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<1�5,�8� 5, ��<� 3,� C@!BXCb\ 6��� 3,� /:,1 3�6� 5, 1�� <,�3-�.42 1�� <7�/5.1�� -,� 3�� F,4=/�� .�16� 5<��,0 �. 1 3� .�.Q�12/,3 �.�,0� /, <.�,< 3/ 1�5 3.�� K 3K7 0. ��/ 3�2� G7�9/5.1��� O P 67�� F /, =1 3 .4��� ,3; 3�=1,�. 1� <�=K7�5. 1�� �7,�1��/ 1.1 3�8� ��5�1��
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/�=��S /,
3/����< 0. R
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nα,0

/�5K�7 0Q��5, 1�� .�3e5�1 3�2 <���=1�1. >.� O /�5.1 0�� .�� 5���;. =-9
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J, 50. <�81� 5.1 3� / 1� K 3K7 3�-�.4 0. <.0��,3 �.�,0� 1 3� ,N2� ,�;,3�1 3�6� 1 356� F - 3. 6�.
,�-./ 1�� 3.�= <7�/5. GH �	¨� R ni ∼ 109 cm−3 F nd ∼ 105 − 106 cm−3 F Qd = −Zde ∼
103 − 104 e F nd ∼ 109 δ cm−3 >�.3 .�1 0�. �=����

r = 1 − 5µm
S O �M�.� <�=:,3���

�<�7�- 3/5=� >K7 O �	¨� - 3. 7,<1�56�,3,�S ; 0�, 3 5 0. BV� "DWEW! W!@!"W`B�g" ?@ AB !WU\�
ωp,α = (4πnαQ

2
α/mα)

1/2 0/� 5,
ωp,e = 109 s−1 >2

Hz)
- 3. 1. �7,�1�=� 3. F ωp,i = 107 s−1- 3. 1. 3=�1. F �. 3 ωp,d = 103 δ−1/2 s−1 - 3. 1��� �=����� /�=��� R <.�.1���L5, =1 3

ωp,d �
ωp,i, ωp,e

O M< 0/�� F /, =1 3 .4��� 1 3� /�:�=1�1,� .77�7,< 3;��/,�� >C� UZB�g"S να,α′

F .�16�,0�. 3 1�� 1�N�� 1�� ∼ 104 − 105 s−1 - 3. ���L/,3� 5,1.NL
e, i

>;�7 O
νe,e

F νi,i F νe,iS I ,< 0/��
νd,e

F νd,i ∼ 108−109 s−1 I =5�� F νd,d ∼ 1×δ1 s−1 >�S F <��-5. <�� ,< 31�6<,3 1�� <.�.12��/�>�. 3 h�4 3.�2 �.1.-�.42 � � 3��5.1�-��4�/� 5, .<7= ,N�<7 3/5= � �		�S 4.3��56��� <��
<�-�Q��� .<= 1�� � 3��1 3�2 f,��0. >� �<�0. /:,1 0Q,1. 3 .<= 1�� 0; 3. 1�� 1� e,5,7 0�/�
5,  XC� UBCU?XCb\ :��� 3�6� �7 05.�,� �¨��S � O
+ ;3.4��� 1�� GH .<= 1� **�� 3�= ++ <7�/5.

e− i
=5�� ;,� ,0�. 3 5=�� <�/�1 3�2 F .77� �.3

>���0� �S <� 3�1 3�2 O J 0. /,3�� .<= �6. *,N�13�� + 4.3�=5,�. ,54.� 0Q��1.3I .� .�.46���5,
5,� 3�� O
.S + �� U"XC	 � X!CZ !"BE WUV �U� W#UV Q >7=-� ;��.5 3�2� 4=�1 3/�� .<= 1� 3�� 3/56��
<,� 3K�77�� S
 ,< 3K�77,3 5 0. �6. <,� 3-�.42 .<= 1�� <7,��� 1�� H1.1 3/ 1 3�2� J�:.� 3�2� �
=<�� 1�

Q
.<�1,7,0 ;��.5 3�2 5,1.K7�12 �. 3 =: 3 / 1.e,�� �	� F 	�� � �.3 <���.7,0 6�. �6�

�¢¡� z δ = 0 0 ru¥ ny§q¡ � yt � δ = 1 2vo s = −14 s �t �� �
 � t�xrr§.¡n¡ w q ¡�oywrxq u q t�§ w¡ny§q¡ � ytw1n wtn¡ �xp ouqt � §0 � w§nx n�1q �t no �or �81��xq � z0 z s;r  t�§ yxv5wo¥ z�£r§yo�wt � � z0 z s �t wx tqw un wrx.x wxp 0trtyw¡r�n w �yx; 0r§qxp τD,α ≈ ω−1
p,α = λp,α/vth,α

�xp0ro�1:owt� s �t wx n0¡vtw�nv§ wxp q/.xp¥ Debye s;r  t�§ wx n v1w �x 2vth,α
ouqt � ¡ |orv �y5 wt0;w¡wt

(Tα/mα)1/2 2Tα
6 |orvxyrtn ut wx; ��¡|pnvx; n vtw u q α4 yt� λp,α = vth,α/ωp,α

wx v5yx¥ Debye s �twx n v1w �x α = e, i, d4 � 8� z =D> � D� � DH? z�7 �t tpw§ wx �§sx wt .t�q§voqt �xp vo�ow1 ¡ Cpn �y5 2yt� ¡ � ¡vout4 no n0/n¡ vo w¡q �trxpn ut
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5�:.� 3/5= .<=/K,/�� >.�,N��1�1� .<= 1�� .<=/K,/�
Landau

2 1 3� /�-���L/,3� 5,1.NL
1�� /�5.1 3; 0��S O
K S + ,N. 3�,1 3�� :.5�72 /:6/� 1�� 4��1 0��

Q
<��� 1� 5�Q.

M
1�� �=���� /�=��� �;�9

-,0 /, � !� VWXCb\ �V"A �X\ � 3 �<� 0,� 5<��,0 �. ,0�. 3 /�-�� 0/ 35,� /, 1�N� 5,-6e��� 5, 1 3�
�7,�1�3�6� >���0� � /, ./ 1��4�/ 3�= <,� 3K�77�� S �¨F ¨¨� 9 .�1= 1� / 1�3:,0� ;,� �<2�:,
/ 1�� <.�.;�/ 3.�2 �7,�1��;��.5 3�2 1�� �7,�1��� 0�� �.3 1�� 3�� 3/56��� .1=5�� O
- S + /�5.�1 3�2 5,1.K�72 1�� 4./ 3�2� 1.:L1�1.�

vph = ω/k
1�� �7,�1��/ 1.1 3�8� ��5�9

1�� >7=-� 1�� /�=���S 6:,3 � � .<�167,/5. 1�  �Xg b"E � �A"XBE !?DB� �BE\ Landau�¨� F ¨�� �.1� 1� ; 3�;�/� .�=5� �.3 �� 3�8� >< O: O 3��1�9.���/ 1 3�8�S �7,�1��/ 1.1 3�8�
��5�1�� 56/. /, GH �� .;S G.�.1��,01.3 <,3�.5.1 3�� >�. 3 ,�5��,L,1. 3 e,���1 3��S � ;��.1=1�1. b@ �E\ 5,1.NL
>�5=/�5. 4��1 3/56���S �=���� /�=��� >�S F 7=-� /LQ,�N�� 5, ��<�3� <,� 3K�77�� �L5.
� �.1� 1�� <.���/ 0. ��2� 3=�1�� /, <,3��5.1. �	
� I <�=�,31. 3 - 3. 5�:.� 3/5= .��7�-�
1�� 4.3��56���

Cooper
>/:�5.1 3/5=� Q,L-��� �7,�1��� 0��S / 1�� �<,�.-�- 35=1�1. �	� O,S �M�. ,�1�<�/3.�= �6� 4.3�=5,�� <�� �4,07,1.3 / 1�� �h�72 1 352 1�� 4��1 0��

Q
, 0�.3

� ;��.1=1�1. - 3. �h�76� 1 356� 1�� 56/�� � ��.5 3�2� >/, /:6/� 5, 1�� � 3��1 3�2S M�6�9
-,3.� / 1� <7�/5. F ;�7 O - 3. �h�76� 1 356� 1�� ?!� ! bW� UV ?@ AB !WU\ Γ = Eδυν/Eκιν ∼
(Q2/r)/(kBT )

��
,
5, .<�167,/5. .�=5� �.3 1� /:�5.1 3/5= ���/ 1.77 3�8� ;�58� /, ¨F	 2 � ;3./ 1�/,3� �� F <��-5. <�� ,< 31�6<,3 1�� <.�.12��/� >�. 3 ,< 3K�77,3 1� e,���1 3�2

,�5��,0.S �6�� 4.3��56��� >- 3. 1� ��/ 3�2 G7�/5.1��S =<�� .77.-6� 4�/�� �� F 1.7.�918/,3� <76-5.1�� F ���/ 1.77 3�6� ;�56� �7< Od �1� 1. �6. 4�/ 3�� 4.3�=5,�. F /, /��;�./5= 5, �77. < 3� ,N,3; 3�,�56�. <�� <.�.7,09
<��5, ,;8 >< O: O .��5�3�-6�,3. / 1� / 1.1 3/ 1 3�2 �.1.��52 1�� 5�Q.� �. 3 1�� ;3./ 1�/,��
1�� 4��1 3/56��� �=���� F �6� 3 5�:.� 3/5� 0 .<=/K,/�� � O� OS /��e61��� ,;8 �.3 >7 3-=1,��
.<=S ;L� ;,�.,1 0,� 6�. �6�

puzzle
/ 1� :8�� 1�� ��/ 3�2� G7�/5.1�� �. 3 ,< 3K�77��� 1��.��-�� - 3. ,�5��,0. �6�� 4.3��56��� >�L5.1. F ./ 1�e,3,� F OOOS <�� �4,07��1. 3 .��3K8�

/ 1�� <.���/ 0. 1�� <��/50N,�� >/�=���S O
d � ;�L5, =5�� F /, /��1�50. F 1 3 /:6/� e. 5<���L/, �. �<��:,3 5,1.NL 1�� <7�/5.1��
5, /�=�� >GHS �.3 1�� ��/ 3�2� <�� ,4.�5=Q,1. 3 / 1�� ,7,-:=5,�� /L�1�N� �� O

��� � �&# % ��% ��&��% �� ��� ����� ����% �������%
+ <.���/ 0. /�=��� /, .�1 3;�./ 12�,� ,7,-:=5,��� /L�1�N�� >dMHS �	
� �.3 � < 3e.�2
,< 0<1�/2 1�� / 1� /�5<,�34��� 1�� <7�/5.1�� �.1� 1� 7,31���- 0. 1��� F .<�1,7�L� 6�.
.�� 3�1= e65. <�� 5=7 3� 1. 1,7,�1. 0. 7 0-. :�=� 3. 6:,3 .�: 0/,3 �. ,N,1�Q,1.3 <��/,�1 3��
�¨�� O �; 3. 01,�� .4��52 - 3. .�1= .<�1,7,0F 1,7,�1. 0. F � /��1�� 3/56�� <��/<�e,3. <�778�
,�,���1 3�8� �5�;�� - 3. /�77�-2 1,:��-��/0.� .<= �<��:��/,� 	 E� !"b\ BZ"WE�E\ 

,�¤pv¡|ouwo §w � wx .t �q§voqx w¡¥ t�§n8on¡¥ Landau /r0owt� n wx �rxny5q �x §wtq ¡ .tn �y5 wt0;w¡wt

vth = ω/k o uqt � npsyrun �v¡ no v/so|x¥ vo w¡ | orv�y5 wt0;w¡wt vth = kBT/m w q ¡�oywrxq u q 25 yt�
w q �r wxq u q � tq1�xst vo wx �r§8�¡vt4 =D> � DH? z ¢ouwo n0ow �y1 w¡ 9 �1�oB¡ wxp y z � z ¦�10xp n w�¥n¡vo�3no�¥ wxp 
~� ��~���~� ������� ��� ��� �~� ~���� � ������� 2£tq z ¤onnt� ut¥ � ����4 z,,

r 6 v/n¡ t�§n wtn¡ vowtB; n vtw u q � T 6 |orvxyrtn ut � kB
6 ¡ n wt|or1 wxp Boltzmann. ��x �x95�xwo�tqo� �n w¡v�ty§ 8 �8� ux Cpn �y5¥ £�1nvtwx¥ =D� � DH? tqt./ro� §w � wx �9tq �y§ ��1nvt 0trtyw¡ru:owt� t�§tn|oq5 n;:opB¡ � 9¡� z Γ � 1 z �pw§ ��� t.xr1 wx ��1nvt vo ny§q¡ � §�xp ty§v¡ yt � w �v/¥ w¡¥ w1B¡¥wxp 102 / ¥ 104 ouqt � npq¡| �nv/qo¥ <,@¦� z =�H? s �t tqtny§�¡n¡ w q �o�rtvtw�y3q �trtw¡r5no q no n0/n¡ vo wx ��n woro§ �� tpw§ ��1nvt z,F£trtw¡rouwt � �w5B¡ � 29¡� z vow18tn¡ t�§ w¡ �n woro1 � .1n¡ �rx¥ w¡q �psr5 �4 s �t Γ ≥ 170 2|o r¡w �y5�r§8�oL¡ 6 ����� D�AH =�J? � �xp ytw§� �q o�t�¡|o;w¡yo �o�rtvtw�y14 z,I- o�§voq¡ �tr1srt.x¥ §D z� t�xwo�ou 8o8tu ¥ ��¡rx.xr�ty5 �tr/q|on¡ n w¡q �trxpn utn¡ tpw5 �   ¥oropq¡w�y5 orstn ut 6 x zzz 8 �tn w �y§¥ tqtsq3n w¡¥ v�xrou qt w¡q �trt�ouLo� � no v ut �r3w¡ tq1sq n¡ z
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>���0� � 1L<��
Tokamak 15S F 5, /��<= 1� /:,;3./5= �.3 1�� �7�<�0�/� � 56/. / 1. ,<=9

