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Laser-driven ion sources are of interest for a variety of applications

Imaging applications

Radiobiological studies
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Discovery Science studies in high 
energy density science and warm 

dense matter research 

Material Science
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Radiobiological studies
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Radiological Sciences, 
50(7)4 (2007)
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Newly commissioned short focal length beamline at the BELLA 
PW facility (iP2) to study HEDS

FES funded beamline to investigate ultra-
high intensity laser-plasma interactions
including advanced ion acceleration
mechanisms and applications enabled by
laser-driven ions as well as fundamental
plasma physics at micron and fs scale

Office of
Science

Features
A. New target chamber for highest laser intensities 

>1021W/cm2

B. Double plasma mirror for temporal contrast 

enhancement of laser (ns-ps) <10-14

C. Expansion space for diagnostic, probe laser, ion 

beamlines, betatron backlighter for WDM studies

Opportunities in
� Fundamental Physics of Relativistic Plasmas           

advanced ion acceleration, relativistic oscillating 

mirror, flying mirror

� Relativistic Laboratory Astrophysics  plasma 

instabilities, bow waves, magnetized jets, antimatter 

plasma, collisionless shocks

� High Intensity Particle Physics Nonlinear QED, 

Multiphoton Compton and Breit-Wheeler processes, 

EM cascades

New ultra-high intensity laser beamline to provide 50 MeV/u ions for in vivo irradiation of 

small mammals and exciting opportunities in discovery plasma science 

Double plasma mirror

Target chamber 2

BELLA PW 
laser bay

Target chamber 1

Two configurations of the target chamber: normal and oblique laser incidence on target
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RPA & CE
Laser: High intensity 
Target: Thin solid density foils
Ion energy: 100s of MeV
Ion energy ~ Laser Power

MVA
Laser: High intensity 
Target: Near Critical Density slab
Ion energy: 100s of MeV to GeV 
Collimated ions!
Ion energy ~ Laser Power 2/3

TNSA
Laser: Low intensity 
Target: Thick solid density foils
Ion energy: ~100 MeV
Ion energy ~ Laser Power 1/2

Regimes of laser driven ion acceleration 

PW
-class laser

Opportunity to explore ultra-relativistic laser-solid interactions 
and advanced ion acceleration mechanisms

S. Hakimi et al. , Phys Plasmas, 29, 083102 (2022)

S. S. Bulanov, et al., Physics of Plasmas 23 , 056703 (2016)



5

Applications: Radiography, Deflectometry, Cancer Therapy, Injection into conventional 
accelerators, Fast Ignition, Isochoric heating of matter, Nuclear Physics…

TNSA
Laser: Low Intensity
Target: Thick solid density foils
Ion Energy: ~100 MeV

RPA & CE
Laser: High Intensity
Target: Thin solid density foils
Ion Energy: hundreds of MeV

MVA
Laser: High Intensity
Target: Near Critical Density slab
Ion Energy: hundreds of MeV to  GeV

Ion Energy ~ Laser Power2/3

Ion Energy ~ Laser Power

Ion Energy ~ Laser Power1/2

P
W

-class laser

The Ion Acceleration Mechanism is Determined by Laser Intensity 
and Target Surface Density
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The transparency of the target is one of the most important parameters 
characterizing laser ion acceleration

TNSA
Laser: Low Intensity
Target: Thick solid density foils
Ion Energy: ~100 MeV

RPA & CE
Laser: High Intensity
Target: Thin solid density foils
Ion Energy: hundreds of MeV

MVA
Laser: High Intensity
Target: Near Critical Density slab
Ion Energy: hundreds of MeV to  GeV
Ion Energy ~ Laser Power2/3

Ion Energy ~ Laser Power

Ion Energy ~ Laser Power1/2

SWART

Extended plasma target
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S. S. Bulanov, et al., Physics of Plasmas 23 , 056703 (2016)
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Near Critical density Targets: 
• Less requirements for laser contrast than in RPA
• Potential high repetition rate operation

Magnetic Vortex Acceleration in Near Critical Density plasma



Brief overview of the Magnetic Vortex Acceleration mechanism: 

Density channel MT-level B field Accelerating and 
collimating E field 

• The laser pulse propagates through a near-critical density target, creating a channel in both 
electron and ion density

• Accelerated electrons in the channel generate a strong B field (~ 0.1 MegaTesla)
• B field expands as it exits the target and displaces electrons from ions 
• This charge separation creates a strong E field that can accelerate 

and collimate ions from the ion filament
WarpX



Pre-expansion of the NCD target can 
significantly modify the MVA

D
ensity channel M

T-level B field
Accelerating and 
collim

ating E field 

WarpX



The evolution of accelerated proton beam energy and divergence 
depend strongly on the pre-plasma scale length 

(Left) Maximum proton energy as a 
function of time for different pre-plasma 
scale lengths. 

(Middle) Proton beam divergence as a 
function of normalized kinetic energy.

(Right) Proton kinetic energy spectra 
are shown.

Electric current density, electron and proton density 
lineouts, and transverse magnetic field lineouts are 
shown for the three cases of preplasma scale length

WarpX



Different pre-plasma scale lengths result in the generation of spatially 
confined, low divergence proton beams, with low emittance

WarpX



• The laser focal spot-size should match the diameter of the self-generated channel

• Laser must propagate and exit through the target without breaking up

• With optimized conditions:

!"#

$"#

Effectiveness of the MVA regime is related to the laser depositing its 
energy to the fast electrons and exiting the target rear side

For 1 PW laser pulse and



• If                       the radius of the resulting channel is 

• The depletion length of the laser in the NCD plasma is reduced

• The number of accelerated protons and the amplitude of the magnetic field are 
reduced as a result:

If the laser spot-size is larger than the radius of the self-generated channel
it leads to the reduction of MVA effectiveness

For 1 PW laser pulse and and



• We studied the effects of different pre-plasma scale lengths on the effectiveness of the 
magnetic vortex acceleration

• We observed that as the scale length was increased the maximum proton energy 
decreased:
o For small scale lengths, the accelerating fields are localized near the back of the target and the 

protons are able to catch up with them and be accelerated
o For large scale lengths, the accelerating fields instead of being localized continue to move 

behind the laser pulse and the protons are not able to catch up with them.
• 3D PIC simulations for different pre-plasma scale lengths show the generation of 

spatially confined, low divergence proton beams, which result into emittance values of

• The non-optimal coupling of the laser to the NCD target:                                                
leads to reduced values of the number of accelerated protons and the amplitude of the 
magnetic field in the channel:               

Conclusions
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Thank you!


