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.� Electron Cyclotron Resonance Heating ( ECRH ) 
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.. Ordinary mod (O-mode) 

.� Extraordinary mode (X-mode) 
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.� Upper Hybrid Resonance 
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.. Wentzel-Kramer-Brillouin approximation 
.� Stix parameters 
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.� Right-hand wave (R-Wave) 

.. Left-hand wave (L-Wave) 

.� Finite Larmore radius (FLR) 
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thN v c β> =�� ?"��a�� -�� KL�� "6�NC��-�	��" 1

q�S+,��;-�-#;��C z�� �,�6P"6� .�%� B�%��"�KL� �#+��

$� 56�89�7:���; <�+-�<� N�;O<,�� 56<� KL<����<� Nβ−3

&=� W=�7;� .�~�W�8&+N$" #� lb6�@��D4R68-`69 

�;O,�� 56� F56��$� N8,��;-$�<c �" �&=� {�
� -<4#N �I�

SP���&=� �c�� .���1,6���� ���� B�" X�<� ?��V KL� β

&=� W=�7;� .�;O,�� 56� ��6P�$� N8,��;-c�, �" <�#�12�<	-

4R68c�, I� �;����<� #��O<�1$� 5�6<�� 89�7:���; <�+-KL<� 

�-� "6�#��69 ��6P D��J -KL� �;O,�� 5�6���$� N8,��;-��

N ���7;� -�� �4�
�� ���" �����-����� .�-t�S<=�_� ��6<P

 �
� ���P�-��� �" �� �;O���@��� �" #A��� N1]�/���[�<���

4"�.#;�LC �"��"��7��,�-�P �����Ia ����UO-��
<��56<� 

�;O,���$� N8,��;-#��,�� �CI�qa��-���� 1#<� ��<4C��15�6<�� 

�;O,���$� N8<,��;-B�<C &<�� <4��<=>� �"�1<�6
�� -�

*OP���" ���"6� ?.����<=>� �"6<S, j�;<=" �" 12�<	-

��� `�UR1����� 1B�C 4*OP � ��=>� �"��5�6<�� �� ��" �

=�8,��P6	-$�8,��;-$�89�7:���;�+-<C�
� [,�<� -�"6<� <4#

���15�6�� �;O,���$� N8�;,�-�<�"��<_� N�$�<UR &-"6<�� 

U,� � &<<���,<<�
�<<4� "����<<��<<� 5�6<<�� N]�.�<<P �s[.�5�6<<� 

�;O,���$� N8,��;-���OP KL� ��1��~� �GH� -�1�,��" 4#

��8B�<C �� <4 ,6���� �" �� ��<=>� �"��8�<�1�Pb�<� )>n 2(

��+,�4��1�OP ��1� #���� -$�c �" ��7�"-4�� #�1B�C <4�"�

 <= 5�6�� �� ��=>��8,��P6	-$�8<,��;-$�89�7:���; <�+-� �<�N

��� m%� 5�6��1��+,�4��-�,6���� �" ���<8"�<V 56<� 31�

"�V���1,6���� ���B�" "�V��� 56�1]���,� .B�C <4�<� �"�

,6�����8��1��<� m%� ����Pb�� 1�<�" ��<� 1b�<� 1<e�2 -

<<	�V-&<<=� .��<<8���]�([<<��"� �"�<<4�� ����7��<<;	]� [�<<� �

"� t�S=�_����-" �6+,�P �� 6P�� 1$�8�;��=�7� �" B�C �#<� 

�>Ae�»#J�� �1Q«���1���;����� 1��=>� 1�6
�� -��O<, 

"�"4�;O,�� 5�6�� #�$� N8,��;-��<=>� D2�" 12�<	-`�<UR 

<� �O;7�-P�6<e �" � �,6<�-<4� #<�9�7:� ��� <�+-&<=�" 

6P ���� ?�� K�*;,��� �" �� ��4��=>� 
`�%;,�Z�-��".

