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Mo.va.on:	Exis.ng	wave	models	in	space	cannot	fully	
describe	waves	in	mul.-ion	space	plasmas	

does	not	include	
magnetic	curvature	

effect	

Johnson	&	Cheng	1999	

1D	Full	waves	

Mul.-fluid	waves		
in	slab	coordinate	
Kim	and	Lee,	2003,	

 can	describe	mode	
coupling	and	wave	
tunneling	in	multi-
ion	plasmas	

can	not	describe		
wave	tunneling	and		
mode	conversion	

effects	

e.g.,	Rauch	and	Raux,	1982	

Ray	tracing	

 can	show	wave	
propagation	path	in	
cold	and	hot	plasma	

expensive	and	
cumbersome	to	run	

e.g.,	Omidi	et	al.,	2011,	2013;	Denton	
et	al.,	2014	

Hybrid	

 can	examine	wave	
generation	by	
temperature	instability	Full-wave	

model	



2D	Full-wave	model	(FW2D)	has	been	developed	

§  Wave	equaSons	:	frequency	domain	
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dielectric	tensor	in	cold	plasma	

External	source		
i.e.,	antenna	

k ~B0? Azimuthal	(toroidal)	wave	number	

output	

§ 				Wave	soluSon	using	finite	element	method	and	unstructured	triangle	mesh	

ü  Fast 
ü  Easily adopted to various geometries & boundaries 
ü  Flexibility to extend to kinetic description 
ü  Easily adapted to 3D 

~E(r, z) = (E⌘, Eµ, Eb) exp(im�)

Kim	et	al.	(2015)	Geophys.	Res.	Le@.		



1.   Background	Parameters		
:		|B|,	br,	bz,	bφ,	Ne,	Nion/Ne,	ν	(collision)	

2D	Full-wave	model	(FW2D)	has	been	developed	

2.   Mesh	Genera.on	:	Distmesh	[Persson	and	
Strang,	2004]	

•  Space	:	Dipole,		
													(or	MAG2D	[Cheng,	1995]…)	

																			Empirical	density	model		
																		(i.e.,	GCPM,	IRI	…)	....	
•  Tokamak	:	from	experiment	data	

•  Based	on	dispersion	relaSon	of	target	
frequency	

4.   Output	

•  Frequency,	amplitude,	locaSon,	and	
polarizaSon	

Dipole	(Bϕ	=	0)	

Tokamak		(Bϕ	dominant)	 ⌘ ⌘ b⇥ (r ⇥ b)

µ ⌘ r ⇥ b

b||B0

⌘ = �⇥ b

µ = �
b

µ = r ⇥ b

⌘ ⌘ �⇥ b

µ ⌘ �

⌘ = b⇥ (r ⇥ b)
3.   Source	



(b)	Internally	generated	waves	

Resonant		
waves	

Compressional	waves	

Mode		
conversion	

Externally	driven	waves	in	space	

Instability	

Ion	cyclotron		
waves	

Internally	generated	waves	in	space	 Fast	waves	in	the	SOL	



What	are	electromagne.c	ion	cyclotron	waves?		

GOES-10 FGM BE BN 2/18/2007 
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•  Frequency		:	0.2	~	5	Hz	(Pc	1-2)	~	ion	cyclotron	frequency	
•  ObservaSon	:	both	space	&	ground	
•  GeneraSon	:	Temperature	Anisotropy	(T⊥	>	T||)	near	magneSc	equator	(!)	
•  PolarizaSon	:	Lel-handed	polarizaSon	in	space	(!)	



Exis.ng	theories	predict	LHP	EMIC	waves	generated	
near	equator			

•  The	exisSng	instability	theories	and	ray	tracing	predicted	that	lel-handed	EMIC	
waves	are	generated	near	the	magneSc	equator,	propagate	along	the	field	line,	
and	reflect	at	the	Buchsbaum	resonance	in	the	higher	magneSc	field	region	[e.g.,	
Rauch	and	Roux,	1982;	Horne	and	Thorne,	1994].	

