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Experiments	
  have	
  shown	
  that	
  surface	
  roughness	
  and	
  small	
  
defects	
  are	
  not	
  the	
  dominant	
  source	
  of	
  MRT	
  instabili6es	
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Observed Instability growth is not 
linearly proportional to the amplitude 
of the initial perturbations. 

Ao = 60 nm 
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D.B. Sinars et al., Phys. Plasmas (2011). R.D. McBride et al., Phys. Rev. Lett. (2012). 



Is	
  the	
  electro-­‐thermal	
  instability	
  the	
  main	
  seed	
  for	
  the	
  
magneto-­‐Rayleigh-­‐Taylor	
  instability?	
  

K.J. Peterson et al., Phys. Plasmas (2012); K.J. Peterson et al., Phys. Plasmas 20, 056305 (2013). 

Experimental (left) & simulated (right) radiographs 

Time Est. MRT 
(λ=100 µm) 

h=0.06Agt2 Observed 

A 0.36 µm 
 

6.2 µm 13 ± 7 µm 
 

B 24 µm 41 µm 80 ± 7 µm 

Perturbation Growth Comparison 

8

rates of electrical wire explosions were studied with dif-
ferent rates of current density rise27. Surprisingly, with
a 50 ns current rise time the instability growth is sub-
stantially reduced to the point that instability growth is
almost imperceptible.The reason behind this somewhat
paradoxical result is that the reduced current skin depth
has increased the Joule heating such that it melts ma-
terial behind the di�usion wave almost immediately to
temperatures greater than 8 eV and into the Spitzer-
like conductivity regime. Although the electrothermal
instability growth rates are higher than the other cases,
there is very limited growth time and consequently much
less instability development. More importantly, instabili-
ties are significantly reduced during the MRT dominated
phase as the rod is compressed. Figure 13 shows the same
simulations 30 ns later and well in to the MRT growth
phase. With the 50 ns rise time pulse, not only are the
electrothermal instabilities substantially reduced, but so
is MRT instability development. This also suggests elec-
trothermal instabilities are the seed for MRT instability
growth in these types of implosions.

FIG. 12. Log density contours from 2D Al solid rod simula-
tions with current rise times of 50 ns, 100 ns, 150 ns, and 200
ns at a time near peak expansion of the rod when electrother-
mal instabilities are fully developed in each case.

VI. SURFACE ROUGHNESS

Another series of solid rod Al simulations was per-
formed to examine the sensitivity of instability devel-
opment to initial surface roughness. These simulations
utilized the same spectrum of initial perturbations and
varied only the initial surface roughness amplitude. As
shown in Figure 14, there is little correlation between
the initial surface roughness and the integral instability
development at later times. These simulations still need
to be examined in greater detail to fully understand how
this result manifests itself. However, recent experimen-
tal evidence appears to be consistent with these results
as well36. These results suggest that it is electrothermal
instability growth which seeds subsequent MRT instabil-
ity growth and that surface roughness plays a relatively
minor role.

FIG. 13. Log density contours of the 2D Al solid rod simu-
lations shown in Fig. 12 but 30 ns later in time and well in
MRT stage of instability development.

FIG. 14. Areal density perturbation as function of time for
Al rod simulations with various multipliers on the amplitude
of the initial surface roughness.

VII. SUMMARY

We have presented new high resolution 2D simulations
of instability growth in solid Al rods driven with 100 ns,
20MA current pulse. From the onset of electric current,
large perturbation growth occurs which is the result of
electrothermal instabilities. Even after pressure varia-
tions have become large enough to redistribute mass, the
nature of the instability growth observed remains consis-
tent with the presence of electrothermal instabilities until
the outer surface layers of the rod begin to compress un-
der magnetic pressure. We conclude that the simulated

Calculations suggest instability 
growth is independent of the 

initial surface roughness 



Electrothermal	
  instabili6es	
  occur	
  when	
  material	
  
conduc6vity	
  is	
  dependent	
  on	
  temperature	
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Electrothermal	
  instabili6es	
  occur	
  when	
  material	
  
conduc6vity	
  is	
  dependent	
  on	
  temperature	
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Electrothermal	
  instabili6es	
  occur	
  when	
  material	
  
conduc6vity	
  is	
  dependent	
  on	
  temperature	
  

6	
  

Then, η increases which consequently further 
 enhances the localized ohmic heating (η j2), 

which leads to increased  

Striations 

Consider a small temperature perturbation due 
to localized variations in ohmic heating 

 - surface contaminants (variations in η ) 
 - surface roughness (Bθ ~ I/r, in cylinders) 
  

(a)

(b)

Temperature perturbations 
give rise to pressure 

variations which eventually 
redistribute mass  

Theory 



Liner	
  Compression:	
  Is	
  it	
  possible	
  to	
  suppress	
  the	
  growth	
  of	
  
the	
  magneto-­‐Rayleigh-­‐Taylor	
  instability?	
  
