A gyro-Landau-fluid transport model
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A physically comprehensive and theoretically based transport model tuned to three-dimensional
(3-D) ballooning mode gyrokinetic instabilities and gyrofluid nonlinear turbulence simulations is
formulated with global and local magnetic shear stabilization &B rotational shear
stabilization. Taking no fit coefficients from experiment, the model is tested against a large transport
profile database with good agreement. This model is capable of describing enhanced core
confinement transport barriers in negative central shear discharges based on rotational shear
stabilization. The model is used to make ignition projections from relative gyroradius scaling
discharges. ©1997 American Institute of Physids§1070-664X97)01407-9

I. INTRODUCTION EXB velocity (vgxg) in the quasilinear flows is a distin-
guishing feature of the model. The nonlinear saturat@as

A comprehensive and practical fast dispersion theoreti . .
P P P plied to each of ten modes inkg spectrum and all un-

transport model has been developed that can be tuned f"(f ) . L
approximate the linear growth rates of a three-dimensional ‘f"k_"e d|sper3|02 theory rootg o(rlk_nge)mc)hessgwen py the
(3-D) ballooning mode gyrokinetic stabilifGKS) codé and ~ MiXINg rule rateve,g-kuw~ ynetys “, Where yne is the
the transport coefficients of 3-D nonlinear gyro-Landau-quid”et QTOWth rate Of_ the leading ballp_onlng modeg after ac-
(GLF) simulation~* As a purely theoretical model, it takes countl_ng for rotational shear _stablllzatl_on ang, is the

no fitting coefficients from experiments. The model contain'sd‘:’“m)mg rate of a representative=0 radial mode(k,=0,
global magnetic shea] as well as local shear or Shafranov K«# 0) that can be approximated by the ion curvature drift

shift () stabilization. It also contain& X B rotational shear fréquency of the correspo,ndlng finite-ballooning mode.
stabilization as well as parallel velocity shear destabilization(For the ballooning modes, refers to the ballooning mode

It is difficult to accurately and comprehensively capture@ngle 6o label k, =Sk, 6o.) Here kyy is the mixing Cross-
the parametric dependencies of theoretically based numericff!d wave number scaled to the ion gyroradik, = ky
simulations of turbulent transport with simple algebraic for- + 8Ky. @=3 andB=0 are tuned to fit the 3-D GLF nonlin-
mulas. Here we take a dispersion theoretic approach congar simulations. In the simple limit of retaining only the
bined with quasilinear theory and a novel mixing rule. TheEXB motions, it is easily shown that this novel mixing rule
model consists of a linear eigenvalue system obtained frorfesults in a quasilinear ion heat diffusivifiy~ ¥ Yned/kiy)
an eightfold set of reducefbne-dimensional1-D)] GLF - v4¥/(¥*+ ) with the dependence on radial mode damp-
perturbed moment equations of motion. The eigenvaluéng and saturation with temperature gradient seen in recent
problem is solved at each plasma radius for all linear growtradiabatic electron ITG mode simulatioh$.The nonlinear
rates. Quasilinear electron and ion energy, particle, and tosimulation$ have shown thaE x B rotational shear stabili-
oidal momentum flows, as well as turbulesi energy ex-  zation of transport can be approximately described by setting
change, are then obtained from the phase relation betweerme=vy— ve— v*, where y is the drift-ballooning mode
the perturbed moment eigenvectors and the pertuEbe®  growth rate in the absence of rotational sheafg
velocity. The toroidal ion temperature gradi¢ffG) mode, =~(r/q)d(qVexg/r)/dr is theEXB (or Doppler shifi rota-
the collisionless to dissipative trapped electron drift modestional shear ratey™ is a diamagnetic rotational shear rate
and the ideal magnetohydrodynami®HD) ballooning associated with other profile variations over the modes. It is
modes, as well as the edge resistive modes, are included. Thkely associated with the drift mode rotation in the absence
model contains finitg3 electromagnetic effects. Fast ion and of EXB, but we shall generally ignore it in applications of
impurity stabilization is retained through ion dilutiofGen-  the model. Unlike the ballooning mode rajethat is inde-
eralization to include impurity flows and dynamics is alsopendent ofp* =(ps/a) for k, andk,>=1/ps, diamagnetically
given) We have taken the passing electrons to be massledgduced yg (and y*) increase withp* breaking the other-
and isothermal but have retained resistivity for the edgevise gyro-Bohm scaling of the transport coefficients. Trans-
modes. The model is formulated for & « shifted circle  port coefficients can decrease going to smail and also
equilibrium. Elongation is considered only with the working going to largep*, even to the point of stability wherge
hypothesis that all plasma gradients are taken along the aw0. Thus, schematically, in the absenceEok B rotation
erage minor axisd/dr), wherer = (R;,+ Ry /2. induced by toroidal rotatioW , , the EXB velocity becomes

The mixing length rule used to normalize the perturbedcomparable to the diamagnetic velocity angop*, we

have x xgonm p* (1= p*/pg) With pgy. Thus, x has a

dAlso at the Institute for Fusion Studies, University of Texas. distinctly nonpower law dependence ph. Wh”e this plp-
bAlso at the Princeton Plasma Physics Laboratory. ture was developed from nonlinear ballooning mode simula-
9Also at FOM, The Netherlands. tions (in a local cyclic annuluswith EXB shear linearly
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coupling the ballooning modes at differdq’g,2 the breaking a momentum channel bifurcation is the most likely cause of

of gyro-Bohm scaling near the threshold by diamagnetidhe core transport barrier. The model is then tested against a

shear stabilization and with correlation lengths continuing tovide range of Low-L-) and High-(H-) mode discharges in

scale with the local gyroradiug, is fully consistent with the International Thermonuclear Experimental Reactor

recent two-dimensional (2-D) full radius toroidal (ITER)® transport profile databaSewith a good degree of

simulations> correlation in Sec. VI. The correlation is compared to that for
This paper was clearly motivated by the early success othe IFS-PPPL mod&kand global scaling law&GSL). In Sec.

the Institute for Fusion Studies—Princeton Plasma Physic¥Il, we single out tests of the model against the DIII-D

Laboratory (IFS-PPPI. formula-based gyrofluids mod&l. dimensionally similarp* scaling experiment¥, which are

The present dispersion theoretic model is more compreherthen projected to ignition in ITER. Finally, some key results

sive, in that it includes a complete description of plasmaand future directions are summarized in Sec. VIII.

impurity, and toroidal momentum transport as well as energy

exchange; the trapped electron branch as well as finite beta

(ideal MHD) physics,Aresistive edge modes, _and ngi% Il. EORMULATION OF THE MODEL

modes; reverse sheas<0) and Shafranov shiffw) stabili-

zation; parallel velocity shear destabilization; and most im-  The model closely follows the four-moment GLF equa-

portantly, EX B rotational shear stabilization allowing trans- tions given in Ref. 2, with the exception that we have as-

port bifurcations. However, apart from tokamak dischargesumed resistive but masslgs® inertia) isothermal passing

where these effects are clearly important and in lint@h-  electrons. In detail, these equations of motion correspond to

stract or otherwisewhere they are not, it is difficult to char- gyrofluid moments for the relative perturbed gyrocenter ion

acterize the present dispersion theoretic model as overaflensities N; ) and pressure&®;; , P;, ), ion parallel veloc-

more faithful to the underlying gyrokinetic linear stability jty (Uik)' trapped electron densit)N@) and pressureF{}(),

and gyrofluid nonlinear simulations. Both models are aPuntrapped or passing electron densityl), and parallel
proximations with one model tracking the underlying theorymagnetic vector potentiala()

at one point better than at others, and vice versa.

