Bϕ

∫ R Bθ ds ,

where Bϕ and Bθ are poloidal and toroidal magnetic fields, ds is the distance moved in the
poloidal direction while moving through a toroidal angle dϕ . For large aspect ratio tokamaks
this equation is simplified to
q( ρ ) =

ρ Bϕ
R0 Bθ

,

Where ρ is effective radius, R0 is the major radius.
Historically, in stellarator machines instead of safety factor q, the rotational transform ι
(iota) is used

ι(ρ ) =

R0 Bθ
2π
≡
.
ρ Bϕ q( ρ )

Geometrically, this is the number of poloidal rotations that are necessary for one toroidal
rotation. Often ι is replaced by ι

ι=

ι
1
= .
2π q

Radial profiles of ι for different stellarator machines are shown in Fig 1.1.
If rotational transform is in the form of ι = n / m , where n and m are integer numbers,
flux surfaces then are called “rational surfaces”. On these rational surfaces in the presence of
additional perturbation of magnetic field local instabilities can develop, that locally can destroy
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flux surfaces by island formation. An example of island formation is shown in Fig. 1.2: islands
break and reconnect field lines.
There are two different types of resonant perturbations. The first type is the external
perturbations, for example additional external field coils as at LHD. The second type arises from
internal plasma currents. The formation of magnetic islands is generally associated with resistive
instabilities and particularly tearing modes.

Fig. 1.1: Radial profiles of the rotational transform of different stellarator machines and
comparison with the tokamak profile [2].

Fig.1.2: A schematic of island formation [1]. a) Magnetic field lines before the island formation.
Rational surface is represented by dashed line. b) Magnetic field lines after the island formation.
3

The magnetic field lines within the magnetic island lie in a set of helical magnetic
surfaces with their own magnetic axis. This is labeled as O-point in Fig.1.2. The island is
bounded by separatrix the two parts of which meets at two X-points.
The width of the island W is
W=

bper
S

,

where bper is a magnetic field perturbation, and S is a magnetic shear. Magnetic shear is defined
as S = dι / dr and describes the radial variation of the rotational transform. As it is seen from the
formula, the width of island is inversely proportional to the shear. The example of a device with
strong shear is LHD. In other hand, in machines with small or almost vanishing shear it is
possible to avoid the rational surfaces. The TJ-II heliac is a machine with high ι and low
magnetic shear, so width of the islands is expected to be large enough to affect local plasma
parameters.
The dual role of low-order rational surfaces is still widely discussed in literature. On the
one hand, low order rational surfaces can enhance the transport and, as a result, deteriorate
confinement [4]. On the other hand, rational surfaces can induce local change in radial electric
field. This can affect neoclassical as well as turbulent transport. For example, electron internal
transport barriers (eITBs) have been observed in the presence of low-order rationals in TJ-II
stellarator [5].
The dual role of rational surfaces in confinement of stellarators is discussed in [6].
A historical overview of the investigation of rational surfaces influence on plasma
parameters is given below.
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The first investigations of low-frequency MHD oscillations in the vicinity of the low
order rational surface ( q = 2 ) inside the hot plasma were made by Hosea at al. in 1973 in the STTokamak [7]. Measurements were performed by means of a heavy-ion beam probe and had
revealed the drift of the mode in ion diamagnetic direction, which is the indication of positive
radial electric field. The rotation of the perturbation in a rigid rotor fashion due to the joint
 
impact of electron diamagnetic drift and E × B drift was also reported. The direction of the
rotation usually corresponded to the negative radial electric field.
Several theoretical models describing the magnetic island rotation were developed. These
theories predicted that surrounding plasma rotates together with magnetic island. For example,
Shaing in 2002 [8] presented a theory to determine the radial electric field in the vicinity of a
magnetic island in tokamaks. The effects of the plasma viscosity due to the distortion of the
magnetic surfaces were investigated. Shaing predicted that in the vicinity of the islands Er can
bifurcate to a large value, and this will suppress the turbulent fluctuations due to the radial
 
gradients of the E × B - and diamagnetic drifts. So, improvement of the plasma confinement is
expected.
Ida at al. in the 2002 [9] made studies of the radial electric field and the transport near the
magnetic island in LHD. The islands n / m = 1/1 were produced by the external perturbation field
coils and measurements were performed by the means of charge exchange spectroscopy and
ECE technique. A large shear of the radial electric field at the boundary of the magnetic island
was observed. When size of an island was small, the Er was observed to be zero inside of the
island. With an increase of size, the Er was zero only at the O-point and the sign of the radial
electric field was reversed across this point (Fig.1.3). The change in the sign of the plasma flow
was observed only at the O-point.
Later, in 2005, in the experiments in the tokamak TUMAN-3M during MHD activity in
Ohmic discharges changes in radial electric field were observed. The short bursts in MHD
activity were observed just after the H-transition, which was probably a result of the plasma
current profile modification. The measurements were performed using Langmuir probes [10] and
Doppler reflectometry [11] techniques. Data, obtained from both techniques, showed a negative
radial electric field before the MHD burst. During the MHD burst, with the island growths, the
Er changed its sign and, as a result, the poloidal velocity of fluctuations changed its sign.
In order to explain these results, Kaveeva at al. in 2007 [12] developed a theoretical
model for the toroidal rotation speed-up and generation of a positive radial electric field. This
model is based on the assumption of the formation of an ergodic layer, in which electron
conductivity dominates over the ion conductivity. The strong electron radial flux is created and
5

the radial electric field becomes positive inside this layer.
 
The existence of E × B flow, linked to rational surfaces in the edge plasma region of the
TJ-II stellarator has been reported previously. For example, Hidalgo at al. in 2000 [13] by means
of Langmuir probes have studied poloidal flow in the regions close to radial location of the
 
8 / 5 rational surface and observed an increase of E × B flow in these regions. Later, in 2001, the
same authors [14] have reported that net turbulent transport reverses from radially outwards to
radially inwards in the vicinity of low-order rational surfaces ( n / m = 4 / 2 ).
The effect of low-order rationals ( n / m = 8 / 5;5 / 3 ) on heat diffusion χ e was also
investigated on TJ-II [15]. It has been found, that χ e is comparatively smaller in the regions
around the vacuum location of the rationals.
Lately, the effect of resonant surfaces on the plasma parameters has been investigated in
experiments with dynamic change of ι [16]. Measurements were performed by the means of
Langmuir and magnetic probes, Mirnov coils, and electron cyclotron emission (ECE)
diagnostics. Again, the decrease in heat diffusivity has been observed near the vacuum location
of resonant surfaces. Additionally, some resonant modes in Mirnov coils and H α signals, in the
time interval when ι crosses rational value, were detected.

Fig. 1.3: Radial profiles of Er for various currents in n / m = 1/1 perturbation coils [9].
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Chapter 2
Theory

In this chapter a brief description of propagation of waves in plasmas is given and the basic
physics principles of microwave reflectometry are described.

2.1

Waves in Plasmas

In this section a brief introduction to the propagation of waves in plasmas is given; the
derivations follow mainly [17], [18].

Maxwell equations are:


 ∂B
∇× E +
= 0,
∂t

 1 ∂E

∇× B − 2
= µ0 j ,
c ∂t

∇⋅B = 0 ,

∇⋅E = ρ .

ε0

(2. 1)
(2. 2)
(2. 3)
(2. 4)



E and B are electric and magnetic fields respectively. ρ stands for charge density, j for current
density. ε0 is the dielectric constant and µ0 denotes magnetic permeability. c is the velocity of

light in vacuum. In anisotropic medium the current density j is connected to the applied electric
field through Ohm’s law:



j =σ E
where σ is the electric conductivity tensor.

(2. 5),


In unperturbed plasma the particle density n and magnetic field B0 are both homogeneous
in space and constant in time. Electrons and ions are motionless.


