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The edge-localized, high-confinement mode regime is of interest for future Tokamak reactors since
high performance has been sustained for long durations. Experiments in the Joint European
Tokamak[M. Keilhacker et al., Nuclear Fusior39, 209 (1999] have studied this regime using
scans with the toroidal field and plasma current varied together in H, D, DT, and T isotopes. The
local energy transport in more than fifty of these plasmas is analyzed, and empirical scaling relations
are derived for energy transport coefficients during quasi-steady state conditions using
dimensionless parameters. Neither the Bohm nor gyro-Bohm expressions give the shapes of the
profiles. The scalings witl8 and v, are in qualitative agreement with lon Temperature Gradient
theory. © 2000 American Institute of Physid$§1070-664X00)02912-§

I. INTRODUCTION the toroidal magnetic field, andl the profile of the isotopic
mass of the thermal hydrogenic ions, defined in the Appen-

One of the main objectives of Joint European Tokamakdix. Here(- - -) indicates a volume average.

(JET) experiments is to contribute to the physics and tech- A simple form for the unknown function is a product

nology needed to design International Thermonuclear Exsuch as:

perimental Reacta TER).! The H-mode(high confinement _ 3 N N

with the Edge Localized ModéELM), studied in JET and (o) Te(py)~X(B) *(we) S(A) . @)

other tokamaks, is the favored regime for ITER, since it haﬁﬁerep* is the ion-gyroradius normalized by a scale length,

obtained enhanced performaricelatively large energy con- s s the normalized thermal pressure, angdis the normal-

finement times for long durations(many energy confine- jzed ion collisionality. The plasma minor radius,is gener-

ment time$. Many of the experiments during the recent ex- ally used for the normalizing scale length.

tensive campaign in JET with DT plasniagere devoted to The values for the volume averages are often approxi-

studying these ELMy H-mode plasmas. The physics resultthated using the total electron numbis, and the total ther-

of use for ITER include the scaling of the power thresholdmal energy,Wy,, i.e., (p, < VAW/(NgB), (B)W,,/B2,

for the transition from L-mode to H-mode and the scaling Ofand<y*>ocNg/Wt2h_

the global thermal energy confinement time,.* The form of Eq.(1) assumes the Kadomtsev constrint
Large extrapolations of the energy confinement times argnhat the Debye scale is irrelevant. Also it uses the conve-

necessary to go from present experiments to those neededfent, but not theoretically justified assumption that the di-

obtain high fusion yield in ITER. In order to increase confi- mensionless parameters enter as a product of powers. Addi-

dence in the large extrapolations, dimensionless scaling ational dimensionless parameters could be expected to be

guments have been used to expréss) 7 as a unique, but significant. One example is the rafig/T.. Equation(1) is

unknown function of dimensionless paramefefEhe ther- generally used for ELMy H-mode plasmas in whidh

mal energy confinement time is normalized using the gyro~T,. We discuss deviations fror; =T, below. Strictly,

frequency of the hydrogenic iong.=eB/(myA), with B Eqg. (1) is valid only if all other dimensional parameters,

apart from those in Eq1) are held constant.
Slectronic mail: budny@princeton.edu This dimensionless scaling approach has had success in

bpresent address: Euratom/UKAEA Fusion Association, Culham Scienctting the reSUItS_ foK wc) 7¢ of a large set of _ELM'free and
Center, Abingdon OX 14 3EA, United Kingdom. ELMy H-mode dischargeSTypically regression analysis is
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TABLE I. Fit parameters fofw.)7¢ in Eq. (1).2

Dimensionless parameter (ps) (B) (V) (A)

Fit values A B c

Many TokamakgRef. 7) +2.88 +0.68 +0.09 —-1.03
JET dataset +2.27+0.29 —-0.18+0.27 +0.05+0.11 —0.62+0.13

Ywe) e (P ) ~HB) " (vi) (A"

applied to “Engineering” parameters such as the heatingextends that study in several way4) A larger number of
power, major radiusk, minor radiusa, and plasma current discharges are studied, a(®] transport over a wide range of
I,. Then these scalings in engineering parameters are conadii are included.
verted to scalings in the dimensionless parameters. The ex- Section Il summarizes the various types of H-mode ex-
ponents in Eq(1) from a regression analysis of ELMy plas- periments in JET. Section Il describes the measurements
mas in many tokamaksare shown in Table I. A previous used, the TRANSP analysis code, and discusses the accuracy
comparisor(Ref. 7) of the JET ELMy results with the many- of the TRANSP results. The accuracy needs to be established
tokamak results indicated that JET has a much weaker sca¢ince TRANSP results, such as farand the transport coef-
ing in (A), with (w¢) Te<(A)°28, ficients, are used in the later analysis. Examples of the
Although our database, discussed below, is not optiTRANSP simulations of the time evolution of the stored en-
mized for studying global scaling, we performed regressiorergy and the neutron emission rate are given. Section IV
to find the powers in Eq1). The scaling has smaller mag- discusses results for transport coefficients. Section V de-
nitudes for the powers than the many-tokamak result, buscribes the database of profile results at a typical quasi-
with a larger scaling ifA) than that in Ref. 7. The definition steady time from each plasma. Ranges of parameters and
of 7¢ and other parameters used here are given in the Apaccuracy of the simulations across the dataset are discussed.
pendix. Our result fof w.) 7¢ is also shown in Table I. Large Section VI gives results from the regression analysis of an
relative errors on our fit, calculated using the standardcempirical fit for transport coefficients in terms of local di-
Analysis of Variation(ANOVA) expressioff, are indicated. mensionless parameters. There is a trend for reduced trans-
The results from our local transport analysis over a restricteghort with increasing3, which is consistent with a new ion
range of radii given below also disagree with these globatemperature gradieitTG) simulation. The increase in trans-
confinement scalings. port with collisionality is in qualitative agreement with the
Several complications could explain these differencestheory of collisional damping of zonal flows. In Sec. VIl we
JET results suggest a separate scaling for the core and peukiefly discuss implications for ITER. Section VIl discusses
estal. An example of such a fit, given in Ref. 9, is the results. The Appendix defines some of the expressions
we use.

