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Comparison of steady-state and perturbative transport coefficients
in TFTR*

P. C. Efthimion," C. W. Barnes,® M. G. Bell, H. Biglari, N. Bretz,

P. H. Diamond,”? G. Hammett, W. Heidbrink,® R. Hulse, D. Johnson, Y. Kusama,®
D. Mansfield, S. S. Medley, R. Nazikian, H. Park, A. Ramsey, G. Rewoldt, S. D. Scott,
B. C. Stratton, E. Synakowski, W. M. Tang, G. Taylor, M. C. Zarnstorff,

and S. J. Zweben
Plasma Physics Laboratory, Princeton University, P.O. Box 451, Princeton, New Jersey 08543

(Received 9 January 1991; accepted 24 April 1991)

Steady-state and perturbative transport analysis are complementary techniques for the study of
transport in tokamaks. These techniques are applied to the investigation of auxiliary-heated L-

mode and supershot plasmas in the tokamak fusion test reactor (TFTR) [R. J. Hawryluk et
al., Plasma Physics and Controlled Nuclear Fusion Research, Proceedings of the 11th
International Conference, Kyoto, 1986 (IAEA, Vienna, 1987), Vol. 1, p. 51.]. In the L mode,
both steady-state and perturbative transport measurements reveal a strong temperature
dependence that is consistent with electrostatic microinstability theory and the degradation of
confinement with neutral beam power. Steady-state analysis of the ion heat and momentum
balance in supershots indicates a reduction and a significant weakening of the power-law
dependence on the transport in the center of the discharge.

I. INTRODUCTION

Steady-state heat and momentum balance analysis is
universally applied to the study of transport in tokamak
plasmas. Perturbation analysis has also become a popular
means of obtaining additional information about trans-
port."” These techniques are complementary, and together
they offer a powerful means of studying transport in toka-
maks. The research program on TFTR has focused upon
understanding transport in its auxiliary-heated plasma re-
gimes: the L mode and supershots. The L-mode regime has
been studied on every tokamak with auxiliary heating.®'?
Unfavorable confinement scaling with heating power
(7 < P ~%%) makes the L mode unattractive as a reactor
regime. Understanding the cause of the adverse power de-
pendence in the global confinement time is important, and
reactor-relevant because it is also observed in the H modes.
Supershots have enhanced confinement compared to L-
mode, 7;/7F ™% ~2-3, peaked pressure profiles, high tem-
peratures, and the absence of confinement degradation with
input power until the £ limit is reached making them rel-
evant to reactor studies.'* In this paper, the TFTR confine-
ment in auxiliary-heated plasmas obtained from perturba-
tive and steady-state transport analysis are compared.

The relative advantages and disadvantages of steady-
state and perturbative transport analysis can be illustrated
by examining the particle continuity equation

*Paper 1102, Bull. Am. Phys. Soc. 35, 1917 (1990).
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where one model for the particle flux T is
I' = — DVn + Vn, Dis the particle diffusivity, Vis the radi-
al velocity, .S is the particle source, and # is the density. A
steady-state solution for I" requires an accurate determina-
tion of the particle source term. In contrast, a perturbative
solution of the particle continuity equation relies on varia-
tions of the density and the particle source terms instead of
the absolute value of the terms. In the case of a perturbation
by a gas puff, dn/dr dominates the source in Eq. (1). Fur-
thermore, in steady state, the decoupling of I into transport
coefficients D and V is impossible because there is only one
equation and two unknowns; only the ratio D /V is obtaina-
ble. Perturbative techniques take advantage of the time vari-
ation of the data to produce a system of equations with more
equations than unknown transport coefficients. It is impor-
tant that the system of equations is not degenerate when
there is more than one unknown. This is satisfied if the terms
multiplying the transport coefficients are decorrelated in
time. For example, a perturbation in the form of a small gas
puff decouples the perturbed density and density gradient,
&n and 6Vn, due to their different time behaviors. This en-
ables the transport coefficients to be determined from the
perturbed flux.

