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ABSTRACl 

A review Of TFTR plasma transport Studies is presented. Parallel transport and the 
confinement Of suprathermal ions are found to be relatively well described by 
theory. CTOSS-field transport Of the thermal plasma, however, is anomalous with the 
momentum diffusivity being comparable to the ion thermal diffusivity and larger than 
the electron thermal diffusivity in neutral beam heated discharges. Perturbative 
experiments have Studied non-linear dependencies in the transport coefficients and 
examined the role Of possible non-local phenomena. The underlying turbulence has 
been studied wing microwave scattering, beam emission spectroscopy and microwave 
reflectometry over a much broader range in k I  than previously possible. ReSults 
indicate the existence of large-wavelength fluctuations correlated with enhanced 
transport. 

MHD instabilities set important operational Constraints. However, by modifying the 
current profile using Current =amp-down techniques, it has been poSSible to extend 
the operating regime to higher values of both epp and normalized BT. In addition, 
the interaction Of MHD fluctuations with fast ions. Of potential relevance to a - 
particle confinement in D-T plasmas, has been investigated. The installation Of 
carbon-carbon Composite tiles and improvements in wall conditioning, in particular 
the use Of Li pellet injection to =educe the carbon recycling, continue to be 
important in the improvement of plasma performance. 

I. INTRODUCTION 

Transport studies have been a principal focus of the research activities on TFTR for 
two main reasons. Firat, in order to achieve TFTR's research objectives during the 
D-T phase, a regime of enhanced confinement ("supershots") compared with L-mode has 
had to be developed to enhance the plasma reactivity (Strachan et a l . ,  1987; 
Hawryluk et al., 1987; Bell et a l . ,  1988: and Meade et a l . ,  1990) Second. result3 
from transport studies have important implications for the design and eventual 

of the next generation of devices (BPX and I T E R ) .  During the past three 
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years. transport studies have been given renewed emphasis in the U . S . '  program with 
the establishment Of a national Transport Task Force ITTFI (Callen et al., 1990). 
Comprehensive reviews Of tranSpoIt issues have been recently published by the TTF 
(~oorer et a l . ,  1990; Wootton et al., 1990; Burrell et a l . ,  1990; Hwlberg et al., 
1990; Kaye et al., 1990; and Stambaugh et al., 19901. On TFTR, detailed transport 
studies have been performed in a broad zange of operating conditions lohmic, L-mode, 
supershot, pellet enhanced, and H-model to Characterize and understand the transport 
mechanisms with the goal of improving plasma performance. AS will be discussed 
below, these experiments have supported the predictions of some theoretical models. 
However, in Other areas, some Of the underlying assumptions commonly w e d  have been 
brought into question. This paper will provide a ~ m r y  Of the principal transport 
studies conducted on TFTR and will highlight those experimental results which a 

comprehensive theory of plasma transport would have to describe. 

This paper will begin by reviewing parallel transport and the confinement of 
suprathermal ions, both of which are relatively well described by theory. The more 
complex topic of Cross-field transport of the thermal components will then be 
discused. Perturbative experiments will be deacribed which test various 
theoretical models and address the role of non-linear or non-local mechanisms. In 
addition. Studies of Confinement scaling in terms of non-dimensional parameters have 
been conducted to form a physic5-based approach to predict the performance of future 
machines. Studies of the underlying turbulence and the role of MHD instabilities on 
transport and confinement will be summarized. The paper will conclude with a brief 
discussion of the development Of w a l l  conditioning techniques, which continue to 
play a key role in plasma confinement experiments. 

A dexription Of the machine hardware capabilities for the experiments described 
here has been given by Meade et a l .  11990). TFTR has a Circular cross-section 
plasma with minor radius, a,  variable from 0.4m to 0.96m and major radius, Rp, 

variable from 2.lm to 3 . h .  The toroidal field SyStem is Operated at the full field 
rating of BT - 5.ZT and plasma Currents Ip up to 3MA have been achieved. The 
neutral beam system has injected a total power of up to PNBI - 33W. The ICH 
Systems have coupled into the plasma up to PIC" - 6 . 3 W .  The limiter System for 
TFTR ConSi9tS Of an axisymmetric inner-wall bumper limiter and tu0 carbonlcarbon 
Composite poloidal rings on the Outer cross-section to protect the I C H  antennas. In 
early 1990, the graphite tiles in the high heat flux regions of the inner-wall 
bumper limiter were replaced with carbon-carbon fiber reinforced tiles. TFTR has 
two pellet injectors. A n  eight barrel D2 pellet injector, developed and built by 
Oak Ridge National Laboratory, produces pellets Of 3,  3.5 and 4 mm diameter at 
speeds of -1.5kmlsec. A two barrel lithium or carbon pellet injector developed, 
built and Operated by NaSSaChUSettS Institute Of Technology, produces 2- pellets at 
0.8kmlsec for fueling, diagnostic, and wall coating experiments. 

The experiments which will be described principally involve auxiliary heated 
discharges in the supershot, L-mode and H-mode regimes. Plasma parameters extend up 
to Til01 - 35keV, T.10) - 12keV, n,(Ol - 1.2 x 1020m-3 producing D-D neutron rate3 up 
to 5 x 10'6/sec in supershots. The fusion parameter n,lOlrETi(Ol in supershot 
plasmas has reached values Of 4 . 4  x 1020m~3~sec~keV. Hot-ion plasmas combining 
peaked density profiles with the edge charactezistics Of H-mode plasmas have been 
produced in circular cross-section discharges yielding ne 10lT~Ti I O )  values 
characteristic of supershots (Bush et a l . ,  19901. With deuterium-pellet injection, 
central densities of 5 x 1020m-3 have been achieved enabling the Study Of high 
density discharges as well. 
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IT. PARALLEL TRANSPORT 

The plasma response to the inductive electric field and other sources Of Current is 
analyzed using the neoclaSSiCa1 (classical Spitzer resistivity plus trapped-particle 
effects) Ohm's law obtained from parallel electron momentum balance (Hirshman and 
Sigma=, 1981). On TFTR, Zarnstorff et a l .  (1990a) found the plasma Surface Voltage 
in ohmically-heated discharges to be in good agreement with the predictions Of 
neoclassical resistivity and in disagreement with the predictions of classical 
resistivity when the measured temperature profile, Zeff, equilibrium parameters and 
the calculated bootstrap Current 115% of Ip)  w e r e  taken into account. This 
agreement is in contrast with the observed cro59-field electron transport which is 
typically much larger (>loo) than neoclassical predictions. In these experiments, 
the Collision frequency v; ( r  - 4 2 )  was varied from 0 . 0 7  to 2 ,  enabling a detailed 
test to be made Of the predictions Of the neoclassical xesistivity w e x  the 
transition from the banana into the plateau regime. 

During moderate current ramps (dIp/dt I lMA/s) both the Surface voltage and the 
location of the q - 1 Surface are w e l l  predicted on the basis of neoclassical 
resistivity. Fredrickson et a l .  (1987) performed current penetration studies with 
higher current ramping rates, up to 3.2MAls. In these cases, bursts of MHD activity 
were observed during the ramp as q(a) CrOSSed rational values Of 5 ,  4 . 5  and 4 .  A 
Small disruption was observed at the g l a )  - 4 crossing which was accompanied by a 
drop in the electron temperature. The resulting increase in the calculated 
resistivity due to the rapid change in the electron temperature enhanced the 
calculated current penetration, and resulted in good agreement with the expeziment 
without having to postulate anomalous Current diffusion. Current diffusion has not 
been studied during the initial 200ms of the discharge, when the current ramp rate 
is faater ldIp/dt 2 5MA/9). 

