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In H-mode plasmas, two-dimensionally steep structures of the potential and density are formed, when a large 
poloidal flow exists, and its formation mechanism has been studied for quantitative understanding of the particle 
transport in the H-mode transport barriers. Extension of the previous two-dimensional model is carried out to investigate 
parallel flow dynamics, when potential and density distributions do not satisfy the Boltzmann relation. The extended 
model includes the generation mechanism of a poloidal shock structure and a geodesic acoustic mode, and their 
competitive formation can be studied. 
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1. Introduction 
A variety of structures are formed in the toroidal 

plasmas, and their formation mechanism is one of the keys to 
understand the transport phenomena. The typical example 
appears in the high-confinement mode (H mode) [1]. The 
steep radial electric field plays an important role for turbulent 
suppression in H-mode transport barriers [2]. In addition, a 
poloidally steep structure can be formed, associated with a 
large poloidal flow. Theories have predicted that the poloidal 
shock can appear in H-mode plasmas [3,4]. The poloidal 
shock structure is a steady density or potential jump in the 
poloidal direction, resulting from the plasma compressibility 
and the inhomogeneity of the magnetic field by the toroidicity, 
and is important, because it induces radial particle fluxes to 
accelerate the density pedestal formation on the L/H transition 
[5 ]. Some experiments have indicated the existence of 
poloidal asymmetry [6,7]. Therefore, it is important to 
understand the formation mechanism of H-modes by 
analyzing the two-dimensional (2-D) electric field structure. 

We have extended the one-dimensional (1-D) model in 
tokamak H modes to give 2-D structures, taking into 
consideration of coupling between different magnetic surfaces 
by shear viscosity, and obtained 2-D potential and density 
structures in edge transport barriers [5]. Our evaluation 
clarifies the non-negligibility of the particle transport arising 
from poloidal asymmetry, and the self-consistent mechanism 
of the density pedestal formation on the L/H transition [8]. 

In this paper, extensions of the previous 2-D model are 
carried out to investigate two effects on the structural 
formation, i.e., the deviation from the Boltzmann relation and 
the parallel flow dynamics. The distribution of the potential 
and density different from the Boltzmann relation contributes 
to induce a particle pinch [8], and the parallel flow dynamics 
is important to obtain the flow pattern, which contributes to 
the structural formation [2]. These extensions enable to 

analyze the geodesic acoustic mode (GAM) [9], which is the 
oscillatory zonal flow, caused by compressibility of the E × B 
flow in the presence of the geodesic magnetic curvature [10]. 
The zonal flow nonlinearly interacts with turbulence and 
determines the transport level. Therefore, many experimental 
observations have been made to clarify the role of the zonal 
flow in plasma confinements [11]. Both the poloidal shock 
and the geodesic acoustic mode induce density asymmetry in 
the magnetic flux surface, so their competition must be 
examined to deepen our understanding of the transport barrier 
physics. 

The paper is organized as follows. The derivation of the 
model equations is described in Sec. 2. In Sec. 3, the extreme 
cases with a large and small poloidal flow are shown to 
deduce the formation mechanism of the poloidal shock and 
the GAM. The summary is presented in Sec. 4. 
 

2. Set of Model Equations 
For analyzing the potential, the density and the flow 

velocity, a set of fluid equations consists of the momentum 
conservation equation, the continuity equation of the density, 
the charge conservation equation, and the Ohm’s law: 
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where mi is the ion mass, V

r
 is the flow velocity, J

r
 is the 

current, p is the pressure, πr  is the viscosity. We assume 
density n = ni = ne for simplicity, where ni and ne are the ion 
and electron density, respectively. We consider a large 
aspect ratio tokamak with a circular cross-section and the 
coordinates (r, θ, φ) are used (r: radius, θ: poloidal angle, φ: 
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toroidal angle). The magnetic field is taken to be 
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where ε is the inverse aspect ration. Using Eq. (4), the flow 
velocity can be written to be 
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where 
pp BnVK ≡ ,    (7) 

and Φ is the potential. Using Eq. (6), Eq. (2), the poloidal 
and parallel component of Eq. (1) are given to be 
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respectively. Isothermal electrons and adiabatic ions are 
assumed. The viscosity of ions iπt  is divided into two 
terms: the bulk viscosity given by a neoclassical process 
[12], and shear viscosity given by an anomalous process [2]. 
The forms of viscosity terms are represented in Ref. [13]. 

