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REVIEW ARTICLES

Effects of E X B velocity shear and magnetic shear on turbulence
and transport in magnetic confinement devices = *
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One of the scientific success stories of fusion research over the past decade is the development of
the EXB shear stabilization model to explain the formation of transport barriers in magnetic
confinement devices. This model was originally developed to explain the transport barrier formed at
the plasma edge in tokamaks after the(low) to H (high) transition. This concept has the
universality needed to explain the edge transport barriers seen in limiter and divertor tokamaks,
stellarators, and mirror machines. More recently, this model has been applied to explain the further
confinement improvement from khigh) mode to VH(very high mode seen in some tokamaks,
where the edge transport barrier becomes wider. Most recently, this paradigm has been applied to
the core transport barriers formed in plasmas with negative or low magnetic shear in the plasma
core. These examples of confinement improvement are of considerable physical interest; it is not
often that a system self-organizes to a higher energy state with reduced turbulence and transport
when an additional source of free energy is applied to it. The transport decrease that is associated
with E X B velocity shear effects also has significant practical consequences for fusion research. The
fundamental physics involved in transport reduction is the effeEtoB shear on the growth, radial
extent, and phase correlation of turbulent eddies in the plasma. The same fundamental transport
reduction process can be operational in various portions of the plasma because there are a number
of ways to change the radial electric fid) . An important theme in this area is the synergistic
effect of E X B velocity shear and magnetic shear. AlthoughEheB velocity shear appears to have

an effect on broader classes of microturbulence, magnetic shear can mitigate some potentially
harmful effects of EXB velocity shear and facilitate turbulence stabilization. Considerable
experimental work has been done to test this picture»B velocity shear effects on turbulence;

the experimental results are generally consistent with the basic theoretical modetE997©
American Institute of Physic§S1070-664X97)93605-3

I. INTRODUCTION and transport when an additional source of free energy is
applied to it. In addition to its intrinsic physics interest, the
One of the scientific success stories of fusion researchansport decrease that is associated vtk B velocity
over the past decade is the development ofiheB velocity  ghear effects has significant practical consequences for fu-
shear model to explain the formation of transport barriers iy, research. For example, the best fusion performance to
magnetic confinement devices. This model was originallyda,[e in the DII-0 and JT-60U° tokamaks has been ob-
d;\;ioa{)ig fir?)t(glggatli]: azz?stﬁ;[év\%a{g'ﬁ (fr?i”n)etdraﬁt the[ained under conditions where transport reduction through
pla 9 : . . g EXB velocity shear decorrelation of turbulence is almost
sition. As has been discussed previoustpjs concept has . ; 112 .
certainly taking placél'? The performance of these dis-

the universality needed to explain the edge transport barriersh ¢ luti ten f dinth trol
seen in limiter and divertor tokamaks, stellarators, and mirrof 1219€S represents a revolutionary step forward in the contro

machines. More recently, this model has been applied to e>9f plasma turpulence and transport.. In the D”!'P case, for
plain the further confinement improvement from (High) example, the ion thermal transport is at the minimum level

mode to VH (very high mode seen in some tokamaké set by interparticle collisions over the whole dischatyin
where the edge transport barrier becomes wider. Most rgdther words, at least in the ion channel, it appears that
cently, this paradigm has been applied to the core transpofnomalous transport is much smaller than collision-induced

barriers formed in plasmas with negative or low magneticiransport.
shear in the plasma coté® The fundamental physics involved in transport reduction

These examples of confinement improvement are of conis the effect ofEXB velocity shear on the growth of and
siderable physical interest; it is not often that a system selfradial extent of turbulent eddies in the plasma. Both nonlin-
organizes to a higher energy state with reduced turbulencear decorrelatioli='” and linear stabilizatioli~2® effects

have been considered. The basic nonlinear effect is the re-
*Paper 3RV, Bull. Am. Phys. Sod1, 1418(1996. duction in radial transport owing to a decrease in the radial
TReview speaker. correlation length and the change in the phase between den-
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sity, temperature, and potential fluctuations. There are a muplasmas and neutral fluids;however, in neutral fluids, the
titude of linear effects specific to various modes; howeverincreased turbulent drive owing to the free energy provided
one general feature of linear stabilization is coupling to morepy the velocity shear usually overcomes the stabilizing ef-
stable modes caused by tBe<B velocity shear. fects of reduced radial correlation length to drive Kelvin—

The same fundamental transport reduction process cafjeimholtz instabilities. In a plasma with magnetic shear,
be operational in various portions of the plasma becausguih in the ideal cage and the resistive cadd Kelvin—

there are a number ways to change the radial electric ﬁel51|elmholtz modes are rendered ineffectual. As a second ex-

E; . The radial force balance equation ample, in the case of core transport barriers, the magnetic
E,=(Zen) v Pi—v4iByTv 4By, (1) shear effects play a role by linearly stabilizing several modes

indicates that there is a connection betwéerand the cross  (6-9- sawteeth and ideal ballooning modesile reducing
field heat and particle transpor¥@;), cross field angular the growth rates of other's;”’**thus allowing the core gra-
momentum transportu(,;), and poloidal flow ¢,). Since dients to steepen. A transport bifurcation, similar to those
shearedE X B flow also affects turbulence and transport, previously discusse®f,* results and the core transport bar-
there are several feedback loops wher&yand its shear rier forms?’~3°

can change, allowing the plasma access to different confine- Considerable experimental work has been done to test
ment regimes. For example, batly; andV P; are important  this picture ofE X B velocity shear effects on turbulence. As
in the H-mode eddewhile v ,; appears to play the major role will be discussed in detail in this paper, the experimental
in the VH mode’™ Both v,; (Ref. § and VP; (Ref. 7  results are consistent with the basic theoretical models. The
appear to play a role in the core transport barriers. This mulg g velocity shear model has the universality needed to

tiplici_ty_ _o_f feedbacl_< loops ultimately provides a number _of explain: (1) H-mode edge confinement improvement seen in
possibilities for active control of transport. Neutral beam IN-jimiter and divertor tokamaks, stellarators, torsatrons, and

ection, for example, has b_een used to altgr (Refs. 2—7 mirror machines produced with a variety of heating and
while ion Bernstein wave input may have produced effects lasma biasing scheme@) the confinement improvement in
consistent with a change in; .%* P 9 P

One of the important themes in this area is the s:ynergist—he outer-half of the plasma seen in VH-mode and high in-

tic effects of EXB velocity shear and magnetic shear. Al- ternal inductance _diSCha@éE”d (3) the formation of core
though theE X B velocity shear appears to have an effect ontransport barriers in a number of tokamaks. In addition, there
broader classes of microturbulence, magnetic shear can mitis both qualitative and quantitative agreement between
gate some potentially harmful effects B B velocity shear theory and the experimental results. Finally, in the last sev-
and facilitate turbulence stabilization. For example, there areral years, there have been several rigorous tests of causality;
many similarities in velocity shear effects in magnetizedthe experimental results are consistent wik B velocity

Vess

r-r,

>0 — f<0 —— 7

FIG. 1. Results of a simple model of turbulence which treats density as a passive scalar, convected by the eddy velocity field. The calculation is done in a

cylindrical (r,d) geometry. In(a) there is no shear in the average velocity whilghihan average velocity with a linear gradient is imposed on the system.