;.�	���	��.�
�
,a I�4#�;O,�� 5�6���$� N8,��;-��� ��� 5�6�� �-�^�7;+<� �

��<<� � �<<,���, "6<<�� �><<2 �"1, ��O<<;,� ���<<=>� �<<7�I�1

9�7:��?��,� .����<7��U,��� N<���<=>� D<2�" �" m<%� �<�,a T


��8��L��&=� �.�����D�;O,�� 5�6�� �$� N8,��;-��7;,a m=6P 1

$�8P�;=���;�8-4�� ��=>� D2�" #1<� ?"�" -U,��� ��<��#<;*

�-�,�� .����� T�� N1� 5�6<�� �	��<;�1<4����<=>� �" #1

<<�6
��-�<<�" 1b�<<� , "�6<<� ��<<,I� W<<=�7���<<R �"6<<S, <<4 #

����;2�=1� ��7;,a -���;+-<SP�� I� �$� �2�<R }�@<� 8���<;

���� .�<�N��;2�<= #<,6C <�, ��-�<�" �" �<,�6P1b�<� 1<_� �m

��=>�1�6
�� -� B��" �"��� .����7��m<%� N<,�"�C�� <,�"�C�� --�<� �<� I�

$� 5�6��89�7:���;�+-S=�7� T�� -��� 1$6P ��;O,�� 5�6�� ��N

$�8,��;-����=>� �" 1�6
�� -&=� .��9 #=<4� #<�"��7O

��"� �" �"6� ?���� #���� k_� -"6�.

;.%.����'*�.�
� �	 �� �1� 6*
< �	.�=
	 
� �"�T�� N4#,6���� �� m%� ���856� 3X�� 8L� ���&=� ��

"�V��� 5�6��1B��a )SX(,��I -4##�b<��UHR <� -�7<=� #<�

 �;O,�� 5�6���$� N8,��;-,�"�C�� �� ?�-�,6<� .� I� <�N��<=>� ��

������ �1"�V��� 5�6�� 1���� p�]� )−<n m18 310.(���� N�#

���1?�� I��,�1�� �,�� � ��=>� ��;O<,�� 56<� ���$� N8<,��;-

#� ��4 �-"��.<$� -<;J�-$�<UR -�" ��<=>� &<=" [<AJ <�R-

"�V��� 56� ��O;,� &=b��1"��� �U <8 , N<�&+)����<7� �� �N <� N

___________________________________________ 
.� Slab 

.. Deposit 

.� Space  charge waves 
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 �"

����, �� #-��� ��6P1B�C 4�"� ��4
��=>�1`�UR #���4 "�<� .

��Ia<<���O1,���P <<�<<��9 I� ��-<<4� #<<�6<<J ���1m<<=6P &<<=� 

6,�I ��C�7+�"�1&=� ?�� T��
C .���1��Ia #� #,6�, �� ��

" � t6<<��"����<<U]��[6P �"4<<����6P�<<=��.� ��� 3<<	�	

"����U]�v[�	;=� �"��;$�,�ON��;  wA� ?����-"6�.

