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ICE workshop series revived (after
4-year hiatus) as Ramp-Compression Workshop

§ June 2004 — SNL hosted in Albuquerque
§ December 2004 — LLNL hosted in Livermore
§ October 2006 — SNL hosted in Albuquerque

§ January 2011 — SNL hosted in Albuguerque

§ From the announcement:

“The workshop is envisioned as an opportunity for unclassified discussion
and presentation of current work in [...] areas of research on ramp
compression experiments.”
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Attendance at the 4™ Workshop was
larger and broader than previous meetings

Approximately 55 attendees

Academia (CIW, WSU, Caltech, NPS, Imperial College)
International (AWE, CEA, Imperial College)

National Labs (LLNL, LANL, SNL)

21 presentations in the areas of Techniques, Facilities, Diagnostics,
Standards, Analysis, Strength, Computation

Official tour of the refurbished Z Machine

Feedback from one participant:

“...the workshop was very good, and a significant step forward over the last
one in terms of breadth of content and the institutions represented. The
talks were good and stimulated a lot of discussion. At any time during the
breaks, one could see several side discussions quickly forming.”
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Some high-level observations

§ Significant developments of new techniques & diagnostics

§

§
§
§
§
§

Magnetically Applied Pressure-Shear (MAPS)

EOS measurements using radiography of cylindrical converging geometry
2-D “plane-VISAR” velocity interferometry

Frequency-conversion PDV

XRD and EXAFS used routinely at laser platforms

Two presentations on temperature measurement

§ Ramp-compression experiment capability becoming ubiquitous

§
§
§
§

Imperial College using older MAGPIE pulser, building new MACH pulser
CEA/Valduc developing HE-PWG driven ramp compression
Ramp compression demonstrated on LANL's NHMFL single-turn machine
Also represented were:

 GEPI (CEA/Gramat)

* Veloce, Z (SNL)

e Omega (LLE)

» tape-cast GDI, Janus, NIF (LLNL)
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More high-level observations

§ Serious thought being put into analysis of ramp-compression data

§
§
§

Estimate dissipation from evolution of ramp toward shock
Reciprocal acceleration analysis to find simple-wave regions

Orientation-dependent rate effects in plasticity of tantalum recovered by
dislocation density based model with anisotropic dislocation nucleation

Generalized wave analysis to extract strength with minimal assumptions
Methods to mimic ramp compression in atomic-scale MD simulations

§ Computational emphasis on MHD and optimization

§
§
§

New semi-relativistic correction improves performance of Alegra-MHD
Dakota optimization and UQ accessed from within Alegra input deck
New general 1-D Lagrangian code “Laslo” available

» Simple to modify/extend (either model equations or material models)

» Already includes MHD and optimization
» l|deal for experiment design/analysis
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Tuesday, January 18, 2011

4th Workshop on Ramp Compression
18-19 January 2011 at Sandia National Laboratories
Computer Science Research Institute, Room 90
1450 Innovation Pkwy SE, Albuquerque, NM

CHAIR TOPIC SPEAKER(S) AFFILIATION TITLE
8:00 SIGN-IN & COFFEE
n-Paul Davi
9:00 INTRODUCTION Jean-Paul Davis SNL
& Dawn Flicker
9:10 Rob Hixson | Techniques | Jon Eggert LLNL Laser-Based Ramp-Compression: Wave-Profile Analysis and X-Ray Diffraction
9-40 Techni Ray Lemke SNL Isentropic Compression Experiments Using a Cylindrical Liner Z-Pinch
' echniques & Matt Martin Determination of Material Equation of State from Multi-Frame Monochromatic X-Ray Backlighting
10:25 BREAK
_ Scott Alexander ) ) ) )
10:45 Frank Cherne Techniques &T Haill SNL Magnetically Applied Pressure-Shear (MAPS): A New Method for Direct Measurement of Strength at High Pressures
om Hal
11:30 Standards Carl Greeff LANL EOS Standards
12:00 LUNCH
13:20 Dan Dolan | Diagnostics Neil Holmes LLNL Making Pyrometric Measurements in Ramp Loading Experiments
13:40 Diagnostics Camille Chauvin CEA Investigation of Temperature Measurement of Material under Dynamic Loading Using Infrared Optical Pyrometry
14:10 Diagnostics | Ray Smith LLNL New 2-D Interferometry Results for Laser-Driven Compression of Si and Al
14:40 Diagnostics | Tommy Ao SNL Measuring Ramp Compression with PDV
15:10 BREAK
15:30 BUS LEAVES FOR TOUR OF Z 24 guests maximum (workshop room available for informal meetings)

17:00

END




Wednesday, January 19, 2011

CHAIR TOPIC SPEAKER(S) AFFILIATION TITLE
8:00 SIGN-IN & COFFEE
8:30 Seth Root Facilities Simon Bland Imperial | Initial Ramp-Wave Experiments at Imperial College
8:50 Facilities Christophe Voltz CEA Isentropic Compression Driven by High Explosives: Application to Experiments on Tin and Aluminum 6061-T6
9:10 Facilities Doug Tasker LANL Adaptation of Existing Facilities to Isentropic Compression Experiments
9:40 Facilities Pierre-Yves Chanal CEA Recent Developments on the GEPI Facility for Isentropic Compression Experiments
10:10 BREAK
10:30 Matt Martin Analysis Roger Minich LLNL Estimating the Energy Dissipation and Entropy in a Ramp Wave
_ Roger Minich for . ) . .
11:00 Analysis ) ) ) LLNL Dissecting Lagrangian Velocities and Ramp Waves
Daniel Orlikowski
11:30 Analysis Josh Robbins SNL Sensitivity Analysis and Parameter Optimization Using 1-D MHD Simulations of Magnetic Drive Experiments
12:00 LUNCH
13:20| Scott Alexander Strength Jow Ding WSU Modeling of the Dynamic Inelasticity of Poly- and Single-Crystal Tantalum Under Ramp Wave Loading
13:50 Techniques | Jeff Nguyen LLNL Review of Tailored Loading Effort at LLNL Gas Gun Facility
14:20 Strength Bryan Reed LLNL Fundamental Thermodynamic Approaches to Extracting Strength from Velocimetry
14:50 BREAK
15:10 John Heidrich | Computation | Matt Lane SNL Characteristic Curves and Scaling in Shockless Compression Using Molecular Dynamics
15:40 Computation | Allen Robinson SNL Recent ALEGRA-MHD Developments Applicable to Magnetically Driven Ramp Compression
16:10 Computation | Greg Weirs SNL Visualizing Material Model Data Using Prism
Jean-Paul Davis _ ,
16:30 DISCUSSION & WRAP-UP SNL (open discussion, next workshop)

& Dawn Flicker

17:00

END
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Ramp Compression Workshop
Albuquerque, January 18, 2011

Jon Eggert

Ray Smith, Ryan Rygg, Jim Hawreliak, Dylan
Spaulding, Damien Hicks, Yuan Ping, Rip Collins

LLNL
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Outline

1) Wave-profile analyses for EOS:

A) Review of Omega data
B) Plans for the NIF

2) Extreme Chemistry
A) Sodium
B) Aluminum

3) Beyond wave-profile experiments
A) X-ray diffraction
B) EXAFS
C) Transmission / Reflectivity
D) Spectroscopy



Ramp Compression Workshop, Albuquerque, January 18, 2011

Ramp compression experiments on the OMEGA laser Hl.
have enabled peak pressures of 1500 GPa
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EOS results for diamond up to 800 Gpa and Ta up to 300 GPa
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Preliminary data on iron

Free Surface Velocity (km/s)
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We are working to find the ramp EOS on Iron

1.

Need a steady shock into epsilon-iron

2. Pulse shaping is a challenge

Ray Smith
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The NIF EOS platform is an ignition-scale hohiraum []
with a side-mounted package

- The basic target package will consist of a diamond ablator/ramp generator
coupled to the Ta sample

« A series of preliminary experiments are required to characterize the ramp
response of the diamond and Ta samples

Primary diagnostics:

Ramp drive pulse Ramp-experiment () VSISO =
P-exp measures free
—60- , package -
= \ | / surface velocity; also
a0 QA / 65/75/85/95 UM Ta  reflectivity &
g A
< 20- i temperature in the
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EIEET T
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120, ock drive puise N\ radiation temperature
5 'SNG 0 um Dot in hohlraum and wil
= 80 7 \\ help to optimize the
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046 A A simulations

Time (ns)



Ramp Compression Workshop, Albuquerque, January 18, 2011

Lagrangian Sound Speed (knm/s)

8 Mbar Ta simulation and analysis (nif_8Mb_24h)
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Results expected for Ta assuming AL = 100 nm, At = 50 ps, VPF = 0.03 km/s.

Parameter Error in ApAp—p,) at AP/P
Parameter 6 Mbar at 6 Mbar
Step height, AL 100 nm 0.7% 0.6%
Time, t 50 ps 3.8% 3.5%
Velocity, Urg .03 km/s 1.9% 1.3%
Total per shot 5% 4%

Uncertainties are directly related to experimental observables
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We plan to shoot 7 Ta and 5 diamond shots on NIF
this spring.

Shot Purpose and Scope Pulse Shape Total Target Name Result
Energy
1 20 Mbar Materials EOS 26 ns EOS 287 kJ Demonstrate Planarity, and
Planarity and Drive Ramp MD_EOSPlan -A-01 Drive on Diamond Target.
2 8 Mbar Materials EOS 26 ns EOS 287 kJ Measure thin-sample pre-
Preheat Ramp MD_EOSPreheat-A-01 heat and drive.
3,4 8 Mbar EOS Drive 26 ns EOS 177 kJ MD_TaEOS-A-01 Measure drive for 8 Mbar
Ramp MD_TaEOS-B-01 tantalum.
5,6 8 Mbar EOS Measurement 26 ns EOS 177 kJ MD_TaEOS-C-01 Measure EOS tp 8 Mbar
Ramp MD_TaEOS-D-01 tantalum.
7 8 Mbar EOS Measurement, 26 ns EOS 177 kJ MD_TaEOS-E-01 Measure EOS tp 8 Mbar
taken on classified Visar Ramp tantalum.

Ramp EOS

Target Design N081810

Our EOS targets are very similar to the successful ShkCom targets
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Extreme Chemistry LLg

Extreme Chemistry is an old idea, but is just
now beginning to become reality

Examples from sodium and aluminum
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New platforms are driving a paradigm shift in condensed- | ||}
matter science (physics, chemistry, materials) LL%

Traditional view: materials become simple at high pressure appears to be completely wrong!

“ ..what the present results most assuredly demonstrate is the importance of
pressure in revealing the limitations of previously hallowed models of solids”
—Neil Ashcroft (2009).
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Aluminum is predicted to have at least 3 new phase i

transitions up to 10 Tpa.

Pickard and Needs, Nature Materials (2010).

Traditional view: materials become simple at high prtsessure appears to be completely wrong!
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Figure 1| Enthalpy-pressure relationships for Al phases. Enthalpy
differences from the bcc phase are shown. The slopes of the curves give the
volume differences from the bcc structure. The host-guest and simple
hexagonal structures are favoured at high pressures because they are
denser than the close-packed structures.
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Figure 3 | Equation of state of Al. The volume-pressure relationship
calculated in this work and from the EoSs of Lomonosov*® and Holian'8.
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High pressures phases of aluminum are
also predicted to be complex

Pickard and Needs, Nature Materials (2010).

¢

e-DoS (eIectrons/eV/As)

HCP

0.25

0.20

o
-y
(&;]

o
-
o

0.05

0.00

Energy (eV)

Host-Guest structure
of Ba-1Va
(Incommensurate
Electride)
3.2-8.8 TPa

Electrides form above
about 3.2 TPa

CMMA

t-jo #

. ™ . @ . .
Jfe o%, "¢ ¢, Simple Hexagonal Electride
0p” Vg0 05" Fy0 .

‘;0% o Electride >10 Ta

C #9 _ oa.hc,(-’ % o 88—-10TPa @ %

e W a7\
® (%) (V]

& @ & :
° e o

Up to 10 TPa
aluminum is still
metallic

“all structures near
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close packed”
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Temperature ( x10° K)

MgSiO, shows a large discontinuity in decay
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Beyond Wave-Profile Analyses LLg

*To really explore this new extreme
chemistry experiments must be done
in the TPa regime.

We need new diagnostics that go
beyond wave-profile analyses
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Sandwich Ramp-Compression w.l

Laser Drive
Ablation
verberati

Shock

LiF

Lawrence Livermore
National Laboratory

VISAR

the LiF or Diamond interfacial pressure is the same as
in sample

If we know the EOS of LiF or Diamond we can find the
Pressure in the sample using the VISAR diagnostic

Using this target design, we believe we can ramp
compress samples to ~30 Mbar, Hold the state for
several ns, Determine the pressure, and Make a

measurement.

XRD, XAFS, XANES, Reflectivity, . . .. Temperature
remains the most important parameter that we do not

know how to measure.
L -
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In addition to wave profiles we measure x-ray diffraction tp | Il
determine structure, stress, strain, and texture
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Diffraction, Hugoniot, Ramp wave-profile, and DAC
data are consistent and give P-rho-T and structure

XRD results for Ta

Stress (Mbar)

¢

Tantalum -
Hugoniot Melt B /( -
= :
DDD/ L
0
g
oy

© Cold Curve
B Hugoniot C
@ Ramp XRD, Omega [

Z (2 Shots, Eggert et al., 2007) |
—— Omega Laser, (8 Shots, 2009) [

Compression

Ryan Rygg
Jim Hawreliak



“ Ramp Compression Workshop, Albuquerque, January 18, 2011

Diffraction, Hugoniot, Ramp wave-profile, and DAC []
data are consistent and give P-rho-T and structure

XRD results for Ta

XRD results for Sn
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Diffraction, Hugoniot, Ramp wave-profile, and DAC
data are consistent and give P-rho-T and structure

¢

XRD results for Ta

XRD results for Sn

XRD results for Diamond
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Diffraction, Hugoniot, Ramp wave-profile, and DAC []
data are consistent and give P-rho-T and structure

XRD results for Ta

XRD results for Sn ) /ﬁ -
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EXAFS data is used to determine local order, i
structure, temperature in a 50 ps snapshot LUZ

X-ray Scattering/absorption shows local
Data at P = 3 Mbar structure in Fe to 3 Mbar (Hicks)
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Yuan Ping

Best fit to EXAFS data at 3 Mbar shows HCP
structure, compression =1.55, T=6000 K
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Input from simulations aids EXAFS analysis
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Best fit of exafs data with different phases gives slightly different densities due to

different g(r).

Fitting with hcp shows the most reasonable density, which is along Fe hugoniot.
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Temperature by EXAFS and XRD agree
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LiF remains transparent to over 8 Mbar under ramp

compression
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We need a complex suite of drivers
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We developed a technique for obtaining off Hugoniot
EOS data via magnetically driven liner implosions on Z

§ Large pressures possiblein cylindrical geometry [P a (I / R)?]: =20 MA,
R=0.25 cm, P~10.2 Mbar.

§ Magnetically driven liner implosions for HEDP studies demonstrated
at LANL (Pegasus & Atlas), AFRL (Shiva Star), and in Russia (VNIIEF).

§ 1=12-30 MA implodes 10-100 g liner in 10-20 us; velocity < 20 km/s.
§ X-ray radiography key diagnostic.

§ Magnetically driven liner experiments on Z quasi-isentropically
compress solid beryllium to P ~ 3 Mbar.

§ 1=20MA implodes 0.169 g liner in ~0.1 ps; velocity <54 km/s.

§ Cylindrical ICE (isentropic compression experiment).

Sandia
m National

laboratories




A'b_--'el Inverting multiple x-ray images of imploding liner
yields time sequence of density profiles

Be Liner Z-Pinch Implosion Two-frame 6151 eV x-ray radiography

y ()

Abel inversion vyields liner density vs. r

r(rk(r) = _; 5 O IIﬂ[lo(lslf)/ o] \/yglx: )

Sandia
'11 National
laboratories
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Discrete equations for pressure & velocity obtained by
mapping Abel inverted densities to mass coordinates

Liner Density vs. R (m; = 10 mQg)

dm + u,(m;)

6" " T T T — T Tt{Z3030ns ]
5_ r(mi) —  i= 3052ns_§
FSE simulation ]
S 4F
e |
2> 3F
] 3
g 2f
(=) ;
| I R R R B
0.20 0.22 0.24 0.26 0.28 0.30
R (cm)
N Dp o ( ) /mi“ 1 oV
— = —pV -u ——> u,(m; =
Hydro Dt / e m;  2wL,r Ot
Equations 1
Du 1 Ly 1 Ou,
— = ——=VPFP ——> P(m dm + P(m;
_ Dt o) H'l L orL.r ot ( E)

Algorithm developed by Matt Martin.