Currents driven by density and temperature gradients (bootstrap Current) and by 
unthermalired beam ions due to unbalanced (CO- and counter-tangential) injection are 
also well predicted by neoclassical theory. These have been extensively studied by 
ZarnStOrff et a l .  (1987, 1988a) and Scott et a l .  (1989) who found good agreement 
with neoclassical predictions using the time-dependent analysis code TRANSP 
(Hawryluk, 1980: Goldston et e l . ,  1981). In Fig. 1, the measured surface voltages 
in two discharges are compared with predictions of neoclassical theory for nearly 
balanced injection (Fig. la) in which the bootstrap CuzZent 1s predicted to be 
dominant lup to 6 5 % ) ,  and with co-injected neutral beams only (Fig. lb) in which the 
beam-driven Current dominates. In evaluating the CO- only injection discharge, it 
was necessary to include the effects Of the measured toroidal plasma rotation on 
beam deposition and slowing-down Of the beam ions to obtain agreement. The 
agreement with theory in theae experiments has given strong support to the models 
presently used to Calculate the bootstrap and the beam driven Current in future 
devices Such a5 BPX and ITER. 

111. FAST ION CONFINEMENT 

Cross-field transport of faSt ions lbeam injected ions, multi-MeV fusion products 
and minority ions heated by ICH) comparable to that for the thermal plasma would 
have substantial implications not only for the interpretation Of present experiments 
but a150 for reactor requirements. This topic has been extensively studied on TFTR. 
~n elegant experiment by Radeztsky e t  al. 11988). using tangential neutral beams 
injected inco the edge of e discharge and a tangentially viewing detector to measure 
the charge-exchange neutral flux, placed an upper bound on the diffusivity of 
passing fast ions 130-90keV) Of Dtasr < 0.05n2/s. Recently, Short (-20ms) pulses of 
injected beam ions were used to study the confinement of both passing and trapped 



Fig. 1 a) The measui-ed surface voltage in a discharge with 
nearly balanced injection compared with TRRNSP 
simulations including driven Ourrents and with 
simulations excluding the bootstrap Current and without 
the beam-driven current.(Ip - 1.0MA. 
b) Same comparison for a discharge heated by co- 
injection. 

PNBI - llm) 

(rP - I.OMA, pNBI * IIm, V+ - 8 x 1 0 W s )  
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Particles (90kev) (Scott et al.. 1990: Heidbrink et al.. 1991). The decay rate Of 
the fusion neutron production following the pulse was found to agree well with 
theoretical calculations based on classical slowing down and no radial diffusion. 
An upper bound on the radial transport wa5 inferred to be 0.1m2/s. This conclusion 
was also supported by measurements of the neutron emission profile and measurements 
of charge-exchange neutral3 along two vertically viewing Chords. 

Measurements Of the ICH-genezated energetic ions in TFTR indicate that the8e trapped 
ions experience very little radial transport compared to the Strong anomalous 
transport of the thermal plasma. Figure 2 Shows the measured flux Of lOOkeV 
hydrogen to a charge-exchange detector viewing vertically through the plasma at a 
major radius Of 3 .23m I =  Rp + 0.65a. with Rp = 2.61m and a = 0.96m for this plasma), 
a s  a function of the cyclotron resonance layer pwition. Since the detector is 
viewing perpendicular to the magnetic field, it sees particles which have charge- 
exchanged at their banana tips. The ICH accelerates the hydrogen primarily in "1, 
thus producing a very large signal when the resonance layer is directly over the 
detector. Figure 2 presents the predicted flux (normalized at R = 3 . 7 "  from a 
comprehensive bounce-averaged quasilinear Fokker-Planck code IHamett, 1986). This 
code is coupled to a full-wave ICH deposition code (Smithe et al., 1987) which 
calculates the propagation and deposition of the fast wave. The measurements can be 
matched with D f a s t  = 0.05m2/s. which is larger than the neoclassical prediction, 
-0.01m2/s, but roughly consistent with the transport expected to be cawed by 
toroidal field ripple. Nevertheless, the fast ions experience very little cross- 
field transport relative to the electron thermal diffusivity, X.. which was lm2/s. 

. . t D = 0.01 m2/s Detector -I 
Position 

1 

2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 
ICH Resonance Layer Position (m) 

Fig. 2 Charge-exchange measurements Of lOOkeV resonant 
minority ions as a function of the location of the ICH 
resonance layer compared with the results 0f.Fokker- 
Planck calculations for different l e v e l s  Of radial 
transport. 
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fast tritons produced by dld,plt reactions at lMeV, which slow down primarily by 
electron drag, may undergo subsequent t(d,n)a reactions to produce 14MeV neutrons. 
The triton burnup fraction (in steady-state, the ratio of the D-T neutron to the D-D 

neutron rate) is a very sensitive function Of triton slowing down and confinement. 
The ratio of the measured triton burnup fraction to the expected fraction is less 
than one and tends to decrease (to about 0.3) in discharges with long slowing-down 
times (Scott et al., 1990~). The discrepancy is consistent with a radial diffusion 
coefficient Of -0.1m2/s. Redial diffusion of faat fusion pzoducts at this rate in 
the burning plasmas of BPX or ITER would not be a severe 1055, due to the relatively 
short thermalization times for fusion alpha particles. 

Direct WaSUTementS of the loss of MeV D-D fusion products (tritons and protons) 
near the bottom of the vacuum vessel wall (45'-90° below the Outer midplanel and 
just below the midplane are shown in Figs. 3 and 4 .  The loss of fusion products 
away from the midplane is consistent with the expected first-orbit 105s in MHD 
quiescent discharges and is observed to decrease with increasing Current IZweben et 
a l . ,  1990). (The effects Of MHD on fast particle behavior will be discussed in Sec.  
VIIII. The Cross-field diffusivity Of passing particles above 0.5MeV has been shown 
to be D f a n i  I 0.1m2/s (Zveben et al., 1991). A midplane probe has been used 
to study 10.39 associated with toroidal field stochastic ripple diffusion (Boivin 
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Fig. 3 Ratio Of the measured ion loss to the total neutron flux 
versus plasma current for a probe mounted at the bottom 
of the YeSSel. The calculated curves include 105505 due 
to bad orbits and increasing levels of the radial 
diffusivity. The observed decreaae in ion 1055 with 
plasma current is consistent with the predicted loss of 
ions on bad orbits only, indicating little cross-field 
transport. IRp - 2 . 6 0 m .  BT - 3.7T. PNBl - 5 - 12MW) 
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PPPL#91XO317 

f Experimental results 
-0- First-Orbit + Ripple 
i, - First-Orbit only 

1 

I.1111111) 

I 1 
I ,  

Plasma Current (MA) 

Ratio of the measured ion 1 0 9 5  to the total neutron 
flux versus plasma Current for a probe mounted near tne 
midplane for the same scan Shown in Fig. 3 .  The 
predicted losses due to bad orbit5 and tOroidal field 
ripple stochastic diffusion are shown. 

e t  al., 19911, This 15 a potentially important transport mechanism beoause, when 
the ripple strength exceeds about 0.1%. the bounce point of the energetic ion 
diffuses vertically until the ion hits the wall. Initial modeling of the TF ripple 
diffwion and the experimental measurement8 are in reasonable accord, as shown in 
Fig. 4 for the same data set as in Fig. 3, confirming the presence Of the 10sse9 
predicted by Goldston, White, and Boozer (1981). The difference between the model 
and the experimental Zesults is believed to be due to the location of the detector, 
which is placed outside the RF limiter radius, but well inside the first wall. The 
detector can sample part of the confined ion population, explaining qualitatively 
the additional flux at medium CurrentS. 

