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�;�m�j�g�h�_�� �j�Z�a�\�b�l�b�_�� �h�i�l�b�d�b���b�� �h�k�h�[�_�g�g�h�� �_�_�� �l�_�o�g�b�q�_�k�d�b�o�� �i�j�b�e�h�`�_�g�b�c 

�g�_�\�h�a�f�h�`�g�h�� �i�j�_�^�k�l�Z�\�b�l�v�� �[�_�a�� �b�a�m�q�_�g�b�y�� �n�m�g�^�Z�f�_�g�l�Z�e�v�g�u�o�� �b�� �h�[�s�_�g�Z-
�m�q�g�u�o���^�b�k�p�b�i�e�b�g���\���k�h�q�_�l�Z�g�b�b���k���g�Z�m�q�g�u�f�b���^�b�k�p�b�i�e�b�g�Z�f�b���h�i�l�b�q�_�k�d�h-
�]�h���p�b�d�e�Z. �I�j�b�g�y�l�h���i�h�^�j�Z�a�^�_�e�y�l�v���h�i�l�b�d�m���g�Z���n�b�a�b�q�_�k�d�m�x���b���]�_�h�f�_�l�j�b�q�_-
�k�d�m�x. �N�b�a�b�q�_�k�d�Z�y���h�i�l�b�d�Z – �_�k�l�_�k�l�\�_�g�g�Z�y���g�Z�m�d�Z, �l. �d. �h�[�t�_�d�l�h�f���b�k�k�e�_-
�^�h�\�Z�g�b�y���^�e�y���g�_�_���y�\�e�y�_�l�k�y���i�j�b�j�h�^�Z – �k�\�_�l���b���_�]�h���k�\�h�c�k�l�\�Z. �I�h���i�j�b�g�y�l�h-
�f�m���h�i�j�_�^�_�e�_�g�b�x, �n�b�a�b�q�_�k�d�Z�y���h�i�l�b�d�Z – �j�Z�a�^�_�e���h�i�l�b�d�b, �b�a�m�q�Z�x�s�b�c���h�i-
�l�b�q�_�k�d�b�_���y�\�e�_�g�b�y, �\�u�o�h�^�y�s�b�_���a�Z���j�Z�f�d�b���i�j�b�[�e�b�`�_�g�b�y���]�_�h�f�_�l�j�b�q�_�k�d�h�c 
�h�i�l�b�d�b. �D���l�Z�d�b�f���y�\�e�_�g�b�y�f���h�l�g�h�k�y�l�k�y���^�b�n�j�Z�d�p�b�y, �b�g�l�_�j�n�_�j�_�g�p�b�y���k�\�_-
�l�Z, �i�h�e�y�j�b�a�Z�p�b�h�g�g�u�_���w�n�n�_�d�l�u, �Z���l�Z�d�`�_���w�n�n�_�d�l�u, �k�\�y�a�Z�g�g�u�_���k���j�Z�k�i�j�h-
�k�l�j�Z�g�_�g�b�_�f���w�e�_�d�l�j�h�f�Z�]�g�b�l�g�u�o�� �\�h�e�g�� �\�� �j�Z�a�g�u�o���k�j�_�^�Z�o. �D�\�Z�g�l�h�\�h�c�� �h�i-
�l�b�d�h�c���g�Z�a�u�\�Z�x�l���j�Z�a�^�_�e���h�i�l�b�d�b, �a�Z�g�b�f�Z�x�s�b�c�k�y���b�a�m�q�_�g�b�_�f���y�\�e�_�g�b�c, �\ 
�d�h�l�h�j�u�o���i�j�h�y�\�e�y�x�l�k�y���d�\�Z�g�l�h�\�u�_���k�\�h�c�k�l�\�Z���k�\�_�l�Z.  

�<�� �w�l�h�f�� �m�q�_�[�g�h�f�� �i�h�k�h�[�b�b�� �j�Z�k�k�f�h�l�j�_�g�u�� �h�k�g�h�\�u�� �n�b�a�b�q�_�k�d�h�c�� �b 
�d�\�Z�g�l�h�\�h�c�� �h�i�l�b�d�b. �B�a�e�Z�]�Z�x�l�k�y�� �h�k�g�h�\�u�� �e�m�q�_�\�h�c, �\�h�e�g�h�\�h�c, �w�e�_�d�l�j�h-
�f�Z�]�g�b�l�g�h�c�� �b�� �d�\�Z�g�l�h�\�h�c�� �l�_�h�j�b�b�� �k�\�_�l�Z. �H�k�g�h�\�g�h�_�� �\�g�b�f�Z�g�b�_�� �m�^�_�e�_�g�h 
�b�g�l�_�j�n�_�j�_�g�p�b�h�g�g�u�f�� �y�\�e�_�g�b�y�f�� �b�� �b�g�l�_�j�n�_�j�h�f�_�l�j�Z�f, �^�b�n�j�Z�d�p�b�b�� �N�j�Z-
�m�g�]�h�n�_�j�Z���b���^�b�n�j�Z�d�p�b�h�g�g�u�f���j�_�r�_�l�d�Z�f, �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�c���l�_�h�j�b�b���k�\�_-
�l�Z���b���d�e�Z�k�k�b�n�b�d�Z�p�b�b���h�i�l�b�q�_�k�d�b�o���k�j�_�^, �l�_�h�j�b�b���b�a�e�m�q�_�g�b�y���k�\�_�l�Z���b���\�a�Z�b-
�f�h�^�_�c�k�l�\�b�x�� �b�a�e�m�q�_�g�b�y�� �k�� �\�_�s�_�k�l�\�h�f. �<�� �d�h�g�p�_�� �^�Z�g�g�h�]�h�� �b�a�^�Z�g�b�y�� �j�Z�k-
�k�f�Z�l�j�b�\�Z�x�l�k�y���h�k�g�h�\�u���d�\�Z�g�l�h�\�h�c���h�i�l�b�d�b. 

�P�_�e�v�x�� �m�q�_�[�g�h�]�h�� �i�h�k�h�[�b�y�� �y�\�e�y�_�l�k�y�� �n�h�j�f�b�j�h�\�Z�g�b�_�� �m�� �q�b�l�Z�l�_�e�y�� �i�h-
�g�b�f�Z�g�b�y���l�_�h�j�_�l�b�q�_�k�d�b�o���b���n�b�a�b�q�_�k�d�b�o���h�k�g�h�\���k�h�\�j�_�f�_�g�g�h�c���h�i�l�b�d�b���^�e�y 
�i�h�k�e�_�^�m�x�s�_�]�h�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �w�l�b�o�� �a�g�Z�g�b�c�� �i�j�b�� �b�a�m�q�_�g�b�b�� �k�i�_�p�b�Z�e�v-
�g�u�o���^�b�k�p�b�i�e�b�g, �i�h�k�\�y�s�_�g�g�u�o, �g�Z�i�j�b�f�_�j, �\�h�i�j�h�k�Z�f���h�i�l�h�w�e�_�d�l�j�h�g�b�d�b, 
�h�i�l�b�q�_�k�d�b�o���k�b�k�l�_�f���i�_�j�_�^�Z�q�b, �b���l. � .̂  

�I�j�b�\�_�^�_�f���d�j�Z�l�d�m�x���b�k�l�h�j�b�q�_�k�d�m�x���k�i�j�Z�\�d�m���h���j�Z�a�\�b�l�b�b���h�i�l�b�d�b.���Q�l�h 
�l�Z�d�h�_�� �k�\�_�l�� �b�� �d�Z�d�h�\�Z�� �_�]�h�� �n�b�a�b�q�_�k�d�Z�y�� �i�j�b�j�h�^�Z? �W�l�b�� �\�h�i�j�h�k�u�� �k�� �^�Z�\�g�b�o 
�\�j�_�f�_�g���\�h�e�g�h�\�Z�e�b���q�_�e�h�\�_�q�_�k�l�\�h. �H�k�g�h�\�g�u�_���a�Z�d�h�g�u���]�_�h�f�_�l�j�b�q�_�k�d�h�c���h�i-
�l�b�d�b���[�u�e�b���b�a�\�_�k�l�g�u���_�s�_���^�h���g. �w. �H�i�u�l�� �i�h�\�k�_�^�g�_�\�g�h�c�� �`�b�a�g�b – �g�Z�[�e�x-
�^�_�g�b�_�� �l�_�g�b, �i�_�j�k�i�_�d�l�b�\�u, �Z�k�l�j�h�g�h�f�b�q�_�k�d�b�_�� �g�Z�[�e�x�^�_�g�b�y – �i�j�b�\�_�e�� �d 
�\�h�a�g�b�d�g�h�\�_�g�b�x�� �i�h�g�y�l�b�y�� �e�m�q�Z�� �k�\�_�l�Z, �Z�� �l�Z�d�`�_�� �d�� �i�h�g�y�l�b�x�� �i�j�y�f�h�e�b�g�_�c-
�g�h�]�h�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�y�� �k�\�_�l�Z. �G�Z�[�e�x�^�Z�y�� �y�\�e�_�g�b�_�� �h�l�j�Z�`�_�g�b�y�� �k�\�_�l�Z, �\ 
�q�Z�k�l�g�h�k�l�b���\���f�_�l�Z�e�e�b�q�_�k�d�b�o���a�_�j�d�Z�e�Z�o, �d�h�l�h�j�u�_���[�u�e�b���j�Z�k�i�j�h�k�l�j�Z�g�_�g�u���\ 
�l�h���\�j�_�f�y, �^�j�_�\�g�b�_���i�j�b�r�e�b���d���i�h�g�b�f�Z�g�b�x���a�Z�d�h�g�Z���h�l�j�Z�`�_�g�b�y���k�\�_�l�Z.  

�>�Z�e�v�g�_�c�r�b�_�� �g�Z�[�e�x�^�_�g�b�y�� �a�Z�� �i�j�b�j�h�^�h�c�� �k�\�_�l�Z�� �i�h�e�h�`�b�e�b�� �g�Z�q�Z�e�h 
�\�h�e�g�h�\�h�c�� �l�_�h�j�b�b�� �k�\�_�l�Z. �< XVII �\. �i�j�h�b�a�h�r�e�h�� �h�d�h�g�q�Z�l�_�e�v�g�h�_�� �n�h�j�f�b-
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�j�h�\�Z�g�b�_���^�\�m�o���i�j�h�l�b�\�h�i�h�e�h�`�g�u�o���l�_�h�j�b�c���k�\�_�l�Z: �d�h�j�i�m�k�d�m�e�y�j�g�h�c���b���\�h�e-
�g�h�\�h�c. �K�� �l�h�q�d�b�� �a�j�_�g�b�y�� �d�h�j�i�m�k�d�m�e�y�j�g�h�c�� �l�_�h�j�b�b�� �o�h�j�h�r�h�� �h�[�t�y�k�g�y�e�h�k�v 
�i�j�y�f�h�e�b�g�_�c�g�h�_���j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_���k�\�_�l�Z���b���a�Z�d�h�g���h�l�j�Z�`�_�g�b�y���k�\�_�l�Z. �D�j�h-
�f�_�� �l�h�]�h, �a�Z�d�h�g�� �i�j�_�e�h�f�e�_�g�b�y�� �l�Z�d�`�_�� �g�_�� �i�j�h�l�b�\�h�j�_�q�b�e�� �w�l�h�c�� �l�_�h�j�b�b. �G�_ 
�[�u�e�h�� �i�j�h�l�b�\�h�j�_�q�b�c�� �b�� �k�� �h�[�s�b�f�b�� �i�j�_�^�k�l�Z�\�e�_�g�b�y�f�b�� �h�� �k�l�j�h�_�g�b�b�� �\�_�s�_-
�k�l�\�Z. �G�h, �g�_�k�f�h�l�j�y�� �g�Z�� �i�j�_�h�[�e�Z�^�Z�g�b�_�� �\�a�]�e�y�^�h�\�� �g�Z�� �d�h�j�i�m�k�d�m�e�y�j�g�m�x 
�i�j�b�j�h�^�m���k�\�_�l�Z, �g�Z�q�b�g�Z�x�l���j�Z�a�\�b�\�Z�l�v�k�y���b���i�j�_�^�k�l�Z�\�e�_�g�b�y���h���_�]�h���\�h�e�g�h�\�h�c 
�i�j�b�j�h�^�_. �I�_�j�\�h�_�� �h�l�d�j�u�l�b�_, �k�\�b�^�_�l�_�e�v�k�l�\�m�x�s�_�_�� �h�� �\�h�e�g�h�\�h�c�� �i�j�b�j�h�^�_ 
�k�\�_�l�Z, �[�u�e�h�� �k�^�_�e�Z�g�h�� �b�l�Z�e�v�y�g�k�d�b�f�� �m�q�_�g�u�f�� �N�j�Z�g�q�_�k�d�h�� �=�j�b�f�Z�e�v�^�b 
(1618–1663), �d�h�l�h�j�u�c�� �a�Z�f�_�l�b�e: �_�k�e�b�� �g�Z�� �i�m�l�b�� �m�a�d�h�]�h�� �i�m�q�d�Z�� �k�\�_�l�h�\�u�o 
�e�m�q�_�c���i�h�k�l�Z�\�b�l�v���i�j�_�^�f�_�l, �l�h���g�Z���w�d�j�Z�g�_, �i�h�k�l�Z�\�e�_�g�g�h�f���k�a�Z�^�b, �g�_���i�h�e�m-
�q�Z�_�l�k�y���j�_�a�d�h�c���l�_�g�b. �D�j�Z�y���l�_�g�b���j�Z�a�f�u�l�u, �d�j�h�f�_���l�h�]�h, �\�^�h�e�v���l�_�g�b���i�h�y�\-
�e�y�x�l�k�y�� �p�\�_�l�g�u�_�� �i�h�e�h�k�u. �H�l�d�j�u�l�h�_�� �b�f�� �y�\�e�_�g�b�_�� �m�q�_�g�u�c�� �g�Z�a�\�Z�e�� �^�b-
�n�j�Z�d�p�b�_�c. �=�j�b�f�Z�e�v�^�b���h�[�t�y�k�g�b�e���w�l�h���y�\�e�_�g�b�_���l�_�f, �q�l�h���k�\�_�l – �w�l�h���n�e�x-
�b� ̂(�l�h�g�d�Z�y���g�_�h�s�m�l�b�f�Z�y���`�b�^�d�h�k�l�v) �b���i�j�b���\�k�l�j�_�q�_���k���i�j�_�i�y�l�k�l�\�b�_�f���\�h�a-
�g�b�d�Z�x�l�� �\�h�e�g�u�� �w�l�h�]�h�� �n�e�x�b�^�Z. �?�s�_�� �h�^�g�b�f�� �\�Z�`�g�u�f�� �h�l�d�j�u�l�b-
�_�f, �h�l�g�h�k�y�s�b�f�k�y�� �d�� �\�h�e�g�h�\�h�c�� �h�i�l�b�d�_, �[�u�e�h�� �h�l�d�j�u�l�b�_�� �b�g�l�_�j�n�_�j�_�g�p�b�b 
�k�\�_�l�Z. 

�G�Z���h�k�g�h�\�g�h�c���\�h�i�j�h�k���h�i�l�b�d�b – �d�Z�d�h�\�Z���i�j�b�j�h�^�Z���k�\�_�l�Z – �q�Z�k�l�b�q�g�u�c 
�h�l�\�_�l�� �[�u�e�� �i�h�e�m�q�_�g�� �l�h�e�v�d�h�� �\�h�� �\�l�h�j�h�c�� �i�h�e�h�\�b�g�_ XIX �\., �Z�� �[�h�e�_�_ 
�i�h�e�g�u�c – �\���i�_�j�\�h�c���i�h�e�h�\�b�g�_ XX �\. �:�g�]�e�b�c�k�d�b�c���n�b�a�b�d���>. �D. �F�Z�d�k�\�_�e�e 
(1831–1879), �h�[�h�[�s�Z�y�� �a�Z�d�h�g�u�� �w�e�_�d�l�j�h�f�Z�]�g�_�l�b�a�f�Z, �i�j�b�r�_�e�� �d�� �\�u�\�h�^�m 
�h�[�� �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�c�� �i�j�b�j�h�^�_�� �k�\�_�l�Z. �>�Z�e�v�g�_�c�r�b�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �b 
�w�d�k�i�_�j�b�f�_�g�l�u���k���w�e�_�d�l�j�h�f�Z�]�g�b�l�g�u�f�b���\�h�e�g�Z�f�b���i�h�d�Z�a�Z�e�b, �q�l�h���\�b�^�b�f�u�c 
�k�\�_�l – �w�l�h���w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�_���b�a�e�m�q�_�g�b�_���k���q�Z�k�l�h�l�h�c, �e�_�`�Z�s�_�c���\���b�g�l�_�j-
�\�Z�e�_���h�l ~4·1014���=�p���^�h ~8·1014���=�p���b, �k�h�h�l�\�_�l�k�l�\�_�g�g�h, �k���^�e�b�g�h�c���\�h�e�g�u���h�l 
~0,78 �f�d�f�� �^�h ~0,4 �f�d�f. �I�h�� �k�\�h�_�c�� �n�b�a�b�q�_�k�d�h�c�� �i�j�b�j�h�^�_�� �\�b�^�b�f�u�c�� �k�\�_�l 
�g�_�� �h�l�e�b�q�Z�_�l�k�y�� �h�l�� �b�a�e�m�q�_�g�b�y�� �k�� �[�h�e�v�r�_�c�� �^�e�b�g�h�c�� �\�h�e�g�u (�B�D – �b�g�n�j�Z-
�d�j�Z�k�g�h�_�� �b�a�e�m�q�_�g�b�_) �b�� �f�_�g�v�r�_�c�� �^�e�b�g�h�c�� �\�h�e�g�u (�M�N – �m�e�v�l�j�Z�n�b�h�e�_�l�h-
�\�h�_�� �b�a�e�m�q�_�g�b�_). �B�D, �M�N���b�� �\�b�^�b�f�h�_�� �b�a�e�m�q�_�g�b�_�� �g�Z�a�u�\�Z�x�l�� �h�i�l�b�q�_�k�d�b�f 
�b�a�e�m�q�_�g�b�_�f. �G�Z���j�b�k. �<.1 �i�h�d�Z�a�Z�g�Z���r�d�Z�e�Z���w�e�_�d�l�j�h�f�Z�]�g�b�l�g�u�o���\�h�e�g, �^�Z-
�x�s�Z�y�� �i�j�_�^�k�l�Z�\�e�_�g�b�_�� �h�� �[�h�]�Z�l�k�l�\�_�� �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�]�h�� �k�i�_�d�l�j�Z�� �k�� �^�_�e�_-
�g�b�_�f���g�Z���^�b�Z�i�Z�a�h�g�u, �h�^�g�b�f���b�a���d�h�l�h�j�u�o���y�\�e�y�_�l�k�y���h�i�l�b�q�_�k�d�b�c���^�b�Z�i�Z�a�h�g. 

�G�Z�q�b�g�Z�y�� �k XX �\., �d�\�Z�g�l�h�\�Z�y�� �l�_�h�j�b�y�� �k�\�_�l�Z�� �i�h�e�g�h�k�l�v�x�� �h�[�t�y�k�g�y�_�l�� �k 
�_�^�b�g�u�o�� �i�h�a�b�p�b�c�� �\�k�_�� �k�\�h�c�k�l�\�Z�� �k�\�_�l�Z. �O�Z�j�Z�d�l�_�j�g�h�c�� �q�_�j�l�h�c�� �d�\�Z�g�l�h�\�h�c 
�l�_�h�j�b�b�� �k�\�_�l�Z�� �y�\�e�y�_�l�k�y�� �h�[�t�y�k�g�_�g�b�_�� �\�k�_�o�� �y�\�e�_�g�b�c, �\�� �l�h�f�� �q�b�k�e�_�� �b�� �l�_�o, 
�d�h�l�h�j�u�_���j�Z�g�_�_���d�Z�a�Z�e�b�k�v���h�[�t�y�k�g�b�f�u�f�b���e�b�r�v���k���i�h�a�b�p�b�c���\�h�e�g�h�\�h�c���l�_�h-
�j�b�b. �G�Z�i�j�b�f�_�j, �y�\�e�_�g�b�y���b�g�l�_�j�n�_�j�_�g�p�b�b���b���^�b�n�j�Z�d�p�b�b���k�\�_�l�Z���d�\�Z�g�l�h�\�Z�y 
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�l�_�h�j�b�y�� �h�i�b�k�u�\�Z�_�l�� �d�Z�d�� �j�_�a�m�e�v�l�Z�l�� �i�_�j�_�j�Z�k�i�j�_�^�_�e�_�g�b�y�� �n�h�l�h�g�h�\�� �\�� �i�j�h-
�k�l�j�Z�g�k�l�\�_. �K�d�Z�a�Z�g�g�h�_�� �j�Z�g�_�_�� �k�o�_�f�Z�l�b�q�_�k�d�b�� �f�h�`�g�h�� �i�j�_�^�k�l�Z�\�b�l�v�� �\�� �\�b�^�_ 
�j�b�k�m�g�d�Z (�j�b�k. �<.2).  

