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Synopsis	
  

§ Pulsed-­‐power	
  technology	
  produces	
  large	
  currents	
  
(15-­‐27	
  MA)	
  in	
  a	
  short	
  pulse	
  (100-­‐600	
  ns)	
  on	
  the	
  Z	
  
machine	
  

§ Large	
  currents	
  generate	
  large	
  magneQc	
  fields	
  
=	
  tremendous	
  pressure	
  

§ Large	
  pressures	
  enable	
  access	
  to	
  
High	
  Energy	
  Density	
  regimes	
  (	
  >	
  ~1011	
  J	
  m-­‐3,	
  or	
  >	
  ~1	
  
Mbar)	
  
	
  

§ MagneQcally-­‐driven	
  implosions	
  and	
  explosions	
  of	
  
many	
  types	
  provide	
  many	
  interesQng	
  applicaQons	
  

§ These	
  applicaQons	
  go	
  well	
  beyond	
  tradiQonal	
  
concepts	
  known	
  colloquially	
  as	
  “z-­‐pinches”	
  

Pressure is 
equivalent to 

energy density 
 

1 Mbar = 
1.01e6 atmospheres = 

1.e11 Pascals  = 
100 GPa = 

5 MGauss =  
 1.e11 J/m3  
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Pulsed	
  power	
  is	
  an	
  
amazing	
  technology	
  
Pulsed-­‐power	
  accelerators:	
  

§  Serve	
  as	
  precision	
  scienQfic	
  
instruments	
  

§  Deliver	
  megajoules	
  of	
  
energy	
  to	
  milligrams	
  of	
  
maier	
  on	
  a	
  Qme	
  scale	
  of	
  
nanoseconds	
  

§  Achieve	
  extreme	
  states	
  of	
  
maier	
  over	
  macroscopic	
  
volumes	
  

§  Drive	
  a	
  wide	
  variety	
  of	
  
high-­‐energy-­‐density-­‐
physics	
  experiments	
  in	
  
support	
  of	
  the	
  U.S.	
  
naQonal-­‐security	
  mission	
  

James Clerk Maxwell Michael Faraday 

Erwin Otto Marx J. C. “Charlie” Martin 
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Pulsed-­‐power	
  experiments	
  presently	
  deliver	
  the	
  following:	
  
	
  

§  KineQc	
  energy	
  per	
  atom:	
  	
  1	
  MeV	
  
§  Implosion	
  velociQes:	
  	
  100	
  cm/μs	
  
§  Shock	
  velociQes:	
  	
  30	
  km/s	
  

§  Temperatures:	
  	
  5	
  keV	
  
§  MagneQc	
  pressures:	
  	
  5	
  Mbar	
  
§  Energy	
  radiated	
  in	
  K-­‐shell	
  x	
  rays:	
  	
  400	
  kJ	
  
§  Energy	
  radiated	
  in	
  thermal	
  x	
  rays:	
  	
  2.2	
  MJ	
  
§  Power	
  radiated	
  in	
  thermal	
  x	
  rays:	
  	
  330	
  TW	
  

20-TW 33-m-diameter Saturn 
accelerator 
 

(Bloomquist, Corcoran, 
Spielman, and colleagues.) 

100-ps x-ray 
image of a 

280-TW z pinch 
at stagnation 

1 cm 

(Deeney, Douglas, Spielman, 
and colleagues, PRL, 1998.) 
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Sandia’s	
  Z	
  accelerator	
  is	
  presently	
  the	
  world’s	
  largest	
  and	
  
most	
  powerful	
  pulsed-­‐power	
  machine	
  

§  Since 1997 we 
have conducted, 
on average, 160 
Z shots each 
year. 

§  To date, 2800 Z 
shots have been 
conducted 
altogether. 

Estored = 20 MJ 
Pelectrical = 80 TW 

Vstack = 4 MV Iload = 26 MA 
τimplosion = 130 ns 

Eradiated = 2.2 MJ 
Lvacuum = 12 nH diameter = 33 m 

McDaniel, 
Bloomquist, Ives, 

Johnson, LeChien, 
Lehr, Maenchen, 

Savage, Spielman, 
Stoltzfus, Weed, and 

Weinbrecht.  
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The	
  Z	
  pulsed-­‐power	
  facility	
  combines	
  a	
  compact	
  MJ-­‐class	
  target	
  physics	
  
plamorm	
  (the	
  Z	
  accelerator)	
  with	
  a	
  TW-­‐class	
  laser	
  (ZBL)	
  

22 MJ peak stored energy 
26 MA peak current 

100–300 ns pulse lengths 
$4/Joule 

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 
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Z	
  drives	
  a	
  wide	
  variety	
  of	
  
experiments	
  in	
  support	
  of	
  the	
  
U.S.	
  naQonal-­‐security	
  mission	
  

§  Inertial confinement fusion 

§  Radiation physics 

§  Material physics 

§  Laboratory astrophysics 

Results of experiments 
conducted on Z have been 
published in over 500 peer-
reviewed journal articles. 

of pure Be or Al and about 1 cm in height, containing a high-
pressure gas fill of fuel (gas densities qg! 1–5 mg/cc). A
schematic of the target is provided in Fig. 1. First, an axial
magnetic field ðB0

z ! 5# 100 TÞ is generated throughout the
load region on the ls timescale by external capacitors and
magnetic coils positioned near the load. Second, when the
pulsed-power accelerator discharges, an azimuthal Bh mag-
netic field is formed around the liner by the large MA-level
axial currents, and via the Jz%Bh Lorentz force, begins to
drive the liner implosion, which occurs on the 10s of ns time-
scale. Third, as the liner begins to implode, laser energy
(Elas! 2–25 kJ) is coupled to the fuel through a laser entrance
hole (LEH) in the top of the target, causing the fuel to be pre-
heated (ion temperatures Ti! 50–500 eV). The resulting order
!1 Mbar highly conductive plasma has high b (the ratio of
thermal to magnetic pressure) and the Bz field is partially fro-
zen into the plasma. The quasi-adiabatic implosion is subsonic
and the liner accelerates until peak implosion velocity vimp

just prior to deceleration and stagnation at small radius on the
plasma pressure near the axis. The resulting areal density qR
of the fuel is low by typical ICF standards (!1–10 mg cm#2).
Since instability and asymmetry can prevent reaching high
implosion stagnation pressures Pstag, the required convergence
ratio CR (defined as the ratio of initial gas radius to stagnated
radius) should be minimized.

