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�Q�P�U�F�O�U�J�B�M �E�F�Q�U�I �Q�M�B�O�F�T�� �5�I�F �C�J�O�B�S�Z �4�-�. �V�T�F�E �G�P�S �U�I�F �G�P�D�V�T �D�P�O�U�S�P�M �B�M�T�P �D�S�F�B�U�F�E
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�V�T�J�O�H �B �Q�I�B�T�F���P�O�M�Z �4�-�. �U�P �B�M�U�F�S �U�I�F �G�P�D�V�T �P�G �U�I�F �E�J�T�Q�M�B�Z�� �*�O�T�U�F�B�E �P�G �E�J�T�Q�M�B�Z�J�O�H

�E�F�Q�U�I �Q�M�B�O�F�T �U�J�N�F �T�F�R�V�F�O�U�J�B�M�M�Z�
 �U�I�F�Z �Q�S�P�Q�P�T�F�E �E�J�T�Q�M�B�Z�J�O�H �U�I�F �J�N�B�H�F �B�D�S�P�T�T �T�F�W�F�S�B�M

�O�P�O���n�B�U �E�F�Q�U�I �T�V�S�G�B�D�F�T �D�P�N�Q�V�U�F�E �U�P �C�F�T�U �N�B�U�D�I �U�I�F �J�N�B�H�F �D�P�O�U�F�O�U�� �5�I�J�T �M�P�X�F�S�T
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�U�I�F �O�V�N�C�F�S �P�G �W�J�F�X�T �D�V�S�S�F�O�U �O�F�B�S���F�Z�F �J�O�U�F�H�S�B�M �J�N�B�H�J�O�H �E�J�T�Q�M�B�Z�T �D�B�O �H�F�O�F�S�B�U�F �J�T

�M�J�N�J�U�F�E �C�Z �U�I�F �Q�J�Y�F�M �T�J�[�F �B�O�E �E�F�O�T�J�U�Z �P�G �U�I�F �E�J�T�Q�M�B�Z �F�O�H�J�O�F�� �)�P�O�H �F�U �B�M �<�����> �C�V�J�M�U �B

�D�P�O�W�J�O�D�J�O�H �)�.�% �Q�S�P�U�P�U�Z�Q�F �X�J�U�I �T�J�N�Q�M�F �D�P�N�Q�B�D�U �P�Q�U�J�D�T �V�T�J�O�H �B �I�P�M�P�H�S�B�Q�I�J�D�B�M�M�Z

�S�F�D�P�S�E�F�E �M�F�O�T�M�F�U �B�S�S�B�Z�� �5�I�F�Z �B�M�T�P �Q�S�P�Q�P�T�F�E �U�I�F �V�T�F �P�G �B �D�P�O�W�F�Y �N�J�S�S�P�S �F�M�F�N�F�O�U �U�P

�J�O�D�S�F�B�T�F �U�I�F �W�J�F�X�J�O�H �B�O�H�M�F �<�����>�� �)�V�B �F�U �B�M �<�����> �C�V�J�M�U �B�O �J�O�U�F�H�S�B�M �J�N�B�H�J�O�H �T�Z�T�U�F�N

�V�T�J�O�H �B �G�S�F�F�G�P�S�N �Q�S�J�T�N �U�P �F�Y�U�F�O�E �U�I�F �F�Z�F�C�P�Y �B�O�E �D�P�V�Q�M�F �U�I�F �J�N�B�H�F �U�P �U�I�F �V�T�F�S��
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 �B �Q�B�T�T���U�I�S�P�V�H�I �E�J�T�Q�M�B�Z �Q�S�P�Q�P�T�F�E �C�Z �"�L�T�J�U �F�U �B�M �<�����> �J�T �C�P�U�I �T�J�N�Q�M�F �B�O�E

�W�F�S�Z �D�P�N�Q�B�D�U �V�T�J�O�H �P�O�M�Z �B �T�J�N�Q�M�F �Q�J�O�I�P�M�F �B�S�S�B�Z �B�O�E �B �Q�I�P�O�F �E�J�T�Q�M�B�Z �U�P �B�M�M�P�X �U�I�F

�V�T�F�S �U�P �W�J�F�X �U�I�F �J�N�B�H�F �J�O �G�P�D�V�T�
 �E�F�T�Q�J�U�F �U�I�F �E�J�T�Q�M�B�Z �T�J�U�U�J�O�H �D�M�P�T�F�S �U�I�B�O �U�I�F �I�V�N�B�O

�F�Z�F �D�B�O �B�D�D�P�N�N�P�E�B�U�F �‰ �T�F�D�U�J�P�O ������������

�" �O�P�W�F�M �i�Q�J�O�M�J�H�I�U �E�J�T�Q�M�B�Z�w �<�����> �D�P�O�T�J�T�U�T �P�G �B �S�F�H�V�M�B�S �B�S�S�B�Z �P�G �N�B�O�V�G�B�D�U�V�S�F�E �Q�P�J�O�U

�E�F�G�F�D�U�T �J�O �B �X�B�W�F�H�V�J�E�F �B�O�E �B �U�S�B�O�T�N�J�T�T�J�W�F �-�$�%�� �5�I�F �X�B�W�F�H�V�J�E�F �J�T �J�M�M�V�N�J�O�B�U�F�E �G�S�P�N

�U�I�F �T�J�E�F �B�O�E �U�I�F �E�F�G�F�D�U�T �D�P�V�Q�M�F �M�J�H�I�U �P�V�U�
 �B�D�U�J�O�H �B�T �B�O �B�S�S�B�Z �P�G �Q�P�J�O�U �T�P�V�S�D�F�T�� �5�I�F�T�F

�B�S�F �N�P�E�V�M�B�U�F�E �C�Z �U�I�F �U�S�B�O�T�N�J�T�T�J�W�F �-�$�% �B�O�E �F�B�D�I �Q�P�J�O�U �T�P�V�S�D�F �J�T �Q�B�U�U�F�S�O�F�E �B�T �B�O

�F�M�F�N�F�O�U�B�M �J�N�B�H�F�
 �X�I�J�D�I �Q�B�T�T �U�I�S�P�V�H�I �U�I�F �Q�V�Q�J�M �B�O�E �B�S�F �U�J�M�F�E �P�O �U�I�F �S�F�U�J�O�B�� �"�T

�C�P�U�I �U�I�F �X�B�W�F�H�V�J�E�F �B�O�E �U�I�F �-�$�% �B�S�F �O�F�B�S�F�S �U�P �U�I�F �F�Z�F �U�I�B�O �D�B�O �C�F �B�D�D�P�N�N�P�E�B�U�F�E�
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�Q�P�T�J�U�J�P�O�T �B�T �U�I�F �F�Z�F�C�B�M�M �S�P�U�B�U�F�T�� �5�I�F �E�F�N�P�O�T�U�S�B�U�F�E �Q�S�P�U�P�U�Z�Q�F �P�G �U�I�F �Q�J�O�M�J�H�I�U �E�J�T�Q�M�B�Z
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�U�I�F �Q�V�Q�J�M�
 �B�O�Ep �J�T �U�I�F �Q�V�Q�J�M �E�J�B�N�F�U�F�S��

Emax � f � r � c+ p �	�������


�'�P�S �U�I�F ���� �N�N �T�Z�T�U�F�N �N�P�E�F�M�M�F�E �B�C�P�W�F �X�J�U�I �B ���� �N�N �F�Z�F �S�F�M�J�F�G �U�Z�Q�J�D�B�M �G�P�S �H�M�B�T�T�F�T�


�U�I�F �N�B�Y�J�N�V�N �F�Z�F�C�P�Y �J�T ���� �N�N�
 �D�P�N�Q�S�J�T�F�E �P�G �O�J�O�F �&�1�T�� �)�P�X�F�W�F�S�
 �J�O �Q�S�B�D�U�J�D�F �U�I�F

�F�Z�F�C�P�Y �J�T �M�J�N�J�U�F�E �C�F�D�B�V�T�F �U�I�F �&�1�T �G�B�M�M �P�O �B�O �J�O�D�M�J�O�F�E �Q�M�B�O�F �D�B�V�T�F�E �C�Z �U�I�F �D�P�O�T�U�B�O�U

�G�P�D�B�M �M�F�O�H�U�I �P�G �U�I�F �M�F�O�T �C�F�G�P�S�F �U�I�F �C�F�B�N�T�Q�M�J�U�U�F�S�T�
 �T�F�F�O �J�O �m�H�V�S�F �������� �5�I�J�T �D�B�O �D�B�V�T�F

�U�I�F �&�1�T �U�P �G�B�M�M �P�V�U�T�J�E�F �U�I�F �Q�V�Q�J�M�
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 �B�O�E �B �S�F�n�F�D�U�J�P�O �F�2�D�J�F�O�D�Z �P�G �_���� �X�B�T �N�F�B�T�V�S�F�E �B�U �U�I�F

�C�F�B�N�T�Q�M�J�U�U�F�S�
 �S�F�E�V�D�J�O�H �U�I�F �Q�P�X�F�S �P�G �U�I�F �M�B�T�F�S �G�S�P�N ���� �N�8 �U�P ������ �˜�8�� �5�I�F �.�1�&

�P�G �U�I�F �T�Z�T�U�F�N �B�U �U�I�F �S�F�U�J�O�B �J�T �������� �˜�8�
 �S�F�T�V�M�U�J�O�H �J�O �B �T�B�G�F�U�Z �G�B�D�U�P�S �P�G �_������ �'�V�S�U�I�F�S

�E�F�U�B�J�M�T �P�O �U�I�F �M�B�T�F�S �Q�P�X�F�S �.�1�& �D�B�M�D�V�M�B�U�J�P�O �B�S�F �H�J�W�F�O �J�O �B�Q�Q�F�O�E�J�Y �#��

�*�U �X�B�T �G�P�V�O�E �U�I�B�U �U�I�J�O �Q�M�B�T�U�J�D �O�F�V�U�S�B�M �E�F�O�T�J�U�Z �m�M�U�F�S�T �J�O�U�S�P�E�V�D�F�E �D�M�F�B�S�M�Z �Q�F�S�D�F�Q�U�J�C�M�F

�D�P�O�D�F�O�U�S�J�D �S�J�O�H�T �P�G �D�I�S�P�N�B�U�J�D �E�J�T�U�P�S�U�J�P�O�
 �D�B�V�T�F�E �C�Z �J�O�U�F�S�G�F�S�F�O�D�F �F�/�F�D�U�T �J�O �U�I�F �m�M�N��

�I�P�X�F�W�F�S�
 �U�I�J�T �X�B�T �T�P�M�W�F�E �C�Z �V�T�J�O�H �U�I�J�D�L �H�M�B�T�T �m�M�U�F�S�T �X�I�F�S�F �J�O�U�F�S�G�F�S�F�O�D�F �F�/�F�D�U�T �B�S�F

�B�W�F�S�B�H�F�E �P�V�U��

�5�P �N�B�Y�J�N�J�T�F �J�N�B�H�F �R�V�B�M�J�U�Z�
 �U�I�F �P�Q�U�J�D�B�M �U�S�B�J�O �X�B�T �E�F�T�J�H�O�F�E �V�T�J�O�H �B�D�I�S�P�N�B�U�J�D

�E�P�V�C�M�F�U �M�F�O�T�F�T�
 �B�O�E �X�I�J�M�T�U �U�I�J�T �Q�S�P�E�V�D�F�T �B �G�B�S �C�F�U�U�F�S �J�N�B�H�F �R�V�B�M�J�U�Z �U�I�B�O �B

����



�Q�M�B�O�P���D�P�O�W�F�Y �T�Z�T�U�F�N�
 �U�I�F �X�F�J�H�I�U �J�T �J�O�D�S�F�B�T�F�E �T�J�H�O�J�m�D�B�O�U�M�Z�� �'�P�S �D�P�O�W�F�O�J�F�O�D�F�


�T�U�B�O�E�B�S�E �P�/���U�I�F���T�I�F�M�G �M�F�O�T�F�T �X�F�S�F �V�T�F�E�� �5�I�F �E�J�W�F�S�H�J�O�H �J�N�B�H�F �C�F�B�N �G�S�P�N �U�I�F

�Q�S�P�K�F�D�U�P�S �J�T �m�S�T�U �F�Y�Q�B�O�E�F�E �B�O�E �D�P�M�M�J�N�B�U�F�E �U�I�S�P�V�H�I �B �Q�B�J�S �P�G ������ �N�N �G�P�D�B�M �M�F�O�H�U�I

�M�F�O�T�F�T�
 �U�P �B �X�J�E�U�I �P�G47 � 27mm�
 �D�I�P�T�F�O �U�P �P�Q�U�J�N�J�T�F �U�I�F �C�F�B�N �T�J�[�F �X�I�J�M�T�U

�N�J�O�J�N�J�T�J�O�H �D�I�S�P�N�B�U�J�D �B�C�F�S�S�B�U�J�P�O�� �5�I�F �D�P�M�M�J�N�B�U�F�E �C�F�B�N �J�T �G�P�M�E�F�E �G�P�S �B �D�P�N�Q�B�D�U

�)�.�% �B�S�S�B�O�H�F�N�F�O�U�
 �B�O�E �B �T�F�D�P�O�E �M�F�O�T �G�P�D�V�T�T�F�T �U�I�F �D�P�M�M�J�N�B�U�F�E �J�N�B�H�F �C�F�B�N �U�P �B

