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It’'s an exciting time to be

‘i ’» |§ working on the Z facility

e Refurbished Zis up and running

« Ever more extreme conditions are being reached in the
dynamic materials program

 Higher currents are enabling brighter x-ray sources and
hotter and denser plasmas for opacity research

 Magnetized concepts for pulsed power inertial confinement
fusion look interesting

« We are working to grow a fundamental science effort on
the refurbished Z
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Z provided compact, efficient,
power amplification

wire array implosion
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» Ve use pulsed power drivers to create and study
XXX matter at high energy densities

High Current

Z-pinch x-ray source > Magnetic pressure

/ wire array Current
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The five-year Z-Refurbishment project
has been completed

March ‘07 August ‘07 @Sandia National Laboratories




Everything inside the tank wall was replaced
during the refurbishment
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P2, The Refurbished Z Machine has more energy and
& more pulse shape flexibility
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Long pulse experimental currents are highly

@dE reproducible
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» Pulse lengths of up to 300 ns are possible
* Long pulse capability used for dynamic materials experiments
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~ We delivered 24 MA to a Dynamic Hohlraum and the current and
*',-; \ implosion time were reproducible to 1% over 8 experiments

[ —— 1873 i Z-pinch Dynamic Hohlraum
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~1.6% is the published random uncertainty in these load Bdot measurements
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original ZR gas switch ZR-A-5 gas switch

performance parameter (5-6 MV) (5-6 MV)
prefire rate 7% 0.1%
jitter 13 ns 5ns
flashover rate 5% 0.1%
replacement interval 10 shots 60 shots

We have recently demonstrated
30 consecutive ZR shots

..... (i.e., 1080 switch shots) without
a single switch failure.

. LeChien, M. E. Savage et al., Phys. Rev. ST Accel. Beams 11, 060402 (2008). @Sa PR S DO
. LeChien, W. A. Stygar et al., manuscript in preparation (2009). fdia ational Laboratories
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Improvements in accelerator
reliability and operations
efficiency are enabling us to
steadily increase the shot rate.

The first shot on ZR occurred
in September 2007.

We completed 81 shots in
FY2008.

We have completed 85 shots to
date in FY2009 (73% more than
during the same period last
year).

We are on track to perform 50
shots in Q4 FY2009.
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It’'s an exciting time to be

el ) working on the Z facility

e Refurbished Zis up and running

« Ever more extreme conditions are being reached in the
dynamic materials program

 Higher currents are enabling brighter x-ray sources and
hotter and denser plasmas for opacity research

 Magnetized concepts for pulsed power inertial confinement
fusion look interesting

« We are working to grow a fundamental science effort on
the refurbished Z
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. Magnetically-driven systems reach high energy
4y density (IMB) at 5 Megagauss

The magnetic field acts like a pressure in the momentum equation:

2
p(a—u+(u'V)u)=JXB—VP=LB°VB—V p+ 5
ot C 4 87

For cylindrically symmetric Zpinches
this term is zero

A 5 Megagauss (500 T) magnetic field applies a pressure of 1 MB to a conductor

A current of 25 MA at 1cm radius is 5 1076 G= 1 Mbar of pressure
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Isentropic compression and shock wave experiments are

both possible on Z

Sample
P > 4 Mbar

Isentropic Compression Experiments:

gradual pressure rise in sample

Flyer Plate
v up to 40 km/s

Sample
/P > 10 Mbar

Shock Hugoniot Experiments:

shock wave in sample on impact




pressure (GPa)

400
300 |

200 |

principal isentrope
(isentropic compression dS = 0)

principal Hugoniot
(shock impact)



Our MHD simulation capability

is a powerful design tool

DFT based material models gave us predictive capability
ASC codes enable optimized experiments

Measured / predicted current & flyer
velocity (850 um Al)
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R. W. Lemke et al., J. Appl. Phys. 98, 073530 (2005) Time x 1.e-6 (8)

In 2-D, 106 elements, 160 CPUs, 4 hours (T-Bird)
In 3-D, up to 108 elements, 8192 CPUs, 300 hours (ASC Purple
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Sandia was asked to perform melt studies in

% *Z:. support of the National Ignition Campaign (NIC)
* Beryllium and diamond are being considered as
300 eV graded- ablator materials for ICF capsules
doped Be
design: « Capsule implosion is an inherently unstable
process
» Goal is to avoid any heterogeneities that may
‘/‘.\ seed instability growth during implosion
'NQ\(- « Detailed knowledge of the equation of state, in
’\—/K particular the melt properties of the ablator
L) material is critical
\ﬂ‘\l — For Beryllium the goal is to melt on the first
{i ‘ '\ shock (thus need to know at what shock
-pip o ¢ & strength Be melts)
A — For Diamond, melting on first shock would
’\“f/‘ raise entropy of DT too much, must instead

