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Radial structures of plasma rotation and radial electric field are experimentally studied in 

tokamak, heliotron/torsatron and stellarator devices. The perpendicular and parallel viscosities are 

measured. The parallel viscosity, which is dominant in determining the toroidal velocity in 

heliotron/torsatron and st^Uarator devices, is found to be neoclassical. On the other hand, the 

perpendicular viscosity, which is dominant in dictating the toroidal rotation in tokamaks, is 

anomalous. Even without external momentum input, both a plasma rotation and a radial electric field 

exist in tokamaks and heliotrons/torsatrons The observed profiles of the radial electric field do not 

agree with the theoretical prediction based on neoclassical transport. This is mainly due to the 

existence of anomalous perpendicular viscosity. The shear of the radial electric field improves particle 

and heat transport both in bulk and edge plasma regimes of tokamaks. 

Keywords: radial electric field, plasma rotation, charge-exchange spectroscopy, L-mode and H-

mode, TTMP damping, bifurcation of radial electric field, radial structure. 
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1. Introduction 

1 -1 . Importance of an electric field 

A radial electric field has been considered to possibly reduce the ripple loss and to prevent die 

degradation of confinement in stellarators and helical devices . Efforts to study the radial electric 

field have been done in the Wendelstein 7A (W-7A) stellarator and the Heliotron E (H-E) 

devices ' ' . In tokamaks, plasma space potential was measured for a long time, e.g., in TM-4, ISX-

. Because no significant effects of the radial electric field on plasma confinement have been 

observed in the early days, few attention has been paid as a research subject in tokamaks afterwards. 

However, after the transition from low confinement mode (L-mode) to high confinement mode (H-

mode) (L/H transition) was found in ASDEX8), a spontaneous bifurcation of the radial electric field 

was theoretically proposed to cause ir " l ' and refreshed the motivation of research. The 

phenomenon, that associated with the L/H transition, the radial electric field suddenly changes at the 

plasma periphery (few cm), was observed in Dm-D 1 5 " 1 7 \ JFT-2M18"20\ ASDEX21) and 

Wendelstein 7AS22) . The H-mode could be triggered experimentally by externally inducing a radial 

electric field in the plasma in CCT and TEXTOR ' ' . The importance of the radial electric field for 

H-mode is now widely recognized. 

Thus the radial electric field has been considered to have an important effect on the 

confinement and anomalous transport in the plasma, and the experimental research on the 

mechanisms determining the radial electric field in a toroidal plasma flourished recently. Since the 

radial electric field is coupled with plasma rotation, research on the radial electric field is 

accompanying the research on the radial profile of plasma rotation. Plasma rotation results from the 

balance of momentum input and viscous damping. However, there exists ar. intrinsic rotation without 

external momentum input. On the other hand, the radial electric field (rotation) in the plasma affects 

the radial profiles of plasma density and temperature. This is because the particle transport, 

momentum transport and heat transport are not independent of each other but have a complex 

coupling25'. Therefore, the complex plasma transport can be clarified through the research on the 

mechanism determining the radial electric field. 

In mis paper, the formation of a radial electric field is discussed, and the effect of this radial 



electric field on plasma confinement is investigated. Two types of electric field formation are 

discussed, externally driven and internally driven. As an example of external driven electric field, (1) 

the negative radial electric field caused by neutral beam injection and (2) the positive radial electric 

field induced by electron cyclotron heating are studied. In these studies our emphasis is to clarify how 

the difference of magnetic field configuration (for instance: tokamak and heliotron/torsatron) affects 

the formation of the radial electric field and plasma rotation. The plasma viscosity, which is the key 

parameter to determine the radial profile of the plasma rotation, is discussed in detail in this paper. For 

the intrinsic case, the radial electric field in L-mode and H-mode is described in detail. The effect of 

the radial electric field on plasma confinement is described mainly for plasmas of the counter-NBI 

mode and of the H-mode type; the particle and energy confinement of core and edge plasma are 

discussed. The mechanisms determining the radial electric field are summarized with the discussions 

of these experimental researches. 

1-2. Basic equation to determine the structure of radial electric field and the plasma rotation 

The radial electric field can be produced by a small difference of ion and electron density 

profiles. On the other hand, the radial electric field tends to reduce the difference. The radial electric 

field is also damped by the diffusion process. Some force is necessary to keep the difference of ion 

and electron densities to maintain a steady state radial electric field. The forces are for instance, the 

momentum input due to neutral beam injection, the plasma pressure gradient and the bipolar flux 

existing in the plasma. The radial electric field and plasma flow velocity in the plasma are governed 

by the momentum (force) balance equation1'; 

m ^ i — + m^V-V V = -Vp - V n + pE + jxB + F 
at 

Here V is plasma flow velocity, m^ and n= is ion mass and density, p and II are diagonal and 

off diagonal terms of pressure tensor, p and E are charge density and radial electric field, j and B are 

current density and magnetic field in the plasma, F is an external force, respectively. Here assuming 

the poloidal and toroidal symmetry of plasma flow, ignoring the collision term between electrons and 

ions, with p=-en + eZn^, j = -eneVe + &p\V\»the force balance of ions in steady state for each 

direction are expressed by the following equations. 
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Fe=(V|in)9+{Vxn)e poloidal direction (9) 

^ 1 % ^ - ^ t o r o i d a l & e c 6 o m 

eniZiEr^pi/Br- eniZj^eB^-v^Be) radial d^caon^) 

Here, Fg and F . are external (and internal) forces in the poloidal and toroidal directions of a 

toroidal plasma, respectively. The force due to the neutral beam injected in the toroidal direction 

(tangential direction) contributes to F , and the forces due to bipolar fluxes such as electron and ion 

losses work as F« and FA, respectively. With respect to the viscous forces, we consider two 

viscosities: one is the viscosity coupled to a velocity gradient in the direction parallel to me velocity 

and the other is the viscosity associated with a velocity gradient in the direction perpendicular to the 

velocity (radial direction). These viscosities are called parallel and perpendicular viscosity, and the 

forces are given as <V,|n>g . and <V . n>g ,. There are off-diagonal terms in these viscosities and 

the plasma rotations arc not independent of temperature or density gradients (which are considered to 

be part of the internal forces). Taking the standard diagonal terms, the viscous forces can be 

expressed by the viscosity coefficients u.. ' % u. • ' \ 

( V , ^ = nmnnj* V M p a r a U e l ^ ^ 

(VinL^-nimjLixV^e* .. . 
\ x /e,$ ir-j. o.<? perpendicular viscosity 

When the plasma flows in a nonuniform magnetic field, the parallel viscosity acts on it. The 

plasma momentum is converted to thermal energy due to the change of magnetic field strength (transit 

time magnetic pumping: TTMP), and the plasma velocity is damped. In tokamaks, the poloidal 

rotation is considered to be damped by this mechanism26 '2 ' ', since the magnetic field strength in 

tokamaks is proportional to the inverse of major radics. When the plasma rotates in the poloidal 

direction (from low field side to high field side), this rotation is damped by magnetic pumping. The 

magnitude of parallel viscosity is (for the 0-th order argument) large regardless of the velocity 

gradient [\l® = (K/16) (r /R2)Lvm(B/B e)1 3 '2 8 \ where L, is the energy integral coefficient and 
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v ^ is the thermal velocity of ions]. The measured poloidal rotation is damped and very small in L-

mode operation in tokamaks ' ' . In heliotron/torsatron, both poloidal and toroidal rotations are 

damped by TTMP and no large velocities are expected. 

The damping force due to perpendicular viscosity is observed, when a velocity gradient exists 

in radial direction. Roughly speaking the toroidal rotation is peaked at the plasma center and the 

poloidal rotation velocity increases towards the plasma periphery. In both the poloidal and toroidal 

rotations, the perpendicular viscosity is important because of radial velocity gradients. In tokamaks, 

M-M =0 due to toroidal symmetry and only u,. is taken into account. The perpendicular viscosity 

coefficient is determined by solving the momentum balance equation with a force, F* term, due to 

neutral beam injection and the viscosity term. This provides an approach to simultaneously determine 

p.. and spontaneous torque from the time evolution of the toroidal rotation velocity profiles. On the 

other hand, in studying the toroidcl rotation in the heliotron/torsatron or the poloidal rotation in 

tokamaks, both the parallel and perpendicular viscosities p..., u.. should be taken into account. The 

contributions of (i. a nd H i can be estimated by solving the diffusion equation separately for low and 

high magnetic field ripple. 

1-3. Physical mechanisms to determine the radial structure of the electric field 

Figure 1 shows schematically physical mechanisms and relations to determine the radial 

electric field in toroidal plasmas. The radial electric field is associated with toroidal and poloidal 

rotation velocities and the ion pressure gradient. There are two types of forces to drive plasma 

rotation in the toroidal or poloidal direction; one is the force due to the neutral beam injection and the 

other is bipolar flux due to electron or ion diffusion across the magnetic field. When the radial electric 

field is caused by NBI, the radial electric field profiles are mainly determined from the radial profiles 

of toroidal rotation velocity driven by the neutral beam injection through the radial momentum balance 

equation. However, when the radial electric field is driven by the plasma bipolar fluxes, the radial 

electric field is determined in a different way. This is because these bipolar fluxes have a strong 

electric field dependence. In the steady state, where the ion flux is equal to the electron flux, the 

bipolar fluxes of electrons and ions cancel each other. Therefore the magnitude of the radial electric 

field is not determined by the magnitude of plasma particle fluxes but by the different dependence of 



these fluxes on the electric field for electrons and ions. 

If there is no difference of the electric field dependence of the ion and electron fluxes, the 

radial electric field is determined by the boundary condition alone, yielding a trivial solution. 

However, if there is a difference of the electric field dependencies between ion and electron fluxes, 

the radial electric field is determined by the ambipolarity condition requesting equal ion and electron 

fluxes in steady state. When the driving force for plasma rotation does not depend on the electric 

field, the electric field is determined by the momentum balance equation, and when it depends on the 

electric field, the electric field is determined by the ambipolar condition. There are many approaches 

to control a radial electric field, namely by driving plasma rotation with neutral beam injection into the 

plasma, by controlling ion and electron losses with NBI or ECH, by changing the electric field 

dependence through the control of bulk temperature and density gradients. In this paper, the radial 

electric field profiles controlled by various approaches are presented and the physics involved in these 

processes are discussed. 

2. Diagnostic 

2-1. Electric field measurements with charge exchange spectroscopy 

There are two approaches to measure an electric field: the heavy ion beam probe and the 

spectroscopic measurement of plasma rotation. In H-mode research, which requires a high spatial 

resolution, detailed plasma rotation profiles are measured using charge exchange spectroscopy (CXS) 

It has been demonstrated experimentally that the radial electric field measured widi a heavy ion beam 

probe agrees with that estimated from plasma rotation6^. 

