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The confinement and heating of supershot plasmas are significantly enhanced with tritium beam 
injection relative to deuterium injection in the Tokamak Fusion Test Reactor [Plasma Phys. 
Controlled Fusion 26, 11 (1984)]. The global energy confinement and local thermal transport are 
analyzed for deuterium and tritium fueled plasmas to quantify their dependence on the average mass 
of the hydrogenic ions. Radial profiles of the deuterium and tritium densities are determined from 
the D-T fusion neutron emission profile. The inferred scalings with average isotopic mass are quite 
s.ong, with TE,(~)0.85’0.20, T~md K (A)o.89*0.20, $X m  (A)-2.6~~0.5, and ~,K(~)-1.4”0.2 at 

fixed Pi”j. For fixed local plasma parameters x$’ x (A)-1-8Lo.4 is obtained. The quoted 2a 
uncertainties include contributions from both diagnostic errors and shot irreproducibility, and are 
conservatively constructed to attribute the entire scatter in the regressed parameters to uncertainties 
in the exponent on plasma mass. 0 1995 American Znstitute of Physics. 

I. INTRODUCTION 

The variation of energy and particle confinement with 
plasma composition in tokamaks represents a significant un- 
certainty for estimating the energy confinement time in ig- 
nited reactors. Previous experiments in many tokamaks have 
compared confinement and transport in hydrogen, deuterium, 
and helium plasmas with a variety of heating methods and in 
a number of different confinement regimes. A common ob- 
servation is that both energy and particle confinement are 
better in deuterium than in hydrogen plasmas, although the 
magnitude of the improvement varies considerably among 
the plasma regimes and even among different tokamaks op- 
erating in nominally the same plasma regime. Regression 
analyses of confinement results from many tokamaks,’ in- 
cluding the International Thermonuclear Experimental Reac- 
tor (ITER) confinement scalings,29 have characterized the 
dependence as a simple power law, with T~~A’.~-‘.~. The 
overall trend is clearly favorable for tokamak ignition, since 
it projects to better energy confinement in deuterium-tritium 
plasmas relative to the hydrogen and deuterium plasmas that 
have been studied previously. However, the observed varia- 
tion of the strength of the isotope improvement among the 
different plasma regimes is not well understood experimen- 
tally or theoretically, and measurements of isotope variation 
of local heat transport coefficients, separated for ions and 
electrons, are very limited. The favorable isotopic scaling of 
confinement is opposite to what is expected from simple neo- 
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classical or gyro-Bohm theoretical models of plasma trans- 
port, although recent models are showing increasing sophis- 
tication in their nonlinear treatment of experimental 
conditions, including the presence of multiple ion species 
and nonthermal ions.4T5 

In this paper we analyze the variation of energy, particle, 
and momentum transport with isotopic mass in the Tokamak 
Fusion Test Reactor (TFTR)6 for deuterium (D) and 
deuterium-tritium (D-T) plasmas? The plasmas studied 
here are in the enhanced confinement supershot regime,’ 
characterized by high ion temperature (-30 keV), high fu- 
sion reactivity, confinement enhancement of up to three 
times low-mode (L-mode) scalings, and peaked density pro- 
files. Local profile measurements of electron density, ion and 
electron temperature, toroidal rotation speed, and plasma iso- 
topic composition are used to deduce the isotopic depen- 
dence of local transport coefficients. Ion-electron equiparti- 
tion power is minimized by virtue of high electron 
temperature and modest plasma density, which allows the ion 
and electron transport to be investigated separately. Local ion 
heat transport is observed to be a factor of 2 lower in the 
D-T plasmas than in the D plasmas, despite only relatively 
modest changes in plasma composition. This result is cor- 
roborated by measurements of comparable reductions in lo- 
cal momentum transport, which has been found to correlate 
with ion heat transport in other experiments.g’lo Somewhat 
smaller reductions in electron particle and heat transport co- 
efficients are also observed. The observation of such a 
strongly favorable isotope dependence of any transport coef- 
ficient poses a useful benchmark for theoretical transport 
models. In addition, it suggests the possibility of signifi- 
cantly higher-energy continement projections for D-T- 
ITER plasmas, since ions are often found to be the dominant 
energy loss channel for supershot, L-mode, and high-mode 
(H-mode) plasmas.” 

This study follows measurements of higher-energy con- 
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finement time and higher ion temperature in the first TFTR 
campaign in D-T plasmas at high heating powerI Super- 
shot plasmas heated by roughly equal amounts of tritium and 
deuterium beams obtained 20%-25% higher central ion tem- 
perature and up to 22% higher total stored energy compared 
to plasmas heated with deuterium beams alone. These results 
indicated better ion energy confinement in the D-T 
plasmas;t2*13 however, the experimental conditions were op- 
timized for maximizing fusion power rather than local trans- 
port studies. The plasmas explored only a limited range in 
tritium concentration, and typically experienced a decline in 
confinement performance after -0.5 s, due to low m/n mag- 
netohydrodynamic (MHD) activity or hydrogen influx from 
the limiter surface. 

