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The properties of the internal transport barriers are developed using theory and radial transport
simulations that evolve local turbulent energy density with the temperature profiles. Standard ion
temperature gradient models for the nonlinear radial fluxes driven by drift wave turbulence and
stabilized by flow shear are implemented in a new high resolution multiple space—time transport
code. A dimensionless parameterization of the input power is introduced and shown to characterize
the bifurcation to an internal transport barrier. Examples of the interaction and feedback loops of the
turbulence with the transport profiles are given for transport barriers as in the Tokamak Fusion Test
Reactor{D. J. Groveet al. Nucl. Fusion25, 1167(1985] and the Japan Atomic Energy Research
Institute Tokamak-60 UpgraddT-60U [Ninomiyaet al, Phys. Fluids B4, 2070(1992]. For the
JT-60U the high performance discharge E 27969, which reached an equi@yerdf unity, is
modeled with an appropriate set of turbulent thermal, angular momentum and particle diffusivities.
The bifurcation analysis suggests a scaling law for the critical power for the onset of internal
transport barriers. €000 American Institute of Physids$$1070-664X00)00411-(

I. INTRODUCTION walls of the device. These changes are the bifurcations that
have been traditionally studied in simpler settings such as a
The formation of significant internal transport barriers infew coupled partial differential equations or their projection
the large (>1 MA) tokamak confinement experiments is of onto low-order ordinary differential equation systetns.
fundamental importance to the science of plasma confinefhe simplest model of the bifurcation from the turbulence
ment and to the achievement of controlled fusion power. Theand shear mass flow is described by Diamenal2 as the
internal transport barrigfiTB) is now produced in all major predator—prey model with two ordinary differential equa-
tokamaks-2 The strongest transport barriers are associatetlons. How many degrees of freedom are required to describe
with reversed magnetic shear aligshear while weaker bar- the system is unknown and, of course, depends on the level
riers are associated primarily with one or the otherof detail soughtin the description. The Diamond group mod-
mechanisnt:* The transport barrier formation process ap-els are developed in more detail in Lebedev and Diarfiond
pears to require a true bifurcation of the radial flux as aand Newmaret al1°
function of the driving gradients. Bifurcations are typical in Local microscopic theories of plasma turbulence give
driven-dissipative systems with a large number of interactingone bifurcation mechanism through a symmetry breaking of
subcomponents. the temperature gradient driven convective vortices that re-
In the steady state the injected particles, energy and masults in the onset of shearddx B flows ! Computer simu-
mentum flow through the tokamak system by the transporiations of both fluid equations’*?show the Reynolds stress
processes with its many subcomponents and then exdriven onset of sheared flows. The energy conservation of
through the scrape-off lay¢SOL) into the divertor chamber. the syster? works to show that the energy created in the
Power and momentum flow into the system and drive up thehear zonal flows shows up as the shear flow damping term
gradients of the even-velocity fluid momeniensity and in the linear growth rate. Here we do not dwell on these
pressurgand the odd-velocity fluid momentfiow velocity  well-known aspects of the microscopic processes but rather
and thermal flu, respectively. The drift wave turbulent en- investigate the global transport properties associated with the
ergy densityW(r,t) responds in a complex manner on a fastbifurcations.
time scale. There are growth terms from the temperature gra- A challenging part of the transport barrier dynamics
dients, damping terms from the current-driven magnetiq TBD) problem is the necessity to describe the fast formation
shear and the flow-drivels, -shear; and there is the nonlinear of steep radial gradients in the transport code. To meet this
mode coupling transfer of turbulence energy to spectral reehallenge we have developed a new high resolution transport
gions of strong wave damping along with wave propagationcode called TBD for the CRAY T3E using message passing
In addition there are the transport processes due to the Cointerface(MPI) and FORTRAN 90(NERSC, 1998 Annual
lomb collisions given by the neoclassical theory. Clearly,Report, p. 88 The code has been run with four thermody-
there are multiple feedback and feedforward loops in thenamic transport fields with up tid,= 1000 radial grid points
system. As the system parameters change, there will band throughN,=10° time steps. The radial zones are distrib-
abrupt changes in the pathways taken by the flow of energuted over the processing elements. The time advancement is
and momentum through the subcomponents to the scrape-dfirough the adaptive Runge—Kutta 5th—6th order initial
layer plasma connected to the divertor chamber and to thealue integrator known as DVERK. This integrator is
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loaded into each processor to reduce message passing hge small aspect ratio limit. The first order flow velocitieg
tween the processors. in Eq. (3) are incompressible with the perpendicular compo-

By using this high-order time integration, the fast- nents driven by
growing gradients over mesoscale lengilise geometric
mean of the gyroradius scale and the mirror radiusf the ¢ 1 02

) ) ulalz?Bx —Vpate,Vo;—my(V*)“RVR].
system produced by the bifurcations are accurately fol- €a Na
lowed. ®)

