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We are developing a new platform to directly 
measure and understand the structure and 
transport of warm dense matter.

• Experimentally difficult to produce

• Measurements limited to a few parameters

• Relies on computer simulations 
and model fi tting

1. Measure density and temperature states by constraining the assumptions 
 with multiple simultaneous diagnostics.

2. Calculate structure factors without model assumptions.

3. Estimate ionization from Thomson-scattering data and constraint those with     
 VISAR optical refl ectivity measurements.

Warm Dense Matter
High temperature (eV), high pressure (Mbar)

Phase diagram including the approximate 
location of warm dense matter (green area)

https://en.wikipedia.org/wiki/Warm_dense_matter#/
media/File:Temperature-density-phasediagram.png

• Challenging to model

• Theoretical descriptions break down

VISAR: velocity interferometry for any refl ector
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Elastic scattering 
component 

Inelastic scattering 
contribution from 

free electrons

Inelastic scattering 
contribution from strongly 

bound core electrons

The total dynamic structure factor [1]
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Sii (k, ~) = ion–ion dynamic structure factor
q (k) = Fourier transform of free-electron cloud
Zf = number of free (or valence) electrons

( , )S kee
0 ~  = high-frequency part of the 

electron–electron correlation function

f1 (k) = ionic form factor for bound electrons
Zb = bound electrons

The terms are dependent on 
model assumptions. We will make 

direct measurements.

Random phase 
approximation [2]

Hartree–Fock single active 
approximation [3]

• Elastic scattering of electromagnetic 
radiation from free charged particles

• Electrons accelerate in the radiation’s 
electric fi eld, causing the electrons to 
reradiate

• Scattered intensity is proportional to the 
electron density and temperature

• Elastic scattering of electromagnetic 
radiation from ions

• Energy downshift of the scattered spectrum 
as a result of electron recoil

Scattering geometry

Noncollective 
scattering

Thomson
scattering

Rayleigh
scattering

Compton
scattering
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Method 

E27652a

Image plates on fi ve sides of the PXRDIP box 
record the angular distribution of x-ray scattering [4]The He-like doublet (8.35 and 8.39 keV) 

of a Cu backlighter

We plan to investigate 

• Three conditions along the
shock Hugoniot       
(a) solid, (b) liquid, (c) during melt

• Multiple scattering angles
outside of the Bragg peak

The spectrometer records spectrally 
resolved x-ray scattering 

VISAR measurement determines the breakout time
and pressure versus time profi le 

Experimental Setup

Experimental Setup

Approach

X-ray diffraction (PXRDIP)

X-ray source

X-ray Thomson scattering (Z-Spec)

Velocimetry (VISAR)

Target assembly

1. Angularly resolved x-ray diffraction with PXRDIP 
(for atomic structure and density),

2. Spectrally resolved inelastic x-ray scattering 
with XRTS (for ionization state)

3. Pressure and shock state with VISAR

• Production of a precise and uniform state of warm dense matter by shock compression.

• Simultaneous determination of

 PXRDIP: powder x-ray diffraction image plate

XRTS: x-ray Thomson scattering

 

Next Steps 

References 

E27655a

1. Build a new spectrometer in von Hamos geometry to obtain high throughput and high 
resolution for analyzing Thomson-scattering data 

2. Compare ionization from scattering and refl ections

3. Analyze shock-compressed Si and Ge inelastic data, including different crystal 
orientations

4. Explore material structure in the collective regime

5. Compare different ionization state and build an understanding of bound–bound and 
bound–free electron effects

[1]  B. J. B. Crowley and G. Gregori, New J. Phys. 15, 015014 (2013). 
[2]  S. H. Glenzer and R. Redmer, Rev. Mod. Phys. 81, 1625 (2009).
[3]  B. J. B. Crowley, High Energy Density Phys. 13, 84 (2014). 
[4]  J. R. Rygg et al., Rev. Sci. Instrum. 83, 113904 (2012).
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SiPt

Preliminary Experimental Results

E27654a

The shock breakout
time is recorded

at 5.5 ns of
shock-compressed

Si at 1.1 Mbar

XRTS data at 95° 
scattering angle

XRTS data at 60° 
scattering angle

1.1-Mbar pressure7.5-Mbar pressure

Background corrected 2i–z
projection of ramp-compressed Si

Diffraction pattern of Si
at 2.1 Mbar

• Density of Si = 6.2 kg/m3

• Compression ratio = 0.38
• Suggestive of fcc structure

• Elastic feature is observed 
prominently in all conditions

• Large background is observed 
for higher pressure drive

• Hard x-ray background is more 
prominent in higher scattering angles
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We are developing a new platform to directly 
measure and understand the structure and 
transport of warm dense matter.

