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Grand challenges of high energy density science 
 
 Examples of big HED                  

science questions 

 

§  How does the sun work? 

§  How did Jupiter form? 

§  Can we re-create the power of 
stars in the laboratory to provide 
future sources of energy? 

§  What are the mechanisms of stellar 
explosions? 

 

 

 It is critical to understand relationships between temperature, pressure and density in 
such environments 
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Large scale laser facilities can now recreate  
HED plasmas 
 

 HED plasmas are often in non-equilibrium states and extremely difficult to probe 

NIF OMEGA Jupiter Laser Facility 

LCLS Texas Petawatt BELLA 
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X-ray sources are transformational tools for HED 
science 
 

“Ultra-bright X-ray sources will be a transformational tool because of their ability to probe 
matter down to the atomic scale with unprecedented time resolution.”  
 
“Unfortunately, both synchrotron and XFEL sources are kilometer-scale sizes and cannot be 
used in conjunction with large scale drivers such as NIF.”  
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 We need to develop new x-ray sources to probe HED conditions at the sub-ps time 

and couple then with large HED science drivers 
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Laser-driven x-ray sources can complement 
synchrotrons and free electron lasers 
 

Laser-plasma approach 

Hard X-rays (up to 100 keV) 
High brightness 
Small scale 
Ultrafast (fs) 
Some spatial coherence 

Free Electron Laser 

Soft X-rays (8 keV) 
Very High brightness 
One beamline 
Ultrafast (fs) 
Coherent 

Synchrotron 

Hard X-rays 
High brightness 
Multiple beamlines 
Not ultrafast (ps) 
Not coherent 

Electrons from storage ring 
wiggled by undulators 

Electrons from linac wiggled 
by undulators 

Electrons from laser-produced 
plasma wiggled by plasma 

LCLS undulator!APS!
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✓!
✓!
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Comparison of betatron radiation with existing light 
sources 
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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 30-50 fs 

Source maximum 
peak brightness 

1022 photons/(mm2 
x mrad2 x s. x 0.1 
% BW)  
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Plasmas can naturally sustain large acceleration 
gradients > 100 GV/m 
 

2.4. Onde plasma et accélération d’électrons 25

tudinal (figure 2.2), auquel est associé une onde plasma se déplaçant à la vitesse de groupe

du laser.
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Champ E longitudinal
accélération

Direction de propagation

Fig. 2.2 : Génération d’une onde plasma et d’un champ électrique longitudinal pour accélérer
des électrons par laser

2.4.1 Champ électrique généré par l’onde plasma

La perturbation de densité électronique longitudinale dans le plasma �ne peut s’expri-

mer de la façon suivante :
�ne

ne
= � sin(kpz � ⇤pt), (2.42)

où � représente l’amplitude de l’onde plasma, comprise entre 0 et 1. Le champ électrique
�E peut ensuite être calculé en utilisant l’équation de Poisson, soit :

�⇥. �E = �e�ne

⇥0
=

ene�

⇥0
sin(kpz � ⇤pt). (2.43)

Charge separation 
Ponderomotive force 

Longitudinal field 
Acceleration 
 

ω p =
nee

2

mε0

ne =1018  cm−3  →  τ p =111×10−15s

Plasma frequency 

Resonance condition        τlaser~ τplasma 
       

Key parameters 

T. Tajima and J. Dawson, PRL 1979 
W. Lu et al., PRSTAB 2007 
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This field has been growing since the observation of 
monoenergetic beams in 2004 
 

Laser 
Facility 

Pulse 
enrgy 
(J) 

Duration 
(fs) 

Spot size 
(µm 
fwhm) 

a0 Electron 
density cm-3 

Energy 
(GeV) 

Year Reference 

Astra - 
Gemini 
(RAL) 

10-15 45-55 20 2.5-3.5 3-10 x 1018 ~ 1 2014 Experiments 

Hercules 
(U Mich) 

2.3 32 11.2  4.7 4-22 x 1018 

 
0.8 2010 Experiments 

BELLA 
(LBNL) 

16 40 50 1.6 7 x 1017 

 
4.25 2014 Leemans PRL 

Callisto 
(LLNL) 

4-8 60 12 2 5 x 1018 

 
1.4 2010 Clayton PRL 

Texas 
Petawatt 

170 150 60 ~ 2 2 x 1017 2 2013 Wang NComm 

APRI 
(Korea) 

30 30-60 25 3.7 0.8 x 1018 

 
3 2013 Kim PRL 

 Several groups are now producing GeV beams 
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Betatron x-rays 

