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Outline

§ Laser plasma acceleration: an alternative to synchrotrons and 
XFELs for novel x-ray probes

§ Role of mid-scale laser facilities - LaserNetUS

§ Development and applications of x-ray sources based on laser 
plasma acceleration at LaserNetUS facilities

§ Conclusion and perspectives
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Conventional x-ray light sources are large scale national facilities

3 km

X-ray free electron laser: LCLS Synchrotron: APS

SLAC, CA Argonne Nat. Lab., IL

Coupling such sources to large lasers is currently impractical
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Laser-produced plasmas can naturally sustain large acceleration 
gradients

SRF Cavity Gas cell – laser plasma

100 MV/m 100 GV/m

E0 =
mcω p

e
ω p =

nee
2

mε0
ne =1018  cm−3  →  E0 = 96 GV/m

Plasma frequencyAcceleration gradient
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In a plasma, electrons are much lighter than ions and move 
around faster

Ion Electrons
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Plasma wave behind a laser

An intense laser pulses drive electron plasma waves

Wake behind a boat

Nuno Lemos, LLNL

Width of human hair

Laser pulse
I>1018 W/cm2

60 µm
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Plasma wave behind a laser

An intense laser pulses drive electron plasma waves

Wake behind a boat
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Plasma wave behind a laser

An intense laser pulses drive electron plasma waves

Wake behind a boat

Nuno Lemos, LLNL

60 µm



LLNL-PRES-xxxxxx
9

Laser pulse

Electron plasma wave

F. Albert et al, Laser wakefield accelerator based light sources: potential applications and requirements, Plasma Phys. 
Control. Fusion 56 084015 (2014)
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Laser pulse

Electron plasma wave

Trapped 
Electron

F. Albert et al, Laser wakefield accelerator based light sources: potential applications and requirements, Plasma Phys. 
Control. Fusion 56 084015 (2014)



LLNL-PRES-xxxxxx
11

Laser pulse

Electron plasma wave

Trapped 
Electron

F. Albert et al, Laser wakefield accelerator based light sources: potential applications and requirements, Plasma Phys. 
Control. Fusion 56 084015 (2014)
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Laser pulse

Electron plasma wave

Betatron
X-ray beam

Trapped 
Electron

F. Albert et al, Laser wakefield accelerator based light sources: potential applications and requirements, Plasma Phys. 
Control. Fusion 56 084015 (2014)
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Laser wakefield acceleration can produce x-rays using several 
processes

e- X-raysBetatron x-ray radiation

Laser photon

Scattered photonCompton scattering

+
Bremsstrahlung

Gamma-ray photon

Nucleus

1

2

3

e-

e-

Laser
Gas
ne ~ 1019 cm-3

Nozzle

Laser
Gas
ne ~ 1019 cm-3

Nozzle

Laser
Gas
ne ~ 1019 cm-3

Nozzle

Low Z foil

High-Z foil

Ex ~ 𝛾!𝑛"𝑟#

Ex ~ 4𝛾! EL

Ex ~ 𝛾

keV

keV - MeV

MeV
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Most of these sources are typically produced with ultrashort 
laser pulses in the blowout regime (cτ ~ lp/2)

e-
de
ns
ity

ne

0

cτ

lp=c/ωp~ 1/ne
1/2

Condition to be in the blowout regime cτ ~ 1/ne
1/2 30 fs  ne~ 1019 cm-3
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Self modulated laser wakefield acceleration is easier to achieve 
with picosecond scale lasers (cτ >> lp)

e-
de
ns
ity

ne

0

cτ

lp=c/ωp~ 1/ne1/2

Condition to be in the self modulated regime cτ >>~ 1/ne
1/2 1 ps ne~ 1019 cm-3
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High charge, relativistic electron beams are accelerated through 
self-modulated laser wakefield acceleration

Electron plasma wave

Laser pulse envelope

cτLaser
300 µm (1 ps)

lp
Laser
I>1018 W/cm2

Gas
ne ~ 1019 cm-3

Nozzle

lp = c/ωp~ 1/ne
1/2

10 µm

Creation of an electron 
plasma wave (EPW)

1 Raman forward and self-
modulation instabilities

Wave breaking traps electrons 
in EPW potential

ω0=ωs +/-mωp
k0 = ks +/-mkp

2 3

Laser Intensity

Electron density
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Outline

§ Laser plasma acceleration: an alternative to synchrotrons and 
XFELs for novel x-ray probes

§ Role of mid-scale laser facilities - LaserNetUS

§ Development and applications of x-ray sources based on laser 
plasma acceleration at LaserNetUS facilities

§ Conclusion and perspectives
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The Mission of LaserNetUS

Science

Access & 
Networking

Workforce

Advancing the frontiers of laser-science 
research.

