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A new, high-precision rotating wire grid apparatus for vacuum magnetic surface mapping of
current-free toroidal plasma confinement geometries is described. This full-scaled version of the
prototype apparattisieveloped on the SHEILA heliac has been tested and permanently installed on
the H-1 heliac. Data of high quality are obtained with low electron enér80 eV) to avoid drift

errors, with submillimeter resolution and accuracy, within a 700 mm circular field of view. The
apparatus avoids pixcell resolution limits and optical distortion, and is shown to be highly suited to
precise comparison of computed and experimental magnetic surfaces, and after tomographic
inversion, can produce useful images of the magnetic surfacesl9% American Institute of
Physics[S0034-674807)72501-3

I. INTRODUCTION the wheel protected from the plasma, and avoiding any spe-
dr;ial surface coatings that might deterioré¢eg., fluorescent
r%owdeb allows the apparatus to be ready for operation with
only a few hours of preparation and calibration.
The design is based on the inherent accuracy of rotary
g]otion, enhanced by two improvements over the
rototype—the use of some kinematic design principles in

One of the chief reasons for the recent progress in a
vanced magnetic confinement configurations has been t
experimental mapping of the magnetic field lines, from
straightforward probing methofiso sophisticated imaging
techniques, using fluorescent mesh or rod targets and optic

image acquisitiori-® The apparatus described here combine h i\q beari q ful . . ion. A
the best of both techniques, directly collecting electrons usthe rotating oearing, and caretu attention to wire tension.
central bearing is ruled out by the need of about 360° of

ing a wire array and producing images by tomographic in- ) i ) g
version. Electrons from a small electron gun are collected by°tation without obstruction of the plasma by radial support

a grid of tautly stretched, parallel fine wires which is rotatedMemPers—at least 180° for the tomographic data, and the
in small steps to scan the cross section. Low engrgg0 ~ Same again to remove the wire grid from the plasma. The
eV) electrons are used to avoid curvature drift effects, thd"&in problem in the prototype was that the rotating carrier,
system is free of any optical imaging distortion, and is notoVerconstrained by its outside bearing, would distort very
limited in resolution by pixel size or mesh spacings. TimeS!ightly during rotation, and this would have a greatly mag-

dependent data are available for dynamic analysis, or th@ified effect on the wire positions if they became even
system can be quickly scanned to give a complete proﬁ|e$llghtly slack. The present design uses four ball bearings

Rapid modulation of the beam intensity or position can pro/Unning in aV groove inside theoutey support ring, thus
vide transit sequence information, from which accurate val€quiring that only the support ring be perfectly circular, and
ues of rotational transform can be calculated. that the four ball bearing mounts be adjusted to lie on a

The H-1 heliadR/a=1 m/0.2 m,B,=0.2 T (cont) to 1 circular arc. Alt_h_ough quite _thick_(780¢><_25><25 mm
T is a helical axis stellarator capable of a very wide range>>316, the flexibility of the rotating ring requires more than
of low-shear, high-transform-per period 66+ < 2, closed the klnematlcally. des!rable_ two ball bearing support points.
flux configurations with magnetic wells of both sighs5% S0 that the rotating ring did not need to be made perfectly
to —2%). It is particularly important for such new magnetic cwcglar over its entire cllr(_:umfgre.nce, _the bearings are con-
configurations that the surfaces are well characterized angfr@ined to operate in sliding friction with teflon pads on the

possible sources of magnetic field error are investigated. rotating ring, but allowed to roll in th¥ groove. This com-
bination of rolling and sliding friction is critical.

In this way, changes in dimensions of the ring as it ro-
tates are kept below-0.7 mm, and the wires are preten-

The rotating grid(Fig. 1) is of an array of 64 molybde- sioned so that they are stretched by more than this amount
num wires(0.15 mm diam, 4 mm spacihgtretched across a (up to 1.2 mm. This is accomplished by adjusting the trans-
precisely rotating carrier ring, and insulated at both endsverse vibrational resonant frequency of the wires to the val-
The main mechanical design criteria were precision, and thates required by the various lengths and tensions. The fre-
the apparatus be available for use whenever required. Theguency is measured by grounding the free end of the plucked
precision criterion was met by striving for high accuracy, butwire, and monitoring the small oscillating voltage produced
more importantly ensuring that motion was reproducible san a weak magnetic field0.01 T). The resonant frequencies
that various calibration systems could maintain accuracyare spread from 80 to 95 Hz, and adjusted to avoid harmon-
Mounting the apparatus permanently in the machine, occucs of the mains frequency 50 Hz, and submultiples of the
pying minimal port space, providing a method of “parking” turbo-molecular pump rotation spe¢gd0 H2.