The radial electric field can be estimated from plasma rotation velocity and pressure gradients 

using the radial force balance relation described above. In order to obtain a detailed radial profile of 

the electric field, high spatially resolved measurements on radial profiles of toroidal and poloidal 

rotation velocities and ion temperature and density are required. The most appropriate measurement 

technique of these parameters is charge exchange spectroscopy. In this technique, the ion temperature 

and plasma rotation velocity are measured from Doppler width and shift of visible radiation due to 

charge exchange reactions between fully stripped impurities in me plasma and fast neutral beam 
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atoms '. Since plasma rotation is usually measured from intrinsic impurity ions, the force 

balance equation for this impurity species has to be used instead, of the bulk ions. CXS measurements 

on the bulk ions are complicated by a strong so called "cold component", radiation originating from 

the same ion species but from the cold plasma periphery. This cold component is much weaker in 

case of impurities, especially high Z impurities. Therefore, rotation velocity can be measured to a 

higher accuracy on high Z impurities. In the estimation of the radial electric field, the diamagnetic drift 

velocity v^- [ = l/(en-Z:B. )3p-$r ] of the bulk ions is large and comparable to the poloidal rotation 

velocity, but the diamagnetic drift velocity v^. of the impurities is smaller by Z T ^ if 3pj$r = dp-Jdr 

and negligible in most cases. In general, measurements with higher Z impurities yields better 

accuracy, because rotation velocity measurements have better accuracy than pressure gradient 

measurements. 

2-2. Charge exchange spectroscopy 

Charge exchange spectroscopy has the advantage of providing multi-chord data when using 

optical fibers and thus gives a high spatial resolution up to 5mm (in JFT-2M CXS). Charge exchange 

collisions between fully stripped impurity ions of the plasma and fast hydrogen atoms from neutral 

beam result in excited ions with one more electron in upper levels. For carbon impurities this process 

is expressed as 

H°(NB) + C6* -» H+ + C5+(n,l) 

-> H+ + C5+(n',/') + hv :n'<n 

For our measurements we use the Cr + (n=8-7) transition at X = 529.05nm. The emission cross 

section for this transition at the impact energy of 40 keV is smaller than that for the n=7-6 transition 

(343.37nm) by a factor of three ^However, the n=8-7 transition (529.05nm) has the advantage of 

lower attenuation through our optical fiber, and of a larger Doppler shift, of an absence of interfering 

impurity lines nearby and it is used in many tokamaks and helical devices. Principally, in this kind of 

measurement the emission originates from the volume defined by the intersection of the neutral 

beams and the line of sight. However, radiation from the plasma periphery due to the charge 



exchange of impurities with thermal hydrogen atoms ("cold component") is superimposed. Due to the 

low temperature in the plasma periphery this emission exhibits a smaller Doppler broadening and can 

thus be distinguished from the more central ("hot") radiation. In order to correctly determine and 

eliminate this cold component, two sets of optical fiber arrays looldng on and off the neutral beam 

line are used38). 

2-3. Multi-chord charge exchange spectroscopy 

a) Spectrometer 

Multi-chord measurements can be done relatively easily by combining a spectrometer with an 

optical fiber array and a two dimensional detector. Figure 2 shows a schematic diagram of a 

multi-chord measurement. An optical fiber array is arranged parallel to the entrance slit of a 

Czerny-Turner spectrometer and a two dimensional detector is arranged at the exit plane. This 

results in a spectral dispersion in the horizontal direction and a spatial resolution in the vertical 

direction. 

b) CCD detector and video signal 

The size of our CCD in the direction of wavelength is 6mm (243 channels), corresponding to 

a spectral range of 2.4nm which is simultaneously measured for an 1 m spectrometer with 2160 

groves/mm grating.'A frame transfer CCD with 60 Hz interlaced scan is used to avoid a 

mechanical shutter for charge transfer (60 Hz scan rate is too fast compared to the open/close 

time of mechanical shutter). The signal of the CCD is a standard video signal in NTSC and has 

262+1/2 lines per frame. The interlaced scan starts from the left edge and ends in the middle of 

CCD detector in odd frame while it starts from the middle and ends at the right edge of the CCD 

detector in even frame as shown Fig.2. One line has 256 data sampled with 5MHz clock and 12 

bit dynamics. Since one frame has 64K data, 16 frames (267ms) can be stored with 1M word 

memory. 

c) linage intensifier (I.I.) 

The spectra of each optical fiber are obtained simultaneously. A CCD camera with image 

intensifier (I.I) is used for the two dimensional detector. Because of the weak signal of a 

standard CCD an image intensifier (I.I.) is coupled to the CCD. Electrons emitted from the 
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photo cathode of the entrance window are intensified up to a factor of 10000 by a micro channel 

plate and accelerated onto a phosphor screen. The image at the phosphor screen is fiber optically 

transferred to the CCD. 

d) CAMAC interface 

A data acquisition system with a workstation + CAMAC interface is used to analyze the large 

amount of data. Figure 3 shows the data acquisition system of the JFT-2M multi chord charge 

exchange spectroscopy. The high voltage for the micro channel plate can be set with a digital 

analog converter (DAQ and the gain monitor is read with a data logger (DLOG). The 

wavelength of the spectrometer is controlled through a GPIB interface and the absolute value of 

the wavelength is read out by an encoder and stored into an input register (INREG). These 

CAMAC modules are controlled by a "VAX workstation through a parallel bus crate controller 

(PBCC). 

e) Frame window 

When the Doppler width + shift of the charge exchange line is smaller than the coverage of 

detector, we arc able to save more frames in the available digitizer memory by not digitizing and 

saving horizontal lines that correspond to wavelengths outside the region of interest [frame 

window, see Fig.4J. This frame window circuit can provide synchronized scans to the plasma 

discharge. Figure 4 shows the block diagram of the frame window circuit which produces the 

pretrigger for the reset of the CCD camera with the main trigger of the tokamak 

(heliotron/torsatron) device. The CCD pretrigger is a few to a few tens of frames before the 

ADC start trigger. The number of frames is counted with a vertical synchronized signal 

(V.SYNC) of the CCD camera controller (LI/TV controller). The frame window detects the 

start of each TV line with a horizontal synchronized signal (H.SYNC) and sends the sampling 

clock to the ADC in order to digitize the part of interest (spectral range). The clock for the setup 

of the ADC is created independendy from a 5MHz fundamental clock. The time during which 

we can take data can be expanded by a factor of two to three by not digitizing the part that is not 

useful. 

3. Plasma rotation and electric field 
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3-1. External drive of plasma rotation (electric field) and damping due to viscosity 

3-1-1. Drive of toroidal rotation due to tangentially injected neutral beam and the damping due to 

viscosity 

The effect of a neutral beam on the radial electric field is different in tokamaks and helical 

devices. In helical devices, a strong parallel viscosity is present because of a lack of toroidal 

symmetry. Therefore, control of an electric field through an induced toroidal rotation is 

complicatedJn tokamaks, on the other hand, the effect of parallel viscosity on toroidal rotation is 

negligible and toroidal rotation is consequently determined by the perpendicular viscosity and a large 

toroidal rotation and electric field can be produced by tangential neutral beam injection. 

A. Tokamak (negligible parallel viscosity) 

JFT-2M is a tokamak with major radius R=1.3m and minor radius a=0.33m . It has two 

tangential neutral beams; one is parallel (co-injection) and the other is anti-parallel (counter-injection) 

to the plasma current. We can switch the neutral beams from co-injection to counter-injection during a 

discharge to induce a positive or negative radial electric field. These series of experiments were done 

under the conditions of a toroidal field of B t = 1.3 T, a plasma current of L = 240 kA, a deuterium 

working gas, a limiter configuration, an elongation of K = 1.2 and a NBI power of 0.5-0.6 MW. 

Figure 5(a) shows a time evolution of the toroidal rotation velocity at the plasma center in this 

experiments. Due to an orfset of co- and counter-rotation between 560 ar*? 610ms, the perpendicular 

viscosity is determined from the temporal evolution of the toroidal rotation after the switch from co-

to counter- or counter- to co- injection. In tokamaks, the toroidal magnetic field ripple is small enough 

that the damping of toroidal rotation by TTMP (transit time magnetic pumping) can be neglected but 

the radial diffusion of toroidal momentum due to the perpendicular viscosity is the dominating 

effect39-45). 

Figure 5(b) shows the radial profile of perpendicular viscosity from a transport analysis for 

toroidal rotation purely damped by the perpendicular viscosity. Similar profiles of perpendicular 

viscosity are obtained both for discharges switched from co- to counter-injection and counter -to co-
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injection. The perpendicular viscosity for counter- to co-injection is slightly smaller than that for the 

other one, which is due to the density peaking at the counter-injection phase. The v. = 0 line is 

determined from the spectra of two sets of optical fiber arrays viewing the plasma from opposite 

directions (on and off the neutral beam line). These transport analyses also show the existence of an 

offset momentum in the counter direction. It is still open to question which mechanism produces this 

offset momentum in counter direction. However, preliminary transport analysis based on the 

assumption that the offset momentum is driven by the ion temperature gradient, was reported °'. The 

offset of toroidal rotation will be described later. 

The perpendicular viscosity on axis in JFT-2M is 0.1m /s which is relatively small compared 

to the viscosities measured in a heliotron/torsatron described later. Therefore, toroidal rotation and 

radial electric field profiles can easily be controlled by the tangential neutral beam injection. Figure 6 

shows radial profiles of (a) the toroidal rotation velocity and (b) the radial electric field. The central 

toroidal rotation velocity is 50km/s for co-injection and -lOOkm/s for counter-injection, which is 

lower by a factor of two. This is due to the offset of toroidal rotation in counter direction. The offset 

toroidal plasma rotation is also estimated to be -25km/s from the measurement of v. with a short 

balanced NBI pulse in the ohmic phase. V. measurements in JFT-2M ohmic plasmas show that the 

plasma rotates in the counter direction with no momentum input from neutral beam injection. In L-

mode discharges, the contribution of a poloidal rotation to the radial electric field is small and the 

radial electric field structure is mainly determined by the toroidal rotation. As can be seen from the 

radial force balance equation, the pressure gradient term (diamagnetic drift) contributes a negative 

electric field. The electric field is close to zero for co-injection because the toroidal rotation contributes 

a positive electric field which cancels the negative electric due to the pressure gradient term. On the 

other hand, a large electric field can be produced in case of counter-injection, because both the 

toroidal rotation term and the pressure gradient term contribute to the negative electric field. Thus, the 

radial electric field can be controlled by changing the direction of the neutral beam because the 

momentum input of this neutral beam can easily change the toroidal rotation in tokamak 

B. Heliotron/torsatron device (parallel viscosity is large) 

In heliotron/torsatron devices, it is difficult to produce toroidal rotation large enough to 
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significandy change the radial electric field because of parallel viscosity. For example, the Compact 

Helical System (CHS) is a heliotron/torsatron device (poloidal period number 1 = 2, and toroidal 

period number m = 8) with a major radius (R) of 95 cm and an average minor radius (a) of 20 

cm ' I The magnetic field ripple near the center of the helical coils (R=90-95cm) is negligible, 

however, it increases sharply for R >95 cm and reaches 8 % at R = 101.6 cm. Therefore the magnetic 

field ripple at the plasma center can be modified from zero to 8% by shifting the magnetic axis R ^ 

from 89.9cm to 101.6cm and the damping of toroidal rotation due to TTMP can be studied " \ We 

note here that R ^ is the major radius of magnetic axis in the zero beta limit (not real position of 

magnetic axis) and is always smaller than the Shafranov shifted magnetic axis by a few cm in 

CHS5 0 ) . 