 

 
�J�b�k. �<.1. �R�d�Z�e�Z���w�e�_�d�l�j�h�f�Z�]�g�b�l�g�u�o���\�h�e�g 

  
�L�Z�d���d�Z�d���b�a�e�h�`�_�g�b�_���f�Z�l�_�j�b�Z�e�Z���\���m�q�_�[�g�h�f���i�h�k�h�[�b�b���k�h�\�i�Z�^�Z�_�l���k���b�k-

�l�h�j�b�q�_�k�d�b�f�b���i�j�_�^�k�l�Z�\�e�_�g�b�y�f�b���h���i�j�b�j�h�^�_���k�\�_�l�Z – �h�l���e�m�q�_�\�h�c���^�h���d�\�Z�g-
�l�h�\�h�c���h�i�l�b�d�b, �l�h���\���i�_�j�\�h�c���]�e�Z�\�_, �\���d�Z�q�_�k�l�\�_���\�\�h�^�g�h�]�h���f�Z�l�_�j�b�Z�e�Z, �j�Z�k-
�k�f�Z�l�j�b�\�Z�x�l�k�y���h�k�g�h�\�g�u�_���a�Z�d�h�g�u���e�m�q�_�\�h�c���h�i�l�b�d�b, �a�Z�d�h�g�u���h�l�j�Z�`�_�g�b�y���b 
�i�j�_�e�h�f�e�_�g�b�y���k�\�_�l�Z, �i�h�k�l�m�e�Z�l�u���e�m�q�_�\�h�c���h�i�l�b�d�b���b���a�Z�d�h�g���K�g�_�e�e�b�m�k�Z. 

 

 
�J�b�k. �<.2. �B�k�l�h�j�b�q�_�k�d�h�_���i�j�_�^�k�l�Z�\�e�_�g�b�_���i�j�b�j�h�^�u���k�\�_�l�Z 

�<�h�� �\�l�h�j�h�c���]�e�Z�\�_�� �h�k�\�_�s�Z�x�l�k�y���\�h�e�g�h�\�u�_���k�\�h�c�k�l�\�Z���k�\�_�l�Z. �<�h�e�g�h�\�h�_ 
�m�j�Z�\�g�_�g�b�_�� �\�� �h�^�g�h�f�� �b�� �\�� �l�j�_�o�� �i�j�h�k�l�j�Z�g�k�l�\�_�g�g�u�o�� �b�a�f�_�j�_�g�b�y�o. �I�h�g�y�l�b�_ 
�\�h�e�g�h�\�h�]�h�� �n�j�h�g�l�Z, �n�Z�a�h�\�h�c�� �k�d�h�j�h�k�l�b. �I�e�h�k�d�b�_�� �\�h�e�g�u�� �b�� �b�o 
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�o�Z�j�Z�d�l�_�j�b�k�l�b�d�b. �<�_�d�l�h�j�g�h�_�� �b�� �d�h�f�i�e�_�d�k�g�h�_�� �i�j�_�^�k�l�Z�\�e�_�g�b�_�� �\�h�e�g�u, 
�i�h�g�y�l�b�_�� �f�h�g�h�o�j�h�f�Z�l�b�q�_�k�d�h�c�� �\�h�e�g�u, �h�i�j�_�^�_�e�_�g�b�_�� �\�h�e�g�h�\�h�]�h�� �q�b�k�e�Z, 
�h�i�l�b�q�_�k�d�h�c�� �b�g�l�_�g�k�b�\�g�h�k�l�b. �J�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y�� �k�n�_�j�b�q�_�k�d�b�_�� �b 
�d�\�Z�a�b�i�e�h�k�d�b�_�� �\�h�e�g�u. �<�h�e�g�h�\�h�_�� �m�j�Z�\�g�_�g�b�_�� �=�_�e�v�f�]�h�e�v�p�Z�� �^�e�y 
�i�Z�j�Z�d�k�b�Z�e�v�g�u�o�� �\�h�e�g. �:�i�i�j�h�d�k�b�f�Z�p�b�y�� �N�j�_�g�_�e�y�� �^�e�y�� �k�n�_�j�b�q�_�k�d�b�o  
�\�h�e�g – �i�Z�j�Z�[�h�e�h�b�^�Z�e�v�g�u�_���\�h�e�g�u. �I�h�g�y�l�b�_���]�j�m�i�i�h�\�h�c���k�d�h�j�h�k�l�b.  

�<�� �l�j�_�l�v�_�c�� �]�e�Z�\�_�� �j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y�� �b�g�l�_�j�n�_�j�_�g�p�b�h�g�g�u�_�� �y�\�e�_�g�b�y. 
�B�g�l�_�j�n�_�j�_�g�p�b�y�� �^�\�m�o�� �b�� �F�� �\�h�e�g�� �k�� �h�^�b�g�Z�d�h�\�u�f�b�� �Z�f�i�e�b�l�m�^�Z�f�b�� �b 
�h�^�b�g�Z�d�h�\�u�f�b�� �j�Z�a�g�h�k�l�y�f�b�� �n�Z�a. �B�g�l�_�j�n�_�j�_�g�p�b�y�� �i�j�b�� �g�_�h�]�j�Z�g�b�q�_�g�g�h�f 
�d�h�e�b�q�_�k�l�\�_�� �\�h�e�g�� �k�� �]�_�h�f�_�l�j�b�q�_�k�d�b�� �m�[�u�\�Z�x�s�b�f�b�� �Z�f�i�e�b�l�m�^�Z�f�b�� �b�� �k 
�h�^�b�g�Z�d�h�\�u�f�b�� �j�Z�a�g�h�k�l�y�f�b�� �n�Z�a. �B�g�l�_�j�n�_�j�h�f�_�l�j�u – �F�Z�c�d�_�e�v�k�h�g�Z,  
�N�Z�[�j�b – �I�_�j�h, �F�Z�o�Z – �P�Z�g�^�_�j�Z, �K�Z�g�v�y�d�Z. 

�<�� �q�_�l�\�_�j�l�h�c�� �]�e�Z�\�_�� �j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y�� �^�b�n�j�Z�d�p�b�h�g�g�u�_�� �y�\�e�_�g�b�y. 
�I�h�g�y�l�b�y���^�b�n�j�Z�d�p�b�b, �f�_�l�h�^���a�h�g���N�j�_�g�_�e�y���b���^�b�n�j�Z�d�p�b�y���\���i�Z�j�Z�e�e�_�e�v�g�u�o 
�e�m�q�Z�o (�^�b�n�j�Z�d�p�b�y�� �N�j�Z�m�g�]�h�n�_�j�Z), �Z�� �l�Z�d�`�_�� �^�b�n�j�Z�d�p�b�y�� �N�j�Z�m�g�]�h�n�_�j�Z 
�d�Z�d�� �i�j�h�k�l�j�Z�g�k�l�\�_�g�g�h�_�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�_�� �N�m�j�v�_. �I�j�b�\�h�^�y�l�k�y�� �h�k�g�h�\�g�u�_ 
�i�Z�j�Z�f�_�l�j�u���^�b�n�j�Z�d�p�b�h�g�g�u�o���j�_�r�_�l�h�d. 

�<�� �i�y�l�h�c�� �]�e�Z�\�_�� �h�i�b�k�u�\�Z�_�l�k�y�� �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�Z�y�� �l�_�h�j�b�y�� �k�\�_�l�Z. 
�K�b�k�l�_�f�Z�� �m�j�Z�\�g�_�g�b�c�� �F�Z�d�k�\�_�e�e�Z, �]�j�Z�g�b�q�g�u�_�� �m�k�e�h�\�b�y, �f�Z�l�_�j�b�Z�e�v�g�u�_ 
�m�j�Z�\�g�_�g�b�y, �\�h�e�g�h�\�h�_�� �m�j�Z�\�g�_�g�b�_, �\�_�d�l�h�j�� �I�h�c�l�b�g�]�Z. �>�Z�_�l�k�y 
�d�e�Z�k�k�b�n�b�d�Z�p�b�y���h�i�l�b�q�_�k�d�b�o���k�j�_�^.  

�<���r�_�k�l�h�c���]�e�Z�\�_���j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y���\�a�Z�b�f�h�^�_�c�k�l�\�b�_���k�\�_�l�Z���k�h���k�j�_�^�h�c. 
�W�e�_�d�l�j�h�g�g�Z�y�� �l�_�h�j�b�y�� �^�b�k�i�_�j�k�b�b�� �g�Z�� �h�k�g�h�\�_�� �d�e�Z�k�k�b�q�_�k�d�h�c�� �e�b�g�_�c�g�h�c 
�h�k�p�b�e�e�y�l�h�j�g�h�c�� �f�h�^�_�e�b�� �k�j�_�^�u. �I�h�g�y�l�b�_�� �h�� �i�h�e�y�j�b�a�Z�p�b�b. �H�k�g�h�\�g�u�_ 
�k�\�h�c�k�l�\�Z���Z�g�b�a�h�l�j�h�i�g�u�o���k�j�_�^. �H�i�l�b�q�_�k�d�b�_���y�\�e�_�g�b�y���g�Z���]�j�Z�g�b�p�_���j�Z�a�^�_�e�Z 
�k�j�_�^.  

�<���k�_�^�v�f�h�c���]�e�Z�\�_���^�Z�x�l�k�y���h�k�g�h�\�u���l�_�h�j�b�b���b�a�e�m�q�_�g�b�y���k�\�_�l�Z���g�Z���f�h�^�_-
�e�b���Z�l�h�f�Z���d�Z�d���w�e�_�f�_�g�l�Z�j�g�h�]�h���b�k�l�h�q�g�b�d�Z���b�a�e�m�q�_�g�b�y (�h�^�b�g�h�q�g�u�c���h�k�p�b�e-
�e�y�l�h�j). �H�k�\�_�s�Z�_�l�k�y�� �i�h�g�y�l�b�_�� �h�� �_�k�l�_�k�l�\�_�g�g�h�c�� �r�b�j�b�g�_�� �k�i�_�d�l�j�Z�� �b�� �y�\�e�_-
�g�b�c, �i�j�b�\�h�^�y�s�b�o���d���j�Z�k�r�b�j�_�g�b�x���k�i�_�d�l�j�Z.  

�<���\�h�k�v�f�h�c���]�e�Z�\�_���j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y���h�k�g�h�\�u���d�\�Z�g�l�h�\�h�c���h�i�l�b�d�b. �<�u�\�h-
�^�b�l�k�y�� �n�h�j�f�m�e�Z�� �J�w�e�_�y – �>�`�b�g�k�Z�� �^�e�y�� �k�i�_�d�l�j�Z�e�v�g�h�c�� �i�e�h�l�g�h�k�l�b�� �j�Z�\�g�h-
�\�_�k�g�h�]�h�� �l�_�i�e�h�\�h�]�h�� �b�a�e�m�q�_�g�b�y, �n�h�j�f�m�e�Z�� �F. �I�e�Z�g�d�Z, �j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y 
�w�n�n�_�d�l���D�h�f�i�l�h�g�Z, �n�h�l�h�w�n�n�_�d�l�� �K�l�h�e�_�l�h�\�Z, �i�j�b�\�h�^�y�l�k�y���i�h�k�l�m�e�Z�l�u���;�h-
�j�Z, �g�Z�� �i�j�b�f�_�j�_�� �^�\�m�o�m�j�h�\�g�_�\�h�c�� �w�g�_�j�]�_�l�b�q�_�k�d�h�c�� �k�b�k�l�_�f�u�� �^�Z�_�l�k�y�� �i�h�g�y-
�l�b�_���h���k�i�h�g�l�Z�g�g�h�f���b���\�u�g�m�`�^�_�g�g�h�f���b�a�e�m�q�_�g�b�b.   
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ɻʃɸɺɸ I 
 ɻɽʆʄɽʊʈʀʏɽʉʂɸʗ ʆʇʊʀʂɸ.  

ʇʆʉʊʋʃɸʊʓ ʃʋʏɽɺʆʁ ʆʇʊʀʂʀ 
 
�B�k�l�h�j�b�q�_�k�d�b���k�e�h�`�b�e�h�k�v���l�Z�d, �q�l�h���i�h�g�y�l�b�_���h���e�m�q�Z�o���k�\�_�l�Z���i�h�y�\�b�e�h�k�v 

�j�Z�g�v�r�_, �q�_�f�� �i�j�_�^�k�l�Z�\�e�_�g�b�y�� �h�� �\�h�e�g�h�\�h�c�� �i�j�b�j�h�^�_�� �k�\�_�l�Z. �I�_�j�\�u�f�b�� �h�i-
�l�b�q�_�k�d�b�f�b�� �a�Z�d�h�g�Z�f�b�� �y�\�b�e�b�k�v�� �d�Z�d�� �j�Z�a�� �a�Z�d�h�g�u�� �h�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�b�� �k�\�_-
�l�h�\�u�o���e�m�q�_�c, �d�h�l�h�j�u�_���f�h�`�g�h���k�n�h�j�f�m�e�b�j�h�\�Z�l�v���\���\�b�^�_���i�h�k�l�m�e�Z�l�h�\. 

1. ���K�\�_�l���j�Z�k�i�j�h�k�l�j�Z�g�y�_�l�k�y���k���i�h�f�h�s�v�x���e�m�q�_�c. �B�k�l�h�q�g�b�d�b���k�\�_�l�Z���b�k-
�i�m�k�d�Z�x�l���e�m�q�b. �B�o���f�h�`�g�h���g�Z�[�e�x�^�Z�l�v, �d�h�]�^�Z���h�g�b���^�h�k�l�b�]�g�m�l���^�_�l�_�d�l�h�j�Z. 

�H�i�l�b�q�_�k�d�Z�y�� �k�j�_�^�Z�� �o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y�� �i�Z�j�Z�f�_�l�j�h�f �J 
 R1, �d�h�l�h�j�u�c 
�g�Z�a�u�\�Z�_�l�k�y���i�h�d�Z�a�Z�l�_�e�_�f���i�j�_�e�h�f�e�_�g�b�y. 

0 ,c
n

c
� 

      (1.1) 
�]�^�_ c0 – �k�d�h�j�h�k�l�v���k�\�_�l�Z���\���k�\�h�[�h�^�g�h�f���i�j�h�k�l�j�Z�g�k�l�\�_, c – �k�d�h�j�h�k�l�v���k�\�_�l�Z���\ 
�k�j�_�^�_. 

2. ���K�e�_�^�h�\�Z�l�_�e�v�g�h, �\�j�_�f�y, �g�_�h�[�o�h�^�b�f�h�_�� �k�\�_�l�m�� �^�e�y�� �j�Z�k�i�j�h�k�l�j�Z�g�_-
�g�b�y���g�Z���j�Z�k�k�l�h�y�g�b�_ d, �[�m�^�_�l 

0c
nd

c
d

t � � .     (1.2) 
�D�Z�d�� �\�b�^�b�f, �w�l�h�� �\�j�_�f�y�� �i�j�h�i�h�j�p�b�h�g�Z�e�v�g�h�� �i�j�h�b�a�\�_�^�_�g�b�x n·d, �d�h�l�h-

�j�h�_���g�Z�a�u�\�Z�x�l���h�i�l�b�q�_�k�d�b�f���i�m�l�_�f (�b�e�b���^�e�b�g�h�c���h�i�l�b�q�_�k�d�h�]�h���i�m�l�b). 
 �  � ˜�H�i�l�b�q�_�k�d�b�c �m�l�vn�i d .   (1.3) 

3. ���<�� �g�_�h�^�g�h�j�h�^�g�h�c�� �k�j�_�^�_�� �i�h�d�Z�a�Z�l�_�e�v�� �i�j�_�e�h�f�e�_�g�b�y n(r)�� �y�\�e�y�_�l�k�y 
�n�m�g�d�p�b�_�c���d�h�h�j�^�b�g�Z�l r = (x,y,z).���<���l�Z�d�h�c���k�j�_�^�_���h�i�l�b�q�_�k�d�b�c���i�m�l�v���\�^�h�e�v 
�a�Z�^�Z�g�g�h�]�h���i�m�l�b���f�_�`�^�m���^�\�m�f�y���l�h�q�d�Z�f�b A���b B �h�i�j�_�^�_�e�y�_�l�k�y: 

( ) � �³
B

A

�H�i�l�b�q�_�k�d�b�c �i�mn r�l�v ds,    (1.4) 

�]�^�_ ds – �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�c���w�e�_�f�_�g�l���^�e�b�g�u���\�^�h�e�v���i�m�l�b.  
�K�e�_�^�h�\�Z�l�_�e�v�g�h, �\�j�_�f�y, �g�_�h�[�o�h�^�b�f�h�_�� �k�\�_�l�m�� �^�e�y�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�y 

�f�_�`�^�m���l�h�q�d�Z�f�b A �b B, �i�j�h�i�h�j�p�b�h�g�Z�e�v�g�h���h�i�l�b�q�_�k�d�h�f�m���i�m�l�b. 
4. ���I�j�b�g�p�b�i�� �I. �N�_�j�f�Z (1601–1665). �K�\�_�l�� �j�Z�k�i�j�h�k�l�j�Z�g�y�_�l�k�y�� �i�h�� �l�Z-

�d�h�f�m�� �i�m�l�b, �^�e�y�� �i�j�h�o�h�`�^�_�g�b�y�� �d�h�l�h�j�h�]�h�� �_�f�m�� �l�j�_�[�m�_�l�k�y�� �w�d�k�l�j�_�f�Z�e�v�g�h�_ 
���q�Z�s�_�� �\�k�_�]�h�� �f�b�g�b�f�Z�e�v�g�h�_) �\�j�_�f�y. �F�Z�l�_�f�Z�l�b�q�_�k�d�b�� �i�j�b�g�p�b�i�� �N�_�j�f�Z 
�f�h�`�g�h���\�u�j�Z�a�b�l�v���l�Z�d: 
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�³ � 
B

A

dsrn 0)(�G ,    (1.5) 

�]�^�_�� �k�b�f�\�h�e�� �/�� �h�a�g�Z�q�Z�_�l�� �b�a�f�_�g�_�g�b�_ (�b�e�b�� �i�j�h�b�a�\�h�^�g�m�x) �b�� �i�h�d�Z�a�u�\�Z�_�l, 
�q�l�h�� �h�i�l�b�q�_�k�d�Z�y�� �^�e�b�g�Z�� �b�e�b�� �f�b�g�b�f�b�a�b�j�h�\�Z�g�Z, �b�e�b�� �f�Z�d�k�b�f�b�a�b�j�h�\�Z�g�Z, 
�b�e�b���y�\�e�y�_�l�k�y���l�h�q�d�h�c���i�_�j�_�]�b�[�Z, �g�h���h�[�u�q�g�h���w�l�h���f�b�g�b�f�m�f. 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f, �k�h�]�e�Z�k�g�h�� �i�j�b�g�p�b�i�m�� �N�_�j�f�Z, �\�� �k�\�h�[�h�^�g�h�f�� �i�j�h-
�k�l�j�Z�g�k�l�\�_ (�\���b�a�h�l�j�h�i�g�h�f) �e�m�q���i�j�y�f�h�e�b�g�_�_�g. �B�k�i�h�e�v�a�m�y���i�j�b�g�p�b�i���N�_�j-
�f�Z, �j�_�r�b�f���l�j�b���a�Z�^�Z�q�b���]�_�h�f�_�l�j�b�q�_�k�d�h�c���h�i�l�b�d�b. 

