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Fusion Challenges
• Heating 
 Ohmic, wave, beams, shocks 

• Stability 
 Magneto-Rayleigh Taylor 
 Sausage, kink, and others 

• Confinement 
 Lawson criteria: nt > 1014 cm-3-s 

τ ~ s for low density (e.g., 1014 cm-3)
τ  ~ ns for high density (e.g., >1023 cm-3)

• Ignition  
α-particle trapping is required!

 Large containment vessel 
 High magnetic field.
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STAGED Z-PINCH
Stable Liner on Target Implosion:  
Kr Liner imploding on Deuterium target (UCI)
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Overview
• Shock waves in multi-stage, Z-pinch implosion 
• Plasma liner implodes onto a plasma target  
• Radiative liner: Xe, Kr, Ag, Cu, etc. 
• Control and mitigation of the RT-instability 
• Target pre-heating and compression, by shocks 
• Formation of high-energy-density, stable plasma 
• Trapping of α-particles, leading to ignition 
• Prospects for production of high-gain fusion
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Physical Phenomena Associated  
with Compression
• Rayleigh-Taylor Instability 

• Current transfers from the outside surface of Liner to the inside due to: 
– Multiple ionization of the liner plasma 
– Shock wave propagation 

• The outside surface is unstable and its growth eventually limits the compression



Physical Phenomena Associated  
with Compression (contd.)

• The pinch energy is: 

• The initial radius, ri , is important - it should not be too large so that the outer 
surface instability grows too much. The perturbation grows exponentially and 
the pinch energy grows logarithmically. 

• ri should not be too small so that W is substantial.  

• Shock waves in liner plasma cause mass to accumulate at the outer surface of 
the DT, into which the current transfers. The transmitted shock waves preheat 
the DT plasma up to several hundred eV, prior to adiabatic compression.



Current Amplification in a  
Staged Z-Pinch



Current Amplification in a  
Staged Z Pinch (contd.)
• Initial fiber current due to prepulse.  

• Flux is conserved during the compression. 

• For example, (PRL, 74, p.715(1995), I0 = 200 kA, r0 = 2 cm, a0 =  10-2 cm, T0 = 
200 eV, Bz0 = 200 Gauss, tm = 1 µsec, then, I = 2 MA.  



Role of shock waves
•Driver current builds on the outer surface of the high-Z liner. 
  
•A stable shock front develops at inner boundary of liner plasma. 

•The shock front converges onto the target plasma 

•The shock + target plasmas remain stable during implosion 

•Flux compression between the liner plasma and target plasma      
provides current amplification 

•Near peak compression most of the current transfers to the target 
surface producing extremely large B field > 103 T 

•Triggers ignition by confining alpha particle.



UCI experiments, at 1 MA, 1.2 µs, 10-2 T, provide 
evidence and benchmarked MACH2

Optical streak5ns N2 laser Schlieren

Neutron yield ~ 0.5x1010 

Evidence for d-t reactions

From: Thesis of Alan Van Drie



Electrical Signals

14 MeV Neutron Signal

3.5 MeV Neutrons Signal



Numerical Simulation using MACH2

• 2-1/2 D, time-dependent, single fluid, MHD 

• Eulerian mode 

• External capacitor-bank circuit 

• Tabular (SESAME) equations of state 

• Implicit MHD, with B and U 

• Multi-species plasma 

• Flux-limited, single group, implicit radiation diffusion 

• Benchmarked against several experiments



MACH2 Equations

EΘ, from flux compression produces ion rotation



MACH2 simulations using  
Sandia Z Facility parameters

R0 = 3.0 mm 
ΔRL = 100 µm 
Z0 = 1.5 mm 
ρBe = 10490 kg/m3 

ρDT  = 6 kg/m3 

T0(liner) = 0.002 eV 
T0 (target) = 2.0 eV 
BZ0 = 0 T 
Δn0 = 5%

• Discretization: 
• Axially - 124 zones 
• Radially - 84 zones & 5 sub-regions 

• Silver 
• R = 2.9 – 3.0 mm, 16 zones 
• R = 3.0 – 3.1 mm, 4 zones 

• Deuterium:  
• R = 0.0 - 0.5 mm, 16 zones 
• R = 0.5 -1.0 mm, 32 zones 
• R = 1.0 – 2.9 mm, 32 zones

V(t)

L = 6.64 nH, R = 0.18 Ω, E = 20 MJ

I(t)



Mass density at 130 ns with Jz & Bθ



Mass density at 141 ns with Jz & Bθ





100-µm Ag liner-DT target



Peak implosion  
parameters



Shocks

Vr = Radial Velocity 
VA = Alfven Velocity 
Cs = Sound speed 
Vms = (VA

2 + Cs
2)1/2

130ns140ns



Implosion dynamics



Fusion energy reaches up to 400 MJ 

Ef = Fusion Energy 
Ek = Kinetic Energy 
Er = Radiation Energy 
Ei = Ion Energy 
Ec = Circuit Energy 

Gain ~ 20

Peak Implosion Energies 



• Believe we have solved the “pinch stability” problem  
– Staged Z-pinch 
– Experiments, theory, simulations 

• Energy coupled to the target at the fastest possible rate 
– Stable, shock front internal to liner, compresses target 
– Flux compression of both BΘ and Bz 

– Inductive currents formed at target surface 
– Target compressed magneto-inertially 

• To be fielded on the Univ. Nevada, Reno, Zebra Facility 
– Funded by the ARPA-E Alpha Program 
– 1 MA, 120 ns, 200 kJ 
– Ag liner and DT target near Lawson Criterion, less with D2 

• SNL Z Facility  
– Currently investigating MagLIF 
– Predictions for ignition with a Staged Z-pinch 
– Energy gain >20X

Summary



Movies of Ion density and Ion Temperature



Heating Mechanisms





ABSTRACT
 High density Z-pinches have been studied for many years as intense sources 

of soft X-rays. More recently, there have been investigations of possible 
applications to thermonuclear fusion that involve staging. This usually 
involves multiple shells of plasma that collide. For example, an outer shell of 
high-Z material, such as Ag, Kr, or Xe, is accelerated and collides with an 
inner, coaxial plasma of DT. The result is compression and heating, which is 
of interest if stability is maintained for a sufficiently high compression ratio. 
The main problem is control of the Rayleigh-Taylor Instability, which has 
been studied theoretically and experimentally with substantial success.  The 
compression has been investigated with a 2-1/2 D, radiation MHD code, 
MACH2, and studies indicated that neutron yields close to break-even were 
possible. Recent investigations involve shock waves, which preheat the 
plasma. This new feature facilitates a higher compression ratio, so that break-
even and beyond are predicted for a machine of a scale of the Sandia Z-
Facility.




