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Accurate measurements of warm dense matter properties have been 

developed applying X-ray Thomson scattering

 Current XRTS experiments 

are conducted in the warm 

dense matter (WDM) regime

 WDM is challenging to 

describe by theory, since 

coupling and correlations 

are important

 Measurements are required 

for guidance of theoretical 

models
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The first experimental campaign (Hohlraum energetics) at the 

National Ignition Facility (NIF) was successfully completed in 2009

Glenzer et al., Science 327, 1228 (2010)

Core shape:

Gated x-ray imager

Cold fingers

NIF Laser

• 192 beams at 351 nm

• total energy on target 

up to 1.2 MJ

• pulse length ~ 20 ns

• over 90% of energy 

absorbed in hohlraum

• hohlraum radiation 

temperature up to 305eV

• up to 3 shots per day

Au hohlraum

Introduction
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The symmetry was tuned by changing the difference in wavelength 

between inner and outer cones

Au hohlraum

Glenzer et al., Science 327, 1228 (2010)
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• increased x-ray drive at equator due to energy transfer 

from the outer cones to the inner cones 
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NIF Indirect Drive target point design

Introduction
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Thermal conductivity is important to correctly model ICF implosions

Hammel et al., J.Phys. Conf. Ser. 112, 022007 (2008)

Conductivity affects the density 

gradient at the ablator/ fuel interface …
… and the density gradient directly

impacts high-mode stability 

Variation in the profiles for 0.3 (dot), 1.0 (solid), 

and 3.0 (dash)times the nominal thermal conductivity 

(Lee-More).

Introduction
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However, conductivity of beryllium remains uncertain to within a factor of 2-3

Hammel et al., J.Phys. Conf. Ser. 112, 022007 (2008)

Conductivity affects the density 

gradient at the ablator/ fuel interface …

Variation in the profiles for 0.3 (dot), 1.0 (solid), 

and 3.0 (dash)times the nominal thermal conductivity 

(Lee-More).

Introduction
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Introduction
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Non-collective scattering ( * < D )

probe individual particle motion
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Collective scattering ( * > D)

probe plasma waves (plasmons)

detector

X rays

k
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* ~ 1/k

Experimental geometry and probe energy define scattering 

regime (non-collective vs. collective scattering)
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[tightly bound/screening e-]
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[free or delocalized e-]

Bound-free
[weakly bound]

Ebind

Schematic Scattering spectrum

 Free or delocalized electrons result 

in the Compton down-shifted line, Zf

See (k, )

 Bound-free contribution also results 

into down-shifted spectrum

 Zb Sce (k, )

 The momentum of  bound e- causes 

broadening

 The ion feature describes elastic 

scattering  Sii(k, )

 In backscatter (large k): theoretical 

approximations agree
Chihara, JPCM (2000); Gregori et al., PRE (2003)

Glenzer et al, PRL (2003, 2007); Glenzer, Redmer RMP (2009)
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X-ray Thomson scattering has been developed to 

characterize warm dense plasmas
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We use Zn He- at 9 keV as x-ray probe which is able to 

penetrate dense plasmas

Zspec-spectrometer

MCP

HOPG

source

Bdn sin2

Bragg condition

BF

E

ds

dE

tan2

dispersion

A. Pak et al., RSI 75, 3747 (2004)
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HOPG has the highest known integrated reflectivity 

Experiment
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36 beams drive compression and 

6 beams created x-ray probe

Zn (He-alpha @ 9keV) x-rays are scattered 

at 113o  from the imploding CH shell

36 Drive 

Beams

6 beams for 

x-ray probe

X-ray 

spectrometer

Target

Au cone

(60 m)

CH “plug”

Zn foil 

(10 m) Ni-shield

(thickness 

50 m)
6

0
o

BL

Beams

Bragg spectrometer

CH/Be shell 

(OD~860 m, 

40 m thick)

Drive

Beams

We have started experiments that apply Thomson scattering to 

measure the ablator properties of an implosion-type target  

Capsule implosions
PI: A Kritcher



14
Tilo Döppner, GSI Darmstadt, EMMI-workshop,  7-9 June 2010 LLNL-PRES-433642

Radiation hydrodynamic simulations of the 

shock compression of the Ablator shell 

Pinhole images provide implosion 

velocity estimate

Rad-Hydro simulations were used to guide the experimental setup

4.0 ns

4.5 ns

Capsule implosions
PI: A Kritcher
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Experimental data 

and best fit

Elastic 

PeakCompton 

Peak

Be SphereBe Sphere

Adiabat=1.2 (±.4/.2)

ne=1.1 (±.3)x1024cm-3

Te=6 (±4)eV

Z=2.4 (±.3)

4.98 ns

4.64 ns

4.30 ns

3.88 ns

Shot 56593

Time resolved scattering spectra show electron densities up to 

ne = 1.1 x 1024 cm3

energy

Capsule implosions
PI: A Kritcher
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We have successfully developed a platform to 

study  laser-driven shock-compressed matter 

at the Omega laser

XRTS target

8 mm

3 ns3 ns

250 m 

aperture

Target 

positioner 

from TIM 5

250 m

Be

Zn (12 m)

