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" |ntroduce Z, Z-Beamlet facility (briefly)

" |ntroduce MagLIF concept (with movie)

= Highlight progress to date with timeline?

Describe ABZ

Describe Z-Beamlet + FOA

Describe Liner dynamics experiments

Describe Standalone Preheat Experiments

Describe Roosevelt 1 radiograph results

Describe progress measuring magnetic flux compression

= Discuss next two years

Integrated MagLIF experiments on August 29, Sept. 3
Buildup to 30 T, 6 kJ preheat, higher current, etc.




The Z pulsed-power facility combines a compact MJ-class )
target physics platform (the Z accelerator) with a TW-class oot
laser (ZBL)

2-kJ Z Beamlet Laser (ZBL)
for radiography and
MagLIF fuel preheating

- - I R L

10,000 ft?

— - —

.......

22 MJ peak stored energy
26 MA peak current
100-300 ns pulse lengths

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

15% coupling to load




The Z-Beamlet Laser (ZBL) at Sandia™ can be used
to heat fusion fuel and to radiograph liner targets
— Facility Scale Size

el Beamlet-
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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
2w light in 2 pulses for radiographing
Z experiments

Filling out the booster amps would
enable longer pulses (5—7 ns) which
would extract up to 6 kJ of 1w, for
4.2 kJ of 2w. This energy could be

used to heat fusion fuel to a few
hundred eV.

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



Two-frame monochromatic (6151+0.5 eV) crystal
backlighting diagnostic to study liner dynamics on Z*

«ZBL Beams
Load

Frame 1 Crystal
X-rays \

Mangkanese (Mn) (a) R - :

Laser Targets Frame 2 Crystal

Detector Housing
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» 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)

= 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).

* G. R. Bennett ef al., RSI' (2008).



A new final optics assembly was successfully ) s,
commissioned on Z on August 29
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We have made good progress toward evaluating our ) et
Magnetized Liner Inertial Fusion (MagLIF)* concept

Liner (41 or Be) azimuthal An initial 30 T axial magnetic field is applied

TR drive field . .
= |nhibits thermal conduction losses

cold DT

gas (fuel) = Enhances alpha particle energy deposition

axial

magnetic = May help stabilize implosion at late times
field

= During implosion, the fuel is heated using the

lasen Z-Beamlet laser (about 6 kJ)
preheated /beam
fuel / . 3

A = Preheating reduces the compression needed to

obtain ignition temperatures to about 25 on Z

~1cm " Preheating reduces the implosion velocity
needed to ~100 km/s, allowing us to use thick

liners that are more robust against instabilities

\4

compressed
axial field

= ~50-250 kJ energy in fuel; 0.2-1.4% of capacitor bank

= Stagnation pressure required is ~5 Gbar

= |t may be possible to achieve ~100 kJ yield on Z

"S.A. Slutz et al., Phys. Plasmas 17, 056303 (2010). S.A. Slutz and R.A. Vesey, Phys. Rev. Lett. (2012).



Fully integrated HYDRA simulation with

Sandia
A National
DD fuel, B,=10T,|__ =18 MA, E,___=2.64 kJ st
20
° BZO = 10 T, DLEH = 176 mm, Azgas = 1 cm, Azimp = 9 mm 18 V\
* Pgas 2 mg/cc, Az, = 2.47 um (1.24 um deformed) 16 Jm\
» Roosevelt 1 Be liner, Z=6, 138 mg/cm 14

Imposing I(t) from z2319 (no B,, not 9 mm load) gl
The 2w diameter at the LEH window is D, ,,,= 800 um i
Peak power of 1.4 TW, irradiance ~1-2e14 W cm 3
ZBL fires at 105 ns (+45 ns from tgs, -47 ns from t,,)
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We have installed an 8 mF, 15 kV, 900 kJ capacitor bank on Z tg