�A�Z�^�Z�q�Z�� �:.�� �>�h�d�Z�`�_�f, �q�l�h�� �i�j�b�� �h�l�j�Z�`�_�g�b�b�� �g�Z�� �b�^�_�Z�e�v�g�h�f�� �a�_�j�d�Z�e�_ 
�m�]�h�e���i�Z�^�_�g�b�y���j�Z�\�_�g���m�]�e�m���h�l�j�Z�`�_�g�b�y. �I�m�k�l�v���b�a���l�h�q�d�b �:���b�k�o�h�^�b�l���k�\�_�l�h-
�\�h�c���e�m�q. �W�l�h�l���e�m�q���i�Z�^�Z�_�l���g�Z���a�_�j�d�Z�e�h���i�h�^���m�]�e�h�f �����b���h�l�j�Z�`�Z�_�l�k�y���i�h�^���m�]-
�e�h�f ��' (�j�b�k. 1.1). �G�_�h�[�o�h�^�b�f�h�� �^�h�d�Z�a�Z�l�v, �q�l�h �� = ��'. �I�j�_�^�i�h�e�h�`�b�f, �q�l�h 
�e�m�q���h�l�j�Z�`�Z�_�l�k�y�� �h�l�� �a�_�j�d�Z�e�Z���\�� �l�h�q�d�_ B. �I�h�k�l�j�h�b�f���l�h�q�d�m C', �k�b�f�f�_�l�j�b�q-
�g�m�x���l�h�q�d�_ C���h�l�g�h�k�b�l�_�e�v�g�h���h�l�j�Z�`�Z�x�s�_�c���i�h�\�_�j�o�g�h�k�l�b���a�_�j�d�Z�e�Z.  

�K�h�]�e�Z�k�g�h�� �i�j�b�g�p�b�i�m�� �N�_�j�f�Z, �e�m�q�� �^�h�e�`�_�g�� �i�j�h�c�l�b�� �i�m�l�v �:�<�K�� �b�e�b 
ABC'���a�Z���f�b�g�b�f�Z�e�v�g�h�_���\�j�_�f�y, �b�e�b���h�i�l�b�q�_�k�d�Z�y���^�e�b�g�Z���i�m�l�b���^�h�e�`�g�Z���[�u�l�v 
�f�b�g�b�f�Z�e�v�g�Z. �H�^�g�Z�d�h���w�l�h���\�h�a�f�h�`�g�h, �_�k�e�b���l�h�q�d�b A, B���b C'���e�_�`�Z�l���g�Z���h�^-
�g�h�c�� �i�j�y�f�h�c, �l. �_. �l�h�q�d�Z B���^�h�e�`�g�Z�� �g�Z�o�h�^�b�l�v�k�y�� �g�Z�� �f�_�k�l�_�� �l�h�q�d�b �<'. �K�e�_-
�^�h�\�Z�l�_�e�v�g�h, �� = ��'. 

�A�Z�^�Z�q�Z B.���>�h�d�Z�`�_�f���a�Z�d�h�g���K�g�_�e�e�b�m�k�Z. �I�j�_�^�i�h�e�h�`�b�f, �q�l�h���e�m�q���k�\�_-
�l�Z, �j�Z�k�i�j�h�k�l�j�Z�g�y�x�s�b�c�k�y�� �\�� �k�j�_�^�_�� �k�� �i�h�d�Z�a�Z�l�_�e�_�f�� �i�j�_�e�h�f�e�_�g�b�y n1, 
�g�Z�d�e�h�g�g�h�� �i�Z�^�Z�_�l�� �g�Z�� �i�e�h�k�d�m�x�� �i�h�\�_�j�o�g�h�k�l�v�� �k�j�_�^�u�� �k�� �i�h�d�Z�a�Z�l�_�e�_�f�� �i�j�_-
�e�h�f�e�_�g�b�y n2. �I�j�b�� �i�_�j�_�o�h�^�_�� �\�� �^�j�m�]�m�x�� �k�j�_�^�m�� �e�m�q�� �i�j�_�e�h�f�e�y�_�l�k�y, �b�� �_�]�h 
�^�Z�e�v�g�_�c�r�b�c���o�h�^���i�h�d�Z�a�Z�g���g�Z���j�b�k. 1.2. 

�I�h�e�v�a�m�y�k�v���h�[�h�a�g�Z�q�_�g�b�y�f�b���g�Z���j�b�k. 1.2, �g�Z�c�^�_�f���\�j�_�f�y���i�j�h�o�h�`�^�_�g�b�y 
�e�m�q�h�f���i�m�l�b ABC: 

�P=
�5

�Ö�-

¥�T�5

�6+ �@�5
�6+

�5

�Ö�.

¥(�: 
F �T�5) �6+ �@�6

�6 ,   (1.6) 

�]�^�_ �?�5���b �?�6 – �k�d�h�j�h�k�l�v�� �k�\�_�l�Z�� �\�� �i�_�j�\�h�c�� �b�� �\�h�� �\�l�h�j�h�c�� �k�j�_�^�_�� �k�h�h�l�\�_�l- 
�k�l�\�_�g�g�h. 

�M�k�e�h�\�b�_�� �w�d�k�l�j�_�f�m�f�Z�� �^�e�y�� �\�j�_�f�_�g�b�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�y�� �k�\�_�l�Z�� �f�_�`�^�m 
�l�h�q�d�Z�f�b A���b C���a�Z�i�b�r�_�l�k�y���l�Z�d: 

�ò�P
�ò�T�5

=
1
�?�5

�ò
�ò�T�5

(�T�5
�6+ �@�5

�6) �5
�6
W+

1
�?�6

�ò
�ò�T�5

[(�: 
F�T�5) �6+ �@�6
�6] �5

�6
W =  

 
=

�5

�Ö�-

�ë�-


§�ë�-
�.�>�×�-

�.

F

�5

�Ö�.

�Ñ�?�ë�-


§(�Ñ�?�ë�-) �. �>�×�-
�.

=
�5

�Ö�-
�®sin �à�5 
F

�5

�Ö�.
�®sin �à�6 = 0 .   (1.7) 
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�?�k�e�b�� �m�q�_�k�l�v (1.1), �i�h�e�m�q�Z�_�f�� �\�u�j�Z�`�_�g�b�_�� �^�e�y�� �a�Z�d�h�g�Z�� �i�j�_�e�h�f�e�_�g�b�y 

�g�Z���]�j�Z�g�b�p�_���j�Z�a�^�_�e�Z: 
� q� g� l � �� -

� q� g� l � �� .
=

� Ö� -

� Ö� .
=

� á� .

� á� -
.      (1.8) 

 

 

 
�J�b�k. 1.1. �H�l�j�Z�`�_�g�b�_���e�m�q�Z���k�\�_�l�Z���h�l���a�_�j�d�Z�e�Z 

 
�N�h�j�f�m�e�Z (1.8) �h�i�b�k�u�\�Z�_�l���i�j�_�e�h�f�e�_�g�b�_���k�\�_�l�Z�� �g�Z�� �]�j�Z�g�b�p�_�� �^�\�m�o 

�i�j�h�a�j�Z�q�g�u�o���k�j�_�^���b���g�Z�a�u�\�Z�_�l�k�y���a�Z�d�h�g�h�f���K�g�_�e�e�b�m�k�Z. �A�Z�d�h�g���[�u�e���h�l�d�j�u�l 
�\�� �g�Z�q�Z�e�_ XVII �\. �]�h�e�e�Z�g�^�k�d�b�f  �f�Z�l�_�f�Z�l�b�d�h�f���b�� �Z�k�l�j�h�g�h�f�h�f�� �<�b�e�e�_�[-
�j�h�j�^�h�f�� �K�g�_�e�e�b�m�k�h�f ���g�_�k�d�h�e�v�d�h�� �i�h�a�^�g�_�_�� �h�i�m�[�e�b�d�h�\�Z�g 
�J�_�g�_���>�_�d�Z�j�l�h�f). 
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�J�b�k. 1.2. �I�j�_�e�h�f�e�_�g�b�_���k�\�_�l�h�\�h�]�h���e�m�q�Z���i�j�b���i�_�j�_�o�h�^�_���b�a���h�^�g�h�c���k�j�_�^�u���\ 

�^�j�m�]�m�x 
 
�I�m�k�l�v�� �i�h�d�Z�a�Z�l�_�e�v�� �i�j�_�e�h�f�e�_�g�b�y�� �i�_�j�\�h�c�� �k�j�_�^�u�� �f�_�g�v�r�_, �q�_�f�� �i�h�d�Z-

�a�Z�l�_�e�v���i�j�_�e�h�f�e�_�g�b�y���\�l�h�j�h�c���k�j�_�^�u n1 < n2, �l. �_. �i�_�j�\�Z�y���k�j�_�^�Z���h�i�l�b�q�_�k�d�b 
�f�_�g�_�_�� �i�e�h�l�g�Z�y. �L�h�]�^�Z�� �_�k�e�b�� �g�Z�i�j�Z�\�b�l�v�� �e�m�q�� �k�\�_�l�Z���b�a�� �h�i�l�b�q�_�k�d�b�� �f�_�g�_�_ 
�i�e�h�l�g�h�c�� �k�j�_�^�u�� �\�� �h�i�l�b�q�_�k�d�b�� �[�h�e�_�_�� �i�e�h�l�g�m�x���k�j�_�^�m, �l�h, �d�Z�d�� �k�e�_�^�m�_�l�� �b�a 
(1.8) ��1 > ��2���b���i�h���f�_�j�_���m�\�_�e�b�q�_�g�b�y���m�]�e�Z���i�Z�^�_�g�b�y ��1, �i�j�_�e�h�f�e�_�g�g�u�_���e�m-
�q�b���j�Z�k�o�h�^�y�l�k�y���h�l���]�j�Z�g�b�p�u���j�Z�a�^�_�e�Z���^�\�m�o���k�j�_�^ (�j�b�k. 1.3, �Z). 

�J�Z�k�k�f�h�l�j�b�f�� �k�e�m�q�Z�c, �d�h�]�^�Z�� �i�h�d�Z�a�Z�l�_�e�v�� �i�j�_�e�h�f�e�_�g�b�y�� �i�_�j�\�h�c�� �k�j�_�^�u 
�[�h�e�v�r�_, �q�_�f���i�h�d�Z�a�Z�l�_�e�v���i�j�_�e�h�f�e�_�g�b�y���\�l�h�j�h�c���k�j�_�^�u n1 > n2, �l. �_. �i�_�j�\�Z�y 
�k�j�_�^�Z���h�i�l�b�q�_�k�d�b���[�h�e�_�_���i�e�h�l�g�Z�y. �L�h�]�^�Z, �_�k�e�b���g�Z�i�j�Z�\�b�l�v���e�m�q���k�\�_�l�Z���b�a���h�i-
�l�b�q�_�k�d�b���[�h�e�_�_���i�e�h�l�g�h�c���k�j�_�^�u���\���h�i�l�b�q�_�k�d�b���f�_�g�_�_���i�e�h�l�g�m�x���k�j�_�^�m, �l�h���i�h 
�f�_�j�_���m�\�_�e�b�q�_�g�b�y�� �m�]�e�Z���i�Z�^�_�g�b�y  �i�j�_�e�h�f�e�_�g�g�u�c�� �e�m�q���[�m�^�_�l�� �i�j�b�[�e�b�`�Z�l�v-
�k�y���d���]�j�Z�g�b�p�_���j�Z�a�^�_�e�Z���^�\�m�o���k�j�_�^ (�j�b�k. 1.3,� � �[), �a�Z�l�_�f  �i�h�c�^�_�l���i�h���]�j�Z�g�b�p�_ 
�j�Z�a�^�_�e�Z, �Z�� �i�j�b�� �^�Z�e�v�g�_�c�r�_�f�� �m�\�_�e�b�q�_�g�b�b�� �m�]�e�Z�� �i�Z�^�_�g�b�y�� �i�j�_�e�h�f�e�_�g�g�u�c 
�e�m�q���b�k�q�_�a�g�_�l, �l. �_. �i�Z�^�Z�x�s�b�c���e�m�q���[�m�^�_�l���i�h�e�g�h�k�l�v�x���h�l�j�Z�`�Z�l�v�k�y���h�l���]�j�Z-
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�g�b�p�u���j�Z�a�^�_�e�Z�� �^�\�m�o�� �k�j�_�^ (�j�b�k. 1.3, �\). �W�l�h�� �y�\�e�_�g�b�_�� �g�Z�a�u�\�Z�x�l�� �i�h�e�g�u�f 
�\�g�m�l�j�_�g�g�b�f���h�l�j�Z�`�_�g�b�_�f���\���h�i�l�b�q�_�k�d�b���i�j�h�a�j�Z�q�g�u�o���k�j�_�^�Z�o. 

 

 
�J�b�k. 1.3. �L�j�Z�_�d�l�h�j�b�b���i�Z�^�Z�x�s�b�o���e�m�q�_�c���i�j�b���i�_�j�_�o�h�^�Z�o 

���b�a���f�_�g�_�_���i�e�h�l�g�h�c���k�j�_�^�u���\���[�h�e�_�_���i�e�h�l�g�m�x – �Z;  
�b�a���[�h�e�_�_���i�e�h�l�g�h�c���k�j�_�^�u���\���f�_�g�_�_���i�e�h�l�g�m�x – �[, �\ 

 
�I�j�_�^�_�e�v�g�u�c�� �m�]�h�e ���k (critical) – �w�l�h�� �m�]�h�e�� �i�Z�^�_�g�b�y, �d�h�l�h�j�h�f�m�� �k�h�h�l-

�\�_�l�k�l�\�m�_�l���m�]�h�e���i�j�_�e�h�f�e�_�g�b�y 90 �]�j�Z�^�m�k�h�\, �l. �_. 
�à�Ô= arcsin ���@

�á�.

�á�-
�A .    (1.9) 

�<�� �w�l�h�f�� �k�e�m�q�Z�_, �_�k�e�b�� �m�]�h�e�� �i�Z�^�_�g�b�y�� �e�m�q�Z�� ��1 > ���k, �l�h�� �i�j�_�e�h�f�e�_�g�g�u�c 
�e�m�q���h�l�k�m�l�k�l�\�m�_�l, �b���b�f�_�_�f���h�l�j�Z�`�_�g�g�u�c���e�m�q���d�Z�d���h�l���b�^�_�Z�e�v�g�h�]�h���a�_�j�d�Z�e�Z 
���k�f. �a�Z�^�Z�q�m B).  

�A�Z�^�Z�q�Z���K. �K�\�_�l�h�\�h�^�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �l�h�g�d�m�x�� �g�b�l�v�� �b�a�� �h�i�l�b�q�_-
�k�d�b���i�j�h�a�j�Z�q�g�h�]�h���f�Z�l�_�j�b�Z�e�Z. �G�Z���j�b�k. 1.4 �i�h�d�Z�a�Z�g���\���j�Z�a�j�_�a�_���\�h�e�h�d�h�g�g�h-
�h�i�l�b�q�_�k�d�b�c�� �k�\�_�l�h�\�h�^, �b�a�]�h�l�h�\�e�_�g�g�u�c�� �b�a�� �k�l�_�d�e�Z, �k�� �i�h�d�Z�a�Z�l�_�e�_�f�� �i�j�_-
�e�h�f�e�_�g�b�y���k�_�j�^�p�_�\�b�g�u n1. �I�h�d�Z�a�Z�l�_�e�v�� �i�j�_�e�h�f�e�_�g�b�y�� �h�[�h�e�h�q�d�b – n2. 
�K�\�_�l���h�l���b�k�l�h�q�g�b�d�Z���j�Z�k�k�_�y�g�g�h�]�h���k�\�_�l�Z S �i�Z�^�Z�_�l���g�Z���h�^�b�g���b�a���l�h�j�p�h�\���k�\�_-
�l�h�\�h�^�Z���q�_�j�_�a���\�h�a�^�m�o (n�\�h�a�^�m�o = 1). �E�b�g�a�Z (�E) �n�h�d�m�k�b�j�m�_�l���e�m�q�b���\���k�_�j�^�p�_-
�\�b�g�m. �G�Z�c�l�b���i�j�_�^�_�e�v�g�u�c���m�]�h�e���\�\�h�^�Z���k�\�_�l�Z���\���k�\�_�l�h�\�h�^.  

�G�Z�� �e�_�\�u�c�� �l�h�j�_�p�� �k�\�_�l�h�\�h�^�Z�� �i�h�i�Z�^�Z�x�l�� �e�m�q�b�� �j�Z�a�g�h�]�h�� �g�Z�i�j�Z�\�e�_�g�b�y, 
�h�^�g�Z�d�h���j�Z�k�i�j�h�k�l�j�Z�g�y�l�v�k�y���\�g�m�l�j�b���k�\�_�l�h�\�h�^�Z���[�m�^�m�l���l�h�e�v�d�h���l�_���e�m�q�b, �d�h-
�l�h�j�u�_�� �i�h�i�Z�^�Z�x�l�� �g�Z�� �_�]�h�� �[�h�d�h�\�u�_�� �i�h�\�_�j�o�g�h�k�l�b�� �i�h�^�� �m�]�e�h�f �Ë, �i�j�_�\�u�r�Z-
�x�s�b�f���m�]�h�e���i�h�e�g�h�]�h���h�l�j�Z�`�_�g�b�y. 

 



16 
 

 
�J�b�k. 1.4. �L�j�Z�_�d�l�h�j�b�b���e�m�q�_�c���\���\�h�e�h�d�h�g�g�h���h�i�l�b�q�_�k�d�h�f���k�\�_�l�h�\�h�^�_ 

 
�J�Z�k�k�f�h�l�j�b�f���h�[�e�Z�k�l�v���k�\�_�l�h�\�h�^�Z, �]�^�_���\�\�h�^�b�l�k�y���k�\�_�l�h�\�h�_���b�a�e�m�q�_�g�b�_. 