10–20 micrometers
Ion bubbleElectron sheath

Laser pulse
Trapped electron

Betatron x-ray beam

“Betatron x-rays bring focus to a very small, very fast world”, LLNL S&T Review, January/February 2014  
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Regime of laser-plasma acceleration Laser/plasma 
parameters Facilities 

Blowout 

1-40 J 
25-60 fs 

ne=1019 cm-3 

τlaser~τplasma 
 

LCLS-MEC (SLAC) 
Hercules (U. Mich) 

BELLA (LBNL) 
Texas Petawatt 

Self modulated 
Or 
Direct laser  
acceleration 50-1000 J 

1 ps 
ne=1019 cm-3 

τlaser>>τplasma 

 
Titan (LLNL) 

NIF-ARC (LLNL) 
OMEGA EP (LLE) 

 

There are different regimes of laser-plasma 
acceleration that produce electrons and x-ray sources 
 

10–20 micrometers
Ion bubbleElectron sheath

Laser pulse
Trapped electron

B. Bingham 
Nature (1998) 
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Betatron radiation has been produced at many laser 
facilities 
 Laser 
Facility 

Pulse 
enrgy (J) 

Duration 
(fs) 

Spot size 
(µm fwhm)/ 
% energy 

a0 Electron 
density 
cm-3 

# x-ray 
photons 

X-ray 
energy 
(keV) 

Year Reference 

S. Jaune 
(LOA) 

1 30 18 / 50 1.2 8 x 1018 108 

 
1-10 2004 Rousse PRL 

Gemini 
(RAL) 

10-15 45-55 20 2.5-3.
5 

3-10 x 1018 109 1-100 2014 Recent 
experiments 

Hercules 
(U Mich) 

2.3 32 11.2 / 55 4.7 4-22 x 1018 

 
106-108 

 
1-84 2010 Kneip NPhys 

T-REX 
(LBNL) 

1.3 24 28 1 4-10 x 1018 

 
N.A.  2-20 2012 Plateau PRL 

Callisto 
(LLNL) 

4-8 60 12 2 5 x 1018 

 
108 1-80 2013 Albert PRL 

Texas 
Petawatt 

170 150 60 ~ 2 2 x 1017 108-109 

 
1-80 2013 Wang 

NComm 

ALLS 
(INRS) 

2.5 30  24 1.2 5.4 x 1018 3.6 x 107 1-20 2011 Plateau NJP 

JETI 
(Jena) 

0.73 27 12 1.9 2-20 x 1018 
 

5 x 107 
 

N.A. 2013 Schnell 
Ncomm 

Vulcan 
(RAL) 

280 630 3.2 13-29 1 x 1019 
 

~ 5 x 108 
 

1-50 2008 Kneip PRL 

Titan 
(LLNL) 

150 1000 20 1-3 1x 1019 
 

N. A.  1-50 2015 Albert et al 
Experiments 
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Laser-driven light sources have tremendous potential 
for applications 
 

1 5 10 50 100 500 1000

105

108

1011

1014

1017

X!ray energy !keV"

A
ve
ra
ge
X
!
ra
y
flu
x
!pho

to
ns
#s#0.1

"
BW
" APS$(SPX)$

LCLS$

Compton$

Betatron$

ALS$(slicing)$

X"ray&absorp+on&

XPCI&

Laser wakefield accelerator based light sources: potential applications and requirements 
F. Albert, A. G. R. Thomas, S. P. D. Mangles, S. Banerjee, S. Corde, A. Flacco, M. Litos, D. Neely, J. Vieira, 
Z. Najmudin, R. Bingham, C. Joshi, and T. Katsouleas, Plasma Physics and Controlled Fusion (2014).  

Plasma Phys. Control. Fusion 56 (2014) 084015 F Albert et al

parameter increases, the photon spectrum tends towards a
synchrotron-like broad spectrum, extending to much higher
photon energies than the shifted fundamental.

The emission of photons in such processes clearly
indicates that a force is applied to the electron to conserve
momentum. This radiation force has a classical form, which is
self-consistent within the limits that the acceleration timescale
is much larger than τ0 = 2e2/3mc3 = 6.3 × 10−23 s [58],
which is principally a damping of motion due to loss of
momentum to the radiation. One of the interesting phenomena
arising from this laser-electron interaction is that the radiation
damping is theoretically predicted to be so extreme that for a
sufficiently intense laser, the electron beam may lose almost all
its energy in the interaction time [59–61]. This means that the
radiation force is comparable to the accelerating force, which
has the implication that the spectrum of the radiation should
be strongly modified.