The lack of strong anomalou~ transport for the fast ions, as found in all of these 
measurements, is believed to be the result of two effects. The dominant reason is 
that, in the absence of high-frequency MHD, e.g., Alfvbnic flvCtustion3 such a3 the 
toroidal Alfvbn eigenmode (TAE) or kinetic ballooning modes, theze are no resonant 
modes for the fast ions in these experiments (Efthimion e t  a l . ,  1989; Biglari and 
Chen, 1991). This favorable circumstance may not be satisfied in the D-T phase Of 
TFTR operation, where a-particles are expected to destabilize both TAE and kinetic 
ballooning modes, a3 will be discussed in Sec. VIII. A secondary factor is that 
even if the resonance condition could be satisfied, orbit-averaging effects, which 



occur when the ion banana width 15 large compared to the turbulence correlation 
length, reduce the driving force (Mynick and Duvall, 1989). 

IV. CROSS-FIELD TRRNSPORT 

Cross-field transport studies have been conducted over a luge parameter range 
(0.3 < Ip < 3MA, 1 < BT < 5T. 0 . 4  < a < 0.9m, 2.1 < Rp < 3.lm. PNBI I; 33MW. and 

PzCH I 6.3MW) and in many Operating regimes (L-mode, supershot, H-mode, and with 
pellet injection). Furthermore, a sophisticated set of profile diagnostics with 
good Spatial and temporal resolution has enabled u9 to conduct perturbation 
experiment9 to test various theoretical models. 

- The result9 from the steady-state tramport studies, which have been described in 
detail by Scott et a l .  (1989, 1990a-cl, Zarnstorff et al. (1989a.b) and Efthimion et 
al. (1991bl. will be briefly summarized. The effective ion heat diffusivity, 
'LEff I -qilnivTi, is large compared with the neoclassical value  (Fonck et a l . ,  
19891, a result similar to the D I I I  observations by Groebner et a l .  (1985). The 
electron, X g f f ,  and momentum X;'*  diffusivities are also much larger than 
neoclassical. In general, %peff  - 7.;'' > X z f f  in both the supershot regime, in which 
the density profile is highly peaked on axis, and in the L-mode regime with broad 
density profiles. This is Shown in Fig. 5 .  AS the density profile peakedness 
n,(O)/<n.> is varied from 1.5 to 3 largely by changes in wall recycling, the 
resulting discharge conditions vary COntinUOUSly from the L-mode to the supershot 
regime with variations of T& from 1 to 3, wheze %:is the prediction Of I-mode 
Scaling (GoldJton, 19841. is reduced by a factor up to 
eight within r < a12 whereas X g f f  is reduced by a factor of only about two. The 
particle diffusivity (ignoring possible pinches) is Of the same order as X z f f  in the 
plasma core X z f f  - (2  - 2.5) x Deff at rla - 0.27 and decreases as the density 
profile peakedness increases. In the core of high Current supershot discharges, 
both xTff and X Z f f  decrease with increasing neutral beam power despite the fact that 
the u5ual driving terms (Ti, Te, ne, p. .  . . I  all increase. 

Ion energy transport becomes so low in the core of supershot plasmas that heat 
conduction is negligible compared to convection. This Contrasts with the u3ual 
Situation in L-made discharges where conduction dominate3. The strong central 
fueling by the beam particles provides a w e l l  defined s o u ~ c e  of particles and heat, 
which in steady-state i9 balanced by an outward flux. The ratios Q.1T.T. and 
QilriTi (where Q and r are  the respective heat and particle fluxes1 yield upper 
bounds on the minimm v a l u e  of the ratio Of heat tranSpOrt by convection to particle 
flux for each species (zamstorff e t  a l . ,  1988b; 1989al. It is found that in 
supershots, the upper bound on the minimum value Of QilriTi is -312 for balanced and 
counter-beam injection, though for highly-rotating plasmas with CO-only injection 
the upper bound is 51. The upper bound on the minimum value Of QelreTe is typically 
-2  independent Of the direction Of beam injection. The values of these upper bound 
ratios are found to increase with minor radius, corresponding to an increase Of 
conduction compared with convection, assuming that the multiplier on the convection 
term does not change with minor radius. Comparing the measured ratio Of 
Q(r)lr(rlT(r) with theory appears to be a promising technique for evaluating 
different models of anomalous transport. 

The relationships between X g f f ,  X?". X +  and the particle diifusivities, as well as 
the upper bound on the convective heat flux, place significant Constraints On 
theoretical transport models. The Observation that X z f f  < X y f f  - X;ffis consistent 
with the predictions for electrostatically-driven transport. It is inconsistent 
with v l l ~  tzansport being the predominant mechanism throughout the plasma, 
although an electromagnetic model in which the turbulence is intermittent or the 

During this process, xYff 

e f f  
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0 0.5 
rla 

1 .o 
Fig. 5 Var ia t ions  Of x p f f ,  xTff and X:ff and X? with minor rad ius  

for a)  an I-mode plasma and b)  a superzhot .  F a  both 
discharges Rp - 2.45m. a - 0 . h .  Ip - 1.3MA, PNBl - 21MW. 

tran8port  along s t o c h a s t i c  f i e l d  l i n e s  occurs i n  some regions where t h e  surfaces  are 
destroyed, while o t h e r  i n t a c t  regions provide an e f f e c t i v e  t r a n s p o r t  b a r r i e r ,  may 
s t i l l  be possible .  how eve^, for  models i n  which t r a n s p o r t  along s t o c h a s t i c  magnetic 
f i e l d s  determine t h e  t r a n s p o x t ,  t h e  minimum r a t i o  of Qe/reTe  should be Of order  
I", whereas f o r  t h e  aleCtr03tat iC dr iven t r a n s p o r t  Qe/reT. - 1.5 .  Once again 
the data  suggests t h a t  e l e c t r o s t a t i c  turbulence is dominant, a t  l e a s t  i n  t h e  c a ~ e  of 
supershots.  
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Analysi5 Of momentum transport avoids some Of the complications associated with the 
analysis of heat transport because the convective momentum loss is much less 
important and the inertia of electrons is not significant. In addition, it provides 
further insight into another important plasma property. The central rotation Speed 
during neutral beam heating modulated at 5Hz (Scott et al., 1981) showed a clear 
modulation with centrally-weighted heating. During modulated edge-weighted heating, 
in which the beam depoSition profile peaked at r/a = 0.6, the central rotation 
velocity showed a simple secular rise. This behavior is Consistent with a Simple 
diffusive momentum transport mechanism (without a momentum pinch) with a X q  that 
is a factor Of -2 hiqher during Central heating than during edge heating. The 
observation that the final rotation speed attained after 3 beam cycle$ Of edge- 
heating was fully 213  Of that attained duxing Central-heating implies that diffusive 
tranSpOrt of momentum must dominate in this experiment over all local momentum 
damping mechanisms (e.g. ripple, charge-exchange) as well as any outwardly directed 
momentum flows (i.e. a positive pinch velocity). 