§  No	
  ETI	
  growth	
  in	
  plas&c	
  coa&ng	
  

§  Carries	
  very	
  liTle	
  current	
  
§  Theore&cally	
  ETI	
  stable	
  

§  Demonstrated	
  to	
  help	
  suppress	
  
early-­‐&me	
  growth,	
  but	
  will	
  it	
  help	
  
with	
  full	
  implosion?	
  	
  

K.J. Peterson et al., Phys. Rev. Lett. 112, 135002 (2014) 



2D	
  Hydra	
  simula6ons	
  also	
  predicted	
  drama6c	
  
differences	
  in	
  instability	
  growth	
  in	
  imploding	
  liners	
  

8	
  

Be AR=6 liner 

70 µm  
coating 

Log ρ 



Recent	
  experiments	
  confirmed	
  that	
  coated	
  aluminum	
  
imploding	
  liners	
  exhibit	
  a	
  drama6c	
  reduc6on	
  in	
  instability	
  
growth	
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Uncoated liners 

70 micron coated liners 



Coated	
  Be	
  liners	
  also	
  show	
  instability	
  improvement	
  at	
  similar	
  
6mes	
  compared	
  to	
  uncoated	
  Be	
  liners,	
  but	
  not	
  as	
  drama6c	
  as	
  
the	
  Aluminum	
  data	
  

Be coated liner 

§  Less correlation 
§  Smaller amplitude 

MRT 
§  Smaller wavelength 

MRT 
§  More stable inner 

surface 

§  A more quantitative 
analysis is 
underway 

10	
  

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

Compromised implosion from 
unmitigated wall instability? 



What	
  is	
  the	
  physical	
  mechanism	
  behind	
  the	
  helical	
  instability	
  
seen	
  in	
  magne6zed	
  liner	
  implosions?	
  Does	
  it	
  help	
  mi6gate	
  liner	
  
instability	
  growth?	
  

§  Observed	
  pitch	
  angle	
  inconsistent	
  with	
  
expected	
  Bθ	
  vs.	
  Bz	
  at	
  radiograph	
  &me	
  

§  Several	
  hypotheses	
  are	
  currently	
  being	
  
inves&gated	
  

11	
  11	
  
Same target, un-magnetized 

Axially magnetized implosion 

T. J. Awe et al., Phys. Rev. Lett. 111, 235005 (2013). T. J. Awe et al., Phys. Plasmas 21, 056303 (2014). 



We	
  are	
  working	
  on	
  understanding	
  the	
  role	
  of	
  surface	
  
roughness	
  and	
  volume-­‐distributed	
  impuri6es	
  in	
  
seeding	
  ETI,	
  through	
  current	
  redistribu6on,	
  in	
  3D 

§  Experiments	
  at	
  UNR	
  are	
  
providing	
  new	
  insights	
  on	
  early	
  
&me	
  surface	
  ini&a&on	
  and	
  early	
  
stages	
  of	
  3D	
  ETI	
  development	
  

§  Data	
  provides	
  enormous	
  
constraints	
  on	
  simula&ons	
  

§  Theore&cal	
  work	
  is	
  underway	
  to	
  
explain	
  the	
  observed	
  structures	
  

Awe et al, PRL 2013 

I~15 MA 

I~0.726 MA 

I~0.825 MA 

Striation form of 
ETI? 

Visible emission of R~0.5 mm Al rod, Bz=0 
 

Filamentation 
form of ETI? 

Data taken at Zebra generator, UNR 
Courtesy T.J. Awe 
 
 
 



We	
  are	
  currently	
  studying	
  how	
  a	
  collec6on	
  of	
  bumps/pits,	
  as	
  
well	
  as	
  volume-­‐distributed	
  impuri6es,	
  redistribute	
  current	
  and	
  
generate	
  ETI 

Current “bunches up” here 
èδ(ηj2)>0 
èδT>0 
èδη>0 (η rises with T) 
èδ(ηj2)>0 
i.e. this region is ETI unstable, 
and is seeded by current 
redistribution  
 
 

3D MHD simulation (ALEGRA)  
confirms this intuition.  

