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ÂØÈ� ø ü÷�¢¤Àì
ÂØÈ� ü÷�½þ¤ À�¨ ¤¢�÷ À�¨ Âµî¢ ý�ì� ��þ�ä ¢�µ¨� ¥� ��� Âû ¥� Û±ì Å� ¢Âî ÂØÈ� ö���üÞ÷ �î ï¤�� ý�À¡ ¥�ü±Üì ,ï¤�� üó¢ ø ù¢�� üÜ�ÞØ� ���Ê½� ù�ÚÈ÷�¢ ¤¢ Û�Ê½� ö�¤ø¢ ñ�Ï ¤¢ ßõ ´¨ø¢ ßþÂµú� �î Ý�îüõº�û ¥� �Àõ ßþ� ñ�Ï ¤¢ �î Ýû ü±�±� Âµî¢ ý�ì� ¥� .¢¤�¢ Â�ö�ø�Âê üã®��� ø ö�ø�Âê üÞÜä ,�Â÷ ü÷��¥ ,¥�Æó¢ñ�Ï ¤¢ �î ýÂû�Ï �®¤ÀÞ½õÀ�¨ ý�ì� ø ù¢�¥ü��� Ý÷�¡ ¥� ß��»Þû .Ý÷��Þõ ¤��Æ� À÷¢ÂØ÷ æþ¤¢ ùÀ�� �� üØÞî�f¬�Ê¿õ ñ�Ú� ù¢�õ ø ×�µ�� ùøÂð ý�û�»� ��Þ� ¥� .�¤�¢ �¤ ÂØÈ� ñ�Þî À÷¢Âî ý¤�þ �Âõ �÷�Þ�Þ¬ ù�øÂ� ßþ�ø ý¢��� ø üÚ�ûÂê ,ýÂ¬�÷ ,üì�¡� ,ö��è�Â� ,À¹õ� ý�ÔÎÊõ ,ý¢�Þ½õ ,üì�¨¤�ú� ,ýÀÞ¬ ,ü±�¤ ö�þ�ì�À÷¢Âîüõ Ýþ¤�þ üµª�ÀÞÈ� º�û ü� ø �Àªüõ ö�ÈÞ���õ ù�Ú�� ø ù�ð �î üÜ�þ¥ ø üÞþÂî ,ý�Ì�Âõ �ûÝ÷�¡À�µ¡�¨ ßõ ¤�î ý�Â� �î üÜþ�¨ø ¢�±÷ Âð� �î ý¤�õ�Ï ý�ì� ùÄþø�� �îÂõ ö�À�õ¤�î üõ�Þ� ¥� .�ÂØÈµõ �÷�Þ�Þ¬¥� ö�ÈÞ¨� �î ü÷�Æî ø �¢Â±õ�÷ �î ü÷�Æî ��Ö�ê�� Â� À÷ø�À¡ �¤�øÀ�õ� .�¤��Ú¨�³¨ ´ê�þüÞ÷ ÕÖ½� ù�øÂ� ßþ�Ýû�Âê ÂÏ�¡�� ��÷ ü��±� ¤�ÆêøÂ� ¥� .Àû¢ üð¤�� ø ñ�� �¤ �ú÷� ø Àþ��Ô�� À÷¤�¢ ßõ ö¢Âð Â� üÖ� ø ù¢�µê� ÝÜì.Àþ��Ô�� ö�Èþ� ÂÞä ñ�Ï Â� À÷ø�À¡ �¤�øÀ�õ� ø Ý�îüõ ü÷�¢¤Àì üõ�¤� Í�½õ ß��� ö¢¤ø�ø ´êÂðüõ §�Þ� ßõ �� ö��õ ¤¢ ¥ø¤ ×þ �þ ¥ø ¤ Âû �Àõ ßþ� ñ�Ï ¤¢ �î �¤ �¤¢�õ ��Þ�¥ ÝµÆ÷���üõ ©�î ý�.À�î �Ô� �¤ ø� À÷ø�À¡ Ý�îüõ �ä¢ .Ý�î ö�Â±� Àªüõ ßõ üõÂÚó¢ ¶ä��ù¢�¥ß�Æ� ¢�Þ½õ1390ù�õÂúõ

¤�ú�



ùÀ�Ø�ü¨¤Â� ý¤�÷ íÂ±÷� Í¨�� ù¢�µê� ��¢ �� ´þÂ��ø ü÷øÂØ�õ ýù¥�À÷� �� üµÆØªø¢ ��¤£ Ç¡Â� �õ�÷ö�þ�� ßþ� ¤¢.´¨� ùÀª ü÷�÷�î ��� ý¢Àä ý�÷�û¢ �� üÿ�ª ×þ Í¨�� �î ´¨� ¤��ó ý�Øþ¤�� ×þ ý¤�÷ íÂ±÷� .¢�ªüõ,ü÷øÂØ�õ ýù¤£ �� ¤�÷ ¥� ý��þø�¥ ý�÷�Ø� ßþ� ñ�Öµ÷� ¥� �î À�î ÛÞ� ý��þø�¥ ý�÷�Ø� À÷���üõ ¤�÷ ý�Øþ¤��.À¡Â»� À÷���üõ ù¤£ ø ùÀª ñ�Þä� ù¤£ �� ý��þø�¥ ¤ø�µÈð¤�Ï�� ù¤£ Ç¡Â� Àõ�Æ� Â� Âþ¥ Ûõ��ä Â���b� ñø� Ç¿� ¤¢ .´¨� ùÀª �µª�÷ üÜî Ç¿� ø¢ ¤¢ �õ�÷ ö�þ�� ßþ�¢�ªüõ ü¨¤Â� ü�Â¹�ý¥�À÷� �Ü� ÕÞä Çþ��ê� -1¤��ó ö��� Çþ��ê� -2�Ü� ¤¢ ö¤�Öµõ�÷ ýù¤£ ýÂ�ð´ú� -3��Ø¨øÂØ�õ ý¤ø�Ï�è ßèø¤ Â��ç� -4´þÂ��ø üµÆØªø¢ ��¤£ �� �Ï ��¤£�÷�÷ ö¢ø�ê� -5�� ,¢�ªüõ ù¢�Ôµ¨� �ûù¤�ªøÂØ�õ ¶½±õ ¤¢ ü÷øÂØ�õ ýùÀ��î ¯�Ü¿õ ö���ä�� ùÀ�¡Â� ýù¤£ ¥� ,�ø¢ Ç¿� ¤¢¤¢ ù¤£ öÀ÷�¡Â� �� �î À÷�ªüõ �µª�¢�ø ö�þÂ��� ÛØª T ñ�÷�îøÂØ�õ ×þ ¤¢ Âû�� ø �� ñ��¨ ø¢ �î °��Â� ßþ�.¢�ªüõ âþÂÆ� öÀª ¯�Ü¿õ À�þ�Âê Âû�� ø �� ý�þ�Þ÷ íÂµÈõ ¥Âõñ�÷�îøÂØ�õ ,ù¤�ªøÂØ�õ ,ü÷øÂØ�õ ýùÀ��î ¯�Ü¿õ ,ý¤ø�Ï�è ßèø¤ ,ý¤�÷ íÂ±÷� ,üµÆØªø¢ : ýÀ�Üî ö�ð��ø

