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I. OVERVIEW

We propose to harness an axisymmetric tandem mirror machineto create an intense neutron source[1] [2]. Our
machine would be initially based on the successful GAMMA-10tandem mirror experiment in Tsukuba, Japan and
the Gas Dynamic Trap (GDT) mirror experiment in Novosibirsk , Russia. In addition it would be suitable for testing
of several other axisymmetric stabilization methods: kinetic stabilizers [3] [4], sloshing ions, and wall stabilization,
which would enable higher-Q operation than with GDT-type stabilization. The GAMMA-10 has achieved record
breaking con�nement results that extrapolate to the production of fusion power in a range of fusionQ from 0.1 to 5
in the near future [5]. In this work the authors outline a linear system that could produce large neutron 
uxes in a
spectrum nearly identical to that of the ITER device current ly being built[6]. A hydrogen prototype of a D-T mirror
neutron source would allow experiments on stabilization inaxisymmetric cells and expanders that would lead to an
optimized fusion Q design. Optimizations are needed for fusion-�ssion hybrid designs versus pure fusion designs.

II. ADVANTAGES OF TANDEM MIRRORS

The linear axisymmetric system has major conceptual advantages over all toroidal systems. We list a few of these
advantages here: (1) Simplicity of engineering with no interlinked magnetic-�eld coils and no volt-second transformer
considerations. (2) True steady-state operation with superconducting coils adapted from those fabricated for ITER.
(3) Ease of remote handling and simpli�ed maintenance. (4) Asymmetrical system where a large class of ions and
electrons have been mathematically proven to be con�ned in perpetuity by the KAM theorems of orbital mechanics;
i.e., radial transport is classical and therefore small.(5) An open axial system with access to fusion products and
the possibility of direct conversion of the escaping plasmato electrical energy as demonstrated with the Kobe direct
convertor on GAMMA-10. (6) The toroidal curvature that driv es the ion and electron turbulent radial transport over
the entire outer half of the torus is replace with very short sections of unfavorable magnetic curvature close to regions
of favorable curvature. This is the reason why the MHD stability limit for the torus is typically 10 % as opposed
to the MHD stability limit of 100 % for the mirror systems. (7) There are many corollaries to these basic points
which we discuss in the other works. The most notable one may be that the 30cm orbits of the fusion product alpha
particles is reduced to a 3cm radius simple gyro-orbit in themirror systems; the poloidal �eld of 1 T determines the
orbit of the guiding center in the ITER device where as the axial 5 T �eld of the mirror determines the orbit radius.

While we recognize that toroidal systems have historicallyproven able to achieve highern� E values, we argue
that a tandem mirror fusion system provides a valuable alternative. Tandem mirrors can provide an intense neutron
source facility in the near term. The mirror fusion system has two key roles to �ll. First, mirror fusion systems will
provide an important facility for measuring neutron damage to materials. The machine can operate with a fusionQ
signi�cantly below unity while providing steady state fusi on materials testing with 2 MW of neutrons and consuming
only 200 g of tritium annually. Second, the high-neutron-
u x mirror system would provide a natural cell to combine
with �ssion reactors to produce a fusion-�ssion hybrid power plant [7] [8] [9].

The GAMMA-10 and the Gas Dynamic Trap achieve su�ciently hig h electron temperatures for fusion experiments
to be relevant to the ReNew agenda. These break-throughs were achieved by developing large expansion end-cells
plasmas. Large end-cells allow decoupling of the electron thermal conduction from the end walls and spread the
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FIG. 1: The architecture for the proposed axisymmetric tand em mirror that that builds on the design of the GAMMA-10
(a = 0 :36 m, B = 0 :4 T) machine and a larger Kinetically Stabilized Tandem Mirr or [4] fusion reactor that would use
ITER-type superconducting coils.

escaping power over a large surface area; this eliminates, or strongly reduces, the divertor issues occurring in toroidal
systems. Decoupling of the electrons by the large end-cellsin GAMMA-10 appears to be responsible for the high
temperatures measured with soft-X ray. The data indicates that central cell electron temperatures as high as 600
to 750 eV have been achieved (subject to con�rmation by the currently planned Thomson scattering experiments).
Thomson scattering measurements of electron temperature in the Gas Dynamic Trap reach 230 eV at a density of
1:5� 1019m� 3 and 160 eV at 5� 1019m� 3 with 10 keV average ion energy. Both the GAMMA-10 and the Gas Dynamic
Trap have large expansion volumes at the end regions which are intrinsic part of the proposed Kinetically Stabilized
Tandem Mirror (KSTM) reactor design. As a consequence of thelarge volume expansion in the end cells, there
is a high mirror ratio from the wall to the mirror throat of 300 and 2500 in GAMMA-10 and Gas Dynamic Trap,
respectively. These large ratios are like those in the well con�ned hot plasma in the magnetospheres of the Earth and
Jupiter which have MHD stable con�nement at high plasma � .

