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The conjecture that the safety factor profile, q(r), controls the improvement in tokamak plasmas 

h m  poor confinement in the Low- (L-) mode regime to improved confinement in the supershot re- 

gime has been tested in two experiments on the Tokamak Fusion Test Reactor (TFI’R) [Plasma Phys. 

Controlled NucI. Fusion Res. 1,51 (1987)l. First, helium was puffed into the beam-heated phase of a 

supershot discharge which induced a degradation from supershot to L-mode confinement in about 100 

msec, far less than the current relaxation time. The q and shear profiles measured by a motional Stark 

effect polarimeter showed little change during the confinement degradation. Second, rapid current 

ramps in supershot plasmas aitered the q profile, but were observed not to change significantly the 

energy confinement. Thus, enhanced confinement in supershot plasmas is not due to a particular q 

profile which has enhanced stability or transport properties. The discharges making a continuous 

transition between supershot and L-mode confinement were also used to test the critical-electron-tem- 

perature-gradient transport model. It was found that this model could not reproduce the large changes 

in electron and ion temperature caused by the change in confinement. 
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L Introduction 

Several techniques have been developed to improve energy and particle confinement to more than 

double Low- &-) mode values in a tokamak discharge. One example of importance is the supershot 

regime2 on the Tokamak Fusion Test Reactor (TFTR)? as well as on other tokamaks? which is reached 

by aggressive conditioning of the carbon limiter to reduce particle influx from the wall of the vacuum 

vessel! The supershot regime is of considerable practical importance since the highest values of 

energy confinement time, ion temperature? and reactivity triple product %=Ti (electron density? en- 

ergy confinement t h e  and ion temperature, respectively) in DD discharges in TFTR have been reached 

in the supershot regime. Most of the DT phenomena being studied in TFTR have used this regime 

because it realizes a factor of 5 to 10 higher DT fusion rates and pa, the p due to fusion-generated 

energetic alpha particles? than do L-mode plasmas5 

The supershot regime has four characteristics that distinguish it from the L-mode regime: (1) 

peaked electron density profiles, (2) high values of Ti and of the ratio Tine where Te is the electron 

temperature (this ratio is about 1 in L-mode and about 3 in supershot plasmas), (3) low core ion thermal 

diffusivity, and (4) low edge influx of carbon and hydrogen.:! The cause of the supershot enhanced 

confinement is of general interest because discharges having characteristics similar to supershots have 

been obtained on other tokamaks such as the Joint European Torus (JET)! DIII-D,~ the Japan Atomic 

Energy Research Institute Tokamak-60 (JT-6OU),8 and the Torus Experiment for Technological Ori- 

ented Research (TEXTOR)9 Such regimes have a variety of names such as "hot-ion mode" or "I- 

mode?' confinement. A supershot plasma does not evolve from or make a transition from an L-mode 

plasma. The two types of discharges are fundamentally different in that the transport properties of the 

L-mode and supershot regimes are distinct, particularly the scaling with temperature and heating power," 

and so are a valuable test for transport models. 

The supershot may be an attractive operational mode for a reactor since the peaked density and 

tempefature profiles lead to high values of the figure of merit for neutron production p* E 2 ~ < p ~ > ~ n /  

BSup5(2,t), where p is the pressure and Bt the toroidal field? An understanding of the physics mecha- 

nisms underlying the favorable properties of supershots could be used to improve the performance or 

to reduce the size of an ignited tokamak. However, supershots have not been used in the design of 
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future reactors such as the International Thermonuclear Experimental Reactor (ITER). l1 One reason is 

that it is not clear how to obtain the low particle influx in ITER that seems to be required for supershot 

OPer(tti0fi. 

The cause of the improved confinement of supershots is still under investigation. For example, it 

is not unde3stood how a reduction in particle recycling at the plasma edge could improve core confine- 

ment. Experiments have shown that edge density perturbations generated by a helium gas puff caused 

the power flows and confinement to deteriorate in the core before they did further out in radius. l2 This 

occurred even though perturbations of local density and temperature propagated inward from the edge 

tothecore. 