Il. APPARATUS
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FIG. 1. Simplified drawing of the wire grid apparatus installedbat85°. 6000 ] 100+
The grid is shown in “park” position. The plasma is represented by the
hatched bean-shaped region. 40000
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A sprocket drive on the wheel perimeter allows the use
of surface-hardened precision gear pins with minimum con- 0 P — 1
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tact area to allow unlubricated operation under vacuum. For () Grid angle (degrees) (d)

angular precision, the drive is directly coupled through a

0.35 Nm rotary feedthrouglithe major source of a total FIG. 2. (a) image representation of raw data for an outer surface of the
backlash Ofi5°) toa 0.7 Nm stepping motor, which is op- standard configuration. Data summed o{®rwire, (c) angle, andd) his-
erated in four—phase analog microstepping mEdO0 steps/ togrammed. 350 steps of 0.6° recorded, with significant signals in 50 wires.
rev) for maximum resolution and minimal vibration without

) . X tron beam by other wire¢shadowing on earlier transits.
torque loss. A contact brushing the drive pins allows th y & 9

- . : eFigure 3 shows the collected current as a function of the
angular position of the wheel to be monitored, 'ndependent%erpendicular distance from wire 58 to the deduced beam

of the drive backlash. Th¥ groove was lightly lubricated .o iq as the wire scans through the beam. This wire is the

V.Vlth silicon vacuum grease, and th_e motor acceleration WaR rthest wire from the wheel center that passes through the
limited, to avoid stepping motor slippage caused by Stat"buncture (the “tangential” wire) so the cross section is

.f”Ct'?n 3nd _mertla. Slggalls Iea:ve_ th% carrier in f'nebtef.lgnmapped out in detail, because the angular motion causes the
Insulated wires grouped loosely inside a common braideg; o+, moye very slowly in the direction perpendicular to

shield, traveling over guide rollers to a multipin eIe_ctricaI that wire. Traces from wires closer to the center will be less
feedthrough. Each of 64 channels of signal processing COMYetailed, and in some cases, signals on wires very near the
sists of a high gain current to voltage convertof Y0A (or

10P, 10P) followed by a two pole active low pass filter at 300

Hz (or 3/30 H2, optimized for very low frequency noise 800:"
(I equivims<6X10""* A/\/Hz). Analog multiplexers feed all B 1 et | . 800 |
channels through an isolation amplifier into a single analog 600
to digital convertofADC), and the remainder of connections I |
are binary opto-isolated lingsix channel select, four limit/ 600~ 400 ,
control switchey allowing high voltage isolation of the in- i 200
terface. i 0

The electron gun is a thorium-coated tungsten filament ,. 0 100 200 300 -
(0.3 mm diam in a stainless steel tube with a beam exit hole € 400} angle step

of 0.7 mm, operated at 1.4 A to produce a beam current of 1 £
MA out of a total 8uA emission.

Ill. RESULTS 200~

The raw data in Fig. 2 is shown as a sinogram, truncated
to half-cycles because of the limited angular seaf10°.

X

Each half-cycle represents a puncture point. The data pre- . X 4
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sented are from three different surfaces of the standard con- 2 A 0 1 2
figuration of H-1° (10, 1, 0, 0.44, 0.22 and one other con- mm

figuration (Fig. 5). o of oh ot | data <h
: : : T IG. 3. Example of a simple beam profile for single transit data showing a
For basic resolution tests, a S|mple case with Just On(gesolution of 0.4 mm FWHMX and + represent data from the peaks above