Figure 7 shows the change of radial profiles of ion temperature, toroidal rotation velocity, 

modulation of magnetic field strength and electron density as a result of the major radius scan 

0*^=89.8, 94.9, 97.4cm), which is controlled by the vertical field strength in CHS 

hcliotron/torsatron. The plasma is produced initially by electron cyclotron heating (ECH) in hydrogen 

gas and sustained with tangential NBI (absorbed power of 0.5 MW in the direction parallel to the 

helical current). The line-averaged density reaches about 2 x 10 cm after NB injection. We define 

the modulation of the magnetic field strength y as "f*=< (9B/9s) >/B , where s is the length along 

the magnetic field line and o is a flux surface average operator. The structure of die magnetic field 

and the modulation of the magnetic field strength y are derived from the finite-P 3-D equilibrium code 

VMEC51), based on the kinetic data in the experiments. As demonstrated on the ion temperature 

profile, the peak position of the ion temperature, which is considered to be the plasma axis (Rp), is 

shifted outward due to the finite P effect and this Shafranov shift of a few cm is consistent with the 

prediction by VMEC. The momentum input due to the injected neutral beam has been estimated for 

each plasma axis (Rp) using an analytical model \ where the parameter dependence of the shine-

through, orbit loss and charge exchange loss have been involved in the model to match the result of 

the 3-D Monte Carlo code HELIOS53\ 

As shown in Fig.7, the toroidal rotation velocities show significant damping as the magnetic 

axis is shifted outward (Rax= 89.9 cm -»97.4cm and R = 91.9 cm -» 98.2cm), although the energy 

confinement time measured with a diamagnetic loop increases from 1.5 ms (R_=89.9 cm : R = 91.9 

cm ) to 2.5 ms (R^ =97.4 : R = 98.2cm) due to the increase of the plasma volume. Therefore the 
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damping of toroidal rotation at R =97.4 cm (&„= 98.2cm) is not due to an enhancement of radial 

momentum transport. In the core region p < 0.5, the plasma rotates almost parallel to the magnetic 

field lines, since the rotational transform in this region is 0.3 - 0.5. Several mechanisms can 

contribute to the damping of the parallel velocity, such as TTMP of the rotating ions due to the 

modulation of B (parallel viscosity), radial diffusion of momentum due to the velocity shear 

(perpendicular viscosity) and collisions with neutral particles (charge exchange momentum loss). 

Charge exchange loss becomes dominant only near the plasma edge and can be neglected in our 

region of interest (p < 0.6). 

Figure 8 shows a the comparison between the measured plasma flow velocity parallel to the 

magnetic field as estimated from measured toroidal and poloidal rotation velocities and the predicted 

one with parallel and perpendicular viscosity. Here two discharges are analyzed for R=89.9cm and 

R=97.4cm, where the magnetic field ripple at the plasma center is negligible and large enough, 

respectively. According to neoclassical theory •% the viscosity coefficient of parallel viscosity can 

be expressed as 

(BVJC) „ r - , p 
tin ==} <— 2fizyz£-vlh ^ Billing ' M 

with the modulation of the magnetic field strength y, the major radius R, die toroidal period number 

M and thermal velocity v^. The dashed lines in Fig.8 are predicted rotation velocities with the 

momentum injected into the plasma and neoclassical parallel viscosity alone. The neoclassical parallel 

viscosity is multiplied by 0.3 to match the measurements for R ^ 97.4cm. But if the same 

multiplied factor for neoclassical values is used for 1^= 89.9cm, the predicted parallel velocities 

become much larger than the measured values. This is due to the fact that the perpendicular viscosity 

can not be neglected for Rax= 89.9cm because the parallel viscosity becomes as small as or smaller 

than the perpendicular one. The central rotation velocity may be explained alternatively by increasing 

the values of perpendicular viscosity with no parallel viscosity. To match me central parallel velocity 
7 

for Rgx13 89.9cm a perpendicular viscosity, \1 of 18m /s is required, which is much larger than the 

ion thermal diffusivity (5m feY ' and the measured parallel velocity for Rax= 97.4cm can not be 

explained. A combination of neoclassical parallel viscosity and 3.5m /s perpendicular viscosity, 

which is comparable to ion mermal diffusivity, are required to explain the measured parallel velocity 
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profile both for Rax= 89.9cm and Rax= 97.4cm consistently. We note here that the predicted velocity 

profile is sensitive to \i and insensitive to u. for Rnv= 89.9cm while it is sensitive to u, and 

insensitive to (J.. for R = 97.4cm. Thus, combination of \i.„ = \1„ and u, = 5m2/s is not 

arbitrary. The parallel viscosity used to explain the experimental data for R ^ = 97.4cm in this 

analysis is smaller than Shaing's formula by a factor of 0.3. The parallel viscosity depends on the 

three dimensional structure of magnetic field, however the viscosity discussed here is expressed only 

by the modulation of magnetic field ripple y. The discrepancy of the viscosity coefficient |i by a 

factor of three may come from the approximation of the high aspect ratio limit, in which the viscosity 

is given by the modulation of the magnetic field ripple v alone used in Shaing's calculation, although 

the CHS device has low aspect ratio. 

The parameter dependence of the viscosity is studied by changing the plasma density and the 

field ripple to check whether it is neoclassical or not. The observation confirms that the parallel 

viscosity is proportional to the square of the modulation of the magnetic field strength. The central 

parallel velocity is not determined by the parallel viscosity alone, even if the gradient of parallel 

velocity is zero at the plasma center. This is because the central velocity is determined by transport 

processes, when the perpendicular visccjity is relatively large. Here we introduce the effective 

parallel viscosity \lQff as an indication of how strong the damping of central velocity is by parallel and 

perpendicular viscosities, jl and u, , in the plasma. Effective viscosity ( i ^ is defined as Heff~ = v 

(0)m-ne(0)/fj^g£(0), where f ^ B I ^ ^ *s * e t c r<lue ^u e t o NBI. If there is no perpendicular viscosity 

this effective viscosity is equal to die parallel viscosity, ner* = H . Figure 9 shows the inverse of the 

effective viscosity as a function of magnetic field ripple and electron density. The effective parallel 

viscosity \ie^ shows the y2 dependence as predicted by the neoclassical theory in the region where 

the parallel viscosity becomes dominant, y> 0.2. When the modulation of B decreases below 0.2, the 

parallel velocity becomes small and perpendicular viscosity becomes dominant. As seen in Fig 8, 

perpendicular viscosity is dominant for R < 92.1 cm and parallel viscosity becomes important for 

R ^ > 94.9cm. Therefore in the following discussion we assume \iQ^ ~ |i for R ^ < 92.1 and |i gr 

= p.|( for R ^ > 94.9cm in the wide range of electron density from 0.7 x 1013/cm3 to 6 x 1013/cm . 

As shown in Fig. 9(b), when the modulation of B is small (y = 0.12), the effective viscosity shows a 

clear density dependence. In this case, the perpendicular viscosity is dominant and is considered to be 

proportional to the inverse of the electron density, because M-eff *s roughly proportional to the 
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electron density. However, when the modulation of B becomes large (y = 0.42), the parallel viscosity 

becomes dominant and there is no density dependence. Thus the perpendicular viscosity is found to 

decrease roughly proportional to 1/n as the global confinement is improved by increasing the 

electron density. This density dependence indicates the existence of anomalous radial diffusion of the 

momentum as observed in tokamak plasmas because the anomalous thermal diffusivity also has 

similar density dependence. However, the parallel viscosity does not change in this density scan 

experiment, confirming the plateau neoclassical prediction. 

The parallel viscosity measured in CHS is smaller than the neoclassical prediction by a factor 

of three. In order to study this discrepancy between measurements and theoretical predictions, the 

toroidal rotation velocity is also studied in the Wendelstein 7-AS. The central toroidal rotation velocity 

is measured with single point charge-exchange spectroscopy and the measurement is line-of-sight 

integrated within the beam width. The present results axe, however, preliminary. A detailed 

experimental study is in preparation. Wendelstein 7-AS has two neutral, beams which provide co-, 

balanced- and counter-injection relative to the direction of the bootstrap current (which is opposite to 

the toroidal magnetic field direction). The time evolution of toroidal rotation at the plasma center 

measured with charge-exchange spectroscopy and the theoretical prediction are shown irv Fig. 10 (a). 

The co-injected neutral beam starts at 0.2 sec with a power of 0.4MW, the line averaged election 

density is 3x10 m to 6x10 m , and the central ion temperature is 0.4 - 0.5 keV. As seen in Fig. 

10 (a) the central toroidal rotation velocity is < 5 km/s. In order to check that this toroidal rotation is 

due to the momentum input of the neutral beam, the toroidal rotation is also measured for a plasma 

with counter neutral beam injection. The measured and predicted central toroidal rotations are shown 

in Fig. 10 (b). Co injection (#26454) shows roughly agreement between experiment and theory, but 

counter injection (#26452) shows much higher velocity measured than theoretically expected. The 

offset of the data may be due to errors in the determination of a zero reference velocity and different 

deposition profiles for co- and counter-injection or a systematic error in estimating the momentum 

deposition profiles of co and counter neutral beams. 

The parallel viscosity affects the formation of a radial electric field by neutral beam injection. 

Figure 11 shows the contribution of toroidal rotation and poloidal rotation to the VxB electric field, 

V.XBQ and v^xB. according to the radial force balance equation for the magnetic axis at 89.9cm and 

97.4cm. The contribution of toroidal rotation to the electric field is small as illustrated by the dashed 
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and solid lines in Fig.l 1 and the contribution of poloidal rotation (open and closed circles) is 

dominant. Therefore co neutral beam injection does not always results in positive electric field in 

heliotron/torsatron devices. The electric field is considered to be determined by the bipolar flux such 

as ion loss. The *-adial electric field enhanced by neutral beam injection is more negative for counter 

injection when the magnetic axis is shifted inward (89.9cm), although it is more negative for co 

injection when the magnetic axis is shifted outward (97.4cm). The tangentially injected fast ion 

travels toroidaly on a drift magnetic surface if the pitch angle is small enough not to be trapped in the 

helical ripple. The drift surface is more inside for counter traveling fast ions, while it is more outside 

for co traveling fast ions. More orbit loss of counter traveling fast ions is expected when the plasma 

surface is close to the inside vacuum vessel, and orbit loss of co traveling fast ions is expected when 

the plasma surface is close to outside vacuum vessel. Although there is significant difference in the 

density (ng) profiles of R ^ = 89.9cm and R ^ = 97.4cm, no difference in ng profile is observed 

between co and counter injection. Then the difference in the radial electric field between co and 

counter injection is mainly due to the direction of the fast ions and not due to the difference of NBI 

deposition profile. The observed radial electric field qualitatively agrees with the prediction if we 

assume that radial electric fields are produced by drift orbit losses of fast ions injected by neutral 

beams. In a tokamak, the neutral beam injection changes the toroidal rotation and a counter neutral 

beam always produces a more negative electric field. However, in CHS heliotron/torsatron a more 

negative electric field is produced at the plasma edge when larger orbit losses of fast ions are 

expected. The mechanism to enhance negative electric field depends on the magnetic field 

configuration. 

