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Abstract 

The scaling of cross-field heat transport with relative gyroradius p* was mea- 

sured in low (L) and high (H) mode tokamak plasmas using the technique of dimen- 

sionally similar discharges. The relative gyroradius scalings of the electron and ion 

thermal dihivities were determined separately using a two-fluid transport analysis. 

For L-mode phmas,  the electron difhsivity scaled as xe cc xBp:'1*0.3 (gyro-Bob- 

like) while the ion diffusivity scaled as xi cc XBp1°'5*0'3 (worse than Bohm-like). The 

results were independent of the method of auxiliary heating (radiofiequency or neutral 

beam). Since the electron and ion fluids had different gyroradius scalings, the effective 

d ih iv i ty  and global confinement time scalings were found to vary fiom gyro-Bohm- 

like to Bob-like depending upon whether the electron or ion channel dominated 

the heat flux. This last property can explain the previously disparate results with 

dimensionally similar discharges on different fusion experiments that have been pub- 

lished. Experiments in H-mode were also done with the expected values of beta, 

collisionality, safety factor, and plasma shape for thermonuclear ignition experiments. 

For these dimensionally similar discharges, both the electron and ion diffusivities 

scaled gyro-Bob-like, xe,xi cc xBp*, as did the global thermal confinement time. 

This leads to a very favorable prediction for the confinement time of future ignition 

devices. 

*Paper 3IB3, Bull. Am. Phys. SOC. 39, 1577 (1994). 

t Invited speaker. 

alpresent address: Maxwell Laboratories, San Diego, California. 
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r. INTRODUCTION 

Although it is widely believed that some form of plasma turbulence is respon- 

sible for the anomalous cross-field diffusion of heat in tokamaks and stellarators, 

the specific nature is still unknown despite much experimental effort. Historically, 

anomalous heat transport has been studied by systematically varying the engineering 

parameters such as the plasma current I, magnetic field strength B, plasma density 

n, and heating power Ptot. Recently there has been a growing interest in measuring 

the scaling of confinement with the nondimensional parameters (for comparison with 

theoretical scalings') such as safety factor q N Bal l ,  beta p N nT/B2, collisionality 

u* N qna/T2, and relative gyroradius p* = rL/u (in these relations, T is the plasma 

temperature, a is the plasma minor radius, and yL is the Larmor radius). Plasmas 

which have identical values for all nondimensional parameters of interest except pj  

are referred to as being "dimensionally similar." Of particular interest is the scaling 

of anomalous heat transport with p*, since the confinement results of existing fusion 

experiments can be scaled to ignition devices of larger size and magnetic field by 

keeping all the nondimensional parameters fixed except for the relative gyroradius.' 

A basic assumption of nondimensional scaling experiments is that transport is 

dependent only upon local quantities. Thus, following the scale invariance approach 

to confinement scaling,'~' the thermal dif€usivity x can be written as 

where xB = cTe/eB is the B o b  diffusion coefficient and %,T = -(a2 - r 2 ) / 2 r L n , ~  

( L n , ~  is the density or temperature scale length). Comparing the dif€usivities for 

dimensionally similar discharges with different values of pj  allows the exponent z,, 

to be determined since the unspecified function F remains constant. In order to 

keep p, u*, and q fixed while varying the magnetic field strength and minor radius, 

the engineering parameters need to be scaled as n oc B413a-l13, T oc B2/3a1/3, and 

I oc Ba while keeping the magnetic geometry fixed. The scaling of the thermal 

diffusivity for dimensionally similar discharges therefore has the form 

GENERAzl ATOMICS REPORT GA-A21904 1 



NONDJMENSIONAL "RANSPORT SCALING IN DIII-D: 

BOHM VERSUS GYRO-BOW RESOLVED Petty et al. 

The value of the exponent z p  could be interpreted as indicating the characteristic 

wavelength X of the plasma turbulence responsible for anomalous heat tramsport: (a) 

z,, = 1 would imply X N q,, which is called gyro-Bob-like, (b) z,, = 0 would imply 

X N a, which is called Bob-like, and (c) z p  = -1 would imply X >> a, which could 

arise from having stochastic magnetic fields throughout the plasma. Theoretical work 

to explain anomalous transport has concentrated on turbulence with characteristic 

wavelengths of X N n. 

