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We	
  use	
  the	
  Z	
  pulsed	
  power	
  facility	
  at	
  Sandia	
  to	
  
generate	
  large	
  magne9c	
  fields	
  &	
  couple	
  MJs	
  of	
  energy	
  

22 MJ stored energy 
3 MJ delivered to the load 

26 MA peak current (max current load of 150,000 homes) 
5 – 50 Megagauss (1-100 Megabar) 

100-600 ns pulse length 

Tank~10,000 ft2 
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Z	
  works	
  by	
  compressing	
  energy	
  in	
  space	
  and	
  9me	
  
to	
  reach	
  high	
  energy	
  densi9es	
  (pressures)	
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Large	
  currents	
  and	
  the	
  corresponding	
  magne9c	
  
fields	
  can	
  be	
  used	
  to	
  create	
  and	
  control	
  high	
  
energy	
  density	
  maIer	
  

§  Magne0c	
  pressure	
  can	
  be	
  created	
  efficiently	
  over	
  cm3	
  
volumes,	
  enabling	
  large	
  samples	
  and	
  energe0c	
  sources	
  

§  Magne0c	
  pressure	
  increases	
  in	
  a	
  converging	
  geometry	
  

§  High	
  pressures	
  can	
  be	
  created	
  without	
  making	
  material	
  hot	
  

§  Magne0c	
  fields	
  can	
  be	
  generated	
  over	
  long	
  0me	
  scales	
  with	
  
significant	
  control	
  over	
  the	
  0me	
  history	
  (pulse	
  shaping)	
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We	
  use	
  magne9c	
  fields	
  on	
  Z	
  in	
  several	
  ways	
  to	
  create	
  High	
  
Energy	
  Density	
  maIer	
  for	
  stockpile	
  stewardship	
  applica9ons	
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B JxB   

Prad ~ 400 TW,  Yrad ~ 2.5 MJ 
~ 10-15% wall plug efficiency 

Magne9cally	
  driven	
  implosions	
  are	
  efficient,	
  
powerful,	
  x-­‐ray	
  sources	
  from	
  0.1	
  to	
  10	
  keV	
  

1-2 cm 



Z-­‐pinches	
  are	
  used	
  to	
  generate	
  a	
  wide	
  variety	
  of	
  
x-­‐ray	
  sources	
  for	
  radia9on	
  effects	
  sciences	
  

§  Wire	
  arrays	
   
§  ~100	
  nested	
  wires,	
  ~.5	
  mg/cm	
  	
  
§  Al,	
  Stainless	
  Steel,	
  Cu,	
  Mo,	
  Ag	
    

§  Gas	
  puffs	
  
§  Azimuthally	
  symmetric	
  gas	
  shells	
   
§  ~1	
  mg/cm	
  
§  Shell-­‐like	
  and	
  ramped	
  profiles	
  
§  Ar,	
  Kr	
   

§  Ini0al	
  diameter,	
  mass	
  and	
  mass	
  distribu0on	
  define	
  
stagna0on	
  temperature,	
  uniformity	
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Experiments use wire array and gas puff z pinches 

imploded on the Z generator 

� Wire arrays use 

� ~100 wires 

� ~.5 mg/cm 

� Nested wire arrays for stability 

� Al, Stainless Steel, Cu, Mo, Ag 

 

 

� Gas puff use 

� Azimuthally symmetric gas shells 

� ~1 mg/cm 

� Shell-like and ramped profiles 

� Ar, Kr 

 

� For both, initial diameter, mass and 

mass distribution define stagnation 

temperature, uniformity 

Current 
return can 
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Z-pinch Dynamic Hohlraum 
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The z-pinch dynamic hohlraum (ZPDH) is highly 
reproducible x-ray source 

Radial X-ray Power and Energy 
(20 shot average) 

218 ± 22TW 
 

1.59 ± 0.11MJ ZR 

Ipeak 25.8 MA 

Mass 8.5 mg 
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Sanford et al., POP 9 (2002) 
Bailey et al., POP 13 (2006) 
Lemke et al., POP 12 (2004) 
Slutz et al., POP13 (2006) 
Rochau et al., PPCF 49 (2007) 

Standard ZPDH 
Characteristics 
360 W wires – 11.4 µm  
m = 8.5 mg W total 
Vmarx = 85 kV (21 MJ) 
Ip = 25.8 ± 0.4 MA  [20 shots] 