<wc>TEoc<p*>_3(1+C<P*>2/<ﬁn>2)- 2
IIl. EXPERIMENTS
where 8, is defined in Eq.A8). This has the scaling of a

. H-mode plasmas in JET can be classed as Hot-ion,
gyro-Bohm core and Bohm pedestal. Also there are ambigu- L o
e . . ELM-free, or ELMy. Low target densities and sufficient
ities in the volume averaging, especially fy , whose pro-

heating powers produce Hot-ion H-modes wilh>T,.

file h_as relatively large valu_es NSArEEIS an_d edge. Oth?-rﬁgher target densities and/or lower heating powers produce
possible causes of these disagreements are given in the dhs1

. . e ELMy H-modes withT;=T,.. Generally the ELM-free
cussion section.

The exponents ofp, ) in Table | are between-2 and plasmas evolve into ELMy plasmas during the pulse. The
*

—3, the values corresponding to Bohm and gyro-Bohm scal‘-]ET experiments to study these ELMy plasmas can be

ing respectively. Since ITER will require a large extrapola-groUped into three classes:
tion to lower values op, compared with the values in JET, (1) L—H power threshold studies. Experiments have inves-

the scaling of w.)7¢ with p, is crucial. To understand con- tigated the dependence of the heating power threshold on
finement better, and to test theories, we also need to know A andB. The threshold has a strong dependencé.om
the local confinement. experiments in which the heating power is near the

A series of experiments were conducted in JET to study threshold, the ELM frequency decreases as the power is
the scaling of ELMy H-mode plasmas. This paper reports on increased! These ELMs are classified as Type Il tran-
the local transport analysis of about 50 of these plasmas. We sition ELMs. The confinement in these is lower than that
show that although the transport coefficients do not have the of discharges displaying the standard Type | ELMs,
shapes given by the Bohm or gyro-Bohm dependencies, they common in clas$2);
can be fitted over much of the plasma radius using local2) p, scaling. In these experimenis, is varied by varying

dimensionless parameters in analogy with EQ. Prelimi- either A, B, power, or the density;
nary results for the scaling of the transport coefficients at thé3) identity experiments. These experiments constructed
half-radius were reported in a previous papefhis paper plasmas that are dimensionally identical to plasmas
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formed in the ASDEX-Upgrade, DIII-D, and Alcator region, Shya. is estimated from one of the measurkd,
C-Mod tokamaks? The goal of these studies is to check emission waveforms. Particle confinement times such,as
the dimensional scaling. andr; are computed from the radial particle fluxes such as of
) the electrons]', and thermal hydrogenic iond;, 4. The
This paper focuses on the clay, p, plasmas. All of * yyfile of Iy 4 is well determined numerically by the mea-
the _plasmasg were formed using the Mk-lla divertorgeqn,, 7., and computed particle sources, but the rela-
configuration** We exclude plasmas formed with other di- tive 'y, T'p, andT'; profiles need an additional constraint.

vertor configurations since those have different characterisg,,cny a constraint was developed for modeling Tokamak Fu-

tics. sion Test ReactofTFTR) supershots, and is also successful
. DATA AND ANALYSIS in mo_dglmg the JE_T pla_smas, anq is used here. An explicit
diffusivity and relative pinch velocities are assumed for the
We used the TRANSP plasma analysis c6de analyze  hydrogenic species. This relative pinch velocity is assumed
more than 50 of the JET ELMy H-mode discharges. A dis-to be proportional to the inverse of the isotopic mass. Justi-
cussion of earlier uses of TRANSP to analyze JET plasmafication is indicated simply by the ability to simulate the
is contained in Ref. 15. TRANSP is an interpretative codemeasured total neutron emission rate as well as the chordal
making maximal use of measurements and minimal assump-4 MeV neutron emission profiles, as shown below.
tions. All the JET plasmas used in this study have measured The computed particle confinement times are in the
profiles for T;, Z.s, and the toroidal rotation ratey,,.  ranges,7./7,=1.1-1.5 andr;/7z=0.5-1.9. The relative
These profiles were measured during the neutral beam inje¢ractions of H, D, and T ir6, 4 are adjusted in the TRANSP
tion (NBI) phase using charge-exchange spectros¢dppr input sets to get approximate agreement with the measured
some of the plasmas, we extended Theand v, data out emission rates. These fitted fractions are in rough agreement
towards the edge using measurements from an edge spectregith the species fractions measured in the edge and scrape
copy systent! off. For instance, the T fraction depends on the fraction of T
We give examples of measured profiles for the DTin the NBI in the pulse and recent previous pulses. The fitted
plasma 42982 with record fusion energy vyielilVpr  fraction is typically a few per cent in plasmas without
=22 MJ(Ref. 2 since this plasma is especially interesting T-NBI.
as an ITER prototype. Waveforms, in Fig. 1, show that rela-  Examples of TRANSP results for the plasma with the
tively high performance was sustained for more than foutrecordWpt are shown in Figs. 4 and 5. The measured and
seconds. The ratio of fusion power to auxiliary heatingcalculated stored energies and the neutron emission rates are
power wasQpr=0.18, and the ratio of thermonuclear fusion shown in Fig. 4. The 14 MeV neutron emission rate profiles
power to auxiliary heating power wag;=0.07. are also measuréd.A comparison of the TRANSP simula-
Measured profiles are shown in Figs. 2 and 3. Chargetion and measurement is shown in Fig. 5. The sensitivity of
exchange spectroscopy profiles are shown in Fig. 2. The the simulations to measurement uncertainties is indicated in
profiles used are those measured by the Light Detection anghe figures.
Ranging (LIDAR) systent® Generally plasmas withB
greater than gbqut 2 T have proﬁle; measur_ed by electron V. TRANSPORT RESULTS
cyclotron emission as well, but since we include plasmas
with B as low as 1 T irthis study, we used the 5 Hz LIDAR Several different transport coefficients are often used to
measurements for all the plasmas to avoid systematic differdescribe measurements. Definitions are given in the Appen-
ences between the two measurement techniques. An exampl&. Generallyy; and y. are defined by subtracting the ion
of measuredr, andn, profiles are shown in Fig. 3. Far,  and electron particle fluxes. Since there is some uncertainty
we use profiles synthesized from the LIDAR and interferom-in the calculation of the particle convection flux, we consider
etry measurements.These profiles are normalized in shapealso y;,; defined to include both the convective and conduc-
by the LIDAR profiles. tive transport, defined in EqJA3), and y.« defined in Eq.
TRANSP computes transport coefficients by comparing(/A4). The convection is calculated to be relatively small ex-
calculated fluxes with gradients of plasma profiles. Typicallycept near the edge, 9Qi= xi -
TRANSP models profiles using 20 zones equally spaced in  For the ELMy plasmasy.s is determined more accu-
the variablex= \Jnormalized toroidal flux which is approxi- rately than eithey; or x. separately. It is difficult to resolve
mately equal to the normalized minor radius of the flux sur-x; andx. whenT;=T,, as is typical for the plasmas studied
face, r/a. Although TRANSP has recently been upgradedhere. Only global, not local measurements of the radiation
with the option to model 50 zones, the 20 zone option isemission profiles are available for the plasmas studied in this
adequate for this study. paper; this lack of more detailed information increases the
In order to get relatively smooth transport coefficientsuncertainty in determining.. Typically, the TRANSP mod-
from gradients, and to average over channel-to-channel sygling gives y. roughly one-halfy; near the mid-radiusx
tematic variations, we smoothed these measured profiles #0.5).