5,�. :�=� 3. � 1��  �cA@ UV .�1 3;�./ 12�.
ITER

16 �	�� F � �<� 0�� e. .<�1,76/,3 <���=�
/��,�-./ 0.� >�. 3 /�-:��5.1�;=1�/��S 5,1.NL 1�� M���<.��2� �M��/�� F 1�� + OG Od O �.31�� �.<�� 0.� O M 0�. 3 -��/ 1= =1 3 <�=�,31. 3 - 3. 6�. 1,��/ 1 3� ,-:,0��5. F 1=/� .<= <7,����
,< 3/ 1�5�� 3��L /:,;3./5�L �.3 5�:.��7�- 3�2� <�.-5.1�<�0�/�� F =/� �.3 � 3����53��L
<��-�.55.1 3/5�L �.3 ,< 3:,3��5.1 3��L �=/ 1��� F 1� 56-,e�� 1�� �<�0�� ���,3 <��4.�2
1�� .��-�� - 3. <�7L <��/,�1 3�2 <��,1� 35./ 0. 1�� 1,:� 3�8� :.�.�1��3/ 1 3�8� F �.1�77�97� ,< 37�-2 �7 3�8� F 7,31���- 3�2 5��4�7�- 0. 1�� �.1./�,�2� �7< O

H:25. ¨R ����� � �����	 �
�	 
�
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SEM: Scanning Electron Microscopy): a)
TEXTOR

���
��� ��� � !" # $ �
JET

�%��� ��� �&  " '

d<= <�L =5�� <��6�:,1. 3 � ,�;,:=5,�� <.���/ 0. /�=��� / 1��� .�1 3;�./ 12�,� /L�1�N�� (
H1.:��7�-8�1.� <,3�.5.1 3�6� .�.4��6� .<= 1�� �<��:��/. K 3K7 3�-�.4 0. F K76<��5, =1 3� L<.�N� /�=��� 6:,3 .� 3:�,�1,0 >�. 3 � 5��4�7�- 0. �.3 � 4�/ 3�2 1�� <��67,�/� 6:���
;3,�,���e,0S 1. 1,7,�1. 0. :�=� 3. .<= <�776� ,�,���1 3�6� �5�;,� <�� ;�./ 1��3�<� 3�L�1. 3
<,3�.5.1 3�� -L�� .<= dMH �� F � 3 �<� 0,� 6:��� /�Q�12/,3 1�� ,5<,3� 0. 1��� /:,1 3�� 5,
1�� ,< 0<1�/2 1�� / 1� 7,31���- 0. 1�� <7�/5.1�� F <��/<.e8�1.� <.��77�7. �. .�172/���/�5<,��/5.1. - 3. 1�� < 3e.�= �=7� 1�� / 1� 7,31���- 0. 1��

ITER. H, -,� 3�6� -�.556� F � 35,761,� .�16� .<�;0;��� 1�� <��67,�/� 1�� /�=��� /, �=<�/� �73��L / 1. 1525.1. <��
6�:��1. 3 /, ,<.42 5, 1� <7�/5.

(PFC: plasma facing components,
/ 1� K 3K7 3�-�.4 0.S F �.3/�-�,��356�. / 1�� .<��=77�/� 53��8� �=���� >2 1�� .<=N�/� � 34�;�� �

flakes)
�7 3��L

.<= 1. 1� 3:85.1. 1�� .�1 3;�./ 12�. O � 3. 1�� .��0K ,3. F � 3 <.��46� 1�� 1���,3;�L� e.7�9
5�� =<�� ,-�7�K 0Q,1. 3 1� <7�/5. /L�1�N�� .<�1,7�L� .�1 3�,05,�� 3; 3. 01,��� <��/�:2�
�.1� 1� /:,;3./5= ,�=� dMH R <��K76<,1. 3 ��<� 3��  E� !"XB D\ ?!� bCC@ XBE\ (divertor2

limiter)
1�� 4��1 3/56��� /�5.1 3; 0�� ><���=�1�� 1�� .�1 0;�./�� /L�1�N��S <�� <��9

/,-- 0Q��� 1. ���. 1�� 1=��� 5, �h�72 � 3��1 3�2 ,�6�-,3. F 8/ 1, .�1� �. .;�.��<�3�e�L�
�. 3 �. ;3�:,1,�1�L� 6N� .<= 1�� e�7.5� F .�1 0 �. <��/���L/��� / 1. �7 3�� 1� 3:85.1. O
d �16� .��3K8� �3 <��/���L/,3� /�5.1 3; 0�� F � 3 �<� 0,� <.�=7. .�1� ;,� 5<���L� �. .<�9
4,�:e�L� <72��� F ,0�. 3 �<,Le��,� - 3. 1 3� �h�76� < 36/,3� <�� :.�.�1��0Q��� 1�� <,� 3�:2

15¦� z w �¥ n0ow �y/¥ 9 �t�/Bo �¥ n wt ��t un �t wxp E0x�ouxp z
16ITER : International Thermonuclear Experimental Reactor.,�Eo �r§n.two¥ vo�/wo¥ �or ��tv81qxqwt� n wx �0out t�§ sq n w/¥ v¡0tq/¥ n;qw¡B¡¥ §� ¥ 6 JIPPT-IIUn w¡q Kt� q ut (Narihara et al., 1997 [30]), JET (Peacock et al., 1999 [31]) n w¡q �ss� ut � Tore-Supran w¡ 7t�� ut (Chappuis et al., 2001 [32]), TFTR n w �¥ - z£ z� z (Skinner et al., 2001 [33]), TEXTOR

(Muto et al., 2002 [34]) yt� ASDEX-Upgrade n w¡ 7orvtq ut (Sharpe et al, 2003 [35]), LHD (Large
Helical Device) n w¡q Kt� q ut (Sharpe et al., 2003 [35], Sagara et al., 2003 [36]) y z1 z






.�12 1�� <7�/5.1�� �� �.3 - 3. 1�� .<��=77�/� .�,<. 0/e�1�� 15�5�1�� >�=����S .<= 1�
�7 3�= .<= 1� �<�0� ,0�.3 �.1./�,�./56�. 1. 1� 3:85.1. R /���e6/ 1,�. /L�e,1. �7 3�� 5,
K�/� 1�� ��e�.�. >0�,� -�.4 01�S F tungsten

.77� �.3 K��L77 3� 2 561.77. >/ 0;��� F � 3�67 3� F:�853� � O� OS O H1� /��6:,3. F .�1� 0 � 3 �=���3 �7 3��L �
 , 01, <.�.56���� ,�1=� <7�/5.1��
>=<�� ,�;6:,1. 3 �. 4��N��� < O: O 7,<16� ;3=;��� <�� ,N�<��,1�L� ;3.-��/ 13��L� /��9
<�L�S ,01, �.1,�eL���1.3 <��� 1� ,< 0�,�1�� 1�� /L�1�N�� 5, ,�;,:=5,�� ,< 0<1�/� / 1��
0; 3. 1� 7,31���- 0. 1�� ;3�1.N�� O H�5<,�./5.1 3�� F � <.���/ 0. /�=��� / 1��� dMH �4,09
7,1.3 /, ;3.;3�./ 0,� .77�7,< 0;�./�� <7�/5.1�� � �7 3�8� F � �.1.�=�/� 1�� �<�0�� >1��
�<�0. ;,� 6:��5, .�=5� <72��� ,< 31L:,3S .<�1,7,0 <���<=e,/� - 3. 1�� �.1./�,�2 ,�=�
7,31���- 3�� 3�.��<�3�1 3��L �7 3��L <,�3K725.1�� 1�� :8��� ,-�7�K 3/5�L 1�� <7�/5.1��
/L�1�N�� O
P. <.�.<��� / 1�3:,0. .4���L� 1�� <��67,�/� 1�� /�=��� <�� .� 3:�,L,1. 3 56/. / 1���
.�1 3;�./ 12�,� /L�1�N�� F .77� ;,� .-- 0Q��� 1� ,�81�5. 1�� � D@ UVF .�1�L �.e,.�1�L F<�� 5<��,0 �. <.0N, 3 � /�=�� / 1� 7,31���- 0. 1�� .�1 3;�./ 12��� O �.1� -,� 3�2 �5�7�- 0. F,�8 � /�=�� ;,� 4.0�,1. 3 �. .<�1,7,0 /�5.�1 3�= Q21�5. / 1��� /�5,� 3��L� > XC� UZ\S,�-./ 1�� 3.��L� dMH F 4.0�,1. 3 �. .<��1� ��0/ 35� /�5./ 0. /, /:6/� 5, 1� 7,31���- 0.
5 0.�  �cA@ UV  �cb�UV\ 5�:.�2� F =<�� 1� ITER. J<���L5, �. ;3.��0���5, 1�� < 3e.�2
,< 0;�./� 1�� /�=��� /, ;L� K./ 3��L� �N��,� R � <�81�� .4��� Q�125.1. ./4�7,3.� <��
6:��� /:6/� 5, 1�� <.���/ 0. /�=��� F ,�8 � ;,L1,��� /:,1 0Q,1. 3 5, 1�� 0; 3. 1� 7,31���- 0.
1�� .�1 3;�./ 12�. /L�1�N�� O
� <�81�� �N��.� 4.0�,1. 3 �. ,0�.3 /:,1 3�� /.42� R � 3 �=���3 /�=��� >�.3 3; 3. 01,�. .<=
�7 3�� 5, K�/� 1�� ��e�.�.S 6:��� .<�;,;,3-56�. .�N�56�� :�53�2 3�.�=1�1. <��/�=9
4�/�� �. 3 ,-�7�K 3/5�L 3/�1=<�� 1�� �;��-=��� O M/ 13�Q��1.� 7� 3<=� / 1�� <,�0<1�/�
.<���=4�/�� 56���� 1�� >�.;3,�,�-�LS 1�01 3�� 1

3

+ <�� �<��:,3 / 1�� .�1 3;�./ 12�.��
,.�1= /�5.0�,3 =1 3R .S � /�=�� <�� e. ;3.��,L/,3 /, <,�0<1�/� .1�:25.1�� e. 5<���L9

/, �. /��1,76/,3 /, >561�3.� �7 05.�.�� � .77�S .�,N67,-�1� ;3�:�/� �.;3,�6�-,3.� / 1�
<,� 3K�77�� F �. 3 K S � <,� 3/�77�-2 1�� /�=��� .<= 1�� e�7.5� /L�1�N�� e61,3 Q�125.1.
./4.7,0.� 1�� <��/�< 3��L O M< 0/�� F 6:,3 /�Q�1�e,0 � < 3e.�=1�1. ;��.5 3�2� ,< 0<1�/��
.�12� 1�� .<���=4�/�� 1�31 0�� >.<= 1� /�=��S / 1� .<=e,5. **�.�/ 05�� ++ 1�� .�1 3;�.9
/ 12�. >K7 O �<�/�5 O 	�S O
�5�7�-��56��� F � ;,L1,��� �N��.� 1�� �=7�� 1�� /�=��� ;,� 6:,3 <72��� .<�/.4�9
� 3/ 1,0R � 3 /:,1 3�6� 5,761,� 6:��� .�: 0/,3 ,N. 3�,1 3�� <�=/4.1. F �.3 � ���0�� 7=-� 1��
677,3h�� �.1�77�7�� ;3.-��/ 13�8� 1,:� 3�8� - 3. 1� 5,761� 1�� ;��.5 3�2� 1�� GH  bB!/, dMH /, 7,31���- 0. � <,�3��0Q��1. 3 <��� 1� <.�=� /, <,3��5.1. �;�-�L5,�. .<= 1�
4�/ 3�2 ;3. 0/e�/� F e,���1 3�6� , 3�./ 0,� 2 �.3 .<72 4.3��5,��7�- 0. O G 3� /�-�,�� 356�. F1,7,�1. 0. �.1.-��4,1. 3 5 0. .�N.�=5,�� 1�/� 1�� <,3�.5.1 3�8� �. .<�;0;��� 56��� .<=
1 3� � X!CU?b\ @�XWUV� c#!\ (disruptions)

<�� :.�.�1��0Q��� 1� <7�/5. /L�1�N�� F / 1�� <.9���/ 0. /�=��� .<= 1. 1� 3:85.1. >K7 O <.�.<��� SO M�;3.46��� <.���/ 3�Q,3 5 0. 5,761�
/, dMH / 1�� �.<�� 0. ���� F � �<� 0. / 1��0:1��, / 1�� ,7,-:=5,�� ;3./<��� /�=��� /,
,�- �or�x05 tpw5 xqxv1:owt� n w¡q wo0q �y5 8 �8� �xsrt. ut ��
 �~� � �������� (Scrape-off layer, SOL)9 �§w � 0trtyw¡ru:owt� t�§ vtsq¡w�y/¥ srtvv/¥ �xp w/vqxpq ��1s �t w¡q ��1yt wxp divertor � x9¡s3qwt¥

no ��opr�y/¥ 9 �trrx/¥ ��1nvtwx¥ z,�- wp� �y5 9 �tv/wrx¥ w q y§yy q ouqt � w¡¥ w1B¡¥ w q D� � D�� nm � o uwo � � �� µm
G tq1�xst vo wx

p� �y§ �rx/�opn¡¥ G n¡vtqw �y§ v/rx¥ w q x�x u q /0xpq n �9¡rxvtsq¡w�y/¥ �9 �§w¡wo¥ =D� ? z@�¤pv¡|ouwo w �¥ 8tn �y/¥ tqw �9r1no�¥ n w�¥ x�x uo¥ n w¡ru:owt� x v¡0tq �nv§¥ w¡¥ n;qw¡B¡¥ 6 n5vort x ���E n w¡ru:xqwt � ypru  ¥ n w¡q tqwu9rtn¡ 9opw/r�xp�wr uw �xp (D - T)
� 8� z o�nts s �y/¥ 9 �t�/Bo�¥ wxp

E0x�ouxp � 8� z o� un¡¥ =�A? z@,£tr1 w¡ oBt �row �y1 vo� v/q¡ ov.1q �n¡ rt9 �oq/rso�t¥ ytw1 w¡ 9 �orstn ut w¡¥ �pr¡q �y5¥ n;qw¡B¡¥ � non0/n¡ vo w¡q �pr¡q �y5 n01n¡ � tpw5 9oq ouqt � tq;�tryw¡ =�A? z
�



<7�/5. /L�1�N�� ><�3� �. 3 �.1� 1� 7,31���- 0.S �. 3 �.16;,3N, 1�� < 3e.�= �=7� 1�� /�=���
/ 1 3� /��e2�,� 7,31���- 0.� 1�� .�1 3;�./ 12�.�� O � ,;�56��� =1 3 <7�/5. 5, /�=�� 5<��,0F=<�� ,0<.5, F �. /:�5.1 3/ 1,0 ���0� � / 1. ���. 1�� .�1 3;�./ 12�. >���1� / 1. 1� 3:85.1. F.<= =<�� <��6�:,1. 3S �. 3 =1 3 � �.;3,�,�-=� 4=�1 3/� 1�� �=���� /�=��� 1��� ���,3 �.
.77�7,< 3;��L� 1=/� 5, �7,�1�3�� �. 3 5.-��1 3�� <,;0. >=<�� .�1= 1��

divertor,
/, .�12

1�� <,� 3�:2S =/� �.3 5, �7,�1��/ 1.1 3�� 2
MHD

�L5.1. � =<�� < O: O � 3 ,�1�< 3/56�� 3
1�=<� 3 1.7��1�/�� / 1. ���. 1�� <7�/5.1��

(Edge Localized Modes, ELMs),
e,��,01.3

.<.�. 01�1� � �.1.�=�/� 1�� 4�/ 3�2� ;��.5 3�2� 1�� 1�=<�� 1.7��1�/�� <�� ; 3,-,0���1. 3
56/. / 1� GH 8/ 1, R .S �. ,7,-:e,0 � >,< 3K7.K2� F =<�� ,0<.5,S <��8e�/� /�=��� <���
1� ,/�1,�3�= 1�� <7�/5.1�� /L�1�N�� /, 8�. 7,31���- 0.� 1�� .�1 3;�./ 12�. F �. 3 K S �.,N,1./ 1,0 � .<�5�����/� 1�� �=���� � =<�� 6:,3 <��1.e,0 � ;��.5 3�� �.1� 1� 7,31���9
- 0. 1�� .�1 3;�./ 12�. >�.3 =: 3 **5, 1� :6�3 ++ 5,1� 1�� <.L/� 7,31���- 0.�S O P� /�5,�3�=
,< 0<,;� -�8/�� - 3. 1� ��/ 3�2 1�� .77�7,< 0;�./,�� <7�/5.1�� 5, �7 3�� 1� 3:85.1. >.�.9
4��3�� 5, 1��� dMHS .<,3��� 0Q,1. 3 /, ;L� ,�1,�2 /�77�- 3�� >/��,�-./ 0. ¨	 ,�,���18�
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 :8�,� �S /:,1 3�� <�=/4.1� ��e�� ���� F =<�� - 0�,1.3 /.42� .�.4��� �.3 / 1� Q29
1�5. 1�� ,< 0;�./�� /�=��� O �,� 3�=1,�. F � /:,1 3�2 K 3K7 3�-�.4 0. ,5<7��1 0Q,1. 3 / 1.;3.��
5, 5,761,� 1�� ��/ 3�2� >�.e.��S <7,���� 1�� Q�125.1�� F 1=/� .<= <.�.1���/ 3.�2 ><,39
�.5.1 3�2S ��
 F ��� �.3 e,���1 3�2 ��� F ��� /��< 3� F =/� �.3 5, 1� :�2/� ,N,3; 3�,�56���
.�3e5�1 3�8� 5,e=;�� - 3. 1�� �9; 3�/ 1.1� <��/�5�0�/� �� ¨� 1�� ��5.1 3�2� /�5<,�34����1�� GH 56/. /, .�1 3;�./ 12�,� /L�1�N�� O
H���h 0Q��1.� F � 4�/ 3�2 <,�3-�.42 1�� <7�/5.1�� 5, /�=�� /, /:6/� 5, 1� 7,31���- 0.
1�� .�1 3;�./ 12��� /L�1�N�� .�1 35,1�< 0Q,1.3 /25,�. �� 6�. <�=K7�5. <�� <�6<,3 �. - 0�,3
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M 0�. 3 4.�,�= .<= 1. <.�.<��� =1 3 � /�5.�1 3�2 <.���/ 0. /�=��� 5<��,0 �. 1��<�<�329
/,3 6�1��. 1. :.�.�1�� 3/ 1 3�� 1�� �.��� 3�8� 1�=<�� 1.7��1�/�� <�� ;3.;0;��1. 3 / 1�
<7�/5.�� �¨� F ¨
� O M< 3<76�� F �6� 3 1�=<� 3 1.7��1�/�� <.�.1���L�1.3F :��0� .��7�-� /,
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e − i
O H1� /��6:,3. e. ./:�7�e�L5, 5, 1� ;3�;�/� ��<�3�� �7,�1��9
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5.� <.�.��1� / 1��0Q,1.3 /, 5 0. 56e�;� ;3.1.�.:8� <�� <,�3-��4,3 ��5.1 3�� 4.3�=5,�.
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/L/ 1�5. ,< 31�6<��� 1�� L<.�N� ,�=� >c� !  XCUZS �L5.1�� >;�7.;2 5 0.� 1.7��1�/�� -L9�� .<= ��<�3. �.1�/ 1./� 3/����< 0.� � �<= 1�� ,< 0;�./� ��<�3.� ;L�.5�� ,<.�.4����� � �<�0. ; 3.;0;,1. 3 / 1� :8��S F � <,�3-�.42 .�1�L <���L<1,3 .<= 1��� �=5��� ,N67 3N��
>1 3� ,N3/8/,3� 1�� 5��167��S F 5,1� .<= c� !  XCU?U#EBE �� O + .�.7�1 3�2 5��42 1�� �L9
5.1�� <���L<1,3 1=1, ,�� e,��2/��5, =1 3

u1 = Ψ cos(kx − ωt + φ0)
�) F �<=1, .<= 1��

��5.1 3�2 ,N0/�/� <.0����5, 1� :.�.�1��3/ 1 3�2 B� bBE c� !  XC	\ � X!B ?U� A\ 1�� �L5.9
1�� F ;�7 O 5 0. /��.�1�/ 3.�2 /:6/� 1�� 1L<��

ω = ω(k)
O d<= 4�/ 3�2� <7,���� F 7� 3<=� F6�. -�.553�= �L5. <,�3-��4,3 1� .<�167,/5. 50.�  XC� 	\ >∼ ε

S .<�5�����/�� .<= 1�
e6/� 3/����< 0.� f O� O d<= 1�� �77� <7,��� F ,�;3.4,�=5./ 1, �. ;�L5, 1 3 e. /�5K,0 ,��
.�N2/��5, / 1.; 3.�� 1� <7�1��

Ψ
1�� 1.7��1�/�� F ,< 31�6<��1.� 61/ 3 / 3-� / 3-� / 1� 5�9

-�.553�=1�1. 1�� <��K725.1�� �. 5<,0 / 1� <. 3:� 0; 3 O ��<�� e. ;�L5, <.�.��1� F .�1=�� 5�:.� 3/5=� 6:,3 �.1.�:2� �� .<�167,/5. 1�� ,54�� 3/� �6�� .�5�� 3�8� 1�� K./ 3�2�
4�/��

φ = kx − ωt,
>;�7 O .�5�� 3�6� /��.�12/,3� 5, =�3/5.

2φ F 3φ �7< OS /, /��;�./5=
5, 1� 7,-=5,�� � X! D� �gBE 1�� <7�1��� 1�� �L5.1�� >K7 O �� O <.�.��1� S �. 3 OOO 1�
/��6:,3. e. 1� ;�L5, <.�.��1� F /, /:6/� 5, 1. �L5.1. /, <7�/5. 1L<�� GH �� O
f. e,��2/��5, 6�. <7�/5. >:��0� �. �<��:��� ,N�1,�3�� �7,�1�3�� 2 5.-��1 3�� <,;0.S
.<�1,7�L5,�� .<= 1� /��L<.�N� � **�,�/ 18� ++R �7,�1�=� 3. >5�Q.�

m F 4��1 0�� −eS F 3=�1.>5�Q.�
mi

F 4��1 0�� qi = +Zie
S �. 3 K.�3� /�5.1 0; 3. >�=�����S �55�� >5�Q.�

md
F 4��1 0��

qd = s Zde
F =<�� s = sgn qd = ±1

S /��1�5 O
e = electrons, i = ions, d = dust.

� 3 /�-9
���L/,3� 5,1.NL /�5.1 0�� >.<=/K,/�S ��e, ,0;��� .-���L�1. 3O M< 0/�� F e. e,��2/��5,<��� 1� <.�=� >5, ,N. 0�,/� 1� 56��� § ��S =1 3 1� <7�/5. GH <�� 5,7,1�L5, K�0/�,1. 3 /,
,7.4�� /�Q,�-56�� >∼**.6�3. ++S �.1�/ 1./� O ��7�3 � 3 �=���3 /�=��� e,��,01. 3 =1 3 6:���
1� 0; 3� 4��1 0� F 5�Q. �. 3 56-,e�� >- 3. .<7�L/ 1,�/�S O

� k���j� '�k ���k�k j���)j

P. T CUVBWXCA Y Z !W! [ CD"E\ >d�HS >
Dust Acoustic Waves, DAW)

>e,���1 3�2 <�=9
K7,h� R

Rao et al. 1990 [43],
<,3�.5.1 3�2 ,<.72e,�/� R

Barkan et al. 1995 [44])
, 0�.3

6�.� ,N. 3�,1 3�� :.5�7=/�:��� �.��� 3�=� 1�=<�� 1.7��1�/�� /, GH >:��0� .�1 0/ 1� 3:�
/, �� 3�= <7�/5.

e − i
S R <�=�,31. 3 - 3. -�.553�6� 1.7.�18/,3� �=���� /�=��� 56/. /,

<,� 3K�77�� .<= �7,�1�=� 3. �. 3 3=�1. 1. �<�0. K�0/���1. 3 <�.�1 3�� /, e ,�5 3�2 3/����< 0.
>�. 3 / 1. �<�0. �4,07,1. 3 � ;L�.5� ,<.�.4���� <�� ,0�.3 .<.�. 01�1� - 3. 1� -�.553�2 1.9
7��1�/�S O P=/� � ���7 3�2 /�:�=1�1� 1�� d�H ωDAW ≈ cDk

>=<�� � :.�.�1��3/ 1 3�2
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§� ¥ u2

1 � u1∂u1/∂x y�� z@M �
�� ¥ npq5| ¥ � xr u:xpvo w¡q ���� ��� ��� ������ ω � wxq ������
 ��� � k = 2π/λ � wx ���~� �����~�
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1.:L1�1.
cD

;0�,1. 3 .<= 1� /:6/�

cD ≈ Zd

(

nd,0
ni,0

)1/2( Ti
md

)1/2

∼ δ1/2
(

Zd/md

Zi/mi

)1/2

vth,i

�	 F ¨	� F 8/ 1, ω < ωp,d
I K7 O �� O <.�.<��� S =/� �.3 � 4./ 3�2 1��� 1.:L1�1. vph = ω/k

>�
vth,e

F vth,iS F , 0�. 3 ,N. 3�,1 3�� :.5�76� R ,�;,3�1 3�� .�.46���5, =1 3 � 3 1�< 3�6� ,�-./ 1��3.�6�1 356� �¨	� , 0�.3 1�� 1�N�� 1�� ∼ 10− 30 Hz
- 3. 1�� ���73�2 /�:�=1�1.

ωDAW ≈ cDk
F 5,1.:L1�1. 4�/��

vph ≈ cD ∼ 5−10 cm/s
�.3 >5,1�2/ 35� <,3�.5.1 3��S 52��� �L5.1�� 6��

�.3
λ ≈ 0.6 cm

O � 3 1 356� .�16� /:,;=� ,< 31�6<��� 1�� <.�.12��/2 1�� ��5�1�� d�H5, <�7L .<7= �<1 3�= ,N�<7 3/5= >.� =: 3 5, -�5�= 5�1 3 �S �	 F ��� O

� �� � ����� ��& $ ���# 
f. -��h��5, 1 3� ,N 3/8/,3� :��� 3�2� ,N67 3N�� - 3. 1 3� 56/,� 1 356� >��<6� 1�� 1.:L1�1.�S
<�� .4���L� 1� /�=�� �� **�,�/ 1= ++ �¨� F ¨� F ¨�� O + <���=1�1.

nd
�<.��L,3 / 1�� ,N0/�/�

>/��6:,3.�S R

∂nd
∂t

+ ∇ · (nd ud) = 0 ,
>¨S

�. 3 � 56/� 1.:L1�1.
ud

/ 1�� ,N0/�/� R

∂ud
∂t

+ ud · ∇ud = − qd
md

∇Φ − 1

mdnd
∇pd ,

>	S
=<��

Φ
, 0�. 3 1� �7,�1� 3�= ;��.5 3�= I � < 0,/� 1�� /�=���

pd
�<.��L,3R

∂pd
∂t

+ ud · ∇pd = −γ pd∇ · ud
>�S

=<��
γ = (f + 2)/f

, 0�.3 � 7=-�� ,3; 3�8� e,�5�121��
cP/cV

>/,
f
K.e5�L� ,7,�e,� 0.�S

< O: O
γ = 3

- 3. .; 3.K.1 3�2 5���9;3�/ 1.1� >
1d

S ; 3�;�/� F γ = 2
- 3.