The sheared average flow distorts the turbulent eddies and leads to decorrelation between the density and velocity perturbations. This decorrelation is
manifested in the sheared case in the difference in the angle that the major axes of the density and velocity ellipses make with each other and by the twisting

in the density ellipses as one moves away from the density maximum or minimum.
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FIG. 2. The radial particle flurn V, for the model shown in Fig. 1. Th@) and(b) plots are for no shear in the average velocity wideand(d) are for the
sheared case. THb) and(d) plots are color coded contours of the radial flux in thg) plane while thel@ and(c) plots are the radial flux averaged over
the theta coordinate. The distortion of the eddie@dincompared tqb) shows the effect of velocity shear on the radial flux. In addition, at points away from
the maximum, the radial flux decreases strongly in the sheared case. The net radidleflumtegral under the curves (a) and(c)] decreases significantly
owing to the velocity shear.

shear causing the reduction in turbulence and transport ishown in Fig. 2, the correlation between the density and
both the plasma edge and the core. velocity perturbations then leads to radial transport. When a

The goal of this paper is to give a summary of the the-shear in the average velocity is added to the problem, the
oretical picture ofEXB velocity shear decorrelation and eddies are distorted and, as is shown in Fig. 2, radial trans-
suppression of turbulence and then to review experimentgort is reduced. This reduction is due both to changes in the
results which provide tests of this model. The theory is rephase relationship between the density and velocity pertur-
viewed in Sec. Il while the experimental results are considbations and to decreases in the amplitude of the turbulent

ered in the remaining sections. fluctuations.
The simple model shown in Figs. 1 and 2 is highly ide-
Il. THEORY alized. However, it retains the important features first dis-

cussed in the analytic modéfsand that are also seen in
much more elaborate numerical calculatiéhd>~3°The abil-
There are two themes which wind through the theory ofity of EXB velocity shear to affect even nonlinearly satu-
E X B velocity shear effects on turbulence. The firstisn-  rated turbulence is important in the overall picture, since it
linean decorrelation of turbulence, leading to a reduction inprovides a mechanism whereby the plasma can start in a
transport®~1” even though the underlying turbulence is nothighly turbulent, poor confinement state and move to an im-
completely suppressed. The secondiigan stabilization of  proved confinement state with reduced turbulence.
modes leading to transport reduction through complete sta- The linear stability effects oEXB velocity shear are
bilization. Examples of the latter effect are given in Refs.more difficult to discuss in general, since much of the phys-
18-23. ics is mode specifi€®=23 However, there is one general ef-
An illustration of turbulence decorrelation is given in fect that appears to persist across a number of different
Figs. 1 and 2. In this simple mod#& density is treated as a modes. The presence &Xx B velocity shear results in en-
passive scalar, affected by the velocity field of turbulent edhanced damping by coupling the unstable modes to other,
dies. As is illustrated in Fig. 1, with no velocity shear, the nearby, stable modes, thus improving the overall stability of
eddies coupled with a linear background density profile prothe system. Often, this coupling leads to increased Landau
duce hills and valleys in the density spatial distribution. As isdamping of the mode®-?2Magnetic shear is often helpful in

A. Basic theoretical model
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this process; however, compleiex B velocity shear stabili- 50

zation is possible even in the absence of magnetic sfiear. —@— Het? (755%4) /
40 —@— He?(755%) /
B. Frequently asked questions ~6- o)
30 B 87593
There are several key questions ab&l B velocity g —— (ExB)/B2 (75594)
shear effects which cause confusion. The first of these con- X 20
cerns the central role th&X B velocity shear is assigned in §
the theory. In general, one might think that shear in any £ 104
component of any species’ velocity could be significant. The %
central role ofE X B velocity shear can be looked at in two g L
ways. The formal mathematical answer has been provided by & 104
Kim et al3® through a careful, general toroidal geometry
derivation of the equations governing electrostatic, flute-like -20]
modes. This work clearly shows that, for such modes, the Separatrix——/
only convective term in the equations is the B drift. Ac- -30 I , I 1
cordingly, theE X B velocity acquires a special place in the 225 226 227 228 229 230
theory. What measurements there are in tokariaRsndi- Major Radius (m)
cate that fluctuations are indeed flute-like, although these
measurements were made near the plasma edge. FIG. 3. The poloidal rotation speed of the main plasma ion*@iethe

There is another way to understand V\EY B shear is  most significant impurity ion (C%), and theE X B drift speed in the edge of
fundamental. For any particular mode in the plasma, the aca H-mode plasma in DIII-D showing the significant difference in the three

o Speeds. Data are from Ref. 41. Plasma conditions are 1.0 MA plasma cur-
tual phase and group velocities of the turbulence can be coment, 2.0 T toroidal field, 6.7 MW injected deuterium neutral beam power,
plicated functions of the plasma parameters. However, aknd 2.2<10" m™2 line averaged density. Discharge is a single-null divertor
particles move with theE X B velocity, regardless of their With the VB drift towards the X-point.

charge or mass. Accordingly, tex B velocity contributes

to all modes. Consequently, any mode that can be a1‘fecte61f
by sheared velocity will be affected by sheaier B veloc-

ity provided theE X B velocity shear is sufficiently large. In
this sensefE X B velocity shear provides a universal mecha-
nism for affecting turbulence.

A second confusing point has to do with the difference
between the poloidal rotation of the various ions in the
plasma and th&X B flow velocity. This confusion comes
about partially because the initial theories of velocity shea
effects on the H mode were done in cylindrical geométty
for a plasma with one ion species. For this case, there is littl
distinction between the fluid velocity perpendiculalB@nd
the EXB velocity. In addition, this confusion may partially
have resulted from the initial H-mode observations of
changes in the radial electric fiek} across the L to H tran-

this problem in analogy to other plasma instabilities.,
ballooning modes or drift wavess having possibilities for
both ideal and resistive instabilities. For the ideal cidbe
stability criterion can be stated asvE,/B)<(Va/LJ),
whereB is the magnitude of the magnetic field, is the
Alfvén speed, and_ is the magnetic shear length. The
physical basis for the stabilization is that shear in the mag-
netic field prevents coupling of the various modes across the
(/elocity gradient so that they are unable to extract energy
from the EX B velocity shear and grow. The steepest gradi-
®nts inE, are observed at the edge of H-mode plasma; how-
ever, even there th¥ E, /B is insufficient for ideal instabil-

ity for typical parameters. If finite resistivity is assumed,
then the modes can slip past the magnetic field and still
o . ) . extract energy from the velocity shear. However, the pres-
sition which were based on observations of changes in thgnce of ExB velocity shear also acts as a decorrelation

poI0|daIbe0\;v of |mpl:1rlty |o.ns°fF. I—;ovtvﬁeveBr tdhl'?t confug,lgn mechanism. Accordingly, the criterion for preventing signifi-
came about, as IS shown in Fig. 3, tae& it speed 1S _ncant Kelvin—Helmholtz instability ¢

very different from the poloidal rotation speed of the mai
ions and the poloidal rotation speed of the most significant ~ VE, v Vak /L. Y2
impurity ion#* The main ion and impurity poloidal rotation E, nAwp (Vaky /LsC)™
speeds do not even have the same sign. Furthermore, th . .

shear in the three different speeds are also clearly differen\’f%erGA“’D is the turbulence decorrelation rate aqds the

Accordingly, since the theory speaks in terms of shear in thgqlo@al wave number of t_he t-urbulent mode. Again, th"?‘
Ex B velocity, one really cannot substitute the ion poloidal criterion would be most easily violated at the plasma edge in

rotation speed for this. : moge,twkhereiErdand 7 are tthe Iarﬁest. %[JhsTgihtyplcgl
The final frequently asked question has to do with the -mode foxamak edge parameters snows that there 1s no

velocity shear itself driving turbulence. Although there areS'gn'ﬂcam instability.
several instances in neutral fluids of velocity shear reducin
transport®>42=44in neutral fluid dynamics one usually thinks
of sheared velocity as a source of free energy which ca
drive turbulence through Kelvin—Helmholtz instabiliti&s. Early theory onEXB shear stabilization of turbulence
Fortunately, in a plasma, magnetic shear is capable of rerwas done in cylindrical geometiy:'® Recently, in order to
dering Kelvin—Helmholtz modes ineffectual. One can thinkdeal with the true geometry of tokamaks, the two-point

