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Transitions to an enhanced confinement regime in tokamak plasmas with negative central magnetic
shear have been observed in a number of devices. A simple model incorporating the nonlinear
coupling between the turbulent fluctuations and the sheared radial electric field is added to a
transport model in order to investigate the dynamics of the transition to this enhanced confinement
mode. In this model, by incorporating both the instability growth rate profiles and particle and/or
power deposition profiles, a rich variety of transition dynamics is uncovered. Transition dynamics
and their concomitant thresholds are examined within the context of these models. In the course of
investigating these transitions, potential methods for triggering and controlling these enhanced
confinement regimes have been discovered and are discusseti99® American Institute of
Physics[S1070-664X98)02904-9

I. INTRODUCTION phorical mechanism is via the sheates B flow parting the

The first internal transport barriers in magnetically con-bUbb”ng waters of the reddish-hu-ed plasma sea.
fined plasmas were observed in the Japan Tokamak-60 'n€ general philosophy behind the models presented
(JT-60,' Princeton Beta  Experiment-Modification here is that rather than initially building a comprehensive

(PBX-M),2 and Alcator C tokamak® This type of transport r_n(_)del with all pos_sible physical eff_ects, we first assemble a
barrier, in contrast to the high-confinement mdtemode* finite set of Qynamlcal compqnents into a h|erarchy-of ;lmple
barrier, is formed independently of the edge plasma condiCdels to investigate the importance of those individual
tions. Therefore, these barriers are more amenable to undei€ces. Then we build a more complete model to gain quan-
standing the basis of the plasma dynamics. Recently, detaildfiative insight into the dynamics of the transition when
investigation of plasma discharges in which modification ofcOupled to a realistic transport model. The heuristics of the
the current profile leads to a region in the core with weak ofnderlying modét'® are simple and generaFig. 1). The
negative magnetic shear has caused a great deal of excitdecessary pieces are as follows. First, a radially dependent
ment. The reason for this interest is the observation that ndirofile of the turbulent instability growth rates(r), is es-
only do these weak central she@¥S) or negative central sential. This dependence comes predominantly from the ra-
shear(NC9), discharges exhibit improved confinement, butdial profile of . Where the magnetic shear is weak or re-
they also allow access to a regime of further enhancemenersed(negative, many instability growth rates are greatly
through formation of an internal transport barrier following a reduced;'** leading to a gradient in the profiles. Other
bifurcation®~® This enhanced reversed shé&RS regime is mechanisms that can affect the local growth rates and growth
accessed through a confinement bifurcation in which théate profiles are the dynamic Shafranov shift feedback on
most direct but not unique control parameter is the power.™* and the effect of shear in the diamagnetic frequency on
deposited inside the radius at which the magnetic shear ig. Growth rate profiles of the micro-instabilities calculated
reversed. The transition to enhanced confinement is charaffom experimental profiles exhibit such a gradf@raround
terized by a total or near total suppression of the anomalouéhe shear reversal point. The other necessary element is the
particle and ion heat transport and a possible reduction in theoupling of the temperature, density, and flow velocity pro-
levels of neoclassical transport due to strdhgeffects. One  files to fluctuation intensity levels through the radial electric
of the practical difficulties with operation in such regimes isfield shear. The basic model is then simply the nonlinear
that confinement is so good it leads to a large accumulatiosoupling of the radial profile evolution via the radial electric
of the particles and heat deposited within the enhanced coriield to the turbulence. As the powésr particleg deposited
finement region. For steady-state operation, this leads ticreases, the profiles steepen, leading to increased turbulent
challenges in controlling the confinement to prevent impurityfluctuations(through the gradient driyebut also to an in-
accumulation, particle overload, or macroscopic instability.crease in the radial electric fiel@lso through the modified

If the ERS regime can be reproducibly triggered reason- gradienj. Because the suppression of the turbulence is de-
able powers and controlled(in a reactor relevant environ- pendent on the square of the gradient in the electric field, a
meny), this regime then offers a metaphorical bridge over thecritical power can exist below which increasing power in-
bubbling caldron which is anomalous transport. The metaereases the turbulen¢and therefore, the turbulent diffusipn
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Momentum coupling to ion temperature, electron temperature, and den-

Source sity. This model is used to evaluate the power threshold and
its scaling. This is followed by some examples of triggering
mechanisms and possible control schemes in Sec. V. Section
VI contains the conclusions.
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II. TRANSITION DYNAMICS IN A TWO-FIELD MODEL

Reynolds

Stress

To investigate the core transport bifurcation mechanisms
associated with the formation of internal transport barriers,
we begin with a model for the fluctuation intensity and pro-
file dynamics that generalizes the local transition models in-

s e vestigated earlie¥®~'°This model contains a system of equa-
' tions with the necessary physics to capture the basic
e transition dynamics. The simplest form of such a model is
(radial profile) the following two-field system:

de
& or

FIG. 1. Schematic picture of the feedback loops that enable a transition to  de
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while above which the sheared radial electric field dominates ﬁ =S(r)+ i
and the turbulent fluctuatior(end diffusion are suppressed. o o
In this regime, the residual transport is predominantly colli-In this modele is the local fluctuation intensity defined as
sional. e={((M/n)%)Y2 and N is the normalized pressure gradient
The generic concepts of this transition model have beedefined as\=(a/(P;))(—d(P;)/dr), wherea is the plasma
described in Ref. 10. Here, we concentrate on examining aninor radius andP; is the ion pressure. The angular brack-
more detailed description of the dynamics of the transitiongts, (), indicate flux surface averaging. For the present cal-
including the coupling to a transport model that indepen-culations, the density gradiendif/dr) is taken to be the
dently evolves the ion and electron temperatures, densityJominant component of the pressure gradient. This assump-
and toroidal velocity profiles. By using the transport model,tion will be relaxed in Sec. IV where the model is expanded
it is possible to quantitatively evaluate the power thresholdo include separate evolution of density and temperature.
and to study its scaling with plasma parameters. A basic In the fluctuation equationyy(r)N, which is written in
scaling model of the threshold is presented and compared teparable form, corresponds to the linear growth rate of the
the results of transport simulations. By better understandingressure-gradient-driven microinstability underlying the tur-
the mechanisms of the transition, it is possible to suggedbulence in the absence of electric field shear. Hegér) is
methods for controlling the internal transport barriers. Ina geometrical factor in the growth rate that describes the
Table I, the main profile parameters and their controls arenagnetic shear stabilization effect as a function of radius.
identified and possible control techniques are listed. ControfFor the reversed magnetic shear discharges, we assume that
is important for two reasongl) improved control facilitates the safety factoq profile has a minimum at the radial posi-
access to these high-confinement regimes,(@nhd could be  tion r iy, Gmin=09(rmin), @nd the reversed shear region is for
important to periodically lower the barrier to facilitate con- r <r,,. Because of the shear stabilization effegy(r) is
trol of particle and impurity accumulation, stability, etc., reduced, but different from zero, foxr ,;,. The radial de-
while still maintaining the overall enhanced confinement. pendence of the sourceg, and y, profiles used in these
The remainder of the paper is organized as follows. Secealculations is shown in Fig. 2.
tion 1l contains a description of the transition dynamics  The parametera,; anda, are dependent on the particu-
based on a two-field model for tHe -driven internal trans- lar instability dynamics of the transport model. However, it
port barriers. The effect of toroidal velocity shear on theis possible to derive a “generic” scaling form for these co-
transition is described in Sec. lll. Section IV then contains aefficients. The parameter, is determined by the saturation
more comprehensive version of this model including thelevel of the instability in the low-confinement regime and

TABLE |. Mechanism for profile modification.