2d
� O� O� O P 67�� F �,N 0/�/�

Poisson
-��4,1. 3R

∇2Φ = −4π
∑

α=e,i,d

qα nα = 4π (ne e−qi ni−qd nd) ≡ 4π e (ne−Zi ni−s Zd nd)
>� S

P� ;,N3= 56��� 5�;,� 0Q,1. 3 / 1� 3/����< 0. >�.3 5=��S :��� / 1� /��e2�� ��;,1,�=1�1.�
1�� /���7 3��L 4��1 0�� R

ne,0 e− ni,0 qi − nd,0 qd = 0 .
>
S

k � ��� ���� $ ��� � P� <.�.<��� /L/ 1�5. 5<��,0 �. <��,3 1� 5��42 R

∂n

∂t
+ ∇ · (nu) = 0 ,

∂u

∂t
+ u · ∇u = −s∇φ− σ

n
∇p ,

∂p

∂t
+ u · ∇p = −γ p∇ · u ,

∇2φ = φ− αφ2 + α′ φ3 − s β (n− 1) .
>�S

�



=<�� R
n = nd/nd,0

F u = ud/vd = [md/(kBTe)]
1/2ud

F p = pd/p0 = pd/(nd,0kBTd)
�.3

φ = ZdeΦ/(kBTe)
I ,< 0/�� F ,< 376-��5, �� �7 05.�. 52���� R 1� ,�,�-= 52��� �L5.1��

Debye λD,eff = (λ−2
D,e + λ−2

D,i)
−1/2 >=<��

λD,α = (kBTα/4πnα,0q
2
α)

1/2 F α = e, i
S �. 3 � �

�7 05.�. :�=��� R 1�� <,�0�;� 1.7.�18/,�� <7�/5.1�� GH ω−1
p,d = (4πnd,0q

2
d/md)

−1/2 O
H1�� �� ,N 0/�/� .�.<1LN.5, 1� ;,N3= 56��� /, .��<1�-5. -L�� .<= 1� e6/� 3/����< 0.�
>
φ = 0

S F e ,��8�1.� =1 3R ne ≈ ne,0 e
eΦ/kBTe

�.3
ni ≈ ni,0 e

−Zi eΦ/kBTi
>
Te/i

R e ,�5���./ 0.
�7,�1��� 0���<��1�� 0��S O � 3 .; 3�/ 1.1,� <.��5,1�� 3

α F α′ �.3 β ,0�. 3R
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1

2Zd
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Ti
)2 ni,0

ne,0
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Z2
i
Te

Ti

ni,0

ne,0
+ 1
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6Z2
d

Z4
i (

Te

Ti
)3 ni,0
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Ti

ni,0
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,

β =
(

λD,eff
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≡
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)2
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=<��
cD = λDeffωp,d

, 0�.3 � :.�.�1��3/ 1 3�2 �7 05.�. 1.:L1�1.� - 3. 1. d�H O H��29e�� / 1� /:,1 3�2 K 3K7 3�-�.4 0. � <.���/ 0. /�=��� ;�78�,1.3 5, 5 0. .<= 1 3� <�/=1�1,� R
δ = (Zdnd,0)/(Zini,0)

2
µ = ne,0/(Zini,0) = 1+s δ I <��/6N1, =1 3 δ < 0

�.3
0 ≤ µ < 1

>2 F.�1 0/ 1� 3:. F δ > 0
�.3

µ > 1
S .�1 3/ 1� 3:,0 /, .���1 3�� >e,1 3��S 4��1 3/56�� /�=�� ><��9

4.�8�
δ = µ = 0

:��0� /�=��S O � 3.
µ � Zi

Te

Ti

F 6:��5, 1 3� <��/,-- 3/ 1 3�6� ,�4��/,3� R
α ≈ Zi

2Zd
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Ti

F α′ ≈ Z2

i
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T 2
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= 2
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α2 �.3
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d
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i
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Ti
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O P 67�� F σ = p0/(nd,0kBTe) = Td/Te>5, 1�� <.�.<��� ,< 37�-2 �7 05.�.� < 0,/��S I � <.��5,1��� σ ,< 31�6<,3 �. ;3.��0���5, 1��
.<��.7�L5,�� *e,�52 + >

σ 6= 0
S .<= 1�� *h�:�2 + >

σ = 0
S <,�3-�.42 1�� <7�/5.1�� ��

�,�/ 1= O

� �� � ��� �� � ���������
�M/ 1�

S
1� ;3���/5. >/ 127�S

(n, u, p, φ)T F <�� <,�3-��4,3 1�� �.1�/ 1./� 1�� /�/ 125.91�� /, ;,;�56�� e6/�
r
�.3 :��� 3�2 / 1 3-52

t
O f. e,��2/��5, 5 3��6� .<��7 0/,3� .<= 1��

�.1�/ 1./� 3/����< 0.�
S(0) = (1, 0, 1, 0)T

<.0����1.�
S = S(0) + εS(1) + ε2 S(2) + ... =

S(0) +
∑∞
n=1 ε

n S(n) F =<�� ε � 1
,0�. 3 5 0. 5 3��2 <.��5,1��� O d��7��e8�1.� 1�� !"!^cgcXC	 ��g� #! � X!W!� !� `" >56e�;�� <�77.<78� �7 35����S ��
� F �� 0Q��5, 1 3� >.�-6�S

5,1.K7�16�
ζ = ε(x − λ t) , τ = ε2 t

>� <.��5,1���
λ ∈ < F 5, 4�/ 3�2 6��� 3. 1.:L1�9

1.� F e. <��/; 3��3/ 1,0 .�-=1,�.S O f,���L5, =1 3 � 3 ; 3.1.�.-56�,� �.1./ 1�/,3� ,N.�18�1. 3.<= 1 3� -�2-��,� �7 05.�,� 56/� 1�� 4�/��
θ1 = k · r − ωt = kxx + kyy − ωt F �. 3 .<=1 3� .�-6� �7 05.�,� 56/� 1�� <7�1��� 1��

l−�/ 12� .�5�� 3�2� 1��
j− /�� 3/ 18/.�

S
(n)
j,l

F<�� 5,1.K�77,1. 3 �.1� 1�� �N��.
x
R

Sj(n) =
∞
∑

l=−∞
S

(n)
j,l (ζ, τ) eil(k·r−ωt) = S

(n)
0,l +

∞
∑

l=−1

|S(n)
j,l | cos il(k · r − ωt+ φl)

>;�7 O < O: O
S

(n)
1,l = n

(n)
l

F S(n)
2,l = ux,

(n)
l

F S(n)
3,l = uy,

(n)
l

�7< OI � /��e2��
S

(n)
j,−l = S

(n)
j,l

∗

,N./4.7 0Q,3
S

(n)
j ∈ < F 8/ 1, 1� <7�1�� ��e, .�5�� 3��L �L5.1�� �. ,0�.3 <�.-5.1 3�=�

.�3e5=���). H1� /��6:,3. e. e,��2/��5, =1 3 6:��5, �. <,�3-��h��5, 6�. �L5. <��
;3.;0;,1. 3 /, ;L� ;3./ 1�/,3� >

2d
S F ;�7 O γ = 2

>� .�1 35,18< 3/� /,
3
e. 21.� � 0; 3. F 5,

γ = 5/3
S O

@�¤pv¡|ouwo w �¥ n0/no�¥ Euler 25 DeMoivre): cos θ = (eiθ + e−iθ)/2 kai sin θ = (eiθ − e−iθ)/(2i).¢ouwo §w � o93 6 |A| cos(θ + φl) = (Aeiθ + A∗e−iθ)/2 yt� |A| sin(θ + φl) = (Aeiθ − A∗e−iθ)/(2i) 2§�xp
A = |A|eiφl ∈ C 4 z

¨�



$#�� �� � ��$&����� � f. e,��2/��5, =1 3 1� <7�1�� 1�� �L5.1=� 5.� 5,1.K�77,1. 3
.�-� >;�7.;2 	� X! U� �`"�W!X 
S �.1� 1�� �N��.

x
>5=��S F ,�8 � >1�:.0.S ;3,Le��/� ;3�9

;�/�� ;0�,1. 3 .<= 1�� ��5.1.� 3e5=
k = (kx, ky) = (k cos θ, k sin θ)

>� 1�01� ;3,Le��/�
z
<.�.56�,3 1�:. 0.S O J .� ,�; 3.46�,3 �. ,N,1�/��5, 1� �=7� 1�� -�� 0.�

θ
>;�7 O 1��

?@ AcX!\ ;3.5=�4�/��S / 1� ;��.5 3�2 ,N67 3N� 1�� �L5.1=� 5.� O
HL54��. 5, 1. <.�.<��� F e. -��h��5, 1��� ;3.4��3��L� 5.� 1,7,/ 16� �� ,N2� R

∂

∂t
→ ∂

∂t
− ε λ

∂

∂ζ
+ ε2

∂

∂τ
, ∇ → ∇ + ε x̂

∂

∂ζ
,

;�7 O

∇2 → ∇2 + 2ε
∂2

∂x∂ζ
+ ε2

∂2

∂ζ2
,

�<=1,
∂

∂t
(Aeiθ1) →

(

−iωA− ε λ
∂A

∂ζ
+ ε2

∂A

∂τ

)

eiθ1

∂

∂x
(Aeiθ1) →

(

ikxA+ ε
∂A

∂ζ

)

eiθ1 ,
∂

∂y
(Aeiθ1) → ikyAe

iθ1 ,

>
A ∈ C

S � O� O� O d�1 3�.e 3/ 18�1.� / 1� /L/ 1�5. >�S F <���L<1,3 6�. ;3<7= �e��3/5. �<,39
��� =��� F �� <��� 1�� 1�N� ;3.1.�.:2� εn >- 3.

n = 1, 2, 3, ...
S �. 3 1�� 4�/� 1�� .�5�� 3�2�

l
>- 3.

l = −n,−n+1, ..., 0, ..., n
S O M< 37L��5, F �.1� 1. -��/ 1� >/ 1� e,��0. ;3.1.�.:8�S F1� /L/ 1�5. <�� <���L<1,3 /, ��e, 1�N� ∼ εn F .�1 3�.e 3/ 1�L5, / 1�� ,<=5,�� F � O� O� O

� 3 ,N 3/8/,3� - 3.
n = 2 F l = 1

<.�6:��� 1 3� <�81,� .�5�� 3�6� R

n
(1)
1 = s

1 + k2

β
φ

(1)
1 =

1

γ
p

(1)
1 =

1

ω
k · u(1)

1 =
k

ω cos θ
u

(1)
1,x =

k

ω sin θ
u

(1)
1,y

>�S
�. 3 1� /��e2�� R

ω2 = β k2

k2+1
+ γ σ k2 F ;�7.;2 F ,<.�.46���1.� 1 3� ; 3./ 1�/,3� F 1� /:6/�

;3./<���� 1�� d�H �	 F ��� R

ω2 =
c2D k

2

1 + k2
D λD

2
eff

+ γ v2
th,d k

2 >
S
>K7 O �� 3/5�L� <.�.<��� S O
H��,: 0Q��1.� 5, 1�� 0; 3� 1�=<� F - 3. n = 2 F l = 1

<.0����5, 1 3� ; 3��e8/,3� 	�� 1�N�� F
;�7.;2 1� <7�1�� 1�� 	�� .�5�� 3�2�

S
(2)
2
F 5 0. / 1.e,�2 /��,3/4��� S

(2)
0
F �. 3 5 0. ;3=�e�/�

S
(2)
1

/ 1�� ¨� .�5�� 3�2 ><.�.7,0<��5, 1 3� <,�0<7��,� ,�4��/,3� F K7 O �¨��S O M<�56��� F �7L/� <�� <���L<1,3 - 3. 1� ;��.5 3�=
φ
,0�. 3 1�� 5��42� R

φ ≈ εφ
(1)
1 cos θ1 + ε2(φ

(2)
0 + φ

(2)
1 cos θ1 + φ

(2)
2 cos 2θ1) + O(ε3) ,

=<��
θ1

, 0�. 3 � 4�/� 1�� -�.553��L >46���1��S �L5.1�� I .��7�-,� ,�4��/,3� <���L<1���- 3. 1�� <���=1�1.
n F 1 3� /�� 3/ 18/,�

ux,y
1�� 1.:L1�1.� 1�� �,�/ 1�L �.3 1�� < 0,/�

p
O G.�.1���L5, 1�� � �A"XBE !�  U"XC`" >;�7.;2 4�/,�� <�� ,0�. 3 <�77.<7�/ 3. 1��

e,5,7 38;��� 4�/��
θ1
S O

¨¨



G���L<1,3 ,< 0/�� � /��e2����
: λ = vg(k) = ∂ω

∂kx
= ω′(k) cos θ = k

ω

[

1
(1+k2)2

+ γσ
]

cos θ;1�
λ
,<�56��� ,�4��Q,3 1�� W!� ZWEW! U A�!\ �.1� 1� ;3,Le��/� ; 3.5=�4�/�� >;�7 O

x
S O

� �� � ��l��$$ ��� % � �����
Schrödinger

� 3 >
S ,N 3/8/,3� ��� 1�N�� >
n = 3

S - 3.
l = 1

/, /��;�./5= ;0���� F 5, 1� 5��42 /��e2���>K7 O �<�/�5,0�/� 	
S F 1� � ��l��$$��� %� �����
Schrödinger

R

i
∂ψ

∂τ
+ P

∂2ψ

∂ζ2
+Q |ψ|2 ψ = 0 .

>�S
f�5�e,01, =1 3 {ζ, τ} ,0�. 3 � 3 	!� cb\ 
 5,1.K7�16� <�� ��0/.5, <.�.<��� O + �6. 5,1.9
K7�12

ψ
<,�3-��4,3 1�� 1 352 >/, <�81� ;3=�e�/�S 1�� <7�1��� >1�� ¨�� .�5�� 3�2�S 1��

;��.5 3��L
φ

(1)
1
F .<= 1�� �<� 0. <���L<1,3 � 56/� 1�� >�S � 1� .�1 0/ 1� 3:� <7�1�� - 3. =7.

