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•  Introduction 
-  What is High Energy Density Physics? 

-  Why the answer matters and some insights 

•  The Axes of the Extremes 

•  New Discovery Science experiments 
-  Insights from the Linac Coherent Light Source 

-  Investigate the physics of brown dwarfs on NIF 

•  Conclusions and Outlook 
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Ignition is an extreme example of manipulating HED matter 
LCLS-2 can map the microphysics leading to fusion burn 

Physical models 
NLTE-emissivity 
LTE-ablator Opacity 
 
 
EOS of everything 
Thermal conduction 
Bremsstrahlung 
Hot-E-transport 
 
Electron-ion equilibration 
Stopping power 
H-opacity 
Nuclear cross sections 

M=60 sun 

Inertial 
fusion 

Long Pulse 
Laser  

PW-class 
Laser 

Glenzer, LLNL seminar, June 2017 

A majority of interested scientists/students find it difficult to connect 
with this picture 
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A new definition… 

•  The Generation, Study and Control of Self-Organization, 
Far From Equilibrium, through the Action of Intense Fields 

•  That is the mission of HEDP to demonstrate and make 
possible. The study of states far from equilibrium finding 
nonlinear self-organized stability 

Bedros Afeyan, 2017 
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We defined a new program that pushes the extremes;       
- became a major attraction to students and postdocs 
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The Axes of the Extremes 

Non-equilibrium Water 
ultrafast heating 

Properties of 
Hydrogen 

Diamond formation 
under compression 

Physics of Brown 
Dwarfs 

Structure of Warm 
Dense Matter 

Materials under 
extreme Radiation 

Origin of Cosmic Rays 
Extreme B fields 

NIF DS, PI: R. Redmer 

From THz, VUV to 
hard X-rays 



Linac Coherent Light Source (LCLS) X-Ray 
Laser 
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Linac Coherent Light Source at SLAC 
X-FEL based on last 1-km of existing 3-km linac 

Injector at 2-km point 

Acceleration over 1 km 

Far Experiment 
Hall 

Undulator (130 m) 

1.5-15 Å 
(14-4.3 GeV) 

X-ray 
Transport 
Line (200 m) 
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LCLS is an instrument to access extreme conditions 

Building 950 

Building 999 
Electron beam streak measurement 

Energy 
loss due 
to lasing 50 fs pulse 

Be lens, 8 keV 
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Matter in Extreme Conditions (MEC) 



Shaped nanosecond glass laser 



Newton’s third law:  
Action = Reaction 
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Record peak brightness experiments have validated 
DFT simulations of warm dense matter  

Building 950 

Building 999 

Work with high impact; within 4 months another 
group just published: 

“we use recent experimental data [10] to 
demonstrate the inadequacy of two approximations 

that are often used in models....”  
 

We now have a validated model to determine 
thermodynamic state variables: 

Equation of State, Line broadening, Stopping 
Powers, Transport, Opacity,…  



Dynamic compression experiments have resolved  
diamond formation and possibly provide strength 

19 

Ultra-bright LCLS x-rays have observed 
lonsdaleite, ie hexagonal diamond 

Figure 4. Summary of the experimental results. a, Recorded pressure-density diagram for

compressed pyrolytic graphite (ρ0=2.20 g/cm3) compared to literature data without structure in-

formation and a first principles phase diagram32. At lower pressures, there is very good agreement,

whereas at higher pressures, due to the formation of lonsdaleite, we observe higher densities than

predicted by a proposed shock Hugoniot30, which instead suggests a transition to the liquid. b,

Recorded pressure-density diagram for porous polycrystalline graphite (ρ0 =1.84 g/cm3) compared

to experiments without structure information15,31 and a first principles phase diagram. Compara-

ble to the pyrolytic samples, the diamond formation is not fully completed within few nanoseconds

at lower pressures, resulting in a broad peak which sharpens up to ∼100GPa. At higher pressures,

however, the increasing temperature leads to melting of the diamond structure, resulting in broader

and fainter diffraction peaks in agreement with a bonded liquid17. No signature of lonsdaleite is

observed when compressing porous graphite.