The outline of the paper is as follows: a detailed formu- i ) )
lation of the model is given in Sec. II. It focuses on the use ' @Ni,= ~io*[(1i= 7)) puct 7ol +i1wp Prx
of an along the field line trial ballooning mode function,
whose width is parametrized ®andq, to obtain reduced
GLF dispersion equations. The quasilinear flow relations are
given in terms of these reduced linear dispersion equations  _j,p, = —jw*(1;¢; + ;. )+iX,0pd;
and the rotational shear rates used are precisely defined. In K 1 x 1
Sec. lll we illustrate how well the reduced dispersion fits the —iky (Ui, —iosxq, Ty, ) +i wpi T IX,P
linear growth rates obtained from the 3-D GKS cbes well
as how the model is normed to the 3-D GLF nonlinear +(D Ty (DT, ~ o (Tt v T,
simulations?~ Comparisons with the IFS-PPPL mofiarre
given. In Sec. IV we give an abstract illustration of the rota- @
tional stabilization transport bifurcations implicit in the
model. Such bifurcations are a mixture of the heat flow type  —i wpuk: —iw*[(1;— 7Ii)¢>i2k+ 27, ¢i3k]
in which diamagnetically induced rotational stabilization
leads to a decrease in heat flow with increasing temperature +iX, wpdoa—ik(T U —ioexy Tir)
gradient; and a momentum type, in which a spin-up arises
from toroidally driven rotational stabilization leading to de- Hop 7 X P +Ti F DTy,
creased toroidal momentum flow at increasing rotational
shear. The bifurcations from diamagnetically induced rota-
tional stabilization have a very poor power threshold scaling
to sma‘I‘Ierp* - In”Secs. V and VI, we demonstrate thg use of  _jemU,=— iku(flpiuﬁzisﬁi ) =ik, Yp by
a fast “shooting” transport codewith boundary conditions 1k
on temperatures given at the 90% toroidal flux radius to test +iwpi[(3)(T+T U, +iowuU; ]
the model against experiments. The density profiles and ro- K k
tational profiles are taken from the experiment. Although the —(BSLA[Zi(—iwA) —iw* (1A
model specifies plasma and momentum transport, self-
consistent treatment of these channels and, particularly, fol- +7iA2) ], @)
lowing transport dynamically through a bifurcation is left to
future work. Since rotational shear stabilization is a distin-  _; Nt=_j* Vel +i(Hwpedtiop(d) pt
guishing feature of this model, we first apply the model in
Sec. V to an instantaneous transport analysis of the Dill-D — (veil ©)[ (1= Ve) (FnaNi+ FpPl)
core transport barrier in a negative central sh@d€9
discharg€. We argue thaE X B rotational shear induced by —VeF Ny, 5)

—ikUj, +iwpi 7 H(D(Py, +PiL,), @

Il

il

—io (v Ty T Ti )1, ()
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—iwP=—iw* Je(le+ 7o) it i (3 wp Ve
+iwpl ()Pt Lp(Pk— N 1= (veil€)
X[(1= &) (F paNi+ FppPl) = VeF N,
(6)
—ioN{=—i0, (1~ &) Led+i(3) wp(1-3/4e)
—iwp((NKH+T) =ik (U, —k? Ay

+(veil L (1= Ve) (FruNi+FnpPl)

—JeFnNy], (7
—10A= —T0, LA ik|(BS2)[NK (1-Ve)— ]
—(2[Be)Meveik? Ay . ®

The relative ion temperature perturbations are givermrf
=Py, —Nik and T =P —Ni, and the passing electron
relative temperature perturbations follow from the iso-
thermal conditionT)=[(8¢/2) w* /k;]17eAx . Quasineutrality

2 Ziw;iNg— Ng =Ny =2, Z°w; (1~ ¢; ) relates the densities
to the electrostatic potential), where ¢ijk=gij¢k with
gij=1/(1+ b;)! a Padeapproximate to the gyro-Bessel func-
tions, andb; = (m; /Z?) 7~ 'k? is the finite Larmor radius pa-
rameter. Hereki=k;+k; and [¢;=(¢+¢;)/2]. Also,

7 1=T,/T,, Z; is the charge on the ion relative to the main
ion, andm; andm,, are the ion and electron mass relative to
the main ion. In additionw;=n;/n, is the ion density
weight. If full average impurity ion dynamics are used with
12 in place of 8 equations, then the simover the main ion
(Zi=1, m;=1) and average impurity ion is needed. Here
Be is the electron betay/e is the fraction of trapped elec-
trons, andvg; is the electron—ion collision rate. The energy-
dependent detrapping—retrapping collision operatoese
constructed from energy bin fractions, giving the same firs
and second moments as a Maxwellial;,=[(t,/t;)>?
—(te/t) Pt —te],  Fop=(3/2)[ (L) ¥ (1) >ty
—tel, an:(fh/th)3/2+(fc/tc)3/21 Fpn:(2/3)[(th /tc)l/2
—(to/tn)"?)[th—tc]l,  Fpp=[(L1p) "= (L)) [ th—tc],
and Fpi=(9[(fn/tn) Y2+ (fo/t) %], where t,=4.08, t.
=0.918, f,=0.184, andf.=0.816. Detailed balance and

electron (ion) density and temperature gradients arg;1
=allngi) and neiy=allrgiy, where, for example, L4
=d In T/dr with r=(R,,+ Ri,)/2 as the average minor ra-
dius. All rates and frequencies are in unitsogfa and ve-
locities are in units ofcs. Thus the parallelor toroida)
velocity shear driving rate is given by,=dV,/dr/[cs/a].
(NotedV,/dr~duv ,/dr.) In these unitsw* =k, and linear
growth rate(y) and frequency &) of any mode is obtained
from —iw=y—iwg.

In terms of the ballooning mode extended anglehe
curvature drift frequency in our units isp =k, (2/R)[cosé
+(S6—a sin 6)sin 4], the square radial wave number k§
=k§(§0—a sin#)?, and the parallel wave number is
=(a/Rq)id/dh. To reduce these equation to one dimension,
we introduce even and odd Gaussian trial functions
(06,00 =[1,(06/6,n9]1/exp 02/40,2,“5) and weighted av-
erages (F)=[dOFO2/[dg O3, ~ (F)e=/d6 FO,
Jde (E)(Z). The ion parallel velocityJ;, moment andA, vec-
tor potential are odd moments and the other moments are
even. Multiplying the equations by the appropriate trial func-
tion and averaging along the field ling&sdependent quanti-
ties become simple numbersp=(wp); ki=(k%);K
=k(a/R){idld6)eo=k(a/RQ)/(26,n9; and the trapping
fraction is taken to be Je=@&{(r/R)[1+(cos@®)))[1
+r/R(cos@))}"%, where we have introduced two fit coeffi-
cientsk and e. By making the inverse ballooning mode
width 1/6,,, a linearly increasing function af and of shear
S, as it does physically, we are able to obtain very good fits
to a 3-D Gks code with tuning factork andé near unity.
Physically 18,,s is also an increasing function g8, but
better fits to thesks code are obtained by an enhancement
factor onB.: Be= Bo/(1+b?), whereb is another fit coef-
ficient. When parallel velocity sheayp enters in Eq.(4),
parity is broken and the trial functions become mixed with
an admixture strength<vypa,). The yp term in Eq. (4)

gcquires the facto(— ypa;,) when dispersion equations are

appropriately averaged over the mixed parity trial functions,
making the final dispersion relations dependent;é,n Since

vp is in units ofcg/a and the equations can only depend on
Rq in the slab limit, @, must scale asxp(a/Rq), where
ap is a tuning coefficient to matclyp-driven growth rates
from the GKs code.