ZAPP experiments exploit megaJoules of x-rays to 
simultaneously address four separate astrophysics topics

Z x-ray source
1-2 MJ; 2·1014 W

Resonant Auger destruction in 
accretion powered objects

Stellar interior opacity
Atomic kinetics in warm absorber 
photoionized plasmas

Spectral line formation in 
white dwarf photospheres

Si 
exploding 
foil

H gas cell

Fe/Mg foil

Ne 
gas 
cell

• Multiple samples are exposed to Z x-rays on each shot
• Highly efficient use of the facility

2013 Stewardship Science Academic Programs (SSAP) Symposium, Albuquerque, June 27, 2013
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Resonant Auger destruction 
in accretion powered objects 

Stellar interior opacity 

Si exploding foil 

Fe/Mg foil 

ZAPP: The Z Astrophysical Plasma Properties Collaboration 

Up to 59 spectra obtained on single shot! 



Foil is heated during  
the ZPDH implosion 

Foil is backlit  
at shock stagnation 

Thin 
Foil 

The ZPDH radiating shock is used to both heat and 
backlight samples to stellar interior conditions. 

Bailey et al., POP 16 (2009) 

Thin 
Foil 

10 µm CH Fe/Mg 



1 G.R. Bennett, et al., Phys. Rev. Lett. 205003 (2007).  
2 D. B. Sinars, et al., Rev. Sci. Instrum., Vol. 75, No. 10 (2004) 
3 M.E. Cuneo et al., IEEE T. Plas. Sci. 40, 3222 (2012). 

Magne9cally-­‐driven	
  x-­‐ray	
  sources	
  have	
  also	
  been	
  used	
  to	
  
study	
  radia9on	
  hydrodynamic	
  experiments	
  

 Hydrodynamic jet experiments2 

  
Instability growth3 

1 mm 

2 mm 

NIF fill tube experiments1 

 



We	
  have	
  been	
  studying	
  the	
  liner	
  instabili9es	
  in	
  MagLIF	
  
relevant	
  targets	
  during	
  the	
  last	
  several	
  years	
  

§  D.B.	
  Sinars	
  et	
  al.,	
  Phys.	
  Rev.	
  LeY.	
  105,	
  185001	
  (2010);	
  Phys.	
  Plasmas	
  18,	
  056301	
  (2011).	
  

	
  
§  R.D.	
  McBride	
  et	
  al.,	
  Phys.	
  Rev.	
  LeY.	
  109,	
  135004	
  (2012);	
  Phys.	
  Plasmas	
  20,	
  056309	
  	
  (2013).	
  

CUNEO et al.: MDIs FOR INERTIAL CONFINEMENT FUSION AT SANDIA NATIONAL LABORATORIES 3233

TABLE I
CRITICAL DESIGN ELEMENTS FOR MagLIF TARGETS AND GOALS

Fig. 11. MagLIF Al liner implosion radiography data on the growth rate of the Magneto-Rayleigh Taylor instability from [32] and [33].

formation physics has been studied in many recent experiments
[37], [109]–[112]. The importance of the electrothermal in-
stability in possibly providing an initial seed for subsequent
MRT instability growth has been highlighted recently [37].
The MRT instability growth has been studied extensively [32]–
[35], [113]–[117]. Fig. 11 presents MRT instability growth
measurements using 6.151 keV X-ray radiography of Al targets
[32], [33]. Sinars et al. [32], [33] show excellent agreement
between these data and 2D- and 3D-RMHD simulations for
MRT growth of sinusoidal perturbations that had initial am-
plitudes of 5% of the initial wavelength. McBride et al. [35]

have studied the MRT growth from random machined surface
roughness and non-random machining tooling marks on Be
liners, also showing excellent agreement with 2D- and 3D-
RMHD simulations. These platforms offer great promise for
determining the limits of and tradeoffs for AR and Cr against
liner instability growth.