Assuming that the first order perturbation term ei ( k ⋅r −ωt ) is applied, where r is the point in

space, k is the wave vector and ω is the oscillation frequency, the fields now are:
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E = E1ei ( k ⋅r −ωt ) ,
   
B = B0 + B1ei ( k ⋅r −ωt ) .

(2. 6)
(2. 7)


The electrons and ions are forced to move by the perturbed electric field E and the induced

magnetic field B1 . Lets denote velocity by vα , where the index α indicates the species of particle
(electrons, ions, etc). The current j due to the particle motion is given by

j = ∑ nα qα vα .

(2. 8)

α

nα and qα are the density and charge of the αth species, respectively.
The equation of motion of a single particle of the αth kind is

  
dv
mα α = qα ( E + vα × B ) ,
dt
and after linearization:
  

−iω mα vα = qα ( E + vα × B0 ) .

When the z axis is taken along the direction of B0 , the solution is given by:

vα , x

(2. 9)

(2. 10)

E y Ωα2
−iEx Ωα ω
=
−
B0 ω 2 − Ωα2 B0 ω 2 − Ωα2

vα , y =

iE y Ωα ω
Ex Ωα2
,
−
2
2
B0 ω − Ωα B0 ω 2 − Ωα2

(2. 11)

−iEz Ωα
B0 ω
where Ωα is the cyclotron frequency of the charged particle of the αth kind:
vα , z =

Ωα =

− qα B0
mα

(2. 12)





The components of vα are the linear functions of E and j given by (2. 11), and j is also the

linear function of E (eq (2. 5)), so that the dielectric tensor for cold plasmas is given by

 K⊥

ε =  iK×
 0


−iK×
K⊥
0

where:
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0

0
K 

(2. 13)

K⊥ ≡ 1 − ∑
α

Πα2
,
ω 2 − Ωα2

Π α2 Ωα
,
ω 2 − Ωα2 ω

K× ≡ − ∑
α

K ≡ 1 − ∑
α

Πα2

ω2

(2. 14)

,

nα qα2
.
ε 0 mα
From Maxwell’s equations (2. 1) and (2. 2) it follows that
 

k × E = ω B1
 

1
k × B1 = − 2 ωσ E
c
and
Πα2 ≡

   ω2 
k × (k × E ) + 2 ε E = 0 ,
c

(2. 15)
(2. 16)

(2. 17)

where

ε = (1 +

i

ωε 0

σ)

(2. 18)

Let us define a dimensionless vector

 kc
N≡ .

(2. 19)

ω


The absolute value N =| N | is the ratio of the light velocity to the phase velocity of the wave, i.e.

N is the refractive index. Using N , we may rewrite (2. 19) as

 

N × (N × E) + ε E = 0 .
(2. 20)



If the angle between N and B0 is denoted by θ and x axis is taken so that N lies in the (z,x)
plane, then previous equation may be expressed by

 K ⊥ − N 2 cos 2 θ

iK×

2
 N cos θ sin θ


N 2 cos θ sin θ   Ex 
 
K⊥ − N 2
0
  Ey  = 0 .
2
2
0
K − N sin θ   Ez 
For a nontrivial solution to exist, the determinant of the matrix must be zero, or
−iK×

(2. 21)

AN 4 − BN 2 + C = 0,
A = K ⊥ sin 2 θ + K cos 2 θ ,
B = ( K ⊥2 − K×2 )sin 2 θ + K K ⊥ (1 + cos 2 θ ),
C = K ( K ⊥2 − K×2 )

(2. 22)


This equation determines the relationship between the propagation vector k and the frequency ω
and it is called dispersion equation. The solution is
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B ± B 2 − 4 AC
=
2A
(2. 23)
( K ⊥2 − K×2 ) sin 2 θ + K K ⊥ (1 + cos 2 θ ) ± [( K ⊥2 − K×2 − K K ⊥ ) 2 sin 4 θ + 4 K2 K×2 cos 2 θ ]1/ 2
.
=
2( K ⊥ sin 2 θ + K cos 2 θ )

N2 =

When the refractive index becomes zero, N 2 = 0 , the wave is reflected and is said to be
in cutoff. At cutoff the phase velocity becomes infinity.
When N 2 = ∞ , the wave is said to be at resonance, here the phase velocity becomes zero.
The wave will be absorbed by the plasma at resonance.



2.1.1 Propagation parallel to B .
When the wave propagates along the line of magnetic force (θ = 0), the dispersion relation is

K  ( N 4 − 2 K ⊥ N 2 + ( K ⊥2 − K×2 )) = 0
and the solutions are:
K = 0 ,

(2. 24)

N = K ⊥ + K× , N = K ⊥ − K× .
(2. 25)
The solution (2. 24) refers to local plasma oscillations which do not propagate. The other two
2

2

terms (2. 25) refer to circularly polarized waves, one in right-hand ( R = K ⊥ + K× ) and one in lefthand ( L = K ⊥ − K× ) sense (Fig. 2.1).

Fig. 2.1: Geometry of right- and left-handed circularly polarized waves propagating along B0.
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Cutoff
From (2. 25) it follows that cutoff occurs when K ⊥ + K× = 0 or K ⊥ − K× = 0 . For single-species
plasma these conditions correspond to two cutoff frequencies:
1
2

ω R = [ Ω + Ω 2 + 4Π 2 ]
1
2

ωL = [−Ω + Ω 2 + 4Π 2 ] .
These frequencies are called the right-hand and left-hand cutoffs, respectively.

Resonance
The resonance condition is K ⊥ → ±∞ . This condition is satisfied at ω = Ω e or ω =| Ωi | and is
called electron cyclotron and ion cyclotron resonance respectively.

Dispersion diagram

The dispersion diagram is show in Fig. 2.2. The L-wave has a stop band at low frequencies, a
stop band for R-wave lies between Ω and ωR , but there is a second band of propagation,
with v ph < c , below Ω . The wave in this low-frequency region is called whistler mode.

Fig. 2.2: A dispersion diagram for R and L waves [18].
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2.1.2 Propagation perpendicular to B .
When the wave propagates perpendicular to the line of magnetic force ( θ = π ), the dispersion
2
relation is

K ⊥ N 4 − ( K ⊥2 − K×2 + K ⊥ K ) N 2 + K  ( K ⊥2 − K×2 ) = 0
and the solutions are:

N 2 = K ,

(2. 26)

K ⊥2 − K×2
.
(2. 27)
K⊥
The electric field of the wave satisfying (2. 26) is Ex = E y = 0 , Ez ≠ 0 , electric field is
N2 =

parallel to the magnetic field. This wave is called Ordinary (O) wave.
The electric fields of the wave satisfying (2. 27) are

iEx

Ey

=−

K×

K⊥

, Ez = 0 , so electric

field is perpendicular to the magnetic field. This wave is called eXtraordinary (X) wave.
The dispersion relation becomes
N2 =

1
( K ⊥2 − K×2 + K K ⊥ + | K ⊥2 − K×2 − K K ⊥ |) ,
2K⊥

So that the O and X wave are exchanged at | K ⊥2 − K×2 − K K ⊥ |= 0 .

Cutoff
The cutoff condition for O-wave is K = 0 . The cut-off frequency is ω = ω p .
For the X-wave the cutoff condition implies K ⊥ + K× = 0 or K ⊥ − K× = 0 . These conditions are
the same as for the wave which propagates parallel to the magnetic field. So, cutoff frequencies
are the same.

Resonance
For O-wave the resonance condition is K  → ∞ . This condition implies ω 2 → 0 . So, in O-mode
resonance does not exist in cold plasma approximation.
For X-wave the resonance condition is K ⊥ = 0 and ω 2 = Ω 2 + Π 2 = ωh2 . This is called hybrid
12

resonance. When the wave approaches a resonance point, both its phase velocity and its group
velocity approach zero, and the wave energy is converted into upper hybrid oscillations.