Volumetric compression in cylindrical geometry is
reduced compared with spherical. However, by preheating
the fuel before its compression and by reducing its radial
thermal electron conduction losses via magnetothermal insu-
lation, lower liner-imparted PdV work to the fuel may be
used to achieve fusion-relevant Ti> 4 keV temperatures with
CR& 20–30 and vimp' 100 km/s (compared with CR> 30
and vimp> 300 km/s in traditional ICF). This is a conse-
quence of the fact that fuel magnetization in low qR fuel
enables reduced driver power, which scales as !(qR)2 for
fixed ignition temperature in cylindrical targets.27 The initial
B0

z is flux-compressed to Bf
z ( 5#10 kT ð( 50#100 MGÞ at

stagnation, and the typical ignition threshold for the fuel qR
(!0.3–1 g cm#2) is replaced with one for Bf

zR,27 or equiva-
lently R=ra

L, where ra
L is the Larmor radius ðmav?=qBzÞ of the

fusion alpha particles. Inertial confinement for the volumet-
ric fusion burn is provided by the liner qR instead. Magnetic
Reynolds numbers vary from a few 103 to 104, and the Hall
parameter xcese, the product of electron cyclotron frequency
and electron-ion collision time, can exceed a few hundred at
its peak. Due to magnetization of the alpha particles

produced in the hot spot, they can provide self-heating of the
thermonuclear plasma. The Pstag required to achieve fusion
conditions in this approach is lowered to a few Gbar, from
the 100s of Gbar necessary in traditional ICF.

Magnetically-driven MagLIF implosions are substan-
tially different than radiation-driven ICF implosions. As al-
ready mentioned, many traditional performance metrics are
significantly eased (vimp, dv/dt, qR, and Pstag). Since pulsed
power is energy-rich, the liners are thick and massive with as-
pect ratios of order !10 (ratio of outer radius to liner thick-
ness) in order to improve implosion robustness to magneto-
Rayleigh-Taylor (MRT) instability.28 Radiography data from
liner implosions on Z prior to integrated MagLIF experiments
suggest the inner liner surface is sufficiently stable up to at
least CR& 7,29–32 and the presence of the Bz field may pro-
vide further stabilization.31 The liner materials contain no
high atomic number dopants normally used to prevent x-ray
preheat of the fuel, drive symmetry is not influenced by the
presence of complex radiation flux from laser-plasma interac-
tion, and simulations suggest the fuel can withstand higher
amounts of mix.9 Due to the drive pressure dependence
Pdr ! I2r#2

l , where rl is the outer radius of the liner, peak ve-
locity and acceleration occur at the end of the implosion
(when the in-flight aspect ratio is order unity), implying
improved stability. Hot spot formation is externally-supplied
via laser preheating, not from spherically-converging well-
timed shocks. At stagnation, the liner is not ablated away but
becomes a compressed tamper with high qR. For these rea-
sons, the realization of high convergence with few ns confine-
ment times at stagnation is possible, and the first integrated
MagLIF experiments10 suggest CR! 40 was achieved.

Focused experiments involving each of the necessary
components for MagLIF are being conducted using the Z fa-
cility and Z-Beamlet (ZBL) laser.33 The focused experiments
study the issues of current delivery, liner stability, flux com-
pression, and laser heating of pre-magnetized gas. Current
delivery is presently limited to Imax! 18–20 MA by the
higher-than-usual inductance of the load power feed in use
to accommodate the magnets. Evidence has not been found
for shorting within the transmission lines due to the applied
Bzẑ crossing the gap, in agreement with 3D particle simula-
tions, which also predict enhanced insulation at late times
due to the Bz field. Initial simulations using 27 MA suggested
aspect ratio 6 liners made of Be may be sufficiently stable to
instability growth during the implosion.9 Liner stability and
flux compression experiments using only imploding liners
and Bz field (no laser energy) have occurred at reduced cur-
rent,31,32 wherein inner surface liner integrity appeared to be
maintained throughout the implosion and probes measured
the change in fringe-field strength above the imploding
region, respectively. Laser-only experiments of pre-
magnetized targets are being conducted with ZBL, using a
laser wavelength klas¼ 527 nm (frequency-doubled 2x light
from Nd:glass) in order to infer energy absorption and pene-
tration depth into the gas. Simulation benchmarking efforts
to these focused experiments are occurring simultane-
ously with integrated MagLIF design and interpretation
of experiments, but will be reported in future
publications.

FIG. 1. Schematic of the MagLIF concept.

072711-2 Sefkow et al. Phys. Plasmas 21, 072711 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
198.102.153.1 On: Thu, 31 Jul 2014 00:26:16

quasi-isentrope 
of tantalum to 4 

Mbar 

magnetized 
liner inertial 

fusion 
(MagLIF) 
concept 

Ar: 
330 kJ 

Fe/SS: 
80 kJ 

Cu: 
35 kJ 

Kr: 
~7 kJ 

Mo: 
~1 kJ 

Al: 
375 
kJ 

K-shell x-ray sources 

white-dwarf line shapes 

29#

Simultaneous streaked absorption and emission  
in absolute units provide a unique capability 

Ti
m

e 
(2

50
 n

s)
 

Wavelength (nm) 

Absorption 

400              450               500 
Wavelength (nm) 

Ti
m

e 
(2

50
 n

s)
 

A
bs

ol
ut

e 
In

te
ns

ity
 

A
bs

ol
ut

e 
In

te
ns

ity
 

Emission 

H-β"
H-γ"

H-δ"

H-β"
H-γ"

H-δ"

400              450               500 



9 

Cross section of the Z facility 
at Sandia National Laboratories 

22 MJ 
Electrical 80 TW 

Electrical 27 MA 
Current 

Marx 
Generator 

Laser-triggered 
Gas Switch 
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Z	
  works	
  by	
  compressing	
  energy	
  in	
  space	
  and	
  Qme	
  to	
  reach	
  
high	
  energy	
  densiQes	
  (pressures)	
  