Profile parameter Control parameter Control technique
Ly Particle fluxI’ Pellet injection
L+ Heat fluxQ+ Modulated NBI heat pulse
LV¢ Momentum torquer,, NBI/IBW
q’ Toroidal current] Current drive

aNBI=neutron beam injection.
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P ‘ L— 17 shear in the toroidal flow coincident with the barrier position,
E ) | -Power deposition R we investigate the effect of the evolution of the toroidal flow
g - in the next section.
§g 5 This system of equations is nearly the same as the one
I_;%E o used in studying the propagation of confinement improve-
5@ 4 ment fronts from the plasma edge in the study of the very-
5 . high-confinement modé&/H mode.?2 However, two impor-
£ tant differences exis{l) the radial dependence of the linear

2 growth rate that carries the information on the magnetic
shear stabilization and2) the radial dependence of the
source profile. This new information is critical for under-
standing the reversed magnetic shear configuration’s en-
hanced confinement regimes.

Stationary solutions of this model are calculated by set-

\/:2 ) ting the time derivatives to zero in Eq4) and(2). Neglect-

scales asx;*( VKgpsCs/Wi). The other parameter,, IS jng the diffusion term in the fluctuation equation, the station-

determined from the EXB _zshezar_ flow ~suppression gy states are the solution of the following equation:
criterion?® and it scales a&,(k5Wa/y,). In these expres-

FIG. 2. Radial profiles ofy, (solid line), power depositiortlong dash, and
g (short dash

sions,cs= \T./m; is the speed of sounghs=c./(}; is the T(r NN )=D ﬁ+ % _ 2N3)N ﬂzs
sound Larmor radiusk, is the poloidal wave number, and (tNND=Day 77 a (70~ a2a NN Z==S(n),
W, is the radial width of the instability. Here, the bar kp 5

indicates spectral average. In B@), S(r) is the radial de-  \yhereT is the gradient of the particle flux ar@|(r) is the
rivative of the source term and the diffusivit),, =Dy integrated source term

+D,ye, has two components. The first corresponds to neo-
classical transportD,.=Diy, and the secondD om _
_ ; ; Si(r)=
=D,\e¢, is because of turbulent transport. For this model, all
coefficients,D;y andD_, are taken to be constant in time

rS(r’)dr’. (6)
0

and space. From a local perspective, two types of solutions depend
The system of equations is closed by the radial ion forcé®" the sheared electric field strength. In the prelude phase,
balance equation the sheared electric field is weak, and confinement is domi-
nated by anomalous transport. In this phase, the fluctuation

(Vo)== = (V)= o2 (v )= 1 dp 3 level is high,e = yo(r)N/a4, and so is the anomalous diffu-
E B o B ‘¢ eBn dr - sivity. It should be noted, however, that the core fluctuation

level and, therefore, the core transport is reduced from the

standard low-confinement modke mode by the reduction

of the linear growth rates in the core because of the reversed

From this equation, one can calculate the she&rgd flow
term in the fluctuation equation

, , By , 2 magnetic shear; that ig;(r) is small forr <r,,. The den-
(Ve)'=(Vy)' = B (V)" —aN*, (4) sity profile is given by
where the primes indicate radial derivative and dN? _ a1S(r)
=p,V,/a?. Here,V; is the ion thermal velocity. In deriving o “yo(r)Doy ™

Eq. (4), we have neglected the radial derivative of the poloi- o N o

dal field and the second derivative of the profiles. Because 1h€ second solution is the posttransition equilibrium.
the magnetic pumping in the core is thought to be IargeTh'S solu_t|on |s.(_:haracter|zed by steep gradients up tp the
enough to effectively damp out any poloidal flow, we will final barrier position begaqse of the cqmpletg suppression of
takeV, to be zero. This, of course, need not always be truelh€ turbulent transport inside the barrier region=0). No
because of possible viscosity breakdown for the high electri@SSumption about marginal stability is made as the margin-
fields which occur in ERS plasmas. There is, in fact, somély stable prof!le self—cgns'lstently changes in the presence of
evidence that a localized spike in poloidal flow may trigger sh_eare_d radial electric field. For this solution, the density
some ERS transitions in the Tokamak Fusion Test Reactdfradient is

(TFTR).2 It should also be noted that this dampingisonthe ;N g (r)

physical poloidal flow alone and not on the diamagnetic T oD
component of thé& X B flow. We initially also set the toroi- IN
dal flow V, to zero for simplicity in understanding the tran- Equations(7) and (8) give the local solutions, but we are
sition. Because the poloidal sheared flow is taken to bénterested in the global structure of profiles predicted by this
damped, and initially the toroidal sheared flow is set to zeromodel. The pretransition state corresponds to the integrated
the dominant, or even the only, contribution to the radialprofile given by Eq.(7). However, after the transition, the
electric field[Vg in Eq. (3)] is the diamagnetic term. How- solution is a combination of a solution of the type given by
ever, because sonfthough not all of the magnetic confine- Eqg. (8) in the inner part of the plasma that must be matched
ment devices that observe this transition also have largto the outer solution given by E7). In Ref. 10, we consid-

®
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ered a simpler model in which the flux is only a function of N SR T A R e w——

r andN. For this simpler model, it was possible to graphi- o b —_E E?Z /£

cally understand the feasibility of a matching soluti@xis- 5 o] —E :‘.E‘Z_}? |

tence of a transport barriethrough the topography of the 8 s T TE tme=iz |

flux landscapé? Here, because of the increased complexity, g - |

it is much more difficult to visualize the matching. g 0‘04 - |
As described earlier, the basic feedback mechanism re- £

sponsible for the transition is quite simple. When the power TN \}\, //,!/l |
deposited inside they,,, surface causes the local flux RS S R
through theq,,, surface to create a pressure gradient such

that E; exceeds the value needed to suppress the local tur- 6 . . . .
bulence, the turbulence level falls, the gradient further steep- L —_— el
ens, and a positive feedback loop is created. The transition % et bt 3
will typically initiate right outside they,,;, surface where the
gradient flattens again, because of the increase in the fluctua-
tions. Locally the transition criterion is

Yo ) 2/3

28 3 3.5 4 4.5 5
Radius (10*r/a)

