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Waves in magnetized plasmas

e \arious waves emitted from magnetized plasmas
- Cyclotron waves or RF (radiofrequency) waves for
heating and diagnostics in fusion plasma

solar flare (nao.ac.jp)

— e

e Knowledge of the propagation properties

- Plane wave
- Phase:
k-r— ot
/ \\ time
wave vector angular frequency

pogition vector

- Advanced methods for the description of wave

beams”™
*I. Y. Dodin et al., Phys. Plasmas 26, 072110 (2019),

o S ey - K. Yanagihara et al., Phys. Plasmas 26, 072111 (2019).
—— | C— fusion plasma (iter.org)
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Cyclotron motion of electrons emits twisted photons (high-harmonic optical vortices) za=

Undulator #1 Undulator #2 Balgﬁ[:lss UV Camera  UltraViolet Synchrotron Orbital Radiation Facility -
UVSOR Synchrotron Facility
- - at Institute for Molecular Science, Japan
0000000000 Higher-harmonic synchrotron
radiation from undulators in a UV
range has helical wavefront.

< — > < 1 m > I M. Katoh et al., Sci. Rep. 7, 6130 (2017)
1.6 m 1.5 m .

optical vortex

Numerical simulation shows
coherent cyclotron emission from

electrons has helical wavefront.

Y. Goto, S. Kubo, and T. I. Tsujimura,
New J. Phys. 23, 063021 (2021)

donUt'Shape induced VORTex Electron Cyclotron Emission Device

intensity distribution New iVORTECE device is under
development at NIFS.

O)VAVA

coherent
cyclotron emission
from electrons

helical wavefront
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Cyclotron motion of electrons emits twisted photons @

Radia

fro

lon field intensity
M an electron

Theory shows that a single free electron in circular motion
emits twisted photons carrying orbital angular momentum

(OAM) in addition to spin angular momentum.”
*M. Katoh et al., Phy. Rev. Lett. 118, 094801 (2017); Sci. Rep. 7, 6130 (2017)

- Ubiquitous In nature
- Phase:

lp + k,z — ot
/

topological charge
azimuthal angle around the optical axig z

~

\_

N
How an optical vortex propagates in magnetized plasma?

Beneficial for heating or diagnostics in fusion plasma?
y
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Maxwell equations in magnetized plasma

OB

ot ’
OFE

V X B = ' —
MO(]+8O 8t>

V X E =

Assuming a monochromatic wave in time: e+1wt

Using the dielectric tensor: &,

Vx(VXE)—kie -E=0
T

wavenumber in vacuum



Electric field of an optical vortex

Start with a sufficiently general ansatz for the wavefield of an optical vortex

( )

E(r,0,2) = {E(r 0. 2)ar expliClg + (r, 0,2) — o) + .|

. _J

<
complex-valued phase function: U(r,@,z) = J k. (r, QD,Z')dZ'
0

z component of the local wave vector: k, = 0,y

When E and k- are constant on space, this simple form of the optical vortex
satisfies the Maxwell equations in the vacuum without any approximation.

The wavefield can have a parallel component to the propagation direction z even in the

vacuum although a plane wave Is a transverse wave without a parallel component.”
*T. Takahashi, Kogaku (Jpn. J. Opt.) 47, 30 (2018)

1. I. Tsuimura & S. Kubo, Phys. Plasmas 28, 012502 (2021)



Complex eikonal approximation

(D Short wavelength condition (@ Weakly varying amplitude
(= VE,| 1 [Vx(VxE)| 1
0 E Lo E I
acale length =~
1 [ N
Vanz{i( i| ‘VT—|—ZV§D—|—]€ZVZ>EGS +c.c.}
r

s=oarllexp [i(lp + Y — wt)]

This formula suggests the “wave vector” of the optical vortex.
s R

[
k = i|r‘ Vr+ IV +k,(r,p,2)Vz
[ [
— iHerl e, + ke,
r r
N y

1. I. Tsujimura & S. Kubo, Phys. Plasmas 28, 012502 (2021)
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Simple approach to exclude the phase singularity in the ordering assumptions zz

r > 19 > 0
A natural approach would be look for a solution such that
@® 2T @ k()
k| ~ |k;| ~ ko=, [|Vks| ~—
212 212
D K =5+l <5+ kF ) Vk—aak ' g" Vo ®VzA %" Vz® V2 VVr ~ 1/, YV ~ 1/72
, ! ] Y ] & dyadic operator
ykz\wkoz% and Z__‘;iz +i5Vr@ Vr+1VVe — i VVr
koro o 1] ko
I L, and geg U
‘ " 1’3 —}uoLo
o i
o — IMax Ao, () 0
2T 2T
N p,