1. �<=7�3<. 5,-6e� >e�5�e,01, =1 3 <�=�,31.3 - 3.  Xc!� XCUZ\ .� 3e5�L� F /L54��. 5, 1���
<.�.<��� ��3/5�L�S O
� BV"W�@�BW	\ � X!B ?U� A\ P /��;6,1. 3 5, 1�� ���1=1�1. 1�� /:6/�� ;3./<���� F ;�7 O
P = 1

2
∂2ω
∂k2

x
= 1

2

[

ω′′(k) cos2 θ + ω′(k) sin2 θ
k

] 2 F /, .�,<1�-56�� 5��42 R

P (k) =
1

β

1

2ω

(

ω

k

)4 [

ν1 −
(

ν1 + 3
ν2

β
ω2

)

cos2 θ
]

,
>¨�S

=<�� R
ν1 = β β+σγ(1+k2)2

[β+σγ(1+k2)]2

�.3
ν2 = β3 3β+γσ(3−k2)(1+k2)

3 [β+γ σ (1+k2)]4

><��/6N1, =1 3
ν1,2 → 1

=1.�
σ → 0

S O G.�.1��,0/ 1, <8� 5<��,0 �. ,<��,�/,3 1�
σ

1� <�=/�5� 1��
P F <�L ,0�.3

.���1 3�= - 3.
σ → 0

O
� BV"W�@�BW	\  E^c� !  XCDWEW!\ Q ;0�,1. 3 .<= 5 0. <,� 0<7��� 5.e�5.1 3�2 /:6/� F <��;0�,1. 3 / 1� 167�� 1�� �,356��� � K7 O MN O >	�S 9 >		S O
M 0�. 3 ,�;3.46��� �. ;�L5, <�� /�5<,�346���1. 3 � 3 /��1,7,/ 16�

P
�.3

Q
/ 1� BV"�� b\D� XUF ;�7.;2 - 3. <�7L 5,-�7� 52��� �L5.1��

λ
>/, /:6/� 5, 1� 52���

Debye λD),
2

53��= ��5.1.�3e5=
k � 1

O � 3.
θ = 0

<.0����5, 1 3� <��/,-- 3/ 1 3�6� ,�4��/,3� R

P |θ=0 ≈ −3

2

β√
β + γσ

k ,

Q|θ=0 ≈ +
1

12 β3

1√
β + γσ

[β (2sαβ + 3) + 2γσ] [β (2sαβ + 3) + γ (γ + 1) σ]
1

k
,

,�8 - 3.
θ 6= 0

�3 ;L� /��1,7,/ 16� .77�Q��� <�=/�5� R

P |θ 6=0 ≈
√
β + γσ

2 k
sin2 θ ,

@�7 �t w¡q tyru8o�t � s �t l = 1 2∀n4 �turqxpvo /qt v¡�xvxsoq/¥ n;n w¡vt 2s �t n ≥ 24 Cramer 5 × 5,2 ¥ �rx¥ n, ux, uy, p, φ4 wxp x�x uxp ¡ xru:xpnt D v¡9oq u:owt� tyr�83 ¥ �§s  w¡¥ n0/n¡¥ 9 �tn�xr1¥ 2A4 z
� � vor�y/¥ xru:xpno¥ Dj

2j = 1, 2, 3, 44 �r/�o� qt v¡9oq u:xqwt � o� un¡¥ � 3n wo t�§ wx n;n w¡vt qt v¡q�rxy;�wxpq t�o�r �:§voqo¥ �;no�¥ z ��§ tpw§ wx sosxq§¥ �rxy;�wxpq x � npq|5yo¥ npv8tw§w¡wt¥ �xptqt./rxpvo z
¨	



Q|θ 6=0 ≈ − 1

12 β3

1√
β + γσ

[β (2sαβ + 3) + 2γ2σ] [β (2sαβ + 3) + γ (γ + 1) σ]
1

k
,

;3.1��8�1.� F �.1� 1�=<� .N3�e.L5./ 1� F 1� .���1 3�= <�=/�5� 1�� - 3��56���
PQ

�.3
,N./4.7 0Q��1.� 61/ 3F =<�� e. ;�L5, <.�.��1� F �VBWA��X! - 3. 5,-�7. 52�� �L5.1�� F
λ� λD,eff

O

� �� �%#��� % �!� ��� ���%
f. .��7��e2/��5, 1�� -��/ 1= F .<= <.�=5�3,� <,�3<18/,3� F 67,-:� ,�/ 1�e,3.� ��� F ��� O�.1 � .�:2� K76<��5, =1 3F =<�� 5<���L5, �. ,76-N��5, 5, .�1 3�.1�/ 1./� F � MN O >�S
;6:,1. 3 1� 5���:��5.1 3�2 7L/� >�L5.

Stokes): ψ = ψ̂ eiQ|ψ̂|2τ + c.c. (c.c.:  Xc!� XCD\BV�Vc	\S I =<�� K76<��5, F 1� <7�1�� >� ?�� X� A@@ UVB! 5��42 1�� �L5.1�� F =<�� 76-,9
1. 3S 5<��,0 �. 5,1.K�77,1.3 5, <,�3�;3�= 1�=<� F <��/e61��1.� 5 0. 5 3��2 5�9-�.553�2
5,1.K�72

∆ω = ε2Q|ψ̂|2 / 1� K./ 3�2 /�:�=1�1.
ω
O �<�e61��5, =1 3 1� <7�1�� ;3.1.��9

/,1. 3 <,�3�; 3�� F e61��1.� =1 3 ψ̂ = ψ̂0 + ε ψ̂1,0 cos (k̂ζ − ω̂τ) I .�1 3�.e 3/ 18�1.� / 1�� >�S F<. 0����5, 1� /:6/� ;3./<���� 1�� ;3.1.�.:2� 1�� <7�1��� R

ω̂2 = P 2 k̂2
(

k̂2 − 2
Q

P
|ψ1,0|2

)

.
>¨¨S

P� �L5. e. ,0�. 3 �VBW!�b\ >;�7 O
ω ∈ <S <��1. >∀ k̂ ∈ <S ,�� PQ < 0

O H1�� .�1 0e,1�
<,� 0<1�/� F .� PQ > 0 F <.�.1��,01. 3 !BWA��X!�
 (Imω 6= 0)

- 3. 1 356� ��5.1.�3e5�L >1��
;3.1.�.:2�S

k̂ < k̂cr =
√

2Q
P
|ψ̂1,0|

>;�7.;2 - 3. 52��� �L5.1�� R
λ > λcr = 2π/k̂cr

S I
��0Q��1.� 1� ��e5= .LN�/�� 1�� ;3.1.�.:2� ��

Σ = |Imω̂(k̂)| F K76<��5, =1 3 - 0�,1.3
56- 3/ 1�� - 3.

k̂ = k̂cr/
√

2 F ;�7 O Σmax = |Imω̂|k̂=k̂cr/
√

2 = |Q| |ψ̂1,0|2
O

H�5<,�./5.1 3�� F K76<��5, =1 3 � /��e2�� - 3. ./ 1�e,3. ;3.5=�4�/�� <7�1��� ,N.�1�1. 3
.<7� .<= 1� <�=/�5� 1�� - 3��56���

PQ F <�� 5<��,0 �. ; 3,�,���e,0 .�3e5�1 3�� 5, K�/�
1 3� <.�.<��� /:6/,3� O � 3. 1. ;3.-��55.1. 6:��5, ,< 376N,3 1 3� .�1 3<��/�<,�1 3�6� 1 356� R
α = 5 · 10−3 F α′ = 2α2/3 ≈ 1.6 · 10−5 �.3

β ≈ 100 F <�� .�1 3/ 1� 3:�L� /,
Zd/Zi = 103 �.3

Te/Ti = 10
>
γ = 2 F σ = 1

S O
��<�� <��K76h.5, <.�.<��� F 1� �L5. ,0�. 3 ,�/ 1.e6� >5.L�� <,�3�:2 / 1. /:25.1. 	 F �S- 3. 5,-�7� 52��� �L5.1�� >;�7 O

k � 1
S O � 3.

θ
���1� / 1� 5�;6� F <.�.1��,01. 3 ./ 1�e,3.>7,��2 <,�3�:2S - 3.

k > kcr
F - 3. σ = 0

� K7 O /: O 	. � >2 - 3.
kcr < k < k′cr

.�
σ = 0 FK7 O /: O 	K S F =<�� kcr F k′cr , 0�. 3 ��<�3,� �� 0/ 35,� 1 356� �.1�47 0�� <�� ,N.�18�1. 3 .<=

1� -�� 0.
θ
R 1�

kcr
,7.118�,1. 3 >⇒ 53��=1,�� ,�/ 1�e,3.S =/� 1�

θ
5,1.K�77,1. 3 .<=

5�;6� /, ��<� 3. 1 352
θcr

�.3 ,N.4.� 0Q,1. 3 <��� 1� �<,3�� >⇒ 5,-.7L1,�� ,�/ 1�e,3.S
- 3. �h�7=1,�,� 1 356� 1��

θ
>6��

π/2
S I .�1= 3/:L,3 �. 3 - 3. 1 356� 1��

k
<�� e. 21.�

./ 1.e,0� - 3.
θ = 0

O P � .�1 0/ 1��4� 4.3�=5,�� <.�.1��,01. 3 ,< 0/�� R 1 356� 1��
k
<�� ,0�.3

,�/ 1.e,0� - 3.
θ = 0 F .<�/ 1.e,��<�3�L�1. 3 ,N. 31 0.� 1�� <7�- 3.� ;3.5=�4�/�� O d �1�

1. /�5<,��/5.1. 3/:L��� 1=/� - 3. .���1 3�� >
s = −1 F K7 O /: O 	S =/� �.3 - 3. e,1 3��

>
s = +1 F K7 O /: O �S 4��1 3/56�� /�=�� F / 1� ;,L1,�� =5�� <,�0<1�/� 1� �.1847 3

kcr,0�. 3 h�7=1,�� R � e ,1 3�2 /�=�� 4.0�,1. 3 �. �V"U�# 1� / 1.e,�=1�1. O

@�
Modulational instability, n w¡ 8 �8� �xsrt. ut z
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H:25. 	 R � ���
��� �
�� ����� ����� � �� � ������� ��� �������� ��� ��	 � � '
NLS PQ = 0�
����� ����� � � 	 ����
���� ��� ������ ���
��������� ������
 �����

k/kD
��
����� �� ����$�����

�� � ��	 ��� ��	
θ

��
�
0

��	
π
� � � 
�
 ���� �� ���
������� �
��� 
�
 �� ����� ��� 
�
���� � ����

� �� �
 �
���
(k− θ)

�
�� �� � ������� ���� � �
��� ����� �� ��� ���� �� ������ � �� ���� ���� � �� ��� �	
� �� ����� 
�
���� ' % ��� �� �
����� ���
� �� %���� ���� ������ �����	 �§	� # �
�� 
�
���
σ = 0

�
��
� ������ ' ��� �
��� ��� ��
� �� �����	 �
s = −1

� ' �$ � � �� ��� ��
� �� �����	
�
s = +1

� '
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PQ product s=-1
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PQ product s=+1

H:25. � R ��
�	 � �� ����� 
 # ���� ��
σ 6= 0

�� �
�� ������ '

� �� � �����$$�� �% � ��������%

M 0�. 3 2;� -��/ 1= =1 3 � MN0/�/� >�S :.�.�1��0Q,1. 3 .<= 7L/,3� ,�1�< 3/56�,� :��3�� F 1L9<�� BU@ XWD"XUO d �16� <,� 3-��4��1. 3 ,N���: 3/ 1 3�� / 1� K 3K7 3�-�.4 0. ��� F �� F �
� F ,<�56���e. .�.46���5, 5=�� <,� 37�<1 3�� 1� .�.7�1 3�2 5��42 1��� F <���,356��� �. ,�,��2/��5,
1� /:6/� 1��� 5, 1� /�-�,��356�� 4�/ 3�= <�=K7�5. O

�M/ 1� =13 .�.Q�1�L5, 5 0. 7L/� 1�� MN O >�S 5, 1� 5��42
ψ(ζ, τ) = ρ(ζ, τ) eiΘ(ζ,τ) F=<�� �3 <�.-5.1 3�6� 5,1.K7�16�

ρ
�.3

σ
e. <��/;3��3/ 1�L� 5, .�1 3�.1�/ 1./� / 1�� >�S�. 3 ; 3.:��3/5= 1�� <�.-5.1 3��L .<= 1� 4.�1./ 1 3�= 56��� ���� O � 3�4��� 3 1L<� 3 7L/��

�<��:��� F .��7�-. 5, 1� <�=/�5� 1�� - 3��56���
PQ

O

¨�



������& � # ��&� � � "�#$&%
(bright soliton).

� 3.
PQ > 0

K�0/���5, 1�
7L/� �gW�X"UZ BU@ XWU"#UVR ����

ρ = ρ0 sech
(

ζ − v τ

L

)

, Θ =
1

2P
[v ζ − (Ω +

1

2
v2)τ ] ,

>¨	S
<�� <.�3/ 1��,3 6�.� ,�1�< 3/56�� <.75= <�� 1.N3;,L,3 5, 1.:L1�1.

v
�.3 1.7.�18�,1.3 5,

/�:�=1�1.
Ω

>- 3.
v = 0

S�� O P � ,L��� 1�� <.75�L
L
, 0�.3 .�1 3/ 1�=4�� .��7�-� <��� 1�

56- 3/ 1� <7�1��
ρ0

R
L =

√

2P
Q

1
ρ0
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� ��� ���� ���	
�����	 ��	 � ���
��� ���	 � ������	

Schrödinger (9). � ��� � �� ��	
�� ��
�� �����
���	 �
PQ >

0
# 
����� � $� ' � � ' � 
� � � �� �����
�� ���	 � ���	 ��� 
�
����
�� # �����
��� �
 ��������	� �

���� � �����	
�� ��
�� ��
� � $� ' � � ' � &� � �� � ��� ���� ������ � $� ' � � ' � � � � ��
�� � ����
���	
�
PQ < 0

# �
��� '

j� ����& � # ��&� � �  "�
(dark soliton).

� 3.
PQ < 0 F 6:��5, 1� 7L/�

BCUW�X"UZ BU@ XWU"#UV �U?	� R

ρ = ±ρ1

[

1 − sech2
(

ζ − vτ

L′

)]1/2

= ±ρ1 tanh
(

ζ − v τ

L′

)

,

Θ =
1

2P

[

v ζ −
(

1

2
v2 − 2PQρ1

)

τ
]

, (13)

<�� <.�3/ 1��,3 5 0. ,�1�< 3/56�� <,�3�:2 �,�2 .<= 46��� �L5. F 5�;,� 3��L <7�1���
(shock

wave)
<�� 1.N3;,L,3 5, 1.:L1�1.

u
O �.3 ,;8 F 1� ,L��� 1�� <.75�L

L
.�1 3/ 1�=4��

.��7�-� <��� 1� 56- 3/ 1� <7�1��
ρ1

R
L′ =

√

2|P
Q
| 1
ρ1

O
F�¤pv¡|ouwo §w � §�t wt vos /|¡ ouqt � t9 �1n wtwt z

¨




l�� �� � # ��&� � �  "�
(grey soliton).

