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Outline 
•  LCLS Free Electron Laser facility. 

-  Unprecedented capabilities at the MEC instrument [since 4/2012] 
•  1012 x-ray photons for pump-prober experiments 
•  High spectral resolution (seeded beam) 
•  High wavenumber resolution (x-ray laser) 
•  High temporal resolution (20-50 fs) 

•  Novel X-ray scattering experiments 
-  First observation of Plasmon shift in shock-compressed plasmas 
-  First continuous measurements of the dynamic structure factor 
-  First observations of ion acoustic waves in warm dense plasmas 

•  Pressures approaching 5-10 Mbar at 3x compressed Al 
•  Test theoretical methods to determine pressures of dense matter 

•  Summary 
•  High power laser workshop and outlook towards a bright future 

We have a new precision tool to measure physical properties and 
to make transformative discoveries in High-Energy Density physics  
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Develop and apply precision pump-probe 
experiments with the world-class LCLS beam to 
answer the most important questions in high 
energy density (HED) science 
•  Relativistic laser plasma interactions:          

Uncover the physical mechanisms for ultra short 
pulse laser matter interactions, plasma heating and 
particle acceleration 

•  Laboratory astrophysics:                                   
Ultra-high power optical lasers offer the unique 
opportunity to produce and characterize collision-less 
shocks, particle acceleration, and anti-matter plasmas 

•  Strong shocks and High Pressure phenomena: 
The use of LCLS will probe high pressure states 
found at the center of the large Jovian plants, the 
earth’s deepest interior and in inertial confinement 
fusion with unprecedented precision 

 

Three big science questions 
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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) 



Experiments at the Matter at Extreme 
Conditions end station  

Matter of Extreme 
conditions end station 

Precision X-ray 
Thomson scattering 

Tracking shock waves 
in dense matter 

We perform novel pump-probe measurements of plasma conditions and 
shocks with 1 µm, 30 fs resolution 

Shock wave driven 
by nanosecond 

laser  

Forward'(plasmon)'
spectrometer'

Backward'(Compton)'
spectrometer'

Plasmon'
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Experimental geometry uses counter propagating long pulse 
lasers and a delayed LCLS beam 
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High resolution x-ray scattering observations of 
plasmons in Al using the seeded beam at 8 keV 

X-ray scattering from isochorically heated Al 
with seeded beam resolves plasmons  

Bent crystal spectrometer in MEC SASE Seeded 

Forward 
(plasmon) 
spectrometer 

Backward 
(Compton) 
spectrometer 

Plasmon 
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•  Plasmon resonance determined by 
plasma frequency ωpe = [nee2/meε0]1/2 

•  Glenzer et al., 2007 PRL 
•  Kritcher et al., 2008 Science 

•  First observation of acoustic 
resonances at ωac ~ [kTe/mi]1/2 

High resolution x-ray scattering observations of 
plasmons in Al using the seeded beam at 8 keV 

Seeded 

Plasmon 
 λ0"

LCLS"
X-ray beam"

λD"

Dense!
Plasma!

Collective X-ray Thomson Scattering (λs > λD)"

e- 

Δne"

λ� ∼ 1/k"X Rays"

Detector"

k0"

kS"
k"
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Theoretical fit to the plasmon spectrum 
determines solid- density conditions 

Total cross-section includes free,  
tightly, and weakly bound states 

Ion Feature: 

Electron Feature: 

Bound-Free Feature: 

∂2σ
∂Ω∂ω

=σ T
k1
ko
S k,ω( )

S k,ω( ) =

f1(k)+ q(k)
2 Sii k,ω( )

Plasmon 
shift 
ωPl 
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Theoretical fit to the plasmon spectrum 
determines solid- density conditions 

Total cross-section includes free,  
tightly, and weakly bound states 

Ion Feature: 

Electron Feature: 

Bound-Free Feature: 