1. I. Tsujimura & S. Kubo, Phys. Plasmas 28, 012502 (2021)



Limited propagation distance

_ z / / _
Vs=1ilk J (8kZ(r7§D’Z)v" akZ(nQD?Z)VQD)dZ, S
_ ) Or O -
R — el —on)
ok ~ kg u
Lo

Ok can be neglected as compared to k only for a small propagation distance.

|Z < L()

This i1s an ad hoc assumption to reduce the problem to an algebraic equation
rather than a partial differential equation on the phase function.

1. I. Tsujimura & S. Kubo, Phys. Plasmas 28, 012502 (2021)



Wave electric field and helical wavefront structure

VxE:l[
2

Vs X E+sVXE+cc] s=arlllexpli(lo+y — wt)]

- - ~
1 N
V x (V x E) =3 {k@k— (k-k)I}Es
' 2 |
-+ O(kge) T O(ké L_O + C.C. Wavefront
. 1

Propagation direction “as a beam”

B 1 2T 1 2T B
k, =k = J kdp = —J k.do |e, = k,e,
27T 0 27T 0

Wavefront structure in the eikonal approximation
o enistoal§(r) = —ill] logr + lp +

[
VS(r) ~ k = i‘ ‘Vr + Vo + k,Vz,

Schematic of propagation of

, the optical vortex

k
_ :
exp [iS(r)] = r'"exp [i(lp + V). T. I. Tsujimura & S. Kubo, Phys. Plasmas 28, 012502 (2021)



Contents

. Introduction

Il. Propagation of an EC wave with a helical wavefront in magnetized plasma
Theory
A. Wave with a helical wavefront
B. Wave (Telegraphic) equation in cold plasma
C. Parallel propagation
D. Perpendicular propagation

3D simulation

lll. Summary and outlook



14/ 32

Wave electric field redefined in the coordinate system: Bo = Boe: @)

Uniform and homogeneous plasma in both space and time L
-

1 (-~ ( ,)m i (l , lp’ ) propagation direction t?’ e
E — {EOC a ex 1 _ C{)t } Z’ StaliC magnetic Ti

5 p [1\t¢

N y k |

/
o \/(x/)z + (), ¢ = tan—ly_/, S(w) —iD(w @ propagation angle
X :
y & (w) = | iD(w)
w/ — JO kZ/(T/,QD/,Z”)dZ”, O
X
x cos 0 —sinf X e, (—o) = &(w y
’
y | = 0 1 0 y Stix notatlons y
/ - e
74 sin@ 0 cosf 74 Plw)=1-—5
R(w) =1 “e
' k=Ko +ky + ks, @) = 1= o o)
k., = 1lr (cos @' cos 0, sin @', —cos ¢’ sin0), Liw) =1 - w(wwfew ) X
ky = P(—smgo cos B, cos @', sin @ sin ), 2
k, = (kysin0, 0, k, cos0), Sw)=5(R+L)=1- _p

B 1 27
kz’ — —J kZ/dQD/.
2T 0



Wave (telegraphic) equation

~

L, : .
5 A(w,k)-Es' + A" (—w,k)-E (§)| =0

- J

¢ = a(r') exp i(lp' + ' — wt)]
cold-plasma tensor evaluated at the complex wave vector k

A(w, k) =k k — (k- k)I + kje,(0)
not Hermitian ggmme’rrlc

— different propagation properties in comparison to a plane wave
not simply account for dispersion, but include diffraction

82A0,mn(w7 kR)

8 kR 8kR The symbol “:" denotes the double dot

1
Amn(wa k): AO,mn(a)a kR)_ ~ (kl X kI) :

e N product for two dyadics.
ONg n (0, k
+iky - — ( R) ik: e & mn, inhomogeneoug wave
! Ok
kR — Rek AQ(C{), kR) kR X kR — (kR kR)I -+ k2 h

k; = Imk T. 1. Tsujimura & S. Kubo, Phys. Plasmas 28, 012502 (2021)
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Electromagnetic wave energy IS conserved when propagating away from EC resonances Zz

