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Abstract 
 
  The JSPS-CAS Core University Program (CUP) seminar on "Production and control 
of high performance plasmas with advanced plasma heating and diagnostic systems" 
took place in Shiner hotel, Lijiang, China, 4-7 November 2008.  This seminar was 
organized in the framework of CUP in the field of plasma and nuclear fusion.  One 
special talk and 34 oral talks were presented in the seminar including 16 Japanese 
attendees. 
  Production and control of high performance plasmas is a crucial issue for realizing an 
advanced nuclear fusion reactor in addition to developments of advanced plasma 
heating and diagnostics.  This seminar was motivated along the issues.  Results 
obtained from CUP activities during recent four years were summarized.  Several 
crucial issues to be resolved near future were also extracted in this seminar.   
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Preface 
 
   The JSPS-CAS Core University Program (CUP) seminar on "Production and control 
of high performance plasmas with advanced plasma heating and diagnostic systems" 
took place in Shiner hotel, Lijiang, China, 4-7 November 2008.  This seminar was 
organized in the framework of CUP in the field of plasma and nuclear fusion. 
   Production and control of high performance plasmas is a crucial issue for realizing 
an advanced nuclear fusion reactor.  For the purpose developments of advanced plasma 
heating and diagnostics become also extremely important.  A lot of CUP collaboration 
programs have been carried out along the aim in the category of "improvement of core 
plasma properties".  Results obtained from CUP activities during recent four years 
were summarized in this seminar.  Several crucial issues to be resolved near future 
were also extracted.  One special talk and 34 oral talks were presented in the seminar 
including 16 Japanese attendees.  The presentations were mainly focused on the 
following topics. 
 
1. Production and transport of high-performance plasmas 
2. Discharge trial toward steady state operation 
3. MHD stability and plasma collapse of high-beta plasmas 
4. Particle and energy control of edge and divertor plasmas 
5. Advanced heating scenarios 
6. Advanced plasma diagnostics 
 
   These topics are very important, regardless of the difference in magnetic 
configurations such as tokamaks and helical devices.  Each of them was intensively 
discussed from both sides of experimental and theoretical studies.  In addition, 
engineering aspects were also stressed on several topics. 
   This seminar was closed with great success, clarifying remarkable progress in 
researches related to these important topics obtained through CUP.  The organizing and 
program committees are grateful to all participants for their supports and corporation to 
this seminar. 
 
 

Xiang GAO and Shigeru MORITA 
Chairpersons of the Organizing Committee 
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Basic elements in drift wave turbulence 
 

T. Watari (National Institute for Fusion Science) 

 

This is a lecture note used at "JSPS-CAS Core University Program Seminar on "Production and 

Control of High Performance Plasmas with Advanced Plasma Heating and Diagnostic systems" (4 - 

7, November, 2008 Leijiang, China) 

Thanks to the long efforts of researchers toward nuclear fusion, plasma physics is graduary reaching 

the level of maturity. It is now recognized that anomalous transport is caused by drift wave 

turbulence and, therefore, experimental investigations in this field are becoming more and more 

important. 

In this lecture, we try to introduce the following important notions governing drift wave turbulence:  

 

 

Contents: 
 

I. Linear theory of drift waves 

II. Hasegawa-Mima and Hasegawa-Wakatani Equations 

    (Conservation of energy and enstrophy) 

III. Power spectrum observed in experiments and simulations 

IV. Energy transfer in k-space 

V Linear Response function for zonal flows 

VI. Excitation of zonal flows by drift wave turbulence 

VII. Experimental determination of transfer function 

VIII Streamers and blobs 
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Section-I.  Linear theory of drift waves 

 

The dispersion relation of drift waves and stability/instability condition are obtained in linear theory 

in which nonlinear terms are ignored. Yet, it is important to study the linear theory for only the 

linearly unstable modes grow. A brief review of the linear theory here will be useful also as an 

introduction to various terms used in the following sections discussing advanced physics in 

nonlinear stage.    

 

(I-1) Geometry considering drift waves: 

 

Drift wave is caused due to the density and temperature gradients. According to the success of 

tokamaks and helical systems in the nuclear fusion research, many theoretical explorations were 

made based on torus.  However, due to the relative complexity of the drift waves, experimental 

geometry is in theories reduced to idealized simpler ones.  For example, a part of torus plasma is 

approximated by a cylindrical plasma as shown in Fig.1 (a).  Further simplification is made by 

regarding an annuli of the cylinder as a slab as shown in Fig.1 (b).  

 

     Fig.1(a)   Fig.1(b) 

 

 (I-2) The simplest dispersion relation of drift wave 

Now let us derive the simplest dispersion relation of drift wave on this slab geometry. Electrons and 

ions are subject to diamagnetic drift which are, when gradient of ion temperatures are ignored, given 

by 

0 0
, , , ,

0 0

1 1,i i
d y e d y i

cT dn cT dn
eB n dx eB n dx

υ υ= − =   .  (1) 

The momentum continuity equation is given by 

1( ) [ ]mn ne E B p
t c

υ υ υ υ⊥
⊥⊥

∂
+ ⋅∇ = + × − ∇

∂

r r r r rr r r   (2)  

Here,  υ υ⋅∇
rr r contains one of the nonlinearity term but it is ignored in this section (linear theory). In 

many of the cases, the electrostatic approximation is valid to drift waves: 
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, ( ) ik x i t
k

k

E t e ωφ φ φ ⋅ −= −∇ = ∑
r r

r
r

r r
% % %       (3) 

Equation (2) is solved for each order of ( ,1 / c iω ); the lowest order solution is so-called E B×
r r

 drift.  

2 2
ˆ ˆˆ[ ] [ ] [ ]y y

c c c cE B E B ik y z ik x
B BB B

υ φ φ⊥ = × = × = − × = −
r r r rr % %    (4) 

Note that it does not depend on the sign of charge of particles and, therefore, does not cause charge 

separation. Density continuity equation is used in determining ion density perturbation: 

n ( ) 0
t

div nυ∂
+ =

∂
r    (5) 

where ( )div nυr  contains another source of nonlinearity which is disregarded in this section. By 

substituting Eq. (4) in Eq.(5), we obtain: 

,0 0 01 1 1( ) ( ) ( ) ( )i i
i y y y

i

n n n ec c cn ik k k
i B x B x B x T

ω φ
φ φ φ

ω ω ω ω
∗∂ ∂ ∂

= − ⋅ = − ⋅ = − ⋅ = −
∂ ∂ ∂

%
% % %    (6) 

Where we have defined drift frequency of ion 

 

0
,

0

1( ) ( )i i
i y y

i i

cT n
k k

e B n x
ω∗

∂
=

∂
   .    (7) 

 

On the other hand, the perturbation of electron density is given by so-called adiabatic response. 

,0e e
e

en n
T
ϕ

=    (8) 

Finally, charge neutrality condition 0i i ee n en− =  is used in order to obtain the dispersion relation. 

Using Eqs.(6) and (8), we obtain the simplest dispersion relation: 

 
2

0 0
,2

0 0

1 1( ) ( )i e i e i e
i y y

i i

e T e cT n ZcT n
k k

T e eB n x eB n xe
ω ω ω∗ ∗

∂ ∂
= − = − = − =

∂ ∂
   (9) 

where 

0

0

1( )e
y

ZcT n
k

eB n x
ω∗

∂
= −

∂
   (10) 

is one important value which is simply referred to as "drift wave frequency". 

 

(I-2) The role of magnetic shear 

 

In the experimental research, it is reported that the magnetic shear of the confining magnetic 

configuration affects the energy transport of plasmas. Correspondingly, there are many theoretical 

works that analyzed the effects of magnetic shear on the drift waves. In Fig.2 (a), magnetic lines on 
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two magnetic flux surfaces are illustrated in red- and black- lines. A perspective view of them from 

outside of the torus is shown in Fig.2 (b). The most naive consideration invoked by this figure is that 

mode number k-parallel increases boundlessly as the wave propagate out from the resonance surface 

if poloidal mode number kθ  is kept constant. 

 

  Fig.2(a)    Fig.2(b) 
 

This is the simplest explanation of the stabilizing effect of the drift wave. However, it was found in 

the later works that effect of mode coupling alters the effectiveness of the magnetic shear on 

stabilization.  

 

 

(I-3)  Torus effect (effects of good/bad curvature and mode coupling) 

 

Passing particle Instabilities: 

In order to avoid bulky explanations, we start with viewing the following equation determining drift 

waves [1-2]. This equation is suitable to describe so called ITG mode (ion temperature gradient 

mode); this equation is still simple, for it still stands on the electrostatic approximation and assumes 

adiabatic electron response.  

 

{

}

2
2 2 2

2 1/2
2 sin( ) ( ) (cos )

1( ) ( , ) 0
(1 )

n n
i

i

iik sx
k xx b q

b x

θ
θ

ε ε θρ θ
θ ττ

φ θ
τ η

∂ ∂ ∂
− + − −

∂ Ω ∂∂ Ω
Ω −

− + =
Ω + +

   (11) 

, where 

2

,
, , ( ) ,

( )

ln( )
,

ln( )

n
n i

e i y

e i
i

i

L
b b k

k R

T d T
T d n

θ θ
ω ε ρ

τ ω

τ η

∗

Ω = − ≡ = =

= =
   (12) 

Note that nε  is proportional to 1/ R  i.e., this term vanishes in the limit of R → ∞ . 

This term is originated from 
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2

,
2

D i
c B cTk k b b k b

eB m B eB
υ

υ κ μ κ∇
⋅ = ⋅ < × + × >≈ ⋅ < × >�

r
r r r r r rr r r    (13) 

Indeed a magnetic flux surface is a 2D-torus imbedded in 3-D space; magnetic lines of force have 
normal- and geodesic- curvatures ( , )n gκ κr r  with the following definitions.  

( ) /

ˆ ˆ ˆ( ) / (1 / )cos

( ) / (1 / )sin

n g

n

g

B B

r r B B r R

B B R

κ κ κ

κ θ

κ θ θ θ

= ∇ = +

= ⋅ ∇ = −

= ⋅∇ =

rr r r

rr

r rrr
   (14) 

And gives the third term of Eq. (11) 

,
1 ˆ ˆ( sin cos )

1 1 1sin cos cos sin

i i
D i

i n
r

cT cT
k k b k b r

eB eB R
cT L

k k i
eB R R k rθ

θ

υ κ θ θ θ

θ θ ω θ θ
τ

∗

⋅ ≈ ⋅ < × >= ⋅ < × − >

∂
= − < + >= − < − >

∂

r r r r rr r

r  .  (15) 

This term, which did not appear in the cylindrical geometry (being the case in the limit of R → ∞ ), 

takes essential roles in 3-D torus geometry. 

In order to know the distance/closeness of the ITG mode from/to the Hasegawa- Mima and 

Hasegawa-Wakatani equations, It is instructive to trially ignore the terms with proportionality factor 

nε ; then we find a simplified equation 

{ }
2

2
2

1( ) 0
(1 )i

i
b

x
ρ φ

τ η
∂ Ω −

− + =
Ω + +∂

 (16) 

Equation (11) were successfully used in many theoretical researches on passing particles drift waves, 

where, as named, passing particles play a dominant role.  

Simply put, it is known that 1) the magnetic shear has stabilizing effect, the non uniformity of the 

magnetic field induces mode coupling which is destabilizing. We distinguish this Linear Mode 

Coupling from Nonlinear Mode coupling, which we will study in the following chapters. It is noted, 

however, they have the same structure in physics, rooted on inappropriateness of Fourier analyses in 

nonuniform plasmas: In Linear Mode Coupling, the non-uniformity is due to that of equilibrium 

parameter (toroidicity) which is static, while in Nonlinear mode coupling the non-uniformity is due 

to drift wave itself which is time dependent. Note also that the radial variation of plasma parameters 

(such as electron/ion density and temperatures, space potential, and rotational transform) is another 

source of non-uniformity; However, they have different appearances, for they are not periodic in the 

direction of minor radius. 

 The notion of "magnetic well/hill" is the other important viewing point of toroidal effects. 

"Magnetic well/hill" refers to 1/B averaged over poloidal angle. This mean value is assumed to be 

zero in Eq.(11), as it is the case in simple tokamaks. However, Eq.(11) allows a wave field ( , )xφ θ  

localized in the larger major radius side of a tokamak. Bad curvature effect is thereby amplified and 
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this "ballooning effect" tends to destabilize the plasma.  

We skip explanations of ETG (Electron Temperature Gradient Mode), which is regarded as another 

kind of important passing particle instability. Electron temperature mode is subject to an equation of 

the same structure reversing the role of electrons and ions. Therefore, it is easy to deduce theoretical 

predictions in analogy to ITG mode. 

 

 

I-4)   Trapped Particle Instability.  

 

Trapped electron mode is one of the important mode, for it is easily destabilized and can account for 

the anomalous energy and particle transport [3-7].  

 

1/2
0 1 0 1.5

,

[1 ( / 3 / 2)]
1 ( ) ( ) (2 ) 0

( / ) ( / )
e e e e e

i
D e e eff e

E T
b

E T i E T
ω ω ω ω η

τ τ η ε
ω ω ω ω ν

∗ ∗ ∗

−

− + −
+ − + Γ − Γ − Γ − < >=

− +
   (17) 

 

where 

, 0 0 1 1

ln( )
,    ( / ) / ,   =r/R

ln( )

, ( ), ( )

e
e eff e e

b b
D e n e

d T
E T

d n

e I b e I b

η ν ν ε ε

ω ε ω∗ − −

= =

= Γ = Γ =
   (18) 

 

The first 4 terms are attributed to passing ions. The last term is attributed to trapped electrons, the 

proportionality factor 1/2(2 )ε being population of trapped electrons. It is noted that trapped electrons 

undergoes precessional motion and they experience bad curvature in the larger major radius board.  

Though a linear theory is a handy simplified tool to study drift wave turbulence, it sometimes gives 

important information on transport: For instance, the stability threshold of ITG can determine the 

experimental gradient of ion temperature. As it is combined with quasi-linear theory, it predicts 

positive energy transport (out flux) and negative particle transport (in flux). 

It is predicted that the instability which rely on adiabatic response would not give useful account for 

anomalous electron heat- and particle-transports. Thus ETG and TEM are considered to be important 

player in determining electron transports.  

It is noted that in present day large tokamaks the density profiles are very flat. Theories have to give 

a consistent explanation of realized profiles of electron and ion temperature as well as density 

profile.   

In moving to H-M and H-W equations in next section, it is noted that in the ion terms of Eq.(17) are 

the same as those of Eq. (11); in the limit of 0ε → we obtain 
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 ( 1) 0
( 1)i

b
τ η

Ω −
+ =

Ω + +
     (19) 

which is a reproduction of Eq.(16). When 0,iη = Eq. (19) gives even simpler form 

2 21 1
e e

sb k
ω ω

ω
τ ρ

∗ ∗

⊥

= =
+ +

  . (18) 

We take this as another standard form of dispersion relation, constituting the base of the 

Hasegawa-Mima and Hasegawa-Wakatani Equations. Though H-M and H-W are simplifications, the 

way of handling nonlinearity in these equations may be valid to trapped electron modes. 
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Section-II   Hasegawa-Mima and Hasegawa-Wakatani equations 
 
II-1    Equations: 
 
The Hasegawa-Mima equation 
 
The following equation is referred to as Hasegawa-Mima equation [1]; adiabatic 
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response is assumed for electron motion with the electrostatic wave form E φ= −∇
r r

. 

( ) ik x i t
k

k
t e ωφ φ ⋅ −= ∑

r r
r

r
. 

2 2 2(1 ) [ , ] 0s d
c

t y B
φ φρ υ φ φ⊥

∂ ∂
− ∇ + − ∇ =

∂ ∂
  (1) 

where 

0
,

0

1e
d y

cT dn
eB n dx

υ = −    (2) 

It is found that the first two terms in Eq.(1) gives the standard drift wave frequency 

2 2(1 )
y d

s

k

k

υ
ω ω

ρ∗
⊥

= =
+

  (3) 

with a finite Larmor radius modification over Eq.(I-10). The third term is the nonlinear 
coupling term expressed in terms of the bracket [ ] defined by 1 2 1 2ˆ[ , ] ( ) zφ φ φ φ= ⋅ ∇ × ∇ . 

The nonlinear term thus reads 
2 2ˆ[ , ] ( ( ))zφ φ φ φ∇ = ⋅ ∇ × ∇ ∇

r r
   (4) 

and is referred to as "polarization nonlinearity" distinguished from E B×
r r

 nonlinearity. 
Eq.(1) takes the following form in Fourier space: 

1 2

1 2

, 1 2
( , ) 1( , ) ( , ) ( , )

2
k

l k k
k k k

k t k t k t k t
t

φ φ φ φ
= +

∂
= Λ + Λ

∂ ∑r r r
  (5) 

, where the nonlinear term appears as: 

1 2 1 2

1 2

2 2
, 1 2 2 1ˆ ( )( )k

k k k k
k k k

z k k k k φ φ
= +

Λ = ⋅ × −∑r r r

r r
   (6) 

 
The Hasegawa-Wakatani equation 
 
Hasegawa-Wakatani equation is a two field equation including variables φ  and n and 

takes the following form:  

2 4
1 2 3ˆ( ) ( )z C n C C

t
φ φ φ φ φ∂

− ∇ × ⋅ ∇ ∇ = − + ∇ +
∂

r r
   (7) 

 

0 1ˆ( )( ln ) ( )z n n C n
t

φ φ∂
− ∇ × ⋅ ∇ + = −

∂

r r
   (8) 

Here, the normalizations adopted are 0/ /e cie T n n n t tφ φ ω≡ ≡ ≡  and /x xρ ≡ . 

This equation has three dissipation terms 
2

1 2 2
0

e

ci

T
C

e n zηω
∂

=
∂

, 2 2  
s ci

C μ
ρ ω

= , and 
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3 ( )i Ti

ci e

T
C

T qR
υω

ω
ω

∗
∗= ≈ , which respectively represent resistive destabilizing term, viscosity 

stabilizing term, and ion Landau damping term. Since the adiabatic approximation 
/e en e Tφ=  is not used, H-W equation covers a broader physics in drift wave than H-M 

equation does. 
The adiabatic approximation / en e Tφ= , corresponds to an approximation 0nφ − =  in 

this set of equations. Indeed the linked Eqs.(7) and (8) are then decoupled and reduces 
to Eq. (1) except for the presence of two dissipation terms.  
In Fourier space, H-W equation is expressed by the following form 

1 2

1 2

2 4
, 1 2 1 2 3

1( ) ( , ) ( , ) ( )
2

k
k k k

k k k

k k t k t C n C C
t

φ φ φ φ φ φ
= +

∂
+ Λ = − − − ∇ −

∂ ∑r r r
  (9) 

1 2
1 2

1 2 1ˆ( ) ( )k e k k k
k k k

n i k z k n C n
t

ω φ φ φ∗

= +

∂
+ + × ⋅ = −

∂ ∑
r

   (10) 

 
 
II-2   Conserved quantities in H-M and H-W equations 
 
Conserved quantities in H-M equations 
 
The H-M Equation is a loss-less system and it is known that, total energy W and 
enstrophy U are conserved.  It may be easy to show that these quantities are conserved 
by using the partial integration. It is noted that "conservation" means that the 
nonlinearity has such conservation properties. 
Energy conservation is stated in real space representation as follows: 

2 2
1

1 1 [ ( ) ]
2 2

WdV J dS
t t

φ φ∂ ∂
+ ∇ ≡ = − ⋅

∂ ∂∫ ∫
rr

  (11) 

 Here, 

2 21 [ ( ) ]
2

W dVφ φ= + ∇∫    (12) 

 is the sum of kinetic energy and potential energy and 

 2
1 ˆJ z

t
φ φ φ φ∂

= − ∇ + ∇ ∇ ×
∂

r r
 .   (13) 

is the energy flux density vector in real space. 
Enstrophy conservation is stated in real space representation as follows: 
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2 2 2
2

1 1 [( ) ( ) ]
2 2

UdV J dS
t t

φ φ∂ ∂
∇ + ∇ ≡ = − ⋅

∂ ∂∫ ∫
rr

  .  (14) 

Here, 

2 2 21 [( ) ( ) ]  
2

U dVφ φ= ∇ + ∇∫     (15) 

is the sum of kinetic energy and squared vorticity and 

2 2
2

1 ˆ( )  
2

J z
t

φ φ φ φ φ∂
= −∇ − ∇ ∇ ×

∂

r r
.   (16) 

is the enstrophy flux density vector in real space. 
 
Conserved quantities in Fourier space 
 
Such conservation properties are expressed in Fourier space as follows: 
Energy conservation is translated as 

,
0

x y

k
k k

d dW W
dt dt

= =∑   (17) 

with 
22

,

1 (1 )
2

x y

k k
k k

W k φ= +∑  .   (18) 

Enstrophy conservation is transformed as 

,
0

x y

k
k k

d dU U
dt dt

= =∑      (19) 

with 

22 21 (1 )
2k kU k φ= +   .   (20) 

In the Fourier space representation, 2
kφ , kW , and kU  are mutually related by 

Eqs.(18)-(19) and therefore only one of these variables has to be known. In the following 
discussions, we will be working in Fourier space rather than working in real space. 
 
 

II-3:   Power spectrum- 2
kφ , energy spectrum- kW , and enstrophy spectrum, kU  of a 

fully relaxed state. 
 
Fully relaxed state in H-M equations 

10



 
Since the mother equation Eq. (5) is cast into Hamiltonian formulation, we can regard 
Re[ ]kφ and Im[ ]kφ  as canonical quantities and setup micro- canonical distribution 

assuming equal partition over points in the phase space. The canonical distribution 
function is determined by the standard procedure of variational method:  
The entropy function S  is defined by  

(Re[ ], Im[ ]) ln( (Re[ ], Im[ ])) Re[ ] Im[ ]B k k k k k kS k f f d dφ φ φ φ φ φ= − ∫   (21) 

The auxiliary conditions are E const=  and U const= , which are defined by 

2 2 2(1 )(Re[ ]) (Im[ ]) ) Re[ ] Im[ ]k k k kE k d dφ φ φ φ= + +∫    (22) 

and 

2 2 2 2(1 ) (Re[ ]) (Im[ ]) ) Re[ ] Im[ ]k k k kU k d dφ φ φ φ= + +∫   . (23) 

The Gaussian distribution function  

22 2 2exp[ ( (1 ) (1 ) ) ]kf C k kα β φ= × − + + +   (24) 

is obtained as the solution to the Euler equation of H S E Uα β= + + . This procedure is 

similar to that deriving Taylor relaxed state by minimizing total energy under helicity 
conservation. 

With the distribution function ( )kf φ  thus obtained, 2
kφ< >  is calculated in 

integration with a moment 2 2[(Re[ ]) (Im[ ]) )]k kφ φ+ . 

2 2 2
2 2 2

1[(Re[ ]) (Im[ ]) )] Re[ ] Im[ ]
( (1 ) (1 ) )k k k k kfd d

k k
φ φ φ φ φ

α β
< >= + =

+ + +∫    (25) 

Similarly, kE< >  is calculated with the moment 2 2 2[(1 )(Re[ ]) (Im[ ]) )]k kk φ φ+ +  

 

2 2 2

2

2 2 2 2

[(1 )(Re[ ]) (Im[ ]) )] Re[ ] Im[ ]

(1 ) 1
( (1 ) (1 ) ) ( (1 ))

k k k k kE k fd d

k
k k k

φ φ φ φ

α β α β

< >= + +

+
= =

+ + + + +

∫
 .   (25) 

Similarly, by multiplying the moment 2 2 2 2[(1 ) (Re[ ]) (Im[ ]) )]k kk φ φ+ + , we obtain 
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2 2 2 2

2

2

[(1 ) (Re[ ]) (Im[ ]) )] Re[ ] Im[ ]

(1 )
( (1 ))

k k k k kU k fd d

k
k

φ φ φ φ

α β

< >= + +

+
=

+ +

∫
 .    (26) 

Under this relaxed state, 2 , ,  and k k kE Uφ< > < > < >  has the following asymptotic 

dependences on k : 2 4 2 0~ , ~ ,  and ~k k kk E k U kφ − −< > < > < > . Therefore, it is an 

appearance of a general tendency that "energy condensates at low- k  and enstrophy 
condensates at high- k ". 
With the assumption of isotropic turbulence, Eq. (3) admits the following approximated 
equality: 

2 21
y d

y d y
k

k k k
k
υ

ω υ
ρ

≈ ≈ ∝ ≈
+

 . (27) 

Therefore this tendency is restated as follows: "energy condensates in low frequency and 
enstrophy condensates in high frequency". 
 
Fully relaxed state in H-W system 
 
It is shown that the H-W system has the following conserving quantities 

  2 3( )E drφ φ= ∇∫
r
%  (28)   2 3( )nE n dr= ∫ %   (29) 

  2 2 3( ) drφ φΩ = ∇∫
r
%   (30)  2 3( )n drφΓ = − ∇∫

r
%%   (31) 

The quantities are referred to as fluid kinetic energy ( Eφ ), fluid internal energy ( nE ), 
fluid enstrophy ( φΩ ), and cross-correlation ( Γ ). Applying the variational method to 

H-W system gives the following spectra: 
 

2
2

2 2 2
4( )

(4 ( )k
kn

k k
β γ

α β γ η
+

< >=
+ −

   (32) 

2
2 2 2 2

4
(4 ( )k k k k

αφ
α β γ η

< >=
+ −

   (33) 

2 2 2 2
2

(4 ( )k kn
k k k

ηφ
α β γ η−

−
< >= −

+ −
  (34) 
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Thus the spectrum of the fully relaxed state expected from H-W system is separated in 
more number of regimes.  
Since H-W and H-M equations are not very different in nonlinear coupling, dominated 
by the polarization nonlinearity, we continue discussion with the latter type of equation. 
 
References for Section-II 
 
[1] A.Hasegawa and K.Mima, Phys. Fluids, 21(1978)87, 
"Psudo-three-dimensional turbulence in magnetized non-uniform plasma" 
[2] A.Hasegawa and M.Wakatani, PRL, 59(1987)1581, 
"Self -Organization of Electrostatic Turbulence in a Cylindrical Plasma" 
[3] Masahiro Wakatani and Akira Hasegawa, Phys. Fluids, 27(1984)611 
"A collisional drift wave description of edge turbulence" 
[4] F.Y.Gang, B.D.Scott, P.H.Diamond, Phys. Fluids B, 1 (6) 1989, 
"Statistical mechanics of a two-field model of drift wave turbulence" 
 
 
 

Section-III   Power spectrum observed in experiments  

 

Potential fluctuation in H-1 result 

 

Let us compare the theoretical prediction of the power spectrum for the relaxed state with available 

experimental data and simulation results. 

Shown in Fig.3 is the power spectrum realized in experiments on the H-1 stellarator device [1] 

   Fig.3 

In this figure, ( )f f fP V V V∗=< >  is plotted versus frequency, where fV is the floating potential 

obtained with a probe, which represents potential φ  . Therefore, the result in Fig.3 is translated as 
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6
k k kP fφ φ∗ −=< >∝ . Considering that 22 /(1 )y d yf k k kπ ω υ= = + ∝  this result is translated to be 

k -spectrum: 6
k k kP kφ φ∗ −=< >∝ . The obtained k  dependence is thus steeper than the one expected 

theoretically for fully relaxed state 4
kP k−∝ . 

Knowing that 2W(k ,k ) (1 )x y k kk φ φ∗= + < > , this result corresponds to 4W(k ,k ) kx y
−∝ . 

 

Vortexes in Fluid (A table top experiment) 

 

Another interesting result was obtained by the same group using a table-top experimental device as 

shown in Fig.4 (a).  Vortexes are excited in the fluid in a vat by means of combined effect of 

magnetic filed (multi-pole magnets are installed on the bottom) and electric current flowing in the 

electrolyte fluid. Figure 4(b) shows the time sequence showing how the vortex size is shifted 

towards larger scale; this tendency agrees with the previous statement that "energy condensates at 

low- k ". 

Figure 4(c) suggests that 3.5
kE k−∝  in early phase and 3.3

kE k−∝  after the relaxation proceeded 

further. Here uk  is the velocity of the fluid measured by means of a camera. 2 / 2k kE ku=  is the 
kinetic energy of the fluid; later we learn that this corresponds to ( , )x ykW k k  in drift wave 

turbulence. This result is therefore aligned to the previous experimental data that disagreed with the 

theoretical prediction given for a relaxed state. 

According to the Kraichnan, Navier Stokes equation describing 2-D fluid vortex has the same 

structure as that of H-M equation specifically in nonlinear energy transfer. It is known that 
2 / 2k kE ku=  and squared volticity 2

k kU k E=  is conserved; the latter corresponds to conservation 

of enstrophy in drift wave theory. 

 

 

   Fig.4(a)               Fig.4(b)                        Fig.4(c) 
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Power spectrum realized in simulations 

 

A)  Hasegawa (1979) paper (Ref.[3]) 

 

H-M and H-W are simplified systems of equations and they were solved numerically. Let us review 

the results of such simulations found in several papers. 

The power spectrum reported in Ref. [3] (Hasegawa, et al., 1979) is shown in Fig.5. 

 

      Fig.5 

Though it was assumed (in deriving fully relaxed state) that turbulence is isotropic, this assumption 
is unnecessary in simulations.  This paper gives a power spectrum ( , )x yW k k in terms of separate 

xk and yk  dependences: It is recognized that 

 4 4( , )k x y x yW W k k k k− −= ∝ ∝    (1) 

in the high- k  range and  

8/3 8/3( , )k x y x yW W k k k k− −= ∝ ∝    (2) 

in the low- k  range. 

 

 

B) Simulation results by D. Fyfe et al., (Ref. [4]) 

 

The power spectrum reported in Ref. [4] (D. Fyfe, et al., 1979) is shown in Fig.6. 
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         Fig.6 

 

In Fig.6, 2
kφ  is platted versus k  revealing 2 6

k kφ −∝ .  This result has the same dependence as 

Eq. (1), for 

2W(k ,k ) (1 )x y k kk φ φ∗= + < > . 

To summarize, the power spectrum obtained in experiments and simulations are clearly different 

from that obtained theoretically for fully relaxed state. 

This disagreement is attributed to that what undergoing in experiments and simulations are not the 

complete relaxations but driven-damp processes. Indeed, in experimental situations, drift wave is 

excited in the k-range where growth rate is positive and absorbed in the k-range where it is negative. 

In simulations, instead, certain source and sink of drift waves have to be assigned for the problems to 

be solvable. From this point of view, H-W equation is a little more realistic than H-M system, for it 

anyway has assumed terms of sources and sinks. They are not much different however in learning 

properties of nonlinear interaction, specifically in studying so-called inertial range. 

 

C)   Simulation results by Horton et al (Ref.[5]) 

 

 

In obtaining these results, it was assumed that turbulences were isotropic. However, considering that 

2 2/(1 )y d x yk k kω υ= + + , it is also possible to seek for similarity ranges without assuming isotropic . 

The paper by Horton (Ref.[5], 1994) derived the following non isotropic dependences as an 

extension of Kraichnan's method (see Ref.[1] in section-IV). 
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ρ
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⎪ <<
⎪⎩

   (3) 

 

A simulation was performed in the same paper giving the results in Fig.7, where the kinetic energy 

2W(k ,k ) (1 )x y k kk φ φ∗= + < > is plotted versus xk  and yk . 

 

  Fig.7 

This result suggests some deviation of 2W(k ,k ) (1 )x y k kk φ φ∗= + < >  from -4W(k ,k ) kx y ∝ law at 

extremely large k -range where the approximation 2/(1 )y d yk k kω υ= + ∝  does not hold. 

 

References for section-III 

 

[1]M.G.Shats, H.Xia, and H.Punzman, Physical Review Letters, 71(2005)046409 

"Spectral condensation of turbulence in plasmas and fluids and its role in low-to high phase 

transition" 

[2] H.Xia, M.G.Shats, Physics of Plasma, 11(2004)561 

"Spectral energy transfer and generation of turbulence structures in toroidal plasmas" 

[3]Akira Hasegawa, Carol G. Maclennan, Yuji Kodama, Physics Fluids 22(1979)2122 

"Nonlinear behavior and turbulence spectra of drift waves and Rossby wave" 
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[5] Wendell Horton and Akira Hasegawa, Chaos vol. 14, No.2, 1994, 

"Quasi-two dimensional dynamics of plasmas and fluids" 

 

 

 

Section-IV   Energy transfer in k-space 

 

We studied in the previous section that so-called fully relaxed state is not likely to be realized and 

underlying physics are driven damp processes. In this section, we study the nonlinear processes from 

this point of view. As we have learned in section-III, the Navier Stokes equation as applied to 2-D 

fluid vortexes has the same structure as H-M equation which governs drift wave turbulence. 

Therefore, the mathematical methods developed in studying the former can be applied to the latter. 

We first introduce the consideration presented in the old paper, Ref. [1] by R.H. Kraichnan, 1967. 

 

Fluid motion is subject to Navier Stokes equation 

2p
t
υ υ υ ν υ∂

+ ⋅∇ = −∇ + ∇
∂

r rr r r  .   (1) 

In this paper, the energy transfer equation of 2-D turbulence is introduced in the following form: 

2( 2 ) ( ) ( )k E k T k
t

ν∂
+ =

∂
  (2) 

, where 

22( ) ( , ), ( , ) ( ) ( )
2x y x y
DE k kW k k W k k u kπ
π

= = < >   (3) 

and 

0 0

4

,

1( ) ( , , )
2

( , , ) ( , , ) ( , , ) 2 Im(2 / sin( , ) ( )
2

( , ) ( ) ( ) ( )m i j j i j m

T k T k p q dpdq

DT k p q T k q p T k p q k p q

k k i m u k u p u q

π π
π

δ δ

∞ ∞

=

= =

⋅ + < >

∫ ∫

  (4) 

The summation is made for triads satisfying 

, , ,k p q k k p p q q= + = = =
r rr r r r  .    (5) 

Kraichnan found the following conservation equation holds indicating conservation of fluid kinetic 

energy 
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( , , ) ( , , ) ( , , )T k p q T p q k T q pk p const+ + =     (6) 

also the following equality holds indicating conservation of squared vorticity 
2 2 2( , , ) ( , , ) ( , , )k T k p q p T p q k q T q pk p const+ + =    (7) 

 
He also defined energy transfer function ( )kΠ  and enstrophy transfer function  ( )Z k  in order to 

study the properties of nonlinear energy transfer.  

 

0 0 0

1 1( ) ( , , ) ( , , )
2 2

k k k

k k k

k dk T k p q dpdq dk T k p q dpdq
∞ ∞ ∞

′ ′ ′ ′Π = −∫ ∫ ∫ ∫ ∫ ∫    (8) 

2 2

0 0 0

1 1( ) ( , , ) ( , , )
2 2

k k k

k k k

Z k k dk T k p q dpdq k dk T k p q dpdq
∞ ∞ ∞

′ ′ ′ ′ ′ ′= −∫ ∫ ∫ ∫ ∫ ∫   (9) 

These quantities have the properties shown in Table-I for similarity ranges defined by n in the 

following equation. 

( )
( )

nE ak a
E k

−=    (10) 

5/3 3

  n=5/3similarity range   n-3similarity range
( ) 0 ( ) 0( )
( ) 0 ( ) 0( )

( )

k kk
k kZ k

E k k k− −

Π < Π =Π
Π = Π >

∝ ∝

 Table-I 

In n=5/3 similarity range, energy down cascades with k -independent flow rate and enstrophy flow 

vanishes. In n=3 similarity range, enstrophy normally cascades with k -independent flow rate and 

energy flow vanishes. 

For ( ) ( , )x yE k kW k kπ= , n=3 regime here is translated as 4( , )x yW k k k−∝  and 2 6( )k kφ −∝  

regime. Thus experimental observations and simulation results that we saw in the previous section 

were given appropriate accounts.  

Looking back at the simulation result in Fig.5, the data deviate from 4( , )x yW k k k−∝  in the low- k  

regime suggesting the presence of n=5/3  similarity range.  
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Direction of energy transfer 

 

So far, we applied Fourier analyses in configuration space but did not for time. For a weak 

turbulence, Fourier analyses can be applied both to configuration space and time; the quantities 

are then expressed in the following form with frequency as functions of wave number [2].  

( , ) ki t ik r
k

k

r t e ωφ φ − + ⋅= ∑
r r

 

Then the freedom of nonlinear interaction is reduced by the additionally imposed frequency 

matching condition p qkω ω ω= +r r r  added to k p q= +
r r r : 

Frequency matching condition is expressed by the following equation. 

2 2 2 2 2 2

( )
0

1 1 ( ) ( ) 1 ( ) ( )
y d y y d y d

x y x x y y x y

p k p k
p p k p k p k k

υ υ υ−
+ − =

+ + + − + − + +
    (11) 

With given value of wave number, k , the nonlinear interaction occurs along the line in the x yp p−  

plane as shown in Fig.8(a). 

If p k<<
rr , Eq.(11) is transformed as 

[ ] 0y dk kp k υ ω⋅ ∇ − =r r
rr   (12) 

suggesting that nonlinear interaction should occur along constant [ ]y d kk υ ω− r . Shown in Fig.8(b) is 

the contour plot of [ ]y d kk υ ω− r , where we find the waves born with large yk  have to decrease in 

yk  and increase in xk . It is shown, through such considerations, that isotropization and inverse 

energy cascade is the general feature of H-M system. 

   
Fig.8(a)                              Fig.8(b) 
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Kolmogorov Law: 

It is good to recall the knowledge related to Navier Stokes turbulence in fluid dynamics. 

 

2

t
υρ ρυ υ μ υ∂

+ ⋅ ∇ = ∇
∂

r rr r r  .   (13) 

 

The ratio of the second term on LHS to the viscosity term on the RHS is called Reynolds number. 
2( / ( / ) ) [ / ]R O lυ υ μ ρ υ ρ υ ν= ⋅∇ ∇ =

rr r r    (14) 
It is known that turbulent flow occurs as Reynolds number is large. Indeed, in two 
dimensional flow of drift wave, this term is identified as nonlinear term and sometimes 
referred to as Reynolds stress. In hydrodynamic turbulences, the viscosity term is 
neglected for long scaled vortexes exceeding some typical value 0l . Thus, there occurs 
only the flow of energy in k -space. Let the local (uniform in real space) energy 
dissipation as 

2[( ) ]ε μ υ=    (15) 
Then, the a dimensional analysis gives 

3 2[( ) ] ;k k k kk I I k I dk ku dkρ ε= ⇔ .   (16) 

i.e., the well known Kolmogorov law is obtained. 
2 2/3 5/3( / )k kI ku kε ρ −= = .    (17) 

This dimensional analysis suggests that the wave energy flows in k -space. Similar 
analysis in 3-D hydrodynamic turbulence (replacing Eq.(16)by 2 2

k kI dk k u dk⇔ ) gives the 
same equation as Eq.(16) which predicts the same power dependence. 

3 2 2[( ) ] ;k k k kk I I k I dk k u dkρ ε= ⇔  

Returning to 2D problem, we consider an enstrophy sink ωε which is in the dimension of local 

dissipation rate of squared vorticity, 3 2 2 2 1[ ( ) ]L mL T L T− − − − . Then a similar analysis gives 

2 3( )k kk k I I k ωρ ε=    (18) 

i.e., the other inertial range is obtained. 
2/3 3( / )kI kωε ρ −=    (19) 

 
These considerations are summarized in Fig.9, showing the presence of two regimes: 
The 5 / 3n =  regime appears in the low-k range showing the dependence 

2/3 5/3( / )kI kε ρ −= . The 3n =  regime appears in the high-k range showing the 
dependence 2/3 3( / )kI kωε ρ −= . The transitional point denoted by ck in the figure is 
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determined formally by the ratio of /ωε ε . In the actual situation however such point 

will be determined by the spectrum of the energy source. 
 

    Fig. (9) 
For more details, readers are guided to Refs.[3-5].  
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Section-V.     Linear Response Function for zonal flows 
 

I am very happy in writing this section, with that the many contributions[1-4] have been done by 

Chinese researchers under the collaboration under CUP.  In Japan also there are many contributions 

in this research filed, though I can list only limited number of them [5-8] due to space. 

 

A.  mechanism of Geodesic acoustic mode 

The zonal flow is interpreted as plasma flow with zero- or low- toroidal and poloidal mode 

numbers with large radial mode number. Since plasma rotation is related to the radial electric field 

by 2/V E B B= ×
r r r

, the zonal flow is also viewed as radial electric field with large radial mode 
number. It is known that there are two branches of zonal flow: the Stationary Zonal Flow and the 

oscillating Geodesic Acoustic Mode. 
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Rotation of the plasma creates radial current with the presence of the geodesic curvature of the 

magnetic lines of force. The j B×
rr

force due to this current gives the plasma rotation restoring force 

and therefore the plasma rotation becomes oscillatory. This mode is referred to as geodesic acoustic 

mode (GAM). 

The mechanism of plasma rotation and radial electric field is itself a very interesting research 

subject and has been investigated by many researchers as a part of neoclassical theory . Particularly, 

in tokamaks with toroidal symmetry only poloidal viscosity appears. This rather static plasma 

rotation is referred to stationary zonal flow and is believed to have very low damping rate .  

Recent investigations gave experimental evidences of existing stationary zonal flow and GAM 

oscillations . These two modes are energized in torus plasmas with certain mechanisms of excitation. 

In recent investigations plasma turbulence caused by the micro-instabilities are called for as the 

mechanisms of excitation. The zonal flow is in turn supposed to regulate the turbulence and, 

therefore, it is gathering more and more attentions. 

Figure 10 illustrates the mechanism of the GAM oscillation: Under the presence of the radial electric 

field rE
r

, there exists plasma rotation 2( / )rE B Bθυ = ×
r rr . With the existence of the toroidal effect, 

there occurs the divergence of the flow inside the flux surface causing  up-down asymmetry:  

,0
0 0

2 sin r
i i

En n dt
R B

θ= ∫
%

%  (1) 

If the plasma motion is adiabatic, this density perturbation causes the up-down asymmetry of the ion 

pressure 

,0 sini ip nTγ θ= ∝% % . (2) 

The poloidal pressure gradient causes p B∇ ×
r r

current across the flux surface, 

,0 ,0
0 0

1 1 2( ) cosr i i r
pj n T dtE

B r BB R r
γ θ

θ
∂

=
∂ ∫
% %% � , (3) 

which is integrated to give 

2
,0 ,0 2

0 0

2( ) (2 )r i i i r
rj dS n T n dtE

B R
γ π=∫ ∫%  . (4) 

 

On the other hand, the time varying electric field is accompanied by so-called polarization current: 
2

,
2
,

1
4

p i r

c i

dEj
dt

ω
πω⊥

% �    (5) 

which is integrated over the flux surface to give  
2

, 2
02

,

1 (2 )
4

p i r
r

c i

dEj dS R r
dt

ω
π

πω∫ �   .  (6) 
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By equating the two currents Eq.(4) and Eq.(6), we obtain an equation of motion including 

oscillatory motion: 
2

2
,2 0r

G A r
d E E
dt

ω+ =    (7) 

with  

,02
, 2

0

2 i
G A

i

T
mR

γω =    . (8) 

Thus the GAM oscillation is characterized by 02 / /i iT m Rω γ� . In the discussion above, 

response of the particles only to the uniform potential filed has been taken into consideration.  

 

Inclusion of response to non-uniform potential filed yields additional term to the GAM frequency 

giving the general form: 

1 ,0 2 ,02
, 2

0

1 i e
G A

i

T T
mR

γ γ
ω

+
=   (9) 

where 1γ  and 2γ  are constants of order unity. 

More detailed explanation of GAM including the excitation mechanism is found in Ref.[3] for 

Section-VI. 

 

 
Fig. 10 

 

 

B.  Extension to the helical systems and the response function in the low frequency range 

 

 So far is the interpretation of the mechanism of GAM oscillation obtained by Winsor et al. .  The 

kinetic extension including stellarator is presented in the following using the scheme developed by 

Watari et al [9-12]; the currents  across the flux surface is balanced.  
The polarization current polj and the current due to the geodesic curvature ( )geoj ψ  are expressed in 

the following forms using the conductivities polσ and geoσ (more exactly admittances between two 

adjacent flux surfaces). 
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 ( ) ( )geo geo
dj
d

φψ σ ψ
ψ

= −  (10) 

( ) ( )pol pol
dj
d

φψ σ ψ
ψ

= −  (11) 

Here, pol polj σ∝ is the classical polarization current, which is known to be proportional to ω . 

Using the generalized expressions (9) and (10), we obtain the expression of the dispersion relation of 

GAM oscillations valid to tokamaks and helical systems [12], 

2 2
, ,

,

( ) 0total pol G m n m n
m n

j F
i
ω φσ ω η

ψ
∂

= − =
∂∑%%%  .(12) 

Here, polσ% is the proportionality coefficient of the classical polarization current and 2
2

i
G

i

T
m R

ω =%%  

represent typical tokamak GAM frequency. In obtaining Eq.(12), the magnetic field is Fourier 

decomposed in order to facilitate the calculation of geodesic curvature. 

2 2
0 ,

,

(1 ( )cos( ))m n
m n

B B m nδ ψ θ ζ= + −∑  (13) 

Here, 2
,m nη  and 2lψ  are geometric factors, which characterizes the confining magnetic field: 

 
2 2

,2
, 2 2

( ) ( )
4

m n
m n

t

mB nB
B l

ζ θ

ψ

δ ψ
η

+
≡  (14) ,  and 22 2

2
1l q d d
Bψ ψ θ ζ≡ ∇∫   (15) . 

 Equation (14) contains ,m nδ , which represents the geodesic curvature of ( , )m n  ripple component. 

It is easy to show that Eq.(12) reduces to the tokamak formula for 0n = ; 1, 0m nδ = =  then turns out to 

be 01 / R  as it appears in Eq.(1) and represents the geodesic curvature of a tokamak of circular cross 

section. Since the direction of the ion current depends on the sign and the amplitude of the geodesic 

curvature, it is predicted that the density perturbation in a helical system takes the maximum and 
minimum values along the lines of ( ) / 2m nθ ζ π− = ± , respectively. The magnetic lines of force 

short circuit these incremental and decremental charges and, therefore, GAM oscillation is expected 

to occur under limited conditions in helical devices.  
The ,m nF in Eq.(12) is expressed as follows: 

, , , ,1 , , , ,2 ,
, ,

1( ) ( ) 2 ( ( ) ( ))m n U m n NU m n geo m n m n m n geo m n
m n T

F F F Z Z
ik

ζ ζ ζ χ ζ ζ
υ

= + = − −
�

   (16) 

where the argument , , ,/m n m n Tkζ ω υ= �  is calculated by using the wave number 

, , ( ) /m nk mB nB Bθ ζ= −� .  

