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Scaling of Confinement with Major and Minor Radius in the Tokamak Fusion Test Reactor
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Plasma-size scans have been performed in the Tokamak Fusion Test Reactor to investigate the eAect
of major and minor radius upon energy confinement in high-recycling plasmas heated by neutral-beam
injection. The major radius, minor radius, and aspect ratio were varied over a large range (a =0.4-0.9
m, R =2.08-3.2 m, R/a =2.8-8.0). The energy confinement measured with diamagnetic and kinetic di-

agnostics scales strongly with major radius, and weakly or negatively with minor radius.

PACS numbers: 52.55.I.a

Performance estimates for future tokamak experimen-
tal devices and extrapolations to fusion reactor designs
rely largely upon empirical scaling relations which de-
scribe the energy confinement as a function of global pa-
rameters. The largest body of data exists for the L mode
[1], the standard confinement regime which obtains for
high-recycling auxiliary-heated tokamak plasmas. Re-
gression analyses [2-4] of multiple-tokamak L-mode da-
tabases have yielded power-law scaling relations for the
variation of total stored energy (W, ) with plasma current
(I~), major radius (R), minor radius (a), and heating
power (P, ). The deduced scalings of 8', with size were
bounded by 8; ~R ' and 8; ~a . + .

, with
the sum of the exponents on R and a remaining in the
range 1.3+ 0.2. These global confinement scaling results
suggest that radial heat transport decreases with inverse
aspect ratio r/R (8', ~a R would obtain if heat trans-
port were independent of toroidicity). If verified, a strong
favorable dependence of local heat transport coe%cients
on r/R would help resolve a current paradox in tokamak
physics, namely, that local thermal diAusivities are con-
sistently observed to increase with minor radius, both in
absolute magnitude and relative to most theoretical pre-
dictions. However, the accuracy of the inferred size scal-
ing may be compromised by several factors, including a
limited range of aspect ratios studied (R/a =2.4-4), a
collinearity between R and a, and uncertainties such as
differing diagnostic calibrations and wall conditioning
among the tokamaks. A comprehensive evaluation of
tokamak energy confinement by the international design
team for ITER [4] has identified the geometric scaling of
zF. as a major unresolved issue due to R/a degeneracy in
the existing data set. This work breaks the R/a degen-
eracy in the data set by avoiding collinearity in R and a.

We report two experiments on the Tokamak Fusion
Test Reactor (TFTR). The first compares the stored en-

ergy in pairs of plasmas with different major radii, but
with similar values of other parameters which correlate
strongly with global confinement (a, I~, Pb, n„q, ). These
studies provide the most unambiguous determination of
the R and R/a dependence of energy confinement within
the context of L-mode scaling. The second experiment

was designed to determine the relative importance of I~
and R/a for the fusion product (nT)zE by scanning R/a
while adjusting I~ to maintain I~R/a constant. These
data are important since tokamak reactor designers find it
valuable to trade I~ against R/a at approximately con-
stant cost and fusion product [5-7], in order to optimize
parameters such as bootstrap current fraction and diver-
tor performance.

The TFTR has a carbon toroidal belt limiter on the
inner wall and two carbon poloidal ring limiters on the
outer wall. The first experiment directly compared the
stored energy of pairs of plasmas formed on the inner or
outer limiters (see Table I). The toroidal field for all
discharges in this paper was adjusted to maintain q,
=3.0-3.2, with the exception of the R/a =3.2/0. 4 plas-
mas which had q, =2.54. All plasmas were dominated by
auxiliary power (Pb/Poh~ 10). Gas puffing maintained
densities high enough to suppress the (calculated) beam-
ion stored energy to (20-33)% of W„values typical of
the L mode, but low enough to permit good beam
penetration, with beam peaking factors h(0) in the range
1.4-3.2. Beam first orbit and shinethrough losses were
calculated to be small (total & 5%). Fokker-Planck cal-
culations indicate small ( & 15%) power losses due to rip-
ple even for small plasmas on the outer limiter. The plas-
ma density and Z,& in discharges on the outer limiter rose
continuously throughout the 250-msec beam pulse, al-
though zE was equilibrated within 50-80 msec. The
electron-density rise during beam injection was roughly
twice as large in outer-limiter plasmas as in inner-limiter
ones of the same I~ and Pb, suggesting factor-of-2 differ-
ences in limiter recycling. For these plasmas P~ & 1.2,
while the normalized P= P, /(I~/aBT) was 0—.8-1.6, well