Various hypotheses to explain the good confinement of supershots have been investigated. A 

strong correlation between the total stored energy and Hne, the neutral-beam particle deposition shape 

factor, has been observed in L-mode and supershot discharges.13 However, the improvement in perfor- 

mance by a supershot is greater than that expected solely from a change in heating deposition assuming 

colls~nt local values of the ion and electron thermal diffusivities, and Xe, consistent with local 

transport analyses which show a marked reduction in Xi between L-mode and supershot discharges. l4 

It has also been demonstrated that supershots are not controlled by marginal stability to ion-tempera- 

ture-gradient- driven turbulence (ITGDT).15*16 However, more recent nonlinear gyrofluid simulations 

which predict the thermal transport of lTG modes17 have been found to be in qualitative agreement 

with the observed transport in supershots including the role of the edge conditions and how they affect 

core transport, Modeling calculations based on analytic representations of Xi driven by ITG modes 

also qualitatively reproduce the L-mode to supershot differences. l8 

Supershot plasmas differ from tmode  plasmas in several ways that might be expected to affect 

the q (safety factor) and current profiles: They have a broader electron temperature profile, higher edge 

Te, a larger contribution from bootstrap currents, and a larger Shafranov shift than Lmode plasmas. 

Therefore it is interesting to evaluate how supershot transport is affected by the q profile, and in par- 

ticular whether the improved core confinement in supershots is caused by a modification from the q 

profile prevalent in L-mode plasmas. This hypothesis was tested in two ways. The first, described in 

section 11, degraded a supershot discharge to L-mode confinement levels with a He gas puff. The main 
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result of this paper is a comparison of the profiles measured by a motional-Stark-effect (MSE) pola- 

~irneter'~'~'before and after the confinement-mode change. A second test of confmement sensitivity to 

the q profile was made by rapidly changing the total plasma current in a supershot which drastically 

changed the q profile. The result of this experiment is presented in section III. The q profile may affect 

the ultimate performance of a supershot by the action of magnetohydrodynamic (MHD) instabilities 

as discussed in section IV. 

A pmpcsed tran~port model, the critical-electron-temperature gradient model," also known as the 

Rebut-Lallia-Watkins, mW, or Rebut-Lallia-Watkins-Boucher model, has been shown to model JET 

discharges q~s ln t i t a t ive ly . "~~~~~  If this model also quantitatively models TFTR supershots, the under- 

lying physical reasons for improved transport may be found in the assumptions of the model. Because 

this model assumes a strong dependence of the anomalous electron thermal diffusivity on the q profile 

as %,e = 42, it is particularly appropriate to test the mode1 with these plasmas. The applicability of 

this model to supershot discharges is important since the RLW formalism is being used to design the 

hardware and the operating scenarios of ITER.% The ability of the RLW model to predict the changes 

in electron and ion temperatures during the supershot to L-mode degradation is addressed in section V. 

II. Confinement Variation 

The supershot to L m d e  comparison was made by creating a typical TFI'R supershot and spoiling 

the energy confinement with a He gas puff. Because helium is absorbed by the TFI'R carbon limiter in 

about 1 sec which is comparable to the duration of a TFTR di~charge:~ the helium rapidly increases 

the edge neutral influx, reduces the edge ion temperature, and within one energy confinement time 

reproducibly produces plasmas with broad density profiles and greatly reduced ion energy confine- 

ment. 12 

Figure 1 shows the plasma parameters for the spoiled supershot and a companion supershot that 

was not spoiled. The discharges were created identically: The plasma current was 1.4 MA, the major 

radius of the last closed flux surface was 2.62 m, and the discharges were heated with 17.6 M W  of 

balanced co- and counter-tangential neutral-beam power beginning at 3.7 sec. To spoil the discharge, 

approximately 14.5 torr-1 of He was injected into the torus between 4.20 and 4.29 sec. At this time, the 
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q profile had almost fully relaxed to a steady-state value. As shown in Fig. 1, both discharges had 

identical stored energy, poloidal beta h i ,  and q(0) before the gas puff. The central electron density, 

