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In this seminar...
I will talk about

Does someone know that?

so called
vortex beam,
orbital angular momentum beam,
twisted beam.
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Light

Wikipedia

Sun

Synchrotron light 

LED
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Electromagnetic wave spectrum
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Linear polarization
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Circular polarization
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Wave front -position of the same phase-
Wave front

Electromagnetic 
wave

Phase
0 2π 4π

Wave fronts of 
plane wave
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Vortex beams -Helical wave front creation-

M. Padgett et al., Phys. Today 57 (2004) 35.

PhaseWave front

Carrying orbital angular 
momentum (OAM)

Forming a helical 
wave front.

Total AM
= OAM + SAM
= ℓħ + ħ

ℓħ

( )φiE exp∝
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Electric field and magnetic field

L. Allen et al., Prog. Opt. 39 (1999) 291.

( )tiikz
x
u

k
iu zx ω−








∂
∂

+∝ expeeE

( )tiikz
y
u

k
iu zy ω−








∂
∂

+∝ expeeB

Magnetic field

u: wave amplitude

Electric field in the paraxial approximation

Electric and magnetic field is slightly inclined 
against the z-axis.
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Poynting vector
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Light carrying SAM and OAM
We can generate

Linerly polarized laser carrying OAM

SAM = 0, OAM = ℓħ,
Total AM = ℓħ

SAM = ±1ħ , OAM = ℓħ,
Total AM = ±1ħ+ℓħ

Circularly polarized laser carrying OAM
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Generation of vortex beams

J. Courtial et al., Opt. Comm. 159 (1999) 13.
M. W. Beijersbergen et al., Opt. Comm. 112 (1994) 321.

Special filters
Cylindrical lens

Spiral phase plate

Holographic fork grating
Plane wave

Charge, m = 4

OAM = m × n

n=0n=-1n=-2
n=+1 n=+2
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Generation of vortex beams
Without filters

Electromagnetic radiation 
from an electron

Vortex beamElectron
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Measurement of vortex beams
Interferometer

LaserCCD

Holographic
fork grating

Beam splitter

Iris

Reference light
(Plane or spherical wave)

Vortex light

ℓ= 2

1 mm

Lens Neutral 
density filter
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Interference fringe pattern
Plane wave + vortexOAM valueℓ Spherical wave + vortex

1 spiral2 Split

3 Split 2 spiral

1

2
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Measurement of vortex beams

H. I. Sztul et al., Opt. Lett. 31 (2006) 999. J. M. Hickmann et al., PRL 105 (2010) 053904.

Y. Taira et al., Opt. Lett. (2017).

Diffraction methods

Vortex beam
Aperture

TriangleDouble slit

Detection of 
diffraction 
pattern

ℓ = 1 ℓ = 2

Circle
ℓ = 2 ℓ = 3

ℓ = 1 ℓ = 0

y

x

z
1st

2nd

1st
2nd

3rd
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Application of vortex beams

A. T. ONeil et al., PRL 88 (2002) 053601.

Tweezer (OAM transfer to micro particle)

OAM
Combination of OAM and SAMIndependent OAM and SAM
OAM - SAM OAM + SAMOAM 

φ 1 µm φ 2 µm3x1.5 µm

N. B. Simpson et al., Opt. Lett. 22 (1997) 52.

SAM

Y. Taira, Gamma-ray vortex beams carrying orbital angular momentum 19



Application of vortex beams

K. Toyoda et al., Nano Lett. 12 (2012) 3645.

Creation of metal nano needle (tantalum target)

Total AM = -2 Total AM = +2
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Application of vortex beam
Non-integer OAM

Fork grating Intensity distribution Phase

J. Leach et al., New J. Phys. 6 (2004) 71.
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Other applications of optical vortex

Quantum entanglement

Direct observation of rotating black hole 

Excitation of atom

Terabit data transmission

Y. Taira, Gamma-ray vortex beams carrying orbital angular momentum 22



Outline

Optical vortex
Electric field and Poynting vector
Generation, Measurement, Application
Electron vortex, X-ray vortex

Gamma-ray vortex

Polairzation and wave fronts of light

Y. Taira, Gamma-ray vortex beams carrying orbital angular momentum 23



Buildings Humans Butterflies Needle Point Protozoans Molecules Atoms Atomic Nuclei
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Frequency (Hz)

Vortex beams

Wikipedia.