In Sec. Il we review the general structure of the transportrhe term—e,I" ,d(®,)/d¥ on the right-hand side of E¢4)
equations for toroidally rotating plasma. In Sec. Il we give contains an anomalous energy exchange due to the fluctua-
the equations used to compute the turbulent energy densition induced particle transpoky . It has been shown that this
and theE,-shearing, and present several examples of transanomalous energy exchange rate term is independent of the
port barrier models. The simulation results of the transporfirst order radial electric field. Whed,<V; or r/R<1 the
models are given and discussed in Sec. IV. In Sec. V Wgerms associated witib, in Eq. (3) are ignorable since
derive two scaling laws for the power required for ITB for- /T, = O[(r/R)(V,/V,)?] whenV;=(T,/m;,)¥2

simple when summed over all species

Il. STRUCTURE OF THE TRANSPORT EQUATIONS 9 1 9
vt {3 7 3

The general form of the coupled particle, thermal en-dt a A a
ergy, and toroidal momentum transport equations is derived
in Sugama and Hortol?.In axisymmetric systems, the mag- = Tin~ Tout (6)
netic fieldB=1V{+V{XVW¥ and the toroidal rotation ve- The torque input is
locity V,=RV¢=—Rcdd/d¥ in magnetic flux coordinates.
Here { is the toroidal angleW¥ represents the poloidal flux, T = < 2 J' d3v maRZ'VCa>! (7)
| =RBy, and the angular velocity of toroidal rotation is the a
contravariant velocity componekt =V, /R, whereV, is the  \yhere C, is the effective collision operatorsf,/st de-
linear toroidal velocity. The particle species is designated bycriping the auxiliary input from external sources. The sum-
the subscripta, and the surface fluid velocity i8,=Vi  mation over species is used to cancel the exchange in mo-
+ U,y With the toroidal velocityv, common to all species. I mentum between speciesandb.

the equations below, the flux surface average is defined as  The transport system formed by Eq8)—(7) is closed

1 (2nd@ by transport relations linking the radial fluxes and the radial
(F)= vf grF (.0, (1) gradients. The transport coefficients are the summations of
0 both (neogclassical and turbulent contributions, while the
where later is dominant for most cases. The turbulent transport co-

efficients depend on the turbulence level, which are deter-
—5= - 2) mined by the turbulence evolution equatiGiThe complete
o B o VW-VOXV{ system of transport equations for density, temperature, toroi-
andé is the poloidal angle. The particle transport equation isd@l momentum, and turbulence amplitude, are further re-
duced to various transport model equations after proper ap-
na 1 9 proximations. In the next section, we will discuss such

I —

J‘deﬁ 27 de

at Py g (VT =S sa @ models that simulate the internal transport barriers in toroidal
and the thermal balance equation is confinement systems.
d /(3 ~ 1 9 5 lll. TRANSPORT MODELS FOR TRANSPORT
E<<§pa+ naeaq)l >+7W V' qa""ETara” BARRIERS
Vs HDy) A. Turbulent energy density evolution
- Hag_q/_ earag—q/ +(€aNalas-E™) The turbulence producing the anomalous transport

_ evolves according to the linear growth rageincluding the
P4 1 02 d 5 out effect of the sheared mass flows and the nonlinear saturation
+\ €aNa— = | + 5 (V) o (manaR%) + Pa— g™, from mode coupling. The time scale for the balance between
the growth and nonlinear saturation is very short compared
@ 1o transport time scale, so thaty'r ~(L1/ps)?~10*. The
wherep,=n,T, is the pressureq, is the surface averaged exception occurs at the points of marginal stability where
radial heat flux,IT, is the surface-averaged radial flux of y'~0. Two methods are available for dealing with these dis-
toroidal angular momentum arl8") = —gA/cdt is the in-  parate time scales. The first numerical method, called subcy-
ductive electric field. The fluxeE,,q, are the usual contra- cling, is to integrate numerically the equatidiV/dt for the
variant components of the physical vectdig,q, given by turbulence between each time step of the whole set of trans-
[=(VV¥ -T';)(=RByI'\y) and q,=(V¥-q,)=RB,q;, in  port equations. Here\V(r,t) is the turbulence energy den-
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sity. This is a powerful, but computationally intensive, radially-extended vortices and eddies in the global 3D
method for dealing with the multitime scale problem of the simulationst®!®=2* The gyrofluid study of Garbet and
coupled evolution of the turbulence energy density, densityWaltZ> shows evidence for the extended eddies IWSLTi
temperature, and toroidal momentum profiles. The secongjose to R/Ly),. Here we must make a choice: for simplic-
method |s_to reduce thW(r,t) equa_uons su_ff|C|entIy to al- ity and generality we choose t@((k§p§>)~1 scaling de-
low analyt|.c representapohs for their evolution between eaCchibing thepg-scale eddies and vortices. The semianalytic
transport time step. This is the method we develop here résqthod described here for propagatMbbetween transport

serving the subcycling method for a future work.

The time scale for the drift wave growth rate is tra-
ditionally taken as Li/cs in the literature, where
Lt=—(dInT/dr)"* andcs=(T./m;)*2 For transport codes
with evolving profiles, however, a more straightforward
choice isR/cS(Tg) whereR is the fixed major radius of the
device andT? is a reference electron temperature such as
keV. The ratio of the time scales is then

a\?a

ps/ R’
where we userL=a2/XgB with Xngpﬁcs/a in obtaining
Eq. (8). Here yg4g is the small scale gyro-Bohm drift wave
diffusivity. For a Bohm-L mod&1’ scalingr, =a?/ yg with
XB= p<Cs the scaling ofy, increases linearly witla/pg. The

growth rate for the ion temperature gradiéG) turbulence
with EX B flow is approximately

7.Cs

R

Yo= (8)

cs| R R y

) A B 2

"TR|Ly (LT_) 035 |=7 7o ®

| | c
where theE X B shear flow parametéY is given by

Rdin® Lgdug

e dha "o dr (10
cs ding c¢g dr

from Horton et al® Here L,=qR/s with s=rq’/q is the
magnetic shear length. The effect ¥f, on the transport is
explored in 3D simulations in Hamaguchi and Hort8The
growth, decay and propagation of the turbuleigr,t) in
the transport time stept is divided into a first step of pure
growth and saturation given by

dw

—— =2y ¥ = "'WW

dt (19)

time steps applies to both the Bohmesoscale eddigsand
the gyroBohm(microscale eddiggransport regimes.