¸��



´¨Âúê
¸�� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ùÀ�Ø�ù¢ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . �õÀÖõý¤�÷ íÂ±÷� 14 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ý¤�÷ íÂ±÷� á��÷� 1.1ü÷øÂØ�õ ��¤£ Ç¡Â� 26 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ù¤£ Ç¡Â� ý�û¢Â�¤�î 1.27 . . . . . . . . . . . . . . . . . . . . . À÷�¡Â� ý¤�÷ íÂ±÷� Í¨�� ö���üõ �¤ ü��¤£ �� 2.210 . . . . . . . . . . . . ý¤�÷ íÂ±÷� ý�Ü� ¤¢ üµÆØª ø¢ ýù¤£ �� ý��þø�¥ ý�÷�Ø� ñ�Öµ÷� 3.211 . . . . . . . . . . . . . . . . . . ýøÂþ�¢ Ç±Îì �� ö�À�õ ¤¢ üµÆØª ø¢ ýù¤£ Ç¡Â� 4.212 . . . . . . . . . . . . . . . . . . . üÎ¡ Ç±Îì �� ö�À�õ ¤¢ üµÆØª ø¢ ýù¤£ Ç¡Â� 5.213 . . . . . . . . . . . . . . . . . . . . ýøÂî ýùÀ�¡Â� ýù¤£ ü Ø�µ�� ¤ø�µÈð ý�±¨�½õ 6.2

Çª



16 . . . . . . . . . . . . . . . üµÆØªø¢ ýù¤£ Ç¡Â� ý��þø�¥ Å÷�îÂê ø üØ�µ�� ¤ø�µÈð 7.220 . . . . . . . . . . . . . . . . . . . . . . . . ¤�÷ �£�� ��¤£ �� ý��þø�¥ ý�÷�Ø� ñ�Öµ÷� 8.222 . . . . . . . . . . . . . . . . . . . . §�ðÂð� ý�û�Øþ¤�� Í¨�� �£�� ��¤£ Ç¡Â� 9.225 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ö¤�Öµõ�÷ ��¤£ Ç¡Â� 10.226 . . . . . . . . . . . . . . . . . . . . . . . . . . . ÛØª ý��Ü�õ ��¤£ Ç¡Â�1.10.229 . . . . . . . . . . . . . . . . . . . . . . . . . . ö�¡Â� é�Øª ý�Ü�¨�� ��¤£ Ç¡Â� 11.232 . . . . . . . . . . . . . . . . . . . . . ö�¡Â� ��õ Ý�÷ ý�ç�� ý�Ü�¨�� ��¤£ Ç¡Â� 12.232 . . . . . . . . . . . . . . . . . . . . . . . . . . ²Þ�øÂØ�õ ö���ä�� ý¤�÷ ýùÀ�¡Â� 13.2ýøÂî ´þÂ��ø ü µÆØªø¢ ýù¤£ 335 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ´þÂ��ø ���¬�Ê¡ 1.336 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ý¤�µ¡�¨ ���¬�Ê¡ 1.1.338 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . üØ�µ�� ���¬�Ê¡ 2.1.343 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ýøÂî ´þÂ��ø ´¡�¨ ©ø¤ 2.344 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ü±ãØõ ´þÂ��ø ´¡�¨ ©ø¤ 3.344 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ´þÂ��ø ýøÂî ��¤£ ýù¥�À÷� 4.346 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ´þÂ��ø ýù¤£ ý¤�Àþ�� 5.347 . . . . . . . . . . . . . . . ´þÂ��ø ýù¤£ ý¤�Àþ�� Â� ü��Âî ý�ó�÷�÷ ö¢ø�ê� Â�� 1.5.348 . . . . . . . . . . . . . . . . . . . . . . . ´þÂ��ø ýù¤£ ý¤�Àþ�� Â� ñ�� Â�� 2.5.3
´Ôû



48 . . . . . . . . . . . . . . . . . . . . ö�õ¥ ¤Áð �� ýøÂî ´þÂ��ø ýù¤£ ý¤�Àþ�� 3.5.350 . . . . . . . . . . . . . . . . . . . . . . . . . ´þÂ��ø ��¤£ ý¤�Àþ�� Â� �õ¢ Â�� 4.5.3Ç¡Â� ´äÂ¨ ýÂ�ðù¥�À÷� 453 . . . . . . . . . . . . . . . . . . ù¤£ Ç¡Â� Å÷�îÂê ýÂ�ðù¥�À÷� ý�Â� ý¤���� ,¢�þ¢�µê 1.455 . . . . . . . . . . . ýøÂî ��¤£ ü��³¨� Ç¡Â� ý¥�¨¤�Øª� ¥� ¢�þ¢�µê ü÷����÷ 1.1.457 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . üû�Â��� 2.459 . . . . . . . . . . . ýøÂî üû�Â��� �� ý¤�÷ íÂ±÷� ¤¢ üµÆØªø¢ ýù¤£ Ç¡Â� 1.2.460 . . . . . . . . . . . . . . . . . . ù¤£ Ç¡Â� ´äÂ¨ Â� �÷�Þ÷ ¤¢ ù¤£ ÕÞä Çþ��ê� Â���b� 3.462 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ý¥Âõ Â�� 1.3.463 . . . . . . . . . . . . . . . . . . . . . . . ù¤£ Ç¡Â� ´äÂ¨ Â� ¤��ó ö��� Çþ��ê� Â���b� 4.465 . . . . . . . . . . . . . . . . . . . . . . . . . ù¤£ Ç¡Â� ´äÂ¨ Â� ù¤£ ýù¥�À÷� Â���b� 5.467 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ö�õ¥ �� Ç¡Â� Å÷�îÂê ��±� 6.468 . . . . . . . . . . . . . . . . . . . . . . (CCD) ý¢ü¨ü¨ ø ¢�þ¢�µê üÔ�î ý�Æþ�Öõ 7.469 . . . . . . . . . . . . . . . . . . . . . . (CCD) ý¢ü¨ü¨ ø ¢�þ¢�µê üÞî ý�Æþ�Öõ 8.473 . . . . . . . . . . . . . . �ú÷� Ç¡Â� Å÷�îÂê Â� �Ü� ¤¢ ö¤�Öµõ�÷ � �¤£ ýÂ�ð´ú� Â���b� 9.474 . . . . . . . . . . ��Ø¨øÂØ�õ ý¤ø�Ï�è ßèø¤ Â��ç� ý�¥��� Ç¡Â� Àõ�Æ� ýÂ�ðù¥�À÷� 10.480 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ü�Â¹� ¸þ�µ÷ 1.10.483 . . . . . ü÷øÂØ�õ ýùÀ��î ¯�Ü¿õ ö���ä�� ñ�÷�îøÂØ�õ Û¡�¢ ¤¢ ü÷øÂØ�õ ýù¤£ Ç¡Â� 11.4
´Èû