15
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• Shear stress relaxation determines shock dynamics near the Hugoniot 
elastic limit

• Ultrafast x-ray diffraction enables in situ measurements of lattice 
dynamics in shock compression experiments
- MEC instrument at LCLS
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Material strength models can be improved by measuring lattice 
dynamics under shock compression

1 R. S. McWilliams et al. Phys. Rev. B 81, 014111 (2010)
2 K. Kondo and T. J. Ahrens. Geophys. Res. Lett. 10, 281—284 (1983) 
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We recorded simultaneous x-ray diffraction and VISAR data

Diffracted 
x-rays

CSPADs

VISAR

X-ray probe (10 keV)

Optical 
drive beams

Diamond foil 
target with 

Mylar ablator

VISAR X-ray diffraction

(220) (311)
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kΦ=0°k0

Debye-Scherrer
diffraction ring

2θ
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We recorded simultaneous x-ray diffraction and VISAR data

Diffracted 
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VISAR
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Debye-Scherrer
diffraction ring

2θM. MacDonald et al. 

2

• Shear stress relaxation determines shock dynamics near the Hugoniot 
elastic limit

• Ultrafast x-ray diffraction enables in situ measurements of lattice 
dynamics in shock compression experiments
- MEC instrument at LCLS
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indicate elastic plastic waves  

  



A big surprise: nano-diamonds form by 
compressing plastic (CH) foils 
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Observation of strong diamond 
diffraction at 200 GPa

•  Important for planetary models and understanding 
of kinetics in dynamic compression 

Figure 4. Summary of diamond formation. (a) With increasing pressure and thus diamond

density, the diamond (111) reflection moves to higher k. The broad background from remaining

liquid CH is subtracted for better comparison. (b) The temperature and pressure conditions where

diamond formation is observed overlaps with the predicted isentropes of Uranus and Neptune

(represented by only one curve due to the small di↵erences25). At the same time no trace of

diamond is found when applying a single shock on polystyrene, which intersects the regime where

diamond formation was suggested by experiments in diamond anvil cells (Benedetti et al.4 and

Hirai et al.10). This supports the trend given by atomistic simulations14, which predict the phase

separation only at higher pressures. The errorbars are given by spatial and temporal gradients in

the hydrodynamic simulations, which are substantiated by several experimental cross-checks (see

Methods section and Supplemental Material).

and pressure. For the “low-pressure drive condition”, this EOS results in 118GPa, and161

165GPa for the “high-pressure” drive condition. While the latter is very close to the hydro162

simulations, the result for the “low-pressure” drive condition shows a larger discrepancy, but163

still provides consistency within the stated uncertainties (see Supplemental Material).164

Fig. 4 compares our results to planetary models, atomistic simulations of the carbon-165

hydrogen phase separation and previous experiments with diamond anvil cells. We do not166

observe any evidence of diamond formation on the probed section along the polystyrene167

shock Hugoniot curve, which partially overlaps with the region of the phase diagram cov-168

ered by experiments with diamond anvil cells. Moreover, we do not find that diamond169

formation mainly scales with temperature above a pressure threshold of ⇠10GPa, as re-170

8

D. Kraus et al.,  
in review 

  



We have developed cryogenic jets for 120 Hz experiments 



We have developed cryogenic jets for 120 Hz experiments 



You see with your eyes: 
1/10th the diameter of a human hair 
Jet: 5 µm 
Human hair: ~50 µm 



Super-cooled hydrogen icicle 

Shadowgraphy  
5 micron H2 jet 

RMS jitter ±1 µm 

Gaussi
an fit 



X-ray scattering at 120 Hz 

Single crystal x-ray diffraction 
(300-550) @ 120 Hz 

Inelastic single photon x-ray detection 
(1700) @ 120 Hz 
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The experiments show that quantum kinetic theories 
are needed to explain equilibration time 

Recent Theories which include electron degeneracy and coupling with collective 
ion modes (Vorberger ’10, Daligaud ‘16) agree with experiment 