� 3.
PQ < 0 F K � 0/���5, ,< 0/�� 1�

7L/� R

ρ = ±ρ2

[

1 − a2 sech2
(

ζ − v τ

L′′

)]1/2 >¨� S
=<�� � 5�9-�.553�2 4�/�

Θ
18�. ;0�,1. 3 .<= 5 0. <,�0<7��� 6�4�./� F � �<�0. <.�.7,0<,9

1. 3O + 7L/� .�12 <.�3/ 1��,3 5 0. ,�1�< 3/56�� <,�3�:2 �,�2 .<= �L5. F <.�=5�3. <� 3�1 3��
5, 1� 7L/� /��1,3��L 1L<�� F .77�  E 5�;,� 3��L <7�1��� I P=/� 1� 56- 3/ 1� <7�1��

ρ2=/� �.3 1� ,L���
L′′ =

√

2|P
Q
| 1
aρ2

,N.�18�1. 3 18�. ��
� �.3 .<= 53. .�,N��1�1� <.��5,1��
a F � �<� 0. <.�3/ 1��,3 1� K�e�� ; 3.5=�4�/�� >

0 < a ≤ 1
S O � 3.

a = 1
K� 0/���5, <�7 3 1�

BCUW�X"D /�731=� 3� >¨�S O
H�5<,�./5.1 3�� F � 3 <,� 3�:6� ./ 1�e,3.� >,�/ 1�e,3.�S <�� .<,3��� 0Q��1. 3 5, 7,��= >5.L9
��S :�85. / 1. /: O 	 F � F ;,0:���� ,< 0/�� 1. Q,L-� 1 358� >

k, θ
S =<�� 5<���L� �. /:�5.1 39

/ 1�L� �. 3 �. ; 3.;�e�L� 4�1,3��L >/��1,3��LS 1L<�� 7L/,3� ;�7 O <.75�0 >�<6�S O M< 0/�� F1. :.�.�1��3/ 1 3�� .�18� 1�� 7L/,�� e. ,N.�18�1. 3 .<= 1� ;3./<��� 56/� 1��
P

�.3
Q I< O: O <,� 3�:6� 5, :.5�7=1,�� 1 352 1��

P
>2 h�7=1,�� 1 352 1��

Q
S e. ;6:,1. 3 / 1,�=1,����

<.75�L� O

� '�� �k���j� '�k ���k�k j���)j

P. ]U"WU^T CUVBWXCA Y Z !W! [ CD"E\ >�d�HS >Dust Ion Acoustic Waves, DIAW
S �	 F 
��,0�. 3 1� 4�/ 3�= .��7�-� F 5, <.���/ 0. /�=��� F 1�� -��/ 1�L 3��1�9.���/ 1 3��L �7,�1��9

/ 1.1 3��L �L5.1�� >�d� S �¨� F ¨
 F ¨�� O G�=�,31. 3 - 3. ;��.5 3�6� 1.7.�18/,3� 3=�1�� 56/.
/, 6�. <,� 3K�77�� .<= e,�5� �7,�1�=� 3. �. 3 K.�3� F 3/:��� 4��1 3/56�. 5 3���9/�5�1 3.
/�=��� O P. 1,7,�1. 0. ,<��,�Q��� ;�./ 1 3�� 1=/� 1�� 1.:L1�1. 4�/�� F <�� 18�. ,0�.3
vth,i � vph � vth,e

F =/� �.3 1�� /�:�=1�1. >,�;,3�1 3�� F 3− 5 KHz
/ 1� ,�-./ 12�3� � K7 O

����K S F <�� ,0�. 3 �h�7=1,�� .<= 1� /�:�=1�1. <7�/5.1�� /�=���
ωp,d

I ,<�56��� F / 1�:��� 3�2 �7 05.�. <�� 5.� ,�; 3.46�,3F � /�=�� 5<��,0 �. e,���e,0 / 1.1 3�2 �. 3 <�.�1 3��
.� 0��1� O G 3� /�-�,��356�. F � /�:�=1�1. 1�� �d�H ,0�. 3

ω ≈ cdiawk
>- 3.

λ� λD,e
S �	� F=<�� � :.�.�1��3/ 1 3�2 1.:L1�1.

cdiaw
,0�. 3 0/� 5,

cdiaw = ωp,iλD,e =
(

ni,0
ne,0

)1/2( Te
mi

)1/2

.

M�8 � /:6/� .�12 �.e,.�12 ,0�.3 � 0; 3. 1�� �<�0. /��.�1�L5, /, 6�. ��3�= <7�/5.
e− i

>:��0� /�=��S �¨� F ¨�� F � ; 3.4��� / 1�� .<=��3/� 1�� <7�/5.1�� K�0/�,1. 3 .��3K8�
/ 1� 7=-�

ni,0/ne,0
F � �<� 0�� - 3. 1� <7�/5. GH ,0�. 3 <�7L 5,-.7L1,��� 1�� 5���;.� F- 3. .���1 3�� 4��1 3/56�� /�=�� R ;, 01, =1 3

ni,0/ne,0 ∼ 1/(1 − δ)
>=<��

0 < δ ≤ 1
� K7 O

,3/.-�-2S F �<=1, � 7=-�� .�1=� 5<��,0 �. <��,3 5,-�7,� 1 356� O P. �d�H ,<�56���
:.�.�1��0Q��1. 3 .<= 5,-�7� 1.:L1�1. 4�/�� �. 3 ��" �<=�,3�1. 3 /, /�5.�1 3�2 .<=/K,/�
Landau [2],

=<�� 1. ��3�� 3��1�9.���/ 1 3�� �L5.1. �¨� F ¨�� >K7 O �<�/�5 O ¨�S O

� �� � � ����� ��& $ ���# 
HL54��. 5, 1� �,�/ 1�;��.5 3�2 <,�3-�.42 1�� <7�/5.1�� ><�� :��/ 35�<�32/.5, �.3
<.�.<��� F - 3. 1. d�HSF 5<���L5, �. -��h��5, 1 3� ,N3/8/,3� - 3. 1. 5,-6e� >/ 1.1 3/ 1 3�6�

¨�



� U?b\ 1�� 1.:L1�1.�S <�� .4���L� 1� **�,�/ 1= ++ 1�� 3=�1�� R

∂ni
∂t

+ ∇ · (ni ui) = 0 ,

∂ui
∂t

+ ui · ∇ui = − qi
mi

∇Φ − 1

mini
∇pi ,

∂pi
∂t

+ ui · ∇pi = −γ pi∇ · ui ,

∇2Φ = −4π
∑

qs ns = 4π (ne e− qi ni − qd nd) ,
>¨
S

=<�� e,��2/.5, 1�� MN O
Poisson

/ 1� 167�� O M�� .�.<1LN��5, /, ;��.5�/,3�� ���1�
/ 1�� �.1�/ 1./� 3/����< 0.� F ;�7 O Φ ≈ 0 F �. 3 /��;��/��5, 5, 1� /��e2�� ��;,1,�=9
1�1.� >
S F � 3 ,N 3/8/,3� .�16� <.0����� .��3K8� 1�� >.;3�/ 1.1�S 5��42 1�� ,N3/8/,��
>�S >.�1 3�.e 3/ 18�1.� ,�,0 5,

s = 1 F α → −α̃S F ,4=/�� :��/ 35�<�32/��5, �.1�77�7.
:.�.�1��3/ 1 3�� 5,-6e� >�7 05.�,�S �¨
� - 3. 1�� �.��� 3��<�0�/� F ;�7 O 1� 52���

Debye
λD,e = (kBTe/4πne,0e

2)1/2 �.3 1�� �7 05.�. :�=���
λD,e/cs ≡ ω−1

p,emi/me
F >=<�� ωp,e,0�. 3 � /�:�=1�1. <7�/5.1��

ωp,e = (4πne,0e
2/me)

1/2S O � 3. 1�� <���=1�1. F 56/� 1.9
:L1�1. �. 3 < 0,/� 1�� 3=�1�� <.0����5, R 1�� <���=1�1. 3/����< 0.�

ni,0
F 1�� 1.:L1�1.

2:��
cs ≡ (kBTe/mi)

1/2 �.3
p0 = ni,0kBTi

F .�1 0/ 1� 3:. I ,< 0/�� Φ0 = kBTe/(Zie)
- 3. 1�

;��.5 3�=
Φ
O + <.��5,1���

σ
18�. ;�78�,3 1� 7=-�

Ti/Te
O

� 3 :.�.�1��3/ 1 3�6� >.;3�/ 1.1,�S <.��5,1�� 3 / 1�� >�;S 18�. ,0�. 3

α̃ = 1/(2Zi) , α′ = 1/(6Z2
i ) , β = Z2

i ni,0/ne,0 = Zi/µ .
+ /�=�� ,<�56��� ;�78�,3 1�� <.���/ 0. 1�� 56/� 1��

µ = 1 + sδ
>
s = +1/ − 1

- 3.
qd > 0

2
qd < 0 F .�1 0/ 1� 3:.S F =<�� ��0/ 1��, <���-��56��� I e�5�e,01, =1 3

µ < 1>
µ > 1 F .�1 0/ 1� 3:.S ,<�56��� .�.46�,1. 3 /, .���1 3�= >e ,1 3�=S 4��1 0� �=���� /�=��� O

��<�� <,�356�,3 �.�,0� F N.�.K�0/���5, <.�.��1� ��<�3. <���-�L5,�. .<�1,76/5.1. - 3.
1. 3��1�9.���/ 1 3�� �L5.1. >:��0� /�=��S �
¨ � 
�� e61��1.�

µ = 1
O

� �� � � � ���$$ ��� � ��$&����� "#�� !%
� 3. �. 5,7,12/��5, 1� ;3.5=�4�/� <7�1��� �. 3 1� -6�,/� .�5�� 3�8� F .��7��e�L5,<�7 3 1� 56e�;� <�� <.���/ 3�/ 1��, <.�.<��� O ���0� �. <.�.e6/��5, 1��� ,�;3�5,/���
�<�7�- 3/5�L� >K7 O �¨
 F ¨��S F e. <,�3�� 3/ 1�L5, �. .�.46���5, =1 3 <���L<1,3 5,1� .<=
<��N,3� � ,N O

NLS
>�S - 3. 1� <7�1�� 1�� �d �L5.1�� /�=��� F 5.Q0 5, �6,� ,�4��/,3� - 3.1��� /��1,7,/ 16�
P

�.3
Q F K7 O >¨�S �.3 >	�S � >		S F .�1 0/ 1� 3:. O

��<�� �.3 / 1�� <,�0<1�/� 1�� <���-�L5,��� 56���� § 
 F � 3 <��/,-- 3/ 1 3�6� ,�4��/,3�
- 3. 1.

P
�.3

Q
/ 1� >/��,:6�S =�3�

k � kD
<��K76<��� ,�/ 1�e,3. �

� O H1�� <,�0<1�/�;3.5=�4�/�� <.��77�7�� <��� 1� ;3�;�/� 1�� �L5.1�� >

θ = 0◦
S F <.�.1��,01. 3 ./ 1�e,3.<��� .<= ��<�3. 1 352 ��5.1.�3e5�L

kcr
F =<�� .��3K8� �.3 :��0� /�=�� � � F �. 3 ��1� .<=

50. ;,L1,�� F 6/ 1� k′cr
F - 3. 5�95�;,� 3�2 3��1 3�2 e,�5=1�1.

Ti
F ;�7 O σ 6= 0

S >�. 3 5=�� R - 3.
Ti = 0

;�7 O
σ = 0 F , 0�. 3 k′cr → ∞ I K7 O /: O 
K S I <�K7 O /: O � O P � k′cr ,7.118�,1. 3 =1.�.�,K. 0�,3 � e,�5���./ 0.

Ti
F =<�� �.3 :��0� /�=�� �
�� F ,<�56��� e,�5� 3=�1. ,����L�

1�� ,�/ 1�e,3. 1�� �d �L5.1�� >�. 3S 5, <.���/ 0. /�=��� O
F,�o tqtyx;. �n¡ � vow1 t�§ w§nx vtyrxnyo�ou¥ p�x�xs �nvx;¥ � 8�/�o� ytqou¥ qt tqt9;owt � ��
 �� � � wxsq n w§ �rx¡sx;voqx tr�|v¡w�y§ t�xw/�onvt kcr = 1.47 kD

28� z n0 z �t s �t θ = 0◦4 � o1q µ = 1 � 8� z=�� � � D? z
¨�



0 1 2 3 4
0

0.5

1

1.5

2

2.5

3

PQ product, mu=1

0 1 2 3 4
0

0.5

1

1.5

2

2.5

3

PQ product, mu=0.05

H:25. 
 R � ���
��� ����� �����
PQ = 0

�
����� ����� � ����
����� ���
k

���
θ

�

$� ' �� ' 
�
�� ��� �
����	 
�
 �
�����	 � ��� � �� �
�� ��
�	 ����� �
�����

e−i
� ��� '

µ = 1
# �� � �$ � �� 
���

����
� 
�
��� �� �
��� ���	 �����	 #
µ = 0, 05

' % ��� �� �
����� ���
� �� ������%���� ����
������ �����	 �§��� # �
�� ������ � ����

σ = 0
�
��
� ������ �� �

Zi = 1
'

�,� 3�� F � <.���/ 0. !� "EWXC	\ >.�1 0/ 1� 3:. ��WXC	\S /�=��� >
µ < 1

S 4. 0�,1. 3 �. �;�-,0
/, < 3� ./ 1.e2 >/ 1.e,��S �L5.1. I K7 O �¨
� - 3. 7,<1�56�,3,� O
P 67�� F =<�� 21.� .�.5,�=5,�� >�. 3 .<= 1� ��3�= <7�/5.

e−i �
��S F � <7�- 3. ;3.5=�4�/�5,1.K�77,3 6�1��. 1�� ,�/ 1�e,3. 1�� �L5.1�� O + 1352 1��
kcr