�Q�P�J�O�U �B�U �U�I�F �&�1��

�'�P�S �.�B�Y�X�F�M�M�J�B�O �J�N�B�H�J�O�H �T�Z�T�U�F�N�T�
 �J�U �J�T �O�F�D�F�T�T�B�S�Z �U�P �D�P�O�T�J�E�F�S �U�I�F �J�N�B�H�F �C�F�B�N

�B�O�E �U�I�F �C�F�B�N�T �S�F�Q�S�F�T�F�O�U�J�O�H �F�B�D�I �Q�J�Y�F�M �T�F�Q�B�S�B�U�F�M�Z�� �5�I�F �m�S�T�U �M�F�O�T �P�G �U�I�F �T�Z�T�U�F�N

�U�I�F�S�F�G�P�S�F �I�B�T �U�I�F �F�/�F�D�U �P�G �G�P�D�V�T�T�J�O�H �U�I�F �Q�J�Y�F�M �C�F�B�N�T �B�U �U�I�F �G�P�D�B�M �M�F�O�H�U�I �E�J�T�U�B�O�D�F��

�#�Z �Q�M�B�D�J�O�H �U�I�F �G�P�D�B�M �M�F�O�H�U�I �P�G �U�I�F �T�F�D�P�O�E �M�F�O�T �B�U �U�I�J�T �E�J�T�U�B�O�D�F�
 �U�I�F �Q�J�Y�F�M �C�F�B�N�T

�B�S�F �S�F���D�P�M�M�J�N�B�U�F�E �G�P�S �B �T�I�B�S�Q �.�B�Y�X�F�M�M�J�B�O �J�N�B�H�F�� �4�J�H�O�J�m�D�B�O�U �E�F�W�J�B�U�J�P�O�T �G�S�P�N �U�I�J�T

�P�Q�U�J�N�B�M �T�Q�B�D�J�O�H�
 �P�O �U�I�F �P�S�E�F�S �P�G �_�� �N�N �G�P�S �U�I�F �Q�S�P�U�P�U�Z�Q�F �P�Q�U�J�D�T�
 �D�I�B�O�H�F�T �U�I�F

�E�J�W�F�S�H�F�O�D�F �B�O�E �X�J�E�U�I �P�G �U�I�F �Q�J�Y�F�M �C�F�B�N�T�
 �S�F�E�V�D�J�O�H �U�I�F �B�G�P�D�B�M �O�B�U�V�S�F �P�G �U�I�F �E�J�T�Q�M�B�Z

�B�O�E �D�B�V�T�J�O�H �C�M�V�S�S�F�E �J�N�B�H�F�T��

�5�I�F �I�J�H�I�F�T�U �B�W�B�J�M�B�C�M�F �Q�P�X�F�S �B�D�I�S�P�N�B�U �X�B�T �D�I�P�T�F�O �B�T �U�I�F �m�O�B�M �M�F�O�T�
 �X�J�U�I �B

�G�P�D�B�M �M�F�O�H�U�I �P�G ���� �N�N�
 �H�J�W�J�O�H �B �'�0�7 �P�G ���������¡�� �5�I�J�T �J�T �D�P�N�Q�B�S�B�C�M�F �X�J�U�I �F�Y�J�T�U�J�O�H

�D�P�N�N�F�S�D�J�B�M �"�3 �E�J�T�Q�M�B�Z�T �T�V�D�I �B�T �U�I�F �����¡ �P�G �U�I�F �.�J�D�S�P�T�P�8 �)�P�M�P�-�F�O�T�
 �B�O�E �U�I�F

�����¡ �P�G �U�I�F �&�Q�T�P�O �.�P�W�F�S�J�P�� �'�J�O�B�M�M�Z�
 �C�P�U�I �T�J�E�F�T �P�G �B �� �N�N �B�D�S�Z�M�J�D �Q�M�B�U�F �B�S�F �V�T�F�E

�B�T �B �U�X�P���T�V�S�G�B�D�F �Q�S�P�P�G���P�G���D�P�O�D�F�Q�U �C�F�B�N�T�Q�M�J�U�U�F�S �U�P �E�P�V�C�M�F �U�I�F �F�Z�F�C�P�Y�� �5�I�F �� �N�N

�U�I�J�D�L�O�F�T�T �H�J�W�F�T �B�O �B�Q�Q�S�P�Y�J�N�B�U�F �W�J�F�X�Q�P�J�O�U �T�F�Q�B�S�B�U�J�P�O �P�G ������ �N�N�
 �E�F�Q�F�O�E�J�O�H �P�O

�I�P�X �U�I�F �*�1�% �B�O�E �C�F�B�N�T�Q�M�J�U�U�F�S �B�O�H�M�F�T �B�S�F �D�P�O�m�H�V�S�F�E�� �5�I�J�T �S�F�T�V�M�U�T �J�O �B�O �F�Z�F�C�P�Y �P�G

�� �¨ �� �N�N�
 �T�V�2�D�J�F�O�U �U�P �W�J�F�X �U�I�F �E�J�T�Q�M�B�Z �X�J�U�I �D�P�N�G�P�S�U�B�C�M�F �I�P�S�J�[�P�O�U�B�M �F�Z�F �S�P�U�B�U�J�P�O�


�T�F�D�U�J�P�O �������� �5�I�F �B�D�S�Z�M�J�D �X�B�T �Q�S�P�m�M�F�E �U�P �N�B�Y�J�N�J�T�F �O�B�T�B�M �D�M�F�B�S�B�O�D�F �B�O�E �U�P �C�F �M�F�T�T

�J�O�U�J�N�J�E�B�U�J�O�H �B�T �V�T�F�S�T �Q�V�U �P�O �B�O�E �S�F�N�P�W�F �U�I�F �E�J�T�Q�M�B�Z�� �" �E�J�B�H�S�B�N �P�G �U�I�F �P�Q�U�J�D�B�M

�U�S�B�J�O �J�T �T�I�P�X�O �J�O �m�H�V�S�F ���������� �5�I�F �C�F�B�N�T�Q�M�J�U�U�F�S�T �B�S�F �B�S�S�B�O�H�F�E �U�P �H�J�W�F �B �H�F�O�F�S�P�V�T

�F�Z�F �S�F�M�J�F�G �P�G ���� �N�N �B�U �B �T�U�B�O�E�B�S�E ���� �N�N �*�1�%�� �G�P�S �D�P�N�Q�B�S�J�T�P�O�
 �H�M�B�T�T�F�T �D�P�N�N�P�O�M�Z

�I�B�W�F �����o���� �N�N �F�Z�F �S�F�M�J�F�G�� �5�I�J�T �B�M�M�P�X�T �U�I�F �C�F�B�N�T�Q�M�J�U�U�F�S �Q�P�T�J�U�J�P�O �U�P �C�F �B�E�K�V�T�U�F�E �B�T

