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ABSTRACT

Asymmetric field coils have been installed on Alcator C-Mod and used to establish the locked
mode threshold and scaling for this compact size device. The magnitude and phase of the intrinsic
field error has been identified and is found to be consistent with a comprehensive model of the
sources of field errors. There provesto be no major difference between the fractional (m=2, n=1)
field level (typically 10~%of toroidal field) for modelocking on Alcator and that on JET (which has
4.3 times the linear dimensions) for typical densities on each machine. The results are consistent
with alinear scaling of thetotal asymmetric field locking threshold with density, as has been observed
elsewhere, are within afactor of 2 of the scaling previously deduced from the toroidal field scaling
on JET or DIII-D using Connor-Taylor constraints, and agree with specific dimensionless identity
experiments on JET.

1. INTRODUCTION AND COIL DESCRIPTION

Even very small asymmetric fieldsin tokamaksareimportant in their influence upon plasmarotation,
and can give rise to major confinement perturbations in the form of “locked modes’ even at low
pressure. Concern has previoudly arisen that for ITER theallowablelevel of non-axisymmetry may
be extremely small and diffcult to achieve. Empirical size-scaling observations|[1] initially suggested
a strongly unfavorable scaling to large devices. Subsequent arguments based on dimensional
similarity and similarity experiments give amore optimistic extrapolation [2], but the present work
provides the first experimental confirmation based on observations over awide spread of tokamak
sizes of this more optimistic view.

Asymmetric field coils have been installed on Alcator C-Mod [3] and used to establish the
locked mode threshold and scaling for this compact size (R=0.67m, a=0.21m), highmagnetic field
device. The plasma linear dimensions are thus about 1/9 that of ITER, while the typical operating
field of 5.3 T, and operation up to 8 T, is approximately the same. Thetypical range of density in C-
Mod is2x 10%° < Ne < 1021m"3; plasma currents up to 2MA have been explored.

The new coil set refered to as the “A-cails’, was installed in 2003. It serves both as an error
suppressor and as a tool for investigating the physics of locked modes. The A-coils, shown
schematically in figure 1, are wound from 4/0 welding cable enclosed in aluminum coil-cases and
mounted on the outside of the concrete radiation shield (“igloo”) which surrounds the tokamak.
Thefull coil set consistsof eight coils (only seven wereinstalled for the experimentsreported here)
consisting of 27 turnseach in aracetrack shape. These coils can be connected in seriesor parallel in
a variety of configurations, allowing a range of phase and helicity as well as different poloidal
mode spectra. The maximum current available from the single power supply used for these
experiments was 3700A, which limits the applied m=2 component to a maximum of about 1.2mT
at the q=2 surface.

Examples of accessible mode structures, evaluated at the q=2 surface for a typica C-Mod
equilibrium, areshownin Figure 2 for severa coil combinations. Herethe helical Fourier components



in straight field line geometry are defined as
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where B | isthefield normal to the rational surface and the poloidal angle is given by

0= 18 a0 2
q

with® =0 corresponding to the outboard, i.e. low-field side, midplane.

The sign convention is chosen such that positive m/n correspond to the resonant helicity for C-
Mod dischargeswith | || B. As seen in the figure, the field produced by the A-coil is dominantly in
the low mnumbers, m = 1, 2, with a smaller contribution at m = 3. This is because the machine
construction mandated their being placed rather far from the plasma, asshowninfig.1. Nevertheless,
theratio of m=1to m= 2 can bevaried over afactor of five by suitable choice of coil connections.

2. LOCKING AND ERROR COMPENSATION

In C-Mod the appearance of locked modes is not always obvious on magnetic signals. However,
there is very frequently a very clear influence on the size and frequency of sawteeth, which we
attribute to changes in temperature and current density profile caused by the magnetic islands.
Moreover, in C-Mod locking leads to a clear halting of the plasmarotation even in ohmic plasmas
such asisshown in figure 3. The velocity shown isthat of the plasma center, showing both that the
braking effect has halted the entire core, and that thereis negligible difference between the“ natural”
frequency of mode rotation (which is what is theoretically thought to be brought to zero) and the
ion velocity, at least in the locked state.

Different coil configurations have been used to identify the magnitude and phase of theintrinsic
field error, by nulling out the total asymmetry. Figure 4 summarizes a comprehensive example at
B, = 4T,1,= 0.6MA.

Thelocked region is delineated by the numbered blue lines, each of which indicates the applied
B4 evolution during a different plasma when alocked mode exists. Auxiliary experiments verify
that therest of the second and fourth quadrants are locked regions, leaving an approximately circular
region in which locking does not occur. This is interpreted as centered on a value which best
compensatestheinstrinsic field, and having aradius equal to thelocked mode penetration threshold
for this plasma. We deduce here —B;ginsic = 0-25+0.25i mT and B, = 0.35mT at this density
(~5x 1019m"3).

