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Laser Ion Accelerator 
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Averaged magnetic field       in one laser period.
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1. Ion beam quality
--- transverse divergence
--- energy spectrum control

2. Low energy efficiency from laser to ion beam

Issues of Laser Ion Accelerator 

gy y
~ a few % or less

3. Total number of ions accelerated
~ 1012 particles or so

4. Low laser efficiency
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1. Ion beam quality
--- transverse divergence <=
--- energy spectrum control

Problems of Laser Ion Accelerator 

energy spectrum control 

2. Low energy efficiency from laser to ion beam
~ a few % or less

3. Total number of ions accelerated
~ 1012 particles or so 

7



Electron 
Cloud

Laser

Ion Beam

≒

＋ －

Ambipolar Field
~ Ion Diode

Virtual 
Cathode

Collimated Ion Beam

Cloud
Thin Foil

＋

8

Origin of ion beam divergence: 
/ Edge fields of ion source & electron clouds
/ Ion beam temperature 

Suppression of transverse proton divergence 
by  shielding  edge fields of electron cloud & ion source.



Simulation Results
Target density ][1001.22 221 −×=×= cmnn cF

Proton
t=3.934E-13[s] t=5.409E-13[s]

ForwardBackward

t=6.884E-13[s] t=8.359E-13[s]

Maximum Kinetic Energy  of Proton
Forward: 3.73[MeV] Backward: 2.89MeV
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Simulation Results

Electrostatic Field (Time developmet of Ex)

t=4.917E-13[s] t=5.409E-13[s]

Over 2MeV                 Over 2MeV                 
Kinetic Energy Kinetic Energy 

0 10 20 30

ｘ [λL]

0 10 20 30

10

5

 

Ex [V/m] -1.0e+13 0.0 1.0e+13 

t=6.884E-13[s] t=8.359E-13[s]



shielding

Collimated Ion Beam High-density plasma
shields the edge field.

Laser

Thin Foil
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Ambipolar Field
~ Ion Diode

Virtual 
Cathode

Laser
e p

Cathodee p
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Initial Target Profile
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Target of Case B has a hole at the opposite side of the laser illumination.

Gradation part in figures mean density gradient. 

Target of Case A is the conventional slab foil plasma.
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Simulation Model of 2.5D PIC Simulations

Simulation Box
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Incident laser 
IL = 1.0×1020 [W/cm2]
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Divergence Angle

Divergence Angle:

Case1: 2.805 Case2: 2.399

N

N

i
∑ ∆
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2)( θ

Estimation of Divergence Angle
Case A
Case B

Case A

Case B

Case A Case B

N: total particle number 
of the proton beam.

∆θ =arctan(vy/vx).

These values also mean that the proton beam divergence in case of the 
target with the hole is suppressed compare with that the case of the 
conventional slab target. The proton beam quality in Case2 is controlled 
by the electron cloud localization, which is realized by the configuration 
of the plasma target (Case2). 16
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Proton Distribution in X-Y Space in Case B
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The proton beam transverse divergence of CaseB is suppressed successfully 
by the shaped target and the electron cloud localization.

Case B
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Robust hole target against laser alignment
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Collimated proton beam from 
umbrella-like target

Y.Y. Ma, et al., Physics of Plasmas, 16(3), 034502, 2009. 



Conic cavity target vs umbrella-like target

The wall：8nc
filament：12nc
I=1020W/cm2

τ=10T

Proton Track



Umbrella-like target

208T



Energy Efficiency Enhancement
From Laser to Ion Beam

2. Low energy efficiency from laser to 
ion beam
~ a few % or less

/ jaggy or rough surface target
/ cluster amorphous many holes
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/ cluster, amorphous, many-holes. …
/ long life of electrons



Energy Efficiency Enhancement
From Laser to Ion Beam

2. Low energy efficiency from laser to 
ion beam
~ a few % or less

/ long life of electrons 
long life of acceleration E field
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long life of acceleration E-field
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Ion Acceleration