Dispersion diagrams

Dispersion diagrams for O- and X- waves are shown in Fig. 2.3. For O-wave in the region

ω < Π phase velocity becomes imaginary, so wave does not propagate in this region. O-wave
has no resonances. For X-wave at high frequencies the phase velocity approaches velocity of
light. As the wave travels, phase velocity increases further, and in ω = ωR becomes infinite. In
the region ωh < ω < ωR phase velocity is imaginary and wave does not propagate. At ω = ωh there
is a resonance and in the region ωL < ω < ωh propagation is possible again. For ω = ωL there is
second cutoff and for frequencies below propagation is not possible.

Fig. 2.3: A dispersion diagram of a) ordinary and b) extraordinary waves. The waves do not
propagate in shaded regions.

2.2

Reflectometry

This section describes the principles of reflectometry. For more details refer to [19].

Microwave reflectometry is an offspring of radar techniques used in ionospheric studies. The
first application of this method to the laboratory plasmas was made in 1961 [20], and after that
reflectometry had found a wide use in diagnostics of tokamak and stellarator plasmas.
In this method microwave radiation with frequency ω is launched into the plasma along
the density gradient and reflected at the layer where the electron density equals a critical value,
13

nc (Fig. 2.4). Phase changes in the reflected radiation are measured by mixing this radiation with
a reference beam in a detector. The relative positions of the different density layers in the
electron density profile are determined by making the measurement with a rage of different
probing frequencies. Alternatively, movements of a single layer are measured by holding the
source frequency constant and measuring the phase output of the reflectometer.

Fig. 2.4: Schematic of the reflectometry method.

Consider a wave that propagates in z-direction from the plasma periphery to the center. If
in the region from the plasma edge to the point, where n = nc , the geometrical optics approach is
fulfilled, the wave equation is
d 2E ω2 2
+
N E =0.
dz 2 c 2
The solutions of this equation are:
E=

E=

A
k ( z)
B
k ( z)

z

exp(− ∫ | k | dz ) before cutoff, and
zc
z

exp(−i ∫ | k | dz ) +
0

z

C
k ( z)

The wave vector follows k ( z ) =

ω
c

exp(−i ∫ | k | dz ) after cutoff.

N=

0

ω
c

1−
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n( z )
.
nc

(2. 28)

The phase shift between the incoming and reflected waves is − π

, so the total phase shift is

n( z )
π
dz − .
nc
2
0
To obtain the cutoff position, one should know the density profile, n(z).

ϕ =2

ω

2

zc

c∫

1−

(2. 29)

For plasmas with a big curvature ray-tracing should be applied.

2.2.1 Density profile measurements
The electron-density profile can be inferred from the frequency dependence of ϕ (ω ) , that can be
measured by sweeping the frequency of the probing wave. On the other hand, since the phase of
a wave can be measured only relative to the unknown phase of a reference signal, the direct
output of a reflectometer system is ϕ (ω ) + ϕ0 . After differentiation, the equation becomes
z (ω )

c
dϕ
dz
=2 ∫
,
dω
u
z0

this is the round-trip group delay of the probing wave. u is a group velocity. If zc (ω ) is a
monotonic function of frequency, for the O-mode in the cold plasma approximation:

dϕ (ω ) d ω
dω .
(2. 30)
(ω p2 − ω 2 )1/ 2
0
In practice, it is not possible to measure the group delay from ω = 0 ; the value of
zc (ω p ) = z0 +

c

ω
π∫

p

dϕ (ω ) dω up to the lowest employed frequency must be obtained from the other density
measurements, or, in the absence of data, by assuming a shape for the edge density profile.
In the X-mode the profile has to be reconstructed numerically, using algorithms such as
the ones developed by Bottolier-Curtet.
In the presence of noise with a large signal-to-noise power ratio ( S N ), the uncertainty
in the position of the cutoff is

δz ≈

c
,
2ωs (2 S N )1/ 2

where ωs is a lower-frequency [19].
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2.2.2 Density fluctuation measurements
If the frequency of the reflectometer is kept constant, the phase delay becomes:

∂ϕ
ω ∂ c
=2
N ( z )dz .
∂t
c ∂t ∫0
z

(2. 31)

This reflects the radial movements of cut-off layer. The time interval of measurements has to be
long enough to allow statistical analysis.
However, in experiments unexpectedly large or constantly increasing (or decreasing) in
time phase shifts were observed. This effect was termed ‘phase runaway’ or ‘phase ramping’.
This was identified as an asymmetry in the returned frequency spectra due to transverse or
poloidally propagating plasma fluctuations together with misalignment of the reflectometer
system. The Doppler reflectometer technique, described in next section, makes use of these
effects to determine the perpendicular velocity of plasma density fluctuations.

2.2.3 Doppler reflectometry
In this section principles of Doppler reflectometry are explained. For more details refer to [21],
[22].
First Doppler reflectometer systems appeared in 1998/1999.
In the case of Doppler reflectometry the antenna is tilted by a finite angle θ0 ≠ 0 with
respect to the normal onto the reflecting surface, as it is shown in Fig. 2.5. In conventional
reflectometry, where θ0 = 0 , the antenna receives the reflected signal, the 0th order only ( m = 0 ),
higher diffraction orders are suppressed. The oblique incident angle gives an opportunity to
select the diffraction of non-zero order, m ≠ 0 . In most of the experiments the diffraction order
m = −1 is selected. The backscattered beam follows the same trace as the incident beam, so the
same antenna can be used as a transmitter and receiver (transceiver). From the -1 order the
propagation velocity v of the fluctuations can be determined. In addition, the intensity of the
order -1 contains information about the perturbation amplitude.
The Bragg condition for the order -1 requires
k = −2k0 sin θ 0 ,

(2. 32)

where k0 is the wavenumber of the microwave. By a variation of θ0 the k spectrum can be
scanned.
If the reflection plane propagates with a velocity v , the diffracted wave is shifted by
16

 

ωD = v ⋅ k = v⊥ k⊥ + v k + vr kr .

(2. 33)

 
In magnetically confined plasmas it is usually assumed that k ⊥ B . In addition, the radial term
can be neglected as the radial spectrum is normally centred around zero, kr ≈ 0 . This gives the
velocity

Equation k⊥ = −2k0 sin θ 0

λ0

1
.
(2. 34)
2 sin θ 0
shows k⊥ dependence on k0 and θ 0 , so scan of the wavenumber
v⊥ = f D (

)

spectrum is possible with Doppler reflectometry by scanning the tilt angle.

Fig. 2.5: Schematic of Doppler reflectometer geometry ([22]): microwave beam (λo) incident on
the reflection layer with fluctuations (wavelength k⊥ ) moving transverse to the magnetic field
with velocity v⊥ .

The actual velocity extracted from the Doppler shift contains two components:
v⊥ = vE × B + v phase ,
(2. 35)
 
where vE × B is the plasma E × B velocity, and v phase is the phase velocity of fluctuations. For edge

turbulence vE × B ≫ v phase , so v⊥ ≈ vE × B and with the knowledge of B the radial electric field
Er can be extracted.
In microwave reflectometry an optimized spot size is required in order to separate the
17

signal components of order 0 and -1. With a Gaussian beam the 1/e half-width of the weighting
function for amplitudes in k⊥ -space becomes ([23])
2
,
(2. 36)
w
where w is the beam waist. This expression determines the spectral resolution of the diagnostic
∆k⊥ = 2

and is valid only for small tilt angles, where the effect of the geometric projection of the beam
waist onto the reflecting layer weff = w / cos θ 0 to be neglected.
In the case of a finite curvature of probing beam or finite curvature of a reflecting layer,
the spectral resolution becomes

△k ⊥ = 2

w2 k0 2 1/ 2
2
[1 + (
) ] ,
w
ρ

(2. 37)

where ρ is the radius of cutoff layer.
Fig. 2.6 illustrates the spectral resolution k⊥ of a Gaussian beam in the case of TJ-II in the
standard configuration ( R plasma = 0.28 m). The theoretical optimum beam waist lies between
1.6cm < wopt < 2.0cm . It is largest for f = 33 GHz and decreases towards higher frequencies.