Following a review of previous studies of isotope scaling 
in various regimes, we present an analysis of the isotopic 
mass scaling of the global energy confinement time of D-T 
plasmas, followed by an analysis of the plasma profiles and 
heating, and the inferred scaling of the local transport. 

II. REVIEW OF ISOTOPlC SCALlNG IN OTHER 
REGIMES 

Favorable isotope scaling of rE is a very common obser- 
vation in Ohmic plasmas, both at low and high density,’ very 
roughly characterized as $” m Af.5. A stronger isotope 
dependence has been observed in low-density, L-mode 
DIII-D plasmas with electron cyclotron heating,14 ~,pAe.~~. 
Since in these regimes radial heat flow is dominated by elec- 
trons, the favorable isotopic scaling of global rE is strong 
evidence for a favorable isotopic scaling of electron energy 
confinement. Favorable isotopic scaling of global rE has also 
been observed in the high-density saturated Ohmic confine- 
ment (SOC) regime. It has been pointed out that this may 
suggest favorable isotope scaling of rEEi, since ion energy 
losses are significant there.i5 However, this result seems less 
conclusively demonstrated than the isotope scaling of elec- 
tron energy confinement. 

The isotope scaling of ion energy transport is perhaps 
more easily explored in the beam-heated L-mode regime, for 
which measured ion temperature profiles are available, and 
for which ions often dominate the radial power flo~.t~*‘~ As 
discussed below, rE appears to have a weaker isotope scaling 
in the L-mode regime than in the Ohmic regime, with little 
evidence for favorable isotope scaling of rEi. 

DIII-D has obtained the weakest isotope effect in 
L-mode plasmas, seeing essentially no difference in global 
rE between hydrogen and deuterium plasmas heated with 
hydrogen beams.‘8*‘9 ASDEX observed a modest isotope 
scaling of global energy confinement in beam-heated 
L-mode plasmas, hmode CC Ap.34’o.02.20,’ The electron 
stored energy showed a positive isotope effect, W,EA~,~~. 
Two-fluid power balance analysis to determine the isotope 
effect on ion energy confinement is not available. JET ob- 
served a 25%bt5% increase between relatively pure hydro- 
gen and deuterium L-mode plasmas2’ under nominally 
matched conditions and similar beam deposition profiles 
(140 keV H”-+Ht vs 100 keV D”-+Df; 1,=3.1 MA, P,-6 
MW). Part of this difference was due to a larger beam stored 
energy in the deuterium plasmas, so the inferred improve- 

ment in ~2 was only 15%? 10%. If represented as a power- 
law scaling, the observed variation in JET confinement times 
can be represented roughly as rr$ 5~ (A)“.32co*M and rg 
= (A}“.20’o.‘2. Central electron temperatures were consis- 
tently larger in the deuterium plasmas, along with longer 
particle confinement times. Ion temperature profile measure- 
ments were not available for the hydrogen plasmas, so it was 
not possible to determine whether ions or electrons or both 
experienced an isotope effect. 

TFTR has compared hydrogen to deuterium L-mode 
transport in plasmas having carefully matched conditions (n 
=2.45 m, a=0.80 m, I, = 1.4 MA, P,GX MW, and 
a,,s=2.9-4.4). These experiments used deuterium beams 
exclusively, comparing D’--+H+ versus D”-+Df, and conse- 
quently explored a limited range of isotopic mix, ranging 
from about 10% hydrogen to 65% hydrogen. Similar to the 
JET experience, the deuterium plasmas realized 15%-20% 
larger total stored energy. Approximately half of the im- 
provement was due to differences in the beam stored energy, 
and the increase in ~2 determined from temperature profrle 
measurements was only -10%. Taking into account the 
smaller range of isotopic mix, these results imply rg 
= (4°.4’-o.53 and Q-Z 0: (A)-“.28. As in the JET experiments, 
higher central electron temperatures and electron energy den- 
sities were achieved in the deuterium plasmas. Two-fluid 
transport analysis showed a modest improvement in core 
electron energy confinement, but no appreciable improve- 
ment in ion energy or momentum confinement. 