By separating the variables of E(l.1) we readily inte-
grate between the transport timggo t;, ; with frozenval-
ues ofy' and y". The result of the analytic integration of
Eq. (11 for Wis that the update of the turbulencexatt; to
in ;41 is given by

W(x; 1) =RIW(x; 1)), (12)

where
i i

iRt a3
where

F;:70(t1+1_tj)7|(U,U',U") (14)
and

F];I.i:70(tj+1_tj)7n|(uyul,U"). (15)

Since the factory, is very large, the value dR'W! reduces
to the nonlinear saturation levE(/T'}. = y'/y"'=%'/(k2) ex-
cept near the critical condition bifurcation regions—0.
From Eq.(8) this condition occurs at the bifurcation where
the shear flowy 2-term builds up to balance the growth from
R/Ly. For [I'|<1, R—1 and forI'l<—1 the turbulence
decays to an exponentially small value during the timg
—t;. This rapid adjustments A&, and thus ofy, between
the transport time steps provides the theoretical basis for the
piecewise continuoug(u’) models in Eqs(34) and(37).

With the algorithm in Eqs(12)—(15) the turbulence in
the linearly stable domains decays to an exponentially small

followed by a second step for the propagation with radialvalue. However, both the theory of radial convective wave
group velocityv 3= dw/Jdk,>0 and possibly a small radial propagation and the observations of the 3D simulations show
diffusivity w,, from the wave dispersionuy=d’w/dk?  that there remains a significant turbulence in linearly stable
:|w*|p§. Here, the timet is normalized byr, . Generally, regions. To describe the radial propagatignand possible

we takeu,,=0 and most studies reported here also take themall diffusive transport of the turbulence we update\We
radial transport withv ;=0 for radial group velocity of the with the finite difference formula foo,>0,

drift waves. This is the condition appropriate to eigenmodes.

There is some evidence from the global three-dimensional Wi+ UgAtW{'_lJr MW_A';(W{'HJFW{'_Q

(3D) simulations that;# 0 and so the allowance for, and witie Ap (Ap) 16
M is incorporated into the calculation ®¥(r,t), as shown P 2uwAt  vgAt (16
later in this section. Tz T A

The form of the nonlinear restoring forcé™wW
=(k2) W in Eq. (12) is well known from turbulence theory. derived from the first-order upwind derivative for the con-
What remains unsettled is the complicated issue of the scalrective transport ofV and the diffusive transport fromy in
ing of the dimensionles&k?) with p* =p./a. For localized the absence of growth and damping.
turbulent eddie$k§) is independent op*: however, for ra- The algorithmg12) and(16) give fast, practical rules for
dially extended eddies and vorticéki) scales approxi- calculating the growth/decay and propagation of the turbu-
mately linearly withp, . There is direct evidence of the lence between each transport time step=t;,;—t;.
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B. Mass flow dynamics

The surface flowsi,(x,t) in tokamak are specified by
two alternative and equivalent sets of flux functions. The
most familiar set of flux functions arBu,) for the parallel

flow and

(Er_i%)/RBp: élq)_iﬁ (17

en; or

oy en, dy

for the perpendicular flowBu, ,/RB,). Here ¢ is the po-
. Alternatively, there
are the geometrical representations of the flow given by the
toroidal ur, and poloidalu,, velocities with flux functions

loidal flux function withd=RB,dr

given by

(Bpup)=(Bp-Ua) and (Brur)=(Br-U,). (18

The transformation between the two representations is given

by

: (19

Bt
(Bpup) = EBp;[<BU||>+<B_pBU¢>

B?)(R R?)(B2) /Bt
Ty ~(ow -2 g Grou )

Transport barrier dynamics 4537

é (B*V-my)=(B-V-m;),

=3u;1((A-VB)?)
(BpUip) @RBﬁgg)
(B2 w1 (B%) & dy

. {(h-VB)?)
- MilT

(Bu,,)+<B Bu,i>

[.L 2 C dT
(RBO) & —) (24)
The functionu;, is usually approximated as
NiMRGUT vy |
(25

H v, ) (1+ )

Vs i= Vqu/e3lszi, and the average-squared mirror force is
((A-VB)?) &

B2  2R%g*

With the above formulas the equation for the fast parallel
flow adjustment to track the transport time scale evolutions

(26)

20 of dT,/dr andu, B~E, is
1 < BT> ot nCBT 1L BT fi Mi1 ein dr
A2
=g | O (| @
P ntE (B-V-z2"m), (27)

Now, Lorentz force equation for the flow velocityu/dt
naturally breaks up into equations for the parallel flow ve-where
locity and the toroidal flow changes on the transport time 3 qQuT, Vi

scale while the parallel flow changes more rapidly.

