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

2-kJ Z Beamlet Laser (ZBL) .

for radiography and

22 MJ peak stored energy Sl ERESERER 10 to 50 MGauss drive fields
26 MA peak current PRSS  1-100 Mbar drive pressures
100-300 ns pulse lengths 15% coupling to load



We are working toward the evaluation of a new
Magnetized Liner Inertial Fusion (MagLIF)* concept

)
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1. A 10-50 T axial magnetic field (B,) is P
applied to inhibit thermal conduction losses
and to enhance alpha particle deposition

Liner (Li, Be, or Al)

Cold DD or DT gas (fuel)
B, coils
ZBL

preheated

2. ZBL preheats the fuel to fuel
~100-250 eV to reduce the
required compression to

CR=20-30

Compressed
/ B, field

Z power flow
(A-K gap)

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

1

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

*S.A. Slutz et al., PoP 17, 056303 (2010). S. A. Slutz and R. A. Vesey, PRL 108, 025003 (2012).



1D & 2D simulations of MagLIF suggest 1D-like 7
behavior up to an aspect ratio of 6*
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* S.A. Slutz et al., Phys. Plasmas 17, 056303 (2010).



Radiographs at a convergence ratio of ~5 show
remarkably good stability for inner liner surface

Note: MagLIF requires final compression

to on-axis rod

2D Simulation from
S. A. Slutz, et al., PoP (2010)

Experiment*
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* R. D. McBride et al., Phys. Plasmas 20, 056309 (2013).



MagLIF Timing Overview

~ 100-ns implosion times
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~ 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

MagLIF Point Design (Reproducing Slutz 2010 PoP Fig. 4)

3.5

2.5

151

0.51

Liner Outer Radius [mm)]
Fuel Radius [mm]
Current/10 [MA]
Fuel Temp [norm.]
Fuel Density [norm.]
Fuel Pressure [norny
Fusion Rate [norny.

Laser preheating time

/

i

80 100 120 140 160
Time [ns]

2.5

1.5

0.5 1

Liner Outer Radius [mm)]
Fuel Radius [mm]
Current/10 [MA]

Fuel Temp [norm.]
Fuel Density [norm.]
Fuel Pressure [norm.]
Fusion Rate [norm.]

100 110 120
Time [ns]




Initial magnetic field (Bz0)
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Vacuum Magnetic Flux Compression:

Dynamic magnetic field generated during flux compression
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Laboratory Directed Research & Development
(LDRD) Project Established for Implementing and
Diagnosing Magnetic Flux Compression on Z

« LDRD for FY13-15

» Objectives:

- To evaluate and test on Z the most promising diagnostic methods
that have been proven to work on smaller-scale facilities,
including:

- Zeeman spectroscopy
- Miniature dB/dt probes
- Faraday rotation

- To validate physics such as the Nernst thermoelectric effect

(included in many MHD codes used at Sandia):

: dT
—> bIp = 2mr,f(wT) d—f

B, flux loss due to the
Nernst thermoelectric
effect (Braginskii)




A pulsed coil system to supply a seed Bz field on

Z has been successfully developed and deployed

T  Development work led by Dean Rovang, Derek Lamppa, Marc Jobe, Albert
Owen, John McKenney, Mike Cuneo, et al.

* Initial prototyping and testing of the pulsed coil system (capacitor banks,
controllers, coils, supporting hardware, etc.) was completed at the Systems
Integration Test Facility (SITF) in the medium bay of building 970

» The system was successfully integrated into the Z facility thanks to the
efforts of many folks in 1670

* The first Z shot with Bz was fired on February 28, 2013

» So far we have performed 6 experiments on Z that involved flux
compression (4 dedicated and 2 ride-along/MagLIF-development shots)

80 turn prototype coill

10 T MagLIF prototype
assembly with test
windings of coils

|

i T
[

60 turn prototype coill

) Be :

Figure 1. Prototype Helmholtz coil system for flux-compression experiments on Z. Up to 10 T of
seed Bz field have already been generated and measured directly with B-dot probes at the SITF.
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R. D. McBride et al., Phys. Plasmas 20, 056309 (2013).

