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$400  Million
(Recovery  Act)

$180  Million
(FY2011)

$275  Million
(FY2012)

$251  Million
(FY2013)

$280  Million
(FY2014)

$280  Million
(FY2015)

500+

2016
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39

$291  Million
(FY2016)

In  2007,  The  National  Academies  recommended  Congress  establish  an  Advanced  Research  Projects  
Agency  within  the  U.S.  Department  of  Energy  

…“The  new  agency  proposed  herein  [ARPA-E]  is  patterned  after  that  model  [of  DARPA]  
and  would  sponsor  creative,  out-of-the-box,  transformational,  generic  energy  research  in  
those  areas  where  industry  by  itself  cannot  or  will  not  undertake  such  sponsorship,  
where  risks  and  potential  payoffs  are  high,  and  where  success  could  provide  dramatic  
benefits  for  the  nation.”…
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ALPHA  seeks  more  options  for  fusion  energy

Scaling  for  power  and  
energy  requirements  
points  to  low-cost  options  
at  intermediate  densities.

(ref.  Lindemuth and  
Siemon,  Am.  J.  Phys.  
2009)

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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1“ITER technical basis,” International Atomic Energy Agency publication
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T. H. Stix, and M. N. Rosenbluth, “Build the international thermonuclear
experimental reactor—Yes or no?,” Phys. Today 49!6", 21–25 !1996".
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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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liner stability, along with sufficient fidelity in related liner
dynamics calculations, suggested that magneto-Rayleigh-
Taylor instability growth [12] would not preclude successful
integrated experiments utilizing a liner with an aspect ratio
(AR) ≤6 (AR ¼ Router=ΔRwall) [13–17].
In the first integrated experiments, the target was an AR 6

beryllium liner with an inner radius of 2.325 mm. The
imploding portion of the liner was 7.5 mm tall, with a
0.5 mm tall aluminum cushion [17] above and a 1 mm tall
nylon cushion below to mitigate the previously observed
wall instability [16]. The initial fuel densities used in these
experiments were approximately 0.7 and 1.5 mg=cm3. The
laser entrance hole (LEH)windowwas a polyimide foil with
an initial thickness of 3.4" 0.2 μm, which was deformed
into approximately a spherical cap with radius 1.5 mm and
height approximately 0.6 mm. The LEH was located
1.5 mm above the imploding region of the target to avoid
mixing laser-accelerated windowmaterial into the fuel [10].
The target was premagnetized to 10 T using the applied

B field on Z (ABZ) system [18]. The Z beamlet laser
(ZBL), a 2.5 kJ, 1 TW, frequency-doubled Nd∶YAG laser
[19], heated the deuterium fuel. The 100 ns rise time,
19 MA current of the Z machine [20,21] drove the liner,
which compressed the fuel. The experimental drive current,
experimental laser power, and simulated liner trajectory
[10] are plotted in Fig. 2. The laser energy was temporally
split into two pulses. The 500 J prepulse led the main pulse
by 4 ns and was intended to disassemble the LEH window
in order to increase both the transmission fraction of the
main laser pulse and the associated fuel heating [10].

A series of experiments were conducted in which
nominally identical targets were fielded, but the use of
laser heating and applied magnetic field was varied. The
measured primary deuterium-deuterium (DD) and secon-
dary deuterium-tritium (DT) neutron yields and inferred
ion and electron temperatures for these experiments are
given in Fig. 3. In the best performing experiment, the ion
and electron temperatures at stagnation were 2.5" 0.8
and 3.1þ0.7

−0.5 keV, respectively, and the DD yield was
2.0" 0.4 × 1012. In null experiments that did not incor-
porate both laser heating and an insulating magnetic field,
the stagnation temperature was ≤1 keV and the DD yield

FIG. 2 (color). (a) The target geometry used in these experi-
ments. The anode is shown in blue and the cathode is red. The Be
target (orange) has an aluminum cushion (gray) at the top and a
nylon cushion (pink) at the bottom. The yellow region indicates
the deuterium gas fill. The LEH is shown above the target, and the
gas fill tube is attached to the bottom. The approximate laser path
is shown in green. The laser focus was approximately 3.5 mm
above the LEH window, which produced a defocusing beam
with a spot roughly 0.45 mm square at the window surface
(I ≈ 5 × 1014 W=cm2). (b) The nominal drive current (blue),
simulated implosion trajectory [10] (red), and laser power (black)
for these experiments. The uncertainty in the peak drive current is
1–2 MA and the uncertainty in the laser power is 10%–20%.