Disparate results for the p* scaling of the effective diffusivity (the weighted 

average of the electron and ion diffusivities) have previously been reported in low (L) 

mode experiments. In stellarators, dimensionally similar discharge experiments using 

electron cyclotron heating (ECH) found that the confinement scaling was gyro-Bob- 

like4; the same conclusion was reached in the DIII-D tokamak5 for radiofrequency 

(RF) heating experiments of low density ~1asma.s.~ However, other tokamak exper- 

iments using neutral beam injection (NBI) heating or ion cyclotron heating (ICH) 

showed that the effective diffusivity followed Bob-like Experiments with 

NBI heating of high density plasmas in DIII-D could be fit with either gyro-Bob- 

like or Bob-like models.' The radial power flow was dominated by the electron 

channel (due to direct electron heating) for the experiments which reported gyro- 

Bob-like scaling, whereas the radial power flow in the ion channel was significant 

for the experiments which reported Bob-like scaling; therefore, one may wonder if 

the conflicting p* scaling results may be due to different transport scalings for the 

electrons and ions. A key component in the transport analysis of the dimensionally 

similar discharge experiments discussed in this paper is the separation of the electron 

and ion fluids. 

The rest of this paper is o r g k e d  as follows: Section I1 describes the DIII-D 

tokamak, auxiliary heating systems, and plasma diagnostics used in these transport 

experiments. In Section 111, the scalings of the electron and ion thermal dif€usivities 

with relative gyroradius for Lmode plasmas are shown, the results of which have been 

previously reported." In Section rV, dimensionally similar discharges are analyzed 

for high (H) mode plasmas which match the expected values of p, Y+, q, and plasma 

shape for the International Thermonuclear Experimental Reactor" (ITER). These 
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experiments were the fist  to measure the p,, scaling of electron and ion transport in 

H-mode. The sllmmary and conclusions are given in Section V. 
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II. EXPEF?.IMENTAL SETUP 

For these experiments, plasmas were produced in the DIII-D tokamak with a 

major radius of R = 1.7 m, a minor radius of a = 0.6 m, an elongation of 1.7 < K. < 1.9, 

a triangularity of 0.3 < 6 < 0.8, a toroidal magnetic field of 0.95 < BT < 2.0 T, and a 

plasma current of 0.5 < I < 1.35 MA. These discharges were all singlenull divertor 

and were fueled by deuterium gas puffng or deuterium NBI. A divertor cryopump 

was used to control the plasma density for both Lmode and H-mode experiments. 

Three forms of auxiliary heating were utilized in these experiments: ECH, fast 

wave, and NBI. For the ECH frequency of 60 GHz, the electron cyclotron wave 

was absorbed centrally at 2 T for the fundamental resonance and at 1 T for the 

second harmonic resonance. The 60 MHz fast wave in the direct electron heating 

regime was also absorbed near the plasma center since the damping increases with 

electron temperature. For these experiments, (0, T ,  0 , ~ )  phasing of the four-strap 

fast wave antenna was used to launch a high parallel index of refraction (In,,] x 9) 

which has previously been shown to damp efficiently on electrons for central electron 

temperatures in excess of 1 keV.12 Since the hydrogen fraction was measured to be 

less than 1% during these experiments, second-hannonic hydrogen damping of the 

fast wave for BT = 2 T was small compared to direct electron damping. Deuterium 

NBI was used as an alternative to FU? heating in some of these transport experiments. 

The neutral beams heated both electrons and ions. 

A number of diagnostics were used to measure the plasma profiles required for a 

power balance analysis of the radial heat flux. The electron density profile was mea- 

sured using multi-pulse Thomson scattering" along with four COZ interferometers. 