%(Oh and density peaking factor, %(0)/ae> (where a,> is the volume-averaged electron density), 

for the spoiled supershot were slightly higher before the gas puff due to He accumulated from interven- 

ing discharges. An identical response is observed in other experiments where there is no helium in the 

discharge before the gas puff. The energy confinement time enhancement over Goldston L-mode 

scaling,' TE/TEA, was also the same for both discharges. At the beginning of the pulse, ZE/ZEJ, = 2.0 

and %(O)/a> = 2.1, which are typical values for a supershot plasma. The central ion temperature as 

measured by charge-exchange recombination spectr~scopy~ was the same, within the uncertainty of 

the measurement, before the gas puff. It is readily apparent in Fig. 1 that each of these parameters, 

except for q(O), was degraded after the gas puff. For example, ZE/ZE,L fell from 2 to less than 1.25 and 

the density peaking factor fell from 2.1 to 1.5. 

The ion and electron temperature profiles from the spoiled supershot before and after the gas puff 

are shown in Figs. 2 and 3, respectively. The profiles at both times for the supershot without a gas puff 

are the same as the spoiled supershot before the gas puff, showing that the discharge had reached 

equilibrium before the gas was injected. The gas puff caused the ion temperature, Fig. 2, to decrease 

throughout the plasma, with the central temperature falling from 17 to 5 keV. The electron tempera- 

ture, as measured by electron-cyclotron emission (ECE),29 also decreased (Fig. 3), but by a lesser 

amount and the profile remained quite peaked. The electron density, measured by a 10-channel far 

infrared laser interferometer,% increased by about 25% in the center but doubled at the plasma edge 

and so became less peaked. The ion thermal diffusivity, Xi, increased by an order of magnitude within 

r < d3, but was unchanged at larger radius. Each profiie after the gas puff had the characteristics of a 

usual L-mode plasma. 

The internal magnetic field was measured using a MSE polarimeter. 19-21 These measurements, in 

conjunction with external magnetic field measurements and the kinetic pressure profile, were used by 

the Variational Moments Equilibrium Code ( V M E C ) ~ ~  to determine the q, shear, and current profiles. 

The resulting q and shear profiles, as a function of the square root of the normalized toroidal flux, X = 
R(,@/qa)) , are shown in Figs. 4 and 5,  respectively. The toroidal flux coordinate was chosen because 
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the lower stored energy in the Gmode phase caused the magnetic axis to move inwards, preventing 

direct comparisons in terms of major radius. On these graphs, the magnetic axis is at X = 0 while the 

edgeoftheplasmaisatX= 1. 

The unspoiled supershot showed little change in the q profile, Fig. 4, from 4.19 to 4.47 see. The 

difference in q(X) was less than lo%, with q(0) having fallen slightly and the largest decrease occur- 

ring at X = 0.75. The changes in q(X) for the spoiled supershot were similarly small. The largest 

change, by Aq = -0.2, was at x = 0.70. There was a modest increase in q at the edge of the plasma due 

to the change in the stored energy. All of the inferred changes are smaller than the estimated 10% 

U- ty in the equilibrium 

Profiles of the magnetic shear, defined as s E 2(V/q) (aq/aw> (aydav) where Vis the plasma vol- 

ume and y i s  the poloidal flux, are shown in Fig. 5 for both discharges. The uncertainty in s is f 0.15 

and increases slightly near X = 1. The shear profiles are the same for both plasmas and there was never 

a region of negative, or reverse, shear in either plasma. For both discharges at both times of interest, 

the shear increased smoothly from 0 at the magnetic axis until X = 0.8 where s = 2 and q = 5. After a 

small region of nearly constant shear, the shear increased rapidly to about 4 at the edge of the plasma. 

The shear profile remained unchanged to within the accuracy of the equilibrium reconstruction for the 

unspoiled supershot, except at the edge of the plasma. The change in shear caused by the gas puff for 

the spoiled supershot was also within the uncertainty of the reconstruction for X e 0.8. For X > 0.8, the 

change in shear is much larger and is due to the increase in q(X=l) caused by the magnetic axis shift. 

The current profiles, which are not shown, have no substantial changes other than those consistent with 

the magnetic axis shift. 