particle conservation are satisfied by the collision model and We note here that there are two simpler alternatives to

the trapped electron response becomes adiaffatipassing
electrons adiabatjcat largev,;. The GLF closure involves
several fit coefficientsy)=2x3 = (v2)2/Jam; for parallel
motion and u=(0.80-0.5%0y), vj=vi=(1—ic), v|

=y, =0 for curvature motion (with os=k/|k|, o
=wp/|wp|). The electron curvature drift frequency is
—wp, andw; =wp/Z;, andw* is the drift frequency for

full average impurity ion dynamics. The first is to assume the
impurities do not respond to the perturbed potential at all
(like the fast ion§ so that their only effect is to dilute the
contributions of the main iongion weight defined above

w;<1). The second goes beyond the simple dilution model

to assume that the impurities respond only EOXB
convection Ny ={—iw*[(1j— 7)) 1+ 7 2kl +i wpP1at/

electrons at unit density gradient length. The adiabatic com(Y~iwa), Py =[—tox(Lidi, +mdbi,)+iXj0pdi, 1 (y

pression indices arE;=3, andl', =1, X,=2, X, =3/2. {p
—0.7+0.8 0.

—iwo), and  Pi={—io*[(1i—m) i, +2ndi,]
+iX, wpdogt/(y—iwp). The simpler models show the

We use a system of normalized units from Ref. 2 andgenerally stabilizing effect of impurities but only roughly
earlier papers in which the macrolength is in units of a, theapproximates the full dynamics. On the other hand, it is not

plasma toroidal flux radiug(a). The cross-field wave num-
bers (k, and k,) in inverse gyrounits }s, where pg
=c/Q; with cg=(T</M)¥? Q,=eB/M;c. The driving

2484 Phys. Plasmas, Vol. 4, No. 7, July 1997

easy to get reliable data on impurity density gradients so, in
practice, we have used the simple dilution model.
For everyk, (atk;=0) and unstable root of the disper-
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sion relations, Eqg1)—(8), we obtain the transport diffusivi- M;n; N glot=—1N" aldp V'{|Vpl)
ties from quasilinear relations. The sum over these contribu-

tions is made with the operatidt, to be defined below. The X[ (dp/dr)M;n; nS N gl dp +MipI'],
effective ion particle diffusivity is (129
| =[cy(p? /a)]E Re N (—ik, )/ where the perpendicular and parallel viscosities are
(| bl )2 (AIL ) s (9a M= [Cs(ps/a)]z Re((—kykep)* { i+ 7 (1I3)Pyy,
which is to be used with the ion diffusion equation +(2/3)Puk]} —an)(| el b)), (12b
onilot=—1N" alap V'{|Vp|)(dp/dr)Dis ani/dp. (9b)
(120

*
Xeir=Cs( P /a)]E Re{(3/2)[(1/3)Py, +(2/3)P;i ] The direct quasilinear calculation of, leads to negative

values at low values of rotational shear ratg, possibly
X(_iky¢k)/(|¢k/¢M|)2}/(a/LTi)! (103 because we have not found an accurate treatment of the par-
ity breaking in the trial functions. To avoid what we take to
be an unphysical result, we have substituted only the linear
EXB terms forU,~ —ikyyp(— vpa,) dx/(y—iwg) in Eq.
19(3/2)2 ny Ti/at=—1N" alap V'{|Vpl) (120, making 7, manifes)'ély positive. In all the above diffu-
sion equations, we must add the appropriate sources, neo-
classical diffusion, and the classical electron-to-ion energy
exchange to the right-hand sides. Herés the toroidal flux
radius defined b}IIDZB¢Wp2. In addition,r is the average
(10D minor radius, as defined earlier. The fact¢[¥ p|)(dp/dr)
The effective electroenergydiffusivity is account for the proper surface-to-volume ratio under the as-
sumption that transport is driven l/dr gradients.
To normalize the quasilinear transport coefficients, we

write the mixing rule rat@eg- kew~ 2% $ ™ . A mixing
_ , rule ratey2ayt' gives a better description of the radial mode
X (—ikyd)! (| pk! pul) 1 (@/Lve), (118 gependence angt4y3* better describes the extreme tem-
aperature gradient saturation. We have taken a compromise

=3 that better describes the threshold and the dependence

of X ON Yt IN the normalized form,

which is to be used with the ion energy diffusion equation,

X(dp/dr) X, nixhe dTildp +Ag;.
I

x$ﬁ=cs<p§/a>]§ Re[(3/2)(Pl+N{+T*

which is to be used with the electron energy diffusion equ
tion,

A(312)ng Tt =—1N' 9lap V'{|Vp|)

b= Yoevd 1(Kaky), (13)
X (dpldr)ngxes dTo/dp—Agi- (11b
_ _ where y4=0.2(3/2) wp| 7~ ! approximates the damping of
The turbulent electron to ion energy exchange is ann=0 radial mode wittk, equal tok, of the highn mode.
HerekZy=kJ+ BK2, and smcekzocs ,8 can be used to tune
Agi= 2 (niTeCda(ps/a)?)z; the dependence of diffusivity cfn Also, 5=0 gives a better
I

description of the shear dependence tiganl and, indeed,

if k2, were weighted totally tdk?, the diffusion ats=0
sz Re( (i 0oNik )/ (| i/ Pul)? would be infinite.We stress that this parametrization of the

mixing rate rule is by no means unique and is only a heuris-
tic recipe attempting to best approximate the results of 3-D
GLF simulations The summatiorz, over all unstable modes
(j) with y,ee>0 and a logarithmic spectrum di modes
wherel’; is the ion flux. Note that it is pointless to break up with ky(n) from k, to ky {ky(n) =ky exfg —In(ky /ky)(r/N
energy diffusion into conductive and convective parts for—21)/(1N—1)]} is defined by
turbulent transport. There is no unambiguous division, al-
though one could refer tp(3) T;D Ly o /dpl/(nixsy IT/dp) as
the convective fraction of the io;ﬁenergy flov:/e,ﬁfor example. Eka:CnZl ky(n)(EJFni)/ nzl ky(), (14
In practice, the anomalous exchange is of little importance _
unless convective loses are large. The toroidal momenturwhereC is a single-model norm coefficient used to fit
diffusivity is given byn‘e”ﬁz m+(By/By)m, to be used inthe from the 3-D gyrofiuid simulations of ITG transport with
momentum diffusion equation, adiabatic electron physics.

NEI TeLr:il(_wOIw*)ZiFi ' (119
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There is an additional contribution to the electron heatThe collisionless banana regime coefficiéftare ;e
diffusivity from the very highk, 7. modes. We take advan- =1-0.883%/(0.3477 0.405¢ ), Aone=(1—1 )/ (1
tage of the complete isomorphism between this contribution+ 1.167% ), andf=1-1.46(/R)*?+0.46(/R)%?
and ITG (or 7;) mode turbulence with adiabatic electrons Before leaving the formulation o, we should note
(\e—0 andp—0 for inertia-free electronsmerely switch-  that there is considerable uncertainty in interpreting the
ing e andi labels on Eq(108 and correspondingly in the - simylations for real geometry. Heng: can also be writtet
dispersion relations Eq$1)—(8). No new fit or tuning pa- 55 ¢RB,/B)d(E, /B,R)/dr, which becomes, in the limit of
rameters are introduced. Since the growth rates forsthe pure toroidal rotationRB,/B(dQ/dr). Also, E, /B,R and

modes far _exceeds the rotational shear rajgs,is sw_nply ), the toroidal rotation frequency, are true flux surface func-
the ballooning mode ratg for these modes. The contribution . . . .
. . tions, whereagyg as written is not. We see th&B,/B is
from the 7, modes is of no importance, except when the hi th tboard midol tcularly at |
low-k modes are completely stabilized by rotational shear. much larger qn € outboard midp a(par icularly at large
Shafranov shifta), where the ballooning mode turbulence

The net growth rate formulation requires some discus-; s -
sion and a definition of theEXB or Doppler rotational lives. This would suggest that contrary to the our simple

shears in relation to other rotational shear rates. It should bg/rcular model, very much larger outboard shear rates may be
made clear that the stabilization conditione=y—agye  OPErative.