Here we briefly summarize the results of the lengthy
calculations required to determige B) andE,/RB,. The

complete balance equation is

1
E+ — ua><B =Vp,— V- mtF+ Ky,

(22)

ma n a ¢ (9t aea

T R(1+ vy ) (14 €%0,)
3B} Y2y,
T 2B2 (1+v,)(1+ €,

The turbulent stress can be written as

(28)

1
<B.V.ﬁ?“°3=§<v.<w>-8>2;X@@n) (29

n;m;B

whereF, and K, are the collisional friction force and the a transport flux which has been analyzed in detail in Dong
turbulent force respectively. The summation of surface averet al?*

aged parallel flow equations gives
& ne
E; NaMa(BUya) = _é (B-V-73%)

- (B-V-m2"™n. (23)

Here @,°° is the neoclassical stress tensor due to collision,
is the anomalous stress tensor due to turbulencevhere the poloidal flowu; is obtained from parallel flow;,

while 77 a“°m

To determine the radial electric fiel, , one also needs
to know the profile of toroidal velocity. The toroidal momen-
tum transport equation is given in E@), where the viscos-
ity is dominated by turbulent contribution, i.dl,=II2"°™
With the profiles of toroidal and parallel flow, thg profile
can be obtained by the radial momentum balance equation

1 dp

E—u¢,Be U0|B¢+an ar

(30

(“Reynold stress’). A simplified version of the surface av- by the incompressibility constraint. For plasma with large
eraged parallel component of the neoclassical stress tensturoidal rotation, the radial electric fielH, can be simply

m°is given in Yushmanoet al?® as

determined by the toroidal velocity.
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C. Model diffusivities (ECE) radiometer and an 80-channel soft x-rég§XR) to-
mography system. There is also a double-pulse Thomson
scattering diagnostic system that gives space—time resolution
of 3 mm(the space resolutiofipe=A pged5=0.02 and the

au d time resolutionAt,.—=0.8 ms. The electron temperature pro-
S0 T g PAWULX D]+ PSX ) — SsoX,1), (31  file shows a series of up to five flat annuli separated by four

In the toroidal flux coordinate form witl=p?=r?/a®
the vector transport equations are of the form

A transport barrier regions. The space—time evolution of
where To(r,t) is reproduced by choosing a notchgd(q(r,t))
= x. profile with a base level of-10 nf/s between the in-
B du teger and half-integer values qfand barrier set of low val-
I==x¢ gy ues ye=xnu=1n?/s around the integral and half-integral

values ofg. The widthApy of the low values ofy, is also
The detailed physical form of Ed31) is given in Sec. IV.  adjusted. We do not attempt here to model these experiments
Hereu, J, andS areny dimensional vectors ang is ang  in detail; however, we note that the drift wave map transport
Xng matrix. While the noncircular geometric parametersmodef®° yields electron diffusivities that are sharp func-
like elongation have strong influence on the tokamak contjons of the electron-wave phase relationship which changes
finement as shown for example in Batenetral.”® here we  at the rational surfaces. Thus, there are fundamental theoret-
focus on the nongeometric mechanisms of the transport bajeal models that support the use of abrupt changes in the
rier dynamics by considering equilibrium with circular mag- diffusivity on the transport space scale.
netic surfaces. In Eq31) we introduce the core localized In view of the large number a&foldings from the linear
unit source functiorS(x,t) = F(t) S(x) such thatfg”‘axdxs{x) growth ratey'({u}) during the transport time scalg , it is
=1. ThenP is the dimensionless constant determining thecommon to consider reduced, Markovian models of the non-
net injected power. The dimensionless poweis related to linear fluxesJ as local functions of the driving gradients
the dimensional auxiliary heating powé,,, in megawatt u’(x,t)=V,u(x,t) and u(x,t). While this time-local rela-

through tionship betweerd andu’ misses the details of the micro-
scopic bifurcations dynamits surrounding the critical
_ PauxTL 32 points, the local relation captures the essential feature of the
(ZwR)(wrﬁp)(gnoTo) ’ multivaluedness of the possible gradientsfor a given ra-

dial flux J. A parameterization of the nonlinear diffusivity

whereT, is the reference temperature anglthe reference that includes the models of Hinton and Staettéfand other
density. Here 4, is the maximum deposition radius Bf,,,. =~ models found in the literature is
Thus, PaUX/(Z’TTR)(’ﬂrd )n, is the heating rate per ion in — W) +
keV/s with typical hlgh powered devices having the rate of X=X Xneor
30—100 KeV/s. For a plasma with =0.5s andTy=1 keV XL
and 3y/2=10°Ymq this gives the range d?=1-20 for the Xn'ZW,
dimensionless in Eq. (32). The auxiliary power increases ¢
with the plasma volume. One may roughly take the value ofvith the parameters andu/ specifying the particular model.
P to be the power in megawatts for a JT-60Ref. 26 or Here x| > xneo» Wherey, is the L-mode turbulent thermal
Joint European Toru€JET) size device. diffusivity and xeois the neoclassical diffusivity. The turbu-

To absorb the power transported past thel surface lence determines the L-mod®w confinement modediffu-
we use a scrape-off layg€BOL) sink Sgp (X,t) localized to  sivity in the limit of weakE,-shear. The mechanism for the
1<p=<v2. The sinkSso.(x,t) is such that all power emitted nonlineary™ (W) is expressed in Eq33) by the strength of
from the core is absorbed by the SOL sink function. Referthe density gradientu;) or the temperature gradienty)
ence values for the width of SOL sink is fixed Ag,, ~ creating a sheareBX B flow in the plasma. The reduction
=0.3 while that of the source is taken as eitdexr,=0.1.  occurs for|u’|>u; and the sharpness of the transition be-
The current version of TBD uses a strong scrape-off-layetweeny, and y,, increases witm. The casen=2 is based
(SOL) diffusivity from Connor et al?’ in the zone kp  on the y-reduction from shear flows as given in Shaing
<v2 which makes the results more realistic and avoids theet al>* The Biglari—Terry—Diamontf work gives n=2/3,
somewhat sensitive choice of tisgg, function. but later Carrerast al® change to the=2 exponent. Zhang

