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We	
  are	
  working	
  toward	
  the	
  evalua2on	
  of	
  a	
  new	
  
	
  Magne2zed	
  Liner	
  Iner2al	
  Fusion	
  (MagLIF)*	
  concept	
  

  An	
  ini2al	
  ~10	
  T	
  axial	
  magne2c	
  field	
  is	
  applied	
  

  Inhibits	
  thermal	
  conduc2on	
  losses	
  

  Enhances	
  alpha	
  par2cle	
  energy	
  deposi2on	
  

  May	
  help	
  stabilize	
  implosion	
  at	
  late	
  2mes	
  

  During	
  implosion,	
  the	
  fuel	
  is	
  heated	
  using	
  the	
  	
  
Z-­‐Beamlet	
  laser	
  (<10	
  kJ	
  needed)	
  

  Prehea2ng	
  reduces	
  the	
  compression	
  needed	
  to	
  obtain	
  
igni2on	
  temperatures	
  to	
  20-­‐30	
  on	
  Z	
  

  Prehea2ng	
  reduces	
  the	
  implosion	
  velocity	
  needed	
  to	
  
“only”	
  100	
  km/s	
  (slow	
  for	
  ICF)	
  

  Stagna2on	
  pressure	
  required	
  is	
  few	
  Gbar,	
  not	
  a	
  few	
  
hundred	
  Gbar	
  

  Scien2fic	
  breakeven	
  may	
  be	
  possible	
  on	
  Z	
  	
  
(fusion	
  yield	
  =	
  energy	
  into	
  fusion	
  fuel)	
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*S.A. Slutz et al., Phys. Plasmas 17, 056303 (2010).  S.A. Slutz and R.A. Vesey, accepted for Phys. Rev. Lett. 



Prior	
  experiments	
  (Lincoln	
  1,2)	
  have	
  studied	
  the	
  growth	
  
of	
  single-­‐mode	
  perturba2ons	
  with	
  2me	
  

  Experiments	
  tracked	
  λ=400,	
  
200,	
  100,	
  50,	
  and	
  25	
  µm	
  
perturba&ons	
  

  Tracking	
  the	
  details	
  of	
  
25-­‐100	
  µm	
  features	
  requires	
  
a	
  0-­‐degree	
  backligh&ng	
  view	
  

  LASNEX	
  did	
  a	
  good	
  job	
  at	
  
λ=400,	
  200,	
  100	
  µm,	
  but	
  less	
  
so	
  at	
  smaller	
  wavelengths	
  
(lots	
  of	
  blending	
  and	
  end	
  
effects)	
  

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



Previous	
  experiments	
  have	
  also	
  studied	
  mul2-­‐mode	
  MRT	
  growth	
  in	
  
Beryllium	
  liners	
  with	
  ini2ally	
  flat	
  contours	
  

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



Lincoln	
  mul&-­‐mode	
  experiments	
  will	
  test	
  our	
  simula&on	
  code	
  
predic&ons	
  of	
  MRT	
  instability	
  growth	
  in	
  the	
  nonlinear	
  regime	
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Two-wavelength structure is 
machined on outer surface of 
a cylindrical Al 1100 liner 

Additional harmonics are 
predicted to appear in 
simulations* 

Data show additional short-
wavelength features 

* Idea first noted by M.R. Douglas et al., Phys. Plasmas 5 (1998). 



Quan&ta&ve	
  comparisons	
  must	
  account	
  for	
  opacity	
  
effects	
  in	
  the	
  observed	
  perturba&on	
  spectrum	
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Onset	
  of	
  nonlinear	
  satura&on	
  occurs	
  earlier	
  in	
  &me	
  
at	
  smaller	
  amplitudes	
  in	
  the	
  mul&-­‐mode	
  case	
  

7	
  

Single Mode Multi-Mode 

k2 

k1 

2k2 

2k2 

k2 

3k2 
2k1 

k1+k2 



Both	
  single	
  mode	
  and	
  mul&-­‐mode	
  calcula&ons	
  fit	
  linear	
  MRT	
  
theore&cal	
  growth	
  predic&ons	
  well	
  aaer	
  amplitude	
  becomes	
  
comparable	
  to	
  wavelength	
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For k<(1/h), linear theory increasingly poor approximation as 
amplitude goes to ~1/k , Ryutov, Derzon, & Matzen, Rev. 
Mod. Phys. 72, 167 (2000). 
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How	
  sensi2ve	
  is	
  surface	
  finish	
  to	
  instability	
  growth?	
  

