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Predictive simulations for the Alcator C-mod tokanjakHutchinsonet al,, Phys. Plasmas, 1511
(1994 ] are carried out using thBALDUR integrated modeling codeC. E. Singeret al, Comput.

Phys. Commuré9, 275(1988]. The results are obtained for temperature and density profiles using
the Multi-Mode transport modgIiG. Batemaret al, Phys. Plasmas, 1793(1998] as well as the
mixed-Bohm/gyro-Bohm transport modéll. Erbaet al,, Plasma Phys. Controlled Fusi@8, 261
(1997]. The simulated discharges are characterized by very high plasma density in both low and
high modes of confinement. The predicted profiles for each of the transport models match the
experimental data about equally well in spite of the fact that the two models have different
dimensionless scalings. Average relative rms deviations are less than 8% for the electron density
profiles and 16% for the electron and ion temperature profiles.20@1 American Institute of
Physics. [DOI: 10.1063/1.1399057

I. INTRODUCTION port from drift mode&® and pressure-driven mod&sSimu-

o _ lations of more than 40 discharges from TFTRokamak
Integrated predictive transport codes are widely used t¢ sion Test Reactpf? DIII-D (Doublet 111-D),*% and JET

validate theoretical trapsport qu(_als and to plan eXperi(Joint European Tor)¥ have been carried out using the
ments. At the present time, predictive transport models argulti-Mode model, and the resulting temperature and den-
able to reproduce fundamental features of tokamak transpogity profiles have been compared with experimental data.

such as confinement time sgalmg, as well as predlct!ng th hese comparison have produced agreement within the range
profiles of temperature, density, and Clégem' A Comparison of 1 5o, rmg for temperature and density profiles and 9% rms
the 12 most widely used transport moaelsuggests that the for plasma energy conteft.

i 3-5 i _ _
Multi-Mode model(MMM95)" >and the mixed-Bohm/gyro The mixed-Bohm/gyro-Bohm model is an empirically

Bohm (JET)®~® model are among the best models used in .

: . based anomalous transport model. The model consists of a

integrated transport modeling codes to reproduce the experj: .
. : ohm term, developed to fit JET data and to represent trans-

mentally measured temperature and density profiles and en-

ergy content for both low-modé.-mode and high-mode port due to long-wavelength turbulence, and a gyro-Bohm

(H-mode discharges. Both models are available in theterm, required to fit discharges in smaller tokamaks and to
BALDUR predictive traﬁsport code represent small-scale drift-wave turbulence. The results from

The BALDUR time-dependent X transport code, which the Multi-Mode and mixed-Bohm/gyro-Bohm models are

has been developed over the last three decades at tf@MPared in Refs. 15, 16. On average, simulations using
Princeton Plasma Physics Laboratai®PPL and Lehigh these two models were found to agree with experimental data

University, computes the time evolution of plasma profiles€qually well. _ o _
given time-dependent boundary conditions. These conditions Tokamak devices differ in geometry, operational sce-
are taken from experimental data whenever possible. ThBarios, and confinement modes. Alcator C-Nodiffers in
BALDUR code computes heat and particle sourtasch as several ways from the other tokamaks simulated with the
neutral beam injection heatingsinks (such as impurity ra- BALDUR code previously. Alcator C-Mod is a compact high-
diation), transport fluxes, fusion reactions, magneto-field divertor tokamak. The average plasma density is typi-
hydrodynamic equilibrium, and the effect of large-scale in-cally in the range of (1 to)5<10°°m™3. Moreover, densities
stabilities(such as sawtooth oscillationsRecycling and gas above 16'm~2 have been achieved. Alcator C-Mod pro-
puffing are represented by the influx of hydrogenic and im-vides operational regimes free of large type | edge localized
purity neutrals, which have the effect of controlling the time modes(ELM) for the duration of the H-mod&:*All of this
evolution of the average plasma density and impurity fracinakes Alcator C-Mod a good tokamak for experimental test-
tion. TheBALDUR code supports a number of different theo- ing of the ideas used in the design of the medium-size high-
retical and empirical transport models. The simulations irfield tokamak reactors such &Rre® or IGNITOR.?"% The
this paper use two models—the Multi-Mode model and thetask of the current paper is to compare simulation results
mixed-Bohm/gyro-Bohm model. Neoclassical transport is in-obtained with the Multi-Mode model and the mixed-Bohm/
cluded independently with both models. gyro-Bohm model for seven L-mode and H-mode Alcator
The Multi-Mode model includes contributions to trans- C-Mod discharges.
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This paper is organized as follows: In Sec. Il, we intro- electron(CTE) modes. This model takes into account inho-
duce BALDUR predictive transport code and describe themogeneities of temperature, density, and magnetic field in
Multi-Mode model and the mixed-Bohm/gyro-Bohm model. the radial direction, electromagnetic effects, effects of finite-
A brief description of Alcator C-mod and the discharges used.armor radius, trapped electrons, impurities, fast ions, and
in the simulations is presented in the Sec. Ill. In Sec. IVfinite B. Radial electron and ion heat fluxes and hydrogenic
results of the numerical simulations are shown. Electron andnd impurity charged particle fluxes are derived from fluid
ion temperature profiles and electron density profile are comequations for each plasma species. Effective diffusion coef-
pared with experimental data and with processed data olicients computed in this quasi-linear model are logically
tained fromeFIT and TRANSP analysis. The numerical results equivalent to the formd’
from both transport models are found to be in reasonable 3.2