To Bragg

spectrometer
Au/Fe shield

H.J. Lee, Phys. Rev. Lett. 102, 115001 (2009)

Planar shocks PI: HJ Lee
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Single shock experiments measured up to 4x compression in 

beryllium and tested conditions encountered in ICF implosions

 Initial experiments used Mn He- backlighter at 6.18 keV

 Disadvantage: double peaks from He- and intercombination line

Width of Fermi-degenerate Compton 

spectrum sensitive to ne
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H.J. Lee, Phys. Rev. Lett. 102, 115001 (2009)

Scattering data have tested modeling 

in conditions of ICF implosions

Planar shocks
PI: HJ Lee
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Experiments with counter-propagating shocks observe slowly 

decaying high density plasma at ne ~ 1 x 1024 cm-3

source

Scattering

spectrum

energy

Rayleigh

peak

Compton 

feature

Planar shocks
PI: HJ Lee
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The plasmon shift is sensitive to electron temperature and density

Simulations (Be plasma, 3 keV probe, 30° scattering, 8 eV instrument function)

Temperature sensitivity at 

ne = 2.8e+23/cc

Sensitivity on electron density

at Te = 30 eV

Detailed balance
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G Gregori et al., PRE 67, 026412 (2003)

SH Glenzer et al., PRL 98, 065002 (2007)
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A collective scattering experiment with Cl Ly-a probe (2.96 keV) 

was performed at the Omega Laser

XRTS target

8 mm

• Ag L-shell x-rays at ~3.5 keV are utilized to isochorically heat beryllium

Collective XRTS

250 m Be

12 m Saran

Bragg crystal 

spectrometer

Au/Fe

shield

16 probe 

beams, 1 ns

250 m 

aperture

10 Heater Beams 

DPP, 1 ns

1 m Ag foil

50 m Ta

T. Döppner et al., HEDP 5, 182 (2009)

40° scattering angle
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Te = 18 eV and ne = 1.8e+23 are inferred from the scattering spectrum
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source spectrum

data with fit

• collective scattering from 

plasma waves ( = 1.2)

• asymmetry of up- and down-

shifted plasmons (detailed

balance) quantitatively

observed

• source spectrum yields 

instrument function

• synthetic spectra are fitted 

to data

• best fit obtained for

Te = 18 eV, ne = 1.8e+23 /cc,

• Zf = 2.3 yields =1.2 g/cc 

T. Döppner et al., HEDP 5, 182 (2009)

Collective XRTS
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At = 1.2 the plasmon feature is not very sensitive to collisions

• collective scattering from 

plasma waves ( = 1.2)

• asymmetry of up- and down-

shifted plasmons (detailed

balance) quantitatively

observed

• source spectrum yields 

instrument function

• synthetic spectra are fitted 

to data

• best fit obtained for

Te = 18 eV, ne = 1.8e+23 /cc,

• Zf = 2.3 yields =1.2 g/cc 

T. Döppner et al., HEDP 5, 182 (2009)

Collective XRTS
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We have designed an experiment at the Omega laser to measure 

plasmon broadening due to collisions in solid density Be 

 solid Be is isochorically heated with Ag L-shell x-rays, created by up to 30 heater

beams (230 J per beam) in 450 ps to 20-30 eV

C. Fortmann et al., Laser Part. Beams 27, 311 (2009)

12 m Saran

Cl Ly- , 3 keV

200 x 400 m 

Be cylinder

20 heater 

beams

TPS1 in TIM5

100° Au

cone

TPS2 in H2

6 Mn

probe 

beams

10 Saran

probe beams

To GTS in TIM6

( =155.3°, = 162°)

T. Döppner et al., J. Phys.: Conf. Proc., in print (2010)

Collective XRTS
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At > 1.7 the plasmon width is very sensitive to collision frequency ei

 Collision rate is calculated in Born approximation and included with a Mermin ansatz

 from plasmon broadening collision rate ei can be determined 

 knowledge of ei allows to infer conductivity 

C. Fortmann et al., Laser Part. Beams 27, 311 (2009)

T. Döppner et al., J. Phys.: Conf. Proc., in print (2010)

Te = Ti = 20 eV

Zf = 2.3

= 25°

= 2.2

Cl Ly- ,

(2.96 keV)

no collisions

Collective XRTS
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Summary

 X-ray Thomson scattering (XRTS) is a valuable technique to  
characterize warm dense matter

 Non-collective scattering experiments have measured the density in 
capsule implosions and shock compressed matter

 Quantitative measurement of plasmon asymmetry (detailed balance) 
allows temperature measurement based on first principles

 We have designed a collective scattering experiment to measure the 
e-i collision rate in solid density Be, allowing to infer conductivity at 
conditions relevant for the NIF. 

 XRTS measurements are important for guidance of theoretical 
models