3-1-2. Indirect drive of radial electric field with ECH 

In stellarator plasmas with high electron temperature and low collisionality, a positive electric 

field determined by electron loss (electron root), is expected. In fact, a positive electric field is 

observed for low density ECH plasmas and a negative electric field for high density NBI plasmas \ 
i n -a 

In CHS, zero or negative electric field is observed for low density (1x10 m ) NBI plasmas and the 

electric field becomes more negative (ion root) as the electron density is increased. When second 

harmonic resonance ECH is applied to low density NBI plasmas, the electron density drops or is 
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clamped. As the ECH power is increased, the density drop becomes larger. The radial electric field 

changes its sign and suddenly becomes positive when me ECH power exceeds a critical value 

(90kW) as shown in Fig. 12(a) '.There is no much difference of plasma electron density and 

temperature below and above the threshold (85kW and 105kW). The electron collisionality is still too 

large for the plasma to be in the electron root and the positive electric field is considered to be due to 

enhanced electron loss with ECH. This transition from ion root to electron root is observed only for 

the second harmonic resonance ECH focused to ripple bottom. It is not observed with 2nd resonance 

ECH focused to ripple top K The transition from ion root to electron root in this experiment implies 

enhanced electron loss by ECH, because ion collisionality is not low enough for the ion root even 

with ECH. As shown in Figure 12 (b), the radial electric field profile with the ECH power of 85kW 

is almost identical to that without ECH and a positive electric field of 40V/cm is observed at the 

plasma periphery with the ECH power of 140kW. For a comparison with neoclassical theory, the 

radial electric field is calculated from the ambipolarity condition that the neoclassical ion flux has to be 

balanced by the neoclassical electron flux plus the ECH enhanced flux56). However, the radial 

profile of the calculated electric field shows a discrepancy with the measured one, which implies the 

important role of otfier mechanisms determining the electric field such as perpendicular viscosity, 

which has not been taken into account in the neoclassical theory. 

3-2. Spontaneous radial electric field 

A spontaneous radial electric field can exist in the plasma without external driving forces such 

as neutral beams or ECH. This spontaneous electric field is observed due to an offset of toroidal 

rotation in tokamaks, and due to a large poloidal rotation in heliotron/torsatron, or in tokamak H-

modes. It is driven by the temperature and density gradients but is not consistent with the neoclassical 

prediction. 

3-2-1. Radial profile of the radial electric field in CHS heliotron/torsatron 

The spontaneous radial electric field measured in CHS heliotron/torsatron is compared with 

the neoclassical prediction. A 28 GHz or 53GHz gyrotron produces an ECH plasma with a low 
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density, while a tangential NBI with 0.9 MW can sustain die plasma at various densities (0.7 x 
iq o 1 0 - 3 

10 m to 6 x 10 m ). Figure 13 shows the electron density and temperature profiles measured 

with Thomson scattering, ion temperature profiles measured with charge exchange spectroscopy, and 

the radial electric field normalized by the averaged ion temperature gradient, T-(0)/a, where a is the 
minor radius and T-(0) is the central ion temperature. Botfi electron and ion temperatures are constant 

in the low density region (< 2 x 10 m ), while the electron temperature decreases (ion temperature 

is unchanged) as the election density is increased in the high density region ( > 2 x 10 m ), which 

is consistent with the fact that the energy confinement time is proportional to electron density in the 

low density region and tends lo saturate in the high density region. The ion collisionality v*j at the 

half radius is 2.4 for the discharge with die electron density of 2 x 10 m and 22 for the high 

19 3 density discharge (n=6 x 10 m ). The electric field at p = 0.8 is almost zero for the discharge 
19 3 with low density of 0.7 x 10 m'J and increases to negative values as the electron density is 

increased. It is -45 V/cm for n =2 x 1019 m~ 3 and -120 V/cm for n =6 x 1019 m"3. Here the radial 
c c 

electric field E f is normalized with respect to the averaged ion temperature gradient T-(0)/a in order to 

compare with die radial electric field in tokamak plasmas which have at much higher ion temperature. 

This normalization is equivalent to tiiat of space potential by ion temperature, O/T- in a electrostatic 

confined plasma. The normalized negative radial electric field in CHS increases towards the plasma 

periphery and its magnitude in high density discharge is larger than the edge electric field observed in 

L-mode discharges in JIPP TTI-U tokamak [see Fig 14(b)].We observe a high magnitude radial 

electric field in non H-mode discharge in CHS in contrast to tokamak L-mode plasmas, which is 

considered to be partly due to the difference in me magnetic field structure between tokamaks and 

heliotron/torsatron devices, because the magnetic field structure significandy affects ion and electron 

losses as well as viscous damping of plasma rotation K 

The electric field can be calculated from die ambipolarity condition using the electron and ion 

fluxes according to Kovrizhnykh or Hasting" '. Although die predicted electric field is 

comparable to the measured one at die plasma core, it does not agree with the measured one near the 

plasma edge \ The neoclassical fluxes are given by temperature and density gradient alone and do 

not include bipolar fluxes due to charge exchange momentum loss, orbit toss of bulk or fast ions 

injected by neutral beams and anomalous perpendicular viscosity, which may explain mis 

discrepancy. A comparison of measured electric field profiles with neoclassical calculations including 
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these mechanisms has been reported recendy"1'02'. 

3-2-2. Radial profile of the radial electric field in L-mode plasmas 

The toroidal ripple due to a finite number of toroidal field coils ' ^ localized near the 

plasma edge in tokamaks is much smaller than the helical ripple in heliotron/torsatron device. There 

should, therefore, be a difference in the spontaneous electric field in tokamaks and 

heliotron/torsatrons. Toroidal momentum input should be avoided to study the spontaneous electric 

field, although neutral beam injection is necessary to utilize charge exchange spectroscopy for plasma 

rotation measurements. A perpendicularly injected neutral beam is, thus, desirable for a study of the 

spontaneous electric field. JTPP TII-U is a tokamak with a major radius of 0.9m and a minor radius 

of 0.23m which has perpendicular as well as tangential neutral beams. Radial electric field profiles are 

measured in tangential and near perpendicular co and counterinjection experiments. Figure 14 shows 

radial profiles of toroidal rotation velocity and radial electric field for discharges with a neutral beam 

power of 0.7MW, toroidal field of 3T and central electron density of 6x 10 m . The central toroidal 

rotation velocity is 40 km/s for co and -80km/s for counter parallel injection. The toroidal rotation 

velocity is normalized to the thermal velocity of the bulk ions to compare the magnitude of toroidal 

rotation for various power levels of neutral beam injection. The poloidal rotation velocity is 2-3km/s 

at the plasma edge (3-5 cm inside the separatrix) and the contribution of poloidal rotation to the radial 

electric field is relatively small. The toroidal rotation velocity contributes the radial electric field more 

than the poloidal rotation velocity by a factor of 2 - 3. Here, the radial electric field is normalized to 

the value of the central ion temperature (0.7-1.0 keV) to compare discharges with different ion 

temperatures. In Fig. 14, "para" indicates tangential injection and "perp" perpendicular injection with 

an injection angle of 81 degree, and a tangential radius of 0.2m. 

Since JIPP T-IIU has only one tangential and one perpendicular neutral beam, the switch from 

co to counter is done shot by shot in reversing the plasma current direction. As shown in Fig. 14, the 

plasma rotates in the direction of neutral beam injection in case of tangential injection. However it 

always rotates in the counter direction regardless of the direction of the neutral beam for the near 

perpendicular injection (-30km/s for co injection and -60km/s for counter injection). This observation 

shows a spontaneous rotation in the direction anti-parallel to the plasma current. This spontaneous 
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rotation increases as the ion temperature is increased by ICRF heating, in which no tangential 

momentum is injected * •'.The radial electric field is zero or positive for parallel neutral beam 

injection, while it is negative in most regions of the plasma with a peak value of -250 V/cm at half of 

the minor radius for the and parallel neutral beam injection. When the neutral beam is injected 

perpendicularly, the spontaneous potential with respect to the plasma edge is negative and its 

magnitude is a few times that of Ti(0)/e for 0 < p < 0.5. 

3-2-3. Edge Poloidal Rotation Profiles of H-mode Plasmas 

According to neoclassical theory, ion and electron radial fluxes have a different electric field 

dependence and the radial electric field is detennined by the balance of ion and electron fluxes. When 

there is more than one solution for the electric field in the balance equation of the ion and electron 

fluxes, the radial electric field can not be detennined uniquely for fixed plasma density and 

temperature gradients. In this situation, the radial electric field can change rapidly (without a change 

of other plasma parameters). This phenomenon is characterized by bifurcations between which fast 

transitions of the radial electric exist. In this paper, we describe two types of electric field transitions; 

one is the transition from small to large negative electric field as observed in tokamak H-mode and die 

other is the transition from ion root (negative electric field) to electron root (large positive electric 

field). 

Since the sudden transition from low confinement (L-mode) to high confinement (H-mode) 

was discovered in ASDEX NBI heated plasmas, it has been observed in PDX67), DHI-D68), 

JET69*, JFT-2M70), JIPP TH-U71) andTFTR72) tokamaks with ECH73), lower hybrid resonance 

(LH)74)anrtOhmic75) heating. Various theoretical models for the L to H-mode transition have been 

proposed since H-mode discharges were reproduced in many devices. These H-mode models are 

based on bipolar ion orbit losses ' , neoclassical viscosity \ spontaneous poloidal spin-

up ^ or power flow asymmetry ' and fluctuation suppression '. They have been proposed to 

explain the sudden change of poloidal rotation velocity and radial electric field at the L/H transition. 

Recently the rapid change of poloidal rotation velocity and radial electric field near the plasma 

periphery at the L- to H-mode transition has been reported from D-IIID15"17) and JFT-2M18"20). 

The detail of radial electric field profiles observed in L- and H-mode plasmas in the JFT-2M tokamak 
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are presented in this paper. Figure 15 shows the profiles of electron temperature measured with 

electron cyclotron emission (ECE) aod ion temperature measured, with toroidaly viewing charge 

exchange spectroscopy before (t = 708, 742 ms) and after (t= 775, 808 ms) the L/H transition, and 

the edge radial electric field and edge potential profiles at ohmic (t = 692 ms), L-mode (t = 742 ms) 

andH-mode (t = 792 ms) phases. The discharges are with a toroidal field of 1.3 T, aplasma current 

of 280 kA, q of 2.7, a major radius of 1.3 m and a minor radius of 0.3 m and hydrogen working 

gas in a single null divertor configuration. The neutral beam injection (NBI) starts at 700 ms in the 

co-direction with a power of 0.7 MW and a second beam is added at 730 ms in the counter direction 

with a power of 0.3 MW to exceed the power threshold for the L/H transition which occurs at 760 

ms. Both electron and ion temperature profiles show a larger pedestal at a normalized minor radius of 

0.9 after the transition phase from the L-mode to the H-mode. The increase of electron temperature is 

simply due to the improvement of electron thermal transport, since most NBI power is deposited near 

the plasma center in both L-mode and H-mode phase. However the increase of central ion 

temperature in the H-mode phase is due to both the improvement of ion energy transport and the 

increase of power flow due to the collisions with electrons at higher electron density. The electric field 

profiles for ohmic, L-mode and H-mode plasmas are calculated from rotation velocities and pressure 

gradients of carbon using the momentum balance equation for impurities. The contribution of poloidal 

rotation to the radial electric field is dominant. The plasma always rotates in the ion diamagnetic 

direction outside the separatrix and in the electron diamagnetic direction inside the separatrix. The 

structure of poloidal flow is consistent with the measurements of phase velocity of the turbulent 

fluctuations in the TEXT tokamak ' . The radial electric field is positive outside the separatrix and 

negative inside the separatrix. The position, where the radial electric field is zero, moves outward as 

the plasma changes from ohmic to L- to H-mode. The gradient of the electric field inside the 

separatrix is positive in the ohmic phase, almost zero in L-mode and becomes negative in the H-

mode. The relative space potentials in the plasma are derived by integrating the radial electric field. 