�N�V�D�I �B�T ���� �N�N �M�B�U�F�S�B�M�M�Z �X�I�J�M�T�U �T�U�J�M�M �N�B�J�O�U�B�J�O�J�O�H �B �D�P�N�G�P�S�U�B�C�M�F �F�Z�F �S�F�M�J�F�G�
 �B�M�M�P�X�J�O�H

�U�I�F �E�J�T�Q�M�B�Z �U�P �C�F �m�U �U�P �B�O �F�Y�U�S�F�N�F�M�Z �X�J�E�F �E�F�N�P�H�S�B�Q�I�J�D��

����



Acrylic 
beamsplitter

Fold mirror

AC508-075-A
f=75 mm

Achromat doublet

2 × AC508-100-A
f=100 mm

Achromat doublet

Projector

�'�J�H�V�S�F ���������� �1�S�P�U�P�U�Z�Q�F �P�Q�U�J�D�B�M �U�S�B�J�O

������ �1�S�P�U�P�U�Z�Q�F �Q�F�S�G�P�S�N�B�O�D�F

�'�J�H�V�S�F �������� �T�I�P�X�T �B �T�F�U �P�G �J�N�B�H�F�T �X�J�U�I �E�J�/�F�S�F�O�U �G�P�D�B�M �M�F�O�H�U�I�T �U�P �E�F�N�P�O�T�U�S�B�U�F �U�I�F

�B�G�P�D�B�M �B�C�J�M�J�U�Z �P�G �U�I�F �Q�S�P�U�P�U�Z�Q�F�� �S�F�B�M���X�P�S�M�E �E�F�Q�U�I �N�B�S�L�F�S�T �B�S�F �Q�M�B�D�F�E �B�M�P�O�H �U�I�F �S�J�H�I�U�


�X�I�J�M�T�U �U�I�F �W�J�S�U�V�B�M �J�N�B�H�F �P�G �U�I�F �D�I�F�T�T �Q�J�F�D�F�
 �3�V�C�J�L���T �D�V�C�F�
 �B�O�E �%�/�" �I�F�M�J�Y �S�F�N�B�J�O

�J�O �G�P�D�V�T�� �5�I�F �J�N�B�H�F�T �X�F�S�F �U�B�L�F�O �X�J�U�I �B �/�J�L�P�O �%�������� �B�O�E �B�O �����o���� �N�N �M�F�O�T �X�J�U�I

�B�O �B�Q�F�S�U�V�S�F �P�G ���� �N�N�� �"�O �G���T�U�P�Q �P�G �G�������� �X�B�T �V�T�F�E �G�P�S �B �T�I�P�S�U �E�F�Q�U�I �P�G �m�F�M�E�
 �B�O�E �B�O

�F�Y�Q�P�T�V�S�F �P�G �� �T �B�U �*�4�0������ �X�J�U�I �B ������ �P�Q�U�J�D�B�M �E�F�O�T�J�U�Z �O�F�V�U�S�B�M �E�F�O�T�J�U�Z �	�/�%�
 �m�M�U�F�S �U�P

�B�W�P�J�E �C�S�J�H�I�U�O�F�T�T �J�S�S�F�H�V�M�B�S�J�U�J�F�T �J�O �U�I�F �J�N�B�H�F �G�S�P�N �U�I�F �M�B�T�F�S �T�D�B�O �Q�B�U�U�F�S�O��

�" �T�M�J�H�I�U �E�F�G�P�D�V�T �J�O �U�I�F �W�J�S�U�V�B�M �J�N�B�H�F �J�T �Q�S�F�T�F�O�U �B�U �U�I�F ���� �D�N �E�F�Q�U�I�
 �E�V�F �U�P �S�F�M�B�U�J�W�F�M�Z

�X�J�E�F �Q�J�Y�F�M �C�F�B�N �_������ �N�N �G�S�P�N �U�I�F �Q�S�P�K�F�D�U�P�S�� �5�I�J�T �D�B�O �B�M�T�P �C�F �T�F�F�O �J�O �m�H�V�S�F ������

�X�I�F�S�F �U�I�F �S�F�U�J�O�B�M �T�Q�P�U �J�O�D�S�F�B�T�F�T �B�U �D�M�P�T�F�S �G�P�D�B�M �M�F�O�H�U�I�T�� �3�F�E�V�D�J�O�H �U�I�F �M�B�T�F�S �C�F�B�N

�B�U �U�I�F �Q�S�P�K�F�D�U�P�S �X�P�V�M�E �J�N�Q�S�P�W�F �O�F�B�S���F�Z�F �J�N�B�H�F �R�V�B�M�J�U�Z��

�5�I�F �P�Q�U�J�D�B�M �Q�F�S�G�P�S�N�B�O�D�F �P�G �U�I�F �E�J�T�Q�M�B�Z �X�B�T �P�C�K�F�D�U�J�W�F�M�Z �F�W�B�M�V�B�U�F�E �C�Z �R�V�B�O�U�J�G�Z�J�O�H

�U�I�F �Q�P�J�O�U �T�Q�S�F�B�E �G�V�O�D�U�J�P�O �	�1�4�'�
�� �5�I�J�T �X�B�T �B�D�I�J�F�W�F�E �C�Z �E�J�T�Q�M�B�Z�J�O�H �B �T�J�O�H�M�F �Q�J�Y�F�M

�G�P�S �U�I�F �S�F�E�
 �H�S�F�F�O�
 �B�O�E �C�M�V�F �D�I�B�O�O�F�M�T�
 �T�V�S�S�P�V�O�E�F�E �C�Z �B�M�J�H�O�N�F�O�U �G�F�B�U�V�S�F�T �U�P �D�S�F�B�U�F

����



�	�B�
 �'�P�D�V�T �B�U �� �N �	�C�
 �'�P�D�V�T �B�U ���� �D�N

�	�D�
 �'�P�D�V�T �B�U ���� �D�N

�'�J�H�V�S�F ���������� �1�I�P�U�P�T �U�B�L�F�O �U�I�S�P�V�H�I �U�I�F �.�B�Y�X�F�M�M�J�B�O �C�F�B�N�T�Q�M�J�U�U�F�S

�B�O �F�W�B�M�V�B�U�J�P�O �J�N�B�H�F �‰ �T�I�P�X�O �J�O �m�H�V�S�F �$������ �"�8�F�S �Q�B�T�T�J�O�H �U�I�S�P�V�H�I �U�I�F �P�Q�U�J�D�B�M

�T�Z�T�U�F�N�
 �U�I�J�T �X�B�T �S�F�D�P�S�E�F�E �C�Z �B �D�B�N�F�S�B �T�F�O�T�P�S �B�U �B �E�J�T�U�B�O�D�F �P�G ������ �N�N �G�S�P�N �U�I�F

