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�Ð
�}�� e�¦��Ý¼�� ?/\�"f fast wave\� _�ô�Ç ���ÀÓ½̈1lx(FWCD)�̀¦ �̧�����H ���íß��ï×¼\�¦ >hµ1Ï�%i���.

l��>r_� hot e�¦��Ý¼�� �̧+þAõ� >�Ãº»¡¤���ZO�(order reduction algorithm)�̀¦ >h����#� �����\� _�ô�Ç \��-t�

f�̈Ãº�� ��l�Ø�æ7á¤&h�Ü¼�Ð �¦�9�)a Dh�Ðî�r ��1lx~½Ó&ñ
d���̀¦ Ä»�̧�%i��¦, s�\�¦ MHD î̈
+þA >�íß�Ü¼�ÐÂÒ'� %3�#Q

��� ��5Åq ýa³ð>�\�"f ³ð�&³�#� �Ð�Ðs�²ú� x9� e�¦�Ðs�²ú� ~½Ó�¾ÓÜ¼�Ð_� Fourier �̧×¼���>hZO�õ� ÂÒìøÍ�â
 ~½Ó�¾ÓÜ¼

�Ð_� 1	�"é¶Ä»ô�Ç¹כ�èZO��̀¦&h�6 x�#�Ãºu�&h�Ü¼�ÐÛ�¦%3���.�����_�\��-t�f�̈Ãºl����Ü¼�Ð��H ELDü< TTMP

�� �¦�9÷&%3��¦, ���ÀÓ½̈1lx|¾Ó_� >�íß��̀¦ 0AK�"f��H PPPL(Princeton Plasma Physics Laboratory)\�"f >h

µ1Ïô�Ç Ãºu�&h� z�́+«>d��s� ��6 x÷&%3���. ³ð������ÀÓ�Ð ��&ñ
�)a îß�_��� C�\P� ��s�\� &h�]X�ô�Ç 0A�©�	�\�¦ ¿º#Q q�@/

g�A&h���� ��ÃºÛ¼&7�àÔ!3�Ü¼�Ð fast wave\�¦ µ1Ï���r�v���� �Ð
�}�� ×�æd��ÂÒ\� ���©� ~½Ó�¾ÓÜ¼�Ð_� ���ÀÓ�� ½̈1lxH�d�̀¦

SX�����%i��¦, s�\�¦ KSTAR(Korea Superconducting Tokamak Advenced Research) �Ð
�}��\� &h�6 x�#�

e�¦��Ý¼�� ���Ãº, î�r����̧|	� 1px\� ���Ér FWCD_� :£¤$í
�̀¦ �7H_��%i���.
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V� 1 â�
 "�Òeµ

1.1 ¥o>Ä© :�¿R�

�&³F� ��t�_� Ùþ�Ö6x½+Ë ���½̈ �©�u� ×�æ\� ���©� �ÃÌ�Z4ô�Ç x9��̀$í
0px�̀¦ �Ðs���H ��Ér	כ �Ð
�}��(tokamak)s���. �Ð
�}��

�Ér �̧Äº�µ	 �̧�ª�_� ���/BN6 xl�\� ü@ÂÒ\�"f �����ô�Ç y©�§4�ô�Ç �Ð�Ðs�²ú�(toroidal) ���©�Ü¼�Ð e�¦��Ý¼��\�¦ ��¿º�¦

#�l�\� ���ÀÓ\�¦ µ1ÏÒqtr���� �.���s	כ e�¦��Ý¼�� ���ÀÓ\� _�ô�Ç ���̂&h���� e�¦�Ðs�²ú�(poloidal) ���©��Ér ü@ÂÒ_� �Ð

�Ðs�²ú� ���©�õ� ���½+Ë�#� �����+þA_� ���©� ½̈�̧\�¦ +þA$í
��¦, s� �����+þA_� ���©� ½̈�̧�� e�¦��Ý¼��_� x9��̀$í


0px�̀¦ S\�l�&h�Ü¼�Ð >h���r������. :�x�©�&h���� �Ð
�}�� z�́+«>�Ér ���·ú�l�\�"f%�!3� ��l�Ä»�̧(magnetic induction)\�

_�K� µ1ÏÒqt÷&��H e�¦��Ý¼�� ���ÀÓ\�¦ s�6 x�Ù¼�Ð, �:r|9�&h�Ü¼�Ð Ò�Û¼ î�r���s���. Õª�Q�� �Ð
�}��s� z�́6 x&h���� \�

�-t�"é¶Ü¼�Ð+�_�p�\�¦��t��9���&ñ
�©��©�I�_�î�r���s���0pxK�����¦,s��
�Érq�Ä»�̧$í	כ���ÀÓ½̈1lx~½ÓZO�(non-

inductive current drive)\� _�K�"fëß� ��H"é¶&h�Ü¼�Ð K����|̈c Ãº e����[1]. q�Ä»�̧$í
 ���ÀÓ½̈1lx ~½ÓZO��Ér ß¼>�

×�æ$í
{9���c�� ÅÒ{9�(Neutral Beam Injetion, NBI)\� _�ô�Ç ~½ÓZO�õ� RF(RadioFrequency)��\� _�ô�Ç ~½ÓZO�Ü¼

�Ð ��y1� Ãº e����. RF��\� _�ô�Ç ���ÀÓ½̈1lx ~½ÓZO��Ér ��r� ÅÒ��Ãº #3�0A x9� ��_� 7áxÀÓ\� ����, FWCD(Fast

Wave Current Drive), MCCD(Mode Conversion Current Drive), LHCD(Lower Hybrid Current Drive),

ECCD(Electron Cyclotron Current Drive) 1pxÜ¼�Ð ì�rÀÓ�)a��. ���/åLô�Ç #��Q ~½ÓZO�×�æ :£¤Z>�y� Z�}�Ér ���ÀÓ½̈1lx

ò́Ö�¦�̀¦ °ú���H ��Ér	כ LHCDü< NBICDs� 9, ���:�x&h�Ü¼�Ð s� ¿º ~½ÓZO�s� |9�×�æ&h�Ü¼�Ð ���½̈ ÷&#Q M®o��. �t�ëß�

ITER(International Thermonuclear Experimental Reactor)ü< °ú �Ér /BN�<Æ�Ð ë�H]j\�¦ ��ÀÒ>� �)a �\§¹Ý¼6£כ

��H, Z�}�Ér x9��̧\�"f ��������H ������� 	�éß�(cutoff)M:ë�H\� �Ð
�}�� ×�æd��ÂÒ\�"f ���ÀÓ½̈1lxs� Ô�¦��0pxô�Ç LHCD

��H ÅÒ ���ÀÓ½̈1lx ~½ÓZO�Ü¼�Ð ��6 x�l��� jËµ[þt#Q t��¦ e���¦, NBICD��H 6£§s��:r"é¶ >hµ1Ïs��� [O�u�/BNçß�, �â
]j$í


1px_�l�Õüt&h����ë�H]j\�ÂÒv9�y��¦e��l�M:ë�H\�,¿º~½ÓZO�_�éß�&h��̀¦�Ð¢-a½+ÉÃºe����H���Ér���ÀÓ½̈1lx~½ÓZO��̀¦>h

µ1Ï���H ~½Ó�¾ÓÜ¼�Ð ���½̈�� ���'��÷&�¦ e����. ECCD��H �¦Ø�¦§4� ��s�ß¼�Ð��"é¶_� >hµ1Ïs� ���'��÷&#Q�� ���, �&³

F���t���H Õª Ø�¦§4�\� ô�Ç>��� e���¦ Ä»t�r�çß�s� ÂúªÜ¼Ù¼�Ð ÂÒì�r&h���� ���ÀÓì�r�í �̧&ñ
\�ëß� ��6 x��̧2�¤ ]jîß�÷&

�¦ e��Ü¼ 9, MCCD��H fast wave\�¦ ion Bernstein wave�Ð �̧×¼��;s�(mode conversion)r�&�"f ���ÀÓ\�¦ %3���H

~½ÓZO�Ü¼�Ð off-axis %ò
%i�_� ���ÀÓ½̈1lx\� &h�½+Ë�#� ���ÀÓì�r�í ]j#Q ���½̈ü< �'aº��÷&#Q þj��H ÅÒ3lq�̀¦ ~ÃÎ�¦ e����.

ô�Ç¼#�, FWCD��H �Ð
�}�� ×�æd��ÂÒ_� �¦x9��̧ %ò
%i�\� ���ÀÓ\�¦ µ1ÏÒqtr�v���HX< e±	&h�s� e���¦, �¦Ø�¦§4� &ñ
�©�î�r���_�

RF"é¶s� s�p� �©�\O��o÷&#Q e��#Q"f, ×�æçß����{9� ���|ÄÌ�̀¦ �Ö̧6 x�#� ²DG?/_� Ùþ�Ö6x½+Ë ���½̈Ãºï�r�̀¦ ���Ér r�{9�?/\�

[j>��or�v���HX< ·ú�ú́��Ér ���½̈ÅÒ]js���[2][3] [4] .

1.2 FWCD�+ e�ÔeµxjSh�

s��:r ��s�9þt�ÐàÔ�:r ÅÒ��Ãº %ò
%i�(Ion Cyclotron Range of Frequency. ICRF)_� �������\�¦ ���o�)a e�¦��Ý¼

��\� µ1Ï���r�v���� �©�@/&h���� 0A�©�5Åq�̧_� ß¼l�\� ���� "î
SX�y� ì�ro�÷&��H ¿º >h_� �̧×¼, fast waveü< slow

wave�� µ1ÏÒqt�)a��. s� ×�æ fast wave��H R- ¢̧��H X-wave�Ð"f compressional Alfven wave\� K�{©�÷&��H �̧×¼

s��¦, slow wave��H L-wave�Ð"f shear Alfven wave ¢̧��H ion cyclotron wave\� K�{©�÷&��H �̧×¼s���. Fast

wave��H ü@ÂÒ���©�õ� Ãºf��ô�Ç ����©� $í
ì�r\� _�K� ÅÒ�Ð �����÷&�¦, slow wave��H ü@ÂÒ���©�õ� î̈
'��ô�Ç ����©� $í
ì�r

\� _�K� ÅÒ�Ð ������)a��. Õª�Q��, �Ð
�}��õ� °ú �Ér �¦x9��̧ e�¦��Ý¼��\�"f q��§&h� $�ÅÒ����� ICRF �������\�¦

µ1Ï���r�v���� |9�|¾Ós� ����Ér ������� ü@ÂÒ���©��̀¦ ���� s�1lx����"f ���Ér r�çß� ?/\� µ1ÏÒqt�)a ����©��̀¦ 	��̀r�v�
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l� M:ë�H\� slow wave_� �������H ~1�t� ·ú§�¦, fast waveëß�s� e�¦��Ý¼��\� ���½+Ë÷&#Q �����|̈c Ãº e����. y��y��_�

ì�ríß�d���Ér cold e�¦��Ý¼�� �̧+þA\� _�K� ��A�ü< °ú s� ÅÒ#Q�����[5, 6, 7, 8].

n2
⊥F '

(R− n2
‖)(L− n2

‖)

S − n2
‖

(1)

n2
⊥S ' P

S
(S − n2

‖) (2)

#�l�"f, R,L, P, S��H Stix[6]\� _�K� &ñ
_��)a cold e�¦��Ý¼�� Ä»���J$�"f_� $í
ì�rs��¦, n⊥(n‖)�Ér Ãºf��(Ãºî̈
) ~½Ó

�¾Ó_� ÏãJ]X�Ö�¦s� 9, '���� F (S) ��H fast(slow) wave\�¦ �����·p��. 0A_� ì�ríß�d���̀¦ :�xK� �ÃÐ�¦&h�Ü¼�Ð ·ú� Ãº e����H

fast wave_� $í
|9��Ér 'Í	P:, fast wave\� @/K�"f�̧ $�x9��̧_� �Ð
�}�� �â
>� %ò
%i�\� n2
⊥F < 0��� ������� 	�éß�8£x

s� e��#Q"f 	�H î̈
'�� ÏãJ]X�Ò�¦ n‖\� @/K� filtering�̀¦ ô�Ç����H �,s��¦[9]	כ ÑütP:��H, n2
⊥Fs� x9��̧\� ���� 7£x�����H

�â
�¾Ó�̀¦ �Ðs�Ù¼�Ð, fast wave�� �Ð
�}�� ×�æd��ÂÒ�Ð �����K� �����"f &h�&h� focusing �)a����H �.s���[8]	כ

Fast wave��H ELD(Electron Landau Damping), TTMP(Transit Time Magnetic Pumping)ü< °ú �Ér �����

��ü< e�¦��Ý¼�� ��s�_� q�Ø�æ[�t$í
 �©� ñ���6 x\� _�K� �����\� \��-t�\�¦ ���²ú�ô�Ç��. �������H fast wave_� �����

�©�\� _�K� ü@ÂÒ���©� ~½Ó�¾ÓÜ¼�Ð ��6£§õ� °ú �Ér jËµ�̀¦ ~ÃÎ��HX<,

F‖ = qeE‖ − µe∇‖B‖ (3)

Õª ß¼l��� ����Ér î̈
'�� ����©� $í
ì�r E‖�Ér ELD\� l�#���¦, Õª ß¼l��� 	�H î̈
'�� ���©� $í
ì�r B‖�Ér TTMP\� l�

#�ô�Ç��. �À» d��\�"f qe(= −e)��H �����_� ����, µe(= mev
2
⊥/2B)��H �����_� ��l��̧F'pàÔ\�¦ �����·p��. ëß�{9� ���

���� 5Åq�̧ ì�r�í\�¦ ����������,

ω − k‖v‖e = 0 (4)

��H%�\�"f s��Qô�Ç jËµ\� _�K� fast waveü< �����[þt ��s�_� z�́|9�&h���� \��-t� �§8̈�s� {9�#Qèß���. Õª�Q�� ELD

ü< TTMP��H "f�Ð çß�[O����H ò́õ��� e��#Q"f, \��-t� f�̈ÃºÖ�¦s�, ���Ér q�Ø�æ[�t$í
 �©� ñ���6 x, \V\�¦ [þt#Q ��s�

9þt�ÐàÔ�:r /BN"î
(cyclotron resonance) 1px\� q�K� �©�@/&h�Ü¼�Ð ±ú���[9].

ELDü< TTMP_� ���õ��Ð �����_� 5Åq�̧ ì�r�í��H ï�r���+þA&h�(quasilinear)Ü¼�Ð SX�íß��)a��. s� M:, fast wave��

q�@/g�A&h� ��Ãº Û¼&7�àÔ!3��̀¦ ��t���� 5Åq�̧ ì�r�í�̧ q�@/g�A&h�s� ÷&#Q, ô�Ç Aá¤ ~½Ó�¾ÓÜ¼�Ð_� Ä»1lx5Åq�̧ $í
ì�rs� Òqt

l����"f ���ÀÓ�� ½̈1lx�)a��. FWCD\� _�K� ½̈1lx|̈c Ãº e����H ���ÀÓ|¾Ó�Ér RF"é¶\�"f /BN/åL÷&��H {9�§4�\� f��]X�&h�Ü¼

�Ð q�YVô�Ç��. ����"f {9�§4�s� ß¼��� 9þtÃº2�¤ ú́§�Ér �ª�_� ���ÀÓ\�¦ ½̈1lxr�~�́ Ãº e����xt�ëß�, �â
]j$í
 1px_� s�Ä»�Ð

/BN/åL ��0pxô�Ç {9�§4��Ér ����̂ Ùþ�Ö6x½+Ë ìøÍ6£x\�"f %3�#Q��� Ø�¦§4�_� ��� 20 % &ñ
�̧�Ð ]jô�Ç÷&Ù¼�Ð, ÅÒ#Q��� /BN/åL {9�

§4�\�"f þj@/ô�Ç_� ���ÀÓ|¾Ó�̀¦ %3���H ë�H]j, 7£¤ ���ÀÓ½̈1lx ò́Ö�¦�̀¦ Z�}s���H ��s	כ FWCD ���½̈_� Ùþ�d��s� �)a��.