the radial variable with a width ofx<0.15. We also An example ofy for the Wpr=22 MJ plasma is shown
smoothed the profiles in time with a 150—-300 ms averagingn Fig. 6. This figure shows the variability typically seen in
window to average through sawteeth and ELMs. JET ELMy plasmas. The results near the center are choppy

The total hydrogenic influx from the wall and scrape off due to sawteeth effects and the relatively flat profiles having
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FIG. 1. Waveforms for the JET ELMy plasma witkiyr=22 MJ. The steady-state NBI consisted of 11 MW T-NBI and 10.6 MW D-NBI. The plasma current

was 3.8 MA and the toroidal field was 4 B, reached 1.3 and, reached 60 percent of the Greenwald limit. The ratios of the global energy confinement time

and the ITER-89 and ITER-97 values are shown. The transition to H-mode occurs just before 12 s. The ELMy phase starts around 12.4 s, and continues past
17 s when the NBI power ramp down started. The analysis time selected here is 14.7 s, just before a sawtooth crash at 14.77 s.

near-zero gradients. The results near the edge are uncertdigpe Il and transition ELMs have relatively high ELM fre-
due to uncertainties in the convection, which is largest in thejuencies, so we eliminated plasmas with ELM frequency
edge due to neutral influx from the scrape off region. Thegreater than 150 Hz. Our results are not sensitive to the value
profiles are relatively smooth and constant in time near theised for this cutoff.

mid-radius, and so we restrict our attention to the region  The profiles of the isotopic mass of the thermal hydro-
0.3<x<0.7. xef is compared with other transport coeffi- genic speciegomitting fast NBI and ICRH iorsA, defined
cients in Fig. 7. The Bohm, gyro-Bohm, neoclassical, andn the Appendix Eq(A5), ranged from approximately 1-3.
empirical fit values are given for reference, and are discusseglajues of the Troyon-normalized therm@),, defined in Eq.

below. (A8) ranged between 0.6 and 2.3, and the central values of
the Mach number of the measured carbon toroidal rotation
V. DATABASE FOR REGRESSION ANALYSIS velocity, M, ranged from 0.7 to 1.8. The values computed

A profile database was constructed from the TRANSPO! the hydrogenic Mach numbesy, arelreduced by two

output at one relatively quiescent time during the auxiliaryeffects: The hydrogenid is slightly les$" than the mea-
heating phase in each pulse. The plasmas in the databaSéred carbofT; and the hydrogenié is used instead of 6 for
were selected to have an approximately constant ratio dgfarbon. The central values @y, ranged from 0.05 to 0.8,
B/I, with B [T] and !, [MA] varied between 1 and 4. The and the values at the half-radius ranged from 0.2 to 0.5, as
safety factor at the boundarg;, was restricted to the range Shown in Fig. 8. The database shows a tendency for these
3.8—-4.2. The NBI power ranged between 4 and 22 Mw.Vvalues to increase with, but to be relatively constant at
Some of the plasmas had ion cyclotron resonance heatirgPnstant ,.
(ICRH), but we restricted the dataset to those with ICRH  One of the important parameters that needs to be com-
power less than 20% of the neutral beam power to minimizgouted is the energy of the fast ion species. Some of the heat-
effects of the uncertainties modeling the ICRH power depoing power can heat the fast ions and some of the heat is lost
sition. The range off; /T, within the region 0.3x<0.7 is by the fast ions. Only the thermal energy and energy losses
0.7<T;/T.<1.3. are used forg, EQ.(Al) and the transport coefficients. The

Since the Type | and Ill ELMy phases have different fraction of the total energy carried by the fast ions is typi-
confinement, we eliminated those identified as Type Ill. Forcally 5-20 percent, but is as high as 45 percent for several
some of the plasmas, especially those with H-NBI, it is dif-plasmas in the database.
ficult to determine if the ELM phase is Type | or Ill. Both The degree of accuracy of the TRANSP modeling across
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] Time =13.7s ] FIG. 3. Electron temperature and density measured by LIDAR. These mea-
25 — - surements indicate that the top of the pedestal occursRe&85 m. The
1 b charge-exchange measurements shown in Fig. 2 and the electron-cyclotron-
] ] emission measurements indicate that the pedestal occurfkre&ar5 m.
2.0 I|'|f|'|'|'|‘|14‘7|