A disadvantage of perturbation analysis is that the per-
turbation must be small to minimize the deviation from
steady-state conditions. Thus, many reproducible shots may
be required to obtain good measurement accuracy. This can
be a problem in some auxiliary-heated plasmas where irre-
producible shot-to-shot variations can be as large as the per-
turbation. More important, there are fundamental issues in
perturbation analysis that are not always understood: the
steady-state parameters are not always measured and non-
linear dynamics [i.e., D = D(#, Vn)] complicates the analy-
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sis. These two points are illustrated in the linearized per-
turbed particle flux equation with nonconstant transport
coefficients

5r=(— Dy -2 yny + ¥ )5%
(D) c7V ( ) n (n)
V
+(y+ 2 ny — 22 vy o, )
where { ) and 8 represent the steady-state and perturbed

quantities, respectively. A serious problem arises in the
terms multiplying én because the particle diffusivity contrib-
utes to the apparent pinch. The pinch commonly refers to
the velocity terms multiplying én in 6T, If D is proportional
to L ¢, the nonlinear term, dD /dn (Vn), will be larger than
the neoclassical pinch velocity. Neglecting the nonlinear dif-
fusivity term could lead to the erroneous conclusion that the
pinch is highly anomalous. The terms multiplying 6V« in-

clude the steady-state diffusivity (D} and 2 nonlinear term,

4D /3Vn {Vn).Notethis termis of thesame order as (D ) it D
is proportional to L ¢ and 0. Similar issues concerning
the advaniages and disadvantages of steady-state and pertur-
bative thermal transport analysis can be inferred from the
heat balance equation.

il. L-MODE PLASMAS
A. Steady-state transport

Steady-state L-mode plasma transport was studied in a
power scan at constant density, where the central density
n,(0) = 4X 10" m -3, the plasma current [, = 1.2 MA, the
major radius R = 2.58 m, the minor radius ¢ = 0.93 m, and
the toroidal magnetic field Bp = 3.8 T."* Local coefficients
of energy transport were determined from profile measure-
ments of temperature, density, and radiation using the 1-D
steady-state transport analysis code snAP.!> Figure 1 illus-
trates the radial dependence of the single-fluid thermal diffu-
sivity, Yauw = — (Q. + 0;,)/(n, VT, + n,VT;), where Q,
and Q, are the electron and ion heat fluxes and V7, and V7,
are the electron and ion temperature gradients, for several
values of auxiliary power. Here, y;,. characterizes the aver-
age thermal heat transport and avoids difficulties in L-mode
plasmas of separating the total heat flow into convective and
conductive channels and ion and electron channels. (Classi-
cal electron—ion heat exchange can be a very large term in
the power balance in the outer part of the plasma where the
temperatures are low. Moreover, possible anomalous contri-
butions to this exchange are not considered.) The value yq.,
increases with input power at all radii while keeping its pro-
file shape relatively constant. In Fig. 1(b), the heat fluxes for
electrons and ions are separated and their corresponding
thermal diffusivities are shown at half the minor radius. In
the L mode, the ions dominate the power flow, y, is greater
than y., and both increase strongly with beam power. Mag-
netic measurements of the stored energy for L-mode plas-
mas, including the well-confined fast ions, imply that the
total energy confinement 7, scales as 7 P ;%% where P,
is the neutral beam heating power.® By contrast, kinetic
measurements not including the fast-ion stored energy indi-
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FIG. 1. (a} The single-fluid y,,, radial profile for an L-mode neutral beam
power scan. (b) The electron and ion heat diffusivity at »/a = 0.5 for the L-
mode neutral beam power scan.

cate a stronger power-law dependence for the thermal con-
finement'*'® 7, ..., described as Ty erma < P 7

B. Perturbative electron transport

Perturbative analysis has been applied to the study of
particle transport in L-mode plasmas.!” The electron parti-
cle transport coeflicients are ascertained by measuring
n,(nt) following a small gas puff that perturbs the line-inte-
grated density (n, dl /in, dl~7%. The flux T (r,t) is ob-
tained from Eq. (1) using the density profile measured from
a ten-channel imterferometer and the electron particle
source. The dominant electron source comes from the
steady-state neutral beam fueling, and the wall electron
source is calculated using an estimate for the edge particle
confinement time based upon measurements of H,, radiation
in the limiter region.

