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Reconstruction and modeling of the plasma current profiles in a fully pressure driven tokamak h
been performed in the Current Drive Experiment-Upgrade. The reconstructed experimental cu
profile has a significant deviation from that of the calculated neoclassical currents. Satisfac
agreement between the measured and calculated model profiles was obtained by including a h
conserving current diffusion term in the modeling which created the required self-generated “se
current. [S0031-9007(96)01380-4]
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n-

-
ed
l
-
d
e
d
-

nd
e
s
-
ted
t

ty

d
g

For future long-pulse and/or steady-state tokamaks,
ternally generated bootstrap current is expected to pla
major role since it could reduce the requirements for no
inductive current drive. Theoretical estimates show th
a large fraction of plasma current is expected to flow
bootstrap current in high beta-poloidalsbpold reactor-grade
plasmas [1]. Recent experimental observations in hig
bpol tokamak plasmas heated by neutral beam injecti
(NBI) [2,3] electron cyclotron heating (ECH) [4], and ion
cyclotron range of frequency (ICRF) [5] support this pre
diction. It is generally believed that the bootstrap curre
requires a “seed” current near the plasma magnetic a
since no neoclassical current is expected to be genera
there except in limited conditions [6]. However, the pos
sibility of sustaining tokamak plasmas solely by bootstra
current has been suggested previously [7,8]. Several n
classical mechanisms of transporting the bootstrap curr
to the magnetic axis have been proposed, thereby perm
ting bootstrap current to be self-sustained. A fully sel
sustaining tokamak, if possible, is indeed very attracti
as a simple economic reactor option.

It has been reported that the flux surface closu
was achieved in the Current Drive Experiment-Upgrad
(CDX-U) experiment entirely by pressure-driven curren
sIp # 1 kAd with a toroidal mirror configuration shown in
the left of Fig. 1 [9]. The toroidal magnetic field strengt
was varied between 600 and 900 G, which was required
have ECH resonance for 2.45 GHz in the plasma. Typic
plasma current of about 1 kA was supported by consta
vertical field at the toroidal field of 600 G, givingqa ø
30 with R ­ 38 cm and a ­ 22 cm. With the ECH
power of 8 kW, electron density and temperature reach
1011 cm23 and 30 eV, respectively, which provided high
beta poloidalsbpol ø 1.6, i.e., ebpol ø 1d and low col-
lisionality plasmas. Time traces of discharges with co
stant poloidal and toroidal fields are given in Fig. 2
Plasma current reaches steady state att ø 20 msec. Mea-
sured wall eddy currents, shown in Fig. 2(b), evolve wi
the wall resistive skin time of about 10 msec. The di
charge after reaching a true steady state is maintain
for an excess of 10 msec, which is much longer than t
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plasma energy confinement time, the plasma particle co
finement time, and resistive skin time. With discharge
optimization and vertical field programming, up to 2.4 kA
of pressure driven current withqa of ø12 has been ob-
tained from zero current when nonphased 8 kW of ECH
power was applied.

An important question we attempt to answer in this Let
ter is how such a plasma can be generated and sustain
self-consistently, and how well the existing neoclassica
or other theoretical models explain the experimental ob
servation. For this investigation, we have developed an
applied a two-dimensional profile reconstruction techniqu
from detailed magnetic and kinetic diagnostic systems an
compared with the neoclassical model calculations. A cru
cial discrepancy between the experimental observation a
the neoclassical model lies in the current profiles, where th
former shows smooth and nonhollow and the latter show
hollow characteristics. In this Letter, we report that sat
isfactory agreement between the measured and calcula
profiles is obtained when the helicity conserving curren
diffusion term of Boozer [10] is included in the modeling.
This result supports the existence of a nonclassical helici

FIG. 1. A schematic of CDX-U experimental setup. The left
side shows isolated limiters around the poloidal direction an
ECH setup, and the right side is magnetic diagnostics includin
a two-dimensional scanning probe.
© 1996 The American Physical Society 3811



VOLUME 77, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 28 OCTOBER1996

r-
f
tio
h-
-

re
-
n-
ed
d
y
he
o-
-
r

is

ic
a
n-

le
d

-
re

nt

-

al
ld
ted

ly
r

-

FIG. 2. Temporal evolution of typical discharges with con
stant toroidal and poloidal magnetic fields. (a) Plasma curre
evolves for the duration of the ECH heating pulse and reach
steady state for more than 20 msec. (b) Vacuum vessel e
currents measured by Rogowski loops at two different poloid
sections (one most resitive and the other most conductive s
tion) shows wall resistive skin time of less than 10 msec, sho
ing discharge reached actual steady state of more than 10 m
(c) Applied ECH power during the discharge.

conserving current transport mechanism which genera
seed current near the plasma axis to sustain a fully pr
sure driven tokamak discharge [7,8].