The diffusive nature of momentum transport is also apparent in the evolution of the 
velocity profile v ( ( R )  from an edge-peaked to a flat pmfile during the first 500ms 
of constant edge heating as shown in Fig. 6 (Takaae, et a l . .  1991). Similar to the 
modulated-beam data, the measured velocity profile can be reproduced without 
introducing a momentum pinch. Interestingly, the velocity profile "fills in" from 
the edge in an apparently diffusive manner, while the inferred (neoclassical) 
electIoStatiC potential increases secula~ly with time, due to the increasing 
velocity. This indicates that momentum transport cannot be driven by a relaxation 
of the electrostatic potential, as would be expected for example from ripple or 
electromagnetic turbulence Coupled to the wall. Similarly, w e  observe no changes in 
local temperatures and no changes in local heat-transport coefficients in rotating 
or quasi-stationary I-mode plasmas if the rotation speed is perturbed by transiently 
altering the mix Of CO- and counter-injecting beams (at constant PNBI). 

The variation Of T~ with aspect ratio ( 2 . 8  < R/a < 8.0) has been Studied by Grisham 
et al. (1990, 1991) in L-mode plasmas. The confinement time deduced from the 
diamagnetic measurement is in reasonable agreement with the ITER power scaling 
relationship (Yushmanov et a l . ,  1990) multiplied by a factor 0.8 - 0 . 8 5 .  However, 
the confinement deduced from detailed kinetic profile measurements yield* a more 
favorable dependence On aspect ratio, zE = R I 1 . '  - ao, closer to the Scaling Of 
Goldston (1984). In this experiment, an especially interesting observation is that 
Xerf is better described as a function of the local inverse aspect ratio ( E  - = / R I  

than a s  a function of nom"ired minor radius ( = / a l .  This data suggests that 
increasing inverse aspect ratio, rather than the local value Of electron temperature 
or q, is responsible for the enhanced transport in the plasma periphery. The 
isotope dependence Of cross-field transport was also studied in a series of ohmic 
and Lmode NBI discharges. The scaling of energy confinement with ion mass is found 
to be weaker than expected: for TFTR 1~ = Ao,2' whereas for ITER-P 1~ = Due 
to the difficulty in changing from deuterium to hydrogen in TFTR, there was a 
significant concentration (25 - 5 5 % )  of deuterium in the nominally hydrogen 
discharges that has been taken into account in deriving the exponent for the mass. 

e l f  

V. PERTURBATION EXPERIMENTS 

The radial variation of particle and heat fluxes (and the resulting variation of the 
density and temperature profiles) has been explozed in a series of perturbation 
experiments. Electron particle and thermal transport coefficients were measured 
during a controlled scan in which the plasma temperature va5 varied by a factor of 2 

while the electron density, plasma Curzent, and toroidal magnetic field were held 
constant (Efthimion et  a l . ,  1991a). The purpose was to determine if there is any 
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explicit temperature dependence Of electron transport in auxiliary heated plasmas. 
The particle transport was measured with a perturbative gas puffing technique. A 

small amount Of gas is introduced at the edge during a steady-state beam-heated 
plmma and the time evolutions of the density profile and the particle murces are 
“Sed to ascertain the particle transport coefficients. The analysis uses a general 
flux relatiomhip that allow.3 f01 nonlinear tranSpOrt which is fitted to the 
experimental particle flux ovez the time Of the perturbation at each plasma radius: 
6r- (JrlJVnISVn + ( ar/Jn)6n where the transport coefficients a r e  in terms of these 
partial derivatives. Previously, Efthimion et a l .  119891 analyzed the perturbed 
flux with the assumption that r - -DVn + rmwhich inherently assumed that D and the 
pinch velocity 7 are weak functions of n and Vn. This assumption has been found to 
be incorrect. In the temperature scan, the electron thermal diffusivity profile, 
X g f f ( r l ,  was Obtained from equilibrium power balance analysis. The analysis of the 
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particle and heat transport coefficients yields local temperature dependencies 
varying as Tea Where a - 1.5 - 2 . 5 .  Quasilinear models of microinstability theory 
have predicted this obsezved temperature dependence (Rewoldt and Tang, 19901 for the 
toroidal drift mode destabilized by the combined influence of trapped electrons and 
ion temperature gradients. It Should be noted that Zeff would result in 'IE - 
~ ~ ~ ~ - 0 . 6  which is approximately consistent with the widely Observed L-mode 
confinement power scaling. 

Taking the partial derivatives of the particle f luxes  X/aVn and X / a n  at each 
radius one can look for additional dependencies in the data. The two partial 
derivatives normalized to the temperature dependence vary with minor radius by 
factors of 30 to 50. There are feu pazameters that can fit the radial variations, 

satisfy the cross-partial Constraint and the large variation in the normalized 
partial derivatives aze the density and temperature scale lengths. The functional 
fits to the partial derivatives are integrated to obtain the form of the total 
particle flux. The best fits to the data are fluxes of the form 
(t~~11.5 - 2 .511"  e L n21Vn, and 2.5)/neL,L~.lVn in addition to a pinch term on 
the order Of the neoclassical value. The strong scale-length dependence can be 

and with the constraint a/an(ariavn~ = a/avn(arian~. The parameters that do 
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Fig. 7 The evolution of the measured density profile after 
pellet injection compared with modelling assuming D - 
2 . 4  x 1019(r/R) (Te2/n,Ln21 and the neoclassical pinch. 
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reduced if the local q is included in the expressions. These expressions are 
COnSiStent with electrostatic turbulent transport models (Ross et a l . ,  19871. 

Whether the highly nonlinear dependence of the particle flux on density scale length 
and Other terms indicated by the gas puff perturbation experiments is consistent 
with the density profile response to much larger amplitude perturbations has been 
studied using the relaxation Of density profiles following deuterium pellet 
injection (Hulse et a l . ,  1991). A beam-heated plasma fueled by six pellets 
presented a wide range of density scale lengths, including evolution from 5tmngly 
hollow to strongly peaked profiles with a central denaity up to -10 times that in 
the gas puff experiments. AS shown in Fig. 7, the evolution of the density profile 
following one Of the pallets is reasonably well predicted using a transport model 
With the same functional form as that derived from the gas puff analysis. While the 
present level of agreement does not provide proof that this particular transport 
model is uniquely oorrect, it does provide encouragement that highly nonlinear 
models consistent with theoretical expectations for electrostatic turbulent 
transport Can be used to interpret and model density transport over a substantial 
range Of Plasma conditions. However, in the core of Supershot discharges, this 
particular model overestimates the observed fluxes. 