><��� .<= 1�� �<�0. 6:��5,
./ 1�e,3.S ,7.118�,1. 3 5, 1�

θ
56:�3 ��<�3. 1 352

θcr
F �. 3 5,1� <�-.0�,3 / 1� �<,3�� R E

�V� Vc`"X! � X! D� �gBE �V"U�# WE BW!��� DWEW!F K7 O /: O 
. �� O H�5<,�./5.1 3�� F � <7�- 3.;3.5=�4�/� 5<��,0 �. .<�/ 1.e,��<�32/,3 6�. ,�/ 1.e6� �L5. F �. 3 .�1 3/ 1�=4�� O M< 0/�� F5<��,0 �. ,<��,�/,3 1� ,0;�� 1�L /�7 31�� 0�� >;�7 O �gW�X"UZ 2 BCUW�X"UZ 1L<�� F K7 O<.�.<��� SF ,4=/�� 5,1.K�77,3 1� <�=/�5� 1�� - 3��56��� 1�� /��1,7,/ 18�
PQ

>K7 O
<.�.<��� SO

� %l�k&j'%j $(%l�k� '�%j �k(k��mj%'j j% 'j��&k
j��%�l�%�� $(kj�k �% j���)

M0�. 3 <76�� -��/ 1= F =<�� .�.46�.5, / 1�� ,3/.-�-2 F 1=/� e,���1 3�� =/� �.3 <,3�.9
5.1 3�� F =1 3 1� <7�/5. 5, /�=�� >GHS 5<��,0 �. �<��N,3 /, *���/ 1.77 3�2 + 5��42 >K7 O
�
 F 	¨� - 3. 5 0. .�.7�1 3�2 <.���/ 0./� 1�� e65.1��S O ��<�� 6:,3 ;,3:1,0 e,���1 3�� �
� F 

�>�. 3 ,<.7�e,�1,0 <, 3�.5.1 3�� �
��S F 1. ���/ 1.77 3�� <76-5.1. GH (dust-lattices, DL),,< 31�6<��� 1� ;3�;�/� 1=/� ;3.52��� �
�� =/� �.3 ,-���/ 3�� �

� .�5�� 3�8� ��5�1�� O
MN. 31 0.� 1�� .�.<=4,��1�� 5�9-�.553�=1�1.� F ,01, .S 7=-� 1�� ;��.5 3��L �7,�1��/ 1.1 39
�2�

(Debye)
.77�7,< 0;�./�� 5,1.NL 1�� �=���� /�=��� F ,01, K S 7=-� 1�� >,N�1,� 3��LS

�7,�1�3��L ;��.5 3��L / 1� :8�� 5,1.NL 1�� �7,�1��;0��
(sheath) F /, 6�. <,0�.5. F ,091, F 167�� F - S 7=-� 1�� /LN,�N�� 5,1.NL ; 3.4��,1 3�8� 1�=<�� 1.7��1�/�� F e. <,�05,�,

�.�,0� .�16� � 3 1.7.�18/,3� �. �<=�,3�1. 3 /, 5�9-�.553��L� 5�:.� 3/5�L� F =<�� ,N�77���<. 3� 0//��1.3 5 0. /,3�� .<= 4.3�=5,�. <�� 6:��� <.�.1���e,0 /, 161� 3. <76-5.1. < O: O
./ 1�e,3,� F .77.-6� 4�/�� > 	W	�E 
S � O� O ���/ 1�0 .<= �.3�= F <�77� 0 161� 3� 3 5�:.� 3/5�06:��� .�.7�e,0 ; 3,N�;3�� / 1� ��/ 3�2� H1,�,�� �.1�/ 1./�� F .77� ,7�: 3/ 1. /, /:6/� 5,
GH ��� F � ¨� O + ./ 1�e,3. ;3.5=�4�/�� F <�� /�Q�12/.5, <.�.<��� F , 0�. 3 6�.� .<= .�1�L�
1��� 4�/ 3��L� 5�:.� 3/5�L� R ,�eL�,1. 3 - 3. 1�� ,�,�-,3.�= ,�1�< 3/5= <�� <.�.1��,01.3
F@ oyw§¥ o1q /0xpvo �~� � /qwxq¡ �trxpn ut ny§q¡¥ � 9¡� z s �t µ y1w  t�§ ≈ 0.1

� 8� z n0 z �8 z
¨




/, 5�9-�.553�� <76-5.1. ��	� �.3 < 3/ 1,L,1.3 =1 3 ,N�-,0 ���� 1� <6�./5. .<= -�.553�6�
>4��=� 3.S /, 5�9-�.553�6� 1.7.�18/,3�

(“breathers”),
<�� <.�.1���L�1.3 /, .1�5 3�6�

.7�/ 0;,� ���� O

H:25. � R ����
� ��	 ������
 ����	 �� �
����� �� ��
�� ������� �
�� ����� �
� ��
� �������	
������	 �����	 ������� ��� �
����� ���� ' � � ������
���	 �������	 ������
��� ������

Fηλ =
QE

��� $�
�	
Mg

� ��������
������ � � ��� ���

�
 �� ' %�������	 ��� �
 ����� �� ������
 ��� #

� �
����� ��� ������� ���� ���	� � �����	 � �� '

d�178�1.� 65<�,�/� .<= <,3�.5.1 3�6� ,�;,0N,3� - 3. 1� 5�9-�.553�= :.�.�12�. 1�� �c^CA� BXg" 1.7.�18/,�� <�� ,�1,7�L� � 3 �=���3 /�=��� /, 6�. 5���;3�/ 1.1� ���/ 1.77 3�=
<76-5. ��
� F ,< 376N.5, �. ,N,1�/��5, 1� 5�9-�.553�2 ;3.5=�4�/� 161� 3�� 1.7.�18/,��
�3 �<� 0,� ;3.;0;��1. 3 �.1� 52��� 5 3.� .7�/ 0;.� >**���/ 1�77�� ++S .<= �=����� /�=��� O
f,���L5, ,-���/ 3. >∼ ẑ

S �L5.1. /, <76-5. /�=��� >M�GHS <�� ;3.;0;��1. 3 /, �� 3Q=�9
1 3� >∼ x̂

S ��L/ 1.77� GH >/ 1.e,���
r0
S I � ,N0/�/� � 0��/�� ,0�. 3 �

� R

M
d2δzn
dt2

= M ω2
0 (2 δzn − δzn−1 − δzn+1) + Fz ,

>¨�S
=<��

δzn = zn − z0
� 5,1.1=< 3/� 1��

n−�/ 1�L �=���� >5�Q.�
M F 4��1 0�� qS -L�� .<=

1� e6/� 3/����< 0.�
z0

>e,���L5, 5=�� .77�7,< 3;��/,3� 5,1.NL <�81�� -,31=���S O +
�cCA� BX! X� XUB V� "DWEW! ω0

;0�,1.3 .<= 1� /:6/�
ω2

0 = − q
Mr0

∂Φ(x)
∂x

|x=r0
=<��

Φ(x)
, 0�.3

1� ;��.5 3�= .77�7,< 0;�./�� 5,1.NL 1�� �=���� /�=��� >/, .<=/ 1./�
x = |xi−xj |

S I < O: O- 3. 6�. ;��.5 3�= 1L<��
Debye-Hückel

>2
Yukawa): Φ(x) = (q/x) e−x/λD F , 0�. 3 �	� R ω2

0 =
q2

Mr3
0

(1 + r0
λD

) e−r0/λD
O + �.1.�=��4� >∼ ẑ

S ;L�.5�
Fz = Fe −Mg

,0�. 3 � /�� 3/ 1.56��
1�� K����� �. 3 1�� ;L�.5��

Fe = q E(z)
<�� �4,07,1.3 / 1� �.1.�=��4� �7,�1�3�= <,; 0�

E(z) = −∂V (z)/∂z
O P � ;��.5 3�=

V (z)
�� .�.<1L/,1. 3 .<7� /, /,3�� -L�� .<= 1� e6/�

3/����< 0.�
z0

;�7 O
V (z) ≈ V (z0) + V(1) δz + 1

2
V(2) (δz)2 + 1

6
V(3) (δz)3 + O[(δz)4] F =<��

V(j) ≡ ∂jV (z)
∂zj |z=z0

O + �7,�1� 3�2 ;L�.5�
Fe(z) = −q ∑

j
1
j!
V(j+1) (δz)j ≡ ∑

j γ(j) (δz)j18�. 6:,3R 6�. 5�;,� 3�2� 1�N�� =�� <�� ,N��;,1,�8�,3 1� K.�L1�1. / 1�
z0
F 6�. -�.553�==�� >,<.�.4����S

γ(1) δzz
F �. 3 �h�7=1,��� 1�N�� >5�9-�.553��L�S =���� O + /�:�=1�1.

FF�x 9pqtv �y§ V (z) v�xrou qt �or ��tv81qo� wx oB wor�y§ ¡�oywr�y§ 9pqtv �y§ � yt|3 ¥ yt � wx wrx�x�x �¡�v/qx 9pqtv�y§ ��/sorn¡¥ �� �§s  rx5¥ �§qw q (ion wake potential) n wx 03 rx vowtB; w q ¡�oywrx9 u q �no �o�r1vtwt oyy/q n¡¥ ��1nvtwx¥ =HH? z
¨�



.<���<2�
(gap) ωg = ω(k = 0)

K�0/�,1. 3 e,���1 3�� �

� ,01, <��/;3��0Q,1. 3 <, 3�.5.1 3����
� I , 0�.3 1�� 1�N�� R ωg/2π ≈ 20Hz
/, <,3�.5.1 3�6� /��e2�,� O

d� -�.553��<�32/��5, 1�� ,N O >¨�S F e 61��1.� δzn = An exp[i (knr0 − ωt)] + c.c.
>=<��

ω
�.3

k = 2π/λ
,0�. 3 � /�:�=1�1. �.3 � ��5.1.�3e5=�S F <. 0����5, 1� /:6/� ; 3./<����

�

�

ω2 = ω2
g − 4ω2

0 sin2 kr0
2
.

>¨�S
d � ;�L5, 18�. 1 3 /�5K. 0�, 3 ,�� ��.12/��5, 1���  E^c� !  XCUZ\ =���� O
f. <,�3��3/ 1�L5, F - 3. .<7=1�1. F / 1� /��,:6� =�3� F e ,��8�1.� 5,-�7. 52�� �L5.1��

λ/, /:6/� 5, 1� / 1.e,�� <76-5.1��
r0

>;�7 O
k r0 � 1

S O + ,< 31�:��/�
Fz/M

/ 1�� MN O
>¨�S F <�� 18�. <,� 3-��4,3 1�� ,N67 3N� 5 3.� /��,:�L� /����1�/��

δz = u(x, t) F , 0�. 3 0/�5, R
Fz/M = −ω2

g u−αu2 −β u3 =<�� � 3 /��1,7,/ 16�
α F β /:,1 0Q��1. 3 5, 1� 5��42 1��

;��.5 3��L R
α = −γ(2)/M ≡ qV(3)/(2M) F β = −γ(3)/M ≡ qV(4)/(6M)

O
f,��8�1.� 5 3��6� 5,1.1�< 0/,3� R

u = ε u1+ε
2 u2

2+ ...
�.3 :��/ 35�<�38�1.� 1�� .�.-�- 3�2

e,��0. ;3.1.�.:8� <�� <,� 3-��h.5, < 3� <�3� F <. 0����5, 5,1� .<= <��N,3� 1� 7L/� R

u(x, t) = ε
[

Aei (kx−ωt) +c.c.
]

+ ε2 α
[

−2 |A|2
ω2
g

+
A2

3ω2
g

e2i (kx−ωt) +c.c.
]

+O(ε3) ,
>¨
S

=<��
ω
�.3

k
3�.��<�3�L� 1� /:6/� R

ω2 = ω2
g − c20 k

2 >¨�S
>
c0 = ω0 r0

S I <�K7 O >¨�S / 1�� <,�3�:2
k ≈ 0

O P � <7�1��
A = A(ζ)

� 3�,01. 3 5, 1��
>.���1 3�2 �S 1.:L1�1. �5�;.�

vg = dω/dk = −c20 k/ω
/ 1�� !"W#��WE �.1,Le��/� .<= 1��

1.:L1�1. 4�/�� I .�1= 1� 3; 3=���e5� U?XB�U�� U XCD CZ ! (backward wave)
<.�.1��2e��,

<�=/4.1. �.3 <,3�.5.1 3�� ���� O P � <7�1��
A

<,� 3-��4,1. 3 .<= 1�� MN O
NLS

>�S =<�� �3*.�-6� + 5,1.K7�16� {ζ, τ} 18�. ,0�. 3 {ε(x − vg t), ε
2t} O � 3 /��1,7,/ 16� P �.3

Q
18�.

,0�. 3R

P =
1

2

d2ω

dk2
= −c20ω2

g/(2ω
3) , Q =

1

2ω

(

10α2

3ω2
g

− 3 β
)

=
ω2
g

4ω

[

5

3

(

V3

V2

)2

− V4

V2

]

.

� 3. �. <��/;3��0/,3 �.�,0� 1 3� .��3K ,0� ,�4��/,3� 1��
P

�.3
Q

�.3 �. ;3,�,��2/,3 1��
,�/ 1�e,3. 1�� �L5.1�� F :�,3�Q,1. 3 5 0. ;,;�56�� 5��42 ;��.5 3��L V (z)

O d<= <,3�.5.1 3��
;,;�56�. ��
� F 6:,3 <���Lh,3 - 3. 1� ;��.5 3�2 ,�6�-,3. U(z) = q V (z)

1�� �=���� /�=���
� ,5<,3� 3�2 /:6/��� R

U(z) ' Mω2
g

[

− 0.9 δz +
1

2
(δz)2 − 1

3
0.5 (δz)3 +

1

4
0.07 (δz)4 + ...

]

.