MDIs of cylindrical liners also have tangible synergies with
dynamic materials. Be liners have been compressed isentrop-
ically and used to infer the Be EOS to more than 6 Mbar
[38], [39]. Precise current pulse shaping was used to avoid
forming a shock in the liner. Using precision current pulse



The	
  addi9on	
  of	
  a	
  7-­‐10	
  T	
  axial	
  magne9c	
  field	
  produces	
  a	
  
drama9c	
  change	
  in	
  the	
  structure	
  of	
  the	
  liner	
  instabili9es	
  

§  Rather	
  than	
  cylindrically	
  symmetric	
  
structures,	
  we	
  see	
  helical	
  structures	
  

§  Use	
  of	
  compressible	
  electrodes	
  
mi0gates	
  edge	
  instabili0es	
  

§  Magne0c	
  field	
  reduced	
  mul0-­‐keV	
  x	
  rays	
  
associated	
  with	
  late-­‐0me	
  instabili0es	
  

We discovered that the applied-Bz field dramatically 
alters the Magneto-Rayleigh-Taylor (MRT) structure*

2013 Stewardship Science Academic Programs (SSAP) Symposium, Albuquerque, June 27, 2013

No applied magnetic field
z2465, Bz = 0 T 

With applied magnetic field
z2480, Bz = 7 T 

� Cylindrically-symmetric MRT structure
� Significant on-axis time-integrated self-

emission of multi-keV x-rays

� Helically-shaped MRT structure
� No apparent on-axis time-integrated self-

emission of multi-keV x-rays
� Imaging at convergence ratio 1:7

*T. J. Awe, et al. Manuscript in Preparation.
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Magnets 
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(~1 cm 
height) Extended 

power 
feed 

10 T configuration 

7 Tesla Bz-field 



Surface	
  roughness	
  and	
  small	
  defects	
  do	
  not	
  appear	
  to	
  be	
  
the	
  seed	
  for	
  MRT	
  instability	
  growth	
  as	
  in	
  radia9ve	
  driven	
  
laser	
  ICF	
  targets	
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equation
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e
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Ð

t0 cðt 0Þdt 0.
T
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nearly
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tude
grow
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from
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positive
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T

hus,
our
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ated
the
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plitude

grow
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predicted
by

theory
.
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w
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to
use
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W

K
B
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E
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(1)
w
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initial
conditions

g
(t¼

0)¼
g

0
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dg=dt(t¼
0)¼

0,
w

here
g

0
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the
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peak-to-valley
am
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of
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sinusoidal

perturbation,w
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is
g¼

g
0

cosh
[G

(t)].It
is

also
possible

to
num

erically
integrate

E
q.

(1)
w

ith
the

sam
e

initial
conditions.

W
e

did
this,

calculat-
ing
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acceleration
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N
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second

law
to
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Observed Instability growth is not 
linearly proportional to the amplitude 
of the initial perturbations. 

Axially	
  polished	
  liner	
  experiments	
  suggest	
  symmetry	
  
is	
  not	
  sensi0ve	
  to	
  surface	
  characteris0cs	
  	
  

Ao = 60 nm 



The	
  electro-­‐thermal	
  instability	
  is	
  an	
  important	
  
mechanism	
  that	
  could	
  seed	
  MRT	
  growth*	
  

15	
  

Then, η increases which consequently 
increases the localized ohmic heating, η j2    

Which leads to increased  

Consider 

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

Striations 

Temperature perturbations give 
rise to pressure variations which 

eventually redistribute mass  

Most metals initially have 
increasing resistivity with 
increasing temperature 



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

Our	
  modeling	
  agrees	
  well	
  with	
  observed	
  instability	
  growth	
  
in	
  solid	
  Al	
  liners—the	
  perturba9on	
  growth	
  is	
  larger	
  than	
  
expected	
  from	
  MRT	
  alone	
  star9ng	
  from	
  surface	
  roughness	
  

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 

Estimated MRT Only Perturbation Growth 

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

Calculations suggest 
instability growth is 

independent of the initial 
surface roughness 

Note that the change from cylindrical to 
helical perturbations with the addition of 
an axial magnetic field may also be 
consistent with ETI seeding hypothesis 



Simula9ons	
  predicted	
  that	
  we	
  could	
  mi9gate	
  the	
  impact	
  of	
  
the	
  electrothermal	
  instability	
  by	
  tamping	
  out	
  the	
  density	
  
varia9ons—this	
  was	
  confirmed	
  experimentally	
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§  No	
  ETI	
  growth	
  in	
  plas0c	
  coa0ng	
  
§  Carries	
  very	
  liYle	
  current	
  
§  Theore0cally	
  ETI	
  stable	
  

§  Experimental	
  radiographs	
  of	
  
coated	
  and	
  uncoated	
  halves	
  of	
  
a	
  solid	
  rod	
  target	
  confirm	
  idea	
  

K.J. Peterson et al., Physical Review Letters 112, 135002 (2014) 
. 

