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Effects of Magnetic Field Perturbations in the ATF Torsatron'
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T. Uckan, J. B. Wilgen, and J. J. Zielinski'*
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The effects of errors in the magnetic fields flux surfaces were mapped using the
of tokamaks on the plasma are quite dif- fluorescent screen technique [4, 9]. Field
ferent from those in stellarators. In errors were discovered and traced to

tokamaks, field errors can cause disruptive uncompensated dipoles in the helical
locked modes [1-3] through the non-linear current feeds [4, 12]. Prior to elimination
evolution of tearing modes acting on of these errors, plasma discharges
initially small error-induced islands, indicated centrally peaked plasma profiles
Scaling predictions [3] for these effects [13], After correction of the
indicate that the critical relative field error uncompensated dipoles, flux surfaces were
which can be tolerated becomes smaller as mapped a second time, and the island
the tokamak size becomes larger. In widths were found to be greatly reduced.
stellarators, the effect is more benign, as
field errors appear only to cause increased Field errors were then deliberately
plasma transport in the vicinity of islands, introduced using a set of perturbation coils
Great care has been taken to minimize that had been added to ATF, and electron-
magnetic field errors in the most recent beam mapping of the flux surfaces showed
generation of stellarator-type magnetic that islands several centimeters in width
plasma traps [4-7]. These efforts stem could easily be created by these coils.
from the realization that relative field After elimination of the error fields, the

errors of order of AB / B ~ 70-J (where the measured plasma temperature and density
field error 327 is applied in a toroidal field profiles were much broader. The field-
B ) can form flux surface islands, leading perturbation coils were then used to
to a more rapid loss of plasma, produce magnetic field asymmetries, and

the measured plasma profiles were again
In the past six years, several new and shown to narrow as a result of islands.
sensitive techniques have been developed
to detect and map field errors [4, 7, 8-11 ]. EXPERIMENTAL RESULTS
These methods all rely on the detection of
electrons injected along magnetic field Magnetic dipole coils separated by 180°
lines. During the commissioning of ATF, were positioned on top of ATF' s shell

structure. Each dipole was located 1.1 m
* Researchsponsoredby theOfficeof Fusion above the magnetic axis and consisted of

Energy,U.S.Departmentof Energy,under 40 turns. The maximum current available
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u_o+a_lus Ira) FIG. 2. (a) Diamagnetic stored energy as a

function of time both with (solid line) and without

(dashed line) a Bz = 136 G field perturbation after
FIG. 1. Calculated flux surface islands formed

t = 0.25 s. Also shown are predictions ofgyro-
when a perturbation of Bz --68 G on axis is

Bohm (Wp(gB )) scaling and the stored energy from
applied (6 kA in the perturbation coil for a I T

Thomson scattering profile measurements. (b) The

helical field). The locations of Thomson scattering line-averaged density with and without the

data points are shown as circles, perturbation fields, and the gas puff'flow rate.

These measurements were made without feedback
Plasma experiments were run with helical

control of the gas puff.
fields of 0.95 T on axis. The plasma was

heated by 400 kW of 53 GHz microwave measured by a diamagnetic loop) and the
power, density decrease by a factor of two or

more by the end of the discharge when
A. Results without density control compared to a discharge without applied

perturbations. The density decay shown in
Perturbing magnetic fields were Fig. 2(b) can be approximately
introduced after stationary plasma characterized by two consecutive decay
conditions were established. Two types of times of ~0.14 s: the first for the diffusion

experiments were performed: (1) the gas of the perturbing fields into the metal
fueling was held constant; and (2) the line- support structure, vacuum vessel and
averaged electron density was held helical field coils, and the second for the
constant by feedback control of the gas subsequent field diffusion into the plasma.
injection system. Measurements made Figure 3 compares the electron
without density control are discussed in

temperature, density and pressure profiles
this section, for shots with and without magnetic field

perturbations at 0.5 s (0.25 s after the
The results of turning on the error field at fields were perturbed). Following the
0.25 s after the beginning of the shot are perturbation the density dropped, resulting
shown in Fig. 2. The stored energy (as in a central temperature rise due to the



became more peaked after initiation of the
c_U..0wO_._lsFED perturbation. Fits to the data were con-2000 i i i...... _ 1 ............

