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Summary

• Electron radiography fills a capability gap in High Energy Density (HED) science between protons and x-rays 
in both penetrative capability and sensitivity to fields

• Current HED facilities already posses the required lasers to generate effective electron beams for electron 
radiography using laser-plasma acceleration (LPA)

• Preliminary experiments on the OMEGA-EP laser have shown the potential capability of this platform to 
radiography plasma generated fields and penetrate materials that protons can not match

• Upcoming experiments will seek to capitalize on this capability to help better understand hohlraum dynamics 
at the National Ignition Facility

• Further platform development will allow for micron scale resolutions to be reached to support HED and direct 
drive ICF research

Electron radiography based on laser generated electron beams provides a 
flexible and powerful diagnostic for HED facilities



3

Collaborators

J. L. Shaw, H. Rinderknecht, M.S. Wei J.R. Rygg, G.W. Collins
University of Rochester,  Laboratory for Laser Energetics

M. Freeman, F. Merrill, L.P. Neukirch, and C. Wilde
Los Alamos National Laboratory

C. A. Walsh, E. Tubman
Lawrence Livermore National Laboratory



4

Motivation
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• The first done with proton LINACs 
These are km scale machines

Proton radiography was the original charged particle radiography performed

____________
*Gao L., et al, “Magnetic field generation by Rayleigh-taylor instability 
in laser-driven planar plastic targets”, PRL, 2012
**A. B. Zylstra et al., “Using high-intensity laser-generated energetic 
protons to radiograph directly driven implosions,” Rev. Sci. Instrum., 
vol. 83, no. 1, 2012, doi: 10.1063/1.3680110.TNSA proton radiography of laser driven foil*

Original LINAC derived proton radiograph

Motivation

• Laser driven proton radiography is now a mature 
technique for ICF/HED experiments**

• Later developments added magnetic optics and 
improved the resolution
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• Work was motivated by:
Desire to do both static  and dynamic x
measurements
Wanted to probe 0.01 – 1 g/cm2 areal densities 
Wanted to demonstrate spatial resolutions of 100 um 
or better 

In 2007, Merrill et al conducted first electron radiography (eRad) experiments with 
30 MeV electrons*

eRad proved to be useful for thin, small objects 
across the range of material Z numbers

____________
* F. Merrill et al., Nuclear Instruments and Methods in Physics 

Research Section B: Beam Interactions with Materials and Atoms 261 
(1-2), 382 (2007). 

Fly fishing fly

Tungsten light bulb filament

eRad Motivation

• RF LINAC produced electron beams from 5-32 MeV

• First tests of magnetic optics for eRad
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• Electron beams are easier to generate than protons**

1 GeV electrons can be generated in ~1 cm via laser-
plasma techniques or in ~10 meters with RF 
accelerators
1 GeV protons require km scale RF accelerators and no 
mature laser techniques exist*

eRad holds a lot of promise as a radiography technique 

____________
* Merrill, F.E., “imaging with penetrating radiation for the study of 

small dynamic physical processes”, Laser and Particle Beams, 2015
** Merrill, F.E., “Demonstration of transmission high energy electron 
microscopy”, AIP Conference Proceedings 2272 (2020)
†M.  Berger, J. S. Coursey, and M. A. Zucker, “ESTAR, PSTAR, and 
ASTAR:Computing Programs for Calculating Stopping-Power and 
Range Tables for Electrons, Protons and Helium Ions.,” 2005. 
http://physics.nist.gov/Star (accessed Apr. 01, 2022).

14 GeV eRad of pocket watch**

Motivation

• Electrons are more penetrating for a given energy while 
providing more sensitivity to B-fields and less to E-fields 
compared to protons*

20 MeV protons are stopped by ~2 mm of aluminum†

20 MeV electrons penetrate 3+ cm of aluminum†

• However, Bremsstrahlung adds new imaging complexity 
and further motivates the use of magnetic optics**
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Electrons that can be generated right now are highly penetrative 

____________
* M.  Berger, J. S. Coursey, and M. A. Zucker, “ESTAR, PSTAR, and 

ASTAR:Computing Programs for Calculating Stopping-Power and 
Range Tables for Electrons, Protons and Helium Ions.,” 2005. 
http://physics.nist.gov/Star (accessed Apr. 01, 2022).