PRL 112, 135002 (2014) 



Recently	
  we	
  have	
  begun	
  studying	
  more	
  advanced	
  
instability	
  configura9ons	
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Deceleration instabilities Imposed Helical Perturbations  
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Isentropic Compression Experiments: 
gradual pressure rise in sample 

Shock Hugoniot Experiments: 
shock wave in sample on impact 

Sample Sample 

Flyer Plate 

P > 10 Mbar 
Several mm 

P > 4 Mbar 
Several mm 

v up to 40 km/s 

ICE 

Shocks 

ρ	



P 

Z can perform both shockless and shock-
wave compression experiments  



By	
  independent	
  triggering	
  of	
  the	
  36	
  different	
  lines	
  
we	
  can	
  reproducibly	
  create	
  the	
  complex	
  9me-­‐
dependent	
  drive	
  needed	
  for	
  shockless	
  compression	
  

Example cylindrical Be data from M.R. Martin et al., Phys. Plasmas 19, 056310 (2012). 

4 mm 
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Z has been used to study material properties in 
the multi-Mbar regime for many materials 

Quartz 

D2 

Tantalum 

Be 

Be 

C 

H2O 

H2O 



Shockless	
  compression	
  to	
  peak	
  stresses	
  of	
  ~20MB	
  are	
  
possible	
  on	
  Z	
  with	
  cylindrical	
  liner	
  implosions	
  

Excellent data from mid-height VISAR used to obtain 
load current and simulated PDV velocity

2013 Stewardship Science Academic Programs (SSAP) Symposium, Albuquerque, June 27, 2013

6 external radial 
measurements of the 
anode velocity show a 
high degree of 
symmetry during the 
implosion

Simulated PDV Velocity vs. Time

inner surface 
Cu

Different sample EOS 
results in internal velocity 
differences that can be 
distinguished using PDV
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New	
  technologies:	
  The Linear Transformer Driver (LTD) 
is the most fundamental advance in pulsed power 
since the invention of the Marx generator in 1924	
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An LTD Cavity is the building block of a future 
high yield facility 

An LTD consists of : 

§  Capacitors 

§  Switches 

§  Magnetic cores 



The	
  Linear	
  Transformer	
  Driver	
  (LTD)	
  architecture	
  
can	
  scale	
  to	
  very	
  large	
  systems.	
  

Cavity 

Capacitor 

Capacitor 
Switch 
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Debris	
  from	
  Z	
  experiments	
  makes	
  diagnos9c	
  development	
  
challenging	
  (several	
  MJ	
  energy	
  release	
  equivalent	
  to	
  few	
  s9cks	
  of	
  
dynamite)	
  

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



Z’s drive pressures allow it to be used for a variety 
of High Energy Density Physics (HEDP) applications 

§  Pressure (Pascals, bars) is equivalent to Energy Density (J/m3) 
§  1 Mbar = 106 atm = 1011 Pascals = 1011 J/m3 

§  HED threshold is pressures >1 Mbar, which exceeds the internal energy 
density of molecules/atoms (solids become compressible, etc.) 

Object Pressure (Mbar) 
Z Storage Capacitor 2e-6 
TNT 0.07 
Internal energy of H atom 1.00 
Estimated pressure of metallic H 
in Jupiter’s core 

30.00 

Z magnetic drive pressure ~100.00 
Center of the sun 250,000.00 
Hot spot plasma in ICF target ~800,000.00 

Can directly 
compress 
(dynamic mats.) 
Can accelerate & 
converge fusion 
fuel (ICF) 

Pulsed 
Power 



ZAPP campaigns simultaneously study multiple  
issues spanning 200x in temperature and 106x in density 

Photoionized Plasmas White Dwarf Line-Shapes Solar Opacity 

Question: 
Why can’t we predict the 
location of the convection 
zone boundary in the Sun? 
 

 
Achieved Conditions: 
Te ~ 200 eV, ne ~ 1023 cm-3 

Question: 
How does ionization and 
line formation occur in 
accreting objects? 
 