Here, ,m nχ represents the response to the induced nonuniform potential field which is 

proportional to ,2 ( )geoZ ζ : 
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2 2 1
, , , , , 2 ,( / ) (1 ( )) ( )m n D e D i m n p m n m nk k Z Zχ ζ ζ ζ−= + + ⋅   (17) 

 

The involved two dispersion functions ,1( )geoZ ζ  and ,2 ( )geoZ ζ  are defined as follows: 

4 2 2
,1

1 1 1( ) exp( )
2geoZ x x x dx

x ζπ
= + + −

−∫      (18) 

2 2
,2

1 1 1( ) exp( )
2geoZ x x dx

x ζπ
= + −

−∫           ,   (19) 

which differ from the well known plasma dispersion function  

 21 1 exp( )pZ x dx
x ζπ

= −
−∫          (20) 

by the weights in the integrand, 4 2 1( )
2

x x+ + and 2 1( )
2

x + .  

The way of determining  the  GAM frequency according to Eq.(12), which means balance of 

radial, is illustrated in Fig.11: The straight line represents classical polarization current and the curve 

represents geodesic (neoclassical) current. The frequency is determined as the frequency where they 

cross. 
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  Fig.11 
 
 
C.   Unified Response function for stationary zonal flow and GAM. 
 
Stationary zonal flow and GAM are the well known zonal flows. It is known that 
trapped particles take a dominant role in the former while passing particles take the 
dominant role in GAM dynamics.  In Ref.[12], a scheme of integration along particle 
orbit is employed and a unified expression of the two mechanisms was given. 
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This scheme is briefly introduced with the idea of response function in order to bridge 
this section to the next. 
 
The linear response function is the ratio of the induced charge of low-mode-number to 
the external charge ( , )ext rkρ ω . 

 

0
1( , ) ( , ) ( , ) ( , )

( , )l r r ext r ext r
rl l

k R k k k
D k

φ ω ω ρ ω ρ ω
ω=

′ ′
= =∑ ∑    (21) 

 
Here, ( , ) 1 / ( , )r rR k D kω ω≡  and therefore solving for ( , )rR kω  is identical to solving 

for ( , )rD kω . It is expected that the dispersion function ( , )rD kω  in the denominator approaches 

a constant value at the low frequency limit giving the so-called neoclassical shielding effect and 

that ( , ) 0rD kω =  is satisfied at a certain frequency ω  in the higher frequency range; the former 

corresponds to stationary zonal flow and the latter corresponds to GAM. Thus the present task is to 

reformulate ( , )rR kω (or ( , )rD kω ) with full inclusion of finite orbit effects. In most of the works 

in the past, parabolic dispersion functions were solved, which is 2nd order in radial wave number 

rk . 

 
2( , ) ( ( ))r rD k a b kω ω∝ −    (22) 

 
Though Eq. (22), gives the local oscillation frequency of GAM, it is not appropriate for 

discussion of the radial structure of the GAM. Therefore, we will derive a quadratic dispersion 

function, adding to it the 4-th order term in rk : 

 
2 4( , ) ( ( )) ( )r r rD k a b k c kω ω ω∝ − +  (23) 

 
Thanks to the inclusion of the Finite orbit effects and to the quadratic dispersion relation obtained, 

the GAM solution is now dependent on the radial wave number. 

Fig.12  show a typical result: 

In the figure, GAM is characterized by the cutoff and resonance pair and the presence of two bands 

of GAM. The frequency that had been referred to as "GAM frequency"  is identified as the cut off 

frequency. Fig.12 suggests that the wave propagates radially, claiming reconsideration of the naïve 

paradigm that the GAM can regulate drift wave turbulence and improve transport. 
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 Fig.12 
This approach is considered as generalization of the neoclassical polarization current . The 

appropriateness of this extension is confirmed by looking into the low frequency range shown in 

Fig.13 ; the numerical result is summarized as 

 

0 2 0 2 2
0, 0, (1 1.6( / ))l ind l clas qρ ρ ε→ →

= == +% %   (24) 

 
and the analytically it corresponds to the well known expression 

 

2
( 2) 3 2 2

0 0
( ) ( ) ( )1 1[( ) ( ) ( ) ]

2 ( ) ( ) 2 ( )
n

l l
c c c

dl d
g B

υ θ υ θ υ θρ υ φ
π ω θ ω θ ω θ

= ⊥
= == − − +∫ ∫ � �

% % % %%
% % % %�   (25) 

 

which appears in Ref[3] of section-VI. 
 

 Fig.13 
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So far, we have shown the response function driven by the ambient turbulence. The 
external charge is assumed incoherent to the mode under consideration, and therefore, 
the driving force is regarded as noise. More interesting is the opposite case where 
functional derivative is non-zero, i.e., 

0( , ) ( , ) RR k R k δω ω φ
δφ

= +   .  (26) 

In this case, the second term has to be included in the equation describing zonal flows 
and suggests possible existence of unstable or reduced damping of zonal flows.  
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Section-VI    Excitation of zonal flow by drift wave turbulence 

 

Stringer spin-up, Winsor-Hallatschek, and Random shearing 

 

In the long history of research in drift wave turbulence, the paradigm that the zonal flows is excited 

by the turbulent drift waves and regulate the turbulence has widely accepted. Here, we briefly 

discuss possible mechanisms exciting zonal flows and introduce technical terms such as "Stringer 

spin-up", Winsor-Hallatschek mechanism", and "Random shearing".  We treat this problem with the 

following simplified set of equations, which is found in the paper by Itoh et al,. [1].  

 

n nV nV S
t ⊥

∂
+ ∇ ⋅ + ∇ ⋅ =

∂ �

r r r r
  (1) 

( )i inm V V V p J B SmV
t

∂
+ ⋅∇ + ∇ − × =

∂

r r r r r r r r
  (2) 

0J∇ ⋅ =
r

  (3) 

0E V B+ × =
r r r

   (4) 

The second term i if n mV Vθ = ⋅ ∇
r r r

in Eq. (2) is referred to as Reynolds stress, for which we will give 

some interpretations in the following context. 

 

Wave kinetic equation with nonlinear term 

 

It would be convenient to introduce "Wave Kinetic Equation" before we step into the mechanisms of 

zonal flow excitation. The wave kinetic equation is obtained in the following way [2] including the 

nonlinear term on the RHS.  

2 ( )k k
g kk k k k

n dd n n n n NLT k
dt t dr

ω
υ γ

∂
= + ⋅ ∇ − ⋅∇ = +

∂

r r
r r r r

r rr
r   (5) 

where 
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221 (1 ) k
gk k

k
n k

k

ω
φ υ

ω
∂

= + =
∂

r
r r

r
r    (6) 

and 

1 2

21
1 2 1,2 1 2,1 ,2 ,2 ,1

1 2

( ) [ ( ) ( ) ]

( ) ( )

k kk k k k k k

k k k

NLT k dk dk n n sg n n sg n n

k k k

π υ ω ω ω ω

δ δ ω ω ω

= − −

× − − − −

∫ r r r r r r

r r r
  .  (7) 

This equation is valid for weakly turbulent plasma, for in the derivation an assumption 
22( ) ( )k kk

k k

tφ φ δ ω ω< >= < > −∑ ∑ r rr  is made and an additional frequency matching 

condition,
1 2

0k k kω ω ω− − = is imposed. WKE is however applied to plasmas of stronger turbulence 

sometimes it gives better insights. 

The density fluctuation knr , which is defined as 
221 (1 ) k

k
k φ

ω
+ r , is referred to as action in 

literatures, is regarded as the number density of wave packets. The conservation properties of the 
nonlinear term ( )NLT k  have been already discussed in section 4. 

 

Nonlocal interaction 

 

Since WKE is based on WKB approximation, it is not always appropriate to apply it to zonal flows. 

Therefore, we separate the drift wave fluctuation from that of zonal flows and apply WKE only to 

the former [3]. 

,( ) ( )g k E q k
N NN k V N
t x kθυ ω γ∂ ∂ ∂

+ ⋅∇ − + ⋅ =
∂ ∂ ∂

% rr % %r   (8) 

Here, it is noted that the kγ  on the RHS contains both linear growth rate and the part of ( )NLT k  

that is proportional to N. The non-localized nonlinear interaction of present interest is included on 

the LHS in terms of 

 / ( / ) iqr
EqV c B ciq B eφ= − ∇ = −   (9) 

Here, zonal flow is assumed to have wave numbers 0kθ =  and rk q= .  Equation (8) has the 

following solution: 
2

2 2
1

( ( ) ) )k
rq g k

q k N NN
B kq

θ δγ φ φ
δφυ γ

∂
= =

∂Ω − ⋅ +
% r r    (10) 

where 
2

2 2
1

( ( ) ) )k
rq g k

q kN N
B kq

θδ γ φ
δφ υ γ

∂
=

∂Ω − ⋅ +
r r   (11) 
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Reynolds stress and Random shearing 

 

Remembering that the nonlinear term (Reynolds stress) on the LHS of Eq. (2) is  

Originated from momentum transfer tensor in the fluid equation, we give the following interpretation 

to this term: 

0 ( )r gr q
k

Nf n m V V k
r r

θ
θ θ

δυ φ
δφ

∂ ∂
= < >=< >

∂ ∂ ∑   (12) 

Then, Eq.(12) may be rewritten as 

2 2 2
2 2 2

0

1 12 ( , )
(1 )r s r q

i rsk

cV V k q R k q k
r n m B kkθ θ

ηρ φ
ρ⊥

∂ ∂
< >= − < >

∂ ∂+∑    (13) 

in terms of 

2 2( , )
( ( ) ) )

k

q g k

R k q
q

γ
υ γ

≡
Ω − ⋅ +

r r   . (14) 

 

Equation (13) reads that gradient of enstrophy 2 2(1 )s k kk Nη ρ ω⊥= +  of drift wave causes a force 

driving zonal flows. As it is clear in this derivation, the Reynolds stress is originated from the 

shearing of drift wave structure by the zonal flows. For this reason, this mechanism is referred to as 

"random shearing" mechanism. 

 

Stringer spin-up and Winsor-Hallatschek mechanisms 

 

Returning to Eq. (1), the second term is interpreted as the particle source associated with anomalous 

loss flux. This term is taken as the driving term of the system and for convenience it is divided into 

time-independent part 1( , )F r θ and time-dependent part 2 ( , , )F r tθ : 

0 1 2 1 2( , ) ( , , ) ( , ) ( , , )extnV F F r F r t F r F r tθ θ θ θ⊥−∇ ⋅ = + + ≈ +
r r

   (15) 

The following two terms of parallel flow are induced by these two terms of perpendicular particle 

flows: 

,1 1
1 ( ) ( , )nV nV F r

qR
θ

θ ⊥
∂

= −∇ ⋅ =
∂ �

r r r
  (16) 

and 

,1, 1,
1 ( ) ( , )coss cnV nV F r

qR
θ θ

θ ⊥
∂

= −∇ ⋅ =
∂ �

r r r
 . (17) 

Using these expressions, Eqs. (1-4) are solved to yielding the following dispersion equation. 
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1
2,

2

2 2

1 1 1 1( )( ) cos
2 2[ ( ] 0

1( ( ) ( ) )

s

r s E B

s

V
i F i

B R r qRi V V c V
c R i c

qR

θ

ω ν θ
δ θω
δφ ω ν ω

×

∂
+ + +

∂− + < > + =
+ −

�%%

% % %   (18) 

The solution to Eq.(18) has Geodesic Acoustic Mode, which has well known real frequency 
2

2 2
2

2 1 1(1 ( ) )
2

sc
qR

ω = +   (19) 

and growth rate consisted of 4 terms: 
2

2 2
Reynolds2 ((1/ 2 )

(2 1) asym WH
q q k

q
γ μ γ γ γ⊥= − + +

+ �   (20) 

The second term, involving 1,cF% , is originated from poloidal asymmetry of the loss particles flux. 

2
1 1,cos ( ) cosasym c

R RF F
r r

γ θ θ θ= = %   (21) 

This term is referred to as Stringer spin-up term [4]. 
The third term, involving 2,sF% , is originated from time-dependent up-down asymmetry of the loss 

particles flux. This mechanism of exciting zonal flow is referred to as Winsor-Hallatschek 

mechanisms [5]. The fourth term is caused by the Reynolds stress and is referred to as "Random 

Shearing mechanism [3] previously discussed. Finally, the first term originated from viscosity of the 

plasma and is always stabilizing. GAM oscillation will be destabilized if the sum of these dissipative 

terms becomes positive. 
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Section-VII    Experimental determination of transfer functions 
 
In the previous sections, we have learned how the drift wave transfers wave energy in 
k-space. Now let us investigate how these nonlinear processes are fulfilled in the real 
plasmas.  
 
Ritz-Kim method 
 
Ritz et al explored a method of determining transfer function from observed fluctuation 
data [1], which was followed by a work proposing an improvement [2]. We identify these 
two works and introduce in the following. 
 
Let us denote say the experimentally obtained potential signal at time t  and t τ+  by 

( , )kX k tφ=  and ( , )kY k tφ τ= + .    (1) 

which can be separated in amplitude and phase 

 ( , )( , ) ( , ) i k tX k t X k t e Θ= .   (2) 

Then, the drift wave evolution equation 

1 2

1 2 1 2
( , ) 1( ) ( , ) ( , ) ( , ) ( , )

2
Qk

k k k k
k k k

k t i k t k k k t k t
t

φ
γ ω φ φ φ

+ =

∂
= + + Λ

∂ ∑    (3) 

is transformed in the following difference equation form: 

1 2
1 2

1 2

,
,

,

1( , ) ( , )
2

k k
k k kk

k k

Y k t L X k t Q X X= + ∑     (4) 

Here, 

[ ( , ) ( , )]
1 [ ( , ) ( , )]L

k
k i k t k t

i k t k t
L

e τ
τ τ

− Θ + −Θ

Λ + − Θ + − Θ
=     (5) 

is referred to as linear transfer function and 

1 2, 1 2
[ ( , ) ( , )]

( , )Q
k k k
k i k t k t

k k
Q

e τ
τ

− Θ + −Θ

Λ
=     (6) 

is referred to as non-linear transfer function. 
Multiplication of various moments to the mother equation Eq.(3) gives infinite set of 
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cumulant equations: 
1 2

1 2

1 2
1 2

,k k
k k k k k k k kk

k k
k k k

Y X L X X Q X X X∗ ∗ ∗

≥
= +

< >= < > − < >∑   (7) 

1 2
1 2

1 2

,
,

,

( , ) ( , ) ( , ) k k
k k k k kk

k k

Y k t Y k t L Y X k t Q Y X X∗ ∗ ∗ ∗ ∗< >= < > + < >∑   (8) 

1 2
1 2 1 2 1 2 1 2

1 2
1 2

,k k
k k k k k k k k k k kk

k k
k k k

Y X X L X X X Q X X X X∗ ∗ ∗ ∗ ∗ ∗
′ ′ ′ ′ ′ ′

≥
= +

< >= < > − < >∑   (9) 

This set of equations is solved by truncating, for instance, at fourth moment and 
limiting wave number space by n k n− ≤ ≤  with an appropriate number n.  
Noting that 1k  and 2 1( )k k k= −  are subject to each other, we regard 1 2,k k

kQ , 

1 2k k k kB Y X X∗=< >
r

, and 
1 2k k k kA X X X∗=< >

r
 as n  number of vectors of element n . 

Similarly, 
1 2 1 2

1
k k k k kF X X X X− ∗ ∗

′ ′=< >
t

 is regarded as n  number of n n×  matrix.  

Then, we obtain 

k k k k k k kY X L X X Q A∗ ∗< >= < > − ⋅
r r

  (10) 
( , ) ( , ) ( , )k k k kY k t Y k t L Y X k t Q B∗ ∗ ∗< >= < > + ⋅

r r
  (11) 

( ) ( )T T
k k k k kB L A Q F∗ ∗= − ⋅

r rr t
   (12) 

 
Equation (12) is formally solved for kQ

r
 by multiplying inverse matrix 1

kF −t .  
 

1 1( ) ( )T T
k k k k k kQ B F L A F∗ − ∗ −= ⋅ − ⋅
r rr t t

    (13) 
 
Two expressions of kL  is obtained from Eq. (10) and (11) 

1

1
( )
( )

T
k k k k

k T
k k k k k

Y X B F A
L

X X A F A

∗ ∗ −

∗ ∗ −

< > − ⋅ ⋅
=

< > − ⋅ ⋅

rr t

r rt     (14) 

and  
1

1
( )
( )

T
k k k

k T
k k k k

YY B F B
L

Y X A F B

∗ ∗ −

∗ ∗ −

< > − ⋅ ⋅
=

< > − ⋅ ⋅

r t r

r t r   . (15) 

 

kL  is obtained by solving the linked equation Eqs.(14) and (15) and kQ
r

 is obtained by 
using the result in Eq.(13). Growth rate is deduced in a simpler short-cut procedure: 

1 1

1 1

1 1 1

1 1

( ) ( )
( ) ( )

( ) ( ) ( )1
( ) ( )

T T
k k k k

k k T T
k k k k

T T T
k k

T T
k k k k

Y X B F A Y Y B F B
L L

X X A F A X Y A F B

Y Y B F B A F A B F B
X X A F A X X A F A

∗ ∗ − ∗ − ∗ ∗
∗

∗ ∗ − ∗ − ∗ ∗

∗ − ∗ ∗ ∗ − − ∗ ∗

∗ ∗ − ∗ ∗ −

< > − ⋅ ⋅ < > − < > ⋅ ⋅
=

< > − ⋅ ⋅ < > − < > ⋅ ⋅

< > − < > ⋅ ⋅ ⋅ ⋅ − < > ⋅ ⋅
= = +

< > − ⋅ ⋅ < > − ⋅ ⋅

   (16) 
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, where we have used the properties 1 1( ) ( )T TB F A A F B∗ − − ∗ ∗⋅ ⋅ =< > ⋅ ⋅  and imposed the 
steady state condition k k k kY Y X X∗ ∗< >=< > . Thus the growth rate of the drift wave with 
mode number k is given by 

1 1

1
1 1 ( ) ( )

( )

T T
k k

k T
k k

L L A F A B F B
X X A F A

γ
τ τ

∗ ∗ − ∗ −

∗ ∗ −

− ⋅ ⋅ − < > ⋅ ⋅
= =

< > − ⋅ ⋅

t

  (17) 

 
If random phase approximation is applied as it was done in Ref. [1], the Matrix 
F
t

becomes diagonal and the formulation is simplified. The unknown quantities kL  and 
1 2,k k

kQ  are given in the following forms. 
 

1 2 1 2

1 2 1 2
1 2

1 2

1 2 1 2
1 2

2

2

2

k k k k k k
k k

k k k kk k k
k

k k k
k k

k k k kk k k

X X X X X X
X Y

X X
L

X X X
X X

X X

∗ ∗ ∗
∗

≥
= +

∗
∗

≥
= +

< >< >
< > −

< >
=

< >
< > −

< >

∑

∑
    (18) 

1 2
1 2 1 2 1 2

2 2, 1 ( )k k
k k k k k k k k kkQ X X L X X X Y X X− ∗ ∗ ∗ ∗=< > < > − < >    (19) 

 
P.Mantz et al [3], tried application of this method to H-W system, where more 
complicated nonlinear term play a role. 
 
Crossley 's method 
 
A new method which is referred to as "amplitude correlation method" was introduced by 
Crossley [4].  
The amplitude correlation ( )K τ is defined as a correlation of squared density 
fluctuation between two different bands in k-space, ak kΔ  and bk kΔ . 

 
2 2( ) [ ( )][ ( )]ka kbK n t n tτ τ=< + >   (20) 

 
In Fig.10, ( )K τ is calculated with the experimental data for two different pairs of wave 

number bands.    
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    Fig.15 
 
So defined, if ( ) 0 for 0K τ τ> < , it means the wave energy is transferred from high wave 

number to low wave number as anticipated in the previous sections. The instance in 
Fig.10 seems to be support theoretical predictions(inverse cascade). Validity of this 
method is discussed for instance in Ref. [5] and needs further consideration. 
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Section-VIII   Streamers and blobs 

 

One of the interesting theoretical topics related to drift wave turbulence is the streamer. Streamers 

appear as a potential and density perturbations with radialy long and poloidally short wave length. In 

experiments, it may appear as a avalanche like loss of particle- and energy- losses. Figure-1 shows 

an example of such phenomena observed in JIPP T-IIU tokamak [1]. 

 

 

Fig.16 
 

Below, a model of streamer related to drift wave turbulence is introduced based on Ref.[2] This 

paper starts from the following H-M type two field equation.  

 

2 2 2( ) ( ) ( ) 0t x y E s E s
e e e e

e e e en n n
T T T T

ρ φ υ φ υ ρ φ υ ρ φ∗
⊥ ⊥ ⊥∂ − Δ + ∂ + ⋅∇ − Δ + ⋅∇ − Δ =% % % %% %   (1) 

0t Eφ υ φ⊥ ⊥∂ Δ + ⋅∇Δ =%%   (2) 

0t y E
e

en n
T

υ φ υ∗∂ + ∂ + ⋅∇ =% %   (3) 

In Eqs.(1)-(3), waved quantities represent short wave length disturbances due to drift wave 

turbulence. The barred quantities denote long wavelength disturbances including zonal flow and 

streamers; thus these two mechanisms are discussed on the same footing based on Eqs.(1)-(3). 

Slowly varying time T and space ( , )X X X T=
r

 are introduced representing the scales of the barred 

quantities and they are also associated with the envelope modulation of drift wave turbulence.  

( ) ( )( , ) , ( , ) , /i k x t i k x t
eX T e cc n X T Ne cc N e Tω ωφ ⋅ − ⋅ −= Φ + = + = Φ

r rr r
% %   (4) 

Using the technique of reductive perturbation the following set of equations is obtained. 
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2 2 2

2 2

2 2
2 2

( )

1ˆ ˆ( ) ( ) 0
(1 )

XX YY XY
y yx y

s i s i
e x

D D Di N N
k kk k

ek zN k n zN
T k

τε

ρ φ ρ
ρ

∂ ∂ ∂
∂ + ∂ + ∂ + ∂ ⋅

∂ ∂∂ ∂

+ Ω × ∇ ⋅ − Ω × ∇ ⋅ =
+

r r
  (5) 

 
2 2

22 2 2
2 2

1( )( )( / ) [ ( ) ( ) ] 0
2g e s i x y YY XX x y XYe T k k k k N

X Yτε υ φ ρ∂ ∂
∂ − ⋅∇ + + Ω ∂ − ∂ + − ∂ =

∂ ∂

rr
  (6) 

 

( ) 0g
e

en
Y Tτ

φε υ υ∗ ∂
∂ − ⋅∇ + =

∂

rr
   (6) 

Here, the first and second terms are originated from the following WKB considerations: 

( , , ) ( , ) ( , , , ) ( , )
2 2

{ ( , , ) ( , , )

( ) ( , , ) ( ) ( , ,
2 2

t
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−∞
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∂ ∂

∫ ∫

∫

r rr r r r r r r r r

r r r r r r

r r tr r r r r r
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2

)}

( , ) 1 ( , ){( ( , ) ( ) [( ) ] ( , ) ( ) )
2

r t r tr t r r r r r t t t
r r t

φ φφ φ∂ ∂ ∂′ ′ ′× + − ⋅ + − ⋅ + − ⋅
∂ ∂ ∂

r r r r
r r

 (7) 

The lowest order term is vanished as ( , , ) ( , ) 0D r k r tω φ⋅ =
rr  is employed 

2 2 2

2 2

1 ( , , ) ( , , ){ } ( , )
2

1 ( , , ) ( , , ){ ( , ) } ( , , )
2

1 ( , , ) ( , , ) ( , , )(
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D r k D r ki d dk r t D r k
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k kk k

ω ωω φ

ω ω φω φ ω φ
ω ω

ω ω ωω

∂ ∂ ∂ ∂
= − ⋅ + ⋅ ⋅

∂ ∂∂ ∂

∂ ∂ ∂ ∂
+ ⋅ ⋅ + ⋅ − ⋅

∂ ∂ ∂ ∂

∂ ∂ ∂
+ ∂ + ∂ + ∂

∂ ∂∂ ∂

∫

∫

∫

r rr r
r rr r

r rr r rr

r r rr r r

) 0Y φ⋅ =

  (8) 

 

Streamers 
Streamers are described by taking the limit of 0X∂ → : 

/ ( / )y
e

en k
T
φυ ω∗= ∂ ∂   (9) 

222 / ( / )s i y x y
e

e k k k N
Y T

φ ρ ω∂
= Ω ∂ ∂

∂
  (10) 
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4 2 22
2

2 2 2

21 ( ) (1 ) 0
2 ( / ) 1

s x y i
YY

yy s

k k
i N N N N

kk kτ
ρω υ

ω ρ

∗Ω∂
∂ + ∂ + − =

∂ ∂∂ +
  (11) 

 

 

This is a kind of Nonlinear Shroedinger Equation, which can be solved with an assumed wave form, 

( )
0

yiQ Y i iN N e e γ τ− Ω+= : 

2 2 4 2
1 1 22y yQ Qγ α α α= − +    (12) 

2
2 0NαΩ = −   . (13) 

where 

4 2 2 2

2 12 2 2

2 1(1 )   and ( )
( / ) 21

s x y i
YY

y s y

k k
k k k

ρ υ ωα α
ω ρ

∗Ω ∂
= − = ∂

∂ ∂ + ∂
.    (14) 

The necessary condition of instability is 

2 2 2 23[1 ]s x s yk kρ ρ+ >    (15) 

and the maximum growth rate  

2
max 2 0Nγ α=  

occurs at modulational wave number  

2 2 2 5/2
2 21

0 01/2 2 2 2 2 1/22 2 2 2
1

2 (1 )
3 [(1 ) / 3)]1

i s x y s
y

s x s ys x s y

k k k
Q N N

k kk k

ρ ρα
α ρ ρυ ρ ρ∗

Ω +
= =

+ −+ −
 .   (16) 

 

Zonal flow 
Zonal flows are obtained in the other limit, 0Y∂ → .  We obtain  

2 4 22
2

2

21 ( ) 0
2 ( / )

i s y x
XX

xx

k k
i N N N N

kkτ
ρω

ω
Ω∂

∂ + ∂ + =
∂ ∂∂

    (17) 

This NLS equation gives the instability condition  

2 2 2 21 0s y s yk kρ ρ+ − >    (18) 

and the maximum growth rate occurs at modulational wave number 
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2 2 2 5
1/2

0 2 2 2 2 2

2 (1 )
( )
( ) 1

i s
x

s y s x

k
Q N

k k
ρ

υ ρ ρ∗

Ω +
=

+ −
  (19) 

The thresholds of streamer and zonal flows are shown in Fig.17. 

 

 

 Fig.17 
 

Shown above is one possible mechanism causing a streamer, in which radially long perturbation of 

density and potential associated with envelope modulation of drift wave is suggested to be observed. 

The model introduced here is not the only one and there may be other mechanisms which accounts 

for intermittent events. Such phenomena are interesting as candidates of mechanisms accounting for 

SOC (self organized criticality [3]). The following references are available for further study in this 

field, [4-7].  

 

 

Blobs: 

 

Though it is not major scoped of this lecture, "bubble formation" is reported to occur in the scrape 

off layers of tokamaks and theoretical models are presented [8-11]. These phenomena are locally 

referred to as IOP (intermittent plasma object). Such intermittent events are sometimes studied in 

terms of probability distribution function PDF. In order to take out events from general form of 

fluctuations, Conditional averaging is applied to experimental data. The PDF are sometimes 

characterized by the skewness defined by 3 2 3/2/x x< > < > and flatness defined by 
4 2 2/x x< > < > . It is reported that, the PDFs obtained in the scrape off layers of various tokamaks 

have similar values of skewness~3 and flatness~10[13].  

The mechanism of "blob" is illustrated in Fig.18: 
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   Fig.18 

The charge accumulating in the tube is described by the following equation: 

2 2 2{ } s s s
s

con

C Cd nn n
dt R y L

ρφρ φ⊥
⊥

∇ ∂
∇ ⋅ + =

∂
  (20) 

The second term is caused by the curvature drift of particles and the first term is due to polarization 

current. These charges are balanced by the term on RHS which is caused due to the finite resistivity 

determined by the sheath effect. Equation (20) has been obtained by integrating the continuity 
equation along the tube. The potential φ  is measured with respect to the wall or diverter plate, R  

is the major radius, 1/2( / )s eC T M=  the sound velocity and, conL  is the connection length. 

Equation 20 is associated with the continuity equation. 

2 s
E B

con

Cn n n
t L

υ ×
∂

+ ⋅ ∇ = −
∂

rr
    (21) 

Neglecting of the polarization current, Eq.(20) is much simplified and gives the following solution: 

1s conL n
R n y

ρφ ∂
= −

∂
  (22) 

Substituting Eq.(22) into Eq.(20), one obtains 

 

1( )

21 1[ ( ( )) ( ( ))]

s con

s con s

con

Ln c n n
t B R n y

L Cn c n nn n n
t B R y x n y x y n y L

ρ

ρ

∂ ∂
− ∇ ⋅∇

∂ ∂
∂ ∂ ∂ ∂ ∂ ∂ ∂

= − − = −
∂ ∂ ∂ ∂ ∂ ∂ ∂

r r

  (23) 

 
The fist term of the bracket is nullified by integration over y  and we assume the following form: 

( ) ( )( , , ) ( , ) ( )x yn t x y n t x n y=    with  
2( )

( )
y
yn y e δ

−
=%    (24) 

Then, Eq. (23) allows the following solution. 

( ) ( )( , ) ( )x x
bn t x n x tυ= −    (25) 
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2
2 1

( )
s con

b
Lc

B R y
ρυ

δ
=     (26) 

Thus, the blob wave form may be summarized as follows: 

2

( ) ( )
sC t

L
b bn n x t n y eυ

−
= − %     (27) 

and 

21 1( )s con s conL Ln y
R n y R y

ρ ρφ
δ

∂
= − =

∂
   (28) 

The blob is an interesting phenomena observed in the scrape off layer and streamers is regarded as 

one of the mechanism triggering the former. Though it occurs in the limited region of scrape off 

layer, it could affect transport of main body of the plasma due to nonlocal effects. 
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Plasma shape control on EAST 
 

B. J. Xiao, Q.P. Yuan, Z.P. Luo, R. R. Zhang, J.P. Qian, B. Shen, C. Y. Liu, L.Z. Liu, H.Z. Wang1, 
M.L. Walker, A. Hyatt, A. Welander, D.A. Humphreys, J.A. Leuer, B.G. Penaflor, D.A. Pigrowski, R.D. 

Johnson2, Dennis Mueller3 
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2General Atomics, DIII-D National Fusion Facility, San Diego, CA, USA 

3Princeton Plasma Physics Laboratory, Princeton, NJ, USA 
 

Advanced tokamak plasma operation relies on the exact control of the plasma shape in order to get 
better coupling to the heating RF waves, protect divertor by exact control of the striking points. For the 
shape control to be possible, the shape parameters must be known. Because the shape together with 
values of many plasma discharge parameters such as safety factor q, plasma poiloidal βp, can’t directly 
measured, they can be evaluated from the available magnetic diagnostic data such as magnetic field 
and flux, plasma current and coil currents. These measured data can be used to fit the plasma current 
distribution in a combination of the solution of plasma force balance equation – Grad-Shafaranov 
equation. Such procedure reconstructs the plasma equilibrium to give a full sets of the plasma 
equilibrium parameters and the plasma boundary as well. This full reconstruction of the equilibrium 
can be performed by using EFIT [1] code, which has been routinely done for EAST between adjacent 
shots. This kind of reconstruction was to be made sufficiently fast for the real-time shape control in 
DIII-D by using a fast loop and a slow loop calculations on separate CPUs[2]. The slow loop is 
responsible for the well-converged full reconstruction with enough accuracy performed at every longer 
time step while the fast loop only does one or a little more fixed number of loop iterations if faster CPU 
used. The fast loop calculates the shape control parameters such as flux error at given control points 
and thus the command to the power supplies. This algorithm was so called RTEFIT. While RTEFIT 
has been done at a control cycle, the control reference points was determined at first. Depending on the 
discharge, such reference point could be the point of the plasma touching the limiter if the separatrix 
was limited by the limiter or the X points for a diverted plasma. The flux at the reference point and thus 
calculated and the flux difference at pre-defined control points are calculated with reference to the flux 
at the reference point. The control would be conducted to make this flux difference to be zero and the 
reference points to be the predefined locations as sell. The overall shape control algorithm is called 
RTEFIT/ISOFLUX algorithm which was firstly realized in DIII-D[2].  

Under the collaboration with DIII-D, EAST also adapted DIII-D plasma control software 
system[3]. One of the main missions for EAST 2008 summer campaign was to realized plasma shape 
control. The shape control algorithm is also RTEFIT/ISOFLUX. 

Firstly, plasma must be well controlled for position and plasma current. This has been 
accomplished in the first two plasma campaigns of EAST [3]. When the current and position is well 
controlled, the real-time plasma equilibrium reconstruction was initiated with sufficient accuracy at 
fine enough time steps. After shots, this real-time reconstructed equilibrium was compared with 
off-line EFIT calculations and other diagnostic methods such as plasma CCD image. The left-hand side 
of Fig.1 shows the EAST coil configuration together with the limiter boundary(thinner black line), 
plasma shape target(thicker black line), control segments(red line) and control grids or areas(in shaded 
area) for the determination of X points. When in the limited control algorithm, the PFs 7-8 are 
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current-controlled. Their currents are increased against with their values at a circular plasma 
configuration, to strength the plasma in vertical direction. The currents of PFs5-6 were also increased 
but those of PFs1-2 drop more quickly in order to push the plasma harder to make the plasma more 
D-like. After carefully adjusting PFs 7-8 currents and the decoupling matrix for commanding PF1-6 
coils, plasma shape can be approximately stable. Thus plasma shape at a typical time step can be used 
as the plasma shape for a shape control. Shown at the left of figure 1 was the plasma boundary 
determined by an offline EFIT reconstruction of the plasma equilibrium for the shot 7697 at 3.3 s. This 
shape was used as the basis shape to be controlled for an isoflux/double-null algorithm. After the shape 
control matrix and the PID control parameters have been carefully adjusted, the plasma shape can be 
well controlled at shot 8815 as shown at the right of figure 1. The control points were also shown in 
cross symbols together with the plasma shape and flux surfaces. The upmost and lowest points are the 
upper and lower X points, respectively. The other control points in the figure were chosen in such a 
way to mainly control the inner gap by the inmost point, outer gap by the outmost point, the upper and 
lower triangularities. In figure 2, we also showed the main controlled parameters at the isoflux control 
algorithm. It can be seen that the flux errors were well controlled below 5 mVs for most of the 
discharge time under shape feedback control which started from 3 s. The X point position control is 
rather good but in the range of several centimeters. In order for X positions to be well controlled with 
much lower error, the shape control has to be sufficiently consistent with the fast vertical position 
control. This leaves to be fulfilled at the next experimental campaign. 
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Figure 1, left: Plasma shape control points.  

Right: the illustration of the achieved shape control at shot 8815. 
 
 

 
Figure 2 Control errors for the gap control point fluxes and X point positions. 

47



 
 

Recent Results of JT-60 Experiments 
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Abstract: 
 
JT-60 completed 24-year operation on 29th August, 2008 towards the construction of 
the next superconducting device JT-60SA. In this presentation, recent results of JT-60 
for establishment of advanced tokamak concept for ITER and DEMO (i.e. 
development of plasmas with high beta, high confinement, high bootstrap-current 
fraction and high radiation fraction, as well as development of advanced diagnostics 
and high heating power technology) are presented. Status of JT-60SA programme is 
also reported where procurement has been already launched. 
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Abstract 

 The HL-2A tokamak programme is to address key physics issues relevant to ITER. Since 

last FEC, recent experimental campaigns have been focused on studying and understanding 

the physics of turbulence, transport, MHD instabilities and energetic electron dynamics. 

Significant advances have been made in these fields. In particular, the three dimensional 

spectral structures of the theory and simulation predicted low frequency zonal flow (LFZF) 

and quasi-mode (QM) have been observed simultaneously for the first time. A spontaneous 

particle transport barrier (PTB) has been observed and evidenced for the first time in Ohmic 

discharges without any external momentum input or particle source. These advances have 

benefited from substantial improvements and developments of hardwares, including 

installation of modulated ECRH (2 MW/68 GHz), NBI (2 MW/45 keV), modulated SMBI 

system, plasma control and diagnostic systems. 

 

1. Zonal Flows and Turbulence 

 The toroidal symmetry of the LFZF with f<4 kHz is identified with toroidally distributed 

three-step Langmuir probes (TSLPs) in the edge plasma for the first time. The frequency and 

wave vector spectra of the flows are measured and analyzed in detail. High toroidal and 

poloidal coherences of the flows are simultaneously observed. The spectral averaged radial 

wave vector and width of the flows are estimated as 130.0 −= cmkr and 12.3 −=Δ cmkr . 

Envelope analysis indicates that the high frequency ambient turbulence (HFAT) is regulated 

by the LFZF as is by geodesic acoustic mode (GAM), although the coherence in the 

frequency regime of the former is lower than that of the latter. In addition, the mode structure 
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of the density fluctuation at GAM frequency is identified. The transport induced by the large 

amplitude intermittent bursts in the scrape-off layer (SOL) is found to account for 45-50% of 

the total outward particle flux. 

 

 The distinct characteristics of low frequency QM fluctuations of several tens kilohertz 

and the HFAT of 100 kHz or higher are measured with high spatiotemporal resolution 

Langmuir probe arrays. Three dimensional wave number spectra and dispersion relations are 

investigated and compared between the QM and HFAT. Obvious differences, which reveal the 

existence of the two distinguishable regimes, are observed for the first time. The poloidal and 

toroidal correlation lengths of the QM are one order of magnitude longer than those of the 

HFAT. The timescale ratio of the QM and HFAT is of the same order. The nonlinear three 

wave coupling between the QM and HFAT turbulence is identified with bi-coherence analysis 

to be a plausible generation mechanism for the former. 

 

2. Transport Study 

 Without momentum input, a spontaneous and quasi-steady state particle transport barrier 

(PTB), coincident with a velocity shear layer, has been evidenced by particle perturbation 

study using modulated SMBI technique and microwave reflectometry measurement. It is 

found that there is a threshold in line-averaged density for the PTB formation in these 

experiments, typically 319102.2 −×= mnc . The threshold could be correlated to the TEM/ITG 

transition via the collisionality. The barrier is located around r/a=0.6-0.7 with a width of 1-2 

cm. The particle diffusivity and the convective velocity have been determined simultaneously 

by analysing the propagation of particle perturbation across the barrier. The particle 

diffusivity is rather well-like than step-like with significant reduction inside the barrier. The 

convection is inward outside the barrier and outward inside the barrier. The measurement 

results by Doppler reflectometry show that the drastic change of the rotation velocity in the 

barrier is related to the steepness of the density gradient in the barrier. 
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 The non-local transport (NLT) effect with new features induced by SMBI fuelling has 

been investigated. The results show that the duration of core Te rise can be prolonged by 

changing the SMBI modulation frequency, duty cycle and gas pressure. Both the bolometric 

radiation and the Hα emission decrease when the NLT occurs in low density discharges. At 

higher density, the core Te decreases fast in response to SMBI edge cooling, which is in 

contrast to fast increase at lower density. The Fourier analysis of temperature perturbation 

induced by modulated SMBI indicates that, electron heat transport has the similarity of the 

non-locality under both lower and higher density conditions.  

 

3. MHD control 

 ECRH/ECCD is used to provide active control of the local current profile and then MHD 

activity. Stabilization of m/n=2/1 tearing modes has been achieved by depositing 

ECRH/ECCD power in the vicinity of the q=2 surface, resulting in an obvious increase in 

plasma density and stored energy. Moreover, it is found that the suppression of m/n=2/1 

tearing mode can be sustained by ECRH modulated with low frequency of about 10 Hz. 

Continuous confinement improvement is obtained after the mode suppression, i.e. the plasma 

density, temperature, stored energy increase steadily. This may provide a low cost, effective 

means of controlling m/n=2/1 tearing mode and improving confinement. In addition, effective 

destabilization of large sawtooth has been demonstrated by using ECCD near q=1 surface. 

 

4. Electron Fishbone 

 Strong bursts of the internal kink mode excited by energetic electrons of non-Maxwellian 

distribution have been observed and investigated by 10-channel CdTe hard X-ray detectors. 

This electron fishbone instability is found to correlate with the existence of energetic electrons 

of 30-70keV and can be excited with ECRH at high or low field sides. The mode has obvious 

features of the fishbone structure, which is characterized by the frequency chirping, and 

amplitude bursting. The mode is located around the q = 1 surface with frequency of 4-8 kHz. 

It propagates in the precession direction of the deeply trapped ions toroidally and electron 
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diamagnetic drift direction poloidally. The instabilities disappear when line-averaged density 

exceeds 4×1019 m-3 or the ECRH power is higher than 900 kW. The experimental results are 

coincident with the resonance condition of the fishbone instability excited by suprathermal 

trapped electrons. 
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Abstract.  In the Low Aspect ratio Torus Experiment (LATE) device, plasma current is initiated 

and ramped up to 20 kA solely by microwave power at the electron cyclotron (EC) range of frequency 
with a ramp of the external vertical field Bv for the radial equilibrium of plasma loop at larger currents. 
Measurements suggest that a fast electron tail in the energy range of ~200 keV carries the current. The 
line averaged electron density is higher than the plasma cutoff density, suggesting that tail electrons 
might be driven by electron Bernstein waves mode-converted from the incident electromagnetic waves. 
 
Keywords: Current ramp-up, Microwave, Electron cyclotron range of frequency 
PACS: 52.55.Fa 
 
1.  Introduction 
 

Removal of central solenoid from the core of tokamak reactors is beneficial [1]. Reactors would be 
reduced in size, simplified in structure and improved in plasma performance via reduction of the aspect 
ratio, and, therefore, the construction cost could be significantly reduced. Without the central solenoid 
alternative methods for plasma initiation and current start up are required. The EC heating (ECH) is 
potentially an attractive candidate for this purpose in reactors since the microwaves for ECH can be 
launched with a simple small launcher positioned remote from the plasma surface. The resonance 
electrons in usual ECH are heated, however, primarily in the perpendicular direction to the magnetic 
field and, therefore, usual ECH is not useful for the current ramp-up, where there arises counter voltage 
from the self induction of plasma current loop that retards the resonance electrons towards backwards. 
Although the resonance electrons in the lower hybrid current drive (LHCD) are accelerated forwardly 
along the field line and can overcome the retarding voltage, LHCD needs a large complicated launcher at 
the plasma surface. In these circumstances, it is notable that electron Bernstein (EB) waves, which is an 
electrostatic mode at EC range of frequency, can potentially have high N// (parallel refractive index to the 
field line) much larger than 1[2]. EC current drive (ECCD) by using such high N// waves may drive the 
resonance electrons forwardly along the field [3]. 

In the LATE device plasma current can be initiated and ramped up to 20 kA solely by a microwave 
power (5 GHz, ~200 kW, ~100 msec) with a ramp of the external vertical field Bv for the radial 
equilibrium of plasma loop at larger currents. Measurements and analyses show that a fast electron tail in 
the energy range of ~200 keV is developed and carries the current. Furthermore, the line averaged 
electron density is higher than the plasma cutoff density, suggesting that tail electrons might be driven by 
EB waves mode-converted from the incident electromagnetic waves. 

 
 
2.  Experimental Apparatus 
 

LATE is a tiny device [4, 5] with a vacuum chamber made of stainless steel in the shape of a cylinder 
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with the diameter of 1.0 m and the height of 1.0 m as shown in figure 1. The center post is a stainless 
steel cylinder with the outer diameter of 11.4 cm, enclosing 60 turns of conductors for the toroidal field. 
The return conductors are grouped into 6 limbs and go around far from the vacuum vessel, which allows 
good accessibility to the vacuum chamber and suppresses toroidal field ripple at a low level (1.5 % at 
R=50 cm and 0.07% at R=30 cm). There are four sets of poloidal field coils. One is for feedback control 
of vertical position of the plasma loop, and the rest are for the vertical field for equilibrium and their 
currents are preprogrammed. There is no central solenoid for inductive current drive.  

Three 2.45 GHz magnetrons, including two 5 kW CW tubes and a 20 kW 2 seconds tube, and a 5 
GHz klystrons (~200 kW, ~100 msec) are used for ECH/ECCD. In all cases, microwaves are injected 
from radial ports with injection angles slightly deviate (about 15 degrees) from normal to the toroidal 
field as shown to avoid the direct reflection to the launcher from the plasma cutoff layer and also to 
ensure the good coupling to EB mode via the OXB mode-conversion process. 
 
3.  Experimental Results and Discussions 
 

Figure 2 (a) shows a typical discharge by a 5 GHz microwave pulse. Breakdown takes place 
immediately after microwave injection and plasma current initiates and jumps up quickly to Ip = 6 kA 
and an initial closed flux surface is spontaneously formed under a steady vertical field of Bv=55 G [6]. 
After the spontaneous formation Ip ramps up at a rate of ~100 kA/s in accordance with a ramp of Bv for 
equilibrium of plasma loop, and reaches Ip = 12 kA at the end of the microwave pulse of 60 ms. This 
current amount to 13% of total toroidal coil currents that flow through the central post, forming a 
spherical torus with an aspect ratio of 1.4 and an elongation of 2 solely by microwave power as shown 
figure 2 (b). The line averaged electron density (n ~ 4x1011 cm-3) exceeds the plasma cutoff density at 5 
GHz (nc=3.1x1011 cm-3), suggesting that EB waves mode-converted from the incident electromagnetic 
waves heat the plasma and drive Ip. 

The parallel electron drift velocity is estimated as v//= Ip /Sne ~ 2.5x106 m/s by using values of Ip 
=12 kA, S (cross section of plasma) ~ 0.1 m2, and the above density. This is comparable to the bulk 
electron thermal velocity vth = (Te/m)1/2 ~ 3.2 x106 m/s at Te ~60 eV. It is noted that the bulk electron 
temperature is estimated below ~ 100 eV since the radiation profile shows that the plasma does not yet 
go through the radiation barrier. This result excludes the possibility that present current is a bootstrap 
current and suggests that it is carried by a supra-thermal electron tail.  

The poloidal beta βp = 8πS<p>/μ0 Ip
2 estimated by magnetics is ~ 1.5; essentially due to these 

current carrying tail electrons. Contribution of bulk electrons is only ~ 0.05 as estimated from the bulk 
density and temperature Te ~ 60 eV. The tail pressure can be written as p ~ nmγv2 for the typical velocity 
v and the current density as j= Ip /S ~ nev. Then, the factor Cf = Ipβp/IA= (2e/mc)(<p>/j) ~ γv/c is a 
measure of the tail momentum range, where IA= 4πmc/μ0e = 17 kA. The tail energy range estimated from 
Cf at Ip =12 kA is as large as ~200 keV, which exceeds the runaway critical energy ~7 keV for the 
present reverse voltage of VL~ - 0.015 V. Production of such a high energy tail at the energy range far 
beyond the critical energy, where the reverse electric force is much larger than the collisional friction 
force, is essential for efficient current ramp-up. This was already realized for LHCD [7, 8] but not for 
ECCD. In the present case this might be realized by the forward driving force on tail electrons via EC 
absorption of high N// EB waves.  