FWCD_� ò́Ö�¦�̀¦ Z�}s�l� 0AK�"f��H 'Í	P:, fast wave_� 1lx��� ÅÒ��Ãº\�¦ &h�]X�y� ���×þ��#� Ô�¦�9¹כ�ô�Ç s��:r

\� _�ô�Ç \��-t� f�̈Ãº\�¦ ×�¦#��� ô�Ç��[2, 10]. Cold e�¦��Ý¼�� �̧+þA\�"f�̧ \V8£¤½+É Ãº e����H s��:r f�̈Ãº��H d��

(1)\�"f S − n2
‖ = 0��� �â
Äº���X<, éß�{9� s��:r e�¦��Ý¼��\�"f��H Alfven /BN"î
, 4�¤½+Ë s��:r e�¦��Ý¼��\�"f��H s�

�:r 4�¤½+Ë /BN"î
(ion-ion hybrid resonance)\� K�{©�ô�Ç��. y��y��_� ÅÒ��Ãº��H

ω2
A ' Ω2

i

1 + ω2
pi/(c2k

2
‖)

(5)

ω2
ii ' Ωi1Ωi2

ηi1Ωi2 + ηi2Ωi1
ηi1Ωi1 + ηi2Ωi2

(6)
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�Ð ��H���)a��. #�l�"f, ωpi��H s��:r_� e�¦��Ý¼�� ÅÒ��Ãº, Ωi��H s��:r_� ��s�9þt�ÐàÔ�:r ÅÒ��Ãºs� 9, ηi1(ηi2)��H

s��:r7áx 1(2)_� ½̈$í
q�s���. ëß�{9� Ωi1 < Ωi2�����, y�� ÅÒ��Ãº��H ωA < Ωi, Ωi1 < ωii < Ωi2_� #3�0A\� e��6£§�̀¦

·ú� Ãº e����. Hot e�¦��Ý¼�� �̧+þA\�"fëß� [O�"î
��0pxô�Ç s��:r f�̈Ãº\���H ��s�9þt�ÐàÔ�:r /BN"î
s� e����HX<, Õª �̧|	�

�Ér d�� (4)_� {9�ìøÍ�o�)a +þAI��Ð,

ω − lΩi − k‖v‖i = 0 (7)

s���. #�l�"f l�Ér ��s�9þt�ÐàÔ�:r ��̧_��Û¼(harmonics)���¦ ÂÒØÔ��H &ñ
Ãºs���. {9�ìøÍ&h���� ICRF z�́+«>�̧|	�\�

"f k‖v‖i/Ωi � 1s�Ù¼�Ð ��s�9þt�ÐàÔ�:r /BN"î
s� {9�#Q����H ÅÒ��Ãº��H

ω ' lΩi (8)

�� �)a��. \Vü@&h�Ü¼�Ð, l = 1s��¦ éß�{9� s��:r e�¦��Ý¼����� �â
Äº\���H fast wave_� ¼#�F�gs� s��:r_� ��s�9þt�ÐàÔ

�:r î�r1lxõ� &ñ
SX�y� �©��W÷&#Q \��-t� ���²ú�s� {9�#Q��t� ·ú§��H��. s��©�\�"f ���/åLô�Ç #��Q s��:r f�̈Ãº G�V,��̀¦ x�

K� þj&h��o�)a 1lx��� ÅÒ��Ãº\�¦ ���×þ��l�êøÍ ~1�t� ·ú§��. {9�ìøÍ&h�Ü¼�Ð �����\� _�ô�Ç \��-t� f�̈ÃºÖ�¦�Ér ÅÒ��Ãº\�

���� 7£x��ô�Ç��[10]. ����"f �̧��H ��s�9þt�ÐàÔ�:r /BN"î
 ÅÒ��Ãº\�¦ x�K� q��§&h� ±ú��Ér 1lx��� ÅÒ��Ãº\�¦ ���×þ��

���, s��:r f�̈Ãº G�V,��Ér ×�¦{9� Ãº e����xt�ëß� �����\� _�ô�Ç \��-t� f�̈ÃºÖ�¦�Ér ±ú���t��¦, éß�{9� s��:r e�¦��Ý¼�����

�â
Äº����� Alfven /BN"î
��t� ëß���>� �)a��. ìøÍ@/�Ð q��§&h� Z�}�Ér 1lx��� ÅÒ��Ãº\�¦ ���×þ�����, �����\� _�ô�Ç \��-

t� f�̈ÃºÖ�¦�Ér Z�}t�ëß� ��s�9þt�ÐàÔ�:r /BN"î
 ÅÒ��Ãº�� 8ú§8ú§y� 0Au��>� ÷&#Q s��:r f�̈Ãº G�V,��̀¦ x�½+É Ãº \O�

>� �)a��. ��s�9þt�ÐàÔ�:r /BN"î
\� _�ô�Ç ò́õ���H l_� 7£x��\� ���� (k⊥ρi)l−1\� q�YV�#� y���è�Ù¼�Ð[9], þj���

_� �â
Äº�'p l = 1, 2\� K�{©����H ��s�9þt�ÐàÔ�:r /BN"î
 ÅÒ��Ãºëß�s����̧ x����H ��s	כ a%~��.

FWCD_� ò́Ö�¦�̀¦ Z�}s�l� 0Aô�Ç ¿º���P: �¦�9���½Ó�Ér þj&h��o�)a fast wave 0A�©�5Åq�̧_� ���&ñ
s���[2, 10]. ���

$�, ELDü< TTMP\� _�ô�Ç �����_� \��-t� f�̈ÃºÖ�¦�Ér Ãºf�� ��Ãº_� )�ÃºÂÒ\�¦ :�xK� ��6£§õ� °ú s� \V8£¤|̈c Ãº

e����.

Pe ∝ 2Im(k⊥) ' Re(k⊥)
√
π

2
βeζee

−ζ2e (9)

#�l�"f, Re(k⊥) ' ω/vAs��¦, vA(=
√
B2/µ0nimi)��H Alfven 5Åq�̧, βe(= 2µ0neTe/B

2)��H �����_� Z���°úכ,

ζe(= vp/vte)��H fast wave_� î̈
'�� ~½Ó�¾Ó 0A�©�5Åq�̧(vp = w/k‖)ü< �����_� \P�5Åq�̧(vte =
√

2Te/me)_� q�s�

��. �À» d���̀¦ ζe\� �'aô�Ç �<ÊÃº�Ð �̂¦ M:, ζe = 1/
√

2\�"f Õª °úכs� þj@/�� �)a��. 7£¤, fast wave_� î̈
'�� ~½Ó�¾Ó 0A

�©�5Åq�̧�� �����_� \P�5Åq�̧�Ð�� ���çß� ����̀¦ M:(vp = 1/
√

2vte < vte), �����_� \��-t� f�̈ÃºÖ�¦s� þj@/�� �)a����H

>pws���. ô�Ç¼#�, Ehstü< Karney_� ���½̈[11]\� _����� &ñ
½©�o�)a ���ÀÓ½̈1lx ò́Ö�¦, j̃/p̃RF�Ér ζ2
e\� q�YVô�Ç��. s�

��Ér	כ î̈
'�� 5Åq�̧�� 	�H �����\�¦ ��5Åq½+ÉÃº2�¤ Ø�æ[�t\� _�ô�Ç y��5Åqõ� {9��� trapping ò́õ��� ×�¦#Q[þt#Q ���ÀÓ½̈1lx

ò́Ö�¦s� Z�}��f���̀¦ _�p�ô�Ç��. þj7áx&h�Ü¼�Ð fast wave\� _�K� ½̈1lx÷&��H ���ÀÓ x9��̧��H &ñ
½©�o�)a ���ÀÓ½̈1lx ò́

Ö�¦õ� �����_� \��-t� f�̈ÃºÖ�¦õ�_� Y�LÜ¼�Ð ��A�ü< °ú s� ³ð�&³÷&Ù¼�Ð[10, 11],

J‖ =

[
19.19× 1015

lnλ
Te/e

ne

j̃‖

p̃RF

]
Pe ∝ ζ3

e e
−ζ2e (10)

{9�&ñ
ô�Ç /BN/åL {9�§4��\�"f þj@/ô�Ç_� ���ÀÓ x9��̧\�¦ %3�Ü¼�9���, fast wave_� î̈
'�� ~½Ó�¾Ó 0A�©�5Åq�̧�� �����_� \P�

5Åq�̧�Ð�� ���çß� &����<Ê�̀¦ ·ú� Ãº e����. 7£¤, ζe =
√

3/2, ¢̧��H vp =
√

3/2vte > vtes�#Q�� ô�Ç��. Õª�Q�� þj&h�

�o�)a ζe °úכ�Ér z�́]j&h���� l���<Æ&h� �̧|	�s��� Óüto�&h� �©�S!�\� ���� 0A\�"f \V�©�ô�Ç °úכõ� 	�s�\�¦ �Ðs�l� M:ë�H

\� ·ú¡Ü¼�Ð 7á§�8 ���½̈÷&��½+É ÅÒ]js���. ���²DG, îß�_���_� ��Ãº Û¼%7�àÔ!3��Ér Õª þj@/°úכs� fast wave�� �Ð
�}��

×�æd��ÂÒ\�"f þj&h��o�)a ζe°ú̀�כ¦ °ú��̧2�¤ [O�>�÷&#Q�� ô�Ç��.
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1.3 «Å�=���m��+ ¥o>Ä© «Å�æ�Ï

FWCD_� :£¤$í
�̀¦ ���½̈�l� 0AK�"f��H ���$�, �Ð
�}�� e�¦��Ý¼�� ?/\�"f fast wave_� �����ü< f�̈Ãº\� @/ô�Ç &ñ


|¾Ó&h���� &ñ
�Ð\�¦ %3�#Q�� ô�Ç��. s�\�¦ 0Aô�Ç l��:r&h���� ~½ÓZO�\���H ray tracingõ� full-wave modelings� e����. e�¦

��Ý¼��_� x9��̧�� Z�}�¦ �������_� ���©�s� �Ð
�}��_� ÂÒìøÍ�â
�Ð�� q��§&h� ����̀¦ M: ray tracing ~½ÓZO��̀¦ s�6 xô�Ç

��. Ray tracing ~½ÓZO��Ér î̈
'����Ãº\� @/ô�Ç e�¦�Ðs�²ú� ���©�_� ò́õ�\�¦ %3�l��� ~1��¦ ion Bernstein wave\�¦ ÆÒ

&h�½+É Ãº e��Ü¼��, �r]X�õ� 4�¤½+Ë&h���� ìøÍ���� Áºr�÷&Ù¼�Ð e�¦�Ðs�²ú� ~½Ó�¾ÓÜ¼�Ð Ä»ô�Çô�Ç îß�_���\�¦ ��t���H �â
Äº

�� �������_� y��ûZ�� ���K� ¢-a���y� f�̈Ãº÷&l� ���\� #��Q���_� ìøÍ���� {9�#Q����H �â
Äº\���H &h�6 x�l� #Q�9î�r

ô�Ç>��� e��#Q"f FWCD_� �̧��\���H &h�]X�u� 3lw���. Full-wave modeling�Ér fast wave_� f�̈Ãºü< ���ÀÓ½̈1lx\�

×�æ¹כô�Ç �r]X� ò́õ�ü< �����_� 4�¤½+Ë&h���� ìøÍ��\�¦ &h�]X�y� 2[/åL½+É Ãº e��Ü¼��, ion Bernstein wave\�¦ ì�r$3���9

��� �-Áº ú́§�Ér �����Ãº�� ¹כ��9��¦, ¢̧, e�¦�Ðs�²ú� ~½Ó�¾ÓÜ¼�Ð Ä»ô�Ç	�ì�rZO��̀¦ ��6 x½+É �â
Äº î̈
'����Ãº\� @/ô�Ç e�¦

�Ðs�²ú� ���©�_� ò́õ�\�¦ ]j@/�Ð ìøÍ%ò
�l� #Q�9î�r éß�&h�s� e����[4].

Full-wave modeling�Ér 1980�̧�@/×�æìøÍÂÒ'�#��Q���½̈��[þt\�_�K� ICRH(Ion Cyclotron Resonance Heat-

ing) �̧��\�¦ 0Aô�Ç ���íß��ï×¼ >hµ1Ï\�"f r����÷&%3���[12, 13]. �íl�_� �ï×¼[þt�Ér cold e�¦��Ý¼�� �̧+þA�̀¦ ��6 x

��¦ s��:r 4�¤½+Ë /BN"î
\�"f_� Ãº�<Æ&h���� :£¤s�&h��̀¦ x��l� 0A�#� ���©�&h���� Ø�æ[�t ÅÒ��Ãº\�¦ ��6 x�%i���HX<,

Õª ���õ��Ð s��:r ��s�9þt�ÐàÔ�:r /BN"î
õ� °ú �Ér hot e�¦��Ý¼�� ò́õ�\�¦ ]j@/�Ð l�Õüt�t� 3lw�%i���. Õª Êê, hot

e�¦��Ý¼�� ì�ríß� �'a>�d��_� K� ×�æ fast wave\� K�{©����H ��Hëß��̀¦ ���×þ�&h�Ü¼�Ð s�6 x���H >�Ãº»¡¤���ZO�(Order

Reduction Algorithm, ORA)s� 1987�̧� Smithe1px[14]\�_�K�"f]jîß�÷&#Q ion Bernstein wave\�_�ô�ÇÃºu�

&h�ë�H]j&h��̀¦K��������"f�̧ hote�¦��Ý¼�� ò́õ�\�¦�¦�9�l�r����Ùþ¡��.�����_� FLR(Finite Larmor Radius)

ò́õ���H s��:r\� q�K� B�Äº ���l� M:ë�H\� s�[þt_� ���½̈\�"f��H Áºr�÷&%3��¦, 1991�̧� Moroz 1px[15]s� �����\�

_�ô�Ç fast wave f�̈Ãº\�¦ �¦�9�%i�Ü¼��, î̈
'�� ����©� $í
ì�rs� Ô�¦¢-a����>� 2[/åL÷&%3���. 1993�̧� Jaeger 1px[16]�Ér

î̈
'�� ����©� $í
ì�r�̀¦ ��l�Ø�æ7á¤&h�Ü¼�Ð �¦�9��¦ ��5Åqýa³ð>�\�¦ ��6 xô�Ç PICES �ï×¼\�¦ µ1Ï³ð�%i�Ü¼��, �����_�

FLR�½Ó\��̧ >�Ãº»¡¤���ZO��̀¦ &h�6 x�#� "é¶&h���H%�\�"f_� :£¤s�$í
�̀¦ �íA��%i���. s���� ë�H]j&h��̀¦ K�����l� 0A

K�, 1998�̧� Jaeger 1px[17]�Ér s��:r_� FLR�½Ó\� @/K�"fëß� >�Ãº»¡¤���ZO��̀¦ &h�6 x��¦, �����_� FLR�½Ó\� @/K�

"f��H p�ì�r���íß���\�¦ ��6 x���H Dh�Ðî�r ~½ÓZO��̀¦ ]jîß��%i���. s� µ1Ú\� >�Ãº»¡¤���ZO��̀¦ ��6 x�t� ·ú§�¦, ���©�&h�

��� Ø�æ[�t ÅÒ��Ãº\�¦ :�xK� ion Bernstein wave\�¦ Õª ���©�s� �-Áº Âúª��t�l� ���\� y��ûZr�v���H ~½ÓZO�(artificial

damping)�̧���½̈÷&%3���HX<, 1988�̧� Brambilla 1px[18]�Érs�~½ÓZO��̀¦&h�6 x�#� FISIC�ï×¼\�¦µ1Ï³ð�%i���.s�

[þt�Ér �Ð�Ðs�²ú� x9� e�¦�Ðs�²ú� �̧×¼ ���>hZO��̀¦ ��6 x�#� î̈
'����Ãº\� @/ô�Ç e�¦�Ðs�²ú� ���©�_� ò́õ�\�¦ ]j@/�Ð

ìøÍ%ò
�%i�Ü¼��, "é¶+þAéß���� �Ð
�}��Ü¼�Ð ]jô�Ç÷&%3���. 1996�̧� Brambilla[19]��H PICES_� ��5Åqýa³ð>�\�¦ �̧{9�

�#� FISIC_� K�$3�@/�©��̀¦ q�"é¶+þAéß���� �Ð
�}��Ü¼�Ð SX��©�ô�Ç Dh�Ðî�r �ï×¼ TORIC�̀¦ µ1Ï³ð�%i���. :£¤y� s�

�ï×¼\�"f��H >�Ãº»¡¤���ZO�õ� artificial dampingZO�õ�_� q��§ ���½̈\�¦ :�xK� >�Ãº»¡¤���ZO�s� >�íß�r�çß�s� ��ØÔ���

"f�̧ q��§&h� &ñ
SX�ô�Ç ���õ�\�¦ ÅÒ��H �Ü¼�Ð	כ ����:r�̀¦ ?/�9, >�Ãº»¡¤���ZO�_� z�́6 x$í
�̀¦ ÂÒy��r�(����.

ô�Ç¼#�, fast wave\� _�K� ½̈1lx÷&��H ���ÀÓ|¾Ó�̀¦ >�íß���9��� full-wave modelingõ���H Z>��̧�Ð 1lx§4��<Æ&h���� >�

íß�s� ¹כ��9���. s�\�¦ 0Aô�Ç ���©� {9�ìøÍ&h���� s��:r �̧+þA�Ér Coulomb Ø�æ[�t\� _�ô�Ç &ñ
�©��©�I�_� Fokker-Planck

~½Ó&ñ
d��\� fast wave ������©�\� _�K� Ä»l��)a ï�r���+þA&h� SX�íß��½Ó�̀¦ �¦�9�#� 0A�©�/BNçß��©�\�"f �����_� 5Åq�̧

ì�r�í�<ÊÃº\�¦ >�íß����H �,�s�t�ëß	כ s��Qô�Ç >�íß��̀¦ 0AK�"f��H Z>��̧_� 2	�"é¶ Fokker-Planck �ï×¼�� ¹כ��9�

>� ÷&Ù¼�Ð :�x½+Ë�)a FWCD �̧��\���H &h�]X�u� ·ú§��. ����"f @/ÂÒì�r_� FWCD �̧�� ���íß��ï×¼\�"f��H 1991�̧�
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PPPL_� Ehstü< Karney�� >hµ1Ïô�Ç Ãºu�&h� z�́+«>d���̀¦ ��6 x�>� �)a��. s� z�́+«>d���Ér Karney�� >hµ1Ïô�Ç 2	�"é¶

Fokker-Planck �ï×¼\�¦ Ehst�� ���ª�ô�Ç ���Ãº\� @/K� Ãºu�z�́+«>ô�Ç Êê, Y>� >h_� çß�éß�ô�Ç B�>h�<ÊÃº�Ð Õª ���õ�\�¦

³ð�&³ô�Ç �,Ü¼�Ð	כ q�2�¤ "é¶+þAéß����\� @/K� >�íß��)a ��s�t�ëß	כ {9��� trapping ò́õ���t� �¦�9÷&#Q e��#Q"f B�Äº

z�́6 x&h���� d��s���. 1997�̧� Wright 1px[20]�Ér fast wave ������©�\� _�ô�Ç ï�r���+þA&h� SX�íß��½Ó�̀¦ f��]X� >�íß��#�,

Ehstü< Karney_� z�́+«>d���̀¦ full-wave modeling\� &h�6 x���H �̀¦���Ér ~½ÓZO��̀¦ ]jîß��%i�Ü¼ 9, �Ð
�}��_� +þA�©�

q�(aspect ratio, A ≡ R/r)�� 3s��©���� /BM\�"f��H {9��� trapping ò́õ��̧ &ñ
SX�y� >�íß��)a����H ���õ�\�¦ ]jr��

%i���.

