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Outline

1. Introduction
- Brief overview of laser-driven ion acceleration research

2. Magnetic vortex acceleration (MVA) in weakly relativistic 
regime 

3. Future prospect on MVA in relativistically induced   
transparency regime
(Slides are kindly provided to me by Prof. Alexey Arefiev@UCSD)

4. Summary

01



Various Ion Acceleration Mechanisms

P.	Mackenna,	EAAC	2015	
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A number of novel mechanisms are still actively investigated both in 
theoretically and experimentally.
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Overview of Ion Acceleration research

Main goal:
To achieve over 100 MeV mono-energy protons for medical and industrial 
applications.

Recent achievements:
à Emax = 85 MeV protons via TNSA.

F. Wagner et al., PRL 116, 205002 (2016). 

Emax = 93 MeV protons via RPA.
I. J. Kim et al., Phys. Plasmas 23, 070701 (2016). 

à 18 MeV mono-energy pure protons via CSA.
D. Haberberger et al., Nat. Phys 8, 95–99 (2012). 
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Magnetic Vortex Acceleration

What is “magnetic vortex acceleration (MVA)”?
Magnetic vortex structures created at the rear side of
the target build up an enhanced electrostatic sheath field,
which collimate and accelerate ions.
Near critical density plasmas (< nc) are required.

cf
A.V. Kuznetsov et al., PPR. 27, 211 (2001). 
H. Amitani et al., AIP Conf. Proc. 611, 340 (2002).
S.V. Bulanov et al., PPR. 31, 369 (2005).
S.S. Bulanov et al., PoP 17, 043105 (2010).
T. Nakamura et al., PRL 105, 135002 (2010).

(Quoted from Bulanov and Esirkepov, PRL 98, 049503 (2007)).

~
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Various Targets for Ion Acceleration

Ions

Gas ������Solid ������

Laser Laser

Ions

Overdense Plasmas (>> nc)
�TNSA (mm-thick foils) 
�RPA (nm-thick foils)

Underdense Plasmas (<< nc)
�Charge separation
�Collisionless shock 05

Cluster ������

Laser

Ions

Near-critical density plasmas (~ nc)

�Solid density, submicron sized clusters are embedded in a background gas.

Cluster (solid density)
Background gas



Background gas 
(He: ~1019 cm-3)

CO2 cluster
(Dia. : 220 nm)

Experimental Setup

Nozzle output

Target gas: 60-bar He(90%) + CO2 (10%) 06



Three-Step Conical Nozzle

2D-hydrodinamic	calculations

•60-bar mixture of 10 % CO2 and 90 % He:

– Average cluster diameter: 0.37 µm
– Background gas concentration: 2.7x1019 cm-3

– Average cluster density: 3.5x109 cm-3

– Average cluster distance: 5 µm
– Dryness: 0.35

0.5	mm 2.0	mm

input output

Three	staged	nozzle

A.S. Boldarev et al., Rev. Sci. Instrum 77, 083112 (2006).
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75 mm 
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Optical Design
Angular distributions of scattered light

F(x,θ) : Angular distribution function
N(x) : Size distribution function

Size distributions of the CO2 clusters

S. Jinno, Y. Fukuda et al., Appl. Phys. Lett. 102, 164103 (2013).

Characterization of Cluster Size using Mie scattering
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Ion DetectionT
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Fast Electron Generation

Ions

Emax- 5A

Soft X ray
spectrometer

Main laser pulse: 
40 fs, 150 mJ, 10-6 contrast,
6X1017 W/cm2 in vacuum,
1 Hz operation
30 µm focal spot (1/e2) Nozzle output

Target gas:
60-bar He(90%) + CO2 (10%)

CO2 cluster
(Dia. : 220 nm)

Background gas 
(He: ~1019 cm-3)

Experimental Setup
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1st layer 8th layer

200 μm

11th layer 12th layer

• Ion pits penetrate through
up to 11th layer. 

• 6,000 laser shots accumulation.
• Divergence: open angle of 3.4 degree.