Fig. 2.6: Spectral resolution of a Gaussian beam scattered at a cut off layer of the TJ-II
( R plasma = 0.28 m) for different probing beam frequencies [24]. The optimum beam waists are
shown as vertical lines.
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Chapter 3
Experimental Setup

In this Chapter, the TJ-II stellarator and the diagnostics, used in this work, are introduced.

3.1 The TJ-II Stellarator
TJ-II is a 4-period, low magnetic shear stellarator of the heliac type [25], which started operation
in 1997 in Madrid, Spain. Its major radius is R0 = 1.5 m, average minor radius a ≈ 0.2 m and
magnetic field strength B0 ≈ 1.0 T. The TJ-II configuration is sketched in Fig. 3.1. It consists of
32 toroidal field (TF, red) coils, 4 vertical field coils (VF, green) and central conductor (light
green). The central conductor consists of one helical (HX) and one circular (CC) coil.
Due to the four periods (m = 4), the TJ-II is divided into four sectors (A, B, C, D), each
one 90º, which are identical in terms of physics (flux surfaces are identical). Each sector has
eight ports, labeled counterclockwise. Because of the stellarator symmetry, ports 5-8 are
identical to 1-4, mirrored at the line which goes through the circular coil (r-R0 = 0 m, z = 0 m)
with angle of 90º - 4φ to the equatorial plane.
Separately controllable currents in the central conductor windings give the device its
unique flexibility. The configuration of currents in different coils is generally labelled
ICC_IHC_IVF and denotes currents in terms of 100 A. Varying the currents in the coils different
values of rotational transform ι and different plasma volumes can be achieved. The sum of first
two currents determines the plasma volume, which can be varied between 0.3 and 1.1 m3. The
value of ι (0) can be in the range 0.9-2.2 and the magnetic shear is negative. Fig. 3.2 shows iota
profiles for different configurations of currents.
Plasmas are created and maintained by electron cyclotron resonance heating (ECRH) and
neutral beam injection (NBI) systems. ECRH system consists of 2 gyrotrons, f = 53.2 GHz,
PECRH = 300 kW each, heating at the second harmonic. The gyrotrons are coupled to the plasma
by means of two quasi-optical transmission lines. The transmission lines are equipped with
mobile mirrors installed inside the vacuum chamber in symmetric positions. The mirrors can
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rotate in both poloidal and toroidal directions to allow selective radial location of power
deposition, or inducing current by electron cyclotron current drive. NBI system consists of 2
injectors, PNBI = 1MW in total. In the NBI heating, beam of ions are produced and accelerated to
high kinetic energy in the ion source and crosses a neutralizer, where they get partially
neutralized by charge exchange. Residual ions are deflected away magnetically and dumped.
The plasma discharges of TJ-II last up to 300 ms, with hydrogen or helium as working
gas.
The characteristics of TJ-II stellarator and produced plasmas are summarized in Tab. 3.1.

Fig. 3.1: Coil system of TJ-II. The green coils are the vertical field (VF) coils, the red coils are
the toroidal field (TF) coils, the light green one is the central conductor.
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parameter

value

major radius, R0 [m]

1.5

average minor radius, a [m]

≤ 0.2

magnetic field strength, B [T]

≤1

rotational transform, ι (0)

0.9 ≤ ι (0) ≤ 0.22

electron density (ECRH),

nECRHe,max [1019 m-3]

1.2

electron density (NBI), nNBIe,max [1019 m-3]

8

peak electron temperature, Te,max [keV]

2

ion temperature, Ti [keV]

0.15

Tab. 3.1: Characteristics of TJ-II and produced plasmas.

Fig. 3.2: Vacuum rotational transform profiles for different configurations of currents.

Modes of operation
The Power Supply System of TJ-II has two modes of operation in order to optimize the
pulse sequences: autonomous mode (A Mode) and controlled mode (C Mode) [26].
In A Mode Operation, current references defining a pulse are configured in the power
supply control system. Only flat current profiles can be programmed during the flat-top period,
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hence only a single magnetic configuration can be created during each pulse. The magnetic
configuration cannot be varied during the pulse.
In C Mode Operation, current references and synchronization signals are transmitted in
real time from the TJ-II central control system. As a result, current profiles with different slopes
can be programmed during the flat-top, so multiple magnetic configurations can be explored
during a single discharge. So, a scan of rotational transform, that earlier would take about 10
discharges now can be done in one discharge. This type of experiment should not only shorten
the time of measurements, but also may help to reveal some effects, which are not visible in shot
to shot changes of ι . Also it may be easier to identify a moving (on time or radial position)
effect on plasma parameters than to resolve it from several scans with steady configurations.
In C mode operation, the change of poloidal magnetic flux induces additional toroidal
plasma currents. These currents can be compensated quite well in the plasma region with the
Ohmic transformer.
The C mode of operation was implemented during the 2008 experimental campaign.
For more details refer, for example, to [16].

3.2 The AM Profile Reflectometer
This section contains a short description of the Amplitude Modulated (AM) profile
reflectometer, installed in TJ-II. For more detailed information refer to [27].
The AM reflectometer covers almost the whole density range in all the magnetic
configurations during the ECRH phase of TJ-II. The density range that can be covered with AM
reflectometer is 0.03 − 1.4 × 1019 m −3 .
The system consists of a hyper-abrupt varactor-tuned oscillator (HTO) in combination
with active multipliers and covers two frequency segments: 25–36 and 36–50 GHz. The signal is
amplitude modulated at 200MHz and a reference signal is split by a directional coupler. Lowpass filters (FLP, f = 50GHz) are included to protect the system against the RF power from the
ECRH system (fECRH = 53.3 GHz). Signal is sent to the plasma by an emitting antenna.
Reflected signal is received by another antenna and is phase demodulated at lower
frequencies. The frequency conversion is done using a local oscillator (LO) and the phase shift
of the received signal is measured by a phasemeter, comparing with the reference signal.
The emitting and receiving antennas are located in the equatorial plane of the toroidal
cross-section defined at φ = 45º, and view the plasma from the low-field side. The reconstruction
of the density profile from the measured time delay is done using the Bottollier algorithm.
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Fig. 3.3 represents the diagram of the AM profile reflectometer.

Fig. 3.3: (a) Diagram of the AM reflectometer front end. (b) Diagram of AM receiver.

3.3 The Doppler Reflectometer
In January 2009 the conventional hopping reflectometer [28] was modified to allow for Doppler
measurements.
The new Doppler reflectometer system consists of two parts: a transceiving antenna and an
ellipsoidal mirror, which is used to select the incident angle θ0 with the plasma. Short description
of the Doppler reflectometer system is giving in this section, for more detailed information one
should refer to [24], [29]. For theoretical description of Doppler reflectometry see Sec. 2.2.3.
The transceiving antenna is a mixture between chocked and corrugated antenna. It was
developed to obtain Gaussian beam in the Q-band (f = 33-50 GHz). The emitted beam has a
beam waist of 1.7λ0 at 41 GHz and the beam waist scales linearly with the square root of the
wavelength, i.e. ω0 ∝ λ0 . This property results in constant radius of curvature of the incoming
beam. The transceiving antenna was designed and manufactured by Antenna Group of the Public
University of Navarra, Spain.
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Fig. 3.4: A drawing of the antenna, installed in TJ-II ([24]).