1.4 ¥o>Ä©  ấØ̧ ��� 6�£� 

s� ���½̈_� þj7áx&h���� 3lq³ð��H full-wave modeling ~½ÓZO�\� _�ô�Ç FWCD �̧�� ���íß��ï×¼_� >hµ1Ïs���. s�\�¦ 0A

K� hot e�¦��Ý¼�� �̧+þA�̀¦ ��6 x�#� FWCD\� ÅÒ¹כô�Ç %i�½+É�̀¦ ���H ELD, TTMP, ICRH 1px_� ò́õ�\�¦ ìøÍ%ò


�%i��¦, ICRF\�"f ������� s��:r_� ����rìøÍ�â
s� fast wave_� ���©�\� q�K� �������H �¦̀�	כ s�6 x�#� Ä»��� J$�

"f\�¦ ����rìøÍ�â
_� 2	��½Ó��t� ���>h�#� éß�í�H�or�(����. Ion Bernstein wave\� _�ô�Ç Ãºu�&h���� ë�H]j&h��̀¦ K�

����l� 0AK�"f��H >�Ãº»¡¤���ZO��̀¦ �̧{9��#� ��1lx~½Ó&ñ
d���̀¦ Ä»�̧�%i���HX<, s��:r_� FLR�½Ó\� @/K�"fëß� >�Ãº

»¡¤���ZO��̀¦ &h�6 x��¦ �����_� FLR�½Ó\� @/K�"f��H p�ì�r���íß���\�¦ ��6 x���H Dh�Ðî�r ~½ÓZO��̀¦ 2[�%i���. FWCD

��H �����\� _�ô�Ç \��-t� f�̈Ãº�� ×�æ¹כ�Ù¼�Ð E‖�̀¦ ��l�Ø�æ7á¤&h�Ü¼�Ð �¦�9�%i��¦, e�¦�Ðs�²ú� x9� �Ð�Ðs�²ú� �̧

×¼ ���>hZO��̀¦ ��6 x�#� k‖\� @/ô�Ç e�¦�Ðs�²ú� ���©�_� ò́õ�\�¦ ìøÍ%ò
�%i���. z�́]j&h���� �Ð
�}��_� l���<Æ&h� ½̈

�̧ü< ���©� ½̈�̧\�¦ �¦�9�l� 0AK� Z>��̧_� MHD î̈
+þA�ï×¼\�¦ 1lxr�\� >hµ1Ï�%i��¦, s�\�¦ PICES �ï×¼_� ��

5Åqýa³ð>�\�¦ �̧{9��#� full-wave modelingõ� ���½+Ër�(����. Fast wave\�¦ µ1Ï���r�v���H îß�_�����H ³ð������ÀÓ�Ð

��&ñ
�÷&, �Ð�Ðs�²ú� �̧×¼\� @/ô�Ç Û¼&7�àÔ!3�õ� array factor\�¦ �¦�9�#� FWCD �̧��\� &h�½+Ë��̧2�¤ ³ð�&³

�%i���. ���ÀÓ½̈1lx|¾Ó_� >�íß��̀¦ 0AK�"f��H Ehstü< Karney_� Ãºu�&h� z�́+«>d���̀¦ Wright 1pxs� ]jîß�ô�Ç ~½ÓZO�Ü¼

�Ð full-wave modeling\� &h�6 xr�(����. Fast wave ��1lx~½Ó&ñ
d���̀¦ Û�¦l�0Aô�Ç Ãºu�K�ZO�Ü¼�Ð��H Galerkin+þA ��

×�æ�<ÊÃº\� _�ô�Ç 1	�"é¶ Ä»ô�Ç¹כ�èZO��̀¦ &h�6 x�%i��¦, >�íß�r�çß��̀¦ ×�¦s��¦ ���/BN %ò
%i�\�"f_� ���©�&h���� K�_� Ø�¦

�&³�̀¦ }��l�0AK� ���+þA �Ðçß��<ÊÃº\�¦ s�6 x�%i���. þj7áx&h�Ü¼�Ð ¢-a$í
�)a FWCD �̧�� ���íß��ï×¼��H ÂÒìøÍ�â
 ~½Ó�¾Ó

_� þj@/ �����Ãº, e�¦�Ðs�²ú� ~½Ó�¾Ó_� þj@/ �̧×¼Ãº\� ���Ér Ãº§4�$í
 �̧��\�¦ :�xK� Õª Ä»ò́$í
�̀¦ ���7£x�%i��¦, s�

\�¦ KSTAR(Korea Superconducting Tokamak Advenced Research) �Ð
�}��[21]\� &h�6 x�#� e�¦��Ý¼�� ���

Ãº, î�r����̧|	� 1px\� ���Ér l��:r&h���� FWCD_� :£¤$í
�̀¦ �7H_��%i���.
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V� 2 â�
 MHD Ë̂�ÌfC ��� ��¢4́ ��Ø̧N�

2.1 MHD Ë̂�ÌfC �¿ÌfC

»¡¤@/g�A_� s��©�&h���� MHD î̈
+þAë�H]j��H "é¶:�xýa³ð>� (R,Z, φ)\�"f q����+þA 2>� ��"é¶ ¼#�p�ì�r~½Ó&ñ
d����� Grad-

Shafranov ~½Ó&ñ
d��Ü¼�Ð l�Õüt�)a��[22, 23, 24].

∆∗ψ = R2∇ ·
(
∇ψ
R2

)
= µ0RJφ = −µ0R

2 dp(ψ)
dψ

− 1
2
dF 2(ψ)
dψ

(11)

s� M:, î̈
+þA�©�I�\�"f_� ���©�õ� ���ÀÓx9��̧��H

B = ∇φ×∇ψ + F∇φ (12)

µ0J = −∇φ×∇F + ∆∗ψ∇φ (13)

�Ð ³ð�&³�)a��. #�l�"f, p�t�Ãº��� ψ��H �Ð:�x ��5Åq�<ÊÃº���¦ ÂÒØÔ 9 ψ = −RAφ�Ð &ñ
_�÷&�¦, :£¤&ñ
 ��5Åq��� ?/

ÂÒ_� e�¦�Ðs�²ú� ��5Åq(ψpol)õ� ��6£§_� �'a>�\�¦ °ú���H��.

ψpol = 2π(ψ − ψaxis)

¢̧, F��H �Ð:�x �Ð�Ðs�²ú� ���©��<ÊÃº���¦ ÂÒØÔ 9 F = RBφ�Ð &ñ
_�÷&�¦, :£¤&ñ
 ��5Åq��� ü@ÂÒ_� e�¦�Ðs�²ú� ���

ÀÓ(Ipol)ü< ��6£§_� �'a>�\�¦ °ú���H��.

Ipol = 2πF (ψ)/µ0

Grad-Shafranov ~½Ó&ñ
d���̀¦ ÉÒ��HX< e��#Q"f, e�¦��Ý¼�� ·ú�§4� pü< �Ð�Ðs�²ú� ���©��<ÊÃº F��H Õª profiles� ��5Åq

�<ÊÃº�Ð p�o� ÅÒ#Q4R�� ô�Ç��. F_� profile�̀¦ f��]X� ÅÒ�¦ ÉÒ��H @/��� ��6£§_� �'a>�d���̀¦ s�6 x����, ���©�~½Ó�¾Ó_�

���ÀÓì�r�í\�¦ e��_��Ð ÅÒ�¦ î̈
+þA>�íß��̀¦ ½+É Ãº e����[24].

1
2
dF 2

dψ
=
< B2

φ >

< B2 >

(
−µ0

< J ·B >

< B · ∇φ >
− µ0

1
< 1/R2 >

dp(ψ)
dψ

)
(14)

#�l�"f, < ... >��H ��5Åq���\� @/ô�Ç î̈
ç�H�̀¦ ����?/�¦, e�¦�Ðs�²ú� ~½Ó�¾Ó_� {9�ìøÍ&h���� ~½Ó0Ay�� χü< Jacobian J\�

@/K�

< A >=

∮
ψ=const.

AJdχ∮
ψ=const.

Jdχ
(15)

�Ð ³ð�&³�)a��. �À» d���̀¦ F\� @/ô�Ç �©�p�ì�r ~½Ó&ñ
d��Ü¼�Ð ��r� æ¼���,

dF

dψ
=

FC2D

F 2C2 + C3

s��¦, >�Ãº[þt�Ér

D ≡
(
−µ0

< J ·B >

< B · ∇φ >
− µ0

C1

C2

dp(ψ)
dψ

)

C1(ψ) =
∮
ψ=const.

Jdχ

C2(ψ) =
∮
ψ=const.

1
R2

Jdχ

C3(ψ) =
∮
ψ=const.

|∇ψ|2

R2
Jdχ
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Ü¼�Ð &ñ
_�÷&%3���. ���õ�&h�Ü¼�Ð s� ���½̈\� ��6 x�)a {9�§4� profile�Ér ��6£§õ� °ú ��[10].

p(ψ) = p0

[
θp(1− ψ̂βp)αp + (1− θp)(1− ψ̂δp)γp

]
< J ·B >

< B · ∇φ >
(ψ) = J0(1− ψ̂βJ )αJ +

σd2ψ̂N1(1− ψ̂)N2

(ψ̂ − a0)2 + d2

#�l�"f, ψ̂��H &ñ
½©�o�)a e�¦�Ðs�²ú� ��5Åqs� 9

ψ̂ =
ψ − ψaxis
ψsep − ψaxis

�Ð &ñ
_��)a��. s��Qô�Ç ~½ÓZO�Ü¼�Ð î̈
+þA�̀¦ >�íß����� ���ÀÓì�r�í\� ���Ér MHD î̈
+þA_� ò́õ�\�¦ ·ú����Ðl��� /'0>

"f, ���ÀÓ½̈1lx �̧��ü< MHD î̈
+þA�̀¦ ���½+Ë�#� ���½̈\�¦ Ãº'�����HX< e±	&h�s� e����. �t�ëß�, Grad-Shafranov

~½Ó&ñ
d���̀¦ ÉÒ��H õ�&ñ
 ×�æ\� ��l�»¡¤õ� ��5Åq����̀¦ ¹1Ô��"f mapping���H éß�>�ü< F\� @/ô�Ç �©�p�ì�r ~½Ó&ñ
d���̀¦ ÉÒ

��H éß�>��� ÆÒ���Ð [þt#Q���� ô�Ç��.

2.2 MHD Ë̂�ÌfCN�ñ5Ñ£�· �Dø5� ÊÁn�B�ß��

Grad-Shafranov ~½Ó&ñ
d���̀¦ Û�¦l�0Aô�Ç Ãºu�K�ZO�Ü¼�Ð��H Galerkin+þA ��×�æ�<ÊÃº\� _�ô�Ç Ä»ô�Ç¹כ�èZO��̀¦ &h�6 x�

%i��¦, source �½Ó\� �í�<Ê�)a q����+þA$í
�Ér Picard ìøÍ4�¤>�íß�ZO��̀¦ ��6 x�#� %�o��%i���[24]. ����"f þj7áx&h�Ü¼

�Ð Û�¦#Q�� ���H d���Ér weak variational formulation\� _�K�,∫ ∫
Ω

[
1
R
∇ω · ∇ψ(k+1)

]
dS = −

∫ ∫
Ω

ωµ0Jφ(ψ(k))dS (16)

�Ð ³ð�&³�)a��. #�l�"f ω��H Galerkin+þA ��×�æ�<ÊÃº�Ð"f s� ���½̈\�"f��H bi-linear �<ÊÃº�� ��6 x÷&%3��¦, k��H ìøÍ

4�¤>�íß�_� éß�>�\�¦ �����·p��. Separatrix���¦�̧ Ô�¦o���H e�¦��Ý¼�� �â
>�(∂Ω)��H ��"é¶Ö�¦(κ)õ� ���y��Ö�¦(δ)�̀¦ s�

6 x�#� ��A�ü< °ú s� ÅÒ#Qt��¦,

Rsep = R0 + a cos(θ′ + δ sin θ′)

Zsep = κa sin θ′

�â
>��̧|	�Ü¼�Ð��H, ��5Åq�<ÊÃº�� {9�7áx_� �íJ$�[>�s�Ù¼�Ð e�¦��Ý¼�� �â
>�\�"f e��_��Ð

ψ|sep = 0

Ü¼�Ð ×þ�ô�Ç��. ����"f, >�íß�%ò
%i� ?/ÂÒ\�"f ��5Åq�<ÊÃº��H 6£§Ãº�� �)a��. ¢̧, ��l�»¡¤\�"f��H ��5Åq�<ÊÃº�� ~½Ó0Ay��

\� Áº�'a�>� {9�&ñ
ô�Ç °ú̀�כ¦ °ú��̧2�¤ K���ô�Ç��. z�́]j Ãºu�>�íß� éß�>�\�"f��H mapping�̀¦ �̧f��&h�Ü¼�Ð ��¦, ¢̧

e�¦��Ý¼�� �â
>�\�¦ ú̧� ú́�ÆÒ#QÅÒl� 0AK� ��6£§õ� °ú �Ér q�f���§ ýa³ð>� (σ, θ)\�¦ �̧{9��%i���[22, 24].

R = Raxis + σrsep(θ) cos θ

Z = Zaxis + σrsep(θ) sin θ

0 ≤ σ ≤ 1, 0 ≤ θ ≤ 2π
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#�l�"f, rsep��H ��l�»¡¤\�"f e�¦��Ý¼�� �â
>���t�_� ��o�\�¦ ����?/�¦, σ��H &ñ
½©�o�)a ÂÒìøÍ�â
, θ��H e�¦�Ðs�²ú�

~½Ó�¾Ó_� ~½Ó0Ay���̀¦ �����·p��. ����"f d�� (46)�Ér∫ 1

0

∫ 2π

0

σ

R

[
∂ω

∂σ

∂ψ(k+1)

∂σ
+

(
1
σ

∂ω

∂θ
−
r′sep
rsep

∂ω

∂σ

) (
1
σ

∂ψ(k+1)

∂θ
−
r′sep
rsep

∂ψ(k+1)

∂σ

)]
dθdσ

= −
∫ 1

0

∫ 2π

0

ωµ0Jφ(ψ(k))σr2sepdθdσ (17)

�Ð ���8̈��)a��. �À» d���̀¦ s�6 x�#� ¦̀�=<§��'¹�èכ ½̈$í
���HX< e��#Q"f��H Gauss &h�ì�rZO�s� ��6 x÷&%3���.

F\� @/ô�Ç �©�p�ì�r ~½Ó&ñ
d���̀¦ Û�¦l�0Aô�Ç Ãºu�K�ZO�Ü¼�Ð��H Runge-Kutta ZO�õ� Adams-Bashforth ZO�s� ��6 x

÷&�¦[25], �â
>��̧|	�Ü¼�Ð��H

F (ψsep) = Bφ0R0

�̀¦ &h�6 x�%i���. #�l�"f, R0��H �Ð
�}�� ×�æd��_� ÅÒìøÍ�â
, Bφ0��H ���/BN{9�M: R0\�"f_� �Ð�Ðs�²ú� ���©� [jl�\�¦

>pwô�Ç��.

2.3 PICES �óÞ«�+ ��¢4́ ��Ø̧N�

z�́]j&h���� �Ð
�}��_� l���<Æ&h� ½̈�̧ü< ���©� ½̈�̧\�¦ ��1lx~½Ó&ñ
d��\� �¦�9�l� 0AK� »¡¤@/g�A_� ��5Åq ýa³ð>�

(ρ, θ, ζ)\�¦ �̧{9�ô�Ç��[16, 19].

X = X(ρ, θ, ζ) = R(ρ, θ) cos{φ(ζ)}

Y = Y (ρ, θ, ζ) = −R(ρ, θ) sin{φ(ζ)} (18)

Z = Z(ρ, θ)

#�l�"f, ρ��H ψ�� {9�&ñ
ô�Ç ����̀¦ ����?/��H e��_�_� éß��̧7£x�� �<ÊÃº�Ð"f ÂÒìøÍ�â
_� %i�½+É�̀¦ ��¦, θ��H e�¦�Ðs�²ú�

~½Ó0Ay��, ζ(= φ)��H �Ð�Ðs�²ú� ~½Ó0Ay��s���. ¢̧, (X,Y, Z)��H f���§ ýa³ð>�_� [j $í
ì�r, (R,Z, φ)��H "é¶:�x ýa³ð>�

_� [j $í
ì�r�̀¦ y��y�� >pwô�Ç��. 0A ���8̈�_� metric J$�"f��H

gij =


N2
ψ G 0

G N2
χ 0

0 0 R2

 (19)

�Ð ³ð�&³÷&�¦, ��A�_� "é¶�è[þt�̀¦ °ú���H��.

N2
ψ =

(
∂R

∂ρ

)2

+
(
∂Z

∂ρ

)2

G =
∂R

∂ρ

∂R

∂θ
+
∂Z

∂ρ

∂Z

∂θ
(20)

N2
χ =

(
∂R

∂θ

)2

+
(
∂Z

∂θ

)2

ô�Ç¼#�, (R,Z) → (ρ, θ)_� ���8̈�Ü¼�ÐÂÒ'� Jacobian J\�¦ &ñ
_�����,

dA = dRdZ = Jdρdθ
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s�Ù¼�Ð,

J =
∂R

∂ρ

∂Z

∂θ
− ∂Z

∂ρ

∂R

∂θ
(21)

�Ð &ñ
_�÷&�¦, ����"f metric J$�"f_� determinant, det(gij)��H

det(gij) = R2J2

�Ð jþt Ãº e����. s� ýa³ð>�_� l�$��� ÷&��H éß�0A  7�'���H

êψ =
∇ρ
|∇ρ|

êχ = êζ × êψ (22)

êζ =
∇ζ
|∇ζ|

�Ð &ñ
_�÷& 9, "é¶:�x ýa³ð>�_� éß�0A  7�'�ü<��H ��6£§_� �'a>�\�¦ °ú���H��.

êψ =
1
Nχ

(
∂Z

∂θ
R̂− ∂R

∂θ
Ẑ

)

êχ =
1
Nχ

(
∂R

∂θ
R̂+

∂Z

∂θ
Ẑ

)
(23)

êζ = φ̂

ô�Ç¼#�, s� ýa³ð>�\�"f æ¼s���H �̂&h��èü< ���&h��è��H y��y�� ��6£§õ� °ú ��.

dV = RJdρdθdζ

dS = RNχdθdζêψ

2.4 Stix ��Ø̧N�Uc"� ¦�>*�×�+ Ø̧«Å�

��1lx~½Ó&ñ
d��_� ����©� $í
ì�r[þt�̀¦ Ä»���J$�"fü< ò́õ�&h�Ü¼�Ð ���½+Ër�v�l� 0AK� ��6£§õ� °ú �Ér Stix ýa³ð>�\�¦ �̧{9�

ô�Ç��.