away from the Troyon limit of 3-4.
The energy content of these plasmas was determined

from diamagnetic measurements, and independently by
integrating the measured temperature and density profiles
over the plasma volume, added to the energy content of
unthermalized beam ions as calculated from a numerical
solution of the Fokker-Planck equation by the sNAP [8]
code, which assumes classical beam deposition, confine-
ment, and thermalization. T, (r) was measured by 76-
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TABLE I. Comparison of stored energy for similar plasmas on the inner and outer limiters.
Both the total and electron stored energy show strong R scaling, as indicated by md;,. and m„
the exponents for Wd;.„~R"'and for W, ~R"'. Units are in m for a and R, MA for I~, MW for
Pb, and keV for T„(0).

Pb ne Ze[T T, (0) mdia me

0.43-0.40

0.50

0.61

2.08
3.20
2. 15
3.10
2.26
2.99

0.40
0.40
0.50
0.50
0.63
0.63

4.5
4.4
6.5
6.3
8.6
8.5

3.4
5.4
5.6
5. 1

4.7
5.6

1.5
3.3
1.2
3.6
1.4
2.4

2.2
2.0
1.7
2.0
1.6
1.6

1.59

1.72

1.59

2. 1 1

2. 15

1.85

point Thomson scattering, and in some cases by electron-
cyclotron-emission (ECE) radiometry and Michelson in-
terferometry as well. T;(R) was measured by charge-
exchange recombination spectroscopy with 10-cm spatial
resolution, and n, (r ) by Thomson scattering and by a
ten-channel infrared interferometer. Complete T; (R )
profiles were obtained for about 2 of the discharges. For
the remainder, where only a portion of the profile was
measured, sNAp calculated T;(r) assuming that the ion
thermal diff'usivity was equal to a multiple of the electron
thermal diffusivity (g; =cg„where c was chosen to repro-
duce the most central T; measurement). The deduced
values of c ranged from 2 to 4, consistent with our other
plasmas and with typical values in large (a & 0.8 m) plas-
mas in the TFTR [9]. The ion density was determined
from n, (r) usin'g Z, Ir derived from measurements of visi-
ble bremsstrahlung emission.

Expressed in power-law form, the observed R scaling
for the diamagnetic total stored energy is approximately
Wd;,. ~ R ' ' (Table I). The R scaling of the total elec-
tron energy content, W, ee R ' ' [obtained by inte-
grating the Thomson T, (r) and n, (r) profiles], is slightly
stronger than that for Wd;, ECE radiometer T, profiles
were available for both the inner- and outer-limiter 40-
cm plasmas, yielding a scaling W, ~R '', virtually iden-
tical to that obtained with Thomson scattering. The Z, ff

is higher in each case for the outer-limiter discharge,
which increases the ion-depletion factor and is partially
responsible for the diAerence in scaling of W and Wd;„. .

For studies of plasma performance scaling at constant
I„R/a, the range of aspect ratio was augmented by the
addition of a =0.73 and 0.90 m plasmas on both the inner
and outer limiters. Figure 1 shows the dependence of
(nT)zE upon aspect ratio for I~R/a =3.1 and 4.3 MA,
including data at a variety of beam powers (4-10 MW
for I&R/a =3.1 MA and 8.5-18 MW for I&R/a =4.3
MA). The (nT)zE values were derived from diamagnetic
measurements of total stored energy ((nT) z~ = z E'"~t,'t'/
volume). We find that (nT)zb is, at most, a weak func-
tion of aspect ratio for I~R/a fixed, validating tokamak
reactor designs which trade off high I~ for large R/a.
Comparing the two scans, we see that (nT)zE increases
roughly as (I&R/a) — . There is no observed depen-
dence of (nT)zE on beam power, consistent with standard