WR(k)  ~ TION 
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New discovery science experiments on NIF are 
motivated by LCLS self-heating experiments 

frequency ν found in this way is complex and frequency
dependent, in contrast to the collision frequency evaluated
within the relaxation time approximation [24]. It deter-
mines the conductivity via the generalized Drude expres-
sion σðΔωÞ ¼ ε0ω2

pl;e=½νðΔωÞ − iΔω% [31] as a function of
frequency shift Δω ¼ ωf − ωi between initial and final
electrical field frequency.
The experiment has measured the frequency and angu-

larly resolved x-ray scattering spectra of plasmons in
isochorically heated aluminum. We utilize 50 μm thick
foils that were simultaneously heated and probed [41] with
the ultrafast free-electron x-ray laser beam at LCLS [2,42],
cf. Fig. 1. The x-ray energy of ELCLS ¼ ℏωLCLS ¼
7.98 keV was chosen so that the attenuation length
matched the thickness of the foils, leading to isochoric
x-ray heating by photoabsorption. We varied the heating by
setting the x-ray focal spot (FWHM) to either 1 or 10 μm
through the use of compound beryllium refractive lenses
[43]. After the 25 fs (FWHM) pulse thermal equilibrium
has been established, cf. Fig. 1(b).
To avoid distortion of the plasmon spectra with spectral

noise from x-ray amplification [47], the LCLS was oper-
ated in the high-resolution seeded mode [48]. Further,
adjustable forward scattering spectrometer provides mea-
surements at wave numbers between k ¼ 0.35 Å−1 and
k ¼ 2.1 Å−1. The small source size and the focusing of the
LCLS beam leads to an extremely small uncertainty of
δθ ¼ 0.3° and δk ¼ 0.02 Å−1 [47].

The total scattering spectrum depends on the dynamic
structure factor with contributions from all electrons,
usually described via the Chihara formula [3]. For inelastic
plasmon scattering we only consider the contributions of
free (delocalized) electrons, whose spectrum is sensitive to
the plasma conditions. During the scattering process,
x rays can either gain or lose energy close to the
plasmon resonance frequency ωres, Δωres¼ jωLCLS&ωresj.
This leads to a pair of up- and down-shifted peaks,
whose relative intensity is determined by the electron
temperature Te via the detailed balance relation
S0eeðk;ΔωresÞ=S0eeð−k;−ΔωresÞ¼exp½−ℏΔωres=ðkBTeÞ% [3].
S0ee is the dynamic structure factor of free electrons.
Figure 2(a) shows the experimental Thomson scattering

data from 2000 shots with a 1 μm focal spot size. Also
shown is the instrument function extracted from the spectral
comparison of the forward and backward scattering spec-
trometers (see Fig. 1), deconvolved data, and various
theoretical calculations. The data indicate an elastic scatter-
ing peak at the energy of the incident LCLS x-ray beam
together with a strong plasmon resonance that is down-
shifted in energy by ΔEres ¼ ℏΔωres ¼ 19 eV. Because of
the high signal-to-noise ratio and accurate x-ray source
monitoring we are also able to resolve the up-shifted
plasmon on the blue wing at E ¼ 7999 eV. Detailed
balance determines the temperature to Te ¼ð6&0.5Þ eV.
The error bar was calculated from the least square method
that applies a 5% deviation between calculated and mea-
sured up-shifted plasmon.
Figure 2(b) shows the up-shifted plasmon and calcu-

lations which confirm the electron temperature of Te ¼
6 eV (Te ¼ 0.2 eV) at the end of the heating process with
the 1 μm (10 μm) focus [51]. The 6 eV best fit temperature
agrees with SCFLY calculations, cf. Fig. 1(b).
Figure 2(a) compares measured and deconvolved spectra

with calculations that take into account collisional damping
using different approximations. For the calculations, we use
Te ¼ 6 eV and an ionization degree of Zf ¼ 3which yields
electron densities of ne ¼ 1.8 × 1023 cm−3. This result is
consistent with SCFLY [46] and COMPTRA04 [28] calcula-
tions. The random-phase approximation (RPA) neglects
collisions [55]. Collisional damping is considered via the
collision frequency ν within the MA [49,50] that in each
case includes also local-field corrections [40]. In general, the
collision frequency is complex and frequency dependent.
The comparison of the scattering data with calculations

shows that a frequency-dependent particle-particle collision
operator [51] fits the experiment (best fit). Although some
discrepancies between data and theoretical spectra exist, we
find that the Gould-DeWitt theory (GDW) νGDWðΔωÞ ¼
νBorn þ ðνLB − νBornÞ þ ðνTM − νBornÞ approximates the
averaged energy shift and the low-energy shift behavior
of the plasmon. This approach takes into account weak
collisions via the Born approximation νBorn, strong colli-
sions in the T-matrix approximation νTM [31], and dynamic