�A�Z�d�h�g���i�j�_�e�h�f�e�_�g�b�y���^�e�y���e�m�q�_�c (�a�Z�d�h�g���K�g�_�e�e�b�m�k�Z), �h�[�j�Z�a�m�x�s�b�o���]�j�Z�g�b-
�p�m���\�h�a�^�m�o���k�_�j�^�p�_�\�b�g�Z���k�\�_�l�h�\�h�^�Z���g�Z���\�o�h�^�y�s�_�f���l�h�j�p�_, �b�f�_�_�l���\�b�^: 

sin���:�à�Ô)��/ sin(��2) = n1/1, �h�l�d�m�^�Z     
sin���:�à�Ô)��= sin(��2)·n1,     (1.10) 

�h�^�g�Z�d�h�� �g�Z�� �]�j�Z�g�b�p�_�� �k�_�j�^�p�_�\�b�g�Z���h�[�h�e�h�q�d�Z�� �i�j�b�� �i�h�e�g�h�f�� �\�g�m�l�j�_�g�g�_�f�� �h�l-
�j�Z�`�_�g�b�b���n�h�j�f�m�e�Z���K�g�_�e�e�b�m�k�Z���b�f�_�_�l���\�b�^: 

sin(�Ë) = n2/n1, �h�l�d�m�^�Z, �k���m�q�_�l�h�f, �q�l�h  �Ë = �Œ/2 – ��2, �b�f�_�_�f  
cos(��2) = n2/n1 .     (1.11) 

�M�q�b�l�u�\�Z�y, �q�l�h cos2(��2) + sin2(��2) = 1, �b�f�_�_�f  

sin(��2) =
¥�s 
F �:�J�6���J�5) �6 .     (1.12) 
�K�e�_�^�h�\�Z�l�_�e�v�g�h, �i�h�^�k�l�Z�\�e�y�y (1.12) �\ (1.10), �i�h�e�m�q�b�f: 

sin���:�à�º) = 
¥�s 
F �:�J�6���J�5) �6·n1 =��
¥�:�J�5) �6 
F(n �6) �6 .   (1.13) 

�M�]�h�e �E�Ô�� �g�Z�a�u�\�Z�x�l�� �l�Z�d�`�_�� �Z�i�i�_�j�l�m�j�g�u�f�� �m�]�e�h�f, �i�j�b�� �d�h�l�h�j�h�f�� �\�h�a-
�f�h�`�_�g�� �\�\�h�^�� �k�\�_�l�Z�� �\�� �k�\�_�l�h�\�h�^. sin���:�E�Ô)�� �g�Z�a�u�\�Z�x�l�� �q�b�k�e�h�\�h�c�� �Z�i�_�j�l�m�j�h�c 
(Numerical Aperture), �d�h�l�h�j�Z�y���y�\�e�y�_�l�k�y���\�Z�`�g�u�f���i�Z�j�Z�f�_�l�j�h�f���k�\�_�l�h�\�h�^�Z 

NA = sin� �� :� à� º) = 
 ¥� J� 5
�6��
 F � J� 6

�6�� .    (1.14) 
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�J�_�a�x�f�_.���E�m�q�_�\�Z�y���h�i�l�b�d�Z – �w�l�h���i�j�b�[�e�b�`�_�g�g�h�_���j�Z�k�k�f�h�l�j�_�g�b�_���j�Z�k�i�j�h-
�k�l�j�Z�g�_�g�b�y���k�\�_�l�Z���\���i�j�_�^�i�h�e�h�`�_�g�b�b, �q�l�h���k�\�_�l���j�Z�k�i�j�h�k�l�j�Z�g�y�_�l�k�y���\�^�h�e�v���g�_-
�d�h�l�h�j�u�o���e�b�g�b�c – �e�m�q�_�c. �<���w�l�h�f���i�j�b�[�e�b�`�_�g�b�b���i�j�_�g�_�[�j�_�]�Z�x�l���d�h�g�_�q�g�h-
�k�l�v�x���^�e�b�g���\�h�e�g���k�\�_�l�Z, �i�h�e�Z�]�Z�y, �q�l�h�������: 0 (�i�h�g�y�l�b�_���^�e�b�g�u���\�h�e�g�u���k�\�_�l�Z 
�^�Z�_�l�k�y���\���k�e�_�^�m�x�s�b�o���]�e�Z�\�Z�o). �A�Z�d�h�g�u���h�l�j�Z�`�_�g�b�y���b���i�j�_�e�h�f�e�_�g�b�y���k�\�_�l�Z 
�m�l�\�_�j�`�^�Z�x�l, �q�l�h���g�Z���]�j�Z�g�b�p�_���j�Z�a�^�_�e�Z���^�\�m�o���k�j�_�^���i�j�h�b�k�o�h�^�b�l���h�l�j�Z�`�_�g�b�_ 
�b�� �i�j�_�e�h�f�e�_�g�b�_�� �k�\�_�l�h�\�h�]�h�� �e�m�q�Z. �H�l�j�Z�`�_�g�g�u�c�� �b�� �i�j�_�e�h�f�e�_�g�g�u�c�� �e�m�q�b 
�e�_�`�Z�l�� �\�� �h�^�g�h�c�� �i�e�h�k�d�h�k�l�b�� �k�� �i�Z�^�Z�x�s�b�f�� �e�m�q�h�f�� �b�� �i�_�j�i�_�g�^�b�d�m�e�y�j�h�f, 
�\�h�k�k�l�Z�g�h�\�e�_�g�g�u�f���d���]�j�Z�g�b�p�_���j�Z�a�^�_�e�Z���\���l�h�q�d�_���i�Z�^�_�g�b�y. �I�j�b���h�l�j�Z�`�_�g�b�b 
�m�]�h�e���i�Z�^�_�g�b�y���j�Z�\�_�g���m�]�e�m���h�l�j�Z�`�_�g�b�y. �I�j�b���i�j�_�e�h�f�e�_�g�b�b���h�l�g�h�r�_�g�b�_���k�b-
�g�m�k�Z�� �m�]�e�Z�� �i�Z�^�_�g�b�y�� �d�� �k�b�g�m�k�m�� �m�]�e�Z�� �i�j�_�e�h�f�e�_�g�g�h�]�h�� �e�m�q�Z�� �j�Z�\�g�h�� �h�l�g�h�r�_-
�g�b�x�� �i�h�d�Z�a�Z�l�_�e�y�� �i�j�_�e�h�f�e�_�g�b�y�� �\�l�h�j�h�c�� �k�j�_�^�u�� �d�� �i�h�d�Z�a�Z�l�_�e�x�� �i�j�_�e�h�f�e�_-
�g�b�y�� �i�_�j�\�h�c. �K�� �i�h�f�h�s�v�x�� �e�m�q�_�\�h�c�� �f�h�^�_�e�b�� �f�h�`�g�h�� �d�Z�q�_�k�l�\�_�g�g�h�� �h�[�t�y�k-
�g�b�l�v���j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_���k�\�_�l�Z���i�h���k�\�_�l�h�\�h�^�Z�f, �b�k�i�h�e�v�a�m�y���i�h�g�y�l�b�_���i�h�e�g�h-
�]�h���\�g�m�l�j�_�g�g�_�]�h���h�l�j�Z�`�_�g�b�y���k�\�_�l�Z. �E�m�q�_�\�Z�y���h�i�l�b�d�Z���i�h�a�\�h�e�y�_�l���\�h���f�g�h�]�b�o 
�k�e�m�q�Z�y�o�� �^�h�k�l�Z�l�h�q�g�h�� �o�h�j�h�r�h�� �h�[�t�y�k�g�y�l�v�� �a�Z�d�h�g�u�� �h�l�j�Z�`�_�g�b�y�� �b�� �i�j�_�e�h�f-
�e�_�g�b�y�� �k�\�_�l�Z. �H�^�g�Z�d�h�� �y�k�g�h, �q�l�h�� �h�[�e�Z�k�l�v�� �i�j�b�f�_�g�_�g�b�y�� �e�m�q�_�\�h�c�� �h�i�l�b�d�b 
�h�]�j�Z�g�b�q�_�g�Z. �<���l�Z�d�b�o���y�\�e�_�g�b�y�o, �d�Z�d���^�b�n�j�Z�d�p�b�y���b���b�g�l�_�j�n�_�j�_�g�p�b�y���k�\�_�l�Z, 
�k�m�s�_�k�l�\�_�g�g�h�� �i�j�h�y�\�e�y�_�l�k�y�� �\�h�e�g�h�\�Z�y�� �i�j�b�j�h�^�Z�� �k�\�_�l�Z, �b�� �g�_�e�v�a�y�� �k�q�b�l�Z�l�v, 
�q�l�h���k�\�_�l���j�Z�k�i�j�h�k�l�j�Z�g�y�_�l�k�y���i�j�y�f�h�e�b�g�_�c�g�h. 
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ɻʃɸɺɸ II 
 ɺʆʃʅʆɺɸʗ ʆʇʊʀʂɸ 

 

2.1. ɺʦʣʥʦʚʦʝ ʫʨʘʚʥʝʥʠʝ 
 

�L�_�h�j�b�y���\�h�e�g�h�\�h�]�h���^�\�b�`�_�g�b�y���k�h�^�_�j�`�b�l���l�j�b���i�h�e�h�`�_�g�b�y [11]: 
�x �k�m�s�_�k�l�\�m�_�l�� �g�_�d�h�l�h�j�Z�y���n�b�a�b�q�_�k�d�Z�y���\�_�e�b�q�b�g�Z, �d�h�l�h�j�Z�y�� �\�� �d�Z�`�^�u�c 

�f�h�f�_�g�l�� �\�j�_�f�_�g�b�� �b�f�_�_�l�� �\�� �d�Z�`�^�h�c�� �l�h�q�d�_�� �i�j�h�k�l�j�Z�g�k�l�\�Z�� �h�i�j�_�^�_�e�_�g�g�h�_�� �b 
�b�a�f�_�j�b�f�h�_���a�g�Z�q�_�g�b�_; 

�x �a�g�Z�q�_�g�b�_���w�l�h�c�� �\�_�e�b�q�b�g�u�� �\�� �d�Z�d�h�c���e�b�[�h�� �l�h�q�d�_���f�h�`�_�l�� �k�� �l�_�q�_�g�b�_�f 
�\�j�_�f�_�g�b���b�k�i�u�l�u�\�Z�l�v���i�_�j�b�h�^�b�q�_�k�d�b�_���b�a�f�_�g�_�g�b�y���b�e�b���\�h�a�f�m�s�_�g�b�y; 

�x �\�h�a�f�m�s�_�g�b�_, �k�m�s�_�k�l�\�m�x�s�_�_�� �\�� �g�_�d�h�l�h�j�h�c�� �l�h�q�d�_�� �i�j�h�k�l�j�Z�g�k�l�\�Z�� �\ 
�^�Z�g�g�u�c�� �f�h�f�_�g�l�� �\�j�_�f�_�g�b, �i�j�h�b�a�\�h�^�b�l�� �Z�g�Z�e�h�]�b�q�g�h�_�� �\�h�a�f�m�s�_�g�b�_�� �\�� �k�h-
�k�_�^�g�_�c���l�h�q�d�_���\���g�_�k�d�h�e�v�d�h���[�h�e�_�_���i�h�a�^�g�b�c���f�h�f�_�g�l���\�j�_�f�_�g�b, �l�Z�d���q�l�h���h�[-
�e�Z�k�l�v�� �\�h�a�f�m�s�_�g�b�y�� �g�_�i�j�_�j�u�\�g�h�� �i�_�j�_�f�_�s�Z�_�l�k�y�� �b�a�� �h�^�g�h�]�h�� �f�_�k�l�Z�� �\�� �^�j�m-
�]�h�_. 

�I�j�_�^�i�h�e�h�`�b�f, �q�l�h���\�h�a�f�m�s�_�g�b�_���i�j�h�b�a�h�r�e�h���\���l�h�q�d�_ 0 �\���b�a�\�_�k�l�g�u�c 
�f�h�f�_�g�l�� �\�j�_�f�_�g�b (�\�� �g�Z�r�_�f�� �k�e�m�q�Z�_�� �g�Z�q�Z�e�h�� �h�l�k�q�_�l�Z�� �\�j�_�f�_�g�b). �W�l�b�� �\�h�a-
�f�m�s�_�g�b�y, �k�i�m�k�l�y�� �g�_�d�h�l�h�j�h�_�� �\�j�_�f�y t, �i�j�h�y�\�e�y�x�l�k�y�� �g�Z�� �g�_�d�h�l�h�j�h�f�� �j�Z�k-
�k�l�h�y�g�b�b���h�l���g�Z�q�Z�e�v�g�h�c���l�h�q�d�b (�l�h�q�d�Z z), �l. �_. �i�_�j�_�^�Z�x�l�k�y���k���h�i�j�_�^�_�e�_�g�g�h�c 
�k�d�h�j�h�k�l�v�x (�\���g�Z�r�_�f���k�e�m�q�Z�_ �?= �?�4/ �J , �]�^�_ n – �i�h�d�Z�a�Z�l�_�e�v���i�j�_�e�h�f�e�_�g�b�y 
�k�j�_�^�u). 

�>�e�y�� �i�j�h�k�l�h�l�u�� �j�Z�k�k�f�h�l�j�b�f�� �h�^�g�h�f�_�j�g�h�_ (�i�h�� �g�Z�i�j�Z�\�e�_�g�b�x z) �j�Z�k-
�i�j�h�k�l�j�Z�g�_�g�b�_�� �\�h�a�f�m�s�_�g�b�y �7 = �B(�V, �P) , �d�Z�d�� �n�m�g�d�p�b�x�� �d�h�h�j�^�b�g�Z�l�u z�� �b 
�\�j�_�f�_�g�b t. �H�q�_�\�b�^�g�h, �q�l�h���q�_�j�_�a���\�j�_�f�y t'���^�Z�g�g�h�_���\�h�a�f�m�s�_�g�b�_���^�h�k�l�b�]�g�_�l 
�l�h�q�d�b z + ct', �Z�� �k�Z�f�h�� �\�h�a�f�m�s�_�g�b�_�� �f�h�`�g�h�� �\�u�j�Z�a�b�l�v�� �l�Z�d:

),( '' ttctzfU ����� , �b�� �_�k�e�b���\�h�a�f�m�s�_�g�b�_�� �j�Z�k�i�j�h�k�l�j�Z�g�y�_�l�k�y�� �[�_�a�� �b�a�f�_�g�_-
�g�b�y���\���g�Z�i�j�Z�\�e�_�g�b�b (0 � \� �+z), �l�h���^�h�e�`�g�h���\�u�i�h�e�g�y�l�v�k�y���m�k�e�h�\�b�_ 

),(),( '' ttctzftzf ����� .     (2.1) 
�>�Z�g�g�h�f�m�� �m�k�e�h�\�b�x�� �m�^�h�\�e�_�l�\�h�j�y�x�l�� �\�h�a�f�m�s�_�g�b�y, �b�f�_�x�s�b�_�� �n�m�g�d-

�p�b�h�g�Z�e�v�g�m�x���a�Z�\�b�k�b�f�h�k�l�v: 
( ),U f ct z�  � �     (2.2) 

�l. �d. �_�k�e�b t = t + t' , �l�h z = z + ct'�� �b�� �i�h�^�k�l�Z�g�h�\�d�Z�� �^�Z�_�l�� �l�Z�d�h�c�� �`�_�� �j�_�a�m�e�v-
�l�Z�l, �q�l�h���b���i�j�b t = t, z = z. 

)()())()(( '''' zctfctzctctfctzttcfU ��� ������� �������˜� . (2.3) 
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�<���h�l�j�b�p�Z�l�_�e�v�g�h�f���g�Z�i�j�Z�\�e�_�g�b�b���i�h���h�k�b �:
F�V�Z 0) �\�h�a�f�m�s�_�g�b�y���h�i�b-
�k�u�\�Z�x�l�k�y �7 = �C(�?�P+ �V), �]�^�_ f���b g���g�_�i�j�_�j�u�\�g�u�_���n�m�g�d�p�b�b. 

�I�j�h�^�b�n�n�_�j�_�g�p�b�j�m�_�f���i�h�e�m�q�_�g�g�m�x���n�m�g�d�p�b�x���\�h�a�f�m�s�_�g�b�y���i�h z���b t, 

 )( zctfU ���  

)(
)()(

zct
zctf

zctf
zz

U
���w

���w��
� ��

�w
�w

� 
�w
�w

 
2

2

2

2

)(
)(

zct
zctf

z
U

���w
���w

� 
�w
�w

    (2.4) 

 

2

2
2

2

2

)(
)(

zct

zctf
c

t

U

���w

���w
�˜� 

�w

�w
 .    (2.5) 

�K�j�Z�\�g�b�\�Z�y (2.4) �b (2.5), �i�h�e�m�q�b�f: 
2 2

2 2 2

1U U
z c t

� w � w
�  � ˜

� w � w.      (2.6) 
�W�l�h���m�j�Z�\�g�_�g�b�_���g�Z�a�u�\�Z�_�l�k�y �\�h�e�g�h�\�u�f �b���o�Z�j�Z�d�l�_�j�b�a�m�_�l���j�Z�k�i�j�h�k�l�j�Z-

�g�_�g�b�_���\�h�a�f�m�s�_�g�b�y (�\�h�e�g�u) �k�� �i�h�k�l�h�y�g�g�h�c���k�d�h�j�h�k�l�v�x �?�� �[�_�a���b�a�f�_�g�_�g�b�y 
�n�h�j�f�u. �L�Z�d�� �d�Z�d�� �w�l�h�� �m�j�Z�\�g�_�g�b�_�� �_�k�l�v�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�_�� �m�j�Z�\�g�_�g�b�_ 
�\�l�h�j�h�]�h�� �i�h�j�y�^�d�Z, �l�h�� �h�g�h�� �b�f�_�_�l�� �^�\�Z�� �j�_�r�_�g�b�y �7�5 = �B�5(�?�P
F �V)�� �b �7�6 =
= �B�6(�?�P+ �V)���b���e�x�[�Z�y���e�b�g�_�c�g�Z�y���d�h�f�[�b�g�Z�p�b�y���w�l�b�o���j�_�r�_�g�b�c���l�h�`�_���y�\�e�y-
�_�l�k�y���j�_�r�_�g�b�_�f���m�j�Z�\�g�_�g�b�y. 

�B�a���k�Z�f�h�]�h���^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�]�h�� �m�j�Z�\�g�_�g�b�y�� �g�_�e�v�a�y�� �k�^�_�e�Z�l�v�� �a�Z�d�e�x�q�_-
�g�b�_�� �h�� �n�h�j�f�_�� �n�m�g�d�p�b�c �B�5(�?�P
F�V)�� �b �B�6(�?�P+ �V) (�f�h�`�g�h�� �l�h�e�v�d�h�� �m�l�\�_�j-
�`�^�Z�l�v, �q�l�h�� �w�l�b�� �n�m�g�d�p�b�b, �l�h�q�g�_�_�� �\�h�e�g�u, �j�Z�k�i�j�h�k�l�j�Z�g�y�x�l�k�y�� �g�Z�\�k�l�j�_�q�m 
�^�j�m�]���^�j�m�]�m���k�h���k�d�h�j�h�k�l�v�x �k). 

�<�� �d�Z�q�_�k�l�\�_�� �i�j�b�f�_�j�Z�� �j�Z�k�k�f�h�l�j�b�f�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_�� �f�h�g�h�o�j�h�f�Z�l�b-
�q�_�k�d�h�c���\�h�e�g�u���\���h�^�g�h�f�_�j�g�h�f���i�j�h�k�l�j�Z�g�k�l�\�_. �F�h�g�h�o�j�h�f�Z�l�b�q�_�k�d�Z�y���\�h�e�g�Z 
�i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �\�h�e�g�h�\�m�x�� �n�m�g�d�p�b�x, �m�� �d�h�l�h�j�h�c�� �]�Z�j�f�h�g�b�q�_�k�d�Z�y 
���k�b�g�m�k�h�b�^�Z�e�v�g�Z�y, �d�h�k�b�g�m�k�h�b�^�Z�e�v�g�Z�y���b���l. � .̂) �a�Z�\�b�k�b�f�h�k�l�v���h�l���\�j�_�f�_�g�b: 

�7(�V,�P) = �7�4cos(�ñ�P
F�G�V) ,    (2.7) 
�]�^�_�� �i�Z�j�Z�f�_�l�j�u �ñ – �m�]�e�h�\�Z�y�� �q�Z�k�l�h�l�Z, U0 – �Z�f�i�e�b�l�m�^�Z, k – �h�i�j�_�^�_�e�b�f 
�i�h�a�`�_. 

�Q�l�h�[�u���i�j�h�\�_�j�b�l�v���l�h�l���n�Z�d�l, �q�l�h���^�Z�g�g�Z�y���n�m�g�d�p�b�y���y�\�e�y�_�l�k�y���j�_�r�_�g�b-
�_�f���\�h�e�g�h�\�h�]�h���m�j�Z�\�g�_�g�b�y, �i�j�h�^�b�n�n�_�j�_�g�p�b�j�m�_�f���_�_: 

)(
)()(

zct
zctf

czctf
tt

U
���w
���w
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�!�Î

�!�í
��= �íU0sin(�ñ�P
F �G�V) �® �:
F�G)  

�! �. �Î

�!�í �. 
 L 
 F� G� 6� 7� 4cos(�ñ�P
F �G�V)   (2.8) 
�!�Î

�!�ç

 L 
 F U0sin(�ñ�P
F�G�V) � ®(� ñ)  

� !� .� Î

�!�ç�.

 L 
 F� ñ� 6� 7� 4cos(�ñ�P
F�G�V)  .  (2.9) 

�I�h�e�m�q�_�g�g�u�_���\�u�j�Z�`�_�g�b�y (2.8) �b (2.9) �i�h�^�k�l�Z�\�b�f���\�� �\�h�e�g�h�\�h�_�� �m�j�Z�\-
�g�_�g�b�_ (2.6): 


F�G�6�7�4cos(�ñ�P
F�G�V) = 
 F
�  � .

� Ô� . � 7� 4cos(�ñ�P
F�G�V)  . 
�H�l�k�x�^�Z, 

�G�6 =
� �.