I -mode scaling [1] for which z ~ rx Pb
Power-law regressions of the form W~R"a' I~ P'

were performed for a combined data set including both
the paired plasmas and the scans at constant I~R/a.
Within this data set, the aspect ratio varied from 2.8 to
8.0, Pb from 4 to 18 MW, and Ip from 0.4 to 1.5 MA.
Only plasmas with 8'b, .„ /W, (0.3 were used in the re-
gressions. By the construction of these experiments, there
is very little correlation between R and a (correlation
coefficient= —0.15), but there are strong correlations
among Pb, I~, and a (correlation coefficients=0. 8). As
shown in Table II, the regressions on magnetic and kinet-
ic Wt, t yield similar dependences on I~ and Pt, t. The ki-
netic data indicate a somewhat stronger scaling on R
(W&,&~R' vs R' '), the difference being comparable
to the uncertainty in the individual exponents. The mag-
netic Wd;.„data set can be adequately described by the
ITER power-law scaling [4] multiplied by 0.8, while the
kinetic data are better described by Goldston scaling [1].
The slight diAerence between the magnetic and kinetic R
scaling arises from systematic diAerences between the
magnetic and kinetic measurements of WI, which were
generally small [kinetic measurements were typically
(0-15)% greater than magnetic], except for the 40-cm
plasmas on the outer limiter, for which the kinetic mea-
surements exceeded the magnetic by (25-30)%. We con-
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FIG. 1. The fusion performance parameter (nT)T: as a func-
tion of R/a for two values of IpR/a.
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TABLE II. Exponents and regression errors from regression
analysis of stored energy, where Wa: R' Ip a P ~ kV&h

+8;. The estimated standard deviation of the model error is

(6.2-7.5)% except for W, /g, for which it is 12%. Since
q =a'8, /R1~ is not varied, the scalings could be multiplied by

q for any k without changing the quality of fit.

8'd;„.

~kn
wkin/g

w, /~
Error

P tot.

1.51
1.77
1.99
1.53
1.84
2.00

~ 0.13

Jp

1.16
1.12
1.20
1.12
1.06
1.12

~ 0.08

b

—0.07
—0.24
—0.51
—0.25
—0.15
—0.45
+ 0.12

0.44 "'

0.34 '
0.47 '
0.33"
0.38 "

0.54 b

~ 0.06

sider the kinetic profile measurement of 8
& preferable for

these plasmas because their low stored energy approaches
the accuracy of the diamagnetic measurement, and be-
cause all three T, profile measurements for the 40-cm
outer-limiter plasmas yielded the same 8' to within 5%.
The accuracy of the T, measurements is further substan-
tiated by the excellent agreement (=10%) between the
measured neutron emission and that calculated from the
measured profiles for total d-d reactions (which are
strongly dominated by the beam-target contribution). By
contrast, the estimated systematic errors on measured
T;(0) of 0.5 keV are a significant fraction of T;(0)
(=1.2-3.2 keV), so the scaling of W; is less well deter-
mined.

Both the kinetic and magnetic 8't, t show strong R scal-
ing, as do 8'th and O', . Within the regression uncertain-

ty, these values for the R scaling are in quite good agree-
ment with the results of the paired plasma comparisons.
The I~ scaling is similar for all the regressions. The
dependence of 8' upon minor radius for all these regres-
sions is weak or slightly negative. Note that the total
stored energy is scaled against Ptpt P$+Poh while the
thermal scalings use the calculated power delivered to the
thermal plasma. The Pth scalings of Wth and 8' are
similar to the scaling found for 8', h in full-size (a & 0.9
m) low-aspect-ratio plasmas on the TFTR [9]. Figure 2
shows plots of 8'd;,. and 8; divided by their correspond-
ing deduced scaling relations of Table II, plotted against
R/a. The interleaving of the outer- and inner-limiter
plasmas, without contradiction of the overall trend, indi-
cates that the different limiter geometries do not seriously
bias the data. This is further supported by the observa-
tion that two a =0.9 m plasmas at the same I~ and P~,
which were run on the inner and outer limiters with only
a slight difference in R/a (R/a=3), had almost no
diA'erence in stored energy.

The correlation of density with plasma size is weak in

the combined data set, e.g. , correlation coe%cients of
—0. 1 for n, and R, and —0.03 for n, and a, so the in-
ferred size scaling changes little if density is included in
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II. IG. 2. The measured 8'd;.„and 8; divided by their deduced
scalings, plotted against aspect ratio.

the regression analysis. For example, we find 8'
~ I 1.07R 1.82a 0.07n 0.3P0.22 d ~ ~ I 1.16R 1.52 —0. 13dia~ p
xPt, t n, ', indicating changes of less than 0.02 and
0.22 in the R and a exponents, which are within the com-
bined uncertainties of the regressions compared. Allow-
ing the regressions to include a toroidal field (BT) or Z, ff

dependence does not significantly aA'ect the strong R and
weak or negative a scaling, although the error bars in-
crease. For instance, the R exponent for S; becomes
1.79+ 0.18 if BT is included, or 2.2~0.3 if Z,g is includ-
ed instead. The a exponent becomes 0.01+0.42 with BT
included, or —0.28+ 0.15 with Z,g. In either case the
exponent inferred for the added parameter is weak
(0.1+ 0.25 for BT, and —0.16 ~ 0.12 for Z,s).