�C�F�B�N�T�Q�M�J�U�U�F�S �U�P �D�S�F�B�U�F �U�I�F �E�J�T�Q�M�B�Z�F�E �J�N�B�H�F�� �5�I�F �T�J�H�O�J�m�D�B�O�U �E�J�T�U�B�O�D�F �C�F�U�X�F�F�O �U�I�F

�$�$�% �B�O�E �U�I�F �C�F�B�N�T�Q�M�J�U�U�F�S �F�O�B�C�M�F�T �U�I�F �E�J�T�Q�M�B�Z�F�E �J�N�B�H�F �U�P �C�F �N�B�H�O�J�m�F�E �B�T �U�I�F

�J�N�B�H�F �C�F�B�N �F�Y�Q�B�O�E�T�
 �B�M�M�P�X�J�O�H �N�B�O�Z �$�$�% �Q�J�Y�F�M�T �U�P �D�B�Q�U�V�S�F �U�I�F �T�N�B�M�M �J�N�B�H�F

�G�F�B�U�V�S�F�T�� �5�I�F �P�S�J�H�J�O�B�M �F�W�B�M�V�B�U�J�P�O �J�N�B�H�F �X�B�T �U�I�F�O �E�J�H�J�U�B�M�M�Z �E�J�T�U�P�S�U�F�E �U�P �F�O�T�V�S�F

�U�I�F �B�M�J�H�O�N�F�O�U �G�F�B�U�V�S�F�T �J�O �U�I�F �E�J�T�Q�M�B�Z�F�E �J�N�B�H�F �N�B�U�D�I �U�I�P�T�F �P�G �U�I�F �U�B�S�H�F�U �J�N�B�H�F��

�*�O �Q�S�B�D�U�J�D�F�
 �U�I�F�T�F �E�J�T�U�P�S�U�J�P�O�T �D�P�O�T�J�T�U�F�E �P�G �B �N�B�H�O�J�m�D�B�U�J�P�O �U�P �D�P�N�Q�F�O�T�B�U�F �G�P�S �U�I�F

�N�B�H�O�J�m�F�E �E�J�T�Q�M�B�Z�F�E �J�N�B�H�F�
 �B �S�P�U�B�U�J�P�O �U�P �D�P�N�Q�F�O�T�B�U�F �G�P�S �B �T�M�J�H�I�U �$�$�% �S�P�U�B�U�J�P�O�


�B�O�E �B �T�N�B�M�M �T�L�F�X �U�P �D�P�N�Q�F�O�T�B�U�F �G�P�S �N�J�T�B�M�J�H�O�N�F�O�U �P�G �U�I�F �$�$�% �X�J�U�I �U�I�F �P�Q�U�J�D�B�M

�Q�B�U�I�� �5�I�F �U�S�B�O�T�G�F�S �G�V�O�D�U�J�P�O �D�B�O �C�F �D�B�M�D�V�M�B�U�F�E �C�Z �E�J�W�J�E�J�O�H �U�I�F �'�P�V�S�J�F�S �U�S�B�O�T�G�P�S�N �P�G

�U�I�F �E�J�T�Q�M�B�Z�F�E �J�N�B�H�F �C�Z �U�I�F �'�P�V�S�J�F�S �U�S�B�O�T�G�P�S�N �P�G �U�I�F �U�B�S�H�F�U �J�N�B�H�F�
 �B�O�E �U�I�F �1�4�' �D�B�O

�C�F �F�W�B�M�V�B�U�F�E �B�T �U�I�F �J�O�W�F�S�T�F �'�P�V�S�J�F�S �U�S�B�O�T�G�P�S�N �P�G �U�I�F �U�S�B�O�T�G�F�S �G�V�O�D�U�J�P�O�
 �T�I�P�X�O �J�O

�m�H�V�S�F ���������� �" �I�P�S�J�[�P�O�U�B�M �B�O�E �W�F�S�U�J�D�B�M �M�J�O�F �T�F�D�U�J�P�O �U�I�S�P�V�H�I �U�I�F �D�F�O�U�S�F �P�G �U�I�F �J�N�B�H�F

�X�B�T �V�T�F�E �U�P �D�B�M�D�V�M�B�U�F �U�I�F �1�4�'��
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�'�J�H�V�S�F ���������� �1�P�J�O�U �T�Q�S�F�B�E �G�V�O�D�U�J�P�O

�5�I�F �I�P�S�J�[�P�O�U�B�M �1�4�' �B�U �� �E�# �X�B�T �N�F�B�T�V�S�F�E �U�P �C�F ���������¡�
 ���������¡ �B�O�E ���������¡ �G�P�S �S�F�E�
 �H�S�F�F�O�


�B�O�E �C�M�V�F �S�F�T�Q�F�D�U�J�W�F�M�Z�
 �B�O�E ���������¡�
 ���������¡�
 �B�O�E ���������¡ �W�F�S�U�J�D�B�M�M�Z�� �#�M�B�D�L �B�O�E �X�I�J�U�F �C�J�O�B�S�Z

�H�S�B�U�J�O�H�T �X�F�S�F �B�M�T�P �E�J�T�Q�M�B�Z�F�E �B�O�E �D�B�Q�U�V�S�F�E �X�J�U�I �U�I�F �T�B�N�F �$�$�% �T�F�U�V�Q��

�5�I�F �S�F�M�B�U�J�P�O�T�I�J�Q �C�F�U�X�F�F�O �D�P�O�U�S�B�T�U �B�O�E �S�F�T�P�M�V�U�J�P�O �D�B�O �C�F �F�T�U�B�C�M�J�T�I�F�E �C�Z �B�O�B�M�Z�T�J�O�H

�U�I�F �D�P�O�U�S�B�T�U �S�B�U�J�P �P�G �C�J�O�B�S�Z �H�S�B�U�J�O�H �Q�B�U�U�F�S�O�T�� �" �T�F�S�J�F�T �P�G �H�S�B�U�J�O�H�T �X�B�T �E�J�T�Q�M�B�Z�F�E

�W�B�S�Z�J�O�H �J�O �Q�F�S�J�P�E �G�S�P�N ���o���� �Q�Y�
 �B�O�E �D�B�Q�U�V�S�F�E �V�T�J�O�H �U�I�F �T�B�N�F �$�$�% �T�F�U�V�Q �V�T�F�E �U�P

�N�F�B�T�V�S�F �U�I�F �1�4�'�� �5�I�F �B�W�F�S�B�H�F �D�P�O�U�S�B�T�U �S�B�U�J�P �P�G �U�I�F �D�B�Q�U�V�S�F�E �J�N�B�H�F �D�P�V�M�E �U�I�F�O �C�F