FIG. 3 (color). (a) An example NTOF spectrum from experi-
ment z2591. The experimental data used to fit the Gaussian
(dashed black line) are plotted in blue. Data on the low energy
side of the peak (red) deviate from a Gaussian, which may be due
to a variety of effects (e.g., neutron scattering); these points are
not included in the fit. The uncertainty in the width of the energy
distribution shown here is a conservative estimate based on
the instrument response. (b) The electron and ion temperatures
inferred from x-ray and NTOF spectra, respectively, and the DD
and DT neutron yields. Experiments using a magnetic field are
labeled with a B, and experiments using laser heating are labeled
with an L. All experiments used approximately 0.7 mg=cm3

initial fuel density except for experiments z2481 and z2583,
which used 1.5 mg=cm3. The dashed line at 1 keV represents the
approximate lower limit of the electron temperature measurement
technique. The dashed line at 3 × 109 represents the approximate
background for the DDmeasurement. The DT measurement floor
is 7 × 107.
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Early  data  from  Sandia’s  
MagLIF experiments  lend  

support  the  case  for  
intermediate  densities.

(ref.  Gomez  et  al.,  PRL  2014)

Fusion  energy  would  be  transformational:
– Carbon-free,  dispatchable power  
– Virtually  unlimited  fuel  
– No  risk  of  meltdown  

In  the  ALPHA  program,  we  want  to  create  
more  options  for  fusion  energy.
…but  they  have  to  offer  low-cost  
development  pathways  to  be  real  options.

ALPHA  seeks:
– New  approaches  to  fusion  based  on  low-cost  

technologies  
– High  shot  rate  for  rapid  learning
– All  built  to  exploit  physics  of  intermediate  

density  regime

Success  in  the  ALPHA  program  will  create  new  options  
for  fusion  energy  that  can  be  compatible  with  private  development.



ALPHA  program  goals

Intermediate  density:
– Seeking  approaches  for  1018-1023 cm-1 (at  full  compression)

Rapid  progress:  high  shot  rate
– Projects  required  to  perform  hundreds  of  shots  in  3-year  program
– Long  term  goal:  Pulsed  reactors  with  repetition  rate  ≥  1  Hz  

Low  cost  per  shot:
– Long  term  goal:  Low  cost  drivers  (<  $0.05/MJ)  and  targets  (<  0.05  ¢/MJ)  

More  options:
– Nine  teams  selected  – $30M  (total)  over  3  years
– Diverse  set  of  approaches  across  intermediate  density  regime(s)

5See	  the	  archived	  Funding	  Opportunity	  Announcement	  for	  ALPHA,	  No.	  DE-‐
FOA-‐0001184,	  at	  arpa-‐e-‐foa.energy.gov	  for	  rationale	  and	  references



ALPHA  portfolio  of  intermediate  density  approaches
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NumerEx

Compression  and  heating  of  high  
energy  density,  magnetized  plasmas  

at  fusion  relevant  conditions

“Plasma  rope”  plumes  as  a  
potential  magneto-inertial  fusion  target.  

Staged  magnetic  compression  of  
field-reversed  configuration  plasmas.  

Investigate  collisions  of  plasma  jets  and  
targets  to  characterize  fusion  scaling  laws

Shear-flow  stabilized  Z-pinch  pushed  to  
higher  density  and  fusion  conditions

Plasma  liner  implosion  by  
merging  supersonic  plasma  jets  

Scalable  ion  beam  driver  based  on  
microelectromechanical systems  

(MEMS)  technology

Staged  Z-pinch  – a  radially-imploding
liner  on  a  target  plasma

Piston-driven  implosion  of  rotating  
liquid  metal  liner  as  fusion  driver
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Breadth  of  ALPHA  portfolio



Integrated  systems

8

Formation,  acceleration,  merging,  and  
compression  of  field-reversed  

configuration  (FRC)  plasmas  to  fusion  
conditions.  Staged  magnetic  

compression  and  magnetic  energy  
recovery  offer  rapid  repetition  rates.  

