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�öÇë´ �Ý¹µµ¼Ã �ê»÷¾ÇÀ �º¼åÀ¡¿ �ûµ¥¸ �ÊÃí°ýÁûÀ �(�U�l�t�r�a�l�a�r�g�e� �S�c�a�l�e� �I�n�t�e�g�r�a�t�i�o�n�,� �U�L�S�I�)� � �¸ÈÎ·ÇÀ �âÃöÇºÀ �Ù´þÃ¬¿á°¸±¶Á �(�m�u�l�t�i�l�e�v�e�l� �m�e�t�a�l�l�i�z�a�t�i�o�n�)� �¡¿­¼ÇÀ �v�i�a� �h�o�l�e�ÇÀ �©Åâ±¡° �­¼êº¶¸ÌÀ©ÅÐ· �ÌÀÏÇ¡° �ÇµµµÏ· �ä¿¸±ÏÇí° �ÖÀÙ´.� �×±¯·ª³,� �¾Á¡·ÇÀ �Ë¾ç·Ì¹½´»À �â±Ý¹¸ÀÎ· �ÑÇ �°¹®¸ûÀ �õÁøÂ �ø°¤Á �(�P�h�y�s�i�c�a�l� �V�a�p�o�r� �D�e�p�o�s�i�t�i�o�n�,� �P�V�D�)� �ºÀ �ÌÀ¯·ÑÇ �â±ú¼ûÀÎÀ �ä¿¸±¡¿ �ÎºÕÇÏÇöÁ �ø¸ÏÇí° �ÖÀ¸Àç¸,� �ÌÀ¡¿ �ûµó¶ �õ»Î·î¿ �è¹±¼ �Ý±Ó¼ú° �©¿â±¡¿ �ûµ¥¸ �ø°¤Á¡¿ �ë´ÑÇ �¬¿¸±¡° �ÖÃÙ±¡¿ �°Èß¹÷È �øÁàÇÇµí° �ÖÀÙ´.� �ÌÀ¯·ÑÇ �©¿¯· �¬¿¸±éµ �ßÁ¡¿­¼ �¡°åÀ �¢°¤±»À �Þ¹í° �ÖÀÂ´ �ø°¤ÁºÀ �¯Àâ±Ý±Ó¼ �­ÈÐÇõÁøÂý¹ �(�M�e�t�a�l�-�O�r�g�a�n�i�c� �C�h�e�m�i�c�a�l� �V�a�p�o�r� �D�e�p�o�s�i�t�i�o�n�,� �M�O�C�V�D�)� �¡¿ �ÇÀÑÇ �¸±®¸ �Ú¹·¸ÇÀ �¦Á¶ÁÎÀ¥µ,� �×± �ÌÀ¯ÀÂ´ �¸±®¸¡° �Ë¾ç·Ì¹½´¡¿ �ñºØÇ �·³ºÀ �ñºúÀ×Ç �(�1�.�6�8� �(�(�-�c�m�)� �»À �ª³¸Å»³î¾ �R�C� �t�i�m�e� �d�e�l�a�y�ÇÀ �àÃÒ¼¦¸ �¡°®ÁÃ¿ �ö¼ �ÖÀÙ´Â´ �¡Áú°,� �¸±®¸ÇÀ �e�l�e�c�t�r�o�m�i�g�r�a�t�i�o�n�¡¿ �ë´ÑÇ �úÀ×Çº¼ÌÀ �­°ÑÇ �Í°¸ÀÎ· �Ë¾Á·öÁí° �ÖÀÙ´Â´ �¡Á �§¶®¹ÌÀÙ´[�1�]�.� �Ç¶ÑÇ �¯Àâ±Ý±Ó¼ �­ÈÐÇõÁøÂý¹ºÀ �ô³ºÀ �õÁøÂ �Ó¼µµ,� �b�u�l�k� �ª°¡¿ �¡°î±î¿ �·³ºÀ �ñºúÀ×Ç,� �ÁÁºÀ �s�t�e�p� �c�o�v�e�r�a�g�e� �¯Æº¼»À �ª³¸Å»³í° �ÖÀÂ´ �ø°¤Á¸ÀÎ· �Õ¾¸ÀÎ· �×± �üÀÁ¸ÌÀ �Å¸ì¿ �à¹Ù´í° �ÏÇÚ°Ù´[�2�]�.�

�öÇçÀî±öÁ �¹¸ºÀ �¾Áù·ÇÀ �üÀ¸±¼Ã �(�p�r�e�c�u�r�s�o�r�)� �éµÌÀ �C�u� �M�O�C�V�D� �ø°¤Á»À �§ÀØÇ �¬¿¸±Çµî¾ �Ô¿Â´¥µ,� �ÊÃâ±¡¿ �¬¿¸±Èµ �üÀ¸±¼ÃÂ´ �C�u�(�h�f�a�c�)�2�Î· �ë´¥ÇÇµÂ´ �C�u�(�I�I�)� �üÀ¸±¼ÃéµÌÀú¾Ù´[�3�,�4�,�5�]�.� �×±¯·ª³,� �ÌÀ¯·ÑÇ �üÀ¸±¼ÃéµºÀ �Ç½¦Á �ø°¤Á¡¿ �ûÀë¿ÏÇâ±¡¿Â´ �õÁâ±Ð¾ÌÀ �·³Ò¾¸Àç¸,� �ºÅÒ¼,� �ê»Ò¼ �îµÇÀ �Òºø¼°¹ÌÀ �Ú¹·¸»³¡¿ �ÔÇ¯ÀÉµ �¡°É´º¼ÌÀ �¿Ä­¼ �ÌÀÄÈÇÀ �¬¿¸±éµºÀ �C�u�(�I�)� �üÀ¸±¼ÃÇÀ �³°ß¹ú° �¬¿¸±¡¿ �ýÁßÁÇµú¾Ù´.� �¬¿¸±Èµ �C�u�(�I�)� �üÀ¸±¼ÃéµºÀ �ë´ÎºÐº �(�h�f�a�c�)�C�u�-�L� �(�h�f�a�c�=�h�e�x�a�f�l�u�o�r�o�a�c�e�t�y�l�a�c�e�t�o�n�a�t�e�,� �L�=�ßÁº¼ �®¸£°åµ)�ÇÀ �üÇÂÅ¦¸ �¡°øÁ �°¹úÁéµÎ·­¼ �ë´¥ÇûÀÎÀ �¹¿Î·Â´ �(�h�f�a�c�)�C�u�-�P�M�e�3�,� �(�h�f�a�c�)�C�u�-�(�2�-�b�u�t�y�n�e�)�,� �(�h�f�a�c�)�C�u�-�(�1�,�5�-�C�O�D�)�,� �(�h�f�a�c�)�C�u�-�V�T�M�S�,� �(�h�f�a�c�)�C�u�-�V�T�M�O�S� �îµÌÀ �ÖÀÙ´[�6�,�7�,�8�,�9�,�1�0�]�.� �ÌÀ¯·ÑÇ �C�u�(�I�)� �üÀ¸±¼ÃéµºÀ �ô³ºÀ �õÁâ±Ð¾»À �öÁÏ´í° �ÖÀ¸Àç¸,� �õÁøÂ �Ó¼µµ¡° �C�u�(�I�I�)� �üÀ¸±¼Ã¡¿ �ñºØÇ �üº£¸í°,� �í°ø¼µµÇÀ �Ú¹·¸»À �ò¾»À �ö¼ �ÖÀâ± �§¶®¹¡¿,� �Ù±¡·¡¿Â´ �ÌÀ¯·ÑÇ �üÇÂÅÇÀ �üÀ¸±¼Ã �¬¿¸±¡¿ �ÊÃ¡ÁÌÀ �Â¸ßÃî¾öÁí° �ÖÀÙ´.�

�»º �¬¿¸±¡¿­¼Â´ �ÖÃÙ±¡¿ �õ»Î·ÌÀ �³°ß¹Èµ �C�u�(�I�)� �üÀ¸±¼ÃÎÀ �(�h�f�a�c�)�C�u�-�A�T�M�S� � �(�A�T�M�S�=�a�l�l�y�l�t�r�i�m�e�t�h�y�l�s�i�l�a�n�e�)� �¦¸ �ÌÀë¿ÏÇ©¿ �ÊÃí°ýÁûÀ �¸ÈÎ·ë¿ �¸±®¸ �Ú¹·¸»À �M�O�C�V�D� �ý¹¸ÀÎ· �¦Á¶ÁÏÇ©¿ �¸ºÒ¾¸Àç¸,� �¦Á¶ÁÈµ �C�u� �Ú¹·¸ÇÀ �¯Æº¼»À �Ë¾Æ¾¸ºâ± �§ÀÏÇ©¿ �Ú¹·¸ÇÀ �õÁøÂÓ¼µµ,� �ñºúÀ×Ç,� �¶Áº¼,� �¥Çé¸ �Ì¹¼¼¸±¶Á �îµ»À �Ðº®¼ÏÇ´¿Ù´.�
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�Ç½èÇ

�Ç½èÇ¡¿ �ç»ë¿Èµ �üÀ¸±¼ÃÂ´ �ÏÀ»ºÇÀ �M�i�t�s�u�b�i�s�h�i� �M�a�t�e�r�i�a�l�s� �C�o�.� �¡¿­¼ �ÕÇº¼Èµ �(�h�f�a�c�)�C�u�-�A�T�M�S� �(�A�T�M�S�=�a�l�l�y�l�t�r�i�m�e�t�h�y�l�s�i�l�a�n�e�)� �ÌÀú¾¸Àç¸,� �N�M�R�,� �F�T�-�I�R� �g�a�s� �c�e�l�l� �îµ»À �ÌÀë¿ÏÇ©¿ �üÀ¸±¼ÃÇÀ �¶Áº¼»À �®ÈÎÀÏÇ´¿Ù´.� �õÁøÂ¡¿ �ç»ë¿ÑÇ �â±ÇÆºÀ �S�i� �w�a�f�e�r�§À¡¿ �P�V�D�ý¹¸ÀÎ· �õÁøÂÈµ �T�i�N� �(�Îµ²² �5�0�0� �A�)� �ÌÀú¾Ù´.�

�»º �Ç½èÇ¡¿ �ç»ë¿ÑÇ �Ý¹ÀÀ �åÀ¡ÄÇÀ �ë´«·ûÀÎÀ �³°ä³µµ¡° �Ù´½À �F�i�g�.� �1�.�¡¿ �ª³Í¿ÖÀÙ´.� �Ý¹ÀÀâ±ÇÀ �çÀúÁºÀ �í°Â¿¡¿ �­°ÑÇ �q�u�a�r�t�z� �´¿¸Àç¸,� �s�u�s�c�e�p�t�o�r�ÇÀ �¡°­¿ �æ¹Ä½ºÀ �úÀ×Ç �¡°­¿ �æ¹Ä½»À �ç»ë¿ÏÇ´¿Ù´.� �üÀ¸±¼ÃÂ´ �»º �Ç½èÇ»À �§ÀÏÇ©¿ �¯Æ°º÷È �¦ÁÛÀÈµ �v�e�s�s�e�l�¡¿ �ã´Ü°®Á­¼ �Ç½èÇÃ½¡¿ �4�0� �o�C�ÇÀ �Â¿µµÎ· �ÏÀ¤ÁÏÇÔ° �¯ÀöÁÇµú¾¸Àç¸,� �M�F�C� �(�m�a�s�s� �f�l�o�w� �c�o�n�t�r�o�l�l�e�r�)� �¦¸ �ëÅú°ÑÇ �c�a�r�r�i�e�r� �g�a�s� �s�t�r�e�a�m� �(�A�r�,� �3�0� �~� �1�0�0� �s�c�c�m�)� �¡¿ �ÇÀÏÇ©¿ �Ý¹ÀÀâ±Î· �¯ÀÔÀÇµú¾Ù´.� �¯ÀÔÀÈµ �â±¼ÃÂ´ �s�u�s�c�e�p�t�o�r� �§À¡¿­¼ �Ý¹ÀÀÏÇ´¿í°,� �Ý¹ÀÀÈµ �Îºê»°¹ �×¹ �Ì¹Ý¹ÀÀ �üÀ¸±¼Ã �îµºÀ �r�o�t�a�t�i�n�g� �v�a�n�e� �p�u�m�p�¡¿ �ÇÀØÇ �Ý¹ÀÀâ± �Û¹¸ÀÎ· �è¹âÃÇµú¾Ù´.� �Ý¹ÀÀâ±»³ÇÀ �Ð¾Â·ºÀ �Ý¹ÀÀâ±Í¿ �ßÆÁÇç»ÌÀÇÀ �t�h�r�o�t�t�l�e� �v�a�l�v�e�¡¿ �ÇÀØÇ �¶ÁýÀÇµú¾í°,� �s�u�s�c�e�p�t�o�r�ÇÀ �Â¿µµ �×¹ �Ý¹ÀÀâ± �Ð¾Â·ºÀ �t�h�e�r�m�o�c�o�u�p�l�e�ú° �c�o�n�v�e�c�t�r�o�n� �g�a�u�g�e�¡¿ �ÇÀØÇ �¢°¢° �øÃ¤ÁÇµú¾Ù´.� �Ç½èÇ �¶ÁÇ°ºÀ �s�u�s�c�e�p�t�o�r� �Â¿µµ¡° �5�0� �~� �2�0�0� �o�C�,� �Ý¹ÀÀâ±ÇÀ �üÀ¼Ã �Ð¾Â·ÌÀ �1� �~� �1�0� �t�o�r�r� �ÌÀú¾Ù´.�

�ç»ë¿Èµ �Ðº®¼ý¹¸ÀÎ·Â´ �Õ¸úÀ �üÀ¸±¼ÃÇÀ �¯Æº¼»À �Ë¾Æ¾¸ºâ± �§ÀÏÇ©¿ �N�M�R�,� �F�T�-�I�R� �g�a�s� �c�e�l�l�ÌÀ �ç»ë¿Çµú¾í°,� �ñºúÀ×ÇÇÀ �øÃ¤Á¡¿Â´ �f�o�u�r�-�p�o�i�n�t� �p�r�o�b�e�,� �¶Áº¼ÇÀ �øÃ¤Á¡¿Â´ �A�E�S�,� �Ú¹·¸ÇÀ �á°¤Áº¼¡¿ �X�R�D�,� �¥Çé¸ÇÀ �Ì¹¼¼¸±¶Á �øÃ¤Á¡¿ �S�E�M�ú° �A�F�M�,� �r�e�f�l�e�c�t�a�n�c�e�øÃ¤Á»À �§ÀÏÇ©¿ �U�V�/�V�I�S� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �îµÌÀ �ç»ë¿Çµú¾Ù´.�

�

�á°ú° �×¹ �äÅÐ·

�ÌÀó»ÇÀ �Ç½èÇ �åÀ¡Ä �×¹ �æ¹ý¹»À �ëÅÏÇ©¿ �¸±®¸ �Ú¹·¸»À �T�i�N� �Ã½íÆ§À¡¿ �õÁøÂÏÇ©¿ �¸ºÒ¾Ù´.� �â±ÇÆ �Â¿µµÇÀ �õÁ¡°¡¿ �ûµ¥¸ �Ú¹·¸ÇÀ �õÁøÂ �Ó¼µµ �×±¡·ÁÇ¡° �Ù´½À �F�i�g�.� �2�.�¡¿ �ª³Í¿ÖÀÙ´.� �¸±®¸ �Ú¹·¸ÇÀ �õÁøÂÌÀ �öÇçÀî±öÁ �¬¿¸±Èµ �üÀ¸±¼Ãéµ¸ºÙ´ �·³ºÀ �â±ÇÆ �Â¿µµÎÀ �à¾ �6�0� �o�C� �¡¿­¼ �Ã½ÛÀÊµÌÀ �ü°ûÂÇµú¾¸Àç¸,� �à¾ �9�0� �o�C�î±öÁÇÀ �Â¿µµ¡¿­¼ �¥Çé¸Ý¹ÀÀ �²ÀÓ¼µ¿ª¿ÌÀ,� �9�0� �o�C� �ÌÀó»ÇÀ �Â¿µµ¡¿­¼ �°¹úÁüÀÞ´ �²ÀÓ¼µ¿ª¿ÌÀ �ª³¸Åµ³Ù´.� �ÌÀ¯·ÑÇ �·³ºÀ �â±ÇÆ �Â¿µµ¡¿­¼ÇÀ �¸±®¸ �Ú¹·¸ÇÀ �¦Á¶ÁÂ´ �í°Â¿ �ø°¤Á¡¿­¼ �ý»æ± �ö¼ �ÖÀÂ´ �×±¹·ÎÀ �ç»ÌÀÇÀ �¬¿á°ÌÀ �³¶î¾öÁÂ´ �öÇó»[�1�1�]� �×¹ �üÀ¸±¼ÃÇÀ �â±ó» �ÐºØÇ¡¿ �ûµ¥¸ �Òºø¼°¹ÇÀ �ÔÇ¯À¦¸ �·¸»À �ö¼ �ÖÀâ± �§¶®¹¡¿,� �Ú¹·¸ÇÀ �ñºúÀ×ÇÇÀ �¨°Ò¼¦¸ �¡°®ÁÃ¿ �ö¼ �ÖÀ¸À®¸ó¶ �ÇÆÜ´ÈµÙ´.� �è°ê»Èµ �¢° �µ¿ª¿¡¿­¼ÇÀ �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y�Â´ �¢°¢° �1�5�.�0� �k�c�a�l�/�m�o�l� �×¹ �0�.�2� �k�c�a�l�/�m�o�l�ÌÀú¾Ù´.�

�F�i�g�.� �3�.�Â´ �õÁøÂÃ½ÇÀ �â±ÇÆ �Â¿µµÇÀ �¯º­È¡¿ �ûµ¥¸ �¸±®¸ �Ú¹·¸ÇÀ �ñºúÀ×ÇÇÀ �¯º­È¦¸ �øÃ¤ÁÑÇ �á°ú°ÌÀÙ´.� �×±²¸¡¿ �ª³¸Å­³ �Ù¹Í¿ �°°ÌÀ �7�5� �o�C�¡¿­¼ �õÁøÂÑÇ �Ã½íÆ¸¸ÌÀ �2�.�7� �(�(�-�c�m�¸ÀÎ· �2� �(�(�-�c�m� �ÌÀó»ÇÀ �ñºúÀ×Ç»À �ª³¸Å»³ú¾¸Àç¸,� �Ù´¥¸ �Ã½íÆéµÇÀ �ñºúÀ×ÇºÀ �ð¸Îµ �C�u� �b�u�l�k� �ª° �(�1�.�6�7� �(�(�-�c�m�)� �¡¿ �¡°î±î¿ �ÁÁºÀ �ñºúÀ×Ç»À �ª³¸Å»³ú¾Ù´.� �ÏÀÝ¹ûÀ¸ÀÎ· �Ý±Ó¼ �Ú¹·¸ÇÀ �ñºúÀ×ÇºÀ �·¸»³ÇÀ �Òºø¼°¹ �ÔÇ¯À �©¿ÎºÍ¿ �á°¤Á �×±¹·ÎÀ �ç»ÌÀÇÀ �¬¿á° �ü°è°¡¿ �í±ºÀ �ü°Ã·ÌÀ �ÖÀÙ´[�1�2�]�.� �ûµó¶­¼,� �ÌÀ¯·ÑÇ �·³ºÀ �ñºúÀ×ÇÇÀ �Ç½öÇºÀ �¦Á¶ÁÈµ �¸±®¸ �Ú¹·¸ÇÀ �ø¼µµ¡° �ÁÁí°,� �×±¹·ÎÀ �ç»ÌÀÇÀ �¬¿á°ÌÀ �ÁÁÙ´Â´ �Í°»À �£°¢ÁûÀ¸ÀÎ· �õÁí¸ÏÇÂ´ �ÑÇ �¹¿ÌÀÙ´.� �7�5� �o�C� �Ã½íÆÌÀ �Ù´Ò¼ �ô³ºÀ �ñºúÀ×Ç»À �ª³¸Å½³ �Í°ºÀ �ÔÀÚÀ �æ°è°é¸¡¿­¼ÇÀ �üÀÚÀéµÇÀ �ê»õ¶¡¿ �ÇÀÑÇ �Í°¸ÀÎ· �ý»¢°ÈµÙ´.�

�F�i�g�.� �4�.�Â´ �A�E�S� �(�A�u�g�e�r� �E�l�e�c�t�r�o�n� �S�p�e�c�t�r�o�s�c�o�p�y�)� �¦¸ �ÌÀë¿ÏÇ©¿ �ì»ìÆ»º �Ú¹·¸ÇÀ �º¼Ðº �Ðº®¼ �á°ú° �×±¡·ÁÇÌÀÙ´.� �7�5� �o�C� �¡¿­¼ �õÁøÂÈµ �Ã½íÆú° �1�7�5� �o�C�¡¿­¼ �õÁøÂÈµ �Ã½íÆ �ð¸Îµ �¥Çé¸¡¿­¼ �à¾£°ÇÀ �C�,� �O� �îµÇÀ �Òºø¼°¹ÌÀ �Ë°âÃÇµú¾¸Àª³,� �¢°¢°¡¿ �ë´ÏÇ©¿ �2�0� �n�m� �s�p�u�t�t�e�r�i�n�g�»À �àÇÑÇ �á°ú° �Îµ �Ã½íÆ �ð¸Îµ �Ú¹·¸ �»³¡¿ �Òºø¼°¹ÌÀ �¸ÁçÀÏÇöÁ �Ê¾Â´ �ø¼ö¼ÑÇ �¸±®¸ �Ú¹·¸ÌÀú¾½ÀÌÀ �à¹ôÇ³ÁÙ´.� �4�0� �n�m� �s�p�u�t�t�e�r�i�n�g�»À �àÇÑÇ �ÄÈÇÀ �á°ú°µµ �¶¸ùÂ¡°öÁÎ· �ø¼ö¼ÑÇ �¸±®¸¸¸ÌÀ �Ë°âÃÇµú¾Ù´.� �Ã½íÆÇÀ �¥Çé¸¡¿­¼ �Ë°âÃÈµ �C�,� �O� �îµºÀ � �Ú¹·¸ÇÀ �º¼åÀú°Â´ �«¹ü°ÏÇÔ°,� �Ç½èÇÄÈ¡¿ �ë´â±Í¿ÇÀ �¢ÁËÃ¡¿ �ÇÀØÇ �¥Çé¸¡¿ �ÔÇ¯ÀÈµ �Í°¸ÀÎ· �¸ºÎÀÙ´.�

�F�i�g�.� �5�.�Â´ �Ú¹·¸ÇÀ �á°¤Áº¼»À �Ë¾Æ¾¸ºâ± �§ÀÏÇ©¿ �øÃ¤ÁÑÇ �X�R�D� �(�X�-�r�a�y� �D�i�f�f�r�a�c�t�i�o�n�)� �s�p�e�c�t�r�a� �ÌÀÙ´.� �(�1�1�1�)� �ì¿±¼ �è¹âÇº¼»À �¡°øÁ �Ù´á°¤Áº¼ �(�p�o�l�y�-�c�r�y�s�t�a�l�l�i�n�e�)� �ÇÀ �¸±®¸ �Ú¹·¸ÌÀ �¦Á¶ÁÇµú¾½À»À �®ÈÎÀÏÇ´¿¸Àç¸,� �ÌÀ¯·ÑÇ �ì¿±¼ �è¹âÇº¼ºÀ �â±ÇÆÇÀ �Â¿µµ¡¿ �ûµó¶ �õÁ¡°ÏÇÂ´ �æ°âÇ»À �¸º´¿Ù´.�

�

�¨°ç»ÇÀ �Û±

�»º �¬¿¸±ÇÀ �ö¼àÇ»À �öÁø¿ØÇ �ÖÁÅ½ �L�G� �Ý¹µµ¼ÃÍ¿ �üÀ¸±¼Ã¦¸ �ÕÇº¼,� �¦Áø°ÏÇ©¿ �ÖÁÅ½ �ÏÀ»ºÇÀ �M�i�t�s�u�b�i�s�h�i� �M�a�t�e�r�i�a�l�s� �C�o�.� �ü°è°ÚÀ �©¿¯·Ðºéµ²² �í±ºÀ �¨°ç»¦¸ �åµ³¸Ï´Ù´.�
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