. . ) : v2lk
agreement with the experimental data. Section V contains a o x , (1
statistical comparison of the simulation results and the ex- . (0~ 5wp;)?+9?
perimental data. Conclusions are presented in the Sec. VI.

where index represents ion, electrons, and impuritiksjs

the inverse radial correlation lengthp (+ivy) is the eigen-

Il. BALDUR PREDICTIVE TRANSPORT CODE value for each of the modes contributing to the transport, and

) . ) ) o wp; is the diamagnetic drift frequency. The effective diffu-
BALDUR is & I-dimensional integrated predictive trans- gjyities have a gyro-Bohm scaling, which results from fixing

port code designed to simulate a wide variety of plasma congye gpace scale of the turbulence equal to the scale of the

ditions in tokamaks.The BALDUR code describes, as a func- most unstable modep(k,)2=0.1. Despite the intrinsie{l

tion of magnetic flux surface, the time evolution of e'eCtrongyro-Bohm scaling, previous simulation results suggested

and ion temperatures, charged particle densitigsto tWo ¢ total observed transport scaling may be an artifact of the

hydrogenic species and up to four impurity speiesd the oy in which the sources, sinks, and plasma profiles change

poloidal magnetic flux density. The shapes of the flux sur,q the number of gyro-radii across the plasma chargé

faces are determined by solving axisymmetric equilibriumc|Ose to the axisr{a<0.3), the anomalous drift transport

force balance equations, given time-dependent boundaly,efficients become negligible and neoclassical transport

cqn(j|t|ons. We use the equilibrium moments coEc2™ (see Sec. llI¢ and transport due to kinetic-ballooning

within the BALDUR code. . . modes dominate. The 1995 Multi-Mode model includes the
The transport models embedded in ®®@DUR predic-  G,,qar_Drake mod¥i for transport associated with drift-

tive code are primarily theory based and have gyro-Bohmggigiive hallooning modes and a kinetic-ballooning model
scaling. An exception is the empirical mixed-Bohm/gyro- ., transport associated with these modes.
Bohm model (JET), which principally has Bohm scaling.

The Multi-Mode model and the mixed-Bohm/gyro-Bohm
model have very different scaling with the respect to plasma. The mixed-Bohm /gyro-Bohm model
parameters and different dependence on the shape of plasma

profiles. The mixed-Bohm/gyro-BohmJET) model was origi-

The sources and sinks in tBALDUR transport code are nally developed to fit experimental data from the JET toka-
- o 168,28

computed with a variety of algorithms, which include neutral™ak, which commonly exhibit Bohm scalifig”** The JET
beam injection(NBI), fusion, radiative losses, ohmic heat- model is a nonlocal_model, which describes the effect of
ing, neutral impurity influxes. Alcator C-Mod has radio fre- |ar9€-scale perturbations at the plasma edge, such as edge
quency heating in the range of the ion cyclotron resonanc’éjca“_zed modes(ELMSs). In order to match experimental
frequenciegICRF). The heating of the electrons and ions is data in smaller to.kamaksl, a gyro-Bohm term was added. The
input in theBALDUR code as a function of time and radius. B°NM term remains dominant, except in the deep core of the

The BALDUR code has various options available to treatP/@Sma and except in the case of smaller tokamaks with low
the axisymmetric effects of large-scale instabilities such aghagnetic field. Transport diffusivities in the model are also
sawtooth oscillations, saturated tearing modes, and Imi(‘:]h_funct.lons of the profile shapdsharacterized by normallze'd
ballooning modes. TheALDUR code uses a sawtooth model, 9radients and other plasma parameters such as maggetic
based on Kadomtsev mixirg. Sawtooth crash times are The ion and electron thermal diffusion coefficients in the
specified as inputs, in order to synchronize with experimentaf= | model are the combination of the Bohm and gyro-Bohm
data, and the mixing of the current and fast particlesam terms with empirically determined coefficients:

products and fusion produgtss computed in theBALDUR a dpe a dT,
code. X16'=PxCs Cs,iqu_e ar At Cg,?ﬁ*-l-—e o) @
A. Multi-Mode model where CB=2CB=1.6x10"* and C3¥=2C?=35x1072