Except for the electromagnetic wave

Laser

300 kV electron

10 keV X-ray

Cold neutron

Micro/THz wave
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Generation of electron vortex

B. J. McMorran et al., Science 331 (2011) 192.

Plane wave electron from electron 
microscope (E < 300 keV)

Electron vortices

Fork grating (pitch = 50 nm)

Magnetic mapping with 
atomic resolution

Application of electron vortices

de Broglie wavelength = 2 pm
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High energy electron vortex development
at JLab

R&D of twisted electron acceleration at CEBAF injector
Final goal: srudy of the proton structure (e.g. quark OAM)

fork grating/phase plate

Dipangkar Dutta,
twisted meeting, 1/26/2015
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Generation of X-ray vortex (9 keV)

A. G. Peele et al., Opt. Lett. 27 (2002) 1752.

Synchrotron light
X-ray vortex (9 keV)

Spiral phase plate (step: 34 µm)

Fork
Wire

Metal wire φ7 µm Detector
Electron storage ring

Interference pattern between 
X-ray vortex and diffracted 
X-ray from a metal wire
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X-ray vortex beams from electrons
X-ray vortex generation using helical undulator was proposed  
in 2008.

Transverse motion produces 
higher harmonics.

S. Sasaki et al., PRL. 100 124801 (2008).

Higher harmonics 
carry OAM of (n-1)ħ .

Vortex beam
Electron in 
helical motion
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Soft X-ray (99 eV) generation

Interference pattern between vortex photon and 
spherical reference photon

Measurement Calculation

Vortex photon Reference photon
99 eV

J. Bahrdt et al., PRL 111 (2013) 034801.
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Buildings Humans Butterflies Needle Point Protozoans Molecules Atoms Atomic Nuclei

104 108 1012 1015 1016 1018 1020

Radio Microwave Infrared Visible Ultraviolet X-ray Gamma ray
103 10−2 10−5 0.5×10 −6 10−8 10−10 10−12
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My interest -Gamma-ray vortex generation-

Gamma-ray

Generation of gamma ray vortex (> MeV) 
and development its application.
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Applications of gamma-rays
Nuclear physics

Cancer therapy
Positron production for a linear collider

Non-destructive inspection

Astrophysics (gamma-ray burst)

Solid state physics (magnetic 
Compton scattering)

Homeland security

https://str.llnl.gov/AprMay11/barty.htmlarXiv 1210 4508 (2012).

Wikipedia
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Possible applications of gamma-ray vortex

Generation of positron vortex via pair production

Insight into the proton structure

If the OAM of gamma ray is transferred to 
the quark/gluon, it becomes novel probe of 
the proton spin.

Excited states can be populated by high order transition.
Photon-induced reaction cross section will be changed.

As a new particle source for high energy physics. 

Y. Taira et al., arXiv 1608 (2016) 04894.

I. P. Ivanov, Phys. Rev. D 83 (2011) 093001.

Nuclear physics

uu uu
ddGamma ray vortex
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How to generate gamma-ray vortices?
Inverse Compton scattering (ICS) of an optical vortex laser 
by a relativistic electron1

2 Nonlinear ICS of intense circularly polarized laser 
(not vortex laser)

Plane wave 
electron Optical vortex laser Gamma-ray vortex

Electron
Gamma-ray vortex

Circularly polarized laser 
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Inverse Compton scattering (ICS)

Relativistic 
electron

Incident photon

Scattered photon

Laboratory frame Electron rest frame

'ω

ω

Incident photon
Scattered photon

θ

Electron 
at rest

ER'ω
ERω

ERθ

ICS can be derived by the Lorentz transformation 
of the Compton scattering.

Thomson scattering

γ

when γ = 2000 and ω = 1.5 eV

keV511keV2.6)1( 2ER =<=+= cmeωβγω
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1. ICS of an optical vortex laser

Plane wave 
electron Optical vortex laser

θ
γ

Gamma-ray vortex

U. D. Jentchura et al., PRL 106 (2011) 013001.

It was predicted that OAM of the gamma-ray preserved 
the OAM of the laser at the very small angle θ < 1/γ2.

Experimental demonstration using JLab Compton polarimeter
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2. Nonlinear ICS
Nonlinear effect of the laser (a laser strength parameter, a0 ≈ 1) 
induces helical motion of the electron.

Scaling of the emitted wavelength
Helical undulator 

cm

Visible to soft X-ray Hard X-ray to Gamma-ray

10−4

µmPeriod of helical 
motion

Wavelength of 
emitted photon

Nonlinear ICS

Electron
Gamma-ray vortex

Circularly polarized laser 
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Second harmonic X-rays at BNL (a0=0.6)

Y. Sakai et al., PRSTAB 18 060702 (2015).

This will be the 
X-ray vortex.

γ = 128

λ0 = 10.6 µm, pulse energy = 2 J,
2ω0 = 100 µm, pulse width = 5 ps (FWHM)

Calculation (Y. Taira) Measurement (BNL)

E = 13 keV (λ = 0.095 nm)

Electron

Circularly 
polarized laser

13 keV X-ray vortex
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Journal papers
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