  Liners	
  are	
  generally	
  diamond-­‐turned	
  
  Smooth	
  (10-­‐50	
  nm	
  RMS	
  surface)	
  
  Azimuthally-­‐correlated	
  tool	
  

groove	
  
  Could	
  seed	
  MRT	
  

  Azimuthal	
  correla&on	
  
  Necessary	
  in	
  3D	
  simula&ons	
  
  Single-­‐mode	
  MRT	
  growth	
  studies	
  

  	
  Axially-­‐polished	
  liners	
  were	
  
developed	
  to	
  test	
  effects	
  of	
  
correla2on	
  and	
  importance	
  of	
  
surface	
  roughness	
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Comparisons	
  of	
  data	
  from	
  similar	
  points	
  in	
  the	
  
implosion	
  suggest	
  symmetry	
  is	
  not	
  very	
  sensi2ve	
  to	
  
surface	
  roughness	
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The	
  electro-­‐thermal	
  instability	
  (ETI)	
  is	
  an	
  important	
  
mechanism	
  that	
  could	
  seed	
  MRT	
  growth*	
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Constant 
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10x thermal 
conductivity�

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

Temperature perturbations give 
rise to pressure variations which 

eventually redistribute mass  

Calculations suggest 
instability growth is 

independent of the initial 
surface roughness 

*K.J Peterson et al., Phys Plasmas 19, 092701 (2012) and  Phys Plasmas 20, 056305 (2013) 
  



Comparisons	
  between	
  our	
  modeling	
  and	
  experimental	
  instability	
  
growth	
  in	
  solid	
  Al	
  liners	
  are	
  promising	
  -­‐-­‐-­‐	
  the	
  perturba2on	
  
growth	
  is	
  larger	
  than	
  expected	
  from	
  MRT	
  alone	
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*K.J Peterson et al., Phys Plasmas 19, 092701 (2012) and  Phys Plasmas 20, 056305 (2013) 
  



  No	
  ETI	
  (stria&on)	
  growth	
  in	
  dielectric	
  coa&ng	
  
  Carries	
  very	
  liBle	
  current	
  
  Theore&cally	
  ETI	
  Stable	
   	
  	
  

  Linear	
  ETI	
  growth	
  of	
  temperature	
  perturba&ons	
  
s&ll	
  present	
  in	
  metal	
  
  Slightly	
  reduced	
  by	
  density	
  dependence	
  of	
  

growth	
  rate	
  

  Nonlinear	
  mass	
  redistribu&on	
  from	
  ETI	
  is	
  
significantly	
  tamped	
  by	
  the	
  coa&ng	
  
  Reduces	
  seed	
  for	
  MRT	
  growth	
  
  Reduces	
  integral	
  instability	
  growth	
  

Rela2vely	
  thick	
  insula2ng	
  coa2ngs	
  were	
  proposed	
  to	
  
mi2gate	
  effects	
  of	
  ETI	
  and	
  reduce	
  seed	
  for	
  MRT	
  growth	
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preparation 



Instability	
  mi2ga2on	
  due	
  to	
  dielectric	
  coa2ngs	
  was	
  
predicted	
  to	
  be	
  clearly	
  observed	
  in	
  radiography	
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6151 eV 

Pre-shot Simulated (Al) Radiography 

35 µm coating 

(Al) No coating 

HYDRA Pre-shot Simulation 

Uncoated, 10 µm spatial blur 

Uncoated, No spatial blur 

Coated, No spatial blur 



We	
  have	
  recently	
  demonstrated	
  that	
  thick	
  coa2ngs	
  
do	
  indeed	
  reduce	
  the	
  observed	
  instability	
  growth*	
  

2

FIG. 2. Cropped and zoomed monochromatic 6151eV x-ray images of the instability growth observed on the coated (right)
and uncoated (left) sections of the Al rod at times t=3033 ns (A), t=3053 ns (B), t= 3073 ns (C) , and t=3093 ns (D).

polypropylene sheet and joined to the metal rod with an
epoxy layer that varied from 10 to 30 µm in thickness.
This was done so that instability growth on the coated
half of the rod could be observed simultaneously with
the uncoated half of the rod, as shown in Fig. 1c, us-
ing a two-frame 6151eV monochromatic x-ray imaging
system[17, 18] . Layer deposition methods for the coat-
ing were preferred and would probably have produced a
more uniform and bubble free coating, but were aban-
doned due to cost and time constraints. As shown in 1b,
the result was adequate; the dielectric and epoxy layer
contained some bubbles and edge curling, but smooth
sections were large enough that the target could be ap-
propriately rotated such that no large bubbles appeared
in the field of view of the backlighter imaging system.