3.0 3.2 3.4 3.6 3.8

Major radius [m] bones or toroidal Alfvaic eigenmode(TAE). Such mode

FIG. 2. T, , toroidal rotation frequencyp,,, andZ.; measured by charge- @ctivity probably causes anomalous loss of confinement of
exchange spectroscopy. The measurements from the central charge dhe fast beam ions. Anomalous loss is generally not modeled
change system extend to a major radius of 3.75 m. The measuremdhts of in TRANSP, explaining at least some the overestimation in
and wy,, have been combined with the measurements from the edge char >_22 The reason for TRANSP underestimating the stored
exchange system. The two systems are in approximate agreement at 3.75 8hergy at |0V\(,3> is not understood. To compensate for this,
the regression results for the transport coefficients are scaled
by the ratio of the TRANSP to magnetically measured en-
the data base is indicated in Fig. 9, where the ratios of thergy values shown in Fig. 10. Without this renormalization,
TRANSP simulations and measurements are plotted. Most dhe empirical fit values change of order 5 percent.
the simulations have total energy within ten percent of the  Ranges of derived physics parameters are shown in Figs.
measured values, and total neutron emission rates withii, 11-13. The ranges qgi, and A at the mid-radius are
thirty percent on the measured values. In the case of thehown in Fig. 11. The values expected for ITER-FDA are
H-NBI plasmas, there is considerable uncertainty simulatingshown for comparison. Note thaj is relatively low for the
their neutron emission rates due to the extreme sensitivity ol plasmas, as seen in Fig. 8. The main reason thal e
the trace amounts of D and T entering these plasmas froow for the H plasmas is that the available NBI heating
the walls. Likewise, the neutron emission rates from thepower is much lower with H injection, only 10 MW as op-
D-only plasmas depends sensitively on the T influx from theposed to 20 MW with the D and DT injection. The power
walls. threshold for the H-mode decreases with isotopic mass and
There is a systematic trend for TRANSP to underpredicincreases wittB. Also the centraly; is relatively high, and
the measured energy at loyj8) and to overpredict at high tends to increase with, as shown in Fig. 12.
(B). This is shown in Fig. 10. The plasmas with the highest  There are other covariances among the parameters in the
(B) have the lowest, and have mode activity such as fish- database, as have been described previd@€i For in-
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5 the envelope of simulations of ten additional TRANSP runs for which one
— of the inputs was varied up or down by 10 percent, as in Fig. 4. The upper
. and lower bounds of the envelope results from=@.1)T; .
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FIG. 4. Comparisons of the measured and calculated stored energy an
neutron emission rates. The diamagnetically measured eMggyagrees
well with the TRANSP simulatioW;gansp during the NBI phaséNgansp
includes the transverse component of the fast ion energy from the NBI anc
ICRH, multiplied by 3/2 and added to the thermal plasma energy. The 1 —
TRANSP simulated neutron emission rate is dominated by the DT rate, -
which is the sum of the beam—beam, beam—thermal, and thermonuclea
rates. The “error” bars on the TRANSP simulations indicate the envelopes
of separate TRANSP runs in which one of the inputsTpr T, Ne, @i,

or Zg; was varied up or down by 10 percent. The baseline TRANSP run uses T
the unaltered measurements. The upper and lower bounds g sp result
from (1=0.1)n,. The upper and lower bounds on the TRANSP neutron
emission rate are given by both £0.1)T; and (1+0.1)Z .

X o [MP/sEC]
|

0.0 0.5 1.0

2.9 34 3.9
i i . Major Radius [m]
stance, the central electron density(0) is larger at higher
Aandl,, and the peaking)¢(0)/(n.), decreases systemati- FIG. 6. Profiles of xe versus the radial indexx. defined asx
caIIy with A. These are shown in Fig. 13. Thus the electron= Vnormalized toroidal flux. Typically large variations in time and radius
d it files in H ol lativel ked d th are seen near the center, where sawtooth effects are important, and near the
ensity profiles in R plasmas are relatively peaked an osgdge, where ELMs are important, and uncertainties of neutral densities play

of T plasmas are flat or even hollow. Also, wh&p~=T,,

a role. Ten TRANSP runs are overlaid with the baseline run to show the
B nepiZ/A. At fixed r/R, v, and B are related, but their range of simulations gotten by varying inputs for, Te, Ne, wior, OF Ze
differentr/R dependences allow us to separate them in th&P o" down by 10 percent. The lower and upper profiles resuit from (1

. +0.1)n.. The region between the dashed linexat0.3 andx=0.7 is the
regression. Ranges of plasma parameters throthOUt the gion used for the regression analysis. The corresponding values of major
tabase are summarized in Table II. radius are indicated. The top of the pedestal is faB.75—3.85 m.
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0.01 T T I T I T : T T the measurements and simulations occur at the gaift1.0. The H-NBI
pulses have very low neutron rates, and the TRANSP modeling depends
0.0 05 1.0 sensitively on the small amounts of D and T in the plasmas.
X

FIG. 7. Transport coefficients; and xes compared Withygenm, Xgsonm: the smaller scale length is expected to be more relevant for

Xneocias@Nd the empirical fit torerr. The empirical fit, Eq(3), given byx,is  determining the dynamics. As noted above, some of the
derived from the whole data set, restricted to<0x3<0.7, and applied to T-NBI plasmas have hollowa
e-

this plasma. . :
P For comparison, the profiles afgonm: Xggohm: and the

neoclassical transpot, yneociasswWere shown in Fig. 7. As
can be seen, these simple theoretical profiles are very differ-

VI. TRANSPORT MODELING ent from the measured profiles. _The plots of the ratios
_ _ _ Xi ! XgBohm @nd x;/xgonm Versus radius show a marked in-
A. Dimensionally correct scaling crease ax increases beyond=0.3. Typically x;/xggonm

