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Radiation-drive Laser-drive Magnetic-drive 

Focus of today’s talk 
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Up to 22 MJ stored 
0–26 MA in 100 ns 

Pulse shaping capabilities 

10,000 ft2 

10 to 50 MGauss drive fields 
1-100 Mbar drive pressures 

15% coupling to load 

2–4 kJ Z Beamlet Laser (ZBL) 
for radiography and 

MagLIF fuel preheating 
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Dist. [cm] 

Compressed 
Bz field 

3. Z drive current and B! field implode the liner 
(via z-pinch) at 50–100 km/s, compressing the 
fuel and Bz field by factors of 1000 

Cold DD or DT gas (fuel) 

Liner (Li, Be, or Al) 
1.! A 10–50 T axial magnetic field (Bz) is 
applied to inhibit thermal conduction losses 
and to enhance alpha particle deposition 

 ZBL 
beam ZBL  

preheated  
fuel 2. ZBL preheats the fuel to 

~100–250 eV to reduce the 
required compression to 
CR"20–30 

With DT fuel, simulations indicate scientific breakeven may be possible on Z 
(fusion energy out = energy deposited in fusion fuel) 

Z power flow 
(A-K gap) 
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Bz coils 

* S. A. Slutz et al., PoP 17, 056303 (2010).  S. A. Slutz and R. A. Vesey, PRL 108, 025003 (2012).  
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S. A. Slutz et al., Phys. Plasmas, 17 056303 (2010). 
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S. A. Slutz et al., Phys. Plasmas, 17 056303 (2010). 
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MagLIF Timing Overview 
~ 60–100-ns implosion times 
~ adiabatic fuel compression (thus preheating the fuel is necessary) 
~ 5-keV fuel stagnation temperatures 
~ 1-g/cc fuel stagnation densities 
~ 5-Gbar fuel stagnation pressures  

Semi-analytic simulation results from R. D. McBride and S. A. Slutz, PoP 22, 052708 (2015).  
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Isotropic, Gaussian 
DD neutron spectra 

Thermonuclear 
neutron generation 

High yields and 
temperatures 

Max yield = 2e12 
Max ion temp = 2.5 keV 

Magnetic flux  
compression 

BR = 40 T-cm 

M. R. Gomez et al., Phys. Rev. Lett. 113, 155003 (2014). P. F. Schmit et al., Phys. Rev. Lett. 113, 155004 (2014). 
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Axial and radial NTOF signals are 
both consistent with 2.5 keV burn-

averaged ion temperature 

Emissivity weighted electron 
temperature is approximately 3.1 keV 
in experiment with B-field, laser, and 
implosion 
 
Temperature is < 1 keV for 
experiments that do not include all 
three components of MagLIF 



Z+#4)3%@?%,"30,%1)"$()B+%.(1)8%,%)2$.B))
2C1%,J%()+$)A0..B)+$3%#,"3%()%O?%,+@%$31)

TV$

M. R. Gomez et al., Phys. Rev. Lett. 113, 155003 (2014). 

Some fully-integrated 
experiments did not produce 
high yields or temperatures 

 
No experiments without laser 
or B-field have produced high 

yields or temperatures 

These implosions are SLOW – 70 km/s peak 
Without the preheating the fuel, the required convergence is >100 
Without the magnetic field, the fuel cannot maintain the preheat 

 
Experiments require laser heating and insulating magnetic field to be successful 
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M. R. Gomez et al., Phys. Rev. Lett. 113, 155003 (2014). M. R. Gomez et al., Phys. Plasmas 22, 056306 (2015). 

Narrow x-ray emission column observed at neutron bang time 

Neutron bang time 
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M. R. Gomez et al., Phys. Rev. Lett. 113, 155003 (2014). 
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D D

D D T 

D T n He4 14.1 MeV (12-17 MeV) 

P 1.01 MeV 

n He3 2.45 MeV 50% 

50% 
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1M. R. Gomez et al., PRL 113, 155003 (2014).  
2P. F. Schmit et al., PRL 113, 155004 (2014). 
3P. F. Knapp et al. PoP 22, 056312 (2015).   