In the empirical description of different confinement and MahajafP obtain a strong suppression function which
modes it has been useful to describe the thermal diffusivitican be modeled witihh=4.
by piecewise continuous functions. One fascinatingly com-  While n=2 can give a bifurcation, we find that the
plex example of a transport simulation that requires multiple=2 exponent gives too weak a dependence x6éu') to
steps in the electron diffusivity is the Rijnhvizen Tokamak reproduce the relatively strong temperature profile effects
Project (RTP) (Ref. 28 tokamak (,=150kAB+ observed in the experiments. A model witk=4, however,
=2.5TR/a=0.72m/0.164 mwith electron cyclotron heat- produces a stronger transition closer to the experiments. The
ing (ECH) that is well localized(deposition profile width  motivation for then=4 model is given by nonlinear form of
Apge=0.1). The electron temperature profile is accuratelythe turbulent y(Lsg/cs) in Fig. 7 of Hamaguchi and
measured with a 20-channel electron cyclotron emissiomdortont? which shows a flaty(Lg/cs) at smallvg-shear

(33
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TABLE I. Transport models. For the linear flux-gradient model the shape of the
Case model P H Figures Run steady stgtej(xl) varies approximately such that the maxi-
mum gradientu/,,, varies as
A Eq. (34) switch 15 1.13 a)-1(d) 796z ,
B Eq. (33 n=4 ~7 17  2a-2d)  796m2 —Upax=0.6P/ x, AX,, (39
C Eq.(33) n=2 continuous 1.2 @&-3(f) 796q . .
D type-Il barrier =10 15 4a-4g) 784 and the core temperature increasing as
Ea. (38 U(0)=0.6P/ y/Axp, (36)

where Ax, is the width of the power deposition profile in
. ) o ) r2/a2. Thus, for sufficiently largd/ Ax, the critical gradient
flow with a rapid drop-off of the diffusivity at we/cs>2. ! s exceededin the linear flux modelfor the onset of the
Formula (33) with n=4 is taken as our reference model myjtivaluedu’ =u’(J) relation. For nonlineatanomalous
since it gives a strong enough change of slope in the temyjfysivities, however, the increase of the gradiem’ with
perature profile to model the transport experiments with typg may be much slower, such &2 and the bifurcation

| barriers. The origin of the stronger nonlinggfu’) depen-  -gndition is more difficult to determine.
dence is also understood from tge= yoW(r,t) dependence

. | ’ .

on th.e turbulentfe levalv with W—W"'(u’) being a strqng B. Nonlinear flux-gradient transport
function of u’/u through the growth rate. Hetd/(r,t) is _ _
the low-frequency drift wave turbulent energy density in the ~ We present four cases, A-D, of transport barriers with
plasmat® increasing complexity. Table 1 summarizes the cases and

An idealized model found useful in the simulations de-gives the H-factors for the higheBtvalue, P=20. For each
veloped here is based on the evolution of the turbulafwce model we focus on the evolution of ion temperature transport
which has a very sharp variation withl due to the expo- €quation(i.e., u(p,t)=(0,0u3(p,t),0)=(0,0.T(p,t),0)) and
nential dependence &% on »'(u’) 7. This exponential de- apply the dimensionless pow&=1, 5, 10, and 20. Some

pendence is modeled by models show a clear critical powéY,;; and others show a
. continuous improvement in confinement.
= xo for —u'<ug (34) Case A Figure Xa) shows theus-profiles reached after
xu for —u'>uf six 7, -times for the four(dimensionlesspower levels ofP

=1, 5, 10, and 20 using the simple switch rule in E84)
with xy, =1 andyy=0.5 andu;=30. Subsequently, in Cases
B and C, we compare these results with those for the con-

as discussed in Sec. Ill. Here we have takeéras positive.
In this model the smoothing &i(r), and thusy, due to the

finite radial correlation length. and radial wave propaga- - , X
tinuous nonlinear model in Eq33) for bothn=2 andn

tion is neglected. As a result the jumpsindu/dx at p1g )
are stronger than for the more complete model given in Sec_ 4 Models. For theé>=20 curve, the break in the slope of
[l with radial propagation of the turbulence. We find, how- u(x) is just visible in '_:'g' _1a) atp=0.5. _
ever, that the density and temperature profiles appear consis- ON the next page in Fig () the evolution of the energy
tent with those reported in Koidet al* and Levintonet a3 confinement timerg=W/P for different input power is
Now we discuss the properties of these models. We begaf{loWn- The effect of the bifurcation for the highest
the use of the piecewise continuoyformulas in Eq(34)in  (P=20) case is a modestryg/7o=0.44/0.39-1.33
1997 before learning of their successful use in modeling th&!-factor. This transition is not as strong as that observed in
RTP tokamak temperature profi#@We were also moti- the typical measured temperature profiles. _
vated by the guiding center test particle transport properties. '€ bifurcations show up much more clearly in
A fundamental process by which the model in Ezf) is Fig. ]_(c), _showmg the _rad|al flux vs the v_alue of—du/dx
suggested is from the test particle simulations. For low col2nd in Fig. 1d) showing the radial profiles of-du/dx.
lision frequency the invariant KAM surfaces begin to emergeH€re, it is clear that the highest power leve=20 is
and produce dramatic jumps in the test particle guiding Cen§uff|0|ent to create slopes above that required for the bifur-
ter diffusivities29-30:37 cation fromy, to x4 while the three lower powers levels are
below the critical power. The critical power is approximately

Pir=0.4u/ in this model[with P given by Eq.(32)].