T. J. Awe et al., Phys. Rev. Lett. (2012).




LDRD Status Overview ) e,

= Developing 3 independent probe-based diagnostic techniques for
measuring vacuum flux compression on Z with the fidelity needed
to assess the physics of flux loss due to resistive diffusion into the
wall of a fast imploding liner

= These 3 vacuum flux compression diagnostic techniques are:

= Small B-dot assemblies for both the dynamic fringe fields above the
imploding liner as well as the intense dynamic fields down inside the
imploding liner

= Streaked visible Zeeman spectroscopy for the fields down inside the
imploding liner

= Fiber-based Faraday rotation for the fields down inside the imploding liner

= For experiments with hot plasma gradients (e.g., fully-integrated
MagLIF experiments on Z), we are beginning to assess the feasibility
of using recent advances in neutron analysis techniques on Z data
to hopefully get at the physics of the Nernst effect (e.g., flux
redistribution and possibly enhanced flux loss)

= Synthetic diagnostic output being developed for use with advanced
MHD simulation codes (e.g., GORGON, HYDRA, LASNEX, ALEGRA)




Micro-Bdots are a simple low-cost, low-risk

first approach

= Woyat\oF 2 * Not expected to survive a rise of 100’s of MGauss in 10’s of ns
» Though could provide the initial compression trajectory
» And could be used in low-seed-field, proof-of-principle flux compression
experiments to cross-calibrate other more sophisticated diagnostics

» Approved diagnostic on Z
« Fabricated for us by John Greenly at Cornell University
* Fielded (successfully) for first time on Z during Washington-1 shot series (March 2012) — results shown here for

measuring Z's By drive field that penetrated the imploding liner’s vacuum-filled interior:
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Figure 3. (a) ZBL radiograph of imploding solid beryllium liner on Z showing the micro-
Bdot probes fielded within the liner's vacuum-filled interior. (b) B-theta signals detected
and measured by probes prior to and during the implosion.



Field solvers developed and coupled to
simple implosion models

. Needeunderstand how the measurements made just above
the top implosion plane of the liner translate to magnetic field
conditions within the imploding volume of the liner

Magnetic field solution during flux compression
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~ Z Shot 2592 Target design

A
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Used MagLlIF-
relevant
dimensions and
implosion time

Faraday rotation
fiber on axis

2 SVS fibers in top
end cap
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Micro-Bdot Progress:

=92/ <Good clean signals obtained with micro-Bdots on
previous Z shot 2537
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22592 micro-Bdot Results

One single-ended probe,
BMICOS5 (black curve),
gave a good signal that
agrees well with a
simple simulation (its
differential-pair partner,
BMICO08, 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 -1s

22592 (lower plane)
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New true Bz-dot probe developments:

Recent probe development by
John Greenly at Cornell




New “Quad-Pack” Bz-dot
package design by R. D.
McBride at SNL



The Quad-Pack could also
measure and/or reject Br-dot
and BB-dot components

/e whLR Z?/ Surns an

(EX = O for  all —i‘/rm&)



Quad-Pack development & fabrication in progress in collaboration with

Centers 5400 (Marc Jobe & Derek Lamppa) and 1700 (Lu Fang)




Quad-Pack development & fabrication in progress in collaboration with

Centers 5400 (Marc Jobe & Derek Lamppa) and 1700 (Lu Fang)
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Quad-Pack development & fabrication in progress in collaboration with
Centers 5400 (Marc Jobe & Derek Lamppa) and 1700 (Lu Fang)




Quad-Pack development & fabrication in progress in collaboration with
Centers 5400 (Marc Jobe & Derek Lamppa) and 1700 (Lu Fang)
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Vacuum liner, standard point design dimensions. Flux
initially compressed by blow off plasma from inside
liner wall.

