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ABSTRACT

The H-mole trangition can'lead to a rapid inrcrea;s‘le in tokamak plasma
confinement. A semiempirical transport model was derived from global OH and
L-mode confinement scalings and then applied to simulation of H-mode
discharges. The radial diffusivities in the moae; also depend on local
density and presaure gradients and gatisfy an a'ppropriate dimensional
constraint, Examples are shown of the application of this and similar models
to the detalled aimulatior of two discharges which exhibit an H-mode
transition. The models reproduce egsential features cf plasma confinement in
the ohmic heating, low and high confinement phases of these discharges. In
particular, the evolution of plasma energqy content through the H-mode
1 ) trangition can be repmc;uced without any sudden or ad hoc modification of the

plasma transport formulation. .
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1. INTRODUCTION

The H-mode transition i3 a rapid change in the peripheral plasma in a
tokamak. This rearrangement is often associated with a significant increase
in global electron energy and particle confinement. ‘The changes in plasma
profiles which accompany the H-mode transition provide one of the severest
tests of any quantitative description of plasma transport which can be cast in
the form of a transport simulation. In this regard, the present paper has two
purposes. First, we present examples of how theoretical hypotheses about
driving forces for turbulence and dimensional constraints can be incorporated
into cotherwise empirical transport medels. We alzo illustrate the use of an
improved scrape-off plasma model. Second, we present two rather compiete data
sets from divertor tokamaks in a form which should be useful for calibrating
future transport simulation models. Since complete data sels for single
discharge sequences are only rarely reported in a form usefui for supporting
comprehensive modeling exercises, the present paper should provide a useful
reference for transport modelers. To these ends, we concentrate on the
rationale behind the construction of a semiempirical transport model, and we
use the results as i framework for presenting the two data sets in detail.
Since our baseline semiempirical model is not the only model which reproduces
these data sets, we algo present other models which fit the data. The
modeling results support only very limited and tentative conclusions ahout the
nature of the transport processes in H-mode plasmas. Nevertheless, we believe
that working through the motivation and application of the two example
semiempirical calculations presented here may provide scme insight into
possihle plasma transport processes in H-mode discharges.

We now review some major features of the H-mode transition and how our
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gimulations were designed around these features. Observations of the H-mode



plasmas [1-9] can show changes in two distinct regions of the poleidal cross
gsections of diverted tokamak: shown in Figs. 1 and 2. First, the core plasma
can develop broad density and temperature profiles. Large increases in
density and temperature have also been observed at the transition on the
midplane, on the outer uninterrupted magnetic flux surfaces (inside the inner
solid curve on Fig. 1). There is therefore empirical motivation for modeling
possible effects of changing profile shapes on plasma transport. TBelow we
outline the theoretical motivation for such models, and we illustrate how
broadening of density and pressure profiles may contribute to good energy
confinement in the H-mode. at least in PDX.

The formation of the H-mode can also be accompanied by substantial
changes in plasmc parameters in and near the divertor chamber, In particular,
a noticeable drop in the Hu emission near the divertor plate is often taken as
an oaperational definition of the H-mode. A reduction of the electron
temperature is sometimes also clearly seen to develop in the divertor at the
separatrix during the H-mode [5,6). This drop in T, suggests the development
of a cooler high-recycling divertor (sometimes associated with high
confinement [3,9)). Since previous models of the scrape-off plasma in our
simulation code were not designed for modeling of a high-recycling divertor,
we included a new “two-chamber" model [7] of flows along magnetic field lines,
as described in Sec. 3 and the Appendix.

We now describe the semiempirical transport and boundary plasma model in
detail, show to what extent it can describe core-plasma energy confinement,
illustrate how the mod .1 thermal diffusivities vary during the evol&tion of a
discharge, and discuss which properties of the model are pertinent to
obtaining an H-mode +transition. The overall physics of the core plasma and

divertor models are described in the next two sections. The specific



parameters of the model are then described, followed by the results for PDX
and ASDEX with discussion and conclusions., WNumerical details are discussed in

the Appendix.

2. RADIAL PLASMA TRANSPORT

To understand transport phenomena in tokamaks, it is probably essential
to consider the dependence of transport coefficients on profiles of plasma
parameters. This is clear from the theories of drift [10] and rippling mades
[17] which depend at least on density and temperature gradients, and from the
theory of resistive ballooning modes [12] where pressure gradients and
magnetic shear play an important role. These so-called profile effects have
been omitted in most previous simulations and data analysis, as their
inclusion requires overcoming various conceptual and numerical difficulties,

To illustiate how we incorporate profile factors into thermal and
particle diffusivities and pinch flows, we present a baseline example
calculated with circular flux surfaces. First, we write the plasma transport
equations, then the general form used for transport coefficients, and finally,

the specific transport coefficients used in the present application. The

plasma transport equaticns are [13-16]
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where T

e+ Tir Mgr and ny = L n, are the thermal electron and ion temperatures

and densities, W&, S5, and Jzeam are sources related to ohmic heating, neutral
beam injection, coulomb ilon-electron energy exchange, radiation, charge
exchange, and ionization. Bg is the poloidal magnetic fleld, and n is the
neoclassical parallel resistivity [15)}, and r is the (poleidally averaged)
ninor radius. The scrape-off losses, QS/LN and na/TI are defined below.
Following & common type of convention, wWe set the convective heat losses
Qc?nv = 2.5 FjTj where Iy = L T; and Iy is determined by quasineutrality
a

[18,17]). The remaining ancomalous transport is Lncorporated inteo flexible

expressions for the electron thermal diffusivity
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Here the X are suitable dimensionless scaling parameters described below, and
the associated scaliug exponenta are primagily determined from global
empirical confinement data and constrained to be dimensionally consistent with
the collisional vlasov equations [14,18,19,20].

The essential problem in semiempirical transport modeling is to pick the

smallest set of dimensionless scaling parameters which can reasonably be

<



expected to reflect the underlying transport physics [13]. We posit that the
smallest such set contains the plasma 8, the collisionality, the ratio pL/r
of the gyroradius to a locally determined size parameter, the safety factor q,
the inverse aspect ratio £, a measure AP = {r/p)dp/dr of the pressure
gradients which drive kinetic ballooning, the magnetic shear which acts
primarily to stabilize the pressure-driven modes {12), a measure Ay =
(r/n}dn/dr of the density gradients which are particularly important for
driving wmicroinstabilities at low B, and a measure Ape = (/T )dT./dr of the
temperature gradients which affest the stability [12). Note that the
transport is assumed to be independent of the ratio ADebye/t of the Debye
length to size; this assumption provides an invaluable dimensiocnal constraint
on x,(r) [18,12].

