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Concept innovation remains a necessary component of a healthy
fusion program: even as ITER goes ahead, the mission of the world
fusion program remains to produce an economic fusion reactor, the
path to which entails concept innovations as well as innovations in
the mainline devices. One subset of concept innovations entails
simply connected devices (no material linking the plasma), and if
practicable, would lower the cost of the fusion core significantly.
Simply connected magnetic fusion concepts entail the FRC,
spheromak, mirror, z-pinch and hybrids (including magnetized target
fusion).
The US policy towards these innovative concepts,
developed over the last 15 years, is summarized in this paper. The
progress in understanding and performance obtained over a similar
time-frame, is also summarized. A summary of future directions for
these exploratory concepts is given, by reviewing general and
concept-specific descriptions, cost of electricity arguments and plans
for
the
integration
of
concept
innovations
into
the
national/international fusion program.

The history of the alternates really began in 1969
with the measurement of Te=1keV in the T-3 tokamak.

After oil prices fell, so did the MFE budget, and the
program restructured: “Science Focus, Energy Goal.”

History:concept innovation comes about by hybridization,
or by bringing in new ideas from outside the field.

Today, the Innovative Confinement Concepts (ICCs)
entail a diverse set of ideas.

Motivation for ICCs is provided in the OFES mission
and in policy documents written since 1990.
MISSION: The mission of the Fusion Energy Sciences (FES) program is to
provide the national basic research effort to advance plasma science, fusion
science, and fusion technology—the knowledge base needed for an
economically and environmentally attractive fusion energy source.
YEAR | REPORT
1992 | FEAC advises program strategy, suggests program for Innovative Concepts [1]
1995 | OTA TPX and the Alternates [2]
1995 | PCAST (given flat budgets, what is the plan?) [3]
1996 | FEAC: A restructured fusion energy science program [4]
1996 | Conference report accompanies Energy and Water Subcommittee conference [4]
1996 | OFES Strategic Plan for a restructured fusion energy science program [5]
1996 | FESAC: Opportunities in Alternative Confinement Concepts [6]
1997 | First ICC Workshop [7]
1999 | Snowmass I (Barnes leads EC discussion) [8],
1999 | Davie’s Policy for ICCs [9]
2000 | Integrated Program Planning Activity (IPPA) [10]
2002 | Snowmass II [11]
2002 | Goldston 35 year plan [12]
2005 | FESAC Priority Panel Report [13]
Table 1. Main policy documents relating to the alternates.

The ICCs are supported by various arguments:

“..pursuit of promising alternate concepts, including novel
ones, may provide a fusion energy option should the tokamak
prove technically infeasible or commercially unattractive.”
OTA 1992
“Unique opportunities for fusion science physics and
technology development; Possibilities of much improved to
breakthrough fusion products; Great potential for non-energy
applications of fusion science (already commercialized fusion
source).” Snowmass 1999

Snowmass 2002 - “The ICC experiments address several
programmatic and fusion energy science objectives by:
1. Working within a broad range of plasma and fusion energy sciences,
including cross fertilization with other fields of plasma science;
2. Seeking concepts and innovations that work better or change the paradigm
for fusion energy;
3. Broadening the physics of toroidal magnetic confinement by operating in
parameter regimes inaccessible by the tokamak;
4. Strengthening university plasma science and technology programs, engaging
faculty by providing opportunities to contribute to plasma and fusion
science with small-to-medium size experiments; and
5. Attracting bright, young talent with the vision of unlimited energy for
mankind while providing the opportunity to participate in experiments they
can “get their hands around.””

