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#�" �"��12��3��� �4$� 56� �789�7:���;�+-"�6<� ��=>� �� 

&=� ?"6� #@$�A�4B�C #4�"� ��<=>� , �� <�<� D��<� -"6<� .

B�C4�� F�"��, ��GH� � #7��I�= �7�I�4����16J KL� 1�" 56<� 

>� �� �&=� ��=�B�<C �6<M7� N<4�O<P �<� �"��<= ��8,��P6	-

$�8���;Q�"��+,�4��1C ?" �7R �S<=�7� T�� P���<U-&<=� .

���1��N4$� 5�6�� ��89�7:���;�+-"�V 1)
��� ��
�E B0(�"�<V��� �1

)⊥
��� ��
E B0(��4�;=�� �" #1� �<� "6�V <�9�7:� ��� <�+-O<;7� �

�-�,6�)⊥
� ��
k B0(��I K�*;,� �� <���� � ���<P W<=�7� 4+<,�-

�� �� �����4��=>� X,�)ω ω=RF p(��=>� ���" #� -� �<7,���P

___________________________________________ 
.� Electron Cyclotron Resonance Heating ( ECRH ) 

 Y�,� �P1#� �� "62 ��,��;8$� ���,6� D%;7� 4�<77 .B�<C �<�� <4 �"�

 "�<V 56� �� ��=>�1Z)�<�O(��<� �<�7P1UR$���<�1I<�[<AJ �

)ω ω< p(��8��L����R &=� �4�, #-#<� �,�6P D<2�" ��<=>� 

\6],4�7.B�C4"�<V��� 56� �� �"�1^)�<�X(,<�<��9 I� -<4#

��6J ������ &=� �;8��L��� I� �&=� ��N��4� "�����56<� �" N

#���+,�4��1��=>� -�4�� I� �;� <4 <= X,��8,��P6	-$�8���<;

)ω ω ≤p c 1(� "��_�-"6� .����=>� �"12�<	-`�<UR �"

��4��=>� �a �" #4ω ω 1�p c &=� ���+,�4��1�<� ��N�<P

����1"�V 1"�V��� �1��ω ω≈ cS$ �" �� [AJ ��=>� -�,6<�

___________________________________________ 
.. Ordinary mod (O-mode) 

.� Extraordinary mode (X-mode) 
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#R �C� ���+,�4��1� �Pb�� ��<� ���� Nω ω≥ p<� -#<� �<7,�6P

��4&=" ��=>� ��, ��� �7��-�7,�6P#��69�� �GH� 1�<�,��;8$� 

	�;+��Y�,� � �,6� 1D<%;7� �<�,a #� �� "62 4�<77 .��<�1�<�N

O�8	c ?�� D-"��" "6�� :e�2 &$�c �"-4�" I�<� &V�<= #

�� 56��8������� �U1�-4Y�,� �71I���" 56<� #� 56� ���<U

 a�� �"��7»,�"�C��-��«� D%;7�-"6�]�[� �� ��Y�<,� j�=� N1

U,��� kV�� ���=>� ���" #� ?�� ?����P 56� <� ��<=>� 56<� T

"�C�Y�,� � ?�1�<��C #� ��=>� 56� 1$�8� ���<; <� �<SP �6�D

�-"6� .��a�� N�I�� �" �7���8����U;=" �" 56���1<�6
�� -

M,��6P4���].[#���4�-"�� .

