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WDM physics is of considerable practical importance and it can be 

studied using the MEC end station of the  LCLS 

Warm Dense Matter regime Astrophysical objects 

Inertial Confinement Fusion 

* X-rays can probe dense matter regime where optical 

techniques can no longer penetrate through the plasma 

(ne>1021/cc)  

WDM 
MEC-LCLS  

**Workman., SPIE 4504 (2001). 

*HED space 

Pressure > 1 Mbar 



We typically do not encounter high pressure conditions  

Comfortable pressure: 

(Atmosphere g P = 1 bar) 

 

Uncomfortable pressure:  

(1 Large African Elephant*) 

*7 tons per square inch 



We typically do not encounter high pressure conditions  

Bottom of the ocean 

(P = 1,000 bar = 1 kbar) 

 

5 Large African Elephants 

1” x 1” 



We typically do not encounter high pressure conditions  

MEC reaches Jupiter interior 

(P = 5,000,000 bar = 5 Mbar*) 

 

5,000 Large African Elephants 

1” x 1” 
* ~2x the pressure in the center of Earth 



Linac Coherent Light Source at SLAC 
X-FEL based on last 1-km of existing 3-km linac 

Injector (35º) 

at 2-km point 

Existing 1/3 Linac (1 km) 

(with modifications) 

Near Experiment Hall 

Far Experiment 

Hall 

Undulator (130 m) 

1.5-15 Å 

(14-4.3 GeV) 

X-ray 

Transport 

Line (200 m) 



LCLS Matter in Extreme Conditions (MEC) instrument 

 

 

Target chamber 

Be focusing lenses 

Harmonic rejection 

mirrors 

FEL current performance 

Photon energy 

range 
480 to 10,000 eV 

FEL pulse length 5 - 500 fs 

FEL pulse energy up to 4 mJ 

Long pulse laser  Short pulse laser  

Wavelength 527 nm 800 nm 

Pulse width 2-200 ns 40 fs 

Repetition rate 1 shot per 10 minute 5 Hz 

Pulse energy 2 x 15 Joules 1 Joule 

Long pulse laser beams 



We scatter x-rays from matter to understand its nature 

Free particles Solid with regular lattice planes 

q 

q q d 

d sinq 

Constructive interference 

(Debye-Scherrer rings) 

X-ray beam 

Target 

Bragg equation: 

nl = 2d sinq 

Collective scattering 

l0 

LCLS 

X-ray beam 

X Rays 

e- 



We scatter x-rays from matter to understand its nature 

Warm Dense Matter (fluid-like) 

q 

q q d 

d sinq 

Broad scattering  

(result of ion motion) 

X-ray beam 

Target 

Bragg equation: 

nl = 2d sinq 

Free particles 

Collective scattering 

l0 

LCLS 

X-ray beam 

X Rays 
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Models for the ionic structure in warm dense aluminum 
predict oscillations in the Sii(k) 

• The predicted static ion-ion structure 

factor for Al shows strong oscillations 

with a well pronounced peak that shifts 

to higher k as a function of compression 

• Angularly resolved elastic scattering 

can be used to characterize the 

electron density as well as understand 

the nature of screening 

 

W k( ) = f1(k)+q(k)
2
Sii k,w( )

The total scattered intensity  

Screening function q(k) 

Ion-ion correlation peak  























LCLS data is consistent with previous Omega campaigns 

Ion-ion correlation peak 

(single shot – 7 min) 

The shift and change in peak intensity of the 

correlation peak for 1.9x and 2.3x compressed 

aluminum, modeled using HNC-Y+SRR, can 

serve as a dynamic density diagnostic 

Continuous wavenumber resolved measurement  

Measured ion-ion correlation peak 

( 2 years) 

T. Ma et al., PRL 110, 065001 (2013) 



The internal energy per particle (and consequently the pressure) 

depends on S(k) 

PTOT = Pi +Pe
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Quantum electron degeneracy pressure 

Coulomb negative pressure 

Electron-exchange pressure 

Fermi pressure 

Ideal gas pressure 

Excess ion pressure 

Ion pressure 

Electron pressure 

Total pressure - P(ne,Te,S(k)) 

Can account for as much as 2 Mbar 
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200 J drive laser beam can be used to explore the electronic shell 

structure in high-energy-density plasmas 

• A variety of theoretical methods, 

plotted for high pressure and 

compression, where the various 

models exhibit differences in 

predicted conditions due to k-

shell ionization behavior in 

highly compressed aluminum 

• High precision capabilities of 

LCLSII together with a 200J 

drive beam can be used as a 

platform  to evaluate different 

EOS models in high-energy-

density states of matter 

• Current laser driver capabilities 

at MEC only allow for 

exploration of materials at 

conditions below 10 Mbar 
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