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22 MJ peak stored energy 
26 MA peak current 

100–300 ns pulse lengths 

10,000 ft2 

10 to 50 MGauss drive fields 
1-100 Mbar drive pressures 

15% coupling to load 

2-kJ Z Beamlet Laser (ZBL) 
for radiography and 

MagLIF fuel preheating 



Basic Pulsed-Power Setup 
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Basic Pulsed-Power Setup 
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Basic Pulsed-Power Setup 

Exploding Geometry 
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Basic Pulsed-Power Setup 

Imploding Geometry 



Pulsed-Power and Cylindrical 
Geometry for HEDP 
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140 Mbar is generated by a 
300-eV radiation drive 

Magnetically-Driven Cylindrical Geometry 
(Static Case): 
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140 Mbar is generated by a 
300-eV radiation drive 

Magnetically-Driven Cylindrical Implosion 
(Implosion Drive Pressure is Divergent!): 
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Pulsed-Power and Liner 
Implosions for HEDP 



Dist. [cm] 

Compressed 
Bz field 

3. Z drive current and Bθ field implode the liner 
(via z-pinch) at 50–100 km/s, compressing the 
fuel and Bz field by factors of 1000 

Cold DD or DT gas (fuel) 

Liner (Li, Be, or Al) 
1.  A 10–50 T axial magnetic field (Bz) is 
applied to inhibit thermal conduction losses 
and to enhance alpha particle deposition 

 ZBL 
beam ZBL  

preheated  
fuel 2. ZBL preheats the fuel to 

~100–250 eV to reduce the 
required compression to 
CR≈20–30 

With DT fuel, simulations indicate scientific breakeven may be possible on Z 
(fusion energy out = energy deposited in fusion fuel) 

Z power flow 
(A-K gap) 

Bz coils 

* S. A. Slutz et al., PoP 17, 056303 (2010).  S. A. Slutz and R. A. Vesey, PRL 108, 025003 (2012).  



MagLIF Timing Overview 
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MagLIF Point Design (Reproducing Slutz 2010 PoP Fig. 4)
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~ 100-ns implosion times 
~ adiabatic fuel compression (thus preheating the fuel is necessary) 
~ 5-keV fuel stagnation temperatures 
~ 1-g/cc fuel stagnation densities 
~ 5-Gbar fuel stagnation pressures  

Laser preheating time 



Preheat is necessary for the adiabatic 
compression and heating of MagLIF fuel 

T ≈ T0

(
ρ

ρ0

)
≈ T0C

4/3
R (CR=R0/Rstagnation) 
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•  Typically for ICF (e.g., NIF), faster implosions shock-heat the fuel, not so for MagLIF 
•  Magnetization is used to keep the preheated fuel from cooling off during the implosion 

Laser preheat time 



The presence of a magnetic field strongly reduces 
transport, e.g. heat conduction 

Temperature gradient 
Hot Cold 

Collisional 
no B 

Strong B 
No collisions 

Strong B 
with collisions 

ω =
eB

m

rc =
mv

eB
≈

mkT

eB

v ≈
2kT

m

Fhot ≈ nvhotkThot Fcold ≈ nvcold kTcold

Fnet ≈ −nl ∇vkT ∝−T 5 / 2∇T

Fnet ∝−
T 5/2∇T

ωτ( )2

Fnet = 0



High magnetic fields can be obtained by flux 
compression 

Liner 

Magnetic  
Field lines 

Area = πr2

The Flux = # of field lines 
Field strength = # of field lines/area 
Field lines are “frozen in” for high conductivity 
• Flux is conserved 
 B ≈ B0

r0
r

⎛
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Since 

U. Rochester LLE  
has demonstrated ~ 40 
MG 
fields by flux 
compression 



Target Scale-Size 

Single-mode 
perturbation 
experiments 
with aluminum 

Targets fabricated by General Atomics 



Target Hardware Scale-Size 

Single-mode 
perturbation 
experiments 
with aluminum 



22 MJ peak stored energy 
26 MA peak current 

100–300 ns pulse lengths 

10,000 ft2 

10 to 50 MGauss drive fields 
1-100 Mbar drive pressures 

15% coupling to load 

2-kJ Z Beamlet Laser (ZBL) 
for radiography and 

MagLIF fuel preheating 



ZBL was originally a prototype laser 
for the National Ignition Facility (NIF) 
 
Today ZBL is located at Sandia and 
is routinely used to deliver ~2.4 kJ of 
2ω light in 2 pulses for radiographing 
Z experiments 
 
Filling out the booster amps would 
enable longer pulses (5–7 ns) which 
would extract up to 6 kJ of 1ω, for 
4.2 kJ of 2ω.  This energy could be 
used to heat fusion fuel to a few 
hundred eV. 