Pressure (arb. units)

YoDon 9
26!1 ar

Scrit: (9)

a2a2

0 0.2 0.4 0.6 0.8 1

Equation (9) can be thought of as defining a critical flux Radius (r/a)
through the.local surface. This CI’ItICQl flux, which in Stea.quIG. 3. Profiles of the fluctuation leveE] [panel(a)] and pressuréPanel
state is equivalent to the rate of particle or energy depositiofy,); ot 3 sequence of times during a transition. Note the transition propagates
inside the surface, is proportional to the local linear growthpoth inward and outward from the point of initiation/a~0.3), as seen
rate of the instability. It is, therefore, clear that the depositionn E.
profiles of the power, particles, and moment(as we will
show latey relative to the radial profiles of the growth rate
are of critical importance and, in fact, can move the location
at which the transition initiates. It should also be noted thaprovement because of the reversed shear region and is there-
there are many routes to the bifurcation point. The power igore localized near the,,;, surface. In a more comprehen-
the most obvious; however, changing the growth r&beshe  sive model, important modifications to the initiation point
growth rate profilescan have the same effect as the systencan come from both thg profile and the deposition profile.
locally undergoes a transition at a critical value af A These effects are discussed in Sec. IV.
method for giving insight into the multiple bifurcation routes The transition propagates outward until it can no longer
and the symmetry of those routes can be gained via the flukootstrap itself up the growth rate beach, and inward all the
landscape picture. way. Figure 8b) shows three pressure profiles after the tran-

Because of the positive feedback in this type of transisition. Because the only residual transport is neoclassical, the
tion, once the transition is initiated at a given radial point, itpressure profiles grow and move outward. In the core region,
effectively “bootstraps” itself both in and out, covering the the transition propagates from its initiation point inward and
entire region that is supercritical and the region that is criti-outward as a front, that is, with a nearly self-similar transi-
cal at the posttransition diffusivitythe neoclassical or ad- tion profile[see Fig. 8)]. When this transition front reaches
justed neoclassical levelSupercritical means that in steady the region of increasing,, the distance of penetration is
state, with the pretransition fluctuation levels, the localdependent on two factors: first, the power deposited inside
threshold is exceeded. Even though in steady state thie q,,, surface and, second, the breadth of the region of
threshold may be exceeded in much of, or even the entirdncreasingy,. Figure 4a) shows two before-and-after fluc-
reversed shear region, the transition cannot happen simultéuation level profiles, one for a broag, profile and one for
neously in all radial positions. The reason is that the flux isa narrower ongFig. 4b)]. The final(edge level of vy, is the
temporarily reduced outside the transitioned region. This resame for these two cases; only the widtW)(of the region
duction in the flux locally suppresses the transition in theconnecting the low growth rafgeversed shear regipto the
nearby region and leads to the progressive dynamics of thedge region is changed. Figur@pillustrates that the barrier
transition[see Figs. @) and 3b)]. Figure 3a) shows pro- end point or foot propagates further out in the case of the
files of the fluctuation level at various times after the criticalbroad transition region. This is similébut not exactly iso-
power has been exceeded. The transition generally initiatamorphig to a tide moving up a beach: a more gently sloping
at the radial location where the growth rate starts to increasdeach allows the tide to move much further inland than a
the g, surface, which is also the location in this model thatsteep beach. The power dependence of the final barrier foot
has the largest fluXin the reduced growth rate regijon point is illustrated by Fig. 5, which shows that the barrier
ThereforeE; has a maximum at,,,. The transition starts moves out as the power increases above the critical power.
where the gradients change the most, malidocally the  To estimate the position of the barrier footprint using the
largest. This is generally caused by the confinement immodel of Ref. 23, we have to determine the Maxwell flux,
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FIG. 6. Time histories of the fluctuation level and pressure gradient at five
radial positions. The power is stepped ugatl0, causing a transition, and
stepped back down at=20. The back transition does not occur due to the
hysteresis in the system.

the backward transition has been observed experimefftally
and can be readily understood in terms of the model pre-
sented here. The hysteresis can be a very valuable feature
because it can take many times less power to hold the system
in the enhanced confinement mode than it does to initially

FIG. 4. Steady-state profiles of the fluctuation level before and after transiget into that state. This large power difference suggests some

tion [panel(a)] for 2y, profiles[panel(b)]. Solid (dashedllines in panela)

represent the broagharrow) vy, profile.

which is less than the critical flux for suppression, for the
present model. FoD ;y<<D,y, We have

[ DD

23 inPon
[y~ — e,
M= Yo(r) 3o 2 2)12|_2

whereL is a typical scale length for the density profile. Be- ward. The fluctuations are sequentially quenched and the
cause we have used the following form for the radial depenpressure gradients rise dramatically. tAt 20, the effective
dence of the linear growth rate in the numerical calculationpower is turned back down to the original pretransition level;

Yo(r)= Y01+ Yoz tani (r—rin)/W], the footprint position
should vary with the input powerR) as

( P/ Pcrit) 32— 1

roro W
- —_—
A— ( P/Pcrit)3 2

—=—+—1In
a

a a

interesting methods for triggering and controlling the ERS
regime, which will be explored later. To study this effect in
the present model, we use as a control parameter the value of
the integrated sourc®=S;(a), as an effective power. Even

in this most minimal version of the transition model the hys-
teresis effect is showiFig. 6). At normalized timet=10,

the “power” is increased fromP=0.5P_;; to P=2.0P;.

The time traces of the fluctuation level and pressure gradient
at different radial locations show the transition moving out-

however, the back transition only occurs at the two farthest
out radii. This change is shown in both the fluctuation level
traces, which do not rise again, and in the pressure gradient
traces that have falletbecause the source is decreadmat

are still about five times their pretransition level. This asym-

Equation(11) describes well the results of the numerical cal-metry can be readily understood from the realization that the
culation as shown in Fig. 5.

One of the more important features of this system is theure gradienN, which determines the loc#, . Because in
hysteresis in power at the transition. This large difference irsteady state the energparticle flux I, through a surface is
threshold power R between the forward transition and simply equal to the powefparticles deposited inside that

0.440

0.430

e
s
s}
=}

0.410

Position (1/a}

0.400

I ® Buarrier Foot Posilinnl

T

0.390

FIG. 5. The radial position of the end point of the enhanced confinement PcritT 1 /Danom 3/4
region(the barrier foot pointas a function of the power input normalized to = —

the critical power.