1

i\
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Simulated cylindrical Be ICE determines current shape,
radiograph timing, and self-consistency of pressure unfold

§ ALEGRA resistive MHD code. Sy S AR
[ 1st radiograph
§ Liner: R=0.24 cm; R,=0.32 cm. E L @nTo0%ens i
<~ |
§ Current shape based on Sesame MI
EOS Be 2020 isentrope. 0.4 —
: last radiograph
. . = | , = 3052
§ Four radiographsin 22 ns § o2l ©@1a= 305208 i
window. N
0.0l
§ Verifies quasi-isentropic 0.4 ) _
compression of solid Be. = | el
L 0.2 .
§ Determines uncertainty N
propagation. 0.0l

R (cm)

0.05 010 0415 020 025 030 0.35

i\
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“Simulated cylindrical ICE shows effect of +/- 4%
uncertainty in Abel inverted density on pressure

Pressure vs. Radius (Be Liner)

ch

total pressure (unfolded
using densities)

n

noC

]

Pressure (Mbar)
[}

isentrope
P<3Mb \Y(H

/

—

i

Hf . /4— magnetic

melt line

/ (— hydro

002 091

-

0.20 0.2 .50

Radius (cm)

Magnetic diffusion reduces maximum
pressure of unfolded isentrope.
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Simulated cylindrical ICE verifies solid Be compressed

along isentrope of Sesame EOS 2020

Pressure (Mbar)
L e |

L e o I v

Total Pressure (unfolded) vs. Density

4
x
=

- x x
Be liner / x

%
isentrope Be ol
EOS 2020 L
2
_..-u--ﬁ
2.0 2.0 3.0 3.9

Density (g/cm?3)
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For quasi-isentropic compression the current
waveform is based on the material EOS

sound speed x compression ratio Be2020 isentrope
60 F T T T =

. CL(P)=C,(P)r(P)/ r

50 F

a0E

Cs*po/p,

30 F
20 E

10

Pressure (Mb})

Liner thickness < shock up distance X..
Xs = tRCLNCLO /(CLN _CLO)

Pressure at time t,..

tn = tR - XS[CLN (Pmax) - CLn(Pn)]/CLN (Pmax)CLn(Pn)

Sandia
li“ National
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Beliner ICE produces required shaped current drive

and 4 radiographs at desired times

Be Liner ICE Load Current vs. Time

25 SESRa .-,-;m;m.,":d { s;a:“,d} ,,,,,,,,,,,,,,,,
r designed (shaped)
20 - measured (no shaping)
15
10F
[ : ZBL x-ray ]
- i € images ]
5p | .
n L e, il R SRR | A 1 i H P - " i " 1 " i " "
2850 2900 2950 3000 3050 3100 3150
Time (ns)

6151 eV Backlight Images
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Abel inverted densities in good agreement with MHD simulation
Indicating quasi-isentropic compression achieved

NMormalized Transmission

Abel inversion of transmission
for R > 0O yields density profiles.

Normalized Transmission vs. R
1 o T L] T T

08 ]

EXPERIMENT

0.6 ;

0.4 r 7

0.0L(

R {(mm)

Error bars established
assuming noise in x-ray
transmission is random.

Density (g/cm’)

Density (g/cm’)

Union Be Liner ICE Abel Inverted Density
E T T T

EXPERIMENT
5
T ALEGRA MHD
4
t=3030ns
3F  t=3052ns =\
: \
1 \
ﬂ e % — -| | | \
1.6 2.0 2.4 2.8 3.2
R (mm)
Abel Inverted Be Density t=3052 ns
BF " T T T T T
EXPERIMENT
4 H"Hﬁl
3 §
2 |

24 2.6 2.8 3.0
R (mm)
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Cylindrical ICE on Z produces Be isentrope to ~3 Mbar

Pressure vs. Radius (Be Liner ICE)

total (experiment)

[ |

hydro (MHD)

isentrope
21 P<3 Mb

melt line

Pressure (Mbar)
[

Radius (cm)

MHD simulation: at peak compression inner 156 ym Be
solid (116 um field free); P = 3.2 Mbar; p = 3.9 g/cc.

0.21 022 023 0.24 0.25 0.26 0.27 0.28 0.29 0.30
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The unshaped standard short current pulse produces a ~4 Mbar
shock in the Be liner in excellent agreement with simulation

22104(1) ZBL 6.151 KeV Backlight Image
Unshaped Load Current vs. Time S p e |

25

——— measured H i 30}
estimated bl [
estimated dt=-3.8ns | !

20

15

| & x-ray images
10 P y 9

Current (MA)

o E 22104 Abel Inverted Density vs. R
0 f Lo , ® preslsure ' _ EXII:’ERIMEN‘T :
2950 3000 3050 3100 3150 j ~4 Mbar - MLEORANED
Time (ns) g
2 3 3
Results are further evidence of °

guasi-isentropic compression using O RS
-1 X L } 1 E
Shaped pUISe. 2.0 2.2 2.4 26 2.8 3.0 3.2
R (mm)
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Conclusions

§ Demonstrated that off Hugoniot data can be obtained from x-ray
radiographs of an imploding liner.

§ Accuracy of results depends on signal-to-noise ratio of radiographs.

§ With ZBL 6.151 KeV backlighter limited to pressures < 6 Mbar.

§ Method practical on Z for pressures > 6 Mbar depending on backlighter.

§ Current shaping for quasi-isentropic compression reduces MRT.

§ Liner stays solid longer; large bubble formation delayed.

Sandia
National
Laboratories
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What information can we infer from high spatial resolution
multi-frame monochromatic backlighting?

Radiographs from Liner Experiment

/ \

Velocity Profiles Pressure Profiles

15

> Density

+ Constitutive Relations
*Magnetic Field?
Phase?

«Strength?

N\

Equation of State

Sandia
li‘! National
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Radial Intensity Profile for Backlit Cylinder

Noise is distributed in
two dimensions over
image plane 1.0

Linear (but not unique) 0.8
transformation to
density depends locally
on the derivative of the
intensity

Raw Intensity
=
[%4]

2
=

Assume local symmetry o2
along Z axis and

repeatedly s_ample_ to_ 0.0 500 1000 1500 2000
reduce spatial variation Pixel Index

Sandia
m National
laboratories
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Intensity

-
' ¥

Average Intensity(r) for Compressed Cylinder

1.2

1.0

0.8}

0.6/

0.4/

Standard Deviation

Standard Error
Signal
U.gi
0.1 0.2 0.3 0.4 0.5
Radius (cm)
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Fully Discrete Abel Transform Implementation

*Two-point Abel deconvolution based on:
C.J. Dasch, "One-dimensional tomography: a comparison of Abel, onion-
peeling, and filtered back-projection methods", Applied Optics 1992

.
F(r) = > DyP(r) D;=0:7 <z
= Djjocj?:ij>i
-D is defined by two point interpolation method
*F(r) gives K(r) (cmA-1)

*Apply known total mass of the system and monochromatic assumption to solve for
mass absorption coefficient (cm”2/g):

B 1
M liner

u k(r)dV

f Sandia
m National

18 laboratories
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Density Profile for Liner Experiment at
Machine Time: 3.030e-06s

3.0
Liner Exp
2.5
ALEGRA
ﬁz.ﬂ
:‘*ﬁélj
1.0

0.24 0.26 0.28
Radius (cm)




Surface Fitting Method for Determination of Isentrope
from Multi-Frame Radiography

§ Given a set of continuous density profiles at discrete times t"
§ Assume compressible fluid model in mass coordinates
§ Map continuous density profile to discrete particles of constant mass

§ Integrate fluid equations to determine radial velocity and total pressure as
a function of mass and time

§ Use MHD simulation to determine magnetic pressure contribution in the
solid material

D}O r 8V Oufr

Eh_ v =21 L dr| | o= 2L

Dt _ pv o m T Z/(; ‘OT T 81’; (s ZT@m

pu 1 AT e O oP
u

E = —EVP 1-D Cylindrical @tT B _27TLZT@_m

™) Sandia
Luf
atones
2 0 anor




Semi-Discrete Equations in Mass Coordinate System

tn
/dP:—/ L ow ‘ ‘ ‘

2w L,r Ot o .
1
d — n+1
/ = / oLt at dm t _l_I_I_
mi rni+1

mer ] Qv
H—r(mi+1) = / oy 81& dm + u-r(mi_)

2

i+1 1 8u
1 Td P 1
P(mi) /m 2w L,r Ot m+ Plm;)

1

Sandia
m National
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Tracking the Trajectory of a Fluid Particle Between
Backlighter Frames

3.0
2.5 density
= constant mass cells
<E 2.0
)
==
£1.5
G
]
1.0
0.5
0.0}
0.23 0.24 0.25 0.26 0.27 0.28
Radius (cm)
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Numerical Evaluation of the Discrete Equations

Map Abel inverted density to mass — tn
coordinates

: : . : m .
Time differentiation by uncertainty | Mitq
propagating smoothing spline
Low order integration over discrete mass 1 gV
cells ) = —dm + u,(m;]
(M) [ 2w L.r Ol '

Py - T g 1 l qu.! + Pt

Inner surface velocity boundary iel) == | opLroar T\

condition interpolated from spline fit

Assumed P=0 inner surface for pressure
boundary conditions

ALEGRA simulation used to determine ©=—)
position of melt boundary

Sandia
National
laboratories
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L = o
o A

~The Unfolded Total Pressure Diverges from the
Isentrope due to Melt and Magnetic Pressure

0 || [T
|
D1 Unfold Pressure |
) ALEGRA Pressure |
O 4 .
S Magnetic Pressure 1
o3 _J“
@ e |
0 2, / :
o /
1 2.
V4 | M€lt line
. S ] | _ .
0.20 (.22 0.24 0.26 0.28 0.30
Radius (cm)

24
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Pressure (Mbar)

iéentrope Determined from Five Frame Unfold of

ALEGRA Simulated Density Profiles

=]

(=}

n

e

(]

-2

x X

X
X
X
~ X
* X
Unfold of Simulation
X
Be2020 Reference Isentrope o
X
X
X
X
X
2.0 2.5 3.0 35

Density (g/cc)
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Pressure (Mbar)

10

N

Hes

Unfolded Isentrope for Liner Experiment

l

|
+

Be2020 reference isentrope

2 3
Density (g/cc)

o
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" A --q*i"':.
Unfolded Isentrope for Liner Experiment
4 []
Unfold from experimental data | |
; 3'd order polynomial fit to unfold { d
[

= Be2020 reference isentrope | /
3 {
= d
o2 Z
3
A
o
o

1

| /

2.0 25 3.0 3.5 10
Density (g/cc)
Sandia
L
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"ARECEGRA Simulation is Used to Design a Cylinder that

Implodes while Maintaining a Solid Inner Core
t ~3.046E-65 t ~3.069E-65

DENSITY
3617.987

DENSITY
6710.555

' 3000 6000

2000 4000

1000 2000

oratones
28

2mm '11 Sandia




Sy"nxthetic Radiography of 2D ALEGRA Simulation Shows
the Impact of MRT Instability on the Intensity Profiles

P* ~ 4Mbar P* ~ 8Mbar P* ~ 12Mbar

t ~3.060E-6s t ~3.069E-6s t ~3.075E-6s

P* -> Peak Pressure in Solid Phase ) Netora

29 laboratories
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Background Noise is Applied to Synthetic Radiographs

Intensity Intensity

Sampled Noise

t ~3.069E-6s t ~3.069E-6s

Sandia
li‘! National
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Average Density(g/cc)

[

-2

{]\f.\/]\ D

Clean
Noisy — 1 LPF

Noisy — 5 LPF

0.00

0.05 (1.10 (1L15

Radius(cm)
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Liner Unfolded Pressure at Fifth Frame in Sequence
Synthetic 2D frames with Liner Exp 1 noise at machine times: 3us+[60,63,65,67,69,71,73,74,75]ns

Pressure (Mbar)

1.0

0.0

0.0

10

(.11 0.12 0.13 .14

Radius (cm)

t~3.069E-6s

0.15 (.10
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Conclusions

Monochromatic x-ray backlighting in conjunction with surface fitting
analysis yields information on the total pressure in the system

The dominant mechanisms for determining uncertainty in pressure
profile with this method are:

§ Signal to noise ratio of the measured intensity profile

§ Diffusion of the magnetic field into the solid

§ Location of the melt transition

§ Spacing of radiographs in time

Cylindrical convergence allows for larger pressures than flyer-plate
experiments at the cost of l[imited diagnostic access and larger
uncertainty in the unfolded equation of state

Evidence of highly magnetized solid beryllium at multi-megabar
pressures

= ) Sandia
|| ?ﬁ National

/' lahoratories




A New Method for Direct Measurement of Strength at High Pressures

C. Scott Alexander,
Thomas A. Halill,
and James R. Asay

Dynamic Material Properties &
HEDP Theory Departments

Sandia National Laboratories

Presented at the 4t Workshop on Ramp Compression
Sandia National Laboratories, Albuquerque, NM
January 18-19, 2011

\ HEE Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation,
BD a wholly owned subsidiary of Lockheed Martin Company, for the U. S. Department of Energy’s @ Sandia National Laboratories
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Outline

Motivation

Overview of the MAPS approach to strength measurement
— Principles of operation
— Implementation on the Veloce Small Pulser
— Design considerations

ALEGRA simulations of the experimental configuration
— Simulation parameters

— Predicted experimental results
— Stress coupling

Experimental results

— Initial measurements on aluminum
— 2D material response of zirconia

Summary

LDR () Sandia National Laboratories
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Motivation for MAPS

« Measure strength of materials at high pressures
— Ability of a material to sustain deviatoric (shear) stresses
— Critical aspect of material behavior

e MAPSIs:
— New experimental approach

— Crossed magnetic fields simultaneously produce both longitudinal and
shear stresses

— Higher pressures possible than with traditional methods
— Data reduction does not rely on computer models as in Rayleigh-Taylor

techniques
 Applications:
— Armor — Inertial Confinement Fusion
— Weapons design — Planetary science

A% C. S. Alexander, J. R. Asay and T. A. Haill, Magnetically applied pressure-shear: A new method
N
R

\ for direct measurement of strength at high pressure, JAP, 108, 126101 (Dec 2010).
LD _ @ Sandia National Laboratories
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Operating principles behind the MAPS

technique

longitudinal
force (J x B}\
shear force X | _ anvil
(Jx B,) a T %Hsample
OO ONONONONONO! (‘
self=inducej/j®—>® —a-@—}@_,@ ® external
magnetic 0 R magnetic
1. Apulsed power drive generates current (J) in field (B) / — \ d field (B,)
parallel panels and induces a magnetic field (B) / river
between the panels current A
2. The interaction JxB produces a pressure wave density (J) \ backing
which compresses the material support
3. Alarge (10T, ~10° times Earth’s field) external
magnetic field (B,) is applied
4. The interaction JxB, produces a shear wave in the end view of sample
driver (panel)
5. The generated shear wave propagates through the N T TTTT N Final
sample material where it is truncated to a level ‘_ A shape
determined by the sample strength iy St~ e G

6. Specialized VISAR interferometry is used to record

both longitudinal and transverse particle velocities D e eIy the lonaitudinal force
7. Pressure and strength are calculated from the P P y 9

measured particle velocities and then sheared by the shear force

SRb

_LDRD () Sandia National Laboratories




MAPS: a novel method to measure shear strength at

high pressure

Sample Anvil
-
o, LS
w ! b1
L% ]
v ! \
& / —_
! \
\
=13 Y, (o) A
b “
s ~
- S

Propagation Distance

« Sample is compressed by
longitudinal wave to high pressure

* Shear wave is produced in driver
by interaction of drive current and
an external magnetic field

* Maximum shear that can be
transmitted through sample limited
by von Mises yield criterion

TS]-/‘\/gy(O-I)

LARCPETTIRY COFECTIO TSR0 b OPWILOPENT

Longitudinal Velocity (m/s)

Transverse Velocity (m/s)

Experimental Data :
. . Pressure determined

from longitudinal

200

400 " input pressure vel ocity
300
200
100 \ . .
transmitted pressure Shear wave magr”tude
0 Is truncated by sample
wl shear strength
10 input shear
m -
Strength determined
10 from transverse
transmitted shear velocity
%6 18 20 22 24 26 28

Time { us)