A related transport issue of considerable importance to ITER is the transport Of 
trace impurities, in particular helium and iron. Charge-exchange recombination 
SpeCtrOSCOpy (Synakowski et a l . ,  1990: Stratton, et a l . ,  1991) has been used to 
measure the evolution of the helium and helium-like iron profiles after either the 
injection of a short gas puff or the injection of iron using the laser-blow-off 
techniqve. There are important differences between the behavior of the electron 
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perturbation and impurities. A S  Shown in Fig. 8,  the helium density and the 
perturbed electron density are found to have a different temporal behavior 
Suggesting that the background ions (deuterium and carbon1 are responding to achieve 
charge neutrality. In  addition, as ahown in Fig. 9, the helium profile in the 
supershot discharge is found to be peaked despite the fact that the fueling is from 
the edge for both the I-mode and the supershot discharges. The intrinsic carbon 
impurity profile in the Supershot discharges is also peaked. This data suggests 
that the H e  flux Should be described by both a diffusive and convective flux Since 
the source term on axis is negligible then 
both D H e  and sHe increase with minor zadius. The resulting value of v~~ is 
significantly larger than the predicted neoclassical value and Dfie - X ? f f .  Similar 
results have been obtained in iron impurity injection experiments. The difference 
in transport between the electrons and impurities is qualitatively consistent with 
detailed computations of toroidal drift microinstabilities of the type described by 
Rewoldt and Tang (19901. In this quasi-linear analysis, electrostatic fluctvationS 
are primarily driven by the Spatial gradients of the electrons and ions. These 
fluctuations in turn account for the transport of the impurity ions. Initial 
calculations indicate that if the calculated value THe were fit to a form of -DHe V 
nHe + vHe nHe, then a Significant value of the inward pinch would result. 

Assuming that rHe - - DHeVnHe t V H & H ~ ,  
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Fig. 9 Comparison of quasistationary He profiles in L-mode and 
supershot discharges 150ms after a Short He puff. The 
profiles a m  normalized to each other a t  r - 0.4m. For 
both discharges F+ - 2.45m, Ip - l.oMR, PNBI = 13Mw. 

The previous discussion suggests that the simple model of transport driven by 
electrostatic drift instabilities could account for the experimentally observed 
trends. However, the use of Such simple analysis estimates Cannot be universally 
justified beoause the observed experimental values Can vary over a large range in 
collisionality, density s c a l e  length, and 8 among other parameters of importance. 
In supershot discharges, rf f f (r  - a131 is found to dsscSa2 with increasing 
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temperature as the density scale length decreases from that in L-mode discharges. 
Thi3 is in Mrked Contrast with the results found in L-mode discharges: here both 
Deff and XTff  increase with increasing temperature. These trends are Shown in Fig. 
10. For comparison, the upper bound on the transport of fast ions is shown. Using 
the Same kinetic stability code described earlier, Tang and Rewoldt 11991) have 
calculated the temperature variation of the diffusivity in L-mode discharges with 
broad density profiles and in supershot discharges with peaked density profiles. 
These initial results are encouraging in that they indicate the expected unfavorable 
ion temperature dependence in L-mode but a weak (though not favorable) dependence in 
supershot discharges. The well known difficulties with electrostatic models are the 
variation with minor radius and the scalings with density, toroidal field, plasma 
Current and ion mass. While experimentally the thermal diffusivity increases 
significantly with minor radius, the electrostatic models predict that it Should 
decrease with radius, particularly over the outer half of the plasma. Recent 
density scans in ICH and beam-heated L-mode discharges at fixed power and current 
are not consistent with a simple analytic relationship Of the form Xeii - 

2 . 5 1  I (LneLT.ne) where w e  define Xeff 3 - (91 + q,) I (nivTi + nev 
Te). The thermal stored energy at fixed power scales weakly with xe which is 
inconsistent with Xeff - T,' since T.10) is nearly inversely proportional to the 
density. Detailed analysis Of these density scans will piovide another test Of the 
kinetic stability code in the near future. 
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also shown. 
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The observation Of enhanced Confinement in experiments with peaked density profiles 
(pellet-fueled, IOC, Counter neutral beam injection on ASDEX, Supershots, and the 
JET PEP mode) and the improvement of confinement in the ion channel has focused 
attention on the role of ion temperature gradient driven turbulence (ITGDT) , (See 
Stambaugh et a l . ,  1990 for a review Of work in this area.) This was reinforced by 
the work Of ZamStOTff et a l .  (1989b) who observed that in TFTR Supershots in 
steady-state qi - qic  as predicted by Romanelli (1989) and Hahm and Tang (19891, 
although the predicted radial profile and magnitude of xi for ITGDT were found to be 
in disagreement with experimental measurement in L-mode discharges. This motivated 
a series Of experiments (Zarnstorff et a l .  1990b. 1990~; Efthimion e t  al. 1991) in 
which a supershot target, where initially qi  - ?Ic, was perturbed by the injection 
of either carbon or deuterium pellets oz by a short burst of gas such that qi became 
transiently much larger than qi'. As a result Of the perturbation, Lne increased by 
a factor of - 8  and the Ti profile became slightly Steeper ILTi decreased). What was 

expected was a dramatic inczease in the value of xi, that would force the profile3 
back to "marginal stability" (?I - ? i c l ,  since the predicted value for the ion heat 
transport was much larger than observed. The analysis by Zarnstorff et a l .  (1990b) 
using TRANSP indicates that Zf" w a 9  not changed by the perturbation. Analytic 
fluid-type calculations Of T i  for the fully turbulent ITGDT transport (Biglari et 
a l . ,  19901 a r e  a factor of 3 to 30 greater than Observed implying that marginal 
Stability Should be enforced. However, kinetic quasi-linear numerical calculations 
IRewoldt and Tang, 1990) in toroidal geometry Of drift-modes driven by both ion 
temperature gradients and electron dynamics indicate that the total transport 
associated with the most unstable mode3 Should be approximately unchanged by the 
perturbation and that the transport is much lower than the fluid predictions. These 
results suggest that nonlinear fluid theories Of ITGDT transport might be brought 
into agreement with the experiment by a better treatment Of toroidal and kinetic 
effects. In any case, further work is required to develop a reliable predictive 
Capability for the observed transport. 

Empirical global Scaling relationships fit a broad range of experimental (L-mode) 
conditions from various machines reasonably well. However, a similar unifying 
relationship for the local diffusivity has not been achieved. As discussed above, 
this may be a consequence Of the transport fluxes being highly nonlinear or perhaps 
being enforced by a marginal stability requirement. Another possibility is that the 
transport is non-local, meaning that the local tzansport coefficients are determined 
not by local quantities (such as v* ,  8. Lne or LTI etc.) but by the value of such 
quantities elsewhere within the discharge. One example Of non-local phenomena is 
the profile redistribution associated with the Sawtooth instability. The 
possibility that non-local transport may play a role in the quiescent region of a 
discharge has been raised by an old result and has been brought to attention by 
several recent experiments as well. P~eviously, Fredrickson et a l .  (1987) and 
Taylor et a l .  (1989) reported that the electron temperature scale length is a weak 
function of heating profiles and, Outside the q - 1 Surface is a weak function of q. 
This concept Of '"profile consistency" (or Eather "profile resiliency", which 
recognizes the fact that the profiles are not rigidly constant) provides a good 
description of the electron temperature profile. In L-mode discharges, Scott et a l .  
(1990~) Observed that xZff and %rff decreased everywhere when the plasma Current was 

increased. This is surprising became the calculated Current density in the core 
does not change appreciably a s  the plasma current is increased due to the Sawteeth 
phenomena. One might, therefore, have expected the change t o  be predominantly in 
the Outer half of the plasma where the change in the current density, or q profile, 
is greatest. 