[}

3 4
Power/li’owercril

true control parameter in this system is really the local pres-

surface, with a given diffusivity@,=I",,/Vn), we can see
that to maintain a gradien¥ n.;=I",,/D,, at the pretransi-
tion value with a pretransition diffusivitgwhich includes the
anomalous diffusiona large flux(and therefore large source
is required. However, after the transition, the diffusivity is
neoclassical and therefore the needed fltigower”) is
greatly reduced. From this argument, we see Bhatl /P il

is related toD 4nom! Dneo- Here,PeitT (Pgitl) 1S the critical
power for the forwardbackward transition. Using the tran-
sition model of Ref. 10, which is a variant of the model
considered here but which is amenable to analysis, we ob-
tained

(12)

I:)critl V3 D neo
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FIG. 7. A schematic representation of the hysteresis curve in power versuslG. 8. The density profile is shown for two cases, one with sheared toroidal

pressure gradient space. This plot highlights the different powers at whicflow (solid triangle and one without sheared toroidal fldgolid doy, both

the forward and backward transitions occur. at 12 MW and with all other parameters the same. The case with the sheared
flow added has transitioned and is still evolving on axis.

This hysteresis cycle can also be visualized in the standard

way via an S-shaped bifurcation curve, with the forwardinhibit them. In Fig. 8 the central density is shown for a case
transition occurring at the high “power” top of the S-curve withoutv;, with a subcritical power, and a case WMj) and

and the back transition occurring at the much lowerthe same power. The transition to the enhanced confinement

“power” bottom of the S-curve(see Fig. 7 for examp)e can be seen in the latter case as the central density bifurcates
when V(’ﬁ is turned on and the system transitions into an

IIl. EFFECT OF THE TOROIDAL VELOCITY SHEAR enhanced confinement regime.

ON THE TRANSITION DYNAMICS Similar arguments can be made for the poloidal flow.

To help in accessing the enhanced confinement re(\;]imglo'wever,V(, cannot adjust itself upless an externgl drive
one can look at the equation for the radial electric fi@d.  €XIStS because of t_he strong damping from magnetic pump-
(3)] and observe that the two pieces we have ignored unting- Nevertheless_, if a local flow_can be created _\/lazgome
now, V, andV,, can play important roles. Because there isexternal mechanisf? [lon Bemstein Wave(IBW) drive;
no damping oV, (as there is in the case ) in the core for examplé, one could locally reduce th.e power threshold,
the sheared toroidal flow;/,, can have an effect comparable allowing easier access to the ERS regime, with the added
to or even exceeding tHeP, component. This sheared tor- Penefit that once in the ERS state, the needed power goes
oidal flow can come from unbalanced beams or even beanfWn dramatically because of hysteresis.
that are simply radially unbalanceéide., the coinjected beam
may deposit power and particles at a different radius than thg/ TRANSITION DYNAMICS WITH FULL TRANSPORT
counterinjected beamThe effect of this)/;5 can be to reduce MODEL AND EVALUATION OF THE POWER
the “power” (or net particle flux threshold by reducing the THRESHOLD
amount ofE; that needs to be contributed by the pressure

gradient. It should be noted that the sign of khjgterm can th inimal model int " d ¢ litati
either add to or subtract from théP; term, which means € minimal modet are Interesting and suggest a qualitative

that the threshold can actually be moved up or down WhiCI,gescription of the mechanisms for the formation and control
again is interesting in terms of control, particularly when of internal barriers, a reasonable case can be made that, in a

operating near the back transition threshold. Within the connoré complete transport modéle., one that evolves ion

fines of our minimal model, this effect can be looked at bytedrglrt).e ratltJre;Ihi, eﬂlec;[rort\' temlpe)rjtttér@,i, an.cti'dentiltynhlrll q
adding an evolution equation fi/’,): addition to the fluctuation lev: e transition thresholds

and transition dynamics may be different. Importantly, this

While the transition dynamics and threshold effects from

HVy) , d V) type of model also allows the parameters in the fluctuation
ot =az(Vgle+ 1yt ar (D1g+D2ye) ar equation to evolve on the appropriate transport time scale
and includes the radial dependence of those parameters on

—u(Vy). (13 the transport quantities. To investigate this possibility and to

Here u is the damping because of collisions or magneticcaICUIate the power threshgld for meaningful egperimen.tal
braking, which is usually feeble compared to the p0|oida|parameters, such a model is .used..The model is essentially
flow damping ratea- is the coefficient of the Reynolds the result of coupling a one-dimensional transport model to

stress drive(which is generally very small for the toroidal the fluctuation evolution equation:

flow), and 7, is the sheared torqué.e., because of the gn 1 an

beams, momentum deposition profil@he third term on the 7 =Swei+ Sgp+ - - | 1D —, (14
right is the anomalous toroidal momentum diffusion term,

which we assume has the same form as the anomalous pat-onT; 1 d aT, 5 an 1 9n onT,
ticle transport. We also assume that the Reynolds stress term gt 1 gr | | Xi" 5 ts DT E) “Ennar ar
is very small relative tor,, and find that, depending on the i

sign of 7,, we can cause transitions at lower powers or +Qneit Qei(Te—Ti), (19
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34nT, 19 dTe 5 o1 an 1 dn L !
—_ =——1r n— + — J— —_—— 6
2 ot roor | \Xell g T Pnlety "noar )
1.00 | >
(9nTi e g 14 .
X7+QNB|+QOhm+ Qie(Te_Ti)a (16) S 3
0.500
de r o qEr2+1(9 Das R
— — — —_— | —= - r —1,
at 7 als az q ar r B¢ 8 r ar ° &r o0 0 ()|7 1)‘.) llI(v l]IK l0
(17) ) rfa
with
l (9TI Ti [?n (18) 0.800 T T T T 0.008
=T |+ == A 0200 | "\ 0007
““le[|ar " n oar s b _‘/' M poos .
The fluctuation-driven transport dynamics is based on the ion 2 osmb T jo g
temperature gradient{ITG-) driven turbulence for the E ool /' zz;'?_:
plasma core and resistive pressure-gradient-driven turbu- £ oo b S Dj(mli
lence for the edge. This type of model seems to describe well g omk PP 1 001
the transport properties of Tokamak Fusion Test Reactor o0 . . . Ll
(TFTR) plasmag’ Here we are not attempting to do detailed 0 oree e ‘

modeling of discharges, but to describe some of the generic , _ _ _
properties. In the Appendix, we give the details of the modef'C: 9. Radial profiles ofy,, g [panel(@], density and fluctuation level

. panel(b)] in a “typical” reversed magnetic shear case which is below the
used, as We.” as the fprm for the power and partlclle SOUrCe€Power threshold for a transition to enhanced confinement.
The fluctuation equation only includes the evolution of the
(ITG) instabilities, while the edge transport is kept fixed,
because we are only interested in the internal transport bag ;
riers. In this model, the shear suppression term in the flucyy
tuation equation is based on the Hahm and Bufftelkten-
sion of the BDT criteriorf’ The shearing rate is given by

gnore theV , equation, which again simplifies the system.
course, increased complexity, both with geometry and
additional flows, presents more opportunities for triggering
and control of the transport barriers, which we will discuss in
qE, Sec. V.
rB¢>’ (19 For a,=0.1, the transition power threshold is found to
be at~24 MW=2 MW. The «a, parameter has the largest
where A, and A, are the radial correlation length and the uncertainties in it as it has both geometric form factors built
poloidal correlation angle, respectively. This takes into acin, as well as the ratio of the poloidal to toroidal turbulence
count the toroidal nature of the plasma and the role of mageorrelation lengths. Therefore, probably lies between 0.01
netic shear in the suppression. As a result of this change iand 0.5 for TFTR. Fortunately there is a weakgl’s, de-
the form of the shearing term, the, coefficient in Eq.(17)  pendence onx, in the power thresholdFig. 10. In this