FIG. 1 (color). (a) Schematic of the experimental setup and raw
spectra. The seededLCLSbeamat 7.98 keV, 0.1mJ energyof x rays
in a 0.25% bandwidth, and duration of 25 fs (FWHM) containing
≈7 × 1010 photons, is focused onto a 50 μm thick aluminum foil.
The forward scattering spectrometer measures plasmons at scatter-
ing angles of 5° < θ < 30° by a Highly Annealed Pyrolytic
Graphite (HAPG) crystal in a von Hámos configuration [44]
whereas the back scattering spectrometer for scattering angles of
60° provides a highly resolvedmeasure of the source function using
a GaAs crystal [45]. (b) Pulse shape and calculated electron
temperature as a function of time from the collisional-radiative
code SCFLY [46] using focal spot sizes of 1 μm (10 μm) predicting
final temperatures of 5.95 eV (0.06 eV).

PRL 115, 115001 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

11 SEPTEMBER 2015

115001-2

x-ray scattering experiment

!5

P. Sperling et al., Phys. Rev. Lett. 115, 115001 (2015). 

LCLS:!
∆E/E = 25x10-4 
Eph = 7.98 keV 
tFWHM = 25 fs 
E = 0.1 mJ 
dFWHM  = 1-10 µm

2

x-ray scattering experiment

!5

P. Sperling et al., Phys. Rev. Lett. 115, 115001 (2015). 

LCLS:!
∆E/E = 25x10-4 
Eph = 7.98 keV 
tFWHM = 25 fs 
E = 0.1 mJ 
dFWHM  = 1-10 µm

2
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LCLS experiments show nonlinear damping; well-
established BMA can not predict the width 

•  Experimental plasmon width is too 
narrow 

•  Dispersion appears to be matched 
•  Previous studies have shown 

agreement with both shift and 
width 

•  Temperature from detailed balance 
 

We have applied DFT-MD simulations to further analyze this effect 
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DFT-MD results are sensitive to the choice of the 
exchange functional DFT-MD simulated electrical conductivity

!9

Conductivity calculated from Kubo-Greenwood formula

Difference between PBE 
and HSE functional:!
• dc conductivity (∆E->0)!
• ionization edge position

Conductivity show different 
effects:!
• Electron collisions!
• Excitations of conduction 

band electrons!
• Excitations of bound 

electrons
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The HSE functional reproduces experimental data  ionization edge reproduced by HSE functional

!10
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Nonlinear plasmon damping is due to electron 
excitations: effect opposite to what we predict for NIF DFT-MD results show excellent agreement with the measurements

!12

• additional damping by 
electron excitations 
(∆E > 20 eV)              
not described by 
analytical models

Re "(!) = 1� 1

"0!
Im�(!)

Im "(!) =
1

"0!
Re�(!)

"DFT(!, ⌫(!)) = "M(!, ⌫(!))

Extraction of !
collision frequency         :⌫(!)

Ion-feature 
calculated from 
DFT-MDTi = 930 K

Analysis beyond the Chihara approximation shows nonlinear damping 
2010 Fields Medal topic 
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Nonlinear plasmon damping is due to electron 
excitations: effect opposite to what we predict for NIF 

additional plasmon damping caused by electron excitations

!13

Ion-feature 
calculated from 
DFT-MD

• additional damping by 
electron excitations 
(∆E > 20 eV)              
not described by 
analytical models

conduction band !
electron excitation

Drude-like!
behavior

Drude-like!
behavior

conduction band !
electron excitation

Ti = 930 K

•  Demonstration of non-Drude 
conductivity at solid density WDM 

•  Previous studies have shown non-
Drude behavior in expanding 
plasmas 

Warm Dense Matter Demonstrating Non-Drude Conductivity
from Observations of Nonlinear Plasmon Damping

B. B. L. Witte,1,2 L. B. Fletcher,1 E. Galtier,1 E. Gamboa,1 H. J. Lee,1 U. Zastrau,3

R. Redmer,2 S. H. Glenzer,1 and P. Sperling1,3
1SLAC National Accelerator Laboratory, 2575 Sand Hill Road, MS 72 Menlo Park, California 94025 USA

2Institut für Physik, Universität Rostock, 18051 Rostock, Germany
3European XFEL, Holzkoppel 4, 22869 Schenefeld, Germany

(Received 18 November 2016; revised manuscript received 23 March 2017; published 31 May 2017)

