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Planets contain matter at quite High Pressure
(P>>100 GPa =1 Mbar) and Density
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LRGN ALY L T = 429 extrasolar planets
- Hot Jupiters : Mega-Jupiters )
| e . upto 13 Jupiter masses have been discovered
- Super-Earths :
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Hydrogen Phase space for
high energy density science
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Log Temperature (K)

Hydrogen Phase space for
high energy density science
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Hydrogen Phase space for
high energy density science
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These large lasers allow us to explore very
extreme pressures and densities lL

Pulse shape =>ultra-high pressure Soon we will study P > 1 Gbar shocks,
plasma or solid-state experiments P> 10’s Mbar for Ramp compression
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These large lasers allow us to explore very
extreme pressures and densities Lll_-

Soon we will study P > 1 Gbar shocks,
P> 10’s Mbar for Ramp compression

PROCEEDINGS THE ROYAL/A\

Ol SOCIETY

Aerial Plane Waves of Finite Amplitude Iron Shock

Lord Rayleigh
Proc. R. Soc. Lond. A1910 84, 247-284
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Some of the key questions in ultra-
dense matter science

How does chemistry change at extreme densities?
What is the effect of core electrons on bonding?
Nature of insulator-metal transitions at high densities

What is a solid at > 10 Mbar?
Melt, strength, phase at ultra high densities

How fast can you squish matter?

What is the nature of helium or hydrogen at the density of lead?
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Chemistry at low pressure
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Chemistry at High pressure
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« Complex structures

e Effects of core orbital
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At 1 Mbar the energy density of matter is comparable to the internal energy of a chemical bond->changes chemistry

At several hundred Mbar, the energy density is comparable to core orbitals new chemistry


High pressure shock conditions: determine shock and
article speed with a shock speedometer (VISAR) '&

Targets VISAR

po(Us) = p(Us' UP)
P = pOUs UP

E =1 P(1/ po-1/ p)
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Determine shock temperature with pyrometer

Targets VISAR also gives

reflectance
tandard (Al or Quartz)

{ ’-’Us

= U

Pyrometer
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Determine shock temperature with pyrometer 'L

Targets
tandard (Al or Quartz)

Pyrometer

SOP

6
Time (ns)

Eggert Nat. Phys. 09
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Carbon, a key constituent of Neptune and an ablator

candidate for fusionI is also guite comEIicated at hi-P '&

Neptune

16



By measuring shock velocities very accurately we
determine pressure and density to a few percent '&

We have compressed diamond by ~ 3x
20 --------------------------- | 'I_I'-f T
- . Pavlovsku (Al/Fe), 19?1 ] Complex fluid
_ Nagao (Al), 2006 ~,)
Brygoo (Qtz), 2007 / To plama
Fit to Brygoo A ?
. " Bradley (Al/Mo), 2005 "
‘5 15 F Fit to Bradley 4 -
a | wEx Hicks et al 09 /
= | O Knudson 09
g L|qU|d-soI|d mix &
7] i conducting (Bradley)
W = - e =T -
A L
Romero, 2007 -
L — = Correa, 2008 .
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5 6 7 8 9
. 3
Density (g/cm”)
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Shock temperature data show a strong signature at melit
revealing the carbon melt curve from 6 to 11 Mbar

(L

Use decaying shock to
Map high P-melt curve

Melt curve stays nearly flat from 6-11 Mbar

Decaying single
1 shock (6-40
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..

Distance

Pressure

v

30
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Temperature data from 2-shock compression was used
to determine the melt curve of carbon to 20 Mbar

Use 2-shocks to map
higher P-melt curve

Melt curve stays nearly flat to near 20 Mbar

Second
shock

(
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»
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Reflectivity measurements show Carbon melts

from the diamond phase to a liquid metal lL
Melt along 1-shock Hugoniot Diamond melts to a liquid conductor
Pressure (Mbar)
30 1 °. ... 10 15 .20
T E : 8 ...._. .............. .............. OOOOO: 1
(103K): c |o 200000077 6
1 Shock enters S = ©
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1 W et A .01
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L LI I === I 20 30 40
0 5 10 15 20
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Bradley, 05

* In fact several materials become conducting upon melt (MgO, SiO2, ..)
This is not what one would expect from simple condensed matter theory
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Finally this carbon metallic fluid phase is also

partially bonded up to 20 Mbar and 30kK

L

Temperature above melt

There is a significant increase in Cv just
above melt suggesting complex chemistry

30; In the dense fluid
T 1 condicting carbon is
(103K)] polymeric
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Again this is seen in many materials, MgO, MgSiO, SiO2...