(a) structed by a data-fitting routine that
symmetrized the temperature and density

is00 profiles about the plasma axis. The

.. geometry used in this symmetrization is
>...1000 based on the vacuum magnetic surfaces

,_. without magnetic field perturbations.
"t

s0o _, _ - The plasma stored energy obtained from
_, ! the Thomson scattering data of Fig. 3 is

0 a plotted at two points in Fig. 2(a) for both
z0 ......1........, I _ _ the perturbed and unperturbed cases and

oWITHOUTPERTURBATION(b) shows rough agreement with theeWITHPERTURBATION
1,s _ diamagnetic signal. ATF experimental

results [14, 151 have shown a strong
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0 I I l FIG. 4. (a) Diamagnetic stored energy as a

40 -30 -20 -10 0 10 20 function of time both with (solid line) and without

Z(_) (dashed line) a Bz --"136 G perturbation after t =

0.25 s. Also shown are predictions of gyro-Bohm

FIG. 3. Thomson scattering profile measurements (Wp(gB)) scaling and the stored energy from

of the temperature, density and pressure both with Thomson scattering profile measurements. (b) "The

and without a Bz = 136 G perturbation. The Ha light emission measured at the wall and the gas

measurements were taken at 0.5 s (0.25 s _ter the puff flow rate. These measurements were made
with feedback control of the gas puff, so that after

perturbation was initiated). There was no gas

feedback control, an initial transient the density remained constant.

microwave power being applied to fewer dependence of the confinement time on the
electrons. Note that the pressure profile density, as characterized by gyro-Bohm or

Large Helical Device (LHD) scaling, i.e.



tE- n0'7. As shown in Fig. 3(a), the gross
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stored energy is within +15% of the values 12oo......, , , , _ ...........
predicted by gyro-Bohm scaling. (al

1000 -

-- 00B. Results with density control 80o ,
600-

Figure 4(a) shows the stored energy and _; '
the density under conditions of density 40°- '
feedback control. The stored energy
decreased by < 20% under these
conditions, and the particle confinement zo°

time decreased by -25% (i.e, an increase _ * _
of-25% in the Hot signal, Fig. 4(b)). I_
Slightly higher density, discharges have ,_
shown a doubling of the Ha signal with no _, 1.o
decrease in the stored energy. The central _.
ECE electron temperature decreased 0.5
slightly, and the ion temperature was
almost constant after plasma initiation. 0

1.0
...... l I .... t wt _t -

The electron temperature, density and o,8 -
pressure profiles are shown in Fig. 5. The _e

> 0.6
electron temperature profile was narrowed

andthedensityprofilewasalteredonlyin _= 0.4 ST t " _

the outer region of the plasma. The
pressure profile became narrower with the _" o.a
perturbation, as shown in Fig. 5(c). The
stored energy calculated from profile 0 ,,,-40 .30 -20 -10 0 10 20

measurements is compared with the z(cm)
diamagnetic measurement just before the
perturbation and near the end of the dis- FIG. 5. Thomson scattering profilemeasurements
charge in Fig. 4(a), and shows reasonable of the temperature,density andpressureboth with
agreement. The stored energy predicted by andwithoutperturbation. Themeasurementswere
gyro-Bohm scaling is also shown, takenat 0.75s (0.5s aftertheperturbationwas

initiated).Feedbackcontrolof the gaswasapplied
COMPARISON WITH OTHER tokeepthedensityconstant.
EXPERIMENTS

in the original magnetic field coil system

Profile data (Figs 3 and 5) show that the [4, 13] caused the plasma profiles to be
plasma pressure remained constant near peaked.
the axis after application of the field
perturbation. However, in the (outer) The energy confinement time xE is
region of the large _:= 1/2 island, the observed to be directly dependent upon the
pressure profile was reduced. This is density and changed only slightly when
consistent with the prior observation that the density was held constant by feedback
similar perturbations which were present control of the gas puff. When feedback



control was not applied, the density and SUMMARY
the energy confinement time were almost
halved. The pressure profile in ATF is narrowed if

a perturbation field (AB/B - l0 -2) is
Although there was almost no effect on the applied, and the particle confinement
potential at the limiter, the potential deteriorates substantially. The reduction in
measured by the HIBP in the outer part of the energy confinement time is modest if
the plasma increased (with density the dependence of the global energy
feedback control). This would be expected confinement time on the density is taken
if electrons preferentially escaped from the into account. The changes observed in the
plasma region. Hotemission (with gas feedback control)

