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= What is the Magnetized Liner Inertial Fusion (MagLIF)
approach at Sandia?

= What are the expectations for near-term experiments with
present parameters?

= What are the expectations for future experiments with
upgraded parameters?
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= What is the Magnetized Liner Inertial Fusion (MagLIF)
approach at Sandia?




Many groups want to use magnetic fields to 7

relax inertial fusion stagnation requirements

o LLNL
UnlverSIty of Rochester/LLE (Perkins et al., Phys Plasmas 2013)

A magnetized ICF implosion yields
higher hot-spot temperatures

2011 Demonstration of
enhanced fusion yield with
magnetization (Y,P°~ 5e9)
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Gotchev et al., Rev. Sci. Instr. 80, 043504 (2009)
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Basko, Kemp, Meyer-ter-Vehn, Nucl. Fusion 40, 59 (2000)
Kemp, Basko, Meyer-ter-Vehn, Nucl. Fusion 43, 16 (2003)
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'Taccetti, Intrator, Wurden et al.,
Rev. Sci, Instr. 74, 4314 (2003)
Degnan et al., IEEE Trans. Plas.

and many others... Sci. 36, 80 (2008) 4




We are working toward the evaluation of the

Magnetized Liner Inertial Fusion® concept

Liner (Al or Be)

g

cold DD or

DT gas
(fuel)

laser
preheated/‘ boog]
fuel F 0N

e

compressed
axial field

azimuthal * Theinitial B,~10-40 T flux is compressed to ~5-15 kT (~50-150 MG)

drive field = toreduce thermal electron conduction losses

= to enable low pR¢,, ignition (B,R;,. and pR,,., required instead)
=  The fuel is preheated using the Z-Beamlet laser in order to reduce:

axial = the convergence ratio (CR) needed to obtain T, > 4 keV
magnetic = the implosion velocity needed to < 100 km/s
field = the stagnation pressure needed to a few Gbar (not 100s Gbar)

=  Thermonuclear yields have been measured on Z
. - | ‘ ‘
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*S. A. Slutz, et. al., Phys. Plasmas 17, 056303 (2010).
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MagLIF uses the Z facility to compress a liner

Sandia

containing pre-magnetized and pre-heated D, gas
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= What are the expectations for near-term experiments with
present parameters?




Ideal 1D HYDRA simulation of near-term DN
experiments on Z using available parameters

Near-term MagLIF experiment:
=7.5 mm, AR;;,...= 6,

I'Iiner

Pgas = 1.5 mg cm3, DD fuel,
B,9= 10T, E,...,= 2 kI (1 TW)
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Ideal 1D HYDRA simulation of near-term DN
experiments on Z using available parameters

Near-term MagLIF experiment:

I'Iiner= 7.5 mm, ARliner= 6'
Pgas = 1.5 mg cm3, DD fuel, Yo (# cm™), dYn/dt (# cm™' ns™)
Bzo=10T'EIaser=2kJ(1TW) 4J_ P e T T T T (R R I__
10+14 _f :_
gt o flere bbb g0 3_—3 Yn=
- - - 3.4el1l4 cm’ -
w0 | “oz0 (0.4 k) cm?)
15— 015 E -
< - S —
= »
- = 1=
10— —0.10 & '
- oC
5__ —0.05
- 0.
- 136 138 140 142 144 146
O | 000 Time (ns)

0O 20 40 60 80 100 120 140
Time (ns)




Ideal 1D HYDRA simulation of near-term DN
experiments on Z using available parameters

Stagnation profile

Near-term MagLIF experiment:
=7.5 mm, AR;;,...= 6,

pgas=1.5mgcm'3'Derfue|’ stag~84um J|1|||||||l|||||||||||||||||||L_
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An integrated 2D model seeks to realistically @mgs.
simulate experiments as they would occur on Z

A number of parameters
and constraints must be
self-consistently included
and integrated into one
simulation:

(1) Laser

(2) Laser entrance hole (LEH)
and window

(3) Liner and circuit ! Electrode
(cathode)