This is not predicted by Ab-initio models "




Several materials seem to become conductors

Pressure (Mbar)

Hicks PRL 07
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and have complex chemistry just above melting UL'
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Several materials seem to become conductors

and have comEIex chemista '|ust above melting 'L
Silica (SiO,)
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Several materials seem to become conductors

and have comEIex chemista '|ust above melting '&
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Several materials seem to become conductors

and have comEIex chemista '|ust above melting '&

Silica (SiO,)
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@To generate colder dense states with lasers,
just tune laser intensity versus time

L

Laser ramps use x-ray
drive stepped samples

Ramp laser intensity to
produce shockless
compression

Free surface velocity vs

4_
< 3
=
EZ
o
n 1
8
0_ T T T Lli
0 1 2 3 4

Time (ns)

*Edwards, et al. (PRL 04)
*Smith, et al. (PRL 06)
*Bradley, et al. 08
*Eggert et al. (SCCM 07)

Velocity histories are used
to determine P-rho

time
16 Mbar
e
2
-+ 10-
[ : [ '/]‘J' |
0 2 4 6
Time (ns)

Wave-profile analysis is used to
determine C,,stress,rho
(Maw,Rothman,05, Eggert 06)

R. Smith 2005
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Ramp compression techniques can now explore

solids at unprecedented pressures lL
We can now achieve solids to 10 Mbar Ramp waves explore solid-state properties
Next year we will make 30 Mbar solids Solid diamor|1d to 8Mbar
4 PR - S - I S . . x . -
20 8- -
T Metallic polymeric . Cold solid :
(10%K) fluid phase R ramp data -
] o . C
. I\Q’I&"D Shock = - C
] Melt data ~— :
10 g : N 2 4- -
] Q !‘\:1" I |||: "IM afl, 8 Feononn, 3 . C
:"; e T U I D b7, : :
] : Q _ :
: ‘ ﬂ. ] I:Edé;:: %TE_:FUN} :
0 i -
0 10 20 0 » T 1. 171 | T 1T 71T 1 |' L T L L DL L '| L L L |' T 1T 1 -
4 5 6
Pressure (Mbar :
( ) Density (g/cc)
Eggert, Hicks Bradley et al, PRL 08

Ramp waves have been used to explore new phases, phase
transition kinetics, strength, kinetics of material deformation
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In a couple of years we will be

exploring solids at 30 to 100 Mbar L
We can now achieve solids to 10 Mbar 30 Mbar NIF design is scaled from 8
Next year we will make 30 Mbar solids Mbar Omega experiments
20 I|||||||||I||||!||||I||||!||||I||||||||I|||||
: Metallic polymeric ! 303 _ 100 | 3 I
T 1 fluid oh —_— 1= S
(10%K) 1 ula pnase i g _:..IE, ) -
: I\Qn:nltn Shock = % . -
] Melt data o 1 .
10 ] (R ' N S N 0 -
S B, 2154 -
" NE e @ 3 C
] : & 3 =
A NIF Rampg - -
0] : . . -
0 10 20 [TTTT[TTIT T[T |i||||||||| TTT T[T TT T[T TIT[TTT T[]
2 6 10
Pressure (Mbar) Density (g/cc)
Eggert, Hicks Eggert, Braun

Ramp waves have been used to explore new phases, phase
transition kinetics, strength, kinetics of material deformation
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B
Combining lasers, pulse power, guns and DAC’s allow us

to vary ramp compression rates by more than 1073 'L

Changing compression rates over this range helps
unravel deformation mechanisms

[

16
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Technical Approach (2 slides)

What will be done during the project lifecycle?

What has been done to date? 

What will be done in FY08?

How will the work be performed, by who?