Considerable variability in the improvement in global rE 
between hydrogen and deuterium H-mode plasmas has been 
observed, ranging from a null result in JAERI Fusion Torus 2 
Modified JFT-2M,22 to a factor-of-2 improvement in 
DIII-D’” and ASDEX.’ Measurements of the isotope scaling 
of local transport coefficients in H-mode plasmas have not 
been reported. The situation in H-mode plasmas is compli- 
cated by the significant contribution of the edge pedestal to 
total stored energy and rE, which, in turn, is affected by 
differing behavior of edge localized modes in hydrogen and 
deuterium plasmas. 

Of possibly greater relevance to the TFTR supershot iso- 
tope scaling experiments are previous results reported by 
Tokamak Experiment for Technically Oriented Research 
(TEXTOR), which observed a strong isotope scaling of en- 
ergy confinement in its I-mode regime’s of plasma operation. 
Approximately 25% more thermal stored energy was ob- 
tained during 1.7 MW deuterium beam injection than during 
hydrogen beam injection of the same power. a larger im- 
provement than the typical L-mode increment in Q-‘$. The 
I-mode regime has several characteristics in common with 
the TFTR supershot regime, including Ti> T,, a peaked 
electron density profile, and the requirement of at least some 
codirected neutral beam power. This suggests that the same 
physics mechanisms may be controlling the strong isotope 
scaling in both regimes. 

Ill. PLASMA CONDITIONS AND GLOBAL SCALING 

The plasmas considered here are fueled by either pure 
deuterium or pure tritium neutral beam injection (NBI) to 

2300 Phys. Plasmas, Vol. 2, No. 6, June 1995 Scott et a/. 

Downloaded 24 Feb 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



G 

9 

3- 

a” 
F 2- - 

0 2” 
l 

8 0 A  A  NBI _ 

%  ‘- 
A  

A  Do T” F&,/f& 

2 : A  0 A  e - - 0.65 0.50 

0 1111’1111’1111’1111’1111 0 5 IO 15 20 .25 
Pinj (M’W  

FIG. 1. Variation of stored energy with injected power for deuterium (D) 
and tritium (T) fueled supershots,. with I,= 1.6 M A  and either balanced 
injection (P,JP,,=OS) or slightly coinjection (PJP,,=O.65). 

maximize the isotopic effects, and to minimize contributions 
from fusion-produced a particles to the plasma stored energy 
or heating. The plasmas studied have I, = 1.6 MA, R =2.5 2 
m, BTz4.8 T, and include power scans UP to. Pi,j-23 M W  
of either nearly balanced co; and countertangential NBI or 
cotangential only NBI. All plasmas discussed achieve trans- 
port (particle and energy) equilibrium within the 1.4 s heat- 
ing pulse, with no significant confinement degradation or 
MHD instabilities. During the period of auxiliary heating, $ 9 
changes less than 0.2 throughout the region da < 0.9. Figure 
1 shows the variation of the plasma stored energy W,,, (from 
magnetic measurements) with Pi,j for either D-NBI or 
T-NBI, for both near-balanced injection and unbalanced in- 
jection, At high beam power, W,,, is consistently enhanced 
by -25% for T-NBI plasmas relative to comparable D-NBI 
plasmas. As previously observed in the supershot regime, 
energy confinement is optimized in both T-NBI and D-NBI 
plasmas with slightly more co- than counterinjected power; 
G-~ is consistently about 10% higher at P,,lPi,j-O.65 than at 
PJPi"j-0.50. AS desired, fusion-generated alpha popula- 
tions in these plasmas represent only very small perturba- 
tions to the heating and stored energy. Even for the highest- 
power T-NBI shots, the classically expected a-particle stored 
energy is less than 2.5% of W,, and the associated heating 
power is less than 3% of applied heating power. Near the 
plasma center (r/a =G 0.25 ) , where the LY birth rate is strongly 
peaked, heating by Q particles still represents less than 10% 
of the total power delivered to electrons, and less than 2% of 
the total power delivered to ions. 

For the T-NBI plasmas shown in Fig. 1, the limiter hy- 
drogenic recycling influx, as measured by H,/D,/T, 
spectroscopy,s4 is dominated by deuterium, with only -2% 
due to tritium and - 18% due to hydrogen. From measure- 
ments of the D-T neutron emission profile (Sec.- VI)$ the 
tritium fraction of the thermal hydrogenic ions within r/a 
=0.5 is calculated to be -60% for the highest power T-NBI 
plasma. Thus, a significant portion of the central thermal 
hydrogenic ion density is due to particles originating from 
the limiter. For the low-power T-NBI plasmas, the thermal 

tritium fraction is calculated to be -28% explaining its 
smaller confinement enhancement above similar D-NBI plas- 
mas. 

