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Introduction to ARPA-E 

Goals:  Ensure America’s 
•  Economic Security  
•  Energy Security 
•  Technological Lead in Advanced Energy 

Technologies 

Mission:  To overcome long-term and high-risk technological barriers  
                  in the development of energy technologies  

Reduce 
Emissions 

Improve 
Energy 

Efficiency 

Reduce 
Energy 
Imports 

Means:   
•  Identify and promote revolutionary advances in fundamental and applied sciences  
•  Translate scientific discoveries and cutting-edge inventions into technological innovations  
•  Accelerate transformational technological advances in areas that industry by itself is not 

likely to undertake because of technical and financial uncertainty  
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Learning curves for fusion as an energy technology 
$ 

/ M
W

h 

TIME / SCALE 

Incumbent electricity generation 

x 
x 

x 

x 
x 

x 

x 
x x 

ALPHA 



 

‣  Seeking alternative approaches with: 
–  Intrinsically low-cost technologies to  

heat and confine plasma 
–  High shot rate for rapid learning  

‣  Opportunity exists in intermediate  
density regimes, optimal balance  
of energy costs and power costs 

 

‣  ALPHA will develop low-cost tools for new paths to fusion: 
–  Exploit physics of intermediate density regime  
–  Allow rapid experimentation at low cost 
–  Enable development and demonstration for full-scale reactors 

Minimum cost for 
fusion facilities vs. 

ion density and 
temperature 

  
Lindemuth and Siemon,  

Am. J. Phys. 2009 
 
 

ALPHA program motivation 

mean between MCF and ICF. The space in which the cost is
less than $100M covers a factor of about 104 in density, and
the space in which the cost is less than $1B is even more
expansive. In this intermediate parameter space the required
implosion velocities are significantly less than required in
ICF.

In spite of its apparent low cost, the intermediate space has
yet to be adequately explored. However, the Los Alamos
National Laboratory and the Air Force Research Laboratory,
with support from the University of Nevada at Reno, are
planning an experiment that will couple a field-reversed-
configuration plasma with a liner driven by the Shiva Star
capacitor bank. Suitable field-reversed-configuration target
plasma formation and adequate liner symmetry and conver-
gence have been demonstrated experimentally.26 We antici-
pate that work being conducted under the OFES/NNSA High
Energy Density Laboratory Physics initiative27 will address
many issues that are relevant to magnetized target fusion, for
example, the behavior of materials under high magnetic field
conditions. We note that Jones et al.28 concluded that mag-
netized target fusion research is not a nuclear proliferation
concern, although they doubt the energy potential of magne-
tized target fusion !and NIF".

XII. CONCLUDING REMARKS

Our analysis has provided a framework for comparing
various approaches to fusion. The simple analysis we have
given offers a general understanding of the extreme differ-
ences between the two conventional approaches to controlled
fusion, magnetic confinement fusion and inertial confinement
fusion. We showed that magnetic confinement and inertial
confinement fusion have a limited parameter space in which
to operate: Steady-state operation forces magnetic confine-
ment fusion to operate at the low end of the density spec-
trum, and the constraint of unmagnetized fuel forces inertial
confinement fusion to operate at the high end.

We have raised the possibility that fusion might be pos-
sible at low cost by accessing the broad intermediate density
range using an approach known as magnetized target fusion.
Compared to the conventional MCF and ICF approaches,
magnetized target fusion is a qualitatively different in terms
of densities, pressures, time and length scales, and technolo-
gies. Any of these approaches may encounter significant

roadblocks on the way to practical fusion energy, but the
approaches are so different that the roadblocks applicable to
any one approach are not likely to apply to the others. Of the
three approaches, magnetized target fusion is the least devel-
oped. In spite of some physics uncertainties, no insurmount-
able obstacles have been identified, and the technology re-
quired for achieving scientific breakeven and beyond appears
to exist. Given the importance of energy to the future of
society, a serious examination of all approaches is warranted.

Table II compares the magnetized target fusion example
discussed in this paper with NIF and ITER and shows the
extreme differences between MCF and ICF, differences that
are exemplified by the factor of 1015 difference in volume
and the factor of 1016 in intensity.

