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Outline
• Ion (proton) acceleration

§ thin foils with optimal thickness
§ circular vs. linear laser polarization
§ ion acceleration from low-density targets

• Magnetic field generation
• Electron acceleration for X-ray source
• Thz generation



Applications of ion beams
• new high-time resolution diagnostic techniques, since the 
short ion pulse duration [Borghesi PoP2002]; 

• ion beam radiography / imaging and lithography;

• applications in energy research (ion “Fast Ignitor” in the 
inertial fusion energy context) [Roth PRL2001, Bychenkov
Sov. Plasma Phys. 2001, Guskov QE2001];

• medical treatment (proton therapy [Bulanov Sov. Plasma 
Phys. 2002], transmutation of short lived radio-isotopes for 
positron emission tomography (PET) in hospitals [Fritzler
APL2003]);

• short neutron source [Roth PRL2013];

• astrophysical phenomena in the Lab;

• nuclear physics [Bychenkov JETP99].



Recent experiments on proton acceleration
F. Wagner et.al PRL 116, 205002 (2016)

Laser: ~160-200J; 500-800 fs;
I ~ (0.7-2.6)×1020 W/cm2

Polymethylpentene foil,
thickness165-1400 nm,
gold foil, 4 μm

Proton energy 85 МэВ

I. J. Kim et.al  PoP 23, 070701 (2016)

Proton energy 93 МэВ

Laser: ~1 PW; 27J; 30 fs;
8.5 J on target, 6.1×1020 W/cm2

Polymer foil, thickness of 15 nm,
(2.5° from normal)



Optimal target thickness

150 TW

300 TW

500 TW

There is optimal thickness for given density and laser intensity !

Proton energy from 
double-layered target

Proton energy from 
foil target

ne =400 nc

ne =100 nc

2D PIC 
simulation

Condition of plasma  
transparency

Coulomb field Laser field

Absorption ?
Ion energy ?



Problem of laser light transmission through 
plasma layer

L.D. Landau & E.M. Lifshitz Electrodynamics of Continuous Media
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PIC code for simulation of laser-plasma interaction

x
y

z

x × y × z = 50 λ × 20 λ × 20 λ

Δx × Δ y × Δ z = λ/100 × λ/20 × λ/20 

Laser pulse 

target

electrons
heavy ions
light ions (protons)

Target
CH2 foil 
(ne=200 nc )

2 τ

2 ρ

l ~ 0.01 - 10 λ

0.3 - 300 J, 
5×1019 -5×1022  W/cm2

2 τ = 30 fs
2 ρ = 4 µm 
Linear/circular polarization 



I =5 1021 W/cm2 ,  τ = 30 fs,  
focus spot 4 µm (FWHM)

Target – CH2 foil 0.1 µm (ne=200 nc )

3D proton acceleration by 30 J laser pulse



τ = 30 fs, ρ = 2 µm    τ = 30 fs, ρ = 4 µm 
τ = 30 fs, ρ = 6 µm τ = 150 fs, ρ = 4 µm

Proton acceleration from ultra-thin foils

Target: CH2 foil  (ne=200 nc ) with 
optimal thickness l = 0.005λ - λ

Laser: τ = 30-150 fs, 2-6 µm (FWHM)
I = 5×1018 W/cm2 --5×1022 W/cm2



Proton acceleration from ultra-thin foils :
simulation vs. experiment



circular polarization

linear polarization

Thin foils: linear vs. circular polarization 



Thin foils: linear vs. circular polarization 

30 J, 5×1021  W/cm2

2 τ = 30 fs
2 ρ = 4 μm
linear/circular polarization 

Semi-transparent target – possibility to 
increase interaction time !



109  protons with energy > 200 MeV

2.5×109  protons with energy > 200 MeV  

30 J, 5×1021  W/cm2

2 τ = 30 fs
2 ρ = 4 μm
linear/circular polarization 

1.3 times maximum energy increase 

Thin foils: linear vs. circular polarization 



Proton acceleration: maximum energy vs. 
thickness & density of the target. 

Laser: τ = 30 fs, 4 µm (FWHM)
I = 5×1021 W/cm2 Target: CH2 plastic& aerogel

New regime of acceleration –
increasing acceleration time !