Generation: 
Temperature Anisotropy 

Earth	

Propagate		
along	field	line		

with	LHP	

Cutoff	at		
Buchsbaum	resonance	
and	cannot		
propagate		
to	the	ground	



Generation: 
Temperature Anisotropy 

Earth	

Propagate		
along	field	line		

with	LHP	

Cutoff	at		
Buchsbaum	resonance	
and	can	not		
propagate		
to	the	ground	

EMIC	waves	have	
various	polariza.ons	
	[e.g.,	Fraser	et	al.,	1982,	Anderson	

et	al.,	1992,	Min	et	al.,	2012]	

At	least	50%	of	EMIC	
waves	can	propagate	to	

the	ground		
[e.g.,	Anderson	et	al.,	1996]	

Exis.ng	theories	predict	LHP	EMIC	waves	generated	
near	equator			

WHY?	
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Unstructured	mesh	

small	θk		 large	θk		

LHP	waves	launched	near	the	equator	

lcr : crossover 

lHe : He+ gyro 

lbb : Buchsbaum  
    (bi-ion) 

lLcut : LHP cutoff 

node	91,384	

9	

Full-wave	simula.on	has	been	performed	

Fine	mesh	long	the	field	line	
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Unstructured	mesh	

small	θk		 large	θk		

lcr : crossover 

lHe : He+ gyro 

lbb : Buchsbaum  
    (bi-ion) 

lLcut : LHP cutoff 

•  Dipole	magneSc	field	
•  Empirical	Density	Model	
						[Sheeley	et	al	2001;	Denton	et				
al	2006]	
•  5%	He+	

•  ω	=	3.2Hz		
(between	H+	and	He+	
gyrofrequencies)	

10	

Full-wave	simula.on	has	been	performed	



LHP	wave	
launched	

Propagate	
slightly	to	the	
outer	L-shell	

Reflect	at	Buchsbaum	
Resonance	(bi-ion	freq)	

b       η 

φ Linear	polarizaSon		
due	to		wave	

refracSon	/	reflecSon	

11	

Wave	normal	angle	is	important	on	EMIC	wave	
propaga.on	

SMALL normal angle ~ 0 

Kim	and	Johnson	(2016)	Geophys.	Res.	Lew.	



12	

LHP	wave	
launched	

Unguided	Class	II	(RHP)		
	
	

Class	I	(RHP)	
Class	I	(RHP)	

Mode coupling 
at the crossover 

Polarization reversal 
at the crossover 

Outer	ray	
Similar	to	the	case	of		
“small”	normal	angle	

Wave	normal	angle	is	important	on	EMIC	wave	
propaga.on	

LARGE normal angle ~ 40 



•  Outer	Ray	
:	Similar	to	the	small	normal	angle	
	
•  Inner	Ray	
:	Much	more	complex!	
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Rauch	and	Raux,	1982	

Ray	tracing			
Waves	reflected		
at	the	Buchsbaum	resonance	
and	cannot	reach	the	ground!	

* Mode coupling occurs near the 
crossover frequency between 
several propagating mode 
* Waves propagate to the inner 
magnetosphere 

Johnson	and	Cheng,	1999	

1D	Full	wave	calculaSon	
ΩHe+	ΩO+	

Consistent	!		

Johnson	et	al.,	1995		

SubstanSal	coupling	occurs	between	the	four	propagaSng	
mode	near	the	crossover	frequency	

1D	Full	wave	calculaSon	

Full-wave	calcula.on	shows	good	agreement	
with	previous	theories	



Wave	tunneling	cannot	occur	even	for	small	amount	of	
heavy	ions	

Keller	et	al.	(2016)	Influence	of	Heavy	Ions	on	ElectromagneSc	Ion	Cyclotron	Wave	PropagaSon	in	the	Earth’s	Magnetosphere,	in	prepara*on	

He+ 0.1% He+ 0% He+ 0.2% He+ 0.5% He+ 1% He+ 2% 

x	(RE)	 x	(RE)	 x	(RE)	 x	(RE)	 x	(RE)	 x	(RE)	

z	(
R E
)	

He+ 5% 

x	(RE)	

He	(%)	 0.2	 0.4	 0.7	 1.0	

Transmission	
Coefficient	

	0.53	±	0.10	 0.29	±	0.09	 0.11	±	0.04	 0.04	±	0.01	
	



Earth	

Cutoff	at		
Buchsbaum	resonance	
and	can	not		
propagate		
to	the	ground	

At	least	50%	of	EMIC	
waves	can	propagate	to	

the	ground		
[e.g.,	Anderson	et	al.,	1996]	

Wave	normal	angle	and	ion	densi.es	are	cri.cal	for	
EMIC	wave	propaga.on!	

WHY?	