Providing students and scientists with 
broad access to unique facilities and 
enabling technologies.

Fostering collaboration among 
researchers and networks from around 
the world.

LaserNetUS was established in August 2018 to enable US scientific leadership in laser-driven High 

Energy Density and High Field Optical Sciences by:

1

2

3 LaserNetUS has been successful. However, it requires 
coordination and planning, and we have more work to do!
We are committed to our mission and vision.

The mission of LaserNetUS
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Summary of capabilities

• 10 high power laser facilities*
• Includes the 6 most powerful lasers

housed at Universities
• Highest powers exceed 1 petawatt
• Dedicated to the proposition that ALL research groups 

should have access to the brightest light

*UCF not yet offering beam time

Summary of capabilities
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4

LASERNETUS ORGANIZATIONAL CHART

U.S. DEPARTMENT OF ENERGY, OFFICE OF FUSION ENERGY SCIENCES

CHAIR VICE CHAIR COORDINATORLA
SE
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US
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INTENSE-LIGHT USERS 
ENGAGEMENT (I-USE)NETWORK  FACILITIES SCIENTIFIC 

ADVISORY BOARDDIAGNOSTICS SIMULATIONS PROPOAL 
REVIEW PANEL

CHAIRCHAIR VICE CHAIR CHAIR CO-CHAIR CHAIR VICE CHAIR CHAIR VICE CHAIR CHAIR PAST CHAIR

For more details visit: 
https://lasernetus.org/about

Carry out 
experiments 

awarded by the PRP, 
implement SAB 

recommendations, 
strategic planning 

for the network

Conduct a fair and 
transparent review 

process for 
beamtime allocation.

Represent user's 
interest within the 

network

Prioritization of 
common diagnostics 

development by 
engaging both users 

and facilities

Establish 
connections 

between 
investigators and the 

teams that build 
simulation codes

LaserNetUS organization
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400

90 graduate students from U.S. and Canada

88

35

Domestic Institutions

International Institutions

Total # of institutions: 123

Annual call for proposals at lasernetus.org – Independent peer review process

LaserNetUS by the numbers
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We have an annual meeting to share results, discuss plans 
and welcome new participants

Kick-off Meeting at the University of Nebraska Lincoln – August 20-21st 2018

3d Annual Meeting – Fort Collins, CO – August 16-18 2022
• Primarily user talks and posters
• Plenary talks and panels



LLNL-PRES-xxxxxx
24

Outline

§ Laser plasma acceleration: an alternative to synchrotrons and 
XFELs for novel x-ray probes

§ Role of mid-scale laser facilities - LaserNetUS

§ Development and applications of x-ray sources based on laser 
plasma acceleration at LaserNetUS facilities
—Picosecond scale

§ Conclusion and perspectives
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HEDS experiments create extreme, transient conditions 
of temperature and pressure hard to diagnose

25

100 million degrees

> 20x the density of lead

National Ignition Facility (LLNL)
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X-ray sources with MeV photons and <10 µm resolution are 
required to understand some of the experiments done at the NIF

26

X-ray 
source

Double shell 
implosion, 1800 g/cc

10
0 

µm

1 MeV 
radiography

0.2 MeV 
radiography

Fully imploded
capsule



LLNL-PRES-xxxxxx
27

X-ray sources are widely used to probe high energy density 
science experiments

X-ray sources – Picosecond phenomena 
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Ê
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Barrios et al, HEDP 9, 626 (2013)
- Radiography
- X-ray diffraction

Ping et al 84, RSI 123105 (2013)
- X-ray absorption spectroscopy

Bailey et al, Nature 517, 56 (2015)
- X-ray opacity

Jarrott et al, POP 21 031201 (2014)

Albert et al, PRL 118, 134801 (2017)
Albert et al, PRL 111, 235004 (2013)
Lemos et al, PPCF 58 034108 (2016)
Lemos et al, PRL (in preparation)

Bremsstrahlung 
Titan – 10 ps

Broadband 
emission
OMEGA – 100 ps

Line emission
NIF – 1 ns

Sandia Z – 3 ns
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X-ray sources are widely used to probe high energy density 
science experiments

X-ray sources – Picosecond phenomena Barrios et al, HEDP 9, 626 (2013)
- Radiography
- X-ray diffraction