Because of the potential problem with nonconstant
transport coefficients, a general linearized form of the per-
turbed particle flux is used:

ar ar
6T = —— 6Yn + —8n, 3
n 1+ o (3
where the partial derivatives will now be referred to as the
transport coefficients.

This approach was applied to L-mode plasmas to ascer-
tain the temperature dependence of transport. The motiva-
tion for this study comes from the theory of anomalous
transport due to microinstabilities. A few analytic forms of
the theory'®2® are

Dy. =€"*(p,C,/L,)Y /v, xe 3T}/ (nl2),
Vg /0¥ > 1, (4)
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Do =36"p,CI/L, < €T °/L,, veg/w*<], (5)
Dilg = Eo's(pscs )st/(veﬂ‘LTi3) < eostsLs/L :;‘iy (6)

where Dy, and D, are estimates of the diffusivities for the
dissipative and collisionless trapped-electron mode and D,,,
represents a sheared-slab model estimate of the diffusivity
for the trapped-ion mode in the dissipative trapped-electron
regime of collisionality. Here, p, is the ion Larmor radius
evaluated using the electron temperature, C, is the sound
speed, L,,, L, and L, are the density gradient, ion-tempera-
ture gradient, and shear scale lengths, 7, is the electron tem-
perature, n is the electron density, v,; is the electron—ion
collision frequency, v = v,,/€, € is the inverse aspect ratio,
and w* is the diamagnetic drift frequency. These analytic
forms of D,. and D,,, are strictly applicable only at the two
extreme limits of collisionality. In many plasmas, including
those with L-mode confinement, v, /@* =~ 1. A recent mod-
el?! for trapped-electron transport in this regime of colli-
sionality indicates that the T, and L,, dependencies are func-
tions of v s /w* and L,,.

The dependence of the local particle and heat transport
coefficients on temperature were measured during a neutral
beam power scan, with the final density during beam injec-
tion held constant. Four beam powers were used with the
power in the co- and counter-beam sources balanced to mini-
mize plasma rotation (P, =0, 4.5, 9.0, and 14 MW). The
other constant plasma parameters were toroidal magnetic
field Be = 4.0 T, major radius R = 2.58 m, minor radius
a = 0.93 m, safety factor ¢ = 5.1, and the plasma current
I, = 1.5 MA. The gas puff was produced with a flow rate of
15 torr-liters/sec for 0.05 sec in the steady-state period of the
neutral beam injection. Figure 2 shows the four electron den-
sity and temperature profiles from the scan. The central elec-
tron temperature varied by a factor of two while the density
profiles were successfully held constant. There is similar ion
heating with the ratio of 7;/7T, increasing from 0.8 to 1.25
with input power. The global energy confinement time for
plasmas in increasing order of input power were 0.27, 0.127,
0.105, and 0.100 sec. The confinement times were, on the
average, 1.1 times L-mode confinement scaling.®

The general flux analysis {Eq. (3)] is applied outside
the g=1 (¢g=1 at »=0.23 m) surface to avoid density
sawtooth effects, but not within 0.23 m of the last closed flux
surface of the tokamak in order to minimize the influence of
the edge electron source term in the particle balance and the
radiative power term in the heat balance. Figures 3(a) and
3(b) show the particle transport coefficients, dI'/dVn and
3T /dn, derived from the flux analysis as a function of radius
for the four plasma cases described in Fig. 2. At each radius,
there is an increase in the particle transport coefficients with
increasing temperature. There is also a radial dependence in
the coefficients with smaller values toward the center of the
plasma. The electron and ion thermal conductivities, y, and
¥. [Fig. 3(c)] obtained from equilibrium power balance
analysis exhibit similar temperature behavior to dT'/dVn
[Fig. 3(a)]. These L-mode plasmas, as well as those in Sec.
IT A have y, > y..