Combining the measurements of space potential with electric probes, the profiles of space potential 

relative to the vacuum vessel for ohmic, L-mode and H-mode are obtained as shown in Fig. 15(d). 

This negative space potential just inside the separatrix is -260 V, while the ion temperature is 170 eV 

at the thermal barrier. 

In the following we discuss how the radial structure of the radial electric field is determined. 
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Since the radial electric field is connected to plasma poloidal rotation through the radial force balance 

equation, the transport equation for the poloidal rotation velocity determines the radial structure of 

electric field20) . The neoclassical parallel viscosity is proportional to the magnitude of flow, when the 

poloidal rotation velocity is small enough. The parallel viscosity coefficient, Ip, which is calculated, 

by the integration of ion energy, is around unity. However, when the poloidal rotation velocity 

becomes large enough so that the projection of the poloidal ExB drift velocity on the magnetic field, 

Vj^gtB/Bg), exceeds the ion thermal velocity, the energy integration coefficient, L, drops below 

unity and the magnitude of the parallel viscosity decreases even if the poloidal velocity increases. This 

mechanism is the H-mode model based on neoclassical parallel viscosity1^. We estimate the 

coefficient L for the measured poloidal rotation and check the validity of this H-mode model. The 

poloidal rotation velocity increases only near the plasma periphery and the velocity shear becomes 

large enough so that anomalous perpendicular viscosity as well as neoclassical parallel viscosity 

become important. The poloidal force FQ, driving poloidal rotation (radial electric field) in JFT-2M is 

a j x B force due to ion orbit losses and is considered to be localized near the plasma edge, increasing 

exponentially towards the separatrix; FQ = FQ(0) exp(-c x / p J ), where p • is a poloidal jyro 

radius. The poloidal rotation velocity profile (strictly speaking, ExB drift velocity) is determined by 

solving the following equation; 

F e ( 0 ) e x r M y = ^ " ^ V E X B - r*W±-
log, / 4R2B9 

Here v g ^ is a ExB drift velocity defined by ExB/]B| . X is the distance from the location of the 

poloidal rotation peak in the mid-plane. The coefficient c is a shape factor. The poloidal force FQ(0) 

is chosen to match the measured peak poloidal rotation velocity V £ X B ( 0 ) . The shape factor of the 

poloidal force FQ is fixed (c = 1) in the present analysis of this paper. The boundary conditions in this 

calculation are ^^Q(0)/BT = 0 and vExB^°°)= °* 

Figure 16 shows the radial profile of the energy integration coefficient Ip, parallel viscosity, 

and perpendicular viscosity estimated from the measured poloidal rotation velocity profile. The 

magnitude of perpendicular viscosity required to reproduce the measured radial profile of the poloidal 

rotation velocity is in the range of 2m /s to lOrrr/s. The error bar due to the uncertainty of the 

perpendicular viscosity coefficient is shown in Fig, 16(b). As shown in Fig 16(b), the energy 
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integration coefficient Ip drops below 0.5 and the parallel viscosity decreases at the plasma periphery 

( 1cm inside the separatrix), where the poloidal rotation exceeds lOkm/s. These measurements 

support the hypothesis of an H-mode model based on neoclassical parallel viscosity. The 

perpendicular viscosity increases near the plasma periphery because of the large velocity shear and its 

magnitude is comparable to that of parallel viscosity. In the H-mode region the perpendicular 

viscosity clamps the poloidal rotation together with the decreasing parallel viscosity, while the 

poloidal rotation is damped to small levels solely due to parallel viscosity in the L-mode region. 

The poloidal force should be localized within the poloidal gyro-radius near the plasma 

periphery, if theLorenz force due to orbit loss causes the poloidal force. Then the width of the 

velocity shear layer has been considered to be of the size of the poloidal gyro-radius. However, it can 

be larger than the poloidal gyro radius due to radial diffusion, when the perpendicular viscosity is as 

large as the parallel one as mentioned above. Figure 17 shows the width of the poloidal rotation 

velocity shear, LCvpxg). defined as twice of the half width at half maximum (2xHWHM) of the 

poloidal rotation velocity profile estimated only inside the separatrix in the H-mode plasma. The 

width of the poloidal rotation velocity shear, LCVg^g), is plotted as a function of poloidal gyro-

radius. Open circles are for hydrogen plasma and closed circles are for deuterium plasma. Three lines 

denote the width of poloidal rotation velocity simulated from neoclassical parallel viscosity and 

1 1 1 

anomalous perpendicular viscosity for three different magnitudes (2m /s, 5m /s, 10m /s). The width 

of the velocity shear layer observed in JFT-2M H-mode, is twice that of the poloidal gyro-radius and 

has a weak gyro radius dependence. As seen in the simulation curve, the width of poloidal rotation 

velocity has no poloidal gyro-radius dependence due to the anomalous perpendicular viscosity, 

almough the poloidal force is localized within the size of a poloidal gyro-radius. When the poloidal 

gyro-radius becomes large (> 3cm), the perpendicular viscosity becomes less important, so that the 

linear dependence between the size of the poloidal rotation velocity profile and the poloidal gyro-

radius becomes clear. On the other hand, when the poloidal gyro-radius becomes smaller (< 1cm), the 

radial transport becomes more dominant, i.e. perpendicular viscosity is as large as parallel viscosity. 

For the condition of the H-mode experiment in the JFT-2M tokamak discussed here, perpendicular 

viscosity at the peak is comparable to parallel viscosity. Therefore, the observed poloidal rotation 

velocity profiles in JFT-2M do not deny the validity of a H-mode model based on ion orbit losses and 

confirms the importance of anomalous viscosity. 
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When the projected poloidal velocity to the line of the magnetic field becomes large enough to 

exceed the ion thermal velocity (poloidal Mach number > 1), the energy integration coefficient L, 

starts to decrease in the neoclassical theory. Figure 18(a) shows the poloidal Mach number versus 

electron density at the L-mode and H-mode phases for plasma currents of 170kA, 230kA, 280kA, 

with hydrogen (H) and deuterium (D) working gas. Even if the heating power is large enough, L/H 

transitions are not observed (the poloidal Mach number is less than unity) when the line averaged 
i n a 

electron density is below 2x10 m . As the line electron density is increased, the L/H transition 

occurs and the poloidal Mach number increases up to two and a velocity shear is produced near the 

plasma periphery. After the L/H transition, the electron density increases and finally the H/L transition 

occurs. At the H/L transition the poloidal Mach number decreases rapidly to the level in L-mode, 

followed by a gradual decrease of the electron density. 

Figl8(b) shows the poloidal Mach number versus line averaged electron density measured in 

Wendelstein 7-AS L- and H-mode plasmas. Aldiough the results are preliminary the data show a 

critical value of the poloidal Mach number at the L- to H-mode transition as in JFT-2M H-mode. The 

differences between Wendelstein 7-AS and JFT-2M H-modes are the critical line averaged density and 

the critical Mach number at the L to H-mode transition. The minimum line electron density to achieve 

H-mode in Wendelstein 7-AS is 4xl019nf 3 which is two times higher than that in JFT-2M. The 

poloidal Mach number at the L/H transition in Wendelstein 7-AS is 0.5 which is smaller than that 

observed in JFT-2M. As seen in the poloidal Mach numbers in JFT-2M and Wendelstein 7-AS, the 

H-mode in the stellarator has a qualitative similarity to the H-mode in a tokamak. Poloidal rotation 

and poloidal Mach number are important parameters to characterize L- and H-modes. However, the 

mechanism leading to a lower critical Mach number and a higher critical line averaged density in 

stellarators compared to tokamaks is still open to question. 

4. Effects of a radial electric field on plasma confinement 

4-1. Improvement of particle confinement due to a negative electric field 

Since the observation of density peaking in the Alcator-C pellet injection experiments, the 

improvement of core confinement has been recognized to be associated with a peaked electron density 
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K Many improved confinement modes, such as the super shot in TFTR ', IOC-mode in 

ASDEX82 '83), improved L-mode in JFT-2M84) are related to a density peaking. Recendy, counter 

(ctr) - neutral beam (NB) heating has been found to produce peaked density profiles and to enhance 

the energy confinement time in ISX-

B85) 

and ASDEX 86>87).A density peaking model due to a 

radial electric field ' ^ has been proposed to explain these observations.In this paper, we compare 

the density peaking observed in JFT-2M with the theoretical model. According to this model, the 

radial flux is determined by the temperature and density gradient, radial electric field, and drift type 

fluctuations as; 

where D is a diffusion coefficient, a is a numerical coefficient of order unity, co and m/r denote the 

frequency and wave number of the mode for a drift-type micro-turbulence. The time evolution of 

density profiles calculated using the measured radial electric field and this model (solid and dashed 

lines) shows good agreement with the measured density profiles as shown in Fig. 19(b). The central 

diffusion coefficient used in this calculation is 0.02m /s. The magnitude of the diffusion coefficient is 

consistent with the low diffusion coefficient measured in JETy , y '. This experiment indicates that 

the improved particle transport is related to the negative electric field. 

4-2. Improvement of energy confinement due to a negative electric field 

4-2-1. Improvement of energy confinement in the plasma core 

The energy as well as particle confinement is observed to be improved by a negative electric 

field. The improvement of energy confinement observed in JFT-2M plasmas with a counter injected 

neutral beam is compared with a theoretical evaluation based on T|--mode theory ' ' . Figure 20(a) 

shows the time evolution of central ion and electron temperatures with co and counter injected neutral 

beams in the JFT-2M tokamak. The time evolution of the electron temperature at the center Te(0) is 

measured with soft X-ray pulse height analysis (PHA) with 50 ms integration time. Profiles of 

electron temperature and density are obtained with a 13-channel Thomson scattering (TS) system. 

25 



The co-NBI is active from 550 ms to 750 ms with an absorbed power Pabs of 0.49 MW, and the ctr-

NBI is on from 750 ms to 950 ms with P^QJ = 0.56 MW. The central toroidal rotation velocity 

changes its direction from co- to counter-direction 30 ms after me interchange of the neutral beam 

direction. The central ion temperature increases from 0.7keV to l.lkeV in the counter injection phase. 

The increase of the volume averaged ion temperature, <T->, as well as of the central ion temperature, 

indicates the improvement of global energy confinement, which is also supported by the measured 

energy confinement time of 18 ms for the co-NBI phase and 24 ms (1.5 rimes) for the ctr-NBI phase. 