This illustrates the result that fractional field thresholds (typically B,y ~ 10"4BT ) for mode
locking on Alcator are similar to those on other large tokamaks, for example JET (which has 4.3
times the linear dimensions) for typical densities on each machine.

The extent to which the intrinsic error field has been identified and corrected can be judged in



part by how low adensity can then be achieved without the appearance of alocked mode.

Infigure 5. we show an example of three plasmaswith different density evolutions but otherwise
similar parameters. In the high density case (green), an adverse asymmetric field was applied,
leading to alocked mode at n, = 1.7x 10%°m™~3. The intermediate densi ty case (purple) locks with
zero applied field at ng = 1.1x 10%°m3. The lateness of the appearance of the mode in these two
cases shows that they are close to threshold. The intrinsic error increases with timetill threshold is
reached. The low density case (black) has an approximately optimum correction field applied. It
shows no locked mode even though its density fallston, = 0.4x 1020m'3, four timeslower than the
high density case. This factor 4 density reduction shows that the intrinsic error is rather well
compensated.

Theresults of adensity scaling experiment on C-Mod at B, =5.4T, |, = IMA, and qg5 = 3.9, are
shown in figure 6. The asymmetric applied field in this case is phased to align with the intrinsic
field and a series of different density and applied field shots are plotted showing those that do
(crosses) or do not (diamonds) produce locking.

The results are consistent with a linear scaling of the total asymmetric field locking threshold
with density, as has been observed el sewhere. Thiswould correspond to a V-shaped boundary; our
best fit isindicated and indicates an intrinsic error (the lower point of the V) of approximately 0.6
mT for these conditions. The bottom of the V contains locked points which can be explained by
incompl ete field compensation because of phase mismatch or side-band effects (i.e. the influence
of m=1, 3... field components).

The prior scaling [2] took the locking field to depend on density and field, and derived from the
fitsto those dependenciesaform B g /By o« n®" B*E RZ"1-2208 haged on dimensionlesssimil arity.
The predictions of the resulting scaling laws, based on fits of density and BT scalings on JET and
DIIID separately, are shown in figure 6. The scalings attempted to account for side-band effectsand
incorporate them using coefficients that were ex-perimentally fitted. We do not have independent
experimental evidencefor appropriate side-band coefficientsin C-Mod; thereforewe plot the scalings
both ignoring side-bands and using the prior side-band coefficients with the calculated applied-
field side-band amplitudes. The C-Mod results are approximately afactor of two higher in density
ignoring side-bands. Including side-bands reduces the discrepancy; but it still appears C-Mod locks
perhaps somewhat more easily than the scaling would imply for this plasma. However, we note that
since the C-Mod instrinsic-error-field side-bands are uncertain, they have been ignored here.

3. INTRINSIC FIELD ERROR

It was impractical to perform specific high-precision measurements of the intrinsic field errors,
because the plasma coil-configuration requires operation at cryogenic temperatures, and hence the
machine to be under vacuum. Therefore a thorough survey of identifiable design and construction
field errors was performed, followed by careful measurements with existing magnetic diagnostics
and a detailed fitting procedure.



Several design contributions to the error fields from non-axisymmetric currents were identified.
The most significant were from the toroidal field bus and the layer-tolayer transitionsin the central
OH solenoid illustrated in figure 7.

The calculated “as-built” nonaxisymmetric mode amplitudes due to the TF bus and OH windings
are shown in figure 8 for typical currentsin these coils. The toroidal phase of the calculated m=2,
n=1 components due to these known asymmetries is consistent with the inferred experimental
error fields but alone isinsufficient to explain them.

Undocumented non-axisymmetric error fields can aso arise from positioning or manufacturing
errors in the poloidal field coil system. The design positioning tolerance for these coils is of the
order of mm, but no as-built survey of the actual locations at this scale of accuracy isavailable. We
have therefore attempted to estimate the deviations of these coils based on in situ magnetic
measurements.

We model the non-axisymmetric positioning errors of each of the principal components of the
PF system as a combination of rigid n=1 Tilts (T) and Horizontal shifts (H).