At each radius, the transport coefficients in Fig. 3 are
assumed to be proportional to T'¢, and the temperature ex-
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FIG. 2. The electron density and temperature profiles at four neutral beam
powers (0, 4.5, 9.0, 14 MW).

ponent is plotted in Fig. 4 as a function of radius. Note that
dI'/dVn and 9T"/dn exhibit the same temperature scaling at
each radius, with temperature exponents ranging from 1.5-
2.5. Similar values of temperature exponent are obtained for
X. and y,. The temperature dependence of the single-fiuid
thermal diffusivity yq.. at each radius for the neutral beam-
heated plasmas is also shown in Fig. 4, and is similar to the
values obtained for the particle transport coefficients
ar/dvn and T /dn.

The temperature exponents observed for the heat and
particle transport coefficients are between the values of 1.5
and 3.5 predicted by the analytic forms of trapped-particle
drift-type microinstability transport theory for the two ex-
tremes of collisionality in the banana regime. With
Vg /0% =~ 1, Waltz and Dominguez®' indicate that the tem-
perature exponent should lie between 1.5 and 3.5. More ac-
curate values are obtained from two numerical codes that
calculate the temperature exponent from microinstability
theory. The first is a comprehensive kinetic quasilinear mi-
croinstability calculation in toroidal geometry for trapped-
particle modes driven by trapped-electron and
VT;[7,=3(InT,)/d(In n;)] dynamics (referred to as the
toroidal QL model).” For r <0.65 m, 7, > 2, this calcula-
tion indicates that 7, mode behavior should be dominant.
Anomalous transport coefficients were estimated using qua-
silinear theory, with fluctuation levels evaluated using the
mixing length prescription ep /T, =1/k,L,, where k, is the
poloidal wave vector and L, is the pressure gradient scale

Efthimion et a/. 2317
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FIG. 3. (a) Particle transport coefficient dT'/dV# versus plasma radius at
four neutral beam powers (0, 4.5, 9.0, 14 MW). (b) Particle transport coef-
ficient 9T /dn versus plasma radius at four neutral beam powers (0, 4.5, 9.0,
14 MW). (¢) Electron and ion thermal diffusivities (y,, y,) versus plasma
radius. The points with dashed lines are y, and those with solid lines are y.,..

tength. Note that, for toroidal modes, k, =~ k,5A8, where A9
is the extent of the wave along a magnetic field line. The
second calculation®' is a slab-like quasilinear model of
trapped-particle transport (referred to as slab-like QL mod-
el) assuming that the %, mode behavior is dominant. For the
toroidal QL model, the average of the temperature expo-
nents (i.e., D« T#) of the particle (and electron thermal)
diffusivity at » = 0.5 m for the four cases is shown in Fig. 4.
The average of the calculated exponents is very close to the
experimentally deduced exponent of the particle (and elec-
tron thermal) diffusivity at the same radius. Furthermore,
the calculated ratio of the ion and electron heat fluxes,
Q./0,, is 3.1, which is within 50% of the value obtained
from the steady-state heat balance. For the slab-like QL
model, the average temperature exponents over the radii
r = 0.35-0.6 m are shown as a dotted line in Fig. 4, and are
also close to the experimental results. Because the neutral
beam deposition does not change in the power scans at con-
stant density, the roughly temperature-squared dependence
in yq., is easily related to a global thermal confinement pow-
er dependence of 7y, < P ;- . This is in agreement with
the power-law dependence in the steady-state analysis for
the thermal particles (Sec. II A). While the calculations
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FIG. 4. The electron temperature exponent of the transport coefficients
8r/8%n, 3r/dn, and yp,, , and a comparison with the exponents from two
drift-like microinstability models (slab-like QL model, and toroidal QL
model).

have focused on 7, modes, these results are consistent with
the temperature scaling of generic drift-like microinstabili-
ties.