Ping et al 84, RSI 123105 (2013)
- X-ray absorption spectroscopy
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- X-ray opacity
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Our project is developing LWFA-driven sources on large kJ-class 
picosecond lasers 

Titan
Compton scattering/Bremsstahlung

Titan
SMLWFA electrons
Betatron radiation

Titan, LLNL OMEGA-EP, LLE NIF – ARC, LLNL LMJ – PETAL, CEA

OMEGA-EP
SMLWFA electrons 

NIF - ARC
SMLWFA electrons

Titan
Radiography

LMJ – PETAL 
SMLWFA electrons

NIF - ARC
X-ray sources

OMEGA-EP
X-ray sources

OMEGA-EP
Radiography 

2015 2016 2017 2018 2019 2020 2021 2022
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Our project is developing LWFA-driven sources on large kJ-class 
picosecond lasers 

2015 2016 2017 2018 2019 2020 2021

Titan
Compton scattering/Bremsstahlung

Titan
SMLWFA electrons
Betatron radiation

Titan, LLNL OMEGA-EP, LLE NIF – ARC, LLNL LMJ – PETAL, CEA

OMEGA-EP
SMLWFA electrons 

NIF - ARC
SMLWFA electrons

Titan
Radiography

LMJ – PETAL 
SMLWFA electrons

NIF - ARC
X-ray sources

OMEGA-EP
X-ray sources

OMEGA-EP
Radiography 

2022
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Titan experiment team 2015

A. Saunders

W. Schumaker

C. Goyon J. Shaw

N. Lemos

F. Albert
B. Pollock

S. Andrews

F/10 OAP
2.5 m focal length

86 % in 28 µm
I = 5x1018 W/cm2

Titan Laser
150 J
0.7 ps

Target
3 mm He jet
ne = 1019 cm-3

Laser wakefield – betatron experiments – Titan LLNL

cτ

lp=c/ωp~ 1/ne1/2

Self modulated
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We have developed a platform to produce x-rays in the self 
modulated laser wakefield acceleration regime
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F. Albert et. al, Phys. Rev. Lett. 111, 235004 (2013), Phys. Rev. Lett. 118, 134801 (2017)
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We have developed a platform to produce x-rays in the self 
modulated laser wakefield acceleration regime

MeV

70

90

150

1000 800 nm

Interferometer
Electron

spectrometer

Optical Spectrometer

Filters
→B

Ta Stepwedge filter
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X-ray Energy Spectrum Diagnostics

The x-ray filter wheel has 
sensitivity up to ~50 [keV]

Step Wedge sensitive to 
energies 50 keV to 1 MeV

G. Williams et al, Rev. Sci. Instr. (2018)
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Electron beams and transmitted laser spectra have signatures of 
SMLWFA
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OSIRIS 2D PIC simulations of electron and forward laser 
spectrum also confirm signatures of SMLWFA
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Optimized betatron radiation produces the most photons for 
energies <40 keV

Betatron, Ec = 10 keV

ne = 1.5 x 1019 cm-3

Elaser = 150 J
a0 ~ 3

Laser
Gas
ne ~ 1019 cm-3

Nozzle

𝒇 𝑬 ~ 𝑬
𝑬𝒄

𝟐
𝑲𝟐/𝟑𝟐 𝑬

𝑬𝒄

F. Albert et. al, Phys. Rev. Lett. 118, 134801 (2017) 
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Compton scattering allows for increased photon flux up to a few 
100 keV

Compton scattering
𝒇 𝑬 ∝ 𝑬𝒙𝒑 − 𝑬

𝑻𝟏
+𝑬𝒙𝒑 − 𝑬

𝑻𝟐
T1 = 36 keV (Filter wheel)

ne = 4 x 1018 cm-3

Elaser = 120 J
a0 ~ 3

Ross pairs

N. Lemos et. al,  Phys. Rev. Lett. (in preparation) 

Laser
Gas
ne ~ 1019 cm-3

Nozzle

CH 
100 µm
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Compton scattering allows for increased photon flux up to a few 
100 keV

Compton scattering
𝒇 𝑬 ∝ 𝑬𝒙𝒑 − 𝑬

𝑻𝟏
+𝑬𝒙𝒑 − 𝑬

𝑻𝟐
T2 = 78 keV (Step wedge)

ne = 4 x 1018 cm-3

Elaser = 120 J
a0 ~ 3

Step wedge Laser
Gas
ne ~ 1019 cm-3

Nozzle

CH 
100 µm

N. Lemos et. al,  Phys. Rev. Lett. (in preparation) 
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LWFA-driven bremsstrahlung produces the most photons at MeV 
energies