 Strength determined directly from

longitudinal and shear particle
velocities measured at anvil free

surface using VISAR
() Sandia National Laboratories




Notional View of the MAPS Experimental

- Implementation

VISAR fiber access

| Upper stripline panel

Magnet housing \ ) = ‘

Veloce hex plates

Magnetic field coils

 Simulation plane
« At center of sample

e Longitudinal direction
through thickness of
panel (x)

e Shear direction across

Kapton® film

stripline panel

width of panel (y) VISAR fiber access

m% () sania Natonal Laboratories




\
L. ¥
\ Power connection
to magnet

dynamic

switch | load capacitors ,
assembly g region [
F &

parallel plate B N -
transmission line . !_‘uhlumhuul:lltu b
N ! :

Representative Veloce Current

« MAPS developed on SNL’s Veloce pulser 3¢
2.5
— 2.5 MA, 2 s current pulse 2 50 LTI
S 15 L N T TN
— ~10 GPa sample pressures 5 / \
5 1.0
— 10 mm diameter, 50-100 nm thick sample  © // N\
sizes 0.0 M
0.0 0.5 1.0 1.5 2.0
b T. Ao, et al., A compact strip-line pulse power generator for RIS

isentropic compression experiments, RSI, 79, 013903 (2008). @ Sandia National Laboratories
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Design of Driver Panel:

: Desired Properties of Driver Material

 High Yield Stress
— Shear stress generated by JxB, limited by driver yield stress
 High Melt Temperature
— Remain solid
— Efficiently couple magnetic forces into driver
 High Conductivity (Low Resistivity)
— Increase drive current for given capacitor bank charge
— Inhibit magnetic diffusion (MHD drive) into driver
 Low Density
— Magnetic forces able to accelerate panels

BDFI @ Sandia National Laboratories

LARCISSTTRY CRECTTD ARSEARDH & OPWLEPMENT




Design of Anvil Panel:

: Desired Properties of Anvil Material

 High Yield Stress

— Do not limit material stresses received from test sample

» Anvil strength must exceed sample strength at measurement
pressures

— Propagate high longitudinal and shear stresses (velocities) to
free surface with little attenuation

— Avoid spall
 High Melt Temperature
— Remain solid
« Low Conductivity (High Resistivity)
— Allow faster permeation of external B, field
— Inhibit current flow into anvil

BDFI @ Sandia National Laboratories
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Materials of Interest:

Initial Material Parameters

Density Melt Yield Poisson Conductivity
Z Material Temperature Stress Ratio
% (g/cm3) (K) (GPa) (MAFcm)-L
g 13 Aluminum 2.7 933 0.29 0.33 0.377
22 Titanium 4.54 1933 0.85 0.30 0.024
26 Iron (304 SS) 7.87 1808 (0.34) (0.283) 0.103
(V-250 SS) (1.56) (0.283)
. 29 Copper 8.96 1356 0.12 0.33 0.598
; 42 Molybdenum 10.22 2890 1.6 0.375 0.192
N 47 Silver 10.50 1235 0.05 0.37 0.629
73 Tantalum 16.65 3269 0.77 0.30 0.080
74 Tungsten 19.3 3683 2.20 0.30 0.177
79 Gold (Cu) 19.32 1338 0.02 (0.63) 0.42 0.425
92 Uranium 18.95 1405 0.40 0.30 0.033
n Diamond 3.52 ~ 3820 35-91 0.104 <108
E Sapphire 3.97 ~ 2326 14 -18 0.18-0.29 <101
% Zirconia (YTZP) 6.026 ~ 2988 8.5 0.3124 <108

LARCISSTTRY CRECTTD ARSEARDH & OPWLEPMENT @ Sandia Naﬁunal I-aburatnliES




Physics Models in ALEGRA - a 3D/2D Radiation

Magneto-Hydrodyanmics code

.« 2D (RZ & XY) and 3D (XY2)

e Unstructured Finite-Element
Based

 Eulerian/Lagrangian/ALE
 Object Oriented
 Massively Parallel
* Isentropic Multi-Material
» Coupled Physics

— Hydrodynamics

— Magnetics

— Thermal Conduction

— Radiation (Multi-Group Diffusion &
IMC)

e Material Models

— LANL Sesame & other EOS

— Lee-More-Desjarlais (LMD)
Conductivity

— XSN & Propaceos Opacities

f'"&g A. C. Robinson, et al., “ALEGRA: An Arbitrary Lagrangian-Eulerian Multimaterial, Multiphysics Code,”
R AlAA 2008-1235, 46t AIAA aerospace Science Meeting and Exhibit, Reno, NV, Jan. 2008. @ Sandia National Eboratories
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- ALEGRA Material Models

Material Equation of State Strength Model Conductivity
Model
CTH Lee-More-
Molybdenum KEOS Sesame Elastic-Plastic Desjarlais
ANEOS 2984 Steinberg-Guinan (LMD)
CTH Lee-More-
Aluminum SNL Sesame 3720 Elastic-Plastic Deslarlais
Steinberg-Guinan (LMD)
CTH Constant
Zirconia Mie-Gruneisen Elastic-Plastic Electric & Thermal
Us-Up EOS High Yield Strength Conductivity

LARCPSETRY CFECTIC AFSEAA0H b OPWLIPNT

() Sandia National Laboratories




Notional View of the MAPS Experimental

- Implementation

VISAR fiber access

| Upper stripline panel

Magnet housing \ ) = ‘

Veloce hex plates

Magnetic field coils

 Simulation plane
« At center of sample

e Longitudinal direction
through thickness of
panel (x)

e Shear direction across

Kapton® film

stripline panel

width of panel (y) VISAR fiber access

m% () sania Natonal Laboratories




3 g Sample (0.1 mm)

0 periodic boundary
e Void (expansion space)
=
_ po 1(t) 2
B(t) T f(t) H; _|_ 0 g oo o tracer locations '
l 'E {mentioned in text)
£ | ; X
y
periodic boundary
Void (AK gap)
» Assume sufficient uniformity . Stripline BC

near center of sample
» 2D Cartesian Eulerian mesh . G = AK gap

e 5-10 mn cell size .
- . e Current density out of the plane
e Periodic mesh in transverse or of mesh

shear direction (Y)

» Uniform, static B, magnetic field
in longitudinal direction (X)

e Current driven tangent magnetic
field applied at AK gap

LDR () Sandia National Laboratories

LARCISSTTRY CRECTTD ARSEARDH & OPWLEPMENT

« W = panel width

e Lagrangian tracers throughout

« Most significant tracers
shown




3 Stress Coupling

 For inelastic materials, deviatoric
longitudinal and shear stress are:

e Coupled through yield function
e Limited by maximum yield stress

« Sample probed at peak yield stress

— Forward shear wave arrives at sample during
peak compression

 Dueto coupling, S,, reduced to zero

0.10

0.05

Stress, Strength (GPa®)

0.00 at yielding
0.0 0.2 0.4 0.6 08 1.0
Time (us)
1 3
2 2 2

Y, = Yield Stress
S, = Longitudinal stress deviator
S,y = Shear stress deviator
/"Qj J.W. Swegle and L.C. Chhabildas, “Chapter 25: A Technique for the Generation of Pressure-
LDR

Shear Loading Using Anisotropic Crystalls,” pp. 401-415, in M.A. Meyers and L.E. Murr, A 2
: ; . . Sandia National Laborat
" Shock Waves and High Strain Rate Phenomena in Metals, Plenum Press, NY, 1981. @ R ones
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Y Transmission of shear at interface

« We conducted an investigation
of surface roughness on shear
transmission at a boundary

« Geometry
— Molybdenum driver — (partial)
— Glue layer — 1 nm thick
— Aluminum sample — (partial)
— Mesh cell size — 0.05 nm

Traction BC

* Results
* Interface - |
1.2 or 3 K I — No reduction in shear through this
= o SO0 I PR range of parameters
roughness

— Glue compressed by longitudinal
— 2 mm wavelength W

. Tractlon. boundary cond_ltlon _ — Shear transmitted by interlocking
— Determined from MHD simulation peaks and valleys of surface

/—QE roughness
LDR (i) sandia National Laboratories
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MHD Simulation Results:

Free Surface Velocit

600 80
—— Driver
70 | —— Sample
scO — Anvil
TE u, =480 ms ’___g g0 |—— Free Surf.
_‘% 400 > =0
2 00 2 40
% % 30
2 200 Y
5 —— Driver S 20 u_=227mls
100 — ﬁa”.‘lp'e )
— Anvi 10
—— Free Surf
0 0
0.0 0.5 1.0 15 0.0 0.5 1.0 15
Time (us) Time (us)
Longitudinal Free Shear Free Surface
Surface Velocity Velocity
u_=0.480 km/s ug = 0.0227 km/s
S CL=7.99km/s Cs = 5.56 km/s
LLDRD () Sandia National Laboratories




MHD Simulation Results:

Tracer Longitudinal and Shear Stresses

0.6
—— Driver
0.5
g § 04 0,70380P
§ E 0.3
) &
@ @
= n 0.2
E o
= 5 0.1
S —— Diriver [
-2 — Sample
— Anvil 0
-10 -0.1
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Time (us) Time (us)
Simulated Longitudinal Stress Simulated Shear Stress
S=rC Uy =%rC .V, [=rCgUps=%rCgVg
S =11.56 GPa [ =0.38 GPa
Y =3t = 0.661 GPa
AD] Y o = 0.660 GPa
=_ =/~ == Salf-consi stent () sania Natonal Laboratories




Initial MAPS experiments measure aluminum

strength at 8.85 GPa

Point VISAR VE
[hypo probe) [17-0-2%)
Dual Delay |20, 28]

(17-0-25)
Sirgle Delxy [20)

Zirconia (anvil)
{2.0mm thick X 12 mm OD)
diffused and coated free surdace

Moly {anvil parts)
{1.3 mm thack X 12w D)

Brazs/Moly Panel
{15 mim wide, 1.15 mm faar)

Brass/Mcly Panel
115 mim wide, 1.1%5 mm flocr)

Zirconia lanvil)
(2.0 mm thick X 12 mm 0D}
diffused and coated free surface
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Apparent Velocity (m/fs)

1.8

20 2.2

Time (us)

2.4

26

Longitudinal Velocity (mis)

Transverse Velocity (mi/s)

no sample

™~

Al sample

30

20

10

no sample

Al sample

18 20 22 24 26 28
Time [ us)




Transverse VISAR velocity determination

L ooos(g) 1 sn(g)

1 2 X 2 y
. _cos(g,)+1 sin(g,)
Probe #3 Vo = 22 Vet =V,
1l ..
l Gy =-{cosd + 1)

E: === ':IIEj]"]. Ej_:}

Probe #2 f Probe #1 )
: Gy =={cosd, +1)
I 1 .
: : Gy = —=(sin@,)
[ i -
! I ! (re om
sl A =6- ()
“,82 :{_}]1‘] v’: 1 1 Gy
% 1 i
% I |:._
'l‘ | .f.r V Fq —_ = :l
y R
T ————— -
Sample measurement surface v, = (=’:—Fz=’=:|
£y

LDR () Sandia National Laboratories
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Initial MAPS experiments measure aluminum

strength at 8.85 GPa

Point VISAR VE
[hypo probe) [17-0-2%)
Dual Delay |20, 28]

(17-0-25)
Sirgle Delxy [20)

Zirconia (anvil)
{2.0mm thick X 12 mm OD)
diffused and coated free surdace

Moly {anvil parts)
{1.3 mm thack X 12w D)

Brazs/Moly Panel
{15 mim wide, 1.15 mm faar)

Brass/Mcly Panel
115 mim wide, 1.1%5 mm flocr)

Zirconia lanvil)
(2.0 mm thick X 12 mm 0D}
diffused and coated free surface
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Apparent Velocity (m/fs)

1.8
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Time (us)
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Longitudinal Velocity (mis)

Transverse Velocity (mi/s)
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™~

Al sample

30

20

10

no sample
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18 20 22 24 26 28
Time [ us)




Pressure and shear are calculated directly

from measured free surface velocities

MS-10 Experimental Data

7 )
S =1,C_u, _ ‘
w
s = (6.07 glcc) (7.33 km/s) ¥(0.398 km/s) = R NN S
s = 8.85 GPa § X
. /3
ER)
? 100 Al sample
0
("t = ro Ci u, ) g @
t = (6.07 g/cc) (4.105 km/s) ¥2(0.0187 km/s) z; 30 no sample
t =0.233 GPa I
Y =3t = 0.404 GPa g Al sampl
sample
\ +0.065 (16%) / %6 “Te 20 22 24 26 28

Time ( us)

&
m% () sania Natonal Laboratories




Initial MAPS data comparison with established

strength data is excellent

1.0 4
0.9 1
0.8 -
0.7
0.6
0.5
0.4 -
0.3
0.2

Flow strength Y, GPa

0.1
0.0

+ Y. MAPS data
=, H-A strength model
=, -G strength model

B Y, Huang, shock (3C methaod

Aluminum

0

5

10
Stress, GPa

15

20

H. Huang and J.R. Asay, J. Appl. Phys. 98, 033524 (2005)

D.J. Steinberg, S.G. Cochran, and M.W. Guinan, J. Appl. Phys. 51, 1498 (1980)

SRb
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25

Accuracy and configuration being
improved — goal is dY £ 5% at
Mbar pressures

Technique easily discriminates
between strength models

() Sandia National Laboratories




Additional utility of the MAPS experimental

configuration: 2D model validation data

Zirconia(YTZP)

10.0 measured elastic response

New multi-dimensional capability for
enhanced model validation!

B0
7.0
6.0
5.0
4.0
0
.0
1.0

0.0
0.000 0005 0010 0016 0020 0026 0.030

Longitudinal Strain

*Has been applied to verify elastic response of
zirconiaanvil material to ~9 GPa

Longitudinal Stress (GPa)

0.45
Point VIAR Zrikfandl] 400
(z e thick X 12 men 00 0.40
L {;Fn‘}:; |30, 2%) od with J000A A e perfae
350 E 0.35
2.0 mm thick B 0.30
_. 300 =
5 Moly Panel ‘92 w 0.25
115 e i, .15 o foc E 250 _E 0.20
_ ;
1 g 200 & 0.15
Brass/Moly Panel = 2

J (1:11. :-Tm,'.cli v floce g 150 w 0.0
- — ‘ 2.5 mm thick 0.05
oo 0.00

2ridamdl) 50 0.0000 0.0200 0.0400 0.0600 0.0800

(17-0-25) 2 0rrmem thick X L2 een QD] :
Singhe Delay (28] coated with 30004 & (froe serface] Shear strain
Q
02 04 06 08 10 12 14 18

/_@B Tire, arbitrary (us)
LDR () Sandia National Laboratories
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Summary

*MAPS is anovel techniqueto directly measure material strength at high
pressure
*Extensive MHD simulation was used to guide experimental devel opment
*MAPS capability has been demonstrated through three successful shots
«2 Al strength
1710,
*\Work is ongoing to demonstrate MAPS on additional materials at modest
pressures
*Transitionto Z isin progress (expected CY 2012)
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EOS Standards
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Collaborators:

Jon Boettger, Matthias Graf, J. D. Johnson, Scott
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Thomas Mattsson, Luke Shulenburger, J.-P. Davis
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Abstract

An approach to creating accurate EOS for pressure
standards is described.

Applications to Cu, Au, and Ta are shown.

Extension of the method to high compressions using
DFT is illustrated.

Comparisons with modern functionals show promise.

» Los Alamos



T (K)

1 40N

1 20000

100NN

SO0

L]

4000

2000

Motivation, lllustrated by Ta

Want to refine and extend pressure standards P(V,T) in multi-Mbar regime.
At several Mbar, Hugoniot and isentrope strongly separate.

Difference is 1 Mbar at P,=3 Mbar.
High P isentrope is dominated by cold curve.

Isentropic compression experiments (ICE) allow in principle to separate
thermal and cold contributions.

I T T I S0 ; I T T I
Hugoniot Hugoniot
— [Isentrope 0 — lsentrope
y .
Room T
Shock Melting 300
2
= 200 — -1
100} - - —
I . : I . o . I . : I ;
100 201 00 A0 500 035 0.6 0.7 0.8 0o |
P (GPa) VIV

VA% > Los Alamos



EOS Strategy

Data: lattice parameter, ultrasonic bulk modulus, Hugoniot,
strongly constrain cold curve.

Not very tight experimental constraints on thermal excitation
part of EOS under compression.

Strategy: combine empirical cold energy with DFT-based
thermal excitations.

This strategy breaks down beyond compressions of V/V,~0.6,
and must be supplemented.