The fraction of Pi”j radiated in these plasmas is -30% 
for Pi"j-5 MW, decreasing to -25% at high power. The 
radiated power fraction is comparable within measurement 
accuracy in the D-NBI ,and T-NBI plasmas, being lower by 
-3% during T-NBI, resulting in slightly higher limiter power 
loading. The radiation is emitted near the plasma edge, dur- 
ing both D-NBI and T-NBI, as measured by. bolometer ar- 
rays, and is negligible in the plasma core. When comparing 
matched D-NBI and T-NBI plasmas at a given Pi"j, the edge 
hydrogenic recycling remains constant to within 5%-10%. 
The edge CII emission is often up to 20% higher in T-NBI 
plasmas. In D-NBI plasmas, higher edge CII emission corre- 
lates with lower confinement. Thus, neither radiated power 
nor edge recycling appears to play a significant role in the 
observed confinement improvement with T-NBI, in contrast 
to I-I/D isotopic comparisons on ASDEX.’ 

IV. PROFILE ANALYSIS 

To understand the origin of the improved confinement 
with T-NBI, these plasmas are analyzed using the steady- 
state transport analysis code SNAP= and the time-dependent 
code TRANSP,‘~ using experimentally measured temperature 
and density profiles. Here T,(r,t) is measured by electron 
cyclotron spectroscopy (ECE) and Thomson scattering, 
Ti( r, t) and. toroidal rotation velocity u +( r,t) are measured 
by carbon charge-exchange recombination spectroscopy 
(CHERS), and n,(r,t) is measured by a ten-channel infrared 
interferometer array. The ion depletion is calculated using 
tangential visible-bremsstrahlung measurements for Z,, and 
x-ray spectroscopic measurements of metallic concentra- 
tions. 

Due to the change in the beam-neutral velocities be- 
tween D-NBI and T-NBI at fixed acceleration voltage, the 
CHERS measurements suffer a systematic offset in the ap- 
parent Z’i and uQ, due to the variation of the carbon charge- 
exchange emission cross section, with the relative velocity 
between the hydrogenic neutral and the C6+ ion.‘7Y28 This 
effect has been verified by comparing CHERS measurements 
of the same D-T plasma using either D or T doping beams, 
and by comparing measurements of spinning plasmas using 
co- and counterdirected neutral beams, as a function of 
plasma rotation velocity. The offsets are found to be in good 
agreement with simulations of the charge exchange spectral 
line shape and position based on a published fit to experi- 
mental and theoretical capture cross sections.29 The Ti and 
u Q, measurements used for this analysis are corrected for this 
effect, using beam deposition calculations in SNAP and 
TRANSP to calculate the fast neutral energy spectrum in the 
plasma frame. The correction to u + reaches -2.3X lo5 m/s 
for Ti-30 keV. The correction to Tj is -10% at the plasma 
center where TicJ30 keV, but decreases rapidly at lower 
temperatures, and is <5% for TiQ20 keV. The difference 
between the measured carbon-ion temperature and the deu- 
terium temperature due to preferential beam power coupling 
to impurities is calculated to be less than 1.5 keV for the high 
Pi”j- plasmas. .~ 

Phys. Plasmas, Vol. 2, No. 6, June 1995 Scott ef al. 2301 

Downloaded 24 Feb 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



40 Ti 

30 LEGFND 

5‘ l To-NBI 

g 20 a* 
A DO-NBI 

T 
s5 

_ I = relative 

It 
- (b) =a 

0 t ’ * a ’ ’ ’ ’ ’ B 

61 

/ 
A* 

A* 
= inversion 

accuracy A* 

= relative 
precision 

A2a 

3.0 
MAJOR RADIUS (m) 

FIG. 2. Comparison of measured profiles of ion and electron temperatures 
and electron density in deuterium and tritium plasmas, for I,= 1.6 MA and 
P,= 18 MW. Note that the Shafronov shift of the profiles has changed due 
to the change in stored energy between D-NBI and T-NBI. 

Comparing carefully matched sets of D-NBI and T-NBI 
plasmas, for which all the externally controlled discharge 
parameters and the target plasma are nominally identical, a 
consistent and clear improvement in plasma performance is 
observed with T-NBI. As shown in Fig. 2, T-NBI plasmas 
typically have a -25% higher central ion temperature and a 
5%-10% higher central electron temperature. The central 
Z,, for the T-NBI plasma is 2.3, while the D-NBI plasma has 
Z,,=2.5, a difference comparable to the shot-to-shot varia- 
tion observed in similarly prepared deuterium plasmas. The 
measured plasma density profiles have the same shape, but 
the T-NBI plasma density is - 10% higher. Within the cluster 
of other D-NBI plasmas with Pinj= 18 MW in Fig. 1 are 
plasmas with the same Z,, or n, profile as the T-NBI plasma. 
Due to their larger WtOt, the T-NBI profiles show a larger 
Shafranov shift than the D-NBI profiles. For high Pi”j, 65%- 
80% of the increase in W,, is accounted for by the increase 
in the thermal ion and electron energy content, with the rest 
due to the expected classical increase in the circulating beam 
particles and the small contribution from cr particles. 