;.8.�	���	��XB7�(� *>
" T���U,��� �U��;O,�� 5�6�� N;*�$� N8,��;-56<� ��,���P �

"�V���1)56�X(�&<=� ��<=>� D2�" #� �>2 I� <4 #<��

��"��C W�$�UR ��-����%�<�j�$�<UR `6<9 -Q<SP�� I� �

F�>2 56� `69 ��P�� 56� -"��" ."�<V��� �<�1�<7P )FX ( I�

��c�, �������, �� ����56<� [<AJ NR�b<��UHR D<,6P <,I-

�-4"�V��� �� #� � �71B��a )SX ( � &]�-;, �" � "6���#


 �" �� b<��UHR �;O<,�� 5�6<�� #<��$� N8<,��;-,�"�C�� <�?�

�-"6� .e6P �"�A2 y-5�6�� �X4�;O<,�� 5�6�� #� l>���N

$�8,��;-)EBWs (,�"�C���<� ?�-�,6<� .�<�D<�V N»a����<7

,�"�C��-��XB «��,�� ?�-"6� .��a�� N�56<� [AJ D��� �7

R�" [J�� �&�= $�UR -�<� ��Nb<��UHR <� �-�<���.b<��

UHR 56� [AJ �L�<� SX �" &�<= $�<UR -b�<� 1b<��

UHR &=� ?�� [J��.�<7@-�
7<= D2��<P �<�@AJ-#<���� �� 

�-4�774��I�� #1�" 56� b��UHR��� 1a�� �<,�"�C�� �<7-

��XB ���&<=� #<7 .�M, <��<,�"�C�� -�<� XB � B�� m<=6P

"����U �" [���]./[=��� "�6�-��O<, � &=� #;��C ���J 

?�� ?"�"4,�"�C�� #-��XB�-�� �,�6P1I�� �?"�;+C �1I�

��+,�4����I ���1"��� 14���� ��a�� .�~�,�"�C�� ��6P W-

I t�6e #� ���� �-����:

)r(,( )( ) cos /πη πη φ θ− −= − +C e e 24 1 2

4#θ���6C�a[��P ���C )arg ( )θ η= Γ −i 2(�φI�<� p>;<2� 

���� ��O;,� NSX �9 #�Fp[AJL]$H� ����PI�� ���#<� ?�O<;7� 

p�<<9b<<��UHR�η�"�<<� �;����<<� ]./�.��..[&<<=�<<4 #

+,�;� m+� m=6P�`6c 56� DUHR ��� 1�<���<4[<~6� �"�

�8[AJ ��R#� -� &=" a��:
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.� Density scale length 
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)s(
c��>2 �" �6, &V�=BL%��j�� `69 �9�7:� ����+-

�nL%��j�$�UR `69 -&=� .�"c;$�-4#�B nL L���� 

�"�� �;������#t�6e 

)((/[ ]c nL
,

c
ω

η α
α

≈ + −2 1 21 1 

� �"-a��.�~�,�"�C�� W-D��� �� ��I�<� I� D%;+<� �*� 

max ( )πη πη− −= −C e e4 1&=� 4<7_7� T6� #-( ),η φC��

��,�� �-��" .�<�O�<,�"�C�� ��6<P #7-��<8N)=C 1(m<%�

@J6<<�-<<� -a &<<=" #<<� �<<,�6P<<� �<<4#/e πη− =0 5�

( ) mφ θ π+ =2������7@-:/η ≈0 22.��4���6;1I�<� θ�

φ��I�� �����" 5�6�� �74���4-&=� 4�<�@AJ m=6P #1R�

L� ?�� #;2�= 7x�� �@��P N-I�nL�7;+<� <4#t�6<e #<�

"�V1P�P #� ��I W��"��a�� �-�,6�]..�.�[.[��<P ���6C�a

� �� ���C-�� ��6P4��[��P ψ:

) (

[ln ( )] ( )( ) ,
( )

( ) ( ) , , , ,
( )

( ) /

ψ

ψ ψ

ψ

∞

=

′Γ Γ
= =

Γ

+ = + ≠ − − −
+

= −

∑ �
n

d z zz
dz z

zz z
n n z1

1 1 1 2 3

1 0 5772156649
�#���4C��1A��� �I��"�" ���J �� �η− 2�#��1y#S=�_� �4)"� 

)�(arg ( ) ( ) arctan ,
n

y yiy y
n n

πψ
∞

=

 Γ = + − + + + 
∑
0

1
1 1 2

��I��φ,�t�6e #� 
:

)v(arccos ,R I

R I

N N
N N

φ π θ
 −

= − +   + 

2 2

2 2
2

�@P�� y-"6� <4� �" #��<
7 RN�IN��O<*� 1%c�<%-�

�6�6�-N� ?"6� A��� I��

)�/(
ln coth cot

,

      = + +           
   − − + + − +   
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1
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#� &="�-a��7.�;�����η4� �" #��@P ?�� ���� �
7�]-#��O<� 

��η"��" :

)��(( )[ ]c nL cη ω α α≅ + +2 1 21 1

��O*�1%c�%-�6�6� �-[��P ψ, "�6� �#A��� I� 3� I���1

I�� #S=�_� �-"6�:

)�.(
Re{ ( )} ( ) ,

( )

Im{ ( )} coth( ).

n
iy y

n n y

iy y
y

∞

=
+ = +

+

+ = − +

∑2 2 2
1

1
1 1

1
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S=�_� I� X���<� 4I�<� �6;( )φ θ+2<� b�<� T�� #<� -��6<P

�~�,�"�C�� W-��� C"��a�� �� �4"�.��4���6;1��_$ I� I�� 

#$���4�"�C@��P ��67V #� -I�nL�7;+<� 3<�� .}6<�
� �"

M7P��� 34I�� �6;�,�"�C�� -XB 2� &�� #� �� �$�<UR 
-+<� ���

� j�+c-4�7.

�4�� �<� �67 <� ��<Ga �1b �" �� <��UHR <=��� -4<7�3<4#

�-��� �,�6P��,�"�C�-��XB �� 4��" ��� .�%P �<c �" <� W

WKB ,�"�C��-4,�"�C�� ��� �&=� D��-�-K�+<;c� �<� �,�6P

q ��<<Ga�<<A2�-�6<<� �-`
<<7P ��<<�� .�<<� ��
<<�� �<<�� N���-<<� 

"�62��1Q�S, �� �" ����� ��A-"�, �"6<� #;��C ?� .&<$�c �"

 B�C4�9 I� �"���;O,�� 5�6�� n�$� N8,��;-�<Ga b�<� ��6<P �<� �

q�A2�-$�UR -� I��� -4�7.#<� ?�<�� b �" <��UHR &V�<= 

t�� #� ?��C4� ���-��<�� <4 #<��$�<UR -Y�<,� 1� b�<� 

����7��N����$� ���8�;�8-#7��" �� �1$6P �� {�
� �<� �-4�<7 .

� �"�O*� �
7-"��� 56� I� 1<�-<� �<,�6P#<=��	����, <����1

�;�������`
<7P �<;2" 5�6<�� #<� ��<�� .�,��<����1�;����� <��

��C�-�1��� 1,�"�C�� -XB ���C ��6P �"�O-<� b�� -� �<���

<<��� I� �<<���Ia �" N<<���O1,���P <<�6<<J p�<<9 I� ��1�<<� ���

?I��,� C��1&<=� ?�<� ] �����v�.r.[�<�� N�3<�� �<��

 ��R �&=�4���, #����1�;����� ����"� 1,�"�C�� -XB ��6<P �� 

&=b�� .���1B�C <4�"� ����<=>� 12�<	-���, `�<UR <����1

�;�������;+*, ��	;=� �" ��� N��;W7-AS  ?I��<,�C<��1?�<� 

&=�].�.[�"MAST ,����, 
����1�;����� ��$�<UR �� -b�<� 

�-�"��4&]� "6S�� �� #C��-"��C �� �$�UR ��-"��" &$b" .