%. General geometry and decorrelation and
I§tabilization criteria
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analysis has been extended to general tokamak flux surface
geometry® yielding an expression for thEXB shearing
rate for flute-like modes
VBTN (@)RBG’
whereL, = A ¢, /RB;y is the radial correlation lengtiRA ¢ is
the toroidal correlation length of the ambient turbuleriRés
the major radius, and, is the poloidal magnetic field. For
flute-like modes, the poloidal correlation length Ls,
=RB,A#/B, while the correlation length perpendicular to
the field line but in the flux surface Is, = RByA ¢/B; here,
B, is the toroidal magnetic field an is the magnitude of
the magnetic field. In many cases, measurements; @fnd
L, are not available. Motivated by numerical simulations
which showL , =L, ,%¥*"*8the assumptiorL, =L, can be
used to reduce Eq2) to

(RBG)Z( a) E, 00 02 0.4 0.8 0.8 10

-50 0 50100

@ E, (kv/m)

Y R S T T S SRR

SHOT 84713 TIME 2080 ms

100 200

" E,/RBg (10°/s)

L Weyg (10%/5)

=100 0

400 800

0

WEXB™ B ﬁ R80 (3) p

There is also experimental evidence that and L, are  FIG. 4. Plot of radial electric fielé, , toroidal angular speef, /RB,, and
nearly equaﬁg The EX B shearing rate actually enters into the EXB shearing rate defined in E(B) as a function of flux surface label

the various theories quadraticalfy*® accordingly, the sign © for & high performance, deuterium VH-mode plasma in DIll-D. Heris,
proportional to the square root of the toroidal flux inside a given flux sur-

of wexp is |r_relevant. _mdeed: H'mOde e_dge_ barriers haveace. Although the derivative &, vanishes negs=0.5, theE X B shearing
been seen with both signs Bf and its derivativé. rate is appreciable across the whole plasma. Plasma conditions are 1.2 MA

The functional forms in Egs(2) and (3) have several plasma current, 1.6 T toroidal field, 9.8 MW injected deuterium neutral

interesting features. The combinatiBn/RB, in the formula zeam power, and 4710m"? line averaged density. Discharge is a
e L ouble-null divertor.

shows that both electric field and magnetic field shear are
contributing to the final result. Second, under the usual neo-
classical assumptiong, /RBy is constant on a flux surface
because the lowest order electrostatic potential is a flux funcseveral comparisons between theory and experfiieard
tion. However, since RB,)?/B varies on a flux surface, so will be used later in this paper. It should be noted, however,
doeswexg . Third, E, /RBy is the toroidal angular speed due that even the original numerical calculations on which this
to the equilibrium flow driven by, in standard neoclassical rule is basetf showed up to factors of 2.5 deviation from
theory. This suggests, and the basic equations coffithgt this rule for turbulence stabilization. In other words, in some
the basic shearing is in the toroidal direction for flute-like cases it took amwgyg a factor of 2 smaller thaax for
modes in toroidal geometry. Finally, the form in E®) complete stabilization while in other casesg had to ex-
agrees with the results of previous, large aspect rati@eedyyax by a factor of 2.5. Accordingly, this rule can only
derivation$®°%%1in that limit, although some diamagnetic be taken as a rough rule of thumb. Equati@h shows that
drift terms must be neglected to produce exact agreemenigg iS not constant on a magnetic surface. Accordingly,
with Refs. 18 and 50. there is a question of where to make the comparisons be-

As is illustrated in Fig. 4, the differences between thetweenwgyg andyyax - The stability codes used to evaluate
shear inE,/B and in E,/RB, has great practical signifi- yyax (Refs. 52—-5btypically find the fastest growing modes
cance. As is shown ther&, has a local maximum around along the low toroidal field side of a given flux surface. The
p=0.5 in this particular plasma, indicating that the shear inwgyg quoted in comparisons in this paper, unless otherwise
E, /B would vanish near that poink, /RB,, on the other noted, is evaluated at that point on the flux surfaces.
hand, has its maximum on the magnetic axis and has a sig- Finally, in comparingwgxg t0 Awp Or yyax , We end
nificant derivative throughout the plasma, as is illustrated byup confronting the relative roles of a large number of plasma
the plot of g« . Indeed, this particular plasma shows con-parameters. For example, for trapped electron modes and/or
finement improvement across the whole minor rafius. ion temperature gradient driven modegyax depends at

For EX B shear decorrelation of turbulenaeg g must least on magnetic shear, ion to electron temperature ratio
be comparable t& wp, the nonlinear turbulence decorrela- T; /T, impurity concentration in the plasma, and the Shafra-
tion rate in the absence &X B shear**® Although Awp  nov shift of the magnetic axis. Accordingly, in a given situ-
can be calculated for some cagé2’it is not routinely avail- ~ ation, all of these can influence how muEhx B velocity
able for comparison with experiment. Recent nonlinear gyroshear is needed to affect the turbulence. In that sense, any
Landau fluid simulations have also shown complete turbuquantity which significantly affects thtwp or yyax can be
lence stabilization whemwg, g is comparable toyyax , the  important in the physics. On the other hand, there is evi-
maximum linear growth rate of all the unstable modes in thedence, presented in Sec. IV, that it is ta& B velocity shear
plasma'®33 This rule wexg= ymax has thus been used in that is the important feature in producing the reduced trans-
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port, since there are many cases wheygy is observed to There is a set of common features that are seen in all

increase in the region where transport and fluctuations aréevices which obtain H mode. The first to be identified was
reduced. the formation of a transport barrier at the plasma &dge

where the density and temperature gradients steepen after the
transition. The formation of this barrier is associated with a
D. Curvature effects drop in theD, radiation all around the plasma, indicating a
Much of the theoretical work ot X B shear stabiliza- Significant decrease in the particle outflux. In addition, later
tion effects only considers the effect of the first derivative ofwork showed that the density fluctuation amplitude decreases
the EX B velocity. However, as has been considered by sevin the region where the transport barrier forfhs® Finally,
eral author®:23:°6-58gtahilization effects due to a nonzero at the same time as the formation of the transport barrier and
second derivativécurvatur@ of the EX B velocity are also the reduction in fluctuations, a steep gradient region develops
possible. Unlike the first derivative case, the stabilizationin E, at the plasma edg€:** These features have been seen
effects of curvature depend on the sign of the curvaturein all tokamak discharges where diagnostics capabilities al-
Furthermore, whether a given sign is stabilizing or destabilow it*# and have also been seen in the stellaf4t6f and
lizing is mode specific. For example, calculations for ionmirror results®® This spatial and temporal correlation be-
temperature gradieritTG)?>?®and dissipative trapped elec- tween increasel X B shear, turbulence reduction, and trans-
tron modes(DTE) indicate that positiveE, curvature(an  port reduction demonstrates qualitative consistency between
E, well) is stabilizing for ITG modes and destabilizing for the theory ofE X B velocity shear stabilization of turbulence
DTE modes. PositivéE, curvature is destabilizing for elec- and the experimental results.
tron drift waves provided that theE, well is deep Theory predicts that radial, fluctuation-driven transport
enough®®’ should be reduced if thE X B shearing rate is large enough.
The nonlinear effects o, curvature result in a radial Langmuir probe measurements in the plasma edge in spon-
squeezing or broadening of the turbulent eddies, dependini@neous H modé&$°° and biased H mod&® in tokamaks
on the sign of the curvature. Squeezing produces reduceahd in the Wendelstein 7-AS stellardfbshow large de-
radial correlation lengths and reduced transport, similar to areases in the fluctuation-driven particle flux, consistent with
linear variation in theE X B flow. the theoretical expectation.
The functional form in Eq(3) predicts thatwg, g is not
constant on a flux surface, being significantly larger on the
lll. H-MODE EDGE RESULTS low toroidal field side of the flux surface. Accordingly, one