Plasmon 
shift 
ωPl 

We now have an accurate (first-principals) method that determines the 
physical properties of warm dense matter: ne= 1.8 x 1023 cm-3 ± 5% 
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Plasmon measurements accurately determine 
3x compressed Al at temperatures of 2.5 eV 

Total cross-section includes free,  
tightly, and weakly bound states 

Ion Feature: 

Electron Feature: 

Bound-Free Feature: 

∂2σ
∂Ω∂ω

=σ T
k1
ko
S k,ω( )

S k,ω( ) =

f1(k)+ q(k)
2 Sii k,ω( )

+Z f See
o k,ω( )

+Zc
~

Sce∫ k,ω − %ω( )Sce k, %ω( )∂ %ω

Increased elastic 
scattering at 8 keV : 
3 eV  
temperature 

Increased 
Plasmon shift: 

3x compression 

We now have an accurate (first-principals) method that determines the 
physical properties of warm dense matter: ne= 4.7 x 1023 cm-3 ± 5% 
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Quantum Hydrodynamic Fitting of the Ion Waves in a

Dense Plasma

Thomas White
Atomic and Laser Physics, Oxford

November 8, 2013

Figure 1: Fitting of hydrodynamic strucutre factor to entire spectrum

Figure 2: Fitting of hydrodynamic
strucutre factor to the downshifted com-
ponent of the spectrum

Figure 3: Fitting of hydrodynamic
strucutre factor to the upshifted compo-
nent of the spectrum
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G. Monaco, J. Hastings, G. Gregori et al., unpublished  

First Observation of ion-acoustic waves in 
Warm Dense Matter 

Monochromator for LCLS beam: 
Si(4,4,4): ΔE/E = 5 x 10-6 

High-resolution crystal analyzer 

diced Si(444) crystal 
with R=1 m & θ=87° 
⇒  
100 meV @ 7919 eV  

Al @ ρ=7.0±0.9 g/cm3  
Ω=152 ± 13 meV 

2θ=30o, Q=2.1 Ǻ-1 

Q0=3.7±0.1 Ǻ-1; Q/Q0=0.57 

Ion-acoustic waves 

ωm
2 ~

ω p
2k2

k2 + ks
2 + cs

2k2



Clear evidence of double shock compression at the time of shock 
coalescence by directly monitoring the ion-ion correlation peak 
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Wavenumber resolved scattering data resolves interactions on 
atomic scales 

Combined with plasmon data these experiments yield a critical experimental test 

FWHM ! q(k) > 0 

FWHM ! q(k) < 0 

4
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Frequency-integrated scattering is dominated by 
static structure of ions and can be modelled using 
HNC approach with effective i-i pseudopotentials

Y+SRR potential yields more strongly coupled structure

Correlation peak position sensitive to compression!
Relatively insensitive to temperature due to SRR

Screening (Y-like) and strong 
correlation peak (C-like) both 

present for Y+SRR

         1exp  rNrNrVrc ssss 

OCP HNC equations (start Ns(r) = 0)

      rNrcenkS ssi   rkrd1

Pseudopotentials account for polarisable free 
electron background & bound core electrons

Screening cloud

Bound electrons

Ion, charge +Zf e

© British Crown Owned Copyright 2013/AWED.A. Chapman (AWE/UoW), D.O. Gericke (UoW), J. Vorberger (MPI Dresden)

r

Effect of 
SRR

Strong repulsion due 
to overlapping bound 

electrons

Weaker screening 
than Yukawa

Screening of 
Coulomb potential
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Using short range repulsion 
provides an excellent fit to W(k) 



Ion-ion correlation peak position 
vs compression  

•  The peak of the ion-ion 
structure factor provides a well 
pronounced diagnostic feature 

 
•  After calibration against 

plasmon scattering the 
wavenumber of the maximum 
of W(k) can be used to infer 
densities 

 
•  Short range repulsion is an 

indication of negative 
screening 

 
•  Important consequences when 

determining the pressure 

Angularly and spectrally resolved data show that the shift of WR(k) 
is determined by short range repulsion 
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The internal energy per particle (and consequently the pressure) 
depends on S(k) 
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Can account for as much as -2 Mbar 
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T. Ma et al., PRL 110, 065001 (2013) 
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Workshop on high power lasers at SLAC 
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Sponsors – thank you 