84 . . . . . . . . . . . . . . . üó�Øó�õ Ç¿� ý�þ��Â� öÀª ¯�Ü¿õ ýÂÑ÷ ü÷�±õ1.11.486 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ü÷øÂØ�õ ñ�÷�î ´¡�¨2.11.489 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ü�Â¹� ¸þ�µ÷ 3.11.490 . . . . . . . . . ù¤£ ßþ� Ç¡Â� Å÷�îÂê ¤¢ ´þÂ��ø ýù¤£ �� �Ï ýù¤£�÷�÷ ö¢ø�ê� Â���b� 12.491 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ü�Â¹� ý�¹�µ÷ 1.12.492 . . . . . . . . . . . . . üµÆØªø¢ ýù¢�õ �� ¤�÷ ¥� ý��þø�¥ ý�÷�Ø� ñ�Öµ÷� ý¤�ÿ� :Óó� ´¨���97 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . � ´¨���99 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . � ´¨���101 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ¢ ´¨���106 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . û ´¨���108 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ø ´¨���110 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . â��Âõ

�÷



�õÀÖõ¤��ó ý�Øþ¤�� ×þ ý �îÂõ ý����÷ ¤¢ ��£�� ýøÂ�÷ é�¡Â� À�÷���üõ ��¤£ �î ¢�¢ ö�È÷ 1ß�Øª� 1970 ñ�¨¤¢ñ�¨ 15 .¢Âî ù¢�Ôµ¨� ö� ý�Â� �¤ üØ�µ�� ý¤ø��ª �¤�±ä ¢�¡ ý�ó�Öõ ¤¢ �fÀã� �î À÷�ª ¤ø��ª ý¤�½õ ö¤�Ö� ���Àª��) ¤��ó ×þ ¥� ý�����÷ ¤¢ À�÷���üõ ��¤£ �î Àû¢ ö�È÷ �� ¢Âî ù¢�Ôµ¨� ý¤ø��ª Û¬� ¥� ß�Øª� ,Àã�ýÂ�ð¤�î�� ø �ãó�Îõ �� ý¢�þ¥ üÞÜä ý�û©�� ö� ¥� Å� .À�µê��� �Ü� �� ¢¤�¢ �¤ ��ú� ßþÂµÞî �î (ùÀª ü÷�÷�îý¤�÷ íÂ±÷� ��÷ �� À�Þ�¤Àì×��Ø� ×þ ö���ä �� ©ø¤ ßþ� .℄1[´ê�þ «�Êµ¡� üØ�µ�� ý¥�À÷��Ü� ø ý¤ø��ª.¢�ªüõ �µ¡��ª2ý¤�Øµ¨¢ öøÀ� ×��î ��¤£ ñÂµ�î ø ý¤�¢�Ú÷ ý�Â� �û¤���� ßþÂ� ý�ì ¥� üØþ Â®�� ñ�� ¤¢ ý¤�÷ íÂ±÷�íÂ±÷� .¢¤�¢ ¢Â�¤�î (ö� ¥� ÂµÞî ø öøÂØ�õ ýù¥�À÷� ��) ��¤£ ¥� üã�¨ø ýù¢øÀ½õ ý�Â� ¤���� ßþ� .´¨� üØ�÷�Øõ,ü÷�÷�î ý�ÎÖ÷ �î ý¤�Ï ,ùÀª ü÷�÷�î ��� ý¢Àä ý�÷�û¢ �� üÿ�ª ×þ Í¨�� �î ´¨� ¤��ó ý�Øþ¤�� ×þ ý¤�÷.℄2[¢¤�¢ öøÂØ�õ ý�±�Âõ ¥� ý�ù¥�À÷�,¤��ó ý�Øþ¤�� ,é�ÂÏ� Í�½õ ¥� Â���� ´ÆØª °þÂ® �� ��¤£ ý�Â� .´¨� ü÷�þ¢�Âð ýøÂ�÷ ý�þ�� Â� ¤���� ßþ�.À�îüõ �Á� ¢¤�¢ �¤ �Àª ßþÂ���� �î ý�����÷ ¤¢ �¤ ùÀª�Ü� ýù¤£ø ×þ��ê ��Üä ¤¢ Ýúõ ý¤���� � � ü��Ø¨øÂØ�õ ��¤£ ý¤�Øµ¨¢ üþ� ÷�� � ÂÏ�¡ �� ý¤�÷ ý�û�Ü� ù¥øÂõ���¤£ ý¤�Øµ¨¢ ý�Â� �÷�ðÀ�� ø �Øþ¤��ø¢ ,�Øþ¤��×� ý¤�÷ ý�û�Ü� ¥� üÔÜµ¿õ á��÷� .À÷�ùÀª ÛþÀ±� ý��ó���.À÷ø ¤üõ ¤�î�� ü��ÿ�ø Â� ø üØþ��ó��� ý�û¤���õ ,DNA ø �û�ø¥�õøÂî ,�ûñ�Ü¨ ,�ûýÂµî�� ø �û§øÂþø ,ü·�¡ý��þø�¥ ý�÷�Ø� .´¨��µêÂð �¤�¬ ù¢�µê� �Ü� �� ý�ûù¤£ �� ¤ø�µÈð ñ�Þä� ý���õ¥ ¤¢ ��÷ ý¢�þ¥ ý�û´êÂÈ��ý��þø�¥ ý�÷�Ø� �î üþ�û�Øþ¤�� ¥� �þ ¤�Ñ�õ ßþ� ý�Â� .À�î ñ�Þä� ù¤£ �� ý¤ø�µÈð À÷���üõ ¤�÷ ü ��³¨� �þ ý¤�Àõý�û�Øþ¤�� Â�Ñ÷ À÷¤�¢ 4ý¥�ê ý�ûüÚ��Ø� �î üþ�û�Øþ¤�� ��÷ ø 3§�ðÂð� ý�û�Øþ¤�� À�÷�õ ,À÷¤�¢ üÔþÂã�©�¡ý�¤�¢ �Øþ¤�� ßþ� ¥� ö���ê Âû .À÷Â�ðüõ ùÂú� ýøÂþ�¢ Ç±Îì �� ü¨�ð ý�Øþ¤�� ¥� �þ ø ¢�ªüõ ù¢�Ôµ¨� üÜÆ�
Ashkin 1