2��"��_� l�����;1#���4C��1�OP �= ��8,��P6	-$�8���<;

���1B�C 4$�UR �" �"����1&<]� m=6P �[AJ I� �Pb�� <4�"�

��O�� �� X4��, �" #<�#<� &<���;O<,�� 56<� �$� N8<,��;-

,�"�C���� ?�-&=� ?�� #;��"�� �"6� .����P N��" #,��7��6� �

��I���� #"1e�2 -��8�&=� N4��Ia ���6� #���UO-$"<�D

� &_e�&<=�V�� N]�.[�;O<,�� 5�6<���$� N8<,��;-m<=6P 

<<,�"�C��-�<<� Xb �" <<���O<<P ��1<<C��" �b�<<� Q(UHR) �" 

",�8-S$�U,��� ��=>� �� #;*-�,6� .��O,��9 I� <��<� nX

�;O,�� 5�6�� #� B��a�$� N8,��;-� Do;� -�� �"6��N#<,6C <4#

�� I� ��6PO1�� #� ��;�� �-O��P X`�<S," #<� � ?�� D%;7� B��a 

�" �a ",�<<8-b<<��UHR �;O<<,�� 5�6<<�� #<<��$� N8<<,��;-

,�"�C���� ?�-"6� .�;O,�� 5�6���$� N8,��;-U,��� I� �@� ���T

 ��@AJ �� "�62�� ����1$�UR -�� p�9 #�<4�O<;7� ��<=>� 

�-�,6� .����7��� N�Y�,� �5�6�� N1?I��,� ��c<4���<2 F&-��

c�6, �"-q���<� ��<=>� j�;<=" D��J �1���<� 1O�X#<� 

�<<�,��;8$�<<� D<<%;7� -4�<<77]��r.[��<<,�4�;O<<,�� 5�6<<�� �7�N

$�8,��;-�9 I� �,�"�C�� n-6P �" �� 4��8��]s[=� t�SG� #��?�

&=� .��5�6�� N#�?�<�� ��<� 1B�<C <4�� �<,�� � �"� <� �" ��

����=>�1<4��1�<� β1�<7,�� �b�<� MAST]([<4�" #�a

ω ω 1�p c -<� S<=�7� T�� ��<���-&<=� .$" �<7R #<� <<� �D

�7�J>V1�;O<,�� 5�6<�� #<� �$� N8<,��;-��" �<����<=>� 1

�6
��-��$�= �" 1��� t�� #� #;�LC 4&=� ?"� .#<R�C�

___________________________________________ 
.� Upper Hybrid Resonance 

+<<����17� `6<<e� I� <<�"�1��Ia <<���UO-��6<<uP1��$�<<= �" 1

�v�/w�v(/���#��LC1��,�� 4�;O,�� 5�6�� "�����$� N8,��;-

N� #���a1��856���)λ ∼mm("��_� �-��.��<�I �a �"

��<<�1B�<<C <<4 �"� ��<<=>��;O<<,�� 5�6<<�� m<<=6P�$� N8<<,��;-

#�OR ��1��8�� 56<� �<� �" b�<� ��6<P j�;<=" "6<S, , �<��

���;�����1��=>� 4#��Ia �" ���O1�6
�� -#�&="�-��<�a 

���1B�C 4�"� ��=>� �;O,�� 5�6�� �� �$� N8,��;--��<4 "6<S, .

@=6P � ����#�OR��1��8��I�<� �" ��6P�� F56����+<,�4��1

GHz �(/w.��b�<<� ��6<<P1kW�// , �<<��� <<8	�V ��<<8 "�

��=>�12�	-�	;=� �" `�UR ��;��	� ��� ���,��;���x71�<����

@�<<86P � j64��8�<<�1<<4��1I "��<<@P �CI�<<qa �<<�"�1I�

��Ia���O1���"6� �.#�?��� 	�V �" 8����=>� "�12�	-�`�<UR 

4��<� ��<=>� #1<= 5�6<�� �8,��P6	-$�8<,��;-$�89�7:���; <�+-

q��;O<,�� 5�6�� �"6� j�;=" D��J��$� N8<,��;-��<� 1B�<C <4��"�

�<<,����<<�?I��<<,� � ��C<<��1�<<�" #<<� ��<<4�<<� #<<;��C .#<<��"� �" 

3OR I��,�1� I� ���� N8&��C ���62 ���J ?���� "�6� ��.