The measured plasma profiles may be summarized as follows: The gas puff caused changes in the 

q and shear profiles that were of the order of the uncertainty in the measurement and were similar to the 

evolution of the unspoiled discharge whereas the change in the ion thermal diffusivity profile was very 

large. Thus, within the uncertainty of the measurements, the enhanced confinement properties of the 

supershot regime do not depend on particular shapes or values of the q profile. 
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III. q Profile Variation 

To assess the quantitative effect of varying the q-profile on supershot confinement, a set of supershot 

plasmas was prepared with different cunent ramps prior to the start of neutral beam injection, but with 

o t h d s e  nominally identical conditions (R = 2.61 m, Bt = 4.5 T, pb = 17.5 MW). The plasma current 

was i n d  from 1 .O to 1.4 MA, held flat at 1.4 MA, or else decreased from 2.0 to 1.4 MA prior to the 

start of auxiliary heating. The current ramp duration was 200 - 400 msec, and its timing was varied on 

successive discharges to change the degree of current penetration, with ramp end-times preceding the 

start of neutral injection by 0 - 1.5 sec. Figure 6 shows a comparison of “late” ramps, which ended just 

at the start of neutral injection, to a reference constant-current discharge. In Figs. 6 and 8, tJ2 = A - 
fiupS(dia,pl) has been used as a measure of the effective internal inductance. Therefore, the value of 

&2 shown in qb) is only approximately correct because of the difference between PSupS(eq,pol) and 

ps~px&pI).  
Variations of the q profile produced either small or no changes in the peak Q attained in the 

discharge. The current ramp significantly altered the current density profile transiently as indicated by 

the change in &‘2. The internal inductance, inferred fiom magnetics measurements 400 msec after 

beam injection began, varied fiom 0.5 (up-ramp) to 0.9 (down-ramp). The q profiles measured by 

MSE were very different as shown in Fig. 7. For the discharges shown in Fig. 6, the difference in Q at 

4.4 sec was moderate in size, being ~ 1 8 0  msec for the up-ramp versus =140 msec for the down-ramp. 

However, the peak value of occurred at different times after beam injection began. As shown in Fig. 

qd), the peak value of the energy confinement time was approximately the same for all three plasma 

current cases. At 4.4 sec (near the peak of the stored energy) there was a small trend of decreasing Q 

with increasing tJ2. 

The current ramps also caused a substantial, albeit transient, effect on the central ion temperature. 

Note that coherent MHD modes arose in the discharge with an I, up-ramp starting at about 4.45 sec, 

which thenceforth spoiled the confinement, so the improvement in maximum stored energy, Wwt, was 

only about 12%. 

Although there is a systematic correlation of decreasing Q near the time of peak stored energy 

[Fig. 8(a)] with increasing lJ2, the correlation with edge recycling4 precludes us from concluding that 
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the q p f d e  directly caused the improved confinement, since it could also result indirectly through the 

reduced recycling at lower lo. In addition, the edge recycling during neutral injection appeared to 

vary systematically with the current ramp, with the better-performing plasmas having lower recycling. 

This is evident in both the *-dependent plots and in Fig. 8, which plots various quantities as a 

function of li/2 for the entire data set, including all of the different end-times of the current ramps. The 

edge emission fmn both Ha and CII lines increases systematically with &/2, as does the edge electron 

density. The effect of current ramps on edge recycling was unexpected and is not consistent with 

simple recycling models which depend mostly on the power flux to the limiter and the degree of satu- 

ration of the limiter by deuterium. Also, the apparent decrease in TE is due to the choice of the sampling 

time, 400 111sec after beam injection, when the plasma had approximately reached equilibrium and had 

approximately its peak stored energy. 

The dependence of TE on tJ2 in supershots differs from the behavior observed in L-mode” and 

high ploidal beta33 plasmas. In L-mode plasmas, Xi and & were found to be independent of &/2 in the 

region r > a/2, while ~&E,L increased with t i 2  for low current-ramp rates. At higher ramp rates where 

q and the shear length, I (q2R/r)(dq/dq)-l, are decorrelated, xSupS(t0t.i) was found to be propor- 

tional to Ls while xSupS(tot,e) was independent of b.% In high b l  plasmas, an increase in TFJQA 

with was ~bsewed at the time of peaked stored energy.33 A positive correlation of Q increasing 

with t i  in L-mode and H-mode discharges was also observed in DIII-D.~~ Nevertheless, the data do 

establish a modest upper bound on the effect of the edge current density on supershot confinement. In 

particular, as shown in Fig. 8(b), the energy confinement times of all the current ramp discharges 

remain more than 2.1 times L-mode scaling. Thus, the supershot retains highly enhanced confinement, 

relative to L mode, for a large range of q profiles as inferred from the large range of &/2. 