Early theory suggested that the local transport coefficientcreases by about a factor of ten betwaen0.3 and 0.7.
profiles such ag; should be proportional to either the Bohm Regression analysis leading to expressions such as Eq.
or gyro-Bohm expressions. We define the Bohm transportl) Show a scaling irp, between Bohm and gyro-Bohm.
coefficient asygonm=Te/(16B) using the historical factor The measured t_ransport gtaﬁxed radius might still scalt_a, say
16. Generally the gyro-Bohm transport coefficient is defined®S 9yro-Bohm inp, . This could be tested by comparing
as xgsohm= Tipx /B. Here and below, the ion temperature plasmas where only, varied, say by varying or B. Un-
scale lengthL+;=—T,/(dT;/dr) is used for the normaliza- fortunately the_plasma prof_lles could not be he_ld constant in
tion for p,. Alternative scale lengths, such as,, the JET experiments. For mstqn(ﬂg,_tended_ to increase as
=—n,/(dng/ar) are also important in ITG models, but, ~ €ither A or B increased. Even if pairs of discharges where
tends to be larger thalor; for the plasmas we consider, and ©nly one dimensionless parameter changed cannot be found,

sl b e e by bevn e b gy
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A 25<l; <34MA[ 008
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A FIG. 10. Range of values of the ratios of the TRANSP-computed and mea-

sured stored energy vers(8). The pulses with highegi3) have fishbone
FIG. 8. Range of values of the hydrogenic-ion toroidal Mach numberfand or other MHD activity. Several plasmas with TAE are excluded from the
at the half-radius. regression.
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FIG. 11. Range of values in the database of the lggaland A at the 1.3 [
half-radius. The pulses are grouped into rangek,ofThe values expected 1 X% a -
for ITER are in the range, ~0.001-0.002 and~2.5. i o i
12+ X i oo ) -
. . . . . . . . 4 x [a]
dimensionless scaling implies that a unique function of di- ] g * [
mensionless parameters governs the transport. We assum 1] * °  a f
this function has the form of a product of powers as in Eq. "4 ng 4 Ai -
- o -
D). _ . . . . 1 <ne > L
We studied the scaling of the dimensionless ratios of 1.0
transport coefficients normalized by the produch%, . 2 "

which has the dimensions for a conductivitengttf/time].
We restricted the fit range of the toroidal flux index, €8 A

<07, to e,XCI_Ude the Cen_tral region, where sawtooth eﬁeCtTQ—IG. 13. Range of values of the central electron density and of the electron
cause periodic changes in plasma parameters, and the ed@&sity peakedness, defined as the ratio of the central and volume-averaged
region, where ELMs cause periodic changes. This range irelectron density, and the central isotopic mass, A.

cludes eight of the twenty radial zones from the TRANSP-

symmetrized data for each plasma.

The normalizedy; can be fitted approximately over this the effective electron particle transpoit,, using the same
range ofx using the local values of the parameters in thefit range and normalization, are given in the table.
right-hand-side of Eq(l): The explicit signs of the exponents in E) are oppo-

site to those in Eq(l) since the profiles of the local and
xil(wL2)=focp 2 gHo e atd’ (3)  xer are expected to scale roughly as inverses of each other.

Regression gives the values of the powers and their statistic Ihe glpbgl fits in Table | and our new results in Table Il
uncertainties given in Table Ill. The value B for the fit ave similar values fop,, , andA, but notg, andv, . A plot
from the standard ANOVA expression, is 92 percent. Also

the regression fits fors, iior, €IC., fOrXests Xitot, the Cross-
field toroidal momentum transport coefficientom, and,

TABLE Il. Ranges of parameters from the database for regression analysis.

Parameter Range
R[M] 2.89-2.93
R S Lo L Ly a[m] 0.89-0.93
1 Ip < 1.4MA - - I[MA] 0.90-4.0
ol & :;‘::P :;Zm o a2 q, (safety factor at boundary 3.80-4.20
T ] a2s<i<3ama L ¢, (inverse aspect ratio at boundary 0.305-0.324
] o34 A0 N x4 (elongation at boundayy ~1.63
25— « & = + . &, (triangularity at boundany ~0.25
2y © ] N C Pu[MW] 6.0-8.0
] * LT Po[MW] 1.0-18.0
20 Ly By - P [MW] 4.0-11.0
] % C PicrelMW] 0.5-2.5
mE X r (B 0.005-0.030
1% X n 0.6-2.3
] - Ti(0),T<(0)[keV] 2.0-7.0
1.0 ] T T T T | L L B TilTe ~0.7-1.3
. . . ng(0)[16°m’] 0.2-0.9
A Ne /nGreenwaId 0.28-0.78
A 1.0-3.0

FIG. 12. Range of values of the cent#&); and A.
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TABLE Ill. Regression analysis results for the fiflgy, etc. to the transport coefficients. The data for the
effective thermal transfer coefficientes, the thermal ion coefficient excluding convectign, and including
convection, i, the effective momentum transpojgt,..m, and the effective electron particle diffusioDy,

are normalized by ¢.L2) as in EqQ.(3).2

Transport coefficient parameters:  constant  p, B vy A

data fit k’ a’ b’ c’ d’

Xeit/ (0L %) fost 4.85+0.22 +2.42+0.04 —-0.57+0.05 +0.54+-0.03 —0.94+0.06
Xi/(wcl2) f; 5.79+0.22 +2.19+0.05 —0.75+0.06 +0.74+0.03 —0.84+0.06
Xitot/ (0cL3) fitot 6.44+0.24 +1.99+0.05 -0.63+0.06 +0.71+0.04 —1.06+0.06
Xmom/ (@cL2) finom 5.01+-0.29 +2.55+0.06 —0.53+0.07 +0.43+0.04 —0.91+0.08
De/(wcL%) fe 4.89+0.67 +2.63+0.13 —-0.41+0.16 +0.23+0.09 -1.37£0.18

a)(/(wCL%) :e"'pi'ﬁb’vi’Ad', where the proportionality constant is written as a power of Euler's constant.