êψ =
∇ρ
|∇ρ|

êη = êb × êψ = cos Θêχ − sinΘêζ (24)

êb =
B
|B|

= sinΘêχ + cos Θêζ

#�l�"f, Θ��H e�¦�Ðs�²ú� ���©�õ� �Ð�Ðs�²ú� ���©�s� s�ÀÒ��H y���̧�Ð"f

tanΘ =
Bp
Bt

(25)

�Ð &ñ
_��)a��. ����"f, ����©��Ér

E = ERR̂+ EZẐ + Eφφ̂

= Eψ êψ + Eχêχ + Eζ êζ

= Eψ êψ + Eη êη + Ebêb
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1pxÜ¼�Ð ³ð�&³s� ��0px��¦, "f�Ðçß�\� ��6£§_� �'a>�\�¦ °ú���H��.

ER =
1
Nχ

(
∂Z

∂θ
Eψ +

∂R

∂θ
Eχ

)
EZ =

1
Nχ

(
−∂R
∂θ

Eψ +
∂Z

∂θ
Eχ

)
(26)

Eφ = Eζ

¢̧��H,

Eχ = cos ΘEη + sinΘEb

Eζ = − sinΘEη + cos ΘEb (27)

ô�Ç¼#�, fast wave\�¦ ��ÀÒ��HX< e��#Q"f, ü@ÂÒ ���©�\� Ãºf��ô�Ç ����©� $í
ì�r�̀¦ ¼#�F�g(polarization)�̀¦ �¦�9�#� ³ð

�&³���� Õª :£¤$í
�̀¦ ������l��� ¼#�o�ô�ÇX<, �Ð�Ðs�²ú� l��½̈�̧\�"f��H ��6£§õ� °ú s� &ñ
_��)a��[19].

E⊥ = E+ê+ + E−ê− (28)

ê± =
1√
2

{
e±iτ (êψ ∓ iêη)

}
(29)

E± =
1√
2

{
e∓iτ (Eψ ± iEη)

}
(30)

#�l�"f,

e±iτ =
1
κ

(
∂Z

∂θ
± i cos Θ

∂R

∂θ

)

κ =

√(
∂Z

∂θ

)2

+ cos2 Θ
(
∂R

∂θ

)2

s���. ���+þA&h���� fast wave\�"f��H ÄºÃº ¼#�F�g(right-handed polarized) ����©�(E−)s� ýaÃº ¼#�F�g(left-handed

polarized) ����©�(E+)�Ð�� �s̀��� 	�H °ú̀�כ¦ °ú���H��.

2.5 i�&P�¥o>ñ5Ñ���+ Ø̧«Å�

Weak-variational formulation�̀¦ ��1lx~½Ó&ñ
d��\� &h�6 x½+É �â
Äº, 1	�_� p�ì�r���íß���ëß�s� ��6 x÷&��H �©�&h�s� e��

��. s��Qô�Ç p�ì�r���íß��� ×�æ\�"f gradientü< curl�̀¦ PICES �ï×¼_� ��5Åq ýa³ð>�ü<  7�'�\� @/ô�Ç Stix ýa³ð>�

$í
ì�r�̀¦ ��6 x�#� ³ð�&³���� ��6£§õ� °ú ��.

∇f = êψ∇ψf + êη∇ηf + êb∇bf (31)

#�l�"f,

∇ψ =
Nχ
J

(
∂

∂ρ
− G

N2
χ

∂

∂θ

)
∇η =

1
Nχ

cos Θ
∂

∂θ
− 1
R

sinΘ
∂

∂ζ

∇b =
1
Nχ

sinΘ
∂

∂θ
+

1
R

cos Θ
∂

∂ζ
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(∇×E)ψ = γψψEψ − (∇bEη + γψηEη) + (∇ηEb + γψbEb)

(∇×E)η = (∇bEψ + γηψEψ) + γηηEη − (∇ψEb + γηbEb) (32)

(∇×E)b = −(∇ηEψ + γbψEψ) + (∇ψEη + γbηEη) + γbbEb

#�l�"f,

γψψ = 0

γψη =
1
Nχ

(
sinΘ

1
R

∂R

∂θ
+ cos Θ

∂Θ
∂θ

)
γψb =

1
Nχ

(
cos Θ

1
R

∂R

∂θ
− sinΘ

∂Θ
∂θ

)

γηψ =
sinΘ
Nχ

t0

γηη =
Nχ
J
{cos Θ sinΘ(t2 − t1) + t3}

γηb =
Nχ
J

{
cos2 Θt2 + sin2 Θt1

}

γbψ =
cos Θ
Nχ

t0

γbη =
Nχ
J

{
cos2 Θt1 + sin2 Θt2

}
γbb =

Nχ
J
{cos Θ sinΘ(t1 − t2) + t3}

¢̧,

t0 =
1
J

∂J

∂θ
− 1
Nχ

∂Nχ
∂θ

t1 =
1
Nχ

(
∂Nχ
∂ρ

− G

N2
χ

∂Nχ
∂θ

)
− ∂

∂θ

(
G

N2
χ

)
t2 =

1
R

(
∂R

∂ρ
− G

N2
χ

∂R

∂θ

)
t3 =

(
∂Θ
∂ρ

− G

N2
χ

∂Θ
∂θ

)
�Ð &ñ
_�÷&%3���.

2.6 ��¢4́ ��Ø̧N��+ ¤n>f9c

��5Åq ýa³ð>�_� [j $í
ì�r (ρ, θ, ζ)\�¦ ���×þ����HX<��H #��Q��t� ~½ÓZO�s� e���̀¦ Ãº e����. ·ú¡\�"f ζ��H "é¶:�x ýa³ð>�

\�"f_� l���<Æ&h���� ~½Ó0Ay�� φü< {9�u�r�(����. θ��H MHD îß�&ñ
$í
 ���½̈\�¦ 0AK�"f����� θ − ζ î̈
���\�"f ���©�

s� {9�f�����s� ÷&�̧2�¤ ���×þ�K��� ���xt�ëß�, s� ���½̈\�"f��H éß�í�Hy� e�¦�Ðs�²ú� ~½Ó�¾Ó_� l���<Æ&h���� ~½Ó0Ay��Ü¼

�Ð ���×þ��%i���.

tan θ =
Z − Zaxis
R−Raxis

(33)
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e��_�_� éß��̧7£x�� ��5Åq�<ÊÃº��� ρ��H ��l�»¡¤\�"fÂÒ'�_� ��o� r�̀¦ s�6 x�#� ��6£§õ� °ú s� &ñ
_�÷&%3���.

r = r(ψ, θ) =
√

(R−Raxis)2 + (Z − Zaxis)2 (34)

ρ = r(ψ, θ = 0) (35)

����"f, Jacobian õ� metric�Ér ��6£§õ� °ú s� >�íß�÷&#Q|9� Ãº e����.

J = r
∂r

∂ρ

Nχ =

√(
∂r

∂θ

)2

+ r2

G =
∂r

∂ρ

∂r

∂θ

12



V� 3 â�
 �̈·��ä«�� �¿ÌfC

3.1 Hot �̈·��ä«�� ËÂ¦�>��d"�(dielectric tensor)

z ~½Ó�¾Ó_� ���©� B\� _�K� ���o÷&�¦ Maxwellian ì�r�í\�¦ ��t���H Áºô�Ç ç�H{9� e�¦��Ý¼�� ?/\�"f, ��Ãº 7�'�

k = (k⊥, 0, k‖)ü< y�� ÅÒ��Ãº ω\�¦ ��t��¦ ���'�����H ������©�\� @/ô�Ç hot e�¦��Ý¼�� Ä»���J$�"f K��H ��6£§õ� °ú 

s� ÅÒ#Q�����[7].

K = I +
∑
j

(ωpj
ω

)2 ∞∑
l=−∞

ζ0jZlje
−bj Xlj +

∑
j

(ωpj
ω

)2

2ζ2
0jL (36)

#�l�\� ��6 x�)a J$�"f[þt�Ér

Xlj =


l2Ilj/bj il(I ′lj − Ilj) −21/2ζlj(l/αj)Ilj

−il(I ′lj − Ilj) l2Ilj/bj − 2bj(I ′lj − Ilj) i21/2ζljαj(I ′lj − Ilj)

−21/2ζlj(l/αj)Ilj −i21/2ζljαj(I ′lj − Ilj) 2ζ2
ljIlj

 (37)

I =


1 0 0

0 1 0

0 0 1

 , L =


0 0 0

0 0 0

0 0 1


�Ð &ñ
_�÷&%3��¦, ��6 x÷&��H y��7áx l� ñ[þt�Ér ��6£§õ� °ú s� .��a(����¹כ

1. j\� @/ô�Ç '������H e�¦��Ý¼��_� �̧��H s��:r7áxõ� �����\� @/ô�Ç �.���s	כ

j =

 e,

i,

2. �̧��H l� ñ[þt�Ér :£¤Z>�ô�Ç ���/åLs� \O���H ô�Ç {9�ìøÍ&h���� &ñ
_�\�¦ ���Ér��.

Ωj = qjB/mj =

 −eB/me < 0,

ZeB/mi > 0,
: ��s�9þt�ÐàÔ�:r ÅÒ��Ãº,

ωpj = (njq2j /ε0mj)1/2 : e�¦��Ý¼�� ÅÒ��Ãº,

vtj = (2Tj/mj)1/2 : \P�5Åq�̧,

ζlj = (ω − lΩj)/k‖vtj : l =&ñ
Ãº,

Zlj = Z(ζlj) : e�¦��Ý¼�� ì�ríß� �<ÊÃº.

αj = −k⊥ρj/
√

2,

bj = k2
⊥ρ

2
j/2 = α2

j ,

ρj = vtj/|Ωj | : ����r ìøÍ�â
,

Ilj = Il(bj) : l	�_� ]j17áx ���+þA Z�!sq �<ÊÃº.
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3. éß�0A>��Ð��H MKSA systems� ��6 x�)a��. [
k⊥, k‖

]
= [1/m]

[ω, ωpj ,Ωj ] = [Hz]

[nj ] = [#/m3]

[qj ] = [C]

[mj ] = [kg]

[B] = [T]

[Tj ] = [J]

[vtj ] = [m/s]

[ρj ] = [m]

3.2 ICRFUc"��+ FD9��

Hot e�¦��Ý¼�� Ä»���J$�"f��H, ICRF\�"f ������� s��:r_� ����rìøÍ�â
s� fast wave_� ���©�\� q�K� B�Äº �������H

�¦̀�	כ s�6 x�#�, ����rìøÍ�â
_� 2	��½Ó��t� ���>hr�&� éß�í�H�or�~�́ Ãº e����[5, 7]. ����"f, K��H

K =


Kxx Kxy Kxz

−Kxy Kyy Kyz

Kxz −Kyz Kzz

 , (38)

#�l�"f,

Kxx =

1 +
∑
j

ω2
pj

ω2

ζ0j
2

(Z1j + Z−1j)

− n2
⊥

∑
j

v2
tj

c2
ω2
pj

Ω2
j

ζ0j
4

(Z1j + Z−1j − Z2j − Z−2j)

 , (39)

Kxy =

i∑
j

ω2
pj

ω2

ζ0j
2

(Z1j − Z−1j)

− n2
⊥

i∑
j

v2
tj

c2
ω2
pj

Ω2
j

ζ0j
4

(2Z1j − 2Z−1j − Z2j + Z−2j)

 , (40)

Kxz = n⊥

∑
j

vtj
c

ω2
pj

ωΩj
ζ0j
2

(ζ1jZ1j − ζ−1jZ−1j)

 , (41)

Kyy =

1 +
∑
j

ω2
pj

ω2

ζ0j
2

(Z1j + Z−1j)

− n2
⊥

∑
j

v2
tj

c2
ω2
pj

Ω2
j

ζ0j
4

(−4Z0j + 3Z1j + 3Z−1j − Z2j − Z−2j)

 ,
(42)

Kyz = n⊥

i∑
j

vtj
c

ω2
pj

ωΩj
ζ0j
2

(2ζ0jZ0j − ζ1jZ1j − ζ−1jZ−1j)

 , (43)

Kzz =

1 +
∑
j

2ω2
pj

ω2
ζ2
0j (1 + ζ0jZ0j)

− n2
⊥

∑
j

v2
tj

c2
ω2
pj

Ω2
j

ζ0j
2

(
2ζ2

0jZ0j − ζ2
1jZ1j − ζ2

−1jZ−1j

) . (44)

�Ð ³ð�&³�)a��. ���>h\� ��6 x�)a Áº	�"é¶ ���Ãº��H

b = k2
⊥ρ

2/2 = α2 � 1
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s��¦, ��6£§_� Y>� ��t� ]j17áx ���+þA Z�!sq �<ÊÃº_� $í
|9��̀¦ s�6 x�%i���.

Il(b) =
∞∑
s=0

1
s!(s+ l)!

(
b

2

)2s+l

Il(b) = I−l(b)

I ′l(b) =
1
2
{Il−1(b) + Il+1(b)}

3.3 FWCD �¿����· �Dø5� í5�'K��ª

����rìøÍ�â
\�@/K� 2	��½Ó��t����>hr���� hote�¦��Ý¼��Ä»���J$�"f\�¦, FWCD �̧��\�¼#�o���̧2�¤7á§�8éß�í�H�o

r�(����. Ä»���J$�"f_� 0	��½Ó�Ér �����ü< s��:r\� @/�#� �̧¿º Õª@/�Ð z����¿º�¦, 1,2	��½Ó�Ér \��-t� f�̈Ãº\� %ò


�¾Ó�̀¦ p�u���H �½Óëß��̀¦ z����¿º%3���. 7£¤, �����\� @/K�"f��H ELD, TTMP, Õªo��¦ ¿º l����_� çß�[O�ò́õ���� cross

�½Ó�̀¦ �¦�9�%i��¦, s��:r\� @/K�"f��H 2	� s��:r /BN"î
 �½Ó�̀¦ �¦�9�%i���. ¢̧, ICRF\�"f

ζ±1eZ±1e ≈ −1

|Zzz| � |n2
⊥|

e���̀¦ s�6 x����, þj7áx&h�Ü¼�Ð FWCD �̧��\� ��6 x÷&��H Ä»���J$�"f\�¦ ��6£§õ� °ú s� %3���H��.

Kxx =

1 +
∑
j

ω2
pj

ω2

ζ0j
2

(Z1j + Z−1j)

 + n2
⊥

∑
j=i

v2
tj

c2
ω2
pj

Ω2
j

ζ0j
4
Z2j

 , (45)

Kxy =

i∑
j

ω2
pj

ω2

ζ0j
2

(Z1j − Z−1j)

 + n2
⊥

i∑
j=i

v2
tj

c2
ω2
pj

Ω2
j

ζ0j
4
Z2j

 , (46)

Kxz = 0, (47)

Kyy =

1 +
∑
j

ω2
pj

ω2

ζ0j
2

(Z1j + Z−1j)

 + n2
⊥

∑
j=i

v2
tj

c2
ω2
pj

Ω2
j

ζ0j
4
Z2j

 + n2
⊥

[
v2
te

c2
ω2
pe

Ω2
e

ζ0eZ0e

]
, (48)

Kyz = n⊥

[
i
vte
c

ω2
pe

ωΩe
ζ0e (1 + ζ0eZ0e)

]
, (49)

Kzz =

1 +
∑
j

2ω2
pj

ω2
ζ2
0j (1 + ζ0jZ0j)

 . (50)

�Ð
�}�� �â
>�%ò
%i�_� Faraday screen µ1Ú\�"f��H cold e�¦��Ý¼�� �̧+þA�̀¦ ��6 x���HX<, d�� (20)-(25)\�"f Tj →

0Ü¼�Ð �Ð?/��� cold e�¦��Ý¼�� Ä»���J$�"f\�¦ %3���H��.

Kxx = 1−
∑
j

ω2
pj

ω2 − Ω2
j

≡ S, (51)

Kxy = −i
∑
j

Ωjω2
pj

ω(ω2 − Ω2
j )
≡ −iD, (52)

Kxz = 0, (53)

Kyy = Kxx (54)
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Kyz = 0, (55)

Kzz = 1−
∑
j

ω2
pj

ω2
≡ P. (56)

¢-a���ô�Ç ���/BNs������ nj → 0s�Ù¼�Ð,

Kxx = Kyy = Kzz = 1, Kxy = Kxz = Kyz = 0

s� �)a��.

3.4 &P�ñ5Ñ®̧�N�ÐÏ�

Áºô�Ç ç�H{9� e�¦��Ý¼��\�"f ������©�s� ei(k·r−ωt)_� _��>r$í
�̀¦ °ú���H���¦ ��&ñ
����, Maxwell ~½Ó&ñ
d���Ér

n× (n×E) + K ·E = 0, (57)

Ü¼�Ð ³ð�&³�)a��. #�l�"f,

n = (n⊥, 0, n‖) = (ck⊥/ω, 0, ck‖/ω)

�Ð &ñ
_��)a ÏãJ]X�Ö�¦  7�'�s���. �À» d��s� Óüto�&h�Ü¼�Ð _�p�e����H K�\�¦ ��t��9��� ��A�_� ì�ríß��'a>�d���̀¦ ëß�7á¤K�

�� ô�Ç��. ∣∣∣∣∣∣∣∣∣
K

(0)
xx + n2

⊥K
(2)
xx − n2

‖ K
(0)
xy + n2

⊥K
(2)
xy n⊥n‖

−K(0)
xy − n2

⊥K
(2)
xy K

(0)
yy + n2

⊥K
(2)
yy − n2

⊥ − n2
‖ n⊥K

(1)
yz

n⊥n‖ −n⊥K(1)
yz K

(0)
zz − n2

⊥

∣∣∣∣∣∣∣∣∣ = 0 (58)

Ä»���J$�"f\� æ¼��� '������H ����rìøÍ�â
\� @/ô�Ç 	�Ãº\�¦ _�p�ô�Ç��. ICRF\�"f |K(0)
zz | � |n2

⊥|��� �¦̀�	כ s�6 x��¦,

ωü< n‖�Ér s�p� ÅÒ#Q&�����¦ ��&ñ
����, ì�ríß��'a>�d���Ér n2
⊥\� �'aô�Ç 2	�d��Ü¼�Ð )�ÃÌ�)a��.