3. Review of x- and γ-ray applications

This section discusses three specific promising applications
of laser–plasma accelerator-based light sources: x-ray phase
contrast imaging (XPCI), x-ray absorption spectroscopy, and
nuclear resonance fluorescence (NRF). While this list is not
intended to be exhaustive, here we describe the basic principles
of these applications and discuss ongoing and future efforts
to improve them with either betatron radiation or Compton
scattering from laser–plasma accelerators.

3.1. X-ray phase contrast imaging

XPCI records the modifications of the phase of an x-ray beam
as it passes through a material, as opposed to its amplitude
recorded with conventional x-ray radiography techniques.
When x-rays pass through matter, elastic scattering causes a
phase shift of the wave passing through the object of interest.
The cross-section for elastic scattering of x-rays in low-Z
elements is usually much greater than for absorption [62]. The
total phase shift induced on an x-ray wave when it travels a
distance z through a sample with complex index of refraction
n = 1−δ +iβ is due to the real part of the index and calculated
with the relation:

$(z) = 2π

λ

∫ z

0
δ(x)dx, (4)

where λ is the x-ray wavelength. For two distinct low-Z
elements, the difference in the real part of the complex index of
refraction is much larger than the difference in the imaginary
part. It means that for quasi transparent objects such as
biological samples or tissues, this technique is more sensitive
to small density variations, and offers better contrast than
conventional radiography. For the past decade, XPCI has
been a very active topic of research for medical, biological,
and industrial applications. Consequently, several XPCI
techniques have been developed based on interferometry [62],
gratings [63] and free space propagation [64]. In combination
with these techniques, XPCI has been done with various x-ray
sources. Examples includes images of a small fish recorded
with a standard x-ray tube and gratings [65], images of a
bee obtained with a Mo K-alpha laser-based source [66] and

Figure 3. Single-shot x-ray phase contrast image of a cricket taken
using the Astra Gemini Laser. This 200 TW laser produces 1 GeV
electron beams and very hard x-rays (with critical energy >30 keV).
The image shows minimal absorption, indicative of high flux of
photons at energies >20 keV, for which the phase-shift cross-section
greatly exceeds (>100×) that for absorption.

phase contrast radiography using x-pinch radiation [67]. Even
though, as suggested by equation (4), it is suitable to use a
monochromatic x-ray source for XPCI, polychromatic sources
with high spatial coherence can also be used [68, 69]. In
this case, the scheme is much simpler and does not require
using complex and expensive x-ray optics. Much of the
sources currently used for XPCI do not have a high temporal
resolution desirable to take snapshots of laser-driven shocks
or other phenomena. XPCI measurements of shocks done
at synchrotrons were limited to a temporal resolution of
∼ 100 ps [70]; betatron x-ray radiation, where the source
size is less than a few micrometers [38], has the potential
to offer three orders of magnitude better time resolution.
For a source size of 2 µm and a critical energy of 8 keV,
the transverse coherence length of betatron radiation was
measured at Ltrans = 3 µm 5 cm away from the source, which
is sufficient to observe Fresnel diffraction fringes [37]. Using
free space propagation techniques, proof-of-principle XPCI
measurements of biological samples have recently been done
[9, 10] with betatron radiation. These promising results have
led to an extension of this technique to higher x-ray energies
[71], with an example shown in figure 3.

To generate a single-shot image, a large photon number
is required. As an approximate threshold, a megapixel
(1024×1024 pixels) is a reasonable number of elements to
make an image. The relative fluctuations from Poisson

statistics will scale as 1/

√
Nij , where Nij is the average

number of detected photons per pixel. Therefore, for a
low noise image the number of photons per shot should be
N ≫ 106, assuming the x-rays uniformly fill the detector and
are detected. In practice N ≫ 108 is more realistic, given

4

Absorption spectroscopy 

Phase contrast imaging 
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Probe Configuration Example of facilities (US) Frontier plasma science 

Titan 
LCLS MEC ns optical laser 

OMEGA 
NIF 

High pressure and shock 
physics 

Equation of state 
Material strength 
Phase transitions 

Opacity  
 

LCLS MEC short pulse 
Hercules 
BELLA 

 

