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îíë´ð´ór?5¼u?`¦k®l¯J«­£E§°üº¦/Â × ±@£	¤°®vÀ(¬½¼�?`¥ºÇ7§l¼�� �SÂ�ë@ñ ¸ ï3<
G@ð » ¼
îíëËì­ó × ¼@Ø-¼@ôDÆF¯°¯°«�Ç@Âüd ¼��Ä¼	êÏ¬E¯°®v£E¶@®v¯lÂÏ«´£F»ÐEÉ¼­Ø-¼�dÙ®v£Eü�Â��E¼£?`¥	Ç7§v¼�Î × ±@£F»E®v£F§l¼7ô�«´¤°¤°®v¯��Â¸êÏØ�ð
G	ñ ¸ ï	<A<
� » ¼
îíë­ñËórI,¼¸Ú Ã±­Õõ®v£½Â¡?`¥	Ç7§°¦k©l§"E:®v¬�±@¯W¤J§=�.+���Â�ë´ì
< ¸ ï	<
<´ì » ¼
îíë´ù´ó":Ò¼u� Ã«­¶@®l²k®­Â ?ö¥	Ç7§°¦¨©v§TE¹®l¬�±­¯}¤J§=�/� �½Â�ëÏï�ñ ¸ ï3<
<@ù » ¼
îíë­òËórYÄ¼.:Ò¼9:·¯}¦k®v¯�«­£F» × ¼¸Ø-¼�ôDÆF¯}¯J«�Ç@Â0�E¼ × ¥E®vÀn¼�?ö¥	Ç7§v¼>1\8.8�Â�<
�
G
G ¸ ï3<
<­ì » ¼
îíëLG´órI,¼¸Ú Ã±­Õõ®v£½Â¡?`¥	Ç7§v¼¡Wþ²/¼9<@1¸Â�ïcù@ñ ¸ ï	<
<	ñ » ¼
îíëL<´ó-ôÙ¼�êÏ©�¥FÀ(¦k»E¤¹«´£F»ÓI,¼¿Ú Ã±­Õõ®v£½Â¡?`¥	ÇÏ§l¼¡E¹®Ñ³�¼¿Ú�®Ñ¤°¤�¼�� �½Â¸ìºñ@ñ­ë ¸ ï	<
<­ù » ¼
îøðA�´ó"�E¼ × ¼ × ¯°±7©�ü­®l¯T«­£E»�YÄ¼.:C¼.:Ã¯°¦¨®v¯vÂ ?ö¥	Ç7§v¼¡E:®l³�¼�Ú�®l¤°¤v¼/�.��Â�ï	G
<	ò ¸ ï3<
<@ù » ¼
îøðÏïvó,¾þ¼uYt¦k®l»F¯°¦¨©�¥w!$#X%('*)kÂ�?`¥	Ç7§v¼¡E:®l³�¼¿Ú�®l¤°¤v¼0<.3�Â�ëL<@ðEï ¸ ï3<
G	ò » ¼
îøð@ëËórYÄ¼.�E¼�d ¦k£E®v²h«´£F»�!$#X%('*)kÂu?`¥	Ç7§v¼�E¹®Ñ³�¼¿ÚS®Ñ¤°¤v¼0<03½Â�ëA<­ð	ñ ¸ ï	<AG	ò » ¼
îøð­ð´ó":Ò¼uWõ¦k¯°üº²#Â¸ê�¼�C·«­§}§°£F®l¯vÂ�«­£F»ÓI,¼ad «­²Ý¤J¥F®l¯vÂu�ª«´¤JÆF¯}®6+0</��Â¿ðEï	� ¸ ï	<
<	ë » ¼
îøð´ì­óÉ¢�¼idÖ«´ü7¦#ÂSê�¼.C·«­§}§°£F®l¯vÂf:C¼~Wþ¦¨¯°üº²/Â�«´£F»JI,¼id «­²Ý¤J¥F®l¯vÂd?`¥	ÇÏ§l¼dE¹®Ñ³�¼SÚS®Ñ¤°¤v¼5�.7½Â�ëA�
�	ò

¸ ï	<
<@ë » ¼
îøð@ñËó"�E¼L�É¼�Í�«­£�ÂO�E¼~�E¼AWõ±@²k²¨¦k£F¶@®l¯vÂcØ,¼­ê�¼LWþ«­¯}¤°±@£½Â@«´£F»�YÄ¼E�E¼ d ¦k£F®l²h«­£E»½Â´¦¨£���mEF.|~��!$N�#^h�%('

R&'*%EH$UV%=R�b4PcH$IdG�H����ÑÂc®v»E¦¨¤J®l»-Û	Ç"�E¼Ë¾�«	C°«­£F§5«­£F»�YÄ¼DYtÆFÛE¦k£ ¸ ØT¢S?J?`¯°®l§°§lÂ£�ª®ÑÕ�,Ô±@¯°ü¿Âï	<
<	ñ » ÂE¬½¼�ë7ï�ñÏ¼
îøð­ù´ó"�E¼u?`¦k®v¬�®v¯lÂ0�E¼0:·±­¯°®v®´Â¸«­£F»/E·¼.�tÆF¦k£F£�Â.�E¼ MÔ«­©­¼�ê7©v¦/¼EÍ5®l©�¥F£F±@²#¼¸Ø�1O�SÂ�ñÏï	< ¸ ï	<
<@ù » ¼
îøð@òËóÉØ-¼¿ôD®l²K�l®v¯vÂ¸Ø,¼�Iª±@ÀÓ«­£F£�Â¸«­£F»nØ-¼�?`¦k®l²/Â�?ö¥	Ç7§v¼�E:®l³�¼¿û�<.+½Â¿ë@ò@ñ@ò ¸ ï	<
<@ù » ¼
îøðAG´óÉØ-¼­ôD®v²��v®v¯lÂ@Ø-¼LIª±­À[«­£E£½Â@«­£E»ÄØ-¼L?`¦k®v²#Â­¦¨£��Wb9!�Up!$'�#^IKF4n]#Qh�%(FZH$IK#^IdmEFvml�T#�b9!TR&'*%EH$UV%

G$h$PcH$#d%(' ÂF¬F¬½¼�ïcð@ñc��ïcð
GÏ¼
îøðA<´órI,¼FÍ>¥F±­À[«­§¹«­£E»�:C¼¿û>¼�ôD±@¯WÈ¸²k²#Â �T«Ë¤JÆF¯}®"+/� 3½ÂuG
�@ù ¸ ï	<
<@ù » ¼
îHì
�´ór�,¼u�É¼�Eª«­±EÂu?`²h«­£F®Ñ¤�¼¿ê7¬¸«­©v®-êÏ©l¦/¼ �>1¸Â�ëÏï ¸ ï	<A<@ð » ¼
îHìEïvór�,¼uY��øØT£F¶­®v²k±EÂu?`²h«­£F®Ñ¤�¼¿ê7¬¸«­©v®-êÏ©l¦/¼ �/�½Â�ñA�	ò ¸ ï	<
<­ì » ¼
îHì	ëËó-ê�¼�MÄ¼ MT²h«­»E¦kÀ(¦k¯°±c³�Â%?ö¥	Ç7§v¼¡?`²h«´§°ÀÓ«­§-1¸Â�ë@ò­ù	ë ¸ ï	<
<­ì » ¼
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îHì	ðËó��Ä¼uIª«�³Ï£E®v§V!$#&%('*)kÂ.�E¼ MÔ«­©´¼¿êÏ©l¦/¼¸Í�®v©�¥F£F±­²/¼¸Ø21O��Â¸ñ@ë@ñ ¸ ï	<A<@ù » ¼
îHì@ì´ó-¾õ¼¿ôD®v²k«­£F»F§��FÂ�?`¥	ÇÏ§l¼@?`²k«­§°ÀÓ«­§�+½Â¿ð
G
<A� ¸ ï	<
<@ù » ¼
îHìºñ�ó,Ø,¼�Iª±@ÀÓ«­£F£�!$#&%('*)kÂu?`¥	ÇÏ§l¼¡E¹®Ñ³�¼�û�<0�½Â�òÏï�ð
G ¸ ï	<
<@ò » ¼
îHì	ùËó6E·¼½Ú`¼½ôD®v¯}²k¦k£E±FÂ�Ø,¼~W�«­¯}üË«­£½Â × ¼�Í>¥F±@À(¬F§°±@£�ÂS«­£F»J�,¼@Y��íØª£F¶@®l²k±FÂ@?ö²k«­§°ÀÓ«�?`¥	Ç7§v¼

× ±­£º¤°¯°±@²#¼¸¾¸ÆF§°¦¨±@£;+.3�Â¸ØªìºëÏï ¸ ï	<
<	ò » ¼
îHìºò�ó,Ø,¼�Iª±@ÀÓ«­£F£�!$#&%('*)kÂu?`¥	ÇÏ§l¼�ÚS®Ñ¤°¤v¼¸Ø�� �/�½Â½ï�ò­ð ¸ ï	<
<
G » ¼
îHì£GËó,Ø,¼D?ö¦¨®v²#Â´Ø,¼LI¹±@ÀÓ«­£F£½Â­«­£F»-Ø,¼´ôD®v²��v®v¯lÂ£?`²h«­§}À[«P?`¥	Ç7§v¼ × ±­£º¤°¯°±@²#¼Ë¾¿ÆE§°¦k±­£6�>1¸Â­Øªìºñ­ð

¸ ï	<
<
< » ¼
îHì£<Ëó6YÄ¼¸êE«­À(§°±@£F±c³w!$#&%('*)kÂu?`¥	Ç7§v¼�E¹®Ñ³�¼¿Ú�®Ñ¤°¤�¼07.+½Â¸ð@ù´ì£< ¸ ï	<
<A< » ¼
îíñA�Ëó,Ø,¼öôD®l²K�v®l¯vÂõê�¼y�¹ÆF£F±@À-ÆF¯J«EÂZYÄ¼�êE«­À(§°±@£F±c³�ÂÔ«­£F»��E¼�:Ã±@¯°®l®­ÂZ?`¥	ÇÏ§l¼�E¹®Ñ³�¼öû��.�½ÂìEïcù	ë ¸ ëA�A�
� » ¼
îíñÏïló��Ä¼uIª«�³Ï£E®v§V!$#&%('*)kÂu?`²h«´£F®l¤v¼¿êÏ¬¸«­©l®Äê7©v¦/¼Z��3½Â�ë@ë´ð ¸ ëA�
�Ïï » ¼
îíñ@ë�ó�M-¼u�ª±­§°®v£Eü­±FÂ0�E¼.:Ã±@¯}®v®­Â¸ú�¼¥d ¼¿ô�«ÏÂ¸«­£F»ÜØ-¼ ?ö¦¨®v²#Â ?`¥	ÇÏ§l¼�E¹®Ñ³�¼¸Ú�®l¤°¤v¼.7.7½Â½ïcð	ñA�A�Eï

¸ ëA�
�	ë » ¼
îíñ­ðËóÄê�¼ò?�®l¤J®l¯°§lÂªØ,¼òI¹±@À[«´£F£½Â�Ø,¼�ôD®l²K�l®v¯vÂ¹«­£E»!Ø-¼¬?`¦k®v²#Â�?`¥	ÇÏ§l¼�Ú�®l¤}¤�¼ÔØ��.�.+½ÂªðAG
<

¸ ï	<
<@ù » ¼
îíñ´ì´óÄê�¼ MÄ¼ Mt²k«­»F¦¨ÀÓ¦¨¯°±c³�Â%?`¥	Ç7§v¼�E¹®Ñ³�¼¿û��/3�Â�E�<
<	ò ¸ ï	<
<­ì » ¼
îíñ@ñ�ó,Ø,¼�MÄ¼E¢÷³Ï²¨®l³�ÂuãÉ¼	CÃ±@£F±@¬FüË«EÂE«­£F»;:C¼Fû>¼¿ôD±@¯WÈ¸²k²#Â ?`¥	Ç7§v¼�E:®l³�¼¸û��.�½Â¿ë@ò´ð
< ¸ ëA�A�
� » ¼
îíñ­ùËó,Ø,¼�MÄ¼Ï¢÷³7²k®l³�Â�E·¼¸ê ÃÆE¤}¤J®l¯°²k¦¨£½Â�MÄ¼¸êº¤J®v¦¨£ºÛ�®l¯°¶FÂ¸«´£F»;:Ò¼Eû:¼¸ôD±@¯}ÈF²k²/Â%?`¥	ÇÏ§l¼�E¹®Ñ³�¼¿ÚS®Ñ¤°¤v¼

7.<½Â¸ì£�@ùA� ¸ ëA�
�A� » ¼
îíñ@ò�ó-û>¼¬WT¼öÍ5±­ÀÓÀ(®­ÂòWT¼õôÙ¼õØª£F£¸«­¯°«´¤J±­£F®­Â>«´£F»��E¼Ôû>¼õØª²k²k®l£½ÂR?`²k«­§°ÀÓ« ê7±@ÆF¯°©l®v§×êÏ©v¦#¼Í�®v©�¥E£F±@²/¼03½Â�G	ò ¸ ëA�
�
� » ¼
îíñAGËó6IÉ¼�ôÙ¼¸Í>¥F±@ÀÓ«­§lÂ¸¦k£ �0�o��u�mEhq�cH�b9m�_�mEF��Wb9!kR�b4PcH$IdG�HJml��L-NOH$#QP�R&'*%EH$UV%EH ¸ Wþ±@ÆF²gÐ»E®v¯vÂ × ±­²k±@¯°«­»F±FÂ�ï	<
<
G » ¼
îíñA<Ëó�:C¼¸û>¼�ôD±@¯WÈ¸²k²¡!$#X%('*)kÂu?`¥	Ç7§v¼�E¹®Ñ³�¼¿ÚS®Ñ¤°¤v¼070+½Â�ï�ñL<
G ¸ ï	<A<
< » ¼
îøù
�Ëó6IÉ¼¸Í>¥F±@ÀÓ«­§"!$#&%('*)kÂu?`¥ºÇ7§}¦k©�«[êÏ©v¯}¦k¬E¤J«V703½Â�ïcù ¸ ëA�
�Eï » ¼
îøùEïló��E¼E:Ã±@¯}®v®­Â�:Ò¼�û:¼´ôD±­¯}È¸²¨²/Â	MÄ¼X�É¼ËÍ>§WÇº¤J±c³7¦k©�¥½Â	«´£F»Äê�¼XM-¼3Mt²k«­»F¦kÀ(¦k¯}±c³�Â3?ö¥	Ç7§v¼AE¹®Ñ³�¼�û