We used the 1995 version of the Multi-Mode model. are empirical coefficients, and
This version of the model has been tested for more than 40
discharges in TFTR, DIlI-D, and JET and is described in ATeET |
detail in Refs. 5 and 26. The core of the Multi-Mode is the elr/a=10
Weiland transport quasi-linear fluid model for the ion-is a finite difference approximation to the normalized tem-
temperature-gradien{ITG) and the collisionless trapped perature electron temperature difference at the plasma edge.

T -
e|r/a—0.8_l (3)
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TABLE |. Notation used in this paper. T L, MA) |, 7.9 (ev)
a m plasma minor radiughalf-width) g:/_/j: ; f\\
r m flux surface minor radiughalf-width) 53 s T —
R m major radius to geometric 52 - 7D 30 <n 10" ()
center of each flux surface 5:1 ’ ' 20
K plasma elongation & e 10 - :
S plasma triangularity 4.5 : 29325 2
B T vacuum toroidal magnetic field at 4 : ?
center of flux surface -
I A toroidal plasma current I.GJMWY WPM;W (MW)
Ne m~3 electron density 15 olos
A measure of the impurity concentration :
Paux MW auxiliary heating power 0.45 ‘ LI Prcrer (MW)
Te keV electron temperature 0.4 1
T keV ion temperature 035
m; kg average ion mass 0.6 0.8 1.0 12 0.6 0.8 1.0 12
Cs m/s sound speef(k, To/m;) 2] ¢ (sec) ¢ (sec)
W 1/s ion gyro-frequencyeB;/m;] ) )
Ope 0D s magnetic drift frequencies FIG._l. Experlrpental scenario for Alcator (_:-Mod 9601_16024. Panels show
Ps m gyro-radiug c./wg] the tlmg evolu.tlon of plasma currehy, toroidal magnetlg fielB,, dos,
P, normalized gyro-radiugp, /a] elongatlonx_, triangularity , c_entral glectron temperatué® , vo_Iume av-
8 betal ky(NeTo+ niT;)/(B2/2u0)] erage densityne), Z¢;, Ohmic heating power, and ICRH heating power.
Vye collisionality [ v¢iqRY? (ver®?)]
Vei 1/s electron-ion collision frequency
Ve m/se electron thermal velocify(k,To/me) >3]
q magneticg-value

and three H-mode discharges were selected for the simula-
tions with theBALDUR code. The three H-mode discharges

Other variables in Eq(2) are described in Table I. The first and three of the L-mode discharges analyzed in this paper

term in Eq.(2) represents Bohm contribution and the second?¢cYr V\érzlen the ioVB drift is dyected toward a single _nuII
represents gyro-Bohm contribution. X point>© The fourth L-mode discharge has the BB drift

The charged patrticle diffusion coefficient is given by n the_ opposite direction. )
High-power rf heated R =2 MW) Alcator C-Mod dis-
XiXe 4) charges make the transition into H-mode discharges over
Xit Xe wide range of condition¥**H-mode was observed to occur
in all operating ranges of magnetic fidB}, plasma current
I, and, in some discharges, with a line average demsig
Neoclassical thermal and particle contributions arehigh as 4.& 10°°m™~3. H-modes are either Ohmic or heated
added to each of the anomalous transport models describégy ICRF heating. Radio-frequency absorption efficiency on
above. The Hawryluk—Hirshman modelfor neoclassical Alcator C-Mod is typically greater than 80%. Many
particle transport and the Chang—Hinton md8idbr neo-  H-mode discharges do not indicate the presence of large and

r
1-0.7-
a

DB/gBE

C. Neoclassical transport

classical thermal transport are used in #2@DUR code. regular type | ELMs8193%|n Alcator C-Mod, an enhanced
D, (EDA) H-modé*® occurs with lower particle and impurity
Ill. ALCATOR C-MOD confinement. Thi® , mode resembles H-modes with ELMs