8. *9�:������ �	
�	 ��	 �+�����
���<� lb6�@1<=��� -<= 56<� ��<;�� �8,��P6	-$�8<,��;-�"

����<<=>�1<<�6
�� -<<e6P ���%P �<<� 56<<� ��O<<;,� y<<� W

#;2�7� ���ZWKB &=� W=�7� .��� �� z�� �
7�&<=� N<4#

%�<<�j��<<�$69 1V6<<, -�<<��;����� 1�" ���<<=>� �%�<<�#+�<<� 

`69 56� �:P � {����,��I t��-�"�%� <�#+�� �<� <4B��a X,�

&=� .�� �c �"4b�� X,�1�%P �WWKB � z�� -"6� �<�,6� 

?��V m%� � &��G #S� ��"|72-�1����7� )�7;+� ��c N4&�<�,6� 

"�, ���� ?�-C���3.��<�1$� }6<, 89�7:���; <�+-5�6<�� �I� ��" 

���OP �� ��-" �6+,�P ��6P1$�8�;��»��<=>� "�<=«�
���
K���

��S�P�D4���;����� #1;=� �8X^��, �� ?�-�,6�#���4 "�� 

] [� ��c4���C &-�$�8���;"�, �� �&��C ?�:

)�(
− 

 =  
  

0
0

0 0

��� S iD
K iD S

P

___________________________________________ 
.. Wentzel-Kramer-Brillouin approximation 
.� Stix parameters 
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�� �"

<<<<4� �" #��<<<<
7( )ω ω ω= − −p cS 2 2 21�ω ω= − pP 2 21�

( )ω ω ω ω ω= −c p cD 2 2 2�ωc�� <<4<<= X,��8,��P6	-�ωp

��4� ��=>� X,�-����.<A�����C�7<��-<4#<$"�@� I��56<� 

#� &=" �-a�������6�1#;2�7� ?�� �7@-��"�<V1)�<�O(�

"�<<V��� �<<�1)�<<�X(����� "6<<�V ��O<<;,� &<<$�c �"<<� ���

9�7:��+-� ��O, -��" :

).(, ( ) .= = −2 2 2 2
O XN P      N S D S

������6� N���1I�6� ��O;,� 1� �� ��9�7:� ���+-56� RQ56� �

LZP�P #<� <�W= +RN S D2�= −LN S D2-<� �<���.<<$� -

�%P ��S;V��WWKB ;$�c �" -4[AJ #� 56� #)��-�4�<~ #�W

�8� �]e &+-"6�(���-� &=" I� "�62-"�� .� �"�" �
7��U

`69 �" 56� �%� �#+��%��j����;����� #� #;+��� `69 1��<=>� 

3OR D��J�6�-,�&+�4� #���<� }6<~6� N1U,��� <�5�6<�� T

�;O,���$� N8,��;-<,�"�C�� m=6P -&<=� 3<�� ��<� .&<$�c �"

�OP��)��-�4�~ #�� W8��7;��, &+--<� "6<� (`6<9 �<C�

 I��<,� #<� 56��}�@<� )�6<��b ($� ����"8�%P ��<=�� ���<; <� W

��=>�1� 3��" "�= -�8�7.� �"�� �
7-�����<Ga �l�c>Ae� &+

@� ��7;� �6��b }�-^"6� ?"��a K�+c #� .��<�1�<��6<M7� NI�

����M, &����OS7� -#<� ��<4C��1" �6+<,�P 1$�8�;<��»B�<C «

�7R�� N�C�-����" ��%��#+" �6+,�P �� 1$�8�;��»"�= «�<���

�-""�C ." �6+,�P1$�8�;��B�C ��7P #, @��P-I�ωc�ωp	� 8#

@��P-, 56���"�� � ��" I� �&+� 4�� }6, #� #<��1�<�	c I� 1

A����C�7��� -���� �1$�8P�;<=���;�8-�<� �<
7�-"6<�.�<�?�

�<<���"��1" �6+<<,�P 1$�8�;<<��"6<<�V ��O<<;,� &<<$�c �" 1

),⊥ =�
����

k B N 0(���� �1��8�7;+� 56� ��O;,� N.���<�?�

��"�� @P��"�V �� 31<A��� �� �C�7<��� -= zzN K2&<=� .�"

��" �� ?��SAJ �UO-� �� "6�V �9�7:� ��� <�+-�<,��" .I� ���<�

&=" �"�"4	�+� &u� #	-&<�� #<� �� ��O;,� ��6Py<�@P�3"�" .