<.3½Â�òA�	ñ­ñ ¸ ï	<
<A< » ¼
îøù	ë�ó�M-¼X�,¼�Í>§}Çº¤°±�³7¦¨©�¥½Âºê�¼3M-¼XMT²h«­»E¦kÀ(¦k¯°±c³�Âj:C¼�û>¼­ôn±@¯}È¸²¨²/Â�«­£E»J�E¼E:Ã±@¯°®l®­ÂL?ö¥	Ç7§v¼AE¹®Ñ³�¼�û

�.+½Â��	ñ­ù­ù
�
< ¸ ëL�
�Eï » ¼
îøù@ðËó-û>¼�Í>¥F±@ÀÓ«­§��­¯v¼ÝÂ@WT¼�ôÙ¼¿ØT£E£¸«­¯J«Ë¤J±@£F®´Â5:C¼�û:¼�ôD±­¯}È¸²¨²/Â�«­£F»�I,¼�E¹±­¤°¥F®v¯}ÀÓ®l²/Â�?�E¹û

�.�½Â��Eïcù´ì£�	ñ ¸ ëL�
�	ë » ¼
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îøù´ì­órI,¼F¢rü´®f�v¦#Â¡?ö¥	Ç7§v¼�¾�²¨ÆF¦k»E§��.3�Â�ïcò­ù­ì ¸ ï	<AG@ù » ¼
îøù@ñËó"�E¼uI,¼ × ¥ºÆÊ«´£F»nÚö¼¸¢�Â�?`¥	Ç7§°¦¨©�«ÒØ��980<½Â�ï	G@ð ¸ ï3<
<­ì » ¼
îøù­ù´ó"�E¼uI,¼ × ¥ºÆ½Â/�E¼�WT¼uYtÆ�Â¿«­£F»nÚ`¼¸¢�Â0�E¼u?`¥ºÇ7§l¼@Y�ÎFØª¬F¬F²#¼u?`¥ºÇ7§l¼W�/��Â¿ëA<@ù ¸ ï	<
<­ì » ¼
îøù@òËó-ôÙ¼�ê�¼uW�«´¯°£F®l§�!$#&%('*)kÂu?`¥	ÇÏ§l¼¡E¹®Ñ³�¼�Ú�®l¤}¤�¼.�.7½Â¿ðEïcð ¸ ï	<
<	ë » ¼
îøùAG´óÉÍÃ¼��ª¦¨¤}¤J®l¯vÂu?`²h«´§°ÀÓ«ÒêÏ±@ÆF¯}©v®v§TêÏ©l¦/¼FÍ�®v©�¥F£E±@²/¼0<½Â�<@ð ¸ ï3<
<@ù » ¼
îøùA<´órI,¼�Mö®l§}¤J£E®v¯ª«­£F»DÚö¼¥dÖ«­²¨»FÀÓ«­£F£½Âu?`¥	Ç7§°¦¨©�«x70�9¢ÊÂ¸ðA�@ð ¸ ï	<	ò­ò » ¼
îíòL�´órI,¼�Mö®l§}¤J£E®v¯ª«­£F»��E¼uIT«­²¨ÛF¯°¦Ý¤°¤°®v¯vÂ¸ú�¼u�T«´¤°ÆF¯}µÅ±­¯°§°©�¥ºÆF£E¶s+.� £½Â�ñ@ñA< ¸ ï3<
GEï » ¼
îíò7ïvó-ê�¼¿ôÙ¼¿Ú�®l³7¦Ý¤J§°üº¦ ClÂ�ú�¥½¼FÍ�®vüº¥½¼�¾�¦K���/��Â½ï	�A�Eï ¸ ï	<	ñ­ò » ¼
îíò­ëËó,¾þ¼¿êÏ©�¥F£E®v¦k»E®v¯vÂ�ú�¼FØª£F¶@®ÑÕ·¼�?ö¥	Ç7§v¼��½ÂFìºñ­ù ¸ ï	<	ñ´ì » ¼
îíò´ð´ór?5¼uWþ®l²k®l£F¶@ÆF®l¯ª«´£F»��E¼�?�¼�Wþ±7®vÆEµ3Âu?`¥	Ç7§vÂ�E¹®Ñ³�¼¸Ø¤�f1¸Â¸ì@ì­ìºò ¸ ï	<
<A� » ¼
îíòËì­ór?5¼uWþ®l²k®l£F¶@ÆF®l¯vÂ�?`¥½¼�YÄ¼F¤J¥F®l§°¦k§lÂ�ãª£F¦Ý³@®l¯°§°¦Ý¤�?®��T«´£F©lÇ­Â�ï3<
<
�E¼
îíò­ñËó-ôÙ¼�ê7ÆF¯°®l£F»F¯J«ÏÂ¬YÄ¼¹WT¼�:·¯°«�³@®v§lÂÔ«­£F»Ö¢�¼��E¼`ôD±@¯}®lÇ­Â`ØT¬F¬F²#¼9?`¥	Ç7§v¼`Ú�®Ñ¤°¤�¼�<.��Âþï	�	ë@ë

¸ ï	<
<A� » ¼
îíò´ù´ó-ôÙ¼>êÏÆE¯°®v£E»F¯J«EÂTYÄ¼¬WT¼�:Ã¯J«�³@®l§vÂª«­£F» :C¼>ôÙ¼X�­®v²¨²kÆFÀnÂ�?`¥	ÇÏ§l¼PE¹®Ñ³�¼þØ¥�>1¸Â·ï@ï@ï�ë

¸ ï	<
<A� » ¼
îíò­òËóOMÄ¼@Ø,¼4:·±7»EÇ	«´üC«­£F»(Ø-¼7ê�¼ C·«­£E£F®l¤°¥½Âº¢3ûÔûöûÖÍ�¯J«­£E§v¼�?`²h«­§}À[«·ê7©v¦/¼.1O�SÂ¸ï@ï�ë ¸ ï	<
G@ù » ¼
îíòLG´óOMÄ¼¿Ø-¼/:Ã±Ï»EÇ@«­ü¿Â@E·¼¡WT¼¡?`¦k®SC°«´ü�Â�«­£E»:WT¼�ôÙ¼¿ØT²¨®ÑÎE«­£F»F¯}±c³Ï¦¨©�¥½Â~E:®l³�¼�êÏ©l¦/¼¿¢r£F§}¤°¯°ÆFÀn¼

�@1¸Â¿ëËì£�Eï ¸ ï	<A<
� » ¼
îíòL<´óOMÄ¼�Ø-¼�:·±7»EÇ	«´ü�Â�EÉ¼¹WT¼¹?ö¦¨®SC°«­ü¿Â`«´£F»NWT¼�ôÙ¼�Øª²k®*ÎF«´£F»F¯°±c³7¦k©�¥�Â�?ö¥	Ç7§v¼9E¹®Ñ³�¼�Ú�®l¤}¤�¼

�07½ÂFì
� ¸ ï	<
<	ë » ¼
î�GA�´óOMÄ¼	Ø-¼4:Ã±7»EÇ	«­ü¿Â
E·¼�WT¼�?`¦k®SC°«´ü�Â7«­£E»�WT¼ÏôÙ¼	Øª²k®*ÎF«´£F»F¯°±c³7¦k©�¥�Â�?`²h«´§°ÀÓ«·êÏ±@ÆF¯}©v®v§�êÏ©v¦#¼Í5®l©�¥F£F±@²#¼@1¿ÂFð@ù ¸ ï	<
<@ë » ¼
î�GÏïvó-ôÙ¼¸Ø-¼¸Ú�¦¨®vÛ�®v¯°ÀÓ«­£F£�ÂF¢3ûöûÔû!Í�¯J«´£F§v¼�?`²h«´§°ÀÓ«ÒêÏ©v¦#¼@1��½Â¸ù­ð
G ¸ ï	<
GAG » ¼
î�G@ëËó-ôÙ¼�Ø,¼½Ú�¦k®lÛ�®l¯°ÀÓ«­£F£�«­£F»OØ-¼��E¼½Ú�¦¨©�¥º¤°®v£ºÛ�®v¯°¶EÂfRTh$IKF�G$I¦_0'g!�H�ml��_0'*%EH$UV%;C(IgHcG�bZ%(hQn4!�H

%(F0CxUV%(#l!$hiI^%('�_0hqmcG�!�H�H$IKF4n ¸ �­±­¥F£ýd ¦¨²k®ÑÇQ«­£F»�êÏ±@£E§¹¢r£E©­¼ÝÂ��ª®lÕt,Ô±@¯°ü¿Â½ï	<A<­ì » ¼
î�G­ð´óÉØ-¼uI¹±@À[«´£F£½ÂuYt¦¨§°§°®l¯}¤J«´¤J¦¨±@£½Â × ¥E¯°¦k§W¤J¦k«­£4�7Øª²kÛF¯}®v©�¥	¤J§	�%ãª£F¦Ý³@®l¯°§°¦Ý¤ Ã«´¤�CÃ¦k®l²/Â�ï	<
<
GE¼
î�G´ì­óÉØ-¼�ôD®v²��v®v¯lÂ&L�!$hJR&'*%EH$UV%E�EhiIgH$#d%('K'*`sR�bZ%EHc!$Fk§NZ{$!$hdnO%(F4n�N4F0CMy.#d%O{aIK'�IK#O§%(##Â9Mö±­²/¼5ò´ìÊ±­µ
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<	ò » ¼
î�G@ñËóÉÍÃ¼¸Í5¯}±­¤°¤°®v£ºÛ�®l¯°¶FÂ�Yt¦¨¬F²k±­À[«­¯}Û�®l¦¨¤vÂ%ã¹£F¦¨³­®v¯}§°¦¨¤}¤JCÃ¦k®v²#Â�ï	<A<­ìF¼
î�G­ù´ó-ôÙ¼�CÃ²k¦¨£F»EÕõ±@¯}¤°¥½Â¹ô�«­§W¤J®l¯a�ø§×¤J¥F®l§°¦k§lÂª¢r£E§}¤J¦Ý¤JÆE¤°®�µÅ±@¯[û�ÎÏ¬�®v¯}¦kÀ(®v£	¤�«­²T«­£F» Øª¬F¬F²k¦¨®v»

?ö¥	Ç7§°¦¨©v§ × ¥F¯°¦¨§}¤°¦h«­£ÏÐ÷ØT²¨ÛF¯°®l©�¥º¤°§WÐ�ãª£F¦Ý³@®v¯}§°¦Ý¤rÇ CÃ¦k®v²#ÂaCÃ¦k®l²/Â�ï	<
<
<E¼
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î�G
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Vertical oscillationsof microparticlestrappedin the sheathof a capacitiverf dischargehavebeenexcited

showinga strongly nonlinearresonance.The nonlinearoscillationsare analyzedin termsof an anharmonic
fourth-orderpotential energycurve. It is demonstratedthat the observednonlinearitiescan be relatedto a
positionÝ dependentchargeof the microspheres,whereasthe electric field is found to be as nearly linearly
increasing.The experimentalresultson the positiondependentchargingandelectricfield structurearecom-
paredÝ to a numericalmodel.
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I. INTRODUCTION

In
à

the last few years,dustyplasmashaveattaineda great
interestbecauseof their importancefor astrophysicalphe-
nomenaá andtheir applicationin plasmaprocessingtechnolo-
gies.â Plasmascontainingsmall particles ã nanometerto mi-
crometerä sizeå areæ found in planetaryrings,comets,nebulae,
noctilucentclouds,etc.Dustyplasmasplay animportantrole
in
ç

industrialdevicesfor microchipprocessing,whereparticle
formation posesa seriousproblemof contamination.Tech-
nologicalá applicationsare found in dischargeswith reactive
gasesâ for particlegrowthanddeposition,aswell asmanufac-
turing
è

of nanopowders,solarcells, andnew materials.
Even
é

morefascinatingin view of fundamentalphysicsis
the
è

observationthat microspherestrapped in the plasma
sheathê form nearly two-dimensionalcrystal-like structuresë
the
è

so called plasma crystals ì 1–4í*î providingï an ideal
modelð for condensedmatteron a macroscopicscale.

Thechargeof thegrainsandtheelectricfield structurein
the
è

sheathare consideredto be crucial parametersfor the
particleï trappingandcrystallizationof microparticlecrystals
in laboratoryexperimentson Earth.

Oscillatory
ñ

motion of particles that are trapped in the
sheathê of an rf dischargewas alreadyusedas a diagnostic
meansð for determiningthe chargeon microspheresò 5ó ô . This
technique
è

was later refined by using a laser force on the
particleï õ 6ö ÷ ,ø confirming the Q

ù
/
ú
M
û

valuesü found earlier. The
variousü oscillationmodesof a particletrappedin the sheath,
including
ç

parametricexcitation of the vertical resonance,
wereý studiedin Ref. þ 7ÿ � .

Damped
�

linear oscillationsof particlesdroppedinto the
sheathê were exploited to obtain a detailed insight into the
particleï charge� 8� � . The key point in all theseexperimentsis
that
è

the electric field is consideredto be linearly increasing
andæ thechargeon theparticleis constant,resultingin a linear
resonance� of the oscillating particle. A linear resonanceis
characteristicä of a particleoscillatingin a paraboliceffective
potentialï well, that resultsfrom theassumptionson theelec-
tric
è

field andparticlecharge� 5,6,9
ó �

.
Recently,
�

the nonlinear oscillations of single particles,
that
è

weretrappedinto thesheathregionwereusedto explore
the
è

electric field structureof the sheath 	 10
 . Self-excited
oscillations� driven by a delayedcharging due to a finite
chargingä time wereobservedby Nunomuraet� al. 
 11� .

In
à

the experimentshere,micrometersizedsphericalplas-
tic
è

particlesof threedifferent sizesare trappedin the ionic
spaceê chargesheathof a capacitiverf discharge� seeê Sec.IV �
andæ their vertical nonlinearoscillationsare studiedhere to
derive
�

thepositiondependentcharging.Theexperimentalre-
sultsê arecomparedwith a numericalmodel.