The 2-D structures of the potential, the density and the 
flow velocity are obtained. These variables are divided into 
the average part and the perturbation part: f = f0(r) + f1(r, θ), 
where f represents each quantity. The variable K is replaced 
by Mp, which corresponds to the poloidal Mach number and 
defined as 

rti

0
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where iiti 2v mT= , ( )ie
2

r 265 TTC += , Ti and Te is 
the ion and electron temperature, respectively. Here, the 

shock ordering, which is the perturbations to be O(ε 1/2), is 
adopted. In the case in which Mp ~ 1, the steep structure in 
the poloidal direction is formed, and the perturbations 
become larger than O(ε). The set of equations for obtaining 
Mp0, Mp1, Φ1, n1 is derived from Eqs. (8-10), assuming Vr / 
Vp << 1, which is satisfied, even if a strong poloidal shock 
exists: 
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µ̂  is the shear viscosity coefficient, and the form of Ips is 
represented in Eq. (10) of Ref. [4], and depends on Mp and 
the collision frequency [14]. The variables n1 and Φ1 are 
replaced by χ and E1 in this set, respectively. Time t is 
normalized as ptt=τ , where 

rtip0

0
p v CB

rB
t = .

    (20) 

Eqs. (13) and (14) are the flux surface average and the 2nd 
order of Eq. (9), respectively. Current J is obtained from Eq. 
(3), which includes polarization current tE ∂∂⊥ r0εε , and 
external components as driven by an electrode, orbit losses, 
etc. [15], where ε0 is the vacuum susceptibility, and ε⊥ is the 
perpendicular dielectric constant of a toroidal plasma, which 
depends on the flow pattern and is of the order of c2 / vA

2, 
where vA is the Alfvén velocity [2]. 
 

3. Formation Mechanisms of Poloidal Asymmetry 
A set of model equations consists of Eqs. (12-15). This 

extended model includes the generation mechanism of the 
poloidal shock structure and the GAM. Some simplified cases 
are described to depict the fundamental mechanisms in this 
section. 
 
3.1. Poloidal Shock Structure 

The key mechanism for poloidal shock formation is in 
the momentum conservation Eq. (1). With the existence of the 
large poloidal flow, nonlinear effects in the convective 
derivative and the density gradient generate the poloidal 
shock structure by coupling with toroidicity. Assumption of 
Boltzmann relation 
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and strong toroidal flow damping 
Vφ = 0,    (22) 

which makes Mp to be proportional to the radial electric field, 
give a simplified set of equations. Equation (14) is given to be 
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In this case, an iterative process can be taken to obtain the 
solution, i.e., time evolution of the 2-D structure is calculated 
from Eq. (23) by substituting Mp0 obtained by Eq. (13). Then, 
using Boltzmann relation (21), the potential profile is obtained. 

Figure 1 shows the example of the 2-D structure (the detail of 
the simulation parameters is presented in Ref. [8]). With a 
prescribed inhomogeneous density profile as shown in Fig. 1 
(a), normal and enhanced radial electric field branches are 
taken in the small and large gradient regions (near the 
boundary r - a = -5, 0 [cm], where r = a is the position of the  
 

     

(c)  

  (d)

-140

-70

0

70

0 1 2
θ / π

E p
 [V

/m
]

(r  - a  = -2cm)
 

Fig.1  (a) Radial profiles of the density (n) normalized by 
the density at the edge r = a (na) (solid line), and the 
reciprocal of the density scale length (dashed line). 
(b) Radial profiles of the radial electric field at θ = 0 
(Solutions of the 1-D and 2-D model), and (c) 2-D 
structure of the potential perturbation. (d) Poloidal 
profile of the poloidal electric field at r - a = -2 [cm] 
in spontaneous H mode. 
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last closed flux surface), respectively, and a critical layer is 
formed between these regions (at r - a ~ -1 [cm]). The steep 
gradient of the radial electric field is formed in this layer. 
The radial electric field profiles in the radial direction are 
shown in Fig. 1 (b) by solving the 1-D and 2-D model. The 
2-D structure of the potential perturbation is shown in Fig. 1 
(c). There exists a poloidal structure, and Fig. 1 (d) shows 
the poloidal electric field profile. The poloidal shock 
structure exists at θ ~ 0.2π - 0.5π in this case. 
 