Axis

l

Flux
compression
from blow off

plasma.

Can confuse
results. Not
sure how well
code captures
this.




By late time low density blow off compresses back to

3080ns

H
l

liner surface

3092ns

Low density blow-off
can stagnate against
field in calculations. In
reality this might be
more unstable.



By late time low density blow off compresses back to
liner surface

Azimuthal current
carried by blow off adds
complicates
compressed field
structure

3080ns 3092ns

.
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Both vacuum and plastic filled liners can compress
flux over timescales relevant to MagLIF

Vacuum Fill Plastic Fill
Bz on axis
200-
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_ Plastic
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) = 100
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Time/ns
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Possibility of measuring flux compressed Bz field

using Streaked Visible Zeeman Spectroscopy

Sodium Data from nearly tangential probe
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Zeeman effect was observed in the SVS spectra
from 22592 indicating flux compression

Sodium absorption feature
The width of the absorption line

can be used to infer magnetic
field strength

Time

Slide
courtesy of

Matt Gomez

Wavelength >

Continuum emission



Zeeman effect was observed in the SVS spectra
from 22592 indicating flux compression

w107
3 I I I
m— [ periment & 3065 ns
= Theary - 30T
2.5 e Theory - 20T

15F

Intensity

0.5 F

|:| 1 1 1 1 1 1 1 1 1
5870 5575 5080 5835 58590 5895 50300 5505 5910 545 5SRO

Wavelength [A
avelength [A] Plot courtesy of Matt Gomez

& Stephanie Hansen




Fiber Faraday Rotation

* Designed in collaboration with Tom Intrator and Tom Weber from LANL and
Dave Bliss from SNL to evaluate the use of this technique on Z

* This technique uses a magneto-optic fiber placed along the axis of the
imploding liner

» Knowledge of the fiber’s Verdet constant circumvents the need for an
independent plasma density measurement in determining the magnetic field

* Fiber Faraday rotation methods have been used to measure up to 1100 T
(11 MGauss) in American-Russian collaborative experiments in 1993 using
Russian MC1 explosively-driven magnetic flux compression generators

* This LDRD has enabled us to begin to evaluate this technique on Z

@ Sandia National Laboratories




Fiber Faraday Rotation Progress: Design
completed and bench-tested at LANL,

diode laser source|
[A=1550 nm, 20mW|
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circulator
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» Tom presented his design
and preliminary bench-
testing results at the
Diagnostics User Group
Meeting at LLNL on May
21-23, 2013
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* T Fiber Faraday Rotation Progress: Design
l‘.“" Sa8E completed and bench-tested at LANL, SITF, and Z
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Utilize Z in long-pulse mode to implode
larger liners and fit larger/more probes

Washington-6 Flux Compression Target
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*We will use Z in long-pulse mode to implode a larger-radius AR=6 liner (R;, , = 4.35 mm), thus providing
more space for larger on-axis probes, while not sacrificing implosion convergence (CR~10 obtainable)



Can implode much larger, same aspect ratio liner in
long pulse (lots more space to work with)

Proposed long pulse load parameters
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Long pulse can compress flux
inside large initial liner

No indication of plasma blow off
from inside liner surface
Probably not shocking up as
strongly
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Faraday Rotation Results (Z Shot 2713)

Faraday Rotation Results for Z Shot 2713
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Looking toward the future: How to
measure flux compression in a fully

integrated MagLIF experiment to get at
Nernst physics?

* An exciting development in the analysis of
neutron DT/DD vyield ratios and secondary DT-
reaction neutron spectra from NTOF detectors
could help with this very difficult problem

* Development of this new technique led by
Paul Schmit and Patrick Knapp

* Looking to design experiments in CY2015 to
everage this new technique




As the triton’s Larmor radius becomes comparable to the )
plasma radius there is a significant enhancement in the s
DT/DD vyield ratio as the effective path length increases
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Our neutron time-of-flight data are also consistent (3; e,
with the fusing particles being magnetized
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