Many of the systematic diagnostic uncertainties are com- 
mon to measurements in D-NBI and T-NBI discharges, be- 
cause the plasma conditions are quite similar. Thus, the ac- 

curacy with which an isotope dependence can be determined 
for many transport parameters is limited primarily by statis- 
tical diagnostic errors and the shot-to-shot drift of diagnostic 
calibrations, excluding most systematic errors, except a few 
that potentially differ between D-NBI and T-NBI, such as the 
beam power calibration and the ion temperature measure- 
ment. Figure 2 shows the total diagnostic uncertainty and 
relative precision for the ECE T,(R) measurement (-+8% 
and t2%, respectively), and for the interferometer n,(R) 
measurement (22% and + 1%). A t5% relative uncertainty 
is estimated for the beam power calibration between D-NBI 
and T-NBI. The uncertainty in total stored energy determined 
from diamagnetic and equilibrium-field measurements is ap- 
proximately 20.07 MJ, while the relative precision is about 
a factor of 2 smaller, 20.03 MJ. Uncertainty in the ion- 
temperature measurement includes a small contribution from 
the uncertainty in modeling the energy dependence of the 
charge-exchange cross section (2%), plus a dominant term 
from counting and background-subtraction statistics. The un- 
certainty in measured urb (which affects the inference of mo- 
mentum transport, but which has little effect on other trans- 
port coefficients) includes a statistical component, but not the 
modeling uncertainty, which has not yet been determined. 

To calculate error bars on the computed diffusivities, an 
ensemble of 100 transport analyses was performed for the 
two discharges shown in Fig. 1, and approximately 30 trans- 
port analyses for other discharges in the dataset, simulta- 
neously varying the measured profiles an other input data 
within their ranges of uncertainty. Quoted uncertainties in 
various power-law fits to the isotopic mass scaling (e.g., 
X:Ot K (A>-2.620.5 ) represent the 2u width of a frequency plot 
of (Iog(Xy) - log[$(fit)]}llog(A), which effectively at- 
tributes the entire scatter of the measured xy values in the 
dataset about the power-law expression xy(fit) to uncertain- 
ties in the exponent on plasma mass. 

V, TRANSPORT ANALYSIS 

The SNAP and TRANSP model the deposition of the in- 
jected beam neutral atoms, and the subsequent slowing down 
and losses of the fast ions. These codes calculate the beam 
deposition profile by tracking beam neutrals along their lin- 
ear trajectories until they are born as fast ions through ion- 
ization or charge exchange. The resulting beam-ion popula- 
tion is calculated, assuming classical beam-ion ther- 
malization, through solution of the Fokker Planck equation 
(SNAP) or guiding-center Monte Carlo orbit calculations 
(TRANSP). To assess the consistency of the diagnostics and 
kinetic modeling, we compare the magnetically measured 
energy content W,, with the kinetic stored energy Wkin cal- 
culated from the measured thermal temperature and density 
profiles and the modeled beam ion distribution function. Us- 
ing the ECE T, measurements, Wkin is within 10% of Wmag, 
which is within their combined uncertainties. The Thomson 
scattering T, measurement has a lower central T, and a 
broader profile than the ECE measurement, resulting in an 
increased calculated W,, . The resulting Wkin is consistently 
higher than Wmag by -10% at high Pi”j and 20% high at 
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FIG. 3. Tausp-calculated profiles of plasma heating for the D- and T-NBI 
plasmas of Fig. 2. (a) Direct power deposition to thermal ions; (bj direct 
power deposition to thermal electrons; (c) equilibration power from ions to 
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PinI= MW. Because of this higher level of disagreement, 
only results based on ECE T, measurements will be dis- 
cussed here. 