�Ö�.  ,    � G=
�  

� Ö
 ,    (2.10) 

k �g�Z�a�u�\�Z�x�l���\�h�e�g�h�\�u�f���q�b�k�e�h�f, �_�]�h���f�h�`�g�h���\�u�j�Z�a�b�l�v���i�h���^�j�m�]�h�f�m: 

�G=
�6��

�Í
W

�Ö
=

�6��

�Ö�Í
=

�6��

�Ö�, �Í
�®�J=

�6��

�� �,
�®�J��.   (2.11) 

�A�Z�\�b�k�b�f�h�k�l�v���\�h�e�g�h�\�h�c���n�m�g�d�p�b�b���h�l���\�j�_�f�_�g�b���g�Z�]�e�y�^�g�h���i�h�d�Z�a�u�\�Z�_�l 
�k�e�_�^�m�x�s�b�_���i�Z�j�Z�f�_�l�j�u: 

�7�4 – �Z�f�i�e�b�l�m�^�Z���\�h�e�g�u; 
�6= 1 �å
W= 2�è �ñ
W – �i�_�j�b�h�^���f�h�g�h�o�j�h�f�Z�l�b�q�_�k�d�h�c���\�h�e�g�u (�k�_�d); 

�ñ = 2 �è�å
F �Ö�Æ�Î�Ñ�Å�Ã�â���Ô�Í�Ñ�Ó�Ñ�Ô�Õ�ß��(
�5

�Ô�È�Í
);  

�å
F �Ú�Ã�Ô�Õ�Ñ�Õ�Ã���Í�Ñ�Î�È�Ä�Ã�Ð�Ë�Ì��(�’�Ù)���:�Ñ�Ò�Õ�Ë�Ú�È�Ô�Í�Ë�Ì���Ç�Ë�Ã�Ò�Ã�Ê�Ñ�Ð���u�‰10�5�5÷ 3 ×
× 10 �5�:���=�p); 

�î ( �V) = �G�V – �n�Z�a�h�\�u�c���k�^�\�b�] (�n�Z�a�Z); 
�ã�4 
 L � Ô� 4� ®� 6 – �^�e�b�g�Z���\�h�e�g�u���k�\�_�l�Z���\���k�\�h�[�h�^�g�h�f���i�j�h�k�l�j�Z�g�k�l�\�_; 
�ã
 L � Ô � ®� 6=

� Ö� ,

� á
� 6=

� �� ,

� á
 – �^�e�b�g�Z�� �\�h�e�g�u�� �\�� �f�Z�l�_�j�b�Z�e�_�� �k�� �i�h�d�Z�a�Z�l�_�e�_�f�� �i�j�_-

�e�h�f�e�_�g�b�y n; 
k – �\�h�e�g�h�\�h�_���q�b�k�e�h ( �G= 2�è

�ã
W). 

�G�Z���j�b�k. 2.1 �i�h�d�Z�a�Z�g�Z���a�Z�\�b�k�b�f�h�k�l�v���\�h�e�g�h�\�h�c���n�m�g�d�p�b�b���h�l z. �<�b�^�g�h, 
�q�l�h�� �\�h�e�g�Z�� �\�� �l�_�q�_�g�b�_�� �\�j�_�f�_�g�b���� �P�� �i�_�j�_�f�_�k�l�b�e�Z�k�v�� �g�Z�� �j�Z�k�k�l�h�y�g�b�_ �� �V. �L�h 
�_�k�l�v�� �l�h�q�d�b�� �k�� �h�i�j�_�^�_�e�_�g�g�h�c�� �n�Z�a�h�c�� �\�� �l�_�q�_�g�b�_  �\�j�_�f�_�g�b ���� �P�� �i�_�j�_�f�_�k�l�b-
�e�b�k�v���g�Z �� �V. �I�h�w�l�h�f�m 

�8�£ =
�¿�í

�|�ç
      (2.12) 

�g�Z�a�u�\�Z�x�l���n�Z�a�h�\�h�c���k�d�h�j�h�k�l�v�x. �<���g�Z�r�_�f���k�e�m�q�Z�_ �8�£ = �?. 
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�J�b�k. 2.1. �J�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_���\�h�e�g�u���\�^�h�e�v���h�k�b z 

 
�£ 
L �ñ�P 
F �G�V���g�Z�a�u�\�Z�x�l���i�h�e�g�h�c���n�Z�a�h�c���\�h�e�g�u, �d�h�l�h�j�Z�y���a�Z�\�b�k�b�l���h�l t 

�b z. 
�N�Z�a�m �î ( �V) 
L �G�V, �k�\�y�a�Z�g�g�m�x�� �k�� �b�a�f�_�g�_�g�b�_�f�� �i�m�l�b z, �i�j�h�c�^�_�g�g�h�]�h 

�\�h�e�g�h�c, �g�Z�a�u�\�Z�x�l�� �g�Z�[�_�]�h�f�� �n�Z�a�u�� �b�e�b�� �n�Z�a�h�\�u�f�� �k�^�\�b�]�h�f. �=�_�h�f�_�l�j�b�q�_-
�k�d�h�_�� �f�_�k�l�h�� �h�^�b�g�Z�d�h�\�u�o�� �a�g�Z�q�_�g�b�c�� �n�Z�a�� �g�Z�a�u�\�Z�x�l�� �\�h�e�g�h�\�u�f�� �n�j�h�g�l�h�f. 
�<�� �i�e�h�k�d�h�c�� �]�Z�j�f�h�g�b�q�_�k�d�h�c�� �\�h�e�g�_�� �w�l�h�� �i�e�h�k�d�h�k�l�v, �i�_�j�i�_�g�^�b�d�m�e�y�j�g�Z�y 
�g�Z�i�j�Z�\�e�_�g�b�x���j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�y. 
 
 

2.2. ʇʣʦʩʢʘʷ ʛʘʨʤʦʥʠʯʝʩʢʘʷ ʚʦʣʥʘ ʚ ʪʨʝʭ ʠʟʤʝʨʝʥʠʷʭ 
 

�<���h�[�s�_�f���k�e�m�q�Z�_���\�h�e�g�h�\�h�_���m�j�Z�\�g�_�g�b�_���b�f�_�_�l���\�b�^ 

�Ï �6� 7=
� 5

� Ö� .

� !� .� Î

�!�ç�.
 ,     (2.13) 

�]�^�_ �Ï �6��– �h�i�_�j�Z�l�h�j�� �E�Z�i�e�Z�k�Z�� �b�� �\�� �^�_�d�Z�j�l�h�\�h�c�� �k�b�k�l�_�f�_�� �d�h�h�j�^�b�g�Z�l 
���k�f. �I�j�b�e. IV) 

�Ï �6=
�! �.

�!�ë�. +
�! �.

�!�ì �. +
�! �.

�!�í �.��
.    (2.14) 

�A�^�_�k�v���m�`�_���\�h�e�g�h�\�Z�y���n�h�j�f�m�e�Z���a�Z�\�b�k�b�l���h�l (x,y,z) �b t: 

� 7 
 L � 7(� T� á � U� á � V� á � P) 
 L � 7� 4cos(�ñ�P 
F �G�,�&� ® � N� &) ,   (2.15) 
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�]�^�_ �N�&= ���&�T+ ���&�U+ �G�,�&�V – �j�Z�^�b�m�k���\�_�d�l�h�j���f�_�k�l�h�i�h�e�h�`�_�g�b�y, 
�G�,�&��= ���&�G�ë + ���&�G�ì + �G�,�&�G�í 
F�� �\�h�e�g�h�\�h�_�� �q�b�k�e�h (�\�� �^�Z�g�g�h�f�� �k�e�m�q�Z�_ – �\�_�d�l�h�j), 
�j�Z�a�e�h�`�_�g�g�h�_���g�Z���d�h�f�i�h�g�_�g�l�u���\���^�_�d�Z�j�l�h�\�h�c���k�b�k�l�_�f�_���d�h�h�j�^�b�g�Z�l 

�G�,�&�N�&= �T�G�ë+ �U�G�ì + �V�G�í. 

�I�h�^�k�l�Z�\�b�f�� �\�h�e�g�h�\�m�x�� �n�m�g�d�p�b�x (2.15) �\�� �\�h�e�g�h�\�h�_�� �m�j�Z�\�g�_�g�b�_ 
(2.13). �>�e�y�� �w�l�h�]�h�� �j�Z�k�k�q�b�l�Z�_�f�� �q�Z�k�l�g�u�_�� �i�j�h�b�a�\�h�^�g�u�_ 2-�]�h�� �i�h�j�y�^�d�Z�� �i�h 
�d�h�h�j�^�b�g�Z�l�Z�f���b���i�h���\�j�_�f�_�g�b: 

�! �.

�!�ë�. �\ �G�ë�6 ;  
�! �.

�!�ì �. �\ �G�ì�6 ;   �! �.

�!�í �. �\ �G�í�6 ;  �! �.

�!�ç�.
�\ �ñ�6 ; 

(�G�ë�6 + �G�ì���6+ �G�í�6� ; � ®� 7� 4cos(�ñ�P
F�G�,�&�®�N�&) =
�  � .

� Ö� .� 7� 4(�ñ�P
F �G�®�,�,�,�,�&�N)�,�,�,�&, �h�l�k�x�^�Z 

�G�ë�6+ �G�ì�6+ �G�í�6 = �G�6 =
� �.

�Ö�.
 .    (2.16) 

�:�[�k�h�e�x�l�g�h�_���a�g�Z�q�_�g�b�_ (�f�h�^�m�e�v) �\�h�e�g�h�\�h�]�h���q�b�k�e�Z (�\�_�d�l�h�j�Z) 

�+�G�,�&�+= �G= 
§�G�ë�6+ �G�ì�6+ �G�í�6 .   (2.17) 

�B�k�k�e�_�^�m�_�f���Z�j�]�m�f�_�g�l���d�h�k�b�g�m�k�Z (2.15), �l. �_. �£(�N,�P) = �ñ�P
F�G���,�,�,�&���N�,�,�&��. 
�<�h�e�g�h�\�u�_���n�j�h�g�l�u���\�h�e�g�u – �w�l�h���i�h�\�_�j�o�g�h�k�l�b, �]�^�_���a�g�Z�q�_�g�b�y���n�Z�a���h�^�b�g�Z-

�d�h�\�u�_, �l. �_.  

�£(�N,�P) = �ñ�P
F�G���,�,�,�&���N�,�,�&= �?�K�J�O�P, �h�l�k�x�^�Z 
�î ( �N) = �G���,�,�,�&���N�,�,�& , �n�Z�a�h�\�u�c���k�^�\�b�]���b�e�b���g�Z�[�_�]���n�Z�a �î ( �N) = �?�K�J�O�P, �l. �_. �\���h�i�j�_-
�^�_�e�_�g�g�u�_�� �f�h�f�_�g�l�u�� �\�j�_�f�_�g�b (t1,  t2,  t3,  t4….) �i�e�h�k�d�h�k�l�b�� �\�h�e�g�u, �]�^�_ 
�î ( �N) = �?�K�J�O�P, �h�i�j�_�^�_�e�y�x�l���i�e�h�k�d�b�_���\�h�e�g�h�\�u�_���n�j�h�g�l�u. 

�H�^�g�Z�d�h 
�î ( �N) = �G�,�&�®�N�&= �G�ë�T+ �G�ì �U+ �G�í�V= 2 � è� ®�M��(�M= 1,2,3 …). (2.18) 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f, �n�Z�a�Z �î ( �N)�� �b�f�_�_�l�� �i�_�j�b�h�^�b�q�g�h�k�l�v 2�Œ, �q�l�h, �\�� �k�\�h�x 
�h�q�_�j�_�^�v, �h�i�b�k�u�\�Z�_�l���i�Z�j�Z�e�e�_�e�v�g�h���b�^�m�s�b�_���^�j�m�]���a�Z���^�j�m�]�h�f���i�e�h�k�d�b�_���\�h�e-
�g�h�\�u�_�� �n�j�h�g�l�u, �i�_�j�i�_�g�^�b�d�m�e�y�j�g�u�_�� �d�� �\�h�e�g�h�\�h�f�m�� �\�_�d�l�h�j�m �G���,�,�,�&. �I�e�h�k�d�b�_ 
�n�j�h�g�l�u���j�Z�a�g�_�k�_�g�u���^�j�m�]���h�l���^�j�m�]�Z���g�Z���j�Z�k�k�l�h�y�g�b�_ 

�ã=
�6��

�Þ
 .      (2.19) 

�ã���g�Z�a�u�\�Z�x�l���^�e�b�g�h�c���\�h�e�g�u. 
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�J�b�k. 2.2. �J�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_���i�e�h�k�d�h�c���\�h�e�g�u���\���l�j�_�o�f�_�j�g�h�f���i�j�h�k�l�j�Z�g�k�l�\�_ 

 
�<�h�e�g�h�\�u�_�� �n�j�h�g�l�u�� �j�Z�k�i�j�h�k�l�j�Z�g�y�x�l�k�y�� �i�h�� �g�Z�i�j�Z�\�e�_�g�b�x�� �\�_�d�l�h�j�Z �G���,�,�,�& 

�k�h���k�d�h�j�h�k�l�v�x, �j�Z�\�g�h�c���n�Z�a�h�\�h�c (�j�b�k. 2.2): 

� ? 
 L � 8� £=
�  

� Þ
=

�  


 §� Þ� ã
� .�>�Þ�ä

�. �>�Þ�å
�.
 .    (2.20) 

 
 

2.3. ʂʦʤʧʣʝʢʩʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ.  
ʋʨʘʚʥʝʥʠʝ ɻʝʣʴʤʛʦʣʴʮʘ 

 
�L�Z�d�� �d�Z�d�� �[�h�e�v�r�b�g�k�l�\�h�� �f�Z�l�_�f�Z�l�b�q�_�k�d�b�o�� �h�i�_�j�Z�p�b�c�� �e�_�]�q�_�� �i�j�h�b�a�\�h-

�^�b�l�v�� �k�� �i�h�d�Z�a�Z�l�_�e�v�g�u�f�b�� �n�m�g�d�p�b�y�f�b, �q�_�f�� �k�� �l�j�b�]�h�g�h�f�_�l�j�b�q�_�k�d�b�f�b, �l�h 
�\�u�q�b�k�e�_�g�b�y�� �j�Z�p�b�h�g�Z�e�v�g�h�� �\�_�k�l�b�� �k�e�_�^�m�x�s�b�f�� �h�[�j�Z�a�h�f: �\�\�_�^�y�� �\�f�_�k�l�h 
�d�h�k�b�g�m�k�Z���b���k�b�g�m�k�Z���i�h�d�Z�a�Z�l�_�e�v�g�m�x���n�m�g�d�p�b�x, �i�j�h�b�a�\�_�k�l�b���k���g�_�c���\�k�_���g�_-
�h�[�o�h�^�b�f�u�_�� �\�u�q�b�k�e�_�g�b�y���b�� �\�� �d�h�g�p�_�� �\�_�j�g�m�l�v�k�y, �_�k�e�b�� �w�l�h�� �g�_�h�[�o�h�^�b�f�h, �d 
�l�j�b�]�h�g�h�f�_�l�j�b�q�_�k�d�h�c�� �n�h�j�f�_ (�\�a�y�\�� �k�h�h�l�\�_�l�k�l�\�_�g�g�h�� �^�_�c�k�l�\�b�l�_�e�v�g�m�x 
�b�e�b���f�g�b�f�m�x���q�Z�k�l�v, �_�k�e�b���i�h�d�Z�a�Z�l�_�e�v�g�Z�y���n�m�g�d�p�b�y – �w�l�h���w�d�k�i�h�g�_�g�l�Z). �< 
�h�k�g�h�\�_���i�j�_�^�k�l�Z�\�e�_�g�b�y���\���d�h�f�i�e�_�d�k�g�h�f���\�b�^�_���e�_�`�b�l���n�h�j�f�m�e�Z���W�c�e�_�j�Z.  

�È�Ý�×
L �?�K�O �× 
E �F�O�E�J�× 
L �4�A
[�È�Ý�×
 _ 
 E � F� +� I
 [� È�Ý�×
_. 

Re – Real – �\�_�s�_�k�l�\�_�g�g�Z�y���q�Z�k�l�v���d�h�f�i�e�_�d�k�g�h�]�h���q�b�k�e�Z. 
Im – Imaginary – �f�g�b�f�Z�y���q�Z�k�l�v���d�h�f�i�e�_�d�k�g�h�]�h���q�b�k�e�Z. 
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� ?� k� e� b� � � n =  � &t,  � l� h � 7� 4� A�Ý� �ç�� �h�i�b�k�u�\�Z�_�l�� �]�Z�j�f�h�g�b�q�_�k�d�h�_�� �d�h�e�_�[�Z�g�b�_�� �k�� �Z�f-
�i�e�b�l�m�^�h�c �7�4���b���m�]�e�h�\�h�c���q�Z�k�l�h�l�h�c �& (�k���i�_�j�b�h�^�h�f �L = 2�Œ /�&). 

�?�k�e�b�� �g�Z�q�Z�e�v�g�Z�y�� �n�Z�a�Z�� �j�Z�\�g�Z �3(r) = �G�,�&���N���,�,�&, �l�h�� �\�u�j�Z�`�_�g�b�_�� �^�e�y�� �]�Z�j�f�h-
�g�b�q�_�k�d�h�]�h���d�h�e�_�[�Z�g�b�y���[�m�^�_�l: 

�7�4�A�Ý
k� �ç�?��( �p)
o
 L � 7� 4� A�Ý
k� �ç�?�Þ�,�&���å���,�,�,�&
o
 L � 7� 4� A�?�Ý�¦(�p)�ã�ç�ç�ä�ç�ç�å �A�Ý� �ç.  (2.21) 

�7�6(r)  
�H�[�h�a�g�Z�q�Z�y 

�7�6(r)=�7�4�A�?�Ý��( �p) ,    (2.22) 
�\�\�h�^�b�f���i�h�g�y�l�b�_���d�h�f�i�e�_�d�k�g�h�c���Z�f�i�e�b�l�m�^�u. 

 

 
�J�b�k. 2.3. �=�Z�j�f�h�g�b�q�_�k�d�h�_���d�h�e�_�[�Z�g�b�_���b���_�]�h���d�h�f�i�e�_�d�k�g�h�_���i�j�_�^�k�l�Z�\�e�_�g�b�_ 

 
�L�Z�d�b�f���h�[�j�Z�a�h�f, �\���d�h�f�i�e�_�d�k�g�h�f���\�b�^�_���\�h�e�g�h�\�Z�y���n�m�g�d�p�b�y���[�m�^�_�l 

�7�6(r,t) =�7�6(r) �A�Ý� �ç.     (2.23) 
�I�_�j�_�o�h�^���h�l���d�h�f�i�e�_�d�k�g�h�c���n�h�j�f�u���d���l�j�b�]�h�g�h�f�_�l�j�b�q�_�k�d�h�c: 

U(r,t) = Re
[�7�6(r, t) ��
_ = �5
�6


c�7�6(r, t) 
 E � 7� 6� Û(r, t) 
g,   (2.24) 

�]�^�_ �7�6�Û(r, t) =���7�6(r)�A�?�Ý� �ç – �d�h�f�i�e�_�d�k�g�h���k�h�i�j�y�`�_�g�g�h�_���a�g�Z�q�_�g�b�_ �7�6(r, t): 
U(r,t)= ��

�5

�6

c�7�6(r)�A�Ý� �ç
 E � 7� 6� Û(r) �A�?�Ý� �ç
g. 

�D�Z�d�� �\�b�^�g�h�� �b�a�� �j�b�k. 2.3, �d�h�f�i�e�_�d�k�g�Z�y�� �\�h�e�g�h�\�Z�y�� �n�m�g�d�p�b�y �7�6(r, t)� � 
�]�j�Z�n�b�q�_�k�d�b�� �i�j�_�^�k�l�Z�\�e�y�_�l�k�y�� �\�_�d�l�h�j�h�f, �d�h�l�h�j�u�c�� �\�j�Z�s�Z�_�l�k�y�� �k�� �m�]�e�h�\�h�c 
�q�Z�k�l�h�l�h�c �& = 2�Œ�� [�Ó�Ã�Ç �Ô�È�Í�¤ ], �i�j�b t = 0 �]�j�Z�n�b�d�� �h�l�h�[�j�Z�`�Z�_�l�� �d�h�f�i�e�_�d�k-
�g�m�x���Z�f�i�e�b�l�m�^�m �7�6(r), �f�h�^�m�e�v���d�h�l�h�j�h�c���j�Z�\�_�g���Z�f�i�e�b�l�m�^�_���j�_�Z�e�v�g�h�c���\�h�e-
�g�u �+�7�6(r) ���+��= �7�4, �Z���Z�j�]�m�f�_�g�l���j�Z�\�_�g���g�Z�q�Z�e�v�g�h�c���n�Z�a�_ arg
[�7�6(r) ��
_ = �3(r). 