LWFA-driven bremsstrahlung
𝒇(𝑬) ∝ 𝑬𝒙𝒑[−𝑬/𝑻]

T = 838 keV (Step wedge)

N. Lemos et. al,  PPCF, 60, 054008 (2018)

Step wedge

Laser
Gas
ne ~ 1019 cm-3

Nozzle

ne = 4 x 1018 cm-3

Elaser = 120 J
a0 ~ 3

W 
100 µm
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We can control the x-ray flux and energy by combining several 
processes

Laser
Gas
ne ~ 1019 cm-3

Nozzle

Laser
Gas
ne ~ 1019 cm-3

Nozzle

Laser
Gas
ne ~ 1019 cm-3

Nozzle

CH 
100 µm

CH 
100 µm

W
250 µm

CH 
100 µm

W
50 µm

T 
71 keV

T 
331 
keV

T 
641 
keV

N. Lemos et. al, In preparation 
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Half hohlraum – 30 µm Au

W ball
r = 400 
µm

Laser
Gas
ne ~ 1019 cm-3

Nozzle

Laser
Gas
ne ~ 1019 cm-3

Nozzle

Laser
Gas
ne ~ 1019 cm-3

Nozzle

N. Lemos et. al, In preparation 

W ball areal density 
~ 0.7 g/cm2

T 
71 keV

T 
331 keV

T 
641 keV

Spectral and flux tuning allows for optimized radiography 
applications
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We can reproduce radiographs of test objects using the x-ray ray 
tracing code HADES Resolution Target

4 cm

Experimental Radiograph Simulated Radiograph Comparison

Experiment
HADES

Laser
Gas
ne ~ 1019 cm-3

Nozzle

Ta
250 µm

I Pagano, N. Lemos et. al, In preparation 
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SM-LWFA driven x-ray source shows a 1.4x higher signal to noise 
in MeV radiography for the same laser conditions and targets

Areal density = 7.6 g/cm2

Laser
Gas
ne ~ 1019 cm-3

Nozzle

Ta
1 mm

Laser

Nozzle

Ta
1 mm
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Our project is developing LWFA-driven sources on large kJ-class 
picosecond lasers 

2015 2016 2017 2018 2019 2020 2021

Titan
Compton scattering/Bremsstahlung

Titan
SMLWFA electrons
Betatron radiation

Titan, LLNL OMEGA-EP, LLE NIF – ARC, LLNL LMJ – PETAL, CEA

OMEGA-EP
SMLWFA electrons 

NIF - ARC
SMLWFA electrons

Titan
Radiography

LMJ – PETAL 
SMLWFA electrons

NIF - ARC
X-ray sources

OMEGA-EP
X-ray sources

OMEGA-EP
Radiography 

2022
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divergences as low as 32 mrad, record-setting bunch charges exceeding 700 nC, and laser-to-electron conversion 
e!ciencies up to 11%. "e bunch charge is comparable to high-bunch-charge radio-frequency (rf) accelerators 
(~ 1 μC), but with sub-picosecond durations versus the millisecond durations characteristic of rf sources. "ese 
electron beams are, to our knowledge, the highest-charge and highest-conversion-e!ciency electron beams 
produced from an LPA.

������������������
Experiments were performed on the OMEGA EP Laser  System29 at LLE. "e laser was run with a central wave-
length λ of 1054 nm at best compression (pulse duration of 700 ± 100 fs). To improve the quality of the focal spot 
and increase the Rayleigh length, the focusing geometry of the short-pulse laser beams was converted from its 
nominal f/2 geometry by using spatially &ltered  apodizers30 located at the injection plane before ampli&cation 
in the Nd:glass beamline to control the beam diameter and generate an f/5, f/6, f/8, or f/10 geometry. "e proper-
ties of these con&gurations are summarized in Table 1, and nominal focal spots at the target plane for the standard 
f/2 focus and the f/6 apodizer are shown in Fig. 2a,b, respectively. Note that no electrons with energies exceeding 
14 MeV were produced in shots where the f/2 con&guration was &elded. At focus, the R80 spot size of the laser 
(i.e., radius that contains 80% of the total energy) was between 11.5 and 19.9 μm. "e apodized laser energy 
varied from 10 to 115  J, which produced on-target peak normalized vector potentials  (a0 
∼
= 8.6 × 10−10

√

I0
[

W/cm2
]

![µm] , where  I0 is the vacuum intensity) between 1.8 and 6.7. "e apodized laser 
pulse was focused 500 μm inside a Mach 5 gas jet with nozzle diameters varying between 2 and 10 mm as shown 
in Fig. 2c. "e gas was 100% He, and the resultant plasma densities in the plateau ranged from 1.5 ×  1018 to 
4.5 ×  1019  cm−3 depending on nozzle diameter and backing pressure. "e gas jet was an ultrafast (opens and closes 
in ~ 100 μs) system speci&cally designed to limit the total gas release in the event of failure in order to protect 
the sensitive electronics in the  compressor31. 