Alcator C-Mod is high-field (2.&B;<7.9T), relatively on other chhines. Neverthe!ess iheg moQg still has good
small tokamak(major radiusR=0.67m, minor radiusa  €Neray confinement and provides a promising o.peratlonal re-
=0.22 m* with a single-null-bottom divertor and ion cyclo- 9iMe. Alcator C-Mod shows also some special enhanced
tron range of frequencie§CRF) heating. In this paper, a confinement modes, such as Fhe pellet enhanced performance
series of seven discharges are simulated. These dischard®EP mode® and recently discovered the ITB/PEP mode
have plasma currents ranging from 0.80 to 1.02 MA, toroidaPSsociated with spontaneous formation of short-lived internal
fields, from 5.21 to 5.42 T, and average electron densitiesransport barriers in the core of the plastha.
from 0.925 to 3.86 10°°m 3. The elongation varied from An example of an ICRH heated H-mode scenario is
1.59 to 1.65, and average triangularity was about 0.42. Thehown in Fig. 1. The results of ttRANSP analysis, which
actual normalized gyro_radiip* = \/m/(eBa)' com- are ShOWI’l in F|g 1, are SmOOthed in t|me over the SaWtOOth
puted using the experimentally measured electron temper&scillations. Sawteeth are present in Alcator C-Mod dis-
ture, are in the range from 8&L0°3 to 11.0< 1073, which  charges with very few exceptiori$.The sawtooth period
is in the upper range of normalized gyro-radii previous|yval'ies from 3 to 8 ms in the Ohmic stage, from 4 to 18 ms in
simulated with theBALDUR code for other tokamaldst®16 ICRF heated L-modes, and from 6 to 25 ms in ICRF heated
H-modes. The period increases monotonically with stored
energy. At the same time, the amplitude of sawtooth crashes

Both L-mode and H-mode discharges were intensivelyalso increase with stored energy, running up to the half of the
studied on Alcator C-Mod®3! The four L-mode discharges peak temperature value.

A. Operational regimes
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B. Experimental diagnostics

0.70 sec
Electron density and temperature profiles are accurately 215 - -~ -0.85 sec

measured in Alcator C-Mod. The electron density profile is
measured using an interferometer with ten vertical chords. In
addition, reflectometry is also used on Alcator C-Mod for
electron density measurementsrive amplitude-modulated
channels at 50, 60, 75, 88, and 110 GHz are used to produce
a differential signal and to reconstruct density profiles from
the measured group delays. The channel at 88 GHz also mea-
sures the signal of each sideband for density fluctuations
studies. The time resolution is 24 for the density fluctua-
tions and 0.5 ms for the profile measurements. Electron tem-
perature profiles are measured by electron cyclotron emis-
sion (ECE) grating polychromator and a Thomson scattering
system. Nine channels of the ECE provide time-dependent '
electron temperatures at nine radii. The absolute calibration
uncertainties are estimated as10%° The ECE grating
polychromator is also used for ICRF power deposition —_
measurements. The Thomson scatteringlS) system has E
six spatial channels with observation volumes between the =
midplane and the edge of the plasfialhe electron tem- )
perature is measured by the TS system in the range 200 eV to

10 keV with a time resolution of 20 ms. The radiated power

is measured by the bolometric diagnostic system, which is
based on an array of 16 foil bolometers and silicon AXUV
photodiodes. The AXUV system consists on a single channel
AXUV detector, two 16 channels central arrays, and one 20
channels edge array located inside the rf protection limiter.

The bolometric System provides Spatia| resolution of 2 mn¥F!G. 2. Power deposition profiles for Alcator C-Mod 960301009 at 0.7 s and
for the edge array and a time resolution at least 486%4 085S

The ICRF power deposition is calculated using the FPPRF

Fokker—Plank code combined with either therucé* or N
TORIC? code. power deposition, reconstructed from the MDSplus database,

All experimental data are represented on the surfaces d¥ere used for rf heated discharges. Experimental data sug-
the normalized poloidal fluxs. The equilibrium is recon- 9gest that 55%-75% of the injected power is released to the

structed on the base of magnetic diagnostics with ehe thermal electrons and the deposition profile is usually peaked

code?® The accuracy in determining of the location of the at the centefsee Fig. 2
last closed flux surface is abott3 mm?° The EFIT code is Seven Alcator C-Mod discharges were selected for the

also used to estimate the stored energy. The stored energy §{nulations. Three of these discharges are normal L-mode
the energetic minority ions is calculate witiRansF” and ~ discharges(950407013, 960126007, and 96022904@ne

the toroidal full-wave codspPRUCE*® discharge is an enhanced L-mode discha{®e0301009
with a reversed toroidal field and current, in which iBn

X VB drift is directed away from the active lower divertor.
V. SIMULATION RESULTS One dischargg960116024 is an ELM-free H-mode dis-