Experimentally, ICE dominated by the cold curve.

Theoretically, DFT can be used.

» Los Alamos



EOS Formulation

We take the Helmholtz free energy for each phase to be

FV.T)=7,(V)+ F (V,T) + Fy (V,T)

where
f o - Static lattice energy
F. - nuclear motion - approximated by quasi-harmonic
Fy - electronic excitation - independent electrons

EAM simulations indicate that for Cu, anharmonicity is very
small, Lindemann melting is very accurate. We expect this to
be true for other noble metals.

Nuclear motion and electronic excitation parts from DFT.

F , empirical, from density, B, Hugoniot, DFT at high P

TVA V4 > Los Alamos



ADb Initio Theory for Lattice Vibrations

fee Au

DFT calculations give phonon
frequency moments to few %.

) - Au -I phonon {nomentsI and y |
0 05 1 05 0 05 I 7]
[00h] [Ohh] [hhh] . | | | | | |
Sufficient to discriminate M yar |
between Gruneisen parameter £ | N e
models. S 1
Ya 05 05 i '
V/VO
YA [
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Application to Gold EOS

gD | ] | 1 | | 1 I |
- Au WVU=D.8

81  — Present !
= - — Jamieson ,
A, 80— == Heinz and Jeanloz
Q - o— Anderson 1

75 ~— Shim |
[a®

NVSE » Los Alamos




Application to Gold EOS

Data from Fei et al., Phys. Earth and Planetary Interiors, 143-144, 515 (04).

3[} T 1 T I | |' T | T | T
i Au - High T Data -
251~ 8 ; ©  Anderson |
Au EOS of Greeff (P NN o Shim
and Graf , PRB 69 - o By B o Fei/MgO E
: . % ® % %‘bg Greeff and Graf
(2004) predicts high | R |
T pressures ingood & 2173 K
agreement with O -
MgO standard.
J B s 5 8 8 —
i 1273 K 1
10 - =
o
5 ! | . | . | ! | ! | !
9.2 9.4 9.6 9.8 10 10.2 10.4

V (cm’/mol)

TVA V4 » Los Alamos



Application to Copper EOS

350 T T | T [ I
| Cu - Room T Isotherm and Hugoniot -
300 ) —
—— Present- Room T
g —— Present - Hugoniot .
250 --- U =3933+15 UP _
i e Hugoniot Data }
s \ Dewaele - Old Ruby
D? 200 ¢ Dewaele - Proposed Ruby —
LPJ -
M’
a. 150 [—
100 —
50 [~
0 I | 1 | 1 | o | S—G-a-—p
0.6 0.7 0.8 0.9 1

C. W. Greeff, et al., J. Phys. Chem Solids 67, 2033 (2006) V/VU
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Cu: Extension to High Compression

IC-'I-HEI § T | T T I T I T T I T '| T | T | T g
E \ —— Interpolated EOS E At Very hlgh P 3
le+05 E}I‘}‘ == Vinet _ !
EOO TFD = parameter 7, loses
: Y o LDA - diff. 5
. AN Y GGA - diff. 1 accuracy.
10000 - AR - LDA-SJEOS .
_ : TN GGA-SJEOS 3 Extrapolating from
g i TR 1 Hug becomes more
S 1000 N = uncertain.
=¥ s . : :
- 1 Fractional uncertainty
100 = 4
TN 1 in DFT gets smaller.
10 e E
1 1 | 1 | | I | I | | 1 | | ]
0 0.1 0.2 0.3 04 0.5 0.6 1

VIV,

C. W. Greeff, et al., J. Phys. Chem Solids 67, 2033 (2006)
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Ta Room T Isotherm

Hugoniot data: Mitchell and Nellis, JAP 52 (81), DAC data:
Dewaele et al., PRB 70 (04), Cynn and Yoo, PRB 59 (99).

5”“ | I | | | ] I
- — Hugoniot
\ --- Room T
400 - o Mitchell, Nellis
I Dewaele, original ruby std.
M ¢ Dewaele, modified ruby std.
300N v Cynn, Yoo
X
¥
g -
A 200
100
U e
6
3
V (cm /mol)
[ YA [«
NS

Present EOS gives
room T isotherm
systematically above
DAC. About 10 GPa
at 150 GPa.

Modified ruby std.
improves agreement.

P above Cynn and

Yo0o0. | think this is
right.
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600

S00

100

Ta Cold Curve

Higher orders in strain
expansion cold curve
are adjusted to lie
between LDA and

Melting gives ~10 GPa
increase to Hugoniot P.

Tends toward LDA at
higher density.

This trend seems to be
significant, compared
with likely sources of

I I L) | I
i - Pf:i(i A'PLUA:;“K]PH : ti£$ E}g: |
. LMTO LDA
i = LMTO GGA 4
Highest M&N Hug point +/- 4 GPa — ¢,
I ] GGA.
- +«—— Thermal Hug P = 100 GPa —
«<—— Thermal Hug P = 50 GPa
L
i o =— Pfi-(iA_Pl.l}A=24GPa ]
L]
1 ! I L I ! :
6 ] 10 12
3
V (cm /mol)
error.
C. W. Greeff, et al., SCCM 2009
| YA [«
VL4
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Ta ICE Data

ICE
experiments
potentially
allow for
absolute
pressure
measurements
in the multi-
Mbar, cold
regime.

Ta
measurements
in good
agreement with
ECS.

400 _l L I 1 1T 1 I 11 I 11 I 11 I 11 I 11 I 1 1__'
-~ t Rav
E‘E - theoretical isentrope [10] o -
O 300 ---- previous Z data [3] _
E I Z1841-Top (2-sample) i
o | —— 71884-Top (1-sample) i
@ 200 —
o - i
'6 " -
® 100 |- —
g - -
n i i

0 —l 111 I 11 1 I 11 1 I 11 1 I 111 l 11 1 l 11 l-
16 18 22 24 26 28 30 32
sy Density (gle)
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Temperature (K)

Proposed Ta Phase Diagram

Melting curves: omega (green), bee (blue), hep (brown)
L] L] L] L] L] I L] L] L] L] I L] L] L]

15000 Burakovsky et al.,

PRL 104 2010 find
evidence of a bcc-
omega-liquid triple
point in Ta.

10000

This calls for further
investigation, and
will modify
interpretation of
Hugoniot.

5000

O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 171
0 100 200 300 400 500

Pressure (GPa)
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Cu Cold Curve

DFT Calculations by Luke Shulenburger and Thomas Mattsson

3m \ L | I I I I I I I I I I
Ah
L -- LDA |
250 |- x\l\\ -- PBE | More modern
L\ %%05 | exchange-correlation
Wk - :
ool — Empirical Vinet i functlo_nals rgc_iuc_e
) errors in equilibrium
I 1 volume from ~3-4% to
150 |~ -4 ~1-2%.
100 |- | 3-parameter Vinet form
i | Istoo softat high P.
50 — —
U — 1 —
45 S0 55 60 65 70 75 80 85

NVSE » Los Alamos




P (GPa)

Cu Cold Curve

1000 — 3
100 -
10 = -
: . . . Y \ :
- Empirical Vinet Vo \ |
- — Empirical with TFD Limit \ ! |

1

1 1 | I | 1 | 1 | 1 11 |

30 40 50 60 70 80

\Y (ao3f’at0m)

NVSE » Los Alamos




Ag Cold Curve
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Summary

* DFT excitations + empirical (Hugoniot-based) cold energy gives good
EOS to moderate compression (V/V, ~ 0.6).

At higher compression, various factors conspire to make this less
accurate.

* Large Hugoniot thermal pressure.
» Shock melting gives substantial pressure.
« 3-parameter cold curve is becoming inadequate.
» We have used linear combination of LDA and GGA in this regime.
* This is problematic for multi-phase, because errors are phase dependent.
* New functionals are promising. Minimal need to “correct” DFT.
* ICE is only technique I know of to measure multi-Mbar cold EOS.

» \We need a better parameterization of cold curve.

TVA V4 > Los Alamos



(km/s)

U

Application to Gold, Copper EOS

10 . | ; I . |
Au - Hugoniot

= LASL

= Al'tshuler

= Jones
— Present EOS
— U =3.120+ 1.521 L'p

Cu data are abundant and
consistent.

U (km/s)

Note Au data are sparse, linear fit not
consistent with bulk sound speed.

12 r T T I T T T
Cu Hugoniot
10~
Drata - LASL
+  Data - Recent
— Present EOS
8 =+ Present - No Melt

6

2 3
Up (km/s)
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Application to Copper EOS

1200

1.6 ' T I T I
Cu Thermal Expansion
o Data
— Present EOS
~TaF
=)
E
o
E
=
-
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7 | : : | : | |
2000 400 ) B0 10Ky

150

140 =
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Cu Bulk Modulus
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Nuclear Motion

For solid, effective Debye T is taken to be log moment of
phonon frequencies.

In(kg,) = (In(hw))  +1/3
_ding,
dinV

g = = ANV /IV,)+ BNV /V,)*+2/3

Assumed V-dependence fits calculated moments well,
allows for analytic derivatives.

Liquid uses ‘standard’ model: c,=3Nk, DS,=0.8NKk,
Lindemann melting.

» Los Alamos



phonon frequency (THz)

Nuclear Motion

Phonon frequencies determined as function of V using direct force method with

VASP/PAW.

Moments interpolated using assumed V-dependence of g.

[00E] [SEE]

[05E]

! I
' bee Ta

w3

calculated | +
experiment

v, (THz)

10

o ¥y
— Fitted

\Y {ﬁgfﬂmm}
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Making Pyrometric Measurements in Ramp Loading
Experiments

UCRL-PRES-465651
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LLNL
Presented at 4" Workshop on Ramp Compression
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Temperature measurements are essential

2 In Hugoniot experiments, we can determine P, p, E.
Measuring temperature helps determine energy partition,
and lets us compare with static compression data, e.g.
phase diagrams.

2 When using ramp compression, with simple assumptions
you can calculate P, p from velocimetry. Temperature is
needed for EOS. And also for the same reasons above.

1 Optical pyrometry is the most general method, and ought to
work well in systems that have rear access only, or
optically thick samples. For T > 1000 K, should have
adequate time response.

FiPeygé(i:earl‘acréds UCRL-PRES-465651 Ramp T NCH 1/11 - 3 ‘ ! ! .I



The problem

a It’s tricky to make temperature measurements at the back
of a thick sample under ramp loading.

» As the ramp steepens, rate-dependent effects could be
important

» If a phase transition is encountered under compression, a
shock could form

2 If any of these things happen, the relationship of the ramp
compression at the front of the target to the conditions at
the rear of the target is broken or, at least, suspect.

1 For the ramp-loading problem, no analytic solution to the
thermal transport problem exists

FiPeygé(i:earl‘acrég UCRL-PRES-465651 Ramp T NCH 1/11- 4 ‘ ! ! .I



An example

1 When H,0 solidifies under ramp compression, a plateau is
followed by a shock. This illustrates a general behavior.

VISAR: Solidification Signature Thermodynamic path of experiment
T T T T T 1
0.04— —
— 3788 1.5
— 3788b: 2.0 H20
— - 37%9;1: .‘:O 600
O Hugonio
& —— 3790b: 3.0 =
-5‘ E 500 liquid -
5 0.02 & isentrope
> 2 ¢ P
2 g
2 2 400+ il
2 0.01
solid (VII)
300 - -
0 T (| VRN PR -
[ L5 2 25 3 46 8 10 12
time [Ls] pressure [GPa]

thsu;a lind
ife sciences
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The solution is simple: make the sample thin

2 Ifit’s thin, characteristics won’t cross: no shock formation

2 If it’s thin, there is not enough space for dispersion to
steepen the wave, and no shock formation

2 How thin is thin?
c P
20 p

1 i.e. the acoustic round-trip time is small compared to the
normalized rate of change of pressure

ﬁpeygé]geargacréds UCRL-PRES-465651 Ramp T NCH 1/11- 6 ‘ ! ! .I



Sample is surrounded, front and back, with
windows.
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Simple simulations prove it out

1 Sandwich a thin metal sample between windows—3 cases:

» ALO,/Cu/Al,O,
» ALOJ/AVALO,
» LiF/Cu/LiF

1 Simple ramp wave

2 Ramp to 200 GPa

ﬁpeygé]geal’gacrécsj UCRL-PRES-465651 Ramp T NCH 1/11- 8 ‘ ! ! .I



Simulation results.
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summary

2 Thinisin!

2 A thin sample may make temperature measurements under
ramp, or combined shock/ramp loading practical

2 The window thickness must be designed as part of the
experiment
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Investigation of temperature measurement of
material under dynamic loadings using infrared
optical pyrometry

Camille Chauvin, Jacques Petit

CEA GRAMAT Camille Chauvin 4th Workshop on Ramp Compression



Summary

Introduction
Temperature measurement by optical pyrometry

Target design
Conclusion / Outlooks
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Interest of temperature measurement

eSe Target Objectives:
Window .
To define, to model and to understand the
Release NN behavior of material under dynamic
Thernal radiance Ioad | N g )
rTa—— 200 _ Calculated temperature
Under shock partially
released
600 -
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o
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Tim
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Goals of this work

Determination of the material temperature under shock wave or ramp
compression from the thermal radiance of the surface.

Target Target
Free surface Free surface
Shock Release
e N W
No thermal Thermal radiance
radiance
Material Material  Released
under shock under shock material

Managing to detect surface radiance at moderate shock amplitude
(below 20 GPa, below 600 K)

- while improving the accuracy of the material temperature
measurement,

- while understanding the origin of the detected radiances (thermal
transfer).
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Measurement of radiance

(&7 Main difficulty : Planck’s law links the detected thermal radiance
to the temperature only for blackbody.

The detected radiance emitted by a real object depends on its
temperature and its emissivity.

LAT)=eA,T).L°(A,T)

1 measurement but 2 unknowns

Sradiance L > emissivity ¢
- temperature T

Radiance

Wavelength
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Lowering the influence of emissivity

- Emissivity boundaries

o ¢=0.1
= -
©
Q e=0.1
% .
=1 Toax ¢=0.1
,,,,, TH-AT b 1 L
T = e=1 =1
A3 A2 A
wavelength

-The lower and upper boundaries of emissivity give the upper and
lower boundaries of temperature on each temperature channel.
-The true temperature is where the temperature range overlap.
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Lowering the influence of emissivity

- Analytical law for emissivity (well-adapted for multi-wavelength
pyrometer)

o
o

o
?

Radiance (10" W/nm?/sr/m)
(&)
(@)

5,04 \ -
: o - Quartz (Lyzenga)|
Best fit curve Pressure 75.5 GPa
4,5- T=4625+/-80K
€=0.68 +/- 0.05

4,0

450 500 550 600 650 700 750 800
Wavelength (nm)
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Infrared optical pyrometer

InSb detector
1 [4,5:5,5]um

Sas gun /BI‘ InSb detector
Jiete : [2,9:4,5]um
]
>|‘ InSb detector
Impactor [1,0;2,9]um
Dichroic
e litter 4, JuF—x
Target /\ beamsplitter 4,9 \ J
Dichroic
gg / beamsplitter 2.9um
Mirror
77

Parabolic mirror

Minimal temperature: 350 K
Response time: 70 ns
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Optical pyrometer design

Application:
~=——— shock wave compression

Pyréne Launcher

Parabolic mirror

Pyrometer

CEA GRAMAT Camille Chauvin 4th Workshop on Ramp Compression 10



Optical pyrometer design

Application:
ramp compression

GEPI

Target

Pyrometer

CEA GRAMAT Camille Chauvin

4th Workshop on Ramp Compression

Debris
protection
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Unfolding method

The temperature of the material under shock is obtained in three
stages:

1. Measuring the radiance temperature based on the radiance of
each pyrometer channel.

2. Getting the true temperature:
=> hypothesis on emissivity.

3. Determining the temperature of the material from the true
temperature:

=> choice of the target design
=> analysis of the thermal transfer phenomena at the interface.
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e3P

Summary

Target design
residual or interface temperature?
presence of glue
use of an emissive layer and its compromise
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Target design

Radiance emitted by the free surface of the shocked material.

- At the free surface
Target

|
-
)

Free surface
brature under shock

Release
e A

Thermal radiance

-
=

Temperature

Material Released
under shock material

PO, TO . Ph
( ) Strain

Advantage: measurement of the residual temperature,

—> follows the compression path of the material,

—> an emissive layer can be applied.

Drawback: temperature is sensitive on surface roughness

- need a polished surface to prevent hot spots and ejecta,
-> low emissivity and so low radiance.
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Target design

Radiance emitted by the interface of the shocked material.