To model the neoclassical currents, a two-dimension
magnetic field structure and pressure profiles are requir
The current density distributions are reconstructed fro
internal and external magnetic measurements from
magnetic diagnostic array as shown on the right of Fig.
by averaging multiple shots with small shot-to-shot vari
tions of less than a few percent [11]. Three-dimension
magnetic pickup coils, located at 13 different poloidal po
sitions, measure the vector magnetic field. Three fl
loops are wound around the central toroidal field co
umn (center stack) to provide poloidal magnetic flux me
surements at the inside boundary. Nine one-dimensio
pickup coils are located near the center stack to me
sure the vertical magnetic field. A two-dimensionall
scannable magnetic probe system [12] maps poloid
magnetic fields radially fromR ­ 36 to 60 cm and ver-
tically from Z ­ 213 to 16 cm. The external magnetic
measurements describe above together with the limited
ternal probe measurements with the perturbation of le
3812
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than 5% in total plasma currents can reconstruct the cu
rent density distributions with total experimental errors o
less than 20% by taking advantage of the low-aspect-ra
nature of the plasma, utilizing a least squares error tec
nique and a finite element method [11,13,14]. Recon
structed current density and magnetic flux contours a
shown in Fig. 3. Formation of a low-aspect-ratio toka
mak configuration can indeed be seen. Also, the reco
structed current density profiles at midplane are compar
with current densities calculated directly from radial an
vertical magnetic fields measured by two-dimensionall
scanning internal probes, showing good agreement at t
plasma edge as shown in Fig. 4(c). Electron density pr
files are measured two dimensionally by a 140 GHz in
terferometer system [15]. This microwave interferomete
scans horizontally from 26 to 55 cm and vertically from
222 to 122 cm, which is limited by the size of rectangu-
lar ports on the vacuum vessel. An additional channel
installed inside the vacuum vessel atR ­ 17 cm. Impos-
ing the known magnetic structure as a grid, a tomograph
inversion of electron density was performed by using
least squares error technique [14]. The reconstructed de
sity profile agreed well with the local Langmuir probe
measurements as shown in Fig. 4(a). The radial profi
of electron temperature shown in Fig. 4(b) was obtaine
at midplane by using a small cylindrical Langmuir probe
made of 0.4 mm tungsten wire. These density and tem
perature profiles with the reconstructed magnetic structu
are used to model neoclassical currents.

We first describe the physics of neoclassical curre
generation in CDX-U. A toroidal mirror configuration
shown in the left of Fig. 1 has been utilized to provide
initial confinement for a hot, ECH-produced, trapped elec
tron population [9]. For the open field line configura-
tion, a precessional current comprises most of the toroid
current. Given the pressure profile and the poloidal fie
strength, the precessional current density can be estima
asJprec ø PeyRBpol, wherePe, R, andBpol are electron
pressure, major radius, and poloidal field, respective
[16]. It is important to note the role of the Pfirsh-Schlute

FIG. 3. Magnetic flux and current density contours recon
structed from the magnetic diagnostic data.
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FIG. 4. Measured and reconstructed midplane profiles. (
Density profiles reconstructed from the two-dimensional in
terferometer system with local Langmuir probe data show
for comparison. (b) Electron temperature profile reconstruct
form the Langmuir probe data. (c) Comparison of the re
constructed and calculated neoclassical current density profi
Local current densities measured by scanning magnetic pro
show good agreements with the reconstructed profiles.

(PS) current which is generated by the pressure gradien
This current consists of a codirected current in the out
region and a counter directed current in the inner regio
producing a negative vertical field in the central region
Although the PS current itself does not carry a significa
net toroidal current, it reduces the vertical field substa
tially in the central high pressure region, which can the
enhance the precession current as much as a factor o
With inclusion of both precessional and Pfirsh-Schlute
currents, the estimated neoclassical current level agr
satisfactorily with the measured total plasma current
this low-current, open-field-line configuration.

After the closed flux surface formation, previously
trapped electrons start to be detrapped and beco
passing particles since the mirror ratio generally d
creases inside the flux tube. With increasing numbe
of passing particles, the bootstrap current becomes
major contributor to the plasma current, while precessio
current contribution tends to decrease. Indeed, after t
closing of the flux surfacesIp ø 600 Ad, the current
can spontaneously increase further toIp ø 1 kA due
to boostrap current. The bootstrap currentJbs at an
arbitrary aspect ratio is given in Ref. [17]. Here ion
are considered to be cold. In addition, when there is
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in-out asymmetry of electron density in the same flu
surface, electrostatic trapping can take place and enha
neoclassical transport [18]. After taking various effec
into account, we still find the measured total plasma cu
rent in this closed-field-line configuration to be larger b
ø20% than the calculated total neoclassical currents. T
collisional effect, though not included in our model du
to low collisionality, tends to reduce the bootstrap curre
and, thus, cannot explain this discrepancy. Howev
this systematic deviation is still within the experimenta
uncertainty in estimating the effectiveTe in the ECH
heated discharges using a Langmuir probe since EC
heated plasmas can develop nonthermal energetic elec
population [19]. These energetic electrons can contribu
significant pressure driven currents and can explain t
discrepancy in the total plasma current.