Magnetized tritons implies 
magnetized electrons: 

rt ⇡ 1.1r↵

Magnetized tritons implies 
magnetized alpha particles: 

See invited talks by  
P. F. Knapp, SO19-3 
M. R. Gomez, PPC-O-14-2 
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Simulation 

z2591 

z2584 
z2613 

How realistic is it to assume 
poor laser energy coupling? 

A. B. Sefkow et al., Phys. Plasmas 21, 072711 (2014). 
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1.5 micron LEH window 

Data with >3 micron LEH window not collected yet 



9..)3",#%31)32)("3%)4"J%)0&.+'%()9.)%$(:"?1)

!! -)832/I7.0$$
/0038).E$3.)`7(8$
8)c$7`$/$8/4+()/2$$
/4$4B+$I8+$7`$2/0+($
B+/I.E$).*)&/4+$
08/22$2+D+20$7`$$
B)EB$e$8)c$&/.$X+$&/4/04(7AB)&$

!! <B+$`3+2$&/.$472+(/4+$7D+($TUc$87(+$'+$8)c$4B/.$12$
/.*$A(7*3&+$4B+$0/8+$G)+2*$

!! 10038).E$U"Tb$8)c,$/$4/(E+4$:)4B$'+$734$A+(`7(80$
7.+$:)4B$12$XG$/$`/&47($7`$TU$).$G)+2*$

PP$



PQ$



<?:2@+$#)%O?%,+@%$31)8+..)3%13)34%)@+O)
4B?234%1+1)"$(),%(0:%)34%)+@?":3)2A)@+O)

!! Z+:$4/(E+40$/(+$87*32/($
!! KM;$:).*7:$4B)&L.+00$&/.$

X+$T"V$7($aQ$8)&(7.0$
!! <7A$+.*&/A$&/.$X+$12$7($'+$

!! RA&78).E$+cA+()8+.40$
!! aQ$8)&(7.$:).*7:$f$12$
!! aQ$8)&(7.$:).*7:$f$'+$
!! T"V$8)&(7.$:).*7:$f$12$
!! T"V$8)&(7.$:).*7:$f$'+$

PO$

! Z+:$4/(E+40$/(+$87*32/($

Laser heating experiments with >3 micron LEH windows will be conducted 
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•! !~4 from least-
squares fits to 
full MHD 
simulation 
results 

•! TB is brightness 
temperature at 
wall, with 
albedo of ~0.5 
(results are 
insensitive to 
albedo in range 
of 0.1–0.9) 
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Drive (circuit model 
driven by open-circuit 
voltage !oc) 
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Dynamics (fuel and liner) 
•! pl = ideal gas + Birch-

Murnaghan cold curve 
(used for analytic fits to 
SESAME tables) 

•! ql ~ simple !2 dependence 
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Energetics (fuel and liner) 
•! P! = Basko 
•! Pr = Grey model with emissivity & 

opacity integral over T & " profiles 
•! Pce = Epperlein-Haines 
•! Pci = Braginskii 
•! Il2Rl = From assumed distribution:         

     B"(r) ~ r "(#skin) 
and Maxwell’s equations 

(results somewhat sensitive to #) 
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Bz flux loss due to the 
Nernst thermoelectric 
effect (Braginskii) 
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DD & DT Fusion Burn 
•! Analytic <"#> (Bosch & Hale)!
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We found that we needed to discretize the liner 
to obtain more reasonable convergence ratios 

•! This is particularly important for near term, 
low preheat energy solutions 
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(a) Initial Axial Field, Bz0 = 15 T
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(b) Initial Axial Field, Bz0 = 30 T
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(LASNEX contour plots 
courtesy of R. A. Vesey) 

Semi-analytic 
model with 
uniformly 
preheated fuel 
from 
r = 0 to r = 0.5 rg 

LASNEX simulations 
with uniformly 
preheated fuel from 
r = 0 to r = 0.5 rg 
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(LASNEX contour plots 
courtesy of R. A. Vesey) 

Semi-analytic 
model where all 
fuel is uniformly 
preheated 

LASNEX simulations 
with uniformly 
preheated fuel from 
r = 0 to r = 0.5 rg 
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Aspect Ratio = R0/!R 

1D 

2D Yi
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0.58 mm 

3.47 mm 

5–6.5 mm 

AR ! Router,0
"R0

Rd)*9=kV[)1+@0."&2$1)2A)!"#*-/)10##%13)"$)
2?&@0@)"3)"$)"1?%:3),"&2)F9gG)2A)aK)

* S. A. Slutz et al., Phys. Plasmas 17, 056303 (2010). 