of xi /(wcL%) versusf; is shown in Fig. 14. The accuracy of V« sincec’ is positive. H-mode plasmas in DIlI-D also show
the fits is best for . and decreases descending down Tablean incgagfoe% in heat transpgort with Vi Xeff
lIl. The inaccuracy and scatter f@, is relatively large. % XgohmVx - This range for the power for, is within
We tested the fits by constraining the dataset, holdinghe range 0.480.03 given in Table [ll. Many gyrofluid
one of the four dimensionless parameters approximately corfimulations, including early wofk observe reduced trans-
stant and performing regression on the remaining three paort with increasing zonal flows, which make the radial cor-
rameters. The resulting scaling is approximately the same d€lation length of the microturbulence smaffér? The zonal
that given in Table III. flows are damped by collisions, so increased collisionality
The fits in Table Il have the powea’ between the should correlate with increaseg or xr, as observed in
Bohm value(2) and the gyro-Bohm valu), which is more ~ recent gyrokinetic simulatioris.
favorable for ITER-sized reactors. The data include large Our database is useful for testing results from gyrofluid
variations from a simplpi scaling expected for gyro-Bohm. and gyrokinetic simulations. For instance, global gyrokinetic
This can be seen in Fig. 15, where the ratio/(w,L2))/p3  Simulations? in which p, was varied by varying the simu-
is plotted versug. Even at fixed3 a wide variation is seen, lation box size observe that the ratio gt« and xggonm
and the hydrogen plasmas tend to have higher values @hould saturate only at large values op,l/(>=200). If
(xi[(wcL2))/p3 than those of the other isotopes. This ratio Xert IS Simply gyro-Bohm without corrections, this ratio
tends to decrease wit, but may be saturating at higs. should be unity. Figure 17 shows a plot of this ratio for a

This is discussed further below. restricted range ok and R/L4;. These is a suggestion of
Since it is important to substantiate the decrease @jth Saturation at the highest values op .. _
we need to Separate the dependenceﬁcﬁnd Vy . To do The measured values Qfl for the plasma with record

this we show that even if, is approximately constant, the Wor are compared with the fit in Fig. 7. The fit profile is
decrease is maintained. The dominant term in the regressigifiown in that figure as X’s. The comparison shows that this
is p, , S0 we divide out the, dependence, using a power Plasma, at the time chosen, heg slightly larger than av-
for p, in the range gotten from regression, between the gyroerage. Often the fit is in approximate agreement with mea-
Bohm (3) and Bohm(2) values, i.e.p2* Figure 16 shows Surements even outside the range<0x3<0.7 where the fit

(xi/(0cL2))/p?%° versus B with v, grouped in three Was derived.
ranges. The decrease withis seen for each range of, .
Similarly, if the data are grouped Wy, each group shows
the trend to decrease wifh The data with the lowest, are
high on the cluster in Fig. 16, and those with highare low.
Similarly, the ratio f;/(wcL2))/p2% shows a systematic To increase the confidence in the fits, we looked for
decrease withA and an increase with, . trends in the ratio ojy; /(wcL%) and the fitf; with various

The decrease of the fit E¢3) with increasingB is in  parameters such &8, the electron density peaking factor,
qualitative agreement with a recent extension of gyrofluidand the ELM frequency, normalized using.. No clear
simulation to include electromagnetic effe€t$® This  trends with these are apparent, although the database does
theory predicts a decrease of heat fluxZamcreases up to a show trends for this ratio to decrease with the Mach number
critical value. This decrease may be related to the reductioof the toroidal rotationM;,, and also with the ratid; /T,.
of the (non-lineaj growth rate withB, and the increased These cause some of the spread of the data around the fits,
coupling with Alfvenic fluctuations. The plot in Fig. 15 sug- shown in Fig. 14. In Ref. 10M,, was used as an additional
gests a leveling-off at higt8. The ITG simulations cited dimensionless parameter for a power fit, generalizing(8q.
above indicate an increase in heat transport above a critic#l strong dependence, approximate¥f,*, was found. Our
B, about half of the ideal magnetohydrodynanidHD) 8  enlarged database shows a similar, strong dependence when
limit in one case. My, is used as a fifth dimensionless parameter. Regression

The fit Eq.(3) also indicates an increase with increasinggives:

B. Additional dimensionless parameters
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FIG. 14. (Color) Plot of the TRANSP-measured versus the fitted values of FIG. 16. (Color) Plot of the normalized X; /(w L%))/p%3° versusg with

Xi/(wcL%), restricted to 0.8 x<0.7. The pulses with H-, D-, DT-, and v, values divided into three ranges indicated. Each range shows a decrease
T-only NBI are indicated. with 8. The dataset is restricted to 8:3<0.7.

) 2 +1.93+0.05,5—0.59+0.05, +0.59+0.03 ] ) .
Xil(wcLi)p, Vs reduced by shear in the X B rotation caused by the radial

X AT04050.07) (12012 (4 electric field, E,. The equilibrium force balance indicates
) that for plasmas strongly rotating in the toroidal direction,
Note that thep, dependence has shifted even further to-the toroidal rotation is the dominant contributiongp, and

wards the Bohm value, and tfepower is weaker, as some A4, is a good indicator of th&x B shear effect. This effect
of the S radial dependence is shifted to that/f,. Thereis s indicated in Ref. 34

a strong covariation oMy, with T;, and a weak covariance
with 8. In fact, regression using,, in place of in Eq. (3)
gives a fit nearly as good as that in Table Il

One disadvantage of usint;, as a power fit is that such
a fit is not very useful for extrapolations to ITER which is
expected to have a relatively small toroidal rotation, and val
ues of M,, lower than JET ELMy plasmas by at least an wex s ON the outer midplane is givéhin terms of the

order of magnitude. . radial electric fieldE, , by
We attempted to increase the relevancy of an empirical

fit that incorporates toroidal rotation by including a correc- RZB§O| d | E; RBpo| 0 [ E;
tion to Eq.(3) which features a linear dependence/ofy,. A YexBT\ 7B | 9y RBpy) | B | 9R|RBoy
decrease of; with M,, is expected in recent physics-based

model$® that indicate that microturbulence, and thys is

|wE>< B|
Xi=Xo|1—a—|, )