An4
⊥ +Bn2

⊥ + C = 0 (59)

#�l�"f

A = K(0)
zz K

(2)
xx (K(2)

yy − 1) +K(0)
zz K

(2)2
xy +K(1)2

yz K(2)
xx +K(1)

yz n‖K
(2)
xy + n‖K

(1)
yz K

(2)
xy − n2

‖(K
(2)
yy − 1)

B = K(0)
zz (K(0)

xx − n2
‖)(K

(2)
yy − 1) +K(0)

zz K
(2)
xx (K(0)

yy − n2
‖) + 2K(0)

zz K
(0)
xy K

(2)
xy

+ K(1)2
yz (K(0)

xx − n2
‖) +K(1)

yz n‖K
(0)
xy + n‖K

(1)
yz K

(0)
xy − n2

‖(K
(0)
yy − n2

‖)

C = K(0)
zz (K(0)

xx − n2
‖)(K

(0)
yy − n2

‖) +K(0)
zz K

(0)2
xy

s���. n2
⊥\� �'aô�Ç 2>h_� ��H×�æ\�"f Õª ß¼l��� ����Ér Aá¤�Ér fast wave\� K�{©���¦, Õª ß¼l��� 	�H Aá¤�Ér ion

Bernstein wave\� K�{©�ô�Ç��. Slow wave��H |K(0)
zz | � |n2

⊥|����H ��&ñ
�̀¦ :�xK� s�p� ]j��÷&%3���.

3.5 �§	� l�Öeµ ÃZ�Uc«כ� 7�ø5� �×Ça�

Ä»���J$�"fü< ì�ríß��'a>�d���̀¦ >�íß��<Ê\� e��#Q"f ����rìøÍ�â
_� 2	��½Ó��t�ëß� �¦�9Ùþ¡l� M:ë�H\�, l ≥ 3��� �¦	� s�

�:r /BN"î
�Ér s� e�¦��Ý¼�� �̧+þA\� �í�<Ê÷&#Q e��t� ·ú§��. Õª�Q�� 1lx��� ÅÒ��Ãº�� Z�}����, NBI\� _�K� µ1ÏÒqt�)a
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�¦\��-t� s��:rs� e���̀¦ �â
Äº\���H �¦	� s��:r /BN"î
s� fast wave_� �����ü< f�̈Ãº\� %ò
�¾Ó�̀¦ p�}9� Ãº e��l� M:ë�H

\� ��6£§õ� °ú �Ér �Ð&ñ
�½Ó�̀¦ Ä»���J$�"f\� ÆÒ���%i���[16, 26].

Kl≥3
xx =

∑
j=i

ω2
pj

ω2
ζ0jZlj

(
l2

l!2l

)
bl−1
j (60)

Kl≥3
xy = iKl≥3

xx (61)

Kl≥3
yy = Kl≥3

xx (62)

3.6 �̈·��ä«�� &P�ñ5Ñ Áþ�ÊÁ

Ä»���J$�"f_� >�íß�\� æ¼s���H e�¦��Ý¼�� ì�ríß� �<ÊÃº��H Fried-Conte �<ÊÃº���¦�̧ Ô�¦o���H ç�H{9� e�¦��Ý¼��\�"f_�

e�¦��Ý¼�� ì�ríß� �<ÊÃºs���[6, 7]. s� ���½̈\�"f ζ��H z�́Ãºs�Ù¼�Ð, ��A�_� /åLÃº���>hü< &h���H���>h\�¦ s�6 x����,

e�¦��Ý¼�� ì�ríß� �<ÊÃº_� z�́ÃºÂÒü< )�ÃºÂÒ�� ~1�>� >�íß��)a��.

Z(ζ) = i
√
πsgn(k‖) exp(−ζ2)− ζ

∞∑
s=0

(−ζ2)s
√
π

Γ(s+ 3/2)
: ζ ≤ 4 (63)

Z(ζ) = i
√
πsgn(k‖) exp(−ζ2)− 1

ζ

∞∑
s=0

Γ(s+ 1/2)
(ζ2)s

√
π

: ζ > 4 (64)
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V� 4 â�
 Fast wave ���â '�×Ça�ÐÏ��+ ËÂ�¿

4.1 ���â '�×Ça�ÐÏ�ø� ËÂ¦�>��d"��+ Úr
TÒ¼

>�Ãº»¡¤���ZO��̀¦ s�6 x�#� q�ç�H{9� hot e�¦��Ý¼�� ?/\�"f fast wave_� �����ü< f�̈Ãº\�¦ l�Õüt���H ��1lx~½Ó&ñ
d���̀¦

Ä»�̧�l� 0Aô�Ç 'Í	 éß�>��Ð ��6£§õ� °ú �Ér +þAI�_� ��1lx~½Ó&ñ
d���̀¦ ��&ñ
���[14].∫
dk‖

[
∇×∇×E(r; k‖)−

ω2

c2
K′(r;k⊥, k‖) ·E(r; k‖)

]
= iωµ0

∫
dk‖Ja(r; k‖), (65)

#�l�"f, ω��H fast wave_� y��ÅÒ��Ãº, Ja��H fast wave\�¦ µ1Ï���r�v���H îß�_���_� ���ÀÓ x9��̧s���. ����©�õ� ���ÀÓ

x9��̧��H r�çß�\� @/K� e−iωt_� _��>r$í
�̀¦ °ú���H���¦ ��&ñ
�%i��¦, ω��H îß�_���\�"f &ñ
K�t���� B�|9� ?/\�"f��H

{9�&ñ
ô�Ç �©�Ãºs���. Fast wave ����©��Ér ��6£§õ� °ú �Ér éß�>�\�¦ ��5g Fourier $í
ì�rÜ¼�Ð æ¼#�&����.

E(r, t) = Re
[
E(r)e−iωt

]
(66)

E(r) =
∫
dk‖E(r; k‖) (67)

E(r; k‖) = Ek‖(r⊥)eik‖r‖ (68)

e�¦��Ý¼��_� q�ç�H{9�ô�Ç &ñ
�̧��H ���ô�Ç�Ü¼�Ð	כ çß�ÅÒ÷&%3��¦, ����©�\� @/ô�Ç e�¦��Ý¼��_� Ä»���&h�(dielectric) ìøÍ6£x

�Ér /BNçß�&h�Ü¼�Ð local����¦ ��&ñ
�%i���[16]. Hot e�¦��Ý¼�� Ä»���J$�"f��H Stix ýa³ð>� (êψ, êη, êb)\�"f

K′(r;k⊥, k‖) = R−1(α) · K(r; k⊥, k‖) · R(α), (69)

�Ð ³ð�&³�)a��. #�l�"f K(r; k⊥, k‖)��H 3�©�\� �è>h�)a ç�H{9� e�¦��Ý¼��\�"f_� hot e�¦��Ý¼�� Ä»���J$�"f�Ð"f, e�¦

��Ý¼��_�q�ç�H{9�$í
�Éréß�í�Hy�e�¦��Ý¼�� parameter[þt_�/BNçß�&h����_��>r$í
Ü¼�ÐìøÍ%ò
÷&%3���. R(α)��H Stixýa

³ð>�\�"f êb-»¡¤�̀¦ ×�æd��Ü¼�Ð y���̧ αëß��pu_� �r������8̈��̀¦ ����?/�¦, êψ-»¡¤�̀¦ k⊥ = (k⊥ cosα, k⊥ sinα, 0)õ�

{9�u�r�v���H %i�½+É�̀¦ � 9 ��6£§õ� °ú s� ÅÒ#Q�����[6].

R =


cosα sinα 0

− sinα cosα 0

0 0 1

 .

þj7áx&h�Ü¼�Ð fast wave ��1lx~½Ó&ñ
d��\� æ¼s���H hot e�¦��Ý¼�� Ä»���J$�"f��H ��6£§õ� °ú s� ³ð�&³�)a��.

K′ ·E =

 K
(0)
xx + n2

⊥K
(2)
xx K

(0)
xy + n2

⊥K
(2)
xy

−K(0)
xy − n2

⊥K
(2)
xy K

(0)
xx + n2

⊥K
(2)
xx

 ·

 Eψ

Eη

 +KzzEbêb

+ik⊥β


0 0 sinα

0 0 − cosα

− sinα cosα 0

 ·


Eψ

Eη

Eb


+k2

⊥γ

 sin2 α − sinα cosα

− cosα sinα cos2 α

 ·

 Eψ

Eη

 , (70)
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#�l�"f, βü< γ��H ³ð�&³_� ¼#�_�\�¦ 0AK� �̧{9��)a ���Ãº�Ð"f

Kyz = −ik⊥β (71)

Kyy −Kxx = k2
⊥γ (72)

\�"fÂÒ'� &ñ
_�÷&%3���. ����©� x9� ���ÀÓx9��̧, Ä»���J$�"f 1px_� ³ð�&³\� �í�<Ê�)a �������H d��_� çß�����<Ê�̀¦ 0AK� Òqt|ÄÌ

�l��Ð ô�Ç��. ·ú¡_� hot e�¦��Ý¼�� Ä»���J$�"f\�"f 'Í	P: �½Ó�Ér ICRH\� ÅÒ�Ð l�#���¦, ÑütP: �½Ó�Ér ELD, !Ó	P:

�½Ó�Ér ELDü< TTMP_� çß�[O�ò́õ�, W1P: �½Ó�Ér TTMP_� ò́õ�\�¦ y��y�� ìøÍ%ò
ô�Ç��. Stix ýa³ð>�\�"f Ãºf�� ��Ãº

��

k⊥ = (k⊥ cosα, k⊥ sinα, 0)

�Ð ³ð�&³÷&��H �¦̀�	כ s�6 x����, çß�[O�ò́õ� �½Óõ� TTMP �½Ó�̀¦ ��6£§õ� °ú s�  7�'�+þAd��Ü¼�Ð ³ð�&³½+É Ãº e����.

βik⊥


0 0 sinα

0 0 − cosα

− sinα cosα 0

 ·


Eψ

Eη

Eb

 → β(ik⊥ ×E⊥) + β(ik⊥ ×E‖)

γk2
⊥

 sin2 α − sinα cosα

− cosα sinα cos2 α

 ·

 Eψ

Eη

 → γik⊥ × (ik⊥ ×E⊥)

����"f "é¶A�_� ��1lx~½Ó&ñ
d���Ér ��6£§õ� °ú s� ���+þA�)a��.∫
dk‖

[
∇×∇×E− ω2

c2

{
KICRH ·E⊥ +KzzE‖ + β(ik⊥ ×E⊥) + β(ik⊥ ×E‖)

+γ(ik⊥ × (ik⊥ ×E⊥))
}]

= iωµ0

∫
dk‖Ja. (73)

#�l�"f,

KICRH ≡

 K
(0)
xx + n2

⊥K
(2)
xx K

(0)
xy + n2

⊥K
(2)
xy

−K(0)
xy − n2

⊥K
(2)
xy K

(0)
xx + n2

⊥K
(2)
xx


�Ð &ñ
_��%i���.

4.2 N�ÊÁ��́»ÈÐß���+ �\�£� 

s�]j, Jaeger1px[17]_�~½ÓZO�\�������1lx~½Ó&ñ
d��\�>�Ãº»¡¤���ZO��̀¦&h�6 xK��Ð��.���$� ICRH�½Ó\�e����H n2
⊥�̀¦

ì�ríß��'a>�d��_� fast wave ��H, n2
⊥FÜ¼�Ð @/�̂ô�Ç��. Fast wave ��H�Ér )�ÃºÂÒ�̧ �í�<Ê��¦ e��l�M:ë�H\�, s��:r

\� _�ô�Ç \��-t� f�̈Ãº\�¦ >�íß����HX< e��#Q"f kinetic power flux_� %ò
�¾Ó�̀¦ ]j���#� \��-t� f�̈Ãº|¾Ós� �½Ó�©�

’positive definite’ ��9���, ��6£§õ� °ú s� u�8̈����H ��s	כ ��{©����[26].

n⊥ → Re(n⊥F ) (74)

s� ~½ÓZO��̀¦ :�xK� ���©�s� Âúª�Ér ion Bernstein wave_� Ø�¦�&³s� %3�]j÷&#Q Ãºu�&h���� îß�&ñ
$í
�̀¦ SX��Ð½+É Ãº e����.

Õª�Q��, ì�ríß��'a>�d���Ér k⊥_� ~½Ó�¾Ó\� �'a�#���H ��Áº��� &ñ
�Ð\�¦ ÅÒt� ·ú§l� M:ë�H\� �����\� @/K�"f�̧ >�Ãº»¡¤

���ZO��̀¦ &h�6 x�>�÷&��� çß�[O�ò́õ� �½Óõ� TTMP �½Ós� "é¶&h� ��H%�\�"f :£¤s�$í
�̀¦ °ú�>� �)a��. s��Qô�Ç :£¤s�$í
�̀¦
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~½Ót��l� 0AK�, �����\� @/K�"f��H >�Ãº»¡¤���ZO��̀¦ ��6 x�t� ·ú§�¦ p�ì�r���íß���\�¦ ��6 x�#� ��6£§õ� °ú s� u�

8̈�ô�Ç��.

ik⊥ → ∇⊥ ≡ ∇− ik‖êb (75)

s� ~½ÓZO��Ér ���²DG Ãºf�� ��Ãº k⊥s� ��1lx~½Ó&ñ
d��\�"f ��l�Ø�æ7á¤&h�Ü¼�Ð >�íß�÷&#Qt���H �¦̀�	כ _�p�ô�Ç��. ����"f,

fast wave ��1lx~½Ó&ñ
d���Ér∫
dk‖

[
∇×∇×E− ω2

c2

{
KICRH ·E⊥ +KzzE‖ + β(∇⊥ ×E⊥)‖ + β(∇⊥ ×E‖)⊥}

+γ(∇⊥ × (∇⊥ ×E⊥)‖)⊥

}]
= iωµ0

∫
dk‖Ja. (76)

�Ð jþt Ãº e����.

4.3 Weak-variational formulation�+ �\�£� 

0A_� ��1lx~½Ó&ñ
d���̀¦ weak-variational formÜ¼�Ð ��Ë̈l� 0AK�, E(r; k′‖)_� �<ÊÃº/BNçß�\� 5Åq���H e��_�_�  7�'�

r�+«>�<ÊÃº F\�¦ �̧{9�ô�Ç��. F�� E_� �<ÊÃº/BNçß�\� 5Åqô�Ç����H ú́��Ér F�� E\� ÂÒ#��)a �â
>��̧|	��̀¦ ëß�7á¤����"f,

&h�ì�rs� _�p�\�¦ °ú��̧2�¤ ú̧� &ñ
_�÷&#Q e������H _�p�s���. F_� /BNÓ�o 4�¤�èÃº(conjugate)�Ð ��1lx~½Ó&ñ
d��\� ?/&h�

�̀¦ 2[��¦, ��r� e�¦��Ý¼�� �̂&h�\� @/K� &h�ì�r�̀¦ Ãº'������[19],∫
dk‖

∫
V

dV

[
(∇× F)∗ · (∇×E)− ω2

c2

{
F∗⊥ · KICRH ·E⊥ + F∗‖ ·KzzE‖

+(∇⊥ × F⊥)∗‖ · βE‖ + F∗‖ · β(∇⊥ ×E⊥)‖ + (∇⊥ × F⊥)∗‖ · γ(∇⊥ ×E⊥)‖

}]
=

∫
dk‖

∮
S

[
F∗ × (∇×E)− ω2

c2

{
F∗⊥ × βE‖ + F∗⊥ × γ(∇⊥ ×E⊥)‖

}]
· dS

+iωµ0

∫
dk‖

∫
V

dV F∗ · Ja. (77)

�̀¦ %3���H��. �À» d���̀¦ Ä»�̧���HX<��H ��A�_� Y>���t�  7�'� �½Ó1pxd��s� ��6 x÷&%3���.

F∗ · ∇ ×∇×E = (∇× F)∗ · (∇×E)−∇ · (F∗ × (∇×E))

F∗ · (∇⊥ ×E) = E · (∇⊥ × F)∗ −∇ · (F∗ ×E)

0A_� ���ì�rd���Ér Ä»ô�Ç¹כ�èZO��̀¦ &h�6 x�#� Ãºu�&h�Ü¼�Ð Û�¦l�\� &h�½+Ëô�Ç +þAI�s��¦, 1	�_� p�ì�r���íß���ëß� ̈½¹כ

�)a��. ¢̧, &h�ì�rd��_� +þAI�s�Ù¼�Ð \��-t� �Ð�>r�̀¦ �����y� ëß�7á¤r������.

4.4 �×�×l�I±Ó ��� �̈·�×l�I±Ó �¿Þ« ¦�>5�

t��FK��t� k‖�Ér:£¤Z>�ô�Ç���/åL\O�s����5Åq&h����°úכÜ¼�Ð��&ñ
�%i���.Õª�Q��,z�́]j&h�����Ð
�}��\�"f��H�Ð�Ðs�²ú�

~½Ó�¾Ó_� ÅÒl�$í
õ� e�¦�Ðs�²ú� ���©�_� %ò
�¾ÓÜ¼�Ð k‖s� Ô�¦���5Åq&h���� °úכs� ÷&�¦, /BNçß�&h���� _��>r$í
�̧ °ú�>� �)a��.

s���� ë�H]j\�¦ &h�]X�y� 2[/åL�l� 0AK�, ����©��̀¦ �Ð�Ðs�²ú� x9� e�¦�Ðs�²ú� ~½Ó�¾Ó_� Fourier �̧×¼�Ð /åLÃº���>hô�Ç��.

��5Åqýa³ð>� (ρ, θ, ζ)\�¦ ��6 x���� ��6£§õ� °ú ��.

E(r) =
∑
m,n

Em,n(ρ)ei(mθ+nζ) (78)
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#�l�"f, mõ� n�Ér y��y�� e�¦�Ðs�²ú� �̧×¼, �Ð�Ðs�²ú� �̧×¼���¦ ÂÒØÔ��H &ñ
Ãºs���. k‖\� @/ô�Ç ³ð�&³�Ér Fourier

���8̈�\�"f_� @/6£x�'a>�,

ik‖e
i(mθ+nζ) → (êb · ∇)ei(mθ+nζ)

ü< ��5Åqýa³ð>�\�"f_� gradient\�¦ s�6 x�#� ��6£§õ� °ú s� ½̈K������[18, 16]

k‖ → km,n‖ =
m

Nχ
sinΘ +

n

R
cos Θ, (79)

����"f, ��1lx~½Ó&ñ
d��_� ³ð�&³ +þAd���̧ ��6£§õ� °ú s� ���8̈��)a��.∫
dk‖ →

∑
m,n

E(r; k‖) → E(r;m,n) = Em,n(ρ)ei(mθ+nζ)

K(r; k⊥, k‖) → K(r; k⊥,m, n)

��1lx~½Ó&ñ
d���̀¦ ��ÀÒ��HX< e��#Q"f, �Ð�Ðs�²ú� �̧×¼ n�Ér �Ð
�}��_� »¡¤@/g�A$í
M:ë�H\� "f�Ð 1lqwn�&h�Ü¼�Ð 2[/åL½+É

Ãº e��t�ëß�, e�¦�Ðs�²ú� �̧×¼ m�Ér Ä»���J$�"f x9� p�ì�r���íß���_� θ-_��>r$í
Ü¼�Ð ����#� ìøÍ×¼r� ���½+Ë�)a +þAI��Ð

2[/åLK��� ô�Ç��.

