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Outline

• Introduction to electron shedding

• Measurement of electron beams

• Femtosecond relativistic electron microscopy

• Experimental Results

• Model for long beams

• Simulations showing electron shedding
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What is Electron Shedding

Ideally:

Electrons present half λ𝑝 away 

with a bunch length at most the λ𝑝/2

Upper limit of bunch length is ~λ𝑝 @local plasma 

density

Ez = 0

λ𝑝

Ez = 0

Z

Z

Lengthening and loss of a beam

Electron Shedding

How do we measure such an effect?
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At the downramp we have very strong injection driven by the 

combination of the laser and the beam leading to lengthening 

and loss of the beam

High charge beams

And downramp gradient become important

We attempt to answer the factors that lead to electron 

shedding

Z
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O. Lundh, et al. PRL. 110 065007 (2013)

Measurements of electron beams from LPA’s

CTR measurements and incoherence of emitted radiation for long electron beams
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O. Lundh, et al. Nat. Phys. 7 (2011): 219-222.

Long wavelength measurements limit the 

maximum length of the beam

Further longer wavelength measurements 

require accurate measurement of phase with 

respect to shorter wavelengths

All these measurements function on principle of 

coherence

Other measurements of field with ZnTe crystals 

can be used to measure long beams but the 

response is too slow

So we need a technique that in a single shot we 

can measure the temporal profile of the beam
Coherence and explain 

coherence of radiation from a 

CTR radiator ::FIG to show 

above or below which 

wavelength the radiation 

becomes coherent

Short electron beam

Incoherent addition for a

long electron beam at the

same frequencyM. C. Downer, et al. Rev. Mod. Phys. 90, 035002

LaBerge – Arxiv Somewhere! (~2023)

End up Resolving Finer structures but no 
long scale evolution
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A.D. Debus, et al. Phys. Rev. Lett. 104, 084802

Other Methods with a probe
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A. Buck, et al. Nat. Phys. 7, pages 543 (2011)

Measurement of faraday rotation but

no measurement of beam in vacuum

Slow Electro optic response

unable to resolve finer

structures

Faraday rotation 

measurements of beam 

current

Resolve Long structures but no evolution

We require:
Single shot probing of electron beams
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Femtosecond Relativistic Electron Microscopy

Electron probe explain and how It works and show it has been 

used to measure the wakefield in the plateau, wavebreaking
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Jet 1

Electron

Probe

Jet 2 Y. Wan, et. al, Nat. Phys. 18, 1186–1190 (2022)

Need a good way to explain the fields
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What we observed in the past

Downramp injection and charge density reduction 

going far from the target
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Y. Wan, et. al Science advances, 10, eadj3595. (2024) Y. Wan et al. Light: Science & Applications 12:116 (2023)

Downramp injection Electron beam exiting an LWFA
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Unexpected Experimental Results
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Trying to generate high charge beams for PWFA experiments but when we see the profile the beam becomes long
Trying to optimize charge to generate

beams to drive a PWFA stage

Spectral charge density on espec

1 mm 2 mm 3 mm

4 mm 8 mm0 mm

Images generated by FREM

Femtosecond Electron Probe

Head tail structure

A long extending structure unlike what we observed in the past

Trying to obtain beams to drive a PWFA stage

2 mm1 mm 3 mm

Experimentally we measure between 500 to 700 pc above 100 MeV

HeadTail
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Model to probe the longitudinal current density
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Under the approximations of the e probe we end up imaging the longitudinal current density

Relativistic beam 

Transverse electric field – width of the beam

Auzithmal B field – Longitudinal deflection of probe

Now for a long beam with a slowly varying charge density

B field contribution from various slides cancel and transverse E field becomes the contributor

Although for only a relativistic beam Ez is low and a sharp cutoff is observed

For a NR beam: longitudinal field contributes providing a longer tail

Imprints a circular spot 

on the probe

Slowly varying current density and a long beam

B fields cancel out as the beam propagates

Mapping the longitudinal charge density

The width of the distribution is proportional to the 

longitudinal current for a long relativistic beam

z

E

E

B

E

E

B

An analytical model with a relativistic beam

For a short beam width is proportional to the charge

Long beam the width is proportional to the longitudinal 
current
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We see the formation of a long tail and its loss: shedding
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The front of the tail has an average current density the same or greater than the beam itself …

1 mm 2 mm 3 mm 4 mm

8 mm

We see a beam with 2 distributions of current lengthening as the beam exits the LWFA

Where do all these particles go and how are they generated?