—a* y* is a provisional one based on nonlinear 3-D GLF

simulationd showing that the ITG turbulent transport van-

ishes at a criticaEX B shear rateyg= yna/ag, where 0.5

<apg<1.5. The general parametric dependencegis un-

certain, but it is known that there is no evidence thgt Ill. TUNING AND VERIFICATION OF THE MODEL
«1/s at vanishings, as might be expected from the convec- _
tion of ballooning modes in the ballooning angl&ve have We collect all the tuning parameters for the model here:

takenag equal to 1, but it is clear that a more precise knowl-a=3, B=0, Orms= 1 1+0.2(q/2—1)] [1+0.1(s
edge of the criticaE X B shear rate is needed. Furthermore, —1)2]-2 k=0.7, €=0.9, b=0.7, ap=0.5, N=10, kp,

it should be clear that when thex B shear rates become =0.02,k,,=0.5. The overall transport strength parameter is
comparable to the diamagnetic rotational shear rates, othgf=100. Since we are tuning to the theory and not fitting to
diamagnetic level rotational shear ratgs will enter the  {he experiment, the number of tuning parametbesit 10 or
problem. Although it is clear that these rates are diamagnetitioo) is not relevant. The present parameters were chosen for

: ; : .

Vr;’]';r; g(raOSﬁgell?r;r?“tE/et%ft)riras\;zemC:dne?)r;wlgszpssglea(;eséht?;t co convenience and hand varied to produce the best overall
. ; . . ‘best fit by eye” to linear gyrokinetic stability and gyrofluid
bined with yg (at &* = ag), it is the shear in the total mode y ey 9y y 9y

phase velocity that stabilizes the turbulence. Generally, W§|mulat|ons, as demonstrated in the following figures. The

have ignored these poorly known rates setiirfg=0. Since procedure is only loosely systematic and not unique; the
We SUm over a spectrum of Modes, .= ye apPears as our reader is left to judge the quality of the result from the fig-
ax

stability condition(with yg converted tacs/a rate units. ures. . _ 3
It is worth noting that the factag/r factors appear in our The drift ballooning mode stability for a pure p'lasma
definitior? of the operativeE X B shear rate, depends on the, «, q, R/a, r/a, Be, Ti/Te, gradient

lengths a/Lne, a/Lni, a/LTe, a/LTi the collisionality

e~ (r/a)d(@Vexs/r)/dr, (15 veil(cs/a), and parallel velocity shear rateyp
because th&Xx B velocity enters the ballooning mode equa- =dV, /dr/(cs/a). To illustrate how well the reduced GLF
tions as (/r)Vexg=(nd/r)Vexg and the toroidal mode model reproduces the growths of the GKS code, we show
numberm is the proper model label. We have interpreted thisscans around a standard tuning point at low collisionality
simple circular formula for real geometry by assuming that(vei=0), and very high collisionality #,;==), where the
the gradient is along the midplane or average minor raqiuﬁlectrons become adiabatieffectively Je—0 turning off

r an(_j further_ thattyg is const_ant on a flux_ surfa_ce. This is the resistive modesUnless stated otherwise, the standard
consistent with the assumptions of the simulations and th%arameters throughout the paper afe=4, a=0, q=2

interpretation of the drwmg gradlents. _ Ria=3, rla=L B=0, T/T.=1, all, =1, all, =1,
We have used simple circular formulas for obtaining e b
Vexg in terms ofV,, and the neoclassical,: alL =3, a/Ly=3,ve=0, andyp=0, k,=0.3. Figures 1
_ and 2(3 and 4 show the low collisionality en¢the adiabatic
Vexg=7 " Co(Li+ aineqni) ~ o (1/RQVy, (163 glectron englwith the reduced GLF model in the left panels
V=0V, +7 1p* cd (ar Lty m1(r/Ra), (16  and the GKS growth rates to the right. Figurée3lillustrates
the somewhat higher growth rate with higheger much de-

Wlhere“ = ﬂ‘? for co- (chnter) rotation. HereV; is the 15504 growth at largés| with less instability at negative
plasma toroidal rotation that must be corrected by dlamagél particularly for largera. [Roughly, there is in an invari-

netic terms from the given experlmental Impurity rotation ance withs— « since é_ @ sin (9/0)*(%— a) is the combina-

Var tion entering the equation near the unstable ballooning point
V¢,=V¢|+a2ne03/27'_1p* csmi(r/RQ). (160 0#=0.] Figure 2(4) shows the increasing growth rate spec-
2486 Phys. Plasmas, Vol. 4, No. 7, July 1997 Waltz et al.
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FIG. 2. The growth rate versus wave number at various temperature gradi-
ents(a), (b); ion to electron temperature rati¢s), (d); and parallel velocity

FIG. 1. Growth rate versus wave numbey, (b), versus shear at=0 (C),  shear ratege), (f) in the collisionless limit. The reduced GLF modsft
(d); versus shear at=1 (), (f); and at variousj in the collisionless limit.  yanely and GKS coddright panels.

The reduced GLF modéleft panelg and GKS coddright panels.

o ) ) with our simplified geometry. Thus, in practice, we have
trum with increasing temperature gradieafl(r =a/lLr) al  generally used the model in the electrostatic limit witiset
a/lLp =a/L,=1 in Figs. 2a) and 2b), the decreasing to 0. Finally Figs. %) and 5f) show the growth rate at the
growth rates with hotter ions in Figs(@ and 2d), and standard point versus collision frequency for the reduced
increased instability from parallel shear velocityp) in  GLF model and the GKS code. It is apparent from this fig-
Figs. 2e) and 2f). ure, and also on close inspection of Figs. 1-4, that the fits are

Again with the reduced GLF model to the left and GKS a little better at low collisionality than at high. Overall, we
code to the right, Figs. (8 and §b) show how the ITG characterize the fits as generally good, but there is room for
threshold at the adiabatic electron giag;= dashed linegs  improvement.
is lost at the low collisionality en@v,;=0 solid lineg if the To illustrate the tuning and basic properties of the trans-
density gradient gets large enough. There is actually @ort coefficients for the model, Fig. 6 shows theand s
switchover from the ITG mode to the trapped electron modelependence of the model in the adiabatic electron limit. Fig-
branch(and a change in the sign of the real frequenay ure §a) shows the strongly increasirngdependence of.
low-temperature gradient and higher-density gradient. This ifmuch stronger than for the growth rates in Fig&) 3and
not apparent from plotting only the maximum growth rate.3(b)]. This arises from the downshift of the spectral weight
Figures %c) and §d) show how well the onset of the ideal to low k,, as shown in Fig. ®). This downshift is seen in
MHD critical 3 is reproduced ap3,=0.5% [or B=1.2%, the simulations.In fact, we have used a spectrum of modes
consistent with the simple circular formula£/R)s/q? because it is difficult to obtain the stromgdependence of
=1%]. Also note that the effect of finitg is rather weak or transport with a singlé, mode unless the single representa-
slightly stabilizing until the critica]g is reached. The finitg@  tive k, is scaled inverse tq. Figure Gc) shows the strong
effects should give a small increase in confinement as moseduction ofy.; with shears. The norm point for the model
discharges are at less than half the critiBaHowever, be- is taken from Beer's six-moment GLFm6-box adiabatic
cause of the strong plasma shaping effects on the crifical electron ITG simulations at the standard point, sgvel.5
we cannot model the approach to the critigabccurately (instead of 2, X;ﬁ=8.5.4 This norm point is shown by the
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FIG. 4. The growth rate versus wave number at various temperatures gra-
dients(a), (b); ion to electron temperature rati¢s), (d); and parallel veloc-

FIG. 3. The growth rate versus wave numitay, (b); versus shear at ity shear ratege), (f) in the collisional (adiabatic electronlimit. The re-

=0 (c), (d); versus shear a&=1 (e), (f) at variousq in the collisional duced GLF mode(left panel$ and GKS coddright panels.