• Experimentally difficult to produce

• Measurements limited to a few parameters

• Relies on computer simulations  
and model fitting

1. Measure density and temperature states by constraining the assumptions  
 with multiple simultaneous diagnostics.

2. Calculate structure factors without model assumptions.

3. Estimate ionization from Thomson-scattering data and constraint those with     
 VISAR optical reflectivity measurements.

Warm Dense Matter
High temperature (eV), high pressure (Mbar)

Phase diagram including the approximate 
location of warm dense matter (green area)

https://en.wikipedia.org/wiki/Warm_dense_matter#/ 
media/File:Temperature-density-phasediagram.png

• Challenging to model

• Theoretical descriptions break down

VISAR: velocity interferometry for any reflector
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Elastic scattering 
component 

Inelastic scattering 
contribution from 

free electrons

Inelastic scattering 
contribution from strongly 

bound core electrons

The total dynamic structure factor [1]
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Sii (k, ~) = ion–ion dynamic structure factor
q (k) = Fourier transform of free-electron cloud
Zf = number of free (or valence) electrons

( , )S kee
0 ~  = high-frequency part of the 

electron–electron correlation function

f1 (k) = ionic form factor for bound electrons
Zb = bound electrons

The terms are dependent on 
model assumptions. We will make 

direct measurements.

Random phase 
approximation [2]

Hartree–Fock single active 
approximation [3]

• Elastic scattering of electromagnetic 
radiation from free charged particles

• Electrons accelerate in the radiation’s 
electric fi eld, causing the electrons to 
reradiate

• Scattered intensity is proportional to the 
electron density and temperature

• Elastic scattering of electromagnetic 
radiation from ions

• Energy downshift of the scattered spectrum 
as a result of electron recoil

Scattering geometry

Noncollective 
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Rayleigh
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Image plates on fi ve sides of the PXRDIP box 
record the angular distribution of x-ray scattering [4]The He-like doublet (8.35 and 8.39 keV) 

of a Cu backlighter

We plan to investigate 

• Three conditions along the
shock Hugoniot       
(a) solid, (b) liquid, (c) during melt

• Multiple scattering angles
outside of the Bragg peak

The spectrometer records spectrally 
resolved x-ray scattering 

VISAR measurement determines the breakout time
and pressure versus time profi le 

Experimental Setup

Experimental Setup

Approach

X-ray diffraction (PXRDIP)

X-ray source

X-ray Thomson scattering (Z-Spec)

Velocimetry (VISAR)

Target assembly

1. Angularly resolved x-ray diffraction with PXRDIP 
(for atomic structure and density),

2. Spectrally resolved inelastic x-ray scattering 
with XRTS (for ionization state)

3. Pressure and shock state with VISAR

• Production of a precise and uniform state of warm dense matter by shock compression.

• Simultaneous determination of

 PXRDIP: powder x-ray diffraction image plate

XRTS: x-ray Thomson scattering
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The shock breakout
time is recorded

at 5.5 ns of
shock-compressed

Si at 1.1 Mbar

XRTS data at 95° 
scattering angle

XRTS data at 60° 
scattering angle

1.1-Mbar pressure7.5-Mbar pressure

Background corrected 2i–z
projection of ramp-compressed Si

Diffraction pattern of Si
at 2.1 Mbar

• Density of Si = 6.2 kg/m3

• Compression ratio = 0.38
• Suggestive of fcc structure

• Elastic feature is observed  
prominently in all conditions

• Large background is observed  
for higher pressure drive

• Hard x-ray background is more  
prominent in higher scattering angles
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1. Build a new spectrometer in von Hamos geometry to obtain high throughput and high 
resolution for analyzing Thomson-scattering data 

2. Compare ionization from scattering and reflections

3. Analyze shock-compressed Si and Ge inelastic data, including different crystal 
orientations

4. Explore material structure in the collective regime

5. Compare different ionization state and build an understanding of bound–bound and 
bound–free electron effects
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