�I�h�^�k�l�Z�\�e�y�y �7�6(r, t)� �� �=� �� 7� 6(r)� A�Ý� �ç���\���\�h�e�g�h�\�h�_���m�j�Z�\�g�_�g�b�_ (2.13) �b���m�q�b-
�l�u�\�Z�y, �q�l�h���h�i�_�j�Z�l�h�j �Ï �6���g�_���a�Z�\�b�k�b�l���h�l �P, �l�h �Ï �6�7�6(r, t) 
L �� 
[�Ï�6�7�6(r)
_�A�Ý� �ç, �Z  
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�!�Î �6(�p,�r)

�!�ç
=

�!

�!�ç

[�7�6(r) ���A�Ý� �ç
_=�7�6(r) �!

�!�ç

[�A�Ý� �ç
_= �F�ñ�7�6(r) ���A�Ý� �ç (U(r)�� �g�_�� �a�Z�\�b�k�b�l  

�h�l t); 
�! �. �Î �6(�p,�r)

�!�ç�.
 = -�ñ�6�7�6(r) ���A�Ý� �ç; 


[�Ï �6�7�6(r) ��
_�A�Ý� �ç= - � 
�.

�Ö�.
�7�6(r) �A�Ý� �ç, 

�k�e�_�^�h�\�Z�l�_�e�v�g�h, 
�Ï �6�7�6(r) ��+ k � 6� 7� 6(r) ��= 0 .      (2.25) 

�W�l�h�� �m�j�Z�\�g�_�g�b�_�� �g�Z�a�u�\�Z�x�l�� �l�Z�d�`�_�� �m�j�Z�\�g�_�g�b�_�f�� �=�_�e�v�f�]�h�e�v�p�Z, �]�^�_ 
�G=

� 

�Ô
=

�6����

�Ô
 – �\�h�e�g�h�\�h�_���q�b�k�e�h (�k�f. (2.16)). 

�J�_�r�_�g�b�_���m�j�Z�\�g�_�g�b�y���=�_�e�v�f�]�h�e�v�p�Z���f�h�`�g�h���g�Z�c�l�b���i�j�b���h�i�j�_�^�_�e�_�g�g�u�o 
�]�j�Z�g�b�q�g�u�o���m�k�e�h�\�b�y�o. 

�L�Z�d�b�f���h�[�j�Z�a�h�f, �i�j�_�^�k�l�Z�\�e�_�g�b�_���\�h�e�g�h�\�u�o���n�m�g�d�p�b�c���\���d�h�f�i�e�_�d�k�g�h�c 
�n�h�j�f�_�� �h�[�e�_�]�q�Z�_�l�� �j�Z�k�q�_�l�u, �l. �d. �f�Z�l�_�f�Z�l�b�q�_�k�d�b�_�� �h�i�_�j�Z�p�b�b�� �k�� �i�h�d�Z�a�Z-
�l�_�e�v�g�u�f�b (�\�� �^�Z�g�g�h�f�� �k�e�m�q�Z�_�� �k�� �w�d�k�i�h�g�_�g�p�b�Z�e�v�g�u�f�b) �n�m�g�d�p�b�y�f�b�� �\�u-
�i�h�e�g�y�l�v�� �g�Z�f�g�h�]�h�� �e�_�]�q�_. �<�� �I�j�b�e. I �i�j�b�\�_�^�_�g�u�� �g�_�d�h�l�h�j�u�_�� �i�j�b�f�_�j�u 
�h�i�_�j�Z�p�b�c�� �k�� �\�h�e�g�h�\�u�f�b�� �n�m�g�d�p�b�y�f�b, �i�j�_�^�k�l�Z�\�e�_�g�g�u�f�b�� �d�Z�d�� �\�� �^�_�c�k�l�\�b-
�l�_�e�v�g�h�c, �l�Z�d���b���\���d�h�f�i�e�_�d�k�g�h�c���n�h�j�f�_. �>�h�d�Z�a�Z�g�h, �q�l�h���\�u�i�h�e�g�_�g�b�_���h�i�_-
�j�Z�p�b�c�� �b�g�l�_�]�j�b�j�h�\�Z�g�b�y, �k�m�f�f�b�j�h�\�Z�g�b�y (�e�b�g�_�c�g�u�_�� �f�Z�l�_�f�Z�l�b�q�_�k�d�b�_ 
�h�i�_�j�Z�p�b�b) �k�� �^�_�c�k�l�\�b�l�_�e�v�g�u�f�b�� �\�h�e�g�h�\�u�f�b�� �n�m�g�d�p�b�y�f�b�� �k�h�h�l�\�_�l�k�l�\�m�_�l 
�h�i�_�j�Z�p�b�y�f�� �\�� �d�h�f�i�e�_�d�k�g�h�f�� �i�j�_�^�k�l�Z�\�e�_�g�b�b. �G�h�� �_�k�l�v�� �b�k�d�e�x�q�_�g�b�y, 
�g�Z�i�j�b�f�_�j�� �h�i�_�j�Z�p�b�b���\�u�q�b�k�e�_�g�b�y���i�j�h�b�a�\�_�^�_�g�b�c���k�b�g�m�k�h�b�^�Z�e�v�g�u�o�� �n�m�g�d-
�p�b�c (�k�f. �I�j�b�e. I). �<���l�Z�d�b�o���k�e�m�q�Z�y�o���b�k�i�h�e�v�a�m�x�l���^�_�c�k�l�\�b�l�_�e�v�g�m�x���n�m�g�d-
�p�b�x. 

 

2.4. ʀʥʪʝʥʩʠʚʥʦʩʪʴ, ʤʦʱʥʦʩʪʴ, ʵʥʝʨʛʠʷ 
 

�B�g�l�_�g�k�b�\�g�h�k�l�v�� �h�i�j�_�^�_�e�y�_�l�k�y�� �d�Z�d���k�j�_�^�g�y�y�� �f�h�s�g�h�k�l�v�� �\�� �_�^�b�g�b�q�g�h�c 
�i�h�\�_�j�o�g�h�k�l�b�� �b�� �i�j�h�i�h�j�p�b�h�g�Z�e�v�g�Z�� �k�j�_�^�g�_�f�m�� �a�g�Z�q�_�g�b�x�� �d�\�Z�^�j�Z�l�Z 
�\�h�e�g�h�\�h�c���n�m�g�d�p�b�b 

�� �� ),(2, 2 trUtrI �˜� .     (2.26) 
�=�h�j�b�a�h�g�l�Z�e�v�g�Z�y�� �q�_�j�l�Z�� �h�a�g�Z�q�Z�_�l�� �m�k�j�_�^�g�_�g�b�_�� �i�h�� �\�j�_�f�_�g�b 

���k�f. �I�j�b�e. I). �M�k�j�_�^�g�_�g�b�_�� �i�j�h�b�k�o�h�^�b�l�� �\�h�� �\�j�_�f�_�g�g�h�f�� �b�g�l�_�j�\�Z�e�_, 
�g�Z�f�g�h�]�h�� �i�j�_�\�u�r�Z�x�s�_�f�� �i�_�j�b�h�^�b�q�g�h�k�l�v�� �h�i�l�b�q�_�k�d�h�c�� �\�h�e�g�u, �g�h 
�g�Z�f�g�h�]�h�� �f�_�g�v�r�_�f, �q�_�f�� �b�g�l�_�j�_�k�m�x�s�b�_�� �g�Z�k�� �i�_�j�b�h�^�u�� �\�j�_�f�_�g�b 
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���g�Z�i�j�b�f�_�j, �^�e�b�l�_�e�v�g�h�k�l�v�� �h�i�l�b�q�_�k�d�h�]�h�� �b�f�i�m�e�v�k�Z). �>�e�y�� �h�i�l�b�q�_�k�d�h�]�h 
�^�b�Z�i�Z�a�h�g�Z���i�_�j�b�h�^���h�i�l�b�q�_�k�d�h�]�h���p�b�d�e�Z���h�q�_�g�v���f�Z�e�_�g�v�d�b�c:  

� > � @
6

14 15
8

10 0,3 10 3 10 3
3 10

T �n�k
c
� O� �

� � � ��  �  � | � ˜ �  � ˜ �  
� ˜ , 

�> �@ 1510�n�k �n�_�f�l�h�k�_�d�m�g�^�Z �k�_�d���  �  . 

�I�j�b�� �h�i�j�_�^�_�e�_�g�b�b�� �b�g�l�_�g�k�b�\�g�h�k�l�b�� �i�h (2.26) �b�k�i�h�e�v�a�h�\�Z�e�b�� �g�_�d�h�l�h-
�j�m�x�� �\�h�e�v�g�h�k�l�v�� �k�� �\�\�h�^�h�f�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �m�f�g�h�`�_�g�b�y 2; �\�� �^�Z�e�v�g�_�c�r�_�f 
�m�\�b�^�b�f, �q�l�h�� �b�g�l�_�g�k�b�\�g�h�k�l�v�� �h�i�l�b�q�_�k�d�h�c�� �\�h�e�g�u�� �[�m�^�_�l�� �j�Z�\�g�Z�� �d�\�Z�^�j�Z�l�m 
�f�h�^�m�e�y�� �d�h�f�i�e�_�d�k�g�h�c�� �Z�f�i�e�b�l�m�^�u (�k�f. �I�j�b�e. I, �n�h�j�f�m�e�Z (�I .I.10)). �L�Z-
�d�Z�y���\�h�e�v�g�h�k�l�v���^�h�i�m�k�l�b�f�Z���\���k�e�m�q�Z�_���\�h�e�g�h�\�h�c���h�i�l�b�d�b, �b�a�m�q�Z�x�s�_�c���i�j�h-
�p�_�k�k�u���b�g�l�_�j�n�_�j�_�g�p�b�b���b���^�b�n�j�Z�d�p�b�b���k�\�_�l�Z, �]�^�_���b�k�k�e�_�^�m�_�l�k�y���\���h�k�g�h�\�g�h�f 
�i�j�h�k�l�j�Z�g�k�l�\�_�g�g�h�_���i�h�e�h�`�_�g�b�_���f�Z�d�k�b�f�m�f�h�\���b���f�b�g�b�f�m�f�h�\���b���b�o���h�l�g�h�k�b-
�l�_�e�v�g�Z�y���b�g�l�_�g�k�b�\�g�h�k�l�v. 

�;�h�e�_�_�� �l�h�q�g�h�_�� �h�i�j�_�^�_�e�_�g�b�_�� �b�g�l�_�g�k�b�\�g�h�k�l�b�� �^�Z�_�l�� �d�\�Z�g�l�h�\�Z�y�� �l�_�h�j�b�y 
�k�\�_�l�Z. �B�a�f�_�j�b�l�v�� �b�a�e�m�q�_�g�b�_�� �h�i�l�b�q�_�k�d�h�c�� �\�h�e�g�u �� ��trU ,  �f�]�g�h�\�_�g�g�h�� �g�_-
�\�h�a�f�h�`�g�h, �l. �d. �i�j�b�_�f�g�b�d���b�a�e�m�q�_�g�b�y�� �i�j�b�g�b�f�Z�_�l (�j�_�Z�]�b�j�m�_�l) �g�Z�� �q�b�k�e�h 
�n�h�l�h�g�h�\, �^�h�k�l�b�]�Z�x�s�b�o���q�m�\�k�l�\�b�l�_�e�v�g�h�c���i�e�h�s�Z�^�d�b���i�j�b�_�f�g�b�d�Z���a�Z���g�_�d�h-
�l�h�j�h�_�� �d�h�g�_�q�g�h�_�� �\�j�_�f�y T�!�!�W . �I�h�� �w�l�h�c�� �i�j�b�q�b�g�_�� �g�_�\�h�a�f�h�`�g�h�� �i�j�y�f�u�f 
�k�i�h�k�h�[�h�f, �i�h�f�_�s�Z�y�� �h�i�l�b�q�_�k�d�b�c�� �i�j�b�_�f�g�b�d�� �\�� �g�_�d�h�l�h�j�m�x�� �h�[�e�Z�k�l�v, �]�^�_ 
�j�Z�k�i�j�h�k�l�j�Z�g�y�_�l�k�y�� �\�h�e�g�Z, �b�a�f�_�j�b�l�v�� �_�_�� �Z�f�i�e�b�l�m�^�m�� �b�� �n�Z�a�m. �I�j�b�_�f�g�b�d 
�k�\�_�l�Z�� �[�m�^�_�l�� �j�_�]�b�k�l�j�b�j�h�\�Z�l�v�� �b�g�l�_�g�k�b�\�g�h�k�l�v�� �i�h�e�y, �m�k�j�_�^�g�_�g�g�m�x�� �i�h 
�\�j�_�f�_�g�b. �A�Z�f�_�l�b�f, �q�l�h�� �\�� �j�Z�^�b�h�^�b�Z�i�Z�a�h�g�_�� �i�j�b�_�f�g�b�d�� �j�Z�^�b�h�\�h�e�g�� �j�_�]�b-
�k�l�j�b�j�m�_�l�� �f�]�g�h�\�_�g�g�h�_�� �a�g�Z�q�_�g�b�_, �g�Z�i�j�b�f�_�j�� �g�Z�i�j�y�`�_�g�g�h�k�l�v�� �i�h�e�y (�Z�f-
�i�e�b�l�m�^�m���b���n�Z�a�m). 

�H�i�l�b�q�_�k�d�Z�y���f�h�s�g�h�k�l�v���o�Z�j�Z�d�l�_�j�b�a�m�_�l���h�i�l�b�q�_�k�d�m�x���b�g�l�_�g�k�b�\�g�h�k�l�v, 
�i�j�h�o�h�^�y�s�m�x���q�_�j�_�a���i�e�h�s�Z�^�v : 

�� �� �� ��, .
S

P t I r t dS� �³      (2.27) 

�H�i�l�b�q�_�k�d�Z�y���w�g�_�j�]�b�y (�\���^�`�h�m�e�y�o), �g�Z�d�h�i�e�_�g�g�Z�y���a�Z���^�Z�g�g�u�c���\�j�_�f�_�g-
�g�h�c�� �b�g�l�_�j�\�Z�e, �y�\�e�y�_�l�k�y�� �b�g�l�_�]�j�Z�e�h�f�� �h�i�l�b�q�_�k�d�h�c�� �f�h�s�g�h�k�l�b�� �a�Z�� �^�Z�g�g�h�_ 
�\�j�_�f�y: 

� � � �1 .�W�g�_�j�]�b�y P t dt
t

�  � ³      (2.28) 

�F�Z�l�_�f�Z�l�b�q�_�k�d�b�� �b�g�l�_�g�k�b�\�g�h�k�l�v�� �h�i�l�b�q�_�k�d�h�c�� �\�h�e�g�u�� �m�^�h�[�g�h�� �i�j�_�^-
�k�l�Z�\�b�l�v���\���d�h�f�i�e�_�d�k�g�h�f���\�b�^�_:  

S
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� � � � � � � �
2

2

2
12),(2, rUtrUtrI

� ˜

� ˜� ˜�  � ˜�  , 

� � � � � � � �
2

rUrI
� ˜

�  .      (2.29) 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f, �h�i�l�b�q�_�k�d�Z�y�� �b�g�l�_�g�k�b�\�g�h�k�l�v�� �f�h�g�h�o�j�h�f�Z�l�b�q�_�k�d�b�o 
�\�h�e�g���j�Z�\�g�Z���d�\�Z�^�j�Z�l�m���Z�[�k�h�e�x�l�g�h�]�h���a�g�Z�q�_�g�b�y���d�h�f�i�e�_�d�k�g�h�c���Z�f�i�e�b�l�m�^�u. 

 
 

2.5. ʉʬʝʨʠʯʝʩʢʘʷ ʚʦʣʥʘ 
 

�<�_�j�g�_�f�k�y���d���\�h�e�g�h�\�h�f�m�� �m�j�Z�\�g�_�g�b�x (2.13) �b���i�_�j�_�i�b�r�_�f���_�]�h���\���k�n�_-
�j�b�q�_�k�d�h�c�� �k�b�k�l�_�f�_�� �d�h�h�j�^�b�g�Z�l. �?�k�e�b�� �i�j�_�^�i�h�e�h�`�b�l�v, �q�l�h�� �_�]�h�� �j�_�r�_�g�b�_ 
�k�n�_�j�b�q�_�k�d�b�� �k�b�f�f�_�l�j�b�q�g�h, �l�h�� �f�h�`�g�h�� �i�h�k�l�m�i�b�l�v�� �k�e�_�^�m�x�s�b�f�� �h�[�j�Z�a�h�f 
[11]. 

�I�m�k�l�v �N�&�� �_�k�l�v�� �j�Z�^�b�m�k���\�_�d�l�h�j, �i�j�h�\�_�^�_�g�g�u�c�� �\�� �^�Z�g�g�m�x�� �l�h�q�d�m�� �b�a 
�g�Z�q�Z�e�Z���d�h�h�j�^�b�g�Z�l, �l�h�]�^�Z 

�N�6 = �T�6+ �U�6+ �V�6.     (2.30) 
�I�j�h�^�b�n�n�_�j�_�g�p�b�j�m�_�f���^�Z�g�g�h�_���m�j�Z�\�g�_�g�b�_���i�h x,y,z, �k�h�h�l�\�_�l�k�l�\�_�g�g�h. 

2�N
�!�å

�!�ë
= 2 �T���\ ��

�!�å

�!�ë
=

�ë

�å
 ;       

2� N
�!�å

�!�ì
= 2 � U� \ � �

�!�å

�!�ì
=

�ì

�å
 ;     (2.31) 

2�N
�!�å

�!�í
= 2 �V���\ ��

�!�å

�!�í
=

�í

�å
 .      

�M�q�b�l�u�\�Z�y�� �i�h�e�m�q�_�g�g�u�_�� �q�Z�k�l�g�u�_�� �^�b�n�n�_�j�_�g�p�b�Z�e�u, �a�Z�i�b�r�_�f  �\�u�j�Z-
�`�_�g�b�y�� �^�e�y�� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�o�� �d�h�f�i�h�g�_�g�l�� �\�h�e�g�h�\�h�c�� �n�m�g�d�p�b�b�� �\�� �k�n�_�j�b-
�q�_�k�d�b�o���d�h�h�j�^�b�g�Z�l�Z�o: 

�! �. �Î

�!�ë�. =
�! �.�Î

�!�å�. 
F
�ë�.

�å�/
�®

�!�Î

�!�å
+

�5

�å
�®

�!�Î

�!�å
 ;      

� !� .� Î

�!�ì �. =
�ì �.

�å�.
�®

�! �.�Î

�!�å�.

F

�ì �.

�å�/
�®

�!�Î

�!�å
+

�5

�å
�®

�!�Î

�!�å
 ;   (2.32) 

�! �. �Î

�!�í �. =
�í�.

�å�.
�®

�! �.�Î

�!�å�. 
F
�í�.

�å�/
�®

�!�Î

�!�å
+

�5

�å
�®

�!�Î

�!�å
.      

�I�h�^�k�l�Z�\�e�y�y (2.32) �\���\�h�e�g�h�\�h�_���m�j�Z�\�g�_�g�b�_ (2.13), �i�h�e�m�q�b�f: 
 



28 
 

�@
�ë�.

�å�.
+

�ì �.

�å�.
+

�í�.

�å�.
�A

�! �. �Î

�!�å�. 
F�@
�ë�.

�å�/
+

�ì �.

�å�/
+

�í�.

�å�/
�A

�!�Î

�!�å
+

�7

�å
�®

�!�Î

�!�å
=

�5

�Ö�.
�®

�! �. �Î

�!�ç�.
 , 

�! �. �Î

�!�å�.