Laser: ~3 J, 30 fs; I~ 1020 W/cm2

S. Kar et. al  Nat. Comm. 7, 10792 (2016)

Simulation 30J, 30 fs

Experiment to increase acceleration time  



Laser pulse
E
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σ
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Relativistic ponderomotive force

MeV

Synchronization of ion and field velocities  



Laser

Innovative targets ( ρ~1÷20 mg/cm3 )

Accelerated 
field

Acceleration 
of captured 
protons

Ponderomotive force
pushed electrons

Proton energy

Resonance dependence 
from target density

Proton acceleration by ponderomotive potential



3D PIC simulation of SASL

I



circular polarization

linear polarization

SASL regime: linear vs. circular polarization 



I Ex

SASL regime for circularly polarized laser pulse 



5×109  protons with energy > 200 MeV  

1.3×1010  protons with energy > 200 MeV  

30 J, 5×1021  W/cm2

2 τ = 30 fs
2 ρ = 4 µm
linear/circular polarization 

1.6 times maximum energy increase 

SASL regime: linear vs. circular polarization 



	

SWNTs with density of 0.1 mg/cm3 SWNTs with density of 1 mg/cm3

Thickness –
100- 200 nm

SWNTs with density 
of 30-50 mg/cm3

Thickness – 5- 10 µm

- To enrich the films with hydrogen 
the nanotubes have been filled with 
coronene (C24H12) molecules.
- 2 mass % of hydrogen can be 

introduced into films.

Innovative low-density targets for particle 
acceleration 



New dependence of maximum proton energy from 
laser intensity 

Circularly polarized laser pulse has advantage in 
terms of ion acceleration 

The new mechanism of ion acceleration from low-
density targets by slow light is proposed 

Summary on ion acceleration



Magnetic field generation in interaction of 
short laser pulse with metal target 

Irradiated metal target

Electron evacuation under action 
of short laser pulse

Electron current

Magnetic field

laser



New targets for magnetic field generation

0.5 J 1020  W/cm2

2 τ = 30 fs
2 ρ = 4 μm
linear polarization 

Magnetic field

Target – thickness of 
irradiated foil 0.1 μm

electron 
current

B



Magnetic field generation by short laser pulse

40MG

0.5 J  1×1020  W/cm2

2 τ = 30 fs



Dependences from laser pulse duration

0.5 J  2.5×1019  W/cm2

2 τ = 120 fs

0.5 J 1019  W/cm2

2 τ = 300 fs

on laser axes

near target 
boundary

70MG

65 MG



Inverse Faraday effect (IFE)

Comparison of the quasistatic
magnetic field profiles for a 
channel obtained from PIC 
simulation (dots) and by the 
analytical IFE theory solid curve

Quasistatic magnetic field calculated from probes 
located at x=85 µm in simulation box. Initial peak 
laser intensity is 4.7×1019 W/cm2. The initial FWHM 
of the laser intensity is 5 µ m and the background 
plasma density is 0.1ncr. 

40MG

N. Naseri, V. Yu. Bychenkov, and W. Rozmus,  
PHYS. PLASMAS 17, 083109 2010

Circles and triangles correspond 
to counterclockwise and clockwise 
polarization of laser beam

Axial magnetic field generation by intense circularly 
polarized laser pulses in underdense plasmas

1020 W/cm2, 5 µ m 
0.36ncr. 



The new schema of magnetic field generation in 
interaction of sub-ps laser pulses with shaped 
target is proposed.    

The generation of quasi-static magnetic field in gas 
plasmas due to inverse Faraday effect has been 
studied. 

Summary on magnetic field generation 



x y

z

L = 0.05 - 10 λ

x × y × z = 18 λ × 20 λ × 20 λ
Δx × Δ y × Δ z = λ/100 × λ/20 × λ/20 

2 τ

2 ρ

Laser pulse

laser
target

electrons
ionsС+6Target

0.3 J
5.×1019 W/cm2

2 τ = 30 fs
2 ρ = 4 µm
linear polarization

converter

electron 
bunch

X-ray

PIC code
Mandor

GEANT-4

Collect all electrons 
behind target in the 
angle of 45o  

Laser-target interaction and X-ray generation



pre-plasma 10 μm 
+ 20 nm foil

foil 20 nm

foil 10 nm

pre-plasma 4 μm 
+ 20 nm foil

0.2 μm 5 nc

Optimal target for electron acceleration.



ℓ =60
ℓ =10 ℓ =40

ℓ =20

Optimal linear pre-plasma size ~ 20-40 μm

Т=7 MeV

Т=5 MeV

laser

0.3 J,
5.×1019 W/cm2

2 τ = 30 fs
2 ρ = 4 µm
linear polarization 

Optimal pre-plasma size for generation of hot 
electrons 



Exp[-x/L]