ICCs operate in a broad range of plasma and fusion energy
sciences, providing cross fertilization of ideas. ‡
New NSF and DoE
Centers provide means
for productive crosscollaborations (e.g. the
Center for Magnetic
Self Organization at
UW).
New scientific themes
come to the fore that
can be tested in
laboratory plasma
experiments (e.g.
magnetic reconnection
in SSX, SSPX).
‡from the 2002 Snowmass Final Report

ICC experiments seek innovations that work better or
change the paradigm for fusion energy. ‡
While ITER is an important
next-step both nationally and
internationally, a tokamakbased commercial reactor is
still many decades away.
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Given new physics /
understanding, concept
innovations could have lower
cost development paths, and
possibly lead to economic
fusion sooner.
‡ from the 2002 Snowmass Final Report

ICC experiments broaden the physics of toroidal magnetic
confinement by operating in regimes inaccessible by the
tokamak. ‡
Overlap between MFE and ICF
gives high density operations and
a lot of parameter space to
explore. Similarly, pulsed,
compressed, and combinations of
techniques offer up possibilities.
Pulsed operations require some
detailed thoughts: e.g. fusion
energy output relative to plasma
energy varies as the product of
density and burn time.
‡ from the 2002 Snowmass Final Report

ICC experiments help attract bright, young talent
with the possibility of hands-on experience. ‡
Over the next decade (2004
to 2014), the fusion
community will undergo a
SIGNIFICANT loss of its
most experienced and
highly trained personnel.

Younger scientists needed to maintain
pace of innovation as # PhD’s falling.
FESAC workforce report in 2004:
“Make use of ICCs…”
‡ from the 2002 Snowmass Final Report

Congress 2005: “Follow advice.”

FESAC workforce panel recommends expanded
support of ICCs at universities.
2. Expand support of new, fusion-relevant, university-class
experimental, theory, and computational research
programs, with a particular emphasis on experimental
programs.
--The universities are, ultimately, the source of the future fusion energy
workforce. Without a healthy, diverse base of university programs in fusion
science, the workforce pipeline will be irreparably broken.
--Make use of the Innovative Confinement Concepts program or the Fusion
Energy Centers of Excellence program to diversify the number and types of
institutions that conduct fusion energy research.
--Consider establishing small-scale, non-toroidal, fusion-relevant basic plasma
experiments that address a specific scientific question of relevance to high
performance burning plasmas.

Progress of ICCs: always pushing along the path to
greater performance and better understanding.

Simply connected fusion concepts entail several
distinct magnetic and inertial approaches.
Spheromaks: topologically spherical mfe
concept in which confining fields are
generated in the plasma.
Field reversed configurations: elongated
torus with high energy ion population.
Mirrors / Centrifugal confinement: open
configuration in which particles are trapped
in a linear magnet systems.
Z-pinches: open configuration in which
confining magnetic fields are generated by
strong currents.
Magnetized target fusion concepts: any of
the above, compressed either quickly or
slowly with magnetic fields or metal liners.
Inertial electrostatic confinement: a nonmagnetic concept in which clouds of ions are
accelerated towards a focal point.

Spheromaks can now be made grossly stable, with low
amplitude fluctuations and good confinement.
THEN (pre 1990)

NOW (2005)

Gross macroscopic stability explored in
variety of stabilizing ‘flux conservers’.
400eV achieved transiently only in v. high
energy density object in decay, with
radiation dominated objects: decay rate
enhanced and terminated by instability.
Rudimentary analysis and diagnostics [1].

[1] T. R. Jarboe Plasma Phys and Control
Fusion, Vol. 36, p. 945, 1994

Grossly stable objects: looking at islands and
pressure-limiting modes - 2D configuration.
350eV achieved in lower energy density (x8)
object (=high beta) by suppressing fluctuations.
Low radiated power: surface conditioning. qprofile evolution in controlled decay by edge
current drive, new methods of helicity injection.
Full 3D resistive MHD simulations at NERSC,
growing diagnostic set [2-9].

Spheromak critical issues are being addressed by four
main experiments and coordinated theory effort.
Concept specific issues

1.

Sustainment
with
confinement;

2.

Particle
control;

3.

Efficient
magnetic field
generation;

4.

Confinement
with
suppressed
fluctuations.

Experiments
•Sustained
Spheromak
Physics
Experiment
(SSPX): magnetic field
generation
and
confinement [2-3].

•Helicity Injected Torus Steady Inductive Expt.
(HIT-SI): sustainment by
inductive steady helicity
injection [4-5].

•Swarthmore Spheromak
Experiment
(SSX):
spheromak
merging,
reconnection and [6-7].

•Caltech
spheromak:
magnetic field generation
[8-9]

In concert with simulations [10-12].