����7��A��� N�C�7��� -#�t�6e I�� �" �-a��:

)�(( ) /= +xx yy xy xxN K K K K2 2

___________________________________________ 
.� Right-hand wave (R-Wave) 

.. Left-hand wave (L-Wave) 

.� Finite Larmore radius (FLR) 

�4�" �67�%��#+�%P �� ���=>� W1#<]$H� "�= �<�1
���
K@��<P-I�

`6�
�N�7;+�.��B��;c� #� 5�6�� N»a<�F�1<�-�;O<,�� �N«�

<<<<$�%��	<<<<e� -`�<<<<= �" �� �vs� ]�[�;O<<<<,�� 5�6<<<<���N

$�8,��;-)EBW(���, <�<� ?�-"6<� .;O<,�� 5�6<����$� N8<,��;-

)EBW(,6���� ��8��1�;O,�� �� �$� N8,��;-�,� .��5�6<�� N}6<,

e�2-<= F5�6<�� I� �8,��P6	-$�8<,��;-)CE(�<,� <4��6<�� #-

$�8P�;=���;��56<� `69 �� 4��<=>� �" ?�<P619�7:� FB�<C <�?�

�7;+�.��NF5�6�� $69 -4�� #�c4j���� &��,��;8$� "�C�"�C 

��4��� �&6P ���$�� �-�,6���6<� `6<9 -��<�R "��<c �" 

$� �2�R }�@� �����8���;�,��" ]v��/.[���1#<� 56� ��O;,� 

"6�V t�6e �� �<�9�7:� ��� <�+-�6<�6� &�+<J �-<A��� �" �

C�7���-� I� �<� N-"�� <4 ��<, #<� #����-�" <
� �56<� ��O<;,� 

",�8-�OP �= ��8,��P6	-� �-�<��
,� .,6���� #<� #;+<��8�<�1

�OP�= ��8,��P6	-)cω nω=(�~ ��� W8��7;��, &+-?�<� 

� ��R" t�� #� 5�6�� ����-�=�8,��P6	-<�-�,6<� ]v.[<���1

4+� ��=>� "�������]��&=� W$�� � �4�;O,�� 5�6�� ��O;,� #�N

$�8,��;-@AJ m=6P ���1$�UR-�, "��_� -��R �"6�4��"�<� #

��� �� 56���$�UR-��
7�� �( )ω ωp
2%c ��%-J�� -�-�,��.

�O<<<<<<<P �"�<<<<<<<= ��8,��P6	-<<<<<<<C��" �b�<<<<<<<� 

)/( )ω ω ω= +UHR p c
2 2 1 2(��%P�W$�8P�;<=���;�8-)E B

��� ��
� 0(

"�, �S;@� �U���R �&+456� #X��C�-$�8P�;=���;�8-\�*P� 

�-4�7��~�� W8�a &+ � � ?�� {�� �$� ���8�;�8-$69 -

W$�q �-"6� .� B�
,��=�#O�a 3��" ����<� �" �� � #;*X�

EBW <� nSA7� 3� �� -)�,6<� "�<V��� 56<�1#<� <��56<�

�;O<<,���$� N8<<,��;-<<� &<<]� -@$�<<� � "6<<�8X." I�<<� ?�C�

B��P F56� �56�X�� ��SAJ �$69 -�"��" &$b" 4#-;J� #<� 

b��UHR �-��<=� ��, <�<� ��-"6<� .", �"�<8-b<��UHR 

t�� #� I�� &V�=4� ���-�� �P ����78#� #�<��C &V�<=-�

",��"6� .� �" �$� �2�R }�@� �c �P 56� `69 �
78���<; 

4����� #;�����;O,�� 56� �$� N8,��;-U,��� �<� #;*-"6<�.