•  Support from DOE, Institutes, LCLS, 
company sponsors, and SLAC 
-  Support 14 renowned speakers and 

discussion leaders 
-  Support 19 students/postdoctoral 

scientists 
•  >140 scientists registered 

-  19 US university groups from 17 US 
universities 

-  8 US National laboratories 
-  11 US companies 
-  18 international groups from 9 countries 
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High-Power Laser workshop at SLAC, October 1st-2nd  

Glenzer, FPA meeting, December 11, 2013 
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MEC user workshop on High-Power Lasers 2013 

19 US university 
groups 
from 17 US 
universities 
 
 
8 US National 
laboratories 
 
 
11 US 
companies 

Glenzer, FPA meeting, December 11, 2013 
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MEC user workshop on High-Power Lasers 2013 

Europe 

Asia 

18 international 
groups  
from 10 
different 
countries 

Glenzer, FPA meeting, December 11, 2013 
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Goals for the workshop 

•  To perform world-class HED physics at MEC/LCLS 
•  Need the input of the HED/HEDLP community 

-  What are the important new directions in HEDLP? 
-  How can we make best use of the unique combination of 

high-power lasers and LCLS x-rays? 
-  What ideas need LCLS x-rays the most? 
-  What new diagnostics and instrumentation is needed? 

High-Power Laser workshop schedule 
Part%I%%%%%% HED%Physics%at%the%MEC%Instrument%

Featured(evening(presenta/on 
Part%II% Fron7ers%of%High:Power%Laser:Ma=er%Interac7ons%

Part%III% High:Power%Laser%Science%and%Technology%

Part%IV% New%Direc7ons% 
Part%V% MEC%capabili7es%and%priori7es%

%Discussions 
Glenzer, FPA meeting, December 11, 2013 



A%new%200%TW:class%laser%will%access%important%areas%
of%Ma=er%at%Extreme%Condi7ons%

•  Accurate%probing%of%physics%
mechanisms%will%be%accomplished%
by%X:ray%Thomson%sca=ering%with%
the%LCLS%beam%

•  Provides%accurate%temperature%
and%density%measurements%%

•  Resolve%micron%%scale%length%and%%
fs%7me%scales%

•  Determine%laser%coupling,%hea7ng,%
and%pressure%condi7ons%

Path towards optimizing use of high-power petawatt lasers 

A high power laser will produce conditions important 
for HED physics, particle acceleration, and QED 

Present MEC 
experiments 

34 Glenzer, FPA meeting, December 11, 2013 



Combining High-Power lasers with the world-class 
LCLS beam will allow novel experiments 

Coupling of high-power 
lasers with matter 

Laboratory 
astrophysics 

Physical properties of 
hot dense matter 

Fundamental laser-particle 
acceleration physics 
•  100+ MeV protons 
•  Positrons 
•  Neutrons 
•  10+ GeV electrons 

QuickTime™ and a
 decompressor

are needed to see this picture.

F

Shock/plasma density isosurfaces [np/n0] Shock accelerated protons 

Laser E-field [me c ωp e
-1]

- 101-2 2
B-field isosurfaces [me c ωp e

-1]

1.5 3.0

-0.15 0.15

Proton radiograph of E & B fields 

•  Self organization in 
plasmas 

•  Weibel instabilities 
•  Collision less shocks 
•  Cosmic rays 

X-ray Thomson scattering on 
hot dense matter matter 
•  Mbar pressures 
•  Isochorically heated matter 
•  Ultrafast phase transitions 

35 Glenzer, FPA meeting, December 11, 2013 



Recent experiments have demonstrated a 200 TW laser 
driven betatron source 

The spectrometer provides both spectral and 
spatial information on the betatron source!