§  High electrical power 
density achieved 
through multiple stages 
of spatial and temporal 
pulse compression 

§  Further increases of 
energy density are 
achieved through shock 
compression, implosion, 
stagnation 
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We	
  use	
  magneQc	
  fields	
  on	
  Z	
  in	
  several	
  ways	
  to	
  create	
  High	
  
Energy	
  Density	
  maier	
  for	
  stockpile	
  stewardship	
  applicaQons	
  

Flyer Plate 
Isentropic 
Compression 

X 
X 
X 
X 
X 
X 

Sample 

Current 

B-Field 

JxB Force 

wire array 

Dynamic Material Properties 

J x x x x x x B 

Magnetization 
Laser 

Heating Compression 

CY13 Z shot distribution 

Inertial Confinement Fusion 

~150-200 
shots/year 

Z-Pinch X-ray Sources (RES, Rad. Physics) 
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1st	
  year	
  physics	
  refresher:	
  the	
  “pinch	
  effect”	
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Large	
  currents	
  can	
  create	
  large	
  B	
  fields!	
  

      

€ 

∇ ×B =
4πJ
c

      

€ 

B•dl
C∫ =

4π
c

J•dS
S
∫∫ Ampere’s law 

For an axial current I: 
 
 

    

€ 

2π rBθ =
4π
c

I

    

€ 

Bθ =
2
c

I
r

   (cgs)

Bθ G( ) =
I A( )

5 r(cm)
100 A at 2 mm radius is 100 G 
1.0x107 A (10 MA) at 4 mm radius is 5x106 G = 1     MBar of pressure! 
2.5x107 A (25 MA) at 1 mm radius is 5x107 G = 100 MBar of pressure!! ßZ Machine  

     (~1000x more than high explosives) 

Pmag ~ B2  ~ I2 r -2  

LARGE CURRENTS à LARGE MAGNETIC FIELDS à LARGE PRESSURES! 
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How	
  strong	
  is	
  this	
  pressure?	
  

A typical refrigerator magnet is 100 gauss ~ 400 dyne/cm2 

 
A 5000 G (0.5 T) magnetic field ~ 106 dyne/cm2 ~ 1 atmosphere ~ 1 Bar 
 
A 5x106 G (500 T)  magnetic field ~ 1 Million atmospheres = 1 Megabar (MB)= 
High energy density physics (“HEDP”) 
 
A 5x109 G (500 kT) magnetic field ~ 1 Trillion atmospheres = 1 Terabar (TB) > 
pressure in the center of the sun 
 
Note that high explosives have pressure ~ 100,000-300,000 atmospheres 
~ 0.1-0.3 Mbar (not “HEDP”) ~ equivalent ~50-150 T or 5x105-1.5x106 G 

    

€ 

Pm(dyne / cm2 ) =
B(G)2

8π

N = kg m s-2 (mks) versus dyne = g cm s-2 (cgs) 
 

So 1 N = 105 dyne, and, in pressure units: 
1 N m-2 (Pa) = 10 dyne cm-2 = 10-5 bar 
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We	
  can	
  incorporate	
  the	
  effect	
  of	
  magneQc	
  fields	
  into	
  the	
  
plasma	
  fluid	
  equaQons	
  as	
  an	
  effecQve	
  pressure	
  	
  

      

€ 

∂ρ
∂t

+∇ •ρu = 0

ρ
∂u
∂t

+ u ⋅ ∇( )u
& 

' 
( 

) 

* 
+ =

J×B
c

−∇P

mass conservation 

momentum conservation 
(F=ma) 

For slowly varying fields we can approximate: 
      

€ 

∇ ×B =
4πJ
c

      

€ 

J×B =
c

4π
∇ ×B( ) ×B = −

c
4π

B× ∇ ×B( )

cgs 

(Ampere’s law, ignoring 
displacement current) 

      

€ 

B× ∇ ×B( ) =
1
2
∇ B•B( ) −B•∇B = ∇

B2

2

% 

& 
' 
' 

( 

) 
* 
* −B•∇BFrom vector identities: 

      

€ 

J×B =
c

4π
B•∇B−∇

B2

2

& 

' 
( 
( 

) 

* 
+ 
+ 

& 

' 

( 
( 

) 

* 

+ 
+ 

We re-write JxB as: 

So JxB becomes: 

      

€ 

ρ
∂u
∂t

+ u ⋅ ∇( )u
& 

' 
( 

) 

* 
+ =

J×B
c

−∇P =
1

4π
B•∇B−∇ P +

B2

8π

& 

' 
( 
( 

) 

* 
+ 
+ 

magnetic 
tension 

magnetic 
pressure 

Plasma momentum is affected by magnetic fields 

fluid 
pressure 

In the case of an 
axisymmetric z-directed 

current (Bθ field), the 
magnetic tension is zero 
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Large	
  currents	
  and	
  the	
  corresponding	
  magneQc	
  fields	
  can	
  
be	
  used	
  to	
  create	
  and	
  control	
  high	
  energy	
  density	
  maier	
  

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

§  MagneQc	
  pressure	
  increases	
  in	
  a	
  converging	
  geometry	
  

§  High	
  pressures	
  can	
  be	
  created	
  without	
  making	
  material	
  hot	
  

§  MagneQc	
  fields	
  can	
  be	
  generated	
  over	
  long	
  Qme	
  scales	
  with	
  significant	
  control	
  
over	
  the	
  Qme	
  history	
  (pulse	
  shaping)	
  

§  Energy	
  density	
  is	
  increased	
  through	
  planar	
  compression	
  or	
  cylindrical	
  implosion	
  

§  MagneQc	
  fields	
  change	
  the	
  way	
  parQcles	
  and	
  energy	
  are	
  transported	
  in	
  a	
  plasma	
  

€ 

ρ
∂u
∂t

+ u ⋅ ∇( )u
& 

' 
( 

) 

* 
+ =
J ×B
c

−∇P ≈
1
4π
B•∇B−∇ P +

B2

8π
& 

' 
( 

) 

* 
+ 
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The	
  “Z”	
  pulsed-­‐power	
  facility	
  is	
  located	
  at	
  Sandia	
  NaQonal	
  