Motivation

Typical laser-proton Typical laser- electron
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• The lower magnetic rigidity makes electrons more sensitive to magnetic fields for a given 
energy*

Makes magnetic optics easier and allows the probing of weaker magnetic fields in experiments

The difference in electromagnetic field sensitivity is key to the utility of eRad

____________
*Lee S., et al, Accelerator Physics Second Edition, World Scientific, 2004
**Peebles, J.L. et al, “Axial proton probing of magnetic and electric fields inside laser-driven 
coils”, Physics of Plasma 27, 063109 (2020), https://doi.org/10.1063/1.5134786

║ⱬ  ▬▲
╔ⱬ ╣♫▲

Motivation

• We also define a term, “electric rigidity” to look at the sensitivity to electric fields
Relativistic electrons are far less sensitive to electric fields
This provides a sharp contrast to protons and will help prevent mistaken claims of strong magnetic 
fields**
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• Prior experiments using the 14-GeV electrons from the SLAC LINAC 
demonstrated the ability of e-Rad to visualize materials in the < 0.1 g cm-2** to 
several g cm-2 † with a spatial resolution down to 8.8 um

Adding magnetic optics can dramatically increase the resolution capability

30-MeV ×5.9 magnifying electron 
lens

____________
* Slide material courtesy M. Freeman and J. Shaw 

** F. Merrill et al., Nuclear Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials and Atoms 261 (1-2), 382 
(2007). 
† F. E.  Merrill et al., Applied Physics Letters 112 (14), 144103 (2018). 
‡ W Schumaker et al., Physical review letters 110 (1), 015003 (2013).

eRad Motivation

• Theoretically resolution can be as low as 0.06 um with proper beam and 
magnetic optic matching†

• Magnetic optics for electron beams are far smaller than for proton beams
LANSCE magnetic optics for protons are many meters in length 
Electron radiography optics are typically no bigger than 1 meter

• The higher deflection angles of electrons with matter also make imaging of 
thin or low density objects easier than with LINAC derived protons

Several mg/cm2 areal density objects can be resolved with electrons, which is 
not possible with current LINAC proton probes
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• High intensity (>1018 W/cm2), short pulse ( 1 ps) lasers 
are ideal for laser-plasma electron beam generation

Electron pulses are on the order of the laser pulse, 
and thus much faster than many processes of interest
Multiple facilities now available: OMEGA-EP, NIF-ARC, 
Z-Petawatt

Large laser facilities already have the drivers needed for generating electron beams 

____________
* Shaw J., et al, “Microcoulomb (0.7+/- 0.4/0.2 uC) laser plasma 

accelerator on OMEGA-EP

Comparison of laser driver vs electron beam bunch charge*

Motivation

• Laser generated electron beams are often not ideal 
sources for radiography due to the high energy spread 
and large emittance of the beam

These beams can be tuned via collimators and 
chicanes, but at the cost of electron number

• Recently using OMEGA-EP* we have generated record 
setting electron bunch charges

This provides a beam that can be selectively tuned 
without losing SNR
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• Magnetic field generation in laser-ablation of targets *

>+ eRad can easily penetrate dense, high Z targets like hohlraums while laser 
driven protons struggle

>+ Understanding the Bierman battery in these environments is important for 
indirect drive*†

>+ This has been done at small scale facilities before**

Electron beam radiography will allow for the probing of fields in HED 
environments that were previously unreachable with traditional proton probes

Motivation

____________
*P. T. Campbell et al. , “Magnetic Signatures of Radiation-Driven Double 
Ablation Fronts,” Phys. Rev. Lett. , vol. 125, no. 14, p. 145001, 2020, doi: 
10.1103/PhysRevLett.125.145001. 
** W. Schumaker et al. , “Ultrafast electron ra diography of magnetic 
fields in high-intensity laser-solid interactions,” Phys. Rev. Lett. , vol. 
110, no. 1, 2013, doi: 10.1103/PhysRevLett.110.015003.
† R. Hua et al. , “Self-Generated Magnetic and Electric Fields at a Mach-

6 Shock Front in a Low Density Helium Gas by Dual-Angle Proton 
Radiography,” Phys. Rev. Lett. , vol. 123, no. 21, p. 215001, 2019, doi: 
10.1103/PhysRevLett.123.215001.
††J. L. Peebles, J. R. Davies, D. H. Barnak, T. Cracium, M. J. Bonino, 
and R. Betti, “Axial proton probing of magnetic and electric fields 
inside laser-driven coils,” Phys. Plasmas , vol. 27, no. 6, 2020, doi: 
10.1063/1.5134786. 
*†Personal communication with C. Walsh

pRad of magnetic fields in laser driven foil *†

• Shock fields inside of thick targets

>+ Proton probes have previous had great success in low density targets†

>+ eRad will be able to radiograph mm-scale, high density HED targets and 
provide field information

>+ This will constrain plasma conditions in the target

• Provides an important contrast to pr otons for similar experiments as well

>+ The inversion of electric and magnetic rigidity compared to protons 
provides a strong contrast in the images

>+ eRad prevents strong electric fields from being mistaken for strong 
magnetic fields††
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Experiments
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The OMEGA-EP LPA electron beam is a high-charge, polychromatic beam

1054 nm, ~700 fs,
10 to 95 J,

a0 ~1.3 to 6.7

f/2 OAP 
apodized to

f/5 to f/10

____________
EPPS: electron–positron–proton spectrometer
OAP: off-axis parabola

M5 gas jet

´ nozzle = 2 to 10 mm

700 nC, 700 fs 
electron pulse

____________
* Slide material courtesy J. Shaw 

eRad Experiments