�D�B�M�D�V�M�B�U�F�E�� �5�I�F �D�I�B�O�H�F �J�O �D�P�O�U�S�B�T�U �X�J�U�I �S�F�T�Q�F�D�U �U�P �T�Q�B�U�J�B�M �G�S�F�R�V�F�O�D�Z �D�B�O �C�F �V�T�F�E

�B�T �B �N�F�B�T�V�S�F �P�G �I�P�X �T�I�B�S�Q �U�I�F �E�J�T�Q�M�B�Z �J�T �X�I�F�O �W�J�F�X�F�E �U�I�S�P�V�H�I �U�I�F �I�F�B�E �N�P�V�O�U�F�E

�P�Q�U�J�D�T�� �" �� �E�# �G�S�F�R�V�F�O�D�Z �D�B�O �U�I�F�O �C�F �D�B�M�D�V�M�B�U�F�E�
 �T�I�P�X�O �J�O �m�H�V�S�F ���������� �5�I�F �V�O�J�U

�U�I�J�T �S�F�U�V�S�O�T �J�T �D�Z�D�M�F�T �Q�F�S �Q�J�Y�F�M�
 �I�P�X�F�W�F�S �U�I�J�T �J�T �E�F�Q�F�O�E�F�O�U �P�O �C�P�U�I �U�I�F �B�S�C�J�U�S�B�S�Z

�N�F�B�T�V�S�F�N�F�O�U �E�J�T�U�B�O�D�F �B�O�E �U�I�F �T�Q�F�D�J�m�D �$�$�% �Q�J�Y�F�M �T�J�[�F�
 �T�P �J�U �J�T �D�P�N�N�P�O �Q�S�B�D�U�J�D�F

�U�P �D�P�O�W�F�S�U �U�I�F �V�O�J�U �U�P �D�Z�D�M�F�T �Q�F�S �E�F�H�S�F�F �	�D�Q�E�
�
 �E�F�O�P�U�J�O�H �U�I�F �B�O�H�V�M�B�S �G�S�F�R�V�F�O�D�Z

�P�G �U�I�F �E�J�W�F�S�H�J�O�H �J�N�B�H�F�� �5�I�F �D�V�U���P�/ �G�S�F�R�V�F�O�D�Z �X�B�T �D�B�M�D�V�M�B�U�F�E �U�P �C�F ������ �D�Q�E �B�O�E

�������� �D�Q�E �G�P�S �I�P�S�J�[�P�O�U�B�M �B�O�E �W�F�S�U�J�D�B�M �S�F�T�Q�F�D�U�J�W�F�M�Z�
 �B�Q�Q�S�P�Y�J�N�B�U�F�M�Z �B �m�8�I �P�G �U�I�F ���� �D�Q�E

�N�B�Y�J�N�V�N �Q�F�S�D�F�J�W�B�C�M�F �T�Q�B�U�J�B�M �G�S�F�R�V�F�O�D�Z �P�G �U�I�F �)�7�4 �<�����>��

�4�V�C�K�F�D�U�J�W�F�M�Z�
 �U�I�F �E�J�T�Q�M�B�Z �J�T �N�P�S�F �U�I�B�O �T�I�B�S�Q �F�O�P�V�H�I �U�P �S�F�B�E �P�Q�F�S�B�U�J�O�H �T�Z�T�U�F�N

�E�J�B�M�P�H�V�F �C�P�Y�F�T�
 �B�O�E �J�N�B�H�F�T �B�Q�Q�F�B�S �C�P�U�I �C�S�J�H�I�U �B�O�E �W�J�W�J�E �J�O �B �X�B�Z �U�I�B�U �J�T �E�J�2�D�V�M�U �U�P

�D�B�Q�U�V�S�F �P�O �D�B�N�F�S�B�� �1�J�Y�J�M�B�U�J�P�O �J�O �U�I�F �J�N�B�H�F �J�T �W�J�T�J�C�M�F �C�V�U �J�T �O�P�U �T�F�W�F�S�F �B�O�E �E�P�F�T �O�P�U

�E�F�U�S�B�D�U �G�S�P�N �U�I�F �V�T�F�S �F�Y�Q�F�S�J�F�O�D�F�� �5�I�F�S�F �J�T �W�F�S�Z �M�J�U�U�M�F �D�P�M�P�V�S �E�J�T�U�P�S�U�J�P�O �B�O�E �X�I�J�U�F

�P�C�K�F�D�U�T �B�Q�Q�F�B�S �X�I�J�U�F�� �5�I�F�S�F �J�T �B�M�T�P �N�J�O�J�N�B�M �I�B�M�P �B�S�P�V�O�E �C�S�J�H�I�U �P�C�K�F�D�U�T �B�H�B�J�O�T�U �B

�E�B�S�L �C�B�D�L�H�S�P�V�O�E�� �)�P�X�F�W�F�S�
 �B�O�Z �E�F�G�F�D�U�T �P�S �E�J�S�U �P�O �B�O�Z �P�G �U�I�F �P�Q�U�J�D�B�M �T�V�S�G�B�D�F�T �B�S�F

�G�P�D�V�T�T�F�E �B�O�E �W�J�T�J�C�M�F �J�O �U�I�F �J�N�B�H�F�
 �B�T �U�I�F �X�I�P�M�F �P�Q�U�J�D�B�M �U�S�B�J�O �J�T �F�R�V�J�W�B�M�F�O�U �U�P �U�I�F

�J�N�B�H�F �Q�M�B�O�F �P�G �U�I�F �T�Z�T�U�F�N�� �"�E�E�J�U�J�P�O�B�M�M�Z�
 �B�O �P�Q�B�R�V�F �Q�B�O�F�M �I�B�E �U�P �C�F �B�E�E�F�E �P�W�F�S �U�I�F

����



�'�J�H�V�S�F ���������� �$�P�O�U�S�B�T�U �G�V�O�D�U�J�P�O

�O�P�T�F �U�P �Q�S�F�W�F�O�U �M�J�H�I�U �G�S�P�N �P�O�F �Q�S�P�K�F�D�U�P�S �D�P�V�Q�M�J�O�H �J�O�U�P �U�I�F �P�Q�U�J�D�T �P�G �U�I�F �P�Q�Q�P�T�J�U�F

�F�Z�F �B�O�E �D�B�V�T�J�O�H �B �S�B�J�O�C�P�X �T�U�S�F�B�L �B�S�U�F�G�B�D�U��

�5�I�F �F�M�J�N�J�O�B�U�J�P�O �P�G �7�"�$ �X�I�F�O �Q�F�S�D�F�J�W�J�O�H �E�F�Q�U�I �X�B�T �B�M�T�P �P�C�W�J�P�V�T �X�I�F�O �V�T�J�O�H �U�I�F