/\ melt on the second shock
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Beryllium experiments were performed in support of

the National Ignition Campaign

Sovats/ NIC question: At what pressure would a Be
ablator melt under shock loading?
19 20
Sound speeds | | _ " | Hugoniot
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o g . 12 ~~ QMD/HCP “"BCC
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=2 1 @7 bulk
VOJ 14 1 Vm gZqung
ik o e « QMD HCP Hugoniot in better
13 A N FR— e ABCC long agreement with experiment
. . SNL melt prediction :E‘gﬁdb“'k
; | e . o
i s ot e o « QMD HCP longitudinal sound

speed in much better

Stress (GP | i
tress (GPa) agreement with experiment

Onset of melt at 210 GPa in good agreement with QMD prediction of 213 GPa
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Experiments on Z explored the shock melting
of diamond as well

QMD Hugoniot
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QMD calculations predicted measurable changes in the
shock velocity at the phase boundaries

RYAAAS

QMD predictions in black

Z datain red Shock-Wave Exploration of the
High-Pressure Phases of Carbon

M. D. Knudson,* M. P. Desjarlais, D. H. Dolan

19 DECEMBER 2008 VOL 322 SCIENCE

Melt onset: 6.9 Mbar
Melt completion: 10.4 Mbar
First experimental evidence

for BC8 phase in carbon

Cl lg L] I L)
§diamond !
26+ © +liquid |

i diamond

Shock Velocity (km/s)

8 9 10 11 12 13 14 15
Particle Velocity (km/s)

Impacts ICF and planetary science, validates theory () sanda Natonl Labortories
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- ZR was designed to enable shaped pulses, which will

8 d enable higher velocity flyers and higher pressure ICE

pulse-forming line (PFL) output-transmission-line 1 (OTL1)

output-transmission-line 2 (OTL2)

water convolute

insulator stack

Shorted, or 3.5 Cm« main water switch (3 channels) optional punch-through switch
: (plastic surfboard, not shown)

Always closed to 2 mm<-| peaking P (4 channels)
= :VACUUM

- olL >ie WATER
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2y This capability was put to the test in recent
2%d 5 experiments studying the isentrope of Ta to 4MB

— Sesame 3520
350 - — Sesame 3521
—LANL 90210

+ 2-3% in
density

0 =~ ‘ ‘ ‘ ‘ ‘
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It’'s an exciting time to be

25, lB working on the Z facility

e Refurbished Zis up and running

« Ever more extreme conditions are being reached in the
dynamic materials program

e Higher currents are enabling brighter x-ray sources and
hotter and denser plasmas for opacity research

 Magnetized concepts for pulsed power inertial confinement
fusion look interesting

« We are working to grow a fundamental science effort on
the refurbished Z
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- Wire Arrays efficiently convert energy

e from electrical to radiation

wire array Current

B-Field

kinetic and electrical energy
< @@ |

. M :
electrical energy Internal (shock heating)

kinetic energy

Z
(" )

X rays
6 ns
~1.6 MJ
~200 TW

electrical to
x-ray ~15%
efficient
J

Initiation Implosion Stagnation
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~X-ray backlighting has enabled the study of wire array

$ | implosions so that we can further optimize them
g «’:;‘\. / .
<ot Tungsten Wire Array implosions radiographed at 6.151 keV
Ablation Implosion Stagnation &
| i X-ray production

Magnetic Rayleigh-Taylor and other instabilities strongly affect wire array zpinches
from the very beginning

More work is needed to optimize these sources on the refurbished Z
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- 3D Rad/MHD simulations are becoming essential tools
¥ in understanding magnetically-driven implosions

Density, 60 Degree Wedge
t=-29ns

Z-Pinch Plasma Density vs. R

6 : T : T T I T T T I T T T I T T T l T T T 1 .5
Dty (.mgscc) : é 115mg " experiment (Abel inversion) I
1.000e+02 5 I a.rray s gimulation 1.7% correlation in 6
3.162e+00 - E simulated current / 12.68 MA
1.000¢-01 E 2
c o 4F s - 1.0 g
3.162¢-03 e E | =
2] E H L o
1.000e-04 E E : s error bars indicate 1 ©
3F @ s standard deviation in 8 g
2 F i 1 £
[ 2 H _ o
o . H 5
o 2F i 405 O
1E
OE i P R S 1 0.0
0.0 0.2 0.4 0.6 0.8 1.0

R (cm)

3D (and even 2D!) Rad/MHD codes are essential tools. Many issues remain to be
worked through and benchmarked with experimental data.