,��I-4�;O,�� 5�6�� #�$� N8,��;-$6P <�<� �-6<= #<� �,6<�1

��=>�1<� ��O<;,� `�<UR -�� �<P �<7���7<8��<,� m<=6P #4�7

=�8,��P6	-6J1", ��,6���� ���OP ��1� KL� -�,6<� .
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���;����� �"1��<=>� 1<�6
�� -+<� KL<� ��� &<=b�� ��

����7��<� ��<=>� N-b �<7,�� �<,�6P <�#�1;�� �<8-��<� 15�6<�� 

�;O,���$� N8,��;-"6� z�� .� I��� �" ��<78,�<��� KL<� 3+

<<�-<<=��� ��6<<P-"6<<�, .#S<<� ��O<<;,� &<<$�c �" "6<<�V

thN v c β< =���<,� �� KL� 4<= �7�8,��P6	-$�8<,��;-

S+,�;-N�� ?�6C � ?"6� W$�q C��-�<�� �<� �S+<, B�<� ��;-

&<<=� .#<<��,�� W<<	q� �"�<<�16<<�"�� 56<<� ���<<P ��<<� �-�

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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"4 $ �� �%���&'� �����%�( )���� �( ��*+� �,�! -�.� /,�0 )���� �%�,�.�� 1��... ������� 	
�� �"

����, �� #-��� ��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��:

___________________________________________ 
.� Density scale length 

( ) ( )

/

,

,

,

c n

n B n B

p

c UHR

e
B n

e

L
c L L L L

nBL L
B x n x

ω α αη
α α α

ω
α

ω

 + − =
 + + + 

 
=  
 

= =
∂ ∂ ∂ ∂

1 2
2

2 2 2

1 1

2 1

 

)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

,

      = + +           
   − − + + − +   
   

2 2

1
1 1

2 2

iN i

i i

η πη πηπ
η

η ηψ ψ
η η
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������� 	
�� �� 
�� ���� ����� � �������� � !� "5 

#� &="�-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
1

2 2

ψ ψ

πψ π

 

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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"6 $ �� �%���&'� �����%�( )���� �( ��*+� �,�! -�.� /,�0 )���� �%�,�.�� 1��... ������� 	
�� �"

)@�	()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�"

�;=��1z"��C ����en�;<=�� �"1x�<��� .;, �"�<
�����<%P 

�NJ�<<� &<<��G-<<� -�<<,��.<<�#?�><<Vθ =0�<<� &<<=� `"�<<@� :

= =x yN N 0$�UR �" -,��_� -)ω ω= p.(����7��<A��� N�

C�7���-� �� -"�= t�6e #� ��6P�I�&�6, �:
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.� Low confinement (L-mode)  
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7&:.��"6�, �� -,�"�C�� W��~ �e�" )C(�-,�"�C�� W��~

 #7�O<<�� �<<�)maxC(#<<� �" -$�<<UR `6<<9 j�<<�%� I� -@��<<P ��6<<7V 

��bUHR.

x (distance from center of MAST) [cm]
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7& <.��"6�, ��� I� #	e�� ����� �" �� -,�"�C�� W��~ �e�" 

1��� ����6PnLy	;*� 1�� .D_� m2 -J>PUHR I� �� �� �� 

1��� -]	;*� 1�����%� �U,��� ���7_7�%C-� ���� .&$�c N��;��

#� �6���/4 94=nL cm&=� .