  

Achieved Conditions: 
Te ~ 20 eV, ne ~ 1018 cm-3 

Question: 
Why doesn’t spectral fitting 
provide the correct properties 
for White Dwarfs? 
 
 

Achieved Conditions: 
Te ~ 1 eV, ne ~ 1017 cm-3 
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Photoionized Plasmas White Dwarf Line-Shapes Solar Opacity 
4 Space-Resolved 

Si Absorption Spectra 

12 Space-Resolved 
Ne Absorption Spectra 

24 Space-Resolved 
Fe Absorption Spectra 

3 Streaked 
H Absorption Spectra 

16 Time-Resolved 
Fe Absorption Spectra 

ZAPP campaigns acquire up to 59 spectra on a 
single shot 
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Load Currents (20 shot average) Z-pinch Dynamic Hohlraum 

40 mm 

12
 m

m
 

Sanford et al., POP 9 (2002) 
Bailey et al., POP 13 (2006) 
Lemke et al., POP 12 (2004) 
Slutz et al., POP13 (2006) 
Rochau et al., PPCF 49 (2007) 

The z-pinch dynamic hohlraum (ZPDH) produces 
record currents of 25.8 MA with 1.5% reproducibility 

Standard ZPDH Characteristics 
360 W wires – 11.4 µm diameter 
m = 8.5 mg W total 
Vmarx = 85 kV (21 MJ) 
Ip = 25.8 ± 0.4 MA  [20 shots] 



Magnetically driven implosions are efficient, powerful, soft 
and K-Shell x-ray sources 

Ablation Implosion Stagnation & 
X-ray production 

3D Rad/MHD simulations are just beginning  
to be applied to magnetically-driven  implosions 

What limits are there are on soft x-ray and 
K-shell production efficiency and powers? 
 
Can we validate our computational tools for 
wire array implosions? 

References… 



The presence of a magnetic field can strongly affect 
transport properties, 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

Energetic particles (e.g., alpha particles) can also be strongly 
affected by magnetic fields 



One	
  way	
  to	
  maintain	
  strength	
  and	
  poten9ally	
  mi9gate	
  MRT	
  
is	
  to	
  shape	
  the	
  current	
  pulse	
  to	
  avoid	
  shock	
  hea9ng	
  of	
  the	
  
liner—a	
  technique	
  ul9mately	
  limited	
  by	
  magne9c	
  diffusion	
  

M.R.	
  Mar0n	
  et	
  al.,	
  Phys.	
  Plasmas	
  19,	
  056310	
  (2012).	
  
M.R.	
  Mar0n	
  et	
  al.,	
  AIP	
  Conf.	
  Proc.	
  1426,	
  357	
  (2012).	
  
R.W.	
  Lemke	
  et	
  al.,	
  AIP	
  Conf.	
  Proc.	
  1426,	
  473	
  (2012).	
  
R.D.	
  McBride	
  et	
  al.,	
  invited	
  manuscript	
  submiYed	
  to	
  Phys.	
  Plasmas	
  (2012).	
  

Shocked  
density profile 

Pulse-shaped 
density profile 

Shock front 
clearly visible 
in radiography 

Liquid Solid 

§  Maintaining	
  liner	
  in	
  solid/liquid	
  state	
  affects	
  the	
  liner	
  
conduc0vity,	
  which	
  may	
  affect	
  instability	
  growth	
  

§  Maintaining	
  a	
  solid	
  inner	
  surface	
  may	
  reduce	
  abla0on	
  
into	
  the	
  fuel	
  region,	
  and	
  also	
  help	
  with	
  decelera0on	
  MRT	
  

§  Cylindrical	
  liner	
  implosions	
  were	
  recently	
  used	
  to	
  
measure	
  Be	
  EOS	
  to	
  6	
  Mbar,	
  and	
  up	
  to	
  20	
  Mbar	
  in	
  Al!	
  