We start the construction of our thermal diffusivity with a density-
gradient driven term, Xne which dominates energy confinement in low-8 plasmas,
where the pressure gradient is small. Using the estimate g = rz/xn, this
term is constrained to have the same parameter gcaling as the Pfeiffer-Waltz
scaling for electron energy confinement [20]. For the unknown temperature
dependence in this ohmic confinement scaling [20], we assume a favorable
confinement scaling with temperature, Xa T;0'§ as perhaps suggested by early
studies of the radial dependence of ¥, in ohmie discharges [21]. This x, term
is only important to H-mode studies in the outer half of the discharge, where
the usual negative temperature gradient may be stabilizing [10]. This simple
model therefere has larger values of IhTeI stabilizing X,, which is adequate
for the studies at hand.

We also add a pressure-grudient driven, shear-stabilized diffusivity Xaux
[12]1. TUsing the estimate Ty <« "Z/Xaux' this term i3 constrained by the

scaling of global energy confinement data for Tz for beam-heated L-mode
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tokamaks as presented at the 1982 IAEA meeting in Baltimore (1,23-25]« The
two sawteeth which occur in the ASDEX L-phase of beam heating are treated with
a model which flattens profiles and conserves helical flux [22]. For the high
frequency of sawteeth in the chmic phase this is numerically inconvenient and
unnecessary, so particle and electron thermal diffusivities are instead
continuously enhanced inside the @ ~ 1 surface. (In the beam-heated plasmas,
the enhancement used here for q £ 1 is very small and serves here only to
avoid a numerical singularity on axis.)

Thus, the scaling exponents of all but the profile €£actors hx =
{r/x)dX/dr and xaux(c) are determined by previous dimensionally constrained
observations of OH and beam-heated plasmas. But only the signs of the scaling
exponents of the profile factors are so determinad, here by theoretical
considerations described above. We also had some freedom in choosing the x =
T;'/z scaling exponent for the term dominant during ohmic heating. It is
therefore not surprising that such a model has the flexibility to reproduce
both the observed profile shapes and degradation of confinement between OH-
and L-mode plasmas observed in the ASDEX example discusséd below. It is not
immedlately obvious that such a model can reproduce the confinement observed
in the ASDEX and PDX H-modes. To see how such a model can succeed in doin;;
this, we now describe a specific model used to fit PDX and ASDEX discharges.
We start with the specific scrape-off plasma model used and then proceed to

give the precise parameters used to define the radial transport coefficients.

3. DIVERTOR PLUGGING AND RECYCLING
A major problem in transport simulation of divertors is to find a
computationally practical model in which the plasma responds in a physically

reasonable manner to changes in divertor plugging [7]. We now describe the



dominant physical processes 1n the plasma scrapeoff and how we constructed a
simple model of them. Changes in the divertor plasma affect bhoth loss of
plasma along magnetic flux surfaces and recycling of neutrals. In particular,
ionization Adilutes the plasma momentum influx and slows the flow of plasma
along magnetic field 1lires from the main plasma chamber. This effect is
included in our transport simulations using poloidally averaged sink terms
—na/‘cn for the ion densities, Ny in the main chamber scrapecff. Here T =

HVs/L: , Vo and L, are the sound gpeed and parallel connection length defined

s ]
in the Appendix, and M is the Mach number for Fflow along fleld lines from the
main plasma chamber. This parallel Mach number can be related to the fraction
@ of the recycling neutralg which are ionized in the divertor throat. A
simple analysis of the continuity equations along open field lines
£7,15] gives M = [(a/z)(Te/TdivJVZ]. Here a« = 1 - (1 - f1,..)[1 - exp(-
Ldiv/l:fp” iz the fraction of recycling neutrals ionized in the divertor
chamber (i.e., the "plugging fraction"). The neutral mean-free path is lgfp =
Vol (N3 y<0¥>34,) where v, = 5(2E°/ﬁ0)1/2, and r?lo is the mean neutral mass.

Lajw 18 the approximate neutral path length from the divertor plate to the
maln plasma chamber, § is a geometric factor to account for the zig-zag

neutral trajectory through the divertor threoat, €, is a neutral enerqy (set to

‘a
a conatant value near the density-weighted volume average divertor temperature
<T3ivont. and f1ea%x is the fraction of neutrals which enter the main plasma
without passing through the divertor throat. The parameters Lgj, = 40 cm: § =
0.5, and é].eak = 0.05 are roughly estimated from the divertor gecmetries and
kept constant in each simulation, and the plugging fraction and parallel Mach
number evolve in response to changlng plaama conditions. The divertor density

evolves according to the approximate pressure balance along the magnetic field

lines, naiv(r,t) = neTe/(ZTdiv) where n, and T, are the midplane electron



density and temperature computed by evolving the one-dimensional radial
transport equations described above. We compute Tgjy(y,t) from the parallel
energy balance, as described in the Appendix. The total electron impact
ionization rate coefflcient <ov>4i,, Was computed from T4, using the formula
of Freeman and Jones [27]. There was also a loss of electron and ion energy
from the midplane scrapeoff by flow along magnetic field lines to the divertor
chamber, as described Ln the Appendix, This and the above-mentioned particle
losses reprasent the only direct effects of the computed divertar parameters
(“div and Tdiv) in our model. However, the computed temporal eveolution of
Taiv igs a useful diagncstic which can be conceptually related to changes in
recycling at the divertor plate (28,29].

The action of the divertor model in our simulations was as follows. With
the high divertor pressure at the H-mode transition in the ASDEX simuilations
detailed below, the transition gave a reduction in the particle outflux, as
postulated elsewhere [6]. an increase 1n the divertor throat opacity also
contributed to maintenance of good confinement by blocking particle outflow
along open field lines and flattening the electron density profile. with the
lower divertor pressure in the PDX simulation, formation of the H-mode was
instead driven largely by changes in electron density profiles reproduced by a
modest increagse in the neutral gas density. This would be consistent with an
increase in divertor recycling, as in an earlier speculation [8). A gynthesis
of praevious viewpoints (cf. {6,8]) on the role of the scrapeoff in the H-made

transition has thus been approached in our modeling.