Magnet 

X-rays 

X-ray 
Spectrometer 

Interferometer 
CCD 
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Laser 

The spectrometer provides both 
spectral and spatial information on 

the betatron source 

F. Albert, B.B. Pollock et al, PRL 2013 Glenzer, FPA meeting, December 11, 2013 



Betatron x-rays from a 200 TW laser experiments provides 100 fs 
white light x-rays that scale to 100 keV for PW lasers 

Multi-GeV electrons 
Electron – x-ray interactions 
•  F. Albert 
•  B. Pollock 

Laser-particle acceleration holds promise for new 
discoveries and applications 

Electron energy 300 MeV 

IPA 

37 Glenzer, FPA meeting, December 11, 2013 



How does the peak brightness of a betatron x-ray source compare 
with other approaches? 

38 Glenzer, FPA meeting, December 11, 2013 



How does the peak brightness of a betatron x-ray source compare 
with other approaches? 

Parameter Specification 

Energy range 1-100 keV (broadband) 

X-ray flux 108 photons/shot 

Source size 1 micron 

Source divergence 1-10 mrad (collimated) 

Source duration 60 fs 

Source maximum peak 
brightness 

1022 photons/(mm2 x 
mrad2 x s. x 0.1 % BW)  

Betratron radiator combine high 
brightness with high temporal 
resolution for x-ray x-ray pump 

probe experiments!

LCLS"

APS!

Betatron 1 GeV!

Betatron 
0.5 GeV!

39 Glenzer, FPA meeting, December 11, 2013 
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Outline 
•  LCLS Free Electron Laser facility. 

-  Unprecedented capabilities at the MEC instrument [since 4/2012] 
•  1012 x-ray photons for pump-prober experiments 
•  High spectral resolution (seeded beam) 
•  High wavenumber resolution (x-ray laser) 
•  High temporal resolution (20-50 fs) 

•  Novel X-ray scattering experiments 
-  First observation of Plasmon shift in shock-compressed plasmas 
-  First continuous measurements of the dynamic structure factor 
-  First observations of ion acoustic waves in warm dense plasmas 

•  Pressures approaching 5-10 Mbar at 3x compressed Al 
•  Test theoretical methods to determine pressures of dense matter 

•  Summary 
•  High power laser workshop and outlook towards a bright future 

We have a new precision tool to measure physical properties and 
to make transformative discoveries in High-Energy Density physics  

Glenzer, FPA meeting, December 11, 2013 



End of Presentation 



Discussion to combine LCLS with a PW laser  
Example: 400J green will pump a 200 J, 200 fs laser 

•  10 PW laser plans in 
Europe (ELI) 

•  HIBEF end station at 
XFEL (200 TW) 

•  SLAC: Need Building 
with shielding and 
infrastructure for PW 

•  High access option 

Example: Apollon laser footprint 

4/3/13 11:47 AMGoogle Maps

Page 1 of 1https://maps.google.com/maps?hl=en&tab=wl

Imagery ©2013 Google, Map data ©2013 Google -

Google Maps does not have permission to use your location. HelpTo see all the details that are visible on the
screen, use the "Print" link next to the map.

New laser 
building 
(not to scale) 
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These class of experiments have been initially 
proposed to DOE OFS  

shock compresed
material

VISAR

200 TW beam

LCLS x-ray beam LCLS x-ray beam LCLS x-ray beam

High energy photons
and particles

optical ns 
heater beam(s) 

200 TW beam

Shock compressed matter Ultrafast isochoric heating Relativistic plasmas

Transmission,
X-ray scatter

Transmission,
X-ray scatter

X-ray
spectrometer2-D x-ray scatter 2-D x-ray scatter

X-ray
spectrometer

X-ray
spectrometer

High power laser-plasma 
interaction

FORWARD proposal (Fundamental Optical Research With Advanced x-Ray 
Diagnostics) 