�-"6� .� #� #�6P ���78$� �2�R }�@� #8b �" ���; <��UHR 

)��-�4,�"�C�� #-��XB � �� -��" ("��c��B���R `69

 1"��<� 56<� �><2 56� &<=�), .e th e c vacvρ ω λ= = 4(

�8� ���b N��~ X�= � ?"6�, �*O� �� #�<,�"�C�� W-�<� 

� #S=�_� ��-47�3.��b N<�	<e�� �" #�/ cm2 6<S$ I� ���<=>� 

� ���J-C�"�.*OP I� X��,�"�C�� [~6� �-��� ��� 1N;��" 

�"I��-��O�#7%� �P &+�Ib�$�UR `69 j�-)nL(�� W=�7�

 5�;7;=�4<7�3.nL#<A��� #<� #<�6P �<� �<�1)r(�)((�<� 3<� 

max ( )C e eπη πη− −= −4 1S<=�_� �" 3<� � &=� ��SP�� �" �

�<<~�I�<<� Wcos ( )φ θ+2 2#<<� ��<<4<<� -"�� .�<<7@-�<<~ �W

,�"�C��-��� CG�<P &<_P ���I���"��" ���<J 3<� 5�6<�� �<7 .

����7��<� N-<7_7� ��6<P-�<�1�<~ �<,�"�C�� W-�<� )C(�

�~�,�"�C�� W-� �� �O�#7)maxC(� ��#@��<P ��6<7V-I�nL

3=�4"�.���� #,6C4#�8D�<� ��O<, -%� �<�" <� `6<9 j�

$�UR-�14<� W�6� #-�<�� "6<��<,�"�C�� -[<~6� �" �<� 

� T"��2��O����<%� ""�C #7/nL cm= 4 94<�-�<��� .,8<;�

"�� �U�78G�P 5�6�� I�� #�I ��"�1�"����,�"�C�� -"��" �� <4#

�S,<<�"�, �<<� "6<<� #<<;��C ?� .#<<� �6<<S
� �<<� �<<C� [<<J�� �"

K�*;,�nL��-�q #� �� ���%� I� ��"��7O1��� b�� ���� 3�A-��

b��UHR �_P �� D-"6�4W�6� #<4���C�<� �<��62 .

4�~ ����,�"�C�� W-�" �� �8Dv<J>P D<_� t�6e #�-

��A21%�� -4�� �� ?�P6��7_7�I� -[~6� �" ��UHR ��O<, 

&<<=� ?�<<� ?"�" .��<<�1"��<<@P #<<,6�, 1� I� <<�"�<<%� N��" �� �

`��� �?"��a ��3.��<� �"��a 3���<� "�6<� �" �2a W	A��m

��<<� W<<=�7�1<<,�"�C�� -���� #<<7<<�N�&<<=<<4%� #<<� `6<<9 j�

$�UR-)nL(", �"�8-�<2a �b N<����<=>� :P �<� <�� ̀ 6<9 �
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=���".y	;*� 1���$�UR `69 j��%� 1�I� #� #7�O�� �� -,�"�C�� W��~ � �� -,�"�C�� W��~ ��"�%� -2�� .�,��� K6	A� ��"�%�?�� #;�6, �P�,� .

�� �/v� (svr/rr�.�Ln [cm]

rs s.(� / v��vsv/vsvv v �ss(Cmax %

�� rrs/s((.(  �.s/ . / (rs.��C %

Ln=4.94 cm
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7& "#.��"6�, �<� -,�"�C�� W��~ � �� -,�"�C�� W��~ �e�" 

-$�<UR `6<9 j��%� 1�I� #� ����6P ��� I� #	e�� ����� �" #7�O��

1"��7O�� / cm= 4 94nL.m2 -J>P D_� #�b 1"6�V ��O,UHR �� 

7_7� I� �� ��-� �*O� �� W��~ �" N�� ��"�%� ��� �7�.