4., MODELING PARAMETERS
A complete descripticon of the H-mode transition evidently reqguires a

detailed understanding of the poloidally asymmetric flows of plasma and
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neutral gas in the divertor and main plasma chambers. Complete computaticnal
models of these Fflows have yet to be fully extended to this complicated

geometry. Nevertheless, insight can be gained by using the following model of

the poloidally averaged plasma flows.

4.1 Electron thermal diffusion coefflclents

The standard formulation used here for the electron thermal diffusivity

was

X, =X + Ay v N

Expressed with convenient dimensional wvarlables, the thermal diffuslvities

ware
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(Here p = niT; + NgTa € = r/R, and r is average minor radius of A‘magnetic
flux surface. The normallization constants p, = 4.3 x 1013 kev/cm3, Ny = 2.2 %
1013cm'3, ry = 20 cm, By, = 1.7 T, and T4 = 1.1 keV, and the denomlnators of
the above A factors are typica® parameter values, e.q., for the low
confinement phase {L-mode) at r = 20 cm of the PDX discharge discussed in
detail below. (Gaussian units are used except in the formulas which include
these normalization parameters.) Singularities on axls are avoided by adding
the fractional width of the innermost computaiicnal zone to form |A;e| = |ATe|
+ 0.086. ¥, is also limited to be no greater than about Bohm diffuaion near
the scrapeoff, as described in the Appendix.

This model produces improved confinepent at higher pressure in the H-
mode, despite the faect that the pressure-driven term dominates the inner
plesma in L-mode digcharges in the model. There are two reasons for this.
First, the Yo, = ngo'grgo'sscaling allows good edge confinement at high edge
density and temperature, thereby reinforcing the H-mode at high edge
pregsures. The high~density contribution to this effect is very pronounced in
the PDX simulatioh described below. (Note the sensitive dependence of edge
confinement on th; Xoy term. TLeep fueling and/or edge cooling should reduce
n, and/or T, [8) and tend to "flip" the model back into the L-made.) Second,
there is a small stabilized region of high shear near the separatrix.
Broadening the pressure profiles allows a large pressure gradient to occur in

this shear-stabilized region.
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. 4.2. COther simulation parameters
The standard energy transport equations used X; = 3xEH where xSH i3 the
formula of Chang and Hinton [15,31,32] scaled with Zoge A8 degcribed in the
Appendix, classical electron-ion coulomb energy interchange, ohmic electron
heating, a m;i;igtoup Fokker-Planck model of heating by neutral beams, and
(for PODX) coronal equilibrium radiation from oxygen and iron impurities

[15,33]. The radial fluxes of oxygen, iron, hydrogen, and/or deuterium were

given by

a” "“a or a'a

where Dy = 042%,¢ The impurity pinch included neoclassical bulk fricticnal
drag effects [15] and an anomalous pinch va = =1.2 Daaine/ar, compatible with
recent theory and measurements of transport rates during impurity injection
experiments [&,34,35]. our standard model uses only the Ware pinch for
hydrogen isotopes [15]. This 1s adequate, with our other transport
coefficients, to reproduce the density rise ohgerved by Strachan et al. on PLT

[36].

5. PDX
‘5.1 Forced constraints on the simulation
The PDX discharge had major radius R = 140 cm, Separatrix mean minor
radius Fgep = 40 & 1.5 cm [9], and toroidal magnetic field B = 17 kG, The
toroidal plasma current is shown for the PDX case in Fig. 3. This current vas
uged to determine the outer boundary condition on the poloidal flux equation,
Bg. (3).

Feedbhack control of a neutral gas influx at vy, = 0.5 (ZEo/m°)1/2 was used



in the simulation to match the observed l.ne-integral electron density. Monte
Carlo neutrals were initially launched radially inwards onto a asimple circular
cylindrical plasma, so the resemblance & the actual divertor configuration is
only heuristic, as noted above. As in the divertor chamber model described
above, we chose E, to be a constant typical of the divertor temperature {8 ev,
except for the pretransition PDX plasma, where <Tgjy,>p ™ E, = 60 eV, cf.
below). Note the important factor of § = 0.5 in this version of v, to account
for the expanded magnetic geometry near the x~-point where most neutrals enter
the core plasma.

The evolution of the line-average density is shown in Fig. 3. In the
experiment, this was achieved using a constant gas puffing rate of 20-30 torr-
liters D, per second. To match the rapid increase in line-average dengity at
the H-mode transition for this PDX case required an abrupt 3%/msec increase in
the total neutral gas reflux rate (gas nuffing plus recyeling) in  the
simulation. It is interesting to note that divertor chamber temperature,
<Taiv’n estiq?ted by the simulation as described above, abruptly decreased
from 60 eV before the transition to 8 eV within less than 5 msec after the
transition in the PDX simulation. Recent examinations of the energy
dependence of particle reflection coefficients from a metal plate suggests a
significant decrease in surface sticking may occur when the plasma temperature
drops through a wvalue roughly estimated to be in the range of 5-10 eV
{29,30}. sSuch a drop in the divertor temperature should therefore preduce an
increase in the total neutral gas reflux. These considerations sugqgest that
we may have a qualitatively self-consistent picture of changes in plasma
recycling for this particular H-mode transition, but they certainly do not
rule out alternative explanations such as an abrupt improvement in particle

confinement.
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The total influx of impurities was adjusted to match approximately the
avolution of Z,¢¢ measured by observations of visible Bremsstrahlung, as shown
in Fig. 4. Impurity radiation accounts for a maximum of 0.1 MW of the
simulated bolometer signal (compared to data in Fig. 5); the remainder of the
bolometer gsignal in the simulation is due te neutral particle outflux.