Plasmon measurements accurately determine 
temperature and density 

Electron density variation:          
ne= 5.4 x 1023 cm-3 ± 10% 

•  Strong sensitivity to plasma frequency 
ωpe = [nee2/meε0]1/2 

Ion temperature variation:          
 Ti= 3 eV ± 20% 

•  Strong sensitivity to structure factor 
Sii(k) 

44 Glenzer, FPA meeting, December 11, 2013 



Wavenumber resolved scattering data indicate negative screening 

Using short range repulsion 
provides an excellent fit to W(k) 

Using short range repulsion 
provides an excellent fit 

The measured densities from plasmon data yields a critical experimental test of the ion structure 
factor, where a strong sensitivity also provides an accurate temperature measurement  

10 20 30 40 50 60 70 80 90 100
0

20

40

60

80

100

120

angle (deg)

XRTS code fit (SRRSRR) 
(Te=3eV, ρ=2.32ρ0)

XRTS data
(angularly resolved)

XRTS code fit (SOCPSOCP) 
(Te=3 eV, ρ=2.32ρ0)

W
R
(k

)=
S i

i |f
(k

)+
q(

k)
|2

FWHM ! q(k) > 0 

FWHM ! q(k) < 0 

Te = 3 ± 0.6 eV*

Glenzer, FPA meeting, December 11, 2013 



LCLS experiments of the microphysics have 
provided new insights in ICF ablator physics 

•  X-ray Thomson scattering 
experiments at Omega have 
shown densities of ne = 
1024cm-3 a factor of 2 higher 
than standard radiation-
hydrodynamic simulations with 
a Thomas-Fermi model 

•  Using improved continuum 
lowering models tested in LCLS 
experiments (Stewart-Pyatt, 
Ecker-Kröll) provide excellent 
agreement 

•  The conditions emulate ICF 
capsule ablator conditions 
during ICF implosions -  
accurate modeling of these 
plasmas is important to 
calculate hydrodynamic 
instabilities and compression 

X-ray Thomson scattering measurements of highly 
compressed CH at 50 Mbar ICF conditions (Fletcher et al.) 

Omega X-ray 
scattering data* 

Simulations with 
improved 
continuum 
lowering model 
tested in LCLS 
experiment** 

HYDRA 
simulations with 
Thomas-Fermi 
model 

•  A.L. Kritcher et al., PRL 107, 015002 (2011),  
•  L. Fletcher, Phys. Plasmas (2013), in print 
** O. Ciricosta et al., PRL 109, 065002 (2012) 46 Glenzer, SAC meeting, October 24, 2013 



Laser wakefield >1 GeV 
acceleration of electrons 

Neutron beams >2 e9 
neutrons 

Laser proton and He+ 
acceleration to >100 MeV 

                                   

Laser accelerates electrons 
from plasma.

Electrons convert to gamma 
rays via bremsstrahlung in 
Cu plates.

Gamma rates create 
neutrons in Cu plates.

Laser-electron-neutron source: shortest 
pulse neutron source

Wednesday, October 2, 13

Multi-GeV electrons 
Electron – x-ray interactions 
Isochoric heating 
Record magnetic fields 
•  K. Krushelnik 
•  B. Pollock 
•  T. Tajima 
•  C. Haefner 

Fusion processes 
Fusion diagnostics and target 
chambers 
Material science 
•  E. Moses 
•  D. Froula 
•  P. Chen 
•  J. Wark 

Isochoric heating of matter 
Equation of state of warm 
dense matter 
Medical applications 
•  T. Ditmire 
•  M. Hegelich 
•  M. Roth 
•  G. Korn 
•  G. Mourou 

Laser-particle acceleration holds promise for new 
discoveries and applications 

47 Glenzer, SAC meeting, October 24, 2013 



Plasmas produced with high-intensity lasers accelerate and wiggle 
electrons to emit Betatron x-rays 
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   ωc [eV ] = 5 ×10−21γ 2ne [cm−3 ]r0[µm]

Critical energy 

  
S(ω /ωc ) = (ω /ωc ) K5/3(x)dx

ω /ωc

∞

∫

To obtain ~ 25 keV Betatron X-rays 
we need:"

High energy electrons (γ>1000 or E>0.5 GeV) 
Electron densities 1018-1019 cm-3 

Oscillations amplitude 1-5 µm 
 
 
 

Laser!