Laboratories	
  in	
  Albuquerque,	
  New	
  Mexico	
  

Youtube.com: search for the BBC TV show: 
“Horizon: Can we make a star on earth?” 
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The	
  “Z”	
  pulsed-­‐power	
  facility	
  is	
  located	
  at	
  Sandia	
  NaQonal	
  
Laboratories	
  in	
  Albuquerque,	
  New	
  Mexico	
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Z	
  poses	
  a	
  challenging	
  environment	
  for	
  experiments	
  

• 30 – 100 g instantaneous shock at center 

Michael Jones 
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The	
  ground	
  shock	
  is	
  ±1g	
  of	
  acceleraQon	
  over	
  200	
  ms	
  	
  

Seismac program 
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Debris	
  from	
  all	
  experiments	
  must	
  be	
  carefully	
  managed	
  (several	
  
MJ	
  energy	
  release	
  equivalent	
  to	
  few	
  sQcks	
  of	
  dynamite)	
  

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

MagLIF Experiment  



22 

The	
  earliest	
  z-­‐pinch	
  experiment	
  on	
  record	
  

Martinus van Marum 
 
Location: Amsterdam 
 
Date: 1790 
 
Parameters: 
1 kJ energy storage 
 
Technology: 
100 Leyden jars 
 
Application: 
explosion and vaporization of 1 m 
long wire 
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The accumulation and transmission of electromagnetic energy, called 
“pulsed power”, has been investigated for more than a century 

Tesla’s Lab (GW) Z facility {SNL} 
Z-pinch (100-330 TW) 

1900  1920  1940  1960  1980  2000 
Radar (MW) 
• Germany 
• US 
• Russia 
• Great Britain 

WWII 
Charlie Martin {AWE} 

Hermes - II {SNL} 
e-beam (TW) 

PBFA - II {SNL} 
Ion Beams (20 TW) 

Angara - II {Russia} 
Simulator (TW) 

DARHT {LANL} 
Radiography (10 GW) 

Marx generator 
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HED	
  experiments	
  on	
  Z	
  address	
  issues	
  of	
  fundamental	
  
importance	
  

Diamond	
  at	
  10	
  Mbar	
  
Knudson	
  et	
  al.,	
  Science	
  322	
  (2008)	
  
	
  
D2	
  EOS	
  at	
  1	
  Mbar	
  
Knudson	
  et	
  al.,	
  PRL	
  87	
  (2001)	
  
	
  
Photoionized	
  Plasmas	
  
Foord	
  et	
  al.,	
  PRL	
  94	
  (2004)	
  
	
  
Radia@ng	
  Shocks	
  
Rochau	
  et	
  al.,	
  PRL	
  100	
  (2008)	
  
	
  
Opacity	
  at	
  Te	
  >	
  150	
  eV	
  
Bailey	
  et	
  al.,	
  PRL	
  99	
  (2007)	
  
	
  
Fusing	
  Plasmas	
  
Bailey	
  et	
  al.,	
  PRL	
  93	
  (2004)	
  
	
  
High-­‐Z	
  Ion	
  Radia@ng	
  Plasmas	
  at	
  40	
  Mbar	
  
Ampleford	
  et	
  al..	
  submiied	
  PoP	
  (2013)	
  
	
  

HED experiments on the Z facility 
address issues of fundamental importance

Diamond at 10 Mbar
Knudson et al., Science 322 (2008) 

D2 EOS at 1 Mbar
Knudson et al., PRL 87 (2001)

Photoionized Plasmas
Foord et al., PRL 94 (2004)

Radiating Shocks
Rochau et al., PRL 100 (2008)

Opacity at Te > 150 eV
Bailey et al., PRL 99 (2007)

Fusing Plasmas
Bailey et al., PRL 93 (2004)

figure courtesy of G. Rochau 
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Shock Compression Cylindrical compression 

Planar ramp-compression Z-pinch x-ray sources 
 

continuous compression up to ~4 Mbar 

Velocities > 40 km/s 

X-ray power up to 330 TW, 2.2 MJ 

- Fusion (P up to 1 Gbar) 
-EOS up to 6.5 Mbar 

There	
  are	
  mulQple	
  ways	
  to	
  use	
  the	
  current	
  on	
  Z	
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Dynamic Materials Properties 
 
 
Inertial Confinement Fusion 
 
 
Radiation Effects Sciences 
 
 
Primary Assessment 

  
 
Secondary Assessment 
 
 
Fundamental Science 

The	
  stockpile	
  stewardship	
  is	
  divided	
  into	
  a	
  broad	
  pormolio	
  of	
  
“science	
  campaigns”	
  with	
  diverse	
  requirements	
  

Materials of interest at pressure 
and temperatures of interest 

Researching into creating “self-
heating or burning plasmas” 

Study the impact of radiation on 
circuits and components 

Simulate and study process of 
importance in NW primaries 

Simulate and study process of 
importance in NW secondaries 

Use the conditions to study basic 
science questions in astrophysics, 
geophysics, plasma, atomic physics 
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Z	
  and	
  other	
  pulsed-­‐power	
  
machines	
  are	
  used	
  to	
  drive	
  
material-­‐physics	
  experiments	
  

§  This application is outlined in 
seminal publications by Reisman 
and colleagues (JAP, 2001) and 
Hall and co-workers (RSI, 2001). 

§  The magnetic pressure 
generated within a short-circuit 
load drives the experiment. 

current 
flow 

material 
sample 
under 
study 

conductors of the 
short-circuit load 

B 

Pmagnetic =
µ0 I

2

2 w2

I = current 

w = width of the conductor 

material-physics 
load fielded on Z 

idealized 
material-

physics load 

diagnosti
c fiber 

optic 
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kinetic and magnetic energy 
 
 

internal energy (fast ions) 
 
 
 
 
 

x rays 

MagneQcally-­‐driven	
  fast	
  z-­‐pinch	
  implosions	
  efficiently	
  convert	
  
electrical	
  energy	
  into	
  radiaQon	
  

Current 

B-Field 

JxB Force 

Stagnation Implosion Ablation 

 
 

 
 

 
  

  
 

electrical energy 

kinetic energy 
Fast wire z-pinch loads: 
•  Z-pinches are imploded 

in 60-120 ns, and 
radiate x-rays in 5 ns 

•  Energy: x-ray ~ 15% of 
stored electrical  

•  Power: x-ray ~ 2-5 x 
electrical 

internal energy (ions and 
electrons) 
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J 

B JxB   

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

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

1-2 cm 
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How	
  much	
  magneQc	
  energy	
  can	
  we	
  put	
  into	
  kineQc	
  energy	
  ?	
  

