Introduction

The shape of the confining magnetic fields for stellarators is important for the quality of plasma confinement.  One important component of ensuring high quality magnetic fields is the accurate construction and assembly of the field coils.  On NCSX the program began with computer modeling to determine the required mechanical tolerances for the field coils, followed by the development of coil construction protocols to ensure that these tolerances would be met.  The final phase of this process will be to use the measurement of coil mutual inductances, and then e-beam mapping experiments in the fully assembled machine to verify the accuracy of construction.  Mutual inductance studies will begin as coil assemblies are completed.  This report proposes a plan for the e-beam mapping studies.

Three phases of e-beam mapping studies are planned for the NCSX project.  The first phase is part of the Construction Project and has the goal of verifying the existence of good magnetic surfaces for first plasma.  The second phase follows immediately acceptance of the NCSX with the goal to verify as-built coil assembly accuracy and explore a wide range of vacuum configurations.  The final phase is to provide capability for further e-beam mapping experiments as needed throughout the NCSX operational life.
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Phase I

The goal of this initial e-beam mapping experiment is to verify that a configuration with good magnetic surfaces is created with the NCSX coils for the “first plasma” experiment.  This e-beam mapping experiment and first plasma are to be completed in June and July, 2009.  A simple and robust magnetic configuration has been identified for first plasma and the initial e-beam mapping.  This configuration uses only the Modular Coil set with no PF or TF coils energized.  Further, the current in all modular coils is the same, allowing if possible, the use of a single supply.  The magnetic surfaces calculated with a field-line tracing code are shown in Fig. 1.  The configuration has a stellarator-symmetric island chain at the iota = 3/7 surface (4081701).  This will help to confirm that the correct rotational transform was achieved.  The lack of an iota = ½ surface means that this configuration is insensitive to coil misalignment.  If time permits and it is desired, the addition of a small amount of toroidal field will introduce the iota = ½ surface.

A variety of ideas for detection of the electron beam have been proposed, and many of them have previously been used on other experiments.  These include fixed or “jogged” luminescent wire meshes, a swept luminescent rod or direct detection of the electron beam with a Langmuir probe or array of Langmuir probes or possibly a “scanner arm”.  It would be desirable to avoid a vacuum vent between Phase I e-beam mapping and first plasma, so the initial e-beam mapping hardware should be retractable.  A proposed solution is shown in Fig. 2 where, for convenience, both the electron gun and the scanning fluorescent rod (SFR) are shown in the same port.  It may be desirable to place them in separate ports to minimize stray light for the camera.  The SFR may either be parked in a safe position for first plasma, or it may be possible to retract the entire mechanism into the port extension.  The electron gun should be retractable.
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To map a flux surface, the electron gun is positioned, the coils are energized and the rod is swept while a digital camera is used to record fluorescent spots where the e-beam hits the SFR (can we use a filter to help reduce stray light?).  The NCSX coils are designed for a 1 s flattop at 1.7 T (?).  That can be conservatively extrapolated to a 70 s flattop at 0.2 T (estimate based on constant I2t limit, but need input from engineering).  Reducing the magnetic field strength to 1 kG is also an option, but at lower field the configurations are more susceptible to external stray fields and electron drifts distort the orbits.

The e-beam mapping experiments will require a suitable camera, one or more electron guns that are at minimum movable radially between shots (some vertical motion might also be desirable), and a fluorescent rod which can be swept over the full flux surface in some 10’s of seconds.  There should be an acquisition system which archives the camera data, relevant coil current waveforms, electron gun bias voltage and emission current.  To improve the background light subtraction, it might be desirable to modulate the e-gun bias voltage, to introduce light-absorbent surfaces in the vacuum chamber or to use filters on the camera to match the rod phosphors.

Each field pulse would provide data on one surface and the electron gun would be moved radially from shot to shot.  The field pulse period would typically be ≈ 15 minutes, thus 12 to 16 surfaces could be mapped over a period of about 3 or 4 hours, or two configurations per day.  Thus, once the system is functional, the e-beam mapping of the first plasma configuration should take less than one day.  Would require adequate staff to monitor/operate machine and power supplies, some computer support and one physicist in charge of experiment.

Minimum Requirements:

1) Vacuum ≈ 10-6 torr (mean-free-path ≈ 300 transits)

2) Reg. supply to power MC to 2 kG for 50 s

3) Swept Fluorescent Rod in port CM or EM (modified from that supplied by Auburn?)


Remotely triggered

30 s sweep time

4) Electron gun probably in port CM or EM (modified from that supplied by Auburn?)


bias voltage 40 – 100 V


Capability to modulate bias voltage


Capability for remote radial scan


Calibrated read-out of probe position


Filament supply/read out of emission current

5) Camera mounted with view of Fluorescent Rod (ports AM.8, AM.4, BM or FM)

6) Acquisition system (details need to be worked out – probably at least one functional rack in NCSX test cell with power and Ethernet link, as well as acquistion hardware required for below.)