Although these experiments have shown that the tem-
perature dependence of the local particle and heat transport
is consistent with electrostatic theory, they have not unique-
ly determined the scale length dependence of the transport
coefficients. Also, it is important to acknowledge that we
have not reconciled here the differing radial dependence of
the measured transport coeflicients, which increase with ra-
dius, with the theory-based coefficients, which decrease with
radius because of the temperature dependence. In a future
publication, it will be shown that the radial dependence of
the particle transport coefficients can be reconciled with the
temperature and density scale lengths.

C. Microwave scattering

A spatially scanning microwave scattering system oper-
ating in the extraordinary mode at 60 GHz is used to study
small-scale density fluctuations in TFTR plasmas.”* Heter-
odyne measurements of density fluctuations are made in the
wave-number range 2.0 em ™! <k, <25 c¢m ~ ', Spatial reso-
lution determines the low &, limit at 2.0 cm ~'. The spectral
power density integrated over frequency S, at #~0.3 m for
linear Ohmic and L-mode plasmas have their highest fluctu-
ation amplitudes occuring at the longest resolvable scale
lengths corresponding to k, p, <0.5, where p, is the jon Lar-
mor radius calculated with the electron temperature. The
change in spectra from Ohmic to L mode was examined for
the same set of discharges used in Fig. 1, where the density
was kept constant in a neutral beam power scan [Fig. 5(a) .
The spectrum for the L mode with 9 MW of beam power has
a higher amplitude and is more peaked at low k, leading to an
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increase in 6n,/n, by a factor of 3.3 between Ohmic and L
mode. The magnitude of the density fluctuations can be fit-
ted with a power law of S, o 1/k; for the L-mode plasma,
and S, « 17k} for the Ohmic plasma. At fixed k, =4.2
cm ~', with the density held constant, the scattered power
increases with total heating power and is plotted in Fig. 5(b)
versus electron temperature. The single-fluid thermal diffu-
sivity yq., shown in Fig. 1 is plotted for r=~0.3 m in Fig.
5(b). The thermal diffusivity and the scattered spectrum at
k, = 4.2 cm~ ' roughly correlate with electron temperature.
ThlS comparison was made with L-mode discharges with
beam power <9 MW and Ohmic discharges. In Fig. 5(b), S,
and yy,, can be expressed as an electron temperature power
law with exponent near 2, and an exponent of 2.8 if the Oh-
mic points are not included. From scattering theory,
on} « §S, dk, where dk is the wave-vector differential ele-
ment. Note that 872 « y,, from Fig. 5(b) and yq,, < T,
where S~2 from the experiments in the previous section.
Electrostatic theory expects the temperature dependence of
8n? and y4,, to differ by T/, but the accuracy of the mea-
surements and the limited data points do not allow for such
differences to be resolved. Nonetheless, these observations
are consistent with the turbulence causing the transport, as
expected from electrostatic microinstability theory.