How do solids deform under dynamic compression
and how fast can you squish a solid 'L

Plastic deformation of elastic-plastic solids
occurs with adequate mobile defects

Velocity
meter

—

« o

@Compression
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How do solids deform under dynamic compression

and how fast can you squish a solid 'L

Plastic deformation of elastic-plastic solids
occurs with adequate mobile defects

When the material is brittle, the
deformation can be very different

Velocity
meter

#Compression

st Deformation
Shock |
, Hugoniol
Fallure Siate
Elastic Ramp
Shock
“J
- Position ==
Characteristic
Fracture
Spacing (1) ™.

-
o
i
L]

S

Incubation Shear Fracture Comminuted
and Nucleation  Growth within  Material at
Shock Front Hugoniot State

Dennis Grady
Smith, Eggert et al.

Dennis Grady
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For brittle materials, there is
significant shock structure up to melt

A Picosec

D—V
A /\ pulse
* b VISAR #1 — as
delay t
VISAR #2 — ’ r A

Transparent
medium
Diamond (PMMA)

delay

Celliers

At melt, shocks are ~ smooth
8 Mbar, 200 nm xtals

()

V-Vavg (km/s)
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For brittle materials, there is
significant shock structure up to melt

A Picosec

<! pulse
VISAR #1 —
delay t
VISAR #2 — I

A

Transparent
medium
Diamond (PMMA)

delay

Celliers

At melt, shocks are ~ smooth Below melt shocks have
8 Mbar, 200 nm xtals significant structure
4.5 Mbar, 200 nm xtals

w
w

V-Vavg (km/s)
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For brittle materials, there is
significant shock structure up to melt

>

A

A Picosec

<! pulse
VISAR #1 -
delay t
VISAR #2 - l A
delay

Transparent
medium
Diamond (PMMA)

Celliers
At melt, shocks are ~ smooth Below melt shocks have Structure depends on
8 Mbar, 200 nm xtals significant structure initial morphology,
4.5 Mbar, 200 nm xtals Single or 200 ym xtals

w
w

V-Vavg (km/s)




Velocity fluctuations show characteristic defect mode

and scaling which will hopefully give solid viscosity L

» High levels of heterogeneity in

the solid phase 1'52_— : — :'g mgar
« Approximately 40-fold reduction 177 7 | Solid, nX . g5 Mb::
in the fluctuation power near the 10— Y -~~~ 8.0 Mbar

onset of melting

 Does this suggest melt
nucleation size?

Velocity Power spectrum (m/s-pm)-1

f

f
f
f

1

- \ /
06— VoS :
9T \\ ! Partially melted
F
04— Solid, puX
02—
- AN
- 1.!'\-.
I:|-|:|_|._ Al "-|‘=."-|_'__| 1 I :I:I"—- T |——|-'--|--|—_
0.02 0.05 0.1 0.2 0.5
Noise floor Spatial frequency (um-)
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For elastic-plastic solids (Si and Fe), elastic-plastic transition is
smooth, but significant structure exists after a phase transition

: : Si is a perfect material to study since
1 mm thick Si [100] initial defect concentration is low
@ L T
< Elastic Plasﬁc\.
25( L
2.0 | éReﬂectIon $:1a£:13:
my .
= 1.5 ]
E A_U_fs__yi_elg _ Ll I
T 1.0
- ) 1
= v HEL.
Phase? 0.5 | Yield from
5 . Gust & Royce
0.0 5 : f
40 44 48
: Time (ns
Plastic (ns)
Wave
Smith

Elastic
Wave
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®)
In general, the elastic-plastic transition

increases with increasing strain rate @

Yield stress also increases with with
strain rate (decreasing thickness)

cyyield o
Mini_Z, Asay '07 -
(Kbar) E Gll.ln;;l_a,APsfyDB Alum|num
7 O Z, Davies '06
E Lasers'a7
Shock j
n Lipkin, JAP '77
40 7 | 5 A
@ Johnson, JAP '69
i @ Lasers'07 jé
20 -
| o o
@ ® e ® l&] []:| Ej:l
0 T T T T ToTTTTTh T
10° 107 10°

AUIAt (km/s/s)~ strain rate * C

Same behavior exists for Ta, W, Fe, Si ....
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HEL = (1-v)/(1-2v)*Y0

