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The Fusion of 1 gram of Deuterium (D) and LL
Tritium (T) results in the release of 340 GJ* of energy

Neutron |44 1 MeV
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Fusnun Near term: National Security
(Stockpile Stewardship (SSP)
and avoid “technology

He 3.5 MeV surprise”)

~0.04% of DT mass
converted into energy

*340 GJ ~ 80 tons of Longer term (~multiple decades)
TNT Inexhaustible “environmentally friendly “




All fusion approaches require = 50,000,000 ° K, and
there are two main approaches to plasma confinement

Inertial Confinement Fusion (ICF) Magnetic Confinement Fusion (MFE)
(United States dominant) (Europe and Asia dominant)

Confinement: Plasma Inertia Continement: IViagnetic Fields

* Confinement time: ~ 10%sec * Confinement time: ~ secs
Plasma Pressure: 5-300 Gbars Plasma Pressure: ~1-3 Bars
Mission : National Security Mission: Energy

* Sponsor: DOE-NNSA * Sponsor: International
Experiments: ongoing Experiments: ~2030 (DT)
Capital cost: ~$3.5B+ Capital cost: ~$40-60B (US ~ $4.0-6.0B)
Operating cost ~$400M/yr Operating cost (est.) ~$2-3B/yr




Under extreme conditions a mass of DT can undergo
significant thermonuclear fusion before falling apart

h

" Consider a mass of DT with radius R, density p, and
temperature T

‘ = How does the disassembly time compare with the

time for thermonuclear burn?
p, R, T R R 1 1
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» The fractional burn up of the DT (for small burn up) is:
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At sufficiently high pR and T the fractional burn up becomes
significant and the energy deposited by alpha particles greatly
exceeds the initial energy in the fusion fuel (“ignition”)

» Typical conditions are:




For hot spot ignition fusion fuel must be brought to a
pressure of a few hundred billion atmospheres

‘ N it PR~ 0.4g/cm’
or ignition conditions: T~ 5keV

p, R, T
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Enir ~15k] = P ~400 GBar R~30pm= and p~130g/cm’

High velocity implosions can achieve these conditions










NIF concentrates all the
energy in a football
stadium-sized facility
into a mm3
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Laser Specifications

192 Laser Beams
Energy = 1.8 MJ
Power = 500 TW




Sandia
The NIF has focused on the indirect or x-ray driven .
approach to inertial confinement fusion

Lasgr ~1.'§ MJ Capsule~150kJ Fusion Fuel~10 kJ
AN\ 4

PLASTIC

DEUTERIUM-
TRITIUM (D-T)ICE
D-T GAS .

T h e 1. Laserlight 2. The resulting X-rays 3. Inreaction,
enters both ends of propagate toward the the remainder of the

Pat h to the hohlraum, striking center, where they heat target accelerates

and heating the inner and blast away the outer inward and begins

Ig l'l It l 0 I'I surface. part of the target. to fuse.

IEEE Spectrum (March 2013):



The National Ignition Campaign (2009-2012) pursued a

“tuning” approach to achieving ignition

Tuning of mix, entropy, shape and velocity

is prerequisite for improving THD/DT
implosion performance
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Low yield
THD layered
targets
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PR, T

Check of Tuning accuracy /
surrogacy
Physics of layered targets

* Mix

* Ice perturbation growth

* Hot spot formation (no o’s)

DT ignition targets [Burn

Tuning parameters

NIF-1110-20542.ppt Moses - 31st Annual Meeting and Symposium Fusion Power Associ

o heating & burn

iates

Belief that the codes
Were right but could
be “offset” from
nature.

By “tuning” would be
able to empirically
achieve ignition




NIC Experimental Plan

FY2010 FY2011 FY2012
JIFMAM FIMAM|J|J|A[S|IOIN|D|J |F MAM

\ \ Platform Commissioning

ohlraum
acterization

First Pass CHSi Tuning /

Shape tuning / \

Peak laser pulse profile tuning / \

Mix evaluation /\
Performance milestone A

Precision shape, adiabat tuningg

Mix-velocity optimization / \

Ignition D

NIF-1011-23502.ppt Edwards - NNSA Ignition Review, Oct. 28, 2011
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LIFE delivery timescale