manipulation 2
Laguerre-Gaussian beam 3

phase singularities 4ù¢



Ç±Îì �� �Øþ¤�� ×þ .±P/ω ý��þø�¥ ý�÷�Ø� ¤�ª �� ´¨� ñ¢�ãõ P ö��� �� ý��Øþ¤�� .´¨� ±~ ý��þø�¥ ý�÷�Ø�ø 0 °��Â� �� ýøÂþ�¢ ø üÎ¡ ý�ûÇ±Îì ý�Â� σz �î ´¨� Lz = σzP/ω ý��þø�¥ ý�÷�Ø� ¤�ª ý�¤�¢ ý�Ì���Á� �� ��¤£ À÷���üõ ùÀ�±Îì ¤�÷ ßþ� .¢¤�¢ ¤�ÀÖõ ø¢ ßþ� ß�� ýÂÆî ý¤�ÀÖõ ,ý�Ì�� Ç±Îì ý�Â� ø ´¨� ±1.℄3[À��îüõ ù¢�Ôµ¨� üµÆØªø¢ ��¤£ ¥� ��� Ç¡Â� ý�û´äÂ¨ ¢�¹þ� ý�Â� üóø À÷�¡Â»� �¤ ü���ø Ç¡Â� ýÂÑ÷ ü÷�±õ ,�ø¢ ÛÊê ¤¢ .¢¤�¢ «�Êµ¡� ý¤�÷ íÂ±÷� üêÂãõ �� �õ� ÷ö� þ� � ßþ� ñø� ÛÊêùÀª ùÀ÷�¹�ð À÷Â�ðüõ ¤�Âì ù¢�Ôµ¨� ¢¤�õ ¤�÷ ý�Ü�¨�� ü÷øÂØ�õ ��¤£ öÀ÷�¡Â� ý�Â� �î üþ�û©ø¤ ßþÂ�ñ�Þãõ¤�î ö� Ç¡Â� ýø¤ �õ �î ´þÂ��ø üµÆØªø¢ ýù¤£ ,¢�ªüõ ¯��Âõ üÞ�ª ÝÜä �� ÂµÈ�� �î ��¨ ÛÊê ¤¢ .´¨�ÛÊê ßþÂ�Ýúõ ø ßþÂ¡� �î �¤�ú� ÛÊê ¤¢ ø ¢Â�ðüõ ¤�Âì ü¨¤Â� ¢¤�õ üØ�µ�� ø ý¤�µ¡�¨ à�½ó ¥� Ý��îüõßþ� �î ´¨� À�õ� .´¨� ùÀõ� ´þÂ��ø ü÷øÂØ�õ ��¤£ Ç¡Â� ýø¤ Â� �ûÇþ�õ¥� ý�¹�µ÷ ,´¨� �õ�÷ ö�þ�� ßþ�âì�ø À��îüõ Õ�Ö½� ü÷øÂØ�õÂþ¥ ø ü÷øÂØ�õ ��¤£ Ç¡Â� ýø¤ �î ü÷�þ�¹È÷�¢ ù¢�Ôµ¨� ¢¤�õ ùÀ�þ� ¤¢ �õ�÷ö�þ��.¢�ª

ù¢¥�þ



ñø� ÛÊê
ý¤�÷ íÂ±÷�

Ç�îÝûÂ� ü¨¤Â� ý�Â� ý��Ü�¨ø �� ø ¢Âî �À�� �ã¨�� 1980 ý�û¢ Â¡�ø� ¤¢ ß�Øª� Í¨�� Û¬� ¤¢ ý¤�÷ íÂ±÷�üØþÂµØó�ý¢ ��Æ�� �î ´¨� ¤��µ¨� ö�÷�ì ßþ� ý�þ��Â� ×��Ø� ßþ� .℄5[Àª ÛþÀ±� öøÂØ�õ ¢�ã�� ¤¢ ù¢�õ ø ¤�÷ ß��ùÀ�Èî ´¨� �¤�¢ �¤ �Àª ý���È�� �î ý�����÷ �� ,üÈ��� ö�þ¢�Âð ýøÂ�÷ Í¨�� À÷¤�¢ ¤�Âì ¤�÷ Âãõ ¤¢ �î.¢Âî ¢øÀ½õ �ÎÖ÷ ×þ �� Àã� �¨ ¤¢ �¤ ��Æ�� ßþ� ö���üõ ùÀª ü÷�÷�î �Àª�� ¤�÷ ×þ �� Å� .À÷�ªüõ�� é�Ôª ×þÂµØó�ý¢ ýù¤£ ×þ ý¥�À÷� �Ü� ,ü¨�ð ¤��ó ý�Øþ¤�� ×þ ö¢Âî ü÷�÷�î �� 1-1 ÛØª ¤¢Â���� üÞî ù¤£ �î Ý����üõ ´¨�¤ ´Þ¨ ÛØª ¤¢ .´¨� ùÀª ù¢�¢ ö�È÷ Çê�ÂÏ� Í�½õ ¥� Â���� ´ÆØª °þÂ®ù¤£ ¥� Àã� �û��Â� �î Ýþ�ªüõ ���µõ ,Ý��î ´ì¢ ù¤£ ¥� Àã� ø Û±ì ¤��ó ý�Øþ¤�� �� �»÷��� �õ� ,¢¤�¢ ¤�Âì ö�÷�î ¥�ù¢Âî ¢¤�ø ¤��ó ý�Øþ¤�� �� ��� �� ø ¤ Éó�¡ ý�÷�Ø� ×þ ù¤£ ü�ãþ .À÷�ùÀª Â��Âð�ø ,ù¤£ ¥� Û±ì �û��Â� �� ´±Æ÷�� �¤ ù¤£ ø À�îüõ ¢¤�ø ù¤£ �� ß�þ�� �� ø ¤ Éó�¡ ý�÷�Ø� ×þ ¤��ó ý�Øþ¤�� �î ´¨� ßþ� ö� ÛÞãó�ÅØä �îù¤£ §�Øãõ �õ� ���Èõ üó�Àµ¨� �� ,¢¤�¢ ¤�Âì ö�÷�î ¥� Â�ß�þ�� üÞî ù¤£ �î üÎ¨ø ÛØª ¤¢ .À÷�Èîüõ ¤��ó ö�÷�î.¢�ªüõ ùÀ�Èî ö�÷�î ´Þ¨ ��.¢¤�¢ ¤�Âì ¤��ó ü¨�ð Ûþ�êøÂ� ¤�½õ ´¨�¤ ´Þ¨ ¤¢ üÞî ù¤£ �î Ý����üõ (1-1-a) ²� ´Þ¨ ÛØª ¤¢À÷¤�À÷ ´¨�¤ �þ ²� ´Þ¨ �� üÊó�¡ ý�÷�Ø� º�û �û��Â� ,ù¤£ ¥� Û±ì Ý��î ´ì¢ ù¤£ ¥� Àã� ø Û±ì ý�û��Â� �� Âð�1



