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Understanding the dynamics of planetary formation, giant impacts, and 
inertial confinement fusion implosions involves hydrocode simulations

▪ Accurate equation of state models underpin the validity of all hydrocode predictions

Intro
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An equation of state describes the thermodynamic relationship between 
temperature, density (or volume), and energy (or pressure) for a material

Figure based on a similar map from Hyperphysics

Intro
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We have several tools available to constrain an EOS surface at specific 
points at elevated pressure, temperature, or density

Figure based on a similar map from Hyperphysics

Experimental:

▪ Static compression
— Isotherms

▪ Dynamic compression
— Isentropes
—Hugoniots

Theory:

▪ Density Functional Theory, Quantum 
Monte Carlo, Molecular Dynamics, etc

▪ Limits (ideal gas, Fermi limit, etc)

Intro
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Free energy is frequently partitioned into three sources:

Equations of state are frequently constructed by separating the free 
energy contributions into distinct sources
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The dominant free energy source varies across the equation of 
state

▪ Each source has associated physics-based models and is constrained by different measurements
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Constraining the cold curve is vital for building accurate 
equations of state

Cold Curve

Electronic forces 

binding the atoms 

together at 0 K
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Ramp compression experiments absolute 

measurements of stress-density that are:

▪ within a few percent of the isentrope

▪ readily reduced to either an isentrope (or 

an isotherm) using established techniques 

Intro
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For absolute EOS measurements, shock and ramp compression 
are the canonical classes of dynamic loading experiments

Ramp Compression 
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Intro

▪ Ramp compression experiments require smooth pressure loading (careful control over the applied loading rate)

𝑷 = 𝝆𝟎𝑼𝒔𝒖𝒑

𝑷 = 𝝆𝟎න𝑪𝑳𝒅𝒖𝒑

𝝆 =
𝝆𝟎

𝟏 − ׬
𝒅𝒖𝒑
𝑪𝑳

𝝆 =
𝝆𝟎

𝟏 −
𝒖𝒑
𝑼𝒔
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The absolute measurements are done using multi-step targets, 
measuring velocities at multiple thicknesses

Eulerian Frame of Reference

𝒅𝒙

𝒅𝒕
= 𝒖 ± 𝑪𝒔

𝒅𝒖 +
𝟏

𝝆𝑪𝒔
𝒅𝑷 = 𝟎

Piston launches 

compression waves 

into a material

These are the 

characteristics with slope:

Along each line the 

following is conserved:

Intro

Figures from D. Fratanduono et al., Science, in production 2021
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A quick digression: Introduction to the Velocity Interferometry 
System for Any Reflector (VISAR)

Stationary

Target

Shocked

Target

Probe laser

Optically-reflective 

shock wave or 

moving interface

For more: Barker et al., JAP 1972; Celliers et al., RSI 2004; D. Dolan’s ‘Foundations of VISAR analysis’ from 2006

Interferometer Raw Data

Intro

Measure phase shift due to Doppler effect vs. time using interferometer

Often implemented with one spatial dimension and one temporal

Analyzed Data
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Laser-driven ramp compression began with a mix of reservoir 
unloading (shown here) and direct drive experiments

History
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Laser-driven ramp compression began with a mix of reservoir 
unloading and direct drive experiments (shown here)

History
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I think the first laser-driven EOS measurement was Ray Smith’s 
2007 Al paper, done on the Omega-60 laser facility

History
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Development of ramp compression on NIF started about ten 
years ago, with a series of shots on diamond

Platform
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The programmatic goals for the platform involved more metal 
EOS measurements, and the HDC ablator didn’t work as well

▪ Diamond strength is very 
difficult to model, 
particularly well enough to 
consistently avoid 
intermediate shock 
formation

▪ The switch from HDC to Cu 
ablators (c. 2015) 
significantly improved the 
quality of the ramp

▪ (This is also roughly when I 
joined, late 2015) 70, 80, 90, 100 µm Iron

40 µm Diamond

Copper Ablator

70, 80, 90, 100 µm Iron
40 µm Copper

HDC Ablator

Figures from Dayne Fratanduono

Platform
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Incorporating lessons learned from early ramp campaigns and 
facility/diagnostic improvements, this is the current platform

Platform
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The pulse shape control, high energy, and state of the art diagnostics make 
NIF the premier facility for ramp compression measurements

▪ We routinely compress materials to pressures greater than 1000 GPa on the NIF

State of the art line VISAR DiagnosticComparison of Laser Request vs. Delivered

Platform
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The physics uncertainty requirements demands target samples 
of extreme precision
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#2 Pencil lead

To reduce uncertainties our samples are precision diamond turned to < 50 nm RMS.

Comparable to trimming the grass of a football field to the width of a #2 pencil lead. 

IntroPlatform



LLNL-PRES-823289

20

As a brief example of the analysis process, I’m going to focus 
on lithium fluoride

▪ A high-precision EOS for LiF is required to analyze these experiments

• Lithium fluoride is used extensively 

as a window in dynamic 

compression experiments 

• Tamping a sample surface with a 

window confines the material when 

the compression wave propagates, 

maintaining the stress

• LiF remains transparent in the 

visible at high pressures (>900 GPa 

on isentrope, ~<200 GPa on shock) 

making it highly useful as a window

Unconfined: Sample 

releases into vacuum, 

stress not maintained after 

breakout

A
b

la
to

r/
P

u
s
h

e
r

S
a
m

p
le

W
in

d
o

w

D
R

IV
E

Confined: Compression 

transmits to window, 

stress is maintained in 

sample

Analysis



LLNL-PRES-823289

21

We determine velocity for each step using VISAR (Velocity 
Interferometry System for Any Reflector)
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From the velocity and the known step thicknesses, we 
determine sound speed as a function of particle velocity