The velocity distribution of current-carrying fast electron tail has been investigated for the 2.45 
GHz discharges at Ip =8 kA with the pulse lengths of 2 seconds, where X-ray pulse height analysis has 

54



been carried out in addition to the magnetic analysis by taking advantage of relatively long pulse length, 
showing that the X-ray photons at the energy range beyond ~100 keV are, indeed, emitted from the 
plasma [4, 5]. 

Recently attained values of Ip has increased up to Ip =20 kA [4] and are plotted versus Bv together 
with the previous data in figure 3. By shifting the 2nd EC resonance layer to the center of the vacuum 
chamber from the previous position of inboard side by increasing the toroidal field, Ip becomes larger 
and being again proportional to Bv. This means that equilibrium with a large last closed flux surface such 
as shown in figure 2(b) at Bv ~110 G is recovered again at a higher Bv of ~200 G. It may be due to the 
better coupling of mode-converted EB waves to the fast tail electrons that is expected when the first 
propagation band of EB waves between the fundamental and the 2nd harmonic EC resonance layers 
expands towards the center of vacuum chamber by the replacement of the ECR layer towards outward. 
   
 
Summary 
 

In the Low Aspect ratio Toru Experiment (LATE) device, plasma current is initiated and ramped up 
against the counter voltage from the self induction solely by a microwave power at the EC frequency 
range, and reaches Ip=20 kA. Thus a torus is formed without central solenoid by ECH/ECCD. 
Measurements and analyses show that a fast electron tail in the energy range of ~200 keV carries the 
current. These tail electrons might be driven by high N// electron Bernstein waves mode-converted from 
the incident electromagnetic mode. 
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Figure 2.  (a) Time trace of a 5 GHz discharge and (b) the field line on the last closed flux 
surface at the final stage of discharge. After the current jump under steady Bv the plasma 
current ramps up further by microwave power in accordance with a Bv ramp for equilibrium at 
larger current.    

 

Figure 1 Top view of the LATE device 
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Figure 3.  Ip (current just before the microwave turnoff) versus Bv 
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Abstract: Using electromagnetic waves to startup and sustain plasma current takes a important 
role in the research program of the SUNIST spherical tokamak. Electron cyclotron ware (ECW) 
current startup have been investigated and revealed two totally different regimes. In the regime of 
very low working pressure, a plasma current of about 2 kA is obtained with a steadily applied 
vertical field of 12 Gauss and 40 kW/2.45 GHz microwave injection. In addition, the physics of 
the transient process during ECW startup in the relatively high working pressure regime is 
analyzed. The hardware preparation for the experimental research of Alfven wave current drive is 
being performed. The Alfven wave antenna system consists of four models in toroidal direction 
and two antenna straps in poloidal direction for each module and the rf generator has been 
designed as a four-phase oscillator (4×100kW, 0.5~1Mhz).The impedance spectrum of the antenna 
system is roughly evaluated by 1-D cylindrical magneto-hydrodynamic calculation. To investigate 
the wave-plasma interaction in ECW startup and Alfven wave current drive, upgrade of the device, 
especially in equilibrium control and diagnostics, is ongoing. 
 
1. Introduction 

Non-inductive plasma startup and current drive are of great importance for spherical tokamak 
(ST), which is related its prospect in application of fusion plants. The SUNIST is a spherical 
tokamak with major/minor radius of 0.3m/0.23m, on-axis magnetic field of 1500Gauss and typical 
current of 30~50kA. Research activities at the SUNIST in recent years are concentrated on 
noninductive current startup and sustainment, especially in the range of high frequency electron 
cyclotron waves (ECWs) and that of low frequency Alfven waves (AWs). 

ECW is utilized widely since its comprehensive abilities of plasma pre-ionization, startup and 
current drive [1-5]. It is also encouraging that ECW can be launched from a horn antenna remote 
from the plasma thus the deployment of ECW is very convenient. The preliminary experimental 
study of ECW startup at SUNIST [5] has shown a low efficiency. The spiky time trace of the 
driven current implied a bad coupling between microwave and plasmas. Here, the physics of the 
low efficiency is investigated and then the result of improved ECW startup is presented. 

On the other limit, low frequency Alfven waves was considered as an attractive mechanism of 
driving plasma current because of its potential high efficiency, no density limit and the 
convenience of high power RF generating. [6] The difficulty due to high dielectric constants of ST 
plasmas is absent for Alfven waves. However, the trapping effect may dramatically decrease the 
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National Excellent Doctoral Dissertation of PR China under Grant No. 200456. 
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current-driven (CD) efficiency. Ponderomotive force applied on bulk electrons provided by 
helicity injection was proposed [7]. However, this non-resonant drive force was theoretically 
proved to be canceled out when nonlinear stress forces were taken into account [8]. Although there 
were experiments [9,10] shown the CD efficiency is consistent with the Fisch-Carney theory,[6] 
both experiments are in the plateau regime, therefore, trapped electron effects cannot be verified. 
Spherical tokamak may be a good platform to study the behavior or contribution of trapped 
electrons in rf current drive. A preliminary plan of AWCD on the ETE device [11], in fact, has 
been proposed, but seems not to be actualized finally. Now, a research program on Alfven wave 
current drive is ongoing at the SUNIST spherical tokamak. Experimental system preparation is 
being schemed. The Alfven wave antenna system and the rf generator are preliminarily designed. 
The impedance spectrum of the antenna system is evaluated by 1-D cylindrical MHD calculation. 
To investigate the wave-plasma interaction in ECW startup and Alfven wave current drive, 
upgrade of the device, especially in equilibrium control and diagnostics, is ongoing. 

The paper is organized as follows. ECW current startup experimental results are presented in 
section 2 and the research plan of AWCD are presented in Section 3. Section 4 gives a brief 
introduction to the upgrade plan of the device and the present status. 
 
2. Two different regimes of ECW current startup 
2.1. Experimental setup 

The experimental setup of ECW startup on SUNIST is shown in Fig. 1. The vacuum vessel of 
SUNIST consists of an inner cylinder and two semi spheres, which are electrically insulated from 
each other. The central solenoid is left open in order to avoid choking the toroidal plasma current. 
A microwave with 2.45 GHz, 100 kW, 10 ms is injected from the equatorial plane in the normal 
direction to the toroidal field with E field polarization parallel to toroidal field. The working gas, 
H2, is puffed into the vessel through a piezo-valve installed on the top of vacuum chamber. Three 
pairs of vertical field (BV) coils are connected in series thus the decay index of BV is unchangeable. 
In our experiments, it is fixed to a quite small value (n~-0.1 at R=50 cm). Main diagnostics in 
these experiments include one chord of 46 GHz (8 mm) microwave interferometer, 10 kfps fast 
visible light camera with the visual angle marked by dashed line in Figure 1(b), and a photodiode 
to pick up the overall light emission. The position of electron cyclotron resonance (ECR) layers 
are varied in the dashed region as shown in Fig. 1. 
2.2. The high gas filling pressure regime 

Only an unstable and small plasma current could be obtained in the experiments worked at a 
relatively high hydrogen gas pressure, PH2=7x10-3~1.2x10-2 Pa, with injected microwave power 
Pinj ~20 kW and a small vertical field BV ~14 G. [5] The waveforms of plasma current commonly 
consisted of a spiky head (<500 microseconds but up to 1 kA) and a quite low plateau (less than 
300 A) in this high filling regime (Figure 2). The maximum attainable plasma current could not be 
further improved by increasing the power of microwave. Characters similar to that of plasma 
current are also found in the waveforms of the visible light emission and the line-averaged 
electron density. Typical waveforms of ne is shown in Figure 3(a). Breakdown takes place at the 
beginning of discharge and ne quickly rises to ~1x1017 m-3 exceeding the cut-off density of 2.45 
GHz microwave, which is as low as 7x1016 m-3. In several hundred microseconds, however, ne 
falls quickly forming the spiky head. The electron density at the plateau is about 5x1016 m-3 which 
is slightly lower than the cut-off density of the applied microwave. The time dependence of line 
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averaged electron density is quite similar to overall visible light emission, since both the 
ionization ratio and the electron temperature in this short term ECW driven plasmas are so low 
that the electron densities are roughly reflected by the intensity of visible light emission (mainly H 
alpha). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The experimental setup for ECW startup experiments on SUNIST: (a) Side view 
illustrating the radial positions of electron cyclotron resonance layers and the interferometer 
chord; (b) Top view showing the toroidal positions of main equipments and diagnostics. 
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Figure 2. Waveforms of plasma current, (a) and (e), visible light emission, (b) and (f), power 
injection, (c) and (g), and vertical field, (d) and (h) for two shots in the high filling pressure 
regime ( PH2 ~ 7x10-3 Pa). 

Some properties of the spikes at the beginning of shots have been investigated by varying the 
position of ECR layer. A series of shots with the same experimental conditions except the ECR 
position is presented in Figure 4. From Figure 4 (b), we found the delay time is increased along 
with the distance between the launcher and ECR layer increases. This trend was supposed to be 
caused by the decreasing microwave power density. More interesting behaviors can be read from 
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Figure 4 (a). The slope of the traces of microwave reflection decreases when the distance between 
the launcher and ECR layer increases. But the eventual value of the microwave reflection are 
almost identical for different ECR positions. The characters of the microwave reflection imply a 
drift and/or diffusion process started from the ECR layer. Since the wavelength of the power 
microwave is large (about 12 cm in vacuum, > a/2 of SUNIST), the microwave will not be able to 
effectively heat the existing plasmas and ionize neutral gas until a layer of plasma with enough 
thickness (may be in the same order of the wavelength) near the ECR layer is formed. That’s why 
the electron density at the beginning of discharge could exceeding two or three times larger than 
the cut off density of 2.45 GHz microwave. The spikes of electron density at the beginning of 
discharges have been widely observed in the experiments using low frequency ECW sources, such 
as LATE (2.45 GHz and 5 GHz), TST-2 (2.45 GHz), and CPD (8.2 GHz). However, the 
experiments using higher frequency power sources, e.g. WT-3 (40 GHz), CT-6B (20.1 GHz), 
JT-60U (60 GHz) are insulated with these spikes. The reflection ratio of the microwave, in 
addition, is sensitive to the position of the plasma layer that can effectively reflect the microwave. 
If the ECR layer in the inner region of vacuum vessel, it requires longer time to drift from the 
ECR layer to the position of microwave launcher. That’s why the slope of microwave reflection is 
correlative to the position of ECR layer. 
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Figure 3. The traces of line averaged electron density (a) and visible light emission (b) of a high 
filling pressure shot. 
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Figure 4. The traces of the microwave reflection ratio (a) and visible light emission (b) for a 
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series of high filling pressure shots with different ECR positions. The vertical dashed line 
indicates the beginning of microwave injection. The meaning of r0 is illustrated at the top of the 
figure. The solid straight lines in (a) roughly denote the slope of the traces of microwave 
reflection having the same color. 

The properties above requires a relatively high pressure of hydrogen that can be easily ionized. 
If the filling pressure is lowered to a very low level, these properties will be changed to a large 
extent. 
2.3 The regime with gas filling pressure as low as 1x10-3 Pa 

After extensive wall-conditioning, a typical discharge with relatively low gas filling pressure, 
PH2~1x10-3 Pa, is shown in Figure 5. From the visible light pictures, it can be noted that plasma is 
firstly generated near the fundamental ECR layer and hits the limiters at bottom and top along the 
field lines Figure 5(a) and (b). Then the plasma rapidly expands to a larger area Figure 5 (c) and (d) 
and generates a current peak. However, quite different from the high filling pressure discharge, 
neither visible light nor plasma current is attenuated too much in succession since microwave is 
not seriously blocked by the generated plasma. In fact, the reflection ratio ramps down 
dramatically when a substantial plasma current is generated. Plasma is more stable than in high 
filling pressure and almost constantly carrying a significant current ~2 kA in the remainder 
duration of microwave. All above suggest remarkable improvements on ECW coupling and 
current startup. In Figure 5 (e) and (f), it looks as if a closed field surface appears. The estimated 
poloidal field generated by plasma current (~15 Gauss) is bigger than the 12 Gauss externally 
applied vertical field. This also implies a closed field configuration. But it has not been confirmed 
yet by magnetic measurements since all magnetic probes are removed from the inside of vacuum 
vessel to prevent them from deteriorating the vacuum. 

In the low filling pressure regime, no spikes in the trace of visible light emission was observed. 
Considering the correlation between the line-averaged electron density and visible light emission, 
we may conjecture that the spike in the electron density trace is also removed. That means the 
filling pressure in this regime is far from where ionization can quite easily occur. The longer delay 
time between the visible light emission and the onset of microwave reveals this too. But direct 
measurement of the electron density is still required to prove these conjectures. 

Figure 6 shows these two different regimes: at high filling cases a low current follows a spiky 
head (discharge 071113.6 and 071113.10); and at low filling cases a high current follows a smooth 
head (discharge 071113.2 and 071113.3). The spiky head in the light signal can be served as a 
criterion for the operation regime. 

In future studies of ECW startup, three approaches are planned. The first is still to precisely 
control the plasma density by wall conditioning and gas puffing control, but the most important is 
to measure the density and investigate its dependence on the discharge condition. The second is to 
increase the frequency and the duration time of the microwave source, which will be carried out 
once the budget for this purchasing is approved. The other is to modify the launcher from normal 
injection to oblique injection, which will increase not only the coupling of ECR to plasmas but 
also the possibility of the conversion to EBWs. A new launcher has been designed to increase the 
flexibility for the radial position of the launching face. 
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Figure 5. Pictures of visible light (a) ~ (f) and dependence of overall visible light emission (g), 
microwave reflection (h) and plasma current (i) on time in a typical discharge with filling 
pressure PH2 ~ 1x10-3 Pa, vertical field BV ~ 12 Gauss and microwave power ~ 40 kW. The 
pictures are taken with intervals of 0.2 ms. 
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Figure 6. Comparing several shots in the two operation regimes. Shot 071113.2 and 071113.3: 
low filling pressure; Shot 071113.6 and 071113.10: high filling pressure. 
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folded antenna), and a metal cylinder wall (the wall of the vacuum vessel). S. Cuperman et al. 
have completed a series of numerical research [12-14] on Alfven wave characters in ST plasmas 
and have found that the results varied by the shaping effects (in the range of 1.1<A=R/a<10) is in 
the same order. Then, although this model is far different from the actual shape of a ST plasma, it 
is enough for us to do the analysis. 

The dependences of impedances and resonant positions on frequency for |N|=1 modes and |N|=2 
modes are shown in Figure 7. To obtain a higher efficiency (higher impedance), higher frequencies 
are needed. Higher frequencies, however, make Alfven resonance move to the edge of the plasma 
column, which is not favorable for power deposition. Therefore, the frequency should be carefully 
chosen during experiments. 

 

 
Figure 7. The dependences of impedances and resonant positions on frequency for |N|=1 modes 
(a and c) and |N|=2 modes (b and d). 
3.2. The rf generator 

As for the rf generator, we referenced to the design for the TCABR by Ruchko[15]. A four 
phase oscillator is designed, where each can deliver a 90 degree phase shift from its neighboring 
module and this phase shift between outputs does not depend on the variation of the antenna 
impedance. Therefore, the RF generator can deliver two possible phase shift, 90 degree or 180 
degree, to nearby straps in either toroidal or poloidal direction. For experiments at the SUNIST, a 
rf generator with the power of 4x100kW and the working frequency of 0.4~1MHz has been 
manufactured. Each separated module and the total integrated system has been tested. 
3.3. Antenna system 

The main task of the antenna in AWCD experiments is to excite a perturbation of magnetic field 
parallel to the equilibrium magnetic field with required spatial structures (called modes) in the 
plasma column. Typically, it is achieved by assembling poloidal current carrying loops 
surrounding the plasma column. However, loops with fully extension in poloidal direction cannot 
be implemented in STs because of the very tight configuration of central region. Then, according 
to the design of rf generator and referring to the design for the ETE [11], the antenna system 
consists of four modules in toroidal direction and two antenna straps in poloidal direction for each 
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module, which is shown in Figure 8. The reason of using this folded strap structure is considering 
the convenience in connecting to RF generator and less occupancies of windows (only 4 windows) 
although the impedance will decrease a lot. 

 
Figure 8. The concept design of the Alfven wave antenna in the SUNIST device 

The effect of the radial positions of the return limb and wall on the antenna’s impedance is also 
studied. It is obvious that the coupling between antenna and plasmas is weakened when the return 
limb approaches the antenna strap. In our folded model, this effect is linear to all modes. For 
example, in the configuration of the radial position of return limb equals to 1.15 times of the 
radius of plasma column, the impedances of folded antenna decrease to about 27% of unfolded 
antenna’s. That means we should bear an impedance loss of ~70% if the folded model is chosen to 
be manufactured. The detail of Alfven wave antenna design can be seen in our recent paper.[16] 
3.4. Engineering design and antenna shielding 

We have mentioned in Sec. 3.3, we choose the folded structure since it occupies less windows 
than the unfolded structure, where twelve windows should be occupied. Besides this point, the 
engineering design of the antenna system follows the guideline below. Firstly, the return limb 
should be positioned as close as possible to the wall of vacuum vessel for improving coupling 
efficiency so the shape of the return limb and the antenna strap are simply defined by offsetting 
the shape of vacuum vessel and last closed flux surface of plasma column respectively. These 
shapes would have the most efficient utilization of limited space. Secondly, the width of the 
antenna strap is limited by the diameter of windows and the poloidal extension angle is reduced to 
avoid enveloping other diagnostic windows. 

Figure 9 shows the engineering design of one strap of one module of the antenna system. Both 
return limb and antenna strap are made of 1 mm thick stainless steel. Two insulated bolts fix the 
antenna structure to the vacuum vessel. Two BN side limiters, which have been proven to have the 
ability of reducing edge power deposition [17], are installed directly on the antenna strap. The 
antenna is connected with RF generator by ceramic feeder through. 
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Figure 9. The engineering design of the Alfven wave antenna in the SUNIST device 
 
4. Upgrade of the SUNIST device 

To investigate the wave-plasma interaction in ECR startup and Alfven wave current drive, 
upgrade of the diagnostic system has been ongoing. A new well-shield magnetic probe system has 
been designed and manufactured to reconstruct equilibrium and to measure the excited mode. 
Microwave reflectometer and interferometer have been imported and soon installed to measure the 
density and its fluctuation. Microwave radiometer and Soft-X array have also been purchased and 
ICCD spectrometer is being purchasing for measuring electron temperature. Typical electrostatic 
probes will be designed to measure the flow and the density and potential fluctuation. To improve 
the control power of equilibrium field, a set of capacitor bank with 1200V and 270mF is being 
planned and an IGBT-based control scheme has been investigated preliminarily. In addition, a new 
manhole window is opened for convenience of in-vessel components installing and servicing. At 
present, the SUNIST device is decomposed to install the AW antenna and new diagnostic systems 
and to open a new window in vessel. It is expected to be re-assembled and start the experiment 
before November this year. 
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Abstract:  
The Joint TEXT (J-TEXT) tokamak, formerly named as the TEXT/TEXT-U tokamak, 

operated by the University of Texas at Austin in USA, has been reconstructed in Huazhong 
University of Science and Technology in China. The machine has been run for two experimental 
campaigns since 2007. And the discharges with plasma current more than 200 kA and duration of 
300 ms have been obtained. At present all sub-systems, such as PF & TF power supplies, vacuum 
system, diagnostics systems etc, are successfully integrated into the routine operation. The plasma 
position can be elaborately controlled within two centimeters. All operating behavior and limits of 
the J-TEXT tokamak are typical of the machine and easy understandable compared to the former 
TEXT/TEXT-U experimental results.  

 
Keywords: tokamak, J-TEXT, reconstruction  
PACS:52.55.Fa  

 
  

1. Introduction  

The Joint Texas Experimental Tokamak (J-TEXT), formerly named as the TEXT-U tokamak, 
is a medium-sized conventional tokamak with iron core which is shown in figure 1. A typical 
section through a box is shown in figure 2. It was built and operated by the University of Texas at 
Austin and was specially designed for good experimental access and routine operation in 1980s. In 
1990, the TEXT tokamak was upgraded to TEXT-U in attempt to obtain a H-mode confined 
plasma by adding ECRH power to a divertor plasma. [1] According to the agreement of UT 
Austin and Huazhong University of Science and Technology (HUST), the whole facility was 
moved to China in 2004 and renamed to Joint TEXT (J-TEXT) tokamak. The Joint TEXT Lab 
was established to cultivate fusion engineers and do some basal physical study such as disruption. 
The laboratory is open to world-wide fusion researchers and J-TEXT machine can serves as the 
complementary and pre-experimental device for large-size tokamaks in the future.  
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2. The structure of J-TEXT  

The main parameters of J-TEXT are as follow: a major radius of 105 cm, a minor radius of 
25~29 cm with a movable limiter configuration, a center-line toroidal field of 3 Tesla. The 
nominal plasma current can reach 400 kA and the firing period is about 2 minutes.  

The tokamak facility consists of vacuum chamber and pumping system, various magnetic field 
coils and their power supplies, gas puffing system, diagnostic systems, data acquisition (DAQ) 
and data management system, etc, here are the details.  

For the purpose of easily mounting, the vacuum vessel of J-TEXT tokamak can be parted and 
insulating rejoined in halves by two keystone sections at each end. Each part of the vessel has a 
single-walled frame welded by entirely stainless steel with seven sections and no insulating break. 
All port seals are metal, indium-coated copper wire but a few special ones with fluorine rubber 
O-rings. There have some TIC coated graphite tiles used to cover most of the inner wall surface. 
The vessel has a total volume of 3.25 m3 and its surface area is about 18 m2. Due to the sealing 
materials, the design bake-out temperature is limited to 100oC. 

The vessel is pumped by two turbomolecular pumps and two cryo-torr vacuum pumps with 
isolation valves and filled by gas supplies controlled with piezo-electric valves for rapid 
modulation. In addition to normal gauging, a residual gas analyzer is provided for monitoring 
vacuum cleanliness. Tailor discharge cleaning is provided by a 400 Hz generator. [2]  

The toroidal field magnet of this machine consists of 16 near-round shape copper coils 
segments interlinked in series with 6 turns in per segment. Torodial field power supply fed by 
100MW pulsed flywheel motor-generator have the ability to provide 500ms, 160kA flat current in 
torodial field magnet coils, hence the coils can produce a maximum toroidal field of 3T in the 
centre of the plasma. Refering to the original structure of TEXT-U TF power supply, we reform a 
new control and protection system for the grid difference between China and USA. [3]  

The ohmic heating system relies on an iron-core transformer with two return legs and provides 
1.6 V-sec. without saturation. The ohmic heating (OH) coil is 40 turns and galvanized by grid of 
380V, capacitor banks, OH rectifier in sequence. OH rectifier is charged by 100MW pulsed 
flywheel motor-generator too and comsumes about 2% of total energy in general.[4]  

The plasma equilibrium is provided by auxiliary fields composed of 16-turn vertical field (VF) 
coil and 32-turn horizontal field (HF) coil. Each coils is electrified by the power grid of 380V via 
dissimilar distribution modes. These two field is comparitively small to TF and OH fields which is 
about 1% of the latter.  

Nowdays J-TEXT diagnostics tools are simple and operated exclusively by the staff as a fixed 
reference for the success of discharge, It includes Plasma current, Loop voltage, Plasma position, 
ionization monitor, Hard x-ray monitor, Residual gas analyzer, plasma visible light CCD imaging 
system and results are recorded in the data log whenever the device is operating. Other diagnostic 
tools will be developed for individual experiments. The ongoing projects covers MHD coil arrays, 
Langmuir probes arrays, X-ray diodes, bolometer array, etc, which will offer windows for the 
observation of more subtle process in tokamak plasma and assist us catch on the essence of MHD, 
turbulence and other impalpable topic. 

J-TEXT data acquisition system (DAQ) is designed for the acquisition, storage, and analysis 
of experimental data. The system is constructed on C/S (Client / Server) model via the physical 
media of high-speed Ethernet and the sample rate is 500 kHz now with 16bits in accuracy. All 
data is stored in MdsPlus and it affords good service with the stable and reliable operation plus 
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flexible data access. DAQ is proved to satisfy the demand of the J-TEXT. [5]  
Central control system (CCS) of J-TEXT is the brain of the organism and is most important in 

J-TEXT framework. It is a multi-mission system that can function as a supervisor, operation pilot, 
data manager, etc to pilot J-TEXT behaviour in each period. There are three major aspects 
highlighted for the CCS system: integrate subsystems for the discharge operation, respond to 
emergencies and implement experimental scenarios by real-time feedback control, and each is 
achieved by basic functions such as timing sequence control, status cruise, safety control, 
discharge waveforms design and Post-shot service. The CCS contains two datalinks consisting of 
Ethernet and Point to Point (P to P) twisted pair to improve the system safety. In the routine life of 
J-TEXT, the CCS works well and sustains the progress of forthcoming research project.[6] 

  

3. The experiment result  

After years of hard work, the J-TEXT was reconstructed and all subsystem was adjusted to 
their optimal work condition. To vacuum system, with one week of cleaning discharge, the base 

pressure can reach 7.6×10
-6 

Pa and the partial pressure of gases except hydrogen is less the 5×10
-6 

Pa. The mass spectra of the residual gases in the vacuum chamber before and after Taylor 
discharge cleaning was shown in Fig.3. It dictates the main contaminates are water and N2 or CO 
(mass 28) in J-TEXT and the percentage of water can decrease from 90% to 45 % with heating 
bellows to nearly 100°C by cleaning.  

TF coils and the power supply is another system that needs to examination. For the progress of 
technologies, we replaced the modulation part of the power supply with digital components 
instead of ancient analog module and the change of grid frequency to 50Hz (60Hz in USA) 
constitutes other reasons for system updating. Fig. 4 is the current waveform of the TF coils, the 
current platform up to 100kA is obtained and the flat time is longer than 500ms. With some simple 
calculation, the toroidal magnetic field was up to 2 Tesla, which is sufficient for the generation of 
first plasma. The 100MW motor-generator double-fed varying speed system is on schedule and 
will exploit the potential of the power supply with maximal TF to 3 Tesla.  

Comparing to TF, the OH power supply is much complex for the function as plasma 
generation, plasma current formation plus Ohmic heating. To increase Volt-seconds, the OH coils 
is electrified with -100A by grid and a negative voltage of -25V is formed 100ms before discharge. 
The capacitor bank for ionization fired at time t=0ms with V=1300V and the filling gas stream 
into plasma by Townsend discharge. Capacitor bank C1 to C3 works one by one which 
corresponding to the latter 3 peaks in OH voltage form and the pour into the energy to lift plasma 
current. At time t=60ms, the energy in the Capacitor bank is released and the voltage drops 
sharply to 300V which is below the rectified voltage, then OH rectifier induces the energy from 
moter-generator to maintain the current. When t=400ms comes, the main process of tokamak 
discharge is completed, we invert the working phase of converters to reduce the current and 
release the energy of the TF coils in order to protect the TF power supply and the coils. The 
evolvement of the OH current also reflect the course of the OH power supply with the -100A 
reversed current, ramp-up to 4kA and the sudden fall after invertion. Fig 5 give the evolution of 
current and voltage added to the OH field coils.  

Like all present conventional tokamaks, J-TEXT depends on OH field to produce first plasma. 
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The better discharge and the typical waveform are displayed by figure 6. At the shot the toroidal 
field is 1.5T and the gas filling pressure is 0.02Pa. The rate of plasma current rise is 6kA/ms, the 
plasma current is more than 150 kA (q~3.5) and the duration is more than 400 ms. The plasma 

loop voltage (V
loop

) decrease from the peak 35V to less than 2V. The Hαis the most distinctive 

sign of breakdown and its spike clearly indicates the breakdown. The operating behavior and 
limits are understandable and typical of the machine.  

  
4. Summary  

J-TEXT has been successfully commissioned as an operating fusion plasma experiment. All 
engineering systems are working to rated capacity under the control of the central control system 
after 1400 shots test. The device is producing tokamak discharges as it did formerly and the 
operating behavior and limits are understandable and typical. It now runs with more than 150 kA 
plasma current (q~3.5) and a duration of 400 ms. All data is archived and available in the standard 
MdsPlus format, like the operation of other modern tokamaks. With the reinforcement of planned 
diagnostics, the machine will be fully capable of productive research.  
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Figures 
 

 
Fig.1 J-TEXT bird-view 

 

 

Fig.2. A typical section through a box.  

(1)TF Coil (2) OH Coil (3) VF Coil  

(4) HF Coil (5) DIV Coil (6) Iron Core  
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Fig.3. Mass spector before and after Tarlordischarge cleaning 
 

 

Fig.4. The waveform of TF coil current 
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Fig.5. The waveform of OH current and voltage 
 

 
Fig.6. A typical OH discharge on J-TEXT tokamak 
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Abstract

In the Large Helical Device (LHD) having three dimensional configuration, Alfvén 

eigenmodes (AEs) destabilized by energetic ions are widely investigated using plasmas with 

monotonic and non-monotonic rotational transform ( ) profiles.  In a plasma with monotonic 

-profile, core-localized toroidicity-induced Alfvén eigenmode (TAE) as well as global one are 

often observed.  With the increase in the averaged toroidal beta value (=total plasma 

pressure/toroidal magnetic pressure), core-localized TAE with low toroidal mode number becomes 

global type but usually consists of two dominant Fourier modes.  In a relatively high beta plasma 

with monotonic -profile, two TAEs with different toroidal mode number often interact 

nonlinearly and generate another modes through three wave coupling. In a plasma with 

non-monotonic -profile produced by intense counter neutral beam current drive, reversed shear 

Alfvén eigenmode (RSAE) and geodesic acoustic mode (GAM) excited by energetic ions have been 

observed for the first time in a helical plasma.  Nonlinear coupling has also been observed between 

RSAE and GAM.  

Key words:  alpha particles, Alfvén eigenmodes, TAE, GAM, nonlinear coupling,  

helical/stellarator, tokamak 

PACS : 52.35.Bj, 52.55.Pi, 52.55.Tn, 52.55.Hc, 52.55.Fa 
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1. Introduction 
In a burning plasma, alpha particles play an essential role in sustaining D-T burn.  However, 

there is a concern that energetic alphas would destabilize Alfvén eigenmodes, in particular, 

toroidicity induced Alfvén eigenmode (TAE) and, in turn, they enhance radial transport of 

energetic alphas and lead to damage of plasma facing components.  Accordingly, Alfvén 

eigenmodes excited by energetic ions are intensively investigated in many large tokamaks toward 

International Thermonuclear Experimental Reactor (ITER) [1].  This research is also important 

for helical/stellarator devices to investigate impacts of AEs in three dimensional plasmas [2-4].  

In a two dimensional magnetic configuration such as tokamak, poloidal mode coupling among 

shear Alfvén continua having different poloidal mode umber m generates various spectral gaps.  

TAE has lower gap frequency and is thought to be more dangerous for confinement of energetic 

ions.  Many experiments on AEs in tokamaks are addressed to TAEs and their impacts on 

energetic ion transport.  On the other hand, in a helical/stellarator plasma, toroidal mode 

coupling as well as poloidal mode coupling are possible.  In this three dimensional configuration, 

Fourier components with n’ which satisfy the relation n±n’=kN can interact with the Fourier mode 

with the toroidal mode number n, where k=0, ±1, ±2, ±3,… and N is the toroidal field period 

number.   However, toroidal mode coupling is very small for low n TAE in a helical plasma with 

large N such as CHS (N=8) [3] and LHD (N=10) [5].  That is, TAEs in CHS and LHD have 

almost same character of TAEs in tokamaks.  The LHD can contribute to comprehensive 

understanding of AE physics in toroidal plasmas.  This paper presents new results on AEs 

observed in LHD plasmas with two characteristic -profiles. 

2. Energetic-ion driven MHD modes in a plasma with monotonic -profile 
A core-localized TAE as well as a global TAE can be excited in a tokamak plasma with 

monotonic safety factor (q= ) profile.  The eigenfunction of the former is localized in the 

plasma core region and is composed basically by two Fourier modes [6].   If the TAE gaps are 

well aligned across the plasma minor radius, the latter TAE is most typically excited having an 

eigenfunction radially extended from the core to the plasma peripheral region.  The latter TAE is 

thought to induce appreciable loss and spatial redistribution of energetic ions.  The former 

core-localized TAE often induces redistribution of energetic ions in spite of no significant 

energetic ion loss.    

In a low beta LHD plasma, the TAE gap frequency increases toward the plasma edge, because 

the -profile is a monotonically increasing function of the minor radius.  Accordingly, a 

core-localized TAE is most likely excited without large continuum damping in such LHD plasma.  

Actually, core-localized TAE as well as global TAE were observed in CHS [3, 7] and LHD [5].  

With the increase in the averaged toroidal beta (=total plasma pressure/toroidal magnetic pressure), 
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core-localized TAE with low n becomes global type but usually consists of two dominant Fourier 

modes.  A typical discharge waveform of a relatively high beta plasma where AEs are strongly 

excited is shown in Fig.1(a).  The magnetic configuration of LHD always exhibits large 

Shafranov shift even in the range of ~1.5% averaged toroidal beta, as seen from an electron 

temperature profile measured with Thmson scattering (Fig.1(b)).  In the quasi-stationary phase 

(t~2.5s), two TAEs having n=1(=n1 ; f1=58 kHz) and n=2(=n2 ; f2=99 kHz) have been clearly 

detected, as shown in Fig.2.  Interestingly, these TAEs interact nonlinearly and generate other 

two global modes with n=3(=n1+n2) (f31=f2+f1=157 kHz) and n=1(=n2-n1 ) (f32=f2-f1=41 kHz).  

Selection rules for toroidal wave number and frequency are satisfied exactly for these modes.  

Large Shafranov shift will enhance the nonlinear mode coupling.   

3. Energetic ion driven MHD modes in a reversed magnetic shear plasma  
A reversed magnetic shear (RS) tokamak has received much attention, because this 

configuration is one of promising candidate operation scenarios for ITER.  Moreover, an 

interesting AE: reversed shear Alfvén eigenmode (RSAE) is often excited by energetic ions and 

exhibits a characteristic frequency sweeping related to time evolution of the minimum of the 

safety factor qmin [1].  Time evolution of the RSAE frequency is a good diagnostic tool for qmin in 

the RS-tokamak.  It is worthwhile to investigate energetic ion driven modes in a 

RS-configuration of helical/stellarator plasmas, for drawing a general picture of RSAE in a 

toroidal plasma.  The RS-configuration was realized for the first time by using intense counter 

neutral beam current drive (NBCD) on the condition that energetic ion contribution is significant.  

Figure 3 shows an example of the waveforms of plasma parameters in the RS configuration.  

During the rise in the net plasma current, a characteristic frequency sweeping mode was observed 

while line averaged electron density is kept almost constant, as shown in Fig.4 [8].  The mode 

numbers are n=1 and m~2 around t~ 2.3s, and n=1 and m~3 around t~3s.  These modes have 

been identified to be RSAE through comparison between these data and the eigenmode 

frequencies and eigenfunctions calculated by AE3D code which is an MHD code for analysis of 

AEs in an incompressible low beta plasma[9].  The time when the RSAE frequency reaches the 

minimum indicates that the minimum value ( )min of the rotational transform profile has passed 

through the rational value ( )min=1/2 at t~2.3s or 1/3 at t~3 s.  The minimum value of RSAE 

frequency is close to the geodesic acoustic mode (GAM) frequency, which is consistent with the 

theory developed for a tokamak [10].  The n=0 mode having the frequency just below the 

minimum frequency in RSAE is also observed.  The frequency agrees well with the GAM 

frequency derived from kinetic theory for a helical plasma [11, 12].  This mode is thought to be 

GAM excited by energetic ions and global mode accompanying strong magnetic fluctuations.   

 In this RS plasma of LHD where RSAE and GAM coexist, RSAE and GAM interact 
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nonlinearly and generate other frequency sweeping modes through three wave coupling, as shown 

in Fig.4.  Thus generated driven modes again interact with GAM sequentially and generate a 

multitude of frequency sweeping modes.  This fact is more clearly seen in the spectrogram of a 

signal of microwave interferometer/reflectometer.  Effects of RSAE, GAM and driven modes on 

energetic ion transport are left for a future important work.   

4. Summary

In three dimensional plasmas of LHD, RSAE have been observed for the first time in a helical 

plasma, in addition to usual TAEs.  These observations in LHD indicate possibilities of direct 

comparison of the data with those in tokamaks and comprehensive understanding of Alfven 

eigemode physics in a toroidal plasma.  In addition, LHD is also a unique platform to study AEs 

observed only in three dimensional plasmas.  Comparison study of LHD results with data that 

will be obtained near future in the Chinese tokamaks such as EAST and HL-2A is surely one of 

most interesting and fruitful collaboration researches between China and Japan.     
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Fig.1 (a) A typical discharge waveform with relatively high averaged-toroidal-beta value(~1.5%), 

where absorbed NBI power is inferred to be more than 8MW. The quantities <ne>, < dia>, Ip and 

Pin are respectively the line averaged electron density, averaged toroidal beta derived from 

diamagnetic measurement, plasma current and NBI power through injection port.  (b) Electron 

temperature and density profiles measured with Thomson scattering at t=2.5s.  The peak position 

of electron temperature is shifted outward appreciably to R~3.9m from the vacuum position of 

Rax=3.6m.  

Fig.2 Spectrogram of magnetic probe signal obtained in the plasma shown in Fig.1.  

Coherent modes marked with “n=1 TAE” or “n=2 TAE” are energetic ion driven TAEs.  

Other coherent modes with n=3 and n=1 are driven modes through nonlinear coupling 

between these two TAEs.  The arrows show a measure of frequency.    
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Fig.3 (a) A typical waveform of the RS plasma obtained by counter NBCD, where neon is 

puffed into a target plasma, to minimize shine-through of NBI and electron return 

current in NBCD.  Pctr and Pco stand for absorbed power of counter- and co-NBI 

powers, respectively.  (b) Electron temperature and density profile at t=3.033s.   

Fig.4  Spectrogram of magnetic probe signal obtained in the plasma shown in Fig.3.  The 

arrows show a measure of frequency.  The frequency sweeping modes of which frequency 

is shifted additive and subtractive are driven through nonlinear coupling between RSAE and 

GAM, for instance, at t~3.2s in this figure.  
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Abstract

  Impurity transport has been investigated at edge and core regions in Large Helical 

Device with developing spectroscopic instruments which can measure one- and 

two-dimensional distributions of impurities.  The edge impurity behavior has been 

recently studied using four carbon resonance transitions in different ionization stages of 

CIII (977Å), CIV (1548Å), CV (40.3Å) and CVI (33.7Å).  When the line-averaged 

electron density, ne, is increased from 1 to 6x1013cm-3, the ratio of (CIII+CIV)/ne

increases whereas the ratio of (CV+CVI)/ne decreases.  Here, CIII+CIV (CV+CVI) 

expresses the sum of CIII (CV) and CIV (CVI) intensities and CIII+CIV indicates the 

carbon influx and CV+CVI indicates the emissions through the transport in the ergodic 

layer.  The result thus gives experimental evidence on the impurity screening by the 

ergodic layer in Large Helical Device (LHD), which is also supported by 3-dimensional 

edge particle simulation.  The core impurity behavior is also studied in high-density 

discharges (ne 1x1015cm-3) with H2 multi-pellets injection.  It is found that the ratio of 

V/D (V: convection velocity, D: diffusion coefficient) decreases after pellet injection 

and Zeff profile shows a flat one at values of 1.1-1.2.  These results confirm no 

impurity accumulation occurs in high-density discharges.  As a result, the iron density, 

nFe, is analyzed to be 6x10-7 (= nFe/ne) of which the amount can be negligible as 

radiation source even in such high-density discharges.  One- and two-dimensional 

impurity distributions from spatial-resolved VUV and EUV spectrometers newly 

developed for further impurity transport study are also presented with their preliminary 

results.
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1 Introduction 

 Large Helical Device (LHD: R/<a>=3.6m/0.64m, Bt<3T, Vp=30m3, PNBI 23MW) is 

characterized by the presence of edge stochastic magnetic field surrounding the core 

plasma, so called ‘ergodic layer’.  The intermediately closed magnetic field lines in the 

ergodic layer mainly consist of ones with 10-1000m.  The size of the ergodic layer 

typically varies between 2 and 30cm in thickness, basically depending on poloidal angle 

and magnetic axis position (3.5 Rax 4.1m).  The electron temperature in the ergodic 

layer is widely distributed at Te 500eV and the electron density at last closed flux 

surface (LCFS) is typically ranged in 10-100% to line-averaged density.  The transport 

study of the ergodic layer thus becomes very important in viewpoint of plasma 

performance improvement in addition to the confinement improvement.  Impurity 

transport is one of major topics in relation to studies on the role of the ergodic layer and 

density limit.  In the ergodic layer, especially, the understanding of parallel impurity 

transport along magnetic field lines is a key issue as well as perpendicular transport. 

 In LHD, on the other hand, variety of density profiles have been observed until now 

such as peaked, flat and hollow ones.  The study of impurity transport in the plasma 

core gives useful information to solve the physical mechanism on density profile 

formation in addition to the study on the relationship between the impurity transport and 

density profile.  Recently, high-density discharges (ne(0) 1x1015cm-3) using 

multi-pellets injection have been successfully performed in LHD.  The study of 

impurity transport in such high-density plasmas becomes also important in terms of Zeff

and reactor orientation. 

 In the present paper, some results on the edge and core impurity transport studies 

recently done in LHD are presented in connection with above mentioned motivation.  
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The progress on spatial-resolved spectroscopy newly developed for further impurity 

transport study is also interpreted with some preliminary results. 

2 Edge impurity transport 

 When the impurity transport along magnetic field lines is simply expressed by the 

momentum equation of  
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two forces based on friction between impurity and background ions (second term) and 

ion temperature gradient (fifth term) become dominant in the parallel transport, because 

other terms are estimated to be negligibly small.  Here, the subscripts of z and i define 

impurity ion with charge state of z and background ion as fuel.  The symbol of s is the 

coordinate along magnetic field line.  Other variables mean usually used ones.  The 

eq.(1) is then rewritten by 
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The ions basically flow downstream if the ion temperature gradient can be negligible.  

In this case the impurities also flow downstream due to the friction force, i.e., ‘impurity 

screening’. 

 In order to make it clear, four resonance carbon transitions of CIII (977Å), CIV 

(1548Å), CV(40.3Å) and CVI(33.7Å) have been observed using VUV and EUV 

spectrometers1, 2, which are absolutely calibrated with bremsstrahlung emission.  Here, 

the CIII (47.9eV) and CIV (64.5eV) define the carbon influx and the CV (392eV) and 

CVI (490eV) express emissions through the transport in the ergodic layer due to their 
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higher ionization energies.  Therefore, the intensity ratio of CV+CVI to CIII+CIV can 

give a degree of impurity screening.  The ratios are analyzed with several experimental 

parameters which modify the magnetic field structure in the ergodic layer.  A typical 

example of the carbon intensities measured from LHD standard configuration 

(Rax=3.6m) is shown in Fig.1(a).  Two groups of CIII+CIV and CV+CVI behave in 

contrast each other against the electron density.  Taking the ratio of 

(CIII+CIV)/(CV+CVI) from Fig.1(a), we find a very simple relation with the density, as 

shown in Fig.1(b).  The ratio monotonically decreases against the density and varies in 

two orders between 1 and 7x1013cm-3.   

 The intensities of CIII-CV are calculated using three-dimensional edge transport 

code, EMC3-EIRENE, which is a combination of fluid equation solver, EMC33, and 

particle transport solver, EIRENE4.  The results are shown in Figs.1 (c) and (d).  The 

CVI is not calculated in the code, since it is generally localized just inside the LCFS.  

The calculated results are plotted for typical two cases, i.e., with (Fig.1(c)) and without 

(Fig.1(d)) friction force.  Seeing the clear difference between two cases in the CV 

behavior, the importance of the friction force can be easily understood in the mechanism 

of edge impurity transport.  The impurity screening has been experimentally verified 

by the present study as a role of the ergodic layer in LHD. 

 In the simulation code, on the other hand, the perpendicular transport is treated to 

be the extension of core plasma5.  However, the real magnetic field structure of the 

ergodic layer is, of course, considerably different from the assumption.  Detailed 

impurity structure is necessary for further understanding of the edge impurity transport 

study.  Therefore, a new method on one- and two-dimensional edge impurity structure 

measurement has been developed using a 3m VUV spectrometer in LHD6, 7.  As an 
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example of the measurement, radial profiles of CIII-CV are plotted in Fig.2.  Since 

data are obtained from local island diverter experiment in Rax=3.75m where a carbon 

plate (1m2 in size) is inserted into a large m/n=1/1 island at plasma edge, the carbon 

emissions are quite strong.  Asymmetric poloidal structures are seen in CIII and CIV 

profiles8, 9.  When the toroidal magnetic field direction is inverted, the CIV profile is 

also inverted, i.e., the peak of CIV moves to Z=-0.4m.  Ions in the diverter region 

generally flow downstream toward opposite direction to magnetic field lines due to 

grad-B drift.  The CIV profile seems to express the grad-B drift of the impurity ions.  

Such an asymmetric feature is completely disappeared in the CV profile, and it 

expresses to be a function of magnetic surface, since the CV is located near LCFS 

because of its high ionization energy (392eV). 

 Two-dimensional edge impurity structure is tried to measure from horizontal 

mid-plane.  A typical result obtained from Rax=3.6m configuration is shown in Fig.3.  

Figure 3 (a) shows a view angle of the 3m normal incident VUV spectrometer, which is 

denoted with square solid line.  Two pairs of diverter carbon plates at inboard side are 

also seen from top-right to bottom-left.  The zero-th order light in Fig.3(b) means 

emissions integrated from VUV to visible range (300-7000Å).  It is seen that the 

strong emissions are localized near inboard X-point and rotate poloidally along the 

diverter plates.  These emissions are specially enhanced in inward-shifted 

configuration like Rax=3.5-3.6m where magnetic field lines connecting to divertor plates 

are concentrated at the inboard side.  The CIV emissions are further localized near the 

inboard X-point at some toroidal position near horizontally elongated cross section. 

3 Core impurity transport 
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 Recently, high-density discharges up to 1x1015cm-3 have been successfully achieved 

using multi-pellets injection under outwardly shifted configurations (3.8 Rax 4.0m) 

with relatively better MHD stability of magnetic well formation over wider range of 

plasma radius.  Peaked density profiles are seen after the pellet injection and sustained 

during several hundred milliseconds with appearance of the maximum diamagnetic 

energy.  Impurity transport study becomes important in such a high-density operation 

in relation to the impurity accumulation.  The core impurity transport study in LHD 

has been done until now using a combination of visible bremsstrahlung and impurity 

pellet injection10, 11.  In the present high-density discharges, however, the electron 

temperature remarkably changes as a function of time and the enhancement of visible 

bremsstrahlung emission from small-sized impurity pellet ( 0.5mm in diameter) ablated 

at plasma edge is too small compared to the background emission before the impurity 

pellet injection.  A classical method using passive spectroscopy is then applied to the 

present core impurity transport study. 