´¨�¤ ´Þ¨ �� Éó�¡ ý�÷�Ø� ×þ �û��Â� ù¤£ ¥� Àã� ,´¨� é�ÂÏ� ¥� ÂµÈ�� �îÂõ ¤¢ ü¨�ð �Øþ¤�� �Àª ö�� �õ�¤�½õ �� �¤ ù¤£ ø ¢�ªüõ ¢¤�ø ²� ´Þ¨ �� ù¤£ �� �Øþ¤�� ¥� Éó�¡ ý�÷�Ø� ×þ ß���÷ ��¨ ö�÷�ì Õ±Ï �î À÷¤�¢´¨� ßþ� ,¢�ªüõ ù¢�¢ ö�È÷ ü¨Àä ý¤��î ý�û��Â� �ú�� 1-1 ÛØª ¤¢ �Ø�þ� ´Üä .À÷�Èîüõ ü¨�ð Ûþ�êøÂ�.À÷¤�¢ �Ü� ýøÂ�÷ ¤¢ ýÂµÈ�� Ýú¨ À÷¤�¢ ýÂ���� ý¢Àä ý�÷�û¢ ö�� ø À��Øªüõ ÂµÈ�� �û��Â� ßþ� �î

[4] üó�Ï ýøÂ�÷ (b ü®Âä ýøÂ�÷ (a ü÷�þ¢�Âð ýøÂ�÷ Ǒ�È�õ1-1ÛØªÛþÀã� ×þ �� �Ø�þ� ùø�ä�� .¢Âî ý¥�À÷��Ü� �¤ öøÂØ�õ 10 �� Âµõ�÷�÷ 5 ¢�ã�� �� ��Æ�� ö���üõ ©ø¤ ßþ� ��ßþÀ�� ö�õ¥Ýû ¤�Ï�� ø ¢Âî ÛþÀ±� �Øþ¤�� ßþÀ�� �� �¤ ¤��ó ý�Øþ¤�� ×þ ö���üõ (SLM) ¤�÷ üþ�Ìê ýùÀ��î��÷ ¤�÷ ý��þø�¥ ý�÷�Ø� ü¨¤Â� ý�Â� ý¤�÷ íÂ±÷� ¥� .À�þ�ðüõ 1¤�Ú÷ ��Þ� ý¤�÷ íÂ±÷� ö� �� �î ´ª�¢ �Ü�(°��Â���) À÷���üõ ¢�¡ ý ¥�ê ¤�µ¡�¨ �þ ø Ç±Îì ´ó�� �� �µÆ� ,¤�÷ �î Ý�÷�¢üõ .¢�ªüõ üã�¨ø ýù¢�Ôµ¨�ýù¤£ ×þ ý¥�À÷��Ü� ý�Â� ýøÂþ�¢ ýùÀ�±Îì ý�Øþ¤�� ×þ ¥� üµìø .À�î ÛÞ� ý¤�Àõ ø ü��³¨� ý��þø�¥ ý�÷�Ø��� À÷���üõ ù¤£ ,ù¤£ �� ¤�÷ ¥� ý��þø�¥ ý�÷�Ø� ñ�Öµ÷� ý�¹�µ÷ ¤¢ ,¢�ªüõ ù¢�Ôµ¨� öøÂØ�õ ¢�ã�� �� üµÆØªø¢�� ý¤�Àõ ý��þø�¥ ý�÷�Ø� ñ�Öµ÷� ý�Â� ×�ê�Âð�Üû ý¤�÷ íÂ±÷� ¥� �fÂ�¡� .À¡Â»� ��Âû À¬À�� Â� æó�� üµäÂ¨��¤£ ßþ� .¢�ªüõ ñ��¨ Í�½õ ¤¢ ,�ÖÜ� ×þ Â�Æõ ¤¢ ù¤£ ý¢�Àã� üþ�¹��� ¶ä�� �î ´¨�ùÀª ù¢�Ôµ¨� ��¤£.℄5[À÷¤�¢ ü÷�ø�Âê ý�û¢Â�¤�î ,ùÀ�¡Â�
Holographic optical tweezers 12



¤��ó .´¨� ùÀª ���¤� ×���Þª �¤�¬�� üÜ�ÞØ� ���Ê½� ù�ÚÈ÷�¢ ý¤�÷ íÂ±÷� ö�õÀ�� 2-1 ÛØª ¤¢ü®Âä Àõ ø Âµõ�÷�÷ 1064 ��õ ñ�Ï �� Nd-YAG Àõ�� ´ó�� ý�µ¨��� ¤��ó ,ù�Úµ¨¢ ßþ� ¤¢ ùÀª ù¢�Ôµ¨���Ø¨øÂØ�õ ×þ ¥� �õ .Àª��üõ Çþ��ê� Û��ì ��ø 2 �� ö� ö��� ø ¢¤�¢ ¤�Âì  Â¨øÂê ý����÷ ¤¢ �î ´¨� ü¨�ð×þ ý�Ü�¨�� ø ¢�ªüõ ö� ¢¤�ø ��Ø¨øÂØ�õ ù�ð¤¢ ¥� ¤��ó ý�Øþ¤�� .Ý��îüõ ù¢�Ôµ¨� IX − 71§�³Þ�ó� á�÷ ¥��÷�Þ÷ ýø¤ ��� ý¢Àä ý�÷�û¢ �� �¤ ¤��ó ý�Øþ¤�� üÿ�ª ü¨Àä .¢�ªüõ ´þ�Àû üÿ�ª éÂÏ �� üÚ÷¤ø¢ ý��þ�ý�Ü�¨�� ,ù¤£ é�ÂÏ� ø ù¤£ ¥� �Ü� �� ùÀ�ª�Â� ý�û��Â� .À÷�ªüõ ý¥�À÷� �Ü� ö�÷�î ¤¢ ��¤£ ø À�îüõ ü÷�÷�îö���üõ ¢�þ¢�µê �� .À÷�ªüõ ´þ�Àû ¢�þ¢�µê ´Þ¨ �� üÚ÷¤ø¢ ý��þ� ×þ ÕþÂÏ ¥� ø À÷�ªüõ âÞ� ùÀ�ó�Ú�ü÷�÷�î �÷�Þ÷ ýø¤ ùÀ�ó�Ú� ÕþÂÏ ¥� �î ��÷ ��Ø¨øÂØ�õ ²õ� ¤�÷ .¢Âî ´±� �¤ ù¤£ Ç¡Â� �þ ø üþ������Çþ�Þ÷ �½Ô¬ ¤¢ �¤ ù¤£ Âþ�Ê� Ý�÷���üõ �õ ø ¢�ªüõ ´þ�Àû ß��¤ø¢ ×þ �� ø ùÀª âÞ� üÿ�ª Í¨�� ¢�ªüõ.Ý��î �ª�Þ� �÷�þ�¤ ×þ