Energy filter

CR39 × 12 
(100 μm)Polycarbonate × 10

(10 μm)

6-um Al foil

Ion beam

Microscope	Image	of	the	CR-39	surfaces

Ion Signals registered in the CR-39 Stack

On+

Hen+

Cn+

10 MeV/u
17 MeV/u
20 MeV/u  
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1. Y. Fukuda et al., PRL 103, 165002 (2009).
2. Y. Fukuda et al., Radiat. Meas. 50, 92 (2013). 

Ogura et al., (2012).

Kim et al., (2013).

Willingale et al., (2006).

Fukuda et al., (2013).

Ion Acceleration using Cluster Targets 

10x
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Acceleration Mechanism
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Long Channel Formation
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Electric	Field	caused	by	Magnetic	Pressure
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Role	of	Magnetic	Vortex

Evacuation	of	electrons	inside	magnetic	vortex
due	to	magnetic	pressure

Magnetic	vortex	is	positively	charged

Electric field in MVA :      5
Typical “sheath field” in TNSAM  
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~70 MG

Ar gas (0.012nc)

340	fs

Time evolution of field energy (R. Matsui, Y. Kishimoto (2014))
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Electron energy

Ion energy

Acceleration Mechanism

Part of electron energy is converted to magnetic field energy
Origin of efficient ion acceleration in MVA
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Near Future of Magnetic Vortex Acceleration
in Relativistically Induced Transparency Regime

(I >1022 W/cm2)

(Slides are kindly provided to me by Prof. Alexey Arefiev@UCSD)

Point:
�Main drawback of MVA in weakly relativistic regime: 

The number of accelerated ions is small because of its optimal target density ~0.1nc

�MVA in relativistically induced transparency regime could overcome this, 
because the critical density is scaled as a0nc (a0 = 10-100).
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Laser pulse
5x1022 W/cm2

(a0~190)

x, µm

y,
 µ

m

Setup	for	ion	acceleration

} Significant	ion	acceleration	
will	take	place	at	the	rear	
side.

} Long	target:	sheath	
acceleration	is	the	primary	
mechanism.

} What	will	happen	if	the	
laser	can	burn	through?

Bulk:	300nc Channel:	30nc

Double layered tube target
Courtesy of A. Arefiev (2017)
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Magnetic	&	electric	field	structure	
y,

 µ
m

y,
 µ

m

x, µm

	
Bz

	
Ex

} No	magnetic	field	is	present		

} Accelerating	field	is	the	sheath	
field

Before	the	laser	burns	through

Courtesy of A. Arefiev (2017)
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120	MeV 160	MeV 200	MeV 240	MeV 320	MeV280	MeV 360	MeV

10o

20o

10o

20o

Collimated	proton	beam

px

py

py

px

After

Before

collimated	
proton	beam

Courtesy of A. Arefiev (2017)
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After

Before

total

total

θ <	10o

θ <	10o

} Proton	acceleration	in	the	
presence	of	the	MT-level	magnetic	
field	produces	a	collimated	proton	
beam.

} The	energy	peak	is	at	300	MeV

} Characteristics	of	the	collimated	
beam	with	θ <	10o:

200	MeV	≤	εp ≤	300	MeV

Np ≈	8×1010

Qbeam≈12	nC
collimated
beam

Proton	spectra

The number of accelerated ions in MVA is significantly 
increased in RITR.

Courtesy of A. Arefiev (2017)
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Summary and Conclusion

1. Magnetic vortex (~35 MG) in weakly relativistic regime:
�Ceated at the rear side of the near critical density plasma (~0.1nc)
�Due to a fast electron beam
�Contribute to create a strong accelerating field structure (~10 TV/m)

�Enhancement of accelerated ion energies up to 10-20 MeV/u at ~1018 W/cm2

Y. Fukuda et al., PRL 103, 165002 (2009).

2. Magnetic vortex (~300 kT = ~3 GG) in relativistically induced transparency  
regime:
�Created at the rear side of the near critical density plasma (~30 nc)
�Due to a fast electron beam
�Contribute to create a strong accelerating field structure (~40 TV/m)

�Enhancement of accelerated proton energies up to 600 MeV with a peak at
300 MeV at >1022 W/cm2

3. In MVA, part of fast escaping electron energy is converted to magnetic field  
energy, and is utilized to create a strong accelerating field structure. 20

A. Arefiev et al., (2017).
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