Priorities questions
T1. How does magnetic field structure impact fusion
plasma confinement?
T2. What limits the maximum pressure that can be
achieved in laboratory plasmas?
T3. How can external control and plasma selforganization be used to improve fusion performance?
T4. How does turbulence cause heat, particles, and
momentum to escape from plasmas?
T5. How are electromagnetic fields and mass flows
generated in plasmas?
T6. How do magnetic fields in plasmas reconnect and
dissipate their energy?
T7. How can high energy density plasmas be
assembled and ignited in the laboratory?
T8. How do hydrodynamic instabilities affect implosions
to high energy density?
T9. How can heavy ion beams be compressed to the
high intensities required to create high energy density
matter and fusion conditions?
T10. How can a 100-million-degree-C burning plasma
be interfaced to its room temperature surroundings?
T11. How do electromagnetic waves interact with
plasma?
T12. How do high-energy particles interact with
plasma?
T13. How does the challenging fusion environment
affect plasma chamber systems?
T14. What are the operating limits for materials in the
harsh fusion environment?
T15. How can systems be engineered to heat, fuel,
pump, and confine steady-state or repetitively-pulsed
burning plasma?

Spheromak references
Experiments today
[2] E. B. Hooper, D. Pearlstein, and D. D. Ryutov Nucl. Fusion 39 863 (1999)
[3] R. D. Wood et al “Improved operation and modeling of the SSPX spheromak” Nucl. Fusion 45 (2005) 1582-1588.
[4] P. E. Sieck, W. T. Hamp, V. A. Izzo, T. R. Jarboe, B. A. Nelson, R. G.O'Neill, A. J. Redd, and R. J. Smith "Initial Studies of Steady
Inductive Helicity Injection on the HIT-SI Experiment” IEEE TRANSACTIONS ON PLASMA SCIENCE 2005
[5] T. R. Jarboe et al
[6] C. Cothran et al Geophysical Research Letters, 30, 1213 (2003)
[7] M. Brown et al Physics of Plasmas 9 2077 (2002)
[8] S. C. Hsu and P. M. Bellan, On the jets, kinks, and spheromaks formed by a planar magnetized coaxial gun, Phys. Plasmas 12, art. 032103
(2005)
[9] S. You, G. S. Yun, and P. M. Bellan, Dynamic and stagnating plasma flow leading to magnetic-flux-tube collimation, Phys. Rev. Lett. 95,
art. 045002 (2005)
Theory today
[10] C. R. Sovinec, J. M. Finn, and D. del-Castillo-Negrete “Formation and sustainment of electrostatically driven spheromaks in the resistive
magnetohydrodynamic model” Physics of Plasmas 8 (2001)
[11] P. M. Bellan Generalization of cylindrical spheromak solution to finite beta and large reversed shear” Physics of Plasmas 9 3050 (2002)
[12] R. Cohen et al “Theoretical investigation of field-line quality in a driven spheromak” Nuclear Fusion 43 1220 (2004)
Reactor visions
[13] T. K. Fowler, D. D. Hua, E. B. Hooper, R. W. Moir, and L. D. Pearlstein “Pulsed spheromak fusion reactors” Comments on plasma
physics and controlled nuclear fusion 1 Pt C 83 (1999)
[14] E. B. Hooper, T. K. Fowler “Spheromak Reactor: Physics Opportunities and Issues” Proceedings of the ANS Annual Meeting, Reno
Nevada, June 20 (1996)
[15] R. L . Hagenson and R. A. Krakowski “Steady state spheromak reactor studies” Fusion Technology 8 1606 (1985)

Field Reversed Configurations are now stable for long
durations, sustained by rotating magnetic fields.
THEN (pre 1990)

NOW (2005)

Short lived (200µs) objects, stable for
~100µs, early translation experiments;
initial stability studies, although radiation
dominated objects; decay rate enhanced and
terminated by instability; rudimentary
analysis and diagnostics [1].

10ms stable discharges with beta near unity,
sustainment provided by rotating magnetic fields.
Asymmetric fields demonstrate sustainment with
closed flux. FRCs used as target plasmas in MTF
combination of heating mechanisms tried, including
NBI. Full 3D resistive MHD and kinetic simulations,
large diagnostic set [2-16].