Ymax
whereyq is the prediction without sheared flow, is a con-

stant of order 1,y,ax iS the maximum growth rate for the
‘microturbulence, andgy g is the flow shearing rate.
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FIG. 17. (Color) Plot of xef/ Xggohm VErsus 14, . Global gyrokinetic simu-
FIG. 15. (Color) Plot of the normalizedy; /(wCL%))/pi versusB showing lations indicate thajes/ xggonm Should increase with pj , and then satu-
a wide spread at constaftand a tendency to decrease wih The dataset rate at large values of 4/ =~200. The range of the JET results is re-
is restricted to 0.8 x<<0.7 and the isotope of the NBI is indicated. stricted to 0.3:x<<0.7 and &< R/L;<6.
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E, can be calculated from the equilibrium force balance forwhereL; is the critical value oL+, anda is an unknown

the carbon impurity constant of order unity. Thig, is similar to they,.,in the
previous Section, but with the shearing rate subtracted, low-
E, = v1oBpo— UpoBrot Y (Dimp) (7)  erng the transport. The first term in Eql2) gives y;

Zimp€ Nimp % Xgsohm- A large reduction ofy; from xggonm Would be
expected ify;, is small, and increasin@gy g would imply a

wheren;,,, and p;, are the measured impurity density and )
mp Pimp purtty y further reduction.

pressure € NimpTimp), @NdZiy, is the charge of the impurity . . .
(6 here. Bp, is calculated by TRANSP solving the poloidal I.TG S|mulat|orls of a simple ELMy H-mode plasiia
field diffusion. vpy Iis calculated from neoclassical predict thatR/L ¢y is around 5. The plasma was assumed to

theory?*3%In the region 0.3 x<0.7 of the JET ELMy plas- have a circular geometyTi=T,, Zer=1, and adiabatic

mas, the gradient of the pressure term is relatively small, Sglectrons. The simulations further predict thgtshould in-

the toroidal rotation term dominates if the poloidal rotation jgCrease rapidly aR/Ly; increases abov_/ Lerit, and should
of the order of the neoclassical value. In this case be zero(no anomalous transpdror the linearly stable pro-
files with R/L+; below R/L;. Generally, ITG simulations

E, Utor indicate thatL.; has a complicated dependence on plasma

RBpy R o ®  conditions. The results from our database show thaends
) » ) to increase by a factor of about 2 to 3 in the regRL;
If the plasmas are far from marginal stability, the maximum_3_g The values fox;/TH increase by an order of mag-
- I

growth rate is expected to scale on the qrder max‘ nitude, but thaty; remains large, withy: / x neociase= 10 €ven
«Kgpivw/ VRLyi, SO, at constark,p;, the shearing term in - yown toR/Ly; as low as 1.

Eq. (5 should scale as The|wey g| term in Eq.(12) is estimated to be relatively

w Bo. VRLu xe VR small in the region 0.8 x<0.7. Furthermore, it shifts the
Saipe L:OI 3 il gL il ho 9 threshold to higher values, the wrong direction to reconcile

Ymax tor 9 Lo the observation of largg; at low R/Ly;. One theoretical

where k is the plasma elongatiom, is the local inverse as- possibility of sustaining active transport dynamics for lin-
pect ratio,r/R, andL,, is the scale length of the toroidal early stable average profiles has been discussed in the con-

rotation. text of self-organized criticalitySOQ.*” This indicates that
We attempt to fit our results using comprehensive nonlinear simulations are needed to investi-
R gate whether non-zero initial turbulence could be self-
KE Ti i i 3
Xeﬁ/(wcl_%)%feﬁ 1_07 'Mh , (10) sustained for linearly stable profiles.

L tor There are many alternative sets of dimensionless param-
eters that could be used in place of E§). For instance,
even though the ratid; /T, deviates by unity by only 30
tDercent in the region we study,; tends to decrease as the
is found for y; using f;. Several mechanisms may explain ratio increases. A decrease is expected from ITG theory.
! ' Other parameters that vary radially, even though they are

this null result:(1) The value of|we,g| calculated for the approximately constant for each of the plasmas in the data-
JET ELMy plasmas generally peaks arouRes.7 m, out- set, could effect the transport. Examples grand . For

side the range of our fits and close to the range where our . . 2 i
values ofy.; become untrustworthy(?) the plasmas appear Instance, we f_|nd a good fit fQ&ri_/(‘“cLTi) usingp, , v4 , A,
to be near marginal stability in the range we consider, so th& ands. Again, thep, power is close to the Bohm value.
estimate ofy,ax iS unreliable, and the region further out

probably is the region determining the ITG stability of the VII. IMPLICATIONS FOR ITER

region we consider.

The arguments given above are sufficiently heuristic that 'Lhe emlplgcal If_ll:[ééorlJET ELI\\//IVy plasmas in Table .”.I |
we cannot make conclusions about the applicability of Eq?an, e applied to plasmas. YVe compare our empirica
5). fit with the y.¢ values calculated for two simulations of stan-

dard ITER-FDA plasmas yielding a fusion power Bf of
1.5 GW3*® One of the simulations has relatively broad
_ _ _ plasma profiles and the other has relatively peaked plasma
C. Alternative dimensionless parameters profiles. The electron density peaking,(0)/(n¢), are 1.0
In recent flux-tube gyrofiuid and gyrokinetic theories @nd 1.5, respectively. In the range €.8<0.7, these ITER

based on ITG destabilization, the ion heat transport neaplasmas have smajl, andv, and largeg compared with
marginality can be characterized by a gyro-Bohm expressioH'® JET plasmas.