The electron temperature profile was determined by combining data from Thomson 

scattering and electron cyclotron emission (ECE) measured using a Michelson interfer- 

ometer and radiometers. The ion temperature profile was found from charge exchange 

recombination (CER) emission of carbon impurities during neutral beam injection14; 

the ion temperature profiles during RF heating were measured by pulsing the neutral 

beams for 10 msec to obtain spectroscopic data. The Ze profile was calculated 

(using the experimental ne and T' profiles) from visible bremsstrahlung light measured 
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with an array of  photodiode^.^^ The radiated power profile was measured by a foil 

bolometer array." The plasma current profile was determined from an axisymmetric 

reconstruction of the magnetic equilibrium using the external magnetic measurements, 

the kinetic profile data, and the magnetic pitch angle measured using the motional 

Stark effect (MSE).17f18 
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III. TWO-FLUID ANALYSIS OF L-MODE 

The radial energy transport can be determined from a steady-state power bal- 

ance analysis, 

where q is the radial heat flux, I' is the particle flux, and the heat sources and sinks 

have been combined into the net power density Q. In general, the heat flux can have 

both conductive and convective components, 

q=-nxVT+nUT , (4) 

where U is the convective heat velocity; however, in a power balance analysis these two 

components of the heat flux cannot be uniquely sepamted. Therefore, in this paper 

the heat flux is assumed to be purely conductive; this does not &ect the results as 

long as the ratio of conductive to convective heat flux is independent of p*. If this is 

not the case, then the measured transport scaling with p* is actually an average of 

the conductive and convective scahgs. 

The power balance was computed by the ONETWO transport code, which used 

the experimental profiles of Te, z, ne, Z d ,  and Prd (the radiated power), along with 

the magnetic geometry and plasma current profile. The collisional exchange power 

between electrons and ions was assumed to be classical, and neoclassical resistivity was 

used in calculating the ohmic power density. The ECH power deposition profile was 

calculated with the TORAY ray tracing code," while the fast wave power deposition 

profile was calculated with the CURRAY ray tracing code.2o The NBI power deposition 

profile was calculated using a Monte Carlo code. Since all three forms of auxiliary 

heating were centrally peaked, the transport analysis was not sensitive to possible 

systematic errors in the modeling of the power deposition profiles. 

GENERAL ATOMICS mPORT GA-A21904 7 
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Three pairs of dimensionally similar L-mode discharges, two with FU? heating 

and one with NBI heating, were analyzed to determine the p* scaling of the electron 

and ion transport. The engineering parameters for these discharges are shown in 

Table I. The equilibrium and kinetic stored energies are in good agreement for these 

discharges. The radial profiles of T,, Ti, ne, and 2, for these three cases are shown 

in Figs. 1-3. It can be seen that .the scalings T oc B;l3 and n oc @I3 were obeyed in 

these figures, thus the nondimensional parameters p ,  u*, a,, CYT, and Te/Z were well 

matched (see also Ref. lo), as was the normalized power deposition profile outside 

the central region (r/a = 0.3-0.4). The only nondimensional parameters which had 

a systematic variation for all three pairs of dimensionally similar discharges were Z d  

and p* itself. 

Table I: Engineering parameters for three pairs of L-mode dimensionally 

similar discharges 

(4 
ECH ECH,FW 

1.0 

0.5 

4.8 

42 

1.1 

39 

2.0 

1.0 

5.0 

175 

2.2 

81 

(b) 

ECH ECH,FW 

1.0 

0.5 

5.8 

44 

0.6 

74 

2.0 

1.0 

5.9 

179 

2.0 

91 

(4 
NBI NBI 

1.0 2.0 

0.5 1.0 

5.8 5.8 

44 178 

0.6 1.9 

74 93 

For case (a), the p* scaling of xe was found to be gyro-Bohm-like, xpe M 1, 

as shown in Fig. 4. However, the p,, scaling of xi was found to be intermediate 

between Bob-like and stochastic, xcpi M -0.5. This was determined from the ratio 

of the electron and ion diffusivities for the 2 T and 1 T discharges in conjunction 

with Eq. (2). Since the scaling of the ion transport coincides with that predicted 

by the Goldston scaling relation,21 r oc .Z’PG,0.5 with no ne or BT dependence, the 

scaling x p  = -0.5 will be referred to as Goldston-like. The error bars in Fig. 4 

GENERAL ATOMICS REPORT GA-A21904 



Pet-@ et al. 