The intermediate density regime may be accessible by ap-
proaches other than magnetized target fusion. We invite read-
ers interested in fusion to extend our analysis to other re-
gions in the vast, unexplored fusion parameter space, and to
identify new ways to access that parameter space. We will
make our simple computer code available to enable explora-
tion of the sensitivity of our results to the various parameters.
Those interested in access to this code should contact us.
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Fig. 7. The minimum facility cost !US $" for magnetized fuel under Bohm
conditions !cylindrical geometry, B=5 MG" operating at !"0.2.

Table II. Fundamental physical parameters and cost for fusion systems dis-
cussed in text.

ITER MTF example NIF

Geometry Toroidal Cylindrical Spherical
Cost !$M" 10,000 51 3000
nt !/cm3" 1014 1020 1.4#1025

$ !g /cm3" 4.2#10−10 4.2#10−4 57
T !keV" 8 8 8
p !atm" 2.6 2.6#106 3.6#1011

B !kG" 50 1000 0
%L !s" 0.9 9#10−7 6.6#10−12

M !mg" 350 1.7 0.01
a !cm" 240 0.6 3.5#10−3

V !m3" 8.3#102 4.0#10−6 1.8#10−13

Eplas !J" 3.2#108 1.6#106 9.3#103

Pheat !W" 1.3#108 9.0#1010 1.1#1014

Iheat !W /cm2" 18 1.0#1010 7.5#1017

415 415Am. J. Phys., Vol. 77, No. 5, May 2009 I. R. Lindemuth and R. E. Siemon
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compression time—but not the liner formation time which
can be initiated much earlier. This aspect of the concept—

the FRC formation, acceleration and merging process—has

already been successfully demonstrated in the inductive
plasma accelerator (IPA) experiments at MSNW [2]. In the

reactor application a small (*0.1 T) guide field maintains

the FRC against radial expansion as illustrated in Fig. 1.
The metallic liner is also produced by merging as well,

however, in this case by a cluster of small masses (mac-

rons) that are injected into the reactor by an array of
launchers, also situated outside the reactor vessel. In this

way the energy required to compress the FRC can be

delivered on a timescale that is much slower than the FRC

compression, and produced by a source that is highly

efficient as well as broadly distributed spatially. Most
importantly, the liner formation system can be located

outside the reactor in a manner compatible with long-term

repetitive operation.
The macron launchers are initiated in such a manner that

a large array of small metallic masses arrive at the central

section of the reactor (see Fig. 2) and converge to form a
contiguous liner at smaller radius (rL * 0.1 m). The FRC

is then introduced within the liner by merging two trans-
lated FRCs.

The shape of the macron will be considered later, but for

this discussion its radial size and mass are the relevant
parameters. The scale and number of macron launchers

required for the liner can be readily estimated by what was

achieved in the MTF liner experiments performed at AFRL
[3]. A cylindrical aluminum shell liner of roughly 300 g

mass was imploded using the 4.5 MJ Shiva Star capacitor

bank. The 5 cm radius liner was compressed with an axial
current of 12 MA at 84 kV and produced a final liner

kinetic energy of *1 MJ in 22 ls [4]. Employing the

macron launcher it should be possible to exceed this liner
energy by a factor of three for a similar stored energy. For

example, the target parameters for each launcher are a

macron mass of 4 g accelerated to a velocity of 3 km/s
(3 mm/ls). The kinetic energy of each macron would thus

be *20 kJ. For a 1 cm radius macron, the 30 macron

launchers depicted in Fig. 1 would converge to make
contact at a radius of roughly 10 cm and be well merged at

5 cm. Five such rings arranged axially would initially form

a liner of length comparable to the AFRL liner, and have
roughly twice the mass (0.6 kg). The liner kinetic energy,

however, would total 3 MJ. And it would compress from

5 cm radius to the minimum (r \ 2 mm) in less time
(*15 ls). In addition to a higher kinetic energy, the

macron liner can be made to converge axially thereby

increasing the compressional energy even further. This is
an significant advantage as the FRC equilibrium length

contracts axially (l - r2/5) as it is compressed. With a fixed

liner length, the efficiency of compression is greatly
diminished by this effect. Without electrical contacts, the

experimental apparatus and vacuum system can also be

greatly simplified. Difficulties with the post implosion
vacuum integrity are also much easier to avoid. A unique

benefit of macron assembled liners is the ability to impart a

specified amount of rotation. The rotating inner surface will
be stabilized to instabilities during the final compression

stages. The amount of rotation to be added to the liner must

balance stability, shear, and overall energy efficiency.
It should be noted that the small aperture in the chamber

wall required for macron introduction is quite small

(*3 cm2), so that even with several hundred such holes,
the portion of reactor wall area exposed would be less than