[6] ý¤�÷ íÂ±÷� ý�Þª2-1ÛØªé�ÂÏ� Í�½õ ¥� Â���� ´ÆØª °þÂ® �� é�Ôª ü��Ø¨øÂØ�õ ��¤£ ý¤�Øµ¨¢ ý�Â� �f õ�Þä ý¤�÷ íÂ±÷�3



Í�½õ ¥� Â�ß�þ�� ´ÆØª °þÂ® �� � �¤£ ö���üõ ,¢�ª ù¢�Ôµ¨� 2��÷ø¢ ý�û�Øþ¤�� ¥� Âð� �µ±ó� .¢�ªüõ ù¢�Ôµ¨��î üÏÂª�� ¢Âî ýÀã� �¨ ý ¥�À÷��Ü� ö���üõ Ýû �¤ ý�Üê ��¤£ .¢Âî ý¥�À÷��Ü� ýÀã� �¨ ¤�Ï�� Ýû �¤ é�ÂÏ�¤�Èê ýøÂ�÷ ø À÷¤�¢ üþ��� �Á� ý�Üê ��¤£ �î�Â� À��î ¤�µê¤ ü±Îìø¢ À�÷�õ �î À�ª�� ×��î ¤ÀÖ÷� ��¤£ ßþ�.℄7[À�îüõ �¤�¡ �Ü� ¥� �¤ �ú÷� ,üÈ���ý¤�÷ íÂ±÷� á��÷� 1.1ý¤�÷ íÂ±÷� ýÂÚþ¢ ø �Øþ¤�� ×� ý¤�÷ íÂ±÷� üØþ .´¨� ùÀª ���¤� Çþ�¤� ø¢ ¤¢ üÜî ¤�Ï�� ý¤�÷ íÂ±÷�ø¢ ¥� �Ø� þ� � � ��� � � � �ø¢ ©ø¤ ¤¢ .´¨� ùÀª ù¢�¢ ¼�®� � �¬�¡ ¤�Ï� � ñø� ©ø¤ ü÷� ± õ .ý��Ø þ¤� �ø¢¥� ù¤£ Â� ¢¤�ø üðÀ�î�Â� ýøÂ�÷ ,(3-1 ÛØª) ¢�ªüõ ù¢�Ôµ¨� Ýû Óó�¿õ ¤�Èµ÷� ý�û´ú� �� �µ¨�¤Ýû ý�Øþ¤��À�û��¡ �Ü� �� �¤ ù¤£ üµ��¤�� ü÷�þ¢�Âð ý�ûøÂ�÷ °��Â� ßþ� �� ø À��îüõ éÁ� �¤ ÂÚþÀÞû �Øþ¤�� ø¢ éÂÏö¢Âî �µ¨�¤Ýû ý�Â� �¥� ´ì¢ ,�ø¢ ©ø¤ Óã® �ÎÖ÷ �ú�� .´¨� �ø¢ á�÷ ý�þ��õ ßþÂ�Â� ¥� üØþ ßþ� ø ´¡�À÷�ý�ûøÂ�÷ ý�±Üè ý�Â� ñø� ©ø¤ ¤¢ .´¨� Â�ö�¨� ¤��Æ� ñø� ©ø¤ �� ¤�î ´��� ßþ� ¥� .´¨� ¤��ó ý�û�Øþ¤��.¢�ª ü÷�÷�î ��� üþ�Ìê ý�þø�¥ �� �Øþ¤�� ´¨� �¥� üðÀ�î�Â� ýøÂ�÷ Â� ü÷�þ¢�Âð

[8] ý��Øþ¤�� ø¢ ø ý��Øþ¤�� ×� ý�û�Ü� ý�Þª3-1ÛØª
doughnut-shaped beams 24



�ø¢ ÛÊê
ü÷øÂØ�õ ��¤£ Ç¡Â�

¤��Æ� ¤ø�µÈð ßþ� ö�� �î Àª �±¨�½õ 1üØ¨ø¢�¨ Í¨�� 1900 ñ�¨ ¤¢ ý�Ì�� ýùÀ�±Îì ¤�÷ ü Ø�µ�� ¤ø�µÈð.℄7[¢�� ùÀ�»�� ø ÛØÈõ ¤��Æ� ¶� Çþ�õ¥� .ÀÈ÷ ý¥�¨¤�Øª� 1936 ñ�¨ �� ü�ãþ 2¶� ö�õ¥ �� �f Þä ¢�� ×��î¤ø�µÈð 5üó ø Ù÷�� .À�îüõ �Öó� Ç¡Â� ,4âþ�õ ¤�Ü� ý�ûñ�Øó�õ �� ¤�÷ �î ¢�¢ ö�È÷ 3���õ�µ÷�¨ ö� ¥� Àã�ý¤Àì�� ¤ø�µÈð ø �÷�Ø� ßþ� .À÷¢Âî �±¨�½õ �¤ À�µª�¢ ü��� �Á� �î ý¤ø��ª ü Ø�µ�� ��¤£ Â� ¢¤�ø üØ�µ��¤¢ ¤��ó á�Âµ¡� ¥� Å� �Ø�þ� �� ¢�� ÛØÈõ ¤��Æ� ÛÞä ¤¢ é�ÂÏ� Í�½õ Â� ö� Â ���b � ýùÀû�Èõ �î ¢�� ×��î.℄9[À÷¢Âî ùÀû�Èõ �¤ ��û ¤¢ ¤ø��ª ��¤£ Ç¡Â� 6×þ¥Àþ¥¢ ø ß�Øª� ,1970 ý�û¢ý�÷�Ø� ýøÂþ�¢ Ç±Îì �� üÆ�Ï��çõøÂµØó� Ç��� �î ¢�¢ ¢�ú�È�� Ù��µ��þ�� �î ¢�� ÝµÆ�� öÂì ý�Àµ�� ¤¢
ω .Àª��üõ ö���ê Âû ý�¥� �� ~k = ~ω/c Â��Â� ¤�÷ üÎ¡ ý�÷�Ø� ,��µ÷��î ý¤�ÿ� ¥� .À�îüõ ÛÞ� ý��þø�¥ü��³¨� ý��þø�¥ ý�÷�Ø� ��÷ �� ��õ Ç±Îì �� �µÆ��ø ý��þø�¥ ý�÷�Ø� .´¨� ö� ´äÂ¨ c ø ¤�÷ ý��þø�¥ Å÷�îÂê�Ø�þ� �¬�¡ .À�îüõ ÛÞ� −~ ø +~ ý��þø�¥ ü�÷�Ø� ö���ê Âû ý�¥� �� ýøÂþ�¢ Ç±Îì �� ¤�÷ .¢�ªüõ �µ¡��ª