___________________________________________ 
.� Collisional damping 

 "�� �U8,��;$�c �" p>P� 3+-�-�<�" �� �<,�6P <4 `6<9 #

56� ����� <� "��C `6<9 I� �<;C�
� �<�$�<UR ��-�<��� .� �"��<
7

�%P�WWKB <� &=" I� �� T��S;V� -<� � �<�"-��<���<Ga &+

�6�-=��� -"6� .O*� [J�� �"-"�<V��� 56� I� 1B��a )SX(�

4b p�9 #� #��UHR � �O;7�-�;O,�� 56� #� "6��$� N8<,��;-

,�"�C����, ?�-c�, I� �P��" ��� "6�����, �������"�<V��� 56� 1

�7P)FX ( ��� ��-U,��"
]./[�4�<P �� ��<=>� #�<4�<�� � ?"��

,�"�C��-XB ��4� ���-��" .b �<C� <��UHR <S$ �" ���<=>� 

����� "�= p>P� ��1"��U1�-� �,�6P#=��	�����-�"�6<2�� 1

b �"��UHR �� ��" .���G� N#�?��� "��C &$�c �" ��" &<*P ��

b<<��UHR<<� 3<<�� �-"6<<�]�/.[��Ia<<���O-���1�<<��� N<<��

,�"�C��-6P �"4��8��1NSTX ]..�.s[�CDX-U ].([B�
,�

&=� ?��.

;.;.�	���	� �OXB 
+�u	�4	��1$6P �" ��;O,�� 5�6�� ��$� N8,��;-$6P ��456� �"�

XB��a )SX ( &=�46= #� #1UHR ��O;,� ���� .��+� Nu	�#<� 

;+*,��� N,6�����;O,�� 5�6�� �$� N8,��;-$�UR �" m%� ����1

����� "��_� N-"6<� .��<�1,6���� �8�<�1b ��Pb�<� <��UHR 

4F[AJ m=6P l>��RF5�6��X�6��� ?�-"6� .����7�#��,�� �;	�1

7S� ��-,�"�C�� �" �� -� �� �"��7O4"�]� .[�&+*,��56� 

"�V1)O(� I����I �� ��� <���� "��<� <�D<��<~ ��� W<8F&+

I�6�1q<��]<e ��N,���P �<�<� ?�-"6<� .��<�1�� ���<%� �<7�

N , opt��� O�� �X$�UR �" -<,��_� -�<� ��<=>� -�<4#

ω ω= p&=� � nSA7� 3���-� �,6���� N�N&=�7@�4�<� #

;V�= �� �"��1I�� ?��C ��8,�+-K�PI�� ���� ��6P � �,��" 

� D%;7�-"6� .����7���� �;	1=�7� �#J�� �1<	c �-	_P �<	-��

+� &������1�%P �" 6P�� ���=>� W1»"�= «����4"�.��I�#

���7�� ���P -A��� I� �,�6P�C�7��� -�<;$a w�6<;	�� w�P��<� 1

���1�� ��O;,� �56� D#�&="a��]. : [

)��(

( )
,

( ) sin

sin ( ) cos .

p p

p c

c p c

N

−

−
= −

− − ± Γ

Γ = + −

2 2 2
2

2 2 2 2

4 4 2 2 2 2 2 2

2
1

2

4

ω ω ω

ω ω ω θ

ω θ ω ω ω ω θ
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)@�	()B(
7&
".��=>� [A%� �A=12�	-`�UR MAST���1������ �<�$�<UR D-��<= -�<�,��� #<� ?"�<= �6<C1�O<P �[<AJ �b �� �<� UHR �

,6��������1=�,��P6	�-,��;�$� -��� �� ��=>� 1���6� 1��P�� -�� �>2 I� /N =0 5�
�

yN =0X,�<��� �" �" GHz.�)y<$� (�GHz(/ 

)K(� ��O,-��".

� �"��
7 θ��I ��� #� &S+, ��O;,� �9�7:� ����+-&�>V �»+«

�� #�O&�>V �»w«�� #� X"��" n	@P .���1Γ =0�" �<�

 SA7� 3��� �� � n-�,6� .�<�,�<�I N-��<�-�<�" <4#θ =0�

ω ω=p
2 2�<��� .z�<<�4<<7�3<<��<<J�� ��<<� ��<<=>� 

���
B1�"
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