Fig. 3.5: Elliptical mirror, installed in TJ-II ([30]). View from the side part where the antenna is
installed.
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The ellipsoidal mirror (Fig. 3.5) is a steerable mirror, which can be moved in shot-to-shot
basis. Total angular range, covered by the mirror is ± 10º with an angular resolution of 0.1º.
Selecting the inclination angle of the mirror one can probe different wave numbers of turbulence.
The reflectometer system can work in two regimes: as a conventional reflectometer (θ0 = 90º)
and as a Doppler reflectometer (oblique incident angle).
In Fig. 3.6 a sketch of the installed Doppler reflectometer is shown. The vessel walls are
represented by thick solid lines. The flux surfaces of the standard configuration are shown in red.
Beams emitted by antenna and reflected at three different mirror angles are represented in blue,
green and pink.
Because of cut-off layer curvature of TJ-II ray-tracing has to be used to estimate the
position of scattering of the beam and k┴.

Fig. 3.6: Schematic of the Doppler reflectometer system installed in TJ-II. The flux surfaces are
shown in red, beams emitted from antenna and scattered at different mirror angles are
shown in blue, green and pink.

The Doppler reflectometer has two identical, but independent channels that can be
programmed individually. The frequencies during the discharge can be kept constant, or can be
changed (in frequency range of 33-50 GHz) on a timescale smaller than 1ms. The frequency
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change during the discharge allows for the measurements with high radial and temporal
resolution.
The diagram of one of the channels is shown in Fig. 3.7. Two independent synthesizers
f = 8 − 12.5 GHz are used [31]. One of the synthesizers is called the main synthesizer (RF) and
the other one is called local oscillator (LO). LO has a frequency offset of 0.192 GHz.
The RF signal is then multiplied by 4 (to achieve 32-50 GHz) and then sent to plasma via
the transceiving antenna. The reflected signal is received by the same antenna and sent via the
directional coupler to the harmonic mixer. The signal is converted to 768 MHz, amplified and
band pass filtered around 768 MHz with 10 MHz bandwidth. Then it is amplified and sent to the
I.Q. detector.
The LO signal is mixed with RF signal and then multiplied by 4 to achieve 768 MHz and
the sent to I.Q. detector.
The I.Q. detector returns three components: a constant component, a high frequency
component and so-called beat frequency, whose amplitude and phase contain information of
plasma parameters.

Fig. 3.7: Diagram of one channel of the electronics of the Doppler reflectometer. For the details
refer to text.
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3.4 The Mirnov Coils System
Magnetic fluctuations are measured by a Mirnov coil system [32] which consists of:

4.1

two straight sets, with 12 coils each, which measure the three cylindrical components (R,
Z, and φ) of the magnetic field at four positions located along a vertical line over the
plasma column. The two straight sets are located in two adjacent periods, B and C, of the
TJ-II vacuum vessel, at different locations within the stellarator period, ϕ = 142 and

ϕ = 218 , respectively. The signals from sector C are analyzed in this work.
4.2

one poloidal array with 15 coils that cover a poloidal angle of ± π

2

and measure the

poloidal field component. This array is located in the midtoroidal section of sector D
( ϕ = 315 ), looking for the up-down symmetry of the TJ-II vacuum magnetic field.
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Chapter 4
Data Analysis

This chapter explains the methods used to analyze the experimental data, obtained from TJ-II
stellarator. Section 4.1 presents the raw data description. The techniques and tools used for data
analysis are shown in the section 4.2.

4.1

Raw Data

In this thesis experimental data were obtained from the Doppler reflectometer system installed in
TJ-II and from the vertical array of Mirnov coils. In Chapter 2 explanation of the experimental
set-up is given.
The output of Doppler reflectometer are In-phase (I = Acosφ) and Quadrature (Q= Asinφ)
fluctuation signals. Those signals were digitized by the system with sampling rate 10 MHz (∆t =
0.1 µs).
The output of the Mirnov coils (vertical set, MIR5C) is the time trace of cylindrical field
components. The signal from Mirnov coils is digitized with sampling rate 1 MHz (∆t = 1 µs).

4.2

Methods and Tools Used for Analysis

The IDL (Interactive Data Language) programming language was used as a main tool for the
data analysis in this thesis work. The IDL integrates a powerful, array-oriented language with
numerous mathematical analysis and graphical display techniques.
To extract the information from the reflectometry data, signals were time windowed,
typically 2048 points (0.2 ms) per window and a sliding fast Fourier transform (FFT) to the
complex amplitude signal, C = I + iQ = Aeiϕ was applied [33]. This gives a double-sided power
spectrum S(f), as shown in Fig.4.1a. The amplitude of the power spectrum reflects the level of
density fluctuations nɶe , and the position of the maximum gives the Doppler shift f D
(perpendicular

velocity

v⊥ ).

Plotting
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log10 ( S ) versus the time interval and frequency, the

spectrogram of the signal can be obtained (Fig.4.1b). Spectrogram is a very convenient way of
representing reflectometry data, because it shows simultaneously the level of the fluctuations and
the Doppler shift of frequencies.

a)

b)

Fig. 4.1: Shot #20885, channel 1, magnetic field configuration 87_56_63. a) An example of
power spectrum of complex signal, using sliding FFT analysis technique. ∆t = 2 ms, nfft = 1024.
b) Spectrogram of time-windowed signal.

To extract values of Doppler shift frequency f D and fluctuations level nɶe , each power spectrum
can be fitted with a Gaussian function. The position of Gaussian’ maximum gives the Doppler
shift (Fig. 4.2a) and the Gaussian’s maximum value reflects nɶe (Fig. 4.3a).
However, an automatic Gaussian fit of a spectrum requires a lot of time and often fails,
when the time window is very small (less then ∆t = 0.256 ms).
To increase the time resolution and to hasten the evaluation, some approximations can be
applied.
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If the spectrum is dominated by the single Doppler peak, then a center of gravity of each
spectrum,

< f >=

∑ f ⋅ S( f ) ,
∑ S( f )

(4.1)

gives the approximate Doppler frequency. As can be seen from Fig. 4.2, the Doppler shift time
trace, obtained from Gaussian fit and the center of gravity time trace are in a good agreement.

a)

b)

Fig. 4.2: Shot #20885, channel 1, magnetic field configuration 87_56_63. a) Doppler shift time
trace, obtained from fitting with Gaussian function, ∆t =0.4ms. b) Center of gravity time trace,
∆t =0.4ms. As it can be seen from the figures, center of gravity is a good approximation for
determining the Doppler shift.
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The root mean square (rms) value of the signal, which is defined as

xrms =

1 n 2
∑ xi
n i =1

,

(4.2)

can be used instead of the height of Gaussian peak, that is proportional to the density fluctuation
level at the selected turbulence k⊥ . Applying (4.2) to both time windowed signals I and Q and
taking the sum of received quantities, the total level of fluctuations in each time interval was
extracted.

a)

b)

Fig. 4.3: Shot #20885, channel 1, magnetic field configuration 87_56_63. a) nɶe time trace,
obtained from fitting with Gaussian function. b) rms time traces (in a.u.): rms(I) is shown in
blue, rms(Q) in green and their sum is shown in red.

To extract the fluctuations of the Doppler shift, a sliding FFT was applied to the f D (t )
time series.
A sliding FFT technique was also applied to Mirnov coils signals. Typically, a step
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interval of 1024 points with an FFT window of 2048 points was used.

Interpretation of f D .
Doppler shift frequency f D is actually the perpendicular plasma velocity (see Chapter 2), and
the sign of f D shows the direction of rotation. If f D < 0 , then v⊥ > 0 and plasma rotates in ion
diamagnetic direction; f D > 0 ( v⊥ < 0 ) corresponds to electron diamagnetic direction.
As it was already discussed in Chapter 2, in the plasma edge v⊥ ≈ vE × B , so a change in
rotation direction means the inversion of radial electric field Er .
Knowing the perpendicular velocity v⊥ and value of magnetic field B , one can extract
the value of radial electric field as
Er = v⊥ B .
In the TJ-II stellarator, the value of magnetic field at the radial position probed by
reflectometer is 0.9T, so Er can be calculated very easily:
Er = 0.9v⊥ .