The physics of shorting/current delivery is important to study and understand

Simulations can help optimize arrays for different objectives

@ Sandia National Laboratories
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Large diameter wire arrays have achieved 250 TW peak total
powers and 30 kJ of Cu K-shell on ZR

65 mm stainless steel arrays have for 65 mm copper arrays have
first time reproducibly achieved 250TW achieved 30 kJ at 8.4 keV
< 300 25 g B — 30 —~
£ 250 20 = = $35% 12
o 200 = & 4 420 =
2 150 15 3 s L 3.6ns FWHM | <
S 100 1.0 2 = Bl 3.7nsrise 410 T
& 50 0.5 2 2 - 1 %
X 0 W Vvrreeress 0.0 X x‘{’ 0 Jog X
90 100 110 120 130 140 80 100 120 140 160
Time (ns) Time (ns) 21862

Upcoming plans include

* Further optimization of SS (6.7keV) & Cu (8.4kev) loads based on

* Detailed atomic modeling

* 3D MHD modeling

* Optimization of convolute and feed configurations
* Reestablishing Al (1.7 keV) wire array sources

* Begin investigations of Ar (3 keV) gas puffs on Z (FY10)

() sandia National Laboratories
I |




~Refurbished Z has delivered world-record currents to Dynamic

Hohlraum Z-pinch loads with < 1% shot-to-shot variation

Load Current (MA)
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This reproducible, bright (=200 TW) source is ideal for opacity experiments
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o Z dynamic hohlraums are used to make opacity

- | measurements for comparison with models

Foil is heated during Foil is backlit
D the DH implosion at stagnation

0

Fe transmission @ Te = 156 eV
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Z experiments test opacity models that are crucial

for stellar interior physics

Predictions of solar structure do not
agree with observations

. ~ ‘.u 3 :}'=.
¢-.‘500nz\/oer§3é'V?- Solar structure depends on opacities that

have never been measured

radiative )
Challenge: create and diagnose stellar

interior conditions on earth

High T enables first studies of transitions
important in stellar interiors

2007 Don Dixgh / cosmographica.com

Solar CZ boundary
193 eV, 1 x 1023 cm-3

() sandia National Laboratories
I |




Z opacity experiments reached T ~ 156 eV, two

times higher than in prior Fe research

Fe+MgatT.~156 eV, n_ ~6.9x102' cm-3
Fe & Mg gee
sample _
v
§0.8 ﬂ h
(/)]
%)
radiation £
c [
source S 040
:_ Fe XVI-XX i
I < > ]
005 g 400~ 120 140

J.E. Bailey et al., PRL 99, 265002 (2007) A (Angstroms)

* Mg is the “thermometer”, Fe is the test element
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-‘ Opacity measurements on the refurbished Z are

S8\ : : : :
45 close to replicating solar interior matter

0.0

source

E spectrometer
0.8:—
0.6:— (CH) —» <+— Sample
0.4 :— He'Y | B
0.2 :—
= Line Widths Heé-B radiation

7.5 3.0 3.5 9.0

~J

e Higher Ly/He ratios indicate ~20% increase in T,
~190 eV

* Broader high-n lines indicate thicker tamper led to
~300% increase in n,

This is much closer to Fe conditions in the Sun
I




It’'s an exciting time to be

el ) working on the Z facility

e Refurbished Zis up and running

« Ever more extreme conditions are being reached in the
dynamic materials program

 Higher currents are enabling brighter x-ray sources and
hotter and denser plasmas for opacity research

 Magnetized concepts for pulsed power inertial confinement
fusion look interesting

« We are working to grow a fundamental science effort on
the refurbished Z
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~Under extreme conditions a mass of DT can undergo

* | significant thermonuclear fusion before falling apart

 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?