National

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

Capacitor bank system on Z
900 kJ, 8 mF, 15 kV

MagLIF prototype assembly with test
windings of coils

80-turn coil

60-turn coil

MagLIF on-axis magnetic field data taken at our
Systems Integration Test Facility in Bldg. 970

B ................. R RRRRE . pee :

Cross section of 80-turn coil prototype

! Torlon housing

[+>]
T

3 /sug nessas

s 5| HH ) IL Zylonlepo?(y
> et 1N shell provides
2 4 #11 sq. copper s external

%3 wire with double k{ LEE Tr *1 3 reinforcement
= ‘ '

Kapton insulation

N

-
T

(=]

Prototype coil development: Jim Puissant, Raytheon-Ktech, Albuquerque
Time (ms) Production coils for Z: Milhous Corporation, Amherst, VA.
]




Hardware delivers up to 20 MA with no anomalous
losses due to axial field. System used on 4 ICF shots

on Z to make 7-10 T fields

Magnets
Liner
Extended - (~1. .
power | height)

feed &=

10 T field coil configuration shown,
fields up to 30 T possible by
increasing the coil cross section and
eliminating the side-on view of liner

Sandia
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10T Shot #17, SNOO1

Magnetic Field (T)

Time to peak field = 3.49 ms

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

Energy storage is sufficient to meet

our long-term goal of a 30 T field 2o




We will begin integrating 2-2.5 kJ laser preheating into Z 7]
MagLIF experiments beginning August 2013; 4-6 kJ by 2015 a
= We are procuring a new Final

Optics Assembly optimized for
on-axis targeting

= Z-Beamlet is capable of delivering
2-2.5 kJ in a two-part pulse

Example pulse measurement

y ZBL
o (2.64 kJ)
I

0.2
0.0

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




We are making progress on several key areas of () s

National
Laboratories
physics related to MagLIF using focused experiments
= |nitiation of current flow in the liner

=  Control of electro-thermal instability™*

= Measured influence of surface roughness on instability growth*

= Improving electrical contact between target and load hardware
= Liner stability and symmetry studies

= Continued testing of predictions for instability growth in fundamental
magneto-Rayleigh-Taylor instability studies (multi-mode*, helical)

= Controlling end effects at top/bottom of liner*

= Measured liner inner surface at convergence ratio of seven™

= Discovered unanticipated effect of magnetization on MRT instability structure*
= Preheating in gas-filled targets

= Measuring energy deposition in magnetized, gas-filled targets on Z*

= Designing Omega-EP experiments to measure temperature & lifetime*

= |dentifying possible alternate preheating techniques™
= Magnetic flux compression

= Developing new diagnostics to measure magnetic fields on Z
Bdots™, Optical Faraday rotation, Zeeman splitting™ 22

* Highlighted in this presentation



Axial distance (mm)

We did controlled experiments as the first critical test of our ) e,
understanding of the Magneto-Rayleigh Taylor instability

Laboratories

Radiographs captured growth of
intentionally-seeded 200, 400-um
wavelength perturbations
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D.B. Sinars et al., Phys. Rev. Lett. (2010); D.B. Sinars et al., Phys. Plasmas (2011).



Beryllium experiments show surprisingly correlated instability growth
at late times that may imply a highly-correlated initial perturbation

(a) Experiment (b) GORGON 3D (c) GORGON 3D (d) LASNEX 2D % (e) LASNEX 2D
(random pert.) (random+az.pert.) (Acutoff=200um) (recutoff=150um)
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The electro-thermal instability is an important ) e

mechanism that could seed MRT growth* o
(a) (b) o

- "
5 —

Nominal roughness
2X roughness
4X roughness
8X roughness

Calculations suggest
instability growth is :
independent of the initial -

surface roughness :
= | | N TEY S O T O O 0 T O O O O IO I O
-15 -10 -5 0 5

Constant _ 10x thermal Timne(ne)
electrical cond. Nominal  conductivity

(b (L)
. “

Temperature perturbations give
rise to pressure variations which
eventually redistribute mass