D. Trace He*? transport

A powerful perturbation technique is based on measure-
ment of the radial profile of the He * 2 transport coefficient
using charge-exchange spectroscopy after the introduction
of a small helium gas puff into a deuterium plasma.’* The
technique was applied to high-recycling plasmas at I, =14
MA with confinement slightly higher than L mode. Neutral
beam power of 6.7 MW was injected coparallel to the plasma
current for 1.0 sec; as a result, these discharges exhibit toroi-
dal rotation with a central velocity of 250 km/sec. The mea-
sured time evolution of the helium density at several radii in
the plasma has been modeled with the impurity transport
code MIST.?® This permits determination of transport coeffi-
cients as a function of radius. The best fit to the time history
of the helium density perturbation at different radii requires
a particle diffusivity that increases with radius (Fig. 6); a
spatially constant diffusivity will not reproduce the data.
Across the entire plasma cross section, both the measured
diffusivity and convective velocity are at least an order of
magnitude larger than values predicted by neoclassical theo-
ry. The inward convective velocity is approximately 8 m/sec
at r = 0.6 m and 35 m/sec at the plasma edge. The helium
particle diffusivity has been compared to thermal and mo-
mentum diffusivities calculated with the 1-D steady-state
transport code SNAP. The ion, electron, and momentum dif-
fusivities, y,, ., and ., are shown in Fig. 6 for a compari-
son with the helium diffusivity. It is clear that
Dy, (r) ~xi(r) ~x,(r) > y,(r) over the plasma cross sec-
tion in this L-mode plasma. This result may be consistent
with plasma transport because of electrostatic microinstabi-
lities. Numerical calculations of the ratio of the ion and elec-
tron heat flux as a function of the parameter
7,=d(InT,)/d(In n,) show y,(r)~y,(r)>y.(r) when
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7, > 1.?% In this regime, the perturbed ion pressure can be
out of phase with the perturbed electrostatic potential. If the
helium is considered a trace impurity, ambipolarity does not
govern its transport and the helium ions may then transport
at a rate comparable to that of ion heat transport, i.e.,
Dy (rY =y, (r).
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E. Trace iron transport

Transport of a trace amount of iron injected into the
same L-mode plasmas used to study helium transport was
measured with the CHERS diagnostic.?® The diffusivity of
helium-like iron (Fe** * ), the most abundant iron ion in the
core of these discharges, is flatter than the helium diffusivity,
increasing from 1.3 m?/sec on axis to 2.4 m?/sec at the plas-
ma edge. These values are larger by over an order of magni-
tude than the neoclassical diffusivity, while the measured
convective velocity, which rises from 0 on axis to 6 m/sec at
the edge, is consistent with the neoclassical values, Modeling
is underway to see whether the observed difference between
helium and iron transport can be explained by electrostatic
turbulence; the effects of plasma rotation may also be impor-
tant.

{ll. SUPERSHOT PLASMAS
A. Steady-state transport

The supershot is an enhanced confinement plasma with
T, /Ty ™9 ~2-3.2272% Qupershots are characterized by
peaked density profiles [#,(0)/(n,)<3], high ion tempera-
tures (7; ~20-30 keV), and are formed by core fueling a
low-recycling, low-density target plasma with balanced neu-
tral beam injection. The steady-siate transport properties of
the low-recycling and high-recycling plasmas have been
compared in a pair of neutral beam power scans at /, = 1.3
MA and beam powers between 5 and 23 MW.' The neutral
beam injection was unbalanced to allow for measurement of
the momentum diffusivity with a constant torque during the
neutral beam power scans. At low power, the unbalanced
injection was coinjected only and n,(0)/(n,) ~2.1, while
the high-power end is a mix of co- and counter-injection and
n,(0)/{n,) ~2.4. Unbalanced injection in a low-recycling
target plasma does not resuit in the high-peaked density pro-
files characteristic of supershots, nevertheless, these plasmas
did have enhanced confinement compared to L-mode plas-
mas (75/7% ™% <2.6 at the high beam powers) and high ion
temperatures. The high-recycling plasmas did have L-mode
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FIG. 7. Comparison of the characteristics of L-mode and *supershot” plas-
mas in a constant torque neutral beam power scarn.
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characteristics. The characteristics of the two plasmas are
compared in Fig. 7. The supershot label is in quotes because
the data poinis below 10 MW have only modestly peaked
density profiles; this regime is usually referred to as “the hot-
ion mode”.’® The line average density in supershots in-
creases with beam power, while the high-recycling L mode
shows little density variation despite the substantial increase
in the particle fueling rate during the neutral beam power
scan. The central electron temperature increases with power
in both cases although the supershot is at least 50% hotter, A
striking difference between the two plasma regimes is that
the ion temperature is a factor of 2-3 larger in the supershots
than in the L-mode plasmas.