2.2 M of D, was injected into a bt plasma at a mean tangency major
radius Rtang =33 cm from £ = 0.3 5 to £t = 0.6 s (with 1.8 MW at 44 keV, 0.3
ME¥ at 22 kev, and 0.1 MW at 15 kev). Fishhone events produced an
approximately constant time avaraged fractional neutron production loss of
about 15% in the L-mode phase, with the loas dropping to a much smaller value
in the H-phase, as shown in Fig. 6. Thls fast ion loss was neglected in our
baseline simulation. Including this loss had almost negligible effect on the

simulation, as discussed below in Sec., 5.2,

5.2 TResults

T

e’ central

The above model reproduced the flux surface averages of n,,

T;

Bp, and A = ﬁp + 2;/2 within the absolute calibration and shot-to-shot
variation of the experimental data, as illustrated in Figs. 7-10. of
particular interest is the gsimulated increase of density and temperature
through most of the plasma in the H-mode. There are, however, two possible
discrepancies which lie within the absolute calibration limits, but which are
nevertheless discernable from the relative change in the temporal evolution of
channels shown in Fig. 9. 1In particular, the simulated drop in central ion
temperature around t = 0.45 s is comparable to uncertainties in the
concomitant 36% increase in “i/ne’ dependent on the mix of heavy and light

impurities in the discharge. We therefore do not know the ion density well

enough to gimulate the ion temperature around t = 0.45 s to better than this

et e e e
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accuracy.

A more interesting problem is that the simulation undereatimates the L +
H rise in T, at R = 176 cm. Individual variation of almost all the adjustable
parameters in our model has failed to reproduce this T, rise, It would he
tempting to conclude that this implies aa abrupt change in the thermal
conduction mechanism at this radius. Without calibration of temperature,
density, and fueling profiles to much better than this accuracy, further
progress on this problem is impractical.

The above uncertainties about peripheral plasma transport are not
necessarily critical for the global confinement transition simulated for
PDX. To demonstrate this point, we made significant alterations in the edae
plasma transport model and yet found the <ore plasma parameters were only
slightly affected. In particular, we performed a simulation with an ad ioc
decrease from the nominal value 6 * 10° of the leading coefficient {c,) in the
edge-doninant term, X,. This change gave dinT,/dknc, = -0.38 at R = 176 cm
and t = 0.6 3, but a much smaller dfn<fp>/dfnc, = -0.03 (where <fp> is the
volume average toroidal B). This result demonstrates that the global
confinement transition 1s not necessarily dependent on exact details of the
edge profiles (provided the edge is opaque to neutrals, cf. helow). Tthat
global confyinement is not a simple function of edge temperature is also
support;d by statistical studies of the edge temperature in PDX L + H
transitions [9] which show H-mode transitions at various values of edge Tas*
This conclusion is also cansistent with trangport analysis [17] results which
show a decrease in Ao throughout the g » 1 region of the plasma as a result of
the L + H transition, not just at the plasma edge {3].

T™Wwe other peculiarities of the PDX simulation are worth comment before

proceeding to the ASDEX case. First, the fishbone-induced loss of injected
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fast ions menticned above seems not to pe a significant factor in the
transition. With a 15% fishbone reduction of;ﬁhe 44 ;;f injection power from
t = 413 ms to 534 ma (¢f. Fig. 6), the aimulated L-mode <Bq> is lower by only
one part in 20, as shown by the lower smooth solid curve in Fig. 10. {This
does not preclude the possibility of fishbone effects on transport of
thermalized plasma.)}

Second and more interesting, the rapid density rige in our PHX aimulation
produces a significant drop in the estimated divertor temperature (an effect
sometimes also ohserved with divertor chamber probes near the separatrix on
PDX}. There 1is likely to be some concomitant rapid change in divertor
recycling. However, this change may not exactly correspond to the 60 + 8 ev
reduction of incoming neutral velocity at the L + H transition in our baseline
PDX simulation. We therefore tried an additicnal simulation with a constant
By, = 8 &V for recycling neutrals ingtead of E, » <Tgqj¢dn a8 in the standard
stimulation. An L + H transition was still obtained in this case. But the
pretransition <Bp> was much larger than in the standard simulation, as shown
in Fig. 10. This remarkable gensitivity to changing fueling and density
profiles is one of the major results of our modeling., This result suggests

that further study of such discharges should concentrate on obtaining accurate

fueling and density profiles.

5.3. Global Energy Confinement

The most fundamental measure of the energy confinement transition is the
evolution of stored energy in the plasma. In Fig. 10, we compare measurements
of BT (from the diamagnetic loops) and A = BP + 2;/2 (from the equilibrium
field) to the corresponding values computed [37] from the simulations ({smooth

s0lid curves). These comparisons clearly show an increase in the rise of
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plasma stored energy well into the beam-heating portion of the discharge at
the IL>H transition. Thie increase in stored energy occurred much later than a
global energy confinement time for the l-mode phase, which was 22 ms at t =
0.52 s in the PDX simulation (and increased to 39 mg at t = 0.60 s in the H-
mode phase). This 1is the essential feature of interest in these simulations
(cf. Sec. 7).
6. ASDEX

We have also modeled a well-documented ASDEX H-mode discharge, with the
following machine parameters: R = 164 c¢m, Tsep = 40 £ 1t cm, B = 22 kG, and
2.9 MW of #° » DF starting at t = 1.106 s (with half at tangency major radius
Rtang = 130 em and half at Rtang = 150 cem, and 1.6 MW at 40 kevy, 0.8 MW at 20
kev, and 0.5 MW at 13 keV). The toroidal current was esiablished at a
constant value of 375 kA before t = 1.0 s and kept constant through the heam
injection phase of the discharge. Unlike the PDX discharge described above,
the midplane line-average density showed a smaller rise after the H-mode
transition, as shown in Fig. 11. The timing of the H-mode transition is
indicated by a sawtooth-induced small drop in .fi, and a decline in the divertor
Hy emission as indicated in Fig. 11. similar discharges in this series have a
gawtooth at the L + H transition with a drop of 0.20 keV in the central
electron temperature, as in the simulation. An earlier sawtooth of much

smaller amplitude is observed about 23 ms before the transition in similar

discharges and is also explicitly included in the simulation.

6+1. Results
The simulated and measured density profiles are shown for the OH~-, L-,
and H-mode phases of the ASDEX cage in Fig. 12. The Thomson scattering data

may suggest slightly broader profiles than those calculated in the simulation

€
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in the L- and H-modes. However, the lower interferometer trace In Fig. 11
suggests more peaked density profiles than in the simulation. The simulated
density profiles therefore may lie within the hounds of experimental error.
The electron temperature profiles generally lie within the experimental
uncertainty of the cyclotron emigssion and Thomson scattering measurements as
is evident in Fig. 13. In both the expe iment and simulation, the increase in

BT and A, shown in Fig. 14, are more continuous than in the PDX case.