Fig. 1 Reactor illustration based on the macron formed liner (MFL)
compression of the FRC (R-Z plane). Scale of the FRC and liner has
been enlarged for purpose of illustration

Fig. 2 Midplane cross sectional view of reactor based MFL. The
macron size was increased and reactor scale reduced for illustration

562 J Fusion Energ (2010) 29:561–566
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already been successfully demonstrated in the inductive
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reactor application a small (*0.1 T) guide field maintains

the FRC against radial expansion as illustrated in Fig. 1.
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launchers, also situated outside the reactor vessel. In this

way the energy required to compress the FRC can be

delivered on a timescale that is much slower than the FRC

compression, and produced by a source that is highly

efficient as well as broadly distributed spatially. Most
importantly, the liner formation system can be located

outside the reactor in a manner compatible with long-term

repetitive operation.
The macron launchers are initiated in such a manner that

a large array of small metallic masses arrive at the central

section of the reactor (see Fig. 2) and converge to form a
contiguous liner at smaller radius (rL * 0.1 m). The FRC

is then introduced within the liner by merging two trans-
lated FRCs.

The shape of the macron will be considered later, but for

this discussion its radial size and mass are the relevant
parameters. The scale and number of macron launchers

required for the liner can be readily estimated by what was

achieved in the MTF liner experiments performed at AFRL
[3]. A cylindrical aluminum shell liner of roughly 300 g

mass was imploded using the 4.5 MJ Shiva Star capacitor

bank. The 5 cm radius liner was compressed with an axial
current of 12 MA at 84 kV and produced a final liner

kinetic energy of *1 MJ in 22 ls [4]. Employing the

macron launcher it should be possible to exceed this liner
energy by a factor of three for a similar stored energy. For

example, the target parameters for each launcher are a

macron mass of 4 g accelerated to a velocity of 3 km/s
(3 mm/ls). The kinetic energy of each macron would thus

be *20 kJ. For a 1 cm radius macron, the 30 macron

launchers depicted in Fig. 1 would converge to make
contact at a radius of roughly 10 cm and be well merged at

5 cm. Five such rings arranged axially would initially form

a liner of length comparable to the AFRL liner, and have
roughly twice the mass (0.6 kg). The liner kinetic energy,

however, would total 3 MJ. And it would compress from

5 cm radius to the minimum (r \ 2 mm) in less time
(*15 ls). In addition to a higher kinetic energy, the

macron liner can be made to converge axially thereby

increasing the compressional energy even further. This is
an significant advantage as the FRC equilibrium length

contracts axially (l - r2/5) as it is compressed. With a fixed

liner length, the efficiency of compression is greatly
diminished by this effect. Without electrical contacts, the

experimental apparatus and vacuum system can also be

greatly simplified. Difficulties with the post implosion
vacuum integrity are also much easier to avoid. A unique

benefit of macron assembled liners is the ability to impart a

specified amount of rotation. The rotating inner surface will
be stabilized to instabilities during the final compression

stages. The amount of rotation to be added to the liner must

balance stability, shear, and overall energy efficiency.
It should be noted that the small aperture in the chamber

wall required for macron introduction is quite small

(*3 cm2), so that even with several hundred such holes,
the portion of reactor wall area exposed would be less than

Fig. 1 Reactor illustration based on the macron formed liner (MFL)
compression of the FRC (R-Z plane). Scale of the FRC and liner has
been enlarged for purpose of illustration

Fig. 2 Midplane cross sectional view of reactor based MFL. The
macron size was increased and reactor scale reduced for illustration
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NumerEx     Ø  3 University Leads 
Ø  3 Small Business Leads 
Ø  3 Nat’l Lab Leads 

More information about the ALPHA program and the ALPHA teams can be 
found on the ARPA-E website: http://arpa-e.energy.gov 
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NumerEx     Ø  3 University Leads 
Ø  3 Small Business Leads 
Ø  3 Nat’l Lab Leads 

More information about the ALPHA program and the ALPHA teams can be 
found on the ARPA-E website: http://arpa-e.energy.gov 

See Session NO4:  

Magnetized Inertial Fusion II 

Wednesday, 9:30-12:30 

Room 105/106 
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