- At the interface between
a material and a window Measured temperature
Target Tr_‘ Interrace material/window- -
Window 2 Ti — =" Tepfperature under shock
© -
Release 8 S Isentropg
S £
Thermal radiance |2
] . ™~ Huganiot
Material Material
Under shock partially -
released (PO’TO) PSItrain Ph

Advantage: interface and material temperatures are close,
—> more radiance,

—> presence of glue,
-> an emissive layer can be applied.
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Interface temperature

(=7 The interface temperature is defined by the Fourier’s Law:

T =T koC
T, =T ———= avec o = NPy

1+ \/ (koC, )2

o=18 a=0.9

T _ 7 .,
T : T
T,
¢ T[
15 1
Material 1 ; material 2 Material 1 ; Material 2
lead glue lead LiF
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Presence of glue

=0 The presence of the glue is essential to:

- realize a perfect contact between the material and the window,

- measure an interface temperature closest to the material
temperature thanks to a thermal isolation and a low effusivity.

But, its transparency must be verified.

10—

Ta Cu Pb LiF S S < -
l .
7 500+ i \ Lead\*\ |
< Pb/glue‘interface y
i < |
_60Q m/s %;\ < 450 Pb/LiF interface
= | AN
5 ' .
/__ \ C 4004
5
I_
350 i
Pb LiF Pb LiF o0}
1.5 2.0 25 30 35 4.0 45
Colle 10 ym Time (us)
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Interface only made of glue

The copper material emits a lower thermal flux than that of the lead.
The transparency of the glue is checked.

Delrin Ta  Cu Cu LiF Delrin Ta — Cu P LiF
\ w7 \ g
600 m/s :E ;)
) N
Impact on copper Impact on lead
Strain: Strain :
- in copper: 14,8 GPa. - in lead: 12,5 GPa.
- in glue: 8 GPa. - in glue: 8 GPa.
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Interface only made of glue

| glue / LiF interface Pb / glue / LiF interface
5X107 T T T T T T n T T T T T T T T T T 5X107
pyr04 : radiance channel 1 pyr10: rad!ance channel 1 |
2 pyr04 : radiance channel 2 pyr10: rad!ance channel 2 410
=10 pyro4 : radiance channel 3 i AR :‘l‘l Af Jradiance channel 3 1™ TF £
5 AN 15
% 3x10 - - ’ W‘H‘L | 3x10'
2 =
o 2x10' - 2x10 &
= =
@® ‘ ‘ @®
- — 7 ‘ N ‘ L o e L Rl ‘ - —
& %10 vt 4108
0 ‘ d T d T d T d d : d d d d d 1 0
-0.5 0.0 0.5 10 1.5 . 25 0.0 0.5 10 1.5 20 25
Time (us) R Time (us)
T=422+47K T=480125K
e = 0.55+£045 e =0.70+£0.30

The collected radiances are different = the glue remains transparent

under shock wave compression.
The collected thermal flux is emitted by the material surface.
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Interface only made of glue

= Advantages:

The interface and material temperature are almost similar.

The interface temperature allows to investigate material behavior and
polymorphic transition.

Nevertheless, the interface temperature is sensitive to the emissivity.
So, the measured temperature accuracy is directly linked to the

accuracy of the aimed surface emissivity.
AT  AkT Ae

T ~hco €

This interface temperature is also sensitive to the surface roughness
and needs a polished surface.
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e3P

Use of an emissive layer

The use of an emissive layer allows:
- to reduce the emissivity boundaries,

- to increase the collected flux = and so to improve the detection of
low thermal flux.

The heat transfer in the different layers at the interface is only
explained by thermal conduction.

This layer has to satisfy the following features to play the role of an
emissive layer:

- an emissivity close to unity,

- an efficient thermal conductivity,

- a small thickness but guarantying opacity,

- a good adhesion between emissive layer and material.
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Lowering the influence of emissivity

Use of emissive layer to improve apparent emissivity of the surface.
>The boundaries of the emissivity are more restricted,
>The deducted temperature accuracy is improved.
1,0 T T v T v T v T
% ¢=0.1
- * B
0,8- f\\‘\,\/‘v‘/\—\/ ] ~’ag_ 5f0.1
\ £
' . , | 0 TMAX1 =
>06 Copper + emissive coating . e=0.1
S at 300 K i '
B Copper at 300 K 1 T+- AT |
LIEJ 0,4+ 1 || Tmax ””” r | le=08
_ MAx2 - e=0.8 e=0.8 '
,,,,, | 1FH-Al 'I
072— | MIN I
. = e=1 e=1
07— 42 & & ’3 2 8l
0 2 4 © 8 10 Wavelength

wavelenth (um)
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Emissive layer of ReSi, selected by numerical study

Pb / ReSi, [ glue / LiF

thickness : 1 um

| emperature (K)

Lead

2 'ReSi2

Pb/ReSi,:t. .. =1um |
ReSi/glue : t, ., =1 um ]

15 20 25 30 35 40 45

Time (us)

The interface temperature attains quickly a stable temperature.
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)

Emissive layer of ReSi, selected by experimental study

“Pb / glue / LiF

1.0x1C .

thickness : 1 um
Pb / ReSi, / glue / LiF

thickness : 0,5 um

Pb / ReSi, | glue / LiF

X
a
Q

~ pyr10_channel 2
pyr10_channel 3

pyr15_channel 1
—— pyr15_channel 2
— pyr15_channel 3

pyr16_channel 1
~— pyr16_channel 2

o Pyr16_channel 3

1.0x10°

g. 7.5x1o?§‘
£ £
%s.omd 5.0x1d§,
§2A5x1d [ MM " HMM‘MM W 25x1d§
| w M i iy A
iy htiy *M
ool W il 00
) ) ) .Time(p.s) : : .
T=480£ 25K T=500£10K T=515£10K
= 0.70£0.30 = 0.85+£0.15 = 0.85+£0.15

This emissive layer increases the collected radiance of each channel.
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Emissive layer of ReSi, selected by experimental study

)

Pb / alue | LiF thickness : 1 yum thickness : 0,5 um
9 Cu / ReS|2 / glue | LiF Cu / ReS|2 /| glue I LiF
1010 ' ' ' ' ' —— pyr04_channel 1 : pyr17__channe! 1 —— pyr18_channel 1 10010
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= 0.7+£0.30 e = 0.85+£0.15 e = 0.85+£0.15
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Emissive layer of ReSi, selected by experimental study

Pb/ReSi, 1 um/glue/LiF Pb/ReSi, 0,5 pm/glue/LiF
550 T T T T T T T T T T T T T 550 T T T T T T T T T T T T
500- 500-
3 <
o 450- o 450
=) 2
g g
8 400- 8 400-
350 |l 14l —— pyr15 : temperature £=0.85 channe| 3 350 pyr16 : temperature £=0.85 channel 3
‘ |{lift —— simulation pyr15 with K.__ simulation pyr16 with K, ¢,
300 UL Ll = - -simulation pyr15 with 0.1 Ko, 300 ~ - simulation pyrfO with 01 " Resse
05 00 0,5 1,0 15 20 25 30 -05 00 0,5 1,0 15 20 25 3,0

Time (us) Time (us)

This emissive layer must be exactly defined to be used as a
performant emissive layer (for example : thermal conductivity K).
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Use of emissive layer

Advantages:

- The emissivity boundaries are restricted so the interface temperature is
precisely determined.

- The collected flux is increased = and so the detection of low thermal flux is
improved.

- The interface temperature is independent of the material emissivity and its
possible variation.

- This layer avoids ejecta and hot spots.

However,
- The interface and material temperature are different,
- This layer must be perfectly known to obtain the material temperature,

- This layer could be adequate to observe polymorphic transition if its thermal
conductivity and thickness are appropriate or if the ramp compression is
enough softened.
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A performant optical pyrometer

&y Aninfrared three-wavelength optical pyrometer has been developped
allowing the low radiance temperature detection (from 350 to 1000 K)
with a time response appropriate for shock experimentations.

Two independent methods to unfold the true interface temperature
can be applied : short wavelength or analytical law for emissivity.

Both velocity and temperature measurements can be obtained and
allow to temporally compare the wave propagation and the heat
transfer.
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Target design:

ey Temperature measurement is a compromise for the target design:

- a window is used to measure an interface temperature as close as
possible to that of the material temperature,

- an emissive layer is applied at the interface to specify the value of
the emissivity and so the interface temperature.

The emissive layer manages to increase the accuracy of the interface
temperature (accuracy better than 5%). But, it is not the material
temperature. This approach is appropriate for experimentations with
supported wave compression to allow the thermal equilibrium.

Nevertheless, with a single glue layer, the interface temperature is
that of the material temperature but with an unsatisfactory accuracy (<
10%).
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Outlooks

An accurate measurement at low temperature with this three-

wavelength infrared optical pyrometer associated to an effective
emissive layer could provide some interesting information:

- for the study of material under other kinds of dynamic loadings
(isentropic compression , laser shock compression),

- for evaluating the heating by plastic work,

- for detecting the polymorphic transition of the material under loading
and for deducing a kinetic transition model.
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Previous Silicon Data shows a large
discrepancy between free surface
and insitu measurements

Si/LiF

(Turneaure APL ‘07) —

inelastic

~=——glastic

[111] loading
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Larger Plastic Wave Speeds were measured for the free surface experiments




When does the onset of significant plasticity
occur? ....a, b, c?

= 80.9 microns
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JAVELIN Setup on the Janus Laser Facility

' | N
) I-) 5; Input Interferometer Non-planar
400 delay, t shock front
nm -
- '
" l JULT
pl ope
Delay 300J, 4ns
Element
Janus
Beam

The JAVELIN is capable of
measuring changes in the velocity
of shock fronts travelling at 20
km/s over a 1 mm field of view
with a ¥10 m/s resolution and a
spatial resolution of 2Mm




JAVELIN Setup on the Janus Laser Facility

o F’ Sf Input Interferometer Non-planar
-LOO delay, t shock front
nm :
e In
. W
probe
Delay 300J, 4ns
Element
Target Janus
l Beam
/ 1- 1t
\/ 7
Matched output

Interferometer " The JAVELIN is capable of
measuring changes in the velocity
of shock fronts travelling at 20
' ' Imaging km/s over a 1 mm field of view

> Detector . .
. 1 ; with a ¥10 m/s resolution and a
spatial resolution of 2Mm




Analysis

Grid aligns 4 images --> each target pixel has 4
input intensities
So, Seo, S180, S270

4-channel quadrature push-pull math used,
analogous to point-VISAR

Summing complementary signals NF=(So+S180)
or (Seot+S270) yields “ordinary” nonfringing
Image. Fringes cancelled.

Push-pull summing yields complex output.
“Ordinary” image cancelled.

F = (So-S180) + 1(Se0-S270)

Convert to polar coordinates

Phase proportional to velocity --> image of
phase is output
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/Goal of Experiment:

- Measure changes in reflectivity and velocity related to different
deformation mechanisms:
» Elastic to Plastic
» Polymorphic phase transformation

K » Surface Fracture of free surface samples.

>

Target Design

~10 pm
CH layer ~50 um Al

/
Flash coating / ~300 pm

of Al - / Si [100]/ [110]/ [111]

For some shots
we used a LiF
window

Janus Laser focused \ < A A
down to 1mm focal spot

=
&h
|

Loading __

b
(5.1

_—

—
-1.0 -5 0.0 o3
Distance (mm)

6ns Shock —> /1[11 2D VISAR

———————————————



Combined use of 1D and 2D VISARs allow us to diagnose
evolution of deformation _ _
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Velocity and Reflectivity changes are relatively smooth within Elastic precursor
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Velocity and Reflectivity changes are relatively smooth within Elastic precursor
Velocity Map Non-fringing Image
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Velocity and Reflectivity changes are relatively smooth within Elastic precursor

Si 111/LiF

— 10 Line Visar, s070910_02
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The onset of plasticity is marked by clear changes in the surface morphology
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The onset of plasticity is marked by clear changes in the surface morphology

Velocity Map
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The onset of plasticity is marked by clear changes in the surface morphology

Si 111/LiF
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The transformation to the b-Sn phase coincides with the emergence of "'Zm'n'scale structure
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The transformation to the b-Sn phase coincides with the emergence of ~2mm scale structure
Non-fringing Image
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Free-Surface measurements show evolution of possible fracture networks
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In the absence of a tamping LiF window, free-surface shows defects consistent with fracture
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s020903 - Si 111

Velocity Map Non-fringing Image
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In the absence of a tamping LiF window, free-surface shows defects consistent with fracture
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In the absence of a tamping LiF window, free-surface shows defects consistent with fracture
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Non-fringing Image
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Conclusions

When does the onset of
significant plasticity occur?
...a, b, c?
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We observe very clear crystal orientation dependences | .

1 mm thick
Si[100], [110] or [111]
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Measuring ramp compression with PDV

4th Workshop on Ramp Compression

January 18-19, 2011
Albuquerque, NM

PDV
circulator target

)

laser 1 @ H E

=

fiber 3

coupler S
laser 2 2X1 —|detectoerigitizer| 3

reference

— =200, 1000 2000 3000
time (ns)

T. Ao and D.H. Dolan
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Sandia National Laboratories, Albuquerque, NM, USA
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Outline

Background

§ VISAR
§ Photonic Doppler velocimetry (PDV)
§ PDV configurations

Accuracy and precision of PDV
§ Sampling rate, signal noise fraction, and analysis time duration
§ PDV-VISAR validation

PDV measurements through window
§ Complications due to multiple reflections

Experiments

§ Shock compression using gas gun impactor
§ Ramp compression using Veloce pulsed power generator
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Background: VISAR

Velocity Interferometer System for Any Reflector
§ Doppler shifted light from a moving target split along two different paths

* I.e. reference leg and delay leg of interferometer

§ Measured signal: s(t) = al , (t) + bl (t) + 24/abl , ()1 (t) cosg{20F (1)]
FO-F @O v

§ Fringe shift directly proportional to target velocity: F(t) =

20 K
Disadvantages target
§ Sensitive to intensity variations of - » input
reflected target light
§ Requires additional system to v(t) h A
resolve fringe jump ambiguities A
§ Fixed delay time g . output
path B>
X(t) X,

f Sandia
L.M. Barker and R.E. Hollenbach, J. Appl. Phys. 43, 4669 (1972) m lﬂa[;dmtal _
aboratories




Background: PDV

Photonic Doppler velocimetry
§ Doppler shifted light from a moving target combined with unshifted light

* “Heterodyne velocimetry”

X(£) - x(t)L
L
o L

§ Measured signal: (t) = alg(t) + bl (t) + 2\/abl (D1 (1) COS_?Jz: (t)+4p

§ Beat frequency proportional to velocity: _
/0

Advantages

§ Readily available components

* Infrared fiber-based (I , = 1550 nm) - input
» Fast detectors; GHz digitizers

target

- . . . L. f ligh
§ Insensitive to intensity variations of V(D) reference ot

reflected target light output
§ Resolve multiple velocities targetlight
§ Simple assembly and operation
§ Lack of intrinsic delay time

X(t) X,

") Sandia
O.T. Strand, et al., Rev. Sci. Instrum. 77, 083108 (2006) m llﬂulat;uontal _
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Analysis of PDV data

PDV signal experlment signal

s(t)

‘u

w

signal v

i

i

time

velocity history

vit) -~

velocity

time

intensity

d\l\

t1me

A

o

|

il

window function

I

intensity

%3
N/

N\

-

time

T. Ao and D.H. Dolan, SAND2010-3628, June 2010
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Digital window functions

Window weighting functions

§ Data multiplied by window function to
reduce spectral leakage associated
with finite observation intervals

Spectral response goals

§ Narrow main-lobe
§ Low first-side-lobe

§ Rapid fall-off of side-lobes

Boxcar

0

_20 5

-407§

-60

Magnitude (dB})

-80

-10 .
—8.5 V] 0.5
Mormalized Frequency (cycles/sample)

F. Harris, Proceedings of the IEEE 66, 51 (1978)
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PDV configurations

Conventional PDV

§ Reference light and target
light initially same frequency

e Infrared laser

» Circulator

* Fiber couplers

* Infrared detector
* GHz digitizer

Frequency-conversion PDV

§ Reference light and target light
always different frequencies

¢ Two tunable infrared lasers
* Acousto-optic frequency shifter

T. Ao and D.H. Dolan, SAND2010-3628, June 2010

' target
circulator
fiber @
coupler
fiber
laser — 1X2 ST
2X1 —|detectoerigitizer|
reference
circulator target
laser 1 @ H
fiber
coupler
laser 2 2X1 —|detectoerigitizer|
reference
fiber . target
coupler c?%or
laser (— 1X2 —— f)
AO fiber
frequency coupler
sh|lfter 2X1 —|detectoerigitizer|
reference
\ Sandia
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. laboratories



PDV signal of shock loading

400}
) gﬁﬂﬂ-
E.g. velocity step £,
100F

IE]5 0 é 10

time x10®
Conventional PDV A
|

§ Notarget = no beat g, "ll it rul A
motion frequency |

-] 8 ’ J 1

-5 0 5 10

time 10"

Freguency-conversion PDV

§ Underlying beat frequency
even with no target motion

x 10"

i\

time

T. Ao and D.H. Dolan, SAND2010-3628, June 2010
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Conventional PDV issues

E.g. velocity ramp

Conventional PDV

§ Inability to resolve the low
velocity portion of ramp

* At low velocities, beat period
longer than analysis time
duration

Frequency-conversion PDV

§ Oscillations at low velocities
eliminated
« Underlying beat frequency
results in the low velocity

features now having a shorter
beat period

T. Ao and D.H. Dolan, SAND2010-3628, June 2010

“Modest” velocity (= 100 m/s) transients

§ Structured waves (ramps and multiple shocks)
» Elastic precursor, phase transition
§ Want to achieve both optimal velocity & time precision

t=15ns

velocity
%]
(]
o
*
Y

1500

1000

ity

500

velocity
veloc

x 10 !
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laboratories




What is the performance of PDV?