21



V� 5 â�
 Uc�/m� ©8ìÊÁ ��� ¦�>ÇÚÄ©�â 

5.1 Uc�/m� �××iµÐÏ�

���ì�rd�� +þAI�_� ��1lx~½Ó&ñ
d��\�"f  7�'� r�+«>�<ÊÃº\�¦

F =
∑
m′,n′

E(r;m′, n′)

�Ð ×þ�����, ��6£§õ� °ú �Ér \��-t� �Ð�>rd���̀¦ %3��̀¦ Ãº e����.∑
m′,n′

∑
m,n

∫
V

dV

[
(∇×E′)∗ · (∇×E)− ω2

c2

{
E′∗ ·E + E′∗

⊥ · (KICRH − I) ·E⊥ + E′∗
‖ · (Kzz − 1)E‖

+(∇⊥ ×E′
⊥)∗‖ · βE‖ + E′∗

‖ · β(∇⊥ ×E⊥)‖ + (∇⊥ ×E′
⊥)∗‖ · γ(∇⊥ ×E⊥)‖

}]
=

∑
m′,n′

∑
m,n

∮
S

[
E′∗ × (∇×E)− ω2

c2

{
E′∗
⊥ × βE‖ + E′∗

⊥ × γ(∇⊥ ×E⊥)‖

}]
· dS

+iωµ0

∑
m′,n′

∑
m,n

∫
V

dVE′∗ · Ja. (80)

#�l�"f, E′
�Ér E(r;m′, n′)�̀¦ �����·p��. �À» d��\�"f ýa���_� y�� �½Ó�Ér ���©� \��-t�, ����©� \��-t�, ��s�9þt�ÐàÔ

�:r /BN"î
\� _�ô�Ç \��-t� f�̈Ãº, LD\� _�ô�Ç \��-t� f�̈Ãº, ELDü< TTMP_� çß�[O� ò́õ�, TTMP\� _�ô�Ç \��-

t� f�̈Ãº\�¦ ����?/�¦, Äº���_� y�� �½Ó�Ér Poynting flux, kinetic power flux, îß�_��� Ø�¦§4��̀¦ _�p�ô�Ç��. &h�ì�r_�

�â
>�\�¦ e�¦��Ý¼��\�¦ Ñüt�Q���¦ e����H ¢-a��� �̧�̂#4�Ü¼�Ð ú̧�Ü¼���, Poynting fluxü< kinetic power flux\� _�ô�Ç

l�#���H Áºr��)a��. �Ð�Ðs�²ú� ~½Ó�¾Ó_� »¡¤@/g�A$í
Ü¼�Ð ���K�, n = n′��� �â
Äº\�ëß� z�́]j&h�Ü¼�Ð �̂&h�&h�ì�r\� l�#�

�� Òqtl�Ù¼�Ð, \��-t� f�̈ÃºÖ�¦�̀¦ >�íß����HX< e��#Q"f n = n′��� �â
Äºëß� �¦�9ô�Ç��. ����"f, z�́Ø�¦§4�\� @/ô�Ç \�

�-t� �Ð�>rd���Ér ��6£§õ� °ú s� jþt Ãº e����.∑
n

∑
m′,m

∫
V

dV

[
ε0ω

2
Im

{
E′∗
⊥ · (KICRH − I) ·E⊥ + E′∗

‖ · (Kzz − 1)E‖

+(∇⊥ ×E′
⊥)∗‖ · βE‖ + E′∗

‖ · β(∇⊥ ×E⊥)‖ + (∇⊥ ×E′
⊥)∗‖ · γ(∇⊥ ×E⊥)‖

}]
=

∑
n

∑
m′,m

∫
V

dV

[
−1

2
Re

{
E′∗ · Ja

}]
(81)

5.2 l�ÖeµUc �+ø5� Uc�/m� ©8ìÊÁ	�·

s��:r\� _�ô�Ç \��-t� f�̈Ãº��H ��s�9þt�ÐàÔ�:r /BN"î
�̀¦ :�xK� {9�#Qèß���. �����\� _�ô�Ç ��s�9þt�ÐàÔ�:r /BN"î
�Ér

ICRF\�"fÁºr�÷&Ù¼�Ð,s��:r\�_�ô�Ç\��-t�f�̈ÃºÖ�¦(éß�0Ar�çß�{©� î̈
ç�H&h�Ü¼�Ðf�̈Ãº÷&��H\��-t�)�Ér��1lx~½Ó

&ñ
d��_� Ä»�̧õ�&ñ
\�"f �̧{9��)a KICRH\�¦ ��6 x�#� ÅÒ#Q��� (m,n)�̧×¼\� @/K� ��6£§õ� °ú s� ³ð�&³�)a��.

Pi(m,n) =
∑
m′

∫
V

dV

[
ε0ω

2
Im

{
E′∗
⊥ · (KICRH − I) ·E⊥

}]
(82)

\��-t� f�̈ÃºÖ�¦�ÐÂÒ'� éß�0A�̂&h�{©�_� \��-t� f�̈ÃºÖ�¦�̀¦ &ñ
_����HX<\���H ���çß�_� ÅÒ_��� ¹כ��9���. e�¦�Ðs�

²ú�~½Ó�¾ÓÜ¼�Ð_�Ô�¦ç�H{9�$í
Ü¼�Ð���K�µ1ÏÒqt���H (m,m′)�̧×¼ ��s�_����½+Ës�Óüto�&h�Ü¼�Ð_�p�\O���H�½Ó�̀¦ëß�[þt
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Ãº e��l� M:ë�Hs���. s��Qô�Ç �½Ó[þt�Ér e�¦�Ðs�²ú� ~½Ó0Ay��\� @/ô�Ç &h�ì�r�̀¦ :�x�#� @/ÂÒì�r ]j��÷&Ù¼�Ð, ��6£§õ� °ú 

�Ér +þAI��Ð éß�0A�̂&h�{©�_� \��-t� f�̈ÃºÖ�¦�̀¦ &ñ
_����H ��s	כ ��{©����[19, 20].

Pi(ρ, θ;m,n) ' ε0ω

2
Re

∑
m′

ei(m−m
′)θ

[
Em

′∗
ψ ImKxxE

m
ψ + Em

′∗
η ImKxxE

m
η

]
+

ε0ω

2
Im

∑
m′

ei(m−m
′)θ

[
Em

′∗
ψ ReKxyE

m
η − Em

′∗
η ReKxyE

m
ψ

]
(83)

Äº���\�"f �Ð�Ðs�²ú� �̧×¼\� @/ô�Ç '���� n�Ér ¼#�_��©� Òqt|ÄÌ�l��Ð ô�Ç��.

5.3 ¦�>��Uc �+ø5� Uc�/m� ©8ìÊÁ	�·

�����\� _�ô�Ç \��-t� f�̈Ãº��H ELDü< TTMP\�¦ :�xK� {9�#Qèß���. s��:r\� _�ô�Ç LD��H ICRF\�"f Áºr�÷&Ù¼

�Ð, Kzz��H ELD_� ò́õ�ëß� �����·p���¦ �Ð���̧ Áº~½Ó���. ����"f �����\� _�ô�Ç \��-t� f�̈ÃºÖ�¦�Ér ÅÒ#Q���

(m,n)�̧×¼\� @/K� ��A�_� [j �½ÓÜ¼�Ð ³ð�&³�)a��.

PELD(m,n) =
∑
m′

∫
V

dV

[
ε0ω

2
Im

{
E′∗
‖ · (Kzz − 1)E‖

}]
(84)

Pcross(m,n) =
∑
m′

∫
V

dV

[
ε0ω

2
Im

{
(∇⊥ ×E′

⊥)∗‖ · βE‖ + E′∗
‖ · β(∇⊥ ×E⊥)‖

}]
(85)

PTTMP(m,n) =
∑
m′

∫
V

dV

[
ε0ω

2
Im

{
(∇⊥ ×E′

⊥)∗‖ · γ(∇⊥ ×E⊥)‖

}]
(86)

·ú¡\�"f s��:r\� @/ô�Ç éß�0A�̂&h�{©�_� \��-t� f�̈ÃºÖ�¦�̀¦ &ñ
_�Ùþ¡~�� �,�3!�%	כ �����\� @/K�"f�̧ ��6£§õ� °ú s� éß�

0A�̂&h�{©�_� \��-t� f�̈ÃºÖ�¦�̀¦ &ñ
_�ô�Ç��.

PELD(ρ, θ;m,n) ' ε0ω

2
Re

∑
m′

ei(m−m
′)θ

[
Em

′∗
‖ · ImKzzEm‖

]
(87)

Pcross(ρ, θ;m,n) ' ε0ω

2
Re

∑
m′

ei(m−m
′)θ

[
(∇⊥ ×E⊥)m

′∗
‖ · ImβEm‖ + Em

′∗
‖ · Imβ(∇⊥ ×E⊥)m‖

]
(88)

PTTMP(ρ, θ;m,n) ' ε0ω

2
Re

∑
m′

ei(m−m
′)θ

[
(∇⊥ ×E⊥)m

′∗
‖ · Imγ(∇⊥ ×E⊥)m‖

]
(89)

����"f,

Pe(ρ, θ;m,n) = PELD(ρ, θ;m,n) + Pcross(ρ, θ;m,n) + PTTMP(ρ, θ;m,n) (90)

s� ÷&�¦, s��Qô�Ç &ñ
_���H fast wave\� _�K� ½̈1lx÷&��H ���ÀÓ\�¦ >�íß����HX< e��#Q"f (m,m′)�̧×¼ ��s�_� ���½+Ë

�̀¦ �̀���ØÔ>� ìøÍ%ò
��̧2�¤ K�ï�r��[20]. z�́]j�Ð �À» d���̀¦ &h�6 x���HX< e��#Q"f��H Ä»���J$�"f ÂÒì�rs� m_� _��>r$í


�̀¦ °ú���H����H �¦̀�	כ ÅÒ_�K��� ô�Ç��.
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5.4 ¦�>ÇÚÄ©�â ¹ô	�·

Fast wave\� _�K� ½̈1lx÷&��H ���ÀÓx9��̧��H ��6£§õ� °ú �Ér +þAI��Ð >�íß��)a��[20].

J‖(ρ, θ) =
∑
n

∑
m

η(ρ, θ;m,n)Pe(ρ, θ;m,n) (91)

#�l�"f, η��H Ehstü< Karney_� ���ÀÓ½̈1lx ò́Ö�¦\� �'aô�Ç Ãºu�&h� z�́+«>d��[11]Ü¼�Ð"f, ��6£§õ� °ú s� ÅÒ#Q�����.

η(ρ, θ;m,n) = sgn(−km,n‖ )
[
19.19× 1015

lnΛ
Te/e

ne

]
j̃‖

p̃RF
(92)

Ehstü< Karney_�z�́+«>d��\�"f km,n‖ �Ér�½Ó�©��ª�Ãº�Ð2[/åL÷&%3���HX<,z�́]jîß�_�����ÃºÛ¼&7�àÔ!3�\�"f km,n‖ �Ér

�ª�Ãº, 6£§Ãº �̧¿º\�¦ ��t�Ù¼�Ð, ]X�@/°ú̀�כ¦ 2[K�"f |km,n‖ |\�¦ z�́+«>d��\� @/{9���¦, µ1ÏÒqt÷&��H ���ÀÓ_� ~½Ó�¾Ó�Ér

sgn(−km,n‖ )\�"f ���&ñ
��̧2�¤ �%i���. &ñ
½©�o�)a ���ÀÓ½̈1lx ò́Ö�¦�Ér

j̃‖

p̃RF
= CMη0R (93)

�Ð ³ð�&³÷& 9, ��6 x�)a B�>h�<ÊÃº��H ��6£§õ� °ú ��.

C = 1− exp[−(cyt)m]

M = 1 + a

(
λt
w

)3

η0 =
K

w
+D +

8w2

5 + Zeff

R = 1− εn
√
x2
r + w2

εnxr + w

#�l�"f,

yt = (1− λ2
t )
w2

λ2
t

λt =

√
1− B(ρ, θ)

B(ρ, π)

K = 23.82/(0.678 + Zeff )

D = 8.26/Z0.707
eff

w =
√

2
ω/|km,n‖ |
vte

¢̧, vte(=
√

2Te/me)��H �����_� \P�5Åq�̧, ε(= r/Raxis)��H %i�+þA�©�q�, Zeff��H Ä»ò́ ����Ãº�Ð"f,

Zeff =
∑
i niZ

2
i

ne

=
∑
i niZ

2
i∑

i niZi

�Ð &ñ
_�÷& 9, Coulomb logarithm�Ér �����-s��:r_� Ø�æ[�ts� t�C�&h�s��¦ T > 10eV ��� �â
Äº\�

lnΛ = 15.2− 1
2

ln
( ne

1020

)
+ ln

(
Te

103e

)
≈ 17− 18 for core in fusion reactor
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�Ð ³ð�&³�)a��. ELDü< TTMP�� 1lxr�\� ��������H fast wave\� @/ô�Ç z�́+«>d��_� >�Ãº°úכ[þt�Ér ��6£§õ� °ú ��.

m = 2.48

xr = 3.5

c = 0.0987

a = 12.3

n = 0.77

&ñ
½©�o�)a ���ÀÓ½̈1lx ò́Ö�¦ s�ü@\� �̂&h� î̈
ç�H�)a ���ÀÓ½̈1lx ò́Ö�¦s� &ñ
_�|̈c Ãº e����HX<,

γCD ≡
ICD[A]n̄e[1020m−3]R0[m]

PRF [W ]
(94)

�Ð ÅÒ#Qt� 9, ���ìøÍ&h���� ���ÀÓ½̈1lx_� $í
0px�̀¦ ��0pu���H '���̧s���. #�l�"f,

ICD =
∫
A

dAJ‖(ρ, θ) cos Θ

n̄e =

∫
V
dV ne∫
V
dV

PRF =
∑
n

∑
m′,m

∫
V

dV

[
−1

2
Re

{
E(r;m′, n)∗ · Ja(r;m,n)

}]
�Ð >�íß��)a��. ¢̧ îß�_���\�"f ~½ÓØ�¦÷&��H RF Ø�¦§4�×�æ\� ������Ð f�̈Ãº÷&��H q�Ö�¦�̧ �©�{©�y� ×�æ¹כô�ÇX<,

Ae(%) ≡ Pe
PRF

× 100 (95)

�Ð &ñ
_�½+É Ãº e���¦, #�l�"f

Pe =
∑
n

∑
m

∫
dV Pe(ρ, θ;m,n)

s���. þj7áx&h�Ü¼�Ð >�íß��)a ���ÀÓx9��̧��H ��5Åq���\� @/ô�Ç î̈
ç�H�̀¦ 2[�#� ��A�ü< °ú s� �����·p��.

< J‖ > (ρ) =

∫ 2π

0
J‖(ρ, θ)RJdθ∫ 2π

0
RJdθ

(96)
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V� 6 â�
 ò5ÑYc�� �¿ÌfC

6.1 Ø̧¢�> ¦�>ÇÚ��
�¿

Fast wave\�¦ µ1Ï���r�v���H îß�_�����H ���/BN ×�æ_� ³ð��� ���ÀÓ�Ð ��&ñ
ô�Ç��. ���ÀÓx9��̧ü< ³ð��� ���ÀÓx9��̧ü<_� 1px

��$í
, JadV = KadS\�¦ s�6 x����,

Ja(r) =
Nχ
J
Ka(θ, ζ)δ(ρ− ρa)êa (97)

�̀¦ %3���H��[19]. #�l�"f, ρa��H îß�_����� ��o�ú̧��¦ e����H ��5Åq����̀¦ ��o������.

êa = cos(Θ− α)êη + sin(Θ− α)êb (98)

��H e�¦�Ðs�²ú� ~½Ó�¾ÓÜ¼�ÐÂÒ'� α_� y���̧ëß��pu l�Ö�¦#Q��� îß�_���_� ~½Ó�¾Ós���. Fast wave_� µ1Ï����̀¦ 0AK�"f��H

���©�õ� Ãºf����̧2�¤ ���ÀÓ\�¦ f�Ë�9�� �Ù¼�Ð, �Ð:�x Θ = αÜ¼�Ð Z�~��H��[19]. ¢̧, îß�_��� �ª�=åQ_� ���ÀÓ/BN/åL

���(feeder)õ� ×�æd��_� ���ÀÓéß�|ÃÌ���(short)\�"f µ1ÏÒqt÷&��H ÂÒìøÍ�â
~½Ó�¾Ó_� ���ÀÓ��H Áºr��%i���[18]. ³ð��� ���ÀÓ

x9��̧�� ��6£§õ� °ú �Ér _��>r$í
�̀¦ °ú���H���¦ ��&ñ
����,

Ka(θ, ζ) = I0f(θ)g(ζ) (99)

y�� �<ÊÃº��H

f(0) = 1∫ 2π

0

g(ζ)RT dζ = 1

�Ð &ñ
½©�o÷&#Q e���¦, ����"f I0��H θ = 0\�"f_� 8úx ���ÀÓs���.∫
Ka(0, ζ)RT dζ = I0

#�l�"f, RT��H îß�_��� ×�æd��_� ÅÒìøÍ�â
s��¦, I0_� °úכÜ¼�Ð��H �Ð:�x 1A\�¦ ��&ñ
��¦ >�íß��̀¦ Ãº'��ô�Ç��.

6.2 �̈·�×l�I±Ó �+×iµÅ]�

���$�, îß�_���_� e�¦�Ðs�²ú� ~½Ó�¾ÓÜ¼�Ð ZO�#Q��� y���̧��H ��6£§õ� °ú s� ��H���)a��.