We present simulations using finite-temperature density-functional-theory molecular dynamics to calculate
the dynamic electrical conductivity in warm dense aluminum. The comparison between exchange-correlation
functionals in the Perdew-Burke-Enzerhof and Heyd-Scuseria-Enzerhof (HSE) approximation indicates
evident differences in the density of states and the dc conductivity. The HSE calculations show excellent
agreement with experimental Linac Coherent Light Source x-ray plasmon scattering spectra revealing
plasmon damping below the widely used random phase approximation. These findings demonstrate non-
Drude-like behavior of the dynamic conductivity that needs to be taken into account to determine the optical
properties of warm dense matter.

DOI: 10.1103/PhysRevLett.118.225001

The understanding of dissipative effects in systems of
charged particles is one of the key problems in plasma
physics [1,2]. For dilute systems, the linearized Boltzmann
equation describes the transport properties adequately, and
damping of collective plasma modes can be understood by
collisionless dissipative processes known as Landau damp-
ing. However, for dense plasmas, a more complex behavior
beyond the established plasma models, e.g., Drude and
Landau, is anticipated due to strong correlations and
quantum effects inherent under those conditions.
The treatment of nonlinear effects is a particular funda-

mental challenge of mathematical and experimental plasma
physics [3–6]. For instance, the damping of the collective
electron density fluctuations (plasmons) will be modulated
by additional collisional dissipations in warm dense matter
(WDM). However, collisions and electronic excitations
have to be treated in such a regime within a suited
nonperturbative approach based on, e.g., density functional
theory (DFT). Therefore, a close connection between
dissipative effects and the damping behavior of plasmons
is expected in WDM which will become manifest in the
measurement and interpretation of thermal and electrical
conductivities in terms of, e.g., the Lorenz number. The
results are highly relevant for understanding the magnetic
field generation in the interior of planets [7–10] and the
study of fusion plasmas [11–13].
The challenge for the WDM regime is apparent from

long-standing discrepancies between theoretical models
and measurements of the electrical conductivity [14–25].
The theoretical studies are complex and include screened
Coulomb forces that dominate interactions between ions
while electrons are partially to fully degenerate. In par-
ticular, the electron-electron interactions result in nonlocal

Pauli repulsions that can be included in analytical models
[26,27] and simulations [25,28–30] externally. However,
their predictability suffers from the lack of accurate
physical models of these multibody interaction processes.
Thus, it is important to test recent theoretical studies
[31–38] with accurate measurements of, e.g., the dynamic
structure factor (DSF). The DSF is a central quantity for
calculating transport properties [39].
The Linac Coherent Light Source (LCLS) [40–42]

provides 1012 x-ray photons in a narrow bandwidth,
ΔE=E ¼ 10−4, per pulse allowing high signal-to-noise
measurements [26] of the DSF [22]. These precision
x-ray scattering studies determine the response of matter
produced by the x-ray beam itself or by laser drivers [42].
In the forward scattering regime, the scattering spectra
provide the collective plasmon (Langmuir) oscillations
[39,43]. These observations determine dissipative effects
including Landau damping and binary collisions. First
experimental studies [22] have demonstrated that existing
theoretical models using perturbative approximations
[43–46] are not suitable for describing the scattering data
[22]. These findings demonstrate the need to develop
theoretical models that go beyond the random phase
approximation (RPA) to accurately include electronic
excitations and nonlinear plasmon damping effects.
In this Letter, we perform density-functional-theory

molecular dynamic (DFT-MD) simulations of the dynamic
electrical conductivity of isochorically heated aluminum.
The simulations include electron-electron interactions
by the commonly used exchange-correlation (XC) func-
tional of Perdew, Burke, and Enzerhof (PBE) [47] and the
recently developed XC functional of Heyd, Scuseria, and
Enzerhof (HSE) [48]. The resulting conductivity of both

PRL 118, 225001 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
2 JUNE 2017

0031-9007=17=118(22)=225001(6) 225001-1 © 2017 American Physical Society
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We can well reproduce nonlinear plasmon damping; 
dispersion is well described by BMA 

Plasmon dispersion and width understand by DFT-MD simulations

!14

experiment agrees with !
simulation (DFT) and model (Born)

measured plasmon width below !
the width caused by!
Landau damping

Plasmon dispersion relation Plasmon life timePlasmon life time 

Standard theories fail at  
Plasmon damping  
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Creating and measuring the conditions of 
brown dwarfs 