A r oo
@sTYA, q o

is now study, we use the total injected power as the control param-
A \21 eter for the transition while typically keeping the nominal
= (_r) i (20) width of the deposition profile at 06a2 The threshold power
rAy vy is calculated by slowly increasing the pow@r increments

The a, coefficient has the same form as in Sec. Il. Now,of 1 MW or les$ and allowing the system to relax to steady
however, a; has an explicit dependence dn, which is  state before the next incremental increase. The system is de-
time evolved. In the pretransition reversed sh@@®) state, termined to have undergone the transition to the ERS regime
temporal and spatial computational resolution is not a prob-

lem because the system evolves on a transport time scale.

However, because the transition takes place on a turbulent —e— power threshold

nonlinear time scalgwhich can be orders of magnitude
faster than the transport time scaleare must be taken. Dur-
ing the transition, time and space resolution issues become
much more difficult. Typicaly and y, profiles (once again
assuming the factorized form for the growth paéee shown

in Fig. 9@ and the corresponding RS profiles@f, Te, n,
and & are shown in Fig. @). This case is calculated for
TFTR parameters of 15 MW neutral beam power, minor ra-
dius a of 82 cm, and magnetic fielB of 4.7 T. We choose oo b v s I
this case because of the simple geometry of TFTR. The cir- > } * > 6 !
cular cross section and the apparently smaller importance of
toroidal flow in TFTR because of balanced injection allow us FIG. 10. Plot of power threshold in MW versusa}/.

150 | 1

Power threshold (Mw)
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FIG. 11. A time evolution of the fluctuation levék) at r/a equals 0.2, + Tl
during a transition to enhanced confinement. This shows the rapid change to % o0b % ]
suppression of the fluctuations. The time unit isdskc. %
: ]
§ 5L e 1
L - . : = . : % l
when a region in the core exhibits fluctuation suppression [ e - i
(Fig. 11 and the confinement time increases. )
We can estimate the scaling of the power threshold in 0 Sy 5 p ;
terms of dimensionless variables by comparing the general By (tesla)

form Qf the ITG linear growth r.ateywke;_)scs/L, with the FIG. 12. Panela) displays the power threshold dependencégmwhich is
shearing rateps~V;p; /L?. In this analysis, we neglect the found 1o beB22. Note that local parameters such B3 T, do not remain
intrinsic nonlinear dependence of the profile scale lenigth, constant as shown in pangd).

which we assume constant. The criterion for turbulence sup-

pression givep;/L=const as the local transition criterion.
In this estimatek,ps is also assumed constant. From this
condition, we have the scaling of the local plasma param
eters in terms of the magnetic fieldl,<B2/m;, which, as-
suming gyroBohm scaling for the pretransition plasmas
gives the scaling of the threshold power

«B3*0-1 This dependence is close to the linear scaling ex-
pected for the case whef®, is constant. However, profile
changes and, therefore, changed.imay also play a non-
negligible role in these scans. This emphasizes that dimen-
sional analysis alone cannot give the full picture and should
Peit nB® be treated with some care. In contrast to the threshold power
?“F- (21 scaling withB, a remarkably robust linear scaling is found

! with the density ). This robustness comes from the simple
Here, S is the flux surface area. We have tested this scalinginear scaling of the energy content with

by performing numerical calculations of the power threshold  Note that becausg; /L~ const for the generic case, the
at different magnetic field values, keeping constant the lingcaling given in Eq(21) follows from both gyro-Bohm and
averaged density. The results are summarized in Fig®)12 Bohm transport models. A caveat is necessary—namely that
The numerical results give a scaling exponentBothat is  the numerical calculation of the power threshold cannot be
clearly less than 3. By fitting®/n by B*, we have ob- done with high accuracy. The reason for the uncertainty in
tained\ =2.18+0.16. One possible reason for the discrep-the threshold is that close to the transition a dithering phe-
ancy between the numerical scaling and E2{) is that the  nomenon exists which is physically basés will be dis-
assumptionT o< T; is not verified. In the magnetic field scan, cussed latgrbut can obscure when a transition has actually
Te tends to remain constant whilg increases with the field.  occurred and can, therefore, change the threshold by a small
If we use the specificy; given in the Appendix, we can amount. The transition shown in Fig. 11 initiated at the point
calculate the scaling of the threshold with=T,/T; also.  when the shear parameter from E#9) exceeded the local
The local threshold is thep; /L= 72 Of course, forr=1,  |inear growth rate for the fluctuations. Becausgis depen-
we reproduce the previous results. HoweverTif=const,  dent not only on the shear in the radial electric field, but also
the scaling of the ion temperature at the thresholdliis on the shear im, the variation ofq aroundq,,, is signifi-
«B/\/m;. This scaling induces the following power threshold cant. A small increase i’ can move the transition from
scaling: outside g, to inside. Figures 1@ and 13b) show the
P, nB growth rate profiles and the shearing parameter profiles be-
o —, (220  fore a transitior[Fig. 13a)] (at lower powey and just as a
S.om transition is beginningFig. 13b)]. In this case, the transi-
The scaling exponent of the magnetic field in Eg2) is tion clearly initiated inside theg,,, surface because the
equally as good as the one found in the numerical calculashearing parameter exceeds the growth rate there. However,
tions. This result is also supported by the local scalingof it should be noted that from/a of ~0.3 to ~0.35 the
at a radial position close to the beginning of the transitiongrowth rate and shearing parameter profiles are almost equal
[Fig. 12b)]. A fit to the numerical results gived; and tangent. This exact situation leads to the dithetosy
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FIG. 15. Typicalg andE, profiles are shown in panéd) while panel(b)
displays the shear parameter associated with three deposition profile widths.
The same power is deposited in all three cases, but the shear parameter can
FIG. 13. Profiles ofy, shearing ratey, andT; before[panel(a)] and after have widely varying values depending on the deposition width.

[panel(b)] the transition power threshold is exceeded.(dhthe shearing

rate is smaller than the growth rate everywhere whilghjrthe shearing rate

exceeds the growth rate in a region fraita of approximately 0.2 to 0.3.