An experiment was carried out, without plasma, energizing individual PF coils, using currents
typical of those encountered during plasmaoperation, and pul selengths of 1-2 secondsto allow for
evaluation of field penetration effects. The basic measurements for the analysis consist of the
difference signals of pairs of field measurement coils at the same poloidal locations but different
toroidal angle, corrected for “known” design asymmetries, as discussed above

“ = (Bj - By~ ;DESON 3)

The observed difference signals Aij are of the order of 10~° of the absolute signal levels B; = B;,
which is substantially smaller than the nominal calibration errors. Therefore the position (R, 2),
orientation (6), and calibration (G) of the sensorswasincluded in thefitting procedure. Schematically,
then, we solve
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in aleast-squares sense, by singular val ue decomposition. We use independent heuristic uncertainty
(o) estimates, and retain 240 of 248 principal vectors giving a reduced Xz of approximately one.
Theresultsfor thetiltsand shifts, showninfigure9, are plausible considering assembly tolerances,
showing displacements of the order of afew millimeters. However, thismodel cannot account for
any asymmetries in the TF magnet itself; we have no capability of measuring such effects with
presently installed diagnostics since they cannot be distinguished from atilt of the measurement



coil in the toroidal direction. For typical discharges, the fitted tilts and shifts correspond to non-
axisymmetric field pertubations of afew times 10* teda,

When combined with the calculated contributions from the “as-built” non-axisymmetric fields
the total instrinsic error deduced appears consistent in magnitude and orientation, with the results
of locked mode experiments using the A-coils. Figure 10 shows an example. The solid lines show
alocked mode which occurs without applied B, field. It is caused by the intrinsic fields whose
components are reconstructed as afunction of time. The swing of the ohmic transformer causesthe
error to increase as afunction of time, thus explaining the observed delay of locking. With applied
field, thetotal (2,1) error amplitude is reduced by afactor of about 4 and no locking occurs.

4. DIMENSIONLESSIDENTITY JET COMPARISON

To establish more thoroughly the scaling of the locking threshold, a specific experiment has been
performed to compare results from JET and C-Mod in closely similar configurations. This called
for operation of C-Mod at B, = 6.3T, I, =1.3MA, with the shapes of the plasma the same in both
machines (which means at the lower/upper end of the normal triangularity for C-Mod/JET
respectively: ~0.43 at the x-point). JET parameters were B, = 0.98T, | ,= 0.88MA, and the heating
was purely ohmic, so that the plasmas were as far as possible dimensionlessly identical according
to Connor- Taylor constraints (nea2 and Ba"® constant). Density and temperature profiles, when
scaled accordingly, were observed to agree well. A very wide density range (> factor of 4) was
Investigated.

The C-Mod coil configuration (Bt,-Db,-Gt,Jb) was chosen specifically to match as closely as
possible the sideband spectrum of the JET Error Field Correction Coils. This configuration has
nominal (m = 2) phase -0.31 radians, which is substantially different from the intrinsic error field,
which figure 4 indicates is -2.4 radians (for that lower current plasma). Therefore we expect the
locking region to have a hyperbolic shape on the plane of density versus applied field.

Infigure 11 we show the experimental results. Thereis someintermingling of locked and unlocked
plasmas, which we attribute to hidden variability. Because of this, we show two extreme hyperbolic
fits corresponding to ne/Btot = 2.7 (dashed curve) and 4.0 (chain curve) times 10 m™3T. Both
fitted intrinsic error (m = 2) phases are close to -3 radians. The presence of the intrinsic error
compromises the error-fielg;spectrum match to some extent, since the intrinsic sideband spectrum
is uncontrolled.

Using the C-Mod model of instrinsic field discussed in the previous section, we can perform a
broader comparison, including additional data from two other A-coil configurations with phase
anglesof —0.7 and 1.9 radians respectively, and converting to total B,, amplitude using themodelled
rather than fitted intrinsic field. Figure 12 shows a gratifying convergence of the results. The
agreement between C-Mod and the scaled JET results is clearly well within the experimental
uncertainty, consistent with dimensionless identity.



CONCLUSION
In summary, Alcator CMod results directly confirm that axisymmetric mode locking thresholds
scale moderately weakly with machine size. The scalings predict error field thresholds for ITER
that will be well within the capability of the planned error correction system.

Thiswork was supported by USDOE Grant DE-FC02-99ER54512 and partly performed under
the European Fusion Devel opment Agreement.
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Figurel: Non-axisymmetricfield coils (A-coils) are mounted to the concrete igloo surrounding the tokamak. Pairs of
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Figure 2: Calculated poloidal mode amplitudesfor n= 1
with different combinations of four A-coils in series, at

A-coil current of 2.3KA.

Figure3: Modelocking duetointrinsicfield error, showing
the effect on sawteeth in the central temperature, rapid
elimination of the (negative) plasma rotation, density
reduction, and signal on locked-mode-sensitive flux loops.
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Figure 5: Evolution of different density plasmas shows
correction permits operation down to very low density.
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