Quantitatively, how good can PDV be?
§ Accuracy: being right (on average)

§ Precision: variability about the average
§ Small numbers mean “high performance”

Things that are neglected

§ Window corrections (0.2-1%)
Probe effects/cosine corrections (<0.1%-?)
Absolute wavelength errors (<10-100 ppm)

w W W

Digitizer clock errors (<10 ppm)

Looking for an equivalent to the “1-2% of a fringe rule (VISAR)”

) Sandia
National
. laboratories




Monte Carlo simulations

Generate discretely sampled signal

S, = COS(Z,UfOTk+ Cl) + SRk One iteration

25 samples over 1 ns, 10% noise

§ Specified input frequency f, 15
§ k=-M ... M (2M+1 points) b,
§ Sampling interval T
§ Noise fraction s = 973 [ 3 .
§ Random phase o =g
§ Random noise array R ]

-0.5 0 “" f
Extract frequency from signal

§ \/

§ FFT analysis, etc.
Compare the result to input frequency % 05 1

Time (ns)

Repeat MANY times with different phases and noise arrays

) Sandia
National
- laboratories

D.H. Dolan, Rev. Sci. Instrum. 81, 053905 (2010)




Resolution example

Inputs

§ 1 nsduration, 25 GS/s

§ 10% noise fraction

§ 0.1-6 GHz (0.02 GHz steps)
§ ~590 million iterations total

Analyze many random signals

§ Ensemble of frequency results from a set
of inputs

§ Accuracy: difference between ensemble
mean and input (solid lines)

§ Precision: ensemble standard deviation

(dashed lines)

Poor accuracy and precision below
1 GHz (partial fringe)

Measurements are precision-limited above 1 GHz

Resolution (GHz) Resolution (GHz)

Resolution (GHz)

10°
107}
1072}
107}
107}
107

10°
10”
10”
10”
10
10

10°
107k
107°}
1074
107t
5:

10

| | (a)
Boxcar .
precision -
7 \/\/\/\”‘\/\f‘\/\x\/ﬂ\/x,ﬁ\_
0 1 2 3 4 5 6
Frequency (GHz)
o __(b)
Hamming precision ]

1 2 3 4 5 6
Frequency (GHz)
| | | (c)

precision ]

— e o —— — —— —— — — —— — ]

0

1 2 3 4 5 6
Frequency (GHz)

D.H. Dolan, Rev. Sci. Instrum. 81, 053905 (2010)
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Precision and noise

Simulations performed at various noise

fractions — 10° | _ I ()
I oxcar S

§ Solid lines: 1% < 107 ﬂ; A o

§ Dashed lines: 10% @ 102 p.f( .lﬁ,.ﬂﬁ“%,’ﬁ.‘.’“‘fﬁ‘@ 10%
. o | || \f II III III II! |||| r

§ Dot-dash lines: 50% k) S S S S
. 0 1 2 3 4 5 6
Window performance Frequency (GHz) )

. . : = 10° - -

§ Hann window best at low noise fractions AN Hamming -

§ Boxcar best at high noise fractions FR 7 . 1>
Precision benefits are largely constant & .,/ \\VV NN 19
above low frequency “shoulder” o v 2 3 {GH‘#} 5 o

requency z
§ Precision limit of PDV measurement scales = 1o° , —
with signal noise fraction s, inversely with 5 10 [N Hamn 50%
sampling rate fs, and to -3/2 power with STl A o 10
analysis time duration ¢ et ol VN~ | 19
.e‘—':’ ::: ul__ 5 1 1 ] 0
6 b 0 1 2 3 4 5 6
f Frequency (GHz)
Pl‘ e

' ) Sandia
D.H. Dolan, Rev. Sci. Instrum. 81, 053905 (2010) National
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PDV validation

Free surface velocity of shocked sapphire

§ Measured with shorting pins, air-delay VISAR, frequency-conversion PDV

PDV (¢t =10ns)

v, ~200 m/s
—_— - Pt ) A
reflector 2007 .
VISAR | 2
— |
@ 150t - A ' :
<—> pPDV £ | / || \“'. \1206.5
Z 100} | v (208
B § || | ,Jl AoV Y2055
sapphire shorting sapphire 50t | v 205
12.7 mm . 6.4 mm | - :
pIns o ___x'l 30 a0
-20 0 200 40 60 80 100
Time (ns)
Diagnostic Time scale (ns) Velocity change (m/s)
Pins >1000 206.6+ 1.1
VISAR 19 206.11 + 0.28
PDV 19 205.95+ 0.32
PDV 10 205.93 + 0.64
PDV 1 206+ 21

D.H. Dolan, Rev. Sci. Instrum. 81, 053905 (2010)
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Risetimes of PDV and VISAR

Velocity step

§ Convert velocity profile to PDV and
VISAR signals

§ Analyze PDV and VISAR signals to
get velocity profile

§ Measure 10-90% risetime

o
w0

=
—_

MNormalized velocity

VISAR

§ Time delay of 1 ns (heavy solid line)
§ Linear risetime of 0.8 ns

PDV signal

§ Sampled at 25 GS/s and frequency shifted
to 3 GHz

§ Analysis time duration £ =1ns

§ Boxcar (solid line), Hamming (dashed line),
Hann (dash-dot line) digital window

D.H. Dolan, Rev. Sci. Instrum. 81, 053905 (2010)

o
o

-0.5 -03 -0.1 0.1 0.3 05

Time (ns)
PDV

Digital Risetime

window (ns)

Boxcar 0.58

Hamming 0.37

Hann 0.34

i ) Sandia
National
' laboratories



Comparison with VISAR

Resolution ratio (PDV/VISAR)

§ PDV noise fraction s ~ 10% o 1550 ’ 6 s
. - —_ 0 -
§ VISAR fringe resolution e~ 2% 532 fS[ pe

§ Common delay/analysis time

§ For 1 nsanalysis, ratio is 2.3: VISAR better (maybe)
§ For 10 nsanalysis, ratio is 0.72: PDV better
§ PDV time scale is adjustable, VISAR fixed by hardware

Mitigating factors

§ PDV rise faster than VISAR for common delay/analysis time (improvements
depend on digital window)

§ PDV uses one signal, VISAR uses 4-8 signals (2-2.8x improvement)
§ VISAR requires good characterization (5-10% fringe resolution not unusual)

)\ Sandia
| National

D.H. Dolan, Rev. Sci. Instrum. 81, 053905 (2010) o
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PDV through window

. . ) ] sample

Complications due to multiple reflections y vvlindovv

<|)\| input £,
§ Detector signal: g(t) =a A, cos(20f,t+D << zeroth £,

k=0 S( ‘ k) T primary f,

secondary
§ Optical phase of the k-th reflection:
reflector

F(t)=2p(f. + ki, )t+D,

§ Short-time Fourier transform (STFT) of signal to obtain power spectrum:
~ ¥\ .
S(f, D)= os(t)w(t - D)e "Mt

§1.0=4 Afeu0s, (N +ess, (1)
0

k=

g.(t) =2pf, 1 + D, S (f)= O\N(Q)eﬂ””mfk)qdq

) Sandia
National

T.Aoand D.H. Dolan, Rev. Sci. Instrum., in press (2011) il
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Spectral contributions to power spectrum

—————
e N\

%’2{% () S, () +2co2g,(D)]S,, (F)S , (1)}
primary ~ __— k=0 S=—eo’
reflection

f +2 & AA codg (D) - g (DS, (1S, (F)+S, (S, ()}

k j=k+1

+2A A AA codg(®) + g (OKS., (1S (1) +S, (1S (1)}

k j=k+1
Each signal contribute positive & neqgative frequency components
to power spectrum

§ Positive, negative, and cross-sign products of frequency peak for each
component

§ Same-sign cross product of different components
§ Opposite-sign cross product of different components

Extraction of primary reflection frequency hindered

§ Static terms affect accuracy

§ Dynamic terms affect precision

) Sandia
| National

T.Aoand D.H. Dolan, Rev. Sci. Instrum., in press (2011) il
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Interactions of spectral functions

Small analysis time duration

§ Conventional PDV allow for many § Frequency-conversion PDV separates
spectral interactions negative and positive frequency spectral
s functions )

£, £ fy +f, +, 0 o +fy 4,

conventional PDV frequency-conversion PDV

Large analysis time duration

S(f)

§ Mitigate spectral interactions by narrowing the
spectral functions at the cost of time resolution

§ Benefits conventional and frequency-conversion PDV

P U B B S

f, fy fy +f 4,

conventional PDV

) Sandia
National

T.Aoand D.H. Dolan, Rev. Sci. Instrum., in press (2011) il
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{s(t) U 4/l (t) cosF , +4/11,(t) cosF, + 4/l I, (t) cosF , + K}

Shock reverberation experiment

Measurement of transient wave structure

§ Quartz sample sandwiched between sapphlre impactor and sapphlre wmdow

~200 m/s

e

/

sapphire 4

8mm  quartz
0.5mm

250,
Al _ WONDYS|muIat|on
_ reflector £2000  4GPa
=
—» PDV 315“'
®
=
£ 100
e
2
sapphire & 50
8 mm

foo 0 100 200 300 400 500 600

time (ns)

apparent velocity (m/s)

2007

150;

100;

250

507

t=5ns

il

-Fﬂﬂ'

time (ns)

0 100 200 300 400 500 600

Multiple window transits due to reflections from free surface of window

|

/input
NQ primary

§ Oscillations within velocity
profile due to other reflectlons

secondary perturbing primary

T.Aoand D.H. Dolan, Rev. Sci. Instrum., in press (2011)

apparent velocity (m/s)

600
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[1ZernotiMiin
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Mitigating window reflections
Wedge window deflect reflections from free surface

~ 200 m/s - 8° wedge =0 . I . ' ' ' 600
— 2 200 @ _
= £ 400 102
£ sl 2 =
pove %0 g 5
S 3 200 207
£ 100 Z =
e o =
/ E 50! flat sapphire | & 305
sapphire 4 sapphire ® , wedge sapphire | ©
8 mm quartz 8 mm ) J ) ) ) . “EDD
0.5 mm foo 0 100 200 300 400 500 600 0 100 200 400
' time (ns) time (ns)
AR coating Anti-reflective coatlnq attenuates reflections from free surface
reflect|V|ty < 0.05% 250 600 0
~200 m/s - —_
—_— - @ -
E 0 E 400 -10 2
2 = 2
g 150 2 2
je—— PDV g T 200 —2-‘.1%
2 100 g 2
£ S =
/1 E =0 sapphire o —30e
. . ' hire/AR | © =
sapphire 4 sapphire ® sapphire/
. . . . . ~200 -40
8mm  quartz 8mm fo0 0 100 200 300 400 500 600 0 1% iime {zr?sr;; 00 400
0.5mm time (ns)

Velocity variations dv/v = 1% and analysis time duration f =5ns
comparable to velocity and time precision of VISAR

Sandia
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Ramp loading: free surface

Al panel

PDV _
1 \/‘ / 0
%‘J y “I. I

VISAR —

O
velocity (m/s)

(gp) Ausueul enieel

Validation between PDV and VISAR

§ PDV able to track free surface over -
considerable distance after VISAR | time f”ﬁi
loses signal 2000 I—an (t=10ns)

—VISAR (VPF = /st

§ VISAR’s VPF =80 m/gf corresponds to { =0 s

and ideal risetime of 2.7 ns but detector
risetime needs to be accounted for

§ PDV’s t =10 ns (Hamming window)
. . 500}
corresponds to a risetime of 3.7 ns

3000

—
v
J_.'-"‘\..-

e
/‘T( .
lf.l
N
f
|
|
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T
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velocity (m/s)
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o
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Ramp loading: sapphire window

Al panel

sapphire

O

VISAR

=\

Batch variation of AR coating on

sapphire window

§ Velocity oscillations require larger
analysis time duration

50 —
—PDV (r =20 ns)

a0t [—VISAR

)

E 30

oy

8 20

g
10

$50 400 450 500 550
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a S
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Summary #1

Limiting performance of PDV is determined by power spectrum
location resolutions

§ The uncertainty principle overestimates error
§ Peak fit confidences underestimates error

Monte Carlo simulations indicate that PDV is:
§ Inaccurate and imprecise at low frequencies
§ Accurate and (potentially) precise otherwise

§ Limiting performance can be tied to sampling rate, noise fraction, and analysis
time duration

% ) Sandia
|| ?ﬁ National
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Summary #2

Freqguency-conversion is a good thing!

§ Underlying beat frequency resolves low velocity features while maintaining
good time resolution

§ Separates negative and positive frequency spectral functions

PDV validated with VISAR

§ Competitive time and velocity precision with VISAR, despite wavelength
difference

§ PDV requires fewer signals than VISAR

PDV through window

§ Windows should either be wedged or have sufficient anti-reflective coating to
mitigate secondary reflections

Y Sandia
| National
laboratories




Discussion

What diagnostic risetime is required?

§ What physical phenomena are we trying to measure?
 Elastic precursor, phase transition, etc.

§ We can analytically predict 10-90% rise for PDV
» Faster events are still detectable

Is there a need for multiple point PDV?

§ How many spots?
§ Total velocity range?

) Sandia
| National
- laboratories
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Peak finding methods

Frequency location of the strongest peak within power spectrum

§ Maximum

« Accuracy dependent on the number of frequency points used in STF
* Increase accuracy with large “zero-padding” of signal; computationally intensive
 Issues during transitions produce velocity “hopping”

§ Gaussian ® (1 7)2'0
- Fit spectral profile with a Gaussian curve: S(f)= Aexpg- ?} S
§ Parabola © e

» Fit spectral profile with a parabola: gf)= Af - T)Z

. fy
§ Centroid Of xs(f)df
* Integrate spectral profile to obtain center of mass: F-=-_"%

() h

intensity

frequency

) Sandia
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Uncertainty principle

Time-velocity uncertainty product

always exceeds a constant:

§ 1 m/s velocity width requires > 62 ns(!)

This is really a separability criterion,
not location uncertainty

No reference to noise or sampling rate

Signal

Rel. intensity

Time (ns)
Velocity (m/s)

0 500 1000 1500

|
| |
| |
] \

0 0.5 1 1.5 2
Frequency (GHz)

o= Fourier transform

NN EEN
| [ || I| 'I-l ,Ill |I| ||| [
||'| |'|I||"|I ||
T
| |' ||I||I|5’
U e
|| I |I || | | | [ |
A

WAL
I'I | | ||I|| | | |.I | ll:l Ir |‘I| |!|

-5 0 5
Time: (ns)

Velocity (mvs)

0 500 1000 1500

Y
Y
[\
..“L'."
&
8
E
&
/ I'._I
."x
__ .
0 0.5 1 1.5 2
Frequency (GHz)
Sandia
'11 National
Laboratories




Peak fitting

Fit the PDV power spectrum with

curve

§ Estimate resolution from how quickly
residual increases away from the
minimum

Peak location can be determined
more narrowly than uncertainty
principle bound

§ However, the results may be systematically
wrong!