(4) Electrode end caps

(5) Component interactions,
timing, and optimization




1.
0.8
0.6
0.4
0.2
0.0
-0.2

-04 -02 00 0.2 0.4 0.6 -06 -04 -02 00 0.2 0.4 0.6 -06 -04 -02 0.0 0.2 0.4 0.6 -06 -04 -02 0.0 0.2 0.4 0.6 -06 -04 -02 0.0 0.2 0.4 0.6 -06 -04 -02 0.0 0.2 0.4

Integrated 2D HYDRA simulation of near-term

experiments on Z using available parameters
time

t(ns) 85.6036 ns): 95.0081 ns) : 105.004 t(ns): 125.000 t(ns) 133.006
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Integrated 2D HYDRA simulation of near-term @i
experiments on Z using available parameters

rho (log10[g/cc]), t (ns) : 139.750 Te and T; (log10[eV]), t (ns) : 139.750
T | g Lol | .

log it

Material energies
1000:4 cortoe bocortoe boror oo bocen oo

E ElinerNZI'25 kJ

10Q0j

~10.0—= 'US;E; I(J/’ \=
- ] gt VI | 2 = P d -
ireg,t(ns):  139.750 >z - _ -
[ty |y . S, / ~ _
l% % { EgaS :2(5'(] ?
01~ \‘ -
= J -
- ( -
0.01— v ev i [ =

60 80 100 120 140

Time (ns)




Integrated 2D HYDRA simulation of near-term @i
experiments on Z using available parameters

rho (log10[g/cc]), t (ns) : 139.750 Te and T; (log10[eV]), t (ns) : 139.750
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Comparison between ideal 1D and integrated g
2D simulation using available parameters

1D ideal
2.00 kJ
0%

36%

28  (ry.,
5.0 keV
2.9 keV
0.6 gcm?3

84 um)

1.0 g cm2

2.5 Gbar

4.1e5 G cm (ry,./r, 1.5)
2.6e14 (in 7.5mm)

23

3.2ns

Laboratories

2D integrated
1.74 k)
43%

38%

37 (ry.e
6.5 keV
3.2 keV
0.5gcm?3

63 um)

0.9 g cm??

2.2 Gbar (peak in bottle)
5.3e5 G cm (rg,,/r, 2.0)
6.1e13 (24% of 1D)

44

2.1ns
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Liner length and gas density variations for

near-term integrated experiments on Z

Pgas = 0.8 mg/cc
dZwindow ~1.1 um
Pgas = 1.1 mg/cc
dzwindow ~1.5 um
Pgas = 1.5 mg/cc
dz,ingow ~2.0 UM
Pgas = 2.0 mg/cc
dz ~2.7 um

window

Liner =5 mm
~20 MA)

(Imax

Maser 1100UM
Eos?®°1.27 Kk

Maser 700UM
Eos?*°1.49 kJ

Maser 470UM
E o 1.67 kI

Maser 440UM
Egasabs 1.52 kJ

Liner =7.5 mm
~19 MA)

(Imax

(ager 840 UM
E 0, 1.54 kI

Maser 230UM
Eo?®1.78 kJ

r.Iaser 460 um
E,,21.74 kI

rIaser 380Mm
E,,2%°1.62 kI

Liner =10 mm
~18 MA)

(Imax

Maser 660UM
Eos?®1.74 kJ

Maser 490UM
Eos?*°1.85 kI

r-Iaser 440Mm
E,,2%°1.85 kI

r-Iaser 360Mm
E,,2%°1.66 kI
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Liner length and gas density variations for )
near-term integrated experiments on Z

Liner =5 mm Liner =7.5 mm Liner =10 mm

(1__~20 MA) (1__~19 MA) (1__~18 MA)
Pgas = 0.8 mg/cc CR,p 46 CR, 42 CR,, 33
dz, 4o, ~1.1 UM M, 73% M. 60% Mo 43%
Pgas = 1.1 mg/cc CR, 42 CR,p 37 CR,; 33
dzwindow ~1.5 um mloss 638% mloss 51% mloss 39%
Pgas = 1.5 mg/cc CR,, 40 CR,, 37 CR,; 33
dZwindow ~2.0 um rnloss 61% mloss 43% mloss 35%
Pgas = 2.0 mg/cc CR,, 42 CR,p 39 CR,, 36
dzwindow ~2.7 um mloss 56% mloss 35% rnloss 29%