H�-��0���1.� 5, 1��� ��3/5�L� 5.� F 6:��5, V(3)/V(2) = −1 F V(4)/V(2) = 0.42 F ,<�56���
Q > 0

O M< 0/��
P < 0 F ���1� / 1�

k = 0
>/��,:6� =�3�S O M<�56��� F � 3 ,-���/ 3,�1.7.�18/,3� <�� <.�.1��2e��.� / 1� <,0�.5. ��
� 5<���L� �. ;3.;�e�L� /.� �VBW!�b\�L5. F 5, 5,-�7� 52��� �L5.1��

λ
O � 3. 5 3��=1,�� =5�� 52��� �L5.1�� F / 1� -,� 3�=1,��

>;3.��312S <,�0<1�/� F � /��1,7,/ 12�
P = ω′′(k)/2

� =<�� <���L<1,3 .<= 1�� >¨�S �
FI¦� z � B z 2� 4 n wx =H�? z

	�



.77�Q,3 <�=/�5� /, ��<�3. 1 352�) 1��
k
�.3 1� - 3�=5,��

PQ
5<��,0 �. - 0�,3 e ,1 3�= I 1�,-���/ 3� �L5. <76-5.1�� /�=��� 5<��,0 ,<�56��� �. ,0�. 3 ;���5,3 ./ 1.e6� F - 3. /:,1 3��5 3��� 52�� �L5.1�� O

��<�� ,0;.5, F ,4=/�� 1� <7�1�� 1�� �L5.1�� <,�3-��4,1.3 .<= 1�� MN O >�S >5, 1��� <.9�.<��� =5�� /��1,7,/ 16� F / 1�� <,�0<1�/2 5.�S F 5<���L5, �. <,�356���5, 1�� L<.�N�
�. 3 ; 3�;�/� �������� >- 3.

PQ > 0
S , 01, ��	������ >.�

PQ < 0
S /�7 31�� 0�� ��
� I .�1�e. ;0���1.3 .��3K8� .<= 1 3� /:6/,3� <�� ,0;.5, <.�.<��� O P. <�81. >?!@ U#S e. /:�9

5.1 0Q��1. 3 ,�� ,< 376N��5, .��,1� 5 3��= 52��� �L5.1�� >8/ 1,
PQ > 0

S O P. 1,7,�1. 0.
>U?b\S F .� �. 3 4. 3��5,� 3�� ,����L�1. 3 / 1� /��,:6� =�3� F ;,� ,0�. 3 5�77�� 4�/ 3�� .<�;,�1�/ 1� 5��167� .�1= >.7�/ 0;. .<,0��� 52����S F ,4=/�� ,�<��/�<�L� �<,3�� .<�e��,�569
�� ,�6�-,3. F :��0� =5�� �. .<��7,0,1.3 � /:�5.1 3/5=� 1��� /, <76-5. <,<,�./56���
;3./ 1�/,�� O J �7 3/ 1. F /, 6�. 161� 3� >5 3���L 52���� �. 3 6�1���� ;3.��31=1�1.�S <76-5. F<,� 356�,3 �.�,0� 1�� ,54�� 3/� ,�=� �77�� 1L<�� 5�9-�.553�2� ;36-,�/�� F 1L<�� 

� ���
��
��� ��	�� ��

(Discrete Breather),
<�� 67�,3 <�=/4.1. 1� ,�;3.46��� 1�� ,�,���18� / 1���/ 3�2 H1,�,�� �.1�/ 1./�� ���� O

� j��$%&kj�k�k

H, .�12 1�� ,�-./ 0. ,/ 1 3�/.5, / 1� ;3�;�/� �7,�1��/ 1.1 3�8� ��5�1�� :.5�72� /�9
:�=1�1.� /, <7�/5. <�� :.�.�1�� 0Q,1. 3 .<= /�5.�1 3�2 <.���/ 0. �7,�1�3�� 4��1 3/56���
/�=��� >GHSO d4�L <,�3-��h.5, 1�,3� �.��� 3��L� 1�=<��� >�7,�1��/ 1.1 3�2�S 1.7��9
1�/�� <�� ;3.;0;��1. 3 56/. /, 161� 3� 1L<� <7�/5.1�� F ; 3,�,��2/.5, 1� ,< 0;�./� 1��
5�9-�.553�=1�1.� /, �L5.1. 5, 5�9.5,7�16� <7�1�� F :��/ 35�<�38�1.� 5 0. �.1�77�7� 569e�;� ; 3.1.�.:8� <�� 5,7,1� 1�� >.�-2S 5,1.K�72 1�� <7�1��� / 1� :8�� �.3 1� :�=�� O
M/ 13�Q��1.� /, 5�95.-��1 3/56�� <7�/5. GH 5, ./e,�2 /LQ,�N� >;�7 O /, **.6� 3. ++ �.1�
��<�3� 1�=<� 4�/�S F 1� �<�0� ,< 31�6<,3 1� ;3�;�/� T CUVBWXC`" Y V AWg" [ CD"E\ �.3
] U"WU^T CUVBWXC`" Y V AWg" [ CD"E\F ,0;.5, =1 3R>.S 1. �7,�1��/ 1.1 3�� �L5.1. <�� ;3.;0;��1. 3 /, <7�/5. 1L<�� GH �<=�,3�1. 3 /, ./ 1�9
e,3. <�� /��;6,1. 3 5, 1� ;3.5=�4�/� 1�� <7�1��� 1��� I>K S ,< 31�6<��1.� � ;3.5=�4�/� .�12 �. /�5K.0�, 3 /, ;3,Le��/� <7�- 3. �� <��� 1� ;3,L9
e��/� ;3�;�/�� F 5<���L5, �. ,<��,�/��5, 6�1��. 1� :.�.�12�. 1�� �L5.1�� R <,�3�:6�
/ 1.e,�6� /, <.��77�7� ;3.5=�4�/� .<�/ 1.e,��<� 3�L�1. 3F �. 3 .�1 3/ 1�=4�� I>-S � ,���-8� 3. ; 3.5=�4�/� ,���,0 1�� ,�/ 1�e,3. F ,�8 53��6� -�� 0,� <���.7�L� ./ 1�9
e,3. F ���0� � - 3. 5 3��� 52�� �L5.1�� I>;S 1� <7�/5. 5, <.���/ 0. /�=��� ,< 31�6<,3 1� ;3�;�/� ,�1�< 3/56��� ;3,-6�/,�� 1�� <,9
� 3K�77��/.� 1�� �L5.1��

(envelope excitations) I <,�3�:6� 1 358� 1�� (k, θ)
5, ,�/ 1�e,3.

>./ 1�e,3.S ;6:��1. 3 /��1,3��L >4�1,3��LS 1L<�� 161� 3. /�7 31=� 3. F 5, :.�.�1��3/ 1 3�� <��,N.�18�1. 3 .<= 1.
k F θ 56/� 1�� /��1,7,/ 18� 1�� J�9��.553�2� MN0/�/��

Schrödinger>�S I>,S /, /L-��3/� 5, 1� ��3�= >
e − i

S <7�/5. F � <.���/ 0. e,1 3�� >.���1 3��S 4��1 3/56���
/�=��� ,���,0 >;�/:,�. 0�,3S 1�� ,�/ 1�e,3. F ,���8�1.� 1� ;3�;�/� /��1,3�8� >4�1,3�8�S
/�7 31�� 0�� F ;�7 O �<8� ><.758�S O
P 67�� F /, =1 3 .4��� 6�. <7�/5. 1L<�� GH 5, <�7L 3/:��2 /LQ,�N� F ;�7 O /, **���/ 1.797 3�2 ++ 4�/� F ,0;.5, =1 3 ,0�. 3 < 3e.�=� � /:�5.1 3/5=� ,�1�< 3/56��� ;3,-6�/,�� /, /:6/�
FM Ew¡ Cpn �y5 Eworo1¥ {tw1n wtn¡¥ � tpw5 ¡ w �v5 wxp k ouqt � sq n w5  ¥ ��� ��~ ��������� � ����~
 ��

(zero-dispersion point) w¡¥ :3q¡¥ Brillouin [68].

	¨



5, �cCA� BX! CZ !W! ?@ bc !WU\  � BCD"EO d��7�-. /�5<,��/5.1. 6:��� <���Lh,3 .<=
<�=/4.1,� 5,761,� /, /:6/� 5, 1�� ;3.52�� 1�=<� 1.7��1�/�� 1�� <76-5.1�� O
G�6<,3 �. .�.46���5, � - 3. 7=-��� <7��=1�1.� � =1 3F ,/ 1 3�Q��1.� / 1. <� 3�1 3�� :.�.9
�1��3/ 1 3�� 1�� 5��167�� F ,< 376N.5, �. .-��2/��5, 4.3�=5,�. =<�� � .<=/K,/� 7=-�
���L/,�� 5,1.NL 3=�1�� �.3 �=���� /�=���

(ion drag)
,01, 5,1.NL �=���� �.3 ��;69

1,��� <,�3K�77��1��
(neutral drag),

;3.��5��/,�� 5,-6e��� �. 3 4��1 0�� 1�� �=���� F,< 0/�� � 5�9�.�1,/ 3.�2 F <,<,�./56�� -,�5,1�0. <7�/5.1�� �7< O
M7< 0Q��5, =1 3 � 3 <.�.<��� <��K76h,3� 5.� /, /:6/� 5, 1�� ,�/ 1�e,3. 1�� �7,�1��/ 1.1 39
�8� ��5�1�� �.3 1� /:�5.1 3/5= 5�9-�.553�8� ��5.1�5��48� F ,4=/�� ; 3,�,���e�L� >�.3
,<.7�e,�1�L�S <,3�.5.1 3�� F 5<���L� �. /��,3/46���� / 1�� �.1.�=�/� 1�� /�5<,�34������5�1�� <�� ;3.;0;��1.3 /, <7�/5. 5, /�=�� O d<81,��� /��<=� .�12� 1�� <��/<�e,3.�� <�� ,5<,�36:,3 6�1��� 1� ,7��/ 1 3�= / 1�3:,0� 1�� <�=�7�/�� F /, /��;�./5= 5, .�.54 39
/K21�1� **�5��4 3� ++ / 1� 4�/ 3�2 <,� 3-�.42 .�1�L 1�� /:,1 3�� �6�� 4�/ 3��L /�/ 125.1��� , 0�.3 � �.1.�=�/� 1�� 3; 3�121�� 1�� <7�/5.1�� GH >�.3 < 3e.�8� � 67,-:=� 1���
.<= 1�� ��e��<�S F /, =1 3 .4��� 1=/� 1 3� ,�-./ 1��3.�6� �. 3 K 3�5�:.� 3�6� ,4.�5�-6� F1. 5�:.��7�- 3�� Q�125.1. <�� /:,1 0Q��1. 3 5, 1�� M7,-:=5,�� HL�1�N� F .77� �. 3 1��
,�5��,0. 4. 3��56��� <�� /:,1 0Q��1. 3 5, <7�/5. GH / 1� � 3�/ 1�5. O

j)�%'mj%'j � %��k&'j� '%j
P� �,05,�� .�1= <.���/ 3�/ 1��, / 1� �U [� U@�#U �VB XC	\ C!X _�� "U@ Uc#!\ [ Z"WE�E\>�=7�� F 	� J.�10�� 9 	 d<�37 0�� 	���S F / 1��� ;3��-.��16� 1�� �<�0�� ,05.3 ,�-�85��
- 3. 1�� <�=/�7�/� �.3 - 3. 1�� 4 37�N,� 0. >1=/� 18�. =/� �.3 / 1� <.�,7e=�S O
+ ,�-./ 0. .�12 <�.-5.1�<�32e��, / 1. <7. 0/ 3. 5,1.9;3;.�1�� 3�2� 6�,��.� F 5, 1�� �<�9
/ 12�3N� >5, 1� 5��42 �<�1��4 0.�S 1�� M< 31��<2� M���<.��8� ��3��121�� >

Human Po-
tential Research and Training Network),

56/. .<= 1� G�=-�.55. R “Complex Plas-
mas: The Science of Laboratory Colloidal Plasmas and Mesospheric Charged Aerosols”
(HPRN-CT-2000-00140).

j)�%'mj) �%(%��k'kj j� 'l�)j
�.1. 1�� <.���/ 0./� .�12� 1�� ,�-./ 0.� >��� 3N� 	���S F � ;3,e�2� K 3K7 3�-�.4 0. .�1 39
5,18< 3Q, 5, ��<�3. ;�/< 3/ 1 0. 1� ,�;,:=5,�� ;��.5 3�2� ,N,7 3N�� 1�� /�=��� 5,/. /, ,�.
.�1 3;�./ 12�. /��1�N�� �. 3 1�� ;��.1=1�1. **,< 3K 0�/2� ++ 1�� / 1�� �h�72 e,�5���./ 0.
1�� <,�3K.77��1�� <7�/5.1�� O d��7�-,� <.�.1��2/,3� ,- 3�.� �. 3 �.1� 1�� <.���/ 0./� O
M 3�. 3 .N3�/�5,0�1� �1 3 �.1� 1�� <��,1� 35./ 0. 1�� 1,7,�1. 0.� 5��42� 1�� �,356��� .�1��
>.�:6� 	���S F 5 0. /,3�� .<� /�5.�1 3�6� e,���1 3�6� 5,761,� 6:��� <76�� �.1.;,0N,3 .�.59
4 3/K21�1. 1� ;��.5 3�= �=7� 1�� /�=��� 56/. / 1� <7�/5. /L�1�N�� F �.1.N38���1.� 1�
4�/ 3�2 5,7,1� �. 3 �.1.�=�/� 1�� <7�/5.1�� 5, /�=�� 56/. /, <,�3K�77�� /L�1�N�� ��
50. .<� 1 3� .�.-�.3=1�1,� - 3. 1� ���1 3�= 5,77�� F /, /:6/� 5, 1� /:,;3./5= 1��

ITER>K7 O / 1�� ,3/.-�-2S O J ,�3�6� .<= 1 3� 5,761,� .�16� ,3�. 3 � 3 <.�.��1� R
– S. I. Krasheninnikov et al., Phys. Plasmas 11, 3141 (2004);
– J.D. Martin et al., Proc. 31st EPS Conf.Plasma Phys. (London), 28G O-1.07 (2004);
– A. Pigarov et al., Phys. Plasmas 12, 122508 (2005);
– J.D. Martin et al., J. Nuclear Mat., 337-339, 114 (2005);
– Proc. UCSD 2005 meeting on fusion dust; online at: http://maemail.ucsd.edu/∼dust.
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