4.3

Estimation of errors

The velocity is calculated as a function of two independent variables – the Doppler shift
frequency f D and the perpendicular wave number k⊥ . To estimate the error in perpendicular
velocity, the formula for errors of indirect measurements can be used:

∆F =

∑ (∆x

i

i

∂F 2
) ,
∂xi

where F = F ( xi ) , and xi are independent values.
However, E × B velocity does not depend on perpendicular wave number. So, only error
in estimation of f D should be taken into account. Relative error in perpendicular velocity can be
approximated as
∆v⊥ ∆f D
=
.
v⊥
fD
The error in the estimation of the Doppler shift frequency, ∆f D was taken as a standard
deviation of f D time trace in corresponding time interval. ∆f D doesn’t depend much on plasma
most cases its value is ∆f b ≈ 20 − 35kHz .

density or measurements position ρ, and in
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The errors in the perpendicular velocity are calculated below for two extreme values of
Doppler shift frequencies, but for the radial position ( ρ = 0.84 ) and similar density (i.e. the same
k⊥ ) .
a.

f D = −330kHz ( ne ≈ 0.65 × 1019 m−3 ): v⊥ = 3.93km / s , ∆ err v⊥ = 0.24km / s ;

b.

f D = 20kHz ( ne ≈ 0.67 × 1019 m−3 ): v⊥ = −0.24km / s , ∆ err v⊥ = 0.36km / s .

These values give an idea about the range of velocity errors.

The error in the estimation of the level of fluctuations is estimated as a standard deviation
of the rms time trace, and its relative error is ∆rms / rms = 4 − 15% . In this thesis the absolute
values of ∆nɶe are not calculated, only general behavior is described.
The radial position of measurements ρ is an output of TRUBA code. The code generates
3 parallel, separated rays in order to simulate the actual size of the probing beam. k⊥ and ρ are
calculated for each ray and the dispersion of values gives the error in radial position. Error in
estimation of ρ is in the range ∆ρ = 0.013 − 0.028 .
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Chapter 5
Experimental Results

5.1

Introduction

It has been reported previously [34] that in TJ-II Heliac during ECRH discharges plasma
changes its rotation from ion diamagnetic to electron diamagnetic direction, when plasma density
exceeds a threshold value, that depends on ECH power level and on magnetic configuration (Fig.
5.1). The measurements in [34] were performed by the means of Langmuir probes. Later, this
result was confirmed using another diagnostic – conventional reflectometer (see, for example
[28]).
This reversal of perpendicular velocity is connected to the reversal of radial electric field.
When the density increases, the shearing rate increases. Also experiments show, that once the
sheared flow is fully developed, the level of fluctuations and turbulent transport slightly
decreases.

Fig. 5.1: The behaviour of perpendicular velocity as a function of line average density [34].

This effect was also observed in the experiments, described in this thesis. Perpendicular
velocities, as a function of line average densities, for two different values of ι are shown in
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Fig.5.2. Radial position of measurements is ρ ≈ 0.84 . At low values of line average density
perpendicular velocity is positive (ion diamagnetic direction), then, moving towards higher
density, velocity decreases. After reaching threshold value ( ne ≈ 0.65 − 0.7 × 1019 m−3 ) velocity
changes its sign and becomes negative – plasma starts to rotate in electron diamagnetic direction.
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Fig. 5.2: The behavior of perpendicular velocity as a function of line average density ( ρ ≈ 0.84 ):
a) ι ≈ 1.74 ; b) ι ≈ 1.66
In this chapter it will be shown how the velocities change when low order rational surfaces are
present in the plasma.
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5.2

Magnetic configuration scans

Experimental conditions

In the experiments in C mode operation (see Sec. 3.1) the currents in coils were swept during the
discharge to perform the magnetic field configuration scan. The radial profiles of the vacuum

ι are shown in Fig.5.3. Sweeps were made in both directions – from low to high ι and back. As
one can see from the figure, 4 rational values of ι were crossed: 8/5, 5/3, 7/4 and 9/5.
Reflectometer mirror was inclined to θl = 5° . The frequencies of probing beams were kept
constant during a shot in order to investigate the time evolution of turbulence in one radial
position. Also frequencies were changed in shot to shot basis, in order to cover the whole
available radial range.

Fig. 5.3: Radial profiles of the vacuum ι corresponding to a dynamic configuration scan. The
profiles are shown at 50 ms intervals. The lowest order rational values are shown with
horizontal dotted lines.
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5.2.1 Fast changes in Doppler frequency
In these discharges sharp drops in the Doppler shift frequency were detected. An example
is shown in Fig.5.4. These jumps are present also in level of fluctuations (Fig.5.4c). As can be
seen from Fig.5.4d, jumps are not caused by fast changes in line average density, which is quite
smooth in those time intervals. These jumps are:
•

systematic;

•

appear at different densities;

•

symmetric in time and shape when comparing up and down sweep.

These observations indicate that these effects may be caused by rational values of ι .

a)

b)

c)

d)

Fig. 5.4: Shot #20344, channel 1, configuration scan 78_66_63-> 96_47_63: a) spectrogram of
trace. d) line average density.

the signal. b) f D time trace. c) rms time
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Each jump was analyzed and several parameters were extracted. These parameters are:
f D before the jump, f D min - the minimum of Doppler frequency and the time position of f D min tmin (Fig. 5.5). Jumps in rms were analyzed in similar way – the value of reduction ∆rms was
estimated and normalized to the level of fluctuations before the jump.

Fig. 5.5: Analysis of the jump in Doppler frequency.

Both the changes in the Doppler frequency and in the rms are larger than the errors (see
Chapter 4) and are therefore clearly visible.

As it was already mentioned in Section 3.3, Doppler reflectometer has 2 independent
channels, which can be programmed individually. During the experiment, frequencies of two
probing beams were kept constant and different from each other. This provided probing of the
plasma in two different radial positions during each shot.
During the up scan (from low ι to high) rational surface moves from plasma edge to the
plasma core. In the signals we see, that in the inner position the jump in Doppler shift frequency
appears later. This is illustrated in Fig. 5.7.
During the down scan (from high ι to low) rational surface moves from plasma core to
the edge. And this is also observed in the experiment: in the inner channel the jump appears
before (Fig. 5.8).
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Fig. 5.7: Shot # 21664, up scan (96_47_63 -> 78_66_63). Doppler shift frequencies (mean free)
of both Doppler reflectometer channels: channel 1 is shown in red and probes plasma at ρ =0.8,
channel 2 is shown in blue and probes at ρ =0.75.

Fig. 5.8: Shot # 21652, up scan (78_66_63->96_47_63). Doppler shift frequencies (mean free) of
both Doppler reflectometer channels: channel 1 is shown in red and probes plasma at ρ =0.84,
channel 2 is shown in blue and probes at ρ =0.81.

Radial position and time appearance of the jumps

Density profiles, obtained using an AM reflectometer were used together with ray-tracing
code TRUBA [35] to determine the radial position of the measurements ρ and the probed wave
number k⊥ . This allows us to determine, how close the jumps in Doppler shift frequency are in
radial position and time interval to the resonant surfaces.
Knowing the time interval and radial position of the jump appearance, from Fig. 5.3 we
can see, that the observed jumps are close to low order rationals 7/4 and 5/3.
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Fig. 5.9 represents the radial positions of the measurements and the time interval of
jumps appearance. Solid lines represent theoretical calculations of vacuum positions of rational
surfaces 7/4 and 5/3. Positions of the minimum Doppler shift frequency during the jump are
shown by squares. The length of horizontal lines represents the whole time interval of the jump.
As it can be seen from the figure, jumps appear very close to the resonant surfaces.

Fig.5.9: Time and radial position of the resonant surfaces of the calculated vacuum rotational
transform (solid lines) and the jumps in Doppler frequency (points) for up scan (left) and down
scan (right).

The good agreement, found between the position of the rationals and the jumps in the
Doppler frequency allows us to conclude that we are measuring the change in the radial electric
field induced by the low order rational surfaces.