NONDIMENSIONAL TRANSPORT SCALING IN DIII-D: 

BOHM VERSUS GYRO-BOHM RESOLVED 

4 .  i 1.5 

- - -_  

"e 
I I I I 

0 0.2 0.4 0.6 0.8 

rla 

1 - 1  I I I 

Zeff 
I I I I 

0.2 0.4 0.6 0.8 

rla 

FIG. 1. Radial profiles of a) electron temperature, b) ion tempera- 
ture, c) electron density, and d) effective ion charge at 2 T (squares 

and solid lines) and 1 T (circles and dashed lines) for case (a) of 

Table I. The dotted lines represent the 1 T profiles scaled to 2 T. 

are fiom the combined random errors in the quantities q/nT and ~ / L T  (systematic 

errors contribute little uncertainty to the measurement of zP). The error in q/nT was 

computed by varying the experimental profiles individudy by their 1 Q uncertainties 

and recalculating the power balance; the errors were combined assuming they were 

uncorrelated. The error in ~ / L T  was computed by perturbing the spline fit to the 
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6 

4 

2 

o !  I I I I 

0 0.2 0.4 0.6 

rla 
0.8 1 0  0.2 0.4 0.6 0.8 

rla 
1 

FIG. 2. Radial profiles of a) electron temperature, b) ion tempera- 

ture, c) electron density, and d) effective ion charge at 2 T (squares 

and solid lines) and 1 T (circles and dashed lines) for case (b) of 

Table I. The dotted lines represent the 1 T profiles scaled to 2 T. 

profile at the knot locations (one at a time) by its 1 cr uncertainty and recalculating 

the scale length; the errors were combined by applying standard propagation of errors 

including the covariance. In Fig. 4, results from the plasma center were not shown 

due to the effects of sawteeth (the sawtooth mixing radius was located at r/u = 0.3), 

GENERAL ATOMICS REPORT GA-A21904 
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0 0.2 0.4 0.6 0.8 1 

rla 

2 -  

Zef f 
0 I I I I 

0 0.2 0.4 0.6 0.8 1 

rla 

FIG. 3. Radial profiles of a) electron temperature, b) ion tempera- 

ture, c) electron density, and d) effective ion charge at 2 T (squares 

and solid lines) and 1 T (circles and dashed lines) for case (c) of 

Table I. The dotted lines represent the 1 T profiles scaled to 2 T. 

while the plasma edge was excluded since the uncertainties in xe and xi increased 

rapidly in that area. 

Figure 4 also includes the scaling of the effective diffusivity, defined as 

GENERAL ATOMICS REPORT GA-A21904 11 
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- 

-2 

I I I 

I 

I A = effective 
0 = ion 

I I I 

Stochastlc 

rn = electron 

FIG. 4. Measured value of the exponent zp from Eq. (2) for case (a) 

of Table I. 

Petty et al. 

which is shown to compare with previous dimensiondy similar discharge experiments 

on tokamaks which analyzed xeff  011ly.'*~-~ The effective dif€usivity in Fig. 4 has gyro- 

Bohm-like scaling, as does the global confinement time ( T ~  oc B+O5 &om Table I). 

The reason that xeff  and r..h closely follow the p* scaling of the electrons and not the 

ions was that qe was three to ten times qi, due to direct electron heating by the RF 

waves and weak electron-ion collisional coupling at these low densities. 

The dimensionally similar discharges for case (b) were similar to case (a) except 

that the densities were about 40% higher. This had a significant effect on the global 

confinement, however, which exhibited Bob-like scaling, rth oc Elk2'. The scaling of 

the effective diffusivity for case (b), shown in Fig. 5, was also Bob-like. In spite of 

this, the p* scaling of the electron and ion dif€usivities was unchanged between Figs. 

4 and 5: xe still scaled gyro-Bob-like while xi still scaled Goldston-like. The reason 

for the diff'erent scalings of rth and xeff  between cases (a) and (b) was that for the 

12 GENERAL ATOMICS REPORT GA-A21904 
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- 
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................................................................................................... 