Figure 2 shows a sequence of the x-ray radiographs
obtained at times shown in 1a over the course of two
separate experiments. These images have been cropped
from the entire backlighted field of view shown in 1c,
to show only the surface of the Al coated and uncoated
sections to facilitate direct comparison. Each of the ra-
diographs exhibit clearly resolvable instability growth on
the uncoated section of the rod while the coated section of
the rod shows little to no measurable instability growth.
This remarkable result persists beyond peak current and
peak acceleration of the rod surface as evidenced in later
frames where MRT instabilities are fully developed on

the uncoated side of the rod. The dielectric coating ap-
pears to also have been e↵ective in mitigating instability
growth in the Be half of the targets as well, however the
significantly lower opacity of Be complicates the analy-
sis. Images of the Be section as well as the results of this
analysis will be discussed in a future publication.

Fourier transforms for both the coated and uncoated
Al rod surfaces are shown in Fig. 3. If the dielectric
coating is e↵ective in reducing the seed for MRT insta-
bility growth, we expect to see substantial di↵erences in
the amount of instability growth in the earliest frames.
The first radiograph was taken at a time when the level
instability growth is expected to be marginally resolv-
able by the 15 micron resolution of the imaging system.
This frame shows at least (the amplitude of instability
growth on the coated side is below the resolvable limit) a
2X reduction of instability growth on the coated side of
the rod for wavelengths between 50 and 80 microns. By
frame 2, the coated half the rod exhibits 5X to as much
as 10X instability reduction for most wavelengths above
50µm. By frame 3, most wavelengths exhibit a 10X re-
duction factor that persists at least until the last frame
was taken as t=3093. Even though the instability growth
is marginally resolvable in the coated section in all but
the last frame, the level of instability growth reduction
appears to be approximately constant. This is consistent
with the seed for MRT instability growth being reduced

15	
  

*Kyle Peterson and Tom Awe et al., manuscript in preparation 

Aluminum 

Simulated 



Fourier	
  analysis	
  shows	
  the	
  coated	
  half	
  of	
  the	
  rods	
  
exhibited	
  a	
  10-­‐50X	
  reduc2on	
  in	
  instability	
  growth	
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Simula2ons	
  suggest	
  that	
  ETI	
  coa2ngs	
  will	
  improve	
  
the	
  stability	
  of	
  MagLIF	
  liners	
  drama2cally	
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Al 

We are currently accelerating our plans to experimentally test these predictions 

HYDRA MHD 

40 µm  
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In	
  certain	
  cases,	
  mi2ga2ng	
  ETI	
  with	
  coa2ngs	
  is	
  
predicted	
  to	
  nearly	
  recover	
  1D	
  performance	
  

ETI starting to develop on inside of liner Al 

Only a small fraction of the current is predicted to be carried in the coating 
material and the implosion timing is only slightly slower than 1D.  

Liner/Fuel Interface near at stagnation 



We	
  are	
  beginning	
  to	
  simulate	
  ETI	
  effects	
  on	
  MagLIF	
  
liners	
  in	
  3D	
  

  Challenging	
  zoning	
  requirements	
  
  Large	
  Eulerian	
  cells	
  (>1	
  μm)	
  are	
  not	
  

sufficient	
  to	
  resolve	
  ETI	
  

  Bz	
  field	
  introduces	
  boundary	
  
condi&on	
  complexi&es	
  

  Link	
  different	
  spa&al	
  scales	
  	
  
  High	
  resolu&on	
  surface	
  ETI	
  

simula&ons	
  
  Lower	
  resolu&on	
  liner	
  

dynamics	
  simula&ons	
  

19	
  

Do electrothermal instabilities explain why large 
initial density perturbations have been 
historically been required to simulate Z-pinch 
liners and wire arrays? 