Estimation of island width
With the known radial position and time interval ∆t of island appearance, it is possible to
estimate its width. Width is calculated as
W = υ ⋅ ∆t ,
where υ is the island vacuum velocity, and is estimated as the slope of the corresponding ρ (t )
curve.
The calculated width is in the range of 1-2 cm and is independent of the order of the
rational. No radial or density dependence was found.
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5.2.2 Fast changes in perpendicular velocity
ne dependence:

During the scans in both up and down directions, densities were changed in shot-to-shot basis
and the frequencies of the probing beams were kept constant in order to investigate the density
dependence of the effect of rationals.
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Fig. 5.10: Perpendicular velocities as a function of line average density for both up and down
scans ( ρ ≈ 0.84 ). Circles represent velocities just before the appearance of the rational, stars
represent velocities during the rational surfaces, and lengths of vertical lines represent the
maximum change in velocities: a) rational

7/4; b) rational 5/3.
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Fig.5.10 represents perpendicular velocities before rational (circles) and at the time, when
rational appears (stars) as a function of line average density. Vertical lines represent the change
of velocities (are not error bars!) and are shown mainly to guide an eye.
The density dependence of the perpendicular velocity change (length of the vertical lines
in Fig.5.10) for both up and down scans is shown in Fig.5.11. The radial position of the
measurements, ρ was approximately 0.84. As it can be seen from the plots, the change in
velocities is higher for lower line average densities. This effect doesn’t seem to depend on the
order of the rational.
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Fig. 5.11: Change of perpendicular velocity (length of vertical line, shown in Fig.5.9) as a
function of line average density ( ρ ≈ 0.84 ) for both up and down scans: a) close to vacuum
position of rational 7/4; b) close to

vacuum position of rational 5/3.
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Radial dependence:

In one of the experiments several discharges with similar line average densities were made in
both up and down scans. Frequencies of the probing beams were changed in shot to shot basis, in
order to investigate the radial dependence of rationals’ effect.
Fig. 5.12 shows the radial dependence of velocity change for both scans for different
densities. It is clearly seen from the plots that change in velocities increases while moving
toward the plasma edge.
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Fig. 5.12: Velocity change as a function of radial position ρ : a) rational 7/4; b) rational 5/3.
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5.2.3 Reduction in level of fluctuations
ne dependence:
Density dependence of reduction in fluctuations for both up and down scans is shown in
Fig.5.13. The radial position of measurements, ρ was approximately 0.84. As it can be seen
from the plots, this dependence is similar to the velocity change dependence on density. The
effect is higher for lower line average densities and doesn’t seem to depend on order of rational.
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Fig. 5.13: Reduction in level of fluctuations as a function of line average density ( ρ ≈ 0.84 ) for
both up and down scans: a) close to vacuum position of rational 7/4; b) close to vacuum position
of rational 5/3.
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Radial dependence:

Fig. 5.14 represents the reduction in fluctuations as a function of radial position. In contrast to
the change in velocity, there is no clear dependence of fluctuations reduction on radial position ρ.
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Fig. 5.14: Reduction in fluctuations as a function of radial position ρ : a) rational 7/4; b)
rational 5/3.
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5.2.4 Coherent modes in perpendicular velocity
In most of the discharges two types of coherent modes in Doppler shift frequencies were
discovered.

Low frequency modes.
In the time interval close to the rational surface 5/3 in both up and down scans
oscillations of Doppler shift frequency appear. These oscillations have higher amplitude, than
f D oscillations far from the rational, and have some periodicity. These Doppler shift frequency
oscillations are actually the oscillations of radial electric field.
An example of such oscillations is shown in Fig. 5.15a; in this case they appear in the
time interval 206-213 ms, just before the jump. These oscillations have big and not stable period,
approximately 1ms, so corresponding frequency is about 1 kHz. Corresponding amplitudes of
oscillations in values of v⊥ and Er are 3.2 km/s and 2.9 kV/m respectively. In some of the
discharges oscillations are less chaotic and have smaller period. They form coherent modes. An
example of such oscillations is shown in Fig. 5.15b, time interval 98-112 ms. In this case the
oscillations amplitude of v⊥ is 4 km/s that corresponds to 3.6 kV/m.

a)

b)

Fig. 5.15: Coherent modes in Doppler shift frequencies: a) shot #20340, channel 1,
configuration scan 78_66_63-> 96_47_63; b) shot #21665, channel 2, configuration scan
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96_47_63->78_66_63.

Oscillations are symmetric in time in up and down scans. In down scans they appear in
the time interval when the jump in Doppler shift starts to form. In Fig. 5.15a a down scan is
shown, the jump appears in the time interval 204-232 ms, while oscillations appear, as mentioned
above, 206-213 ms.
In up scans oscillations appear after the decrease of Doppler shift frequency reached its
maximum and f D starts to recover itself to the previous value. In Fig. 5.15b up scan is shown,
jump appears in time interval 88-113 ms, while oscillations appear at 98-112 ms.

The frequencies of these modes lie in interval 5-8 kHz. Fig. 5.16a shows power spectrum
of Doppler shift frequency of one of the down scan discharges. It is clearly seen from the plot,
that frequency 6 kHz is a dominant one. The corresponding perpendicular velocity is shown in
Fig. 5.16b.

a)

b)

Fig. 5.16: Shot #21674, channel 1, configuration scan 78_66_63-> 96_47_63: a) power
spectrum of Doppler shift frequency; b) oscillations of perpendicular velocity.
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Fig. 5.17: Frequencies of the coherent modes of Doppler shifts as a function of line average
density. Radial positions of the measurements: for up scan ρ ≈ 0.77 , for down scan ρ ≈ 0.82 .

The frequency of the coherent modes and their dependence on line average density were
analyzed. In discharges with low line average densities (less than ne ≈ 0.65 × 1019 m−3 ),
oscillations in Doppler frequency are present, but they are chaotic and do not form coherent
modes. When density is higher, a dominating frequency appears. The frequency interval of
coherent modes is about 5-8 kHz.
Mode frequencies, as a function of a line average density are shown in Fig. 5.17. After
some density threshold mode appears and then with increase of density, frequencies do not
change much.

In down scans rational moves from the plasma core to the plasma edge. When outer
surface (with respect to plasma core) of created magnetic island is reaching the position of
measurements, it tends to change the local radial electric field.
In up scans rational surface moves from the plasma edge to the plasma core. When outer
surface of magnetic island passes the position of measurements, local plasma starts to recover its
radial electric field, and oscillations appear.
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High frequency modes.

These modes also appear close to the rational surface 5/3 in both up and down scans. They are
symmetric in time: in up scans appear after the jump and after the low frequency mode; in down
scans appear before the jump and before the low frequency mode. The amplitude of these modes
is smaller, than in the case of low frequency ones, and the standard deviation of the Doppler shift
frequency is in average the same. For example, in shot #21674 the mode appears in the time
interval 206-216 ms, right before the low frequency one. Fig. 5.18 shows the power spectrum of
above mentioned time interval and the corresponding velocities. A peak around the frequency 28
kHz is clearly seen.
The frequency range of modes is 15-30 kHz.

a)

b)

Fig. 5.18: Shot #21674, channel 1, configuration scan 78_66_63-> 96_47_63: a) power
spectrum of Doppler shift frequency; b) oscillations of perpendicular velocity, mode is not
visible by eye.

Density dependence of the mode frequencies was also investigated. Frequencies as a
function of line average density are shown in Fig. 5.19. Modes appear in almost all covered
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density range, and without any threshold value of ne . There is a clear dependence on density –
with increasing ne frequency of the modes increases.
Later in this thesis results from Mirnov coils signals analysis will be introduced and it
will be mentioned that these modes appear in the same frequency range and time interval, as
MHD modes. These modes are seen by many diagnostics even at the plasma edge, so large part
of the plasma volume is affected.

mode frequencies
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Fig. 5.19: Frequencies of the coherent modes of Doppler shifts as a function of line average
density.