(adiabatic electronlimit. The reduced GLF modelleft panels and GKS

code(right panels.

point. The present model is closer in agreement to the IFS-
PPPL model near the norm point.

o Figure 7 shows the behavior with temperature gradient
hollow dot in Figs. €8 and @c). The results \V) of the iy comparison to the IFS-PPPL moflaind to the renormed

four-moment GLF Zr 6 box from Waltz et al,? renormed  \waltz et al,? simulations (V). The latter simulations do in-
upward 6.4-fold to agree with the model @2, ands=1  geed show the saturation with temperature gradient captured
are shown with the solid dots and thin line. Note thaAt thepetter by the IFS-PPPL model. The reduced GLF model can
simulations show finite zind continuous transport throagh get this behavior withe closer toZ, but then the linear de-
=0 with less transport t8<0, as does the model. The re- crease of diffusion withyg seen in the simulations is not
verse shear effect is larger with increasingas with the  captured. Since the application the models tend to stay near
growth rate in Figs. @) and 3f)] with the maximum IS marginality, we have chosen to represent the weak gradient
shifted to the right roughly byr. The IFS-PPPL modeiin end. (Note that the four-moment GLF simulatidnsiss the

the adiabatic electron limit is shown in Figsaband &c)  correct GKS threshold a/L;=1.3, getting instead 1.8.

with X points on thin lines. There is close agreement be- Figure 8a) shows the almost linear decreasexgf; with
tween the moc_zlels from moderate to high shear. The_ IFS?E to the point of stability atye= ymay at both high and low
PPPL model did not attempt to account for the behavior ofg|jisionality. Figure &) illustrates how the spectrum shifts
low and reverse shear._ The reduced GLF mod_el better reprgg nigher k, as theEXB rotational stability point is ap-
sents the shear behavior but less well at the highleehav-  proached. Figure(®) [as well as Fig. @)] illustrate a weak-

ior. Here =0 produces a ratio of 1.17 between the maxi-ness of the model and how the weight of every representative
mum nears=0.5 and ats=1.0 (at q=2), whereasg=1 ky in the spectrum is determined by its own stability. While
gives the steeper ratio 2.1 between the maximumsSat the upshift in spectrum withye (and the downshift withy)
=0.25 ands=1.0. (We note that a preliminary version of are to be expected trends of nonlinear simulations, nonlinear
this model, withB=1, had too steep of a falloff from low to interactions prevent any portion of the spectrum to be com-
high shear and a 2.3-fold smaller diffusion near the nornpletely depopulated because of stability.

2488 Phys. Plasmas, Vol. 4, No. 7, July 1997 Waltz et al.
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FIG. 5. The growth rate versus the temperature gradient at various densitlylG 6. lon energy diffusivity versug (a). The wave number spectrum of
gradients(a), (b); versus beta at low wave numbei®, (d); versus colli- T ’

. . ; o L ion energy diffusivity at various| (b) lon energy diffusivity versus shear at
;g’:;gtérgz)’éggléggr%ﬂr?ggﬁzs limit. The reduced GLF mod@éft various g (c). The collisional (adiabatic electronlimit. The IFS-PPPL
' model and renormed Waltt al., simulations W) shown atq=2 in (c).

Finally, Fig. 9 shows the dependence on collisionality
for xe @and x e from the modelsolid lineg in comparison to
Beer's four-moment low resolution simulatidneenormed

plotted against driving gradients and show a maximum in the
flow. Figure 1Qa) is a heat flow bifurcation and Fig. 19 a

; : L ) momentum flow bifurcation. Arbitrary amounts of neoclassi-
upward by 2.3-folddashed linesto bring them in line with cal fluxes, which increase linearly with gradients, have been

the six-moment high resolution adiabatic electron ITG Case yqed as indicated. In the case where there is no toroidal

a:] extretr;:e f_ciolhsmnahty. No free parameters are left torotation, theEXB rotation is in balance with the diamag-
change the it netic rotation and the neoclassical poloidal rotation. In the

IV. p* DEPENDENCE OF TRANSPORT BIFURCATIONS
OF THE MODEL 30

Red. GLF

Turbulent transport fluxes typically increase with their
corresponding plasma gradients in density, temperature, or
rotation at low values; but in some instances, they can de-
crease at high gradients, allowing the transport to bifurcate at
a critical flux level jumping to a state of enhanced confine-
ment: a higher gradient supported by the same flux. Our
comprehensive model contains transport bifurcation mecha-
nisms based on rotational shear stabilization and possibly on o 1t 2 3 45
«a stabilization. In this paper, we discuss only the former,
which we believe is most relevant to DIII-D NCS core con- e . . .

. . ) . . FIG. 7. lon energy diffusivity versus temperature gradient at various density
finement treated in Sec. V. Figure 10 illustrates some SpeC'%Jradients in the collisionaladiabatic electronlimit in comparison to the
idealized limits in which the turbulent transport fluxes arelFs-PPPL model and renormed Wadiz al. simulations V).

%l (espFa)
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FIG. 9. lon and electron energy diffusivitynodel solid lineg versus colli-
sionality in comparison to high resolution simulations by Beet,al.
(dashed lines (Resistive modes at high collisionality is not included.

FIG. 8. lon energy diffusivity versus thEXB rotational shear rate in
collisional and collisionless limit§a). The wave number spectrum of ion
energy diffusivity at variou€ X B rotational shear rates in the collisional
(adiabatic electronlimit.