[1] Tuszewski Nuclear Fusion, Vo1.28, No.ll (1988)

FRC critical issues are being addressed by four main
experiments and coordinated theory effort.
Concept specific issues

Experiments
•Field
reversed
Experiment - Liner (FRXL): Formation of frc for
liner compression [2-3].

1.

Sustainment
with
confinement;

2.

Particle
control;

3.

High flux
formation;

4.

Stability.

•Translation Confinement
and Sustainement (TCS):
sustainment of a translated
frc by use of rotating
magnetic fields [4-5].
•Pulsed High Density
experiment
(PHD):
formation, acceleration and
stagnation of an frc in a
conical chamber [6-7].
•Inductive
Plasmoid
Accelerator
(IPA):
formation, acceleration and
reconnection of two frcs,
and a compression stage
with radially imploding
magnetic fields [8-9].

In concert with simulations [10-12].

Priorities questions
T1. How does magnetic field structure impact fusion
plasma confinement?
T2. What limits the maximum pressure that can be
achieved in laboratory plasmas?
T3. How can external control and plasma selforganization be used to improve fusion performance?
T4. How does turbulence cause heat, particles, and
momentum to escape from plasmas?
T5. How are electromagnetic fields and mass flows
generated in plasmas?
T6. How do magnetic fields in plasmas reconnect and
dissipate their energy?
T7. How can high energy density plasmas be
assembled and ignited in the laboratory?
T8. How do hydrodynamic instabilities affect implosions
to high energy density?
T9. How can heavy ion beams be compressed to the
high intensities required to create high energy density
matter and fusion conditions?
T10. How can a 100-million-degree-C burning plasma
be interfaced to its room temperature surroundings?
T11. How do electromagnetic waves interact with
plasma?
T12. How do high-energy particles interact with
plasma?
T13. How does the challenging fusion environment
affect plasma chamber systems?
T14. What are the operating limits for materials in the
harsh fusion environment?
T15. How can systems be engineered to heat, fuel,
pump, and confine steady-state or repetitively-pulsed
burning plasma?

FRC references
Experiments today
[2] G. A. Wurden, T. P. Intrator, D. A. Clark, R. J. Maqueda, J. M. Taccetti, and F. J. Wysocki S. K. Coffey, J. H. Degnan,
and E. L. Ruden Diagnostics for a magnetized target fusion experiment REVIEW OF SCIENTIFIC INSTRUMENTS
VOLUME 72, NUMBER 1 JANUARY 2001
[3] T. Intrator, S. Y. Zhang,1 J. H. Degnan, I. Furno,1 C. Grabowski, S. C. Hsu, E. L. Ruden, P. G. Sanchez,1 J. M.
Taccetti,1 M. Tuszewski,1 W. J. Waganaar and G. A. Wurden A high density field reversed configuration „FRC... target for
magnetized target fusion: First internal profile measurements of a high density FRC PHYSICS OF PLASMAS VOLUME
11, NUMBER 5 MAY 2004
[4] H. Y. Guo, A. L. Hoffman, R. D. Brooks, A. M. Peter, Z. A. Pietrzyk, S. J. Tobin and G. R. Votroubek Formation and
steady-state maintenance of field reversed configuration using rotating magnetic field current drive. PHYSICS OF
PLASMAS VOLUME 9, NUMBER 1 JANUARY 2002
[5] H. Y. Guo, A. L. Hoffman, and L. C. Steinhauer, "Observations of improved confinement in field reversed
configurations sustained by antisymmetric rotating magnetic fields", Phys. Plasmas 12, 062507 (2005)
[6] J. Slough “Pulsed High Density Fusion” Proceedings of the ICC meeting (2004)
[7] J. Slough “Design and construction of the pulsed high density experiment” Proceedings of the US-Japan Compact Torus
Workshop (2004)
[8] T. Ziemba, J. Slough, S. Woodruff BAPS (2005)
[9] S. Woodruff - this conference
Theory today
[10] D. C. Barnes, "Stability of a long field-reversed configuration: Complete two-fluid theory", Phys. Plasmas 10, 1636
(2003)
[11] Richard D. Milroy and Kenneth E. Miller, "Edge-Driven Rotating Magnetic Field Current Drive of FRC's ", Phys.
Plasmas 11, 633 (2004)
[12] L.C. Steinhauer, H.Y. Guo, A.L. Hoffman, and D.D. Ryutov, "Field-Reversed Configuration with large safety factor",
Submitted to Phys. Rev. Letters (June 2005)
Reactor visions
[13] N. Rostoker, M.W. Binderbauer and H.J. Monkhorst, "Colliding Beam Fusion Reactor", SCIENCE (1997)