�E�J�T�Q�M�B�Z�
 �X�J�U�I �B�M�M �V�T�F�S�T �F�Y�D�F�Q�U �P�O�F �D�P�N�N�F�O�U�J�O�H �P�O �U�I�F �T�F�O�T�F �P�G �E�F�Q�U�I �B�O�E �S�F�B�M�J�T�N��

�)�P�X�F�W�F�S�
 �J�U �X�B�T �O�P�U�F�E �U�I�B�U �U�I�F �B�G�P�D�B�M �E�J�T�Q�M�B�Z �D�B�V�T�F�T �B�M�M �P�C�K�F�D�U�T �U�P �C�F �J�O �G�P�D�V�T�


�J�O�D�M�V�E�J�O�H �P�C�K�F�D�U�T �U�I�B�U �B�S�F�O���U �D�V�S�S�F�O�U�M�Z �C�F�J�O�H �G�P�D�V�T�T�F�E �P�O �B�O�E �T�P �X�P�V�M�E �O�P�S�N�B�M�M�Z

�C�F �C�M�V�S�S�F�E�� �"�T �U�I�F �)�7�4 �J�T �V�O�B�C�M�F �U�P �G�V�T�F �U�I�F�T�F �J�N�B�H�F�T�
 �U�I�F �P�C�K�F�D�U�T �B�Q�Q�F�B�S �E�P�V�C�M�F��

�5�I�F �F�/�F�D�U �X�B�T �O�F�J�U�I�F�S �E�J�T�U�S�B�D�U�J�O�H �O�P�S �E�B�N�B�H�J�O�H �U�P �U�I�F �Q�F�S�D�F�Q�U�J�P�O �P�G �E�F�Q�U�I �B�O�E

�J�T �K�V�T�U �B �R�V�J�S�L �P�G �.�B�Y�X�F�M�M�J�B�O �W�J�F�X �E�J�T�Q�M�B�Z�T�� �" �H�B�[�F �U�S�B�D�L�J�O�H �S�F�O�E�F�S�F�E �S�F�U�J�O�B�M �C�M�V�S

�T�Z�T�U�F�N �D�P�V�M�E �S�F�E�V�D�F �U�I�F �F�/�F�D�U�
 �C�V�U �S�F�R�V�J�S�F�T �M�P�X �M�B�U�F�O�D�Z �F�Z�F �U�S�B�D�L�J�O�H �B�O�E �J�O�D�S�F�B�T�F�T

�U�I�F �D�P�N�Q�M�F�Y�J�U�Z �B�O�E �T�J�[�F �P�G �U�I�F �E�J�T�Q�M�B�Z�� �5�I�F �B�C�J�M�J�U�Z �P�G �U�I�F �Q�S�P�U�P�U�Z�Q�F �U�P �E�J�T�Q�M�B�Z �T�I�B�S�Q

�J�N�B�H�F�T �U�P �V�T�F�S�T �X�J�U�I �P�D�V�M�B�S �B�C�F�S�S�B�U�J�P�O�T �X�B�T �B�M�T�P �U�F�T�U�F�E �B�O�E �W�F�S�J�m�F�E��

�5�I�F �F�/�F�D�U�T �D�B�V�T�F�E �C�Z �T�V�C���P�Q�U�J�N�B�M �&�1 �T�Q�B�D�J�O�H �X�F�S�F �T�V�C�K�F�D�U�J�W�F�M�Z �B�O�B�M�Z�T�F�E �C�Z �U�F�T�U�J�O�H

�C�F�B�N�T�Q�M�J�U�U�F�S�T �P�G �E�J�/�F�S�F�O�U �U�I�J�D�L�O�F�T�T�F�T�� �" �� �N�N �H�M�B�T�T �Q�M�B�U�F �X�B�T �V�T�F�E �U�P �D�S�F�B�U�F �B�O �&�1

�T�Q�B�D�J�O�H �P�G ������ �N�N�
 �S�F�T�V�M�U�J�O�H �J�O �B �X�J�E�F �E�B�S�L �C�B�O�E �X�I�F�O �U�S�B�O�T�J�U�J�P�O�J�O�H �C�F�U�X�F�F�O �&�1�T��

�5�I�F ������ �N�N �T�Q�B�D�J�O�H �Q�S�P�W�J�E�F�E �C�Z �U�I�F �� �N�N �B�D�S�Z�M�J�D �D�B�V�T�F�E �B �T�N�B�M�M �E�F�H�S�F�F �P�G �J�N�B�H�F

�P�W�F�S�M�B�Q �X�I�F�O �U�S�B�O�T�J�U�J�P�O�J�O�H �C�F�U�X�F�F�O �U�I�F �U�X�P �&�1�T �V�O�E�F�S �M�B�C�P�S�B�U�P�S�Z���M�F�W�F�M �B�N�C�J�F�O�U

����
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�X�B�W�F�H�V�J�E�F �U�P �U�I�F �V�T�F�S�� �"�O �J�N�B�H�F �D�B�O �U�I�F�O �C�F �D�P�O�T�U�S�V�D�U�F�E �C�Z �U�J�N�F �T�F�R�V�F�O�U�J�B�M�M�Z

�T�X�J�U�D�I�J�O�H �D�P�M�V�N�O�T �P�G �U�I�F �F�M�F�N�F�O�U�T�� �5�I�J�T �D�B�O �C�F �F�Y�U�F�O�E�F�E �C�Z �B�E�E�J�O�H �B�O �B�E�E�J�U�J�P�O�B�M

�P�Q�U�J�D�B�M �G�V�O�D�U�J�P�O �U�P �F�B�D�I �T�X�J�U�D�I�J�O�H �F�M�F�N�F�O�U�� �'�P�S �F�Y�B�N�Q�M�F�
 �B �.�B�Y�X�F�M�M�J�B�O �E�J�T�Q�M�B�Z

�D�B�O �C�F �B�D�I�J�F�W�F�E �C�Z �D�P�O�U�S�P�M�M�J�O�H �U�I�F �B�O�H�M�F �B�U �X�I�J�D�I �M�J�H�I�U �J�T �P�V�U���D�P�V�Q�M�F�E �G�S�P�N �F�B�D�I

�T�X�J�U�D�I�J�O�H �F�M�F�N�F�O�U �U�P �T�Z�O�U�I�F�T�J�T�F �B �M�F�O�T �G�V�O�D�U�J�P�O�
 �m�H�V�S�F �������� �5�I�F �T�X�J�U�D�I�J�O�H �F�M�F�N�F�O�U�T

�D�B�O �B�M�T�P �C�F �V�T�F�E �X�J�U�I �T�Q�B�U�J�B�M �N�V�M�U�J�Q�M�F�Y�J�O�H �U�P �F�Y�Q�B�O�E �U�I�F �F�Z�F �C�P�Y �P�G �U�I�F �E�J�T�Q�M�B�Z