θ0 '
LP /2
rA

(100)

#�l�"f, LP��H îß�_���_� Z�}s�, rA��H îß�_��� ×�æd��_� ÂÒìøÍ�â
s���. îß�_��� ���ÀÓ_� ��+þAs� &ñ
�©���_� +þAI��Ð

"f, ×�æd��_� θ = 0��� ���ÀÓéß�|ÃÌ&h�\�"f þj@/\�¦ s�ÀÒ�¦ �ª�=åQ_� θ = ±θ0��� t�&h�\�"f ���ÀÓ/BN/åL���õ� ëß�èß������,

f(θ)\�¦ ��6£§õ� °ú s� Z�~�̀¦ Ãº e����.

f(θ) =


0, −π ≤ θ ≤ θ0

cos(κrAθ), −θ0 ≤ θ ≤ θ0

0, θ0 < θ ≤ π

(101)
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#�l�"f,

κ =
k0

β

�Ð &ñ
_�÷&%3��¦, k0 = ω/c��H ���/BN\�"f_� ��Ãºs� 9, β = vphase/c��H ����� �©�Ãº(propagation constant)�Ð"f

îß�_��� [O�>�\�"f ÅÒ#Qt���H °úכs���[10, 27]. s�]j, f(θ)\�¦ e�¦�Ðs�²ú� �̧×¼�Ð /åLÃº���>h����,

f(θ) =
∞∑

m=−∞
fmeimθ (102)

#�l�"f,

fm =
1
2π

∫ 2π

0

f(θ)e−imθdθ

=
1
π

[
sin{(κrA −m)θ0}

2(κrA −m)
+

sin{(κrA +m)θ0}
2(κrA +m)

]
(103)

s���. ëß�{9�, îß�_��� ×�æd��_� e�¦�Ðs�²ú� 0Au��� {9�ìøÍ&h���� y���̧ θ = θA�Ð ÅÒ#Q��������,

fm → e−imθAfm

�Ð ��7
ÅÒ��� �)a��.

6.3 �×�×l�I±Ó �+×iµÅ]�

���ÀÓ ì�r�í�� �Ð�Ðs�²ú� ~½Ó�¾ÓÜ¼�Ð Gaussian +þAI������, ÅÒl�$í
�̀¦ �¦�9�#� ��6£§õ� °ú s� jþt Ãº e����[13].

g(ζ) = C ×
∞∑

l=−∞

exp
[
− R2

T

L2
T /4

(ζ − 2πl)2
]

(104)

#�l�"f, LT��H îß�_���_� ;�¤s� 9, C��H g(ζ)_� &ñ
½©�o�Ð ÂÒ'� ���&ñ
÷&��H �©�Ãº�Ð"f,

C =
1√

πLT /2

�Ð ÅÒ#Q�����. ��ðøÍ��t��Ð g(ζ)\�¦ �Ð�Ðs�²ú� �̧×¼�Ð /åLÃº���>h����,

g(ζ) =
∞∑

n=−∞
gneinζ (105)

#�l�"f,

gn =
1
2π

∫ 2π

0

g(ζ)e−inζdζ

=
1

2πRT
exp

[
−n

2L2
T

16R2
T

]
(106)

s���. ëß�{9�, îß�_��� ×�æd��_� 0Au��� �Ð�Ðs�²ú� ~½Ó�¾ÓÜ¼�Ð U�́s� wdëß��pu s�1lxÙþ¡�����,

gn → e
−in wd

RT gn

�Ð ��7
ÅÒ��� �)a��.
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6.4 :�á~
ê�>��(array factor)

³ð��� ���ÀÓx9��̧\� r�çß�&h���� _��>r$í
 e−iωt�̀¦ �¦�9����,

Ka(θ, ζ)e−iωt = I0
∑
m

fm
∑
n

gnei(nζ−ωt) (107)

�Ð jþt Ãº e����. ���ÀÓ½̈1lx�̀¦ 0AK�"f��H r�çß�&h���� 0A�©�	�\�¦ ��t���H #��Q>h_� îß�_���\�¦ �Ð�Ðs�²ú� ~½Ó�¾ÓÜ¼

�Ð C�u��#� ���'����\�¦ +þA$í
K��� ô�Ç��. 0A�©�	�\�¦ ∆φ, îß�_��� ��s�_� çß�����̀¦ wd�� ��¦, ζ = 0\�"fÂÒ'�

−êζ~½Ó�¾ÓÜ¼�Ð ���'����\�¦ +þA$í
r�v��¦�� ô�Ç�����, ³ð��� ���ÀÓx9��̧��H ��6£§õ� °ú s� ³ð�&³�)a��.

Ka(θ, ζ)e−iωt = I0
∑
m

fm
∑
n

[
gnei(nζ−ωt) + gnei(nζ−ωt)e

−i(n wd
RT

+∆φ) + . . .

. . . + gnei(nζ−ωt)e
−i(NA−1)(n

wd
RT

+∆φ)

]
(108)

#�l�"f, NA��H îß�_���_� Ì�	Ãºs��¦, wd��H �Ð:�x 2LT�Ð [O�&ñ
ô�Ç��. ����"f, îß�_��� C�\P�\� @/ô�Ç ³ð��� ���ÀÓx9�

�̧��H r�çß�&h���� _��>r$í
�̀¦ Òqt|ÄÌ����

Ka(θ, ζ) =
∑
m,n

I0f
mgnA(n)ei(mθ+nζ)

=
∑
m,n

Km,n
a ei(mθ+nζ)

�Ð ����èq Ãº e���¦, #�l�"f, A(n)�Ér

A(n) =
NA−1∑
p=0

exp
[
−ip

(
n
wd
RT

+ ∆φ
)]

=
1− exp

[
−iNA

(
n wd

RT
+ ∆φ

)]
1− exp

[
−i

(
n wd

RT
+ ∆φ

)] (109)

�Ð &ñ
_�÷&��H C�\P������s���[10, 28]. �Ð�Ðs�²ú� �̧×¼\� @/ô�Ç îß�_��� Ø�¦§4�_� Û¼&7�àÔ!3� P (n)�Ér ���ÀÓ_� ]jY�L

\� q�YV�Ù¼�Ð,

P (n) ∝ |gn|2|A(n)|2

�� ½+É Ãº e���¦, ÅÒ�Ð C�\P������\� _�K� ��6£§õ� °ú s� Õª +þAI��� ���&ñ
�)a��.

P (n) ∝ |A(n)|2 =
sin2

{
Na

2

(
n wd

RT
+ ∆φ

)}
sin2

{
1
2

(
n wd

RT
+ ∆φ

)} (110)

�À» d��s� þj@/ ¢̧��H þj�è�� ÷&��H /BM�Ér

n
wd
RT

+ ∆φ = 2πp+ 2π
q

NA
, p = , q = 0, 1, . . . , NA − 1

s� 9,

|A(n)|2 =

 N2
A, q = 0

0, q = 1, . . . , NA − 1
(111)
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_� °ú̀�כ¦ °ú���H��. þj@/°ú̀�כ¦ °ú���H peak_� �Ð�Ðs�²ú� �̧×¼ ;�¤�Ér,

∆n =
4π

NAwd/RT

s� 9, þj�í_� peak\� K�{©����H �Ð�Ðs�²ú� �̧×¼��H

npeak = −
[

∆φ
wd/RT

]
s���. n�Ér &ñ
Ãºs�l�M:ë�H\�, ���çß�_� ]X�éß��̧	��� e���̀¦ Ãº e����. ô�Ç¼#�, nõ� ζ0e(= ω/k‖vte)ü<_� �'a>�\�¦ ½̈K�

�Ð���,

n ≈ 0.335
R0f(MHz)
ζ0e

√
Te(keV )

(112)

s���. îß�_���_� ��Ãº Û¼&7�àÔ!3��̀¦ ���&ñ
���HX< e��#Q"f, npeak ��H%�\�"f µ1Ï���÷&��H �̧×¼�� �Ð
�}�� ×�æd��ÂÒ\�

"f þj&h��o�)a ζ0e °ú̀�כ¦ ��t��̧2�¤ �#��� ���ÀÓ½̈1lx ò́Ö�¦�̀¦ Z�}{9� Ãº e����.

6.5 ò5ÑYc�� ��·�]� ��� ÉÙ� $�/�×

³ð��� ���ÀÓx9��̧\�¦ s�6 x�#� îß�_���\�"f ~½ÓØ�¦÷&��H z�́Ø�¦§4��̀¦ ��r� æ¼��� ��6£§õ� °ú ��.

PRF ' 4π2rART
∑
n

−1
2
Re

[∑
m′

{
Em

′∗
η (ρa) cos(Θ− α)0 + Em

′∗
b (ρa) sin(Θ− α)0

}
Km′

a

]
(113)

#�l�"f, l���<Æ&h� ���Ãº[þt�Ér Õª e�¦�Ðs�²ú� _��>r$í
s� �������¦ ��&ñ
�#� îß�_��� ×�æd��\�"f_� °ú̀�כ¦ ��6 x�

%i���. îß�_��� ÂÒ�$��½Ó�Ér ���ÀÓx9��̧�� e�¦�Ðs�²ú� _��>r$í
�̀¦ ��t��¦ e��l� M:ë�H\�, ��6£§õ� °ú s� éß�0AU�́s�\�

@/K�"f &ñ
_��)a��[27].

PRF =
1
2
NAR

′
∫ θ0

−θ0
[I0f(θ)]2 rAdθ (114)

����"f,

R′ =
1
NA

2PRF
I2
0

1[
rAθ0 + sin(2κrAθ0)

2κ

] (115)

\�¦ %3���H��. R′_� éß�0A��H Ω/m�� ÷&�¦, ëß�{9� ���ÀÓx9��̧�� ç�H{9�������(κ→ 0),

R′ =
1
NA

2PRF
I2
0

1
LP

�Ð ��H���)a��.

6.6 Faraday screen

Faraday screen�Ér �â
>� e�¦��Ý¼��ü< îß�_��� ��s�_� f��]X�&h���� ]X�8ú¤\� _�ô�Ç îß�_���_� �<H�©��̀¦ }���¦, e�¦��Ý¼

�� ?/ÂÒ\�"f ÅÒ�Ð fast waveëß��̀¦ #�l�r�~�́ 3lq&h�Ü¼�Ð RF ����©�_� ü@ÂÒ���©� ~½Ó�¾Ó $í
ì�r�̀¦ 	�éß�r�v�l� 0AK�,

���©�\� Ãºf��ô�Ç ~½Ó�¾ÓÜ¼�Ð_� ����̧�̧��H 0 s��¦ ���©�õ� ��êøÍô�Ç ~½Ó�¾ÓÜ¼�Ð��H ����̧�̧�� Áºô�Ç@/��� q�ç�H1px$í
 ���

�̧�̧_� î̈
óøÍÜ¼�Ð ÷&#Q e����[29]. 7£¤,

êF = − sin(Θ− β)êη + cos(Θ− β)êb (116)
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\�¦ �Ð�Ðs�²ú� ~½Ó�¾ÓÜ¼�ÐÂÒ'� β_� y���̧ëß��pu l�Ö�¦#Q��� Faraday screen_� ~½Ó�¾Ós����¦ ô�Ç�����,

êF ·E(r) = 0

�̀¦ ëß�7á¤�>� �)a��. �Ð:�x β = Θ�Ð Z�~��H��.
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V� 7 â�
 ÊÁn�B�ß�� ��� ¿R�N��¿�
>

7.1 1	�xjS ËÂø5�³À�¿�ª

Ä»ô�Ç¹כ�èZO��̀¦ &h�6 x�l� 0AK� ��1lx~½Ó&ñ
d��_� >�íß�%ò
%i��̀¦ ��6£§õ� °ú s� Ä»ô�Ç¹כ�è�Ð ��è�H��.∫
V

dV →
∑
e

∫
Ve

dV =
∑
e

∫ ρe2

ρe1

∫ 2π

0

∫ 2π

0

RJdρdθdζ (117)

·ú¡Ü¼�Ð��H :£¤&ñ
 ¹�èכ e�� ÅÒ#Q&�����¦ ��&ñ
��¦, �\¹�èכ @/ô�Ç '������H Òqt|ÄÌ�l��Ð ô�Ç��. &h�ì�r�̀¦ �̧f��&h�Ü¼

�Ð �l� 0AK� local ýa³ð>� ξ\�¦ �̧{9�ô�Ç��. ∫ ρ2

ρ1

dρ→
∫ 1

−1

J dξ (118)

#�l�"f, J��H ρ→ ξ ���8̈�_� JacobianÜ¼�Ð"f ρ ýa³ð\� @/K� ���+þA�Ðçß��̀¦ ���� ��6£§õ� °ú s� &ñ
_��)a��.

J ≡ dρ

dξ
=
ρ2 − ρ1

2
=
h

2
(119)

s�]j, :£¤&ñ
 ¹�è?/\�"fכ ����©��̀¦ ��6£§õ� °ú s� ³ð�&³���.

E(r;m,n) = Em,n(ρ)ei(mθ+nζ)

=
2∑
j=1

3∑
v=1

Nj(ξ)êvE
m,n
jv ei(mθ+nζ) (120)

#�l�"f, j��H ]X�&h�(node) ��� ñs� 9, v��H ����©�  7�'�_� $í
ì�r ψ, η, b\�¦ ��o������. Nj(ξ)��H ¹�è?/\�"fכ &ñ
_�÷&

��H �Ðçß��<ÊÃºs���. ����©�\� @/K�"f�̧ ���+þA�Ðçß��̀¦ s�6 x½+É �â
Äº, isoparametric formulations� �)a��[30]. r�+«>

�<ÊÃº�Ð��H GalerkinZO�[30]�̀¦ s�6 x�#� ����©�_� ³ð�&³\� ��6 x�)a �Ðçß��<ÊÃº\�¦ s�6 xô�Ç��.

F = Ni(ξ)êv′ei(m
′θ+n′ζ) (121)

�Ð�Ðs�²ú� ~½Ó�¾Ó_� @/g�A$í
Ü¼�Ð ���K� n = n′ëß� &h�ì�r\� l�#��Ù¼�Ð, y��y��_� �Ð�Ðs�²ú� �̧×¼��H "f�Ð 1lqwn�&h�s�

�)a��. ����"f :£¤&ñ
 �Ð�Ðs�²ú� �̧×¼ ns� ÅÒ#Q&�����¦ ��&ñ
��¦, �Ð�Ðs�²ú� �̧×¼\� @/ô�Ç '�����̧ Òqt|ÄÌô�Ç��.

7.2 ³À�¿�ßjÝ~
�+ Ø̧«Å�

��1lx~½Ó&ñ
d��\� Ä»ô�Ç¹כ�èZO��̀¦ &h�6 x����, ÅÒ#Q��� �Ð�Ðs�²ú� �̧×¼ nõ� ¹�èכ e\� @/�#� ��6£§õ� °ú �Ér +þAd��Ü¼

�Ð �¹�è'��§>=sכ %3�#Q|9� �.���s	כ ∑
j

∑
m

∑
v

K(i,m′, v′; j,m, v)Emjv = 0 (122)

=<§��'¹�èכ K\�¦ y�� �½Ó[þts� ÅÒ�Ð l�#����H Óüto�&h� l����\� ���� ��*$ +��Ð��� ��6£§õ� °ú ��.

Kvacuum =
∫ 1

−1

∫ 2π

0

ei(m−m
′)θ

[
(∇×Niêv′)

m′∗ · (∇×Nj êv)
m

]
2πRJJ dθdξ (123)

KICRH = −ω
2

c2

∫ 1

−1

∫ 2π

0

ei(m−m
′)θ [Niêv′⊥ · KmICRH ·Nj êv⊥] 2πRJJ dθdξ (124)
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KELD = −ω
2

c2

∫ 1

−1

∫ 2π

0

ei(m−m
′)θ

[
Niêv′‖ ·Km

zzNj êv‖
]
2πRJJ dθdξ (125)

Kcross = − ω2

c2

∫ 1

−1

∫ 2π

0

ei(m−m
′)θ

[
(∇⊥ ×Niêv′⊥)m

′∗
‖ · βmNj êv‖

]
2πRJJ dθdξ

− ω2

c2

∫ 1

−1

∫ 2π

0

ei(m−m
′)θ

[
Niêv′‖ · βm (∇⊥ ×Nj êv⊥)m‖

]
2πRJJ dθdξ (126)

KTTMP = −ω
2

c2

∫ 1

−1

∫ 2π

0

ei(m−m
′)θ

[
(∇⊥ ×Niêv′⊥)m

′∗
‖ · γm (∇⊥ ×Nj êv⊥)m‖

]
2πRJJ dθdξ (127)

Ä»���J$�"f_�e�¦�Ðs�²ú� �̧×¼\�@/ô�Ç_��>r$í
�̀¦ì�r"î
y��l�0AK�'���� m�̀¦³ðr��%i���.¹כ�è'��§>=_� source

 7�'���H îß�_���ü< ���]X�ô�Ç �¹�è\�"fëßכ Poynting flux_� Ô�¦���5ÅqÜ¼�Ð z�́|9�&h���� l�#��� Òqt|����. "é¶&h�õ� #4����

Ü¼�Ð_� Poynting flux��H 0 s��¦, �� Qt� ]X�&h�\�"f��H ���]X�ô�Ç ¹�è\�"fכ flux\� @/ô�Ç ���&h�ì�rs� "f�Ð �©�ûZ÷&

l� M:ë�H\� Òqt|ÄÌ�%i���.

7.3 Curl�+ N�ñ5Ñ'�×ß��

¦̀�=<§��'¹�èכ >�íß����HX< e��#Q"f ���©� �����Ðî�r ��Ér	כ curl_� >�íß�s���. ��6£§õ� °ú �Ér ³ð�&³ZO��̀¦ s�6 x����

curl_� >�íß��̀¦ �̧f��&h�Ü¼�Ð ½+É Ãº e����[19].