The above result$, together with the theoretical problem that electrostatic drift 
wave models do not predict the obse-ed current scaling, motivated an experiment by 
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Zarnstorff et a l .  (1990b) to perturb the current profiles locally and to evaluate 
how the local transport evolved. Plasmas in approximate steady-state were 
contrasted with cases where I,, was rapidly changed from ZMA to 1MA or vice-versa 
during 2 seconds of balanced neutral-beam heating, a8 shown in Fig. 11. During the 
steady state and Ip ramp-down conditions, the line-average density, ne, was 
maintained at a Constant value by gas puffing. The rapid change in Ip produces 
large transient variations Of the inferred j,, and q profiles as demonstrated by the 
change in the calculated internal inductance Pi. The energy confinement times, <E, 
of the Constant-current plasma= are in good agreement with L-mode scaling. 
Following the current rampdown or rampup, the energy confinement time does not 
follow the L-mode relationship IT: =I,,), but relaxes towards it only on a time-scala 
comparable to the resistive equilibration time, which is several seconds for the 
case shown, much longer than the energy confinement time itself. Since Bp and q 
near the edge of the plasma depend on Ip and not It0 lowest order) on the Current 
profile, this indicates that Ip scaling is not due to a direct dependence on the 
edge value of these quantities. 

- 
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Fig. 11 Time evolution of (a) I,,, (b) Wtor measured by the 
diamagnetic loop, I C )  11 from TRANSP modelling for 
deuterium plasmas with Ip - 1 MA, Ip - 2 MA and I,, 
decreased from 2 to 1 MA. For these plasmas Bt - 4.0T, 
R - 2.45m. a - 0 . h  and & - 3 . 4  I 10'9m-3. 

The evolution Of the Current profile in these plasmas has been calculated by TRANSP. 
The calculations indicate that a Skin current penetrates to - a i 2  Ifor the plasma 
shown) during the available beam-heating pulse. This is confirmed by the observed 
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evolution of the sawtooth inversion radius, indicative of the q - 1 radius, which is 
just beginning to change at the end of the beam-heating pulse. The changes in the q 
profile are calculated to transiently increase (decrease1 the shear 8 - ir/q)Jq/ar 
by a factor Of -2 during the IQ decrease lincreasel sequence. During the change in 
Ip and the resistive penetration of the Current perturbation, Ti, 
and ne profiles a m  not affected until the current perturbation reaches the plasma 
core (= /a  < 0.51. As a consequence, the experimentally inferred xpff  do not change, 
implying that the transport in the Outer region IT- > a/21 cannot depend strongly on 
the local jll, g, or S .  In particular, these observations imply that, as presently 
understood, tran8Port due to resistive ballooning modes (Carreras and Diamond, 1989) 
(Which varies a3 -qs/3/Sl,  nBOClaSSiCa1 pressure-gradient turbulence (Kuon, Diamond, 
and Biglari 19901 (which varies as -q' /3/s l ,  or the Rebut-Lallia model (Rebut et 
al., 19891 (which varies as ( v T e  - C l q t s  with C varying a3 j ~ t ' / ~ / q I ,  Cannot be 
significant in theSe plasmas in this region. These observations indicate that L- 
mode IP scaling iz due to the current profile in the core Of the plasma, perhaps 
near the q = 1 surface. Thus, the Observed steady-state dependence of X. on I~ 
across the entire profile must be due either to an additional parameter, correlated 
with IQ in Steady State, or a non-local transport dependence on the current profile, 
perhaps due to a global instability or radial turbulence propagation. In addition, 
they indicate that confinement can be substantially enhanced (or degraded1 relative 
to L-mode scaling for a fixed Ip value by modifying the current profile. 
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VI. NONDIMENSIONAL SCALING EXPERIMENTS 

Scaling Studies cast in the form of nondimensional parameters not only Offer the 
promise of providing a more physics-based approach to extrapolating to a future 
devise, but may provide insight into the nature Of the turbulence responsible for 
the tran9port. General considerations developed by Kadomtsev (19751 imply that 
global Confinement should vary according to: R i r ~  - F l p ' ,  Y', p, Zeft, q , .  . . . . I  
where R i  is the ion gyro frequency and F is a function of averages over the profile 
Of "nondimensional" quantities. Perkins (19901 has identified 19 nondimensional 
parameters which could potentially influence transport. On TFTR, scans in which all 
but one of these nondimensional quantities were held constant were performed (Waltz 
et a l .  1990al. Scans in the normalized gyroradius, p' - & / a  = iZTe101m~)"2/eBa for 
reactor typical values of q, p, and v* - but not p' itself - have been performed and 
are of particular interest for extrapolating to future devices. Theories which 
involve fine-scale turbulence with respect to 9' would be expected to follow gyro- 
reduced Bohm scaling: X g s  - lp$ nil l p s / L I F g B  where F g s  is a function Of 
dimensionless parameters and L is a local scale length. Transport due to long 
wavelength turbulence with respect to the device sire would be Bohm-like with: ?.e - 
( P f  R i l F s .  

Comparing confinement in discharges which have q, p and v* the same while varying 
the normalized gyroradius, p', requires that the following conditions be met in a BT 
scan at fixed plasma sire: In Such 
a scan, gyro-reduced Bohm Scaling predicts ' I~ = B whereas Bohm scaling predicts % E =  

B 1 / 3 .  The experimental challenge in these experiments is to obtain the plasma 
conditions which maintain a11 other relevant dimensionless parameters Constant. 

TWO different p' scans have been performed on TFTR, at a low and a high value Of the 
normalized density ~I./B,"~. In addition, scan in V *  have been performed. In the p' 
scans, as BT and ne were increased, the power necessary to maintain the temperature 
at T - B T ~ ' ~  Scaled approximately as 8 ~ ~ .  Within each scan, the global confinement 
was unchanged, consistent with L-mode Scaling and closer to Bohm than gyro-Bohm 
predictions. Experiments on DIII-D have shown similar results for global 
confinement but the local diffusivity in those experiments showed a BT scaling 

n = B4I3 and T - B2I3.  Then p' varies as B-2/3 .  
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Closer to gyro-BQhm (Waltz et a l . ,  1990b). The most recent DIII-D experiments 
indicate that the local thermal diffusivity could be represented by either Bohm and 
Wro-Bohm scaling IDeBoo et al. 1991). In the TFTR p* scans, values of Xef' 5hOu "0 
significant scaling with BT, consistent with the weak scaling predicted by Bohm but 
inconsistent with gyro-Bohm scaling. 