5.2.5 Other Diagnostics
Mirnov coils

In the Mirnov coils signals coherent modes were detected. As it can be seen from the
Fig.5.20, there are 4 coherent modes in the spectrogram. However, the analysis of the signals
from poloidal array of Mirnov coils shows that modes in time interval 100-150 ms have the same
mode number ( m = 4 ). The same result is for the modes in the time interval 200-250 ms ( m = 3 ).
So, finally, there are 2 modes of MHD activity with different mode numbers. Mode seems to be
‘broken’: in some moment it disappears and changes its frequency. This ‘breaking’ of the mode
appears in the same time interval, as the jump in Doppler frequency.
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Fig. 5.20: Spectrogram of Mirnov coils signal and Doppler shift time trace. Shot #21649,
channel 1, magnetic field configuration scan 78_66_63->96_47_63.

Frequencies and time appearance of the modes were analysed.
For both scans, frequencies of the modes associated to the rational surface 5/3, coincide
with frequencies of coherent modes in Doppler shift.
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Chapter 6
Summary and Discussion

The main objective of this work has been the investigation of the change in the radial electric
field when low order rational surfaces are present in the plasma. Several experiments with
dynamic change of ι were made. For the experimental work, the recently installed two-channel
Doppler reflectometer system of TJ-II was used. These were the first experiments, where

Doppler reflectometer was used to investigate the effect of rational surfaces on radial
electric field and plasma turbulence during the dynamic scan of ι .
As it was shown previously by means of Langmuir probes, plasma perpendicular velocity
changes with change of density. For two values of rotational transform, using Doppler
reflectometer, it was confirmed again, that when density reaches a threshold value
( ne = 0.65 − 0.7 × 1019 m−3 ) rotation changes from ion diamagnetic to electron diamagnetic
direction.

When a rational surface is present in plasma, the perpendicular velocity v⊥ is altered.
When the rational crosses some local position in the plasma, local perpendicular velocity
undergoes a fast change. In the experiments described in this work, mainly the effect of rational
surfaces 7/4 and 5/3 was observed.
The value of velocity change ∆v⊥ in a fixed radial position depends on density.
Experiments show, that increasing the line average density, ∆v⊥ decreases. In the radial position

ρ ≈ 0.84 the value of ∆v⊥ changes from 3-3.2 km/s for ne ≈ 0.7 × 1019 m−3 to about 1 km/s for
ne ≈ 1.1× 1019 m −3 for the rational surface 7/4. For the rational 5/3, values obtained in experiment
are in the range of 3.5-2.5 km/s for density range ne = 0.7 − 0.98 × 1019 m−3 .
For a fixed density value, measurements at different radial positions were performed.
Experimental results show, that the ∆v⊥ increases with plasma radius. With the rational surface

7/4, at the plasma density ne ≈ 0.58 × 1019 m−3 , ∆v⊥ changes from 0 km/s at ρ ≈ 0.72 to
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∆v⊥ ≈ 2.3 km/s at ρ ≈ 0.83 . With the rational surface 5/3, at plasma density ne ≈ 0.66 ×1019 m −3 ,
∆v⊥ changes from 0 km/s at ρ ≈ 0.75 to ∆v⊥ ≈ 2.6 km/s at ρ ≈ 0.85 .
The measured perpendicular velocity is a sum of the intrinsic phase velocity of the
 
density fluctuations and plasma E × B velocity. However, for edge turbulence v⊥ ≈ vE × B . This
means that the change in perpendicular velocity is actually a change in radial electric field Er .
In TJ-II, in the radial positions investigated in this thesis, the value of magnetic field is
approximately 0.9 T, so it is easy to estimate the change in radial electric field as ∆Er = 0.9∆v⊥ .
The change in radial electric field in probed radial and density range is always positive, ∆Er > 0 .
The maximum change in radial electric field due to the rational 5/3 is ∆Er ≈ 3.15kV / m at
ne ≈ 0.7 × 1019 m−3 , ρ ≈ 0.84 . The maximum change in radial electric field due to the rational 7/4
is ∆Er ≈ 2.88kV / m at ne ≈ 0.7 × 1019 m−3 , ρ ≈ 0.84 .
Obtained results for ∆Er are comparable with results, obtained by Ida in [9] for the island
width W ≤ 4cm .
A possible explanation of positive ∆Er generation is electron losses due to perturbations
of the magnetic field lines, caused by the magnetic island.

When a rational surface is present in the plasma, the level of density fluctuations nɶe is
locally reduced. The dependence of the fluctuations reduction on the plasma radius ρ and line
averaged density ne was investigated.
The reduction in nɶe , like the change in perpendicular velocity, is higher for lower line
average densities for both rational surfaces 7/4 and 5/3. At the radial position ρ ≈ 0.84 , for
ne ≈ 0.65 × 1019 m−3 the fluctuations level decreases up to 30% for both rational surfaces, and for
ne ≈ 0.8 × 1019 m−3 the reduction is 10%. Contrary to the change in perpendicular velocity, no
radial dependence of nɶe reduction was found.

The width of the island is independent on the order of the rational, and lies in the range
W ≈ 1 − 2cm . No radial or density dependence were found.
Analysis of electron heat diffusivity [16] shows its local minima, which might be caused
by the influence of magnetic resonances. The time interval and spatial position of reduced χ e
correlates with appearance of the changes

in radial electric field, measured by Doppler
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reflectometer. The reduction in the density fluctuation level might be a result of the radial
gradients in E × B flows, created by the presence of a magnetic island and is a candidate
mechanism to explain the reduction in the transport observed near the rational surfaces [15],
[16].

Two types of coherent modes were detected in the perpendicular velocity. Modes appear
mainly due to the rational surface 5/3.
Modes of first type are low-frequency modes. When rational surface moves from
plasma core to the plasma edge, high amplitude fluctuations in perpendicular velocity appear in
time interval, when the jump in velocity starts to form. When rational surface moves from the
plasma edge to the plasma core, fluctuations occur after the change in velocity due to the rational
has reached the maximum and starts to recover itself to the previous value. These are
approximately time intervals, when the outer surface of the magnetic island (with respect to the
plasma core) crosses the position of measurements. For low line average densities these
fluctuations are chaotic, but as ne reaches some threshold value, coherent modes start to form.
The frequency range of these modes is about 5-8 kHz. It is difficult to reveal further dependence
on densities. The possible explanation of low frequency modes occurrence is, again, the change
of radial electric field, induced by rational surface.
Modes of second type are high frequency modes. When rational surface moves from
plasma core to the plasma edge, the mode occurs before the low-frequency mode, i.e. in the time
interval before the jump in velocity starts to form. When rational surface moves from the plasma
edge to the plasma core, mode occurs after the low-frequency mode, i.e. in the time interval,
when velocity recovers itself after the jump. Frequencies of these modes increases with
increasing line average density: from 17 kHz at

ne ≈ 0.63 ×1019 m −3 to 30 kHz at

ne ≈ 0.86 ×1019 m −3 .

Also coherent modes in cylindrical components of magnetic field were detected. The
mode appears in the time interval before the perpendicular velocity starts to increase due to the
rational surface.
Modes in cylindrical components of magnetic field near the rational surface 5/3 coincide
in time and frequency intervals with high frequency modes in the perpendicular velocity (i.e.
radial electric field). So, we conclude that high frequency modes are the result of MHD
activities, induced by rational surfaces. Low frequency modes are not reflected in cylindrical
components of magnetic field, so these modes are ‘purely’ modes in radial electric field, caused
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by rationals.
No coherent modes or high amplitude oscillations were detected in the density
fluctuations.

The figure below summarizes the behaviour of the perpendicular velocity, when the low
order rational is present in plasma. Black rectangle represents the radial position of the
measurements. Probed radial range is ρ ≈ 0.7 − 0.84 .
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