sadowsky 1
Beth 2

Santamato 3
liquid crystal 4

Chang and Lee 5
Ashkin and Dziedzik 65



ß�óø� 7¶� .´¨� �µÆ��ø ¤�÷ Àõ�Æ� �� ö� üÎ¡ ý�÷�Ø� ø Àª��üõ Àõ�Æ� ¥� ÛÖµÆõ ý��þø�¥ ý�÷�Ø� ý�¤�¢ ¤�÷¤¢ �¤ üµÆØªø¢ ��õÝ�÷ ý�ç�� ×þ Â� ¢¤�ø ¤ø�µÈð ø ¢Â� ¤�î �� �¤ 8Ù��µ�þ�� ¢�ú�È�� ¢�¡ ý�ûÇþ�õ¥� ¤¢ ¤��ý¤�Ï�� À�î �ä �¤ �÷�Ø� ´ú� ´¨� ¤¢�ì �î ¢�¢ ö�È÷ ø ´êÂð ù¥�À÷� ö� ¥� ýøÂþ�¢ Ç±Îì �� ¤�÷ ��õ ¤�±äö���ê Âû ,¤�÷ ø �ç�� ß�� ý��þø�¥ �÷�Ø� üÚµÆþ�� ¥� ù¢�Ôµ¨� �� .℄10[À¡Â»� ÅØãó�� �þ ´¨�¤ �� ²� ¥� ù¤£ �î.¢Âîüõ ¢¤�ø �ç�� �� 2~ ý��þø�¥ ý�÷�Ø�ù¤£ Ç¡Â� ý�û¢Â�¤�î 1.2À÷�ªüõ ù¢�Ôµ¨� ý¥�À÷� �Ü� ý�Â� �î ü��¤£ ý���õ¥ ¤¢ üîÀ÷� ý�û´êÂÈ�� ö��î �� ý¤�÷ íÂ±÷� ´¡�¨ ö�õ¥ ¥�Õ�ì¢ ýÂ�ð ù¥�À÷� ý�Â� À÷Àª ù¢�Ôµ¨� ��óø� ��Èþ�õ¥� ¤¢ �î üþ�Ø�Ü�¨ ø öÂþ�µ¨� üÜ� ��¤£ .´¨� �µª�¢ ¢��øÇþ��ê� ¶ä�� �î ý�ù¤£ ��¿µ÷� Û�±ì ¥� ÂµÈ�� ý�û´êÂÈ�� ö�Øõ� Ýû ¥��û �µ±ó� .À÷¢�� °¨��õ ¤��Æ� øÂ�÷À® Çª�� �� ��¤£ ¥� ö���üõ ,��� ´ÆØª °þÂ® �� ��¤£ ¥� ù¢�Ôµ¨� ý���� �f ·õ .¢¤�¢ ¢��ø ¢�ªüõ �Ü� �¤Àì��¤¢ ×þ üêÂãõ ,ùÀª Û¬�� ���õ¥ ßþ� ¤¢ �î ýÂÚþ¢ ´êÂÈ�� .¢Âî ù¢�Ôµ¨� �Ü� ýøÂ�÷ Çþ��ê� ý�Â� ���¥��ßþ� �� Àª Û��÷ éÀû ßþ� �� ö���üõ 9��� üµÆØªø¢ ´�¬�¡ �� ��¤£ ��¿µ÷� �� .´¨� ù¤£ ý�Â� üê�®� ñÂµ�î¥� üØþ .¢�ª ÛÖµ�õ ù¤£ ßþ� �� À÷���üõ ýøÂþ�¢ Ç±Îì �� ý¤�÷ ý�Øþ¤�� ¥� ü��³¨� ý��þø�¥ ý�÷�Ø� �î °��Â�ý�Ü� ¤¢ ´þÂ��ø ��¤£ Ç¡Â� ý�Â� ü±ó�� ø À�Ôõ ý�û¢Â�¤�î .´¨� (CaCO3) ´þÂ��ø ,üµÆØªø¢ ��¤£ ßþ�¤ø�µÈð ßþ� �î ¢�ªüõ �ú÷� �� ¤ø�µÈð ñ�Þä� �� Â¹�õ ��¤£ ßþ� ý��� üµÆØªø¢ ´�¬�¡ .¢¤�¢ ¢��ø ý¤�÷:℄11[¢Âî ù¤�ª� Âþ¥ ¢¤��õ �� ö���üõ ù¤£ Ç¡Â� ý�û¢Â�¤�î ÂÚþ¢ ¥� .´¨� ýÂ�ð ù¥�À÷� Û��ì üØ�µ�� ÕþÂÏ��.℄12, 13, 14[10�ûñ�Øó�õ ×� ý�Â� ý¤ø�µÈð üþ�Þ÷ Ó�Ï -1.℄15, 16[ üó�Øó�õ ý�û¤���õ ´¡�¨ -2ñ��¤¢ ýù¤£ é�ÂÏ� ¤¢ ö�þÂ� ¢�¹þ� ´�¬�¡ ¥� ù¢�Ôµ¨� �� ,²Þ�øÂØ�õ ö���ä�� ´þÂ��ø ��¤£ ¥� ù¢�Ôµ¨� -3
Bath 7