10-20 μm"
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Novel particle acceleration mechanism based on Weibel 
instability from high power laser-driven currents 

Counter propagating currents: B-
field growth by Weibel instability 

Astrophysical collisionless shocks 

22 

Principal Investigators: 
   Y. Sakawa (Osaka Univ.) 
   G. Gregori (Univ. of Oxford) 
 
Liaison scientist: H.-S. Park, LLNL 
Collaborators: H. Takabe, Y. Kuramitsu, T. Morita,  
A. Bell, N. Kugland, D. Ryutov, B. Remington,  
S. Pollaine, S. Ross, A. Spitkovsky, L. Gargate,  
L. Sironi, D. Froula, J. Knauer, G. Fiskel, M. Koenig, 
A. Ravasio, A. Pelka, T. Vinci, C. Riconda, F. Miniati, 
N. Woolsey, E. Liang, M. Grosskopf, E. Rutter,  
P. Drake, C. Kuranz, R. Presura 

30 LY�

Shock 

Collisionless 
shocks are 
generated 
when lmfp> lshk �

NIF experimental configurations�

pl
as

m
a 

pl
as

m
a 

•  Platform: New 
•  Major new laser capabilities: None 
—  Look at beam pointing issues 

•  Major new target capabilities: None 
•  Major new diagnostic capabilities: 
—  Interferometry 
—  Thomson scattering 
— B-field measurements— 

Faraday rotation, proton deflectometry 
(requires ARC) 

•  Target area analysis required 
Initial experimental plan to focus on inter-penetrating plasma�

NIF-0511-22027s2.pptx Keane - Science on NIF TRC, June 13-15, 2011    

SN1006 

Laser: 
ILaser = 1020-1021W cm-2 

Target 
ne=1022-1023 cm-3 
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VShock = 0.2 c 
n2/n1 = 3 

F. Fiuza et al. Physical Review 
Letters 108, 235004 (2012).  
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A fully developed Weibel mediated collision-less 
shock can be driven by a high laser power 

50 

30 – 200 TW, 5 – 0.01 Hz; Scheduled: Q2, FY14 

Peta watt laser conditions 

Simulations predict observations of high energy particles at PW laser power 

MEC short-pulse laser: current 30 TW 35 fs

MEC short-pulse laser: near-future upgrade to 200 TW 35 fs

 [fs] P [TW] W0 [µm] a0 np/nc sh

50 21 2 11 12 -

200 5.25 4 2.7 3 -

 [fs] P [TW] W0 [µm] a0 np/nc sh

200 35 5 5.7 6 -

400 17.5 5 4 5 -

40
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Towards the first experimental demonstration of Weibel-mediated shocks!

F. Fiuza | SLAC,  April 9, 2013!

MEC short-pulse laser: upgrade to 1 PW 35 fs!

MEC short-pulse laser: upgrade to 10 PW 35 fs!

t [fs]! P [TW] !W0 [mm]! a0! np/nc! βsh!

200! 175! 5! 14! 30! -!

400! 175! 5! 10! 25! -!

t [fs]! P [TW] !W0 [mm]! a0! np/nc! βsh!

400! 1750! 5! 23! 50! 0.05!

800! 875! 5! 16! 35! 0.04!

100!
!
!

!
!
50!
!

!
!
!
30!

Fully developed shock 

*Calculations with PIC code OSIRIS, F. Fiuza 

t (fs) P 
(TW) 

w0 (mm)* a0 np/ncr βsh*

400 1750 5 23 50 0.05 
800 875 5 16 35 0.04 

t (fs) P 
(TW) 

w0 (mm)* a0 np/ncr βsh*

200 35 5 5.7 6 - 
400 17.5 5 4 5 - 

Weibel instability 