GAMMA-10 experiments report improved radial con�nement at tributed to E � B rotation suppression of low
frequency turbulence [10]. These experiments demonstratethat ECH can change the radial electric-�eld shear pro�le
and control the location of turbulence suppression. This stabilization method is well developed theoretically and is
easier to implement in a real-time feedback loop in an open system.

Twenty years ago mirror reactor systems required exotic undeveloped technologies such as superconducting magnets,
high energy neutral beams, and high power gyrotrons. Today these technologies are readily available; technology that
exceeds mirror system needs will be employed in ITER. The useof ITER designed components in an open system
before employing them in ITER could be important for both ITE R materials testing and the training of a new
generation of scientists at US universities. Many topics inmirror research have synergy with toroidal systems so the
research would broaden general plasma physics understanding.

III. NEW FUSION SCIENCE EXPERIMENTS

A new tandem mirror facility would allow the testing of key qu alitatively new experiments in the magnetic fusion
system that have not been tested experimentally, and are unlikely to be carried out in toroidal systems. The proposal
of Kulsrud et al. [11] for taking advantage of the peaked angular distribution of the neutrons from fusion reactions
with spin-polarized deuterium and tritium nuclei would be t ested. Generation of spin-polarized D-T gas by laser
optical pumping is straight forward. Using the spin polarized gas results in peaked angular distributions of the
neutrons from D and T polarized along the magnetic �eld leadsto neutrons directed acrossB with a sin2-peaking in
direction and an enhancement of 1.5 in fusion reaction rate.If instead the D nuclei are spin- polarized acrossB , there
is a peaking of the neutron spectrum along the magnetic �eld. Coulomb collisions do not a�ect the spins; however
Kulsrud et al. conclude that recycling from the wall depolarizes the spin. Mirrors have low wall recycling rates.
Strong magnetic 
uctuations at the precession frequencies(! ci for D and 6! ci for T) could depolarize the nuclear
spin, but such 
uctuations are unlikely. The proposed high beta mirror experiment with long cylindrical central cell
would be an ideal test bed for measuring the enhancements resulting from using a spin polarized D-T working gas.

The second new method of enhancing the fusion yield from a hotplasma is to use ion cyclotron waves generated by
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velocity space anisotropies to take energy out of the high energy alpha decay particles and deposit that energy into
the thermal plasma. This invention by Fisch et al. is called \alpha channeling" and has been worked out both for
toroidal [12] [13] and mirror systems [13]. The recent mirror version of the Alpha Channelling [14] is straight-forward
to perform in mirrors because of the long cylindrical plasmacentral-cell bounded by mirror and plug cells. Direct
transfer through resonant wave-particle interactions is aconsequence of the slow rate for a 3.5 MeV alpha to transfer
its energy to the D-T working gas by Coulomb collisions. Whenoptimized, the Fisch channeling method predicts
that the resonant alphas will be transported radially outward in each energy-transfer step. A carefully designed
mirror alpha channeling experiment could result in the slowed down, spent alpha particle ash arriving at the outer
plasma edge to be emptied from the burning plasma. Thus a new burning plasma mirror facility could answer several
remaining basic science questions left in the fusion community.

The alpha channeling e�ect does not in and of itself improve by much the neutron yield in a neutron facility with
Q = 1, as opposed to a energy-producingQ >> 5 facility, since there is not so much alpha particle energy to be
channeled. But apart from the merit of using a Q = 1 facility to explore the e�ect, there may be advantages to
using the channeling e�ect and related so-called phase-space engineering e�ects to perform other tasks. For example,
the channeling e�ect might be used increase the lifetime within the device of the tail fuel ions which carry more of
an investment if they are also polarized. Also, since we imagine that plasma rotation may be useful, particularly
di�erential rotation, the channeling e�ect might also be us ed to maintain rotation through volumetric e�ects without
the use of end-plates [15]. This would be an important technological advantage in a neutron source, but it could be
an important e�ect to study as well for use in other centrifug al plasma devices.

IV. INTERNATIONAL COLLABORATION AND ENGINEERING DESIGN

A GAMMA-10-sized device can be built in under �ve years, because blue-prints kept at the Toshiba Corporation
are readily available and because this device is well-understood. The same site then could be expanded for building
the neutron source facility with fusion Q greater than unity. The University of Texas Pickle ResearchPark has motor
generator sets and the capacity to build other electro-mechanical equipment for the proposed experiment.

The project would fully involve the Mirror Study Group assembled by Tom Simonen and the experience of more
than 20 senior mirror physicists that carried out an extensive US mirror research program under the Energy Research
and Development Agency in the 1980s. Legacy computer codes are available from that period for equilibrium and
stability calculations as well as recent codes from TsukubaUniversity and the IFS group at the University of Texas.
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