The transition has occurred in this region and is spreading. suggests some possib|e control mechanisms, to prevent im-
purity accumulation, which are investigated and discussed in

cillating) behavior. A small change in the profiles can locally the next section.

push one larger than the other, which in turn modifies the The key ingredients for a transition to ERS are low local

profile and reverses the situation. This change then can cau!sneStablllty growth rate and steep temperature and or density

oscillations in the computationsee Fig. 14 whenever the gradients(usually requiring pgaked deposition profilésad- .
two profiles are approximately equal in magnitude and 1o/N9 to a steep pressure profile. These elements can be aided

cally tangent. Indeed, oscillations around the radial Iocationby a favorableq gradient. All of these factors are caused or

where the profiles become margir(ak., where the fluctua- amplified by the reverse shear region which gives the low

tions are just suppressedossibly of this type, have been growth rate (this can also be helped by the reduction in

reported on TFTR at the edge of the transition region b)ﬁé?wgztritoet ?necﬁﬁgzz ?nf mles Sﬁ:‘:;;:‘g:; é?(;'g‘jggsort]ﬁg stae r‘;
Mazzucatc® In most of the configurations we have investi- __ P P

gated, even after the transition has fully evolved, the profilesqradlent because of the localization of the power deposition

at the edge of the ERS region tend to have this characteristi(':nSIde the transition point. For a given power, the more lo-

allowing or causing this type of oscillation to occur. This calized the deposition is inside gy, region, the lower the

T 4 . A power threshold becomes because more flux comes through
near-criticality (to suppressiontype of relaxation oscillation L ) . .
the g,y surface, giving a steeper gradient for a given diffu-

sivity. Narrowing the deposition profile cannot only decrease
0.008 T : the power threshold by increasing the flux through dghg,
0.007 surface but can also move the initiation point for the transi-
tion by steepening the gradient B well inside theqpu,,
surface. Figure 1®) shows a typicalj profile and a typical

0.006

0.005

@ 0004 pretransitionE, profile in which the alignment of the,,
0.003 | E position and the outer gradient B, (outside the minimum
0.002 F E in E,) is apparent. Figure 16) shows the shearing param-
0.001 £ E eter for three deposition widths, 0.2, 0.1, and @.08n in-
ok . w i : ner peak in the shearing parameter grows as the deposition
0 1000200 0 A0S0 profile narrows. This peak is located on the infieside the

| oscilations in the f o lvel shown o hEr minimum) gradient ofE, and can cause the transition to
FIG. 14. _L_oca oscillations in the uctuatlop evel shown in a case in whic start well insideqmm. The power threshold difference ob-
the transition has occurred. These oscillations are seen just outside the tran- X . .
sitioned region at/a~0.38 where the shearing rate and the growth rate areServed in TETR when using tritiurfT) beams versus deute-

nearly tangent to each othfsee Fig. 18) for examplé. rium (D) beamé* (a lower threshold is seen for deuterium
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FIG. 17. Radial profiles of ion temperaturg;} and density ) before and

0.00600 after a transition.

@ 0.00400

0.00200 and heat can clearly lead to very large increases in the tem-
peratures and densities if the system is allowed to evolve to
. a steady state without any other large scale transport event
000200 o2 04 0s 08 ! (i.e., a disruption of some typeThe profiles of density and

t/a temperature are shown in Fig. 17 before and after the transi-
FIG. 16. Radial profiles of the fluctuation levels before and during a tran-11ON _'n or near steady state. The power in this case was ap-
sition [panel(a)] show the transient decrease in the fluctuation level outsideproximately 5 MW above the power threshold. One can eas-
the transition region due to a transiently decreased flux. The profiles beforﬁy see that the transition has propagated well outside the

and aftefpanel(b)] the transition indicate an increased fluctuation level just o e rsedf shear region. In fact, in this case the steep pressure
outside the transition region due to an increased gradient and therefore linear

0.00

drive. gradients that exist outside the RS region are unstable to
ideal ballooning modes using the Pogutse—Yurchenko
criteria®®

could be explained via the deposition profiles for the two  The propagation of the transition in this model has two
cases. If the D beams deposit more power/particles inside thdistinct regimes. In both of these temporal regions the tran-
Omin SUrface than the T beams, the threshold would be prosition is moderated by the spreading of the radial electric
portionally lower. field shear. First, a very rapid transition occurs in the core
Even though the fluctuations are relatively low in the RSregion in which the RSand other effecishas provided a
region before the transition, the anomalous transport is stillowered growth rate. In this region, the transition propagates
much larger than neoclassical. Therefore, when the transitioan a nonlinear time scald=ig. 18a)] and resembles the su-
occurs, the core regiofthe region inside the transport bar- percritical transitions exhibited by some VH-mode motfels
rier) becomes a very efficient power and particle accumulaand by the simpler model from the previous section. The
tor. An interesting point to note is that after the transition butentire transition for the “supercritical” regior(approxi-
before reaching a new steady state, a transient decrease ooately 0.&) has occurred in less thanzp, where 74
curs in the fluxes out of the core. This decrease occurs be=y ! is the fluctuation growth time. As the transition moves
cause the diffusivities drop rapidi§at the transitionwhile  out into the “subcritical” region where the instability
the profiles build up more slowly, so the flffor example growth rate is larger, the propagation slows doy¥ig.
I',=D,,/Vn) must decrease until the new steady-state profilel8(b)] to a hybrid propagation velocity dominated by the
builds up. This is just a straightforward consequence of tha@eoclassicalthat is posttransitiondiffusion time because of
inequality TZ(AXb)Z/D<Tdeposition namely that the barrier the Maxwell criteria. In this regime the transition has taken
is thin, so local transport times exceed the heating rate. Herepore then 506, to cover less than an additional @.2These
AXx, is the barrier width. The decreased flux can lead to &ime scales are in qualitative agreement with the propagation
transient decrease in the fluctuation leféily. 16a)] outside  velocities analytically predicted by Lebedev and Diaméhd.
the barrier as the large anomalous diffusion there relaxes the This more complete model, as in the simpler model,
gradients outside the barrier. This is similar to the scrape-offshows a strong hysteresis effe@ig. 19, allowing the
layer (SOL) plasma behavior during H mode in which SOL power to be lowered by a significant amount after the tran-
fluctuations (nominally outside the barrigrdrop after the sition is obtained while still maintaining the ERS regime. In
transition. When the system reaches its new equilibrium, thaddition to the asymmetry in the forward and backward
flux again increasefto balance the inpltand the fluctua- threshold powergthe hysteresis an asymmetry exists in the
tion levels return to their earlier levels. When steady state isime scales involved in the forward and backward transitions
reached, the fluctuation levels just beyond the barrier footsimilar to that seen in experimetit.The forward transition
print are often highefFig. 16b)] than before the transition occurs more rapidlyfor a given increment above critigal
because of increased local growth rates from the localljhan the back transition do€bkig. 20. This difference can
steepened gradient. The efficient accumulation of particlebe understood to follow from a number of causes. First,
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FIG. 18. Profiles of the fluctuation level at different times during a transi- F|G. 20. Time evolutions of the fluctuationsrda of 0.25 during a forward
tion. The early part of the transitidpanel(a)] occurs rapidly with the time  ransition is displayed in pané) and for a back transition in panéd). The

spacing of the profiles of 0.0001 sec. The later part of the trandiianel  forward transition is seen to be at least 20 times faster than the back tran-
(b)] occurs much more slowly with the time spacing here between profilesjtion.

