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Neutral-beam-heated plasmas in TFTR show evidence of substantial non-Ohmically driven toroidal
current, even for balanced beam momentum input. The observations are inconsistent with calculations
including only Ohmic and beam-driven currents, and presently can only be matched by models including

the neoclassical bootstrap current.

PACS numbers: 52.25.Fi, 52.30.Bt, 52.50.Gj, 52.55.Fa

The electric current parallel to the magnetic field in a
tokamak plasma is typically generated by an inductive
electric field (Ohmic current). Many other mechanisms
have been found or proposed for driving current,! includ-
ing injection of fast particles®> and perpendicular gra-
dients of density and temperature.>* In the first case,
the injected nonthermal particles directly carry the
current, and are partially shielded by the collisional
response of the thermal electrons. Such currents, carried
by fast ions from injected neutral beams, have been pre-
viously studied in axisymmetric toroidal devices*® and
stellarators’ and found to be in reasonable agreement
with theory. In the latter case, neoclassical theory pre-
dicts nonzero off-diagonal coefficients in the Onsager
transport matrix coupling the perpendicular (to the mag-
netic field) gradients of plasma density and temperature
to the parallel electric current (the “bootstrap” current).
This current has the potential for generation of a
steady-state tokamak,*® and for driving MHD instabili-
ties. Previous attempts to compare measured currents
with the predicted bootstrap current in stellarators”®!!
and an initial attempt in a tokamak'? were unsuccessful
or inconclusive. However, studies in a toroidal mul-
tipole 13 showed good agreement with theory. Studies in
stellarators have been hampered, until recently, ' by the
lack of adequate theoretical treatment. Studies in
tokamaks are complicated by the strong Ohmic current,
long resistive equilibration times, and the difficulty of
measurement of the local current density.

The Tokamak Fusion Test Reactor (TFTR) is heated
by four tangential neutral-beam lines providing as much
as 20 MW of D° at =100 keV for up to 2 sec. Three of
the beam lines inject neutrals parallel (coinjection) to
the toroidal plasma current I,, and one injects antiparal-
lel (counterinjection), allowing the input angular mo-
mentum to be varied by choice of operating beams.
Feedback loops control I, and the location of the outer-
most flux surface. The deuterium plasmas discussed
here are of the enhanced confinement type obtained re-
cently,!> and have I,=0.8-1.1 MA, toroidal magnetic
field B+ =4.8-5.2 T, major radius R =2.5 m, and minor
radius 2 =0.8 m. With neutral-beam power Pg from 10

to 15 MW, and relatively low net injected momentum
(nearly balanced coinjection and counterinjection), they
typically have central electron temperature 7,.(0)=38
keV, central ion temperature 7;(0) =15-30 keV, effec-
tive charge Z.g=2-4, low toroidal rotation velocity
v,=10° m/sec, and very peaked density profiles n,(0)/
n,==2.5. These plasmas are in the collisionless regime
with va; <5%10 73, vs,<5%x1072 at r=0.3 m, and
have very long resistive equilibration times (=5 sec).
The typical time evolution of global parameters is shown
in Fig. 1. The measured diamagnetic Bp, =2,
A=Ppeqt1;/2=3, and Shafranov shift =0.35 m (from
Thomson scattering density and temperature profiles).
The elongation of the outermost flux surface (as inferred
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FIG. 1. Typical time dependence of plasma parameters Ip,
Bpi, A, and n.. This plasma was heated by 10.6 MW of neu-
tral beams from 4.0 to 4.7 sec, with P/Pg =0.57.
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from measurements of the poloidal field outside the plas-
ma) decreases from 1.05 in the Ohmic phase to ==0.9 at
the end of beam heating. Unidirectional injection into
similar plasmas produces high toroidal rotation velocities
(up to =10° m/sec), lower central temperatures and
densities, and =1 MA of net driven current for Pg =11
MW which will be reported separately.

