Development of a high fluence fusion neutron source and component test facility based on
the magneto-kinetic compression of FRCs

John Slough

There are several major technological challenges that must be met before fusion can be
considered for commercial energy generation. The long term, steady operation of the fusion
device is certainly one of the most challenging. Key to achieving reliable operation is a thorough
understanding of the behavior of the various reactor components under long term exposure to the
fusion process. The patent issue of neutron damage is an obvious one, but equally important
questions concern the effects of plasma radiation, particle flux, and tritium deposition. While it
may be possible to test the various aspects of the fusion system with substitute sources such as
neutron spallation, the ideal component test facility (CTF) would have the capability to address
and examine all of these issues by employing a fusion grade plasma, but on a scale and cost far
less than the actual fusion reactor itself. It is believed that such a CTF can be developed based on
recent experimental results involving the magneto-kinetic compression of the Field Reversed
Configuration (FRC). A CTF based on the FRC provides for a method to significantly reduce the
test reactor size (4 liter reacting volume vs 450,000 for ITER) and thus the associated risk and
development time.

Since fusion power density scales as p°B*, a small scale fusion source would ideally operate in
a regime with the highest possible 3 and maximum practical field. It would also be desirable that
the fusion plasma not be encumbered by a complex confinement geometry, and where the
diverter can be located outside the test chamber blanket providing easy access for materials
testing and tritium recovery studies. All of these attributes are found in the FRC-based CTF
described here. The FRC is the geometrically simplest, most compact, and highest [ of all
magnetic confinement schemes. The simply connected nature of the magnetic field with regard
to the containment vessel and the linear confinement geometry allow for the translation of the
FRC over large distances, and simple compression to high energy density. The maximum plasma
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Figure 1. Proof of concept for the generation of fusion energy was demonstrated in the IPA
experiments. A picture of the device is shown above. Shown below is a CAD rendering of the
application on a scale, and in a manner sufficient to produce energy directly from fusion. (The
blanket test chamber is a meter in radius with a length of 5 m).



(magnetic) pressure for the CTF is bounded by an upper limit imposed material strength
limitations. The cylindrical coil geometry aids in this regard, and an axial magnetic field that
remains below 15 T is employed so that long term repetitive pulsing can be accomplished
without damage to the magnet or other systems.

This high energy density regime can be reached through a natural extension of past FRC
experiments. The device that was designed and built to demonstrate this capability is referred to
as the Inductive Plasmoid Accelerator (IPA) and is illustrated in Fig. 1 along with a schematic of
the scale up required for use as a CTF. In experiments on IPA two FRCs were each
simultaneously formed and accelerated to Mach 3. They then collided and merged forming a
stable, stationary FRC with essentially all of the kinetic energy input thermalized in the ions [1].
The merged FRC was then simultaneously compressed to over 1 keV and exhibited a
confinement time considerably better than that inferred from past FRC scaling. The compression
field in these initial experiments was very modest (B ~ 1.3 T) as it was limited by the available
bank energy. The key finding was that FRCs can be accelerated at a rate of 4.6x10"° m/s* without
loss of stability or confinement. The deceleration in merging was several times higher
demonstrating that the FRC is indeed a robust entity.

A fusion neutron source based on the pulsed formation, acceleration and compression of the
FRC in a high density burn has several advantages. The FRC plasma need not be heated to fusion
temperatures on Alfvenic timescales, and it need not burn amidst the pulse power apparatus
employed for formation and acceleration. Translatability proves to be a key advantage as it
provides for a simple way to introduce the FRC plasmoid into the test blanket chamber and bring
the FRC to fusion conditions. The energy needed to achieve fusion conditions is transferred to
the FRC plasmoid via simple, relatively low field acceleration/compression coils. By operating
in a compact, high density regime, the requirement on the FRC closed poloidal flux is no greater
than what has already been achieved. Most importantly, the FRC remains in a stable regime with
regard to MHD modes such as the tilt from formation through burn