of 0.02 sec.

asymmetry exists in the source of the flux which maintainsand (2) lowering the barrier to avoid impurity and ash accu-
the gradient. In the forward transition, the transition boot-mulation at the plasmas core. Table | list the profile param-
straps itself up, which is a positive feedback on the transieters that need to be controlled together with some obvious
tion. In the back transition, however, the increased diffusiv-techniques to achieve this control. In this section, we will
ity increases the flux, which tends to inhibit the relaxation ofdiscuss some of these technigues and the results obtained by
the gradient and, therefore, slows the back transition vianodeling several of the proposed approaches.

negative feedback. Additionally, the increased gradients that In Sec. IV we noted that the apparent power threshold is
exist before the back transition can cause a reduction in theeduced by transient pulsésr oscillations. This type of
local growth rate induced by the Shafranov shift, which will trigger is reminiscent of L—H transitions triggered by the
decrease the anomalous diffusion even after the back trandieat pulse associated with sawtooth oscillations. In and of
tion, again acting as a negative feedback, which slows it#self this may have relevance to the different types of tran-
propagation. sitions observed on TFTR. However, it also suggests pos-
sible mechanisms for triggering the transitions at powers
which are significantly below the “steady state threshold.”
The mechanism for such a subcritical trigger is quite
straightforward. A transient pulse in the press(frem any
%ource will propagate outward. Such a pulse causes a local
transient steepening of the pressure gradient and, because it
is local, an increase in the radial electric field shear. This
transient increase ik, then can locally quench the fluctua-
tions, reducing the diffusivity and causing the positive feed-
. back (growth in gradients, etc.which underlies the entire
model. Effectively, it is the concept of a transient local tran-
sition coupled to positive feedback and hysteresis that allow
these subcritical transitions to occur and propagate radially.
Within a toroidal magnetic confinement device, a wide range
of internal and external triggers are possible. Probably the
most common of these triggering mechanisms, and the one
which can explain the intrinsic variations in observed thresh-
olds, is a simple transport event. Contrary to diffusive trans-
FIG. 19. The power threshold for the forward transition is 19 MW while the POTt modeling, turbulent transport is not a smooth continuous
back transition threshold is 12 MW. process. It is instead a bursty, spiky process, possibly better

V. SCHEMES FOR CONTROLLING INTERNAL
TRANSPORT BARRIERS

Two types of control systems are necessary for settin
up operational scenarios with transport barrigfs: setting
up and maintaining the barrier in the most expeditious way

200 . e

16.0 - N

14.0 - b

Power (MW)

120 [ ] B

100 ) I 1
Forward Transition Back Transition
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represented by a model that incorporates noise-induced fluc- a0 ' ' =T (-02)
tuations as the transport dynamics of a self-organized critical s F ~ — 0.0
system?~3* than the more typical mean field diffusion ok SN - =T (+02)
model. Within the context of such a model based on sk / \

gradient-driven turbulent transport and backed up by experi- N3 /) \

mental observatiofT, the various fluxes are found to be quite - v ]

bursty. These bursts in flux will necessarily give rise to con- SE //_‘\ \

comitant fluctuations in the gradients. Because these flux 3 47 e

bursts have a distribution in sizes, large “transport events” SE

are possible. One of these flux spikes can cause the gradient of o i g !
to locally and instantaneously become super-critical and pro- N

duce local transitions with positive feedback allowing the
growth and propagation of the barrier. In general, the dynamFIG. 21. Bifurcation curves with the addition of a sheared toroidal flow
ics of such self-organized critical gradient transport constraiff"iPit  large effect on the forward transition threshioie: top peakbut a
. . smaller effect on the back transition threshélde valley.
the local gradient do not deviate very far or very frequently
from the system’s preferred slope. This makes it unlikely
that these intrinsic fluctuations would trigger transitions that | . ) .
were more than slightlymore than a few MW in our cases which are not contained in the present models. If the sign of

subcritical. Using the idea of a transport-event-driven triggert1€ V¢ (0r Vi) term is opposite to that of theP; term, then

it is not difficult to imagine cases in which the transition canthe threshold can actually be increased. The change in the
be strongly subcritical. One such situation is that of a magiransition power can most clearly be seen in the hysteresis
netohydrodynamiqMHD) instability confined to the core curves modified by, (Fig. 2. The forward transition

(i.e., sawtooth oscillations A fast MHD instability could ~Power threshold changes by more than 20% in this illustra-
rapidly flatten the profile inside the inversion radius, ), tion; however, because the back transition is moderated by

which we will take to be inside,,. This will send a large the neoclassical diffusion, the changes in the back transition

transient pulse of flux out through tiog,, surface, causing a !evel are much smgller. This techqique can lead to scen.a.rios
large local jump in the gradient and triggering a local tran- which one can trigger the transition and a back transition

sition to ERS confinement. This type of event could accounf® control the profiles and accumulation rates and suggests

for the difference between the Type | and Type Il ERS tranthat operating above but close to the back transition power
sitions observed on TFTR. All that is required is that thethreshold is the most favorable regime for the various control

power be above the back transition threshold, which is typi®"d triggering schemes. o
A final mechanism for triggering the transition is by us-

cally much lower than the regular transition thresh@dtom . e A Rt
the ratio of the pre/posttransition diffusivities as discussed"d @ combination of rf heating and pellets. If a region just
earlieh andr,,<r . This type of scenario is more likely to NSide theq, surface is heatedhus, steepening the local
occur with a weak central magnetic shear than a strongprefile), allowed to come to equilibrium, and then a pellet is
negative central magnetic shear configuration because of tH€d into the core, the transient-added particle flux from the
stabilizing effect of the negative magnetic shear on magneP€llét comes through the heated region and a transient in-

tohydrodynamidMHD) instabilities. To properly investigate Créase occurs in the pressure gradient. This in turn can trig-
such a scenario one must include MHD stability and trans98" @ confinement transitiofFig. 22. This type of trigger
port in the bifurcation model. This inclusion is beyond the M@y be of particular interest on devices such as Tore Supra

scope of the present investigation. It does lead to the intrigu-
ing possibility that one could trigger a confined MHD event

in order to trigger the ERS transition. === vz (before pelled e ey

''''' € (after pellet) =m===n (after pellet)

e ¢ (later after pellet) ==m==q (later after pellet)
— — T T T

The next possible methods for active triggering follow
the line of actively and transiently reducing the local thresh-
old. Two methods for doing this are through active profile
control of theV, andV , flows. Since the addition dﬁ’;S or OO
V, (with the correct sigh increasesk,, it reduces the
amount of E; that must come from the pressure gradient.
This in turn reduces the power threshold for the transition.
While V, is likely damped in the core, a narrow region of
sheared poloidal flow may be driven by IBW as on
PBX-M. It is perhaps even easier to modW, because this ’
can be done by tailoring the beam deposition profiles and/or T e S e e ey
by balancing beams and does not require any additional ex- r/a
ternal power.V, has been added to the present model and

indeed can reduce or increase the power threshold as Wg . 22. Profiles of the fluctuation level and the density before, immediately
after, and some time after a pellet is deposited in the core. These profiles

ShOWﬂ_ _in Sec._III. However, to d_o this properly, the be_amdisplay the evolution to a transition caused by the transient pulse in the flux
deposition profiles must evolve with the background profilesrom the pellet.