IV. Discussion 

A correlation between the presence of coherent magnetohydrodynamic (MHD) modes and degra- 

dation of supershot performance has been observed by Chang ef aZ.36 A supershot typically reaches 

peak values of neutron emission, stored energy, and Confinement time after a few hundred msec of 

beam injection. In most supershots, these values reach a steady-state value. However, in about 1/3 of 
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the supershot discharges, the stored energy decreases after the peak value has been reached by up to 

30% With up to 6096 degradation of the neutron emission rate. The performance deterioration depends 

upon the amplitude of the mode (or equivalently, the island width). So, while the ultimate performance 

of the supershot may be limited by MHD modes whose amplitude and effect may depend on the mag- 

netic shear pr~fde?~the supershot discharge still has greatly enhanced performance relative to an L- 

mode plasma even in the degraded state. 

To hnpmve stability of the supershot, discharges with high values of have been created by 

quickly Becreasln ' g the plasma c~rren t .3~  These plasmas have many of the same attributes as supershot 

p1;tsmas and produce fusion powers similar to supershot plasmas but at 2/3 of the plasma current and 

are thus a good candidate for a reactor?8 The increased stability is due to peaking of the current profile 

as represented by higher values of tJ2. The energy confinement time has reached 4.5 times the L- 

mode scaling result, but has a relatively weak dependence on ti/2. 

It is also worth noting that the observed large changes in Xi in the degraded supershot occurred 

much faster than any changes in the q profile. This implies that any transport model must be largely 

insensitive to the q profile. An alternate explanation of the data presented in Figs. 1 through 5 is that 

transport is extremely sensitive to the q profile. However, this cannot be true because rapidly changing 

the current (and drastically changing the q profile) does not change the enhanced Confinement charac- 

teristics of the supershot. 

The pellet-enhanced-perfomance (PEP) mode?' as developed on JET, shares many features of 

the supershot high confinement mode, but some significant differences exist. PEP mode discharges are 

characterized by peaked pressure profiles caused by a pellet-induced peaked density profile. The peaked 

pressure profile drives a large bootstrap current off-axis which may lead to an inverted q profile (s < 

O).40 Impmved confinement may be caused by either the steep density gradient or by the inverted q 

profile.39 The PEP mode discharges also have central temperatures of up to 15 keV and electron and 

ion temperatures about equal at central densities of 1020 m-3 or higher. While supershots also have 

high central densities and high temperatures, the electron and ion temperatures are not equal. Also, 

there is no indication of the q profile having a region of reversed shear, Figs. 4 and 7. 
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V. Critical-Electron-Temperature-Gradien t Model 

These discharges were used to test a proposed transport model, the critical-electron-temperature 

gradient, or RLW, model. 11*22-25 This model assumes that anomalous transport is caused by turbu- 

lence in the magnetic field top01ogy~ that occurs when the spatial gradient of the electron temperature 

surpasses a critical value which is inversely proportional to q. ll_ Functionally, the anomalous conduc- 

tive heat losses are dependent upon the gradient of Te, the ratio T a i ,  &E, the electron density scale 

length, q, and the magnetic shear. The He-spoiled supershot provides a good test for this model be- 

cause the temperatures are decreased, the gradients increased, and T$ri increased by the gas puff as 

shown in Figs. 2 and 3, while the electron density scale length remains approximately constant and the 

q and shear profiles do not change at all, as shown in Figs. 4 and 5. Also, the condition of the carbon 

limiters was not changed. 

The application of this model to the discharge is shown in Figs. 2 and 3. The model was run in a 

fully predictive fashion where both the Te and Ti profiles were predicted from the measured equilib- 

rium, &E, and density profile. In Fig. 2, it can be seen that the RLW model does not match the profile 

before the gas puff. After the puff, the model and the measurements are in good agreement for X > 0.4, 

but differ by up to 30% for X < 0.4. The model fails to predict any change in the temperature profiles, 

even though Tj(0) falls from 18 to 4 keV. The electron temperature profiles were also predicted by the 

model, Fig. 3. While the RLW model is within 1 keV of the measured Te for X > 0.4 both before and 

after the puff, the model underestimates the central temperatures by up to 50%. The predicted changes 

in both temperam profiles are much less than that actually observed across the entire minor radius of 

the plasma. 