H-mode edge transport barrier studies provide the largeshight expect significant poloidal variation in the effect of
body of data for testing thE X B velocity shear theory. The EXB shear on turbulent fluctuations. Experimental measure-
results show qualitative and quantitative agreement with thénents at the inner and outer midplane of the edge plasma in
theory. In addition, in the last few years, several results havél mode have indeed shown such differen¥,which are
been produced which are consistent Witk B shear causing qualitatively consistent with the factor of 6 variation in

changes in turbulence and transport. wexp between the two sides of the flux surface seen in the
The H mode was first discovered in the Axisymmetric €xperiments.
Divertor ExperimentASDEX) a divertor tokamak® but has In addition to qualitative agreement, there is quantitative

now been seen in a wide variety of magnetic confinemenagreement between thExB velocity shear stabilization
devices. H mode has been obtained in all auxiliary heate¢heory and L to H transition experiments. The g values
divertor tokamaks that have operated since 1982, in limitefrom Eq. (2) have been compared with the measured turbu-
discharges in several tokamd®s®® in a current-free lence decorrelation rates in several devi®es:%3~%°The re-
stellarato®*%® in a heliotron/torsatrof®” and in a linear sults show thawg, g increases significantly as the plasma
tandem mirror machin®%°H mode has also been produced goes from L mode to H mode andgyg significantly ex-
with a wide variety of techniques: heating with neutral beamceedsAwp in the H mode.wg . significantly exceeding
injection on many machines, electron cyclotron heat-Awp has also been seen in the Ohmic shear layer in the edge
ing84®>7%7% jon cyclotron heating®’? lower hybrid  of the Texas Experimental Tokam&KEXT)3 where turbu-
heating’® and Ohmic heating*~’" Furthermore, H mode has lence and transport are reduced. An example of such a com-
also been produced by biasing the plasma using an externphrison is given in Fig. 5. For this comparison, the radial
electrodé®’®"®or by biasing the limitef®%° Since the ad- correlation length and intrinsic turbulence decorrelation time
vent of biased H mode’s;”®"°H modes produced by heating is obtained from phase contrast imagihghile the estimate
the plasma have been referred to as spontaneous H modeof the poloidal correlation length is derived from far infrared
Because the H-mode confinement improvement appearattering’’ As can be seen in Fig. 5, tHex B shearing rate
in many magnetic configurations and has been produced hig comparable to the intrinsic turbulence decorrelation rate in
many means, it is clear that the explanation of the resultshe L mode but is much larger than it in the H mode. This is
requires some mechanism with significant universality. Awhat the theory would prediét:4®
theory that is specific to a given magnetic configuration orto A key prediction of thee X B velocity shear theory is the
a specific heating mechanism would not be consistent witlprediction thatE X B velocity shear causes the reduction in
the experimental results. The reduction in turbulence-drivenurbulence and transport. Causality can be quite difficult to
transport byE X B velocity shear has this universality. pin down in spontaneous H modes, since Eeshear also
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b IV. Ex B VELOCITY SHEAR EFFECTS IN THE

- 8-{ L-Mode (b) PLASMA CORE
_°- 8. In addition to evidence dE X B velocity shear effects in
- o ¥ | “Ex Aw the edge of H-mode plasmas, there is also evidence that these
23 e ° /".\D — effects are active in the core plasma in tokamaks. There are
e 2 g | H-Mode data here both from discharges in which tB B shear
w 2+ © © : -

o effects appear to grow in from the H-mode edge and in oth-

7 8 ers in which the transport improves first near the magnetic

24 ¥ axis. Most important, the evidence from the plasma core is

T I e also consistent with thE X B shear causing changes in tur-

0.90 0.94 0.98 1.02 0.90 0.94 0.98 1.02 bulence and transport.
Normalized Poloidal Flux Normalized Poloidal Flux

A. VH-mode and high /; discharges
FIG. 5. Comparison of L-mode and H-mode edge profiles in DIII-D near the . .
time of the L to H transition. The L-mode time is about 25 ms prior to the The VH mode, an improved confinement H mode, has

start of the dithering transition while the H-mode time is 50 ms later in thebeen identified on both DII-B%41%7 and the Joint Euro-
quiescent H-mode phase. (a), the E, profiles are shown; notice the char- pegn TorugJET).>108:109 o key feature of the VH mode is

acteristick, well at the plasma edge in H mode. (b) the EXB shearing . _ .
rate from Eq.(2) is compared to the intrinsic turbulence decorrelation rate.t[he penetration of the H-mode edge transport barrier deeper

Because of the need to use several phase contrast chords to obtain the radi#f0 the plasma. Although a magnetic configuration giving
correlation length, the value is plotted as the average value over the regiogecond stable ballooning access at the plasma edge facilitates

Samp'ed'.P.'asm; gondi“.ons are 1-5| ’Z‘A plasma C“"egigéfg tosmli,da' fieldiormation of the VH modé;'®it is clear from the experi-
;/iser';/lg\]lgdm(ﬁﬁtseity. sgse;l;n;sr;eggsblei?m (Ej)ic\)lvg?t(r)’r?)r:)erated m deLljrt]eerium.menta‘I reSUItS that the region of improved Confmem?nt IS
much wider than the second stable regith'” Indeed, in
DIII-D, 198197 the width of the second stable region changes
little between the L mode, H mode, and VH mode. The
participates in a number of feedback loops in which changewider transport barrier in the VH mode occurs naturally at
in transport lead to changes i . One way to test causality high power once the local bifurcation condition is satisfled.
for the spontaneous H-mode transition is to look for cases Initial work on the VH mode on DIII-B%*%71%stab-
where theE, evolves significantly prior to the L to H tran- lished a spatial and temporal correlation between the change
sition. Over the past two years, the DIII-D group has pub-in the EXB velocity shear and the change in local thermal
lished several papers showing that B B shear changes transport. The region where the local thermal diffusivity
prior to changes in the turbulence and transpdtt1%This  changes most is betweer=0.6 and 0.9, which is the same
observation is consistent with causality. region where th& X B velocity shear changes the most. This
Another way to approach the causality question is tds also the region where density fluctuations, measured by
look at H modes produced by biasing the pladm®.72°192  FIR (far infrared scattering:*"**?change the most. Further-
In these cases, the experimenter contilsand causality is more, there is evident¥ that the change in thEXB ve-
easier to determine, since tli® can be varied at will. The locity begins 20—40 ms prior to the first change in thermal
existence of a biased H mode itself is a strong argument foiransport.
EXB shear causing turbulence reduction and transport im-
provement, since it is thEX B shear that the experimenter

is changing. A recent experiment on TEXTQRokamak — @ )

. X 800 -} Mag. brake on 600 4 —— Mag. brake on i
Experiment for Technology Oriented Reseatthhas pro- R Mag, brake off / A - Mag.brake 01% .
duced some very clear evidence tfat B shear influences 2 50+ / i 400
transport. In this experiment, the electrode bias is increased & - 7 2001

slowly over a period of 2 s. The typical radial current bifur-
cation of the biased H mode occurs after about 1 s. However,
even prior to this, there is clear evidence that the density
gradient in the plasma edge has local maxima where the
radial derivative ofE, is maximum. These density gradient Z
maxima become higher after the radial current bifurcation, 00 F—— 0 ——
since theE, gradient increases further at that time. The fact T T, e
that these maxima are seen even prior to the radial current

bifurcation shows that it is thE, change, not the current F_IG. 6. C_Zomparison_of thg change in tBex B shearing rate and the_ local
biurcation iself, which leads o reduced transport. Change§id® i herma iy nerec rom poner balace vy 1 shote
in the fluctuation levéP'%>1%and in the radial correlation of rectly alter theEX B shearing rate(a) VH-mode discharges with plasma
turbulencé® have also been seen during direct biasing of theconditions 1.3 MA plasma current, 1.7 T toroidal field, 4.7 MW injected
scrape-off layer in a tokam&kand during direct biasing of deuterium neutral beam power, and 820" m~2 line averaged density.