= electron 
a = effective 

= ion 
1 I 1 

2 

1 

-1 

-2 

FIG. 5. Measured value of the exponent zcp from Eq. (2) for case (b) 

of Table I. 

- higher collisionality of case (b), the electron-ion collisional exchange power was much 

greater, resulting in nearly equal ion and electron heat fluxes. Therefore the scalings 

of 7th and xd with p* was an average of the ion and electron s c a h g s .  Since Bohm 

scaling lies in between gyro-Bob and Goldston scaling, the scalings of rth and xd 
appeared to be Bob-like even though neither species had Bob-like scaling. 

In case (c), NBI heating was utilized instead of FU? heating to see if the p* 

scalings of xe and xi were dependent upon the method of auxiliary heating. The 

neutral beam voltage was lowered from 71 kV for the 2 T discharge to 52 kV for 

the 1 T discharge to help keep T e / x  and the normalized power deposition profile 

constant. As shown in Fig. 6, the electron and ion fluids were found to scale as gyro- 

Bohm and Goldston, respectively, the same result as obtained with R;F heating. Since 

the electron and ion heat fluxes were both significant for these NBI discharges, xd 
scaled as the average of the electron and ion transport, which was coincidently close 

to Bob-like. The thermal confinement time for case (c) also had Bob-like scaling, 

7th oc BcSs. It is especidy noteworthy that the p* scaling of ion transport remained 

unchanged for Werent methods of auxiliary heating, since for cases (a) and (b) the 

GENERAL ATOMICS REPORT GA-A21904 13 
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2 

1 

X Q O  

-1 

-2 

I I 

.............. .................... q yro-Bohm 

...................... 

...................... 

= electron 
A =  effective 
0 = ion 

Petty et al. 

0.1 0.3 0.5 0.7 0.9 

r/a 

FIG. 6. Measured value of the exponent zp .from Eq. (2) for case (c) 

of Table I. 

ion heating was solely due to electron-ion collisional coupling, whereas for case (c) 

direct beam ion heating was dominant. 

Combining the three separate measurements (Figs. 4-6) of the p,, scalings for the 

Since these scalings were independent of the ratio of electron-to-ion heat flux, they 

may be considered intrinsic properties of anomalous heat transport. However, since 

the scalings of X~ and T~ changed iiom gyro-Bohm-like when the electrons dominated 

the total heat flux to Bohm-like when the electron and ion heat fluxes were more equal, 

the scalings of these parameters are not intrinsic. This demonstrates the problem 

in using the effective diffusivity or global confinement time to determine transport 

properties since, in reality, one is measuring the average of possibly different electron 

and ion scalings. 

-0.5&0.3 electron and ion fluids into a find result yields xe cc xBpt'1*o*3 andxi OCxBP* 
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rV. TWO-FLUID ANALYSIS OF ITER-RELEVANT H-MODE 

The scaling of electron and ion dihivities with relative gyroradius was also 

measured for H-mode plasmas in DIII-D. The comparison of transport scaling with p,  

between Lmode and H-mode is of interest since it has been shown that confinement 

scaling relations derived from multi-machine databases are often more gyro-Bob-like 

for H-mode than for L-mode.22 The purpose of this experiment was to predict the 

confinement time for H-mode plasmas on ITER and to obtain information on the 

stability of high ,fl plasmas with the ITER shape. Scaling the measured electron and 

ion dihivities in DIII-D along a dimensionally similar path to the ITER magnetic 

field strength and minor radius allows both the confinement time and the plasma 

profiles to be predicted for plasmas which are near the conditions required for ignition. 

For these experiments, both the ITER plasma shape and the expected ITER 

plasma parameters (except for p,) needed to be matched in DIII-D. The ITER 

plasma shape is a low triangularity, single-null divertor with modest elongation; it 

was possible to match this geometry using 6 = 1.68 and 6 = 0.36. Since the ITER 

major radius is 8.1 m and the minor radius is 3.0 m, DIII-D also has the same inverse 

aspect ratio as ITER, E = 0.37. Values of the nondimensional plasma parameters for 

these experiments in DIII-D - pth = 2.3%, pN" = 2.1%/(MA/mT), V*i,hn = 0.01, 

and q95 = 3.8 - were taken from an ITER simulation23 of an ignited plasma with a 

H-mode density profile and a fusion power of 1.5 GW. 