  

€ 

ma = F
m˙ ̇ r = PA

According to the MHD equations we can treat 
the magnetic field working on the wires as a 
magnetic pressure Pmag ~ B2 
 

For a thin shell with all the current on the 
outside: 

r 

l 

    

€ 

A = 2πrl P =
B2

2µo
B =

µoI
2πr

      

€ 

m


d2r

dt2
= −

µo
4π

I2

r

MKS units 

We can integrate this equation to get 
the kinetic energy given to the imploding shell 

Current 

B-Field 

JxB Force 

m(d2r/dt2) = PA 

Acceleration increases with I2, but it 
also increases during implosion (r -1) ! 
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An	
  analyQc	
  soluQon	
  to	
  the	
  equaQon	
  of	
  moQon	
  with	
  I	
  ~	
  constant	
  
shows	
  rising	
  magneQc	
  pressure	
  accelerates	
  the	
  pinch	
  

§  Velocity	
  at	
  convergence	
  raQo	
  of	
  10	
  ~	
  50	
  cm/µs	
  	
  ~	
  500	
  km/s	
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We	
  employ	
  energies	
  of	
  ~	
  1	
  MJ	
  in	
  every	
  day	
  objects	
  

§  mF150	
  =	
  2950	
  kg	
  
§  vF150=94	
  km/hour	
  (58	
  mph)	
  
§  E	
  =	
  1	
  MJ	
  	
  
§  In	
  a	
  typical	
  z-­‐pinch,	
  this	
  1	
  MJ	
  is	
  released	
  in	
  5	
  ns	
  

An energy of 1 MJ: 
•  Kinetic energy of F150 at ~60 mph 
•  0.48 x energy in a stick of dynamite 
•  100 W incandescent light bulb uses 1 

MJ in 4.3 hours 
 
A velocity of 500 km/sec: 
•  ~ 1,100,000 miles per hour 
•  New York to LA in ~ 8 seconds 
•  1/600 speed of light 
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Self-­‐emission	
  x-­‐ray	
  imaging	
  shows	
  that	
  magneQcally	
  driven	
  
implosion	
  generates	
  large	
  volumes	
  (10	
  to	
  100	
  mm3)	
  of	
  hot	
  plasma	
  	
  

Z1596 
SS 

277 eV  K-shell 

-3 ns 

+1 ns 

-2 ns 

-1 ns 

0 ns 

+2 ns 

Z1519,  Al 

• As noted previously, 
•  Evidence of instability at stagnation 
•  Observed structure varies with atomic 

number
• Hot, dense column emitting K-shell on axis 
with colder material still imploding

-2.3 ns 

277 eV    
 

1.7 keV    Al 
K-shell  

Overlay    
 

5 mm 

+3.2 ns 

B. Jones, IEEE Trans. Plasma Science, 34, 213 (2006) 
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Numerical	
  modeling	
  tools	
  are	
  mature	
  and	
  complement	
  Z	
  gas	
  puff	
  
experiments	
  

§  Cold	
  gas	
  flow	
  models	
  may	
  be	
  
validated	
  using	
  experimental	
  
interferometer	
  data	
  

§  Benchmarked	
  simulated	
  
profiles	
  can	
  be	
  used	
  to	
  
iniQate	
  MHD	
  simulaQons	
  

§  Tabulated	
  atomic	
  data	
  
are	
  used	
  to	
  esQmate	
  
K-­‐shell	
  x-­‐ray	
  outputs	
  

C.A. Jennings, SNL, GORGON 

§  Pre-­‐shot	
  NRL	
  modeling	
  [Thornhill	
  et	
  al.,	
  HEDP	
  8,	
  197	
  (2012)]	
  
was	
  consistent	
  with	
  SNL	
  Gorgon	
  simulaQons	
  (Jennings)	
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Numerical	
  models	
  are	
  being	
  used	
  to	
  design	
  experiments	
  and	
  
benchmarked	
  post-­‐shot	
  to	
  gain	
  physics	
  insight	
  

§  Cold	
  gas	
  flow	
  models	
  may	
  be	
  
validated	
  using	
  experimental	
  
interferometer	
  data	
  

§  Benchmarked	
  simulated	
  
profiles	
  can	
  be	
  used	
  to	
  
iniQate	
  MHD	
  simulaQons	
  

§  Tabulated	
  atomic	
  data	
  
are	
  used	
  to	
  esQmate	
  
K-­‐shell	
  x-­‐ray	
  outputs	
  

Simulation 

Interferometer 

§  Pre-­‐shot	
  NRL	
  modeling	
  [Thornhill	
  et	
  al.,	
  HEDP	
  8,	
  197	
  (2012)]	
  
was	
  consistent	
  with	
  SNL	
  Gorgon	
  simulaQons	
  (Jennings)	
  

C.A. Jennings, SNL, GORGON 
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Many x-ray experiments use just one of two types of routine, 
established wire array z-pinch sources 

Large-diameter K-shell sources 

•  Diameter: 4-8 cm 
•  Height: 2 cm 
•  Radial Beamlines: 9 
•  Axial Beamlines: 1 
•  Optimized for K-shell emission 
•  Spectrum/Power/Energy depends 
on wire material: Al, SS, Cu 

Z-pinch dynamic hohlraum 

•  Diameter: 4 cm 
•  Height: 1.2 cm 
•  Radial Beamlines: 9 or 18 
•  Axial Beamlines: 1 
•  Near-Planckian emission spectrum 
•  Broadband Energy Emission: 1 MJ 
•  Peak Power: 170 TW 
•  Power FWHM: 3 ns 
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MagneQcally-­‐driven	
  implosions	
  to	
  ~500–1000	
  km/s	
  are	
  used	
  to	
  
access	
  K-­‐shell	
  emissions	
  from	
  different	
  materials	
  

80-120 
mm 

40-80 mm 

20 mm 

Al Ar 

SS 
Cu 

Kr 

D.J. Ampleford et al., RHEDP 2013 
B. Jones et al., RHEDP 2013 

Structured Gas Puffs Nested Wire Arrays 



38 

1 J.E. Bailey, et al, Phys. Rev. Lett. 99,	
  265002	
  (2007).	
  
2 G.R. Bennett, et al., Phys. Rev. Lett. 205003	
  (2007).  
3 C. A. Coverdale et al., IEEE T. Plas. Sci. 35, 582 (2007). 
4 M.E. Cuneo et al., IEEE T. Plas. Sci. 40, 3222 (2012). 