The most significant discrepancy between measu
ments and neoclassical model, however, is in the quali
tive nature of the current profiles. The expected curre
density profiles calculated from neoclassical theory sho
a hollow characteristic, whereas the reconstructed curr
density profiles are nonhollow as shown in Fig. 4(c
The midplane vertical magnetic field measured by th
internal probe also supports this deviation. To resolve th
discrepancy, nonclassical current transport is consider
An anomalous viscosity term is introduced into Ohm
law with the helicity conserving form [10] as following:

E 1 u 3 B ­ hsj 2 jncd 2
B
B2 = ?

≥
l=

j
B

¥
, (1)

with h the classical Spitzer resistivity,jnc the neoclassical
current density, andj ­ sjyBdB the current density. The
hollow current profile, for example, is generally believe
to be unstable against the double tearing mode which c
induce the nonclassical current diffusion [20]. This non
classical diffusion term can redistribute current to the ma
netic axis, so that nonhollow current density profiles ca
be obtained. Herel represents a current viscosity which
determines the current density profile for a given pressu
profile. With this nonclassical current penetration, se
consistent modeling is attempted. Parallel force balan
from Ohm’s law with Faraday’s law and Ampere’s law
gives a current transport equation,

≠j
≠t

­
h

m0
=2sj 2 jncd 2

1
m0

=2

"
1

BT
= ?

µ
l=

j
BT

∂#
,

(2)
assumingB ø BT . Using the calculated neoclassical cu
rent jnc as an initial value for each time step, the helicit
conserving current transport is estimated with the time st
of 1023ts in the experimental toroidal geometry. Here
plasma skin time ists ­ m0a2yh. The neoclassical cur-
rent is recalculated for the new magnetic structure obtain
from the updated current densityj, so self-consistent cur-
rent density profiles are obtained for differentl values as
shown in Fig. 5(a). Here the total plasma current is mai
tained constant as constraints by the experimental val
3813
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The vertical fields at the midplane from these current de
sity profiles are compared with the fields measured by t
internal magnetic probe. Figure 5(b) shows the compa
son for differentl values. With a small value ofl, non-
classical current transport is not sufficient to balance t
bootstrap effect which tends to push the poloidal magne
field out of the regions of high plasma pressure as show
in Fig. 5(b) and makes a current density profile becom
more hollow as time goes on. In this case, plasma cu
rent should not be maintained longer than the resistive tim
scale, which is inconsistent with our experimental obse
vations. With the sufficient nonclassical current transpo
of a larger viscosity, nonhollow profiles are maintained
However, too large viscosity tends to move current de
sity toward high field side, which is inconsistent with mag
netic measurements as shown in Fig. 5(b). The nonhollo
profile with anomalous viscosity of about 20% ofR2

0B2
0h

shows a good agreement with the experimental measu
ments. We should note that this observation is remin
cent of the previous helicity injection experiment wher
the nonhollow profile was observed even with the edg
current drive [21]. Other possible mechanisms for ge
erating the central seed currents are externally provid
electric fields and finite particle banana effects [8]. Th
magnitude of vacuum vessel eddy currents is too small

FIG. 5. Nonclassical current diffusion. (a) Current densit
profiles at the midplane for different anomalous viscosit
factors. The anomalous viscosity is in units ofR2

0B2
0h.

(b) Vertical magnetic fields at the midplane for differen
anomalous viscosity factors are compared to those measu
by the internal probe.
3814
n-
he
ri-

he
tic
n
e
r-
e

r-
rt
.

n-
-
w

re-
is-
e
e

n-
ed
e
to

y
y

t
red

generate sufficient central current density, and discharg
are maintained much longer than the measured eddy c
rent skin time. Also, the width of electron bananas is rela
tively large (about 1 cm), but much smaller than plasm
minor radius. This excludes the possibility of finite ba
nana effects.

In conclusion, a fully bootstrap current driven tokama
plasma was examined using a self-consistent model u
lizing reconstructed 2D pressure and magnetic flux pr
files. By introducing a helicity conserving nonclassica
current transport model, the observed self-maintenance
neoclassical bootstrap currents was explained. This fin
ing supports earlier theoretical predictions of a tokama
discharge maintained entirely by internally generated cu
rents [7,8].
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