Electrothermal	
  filamenta2on	
  may	
  be	
  introducing	
  
azimuthal	
  asymmetries	
  and	
  limi2ng	
  correla2on	
  

  Postulated	
  in	
  the	
  past	
  based	
  on	
  
analy&cal	
  arguments	
  

  Relevant	
  to	
  Laser	
  driven	
  ICF	
  concepts*	
  
  Simula&on	
  of	
  this	
  physics	
  is	
  difficult	
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(a)

(b)

*F. H. Se ́guin et al., Phys. Plasmas 19, 012701 (2012) 

Evident on Z2509? HYDRA Simulations 

Z



Helical	
  perturba2ons	
  are	
  also	
  being	
  inves2gated	
  as	
  a	
  
means	
  to	
  mi2gate	
  instabili2es	
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Lincoln single-mode MRT 
λ=400 µm test target 

Single-mode MRT 
λ=400 µm, 45° pitch target 

Fundamental mode  
grows like  

~Zero growth in  
Fundamental mode 

λkp = 4πΔcos
2θ

λkp = 4πΔcos
2θ

Fig. 1 .  Radiograph of liner initial position (top) and the one at the time of liner radius decrease by a factor of - 1.5 
(bottom). 

IV. CONCLUSION V. REFERENCE 
The experimental results are in a good agreement with the 
theory [l]  and validate the anisotropic effect of the 
Rayleigh -Taylor instability magnetic stabilization. 

1 .  E. G. Harris “Rayleigh - Taylor Instabilities of a 
Collapsing Cylindrical Shell in a Magnetic 
Field”. Phys. Of Fluids, vol. 5, no 9, pp. 1057 - 
1062 (1 962). 

355 

Joint LANL/VNIIEF helical liner  
Experiment on PEGASUS* 

*B. G. Anderson et al., Pulsed Power Plasma Science (2001).  



Surprisingly,	
  helical	
  perturba2on	
  appear	
  to	
  be	
  
effec2ve	
  even	
  with	
  the	
  amplitude	
  is	
  small	
  compared	
  
to	
  the	
  skin	
  depth	
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Single-mode MRT 
λ=400 µm, 45° pitch target, 

10 µm amplitude 

λkp = 4πΔcos
2θ

Fig. 1 .  Radiograph of liner initial position (top) and the one at the time of liner radius decrease by a factor of - 1.5 
(bottom). 

IV. CONCLUSION V. REFERENCE 
The experimental results are in a good agreement with the 
theory [l]  and validate the anisotropic effect of the 
Rayleigh -Taylor instability magnetic stabilization. 

1 .  E. G. Harris “Rayleigh - Taylor Instabilities of a 
Collapsing Cylindrical Shell in a Magnetic 
Field”. Phys. Of Fluids, vol. 5, no 9, pp. 1057 - 
1062 (1 962). 

355 

Joint LANL/VNIIEF helical liner  
Experiment on PEGASUS* 

*B. G. Anderson et al., Pulsed Power Plasma Science (2001).  



Simula2ng	
  the	
  results	
  obtained	
  with	
  the	
  first	
  axially-­‐
magne2zed	
  liner	
  implosions	
  has	
  been	
  difficult	
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Roosevelt I Experiment  
with applied Bz field 

  Mul&ple	
  simula&on	
  codes/models	
  
  HYDRA,	
  GORGON,	
  ALEGRA	
  

  Qualita&vely	
  similar	
  results	
  have	
  only	
  been	
  
obtained	
  using	
  pre-­‐imposed	
  helical	
  
perturba&on	
  simula&ons	
  	
  
  Unsa&sfying	
  (Doesn’t	
  constrain	
  physics)	
  
  Perturba&on	
  Seed?	
  
  Missing	
  physics?	
  ETI?	
  

�7/�!/01��:&�));C*�$+�2<���)&+�/�&*-),0&,+�
�:-�/&*�+10�-/,8&����70�9&1%�0�8�/�)�+�9�&+0&$%10�

�� ��2&�0�2&�,��<*',�0'��**<�1<++�20'��
1208�280�1A�:��1���&�*'��*�1208�280�1�

�� �1��- ��-+.0�11'�*���*��20-��1�
+'3%�2�1���%��(�6,%�',12��'*'3�1�

�� ��%,�3��"�*��0��8����+8*3I)���;�0�<1�
�11-�'�2���:'2&�*�2�I3+��',12��'*'3�1�

4 mm CR 
=2.7 

CR 
=6.4 

CR 
=2.9 

CR 
=6.9 

CR 
=2.0 

No B-field 

Highest CR 
imaged to 
date 

T.J. Awe et al., submitted to Phys. Rev. Lett. 