II. OSCILLATION MODEL

The
�

particlestrappedin thepositiveionic spacechargeof
anæ rf discharge,usually attain a high negativecharge � seeê
alsoæ Sec.III � due

�
to thehigherelectronmobility. The result-

ing
ç

electric force on the particlepointsupwardsagainstthe
gravitationalâ force and the static equilibrium of the particle
in
ç

thesheathis describedby theforcebalance� seeê Fig. 1� b� ���
Mg � Q

ù �
x� � E � x�  . ! 1"

Here, we assumethat the chargeand electric field are
positionï dependentbut time averaged.x� is

ç
coordinatein the

‘‘local coordinatesystem’’ relative to the particle equilib-
rium� position.The ‘‘absolutecoordinatesystem’’ is takento
be
�

relativeto thesheathedge.With x� 0
# being
�

theequilibrium
particleï position in the ‘absolute’’ system,x� $ x� 0

# % X.
The
�

generalequationof motion thenhasthe form

Mx
û ¨ & M

û '
x� ˙ ( Q

ù )
x� * E+ , x� -/. Mg

û 0
F
1

exc2 sinê 354 t6 7 . 8 29 :
M
û ;

x� ˙ is
ç

the force dueto the friction of the particlewith the
neutralsá < 12= . The excitationforce F

1
exc2 sin(ê > t6 )? is due to the

modulationof the rf power with a low frequencyvoltage,
that
è

results in a ‘‘shaking’’ of the plasmasheathwith the
appliedæ low frequency.This periodicalforce drives the par-
ticle
è

oscillation.
Other
ñ

forceslike thethermophoreticforce @ 5ó A ,ø andtheion
drag
�

force B 9C D areæ neglectedhere.They are commonly as-
sumedê to be much smaller than the electric field force or
gravityâ in the sheath,for largedustgrains EGF 2 H mI .

In
à

previousexperimentsJ 5,9
ó K

,ø the electric field was as-
sumedê as linearly increasingfrom the sheathedge to the
electrodeL M seeê Fig. 1N b� O�P ; it wasalsoassumedthattheelectric
chargeä on the dust grains is constantover the regionscov-
eredL by the oscillations.This resultsin a paraboliceffective
potentialï energywell for theparticle.In this case,thegeneral
equationL of motion simplifiesto
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x� ¨ VXW x� ˙ Y[Z 0
#2\ x� ] 1

M
û F
1

exc2 ^ 3_ `

withý a
0
#2 b Q

ù
0
# E+ 1,ø whereQ

ù
0
# is
ç

the constantchargeandE
+

1 is
ç

the
è

slope of the electric field. This equation describesa
damped
�

harmonicoscillation with a linear resonance.Such
linear
c

resonancesof singleparticleswereexploitedto mea-
sureê the electricchargeof the dustgrains d 5ó e .

Variation
f

of theelectronandion densitiesandcurrentsin
the
è

sheathlead to a deviation from the linearly increasing
electricL field profile andto a position-dependentdustcharge.
This
�

resultsin a nonparaboliceffectivepotentialenergywell
that
è

the particle experiences.In our analysisit is assumed
that
è

the electric field and the chargeare describedby poly-
nomial functions

Q
ù g

x� hji Q
ù

0
# k Q

ù
1x� l Q

ù
2
\ x� 2
\ m

Q
ù

3
n x� 3
n

o Q
ù˜

0
# p Q

ù˜
1X
q r

Q
ù˜

2X
q 2 s Q

ù˜
3
n Xq 3
n
,ø t 4u v

E
+ w

x� x/y E
+

0
# z E

+
1x� { E

+
2
\ x� 2
\ |

E
+

3
n x� 3
n

} E
+˜

0
# ~ E

+˜
1X
q �

E
+˜

2X
q 2 � E

+˜
3
n Xq 3
n
. � 5ó �

�
Ẽ0
# � 0

�
since E(

�
X)
? �

0
�

at the sheathedgeX � 0.]
�

The
equationL of motionthenbecomesnonlinear,includinghigher
order� terms

x� ¨ ��� x� ˙ � C
�

1x� � C
�

2x� 2
\ �

C
�

3
n x� 3
n ��������� Fexc2

M
cosä �5� t6 � . � 6ö �

The
�

coefficientsC
�

1 ,ø C
�

2,ø andC
�

3
n areæ combinationsof elec-

tric
è

field andchargecoefficients.

C
�

1 � 1

M
�
Q
ù

0
# E1 � Q

ù
1E0
# � ,ø   7ÿ ¡

C
�

2
\ ¢ 1

M
û £ Qù 0

# E2
\ ¤ Q

ù
1E1 ¥ Q

ù
2
\ E0
# ¦ ,ø § 8� ¨

C
�

3
n © 1

M
û ª Qù 0

# E+ 3
n « Q

ù
1E
+

2
\ ¬ Q

ù
2
\ E+ 1 ­ Q

ù
3
n E+ 0
# ® . ¯ 9C °

C
�

2 andæ C
�

3
n describe
�

the nonlineartermsgiving the devia-
tion
è

of the effective potentialenergywell from the simple
parabolicï shape.If C

�
2 andæ C

�
3
n areæ zero, then the simple

damped
�

harmonicoscillationis obtained,with the frequency
determined
�

by C
�

1 . C
�

2
\ determines
�

the up/downasymmetry
of� thepotentialin thesheathandC

�
3
n determines
�

theweaken-
ing or strengtheningof the potentialenergywell for higher
oscillation� amplitudes.

Higher orders that could be taken into account in the
equationL of motion would add new unknown coefficients.
Here
±

we restrict ourselvesto the threecoefficientsholding
the
è

main information, i.e., resonancefrequency (C
�

1),
?

oscillation/potential� asymmetry (C
�

2)
?
, and weakening/

strengtheningê of the potential(C
�

3
n ).?

III. CHARGING AND SHEATH MODEL

The experimentsare comparedwith a model of particle
chargingä in the sheathof an rf dischargeto give a more
detailed
�

insight into the problem.
Here,
±

the particlechargingis describedby the commonly
used² OML model. Becauseof their large size comparedto
the
è

plasmacomponents³ ions
ç

andelectronś the
è

dustparticles
actæ like small probescollectingionic andelectroniccurrents
on� their surface.In the special situation of the sheath,a
modifiedð expressionfor the ion current,thataccountsfor the
supersonicê ion flow in the sheathis adoptedµ 13¶

I
·

i
¸ ¹Gº

p» ,ø x� p» ¼/½ n¾ s¿ e� À R
Á 2

k
Â

B
Ã T
Ä

e2
mÅ i
¸

1/2

1 Æ 2
9 e� Ç p»

k
Â

BT
Ä

e2
È

B
ÃÉ

i
¸ Ê x� p» Ë

2

,ø Ì
10Í

I
·

e2 ÎGÏ p» ,ø x� p» Ð/ÑÓÒ n¾ e2 Ô x� p» Õ e� Ö R
Á 2

8
�

k
Â

BT
Ä

e2× mÅ e2
1/2

expL e� Ø p»
k
Â

BTe2 . Ù
11Ú

HereR is the particle radius,k
Â

B
Ã is the Boltzmannconstant,

mÅ i
¸ andæ mÅ e2 areæ the ion andelectronmassrespectively,T

Ä
e2 is
ç

the
è

electrontemperature,and Û p» the
è

surfacepotentialof the
particleï relative to the local plasmapotentialat the particle
position.ï In the sheath,the reducedelectrondensityis taken
into
ç

account for the electron current. Thereforen¾ e2 is
ç

the
electronL density at the particle position x� p» . The ions are
assumedæ to be acceleratedto the velocity Ü i

¸ by
�

the sheath

FIG. 1. Schemeof theexperimentalsetupÝ aÞ andequilibriumin
thesheath,modulationtechnique,electricfield, andeffectivepoten-
tial ß bà á .
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electricL field without collisions.The ion densityat the par-
ticle
è

positioncanthenbedetermined,accordingto theequa-
tion
è

of continuity

n¾ i
¸ â x� p» ãåä i

¸ æ x� p» ç/è n¾ sé ê B ,ø ë 12ì
whereý n¾ sé is theion/electrondensityat thesheathedgeand í B

Ã
is
ç

theBohmvelocity.Theelectronandion currentsarethere-
fore positiondependentdue to the reductionof the electron
density
�

and increaseof ion velocity in the sheath,respec-
tively.
è

n¾ e2 andæ î
i
¸ areæ taken as position dependentbut time

averagedæ valuesover the rf period becausethe rf period is
muchsmallerthanthechargingtime or theoscillationperiod
of� the dustparticle.

The equilibrium floating potential and thus the equilib-
rium� chargearederivedfrom thebalanceof theelectronand
ion currents.The chargeon the particulateis relatedto the
floatingpotential,assumingtheparticleasa sphericalcapaci-
tor
è ï

5
ó ð

C
� ñ

4 òôó 0
# R,ø õ 13ö

Q
ù ÷

C
� ø

p» . ù 14ú
The sheathmodel of Lieberman û 14ü is applied here to

calculateä the electronandion densities,velocities,andelec-
tric
è

field in the sheath.
The
�

sheathmodel of Lieberman ý 14þ presentsï a self-
consistentä solutionfor the ion andelectrondensitiesandthe
electricL potential in the sheath,obtainedunderthe assump-
tions
è

of time independent,collisionlession motion, and in-
ertialessL electrons.Using the modelof Lieberman,the elec-
tric
è

field, ion andelectrondensities,andfloatingpotentialon
the
è

grain surfacehave been calculatedand plotted in the
absoluteæ coordinatesystemin Fig. 2.

Multiplying
ÿ

the calculatedchargeQ
ù

(
�
x� )
?

with the electric
field E(

�
x� )
?
, the potentialenergycurve is obtainedafter inte-

gration.â This calculatedpotentialcurve was comparedwith
the
è

potentialdeterminedfrom the experimentalvaluesusing
C
�

1 ,ø C
�

2
\ ,ø andC

�
3
n � seeê Sec.V andFig. 3� b� ��� .

Figure
�

2� cä � represents� the calculatedelectric field in the
sheath,ê togetherwith a linear fit. As it canbe observed,the
electricL field is almostlinear over the whole plasmasheath,
in
ç

agreementwith recentresults � 15	 . Only in thevicinity of
the
è

plasmaedge,theelectricfield startswith a smallerslope.
To
�

simplify the analysisof the experiment,we assumedthe
following approximationfor the electric field: at the sheath
edgeL (X 
 0

�
), it startsas zero until the ‘‘turning point’’ � atæ

X
q �

x� sé )? from which on the field continuesas a linearly in-
creasingä function 
 seeê Fig. 2� b� � ,ø dottedcurve� .

Considering
Ú

this, Eq. � 5ó � becomes
�

E
+ �

X
q ��� 0,

�
X � x� sé

Ẽ1 � X � x� sé ��� E0
# � E1x� ,ø X

q �
x� sé .

�
15�

If
à

this expressionis replacedin theequationsfor C
�

1 ,ø C
�

2,ø
andæ C

�
3
n ,ø Eqs.  7ÿ ! ,ø " 8� # ,ø and $ 9C % become

�

C
�

1 & 1

M
û ' Qù 0

# E1 ( Q
ù

1E0
# ) ,ø * 16+

C
�

2 , 1

M
-
Q
ù

1E1 . Q
ù

2E0
# / ,ø 0 171

C
�

3
n 2 1

M
û 3 Qù 2

\ E+ 1 4 Q
ù

3
n E+ 0
# 5 ,ø 6 187

whereý E0
# 8 E1(

�
x� 0
# 9 x� sé )? with x� 0

# the
è

equilibrium position of
the
è

particle.C
�

1 ,ø C
�

2
\ ,ø andC

�
3
n areæ zerofor X

q :
x� sé .

Assumingthat the chargingprocessis the samefor all
three
è

particles, it is reasonableto introduce a ‘‘charging
function’’
; <

p» (
�
X
q

)
?
. Undertheassumptionof thesphericalca-

pacitorï charging model for the dust grains, this charging
function
;

is the floating potential. Therefore we split the

FIG. 2. Liebermanand Lichtenbergmodel; electron and ion
densities= a> , floating potential ? bà @ , andelectricfield A cB . The sym-
bols
à

mark the positionswherethe the force balanceis fulfilled for
eachparticle.
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chargeä of the grain into the geometricalfactor 4 CED 0
# RÁ andæ

assumeæ thechargingfunctionasthe‘‘universal’’ floatingpo-
tential
è F

p» (
�
X)
?

Q
ù G

X
q H�IKJ

p» L Xq M 4u NEO 0
# RÁ . P 19Q

The chargingfunction is alsoassumedto be a third-order
polynomialï functionof position,like theparticlechargeR seeê
Eq.
é

4S .
T

p» U X V�WYX˜ 0
# ZK[˜

1X \K]˜ 2
\ X2
\ ^Y_

˜
3
n X3
n `

20a
Figure
�

2b b� c showsê the floating potential computedfrom
balancing
�

the electronand ion currentson the particle sur-
face,accordingto Eqs. d 10e andæ f 11g andæ introducingthe ion
andæ electron averagedensities h plottedï in Fig. 2i aæ jlk . The
open� circles indicatethe equilibrium positionsfor the three
different
�

particleswith diametersof 9.47 m m, 12.07n m, and
20.02
9 o

mð usedin the experiments.

IV. EXPERIMENT

The experimentshavebeenperformedin a parallelplate
rf� dischargein helium at low pressurep 5.8

ó
Paq andæ rf power

of� 13 W r seeê Fig. 1s aæ tlu . Monodisperse,sphericalplasticpar-
ticles
è

of 9.47 v m and12.07w m diameter,madeof melamine
formaldehyde,and of 20.02 x m diameter,made of poly-
methylmethacrylateð areimmersedinto theplasma.Thelower
electrodeL is poweredwhile therestof thedischargechamber
is grounded.Theparticlesaretrappedin thesheathabovethe
lower
c

electrode.Here,an electrodewith a shallowparabolic
trough
è

is usedto imposea very weakhorizontalconfinement
on� the particle.Two 690-nmlaserdiodeswereusedto illu-
minatethe particlestrappedin the sheath.One beamis ex-
pandedï horizontallyandthe othervertically.

Two video cameraswere usedfor observationfrom top
andæ from side.Thevertical lasersheettogetherwith theside
viewü cameraare used to record imagesof the oscillating
particle.ï The sideview high speedcameraallows recording
atæ up to 200 frames/s.

Low frequencymodulationof the rf voltagewasusedfor
excitationL of large amplitudeparticle oscillation. By com-
parisonï with laserexcitation, this voltagemodulationtech-
niqueá hasbeenshownnot to affect the plasmaenvironmenty
6
ö z

. The excitationsignal is appliedto the electrodethrough
aæ low passfilter { seeê Fig. 1| b� }�~ . The excitationamplitudes
were:ý 5 Vpp» (d

� �
9.47
C �

m� , 1ø 0V pp» (d
� �

12.07 � m� ,ø and23
V
f

pp» (d
� �

20.02 � m� . The oscillationsarerecordedover sev-
eralL oscillationperiods,with up to 100 frames/s.

The threedifferent particle sizeswere usedto inspecta
largeregionof the sheath.