5µm deep pit, I=2.75 MA 

Bump, 
Bz=0 

Pit, Bz=0 Pit, Bz=Bθ	



J 

5µm tall bump, I=2.75 MA 

ETI-unstable regions have exploded 
(2 adjacent pits can “correlate”) 

I=2.75 MA 
Bz=20 T 

Courtesy Edmund Yu 



We	
  have	
  recently	
  examined	
  ETI	
  mi6ga6on	
  with	
  thick	
  
dielectric	
  coa6ngs	
  on	
  magne6zed	
  liners	
  	
  	
  

§  Helical	
  structure	
  s&ll	
  present	
  with	
  dielectric	
  coa&ng	
  added	
  
§  Radiographs	
  demonstrate	
  remarkable	
  implosion	
  uniformity	
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Z27272-Frame 1        t=3094.1 ns
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Inner liner radius ~ 120 microns! 



Conclusions 	
  	
  

§  We	
  are	
  making	
  significant	
  progress	
  in	
  our	
  understanding	
  and	
  control	
  of	
  
instabili&es	
  in	
  magne&zed	
  liner	
  implosions	
  	
  
§  Influence	
  of	
  surface	
  roughness	
  and	
  correla&on	
  on	
  instability	
  growth	
  
§  Electrothermal	
  instabili&es	
  

§  Thick	
  dielectric	
  coa&ngs	
  have	
  proven	
  to	
  be	
  effec&ve	
  at	
  mi&ga&ng	
  
electrothermal	
  instabili&es	
  and	
  has	
  led	
  to	
  the	
  realiza&on	
  of	
  remarkably	
  
stable	
  Z-­‐pinch	
  implosions	
  

§  More	
  work	
  need	
  to	
  be	
  done	
  to	
  understand	
  the	
  connec&on	
  of	
  
electrothermal	
  instabili&es	
  and	
  helical	
  instability	
  structures	
  observed	
  in	
  
magne&zed	
  liner	
  implosions	
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Backups	
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Be AR=12 liner Log ρ 

2D	
  Hydra	
  simula6ons	
  also	
  predicted	
  drama6c	
  
differences	
  in	
  instability	
  growth	
  in	
  imploding	
  liners	
  



7.2 degree helix etched onto liner 
surface at 20 micron grid resolution  

 
•  Helical structure persists 

throughout implosion and 
grows enough to be 
retained in radiographs 
during implosion 

 

Initial Conditions 

CR 6.4 

Qualita6ve	
  agreement	
  in	
  3D	
  simula6ons	
  can	
  be	
  
achieved	
  by	
  seeded	
  an	
  ini6al	
  helical	
  structure	
  

GORGON1  

Z 2480 Data  

HYDRA2 

1 Christopher Jennings Simulation, 2 Adam Sefkow Simulation 
  



Liner	
  instability	
  experiments	
  have	
  played,	
  and	
  will	
  con6nue	
  to	
  play	
  
a	
  key	
  role	
  in	
  tes6ng	
  our	
  modeling	
  of	
  magne6cally	
  driven	
  implosions	
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Electro-thermal 
instability 
growth8-9 

ETI mitigation using 
CH overcoat10 
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liner) 
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Stabiliza6on	
  of	
  Z-­‐pinch	
  implosions	
  has	
  been	
  an	
  ac6ve	
  
area	
  of	
  research	
  for	
  decades	
  

§  Smaller	
  ini&al	
  perturba&ons	
  
§  Magne&c	
  Shear	
  
§  Velocity	
  Shear	
  
§  Rota&on	
  
§  Hourglassing	
  
§  Accre&on	
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In all fusion concepts, It is critical to understand and mitigate the 
growth of instabilities  

R.W. Lemke et al.  

Wire array Z-pinch 



Transparent	
  nested	
  wire	
  arrays	
  reset	
  the	
  MRT	
  
wavelength	
  and	
  shell	
  width	
  at	
  current	
  switching	
  

λZ = 0.82 mm 
Δρ(r)=0.55 mm 
ΔR = 3.35 mm 

λZ = 0.41 mm 
Δρ(r)=0.35 mm 
ΔReff = 4.45 mm 
ΔR = 0.45 mm 

Δt = 10.9 ns 

t = 0 ns 



Nes6ng	
  and	
  foam	
  targets	
  reduces	
  mass	
  distribu6on	
  
width	
  by	
  3X	
  at	
  the	
  base	
  of	
  the	
  power	
  pulse	
  

Single Array @ -4.7 ns Nested Array @ -4.2 ns 
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Nes6ng	
  and	
  foam	
  targets	
  significantly	
  alter	
  the	
  
evolu6on	
  of	
  the	
  MRT	
  during	
  the	
  inner	
  array	
  implosion	
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Initial MRT wavelength 
and amplitude is 

decreased by 3.4 X 

Impact of nesting 
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Δρ Mass accretion keeps 
the shell width narrow 

Impact of precursor 
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