7. DISCUSSION
7.1. Factors controlling confinement

To illustrate where the pregsure and density~gradient-driven
contributions to our n iel have their effects, we have plotted in Fig. 15
contributions to the thermal diffusivities for the discharges described
above. The decrease in global energy confinement between OH- and L-modes in
this model results from two causes, Firgt, there is an outward shift of the
heating profiles (the half-width of the heating piofile shifting outward by
50% in PDX upon application of beam heating). Second, there is the additional
pressure-gradient=driven contribution in the beam-heated plasma (cf. Fig. 15).

The good energy confinement, which occurs after the L. -+ H-mode
transition, is ailowed to be obtained in our model by suppression of the
dominant oy contribution in the outer part of the plasma due to the increase
in edge ng in pDX, as illustrated in Fig. 15a. Also, there is a relatively

small increase in the Xaux contribution despite the higher absolute pressure,

7.2 Time scale for the L»H transition
The type of transport models proposed in this paper have transport

coefficients which are smooth functions of local plasma parameters. In such
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models, changes in local plasma parameters can occur on the local time scales
for fueling, heating, and poloidal flux diffusion. We hypothesize that some
such model can describe all plasma properties not directly correlated with
large scale MHD activity. If this hypothesis ia correct, then faster jumps in
T, associated with H-mode formation should always be partly due to MHD
activity. An exhaustive analysis of whether or not this hypothesis is true is
not available. In particular, it is known that Ha discontinuities occur in
the absence of gsignificant core-plasma temperature oscillations; but this
ohservation alone does not answer the question of whether the larger
temperature jumps and/or the rapidity of changes in plasma confinement may be
partly due to changes in observable MHD activity or changes in magnetic igland
structures, All that is presently known is that MHD activity can affect the
time scale for formation of the H-mode, particularly in sawtacth digcharges.
The rapid broadening of density and temperature profiles following a sawtcoth
can throw the discharge into the H-mode in 0.3 msec or less, as illustrated
previously in a simpler simulation model ([8]. However, that the H=-mode has
been achieved is clear from electron cyclotron measurements only after 2-3
msec beyond the sawtooth which induces the H-mode, as indicated by failure of
T, to decline at r = 30 cm. In the absence of fishbone and sawtooth
ascillations, the trangition requireg 2-3 msec, which is the time scale for
fueling and thermal inertia in the outer 10 cm of the core plasma in our PBDX
simulation. All of the above comments are compatible with the idea that the
transition merely involves a gradual (2-3 msec) broadening of the profiles in
this region, accompanied by changes in the gcrapeoff and followed by changes

deeper in the core plasma.
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7.3 Comparison with empirical transport model results

There may also be some insight to be gained by comparing the transport
coefficients in our model to those deduced from other local energy transport
analyses of PDX and ASDEX, since these analyses should contaln additional
information on radial wvariations--information not directly included in the
global energy confinement sealihqs used to constrain our thermal
diffusivities. A comparison has been made with the x, from the TRANSP code
{17), deduced hy starting from the observetional data and inverting Bq. (1)
for the present PDX case {9). This c¢omparison showed a larger value of Xe
around ¥ = 27 cm from TRANSP than in our simulations. Much of the difference
is accounted for by the different methods used to estimate the poloidally
averaged neutral density and the ion energy transport.

We have also checked the Xo computed from our Egs. (7) to (12) for the
beam-heated portion of a high-density H® + p* L-mode discharge against that
computed from the data analysis code, TRANSP. This high density case was
chosen because the onset of He-mode confinement in our PDX simulation is due to
suppression of the Xoy term, which has a strong density dependence. It was
found that the y, computed in the "confinement region” at r = 25x10 cm from
our formula was proportional to that from TRANSP and lay approximately within
the error limits of the TRANSP analysis, and showed a stroug radial rise in
the outer half of the discharge. This poor peripheral confinement in our
formula was due primarily to the low electron temperature [cf. Eg. (12)
above] «

We have also made a gualitative comparison of the compatibility of our
transport model with the conclusiong drawn by Becker et al. [38] from
simulation of I- and H-mode discharges from ASDEX. The model of Becker et al.

replaced the ohmic transport coefficients by purely empirical enhancement
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and D,..) turned on during various IL- and H-mode regimes. The

terms aux

(Xaux
onset and dicappearance of the enhanced losses were delayed with respect to
turning on and off neutral beam heating, By way of comparison, the fixed
gsemiempirical formula for ¥ used 1in the present work leads to global
confinement with similar dependence on heating power to that requirad by
Becker et al. Also, the full effect of our semiempirical Yaux should be
delayed by the thermal inertia of the plasma after the onset of auxiliary
heating and by beam slowing-down and plasma energy confinement after Jthe
termination of auxiliary heating. A remarkable feature of the empirical model
of Becker SEnEi' is the long duration of the additional losses in the L-mode,
these losses heing retained up to 0.1 sec after cesgation of neutral beam
injaction. Evolution to broader current profiles would tend to reduce the
shear stabilization term in our model and persist for a poloidal-current-
diffusion time after the cessation of beam heating, but it is not known

whether this is sufficient to reproduce the delay effect noted by Becker et

al.
N
7.4 Comparison with simpler transport models
The model proposed in Sec. 4.1 fits the experimental data satisfactorily
and is based on theoretical concepts believed fundamental to a real
understanding of microscopic plasma phyaics. However, several tests of this
transport model show that certain features of the model are not necessary to
simulate the PDX akd ASDEX experiments presented here. These tests show that
simpler models are adequate for predicting the plasma density and temperature
profiles found in these experiments and that the evolution of the global
energy confinement time from TL- to H-mode is similar in all of the models.
Four transport mcdels have been compared in this study. Model 1 1s the

~
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bagseline transport model of Secs 4.1 and 4.2, The other models are
simplifications of the formulas in the baseline model. The transport
coefficients of Model 2 have no profile factors. Model 3 includes no Y,

D or Viux terms. The transport coefficlents of Model 4 have no Xayyr

aux’

D or Vyyy and have only a 1/("e1h1/2) variation in Xy (cf. [43]) with D

auax’
and v related to y as for the baseline model in Sec. 4.2. All of these models
have a strong radial dependence and a contributicn to Xe proportional to
1/(neTe1/21. The magnitudes of the transport coefficients in simpler models
have been adjusted in the simpler models to agree roughly with those of the
baseline model midway lnto the confinement region between g = 1 and g = 2.