Far away we lose the tail

Tail starts to separate from the head, if Relativistic, this should not be seen
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What causes electron shedding
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We try to recreate the experiment using simulations, Simulations and density profile from experiment 

Mapping the down-ramp of the density profile FBPIC to look at the evolution of the beam 

during the down-ramp

z = - 0.55 mm

Ionization injection with 2 modes

a0 = 2, w0 = 27 um

Density of plateau: 3.5e18 cm-3 modeled with tanh functions

780 um x 270 um moving window decomposed on 4 GPU’s

z = - 1.45 mm

Plasma wavelength to plasma density

z
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What causes electron shedding

We try to recreate the experiment using simulations, Simulations and density profile from experiment 

P_z with z

• Electrons accelerated to

about 500 MeV

• A charge of 950 pc (>50

MeV) around the down-

ramp

• 680 pc above 100 MeV
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Simulations
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Effect of downramp and beam charge specifically for high charge beams exiting an LWFA

ffmpeg -r 2 -f concat -safe 0 -i files.txt \

-f lavfi -i anullsrc=channel_layout=stereo:sample_rate=44100 \

-map 0:v:0 -map 1:a:0 \

-vf "scale=3840:-2" \

-c:v libx264 -pix_fmt yuv420p -movflags +faststart \

-c:a aac -shortest \

output_pptx.mp4
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Simulations: key processes
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Effect of downramp and beam charge specifically for high charge beams exiting an LWFA

ffmpeg -r 2 -f concat -safe 0 -i files.txt \

-f lavfi -i anullsrc=channel_layout=stereo:sample_rate=44100 \

-map 0:v:0 -map 1:a:0 \

-vf "scale=3840:-2" \

-c:v libx264 -pix_fmt yuv420p -movflags +faststart \

-c:a aac -shortest \

output_pptx.mp4

Near the down-ramp:

680 pc charge above 100 MeV
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Simulations: key processes
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Effect of downramp and beam charge specifically for high charge beams exiting an LWFA

ffmpeg -r 2 -f concat -safe 0 -i files.txt \

-f lavfi -i anullsrc=channel_layout=stereo:sample_rate=44100 \

-map 0:v:0 -map 1:a:0 \

-vf "scale=3840:-2" \

-c:v libx264 -pix_fmt yuv420p -movflags +faststart \

-c:a aac -shortest \

output_pptx.mp4

Plasma wavelength increases and electrons 

start to enter the decelerating phase

Down ramp injection contributes to a small 

part of the spectrum
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Simulations: key processes
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Effect of downramp and beam charge specifically for high charge beams exiting an LWFA

ffmpeg -r 2 -f concat -safe 0 -i files.txt \

-f lavfi -i anullsrc=channel_layout=stereo:sample_rate=44100 \

-map 0:v:0 -map 1:a:0 \

-vf "scale=3840:-2" \

-c:v libx264 -pix_fmt yuv420p -movflags +faststart \

-c:a aac -shortest \

output_pptx.mp4

A combination of the laser and the beam 

drives the wake increasing its strength 

assisting injection at the down ramp
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Simulations: key processes
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Effect of downramp and beam charge specifically for high charge beams exiting an LWFA

ffmpeg -r 2 -f concat -safe 0 -i files.txt \

-f lavfi -i anullsrc=channel_layout=stereo:sample_rate=44100 \

-map 0:v:0 -map 1:a:0 \

-vf "scale=3840:-2" \

-c:v libx264 -pix_fmt yuv420p -movflags +faststart \

-c:a aac -shortest \

output_pptx.mp4

A strong beam driven wakefield moves the 

wake phase further backwards assisting 

injection further
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Simulations: key processes
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Effect of downramp and beam charge specifically for high charge beams exiting an LWFA

ffmpeg -r 2 -f concat -safe 0 -i files.txt \

-f lavfi -i anullsrc=channel_layout=stereo:sample_rate=44100 \

-map 0:v:0 -map 1:a:0 \

-vf "scale=3840:-2" \

-c:v libx264 -pix_fmt yuv420p -movflags +faststart \

-c:a aac -shortest \

output_pptx.mp4

Beam driven wake dominates promoting 

subluminal injection during the transition

A part of the beam is decelerated while the 

other part undergoes injection and 

acceleration along with betatron oscillation
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Simulations: key processes
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Effect of downramp and beam charge specifically for high charge beams exiting an LWFA

ffmpeg -r 2 -f concat -safe 0 -i files.txt \

-f lavfi -i anullsrc=channel_layout=stereo:sample_rate=44100 \

-map 0:v:0 -map 1:a:0 \

-vf "scale=3840:-2" \

-c:v libx264 -pix_fmt yuv420p -movflags +faststart \

-c:a aac -shortest \

output_pptx.mp4

Injection continues as the wake strength 

decreases
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Simulations: key processes
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Effect of downramp and beam charge specifically for high charge beams exiting an LWFA