The Poynting vector of a monochromatic wave with complex n n=(c/wk

S = — E X B the second harmonic oscillating terms are annihilated by the time average

Ho
1

- 4cpl

{|E|2(" n) — (f*fk - n)E — (E . n*)E*}‘O(|2(r’)2|”e—21m¢’

Divergence of the Poynting vector gives the source or the sink of the wave energy.

g 2 20l —2Imy/ A
) e T e B —o
AING —

loge-leae medium
g =0
_ p

V- S~ —k

The wave energy Is conserved when gr is Hermitian.
This energy conservation is satisfied even if n is complex due to the helical wavefront structure.
1. I. Tsujimura & S. Kubo, Phys. Plasmas 28, 012502 (2021)
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Parallel propagation: 6 = 0 & k> // Bo

Solvability cond

Ition

dethn®@n— (n-n)l +¢|=0

S—nZ—n; —iD —isgn(l)n;

2 2

det| iD —isgn(l)n;  S—n>+n;  sgn(l)mn, | =0

—inn, sgn(l)mn, P
C / , , B
I = Cz)},/eis|grl(l)€0’ P == \/xz )’27 ¢ =¢="tn 1%
Refractive Index My = n,
~ ) R
n?=R(=S+D), L(=S—D)
_ Y,
right-handed (R) circularly polarized wave
left-handed (L) circularly polarized wave

Same as a plane wave

1. I. Tsujimura & S. Kubo

, Phys. Plasmas 28, 012502 (2021)

Refractive index

wee/w=0.73 (f=77 GHz, By =2 T)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,




Electric field polarizations are different and expressed in 3D

‘“‘vortex” R mode

Er =[1,1, 0]E, (I >0), Pure R polarization
Ep = |1 iP D + nj(P — ng) 9 nng D E, (1<0) not R polarization due to a parallel
""'PD—n?(P—nk)’ T PD-—n?(P—nd)| * component
N : : )
“vortex” L mode h
E = |1 iP D — nj(P — nj) 9 mn,D E, (1>0) not L polarization due to a parallel
" PD+n?(P—ni)’ T PD+n?(P—ni)| " * — 7 component
. Ep =[1,—i, 0]E, (I<0). Pure L polarization y
V.D~ % ik {eos (0) - Es} — ik {agi(~w) -E's'}| =0 saticfied

Ep -E, #0

not orthogonal

1. I. Tsujimura & S. Kubo, Phys. Plasmas 28, 012502 (2021)
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Perpendicular propagation: 6 = /2 & kx L Bo

Solvability condition Relations of electric field components to
G ~iD + sgn(l)n, . calculate the polarization
~ | ~ NG ~
det| iD+sgn(mne  S—nm 4w isga(m | =0 B = L {iD — sgn(mn, }E, — "7 E.
i, isgn(!)n; P—ng—n s (D) -SS—nmtn)
¢ | Y R ° m{Dn, —isgn(l)mn2 + isgn(l)mS}
np = o0 rleisgn(l)qo’ ) r = \/y Tz y P = tan —_Z
(6 = 0O, X),
- T ™
Refractive iIndex M1, = 1,
n: 4+ anz 4+ f =0, e The terms on n, are additions in a plane wave.
RI P - “vortex” O (ordinary) mode
o= (P | ) — nlz (— — 1), - ‘“vortex” X (extraordinary) mode
. _ - noticeable when //r’ is large
_PRL ,(, RL
h= ¢ h S )’ e Modulated with the azimuthal angle ¢’
v i SR L p started with kz a function of r and @
SonE = = (—oci o2 — 4ﬁ>,
\ 2

J 1. I. Tsujimura & S. Kubo, Phys. Plasmas 28, 012502 (2021)
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Refractive indices of “vortex” 0 and X modes In the ideal limit (/' = ko) 7@

Refractive index

N

e

-

Vortex (avg.)
Plane

[ 1(P12)
ool = 0.73 (f= 97GHz By=2T)

1.5

O 05 1

2 2 2 2

Wpe [w

W5/

Both refractive indices deviate from those in plane wave.
strongly modulated with ¢

The “vortex” O mode is influenced by the upper hybrid
resonance (UHR) from the lower ne side.
affected by Bo

The “vortex” X mode experiences UHR from the higher ne
side and can propagate in the higher ne region.