; ; ; +102,103 _ (b) Elongation-ramp, higH; discharges with plasma conditions 1.0 MA
the main plasma In-a mirror maChlﬁ%z' All of these re plasma current, 1.4 T toroidal field, 6.0 MW injected deuterium neutral

sults are consistent wittEXB velocity shear causing peam power, and 6:010"° m~3 line averaged density. At the times pre-
changes in turbulence. sented, all discharges are double-null divertors operated in deuterium.

-100 N 0
40

Is)

o

Xerr (m
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in an L-mode plasma with this neutral beam input power,
since the toroidal rotation and, hendg, are small. Any
change in the energy confinement in the L-mode case is
within the error bars of the measurement. These are much
700 -} { + * * ‘ * smaller than the 30% change in global confinement seen with

750

magnetic braking for the data in Fig.26Accordingly, both
the arguments presented previod$hand the L-mode data

: i in Fig. 7 are consistent with no direct effect of the nonaxi-
6501  L-Mode Data symmetric perturbation on transport.

Stored Energy (kJ)

VH-Mode
Range

B. Discharges with central transport barriers

600 —
0.00 0.05 0.10

o Over the past two years, the routine achievement of re-
21/a

duced transport in the central region of tokamak plasmas has
. . generated enormous excitement in the field. Record fusion

FIG. 7. Plot of the global stored energy in an L-mode plasma in DIII-D . . .

versus the amplitude of the nonaxisymmetric perturbation used to chang_@erformanqe in DIII-D a”q JT-60U h.as been achieved utiliz-

toroidal rotation. Also shown on the figure is the range of the perturbationing these improved confinement dISCharéjeJSZ. Although

used in the VH-mode experiment discussed in Fig. 6. Note that the storethis routine achievement of improved confinement utilizes

energy in L mode is essentially unchanged over the range of amplitudeﬁarget plasmas with negative central magnetic shear. it ap-

used, indicating no direct effect of the perturbation on confinement. Note . S

also that the range of values covered on yhaxis does not include zero. pears that the key physics for the transport reduction is the

Plasma conditions are 1.8 T toroidal field, 6.9 MW injected deuterium neu-E X B velocity shear.

tral beam power, and 6:210"° m~2 line averaged density. Results are from

Ref. 116.

E27302,6.65

The high internal inductancd;§ discharges are created
in DII-D by starting with a nearly circular cross section
discharge and ramping the vertical elongation from 1.3 t0 2.2
in about 200 ms? Since this time is short compared to the
current diffusion time, the current density profile in the elon-
gated plasma is transiently very peaked. Energy confinement
improves by a factor of up to 1.8 relative to a discharge with
the constant, higher elongation. A correlation has been seen
between the increaseBXB shear and the confinement
improvement!

In order to test whether increased B velocity shear is
causing improved confinement in VH-mode and high
shots, magnetic braking of the plasta*was used to alter
the toroidal plasma rotation and change & B velocity
shear without changing the neutral beam input to the plasma.
This means that the rotation can be changed without chang-

ne (1019 m-3)

20III|III|III|III|III

Ti, Te (keV)

ing the other plasma parameters, giving a fairly clean test of oLt bl 1 |

causality. As is illustrated in Fig. 6, the experimental 12 T T

resultd***are clearly consistent with the idea that changes | | 1 | ! | © ]
in the EX B velocity shear cause the changes in local thermal i

transport. Transport rates increase in the region where the = 8- "-,‘ ]
EX B shearing rate decreases, consistent with the theory. In — —
addition, the density fluctuation amplitude increases when s 1 A
the transport increasés?? RIS

When using magnetic braking to investigate the effects
of EX B shear on confinement, one must take care that there olrtt b bina b b
are no direct effects of the nonaxisymmetric magnetic per- 0.0 04 p 0.8
turbation itself on transport. As has been discussed
previously no direct effects are expected. That none 0cCURG. 8. Radial profiles for a high performance, negative central shear dis-
is illustrated in Fig. 7. This figure shows that the stored en<harge in JT-60U(a) Electron densityr, measured by Thomson scattering.
ergy and, hence, the energy confinement time in L-mod&olid curve is obtained by fitting interferometer détae tangential and two

. . . rtical chords (b) T; from charge exchange recombination spectroscopy
divertor plasmas IS essentla”y unChanged for the range o\ira]dTe. In the T, profile, closed points are measured by Thomson scattering

amp”t.Udes 1%f the magnetic .braking used in the VH-modesng open points are by electron cyclotron emissiong profile from mo-
experiment!® No EX B velocity shear effects are expected tional Stark effect measurements. Data are from Ref. 137.
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Initial techniques for creating core transport barriersbuild, thus starting the feedback process discussed with Eqg.
were restricted to narrow parameter ranyés!?°Although  (1). A local transport bifurcation can occur based BX B
it was not realized during the initial experimefté,a com-  shear decorrelation of turbulence as discussed by Staebler
mon feature of these improved core confinement modes iand Hinton?>%° As pointed out by Diamonet al,?”?® the
profiles of the magnetic safety factogrwith g>1 on axis local transport bifurcation starts first in the plasma core be-
and low? or, in some casé¥**°negative central magnetic cause magnetic shear effect,/T,>1 and the Shafranov
shear. Routine achievement of core transport barriers reshift all give the lowest threshol@nicroinstability growth
quired developing a means of shaping the current densityate) there. The transport barrier propagates outward into the
profile. This development actually had two parts. First, ex-region of increased microinstability growth rate until the lo-
perimentalists had developed the technique of heating thgal Ex B shearing rate can no longer overcome the instabil-
plasma during the initial current rartfs—***or of a subsid- ity growth rate. Becausg, can be influenced by particle,
iary current ram?° as a technique for slowing current dif- angular momentum, and heat indsee Eq.(1)], various of
fusion and broadening the profile. Second, improvements  these terms can be active in various machines. In the Toka-
in measurements of the magnetic field line pitch inside thenak Fusion Test React¢TFTR), for example, the pressure
plasmd*®~**allowed them to rapidly and reliably determine gradient term is dominant an,<0 in the plasma cofé®
the g profile so that the response to this technique could bgyhile the toroidal rotation term is dominant and, as is shown
accurately determined. Heating during the initial currenti, Fig 4 E.>0 in the plasma core in DIII-D.
ramp is the technique used on most machitfe,***ff- There are a number of testable predictions which this
axis current drive has also been used to protiidé* or theory makes:
sustain the negative central shédr. '

As is illustrated in Fig. 8, impressively steep core gradi-(1) Sawteeth and ballooning modes are turned off byghe
ents can be produced in these types of discharges. These lead Value and profile shape.
to quite low inferred ion thermal diffusivities and particle (2) Negative magnetic shear alone is not sufficient for trans-
diffusivities on most of the machines which have studied this ~ port barrier formation.
mode of operation-813%136-13n the other hand, the steep- (3) The theory is a local bifurcation theory, accordingly,
est core gradients are also associated with magnetohydrody- there should be spatial and temporal correlation between
namic (MHD) stability problems:51%"the best compromise increasedE X B shearing rate, transport reduction, and
appears to be shots where the gradient scale lengths are never fluctuation decrease.
as locally steep, but where transport is reduced across tHd) wexg should be comparable tpyax before barrier for-
whole plasma? mation and should increase more thapay after forma-

The model which has evolved to understand these results tion.
in the negative magnetic shear discharges includes synergiés) As can be seen in E¢3), the (RB,)?/B factor will make

tic effects of magnetic shear artei< B velocity shear. The wexpg bigger on the low toroidal field side of a flux
negative or low magnetic shear allows stabilization of high  surface, especially in cases with large Shafranov shift;
n MHD modes (e.g., ballooning modgs In addition, the accordingly, turbulence stabilization is easier there and
magnetic configuration withg>1 everywhere stabilizes harder on the high toroidal field side.