poynting 8
Highly birefringent particle 9

torque spectroscopy of single molecules 106



.℄17[ñ��¨ ¤¢ Ç¡Â�¤ø�µÈð �� ù¤£ °�îÂ� ¥� ù¢�Ôµ¨� �� ù¤£ é�ÂÏ� âþ�õ ���¬�Ê¡ ýÂ�ðù¥�À÷� ý�Â� 11¥�¨¤�Øª� ´¡�¨ -4.℄18, 19, 20[ö� Â� ¢¤�ø¤¢ ø öÀ÷�¡Â� �î) �ûñ�Ü¨ Û�±ì ¥� ü���ª� ü��Ø¨øÂØ�õ ý¤�Øµ¨¢ ý�Â� ý�ùÂ�Úµ¨¢ ö���ä �� ù¢�Ôµ¨� -5.℄21[(´¨� ¤��ª¢ �ú÷� ö¢�¢ ¤�Âì Ó¬×þ¤�î ßþ� �î ´þÂ��ø ��¤£ ñÂµ�î Û��ì ýÂ�ð´ú� �� ���� �� «�¡ ý�û´ú� ¤¢ ÂÚþ¢ ��¤£ ý¤�ÀúÚ÷ -6.¢¤�¢ ¢Â�¤�î ¤��Æ� ü��Ø¨øÂØ�õ á��÷� ÂÚþ¢ ø üÞ�� ýøÂ�÷ ü��Ø¨øÂØ�õ ý�Â�ÂÚþ¢ ý�û¢Â�¤�î ¥� ý¤��Æ� ø 12ö�ÞûøÂØ�õ ´¡�¨ -7À÷�¡Â� ý¤�÷ íÂ±÷� Í¨�� ö���üõ �¤ ü��¤£ �� 2.2¤¢ á�®�õ ßþ� Â�¡� ý�ûñ�¨ ¤¢ .Àû¢ ñ�Öµ÷� �þ ø À�î ÛÞ� �¤ ý��þø�¥ ý�÷�Ø� À÷���üõ ¤�÷ Ý�÷�¢üõ �î ¤�Î÷�Þûá�®�õ ßþ� ý�Â� �î ü��¤£ .´¨� �µª�¢ ý�ù¢ÂµÆð ýù¢�Ôµ¨� ý¤�÷ íÂ±÷� ¤¢ ��¤£øÂØ�õ Ç¡Â� ý���õ¥ü��ÂÏ (�Ø�� ýùÂ� ÛØª �f ·õ) ü¬�¡ ÛØª �� �Ø�þ� �þ (1-2 ÛØª) À�ª�� �µª�¢ �Á� Àþ�� �þ ¢�ªüõ ù¢�Ôµ¨�ý¢øÂê ¤�÷ ý�ûö���ê �Á� �� �£�� ýù¤£ .(3-2 ÛØª) À�ª�� üµÆØªø¢ �þ ø (2-2 ÛØª) À�ª�� ùÀªüÚµÆþ�� Û¬� Õ±Ï Àª�� 1 Â��Â� ýøÂþ�¢ ýùÀ�±Îì ¤�÷ ý�Â� ü��³¨� ý��þø�¥ ý�÷�Ø� Âð� .À¡Â»� À÷���üõÂð� .Àª�� ùÀª ÛÖµ�õ ù¤£ �� ý��þø�¥ ý�÷�Ø� ý¤�ÀÖõ ´Æþ��üõ ,ù¤£ ¥� Àã� ø Û±ì ,ü��³¨� ý��þø�¥ ý�÷�Ø�ý�û��Â� ¥� üª�÷ üðÀ�î�Â� ýøÂ�÷ �Âþ¥ À¡Â�üõ ��÷ üÎ¡ ýùÀ�±Îì ¤�÷ �� üµ� Àª�� ö¤�Öµõ�÷ ¤��Æ� ù¤£ ÛØªÛÞä ¥�À÷�Â�¡�b� ý�ç�� À�÷�õ üµÆØªø¢ ýù¤£ .À�îüõ ¢�¹þ� ù¤£ Ç¡Â� ´ú� ¤¢ Éó�¡ ý�÷�Ø� ×þ ,ü���¥��¤�÷ �� �¤ ýøÂþ�¢ ýùÀ�±Îì ¤�÷ ø À�îüõ ÛÞä ��õâ�¤ ý�ç�� À�÷�õ üµÆØªø¢ ýù¤£ ÛØª ßþ� ¤¢ .À�îüõ,ù¤£ ¥� Àã� ø Û±ì ,ü��³¨� ý��þø�¥ ý�÷�Ø� üÚµÆþ�� Û¬� Õ±Ï .À�îüõ ÛþÀ±� (ÂÔ¬ ß�³¨� ��) üÎ¡ ýùÀ�±Îì℄h[ .¢�ª ÛÖµ�õ üµÆØªø¢ ýù¤£ �� ý��þø�¥ ý�÷�Ø� ý¤�ÀÖõ ´Æþ��üõ
sensor 11

micro mixer 127



ýøÂþ�¢ ýùÀ�±Îì ¤�÷ �� �£�� ��¤£ Ç¡Â� :1-2ÛØª

üÎ¡ ýùÀ�±Îì ¤�÷ �� ö¤�Öµõ�÷ ¤��Æ� ��¤£ Ç¡Â� :2-2ÛØª
8



ýøÂþ�¢ ýùÀ�±Îì ¤�÷ �� üµÆØªø¢ ��¤£ Ç¡Â� :3-2ÛØªüÎ¡ ýùÀ�±Îì ¤�÷ ¥� ö���üõ ,Àª�� ö¤�Öµõ�÷ ù¤£ Âð� .´¨� �µÆ��ø ��÷ ý¢øÂê ¤�÷ Ç±Îì �� ù¤£ Ç¡Â�ù¢�Ôµ¨� ý�Ì�� ýùÀ�±Îì ¤�÷ ¥� üµÆØªø¢ ýù¤£ ø �£�� ýù¤£ ¢¤�õ ¤¢ .¢Âî ù¢�Ôµ¨� ö� öÀ÷�¡Â� ý�Â�.À��îüõý¥� ê ¤� µ ¡� ¨ � î ý�� Ø þ¤� � � þ ø ´¨� ý�Ì � � ýùÀ � ± Î ì � î ý�� Ø þ¤� � ¥� À ÷�� �ü õ ý�� þø�¥ ý� ÷� Ø �ù¢�Ôµ¨� ��� ö��� ¥� ö���üÞ÷ ý¢¤��õ ß��� ¤¢ �õ� ¢�ª ÛÖµ�õ ¢¤�¢ �Á� �î ü÷øÂØ�õ ý�ù¤£ �� ,¢¤�¢13üÈ»��À�îüõ �¤�¡ �Ü� ¥� �¤ ù¤£ ,¤�½õ ý�µ¨�¤ ¤¢ �î ý�üÈ��� ¤�Èê ø ¢�ªüõ À�ó�� �î ý��µ¨��¡�÷ ý�õÂð �Âþ¥ ,¢Âîßþ� .¢Âî �±Üè ÛØÈõ ßþ� Â� ö���üõ é�Ôª ü µÆØªø¢ ��¤£ ¥� ù¢�Ôµ¨� �� �õ� .Àû¢üõ Çû�î �¤ Ç¡Â� ´äÂ¨.À÷�ª �Âð �Ø�þ� öøÀ� ,À÷�ª �µª�¢ �Ú÷ ��� üÜ�¡ ý�ûö��� ¤¢ ýÀã� �¨ ü Ø�µ�� �Ü� ¤¢ À�÷���üõ ü÷øÂØ�õ ��¤£
λ/2 ý�ç�� ×þ ö¢�¢ ¤�Âì �� �f ·õ) À¡Â»� Ç±Îì Âð� ø ´¨� �µÆ��ø �Øþ¤�� Ç±Îì �� ��÷ ��¤£ ßþ� ýÂ�ð´ú�ý�û´äÂ¨ ©ø¤ ßþ� �� �î À�¡Â�üõ ��÷ ��¤£ ßþ� (¢�¢ ��¹÷� �¤ ¤�î ßþ� ö���üõ �ç�� öÀ÷�¡Â� ø �Øþ¤�� ù�¤ Â¨.℄22[´¨� ùÀª ùÀû�Èõ ´�ÆÜî ü µÆØªø¢ ýù¤£ ý�Â� 350 Hz ¥� ÂµÈ��

helical phase structure 139