IV. SIMULATION RESULTS OF TRANSPORT MODELS The rapid change in the gradientu’ is shown in
A. Performance with the linear flux-gradient Fig. 1(d) for the barrier regiorp=0.55 and is well resolved
transport model in both space and time by the simulation. The radial spacing

is Ap=Ax/2p=102 in the region of the barrier and the

The linear flux-gradient relation od/(~du/dx)=D average adaptive time stepAd=1037_ during the evolu-

=constant gives the stored eneMixP, and thus the con- .
finement timerg=Ws/P, is independent oP and given by tion.
E 5! Case B Now, we repeat this simulation with the con-

= - 2 - 2
7e=0.55r /), = 0.1 x; , where we use,=4x,[a /7] 4000 honlinear diffusivity in Eq(33). First, forn=4 and
due to the factor of four that occurs from the transformation

u.=40, andy, =1 we add the low level of background flux

dx=2rdr/a? in the transport equation. Hepg is the usual . .

dimensional diffusivity inm?/s, for example, andg, is the with x4=0.5 s0 that the net flux is

dimensionless diffusivity. J=—x"(u")u’— yuu'. (37)
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FIG. 1. (a) The final state profiles of
uz(p,t) at t=67_ produced by the
piecewise discontinuoug(u’) model
in Eq. (34) with =1, x4=0.5, and
u,=30 (Case A for dimensionless
powers P=1,5,10,20, where the one
with the highest power level exceeds
the critical gradientp=0.55. (b) The
evolution of energy confinement time
of us for dimensionless powers
P=1,5,10,20 in Case A. The confine-
ment times7g showing the enhance-
ment factors fol? =20 where a bifur-
cation occurs from the base level
L-mode confinement. The transport
barrier formed forP =20 has the con-
finement time improved by the
H-factors ofH=1.16.(c) The nonlin-
ear fluxJ vs the gradient-u’ for all
four power levels in Case A. The high-
est power level produces a gradient
above the critical gradient with a hys-
teresis loop. (d) Evolution of the
gradients for four power levels
P=1,5,10,20 used irfa), with curves
of two time slices for each power case
att=37_andt=67_ in case A. For
P=20 case the gradient-u’(p,t)
profile showing clearly the transport
barriers formed where’ exceeds the
critical gradientu’ =30 atpz=0.56.

The J(u’) function isS-shaped with the standard two stable Figure 2a) shows the evolution of thai; profiles and
fixed points at low and high gradients and the intermediaté-ig. 2(b) the energy confinement time. The results for the
unstable fixed point at a moderate gradient. The plots correa=4 model show a clear transport barrier formationPat
ITB position p=0.45 and P=20(p;1g

80

sponding to Figs. ®—1(d) are shown in Figs. @—2(d). =10 (the
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FIG. 2. (a) The final state profiles of
us(p,t) at t=67_ for n=4, u;=40
(Case B with the y, with dimension-
less powersP=(1,5,10,20). The two
highest power levels produce ITBs at
p=0.44 for P=10 and p=0.65 for
P=20. (b) The evolution of energy
confinement time ofi; for dimension-
less powersP=1,5,10,20 in Case B.
Confinement times showing(P=1)
=7(P=5)=055 and 7(P=10)
=0.65=1.18(P=1) and 7(P=20)
=0.9=1.647(P=1). (c) The nonlin-
ear fluxJ vs the gradient-du/dx for
all four power levels in Case Bd)
The gradient—u’(p,t) for all power
levels, with curves of two time slices
for each power case at=37_ and
t=67_ in Case B.
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FIG. 3. (a) The final state profiles af;(p,t) att=67_ for n=2, u,=40 with they, (Case . HereP=(1,5,10,20).(b) The evolution of energy confinement
time of u; for dimensionless poweB=1,5,10,20 in Case C. Onl=20 case has a confinement improvement. The enhancement fatter 0569/0.56
=1.2.(c) The nonlinear fluxJ vs the gradient-du/dx for all four power levels in Case Gd) The gradient—u’(p,t) for all power levels, with curves of
two time slices for each power casetat37_andt=67_in Case C(e) The model ITG growth rate computed fram profile for P=10 in Case C(f) The
turbulent energy densitW(r,t) computed from gradient profile in Case(& with vy=uy=0.