Mirror machines now exploring novel means for
providing confinement by providing rotation.
THEN (pre 1990)
Many different coil geometries tried (e.g.
cusps, tandem, baseball, multiple), and much
stability analysis performed, although dominant
problem remained end-losses by the time that
the mirror program was cancelled.
Still,
classical confinement observed, and many
schemes proposed to tackle end-losses [1].

NOW (2005)

MCX
Discharges forced to rotate, giving extra
confinement due to centrifugal forces, and
shear in the flow ought to lead to stabilization
of the main instabilities. With electric fields
applied electrostatically, supersonic flows can
be produced. Geometry not necessarily mirror.
High mach number: viscous heating and
electron heat confinement that both scale [210].
[1] T. J. Dolan “Fusion Research” Chapter 11 Pergamon
Press 1982

Mirror / centrifugal critical issues are being addressed
by two main experiments and coordinated theory effort.
Concept specific issues

1.

Sustainment
with
confinement;

2.

Flow
production;

3.

Particle
control.

Experiments

•Magneto-Bernoulli
Experiment (MBX) [23].

•Maryland Centrifugal
Experiment
(MCX)
Mirror plasma forced
to
rotate
by
differentially applying
a voltage across the
plasma [4-5].

In concert with simulations [6-8].

Priorities questions
T1. How does magnetic field structure impact fusion
plasma confinement?
T2. What limits the maximum pressure that can be
achieved in laboratory plasmas?
T3. How can external control and plasma selforganization be used to improve fusion performance?
T4. How does turbulence cause heat, particles, and
momentum to escape from plasmas?
T5. How are electromagnetic fields and mass flows
generated in plasmas?
T6. How do magnetic fields in plasmas reconnect and
dissipate their energy?
T7. How can high energy density plasmas be
assembled and ignited in the laboratory?
T8. How do hydrodynamic instabilities affect implosions
to high energy density?
T9. How can heavy ion beams be compressed to the
high intensities required to create high energy density
matter and fusion conditions?
T10. How can a 100-million-degree-C burning plasma
be interfaced to its room temperature surroundings?
T11. How do electromagnetic waves interact with
plasma?
T12. How do high-energy particles interact with
plasma?
T13. How does the challenging fusion environment
affect plasma chamber systems?
T14. What are the operating limits for materials in the
harsh fusion environment?
T15. How can systems be engineered to heat, fuel,
pump, and confine steady-state or repetitively-pulsed
burning plasma?

Mirror / Centrifugal Confinement references
Experiments today
[2] H. Quevedo, P. M. Valanju, and Roger D. Bengtson, Bull. Am. Phys. Soc. 47, 67 (2002).
[3] Prashant M. Valanju Swadesh M. Mahajan “Topological Symmetry Breaking and Creation of Magneto Bernoulli
States” Bull. Am. Phys.
[4] R. F. Ellis, A. B. Hassam, S. Messer, and R. B. Osborn, Phys. Plasmas 8, 2057 (2001).
[5] A. B. Hassam, Comments in Plasma Physics and Controlled Fusion 18, 263 (1997)

Theory today
[6] S. M. Mahajan and Z. Yoshida Phys. Rev. Lett. 81 4863 (1998)
[7] B. R. Osborn, R. F. Ellis, and A. B. Hassam, PHYSICS OF PLASMAS VOLUME 10 (2003)
[8] Huang YM, Hassam AB, PHYS PLASMAS 10 (1): 204-213 JAN 2003

Z-pinches now addressing novel compression and
stability schemes.
THEN (pre 1990)

NOW (2005)

Many different Z-pinch schemes tried out:
plasma foci, imploding liners, inverse pinches
for for producing strong magnetic fields and
applications in radiation effects testing,
lithography, x-ray microscopy, and x-ray
lasers [1].
Stability of the pinch to gross modes like the
kink is being explored by providing a shear
in the flow. Larger experiments seek to use
Z-pinches for X-ray production as a driver
for inertial confinement fusion [2-8].