Figure 16 shows the temperature profiles for the PDX and ASDEX
simulations for each of the models being tested as well as the experimental
data points. It is clear that the data do not allow discrimination among the
transport models. A modest increase in the magnitude of ¥, in Model 2 would
decrease the central temperature, but, in fact, the results predicted by this
model are not very different from those predicted by the other models. The
electron density profiles predicted by the gimplified models also agree with
the baseline model predictions within the experimental error. All of the
models produce the broadened H-mode density profile for PDX. All produce
model plasmas which evolve from ohmic to L-mode to H-mode in agreement with
the ECE and Thomson gcattering data on temperature and density within the
experimental error. The agreement can be further improved by adjusting the
overall magnitude of the transport c¢oefficients.

One slgnificant measure of plasma energy confinement is the evolution of
the stored energy in the plasma. BALDUOR calculates the total energy
confinement time as the total stored energy divided by the total plasma energy

transport flux across the separatrix. I Table 1 is shown the global energy
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confinement time computed for the four transport models applied to the PDX and
ASDEX experiments. Each model does predict an H-mode transition with H-mode
confinement time ahout twice that of the L-mode conflnement time for PDX. BRut
none of these models, including the baseline model, simulates a large drop in
DX energy confinement time when the plasma passes from OH to L in
contradiction to the trend obgserved in PDX limiter discharges at comparable
current [44] and in "typical" PDX divertor discharges [9]. The global energy
confinement times from che simulation of the ASDEX experiment for the
transport models are also presented in Table 1. As for the PDX simulations,
each model produces an increased confinement time at the L- to H-mode
trangition. The transport models without proflle factor and with only the
"ohmic" term show a drop in energy confinement time at the OH to L-mode
transitions as does the bagseline semiempirical transport model in agreement
with the ASDEX experiments. Model 4 does not show an OH to L transition in
global energy confinement. These dimplified transport models predict the same
behavior of the global energy confinement time from L~ to H-mode as the
baseline transport model for both PDX and ASDEX.

Thus while the experiments can be fit by the baseline transport model
which includes much that might be attractive from its basis in theoretical
plasma physics, 1t is important to emphasize that the agreement 1is largely
modal independent. There is not enough evidence from these experiments to
require profile factors in transport models, nor is it yet definite that a sum
of geveral diffusivities is required to describe the ohmiec, L-mode, and H-mode
confinement regimes. When these models are tested against experiments at a
wijer variety of plasma parameters, it may become possible to distinguish

hetween these and other plasma transport models.
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7.5 Connection with theory

Our baseline model was chosen on the hasils of breoad empirical and
theoratical constraints in addition te fitting the two detailed data sets
presented here. It is interesting to recast this model in terms of variables
which include theoretically appropriate dimensionless variables. Derivative
models such as ¥, = n;1T;1/2 may actually be very complicated when cast in
terms of such variables. Evidently, the description of derivative models as
"simpler" refers only to the appearance of the formulas when cast in empirical
variables; it is not meant to imply these models are simpler in the context of
any particular theoretical model. We therefore concentrate here only on the
baseline model.

We choose the following dimensionléss parameters appropriate to circular
plasmas: an approximate eﬁp B ﬂthqzje {(where Bth is the local ratio of
thermal plasma pressure to toroidal magnetic pressure), Var = que/(e3/2 vthe)
(where vg = 4(2mInghee?/(30,1/20,3/2), Ay = 24 - 2n[na'72/10(ev)], and vy, =
(27,/my} 721, and 6 = py/r (where py = vipg/Ry = (273 /mg) '/ 2/(eB/(myc)] is the
proton torcidal gyroradius). Motivated by the theory of drift ahd kinetic

hallooning modes, we express the dimensions of X in terms of

2
Xa = Pg Veng/R - (13

BEqs. (8) and (12) then become

-1.1 0.6 0.3 1.3 0.9 ;7,09 Tg 100 -2
Xaux = 0706 Xy 8 (eﬂp) Vou €T (1 + H—ii] (EE] !lpllkqi
e e i

(14)

e
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1-3.? 1.6 0.25 3

n,T
-1.3 0.5 _0.7_1.9 i e -
v £ (Tj_) S . i3)

X, = 0.04 xﬂao'a(eﬁp) o~ qa 71 + B—E‘i)

e’e
This form of Xaux reflects the underilying physiczl motivation: +turbulenca is
presumably driven by unfavorable curvature dependant on eB, and ]hp[, has a
structure dependent on 5, and can be weakly affected by cullisionality. Our
expression for the ¥, contribution, dominant at low EBP, exhiblts the
suppression of the drift mode branch expected at high GBp [10]. As the other
scalings seen in Eq. (15) are not rzadlly interpretable, this simple power law
[Eq. (12}] for Ao must therefore be regarded as an empirical formula, which is
one posgible expression for the combined kinetic and f£luid effects dominant at
low EBP.

Note the absence of “"Debye/r) in Egs. (14) and (15) for x,,, and ¥,.
This absence is a reflection of the fact that the local transport coefficients
chbey the Kadomtsev-Connor-Taylor constrairt for a col'isional high-B8 plasma
[18,19]. Note also that the uncertaincty in all of the scaling exponents is at
least +0.2. There is therefore considerable uoom for remolding the above
model into a more theoretically acceptable form for testing against the data

sets.

8. CONCLUSIONS

There are two major conclusions of this work. First, a semiempirical
model based on OH- and L-mode confinement scalings can reproduce the evolution
of total stored energy in the H-mode as can several related models. WNo abrupt
changes in plasma diffusivities are necesgsarily required at the L + H
transition to reproduce the global energy confinement transition. Second, the

results from this model are remarkably sensitive to the energy of incoming



neutrals. Changing this energy in response to computed changes in the
divertor temperature in the PDX case resulted in a significantly hetter fit to
the evolution of the stored energy. Thege concepts and the data presented

here should bhe ugseful in further studies of plasma trangport in tokamaks.
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APPENDIX: Computational Method
Here we describe details in the scrape-off model and the core-plasna
transport model used in this paper.
The poloidally averaged acrape-off particle loss &time was Ty =
Mvg/L, where v, = iry + ‘l‘e)/ﬁi]Vz, m; is the mean ion mass, and L, iz the

half-length of an "open® magnetic field line. We estimated LI =2 x 10° cm at

r = 40.4 = Oed cmand L, = 1.2 X 103 cm for r > 40.8 cm. This local variation

1
in Lu reflects the logarithmic singularity in q(r) near the separatrix

lacation ¢ = rsep = 40 cm. Differences betw:en the PDX and ASDEX magnetic

geometry were ignored for simplicity, since these differences are sSmaller than
the uncertainty in the model used to describe the scrapeoff, The magnetic
shear is corrected for this singularity using an approximate fit to MHD
equilibrium caleculations, Ihq| = (T/9gy1)0ey1 /0 + 0.1/10.01 + lqcyl -
qcyl(rsep)'] where qg,; is the safety factor computed with our equivalent
circle model. The other small effects of this singularity were neglected.