There are a number of small, classically expected differ- 
ences between T- and D-neutral beam heating that are in- 
cluded in the analysis. The lower beam particle velocity of 
T-NBI broadens the power deposition profile sbghtly, reduc- 
ing beam power deposition on axis by 5%-10% during 
T-NBI relative to D-NBI at high power (Pi*j= 18 MW). The 
lower beam velocity during T-NBI also increases the fraction 
of beam power collisionally coupled to thermal ions, and 
correspondingly reduces the fraction to thermal electrons. As 
shown in Fig. 3, these effects roughly cancel for ion heating 
in the core, while they both penalize core electron heating, 
which remains smaller during T-NBI, despite the additional 
heating by u particles. The higher ion temperatures realized 
with T-NBI increases ion-electron equilibration power, so 
the radial power flow through thermal ions (PAowEPbi 

+Pb*+Pvisc++Pi-Pie-Wi) is somewhat less 
during T-NBI than during D-NBI over most of the plasma 
cross section. At the time shown, the time rate of change of 
ion and electron stored energy is small compared to the cor- 
responding radial power tlow, 3.5% for ions and 9% for elec- 
trons at the plasma half-radius. Most of the radial power flow 
is carried by thermal ions. The accuracy of the beam depo- 
sition modeling has been evaluated by comparing the rate of 
rise of central electron density at the initiation of beam in- 
jection with the electron source rate calculated by TRANSP. 
The calculated and measured central particle source rates due 
to beam injection agree to better than 10% for both the 
D-NBI and T-NBI plasmas. 

As previously observed in supershots, energy transport 
near the magnetic axis is dominated by $T convective 
losses, particularly for the higher-temperature T-NBI plas- 
mas. At r-a/2, the convective losses are small, and the. 
transport is dominated by conduction. In order to treat the 
transport in both regions and to avoid prescribing a particular 
convective multiplier, the local transport is characterized 
here by total effective diffusivities, 

Fe= - D, Vn,, 

where Qi and Q, are the total ion and electron radial. energy 
flux&, re is the electron radial partisle flux, and ni= Bjnj is 
the total thermal ion de_nsity. 

.._ 
VI. ISOTOPIC CONTENT 

The isotopic content of the plasma must be measured in 
order to understand any transport variations observed: In the 
D-NBI plasmas, the absence of a significant tritium density 
is confirmed by the measured low level of D-T fusion neu- 
tron emission. In the T-NBI plasmas, the deuterium inhux 
from the limiter surface is a significant source of particles, 
and leads to a significant deuterium density nd throughout 
the plasma. Since there are no deuterium beams during 
T-NBI, the local D-T neutron. emission rate arises solely 
from interactions between the wall-evolved deuterons and 
thermal or beam tritons. The local. D-T neutron emission 
profile is determined by Abel inverting measurements by a 
.ten-channel collimated neutron-detector array. The radial 
profile of thermal nd is constructed to reproduce the mea- 
sured D-T neutron emissivity, using calculated plasma D-T 
reactivity profiles for beam-thermal and thermal-thermal re- 
.actions from the TRANSP code. The hydrogen density, nh , is 
determined by assuming that nh( r) and nd( r) have the same 
profile shape and are in the same ratio as the measured edge 
H, and D, intensities, since the only source of hydrogen and 
deuterium is edge recycling in-T-NBI plasmas. Finally, the 
tritium thermal density is calculated by subtracting nh and nd 
from the total hydrogenic ion density, which is the measured 
local electron density minus impurity and beam-ion dilution. 
The central nd is found to rise slowly during the equilibrium 
phase of the. NBI pulse in approximately fixed ratio to the 
edge D, emission. 

Typical inferred equilibrium nd and n, profiles are 
shown in Fig. 4. Note that the nd profile is relatively flat, 
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FIG. 4. The hydrogen, deuterium, tritium, tritium beam, and electron den- 
sities in the T-NBI plasma of Fig. 2. Each region represents the density of 
the indicated species. The deuterium and tritium densities are determined 
from the measured D-T neutron emission profile and the plasma reactivity 
profiles calculated by TRANSP. 

indicating the absence of any significant deuterium particle 
pinch in these cases. The central deuterium density during 
T-NBI is inferred with an estimated accuracy of +20%, lim- 
ited by the 7% accuracy of the multichannel neutron colli- 
mator diagnostic and - 15% modeling uncertainties. The im- 
plied absence of a significant ion particle pinch in these 
plasmas is similar to the results of the tritium gas puffing 
experiments.31 

VII. ENERGY AND PARTICLE TRANSPORT 

Figure 5 compares the inferred local diffusivities for the 
matched T-NBI and D-NBI plasmas of Fig. 2. The power 
balance analysis consistently indicates that the higher Ti gra- 
dient observed during T-NBI, in the presence of reduced net 
ion heating, is due to a reduction of the ion thermal diffusiv- 
ity x”’ by a factor of -2 for rlaGO.5. The lack of substan- 
tial change in the density gradient, despite the broader beam 
deposition profile with T-NBI, is interpreted as a drop in the 
core electron particle diffusivity D, by -20%. The electron 
thermal diffusivity x: is often observed to be higher in the 
core with T-NBI, but can be lower near r/a-O.5 by -10%. 
As shown in Fig. 6, this strong reduction in ,y:Of and weak 
reduction in x: is clearly present throughout the dataset, 
except at low power, where the fractional tritium density is 
small. 