Our first axially-magnetized liner implosion

3-

2.5-

CR
=2.7

70480-H1 -
3094.3 ns

s o ». 8 o o o s &

CR =

72480-t9 -
31003 nd~

Sandia

= Rather than cylindrically symmetric
structures, we see helical structures

= Use of compressible electrodes
mitigates edge jetting instabilities =~

= Magnetic field reduced multi-keV x rays
associated with late-time instabilities

) e
. 1.5
3 CR
Sy 72481-t1 _ =2.9
i 30948 s
3-
25-
2- 7248112 . CR
15- 3100.8 ns - =6.9
1- « Highest CR
j q “imaged to
odate
4] i\
5
1.5- CR
" 24652 —2.0

3093.2 ns .

T.J. Awe et al., submitted to Phys. Rev. Lett.




We started testing our preheating model predictions
of energy deposition in laser-only experiments
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Motivation/aims Experimental design Results/conclusions

We want to ensure that laser  7g| (~2 kJ, 2 ns) enters into thin- VISAR data shows velocity and time
ptr)ehestjr;ergy CaLT k:ce | walled tube target containing dense  of tube wall motion consistent with
absorbed by MaglIF fue D2 gas laser energy deposition

Motal m""' [1 ZBL enters

Liner 4 I One of three : 06d —— 3 mm
Initial axial | VISAR blocks | — 51 mm
magnetic field — 7.2 mm
Linowt 2041 —— 9.4 mm
omehesded 5 VISAR fibers 3
fuel £ 2

b ) / 8024
Azimuthal Aluminum tube s >
field lines »> T
0.0

Laser blast wave targets aim

10 20 30 40 50 60
Time (ns)

to:

1. Reproduce first . :
integrated MagLIF setup Data analysis is underway. There is

as closely as possible Blast wave in fuel driven by laser concern that poor beam focal spot
2. Measure laser energy energy absorption quality is affecting transport

deposition in the fuel by  Time/velocity of tube wall motion  t"rough the foil
measuring time/velocity  monitored by 21 VISAR probes (3 Comparisons to detailed HYDRA and

of blast wave azimuthal, 7 axial positions) LASNEX simulations are underway




ZBL blast wave tube — shots 3 and 4

Sandia
= 7T ABZ fielded on both shots m National
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= Same pulse shape requested as in previous shots
= VISAR, MLM cameras and SiD’s were only diagnostics fielded

= Shot 3 - |laser focused 8 mm above LEH

= Shot 3 — top four fibers on each azimuthal position fielded with 2 sensitivities (typically
0.277,0.4827 and 0.5062 km/s/fringe)

= Shot 4 — laser focused onto LEH (may allow for smaller/thinner LEH)
= Shot 4 —top four fibers on each azimuthal position fielded with 2 sensitivities

20 ] Shot 3 velocity data
| | ——30deg3.59mm(1)
1.84 | —— 30deg3.59mm(2)
161 | —— 150deg3.59mm(1)
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§ 0.84 |- - -150deg5.71mm(1) PN
2 o6l |- -150deg57imm(2)| | ;=< TN
] | - - -270deg5.71mm(1) { - '
0.4 |- - -270deg5.71mm(2) ; R PR
0.2 ] ’
0.0 \ . : : e
0 20 40 60 80

Time (ns)




We have made our first measurements of flux ) i,
compression with Bdot probes above the liner

“ B tt wm' 2R To’ LASCRITRY DRECTED RESES0 5 DEVELDMUENT

Zoomed
Optical
Photo

Probes measure the .
dipole fringing field "y,

. N
above the liner =N

3 -’
i &y

Magnetic field solution during flux compression

|

|

6
4 SN,'
& oy

i // Zoomed
I | X-ray

Image of Bdot loops

4L Mid Top

=)

Axial Distance [mm]
o

40 == : : = : - . .t . .
[ —— 22494 current [auy -t We are improving the
—— 22404 per o () | data quality, but our
2] \ 301 —z2494ux:ir=sir:))m ~—— ala qua y’
l [
i\ 20 I show evidence of flux