F

�5

�å
�®

�!�Î

�!�å
+

�7

�å
�®

�!�Î

�!�å
=

�5

�Ö�.
�®

�! �. �Î

�!�ç�.
  , 

�! �. �Î

�!�å�.
+

�6

�å
�®

�!�Î��

�!�å��
��=

�5

�Ö�.
�®

�! �. �Î

�!�ç�.
 .    (2.33) 

�G�Z�a�g�Z�q�b�f  

�7�ñ= �N�®�7.     (2.34) 

�L�h�]�^�Z 
�!�Î �ò

�!�å
= �N�®

�!�Î

�!�å
+ �7; 

�! �. �Î �ò

�!�å�. = �N�®
�! �.�Î

�!�å�.
+

�!�Î

�!�å
+

�!�Î

�!�å
= �N�®

�! �. �Î

�!�å�.
+ 2

�!�Î

�!�å
; 

�h�l�d�m�^�Z     
�! �. �Î

�!�å�. +
�6

�å

�!�Î

�!�å
=

�5

�å

�! �. �Î �ò

�!�å�. .                                  (2.35) 

�M�q�b�l�u�\�Z�y (2.34):  
�!�Î �ò

�!�ç
= �N�®

�!�Î

�!�ç
, 

�h�l�d�m�^�Z     
�! �. �Î �ò

�!�ç�.
= �N�®

�! �.�Î

�!�ç�.
�œ

�! �.�Î

�!�ç�.
=

�5

�å
�®

�! �.�Î �ò

�!�ç�ò
.                       (2.36) 

�K�e�_�^�h�\�Z�l�_�e�v�g�h, �i�h�^�k�l�Z�\�e�y�y (2.35) �b (2.36) �\ (2.33), �i�h�e�m�q�b�f: 
�5

�å
�®

�! �. �Î �ò

�!�å�. =
�5

�å
�®

�5

�Ö�.
�®

�! �.�Î �ò

�!�ç�.
 ,      

�! �.( �å�®�Î��) ��

�!�å�. =
�5

�Ö�.
�®

�! �.( �å�®�Î )

�!�ç�.
 .    (2.37) 

�J�_�r�_�g�b�_���^�Z�g�g�h�]�h���\�h�e�g�h�\�h�]�h���m�j�Z�\�g�_�g�b�y���b�a�\�_�k�l�g�h: 

�N�7= �7�4cos(�ñ�P
F�G�N);    � 7=
� Î� ,

� å
cos(�ñ�P
F �G�N),   (2.38) 

�b���\���d�h�f�i�e�_�d�k�g�h�f���\�b�^�_: ���7�6(�N,�P) =
�Î�6(�å)

�å
�A�Ý� �ç=

�Î �, �Ø�7�Õ�Ö�Ý

�å
�A�Ý� �ç.              (2.39) 

�N�Z�a�h�\�u�_�� �n�j�h�g�l�u�� �k�n�_�j�b�q�_�k�d�b�o�� �\�h�e�g�� �i�j�_�^�k�l�Z�\�e�y�x�l�� �k�n�_�j�b�q�_�k�d�b�_ 
�i�h�\�_�j�o�g�h�k�l�b, �h�l�k�l�Z�x�s�b�_�� �^�j�m�]�� �h�l�� �^�j�m�]�Z�� �g�Z�� �j�Z�k�k�l�h�y�g�b�_ �M�ã 
���k�f. �j�b�k. 2.4), �]�^�_ �ã�� �f�h�`�g�h�� �g�Z�c�l�b�� �b�a�� �k�h�h�l�g�h�r�_�g�b�y �G�,�&�N�&= 2 �è�M (q =  
= 1, 2, 3…), 

�6��

��
�N= 2 �è�M; 

�N= �M�ã������
k�M= 1, ��2,��3 …
o.     (2.40) 

�A�Z�f�_�l�b�f, �q�l�h���Z�f�i�e�b�l�m�^�Z���k�n�_�j�b�q�_�k�d�b�o���\�h�e�g���a�Z�l�m�o�Z�_�l���i�h���f�_�j�_���j�Z�k-
�i�j�h�k�l�j�Z�g�_�g�b�y���i�h���a�Z�d�h�g�m 

�5

�å
, �Z���b�g�l�_�g�k�b�\�g�h�k�l�v���í 

�5

�å�.
 . 
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�+(�N) =
|�Î�6(�å)| �.

�å�.
 .     (2.41) 

�H�l�k�x�^�Z�� �k�e�_�^�m�_�l, �q�l�h�� �d�h�e�b�q�_�k�l�\�h�� �w�g�_�j�]�b�b, �i�j�h�l�_�d�Z�x�s�_�c�� �q�_�j�_�a 
�_�^�b�g�b�p�m�� �\�h�e�g�h�\�h�c�� �i�h�\�_�j�o�g�h�k�l�b, �i�j�h�i�h�j�p�b�h�g�Z�e�v�g�h 

�5

�å�.
�� �b, �k�e�_�^�h�\�Z�l�_�e�v-

�g�h, �i�h�e�g�Z�y�� �w�g�_�j�]�b�y, �i�j�h�o�h�^�y�s�Z�y���q�_�j�_�a�� �e�x�[�m�x�� �d�h�g�p�_�g�l�j�b�q�_�k�d�m�x���k�n�_-
�j�m�� �k�� �p�_�g�l�j�h�f�� �\�� �g�Z�q�Z�e�_���d�h�h�j�^�b�g�Z�l, �g�_���a�Z�\�b�k�b�l�� �h�l  �N, �l. �d. �i�h�\�_�j�o�g�h�k�l�v 
�k�n�_�j�u���j�Z�^�b�m�k�Z r���j�Z�\�g�Z �v�è�N�6. 

 

 
�J�b�k. 2.4. �N�Z�a�h�\�u�_���n�j�h�g�l�u���k�n�_�j�b�q�_�k�d�h�c���\�h�e�g�u 

 

�A�Z�f�_�l�b�f, �q�l�h���\�h�e�g�u���k���d�h�f�i�e�_�d�k�g�h�c���Z�f�i�e�b�l�m�^�h�c �7(�N) =
�Î �, �Ø�7�Õ�Ö�Ý

�å
�����j�Z�k-

�i�j�h�k�l�j�Z�g�y�x�l�k�y���h�l���b�k�l�h�q�g�b�d�Z (�\���^�Z�g�g�h�f���k�e�m�q�Z�_���g�Z�q�Z�e�h���d�h�h�j�^�b�g�Z�l), �Z���\�h�e-

�g�u�� �k�� �d�h�f�i�e�_�d�k�g�h�c�� �Z�f�i�e�b�l�m�^�h�c �7(�N) =
�Î �, �Ø�Õ�Ö�Ý

�å
�� �h�i�b�k�u�\�Z�x�l�� �\�h�e�g�m, �k�o�h�^�y-

�s�m�x�k�y���d���g�Z�q�Z�e�m���d�h�h�j�^�b�g�Z�l. 
 
 

2.6. �D�\�Z�a�b�i�e�h�k�d�b�_���\�h�e�g�u. 
�<�h�e�g�h�\�h�_���m�j�Z�\�g�_�g�b�_���=�_�e�v�f�]�h�e�v�p�Z���^�e�y���i�Z�j�Z�d�k�b�Z�e�v�g�u�o���\�h�e�g 

 
�G�Z���i�j�Z�d�l�b�d�_���g�_�\�h�a�f�h�`�g�h���k�h�a�^�Z�l�v���b�k�l�h�q�g�b�d�b���k�\�_�l�Z, �]�_�g�_�j�b�j�m�x�s�b�_ 

�i�e�h�k�d�b�_���\�h�e�g�u. �D�h�g�_�q�g�Z�y���i�j�h�l�y�`�_�g�g�h�k�l�v, �b�e�b, �d�Z�d���i�j�b�g�y�l�h���]�h�\�h�j�b�l�v, 
�d�h�g�_�q�g�Z�y���Z�i�_�j�l�m�j�Z���b�k�l�h�q�g�b�d�Z, �i�j�b�\�h�^�b�l���d���l�h�f�m, �q�l�h���Z�f�i�e�b�l�m�^�Z���k�\�_�l�h-
�\�u�o���d�h�e�_�[�Z�g�b�c���b�a�f�_�g�y�_�l�k�y���\���i�e�h�k�d�h�k�l�b, �i�_�j�i�_�g�^�b�d�m�e�y�j�g�h�c���g�Z�i�j�Z�\�e�_-
�g�b�x�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�y�� �k�\�_�l�Z, – �\�h�a�g�b�d�Z�_�l�� �i�j�h�k�l�j�Z�g�k�l�\�_�g�g�h-
�f�h�^�m�e�b�j�h�\�Z�g�g�Z�y���\�h�e�g�Z. �<���i�j�h�k�l�j�Z�g�k�l�\�_�g�g�h���f�h�^�m�e�b�j�h�\�Z�g�g�h�c���k�\�_�l�h�\�h�c 
�\�h�e�g�_���a�g�Z�q�_�g�b�y���Z�f�i�e�b�l�m�^�u���b���n�Z�a�u���a�Z�\�b�k�y�l���h�l���d�h�h�j�^�b�g�Z�l�u, �l. �_. �b�f�_�_�l 
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�f�_�k�l�h�� �k�b�l�m�Z�p�b�y, �i�j�b�g�p�b�i�b�Z�e�v�g�h�� �h�l�e�b�q�Z�x�s�Z�y�k�y�� �h�l�� �l�Z�d�h�\�h�c�� �^�e�y�� �i�e�h�k-
�d�h�c���\�h�e�g�u. 

�J�Z�k�k�f�h�l�j�b�f�� �i�Z�j�Z�d�k�b�Z�e�v�g�u�_ (�i�j�b�h�k�_�\�u�_) �\�h�e�g�u, �l. �_. �\�h�e�g�u, �g�h�j-
�f�Z�e�b���\�h�e�g�h�\�u�o���n�j�h�g�l�h�\���d�h�l�h�j�u�o���y�\�e�y�x�l�k�y���i�Z�j�Z�d�k�b�Z�e�v�g�u�f�b (�i�j�b�h�k�_-
�\�u�f�b) �e�m�q�Z�f�b [21]. �>�e�y���i�j�_�^�k�l�Z�\�e�_�g�b�y���l�Z�d�b�o���\�h�e�g���i�j�_�^�i�h�e�h�`�b�f, �q�l�h 
�b�f�_�_�f���i�e�h�k�d�m�x���\�h�e�g�m, �d�h�f�i�e�_�d�k�g�Z�y���Z�f�i�e�b�l�m�^�Z���d�h�l�h�j�h�c �#�A�?�Ý�Þ�í – «�g�_-
�k�m�s�Z�y» �\�h�e�g�Z. �B�a�f�_�g�_�g�b�y���Z�f�i�e�b�l�m�^�u �#���i�j�b�\�_�^�m�l���d «�f�h�^�m�e�y�p�b�b» �^�Z�g-
�g�h�c�� �\�h�e�g�u, �#�:�N) – �d�h�f�i�e�_�d�k�g�Z�y�� �h�]�b�[�Z�x�s�Z�y. �L�h�]�^�Z�� �d�h�f�i�e�_�d�k�g�m�x�� �Z�f-
�i�e�b�l�m�^�m���i�Z�j�Z�d�k�b�Z�e�v�g�u�o���\�h�e�g���f�h�`�g�h���i�j�_�^�k�l�Z�\�b�l�v: 

�7�6(�N) 
 L � #� :� N� ; � ® � A�?�Ý�Þ�í.     (2.42) 

�>�e�y�� �l�Z�d�h�]�h�� �i�j�b�[�e�b�`�_�g�b�y (�Z�i�i�j�h�d�k�b�f�Z�p�b�b) �d�� �i�e�h�k�d�b�f�� �\�h�e�g�Z�f 
�g�_�h�[�o�h�^�b�f�h���m�q�_�k�l�v, �q�l�h���b�a�f�_�g�_�g�b�_���d�h�f�i�e�_�d�k�g�h�c���h�]�b�[�Z�x�s�_�c A(r) �b���_�_ 
�i�j�h�b�a�\�h�^�g�Z�y���i�h���g�Z�i�j�Z�\�e�_�g�b�x z �^�h�e�`�g�u���[�u�l�v���f�_�g�v�r�_, �q�_�f���^�e�b�g�Z���\�h�e-
�g�u � ã= �t�è

�G
W . 

� Z       � [ 

 
�J�b�k. 2.5. �I�Z�j�Z�d�k�b�Z�e�v�g�Z�y���\�h�e�g�Z: �Z – �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_���i�h���h�k�b z;  

�[ – �\�h�e�g�h�\�u�_���n�j�h�g�l�u���\���i�e�h�k�d�h�k�l�b x–z 
 

�G�Z�� �j�b�k. 2.5, �Z �i�h�d�Z�a�Z�g�Z�� �\�h�e�g�h�\�Z�y�� �n�m�g�d�p�b�y�� �i�Z�j�Z�d�k�b�Z�e�v�g�h�c�� �\�h�e�g�u 
�i�h�� �g�Z�i�j�Z�\�e�_�g�b�x z (x = 0, y = 0). �G�Z�� �j�b�k. 2.5, �[�� �i�h�d�Z�a�Z�g�u�� �\�h�e�g�h�\�u�_ 
�n�j�h�g�l�u�� �b�� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�_�� �g�h�j�f�Z�e�b�� �d�� �g�b�f (�e�m�q�b) �\�� �i�e�h�k�d�h�k�l�b x–z. 
�<�h�e�g�h�\�m�x�� �n�m�g�d�p�b�x�� �f�h�`�g�h�� �i�j�_�^�k�l�Z�\�b�l�v�� �]�j�Z�n�b�q�_�k�d�b, �_�k�e�b�� �i�j�_�^�i�h�e�h-
�`�b�l�v, �q�l�h�� �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_�� �i�h�� �g�Z�i�j�Z�\�e�_�g�b�x z, �i�j�b 
t = 0 �b x = y = 0 

�7(� N� á � P) = |�#�:�N)| cos(�ñ�P 
F �G�V 
E �=�N�C{�#�:�N)}).   (2.43) 

�D�Z�d�� �\�b�^�b�f�� �b�a�� �\�u�j�Z�`�_�g�b�y (2.43) �b�� �j�b�k. 2.5, �Z�� �\�h�e�g�h�\�Z�y�� �n�m�g�d�p�b�y 
�i�j�b � :� T= 0, � U= 0, � P= 0) ���i�j�_�^�k�l�Z�\�e�y�_�l���d�h�k�b�g�m�k�h�b�^�Z�e�v�g�m�x���a�Z�\�b�k�b�f�h�k�l�v 
�h�l z�� �k�� �Z�f�i�e�b�l�m�^�h�c |�#(0,0, �V)|�� �b�� �g�Z�q�Z�e�v�g�h�c�� �n�Z�a�h�c �=�N�C{�#(0,0,�V)}, �d�Z�-̀
�^�Z�y���b�a���d�h�l�h�j�u�o���f�_�g�y�_�l�k�y���i�h���g�Z�i�j�Z�\�e�_�g�b�x z. 
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�L�Z�d���d�Z�d���n�Z�a�h�\�Z�y���k�h�k�l�Z�\�e�y�x�s�Z�y �=�N�C{�#(�T,�U,�V)}�� �f�_�g�y�_�l�k�y�� �g�_�a�g�Z�q�b-
�l�_�e�v�g�h���g�Z���j�Z�k�k�l�h�y�g�b�b, �j�Z�\�g�h�f���^�e�b�g�_���\�h�e�g�u �ã, �l�h���b�a�f�_�g�_�g�b�y���\�h�e�g�h�\�u�o 
�n�j�h�g�l�h�\�� �g�_�k�m�s�_�c�� �i�e�h�k�d�h�c�� �\�h�e�g�u (�G�V= 2 �è�M,�M= 1, � �2 … )�� �l�h�`�_�� �f�_�g�y-
�x�l�k�y�� �f�_�^�e�_�g�g�h�� �b�� �i�e�Z�\�g�h�� �l�Z�d, �q�l�h�� �b�o�� �g�h�j�f�Z�e�b�� �h�[�j�Z�a�m�x�l�� �i�Z�j�Z�d�k�b�Z�e�v-
�g�u�_���\�h�e�g�u, �j�b�k. 2.5, �[. 

�I�h�^�k�l�Z�\�e�y�y���\�h�e�g�h�\�m�x���n�m�g�d�p�b�x���i�Z�j�Z�d�k�b�Z�e�v�g�u�o���\�h�e�g (2.42) �\���\�h�e-
�g�h�\�h�_�� �m�j�Z�\�g�_�g�b�_�� �=�_�e�v�f�]�h�e�v�p�Z (2.25), �g�Z�c�^�_�f�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�_ 
�m�j�Z�\�g�_�g�b�_���^�e�y���d�h�f�i�e�_�d�k�g�h�c���h�]�b�[�Z�x�s�_�c �#(�N). 

�I�j�_�^�i�h�e�h�`�_�g�b�_, �q�l�h �#(�N)�� �f�_�g�y�_�l�k�y�� �f�_�^�e�_�g�g�h�� �i�h�� �g�Z�i�j�Z�\�e�_�g�b�x z, 
�i�h�a�\�h�e�y�_�l�� �m�l�\�_�j�`�^�Z�l�v, �q�l�h�� �g�Z�� �j�Z�k�k�l�h�y�g�b�b �� �V= �ã�� �b�a�f�_�g�_�g�b�_ �� �# 
�g�Z�f�g�h�]�h���f�_�g�v�r�_���i�h���\�_�e�b�q�b�g�_, �q�_�f���k�Z�f�Z �#, �l. �_. �� �# �' �#. 

�?�k�e�b �� �#=
�!�º

�!�í
�� �V=

�!�º

�!�í
�I , �l�h   

�!�º

�!�í
=

�|�º

��
�'

�º

��
 , 

�l. �d. �G= 2�è
�ã
W, �ã=

�6��

�Þ
,  �l�h ��

�!�º

�!�í
�'

�º�Þ

�6��
< �#· �G, 

�!�º

�!�í
�' �#· �G. 

�<�l�h�j�Z�y���i�j�h�b�a�\�h�^�g�Z�y���l�h�`�_���^�h�e�`�g�Z���f�_�g�y�l�v�k�y���f�_�^�e�_�g�g�h���g�Z���j�Z�k�k�l�h�y-
�g�b�b �ã, �k�e�_�^�h�\�Z�l�_�e�v�g�h: 

�!���. �º

�!�í �. �' �G
�!�º

�!�Ó
�' �G�#�G= �G�6 · �#����;������������������������

�!���. �º

�!�í �. �' �G�6��· �#.   (2.44) 

�>�e�y���^�Z�e�v�g�_�c�r�_�]�h���Z�g�Z�e�b�a�Z���m�^�h�[�g�h���i�j�_�^�k�l�Z�\�b�l�v���h�i�_�j�Z�l�h�j���E�Z�i�e�Z�k�Z���\ 
�b�g�h�f���\�b�^�_: 

�Ï �6 = �Ï �Õ
�6 + 

�! �.

�!�í �. ,     (2.45) 

�]�^�_ �Ï �Õ
�6 – �i�h�i�_�j�_�q�g�u�c�� �h�i�_�j�Z�l�h�j�� �E�Z�i�e�Z�k�Z (�b�g�^�_�d�k�� �L�� �h�[�h�a�g�Z�q�Z�_�l�� �i�h�i�_-

�j�_�q�g�h�k�l�v – Transverse). 

�Ï �Õ
�6 = 

�! �.

�!�ë�. +
�! �.

�!�ì �. 
.     (2.46) 

�I�h�^�k�l�Z�g�h�\�d�Z���\�h�e�g�h�\�h�c���n�m�g�d�p�b�b���\���m�j�Z�\�g�_�g�b�_���=�_�e�v�f�]�h�e�v�p�Z (2.25) �b 
�g�_�d�h�l�h�j�u�_���i�j�_�h�[�j�Z�a�h�\�Z�g�b�y���i�j�b�\�h�^�y�l:  

�7(�N) = �#(�N)�A�?�Ý�Þ�í
��

�\ �����Ï �6�7�6(�N) + �G�6�7 = 0 ; 

�Ï �Õ
�6���Â 
[�#�A�?�Ý�Þ�í
_ + 

�! �.

�!�í �. ��
[�#�A�?�Ý�Þ�í
_ + �G�6�#�A�?�Ý�Þ�í = 0; 

�A�?�Ý�Þ�í [�Ï �Õ
�6 �®�#] + 

�!