Very
f

small particlesof 0.93 � m wereintroducedto mark
the
è

position of the sheathedge (X � 0
�

). Becauseof their
smallê mass,we assumedthat they needa very small electric
field to levitatethemand,thus,we considerthemlying at the
sheathê edge.

V. DATA PROCESSING TECHNIQUE AND RESULTS

The
�

nonlinearresonancecurvesare measuredin the fol-
lowing way. A single particle of one of the threedifferent
sizesê is introducedinto the chamber.The particle is trapped
in the sheathof the lower electrodeand then the low-
frequency
;

modulation is applied with various frequencies.
The resulting oscillation amplitudesare measuredupwards
andæ downwardsrelative to the equilibrium position.The re-
sultingê resonancecurvesareshownin Fig. 4 for thesmallest
(
�
9.47 � mð � andæ the largest(20.02 � mð � particleï � 12� . In our

experiments,L hystereticresonancecurveswereobtained,that
bend
�

towardslower frequenciesandyield jumpsor dropsin
amplitudeæ for increasingor decreasingfrequency,respec-
tively
è �

seeê Fig. 4� . The observedhysteresisis a generalfea-
ture
è

of nonlinearresonances� 16� . From this overall behav-
ior, it can already be deducedthat the effective potential
becomes
�

softer with increasingthe amplitude, that means
that
è

C
�

3
n mustð be negative.

It is alsoeasilyobservedthattheoscillationis asymmetric
andæ that the asymmetry dependson the position in the
sheath.ê For the lighter particle � that

è
oscillatesclose to the

FIG. 3. Best-fit resultsof the nonlinearresonancecurve � a� and
effectivepotentialwell � bà � for 9.47 � m particle.Thedashedline in
plotÝ � bà � representsthe ideal parabolicpotentialwell.
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sheathê edge� ,ø the oscillation asymmetry is towards the
plasmaï edge,which meansa positive C

�
2
\ . In the caseof

heavierparticles � that
è

oscillatedeeperin the sheath� ,ø the os-
cillationä asymmetrychanges,showinga potentialasymmetry
towards
è

theelectrode,which meansthatC
�

2
\ is
ç

now negative.
The
�

coefficientsof nonlinearity C
�

1 ,ø C
�

2,ø and C
�

3
n have
�

been
�

determinedin two ways from the resonancecurves.
First, the equationof motion   6ö ¡ is solved approximately,
using² the following trial solution ¢ 16£

x� ¤ t6 ¥�¦ B0
# § A1 sinê ¨ª© t

6 «�¬
B1 cosä ­¯® t

6 ° . ± 21²
whereý B0

# is the term that definesthe asymmetry³ offset� ´ of�
the
è

oscillation.ConsideringthatA
µ

1
2
\ ¶

B
·

1
2
\ ¸

D
¹ 2,ø whereD

¹
is
ç

the
amplitudeæ of oscillation,the generalequationof motion can
be
�

solved,neglectingtermsof higherharmonics( º¼» )
?
. The

amplitudeæ andthe asymmetryof the oscillationarethenob-
tained
è

from the system

F
1

exc2
M

2 ½ ¾
2 ¿ C

�
1 À 2

9
C
�

2B
·

0
# Á 3

_
2

C
�

3
n Â 29 B

·
0
#2\ Ã D

¹ 2 Ä 2

D
¹ 2

ÅÇÆ 2
\ È

2
\
D2
\
,ø

0
� É

C
�

1B0
# Ê 1

2
9 C
�

2
\ Ë 2B0

#2 Ì D2
\ Í�Î 1

4
u C
�

3
n B0
# Ï 4B0

#2 Ð 3
_

D2
\ ÑÓÒ

gÔ .Õ
22Ö

Solving
×

this systemfor given C
�

1 ,ø C
�

2
\ ,ø and C

�
3
n ,ø the non-

linear
c

resonancecurvecanbecalculated(D
¹

asæ a functionof
frequency
; Ø

. The dampingconstants,Ù wereý computedfor
eachL particle size usedin the experiment Ú 12Û . They were
found to be ÜÞÝ 1.64sß 1 (

�
9.47 à má ,ø 1.28sâ 1 ã 12.07 ä må ,ø

andæ 0.78sæ 1 ç 20.02
9 è

mð é .
The
�

secondway of finding thevaluesfor C
�

1 ,ø C
�

2,ø andC
�

3
n

is by numerically solving the generalequationof motion.
This
�

methodis moregeneralsincewe cantakeinto account
that
è

the particle might be pushedinto the plasmaregion
whereý only the gravitation and friction forces act on it.
Again,
ê

thevaluesfor thecoefficientsgoverningtheequation
of� motion are obtainedby fitting the computedresonance
curveä to the experimentalone.The valuesfound in this way
areæ very closeto thosecomputedusingthepreviousmethod.
The
�

differencesarewithin 5% of eachvalue.
Here, the numericalsolution of the generalequationof

motionð is usedto find thebest-fitvaluesfor C
�

1 ,ø C
�

2
\ ,ø andC

�
3
n .

Figure
�

3ë aæ ì presentsï the best-fit result for the 9.47 í mð par-
ticle
è î

the
è

averagedamplitude between the upwards and
downwards
�

excursionsï . TableI showsthebest-fitvaluesfor
the
è

threecoefficientsfor all threeparticlesizes.
As
ê

expected,the changeof sign for C
�

2
\ ð that
è

definesthe
asymmetryæ of theeffectivepotentialwell, seeFig. 3ñ b� ò in the
caseä of 20.02 ó m particle reflectsthe changeof oscillation
asymmetryæ experimentallyobserved.Also negativevaluesof
C
�

3
n ô related� to the softeningof the effective potentialwellõ

for
;

all particle sizeswere obtained,in agreementwith the
model.

At
ê

this point thecoefficientsin theequationgoverningthe
nonlinearoscillationsof theparticleshavebeenderived.The
aimæ is furthermoreto seehow the chargingprocessand the
electricL field structureinfluencethe effectivepotential,lead-
ing
ç

to the nonlinear featuresof the resonancecurves that
wereý discussedabove ö bending

�
and asymmetry÷ andæ which

areæ the nonlinearindividual contributionseitherof the elec-
tric
è

field andchargeto the nonparabolicpotentialwell.
Considering
Ú

that thesmall particlesof 0.93 ø mð lie just at
the
è

sheathedge,theelectricfield is chosento beof the form
described
�

by Eq. ù 15ú andæ the particlechargeis definedby

Q
ù û

X
q üÓý

Q
ù˜

0
# þ Q

ù˜
1X
q ÿ

Q
ù˜

2
\ Xq 2 � Q

ù˜
3
n Xq 3
n

� Q
ù˜

0
# � Q

ù˜
1
�
x� � x� 0

# ��� Q
ù˜

2 � x� 	 x� 0
# 
 2 � Q

ù˜
3
n � x� 
 x� 0

# � 3n .�
23
9 �

x� 0
# is
ç

the position of the particle for which the resonance
curveä is recordedrelative to the sheathedge,x� sé is

ç
the dis-

tance
è

from thesheathedgeto the ‘‘turning point’’ wherethe
electricL field becomeslinearandx� is the ‘‘local coordinate.’’

FIG. 4. Measuredupwardsanddownwardsamplitudecurvesfor
a 9.47 � m � a� and a 20.02 � m � bà � particle,Ý for increasingand
decreasingfrequency,relativeto the equilibrium position.

TABLE I. Best-fit valuesfor coefficientsC1 , C2
� , andC3

� .
d � � m� C1 (s� 2) C2 (m � 1s� 2) C3

� (m � 2 s 2)

9.47 7200 1.5! 105
" #

1.2$ 109
%

12.07 6200 1 & 105
" '

1.1( 109
%

20.02 1900 ) 5.1* 105
" +

6 , 107
-
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Thedepthx� sé wasý chosenin orderto obtainthebestagree-
mentð of thefloatingpotentialcurvesfor all threeparticles.It
wasý found to be x� sé . 0.25

�
mm, in goodagreementwith Lie-

berman
�

model,ascanbe observedin Fig. 2.
Assuminga linearly increasingelectricfield with a small

plateauï at theplasmaedgeanda polynomial-likevariationof
the
è

chargeon the particulate,the charge,and the floating
potentialï arecomputed,usingthevaluesfor C

�
1 ,ø C
�

2
\ ,ø andC

�
3
n

obtained� above.They areplotted in Fig. 5.

The
�

valuesfor the chargecomponentsaregiven in Table
II. The electric field slope is defined by Ẽ1 / 4.100

106
1

V/m
f 2

\
. It wasobtainedfrom thepotentialdropbetween

the
è

quasineutralplasma(Vplasma» 2 32.5
_

V 3 andæ theelectrode
self-biasê (Vbias

4 576 45.7
u

V 8

x9 s:
x9 max;

E
+ <

X
q =

dX
> ?

Vplasma» @ Vbias
4 . A 24

9 B

Figure
�

6 showsthe particlechargeat the equilibrium po-
sitionê as a function of particle radius. It can be easily ob-
servedê that the chargeis not a linear function of the radius.

Recently,
�

in similar experiments,Ivlev et� al. C 10D have
�

studiedê experimentally nonlinear oscillations of micro-
spheres.ê They determinedthe coefficients of nonlinearity
from super-harmonicand subharmonicresonancesthat do
notá occurunderour experimentalconditions.Theyattributed
the
è

nonlinearitycompletelyto the electricfield, treatingthe
dust
�

chargeasconstant.Applying this modelto our data,the
electricL field componentsE1 ,ø E2 ,ø E3

n wereý computed.The so
determined
�

electricfield is shownin Fig. 7. Thecurvesshow
that
è

the electric field is extremelynonlinear.Furthermore,
the
è

electric field computedfor the 9.47 E m and 12.07 F m
becomes
�

positivedeeperin the sheath.This is in contradic-
tion
è

with thestatementsof Liebermanmodel.Thus,a model
of� spatiallyconstantdustchargeis not in agreementwith our
experimentalL data.

Thereforein following step,a spatiallyvariablechargeof
the
è

particle and a nonlinear electric field were taken into
account.æ Theelectricchargeon thegrainsurfaceis still con-
sideredê to be describedby a third orderpolynomialwhereas
the
è

electricfield is consideredto be parabolic.

FIG. 5. Electric field, floating potentialandchargecomponents
in the ‘‘absolutecoordinatesystem’’ andparticleequilibrium posi-
tions. The symbolsmark the positionswherethe force balanceis
fulfilled for eachparticle.

TABLE II. Chargecomponentsin the‘‘absolutecoordinatesys-
tem.’’

d G H mI Q̃0
J K eL Q̃1 M e/mN Q̃2

� (e/m2
�
) Q̃3

� (e/m3
�
)

9.47 1.10O 104 P 7.18Q 106
R

4.42S 109
% T

8.92U 1011

12.07 2.67V 104
W X

1.98Y 107
Z

1.06[ 1010 \ 1.93] 1012

20.02 6.86̂ 104
W _

2.64̀ 107
Z

6.24a 109
% b

6.34c 1011

FIG. 6. Particlechargeat the equilibrium position.
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E d X e�f 0,
�

X
q g

x� sé
E
+˜

1 h Xq i x� sé j�k E
+˜

2 l Xq m x� sé n 2,ø X o x� sé .

p
25q

Again thevaluesfor Ẽ1 andæ Ẽ2 haveto satisfythepoten-
tial
è

drop condition accordingto Eq. r 24
9 s

. The electric field
andæ floatingpotentialfor all threeparticlesizesareplottedin
Fig.
�

8 for threerepresentativesetsof valuesfor the electric
field componentsẼ1 andæ Ẽ2 . Ẽ1 is chosenasarbitrarily be-
tween
è

0 and 4 t 106
1

V/m
f 2 andæ E

+˜
2
\ is
ç

computedusing Eq.u
24
9 v

. For larger valuesof E
+

1 ,ø E
+

2 wouldý becomenegative,
resultingin an unphysicalconcavecurvatureof the electric
field.
w

As it can be observed,the floating potential curves
correspondingä to the largestparticlearestill shiftedfrom the
curvesä correspondingto thesmallerparticles,for eachsetof

electricL field components. Figure 8x cä y withý Ẽ1 z 4
u{

106
1

V/
f

m2 nearlyá correspondsto the caseof linear electric
field discussedabove.

VI. DISCUSSION

All three curvesrepresentingthe electric chargeof the
particlesï showthesamegeneraltrendof thenegativecharge
to
è

decreasewith increasingdepthin the plasmasheath.This
is mainly due to the reduction of electron density in the
sheathê that leadsto a lesseffective chargingof the particle|
seeê Fig. 2} aæ ~ andæ Eq. � 11��� . The experimentssupportthis

finding. The changeof the asymmetrycoefficientC
�

2
\ canä be

related� to thechangeof slopeof thefloatingpotentialcurve.
Theweakeningof thepotentialcurves,asseenin theexperi-
mentalð resonancecurves,canbetracedbackto a negativeC

�
3
n

andæ thus to the curvatureof the floating potentialcurve,as
found
;

in the model.
A quite good mutual overlapping of floating potential

curvesä was obtainedfor 9.47 � m and 12.07 � m, either as-
sumingê a linearly increasingor for a nonlinearelectricfield,
but,
�

in both cases,the curvecorrespondingto the 20.02 � m
particleï is somewhatshifted.

This leavessomequestionmarkson thecapacitivecharg-
ing
ç

model assumedfor the particle. According to Tomme
et� al. � 8� � ,ø the chargeis not a simple linear function of the
particleï radius,but hasa morecomplicated,nonlineardepen-
dence.
�

This is the reasonwhy we considerthat the simple
capacitiveä model is not able to totally explain the charging
processï for all particle sizes and/or for all regions of the
plasmaï sheath.

The
�

comparisonwith resultsof Ref. � 8� � showsê a good
agreementæ for the light particles � 9.47

C
and12.07 � mð � ,ø while

for the heavierparticle(20.02 � m� ,ø the agreementis worse.

FIG. 7. Electricfield componentsassuminga constantchargeof
the particleover the whole sheath.The symbolsmark the positions
wherethe force balanceis fulfilled for eachparticle.