Wave	normal	angle	
à Mode	coupling,	polarizaSon	
reversal…	

Heavy	ion	density	ra.o	
à Wave	tunneling…	

Further	research	is	necessary	!	
Kim	and	Johnson,	2016,	GRL	
Keller	et	al.,	2016	(in	preparaSon)	



(b)	Internally	generated	waves	

Resonant		
waves	

Compressional	waves	

Mode		
conversion	

Externally	driven	waves	in	space	

Instability	

Ion	cyclotron		
waves	

Internally	generated	waves	in	space	 Fast	waves	in	the	SOL	



Generation: 
Temperature Anisotropy 

Earth	

Propagate		
along	field	line		

with	LHP	

Cutoff	at		
Buchsbaum	resonance	
and	can	not		
propagate		
to	the	ground	

EMIC	waves	have	a	wide	
range	of	polariza.on	
	[e.g.,	Fraser	et	al.,	1982,	Anderson	

et	al.,	1992,	Min	et	al.,	2012]	

At	least	50%	of	EMIC	
waves	can	propagate	to	

the	ground		
[e.g.,	Anderson	et	al.,	1996]	

Exis.ng	theories	predict	LHP	EMIC	waves	generated		
near	equator			



Generation: 
Temperature Anisotropy 

Propagate		
along	field	line		

with	LHP	

EMIC	waves	have	a	wide	
range	of	polariza.on	
	[e.g.,	Fraser	et	al.,	1982,	Anderson	

et	al.,	1992,	Min	et	al.,	2012]	

Linearly	polarized	EMIC	waves	at	Earth	are	dominant	!	

HOW?	
WHY?	

Al
le
n	
et
	a
l.	
[2
01
5]
	



Generation: 
Temperature Anisotropy 

Propagate		
along	field	line		

with	LHP	

EMIC	waves	have	a	wide	
range	of	polariza.on	
	[e.g.,	Fraser	et	al.,	1982,	Anderson	

et	al.,	1992,	Min	et	al.,	2012]	

Linearly	polarized	EMIC	waves	at	Earth	is	dominant	!	

HOW?	
WHY?	

Saikin	et	al.	[2015]	
Inner	magnetosphere	/	near	the	equator	(e.g.,	source)	



(b)	Internally	generated	waves	

Ion-ion	hybrid	resonance	can	explain	linearly	polarized	
waves	near	the	ion	cyclotron	frequencies	in	space		

Resonant		
waves	

Compressional	
waves	

Mode		
conversion	

Externally	driven	waves	in	space	

MC	in	the	tokamak	

Wukitch	et	al.	[2005]	



x	(RE)	

IIH	resonant	mode	
Source	

Compressional	
waves	

Plasmapause	

z	(
R E
)	

(a) log10 Ne (b)E�⇥b (c)E�

IIH	resonance	can	occur	at	Earth	

Kim	et	al.	(2016b)	GeneraSon	of	linearly	polarized	EMIC	waves	at	Earth:	Full-wave	simulaSon,	in	prepara*on	

Ionosphere	

plasmapause	

•  Dipole	magneSc	field		

•  Empirical	density	model	(GCPM)		
•  01/01/2000	UT00:00	MLT	12:00	(noon)	
•  Quiet	geomagneSc	condiSon	(Kp=1)	

•  Node:	79,722	

•  Source	:	L	~	7	RE	

x	(RE)	x	(RE)	
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IIH	resonant	mode	
Source	

Compressional	
waves	

Plasmapause	

z	(
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Kim	et	al.	(2016b)	GeneraSon	of	linearly	polarized	EMIC	waves	at	Earth:	Full-wave	simulaSon,	in	prepara*on	

Ionosphere	

plasmapause	

x	(RE)	x	(RE)	

Plasmapause	

IIH	resonance	can	occur	at	Earth	
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BCompressional	is	dominant	near	the	equator	
Btransverse	is	dominant	around	high	laStude	–	linear!	

Linear	&	transverse	waves	at	high	laStudes	

Kim	et	al.	(2015)	Geophys.	Res.	Le@.		
Kim	et	al.	(2016c)	ULF	waves	at	Mercury,	in	Low-Frequency	Waves	in	Space	Plasmas,	AGU		Monograph	

IIH	resonant	waves	globally	oscillate	at	Mercury	



(b)	Internally	generated	waves	

Resonant		
waves	

Compressional	waves	

Mode		
conversion	

Externally	driven	waves	in	space	

Instability	

Ion	cyclotron		
waves	

Internally	generated	waves	in	space	 Fast	waves	in	the	SOL	



Significant	wave	power	loss	can	occur		
in	the	scrape-off	region	

•  The	scrape-off	layer	(SOL)	region	is	important	
for	RF	wave	heaSng	of	tokamaks	because	
significant	wave	power	loss	can	occur	in	this	
region.	For	instance,	up	to	60%	of	the	coupled	
higher	harmonic	fast	wave	power	can	be	lost	in	
the	SOL	of	NSTX		[e.g., Ono et al., 2000, Hosea et al., 
2008, Phillips et al., 2009, Perkins et al., 2012, 2013]. 