The surface voltage Vg, =[d¥/dtle, where ¥ and @
are the surface poloidal and toroidal flux functions, re-
spectively, is negative for these plasmas during beam
heating, even with balanced injection for sufficiently
large Bp, as shown in Fig. 2. Vy, is calculated with a
filament current model'® to fit the magnetic measure-
ments of the external poloidal field and flux, and is
checked against six voltage loops distributed poloidally
about the plasma. The fitting procedure is not complete-
ly compensated for vacuum-vessel eddy currents induced
by rapid transient plasma motion during beam turn on
and turn off. These perturbations decay on a time scale
of =10 ms. The rapid decrease of Vg, in Fig. 1 from its
prebeam value is partially explained by the measured
fast changes in flux-surface shape, Bp (which changes
the inductance), and T, (which changes the resistivity).
These discharges do not have sawtooth relaxations dur-
ing beam heating, and show no evidence of disruptive
MHD activity, which has previously!” been found to
transiently force Vg, <0. Thus, in the latter portion of
the heating pulse, when the shape and I, are constant,
the continued expulsion of poloidal flux (Vg <0) is an
indication of non-Ohmically driven currents.

To quantitatively understand the driven currents in
these plasmas, the poloidal flux diffusion has been
modeled by the time-dependent 1 3 -dimensional trans-
port analysis code TRANSP.!® The code calculates the
time evolution of Vg, for various assumptions of plasma
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FIG. 2. Experimental variation of ¥ with Bp for cotangen-
tial neutral-beam injection, counter-tangential injection, and
near-balanced cotangential and counter-tangential injection.
The typical error bar is estimated from the sensitivity of the
Vsur calculation to the location and number of filaments used to
fit the magnetic measurements.

transport and driven currents, using measured time-
dependent plasma parameters. The T, and n. profiles
are measured at two times in each discharge by a 76-
point Thomson scattering system.!° The T, profile is
also measured by first-harmonic electron-cyclotron-
emission radiometry,?® and the n, profile by an array of
vertical infrared interferometers.?! Central and near-
central values of 7; and v, are measured spectroscopical-
ly, with Doppler broadening of Fe xxv and Fe XXI1V lines.
Z.x is determined by tangential and radial measure-
ments of visible bremsstrahlung emission and radial x-
ray spectroscopy. Z.q is assumed to be uniform for most
of the calculations, in agreement with measurements
made in other conditions. The shape and position of the
outermost flux surface are deduced from the filament-
current-model fit to the magnetic measurements. The
measured profiles of n, and 7T, are mapped onto the cal-
culated internal flux surface structure by a shift of the
respective isocontours to the flux surfaces with the same
horizontal minor diameter. This shift is typically <3
cm, indicating good agreement between the calculated
and experimental flux surfaces.

Neutral-beam deposition, orbiting, and thermalization
are simulated by a Monte Carlo technique,?? calculating
the fast-ion density, energy, and electrical current.
Deposition by multistep ionization?® can be calculated,
but is not significant for this beam energy. The T;
profile was not measured for these plasmas, but is calcu-
lated from the ion energy-balance equation, with the as-
sumption of X; =2x,, classical electron-ion temperature
equilibration, and a 3 I'T convective heat flow, in agree-
ment with the analysis of 7; profile measurements on
similar discharges.?* The cross-field particle flow T is
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FIG. 3. The time variation of Vg from experimental mag-
netic measurements (Exp) and calculated for various models:
(a) Ohmic current, (b) beam-driven and Ohmic currents, and
(c) bootstrap, beam-driven, and Ohmic currents for the plasma
of Fig. 1. The typical error bar for the calculated Vs is es-
timated from the sensitivity to 7,, Z.g profile, plasma shape,
and other measured plasma parameters.
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calculated from the continuity equation, the measured
density and Z.g, and the calculated beam and neutral-
particle source rates. The global ion-particle con-
finement time 7, is assumed to be 0.15 sec, consistent
with limiter D, measurements for similar plasmas. This
analysis has been restricted to plasmas with nearly bal-
anced momentum injection, avoiding the complications?
introduced by the large rotation velocities obtained with
unbalanced injection. Analysis has been completed for
plasmas with up to 0.7 sec of neutral-beam heating.
These simulations are in good agreement with the mea-
sured central impurity temperatures, the measured
neutron flux, and magnetic measurements of
stored energy, and indicate that ==40% of the total
stored energy is due to unthermalized beam ions.