H“ - first measurements did

\ . compression during
10 % \ ~ the implosion
0 ! (It

Ll L L T T T Ll Ll
2960 2980 3000 3020 3040 3060 3080 3100 3120 29
Time [ns]

Radial Distance [mm]




We have made significant progress toward our ) e
initial capability goals for testing MagLIF in FY13

Laboratories

= Load hardware compatible with magnetic field coils and laser
preheating has been developed and fielded

= Capacitor banks capable of driving up to 30 T fields have been
installed on Z
= We have successfully generated 7-10 T axial magnetic fields on Z

= New final optics assembly commissioned on Z

" First integrated experiments on Z occurred within the last two
weeks (August 29, Sept. 3).
= Demonstrated capability to do these experiments on Z
= Data analysis is ongoing
= |nitial capabilities deployed in 2013 are not optimal (10T, 2 kJ, 20 MA)
= Will expend effort improving these for 2015 (30 T, 6 kJ, >25 MA)




We have developed a 3-year plan that will make significant __
progress in evaluating Magnetically Driven Implosions by Lf
FY15 on a path to 100-kJ equivalent yield

FY14
_ . L AETI i A iHelical
Liner dynamics | Bt L NPerturd
Studies Azui'nuthal
F perturbatlon

B-field Strength
Pre-heat Energy

Q-EP PH expts
ZBL PH expts

...............................

Integrated tests of
magnetized &
preheated fuel

Fuel assembly | 2D!Neutror
diagnostics ' Imager;
Flux compression | | a ! Miéro-

diagnostics (455 Bdots Rotatloh
Liner dynamics A
diagnostics

Increased current . A .
delivery to load o A o2

A Complete
/\ Well under way
A Pianned




We will continue to improve our capabilities in theg) s,
next two years to reach more optimal parameters

Laboratories

= Magnetic field strength will be improved from
10 to 30 T by increasing the magnet coil volume
while decreasing radial diagnostic access

" |Improvements to the stability of the front end plZg?
of Z-Beamlet (in progress) will enable a 4-ns, ~4 kI laser pulse

" |nstalling the booster amplifiers on Z-Beamlet (not needed for
original radiography mission) will allow us to reach ~6 kJ

= Continued improvements to Z facility capabilities will allow
increased current delivery to the load for multiple programs

32



Our goal for 2015 is to identify the promise and key () &
challenges for Magnetized Liner Inertial Fusion

= As noted above, the plan includes focused experiments and
instruments to help identify obvious problems with concept

= Qur present target design should allow us to quickly identify
and measure quantities associated with the key issues, so that
we have time to devise and test mitigation strategies by 2015

" |nthe meantime, we are computationally examining methods
that provide more robustness in designs, e.g.,

= Use thicker, more highly compressible liners (Li, CH vs. Be, Al) for
enhanced liner stability and better magnetic flux compression?

= Use current pulse shaping to sweep up axial magnetic flux with a
stable liner that maintains material strength (e.g., AFRL liners)?

= Use pinch-based methods to preheat the fuel rather than a laser?

= Use of a laser pre-pulse to ablate and expand the foil containing the

gas fuel to below critical density before the main pre-heating pulse?
33
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Comparisons between our modeling and experimental -
instability growth in solid Al liners are promising—the i) fons_
perturbation growth is larger than expected from MRT alone

Experimental (left) & simulated (right) radiographs - _//N"SAR

34

i 3 Load B-dot
3
= @ 33

._c.;
(1)

T 32 A\

3
- BY
- 21— Radial Trajectory \
(2) 0 20 40 80 80
Time (ns)

; 200.7}\‘\\\\ R \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘77
= : Perturbation Growth -

100.0 = —

Z (mm)

Perturbation Growth Comparison

Time Est. MRT h=0.06Agt? Observed
(A=100 pm)

Perturbation Amplitude (um)

2. f RMS Perturbation Amplitude —
Peak to Valley Perturbation Amplitude
B 24 m 41 m 80 + 7 m 1 0 1 ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ [ ‘ [ /7
M M T/ 3.1 32 33 3.4 35
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*K.J. Peterson et al., Phys. Plasmas (2012); K.J. Peterson et al., Phys. Plasmas 20, 056305 (2013).