FIG. 8. Electric field andfloating potential,assuminga nonlinearchargeof the particleanda parabolicelectricfield in the sheath.The
symbolsmark the positionswherethe force balanceis fulfilled for eachparticle.
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The main reasonis that this model startswith different as-
sumptionsê � aæ constantchargeof the particleover the whole
oscillation� amplitudeandanotherkind of oscillationstudied
there,
è

i.e. dampedoscillationsof droppedparticles� .
On
ñ

theotherhand,anothereffectcaninfluencethecharg-
ing
ç

of the particle.As it wasshownin Sec.V, the heaviest
particlesï float about3 mm deepin thesheath.If we compare
this
è

depthwith the meanfree path of ion-neutralcollisions
computedä at theexperimentalpressureandion drift velocity,
the
è

valuesare quite close � the
è

meanfree path is about3.8
mmð � . Consideringthis, an alteredion currentat the particle
position,ï due to the chargetransferand elasticcollisions in
the
è

sheath,is to be takeninto account.This altersthe ionic
currentä given in the OML model, leadingto a lessefficient
ion
ç

dechargingof theparticleandto a highernegativecharge
on� the dustgrain thanpredictedby the OML model.

Another
ê

sourceof uncertaintyis that the largestparticles
areæ madeof a differentmaterialthanthesmallerones.Since
atæ the microscopicscale,the way that chargesstick to the
polymerï chainsof the materialis not known in detail, a dif-
ferentchargingmight occur for different materials.

VII. CONCLUSIONS

Here,experimentalresultson particleoscillationsin a ca-
pacitiveï rf plasma have been presented.Previous experi-

mentsrelied on a constantchargeof the particle and a lin-
earlyL increasingelectricfield in the plasmasheath.Herewe
extendedL the model to a position dependentchargeand a
nonlinearlyá increasingelectricfield to explain the nonlinear
resonancesby introducinghigher order terms into the gen-
eralL equationof motion.Thenonlinearresonanceshavebeen
attributedæ to an anharmonicpotentialenergywell with up-
down
�

asymmetryandweakeningat higheroscillationampli-
tudes.
è

The chargingfunction componentscorrespondingto one
setê of experimentalconditionswerecomputed,for threedif-
ferentparticlesizes,puttingthechargingmodelin agreement
withý the experimentaldata.

Both linearly increasingandnonlinearelectricfieldswere
taken
è

into accountfor computingthechargecomponentsand
the
è

floating potential. Thus it was demonstratedthat the
simpleê capacitancemodel cannotexplain the chargingbe-
havior
�

of all threeparticles.Overallgoodagreementwith the
experimentalL data and with the theoretical model of the
plasmaï sheathis found for the linearly increasingelectric
field.
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Ion drag and thermophoretic forces acting on free falling charged particles
in an rf-driven complex plasma
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Monodisperseplastic microsphereshavebeendroppedthrougha long radio-frequencydischarge
column.J The trajectoriesof the falling particleshave beenmeasured.It was observedthat the
particlesK aredriven out of the plasma.From the trajectoryanalysisandplasmameasurementsthe
forces
L

on theparticleshavebeenderived.Specialattentionhasbeenpaidto thethermophoresisand
ion dragforceswhich arealsoconsideredto be responsiblefor the void formationin microgravity
experiments.M Two experimentalsituationshavebeenconsideredhere:first aplasmacharacterizedby
its
N

naturalsymmetricelectricpotentialandtemperaturedistributionandsecond,a plasmawith an
asymmetricO temperatureand electric potentialprofile. For both casesa good agreementhasbeen
found
L

betweenthemeasured‘‘trajectoryforce’’ obtainedfrom theparticletrajectoryanalysisandthe
sumP of theion drag,thermophoreticandelectricfield force. © 2002AmericanInstituteof Physics.Q
DOI:
R

10.1063/1.1516598S
I. INTRODUCTION

In the last few yearsdustyplasmashaveattaineda large
interest
N

becauseof their importancein astrophysicalandup-
perK atmospherephenomenaT planetaryK rings, comets,nebu-
lae,
U

andnoctilucentclouds,respectivelyV andO for their appli-
cationJ in plasmaprocessingtechnologies.For example,they
playK a very importantrole in industrialdevicesfor microchip
processing,K whereparticleformationposesa seriousproblem
of� contamination.Among other technologicalapplications,
manufacturingW of nanopowders,solarcells, andnew materi-
alsO are to be mentioned,as well as discharges in reactive
gasesX for particlegrowth anddeposition.1

It is well knownthatunderthe influenceof gravity large
particlesK (aY Z 1 [ m) in complexplasmastendto sedimentto
the
\

bottom of the discharge, into the plasmasheathof an
electrodeM or of thevesselwall, wheresufficientlystrongelec-
tric
\

fields prevail to levitate the particles.2 In
]

contrast,fine
grainsX (aY ^ 1 _ m) can be trappedin local plasmapotential
maximawithin the discharge volume.3

`
The
a

conditionsin the plasmasheatharesuitablefor the
formation of flat, almost2D plasmacrystals.4–7 Thesesys-
tems
\

havebeenextensivelystudied,e.g.,with respectto the
melting phase transition,8,9 the

\
excitation of lattice

waves,b 10–12 andO Mach cones.13–17

The
a

nonequilibriumconditionsof the plasmasheathare
responsiblefor a numberof unexpectedfeaturesof the 2D
plasmaK crystals.The supersonicion flow in the sheathleads
to
\

positive charge accumulationin the particle wakes,18–20

whichb causesattractive forces21–23 andO leads to vertical
alignmentO anda novel type of instability.18,24,25For

c
this rea-

son,P in complexplasmasundergravity conditionsthe forma-
tion
\

of proper3D plasmacrystalsis limited.
Thegenerationof 3D extendedplasmacrystalsis still an

important
N

goal for the complexplasmaresearch.In labora-
tory
\

devices,the nonequilibriumeffects can be reducedby
usingd high gaspressures,which leadsto the destructionof
the
\

directedion flow andquenchestheSchweigertinstability.
In this way crystals with typically 5–10 layers can be
generated.X 26,27Under

e
specialconditions,up to 19 layershave

been
f

obtained.28
g

An
h

alternativeapproachis the searchfor
plasmaK crystallizationundermicrogravityconditions.

In microgravityexperiments,particleconfinementis de-
termined
\

by the weakerforces like ion drag, neutral drag,
thermophoresis,
\

and electric field force in the bulk plasma,
whichb are generally negligible in the laboratory plasmas
whenb comparedto the gravitationforce. First investigations
underd microgravity29,30

g
have
i

shown an unexpectedfeature.
Ratherthan accumulatingthe microparticlesin the positive
potentialK well of the discharge, the plasmacenterwasfound
particle-freeK and a large ‘‘void,’’ with a sharp boundary
formed. In a similar manner, submicron particles fill the
plasmaK volumeandalsoshowvoid formation.31,32

`
Although

this
\

effect givesa hint that theconfiningelectricforceon the
particlesK may be smallerthanthe outwardorientedion drag
and/orO thermophoreticforces,the behaviorof this systemis
stillP little understood. Recent models of the void
phenomenaK 33,34

`
andO simulations35

`
raisedj somedoubt on the

validityk of expressionsdescribingion dragforce.36
`

Thesimu-
lation
U

results,35
`

for
L

example,have shown that an enhance-
mentW of thetheoreticallypredictedmagnitudeof the ion drag
by
f

a factor of 10 is necessaryfor a void formation.
This situationmotivatedus to conceivea laboratoryex-

perimentK for the study of the ion drag and thermophoretic
forces.The principle of theseinvestigationsis to study free
falling particlesfor which gravity is balancedby gasfriction.
The
a

vertical dynamicequilibrium is fulfilled as long as the
particlesK arefalling, andthus,the influenceof thegravitation
does
l

not play a dominantrole herein addition.Ion dragandam n Electronic
o
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thermophoresis
\

act perpendicularto the direction of gravity
whichb allowsusto decouplethegravitationalverticalmotion
from the interestinghorizontalone.

The ion dragandthe thermophoreticforce actingon the
particlesK are measuredhereunder two experimentalcondi-
tions:
\

in a symmetricplasmawherethe neutralgastempera-
ture
\

and potential profiles are almost parabolic, and in a
plasmaK wherethetemperatureprofile hasbeenmodifiedby a
heat
i

source.
The
a

outline of the paper is as follows: In Sec. II we
summarizeP the theoretical background, the experimental
setupP is describedin Sec.III, thedataprocessingandexperi-
mentalresultsarepresentedin Sec.IV, andthendiscussedin
Sec.
q

V.

II.
r

FORCES ACTING ON FREE-FALLING PARTICLES

When
s

dustparticlesaredroppedthrougha long gascol-
umn,d dependingon the pressureand friction constant,a
steady-stateP falling regimeis reached,when the gravitation
forceis balancedby theneutralgasfriction force,which acts
in
N

the oppositedirection,

G
t u

Ffrict–yv w 0,
x y

1z
mg{ | m{ } y~ ˙ � 0,

x �
2�

whereb y~ denotes
l

the vertical direction,and � is
N

the friction
constantJ derivedfrom the Epsteinfriction law37

`
normalized

to
\

the particlemass

�����
n� n� m{ n� � th,

�
n�

aY � . � 3� �
Here,m{ n� ,� � th,

�
n� ,� andn� n� areO the mass,thermalvelocity, and

number� densityof theneutralgas,aY andO � areO theradiusand
massW densityof the particle materialand � is

N
the Millikan

reflectioncoefficientwhich can take valuesbetween1 and
1.444.

The balanceof gravity by the friction force is valid
throughout
\

thegasvolume,whereaslevitationof particlesby
the
\

inhomogeneouselectricfield in thesheathregionsis gen-
erallyM localized to a plane.This allows the study of acting
forces
L

by evaluatingparticle trajectories.The argumentalso
holdsfor the horizontalforce balance.

When
s

theparticlesarefalling throughtheplasma,in the
horizontal direction important forces like friction, electric
force, ion drag,and thermophoresisare dominantand their
influence
N

will be describedhere.
In a cylindrical plasma,the positive ions are generally

acceleratedO from thecenterof thedischargetowardthewalls
due
l

to thehigherplasmapotentialon thedischargeaxis.This
resultsj in an outwardsoriented ‘‘ion wind’’ dragging the
negatively� charged particle towardsthe wall. The ion drag
force F ion

� consistsJ of two components35,36,38
`

describing
l

how
momentumW is transferredfrom the drifting ions to the par-
ticle:
\

the collection force, resulting from direct momentum
transfer
\

of the drifting ions which are collectedon the par-
ticle
\

surface,andthe Coulombforce resultingfrom the mo-
mentumtransferof theionsdeflectedin theelectrostaticfield
of� the negativelychargeddustgrain, thus

F ion
� � Fcollect� � FCoulomb

� . � 4�
Since
q

thedustparticlevelocity is negligiblecomparedto the
ion drift velocity, the relativedust-ionvelocity is in fact the
ion
N

velocity. In theusuallyadoptedderivationof theion drag
force by Barneset� al.36

`
it is supposedthat no interactionof

the
\

ions with the particle occursoutsidethe Debyesphere,
andO the ion meanfreepathis larger thantheDebyeradius.36

`
The
a

last assumptionis justified only for relatively low gas
pressures.K

The collectionforce is given by36
`

Fcollect� � n� i
� m{ i
� �

i
� �

s  ¡ b¢ c£2g ,� ¤ 5¥ ¦
withb
§

s  ¨ 8
©

k
ª

B
« Ti
�¬ m{ i
� ­ u® i
�2 1/2 ¯

6
° ±

being
f

the meanspeedof ions approachingthe particle.The
floating
²

potentialof the dustparticle is denotedby ³ f
´ ,� and

b
¢

c£ µ aY 1 ¶ 2q· i
� ¸

f
´

m{ i
� ¹

s 2g
1/2

,� º 7» ¼
is themaximumimpactparameterfor dust-ioncollision from
the
\

orbital motion limited probetheory ½ OML
¾ ¿

.
Further
c

, the orbital force canbe written as

F
À

Coulomb
� Á 4

Â Ã
n� i
� m{ i
� u® i
� Ä

s  b¢ Å /2Æ2 Ç ,� È 8© É
whereb

b
¢ Ê

/2
Æ Ë eQ� pÌ

4
Â ÍÏÎ

0
Ð m{ i
� Ñ

s 2g Ò 9Ó Ô
is
N

the impactparameterfor 90° deflection,and

Õ2Ö 1

2
× ln Ø D

2
g Ù

b
¢ Ú

/2
Æ2g

b
¢

c£2g Û b
¢ Ü

/2
Æ2g Ý 10Þ

is the Coulomb logarithm integrated over the interval
(
ß
b
¢

c£ ,� à D
á )â . Here,n� i

� ,� m{ i
� ,� Tã i
� ,� q· i
� ,� andu® i

� areO the numberden-
sityP , mass,temperature,chargeanddrift velocity of the ions,
k
ª

B
« is Boltzmann’s constant,ä D

á is the Debyelength,and å f
´

is
N

the floating potential of the dust particle relative to the
local plasmapotential.

For
c

usual particle dimensionsof a few micrometers,
thermophoresis
\

producesa measurableeffect whenthe tem-
peratureK gradientis of the order of a few Kelvin per centi-
meterW . The microscopicmechanismof this force lies in the
fact that on the sideof the particleorientedtowardsthe hot-
ter
\

gas regions, the gas moleculeshit the particle with a
higher thermal velocity than on the side facing the colder
regions.j This resultsin aneffectivemomentumtransportop-
positeK to the temperaturegradient.The force thenreads39,40

`
Fthermo
� æ�ç 16

15 è é aY 2
g ê
ë

th
� ì Tn� ,� í 11î

whereb ï is the translationalpart of heatconductivity of the
gas.X

Usually
e

, the particlescharge negativelyin plasmain the
absenceO of otherprocesseslike electronphotoemission.In an
unperturbedd plasmathe walls are ð time

\
averagedñ negatively�
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polarizedK with respectto the bulk plasma.Also within the
bulk
f

plasmasmall electric fields prevail due to ambipolar
dif
l

fusion. This resultsin a confining electric field force on
the
\

negativeparticles,

Felectricò ó�ô Q
õ

pÌ E; E ö�÷�ø#ù plú ,� û 12ü

whereb ý
plú is the plasmapotentialandQ

þ
pÿ � 4 ��� 0

Ð aY � f
� is the

particleK charge.
Finally, the horizontalfriction force is analogousto the

verticalk one

F
�

frict–x� �
	 m{ � x�˙ . 
 13�
Considering
�

all the forces which act on the horizontal
direction,
l

the dynamicequilibrium is describedby the bal-
anceO of theseforces,

F
�

ion � F
�

thermo
� � F

�
electric� � F

�
frict–x� � mx{ ¨ ,� � 14�

whereb on the RHS the forcesdeterminedfrom the particle
trajectories
\

andneutralgasfriction aregivenandon theLHS
the
\

forcesobtainedfrom the analysisof the plasmaparam-
etersM and the neutral gas temperature� seeP Fig. 1� . In the
following we will call the sum of ion drag, thermophoresis
andO electricfield force ‘‘plasmaforce’’ becausethey arede-
termined
\

by the presenceof plasmaand the sum of inertia
andO friction force ‘‘trajectory force,’’ which is obtainedfrom
the
\

particle trajectoryanalysis.The electric field force is a
confiningJ force, whereasthe ion drag and thermophoresis
pointK outwards.