[1] T. J. Dolan “Fusion Research” Chapter 12 Pergamon
Press 1982

Z-pinch critical issues are being addressed by one
main experiment and coordinated theory effort.
Concept specific issues

1.

Sustainment
with
confinement;

2.

Sheared
velocity flow
production;

3.

Particle
control;

Experiments

•Z A P
[2-3].
Sheared
flow
stabilization
of
dominant
instabilities in a
coaxial-gun driven
z-pinch.

In concert with simulations [6-8].

Priorities questions
T1. How does magnetic field structure impact fusion
plasma confinement?
T2. What limits the maximum pressure that can be
achieved in laboratory plasmas?
T3. How can external control and plasma selforganization be used to improve fusion performance?
T4. How does turbulence cause heat, particles, and
momentum to escape from plasmas?
T5. How are electromagnetic fields and mass flows
generated in plasmas?
T6. How do magnetic fields in plasmas reconnect and
dissipate their energy?
T7. How can high energy density plasmas be
assembled and ignited in the laboratory?
T8. How do hydrodynamic instabilities affect implosions
to high energy density?
T9. How can heavy ion beams be compressed to the
high intensities required to create high energy density
matter and fusion conditions?
T10. How can a 100-million-degree-C burning plasma
be interfaced to its room temperature surroundings?
T11. How do electromagnetic waves interact with
plasma?
T12. How do high-energy particles interact with
plasma?
T13. How does the challenging fusion environment
affect plasma chamber systems?
T14. What are the operating limits for materials in the
harsh fusion environment?
T15. How can systems be engineered to heat, fuel,
pump, and confine steady-state or repetitively-pulsed
burning plasma?

Z-pinch references
Experiments today
[2] U. Shumlak, B. A. Nelson, R. P. Golingo, S. L. Jackson, E. A. Crawford, D. J. Den Hartog PHYSICS OF PLASMAS
VOLUME 10, NUMBER 5 MAY 2003
[3] R. P. Golingo and U. Shumlak REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 74, NUMBER 4 APRIL 2003
[4]U. Shumlak, R. P. Golingo, and B. A. Nelson, Phys. Rev. Lett. 87, 205005 2001

Reactor visions
[9] C. W. Hartman, J. L. Eddleman, A. A. Newton, L. J. Perkins, U. Shumlak Comments on Plasma Phys. Controlled
Fusion 17 267-275 (1996)

Progress with MTF and MIF: new liners/drivers and
pulsed power sources.
THEN (pre 1990)

NOW (2005)

Liners tried with various drivers on magnetic
concepts including the Z-pinch and
spheromak, with very large energy inputs.
Progress has been made with high
convergence ratios in centimeter sized
plasmas, and in dense wall-confined plasmas
[1].

Target plasmas now produced with the
requisite densities, exploiting new pulsed
power facilities [2-15].
[1] D.D. Ryutov and R.E. Siemon, Comments on Modern
Physics 2, 185 (2001).

MTF/MIF critical issues are being addressed by five
main experiments and coordinated theory effort.
Concept specific issues

1.

High flux
formation;

2.

Formation
with high Eφ

3.

Particle
control;

4.

Plasma and
liner stability
during
compression.

Experiments
•Flux
compression
experiment [2]. Using the
Atlas bank to initially
study liner implosions.
•FRX-L [3]. Formation
and compression of frcs.
•MTF+Shiva-Star
[4]
Compression of frcs using
the Shiva-Star bank.
•Pulsed High Density
experiment (PHD) [5]:
aims to compress an
accelerated frc into a
conical chamber.
•Inductive
Plasmoid
Accelerator (IPA) [6]
Acceleration, reconnection
and compression of two
merged frcs.