 A typical waveform in high-density discharges is traced in Fig.4.  Nine H2 pellets 

are repetitively injected during 0.7-0.9s (see Fig.3(c)).  Line-averaged density 

evaluated from density profiles measured with Thomson scattering continuously 

increases during the pellet injection and reaches 4x1014cm-3.  Electron temperature at 

plasma center quickly decreases down to 0.3keV according to the density rise.  Li-like 

resonance transition of FeXVI (335.4Å) suddenly appears after the pellet injection and 

the intensity takes its maximum at the final pellet injection (t=0.95s).  In LHD almost 

all the parts of vacuum vessel are covered with protector plates made of stainless steel, 

although the carbon plates are installed only in the diverter section (see Fig.3(a)).  A 

88



- 9 - 

small amount of iron always exists in the discharges.  The FeXVI is then used for the 

present core impurity transport study. 

 The impurity transport is studied with traditional method using impurity transport 

code.  In a diffusive/convective model the impurity ion flux is expressed by 

qq
q

qq nrV
r

n
rD )()( ,            (3)

where   and q are the impurity ion flux and the qth charge state of impurity ions, 

respectively.  Values of diffusion coefficient, D, and convective velocity, V, have been 

already examined in usual NBI discharges10.  For FeXVI, then, D=0.2m2/s and 

V=-3m/s are used for the analysis.  Here, it is confirmed from the impurity transport 

simulation that the FeXVI (Fe15+) exists in the plasma center after pellet injection, 

whereas it is located at plasma edge before pellet injection.  Result is shown in Fig.5 as 

a parameter of iron impurity density normalized by electron density.  The impurity 

density is thus determined to be 6x10-7 to the electron density.  The total radiation loss 

from iron is also estimated to be 200kW from the analysis of FeXVI under 

Te(0)=0.3keV and ne=5x1014cm-3.  Since the input NBI power is 15-20MW and the 

total radiation loss is 1.5MW after pellet injection, the amount of iron radiation loss can 

be entirely neglected even in such high-density discharges of LHD. 

 The time behavior of FeXVI is analyzed as parameters of D and V.  It is 

impossible to obtain two parameters separately from usually used passive spectroscopy.  

A typical result is shown in Fig.6 for V dependence.  The value of D is fixed as 

0.2m2/s.  The inward velocity has to be changed after the pellet injection at t=0.95s in 

order to describe well such a quick reduction of the FeXVI signal.  In the calculation 

the reduction of the inward velocity to -1.5m/s makes the best fit to the measurement.  
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In the same way we obtain a change in D from 0.2 to 0.4m2/s, if the V is fixed as -3m/s.  

After all, the ratio of V/D has to be reduced to half the value after the pellet injection.  

The electron diffusion coefficient analyzed from electron density profiles does not show 

any change in both cases before and after the pellet injection.  If the impurity ions 

behave a similar diffusion to the electrons, the change in the iron transport is caused by 

the convective velocity.  Anyway, the present analysis concludes no impurity 

accumulation is occurred in high-density discharges with multi-pellets injection of 

LHD.

 In order to study core impurity/particle transport one- and two-dimensional 

spectroscopy has been developed as well as the edge diagnostics.  A new system using 

an optimized visible spectrometer for radial profile measurement of Zeff has been 

installed on LHD instead of former system with interference filter12.  The effect of line 

radiation mixing into the visible bremsstrahlung signal can be completely avoided by 

the new system.  A typical result from high-density discharges is shown in Fig.7.  

The density profile seen in Fig.7(a) is peaked as described above and then the emissivity 

of visible bremsstrahlung is also further peaked because it is basically proportional to 

the square of electron density.  The analyzed Zeff, as shown in Fig.7(d), suggests 

roughly a flat profile with values of 1.1-1.2 except for edge region of 1.  Error bars 

are originated in fitting curves of temperature and density profiles and uncertainty on 

detailed structure of magnetic surfaces deformed by the plasma pressure.  At least now 

it is difficult to analyze the data in flat and hollow density profiles because of a large 

amount of poloidally non-uniform visible bremsstrahlung emitted from the ergodic 

layer.  Further effort is being paid for resolving this problem. 
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 A spatial-resolved EUV spectrometer has been also developed in range of 50-500Å 

to measure one- and two-dimensional structures of edge and core impurity emissions.  

One-dimensional distribution of the impurity profile is preliminarily obtained as the first 

data (see Fig.8).  At present the spectrometer observes half the LHD plasma along 

vertical direction ( Z=50cm) at horizontally elongated plasma cross section. Radial 

images of several iron lines in highly ionized states are shown in Fig.8(a).  Figure 8(b) 

shows a vertical profile of FeXXIII (132.9Å), which is taken from the 4th horizontal line 

of EUV image in Fig.8(a).  The profile clearly informs us that the FeXXIII is located 

in the plasma center.  The result certificates that the present system is sufficiently 

applicable to the core and edge impurity transport studies. 

4 Summary 

 The impurity screening by the ergodic layer in LHD and the behavior of the 

convective (inward) velocity in high-density LHD discharges are presented with 

analytical results using transport simulation codes as part of edge and core impurity 

transport studies.  Through the present impurity transport studies the impurity 

screening is experimentally verified as a role of the ergodic layer in LHD and it is 

confirmed that no impurity accumulation occurs in high-density LHD discharges.  

Several spectroscopic diagnostics have been newly developed, e.g., spatial-resolved 

VUV and EUV spectrometers for one- and two-dimensional measurements for the 

purpose of edge and core impurity transport studies.  These instruments are aimed for 

further understandings on perpendicular and parallel particle transports in edge plasmas, 

impurity behaviors based on three-dimensional magnetic structure and magnetic surface 

modification due to the increased plasma pressure.  Finally, it should be noted that 
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edge plasma diagnostics using polarization spectroscopy13 and magnetic dipole 

forbidden transition14, 15 have been newly carried out in visible range and charge state 

distribution of iron have been studied using K x-ray lines for core impurity transport16, 

17.  Spectroscopy on ablation cloud of impurity pellet has been also started as part of 

particle diffusion study18.
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Fig.1 (a) Intensity summation of CIII (977Å) + CIV (1548Å) (closed circles) and CV 

(40.3Å) + CVI (33.7Å) (open circles) normalized to electron density, (b) intensity ratio 

of CIII+CIV to CV+CVI and calculated carbon intensities normalized to electron 

density with (c) and without (d) friction force (CIII/ne: open circles, CIV/ne: open 

triangles, CV/ne: closed circles).  All figures are plotted as a function of electron 

density.
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(a) CIII

(b) CIV

(c) CV

Fig.2 (a) Vertical (top-to-bottom) profiles of (a) CIII: 977Å, (b) CIV: 1548Å and (c) 

CV: 40.3Å as a function of discharge time.  Profiles are obtained at local island 

diverter experiment in Rax=3.75m configuration. 
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Fig.3 (a) View of 3m VUV normal incidence spectrometer denoted with square solid 

line and two dimensional image of (b) 0th order light 0Å and (c) CIV 1548Å. 
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Fig.4 High-density discharge with multi-pellets injection; (a) line-averaged electron 

density, (b) central electron temperature and (c) H  and (d) FeXVI (335.4Å)

intensities. 
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Fig.5 Iron density analysis under constant D of 0.2m2/s and V of -3m/s as a parameter 

of ratio of iron to electron densities (solid line: FeXVI , dashes line with open triangles: 

nFe/ne=8x10-7, solid line with closed line: nFe/ne=6x10-7 and dashed line with open 

circles: nFe/ne=4x10-7).
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Fig.6 Impurity transport analysis of FeXVI (335.4Å) as a parameter of inward velocity 

of V (solid line with closed circles: V=-3m/s, dashed line with open circles: V=-6m/s 

and dashed line with closed circles: V=-1.5m/s).  Inward velocities are changed from

-3m/s to -6m/s or -1.5m/s at t=0.95s when pellet injections are finished. 
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Fig.7 Typical example of Zeff profile measurement in high-density discharges with 

multi-pellets injection; (a) electron density, (b) electron temperature, (c) visible 

bremsstrahlung emissivity and (d) Zeff profiles as a function of averaged minor radius. 
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Fig.8 (a) Spectral image of spatial-resolved EUV spectrometer and (b) vertical profile of 

FeXXIII (132.9Å). 
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Abstract  
Plasma space potential is constant theoretically in plasma diagnostic using Langmuir probe. However plasma 

space potential often changes in low-frequency besides in rf- frequency when langmuir probe potential is varied to 

obtain an sweeping I-V characteristic curve. The change leads to measure incorrectly plasma parameters. In this 

research a home-made rf compensated langmuir probe with reference probe was used to measure and analyse the 

low-frequency change of plasma potential in PECVD coating machine.The plasma bulk in PECVD coating 

machine is capacitance coupled plasma(CCP) driven by radio-frequency power supply. We find that the sheath 

resistance of plasma to ground is about 345 ohm and is quite high . The change of plasma potential causes a 

flattening of I-V characteristic curve due to the high resistance. 

 

1 Introduction 
The langmuir probe, as a important plasma diagnostic tool, is biased by sweeping power 

supply to absorb electron and positive ion flow. Plasma key parameters such as plasma space 
potential ,electron temperature ,electron density or ion density ,floating potential ,electron energy 
distribution function EEDF, can be deduced through analyzing I-V characteristic curve of 
Langmuir probe[1-6].However in practically, it is not easy to analyze I-V characteristic curve due to 
all kinds of disturbances as follows: 

(1) contamination of probe surface[7]: langmuir probe tip is inserted into plasma and easy to 
be bombarded by ions or electrons. so its effective collecting area is changed, which lead to 
measure error. Sometimes surface of langmuir probe can be coated a non-conducting film during 
depositing film, which also effects data acquisition and analyzing of I-V curve. 

(2) radio frequency interference[8-10]: langmuir probe used in radio frequency plasma sources 
are subject to rf pickup which can greatly distort the I-V characteristic and give erroneous results. 
The “V” is actually the potential difference, is DC potential applied to probe, and is a potential 
that can fluctuate at the rf frequency and its harmonics. Without proper rf compensation,langmuir 
probe data in rf discharges can give spurious data on Te and Vf. 

(3) lower frequency interference(noise)[11-13]: langmuir probe, sometimes, is also subject to 
lower frequency signal pickup which can distort the I-V characteristic due to driven by sweeping 
power supply. For example in a capacitively coupled rf plasma the DC resistance of the plasma to 
wall sheath can be quite high, 100-1000 ohms. Similarly in plasmas with poor return to ground 
this resistance may be the same order or higher. Biasing the probe tip causes a DC shift in the 

102



plasma potential due to this resistance. If this DC shift is not compensated the calculated 
parameters will be incorrect. 

In this paper, lower fluctuation of radio frequency non-equilibrium plasma is studied. Plasma 
sheath resistance is measured in plasma enhancement chemical vapour deposition(PECVD) 
coating machine using rf- compensated langmuir probe and plasma floating probe. The results 
show that the capacitively coupled rf plasma sheath resistanceis is very high. The low-frequency 
fluctuation effects plasma diagnostic with langmuir probe. 

 

2 Experimental setup 
2.1 plasma discharge device 

In this research, plasma discharge device,as shown in Fig.1,is rf plasma enhancement 
chemical vapour deposition(PECVD) coating machine. Principlly it is a capacitively coupled RF 
plasma source[14-15]. 

 

 

Fig.1 Structure sketch of RF-500 CVD coating machine 

①vacuum wall;②gas inlet;③rf electrode;④plasma;⑤langmuir probe;⑥substrate holder;⑦substrate heater；⑧

thermocouple；⑨ substrate；⑩gas outlet. 

 
Mass flow controllers(MFC) are used to adjust gas flow. Thermocouple temperature controller 
and silicon-controlled rectifier(SCR) control substrate temperature together. Radio frequency 
power supply(500W) and network matcher are used to excite plasma. Langmuir probe as plasma 
diagnostic tool are mounted 55mm from the substrate. 
 
2.2 Langmuir probe and floating reference probe 

The structure sketch of langmuir probe used in this research is shown in Fig.2.  
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Fig.2 Structure sketch of Langmuir probe 

①langmuir probe tip(mm175.0=φ);②rf compensation electrode (mm5=φ);③lock ring;④floating reference 

electrode;⑤lead wire of reference electrode;⑥probe holder;⑦short ceramic tube (AL2O3mm2in outer 

diameter,25mm in long);⑧long ceramic tube (AL2O3, mm8=φ in outer diameter and mm6=φ in inner 

diameter );⑨conducting wire 

 
Langmuir probe is contact measuring device and is immersed in plasma directly. So specital 

techniques must be used to protect it from the plasma and to ensure that the circuitry gives the 
correct I-V values. The langmuir probe tip is made of a high-temperture material, a tungsten wire 
0.175mm in diameter. The tungsten wire is threaded into a short ceramic tube to insulate it from 
the plasma except for a short length of exposed tip, 5mm long. To avoid disturbing the plasma, the 
ceramic tube should be as thin as possible. The probe tip should be centered in the tube and extend 
out of its end without touching it, so that it would not be in electrical contact with any conducting 
coating that may deposit onto the insulator. Cylindrical rf compensated electrode(5mm in outer 
diameter,4.5cm2 in area) is connected to probe tip through a shunt capacitor(4.7nF). 

The rf chokes are threaded into a long ceramic tube. Two pairs chokes(high Q, high 
impedance at 13.56MHz and 27.12MHz) are used in series to reduced rf effects. The floating 
reference electrode(stainless steel) is adopted for measure low-frequency fluctuation of plasma 
floating potential. The measurement principle of langmuir probe is shown in Fig.3. 
 

 
Fig.3 Measurement principle of Langmuir probe 

1langmuir probe;2 vacuum ceramic seal;3 sampling resistance R=100Ω;4 sampling resistance R1=100KΩ,R2=10 

KΩ;5 sweeping voltage source (sawtooth wave);6 plasma;7 vacuum house. 

 
The DC sweeping voltage source(±100V) is electrically connected by sampling resistance R 

to langmuir probe and is electrically connected to ground(vacuum wall). The sampling resistor R 
is used to collect current flow I of probe and sampling resistor R1,R2 is used to acquir voltage V 
of probe. The resistor R1,R2 is much more large than plasma sheath. The circuit principle of 
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Langmuir probe used in the research is shown in Fig.4.The circuit is 
made of sweeping voltage source circuit and signal acquisition circuit. 
 

 
Fig.4 Circuit principle of Langmuir probe 

 
The signal generator (MAX038, Maxim Integrated Products, Inc. USA) generate sawtooth 

wave signal(±1.7V) and is electrically connected to power amplifier(PA88 Apex Cirrus Logic, Inc. 
USA). PA88 amplify sawtooth wave signal(±1.7V)from MAX038,connected to langmuir probe by 
sampling resistor3. The signal acquisition circuit is used to obtain current I and voltage V of 
circuit of Langmuir probe.The differential amplifier7(LF353, national semiconductor corporation) 
is applied to measure voltage of resistor3 for obtaining current I of langmuir probe. The output of 
amplifier7 is connected to data acquisition card 8(PCL818HG,Advantech Co., Ltd.Taiwan).The 
card is inserted into Industrial Standard Architecture (ISA) slot of industrial control computer. The 
differential amplifier5(LF353, national semiconductor corporation) is applied to measure voltage 
of resistor4 for obtaining voltage V of langmuir probe. The PCL818HG card transmits I-V Datas 
to computer based on Direct memory Acess(DMA). The floating potential is voltage at which the 
probe draws no current. The floating reference probe ,in this research, is applied to measure the 
floating potential. The traditional measurement circuit is shown in Fig.5. 
 

 

Fig.5 Traditional circuit principle of floating reference probe 
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The resistor R(1MΩ,high resistance)is connected to probe tip by low-pass filter, and 

connected to ground electrode. The differential voltage of the resistor R is equal to floating 
potential approximately. In practically, it is not easy to measure directly the differential voltage 
due to the resistor’s high resistance. In this paper a unity gain transimpedance amplifier instead of 
the resistor R is used to obtain the floating potential, as shown in Fig.6.  

 

 

Fig.6 Circuit of plasma floating reference probe 

 
The unity gain trans-impedance amplifier is made of resistor R(1MΩ,high resistance) and I-V 

converter(high input impedance 1MΩ,low output impedance 50Ω )based on LF356(dual JFET 
input operational amplifier, national semiconductor corporation, USA). The low-pass filter 
(cut-off frequency 1MHz) is used to block radio frequency signals. 
 

3 Sheath resistance measurement 
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Fig.7 Circuit model of experiment system 

 
The sheash is gerenated around langmuir probe tip, which is driven by sweeping voltage 

source. The sheath between plasma and vacuum wall(ground) voltage can be given. The 
radio-frequency part of sheath voltage can be neglected due to a passive rf compensated 
technology applied to probe. The change of can be expressed. Therefore, the probe current must 
be equal to the current through the grounded electrode sheath. In this paper, is measured by 
floating refence probe and by langmuir probe shown in Fig.8.  

 

 

Fig.8 Vf as founction of Ip 
 

The slope of this line gives the sheath resisance,a value of =349Ω.This would produce a 
17.45V offset of the plasma potential at the 50mA electron saturation current. So the plasma 
sheath resistance effects langmuir probe I-V characteristic cuvre. The corrected I-Vcharacteristic 
curve is shown in Fig.9. 
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Fig.9 I-V characteristic curve( 1 corrected ;2 uncorrected) 

 
In Fig.9 I-V characteristic curve 1 deviates from exponential distribution and lead to DC shift 

in the plasma space potential due to the high sheath resistance. In curve 2 the DC shift in the 
plasma space potential is compensated. 
 

4 Conclusion 
The sheath resistance describes how the plasma space potential and floating potential 

increase with increasing electron current collected by a langmuir probe. The plasma potential rises 
in order to maintain current continuity because the increased current carried by electrons to the 
langmuir probe must be balanced by a decreased current carried by electrons to the grounded 
electrode or a net ion current there. If the sheath resistance is very high and the DC shift is not 
compensated, the calculated parameters will be incorrect by langmuir probe method. 
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Abstract. The recent experiments of HL-2A tokamak have been focused on studying the physics 
of turbulence and transport. A spontaneous particle transport barrier has been observed in Ohmic 
discharges without any external momentum input. The barrier was evidenced by density 
perturbation study using modulated supersonic molecular beam injection (SMBI) and microwave 
reflectometry. The new features of the non-local transport effect induced with SMBI have been 
analyzed. The suppression of m/n = 2/1 tearing modes may be sustained by ECRH modulation at a 
frequency about 10 Hz. Continuous confinement improvement was observed after the mode 
suppression.  
 
1.Introduction 

The understanding of transport physics and plasma confinement is an important subject for the 
design of future fusion reactors, especially the physics for particle transport[1-4], electron heat 
transport[5-8] and the internal transport barrier formation[9-11]. The recent experiments of HL-2A 
tokamak (R=1.65 m, a=0.4 m) have been focused on studying the physics of turbulence, transport, 
MHD instabilities and energetic electron dynamics. This paper presents some new experimental 
results for transport on HL-2A, including the spontaneous particle transport barrier, the non-local 
phenomena triggered by SMBI and the confinement features during modulated ECRH.  

2. Present Status of the HL-2A Tokamak The main operation parameters of the device are as 
follows: the toroidal magnetic field is 1.2-2.7 T, the plasma current is 150-450 kA and the plasma 
density is (1 – 6) × 1019 m-3. ECRH system with four 68 GHz / 500 kW / 1 s gyrotrons has been 
built up in HL-2A. The ECRH power with both fundamental O-mode and second harmonic 
X-mode up to 2 MW is injected from the low field side of the device. The deposit position of 
ECRH is determined by the toroidal magnetic field. When toroidal magnetic field varies from 
2.43T to 2.2T for O-mode, the resonance point can be replaced from the plasma core to the point 
at r=16 cm. The wave energy deposits in a range of 3cm. The efficiency of the transmission 
system is more than 80 %, so at least 1.6 MW power can be injected into plasmas. The electron 
and ion temperatures are 5 keV and 1.5 keV during 2MW ECRH respectively.  

The supersonic molecular beam injection (SMBI) system has been improved with the 
modulation frequency reaching 50 Hz. Particles of the gas are accelerated by imposed pressure 
through the nozzle to get into the vacuum chamber of the tokamak. It is an attempt to enhance the 
penetration depth and fuelling effect. The penetration depth is very important to trigger the 
non-local transport phenomena. Hα intensity profile measured by Hα detector array and the 
density profiles measured by microwave reflectometry indicate that the penetration depth of the 
SMBI is more than ρ= 0.7. The SMBI injection has deeper penetration and better locality than 
conventional gas puffingthe system is not only an advanced technology for fuelling, but also a 
powerful tool (combined with microwave reflectometer or ECE ) for particle as well as electron 
thermal transport studies.  
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The device is equipped with extensive and advanced diagnostics for transport study, 
including ECE and microwave reflectometry with high spatial and temporal resolution. There are 
also the Thomson scattering for electron temperature measurement, the 8 channel HCN laser 
interferometer for density profile, the five soft x-ray arrays for MHD study and the Doppler 
reflectometry for plasma rotation and core turbulence measurements. 

3.Experimental results 

3.1 Spontaneous internal particle transport barrier 

On HL-2A tokamak, spontaneous particle transport barriers were observed in purely Ohmic 
heating plasmas without any external 
momentum input. The internal particle 
transport barriers (pITBs) were found to be 
formed when the line averaged electron 
density increases to a critical value in HL-2A 
experiments. Figure 1 shows the temporal 
evolution of the density profile measured by a 
broadband O-mode reflectometer for a 
representative discharge with a transition to 
pITB formation. The pITB developed 
gradually around r = 29 cm. The critical 
line-averaged electron density corresponding 
to this transition is nc = 2.2 × 1019m-3. The 
width of the barrier is 1-2 cm. There is a 
drastic change in the density gradient through 
the barrier: Ln ~10cm at the barrier, Ln ~50cm 
for r=20-28 cm and Ln ~25cm  for r=30-36 
cm. 

To study the transport features of the 

pITB, the density modulation generated by SMBI has been employed. The modulation frequency 
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Fig. 2. Profiles of the phase (a) and amplitude (b) of the 1st Fourier harmonic of the modulated density. 
(c) Profiles of the diffusivity D and convective velocity V for the simulation. 
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and the pulse duration of the SMBI are 9.6 Hz and about 6 ms, respectively, while the gas pressure 
is 1.3 MPa in the experiments. The simulation with an analytical model for particle transport was 
carried out to characterize this barrier quantitatively. The phase and the amplitude of the 1st 
harmonic of the modulated density are displayed in Figs. 2 (a) and (b), where the solid lines and 
closed circles are the simulation and experimental results, respectively. The model diffusivity D and 
convective velocity V employed in the simulation are presented in Fig. 2(c): D1 = 0.1 m2/s, V1 = 1.0 
m/s in the domain I (r < x1); D2 = 0.045 m2/s, V2 = -2.7 m/s in the domain II (x1 < r < x2), and D3 = 
0.5 m2/s, V3 = 6.0 m/s in the domain III (r > x2). The model apparently represents the experiment 
quite well. In comparison, a SMBI modulation experiment has also been performed for a discharge 
with a density ( ne = 1.9 × 1019 m-3 ) lower than the critical density nc. In this case, no barriers have 

been observed and the diffusivity obtained with the same method is smD /25.0 2= for r = (28–31) 

cm. In addition, a negative convective velocity has been found as smV /2.2−=  for r = (28-31) 
cm and V = -4.2 m/s for r = (31-33) cm. From the density modulation experiments, it may be 
concluded that the convective velocity is negative when the density is lower than the threshold and 
positive when the density exceeds the threshold, except inside the barrier where the particle 
convective velocity remains negative. The diffusivity D is rather well-like instead of step-like.  

The sign change of the convective velocity can be explained with the TEM/ITG turbulence 
regimes [10, 11]. The density threshold may correlate with the TEM/ITG transition via the 
collisionality. However, the mechanism leading to the pITB formation remains unclear at present. 
On the other hand, the formation of the barrier may coincide with the TEM/ITG transition. Thus, it 
is not excluded that the transport barrier is created initially by the discontinuity or jump in the 
convective velocity during the TEM/ITG transition, or more precisely, by two convective velocities 
in opposite direction (inward/outward) at the barrier. This speculation needs, of course, further 
experiments to be confirmed.  

2.2 Non-local transport with SMBI 
Since the first observation of the 

non-local electron thermal transport on 
TEXT-U in 1995 [12], a variety of edge 
cooling techniques [13- 15] have been 
widely used in studying the effect, 
including impurity injection by laser 
ablation, ice pellet injection, carbon-based 
molecule injection, etc. The effect has 
been observed after supersonic molecular 
beam being injected the HL-2A tokamak. 

Shown in Fig.3 is the time evolution 
of electron temperature Te, measured with 
ECE at different radii during modulated 
SMBI of 4 ms duration. The electron 
temperature sharp dropping in the edge and fast rising in the core after each SMB pulse are clearly 
shown. In addition, the duration of the core electron temperature rise may be prolonged by adjusting 
the time separation between two successive SMB pulses, which are 20 ms, 20 ms and 15 ms, 
respectively, for the three successive series here. Besides, both the thermal radiation and the Hα 

Fig. 3. Temporal evolution of Te measured by 
the ECE at different radii.  
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emission decrease when the 
non-local effect appears.  

The transport properties of the 
non-local phenomena were 
analyzed with Fourier 
transformation of the modulated Te 
measured with ECE. The results for 
the modulation of SMBI at f = 10 
Hz are given in Fig. 4. A strong 
decrease in amplitude and a clear 
phase jump for all harmonics occur 
at r ～-18 cm, where the reverse of 
the electron temperature change 

takes place. The two peaks in each amplitude profile and the two corresponding troughs in each 
phase profile are apparent for all harmonics. These may indicate that two perturbation sources exist 
in the regions outside and inside the inversion radius, respectively. The position of the outer initial 
heat pulse was found to be at r ～ - 25 cm, depending on the deposition location of SMBI. The 
behaviour of the perturbation shows usual propagation features of SMBI cold pulse in this region. 
The value of χeHP deduced from the Fourier analysis, showing agreement with the result from 
sawtooth pulse propagation, is in the range of (2 – 3) m2/s. In the inner region, the initial 
perturbation was found to be in the core. The profiles of the amplitude and the phase of the first 
three harmonics are independent of the SMBI modulation frequency. The steeper profiles around the 
interface mean a reduction of heat transport and indicate formation of an internal transport barrier in 
this region. With the good flexibility and easy controllability of the SMBI parameters (gas pressure, 
modulation frequency, duty cycle, etc.), modulated SMBI has been proven to be an effective tool for 
studies of the non-local effect. Further investigation on the mechanism of the effect is undertaken on 
HL-2A. 

 
3.3 Improved Confinement during Off- Axis ECRH The investigation on the suppression of m 
= 2/ n = 1 tearing mode by off-axis ECRH has been performed. With the instability suppression, 
obvious increase of the plasma density and stored energy has been observed. A transient improved 
confinement was obtained after ECRH switch-off in the experiments with the ECRH power in the 
range of 0.6<PECRH/Pohm<1. The interesting feature of the confinement after ECRH switch-off 
motivated us to apply successive ECRH pulses for sustaining MHD-free phase and obtaining a 
continuous confinement improvement. 

The ECRH power must be deposited just around the flux surface where the m/n=2/1 magnetic 
islands were located in order to achieve perfect mode stabilization. The frequency and depth of the 
modulation were about 10 Hz and 100%, respectively, with a duty cycle of 50%. In this operation 
mode the maximum power that the gyrotron could deliver was limited to 250kW. The results from 
two identical discharges with the ECRH power deposited at (#8207) and 3 cm inside (#8236) the q = 
2 surface, respectively, are shown and compared in Figure 5. The behaviors of the line averaged 
density, the central electron temperature (soft x-ray), and the stored energy are the same in the two 
shots. The amplitude of the m/n=2/1 magnetic fluctuations begins to decrease after the injection of 
modulated ECRH at 425ms in discharge #8207. Concurrently with the suppression of the tearing 
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Fig.5 Time traces of the density, the SXR intensity, 
the stored energy, the time derivative of the 
poloidal magnetic field and the power of 
ECRH deposited at (the blue traces) and inside
(the red traces) the q=2 surface. 

mode the plasma density, the stored energy, 
and the energy confinement time 
increase ~ 80%, ~ 50%, and ~ 40%, 
respectively, indicating a significant 
confinement improvement. Thus, the 
experimental results clearly show that 
indeed a better suppression may be 
achieved with such a lower frequency 
modulated ECRH in the vicinity of the q 
= 2 surface. The suppression event is 
characterized by a feature of the 
continuous improvement of 
confinement, i.e. the steady increases of 
the plasma density, temperature, stored 
energy and energy confinement time 
throughout the modulated ECRH period. 
This provides an alternative way to 
control the m=2/n=1 tearing mode in 
addition to the continuous ECRH or 
modulated ECRH with a high frequency 
in phase with the O-points of the 
islands. 

4.Conclusions  

A natural particle transport barrier has been evidenced firstly in the ohmic plasmas in HL-2A 
without any auxiliary heating and external momentum input. The barrier is located around 
r/a=0.6-0.7 with a width of 1-2 cm. A threshold in central line averaged density has been found for 
the observation of the particle transport barrier with nc=2.2x1019m-3. By analysing the propagation 
of a particle wave, it is found that the diffusivity D is rather well-like than step-like with important 
reduction inside the barrier. The convection is found to be inward outside of the barrier, and outward 
inside the barrier.  

The non-local phenomena triggered by SMBI have been observed on HL-2A firstly. The core 
electron temperature Te rise increases from 18% to more than 40% and the duration of the Te rise 
could be prolonged by changing the conditions of SMBs injection. Repetitive non-local effect 
induced by modulated SMBs allows Fourier transformation of the temperature perturbation, 
yielding detailed investigation of the pulse propagation. The  suppression of  m=2/n=1 tearing 
mode has been realized with heating located around q=2 surface. The continuous improvement of 
confinement increase steadily throughout the modulated off-axis ECRH. 
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Abstract 

Investigation of experimental configuration for electron Bernstein wave (EBW) heating with use of 

existing electron cyclotron heating (ECH) antennas on LHD has been performed. With use of 

antennas installed in a bottom port, direct oblique launching of the extraordinary (X-) mode from 

the high magnetic field side (HFS) is available. Since the parallel component of the refractive index 

(N//) varies with the wave orbit because of the inhomogeneity of the magnetic field, N// is able to 

become zero when the launched X-mode crosses the electron cyclotron resonance (ECR) layer even 

N// is not 0 at first. In such condition, the obliquely launched X-mode is not completely damped out 

in the ECR layer and can be mode converted EBW that is absorbed at the Doppler shifted ECR 

layer. With use of an antenna installed in a horizontal port, oblique launching from the low 

magnetic field side (LFS) toward the over-dense plasma is available. Excitation of EBW via 

ordinary(O)-extraordinary(X)-electron Bernstein wave(B) mode conversion process is expected 

with the O-mode launching toward an appropriate direction. The O-X-B mode conversion rate can 

be calculated at the cutoff however, for certain launching direction, the O-mode cannot reach the 

cutoff because of refraction. Therefore effective O-X-B mode conversion window narrows. In an 

experimental configuration where effective O-X-B mode conversion rate can be obtained, mode 

conversion to EBW takes place around ρ =0.9 and excited EBW can propagate into the inner region 
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of the plasma and be absorbed in the Doppler shifted ECR layer. 

 

Keywourds : LHD, electron cyclotron heating (ECH), electron Bernstein wave (EBW), high 

density plasma 

PACS : 52.35.Hr, 52.50.Sw  

 

1   Introduction 

In extreme high density core region and low temperature peripheral region of the plasma, electron 

cyclotron heating (ECH) and current drive (ECCD) by normal electromagnetic (EM) mode are not 

available. In such regions, ECH/ECCD by electron Bernstein wave (EBW) has been expected as 

promising substitutes since it does not have density limit for propagation and be strongly absorbed 

even in the low temperature region. Since EBW is an electrostatic mode, it is required to be excite 

via the mode conversion process from the extraordinary (X-) mode of electromagnetic (EM) wave 

in the upper hybrid resonance (UHR) layer. Since the UHR layer is shielded by the evanescent 

region lying between the UHR layer and the right handed cyclotron cutoff in the low magnetic field 

side (LFS), getting accessibility of the X-mode to the UHR layer is important and complex 

problem. 

One straightforward way to excite EBW is launching the X-mode from the high magnetic field side 

(HFS), that is so called slow X-B method. If the launched X-mode is not completely damped out in 

the electron cyclotron resonance (ECR) layer that lies HFS of the UHR layer, it can reach the UHR 

layer and excite EBW [1]. In LHD, direct oblique launching of the X-mode from HFS with use of 

existing antennas installed in a bottom port is available. Some experimental results about the direct 

oblique launching were reported [2,3]. Another way is launching EM mode from LFS with 

appropriate polarization and launching angle so that it couples well to the slow X-mode that 

propagates toward the UHR layer in HFS. The optimum polarization and angle are different for the 

density gradient in the mode conversion region [4].  
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In LHD, since the scale length of the density gradient in the mode conversion region is extremely 

gentle in comparison of the wavelength of the EC wave, launching of the ordinary (O-) mode, so 

called O-X-B method [5]. Theoretical investigation pointed out a possibility that the O-mode 

launched from the horizontal port can be efficiently mode converted to EBW, then reaches the inner 

region of the plasma and is absorbed there [6]. With use of existing ECH antennas installed in a 

bottom port which has flexibility of launching direction, O-mode can be launched appropriately to 

obtain sufficient mode conversion rate [7]. Recently high power 77GHz gyrotron was installed in a 

transmission line connected to a horizontal antenna and investigation of experimental configuration 

for O-X-B method with this transmission line has been required. 

We have developed additional function to existing 3-D ray tracing code for LHD [8]. For existing 

ECH antenna, appropriate setting of the launching direction for EBW excitation has been able to be 

investigated. In this paper, examples of investigation are reported. In section 2, current ECH system 

of LHD is shortly introduced. In section 3, examples of investigation for slow X-B method by direct 

oblique launching from a bottom port is reported. In section 4, an example of investigation for 

O-X-B method with use of a horizontal antenna is reported. In section 5, discussion and summary 

are presented.  

 

2   Current ECH system in LHD 

Figure 1 shows a schematic view of the ECH system in 2008. Two 82.7GHz (500kW/2sec., 

GYCOM), two 84GHz (800kW/3sec., GYCOM) and two 168GHz (500kW/1sec., TOSHIBA), 

gyrotrons are used as microwave sources in high power, short pulse (usually ≤ 2 sec) experiments. 

One 84GHz (200kW/CW., GYCOM) gyrotron has been used in long pulse experiment. Recently 

two 77GHz (1MW/5sec. and 300kW/CW, TOSHIBA) has been developed in collaboration with 

Tsukuba University and installed. There are eight transmission lines for ECH. For one of them, long 

part of the line is shared by a 84GHz gyrotron used in short pulse experiments and a 84GHz 

gyrotron used in long pulse experiments. Two antennas installed in a bottom port (L-port antenna) 
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and two antennas installed in a horizontal port (O-antenna) have flexibility of the launching angle 

and are expected to be used for EBW excitation and heating. For slow X-B experiment, L-port 

antennas are available. For O-X-B experiment, L-port antennas and O-port antennas are available. 

 

3   Investigation for slow X-B method 

Figure 2 presents a schematic view of the relationship between the launching direction and the 

plasma cross-section in LHD. For the case of launching of 84GHz electron cyclotron (EC) wave 

from the bottom port, the launching direction (angle) is set by the launching parameter (Rf, Tf) that 

is a coordinate point on the virtual target plane located on the equatorial plane. Figure 3 shows an 

example of oblique cross section of the LHD plasma along the straight EC wave beam launched 

from one of the antennas installed in a bottom port. The launching parameter is (Rf, Tf) =(3.25m, 

-0.4m) in this case. The obliquely launched wave first encounters the fundamental ECR layer and if 

the wave is not completely damped out there, it can reach the UHR layer and excite EBW. Actually 

the orbit of the wave is not straight since the wave is refracted in the plasma. Figure 4 shows the 

result of ray tracing calculation for the case of X-mode launching with launching parameter  (Rf, 

Tf) = (3.25m, -0.4m). In the region where (ωpe/ω)2< 0.02, dispersion equation in the cold plasma is 

solved, and in the region where (ωpe/ω)2 ≥0.02, dispersion equation in the hot plasma is solved since 

the ECR layer and the UHR layer are located close to the edge of the plasma and finite temperature 

effect is not negligible even in the peripheral region (See Appendix). ωpe is the plasma angular 

frequency. The absorption coefficient is obtained directly from the imaginary part of the wave 

vector for both cases of EM wave propagation and EBW propagation (also see Appendix). The 

electron density profile and the electron temperature profile are given as ne(ρ)= ne0 (1-( ρ /1.1) 8), 

ne0 =2×1019 m-3 and Te(ρ)= Te0 (1-( ρ /1.1) 4), Te0 =2 keV. In this case, the parallel component of the 

refractive index varies along the orbit because of the inhomogeneity of the magnetic field and 

becomes almost 0 when the X-mode crosses the ECR layer. In the low density region, the 

absorption of the fundamental X-mode is weak if N// ~ 0 but it is strong as N// deviates 0. Therefore 
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it is important that the launching direction is optimized so that N// becomes 0 when the launched 

X-mode cross the ECR layer that is located in the plasma peripheral region. If N∞ does not become 

0 when the X-mode crosses the ECR layer that is located in the low density and low temperature 

peripheral region, strong absorption as the fundamental X-mode occurs and the X-mode cannot pas 

through the ECR layer [3]. 

 

4   Investigation for O-X-B method 

Recently 77GHz(1MW/5sec. and 300kW/CW, TOSHIBA) gyrotron has been installed in a 

transmission line connected to a horizontal O-port antenna that has flexibility of launching direction. 

It is well known that N// should be N//opt ={β/(1+ β)}1/2, where β=ωce /ω in the mode conversion 

region so that the plasma cutoff and the left handed cyclotron cutoff coincide and the evanescent 

region between them is vanished. If N//  deviates N//opt , a part of the wave is reflected because of 

the existence of the evanescent region. The mode conversion rate TOXB is analytically given as 

follows [9] 

TOXB = exp{-π (ω/c) Ln(β /2)1/2[2(1+ β)(N// - N//opt )2+Nv
2]}   (1) 

where Nv is the component of the refractive index along the direction that is perpendicular to the 

external magnetic field and density gradient, Ln=ne/(dne/dr) is the scale length of the density 

gradient in the mode conversion region, r direction is parallel to the density gradient. A survey of 

the launching direction to search appropriate one for efficient O-X-B mode conversion and EBW 

heating has been performed. The electron density profile and the electron temperature profile are 

given as ne(ρ)= ne0 (1-( ρ /1.0) 8), ne0 =1×1020 m-3 and Te(ρ)= Te0 (1-( ρ /1.0) 4), Te0 =0.5 keV. For 

the launching from the horizontal antenna, the launching direction is defined as launching 

parameter (Tf, Zf), that is a coordinate point on the virtual target plane placed as shown in Figure 5. 

The direction of the Tf axes is along the toroidal direction at the origin (Tf, Zf) =(0,0) that is placed 

at R=3.9m, Z=0.0m on the horizontally long cross section. The direction of Zf axes is the vertical 

direction. For various sets of (Tf, Zf), the point where the minimum perpendicular refractive index 
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N∞ is obtained by ray tracing and TOXB is calculated at the point.Figure 6-(a) shows a contour plot 

of the minimum N∞as a function of (Tf, Zf). Note that if the minimum N∞ is not close to 0 it means 

that the wave is refracted before it reaches the cutoff and in such a case, to calculate TOXB at the 

minimum N∞ point is meaningless. In Figure 6-(b), TOXB is plotted if the minimum N∞ is less than 

0.1 and in Figure 6-(c), TOXB is plotted if the minimum N∞ is less than 0.05. Taking into account of 

the refraction, effective mode conversion window narrows. The location of the O-X-B mode 

conversion window on the (Tf, Zf) launching parameter plane, its effective width shifts if the 

external magnetic configuration and/or the electron density profile vary. Investigation of the shift is 

required for obtaining effective mode conversion in real experiments. 

For a setting (Tf, Zf) =(-0.9m, 0.25m), result of the ray-tracing is shown in Figure 7. The electron 

density and temperature profile is the same as the case of Figure 6. Since TOXB is 0.985, narrow 

evanescent region appears and the ray is reflected in front of the left handed cyclotron cutoff. We 

consider that N// and Nv in eq. (1) are conserved through the evanescent layer and solve the 

dispersion equation at the HFS of the evanescent region and obtain the initial value to restart the ray 

tracing. The re-started ray reaches the UHR layer located in peripheral region, then the wave is 

mode converted to EBW. The EBW is finally absorbed around ρ=0.77. 

 

5   Discussion and summary 

Investigation for experimental configuration for EBW heating by existing ECH antennas have been 

performed. EBW excitation and heating are possible by direct oblique launching of 84GHz EC 

wave with the X-mode from HFS, with use of an antenna installed in a bottom port. For excitation 

of EBW, the X-mode should be launched so that N// becomes 0 when the X-mode crosses the ECR 

layer or else, the X-mode is damped out in the ECR layer and cannot reach the UHR layer where 

mode conversion process to EBW takes place. Since the orbit of the X-mode in the peripheral 

region in HFS is strongly affected by the electron density profile, information of the density profile 

in the edge region is important to adjust the launching direction so that N// becomes 0 when the 
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wave crosses the ECR layer. In an over dense plasma, with use of ray-tracing calculation, the width 

of O-X-B mode conversion window is obtained in the case where 77GHz EC wave is launched 

from an antenna installed in a horizontal port. Taking into account of the refraction of the launched 

wave, the effective O-X-B mode conversion window narrows. Since the location of the O-X-B 

mode conversion window shifts on the (Tf, Zf) launching parameter plane, and its effective width 

varies as the external magnetic configuration and/or the electron density profile varies, investigation 

of the shift is required and more, construction of some feedback system of launching parameter 

moving on with variation of the plasma parameters is desirable in future for obtaining effective 

O-X-B mode conversion rate. One example of ray tracing calculation shows that EBW is excited in 

the UHR layer located in peripheral region and EBW is absorbed around ρ=0.77. In our 

investigation the effect of the collisional damping is not included, however it should be included to 

estimate power absorption more correctly in the edge region where the electron density Te < 100eV.  
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Appendix : Method of calculation 

A-1   Dispersion equation of EM wave and EBW in hot plasmas 

We have added the function to treat the X-B and the O-X-B mode conversion process and EBW 

propagation and absorption to the existing 3-D ray tracing code for LHD [8]. In the region where the 

density and electron temperature are sufficiently low, the dispersion equation in the cold plasma [10] 

is used for calculation. Near the ECR layer and the region between the ECR and the UHR layer the 

dispersion equation of electromagnetic (EM) wave in hot plasma[11] is used since  the finite 
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temperature effect is not negligible there. 

GHOT (ω, k) = det �(c/ω)2(k k - k2 δij)+ εij) �        (2) 

where c is the velocity of light and ω is the angular frequency of the wave, k is the wave vector. 

εij is the dielectric tensor of the hot plasma given as follows, 

εij=δij + (ωpe/ω)2[∑iπξ0Z(ξn)∏(n)
ij + 2ξ0

2bibj]  (-∞≤ n ≤∞),  ξn =(ω−nΩce)/(k//vt)  (3) 

where ωpe is the plasma angular frequency, Ωce is the electron cyclotron angular frequency, 

Z(ξn) is the plasma dispersion function, vt =(2Te/me)1/2 is the thermal velocity of the electron ,  

k// is the parallel component of the wave vector. b =(bx, by, bz) is the unit vector along the magnetic 

field.  ∏(n)
ij is given as follws. 

 

    (n2/λ)An ,  i A’nn,       (2/λ)1/2
 nξn An 

∏(n)
ij  =    -i A’nn,      (n2/λ)An-2λ A’n   -i(2λ)1/2 ξn A’n              (4) 

                   (2/λ)1/2nξnAn,   i(2λ)1/2 ξn A’n,     2ξn
2An 

An≡eIn(λ),  An' = dAn/d λ,  sgn(λ) = -1 

 

λ =k∞
2Te/meΩce

2 = (kρe)2/2,  k∞ is the perpendicular component of the wave vector, ρe=vt/Ωce is the 

Larmor radius of the thermal electron, In is the nth modified Bessel function, Z(ξn) is the plasma 

dispersion function. The dispersion equation of EBW is given as follows[8]. 

GEBW(ω, k) = 1 + 2(ωpe /kvt )2[1+ξ0 Z(ξn) eλIn (λ)]=0    (5) 

In the calculation we take summation over n up to n ±5 for both of dispersion equation of EM in hot 

plasmas and dispersion equation of EBW. 

 

A-2   Absorption coefficient 

The optical thickness τ is obtained by integrating the imaginary part of the wave vector. 

τ = 2 ∫ ki⊕ds    (6) 
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Where s means a vector along the trajectory. In the case of weak damping, the dispersion equation 

can be expanded 

   G (ω, k) = G0 (ω, k) + i (∂G0/∂k)ki + i GI (ω, k0) = 0   (7) 

G0= Re[G(ω, k0)] ~ 0, GI = Im[G(ω, k0)],  k = k0 +i ki             

With use the relation (dr/ds)= (∂G/∂k) and eq. (7), eq. (6) can be rewrite as follows. 

 τ = -2∫GI ds   (9) 

Where s is the measure of distance along the trajectory. In the calculation, GI is calculated at each 

step and the absorbed power Pabs is obtained, Pabs = P0(1-exp(τ) ) where P0 is the launched power of 

the wave. 
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Figure 1 : ECH system in LHD in 2008 

 

 

 

 

 

 

 

 

Figure 2 : Schematic view of plasma cross sections and virtual target plane to define the launching 

parameter (Rf, Tf). The origin of the orthogonal axes of Rf and Tf  is defined at (R, z, φ)=(3.9m, 

0.0m, 0.0˚), where R is the distance from the center of the torus, z is the vertical distance from the 

equatorial plane and φ is the toroidal angle from the vertically long cross section. 
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Figure 3 : An example of  oblique cross section of LHD along the straight EC wave beam 

launched from one of L-antennas installed in a bottom port. The wave can access the UHR layer 

through the ECR layer from HFS. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 : Result of ray tracing in the case of direct oblique launching from HFS. The launching 

parameter is (Rf, Tf)= (3.25m, -0.4m). ne(ρ)= ne0 (1-( ρ /1.1) 8), ne0 =2×1019 m-3 and Te(ρ)= Te0 

(1-( ρ /1.1) 4), Te0 =2 keV. (From the left on the upper column) orbit projected on the vertically long 

 

 

147



cross section. Orbit projected on the equatorial plane.  Perpendicular component of the refractive 

index, N∞. Parallel component of the refractive index, N//. Normalized small radius, ρ.  

Normalized absorbed power, Pabs/P0 where P0 is the launched power. Optical depth, τ. Normalized 

electron cyclotron angular frequency, Ωce/ω. 