suggest that field perturbations provide an
Similar experiments have been carried out external independent control on the par-
on the Compact Helical System (CHS) and ticle confinement time.
Heliotron E torsatrons [16-18] and in the
TU-Heliac [19] but with quite different These experiments indicate that field
results. The geometry of the coils in CHS perturbations also provide an external
was similar to that employed in the ATF control of the pressure profile. The
experiment, but additional coils were peaking of the pressure profile
located below the midplane in Heliotron E, qualitatively supports the earlier
In those experiments, feedback control of conclusions concerning the profile peaking
the density was not applied and no change which gave rise to second stability in

in the stored energy was observed when moderate ([3) discharges. Although there is
the plasma was located at its normal no direct evidence for islands, the

position. The applied axial perturbing field flattening of the pressure profiles at the
was _ / B= (1-2) x l0-3 in CHS and outside edge of the plasma in the vicinity

/ B= 2 × l0 -2 in Heliotron E. The null of the large _:= 1/2 calculated islands

results in CHS might be explained by the suggests their presence.
low perturbation fields applied (10-20 G).
The perturbations applied in Heliotmn E The substantial deterioration of plasma
were more nearly like those applied in parameters observed in ATF during field
ATF (_<156G in ATF versus 200 G in perturbations contrasts with the much
Heliotron E). However, Heliotron E has smaller effects observed in other
much larger shear than ATF. stellarator experiments.
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Introduction

• Comparison of Error Field Effects in Tokamaks and
Stellarators

• Tokamaks - Induce tearing modes which lead to
locked modes and plasma disruption

• Field error tolerance becomes smaller as
the tokamak becomes larger

• Stellarators - Island formation leads to
enhanced diffusion

• Field Errors Minimized in Recent Stellarators

• New field error detection techniques developed

• z_B/ B0 < 10-3



ATF Field Perturbations

• Electron Beam Field Mapping in ATF

• Field errors initially detected due to current
feeds

• Field errors reduced by redesigned of current
feeds

I

• Field perturbation coils introduced, large
islands mapped

• ATFPlasma Conditions

• Initial field errors caused peaked T_& ne
profiles

• Removal of field errors caused Te& ne profiles
to broaden

• Perturbations coils caused Te & n_profiles to
again become more peaked



ATF
Experimental Set Up
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PERTURBATION
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COIL

• Top View
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Measured ¢ = 1/2 Island
Width
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Measured _ = 1/3 and

_:= 2/5 Island Widths
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Calculated Islands
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T_,n_and Pressure Profiles Without
Density Control
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Wdia and ff_ Without Density Control
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Te With and Without Density Control
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T, With and Without Density Control
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Fe XVI Emission With and Without
Density Control
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Fe XVI Emission With and Without
Density Control
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LANGMUIR PROBE DATA

MEASURED AT THE LIMITER, a = 40

cm, AND Htx DATA MEASURED AT

THE WALL WITHOUT DENSITY

CONTROL
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Te,n_,and Pressure Profiles Without
Density Control
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Wdia, he, and Tewith Density Control
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. Wdia,ff_,and H_ with Density Control
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Potential Profiles
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• Profiles 0.33-.45 s After Perturbation
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Light vs Time
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H_ Light vs Perturbation Strength
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• Data Ratio before Perturbation Turn
On to Termination Time (t = 0.25 --_ t =
0.49 s)



.. LANGMUIR _PROBE DATA .

MEASURED AT THE LIMITER, a = 40

cm, AND Htz DATA MEASURED AT

THE WALL WITH DENSITY

CONTROL
i

Without With

Perturbation Perturbation

ne (10t9 m-3) 0.55 0.55

Te (eV) 38 36

• p (v) 60 69

Htz(GR) 0.17 0.28
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.... Summary..

• Plasma Parameter Changes After Applied
Perturbation (ABz0/B¢0= 10"2).

• Pressure Profiles are Narrowed in the Vicinity
of the ¢ = 1/2 island.

• The particle confinement time decreases.
• ne and Wp are approximately halved (no

feedback control of gas injection).
• Gyro-Bohm confinement scaling remains

valid.

• Magnetic Field Perturbations Provide an External
Control on the Plasma Profile and Particle
Confinement Time.

• Lesser effects observed in CHS and Heliotron-E
without plasma shifts.