The isotopic mix of these plasmas has been character- 
ized by the average mass of the central thermal hydrogenic 
ions, (A), within r/a = 0.5, since this radius contains more 
than three-fourths of the thermal stored energy. This volume- 
averaged mass is approximately equal to the local average 
hydrogenic mass at r = a/3. The plasmas studied range from 
(A)= 1.9 (D-NBI), to (A) = 2.1 at 6.4 MW T-NBI, to (A) 
= 2.5 at 18 MW T-NBI. Thus, the core of the 18 MW T-NBI 
plasmas has the same average isotopic mix as expected for 
ITER and future reactors. The observed variations of the 
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FIG. 5. Comparison of the transport coefficients inferred between the 
D-NBI and T-NBI plasmas of Fig. 2. (a} x? ; (b) xy ; (c) # : (d) D, ; and 
(e) ratio of the D-NBI and T-NBI coefficients. The data for ,$ are taken 
from a pair of D-NBI and T-NBI plasmas with pure codirected beam injec- 
tion at Pinj= 12.5 MW under otherwise comparable conditions. 

plasma parameters and transport coefficients for the T-NBI 
plasmas relative to the matched D-NBI plasmas can be ex- 
pressed as a power-law dependence on (A}. Strong depen- 
dencies on (A} are inferred, due to the strong variations ob- 
served and the moderate range of (A} studied. The total 
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FIG. 6. Variation of (a) x”’ and (b) X? with Pi,i at r/a= f. 

stored energy analyzed in this fashion scales as W,, 
qA)0.85+0.20 and the thermal, stored energy scales as 
Wtiemd ,(A)“.89r0.20. Including the fraction of beam power 
in the codirection (P,dP~j) as a regression variable, does not 
change the inferred isotope variation of W,,, beyond the 
10.20 uncertainty. 

In the plasma core, r/a--$, xy m (A)--2.6’o.5; ,$ 
M (A)--1.2rt0.4, and D,cc(A)-‘.~‘~.~ for fixed Pi,j. Thomson 
scattering indicates a smaller increase in electron tempera- 
ture between D-NBI and T-NBI plasmas than does ECE, and 
at the present time it is not possible to clearly demonstrate a 
favorable isotope scaling of xr’ based on the Thomson data. 

VIII. MOMENTUM TRANSPORT 

The isotopic scaling of the momentum transport is mea- 
sured in a companion scan of the applied neutral-beam 
torque using unidirectional co-only injection. As shown in 
Fig. 7, the central angular momentum density is -50% 
higher for T-NBI than for D-NBI at a fixed injected torque, 
indicating improved momentum confinement in the D-T 
plasma. Much of the increase in momentum density is due to 
the higher tritium mass. The momentum transport is ana- 
lyzed in terms of an angular momentum diffusivity, 

I’+z-$Rnimi VV~, ” 

where r$ is the radial flux of angular momentum. Figure 5 
compares the inferred ,$’ profile for T-NBI and D-NBI plas- 
mas at Pi”j=12.5 MW in the torque scan. At this power, ,+$’ 
was reduced by --3O%-40% in the T-NBI plasma relative to 

FIG. 8. Electron density tluctuation amplitude measured by correlation re- 
flectometry in an ensemble of reproducible supershot plasmas with 15 MW 
of neutral-beam heating at r/a = 0.5. 

0.2 * 0 
Do-NBI 

10 15 20 25 
BEAM TORQUE (N l m) 

FIG. 7. Increase in central angular momentum density with increasing ap- 
plied beam torque with unidirectional co-only injection for both T-NBI and 
D-NBI. 

the D-NBI plasma, similar to the reduction of ,Y? found for 
near-balanced plasmas at this power level. This result is con- 
sistent with previous observations that the momentum and 
ion thermal transport are correlated in supershot’ and 
L-model7 plasmas, suggesting that both are governed by a 
common mechanism. 

IX. FLUCTUATION MEASUREMENTS 

Density fluctuations have been measured with a multi- 
channel microwave reflectometer in an ensemble of repro- 
ducible supershot plasmas with D-NBI and T-NBI at ZP= 1.6 
MA, Pi,j- 15 MW. At r/a - 0.5, the density fluctuation level 
and correlation length in D plasmas are - 1% and - I cm, 
respectively. At this radius the ratio of xp’ during D:NBI to 
that during T-NBI is -1.5-1.6, and the corresponding ratio 
for D, is - 1.4-1.5. As shown in Fig. 8, the fluctuation am- 
plitude during D-NBI and T-NBI plasmas is identical within 
measurement uncertainty (+20%), suggesting that properties 
of the turbulence other than its amplitude must be respon- 
sible for the observed change in transport. The density cor- 
relation length appears to be somewhat shorter in tritium 
(-0.8 cm), however, an analysis is in progress to determine 
whether this apparent trend is greater than the measurement 
uncertainty. Microwave scattering measurements at k @= 3.5 
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FIG. 9. Variation of x$’ with ri at r/a= $. 

cm-’ also show no change in thtctuation amplitude, how- 
ever, this measurement technique provides poorer spatial Io- 
calization and has larger statistical uncertainty (240%). 