* P. K. Rambo et al., Applied Optics 44, 2421 (2005). 

Phase C  

laser building 



Anode Anode 

Li
ne

r  
r(

t) Liner  r(t) 

D2 or 
DT gas 

 
Te (r,z,t) 
Ti (r,z,t) 
Bz (r,z,t)  

Cathode 
Initial Bz field 

10 – 30 T 
everywhere 

Fully integrated 2D simulations have been 
performed using both Lasnex and Hydra   

Integrated simulations 
include: 
• Laser interaction with foil and 

gas 
• Axial heat loss at electrodes 
• Loss of DT or D2 gas through 

LEH 
• Liner implosion driven by Z 

circuit model 

Fully integrated Lasnex 
simulations support the 
point design 
•  6 kJ of laser energy 
•  Lithium liner 
•  Initial field of 10 Tesla 
•  400 kJ

Beamlet laser beam 2ωω�

Laser entrance hole (LEH) 
and foil 



Hydra MagLIF Movie 
time=0.0 

liner 

DT 

cathode 

anodes 
Ion Temperature density 

Pressure Electron Temperature 

Hydra 
Sims by: 
A. B. Sefkow 



Hydra MagLIF Movie 
 time=120.0 

 laser starts to 
penetrate the fuel Imploding 

liner 

liner 

DT 

cathode 

anodes 
Ion Temperature density 

Pressure Electron Temperature 

Hydra 
Sims by: 
A. B. Sefkow 



Hydra MagLIF Movie 
 time=123.0 

Laser has fully 
penetrated the fuel 

liner 

DT 

cathode 

anodes 
Ion Temperature density 

Pressure Electron Temperature 

Hydra 
Sims by: 
A. B. Sefkow 



Hydra MagLIF Movie 
 time=144.0 

High-Temp 
Compressed 

DT 

liner 

DT 

cathode 

anodes 
Ion Temperature density 

Pressure Electron Temperature 

Hydra 
Sims by: 
A. B. Sefkow 



Hydra MagLIF Movie 
 time=153.0 

liner 

cathode 

anodes 
Ion Temperature density 

Pressure Electron Temperature 
Liner wraps 
around the fuel 

Hydra 
Sims by: 
A. B. Sefkow 



Max Planck / ITEP Los Alamos / Air Force Research Lab 
Field Reversed Configuration 
Shiva Star generator 
~20 μs, 0.5 cm/μs liner implosion 

U. Rochester LLE 

Direct drive laser implosion of cylinders 
-- shock pre-heating, high implosion velocity 

Sandia National Laboratories 
Magnetized Liner Inertial Fusion

Laser preheated magnetized fuel 

Backlighting to diagnose the implosions (stability) 

LASNEX simulations indicate interesting yields 

Basko, Kemp, Meyer-ter-Vehn, Nucl. Fusion 40, 59 (2000) 
Kemp, Basko, Meyer-ter-Vehn, Nucl. Fusion 43, 16 (2003) 

Gotchev et al., Bull. Am. Phys. Soc. 52, 250 (2007) 
Gotchev et al., Rev. Sci. Instr. 80, 043504 (2009) 

Taccetti, Intrator, Wurden et al., 
Rev. Sci, Instr. 74, 4314 (2003) 
Degnan et al., IEEE Trans. Plas. 
Sci. 36, 80 (2008) 
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High Yields can be obtained with MagLIF  
High-Gain MagLIF1 

High yields could be used to investigate 
stewardship applications of ignition 
 
High Gain (Yield) is obtained by only 
heating a small central portion of the fuel 
during compression 
• minimizes compressive heating 
• burn wave propagates into cold fuel as a 
deflagration 

BZ decreases radial heat transport 
• increases self-heating in the hot spot 
• decreases burn wave propagation into cold fuel 
• There is an optimal field strength 
• The large ρr of MagLIF liners provides adequate 
burn time 
 
Initial gas density increases with current 
• not at vapor pressure 
• laser energy =>22 KJ 
• pulse length => 30 ns 
 

1S.A. Slutz and R.A. Vesey Physical Review Letters 108, 025003 (2012)  

Al with cryo 
Be with cryo 
Be no cryo 
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High-Gain MagLIF1 

1S.A. Slutz and R.A. Vesey Physical Review Letters 108, 025003 (2012)  

Al with cryo 
Be with cryo 
Be no cryo 

Current [MA] 
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Fusion energy requires GηE fRPηD =1