In this section, the results of the simulations obtainedcharge. Two dischargg960116027 and 96021401#re en-
using the Multi-Mode or mixed-Bohm/gyro-Bohm transport hancedD, (EDA) discharges. These discharges cover most
models in theBALDUR predictive transport code are pre- of the standard operational regimes of Alcator C-Msée
sented. The temperature and density profiles were initialize@ec. 11l A). The L-mode discharge parameters are tabulated
during the Ohmic stage of each discharge and the profilei Table Il and the H-mode discharges in Table IIl. To illus-
evolved in each simulation through the auxiliary heatedtirate the agreement between simulation profile results and
stage. The simulations are performed in the regisarla  measurements, plots are included in this paper for three of
=<0.9 with the boundary conditions taken from the experi-four L-mode discharges and two of the three H-mode dis-
mental data and with zero derivatives imposed on the axigharges. In the statistical analysis of the comparison, in Sec.
for each profile. Boundary values of hydrogenic and impurityV, all seven C-Mod discharges are included.
densities were estimated from the experimental values.pf
and the electron density. An impurity with effective charge
state of 10 was used in the simulations. Hydrogenic gas puff-  Table Il lists the main parameters of the discharges simu-
ing was used in the simulations to control the average plasmiated in this section. The density and temperature profiles are
density as a function of time. Time-dependent profiles of rfcompared with the experimental data as a function of minor

i

0. (MW/m’)

3

m

r/a

A. Simulation of the L-mode discharges
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TABLE Il. Major plasma parameters for L-mode discharges. Alcator C-Mod: 950407013
4.0 . , . T

e experiment

C-mod discharge 950407013 960126007 960229042 960301009

3.0 — MMM95 -]

R (m) 0.673 0.673 0.673 0.672 o [®* o, — . mixedBlgB |
a (m) 0.210 0.217 0.219 0.218 T ool |
Ka 1.64 1.65 1.64 1.61 < “
B 0.42 0.41 0.42 0.44 ~ " i
B (T) 5.38 5.24 5.38 5.42 1.0~ ~
I, (MA) 1.01 0.80 1.00 0.83 i ]
Ngx1072°(m™3) 1.52 0.93 1.82 1.50
Zeg 2.02 2.38 2.02 1.85
Py (0) 0.0094 0.0085 0.010 0.011
P ux (MW) 2.7 1.4 2.2 2.8 I~
Diagnostic time(s) 0.83 0.99 0.99 0.99 2

E‘N

radius in Figs. 3, 4, and 5 for three L-mode discharges, 0.0

950407013, 960229042, and 960301009. These plots show 20.0

the results of simulations using the Multi-Mode model as

well as results using the mixed-Bohm/gyro-Bohm models. "-’E 15.0

The simulations using the two different transport models 2

agree equally well with the experimental data for both den- <
=

sity and temperature profiles. A statistical comparison is de- " 5ol .
scribed in Sec. V. - . l .
The Multi-Mode model calculates effective ion and elec- %860 ' 0.10 B 0.20

tron thermal diffusivities defined as the total ion or electron
heat flux divided by the relevant density and the temperature
gradient. The effective thermal diffusivities as a function of FIG. 3. Comparison of the experimental profiles ion and electron tempera-
minor radius are shown in Fig(#& for Alcator C-Mod dis- tures and electron density' profiles with profiles predicted using the Multi-
charge 960229042. The main contributions to the thermaysoodfo?ooldge_l 95 and the mixed-Bohm/gyro-Bohm model for Alcator C-Mod
diffusivities in these MMM95 simulations are produced by
drift ITG/CTE modes, resistive ballooning modes, and neo-
classical transport. Neoclassical transport dominates near tlwminates over the the inner one-third of the plasma for the
magnetic axis in the regiom/a<0.2, whereas ITG/CTE ion diffusivity x;. The Bohm term gives the second largest
modes provide the main contribution in the region9r2a  contribution in the deep core and it exceeds the contribution
<0.8. The dominant contributor to the ion thermal diffusiv- from neoclassical transport in the outer region of the plasma,
ity x; in the outer region of the plasma is the resistive bal-whenr/a=0.3. For the electron thermal diffusivity., the
looning mode. For the electron thermal diffusivity, while  gyro-Bohm term competes with the Bohm contribution to the
ITG/CTE and the resistive ballooning modes still dominatetransport, wherr/a<0.3. The neoclassical contribution to
in the regionr/a>0.2, the kinetic ballooning mode competes transport is dominant near the magnetic axis, and the Bohm
with the neoclassical transport in the center and dominatesontribution is dominant in the outer region of the plasma.
when 0.Kr/a<0.2. The Multi-Mode and the mixed-Bohm/gyro-Bohm mod-
The diffusivities calculated in mixed-Bohm/gyro-Bohm els have different scaling, particularly gyro-radius scaling,
model are shown in Fig.(B) for discharge 960229042. It can but BALDUR simulations using these two transport models
be seen that the contribution from the neoclassical transporatch experimental data equally well. The Multi-Mode
model is very sensitive to the changes of the shape of profile.
Small deviations from self-similarity have a large effect on
the resulting transport because of the sensitivity of the drift

Minor Radius (m)

TABLE Ill. Major plasma parameters for H-mode discharges.