0.0140 F————1—

0.0120 P

0.00800

0.00600

Aysuog

0.00400

Fluctuation level

0.00200

0.00

Downloaded 29 Aug 2011 to 137.229.53.151. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



950 Phys. Plasmas, Vol. 5, No. 4, April 1998 Newman et al.

0,500 : -
* N tramsition but no perturhation cl - —=-n[.
Iy o ' —1.25] 2 .
0.700 n!h!l['llh = N o Uansition and no perturbation 0.00700 T T T 2.53 10
“",'Ilh = N transition and perturbation 0.00600 N ’| ' 22 1o
o0 o Mty ] 1 B I -
= fyw ] 0.00s00 |1 |} B N
2 gs00 ty , B i) 'll ! 125110
& '-.,"-.'.' ] 000400 fL Y J oAy ,: .
3 3 wiitthy, ] 1 1 2510
= 0400 "In.,.'ll-u ...... E w  0.00300 £y ll | : I' \ .
= oa0 b e, 3 §‘| ! 1 [ i} 2.49 10"
: ., 0.00200 ; h h \
."" 13
020 F T, . 0.00100 h [ [] o
0.100 L L L ! i, 0.00 247 10"
0 0.2 0.4 0.6 0.8 1 0.00100 " ) ‘ \ 2a6 101
r/a 495100 496 10° 497 10° 498 10° 499 10* s 10
Time

FIG. 23. Density profiles with and without a transition and with and without
perturbations to the,, position demonstrate the possibility of controlling FIG. 24. The effect of the perturbations is seen in the time evolutions of
the final profiles with small perturbations. both the fluctuation levels) and the densityr() atr/a of 0.25.

VI. CONCLUSION
on which the current profile can be controlled via Lower
Hybrid current drivé® which can also serve as an off-axis
heating source.

As mentioned earlier, for the ERS confinement mode t
be useful, it must not only be triggered at reasonable powerg]l) The basic qualitativéand some quantitatiydeatures of
but the accumulation rates must be controlled. Certainly us- the transition evolution are captured by a simple two-
ing the hysteresis effect to lower the power input after the field model for the density gradient and fluctuation in-
transition can help. Even then, one would like to be able to  tensity which incorporateg, -drive transport bifurcation
selectively open a valve in the barrier. One possible method dynamics as well as reduction of pretransition instability
to do this is via initiating transport events by causing a local  growth rate by magnetic shear reduction or reversal.
back transition using some Ioc\i(z, or V, drive to force the (2) The basic conclusions of the simple model are supported
system to locally back transition. This will not cause the by more detailed investigations which incorporate toroi-
entire system to back transition but will cause a transport dal momentum and ion and electron heat transport. In
event to propagate out, thereby transiently removing some of particular, the transition may be influenced by the sign of
the confinement. V, relative toVP; . In the context of the more complete

A mechanism which may offer more controldsprofile model, the Type | transitions recently observed in TFTR
modification via current drive. If they,,, surface can be ERS discharges may be explained by a MHD event trig-
moved in and out a small amount, as a function of tivia gering the transition. Also, this model exhibits oscilla-
local off-axis current drivg a large increase in the flux can tory bursts close to the transition threshold in agreement
be induced. This is caused by the radial “wiggling” of the with recent TFTR observations.
barrier through a wiggling of the growth rate profiles that are(3) Dimensional analysis indicates th&hssuming gyro-
tied to the reversed shear region. By controlling the ampli-  Bohm transport and constafit/T,) the threshold power
tude and frequency of the perturbations of therofile, the for diamagnetic E/-transport bifurcation scales as

During our study of the dynamics and control of core
transport barriers in discharges with reversed magnetic shear
0we found the following principal results:

background profilegaccumulation ratgscan be controlled
(Fig. 23. In this case, the power is 1 MW above the forward
transition threshold. Without any perturbation, the central

Pcm/Soan3/mi2, with p* ~const across the transition.
Self-consistent profile evolutiofwhich introduces non-
linear dependence of profile scale lengthsggests that

density can be seen to effectively run away after the transi-
tion. However, with a 20% perturbation in tlgg,, position,

this prediction be modified t®;<nB* wherea=2.2
+0.2. The change in the exponent is mostly because of
the central density can be stabilized at a value only 10% the weak change of the electron temperature with the
higher than the untransitioned case. Near the barrier foot- magnetic field.
point, oscillations can be seen i T, T;, andn which  (4) A number of transition and profile control techniques are
coincide with the movement of treg profile (Fig. 24). Vary- suggested by these studies. These include transient heat-
ing the frequency and amplitude of the perturbations can ing (which exploits hysteresisrf flow drive, and pellet
control the final, steady-state profiles. The frequency of the injection as ways of lowering the transition threshold or
Omin Motion should be between the nonlinear transition time  controlling it. The g-profile modulation is shown as a
and the neoclassical diffusion time to allow time for the tran-  possible alternative technique to control the barrier and
sitions to occur but not enough time for the profiles to be  avoid the accumulation of impurities.
fully slaved to the oscillations. The current drive require- . .
ments for such control are relatively modest. A simple esti-'vlan.y quesﬂon; pertlr_1ent to the enh_anceq rgversed shear
. . confinement still remain unanswered, including:
mate of the percentage of the current displaced by shifting
8q from its minimum position byAr is Al/1~(Arrn/@®) (1) The role of poloidal rotation in triggering the transition
X(0.09/qmin)- For the case we have considered, this estimate and maintaining the barrier. In particular, the strong
givesAl/1~0.02. electric field characteristics of such plasmas may result
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in breakdown of the magnetic viscosity, thus vitiating of 20 to reproduce the TFTR results from Ref. 37. This term

the conventional wisdom that poloidal rotation in the only affects the plasma edge and is not dynamically evolved

core plasma is heavily damped. with the fluctuation equation. Therefore, the diffusivities in
(2) The response of the electron transport and the dynamidsgs. (14)—(16) (see Sect. |y are

of electron transport barrier formation. The electron

- . D,=Dpegt DrgtD A

channel appears to behave qualitatively differently from n— Zneo’ RBT o (A5)

the ion particle and momentum transport channels in Xi= Xine*+ Xin + Dra. (AB)
several experiments.

These issues will be addressed in a future publication. Xe= Xeneo" Xey;, * Dre- (A7)

In all three diffusivities, the contribution from neoclassical
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