The divertor temperature, Tgy,s Wwas computed from the energy balance
along magnetic field lines,

o (A1)

aiv ~ Yaiv. = STaivTaiv * YUe
where Qs = 2{A\; + A )T34,Tqj, relates the heat flux lost through the sheath
to specified effective sheath constants ;‘i =1 and A, = 3 [7,26], Waig =
af‘divE is the radiative energy loss in the divertor throat, Tgq;, =
ndiv(ZTdiv/ﬁi)Vz ig the sonic flow particle flux density to the divertor
plate, a is the divertor reionization fraction defined in Sec. 2, E = -60 eV
iz the energir loss per ionization, I‘T = Pdiv“ - @) relates the electron

particle flux density l".l from the main chamber to that at the divertor plate,
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aye = minln vy, (T, = Tas dr Ky (Tg - Tasg)/ry) (a2)
is the flux-limited electron energy flow from the main plasma chamber, vi,, =
1/2 . .

(274; ,/mg) /2 i3 the electron thermal velocity, and z'e(zeff,'rb] the parallel
electron thermal conduction coefficient evaluated at Tg;,s» To compute the
parallel energy losses for the scrapeoff in Eg. (1) we take g, = Qo * 2,9
ry(3/2) T, and Q; = (3/2)(ny /ng) TyTy.

A rough scaling of neoclassical ion heat conduction with Zopg Was

accomplished by setting x§@ = I 5P with the sum over all thermal plasma

ions. Here

SH Ta . M1/2 %20V e
- ]
a n, aff a. KZ(V*H) H

where xﬁH and Kz(u*H) are the formulas of Chang and Hinton for a proton plasma
and Kolvag) is computed from the formula for K, of Chang and Hinton with the
substitution Vag T Vag = <z2>a Viys Here Zogp = Z n, <zz>a/"e' A, is the
atomic mass of species a, and <Zz>a is the coronal equilibrium mean square
charge of species a.

A limit on the particle and electron thermal diffusion coefficients was

set using the transformations

2 DEDB
et e _
D *5 % ' (a3)
a B

. > 2xexB
e )1;e+23(B

7
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where Dp = cTo/(16eB} and ¥ = 1.5 Dg, Impurities were added to PDX by
launching neutrals inward from the separatrir with «a energy of 50 eV and
conputing ionization with the appropriate creoss section. For each oxygen and
ion ionization there was a local electron energy losas of 3 keVv and 5 keV,
respectively. The anomalous impurity pinch was omitted in the scrapecff. The
Xq terma were also omitted from D, when computing the anomalous velocity Va =
-Daalnne/ar to avoid excess pinching on axis. The thermal friction term in
the neocl ical impurity transport is subject +to considerable theoratical
uncertaint . Following Rogister et al. [35] the thermal friction was
therefore omitted. To give a reasonable minimum of Z,ep = 1.2 without
detailed tramsport modeling of the negligible impurity levels in ASDEX and the
ohmic phase of PDX, 0.67% carbon was included uniformly without associated
radiative losses.

The fast ion contribution to the toroidal current was computed in a
cylindriéal model of fast ion deceleration. Corrections for electron drag on
the beam~driven current in ASDEX included neoclassical effects [15,39]. The
maximum net beam-driven current in ASDEX was 89 ka, at t = 1.18 8. For the
perpendicular injection geometry in BDX, the beam~driven current is negligible
and was neglected, The bootstrap current is of uncertain magnitﬁde and was
also neglected.

For PDX, the toroidal current was initiated at t = 0.15 s at 200 kA with
current density J « T;3/2 . using Tg = 0.328 [1 - (r/50 cm)3'2]2'2 ke¥. The
current was ramped to 250 kA at t = 0.22 s and thereafter as in Fig. 3. For
ASDEX, we ramped the current up to 375 ki as for PDX and then et the profile
relax to an ohmic equilibrium for 0.4 s and the density profile relax at ﬁe =
4.7 x 1013cn"3 for 0.2 s before commencing bheam injection. The ASDEX

simulation had 10% hydrogen ions before injection, rising to 29% at t = 1,2 s
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due to beam fueling. The absorbing wall at r = 50 cm in ®DX had to be moved
to r = 45 cm in the ASDEY simulation to avoid numerical prohlems assocliated
with a simulated hydrogen ion density of Ny < 101 Oom—3 beyond r = 45 cm.

The BALDUR input data flles for the PDX and ASDEX simulations ¢an be
accessed through the U.S. NMFECC computer network in files HAT459 and HAS048,
respectively in filem area 4121; adequate comments are included in these files
to access BALDUR version baldpi9c=pi7m~p0%a and supporting £flles for

reproducing or modifying these simalations.
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Confinement Times

Model #1 #2 #3 #4
Desgcription Baseline No. A Factors %o Only Xn = n;1T;1/2
ASDEX - Tglmsec)
time(s), mode
1.10{cw) 75 57 59 34
1.15(L) 45 50 35 34
1.2{H) 51 61 42 39
PBDX - tglimsec)
time(s), mode
0.29(0H} 18 18 " 10
0.37(L) 16 20 1c 13
0.48(L) 18 23 14 16
0.60(H) 39 43 35 n
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FIGURE CAPTIONS
Poloidal flux contours in the single-null PDX H~-mode plasma, showing
the approximate locationg of the bolometers, divertor probe, divertor

H chord, midplane interferometer, Thomson scattering, electren’

]
cyclotron emisslon diagnostics, and spectroacopy.

Poleidal flux contours in the douhle-null ASDEX H-mode plasma showlng
interferometer chords, Thomson sgcattering, electron cyclotren
emission, and charge-exchange geometry.