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

!! <B)0$2+*$47$4B+$&78A+I.E$
BGA74B+0+0$4B/4$4B+$
7X0+(D+*$/5)834B/2$
&7((+2/I7.$)0$4B+$(+0324$7`[$
/"! <B+$/5)834B/2$&7((+2/I7.$).$

4B+$).)I/2$03(`/&+$W.)0B$7`$
4B+$2).+($\)"+",$`(78$4B+$
*)/87.*H43(.+*$
8/&B).).Ek2/4B+$8/(L0^$

X"! <B+$l7D+(B+/4mk04()/I7.$
`7(8$7`$4B+$+2+&4(7H4B+(8/2$
).04/X)2)4G$\M<g^$

&"! 1$&78X)./I7.$7`$X74B$
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Standard process 
(50 nm RMS) 

After axial polishing 
process applied  
(50 nm RMS) 



$$
Non-polished data 

>4"$#+$#)34%):4",":3%,)2A)34%)10,A":%)(+()$23):4"$#%)34%)
2C1%,J"&2$L)

D. B. Sinars et al., manuscript in preparation.  

R. D. McBride et al., PRL 109, 135004 (2012). 
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K. J. Peterson et al., PoP 19, 092701 (2012); K. J. Peterson et al., PoP 20, 056305 (2013). 
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K. J. Peterson et al., Phys. Plasmas 19, 092701 (2012); 
K. J. Peterson et al., Phys. Plasmas 20, 056305 (2013); 
K. J. Peterson et al., Phys. Rev. Lett. 112, 135002 (2014). 

Thick insulating coatings suppress liner instabilities 
that are seeded by the electro-thermal instability 

I"1%()2$)4B?234%1+1)34"3)34%)%.%:3,2734%,@".)+$13"C+.+3B)1%%(1)
34%)!g;)+$13"C+.+3B\)")@+&#"&2$)13,"3%#B)4"1)C%%$)(%J%.2?%()
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!! !/4B+($4B/.$&G2).*()&/22G$0G88+4()&$
04(3&43(+0,$:+$0++$B+2)&/2$04(3&43(+0$

!! R0+$7`$&78A(+00)X2+$+2+&4(7*+0$
8)IE/4+0$+*E+$).04/X)2)I+0$

!! %/E.+I&$W+2*$(+*3&+*$832IHL+F$c$(/G0$
/007&)/4+*$:)4B$2/4+HI8+$).04/X)2)I+0$

4 mm CR 
=2.7 

CR 
=6.4 

CR 
=2.9 

CR 
=6.9 

CR 
=2.0 

$c$(/G0$

No Bz field 

T. J. Awe et al., Phys. Rev. Lett. 111, 235005 (2013). 
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!!!/4B+($4B/.$
&G2).*()&/22G$
0G88+4()&$
04(3&43(+0,$:+$
0++$B+2)&/2$
04(3&43(+0$

$
!!%/E.+I&$W+2*$

(+*3&+*$832IH
L+F$cH(/G0$
/007&)/4+*$
:)4B$2/4+HI8+$
).04/X)2)I+0$

$

T. J. Awe et al., Phys. Rev. Lett. 111, 235005 (2013). 

CR~
7 
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13"C.%)+@?.21+2$1)B%3L)

Helical structure still present in outer parts, but very stable inner surface at CR ~ 13–21! 