17




Liner length and gas density variations for
near-term integrated experiments on Z

Pgas = 0.8 mg/cc
dZwindow ~1.1 um
Pgas = 1.1 mg/cc
dzwindow ~1.5 um
Pgas = 1.5 mg/cc
dz,ingow ~2.0 UM
Pgas = 2.0 mg/cc
dz ~2.7 um

window

Liner =5 mm
~20 MA)

(Imax

<T.>3.4 keV
Y PP 1.4*10%

<T.>3.8 keV
Y PP 2.0*10%

<T>3.1keV
Y PP 2.3*1013
5% of 1D

<T>2.9 keV
Y PP 3.3*10%3

Liner =7.5 mm
~19 MA)

(Imax

<T>4.4 keV
Y, 6.5*1013

<T.>3.5 keV
Y, 7.0*10%3

<T>3.2 keV
Y PP 6.1*10%3
24% of 1D

<T>2.3 keV
Y PP 2.5*%10%3

Independent Lasnex calculations of Y,
are within an approximate factor of 2

Liner =10 mm
~18 MA)

(Imax

<T.>3.6 keV
Y PP 8.3*10%

<T.>3.0 keV
Y PP 6.5*%10%3

<T>2.4 keV
Y PP 4.8*%10%3
32% of 1D

<T>2.2 keV
Y PP 1.9*10%
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Laser timing variations for
near-term integrated experiments on Z
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©
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0.05— =
QWJ':" W‘h\ “‘M\‘I‘IV]‘L Ear"er:
7__ [ T I B I vl bbb [ 1 |\|_
1o+1;_; CR,g 37 - More fuel loss,
- - plasma cooling,
5.~ - and potential mix
s -
> 8- - Later:
= - Less effective
- CR.~ 41 - compression
= 2D CR,, 48 -
Q%'w 'w|w‘\w‘w['w\w‘M\'E
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Time (ns)
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Non-axisymmetric heating from a non-uniform g

Laboratories

laser is predicted to isotropize during compression

Off-centered and unsmooth laser heating
can equilibrate and regain approximate axisymmetry prior to CR ~ 2

t=72ns|
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= What are the expectations for future experiments with
upgraded parameters?
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Integrated 2D HYDRA simulation of

experiments on Z using upgraded parameters

rho (log10[g/cc]), t (ns) : 0.00000 Te and Tj (log10[eV]), t (ns) : 0.00000
P EPIN BTH Y RTR RYE RU T AT AN TS AT BT | | {1y | I [ I OO TR O I | ,

Upgraded MaglLIF experiment:
=10 mm, AR, .. =6,

I'Iiner liner™

Pgas = 1.2 mg cm?3, DT fuel,
B,9=40T,E,. =6kl (1TW)

modb (Iog10[T]), t (ns}

05—

z (cm)

0.0—

LI LI L NN I S LA LA | | LA | ' | 55 R S SR = i 2L 5 7R [T (R (R
-0.5 0.0 0.5 -0.5 0.0 0.5

Sandia
National
Laboratories

22




Integrated 2D HYDRA simulation of DR
experiments on Z using upgraded parameters

rho (log10[g/cc]), t (ns) : 0.00000 Te and Tj (log10[eV]), t (ns) : 0.00000
| | ) | ! | |

IR NN U SR BU N T AT A T AT N T PO I

A

Material energies
1000.— lhover oo bveoelvrvebvere v b
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* Y. PT=3e16 (83 kJ)
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In principle*, MagLIF could achieve high gain @,
using a cryogenic DT layer and larger fuel preheat

HYDRA 1D
HYDRA 2D

rho (Iog10[g/cc]) (ns):  0.00000
| [ T

10000.0

DT éryo Iéyer

c 1000.0} DT gasonly Yield
1]
- G
10 5 100.0
— = 10.0 . _'.v' _____
= = HYDRA 1D ;
L 05— > 1.0
N —
- 0.1
- 20 30 40 50 60 70
. Peak Current (MA)
0.0— a0
DT cryo Iayer
30F
5 DT gas only
0.5 0.0 0.5 § 20|
(cm) £
. . . . . . . 10 3
An intermediate regime exists wherein the B, field is
0