Particle Velocity Math Lagrangian Sound Velocity in LiF

∆t

𝑪𝑳 𝑼𝑷 =
∆𝒙

∆𝒕

From measured step 

thickness difference

From arrival times for 

particle velocity

LiFAnalysis

LiF 
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From the velocity and the known step thicknesses, we 
determine sound speed as a function of particle velocity

Particle Velocity Math

∆t

𝑪𝑳 𝑼𝑷 =
∆𝒙

∆𝒕

From measured step 

thickness difference

From arrival times for 

particle velocity

Only true for in-situ velocity, 

in reality analysis is more 

complex. See Rothman and 

Maw, 2006 for details

LiFAnalysis

Lagrangian Sound Velocity in LiF

LiF 



LLNL-PRES-823289

24

Integrating the sound speed as a function of particle velocity, we 
obtain the stress-density path of the sample

More MathLagrangian Sound Velocity in LiF Stress vs. Density in LiF

LiFAnalysis

𝑷 = 𝝆𝟎න𝑪𝑳𝒅𝒖𝒑

𝝆 =
𝝆𝟎

𝟏 − ׬
𝒅𝒖𝒑
𝑪𝑳
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The magnitude of the thermal pressure corrections to reduce 
the ramp path to the isentrope is small

▪ For LiF, total stress offset is ~8.5 GPa or ~0.9% at peak of 930 GPa

𝑷𝒊𝒔𝒆𝒏 = 𝝈𝒙 −
𝟐

𝟑
𝒀 − 𝜸𝝆න𝜷𝒅𝑾𝑷 − 𝜸𝝆𝑯𝒖𝒈(𝑬𝑯𝒖𝒈 − 𝑬𝑰𝒔𝒆𝒏)

Measured 

stress

Deviatoric 

stress

Plastic 

work 

heating

Thermal pressure 

from initial shock

See Kraus et al., 2016 or Fratanduono et al., 2020 for detailed discussion of corrections

𝒅𝑾𝑷 =
𝟏
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𝟑
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LiFAnalysis

Stress Offset for LiF
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▪ We have conducted several successful campaigns:
— Conducted cross platform experiments on a simple materials to validate the NIF platform 

against Z
— Measured the material response of copper to ~2300 GPa
— Measured the response of Pt and Au to provide absolute pressure standards for static 

compression
— As a Discovery Science campaign, measure isentrope of iron to ~1400 GPa

▪ Some current campaigns (that I don’t have time to discuss, but happy to talk about 
later!)
— Liquid Sn adiabat 

• Demonstrate ability to obtain data on liquid samples, constrain thermal response between Hugoniot and 
isentrope

— Deviatoric stress measurement development
• Important for reducing ramp stress-density to pressure-density

— EOS of Ta > 2000 GPa

We have several completed and ongoing campaigns using the 
ramp compression platform

Platform
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Kraus, et al., PRB, 93, 134105 (2016).
Fratanduono, et al., PRL 124(1) (2020).

Cross platform experiments on simple materials (Cu, Pt, Au, and 
LiF) were performed to validate the NIF platform

▪ Good agreement between NIF and Z on such simple materials suggests that discrepancies could indicate rate-dependent response

R. Kraus

NIF Experiments

Z Experiments

D. Fratanduono

NIF 
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Chandra, A., et al. (2014). "Role of surfaces and interfaces in solar cell 

manufacturing." CIRP Annals 63(2): 797-819.

Jellium Model in Metals

Assumes interacting electrons in a smeared 

potential of ions (no lattice structure considered)

Using the NIF, we measured the material response of copper to 
~2300 GPa

▪ Probing the material response of simple noble metals (Cu, Au, Ag) provides an excellent method to test first 
principal calculations at extreme conditions

Cu

Fratanduono, et al., 
PRL 124(1) (2020).
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A revolution is underway in the diamond anvil cell community 
and   researchers are accessing unprecedented conditions

▪ Our NIF experiments can provide the high-pressure (>500 GPa) standard required to calibrate these measurements

Peak pressures (3x higher) than 

conventional DAC have been reported

1-Dubrovinsky, Nat Commun 3: 1163 (2012) and  Nature 525: 226 (2015)

2-Sakai, T., et al. (2015). Review of Scientific Instruments 86(3): 033905.

Double DAC with microspheres1

Toroidal DAC Micro-paired diamond anvils2

New Static High-Pressure Apparatuses

~1000 GPa in gold1

Pt/Au
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Our measurements on Pt and Au will underpin the emerging 
high-pressure diamond anvil cell community

Pt/Au

Shockwave data requires a 30% 

thermal reduction to get to isotherm

Ramp compression requires a 1% 

reduction

Figures from D. Fratanduono et al., Science, in production 2021
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NIF Discovery Science experiments on iron aids in the modeling 
of rocky planets

▪ Determining the interior structure and composition of these super-Earth planets is crucial to understanding the 
diversity and evolution of extrasolar planetary systems. 

Smith, et al., Nature Astronomy, 452, 452 (2018).
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▪Using the NIF, we measured the material response of:
—Copper to 2300 GPa, important as both a standard and a relatively simple material for 

platform validation
— Iron to 1400 GPa, vital for modelling rocky planets
—Platinum and Gold to 800 GPa, providing a high precision, absolutely determined 

reference for increasing high pressure DAC experiments
—A number of other materials currently being analyzed, including Al, Pb, Sn, LiF, and Ir

▪ These data are important for understanding material behavior 
under extreme conditions, calibrating relative measurements, and 
creating accurate material models

The NIF ramp compression platform has allowed us to make nearly 
absolute measurements up to incredible pressures