����������������������
Figure 3a shows the transverse pro&le of the lowest-divergence electron beam produced in this experiment. "e 
charge in this beam was 148 nC and was produced by an  a0 = 4.4 laser shot propagating through a plasma density 
of 1.1 ×  1019  cm−3 generated by a 10-mm-diameter nozzle. "e divergence of this beam was 32 × 39 mrad, and 
it was pointed 8 mrad from the axis of the electron–positron–proton spectrometer (EPPS). "e divergence was 
calculated by &tting the lineout of the transverse pro&le through the peak of the electron beam with a Lorentzian 
and taking the full width at half maximum (FWHM). "e total charge in the FWHM was 19 nC.

"is divergence demonstrates a major step forward in the possible quality of electron beams from SML-
WFA since it is signi&cantly reduced from the next best divergence reported from other SMLWFA experiments 
(64 × 100 mrad ± 10  mrad6) and is on the order of the divergences (< 10 mrad) of the electron beams produced 
by LWFA being driven by ultrashort-pulse lasers (τ < λp). "e possibility of lower-divergence electron beams 

Figure 1.  Plot of the maximum charge of the electron beams produced by laser-plasma accelerators at di*erent 
facilities 41– 47. "e yellow star is the result reported in this work.

Table 1.  Properties of injection-plane apodizers used for this work. "e maximum energy is given for 
operation at best compression, i.e. duration of 700 ± 100 fs. "e maximum  a0 value given in column four and 
the peak intensity given in column &ve are the maximum values calculated from the laser energy, spot size, and 
pulse duration measured during this course of experiments.

Con"guration Average R80 [μm] Max. energy [J] Max.  a0 Peak intensity [W/cm2]
f/5 14.8 ± 1.7/1.3 135 6.6 5.3 ×  1019

f/6 14.0 ± 3.0/2.5 85 6.7 5.5 ×  1019

f/8 16.2 ± 3.7/2.0 55 3.9 1.8 ×  1019

f/10 18.1 ± 0.6/0.3 40 2.3 6.5 ×  1018

High charge, 700 nC, >100 MeV electron beams measured in 
SMLWFA regime at OMEGA EP

f/2 OAP
apodized to
f/6 to f/10

1053 nm, ~700 fs,
10 to 70 J,

a0 ~1.8 to 5.8

16
0 

m
ra

d

160 mrad

e- spectrometer

OMEGA-EP

Helium gas jet
ne ~ 1019 cm-3

Beam profile

Spectrum

J.L. Shaw et al, Sci. Rep, 11 7498 (2021)
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Outline

§ Laser plasma acceleration: an alternative to synchrotrons and 
XFELs for novel x-ray probes

§ Role of mid-scale laser facilities - LaserNetUS

§ Development and applications of x-ray sources based on laser 
plasma acceleration at LaserNetUS facilities
—Femtosecond scale

§ Conclusion and perspectives
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Radiography of materials and µm-size features in objects at ALLS

S. Fourmaux et al, Optics Express 13982 (2020)

Research Article Vol. 28, No. 9 / 27 April 2020 / Optics Express 13984

during the laser matter interaction: secondary radiation due to the energetic electrons for example.
The measured data for both wires agree well with the calculated ICP. Thus, the experimental
parameters used for the calculation are compatible with the observed images. The spatial
resolution is indeed limited by the 20 µm pixel size.

4. Images of spherical capsules

We used the imaging geometry described in the previous paragraphs to image two spherical
capsules provided by CEA-DAM (France). Their dimensional parameters are given in Table 1.
They are composed of four layers of plastic (CH) which are numbered 1 to 4, from inside to
outside. Layer 2 and 3 also contain Ge dopant with respectively 0.44 % at. (atomic percentage),
and 0.29 % at. for each of them. These capsules are a few years old and thus the sizes might be
slightly di�erent from the initial fabrication values given in Table 1.