nant in the DIII-D NCS core transport barrier. The mecha-
banana regime, this is approximately the samé&aB in nism has been seen in ITG turbulence simulation of
balance with a density gradient diamagnetic rotafsee Eq. rotationally stabilized viscosity Since not only the viscosity
(16a with a;ne5~0]. Ignoring second derivatives of the den- 7, but also the heat diffusivityy will be smaller in the
sity gradient, theE X B rotational shear has a leading term enhanced rotational state, and in steady state the heat and
proportional to the temperature gradient that drives the enmomentum flow maintain a constant ratio, the temperature
ergy flow: ye=(p* -a/L)(a/Ly) +--- . Figure 1@a) shows gradient will also jump to a higher value. In reality, the bi-
how quickly the power flux Q) (normed tonTcp*?2)  furcations involve transport in density, temperature, and ro-
threshold(maximum versus gradientor this bifurcation in-  tation, and several mechanisms may contribute simulta-
creases with decreasing density gradient and, more imponeously. The multichannel nature of the L/H mode, the VH
tantly, with decreasing relative gyroradigg. In this par- mode, and internal transport barrier bifurcation have been
ticular instance, the power threshoRy;, has much worse treated by Staebleet al,'” with rotational stabilization of
than Bohm-likea?nTcp*, or approximatelyP,,/(a>nTc)  heuristic models. Our purpose here is to quantify these bifur-
«(1/p*)Y2. This type of diamagnetic rotational stabilization cations with a comprehensive physical transport model. Fig-
heat flow bifurcation has been proposed as a mechanism foire 10c) shows a more comprehensive test of a multichannel
the L/H transition:® The unfortunate scaling to lowegs* bifurcation, where we have plotted contours of the momen-
may be why the H-mode power threshold has such poor scatum flux and the power flux against both the rotational shear
ing toward reactors at smaller. A second rotational shear yp and temperature gradienta/l;). Since here yg
mechanism can result fronEXxB rotation arising from =(r/Rg)yp—(p*-a/L,)(a/Ly), both diamagnetic heat
beam-driven toroidal rotation. Shear in the toroidal rotationflow bifurcations and toroidal momentum bifurcations types
vp drives instability and transport, but for purely toroidal are indicated. The three-point intersectionlbfand Q con-
rotation (ignoring smaller diamagnetic componentye  tours illustrate true bifurcation: b1, ul, nl grespectively
=(r/Rq)yp and theE X B stabilization can win oufparticu-  the bifurcation, unstable, and neoclassical points for the dia-
larly at low g/r). Figure 1@b) shows how the normed toroi- magnetic type and b2, u2, n2 are the corresponding points
dal momentum flux or viscous stresH) can bifurcate to a for the toroidal rotation type bifurcations.
state of larger rotational shear at a fixed temperature gradi- Staebleret al,’® have recently suggested a simple inter-
ent. Note that at high values af/r, the high gradient- pretation of the bifurcation conditions for this model. Basi-
enhanced rotation state can still be turbulent becausg.of cally, one can be assured that the profile passes through a
drive. This type of momentum bifurcation has been proposedransport bifurcation with a critical power and flow threshold
as the cause of the Very HiglivH-) mode-enhanced con- if dyne{p)/dye(p)<0. This is the appropriate generaliza-
finement in DIII-D1’ and we argue in Sec. V that is domi- tion of the dQ/d(a/L7)<0 and thedIl/dyp<0 transport

14 6.0 o
@ll)prl06)=08 @ x ally=1 ® L
x T p*=0.06
3 = 22
- 2 5
=70 ™ Z 30 =
- 12 3 21 2u
[«] . L
<G 0 = q=2 neo. a
o= =
qP=2 <= 0 alLt=5.0
°o 10 20 30 XX 3.0 6.0 5.0
allr T

FIG. 10. Bifurcations: diamagnetic heat flda), toroidal momentum flowb), and combined mechanisni® showing intersecting contours 6} and .
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agreement between the model temperature profiles and the
experiment is an example of good agreement for the model.
T While the energy flow ion channel is neoclassical in the core
where ye> ynay the electron channel is not neoclassical,
because the model has included the electron transport from
the highk, 7, modes. Their ify, /m.)*2 larger growth rates
prevent them from being stabilized by . Normally, their

b transport is so small as to be ignorable, but inside the ion
= neoclassical transport barrier they prevent the electron tem-
: : : : , , , , perature from running away with neoclassical electrons. The
2T 1 " T ] thin line in Fig. 11b) shows the electron neoclassical run-

o off Yg off . ; .
10- N R TY 1 away obtained if thep, modes are not included. A 25%

N == B N\ == Bp. decrease in the experimentgt profile results in a peak ion
— Model )
temperature drop of more than 50%. Although for numerical
reasons, we have not yet succeeded in reproducing the for-
mation of this core transport barrier with a full-time-
dependent simulation of the heat and toroidal momentum
channels and determining the scaling of power thresholds
with p*, there seems little doubt that it must be dominated
by a momentum channel bifurcation. Heyg is about 150%
cotoroidal rotation with a compensating 50% diamagnetic
component at the barriep&0.3). The maximum negative
shear iss=—0.25 and shear reversal point is ngar 0.4.
The maximume is 0.7 in the barrier. Figure 14) shows the
effect of settinga=0 and Fig. 11d) the effect of setting
ve=0. While some effect ofx stabilization in producing
better core confinement is evident, no barrier at all is evident
without rotational stabilization fromyg . Figure 11e), which
replaces the experimentalprofile with a similar but mono-
tonic one and removes the reverse shear, shows that while
FIG. 11. Radial profiles of the maximum mode growth rate in comparison the negative shear prevents core ideal MHD ballooning
to the EXB shear rate(a) and the modelsolid lines and experimental modes, the improved transport with reversed sfeampar-
(dashed linestemperaturesb) from a transport code simulation of the NCS jng Fig. 11(b) to 11(e)] is not the dominant cause of the
DIII-D discharge 84736 at 1300 ms. The effect of individually tuming@ff 1,5 e 1 this particular NCS discharge, there is no signifi-
stabilization is shown iific), negative shear ifd), andE X B rotational shear . . .
in (o). cant improvement experimentally in the core plasma trans-
port (no large density peakingand although core toroidal
momentum diffusivity(viscosity is significantly reduced, it
unstable regions in Figs. (& and 1@b). It can be applied as may not reach neoclassical levéss does the ion heat trans-
a test to any given instantaneous growth rate profile. Weort). This is in contradiction to our model as formulated.
illustrate this in our first application of the model in the next We can only speculate that had we allowed highz modes

DII-D.84736.1300 ]
Tz on

Yl fa]

— Model |

i .

— Model |

keV

Barrlier
00 02 04

keV

section. to have some nonadiabatic ion response; or, more likely,
allowed some of the highk- 7., mode turbulence to cascade

V. ROTATIONAL SHEAR TRANSPORT BARRIER IN to lowerk,, where the ions could respond, then some level

DlI-D NCS DISCHARGES of turbulent plasma diffusion and viscosity might survive. In

..fact, a general weakness of our model is that it counts no

A distinguishing feature of the present model is its abi
g g P Hfinsport for stablé&, modes as we noted at the end of Sec.
Il

ity to describe many aspects of enhanced core confineme
such as the NCS DIII-D dischargesithout special modifi-
cation. Taking the rotational shear rates from the experiment,
we find thatyg can become so large as to exceggl,, and VI. TESTING AGAINST THE ITER TRANSPORT

. . . PROFILE DATABASE
shut off transport from lovk drift ballooning modes in all
channels allowing only neoclassical transport and higher- Using our fast “shooting” transport codethe model
ne-mode transport over a large core plasma. Taking a DIlI-Dhas been tested against datasets from the ITER transport
NCS dischargdshot 84736 at 1300 m& Fig. 11(a) shows databas¥ of more than 50 discharges from the DIII-D, Joint
the profile ofyg [determined from the experimental tempera- European TokamakJET),*® Tokamak Fusion Test Reactor
ture, density, and rotational profiles using E4$) and(16)] (TFTR),%° and other tokamaks. Table | shows a selected set
in comparison to the profile of the model maximum growthof some 29 of H- and L-mode dischargé® Supershols
rate ymax, consistent with the model temperature profilesused to test numerous models in Ref. {The number of
shown in Fig. 1ib). It is clear that the condition shots actually tested is given in the taplé/e use experi-
dyned p)/dye(p)=<0 is well satisfied in the core region. The mental boundary conditions at the 90% toroidal flux radius,
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TABLE |. Testing against the ITER transport profile database. 20