Electron trajectory
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Electrons oscillate in a potential 
well of the ESF with a high 
frequency 

The number of the electrons to 
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sustain the ESF wave depends on 
the energy of the electrons



Energy Efficiency Enhancement
From Laser to Ion Beam

2. Low energy efficiency from laser to 
ion beam
~ a few % or less

/ long life of electrons
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1. Ion beam quality
--- transverse divergence
--- energy spectrum control <=

Problems of Laser Ion Accelerator 

energy spectrum control 

2. Low energy efficiency from laser to ion beam
~ a few % or less

3. Total number of ions accelerated
~ 1012 particles or so 
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Energy Spectrum Control

1. Ion beam quality
--- energy spectrum control

/ very thin ion source < skin depth
/ double layer – flying or fixed 

＋ －

Ambipolar Field
~ Ion Diode

Virtual 
Cathode

grid
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Laser: intensity 1020 W/cm2

wavelength 1 µm
duration 15 fs
pulse shape sin2

polarization P
spot size 3 µm
incidence angle 0◦

Foil: thickness 300 nm
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Foil: thickness 300 nm
density 0.4 g/cm3

composition CH2
ion charge state C6+, H+ initial 
temperature 1 eV
profile step-like boundary conditions 
thermalization of fast electrons

flying

H
C
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case 3 periodic array with structure 
composed of boxes of 60 nm× µm
separated by 0.25 µm, material 
composition C6+, density 0.35 g/cm3

＝＞ Flat target:  2.8% (Laser -> ions)
Structured target: 26%(Laser -> ions) case 3(20% C, 6%Protons)



Quasi-monoenergetic proton beam from 
target with holed backside

T P Y Y Y M t l Ph i f Pl 16(3) 033112 2009T. P. Yu, Y.Y. Ma, et al., Physics of Plasmas, 16(3), 033112, 2009.



The production of quasi-monoenergetic 
protons from microstructured targets 

H. Schwoerer, Nature  439, 445(2006)

German



The Physical model for moicro-hole target

A micro-hole is made, 
whose size is smaller than 
the laser spot. Protons in 
the hole almost feel the 
unique electric field. 



PIC simulation parameters

0 0

FIG 1. Scheme of the simulation 
geometry. The target is located 

from x=5.0  to x=7.0 .λ λ

Laser parameters：I=                                                           R=10

Plasm parameters：

21 21.0 10 /W cm× 0 1.06 mλ µ= mµ
010.0 ( 33.3 )T fsτ = ≈

0 20 cn n=

2 2 2
0 sin ( / )exp( / 2 )La a t y Rπ τ= −

e it =1000 ,t 333eV eV= 0 02.0 , 1.0h dλ λ= =

T. P. Yu, Y.Y. Ma, et al., Physics of Plasmas, 16(3), 033112, 2009.



compare



Energy spectra

energy：1-10MeV
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FIG 7. Proton energy spectra obtained
from the concave at t=107   (black), 

t=120    (red) and t=134   (green)

ω

ω ω

FWHM： 20-30%

T. P. Yu, Y.Y. Ma, et al., Physics of Plasmas, 16(3), 033112, 2009.



Future application to Ion Therapy

1. Doctor & Patient – friendly system for individual patient
2. Optimization of Curing Plan – Which direction, how much particle energy, 

how many times, 
3. Ion illumination & deposition code OK2 + parallelization
4. Integrated PSE System
5. Compact ion accelerator – Laser ion accelerator 
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Thank you!
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Location

Utsunomiya
& Nikk

From Narita 
(Tokyo) 
International 
Airport
> 3h b

No.43

& Nikko

Tokyo

Narita Int. Airport

-> 3hours by 
Bus or Train

From Tokyo
1hour by Train 
(Shinkan-sen)KyotoOsaka
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