Simulations predicted that we could mitigate the impact of
the electrothermal instability by tamping out the density
varlatlons—thls was conﬁrmed experlmentally
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A 509, 2=3093.0ns
No ]

coating
2um %
coating 2
10 um V
coating | L Hiod :

Coated Uncoated

= No ETI growth in plastic coating
50 ym . .
Coaﬂng : = Carries very little current

= Theoretically ETI Stable
(resistivity decreases with increasing temperature)

100 ym | = Coating does not appear to affect linear ETI growth of
coating temperature perturbations, but it does significantly tamp

down the mass redistribution

K.J. Peterson et al., manuscript in preparation
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Though the opacity of the converging liners is
significant, it is possible to see the inner boundary
adjacent to the fuel, which looks reasonably good

22480, t2=3100.3ns
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T.J. Awe et al., submitted to Phys. Rev. Lett.



We began studying mode coupling in multi-mode seeded

Sandia
perturbation experiments to test our understanding of ) et
multimode MRT instability growth 22525 £rame i 32535 Prame
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Two-wavelength structure is Additional harmonics are 3.43.23.02.82.6 -3.43.23.02.82.6
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2 cvlindrical Al 1100 liner p.redllctt(.ad to*appear n Data show additional short-
y simulations wavelength features

* |dea first noted by M.R. Douglas et al., Phys. Plasmas 5 (1998).



We are designing experiments for Omega-EP to better

understand the physics of magnetized & preheated plasma, L

awarded 2 days on Omega-EP in FY2014 to do this

= Previous work used a laser (1w, 100 J, 1 ns) 2”““?
to heat a magnetized N jet (ne = 1.5e19/cc) E
with a 12 T peak B field (Froula, PRL 2007) 1500

= Thomson scattering used to determine
temperature profile perpendicular to B-field

= They found electron thermal conduction was
suppressed according to classic BraginskKii
models for heat transport

TeOT

Temperature (eV
S
|

= We propose to extend this in Omega-EP

0.0 0.5 1.0 1.5 2.0 25

experiments to plasma densities 20x higher, Time (ns)
plasma temperatures 5x hotter, using 50x lon and electron temperature
greater laser energy available there profiles from HYDRA with and

= Effect of 10 T B field on laser-heated plasma without a 10 T applied B field for a
dynamics/temperature of laser heated 2mg/cc D2 gas heated with a 3w
plasma expected to be large/observable laser delivering 2.5 kd in 1 ns

= Near-Braginskii transport under these
conditions would be good news for MagLIF!

Sandia
National
Laboratories




Z-Beamlet experiments measuring energy
deposition are needed because the impact of focal
spot quality on filamentation is currently unknown

- Sandia
m National
Laboratories

=  Want to absorb 8 ki of laser energy in ¥9 mm long liner filled with ~2 mg/cc D2
without significant energy reaching end of liner

= Lasers propagate in underdense gases in a ‘bleaching wave’ that travels many times
faster than the plasma sound speed

= |ntensity variations in beam lead to filamentation which alters the laser energy
deposition profile

r{cm)

r{cm)

ricm)

Z (Cm) Z(cm) Z(Cm)

Hydra sims of laser intensity contours for 2.5 kJ, 1ns, 3w laser in 2 mg/cc D2 fuel.



The impact of beam quality on laser heating of

gasses was demonstrated during preparatory

experiments for NIF

Glenzer et. al., investigated beam
propagation through CO2 gas
(n, = 6e20/cc) - relevant to NIF hohlraum

One quadrant of the NIF (16 kJ, 3w, 3.5
ns, l,=2e15 W/cm?) was focused into a 7
mm long gas tube target

Different smoothing resulted in different
beam propagation — less smoothing =
worse propagation (bad for laser ICF)

We want to absorb as much energy in as
shorter distance as possible —want less
smoothing?