On the other hand, the central electron temperature stays constant within 100ms after the injection of 

counter NBI and then starts to decrease due to increase of central radiation caused by the impurity 

accumulation, which is observed in the bolometer array. Finally the central ion temperature also starts 

to decrease due to the collisions between ions and electrons after t = 900 ms. Figure 20 (b) shows the 

effective thermal diffusivity estimated at the coinjection phase (t=690ms) and counter injection phase 

(t=890ms). The effective thermal diffusivity for the counter injection phase is reduced by the factor of 

three at the plasma center and 30-50% at the plasma edge relative to the co injection phase. This result 

is qualitatively consistent with the prediction by the Tj--mode theory. However, the radial profile of 

this thermal diffusivity measured is significandy different from that calculated with the rj--mode 

theory, which shows that die improvement of thermal diffusivity at the counter injection phase can not 

be explained by the T^-mode theory. The experiment in JFT-2M shows tiiat the negative electric field 

due to counter injected neural beams causes an inward particle pinch and me peaked density profile 

reduces the heat and momentum transport. 

We, now, discuss the effect of a radial electric field in the ECH experiments in CHS, where 

the radial electric field changes from negative to positive. The plasma stored energy is proportional to 

the electron density in the low density region as shown in Fig 21. (a). When the ECH power is 

increased, the electron density decreases due to enhanced particle loss and the stored energy also 

decreases. In Fig. 21 (b), we plot the energy confinement time normalized to electron density and 

root square of total absorbed power (NBI + ECH). No improvement of energy confinement is 

observed at the transition of the ion root (negative electric field) to electron root (positive electric 

field). The similar experiment with lower collisionality is carried out to study the neoclassical effect of 

the electric field on energy transport. 

The measurements in CHS demonstrate mat me plasma can be in the electron root by control 
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of electron loss due to second harmonic ECH. The control of the electric field by ECH will be a 

useful tool to study the electric field effect regardless of collisionality. To understand the technique of 

controlling the electric field would result in a new technique to improve plasma confinement through 

this radial electric field. 

4-2-2. Improvement of energy confinement at the plasma periphery 

The radial electricifield and a poloidal rotation velocity shear are theoretically expected to 

reduce fluctuations in the plasma and improve the confinement 1 •' °'y-> '. We studied the relation 

between a poloidal rotation velocity shear and the electron and ion temperature gradients at the plasma 

periphery as a indication of improved confinement. Figure 22 (a) shows the radial profiles of electron 

and ion temperature gradients at the plasma periphery. The peak of the electron and ion temperature 

gradients is located 1 - 2 cm inside the separatrix, indicating that the improvement of energy 

confinement is just inside the separatrix. The temperature gradient for L-mode is below 40eV/cm, 

while it increases up to 70eV/cm for H-mode. The region of improved energy confinement is 

restricted to within 5 cm inside the separatrix and no improvement is observed in the plasma core 

region. Figure 22 (b) shows the peak electron and ion temperature gradients as a function of poloidal 

rotation velocity shear. Open symbols stand for L-mode and closed symbols stand for H-mode 

plasma. The electron and ion temperature gradients increase as the plasma current is increased. The 

electron and ion temperature gradients increase as the poloidal rotation velocity shear in the electron 

diamagnetic direction (negative electric field shear) is increased in H-mode. However, the electron 

and ion temperature gradients do not increase even if the poloidal velocity shear in the ion diamagnetic 

direction (positive electric field shear) is increased in L-mode. These observations imply the 

difference of the polarity dependence of electric field on energy confinement 

5. Summary 

The radial electric field is connected to the plasma rotation through the radial force balance. 

Therefore, the radial electric field in the plasma is determined by the balance between poloidal or 

toroidal driving forces such as beam injection, bipolar losses due to ECH or NBI, and damping force 
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such as parallel and perpendicular viscosities in the plasma. The change of plasma rotation velocity 

profiles due to momentum input into the plasma is measured in order to study the mechanism 

producing a radial electric field. Parallel and perpendicular viscosity, which damp the plasma rotation, 

are evaluated separately. From measurements of toroidal rotation in helical devices 

(heliotron/torsatron and stellarator), the parallel viscosity is found to be close to the neoclassical 

predictions. In tokamaks, where there is almost no parallel viscosity in the toroidal direction, the 

experimentally determined perpendicular viscosity is found to be anomalously high. 

The spontaneous electric field and plasma rotation which is generated even without external 

momentum input is found both in tokamak and helical plasmas. The observed radial structure of the 

radial electric field does not agree with the neoclassical prediction. This discrepancy is mainly due to 

the fact that the anomalous perpendicular viscosity in the plasma is much larger than neoclassically 

predicted one. The measured spontaneous plasma rotation implies the existence of off-diagonal terms 

in the transport matrix, since this spontaneous plasma rotation is driven by the density or temperature 

gradients. In H-mode plasmas, a high electric field shear, which may be caused by ion orbit losses, is 

observed in die plasma periphery. The detailed analysis of poloidal rotation velocity profiles in the 

JFT-2M tokamak H-mode shows that the perpendicular viscosity becomes as important as the parallel 

viscosity even for the poloidal rotation, when large velocity gradients are produced in the plasma 

periphery. 

It has been experimentally confirmed that (1) the radial profiles of density and temperature, 

i.e. their gradients determined by the heat and particle transport, affect the momentum transport 

(radial profile of plasma rotation velocity) and that (2) the gradients of the radial electric field and/or 

plasma rotation affect the particle and heat transport. A particle pinch (inward flow) is experimentally 

found to be triggered by a negative electric field shear driven by external momentum input of a 

counter injected neutral beam. In H-mode plasmas, the thermal transport is reduced and large 

temperature gradients are produced associated with a strong negative electric field shear localized at 

the plasma periphery. These observations indicate the importance of off-diagonal terms between 

momentum transport and particle/heat transport in the transport matrix. These off-diagonal terms in 

the transport matrix enable us to improve the confinement by the direct (momentum injection) or 

indirect (heating) control of the electric field. A quantitative study of diagonal and off diagonal terms 

in the future will improve our understanding of anomalous transport and improved plasma 
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confinement. 

Acknowledgement 

The authors would like to thank Dr. A.Byoshi and Dr. M.Fujiwara for their continuous 

encouragements to this work. The useful discussions with Dr. AJFujisawa and Dr.K.C.Shaing(Oak 

Ridge National Laboratory) are acknowledged. The authors also thank Drs. T-Hamada, K.Toi, 

K.Kawahata, and NBI group of JIPP T-IIU experiments, Dr. K.Matsuoka, ECH and NBI groups of 

CHS experiments, Dr. H.Maeda (Japan Atomic Energy Research Institute) and machine operation 

gxoup of JFT-2M experiments. The authors acknowledge Dr. Matsuda (JAERI), Mr. MKojima and 

Mr. C.Takahashi for data acquisition for these experiments. 

Reference 

1) K.Miyamoto, Plasma physics for nuclear fusion, Iwanami, (1987). 

2) H.Wobig, H.Maassberg, H.Renner, W VU-Team, ECRH Group, NI Group, in Plasma Physics 

and Controlled Nuclear Fusion Research (Proc. of 11th Int. Conf., Kyoto, 1986) \bl.JJ p.369, 

IAEA, Vienna (1987). 

3) K.Kondo, H.Zushi, H.Nakamura, etal., Rev. Sci. Instrum, 5 9, (1988) 1533. 

4) K.A.Razumova, Plasma Physics and Controlled Fusion 26, (1984) 37. 

5) M.Murakami, et al., in Plasma Physics and Controlled Nuclear Fusion Research (Proc. of 10th 

Int. Conf., 1984, London), \ol.I, p.87, IAEA, Vienna (1985). 

6) G.A.Hallock, J.Mathew, W.CJennings and R.L.Hickok, Phys. Rev. Lett. 5 6 (1986) 1248. 

7) G.A.Hallock, A.J.Wootoon and RX.Hickok, Phys. Rev. Lett. 5 9 (1987) 1301. 

8) F.Wagner, G.Becker, K.Behringer, D.Campbell, A.Eberhangen, W.Engelhardt, G.Fussmann, 

0,Gehre, J.Gemhardt, G.v.Gierke, G.Haas, M.Huang, F.Karger, M.Keilhacker, O.Kluber, 

M.Kornherr, KXackner, GXisitano, G.G.Lister, H.M.Mayer, D.Meisel, E.R.Muller, 

H.Murmann, H.Niedermeyer, W.Poschenrieder, H.Rapp, H.Rohr, F.Schneider, G.Siller, 

E.Speth, A.Stabler, K.H.Steuer, G.Venus, and O.Vollmer, Phys. Rev. Lett. 49, (1982) 1408. 

9)S.-I.Itoh andKJtoh, Phys. Rev. Lett. 60, (1988)2276. 

29 

file:///bl.JJ
file:///ol.I


10) S.-I.Itoh andKJtoh, Nucl. Fusion 29, (1989) 1031. 

11) S.-Iitoh andKJtoh, J. Phy. Soc. Jpn. 59, (1990) 3815. 

12) K.C.Shaing, et al., in Plasma Physics and Controlled nuclear Fusion Research (Proc. 12th Int. 

Conf., Nice, 1988) m i l , p l3 , IAEA Vienna, (1989). 

13) KLCShaing andE.CCrume Jr, Phys. Rev. Lett. 63, (1989) 2369. 

14) KLCShaing, RCCrume Jr, and W.A.Houlberg, Phys. Fluids B 2, (1990) 1492. 

15) RJ.Groebner, K.H.Burrell, and R.RSeraydarian, Phys. Rev. Lett 64, (1990) 3015. 

16) K.H.Burrell, T.N.Carlstrom, EJ.Doyle, P.Gohil, RJ.Groebner, T.Lehecka, N.C.Luhmann, 

Jr., RMatsumoto, TH.Osbone, W.A.Peebles, and R.Philipona, Phys. Fluids B 2, (1990) 1405. 

17) EJ.Doyle, RJ.Groebner, K.H.BurreIl, P.Gohil, T.Lehecka, N.C.Luhmann, Jr., H.Matsumoto, 

T.H.Osbome, W.A.Peebles, and R.Philipona, Phys. Fluids B3, (1991) 2300. 

18) K.Ida, S.Hidekuma, YMiura, TFujita, M.Mori, KHoshino, N.Suzuki, T.Yamauchi and JFT-

2M Group, Phys. Rev. Lett. 65, (1990) 1364. 

19) K.Ida, S.Hidekuma, M.Kojima, YMiura, S.Tsuji, K.Hoshino, M.Mori, N.Suzuki, Phys. 

Fluids. 84,(1992)2552. 

20)K.Ida, KJtoh, SJ.-I.Itoh, YMiura, JFT-2M Group, A.Fukuyama, Phys.plasma 1, (1994) 

116. 

21) A.R.Field et al., Nucl. Fusion 43, (1992) 1191. 

22) VErckmann, F.Wagner, J.Baldzuhn, R.Brakel, R.Burhenn, U.Gasparino, P.Grigull, 

HJ.Hartfuss, J.V.Hofmann, RJaenicke, H.Nidermeyer, W.Ohlendorf, A.Rudjj, A.Weller, 

S.D.Bogdanov, B.Bomba, A.A.Borschegovsky, G.Cattanei, ADodhy, D.Dorst, A.Elsner, 

M.EndIer, T.Geist, L.Giannone, H.Hacker, CHeinrich, G.Herre, D.Hildebrandt, V.LHiznyak, 

W.Kasparek, F.Karger, M.Kick, S.Kubo, A.N.Kufin, VI.Kurbatov, A.Lazaros, S.A.Malygin, 

VLMalygin, K.McCormick, G.A.Muller, VB.Orlov, P.Pech, H.Ringler, I.N.Roi, F.Sardei, 

S.Sattler, F.Schneider, U.Schneider, P.G.Schuller, G.Siller, U.Stroth, M.Tutter, E.Unger, 

H.Wolff, E.Wursching, S.Zopfel, Phys. Rev. U t t 70, (1993) 2086. 