Use .35 for poisson’s ratio

Y0=hel/2.167

DUp/Dt calculated from 10-90% of plastic wave




B
The plastic flow is also strain rate dependent L
for several materials LL

Yield stress also increases with with Al is super stiff when compressed
strain rate (decreasing thickness) to a Mbar in a few ns
o S Min_2, Asay 07 z 60 Laser
] ini_Z, Asay ' .
(Kbar)) |5 22| Aluminum = 10ns 80
@ Lasers'07 o 20 Hm m
40 %Lipkin,JAP'?? D/D g émax"'.loalsec ®
O Gupta, APL'08 c 60 S
@ Johnson, JAP'69 é @ 40 (Q
i @ Lasers'07 j .2 5_I-
E 40 R
20 - =) &
o 20 -
> ~1057
1 o . 3 &, . ~1057/sec |20
c0% o @ g B © Gas Guns (us, mm)
0 T T T § 0 Pulse power (.1 us, .5 mm)| g
10 10 10 S 0 200 400 600
AUIAt (km/s/s)~ strain rate * C =L Stress (Kbar) Smith et al PRL 200p
Asay 2008,
Hayes 2006

Here we equate strength with deviatoric stress v = %[G(p)—P(p)]

Al is in the phonon drag regime at ~ 108/sec strain rates
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For ramp compressed Ta, we do not find rate

dependence up to 108/sec in the plastic flow region LII-'

Ta strength is not rate dependent
to 10%/sec

Al is super stiff when compressed
to a Mbar in a few ns

Pressure (Mbar)

400-; Comparison with static data

14 Cynn, et al., Unpublished '00
1¢ Weir, et al., '98

19 Dewaele etal, '05

0 1

5 1 o%\"b

< 200-

>

c

£

7)) . ]
.#e
! i

-
0 1.5 3.0

®
§ 60 Laser
° 10ns / 80
3 20 um (2]
s & ~108/sec 60 ®
o 40 @
2 5
@ 40 X
3 e
o 20 S
3 & ~1057/sec |20
ﬁ Gas Guns (us, mm)
8 0 Pulse power (.1 us, .5 mm)| g
% 0 200 400 600

Stress (Kbar) ig‘ai;"z‘;tog" P

Hayes 2006

with deviatoric stress

Again equate strength , _ %[o-(p)— p(p)]
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For ramp compressed Ta, we do not find rate

dependence up to 108/sec in the plastic flow region LII-'
Ta strength is not rate dependent Al is super stiff when compressed
Comparison with static data to a Mbar in a few ns
400/ Asay,Ramp'09 I

1M Knudson, Ramp '09 560 Laser
1@ Chhabildas, Ramp '92 © 10ns / 80
_ 406 Chhabildas, Shock 92 o =
- ! = & ~10%/sec ®
s 1@ Gray, Shock '03 < 40 60 S
¥ 1@ Reed, Shock '09 > o =
= . o = =7
£ 200 O T 40 R
2 || o %4
o - ‘020 S
» || 3 s ~1057/sec |20
] C Gas Guns (us, mm)
[ 8 0 Pulse power (.1 us, .5 mm)| g
s e o
. ' . 5 0 200 400 600
15 30 Stress (Kbar) ~ Smith etal PRL 2005
Pressure (Mbar) Hayes 2006

Again equate strength with ., 3 B
deviatoric stress r'= 4 Lo(p)-P(p)]

40



For more complicated phase diagrams how fast can you
cross a phase boundary and how do we know phase?

Surface velocity for Fe

The easiest way to locate phase
boundaries is to look at the wave
profile under ramp loading

Equilibrium |
transition

25 30 35 40 45
Time (ns)
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We observe large overshoot of the a.—¢ phase

transformation in Fe

Surface velocity for Fe

Fe phase diagram

o (BCC)

X

e (HCP)

0.6
E Jump at phase
§04 boundary —
g' Equilibrium :
transition
0.2
1 Elastic Wave
—_—
0.0 . ‘ ‘ . [
25 30 35 40 45
Time (ns)

Temperature (K)

1000+
v (fcc) Fe
800
e (he )‘
a (bec) (hep
600
amp .
li?_‘,0l"l'"r"""at":'sl P ~
400-
= —
Faster ramp
100 200 300

Pressure (kbar)
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We observe large overshoot of the a.—¢ phase
transformation in Fe