III. EXPERIMENTAL SETUP

The experimentshave beenperformedin a long tube�
seeP Fig. 2� aO ��� withb a total length of 120 cm and a internal

FIG.
�

1. Schemeof the forces acting radially on the dust particles.Their
balance
 

determinesthe particle trajectory.

FIG.
�

2. ! a" Generalschemeof the ex-
perimental# setup; $ b % setupof the aux-
iliary dischargefor particleseparation;&
c' detailed view of the observation

level
(

with the Langmuir/temperature
probe.#
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diameter
l

of 50 mm. Monodispersesphericalparticlesmade
of� melamine formaldehyde ) MF

* +
(
ß
aY , 9.55
Ó -

mW diam) are
dropped
l

from the top of the tube, using an automaticdust
dropper
l

. The dustcloud is observedabout30 cm below the
injection
N

to ensurethe vertical constantdrift regimeof the
dust.
l

The observationlevel . seeP Fig. 2/ cJ 0�1 is a plastic box
between
f

two glasstubes,providing optimal imagerecording
conditionsJ dueto theflat windows.Thedischargeis operated
in
N

helium at pressuresof 100, 150, and 200 Pa using two
internal
N

copperring electrodespositionedin the glasstubes
atO upperandlower endsof the observationlevel. The lower
electrodeM is poweredwith 0.8, 1.6, 2.0, 2.3, and 2.6 W at
13.56 MHz while the upper one, as well as the metallic
flanges
²

positionedat the top and bottom of the experiment
areO grounded.The falling particlesare illuminated through
the
\

side windows using a thin vertical laser sheathwith a
powerK density of about 10mW/mm2. The laser power has
been
f

modulatedby a periodicrectanglewaveformat 400Hz,
providingK a stroboscopicillumination.A camerawith tunable
frameratehasbeenusedfor imagerecordingperpendicular
to
\

the lasersheath.This enablesthe observationof vertical
crossJ sectionsof the dustcloud.The dust imageshavebeen
recordedandprocessedon a PC.The stroboscopicillumina-
tion
\

increasesthe time resolutionof the imagerecordingand
it is suitableeven in combinationwith normal video cam-
eras.M A long exposureregimeof thecamera2 aboutO 20 frames
perK second3 has

i
beenusedhere,so that the particletrajecto-

ries look like dottedlines on the recordedimages 4 seeP Fig.
4
5 6

aO 798 .
A.
:

Determination of the plasma parameters

The plasmaparametershavebeenevaluatedfrom Lang-
muirW probemeasurements.For eachsetof experimentalcon-
ditions,
l

probe measurementshave beenperformedwithout
dust,
l

assumingthat the presenceof a small numberof par-
ticles
\

doesnot influencetheplasmaparameterssignificantly.
In Sec. V the consistencyof such an assumptionwill be
analyzed.O Radial profiles of the plasmaparametersare re-
cordedJ with a resolutionof 30–35 points/profile.A compen-
satedP cylindrical probe,6.90mm long and0.05mm in diam-
eterM , with the compensationelectrode10 mm long and 0.8
mmW diameterhasbeenusedhere.

Plasma
;

parametershave been determinedfrom probe
measurementsusingstandardprocedures.The electrontem-
peratureK hasbeenfoundanalyzingtheionic partof theprobe
characteristic,J from theslopenearthefloatingpotentialVfloat<
seeP Ref. 41= ,�

T
>

e? @ eI� i f
A dI
B

e?
dV
B C 1 D

eI� i f
A dI
B

pÿ
dV
B E dI

B
i
A

dV
B F 1 G

15H
evaluatedM at V I Vfloat,� whereI i f

A is thelinearextrapolationof
the
\

ion current to the floating potential,dI
B

pÿ /
J
dV
B

,� dI
B

e? /
J
dV
B

,�
andO dI

B
i
A /J dV
B

areO theplasma,electron,andion currentslopeat
the
\

floating potential. The electron temperaturehas been
found
L

to be almost radially constantat 6 eV. The plasma
density
l

hasbeendeducedusing the Langmuir formula.41
K

It
hasbeenfound to bealmostparabolicwith themaximumof
4.1
5 L

1015 mW M 3
`

in
N

the center of the discharge and 1.3N
1015 mO 3

`
atO about40 mm from center.

B.
P

Temperature measurements

Theradialneutralgastemperatureprofile hasbeenmea-
suredP in orderto determinethetemperaturegradientandthus
the
\

thermophoreticforce.A temperatureprobeconsistingof
aO thermoresistorhas beenusedhere for horizontal profile
measurementsW with a spatialresolutionof 1 mm. Due to the
long recordingtime of a temperatureprofile, an additional
thermoresistor
\

hasbeenplacedin thermalcontactwith the
chamberJ wall in orderto measureandto extractthetempera-
ture
\

drift of the whole experiment.For our plasmacondi-
tions,
\

the ion densityis about10Q 5
R

of� theneutralgasdensity
andO theion drift velocity hasa maximumvalueof about10%
of� the ion thermal velocity, so that drift ion currentsthat
reachthe thermoresistorshouldhavea negligible contribu-
tion
\

to the temperaturemeasurements.This gives us confi-
dence
l

that the temperaturemeasurementsare accurate
enoughM and no drift ion contribution has to be taken into
accountO in the temperatureanalysis.

C.
S

Particle cluster separation

It
]

is knownthatsmalldustparticleshavethetendencyto
form clustersdue to adhesion.Sincethe forcesacting on a
clusterJ of severalparticlesaredifferentfrom thoseactingon
aO singleparticle,it hasto be ensuredthat only singlegrains
areO analyzed.To show this, the behaviorof a free-falling
two-particle
\

clusterwill be analyzed.The dynamicvertical
equilibriumM is approximativelydescribedby

2
×

mg{ T
UWV˜ m{ X aY 2y~ ˙ Y 0,
x Z

16[
withb the orientationcoefficient \ seeP Fig. 3]^`_ 1 acb sinP dfe . g 17h
Here,
i j˜ kml /(

J n
aY 2),
â o

is
N

theanglebetweenthedistancevec-
tor
\

of the two particlesb
p

andO the vertical velocity vectoryq˙ ,�
andO r is

N
the friction coefficientfor a single grain. It is evi-

dent
l

that, if b
p

is parallel to the velocity vectoryq˙ ,� the cluster
willb fall with a constantvelocity twice ashigh asthevelocity
of� a singleparticle.If the distancevectoris perpendicularto
the
\

velocity, theclustervelocity is thesameasthevelocity of
aO singleparticle.Betweenthesetwo extremesituations,de-
pendingK on theclusterorientation,theconstantfalling veloc-
ity
N

continuouslyvaries betweenonce and twice the one-
particleK velocity. In reality, the high complexity of clusters
andO their eventualrotation involves a broaddistribution of
measuredW velocities,soit is consideredasa sourceof experi-
mentalerrors.Thehighertheparticlenumberin a cluster, the
faster
L

the clusterwill fall, so that single particleswill have

FIG. 3. Thefalling velocity of a two-particleclusterstronglydependson its
orientation.
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the
\

lowest velocity. This kind of error affects not only the
vertical,k but also the horizontal velocity measurements.
Therefore,
a

it is desirableto havemostof the particlecluster
separated.P

For this aim, an additional rf funnel-shapedelectrode
withb a grid bottom is positionedabout 50 mm below the
groundedX vacuumflange s seeP Fig. 2t bf u9v . Theclusters,aswell
asO the singleparticlesaretrappedfor severalsecondsabove
the
\

grid in order to ‘‘Coulomb explode’’ the clustersdue to
their
\

high negativecharge. When this auxiliary discharge is
turned
\

off, the trappedparticlesarereleasedandfall towards
the
\

main discharge. It has been observedthat not all the
clustersJ areseparateddueto variousreasons.Additionally, as
long asthe dustis trapped,a vertical separationbetweenthe
lighter singleparticlesandthe heavierstill unexplodedclus-
ters
\

occurs,which increaseswhenthe discharge is switched
of� f and particlesare released.At the observationlevel, the
particleK cloud consistsof a fast moving cluster group fol-
lowed after a few tenthsof a secondby a cloud formed of
singleP particles.All the measurementshave beendone on
this
\

secondgroupwhich consistsmainly of singlegrains.

IV. MEASUREMENT: DETERMINATION OF THE
FORCES ACTING ON THE PARTICLES

A.
:

Analysis of the particle trajectories

Figure
c

4 w aO x showsP the recordedimageof falling dustfor
aO pressureof 150Paandaninput powerof 2.6W. For a high
enoughM rf input power, the recordedimagesshow that the
particlesK arepushedout of the plasma.It hasbeenshownin

Sec.
q

II how theforcebalancedefinestheparticletrajectories.
A
h

detailedanalysison a large numberof picturesof dust
particlesK falling through the plasmashows that the radial
velocityk increasesalmostlinearly with increasingradial co-
ordinate� y Fig.

c
4z bf {�| . Thescatteredvaluesof the radial veloc-

ity with anerror rangeof about10%arecausedby thepixel
resolutionj of the recordedimages.The slope of the radial
velocityk increasesalmost linearly } seeP Fig. 5~ aO �9� withb the
powerK of thedischarge � seeP Fig. 5� bf ��� . This overall behavior
showsP that the confining electric force is outrun by other
outwards-pointing� forces, like thermophoresisor/and ion
drag,
l

and that this unbalanceincreaseswith increasing
powerK .

The
a

horizontalaccelerationof the particlesis

x�¨ � d
B

x�˙
dt
B ,� � 18�

whereb x� ˙ � x� ˙ (
ß
x� (
ß
t
� ),â t
� )â . Insertingthis, yields

x�¨ � � ẋ�
x� d
B

x

dt
B � � ẋ�

t� . � 19�
Considering
�

the acceleratedhorizontal motion as a global
motionW characteristicfor all theparticles� seeP Fig. 5� aO �9� ,� with
the
\

radialvelocity dependentonly on radialposition,andnot
on� time, then � x� ˙ /

J �
t
� � 0.
x

The horizontalaccelerationthenbe-
comesJ

x�¨ � � x�˙�
x

d
B

x�
dt
B � x�˙ � x�˙�

x
,�   20

× ¡

FIG.
�

4. ¢ a£ Singlevideoimageof thefalling particlesand ¤ b ¥ radial¦ velocity
distributionof thefalling particlesin a plasmadrivenat a pressureof 150Pa
anda power of 2.6 W, as a function of the radial particleposition.

FIG.
�

5. § ä Radial
©

velocitiesfor variousinput powers ª 0–2.6 W« asa func-
tion
¬

of radial position.The radial velocity increaseswith increasingpower.­
b
 ®

The slopeof the radial velocity increasesalmostlinearly with the input
power# . Pressure:150 Pa,particlediameterd

¯ °
9.55 ± m.
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whichb can be preciselymeasuredfrom the radial velocity
distribution
l

of the particlesfor eachexperimentalcondition.
This
a

is in fact theconvectivederivativeappliedto theveloc-
ity
N

vector. It is usuallyappliedin the studyof fluid mechan-
ics for a stationaryflow pattern.

The
a

analysisof particletrajectoriesin the vertical direc-
tion
\

showsthat the particlesfall with a nearlyconstantver-
tical
\

velocity, as it canbeseenin Fig. 6, giving usconfidence
that
\

no additionalinhomogeneousforce actson the vertical
direction.
l

This leadsto the ideathat the plasmais vertically
almostO homogeneousin the observationregion.Again, the
measuredvertical velocities are spreadwithin an error of
aboutO 7%. A typical indication for the pixel-limited resolu-
tion
\

is the clear tendencyof the vertical velocity to take
preferredK equidistantvalues.Equatingthe meanvertical ve-
locity
U

in the equationof dynamicalvertical equilibrium ² Eq.
³´

2µ9¶ ,� the neutral friction constanthas beendeterminedand
has
i

beenfurther usedin the horizontal motion analysis.A
certainJ mismatchbetweenthe measuredand the theoretical
velocityk · seeP Eq. ¸ 2¹�º has beenobserved,which increases
withb decreasinggaspressure.For the worst caseat 100 Pa
the
\

mismatchreaches50%. Here, the drag coefficientcom-
putedK usingthemeasuredvertical velocity hasbeenusedfor
the
\

whole analysis.
The
a

‘‘trajectory forces’’ in theequationof dynamichori-
zontal» equilibrium ¼ friction

L
andinertia force½ areO thengiven

by
f

F
�

traject
� ¾ m{ d

B
x�˙

d
B

x ¿ÁÀ x�˙ . Â 21
× Ã

These
a

trajectoryforceshaveto bebalancedby thesumof the
plasmaK forcesFplasmaú ,� namely, thermophoresis,ion drag,and
electricM field force.

B.
P

Electric field force

The
a

particle charge is neededfor equatingthe electric
force
L

equation.As usual, it is determinedby the floating
potentialK of a sphericalprobeassuminga sphericalcapacitor
modelW for the particle. The floating potential has beenob-
tained
\

solving the equationof ion and electroncurrentbal-

anceO from OML theoryusingtheelectrontemperaturedeter-
minedW from the probemeasurements,yielding

1 Ä e� Å f
�

k
Æ

BTe?
T
>

e?
Ti
A Ç m{ i

A
m{ e?

T
>

e?
Ti
A expM e� È f

�
k
Æ

BTe? ,� É 22
× Ê

whereb theion temperatureT
>

i
A has
i

beenconsideredto beequal
to
\

room temperature.Theseequationsare justified for the
caseJ of plasmaswherethechargecarriersdo not exhibit any
drift
l

motion. When the drift velocity u® i
A of� the ions is taken

into account,the ion currentis definedby42

I
Ë

i
A ÌÎÍ aY 2n� i

A eu� i
A 1 Ï Ð

th
�2

2
×

u® i
A2g Ñ U2

u® i
A2g Ò erfM u® i

AÓ
th
�

Ô Õ th
�Ö 1/2u® i
A expM × u® i

AØ
th
� 2
g

,� Ù 23Ú
whereb U ÛÝÜ 2

×
qÞ ß f
� /
J
m{ i
A andO à

th
� áÝâ 2
×

k
Æ

BT
>

/
J
m{ i
A the
\

ion thermal
velocityk . Balancingthis by the electroncurrent

I e? ãÎä aY 2
g
n� e? e� 8

©
k
Æ

B
å Te?æ m{ e? expM e� ç f

�
k
Æ

B
å T
>

e? ,� è 24é
the
\

floating potential ê f
� canJ be numericallyobtained.It was

observedë that for our casewhereu® i
A ì 0.2
x í

th
� ,� the difference

between
f

the OML and the drifting ion current is insignifi-
cant.J

The electric field profile hasbeendeterminedfrom the
Langmuir
î

probemeasurements.The electricfield force then
is
N

Felectric� ï 4 ð`ñ 0
Ð aY ò f

� d
B ó

plú
dx
B ,� ô 25õ

whereb ö
f
� hasbeenobtainedfrom Eqs. ÷ 22ø andO ù 23ú ,� and û plú

from
L

the probemeasurements.