 

 

 

 

 

 

 

 

 

 

Figrue 5 : Schematic view of the virtual target plane to define the launching direction in the 

horizontal port. The Tf axis is along the toroidal direction at R=3.9m, Z=0.0m on the horizontally 

long cross section. The Zf axis is along the vertical direction. 
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Figure 6 : (a): Minimum value of the perpendicular refractive index N∞ , in the orbit of the launched 

O-mode, (b) : TOXB calculated at the point where the minimum N∞ is obtained, only for the cases 

where the minimum N∞< 0.1,  (c) : TOXB , only for the cases N∞< 0.05, are plotted as functions of 

launching parameter (Tf, Zf) inside the "survey region" drawn in Figure. 5. The magnetic 

configuration is (Ra, Ba)=(3.75m, 2.4T) where Ra is the position of the magnetic axis and Ba is 

magnetic field strength on the axis. ne(ρ)= ne0 (1-( ρ /1.0) 8), ne0 =1×1020 m-3 and Te(ρ)= Te0 (1-( ρ 

/1.0) 4), Te0 =0.5 keV.
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Figure 7 : Similar plot as figure 4. O-mode is launched from low field side so that EBW is excited 

via O-X-B mode conversion process. The launching parameter is (Tf, Zf) = (-0.9m, -0.25m).ne(ρ)= 

ne0 (1-( ρ /1.0) 8), ne0 =1×1020 m-3 and Te(ρ)= Te0 (1-( ρ /1.0) 4), Te0 =0.5 keV.  
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In Large helical device (LHD), the antenna loadings are different from minority ion cyclotron heating

(MICH)(38.47MHz) and mode converted ion Bernstein wave heating (MC-IBW)(28.4MHz), and there is nec-

essary to improve antenna loading at different reasons. To design a new ion cyclotron range of frequencies

(ICRF) antenna in LHD, simple antenna model is calculated using three-dimensional electrical magnetic code

(High Frequency Structure Simulator, HFSS), and strap width and strap height are very important parameters to

design the ICRF antena. Antenna loading strongly depend on strap width, and the capacitance between strap and

Faraday shield is important. Strap height changes peaked antenna loading frequency around 40 MHz, and the

active electrical length is controlled by the strap height.
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1 Introduction

In tokamak experiments, radio frequency wave with ion cyclotron range of frequencies (ICRF) has been invesitigated all

over the world, and minority heating [1] and mode converted ion Bernstein wave heating [2] with good heating efficiency are

demonstrated. In recent toroidal plasma experiments using ICRF, high energy particles impact to wall and inside of vacuum

vessel [3] and they are terrible problems to sustain plasma discharge [4]. During long pulse operation hot spot is observed

[5], and metal impurity flux is suddenly increased. After that radiation collapse is caused by the impurities, and plasma is

terminated. The similar collapses at the end of long pulse discharges are reported in the LHD, magnetic axis sweeping is

useful to decrease the hot spot temperature. However heating power is increased, the appearance time of hot spots is short

and the hot spot temperature is rapidly increased. After strong hot spots are appeared, metal penetration usually happens and

radiation collapse is caused. High energy particle which is accelerated on ion cyclotron resonances cause these impacts, and

the ion tail handling is difficult in long pulse operation.

Mode-converted ion Bernstein wave (MC-IBW) heating is promising to direct electron heating, and weak ion tail

enhancement is expected than minority heating. On initial heating experiment in LHD, direct electron heating is observed

with negligible ion tail enhancement, and electron heating efficiency is larger than 80 %. MC-IBW is candidate for a heating

tool of steady-state operation as a post minority heating. Though MC-IBW is very powerful heating tools with small ion tail

enhancement and relative high heating efficiency, the loading resistance of MC-IBW is much smaller than that of minority

heating in LHD(see Fig. 1). In typical low electron density plasmas in MC-IBW experiments, the loading resistance (less

than 1 ×1019 m−3) is smaller than 2Ω, and in unmatched antenna impedance region between ICRF antenna and stub tuners [6]

a voltage standing wave ratio (VSWR) is high (|Γ| ∼ 0.92 with 2 Ω , and VSWR ∼ 25 without vacuum loading). In MC-IBW

experiments the maximum voltage on transmission line is easily exceed 35 kV, and a transmission line protection circuit

from arching often works. To avoid the work of a protection circuit with high power injection, higher loading resistance is

needed.

In these ICRF heating scenarios aiming at steady-state operation, there are some techniques to increase loading resistance,

and newly antenna design is one of the solution for high power ICRF injection with lower VSWR in the transmission line. In

section 2, I would discuss about the ICRF antenna design and parameters (strap width, height, loop length and back faraday

shield) using three-dimensional electromagnetic calculation code, HFSS. These characteristics are summarized in section 3.
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2 Three dimensional simple model calculation of ICRF antenna

In LHD, each ICRF antenna has a single-loop strap (antenna width of 30 cm, antenna height of 60 cm), and they consist of

one center conductor for fast wave excitation, Faraday shields for unexpected wave removing, many side carbon protectors

for antenna protection from the plasma contacts and one back plate for return-current. Figure 2 shows the simple antenna

model in the study of ICRF antenna design, though this simple antenna model does not have side carbon protectors to

simplify the calculation. The simplifying the model is very useful to save calculation time and memory. Many calculation

time is saved, and a few hours are needed in this simple mode calculation using 64 bit personal computer with Xeon CPU

(3.4 GHz) and 64 GB Memory.

2.1 Strap width, strap height and loop length

Figure 3 shows the frequency dependence of |S11| for three kinds of strap width (30 cm, 60 cm, 80 cm ), and the other

typical parameters are same in Fig. 2. |S11| is return loss at feeder port in this antenna model, and |S11| = -3 dB means that

half of injection power is excited in fresh-water and vacuum regions. As strap width is increased, |S11| is strongly increased

from -3dB to -8dB around frequency of 40 MHz, the maximum frequency is gradually decreased from 50 MHz to 45 MHz.

Frequency dependence of |S11| around the peaked frequency becomes narrow over the frequency of 35 MHz, and |S11| around

frequency of 28 MHz is not improved.

Figure 4 shows the frequency dependence of |S11| for three kinds of strap height (60 cm, 80 cm, 100 cm ), and the other

typical parameters are same in Fig. 2 and strap width is 60 cm. As strap height is increased, |S11| is weakly increased from

-5dB to -6dB around frequency of 50 MHz, the peaked frequency around 50 MHz is strongly decreased from 60 MHz to 40

MHz. At lower frequency regions (∼ 30 MHz), |S11|with strap height of 100 cm is obviously improved. This is not different

in the dependence of strap width though that |S11| around the peaked frequency is narrow is similar to the characteristic of

strap width. In LHD experiments, minority heating is carried out at frequency of 38.47 MHz (magnetic filed of 2.75 T at

major radius R of 3.6 m), and mode converted ion Bernstein wave is carried out at frequency of 28.4 MHz (magnetic filed of

2.75 T at R of 3.6 m). The Improvement of |S11| in these two frequencies (38.47 MHz and 28.4 MHz) is necessary in LHD,

and the increase of strap height is useful in these heating scenarios. When strap height is increased, electrical length between

grounded point and feeder point is changed. The increases of strap height makes that this actual electrical length is close to
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λ/4.

Figure 5 shows the frequency dependence of |S11| for three kinds of loop length (9.5 cm, 6.5 cm, 3.5 cm), and the other

typical parameters are same in Fig. 2 except the strap width of 30 cm and the strap height of 80 cm. As loop length is

decreased from 9.5 cm to 3.5 cm, peaked frequency is increased and |S11| is gradually decreased. Considering loop length is

strongly related to with a cross section of magnetic filed excitation, they suggest that loop length is not only the increase of

a cross section but also the increase of antenna capacitance. In this model, back Faraday shield exists and that distance is 1

cm, and the back Faraday shield could inhibit the effect of the increase of cross section to the increased of loop length.

2.2 Angle of Faraday shield

Figure 6 shows the frequency dependence of |S11| for four kinds of the Faraday shield angle to y direction (0o, 8o, 16o, 32o).

and the other typical parameters are same in Fig. 2 except strap width of 20 cm, strap height of 100 cm. In this calculation,

the antenna width is narrow than that of actual LHD antenna, and I would aim at the design for manufacturability with

good accuracy. For these reasons, the strap width of 20 cm and the strap height of 100 cm is selected. When the angle of

Faraday shield is increased from 0o to32o, peaked frequency is slightly increased. The differences of peaked frequencies are

negligible, and there is necessary to consider about the angle of Faraday shield in the optimization of |S11| and excitation

frequencies.

2.3 Back Faraday shield

Figure 7 shows the frequency dependence of |S11| for four kinds of the distance between back plate and strap (1 cm, 3 cm, 5

cm, 8 cm ), and the other typical parameters are same in Fig. 2 except strap width of 20 cm and strap height of 100 cm. As

the gap between back Faraday shield and back plate is increased, peaked frequency is increased though the |S11| is roughly

same. The gap between front Faraday shield and strap is 1 cm, and back Faraday shield work as a capacitance around the

back Faraday shield gap of 1 cm. Though Back Faraday shield is useful when the back Faraday shield gap is less than the

gap of front Faraday shield, many trouble are prospected since high voltage is induced around back Faraday shield.
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2.4 Current profile on the surface of strap and Faraday shield effect

Current profile on the strap surface is very important to excite fast wave in the plasma, since excited wave pattern is strongly

determined that RF current profile. For effective fast wave heating experiments, RF current had better go to the vertical

direction (z direction),to magnetic filed (y direction), and strong electrical field with the radial direction of plasma is excited

at that time. Figure 8 shows the current profile on the strap surface at the front side (close to plasma) and the back side (close

to back plate). In these figures, Most of RF current goes along the edge of center conductor on the front side, and RF current

profile is favorable to excite fast wave. The difference between edge current and center current is approximately 10 times,

and the difference of power is 100 times. They suggests that edge cooling is important than the center cooling, and the edge

of strap is usually damaged rather than the center of strap. When the material temperature is high, the secondary electron

emission coefficient is increased. There is a high possibility that the damage is caused by the concentration current at the

edge of strap.

3 Summary and discussion

For steady-state operation using ICRF with high power, higher loading resistance antenna is needed in minority heating

and mode converted ion Bernstein wave heating, though the reason of necessary for high loading resistance is different. In

minority heating case there are necessary to decrease impurity ratio and ion tails, and in mode converted ion Bernstein wave

heating case there are necessary to decrease the maximum voltage in the transmission line.

Using three dimensional electrical magnetic simulator code, HFSS, parameter dependences of ICRF antenna design are

shown, and they (strap width, strap height, loop length and back Faraday shield) are summarized in the table 1. In these

calculation strap width is useful to increase |S11|, and the other parameter are not sensitive at the increase of |S11|. For ion

Bernstein wave experiments, the peaked frequency around 40 MHz have to be moved to lower frequency region (28 MHz),

and three kinds of ways (strap height, loop length and back Faraday shield) exist. The increase of strap height is strong

candidate for the adjustment parameter of the peaked frequency, since back Faraday shield is induced high RF voltage in the

vacuum vessel.
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Fig. 1 Loading resistance depends on plasmas density, and that of minority heating in steady-state operation is higher than that of mode-

converted IBW heating. This antenna is design to excite fast wave for minority heating, and neutral beams are additionally injected

the higher electron density of MC-IBW (> 1 × 1019m−3).
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Fig. 2 Three dimensional simple ICRF antenna model. Typical design parameters are as follows: strap width of 20 cm, strap height of

80 cm, loop length of 9.5 cm, the distance between plasma(fresh-water) and antenna is 5 cm, the distance between back plate

and metal wall is 3 cm. Antenna exists on vacuums region, and fresh-water exists in front antenna. The size to each direction of

imaginal plasma region is 2.5 m, and the size of each direction of vacuum region is similar to imaginal plasma except the size of

the loop direction (less than 20 cm, and there are different in each loop lengths).
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Fig. 3 Frequency dependence for various strap width without back Faraday shield. |S11| is very useful to increase loading resistance.

159



Plasma Science and Technology, Vol. , No. , Nov. 2008

-10

-8

-6

-4

-2

0

0 20 40 60 80 100 120
Frequency [MHz]

height = 100 cm
height = 80 cm

height = 60 cm

strap width = 60 cm

Fig. 4 Frequency dependence for various strap height without back Faraday shield. The peaked frequency obviously is decreased, as the

strap height is increased.
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Fig. 5 Frequency dependence for various loop length with back Faraday shield. The distance between back Faraday shield and strap is 1

cm.
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Fig. 6 Frequency dependence for angles of Faraday shield without back Faraday shield. Peaked frequencies are roughly same in various

angles.
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Fig. 7 Frequency dependence for back Faraday shield. Loop length of 9.5 cm. The distance between the front Faraday shield and strap is

1 cm. The gap is only less than 3 cm, the peaked frequencies are decreased and there are negligible.
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plasma side bck plate side

frequency of 35 MHz

Fig. 8 Current profile of the center conductor at the front side (plasma side) and back side (back plate side) at the frequency of 35 MHz

(|S11| is peaked). RF current is concentrated on the edge of antenna.
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Table 1 Characteristics for the design parameters. C: capacitance, L: inductance, lelectrical: electrical length,©: strong dependence, ×: weak

or negligible dependance

Parameters |S11| Frequnecy Contens

Strap width © × C, L

Strap height × © lelectrical

Loop length × © L

Back Faraday shield × © C
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Energetics of resistive wall modes in flowing plasmas
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Stability of magnetohydrodynamic (MHD) waves subject to Alfvén and sound resonances

and small resistivity at a conductive wall is analytically discussed in terms of wave energy (or,

more precisely, wave action). Negative energy wave, which may exist in the presence of mean

flow, is shown to be destabilized by the resistive wall, where its growth rate is characterized

by the energy dissipation rate. The effect of resonance is examined as well based on a

recent knowledge of wave energy for Alfvén and sound continuum modes. Resonant coupling

between an eigenmode and a continuum mode having the same sign of energy results in phase

mixing (or continuum) damping. In contrast, if their signs are opposite, such resonance

triggers an instability.

PACS numbers: 52.55.Tn, 52.65.Kj, 52.35.Py

Keywords: MHD stability, resitive wall mode, flowing plasma, wave energy

I. INTRODUCTION

Stabilization of resistive wall modes by plasma rotation is one of the key issues in modern fusion

experimental devices (such as tokamaks) toward improved confinement. This phenomenon is in

itself of physical significance since the well-known energy principle1, which also serves to resistive

wall modes2, is no longer expedient for stability analysis of flowing plasmas, and a solid analytical

footing is still lacking.

Recently, wave energy is drawing attention as a suitable quantity that characterizes stability

of flowing plasmas3, even in the presence of a resistive wall4,5. However, it is proposed6,7 that,

in addition to flow, the continuum damping due to Alfvén or sound resonance is necessary for

stabilizing resistive wall mode (as far as in the MHD model). In order to incorporate the effect

of resonance into the energetics, wave energy for the continuum modes must be specified. Its

formulation has been recently developed in a general manner8 and applied to the MHD continuous

spectrum9.

In this paper, we present wave energy for the case of cylindrical plasmas, following the recent

works8,9, and discuss stability in terms of it. We shall investigate whether a stable oscillatory

mode (= wave) in a flowing plasma will be destabilized or not by introducing the effects of both

resonance and wall resistivity as perturbation. Our result systematically generalizes earlier works4,6
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and provides an unified view by making use of wave energy.

II. CYLINDRICAL PLASMA

We consider cylindrical equilibria illustrated in FIG. 1 (where the length L is introduced just

for reference). The plasma in r < a may have arbitrary flow v = (0, vθ(r), vz(r)), magnetic field

B = (0, Bθ(r), Bz(r)) and mass density ρ(r) (the equilibrium force balance then determines a

pressure profile). The outer region a < r is vacuum except that a thin conductive wall is placed

at r = b. For simplicity, the total pressure (i.e., kinetic plus magnetic pressure) is supposed to be

smooth at r = a.

We focus on linear perturbations with a single Fourier harmonics exp(imθ + ikz− iΩt) for fixed

wavenumbers m, k ∈ R. The frequency Ω ∈ C is to be sought by the eigenvalue problem10,11,⎛
⎝ Π2

Π0

Π3
Π0

− ∂
∂r

Π3
Π0

+ ∂
∂r

Π1
Π0

⎞
⎠

⎛
⎝rξ

p

⎞
⎠ = 0 (1)

where ξ denotes the radial component of the Lagrangian displacement, and p denotes the perturbed

total pressure. The function Π0(r,Ω) is given by

Π0 = [(Ω − k · v)2 − ω2
A][(Ω − k · v)2 − ω2

S ],

where k · v = mvθ/r + kvz, and ωA(r) and ωS(r), respectively, denote the local Alfvén and slow

magneto-sonic frequencies. Other functions Π1,2,3(r,Ω) are also given explicitly, and they satisfy a

well-known relation Π1Π2 − Π2
3 ∝ Π0 (see Bondeson et al.11 for details).

Equation (1) should be solved in 0 < r < a under the boundary condition limr→0 rξ = 0 at

the origin. On the other hand, the perturbed magnetic field in the vacuum region can be solved

analytically. By invoking the thin resistive wall approximation2, the boundary condition at the

plasma surface r = a is expressed as

p(a)
ξ(a)

=
fb + i

τwΩf∞
1 + i

τwΩ

, (2)

where τw ∈ R denotes the resistive wall diffusion time (inversely proportional to the resistivity)6.

If an ideal wall (1/τw → 0) were to be located at r = b (or r = ∞), then fb ∈ R (or f∞ ∈ R) would

represent the ratio of surface pressure change p(a) to surface displacement ξ(a), and an inequality

fb ≥ f∞ ≥ 0 holds. It is more conventional to use the perturbation energy Wb (or W∞) stored in

the vacuum magnetic field;

Wb,∞ = 2πaL
|ξ(a)|2

2
fb,∞. (3)
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For later use, we denote the 2 × 2 operator in Eq. (1) by E(Ω). For any Ω ∈ C, let Ξ(r,Ω) and

P (r,Ω) be the solution of

E(Ω)

⎛
⎝Ξ

P

⎞
⎠ = 0 with

⎧⎪⎨
⎪⎩

Ξ(0, Ω) = 0,

P (0, Ω) = 1.

(4)

Note that E(Ω) is real except for the parameter Ω, i.e. E(Ω) = E(Ω), where the overbar denotes

complex conjugate. This fact implies that Ξ(r,Ω) = Ξ(r, Ω) and P (r,Ω) = P (r,Ω).

We can solve Ξ and P numerically, for example, by the shooting method. Then, the other

boundary condition

D(Ω) :=
P (a,Ω)
Ξ(a,Ω)

− fb + i
τwΩf∞

(1 + i
τwΩ)a

= 0 (5)

can be regarded as a dispersion relation, namely, the point spectrum (eigenvalues) of E(Ω) is the

set of ωn, n = 1, 2, . . . , satisfying D(ωn) = 0. The corresponding eigenmodes are given by

Re[(ξ̂n, p̂n)eimθ+ikz−iωnt] (6)

where rξ̂n(r) = cnΞ(r, ωn) and p̂n(r) = cnP (r, ωn) with some amplitude cn ∈ C.

It is also well-known that E(Ω) has the continuous spectrum associated with Alfvén (ωA) and

slow magneto-sonic (ωS) waves;

σ±
A = {k · v(r) ± ωA(r) ∈ R : r ∈ [0, a]}, (7)

σ±
S = {k · v(r) ± ωS(r) ∈ R : r ∈ [0, a]}. (8)

When Ω belongs to any of them, the term 1/Π0 in E(Ω) becomes singular. One can derive singular

(or improper) eigenfunction ξ̂(ω), p̂(ω) for every ω ∈ σc := σ+
A ∪ σ−

A ∪ σ+
S ∪ σ−

S .

III. WAVE ACTION

For the moment, we restrict ourself to the case of ideal wall (1/τw → 0) at r = b, for which

the operator E(Ω) is symmetric and the dynamical system has the Hamiltonian property8. Wave

energy is then represented by the normal form; ωnμn for eigenmodes and
∫

ωμ(ω)dω for continuum

mode, where μn and μ(ω) denote wave actions attributed to each wave.

168



4

A. Point spectrum

Let us consider an oscillatory mode (6) with a real frequency ωn ∈ R. The corresponding wave

action is given by8

μn = πL

∫ a

0

(
rξ̂n p̂n

) ∂E
∂Ω

(ωn)

⎛
⎝rξ̂n

p̂n

⎞
⎠ dr. (9)

Now, let us differentiate an identity,

0 =
∫ a

0

(
Ξ(Ω) P (Ω)

)
E(Ω)

⎛
⎝Ξ(Ω)

P (Ω)

⎞
⎠ dr, (10)

with respect to Ω. By exploiting the symmetry of E(Ω), we obtain

0 =
∫ a

0

(
Ξ(Ω) P (Ω)

) ∂E
∂Ω

(Ω)

⎛
⎝Ξ(Ω)

P (Ω)

⎞
⎠ dr

−
[
Ξ2(Ω)

∂

∂Ω

(
P

Ξ

)
(Ω)

]
r=a

. (11)

By substituting Ω = ωn into this identity, we can derive an alternative form of (9) as

μn =πL|aξ̂n(a)|2 ∂Db

∂Ω
(ωn), (12)

where Db(Ω) := (P/Ξ)(a,Ω)− fb/a = 0 is the dispersion relation. The similar expression for wave

energy (ωnμn) has been observed in many literatures12,13. The wave energy can be negative in the

presence of flow8,14.

B. Continuous spectrum

For the sake of completeness, we exhibit only the result8,9 for the continuous spectrum. For

each ω ∈ σc, the wave action is represented by

μ(ω) =πL

∫ a

0
π

[
|ψ̂(ω)|2 + |ψ̂†(ω)|2

]
× Im[Λ(ω + i0)]dr (13)
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where we have put ψ̂(ω) = −(Π3/Π1)(ω)rξ̂(ω) − p̂(ω) and ψ̂†(ω) is the Hilbert transform of ψ̂(ω).

Moreover, Λ(Ω) = Π1(Ω)/Π0(Ω), which yields four Dirac’s delta functions in the limit of Ω → ω+i0,

Im[Λ(ω + i0)] =
πr

2ρ

{
k2
⊥

ωA
[δ(ω − k · v − ωA)

− δ(ω − k · v + ωA)]

+
k2
‖ω

3
S

ω4
A

[δ(ω − k · v − ωS)

− δ(ω − k · v + ωS)]
}

,

where k‖ = (mBθ/r + kBz)/|B| and k⊥ = (−kBθ + mBz/r)/|B|.

IV. BIFURCATION THEORY

Let ωn ∈ R be an eigenvalue discussed in Sec. IIIA. Now, we put cn = 1 for simplicity, so that

both ξ̂n and p̂n are real functions. We consider stability of this wave by assuming that (i) a slight

modification of the equilibrium fields occurs like

Πj →Π′
j (j = 0, 1, 2, 3), (14)

so that the wave undergoes weak resonance with some continuum and (ii) the wall actually has a

small resistivity 1/τwωn ∼ O(ε). Let ω′
n ∈ C and (ξ̂′n, p̂′n) be the resultant solution of the eigenvalue

problem,

E ′(ω′
n)

⎛
⎝rξ̂′n

p̂′n

⎞
⎠ = 0,

[
rξ̂′n

]
r=0

= 0,

[
p̂′n −

f ′
b + i

τwω′
n
f ′∞

1 + i
τwω′

n

ξ̂′n

]
r=a

= 0, (15)

while their deviations, δω = ω′
n − ωn and (δξ̂, δp̂) = (ξ̂′n − ξ̂n, p̂′n − p̂n), are supposed to be small

∼ O(ε).

We are now interested in whether an instability Im(δω) > 0 occurs or not. To see this, it is

useful to expand the following identity,

0 =
∫ a

0

(
rξ̂′n p̂′n

)
E ′(ω′

n)

⎛
⎝rξ̂′n

p̂′n

⎞
⎠ dr. (16)
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By denoting δE = E ′ − E and exploiting the symmetry of E(ωn) again, one can obtain, to leading

order,

0 =δω

∫ a

0

(
rξ̂n p̂n

) ∂E
∂Ω

(ωn)

⎛
⎝rξ̂n

p̂n

⎞
⎠ dr

+
∫ a

0

(
rξ̂n p̂n

)
δE(ω′

n)

⎛
⎝rξ̂n

p̂n

⎞
⎠ dr

+
[
p̂nrδξ̂ − rξ̂nδp̂

]
r=a

, (17)

Note that, from (15), the expansion of the boundary condition at r = a gives[
δp̂ − fbδξ̂ −

(
δfb − i

fb − f∞
τwωn

)
ξ̂n

]
r=a

= 0

with δfb = f ′
b − fb, which can be used in the boundary terms of (17). Let us multiply (17) by πL

and take its imaginary part, which leads to

Im(δω)μn = − δμn − Wb − W∞
τwωn

(18)

where (3) and (9) has been used and the remaining term

δμn :=πL

∫ a

0

(
rξ̂n p̂n

)
Im

[
δE(ω′

n)
]⎛
⎝rξ̂n

p̂n

⎞
⎠ dr,

manifests the resonance effect.

The resonance implies that ωn belongs to the continuous spectrum after the modification (14),

namely, Π′
0(r, ωn) = 0 occurs at some resonant points. Recall that Im[Λ′(ωn + i0)] include four

delta functions, and their coefficients are supposed to be small ∼ O(ε) (weak resonance). Since ξ̂n

and p̂n are smooth functions, Im [δE(ω′
n)] in δμn can be approximated by

Im
[
δE(ω′

n)
] 	

⎛
⎝Π′

2
Π′

1

Π′
3

Π′
1

Π′
3

Π′
1

1

⎞
⎠ (ωn)Im[Λ′(ωn + i0)].

By introducing ψ̂n = −(Π′
3/Π′

1)(ωn)rξ̂n − p̂n, we obtain

δμn =πL

∫ a

0

[
ψ̂2

n +
Π′

1Π
′
2 − Π′2

3

Π′2
1

(rξ̂n)2
]

× Im[Λ′(ωn + i0)]dr

=πL

∫ a

0
ψ̂2

nIm[Λ′(ωn + i0)]dr (19)

where the use of the relation, Π′
1Π

′
2 −Π′2

3 ∝ Π′
0, has been made. Since this expression is similar to

(13), the sign of δμn corresponds to that of the wave action of the continuum mode, μ(ωn), at ωn.
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V. DISCUSSION

We have analytically investigated stability of an oscillatory eigenmode (or wave) subject to weak

resonance in the plasma and small resistivity at the wall. The subsequent growth rate, Im(δω), is

estimated by (18), where wave actions and vacuum field energy are well-defined in this work. The

wall resistivity dissipates the wave energy ωnμn at a rate of (Wb −W∞)/τw > 0, which damps any

wave with positive energy, but conversely destabilizes negative energy waves. The latter may exist

only when the plasma is flowing. Simultaneously, the resonance causes the continuum damping of

the wave if wave actions for point and continuous spectra have same sign δμn/μn > 0, whereas

a resonant instability occurs if they have opposite sign. The eventual growth rate, as well as the

marginal condition, is determined by these factors.
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1. Introduction

The operation of Large Helical Device (LHD) has been executed successfully in 10 years. A neutral beam

injector (NBI) as a main heating device has closely related to production of high temperature and/or high density

plasma [1–3]. Especially, the operation result of negative ion based NBI system (NNBI) which spans 10 years [4]

contributes to assess the possibility of a future NNBI system for ITER (International Thermonuclear Experimental

Reactor) [5]. Hydrogen negative ion (H−) source is a necessity tool in order to generate a high energy NB such as

180 keV, because the neutralization efficiency used gas cell keeps 60% in H− case, although that efficiency drops

under 10% in proton (H+) case [6]. There are several important topics on NNBI to generate a high power beam

and to do a stable operation as follows; improvement of efficiency to product H− ions with or without Cs vapor,

and improvement of the beam uniformity in a large size ion source, and decreasing of the heat loading into grid

systems.

Used only high energy NBIs, we had achieved 13keV ion temperature (Ti) in an argon discharge plasma,

since ion heating power increased in the high-Z discharge effectively [1, 2]. In the same heating condition, Ti rose

about 2keV in hydrogen discharge due to the only 40% ion heating fraction by 180keV neutral beam. The ion

heating fraction can be upped to 80% by decreasing 40keV beam energy in hydrogen discharge. So we have

installed 40keV low energy PNBI system used a high current proton source for the purpose of improvement of Ti

in hydrogen discharge [7].

In the following, we present NBI systems used a negative hydrogen ion source and a proton source for LHD

experiment. The progress of the NB heating power is shown in the next section. We also show the beam emission

diagnosis to obtain energy fraction of neutral beam in PNBI and to obtain beam attenuation along the beam

injection axis in NNBI.

2. Neutral Beam Injectors in LHD

LHD-NBI system consists three tangential beam lines (BL1, BL2 and BL3) and the perpendicular beam line

(BL4) arranged as shown in Fig. 1. The nominal beam energy and injection beam power of the tangential NNBI

is 180keV and 5MW , respectively in each beam line used two H− ion sources. In the ion source, H− ions are

produced on a surface of plasma grid faced to arc discharge by using cesium (Cs) vapor. The inner size of the arc

chamber of this ion source is 145cm height, 35cm width and 20cm depth. H− ions are extracted by five segments
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of the grid systems composed by plasma grids (−180kV ), extraction grids (−170kV ) and grounded grids (0kV ).

H− beam is neutralized in 3m long neutralizer with hydrogen gas, and then H− and H+ ions are removed on an

ion beam dump by an ion bending magnet. Each NB is tilted 1.8̊ from the beam injection axis in order to pass

through a injection port. Beam protection armor plates are equipped on a inner surface of the LHD vacuum vessel

at the crossing position of the beam injection axis. The nominal beam durations is 10sec with high power beam,

2 ∼ 5sec NB is usually used for LHD operation now.

Figure 2(a) shows the history of total NB injection power from three NNBI. NB power increases year by year,

and it has reached 16MW in 2007. The total NB power jumped up at 2001 when the BL3 operation was started.

In the BL3, we have adopted the individual twelve power supplies for arc discharge in order to control a beam

distribution. The beam uniformity was improved by changing the arc discharge distribution [8, 9]. The total NB

power was exceed 13MW at 2003 when the multi-slot grounded grid (MSGG) was installed in BL1 [10]. The heat

load into the MSGG with the transparency of 67% was suppressed to about a half compared to the conventional

multi-aperture grounded grid (MAGG) with the transparency of 35%. The acceleration voltage was improved to

190keV by the reduction of the gas pressure in the acceleration gap. The difference of the optimum condition

for the beamlet convergence between parallel and perpendicular directions to the slot was appeared [10]. This

disagreement has been fixed now by a steering grids with racetrack shaped apertures [11].

The operation of the forth beam line (BL4) was started successfully at 2005 as shown in Fig. 2(b) [7, 12,13].

We have adopted an arc discharge H+ ion source with 200mA/cm2 high H+ current density in BL4. Two ion

sources was installed in the A side at the beginning of the operation, and additional two ion sources was installed

in the B side at 2006. A grid system is conventional MAGG with 35% transparency. The beam extraction area

is 21cm width and 50cm height with the circle apertures of 8mm diameter. Neutral beams from BL4 is injected

to the LHD plasma perpendicularly as shown in Fig 1. The nominal beam energy and the beam power is 40keV

and 6MW , respectively. We have achieved 6.8MW beam injection with 0.2sec short pulse duration in 2007. In

usual 5MW beam operation, beam duration can be extended by 0.9sec. This PNBI is designed for ion heating

to improve the ion temperature in LHD plasma. And also this NB is used for a charge exchange recombination

spectroscopy (CXRS) [14] to measure radial profile of ion temperature. The specification of beam energy and focal

length of PNB was optimized for both a CXRS measurement and an efficiency of the beam power gone into the

protection armor plates.
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3. Neutral Beam Emission Diagnosis for NBI Heating

Hydrogen NB particle emits visible Balmer-α spectrum (Hα) by an interaction of plasma particles [15]. We

have investigated beam attenuation and energy fraction used a beam emission [16]. Figure 1 also shows the

arrangement of two optical sight lines for beam emission diagnosis on BL3 and BL4. A quartz optical fiber

coupled with small lens installed with the 5-o port and the 6-o port to observe the downstream position and the

upstream position, respectively. The angles of the beam injection axis and the two sight lines are 62.4̊ and 134.7̊

. The end of the optical fibers are connected to the 25cm spectrometer (Bunkoh-Keiki M25-TP). A spectrum is

detected by an intensified charge couple device detector (ICCD: ANDOR DH720) set on the focal plane of the

spectrometer. The spectral resolution of spectrometer system is 0.21nm in totally. We have used the 40ms frame

sampling time with the 20ms exposure time of the ICCD detector.

Figure 3 shows the observed spectrum in hydrogen discharge. Strong Hα spectrum emitted from plasma

discharge is located at 656.3nm. Weak Hα spectra emitted from high energy (167keV ) NB of BL3 have been

observed around 647nm and 662nm on the downstream position and the upstream position, respectively. These

spectra are shifted by the Doppler effect by NB velocity and the observation angle. The beam emission spectrum

splits two components due to the two ion sources with different beam injection angle. We have also observed strong

Hα spectra located between 659nm and 663nm on the downstream sight line. These spectra are emitted from low

energy PNB of BL4. In a proton source, molecular hydrogen ions such as H+
2 and H+

3 are also extracted by the

acceleration potential. The velocity of beam particle is expressed
√

2E/m, where E and m is beam energy and

particle mass, respectively. So the energy of NB which is separated from H+
2 or H+

3 becomes 20keV or 13.3keV ,

respectively in the 40keV beam acceleration.

Figure 4 shows the time evolution of this hydrogen discharge used four NBIs with the configuration of magnetic

field strength B = 2.769Tand magnetic field axis of R = 3.575m. This plasma is built up by an electron cyclotron

heating (ECH) at first, and it is sustained by 40keV low energy NB as shown in Fig. 4(a). The averaged electron

density measured by a far infrared ray (FIR) laser interferometer increases to < ne >= 2 × 1019m−3 as shown in

Fig 4(b). The signal intensity of beam emission from BL4 is similar behavior of the product of < ne > and NB

power as shown in Fig. 4(e). Three energy components are almost same fraction during discharge. The full energy

NB particles exist about half of the NB particles, and the number of third energy NB particle is larger than second

energy beam particles. In this case, the power fraction of NB with the energy of 40keV , 30keV and 13.3keV is
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70%, 16% and 14%, respectively as shown in Fig 4(f). Power fraction is also constant during the discharge, and

most of power is supplied by full energy particles in BL4.

Plasma stored energy (Wp), electron temperature (Te) and Ti increase after the additional 13MW NB injection

after t = 0.9sec as shown in Fig. 4(b) and 4(c), here Te and Ti is measured by a Thomson scattering system and

Doppler broadening of ArXVII used a X-ray crystal spectrometer, respectively. Beam emission signal in the

downstream position becomes minimum value at t = 1.00s, and it increases at time increases as shown in Fig

4(d). This behavior indicates that the number of penetration beam particles changes with time, because the

beam emission intensity proportional to a beam density nbeam, ne, and emission coefficient. The difference of

density distribution between t = 1.00sec and at t = 1.27sec is appeared as shown in Fig. 5. In the case of

hydrogen discharge, a beam stopping coefficient (Scr) of central peak density (ne = 2.2 × 1019m−3) and central

hollow density (ne = 1.4 × 1019m−3 ) obtained by ADAS (Atomic Data and Analysis Structure) database [17,18]

is Scr = 7.8 × 10−8cm3s−1 and Scr = 7.5 × 10−8cm3s−1, respectively. So the penetration beam particles passing

through plasma with peak density is less than the case with hollow density due to the beam attenuation function

as nbeam(L) = nbeam(0)exp(− ∫ L

0
ne(l)Scr(l)/vdl), where v is the velocity of beam particle, respectively. According

to the beam stopping coefficient in both cases, the absorption beam power in the peak density is 11% larger than

in the hollow density. The beam emission diagnosis is utilized to understand the beam attenuation directly.

In conclusion, 180keV tangential NNBIs and 40keV PNBI are operated successfully in the last 10 years at

LHD. High power beams are achieved 16MW totally in the three NNBIs and 6.8MW in the PNBI, respectively,

which have outstripped the nominal beam powers now.The beam emission diagnostic system have run in both

PNBI ad NNBI. These optical diagnosis is utilized for understand of beam quality and beam heating along the

beam injection axis.
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YAN Longwen（严龙文）, ZHOU Yan（周艳）, Chen Chengyuan（陈程远）, CAO Zhen（曹

曾）, SONG Xianming（宋显明）, LI Wei（李伟）, DONG Yunbo（董云波），HONG Wenyu

（洪文玉）,YANG Qingwei（杨青巍）, DUAN Xuru（段旭如） 

 

Southwestern Institute of Physics, Chengdu 610041, China 

 

Abstract Density limits with different fuelling methods have been compared in HL-2A, i.e. 

direct gas puffing and supersonic molecular beam injection (SMBI) from low field side, divertor 

gas fuelling. The maximum densities for low current discharges are 3.4 ×1019 m-3, 4.3 ×1019 m-3 

and 4.7 ×1019 m-3 for the 3 kinds of fuelling methods. The density ratios to Greenwald density 

limit are 0.9, 1.1, 1.2, respectively. The behavior of density limit disruption is analyzed as well.  

 

Key words: Density limit; Fuelling method; Supersonic molecular beam injection; Disruption 

PACS: 52.55.Dy, 52.50.Nr, 52.55.Rk 

 

1 Introduction 

It is well known that stable plasma operation in a tokamak is limited by three basic limits, i.e. 

maximum plasma current, electron density and maximum normalized plasma pressure [1]. 

Generally, the density limit should not appreciably exceed the empirical Greenwald density limit,  

 nG (1020 m−3) = Ip (MA)/πa2(m2) [2], which is caused by too high radiating power fraction and the 

underlying deterioration of particle confinement [3,4]. Furthermore, high density operation is 
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effective to achieve detachment [5], which reduces the divertor heat load since the edge plasma 

temperature naturally decreases as the edge density increases. The density limit due to high 

radiating power is more easily identified in the stellarator due to no MHD instability driven by 

plasma current [6], which is proportional to the absorbed power density. The deterioration of 

particle confinement is imposed another density limit [7], which may have a more indirect MHD 

origination that in turn leads to an MHD initiated disruption [8].  

The density limit experiments have been performed in the HL-2A tokamak with different 

refueling methods for low current discharges, including direct gas puffing (GP) and supersonic 

molecular beam injection (SMBI) from outer midplane, bulk and noble gas injection in divertor 

chamber. Maximum density is obtained with the SMBI fuelling.  

The remained parts in this paper are arranged as follows. The experimental setup is described 

in Sec.2. The main results of density limit experiments are presented in Sec.3. The final part is 

for conclusions. 

 

2. The experimental setup 

HL-2A is a medium size tokamak with two rather closed divertor chambers [9,10]. Its device 

parameters are the major radius R = 1.65 m, the minor radius a = 0.4 m, the toroidal magnetic 

field Bt = 2.8 T and the flux swing of 5.0 V.s. Its present operation parameters are the plasma 

current Ip = 100-450 kA, current duration t = 4 s, the line- averaged electron density ne = 

(0.2-6)×1019 m-3, the electron temperature Te = 5 keV, the ion temperature Ti = 1.2 keV, the 

maximum energy confinement 120 ms and so on. So far, there is the ability of 5 MW auxiliary 

heating (PECRH = 2 MW, PNBI = 2 MW, PLHCD = 1 MW). The electron density profile is obtained 

by 8-channel HCN interferometer. Electron temperature profile can be measured by Thomson 
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scattering, fast electron cyclotron emission (ECE) and energy spectrum of X-rays, while ion 

temperature is given by the energy spectrum of neutral particles. Plasma radiation can be 

observed from 4 bolometer arrays, 5 soft X-ray arrays, hard X-rays, vacuum ultraviolet (VUV) 

spectrometer, visible spectrometer and so on. The electron temperature and density profiles at 

divertor target plates are given by 7 fixed Langmuir probe arrays [11], while outer target 

temperature is monitored by an FIR camera. The edge electron temperature and density profiles 

are measured by a reciprocating probe system [12]. The arrangement of relevant diagnostics and 

fuelled systems is shown in Fig.1. The direct GP and SMBI fuelling is from at outer midplane, 

while the divertor is fuelled with deuterium and noble gases. 

 

3. Main results of density limit experiments 

The density limits of 3 kinds of fuelling methods are compared with low current discharges, 

typically Ip = 185 kA, magnetic field Bt = 1.4 T and safety factor qa = 3.3. At first, we analyze the 

density limit of direct GP from outer midplane. Figure 2 shows main parameter evolutions of a 

density limit discharge with the GP. The maximum density is only 3.4×1019 m-3. Bolometer and 

Hα emissions continuously increase with density rising. The ratio of attainable density with 

Greenwald density limit (Qne) is 0.9. The radiating power fraction to Ohmic input power (Qrad) 

slightly rises before density limit disruption. The disruption process of the density limit discharge 

with gas puffing is described in Fig.3. The Qrad gradually rises to above 1 before density limit 

disruption, which means that high radiation fraction is the main cause to form the density limit. 

The density gradually drops in minor disruptions. The soft X-rays (SXR) abruptly decrease 

during major disruption, while plasma current rises a little due to its redistribution. 

The parameter evolutions of a density limit discharge with divertor fuelling are manifested in 
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Fig.4. The maximum density is 4.3×1019 m-3. The bolometer and Hα emissions continuously 

increase with density as well. The maximum density ratio rises to Qne=1.1. The radiating power 

fraction is Qrad<0.3 before major disruption, implying that the density limit may be caused by the 

MHD instability excited by highly radiating power fraction. The detached plasma appears with 

rather low electron temperature at outer target with Tedd6<3 eV. Figure 5 illustrates the disruption 

process of the density limit discharge with divertor fuelling. The radiating power fraction in main 

plasma is Qrad <0.2 before a major disruption. There are 4 minor disruptions on soft X-rays and 

Mirnov signals, which mean that plasma confinement continuously degenerates due to MHD 

instability before the major disruption. Density gradually decreases with minor disruptions before 

density limit disruption. Plasma current abruptly rises during the major disruption. 

Figure 6 presents main parameter evolutions of a density limit discharge with the SMBI 

fuelling from out midplane. The maximum density reaches 4.7×1019 m-3. The bolometer and Hα 

emissions gradually increase with density. The maximum density ratio is Qne=1.2 in current 

flattop, which is higher in current ramping down. The radiating power fraction in main plasma is 

Qrad<0.3 before a major disruption. The detached plasma is observed with very low electron 

temperature of target plate (Tedd6 < 2 eV). The Qrad <0.4 is observed before the major disruption 

even if so high plasma density. There are 3 minor disruptions appearing on SXR and Mirnov 

signals. Plasma density drops step by step due to minor disruptions. Plasma current suddenly 

rises during the major disruption. 

Figure 7 is soft X-ray profile evolutions during density limit disruption. The inversion radius 

of sawtooth oscillations is about r = 12 cm, which is localized at the normalized radius about r/a 

= 0.30. Three minor disruptions appear before the major disruption, whose inversion radius is 

larger than 23.8 cm, implying that minor disruptions should be taken place near the q=2 rational 
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surface. The SXR intensity at central chord may be recovered after a minor disruption. The SXR 

intensities at outer chords cannot be revived after a minor disruption. All SXR intensities abruptly 

drop after the major disruption, indicating that global particle confinement is almost lost. 

In contrast, a completely detached discharge produced by 5 helium pulses in divertor is 

shown in Fig.8. The electron temperatures at the targets are below 2.0 eV. The maximum density 

exceeds 5.6×1019 m-3 at t=850 ms before current ramping down. Electron temperatures and 

pressures at target plates, radiation power in divertor and the compression ratio of neutral gas 

pressures between divertor and main chamber obviously drop during the detachment. There is no 

disruption appearance though the radiation power fraction in main plasma is higher than 50% of 

input power, which indicates that the profile of radiating power is rather significant to trigger 

MHD instability and then density limit disruption. 

 

4. Conclusions 

 Density limits with different fuelling methods have been obtained in HL-2A, including direct 

gas puffing and SMBI fuelling from outer midplane, bulk and noble gas injection in divertor. 

Highest density is achieved with the SMBI fuelling. Highly radiating power fraction and MHD 

instability are two main causes to produce density limit. Minor disruptions are often observed 

before the density limit disruption. They may originate from the q =2 rational surface of safety 

factor. The profile of radiating power has significant impact on exciting the MHD instability and 

then leading to density limit disruption. 
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Figure Captions 

 

Fig.1 The arrangement of divertor diagnostics and fuelling systems 

The direct GP and SMBI fuelling is from outer midplane, while the divertor is fuelled with deuterium and 

noble gases. Seven sets of triple flush probes give electron temperature and density profiles at inner and outer 

divertor targets with spatial resolution of 1 cm. Two fast ionization gauges measure neutral particle pressures in 

main chamber and divertor. Movable probes provide electron temperature and density profiles in divertor 

through shot by shot. An IR camera observes the surface temperature at outer target. 

 

Fig.2 Parameter evolutions of a density limit discharge with direct gas puffing 

The curves are the gas pulses at outer midplane (a), bolometer and Hα emissions (blue) passing through 

X-point (b), near central chord soft X-rays (c), central line-averaged density (d), the ratio of line-averaged 

density with Greenwald density limit (Qne) and radiating power fraction (Qrad) to Ohmic power (e), and 

plasma current (f). 

 

Fig.3 Density limit disruption with gas puffing 

The curves are the Mirnov fluctuations at outer midplane (a) and inner one (b), near central chord soft 

X-rays (c ), line-averaged electron density (d), radiation power fraction (e), and plasma current Ip=185 kA 

(f). 

 

Fig.4 Parameter evolutions of a density limit discharge with divertor fuelling 

The curves are, the electron temperature at outer target (a), Hα emission passing through X-point (b), 

central chord soft X-rays and bolometer via X-point (c), central line-averaged density and gas pulses in divertor 

(d), the ratio of line-averaged density with Greenwald density limit (Qne) and radiating power fraction (Qrad) to 

Ohmic power (e), and plasma current (f). 
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Fig.5 Density limit disruption with divertor fuelling 

 The parameters are the same as in Fig.3. 

 

Fig.6 Parameter evolutions of a density limit discharge with SMBI fuelling 

The curves are the same as in Fig.4 except SMBI pulses in Fig.6 (d). 

 

Fig.7 The SXR profile evolutions during density limit disruption 

 The curves of (a)-(f) are the soft X-ray intensities through the chord radii of r = 23.8, 20.2, 16.3, 12.0, 7.3, 

-2.5 cm. 