Another way to look at the scaling of local transport, which does not involve taking 
radial derivatives of experimental data, is to consider the power flow cleXp(=1 - 
ai(=) + Qe(r) through a magnetic surface normalized to what one would expect for 
gyco-Bohm and Bohm scaling when temperature profile shapes do not vary: geXp/gqx = 

[ la2-r21/r3Rl x e2B2qexp/32~n20T,5/2111'2 and qexplqs - p'(q.,,/qes). Here the radial 
factor in brackets is introduced for Convenience to avoid a large range of values in 
Fig. 12, which shows the normalized power flows of the two predictions for the low 
and high density p* scan and the v* scan. The Bohm-like Scaling better describes 
the ObServed dependences. The v* 8can shows the power flow to be independent Of 
Collisionality, at: least when v* < 1. Analysis of the uncertainty in the evaluation 
of qexp/9aohm indicates that mast Of the Scatter at r - 0.5m could be attributed to 
the uncertainty in the diagnostic measurements and it is approximately constant with 
minor radius. In the p' scans, the electron and ion temperature profile shapes were 
fairly constant; however, in the Y *  scan. though the electron temperature profile 
shape remained constant, the ion temperature profile Shape did vary systematically. 

For these I-mode discharges the power f l o w  through the ion channel dominate*. This 
suggests that the electron temperature Should be replaced by the ion temperature in 
the expressions for normalized power flow. When this is done, the Bohm 
normalization again describes the data better, although there is a Somewhat larger 
Scatter in the data. These results suggest that long wavelength turbulence is 
primarily responsible fox cross-field transport in these L-mode plasmas. 

VII. TURBULENCE STUDIES 

The inference that the transport is due to electrostatic instabilities has motivated 
the development of diagnostics to study density perturbations. Three principal 
diagnostics, microwave scattering, beam emission spectroscopy, and microwave 
reflectometry have been used. The extracxdinary mode microwave Scattering syatem 
(Bretr et al., 19881 is the moat established of these techniques. Scattering in all 
regimes in the plasma interior shows that the fluctuation spectrum is dominated by 
values of kl < 4cm-I. which are not spatially well resolved by microwave scattering 
(Peebles et a l . ,  1990). The measured k-spectrum falls approximately as k i 3  in 
ohmic, I-mode and Supershot discharges. In ohmic discharges the apparent width of 
the spectrum in frequency is generally somewhat greater than U;= keTe/eBtLn with a 
shift, os, alway~ in the electron diamagnetic drift direction. In ohmic 
discharges, - the largest Shifts, w . / O ~  up to 4. have been observed in high density 
plasmas Ing > 3 I 101pm~31. In beam-heated discharges, toroidal plasma rotation 
dominates the form Of the frequency Spectrum due to the instrumental averaging Of 
the rotation profile Over the scattering Volume. The estimated magnitude Qf 6n./n. 
-0.3% at r la  - 0.3 is in approximate agreement with the mixing length estimate 
l/<kl>L where I - G. This is consistent with theoretical estimates based on 
collisionless trapped electron mode turbulence. The scattered power at rla - 0.3 
for a fixed value Of kL - 4.2cm-1 (kipn - 0.51 has been found to increase with 
neutral beam heating power in I-mode discharges. 

The beam emission spectroscopy diagnostic IBESI diagnostic measures plasma density 
fluctuations by observing the fluOceSCence emitted from a neutral beam a5 it impacts 
the plasma [Paul and Fonck, 1990). The observed light from the Da transition 
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Furthermore, as Shown in Fig. 13, during a power scan in L-mode discharges, the 
density fluctuation amplitude at = l a  - 0.7 is found to be inversely correlated with 
the energy confinement time whereas no variation in &In with TE is observed at the 
edge (=/a > 0.95). This data indicates the exigtence of large-scale fluctuations 
correlated with enhanced transport. Such fluctuations are poorly resolved spatially 
by microwave scattering techniques. Trapped-ion modes (Diamond and Biglari, 1990; 
Biglari and Diamond 1991, and references therein) are theoretically predicted to 
have these characteristics. Further microinstability calculations, which take into 
account long radial wavelength properties in toroidal geometry (Marchand et al., 
19801, will be performed. 
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Fig. 13 Amplitude Of local density fluctuations in L-mode 

discharges versus total confinement time for a) an 
interior region of the plasma and b) the plasma edge. 

TO extend fluctuation studies to longer wavelengths, a single channel ertraordinary- 
mode 140GHz reflectometer was installed at the end Of the last Operating period and 
is now being upgraded to four channels. Initial reSultS i n  ohmic discharges 
indicate that fluctuation levels in the plasma core for kL < lcm-I are very small, 



- 
nln < and increase monotonically with minor radius to values of approximately 
10-2 at the edge of the plasma. Edge density fluctuations with kI - lcm-1 and : I n  
up to 10% have also been observed near the inner wall using visible imaging of 
ambient Ha light (Zveben and Medley, 19891 .  

These initial results indicate that in ohmic discharges a peak in the fluctuation 
spectrum may exist between 1 C ki < 4cm-I. Experiments with the full complement of 
reflectometry channels will be performed to complete the study Of the 
k-spectrum and perfom a comparison of the results Of the different diagnostics in 
different operating regimes. 

VIII. ROLE OF MHD IN TRANSPORT 

MHD activity plays an important role in deteemining plasma performance. For 
example, performance of supershot discharges is found to be correlated with the 
Stabilization of the sawtooth instability and avoidance of low mln activity. 
Discharges with the highest values Of density profile peakedness have the longest 
confinement times and are observed to be sawtooth stabilized. The beam power 
required to stabilize the sawtooth instability increases with decreasing g l a )  
(Manickam et al., 1989). The confinement of high Current 02MA) discharges has 
been, thus far, impaired by the onset of sawteeth. ICH stabilization Of sawteeth, 
which was first demnstrated on JET (Campbell et a l .  19881, show3 great potential 
for extending the operating regime to higher Current (Hosea et a l . ,  1990a. 1990b). 
Recent experiments at modest powers lPNBI - llMw and PIC" = 3MW) have demonstrated 
that it is possible to obtain supershot conditions with ICH and to Stabilize the 
sawtooth instability at relatively high Current ( Z M A I ,  as shown in Fig. 14 (Phillips 
et a l . ,  19911. 
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The propagation of heat after the crash phase of the Sawtooth instability has been 

IFredrickson et a l . ,  19861 that the value Of heat diffusivity, zHP, from an analysis 
Studied by Fredrickson et al. 11990) who have modified their p~eviou9 interpretation 

of the heat pulse, is larger than that from the paver balance, XpB. The recent 
analysis Shows that the temperature increases beyond the mixing radius after the 
sawtooth crash. This initial ballistic response has been modeled by a large 
transient increase in the heat diffusivity. The subsequent propagation of the heat 
pulse after this redistribution is found to be in reasonable accord with a model 
that ~ S S U M S  XHP - X e s .  Whether the increase in the heat diffusivity accompanying 
the Sawtooth crash is due to magnetic stochasticity or due to an increased level of 
drift wave turbulence remains to be resolved. Nazikian e t  a l .  119911 have ob~erved 
Short wavelength, high frequency ( -0')  turbulence in the region of the X-point of 
the m = 1 island during the sawtooth crash. 

far-more deleterious than Sawtooth activity is the onset of low-m modes which have 
set the operational boundaries of the supershot regime pn = l P / l I p / a B T )  < 2.1 
l%mT/MA) and E$, < 0.7 (McGuire e t  al., 1987; Bell et a l . ,  19891. These 
instabilities can result in either a soft B-collapse In 1 1 1  or 11895 frequently) a 
rapid disruption In = 11. In recent experiments INavratil et a l . ,  1990; Sabbsgh e t  
a l . ,  1990 and 1991) the curzent was ramped down just prior to neutral beam injection 
which significantly increased t i  during the heating. This appeared to suppress the 
deleterious MHD activity and substantially extended the TFTR limits in both B, and 
cpp at low plasma Current. AS Shown in Fig. 15, epp was increased to 1.6 and p. to 
4.1. In the discharges with large value3 of ePp, a natural inboard poloidal 
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divertor appeared. This 
enhancement tends to increase as epp increases. DiSChargeS in which the plasma 
current is ramped down have the largest improvement over I-mode. This operating 
regime demonstrates that peaking the Current profile can both increase the energy 
confinement time and extend the tokamak operating regime. 