3.2. Geodesic Acoustic Mode 

The GAM exists in the toroidal plasmas by coupling 
between the (m, n) = (0, 0) electrostatic potential and (1, 0) 
sideband density perturbation, where m and n are the poloidal 
and toroidal mode number, respectively [10]. Taking the 
ordering that perturbations have O(ε) with a small poloidal 
flow, Eq. (12), flux surface average of Eqs. (13) + (14) and Eq. 
(15) with µ̂  = 0 are give to be 
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respectively. This set of equations describes the GAM 
oscillation. If the density perturbation has a sinθ dependency 
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Eqs. (24-26) gives the dispersion relation 
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where Ω is the oscillation frequency and kθ is the wave 
number in the poloidal direction. The time is normalized by 
tp shown in Eq (20), and the frequency in real unit is given 
to be 
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where q is the safety factor. 
 

4. Summary 
The extended set of fluid equations, which consists of 

the momentum conservation equation, the continuity equation 
of the density, the charge conservation equation, and the 
Ohm’s law, is derived to obtain 2-D structures of the potential, 
the density and the flow velocity in H-mode transport barriers. 
This model includes the generation mechanism of the 
poloidal shock structure and the GAM, and their 
competitive formation can be studied. The derivation is the 
first step to analyze the multi-dimensionality of transport in 
the toroidal plasmas, which gives quantitative understandings 
of the transport barrier physics. 
 

Acknowledgement 
Authors acknowledge discussions with Prof. S.-I. 

Itoh, Prof. M. Yagi, Prof. A. Fukuyama and Prof. Y. 
Takase. This work is partly supported by the Grant-in-Aid 
for Specially-Promoted Research (16002005) and for 
Scientific Research (19360418) of MEXT, by Research 
Fellowships of the Japan Society for the Promotion of 
Science for Young Scientists, and by the collaboration 
programs of NIFS (NIFS06KDAD005, 
NIFS07KOAP017) and of RIAM of Kyushu University. 
 

References 
 
[1] F. Wagner et al., Phys. Rev. Lett. 49, 1408 (1982). 
[2] K. Itoh, S.-I. Itoh and A. Fukuyama, Transport and 

Structural Formation in Plasmas (IOPP, Bristol, 1999). 
[3] T. Taniuti, H. Moriguchi, Y. Ishii, K. Watanabe and M. 

Wakatani, J. Phys. Soc. Jpn. 61, 568 (1992). 
[4] K. C. Shaing, R. D. Hazeltine and H. Sanuki, Phys. Fluids B 

4, 404 (1992). 
[5] N. Kasuya and K. Itoh, Phys. Rev. Lett. 94, 195002 (2005). 
[6] A. Mohri and M. Fujiwara, Nucl. Fusion 14, 67 (1974). 
[7] R. J. Taylor, P. Pribyl, G. R. Tynan and B. C. Wells, in Proc. 

of 15th International Conference on Plasma Physics and 
Controlled Nuclear Fusion Research, Seville, 1994 (IAEA, 
Vienna, 1995) Vol. 2, p. 127. 

[8] N. Kasuya and K. Itoh, submitted to Nucl. Fusion (2006). 
[9] N. Winsor, J. L. Johnson and J. M. Dawson, Phys. Fluids 11, 

2448 (1968). 
[10] For a review, e.g. P. H. Diamond, S.-I. Itoh, K. Itoh and T. S. 

Hahm, Plasma Phys. Control. Fusion 47, R35 (2005). 
[11] For a review, e.g. A. Fujisawa et al., Nucl. Fusion 47, S718 

(2007). 
[12] K. C. Shaing, E. C. Crume and W. A. Houlberg, Phys. Fluids 

B 2, 1492 (1990). 
[13] N. Kasuya and K. Itoh, J. Plasma Fusion Res. 81, 553 

(2005). 
[14] N. Kasuya and K. Itoh, Phys. Plasmas 12, 090905 (2005). 
[15] N. Kasuya, K. Itoh and Y. Takase, Nucl. Fusion 43, 244 

(2003). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