Over pressurization for transition Fe phase diagram
1000
y (fec) Fe
100
< 800
by e (hc )‘
© | (bce) (hep
™ =
P ®
™ & 600
o 3
Ramp :
< - compressip” .
400-
@ LaserRampC i - ]
® 2 Rarmp Compression . —> " | Faster ramp
10 10* 1oi 10° 1 . AP \ ,
Strain Rate, £ (s ) 100 200 300
Pressure (kbar)

We observe a logarithmic dependence of over-
pressurization with strain rate for ¢ > 5x10° s-1
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The logarithmic increase in over-
pressurization is pretty general

There is a significant apparent shift in phase
boundaries for solid-solid, freezing, and melting

AN I S I [ I e [ O (N (N |
Yb (Static, Singh '83) ®

Ti (Static, Singh '83) L/

Fe (Ramp, In Progress)

H,o (Ramp, Bastea '07)

Bi (Ramp, Smith '08)

CdS (Shock, Knudson '02)

N
(=]
<
> oo H N

We need to
determine final
phase with a
different
technique

Onset Pressure (Kbar)
)
?

1T 111 1T 17T 1T T 1T 1T 1T 1T T T T T T T1
10° 10° 10° 10° 10® 10° 10°
(Incubation Period) "1 _OR- Strain Rate (1/s)
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We use powder diffraction + ramp compression
to explore ultra-high pressure phases

L

We have to be careful when crossing
boundaries with large volume collapse

Temperature (K)

—_—
oo?:N

i =N

" Iron

Shock
Jupiter

bece

|

10 100 1000
Pressure (Mbar)

Powder diffraction on ramp
compressed samples

- 50 ¢ m Diam.

10 £ m Fe
150 um Diam.

Stixrude, 08

Eggert, Rygg
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Simultaneous measurements of velocity and
diffraction gives compressibility and phase

<3.00 __ 10~ : :
S el D@ Best Fit Assuming HCP,
s T g cla = 1.61 to 5 Mbar
® 1.5 f:
o x
7 . o %
0 5 10
Time (ns)
1.85 Mbar
. 16 47 18 19 20
d Spacing (A)
3.24 Mbar|

Eggert, Rygg
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Presenter
Presentation Notes
Reproducible, stress-density results.  

Somewhat consistent with previous DAC measurements.

Likely HCP with c/a~1.61, and strong basal texturing


S|
EXAFS data is used to determine local order, UL-

structure, temperature in a 50 ps snapshot

X-ray Scattering/absorption shows local

Data at P = 3 Mbar structure in Fe to 3 Mbar (Hicks)
o
——omegasisdT ‘0 implosion
. c i |
. 2 § Tioht Backiighter
f ‘l\ : | |
Q
4 / )
ara Jrﬂb\ .
| | U*._
1/l f \
/ - d L - \,
'| X-ray / \
\'U' Sectrum
. . . Diamond Fe Diamond
3 5 7 9
akoby, et al
Electron wavenumber (A-) M

Best fit to EXAFS data at 3 Mbar shows HCP structure,
compression =1.55, T=6000 K

Hicks,Ping
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Presenter
Presentation Notes
Reproducible, stress-density results.  

Somewhat consistent with previous DAC measurements.

Likely HCP with c/a~1.61, and strong basal texturing


®)
EXAFS diffraction, and wave profile data are '&

consistent and give P-rho-T and structure

Previous isotherm data g e Irrloson
5"J|.||J:||J|||J||.||-I.||J-||il.llJ-ll|-|.||J-||J|.||J-I||-|.||J|.|IJ L _:.:* ﬁ $©*
— 4 O 1200 K Dubrovinsky (2000) s = : o/ TN
] @ 300 K, Dubrovinsky (2000) , W IN
g ] - BW Hugoniot 3 e W4 F| D ;
= 4 ] \ -~ BW Isentrope [ .
g ] + = Ramp wave data E
= 3 \\+@| @ Diffraction data HCP c/a=1.61 : Diffraction
= 3 R F \ /
(7)) ] q‘q Hugoniot Melt A\
/) ] :
o 2 : EXAFS 7
5 ] F
1
0:”'I"""""I"""'""I""'I""I""'1""'r"""":TIq_'”'I"'I--
6 7 8 9 10 1M1 Wave profiles
Volume per Atom (A3)

<+>
Fe

AHVSIA

$§ 3383
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Presenter
Presentation Notes
Reproducible, stress-density results.  