VI. Conclusions 

It has been shown in this paper that special shapes or values of the q profile are not responsible for 

the enhanced global confinement attributes of the supershot regime on TFTR. The confinement could 

change over a wide range while the current profile remained unchanged. Conversely, the q profile 

could be modified by a large amount with no large degradation in confinement. Therefore, the effect of 

the q profile on core energy confinement is too weak to be the dominant cause of improved confine- 

ment of supershot over L-mode plasmas. 
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The spoiled supershots were also used to test the predictive capabilities of the critical-electron- 

tempemtm-gradient model. It was found that this model could reproduce neither the values and shape 

of the temperature profiles nor the change in these profiles caused by the gas puff. 
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Fig. 1 The following plasma parameters are shown for a standard supershot (solid line) and a dis- 
charge spoiled to L-mode confinement (dashed line): (a) stored energy, (b) poloidal pressure b l ,  (c) 
central safety factor q(O,t), (d) peak electron density b(O) ,  (e) electron density peakedness parameter, 
(f) energy confinement time enhancement factor zE/2Ez where is the Goldston L-mode scaling, 
and (8) central ion temperature. The neutral beams injected 17.6 M W  between 3.7 and 4.7 sec. The He 
gas puff was as shown on the spoiled discharge only. The arrows indicate when the profiles shown in 
the other figures were measured. 
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Fig. 2 Measwed (solid line) and RLW-predicted (dashed line) ion temperature profiles from a spoiled 
supershot before (4.19 sec) and after (4.47 sec) the He gas puff. The FUW predictions are almost 
indistinguishable, but the edge temperature is predicted to decrease slightly. The abscissa is given as a 
function of the square mot of the normalized toroidal flux Cg, where a is the minor radius of the plasma. 
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Fig. 3 Measured (solid line) and RLW-predicted (dashed line) electron temperature profiles from a 
spoiled supershot before (4.19 sec) and after (4.47 sec) the He gas puff. The RLW-prediction is that the 
central electron temperature increases while the edge (X > 0.3) decreases. 
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Fig. 4 The q profiles (a) before and after the He gas puff for the supershot (dashed lines) and spoiled 
supershot (solid lines). The difference in q(X), Aq(X) 5 q(td.19) - q(t=4.47), is shown in (b). The 
uncertainty in q(X) is less than 10% of q(X). 
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Fig. 5 The magnetic shear profiles (a) before and after the He gas puff for the supershot (dashed 
lines) and spoiled supershot (solid lines). The difference in Shear(X), AShear =- Shear(t4.19) - 
Shear(t=4.47), is shown in (b). The uncertainty in shear is less than B.15. 
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Fig. 6 Supershot performance for plasma current ramp-up (A), ramp-down (o), and constant-cur- 
rent (no symbol) discharges as a function of time. (a) Plasma current. (b) plasma inductance, lJ2. (c) 
Stored energy, Wm. (d) Global energy confinement time from equilibrium and diamagnetic magnetic 
diagnostics, including time-dependent comctions. (e) Edge H a  emission. (0 Edge CII emission. 
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q profile as measured by MSE for constant current (solid line), current ramp up (dashed 
current ramp down (dotted line) supershot discharges of Fig. 6 at 4.5 sec. 
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Fig. 8 Supershot performance after 400 msec of neutral-beam injection as a function of plasma 
inductance CJ2. The data shown is for neutral-beam injection powers of 15.2 M W  (H) and 17.5 Mw 
(0). (a) Global energy confinement time from equilibrium and diamagnetic magnetic diagnostics, 
including time-dependent corrections. (b) Ratio of total stored energy to value predicted from L-mode 
scaling. (c) Peakedness of the electron density profile. (d) Edge Ha emission. (e) Edge CII emission. 
(f) Vertical line integral electron density near the inner plasma edge, R = 1.80 m. 
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