`�oP�)cL(4� `�;7-"6� .��<SP�� #<� #<�6P ��cL�<� nL#<�

I t�6e��]..:[

)�v(,B e i
n c

B i

k T mL L
eB k T

   ≈     

1 42

16
(SI)

;="���-7R #� �%� N�$�UR `69 j�-�1�"?�U;="MAST #<� 

�7@�1M7P �� 3�C����1<7� -�<;�� �" ?�U;<=" ���<� �&<$�c N1

/cL m= 1 96�-����) .b �"��:UHR/B T=0 0608� )8D(

�eVi eT T≈ = 140�-���� .($" �<� #<� �C��<	-;<=" ���-#<� 

%��$�UR `69 j�-��"��7O1��8����S, N%� #� �"�" NP <�j�

$�UR `69-"��U1�7@� #� �14�~ ����,�"�C�� W-�" � �� 

;,�#
4?��� ��� ��1B�<C <4"�� 5�6<�� �<� �"� <�6-�I�<� �" �

��8&=� 56��� .�"�8D�/���;O���� N��<~ �<,�"�C�� W-

���Cb �" ���UHR �I� #� �1%��$�<UR `69 j�-�<�"��7O1

)/nL cm= 4 94(#�/72 25∼ %�-�~ � �=��,�"�C�� W-��

ωpt
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7& "".+��%����"6�, W��~ � �� -,�"�C�� W��~ �e�" 1��

 ���I W+c �� #7�O�� �� -,�"�C��)�@� ���� (�b �"�UHR  1���

 -��P�� X,���� �"GHz60�GHz28.

��O��#7maxC��� #� 3� ��"��c 96∼ %� &=" -����.

�� �"��%� &<=� K62 �� <�#+�1<��N��+<,�4��1p��<@;� 

1"��<<<<� 56<<<<� GHz60)/n m −= × 19 3
0 4 5 10(�GHz28

)/n m −= × 18 3
0 9 7 10(<��� #;��"�3.�� K�<*;,� &<	V <4X,� 

GHz60�8-�<�N�&<= <4 �� ��6<P #<4X,�GHz284I� �<;�

 �� ��6P yo,4X,�GHz60&=� ."�,a �U8��� �" #�m�8��+

����<,�"�C�� -�� �" <4X,�GHz284�� I� �<;� <4X,�GHz60

&=�4�P #��� ���" W	A� N<�8D��&<=� ?�<� ?"�" ��O<, .

�2a�$" N�$�UR �� D-��� ��=>� 1����� I� <��� �" N<4X,�
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3" � /,�0 )���� �%�,�.�� 1��$ �� �%���&'� �����%�( )���� �( ��*+� �,�! -�.... ������� 	
�� �"

�� �&=���-$�UR &=� ���1;<=" p�� #� �Pb�� ���-6<P #<� ��

�6
��-;@7e -��� 1$6P �", ��� ��8&=� �;.