* strong enough to reduce conduction losses, but o a0 ae s e
* weak enough not to inhibit the o deflagration wave Peak Current (MA)
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Ideal 1D HYDRA simulation of
high-gain MagLIF experiments

High-gain MagLIF experiment:
=10 mm, AR;;.,= 6,

Pgas = 5 Mg cm3, DT cryo fuel,
B,°=8T, E_., =21kl (0.66 TW)

LIiner

70_] 1 | | | I (| | I | | _07
60—3 Imax ~70 MA ;06
503 5—0.5
A40—: :—0.4€
N / = 2
— 30— —03:3
- - (3]
- -
20— —0.2
10—3 ~ —0.1
: CR,p ~24
0 Tt B —0.0

0 20 40 60 80 100 120
Time (ns)

Yn (#cm™), dYy/dt (#cm™' ns™)

o | [ | [ | [ | [ | [ | [ I_

+22 __ - -
10 _: Yn — :_
.- 2.8e2lcm i
10" — —
© (7.9G)cm?) -
10+18— Gt =810 -
° G,=4000 -
10*16— 53% burn fraction —
— i ~ -
10714 — t gburn -
- 0.4ns -
10+12 - 1 | 1 | I | I | I | I | | | I | | | I | 1 | I | 1 ’__
116 118 120 122 124 126 128

Time (ns)
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High-gain MagLIF experiment:
=10 mm, AR;;.,= 6,

I'Iiner

pgas_ 5 mg cm3, DT cryo fuel,
B,=8T,E,, = 21 kJ (0.66 TW)

stag ~ 169 u’m
~25 Gbar

(compare to 375 Gbar NIF point design = 15x)

~55% (gas) ~24% (fuel) flux loss
~13 keV
~2-45 g cm3 (hot spot)
~45-160 g cm-3 (main fuel)
~0.1 g cm2 (hot spot)
~0.8 g cm2 (main fuel)
~3.1 g cm2 (liner)

Ideal 1D HYDRA simulation of
high-gain MagLIF experiments

h
Stagnation profile
Time (ns) : 125.500
JIIll|lIII|IIIl|IIII|IIII|IIII|IIII|IIIIL
10 =
1070 =
10+2_:
10+1_: -
: B, (MG) -
1010 —= =
T, (keV) -
'IO_.| N
0.00 0.01 0.02 0.03 0.04
R (cm)
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Integrated 2D HYDRA simulation of 7
high-gain MagLIF experiments

High-gain MagLIF experiment:
Lliner= 10 mm, ARIiner= 6)
Pgas = 5 Mg cm3, DT cryo fuel,

B,=8T,E,, =25kl

laser

Integrated 2D simulations can
ignite with CR,, = CR,, and
achieve a majority fraction of
Y,p since cool, high-density fuel
cannot move out of the way.

0.5

27

Laboratories




Integrated 2D HYDRA simulation of 7

Laboratories

high-gain MagLIF experiments

High-gain MagLIF experiment:
I'Iiner =10 mm, ARliner= 6'

Pgas = 5 Mg cm3, DT cryo fuel,

B,=8T,E,, =25kl

laser

Integrated 2D simulations can
ignite with CR,, = CR,, and
achieve a majority fraction of
Y,p since cool, high-density fuel
cannot move out of the way.

" m, 30% (gas)

= Tste~10-15 keV

m  Tburn ~50-80 keV

= <T>DPT ~ 34 keV

= Y PT=2.1*10%

" E..=5.8GJ(73% of 1D)
= G;=2900, G, =600

= 39% burn-up fraction

z (cm)

p (g cm3) [log] T.and T, (eV) [log]




Integrated simulations are making progress in 3D ) o
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Summary

MagLIF enables ICF yields on pulsed-power
accelerators using slow < 100 km/s implosions

We are benchmarking simulations to ongoing “focused”
experiments involving flux compression (liner and B, only)
and fuel preheating (laser and B, only)

Integrated calculations provide realistic design requirements for
MagLIF experiments, as well as “clean 2D” predictions

Detailed comparisons between “post-shot, degraded” simulations
and experimental results are promising and ongoing

Integrated experiments have measured thermonuclear neutrons
and show strong evidence of magnetized fuel
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