Table 1. Characteristics of the spherical capsules imaged with the INRS laser based synchrotron
beamline. All the dimensions are in µm.

Capsule External diameter Layer 1 Layer 2 Layer 3 Layer 4 Total layers thickness

Material CH CHGe [0.44 % at. Ge] CHGe [0.29 % at. Ge] CH

1 2049.3 11.4 47.6 10.8 111.9 181.7

2 2031.8 10.9 47.3 10.6 111.3 180.2

Fig. 5. Image of the capsule 1 recorded with M = 2.3 (8.7µm/pixel in the object plane).
The background, obtained in same conditions without the object, has been subtracted. The
capsule diameter is 2049.3 µm.
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understand complex object structures. Finally we discuss the applicability of this technique to the
study of ICF targets, in particular for pump-probe experiment during the laser-driver interaction.

2. Laser-based synchrotron X-ray beamline at INRS

Using the Advanced Laser Light Source (ALLS) facility at INRS, we developed and operated
a laser-based synchrotron X-ray beamline from 2009 to 2014 [23]. We used a high power
Ti:sapphire laser system with 80 TW on target, corresponding to 2.5 J in 30 fs at 10 Hz repetition
rate. In practice, the repetition rate was limited to 1 Hz by the target system ability to evacuate
the gas target from the vacuum vessel. This provided 1.7 ⇥ 1019 W cm�2 intensity with a 1.5 m
o�-axis parabola used to focus the laser beam. With a helium gas jet as a target, we generated
2.2 ⇥ 108 photons/0.1% BW/sr/shot at 10 keV. A fit to a synchrotron distribution provided a
critical energy Ec = 12.3 keV with 2.5 keV precision. The X-ray beam divergence was 25 ⇥ 31
mrad2. From the synchrotron distribution fit, we obtained a total number of photons over the
whole spectrum N = 109. This value was calculated with the experimental measured solid angle.
The X-ray spot size diameter D was measured using a knife-edge technique and found to be 1.7
µm full width half maximum (FWHM). The details of our measurement procedures have already
been described in several publications [23,27].

The ALLS high power laser system was upgraded in 2016 and can now deliver as much as
500 TW (9 J, 18 fs, and 2.5 Hz). In practice, the laser-based synchrotron X-ray beam line uses
on-target peak power of 160 TW corresponding to 3.2 J, 20 fs, and 2.5 Hz. This corresponds to a
laser intensity of 4.6 ⇥ 1019 W cm�2. We currently use nitrogen as a gas target, which allows us
to inject less gas to produce the X-ray radiation and permits us to work at the 2.5 Hz nominal
laser repetition rate. Typically, we obtained 2.7⇥ 109 photons/0.1% BW/sr/shot at 10 keV. A fit to
a synchrotron distribution provides a critical energy Ec = 15.1 keV with ±5 keV precision. The
X-ray beam divergence is 58 ⇥ 54 mrad2. The total number of photons over the whole spectrum
is N = 3.3 ⇥ 1010. More details can be found in Fourmaux et al. [41]. Such improvements in our
beamline parameters are not only the result of the increase of the on-target energy and intensity,
but are also related to the reduction of the laser beam imperfections. This is shown using 3D
PIC calculations that explain our results with 80 TW on target [42]. Control of the phase and
intensity distribution along the laser beam propagation axis inside the target has been introduced
in the upgraded laser-based synchrotron X-ray beamline. It has been realized with the help of a
deformable mirror in order to fully optimize the LWFA parameters and maximize generation of
X-ray radiation.

Imaging has been performed in transmission geometry with a divergent beam as can be seen
on Fig. 1. The object to be imaged is positioned between the X-ray source and the detection
system. R1 and R2 are respectively the source-to-object and the object-to-detector distances. The
magnification M is thus given by M = (R1 + R2)/R1.

Fig. 1. Imaging geometry showing the X-ray source, object and detector positions. The
field-of-view at the object position is several cm wide.

In the near-field Fresnel regime, which is the most appropriate for the present experiments,
the phase shift produced by object edges gives rise to a set of fringes. In addition, the intensity

§ Imaging of layered capsules

§ 160 TW drive laser

§ 2.7 x 109 photons/0.1% 
BW/sr/shot at 10 keV

§ Spatial resolution 4.3 µm
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Understanding hydrodynamic shocks for plasma science at LBNL

Electrons X-rays

30 
µm

30 µm

§ Imaging of laser-driven shock in 
water jet with betatron x-rays

§ Enables resolution of sub micron 
turbulence and time evolution

§ High resolution (µm, fs) imaging 
developed

§ Multi-institution collaboration and 
diagnostic exchange (X-ray CCD 
from SLAC)

Courtesy C. Geddes (LBNL) - Exp led by C. Kuranz (UMichigan)
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Betatron x-rays as a tool for absorption spectroscopy at SLAC
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Betatron x-rays as a tool for absorption spectroscopy at SLAC
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3. Time-resolved XANES (4/5)!