(
∇× N̂j êv

)m
u

=
(
R(1)
uv +mR(2)

uv

)
N̂j +R(3)

uv

dN̂j
dρ

R
(1)
11 = γψψ R

(2)
11 = 0 R

(3)
11 = 0

R
(1)
12 = −i nR cos Θ− γψη R

(2)
12 = −i 1

Nχ
sinΘ R

(3)
12 = 0

R
(1)
13 = −i nR sinΘ + γψb R

(2)
13 = i 1

Nχ
cos Θ R

(3)
13 = 0

R
(1)
21 = i nR cos Θ + γηψ R

(2)
21 = i 1

Nχ
sinΘ R

(3)
21 = 0

R
(1)
22 = γηη R

(2)
22 = 0 R

(3)
22 = 0

R
(1)
23 = −γηb R

(2)
23 = i 1

Nχ

G
J R

(3)
23 = −Nχ

J

R
(1)
31 = i nR sinΘ− γbψ R

(2)
31 = −i 1

Nχ
cos Θ R

(3)
31 = 0

R
(1)
32 = γbη R

(2)
32 = −i 1

Nχ

G
J R

(3)
32 = Nχ

J

R
(1)
33 = γbb R

(2)
33 = 0 R

(3)
33 = 0

Ãºf�� $í
ì�rëß�_� curl�Ér ��A�_� �'a>�M:ë�H\� 0A_� notation�̀¦ Õª@/�Ð jþt Ãº e����.(
∇⊥ × N̂j êv⊥

)m
‖

=
(
∇× N̂j êv⊥

)m
‖

7.4 �×ë5ÑÁþ�ÊÁ

��1lx~½Ó&ñ
d���̀¦ weak formÜ¼�Ð ��Ë̈�¦ �����, ����©�_� v = η, b $í
ì�r\� @/K�"fëß� ρ\� @/ô�Ç 1	� p�ì�rs� e����.

����"f, �̧��H ����©� $í
ì�r\� @/K� 1lx{9�ô�Ç 	�Ãº_� �Ðçß��<ÊÃº\�¦ ��6 xÙþ¡�̀¦ M:\���H ���©�&h���� K��� Ãºu�&h�Ü¼�Ð
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µ1ÏÒqt½+É Ãº e����. s��Qô�Ç ë�H]j\�¦ K������¦, ¢̧ >�íß�r�çß��̧ ×�¦s�l� 0AK� ��6£§õ� °ú s� �©�Ãº �Ðçß��<ÊÃºü< ���

+þA �Ðçß��<ÊÃº\�¦ ��6 x�%i���[31, 32]. 7£¤, v = ψ\� @/K�"f��H ��6£§õ� °ú s� �©�Ãº �Ðçß��<ÊÃº\�¦ ��6 x�%i���.

N1 =
1
2
(1− sgn(ξ))

N2 =
1
2
(1 + sgn(ξ))

dN1

dρ
= 0

dN2

dρ
= 0

¢̧, v = η, b\� @/K�"f��H ���+þA �Ðçß��<ÊÃº\�¦ ��6 x�%i���.

N1 =
1
2
(1− ξ)

N2 =
1
2
(1 + ξ)

dN1

dρ
= − 1

h

dN2

dρ
= +

1
h

y�� �<ÊÃº_� #3�0A��H −1 ≤ ξ ≤ 1s���.

7.5 ÊÁn��\�&P�

¦̀�=<§��'¹�èכ >�íß����HX<\���H ξü< θ\� @/ô�Ç &h�ì�r�̀¦ Ãº'��K��� ô�Ç��. Äº��� ξ\� @/ô�Ç &h�ì�r�Ér Gauss &h�ì�rZO��̀¦

s�6 xô�Ç��[25]. ∫ 1

−1

f(ξ, θ)dξ ≈
∑
l

f(ξl, θ)wl (128)

#�l�"f, ξlõ� wl�Ér Gauss &h�ì�rZO�\�"f ÅÒ#Qt���H &h�ì�r&h�õ� ��×�æu�s���. y��y��_� &h�ì�r&h�\� @/K�"f��H ��6£§_�

~½ÓZO�Ü¼�Ð θ\� @/ô�Ç &h�ì�r�̀¦ Ãº'��ô�Ç��. ���$�, �¦5Åq Fourier ���8̈�(Fast Fourier Transform, FFT)�̀¦ s�6 x�#�

f(ξl, θ)\�¦ /åLÃº ���>hô�Ç��[33, 34].

f(ξl, θ) ≈
N/2∑

m′′=−N/2

f (m′′)(ξl)eim
′′

(129)

#�l�"f, N�Ér ~½Ó0Ay�� ~½Ó�¾Ó_� �����Ãºs���. θ &h�ì�r\� �'aô�Ç ��6£§_� f���§$í
�̀¦ s�6 x����,∫ 2π

0

ei(m−m
′)θeim

′′
dθ = 2πδm−m′,−m′′ (130)

���õ�&h�Ü¼�Ð ��6£§õ� °ú s� &h�ì�rs� >�íß��)a��.∫ 2π

0

ei(m−m
′)θf(ξl, θ)dθ = 2πf (m′−m)(ξl) (131)
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#�l�"f, e�¦�Ðs�²ú� �̧×¼\� @/ô�Ç #3�0A��H

−M ≤ m,m′ ≤M

−2M ≤ m−m′ ≤ 2M

s�Ù¼�Ð

2M ≤ N/2 (132)

�Ð ]jô�Ç�)a��.

7.6 k�â«�̀g �ßjÝ~


y��y��_� ¹�è\�"fכ >�íß��)a ¦̀�=<§��'¹�èכ global ]X�&h� ��� ñ k\� @/K� �̧½+Ë����, ��6£§õ� °ú �Ér +þAI�s���.

Akuk−1 + Bkuk + Ckuk+1 = sk (133)

A1 = 0, Bk 6= 0, Ckmax = 0

�À» d��\� ��6 x�)a  7�'�_� ß¼l���H (2M + 1)× 3s� 9, '��§>=[þt�Ér [(2M + 1)× 3]2_� &ñ
~½Ó'��§>=s���. r�Û¼%7� '��

§>=_� source  7�'� sk��H ¦̀�=<§��'¹�èכ �̧½+Ë½+É M:, îß�_��� ýaÄº �_¹�èכ ���&h�ì�r_� 	�s��Ð ��6£§õ� °ú s� >�íß�÷&

�¦,

sm
′,v′

kant
' iωµ04π2rARTK

m′

a (êv′ · êa) (134)

Õª µ1Ú_� ]X�&h�\�"f��H �̧¿º 0 s���. 0A_� r�Û¼%7� '��§>=�Ér Block-Tridiagonal '��§>=_� +þAI�s�Ù¼�Ð, LU-ì�ro�ZO�

\� _�K� ~1�>� Õª K��� ½̈K������[33, 35].

7.7 ¿R�N��¿�
>

���$�, "é¶&h�\�"f��H ����©�s� ~½Ó0Ay��\� Áº�'a�>� Ä»{9��>� ���&ñ
÷&�� ô�Ç��. "é¶&h���H%�\�"f ��5Åq����̀¦ "é¶+þA\�

��¾ú�>� [O�&ñ
����, "é¶:�xýa³ð>�\�"f_� ����©� $í
ì�r�Ér ��6£§õ� °ú s� ��H���)a��.

ER = Eψ cos θ − Eη sin θ

EZ = Eψ sin θ + Eη cos θ

Eφ = Eb

����©�_� y�� $í
ì�r[þt�̀¦ Fourier �̧×¼�Ð /åLÃº���>h����,

ER =
∑
m

eimθ
[
Emψ cos θ − Emη sin θ

]
=

∑
m

eimθ
[
Emψ e

∓iθ ± i(Emψ ± iEmη ) sin θ
]

EZ =
∑
m

eimθ
[
Emψ sin θ + Emη cos θ

]
=

∑
m

eimθ
[
Emη e

∓iθ + (Emψ ± iEmη ) sin θ
]

Eφ =
∑
m

eimθEmb
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s�Ù¼�Ð, ��6£§õ� °ú �Ér �â
>��̧|	��̀¦ %3���H��.

m = ±1 {9� M:,

Emψ ± iEmη = 0 (135)

m 6= ±1 {9� M:,

Emψ = 0 (136)

Emη = 0 (137)

m 6= 0 {9� M:,

Emb = 0 (138)

ô�Ç¼#�, Faraday screen\�"f��H l�Ö�¦#Q��� y���̧_� e�¦�Ðs�²ú� _��>r$í
�̀¦ Áºr��#�

− sin(Θ− β)0Emη + cos(Θ− β)0Emb = 0 (139)

�Ð ����?/�¦, ¢-a��� �̧�̂#4�\�"f��H

Emb = Emη = 0 (140)

s���.
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V� 8 â�
 KSTAR �×
�Ç̧ÐUc�+ �\�£� 

8.1 ÌÁ³À ����]�G±ê

>hµ1Ï�)a ���íß��ï×¼\�¦ 	�[j@/ �í����̧ Ùþ�Ö6x½+Ë ���½̈�©�u� >hµ1Ï ��\O�Ü¼�Ð �&³F� ²DG?/\� |	�[O�×�æ��� KSTAR �Ð
�

}��[21]\� &h�6 x�#� fast wave_� ����� x9� f�̈Ãº, ���ÀÓ½̈1lx 1px_� :£¤$í
�̀¦ �̧���%i���. Äº��� l��:r&h���� KSTAR

�Ð
�}��_� [O�>�°ú̀�כ¦ ���½ÓÜ¼�Ð MHD î̈
+þA�̀¦ >�íß��%i���.

Parameter Symbol Value

Major radius R0 1.80 m

Radius of separatrix as 0.50 m

Radius of Faraday screen aF 0.55 m

Radius of antenna aa 0.60 m

Radius of conducting wall aw 0.70 m

Elongation κ95 1.8

Triangularity δ95 0.5

B-field at machine center B0 3.5 T

Plasma current Ip 2 MA

³ð 1: KSTAR �Ð
�}��_� l��:r&h���� [O�>�°úכ

³ðï�r&h���� î̈
+þA�©�I�\�¦ ��&ñ
�%i�l� M:ë�H\�, îß���������(safety factor)��H ��5Åq�<ÊÃº\� ���� éß��̧7£x��ô�Ç��.

MHD î̈
+þA>�íß�_� ���õ�\�¦ s�6 x�#�, FWCD �̧�� �ï×¼\� ��6 x|̈c �����\�¦ Òqt$í
�%i���. ���/BN%ò
%i��Ér MHD

î̈
+þA>�íß�\�"f ÅÒ#Qt�t� ·ú§l� M:ë�H\�, çß�éß�y� ü@¶ú�ZO�Ü¼�Ð ��H��°ú̀�כ¦ %3�%3���. ���/BN\�"f_� ���©�½̈�̧��H fast

wave\� ß¼>� %ò
�¾Ó�̀¦ ÅÒt�·ú§Ü¼Ù¼�Ð s���� ~½ÓZO��̧ Áºèß����. e�¦�Ðs�²ú� ~½Ó0Ay��\� @/ô�Ç �������H ç�H{9��>� ëß�

[þt#Q FFT\�¦ ~1�>� ½+É Ãº e���̧2�¤ �%i���. �Ð
�}��_� >�íß�%ò
%i��Ér e�¦��Ý¼��_� :£¤$í
\� ����, separatrix îß�Aá¤

_� �̧d�� e�¦��Ý¼�� %ò
%i�, separatrix\�"f Faraday screen��t�_� �â
>� e�¦��Ý¼�� %ò
%i�, Faraday screen\�"f

îß�_��� ��t�_� cold e�¦��Ý¼�� %ò
%i�, îß�_��� ��¾ú _� ���/BNÜ¼�Ð ��¾º%3���. �â
>� e�¦��Ý¼����t�ëß� hot e�¦��Ý¼

�� �̧+þA�̀¦ ��6 x�%i�l� M:ë�H\�, Faraday screen��¾ú \�"f��H \��-t� f�̈Ãº�� {9�#Q��t� ·ú§��H��. x9��̧ü< �:r�̧

\� ��6 x�)a profile�Ér ��6£§õ� °ú ��.

n =


n0

{
(1− δn)(1− ψ̂)αn + δn

}
, ρ ≤ ρs

n0δn exp {−(ρ− ρs)/λn} , ρs < ρ ≤ ρF

n0δn exp {−(ρF − ρs)/λn} , ρF < ρ

(141)

T =


T0

{
(1− δT )(1− ψ̂)αT + δT

}
, ρ ≤ ρs

T0δT exp {−(ρ− ρs)/λT } , ρs < ρ ≤ ρF

T0δT exp {−(ρF − ρs)/λT } , ρF < ρ

(142)

�Ð
�}�� ×�æd��ÂÒ\�"f_� profile�Ér MHD î̈
+þA>�íß�õ�_� {9��'a$í
�̀¦ 0AK� &ñ
½©�o�)a e�¦�Ðs�²ú� ��5Åq�̀¦ s�6 x�

#� ����?/%3���. îß�_��� [O�>�]j"é¶�Ér ô�Ç²DG"é¶��§4����½̈�è\�"f ]jîß�ô�Ç >h¥Æ�[O�>�°ú̀�כ¦ ���&ñ
&h�Ü¼�Ð ��6 x�%i�
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Parameter Symbol Value

Electron density

at magnetic axis ne0 1.25× 1020m−3

Electron temperature

at magnetic axis Te0 10 keV

Ion temperature

at magnetic axis Ti0 10 keV

Profile factor for density αn 0.5

Profile factor for temperature αT 1.0

Decay length for density λn 0.01 m

Decay length for temperature λT 0.05 m

Effective charge number Zeff 1.6

³ð 2: e�¦��Ý¼�� porfile

��[21]. ���ÀÓ½̈1lx�̀¦ 0AK�"f��H π/2_� 0A�©�	�\�¦, ��\P��̀¦ 0AK�"f��H π_� 0A�©�	�\�¦ ¿º�̧2�¤ �%i��¦, 1lx���ÅÒ��

Ãº��H 38, 50, 75 MHz�� �¦�9÷&%3���.

Parameter Symbol Value

Operating frequency f 38, 50, 75 MHz

Number of antenna NA 4

Antenna width LT 0.18 m

Antenna height LP 0.65 m

Antenna separation wd 0.09 m

Curret peak at antenna center I0 1 A

Propagation constant β 0.62

Relative phase ∆φ π/2, π

Radiated power PRF 6 MW

³ð 3: îß�_��� [O�>�°úכ

³ð&h� e�¦��Ý¼����H D(95%)-H(5%) e�¦��Ý¼���Ð ��&ñ
�%i��¦, �¦�9�)a î�r����̧×¼��H ³ð 4\� �Ð ���¹כ�%i���.

KSTAR FWCD_� ³ðï�r î�r����̧×¼��H D(95%)-H(5%) e�¦��Ý¼��\�"f 38 MHz�Ð 1lx���½+É M:s���. s� M:, D

ü< H\� @/ô�Ç s��:r/BN"î
�̀¦ �Ð
�}�� ×�æd��ÂÒ\�"f x�½+É Ãº e��>� �)a��. �t�ëß�, �Ð
�}�� îß�Aá¤_� �â
>�%ò
%i�\�"f

���çß�_� s��:r /BN"î
�̀¦ ëß���>� �)a��. KSTAR ICRH_� ³ðï�r î�r����̧×¼��H D(95%)-H(5%) e�¦��Ý¼��\�"f 50

MHz�Ð 1lx���½+É M:s���. s� M:, H_� 1	� s��:r/BN"î
õ� D_� 2	� s��:r/BN"î
\� _�K� ò́Ö�¦&h���� s��:r��\P�s� �Ð
�

}�� ×�æd��ÂÒ\�"f {9�#Qèß���. q��§&h� Z�}�Ér ÅÒ��Ãº��� 75 MHz \�"f�̧ ���ÀÓ½̈1lx�̀¦ Òqty��K� �̂¦ Ãº�� e����HX<, s�
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Frequency D(95%)-H(5%)

38 MHz Current drive

50 MHz Minority heating

75 MHz Current drive(3rd D?)

³ð 4: î�r����̧×¼

M:��H D_� 3	� s��:r/BN"î
 ò́õ��� ×�æ¹כ�>� �)a��.

Äº��� îß�_���_� ��ÃºÛ¼&7�àÔ!3�s� þj@/�� ÷&��H �Ð�Ðs�²ú� �̧×¼\� @/�#� y��y��_� î�r����̧×¼\� ���Ér fast

wave_� :£¤$í
�̀¦ ¶ú�(R�Ð��¤��.

npeak = −
[

∆φ
wd/RT

]
≈

 −20, ∆φ = π/2

−41, ∆φ = π
(143)

>�íß�\� ��6 x�)a �����Ãº x9� �̧×¼Ãº_� #3�0A��H ��6£§õ� °ú ��. Õª µ1Ú_� {9�§4�°úכ[þt�Ér ÂÒ2�¤_� ���íß��ï×¼ {9�§4� �o

Parameter Value

Number of radial grid points 170

Number of poloidal grid points 65

Poloidal modes −7 ≤ m ≤ 7

Toroidal modes −60 ≤ n ≤ 60

Number of Gauss integration points 3

³ð 5: Ãºu�&h� ���Ãº

{9��̀¦ �ÃÐ�¦�l� ��êøÍ��.

8.2 ÌÁ³À N�ñ5ÑÚr
ø�

1. MHD î̈
+þA>�íß� x9� ��5Åqýa³ð>� Òqt$í


2. 1lx���ÅÒ��Ãº x9� îß�_��� ��ÃºÛ¼&7�àÔ!3� [O�&ñ


3. f = 38MHz, n = −20\�"f_� FWCD :£¤$í


4. f = 38MHz, −60 ≤ n ≤ 60\�"f_� FWCD :£¤$í


5. f = 50MHz, n = −41\�"f_� ICRH :£¤$í


6. f = 75MHz, n = −20\�"f_� FWCD :£¤$í
(3rd D �¦�9�t� ·ú§6£§)

7. f = 75MHz, n = −20\�"f_� FWCD :£¤$í
(3rd D �¦�9)
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ÕªaË> 1: Profiles of normal shear mode.
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ÕªaË> 2: Profiles of reversed shear mode.
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ÕªaË> 4: Antenna power spectrum
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ÕªaË> 5: Distribution of fast wave electric field and absorbed power
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ÕªaË> 7: Toroidal mode spectrum of power and current drive effiency
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ÕªaË> 8: Distribution of fast wave electric field and absorbed power
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ÕªaË> 9: Distribution of fast wave electric field and absorbed power
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ÕªaË> 10: Distribution of fast wave electric field and absorbed power
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ÕªaË> 11: Distribution of fast wave electric field and absorbed power
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ÕªaË> 12: Distribution of fast wave electric field and absorbed power
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