W= X He T Tsujimura & S. Kubo, Phys. Plasmas 28, 012502 (2021)



23/ 32

Electric fields of “vortex” 0 and X modes in the ideal limit (/' = ko) /@

1
08 | UHR (@ Omode
0.6 _

5 04 ———

L)

£ 02+ -

(@)

C

S 0 p—— i —— e ——

"(7') | |

O _ |

2 T (b) X mode

[3) v ...._._::.'_'.'_1---'.1 ''''

ks OO

0 ’
0 0.5 1 1.5 2

Avg. E, (vortex) = emme-a- E, (plane)
Avg. E; (vortex) —mmmee E; (plane)
Avg. E, (vortex) —— E, (plane)

| /(Pl2g) = 2n
../ = 0.73 (f= 77 GHz, By = 2 T)

The E fields entirely deviate from those in a plane wave.
“Vortex” O mode

- not pure linear polarization directed in Bo

- has a component parallel to the propagation direction
“Vortex” X mode

- has a component parallel to Bo

Expectation that the E fields of both modes become similar to
each other around UHR when //r' can be much larger.

- 1I/r > Ko isS NO
— accessible w

- accessible In this theo

Y

nen the ordering assum

ptions can be relaxed to

treat smaller ro and a PDE for a complex phase function can

be solved —

future work

1. I. Tsujimura & S. Kubo, Phys. Plasmas 28, 012502 (2021)



Does more-advanced theory suggest direct mode conversion?

ivortex O mode |

‘excited from
‘the low-B &

low-ne side

N _ ‘

Refractive index

N

—

-

Vortex (avg.)
Plane

[ 1(P12)
ool = 0.73 (f= 97GHz By=2T)

Ex parallel to the propagation direction
would become the largest component for
both modes with a high wavenumber
around UHR.

'vortex X mode? |
or vortex electron Bernstein mode?|
'propagate into high-8 & high-ne reglon

toheat plasmaatECR |

— New tool to heat high-ne plasma?
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Propagation of an EC wave with a helical wavefront with 3D simulations @

L e The theory suitable analytically as in a plane wave
. acube with a side

o Wave amplitude restricted to a finite beam size for practical use
Iengtae;fsgg mm- 1% ) alaguerre-Gaussian beam
ax. 0.3 i min. 0.03 mm . ® Commercial COMSOL Multiphysics with RF solver
- finite element method

VX (VXE)—ky -E=0

' o mm — Scattering boundary condition
[ $(w) —=iD(@) 0 )

-

‘ w ' ~lectric field I
- &(w)=| iD(w) S(w) 0 -3 2 "
", \ || 0 0 P(CO)) EZ (x7y7 Z) — EO o) &
10 | - -10 w (X) W(X)
O B rr re
, S, cexp | =t ~ko3rgg o+ M+ DE
10
;‘.X B | ) 1 ) )
Z =lectron density at x =0, r=yaz, p=tan—,
poi_ e _
w(w + i) ne (X) — nejmax.X:/Ln B X — XR 2 - 7'CW(2)
R s femax = 5 x 10 m > ) = ()=
. Ye L,=20mm 2 _
b S e e _ _ _ _ R(x) = (x—xR){l + ( i ) }, {(x) = tan~! T K
s-lr+u Uniform plasma in y and z directions X = X x
1

n=_w-1 1.l Tsujimura & S. Kubo, Phys. Plasmas 28, 012502 (2021) f=77 GHz,vo=0.01w, Bo =2 T, xa = 10 mm, wo = 3.5 mm



In the case of / = 0, the 0 mode propagates

B a _ _ [=0, xg=10 mm, w,/w=0.73 (f=77 GHz, B, =2 T)
[=0, xg=10 mm, wce/w_0.73 (LZ)?SHZ, By=2T) x=0 mm X = 20 mm
(@) £ () E, 10— g
10 N | | _ | | | | 1 (C) EZ
© o — |
w ‘ i. | | S5 0
o - - C 2 -1 05 ® E 1
= 1t - £ 01 T %0
E O ’...'.’ : o0 & Y 5
N 10 g >
5 - _ oc L -0.5 O D
1-0
i L:j 20 g
'10 O T | | i| | '1 Q.
0 5 10 15 20 O 5 10 15 20 3
4+ -90
X (mm) X (mm) %
. . . '10 ! *—k ! — | | | '180
e The excited lllnearly pplarlged E; parallel to Bo 10 5 0 5 10-10 -5 0 5 10
propagqtes in the x direction. y (mm) y (mm)
- Negligible Ex