•  Pre-edge level extracted from integration of “hot” – “cold” averaged"
–  Pre-edge time evolution versus delay gives an upper limit for temporal resolution"

!  Just considering date on am-SiO2 … but the run #568 seems to be aberrant"
!  Without it, the best fit gives a temporal resolution = 0.48 ± 0.13 ps rms"

-2

0

2

4

6

8

10

-2 0 2 4 6 8 10 12

Delay scan on am-SiO2 sample
XANES spectra normalized

then substracted to avg cold
and integrated over ≠ spectral range

Cold over [500-545] eV
Cold over [500-535] eV
Hot over [500-545] eV
Hot over [500-535] eV

In
te

gr
at

ed
 s

pe
ct

ra
 h

ot
 - 

av
g 

co
ld

 (e
V)

Delay (ps)

run #568

Error estimated from cold data :
0.8 rms over [500-545]
0.6 rms over [500-535]
=> reported on error bars

y = 6*(0.5+0.5*erf((m0-m1)/m...
ErrorValue

0.21992-0.0030769m1 
0.403530.96311m2 

NA13.571Chisq
NA0.8086R

Erf fit gives :
- "t0" = 0.0 ± 0.2 ps
     (good sync.)
- temp. res. = 0.96 ± 0.40 ps
     (0.67 ± 0.28 ps rms)
     (1.60 ± 0.66 ps FWHM)

-2

0

2

4

6

8

10

-2 0 2 4 6 8 10 12

Delay scan on am-SiO2 sample
XANES spectra normalized

then substracted to avg cold
and integrated over ≠ spectral range

Cold Integr. [500-545eV] (eV)
Cold Integr. [500-535eV] (eV)
Hot Integr. [500-545eV] (eV)
Hot Integr. [500-535eV] (eV)

In
te

gr
at

ed
 s

pe
ct

ra
 h

ot
 - 

av
g 

co
ld

 (e
V)

Delay (ps)

y = 6*(0.5+0.5*erf((m0-m1)/m...
ErrorValue

0.09553-0.017005m1 
0.179090.68532m2 

NA2.9108Chisq
NA0.95702R

Without #568, erf fit gives :
- "t0" = 0.0 ± 0.1 ps
     (good sync.)
- temp. res. = 0.68 ± 0.18 ps
     (0.48 ± 0.13 ps rms)
     (1.13 ± 0.30 ps FWHM)

Delay (ps)
In

te
gr

at
ed

 s
pe

ct
ra

 
ho

t –
av

er
ag

e 
co

ld
 (e

V)

Integrated 500 – 545 eV
Integrated 500 – 535 eV

-2    0    2    4    6    8    10    12

0 
   

2 
   

4 
   

6 
   

8 
   

10
   

 1
2

1J, 45 fs

Gas Cell

+ New ongoing experiments at SLAC on Iron (M. Berboucha)
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We have a lot of ongoing exciting projects

New acceleration 
mechanisms at Titan

-
2 mm

keV-MeV sources in Titan 
and applications

Platform development on 
larger HEDS lasers

LaserNetUS experiments 
using betatron source3
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FIG. 2: Measured electron energy spectra for a plasma
with electron density ne = 3⇥ 1017 cm�3 dispersed
(A) perpendicular and (B) parallel to the linear laser
polarization direction. The contrast is adjusted and a
line-out along the dashed line is plotted (solid line) to
emphasize the forking feature in the dispersed electron
profile. The signal above 100 MeV is multiplied by 10
and 20 in (A) and (B), respectively, to emphasize the

spectrum at high energy. The dashed black line
indicates the acceptance aperture of the magnet. Note
that (A) and (B) were taken on two di↵erent shots with

similar laser energies.