Somewhat consistent with previous DAC measurements.

Likely HCP with c/a~1.61, and strong basal texturing


How do we study materials that are significantly
more compressible, such as H and He lL

He/H2 mix

77 Mbar
16000 K

2 Mbar \ﬁ
530K ¥

e e '._
— :
o TR
£ ,.‘:;
e
- o
il = N

Diamond cell

Use diamond cells to pre-compress H/He
Then use shocks or ramps to compress to many g/cc
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He/H2 data give insight to the insulator-
conductor transition of the mixture

Reflectivity and T for He/H, Mix
is Between He and H,

| | 1 | 1 1 H

A H2
H2/He
® He

=
~
|

>
=
2
O 05" -
<@
Y
Q
o

=
W

=
-

Temperature (kK)

Recent data and theory suggest
He/H2 likely miscible at 1 Mbar/30kK

Results comparable to Ternovoi
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He/H2 data give insight to the insulator-
conductor transition of the mixture

Reflectivity and T for He/H, Mix
is Between He and H,

L

Conductivity from Drude model fit

....

0.7 ' ' T I T
>
':'= — : Eg.fHa
.Z ® He
LR
E,, B Ir__.-"l-lm

0.3,

|—r |

Temperature (kK)

Recent data and theory suggest
He/H2 likely miscible at 1 Mbar/30kK

Results comparable to Ternovoi

T T T = T ] L B T

) Winisdoerffer et al.

He*

100¢ I
g ........ conducting fluid \
Y g P berppr)
= s =
% 10 .::.":L ;_." FDEI’StEI' E‘.'t al =__.':
= : 1
@ .IIII ]
; v ‘
= i '

solid insulator
1 i

1 2 5

Density (g/cc)

10
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Reflectivity data show He becomes conducting near
~1 Mbar, and perhaps a metal at 1.8 g/cc lL

He bandgap closes near 1.8 g/cc

I I I I I
.

30 . lonization energy -
// Excitonic gap

10} Stixrude -

-+

0 | KT" .
0 1 2

Density (g/cc)

«Gap appears to have strong density dependence
and not dependenton T

*LDA predicts closure at ~14g/cc

*DFT also predicts closure at significantly higher p

Celliers, Loubeyre, Brygoo, Eggert, et al 52



Exploring the matter at the deepest interiors of
large planets is filled with surprizes 'L

It is difficult to travel to
other planets and
explore the deep interior

JOURNEY/ .
rEoE CEMTER ?ﬁs
EARTH.

SAME PLAMEF-'. DIFFERENT WORLD.

“Starts Oct 2010
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It is a bold new era for explorig ;
matter at extreme conditions

iia"!lﬂ!'F |
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Initial “low pressure” dynamic diffraction on Fe used
single crystals=>gave phase, pathway, morphology '&

Compression along 100
shows transition to HCP

X-rays recorded
with static film

HCP (2170)]
(002)

HCP (1011) |
Shock drive beam (1 01 ) -
Ab|at0r/cry5ta| Samp|e Lineout Tetensity (Arb. Unitsh

002 BCC
< Compressed 5%

-
oz BCC

] Uncompressed
Backlighter beam

*Recall shock and ramp waves become
rough after phase transition

Kalantar, Wark et al., PRL 05
Hawreliak, Wark et al., PRB 06
Hawreliak, et al. PRB 08
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Initial “low pressure” dynamic diffraction on Fe used
single crystals=>gave phase, pathway, morphology '&

Compression along 100
shows transition to HCP

X-rays recorded
with static film

002 BCC
< Compressed 5%

HCP (2170)]
(002)

-
oz BCC

Backlighter beam HCP (10:|_1) i Cncompeeed
Shock drive beam (101) -
Ablator/crystal sample Compressed BCC Limeout latensaty (Arb. Unitsh
Static BCC

sCompression along [111] «Compression along 110

does not show HCP lines does not show HCP lines
(121)
Compressed BCC
Static BCC
(211)

- (202)

s i Kalantar, Wark et al., PRL 05
— (011) Hawreliak, Wark et al., PRB 06
Hawreliak, et al. PRB 08
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