 

Fig.8 The completely detached plasma discharge with helium puffing in divertor 

The curves are, (a) the ratio (Rp0=P0d/P0m) of neutral particle pressures between divertor and main chamber, 

radiation power in divertor (Pdiv), (b) electron pressures at inner and outer targets, (c) electron 

temperatures at inner and outer targets, (d) radiation power in main plasma (Prad) and plasma current (Ip), 

(e) line-averaged electron density (ne) and deuterium GP pulses in divertor. 
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Fig.1 The arrangement of divertor diagnostics and fuelling systems 

The direct GP and SMBI fuelling is from outer midplane, while the divertor is fuelled with deuterium and 

noble gases. Seven sets of triple flush probes give electron temperature and density profiles at inner and outer 

divertor targets with spatial resolution of 1 cm. Two fast ionization gauges measure neutral particle pressures in 

main chamber and divertor. Movable probes provide electron temperature and density profiles in divertor 

through shot by shot. An IR camera observes the surface temperature at outer target. 
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Fig.2 Parameter evolutions of a density limit discharge with direct gas puffing 

The curves are the gas pulses at outer midplane (a), bolometer and Hα emissions (blue) passing through 

X-point (b), near central chord soft X-rays (c), central line-averaged density (d), the ratio of line-averaged 

density with Greenwald density limit (Qne) and radiating power fraction (Qrad) to Ohmic power (e), and 

plasma current (f). 
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Fig.3 Density limit disruption with gas puffing 

The curves are the Mirnov fluctuations at outer midplane (a) and inner one (b), near central chord soft 

X-rays (c ), line-averaged electron density (d), radiation power fraction (e), and plasma current Ip=185 kA 

(f). 
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Fig.4 Parameter evolutions of a density limit discharge with divertor fuelling 

The curves are, the electron temperature at outer target (a), Hα emission passing through X-point (b), 

central chord soft X-rays and bolometer via X-point (c), central line-averaged density and gas pulses in divertor 

(d), the ratio of line-averaged density with Greenwald density limit (Qne) and radiating power fraction (Qrad) to 

Ohmic power (e), and plasma current (f). 
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Fig.5 Density limit disruption with divertor fuelling 

 The parameters are the same as in Fig.3. 
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Fig.6 Parameter evolutions of a density limit discharge with SMBI fuelling 

The curves are the same as in Fig.4 except SMBI pulses in Fig.6 (d). 
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Fig.7 The SXR profile evolutions during density limit disruption 

 The curves of (a)-(f) are the soft X-ray intensities through the chord radii of r = 23.8, 20.2, 16.3, 12.0, 7.3, 

-2.5 cm. 
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Fig.8 The completely detached plasma discharge with helium puffing in divertor 

The curves are, (a) the ratio (Rp0=P0d/P0m) of neutral particle pressures between divertor and main chamber, 

radiation power in divertor (Pdiv), (b) electron pressures at inner and outer targets, (c) electron 

temperatures at inner and outer targets, (d) radiation power in main plasma (Prad) and plasma current (Ip), 

(e) line-averaged electron density (ne) and deuterium GP pulses in divertor. 
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1 Introduction  
   Experimental Advanced Superconducting Tokamak (EAST) is a full super-conducting 
tokamak, the first discharge was carried out in 2006[1]. One of missions of EAST is to demonstrate 
long duration discharge (1000s) sustained completely by non-inductively driven current. The 
method for auxiliary heating and current driving on EAST includes lower hybrid radio frequency 
wave ( LHRF ) and ion cyclotron radio frequency wave ( ICRF ). The neutral beam injection 
( NBI ) is under construction. In Fig. 1, the schematic diagraph of the poloidal cross section of 
EAST is presented. The major parameters for EAST are given in table 1. 
   Although the experiment on EAST is under steady progress we still have an urgent need for 
the predictive modeling, simulation and data analysis for experiments. Recently, the initial stage 
Ohmic discharges were simulated using a 1.5D equilibrium evolution code[2]. In the present work, 
we present a modeling for a H-mode steady state discharge with LHRF and NBI using ONETWO 
transport code. 

ONETWO is a computer code developed at General Atomics for modeling most phenomena 
occurring in tokamak plasma on the transport time scale. It can be used for determination of 
transport coefficients from experimental data as well as for predictive modeling of tokamak 
discharges using a variety of transport models. It includes all kinds of sources and sinks for energy, 
particles and rotation. Independent codes for source calculation can be conveniently integrated 
into ONETWO. The code was recently used for ITER and DIIID steady state simulations[3,4]. 
    LHRF is one of the primary heating and current driving method used on HT-7 and EAST. A 
reliable code for modeling LHCD is required. Recently, the Lower Hybrid Simulation code ( LSC ) 
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was successfully integrated into ONETWO. LSC was first developed for Tokamak Simulation in 
Princeton Plasma Physics Laboratory[5]. It includes a ray-tracing method for power deposition and 
a 1-D Fokker-Planck equation solver. Heuristic power and current diffusion is optionally included6. 
The code has been in use for HT-7 since 1996. In a recent publication, the code was used to 
calculate the energy of hard-X radiation in LHRF on HT-7[7].    To test the integrated 
performance of LSC and ONETWO, we present a sample case of current drive using LHRF and 
NBI for a self-consistent pressure profile in section 2. Effective driving can be achieved by 
adjusting controlling parameters for this fixed profile. 
   In section 3, the modeling for a steady state H-mode discharged is presented. The temperature 
core plasma is evolved using the GLF23 transport model. Up to 80% of the total current is 
accounted for by non-inductive current. A summary and future plan are presented in section 4. 
 
2 Driven current for a self-consistent profile 
 
   In this section, to test the performance of LSC in ONETWO, the current profile driven by 
LHRF and NBI is calculated for a self-consistent pressure profile. The profile consistency or 

stiffness is referred to a pressure profile given by 22
0 ])/(1/[)( arprP += , where r  is the 

usual minor radius for a circular cross section and is proportional to the square root of toroidal 
flux for a shaped cross section, a   is the value of r    on boundary[8-10]. The temperature and 
the electron density are assumed to have the same shape, with central value 

5)0()0( == ie TT KeV, 19105)0( ×=en m-3 . 2=effZ  is assumed to be uniform with a Carbon 

impurity. The calculated equilibrium configuration with a toroidal current 1=I MA and 

5.30 =B T is presented in Fig. 2. Presented in Fig. 3 is the density or temperature profile, where 

the horizon axis denotes 0/ Btor πφρ = .  

   The LHRF driven current is calculated by LSC. The Gaussian spectrum is assumed with 

changeable parallel refractive index ||n   and  fixed width 2.0|| =nδ , the launched power is 

5.1=LHP MW . The profiles of driven current for a few different ||n  values are shown in Fig. 4. 

The total driven current changes drastically with ||n , but the peak location changes little.  

The NBI driven current is calculated using the analytical models embedded in ONETWO. 

The launched power is 5.1=NBIP MW, the maximum energy of the beam particle is 

80max =E KeV, accounting for 75% of total beam particles. The beam is injected tangentially. In 

Fig. 5, the profiles of driven current are presented for three different beam directions.  
We can see that current can be effectively driven and the profile can be adjusted by changing 

controlling parameters using LHRF and NBI for this sample fixed pressure profile. 
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3 Modeling of a steady state H-mode discharge 
 

One of goals for EAST is demonstrate long pulse, steady state H-mode discharges. Predictive 
modeling works has been performed for ITER and large devices world-widely in the past, using 
different transport codes[3,4,11-14]. We present a sample modeling of a steady state H-mode 
discharge in this section. 
   The pedestal can be set using some empirical models developed by different authors[15-17]. 
However, complex nonlinear calculation is needed to get a self-consistent pedestal shape. In this 
work, we only give a simple estimate for a pedestal using the formula presented in ref. 17. 

 The plasma is evolved from an initial equilibrium with a fixed boundary as given in Fig 3. The 
total toroidal current is 0.1=I MA and not changed with time. The density profile is fixed in the 
evolution process as shown in Fig. 6. The plasma consists of electrons, a primary ion Deuterium 

and a Carbon impurity, and the effective charge number 2=effZ  is uniform. The temperature of 

the core plasma evolves according to the GLF23 transport model[18].  

 The injected power is 0.3=LHP MW and 0.3=NBIP MW, to ensure the total power 

exceeding the threshold values for H-mode requirement. The temperatures evolve to a steady state 
much faster that the current density ( magnetic field ). From Fig. 7, we find that after almost 250 
ms, the temperature profiles are almost fixed with respect to time. Hence, the values of current 
from different channels are almost not changed after 250 ms, as indicated in Fig. 8. But the 
inductively driven current profile is still changed with time. 

 We can continue the evolution process until the a full steady state ( 0/ =∂∂ t  ) is reached. 
However, the steady state solution can be searched quickly using the profiles at 256≈t ms as an 
initial guess. This is an unique feature of ONETWO.  

 The final solution of current profiles is presented in Fig.9. The non-inductive current, 
including bootstrap current, LHRF and NBI driven current, accounts for almost 80% of the total 
current. Fig.10 shows the initial ( t=256 ms ) and the final electric field, where the parallel electric 

field is defined ffBBEE // lim0|| >⋅=< , BRf = . The relation ρ∂∂=∂∂ // ||EtBp  

holds[19]. 
 

4 Summary and future plan 
 
   The LSC is integrated into the transport code ONETWO for the first time to do the LHCD 
calculation and to carry out the transport modeling for EAST. A sample steady state H-mode 
modeling is performed with LH wave power 3.0 MW and NBI 3.0 MW. The temperature profiles 
almost evolve to steady states in 250 ms. But it takes much longer time for current to evolve. In 
the final state, non-inductive current ( Bootstrap, NBI, LHCD ) accounts for  up to 80% of the 
total current. Although it is not a full non-inductively driven steady state, it is expected to reach a 
full non-inductive current drive by increasing the auxiliary power.  
   We are still at an early stage to do predictive numerical modeling for tokamak experiments. 
The present work is still very rough. In the future, we are planning to model the core and edge 
together using global believable transport models and do the self-consistent pedestal calculation 
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for H-mode modeling using a NTCC code PEDESTAL. In addition, the ion cyclotron wave needs 
to be included into the modeling since it is also an important auxiliary heating method on EAST. 
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Table 1. Major parameters of EAST 

Items Values 

B ( T ) 3.5~4 

I ( MA ) 1.0~1.5 

R (m ) 1.7 

a ( m ) 0.4 

κ 1.5~2 

δ 0.3~0.5 

NBI ( MW ) 4.0~8.0 

LHRF ( MW ) 3.5~8.0 

ICRF ( MW ) 3.0~6.0 

 
 

 
 

 
Fig.1 Schematic diagraph of the poloidal cross section for EAST. 
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Fig.2 The equilibrium magnetic configuration for testing LHRF and NBI. 

 
Fig.3 The self-consistent temperature profile, the density has the same shape. 
 
 
 

 
Fig.4 Current density profile driven by LHRF with a Gauss spectrum for different peak values of 
parallel refractive index, the width of the spectrum is 0.2. 
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Fig.5 Current density profile driven by NBI, Δ  is the distance between the magnetic axis and the 
beam line. 

 
Fig.6 Density profile and effective Z fixed in the time evolution process of plasmas. 
 
 

 
Fig.7 Time evolution process for, (a) electron and (b) ion, temperatures. Note that the lines 
between t=202 s and t=256 s are almost indistinguishable in (a). 
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Fig.8 The time evolution process of current from different channels. 

 
Fig.9 The final steady state current density profiles. 
 

 
Fig.10 The initial ( solid ) and the final ( dash ) parallel electric field. 
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LHCD plasma are presented. 
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1. Introduction 

The measurement of soft x-ray intensity is an important diagnostic on HT-7 tokamk. From the

chord-integrated measurements, soft x-ray emission distribution on a poloidal cross section can be 

reconstructed. Based on the assumption that an iso-emission surface is a magnetic surface, the

magnetic surface structure of the central plasma can be reconstructed. This can provide much

information on the plasma structure and the evolution of the image with time is useful for studying

MHD instabilities. [1]

In this paper, the hardware and software of the soft x-ray imaging system on HT-7 tokamak

will be described. The following of this paper is organized as follows. In the second section, the 

principal of soft x-ray tomography on HT-7 tokamak is briefly introduced. In the third section, the

diagnostic set-up is shown. In the fourth section, test results of the tomography code with

Kadomtsev’s model are given. In the fifth section, tomographic results of sawtooth oscillations in

a typical LHCD plasma are presented. In the last, the summary is given.

 1

209



2. Principal of soft x-ray tomography on HT-7

The soft x-ray intensity measured by a detector can be expressed with the formula [1]

),(2

'
det ,

4
coscos

pL

incincap dLrg
d

AA
P     (1)

Where ),(rg is local soft x-ray emissivity. The quantity in the bracket is a constant and can be

divided into the left side to simplify Eq. (1) with 

),(
,),(

pL
dLrgpf       (2)

Where ),( pf is usually called chord ‘brightness’ with unit W m-2, p and  are the chord

distance and azimuth angle of a chord ( , )L p of a detector through the plasma. The schematic

plot for the quantities r , , p ,  and ),( pL are shown in Fig.1. The goal of soft x-ray

tomography is to extract ),(rg in Eq. (2) from chord-integrated measurements.

On HT-7, Fourier-Bessel expansion method is used to reconstruct soft x-ray emission

distribution. In this method, local soft x-ray emissivity ),(rg is expanded with Fourier series

in the angular direction and Bessel series in the radial direction [2]
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Where 1l
m  is the l th zero of the Bessel function. As a result, the chord brightness ),( pf

can be written as 
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Through numerical integration along chord ( , )L p , Eq. (4) is transformed into a linear

equation with unknown coefficients  and , and each chord-integrated signal represents

such an equation. Through solving the linear equations with least-square method, the unknown

coefficients  and can be obtained. Consequently, local emissivity

c
lma ,

s
lma ,

c
lma ,

s
lma , ),(rg  is derived

from Eq. (3). Usually, the radial expansion limit is adequate, whereas the angular expansion

limit is restricted by the number of soft x-ray cameras. For a soft x-ray imaging system with

maxl

maxm

 2
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N cameras, can be N-1/2 at most, where 1/2 represents the component cos(maxm )N  or

sin( )N .

3. Diagnostic set-up

The HT-7 tokamak has major and minor radii of R0 = 122 cm and a = 27 cm, respectively.

There are five soft X-ray cameras on the machine as shown in Fig. 2. Each camera array consists 

of a slit and 46 channels of soft x-ray detector, which is sensitive to photon energies from 1 to 13

keV. The thickness of the beryllium filter is about 12.5 µm. For each camera, the distance from

geometric center of plasma to the center of beryllium filter is 400 mm. The maximum sampling

rate of this diagnostic system is 250 kHz, while their spatial resolution is changed from 0.6 to 1.5

cm. The chord-integrated soft X-ray signals are transferred to a data storage computer at the

control room.

4. Test results of the tomography code 

Before dong reconstructions from experimental data, the tomography code is checked with

simulated emission distribution. In the simulation, the equilibrium temperature profile and density

profile are derived from PHA (pulse height analyzer ) temperature diagnostic and HCN density

diagnostic in a typical discharge. The time evolutions of temperature and density distributions

during a sawtooth crash corresponding to Kadomtsev’s model are simulated with the rules

introduced in [3, 4]. The plasma is assumed to be a pure Hydrogen or Deuterium plasma. Thus, the

soft x-ray emissivity is related to electron temperature and electron density as [5]

d
Tk

h
Tk

nrg
eBeB

e )exp(1),( 2                           (5)

Where is electron density, is electron temperature, is Boltzmann’s constant, h is 

Planck’s constant and

en eT Bk

is the frequency of the radiation. With Eq. (2), the soft x-ray emission

distribution and line-integrated signals can be simulated.

On HT-7 tokamak, for the emission structure simulatedd with Kadomtsev’s model, it is found 

that the inversion results depend on the angular expansion limit heavily as the hot core

displacement is large. Fig.3 (a) shows the virtual emission structure created with Kadomtsev’s

model. The hot core displacement is 0.3, where the inversion radius is 0.3 and the mixing radius is

maxm

 3
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0.42. Fig.3 (b), (c) and (d) show the inversion results with max 1m 1
2/ (two soft x-ray arrays),

(three arrays) and (four arrays) respectively. We can see that

and are not enough to describe the emission structure. As the hot core is pushed

outward further, even the reconstruction with

max 2m max 3m max 1m 1
2/

max 2m

max 3m will deviate from the original emission

structure obviously.

However, as the hot core displacement is relatively small, the inversion results seem

satisfactory even with  andmax 1m 1
2/ max 2m . Fig.4 shows the virtual emission structure 

created with Kadomtsev’s model and the inversion results, where the hot core displacement is 0.2.

The other parameters are the same as that in Fig.3. It is seen that with ,

and , all the inversion results resemble the original emission structure well. These

suggest that as the hot core displacement is relatively small, the reconstructions can be done with

relatively low harmonic, such as

max 1m 1
2/ max 2m

max 3m

max 2m . In other words, except for the later phase of a

sawtooth crash corresponding to Kadomtsev’s model, soft x-ray tomography can be used to do

reconstructions with relatively low harmonic. With only two or three soft x-ray cameras, the early 

stage of sawtooth crash corresponding to Kadomtsev’s model can be studied. 

5. Tomographic results of a sawtooth oscillation in a typical LHCD plasma

On HT-7, sawtooth oscillation is a commonly observed phenomena in LHCD plasmas. Fig.5

(a) shows the temporal evolution of main plasma parameters in a typical sawtoothing discharge

with LHCD. Fig.5 (b) shows the expanded view of soft x-ray intensities. It is seen from Fig.5 (b) 

that, in the middle of a sawtooth period, MHD oscillations appear, saturate and decay. In the 

following, this kind of oscillation will be called mid-oscillation. It is also seen from Fig.5 (b) that

the sawtooth crash is preceded with precursor oscillations. 

Through singular value decomposition (SVD), the perturbation components and their weight

can be analyzed. Fig.6 shows SVD results of the mid-oscillations in Fig.5 (b). It is seen from this

figure that m = 1 component takes most of the signal energy. In other words, m = 1 mode is the

main perturbation responsible for mid-oscillation. Fig.7 shows the tomography results. It is seen

 4
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that before the mid-oscillation, the emission pattern is composed of nearly concentric circles.

During the mid-oscillations, the hot core is pushed outside and a relatively flat region is formed on

the opposite side of the hot core. This flat region is believed to be a magnetic island. After the

mid-oscillations, poloidal symmetry is restored and the emission pattern is composed of nearly

concentric circles again. We can see from Fig.5 that, mid-oscillations do not cause sawtooth crash.

This indicates that m = 1 mode does not necessarily trigger sawtooth crash. Besides,

mid-oscillation is seldom observed in ohmic-heating plasmas. This suggests that the appearance of

mid-oscillation may be associated with LHCD. 

Fig.8 shows the tomography results of sawtooth crash. We can see that at the beginning of the 

crash, the emission pattern is composed of a displaced hot core and a relatively flat region on the

opposite side of the hot core. During the crash, the flat region is enlarged. After the crash, the

whole central region is relatively flat. The tomography results indicate that sawtooth crash is due

to the hot core displacement and the enlargement of cold flat region. In the middle of the crash, the

hot core seems like a crescent to a certain degree. This may be due to the inversion error. As

shown in the test results in section 4, the inversion accuracy is associated with the hot core

displacement. Therefore, it is thought that in the middle of sawtooth crash, the hot core may still

be round shaped. 

5. Summary

Five soft x-ray cameras have been installed on HT-7 tokamak. The temporal and spatial

resolution are 4 s and 0.6-1.5 cm respectively. Fourier-Bessel inversion method was used to

reconstruct the distribution of soft x-ray emissivity. The test results of the tomography code show

that the inversion accuracy is associated with the angular expansion limit and the displacement of 

plasma hot core. The tomography results in LHCD plasmas show that mid-oscillations are due to

the behavior of m=1 mode and the crash pattern is composed of a displaced hot core and a

relatively flat region on the opposite side of the hot core. 
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Figure captions 

Fig.1 Schematic plot of a measurement chord. 

Fig.2 Arrangement of soft x-ray arrays on HT-7 tokamak

Fig.3 Virtual emission structure created with Kadomtsev’s model and the reconstructions with

different angular expansion limits. The hot core displacement is 0.3. (a) is the virtual emission

structure. (b), (c) and (d) are the inversion results with max 1m 1
2/  (two arrays),

(three arrays) and (four arrays) respectively.max 2m max 3m

Fig.4 Virtual emission structure created with Kadomtsev’s model and the reconstructions with

different angular expansion limits. The hot core displacement is 0.2. (a) is the virtual emission

structure. (b), (c) and (d) are the inversion results with max 1m 1
2/  (two arrays),

(three arrays) and (four arrays) respectively.max 2m max 3m

Fig.5 Temporal evolution of main plasma parameters in a typical sawtoothing discharge with

LHCD. (a) Temporal evolution of main plasma parameters. (b) Expanded view of soft x-ray

intensities.

Fig.6 SVD results of mid-oscillations. (a) Eigenvalues corresponding to different perturbation

components. The square of an eigenvalue represents the weight of the corresponding perturbation

component. (b) Spatial eigen vectors of the first four perturbation components.

Fig.7 Tomography results of mid-oscillations. (a), (b) and (c) correspond to the times before,

during and after mid-oscillation.

Fig.8 Tomography results of sawtooth crash. (a), (b) and (c) correspond to the beginning of the

crash, during the crash and after the crash. 
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Fig. 3 (b) 

Fig. 3 (c) 

Fig. 3 (d) 

Fig. 4 (a) 
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Fig. 4 (b) 

Fig. 4 (c) 

Fig. 4 (d) 

Fig.5 (a) 
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Fig.5 (b) 

Fig.6 (a) 

Fig.6 (b) 

Fig.7 (a) 

 10

218



Fig.7 (b) 

Fig.7 (c) 

Fig.8 (a) 

Fig.8 (b) 
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Fig.8 (c) 
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The optical design of the laser Thomson scattering (LTS) system for EAST tokamak is now 
on-going. Based on the Visible YAG laser TVTS system developed in the MAP-II 
(material and plasma) steady-state linear divertor/edge plasma simulator at the University 
of Tokyo, the required specification and the applicability of the VIS-YAG-TVTS system 
was evaluated in terms of the photon number to be collected by the fiber light-guide to a 
spectrometer and the reciprocal linear dispersion of the spectrometer. Then, the possible 
design of the optical system was proposed.  

 
1. Introduction 

Laser Thomson scattering (LTS) has been regarded as a reliable electron temperature measurement, 
since it detects Maxwellian temperature of the velocity distribution function. LTS was developed in 
1960s [1] and has been sophisticated as the laser and detector technologies improve.  

Conventional system employs the ruby laser (694.3 nm) and photo-multiplier tube (PMT). The 
advanced types of the LTS in the fusion research can be categorized into the following 3 schemes: 
YAG-LTS (using high repetition rate Nd-YAG laser 1064 nm in wavelength) [2], TVTS (detecting 
spatial profile using Television, i.e. CCD detector for the visible wavelength) [3, 4] and LIDER (LIght 
Detection And Ranging, making use of time-of flight to yield spatial resolution) [5]. These schemes can 
be combined depending on the situation. 

We have been applied the TVTS using a frequency doubled visible (VIS) Nd-YAG laser aiming at 
the low temperature detached recombining plasmas [6]. Bright double monochromator equipped with a 
stray light rejection filter at the wavelength domain, called Rayleigh block, and data accumulation 
technique, allow us to access below 1-eV plasmas [7, 8]. The reliability of the measurement was 
examined for the helium recombining plasmas [9]. We have recently been succeeded in measuring the 
helium recombining front where the electron temperature is as low as 0.05 eV [10].  

In this report, we reevaluate the optical design of the LTS for low temperature recombining plasmas 
in MAP-II divertor simulator in the University of Tokyo [11]. Then consider the applicability of the 
similar VIS-YAG-TVTS system in the EAST tokamak in hefei, China.  

 
2. Key parameter for the optical design of the LTS system.  

 
One of the most important parameter in evaluating the system is the photon numbers per pulse 

collected by the single fiber. Then we can design the number of pulses to be accumulated, the number of 
fibers to be bundled in a channel, and the number of channels to be binned in the CCD tip. 

The photon number per pulse scattered in the detection solid angle dΩ can be evaluated, for the 
polarization yielding the maximum intensity and for 90 degree detection, as 

ΔN photon = re
2[Iin AΔt]neLdΩ /hν ,       (1)  

 with the electron classical radius, 
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re =
e2

4πε0mec
2 = 2.82 ×10−15 m ,         (2) 

where, ne is the electron density in m-3, Iin  is the probe laser intensity in W/m2, A and L are the cross 
section of the beam and the interaction length in m, respectively, yielding scattering volume of AL. 
When the spot size of the viewing chord is smaller than A, the collection efficiency is degraded. 
Therefore, the ideal case demands the focusing of the laser at the center of the observing area. Δt is the 
pulse length of the laser. Therefore, square bracket [] denotes the pulse energy in J/pulse.  

 For the solid angle dΩ much smaller than hemisphere can be interpreted using the optical parameters 
of the F number and magnification M (= images at fiber / at plasma) as 

dΩ =
π
4

1
F 2(1+1/ M)2 =

π
4

1
Feff

2 = π (NA)2 ,       (3) 

where  Feff is the effective F- number of the imaging optics: Feff  = F for collimated  input (object at the 
infinite distance) and = 2F for 1 to 1 magnification. NA denotes the numerical aperture. Namely, 
brightness is proportional to the square of NA for the small detection solid angle. 

Usually, dΩ is limited by the NA of the fiber.  For example, 1 J/pulse 532 nm laser (frequency 
doubled Nd:YAG Laser),  ne=1019 m-3  plasma,  L = 1 mm and M = 0.25 (namely fiber 0.25 mm in core 
diameter) yield only about 1000 photons, which can be collected per pulse. These photons are further 
lost through the spectrometer and detector by one or two order of magnitude.  

Maximal NA of the fiber with which photons are efficiently transmitted to the detector is limited in 
the F-number of the spectrometer.  

Therefore, in order to increase the temporal resolution, by detecting the scattered photons using the 
high repetition laser and fast detectors without accumulation, increase in the fibers per channel is 
necessary. As a result, the spatial resolution can be degraded. In order to increase the spatial resolution, 
on the other hand, the number of fibers to be summed along the laser path cannot be increased. In this 
reason, bright spectrometer and accumulation technique are necessary. Hence, one has to determine the 
priority in its design considering the objective of the research, unless one can afford to introduce the 
large number of optical fibers covering large solid angle [12]. 

Another issue to be considered in TVTS is the wavelength range to be recorded in the CCD tip.  In the 
Czerny-Turner mount spectrometer using reflection grating of g (grooves/mm), reciprocal linear 
dispersion (nm/mm) [13] can be described as   

dλ
dx

=
1
f

cosθ0 cosε
mg ⋅10−6
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 ,       (4) 

where, f is the focal length of the spectrometer in mm, m is the diffraction order. θ0 is the geometrical 
angle determined by the optical mount of the spectrometer: half angle of the sum of the incident and the 
diffracted angles to be detected. ε is the tilt angle with respect to the grating normal and parallel to the 
groove, which causes the distortion of the slit image, sometimes referred to as "grating smile". 

In the double monochromator with dispersion addition, total reciprocal linear dispersion can be 
expressed [14] as  

1
dλ
dx
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⎟ 

2nd

.         (5) 

A merit in using the double monochromator lies in the fact that a physical block (wire) can be placed 
at the image of the first monochromator in order to reject the strong stray light at the laser wavelength. 
Drawbacks are on the other hand, the lower throughput of the spectrometer, stronger vignetting effect 
and complicacy of the alignment.  

 
2. Optical system for low-temperature MAP-II divertor simulator  
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The MAP-II  (material and plasma) [11] 
divertor simulator at the university of Tokyo is a 
dual-chamber linear device consisting of a first 
chamber in the upstream (called the source 
chamber) and a second chamber in the 
downstream (called the target chamber) 
connected to each other by means of a drift tube 
having two diaphragms 50 mm in diameter. A 
longitudinal magnetic field of about 20 mT 
suppresses the radial diffusion, forming a plasma 
stream of approximately 50 mm in core diameter 
and about 2 m in length, which is terminated at 
the target plate at the second chamber.  

The VIS-YAG-LTS system has been 
operating in the source chamber of the MAP-II, 
since around 2004 [6] and has been upgraded for 
the purpose of measuring helium recombining 
plasmas of about 0.05 eV [10].  

The configuration of the system is 
schematically shown in Fig. 1 [6]. A 
frequency-doubled Nd:YAG laser beam (532 nm 
in wavelength, 10 Hz in repetition rate, 7 ns in 
pulse duration, and typically 400 mJ in energy 
per pulse, 8 mm in diameter) is directed to a 
plasma by means of a mirror located beneath the 
chamber. A lens with a focal length of 900 mm 
focuses the beam in the center of the plasma 
through a Brewster window and three baffle 
plates. An object lens with a 150-mm focal length 
and a diameter of 100 mm is used to image the 
plasma in the laser path onto the bundled fiber 
with a magnification of 2/3. The fiber bundle consists of the quartz optical fibers 0.1/0.125 mm in 
core/clad diameters and 0.2 in NA which corresponds to the solid angle of 0.17% of the sphere. Signals 
from 8 fibers, corresponding to about 4 mm in plasma, are binned in the CCD tip.  

Since the 1 eV electron temperature corresponds to about 1.5 nm in the Doppler half-width at 1/e 
maximum at 532 nm for an orthogonal viewing chord, it is difficult for commercially available 
narrow-band interference filters (which typically have a pass band broader than about 1 nm) to resolve 
the Doppler profiles as is performed in YAG-LTS. For this reason, we have assembled a double 
monochromator equipped with an image-intensified charge-coupled device (ICCD) detector 
(Hamamatsu C4078+C4742, 1344x1024 pixels). Initial system included the double monochromator, 
having the focal length of 135 mm and F/2.8 [6] (Fig. 1), i.e. a conventional type of the double 
monochromator with dispersion addition (homo-tandem type).  The photons transmitted through 
NA=0.2 (F/2.5) fibers are somewhat lost in the spectrometer. 

In contrast, the present double monochromator system adopts what we call Hetero-Tandem Double 
Monochromator (HDTM), composed of two non-symmetric stages. Bright achromatic lenses F/2 ( f = 
200 in the first stage and f = 100 in the second stage) and holographic gratings 1800 grooves/mm having 
dimensions of 100 x 135 mm2 for the first stage and 50 x 50 mm2 for the second stage were used. The 
first grating produces a dispersed Thomson spectrum in the image plane, where a spatial stray-light filter, 
called a Rayleigh-block, is located and filters out the stray light which dominantly originates in the 
random reflection of the probe laser at the chamber walls and windows. The Rayleigh scattering 
component is expected to be negligible in the low pressure (~ tens of mTorr) discharges.  

Fig.1 Schematic views of (a) MAP-II and (b) LTS 
system in the initial configuration [6].  The 
target chamber is omitted. 
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The reciprocal linear dispersion evaluated using Eq. (4) is 2.03 nm/mm. The Rayleigh block, the 
copper wire 0.2 mm in diameter, then, corresponds to the theoretical lowest measurable Te of 0.03 eV 
and to the experimental one of 0.05 eV considering the safety margin in the fitting procedure.  

The second grating then disperses the notch-filtered Thomson spectrum, which is imaged on the 
photocathode of an ICCD detector. Reciprocal linear dispersion evaluated using Eq. (4) is 4.05 
nm/mm.The wavelength resolution is 0.19 nm in FWHM for a slit width of 45 µm, which is a typical 
setting in our Te measurement. The total reciprocal linear dispersion obtained using Eq. (5) is 1.37 
nm/mm and the highest measurable Te is 40 eV, which is almost equal to that in the previous 
homo-tandem ones of 1.57 nm/mm.  

 
3. Evaluation of the optical system for high-temperature EAST tokamak  

 
Based on the experience in the MAP-II device, we are evaluating the optical design for the LTS on 

EAST (Experimental Advanced Superconducting Tokamak) device in hefei, China. Major and minor 
radii are 1.7 and 0.4 m, respectively. The target electron density in the EAST tokamak is typically in the 
same order as that of MAP-II, so that the similar scattered photon fraction can be expected. However, the 
electron temperature in the core region can be up to several keV and that of the edge plasma will be 
50-100 eV. Therefore, we need the spectrometer that is designed to cover these temperature ranges. A 
planned diagnostic port for the EAST LTS system is 
shown in Fig. 2.  

In MAP-II, number of photons collected in the 
single laser pulse per 8 ch fiber is about 2500 when 
the electron density is as high as 1019 cm-3. In order to 
increase the signal to noise ratio, we usually 
accumulate at least 10 minutes with 10 Hz. The total 
input energy is then equivalent to 2400 J and 1.6 x 
107 photons can be collected. In reality however, the 
spot size of the viewing chords are 1/10 that of the 
laser, so that we estimated that 106 photons are 
desirable to obtain Doppler profiles of the scattered 
photons. This requirement can be mitigated if one 
can assume the thermal equilibrium for either 
relativistic or non-relativistic electron velocity 
distribution function.  

In the EAST case, on the other hand, 
enhancement of the signal by 3 orders of magnitude 
is required from the default case mentioned in Sec 2. 
where M = 0.25 as the EAST system was assumed.  

We are planning to use high-NA fiber, such as 0.3 
and the bright spectrometer to match NA=0.3, 
namely, F/1.6. Use of 0.6 mm core radius fiber can 
increase the photon number by about 2.4 due to the 
increase in L, and the summation of 4 fibers can be 
applicable to keep the spatial resolution of 10 mm.   

A laser with 3 J per pulse at 532 nm and the 
repetition rate of 10 Hz is planned to be installed in 
EAST, that is 8 times higher than the MAP-II case.  

In addition, we are planning to use single 
Czerny-Turner monochromator instead of the double 
monochromator with Rayleigh block, because the 
throughput, especially in the off-axis light is 
considerably higher, due to less vignetting effect.  

 
Fig. 2.  Schematic view of the diagnostic port for 

the LTS system in EAST. The laser beam is 
injected from the port in the bottom. Object 
lens can be located at the horizontal viewing 
port (tentative design). 

 

 
Fig. 3.  Simulated scattered spectrum in the EAST 

LTS system together with the transmittance 
of the holographic notch filter.  
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For the stray light rejection technique, we are planning to apply holographic notch filter having the 
notch band of 17 nm with respect to 532 nm. Due to this, the lower measureable temperature becomes 
higher up to 50 - 100 eV. 

As a result, we expect that the photon number can be increased up to about 20000 per pulse. Although 
this number is still small, summing of multiple pulses, such as 10-20, corresponding to 1-2 seconds, or 
binning of the CCD pixels also in the wavelength direction can make it close to the detectable condition.  

The reciprocal linear dispersion suitable to this system is about 10-15 nm/mm since 400-700 nm 
spectra should be measured using a detector about 20 - 30 mm in aperture, as shown in Fig. 3. Using Eq. 
(4), we have selected a possible combination of the optical elements shown in Table 1. In order to match 
NA=0.3 fiber, commercially available camera lenses 85 or 50 mm in focal length are recommendable in 
terms of the detection efficiency. We are now designing the spectrometer based on the above-mentioned 
requirements.  
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Table 1  Candidates of the optical elements in the spectrometer in EAST LTS system. 
item f [mm] g [gr/mm] θ0[deg] m disp. [nm/mm] available F/ 
1 100 600 20 -1 14.5 2 (achromatic) 
2 105 600 20 -1 13.8 2 (camera)  
3 85 650 20 -1 14.3 1.4(camera) 
4 50 1200 20 -1 12.8 1.2(camera) 
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Abstract
Dynamics of a dust particle is studied in the SOL/divertor plasma of the HL-2A device with a
single-null configuration. In this study the simplest model of the dust dynamics is applied: spherical
shape of a dust, ion drag force due to Coulomb scattering as a dominant force, and spontaneous
charging of a dust particle to the equilibrium charge. In the outer region near the plasma-facing wall
the poloidal plasma flow pushes the dust particle to the divertor plates. It is clarified that the dust
particle with a radius of 1μm from the top of the SOL/divertor region is accelerated up to around
100 m/sec to the poloidal direction at the divertor plates.

PACS: 52.30, 73.20.H, 83.50.P

1. Introduction
The presence and behavior of dust particles in fusion plasmas are one of the interesting topics as
well as in the astrophysical, space, laboratory, and processing plasmas. In present fusion devices
(TEXTOR-94, ASDEX-U, LHD, JT60-U etc.), the dust particles were collected after several
hundred shots and analyzed their characteristics [1 - 3], where the dust radii are widely ranged
between 10 nm and 100 μm. Their components were mainly of carbon and constituents of stainless
steel, which are used for divertors and most plasma-facing walls. One of the particular subjects in
fusion devices is associated with absorption of radioactive tritium [4]. After operation of plasma
discharges, the disposal of the radioactive dusts is one of key issues from the viewpoint of the
safety.
In the HL-2A device [5] the deposition of dusts or impurities on the surface of reflection mirrors for
the interferometer, which is installed high-field side on a equatorial plane, is one of the issues for
sensitivity and quality of the experimental data [6]. In this study we investigate dynamics of the
dust particle in the SOL/divertor plasma of the HL-2A device with the single-null configuration. Up
to now the mechanism of production and growth of dust particles are not clarified. Here we analyze
behavior of the produced dust particle. The density of the dust particle in fusion devices is so low
that the collective effects of the dust particles are safely ignored. The background plasma in the
SOL/divertor region, which is required to calculate the orbit of the dust, is given by using the
B2-EIRENE code for the 500 kW power flow from the core plasma to the SOL/divertor region [7].

2. Forces on dust
The force acting on a dust particle with a radius Rd and a mass md is including the various forces [8
- 10]:
1) the ion drag force due to absorption,

�
Fiab = �Rd

2miniVi (
�
Vi �
�
�)(1+

Zde
2

2��0RdmiVi
2
) , (4)

where mi, ni and Vi is the mass, density and flow speed of plasma ion, respectively. The dust
velocity is indicated by �� . Here a dust particle is negatively charged with the charge state of Zd (>
0) due to the high mobility of electrons. The OML (Orbit Motion Limited) theory [11, 12] is applied
to the absorption cross-section.
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2) the ion drag force due to Coulomb scattering of plasma,
�
Fisc =

niZd
2e4 ln�

4��0
2miVi

3
(
�
Vi �
�
�) , (5)

where ln � is the Coulomb logarithm.
3) the electrostatic force,

�
FE = �Zde

�
E , (6)

where
�
E is the electrostatic field at the dust position,

4) the Lorentz force:
�
FB = �Zde(

�
�d �

�
B) , (7)

where
�
B is the magnetic field,

5) the gravity force,
�
Fg = md

�
g , (8)

where �g is the gravitational acceleration.
One finds that the dominant force on the dust is the ion drag force

�
Fisc due to Coulomb scattering

of plasma for the case of ni ~ 10
18m�3 , Te ~ 100 eV , Vi � cs ~ 10

4m / s , Rd ~ 1μm , Zd ~ 10
5 ,

E ~ 10V / m , B � 1T , where these quantities correspond to the parameters at the SOL/divertor
region in HL-2A device. The other forces are much smaller than around three order of the scattering
force. In this study, therefore, we consider the dust dynamics due to the ion drag force by Coulomb
scattering. This drag force accelerates a dust particle to the direction of the plasma flow.

3. Dust charge and dust dynamics
Dust charge Qd is determined by the plasma particle fluxes to the dust particle:

dQd
dt

= Idi + Ide , (9)

where Idi and Ide are the ion and electron absorption current to the dust, respectively. Here we
neglected the thermionic current, secondary electron emission current and charging current due to
impurities. According to the OML theory, the ion current to the dust is expressed for the case of the
mono-energetic ion flow with the velocity Vi:

Idi = e�Rd
2niVi (1+

Zde
2

4��0RdmiVi
2
) . (10)

On the other hand, since the thermal velocity of electrons is much faster than the electron flow
velocity, the electron current Ide is obtained for the case of Maxwell velocity distribution:

Ide = �e�Rd
2ne

8Te
�me

exp(�
Zde

2

4��0RdTe
) . (11)

At the steady state, i.e. dQd/dt = 0, the charge state of the dust Zd is given by the relation for the case
of ion flow with the ion sound speed:

Zd = 1.06 �1028RdTe . (12)

This relation gives the dust charge Zd = 1.70 �105 for the Rd of 1μm and Te of 100eV. By using
the relation (12), the equation of motion of the dust particle is expressed under the dominant force
of the ion drag force due to Coulomb scattering:

d
�
�

dt
=

�
Fisc
md

=
niZd

2e4 ln�

4��0
2miVi

3md
(
�
Vi �
�
�)

=
3.37 �1056e4 ln�

(4� )2�0
2mi

1

Rd�d

niTe
2

Vi
3
(
�
Vi �
�
�) , (13)
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where �d is the mass density of the dust particle. The acceleration is inversely proportional to the
dust radius and the mass density, which comes from the relation of the stationary dust charge, Eq.
(12).

4. Dust dynamics in HL-2A
The behavior of the dust particle in the HL-2A plasma with the single-null configuration is
investigated under the background plasma from the B2-EIRENE code. The calculation mesh and
the arrangement of divertor and plasma-facing wall
are shown in Fig.1. The poloidal plasma flow velocity
at the outer region and the private region near the
boundaries of the B2-EIRENE mesh is shown in Fig.2
(A) and (B) for the 500 kW power input from the core
region to SOL, where the distance is calculated from
the surface of the inner to outer divertor plates along
the poloidal direction. The flow speed gets to the few
km/s. The stagnations of the poloidal flow are located
at the top of the outer region and the private region.
The dust particles produced on the wall move to the
divertor plate along the poloidal direction due to the
strong poloidal plasma flow. The time behavior of the
carbon dust velocity with the radius of 1 μm to the
poloidal direction at the high-field side (from c to a by
way of b, see Fig.1) and the low-field side (from c to e
by way of d, see Fig.1) is shown in Fig. 3 (A) and (B),
respectively, where the initial speed is zero. The
initial straight increase of the velocity comes from the
roughness of the calculation mesh. At the high-field
side the carbon dust (�d = 2 g/cc) is accelerate to 90
m/sec during 30 msec. On the other hand at the
low-field side the dust speed to the poloidal direction
becomes 120 m/sec for 10 msec, which comes from
the dependence of the plasma quantities. The heavier
ion (�d = 7.9 g/cc) dust is less acceleration because of
its heavy mass: 75 m/sec during 35 msec and 80
m/sec during 15 msec at the high- and low- field side,
respectively.

R = 1250 1750 2250

Z = 0

- 500

500

Fig.1 The calculation mesh for the
B2-EIRENE code and the arrangement of
divertor and plasma-facing wall in HL-2A
device. The indices a - h indicate the
positions for the spatial profiles in Fig.2.

a

b

c

d

e

f
g

h

Fig.2 poloidal ion flow velocity at the outer region (A) and the private region (B), where the distance is
calculated from the surface of the inner to outer divertor plates along the poloidal direction, see Fig.1.
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5. Conclusion
The dust behavior in the SOL/divertor region of the HL-2A plasma with the single-null
configuration was investigated. The dominant force on the dust is the ion drag force due to the
Coulomb scattering, which accelerates the dust to the direction of the plasma flow. In the outer
region near the plasma-facing wall the poloidal plasma flow pushes the dust particle to the divertor
plate. It is clarified that the dust particle, which starts from the top of the SOL/divertor region, is
accelerated to around 100 m/sec to the poloidal direction. In order to investigate the deposition of
the dust particle on the reflection mirrors more detailed analysis is required including time behavior
of the dust charge and the plasma flow across the magnetic field lines. Furthermore in order to
analyze the dust behavior in front of the plasma-facing wall the configuration of plasma and
electrostatic field between the outermost boundary of the SOL/divertor region and the
plasma-facing wall should be analyzed self-consistently.
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Abstract 

A simple Core-SOL-Divertor model (CSD model) has been developed to investigate qualitatively 

the overall features of the operational space for the integrated core and edge plasma. In the CSD model, 

the core plasma model of ITER physics guidelines and the two-point SOL-divertor model are applied. 

This CSD model is validated by the two dimensional divertor transport code (B2-EIRINE) and by the 

JT-60U divertor recycling database, and this model is applicable to the low- and high-recycling state of 

the divertor plasma. The CSD model is applied to the study of the EAST operational space with lower 

hybrid current drive experiments under various kinds of trade-off for the basic plasma parameters, and the 

relationship between the operational space and the plasma discharge duration is also discussed. 

 

Keywords: Core transport, SOL-Divertor transport, operation space, EAST 

 

1. Introduction 

Consistency between the edge plasma operation and the core plasma operation is an important 

issue for the design of ITER and the future fusion power plant. In case of the ITER divertor predictive 
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modeling, the fitting scaling laws for divertor plasma property are built with a two dimensional (2D) 

divertor transport code, and these are used as boundary conditions for the core plasma analysis[1]. Prior to 

such detailed and massive calculations by multi-dimensional transport codes, it is useful to understand 

qualitatively the overall features of plasma operational space including the requirements for the SOL and 

divertor plasma. For this purpose, we are developing a simple Core-SOL-Divertor model (CSD model)[2]. 

In the present paper, we extend the core plasma model in which the hybrid operation can be taken into 

account, and apply this CSD model to investigate the relationship between the plasma discharge duration 

and the plasma operational space of low hybrid current drive (LHCD) experiments for EAST[3]. 

 

2. Simple Core-SOL-Divertor Model 

2.1. Core plasma model 

In the present paper, the 0D plasma model based on ITER physics guidelines is applied to the core plasma 

transport. This model has been widely used in the ITER design and other reactor designs, when one 

roughly estimates the operational region for plasma parameters of a tokamak reactor. The averaged power 

and particle balance equations (units are [ ]3mMW  and [ ]31 m , respectively) are as follows[4]:  

( )HeejS
n

dt
dn

PPPPP
W

dt
dW

j
p

jj

syncBradauxOH
E

pp

,,

,

=+−=

−−+++−=

τ

τ α

 

where pW is plasma thermal stored energy, and αP , OHP , auxP , BradP  and syncP  are the total powers of alpha 

heating, ohmic heating, auxiliary heating, bremsstrahlung loss and synchrotron radiation loss. The scaling 

law of the L-mode energy confinement time LITER
E

89τ  is applied to the energy confinement time  

LITER
EHE f 89ττ = , where Hf  is the confinement improvement factor for H-mode. The particle confinement 

time pjτ  is defined by Epjpj C ττ = , where pjC  is the correction factor for each species(electron, and 

helium). In the present paper, 0.1=pjC  is assumed. The fuel ion density is obtained by the charge neutrality 

condition. The L-H transition condition is installed by the same fashion as in ref.[5] in order to examine 
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the consistency between H-mode and SOL conditions. We apply the experimental scaling law 

76.023.177.0
20

92.0167.2 aRnBMP tthr
−= to the threshold power for H-mode, where M , tB , 20n , R , and a  are ion mass 

number, toroidal magnetic field, averaged electron density, major radius, and minor radius, 

respectively[6]. 