sawtooth MHD oscillations. A lack of these instabilities plus (6) Since the theory contains a local transport bifurcation
application of additional heat and, possibly, angular momen- whenwg«g is big enough, there must be a threshold in
tum input allows pressure and toroidal rotation gradients to the heat, particle, or angular momentum input required

e @)
25
> Beam power 7 ' ' ' '
= I
1 At ERS transition time (2.6 s|
Prelude L“"’\:\ 6 I 26¢)
13 ®)
E Central 5 I
0.8 electron ERS
:‘; density > q
2 04/ RS ar
0 1 L 1 1 1 L.
3 35| Density 3y
Y | peaking %~ Transition
g 25 factor f‘ 2 L L 1 L
2 () 0.0 0.2 04 0.6 0.8 10
15 * * * * * * * r/a
2.2 26 3.0 34
Time (s)

FIG. 9. Plots from two discharges in TFTR showing that thprofile is identical at the time of the RS-ERS transitiés). Deuterium neutral beam input
power,(b) central electron density¢) density peaking factor all plotted as a function of tinf@, q profile at the time of the transition. The RS plasma trace
is the dashed line. Data are from Ref. 7.
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FIG. 10. Plots of electron particle diffusivityD(;) and ion thermal diffusiv- i 20 N
ity in the ERS(solid line) and the RS plasmas of Figs. 9 and 11tat B
=2.75 s into the two discharges. Data are from Ref. 7. 0o L
0
to create the transport barrier. This has four corollaries. ..i,", 20
First, it is the amount of input inside a given flux surface = o
which matters, not the total power. Second, since the i 10 F
source has to drive pressure gradients and/or rotation, the - Ve
source strength required must increase at least linearly  ¢o C 1
0 0.1 0.2 03 04

with the local density. Third, the barrier should expand 0.
from the inside out when the source is increased and
ContraCt.from the outside in When Itis decreased' IzourthFIG. 11. (@ Amplitude of density fluctuations in ERS mode at
destruction Qf thee X B velocity Shear_ by changing the =2.72-2.78 s in TFTR for the same ERS shot used in Figs. 9 an¢h)L0.
momentum input should lead to barrier collapse even atomparison of theEx B shearing ratavgg with the linear growth rate
constant input power. yuax for the ERS shot in Figs. 9 and 1@) wgxg VS Ymax cOmparison for

(7) Hot ion modes should be favorable for barrier formation,ihe RS shotin Figs. 9 and 10. Data are from Ref. 7.
since many of the key unstable modes in the plasma core
(e.g., collisionless trapped electron modes and ion tem-
perature gradient modesre stabilized by increasing out sawteeth is clear in the case of the high mode in

TilTe. JT-60U?%121the improved core confinement does not hap-
Consider first the experimental evidence for the effectpen in sawtoothing discharges. The negative magnetic shear
of the q profile. The importance of having discharges with- configuration also removes the limits imposed by ballooning

rfa

4 Low Power (5.2 MW) 4 High Power (9.6 MW) 87031
(@) Ymax .
N
3 H
& 2- OExB ;
1 7] "” % LY ":
'\'/\Hg.z Improved
: 3 X; Region ;
0 L I B B I - ‘
00 02 04 06 08 1.0 00 02 04 06 08 1.0

FIG. 12. Plots of thée X B shearing rate and the maximum turbulence growth rate for two times in a negative central magnetic shear shot 87D8D

(a) During the early formation of the transport barrier in the plasma coreEth8 shearing rate equals or exceeds the turbulence growth rate over only a
small region in the center of the plasnil) During the later, higher input power phase, te B shearing rate has increased so that it exceeds the turbulence
growth rate over a much wider region. As is indicated on the plot, this is the region over which transport has been reduced. Plasma conditions are 1.6 MA
plasma current and 2.1 T toroidal field for both casedajrthere is 5.2 MW injected deuterium neutral beam input power ang 205° m~2 line averaged

density while for(b) the corresponding figures are 9.6 MW and21'° m~3. Results are from Ref. 146.
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FIG. 13. Upper plot shows the scattered signal from the DIII-D far infrared scattering system for a shot with a negative central shear core transport barrier.
Lower plot showswgyg from Eg. (3) for two different time during this shot. Because of tB& B Doppler shift of the FIR signals, the more negative
frequency side of the upper plot corresponds to the core plasma region inside the magnetic axis, the more positive frequency side corresponds to the core
region outside the magnetic axis, while the portion near zero frequency is an overlap of the signals from the near the plasma edge and the magnetic axis. Note
that most of the turbulence is quenched near 1600 ms, at the time of the L to H transition, indicating that this portion the signal came from near the plasma
edge. Small, bursting turbulence is left only on the negative frequency side, which corresponds to the portion of the plasma inside the magnetic axis. As the
plasma approaches the peak performance phase, this high-field-side turbulence increases first before there is any sign of activity on the low field side.

modes, as is shown in DIll-Dand TFTR3® where the mea- sentially identical. This indicates that some other factor is
sured pressure profiles are shown to be in the second stableeded to explain the transition. The difference is the time
ballooning mode regime. evolution of wgxg. Other evidence is also consistent with
Although theq profile plays a role in achieving the core this conclusion. If negative magnetic shear were the only
confinement improvement, there is considerable evidenctactor needed for the transport reduction, then all negative
that, even with the propeq profile, some other factor is magnetic shear discharges should exhibit improved confine-
needed to create the confinement improvement. Some of thment during the current ramp phase when the magnetic shear
clearest evidence comes from the comparison offl@@erse reversal is even stronger. However, except for some obser-
sheay and ERS(enhanced reverse shgdransition data in  vations of slow confinement improvements during this phase
TFTR. The transition between the R8nimproved confine- on DIII-D,**° most machines report no confinement improve-
mend and the ERSimproved confinemeptstates has the ment until the high power phase is reach&t 2
nature of a bifurcation. As is shown in Fig. 9, at the time of  Additional evidence that negative magnetic shear is not
the bifurcation, theg profiles in the two discharges are es- the key factor in core transport barrier formation comes from
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high 8, mode discharges in JT-608" Core particle and ion
thermal transport barriers can be formed even in discharges 15
with positive magnetic sheaf! although, as mentioned pre-
viously, sawtooth-free discharges are requit@d?* 10
Spatial and temporal correlation between increaged
X B velocity shear, turbulence reduction, and transport re- - .
duction has been established on DIIf:-B14%142 gngd
TFTR./139143-195The gpatial correlation is illustrated in L e, 0. ST,
Figs. 10 and 11, which shows that the low turbulence level %002 04 05 08 10 70002 04 06 08 10
determined by reflectometry in the core of an ERS discharge rla rfa
exists in the same region where tB B shearing rate is FIG. 14. Effect of beam power deposition profile on the internal transport
increased and the transport decreased over the comparabl@rier formation in JT-60U from Ref. 147. As shown in the inseté)nthe
RS case. power deposition profile was changed by changing the particular neutral

There is also a significant amount of data from bgams use_d. Total inp_ut power was k_ept fixed. As is show@irthe shot
DI|I-D 6:140.142,146, TFTF\7’139‘143_1455hOWing thatwg g IS with the higher on-axis power exhibited formation of the core transport
X

barrier.
comparable toyyax prior to the formation of the transport
barrier and significantly exceeds it after formation. An ex-

ample of the DIII-D data is shown in Fig. 12; some of the jaquired to form the transport barrier to increase with the
TFTR results are in Fig. 11. An important feature to notice inplasma density provided that the energy and angular momen-
both Figs. 11 and 12 is that thgyax values actually increase {m confinement times do not increase faster than linearly
in the reduced transport phase over a significant portion ofith the density. Since energy and angular momentum con-
the region where the transport reduction occurs. This is NOnement in tokamaks depends, at best, weakly on density,
surprising, since the gradients which drive the turbulencgne form for the pressure gradient and rotation contributions
have increased. However, this increase indicates that thg E, in Eq. (1) shows tha€E, should decrease asn}Avhen
fluctuation and transport reduction are not caused by stabilihe power and angular momentum input are constant. This is
zation of the turbulence by any of the factors which are in-hecause the pressure gradient term has d¢ a coefficient
cluded in theyyax calculation. Accordingly, although other and because the rotation speed is proportionalrpat/con-
factors (e.g., T;/Te>1, Shafranov shift, ett.may help to  stant angular momentum content. In addition, if increasing
reduce ymax initially so that theEXB shearing rate can density diminishes the local input near the axis, the same
exceed the grOWth rate, they themselves are not sufficient t@ffect as shown in F|g 14 could p|ay arole. A power thresh-
explain the reduced fluctuations and transport. old increasing with plasma density has been seen in the high