GORGON Simulation1  
with pre-imposed helical perturbations 

ALEGRA Simulation2  
with nominal surface roughness 

1 Christopher Jennings Simulation, 2 Matthew Martin Simulation 

See O.Tu_C12  
for further discussion and theory  



Conclusions 	
  	
  

  We	
  are	
  making	
  significant	
  progress	
  in	
  our	
  understanding	
  and	
  control	
  of	
  
instabili&es	
  in	
  magne&zed	
  liner	
  implosions	
  	
  
  Controlled	
  single	
  and	
  mul&mode	
  MRT	
  simula&ons	
  and	
  experiments	
  
  Influence	
  of	
  surface	
  roughness	
  and	
  correla&on	
  on	
  instability	
  growth	
  
  Electrothermal	
  instabili&es	
  (ETI)	
  

  We	
  have	
  demonstrated	
  that	
  not	
  only	
  can	
  ETI	
  can	
  be	
  mi&gated	
  with	
  thick	
  insula&ng	
  
coa&ngs,	
  but	
  the	
  overall	
  instability	
  growth	
  is	
  substan&ally	
  reduced	
  
  Need	
  to	
  s&ll	
  test	
  with	
  high	
  convergence	
  imploding	
  targets	
  
  Pre-­‐shot	
  simula&ons	
  are	
  promising	
  

  3D	
  simula&ons	
  are	
  required	
  to	
  fully	
  understand	
  the	
  nature	
  of	
  instability	
  growth	
  in	
  
MagLIF	
  liners	
  
  3D	
  simula&on	
  capability	
  is	
  maturing	
  	
  
  Thus	
  far,	
  we	
  are	
  unable	
  to	
  sa&sfactorily	
  reproduce	
  the	
  helical	
  structures	
  observed	
  in	
  the	
  first	
  axially-­‐

magne&zed	
  liner	
  implosions	
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2-­‐frame	
  monochroma2c	
  crystal	
  backligh2ng	
  will	
  be	
  
used	
  to	
  image	
  instability	
  growth	
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  Original	
  concept	
  
  S.	
  A.	
  Pikuz	
  et	
  al.,	
  RSI	
  (1997)	
  

  1.865	
  keV	
  backlighter	
  at	
  NRL	
  
  Y.	
  Aglitskiy	
  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.	
  BenneB	
  et	
  al.,	
  RSI	
  (2008)	
  

2-frame keV Crystal Imaging 
•  Monochromatic (~0.5 eV bandpass) 
•  6.151 keV (Mn)  
•  15 micron resolution 
•  Large Field of View (4 mm x 10 mm)  
•  Debris mitigation 

Radiograph lines of sight ±3° from horizontal 



ETI	
  dielectric	
  coa2ngs	
  are	
  predicted	
  to	
  be	
  equally	
  
effec2ve	
  in	
  Beryllium	
  liners	
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Experiments	
  have	
  been	
  designed	
  to	
  test	
  our	
  understanding	
  of	
  
mul2-­‐mode	
  MRT	
  instability	
  growth	
  in	
  a	
  controlled	
  manner	
  

  Target	
  parameters	
  chosen	
  to	
  complement	
  
and	
  compare	
  to	
  exis&ng	
  single	
  mode	
  
Lincoln	
  series	
  experiments	
  

  Ini&al	
  wavelength	
  (400,	
  550	
  μm)	
  and	
  
amplitude	
  (20	
  μm	
  peak	
  to	
  valley)	
  chosen	
  
to	
  be	
  large	
  enough	
  to	
  be	
  resolved	
  with	
  
backlighter	
  at	
  t=0,	
  dominate	
  over	
  
electrothermal	
  instabili&es,	
  and	
  enter	
  
nonlinear	
  regime	
  quickly	
  

  Non-­‐integer	
  wavenumbers	
  chosen	
  to	
  
remove	
  ambiguity	
  of	
  mode	
  coupling	
  with	
  
higher	
  mode	
  harmonics	
  

  Tungsten	
  rod	
  suppresses	
  &me	
  integrated	
  
self	
  emission	
  in	
  radiographs	
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Tungsten Rod 

Al 1100 
R=2.876 mm 

R=3.168 mm 

6.5 mm 

R=1.0 mm 



Development	
  of	
  well	
  resolved	
  long	
  wavelengths	
  can	
  be	
  affected	
  
by	
  higher	
  grid	
  resolu&ons	
  through	
  nonlinear	
  mode	
  coupling	
  

28	
  

8 micron axial resolution 
Wavelengths > 80µm resolved 
 

16 micron axial resolution 
Wavelengths > 160µm resolved 
 



Helical	
  Field	
  Configura&on	
  