= Gain=Yield/liner absorbed energy 
= electricity production efficiency~0.4 
= fraction of power recirculated~0.25 
= driver efficiency ~ 0.2 for magnetic implosions  
 

G
ηE

fRP
ηD

G > 50

High Gain is required for Fusion Energy  



The potential of MagLIF  
Fuel magnetization allows slow implosions thus greatly reducing the 
driver cost 
Simulations indicate that MagLIF could produce significant fusion 
yields on Z  
Simulations further indicate that High-Yield MagLIF is possible on future 
higher-current accelerators 
•  Gains of 1000 
•  Yields of 10 GJ/cm (useful for stockpile stewardship) 
 
MagLIF will provide a platform to evaluate critical physics for any 
magnetized inertial fusion concept: 
•  Magnetic flux compression 
•  Generalized Ohms law terms such as the Nernst effect 
•  Anomalous thermal transport  
•  Cooling flows 
•  Magnetized Knudsen layers 
•  Magnetic inhibition of the Rayleigh-Taylor Instability 
•  Fusion from anisotropic ion distributions 
•  Magnetic inhibition of alpha particle transport 

Experimental campaigns are now investigating the important 
physics that need to be understood and modeled to bring 
MagLIF from concept to reality 
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Aspect Ratio = R0/ΔΔR 

1D 

2D Yi
el

d 
(M

J/
cm

) 

0.58 mm 

3.47 mm 

5–6.5 mm 

AR ≡
Router,0
ΔR0

* S. A. Slutz et al., Phys. Plasmas 17, 056303 (2010). 



 

 

 

 
 
 
 
 
 
 

 



λλ μ
VISAR probe 

(current 
diagnostic) 

B-dot probes 

8-post, 26 mm ID 
return-current can 

•  Solid cylindrical liner (Al 1100 alloy) 
•  6.5 mm tall, 6.34 mm diameter, AR=10 
•  10 nm surface finish (diamond-turned) 
•  12 sinusoidal perturbations 

Photos by Michael Jones 

Targets made by General Atomics 



Load

Frame 1 Crystal

Frame 2 Crystal
Manganese (Mn)
 Laser Targets

ZBL Beams

(b)

(a)

X-rays

Detector Housing

Mn Laser Targets

Load

Frame 1 Crystal

Frame 2 Crystal

Limiting
Apertures

* G. R. Bennett et al., RSI (2008). 

• Spherically-bent quartz crystals (2243) 
•  Monochromatic (~0.5 eV bandpass) 
•  15 micron resolution (edge-spread) 
•  Large field of view (10 mm x 4 mm) 
• We can see through imploding beryllium (not so 

for aluminum and other higher-opacity materials) 

  Original concept 

  S.A. Pikuz et al., RSI (1997). 

  1.865 keV backlighter at NRL 

  Y. Aglitskiy et al., RSI (1999). 

  Explored as NIF diagnostic option 

  J.A. Koch et al., RSI (1999). 

  Single-frame 1.865 keV and 6.151 
keV implemented on Z facility 

  D.B. Sinars et al., RSI (2004).  

  Two-frame 6.151 keV on Z facility 

  G.R. Bennett et al., RSI (2008). 



White = empty (T=100%) 
Black = opaque (T=0%) 

200 μm 
wavelength 
(10 μm amplitude) 

400 μm 
wavelength 
(20 μm amplitude) 

Unperturbed region 

Current 

D.B. Sinars et al., Phys. Rev. Lett. (2010); D.B. Sinars et al., Phys. Plasmas (2011). 



D.B. Sinars et al., Phys. Rev. Lett. (2010); D.B. Sinars et al., Phys. Plasmas (2011). 



D.B. Sinars et al., Phys. Rev. Lett. (2010); D.B. Sinars et al., Phys. Plasmas (2011). 

Ablated material 
coalesces in 

valleys to form 
jets visible in the 

radiographs 

Simulated density 
map with rBθ contours 
LASNEX: Tjets ~30 eV; Tvalley ~100 eV 

200 μm 

 

 



High opacity of 
Al means that 
we only see the 
edge of the liner 

Lower opacity of Be 
means that we can 
see through the liner 
and the “spikes” show 
up as dark bands 

Machining of beryllium targets is done at General Atomics in La Jolla, CA 



AR=6: 
router,0 = 3.47 mm 
rinner,0 = 2.89 mm 

Beryllium MRT Data 



AR=6: 
router,0 = 3.47 mm 
rinner,0 = 2.89 mm 



AR=6: 
router,0 = 3.47 mm 
rinner,0 = 2.89 mm 
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router,0 = 3.47 mm 
rinner,0 = 2.89 mm 
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rinner,0 = 2.89 mm 
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rinner,0 = 2.89 mm 



AR=6: 
router,0 = 3.47 mm 
rinner,0 = 2.89 mm 



AR=6: 
router,0 = 3.47 mm 
rinner,0 = 2.89 mm 



AR=6: 
router,0 = 3.47 mm 
rinner,0 = 2.89 mm 



R.D. McBride et al., Phys. Rev. Lett. 109, 135004 (2012). 