L.��*6M�*��
���1=��� -= 56� ��;�� �8,��P6	-$�8<,��;-����<=>� �" 1

�6
��-�"�, ����c N;��C ?� <4 �<��C &-�$�8���<;)�%P <� W

��=>�1"�= (e6P��%P �<� 56� ��O;,� y<�WWKB W<=�7�

&<<=�.�%P ��<<S;V�<<� WWKB;$�<<c �" -<<4J #<<� 56<<� #[<<A 

���-� &=" I� "�62-"�� .�OP &$�c �"��,�56� `69 �C�

 I��,� #��}�@� )�6��b ($� ����"8�%P ��=�� ���;���<=>� W1

� 3��" "�=-�8�7.� �"�<� �<
7-��<��6<��b }�@<� ��<Ga &+

��7;�-"6<� ?"��a K�+<c #<�.<,�"�C�� -�<� XB ��1I�<� �

?"�;+C�1I���+,�4����I ���1"��� 14�<�a�� &S+<, � ?"6<� 

2 � &�� #����1$�UR -+��&=� j�+c �� .a���<,�"�C�� �7-

OX ��� m%� #,1��I ��"��� 1��<2 optθ�� <�-	� �<�" <8 #

���1��,I�� ���I �#�1�4"��C � �>2 56� `69 #� #<�$�<UR ��-

U;+�-, "��" �� �� -��" .B��P t�S=�_� � ��O, 56�-�<�" <4#

	_P `6����	-$6<%@� "��a�� -I�T<� �#A<=�����<� nk L ≥0 10

�-���� .,�"�C�� �"-OX �%P���<=>� W1�"�<= <4�<7@� #<� #1

3OR�6�-��" ��Ga I� -���� �&=� 1<e6P �56<� ��O<;,� y<4��-

&=� .b �"��UHR 56� `69 4� ���-����� <4 �<� #�N#<� #<,6C

I��,��}�@� $� �2�R 8<� ���;-�� � �<=� <� �%P �<���<=>� W1

»B�C «"6<� ?"��a K�+<c #<� .� �"��<� �<
7X�;O<,�� �<� �<� �N

$�8,��;-� nSA7� -"6<� .<e6P �"�<A2 y-5�6<�� �X<4 #<� l>��

 �;O,�� 5�6���$� N8,��;-,�"�C�� �� ?�-�,6�.��N5�6����KL� 

�OP��1��~� �GH� -�<,��" <4�� #<8B�<C �� <4�"� �" �� ��<=>�

,6�����8��1�Pb�� )> 2(��+,�4��1�OP ��1� #���� -�7�".m<%�

 $�UR �C�-b�� ��=>� 1$�UR -56<� F[AJ Oa�� ��<��� ��<7OXB 

�-��" �� �,�6P .#��,�� W	q� �"��1��<� �-�6<�"�� 56<� ���P 

>� thN v c<<� ?"��a�<<�-� "6<<�N<<�� KL<<�C�<<�-�<<	��" 1

q�S+,��;-�-#<;��C z�<� �<,�6P "6<� .KL<� �;O<,�� 5�6<���N

$�8,��;-���N��7;� -�� �4��� ���" �����-����� .+C�56<� D

�;O,���$� N8,��;-�-��� �,�6P1?I��,� C��1�<�" 1��<=>� #<� ��<4 

��R �"��4�� #�a�� ����71,�"�C�� -&=" �� <4,�<�I �<P 3-<4#

∇ ∇
���� ��
� eB n&OC�� �����L���,� .��,���,�"�C�� -�<� XB �<��;O

 ��,�� I��OXB 2� &�� #� ���1$�UR -&=� j�+c .��<�1<4D

,�"�C��-��XB M7P �J" 3��� n4I�� �6;�	e�� ��<��[<AJ NR�L

, "�6��&=� I� .$�c �"�8��� #1<,�"�C�� -OX <%� ��I m<��"��<� 

:P��� �-4�7.�;,���Ia ����UO-�7��,�O, ���N�&=4;=" #���-#<� 

,�"�C��-XB %;+��34��� ��a��1��<� ���Ia m<���UO-��<=>� 1

�6
��-O�8&=� D.����,�"�C��-q ��Ga K�+;c� ���<A2�-�

�6�-� `7P -���� .B�C &$�c �"4�9 I� �"���;O<,�� 5�6<�� n�N

$�8,��;-�q ��Ga b�� ��6P ��A2�-$�UR -� I��� -4�7.56<� ��O;,�

�;O,���$� N8,��;-� #� t�� #� �8�7��19�7:� �+-)&<=� j�+c 

����7����� N1���4O� ���8	e� D-�%� �" �+��;, �"� �<���-6<P�� 

�;, �����Ia ����UO-@AJ B�V �� �" &�8�7��19�7:� �+-&=� .

?"�"��1S��#I�<=1��<=>� 16P4<���MAST � �<� <����

9�7:��+-/ T0 458�� �" 4��=>� � ��O,-��� ��"��<~ �W

,�"�C��-�� �� �%� �� #7<�$�<UR `6<9 j�-/nL cm= 4 94#<� 

/72 25∼ %=� ���62 ��.
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