T. Guillot, D. Gautier, Treatise Geophys. (2014) A. Becker et al., ApJS 215, 21 (2014) 

Giant planets in the Solar System: 
•  Layered structure? Size of the  

core? He rain?  
•  Interior – evolution – dynamo 
•  Juno & Cassini missions 

Brown Dwarfs: 
•  Jupiter-sized  
•  13 MJupiter < M < 75 MJupiter 
•  Degenerate matter 
•  Interior – evolution – dynamo  
•  Fully convective layer (?) 

Gliese 229 B 
1995, 18.8 ly 
M1 + T6 (50 AU) 
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Creating and measuring the conditions of 
brown dwarfs 

M. French et al., ApJS 202, 5 (2012) A. Becker et al., ApJS 215, 21 (2014) A. Becker et al. (2016) 

Jupiter    Saturn  

Brown Dwarf 

Probe extreme states of matter as deep inside brown dwarfs:  
tens of eV and tens of g/cm3  
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X-ray Thomson scattering has been developed 
as part of the NIF discovery science program 

NIF X-ray scattering experiments have been demonstrated on CH and Be 
shell implosions, NIF PI T. Döppner  
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X-ray Thomson scattering has been developed 
as part of the NIF discovery science program 
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X-ray Thomson scattering has been developed 
as part of the NIF discovery science program 
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X-ray Thomson scattering has been developed 
as part of the NIF discovery science program 
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XRTS data in the Compton regime show 50 g/cc 

Compton width: sensitive to ρ
Reduced elastic scatter at highest ρ 

Compton width is a robust indicator of ρ demonstrating conditions such 
as those found in brown dwarfs  

MUZE (S. Hansen) shows reduction of 
atomic scattering and structure factor 
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DFT-MD simulations for NIF brown dwarf experiments 
predict DOS – EOS – sigma – XRTS spectrum 

 
 

Be as promising test case at NIF 

•  Peak shift as expected 
•  Important for conductivity 

Structure Factor: 
•  Drude fit yields Z*=3.77 
•  Electron excitations occur above  

80eV (non-Drude) 
•  Born-Mermin predictions are invalid 

Electrical Conductivity: 
•  Electron excitations change shape  

and width of plasmon 
•  Plasmon damping and dispersion 

yields dynamic relaxation time and 
electrical conductivity 

XRTS plasmon feature: 
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Our predictions for the plasmon scattering spectrum shows significant 
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Outline 

Glenzer, LCLS, April 2015 

•  Introduction 
-  What is High Energy Density Physics? 

-  Why the answer matters and some insights 

•  The Axes of the Extremes 

•  New Discovery Science experiments 
-  Insights from the Linac Coherent Light Source 

-  Investigate the physics of brown dwarfs on NIF 

•  Conclusions and Outlook 
 



Rapid progress in the development of Cryogenic Jets 
has resulted in high-energy proton/deuteron beams 

Cylindrical H2 Jet Flat H2 Jet Droplet H2 Jet 

2-20 µm 
diameter 

30 µm wide, 
1 µm thick 
[patented] 

5 µm radius 

Cryogenic jets are an excellent tool for HED physics studies 
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Experiments on cryogenic hydrogen jets have 
observed the generation of 100 MG Weibel B-fields  

Modulated laser-accelerated proton beams probe the Weibel instability, not RT 

Relativistic Electron Streaming Instabilities Modulate Proton Beams Accelerated
in Laser-Plasma Interactions
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We report experimental evidence that multi-MeV protons accelerated in relativistic laser-plasma
interactions are modulated by strong filamentary electromagnetic fields. Modulations are observed when a
preplasma is developed on the rear side of a μm-scale solid-density hydrogen target. Under such conditions,
electromagnetic fields are amplified by the relativistic electron Weibel instability and are maximized at
the critical density region of the target. The analysis of the spatial profile of the protons indicates the
generation of B > 10 MG and E > 0.1 MV=μm fields with a μm-scale wavelength. These results are in
good agreement with three-dimensional particle-in-cell simulations and analytical estimates, which further
confirm that this process is dominant for different target materials provided that a preplasma is formed on
the rear side with scale length ≳0.13λ0

ffiffiffiffiffi
a0

p
. These findings impose important constraints on the preplasma

levels required for high-quality proton acceleration for multipurpose applications.