PR, T R T ~ e~
disassembly c. ﬁ burn n, <OV> P <GV>

 The fractional burn up of the DT (for small burn up) is:

N~ f N
“’ T (V)
~ disassembly ~ OR
’ v ‘ fbum tburn p V T

« 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”)

2
e Typical ignition conditions are: PR =0.6g/cm
T =5keV
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. The fusion fuel must be brought to a pressure of several

4 hundred billion atmospheres to achieve the goal of ignition

R ~0.6g/cm’ keV
For ignition conditions: { P . } PRTz3-O(g 2 )

T =5keV cm
P(Bar)=8+10°p(g/cm?® ) (keV) PR ~ 2.4+10°Bar —cm
E~ gpv ~%P(%”R ) ~1.5¢10°R?(cm)(J)

Enie ~15kJ=> R ~ 30um = P ~800GBar and p ~200g/cm’

NEN 30 ps Power~i~0.5'1015W
conf C T

s conf

T

Calculations of NIF ignition capsules without burn

reach similar (~500GB) pressures
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» High velocity, low adiabat thin shells are needed

4 * i to reach these pressures

In either direct or indirect drive, peak drive pressures are
of order ~ 50-150 MBars

We need to get pressures to >1000X that for ignition!

Spherical implosions enable us to store energy in the
fusion fuel in the form of kinetic energy, which is
converted to pressure at stagnation

. . > 2 3
Direct Drive (Laser) Psmg ~ Otpég alost/gg ~ V= Psmg ~ VS/Ot/2

OtEP/PF

ermi

Thin shell implosions can reach the 200-400 km/sec
needed for ICF

fP dV = —mV m ~ 4.7'L’R2,O(SR

drive
P. R
PdrzveR3 RzpéR V2 = V2 ~ _ drive 6R
0
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Double z-pinch hohlraum fusion concept

R. A. Vesey, M. C. Herrmann, R. W. Lemke et al.,
Phys. Plasmas (2007)

High yield capsule design

Be (0.2% Cu) 190 um

solid DT 280 um

DT gas 2180 pm
primary (0.3 mg/cm3)
hohlraum
w/ z-pinch
secondary Fuel density at ignition
hohlraum
w/ capsule

N AT

'y

symmetry control

7 foams
L, r

« Two z-pinches, each with 9 MJ x-ray output
« Symmetry control to 1% via geometry, shields 1D capsule yield 520 MJ
 Capsule absorbs 1.2 MJ, yields 400-500 MJ 2D integrated yield 470 MJ
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large driver (beyond ZR) is needed is needed to

rive the high yield double ended hohlraum

 Power required (1 PW/pinch @ 20-mm-diam.)
e Energy required (8-9 MJ/pinch)

Because of the inefficiencies in this concept only 0.04%
of the driver energy gets to the fusion fuel

Are there more efficient concepts? Is there any way to lower the required
pressure?
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NG

‘ An approach to reduce the requirements would be to drop

<

48 the pr needed

R ~0.6g/cm’ keV
For ignition conditions: P . PRT ~ 3-O(g 2 )
T =5keV cm

P(Bar)=8+10°p(g/cm?® ) (keV) PR ~ 2.4+10°Bar —cm
E~2PV -~ E13(4—”1'33) ~1.5210° R*(cm)(7)
2 2\ 3
E~mT~pR’T
Enie ~15k]=> R ~30um = P ~800GBar and p ~200g/cm’

PR =001 =P | 60
cm
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Imposing an axial magnetic field on a cylindrical
Implosion may allow self heating without high pr

S

@

5 )

® | |

3 .

+— i J

€ [ ZRliner ===

S | implosion -

§ . Bip ~ 108 m =0 .

s Basko et al Nuc. Fusion 40, 59 (2000)
oot oor ot 1

fuel pr (g/cm?)

A magnetic field inhibits electron thermal conduction and enhances alpha
particle deposition within the fuel lowering the pr needed for self heating
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A number of groups around the world
are looking in to this

Formation: LANL Translation Compression
Max Planck/ITEP e ey iy
segmented :
pusher Cm(;lrlrsor theta-pinch coil S€Paratrix
/ » B magnetic field ‘;'- ] AN ”~—§“— ] = of
eavy lon - e e s
4 - \:":"”' e -
Beam » B o ~E \
. —_\@m \
Driver - f < | quartz tube
- fonl pltam magnetic | closed poloidal *— toroidal LANL: design, test
field lines  magnetic field line 25’;;‘: AFRL: Shiva-FRC
U
2 . £ = T I
A magnetized ICF implosion yields __ 16| Simulation of
: — Imploded
- 1.4 -]
higher hot-spot temperatures - CH cylinder
: : -
[ I S — Compressed field @ .
E 0.8
@
S 06
o
_93 0.4
Initial seed A W LV Rt Er ~ 02
field of 3-5T * W o 0.0 ! 1
” : 0 10 20 30 40 S0
Distance (um)
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. Magnetized Liner Experiments on
a4 ZRlook interesting

i - A ~ 10Tesla axial field is preimposed on
azimuthal SOt 1€
Hinet drive field a thick liner containing D2 or DT gas