 

2.2. SOL-divertor plasma model 

The two-point model under steady state conditions can be applied with a time dependent core 

transport model, because the time scale of core plasma transport is much longer than that of SOL-divertor 

plasma. Basic equations of the usual two-point model are as follows[7]: 

( ) ( ) dd
2
dssmom 11 TnMTnf div +=− ,                                                        (1) 

( ) ( ) ( )[ ]d
2
ddsddsimp1

2
7 TMTCMnqLf ++Δ=− ⊥ γε ,                                         (2) 

⊥
⊥=Δ

q
Tn ss

2
5 χ ,                                                                   (3) 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

Δ
= 0

⊥

27

s

d27
s

2
d 1

49
4

T
TTqL κ ,                                                     (4) 

where n  and T  are density and temperature. The subscript “s” and “d” express the upstream SOL and 

divertor region, respectively. The heat flux from the core plasma, temperature decay length, and Mach 

number at the divertor plate are defined by ⊥q , Δ , and dM , respectively. The coefficients divfmom  and 

impf  are the fraction of momentum loss and impurity radiation loss. The coefficient )0.7(≈γ  is the 

sheath energy transmission coefficient, and the heat load )eV8.21(≈ε  on the plate comes from the 

recombination and radiation process[8]. 

 

2.2. Particle balance to determine the upstream SOL density 
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In order to integrate the core and edge plasma model, the upstream SOL density sn  should be 

given in a self-consistent manner both for the core plasma and for the edge plasma. For this purpose, the 

particle balance equation in the SOL and divertor regions is solved in the CSD model. It is assumed that 

all neutral particles to originate at the divertor plate at the rate proportional to the total particle flux to the 

divertor plate. Consequently, total neutral source rate at the edge region nN  including gas puff term 

puffN  is as follows: 

( ) puffsdd2n sin211
2
1 NRCMn

e
CN nn +Δ⎟

⎠
⎞

⎜
⎝
⎛ −= ψπ ,                                              (5) 

where nΔ  is the density decay length. We assume that Δ=Δ 2n  ψ  is the angle of the magnetic field to 

the divertor plate. The term ( )( )21121 e−  comes from the integration of the radial direction (from the 

separatrix to the density decay length nΔ ) on the divertor plate. The coefficient nC is a calibration factor 

and 5.0=nC is assumed (This value is derived from the following comparison with experimental 

database[9]). By using the simple neutral model and the particle flux across the separatrix, coreΓ , from the 

0-D core plasma calculation, the particle balance equation for the SOL-divertor region becomes 

( )ψπ sin211
2
1

nsdd2
div
n

sol
ncorecore Δ⎟

⎠
⎞

⎜
⎝
⎛ −=++Γ RCMn

e
NNS                                    (6) 

where n
div

ion
div
n NfN =  and ( ) n

div
ion

sol
ion

sol
n 1 NffN −= . div

ionf  and sol
ionf  are the ionization fraction in the 

divertor and the SOL region, respectively. coreS  is the core plasma surface normal to the particle flux. 

The ionization fraction in the divertor region is modeled by[10] 

( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= div

ion

ddiv
ion

sin
-exp1

λ
ψL

f                                                           (7) 

where ( )iondn
div
ion ><= vnv σλ  is defined by the ionization cross section ion>< vσ , which is the strong 

function of dT , and the neutral velocity mTv nn = . In the present paper, the neutral temperature of 

dTT =n  is assumed. The ionization fraction in the SOL region is defined by 
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pumpsolcore

solsol
ion AAA

A
f

++
=                                                            (8) 

where coreA , solA  and pumpA  are the effective areas for the core region, the SOL region, and the 

pumping effect from the divertor region, respectively. In the present paper, the effective areas of coreA  

and solA  are assumed to be their each cross section area on the plasma midplane, i.e., aRA ⋅= π2core  

and nsol 2 Δ⋅= RA π . The effective area of pumpA  is defined by )4//( npumppump vCA = , where pumpC  is 

the speed of the pumping system[11], but pumping effect is not considered in the present 

paper( 0.0pump =C ).  To check the validity of this CSD model, comparison with the edge transport 

code (B2-EIRENE) has been carried out. We focused on the JT-60U L-mode discharge in the high 

recycling state[12]. The parameter dependence on the total particle flux across the separatrix can be 

clearly reproduced[2]. Furthermore, comparison with JT-60U divertor recycling database[9] has been also 

carried out. In case of the calibration factor 5.0=nC , the result from CSD model is consistent with the 

database and this calibration factor is applied in the present paper. 

 

3. EAST operation space by low hybrid current drive 

3.1. Main trade-off on the operation space 

In the initial phase of the EAST plan, current drive experiments are planned to be carried out by 

LHCD[3]. Low density operation is preferable for good current drive efficiency. On the other hand, such 

operation is disadvantageous to the divertor performance, because it generally results in high heat load on 

the divertor plates. As for the steady state experiment with high performance plasma such as H-mode, 

reduction of the heat load onto the divertor plate is a critical issue. Considering discussions above, we take 

into account the following trade-off, or constraints, i.e., 1) plasma discharge duration 2) available LHCD 

power, 3) allowable heat load to the divertor plates, 4) available heating power for sustaining the 

quasi-steady state power balance in the core and also 5) threshold power for L-H transition.  
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The total plasma current is defined by  

 

LHCDBSOHp IIII ++=                                                              (9) 

 

where OHI , BSI , and LHCDI  (the unit is MA) are the ohmic current, the bootstrap current and the driven 

current by the LHCD system, respectively. The poloidal coil system of EAST has 10 VS flux supply, 

which corresponds to 10 sec plasma operation with 1.0 MA plasma current. The relationship between the 

ohmic current OHI  and the plasma operation duration opt  is roughly defined by OHop It 10= . The bootstrap 

current is estimated from the following definition[13]: 

 

PpBSBS ICI βε 5.0
1= ,                                                              (10) 

 

where ε  and pβ  are the inverse aspect ratio and the poloidal beta value. The coefficient of BSC in eq.(10) 

is defined by ( ) ( )20950951 0185.0235.032.1 qqqqCBS +−= , where 95q  and 0q  are the safety factor on 95% flux surface and 

on the magnetic axis, respectively. The power required for LHCD is estimated by the following  

model[14]: 

 

( ) T
n

p
IR

P 20
**

LHCD
LHCD j0.122

lnΛ
=                                                                 (10) 

 

where ( ) 10** =pj is assumed in the present paper, and the available LHCD power is 3.5 MW for the 

EAST[3]. 

Based on the particle and power balance of the core plasma[2,4], the total particle flux pΦ  and 

the total heat flux inQ  across the separatrix are ( ) ( )Epp20p C τVn=Φ and ( ) Ep20in 048.0 τTVnQ = , 
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respectively ( pV  is the plasma volume). From these quantities and the definition of the energy 

confinement time, the temperature and the density of the core plasma are written as pinT Φ= QCT  and 

95
in

910
pd20 QΦ= Cn , respectively (where TC  and dC  are functions of core plasma parameters). With 

these equations, we express the following trade-off, or constraints as functions of ( )pin , ΦQ , and discuss 

the plasma operation space on ( )pin , ΦQ . 

 Then, Eq. (9) is written as 

 

( ) ( ) 5.3
0.122

ln 499/1
2

9-14
in

-1
T

919
pn** ≤−Φ−Φ

Λ
= OHpinpBSpLHCD IIQCIQCC

pj
R

P .                                         (12) 

 

where ( ) ( )( ) 22/13225.0
1BS2 22.121114 −−+++= peiTnBS BnnCCCC κδδκε . In addition, the total heating power for the EAST is set to be 

7.5 MW[3], then the following relationship has to be considered, 

5.7inLHCD ≤≤ QP .                                                                 (13) 

The left inequality in Eq.(11) is rewritten as 

( )
919

p
T

n
**

p923
in 0.122

ln
Φ

Λ
≥

C
C

pj
IR

Q                                                          (14) 

The scaling law of the threshold power for the LH transition can be also written as the function of pΦ  

and inQ , 

91

3.85
in

7.7
p0.77

n
1-

i
76.023.10.96

tthrin Q
75.2 ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛ Φ
=≥ CMaRBPQ                                               (15) 

where iM  is the average ion mass (amu). The heat flux divq  to the divertor plates is limited to the 

maximum allowable heat flux maxq  from the engineering viewpoint. This condition is expressed as 

( )[ ] ( ) ( ) maxsddd
2
ddiv sinsin qCMnTMq ≤++= θψγε                                        (16) 
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where θ  denotes the inclination angle of the divertor plate to the magnetic lines force in the poloidal 

plane. Eq.(14) can be also expressed by pΦ and inQ  defined above. The qmax is taken to be 3.5MW/m2, 

which corresponds to the averaged value estimated in ref.[3]. Finally, we obtain the four inequalities, i.e, 

Eqs.(12), (14), (15) and (16), for the trade-off relationships of LHCD experiments. 

 

3.2. LHCD operational space 

The main parameters of EAST are summarized in Table 1[3]. With these parameters, the possible 

operation space in the ( )pin ,ΦQ  space is explored. Figures 1 show the operational spaces depending on 

the fraction of the ohmic current to the total plasma current pohmohm IIf = . In this exploration, the gas 

puffing of -121
puff s100.1 ×=N  (which corresponds to about 5% of total neutral source rate nN ) in the 

divertor region and the fraction of impurity radiation 3.0=impf  are assumed. The operational space is 

painted, and each boundary is the operation condition as mentioned in the previous subsection. Figure 1(a) 

corresponds to 0.0=ohmf , namely, fully non-inductive operation, and the bootstrap current fraction BSf  

is estimated at 25.0≤BSf  here. This fugure indicates that the allowable heat flux to the divertor plate is a 

key parameter to extend the possible operation space. The upper boundary of inQ  is limited by 

)MW/m(5.3 2
div ≤q . The boundary of )MW/m(5.3 2

div ≤q  for )MW(0.6in ≤Q  region implies a decrease of 

divq  by the transition from low to high recycling state. The upper boundary of the particle flux pΦ  is 

dominated by the power balance requirement.  

The dependence of the operational space on the fraction of the ohmic current to the total plasma 

current ohmf is investigated here. In this series of investigation, the remaining parameters except the key 

parameter in the following methods are kept at the same values as those in Figure 4(a). Figure 4(b) shows 

the operational space for the hybrid operation case of 3.0=ohmf (which roughly corresponds to the plasma 
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operation duration 33=opt sec). The upper boundaries of the LHCD current drive and the power balance 

requirement move to higher particle flux region, which corresponds to the high density region. When the 

fraction of the ohmic current to the total plasma current increases up to 5.0=ohmf (which roughly 

corresponds to the plasma operation duration 20=opt sec), the boundaries of the LHCD current drive 

and the power balance requirement move to higher particle flux region and the boundary of the LH 

transition condition limits the upper operational space in the low heating region of MW0.3≤inQ . In the 

future, comparison with these results and the two dimensional divertor transport code B2-EIRINE will be 

carried out, and the high recycling or detachment operation point for the LHCD H-mode operation will be 

assessed. 

 

4. Summary 

The CSD model has been developed to investigate overall and integrated features of core and 

edge plasma in tokamaks, and applied to the analysis of the EAST operational space. Various kinds of 

trade-off have been taken account into in the analysis. The basic features of possible operation space and 

its dependence on the fraction of the ohmic current to the total plasma current ohmf  have been made clear 

for the LHCD operation. Based on these results, comparison with these results and the two dimensional 

divertor transport code B2-EIRINE will be carried out, and the high recycling or detachment operation 

point  for the LHCD H-mode operation will be assessed. 
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Table 1. Main plasma parameters of EAST[3]. 
 EAST 

( )maR  1.97/0.5
( )−9595 δκ  1.6/0.8 

( )TtB  3.5 
( )MApI  1 

( )MWauxLHCD PP  3.5/7.5 
( )mds LL  31/4.3 
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Fig.1 Operational space of LHCD operation 
and dependence on the fraction of ohmic current 
fraction fohm, (a) fohm=0%, (b) fohm=30%, and (c)
fohm=50%, 

(a) 

(b) 

(c) 
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Abstract The two dimensional structure of density fluctuations is examined during the current jump phase 
indicating a change from the open magnetic fields to the closed ones. During the smooth current ramp-up phase 
the 2D contour of LiI shows vertically alignment, consistent with the magnetic surfaces. At the inflection point 
in Ip ramp-up the profile becomes flat and then suddenly a steep gradient and higher intensity regime are formed. 
According to these changes in the profiles, it is found that within ± 1 ms around the burst of LiI a low frequency 
coherent wave with a long wavelength rapidly grows. The relations with other signals (magnetic flux and 
microwave stray power) are discussed. 

 
1. Introduction 
Since the inner space of the device is limited physically, one of the important issues for spherical tokamak is to 
ramp-up plasma current by non-inductive methods. Most popular one is a method with electron cyclotron 
waves ECW [1-4]. In this method a small vertical field Bz with a positive curvature was superimposed to a 
toroidal field Bt which corresponded to the cyclotron resonance. The role of Bz on the equilibrium of the plasma 
in the open magnetic field has been studied and an optimum Bz has been derived by balancing the enhanced end 
loss along the magnetic filed lines intersecting the chamber and reduced E x B loss by compensating the 
vertical electric field E induced by the toroidal drift [5, 6]. Density and potential fluctuations [7-9] have been 
also affected by this Bz, however, no systematic studied has been done from the view point of the current 
ramp-up. In the spherical tokamak device CPD (Compact Plasma wall interaction experimental Device), the 
non-inductive current drive experiments have been performed using electron cyclotron waves at 8.2 GHz [10, 
11] and the characteristics of the density fluctuations during the ramp-up phase have been studied, at least a 
change in characteristics of the fluctuations near the “current jump” will be presented in this report.   . 

This paper is organized as follows. In section 2, descriptions of CPD device and fluctuation measurement 
with the sheet lithium beam are given. In section 3, characteristics of fluctuations will be present at the current 
jump phase.  Finally we will conclude the experiments in section 4. 

 
2. Experimental Arrangement 
CPD is a spherical tokamak device whose diameter as well as height is ~ 1.2 m [10, 11]. The diameter of the cover 
of the center stack is 0.27 m. The Bt = 0.25 T at R0 of 0.16 to 0.2 m. Bz ~ 50 G at R = 0.2 m with the decay 
index of ~ 0.046 is added by three sets of poloidal field (PF) coils. A set of 8.2 GHz klystrons (8 × 25 kW, CW) 
is used for ECH. Linearly polarized microwaves (both Ordinary and eXtraordinary modes) are injected from 
the low field side. A set of flux loops (45), wounded inside the chamber, is used to reconstruct the last closed flux 
surface [12]. A thermal Li sheet beam is injected from the bottom of the chamber and the 2D images (300×600 
mm) of LiI (670.8 nm) intensity for 1 ms are taken at every 40 ms and spatial resolution is 1 mm2. They can be 
converted to the density profile [13]. Two dimensional profile of ne(r, z) is obtained by interpolation of data along 
the sheet Li beam paths [14-16]. In addition, the fluctuation measurement is performed by a LBFS system consists 
of 50 spatial points, connected to photomultiplier tubes via a fiber bundle (10×10) [17]. Fluctuations of LiI 
intensity are proportional to the local density fluctuations, LiLiee IInn ~~ = .The viewed area is 50 mm×25 mm 
within the 2D CCD image in an R-Z plane. The radial resolution of each fiber is ~ 5 mm φ. Sampling frequency 
of analog to digital convertor is 300 kHz. The flat frequency band of the amplifier extends to 500 kHz. LBFS 
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measures local and long wavelength (k⊥ρs<1) density fluctuations, where k⊥ and ρs are wave number 
perpendicular to the magnetic field and the ion Larmor radius evaluated at Te, respectively. Cross correlation and 
cross power spectrum between each 50 signals are analyzed by fast Fourier transform technique. The line 
averaged density is measured along the vertical chord at R=0.3 m by an interferometer at 140 GHz. The scattered 
stray microwave components reflected at a cutoff layer or from the chamber are monitored by diode detectors at 
three different locations around the torus. The sampling frequency is 1MHz. Both O and X-waves reflected from 
the cutoff layer are also measured with a reflectometer located above the mid plane by 0.2 m at the 160° from the 
RF injection port. Te is measured by a scanning Langmuir probe in the shadow of the poloidal limiter. A set of two 
probes separated by an insulator is used to monitor the floating potentials and the existence of the energetic 
electrons [12]. Typical plasma discharge is shown in Fig.1. In these experiments RF power is ramped up. The 
small RF power (~ 1kW) was applied at t=0.1 s and both Bt and Bz were raised. At ~ 0.16 s Rres appeared inside 
the chamber and slab plasma was formed at R~ Rres until t=0.2 s, as shown in Fig. 2 (b). Smooth signal of stray 
power before the plasma formation started to fluctuate at 0.16 s.  Since at t= 0.2 s both Bt and Bz reached to 
steady values, RF power was ramp-up at a rate of 1 MW/s. Then Ip was driven with increasing Prf . However, at 
~ 0.22 s it suddenly jumped up from 0.7 kA to ~ 2 kA within a few ms. Although Prf continued to raise, Ip was 
remained ~ 1.6 kA. At the current jump bursts were recorded on several signals; LiI intensity (b) and flux loop 
signal (c), stray power and Hα viewing CS, (not shown).  
 
3. Characteristics of Density Fluctuations during Current Ramp-up phase 
The waveform of plasma parameters are shown in the expanded time scale in Fig. 2. The time derivative of Ip 

changes at ~ 0.218 s, which corresponds to 
generation of the loop voltage of – 10 mV. As Ip 
grows, negative Vloop increases further and reaches 
to -30 mV at ~ 0.2195 s, suggesting that a return 
current flows near the CS. After that it reduces to ~ 
-5 mV within 0.5 ms.  This phase lasts for 1 ms 
and Vloop also shows large amplitude of fluctuation. 
The burst of LiI occurs at 0.212 s and quickly 
decays within 1 ms. Hereafter several negative 
spikes are seen on Vloop, indicating instabilities 
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Fig.1 Waveform of plasma parameters in typical 
discharge(508279); (a) Ip, (b)Vloop, (c) LiI at R< Rres
and (d) stray power. At t~ 0.22 s “current jump”
occurs. Before t=0.2 s low power RF is injected to 
produce a slab plasma. 
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Fig. 2 (a) Ip, (b) LiI, and (c) Vloop  
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preventing from further rise of Ip.  
Since LiI measured by LBFS is proportional to the local value of ne and injected lithium density, the 

contour of LiI represents the contour of ne(R, Z) if complicated Li beam attenuation within 25 mm along the Z 
direction can be ignored. Thus rapid evolution of ne(R, Z) is deduced. Figure 3 shows the time sliced contour of 
LiI(R, Z) integrated over 0.1 ms during the current jump phase. Figure 3 (a) – (c) are characterized by the 
vertically aligned contour in the left region and slightly inclined lines in the right region. This aspect is similar 
to the magnetic flux contour [11, 12]. The density gradient is deduced to be positive in this area. Rres locates at 
the middle of the figure. It is worth noting that density flattening occurs at Fig. 3(d) (t=0.2209-0.221s). When 
LiI grows rapidly, the contour tends to be modified from the top-right portion (Fig.3 (e)), and then strong 
gradient is formed along the R direction (Fig.3 (f)). This phase corresponds to the peak of the burst. As the 
intensity starts to decay, higher intensity portion moves from the right to left, and finally the contour of the 
intensity aligns along the R direction and the density gradient is formed vertically (minor radius direction), as 
shown in Fig. 3 (h)-(i). As it is well known that magnetic surfaces inside the last closed surfaces are difficult to 
be determined only by flux loop signals, the LBFS system offers some information of the dynamic process of 

the current jump. Figure 4 shows the Li intensity profiles at Z=0.04 m corresponding to Fig.3. At t~0.2206 s 
(around Fig.3 (c)) an initial steep profile (t=0.185 s) 
becomes reduced and then it becomes very steep within 
0.5 ms. 
 The fluctuations of the LiI are also analyzed 
during this phase. Since sampling time is 3.3 μs, a time 
window of 2 ms and 1024 points are chosen to obtain the 
ensemble averaged spectrum. The results are shown in 
Fig. 5. Square coherency at f= 1.17 kHz are shown at 
several times. Figure 5 (a)-(c) (t= 0.212s – 0.218s ±1 ms) 
shows short wavelength modes or no clear correlation 
with respect to the density profiles (Fig. 3 (a)-(c)). 
During t= 0.219-0.222 s this mode becomes highly 
coherent and dominates the whole region. The 
correlation length becomes al least > 50 mm. After the 
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Fig. 3 Time sliced LiI contours at t= 0.218s (a), 0.219s (b), 0.2195s (c) ,0.2209s (d), 0.221s (e),
0.2212s (f), 0.2215s (g), 0.2218s (h), and 0.222 s (i). Averaging time is 0.1 ms. Color chart indicates 
the intensity of LiI. The viewing area is R=159 – 215 mm and Z= 27- 52 mm.  
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closed flux surfaces are established this 
mode disappears or spatial structure 
becomes similar to those in the open field 
configuration. By comparison with the 
magnetic fluctuations on flux loop signals, 
this low frequency mode correlates each 
other and may play an important role to 
trigger the magnetic reconnection. 
 
5. Conclusion 
The 2 D structure of density fluctuations 
has been measured with LBFS in initial 
annulus rf plasma which has been 
produced by ECR at small power. The 
equi-intensity contour is observed to be 
aligned along the vertical direction and 
coherent waves are found to be excited in 
the low frequency range (1-10 kHz). It 
should be noted that the vertical field, 
which is pre-required for ramp-up plasma 
current, stabilizes these coherent waves. 
The relative amplitude is reduced by a 
factor of 2 and the correlation length is 
reduced < 5 mm. With increasing RF 
power the plasma expands towards LFS 
and driven current increases. The 2D 

contour of LiI shows a change from vertical alignment to the horizontal one within ± 1 ms around the burst of 
LiI. The fluctuations at ~ 1 kHz are found to grow rapidly and it correlation length becomes al least more than 
50 mm at the current jump.   
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Recent Progress of the HL-2A Laser Interferometer 
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Abstract
A new multi-channel FIR laser interferometer has been constructed and applied on HL-2A.The 
unique feature of this real-time heterodyne interferometer is the combination of high power 
radiation source(300mW), high response room temperature detector(noise temperature of <6000K) 
and good space resolution(7cm).Optimization of various parameters for maximum laser output 
power is discussed. Zero crossings of the signals are counted with FPGA digital circuitry yielding 
fringe resolution of 1/100.The new measured results including density fluctuations is also present.  
Keywords: FIR interferometer, measurement, density fluctuation   
PACS: 52.35.-g, 52.55.Fa, 52.55.Dy 

1 Introduction 
The electron density is a fundamental parameter to be measured in tokamak plasma. 

Interferometers operating in the wavelength region of infrared or far infrared have been regarded 
as a basic diagnostic tool for the measurement of plasma electron density in tokamak 1-5. Though 
interferometer technique has been developed for many years, there are many problems to be 
resolved such as how to increase measurement precision and reliability, estimation of the lifetime 
and performance of the in-vessel optical element, etc. 

On HL-2A tokamak(R=1.64m,a=0.4m,Ip=480kA), the maximum electron density is about 
1020 m-3 . Considering of the mechanical stability of the interferometer, the beam refraction caused 
by the plasma density gradient, HCN laser at 337μm is used for diagnosis density on HL-2A. In 
this paper the new multi-channel interferometer implementation with various improvements is 
described in detail. Some new experimental results of the interferometer are also presented. 
2 HCN laser work parameter optimization 

As we know, good signal with higher signal-to-noise ratio can be obtained by high power 
optical resource in an interferometer. Generation of HCN laser out put power depends on 
geometry and work parameters. According to the Belland scaling law6, the HCN laser tube is 
designed with inner diameter of 68 mm, discharge length of 5.6 m and straightness accuracy of 
0.5‰ per meter7 respectively. The laser cavity is formed with two flat reflectors, one being gilded 
glass mirror, and the other being inductive nickel mesh. The HCN laser work principle is 
described from the following chemistry equations. 

2CH4 (pyrogenation) =2C+4H2

2C+2H2(discharge) =C2H2+H2           (1) 
C2H2+N2(discharge) =2HCN 

A mixed gas of CH4,N2 and He (N2:CH4:He=8.8%:22.8%:68.4%) is used to obtain the laser 
oscillation. Meanwhile extra He is added to stabilize the discharge. Because mixed gas is 
consumed during discharge, work gas should be puffed into the laser tube continuously. Two flow 
meters measure and control gas flow rates of mixed gas and He.  

Figure1 shows typical output characteristics for the rate of the gas mixture under different 
mesh parameters. The laser output power depends strongly on gas flow rates and laser output 
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couple coefficient. The output power increase by the increasing of the mixture gas flow rate and
saturates when the flow rate at the optimal value. This optimal value is different from different
mesh parameter. In our experiment, the optimal output power is obtained by 400lpi (lines per inch)
mesh, corresponding laser output couple coefficient is 14%. 
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Fig.2 laser output power vs. discharge
current by used LaB6(dot) and Ta(star).

Fig.1 laser output power as a function of 
flow rate of mixed gas. 

In order to ensure a stable glow discharge, hot cathodes of LaB6 and Ta are used for our laser
system.Fig.2 shows the experiment result compared two kinds of cathodes. As LaB6 has high electron
emission capability, the output power with LaB6 is higher than power with Ta under the same
discharge current. LaB6 is poisoned by metal easily, a graphite coat is used to support the cathode.
Glow discharge makes the graphite material deposited on the laser tube and discharge become
unstable. So in order to control discharge stable for long time (8h/day), Ta cathode is used for higher
current discharge. Up to now, the output power of the laser is over 300mW with discharge current of
1.5A and voltage of 6.7kV.
3 Detectors 
. We employ room temperature deuterated L-lanine doped triglycine sulfate (DLATGS) detectors
(Selex Sensors and Airborne System Infrared Ltd, type P5243) for both the reference and probe
signals. These detectors give a response (responsivity~ 400mV/mW, noise equivalent power
(NEP)~6×10-10 W/ Hz) at 337μm when beat signal frequency is 10 kHz. As optical beam
adjustment error and transmission loss, sometimes the signal-to-noise rate of ch8 is low with
DLATGS. So another new high response room temperature waveguide detector (Shottky Diode
Detector, noise temperature<6000k, video responsivity ~ 400mV/mW) has been applied. In this
new kind of Shottky detector, a circular feed horn waveguide is as an antenna to replace the usual
corner cube, and a DC-bias applies for the diode to achieve the lowest conversion loss. The optical
beam receiving efficiency is improved. Fig.3 shows the new detector configuration and work
sketch map. Compared result of ch8 beat signal by DLATGS and waveguide detector confirms
that with new Shottky detector the signal becomes very clear and the SNR has been improved
about 2--4 times.
4 Data acquisition and processing system 
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Usually a multi-channel phase comparator can be applied to realize density real-time
measurement. The signal from detector is transmitted to a pre-amplifier and a band pass filter with 

Fig.3 New Shottky detector with circular feed horn 
waveguide system.
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Fig.4. Flow diagram of data
acquisition system by FPGA module.

bandwidth of 30%-40% center frequency. At the present experiment, the signal frequency is 10 
kHz, and the bandwidth of amplifier is 10 kHz 2 kHz. Two different phase compared methods
are employed in our experiment. One is software comparator: the waveform of beat signals from 
both reference beam and probe beam will be recorded by ADC collection card DAQ2010 and 
memorized in a computer. The zero crossing position of waveform is located and the phase shift
between reference and probe signal is accounted by software. The other one is real-time digital
signal processor by FPGA technique. Combined with the advantage of software and hardware
phase comparator, the FPGA technique is characterized by high reliability, easy modification and
low cost. Fig.4 is the flow diagram of data acquisition system by FPGA. 10 Mega Hz clock and 16
bit A/D and D/A conversion are applied, the phase comparator has an ability to make phase 
resolution up to 0.1μs. At present the grating modulation frequency is 10 kHz, so the phase
resolution is 1/100 fringe. The delay time of real time phase compared is about 0.2ms. This 
density signal is satisfied for density feedback control. 
5 Experimental results

In order to study density fluctuation in core plasma, Density fluctuations have been first 
measured in the core region of HL-2A tokamak plasma using a newly developed multi-channel
FIR interferometer system.Fig.5 shows the typical line density fluctuation from phase comparator
by FPGA technique. The low-frequency oscillations with period roughly 1ms are presented at all 
the chords signals. A phase delay within each channel location is revealed from line fig.5 (d)
(r=3.5cm) to line fig.5 (e) (r=24.5cm). We observe a minimum line density fluctuation appeared
in the plasma center (the magnetic axis), and a -phase change observed on the chord of r=24.5cm
(0.61a). By computing the delay phase between two adjoining chords, one can estimate the mode
poloidal rotation speed which is about 1100m/s, and the direction of rotation is in the election
diamagnetic direction. 

Using the FFT technique, the frequency power spectrum, averaged over 100ms, for typical
chord-averaged data is analyzed. Correlation between different FIR chords (see Fig.6) demonstrate
that these fluctuations are highly coherent and in phase across the entire plasma column. By
correlating individual interferometer chord with individual poloidal harmonics, which obtained
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from a magnetic pick-up coil array, we can extract the density fluctuation associated with the m=2
magnetic tearing modes.
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chord to chord. 
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Abstract

In order to measure the plasma boundary position in the high-temperature 

plasma, the broadband frequency tunable microwave reflectometer system, which has 

the ability of fast and stable sweeping operation, is applied in the Large Helical Device.  

When the microwave launches with the extraordinary polarization from the low field 

side of the magnetic field strength and its frequency is swept from low to high, the 

microwave of minimum right-hand cut-off frequency is started to reflect at the plasma 

edge.  We can estimate the plasma boundary to measure the change of the reflected 

power from the cut-off layer.  In the plasma experiment, the reflect signal increases 

according to the sweeping frequency and the information of the plasma edge position 

can be obtained. 

e-mail:tokuzawa@nifs.ac.jp  phone:+81-572-58-2217  fax:+81-572-58-2619 
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I. INTRODUCTION

 The information of the plasma boundary is important for deciding the plasma 

size and also controlling the plasma position in the magnetized confinement plasma.  

For this study, the magnetic probe array is installed to the vacuum vessel in several 

devices.  In general, the direct measurement can give more precise information. For 

example, a fast-scanning Langmuir probe has been utilized the edge plasma 

measurement in the Large Helical Device (LHD) [1].  However, an electrostatic probe 

cannot be always put into the high-temperature plasma deeply.  Microwave 

reflectometer has a potential of localized measurement by using the cut-off effect in the 

plasma core region without any affection.  

 When the extraordinary wave launches to the plasma from the low field side of 

the magnetic field strength, the wave is reflected back from the right-hand cut-off layer 

or left-hand cut-off layer.  The right-hand and left-hand cut-off frequencies are 

described by, 

2
2

22
ce

pe
ce

handright
ffff ,

2
2

22
ce

pe
ce

handleft
ffff    (1) 

Here, fce is the electron cyclotron frequency and fpe is the electron plasma frequency. 

The radial profile of magnetic field strength decreases according to the major radius in 

the most of the magnetic plasma confinement device.  When the plasma is produced 

and also the right-hand cut-off layer exists, the microwave with the corresponding 

frequency is reflected back.  In the previous study, the minimum electron density, 

which the cut-off phenomena is occurred, is defined 1x1016 m-3[2].  In this paper, we 

use the term “plasma boundary” which is defined as this minimum density layer.  
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When the launching microwave frequency is lower than the minimum right-hand cut-off 

frequency or higher than the maximum right-hand cut-off frequency, the launching 

wave penetrates through the plasma.  Figure 1 shows the schematic drawing of the 

plasma boundary measurement method.  The frequency of launching wave sweeps 

from low to high and the reflected power increases during the cut-off layer exists in the 

plasma.  The frequency component, which the cut-off signal appears at first, is 

reflected back at the plasma edge and its frequency is quite equal to the electron 

cyclotron frequency at the position.  Usually, we know the radial profile of magnetic 

field strength by the other diagnostics such as MSE. Therefore, we can get the 

information about the plasma edge position.  In this paper, we describe the frequency 

sweep microwave reflectometer system in Sec. 2, and present the experimental results in 

Sec. 3, and show some applications of this measurement in Sec.4, and then we 

summarize the present results in Sec. 5. 

II. EXPERIMENTAL APPARATUS 

 The schematic of frequency sweep microwave reflectometer system is shown 

in Fig. 2.  A voltage controlled oscillator (VCO), which can sweep the frequency range 

with 11 - 18.5 GHz and its sweep time can be lower than 10 s, is used as a source.  

The output frequency of VCO is increased linearly by the external controlled signal 

which is generated by the arbitrary wave generator.  The output frequency is changed 

followed by an active doubler to bring the launching frequency up to 22 - 37 GHz 

(ka-band).  The microwaves launch from the outboard side along inverse the major 

radius direction on equatorial plane.  The polarization of launching wave is set on the 
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extraordinary mode (X-mode) and the right-hand cut-off layer is used as the reflected 

surface.  The reflected wave is received and mixed with a fixed frequency wave of 

local oscillator and intermediate frequency (IF) signal is amplified and detected.  Then 

the output signal is led to the data acquisition system.  In the edge position 

measurements of this paper, the fast sampling digital oscilloscope is used for the data 

acquisition.

III. EXPERIMENTAL RESULTS 

 Here, we show a preliminary experimental result of this frequency sweeping 

system for the plasma boundary measurement in the LHD plasma.  The experiment is 

carried out the magnetic axis position is 3.60 m, the axial magnetic field strength is 2.0 

T, the averaged electron density is under 0.4x1019 m-3, and three tangential neutral 

beams are injected with constant power.  The radial profile of the right-hand cut-off 

frequency and the electron cyclotron frequency are shown in Fig. 3(a).  In this figure 

the right-hand cut-off frequency is calculated using the assumed electron density profile 

which is the flat profile.  Figure 3(b) shows the cross section of the magnetic surface, 

the ergodic layer, and also the divertor legs in this plasma experimental condition.  

When the plasma condition is mostly steady during 20 ms, the source frequency is 

swept from 22 to 37 GHz linearly.  Figure 4(b) shows detector output signal of the 

frequency sweeping reflectometer.  The amplitude increases, when the frequency 

ramps up and the corresponding cut-off layer exists in the plasma.  This critical 

frequency is around 26.5 GHz and the corresponding radial position is R ~ 4.9 m where 

is just at the X-point. 
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IV. APPLICATION TO BOUNDARY POSITION SENSOR 

 For the routinely plasma boundary measurements, the frequency sweeping 

microwave reflectometer system should be added for a direct reading.  There are two 

types of analyzing technique.  One is used the amplitude variation of reflected signal 

(type 1) and another is used the beat frequency variation (type 2).  Figure 5 shows the 

schematic diagram of type 1 system.  In this case, the detector output signal is directly 

related with the power of reflected microwave. When the amplitude voltage crosses 

over the threshold value, we know the cut-off start frequency, that is, the plasma 

boundary position shown as Fig. 6.  However, the plasma shape or the plasma 

perturbation may affect the amplitude of the reflected wave and lead the error of the 

measurement.  On the other hand, the beat frequency of the reflected wave is related 

with the distance between the reflected surface and antenna.  When we measure the 

frequency variation of the reflected wave, it can be distinguish where the wave is 

reflected from the opposite wall or the plasma.  Figure 7 shows the schematic diagram 

of type 2 system.  The output of frequency-voltage converter (fV) is changed with the 

variation of reflected position shown as Fig. 8.  When the fV output decreases cross 

the threshold voltage, we know the reflected position moves close to the antenna and 

then the information of the plasma boundary position can be obtained. 

IV. SUMMARY 

 Frequency sweeping microwave reflectometer system has been installed in the 
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LHD and performed the plasma boundary position measurement.  System utilizes a 

VCO as a source for the wide range frequency sweep operation and simply heterodyne 

IF detection is carried out.  In the LHD plasma experiment, the launching frequency is 

swept from low to high and it can be observed the reflected signal from the plasma edge 

region.  The plasma edge position can be estimated at just the X-point in this 

experimental configuration.  This system will apply the position sensor to inform the 

plasma edge.  If some antenna can be installed in the poloidal direction in the vacuum 

vessel, we will get the information of plasma movement and transformation by 

correlation analysis in future. 
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Figure 1 Schematic concepts of the plasma boundary measurement method.  When the 
launching frequency is sweeping, the reflectometer signal power increases during the 
corresponding cut-off layer exist in the plasma. 
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Figure 2  Schematic view of the frequency sweep microwave reflectometer system. 
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Cut-on

w/o plasma

w/  plasma

Figure 4  Detector output signal (purple line) of frequency sweeping 
reflectometer (a) without plasma case, and (b) with plasma discharge case. Green 
line means the frequency sweeps from low to high. After “Cut-on”, the 
reflectometer signal increases. Here, just before “Cut-on”, the signal is slightly 
perturbed with low frequency and it is a noise. 
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Figure 5  Schematic Diagram of type 1 of plasma boundary measurement 
system.  This system uses the amplitude variation of reflected signal. 
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Figure 6  Schematic drawing of the output signal. Temporal behavior 
of detector output signal (top).  When the output signal increases and 
crosses over the threshold voltage, the timing signal is outputted.  
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Figure 7  Schematic Diagram of type 2 of plasma boundary measurement 
system.  This system uses the frequency variation of reflected signal.  
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Figure 8  Schematic drawing of the output signal. Temporal behavior of 
frequency-voltage converter (fV) output signal (top). When the output 
signal decreases and crosses the threshold voltage, the timing signal is 
outputted.
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Experimental progress on the EAST superconductor tokamak 
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EAST as a full superconducting tokamak is aimed for long pulse (60-1000s) high 
performance operation, which requires specific in-vessel structures and PFCs. It 
should be capable to handle the particle and heat fluxes through the plasma boundary 
to the wall in a variety of operation scenarios under steady-state condition, as well as 
to protect vacuum vessel and other components such as magnetic sensors, internal 
cryo-pump etc from direct plasma interaction. The geometry is designed as 
top–bottom symmetry to accommodate both double null or single null divertor 
configuration. The in-vessel structure is a complicated integration of multi-systems, 
including the fully actively water cooled PFCs and their supporting structures, a full 
set of magnetic inductive sensors for machine operation and plasma control, the 
divertor cryopump, the actively water cooled internal coils for vertical stabilization 
control, divertor probe arrays, baking system and thermal coupler etc. In the first stage 
of the machine operation, total heating and current drive power will be about 
8~10MW. But peak heat flux will not be more than 3.6MW/m2

 on the divertor plates 
from the B2-Eirene simulation based on typical EAST operation scenario. All plasma 
facing surface are one kind of multi-element doped graphite materials. Two gaps 
between inner, outer target and dome were provided with total 180m3/s gas 
conductance for particle and impurity exhaust by cryopump. The passive stabilizer is 
placed on the outer radius of the plasma above and below midplane. The 4 DC glow 
discharge anodes and 2 RF conditioning antenna were also installed for wall 
conditioning. The thermal couplers are embed in the graphite titles of the liner, limiter 
and diverter plates for machine operation and wall conditioning. Two movable 
molybdenum limiters have been installed, which allow radial movement from 2.26m 
to 2.42m. 

More than twenty diagnostics were employed for machine operation, plasma 
control and physics analysis, including magnetic measurement, Langmuir probe and 
mach probe, laser interferometer for line integrated density and density feedback 
control, visible CCD camera. Those diagnostics presently can provide measurements 
of electron/ion temperatures, surface temperature of the liner or diverter plates, 
radiation power, and information of soft-X ray, visible to near UV radiation of 
impurities, Hα radiation etc. Hard-X ray and neutron flux measurements are also 
available for LHCD experiments and monitoring runaway electrons. Plasma 
discharges are controlled by a plasma control system (PCS) built in collaboration with 
GA, which is similar to the PCS of DIII-D, but with new EAST features such as the 
coil current ramping rate limitations due to the eddy current heating on the 
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superconducting cables, IC power supply command algorithms, etc. The RF systems 
at ICRF with 1.5MW, 30~110MHZ and at LHF with 2MW, 2.45GHz are available 
for heating and current drive experiments as well as wall conditioning and discharge 
pre-ionization. 

EAST has new features compared to conventional tokamak and also those 
tokamaks only with the toroidal superconducting coils. These issues, particularly, the 
limitation of current ramping rate in PF coils, relative weak coupling between plasma 
and PF coils, PF field penetration through the vacuum vessel and thermal shielding 
into the plasma etc affecting the machine operation have been discussed elsewhere. 
The graphite wall with the vacuum chamber was baked up to nearly 300� and 200� 
continuously for about 10 days before the plasma discharges. However burn through 
mainly caused by out-gassing from the graphite titles caused difficulty for the further 
current ramping up after break down. To achieve reliable break down and plasma 
current ramping up, the machine was boronized by RF discharge, which was used as 
routine wall conditioning in HT-7. The working gas was hydrogen in 2007 and then 
switched to deuterium in recently campaign. The experiments have firstly performed 
using pre-programming shape control (elongation and diverter) and feedback control 
for plasma position and current with the (copper) internal control coils (ICs) for 
vertical stabilization. The principal goal of this experiment was achieved with the 
appearance of stably controlled diverted plasmas with sufficient elongations and 
triangualarities. The full equilibrium reconstruction both by EFIT (GA) and IPPEQ 
(ASIPP) identified the following configurations: double null configuration with 
kappa=1.9 and delta=0.50; top or bottom single null configurations with kappa=1.7 
and delta=0.64, which almost covers all designed configuration in EAST. The 
discharges with plasma current ranged from 0.2~0.6MA, toroidal magnetic field from 
2~3T show the confinement consistent with Neo-Alcator scaling for ohmic plasmas. 
Experiments provide the basis for algorithm development and optimization of real 
time control of plasma shape. The full reconstruction of the equilibrium has been 
performed by using EFIT code routinely between shots. This kind of reconstruction 
was made to be real-time (RTEFIT) and sufficiently fast for the real-time shape 
control in DIII-D by using a fast loop and a slow loop calculations on separate CPUs. 
While RTEFIT has been done at a control cycle, the control reference points was 
determined at first. Under the collaboration with DIII-D, EAST also adapted DIII-D 
plasma control software system. RTEFIT/ISOFLUX was primarily realized on EAST 
in 2008 summer campaign. The RF powers were applied in several aspects. The LHW 
was used for current drive both in sustaining plasma discharges and assisting the 
plasma start-up. The ICRF was mainly applied for pre-ionization for reliable plasma 
start-up and wall conditioning. Most of these experiments were performed by 
pre-programming control of plasma shape and feedback control of RZIp. The plasma 
shape and position were optimized to maximize the wave coupling into the plasma. 
Nearly 0.8MW LHW has been successfully delivered, from what about 0.65MW 
power has been coupled into the plasma. This power can almost sustain a fully 
non-inductive plasma discharge at Ip=250kA and line averaged density of ~ 
1.5×1019m-3. The current driving efficiency estimated from power scanning under this 
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condition is about 0.8×1019 Am-2W-1. It is double higher than the LHCD efficiency 
obtained in HT-7, but smaller than that in tore-supra mainly due to the lower volume 
averaged electron temperature in present experiments. The plasma discharges can be 
sustained over 20 seconds in such operation scenarios, which were mainly limited by 
unstable coupling due to pre-programming shape control and the power supply 
stability of klystrons inside the LHCD system.  

The primary achievements, particularly, the experiences from last two years 
provide us confidence that the highly shaped plasma with relevant performance could 
be sustained by RF powers for long duration, although significant improvements are 
needed for reliable machine operation and effective experiments. Except that a 2MW 
lower hybrid current drive system at 2.45GHz and a 1.5MW ICRF system at 
30-110MHz are in operation presently, a new 4.5MW ICRF system at 25-70MHz will 
be available in 2009. The present LHCD system is planed to be upgraded to 4MW, 
where existing klystron of 100kW will be replaced by new klystron of 200kW. 
Capability of corresponding power supplies and water cooling etc will be expanded 
within next 2 years. The total heating and current drive power will be 10MW before 
end of 2010. This power is much higher than the H-mode threshold, which is about 
4MW for standard EAST operation scenario at 1MA plasma current and toroidal field 
strength of 3.5T. The flexibilities of heating scenarios and current drive in controlling 
current density profile provide the possibilities to operate EAST in high performance 
regime with edge and/or internal transport barrier. A new proposal for a 4MW LHCD 
system at 4.6GHz and a 2~4MW neutral beam injection system at 50~80keV will be 
funded for next 4 years. 

In the next two years, diagnostics on EAST will provide measurements of all key 
profiles, which include Thomson scattering for density and electron temperature, 
charge exchange recombination spectroscopy based on a diagnostic beam for ion 
temperature and rotation, bolometry for radiation power, X-ray crystal spectroscopy 
for ion/electron temperature, multi-channel ECE or 2D ECE image for electron 
temperature and fluctuation, visible bremstrahlung for effective charge number, 
multi-channel DCN laser interferometer for density, HX-ray arrays for LHCD, neutral 
particle analyzer (NPA) for energetic particles, optical and spectroscopic diagnostics 
for impurity, etc. Some of them will be built via international collaboration. These 
diagnostics should be sufficient to describe the basic plasma performance and for 
integrated modeling and data analysis.  

Acknowledgments 
All contents in this summary report come from overview report OV_3-4 of 

Professor Baonian Wan in 22nd IAEA Fusion Energy Conference, 13-18 October 2008, 
Geneva, Switzerland. Herein, the author Dr. Liqun HU wants express his special 
thanks to Prof. Baonian Wan for his permission to copy contents of his overview 
report to produce this report. The author would like to be very grateful to all members 
of EAST team, and to all attendee from other domestic and international facilities for 
their contribution to significant progress of the EAST experiment. This work was 
partially supported by the JSPS-CAS Core-University program in the field of 'Plasma 
and Nuclear Fusion'. 

267



Data Processing of Divertor Probes on EAST ∗ 
 

   WANG Jun(王俊) , CHANG Jiafeng(常加峰), XU Guosheng(徐国盛), ZHANG Wei(张炜),  
MING Tingfeng(明廷凤), DING Siye(丁斯晔), HU Liqun(胡立群), GAO Xiang(高翔) 

 
Institute of Plasma Physics, Chinese Academy of Sciences, Hefei, 230031, China 

 

      

E-mail: jwang@ipp.ac.cn            
 

Abstract The divertor hydrogen plasma has been achieved in EAST with stainless steel as a wall and 

plasma facing components (PFCs) during the second experimental campaign; data processing results 

of the tilting triple probes for measuring edge plasma parameters have been successfully obtained. 

EAST for isoflux control, a full graphite wall and PFCs has carried out diverted deuterium plasma 

discharges with double null configuration during the third campaign. Ohmic deuterium plasma 

properties, such as electron temperature, density, particle flux and power flux at the upper divertor 

targets, have also been successfully achieved by data processing results of the domed triple probes.  

 
Keywords: divertor probes, edge plasma parameters, strike points, fully superconducting tokamak 
PACS: 52.55.Fa, 52.70.Nc 

 
EAST is a fully superconducting tokamak, the use of full superconducting poloidal field coils on EAST is 

the first trial in the world for ITER. Divertor hydrogen plasmas for full stainless steel wall were achieved 

during the second experimental campaign in January 2007[1,2]. A water-cooling graphite wall and PFCs for 

the third experimental campaign were made in 2008; EAST has carried out diverted deuterium plasma 

discharges with double null configuration, which was verified by the fitting codes of online EFIT (GA), offline 

EFIT and IPPEQ (ASIPP).  
Power deposition and wall erosion are of paramount interest in the development of next-step burning 

plasma experiments, such as ITER. The power which is not radiated either in the main or divertor plasmas 

is deposited onto the divertor plates, excessive heating of divertor plates, resulting in melting and 

evaporation, can severely reduce discharge performance[3]. The wall erosion associated with the large 

incident ion fluxes may seriously limit the lifetime of the divertor target, particularly, during edge localized 

modes (ELMs) and disruptions. Derived data from Langmuir probe array[4,5], the flux densities of power and 

particle at divertor plates facilitate understanding power deposition and wall erosion. 