T. J. Awe, K. J. Peterson et al., manuscript in preparation. 
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!! -3&&+00`322G$
8+/03(+*$4B+$
2).+($D+27&)4G$/.*$
4B+$#P$0B7&L$
D+27&)4G$:)4B$.+:$
(/*)/2$?#F$
*)/E.70I&$

?(7X+$

P. F. Knapp, M. R. Martin et al., manuscript in preparation. 

!! ?320+H0B/A).E$7.$e$30+*$47$&78A(+00$
&(G7E+.)&k2)j3)*$#P$47$+c4(+8+$
A(+003(+0$n$*+.0)I+0$

!! ;)EBH*+.0)4G,$27:$4+8A+(/43(+$
03((7E/4+$A2/o7(8$`7($043*G).E$
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Radial PDV 
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%/EKg@H(+2+D/.4$2).+($)8A270)7.0$4B(73EB$47$04/E./I7.$

!! #)+2+&4()&$&7/I.E0$f$'5$B/D+$2+*$47$4B+$8704$04/X2+$)8A270)7.0$G+4$
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!! #"'"$-)./(0$04("6J,$?BG0"$!+D"$K+s"$M^X,$T_VUUT$\PUTU^"$
!! #"'"$-)./(0$04("6J,$?BG0"$?2/08/0$Mb,$UVSQUT$\PUTT^"$
!! %"!"$%/(I.$04("6J,$?BG0"$?2/08/0$Mo,$UVSQTU$\PUTP^"$
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!! >"="$?+4+(07.$04("6",$?BG0"$!+D"$K+s"$MMR,$TQVUUP$\PUTO^"$
!! >"="$?+4+(07.$04("6J,$?BG0"$?2/08/0$Mo,$UtP]UT$\PUTP^"$
!! >"="$?+4+(07.$04("6J,$?BG0"$?2/08/0$R^,$UVSQUV$\PUTQ^"$
!! <"="$1:+$04("6"$?BG0"$!+D"$K+s"$MMM,$PQVUUV$\PUTQ^"$
!! <"="$1:+$04("6"$?BG0"$?2/08/0$RM,$UVSQUQ$\PUTO^"$
!! %"!"$678+5$04("6",$?BG0"$!+D"$K+s"$MMS,$TVVUUQ$\PUTO^"$
!! %"!"$678+5$04("6",$?BG0"$?2/08/0$RR,$UVSQUS$\PUTV^"$
!! ?"@"$-&B8)4$04("6",$?BG0"$!+D"$K+s"$MMS,$TVVUUO$\PUTO^"$
!! ?"@"$>./AA$04("6"$?BG0"$?2/08/0$RR,$UVSQTP$\PUTV^"$$$
!! ?"@"$>./AA$04("6",$8/.30&()A4$).$A(+A/(/I7.$\PUTV^"$
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!! @7($/**)I7./2$).`7(8/I7.$A2+/0+$0++$4B+$`7227:).E$
A3X2)&/I7.0$
!! -"$1"$-2345$+4$/2",$?BG0"$?2/08/0,$Ml$UVSQUQ$\PUTU^"$
!! -"$1"$-2345$/.*$!"$1"$F+0+G,$?BG0"$!+D"$K+s",$M^b$UPVUUQ$\PUTP^"$
!! %"$M"$C3.+7$+4$/2",$gMMM$<(/.0"$?2/08/$-&)"$p^,$QPPP$\PUTP^"$
!! 1"$'"$-+97:$+4$/2",$?BG0"$?2/08/0$RM,$U]P]TT$\PUTO^"$
!! %"$!"$678+5$+4$/2",$?BG0"$!+D"$K+s"$MMS,$TVVUUQ$\PUTO^"$
!! ?"$@"$-&B8)4$+4$/2",$?BG0"$!+D"$K+s"$MMS,$TVVUUO$\PUTO^"$
!! %"$!"$678+5$+4$/2",$?BG0"$?2/08/0$RR,$UVSQUS$\PUTV^"$
!! ?"$@"$>./AA$+4$/2",$?BG0"$?2/08/0$RR$UVSQTP$\PUTV^"$
!! -"$'"$;/.0+.$+4$/2",$?BG0"$?2/08/0$RR$UVSQTQ$\PUTV^"$
!! !"$#"$%&'()*+$/.*$-"$1"$-2345,$?BG0"$?2/08/0$RR$UVP]U_$$\PUTV^"$
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ZBL was originally a prototype laser 
for the National Ignition Facility (NIF) 
 
Today ZBL is located at Sandia and 
is routinely used to deliver ~2.4 kJ of 
2" light in 2 pulses for radiographing 
Z experiments 
 
Recently upgraded to deliver 4 kJ of 
2" in 4 ns 

* P. K. Rambo et al., Applied Optics 44, 2421 (2005). 