=0.65). The H-factor ig1=0.90/0.53=1.7 similar to many P=20, value. The profiles show a more continuous change
experiments. The flux versus gradient relation in Fig)2 Without a clear bifurcation point. The effect on the energy
shows the phase transition characteristic of constaiot confinement time is weak. Thus, we conclude that the stron-
—u’ in the range 25-60. For the highest power the:1.7  ger nonlinear switching of the=4 model and the piecewise
as shown in Fig. ). The model shows clear bifurcation at discontinuousy-models are more representative of the ex-
Psit=7 with P=10 havingp;;g=0.45 andP=20 having periments than the=2 model.
pire=0.65 in Fig. 2d). Figure 3a) shows the saturation of the; profiles for
Case C Now in Figs. 3a)—3(f) the corresponding quan- P=1,5,10,20 at the timg,=67_ . For this model there is no
tities for then=2 model are shown. For this model, the well-defined threshold power for the transport barrier. For
improved confinement occurs only for the highest powerthe highest power leve? =20 there is a substantial increase
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in the gradient betweep=0.7 andp=0.4 by a factor of shown in both Figs. @) and 4b). Above the bifurcation
approximately 5 as shown in Fig(#. The highest power both P=15 andP=20 have an H-factor at the end of the
level also has a clear H-factor as shown in Figb)3of  high power phase afl =0.88/0.60=1.5.
H=0.69/0.56=1.2 for the r(P=20)/7(P=10) discharge Figure 4d) shows the profiles of the gradients with two
simulations. Figure @) for the flux vs the gradient shows a high gradient regions. In Fig.(d) the time traces are the
nonlinear shape but no clear phase transition comparable ion temperature at evenly-spaced positionsxiis pi2 with
that shown in Fig. &) for the n=4 model. Ax=0.2 andx;=0 to 2.0. The gap that opens between the
Figure 3e) shows the growth rate computed from the temperature at=0.4 andx= 0.6 is the typical experimental
logarithmic gradient of theus(p,t) profile in Case C. signature of a transport barrier.
Clearly, the growth rate steps up beyope1.1. There we Figure 4f) shows the growth rate computed from
see at least three phases of the turbulence. A low-base level. (9) and Fig. 4g) shows the turbulent energy density
in the core, 2-3 times the base level in the regionw(p,t) computed from Eq(12) for Case D for the type-Il
p=0.2-0.7 and then an abrupt increase from0.7 to a transport barrier. We see that the turbulence level in the steep
maximum atp=1.1 in the SOL. Echoing the discussion in gradient regions is suppressed more than in Case C shown in
Sec. Il A of the turbulent energy densiy(p,t) we show in  Fig. 3(f).
Fig. 3(f) the associated turbulent energy densip,t) in The three-zone transport model gfgiven in Eq.(38)
this case. with the choices 0f¢¢ore= 10, 75 = 0.5 andyeqqe= 5 and the
Finally, we summarize that these first three cad@C  P,=20(=20 MW) andP.=10(=10 MW) in the dimension-
show the continuous type transition and the bifurcation typdess units produceE; and T, profiles that are similar to those
transition to the type | transport barrier. However, theseof the E27969 shot and E27302 shot in JT-60U. Here we use
models seem inadequate for modeling the type Il transpotthe same model for the transport coefficigrtb bothT, and
barriers, an example of which is given in Ishidaal® To T; channels, i.e., lettingu=(u;,Us,Us,0)=(Ng,T¢,T;,0),
obtain the type Il barriers we introduce threglevel  while applying different powers for each by specifyif$

formulas. =(Se,Pe,P;,0)F(t)S(x). Figure 5 shows the results for this
simple simulation model for shot E27969 in JT-60U. Both
C. Type-ll transport barriers these experiments havg (0)/T¢(0)~2, as opposed to a

To obtain steady-state profiles with flat cores and Ven}emperature ratio of 3 in the type-| discharges, and the flat

steep and localized gradients separating the core from thedre tem?erature p_roflles. Other contmuous mod_el combina-
edge plasma we require that tions of x's were tried but the conclusion so far is that we

need the large corgand the sharp drop igin the ITB layer

xo for p<pg to account for the measured ion and electron temperature
_ files.
x=9 xu for po<p<pirg (38 PO . . . . .
for o> More modeling using the ideas of large ion orbit
XL for p=pirep- effects” and or reversed magnetic shear effectsyanill be

This example is labele@ase D Recent particle simulations required to narrow the range of mechanisms responsible for
by Kishimoto et al®® strongly support the discontinuity type-Il transport barriers. The global simulations of Kishi-
model for internal transport barrier formation in reversedmoto et al?®® suggest that anExB type of leaky
magnetic shear region. Simulations not shown withKolmogorov—Arnold—Mose(KAM ) convective flow barrier
Xu= 2x0=3x. do not produce results qualitatively different is set up at the,,,-surface. This idea for the mechanism of
from those shown in Fig. 3. Thus, we are led to consider astablishing the reduced at the q,,;, surface is fully sup-
high core diffusivity yo=x.>xn. The large value of the ported by test particle simulatioR%° In contrast, the com-
required corey, suggests that a qualitatively different trans- prehensive 3D turbulence gyrokinetic simulations of Sydora
port mechanism operates in the core. Koidel3° state that et al?! indicate that such afEx B barrier is a short-lived
the flat temperature profiles near the axis, as in shot E2796%ansient. In the fully developed turbulent state the Sydora
and other type-Il discharges are not due to the hollow poweet al?* reversed shear simulations show only weak changes
deposition but to the degradation of transport in the corein the transport perhaps consistent withyg~ x| = 10x 18
Candidates for the high core diffusivifyp would be a small model. Thus, magnetic stochasticity or electromagnetic tur-
scale magnetic stochasticity or a Bohm diffusivity perhapsbulence in the core plasma may be required to explain the
from exceeding the lowkinetic stability threshold. Within  type-Il barriers.
the framework of this simple model the valugg=10, Experimentally the electron transport barrier appears to
xu="0.5, andy, =5.0 give a reasonable representation of thebe controlled by the magnetic shear revefshhe reason for
type-Il profiles. The results for this Case D simulation arethe strong dependence of electron transport ongtpeofile
shown in Figs. &)—4(g). is mostly easily understood from the test particle
Figure 4a) shows the final state profiles for the model simulations*! The electron guiding center follows the mag-
with a power ramp irP(t). Figure 4b) shows the evolution netic field line with such a high speed-¢ 1) that the influ-
of the time dependent energy confinement timggt) ence ofE,-shear is weak. The electrons are also sensitive to
=E(t)/P(t) for P(t)=PF(t)=(1,5,15,20y F(t), where the the small scalec/w,e and short time scaleLgeR) %vre
power ramp functior=(t) is shown on the right axis. There turbulence. Thus, the test particle simulations with reversed
is a bifurcation betwee®®=5 and P=15 which is clearly shear and high speed partic®show suppression of the
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transport across tmreve_rsal_ layer by a factor of 1/5—1{10. barrier depends oitl) the deposited poweP,,, and the
Thus transport suppression is modelled here by dropping byharacteristic deposition radiug,, inside of which the bulk