DOI: 10.1103/PhysRevLett.118.194801

Proton acceleration from high-intensity laser-plasma
interactions offers an important and compact tool for
diagnosing high-energy-density matter and strong electro-
magnetic fields [1–3] as well as for potential application to
inertial fusion energy [4,5] and medicine [6,7]. The control
of the proton beam quality is critical for these multidisci-
plinary applications. The majority of proton acceleration
experiments have used 1–100 μm thick solid-density foils
as the main target [8–11]. Protons are dominantly accel-
erated by the so-called Target Normal Sheath Acceleration
(TNSA) mechanism [12,13], where fast electrons produced
by the laser at the front surface excite a strong space-charge
electric field as they leave the target on the rear side. This E
field can reach amplitudes of several MV=μm and accel-
erate protons to 10’s of MeV. Spatial modulations of the
proton beams have been observed for insulator targets
(e.g., plastic, CH) [14–17] and attributed to an instability of
the ionization front that affects the uniformity of the sheath
E field [16].
More recently, a significant effort has been devoted to

exploit the use of ultrathin (1 nm–1 μm) and/or mass limited
solid targets to control the energy and the quality of the proton
beams [18]. However, in this regime, experimental studies
have also shown that accelerated proton beams can develop
strong spatial modulations [19–21]. These modulations were
attributed to Rayleigh-Taylor-type (RT) instabilities at the

front sideof the laser-target interaction [22,23], but it is not yet
clear if, in general, this is the dominant process for these type
of targets. Namely, the role of streaming instabilities, which
arewell known to affect the electrons accelerated by the laser
[24–30], has not yet been considered in detail for protons.
In this Letter, we report on experimental results from

laser-plasma interactions using μm-scale solid-density
hydrogen jets, which show that in the presence of a
rear-side preplasma, the accelerated proton beams are
spatially modulated by filamentary electromagnetic fields.
Analytical estimates for the growth of the Weibel or
current-filamentation instability [31–33] (hereafter referred
to as Weibel-type instabilities, WI) show that near the rear-
side critical density region the fields significantly exceed
those in the bulk of the target and modulate TNSA protons.
Two- (2D) and three-dimensional (3D) particle-in-cell
(PIC) simulations of the experimental conditions confirm
our model and show good agreement with both analytical
estimates and measured proton data. Simulation results
further indicate that this process is relatively independent of
the target material and is mostly controlled by the laser
parameters and the scale of the rear-side preplasma. In
particular, it will become predominant and strongly affect
the quality of proton beams for scale lengths ≳0.13λ0

ffiffiffiffiffi
a0

p

(where a0 and λ0 are the normalized vector potential and
wavelength of the laser).
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The experiment was performed using the 150-TW laser
system DRACO at the HZDR. The 30 fs laser pulses of the
Ti:sapphire laser system (800 nm) were focused with an
f=2.5 off-axis parabolic mirror to a spot size of 3 μm
(FWHM) that contains 85% of the pulse energy (Fig. 1).
For a pulse energy of 3 J on target, the resulting average
intensity is 5 × 1020 W=cm2 and corresponds to a peak
normalized vector potential a0 ¼ eE=mω0c ∼ 21. The
main target consists of a solid-density hydrogen jet with
a diameter of either 5 or 10 μm. The characterization and
working principle of the cryogenic hydrogen jet source is
described in Ref. [34]. The temporal pulse contrast of the
laser was measured using a third-order autocorrelator with
high dynamic range. Ionization sets in at −7 ps, corre-
sponding to a prepulse intensity of 1012–1013 W=cm2. A
Nomarski-interferometer setup [35] using an optical probe
pulse (400 nm) is used to characterize the preplasma at
12 μm from the initial target surface (see inset in Fig. 1).
The measurements reveal a significant preplasma both on
the front and rear sides with densities of 2.6 × 1020 and
1.5 × 1020 cm−3, respectively (see Supplemental Material
[36]). Assuming a single exponential radial profile from
the edge of the cylindrical jet we estimate a plasma scale
length Lp ≃ 2.3 μm on the front side and Lp ≃ 2.1 μm on
the rear side, suggesting a cylindrically symmetric pre-
plasma profile. For this preplasma level, the bulk density
remains relativistically overcritical for our laser parameters.