23) R.J.Taylor, M.L.Brown, B.D.Fried, H.Grote, J.R.Liberati, GJ.Morales, RPribyl, D.Darrow, 

andM.Ono, Phys. Rev. Lett. 63, (1989) 2365. 

24) R.R.Weynants, and R.J.Taylor, Nucl. Fusion 3 0, (1990) 945. 

25) S.-IJtoh and KJtoh, Kakuyugou Kenkyu 67, (1992) 136. 

30 

http://SJ.-I.Itoh


26) RStix, Phys. Fluids 16, (1973) 1260. 

27) KLCShaing, Phys. Huids B2, (1990) 2847. 

28) K.C.Shaing and J.D.Callen, Phys. Huids 26, 1526 (1983). 

29) K.Brau, M.Bitter, R.LGoldston, D.Manos, K.McGuire, S.Suckewer, Nucl. Fusion 23, (1983) 

1643. 

30) R.D.Benjamin, J.L.Teny and H.WJMoos, Rev. Sci. Instrum. 57, (1986) 2020. 

31) RJ.Fonck, MJFinkenthal, RJ.Goldston, D.L.Herndon, R.A.Hulse, R.Kaita, D.D.Meyerhofer, 

Phys. Rev. Lett. 4 9, (1982) 737. 

32) RJ.Fonck, D.S.Darrow, andK.PJaehnig, Phys. Rev. A 29, (1984) 3288. 

33) R.C.Isler, L.E.Murrary, Appl. Phys. Lett. 42, (1983) 355. 

34) RJ.Groebner, N.H.Brooks, K.H.Burrell, L-Pottler, Appl. Phys. Lett. 43, (1983) 920. 

35) K.PJaehnig, RJ.Fonck, KJda, E.T.Powwell, Rev. Sci. Instrum. 56, (1985) 865. 

36) R.P.Seraydarian, K.H.Burrell, Rev. Sci. Instrum. 57, (1986) 2012. 

37) K.Ida, T.Kato, Phys. Letter. A166, (1992) 35. 

38) K.Ida, S.Hidekuma, Rev. Sci. Instrum. 60, (1989) 867. 

39) K.H.Burrell, RJ.Groebner, H.StJohn, R.P.Seraydarian, Nucl. Fusion 28, (1988) 3. 

40) H.Weisen, M.von Hellermann, A.Boileau, L.D.Horton, W.Mandl, H.P.Summers, Nucl. Fusion 

29,(1989)2187. 

41) A.Kallenbach, H-M.Mayer, G.Fussmann, R.Buchse, O.Gruber, O-Kluber, VMertens, 

O.Vollmer, H.Zohm.Nucl. Fusion 30, (1990) 645. 

42) K.Ida, S.-I.Itoh, K.Itoh, S.Hidekuma, YMiura, N.Suzuki, M.Mori, T.Matsuda, T.Yamauchi, 

and JFT-2M Group, in Controlled Fusion and Plasma Heating, (17th European Conf., 1990 

Amsterdam), \61.14B, Part.I, p.267, European physical Society, Petit-Lancy, Switzerland, 

(1990). 

43) RJ.Fonck, R.Howell, KJaehnig, etal., Phys. Rev. Lett 63, (1989) 520. 

44) S.Scott, etal., Phys. Rev. Lett. 64, (1990)531. 

45) J.A.Snipes, et al., Nucl. Fusion 30, (1990) 205. 

46) K.Ida, K.Itoh, S.-LItoh, YMiura, JFT-2M Group, Nation Institute for Fusion Science Report, 

NIFS-241. 

47) K.Matsuoka et. al., in Plasma Physics and Controlled Nuclear Fusion Research (Proc. 12th 

31 

file:///61.14B


Conf., Nice, 1988) Mbl.Il, p.411, IAEA, Vienna (1989). 

48) CKaneko, et al., in Plasma Physics and Controlled Nuclear Fusion Research 1990 (Proc. 13th 

Int Conf., Washington D.C, 1990), \bl.II, p.473, IAEA,Vienna (1991). 

49) K.Ida, H.Yamada, Rlguchi, KJtoh, CHS Group, Phys. Rev. Lett 67, (1991) 58. 

50) H.Yamada, K.Ida, Rlguchi, S.Morita, O.Kaneko, RArimoto, MHosokawa, RIdei, S.Kubo, 

ICMatsuoka, K-Nishimura, S.Okamura, YTakeiri, YTakita, C.Takahashi, K.Hanatani, 

RCHowe, S.RHirshman, D.K.Lee, Nucl. Fusion 3 2, (1992) 25. 

51) S.RHirshman, W.van Rij, andRMerkel, Comput. Phys. Commun. 43, (1986) 143. 

52) J.A.Rome, JXJ.Callen, J.F.Clarke, Nucl. Fusion 14, (1974) 141. 

53) R.H.Fowler, R.N.Morris, J.A.Rome and KJIanatani, Nucl. Fusion 30, (1990) 997. 

54) RYamada, K.Ida, H.Iguchi, H.C.Howe, S.Kubo, YOgawa, KRanatani, D.Okamura, 

RArimoto, M.Hosokawa, H.Idei, O.Kaneko, K.Matsuoka, S.Morita, K.Nishimura, N.Noda, 

T.Ozaki, A.Sagara, H.Sanuki, YTakeiri, YTakita, C.Takahashi, K.Tsuzuki, in Controlled Fusion 

and Plasma Heating, (Proc. 18th European Conf., Berlin), Nbl. 15C, Part II, p. 137, European 

Physical Society, Petit-Lancy, Switzerland, (1991). 

55) Rldei, K.Ida, RSanuki, etal., Phys. Rev. Lett 71, (1993) 2220. 

56) Rldei, KJda, RSanuki, et al., submitted to Phys. Plasma. 

57) K.Ida, S.Hidekuma, K.Itoh, S.-I.Itoh, JIPP T-IIU and CHS Group, in Plasma Physics and 

Controlled Nuclear Fusion Research (Proc. 13th Int. Conf., Washington D.C., 1990) \bl.II, 

p.577, IAEA, Vienna (1991). 

58) L.M.Kovrizhnykh, Nucl. Fusion 24, (1984) 435. 

59) D.E.Hastings, W.A.Houlberg, K.C.Shaing, Nucl. Fusion 25, (1985) 445. 

60) K.Ida, H.Yamada, HJguchi, S.Hidekuma, H.Sanuki, K.Yamazaki, and CHS Group, Phys. 

Fluids B 3, (1991) 515 and Fluids B4, (1992) 1360. 

61)H.Sanuki, K.Itoh, K.Ida, S.-I.Itoh, J.Phys. Soc. Jpn. 60, (1991) 3698. 

62) RSanuki, K.Itoh, S.-I.Itoh, J.Phys. Soc. Jpn. 62, (1993) 123. 

63) K.T.Tsang andE.A.Frieman Phys. Fluids 19, (1976) 752. 

64) K.C.Shaing and J.D.Callen Phys. Fluids 25, (1982) 1012. 

65) S.Morita, et al., in Controlled Fusion and Plasma Heating, (Proc. 14th Europ. Conf. Madrid, 

1987) \bl. 11D , pan III, p874, European Physical Society (1987). 

32 

http://Mbl.Il
file:///bl.II


66) K.Ida, K.Kawahata, K.Toi, T.Watari, O-Kaneko, YOgawa, H.Sanuki, K.Adati, RAkiyama, 

A.Ando, R.Ando, YHamada, S-Hidekuma, S.Hirokura, A.Karita, T.Kawamoto, YKawasumi, 

M.Kojima, R.Kumazawa, TKuroda, K.Masai, S.Morita, K.Narihara, K.Ohkubo, YOka, 

S.Okajima, T.Ozaki, M.Sakamoto, M.Sasao, K.Sato, K.N.Sato, T.Seld, F.Shimpo, YTaniguchi, 

TTsuzuki, KYamada, NucL Fusion 31 , (1991) 943. 

67) S.M.Kayc M.G.Bell, K.Bol, D.Boyd, K.Brau, D.Buchcnaucr, R-Budny, A.Cavallo, 

P.Couture, TCrowley, D.S.Darrow, H-Eubank, RJ.Fonck, R.Goldston, B.Grek, K.RJaehnig, 

DJohnson, RJCaita, HJCugel, B-LeBlanc, J.Manicam, D.Manos, D .Mansfield, F^Mazzucato, 

R.McCann, D.McCunc, K.McGuire, D.Mueller, A.Murdock, M.Okabayashi, K.Okano, 

D.K.Owens, DJLPost, M.Reusch, G.L.Schmidt, S.Sesnic, R.Slusher, S.Suckewer, C.Surko, 

H.Takahashi, F.Tenney, H.Towner, and J.Valley, J. Nucl. Mater 121, (1984) 115. 

68) M.Nagami, M.Kasai, A.Kitsunezaki, T.Kobayashi, S.Konoshima, T.Matsuda, M.Miya, 

H.Ninomiya, S.Sengoku, M.Shimada, H.Yokomizo, T.Anmgel, C.Armentrout, F.Blau, 

G.Bramson, N.Brooks, R.Chase, A.Colleraine, E.Fairbanks, J.Fasolo, R.Fisher, R.Groebner, 

T.Hino, R.Hong, GJahns, J.Kamperschroer, J.Kim, A.Lieber, J.Lohr, D.McColl, L.Rotder, 

R.Seraydarian, R.Silagi, J.Smith, R.Snider, T.Taylor, J.Tooker, D.Vaslow, and S.Wojtowicz, 

Nucl. Fusion 24, (1984)183. 

69) A.Tanga, K.H.Behringer, A.E.Cosdey, M.Brusati, B.Denne, A.Edwards, A.Gibson, R.D.Gill, 

N.Gottardi, R.Granetz, P.J.Harbour, HJackel, M.Keilhacker, EXazzaro, M.Malacarne, 

RD.Morgan, P.N0II, J.Orourke, P.E.Stott, D.R.Summers, J.A.Tagle, and P.R.Thomas, Nucl. 

Fusion 27, (1987)1877. 

70) S.Sengoku, A.Funahashi, M.Hasegawa, K.Hoshino, S.Kasai, T.Kawakami, H.Kawashima, 

T.Matoba, T.Matsuda, H.Matsumoto, YMiura, M.Mori, ROgawa, T.Ogawa, H.Ohtsuka, 

T.Shoji, N.Suzuki, H.Tamai, YUesugi, TYamamoto, and T.Yamauchi, Phys. Rev. Lett. 5 9, 

(1987) 450. 

71) K.Toi, K.Kawahata, S.Morita, T.Watari, R.Kumazawa, KIda, A.Ando, YOka, M.Sakamoto, 

YHamada, K.Adati, R.Ando, T.Aoki, S.Hidekuma, S.Hirokura, O.Kaneko, A.Karita, 

T.Kawamoto, YKawasumi, T.Kuroda, K.Masai, K.Narihara, YOgawa, KOhkubo, S.Okajima, 

T.Ozaki, M.Sasao, K.N.Sato, T.Seki, F.Shimpo, H.Takahashi, S.Tanahashi, YTaniguchi, and 

TTsuzuki, Phys. Rev. Lett. 64, (1990) 1895. 