§ Error depends on many factors

D.H. Dolan, Rev. Sci. Instrum. 81, 053905 (2010)

Signal (1.880 GHz)
discretely sample 25 times in 1 ns (a)

s
.
©
-
=2
-0.5 0 0.5
~ Time (ns)
Gaussian fit (b)

Relative power
o
o

Frequency (GHz)

Peak location: 1.894 GHz
Peak width: 1 GHz
Fit uncertainty: 0.003 GHz (2 m/s)
Error: 0.014 GHz

) Sandia
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Power spectrum subtlety #1

S*(f)u S/(f)+S(f)+2cos(20)S,()S (f)

Neqgative frequency components affect

the positive frequency domain

§ Significant overlap for narrow digital
windows

§ Power spectrum biased away from the S,
peak

§ Reduces accuracy

Cross-term creates time variation

§ Reduces precision

Rel. Intensity

(real signal)

|
|
|
|
|
|
|
|
|
|
|
|

Total spectrum

0
Frequency
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Power spectrum subtlety #2

SZ( fyu Sf(f) + SZ( f)+2cos(2a)S,()S (f) (real signal)

Side lobes have an effect

§ Net spectrum can be biased toward or away
from DC (accuracy)

Total spectrum

§ Cross-term reduces precision (dominant
effect)

Rel. Intensity

Resonances due to overlap of primary
peak with a side lobe

| Side lobe
I — LN
0
Frequency

= Sandia
National
m laboratories




Limiting performance

There is a limit to how well frequency can be 6 s ®[6s0 .,
determined from a discretely sample signal "N ot f—s {

Fixed parameters:

§ Sampling rate
§ Noise fraction (digital filtering does NOT help)

Adjustable parameters:
§ Analysis time duration
§ Improvement faster than uncertainty principle predicts

FFT windows alters the effective duration
§ This expression assumes all data is treated equally (boxcar window)

) Sandia
| National
- laboratories




Some typical values

1550 nm, 10% noise, boxcar window

25 GS/s 50 GS/s
Duration Risetime Resolution Resolution
(ns) (ns) (m/s) (m/s)
0.1 0.06 380 270
0.5 0.29 34 24
1.0 0.58 12 8.5
5.0 2.9 1.1 0.76
10 5.8 0.38 0.27
50 29 0.034 0.024

This resolution is only attainable above low-frequency shoulder!

[t

Sandia
National
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Imperial College
London

Initial Ramp Wave Experiments
at Imperial College
S.N. Bland
S.V. Lebedeyv, J.P. Chittenden, G. Burdiak, G.N. Hall, L. Pickworth,
J. Skidmore, F. Suzuki-Vidal, G. Swadling, D. Chapman, and D. Eakins

Imperial College London

A. Critchley, A. George, E. Price, S. Vickers
AWE plc Aldermaston, Reading

D.J. Ampleford, T. Ao
Sandia National Laboratories

R. Spielman and the team
Ktech Corporation

Soonsored by AWE, EPSRC, NNSA, and Sandia National Labs



Imperial College
London

Institute of Shock Physics at Imperial College

AWE funded research and teaching institute dedicated to
studying the fundamental science behind shock waves, high
velocity collisions and extremes of pressure and heat

Vision

To form a UK community
linked through the ISP at
Imperial College delivering
world-leading research and
education in shock physics

Key facts

* Institute of Shock Physics (ISP)
started in mid 2008

* Hub: Imperial College London

» Spokes at UCL, Cranfield University
(Shrivenham), Oxford and Edinbrugh

e National and international
collaborations with National Labs,
Academia and Industry



Imperial College
London

Facilities, diagnostics and capabilities



Imperial College
London

Imperial College MAGPIE facility

At Imperial the 1.5MA (soon
2MA) 240 ns MAGPIE generator
drives HEDP experiments on a
daily basis

Mega
Ampere
Generator for | L
Plasma > M
Implosion
Experiments

« High impedance drive — current relatively unaffected by load
» Excellent diagnostic access



Imperial College
London

New faclilities at Imperial College

- 2MA LTD generator dedicated to isentropic
- compression experiments

' M Mega
Sl i{ Ampere
me . Compression &
Hydrodynamics
(more later)

100mm gas gun for large scale experiments
8kg flyer to 800ms-?




Imperial College

London Diagnostics for shock physics

Het-V system

Fibre laser, f,

coupler

collimator
)

f (=220

target

e C ﬂ

Detector
g 0.00
<
S -0021
(3]

-0.04-

100 150 200 250 Tlmaéoo(ns) 350 400 450 500

Gen 1 Het-V

Frequency shifted Het-V now in development

Interferometer

Fibre laser, f,

collimator olasma [/
v reflector
3x3 coupler
Det Det

cosB+21/3 cosO cosB-211/3

Mach-Zehnder
or Michelson
configuration

Monitors plasma
at electrodes



Imperial College

| ondon Diagnostics for shock physics

Line VISAR

2 independent VISAR channels sampling
100um wide and to 25mm long

-can examine  macroscopic  and
mesoscopic properties

- with speeds ~ 200ms per fringe to
25kmst

........

+ Lin ISAR syétem showing ite
lights and streak cameras

Now in test on foil and radiative shock
experiments on MAGPIE

Magnetic probes only
0.75mm diameter

Fielded at different depths in targets —
directly monitor current over surface of
target and diffusion through target
material




Imperial College
~ondon Code Development

» Explore using Comsol / Autodyne to look magnetic field around electrodes and couple
to simple 1 and 2D compression effects

» Condensed matter EOS and real material effects being added to GORGON code
- in house developed 3D resistive MHD code, used for z-pinch and HEDP research
- massively parallel code, able to handle large scale 3D structures
- everything from electron emission at electrodes, through to ablated plasma at
surface of strip lines to compressed material in electrodes

3D MHD code results showing implosion of 80mmx20mm wire array z-pinch



Imperial College
London

Initial Ramp experiments on MAGPIE



Imperial College
ronden Magnetically driven EOS experiments

Initial experiments on MAGPIE use a strip lines setup:

» Soft material (helps prevent shock up) - Copper
» Width of electrodes 20 — 10mm - pressures from ~30-120kBar with 1.5MA drive

* Gap 2 — 1mm — hopefully magnetic insulation prevents breakdown
» Target thicknesses 1-7mm - shocks expected after ~5mm thickness
» Length of electrodes 40 — 80mm

15mm width for 60 KBar
peak pressure

sample area up to
60x12mm on each side

cathode in throat of MITL —




Imperial College
-ondon - Magnetically driven EOS experiments

Typically for shock experiments:
flathess ~5um, roughness <um via. diamond machining
Overkill for initial experiments (and very expensive)

2 part ‘glued electrode’ electrode - target area and support
4 axis CNC mill allows fast production of blanks
Precision ground then hand polished — mirror finish ~5um

Return electrode

Gap (2mm)

Target area (60x17mm)

Close up of 20mm wide copper
strip line in MAGPIE




Imperial College

— Magnetically driven EOS experiments

Holder for Het-V probes

Stripline mounted on break away system
to prevent damage to MAGPIE

Top down view

Side view of strip line

Resistive voltage probe

Path of probing laser

Y inch armoured plate top and bottom
to ‘catch’ stripline (not shown)




Imperial College
London

Magnetically driven EOS experiments

Laser probing of gap in 20mm
wide stripline shows little build up
of plasma J

Voltage monitored across stripline
also indicates no sudden
breakdowns occurring

b Consistent with all current
flowing through strip line
(should give 20-30kBar)

Only plasma present comes
from join to holder — expands
~200um into gap

Laser shadow image @200ns Laser interferogram @200ns



Imperial College

-ondon - Magnetically driven EOS experiments

Post shot target recovery...

80x20mm eléctrode, with support (left) and 40x20mm target plate
target plate (right)
No target plate showed any sign of spall — consistent with isentropic compression

Target plates did prove to be good flyer plates though, vaporising diagnostics and
ricocheting off armour plates L



Imperial College

Magnetically driven EOS experiments

Unfortunately the Het-V probe indicated a laser fault...
... Hence we have no EOS information yet (but only 3 shots)

bkl |

0 100 200 300 400 500
Time (ns)

0.0

Signal (AU)

What we got

0.010+

0.005

What we wish we 0.000-

had got

Signal (AU)

-0.005

-0.010+

150 200 250 300 350 400
Time (ns)

Het-V system has now been repaired ready for next shots...
... But MAGPIE is very busy... need something else...

450

500
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MACH



Imperial College
rondor The MACH generator —

A new pulsed power source for shock physics

A small, fast turn around machine for
dedicated to shock physics experiments,
especially when developing new ideas

Mega

Ampere
Compression &
Hydrodynamics

In house facility being developed by Rick T _
Spielman of Ktech for the ISP 2.5m LTD cavity being built by Ktech

*Direct drive with lots of low inductance
capacitors and switches

sLow maintenance — no oil, no water, no
SF6 gas (light, almost portable — maybe
put at end of beam lines)

e Pressure drive can be shaped



Imperial College
London

The MACH generator —

3507  — Module 1
1 —— Module 2
3004 Module 3

200+
1504

Current (KA)

1004
50+

0 100 200 300 a0 500 600
Time (ns)

70kV charge demonstrates 1.2MA, 280ns (10-90%) pulse into resistive test load

With 100kV, and inductive load this will give 2MA ~260ns risetime expected

MACH has now been assembled and is being tested Imperial College

Generator can be stacked: Add in series for more voltage (bigger targets)
Add in parallel for more current (pressure)



Imperial College
London

So what are we planning to do...



Imperial College

London : :
Future magnetically driven EOS expts
T | Liquid
Methods to change initial conditions
*Heating systems allow exploration of :
EOS near phase boundaries Melt line
Iron found in earths core
EOS of tin near around melting Isentropes
point 7
*Cryogenics systems to use of gases in
liquid/solid state o | _ Solid
e.g. H,, He mix in Jupiter P
Heating coill
Molybdenum
boiler

Diamond
Diamond sheet sheet
Ceramic
spacer

Preheating cell designed
to allow 1000° sample
temperatures

Ceramic washer
(spring loaded)




Imperial College

ronden Euture magnetically driven EOS expts %
Cerberus laser

Plasma Physics — Laser consortium project; with amplifiers from AWE

50J long pulse and short pulse beams (150fs)

 Thomson Scattering for plasma temperature

« X-ray radiography (1 and 6 KeV)

 Proton probing for field measurement in HEDP experiments

‘Transparent’
strip line

Use X-ray diffraction to probe Cerberus Film can
microscopic scale (e.g. changes / VISAR
in lattice structure) in relation to % | |/ E\
macroscopic properties (e.g. Kr_oablilrl:e \
strength) probing

radiation

Aside... A future upgrade to ~300J
would allow laser driven isentropic
compression and shock
experiments

—‘CO\

ablator




Imperial College
L . i
°ndon  Fyture magnetically driven EOS expts:

New 100mm gas gun, 8Kg slug to
800ms-1 velocities (multi MJ energy)

Highly versatile — exploring use of
graded density targets to provide
Isentropic compression on gun

Rapid prototyping — 3D printing of
plastics and metals — may allow
graded density flyer/target to be made
easily. Magnetic buffer also In
examination.

Can test ideas with pulsed power, then
transfer to gun for higher pressures

flyer target



Imperial College
London

New methods of achieving higher pressures



Imperial College

rondon Usmg a plasma jet to apply high pressures' "

Implosion

23mm

At MAGPIE we pioneered understanding of the implosion of wire array z-pinches

End-on Side-on

The majority of the evolution of a
wire array is dominated by the
gradual ablation of the wires into
dense, warm plasma

n,~ 1016 -10"cm-3
Ti ~30€V
velocity ~ 150kms1

Plasma from
wires Precursor



Imperial College

~onden ysing a plasma jet to apply high pressures’

Use a conical array to form a
plasma jet

oIt takes time for the ablating
plasma to form a jet Canical

*Before arrival of jet ablated plasma
gathers on foil
Plasma

*Once formed jet speed 200kms-1 Streams

—

-—
w

1cm

XUV images



Imperial College
-ondon Ysing a plasma jet to apply high pressures™

2D MHD GORGON simulations

1 —— Omm above electrode
| 1 —— 8mm above electrode
Cle 1F10-
£ = |
= 2 153
-ﬁ 104 £ 5
5 = ]
. & A e . i | 15 | T T T T T T T T T T T 1
5 10 15 2€ 25 D FH 3 =2 1 0 1 2 3

X Axisinmm Radiusin nm

But Jet is very narrow
1mm outside jet, pressure reduced by 2 orders

‘Ride-along’ experiments on Z will field target and Het-V on lab-astro experiments.
Probes will cover large area.

Expect 100s Kbar ablated plasma flow, MBar from jet.
Future experiments will use line and 2D imaging VISAR to examine profile of jet
Then we will examine ways to launch plasma projectile to drive shocks in targets



Imperial College
London

Using cylindrically convergent loads

Maximum isentropic compression pressure on MAGPIE (2MA) ~ 2-400KBar
Isentrope and hugoniot only start to diverge at ~200KBar

Can upgrade MAGPIE (in 2 years)
or use other methods

One possibility is to use
convergent targets

1mm copper rod

2MA, 240ns rise

Simulations reach 1.5MBar

Looking at what is possible on Z

» Use cylindrical Isentropic
compression of hollow rod on
H/He mix to examine conditions at
centre of giant planets ?

* Possible new way to get high
pressure fusion fuel mixes ?

g -l.4051ell
-1.5817el1 Min

Stress (MBar)

1.5

1.0+

0.5

0.0

" 100 200 300 400 500

Time (ns)
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London

To be continued...



Imperial College
1 . . :
ondon Diagnostics for shock physics:

testing velocity diagnostics

Teflon capillary ‘ Need easy to use fast reload diagnostic
development rig
—‘ Developing electro-thermal launcher
« High voltage pulse ablates teflon capillary
» Plasma pressure accelerates slug
e 10mm bore

‘ e Speeds hopefully to 100s ms

20kV, 5ms pulse Catcher tank

(1ISO100) and
optics support

Support

Support\ -

Teflon capillary

Electrode —3



Imperlal College

“Using a plasma jet to apply high pressures

2500
2000 2500- . Estimated speed of
' ~ foil due to jet
~ 2000- 5
o —_
E,lsoo 2 1500-
9 = _
2 1000 $ 1000 _
) & ; Estimated speed
>001 without jet
500 N
100 200 300 400 500
= Time (ns)
100 200 300 400 500

Time (ns)

Initial acceleration is ~6x10° ms2 and remains constant until ~280-300ns
Corresponds to ~2KBar pressure

After 280ns, small ‘discrete’ readings of higher velocities

Initial acceleration is due to plasma ablating from array reaching target foil
before jet forms



Imperial College

e
London

Speed (Ims-1)

-

Using a plasma jet to apply high pressures

2500

2000
Shock

1500

H
o
o
(=)

500

287ns after start of current

100 200 300 400 500
Time (ns)

Initial acceleration is ~6x10° ms2 and remains constant until ~280-300ns
Corresponds to ~2KBar pressure

After 280ns, small ‘discrete’ readings of higher velocities

Initial acceleration is due to plasma ablating from array reaching target foil
before jet forms

Arrival of jet launches shock through foil destroying back surface



Imperial College

London sing a plasma jet to apply high pressures’@

/Target foil
S~ 2um Plastic buffer foil

* Prevent preheat of target foll

* Prevent initial acceleration of foil

* Prevent shock from jet destroying target,
possibly by acting as plasma reservoir

Target foil =—>»

Ablated plasma
gathering on buffer foil '

-
Wiy

201ns 261ns 331ns




Imperlal College

Speed (Ims-1)

“Using a plasma jet to apply high pressures

2500 With buffer foll

2000
1500

1000

Speed (ms-1)

500

= S | 5 = . -
100 200 300 400 500 100 200 300 400 500
Time (ns) Time (ns)

With buffer foil, no acceleration due to ablated plasma is observed

Rapid acceleration observed once jet arrived at foill
Acceleration ~ 40x10° ms2 corresponds to 14KBar

Still somewhat lower than expected? Why?
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Isentropic compression driven by high explosive

Application to experiments on Tin and aluminum 6061-T6

Christophe VOLTZ CVA/DRMN

With the collaboration of
Patrice ANTOINE and Mickaél BOSSU



Introduction

+ With first experiment on TA6V4, we demonstrated?
5 the possibility to generate ramp compression up to 20 GPa with 0,8 s rise time
5 the measurement of material properties along the isentrope such as :
U sound velocity
U elastoplastic behavior

- Small scale apparatus
» Low cost experiment

« Common technologies
5 Plane Wave Generator (CEA PWG)
% VISAR interferometry
% machining
¢ dimensional inspection

1 C.Voltz, A.Sollier, J.-B.Malillet, and V.Bouyer — AIP conference proceedings — SCCM 2009 pp. 1143-1146

4t Workshop on ramp compression - 18-19t January - Sandia 2



Background (1)

The objective is not to use

=9 detonation product from the CJ
state but from a low pressure

N released state K

The explosive is separated from
M flyer with low impedance medium
(air or vacuum)

Pressure

CJ K point is at the intersection of
rarefaction isentrope (S;) and the
low medium impedance shock

(S) polar

In this situation gases have high

K Low medium velocity (uy near D) and low
density
Particule velocity Uy Th'S process have been

investigated as anti-spalling design
and then as anti-entropy propeller

As gases act in low pressure range, it is important to have
an accurate detonation products EOS in this range

4t Workshop on ramp compression - 18-19t January - Sandia 3



Background (2)

Plane
Wave
Generator

Booster

Spall signal

No gap

Increasing gap

Free surface velocity (m.s?)