Model ~Number Rr AR7 Rrm, AR7, RnTr ARNTr 1;“‘“"' Dlmt_;": g
IFS-PPPL 27 086 022 079 033 070 041 I S s
GLF 28 095 022 095 033 098 047 ol o e
RW, ARW, RW ARW RW, ARW,, RW, AR W, '-'. *:' * e
0.88 022 086 023 081 037 079 033 o8- ° )
095 022 097 025 095 035 098 038 Red. GLF (a)
s 1 2 )
SHOT
20 T T T T T
T It
and take density, current profiles, and rotational rdtes o o] T < TR
using Egs.(15 and (16)] from the experiment. The power 1sr ’
deposition profiles are taken from the experiment, with the by -
exception of the electron—ion transfer. We then test the 10 'p'ﬁi& e
model by comparing the ratios of model to experimental con- o2 LL i *
finement times R7) or stored energy. A rms deviation oSy IFS-PPPL 1
(AR7) from perfect R7=1) of 22% is found. A rms devia- Si (b)
tion in ngTo7 values AR nT7) of 47% is obtained. One °'°o m m @
might hope for 10% inAR 7 (or 20% in AR nTr) as a SHOT
correlation in the range of experimental error bars, but uni- 20— T
form testing of several currently popular empirical and “mocel T .
theory based models on this dataset have not found signifi- 15 WP TR
cantly higher correlatioh.The table shows a comparison of . -
the model with the IFS-PPPL model. The scattearticu- 10 .'.. T *s L" :
larly in AR nTr) is better for the IFS-PPPL mod&but the TR Y S
overall averagesR7 and RnT7) are closer to unity in the 05 1
present model. It should be noted that neither of these critical GSLs ©
gradient models can be easily adjusted by an overall multi- ! - - "
plier on the diffusivities. In fact, reducing the overall diffu- SHOT

sivity by a factor of3 makes almost no change in the table,
indicating that the general operation of both models is neaF!IG. 12. The ratio of the model to experimental confinement tifpesotal

the marginal point. The rms deviation in “incremental storedstored energyfor the reduced GLF model ife), the IFS-PPPL model in
g P (b), and the standard GSL ITER89P and ITER93Hdh A selected set of

energy” (or energy stored aboye the boun_dary pedestal_tem: modes(doty and H modesflagged dotsfrom the ITER transport profile
peraturg that we labelAR 7, is 33%. This measure dis- database.

counts the forced agreement with the boundary temperatures
taken from the experiment. Figure 12 gives a graphic illus-
tration of the stored energy ratios for the present reducewhich rotational stabilization appears to be esseitible
GLF model in Fig. 12a), the IFS-PPPL model in Fig. 1), Il also shows the destabilizing effect of turning off the im-
and the GSLs in Fig. 42). (We used ITER89® for the L  purity dilution (about 7% in average confinement tin€u-
modes and ITER93# for the H mode3.TheR7=1.01 and  riously, the entry without dilution shows a better scatter in
AR 7=30% for the GSLs. If we regard labeling the mode by AR nTr than with dilution. This could indicate a better
“L” or “H” as information from the boundary, then the model for the impurity dynamics beyond simple dilution or
theory-based models witAR 7 at 22% are outperforming more consistent data is needed. For completeness, the last
the empirical GSLs on this restricted datagblote that the entry in Table Il shows the effect of finit@ is overall to
GSLs typically haveAR 7 in the range of 11%—-12% using stabilize and raise the confinement time considerably.
the order of 500—1000 discharge€ven comparing the Rather, poorer results are obtained. Recall that the fphité
models with AR 7,=33% and the GSLs withAR r the modelis likely very unreliable because the effect of finite
=30%, then the models are at least competitive with GSLsS must be with respect to the MHPB limit, which cannot be
The latter statement discounts the ability of transport modelggliably obtained without real geometry.
like the reduced GLF model, to describe enhanced core con-
finement discharges without resortingad hocvariables.

The IFS-PPPL significantly underpredicts the aVer(,;,_g(::.l'ABLE II. 'i'he effect of modifications on the model to be compared with

. L . . ... the results in Table I.

data in part because it did not include rotational stabilization
Table 1l shows the statistical effect of leaving out tRe Model  Number Rr AR+ Rm, AR7, RnTr AR nTr
xXB roiational stabilization in the present model. In compari- SLF o 7 o082 026 074 0395 077 oar
son Wlth Tablt_a l, a general reduction of about 13% average, o :/leI 56 088 023 083 033 082 0.42
confinement time is apparen@Ve hasten to note that this grfing 26 107 027 115 044 125 061
dataset does not include shots with core transport barriers fat
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peak Mach number, in fact, increases from about 0.14 to
0.26, going to smallep* . Rotational effects are complicated
- = Exp. and counteracting: diamagnetic against toroidal corotation in
determiningyg, and destabilization byp against stabiliza-
tion by ye. Ignoring rotational effectgsetting ye=0 and
vp=0), and turning our model into a gyro-Bohm scaling
. model, drops the peak temperatures by about 22% in the
high-p* discharge[T(0) from 3.6 to 2.8 keV with the ex-
perimental value at 2.7 kevand by 15% in the low*
— dischargd T(0) from 4.6 to 4.0 keV with the experimental
T DIII-D low p, value at 5.0 keV. [Here T(0) is thee—i average central
temperaturd. Thus, rotation affects both discharges about
equally according to the model. The model is very close to
marginality since a 0.8 reduction in the model diffusivity
strength makes virtually no difference in the predicted tem-
peratures.
N The fits to these discharges are typical of the model and
deserve a detailed discussion, particularly in relatiop*o
— scaling. The fit to the low* is quite good and the fit to the
ST ITER high p* is rather poor. Taking the low* as the reference
\\ ——-Sitlgilaer{ty discharge, the model predicts a higher temperature at high
— Modgl p*, suggesting that the model has a deviation from gyro-
g Bohm scaling in the direction of Bohm transporf{0)
=3.5 keV compared to the experimental 2.7 kisée Figs.
4(a) and 4b)]. However this is misleading, if one considers
\ the imperfections in the experimental similarity conditions.
Projecting byBZ* for perfect similarity from the lows*, the
p high-p* discharge should have had an experimental value of
T(0)=3.2 keV, i.e., the actual discharge at 2.7 keV had a
FIG. 13. Profiles of the modébolid lines and experimentaldashed lings ~ 16% lower temperature than perfect similarity requires.

from high+* (a) and low+* (b) DIIl-D ITER demonstration discharges. Thus, the model is behaving almost gyro-Bohm-like, even
The model projection to the ITER discharge at scaled magnetic field, size, . . . .
and density shown itic) with projected temperaturesolid line) and simi- with the rotational effects. The discharges had gg@ogimi-

larity target temperaturéashed ling Iar|ty but poorer Slmllarlty in CO”iSionality. The hlgb;k
shot, in fact, has a dissimilar density profile with about 20%
larger density than a perfeﬁ#’3 projection from the low-
VII. ITER IGNITION PROJECTIONS FROM DIlI-D p* discharge and, more importantly, a 35% smaller logarith-
DIMENSIONALLY SIMILAR DISCHARGES mic density gradient. The lower-density gradient will tend to
It is generally believed that the most reliable way to turn off the trapped electron drive. The model is, in fact, very
project to ITER is to vary only the* parameter. The de- sensitive to density gradients as the trapped electron modes
pendence op* has special significanc@since it is the only  onset with increasingly peaked density profiles. For example,
dimensionless parameter, which, in principle, cannot béf in the highp* discharges we use the density profiles pro-
matched in extrapolating to reactors. Figure 4 illustrates th¢ected by perfecB‘”S, similarity from the lowp*, then the
transport code simulations of the DIII-D ITER H-mode dem- model average peak temperature falls from 3.5 to 3.0 keV,
onstration dimensionally similap*-scaling discharges: a which is closer to the 2.7 keV experimental value. A further
high-p* shot(shot 82788 wittB=0.95T) in Fig. 13a) and a  proof of the model sensitivity to density profiles is demon-
low-p* shot (1.6< lower p*) (shot 82205 wittB=1.89T) in  strated by noting that we, in fact, treated the Iptvcase by
Fig. 13b), with the rotational effects turned on. This pair solving for the density profile consistent with the experimen-
was found experimentally to have gyro-Bohm global con-tal plasma flow over the inner 60% of the plasmas. This
finement time or power scaling. The toroidal fieldBy is  leads to a density profile that is almost imperceptibly differ-
doubled from 0.9 to 1.8T, with maximum transport power ent from the given experimental profiles, yet the self-
flow (at 90% almost exactly doubling from 2.4 to 4.8 MW. consistent density profile gives a much better fit to the tem-
As we will demonstrate, however, the rotational stabilizationperature data than using the experimental density profile.
is an important consideration for these discharges. In fact, iThus, it is difficult to be sure that the rather poor fit for the
is difficult (if not impossible to keep the same Mach number low-p* discharge may, in fact, be within the experimental
(Vg/cy) fixed as it should be for “dimensionally similar error bars given the uncertainty in the experimental density
discharges'® with the sameB, collisionality, safety factor, profiles.(The highp* is less sensitive to the density profile
shape, and allowing onlg* to change. It could be argued and solving for the density profiles as in the lg#-case
that dimensionally similar discharges shoulddefinedwith makes little difference.Furthermore, it is very difficult to
the Mach number proportional to*. For these shots the sort out experimentally how much the rotational effects