33 



72) CE.Bush, RJ.Goldston, SJD.Scott, E.D.Fredrickson, K.McGuire, J.Schivell, G.Taylor, Cris 

W. Barnes, M.G.Bell, R.L.Boivin, N.Bretz, R.V.Budny, A.Cavallo, P.CEfthimion, B.Grek, 

RJJawryluk, K.HU1, R.A.Hulse, AJanos, D.W.Johnson, S.Kilpatrick, D.M.Manos, 

DJCMansfield, D.M.Meade, H.Park, A.T.Ramsey, B.Stratton, EJ.Synakowski, H.H.Towner, 

RJM.Wieland, M.CZamstorff, and S.Zweben, Phys. Rev. Lett. 65, (1990) 424. 

73) K-Hoshino, T.Yamamoto, HJCawashima, N.Suzuki, YUesugi, M-Mori, IIAikawa, SJCasai, 

TKawakami, T.Matsuda, YMiura, ICOdajima, H.Ogawa, T.Ogawa, H.Ohtsuka, T.Shoji, 

H.Tamai, T.Yamauchi, TKondo, LNakazawa, CR.Neufeld, andHLMaeda, Phys- Rev. Lett. 63 , 

(1989) 770. 

74) S.Tsuji, KJJshigusa, YBceda, TImai, TJtami, M.Nemoto, K.Nagashima, YKoida, YKawano, 

T.Fukuda, TKondoh, M.Shimada, H.Nakamura, O.Naito, H.Yoshida, T.Nishitani, H.Kubo, 

K.Tobita, YKusama, S.Ishida, M.Sato, N.Isei, T.Sugie, N.Miya, R.Yoshino, and K.Uehara, 

Phys. Rev. Lett 64, (1990) 1023 . 

75) T.H.Osborne, N.RBrooks, K.H.Burrell, T.N.Carlstrom, R.J.Groebner, W.Howl, 

A.G.Kellman, L.L.Lao, T.S.Taylor, D.N.Hill, N.Ohyabu, and M.E.Perry, Nucl. Fusion 30, 

(1990) 2023. 

76) A.B.Hassam, T.MAntonsen Jr, J.EDrake, and C.S.Liu, Phys. Rev. Lett 6 6, (1991) 309. 

77) M.Tendler and YRozhansky, Comments Plasma Phys. Controlled Fusion 13, (1990) 191. 

78) RBiglari, P.H.Diamond, and P.W.Terry, Phys. Fluids B 2, (1990) 1. 

79) Ch.P.Ritz, R.D.Bengtson, S.J.Levinson, E.J.Powers, Phys. Fluids 27, (1984) 2965. 

80) M.Greenwald, D.Gwinn, S.Milora, J.Paker, R.Parker, S.Wolfe, etal., Phys. Rev. Lett. 53, 

(1984) 352. 

81) J.D.Strachan etal., Phys. Rev. Lett 58, (1987) 1004. 

82) F.X.Soldner, E.R.Muller, F.Wagner, et al., Phys. Rev. Lett. 6 1 , (1988) 1105. 

83)K.McConnicketal., J.Nucl. MaL 176 & 177, (1990)89. 

84)MMori, N.Suzuki, etal., Nucl. Fusion 28, (1988) 1891. 

85) R.C.Isler etal., Phys. Rev. Lett. 47, (1981) 649. 

86) O.Gehre, O.Gruber, H.D.Murmann, D.E.Roberts, F.Wagner, et al., Phys. Rev. Lett. 6 0, 

(1988) 1502. 

87) VMertens, etal., Plasma Phys. Contl. Fusion 32, (1990) 965. 

34 



88) S.-I.Itoh, J. Phys. Soc. Jpn. 5 9, (1990) 3431-

89) RJD Jiazeltine, S.M.Mahajan, D. A. Hichcock, Phys. Fluids 2 4, (1981) 1164. 

90) K.Ida, S.-I. Itoh, KJtoh, S.Hidekuma, YMiura, H.Kawashima, M.Mori, T.Matusda, 

N.Suzuki, H.Tamai,T.Yamauchi, and JFT-2M Group, Phys. Rev. Lett. 68, (1992) 182. 

91) D.Pasini, M.Mattioli, A.W.Edwards, R.Giannella, et al., Nucl. Fusion 3 0, (1990) 2049. 

92) R.Giannella etal., in Controlled Fusion and Plasma Hearing, (Proc. 18th European Conf., 

Berlin), 'Vbl.lSC, Part.I, P.197, European physical Society, Petit-Lancy, Switzerland, (1991). 

93) B.Coppi and C. Spight, Phys. Rev. Lett. 41, (1978) 551. 

94) RRomanelli, Phys. Fluids B1, (1989) 1018. 

95) K.C.Shaing, Phys. Fluids 31, (1988) 2249. 

35 



Figure captions 

Fig. 1. Physical mechanisms determining the radial electric field in a toroidal plasma. 

Fig.2. Schematic diagram of the multi-channel measurement using optical fiber array. Solid lines 

show interlace scans in the odd frame and dashed line show scans in the even frame. 

Fig 3. Block diagram of data acquisition system for the multi-channel charge exchange 

spectroscopy. 

Fig.4. Block diagram of the frame window. 

Fig.5. (a) Time evolution of the toroidal rotation velocity at the plasma center and (b) radial profiles 

of perpendicular viscosity for a neutral beam injection experiment in the JFT-2M tokamak. 

Fig. 6. Radial profiles of (a) plasma toroidal rotation velocity and (b) radial electric field in co-

(t=690ms) and counter-NBI phase (t=890ms) in the JFT-2M tokamak, where p is the 

normalized averaged minor radius (from Phys. Rev. Lett 68 (1992) 182). The solid line is a 

fit through the data points. 

Fig.7. Radial profiles of (a) ion temperature, (b) toroidal rotation velocity, (c) modulation of 

magnetic field strength y (where y^=<|9B/8s| >/B ), and (d) electron density for the major 

radii of 89.9cm, 94.9cm and 97.4cm in CHS heliotron/torsatron, where p is the normalized 

averaged minor radius and e(0) is the magnetic field ripple at the plasma magnetic axis (from 

Phys. Rev. Lett. 67 (1991) 58). 

Fig.8. Comparison of radial profiles of the parallel velocity and theoretical estimates using only 

neoclassical parallel viscosity (dashed line), a perpendicular viscosity of 18m /s (dot-dashed 

lines) and a combination of parallel and perpendicular viscosity (solid line) for major radii of 

(a) 89.9cm and (b) 97.4cm in CHS heliotron/torsatron, where M-« *s neoclassical parallel 
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viscosity in the plateau regime, (from Phys. Rev. Lett. 67 (1991) 58). 

Fig.9. Inverse effective central viscosity derived from the measured central toroidal rotation velocity, 

electron density and momentum input as a function of (a) the modulation of magnetic field 

strength at the plasma axis and (b) line averaged density in CHS heliotron/torsatron- In 

Fig(9a), the dashed line is an estimate by a neoclassical parallel viscosity and solid line 

shows the estimate by a combination of neoclassical parallel and anomalous perpendicular 

viscosity. 

Fig. 10. (a)Temporal evolution of the central toroidal rotation velocity and the prediction by 

neoclassical parallel viscosity for co-neutral beam injection and (b) comparison of measured 

central toroidal rotation velocities with the predictions by the neoclassical parallel viscociry 

for co, counter(ctr), and balanced(blnc) neutral beam injection in the "Wendelstein 7 AS 

stellarator. 

Fig.ll. Radial profiles of the VxB electric field in plasmas with co- and counter-neutral beam 

injection for major radii of (a) 89.9cm and (b) 97.4cm in CHS heliotron/torsatron, where <j> 

and 9 stand for the toroidal and poloidal direction, respectively. 

Fig.12. (a) Radial electric field at the normalized averaged minor radii p = 0.49, 0.61, 0.72 and 0.82 

as a function of launched power of 2nd harmonic electron cyclotron resonance heating 

(ECH) and (b) radial profile of the electric field for me discharges without and with ECH 

(85kW and 140kW) in CHS heliotron/torsatron. 

Fig. 13. Radial profiles of (a) electron density, (b) electron temperature, (c) ion temperature (d) radial 

electric field for density a scan (ne = 0.7, 2.0, 6.0, xlO 7m"J) in CHS heliotron/torsatron, 

where p is the normalized averaged minor radius. 

Fig. 14. Radial profiles of (a) toroidal rotation velocity normalized, to thermal velocity and (b) 

normalized radial electric field for co and counter, parallel and near perpendicular neutral 
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beam injection in JIPP TllU tokamak, where a is the minor radius and p is the normalized 

averaged minor radius 

Fig. 15. Radial profiles of (a) electron temperature measured ECE and (b) ion temperature measured 

with charge exchange spectroscopy, (c) radial electric field and (d) plasma space potential for 

ohmic (t=692ms, OH), L-mode(t=742ms) andH-mode (t=792ms) phases, where p is the 

normalized averaged minor radius and ds is the distance from the separatrix (negative: 

inside, positive: outside). SOL means scrape off layer. The absolute value of the space 

potential is measured by probes (squares symboIs).(from Phys Fluids B4 (1992) 2552). 

Fig. 16. Radial profiles of (a) ExB drift velocity, (b) parallel and perpendicular viscosities and energy 

integral coefficient L at the plasma edge in H-mode. SOL means scrape off layer. 

Fig. 17. The thickness of ExB drift velocity shear as a function of poloidal gyro-radius. Open circles 

stand for hydrogen plasma and closed circles for deuterium plasma. Three lines show the 

simulated results with neoclassical parallel viscosity plus perpendicular viscosities of 2m /s, 

5m2/s and I0m2/s. 

Fig.l8i>oloidal Mach numbers as a function of line averaged electron density in (a) the JFT-2M 

tokamak with plasma currents of 170kA, 230kA, 280kA for hydrogen (H) and deuterium 

(D) plasmas and (b) Wendelstein 7 AS stellarator. 

Fig. 19. (a)Time evolutions and (b) radial profiles of measured electron density (open and closed 

circles) for co and counter neutral beam injection in the JFT-2M tokamak compared with 

theoretical predictions (lines), (from Phys. Rev. Lett, 68 (1992) 182). 

Fig.20. (a) Time evolution of the central electron and ion temperatures and the volume averaged ion 

temperature (b) radial profile of the effective thermal diffusivity compared with the prediction 

by T|. mode theory for co and counter neutral beam injection phases in JFT-2M tokamak. 

(from Phys. Rev. Lett. 68 (1992) 182). 
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Fig. 21. (a) Plasma stored energy as a function of line averaged density and (b) energy confinement 

time as a function of injected power for 2nd second harmonic resonance electron cyclotron 

hearing in CHS heliotron/torsatron. 

Fig. 22. (a) Radial profiles of me electron and ion temperature gradients at the plasma edge and (b) 

peak values of the electron and ion temperature gradients as a function of poloidal rotation 

velocity shear in the JFT-2M L- and H-mode plasmas. 
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