* 



Standard process 
(50 nm RMS) 

After axial polishing 
process applied  
(50 nm RMS) 

We have just started investigating whether a different surface structure affects the results 



μμ

R. D. McBride et al., Phys. Plasmas 20, 056309 (2013). 

μBdot 
probes 
inside 
liner 

On-axis 
rod to 

quench 
radiation 

h 

*Thin Al 
layer to 
enhance 
contrast 
suggested 
by D.D. 
Ryutov 



LASNEX 2D from 
S. A. Slutz, et al., PoP (2010) 

Experiment 

Note: MagLIF requires final compression 
to on-axis rod 

500 
μm 

R. D. McBride et al., Phys. Plasmas 20, 056309 (2013). 





R. D. McBride et al., Phys. Plasmas 20, 056309 (2013). 

Shockless 
(ICE) 



Most Recent Be ICE to >5 Mbar 

M. R. Martin, R. W. Lemke, R. D. McBride et al., Phys. Plasmas 19, 056310 (2012). 

EOS unfolds by 
M. R. Martin 
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Z-Beamlet and Z-Petawatt lasers 

Z facility 
Z-Beamlet High Bay Z-Beamlet (ZBL) is routinely 

used to deliver ~ 2.4 kJ of 2ω 
light in 2 pulses for backlighting 
experiments on Z 
 
Filling out the booster amps 
would enable longer pulses  
(5-7 ns) which would extract up 
to 6 kJ of 1ω, for 4.2 kJ of 2ω.  
This energy could be used to 
heat fusion fuel to a few 
hundred eV. 
 
This capability would be useful 
for both MagLIF and x-ray 
Thomson scattering (being 
developed for dynamic 
materials experiments) 

* P. K. Rambo et al., Applied Optics 44, 2421 (2005). 



ωω

polyimide 
membrane 

gas 
2ω 

beam 0.08 ncr 

0.12 ncr 

0.16 ncr 

* N.B. Meezan et al., Phys. Plasmas (2004); ** J.D. Moody et al., Phys. Plasmas (2009). 

Prior work* found agreement between 
experiments and Hydra simulations 
assuming classical absorption of 2ω for 
ne/ncr ~ 0.05 to 0.15 gasbag targets on 
the HELEN Laser 

Other work** showed efficient 
coupling of 2ω to 0.13ncr gasbag 
plasmas at intensities <3x1014 W/cm2, 
even without beam smoothing  

Standalone preheat experiments on Z using a 2-kJ ZBL 
beam have begun to test our HYDRA predictions; we are 
also looking at the possibility of OMEGA experiments to 
study heated plasma lifetimes in the presence of a 
magnetic field 
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10 Tesla point design  

Time to peak field = 3.49 ms 
 

Long time scale needed to 
allow field to diffuse through 
the liner without deformation 

Coil 

Coil 

Coil 

Coil 

Target 

D.C. Rovang et al., see http://www.sandia.gov/pulsedpower/maglifpres/Agenda.html  



 

 

Magnetic Coil 
Testbed (MCTB)  1st 900kJ Capacitor 

Banks 

Surrogate Vacuum 
Chamber (SVC) 

The SITF Testbed in Bldg. 970 

Commissioning of coils in the Z 
chamber completed in Feb. 2013 

D.C. Rovang et al., see http://www.sandia.gov/pulsedpower/maglifpres/Agenda.html  

Photo of capacitor bank w/o covers; with covers 



Pre-shot photo of coils & target hardware Post-shot photo 



 

 

 

4 mm CR 
=2.7 

CR 
=6.4 

CR 
=2.9 

CR 
=6.9 

CR 
=2.0 

No B-field 

T. J. Awe et al., manuscript in preparation (2013). 



 

 
 
 

 

axial 
magnetic 
field 

cold DT 
gas (fuel) 

azimuthal  
drive field 

Liner (Al or Be) 

compressed 
axial field 

 laser 
beam preheated  

fuel 



 

 

 

 

 



 

 

 

 

 
U. Rochester LLE 

Primary Test Stand (China)  
7.2 MJ, 8-10 MA, 90 ns rise 

Baikal (Russia) 50 MA, 150 ns 