C-mod discharge 960116024 960116027 960214017 Wave stability close to the marginal stability. For example, in
Confinement regime ~ ELM free EDA EDA L-mode discharges, it has been shown that the changes in the
R (M) 0676 0676 0677 penetration depth of the edge neutrals cause changes of the
a (m) 0.221 0.219 0.222 edge collisionality and normalized gradient and affect the
Ka 1.65 1.65 1.59 ITG mode*?’ The characteristic gyro-Bohm scaling can be

6 0.41 0.42 0.41 masked and the observed transport does not follow the in-
Br (M 522 522 521 trinsic scaling. As a result, the Multi-Mode model works well

b MA) Lol 102 102 for discharges with different transport scalings.

Nex1072°(m~3) 3.17 3.86 3.36

Zos 2.40 1.41 1.49

0, (0) 0.0099 0.0096 0.0092 B. Simulation of the H-mode discharges

Ef;gf]“g‘s’zi time(s) g:gg S:gg g:gg The parameters for the three H-mode discharges, for

which the simulations are carried out, are listed in the Table
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Alcator C-Mod: 960301009

Pankin et al.

T T T

I~ ~ o cxperiment | - LI e experiment -
3.0+ - MMM95 — _ — MMM9S5
L® » mixed B/gB ; 20~ ~ * — « mixed B/gB —
] é L 4
1 N -
- I [ ] 1
0.0 \ 1 ; ]

1
T (keV)

4

0.0 : L :

. 150~ 2 2 0 ¢ -l- . ! ]

L ——— . o i

n Lo C =~ ; ®* 7

| o - ~ 2 c\. o

. _E q00fF ~a, ]

] = I ]

- e’ r ]

. =¥ 501 3

i L 1 L | i 0. C ' I8 : 1 ]

0'8.00 0.10 0.20 8.00 0.10 0.20
Minor Radius (m) Minor Radius (m)

FIG. 4. Comparison of the experimental profiles ion and electron temperaFIG. 5. Comparison of the experimental profiles ion and electron tempera-
tures and electron density profiles with profiles predicted using the Multi-tures and electron density profiles with profiles predicted using the Muiti-
Mode model 95 and the mixed-Bohm/gyro-Bohm model for Alcator C-Mod Mode model 95 and the mixed-Bohm/gyro-Bohm model for Alcator C-Mod

960229042. 960301009.

Multi-Mode model

(mz/s)

s~ 104

FIG. 6. Effective diffusivities from the Multi-Modéa)

and mixed-Bohm/gyro-Bohntb) transport models for
Alcator C-Mod discharge 960229042. Total diffusivities
are shown by solid curves. Large dot curve represent
neoclassical transport contribution. The mixed-Bohm/
gyro-Bohm model has contribution from the gyro-
Bohm and Bohm terms. The kinetic ballooning, resis-
tive ballonning, and ITG/CTE modes contribute into the
Multi-Mode model.

¥, (%)
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FIG. 7. Comparison of the experimen-
tal data (solid curvg for Alcator
C-Mod discharge 960116024 with the
simulation results, obtained with the
Multi-Mode Model 95(dotted curve
(a) g-profile vs minor radius{b) cur-
rent profile vs minor radius at 1.0 s;
(c) ohmic powerP g, vs time;(d) to-
tal stored energyV,, vs time;(e) elec-
tron temperature near the cenfg{”’
| vs time (TRANSP data are plotted by
| solid curve; ECE experimental data

L
0.6 08 1

2 1
) 0.6 0.8 1 are curves with large dashesf) elec-
time (sec) © time (sec) (d) tron density near the centerl” vs
time.