Liner must be low aspect ratio (R/AR ~
few) so it is not ripped up during
implosion

cold fuel

How low the aspect ratio must be for an
implosion to be stable enough is an
open question

Low aspect ratio shells implode slowly
/ (50-100 km/sec) so we need another way
Preimposed to get the plasma heated to ~ 10keV
axial field

() sandia National Laboratories
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Simulations show that both a magnetic field and a preheated
plasma are needed to obtain interesting fusion yields on ZR

Aspect Ratio 6, 1I=20 MA, 1cm tall Be liner,DT Gas

100.00

10.00 |

Clean 1D '
Yield (kJ) 1-°°§

0.10

0.01
0 100 200 300 400 500
Initial Temperature (eV)

These are 1D simulations so many caveats apply

At stagnation field is ~ 100 MG
Fuel pris ~0.01 gm/cm”2

liner pr is high ~ 1gm/cm”2
Electron conduction losses
are strongly reduced

Due to presence of magnetic field
and low fuel density (low radiation
losses), fuel is compressed nearly

adiabatically
2/3

4/3
S
Po R

How do we preheat the fuel?
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The Z beamlet laser could efficiently
preheat the fuel

DT Gas
p~2.e-3 gl/cc

Current

liner —

Window foil

The Z Beamlet laser provides ~ 3kJ of
green light to the Z target chamber for
backlighting

Optimal densities for these targets from 1D
calculations at ZR currents are 1-2 mg/cc ~
5to 10% of critical density for green light

Lasnex calculations suggest that the
plasma can be heated to ~ a few 100 eV

Issues like uniformity of heating, window
foil interaction, and end losses have been
briefly looked at.

No show stoppers identified.
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Magnetized Liners on Z show promise, much work

remains to be done to assess this concept

«Stability of the liner implosions is the key issue
* We need to study the development of MRT in solid liners
and bench mark our codes against experimental data
« What Convergence Ratio is achievable?

More Computational Work needs to be done:
*1D mix models to study fuel/liner interface
2D simulations to assess stability
3D effects
sLaser heating for preheat
*What is the effect of an axial magnetic field on the current
delivery to the load?

*\We hope to perform the first experiments on liner stability
next year
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It’'s an exciting time to be

el ) working on the Z facility

e Refurbished Zis up and running

« Ever more extreme conditions are being reached in the
dynamic materials program

 Higher currents are enabling brighter x-ray sources and
hotter and denser plasmas for opacity research

 Magnetized concepts for pulsed power inertial confinement
fusion look interesting

« We are working to grow a fundamental science effort on
the refurbished Z
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- The Z and Z Backlighter Facilities have an active collaboration

@ & with University students and faculty

Have explored the physics of high Future experiments are planned to

Mach number radiative shocks, such as  study the equation-of-state of warm

those found in supernova remnants dense matter and the confinement of
Edens et. al., Physical Review Letters, 95, 244503 (2005) a high energy density plasma by a

strong magnetic fieldi

To propose experiments contact:

Z Facility Mike Lopez
mrlope@sandia.gov

Z Backlighter  Briggs Atherton
bwather@sandia.gov

Z Facility Basic Science Call for
Proposals due out in September 20009.
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We will be holding a workshop on Science with
High-Power Lasers and Pulsed Power in late July

Meeting will be held in Santa Fe
Organized by Alan Wootton, director of the Institute for High Energy
Density Science

Goal is to identify the most interesting,exciting fundamental science
experiments that can be performed using the high-power lasers and pulsed
power facilities at Sandia National Laboratories(SNL) and the University of
Texas(UTX).

The workshop is being held under the auspices of the Institute for High Energy
Density Science, joint between UTX and SNL.

Please see http://www.ph.utexas.edu/~iheds/index.html or
email Alan at woottonl@comcast.net if you are interested.
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It’'s an exciting time to be

‘i ’» |§ working on the Z facility

e Refurbished Zis up and running

« Ever more extreme conditions are being reached in the
dynamic materials program

 Higher currents are enabling brighter x-ray sources and
hotter and denser plasmas for opacity research

 Magnetized concepts for pulsed power inertial confinement
fusion look interesting

« We are working to grow a fundamental science effort on
the refurbished Z
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