In addition to affecting the confinement Of the background plasma, MHD instabilities 
can interact with the fast ions. Zveben et al. 11990) have observed that the fusion 
products are expelled from the plasma when large amplitude low-m instabilities are 
prezent and during the crash of the sawtooth. This MHD activity does not appear to 
be driven by the fast particles. However, since collective interactions driven by 
fast particles, such as the fishbone instability, have been observed frequently on 
smaller devices, there are concerns that during deuterium-tritium operation, alpha 
particles could collectively interact with MHD modes. An instability with a very 
low predicted threshold (Cheng et al., 1990) is the toroidal Alfven eigenmode which 
can be destabilized by the alpha pazticles with parallel velocity Va - VA. Wong et 
a l .  (1991a: 1991b) have recently performed a simulation experiment using neutral 
beams which is reported at this Conference. At low toroidal field I-1Tl and 
[relatively) high density lze - 2 . 5  * 1019m-3)  the theoretical condition for 
instability Vh - VA can be satisfied. Bursts Of WID activity in the frequency range 
of the toroidal Alfven eigenmode were observed when the plasma density was 

sufficiently high that VhlV ,  > 0.7. The observed frequency scaled as the 
theoretical frequency when varied over a factor of two by varying the plasma density 

These diSchargeS have enhanced confinement with TE/TE< 3 .  
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and the toroidal field. Beam emission spectroscopy w a ~  used to measure the mode 
Structure of the instability inside the plasma (a/Z < I < a)  which was found to be 
a3 expected for a global eigenmode. These experiments also showed a decrease in 
neutron flux with the occurrence of the MHD fluctuation, indicating the loss Of fast 
beam ions from the plasma, as shown in Fig. 16. Initial estimates indicate that the 
instability threshold is substantially higher than the theoretically predicted 
threshold; however, further theoretical work is in progress IBerk et al. 1991). 

I X .  WALL CONDITIONING 

Wall conditioning techniques have been and continue to be a key element in the 
development of the enhanced confinement regime in TFTR. Ohmic He conditioning shots 
IDylla et a l . ,  1987) continue to be used to maintain low recycling of the hydrogenic 
species. Once the hydrogen recycling has been reduced, plasma performance becomes 
well correlated with the level Of CII impurity light from the target plasma. 
Previous problem with carbon blooms during high-power SuperShotS have been remedied 
by replacing the graphite tiles in the high heat flux region Of the toroidal limiter 
with carbon-carbon composite tiles which have much higher thermal Stress capability 
(Ulrickson et a l .  1989, 1990). Further reductions in the influx of carbon were 
achieved during the 1990 run by injecting lithium pellets prior to beam injection. 
Snipes et al. (1991) at this Conference describe the use of pellets to coat the 
walls with lithium. The result of the lithium injection is to decrease the 
recycling Of carbon and deuterium leading to appreciable, and reliable, increases in 
the Central ion temperature, total plasma stored energy, and peak neutron rate. 
USing this technique, the maximum neutron source strength of 5 x l0l6 neutrons per 
Second, corresponding to a D-D fusion power Of 58kW. was achieved with 33Mw Jf 
heating power. In this discharge, the valve Of Qoo = 1.8 x l V 3  was among the 
highest achieved on TFTR. Transport analysis indicates that the improvement with Li 
pellet injection is mainly due to a reduction in the ion thermal diffusivity by 30 - 
60% in the Off-axiS region 0 . 2 5  < =/a  < 0 . 5 .  How a relatively minor change to the 
plasma boundary condition results in a significant change to the core transport 
coefficients remains a major unanswered question. 

X .  SUMMARY 

Transport studies in L-mode, supershots and H-mode suggest that in discharges 
without observable MHD activity, the underlying tranSpOrt is caused by electrostatic 
turbulence. , Xieft, XEff and the particle diffusivities 
and the limits placed on the convection multiplier indicate that strong magnetic 
stochasticity does not govern transport. The experimental results also indicate 
that existing theoretical models need to be further developed. The observation of 
long-scale-length fluctuations being correlated with Confinement has significant 
physical ramifications. Further studies with additional diagnostics over a broader 
parameter range during the next run will be conducted to explore these thought- 
provoking results further. The nondimensional Scaling experiments indicate that 
Bohm-like scaling is a better description Of the heat flux than gyro-reduced Bohm 
scaling. This study also implies that long wavelength modes may account for the 
major part of the observed transport. The current perturbation experiments have 
ahom that Ip Scaling is not due to local changes in the q or 5 profile, implying 
that transport is non-local or that other parameters are subtly corzelated and not 
controlled. Present resistive ballooning models as well as the Rebut-Lallia model 
do not describe these results. These experiments also indicate that Confinement can 
be controlled through the central Current profile. Marginal stability imposed by 
fluid models of ITGDT has been tested by perturbation experiments which have 
demonstrated that a large increase in the ion heat diffusivity does not occur when 
the criteria for the onset Of ITGDT are exceeded. These results indicate the need 
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to include kinetic and toroidal effects in the analysis. Although the transport 
Studies have not yet succeeded in developing a reliable theoretically-based 
predictive capability, they have significantly constrained the theoretical models. 

The transport studies have stimulated the development Of new Operating regimes such 
a s  the high-Pp regime, and have demonstrated the importance of current profile 
Control in the next generation Of machines. As always. there continues to be an 
important role far exploration. The development of new w a l l  coating techniques 
using lithium pellet injection has resulted in extension of the parameter range for 
neutron Source strength and for 000 in preparation for D-T experiments on TFTR. 

Preparations are actively underway to begin D-T operations in 1993. Those 
experiments will be the natural consequence Of the transport studies described here, 
for not only will they build on these experiments, but they will also enable 
transport to be investigated in a new regime. For example, the simulation 
experiments with neutral beam injection Of the tomidal Alfven eigemode Showed that 
the interaction of MHD and fast ions can be an important process. When extrapolated 
to D-T, the experimental conditions achieved to date in TFTR will enable the direct 
Study Of collectively driven alpha instabilities IBudny et a l . ,  19911. These 
instabilities could be important in the next generation of machines, BPX and ITER, 
and Will be studied on TFTR. 
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