X. DISCUSSION 

Previous studies of transport in deuterium supershots 
have noted a favorable correlation of XP with Ti and other 
related parameters3* with xi varying roughly as lITi in the 
plasma core. In addition, a number of microturbulence theo- 
ries predict a strong dependence of the plasma transport on 
Til T, . Such dependencies could amplify an intrinsic isotopic 
dependence, and make it appear to be stronger. However, as 
shown in Fig. 9, by comparing T-NBI plasmas with D-NBI 
plasmas of slightly higher Pi”j, the isotopic variation in x” 
at r=a/3 is clearly apparent at fixed local Ti . Despite the 
differences in Pi”j, the cluster of T-NBI and D-NBI points 
near Ti- 15 keV in Fig. 9 have the same local values of n, 
and L,tr to better than 10%. There is no significant difference 
observed in either u $ or Vu $ for these plasmas, suggesting 
that changes in E,X B shear (which has been identified as the 
cause of improved confinement in the DIII-D VH mode33), 
are not responsible for reduced transport during T-NBI. The 
T-NBI plasmas have -10% lower values of Lri and Lre, 
indicating slightly stronger gradients, which would be ex- 
pected by ion temperature gradient turbulence models to cor- 
relate with increased transport. Both the T-NBI and D-NBI 
plasmas have T,IT, = 2.9 ? 0.1. Thus, the strong change in 
xy is not due to a dependence on other local thermal plasma 
parameters, and appears to depend only on the change in 
isotopic content. 

There is also no evidence for significant changes in the 4 
profile between D-NBI and T-NBI. The 4 profile computed 
by TRANSP by solving the current diffusion equation assum- 
ing neoclassical resistivity, and including beam-driven and 
bootstrap currents, is very similar for the D-NBI and T-NBI 
plasmas shown in Fig. 2; the computed shear lengths differ 
by only 8%-12% for rla=0.3-0.4, and 2%-6% for rla 
= 0.5 -0.9. The inversion radius of the first sawtooth after 
the termination of beam heating is the same for D-NBI and 

T-NBI to within -2 cm, approximately the resoIution of the 
ECE measurement. No sawteeth are observed during NBI at 
high power. 

If the dependence on (A} is expressed at approximately 
constant local plasma parameters, particularly constant Ti , 
the relation xp = (;1)-‘.8co.4 is inferred. It is interesting that, 
when combined with the correlation of X? and IITi , this 
implies that roughly Xi~‘4-l~;~ (for fixed B), opposite to 
the gyro-Bohm dependence. This disagreement with the 
theoretical scalings is much stronger than that implied by the 
global scalings. 

Xl. SUMMARY 

Confinement and local transport have been analyzed in 
high confinement supershot plasmas heated by either deute- 
rium or tritium neutral beams. For strongly heated plasmas, 
tritium fueled plasmas have 25% higher stored energy and rE 
than comparable deuterium fueled plasmas, implying that 
~,,,cc(,q0.85t0.20 for these plasmas. Of this increase in 
stored energy, 650/o-80% is due to the thermal plasma, re- 
sulting in a thermal confinement scaling of Wthermal 

0.89kO.20 
44) . Analysis of the thermal transport indicates 
that most of the improvement is due to a large drop in xY, 
and a small decrease in x~, The implied isotopic mass scal- 
ings are xp x (A)-2.61L-o.5 and De~(A}-‘.4to~* for fixed 
Pi,j, A similar decrease is observed for ,$ in plasmas with 
unidirectional injection. For fixed local plasma parameters, 
in particular, fixed Ti, an approximate scaling of xy 
o: (A)-‘.8f0.4 is obtained. The observed isotopic variation of 
x:Of cannot be explained by a simple dependence on TilT, , 
or by its previously observed correlation with T;’ in the 
supershot regime. The striking contrast in the strength of 
isotope scaling of x:“’ between the supershot (D/T) and 
L-mode (H/D) regimes may serve as a useful benchmark for 
proposed theoretical models of plasma transport. Finally, the 
strongly favorable isotope dependence of xy and rE in D-T 
plasmas has very favorable implications for D-T operation 
in ITER and future reactors. 
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