�!�í
 �D

�!�º

�!�í
�A�?�Ý�Þ�í+ �#�:
F�F�G)�A�?�Ý�Þ�í�E+ �G�6�#�A�?�Ý�Þ�í= 0 ; 
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�Ï �Õ
�6 �®�# + 

�! �. �º

�!�í �. �����í 2jk��
�!�º

�!�í
  = 0.    (2.47) 

�H�^�g�Z�d�h���k�h�]�e�Z�k�g�h (2.44) 
�! �. �º

�!�í �.  �'  k��
�!�º

�!�í
 , �k�e�_�^�h�\�Z�l�_�e�v�g�h, �f�h�`�g�h���i�j�_�g�_-

�[�j�_�q�v���k�e�Z�]�Z�_�f�u�f 
�! �. �º

�!�í �. ���\ (2.47): 

�Ï �Õ
�6 �®�#��
F��2�F�G��

�!�º

�!�í
= 0 .    (2.48) 

�>�Z�g�g�h�_�� �m�j�Z�\�g�_�g�b�_�� �g�Z�a�u�\�Z�_�l�k�y�� �m�j�Z�\�g�_�g�b�_�f�� �=�_�e�v�f�]�h�e�v�p�Z�� �^�e�y�� �i�Z-
�j�Z�d�k�b�Z�e�v�g�u�o���\�h�e�g, �b�e�b���i�Z�j�Z�d�k�b�Z�e�v�g�h�_���m�j�Z�\�g�_�g�b�_���=�_�e�v�f�]�h�e�v�p�Z. 

�G�Z�i�h�f�b�g�Z�_�f, �q�l�h�� �^�Z�g�g�h�_�� �m�j�Z�\�g�_�g�b�_�� �i�h�e�m�q�b�e�h�k�v�� �b�a�� �m�j�Z�\�g�_�g�b�y 
�=�_�e�v�f�]�h�e�v�p�Z�� �i�j�b�� �Z�i�i�j�h�d�k�b�f�Z�p�b�b�� �i�e�h�k�d�h�c�� �\�h�e�g�u�� �\�h�e�g�h�c�� �k�� �f�_�^�e�_�g�g�h 
�f�_�g�y�x�s�_�c�k�y���h�]�b�[�Z�x�s�_�c (�d�\�Z�a�b�i�e�h�k�d�Z�y���\�h�e�g�Z). 

�I�j�h�k�l�u�f�� �j�_�r�_�g�b�_�f�� �i�Z�j�Z�d�k�b�Z�e�v�g�h�]�h�� �m�j�Z�\�g�_�g�b�y�� �=�_�e�v�f�]�h�e�v�p�Z�� �y�\-
�e�y�x�l�k�y�� �l�Z�d�� �g�Z�a�u�\�Z�_�f�u�_�� �i�Z�j�Z�[�h�e�h�b�^�Z�e�v�g�u�_�� �\�h�e�g�u, �d�h�l�h�j�u�_�� �i�h�e�m�q�Z-
�x�l�k�y���i�j�b���Z�i�i�j�h�d�k�b�f�Z�p�b�b���i�Z�j�Z�d�k�b�Z�e�v�g�u�o���k�n�_�j�b�q�_�k�d�b�o���\�h�e�g. 

�I�Z�j�Z�[�h�e�h�b�^�Z�e�v�g�u�_���\�h�e�g�u.���>�h�i�m�k�l�b�f, �b�k�l�h�q�g�b�d���b�a�e�m�q�_�g�b�y���k�n�_�j�b-
�q�_�k�d�b�o���\�h�e�g���g�Z�o�h�^�b�l�k�y���\���g�Z�q�Z�e�_���d�h�h�j�^�b�g�Z�l (r = 0). 

�J�Z�k�k�f�h�l�j�b�f�� �\�h�e�g�m�� �\�� �l�h�q�d�_ r (x,y,z), �g�Z�o�h�^�y�s�_�c�k�y�� �h�q�_�g�v�� �[�e�b�a�d�h�� �d 
�h�k�b z, �g�h���h�q�_�g�v���^�Z�e�_�d�h���h�l���b�k�l�h�q�g�b�d�Z, �l. �_.  


¥�T�6+ �U�6 �' �V;  
§ �ë �. �>�ì�.

�í�.
 � ' 1; 

�ë�. �>�ì�.

�í�.
 � ' 1. 

�H�^�g�Z�d�h, �i�h���Z�g�Z�e�h�]�b�b�� �k�� �e�m�q�_�\�h�c�� �h�i�l�b�d�h�c, �i�j�b���Z�i�i�j�h�d�k�b�f�Z�p�b�b���i�Z-
�j�Z�d�k�b�Z�e�v�g�u�o���\�h�e�g���i�Z�j�Z�d�k�b�Z�e�v�g�u�f�b�� �e�m�q�Z�f�b���k�� �f�Z�e�_�g�v�d�b�f�b�� �m�]�e�Z�f�b�� �h�l-
�d�e�h�g�_�g�b�y���i�h���h�l�g�h�r�_�g�b�x���d���h�k�b z: 

�O�E�J�à
N�à,  �]�^�_ �à�6 � ' 1;  �l. �d. �à�6 = 
�ë�. �>�ì�.

�í�.
 . 

�K�e�_�^�h�\�Z�l�_�e�v�g�h, �f�h�`�g�h�� �\�u�j�Z�a�b�l�v�� �j�Z�^�b�m�k���\�_�d�l�h�j�� �h�l�� �m�]�e�Z ��� � � b�e�b� � � h� l 
�i�j�h�k�l�j�Z�g�k�l�\�_�g�g�u�o���d�h�h�j�^�b�g�Z�l x���b y 

�N�6 = �T�6+ �U�6 + �V�6; r = 
¥�T�6+ �U�6��+ � � �V� 6 = 
§�V�6�@1 + � �
� ë� .�>�ì�.

�í�.
�A . 

�J�Z�a�e�Z�]�Z�y�� �i�h�k�e�_�^�g�_�_���\�u�j�Z�`�_�g�b�_���\���j�y�^���L�_�c�e�h�j�Z�� �b�� �m�q�b�l�u�\�Z�y���l�h�e�v�d�h 
�i�_�j�\�u�_�� �^�\�Z�� �q�e�_�g�Z�� �j�y�^�Z, �i�h�e�m�q�b�f�� �Z�i�i�j�h�d�k�b�f�b�j�m�x�s�_�_�� �\�u�j�Z�`�_�g�b�_�� �^�e�y 
�j�Z�^�b�m�k���\�_�d�l�h�j�Z: 

r = z�¾1 + ���à = z�@1 + � �
� �� .

� 6

 F� �

� �� 0

� <

 E � ®� A; 

r���§ z�@1 + � �
� �� .

� 6
� A = z + 

�ë�. �>�ì�.

�6���í
 .   (2.49) 
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�K���m�q�_�l�h�f (2.49) �d�h�f�i�e�_�d�k�g�m�x���Z�f�i�e�b�l�m�^�m���\�h�e�g�h�\�h�c���n�m�g�d�p�b�b���k�n�_-
�j�b�q�_�k�d�h�c���\�h�e�g�u (�k�f. (2.39)) �f�h�`�g�h���Z�i�i�j�h�d�k�b�f�b�j�h�\�Z�l�v: 

U(r) = 
�º�,

�å
 �A�?�Ý�Þ�å��  

�º�,

�í
 �A

�?�Ý�Þ
l�í�>
�ã�.�6�ä�.

�.���å
��
p
 

�7(�N) 
N
�º�,

�í
� � �A

�?�Ý�Þ
l
�ã�. �6�ä�.

�.���å
��
p

�A�?�Ý�Þ�í.    (2.50) 

�>�Z�g�g�Z�y�� �\�h�e�g�h�\�Z�y�� �n�m�g�d�p�b�y�� �g�Z�a�u�\�Z�_�l�k�y�� �N�j�_�g�_�e�_�\�k�d�h�c  �Z�i�i�j�h�d�k�b-
�f�Z�p�b�_�c���k�n�_�j�b�q�_�k�d�b�o���\�h�e�g���i�j�b���^�h�k�l�Z�l�h�q�g�h�c���m�^�Z�e�_�g�g�h�k�l�b���h�l���b�k�l�h�q�g�b�d�Z 
�k�n�_�j�b�q�_�k�d�b�o���\�h�e�g. 

�I�h�e�m�q�_�g�g�m�x�� �\�h�e�g�h�\�m�x�� �n�m�g�d�p�b�x (2.50) �f�h�`�g�h�� �i�j�_�^�k�l�Z�\�b�l�v�� �d�Z�d 
�i�e�h�k�d�m�x���\�h�e�g�m 

�#�4 �A�?�Ý�Þ�í, 

�f�h�^�m�e�b�j�h�\�Z�g�g�m�x���[�h�e�_�_���f�_�^�e�_�g�g�h���f�_�g�y�x�s�_�c�k�y���\�h�e�g�h�c 

�5

�í
�A

�?�Ý�Þ
l
�ã�.�6�ä�.

�.���å
��
p
, 

�m���d�h�l�h�j�h�c���n�Z�a�Z �G(�T�6 
 E � U� 6) �t�V�¤ . �D�Z�d���j�Z�a���w�l�Z���k�h�k�l�Z�\�e�y�x�s�Z�y���n�Z�a�u���f�_�g�y-
�_�l, �l�h�q�g�_�_���k�]�b�[�Z�_�l, �n�j�h�g�l�u���i�e�h�k�d�h�c���\�h�e�g�u���\���\�b�^�_���i�Z�j�Z�[�h�e�h�b�^�g�u�o���i�h-
�\�_�j�o�g�h�k�l�_�c (�j�b�k. 2.6), �l. �d. �m�j�Z�\�g�_�g�b�_���^�e�y���i�Z�j�Z�[�h�e�h�b�^�Z 

�ë�. �>�ì�.

���í
 = const. 

�D�Z�d���j�Z�a���\���w�l�h�c���h�[�e�Z�k�l�b���\�h�e�g�u���o�h�j�h�r�h���Z�i�i�j�h�d�k�b�f�b�j�m�x�l�k�y���i�Z�j�Z�[�h-
�e�h�b�^�Z�e�v�g�u�f�b���\�h�e�g�Z�f�b.  

 

 
�J�b�k. 2.6. �<�b�^���k�n�_�j�b�q�_�k�d�b�o���\�h�e�g 

���i�j�b���[�h�e�v�r�h�c���m�^�Z�e�_�g�g�h�k�l�b���h�l���b�k�l�h�q�g�b�d�Z 
 

�D�h�]�^�Z z���:���’ , �l�h�� �i�Z�j�Z�[�h�e�h�b�^�Z�e�v�g�Z�y�� �n�Z�a�h�\�Z�y�� �k�h�k�l�Z�\�e�y�x�s�Z�y 
�ë�. �>�ì�.

�6���í
���:  0 �b�� �h�[�s�Z�y�� �n�Z�a�Z�� �\�h�e�g�u�� �o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y�� �l�h�e�v�d�h �A�?�Ý�Þ�í. �B�� �l. �d. 

�\�_�e�b�q�b�g�Z �#�4 �V�¤ ���g�Z�� �l�Z�d�b�o���j�Z�k�k�l�h�y�g�b�y�o z���f�_�g�y�_�l�k�y���f�_�^�e�_�g�g�h, �l�h���k�n�_�j�b-
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�q�_�k�d�m�x�� �\�h�e�g�m�� �g�Z�� �l�Z�d�b�o�� �j�Z�k�k�l�h�y�g�b�y�o z���:���’�� �f�h�`�g�h�� �i�j�_�^�k�l�Z�\�b�l�v�� �i�e�h�k-
�d�h�c �A�?�Ý�Þ�í. 

 
 

2.7. �=�j�m�i�i�h�\�Z�y���k�d�h�j�h�k�l�v 
 

�J�_�Z�e�v�g�u�_�� �\�h�e�g�u�� �h�l�e�b�q�Z�x�l�k�y�� �h�l�� �f�h�g�h�o�j�h�f�Z�l�b�q�_�k�d�b�o, �d�h�l�h�j�u�_ 
�j�Z�k�k�f�Z�l�j�b�\�Z�e�b���g�Z���i�j�b�f�_�j�Z�o���i�e�h�k�d�h�c���b���k�n�_�j�b�q�_�k�d�h�c���\�h�e�g�u, �g�h���j�_�Z�e�v-
�g�u�_�� �\�h�e�g�u�� �f�h�`�g�h�� �i�j�_�^�k�l�Z�\�b�l�v�� �k�� �i�h�f�h�s�v�x�� �w�l�b�o�� �f�h�g�h�o�j�h�f�Z�l�b�q�_�k�d�b�o 
�\�h�e�g�� �f�_�l�h�^�h�f�� �j�Z�a�e�h�`�_�g�b�y�� �\�� �j�y�^�� �N�m�j�v�_ (�\�� �\�b�^�_�� �k�m�f�f�u�� �[�_�k�d�h�g�_�q�g�h 
�^�e�y�s�b�o�k�y���k�b�g�m�k�h�b�^���b���d�h�k�b�g�m�k�h�b�^). 

�I�j�_�^�i�h�e�h�`�b�f, �q�l�h���b�f�_�_�f 2 �]�Z�j�f�h�g�b�q�_�k�d�b�_���\�h�e�g�u���k���g�_�a�g�Z�q�b�l�_�e�v-
�g�h�� �h�l�e�b�q�Z�x�s�b�f�b�k�y�� �m�]�e�h�\�u�f�b���q�Z�k�l�h�l�Z�f�b. �G�Z�i�j�b�f�_�j, �h�^�g�Z���\�h�e�g�Z���b�f�_-
� _� l (� ñ
 E � ¿� ñ) �m�]�e�h�\�m�x�� �q�Z�k�l�h�l�m, �Z�� �^�j�m�]�Z�y (�ñ 
 F � ¿� ñ). �K�h�h�l�\�_�l�k�l�\�m�x�s�b�_ 
�\�h�e�g�h�\�u�_�� �q�b�k�e�Z (�l. �d.���G~ �ñ) �l�h�`�_�� �[�m�^�m�l�� �h�l�e�b�q�Z�l�v�k�y�� �m�� �w�l�b�o�� �^�\�m�o�� �\�h�e�g. 
�H�[�h�a�g�Z�q�b�f�� �b�o�� �d�Z�d (�G
 E � ¿� G) �^�e�y� � � i�_� j� \�h�c� � � \�h�e�g�u� � �b (�G
 F � ¿� G) �^�e�y�� �\�l�h�j�h�c 
�\�h�e�g�u [22]. 

�>�e�y�� �i�j�h�k�l�h�l�u�� �Z�g�Z�e�b�a�Z�� �i�j�_�^�i�h�e�h�`�b�f, �q�l�h�� �w�l�b�� �^�\�_�� �\�h�e�g�u�� �b�f�_�x�l 
�h�^�b�g�Z�d�h�\�m�x���Z�f�i�e�b�l�m�^�m 0U ���b���j�Z�k�i�j�h�k�l�j�Z�g�y�x�l�k�y���\���h�^�g�h�f���g�Z�i�j�Z�\�e�_�g�b�b 
z. �L�h�]�^�Z���k�m�i�_�j�i�h�a�b�p�b�y���w�l�b�o���^�\�m�o���\�h�e�g���[�m�^�_�l: 

�� � � � � � � � � � � � � � �
0 0

� ª � º � ª � º� Z� � � '� Z � � � � � ' � Z� � � '� Z � � � � � '� ¬ � ¼ � ¬ � ¼
� 6�  � � �  j t k k z j t k k zU U e U e  

� > � @ � > � @
0 0

� Z � �� '� Z � � � �� ' � Z � �� '� Z � � � �� '�  � � �  j t t kz kz j t t kz kzU e U e
 

� > � @ � > � @ � > � @ � > � @
0 0

� Z � � � '� Z � � � ' � Z � � � � � '� Z � � � '�  � ˜ � � � ˜ �  j t kz j t kz j t kz j t kzU e e U e e  
� > � @ � > � @ � > � @

0
� Z � � � '� Z � �� ' � � � '� Z � �� '� ª � º�  � � �  � ¬ � ¼

j t kz j t kz j t kzU e e e
 

� > � @� �� �
02 cos � Z � ��  � '� Z � � � ' j t kzU t kz e ; 

�> �@�� ��
02 cos � Z � �

� 6�  � '� Z � � � ' j t kzU U t kz e .   (2.51) 
�I�h�e�m�q�_�g�g�m�x�� �\�h�e�g�h�\�m�x�� �n�m�g�d�p�b�x�� �f�h�`�g�h�� �b�g�l�_�j�i�j�_�l�b�j�h�\�Z�l�v�� �l�Z�d: 

�b�f�_�_�f���h�^�g�m���g�_�k�m�s�m�x���\�h�e�g�m �� ��kztj
o eU ���Z2 , �f�h�^�m�e�b�j�h�\�Z�g�g�m�x���f�_�^�e�_�g�g�h 

�f�_�g�y�x�s�_�c�k�y�� �\�h�e�g�h�c �> �@kzt �'���' �Zcos , �d�h�l�h�j�m�x�� �_�s�_�� �g�Z�a�u�\�Z�x�l�� �h�]�b�[�Z�x-
�s�_�c (�j�b�k. 2.7). 
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�?�k�e�b�� �g�_�k�m�s�Z�y�� �\�h�e�g�Z�� �j�Z�k�i�j�h�k�l�j�Z�g�y�_�l�k�y�� �k�� �n�Z�a�h�\�h�c�� �k�d�h�j�h�k�l�v�x 

k
V�N

�Z
�  (�\�� �k�\�h�[�h�^�g�h�f�� �i�j�h�k�l�j�Z�g�k�l�\�_ cV�N � ), �l�h, �d�Z�d�� �\�b�^�b�f, �h�]�b�[�Z�x-

�s�Z�y�� �g�_�� �^�\�b�`�_�l�k�y�� �k�� �w�l�h�c�� �k�d�h�j�h�k�l�v�x. �K�d�h�j�h�k�l�v�� �^�\�b�`�_�g�b�y�� �h�]�b�[�Z�x�s�_�c 
�g�Z�a�u�\�Z�x�l���]�j�m�i�i�h�\�h�c���k�d�h�j�h�k�l�v�x 
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dk
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V�]�j
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� .     (2.52) 

 

 

�J�b�k. 2.7. �K�m�i�_�j�i�h�a�b�p�b�y���^�\�m�o���]�Z�j�f�h�g�b�q�_�k�d�b�o���\�h�e�g 
 

�<�� �l�j�_�o�f�_�j�g�h�f�� �i�j�h�k�l�j�Z�g�k�l�\�_�� �]�j�m�i�i�h�\�Z�y�� �k�d�h�j�h�k�l�v, �d�Z�d�� �b�� �n�Z�a�h�\�Z�y, 
�b�f�_�_�l���k�h�k�l�Z�\�e�y�x�s�b�_���m�`�_���k���q�Z�k�l�g�u�f�b���i�j�h�b�a�\�h�^�g�u�f�b: 

;
x

x�]�j k
V

�w
�w

� 
�Z

   
;

y
y�]�j k

V
�w
�w

� 
�Z

  
.

z
z�]�j k

V
�w
�w

� 
�Z

  (2.53) 
�G�Z�c�^�_�f�� �a�Z�\�b�k�b�f�h�k�l�v �]�jV �� �h�l�� �i�h�d�Z�a�Z�l�_�e�y�� �i�j�_�e�h�f�e�_�g�b�y�� �h�i�l�b�q�_�k�d�h�c 

�k�j�_�^�u, �d�h�l�h�j�Z�y�� �n�m�g�d�p�b�h�g�Z�e�v�g�h�� �a�Z�\�b�k�b�f�Z�� �h�l�� �^�e�b�g�u�� �\�h�e�g�u, �l. �_. �j�Z�k-
�k�f�h�l�j�b�f�� �k�e�m�q�Z�c�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�y�� �k�\�_�l�Z�� �\�� �^�b�k�i�_�j�k�b�h�g�g�h�c�� �k�j�_�^�_ 
���n�m�g�d�p�b�h�g�Z�e�v�g�Z�y���a�Z�\�b�k�b�f�h�k�l�v n���h�l�������j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y���\���]�e. VI). 

�<�j�_�f�y, �d�h�l�h�j�h�_�� �l�j�Z�l�b�l�� �h�]�b�[�Z�x�s�Z�y (�^�b�k�i�_�j�k�b�h�g�g�h�_�� �\�j�_�f�y�� �b�e�b 
�\�j�_�f�y���a�Z�i�Z�a�^�u�\�Z�g�b�y), �j�Z�\�g�h: 
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