Bertelli	et	al.	[2014]	

n� = �12

n� = �12

n� = �21

Nant	:		Electron	density	in	front	of	the	antenna	

FW
	c
ut
off

	

LC
FS
	



FW2D	has	been	adopted	to	examine		
FW	waves	in	the	SOL	of	tokamak	

•  The	2D	full-wave	code	is	also	ideal	to	examine	waves	in	the	SOL	plasma.	
•  	The	SOL	plasma	can	be	approximated	as	cold	plasma.		
•  	RealisSc	boundary	shapes	and	arbitrary	density	structures	can	be	easily	adopted	in	the	

code.		
•  and	it’s	fast!		

AORSA	FW2D	 TORIC	
Possible	
Boundaries	

Boundary	



cf.	other	FEM	codes	
COMSOL	–	commercial	code	using	FEM	method	
																									(hwps://www.comsol.com)	
•  POND	(LH)	
•  LHEAF	(Lower	Hybrid	wavE	Analysis	based	on	

FEM)	
•  TORIC	–	COMSOL	(ConnecSng	core	ICRF	soluSon	

with	edge	FEM	soluSon	)	in	process…	

TORIC	

COMSOL	



	NSTX	shot	130608	used	in	the	test	simula.ons	

Antenna	

r	(m)	

z	(
m
)	

r	(m)	

z	(
m
)	

⌫/!
Electron	Density	–	(normalized	poloidal	flux)1/2	

Be
rt
el
li	
et
	a
l.	
[2
01
4]
	

Electron	density	in	the	SOL		
à	almost	constant	
à	Nant	=	0.5,	0.7,	1.0,	1.5,	1.7,	and	2.0	X	108	

Collision	&	Source	

Mesh	&	CompuSng	Sme	

Uniform	mesh	:	47,371	nodes	
CPU	Sme	:	65	SECONDS	using	a	SINGLE	process		



Nant	=	0.5	X	1018	
n� = �21 n� = �12

Nant	=	2.0	X	1018	 Nant	=	0.5	X	1018	 Nant	=	2.0	X	1018	

FW
	c
ut
off

	

The	results	show	good	agreement	with	previous	
calcula.ons	



n� = �21

LCFS	

FW
	cutoff	

r	(m)	

z	(
m
)	

r	(m)	 r	(m)	

z	(
m
)	

	AORSA														vs																			FW2D	



n� = �12

	AORSA														vs																			FW2D	

LCFS	

FW
	cutoff	

z	(
m
)	

z	(
m
)	

r	(m)	 r	(m)	 r	(m)	

Including	collision	in	the	SOL	?!	



1.  2D	full-wave	code	has	been	developed	to	examine	plasma	waves	in	space	(and	tokamak)		

Summary	&	Future	Plans	

•  Examine	ULF	wave	generaSon	
(i.e.,	linearly	polarizaSon)	and	
propagaSon	(i.e.,	LHP	waves)	
under	different	geomagneSc	
condiSons	

•  Adopt	compressed/stretched	
magneSc	field	structure	

•  Adopt	various	electron/ion	
densiSes	and	collision	in	the	SOL	

•  Adopt	realis*c	boundaries	
rather	than	“rectangular”	

					à	numerical	survey!	

2.  The	code	has	been		successfully	used	to	
determine	ULF	wave	properSes	at	Earth	
and	Mercury		
•  Wave	normal	angle	and	the	heavy	

ion	density	raSo	are	very	
important	on	ULF	wave	
propagaSon	along	B0.		

•  Ion-ion	hybrid	resonance	can	
explain	linearly	polarized	ULF	
waves	near	the	ion	cyclotron	
frequencies.	

	
1.  We		performed	simulaSons	of	FW	

propagaSon	in	the	SOL	of	NSTX.	The	
results	shows	good	agreement	with	
results	from	AORSA	

	
		