The engineering parameters for these dimensionally similar discharges in DIII-D 

with NBI heating are given in Table 11. The fast particle contributions have not 

been included in this table since only the thermal values of the ITER quantities 

were matched. Since a relatively low density was required to match the ITER 

collisionality, divertor cryopumping was used in these experiments. The radiative 

power fraction was 15% for both the 1.9 T and 0.95 T discharges. The radial profiles 

of six important nondimensional parameters me shown in Fig. 7; the plasma profiles 

were analyzed after quasi-stationary conditions had been reached in these ELMing 

H-mode discharges (the profile analysis times were chosen to occur between ELMS). 

The relative gyroradius was varied by a factor of 1.5 across the plasma while the other 
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Table .II: Engineering parameters for H-mode dimensionally 

similar discharges on DIII-D and projection to ITER 

DIII-D 

0.95 1.9 

0.62 0.62 

0.66 1.33 

2.8 5.5 

0.24 0.91 

3.4 6.1 

0.069 0.148 

2.0 2.2 

ITER 

5.7 

3.0 

19.6 

14.5 

944 

41 

23.0 

5.3 

nondimensional parameters were held nearly constant. The ratio of electron-to-ion 

temperature was held k e d  between the two discharges by changing the neutral beam 

voltage from 76 kV for the 1.9 T discharge to 53 kV for the 0.95 T discharge. The 

normalized radial power flows in both the electron and ion channels were also well 

matched for these two plasmas; the NBI power deposition profile was peaked near the 

plasma center for both discharges. 

An analysis of the heat transport for these dimensionally s&lar discharges 

found that both the electron and ion fluids scaled approximately gyro-Bob-like, 

zCpe,zpi x 1, as shown in Fig. 8. This was determined from the ratio of the 0.95 

and 1.9 T diffusivities in conjunction with Eq. (2). Although a single value for xp 
does not accurately represent the p* scaling due to the radial dependence evident in 

Fig. 8, gyro-Bohm-like scaling does reflect the average value of xp. For these H-mode 

discharges, xi was seven times the neoclassical value at r / a  = 0.5, while xe was 30% 

larger than xi at this same radius. The gyroradius scaling of xe was the same as for 

Lmode plasmas discussed in Section 111, but the gyroradius scaling of xi changed 

from Goldston-like in L-mode to gyro-Bob-like in H-mode. Since the electron and 

ion dif€usivities in Fig. 8 had the same p* scaling, the effective dif€usivity [defined 

in Eq. (5 ) ]  also had gyro-Bob-like scaling. From Table 11, the thermal confinement 
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FIG. 7. Radial profiles of a) relative ion gyroradius, b) thermal 
beta, c) ion collisionality, d) ratio of electron-to-ion temperature, 

e) nondimensional density scale length, and f )  nondimensional ion 

temperature scale length at 1.9 T (solid lines) and 0.95 T (dashed 

lines) for H-mode discharges. 

time is seen to have gyro-Bob-like scaling, 7 t h  oc B+', in agreement with the scalings 

of the electron and ion diffusivities. 

A relatively low beta limit was observed for these ITER-relevant discharges. For 

BT = 1.9 T, the highest normalized beta that was achieved was pN = 2.2. This beta 

includes the stored energy of the fast particles. Attempts to further increase beta by 

injecting additional NBI power resulted in a beta collapse (not a disruption). More 
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FIG. 8. Measured value of the exponent zp from Eq. (2) for H-mode 

discharges. 

favorable results were obtained at 0.95 T, where a normalized beta of pN = 2.7 was 

achieved. The nature of this beta limit is under study. 