Shear-flow  stabilized  z-pinch  
pushed  to  high  density  and  

temperature.  Simple  geometry  and  
operation—no  field  coils—for  
economical  fusion  with  low-cost  

and  high  shot  rate.  

Coronado  
Consulting

Success  in  ALPHA:  
Demonstrate  stability,  scaling,  and  (ultimately)  yield  for  reactor  concept

DIFFUSED
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  FIELD

   AXIAL 
CURRENT

Staged  z-pinch  (radially-imploding
liner  on  a  target  plasma)  offers  stable,  
shock-driven  implosion  on  inner  surface  
(even  with  unstable  outer  surface).  

Magnetic-flux  compression  confines  fusion-
reaction  products  for  efficient  heating



MIF  Drivers
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NumerEx

Merged  plasma  jets  form  plasma  liners  for  high  velocity  
implosion  of  an  MIF  target.    Standoff  drivers  capable  of  

high  repetition  rates  and    high  efficiency.

Piston-driven  implosion  of  rotation-stabilized  liquid  metal  liner  
to  compress  plasma.    High  shot  rate  for  development  system  
and  multipurpose  liner/blanket/thermal  medium  for  power  

reactor.

Success  in  ALPHA:  
Demonstrate  performance  (vimp,  ram  pressure,  uniformity)  and  scaling  for  MIF  reactor  



Exploratory  Concepts
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Acceleration,  stagnation,  and  merging  of  “plasma  ropes”  
(Taylor  states)  to  high  density;;  determine  stability  limits  and  
lifetime.  Assess  as  long-lived  plasma  targets  for  MIF.

Ion  beam  driver  based  on  a  microelectromechanical  systems  
(MEMS)  multi-beamlet accelerator.  Demonstrate  high  current  
density  (10-100x  SOA),  high  efficiency  (20-50%)  operation  of  

scalable,  low-cost  technology.

Success  in  ALPHA:  
Proof-of-concept  for  new  approaches  to  fusion  drivers  (LBNL)  and  targets  (Swarthmore)  



Success  in  ALPHA:  
Rapid  experimentation,  benchmarking  of  codes  for  MIF  concepts

Underlying  science  of  magneto-inertial  fusion

11

Compression  and  heating  of  high  energy  density,  magnetized  
plasmas  at  fusion  relevant  conditions.    ”Mini-MagLIF”  at  LLE  

enables  high  experimental  throughput.

Collisions  of  plasma  jets  with  targets  in  “reversed  
frame  of  reference”  MIF  analogue.    Characterize  
dimensionality  of  adiabatic  compression  in  MIF.  

CompressionLaser
HeatingMagnetization



ALPHA  Year  1  Accomplishments

‣ Demonstrated  plasma  jets  with  repeatable  ~2  mg/shot  at   ~1017/cm3

and  >30  km/s.    Three  guns  mounted  and  firing  for  merging  experiments,  
and  benchmarking  codes  for  liner  formation  and  dynamics.

‣ Completed  detailed  MACH2  analysis  of  liquid  liner  dynamics  (Na  or  Li)  and  
machine  design  for  1-2  km/s  implosion  (10  cm  bore,  3000  RPM).

‣ Fielded  first  integrated  laser-driven  MagLIF experiments,  initiate  with  6  T  
and  >11  atm,  achieved  ~2x  increased  yield  over  zero  B-field  implosions.

‣ Fielded  integrated  staged  Z-pinch  experiments  (Ar/Kr  annulus,  
~1016-1017 /cm3;; on  D2  target,  ~1017-1018/cm3);;  achieved  .      

‣ Demonstrated  three-stage  RF  acceleration  of  Ar-ion  in  MEMS  stack  
(>2  kV  acceleration  in  preliminary  demo  on  3x3  array),  and  MEMS  ESQ  
focusing  elements.  

‣ Initiated  conceptual  fusion  plant  cost  study  with  Bechtel  National,  Inc.  
(in  collaboration  with  Woodruff  Scientific)

12
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https://arpa-e.energy.gov