National Ignition Facility Performance

Market Entry Plants Integ ration

Mature LIFE Technology

2009 - Facility complete
2012 - Ignition 1,000 MW,

2020’s
400 MW to 1,600 MW _

2030’s

02EIM/bc « NIF-0911-22875s2



Achieving fusion ignition at this scale is very L
challenging

To achieve Fusion conditions with
~200 ug of DT requires:
« Convergence ~40
. * Implosion velocity ~3.7 x10” cm/sec
« >0.1% speed of light
« Control and understanding of
Rayleigh-Taylor instabilities

Several discrepancies emerged

between experiment and calculation

 Lower drive than expected

« Greater growth of instabilities

» Lack of control over implosion
symmetry

The highest yield NIF experiment remained ~1000x below the yield
needed for ignition at the end of the National Ignition Campaign and
there was no clear understanding of what the cause was




There was significant fall out from the failure to achieve
ignition, including significant program changes and a plan
for a major review of the ICF program in FY15
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Nature editorial re; NIC

So Far Unfruitful, Fusion Project Faces a Frugal Congress

“The line between optimism
and overselling is a thin one
that can too easily be
crossed.”

liald, allu auvailitcu lslllblUll UUJ.J.UU]_JDD.

The Committee remains concerned about NIF’s ability to achieve
ignition—the primary purpose of constructing the facility—by the
end of fiscal year 2012 when the National Ignition Campaign ends
and the facility is to transition to regular ignition operations and
pursue broad scientific applications. The Committee directs NNSA




A new approach by a different group of scientists h

and new leadership have made rapid progress recently

Lo-Foot vs Hi-Foot Growth factor at 650 ym
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Pulsed power is a compact and efficient driver for high

energy density experiments

Z: 107’diam x 20’ high
Energy delivered ~3 MJ
Prime Energy ~ 22 MJ

NIF: 704’ x 403’ x 85’ -
Energy delivered~ 1.8 MJ laser (blue
Prime Energy ~ 370 MJ
Of course, high energy lasers have tremendous control over

where and when enerqy is delivered.




We use the Z pulsed power facility to generate

Tank~10,000 ft2

large currents and large magnetic fields

Ty
S, .‘u':h:?:z:_h *.l'. Emu-* -

e

\ --I
22 MJ stored energy
3MJ delivered to the load
26 MA peak current
5 — 50 Megagauss (1-100 Megabar)
100-600 ns pulse length




Magnetically driven implosions can efficiently couple (i
energy at high drive pressure

Magnetically-Driven Implosion

) 2
P = B_ — 105(]1\4%1/26) MBar
81T R

mm

A
drive

current
I

100 MBar at 26 MA and 1 mm

Magnetic drive can reach very
high drive pressures if current
reaches small radius

Magnetic drive is very efficient
at coupling energy to the load
(no energy wasted on ablation)

= 100 MBar is comparable to drive

pressure on a NIF capsule

However cylindrical implosions do not achieve the same compression that

spherical implosions do

Cylindrical shells must be thick to avoid disruption by instabilities
Thick shells are slow, meaning they won’t obtain high pressures at stagnation




The presence of a strong magnetic field can strongly reduce ol
heat transport and reduce the pr and pressure needed for ICF

Laboratories

Heat/energy flow

—FFF > Cold

Collisional
no B

Strong B
(perpendicula
r to this slide)
No collisions

Strong B
with collisions ™




We are evaluating a Magnetized Liner Inertial Fusion
(MagLIF)* concept that may reduce fusion requirements

({ | Metal (beryllium)
1. A100-500 kG axial magnetic field JR | Cylindrical Liner

is applied before the implosion ;Zf(?j;t)e”“m/t”“um

laser
2. Z Beamlet can preheat the fuel to ~100 - 1000 eV i Laser
preheated

to reduce the compression and velocity needed fuel
compressed
axial field

3. The Z accelerator can provide the drive current
which generates an azimuthal drive field (pressure) to ———__
efficiently implode the thick liner at 50-100 km/sec

and compress the axial field to 100 MG

Simulations indicate fuel gain
(fusion energy out = energy deposited in fusion fuel) may be possible on Z