1/10 the core value of. of the heating power is depositet®) the magnetic shear
profile, and(3) the confinement law of the pre-existing tur-
V. SCALING LAWS FOR THE ITB FORMATION bulent plasma confinemeny, . In addition, a clear critical

The simulations of the transport barriers in Secs. IV sugPOWer Py is found only if the transport suppression model
gest the following derivation of the characteristic scalingis sufficiently strong, as for example, for tihe=4 model.
laws. The condition for the formation of an internal transport ~ Keeping in mind these caveats, it is still instructive to
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Model of Internal Transport Barrier (42) gives about 10 MW. Note that 171 V s/n?. Dimen-
for JT-60U Shot E27969 sional analysis then gives the generalization of @&q) to
F>(ezlux: e Bnagch(M)XOYé

wherena® is the number of particles in the system,

. LiPsD)
3 eBZ=1.53x10 °B(T)T4(KeV)/A; [W]

(here A; is the atomic mass of the working gas apd/]
=watts for the units of the equatihnX0Y§~ 104, and
T A F(w) is a dimensionless order unity function of the system
R I ST Ay A N i s 1.6 parameteru}.

P The scaling formul&4?2) for the critical power is already
interesting in that it shares some properties with empirical

FIG. 5. The final state profiles obtained for the three-step diffusivity modelscaling law for the L to H transition critical power which is
chosen with appropriate diffusivities for the type-II internal transport barrier

in the JT-60U deuterium experiment with an equivalent-fusion po@er PﬁmpZO.Oéh BS,, (43
near unity.

_______

where S, is the surface area at=a. C-Mod, for example,
finds formula(43) derived originally in ASDEX-U applies
make the balances required to find the critical power requiredyut with the lower numerical coefficient of 0.62Machines
to create the gradients ari}-shearing required to form a with reversed magnetic shear have achieved the transport
transport barrier. First we consider the case of the Bohm-typgarrier with lower critical power which is presumably con-
confinement and then the gyro-Bohm confinement. sistent with lower value of (s/g—0). Finally, in the case of
The Bohm-type confinement is expected theoretically instrongly rotating plasmas such as DIII-D and JET there may
large machines (jf >100) when theE,-shearing is low also be an additional toroidal velocity dependenced obt
Y <1 and theg-profile is monotonic. We take the simple developed here.
form of the Taroni—Bohm diffusivity For the pre-existing turbulent transport in the gyro-
T, a dT, Bohm state the scaling law for formation of the barrier is
X=X0g T 4r (39 rather different. Usingy= xq4g(pi/L1i)(Te/B) in Eqg. (40)
' leads to the increase of the ion temperature gradient given by
with xo=3x10"“g? which is the baseline transport formula

dT. a 1/2 =) xB 1/2
for the JET*®1" Here theg-scaling of y is disregarded, and iz au (44)
Ve qi : : dr naSri?
we leave off the negative sign @ir;/dr in Eq. (39) and in Ps XgB
the f.ollowing equations. Power balance in the ion Chan”eWhereng=0.3 andT, is taken as approximately constant.
requires Combining Eq.(44) with the critical shearing condition
dT, Y>Y yields the ITB power scaling law
Sy ——=Paux 40
Xogr — awx 40 nS& cTe. [rgp S
e sl =2, = 1. (45)
whereSis the surface area just outside the deposition radius ~ ** R R 9 a’q

of the heating poweP,,, for the ion power flow channel.

The result of(39) and (40) is that the ion temperature gradi-

ent increases as
dTi [ PauB
dr xohaSr

This scaling law is markedly different from the empirical
scaling for the H-mode critical power in E¢43). Scaling
laws for the ITB barrier formation are not known at this time
12 so that both formulag42) and (45) are still candidates for
(41) predicting the observed threshold scaling. To the extent that
the internal barrier is similar to the L to H transition, the
where 7= T,/T;=constant. similarity of the Taroni—Bohm-based critical power scaling
Now we use the gradient formul@l) to determine the |aw in Eq. (43) with the empirical scaling law43) adds
scaling of the dimensionless shearing parameterWe take  evidence to the conclusion that the pre-existing plasma con-
the condition for the onset of the transport barrier to befinement is a Bohm-type confinement state. Working out the
Ys>Y.. We then find that the scaling of the threshold nymerical values in the derivation leads to power levels of

power for the ITB formation is between 10-20 MW as shown earlier for JT-60U discharge
XoY2NBaT, [ry s 17110 in some detatf
gung—me ?p, a (42) In both Eqs.(42) and(43) we leaveT, as a parameter to

be taken from the experiments. For a complete description of
where the order unity functionf, varies roughly as scaling we must use the electron power balance channel and
f=(32/q2+cl)(rdp/a)2. The dependence of the function x.. However, for the neutral beam injectigiNBl) driven

f needs further numerical exploration. More detailed sim-plasmasT, is weakly varying with the system parameters;
ulation will be required to determine thiefunction. For thus adding the complication of electron power balance with
R/a=3m/1m,B=4T, T,=10keV, X0Y§=10*3, formula  x. and P, seems unwarranted at this stage of the analysis.
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80 gz pands radially as described in the tokamak experiments and
55 3 in the theory of Lebedev and Diamofd.
50 N, =200 : We argue that test particle transport simulations allow

the introduction of sharp changes in the thermal diffusivity
due to the presence of partially broken Kolmogorov—
Arnold—Moser(KAM) surfaces in the guiding center phase
space. Thus, we introduce simple models with jumps in the
value of the diffusivity across these KAM barrier zones and
are then able to reproduce the temperature profiles of the
type-1l transport barriers found in JT-60U.

In Sec. V we develop the critical power scaling law im-
plied by the transport barrier dynamics found in the simula-
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