40 " : , , ;

0.6 ' 0.8 ' 1 06 : 0B : ;
time (sec) time (sec)

(e) (®)

lll. In Fig. 7 the current,g-profile, time evolution of the in Figs. 8 and 9. The simulations using the Multi-Mode and
Ohmic power, total stored energy, central electron temperamixed-Bohm/gyro-Bohm models yield results that are close
ture, and density for Alcator C-Mod discharge 960116024to one another. These results appear to be systematically
are plotted as a function of time. Both the simulation resultsslightly below the experimental data, especially for the ion
obtained with theBALDUR code and the data obtained from temperature profiles. However, the measurements of the ion
the MDSplus database are presented. Some quantities frolemperature have greater uncertainty than those for the elec-
MDSplus database are results of direct measurements, foron temperature. In addition, previoBaLDUR results indi-
example, the electron temperature, and the others, for exate that central ion temperature is very sensitive to the
ample, the curreng-profile, and the total stored energy, are boundary condition The uncertainties in the measurements
reconstructed using codes such ®SANSP, EFIT, SPRUCE  or interpolations of ion temperature at the edge of plasma
FPPRE and TORIC. There is no fast ion contribution to the can lead to discrepancies at the center. Another factor, which
total energyW,; in the simulations, since the ICRF heating affects the ion temperature profiles, is the flow shear effect.
power is read in from external data, rather than being comPreviously published simulations of Alcator C-Mod dis-
puted internally in thes@ALDUR simulations. That causes charges do not indicate a strong flow shear effé@oroidal
the difference between the total stored energy obtained fromelocity measurements for the seven discharges considered
the MDSplus database and calculated withghebDur code.  are not available. Estimation of the flow shear effect without
The profiles of the electron and ion temperature andoroidal velocity leads to minor alterations of the ion tem-
electron density for Alcator C-Mod discharges 960116024perature profiles and cannot explain all differences between
and 960116027 are compared with the experimental profilesimulations and data. For example, when a simulation is run
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FIG. 8. Comparison of the experimental profiles ion and electron temperagyro-Bohm (b) transport models for Alcator C-Mod discharge 960116027.

tures and electron density profiles with profiles predicted using the Multi-
Mode model 95 and the mixed-Bohm/gyro-Bohm model for Alcator C-Mod
960116024.
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FIG. 9. Comparison of the experimental profiles ion and electron temper
tures and electron density profiles with profiles predicted using the Multi-
Mode model 95 and the mixed-Bohm/gyro-Bohm model for Alcator C-Mod
960116027.

Total diffusivities are shown by solid curves. Large dot curve represent
neoclassical transport contribution. The mixed-Bohm/gyro-Bohm model has
contribution from the gyro-Bohm and Bohm terms. The kinetic ballooning,
resistive ballooning, and ITG/CTE modes contribute into the Multi-Mode
model.

for Alcator C-Mod discharge 960116024 using only flow
shear, the dimagnetic and poloidal velocity included, and us-
ing the Multi-Mode model, the normalized offdeee Eq(5)
below] is changed from-13.3% to—10.2%. The calculated
electron temperature is in much better agreement with the
experimental data, although the sawtooth oscillation ampli-
tude calculated witBALDUR are smaller than observed in the
experiment(see Fig. 7. Note, the central electron density
computed withTRANSP does not display any sawtooth oscil-
lations.

The effective thermal diffusivities for both transport
models show behavior, which is similar to that observed for
L-mode dischargegsee Fig. 10 The Alcator C-Mod dis-
charges considered in this paper have a limited range of to-
roidal magnetic field, 5.21 to 5.42 T. This precludes an
analysis of the predicted thermal diffusivity scaling with.

V. STATISTICAL ANALYSIS

In order to compare transport models and to estimate the
sensitivity of the predictions, we compute the offsand the
rms deviationo of the predicted electron and ion tempera-

%ures and electron density with respect to the experimental

values. The technique used is described in Ref. 4. The values
of f and o are given by:
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TABLE IV. Statistical results for Alcator C-Mod L-mode discharges.

950407013 960126007 960229042 960301009

MMMO95 JET MMM95 JET MMM95 JET MMM95 JET

fre —-0.024 —-0.013 —0.067 —0.080 -0.027 —0.026 —-0.104 —0.050
fre —0.051 —0.043 —0.065 —-0.241 —0.030 -0.010 0.046 0.059
fri —0.028 —0.036 0.069 0.268 0.062 0.074 —-0.087 —0.154
The 0.018 0.066 0.081 0.040 0.035 0.085 0.090 0.055
OTe 0.064 0.060 0.514 0.307 0.042 0.044 0.120 0.125
oTi 0.103 0.100 0.048 0.178 0.112 0.177 0.099 0.175
N
=53, o © LS (-2 ©
_= =] v
N = f K_ 1 &4 ( )
and and

" 1
o= \/%E €)?, 6) =2 o (10)

whereK is the total number of discharges simulated.