C.
S

Ion drag force

The
a

ion drift velocity hasbeencomputedfrom theradial
electricM field of the plasmacolumn by uü i

A ýÁþ E. ÿ is the
mobilityW of singly ionizedions in theneutralenvironmentof
their
\

parent gas and is given for helium by �� 0.143
x

kgms� 3
`

K � 1.43

Figure
c

7� aO � showsP thata nearlyparabolicradialpotential
profileK of the plasmacolumnis observed,which producesa
radiallyj symmetricion dragforce.

The
a

ion draghasbeencomputedusingEqs. � 5¥ � andO � 8© 	 ,�
whichb are justified for the collisionlesssituation 
 low gas
pressureK � ,� which is not exactly our case.Our experiments
have beenperformedat higher pressures,where the mean
free
L

path of charge exchangecollisions is smaller than the
Debyelength.We arenot awareof anyion dragmodelwhere
charJ ge exchangecollisions are taken into account,so the
collisionlessJ modelhasbeenimplementedhere.

D.
�

Thermophoretic force

The
a

temperaturedistributionhasbeenmeasured,aspre-
sentedP in Sec. III. Figure 7
 bf � showsP the nearly parabolic
horizontal
i

temperaturedistribution,which is responsiblefor
aO linearly increasingradial thermophoreticforce. The mea-

FIG. 6. Verticalvelocity distribution;theparticlesarefalling with a constant
speed.
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suredP profile can be comparedto the solution of the heat
dif
l

fusion equationwith homogeneousenergy input for the
cylindricalJ geometryof the experiment,

�
T
> ��� P

�
r�

2
× �

R
�

tube
�2 L
� � ,� � 26

× �
whereb P

�
is
N

the input power, R
�

tube
� andO L

�
the
\

radiusand the
lengthof theplasmatube,andr is the radial coordinate.For
this
\

estimation,it is assumedthatthewholerf poweris trans-
formedinto heatin the plasmacolumn.However, this leads
to
\

a systematicoverestimationof the temperaturegradient
andO thusof thethermophoreticforcewith up to 50%ascom-
paredK to the experimentalresults.This might resultfrom the
fact
L

thata considerablepartof theinput poweris usedby the
plasmaK itself for ionization,or from the energy lossesat the
upperd and lower endsof the plasma,which havenot been
taken
\

into account.For the analysisof the thermophoretic
force the measuredtemperaturesaretaken.

E. Results for the symmetric case

Finally, the resultsof of the force measurementsfor the
radiallyj symmetricplasmaprofiles are presentedhere.The
observedë symmetryof the potentialandtemperatureprofiles
allowsO us a radial analysisof the problem.

The
a

comparisonbetweenthe total trajectory force and
the
\

sumof the plasmaforces � thermophoresis,
\

ion drag,and
electricM field force� is

N
representedin Fig. 8. Theelectricfield

force actsasa confiningforce,so it hasbeenrepresentedas
negative,whereastheion dragandthermophoresispoint out-

wards.b Trajectoryandplasmaforcesagreewithin anerrorof
30%.
�

The measuredtrajectoryforcesareslightly larger than
the
\

sumof outwardthermophoresisand ion dragforcesand
the
\

inward electric field force. A detailedanalysiswill be
presentedK in Sec.V.

It is important to statehere that the confining electric
force
L

is muchsmallerthanthe sumof thermophoreticforce
andO ion drag.The situation is the samefor other gaspres-
suresP or input powers.This showsthat,at leastfor helium,in
this
\

experimentalconfiguration,no confinementcan be ex-
pected.K
F
�
. Modified temperature profile

In orderto extendour studieson thermophoresisandion
drag
l

forces,experimentsundermodified temperaturecondi-
tions
\

havebeenperformedin orderto establishregionsin the
plasmaK where ion drag and thermophoresishave opposite
directions.
l

Thereforeanexternalheatsourcehasbeenadded
atO theobservationlevel.This heatsourceconsistsof a Peltier
elementM of 18.7 W. The hot plate has beenset in thermal
contactJ with one of the side windows � the

\
left side in the

recordedj particleimages� ,� while thecold platehasbeenkept
atO room temperature.The maximumtemperaturedifference
between
f

thecold andthehot platesuppliedby this modelof
Peltier
;

elementcan be up to 60°C, which is enough to
changeJ the directionof the thermophoresis.

Polymethyl
;

methacrylate  PMMA
; !

particlesK (aY" 20.02 # mdiam) aredroppedthroughthesameexperimen-
tal
\

setupusing the sametechnique.The particle trajectories

FIG.
�

7. $ a% Radially
©

symmetricelectricpotentialdistributionand & b ' nearly(
parabolic# radial temperaturedistribution of an unperturbedplasma,for a
power# of 2.6 W.

FIG. 8. ) a* Plasmaforces(thermophoresis+ ion drag, electricfield force- ,
for thesymmetricaltemperatureandpotentialdistributioncaseand . b / com-
parison# of themeasured‘‘trajectoryforce’’ obtainedfrom theparticletrajec-
tory
¬

analysistaking into accountthe friction with the total plasmaforce.
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areO againanalyzedandthe horizontalandvertical velocities
areO extracted.Temperatureand Langmuir probe measure-
mentsW havebeenperformed,as in the symmetriccase.The
electronM temperatureis againfound to be almostconstantat
6.5
°

eV. Figures90 aO 1 andO 92 bf 3 showP the temperatureprofile
andO the plasmapotentialdistribution.For this casethe tem-
peratureK profile is visibly modified due to the heat source.
The
a

plasmapotentialis alsomodifieddueto theuseof quite
large metallic piecesof the heatsourcein the vicinity of the
plasma.K The profile is still parabolic,but shiftedtowardsthe
heat
i

source 4 seeP Fig. 95 aO 687 . The sameoccursfor the plasma
density
l

profile. It has the maximum density of 5.99
1015 mW : 3

`
shiftedP towards the heatedwindow. For these

modifiedcondition,the arrowsindicatethe directionof drift
for
L

the positive ions acceleratedin the plasmaelectricfield,
andO thusof theion drag,andthedirectionof thermophoresis.

For this modifiedasymmetrictemperaturecase,horizon-
tal
\

Cartesiancoordinatesare used, with the origin corre-
spondingP to theleft sideof therecordedimagesof thefalling
particles.K They mustnot be confusedwith the radial coordi-
nateusedin the symmetriccase.

In Figs. 10; aO < andO 10= bf > ,� both the trajectoryforce mea-
suredP from the particle trajectories,taking into accountthe
neutralgasfriction, andtheplasmaforces ? ion drag,thermo-
phoresis,K and electric force@ have

i
beenplotted. Again, the

confiningJ electricforceis muchsmallerthanthesumof ther-
mophoresisW andion drag.In this casethedifferencebetween

the
\

total trajectory and plasma forces is measuredto be
aboutO 50%.

V. RESULTS AND DISCUSSIONS

The
a

measuredtrajectory force, which is the total force
computedJ from the acceleratedoutwardmotion taking into
accountO thefriction forcehasbeencomparedwith thesumof
the
\

plasmaforces A ion
N

drag, thermophoresis,and electric
field forceB . A reasonableagreementbetweentrajectoryand
plasmaK forcescanbeobservedin bothcases.For theradially
symmetricP plasmathe forcesagreewithin 30%while for the
asymmetricO casewithin 50%

Figure 11 shows the relative difference (F traject
�C Fplasmaú )/

â
F traject
� between
f

the outwardand inward force for
two
\

differentpressuresand for variousinput powers.It can
be
f

observedthat for very low powers,thedifferenceis nega-
tive,
\

which meansthat the measuredsumbetweenion drag,
thermophoresis
\

andelectricfield force is slightly larger than
the
\

trajectoryforce on the falling particles.For 150 Pa,2.3
W
s

thehighestmismatchoccurs.This canbecorrelatedto the
fact that for theseexperimentalconditionsthe dust dropper
has
i

beenfreshly refilled, so that a hugenumberof particles
wereb injected into the plasmacolumn. A high number of
particlesK which simultaneouslyfall throughthe plasmacol-
umnd canhavetwo effectswhich havebeennot discussedso
far.

A
h

high dust particle density considerablyperturbsthe
electronM andion densities.Whena hugeamountof particles
is
N

droppedinto theplasmait canbeobservedwith thenaked

FIG. 9. D aE Horizontalelectricpotentialdistributionand F b G modifiedhori-
zontal temperaturedistribution in the caseof the plasmawith the external
heat
H

source.The heatsourceis mountedto the left sidewindow I horizontal
H

position# xJ KML 28 mm).

FIG.
�

10. N aO Plasma
P

forces(thermophoresisQ ion
R

dragS electricfield forceT
for the asymmetricaltemperatureand potential distribution caseand U b V
comparisonof the measuredtrajectory force from the particle trajectories
analysistaking into accountthe friction with the total plasmaforce.
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eyeM that the discharge tendsto extinguish.Whendust is in-
troduced,
\

thefreeelectrondensitydecreasesdueto thenega-
tive
\

charge attachedto the particles.The unbalancebetween
free electronsand ions increaseswith the numberof par-
ticles,
\

affecting both the charging processand the electric
field distributioninsidetheplasma.It is very difficult to mea-
sureP this effect in

W
situ due
l

to the time-variablenumberof
particles.K The probemeasurementhasbeenperformedin a
particle-freeK plasmabecauseit is practically impossibleto
recordj a completeplasmaparameterprofile within the few
fractions of secondwhen the particles fall. Thereforethe
plasmaK parametersrecordedin a particle-freeplasmahaveto
be
f

corrected.A decreaseof theelectrondensitycanbe intro-
duced
l

into our analysisin orderto checkits influenceon the
force
L

balance.Figure 12 showsthe changeof the ion drag,
thermophoresis
\

andelectricforceon theparticleswith varia-
tion
\

of then� e? to
\

n� i
A ratio.j As expected,this ratio hasno effect

onë the thermophoreticforce, but the electric and ion drag
showP somevariation.Theion dragis describedby a function
whichb is not injective. This complexbehaviorresultsfrom
the
\

complicateddependencyof the variousquantitiesin the
ion
N

drag equationon the electronand ion densities.For in-

creasingJ n� e? /
J
n� i
A ,� up to themaximumvalueat n� e? /

J
n� i
A X 0.3,
x

the
increase
N

of the particle charge is dominant, whereasfor
n� e? /
J
n� i
A Y 0.3
x

the decreaseof the Coulomblogarithmpredomi-
nates.Also the electric field force is seento increasewith
n� e? /
J
n� i
A . This increaseis the result of two competingeffects:

withb increasingn� e? /
J
n� i
A ,� the electric field E Z\[^] plú in the

plasma_ decreases,but simultaneously, it canbe relatedto an
increase
`

of the particle charge due to the higher electron
density
a

. Thecurveshownin Fig. 12 showsthat thevariation
ofë charge is dominant.

W
s

ith theratio nb e? /
c
nb i
A ad considerablechangeof thegeneral

matchof the trajectoryand plasmaforcescan be observed.
For
e

150 Paand2.6 W, a perfectmatchcanbe obtainedfor
two
f

different valuesnb e? /
c
nb i
A g 0.6
h

and nb e? /
c
nb i
A i 0.15.
h

A reduc-
tion
f

of 40% of the electrondensitymight be reasonablej ad
reductionby 85% seemsto be out of rangek . However, a
quantitativel analysisof nb e? /

c
nb i
A from this results would be

speculative.m
For a plasmacontainingvery few dust, the interparticle

distance
a

is usuallymuchlarger thanthe screeninglength,so
the
f

mutual repulsionbetweenneighboringgrainsis not im-
portant._ With the increaseof the dust density, the interpar-
ticle
f

distancecorrespondinglydecreasesto valuescloseand
below
n

thescreeninglength.In this case,themutualrepulsion
cano havea considerablecontributionto thetotal force,which
pushes_ the particlesout of the discharge.Again this effect is
quitel difficult to be estimatedbecauseof the time-variable
numberp of grains,anddue to the space-variationof particle
density
a

insidethe dustcloud.
For
e

the lowestinput power, the sumof measuredvalues
ofë thermophoresis,ion drag, and electric field exceedthe
trajectory
f

forces.This canbe relatedto measurementerrors.
For
e

low powertheoutwardsbendingof theparticletrajecto-
ries is quite small, also the probe measurementsare much
moreq noisy, so that quite large errorsareexpected.

For thecasewherethe temperaturefield hasbeenmodi-
fied,
r

the matchis within 50% mainly asa result of the fact
that
f

in this specialcaseof asymmetrictemperatureand po-
tential
f

profile, systematicerrorsin the Langmuir probeand
temperature
f

analysiscould not be compensatedas in the
symmetricm case.TheLangmuirprobemeasurementis mainly
afd fectedby the presenceof the probeholder being more or
lessinsidetheplasma.If at thebeginningof a profile record-
ing theholderis completelyoutsidetheplasma,at theendit
is
`

completely in contactwith the plasma.The result is an
increasedasymmetryof the profile. For the symmetriccase
this
f

errorcouldbecompensatedby averagingbothascendent
andd descendentarm of the horizontalprofile. Also the tem-
perature_ measurementsare affectedby heattransportto the
probe_ holder. Whenthe probeis in contactwith coldertem-
perature_ regionsthantheholder, thenaheatflow occursfrom
the
f

holder to the probe.When the probe is hotter than the
holder, theheatflows vice versa.In thesymmetricalcasethis
problem_ canagainbe compensatedby averaging.Therefore,
it is reasonableto expectthat theasymmetriccaseis affected
by
n

higher measurementerrors, thus the match is slightly
worse.s

After all the experimentalproblemslisted here,a short
overviewë of the reliability of the measuredforcesis neces-

FIG.
�

11. Therelativedifferencebetweenthe‘‘trajectoryforce,’’ which is the
total
¬

forcecomputedfrom theparticletrajectoryanalysistakinginto account
the
¬

friction, andthe ‘‘total plasmaforce,’’ which is thesumbetweenthe ion
drag,thermophoresis,andelectricfield force.