The angular momentum plays an analogous role in the
momentum balance io the stored energy in the energy bal-
ance. Note the interesting trend that the central angular mo-
mentum density, shown in Fig. 7, increases with power in the
supershot plasma and decreases in the L-mode plasmas, af
[fixed torque input, This is direct evidence for degradation of
momentum confinement with beam power for the L mode,
and improvement in the case of the supershot. The local
power balance shows an improvement in y;, at ali radii in the
supershot (Fig. 8). Although the improvement in y, is mar-
ginally better in the plasma core compared to the half-radi-
us, the power-law dependence in y, in the core has been
significantly weakened. A stronger case can be made for y,,
which has smaller error bars than y,. For y,, the improve-
ment in the supershot is primarily in the plasma core. The
unfavorable power dependence for the momentum transport
is actually reversed in the core of the supershot. Confine-
ment trends between L-mode and supershot plasmas have
been correlated with the density profile peakedness,
n,(0)/{n,».*® This correlation could either be caused by a
favorable effect of peakedness on confinement, or is the re-
sult of improved particle confinement caused by some other
change. It is important to note that T,/ T, > 2 for supershots
and may be a factor in determining the improvement in the
transport. At the higher-input powers, the density peaked-
ness (Fig. 8) increases in supershots and decreases in the L
mode.
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B. Perturbative studies of marginal stability

Asshown in Sec. IT A steadv-state supe

a3 SV 200, 22 A, SICalLY

studies indicate a correlation between a reduction in the
thermal and momentum diffusivities and increased peaked-
ness of the density profile. The ion temperature and density
profiles shapes are similar, with the result that the supershot
plasmas are predicted to be near marginal stability for ion
temperature gradient driven turbulence (ITGDT). If the
predicted transport due to ITGDT is much greater than the
steady-state transport, the turbulence would be expected to
enforce marginal stability. Marginal stability in supershots
was tested by transiently broadening the peaked density pro-
files with injection of either pellets or a helium gas puff.>**!

Marginal stability to ITGDT would result in the thermal ion
transport adjusting the temperature profile to the shape of
the density profile in order to return the threshold parameter
n,=d(In T;)/3(In n;) to a value near the threshold 7,. The
supershot plasmas tested have I, = 1.0 MA, B, =4.8 T,
R = 2.45m, and 14 MW of balanced neutral beam injection.
The helium puff perturbed the outer half of the plasma while
the pellet perturbation modified most of the profile. For both
perturbations, the plasmas are driven far from the theoreti-
cal stability boundary for ITGDT. At r/a = 0.67, 7, is near
2 before the perturbation and reaches a peak value near 9,
and remains above 5 for more than 0.035 sec. However, the
threshold values of 77, predicted by Romanelli,** Hahm and
Tang,** and Mattor and Diamond** reach peak levels of 3,
4, and 4.5, respectively, in the condition of this experiment.
Although the density has broadened and its scale length has
increased by a factor of 8, the ion temperature scale length,
L, actually decreases 35%. The power balance analysis for
this perturbation experiment indicates that the ion heat flux
remains approximately constant throughout the perturba-
tion, and is lower than theoretically predicted by fluid mod-
els. Consequently, the supershot transport does not adhere
to marginal stability with regard to ITGDT. However, be-
cause of the observed T, > 2T, and the presence of a substan-
tial population of energetic particles in the plasma core,
ITGDT-driven transport may not be so virulent as to impose
marginal stability. This may be due to the linear and nonlin-
ear Landau damping associated with the presence of hot and
energetic ions.