The results of this statistical analysis are listed in Table
‘leV for L-mode discharges and in Table V for H-mode dis-
charges. The rms deviations are below 20% for all dis-
charges, except Alcator C-Mod discharge 960126007, for
which o1_ exceeds 50%. It is concluded that this particular

o XWSIM(R;) — X discharge is a real outlier. For the four L-mode and three
€ = xgxp(k) : () H-mode discharges, the average rms deviation for all three
profiles (T,, T;, andn,) is equal to 11.3% for the Multi-
Note, XZ*P¥ s the central experimental value. This choice of Mode model and 10.5% for the mixed-Bohm/gyro-Bohm. If
normalization is discussed below. the Alcator C-mod outlier discharge 960126007 is excluded,

The root-mean-square deviatienis a measure of the then the average rms deviation for the remaining discharges
scattering of the simulation profile about the experimentais equal 9.6% for MMM95 and 9.4% and for the mixed-
data. The offsef indicates whether a simulated profile is Bohm/gyro-Bohm transport model. In the simulations, the
underpredicted f(<0) or overpredicted f>0), compared electron temperature appears to be underpredicted for the
with the experimental data. In the ideal case of a simulatioomost of L-mode discharges and overpredicted for H-mode
profile that exactly matches the experimental data, batid  discharges. The ion temperature is mostly underpredicted for
o would be zero. H-mode discharges.

An important issue in the statistical analysis is the selec- The averaged rms deviation is given in Table VI sepa-
tion of the normalization factor. Normalizing the deviations rately for L-mode and H-mode discharges, and separately for
by the local experimental values would have the effect othe Multi-Mode and mixed-Bohm/gyro-Bohm models. Note
overweighting the rms deviation with the small values ofthat these tables do not include data for Alcator C-Mod dis-
temperature and density at the edge of the plasma. Alterna&harge 960126007. Comparing the rms deviations for the
tively, normalizing the deviations by the central values will electron and ion temperatures and for the electron density,
yield a smaller rms deviation, but all the data points will beone observes in Table VI that the Multi-Mode model and the
equally weighted. Alternatively, one could normalize with
the average temperature or density. The relative comparison
of rms deviation would remain the same as when the Centr"3‘11ABLE V. Statistical results for Alcator C-Mod H-mode discharges.
experimental values are used. Since we are more interested
in the central values of temperatures and densities, we nor- 960116024 960116027 960214017

malize deviationdEq. (7)] by central experimental values, MMM95  JET  MMM95
XEXPH)

where N is the total number of experimental data points
within a given discharge an# represents different dis-
charges. These quantities are defined in terms of the devi
tion €; between thgth experimental data poin{*” and the
corresponding simulation pomts'm

JET MMM95 JET

fre —0.024 0.000 0.016 0.017 —0.054 —0.039
fre —-0.048 -0.018 -0.118 —0.093 0.052 —0.047
-0.133 -0.106 -0.155 —0.135 0.125 0.043

For the discharges, the average rms deviat'TortheLms
deviation off, o, and the average rms deviation®f, o,

_..
o

are given by
One 0.074 0.050 0.052 0.039 0.110 0.073
1 K ore 0.084 0.044 0.135 0.104 0.113 0.147
o= K E 8 o 0.160 0.121 0.184 0.160 0.137 0.061
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TABLE VI. Average rms deviations. With the mixed-Bohm/gyro-Bohm transport model, it is
found that Bohm term in the mixed-Bohm/gyro-Bohm model
produces the main contribution to the ion thermal diffusivity
Tpae 0.048 0.069 0.058 for both L-mode and H-mode discharges. For the Multi-

MMM95 JET Both models

ne
~—L-mode i N ) X
TTe e 8'%2 8'%? 8'223 Mode transport model, the contribution to the ion transport is
o ' ' ' due to the ITG and resistive ballooning modes in addition to
apao 0.079 0.054 0.066 neoclassical transport.
-mode 0.111 0.098 0.105
o-mode 0.160 0.114 0.137
One 0.063 0.061 0.062 HTER Physics Expert Group on Confinement and Transport and Confine-
O1e 0.093 0.087 0.090 ment Modeling and Database, ITER Physics Basis Editors, and ITER
o7 0.132 0.132 0.132 EDA, Nucl. Fusion39, 2175(1999.

2J. E. Kinsey, R. E. Waltz, and D. P. Schissel,Aroceedings, European
Physical Society Meeting, Berchtesgaten, Germany, 1@®iropean
Physical Society, Petit-Lancy, Switzerland, 1998

. . 3G. Bateman, J. Weiland, H. Nordman, J. E. Kinsey, and C. Singer, Phys.
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