The accelerated protons were characterized using three
Thomson parabola spectrometers (TPS) equipped with
multichannel plates (MCP) for fast detection, set up in
the laser-forward direction (0°) and in "45°. Proton spectra
were recorded simultaneously in all TPS with a repetition
rate of up to 1 Hz [37]. All proton spectra show a similar
exponential profile for all angles (0° and "45°), typical of
TNSA, where protons are accelerated along the normal
of the target surface. In the laser-forward direction, the
energy cutoff is at ∼6 MeV while at "45° it is at ∼4 MeV
[Fig. 2(a)]. This anisotropy of maximum proton energy is
consistent with a sheath set up by the divergent fast electron
stream produced by the laser [38].
The proton beam profile was measured on a single shot

basis with radiochromic film (RCF) stacks. They were
installed in the laser-forward direction, 55 mm away from
the interaction point covering an angle of "20°. The beam
profiles for the 5 and 10 μm jets are shown in the inset of
Fig. 1 and in Figs. 2(b)–2(d). In both cases a filamentary
netlike pattern with high modulation contrast can be
observed, with a clear overlap of the main structures for

FIG. 1. Experimental setup: A 150-TW laser, focused onto a
solid-density hydrogen jet target, accelerates protons to multi-
MeV energies, measured with Thomson parabola spectrometers
(TPS). The proton beam profile in the laser-forward direction is
detected with RCF stacks showing strong transverse modulations.
Time-resolved interferometry measurements reveal the existence
of a preplasma at the time of the laser-plasma interaction.

FIG. 2. (a) Proton spectra from a 10 μm hydrogen jet, measured
at different angles (0°,45°, −45°) from the laser forward direction,
from a 2 μm Ti foil at 0°, and from 3D PIC simulations of the
hydrogen jet. (b)–(e) RCF stack shows the proton beam profile
in laser-forward direction for (b) 4.8 MeV and 10 μm jet,
(c) 1.4 MeV and 5 μm jet, (d) 4.8 MeV and 5 μm jet, and
(e) 4.8 MeV and 2 μm Ti foil. (f) Lineouts of the proton profiles
taken at the position of the white dashed lines in (c)–(e).
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from a 2 μm Ti foil at 0°, and from 3D PIC simulations of the
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Experiments with cryogenic hydrogen have observed 
record 80 MeV protons at Texas PetaWatt 
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Thomson parabola measurements 

o  Optimization of target thickness 
o  Further improve contrast (2 plasma mirrors) 
o  Increase shot rate 

Predictions from PIC simulations 

Setting the stage for fusion plasma diagnostics and novel accelerators 
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Applying our LCLS techniques to visualize the ultrafast 
transformation of matter to warm dense matter 
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400 nm, 130 fs pump 
beam (φ=420 µm) 

Sample card on motorized stage 3.2 MeV, <200 fs,       

20 fc electron probe 

Data for 900 J/m2 on Au  

Observation of Debye-Waller effect and formation of WDM 

Precision experiments provide melting data on atomic scales to test modeling 
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Phonon softening prevails over phonon hardening in 
the observed three melting regimes in warm dense gold 
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Comparison with Ernstorfer’s published data  
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Comparison with Ernstorfer’s published data  
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Comparison with Ernstorfer’s published data  
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Comparison with Ernstorfer’s published data  
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Comparison with Ernstorfer’s published data  
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LCLS-II will greatly enhance x-ray capabilities 
for HED research 
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LCLS-II will greatly enhance x-ray capabilities 
for HED research 
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LCLS-II will greatly enhance x-ray capabilities 
for HED research 

New LCLS-II capabilities 
•  Higher photon energy (0.25- 25 keV) 
•  Higher energy per pulse (> 4 mJ) 
•  20 fs synchronization [optical-x-ray; x-ray-x-ray] 
•  2 color pulses  

•  E1 – E2 = 0 – 500 eV 
•  0- 200 fs; N* 330 ps 

•  Pulse Trains 
•  8 pulses 
•  ΔX < 20 µm 

•  Variable bandwidth 
•  10-4 – 2% 

•  Attosecond Pulses 
•  0.5fs 
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SLAC HED is bringing the HED community to MEC 
and LCLS 

HPL-4, 2016 

2013 

2014 

2015 



Thank you! 