rshot transport

IV. FAST-ION TRANSPORT

A number of measurements of fast-ion radial diffusion
have been conducted on TFTR. Previous measurements of
charge-exchange flux during off-axis neutral beam injection
reported a fast-ion diffusivity less than 0.1 m?/sec.” There
have also been ongoing measurements of triton
burnup'****’ and escaping tritons***° that require fast-tri-
ton diffusivity <0.1 m?/sec. Recently, fast-ion transport co-
efficients were modeled from the decay of neutron and
charge-exchange flux decay following a fast-ion perturba-
tion created with a short pulse (0.02 sec) of neutral beam
power applied to an Ohmic plasma.'* The neutron and
charge-exchange flux measurements were modeled with
both a Fokker—Planck calculation and a Monte Carlo calcu-
lation in the 1 1/2 D transport code TRANSP,*® which in-
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cludes collisional drag, energy diffusion, pitch angle scatter-
ing, neutral beam charge-exchange recapture, and a neutral
density profile model. The neutron decay rate is classical,
and is consistent with the fast ions having a diffusivity in the
core of much less than 0.1 m?/sec for these Ohmic dis-
charges. Similarly, the charge-exchange flux measurement is
modeled, and is consistent with either trapped particles, or
fast ions at large radii, having a fast ion diffusivity of ~0.1
m?/sec. These fast-ion diffusivities are small when compared
to the ~ 1 m?/sec obtained in perturbation experiments for
helium ions and for electrons at thermal energies. There is
now a few experimental data showing that transport of ener-
getic particles is much slower than thermal particles.

V. DISCUSSION AND CONCLUSIONS

The combined application of steady-state and perturba-
tive transport analysis techniques provides a powerful means
of studying tokamak plasma transport. The diverse plasma
regimes reviewed here can be summarized in the plot of dif-
fusivity as a function of temperature (Fig. 9).'* Several re-
sults obtained from steady-state and perturbative transport
techniques are consistent with anomalous transport due to
electrostatic drift-like microinstabilities. For the L-mode
plasmas, the degradation of confinement with beam power is
consistent with a strong temperature scaling. The helium
particle diffusivity is observed to be on the order of y,, and
the electron particle diffusivity is on the order of y,. Last,
there is a rough correlation of density fluctuations with the
thermal diffusivity in a neutral beam heating power scan.
Although these general theoretical characteristics have been
observed in the transport data, many details of the theory
remain to be tested. The biggest problem is demonstrating
that microinstability theory can match the amplitude and
profile shape of the experimental transport coefficients.

In the case of the supershots, both steady-state and per-
turbative transport techniques show an improvement of core
confinement. The reduced transport coefficients are corre-
leated with density profile peakedness, but is not clear
whether the peakedness causes the reduced transport. Other
parameters, such as 7;,/T, and 3, also correlate?® and may

ION TRANSPORT IN DIFFERENT ENERGY REGIMES
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be responsible for the changes in transport. The observed
reversal of the temperature dependence of the diffusivity at
high thermal temperature may also be related to the small
values of diffusivity obtained for fast ions. With regard to the

pa ive o rimant dacionad tn ftact
ITGDT mode, a perturbative experiment designed to test

whether supershots are governed by marginal stability did
not observe marginal stabilization or increased transport
when the theoretical condition for mode insiability was
greatly exceeded. The experiments to test marginal stability
perturbed the density gradients and temperature, and it will
be necessary to design experiments that measure the scale
iength dependence in L mode to determine the type of drifi-
like microturbulence theory that is consistent with the trans-
port.

Finally, energetic ion diffusion in many experiments is
observed to be very small when compared to electron and ion
thermal and particle transport coefficients. The fast-ion
transport may be consistent with ion orbit averaging of elec-
trostatic microinstabilities.”*! Most comparisons with theo-
ry crudely test the order of magnitude of the transport. Fu-
ture work will need to examine the dependencies of fast-ion
transport and make careful comparisons with detailed theo-
ries.
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