Archive camera data


Archive time history of 



Bias voltage



Emission current


Archive 

probe position

MC current

Vacuum

Phase II

The goals of the second phase of e-beam mapping experiments are to verify the accuracy of the field coil assembly (or document the nature of the error fields) and to explore a wide range of vacuum field configurations in preparation for plasma experiments.  For this phase of e-beam mapping, better metrology is desired for the e-beam mapping apparatus.  It would be desirable to know the absolute position of the electron gun(s) as a means to locate the magnetic axis, if we decide that that is a valuable approach.  This would require some type of calibrated control for the electron gun, including vertical motion capability?  Reference LEDs should be placed in the camera focal plane.  They could be modulated in sync with the electron gun bias voltage to survive background subtraction.  (Wouldn’t some kind of initial calibration of the camera installation be better, e.g., place a grid at the location of the SFR and archive the picture?)

Coil Alignment Investigation

The plans for this phase of the e-beam mapping are somewhat uncertain at this stage.  A basic strategy has been identified which consists of testing sequentially the Modular Coil set, each of the PF coil pairs, and then the TF coil set for alignment errors.  However, it may be possible to further optimize the choices for configurations to be studied.  For example, the present configuration chosen to validate Modular Coil alignment has a significant size island chain (6/3) at the iota = ½ surface.  It may be possible, through adjustment of the relative Modular Coil currents, to reduce the size of these islands and improve sensitivity to alignment errors.

Secondly, plans can be made at this stage only if it is assumed that there are not substantial coil displacements.  A field error originating with the modular coils could be identified, and the source might potentially be localized to one of the three coil types.  However, additional modeling using the trim coils for field error compensation is needed to understand how to extrapolation a correction from one configuration to another.  As the shape and location of the rational surface changes, the amount of compensation current required will vary.  It is likely that this is a second-order effect, but additional modeling should be done.

Modular Coil alignment

The first configuration to be studied would be the baseline configuration (same current in all modular coils, e.g., 4081901 or 4072502), but with enough toroidal field (5%) to bring in the iota = ½ surface.  This configuration, as noted previously, will have significant stellarator symmetric islands (3/6), which confuse the measurement of the phase of error fields.  

If alignment errors are found, compensation will be calculated and applied.  Further investigation may be warranted before moving on to Poloidal Field coil alignment studies.

Testing Modular coils would take approximately 1 day.  If problems were found, it would be useful to study configurations omitting the MC1, MC2 and MC3 sets, respectively.  That would take an additional 2 days.

Poloidal Field coil alignment

Poloidal field coil alignment may be checked in configurations without toroidal field coils, such as 101202.  This phase would most likely start using only the PF6 coil pair, then adding PF5 and PF4.  It is not clear whether testing of PF1-3 would be useful.

Testing coil pairs PF4, PF5 and PF6 would take approximately 3 days.

Toroidal Field Coil alignment

Configurations sensitive to toroidal field coil displacements have not been identified.  Sensitivity can be improved by using only half the TF coils at twice the current, but it may be that mutual inductance studies may be a more sensitive.

Minimum Requirements:

1) Vacuum ≈ 10-6 torr (mean-free-path ≈ 300 transits)

2) Reg. supply to power MC to 2 kG for 50 s

3) Reg. supply to power TF coils

4) Reg. supply to power PF coils

5) Swept Fluorescent Rod in port CM or EM


Remotely triggered

30 s sweep time

6) Electron gun probably in port CM or EM


bias voltage 40 – 100 V


Capability to modulate bias voltage


Capability for remote radial scan


Capability for remote vertical scan(?)


Calibrated read-out of probe position


Filament supply/read out of emission current

7) Camera mounted with view of Fluorescent Rod (ports AM.8, AM.4, BM or FM)

8) Acquisition system


Archive camera data


Archive time history of 



Bias voltage



Emission current


Archive 

probe position

MC current

Vacuum

Investigate wider range of vacuum configurations

In preparation for plasma experiments in FY’11, it is planned to investigate a wide range of potentially interesting vacuum magnetic configurations to verify the quality of the flux surfaces and rotational transform.  Configurations with iota as low as 0.2 and as high as 1 have been investigated with field line tracing codes.  Additionally, some variation in shear has also been found, but has not been extensively investigated with field line tracing codes.  Further work in this area was done with the Optimizer code.

Other areas for potential e-beam experiments include bias voltage scans to get higher order moments of the electron orbits and e-beam mapping at higher fields.  Auburn found that mapping of the magnetic axis was a valuable exercise.  This would require, probably, additional electron guns.
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Figure 1.  Poincaré plot from field line tracing calculation for same current in all Modular coils (H Takahashi).
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Figure 2  Proposed location for swept flourescent rod (SFR) and electron gun.