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



A recent HYDRA simulation of a MagLIF implosion

illustrates the concept
Log Density Map Log Temperature Map

rho (log10{g/cc)), t (ns) : 107.001 Te and T, (log10[eV]), t (ns) : 107.001
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A recent HYDRA simulation of a MagLIF implosion

illustrates the concept
Log Density Map Log Temperature Map
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A recent HYDRA simulation of a MagLIF implosion

illustrates the concept
Log Density Map Log Temperature Map

rho (log10{g/cc)), t (ns) : 112.002 112.002
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A recent HYDRA simulation of a MagLIF implosion

illustrates the concept
Log Density Map Log Temperature Map

rho (log10{g/cc)), t (ns) : 122.003 Te and T, (log10[eV]), t (ns) : 122.003
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A recent HYDRA simulation of a MagLIF implosion

illustrates the concept
Log Density Map Log Temperature Map
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A recent HYDRA simulation of a MagLIF implosion

illustrates the concept
Log Density Map Log Temperature Map

rho (log10{g/cc)), t (ns) : 142.003 Te and T, (log10[eV]), t (ns) : 142.003
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A recent HYDRA simulation of a MagLIF implosion

illustrates the concept
Log Density Map Log Temperature Map
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A recent HYDRA simulation of a MagLIF implosion

illustrates the concept
Log Density Map Log Temperature Map
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A recent HYDRA simulation of a MagLIF implosion

illustrates the concept
Log Density Map Log Temperature Map
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A recent HYDRA simulation of a MagLIF implosion

illustrates the concept
Log Density Map Log Temperature Map
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peen studying numerous aspects of magnetically

driven liner implosion dynamics since 2009
Baseline unseeded MRT*

Single-mode magneto-
Rayleigh-Taylor growth-2

Multi-mode MRT growth?

z2556

Helical single-mode MRT
growth (pending, early 2014)

L g L

Magnetized MRT growth®

) Sandia
National
\eeme Laboratories

Electro-thermal
instability growth’-8

ETI mitigation®




Liner implosion dynamics publications

D.B. Sinars et al., Phys. Rev. Lett. 105, 185001 (2010).
D.B. Sinars et al., Phys. Plasmas 18, 056301 (2011).

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

R.D. McBride et al., Phys. Rev. Lett. 109, 135004 (2012).
R.D. McBride et al., Phys. Plasmas 20, 056309 (2013).
T.J. Awe et al., Phys. Rev. Lett. 111, 235005 (2013).

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. Accepted (2014)
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2.
3.
4.
5.
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We have installed an 8 mF, 15 kV, 900 kJ capacitor bank on Z to

drive 10-30 T axial fields over a several cm3 volume for MagLIF

Capacitor bank system on Z MagLIF assembly with coil
900 kJ, 8 mF, 15 kV

=

80-turn coil

60-turn coil

MagLIF on-axis magnetic field data
= = Magnets
10T Shot #17, SNOO1

Extended
power
feed

Magnetic Field (T)

Time {ms)




In August 2013 we commissioned a new vacuum final optics ()
. Laboratories
assembly to safely enable 2 kJ of laser preheating of fuel

Example pulse measurement
y ZBL
g ‘:’ 2w light
(2.64 kJ)

00 05 10 15 20 25 30 35 40 45 50
Time (ns)

Prepulse vaporizes gas-containing
foil; main pulse couples to DD fuel




We obtained promising results in our ICF program
in late 2013 and expect significant progress before
the National ICF Path Forward Review in FY15

We achieved DD yields up to 2e12 (~0.3 kI DT
equivalent) in our first four shots testing novel
Magnetized Liner Inertial Fusion (MagLIF) targets

These experiments confirm the idea that fuel
magnetization can help reduce fusion
requirements—the same target without
magnetization and laser heating produced >200x
fewer DD neutrons!

A variety of data were collected that appear to show N 10
a <150 um diameter, ~3.5 keV, highly magnetized DD Vi :‘;d‘a' (mm)
plasma was produced—a remarkable achievement 1.00E+13 e

for a ~100 km/s liner target implosion! 1.00E+12
1.00E+11

We are continuing to build on these results with a
balanced combination of focused and integrated
experiments in 2014-2015 to tackle the physics

1.00E+10

1.00E+09 -

In parallel we are improving capabilities to put us




Our results attracted significant
external attention as well
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Triple-threat method
sparks hope for fusion

The secrets to its success are lasers, magnets and a big pinch
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Our long-term vision is to establish a compelling
argument that pulsed power ICF can achieve 1 GJ/shot

2019: Baikal operations begin

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

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

2015: National ICF program review

2013: First integrated tests of new MagLIF idea on Z