in the range 0.8 x<<0.7 with f¢4 given in Table Ill. The
ratio (Xeﬁ/(wCL%))/feﬁ does not show a clear trend, i.e.,
there is too much scatter to determine c. A similar null resul

multiplying a threshold factor We compareq the JET empirical fit E(B) to yoi with
) those calculated in Ref. 38 For the broad ITER plasma, the
Xi%Pi Yin s (11 empirical fit is lower by a factor of 2 or more, and for the
with peaked plasma, it is lower by more than a factor of 5. Thus

the values ofy; and x¢ required for the ITER simulations
Yiin= (Vin/R)(R/IL7j— R/L i) — @| wex gl (120  are conservative. Several cautionary notes must be consid-
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ered:(1) the reduction of transport with increasifgshown  rather conservative. The empirical fit is lower than the ITER
in Fig. 15 is not expected to continue with increasfpig(2)  x.i by more than a factor of 2.

if the Mach number plays an important role, ITER might The JET empirical fits may shed light on the degradation
require considerable current drive to achieve good confineef confinement with increasing density. The ratio

ment. (xi/(0cL2))/ p>*° tends to decrease with,/Ngreenwais DU
the empirical fit in Table Il does not. Thus variation of

transport withne/Ngreenwaig@Ppears to be accounted for by
VIIl. DISCUSSION the changes in the local dimensionless parameters if3q.
. o . There are systematic trends for the TRANSP simulations

We have derived empirical fits for energy, momentum,ts ynderpredict the stored energy at I¢8) and to overpre-
and particle conduction coefficients which are generalizagjct at high(8). The transport coefficients have been scaled
tions of the empirical fits previously given fdec)7e. Our  py the ratio of the TRANSP simulated and magnetically de-
results show that the form of dimensionless parameters ifermined energy. Without this renormalization, the empirical
Eq. (3) gives approximate empirical fits to the transport co-fit yalues change of order 5 percent. For instance, the power
efficients in quasi-steady state conditions, near the midyy p, shifts slightly further towards the Bohm value.

radius. The fits have trends i and v, expected by ITG Several important caveats must be remembered. There
theory. The scaling i, lies between the Bohm and gyro- are a number of covariances among plasma parameters in the
Bohm values. JET experiments. Such covariances make it difficult to iso-

For the fits in Table Ill, the transport coefficients amd  |ate causes in the scalings. Also alternative dimensionless
are normalized using.t; as the scale length instead of the parameters such &s/T, can be used to derive good empiri-
minor radius,a, as often used. The choice bfy; is more ¢ fits. Therefore, our results are an existence proof that
appropriate as a local parameter. However, one complicatiogimensionless parameters in the form of E3).give an ap-

is that Ly and p; show correlations. Higher performance proximate fit to the data instead of a strong proof of the
plasmas have lowetr; and higherp; . If transport coeffi-  gpecific scalings.

cientsy;, etc. are normalized by a?, andp; is normalized
by a, regression on our database gives an analofpustc.  AckKNOWLEDGMENTS
which differ from those in Table Il by having considerably

|arger ANOVA errors and h|gher values of tbe powera” We wish to thank the JET team for pl‘OViding excellent
close to or above the gyro-Bohm valu@,6—4.2. The val-  Plasmas and data, to thank G. Hammett and M. Beer for
ues ofb’ are even more negative;(1.1-1.6. helpful comments, and K. Young for a careful reading of the

Although we find an approximate fit to the JET results inMmanuscript. This work was supported in part by the U.S.
the form of factored powers in EB), A considerable varia- Department of Energy Contract No. DE-AC02-76CH03073.
tion around the fit remains, as indicated in Fig. 14. Also there
remain trends in other dimensionless parameters, such as A°PPENDIX: FORMULAS AND UNITS
the local Mach number, as noted in Sec. VI B. The fits sug-

The thermal energy confinement is defined as
gest that the factored power form may not be very accurate,

with, for instance, deviations at larg& shown in Figs(15 7= Win/Ploss, (A1)

and 16. The fits also suggest that the variationNand v,  \yhere P, is the power loss from the thermal plasma via

are more complicated than that of a S|rr21ple power. conduction, convection, radiation, and net charge-exchange.
The scaling of the locab.7e and w L1/ xe are naively The usual ion and electron heat conductivities are de-

expected to have a similar scaling. Our database does Nfhed by subtracting the particle convection from the thermal
confirm this. The global expressions in Tables | and lll dopeat fluxes

have roughly similar scalings in the parametgys, andA,

but not inB or v, . Causes for the differences could be due  G;=—xin;(JT;/dr)+ 3T 0e=— xiNe(dTe/Ir)+ 5T,.

to: (1) Possible different scaling of the pedestal and core (A2)
regions, (2) the Monte Carlo methods used in TRANSP  Tpe effective thermal heat conductions are defined to

gives a more accurate calculation of the fast-ion energyinciyde both the convective and conductive transport.
which must be subtracted to calculate the, (3) different

methods of calculating\ are used, and4) different defini- 4i=— Xitoi (T /1) Qe= — XetotNe(dTe/ ). (A3)

tions of the dimensionless parameters, suchr,asre used. The one-fluid or effective thermal energy transport coef-

The empirical fits to the transport coefficients are usefukicient, y. is defined from the electron and thermal ion heat
for summarizing results from the JET ELMy H-mode experi- flyxes, in analogy with Eq(A3)

ments and for extrapolating to other tokamaks. The fits are in
approximate agreement with plasmas from the JET identity 9T 9e= ~ Xer Mi(dTi /o) +ne(dTe/or)]. (A4)
experiments, which were excluded in the regressions that The profile of the isotopic mass of the thermal hydro-
gave the fits. These include plasmas withas low as 0.8  genic species is given by
MA and B as low as 0.8 T. The empirical fiexcluding the

toroidal rotation shows that the values for.4 computed for - (Nt 2np+3ny)

. ) ! (A5)
ITER-FDR plasmas near the mid-radius, in steady state are (Np+np+ny)
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The hydrogenic ion gyroradius,<(\/(T;/A)/w.), is
given by

pi=4.7-104\(AT,)/B[m], (AB)
with T; in keV and the toroidal fieldB in Tesla. We use
px=pillTi.

The localg is the normalized thermal pressure given by

B=9.8-10[neTe+niT;1/[8m(B?)], (A7)
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