The poloidal variation ofwg«g and its correlation with 3, mode in JT-60U*81%%As is shown in Fig. 15, the thresh-
turbulence are shown in Fig. 13. In this particular shot, thepld power for the creation of the core transport barrier in
large Shafranov shift gives a variation in thRB,)?/B fac-  high B, discharges increases faster than linearly with the
tor in Eq.(3) of about a factor of 7 between the high and low plasma density. High3, mode is perhaps one of the best
field sides of a given flux surface. This produces the distinctases to check the intrinsic density scaling, since it does not
in—out asymmetry invg,g seen in Fig. 13. Also shown in require negative magnetic shear for its formation. Accord-
Fig. 13 is the scattered power from a FIR scattering syStem. ingly, the change in current penetration that occurs when
The distinct in—out asymmetry in the turbulence near the endligher density lowers the plasma temperature should not
of the high performance phase in this shot is qualitativelyplay a major role.
consistent with the much reduc&d B shearing rate on the
high toroidal field side of the flux surfaces relative to the low
toroidal field side, as is shown in Fig. 13. Poloidally, these
modes clearly have the largest amplitude in the region where L L UL L L. ho 20 ]
wexp IS the smallest.

The power threshold observations are also consistent
with the idea ofEX B shear stabilization. In order for the
transport bifurcation process to first start, gradients and rota-
tion must be big enough to produce the requikedB shear.

A power threshold for the formation of the core transport
barrier is seen on most machirfe€%13° Experiments on
JT-60U*" show that it is the power inside a given flux sur-
face that is essential for creating the core barrier in the high T
Bp mode. In the experiment shown in Fig. 14, the power near 00 2 0.4 0.6 0.8 10 12

the magnetic axis was altered by changing the particular neu- ' 'n— (© 6 a) (101'9 m-3) ' '

tral beams used. In this experiment, the total heating power &

was kept fixed. The discharge with the higher on-axis pOWGEIG. 15. Change of power input needed for core transport barrier formation

inlet showed the fprmationzgf the transport barrier. with plasma line averaged density for JT-60U hjghimode discharges. The
As has been discusséd?® one would expect the power figure is from Ref. 149.
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fractions of power from the coinjected neutral beams showing that the back

FIG. 16. Expansion and contraction of a core transport barrier in DIII-D duetransition is earlier for greater coinjectiof) Ex B shearing rate and maxi-

to changes in the neutral beam input pow@. Toroidal rotation of G mum turbulence growth rate for the same shots; turbulence growth rates are
ions from charge exchange recombination spectrosddpyon temperature e open symbols; notice that tHex B shearing rate begins to change

at the locations shown, artd) electron temperature from electron cyclotron pefore the density ifta) shows that the transport barrier collaps@s.Den-
emission. The electron temperature measurements are spaced 2.5 cm apfy fluctuation amplitude from reflectometry showing that the density fluc-
in major radius. After the beam power shown @ is stepped up, the  tyations increase when the transport barrier collapses.

centermost ion temperatures and toroidal rotation respond immediately but

there is a time delay for the outer locations to manifest the improved con-
finement, indicating the time it takes for the transport barrier to expand.

Improve confinemhent is indi(r:]atedhby the ch_ange in slé)rée of thﬁ curves. Thérom the peak 28 MW used to form the barrier to 14 MW.
e ‘;‘;]eeglgsfnzor"g;; jtﬁf’sﬁe own; the temperalifig, ing the 14 MW phase, the angular momentum input to
the plasma was changed by changing the fraction of the
beam power which came from neutral beams injecting par-
Barrier expansion and contraction with changing inputallel to (co) and antiparallel tdcountej the plasma current.
power has been studied in DIII-D. As can be seen in Fig. 16This allowed the experimenters to directly change the toroi-
the transport barrier expands from the middle outwards whedal rotation. Since th&, in the ERS phase is negative!4®
the power is stepped up. This agrees with the expectatioand since a corotation of the plasma contributes a positive
from theE X B shear stabilization model that the core barrierE, according to Eq.(1), it was possible to change tHe
forms first near the axis and then, as & B shear in- XB shear in the plasma without changing the total input
creases, can move out into regions wheggy is greater. power. Accordingly, it was possible to change tBe B
The inverse process is seen to happen when the power &hear without changing many of the other quantities which
stepped down. As can be seen in Figs. 11 and 12,Ethe contribute to yyax, such as the Shafranov shift. As the
X B shearing rate is well abovgyax further into the core, beam mix is shifted toward cayg g decreases more quickly
so it takes a bigger decrease befarge, g reaches the mar- and the back transition occurs sooner. In addition, as is
ginal point. Accordingly, the transport barrier is destroyed inshown in Fig. 17, the fluctuations measured by
the outer regions first, where the plasma is closer to marginakflectometry*® grow back up at the same time that the den-
stability. Transport analysis of this sh#t supports this in-  sity trace indicates that the transport barrier is being de-
terpretation of the raw temperature and rotation data showstroyed. Transport analy$i4® shows that the transport
in Fig. 16. rates increase at the same time that the fluctuations return.
Recently, a key test of causality has been performed occordingly, there is a clear temporal correlation between
TFTRI39143-1455 s jllustrated in Fig. 17, this experiment the decrease imgy g, the increase in the fluctuations, and
studied the collapse of the core transport barrier in the lowethe increase in transport. In this case, as in the VH mode and
power, postlude phase. The beam power was stepped doviigh |; magnetic braking, the experimenters have directly
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changed theE XB shearing rate. These results, then, are a
strong test of causality and are consistent i@tk B velocity ' '
shear causing the suppression of turbulence and transport. 15 °
Comparison of the TFTR and DIII-D results shows how "l o (fa=03)
the EX B shear stabilization hypothesis can unify the experi- o= ,Ymax
mental results. The toroidal rotation profiles in the TFTR o
balanced injection cases are very different than those in the
DIII-D coinjection cases. Had one tried to explain the core
barrier formation in the two machines through shear in the
toroidal rotation speed, the TFTR cases would have been 05— o 7]
incomprehensible, since the toroidal rotation is essentially o E'\(,)E
zero. However, when considered from the standpoint of B
shearedEXB flow, the results from both machines are 0.0
clearly part of the same basic physics. 25 3.0 35 4.0 45 5.0
Finally, there has been no systematic study of the role of Toroidal Field (T)
the T, /T, ratio in core transport barrier creation. Most ex-
periments have worked in the hot ion mot&130-132.135-149 11 18 | inear growth rateircles andE X B shearing rategésquarejsfor
However, it is possib|e to create a core transport barrier iryarious toroidal magnetic fields at the time of formation of the ERS core
cases with almost equal and Te_lso transport barrier on TFTRRef. 144. This scan is done at constaqf

Although a considerable amount of the data ON COMGyoida) fild.tneex & shearing rate néeced to sabiize trpulence s ony
transport barriers is consistent with tBe< B velocity shear about 1/3 of the linear growth rate.

decorrelation hypothesis, there are still at least two outstand-

ing puzzles. First, there is the puzzle of the lack of change in

electron thermal transport in some machines. Bothport barrier and then acquire an H-mode edge transport bar-
JT-60U"138and Tore Suprd” see significant reduction in rier later in the shot. In DIII-D controlled manipulation of the
the electron thermal diffusivity in the core transport barriertime of the L to H transition yields discharges with ion ther-
region under cases of negative central shear. However, Jnal diffusivity at the standard neoclassical value across the
60U sees no significant change in the electron thermal diffuwhole minor radiug! This is accompanied by significant
sivity in the high 8, mode, which has almost no magnetic reduction in the density fluctuations across the whole
shear in the plasma cot& DIII-D sees modest changes in plasmat'*2As is shown in Fig. 19, th& X B shearing rate
electron thermal diffusivity in some caSemd large changes

in others*® while TFTR sees little if any chandé® A naive
model in which one thought of complete turbulence suppres-
sion would predict large changes in all cases. However, the
experimental results show that turbulence is reduced but not
completely suppresséd! This variability in the electron
thermal transport reduction indicates that there is still some-
thing to learn abouE X B velocity shear effects on the elec-
tron transport channel.