ffmpeg -r 2 -f concat -safe 0 -i files.txt \

-f lavfi -i anullsrc=channel_layout=stereo:sample_rate=44100 \

-map 0:v:0 -map 1:a:0 \

-vf "scale=3840:-2" \

-c:v libx264 -pix_fmt yuv420p -movflags +faststart \

-c:a aac -shortest \

output_pptx.mp4

Until a point of maximal injection
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Simulations: key processes
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Effect of downramp and beam charge specifically for high charge beams exiting an LWFA

ffmpeg -r 2 -f concat -safe 0 -i files.txt \

-f lavfi -i anullsrc=channel_layout=stereo:sample_rate=44100 \

-map 0:v:0 -map 1:a:0 \

-vf "scale=3840:-2" \

-c:v libx264 -pix_fmt yuv420p -movflags +faststart \

-c:a aac -shortest \

output_pptx.mp4

All the particles enter the decelerating point of 

the wake and energy is lost leading the 

electron shedding
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Simulations: key processes
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Effect of downramp and beam charge specifically for high charge beams exiting an LWFA

ffmpeg -r 2 -f concat -safe 0 -i files.txt \

-f lavfi -i anullsrc=channel_layout=stereo:sample_rate=44100 \

-map 0:v:0 -map 1:a:0 \

-vf "scale=3840:-2" \

-c:v libx264 -pix_fmt yuv420p -movflags +faststart \

-c:a aac -shortest \

output_pptx.mp4

Loss of the beam
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Simulations: key processes
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Effect of downramp and beam charge specifically for high charge beams exiting an LWFA

ffmpeg -r 2 -f concat -safe 0 -i files.txt \

-f lavfi -i anullsrc=channel_layout=stereo:sample_rate=44100 \

-map 0:v:0 -map 1:a:0 \

-vf "scale=3840:-2" \

-c:v libx264 -pix_fmt yuv420p -movflags +faststart \

-c:a aac -shortest \

output_pptx.mp4

Finally back to a single beam propagating into 

vacuum

We compare the probe images generated



Electron Shedding EAAC 2025

Experiments to simulations

24

Lobed structure with a 

tail

Double Lobed 

structure

beam driven wake



Electron Shedding EAAC 2025

Experiments to simulations
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Long beam with a tail

Low energy electrons

predominantly at the 

back

Nearly a single beam in 

vacuum
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Experiments to simulations
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Lobed structure with a tail

Double Lobed structure : beam driven wake

Long beam with a tail : Low energy electrons are 

predominantly at the back

Nearly a single beam in vacuum
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Conclusions

• Coupling high charge beams out of an LWFA

• Injection enhanced at the downramp accelerates particles to 

nearly 50 MeV

• As density reduces, transition into a PWFA causes loss of the energy 

gained

• Beam lost due to divergence and oscillation around axis and energy 

loss

• Far away a single beam is seen: Electron shedding

27
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Thank you
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QUESTIONS ?



Full Simulation

Laser Extracted

Beam Extracted

Laser and Beam

Extracted

Zmax initial_ beam from 112500

5.6215050659072885

5.663433837879946

5.663433837879946

5.663433837879946

6.215071960436125

6.257000732408782

6.257000732408782

6.257000732408782

6.92735223387073

6.969281005843387

6.969281005843387

6.969281005843387
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Simulation Results

32

Recreating experimental data



Z max _ init beam 102500

5.384078308095754

5.424833923333211

5.424833923333211

5.424833923333211

5.6215050659072885

5.661650329583787

5.661650329583787

5.661650329583787

6.215071960436125

6.2536913452102265

6.2536913452102265

6.2536913452102265

6.92735223387073

6.964140563961953

6.964140563961953

6.964140563961953
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What causes electron shedding

High charge beams, long enough downramp gradient and transition from laser to beam driven

• High charge beams exiting an LWFA

• Transition from a laser driven into a beam driven wake

• Wake phase moves back, assisting down ramp injection

• Injected particles have larger divergence as they oscillate in the tail shedding electrons on the way

• Energy of these particles comes from the accelerated beam itself
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What causes electron shedding

High charge beams, long enough downramp gradient and transition from laser to beam driven

• High charge beams exiting an LWFA

• Transition from a laser driven into a beam driven wake

• Wake phase moves back, assisting downramp injection

• Injected particles have larger divergence as they oscillate in the tail shedding electrons on the way

• Energy of these particles comes from the accelerated beam itself
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Femtosecond Relativistic Electron Microscopy

Electron probe explain and how It works and show it has been 

used to measure the wakefield in the plateau, wavebreaking

36

Jet 1

Jet 2
Y. Wan, et. al, Nat. Phys. 18, 1186–1190 (2022)

Need a good way to explain the fields
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LPA + iomization inj,  downramp injection
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Experiments to simulations
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Lobed structure with a tail

Double Lobed structure : beam driven wake

Long beam with a tail : Low energy electrons are 

predominantly at the back

Nearly a single beam in vacuum
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