ℓ =20

ℓ =20
L=5

ℓ =40

ℓ =40
L=10

exponential shape 

exponential shape

linear shape

linear shape

Pre-plasma shape effect on electron acceleration 



Cu

Au

Ta

Kα
Cu = 8.05 кэВ

Kβ
Cu = 8.9 кэВ

Kα1
Au = 67кэВ

Kα2
Au = 69 кэВ

Kβ1
Au =78 кэВ

Kβ2
Au =80 кэВ

Kα1
Ta = 56 кэВ

Kα2
Ta = 57.5 кэВ

Kβ1
Ta = 65 кэВ

Target with thickness of 2 mm

X-ray generation: characteristic spectra 



T=4 MeV

T=0.4 MeV

Conversion efficiency laser – X-ray ~ 5×10-5

Cu

Au

Ta
Cu

Au

X-ray generation: bremsstrahlung spectra 



5.4 J, 1021 W/cm2

2 τ = 30 fs
2 ρ = 4 µm
linear polarization

laser

Charge of electron bunch with energy more than 30 MeV

ne~2-4 nc ne~2-4 nc

l~20-25 µm l~10-20 µm

Low-density targets for electron acceleration

Deep γ-radiography
(10-20 cm dense matter)

Single shot radiography:
150 nQ

Several-PW lasers

120 TW

3.5 nQ



circular polarization

Linear polarization

ℓ =30 μm
n=1nc

ℓ =40 μm
n=1nc

Circular polarization has advantage for electron acceleration !

Electron acceleration from low-density targets.
Linear/circular polarization.

30 J
5.×1021 W/cm2

2 τ = 30 fs
2 ρ = 4 μm



Summary on electron source for X-ray

• Optimal pre-plasma size (~ 40 μm) results in 
increase of number and maximum energy of 
electrons accelerated by short laser pulses

• Hard X-ray with temperature of 4 MeV generated 
by short laser pulse with energy of  300 mJ with 
efficiency of ~ 5×10-5

• Low-density targets as well as circularly 
polarized laser pulses have advantage in terms of 
generation maximum number  of hot electrons 



Tonouchi M. 
Nature Photonics 1, 97

Why THz ?



THz due to laser-plasma interaction 
Gopal A et al. Phys. Rev. Lett. 
111 074802 (2013)

Laser pulse ~ 1J, 30 fs
ТНz pulse ~ 460 μJ



The possible mechanisms of THz generation

Laser pulse

plasma

Hot electron 
cloud

Escaping 
electrons 

Charge 
separation 
field

Theory of plasma expansion

Mora P. Phys. Rev. Lett. 90, 185002 (2003)

A.S. Kuratov, A.V. Brantov, et al 
Quantum Electronics 46, 1023 (2016) 



Radiation energy due to 
escaping electrons

2J laser pulse , 30 fs, а0=10

THz pulse of 600 μJ

Estimates of THz generation

Radiation energy due to 
plasma expansion
THz pulse of 0.1 μJ

Surface wave energy due 
to escaping electrons

THz pulse of 2 μJ

The main source of surface waves – formation of charge-separation field

Surface wave THz pulse with energy of 500 μJ



Generation of surface wave along wire

H. Nakajima PRL 110, 155001 (2013) S. Tokita Sci.Rep. 5, 8268 (2015)

• Generation of MeV electrons
• THz antenna
• High coefficient of energy conversion from laser pulse 
to EM wave  



Surface wave generation due to electrons 
evacuation by laser pulse

Estimation electrons 
charge Laser radiation:

I0 = 1018..19 W/cm2

R0 = 5-10 mkm

Hot electrons charge:

Q=10-9..-8 C

44



Surface plasma wave excitation 

I [W/cm2] = 1026.5(Q[C])2

• FDTD method for solving 
Maxwell’s equations
• ADE method for metal 
modeling

Numerical 
simulation

Hot electron charge:

Q ~ 10-9..-8 C

Peak intensity of 
SPP:

I ~ 1010 .. 9 W/см2

45



Summary on THz radiation

• Laser pulse with I0 ~ 1018 W/см2 generate surface 
waves with peak intensity ISW ~ 109..10 W/см2, 
which may propagate along wire up to several cm 
and radiate EM wave with intensity of I1 ~ 107..8

W/см2

• Surface plasma waves spectral intensity maximum 
is the order of ~ c/R

• Laser pulse energy conversion coefficient from 
laser energy to EMW may reach 10-4



Conclusion
• Utilization of laser pulse with circular polarization results in 
noticeable increase of maximum proton energy both from thin 
foils in directed Coulomb explosion regime and from low-
density targets in synchronized laser-triggered ion 
acceleration (SASL) regime. 
• Low density carbon nanotube films of wide varieties of 
thicknesses and hydrogenation are now available for high 
field science experiments. They are well fitted for ion and 
electrons acceleration by short laser pulse. 
• Optimal pre-plasma size results in increase of number and 
maximum energy of electrons used for generation of X-ray 
and gamma –radiation.

Thank you for attention