MagneQcally-­‐driven	
  x-­‐ray	
  sources	
  are	
  being	
  used	
  for	
  a	
  variety	
  of	
  
fundamental	
  and	
  applied	
  science	
  applicaQons	
  

  

λ

K-Shell Sources 3 Opacity Measurements and  
Photo-ionized plasmas 1 

Radiation Hydrodynamics 2 

Example iron opacity 
relevant to stellar models 

Capsule physics 4 

1 mm 

2 mm 
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Magnetically-driven x-ray sources are being used for a 
variety of fundamental and applied science applications 

Tungsten 
Wire Arrays 

4 mm 

CH2  

Solar opacity at Te > 150-170 
eV Bailey et al., PRL 99 (2007) 

λ

Data 
Model 

Photo-ionized plasmas 

•  1 µg of stellar interior at R ~ 0.7Rsol 
•  10-3 liters of accretion disk at R ~ 100 – 1000 km from black hole 
•  ~0.1 liters of white dwarf photosphere 
•  weapons science 

White dwarf physics 
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We are making fundamental discoveries in Astrophysics and 
Planetary Science within the Z Fundamental Science Program 

A higher-than-predicted measurement of iron opacity 
at solar interior temperatures 
§  Jim Bailey, et. al., Nature 517, 14048 (2015) 
§  Sandia, Ohio State University, University of Nevada 

Reno, PRISM, LANL, LLNL, and CEA 
§  High-precision measurements at the almost unreachable 

conditions of the radiation/convection boundary in the 
sun 

A higher opacity of iron at solar 
conditions explains contradictions 
between helioseismic observations 

and established solar models 
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Z	
  iron	
  opacity	
  experiments	
  refine	
  our	
  understanding	
  of	
  the	
  sun,	
  
stars,	
  and	
  laboratory	
  HED	
  systems	
  
•  Opacity is the fundamental property that controls photon absorption in matter 

•  Opacity model uncertainty has been proposed as an explanation for the decade 
old problem that solar models do not match helioseismic observations 

Basu et al, Physics Reports (2008). Asplund et al, Annu. Rev. Astro. Astrophys. (2005). 

Old 
abundances 

Revised 
abundances 

10 
 

8 
 

6 
 

4 
 

2 
 

0 

Δ
ρ/
ρ 

(%
) 

•  Conditions at the solar CZB : 182 eV, 9e22 electrons/cc 
•  Similar conditions exist in many astrophysical and laboratory plasmas 
•  Thus, solar opacity model refinements have far-reaching implications 

Convection zone 
base (CZB) 

Solar problem arose 
with abundance 
revision in ~ 2000 
 
Stellar composition and 
opacity are intertwined 
 
Problem resolved if 
mean opacity ~15% 
higher than predicted 
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Foil is heated during  
the ZPDH implosion 

Foil is backlit  
at shock stagnation 

Thin 
Foil 

The	
  ZPDH	
  radiaQng	
  shock	
  is	
  used	
  to	
  both	
  heat	
  and	
  backlight	
  
samples	
  to	
  stellar	
  interior	
  condiQons.	
  

Thin 
Foil 

opacity sample 

Bailey et al., Nature 2015 
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Opacity	
  model	
  discrepancy	
  at	
  solar-­‐interior	
  condiQons	
  implies	
  photon	
  
absorpQon	
  in	
  HED	
  maier	
  is	
  different	
  than	
  previously	
  believed	
  

Bailey et al., Nature 2015 

Quasi-continuum  
OP ~ 2x lower 

Iro
n 

op
ac

ity
 1

04
 c

m
2 /g

  

Z data 

OP Model 
182 eV, 3.1e22 e/cc 

windows  
OP ~ 2.5x lower 

BB features: 
•  different strength 
•  λ doesn’t match 
•  OP lines too narrow 

0.0 

0.4 

0.6 

0.8 

1.0 

1.2 

0.2 

1.4 

λ (Å) 8 9 10 11 12 

κR 

κR 

•  Calculated Rosseland mean for iron is 1.75x lower than measured 
•  This difference accounts for roughly half the opacity change needed to 

resolve the solar problem 
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We are making fundamental discoveries in Astrophysics and 
Planetary Science within the Z Fundamental Science Program 

Iron rain following a meteor impact 
explains the iron-enriched mantle of the 
earth and a key earth/moon difference  

Impact vaporization of planetesimal cores in the 
late stages of planet formation 
§  Richard D. Kraus, et. al., Nature Geoscience, DOI:

10.1038/NGEO2369 (2015) 
§  Sandia, Harvard, UC Davis, and LLNL 
§  Multi-Mbar dynamical material experiments to measure 

properties of vaporized iron at conditions of planetary 
impacts 
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Planetesimal	
  impacts	
  played	
  an	
  important	
  role	
  in	
  shaping	
  
the	
  solar	
  system	
  	
  

A significantly lower shock pressure 
(500 GPa) is required to vaporize iron 
upon release than previously used in 
planetary modeling  (890 GPa)   

R. G. Kraus et al., Nature Geoscience 
04/2015; 8(April):269-272 

Iron Rain 
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risk ~ 1/maturity 

double-ended 
hohlraum 

dynamic 
hohlraum 

advanced concepts 

Are there more efficient pulsed power methods for heating 
and compressing fusion fuel? 
 