transit is inveStigated: becqu;e the. transit _number is Wegnd below the symmetry point. An exponentially decaying function is shown
known, and there is no possibility of interception of the elec-for comparison, ex-3.8x|), raw data, and summed current are inset.
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FIG. 5. Beam profile in the presence of small current ripple. H-1 config
center will be undersampled to the extent that no peak is se€i§/1/0.037/0.44/0.22.
at all. It can be seen from Fig. 3 that the overall resolution is
about 0.4-mm full-width half-maximuntFWHM). The re-
peatability and lack of noise in the data is evident from thereturn of the electron gunWhen a field line ends by hitting
near-perfect interleaving of the two peaks that occur eithethe vessel wall, the total collected current shows a sharp drop
side of thesymmetry pointwhen a radial line perpendicular When the beam passes between wires, and is not collected by
to the wires passes through the beam puncture being consithe array. This is evident in the sum data inset in Fig. 3, and
ered. The observed resolution is better than the collimatingdy comparison to a closed surface in Fig. 2, where the total
aperture of the electron gun, indicating that for these condicurrent is modulated much less deeply.
tions, the filament is partially eclipsed by the aperture along A full analysis of the tomographic inversion of the data
the direction of the magnetic field lines. to produce an image of the punctures is beyond the scope of
A more typical profile is shown in Fig. 4, from a surface this article. The dataset is relatively sparse in one dimension
which has at least 19 clear transits, and “shadowing” of wire(impact paramet¢y and the attenuation due to shadowing is
by two other wires in previous transits is clear. In othera perturbative process, particularly when the shadowing is
cases, the shadow is a similar size to the peak, in which casgell defined as in Fig. 4. A simple multiplicative arithmetic
the peak height is simply reduced. reconstruction techniquéART)® inversion is shown in Fig.
The effect of beam jitter is shown in Fig. 5. This shows 6, but the resolution falls well short of the demonstrated
a similar resolution, but the scatter in data on either side ofesolution of the dat€0.4 mm).
maximum is attributed to a tiny periodic motion in the posi- Transparency is determined by the geometric transpar-
tion of the beam caused by a small ripple in the magneency of the grid(96%) and the detailed trajectories of the
current(81/1~1x10%). A time record of current collected electrons in the vicinity of individual grid wires. The back-
by a wire on the shoulder of the peak is shown inset, showground gas pressure limits the realizable transparency by
ing modulation at the generator rotation frequency, 12.5 Hzcausing gradual energy loss and pitch angle scattering of
Normally self-similarity of currents in the standard configu- electrons. In the H-1 heliac, such scattered electrons are
ration (in which there are no shunts present to alter currentrapped once their pitch angle exceeds 20°-40°, causing a
ratio prevents this phenomenon, but for Fig. 5, the helicalloss in collected current and build up of space charge which
current is adjusted by an uncompensated resistive shunt, sliffuses and eventually is collected by the wires as a broad
the ripple is slightly dephased in the helical winding, relativebackground featuréthe gray area in Fig.)2 For these re-
to all other currentgleading to an effectivedl /| ~3x10°). sults, the total pressure was<20~’ Torr (50% H,0O, 30%
This illustrates the sensitivity of this apparatus to veryN,), implying an upper limit on the mean free path of 200
small changes in configuration, and the usefulness of th&ansits from pitch-angle scattering. Scaling of experimental
time-dependent output of the apparatus. Because the helicdhta at a pressure of<iL0™° Torr, where only 1 transit was
current strongly affects the rotational transform, the jitter ef-observed indicates a limit of 50 transits.
fect grows with transit number, and can be used to identify = The observed ¥ attenuation distance was about 20 tran-
the transit sequence number, for absolute determination dits at best, with typically up to 40 transits visible in the raw
rotational transform. data. This is about 1/2 the value expected from the geometric
“Open” trajectories may be detected by monitoring the transparency, and is qualitatively consistent with the com-
total current summed over all wirgsncluding the shield bined effect of background gas and geometric transparency.
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1V V) L A S L R L L N curvature of the deviation from the orbit from the field line is
not negligible compared to the Larmor radius of the elec-
tron’s parallel motior(w lw.), so the first adiabatic invariant

w will not be conserved and pitch angle scattering will occur,
causing attenuation and diffusion as discussed above. Pre-
liminary tests indicate some improvement, but it is likely that
lower energies, background pressures, and higher magnetic
fields will be required to demonstrate this clearly.

In summary, the high resolution and accuracy of the ap-
paratus make it well suited to detailed point-by-point com-
parison of mapped surfaces with computations, typically per-
formed in the process of evaluating magnetic geometry and
the effect of error fields. The simple tomographic inversion
presented here illustrate the potential for medium-quality im-
aging of surfaces, and it is expected that refinement of the
inversion algorithms will improve the image quality to more
closely mirror the resolution of the raw data.
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