Also want to have applied B field during
experiment

€
E
<

R (mm)
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Full smoothing (CPP, SSD, polarization smoothing)

Experiment

31 1.5ns 31 3.5ns
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Glenzer et al., Nat. Phys. (2007)




FY15 Experiments on Omega-EP can help us examine iz,
the impact of preheating on magnetic field structure

Laboratories

Parallel electron heat flux near cold ends is large and causes
distortion of the electron distribution function. This then leads
to development of “fire-hose” or “mirror” instabilities if
2
aneT'e
q

where qyis axial heat flux. Is satisfied at the distance ~ L/5

B>

near each end.

Tangled field is good for suppressing the axial heat loss.

= Detailed estimates suggest that conditions achievable using
existing Omega-EP capabilities are nearly ideal for diagnosing
existence of tangled field lines using proton radiography*
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The presence of a magnetic field can strongly affect ()i
transport properties, e.g. heat conduction b

Temperature gradient

Hot < Cold

Collisional
no B

Strong B
No collisions

Strong B
with collisions

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




A large, embedded magnetic field significantly
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expands the space for fusion self heating

*Basko et al. Nuc. Fusion 40, 59 (2000)

100 [

10 |

Temperature (keV)

A aaaal

01.001 A A .‘A.o.:lo1 A A .....0.f1 A A A 1
Fuel areal density (g/cm?)

Even in non-optimal field-line geometry
magnetic fields have had a positive
impact on capsule implosions:

P.-Y. Chang et al., Phys. Rev. Lett. (2011)

The pr needed for ignition can be
significantly reduced by the presence of
a strong magnetic field

* Inhibits electron conduction

» Enhances confinement of a particles

Lower pr means low densities are
needed (~1 g/cc << 100g/cc)

Pressure required for ignition can be
significantly reduced to ~5 Gbar
(<< 500 Gbar for hotspot ignition)

Large values of B/p are needed and
therefore large values of B are needed.

B~ 50-150 Megagauss >> B, -> flux
compression is needed




Preheating the fusion fuel can reduce the velocity ) =,
and convergence requirements for liner implosions

Laboratories

Lasnex simulation with
constant velocity

Fuel can be heated to ignition
temperature with modest
Convergence Ratio when the initial
adiabat is large

 adiabat set by implosion velocity
(shock) or

e alternatively by fuel preheat in
addition to a shock

Preheating the fusion fuel to ~150 eV
can allow low-velocity, low-

Velocity (cm/us) convergence implosions to reach
ignition and burn

CR,, = Convergence Ratio (R,/Rf) needed
to obtain 10 keV (ignition) with no radiation
losses or conductivity



Rough scaling estimates show how )
suboptimal parameters lower the yield we would expect

Ideal yield from DT, B.,? 30T, I__. 27 MA, E,,..~8 kJ : 4e17 cm’

Optimistic Pessimistic
Reduction factor Reduction factor

DT to DD hit (at ~8 keV) 80 5.00e15 o0 4.44e15

Initial gas energy hit (1.5-2.2 kJ) 364 1.38e15 533 8.33e14

Low T, hit on reactivity (~3-4 keV) 7 1.96e14 20 4.17e13

Low I ../Eqive (SlOWer, lossy, less PdV) 25 [.86e13 4 1.04e13

Losses from low 10T B, and Nernst 2 3.93e13 3 3.47e12

Burn region dz <1 cm (~4-6 mm) 167 2.36e13 25 13912

End losses from 1 cm liner (~0.6-0.7) 143 1.65e13 167 8.33el1

Non-ideal 2D / 3D effects / Mix / 5 3.30e12 10  8.33e10
Murphy

Estimate for experiments: ~10"" - few 1072 neutrons might be within reach