Table I1 also gives the projected parameters for ITER, determined by scaling 

along a dimensionally similar path from the DIII-D values. Table I1 shows that the H- 

factor decreased from 2.2 for the high field discharge to 2.0 for the low field discharge, 

where the H-factor is defined to be the ratio of the global confinement time (including 

fast particle contributions) to the ITER-89P scaling relation.24 The H-factor was 

not fixed because the ITER-89P scaling relation is nearly Bohm-like' whereas the 

confinement scaling was gyro-Bohm-like, thus along a dimensionally similar path the 

H-factor must increase with decreasing p*. The thermal confinement time and heating 

power can be scaled along a dimensionally similar path using the formulas 
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Thus Table I1 shows that scaling these DIII-D parameters to ITER results in a 

predicted H-factor o€ 5.3, much higher than the assumed H-factor of 2.0 used in 

the ITER ~imulat ion.~~ This high H-factor is a result of the low projected heating 

power for ITER of 41 Mw. However, it is important to note that this predicted 

heating power does not include any additional heating power that may be required 

to match the DIII-D boundary conditions for density and temperature projected 

along a dimensionally similar path to ITER. One important boundary condition is 

the supposition of H-mode; therefore, if the H-mode power threshold is larger than 

41 MW for ITER, then significantly more heating power would be required which 

would lower the H-factor. For comparison, scaling the Lmode confinement time in 

DIII-D for the NBI heated plasmas in Table I to the ITER magnetic field strength 

and size (taking into account the different electron and ion transport scalings) results 

in a predicted H-factor of only 0.9. 
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V. SUMMARY AND CONCLUSIONS 

Dimensionally similar discharge experiments in the DIII-D tokamak have found 

that for Lmode plasmas, the electron diffusivity scaled like xe cc xBp* 

Bob-like) while the ion dif€usivity scaled like x; cc xBp~0.5*0*3 (Goldston-like). 

These transport scalings were obtained with either central RF heating (ECH and 

fast wave) or NBI heating. The gyro-Bob-like scaling of xe is the expected result 

for turbulence generated by small-scale instabilities, but at present there is no clear 

theoretical explanation for the p* scaling of x;. Since xe and x; have different p* 

scalings, the effective difhsivity and global confinement time scalings varied from 

gyro-Bob-like when the electron channel dominated the total heat flux to Bob-like 

when the electron and ion heat fluxes were approximately equal. Thus the different 

p* scalings of the electron and ion fluids explains the apparently conflicting results 

reported in the literature for dimensionally similar dischages, where RF heating of 

low density plasmas in stellarators4 and tokamaks' had gyro-Bob-like confinement 

scaling whereas ICH and NBI heating of higher density plasmas in tokamaks79* had 

Bob-like confinement scaling. 

(gyro- 
l . l f O . 3  

For H-mode plasmas, both the electron and ion diffusivities were found to have 

gyro-Bob-like scaling, xe, xi 0: xBp*. The gyro-Bob-like scaling was also evident 

in the thermal confinement time for these NBI heated plasmas. Thus the p,, scaling 

of the electron fluid was the same in these L-mode and H-mode experiments, but 

the p* scaling of the ion fluid changed from Goldston-like in Lmode to gyro-Bob- 

like in H-mode. Although the reason for this change in the ion transport scaling is 

not known, the characteristic difference in the density profiles between Lmode and 

H-mode (the density scale length is much larger in H-mode) seems a likely candidate. 

These H-mode discharges in DIII-D were designed to have the same plasma 

shape as well as the same beta, collisionality, and safety factor as ITER. Scaling 

the DIII-D transport results along a dimensionally similar path to ITER results in 

a predicted H-factor of 5.3. Thus only 41 MW of heating power in ITER would be 

required to sustain an ignited plasma with 1.5 GW of fusion power; this obviously is 

not a stable ignition point! However, additional heating power may be needed if the 
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H-mode power threshold for ITER is larger than 41 M W .  The actual confinement 

time for an ignited deuterium/tritium plasma in ITER will also be affected by the 

hydrogen-isotope mass scaling of transport, the more equilibrated electron and ion 

temperatures, and the enhanced bremsstrahlung losses. Even with these qualifica- 

tions, the observed gyro-Bohm-like scaling of H-mode confinement in DIII-D favors 

the direction of compact, high-field machines for fusion reactors. 
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