High power laser-matter 
interaction 

Relativistic laser-plasma 
interactions 

Laboratory astrophysics  
Laser-plasma accelerators 
Ultrafast phase transitions  

LCLS MEC 

X-ray matter interaction 
Isochroric heating 
100’s eV plasmas 

Ultrafast phase transitions 
Nuclear Physics 

Opacity 

Classes of possible HED experiments with laser driven 
secondary sources 
 

Target 
ns laser 

Target 

Secondary 
source 

Secondary 
source 

Target fs (TW) laser 

Secondary 
source 

LCLS 
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Non thermal melting in SiO2 
 
 

Target fs (TW) laser 

Secondary 
source 

Betatron x-rays 

mJ 
45 fs 

Spectrometer 

SiO2 

LCLS 

 Simultaneous measurement of the local (XANES) and large-scale (diffraction) 
structure evolution of non thermal melting in Si02 

X-ray diffraction 

X-rays Si02 

A
bs

or
pt

io
n 

O edge  
XANES 

LCLS LG84 experiment (Summer 2015) 

Energy (eV) 

Ultrafast phase transitions 
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Aluminum plasma heated by XFEL 
 
 

Target 

Secondary 
source 

LCLS 

Betatron x-rays 

Spectrometer 

Al 

LCLS 

 0

 2

 4

 6

 8

 10

 12

 0  50  100  150  200

Te
m

pe
ra

tu
re

 (e
V)

Time (fs)

electrons, 20 um
electrons, 80 um

ions, 20 um
ions, 80 um

S. Hau-Riege (LLNL)!

!"#$%

!"#&%

!"#'%

!"#(%

!"#)%

"#"%

"#)%

"#(%

"#'%

)$*"% )$+"% ),)"% ),'"%

!"

-%./01%

234%'""5%
234)"""5%
234("""5%
234'"""5%

  
 

!"!#
!"$#
!"%#
!"&#
!"'#
("!#
("$#
("%#
("&#
("'#

()))# ()&!# ()&)# ()*!# ()*)#

µ
 !+
",
""#

-#./01#

2/34!!5#
2/3)!!!5#
2/3(!!!!5#
2/3$!!!!5#

XANES EXAFS 

Y. Ping (LLNL)!

 Electron-ion equilibration in isochorically heated Al plasma 

LCLS LJ11 experiment (March 2016) 

X-ray matter interactions 



Lawrence Livermore National Laboratory 16 
 F. Albert  

Collaborators 
 
 B. B. Pollock, A. Pak, J. Ralph, Y. Ping, S. Hau-Riege, J. Moody (LLNL) 

 
 
J. L. Shaw, N. Lemos, K.A. Marsh, C.E. Clayton, and C. Joshi (UCLA) 
 
 
E. Galtier, P. Heimann, E. Granados, H. J. Lee, B. Nagler, A. Fry (LCLS) 
 
 
W. Schumaker, F. Fiuza, E. Gamboa, L. Fletcher, S.H Glenzer (SLAC SIMES) 
 
 
A. Ravasio, M. Koenig (LULI) 
 
 
B. Barbrel, A. Saunders, R. W. Falcone (LBNL) 
 
 
S. Mangles, J. Woods, K. Powder, N. Lopes, E. Hill, S. Rose, Z. Najmudin (Imperial College London) 
 
 
J. King, R. Freeman (LLNL/OSU) 
 
 
P. Zeitoun (LOA) 
 
 
J. Luning (LCPMR) 

−100 0 100 200 300 400 500
0.8

1

1.2

1.4

1.6

pixel number

in
te

ns
ity

 a
.u

.

RAL 2014 stuart.mangles@imperial.ac.uk

very preliminary analysis of shock data

• Lineout clearly reveals shock front 
– and possibly the density difference??

unshocked

shocked
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§  Laser-plasma accelerators are unique sources of x-ray and electron 
probes for frontier plasma science 

§  They will be coupled to large HED drivers: JLF-Titan, NIF-ARC, 
OMEGA, LCLS-MEC  

§  X-ray sources driven by laser-plasma accelerators have tremendous 
potential for time-resolved HED science applications 
•  We need to quantify source parameters for given applications 
•  Improvements needed to the sources driven by science applications 
•  HEDP and LWFA communities 

§  Other x-ray productions mechanisms (Compton scattering) 

§  Other domains of applications 
•  Nuclear physics 
•  National security 
•  Condensed matter and material science 
•  Biology/medical 

Conclusion and outlook 
 
 

See 
Alec Thomas – Wed 2:20 pm  
Cameron Geddes – Wed 2:40 pm 