Electrostatic Langmuir probe diagnostics is an essential tool for measuring the fluxes of power and 

particles at divertor target plates in magnetic confinement fusion devices. Langmuir probes can be designed 

in different types, such as flush mounted probes[6], tilting probes[1], domed probes[5,7]. The probes may be 

combined into triple probes[4]. Because of both high spatiotemporal resolutions[8] and the ability of fast 

simultaneous measurement of edge plasma parameters, triple probes are chosen for EAST. 

20 tilting triple probes were installed in the lower both inboard and outboard divertor plates of EAST with 

a stainless steel wall during the August 2006. The probes were successfully used for determining edge 
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hydrogen plasma parameters at divertor targets during the second experimental campaign[1]. Typical ohmic 

hydrogen plasma discharge with near double null divertor configuration for strike point sweeps, shot 3743, 

has been analyzed. Plasma current is approximately 200kA, toroidal magnetic field is 2T, and pulse duration 

is about 3.4s including discharge plateau time 2.2s. The inner strike point sweeps from 2.4s to 3.3s by the 

fitting codes of IPPEQ (ASIPP). Data processing results have been obtained by combining the equations[1] 

and raw data from the tilting triple probes: electron temperature, density, and fluxes of particles and power 

at the inner divertor target plates are 35-56 eV, 0.7-1.5 31810 −× m , 0.7-1.7 122210 −−× sm , and 

0.5-1.4 2−MWm at strike points, respectively. The average fluxes of power and particles are about 

0.9 2−MWm and 1.2 122210 −−× sm , respectively. The real-time measurement results of the edge plasma 

parameters at strike points from shot 3743 are given in Fig. 1. The feature for high electron temperature 

and low electron density is a typical sheath-limited divertor regime. The strike points by the fitting codes of 

IPPEQ coincide with measured edge plasma parameters at strike points. 

Acquirement of diverted plasmas with isoflux control for a full graphite wall and PFCs was one of the 

principal goals for the third experimental campaign. The divertor triple probes on EAST were used for 

determining edge divertor plasma properties. 74 domed triple probes were installed not only in the lower, 

both inboard and outboard, divertor plates including inside the dome, but also in the upper divertor plates in 

April 2008. Fig.2 shows the poloidal layout of divertor triple probes. The design of domed probes allows for 

the projected area of the probes to be relatively insensitive to the magnetic field angle in the divertor region. 

The design of the probe is shown in Fig.3. The tip of the probe is cylindrical, 0.8cm in diameter. The domed 

tip of the probe entirely protruded 1.5mm from the graphite target plate. The effective collection area of the 

probe is 8.2 2mm using the strong field model[7]. The typical spacing between groups of triple probes is 

poloidally 2 cm for inboard target plate and poloidally 1 cm for outboard target plate of both upper and lower 

divertor. One of the triple probes provides the floating potential while the other two probes are applied with 

a 200V bias. The domed triple probes have been successfully used for determining edge plasma parameters, 

such as electron temperature, density, particle flux and power flux in the upper divertor targets during the 

third experimental campaign. 

The experiments were performed isoflux control after shaping in order to avoid strong plasma-wall 

interaction and damage of the in-vessel graphite components. Recently achieved typical parameters for a 

full graphite wall and PFCs are as follows: plasma current, Ip= 0.2･0.6 MA; toroidal magnetic field, Bt= 2･3 

T; major radius, R = 1.9 m; minor radius, a = 0.45 m. The longest discharge duration exceeded 20 seconds 

at a plasma current of 0.25 MA. Most of the data correspond to divertor discharges with 2･2.5 T of toroidal 

magnetic field and 0.25･0.5MA of the plasma current.  

The electron temperature in the divertor plates tT (in eV) can be given [4] as 

( ) 2lnft VVT −= +                                    (1) 

where +V  is positively biased potential and fV  is floating potential. 

Particle flux, iΓ , is [9] 
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where tn and im are electron density at the target plate and ion mass respectively, here is sη =0.854.                
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So tn is given by 
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where isI is ion saturation current, e and effA are electron charge and effective collection area of the probe 

respectively.  

Power flux, P, is given by [10,11] 

( )potti TP εγ +Γ=                                    (4) 

where ( ) 212 ittS mTc = and potε  are ion acoustic speed at the target plate and the potential energy 

( eVpot 16≈ε ),γ is the sheath transmission factor. 
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where eδ is the electron secondary electron emission coefficient. Substituting ei TT = , eδ =0 and assuming a 

pure deuterium plasma, we arrive at 84.6≈γ . 

The fluxes of particles and power to the surface obey a ( )θsin  law, [4,11] the particle flux (
tΓ ) and the 

power flux (
tP ) at target plate can be achieved using the strong field model as follows. 

)sin(θit Γ=Γ                                   (6) 

)sin(θPPt =                                   (7) 

whereθ  is the grazing angle between the surface and the incident magnetic field. 
Typical ohmic deuterium plasma with near-double null divertor configuration, shot 8868, has been 

analyzed in detail. The plasma current is approximately 0.3 MA, the toroidal magnetic field is 2 T and the 

pulse duration is 3.9 s including a discharge plateau time 2.8 s. In shot 8868, the control for plasma current, 

positions and programmed shaping is used for up to 2.0 s, and then it is put into operation from partial 

isoflux control at 2.0 s to full isoflux control at 2.7 s. The inner strike point for upper divertor sweeps from 

probe UI15 at 2.6 s to probe UI11 at 2.8 s, then from probe UI11 to UI15 at 3.0s. The temporal evolution of 

the divertor plasma parameters measured for shot 8868 is shown in Fig.4. The data from all the probes at 

a rate of 10 kHz can be acquired simultaneously. By using such data of positively biased potential, floating 

potential, ion saturation current and equations (1), (3), (6) and (7) combining equations (2) and (4), the data 

processing results of the edge plasma parameters at inner strike points from pulse no. 8868 have been 

obtained, shown in Fig.5. Electron temperature, density, and fluxes of particles and power at the upper/inner 

divertor target plates are 23-46 eV, 1.1-4.9 31810 −× m , 1.6-6.0 122110 −−× sm , and 0.06-0.27 2−MWm at 

strike points, respectively. The average fluxes of power and particles are about 0.16 2−MWm and 

3.7 122110 −−× sm , respectively. Low electron temperature, fluxes of power and particles, and high electron 
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density at inner divertor targets for shot 8868 compared with shot 3743. Because of a full graphite wall, 

PFCs and isoflux control, divertor plasmas at inner targets are of good feature.  
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Fig.1 Evolution of the measured plasma current, line-average density and edge plasma parameters of inner divertor target plates at strike 

points: (a) plasma current, (b) line-average density, (c) electron temperature, (d) electron density, (e) particle flux and (f) power flux  

 

Fig.2 Poloidal layout of divertor probes 

 

Fig.3 Cross section of divertor probe assembly 
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Fig.4 Evolution of the measured main plasma and upper divertor plasma parameters, where the following are plotted from top to bottom: (a) 

plasma current, (b) line-average density, (c)-(g) ion saturation current density of inboard divertor probes from probe UI11 to UI15 

 

Fig.5 Evolution of the measured ohmic power, line-average density and edge plasma parameters of inner target plates in the upper divertor at 

strike points: (a) ohmic power, (b) line-average density, (c) electron temperature, (d) electron density, (e) particle flux and (f) power flux 

 

 

References 
                                                        
[1] Wang Jun et al, 2008, Phys. Scr., 78: 035501 
[2] Wan Baonian et al, 2007, Plasma Sci. Technol., 9: 125 
[3] Ulrickson M, J. 1990, Nucl. Mater. 176-177: 44 
[4] Matthews G F, 1994, Plasma Phys. Control. Fusion, 36: 1595 
[5] Kallenbach A et al, 2008, Nucl. Fusion 48: 085008  
[6] Gunn J P et al, 1997, Rev. Sci. Instrum., 68: 404 
[7] Buchenauer D et al, 1990, Rev. Sci. Instrum. 61: 2873  
[8] Yan Longwen et al, 2006, Rev. Sci. Instrum., 77: 113501 
[9] Hutchinson L H 2002 Principles of Plasma Diagnostics(2nd edition), Cambridge: Cambridge Univ. Press, p.77,79 
[10] Wesson J, 2003, Tokamaks (3rd edition), Oxford: Oxford University Press, p.546 
[11] Pitcher C S and Stangeby P C, 1997, Plasma Phys. Control. Fusion 39: 779 

272



Soft x-ray PHA diagnostic for the electron 

temperature measurement on EAST 

Ping Xu, Shiyao Lin, Liqun Hu, and the EAST Group 

Institute of Plasma Physics, Chinese Academy of Sciences 

Abstract: Two soft x-ray Pulse Height Analysis(PHA) systems, based on silicon drift 
detector(SDD), has been established on the EAST tokamak to measure spectrum of soft x-ray 
emission, one system consisting of 5 single SDDs is installed on EAST horizontal port A , the 
other system including one 10-channel SDD linear array on the horizontal port C. At photon 
energy of 5.9 keV, the energy resolution of 150-180 eV is achieved for the SDD with Peltier 
cooling, the SDD can maintain a good energy resolution even if the count rates up to 100 kHz. 
The MCA(Multi-Channel Analyzer) system which is the electronic part of PHA system has been 
modularized and linked to PC through LAN, the time-resolution and the whole collecting time can 
be conveniently adjusted by certain detecting software, therefore these PHA systems can be 
applied in the steady-state long pulse discharges of several minutes. By analyzing the soft x-ray 
spectra obtained from these PHA systems, the profiles of electron temperature can be readily 
derived with spatial resolution 7cm. In this paper, soft x-ray PHA systems on EAST are introduced, 
some experimental results of electron temperature of EAST typical discharge obtained from the 
soft x-ray PHA diagnostic is presented. 
Key words: EAST, Pulse Height Analysis(PHA), Silicon Drift Detector(SDD), electron 
temperature 

1  Introduction 
In many magnetic fusion devices, soft x-ray PHA diagnostic has been routinely used to measure 

the spectrum of soft x-ray emission, and then obtain the electron temperature of plasma and the 
content of some heavy impurities[1-6]. In order to obtain high spatial resolution profiles of 
electron temperature and concentration of some heavy impurities, a compact detector ithe Silicon 
Drift Detector (SDD)[7-9] with high energy resolution and high count rates, which has high 
detecting efficiency in the photon energy range of 1~20keV, has been applied to the soft x-ray 
PHA systems on EAST. Its working temperature is about -10 ¥, cooled by single-stage Peltier 
element which makes the SDD very compact. The energy resolution of SDD can achieve 
150-180eV at 5.9 keV with Peltier cooling. It can be operated at high count rates of 100 kHz 
without significant signal distortion due to pile-up. SDD is very suitable for spatial multi-channel 
PHA measurements on tokamak due to the above advantages. In this paper, Soft x-ray PHA 
systems on EAST and some experimental results from this diagnostic are introduced. In Section 2, 
soft x-ray PHA systems on EAST are described, some typical experimental results are presented in 
Section 3, Section 4 gives the summary. 
2  Soft x-ray PHA diagnostic systems 

EAST is a full superconducting tokamak with major radius R=1.75m and minor radius 
r=0.4m[10], its objective is to study physical issues of the advanced steady-state operation modes 
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and establish technology basis of full superconducting tokamaks for future reactors[10]. Many 
diagnostic systems[11] have been established on EAST in order to get the information of some 
basic plasma parameters, such as plasma current, electron density, electron temperature. Two soft 
x-ray Pulse Height Analysis(PHA) systems, based on Silicon Srift Setector(SDD), has been 
established on the EAST to measure spectrum of soft x-ray emission, one system which consists 
of 5 single SDDs is installed on EAST horizontal port A, the other system including one 
10-channel SDD linear array is mounted on the horizontal port C. All the SDD detectors of the 
two systems are moved from HT-7 tokamak.  

The spatial arrangement of PHA system on EAST horizontal port A and the setup of sight lines 
are showed in Fig.1. The isolated SDD includes SDD crystal, 8mm Be foils, preamplifier, shaping 
amplifier, internal power supplies and active temperature control, all these integrated into a solid 
metal housing. The measuring range is 0~+46.5cm with a spatial resolution about 11.5cm. In order 
to receive the flux of soft X-ray at an appropriate level under varied discharge conditions, 
feedthroughs are used to adjust the size of exchangeable pinholes and the thickness of 
exchangeable Be foils. The system consists of a group of exchangeable Be foils(100μm, 200μm, 
400μm) and a group of exchangeable pinholes(0.3mm, 0.5mm, 0.7mm, 1mm). The Be foils units 
and the pinholes units are set on sector metal plane respectively.   

Fig.2 shows the spatial arrangement of PHA system on horizontal port C and the cutaway view 
of the system. The SDD array views the plasma from r=-14cm to r=+49cm and spatial resolution 
is about 7 cm. Each element of 10-channel SDD linear array is separated by a center-to-center 
distance of 8.5 mm. Feedthroughs are also used to change the size of the exchangeable pinholes 
(0.4 mm, 0.6 mm, 1.2 mm, and 2 mm) and the thickness of the exchangeable Be foils. One group 
of exchangeable Be foils with four Be foils (50 mm, 100 mm, 200 mm, and 400 mm) is placed 
near the pinholes and foils all lines of sight. Near the detectors four sets Be foils that can be 
adjusted independently is arranged. The valves in above two systems(as seen in Fig.1 and Fig.2) 
serves to isolate the torus vacuum system from the diagnositic vacuum system as necessary. All 
the SDDs in the soft x-ray PHA diagnostic are insulated from the torus potential by the thick 
fluoro rubber gasket and Teflon insulator. 

The thickness and sensitive area of each SDD element is 280 mm and 5 mm2  respectively. 
Each element has an 8 mm Be foil in the entrance. In soft x-ray range SDD detector with an 8 mm 
Be foils has high detecting efficiency[6]. To reduce the dark current, the SDD detector is cooled 
down to about 10 °C using single-stage Peltier element. The energy resolution of the SDD is 
about 153 eV at 5.9 keV with 0.5 μs shaping time[5]. The SDD can measure x-ray phonons at 
count rates of about 100kHz without considerable pile-up effect, while maintaining a good energy 
resolution. The MCA(Multi-Channel Analyzer) system which is the electronic part of PHA system 
has been modularized and linked to PC through LAN(Loacal Area Network), the time-resolution 
and the whole collecting time can be conveniently adjusted by certain detecting software, 
therefore these PHA systems can be applied in the steady-state long pulse discharges of several 
minutes on EAST.  
3  Some experimental results

PHA system on port A was applied on EAST during the last three discharge campaigns of 
EAST, but the data from this system is not good owing to many reasons. PHA system on port C 
was established and performed very well in the last EAST campaign, so all the data showing in 
this paper are from this SDD linear system. 
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 A typical waveform of auxiliary heating discharge(limiter configuration) is shown in Fig. 3. 
The plasma current was 250 kA, the toroidal magnetic strength was 2T. The lower hybrid waves 
(LHW) about 750kW power was injected during the time from 1.4 to 3.3 s. As seen in Fig. 3, the 
central electron temperature considerably increased during the injection of Lower Hybrid Wave.
The raw soft x-ray spectra of shot 8460 during the time from 2.7 to 2.8 s derived from nine line 
sights are shown in Fig. 4. The electron temperature profile of shot 8460 during the time from 2.7 
to 2.8 s obtained from above nine line sights is showed in Fig. 5. In this figure, Te profiles under 
OH heating and auxiliary heating conditions with varied lower hybrid wave power are also 
showed, all the shots showing in this figure are limiter configuration discharges, and these shots 
have the same toroidal magenetic strength(Bt=2T), plasma current(Ip=250kA), electron 
density(NeL=1.5 D Nduring the LHW heating phase), the time interval is 100ms and 
choosed in flattop phase. From this figure, it can be clearly seen that Te in half plasma minor 
radius increased considerably during wave-heating phase, and Te profiles become more and more 
steep when more and more LHW power injected compare with the ohmic discharge, when higher 
power LHW was injected, about 750kW, electron temperature was increased by about 650eV. The 
error bars in Fig. 5 represent the statistic errors in fitting procedure of the raw spectrum.  
4  Conclusion and future prospects 
  The use of SDD has allowed to arrange spatial multi-channel configurations for soft x-ray PHA 
diagnostic in tokamak. The soft x-ray pulse height analysis (PHA) diagnostic based on Silicon 
Drift Detector(SDD), has been established on EAST tokamak for the electron temperature 
measurement. Time-resolved radial profiles of electron temperature can be obtained with this 
diagnostic. This diagnostic has demonstrated itself to be a very useful diagnostic tool. High 
energy-resolution of SDD make it suitable for the investigation of heavy impurities. In the next 
plan, further optimize this diagnostic system and make this diagnostic become a real-time 
measurement tool, investigate heavy impurities, and estimate the Zeff value are our target. 
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Figure Caption 

Fig.1 Spatial arrangement of soft x-ray PHA systems on EAST horizontal port A.

Fig.2 Spatial arrangement of soft x-ray PHA systems on EAST horizontal port C. 
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Fig.3 The waveform of shot 8460 with LHW heating. Ip is plasma current, VLOOP is loop voltage,
NeL is the central chord integral electron density, PLHW is the power of lower hybrid wave, SX is 
central chord intensity of soft x-ray emission, Te0 is the central chord averaged electron
temperature derived from soft x-ray PHA diagnostic with 100 ms time-resolution, ECE is the
electron cyclotron emission.

Fig.4 The raw soft x-ray spectra of shot 8460 during the time from 2.7 to 2.8 s. 
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Fig.5 The profiles of electron temperature under OH heating and auxiliary heating(LHW)
conditions with varied lower hybrid wave power.
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Abstract 

A heavy ion beam probe (HIBP) using a 3-MV tandem accelerator has been installed on 

Large Helical Device (LHD). Electrostatic potential can be measured in core plasma 

under the toroidal magnetic field strength of up to 3 T.  By using the HIBP, a transition 

of potential profile from electron-root to ion-root is observed in core plasmas during 

ramp-up of the electron density. Potential fluctuations are also measured during 

controlling the magnetic shear by electron cyclotron current drive (ECCD), and two kind 

of characteristic fluctuations are observed in plasmas with the reversed magnetic shear. 

One is Reversed-Shear-induced Alfven Eigenmode(RSAE) and the other is Geodeisc 

Acoustic Mode(GAM), probably. 
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1. Introduction 

Radial electric field (Er) is a key parameter to determine transport phenomena in 

magnetically confined plasmas. In helical systems, for example, Core electron-root 

confinement (CERC) 1 is obtained by using electron cyclotron heating (ECH)2-7, and the 

improved confinement is considered to be related to the transition of Er predicted by 

neoclassical theory. Thus, understanding of the behaviors of Er is essential to study 

transport phenomena in plasmas. In Large Helical Device (LHD), a heavy ion beam 

probe (HIBP)8 has been developed to measure the electrostatic potential in core 

region9-12. The HIBP also has possibility to measure the potential and density 

fluctuations, simultaneously. Therefore, it is a suitable tool for clarifying the role of Er 

in transport phenomena. 

In this paper, the present status of the HIBP on LHD (LHD-HIBP) is described and 

representative experimental results are shown. In section 2, the LHD-HIBP system is 

described schematically. In section 3, potential profiles during the ramp-up of the 

electron density are shown. In section 4, observations of potential fluctuations in 

plasmas with reversed magnetic shear are presented.  
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2.  LHD-HIBP 

A schematic view of the LHD-HIBP system is shown in Fig.1. For the LHD-HIBP, 

singly charged gold ions(Au+) are injected into a plasma as a primary beam, and doubly 

charged ions (Au2+) ionized by collision with the plasma are detected(referred to as the 

secondary beam). In order to extract the secondary beam from LHD under the toroidal magnetic 

field of 3 T, the primary beam with the energy of up to 6 MeV is required. In previous HIBPs, 

single-end accelerators have been used, but a tandem accelerator is used in LHD-HIBP so as to 

reduce the acceleration voltage. Thus, the required acceleration voltage to obtain the singly charged 

positive ion with energy of up to 6 MeV is reduced to 3 MV. On the other hand, tandem accelerators 

require negative ions as the initial particles. Hence, negative ion sources have been developed since 

early stage of the development of the LHD-HIBP13 - 15. At present, the output current of the 

negative ion source is about 15 μA under the steady state operation. Since the conversion 

efficiency from Au- to Au+ in the gas cell of the accelerator is < 20%, the primary beam current of a 

few microamperes can be extracted from the accelerator. 

   Because the tandem accelerator installed far from the torus of LHD to avoid the 

influence of the stray field of LHD in the accelerator and to maintain the accelerator 

easily, the length of the beam transport line becomes about 20 meters. The beam line for 

the injection consists of electrostatic quadrupole lenses to adjust the focus of the bam, 
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electrostatic deflectors to bend the beam line, and steering electrodes to compensate the 

deflection of the beam trajectory due to the stray magnetic field12. The transport 

efficiency is 30 % at least, and the primary beam current of about 1 microampere can be 

injected into plasma.  

The secondary beam is extracted from a horizontal port and its energy is analyzed by 

using a tandem energy analyzer16.  

  The measurement position is determined by the combination of magnetic field 

strength, beam energy, and injection angles. At present, the observable 

region ranges from  of -0.2 to  of 0.7, where  is the normalized minor 

radius and the positive (negative) sign means the upper-side (lower-side) of 

the equatorial plane. The spatial resolution is determined from the size and 

divergence of the probing beam and the slit height of the energy analyzer. It is 

estimated to be a few cm17.  

 

3. Potential profile measurement during ramp-up of the electron density  

 In helical systems, neoclassical theory can estimate Er through the ambipolarity 

condition of particle fluxes. As reference 1 indicates, for example, neoclassical theory 

predicts Er tends to be positive in plasmas where electron temperature(Te) is higher 

282



5 
 

than ion temperature(Ti), and the solution of ambipolarity condition is referred to as 

electron-root. On the other hands, Er is predicted to be negative when Te ~ Ti and the 

electrons are in the 1/  regime. The solution is referred to as ion-root. In order to test 

such prediction based on the neoclassical theory, the electrostatic potential profiles are 

measured by using the HIBP. 

In the experiments, the electron density is varied from 0.1 to 0.5 x 1019 (m-3) to 

change the temperature and density. The magnetic field strength (Bt) is 1.5 T, the major 

radius of the magnetic axis(Rax) is 3.75 m in the vacuum configuration. The timing of 

ECH and NBI is shown in Fig.2(a) and the power of ECH is 0.4 MW and 8 MW. The 

temporal evolution of the line averaged electron density is shown in Fig.2(b), where an 

impurity pellet is injected in edge region at 1.6 sec. The working gas is hydrogen. The 

energy of the probing beam of the HIBP is 1.376 MeV. The beam is reciprocated at a frequency of 10 

Hz, so a potential profile is measured every 50 ms. 

   The electron temperature profiles are shown in Fig.2(c). During ECH, the Te profile has a hump 

in the central region and the central Te reaches about 2.5 keV, though the error is large because of the 

low electron density. The hump in Te profile disappears after the ECH, and the central temperature 

becomes about 1 keV during NBI.  

Figure 2(d) shows the observed potential profiles. While Te is high and electron density(ne) is 
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low during ECH, the electrostatic potential profile has negative gradient and Er is positive. As ne 

increases, the potential decreases and its gradient changes from negative to positive inside  ~ 0.4, 

that indicates Er changes from positive to negative. According to neoclassical theory, Er will be 

electron-root (positive) in the case the electron temperature is higher than the ion temperature (Ti), 

and Er tends to be negative when Te becomes close to Ti after ECH. Thus, transition from 

electron-root (Er > 0) to ion-root (Er < 0) will occur. Therefore, the observed temporal behaviors of 

the potential profiles can be explained by using neoclassical theory qualitatively. 

 

4. Potential fluctuation measurement 

 One of the advantages of HIBPs is the measurement with the high temporal resolution 

(~ 1MHz). In the case of LHD-HIBP, however, the attenuation of the probing beam in 

plasmas is severe, and the fluctuation measurement is not easy because of the poor 

signal to noise ratio. Nevertheless, since the attenuation strongly depends on the 

plasma density, potential fluctuation with the amplitude of about 50 V or more can be 

observed in core region of the plasma as long as the line averaged density is lower than 

0.5 x 1019 (m-3), at present. One of results of potential fluctuation measurement is shown 

below. 

In LHD, a method to control the rotational transform actively by electron cyclotron 
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current drive (ECCD) has been developed18-20. Characteristic behaviors of potential 

fluctuations are observed in core plasmas by using the HIBP during ECCD17. 

The experiments have been performed under Bt of 1.5 T and Rax of 3.75 m, and the 

working gas is hydrogen. The plasma is produced and sustained by tangential NBI from 

0.4 s to 2.4 s, and Co- and Counter- NBI are balanced to minimize the beam-driven 

plasma current. Electron cyclotron current drive (ECCD) is superposed from 1.0 to 1.6 s. 

The line integrated electron density is 0.1 x 1019 (m-3) and constant, and the central 

electron temperature is 4.0 and 1.0 keV with and without ECCD, respectively. Reference 

20 shows that ECCD in the co-direction near the magnetic axis increases the rotational transform 

and the rotational transform (safety factor) profile comes to have a local minim (maximum) at 

around  ~ 0.5. 

Figure 3(b) shows the temporal evolution of the frequency spectrum of the potential 

fluctuation. Note the Fig.3(b) includes the spatial structure as well as the temporal 

evolution because the measurement position of the HIBP is reciprocated from  ~ 0.1 to 

~ 0.4 at a frequency of 10 Hz as shown in Fig.3 (a). During the superposition of ECCD 

(1.3  1.9 s.), some modes are observed in the frequency range of 40  120 kHz and their 

frequencies change gradually with the time constant of a few hundred milliseconds, 

though Te and ne are constant. They are also observed by magnetic probes as shown in 
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Fig.3(c). The time constant of the frequency shift seems to reflect the change in the 

rotational transform profile, and the observed fluctuations are inferred to be 

Reversed-Shear-induced Alfven Eigenmodes (RSAEs)21-23, which is observed in plasmas 

with the reversed magnetic shear induced by using neutral beam current drive 

(NBCD)24, 25. 

 In addition to that, another coherent mode with the constant frequency of 32 kHz 

during ECCD and 19 kHz just after ECCD is observed. The frequency spectra of the 

potential fluctuation and normalized intensity fluctuation of the HIBP in a plasma with 

the reversed magnetic shear, are shown in Fig.2(d) and (e). The latter fluctuation 

reflects the normalized density fluctuation. The coherent mode is observed in the 

density fluctuation as well as the potential fluctuation. The frequency does not depend 

on the rotational transform but depends on Te as shown in Fig. 4. Since the frequency 

seems to depend on eT , a candidate of the mode is Geodesic-Acoustic-Mode (GAM)26,27, 

which is excited as a low frequency RSEA including the compressibility28.  

The spatial distribution of the modes can be measured by using the HIBP during the 

sweep of the probing beam. Reference 17 shows that the mode is excited near the 

magnetic axis where the rotational transform(safety factor) is low(high). Theoretical 

studies29, 30 indicate that the GAM in helical plasmas tends to exist in the core region 
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where the rotational transform is small and the damping of the GAM oscillation is 

mitigated. Judging from the temperature dependence of the frequency and the spatial 

structure, the observed low frequency mode is probably GAM.  

 

5. Summary 

  An HIBP using a 3-MV tandem accelerator has been installed on LHD. Potential 

profiles can be measured in core region by use of the HIBP. 

The transition of Er from positive to negative is observed during ramp-up of the 

electron density, and the behavior can be explained by neoclassical theory qualitatively. 

Potential fluctuations are measured in low density plasmas. Two kind of 

characteristic fluctuations are observed in plasmas with the reversed magnetic shear 

produced by ECCD. One of the fluctuations has constant frequency during the evolution 

of the rotational transform profile, and the frequency depends on the electron 

temperature, and the mode is probably GAM. The frequencies of the others vary 

gradually as the rotational transform is reversed, and the modes are probably RSAE. 
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Fig.1   Schematic view of LHD-HIBP system. 
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Fig.2 (a) Timing of ECH and NBI. (b)Line averaged electron density. (c)Electron 
temperature profiles. (d) Potential profiles. The profiles are measured in hatched period 
in (b).  
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Fig.3  (a)Normalized minor radius of measurement position of the HIBP. (b) Temporal 
evolution of the electrostatic potential fluctuation. Note that the measurement position 
moves as shown in figure (a).  (c) Temporal evolution of the magnetic fluctuation. 
ECCD is applied from 1.0 to 1.6 sec in the co-direction. (d) and (e) Frequency spectra of 
potential fluctuation and normalized intensity fluctuation of the HIBP, which reflects 
the normalized density fluctuation, just after ECCD. The measurement position is at  
~ 0.15.  
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Fig.4  Temperature dependence of the frequency of the GAM-like mode. 
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Heliotron J is a flexible concept exploration facility for the helical-axis heliotron concept, where the bumpiness ( b)
is introduced as the third measure to control the neoclassical transport in addition to the helicity and toroidicity. The 
effects of b-control on the plasma performance are investigated in Heliotron J from the viewpoints of the fast ion 
confinement, global energy confinement. The effect of the bumpiness on the global energy confinement for NBI-only 
and ECH-only plasma has been investigated for the selected three different b configurations. A favorable energy 
confinement was obtained in the high- b configurations for NBI-only plasma, which could be attributed to the 
improvements in the energetic ion confinement in the high- b configuration. Foe ECH-only plasma, however, the 
medium- b configuration shows the longest global energy confinement time. 

1. Introduction 
The advanced helical concepts try to reduce the ripple-loss through recovering the symmetry of the confinement field 

(quasi-symmetry concept) or tailoring the Fourier harmonics of the confinement field, mnB , in the Boozer coordinates 
(quasi-omnigeneous concept). The helical-axis heliotron [1] concept is developed by introducing an idea based on the latter 
line to a device having a pitch-modulated helical coil set for realization of the confinement field. The Heliotron J device with
an L M 1 4  helical coil [2, 3] is a concept exploration facility for this concept. Here, the bumpiness ( b 04 00B B ) is 
introduced as the third measure to control the neoclassical transport [4] in addition to the other major field harmonics, helicity 
( h 14 00B B ) and toroidicity ( t 10 00B B ).  

The configuration control studies are essential parts of the Heliotron J experiment since one of the major objectives of 
the Heliotron J project is to extend the understanding of the related roles of configuration parameters (the rotational transform 
( ), the field harmonics, magnetic well, magnetic shear, etc.) in transport reduction, MHD activity control and/or 
non-inductive toroidal current control in the omnigeneous optimization scenario.  

As for the effects of the rotational transform control, the ECH, NBI and their combination heating experiments in 
Heliotron J have revealed the existence of windows in the vacuum edge rotational transform vac(a)  for the transition to the 
high quality “H-mode like” discharge mode [5]. Here, vac(a) is used just as a label of the field configuration since (r)  can 
be easily modified by the plasma pressure and/or current in a low-shear device. The modification of the edge field topology 
and divertor plasma distribution caused by non-inductive current has been observed in Heliotron J [6]. Moreover recent 
NBI-only plasma experiments suggest the causal relation between the onset of the transition to an improved confinement 
mode and (r)  modification due to the plasma current [7, 8]. Since it has been observed that the bootstrap current and 
ECCD current are affected by the bumpiness tailoring [9, 10, 11], more detailed study of bumpiness effects on the 
non-inductive current formation is necessary from a viewpoint of configuration control. On the other hand, the b-control 
experiments indicated that the fast ion confinement produced by NBI or ICRF heating is better in higher b configuration 
[12, 13, 14, 15], which is qualitatively consistent with the expectation from the drift optimization viewpoint. As for the 

b-effects on the bulk plasma performance, however, we have observed different dependence between NBI- and ECH-only 
plasmas [16]. It is necessary to make it clear the role of the bumpiness control in the anomalous and neoclassical transport, 
and, therefore, in the confinement improvement. 

This paper reviews recent configuration studies in Heliotron J, especially focusing on the bumpiness control effects on 
the global energy confinement.  

2. Experimental setup 
The details of the Heliotron J device ( 0R 1.2 m, 0B 1.5 T) is described in [2, 3]. A top view of the plasma ring has 

a square shape with four “straight” and “corner” sections as shown in Fig. 1, where the toroidal shape of the 0.9
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Fig. 1 Top view of the magnetic-surface shape (at  = 0.9) 
for the standard configuration. The nested magnetic 
surfaces and the mod-B surfaces at two poloidal 
sections (straight and corner sections) are also 
illustrated. 
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magnetic-surface for the standard configuration of Heliotron J 
is illustrated. The color index indicates the strength of the 
confinement field |B|. At the corner section, where |B| decreases 
along the major radius like that in tokamaks, while at the 
straight section, it is designed to make a weak saddle-type field 
gradient.  

The field configuration is controlled by using the five sets 
of the external coils, the helical (+ vertical) coil (HV), two 
individual sets of the toroidal coils (TA and TB) and two sets of 
the vertical field coils (AV and IV). The bumpiness is mainly 
controlled by changing the current ratio of TA and TB coils, ITA

and ITB, respectively. Trimming of the vertical field can make it 
possible to control b within tolerable deformations of h and t,

vac(a) , the plasma volume and the averaged major radius.  
The initial plasma is produced by using the second 

harmonic X-mode ECH (70 GHz, < 0.45 MW) launched from a 
top port located at one of the straight sections. The hydrogen 
neutral beam (< 30 keV, < 0.7 MW/beam-line) is injected using 
two tangential beam-lines facing each other (BL-1 and BL-2). 
Selecting one of the two beam-lines or changing the direction 
of the confinement field, Co- or CTR-injection is performed. 
ICRF heating is performed by using two sets of loop antenna 
installed on the low-field side at a corner section of the torus 
(fICRF ~ 19-23 MHz, Pinj < 0.4 MW/antenna). The locations of 
heating equipments are also shown in Fig. 1. 

3. Bumpiness control experiments 
To examine the bumpiness control effects on the plasma 

performance, we have selected three configurations with b

0.15 (high b), 0.06 (medium b) and 0.01 (low b) at  = 2/3 
[17]. Here, the magnetic axis position at the ECH launching 
section, the plasma volume (~ 0.7 m3), the edge rotational 
transform ( vac(a) 0.56 ) are kept almost constant. The 
standard configuration of Heliotron J corresponds to the 
medium- b case. Figure 2 shows the variation of the magnetic 
field strength along the magnetic axis for several b

configurations as a function of the toroidal angle, where the 
field strength at the straight section (  = 0 ) is set constant to 
keep the ECH resonance condition. The DCOM [ 18 ] 
calculation indicates that the numerical sequence of the 
“effective helical ripple” eff [19] for the three configurations is 
not the same as that of b, i.e., eff’s at = 2/3 for the low-, 
medium- and high- b configurations are 0.26, 0.13 and 0.22, 
respectively [17].  

3.1. Bumpiness effects on the global energy confinement  
in NBI-only plasma [16, 20]

Figure 3 shows the plasma stored energy measured with a 
diamagnetic coil system, dia

pW , as a function of the absorbed 
NB power ( NBI

absP ) for the high-, medium- and low- b

configurations. Here, the H0-beam is injected tangentially into 
deuterium plasma after the plasma initiation by a short pulse of 
ECH. To compare the data for non-transition plasmas even in 
higher input power condition, NB is injected to the 
CTR-direction, where no transition phenomena have been 
observed so far [7, 8]. These data were obtained at a fixed 

Fig. 3 Stored energy obtained in high-, medium- and low- b
configurations as a function of absorbed beam power 
for NBI-only plasmas [16]. 
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Fig. 2 The field strength along the magnetic axis for several 
bumpiness configurations [11]. 
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density condition of 19
en 2 10  m-3. The beam absorption 

profile is evaluated by FIT [21] and the orbit-loss fractions in 
the high-, medium- and low- b cases are 25%, 26% and 29%, 
respectively. As shown in the figure, dia

pW  in the high- and 
medium- b configurations is clearly high compared to that in 
the low- b case. The difference between the high- and 
medium- b is not so clear but dia

pW  in the high- b

configuration seems higher than that in the medium- b one. To 
take into account the differences in R , ap  and |B| for these 
configurations, the comparison of the experimentally 
evaluated global energy confinement time ( dia

E ) with the 
International Stellarator Scaling ( ISS95

E ) is plotted in Fig. 5(a), 
assuming the similar dependence of E on R , ap  and |B| for 
Heliotron J NBI plasmas as that in the International Stellarator 
Scaling. Also from this comparison, it is found that the data 
for the high- and medium- b configurations are better than 
those for the low- b case.  

Since the data plotted in Fig. 5(a) are obtained at the 
same en  condition, the difference in dia

pW (or dia
E ) should 

be attributed to the difference in temperature. Actually, the 
bulk ion (D+) temperature, which is evaluated with a CX-NPA, 
increases as increase of b; the ion temperature at NBI

absP
200 kW in the high-, medium- and low- b cases were 0.23, 
0.20 and 0.18 keV, respectively. Moreover, the signal intensity 
of the electron cyclotron emission (IECE) from the core region 
also indicates the higher electron temperature in higher b case 
as shown in Fig. 6. As increasing NBI

absP , IECE’s in high- and 
medium- b cases are increased, while the dependence of IECE

on NBI
absP  is weaker in the low b configuration.  
The similar comparison of dia

E  for ECH-only plasmas 
is plotted as Fig. 5(b) for reference. For ECH-only plasmas, 
only the data of 19

en (1.0 1.5) 10 m-3 are plotted from the 
previous ECH plasma database [17, 22 ] to exclude the 
H-mode data. The lower density ( 19

en 1.0 10  m-3) data are 
also excluded. The data for ECH-only plasmas show that the 
best performance seems to be in the medium- b case, which 
has the lowest eff in the examined three configurations, and 
the difference between the high- and low- b cases is not so 
clear, at least in this density range. Although the effect of the 
effective helical ripple has been discussed to explain the 
observation, more detailed studies are necessary to reach a 
conclusive answer. 

To understand the observed difference in the 
b-dependence of dia

E  (or dia
pW ) between NBI- and 

ECH-only plasmas, we should consider two possibilities 
besides the density dependence; one is the difference in the 

b-dependence of the transport and the other is that in the 
“effective” heating efficiency. Since a different heating 
method might cause a different radial electric field structure in 
the plasma, the difference of the transport should be discussed 
taking into account the effect of the radial electric field. As for 

the latter possibility, we have found in the previous experiments that the characteristic decay time of the high energy CX flux
after turning-off of NBI became longer as increasing bumpiness [12]. Since the heating source is only the fast ions in 
NBI-only plasmas, the improved confinement of the energetic ions would contribute to increase the plasma temperature. 
Therefore, it is considered that the improved confinement of the energetic ions would increase the plasma temperature and 

Fig.5 Comparison between dia
E and ISS95

E for (a) NBI-only 
plasmas [16] and (b) ECH-only plasma. 
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raise the plasma performance in the high- b configuration. In the low- b configuration, on the other hand, the less heating due 
to the poor confinement of the energetic ions might enhance the degradation in the plasma performance between these 
configurations.  

4. Summary
The recent configuration study in Heliotron J is reviewed, especially focusing on the bumpiness control effects on the 

global energy confinement. 
The effect of the bumpiness on the global energy confinement for NBI-only plasmas and ECH-only plasma has been 

investigated. For NBI-only plasma, a favorable energy confinement was obtained not only in the medium bumpiness 
configuration, which shows better global energy confinement for ECH-only plasma than the high- or low- b configuration, 
but also in the high bumpiness configurations. It is considered that the improved confinement of the energetic ions increases 
the plasma temperature and raises the plasma performance in the high- b configuration.  

In Fig. 5, we assume the similar parameter dependence for Heliotron J plasma as that in the International Stellarator 
Scaling. However, the actual parameter dependence for Heliotron J plasma is still an open question, including the effects of 
the heating scenario. More detailed studies are under progress. 
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Abstract   The Ion Cyclotron Resonance Heating (ICRH) system which can provide no less than 
10MW radio frequency (RF) heating power (frequency range from 25MHz to 100MHz) is being 
set up for the experimental advanced superconducting tokomak (EAST) in the institute of plasma 
physics. System includes High-power and wide-frequency radio amplifier, liquid phase shifter and 
resonant double loop (RDL) antenna. Now one ICRH system unit whose ultimate output is 
2.5MW has been set up and employed for RF heating experiment and maximum of the injected 
RF power reached to 200kW in 2008 EAST tokomak experiment. The results of ICRH heating are 
satisfying. 
Key words   Ion Cyclotron Resonance Heating; radio amplifier; liquid phase shifter; antenna 
 
1  Introduction 

Ion cyclotron resonance heating is an important method of heating plasma by using RF wave 
(frequency range from 10MHz to 200MHz) in Tokomak experiment. An ICRH system is being set 
up for EAST in the institute of plasma physics, which can provide no less than 10MW RF heating 
power (frequency range is from 25MHz to 100MHz and pulse length is more than 1000s). This 
ICRH system comprises one ICRH unit whose ultimate output power is 2.5MW and five ICRH 
units, each of which can provide 1.5MW RF heating power. The 2.5MW ICRH system has been 
completed, and the other three 1.5MW ICRH systems are under way of construction. 

Fig.1 is the schematic diagram of ICRH system. The working theory of ICRH system is that 
RF signal is amplified by RF amplifier and propagated to antenna through transmission line, and 
then RF power is fed in plasma. Liquid phase shifter is the equipment which can regulate the 
phase of RF wave. The 2.5MW ICRH system is introduced as an example in this paper. 

 
Fig.1 schematic diagram of ICRH system 

 
2  RF amplifier 

RF amplifier is the RF power source of 2.5MW ICRH system. Its technical indexes are: 
 Maximum output power: 2.5MW. 
 Maximum pulse duration: 1000s. 
 Frequency range: 25MHz-100MHz. 
 Output impedance: 50Ω. 
 Bandwidth with 50Ωload: 2MHz (-3dB). 

The schematic diagram of 2.5MW RF amplifier is shown in Fig.2. The RF power from the 
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signal generator is processed by the waveform generator (power level, duration time, rise time, fall 
time and other parameters which specify the waveform of the output RF power can be set). Then 
the RF power is amplified by the intermediate power amplifier (IPA), the drive power amplifier 
(DPA) and the final power amplifier (FPA) in turn and fed into plasma through the antenna. The 
output RF power of IPA is 6kW. DPA has 150kW output RF power and its tetrode tube is 
4CW100000E. FPA has 2.5MW output RF power and its tetrode tube is 4CW2500KG. The anode 
power supply for the tetrode tube of the FPA is adopted the pulse step modulation (PSM) 
technology and has 3MVA maximum output power, 30kV output voltage and 100A output current. 
All important parameters in RF amplifier are taken into the protection circuit, such as the ratio of 
the reflected RF power to the incident RF power, voltages and currents of all power supplies, the 
flow rate and temperature of cooling water and the air quantity of forced airflow. When any 
parameter of them exceeds the threshold, the protection circuit will stop the output of the RF 
wave. 

 
Fig.2 2.5MW RF amplifier 

The input impedance matching circuit of FPA consists of an input tuning stub and an input 
matching capacitor. With variable capacitance and inductance, the input impedance can be 
matched from 25MHz to 100MHz frequency range. The double coaxial output cavity is adopted 
for the FPA output cavity in order to cover the wide frequency range, as shown in Fig.3. The 
output cavity is made of copper plates and its length is 3m. The cross section of the outer 
conductor is a square 0.9m long one side. The cross section of the intermediate conductor is a 
12-regular polygon, the diameter of whose inscribed circle is 676mm. The cross section of the 
inner conductor is a circle whose diameter is 460mm. Two movable stubs are installed in the 
cavity. One between the outer and intermediate conductors is the matching stub and the other 
between the intermediate and inner conductors is the tuning stub. The anode of the tetrode tube is 
attached to the inner conductor through the blocking capacitor. The RF power is extracted via an 
external output coaxial transmission line. The inner conductor of the output coaxial transmission 
line is connected to the intermediate conductor of the FPA cavity. The outer conductor of the 
output coaxial transmission line is connected to the outer conductor of the FPA cavity. Force 
airflow is led inside the double cavity to remove ohm heat loss on the copper plates. The purified 
water is used to cool the tetrode tube and its flow rate is no less than 40m3/h with 5kg/cm2 
pressure [1]. Another important parameter is the ion pump current which indicates the vacuum 
pressure in the tetrode tube and is always monitored when the tetrode tube is in operation. Arcing 
will occur if the ion pump current is too high and the DC power supply will be shut off in 10μs to 
protect the tetrode tube. 
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Fig.3 structure diagram of FPA 

 
3  Liquid phase shifter 

Liquid phase shifter is a section of transmission line and filled with silicon oil between its 
inner conductor and outer conductor, as shown in Fig.4. Because the dielectric constants of air and 
silicon oil are different, when RF wave propagates in the oil, its phases and wavelength will 
change [2]. By changing the length of oil in the liquid phase shifter, the phase of RF wave can be 
regulated to make the RF power be fed in plasma more efficiently through the antenna. The 
maximum length and the diameters of the inner and outer conductor of the liquid phase shifter are 
10m, 100mm and 300mm respectively. According to the dielectric constant of silicon oil (2.2), the 
characteristic impedance of liquid phase shifter is calculated to be 30.3Ω.  

 

 
Fig.4 liquid phase shifter 
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4  RDL antenna 
The RDL antenna has the merits of low voltage standing wave ratio, fast impedance matching 

and high power density. Fig.5 is the structure diagram of RDL antenna. In the RDL antenna 
scheme, a vacuum variable capacitor is connected to each terminal of the current strap, and RF 
power is fed via the feeder at the position which has the distance of 0.18la (la is the length of the 
current strap) to the centre of the current strap [3]. The current strap and these two capacitors form 
two RLC circuits. Variable capacitance and inductance is required to make the impedance of 
antenna and transmission line be matched over the frequency and load ranges. The length and 
width of the current strap are 540mm and 110mm respectively. The used vacuum capacitor is 
CVZV_150DW/90-AAB-JKNT. Its withstand voltage peak is 90kV and variable capacitance 
range is from 15pF to 150pF. The function of fluid drive is to regulate the distance between the 
antenna and the centre of plasma. There are two RDL antennas in each ICRH window of ESAT.  

 
 

 
Fig.5 structure diagram of RDL antenna 

 
5  Experimental data 

In 2008 EAST tokomak experiment, the 2.5MW ICRH system has been employed for RF 
heating experiment. Fig.6 is the waveforms of No.7603 and No. 7606 EAST tokomak discharge. 
We can read that maximum of the injected RF power has reached to 200kW and the pulse length is 
800ms. 
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Fig.6 No.7603 and No.7606 EAST tokomak discharge 
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