The efficiency of the plasma formation and heating mechanism employed to achieve fusion
conditions is critical when employing a pulsed device as a CTF. In this regard the magneto-
kinetic acceleration and compression of the FRC plasmoid should provide a simple path to
achieve the necessary high efficiency and repeatability. The FRC plasmoid accelerator magnetic
field and power requirements are modest. It is believed that a suitably high duty cycle as well as
accelerator component lifetime can be obtained using existing solid state switch technology.
Most importantly, the need for sustainment and auxiliary heating systems, including current
drive, are eliminated, which tremendously simplifies CTF operation. With transient burn, the
vacuum boundary is much easier to maintain as recycling, fueling and wall gas issues are greatly
simplified. The entire high field reactor vacuum flux is external to FRC plasmoid flux making it
effectively diverter flux. In a transient burn, the tritium particle loss from the FRC will be
overwhelmingly directed to the diverter regions as the axial flow time is many orders of
magnitude smaller than the perpendicular particle diffusion time in the open flux region. Tritium
co-deposition is thus be minimized if not eliminated. The diverter region is well removed from
the burn chamber and outside the blanket making tritium recovery, diverter material change-out
and maintenance much less challenging.

The confinement (burn) time on which the CTF fusion neutron yield is based, was derived
from the confinement with size and density observed in past FRC experiments [2]. The FRC
decays on a resistive time scale that is anomalous. The observed particle confinement, stated in
terms of directly measured quantities that can be accurately measured across all experiments
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yields the following scaling: T = 3.2x10-15 £0.5 x40.8 2.1 0.6, where x, is the ratio of the

FRC separatrix radius, 15 to flux conserver radius, r., and € is the FRC separatrix elongation,
l¢/21s. This scaling is empirical but closely follows the edge driven transport scaling predicted for
lower hybrid drift turbulence (ty ~ rs7/p;) for a p ~1 plasma. From this expression the neutron
yield scaling can be stated in terms of parameters more relevant to the IPA concept, that being
the FRC plasma energy E, acquired from acceleration, and compression and the burn chamber
magnetic field B:

B7/4 Es/z\/qT <GV>
~ 3
Nneut =2.6x10 1 r1p/3 : Tl2.6DT (1)

C

where the ion temperature is measured in keV, and ¢, is FRC poloidal flux. The T weighting
moves the optimum plasma ion temperature to a temperature somewhat lower (~ 7 keV) than
that found for an optimization like the Lawson criterion which is constrained by radiation losses
alone. The strong scaling of neutron production with both the plasma energy and magnetic field
make a fusion driven system based on the FRC plasmoid far more advantageous than other
approaches of neutron generation such as neutron spallation where the neutron yield scales only
with the energy of the proton beam s
at best. 10
A plot of the neutron yield per 107 * D-T fuel assumed
pulse as a function of the two key
variables can be found in Fig. 2.
The IPA (2008) result was actually
obtained at T; ~ 1 keV and ¢, = 1
mWb in deuterium. The data point
represents the yield expected if a
DT fuel was used. Improvements
planned for the current IPA device
are to increase the energy of the
FRC by an additional stage of 102
acceleration and increase the

r,=0.1m
10" @, =10mWb
T,=7keV
IPA- HE

Neutrons per pulse

11 L L
compression field substantially. 100 10* 10° 10°
With these upgrades, the neutron E, (J)
yield will be increased by over two Figure 2. Neutron Yield based on Eq. (1).

orders of magnitude. The target

yield for the CTF would be obtained by employing a larger source, an additional stage of
acceleration, and a somewhat higher magnetic field. This facility can be constructed in less than
2 years. With a parallel development aimed at validating the envisioned repetitive pulse power
technology, a prototype CTF could be completed within three years. Given a 20 Hz rep rate, this
device would produce an average neutron output of ~ 4x10'’s, spread over an axial extent of ~
1 meter depending on the FRC post merging length. This would represent a wall loading of 1.6
MW/m? at the burn chamber wall. Higher loading can be obtained by increasing E,, B, or @,

[1]. G. Votroubek, J. Slough, S. Andreason and C. Pihl, “Formation of a Stable Field Reversed

Configuration through Merging”, Journal of Fusion Energy, 27, 123 (2008)
[2] A. L. Hoffman and J. T. Slough, Nucl. Fusion 33, 27 (1993).

3




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