4 =i DII-D high p,

keV

— Model

SN == Exp.
N\
TN\ —— Model

keV

keV
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break the otherwise gyro-Bohm scaling of the model in thep* and negligible toroidal rotation. If we had retained the
context of imperfect similarity conditions, i.e., imperfect rotational shear rates fixed at DIII-D experimental values,
density gradient similarity can have a bigger effect on thd.e., yg andyp fixed in units ofcg/a or fixed Mach number
model than the effect of rotational shear breaking the gyrothat turns the model into a purely gyro-Bohm model projec-
Bohm scaling. tion, the peak temperatures would have beenZ8 keV,

It is well to keep in mind when comparing gyro-Bohm and the alpha power driven up to 48890 MW, with trans-
scaling to Bohm scaling the large difference in power scalingoort power at 360490 MW. (The B limit would be ex-
(which has a small experimental erfr@nd the smaller dif- ceeded in these casgShus, a purely gyro-Bohm scaling
ference in temperatur@hich may have a significant experi- from the DIII-D demonstration discharge implies an overde-
mental erroy. For example, in going from low to high* by  sign of ITER?* but according to the present model, the cer-
changing the magnetic field>2, the power to maintain per- tain loss of rotational stabilization allows only nomir(ai
fect similarity is 2< smaller for gyro-Bohm scaling and close to nomingloperation with the given boundary condi-
3.17x smaller for Bohm scaling. However, a Bohm model tions and density profile. Coincidentally, at<1the model
normed to the low* discharge in a perfect gyro-Bohm diffusivity, the IFS-PPPL mod&lgives almost identical re-
scaling experiment would produce a temperature only 269sults for this particular projection. However, we note that for
larger for the highe* discharge than a similarly normed the reduced GLF model, in contrast to the IFS-PPPL model,
gyro-Bohm model. the alpha power production is less sensitive to flattening the

Figure 13c) shows the model ignition simulation of the density profile from the moderately peaked density case il-
low-p* discharge scaled up by 3¢2in the B field and 4.6 lustrated here. This results because the loss in alpha power
X in the radii to ITER at a 7.8 smallerp*. The dimen- Pproduction with density peakedness is compensated by the
sionally similar peaked density profiles with 10% ion deficit decrease in transport losses from the trapped branch that is
is scaled by 2.8 from n,=5-15x10"% cm™3 and the not present in the IFS-PPPL model. For example, instead of
H-mode pedestaé—i average temperature at 90% is scaledusing the moderately peaked density profiles we use per-
by 3.6x from 0.95 to 3.5 keV. Ignoring toroidal rotation, fectly flat density profiles corresponding to the=90%
this scaling keeps all dimensionless parameters fixed exceppundary densities ah=11.3x10"*cm™* and n;=10.5
p* (see Ref. 23 for these scaling rafioB fact, the ignited < 10 cm™3, the reduced GLF modéIFS-PPPL model has
discharge can be assumed to have negligible toroidal rotatiod Peak temperature of 21 kelZ4 keV) with 210 MW (120
and insignificant diamagnetic rotation; thus, we assuype MW) of alpha power and 155 MW70 MW) of transport
=0, andyp=0 for the ITER target plasma. The temperaturePOWer. In this flat density case, the reduced GLF model is
equilibrated ignited state is assumed to have auxiliary powefOnsiderably more optimistic than the IFS-PPPL model.
beyond self-consistent alpha-power heating less bremsstrah- A key uncertainty in projection of the H modes to igni-
lung (as well as synchrotronioss. The model temperature ion is whether the pedestal temperatures can, in fact, be
self-consistent with the net heating falls short of the dimenmaintained at the rather high similarity values us@db
sionally similar target temperature profile. The similarity tar-k€V). Reference 25 argues a very pessimistic scaling of the
get with 3.6< largere—i average DIII-D temperature profile H-mode pedestal pressufer 8) with p* suggested by an
is shown as a dashed line. If the diffusivity strength of the®dge diamagnetic shear layghe width scaled by the pozlo-
model is reduced by 038, the self-consistent heating tem- didl gyroradius pp,) limited to MHD  stability: Bq
perature is coincidentally close to the similarity target tem-=Ppol/ R This scales to L-mode edge temperatures in ITER.
perature. At X (and 0.5<) the model diffusivity strength, Here make no attempt to assess the expenmental trend_s in
the peak temperature is 14(56) keV, the alpha power pro- favor or possible counterexamples to this pedestal scaling.
duction is 222310 MW (the latter close to the ITER design Ve only note that at 80% of the assumed pedestal tempera-
point) and the transport losglpha power less radiatipn ture, the model predicts that ignition becomes marginal as
through the boundary is 15@30 MW. The nominal trans- 1(0) drops from 14.5(16) to 11.8(14.3 keV, the alpha
port power to support the H-power threshold is 100—15¢P°Wer to 115172 MW, and the transport power to 6205
MW. In contrast to the DIII-D casegand nearly all other MW again referring to x(0.5x) model diffusivity
existing experimental cases we have examinéte depen- strength. The latter |s_l|kely |nsu_ff|C|e_nt to support the
dence on the diffusivity strength means that there is enoug -_mode threshold. Again, almqst |(_:Ient|cal results are ob-
transport power from the alpha heating to drive the modeFamefj from .the IFS-PPPL modah this moderately peaked
above the ITG threshold. In the half-strength case (0.§jenslty profile case.

X diffusivity), which fits the DIII-D case as well as the full

strength case but that is near the similarity target profile, itV”I' DISCUSSION
requires close to a 53 Bohm-like scaling of the 4.8 MW In summary, our comprehensive dispersion theoretic
transport power48x to be precisgfrom the DIII-D dis-  transport model allows a more systematic extension of pre-
charge to 255 MWor, to be precise, 230 MWeven though vious formula-based gyrofluid transport models such as the
the gyro-Bohm scaling of the DIII-D shots at perfect simi- IFS-PPPL model. We have demonstrated the important ef-
larity would require only 6.84.8 or 33 MW of transport fects of rotational shear stabilizatigand « stabilization in
power. This loss of gyro-Bohm scaling is due to forcedreverse shear or DIII-D NCS discharges and the importance
equilibration that removes any hot ion stabilization and,of the loss of rotational shear stabilization and broken gyro-
more importantly, loss of rotational stabilization at lower Bohm scaling in projecting dimensionally similar discharges
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