Almost axisymmetric phase E;
1. I. Tsujimura & S. Kubo, Phys. Plasmas 28, 012502 (2021)



In the case of / =1,

a part of the 0 mode Is suggested to be converted to the high-wavenumber X mode

I=1, xg=10 mm, w./w=0.73 (f=77 GHz, B, =2T) I=1, Xg =10 mm, wge/w =0.73 (=77 GHz, By =2T)

(b) E x=0mm X =20 mm
| | | 1 X | 3 l I I = 180
10 - L - = = 1 R () E,
| | I -
o L. | - C N -1 05 ® €
R i o £ £+ 90
£ 0- 1 8 |¥ 4r 0 & N
N : 1 [ O —
5 i o b +3 °v
5 g i 0.5 § 1 L 0 ‘qj))
L <
'10 T i | l | I~ '1 al
O 5 10 15 200 5 10 15 2 =
X (mm) X (mm) £ 1 -90
N
e The excited LG beam E; propagates to UHR.
- Diffuse outward over the UHR layer 0 - | R -180
- Ex parallel to the propagation direction with higher 10 -5 0 5 1010 -5 0 5 10

wavenumber is excited at UHR and propagates to the y (mm) y (mm)
higher ne region.
- The amplitude Ex is larger around the optical axis. e /=1inE,/=0inEyx
e A part of E; with the O-mode polarization is converted - The topological charge of Eyx is one smaller than

into Ex with the X-mode polarization. that of E; due to the factor of e-i¢in the theory.



Similarly, in the case of / = 2,

a part of the 0 mode is suggested to be converted to the high-wavenumber X mode

[=2, xg=10 mm, w,./w =0.73 (=77 GHz, Bj=2T)
X=0mm X =20 mm

I=2, Xg=10 mm, wy/o =0.73 (f=77 GHz, B,=2T)

(@) E; (b) Ey 10 180
10 _ |o |6 | _ |O | = | _I 1 ~ 5
, [ l ||JL' q [ it =
5 “m ' 3 B x O -1 05 ®
£ o ’ | - £ 9 1 9
E 0 4 ro @ Y
> ‘ ." 4% ' I - >
AN e
'10 B | | ‘ I | [ i| | '1 5 O
O 5 10 15 200 5 10 15 20 €
E 0 1 =0
X (mm) X (mm) N
-5 -
10 - -180

-10 -5 0 5 10-10 -5 O 5 10

Ex with the high wavenumber Is excited at UHR.
y (mm) y (mm)

The topological charge of Exis [ =1

) around the optical axis.
1. I. Tsujimura & S. Kubo, Phys. Plasmas 28, 012502 (2021)
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Summary

e Propagation properties of EC waves with helical wavefronts are
Investigated theoretically in cold uniform magnetized plasma.
- The effects of the helical wavefronts on the wave fields are described.
- These effects become significant as the topological charge of the vortex EC wave
INncreases or the distance from the optical axis becomes small.

e The different properties of propagation are also confirmed in COMSOL
simulations with LG beams.
- Itis found that a part of the O-mode LG beam with the topological charge /
excited at the lower ne region is converted into the high-wavenumber X-mode LG
beam with / — 1 at UHR.

1. I. Tsujimura & S. Kubo, Phys. Plasmas 28, 012502 (2021)
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Outlook @

To demonstrate the new propagation properties of vortex EC waves in plasma heating experiments,
off-axis spiral-phase mirrors were developed to generate an optical vortex with designed / In
millimeter waves.

- generated vortex mm waves will be injected into fusion plasma

- to verity whether an optical vortex can be a new tool to efficiently heat high-n. plasma

[=0 [ = [=2 /=3

(b) = o
= 50 T~
E 0 DES
S e

-50 r
S 013 L1 Qg ®
NG w ) T 6.k
> -50 ¥ it : 1o 5% 7 C

{4, L= Y .“.,_.,;,,"-“..’fe" '”5"'2"\:,{'@5&’,‘*: AP v SLY :'."-"79‘%':-"-7*?'. .- ,:::"fj
spiral phase mirror -50 0 50 -50 0 50 -50 0 5 -50 0 50
X (mm) X (mm) X (mm) X (mm)

1. |. Tsujimura et al., Rev. Sci. Instrum. 93, 043507 (2022)