A second result provides a cautionary note about trusting
the wegxg= ymax Stabilization criterion too exactly. As is
shown in Fig. 18, formation of the ERS mode in TFTR can
occur at values ofwgxg as much as a factor of 3 below
Ymax - This range of values is similar to the range seen in the
gyro-Landau fluid calculatiolf The fact that there is this
range indicates a need for improved theory in this area.

(105 s71)

V. TRANSPORT REDUCTION ACROSS THE WHOLE
PLASMA

Most of the devices discussed in Sec. IV, have achieved
particle and ion thermal diffusivities that are at or below
standard neoclassical values in the plasma core. In addition,
H-mode plasmas discussed in Sec. Il have significant trans-
port reduction in the plasma edge. A key question is whether
the H-mode edge confinement improvement and the coreiG. 19. The ion thermal diffusivity is at or below the standard neoclassical
confinement improvement can be combined to yield reduced@alue across the whole minor radius of this dischaigg:comparison of

transport across the whole plasma radius. Two devices havg*B shearing rate and linear growth rate showing shearing rate signifi-
cantly exceeding growth rate across the whole minor radh)s;omparison

a.Chieved rgsﬂtgs like this. _In JT'G(_)U! the him H-mode of inferred electron and ion thermal diffusivities with the Chang—Hinton
discharge¥'’~1*9start out with the highB, mode core trans-  neoclassical value. Results are from Ref. 6.

I
=]
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significantly exceeds the linear growth rate across the wholassumption. Finally, it is possible that orbit squeezing effects
plasma in another DIII-D discharge where the ion thermaldue to the shear i, (Refs. 151 and 152could also be
diffusivity is at or below standard neoclassical across theaffecting the transport.
whole minor radiu$.Indeed, in these sorts of discharges, the ~ As always, improved comparisons between theory and
term transport barrier is a bit of a misnomer, since the transexperiment require improved plasma diagnostics. For ex-
port is reduced throughout the plasma and the radial profileample, in the H-mode edge area, some theories of the tran-
show no sign of a local barrier. sition (e.g., fluctuation-driven Reynolds str&S% have still
not been tested some four years after their original sugges-
tion, because of a lack of diagnostic capability. There are
VI. SUGGESTIONS FOR FUTURE WORK potential techniques using Langmuir probes in this area;

The results discussed in this paper show that the fusionowevfr’ _thfh actualddfevelopme(;]_t h?s yet to start.t éAn]?ther
plasma physics community has made significant strides jfX@mple 1S the need for moré direct measurements, g

the past decade in its ability to control plasma turbulence anBOth in the plasma edge and the core to see if there are any

reduce turbulent transport. Although we have achieved a si urbulence effects. The recent realization that the motional
' &12%3re directly sensitive t&,

nificant level of theoretical understanding of tBe B veloc- l_\t)a;k elf;ict mdeilsuremgdﬁ? iol to attack thi
ity shear decorrelation mechanism, there is still a considerg els. and 13%provides a possibie avenue fo attack this
roblem. Furthermore, the field in general would benefit

able amount to do to make that understanding quantitativ? _ . . .
and predictive rom techniques to directly measure the fluctuation-driven

If one wishes to consider linear stability, the data in Fig.heat an(_j particle fluxgs in the core of hot plasmhe
18 and the initial theoretical resulfsindicate a need for La_ngmuw probe 'Fechnlques employed at the_ edge are not
more exact predictions of the actual stabilization conditionsSUItable for. the high temperatures in the c;brk‘anally, the
required for theEXB shear to reduce the turbulence and understar_wdmg of turbulence n neutral f!wds hgs ad-vanced
transport. Theory and experiment show factors of 2—3 devias-zlre""ﬂ,y with .the advent of technlque_s to dlre_ctly visualize f[he
tion from the simple rule of thumbe , 5= yyax . A funda- two-dimensional turbulent fluctuations. Since the fusion

mental problem here is that inclusion of tBe<B shearing I;:)Iasmadcon}munltytno;/v haﬁ (tj|rehct'ways fOf al}ermg turbu]d
rate directly in the stability codes requires a major reformu-c1C€, development of such techniques for plasmas cou

lation of the underlying model. However, given the experi—fuel even greater progress.

mental success in this area in reducing turbulence and trans- MOS;Of the wofr_k that hta_s tt)elfn dokner;[o dgte d%"e")p”?tgh
port, a significant effort to improve the theory is appropriate.Improve core confinement in tokamaks has been done wi

The more fundamental point is that the plasma usualb;echnlques that are transient. The field in general needs to

starts in a highly turbulent state and then, if 8% B shear- work on means of producing and controliing the B shear

ing rate is large enough, moves towards a state with reducetgat can be used in steady state situations. A particular need

turbulence and transport. Accordingly, the more fundament ' t.h'S area is to develop techniques which can be used in a
comparison is betweewg g andAwp . This means that, in usion power plant.

order to understand the fundamental physicEofB shear

stabilization, we really need to understand the parametrié/”' CONCLUSIONS

dependence dA w, . Indeed, it is somewhat surprising that The E X B shear decorrelation model has the universality
the comparison oy g With yyax IS as good as it is, since needed to explain the turbulence reduction and confinement
ymax Only contains information on linear stability. improvement seen under a number of conditior$)

The differing observations of changes in the electronH-mode edge confinement improvement seen in limiter and
thermal transport motivate further experimental work to iso-divertor tokamaks, stellarators, torsatrons, and mirror ma-
late the factors which permit this improvement in some ma-chines produced with a variety of heating and plasma biasing
chines but not in others. This work would benefit from the-schemes(2) the confinement improvement in the outer-half
oretical suggestions about which factors are important. of the plasma seen in the VH mode and high internal induc-

Since we are now seeing ion thermal and particle diffu-tance discharges an@) the formation of core transport bar-
sivities at or below the standard neoclassical values, it isiers in a number of tokamaks. In addition, there is signifi-
clear that the neoclassical theory of cross-field transport isant qualitative agreement between theory and experiment.
finally relevant to fusion plasmas. In order to understand thé-or example, there are spatial and temporal correlations be-
cases where transport is apparently below the minimum, cobween the changes in theXx B velocity shear, turbulence,
lisional level, there is a clear need to improve the neoclassiand transport reduction in both the H-mode edge and in the
cal theory. This theory has never been properly derived foplasma core. This spatial correlation is even manifested in
the very core of tokamak plasmas, where the size of th¢he poloidal variation oEX B shear and turbulence seen in
banana orbits is bigger than the distance to the magnetic axisig. 13. Furthermore, there is quantitative agreement be-
In addition, density and temperature gradient scale lengths itween theory and experiment. Both in the H-mode edge and
H-mode edge barriers and in core transport barriers are conmn the plasma core, thE X B shearing rate is large enough
parable to the poloidal gyroradius. Since the analytical veraccording to theory to be affecting the turbulence. Finally,
sion of the theory was derived under the assumption thathere have been a number of tests of causality over the past
poloidal gyroradii were much smaller than the scale lengthsseveral years; the results are consistent witheeB veloc-
we need to improve the derivation of the theory to relax thisity shear causing the reduction in turbulence and transport. In
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