FIG.
�

12. Behaviorof the ion drag,thermophoresis,andelectric force with
the
¬

ratio nt eu /v nt i
w as an effect of electro density reductiondue to the high

number( of particulates.As expected,thermophoresisis not affected,whereas
the
¬

ion dragis characterizedby a nonmonotonousfunction.
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sarym . In the inwarddirection,thedominantforce is theaccel-
erationx and friction forcesmeasuredfrom the outwardpar-
ticle
f

motion.A largenumberof particletrajectorieshasbeen
analyzedd here, so the measurementaccuracyis very high.
Thus,
y

an eventuallack of precisionin measurementof the
electricx field force, derived from probe measurements,has
onlyë a small influenceon thetotal inwardpointingforce.For
the
f

outwarddirection,the ion dragandthermophoresishave
comparableo magnitudes.Thermophoresishasbeenquite ac-
curatelyo estimatedusing the measuredtemperatureprofiles.
The ion drag however, due to the complicateddependency
onë plasmaparametersis susceptibleto largererrors.Theun-
derlying
a

ion dragequations36
z

ared suitablefor our experimen-
tal
f

conditionswith limitations.
Until
{

now, enhancementsof 10 times35
z

orë of 40 times44
|

ofë theion draghavebeenstated.Fromour results,only mod-
eratex enhancementsof up to 50% might be neccesary, de-
pending_ on the experimentalconditions.
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Abstract. Thethermophoretic
ç

forceandè ion-dragactingè oné micro-particlesfallingè through
ç

aè long
RF plasmaê hasbeen

ë
measuredhereunderì tw

ç
oé dif
í

ferenteî xperimentalsituations:ï eitherî anè unperì -
turbed
ç

plasmaê characterizedð by
ë

its
ñ

symmetricï potentialê andè temperature
ç

distrib
í

utionì oré aè plasmaê
withò anè asymmetricè temperature

ç
andè potentialê profile.ê Thedominant

í
efî fect ofé the

ç
graó vitationô force

is reducedheredue
í

to
ç

the
ç

dynamic
í

equilibriumî withò the
ç

friction force ofé the
ç

particlesê withò the
ç

neutralgas.ó

The
õ

reductionö or ev÷ ensuppressionof the
ø

dominantinfluence
ù

of the
ø

gravitation÷ force
ú

on the
ø

complex plasmaû systemshasallowedthe
ø

studyof "hidden"effectslike v÷ oids in
three-dimensional
ø

duststructures[1, 2, 3, 4], which occur due to
ø

smallerforceslike
thermophoretic
ø

force
ú

andion
ù

drag.F
ü

or typical
ø

particleû diametersof 1 ý3ý�ý 10µþ m,ÿ these
ø

forcesareaboutoneorderof magnitudesmallerthan
ø

the
ø

gravitation÷ force.
Simulationof experiments� under� micro-graÿ vity÷ [2] show that

ø
anad-hocenhancement

of the
ø

ion dragforceof at leasta factorof 10 is necessaryto
ø

simulatev÷ oids like those
ø

observedin experiments[1]. Therefore,quantitativ÷ e measurementsof these
ø

tw
ø

o forces
arenecessary� in

ù
orderto

ø
checkor impro

ù
v÷ ethe
ø

theoretical
ø

calculationsandsimulations.
Here, experimentsto

ø
measurethe

ø
ion drag and thermophoresis

ø
under� laboratory

conditionsarepresented.û
In our experiment,the

ø
micro-particlesaredroppedthrough

ø
a long plasmaû discharge.

W
�

ithin
ù

sev÷ eralcentimeters,the
ø

particlesû reachö areö gimeof constantv÷ erticalv÷ elocitydue
to
ø

the
ø

balance
�

of the
ø

gravitation÷ forceby
�

the
ø

friction forceof the
ø

falling particlesû with
the
ø

neutralgas.
m� �g� � m� β

	 

ẏ� � 0 
 (1)

Thus,this
ø

experimentproû vides÷ a dynamicequilibrium,thereby
ø

effectiv÷ ely reducingthe
ø

influence
ù

of gravity÷ .
In the
ø

following, the
ø

forcesactingon the
ø

particlesû on the
ø

horizontaldirection (see
Fig.
ü

1d) aresummarized.In
�

a discharge tube,
ø

the
ø

electricfield structureis
ù

determined
by
�

the
ø

positiû v÷ epolarizationû of plasmaû with respectto
ø

the
ø

walls.This typically
ø

proû vides÷
a linearly increasingradialelectricfield E � x� � . Theelectricforceon a particleû of charge
Q is
ù

then
ø

definedby
� �

Fel� ect� ric � Q �E � x� ��� (2)



F
ü

or the
ø

particlesû with a horizontal
�

v÷ elocity, the
ø

friction
ú

force
ú

is
ù

�
Ff
�

rict� _x� � m� β
	  

ẋ� ! (3)

The
õ

ions
ù

are acceleratedto
ø

wardsthe
ø

walls due to
ø

the
ø

sameelectric field E
" #

x� $ in
ù

the
ø

plasmaû andacton the
ø

negativ÷ ely chargedparticlesû by
�

the
ø

so-calledion drag[2, 5, 6]. It
hastw

ø
o components:a directone,which is dueto

ø
the
ø

momentumtransport
ø

of the
ø

ions
whichhit

�
the
ø

particleû surface %
Fcollect� & n' im

�
i (vivsπb2

c ) (4)

anda secondone,the
ø

Coulombcomponent,whichis producedû by
�

exchangeof momen-
tum
ø

of the
ø

ions
ù

whosetrajectories
ø

arebent
�

in
ù

the
ø

electricfield of the
ø

particlesû
*
FC
+

oulomb, - 4πn' i
. m� i
. /vivsb

2
π
2
Γ 0 (5)

Here,vs is the
ø

meanspeedof ionsapproachingthe
ø

particle,û bc1 is the
ø

maximalcollection
impact
ù

parameterû , bπ2
2
3 is
ù

the
ø

impact
ù

parameterû correspondingto
ø

a deflectionangleof

π 4 2, Γ is the
ø

Coulomblogarithm.n5 i, m� i
. , Ti
. , qi
. and vi are the

ø
numberdensity, mass,

temperature,
ø

chargeanddrift v÷ elocityof ions,
ù

andλ
6

D
7 is
ù

the
ø

Debye
8

length.
9

Thethermophoretic
ø

forcedueto
ø

a temperature
ø

gradientof the
ø

neutralgaspushesû the
ø

particleû to
ø

colderreö gionsof the
ø

plasmaû andis
ù

giv÷ enby
�

[6]

:
Ft� hermo ;=< 32

15

r2
p>

vth
? λ
6 @

∇Tn A (6)

whereλ
6

is the
ø

translation
ø

partû of heatconductivity÷ of the
ø

gas,andvth is the
ø

thermal
ø

v÷ elocityof the
ø

neutralgas.
In
�

summary, the
ø

horizontal
�

equationof motionÿ of the
ø

f
ú
alling particlesû is

ù
describedby

�
m� Bẍ� CEDFelec� t� rF ic. G=HFf

�
ric
.

t IKJFcollect� L=MFCoulN ombN OKPFt� hermo (7)

The influenceof the
ø

ion dragandthermophoresis
ø

hav÷ e been
�

studiedhereboth
�

for a
symmetricandanasymmetrictemperature

ø
andpotentialû distribution� in

ù
the
ø

plasma.û This
õ

hasbeen
�

doneto
ø

establishplasmaû regionswith opposingion dragandthermophoretic
ø

forces.
The
õ

experiments� ha
�

v÷ ebeen
�

performedû in
ù

along
9

RF
Q

dischargetube
ø

(seeFig.
ü

1a)in
ù

He
R

at a gaspressureû between
�

100 and200 Pa, for plasmaû poû wer between
�

0.8 and2.8 W
�

.
The
õ

particlesû areobservedat a certainle
9

v÷ el in
ù

the
ø

middleÿ of the
ø

plasmaû columnin
ù

the
ø

scatteredlight of a thin
ø

v÷ ertical lasersheet,using� a high frameratevideo÷ camera.The
laserstroboscopicallyilluminatesthe

ø
particlesû at 400Hz. This methodproû vides÷ a high

time
ø

resolution,ö ev÷ enwhenusing� a lo
9

w speedcamera.
The particlesû used� hereare of 9.55 µþ m and 20.02 µþ m diameterand are madeof

Melamine
S

F
ü

ormaldehyde(MF) andPolymethylmethacrylate
T

(PMMA) respectiö v÷ ely.
Theforceson the

ø
particlesû aremeasuredherein the

ø
following way:Fromthe

ø
particleû

trajectories,
ø

the
ø

accelerationand friction
ú

force
ú

(in horizontal
�

direction) are directly



FIGURE 1. a)è Scheme
U

ofé the
ç

eî xperimentalsetup,ï b)
ë

videoô image(symmetric
V

temperature
ç

andè potentialê
distrib
í

ution),ì c)ð videoô image(asymmetric
V

temperature
ç

andè potentialê distrib
í

ution),ì andè d)
í

horizontalandè
vô erticalî forcesactingè oné the

ç
fallingè particles.ê

obtained.Theplasmaû potentialû profileû andthus
ø

the
ø

electricfield distribution� hav÷ e been
�

deriv÷ ed from
ú

probeû measurements.ÿ Therefore
õ

the
ø

electric force
ú

on the
ø

particlesû could
be
�

determined.To measurethe
ø

thermophoretic
ø

force, the
ø

temperature
ø

profilesû of the
ø

neutral� gasha
�

v÷ ebeen
�

measuredÿ with a thermo-resistor
ø

. T
õ

o ev÷ aluatethe
ø

ion
ù

drag,the
ø

ion
ù

v÷ elocity hasbeen
�

calculatedemployingW their
ø

mobility µþ i
. andthe

ø
electricfield structure

in the
ø

plasmaû vi
. X µþ iE Y x� Z . It mustbe

�
mentionedherethat

ø
the
ø

equationsdescribingthe
ø

ion drag(Eq.4,5) areapplicableunder� the
ø

assumptionthat
ø

noion collisionsoccurinside
the
ø

Debyesphere,which is the
ø

caseof low pressureû plasmas.û In our case,howev÷ er, the
ø

ion
ù

meanÿ free
ú

pathû is
ù

smallcomparableto
ø

the
ø

Debye
8

length.
9

Two differentexperimentalsituationshav÷ e been
�

studiedhere.First, the
ø

beha
�

vior÷ of
f
ú
alling particlesû through

ø
an unperturbed� plasma,û characterizedby

�
its
ù

natural� radiallyö
symmetricelectric potentialû and temperature

ø
distribution,� hasbeen

�
analyzed.In the

ø
experiment,it can be

�
seenthat

ø
the
ø

particlesû mov÷ e radially outward with increasing
v÷ elocity (seeFig.

ü
1b).This

õ
effect
ú

becomes
�

strongerwith increasing
ù

plasmaû poû wer.
In the
ø

secondcase,the
ø

temperature
ø

distribution� hasbeen
�

alteredusing� a heatsource
on oneof the

ø
observationwindows (left sideof the

ø
Fig.
ü

1c). The
õ

probeû measurementsÿ
rev÷ ealedthat

ø
alsothe

ø
electricpotentialû distribution� hasbeen

�
perturbedû in this

ø
casedue

to
ø

the
ø

use� of largemetallicpartsû v÷ erycloseto
ø

the
ø

discharge.
Fig. 2 shows the

ø
forcesactingon the

ø
dustparticlesû in the

ø
symmetriccase.Therefore,

we hav÷ e chosenradial coordinateswith the
ø

origin on the
ø

discharge axis. The radial
accelerationand friction

ú
force
ú

from
ú

the
ø

radiallyö outward moÿ ving÷ particlesû are shown
in Fig. 3a.Additionally, the

ø
inwardelectricfield force is shown together

ø
with the

ø
total
ø

inw
ù

ardforce.
ú

This
õ

total
ø

force
ú

in
ù

Fig.
ü

3ais
ù

supposedto
ø

be
�

balanced
�

by
�

the
ø

ion
ù

dragand
the
ø

thermophoresis.
ø

It is seenthat
ø

the
ø

sumof the
ø

measuredthermophoresis
ø

andion drag
is slightly smallerthan

ø
the
ø

total
ø

measuredinwardforce.ThesmalldiscrepancyW between
�

these
ø

tw
ø

o total
ø

forces
ú

mightÿ lie
9

in
ù

the
ø

applicability of the
ø

ion
ù

dragequations(Eq.4,5)
for our experimentalconditions.For these

ø
measurements,a ten-fold

ø
increasedion drag

is
ù

not� compatiblewith our results.ö The
õ

sameanalysishas
�

been
�

donefor
ú

the
ø

asymmetric



FIGURE
[

2.
\

Symmetrical
U

temperature
ç

andè potentialê distrib
í

utionì case;ð a)è measured] force,
^

from
^

the
ç

particleê trajectories
ç

analysis,è taking
ç

into accountè the
ç

friction andè the
ç

electricî force, andè b)
ë

theoretical
ç

force(thermophoresis
V

andè ion drag).
í

FIGURE
[

3.
_

Asymmetrical
`

temperature
ç

andè potentialê distrib
í

utionì case;ð a)è measured] force,
^

from
^

the
ç

particleê trajectories
ç

analysis,è taking
ç

into
ñ

accountè the
ç

friction
^

andè the
ç

electricî force,
^

andè b)
ë

theoretical
ç

force
^

(thermophoresis
V

andè ion
ñ

drag).
í

experimental� case.Here,
R

also plasmaû reö gions ha
�

v÷ e been
�

observed with opposingion
ù

drag and thermophoresis.
ø

Again, the
ø

total
ø

measuredforce summarizingthe
ø

inward
acting forces

ú
is
ù

slightly lar
9

ger than
ø

the
ø

sum between
�

the
ø

measuredÿ thermophoretic
ø

force and the
ø

ion drag. Concluding,for both
�

casesanalyzedhere, the
ø

ion drag and
thermophoresis
ø

ha
�

v÷ e been
�

experimentally� measured,ÿ showing a quite goodagreement
with the

ø
theoretical
ø

predictions,û andemphasizingthe
ø

applicability limits of the
ø

actual
modelsdescribingthese

ø
tw
ø

o forcesfor ourexperimentalconditions.
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