The electron shielding of the beam-ion current is cal-
culated with inclusion of trapped-particle effects?® and is
small (=12%), as a result of the strength of electron
trapping and the relatively large Z.g. Thus uncertainties
in Z.s do not significantly affect the calculated net
beam-driven current. The neoclassical bootstrap-current
calculation?%? includes the effects of impurity ions and
finite aspect ratio, but does not include unthermalized
beam ions. The calculated resistivity includes neoclassi-
cal trapped-particle corrections. 6

The measured Vg for some of the low-density pre-
beam target plasmas is slightly lower than the value cal-
culated from the other measurements, but not as low as
predicted with Spitzer resistivity?® (without trapped-
particle corrections). In these cases the target-current
profile is also slightly broader than calculated, as indicat-
ed from magnetic measurements of A. Both effects ap-
pear to be due to high-energy nonthermal electrons,
which are detected by the electron-cyclotron-emission di-
agnostics only in the prebeam phase. Long after the end
of beam heating, when there is no indication of non-
thermal electrons even though the density has decreased
to close to the initial levels, the calculated Vg, and A ap-
proximately agree with the measured values. Calcula-
tions with phenomenologically increased conductivity to
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FIG. 4. Time dependence of (curve a) calculated bootstrap

current, (curve b) calculated beam-driven current, and (curve
¢) measured total current for the plasma of Fig. 1.

match the prebeam Vyy, or an initially parabolic Z.g
profile to match Vg, and A, do not show significant
differences from the results presented during the beam-
heating pulse.

As shown in Fig. 3, during the beam-heating pulse the
measured Vs, is well matched when the model includes
both the neoclassical bootstrap current and the beam-
driven current, but does not agree in the absence of the
bootstrap current. Even though the injected beam power
is nearly balanced, there is a substantial calculated
beam-driven current (Fig. 4) due to the orientation of
the counterinjected beams being closer to perpendicular
to the magnetic field than that of the coninjected beams,
and due to finite-width drift-orbit effects. The sum of
the calculated non-Ohmic currents does not exceed Ip;
rather, the negative Vg, is due to the broadening of the
current profile by the bootstrap current while the total
current remains constant. The toroidal voltage remains
positive on axis. The calculations also indicate that dur-
ing the 0.7-sec heating pulse, Vg is only sensitive to
driven current in the outer 0.3 m of the plasma, because

TABLE I. Summary of time-dependent analyses after 0.5 sec of neutral-beam heating,
showing the neutral-beam-heating power, fraction of cotangential power, plasma current, cal-
culated bootstrap and beam-driven currents, and comparing the experimental voltage (Vesp)
with the voltage predicted from Ohmic current alone (Vop), Ohmic and beam-driven current
(Vbeam), or Ohmic, beam, and bootstrap currents (Vpoot).

Pp I 4 I boot I beam VOh Vbeam Vboot Vexpt
(MW)  Po/Ps Brr  (MA) (MA) (MA) (V) W) ) W)

10.0 0.48 1.3 0.90 0.22 0.18 0.29 0.20 —0.02 0.02
9.8 0.49 1.7 0.80 0.30 0.22 0.09 0.02 —0.15 —=0.13
11.5 0.50 1.7 0.90 0.44 0.18 0.18 0.10 —0.12 —=0.15
12.5 0.56 2.0 0.90 0.52 0.30 0.16 0.08 —0.13 —0.17
10.6 0.57 1.9 0.85 0.34 0.31 0.10 —0.01 —0.20 =0.15
10.6 0.57 1.7 0.85 0.31 0.33 0.13 0.04 —=0.18 —0.14
11.5 0.61 1.8 0.90 0.50 0.34 0.01 0.00 —0.20 —0.18
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of the large electrical conductivity. For all plasmas ana-
lyzed in detail, Table I, it is necessary to include the
bootstrap current in order to match the experimental
Vsur.

No explanations of these observations not involving
the bootstrap current have been found. In particular,
variation of the value of Z.g or its profile does not
significantly increase the amount of beam-driven current,
because of the lack of significant shielding current. To
replace the calculated broad-profile bootstrap current,
whose evolution matches the observed Vg, by beam-
driven current would require that =70% of the calculat-
ed beam-driven current flow in the outer 0.3 m, where
n.=10'"" m 73, Since the beam-driven current is dom-
inated by fast ions that have not slowed or pitch-angle
scattered significantly, such a spatial rearrangement of
the beam-driven current by fast-ion transport is in-
compatible with the observed plasma heating and
D(d,n)*He neutron emission. Vg can be roughly
matched, without the bootstrap current, by the assump-
tion that the atomic cross sections used in the calculation
of beam deposition (primarily ionization and charge ex-
change with impurities) are too small in the 100-keV re-
gion by a factor of 3 to 5, well outside the accepted
range of uncertainty.?®

In summary, substantial non-Ohmic currents are
found in high-Bp neutral-beam-heated TFTR plasmas.
Modeling of the plasma Vg, requires inclusion of the
neoclassical bootstrap current.
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