Midplane line-average density ﬁe = fnedﬂ/(ao cm) from PDX shot 61650
(digitized curve} and current from TRANSP code [14] Run 2302 (smooth
curve labeled Ip) and from BALDUR code, simulation HAT4S9 (amoath
curve and stralght line gegmenta). Injected beam power ramping was
simulated by stepping from 1.1 MW at t = 0.29 sec to 2.2 MW at t =
0.31 gec. The experimental gas puffing rate was constant at 20-30
torr-liters/sec (1.4-2.1 % 1021 deuterons/gec¢) during neutral
injection,

Zofs from vigible Bremsstrahlung (which measures a centrally weighted
Eeff = SZa5s ng T;/Z/fngT;/de integrated across the midplane where
Zagg = L nazg/ne) and from loop voltage measuraments (assuming
neoclassical resistivity; dashed curve) for PDX shots from the run
date on which the profiles in Fig, 7b and Fig. B8b were taken (25 May
1983, four days after PDX shot &1650), and Eeff from simulation
(s0lid curve).

Bolometer signals averaged from PDX shots 61498, #1522, 61526, 61532,
61533 (dashed curves [42]) compared to simulation (solid curves).

Simulated beolometer gignal includes thermal charge exchange, impurity

radiation, and fast neutrals from charge exchange with circulating
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beam ions, assuming 25% of the fast ions escape from the plasma and
the remainder are redepoaited locally [39]. (a) radially integrated
profiles and (b) twice the lower half-plasma radiation from clased
flux surfacaes.

Neutron emission rate from PDX shot 61650 during neutral heam
injection, showing effectas of fighhone oscillations.

Electron density from simulatiqn and Thomson gcattering for (a) PDX
shots 61643-61663 at t = 0.49 s (with L > H transitions at 0.50-0.54
s}, (b) PDX shots 61960-61973 at t = 0.48 s (with L » H transitions
at 0.47-0.48 s) and {c) PDX shots 61494, 61495, and 61499 (core
plasma) and 61494-61516 {(inset) at t = 0.58 s (with L » H transitiomns
at t = 0.52:0.05 s). Error bars indicate the variance of shot-to-
gshot differences, The major radius is R = 140 + 4 = r Qhere the
Shafranov shift, A = (3 + 5.6 Bp}(1 - rz/rgcr), is taken from the
TRANSP code RUN 2302. Inset solid pointa with vertical crosses show
data from the edge-plasma Thomson scattering system, with horizontal
error bars comparable to the uncertainty in location of the
separatrix from {(a) PDX shots 61643-61663, (b) PDX shots £1960-
61973, (c) PDX shots 61494, 61495, and 61499 (core plasma) and 61494-
61516 (insget).

Electron temperature profliles from Thomson scattering versus major
radius (vertical bars and crosgsed dots) and simulation (dashed lines)
as in Fig. 7. Solid dots show data from electron cyclofron emission
from Flg. 9.

Time evolution of electron temperature at various major radii; R; in
PDX from electron cyclotron emigsion calibrated to TVIS in an ohmic

discharge, versus gimulation, and ion temperature from spectroscopic
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meagurements (averages from R = 142 cm and R = 152 cm}. Error bars
indicate shot-to-shot variance in Thomson scattering data from
similar Adischarges., There is a random 2 %+ 25 eV uncertainty due to
residual error after correcting for neutron heating of the detectors.
Measurements and simulation for BT and A = Bp + R3/2 where 2y 1a the
internal 1inductance. Simalation vresults (smooth curves) are
corrected for beam ion anisotropy [37] in order to predict the same
quantities measured by the dlamagnetic loop {(for ET, calibrated to
simulation at the solid dot) and eguilibrium field (for A) and
processed by the CAAN [40] analysis code (wiggly curves) for PDX shot
61650, The lower solid curves show the effects of altering haseline
simulation HAT3I36 with beam power reduced by fishbone logses as
described in the text. The dashed smooth curve is for constant
neutral energy as described in the text.

ﬁe as ln Fig. 3, and at 20 cm above the midplane, for ASDEX shot 8475
(upper digitized curves, showing a sawtooth event at the L+H
transition) and from gimulation BAS048 (smooth curves); Hy emission
(cf. Fig. 2) in the divertor (lower digitized curve). Injected beam
pawer ramping was simulated by stepping from 2.14 MW at t = 1,106 sec
to 2.85 MW at t = 1.146 sec.

Electron density for ASDEX at (a) t = 1 3, Quring ohmic heating, (b}
at £t = 1.15 8, just before the H-~-mode transition, and (¢) at £t = 1.20
8, 0.05 s after the H-mode transition (except that Fig. 7c shows data
and simulation at t = 1.225 sec), with simulation (solid curve)}. The
abscissa is the midplane half-width of flux surfaces with correction
for the Shafranov shift from a plasma eguilibrium calculation at each

time point. Solid dots are from the YAG laser and open circles from
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13.

14.

15.

16.

the ruby laser Thomson scattering with typical errors indicated hy
vertical lines.

Electron and ion temperatures for ASDEX as in Fig. 12. Open circles
are T, from electron cyclotron emission, triangles are from the edge
Thomson scattering sgystem, small dots wiih and without uncrossed
vertical lines are from the core-plasma Thomson scattering gystem.
Squares are the ceﬁtral lon temperature inferred from neutron
emligssion (with two values plotted in Fig.1dc representing error
limits due to uncertainty in fractions of hydrogen and of nonthermal
deuterons), and solid dots (with and without crossed vertical lines)
are charge-exchange lon temperatures. Solid curves indlcate electron
temperatures and dashed curves ion temperatures from simulation.

BT and A, a3 in Fig. 10, from simulation (solid curves, corrected for
beam anisotropy [37]) and from ASDEX shot 8475 (dashed curves).

Xauxs density gradient contribution Xop ‘© Xgr and final Bohm-1limited
Xe versus minor radius for (a) PDX simulation HAT336 at t = 0.29 s
(OH), t = 0.49 s (L) and t = 0.60 s (H), and (b) ASDEX simulation
HAT049 at t = 1.10 s (OH), £t = 1.15 3 (L), and t = 1.20 s (H).
Simulated Té profiles versus data as in Figa. 8 and 13 with transport

models described in Table 9.
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