Phase C  

laser building 
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10 Tesla point design  

Time to peak field = 3.49 ms 
 

Long time scale needed to 
allow field to diffuse through 
the liner without deformation 

Coil 

Coil 

Coil 

Coil 

Target 

D.C. Rovang et al., see http://www.sandia.gov/pulsedpower/maglifpres/Agenda.html  
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!! <:7$)*+.I&/2$3.)40$\(+A3(A70+*$`(78$)7.$
X+/8$`/&)2)I+0^$/227:0$`7($B)EBHW*+2)4G$
03((7E/&G$4+0I.E$).$0+A/(/4+$4+04$`/&)2)4G$

!! J+$X+2)+D+$tUU$L=$)0$+.73EB$47$8++4$73($
0B7(4$/.*$27.E$4+(8$E7/20$\QU$<^$

Magnetic Coil 
Testbed (MCTB)  1st 900kJ Capacitor 

Banks 

Surrogate Vacuum 
Chamber (SVC) 

The SITF Testbed in Bldg. 970 

Commissioning of coils in the Z 
chamber completed in Feb. 2013 

D.C. Rovang et al., see http://www.sandia.gov/pulsedpower/maglifpres/Agenda.html  

Photo of capacitor bank w/o covers; with covers Photo of capacitor bank w/o covers; with covers 
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Pre-shot photo of coils & target hardware Post-shot photo 



z2592	
  micro-­‐Bdot	
  Results	
  
•  One single-ended probe, 

BMIC05 (black curve), 
gave a good signal that 
agrees well with a 
simple simulation (its 
differential-pair partner, 
BMIC08, did not 
survive however) 

•  The red vertical dashed 
line indicates the time 
when the liner hits the 
outer radius of the on-
axis Faraday probe 
housing, and thus marks 
the end of the flux 
compression experiment 
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R. D. McBride et al., invited manuscript in preparation for Phys. Plasmas (2013).  

µBdot 
probes 
inside 
liner 

On-axis 
rod to 

quench 
radiation 
quench 
radiation 

*Thin Al 
layer to 
enhance 
contrast 
suggested 
by D.D. 
Ryutov 
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Note: MagLIF 
requires final 
compression 

to about 
diameter of 
on-axis rod 

R. D. McBride et al., invited manuscript in preparation for Phys. Plasmas (2013).  

Note: Most 
disruption to 
liner stability 
caused by 
electrode 

end-effects 
and jetting 
material 

diameter of 

Note: 
requires final 
compression 

Note: Most 
disruption to 
liner stability 

end-effects 
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Cylindrical Be ICE to >5 Mbar 

M. R. Martin, R. W. Lemke, R. D. McBride et al., Phys. Plasmas 19, 056310 (2012). 

EOS unfolds by 
M. R. Martin 



Vacuum Magnetic Flux Compression: 

Bdot probes 
detect dynamic 
field 

Faraday rotation and 
Zeeman spectroscopy 
measure total field 
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R.D. McBride et al., Magnetic Flux Compression LDRD Project, SAND Report in preparation (2015) 

!! P$WX+(0$).$47A$+.*$&/A$
`7($04(+/L+*$D)0)X2+$
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Top-down view 

Side view A 
Side view B 

Faraday rotation system developed with 
Tom Intrator at Los Alamos 
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R.D. McBride et al., Magnetic Flux Compression LDRD Project, SAND Report in preparation (2015) 
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Side view B 
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8

+$
C7.I.338$+8)00)7.$

Data courtesy of  
M. R. Gomez & 
S. B. Hansen 
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R.D. McBride et al., Magnetic Flux Compression LDRD Project, SAND Report in preparation (2015) 
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Side view B 