§  Pulsed power can flexibly drive many target types 
§  Direct fuel compression and heating with the magnetic field could be up to 

20X more efficient 

efficiency 
 

~1/cost 
 

~1/driver size 

η ~ 0.04% 

η ~ 0.5 to 1% X-ray Drive 

Magnetic Direct-Drive 
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Direct-­‐magneQcally-­‐driven	
  targets	
  efficiently	
  
absorb	
  large	
  energies	
  

10
1

10
2

10
3

0.01 0.1

M
a
g

n
e
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c
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re
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u

re
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a
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Radius (cm)
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60
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Drive Pressure	
  

€ 

P =
B2

2µo

=105 IMA /26
Rmm

" 

# 
$ 

% 

& 
' 

2

§  Large	
  drive	
  pressures:	
  
§  100	
  MBar	
  on	
  Z	
  at	
  26	
  MA	
  
§  >500	
  MBar	
  at	
  >	
  60	
  MA	
  

	
  
§  Efficient.	
  No	
  energy	
  is	
  wasted	
  on:	
  

§  HeaQng	
  target	
  
§  Hohlraum	
  heaQng	
  
§  Conversion	
  to	
  x-­‐rays	
  

§  Energy	
  rich:	
  
§  100kJ	
  into	
  fusion	
  fuel	
  (~0.5%)	
  on	
  Z	
  
§  7	
  MJ	
  into	
  target	
  (~5%)	
  at	
  60	
  MA	
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The	
  United	
  States	
  ICF	
  program	
  has	
  focused	
  on	
  three	
  main	
  
approaches	
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Sandia is conducting 
magnetized-liner interial-
fusion (MagLIF) 
experiments on Z  

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed 
Martin Corporation, for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.  

Magnetization 
Laser 

Heating Compression 
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Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed 
Martin Corporation, for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.  
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Magnetization 
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beryllium 
liner 

DD or 
DT 
fusion 
fuel 

applied 
axial 
magnetic 
field 

fuel 
magnetization 

fuel 
preheat 

fuel 
compression 

laser 

liner 
compressed 
by the Z 
current 

§  A beryllium liner contains DD or DT 
fusion fuel 

§  The fuel is magnetized by an applied 
axial magnetic field 

§  The fuel is preheated by a laser 

§  The fuel is subsequently compressed 
by the Z-accelerator current 

§  To date, the MagLIF concept has 
achieved DD neutron yields ~2 x 1012 



50 

The presence of a magnetic field can strongly affect 
transport properties, e.g. electron heat conduction 

Heat/energy flow Hot Cold 

Collisional 
no B 

Strong B  
(perpendicular 
to this slide) 
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

“Anomalous” heat transport can reduce the benefit of magnetic 
fields (e.g., in tokamaks) but there remains a significant benefit 

Heat flow 
reduced! 
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We	
  have	
  obtained	
  promising	
  iniQal	
  results	
  with	
  MagLIF	
  

B-field 
and Laser 

B-field Null 

Sefkow, Slutz, et al., Phys. Plasmas (2014) 
Gomez et al. Phys. Rev. Lett. (2014), Phys. Plasmas (2015) 
Schmit et al. Phys. Rev. Lett. (2014) 
Knapp et al. Phys. Plasmas (2015) 
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MagLIF	
  is	
  a	
  concept	
  well	
  suited	
  to	
  pulsed	
  power	
  and	
  may	
  lower	
  
requirements	
  for	
  plasma	
  self-­‐heaQng	
  

Vimp ~ 7 to 10 cm/µsec 
Telectron ~ Tion ~ 3 keV 
DD Neutron Yield ~ 2.e12 
DT Neutron Yield ~ 5.e10 
P ~ 1 GBar 
BR ~ 0.4 MGauss-cm
ρRfuel ~ 1.5 mg/cm2 

ρRliner ~ 0.9 g/cm2 

See Ryan McBride’s talk on Thursday 
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Shock Compression 

Planar Ramp-Compression 
 continuous compression up to ~4 Mbar 

Velocities > 40 km/s 

MagneQcally-­‐driven	
  planar	
  and	
  cylindrical	
  geometries	
  are	
  
used	
  for	
  the	
  dynamic	
  materials	
  program	
  	
  	
  

§  Shock	
  or	
  ramp	
  compression	
  of	
  
materials	
  increases	
  densiQes	
  by	
  
2	
  to	
  10:1	
  

Cylindrical Ramp-Compression 
Possibly continuous 

compression up to ~10-20 Mbar 
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MagneQc	
  pressure	
  on	
  Z	
  allows	
  access	
  to	
  a	
  large	
  region	
  of	
  
the	
  equaQon	
  of	
  state	
  surface	
  

54

CP 

Pressure (GPa) 

Temperature (K) Density (g/cc) 

Hugoniot 

Room temp 
isotherm 

Principal 
isentrope 

Shock and 
release Preheated 

isentrope 

Double 
Shock 

Melt 
line 

F(T,v) 

figure courtesy of M. Knudsen 
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The	
  dynamic	
  materials	
  program	
  measures	
  equaQons	
  of	
  state	
  and	
  other	
  
properQes	
  (strength)	
  for	
  elements	
  and	
  compounds	
  of	
  interest	
  

D2 
LiD 
CO2 
H2O 

MgO 
CaF 
LiF 

SiO4 (e.g. quartz) 
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56

Z has been used to address several interesting problems in 
the multi-Mbar regime 

Quartz 

D2 

Be 

Tantalum 

Be 

C 

H2O 

H2O 

M. Knudsen et al. 
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There	
  is	
  a	
  need	
  for	
  faciliQes	
  that	
  achieve	
  
thermonuclear	
  igniQon	
  and	
  high-­‐yield	
  fusion	
  

§  The U.S. conducted its 
last underground 
nuclear test 23 years 
ago (in 1992) 

§  Since then, the U.S. has 
not conducted 
thermonuclear-ignition 
or high-fusion-yield 
experiments 

§  There will soon be no 
full-time scientists with 
direct experimental 
ignition or high-yield 
experience  

The second U.S. 
underground nuclear 

test was a 1-kiloton 
explosion (1955). 

Preparation 
for an 

underground 
test at the 

Nevada Test 
Site in the 

1990s. 