In concert with simulations [10-12].

Priorities questions
T1. How does magnetic field structure impact fusion
plasma confinement?
T2. What limits the maximum pressure that can be
achieved in laboratory plasmas?
T3. How can external control and plasma selforganization be used to improve fusion performance?
T4. How does turbulence cause heat, particles, and
momentum to escape from plasmas?
T5. How are electromagnetic fields and mass flows
generated in plasmas?
T6. How do magnetic fields in plasmas reconnect and
dissipate their energy?
T7. How can high energy density plasmas be
assembled and ignited in the laboratory?
T8. How do hydrodynamic instabilities affect implosions
to high energy density?
T9. How can heavy ion beams be compressed to the
high intensities required to create high energy density
matter and fusion conditions?
T10. How can a 100-million-degree-C burning plasma
be interfaced to its room temperature surroundings?
T11. How do electromagnetic waves interact with
plasma?
T12. How do high-energy particles interact with
plasma?
T13. How does the challenging fusion environment
affect plasma chamber systems?
T14. What are the operating limits for materials in the
harsh fusion environment?
T15. How can systems be engineered to heat, fuel,
pump, and confine steady-state or repetitively-pulsed
burning plasma?

MTF references
Experiments today
[2] V. MAKHIN, B.S. BAUER, T.J. AWE, S. FUELLING, T. GOODRICH, I.R. LINDEMUTH, R.E. SIEMON Design of
a flux compression experiment on Atlas Proc. BAPS-DPP LP1-00085 (2005)
[3] Shouyin Zhang,a T. P. Intrator, G. A. Wurden, W. J. Waganaar, J. M. Taccetti, R. Renneke, C. Grabowski, E. L. Ruden
PHYSICS OF PLASMAS 12, 052513 2005
[4] J. Degnan et al., “Implosion of solid liner for compression of field reversed configuration,” IEEE Trans. Plasma Sci. 29,
93 (2001); and T. Intrator et al., “A high-density field reversed configuration plasma for magnetized target fusion,” IEEE
Trans. Plasma Sci. 32, 152 (2004).
[5] J. Slough Pulsed High Density Fusion Proceedings of the ICC meeting (2004)
[6] T. Ziemba, J. Slough, S. Woodruff BAPS (2005)

Theory today
[10] R.E. SIEMON, T.J. AWE, B.S. BAUER, S. FUELLING, T. GOODRICH, I.R. LINDEMUTH, V. MAKHIN,
Dynamics of a thick liner for Magnetized Target Fusion BAPS-DPP LP1-00086 (2005)
[11] D. C. Barnes Stability of long field-reversed configurations. Physics of Plasmas, 9, 560 (2002)
[12] Thio, Y. C. F., Panarella, E., Kirkpatrick, R., Knapp, C. E., Wysocki, F., & Schmidt, G. R. Magnetized target fusion in
a spheroidal geometry with standoff drivers. In: Panarella, E. (ed), Current Trends in International Fusion Research:
Proceedings of the Second Symposium. Ottawa, Canada: National Research Council Canada. (1999)

Reactor visions
[13] R. Miller Appendix B of the FRX-L 2005 Proposal
[14] Siemon, R., Lindemuth, I., & Schoenberg, K. F. 1999. Why magnetized target fusion offers a low-cost development
path for fusion energy. Comments On Plasma Physics Control led Fusion, 18, 363.

Inertial electrostatic confinement progress and status.

THEN (pre 1990)
Many different concepts experimented with
Behavior and stability of a thermal plasma in
a pulsed, parabolic electrostatic well, e.g.
electron cloud uniformity, space charge
neutralization during ion collapse, impurity
control, oscillation control [1].

NOW (2005)

Tuning the external radio-frequency (rf) electric
fields to a naturally occurring mode allows the
ion motions to be phase-locked, giving very
high densities and temperatures during the
collapse phase of the oscillation when all the
ions converge into the center (Periodically
Oscillating Potential Sphere) deep virtual
cathodes have been made experimentally and
we now have theoretical understanding as to
why they are stable. [2-7].
[1] R.W. Bussard, "Some Physics Considerations of Magnetic

Inertial-Electrostatic Confinement: A New Concept for Spherical
Converging-flow Fusion," Fusion Technology 19, 273

IEC critical issues are being addressed by one main
experiment and coordinated theory effort.
Concept specific issues

1.
2.