Data courtesy of  
M. R. Gomez & 
S. B. Hansen 
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R.D. McBride et al., Magnetic Flux Compression LDRD Project, SAND Report in preparation (2015) 
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Faraday Rotation Results for Z Shot 2713
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R.D. McBride et al., Magnetic Flux Compression LDRD Project, SAND Report in preparation (2015) 
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R.D. McBride et al., Magnetic Flux Compression LDRD Project, SAND Report in preparation (2015) 

•! The 100-micron tolerance gap between liner body and upper electrode 
likely allowed a magnetic bubble to propagate up into the dielectric end-
cap material, first crushing the micro B-dot cable, and then propagating 
down the micro B-dot feed-through channel and crushing the Faraday 
fiber at a slightly later time 

•! Will make future 
liners monolithic with 
upper electrode 
material to mitigate 
this failure mode 

 
•! New design will be 

tested in December 
2015 

Li
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91)34%)3,+32$r1)*",@2,),"(+01)C%:2@%1):2@?","C.%)32)34%)
?."1@"),"(+01)34%,%)+1)")1+#$+P:"$3)%$4"$:%@%$3)+$)34%))
d;edd)B+%.(),"&2)"1)34%)%Q%:&J%)?"34).%$#34)+$:,%"1%1 

Magnetized tritons implies 
magnetized electrons: 

rt ⇡ 1.1r↵

Magnetized tritons implies 
magnetized alpha particles: 

P.F. Schmit et al., PRL 113, 155004 (2014);  P.F. Knapp et al. PoP 22, 056312 (2015).   
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Note:  A unique property of magnetic drive is increasing pressure with decreasing 
radius. If less energy is coupled to fuel, target converges farther in simulations 
until plasma pressure is sufficient to stop the implosion.  

A.B. Sefkow, S.A. Slutz et al., Phys. Plasmas 21, 072711 (2014). 
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* G. R. Bennett et al., RSI 79, 10E914 (2008). 

•! Spherically-bent quartz crystals (2243) 
 
•! Monochromatic (~0.5 eV bandpass) 
 
•! 15 micron resolution (edge-spread) 
  
•! Large field of view (10 mm x 4 mm) 

•! We can see through imploding 
beryllium (not so for aluminum and 
other higher-opacity materials) 
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D. B. Sinars et al., PRL 105, 185001 (2010); D. B. Sinars et al., PoP 18, 056301 (2011). 



1R. D. McBride et al., PoP 20, 056309 (2013).  2M. R. Martin et al., PoP 19, 056310 (2012). 

Shockless 
(ICE) 
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•! Shockless is more efficient 

hydrodynamically, though 
slower 

 
•! Shockless maintains solid 

metallic inner liner surface 

•! Shockless mitigates ejecta 
from liner’s inner surface at 
shock breakout 

•! Shockless could enable better 
pulsed-power coupling 

•! Shockless cylindrical EOS platform extended 
principal isentrope of Be out to 5 g/cc and 5.5 Mbar2 
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(a) Initial Axial Field, Bz0 = 15 T
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(b) Initial Axial Field, Bz0 = 30 T
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(c) Initial Axial Field, Bz0 = 50 T
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CR=15

CR=20

CR=20

CR=25
CR=30

5 10 15 20 25

20

40

60

80

100

Fu
sio

n 
En

er
gy

 Y
ie

ld
 [M

J]

50

100

150

200

250

! !"# $ $"# % %"#
&'()−*

)

(

!

$

%

#

+

*
,-)).'/012345!!("6'789:.';0<='>?3@−A0B15!)"$.';0<='>?A201C<5$)"#

DEF<'7G:

'

'

BH0<='7FF:
B=E1<B'7FF:
I=2JKL()'78M:
N201C<
O<J@'N0B1

!!TQU$%=$047(+*$).$e_UU$
!!t"_$%=$/X07(X+*$XG$4/(E+4$
!!PPT"t$%=$`30)7.$+.+(EG$\:k$QU$L=$A(+B+/4^$
!!C!iPUxQT$
!!'5U$y$QU$<$