The observed lack of a positive dependence of con-
finement on minor radius is contrary to the scaling one
would expect for a diA'usive heat transport mechanism
unless (a) the heat deposition profile h (r ) becomes
significantly less centrally peaked with increasing minor
radius or (b) local heat transport coefficients depend on
some quantity correlated with toroidicity (r/R). Sys-
tematic variations in h(r) appear unlikely to explain the
lack of minor-radius scaling because the average radius
of power deposition (normalized to a) varies by less than
35% across the data set. To normalize for diAerences in

heating profile among the various plasmas, one can com-
pute the heating effectiveness parameter [10] g, which
represents the ratio of stored energy obtained with a dis-
tributed heating profile to that one would expect with a
point source at the magnetic axis. As shown in Table II,
dividing the stored energy by g has only a small, negative
eAect on the minor-radius scaling, and a small, positive
effect on the power scaling [because the density and
therefore h(r) correlate with beam power]. We conclude
that the variation of h(r) is not masking a significant
positive dependence of confinement on minor radius.

To examine the significance of local toroidicity to heat
transport in these plasmas where the ion-electron power
exchange is large, we consider an average thermal dif-
fusivity defined as g'"'s =Ps„„/(n, VT, +n;VT;), where
Pg„„ is the total power Aowing through a Aux surface,
utilizing the measured temperature and density profiles
and the calculated heat deposition profile. Figure 3
shows g"g as a function of local inverse aspect ratio
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diamagnetic measurements or R ' ' from profile mea-
surements. The electron stored energy scales as R'
from redundant T, (r) diagnostics. The thermal (ions
plus electrons) R scaling (Wthfx: R' ) is similar to or
somewhat weaker than the 8't, t scaling, but is less well
determined due to larger uncertainties in W;, and is
biased downwards by systematic diAerences in Z,z be-
tween the inner and outer limiters. The confinement scal-
ing with minor radius is weak, and perhaps negative.
Plasma fusion performance as measured by (nT) r E is rel-
atively insensitive to aspect ratio for a fixed value of
I~R/a, which may allow greater I]exibi]ity in tokamak
designs. Local heat transport appears to depend in part
upon the local inverse aspect ratio, which is consistent
with the weak minor-radius scaling of stored energy, and
is supportive of a strong role for trapped particle and/or
bad curvature eA'ects in turbulent transport.
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FIG. 3. Comparison of g"'" for various sized plasmas on the

outer limiter plotted against r/a and r/R Plasm. a conditions

were Pb =4.3, 6.0, 6.0, and 6.0 keV; T„(0)=2.0, 2. 1, 1.8, and

2 2 keV; n, =5 4X 10', 5. 1 x 10', 4 9& 10', and 3 3 x 10'
m '; I =0.4, 0.5, 0.63, and 1.04 MA; and R/a =8, 6, 4.9, and

3 for a =40, 50, 61, and 90 cm, respectively. The combination

of radiation (P,,d/Pb ( 25%) and convection dominate the

power balance outside r/a )0.7.

(r/R) and of local fractional radius (r/a) for discharges
of varying minor radius on the outer limiter described.
By the nature of this data set the diff'erent plasmas are
not identical; nonetheless, the salient feature of Fig. 3 is
that local transport appears to be better characterized by
r/R than r/a, indicating that high-aspect-ratio plasmas
resemble the central cores (at similar local aspect ratio)
of larger-minor-radius plasmas with lo~er global aspect
ratio, and suggesting that toroidicity influences local
transport. These results suggest that it is the low local
aspect ratio of the outer plasma region, rather than the
low T, or high q, which causes g to rise towards the out-
side of low-aspect-ratio plasmas.

In conclusion, we find that 8't, t scales as R' ' from
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