Potential well
formation;
Particle
control.

Experiments

Experiments to
address issues:
•POPS [2-3]. Pulsed
oscillating potential
sphere.

In concert with simulations [4-6].

Priorities questions
T1. How does magnetic field structure impact fusion
plasma confinement?
T2. What limits the maximum pressure that can be
achieved in laboratory plasmas?
T3. How can external control and plasma selforganization be used to improve fusion performance?
T4. How does turbulence cause heat, particles, and
momentum to escape from plasmas?
T5. How are electromagnetic fields and mass flows
generated in plasmas?
T6. How do magnetic fields in plasmas reconnect and
dissipate their energy?
T7. How can high energy density plasmas be
assembled and ignited in the laboratory?
T8. How do hydrodynamic instabilities affect implosions
to high energy density?
T9. How can heavy ion beams be compressed to the
high intensities required to create high energy density
matter and fusion conditions?
T10. How can a 100-million-degree-C burning plasma
be interfaced to its room temperature surroundings?
T11. How do electromagnetic waves interact with
plasma?
T12. How do high-energy particles interact with
plasma?
T13. How does the challenging fusion environment
affect plasma chamber systems?
T14. What are the operating limits for materials in the
harsh fusion environment?
T15. How can systems be engineered to heat, fuel,
pump, and confine steady-state or repetitively-pulsed
burning plasma?

IEC references
Experiments today
[2] R. A. Nebel, J. M. Finn, Physics of Plasmas 8, 1505 (2001).
[3] J. Park et al., “First experimental confirmation of periodically oscillating plasma sphere (POPS) oscillation,” submitted
to Physical Review Letters.

Theory today
[4] R.A. Nebel et al., “Theoretical and experimental studies of kinetic equilibrium and stability in the virtual cathode of the
intense neutron source (INS-e) device,” submitted to Physics of Plasmas.
[5] R. A. Nebel, S. Stange, J. Park, J. M. Taccetti, S. K. Murali,C. E. Garcia, Physics of Plasmas 12, 12701 (2005).
[6] J. Park, R. A. Nebel, W. G. Rellergert, M. D. Sekora, Physics of Plasmas 10, 3841 (2003).

Reactor visions
[6] R. A. Nebel, D. C. Barnes, Fusion Technology 38, 28 (1998).

Immediately: OFES must respond to the charges from
Congress outlined in the Energy Bill
"...submit a plan … that ensures that:(C) new magnetic and inertial fusion research and
development facilities are selected based on
scientific innovation and cost effectiveness and
the potential of the facilities to advance the goal
of practical fusion energy at the earliest date
practicable;
(D) facilities that are selected are funded at a costeffective rate;
(G) attractive alternative inertial and magnetic
fusion energy approaches are more fully explored;
(H) to the extent practicable, the
recommendations of the Fusion Energy Sciences
Advisory Committee in the report on workforce
planning..” - 2005 Energy Bill

These charges should be favorable for ICC research.

A component of a roadmap is to think about reactor
concepts for the ICCs and how these relate to the BPX.
Community discussions give a
very qualitative description of
ICC reactors.
Generally, simplicity is favored
as is intrinsic heating.
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Self-consistent COE shows that a better mousetrap is needed
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Point source:FRC, Spk,
Elecstc, Cntpl, zpnh,
MTF,Ion rings

COE models take into account
the size and complexity of the
reactor: generally point to
simply connected being
favorable - example here is a
version of the ‘Supercode’.

Integration of innovative confinement concepts with the
international effort is important at all stages of development.

From Snowmass 2002 final report.

Summary
ICCs: rich history of innovation, continuing into present day.
Motivation: change the paradigm; cross-fertilization; explore
new parameter space; attract bright young minds.
Progress: ICCs achieving parameters akin to early tokamaks,
and new ideas being tried out. Much progress since first
experiments, with relatively tiny funding levels.
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That decline in detail (from the OTA95 report).