It’s clear the U.S. needs a 
thermonuclear-burn facility 
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We	
  have	
  a	
  long-­‐term	
  vision	
  to	
  achieve	
  igniQon	
  and	
  high-­‐
yield	
  fusion	
  in	
  the	
  future	
  

2013:  First integrated tests of new MagLIF idea on Z 

2015: National ICF program review 

Demonstrate LTD module prototypes (e.g., radiography) 

Review of Ignition on Z-300; CD-0 for Z300 

2019: Baikal operations begin 
(50 MA Russian fusion facility) 

Z-300 operations begin 

Z-300 demonstrates ignition 
and high-gain scaling 

CD-0 for SPARC-Z High-Yield Facility 

SPARC-Z operations begin 

1 
GJ 
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We	
  are	
  currently	
  exploring	
  target	
  designs	
  and	
  pulsed	
  power	
  
architectures	
  that	
  may	
  be	
  on	
  the	
  path	
  to	
  0.5-­‐1	
  GJ	
  yields	
  that	
  
also	
  meet	
  the	
  needs	
  of	
  the	
  science	
  campaigns	
  

Z Goal 
Yield = Efuel 

Z-300 Goal 
Yield = Etarget 

Z-800 Goal 
Yield = Emachine 

• 80 TW 
• 33 m diameter 
• 22 MJ stored energy 
• 26 MA peak current 

• 320 TW 
• 35 m diameter 
• 47 MJ stored energy 
• 49 MA 

• 890 TW 
• 52 m diameter 
• 130 MJ stored energy 
• 66 MA 



60 

We	
  have	
  developed	
  a	
  linear	
  transformer	
  driver	
  architecture	
  
that	
  can	
  scale	
  to	
  800-­‐1000	
  TW	
  and	
  that	
  is	
  twice	
  as	
  efficient	
  
and	
  twice	
  as	
  compact	
  as	
  Z	
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water-insulated radial-transmission-line 
impedance transformers 

magnetically 
insulated 
transmission 
lines (MITLs) 

linear-transformer-driver 
(LTD) modules (90 total) 

PLTDs = 320 TW 
ELTDs = 47 MJ Vstack = 7.7 MV Iload = 49 MA 

τimplosion = 150 ns fusion yield ~5 MJ Lvacuum = 15 nH 
diameter = 35 m 

vacuum-
insulator stack 

Z 300 

Z 300 will deliver 49 MA to a MagLIF load. 
The goal:  thermonuclear ignition (i.e., a liner gain of ~1) 

WA Stygar et al 
PRSTAB, 2015 
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dj 

PLTDs = 890 TW 
ELTDs = 130 MJ Vstack = 15 MV Iload = 66 MA 

τimplosion = 114 ns Lvacuum = 20 nH 
diameter = 52 m 

Z 800 will deliver 66 MA to a MagLIF load. 
The goal:  ~500 MJ of fusion yield (i.e., a machine gain of ~4) 

fusion yield ~500 MJ 

water-insulated radial-transmission-line 
impedance transformers 

magnetically 
insulated 
transmission 
lines (MITLs) 

linear-transformer-driver 
(LTD) modules (90 total) 

vacuum-
insulator stack 

Z 800 

WA Stygar et al 
PRSTAB, 2015 
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Large	
  HED	
  faciliQes	
  are	
  as	
  close	
  as	
  we	
  can	
  get	
  to	
  “holding	
  
the	
  Sun”	
  on	
  Earth	
  

§  We	
  make	
  sufficient	
  enough	
  macroscopic	
  quanQQes	
  of	
  
high	
  energy	
  density,	
  hot-­‐dense	
  maier	
  to	
  allow	
  
accurate	
  study	
  

§  Pulsed	
  power,	
  in	
  parQcular,	
  allows	
  large	
  energy	
  
delivery	
  to	
  the	
  largest	
  samples	
  or	
  targets,	
  generaQng	
  
large	
  scale	
  size,	
  hot,	
  dense	
  plasmas	
  with	
  large	
  volume-­‐
to-­‐surface	
  area	
  raQos,	
  and	
  at	
  low	
  cost	
  per	
  shot	
  

§  We	
  may	
  someday	
  be	
  able	
  to	
  “create	
  a	
  star”	
  in	
  the	
  
laboratory	
  

§  When	
  we	
  make	
  measurements	
  in	
  the	
  HED	
  field,	
  quite	
  
o2en	
  the	
  measurements	
  disagree	
  with	
  scienQfic	
  
predicQons	
  or	
  expectaQons	
  before	
  the	
  experiments	
  à	
  
experiments	
  are	
  needed	
  to	
  validate	
  our	
  models	
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Summary	
  

§  Large	
  currents	
  create	
  large	
  magneQc	
  fields,	
  and	
  large	
  magneQc	
  fields	
  create	
  large	
  
pressures,	
  which	
  are	
  needed	
  to	
  access	
  high	
  energy	
  density	
  regimes	
  

§  The	
  Z	
  machine	
  creates	
  large	
  currents,	
  allowing	
  us	
  to	
  address	
  fundamental	
  issues	
  in	
  HED	
  
science,	
  dynamic	
  materials,	
  and	
  inerQal	
  confinement	
  fusion	
  

§  Pulsed	
  power	
  can	
  inexpensively,	
  efficiently,	
  and	
  flexibly	
  drive	
  many	
  different	
  kinds	
  of	
  
applicaQons	
  at	
  large	
  currents	
  and	
  high	
  voltages	
  

	
  
§  These	
  applicaQons	
  go	
  well	
  beyond	
  tradiQonal	
  concepts	
  known	
  colloquially	
  as	
  “z-­‐

pinches”	
  
	
  
§  MagneQc	
  drive	
  is	
  a	
  low	
  cost	
  and	
  efficient	
  way	
  to	
  generate	
  high	
  energy	
  density	
  

condiQons	
  over	
  large	
  volumes	
  

§  The	
  upper	
  limits	
  on	
  magneQcally-­‐driven	
  performance	
  in	
  achieving	
  high	
  energy	
  densiQes	
  
are	
  not	
  known	
  

§  There	
  is	
  a	
  lot	
  of	
  room	
  for	
  innovaQon!	
  