Simula0ons	
  suggest	
  that	
  ETI	
  coa0ngs	
  will	
  improve	
  
the	
  stability	
  of	
  MagLIF	
  liners	
  drama0cally	
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Al 
HYDRA MHD 

40 µm  
coating 

 uncoated 



Electrothermal	
  filamenta0on	
  may	
  be	
  introducing	
  
azimuthal	
  asymmetries	
  and	
  limi0ng	
  correla0on	
  

§  Postulated	
  in	
  the	
  past	
  based	
  on	
  
analy0cal	
  arguments	
  

§  Relevant	
  to	
  Laser	
  driven	
  ICF	
  concepts*	
  
§  Simula0on	
  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



Simula0ng	
  the	
  results	
  obtained	
  with	
  the	
  first	
  axially-­‐magne0zed	
  
liner	
  implosions	
  has	
  been	
  difficult	
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Roosevelt I Experiment  
with applied Bz field 

§  Mul0ple	
  simula0on	
  codes/models	
  
§  HYDRA,	
  GORGON,	
  ALEGRA	
  

§  Qualita0vely	
  similar	
  results	
  have	
  only	
  been	
  
obtained	
  using	
  pre-­‐imposed	
  helical	
  
perturba0on	
  simula0ons	
  	
  
§  Unsa0sfying	
  (Doesn’t	
  constrain	
  physics)	
  
§  Perturba0on	
  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 

See O.Tu_C12  
for further discussion and theory  

1 Christopher Jennings Simulation, 2 Matthew Martin Simulation 
  



We	
  reach	
  Mbar	
  pressures	
  in	
  materials	
  by	
  
execu9ng	
  flyer-­‐plate	
  impact	
  experiments	
  

§  Straighporward	
  to	
  analyze	
  
plate-­‐impact	
  data	
  	
  
§  Long	
  steady	
  shocks	
  
§  Conserva0on	
  of	
  mass,	
  

momentum,	
  and	
  energy	
  
§  Rankine-­‐Hugoniot	
  rela0on	
  

Data from a flyer impact experiment: 
tracking flyer velocity and shock speeds in 
quartz and TPX, both having reflective shock 
fronts. 

€ 

2 E2 − E1( ) = P2 + P1( ) υ1 −υ 2( )
Us 

Up 

1 2 

S teady shock wave in 
plastics 



Snapshots	
  from	
  2D	
  numerical	
  simula0on	
  show	
  
dynamics	
  of	
  flyer	
  in	
  high	
  velocity	
  experiment	
  

In these experiments conditions are much better defined (less integrated, 
typically single measurement, but conditions are also much less extreme) 

Note velocity predictions have been in good agreement with experiment  



We	
  measure	
  shock	
  veloci9es	
  in	
  plas9c	
  and	
  other	
  
transparent	
  materials	
  with	
  sub-­‐percent	
  accuracy	
  

§  VISAR	
  measurements	
  as	
  main	
  
tool:	
  
§  Up	
  to	
  4	
  VPF	
  (velocity	
  per	
  fringe)	
  

measurements	
  
§  Flyer	
  velocity	
  
§  Time	
  of	
  impact	
  
§  Shock	
  arrival	
  at	
  sample/quartz	
  

interface	
  
§  Shock	
  velocity	
  in	
  sample	
  and	
  

breakout	
  0me	
  
§  Steady	
  shocks,	
  large	
  samples,	
  and	
  

long	
  0mes	
  yield	
  high	
  precision	
  
measurements	
  

VISAR 

Sample 

Al Flyer z-cut α-quartz 



We	
  will	
  also	
  use	
  our	
  applied	
  magne9c	
  field	
  capability	
  to	
  
generate	
  shear	
  waves	
  in	
  dynamic	
  material	
  samples	
  

•  Longitudinal force results from 
self-generated magnetic field 
•  Shear force is generated by 
application of an external magnetic 
field 
•  Initial experiments planned for 
March 2013 at 3-5 Tesla 

Sample is compressed by the longitudinal force 
and then sheared by the shear force 

end view of sample 

Initial 
shape 

Final 
shape 

+V 

Gnd 



We	
  use	
  a	
  2-­‐frame	
  6.151	
  keV	
  monochroma9c	
  crystal	
  
backligh9ng	
  diagnos9c	
  to	
  study	
  liner	
  dynamics	
  on	
  Z	
  

§  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). 

2-frame 6.151 keV Crystal Imaging 
•  Monochromatic (~0.5 eV bandpass) 
•  15 micron resolution (edge-spread) 
•  Large field of view (10 mm x 4 mm) 
•  Debris mitigation 

Radiograph lines of sight ±3° from horizontal 