Time (us)

4t Workshop on ramp compression - 18-19t January - Sandia

According to Tsypkin? work on
copper plate :

ramp compression over 1us can be
achieved

as gap is increased, maximum velocity
decreases

if gap is filled by air, a bump in the
velocity profile may occur

ramp compression shape is strongly
dependent in the combination of
PWG+booster and position from the
apparatus center

some material erosion can occur under
air gap

under vacuum the erosion is strongly
reduced

2 Tsypkin et al. - Zh. Tkh., 45, 624-629 (march 1975)



Technical requirement specifications
Tin and Al target in order to compare the results with published work

Apparatus structuring
to insure precise gap and parallelism between PWG and targets
by copper plate (buffer)

U target are glued on buffer

Experiment is conducted under vacuum
the apparatus is set inside a cylindrical chamber with feed through

Evaluating the input drive

by measuring the buffer motion (with and without LiF window)
by a measuring the particle velocity at LiF window front (facing the detonation
product stream)

U in order to avoid window erosion an aluminum foil is glued

Measuring the detonation product stream symmetry
by 6 special optical fibers placed at same radius

Spatial reference
the buffer front side is the spatial reference for : LiF window, fibers

4t Workshop on ramp compression - 18-19t January - Sandia



Simulation scheme

* The apparatus is design by
hydrocode simulation

. Target
-« 1D lagrangian scheme PWG  Plate  goocer  Baseplate |
LiF window
« JWL EOS for explosive
- Elastoplastic behavior for metallic s 15 0 X (mm)

parts

1D lagrangian diagram — Pressure chart

P (GPa) " P (GPa)

-»

Time (us)
Time (us)

X (mm)

4t Workshop on ramp compression - 18-19t January - Sandia 6



Apparatus description

Base plate

Optical fiber

Central LiF window

Base plate with LiF

Base plate O-ring
Wraparound

LiF window

Target

™~

Pushing plate  —|

4t Workshop on ramp compression - 18-19t January - Sandia

For the target sub-assembly, we
use a 10 mm copper plate for
structuring

The copper plate is hollowed in 10
places (at 35 mm radius), with a
base plate thickness of 0.5 mm

8 targets :

targets (f 15 mm) are glued between
base plate and window

glue is RTV-13

target and/or LiF Windows are tacked
on the base plate by a steel
wraparound

the O-ring acts as a spring

1, 2, 3, 4 mm with or without LiF
window (f 15 mm - h 5 mm)

dimensional inspections to measure
each thickness (base plate target, glue,
LiF)

3 CAF 730 Bluestar Silicones



Diagnostics

06 o7 15 02 03

6 Optical fibers
600/800 silicon fiber
front face is metalized with 5 um Al
light detection by Si detector >
detonation products chronometry

4t Workshop on ramp compression - 18-19t January - Sandia

We have 11 channels for
interferometry measurements

Base plate

free surface velocity > base plate
monitoring

Base plate with LiF
interface velocity > input drive

4 Targets
free surface velocity

4 Targets with LiF
interface velocity

Central LiF
f 15—-h 10 mm

with 0.1 mm al foil (glue) >
detonation products stagnation



Some pictures...

4t Workshop on ramp compression - 18-19t January - Sandia 9



Tin

Al 6061 T6

The materials

* Sn

© “pure Tin” Goodfellow

£ 99.95 purity

¢ main impurity Cu, Zn and Fe

© quite large grain size d, > 150 pm
S hardness Hv, ;=5

¢ density 7.275 s 0.0045 g.cm

¢ surface roughness Ra = 0.03 mm

Al 6061 T6

< metallurgical structure conform to
ASTM handbook reference pictures
S hardness Hv, ;=110 1

¢ density 2.708 s 0.002 g.cm

© surface roughness Ra = 0.03 mm

4t Workshop on ramp compression - 18-19t January - Sandia

10



Results detonation products stagnation

—_— Beginning of the influence of surface release (index change)

1400
1200
1000

300

500

Interface velocity {ms'f)

400

200

20 205 21 215 22 225 23 235 24 245 25
Time (us)

Ramp compression at Cu/LiF interface = 0.69 ps rise time 10/90

4t Workshop on ramp compression - 18-19t January - Sandia 11
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e

T E - s T

Results Time correlation

Data’s from optical fibers located at 30 mm radius

0.6
0.5

0.4

Tension (V)
o
w

0.2

0.1

0
21.64 21.65 21.66 21.67 21.68 21.69 217 21.71

21.72 21.73

Time (ls)

We must take into account these time shift in time base observations

21.74

4t Workshop on ramp compression - 18-19t January - Sandia
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Sn-LiF interface velocity

Due to “small” LiF thickness, the observation time is less than 1us
But enough regarding to phase change time occurrence

800

700

600

(%]
(=]
o

400

300

Interface velocity (m.s™)

200

100

22 225 23 235
Time (us)

Ramp compression duration = 0.67 ys

24

24.5

rise time 10/90

25

25.5

4t Workshop on ramp compression - 18-19t January - Sandia
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Sn free surface velocity

Limitation of recording due to short VISAR stand-off

2500

2000

-
(93}
(=]
o

Free surface velocity (m.s™)
=
8

500

22 225 23 23.5 24 245 25 255 26 26.5
Time (us)

Artifact from VISAR o _
From certain signals we suppose that spallation occurs

4t Workshop on ramp compression - 18-19t January - Sandia 14



Al-LIF interface velocity

800

700

600

(%]
(=]
o

400

300

Interface velocity (m.s™)

200

100

22 225 23 235
Time (us)

Ramp compression duration = 0.65 to 0.6 ps

24

rise time 10/90

24.5

25

4t Workshop on ramp compression - 18-19t January - Sandia
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Al free surface velocity

Where is the limit ?

5000

4500

4000

)

. 3500

w
(=]
o
o

Free surface velocity (m.s

22 23 24 25 26
Time (us)

Multi reverberation inside the target
Complex interactions between forward and backward waves

27

28

4t Workshop on ramp compression - 18-19t January - Sandia
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Feedback

* Glue thickness, 20 um
Base plate deformation I_

With the O-ring we don’t know exactly the force applied on targets
it’s important for Tin which can undergo creep

It is difficult to have the same spatial reference

Final dimensional inspection is quite difficult with such complex sub-
assembly

* Some discrepancy revolution symmetry for PWG+booster assembly

The experiment “works” even detonation products flush away inside the
vessel

No crosstalk between interferometry channels
Easy to operate on ground field

Vacuum better than 3 102 mbar

4t Workshop on ramp compression - 18-19" January - Sandia
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Conclusions

We are able to conduct ramp compression with explosive device
Experimental results are exploitable and comparable with literature
The pressure is up to 23 GPa on Sn and Al

The rise time is near 0.6 ps (Al) and 0.69 ps (Cu base plate)
Detonation products stagnation has been recorded for more 2 us

As well known time duration is limited by window size but in the
experiment on tin it works

We have good results with aluminized optical fibers

4t Workshop on ramp compression - 18-19" January - Sandia
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Perspectives

Conduct 2D simulation and compare to experimental data’s

in order to acquire information on explosive detonation products behavior in low
pressure range
to have feedback on Sn and Al EOS

Make experiment on Tin with longer time ramp loadings
to see if there is an influence of kinetic on phase change

Two stage PWG in order to achieve (?) 50 GPa — 0.5 ps ramp loading
on Tin

Target heating to modify the thermo mechanical path in (P,T) plane
in order to “move” the isentrope pole

Modify VISAR detection to achieve higher time resolution
by replacing PMT by fast detectors

Test 50 mm diameter PWG (from 2 to 4 measurements location)

Many fields of development ...
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Adaptation of Existing Facilities to
Isentropic Compression
Experiments

Douglas G. Tasker, WX-6
Charles Mielke, MPA-CMMS
George Rodriguez, MPA-CINT

Dwight Rickel, MPA-CMMS

4th Workshop on Ramp Compression

N 18-19 January 2011 at Sandia National Laboratories
» Los Alamos

NATIONAL LABORATORY
EST.1943

Slide 1

g
Y

Operated by Los Alamos National Security, LLC for NNSA ApprOVGd for Public Release
LA-UR 11-00138

I

5SS
"
<



Abstract

n Magnetic isentropic compression experiments (ICE) provide the accurate
shock free compression data for materials at megabar pressures.

n QUESTION: can we adapt NHMFL single-turn to ICE experiments? YES

n We show the NHMFL can offer a less complex ICE experiment at relatively
high pressures (~¥2 Mbar) with a high sample throughput at a relatively low
cost.

n  We will:

e discuss the physics of the NHMFL-ICE experiments
»  predict the likely performance space

*  present data from the first proof-of-principle experiments.
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NHMFL single-turn magnet circuit

n  Simple low voltage circuit

. Capacitors typically charged to 35 kV but capable of 60 kV

n  Electronic closing switches deliver current to load via
coaxial cables
. Rise time ~2 ps

. No water lines, magnetic insulation, etc.

n  Only the load is expended

n  Typical fields 50 T

» Los Alamos
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The Single Turn Magnet Setup

HEPA Filtered & Sealed
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Simple NHMFL-ICE POP experiments

n Triangular plate and load “coil” pressed to shape as parallel plate load

n Not ideal design, but OK for proof-of-principle experiments

n In future will need better design/metrology to obtain conductor

and sample thicknesses, parallelism, densities, etc.
n Connected directly to capacitor bank

n With $50K from C2 (Rick Martineau) we performed 6 proof-of principle
experiments in Sept 2010
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spICE analysis of circuit

n For experimental design and subsequent data analysis it is important to

have good predictive models of the system performance.

* We chose to use the SPICE circuit code to simulate all aspects of the experiment, electrical AND
physical
n For the NHMFL-ICE circuit this is not straightforward.

*  The capacitor bank and closing switches may be modeled by simple circuit parameters

 The load is a complex system dominated by the material dynamics (shock physics) of the materials

n Theload is time dependent and current dependent

*  Accurate dynamic load models had to be developed to simulate the compression and expansion of

the load from shock physics principles

)
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spICE circuit simulation for NHMFL

n  Predictive tool — not used for data analysis
n  Dynamic components (in yellow): Xup is the load simulation circuit

n  Static components:

. C, Lb and Rbnk are the capacitance (144 yF) inductance and resistance of the capacitor bank, its cables and connections between

the bank. Ltpr is the inductance of the load taper

— At 60 kV, energy = 260 kJ (equivalent to ~40 g explosive)

n  Output values:
. Uy, and Uy, are the interior particle velocities, Ui, and Uy, are the surface velocities

. Pmag IS the magnetic stress common to both samples

n  Have models for both parallel plate and coaxial loads
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Parallel plate load compression

n Inner plate separation d(t)
Increases with time

« So must calculate velocities of inner

surfaces (Up)
n Inductance increases with d(t)

n Rarefactions from outer
surfaces accelerate
separation when they return

to inner surfaces

* Diffusion effects not modeled yet

RF

Rarefactions (RF)

Diffusion
layer

/ Free
surface

——Lagrange x———
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Load model transmission line analog

n Wave propagation and reflection in the expanding electrodes were modeled in an

electromechanical analog

. Mechanical particle velocity = electrical current
. Mechanical pressure = electrical voltage
n Load with free surface treated as a short-circuited transmission line
. Cannot yet handle effects of diffusion layer
. Windows accommodated by adding a second transmission line, etc.
n Electrical Z = acoustic wave impedance of the load = ryc,
. Lagrangian wave speed, ¢, ; initial density, r,
. Delay time = | /c_ where | is length
. As the wave velocity ¢, = ¢, (P) - function of pressure

— ¢, increases with time during the ICE experiment

— spICE uses equivalent to SESAME tables

n Dynamic transmission line has voltage dependent velocity
. Difficult to model - can be numerically unstable
. Stable solution with a 16-staged lumped RCL circuit model for the transmission line

— capacitance per stage C = C(V), i.e., a function of V (Z pressure)

n Load inductance L(t) of parallel plates solved analytically

AN L(t) = mKI~ (d(t) /W)

» Los Alamos
NATIONAL LABORATORY
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Highly uniform pressure distribution on load

n Load modeled to solve for the magnetic field, current distributions and pressure vs. time

n Field calculations were first performed for fixed

positions of the electrodes

. Movement of electrodes was obtained from the spICE calculations
described below, then the PDE calculations were by repeated for the

different load separations.

. Assumed that the conductivity of the conductors was constant

U B LR AL,
ELEEELIRREE P

n  Calculations showed that the magnetic pressures in the

central flat region normal to the surface, P, could be

- A¥ a L 1
% w1

fitted to within 5% with a simple logarithmic function,

Press. v. flat

R, = % m(0.11853- 021641 Inh/W)J?
. where J is the linear current density.

n  Equation was incorporated into spICE load model

*  Calculated peak pressures are always close to experimental values obtained in ICE experiments.
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Recent experiments

1 Copper One VISAR Proof-of-principle Good data
2 Copper One VISAR Proof-of-principle Good data
3 Copper Two PDV EOS demo Good data
4 Tantalum Two PDV EOS demo Single-can misfire
5 Tungsten Two PDV EOS demo Good data
- Los Alamos
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spICE calculation of NHMFL-ICE Cu load

Copper samples 77 and 125 mil Load voltages, kV Load stress, GPa
Bank 35 kV o .
PDV data :
Effective end of the experiment is thetime > 0
-2
when first relief waves arrive back at the 4
surface of the thinner sample 6
-8
We will see the experimental results in a -1
moment
Surface velocities, km/s Load current, MA
20r : ' ' - 1 22 : j
18+ 1 20
16/ 18}
End of expt | 14~ 1 18}
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Recent experiment — before and after

n  PDV gauges situated above and

below the load

Detected velocities of the two tungsten samples
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Shot 1 — nominally 125 mil copper

MHMFL Shot 1 Velocity
L T

1.6 T

1.2 -

1.0 .

0.6

04

0.2

po

0.0= r I I I
0 1 2 3 4 5
psec

n VISAR velocity from one of two copper samples, both 125 mil

* spICE model (red) appears to under-predict surface velocity

/.« Butexact dimensions and material properties not known
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Experiments performed on copper

20
1.8F

n Samples, 77 and 125 mil, PDV diagnostics 16
12

 PDV data for 77-mil sample data exceed Nyquist limit (~3 GHz) E;;

0.6

*  Upper right- spICE model velocities 0.4

Velocity (km/sec)
Frequency (GHz)
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Conclusions

n  The feasibility of NHMFL-ICE experiments has been demonstrated

n Modeled successfully with a hybrid electromechanical simulation using SESAME equivalent
EOS

n Sample dimensions determine the required rise time of the stress in the load which was
shown to be approximately 2 us

Good for larger samples

n  NHMFL-ICE technique would be an excellent complement to ongoing studies with gas guns
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NHMFL phase changes diagnostics - 1

1.190x10° -
1185

1.180 F

— b=
= r
c 1.175
- C
=1
1170 |
1.165F
5 — Immediately after cooldown
— After I week at4 K
1160 - N
L i RERNE RERNE FERRE REERE FERTE RRENE FRRTE FRRTE FRRRE RNRE FRNNE RRRTE SART]
0 2 4 6 8 10 12 14
Magnetic Field (T)
» Los Alamos

NATIONAL LABORATORY
EST.1943

Contactless conductivity of a-Pu
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NHMFL phase changes diagnostics - 2
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n  New Contactless technique can be applied to materials in

dynamic pressure experiments: Track Phase Changes

n  Superconducting to normal state transition detected with
new technique

n  Colpitts Oscillator, tracks Frequency and Amplitude
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Direction forward for ICE at NHMFL

n Potential users
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