ing structure is seen, and the FWHM beam divergence
is instead 21 mrad [red curve in Fig. 2(B)] at the same
energy. The elliptical beam profile of the electrons shown
in Fig. 1(C) gives the overall full-angle divergence at half-
maximum charge of the electron beam in the two planes
as 47 and 27 mrad in the x and y directions, respectively,
consistent with the dispersed spectra.
The forking structure gives clear evidence that elec-

trons above 60 MeV are gaining some or most of their
energy by the DLA process [22, 27]. Electrons acceler-
ated mainly through DLA generally exhibit higher energy
and greater divergence along the laser polarization di-
rection compared to electrons accelerated predominantly
through SM-LWFA. This larger divergence is evident in
the forking structure seen only for high-energy electrons
dispersed perpendicular to the laser polarization, as in
Fig. 2(A).
To discern the relative contribution of the various

mechanisms to the final energy of the electrons, we simu-
lated the full acceleration process with particle tracking
using the quasi-3D algorithm of the Osiris PIC simula-
tion framework [31, 32] for laser and plasma parameters
similar to those used in the experiment (see supplemen-
tal material). This algorithm allows us to unambiguously
determine the work done by the longitudinal field of the
plasma wave (Ez,m=0), as well as the transverse (Ex,m=1)
and longitudinal (Ez,m=1) fields of the laser. This has
allowed us to more correctly determine the overall DLA

contribution. Here m = 0 and m = 1 refer to the cylin-
drical modes corresponding predominantly to the wake
and the laser, respectively.

FIG. 3: Snapshot of the electron density profile after
4.64 mm of propagation (left to right) through the
plasma; z and x are the longitudinal and transverse
directions, respectively. Also shown are the m = 0

longitudinal electric field (SM-LWFA) overlaid in red
and the m = 1 transverse electric field envelope (DLA)
in green. The dashed green line shows the vacuum laser
field envelope at the focus. The tracked electrons, with

x positions given by their radial distance (only
half-space is shown), indicate where in space each
acceleration mechanism is dominant. The charge

density has been integrated in ✓.

Figure 3 shows the envelope of the transverse laser field
Ex,m=1 (green), the plasma density (blue) and the on-
axis longitudinal electric field of the plasma wave Ez,m=0

(red) 4.64 mm into the plasma. Clear modulation of both
the laser envelope and plasma waves is evident. How-
ever, a hydrodynamic channel is not fully formed (not
shown) within the laser pulse; the ion density remains
above 0.9n0 across the first bucket (potential well) and
above 0.7n0 where the laser field is of significant ampli-
tude, where n0 is the initial plasma density. The wave-
length of the plasma wave is increased for the first three
buckets by strong beam loading, but for subsequent buck-
ets it is close to 2⇡c/!p. The plasma electrons trapped
by the plasma wave are color-coded to indicate which
acceleration mechanism is at work (see subsequent para-
graphs). The accelerated electrons group together in the
later plasma buckets, where they gain energy predomi-
nantly by interacting with the longitudinal field of the
wave associated with SM-LWFA. However, the electrons
trapped in the front three buckets of the wake gain net
energy predominantly through the DLA process as they
interact with the peak-intensity portion of the laser pulse.
Relativistic self-focusing helps to maintain the peak in-
tensity of the laser pulse (see dashed green line).
To quantify the contribution of each acceleration mech-

anism (i.e., SM-LWFA and DLA), we use electron track-
ing in Osiris to calculate the work done on each electron
by the di↵erent spatial components of mode 0 (wake) and

• Forking structure on electron 
beams

• Explained by role of Direct 
Laser Acceleration in Self-
modulated LWFA

• 3D OSIRIS PIC simulations 
confirm observation (UCLA 
collaboration)

P.M. King et al, PRAB

• Betatron, Bremsstrahlung, 
Compton sources for 
radiography applications
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• Study of warm dense iron 
with XANES (with M. 
Berboucha et al)

• Phase contrast imaging of 
laser-driven shocks in water 
(with C. Kuranz et al)

N. Lemos (in prep)
2 new students: B. Pagano (UT Austin) 
and A. Aghedo (FAMU)

• 150 MeV, 700 nC beams at 
OMEGA EP

• 150 MeV > µC at NIF- ARC
• Development of new targets 

and diagnostics
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Conclusions and future work
§ We have demonstrated the production of novel x-ray sources from laser-plasma accelerators on several 

laser facilities within the LaserNetUS network

§ They are broadband (keV - MeV), ultrafast (fs - ps), collimated (mrad), synchronized with drive laser

§ They enable new applications
— Radiography of dense objects
— Study of ultrafast non-thermal melting in SiO2
— Phase contrast imaging of laser-driven shocks
— Study of opacity in HED matter

§ Future work and challenges
— Improving sources stability and flux
— Applications from proof-of-principle to practical
— LWFA sources as probes for HED science experiments
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