�X�J�U�I�P�V�U �U�I�F �D�S�P�T�T�U�B�M�L �D�P�N�N�P�O�M�Z �B�T�T�P�D�J�B�U�F�E �X�J�U�I �T�V�D�I �T�Z�T�U�F�N�T�� �$�P�M�P�V�S �D�B�O �C�F

�B�E�E�F�E �U�P �U�I�F �T�Z�T�U�F�N �C�Z �T�Q�B�U�J�B�M�M�Z �N�V�M�U�J�Q�M�F�Y�J�O�H �X�B�W�F�M�F�O�H�U�I �T�Q�F�D�J�m�D �P�V�U���D�P�V�Q�M�J�O�H

�F�M�F�N�F�O�U�T �P�O�U�P �B �T�J�O�H�M�F �X�B�W�F�H�V�J�E�F�
 �P�S �C�Z �T�U�B�D�L�J�O�H �U�I�F �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U�T �P�O

�N�V�M�U�J�Q�M�F �X�B�W�F�H�V�J�E�F�T �B�T �D�V�S�S�F�O�U �X�B�W�F�H�V�J�E�F �E�J�T�Q�M�B�Z�T �E�P�
 �m�H�V�S�F ��������

�"�T �U�I�F �P�O�M�Z �M�J�H�I�U �Q�S�F�T�F�O�U �J�O �U�I�F �T�Z�T�U�F�N �J�T �U�I�B�U �G�P�S �B �T�J�O�H�M�F �Q�J�Y�F�M�
 �U�I�F �Q�S�P�C�M�F�N�T

�J�O�W�P�M�W�J�O�H �P�V�U���D�P�V�Q�M�J�O�H �B�U �U�I�F �J�O���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U �G�B�D�F�E �C�Z �F�Y�J�T�U�J�O�H �E�J�/�S�B�D�U�J�W�F

�X�B�W�F�H�V�J�E�F�T �B�S�F �F�M�J�N�J�O�B�U�F�E�� �5�I�F �J�N�B�H�F �J�T �B�M�T�P �N�V�D�I �M�F�T�T �T�V�T�D�F�Q�U�J�C�M�F �U�P �E�J�T�U�P�S�U�J�P�O

�J�O�U�S�P�E�V�D�F�E �C�Z �X�B�W�F�H�V�J�E�F �E�F�G�F�D�U�T�
 �B�T �U�I�F �J�N�B�H�F �J�O�G�P�S�N�B�U�J�P�O �J�T �Q�B�S�U�M�Z �J�N�Q�B�S�U�F�E �B�8�F�S

����



Switchable
out-coupling element

User

Waveguide

Maxwellian rays

1D collimated 
light source array

t = 1

t = 2 t = 3

�'�J�H�V�S�F �������� �.�B�Y�X�F�M�M�J�B�O �T�X�J�U�D�I�B�C�M�F �E�J�T�Q�M�B�Z �B�S�D�I�J�U�F�D�U�V�S�F

�U�I�F �5�*�3�� �5�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �D�P�O�T�U�S�B�J�O�U �P�O �'�0�7 �J�T �B�M�T�P �S�F�E�V�D�F�E �B�T �M�J�H�I�U �J�T �Q�B�S�B�M�M�F�M

�J�O �U�I�F �X�B�W�F�H�V�J�E�F��

�$�V�S�S�F�O�U �E�J�/�S�B�D�U�J�W�F �X�B�W�F�H�V�J�E�F �E�J�T�Q�M�B�Z�T �T�I�P�X �D�P�M�P�V�S �C�Z �T�U�B�D�L�J�O�H �U�P�H�F�U�I�F�S �U�X�P �P�S

�U�I�S�F�F �P�Q�U�J�D�B�M�M�Z �J�O�E�F�Q�F�O�E�F�O�U �X�B�W�F�H�V�J�E�F �M�B�Z�F�S�T�
 �B�M�M�P�X�J�O�H �U�I�F �E�J�/�F�S�F�O�U �X�B�W�F�M�F�O�H�U�I�T

�U�P �J�O�U�F�S�B�D�U �X�J�U�I �T�F�Q�B�S�B�U�F �)�0�&�T�� �5�I�J�T �T�U�S�V�D�U�V�S�F �S�F�R�V�J�S�F�T �D�P�M�P�V�S �G�S�P�N �U�I�F �G�V�S�U�I�F�T�U

�X�B�W�F�H�V�J�E�F �U�P �Q�B�T�T �U�I�S�P�V�H�I �U�I�F �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U�T �P�G �O�F�B�S�F�S �X�B�W�F�H�V�J�E�F�T

�X�J�U�I�P�V�U �C�F�J�O�H �B�/�F�D�U�F�E�
 �B�D�I�J�F�W�F�E �Q�B�S�U�J�B�M�M�Z �X�J�U�I �B�O�H�V�M�B�S �B�O�E �X�B�W�F�M�F�O�H�U�I �T�F�M�F�D�U�J�W�F

�#�S�B�H�H �H�S�B�U�J�O�H�T�� �5�I�J�T �D�B�O �C�F �T�J�N�Q�M�J�m�F�E �G�P�S �B �T�X�J�U�D�I�J�O�H �X�B�W�F�H�V�J�E�F�
 �B�T �M�J�H�I�U �G�S�P�N

�U�I�F �G�V�S�U�I�F�S �M�B�Z�F�S �D�B�O �Q�B�T�T �U�I�S�P�V�H�I �U�I�F �V�O�T�X�J�U�D�I�F�E �F�M�F�N�F�O�U�T �P�G �U�I�F �O�F�B�S�F�S �M�B�Z�F�S�T

�X�J�U�I�P�V�U �J�O�U�F�S�B�D�U�J�P�O�� �"�M�U�F�S�O�B�U�J�W�F�M�Z�
 �T�F�Q�B�S�B�U�F �F�M�F�N�F�O�U�T �G�P�S �U�I�F �E�J�/�F�S�F�O�U �X�B�W�F�M�F�O�H�U�I�T

�D�B�O �C�F �T�Q�B�U�J�B�M�M�Z �N�V�M�U�J�Q�M�F�Y�F�E �P�O�U�P �B �T�J�O�H�M�F �X�B�W�F�H�V�J�E�F��

�4�J�N�J�M�B�S�M�Z�
 �U�I�F �U�S�B�O�T�Q�B�S�F�O�D�Z �P�G �D�V�S�S�F�O�U �X�B�W�F�H�V�J�E�F �E�J�T�Q�M�B�Z�T �J�T �E�F�U�F�S�N�J�O�F�E �C�Z �I�P�X

�N�V�D�I �S�F�B�M���X�P�S�M�E �M�J�H�I�U �J�T �E�J�/�S�B�D�U�F�E �B�X�B�Z �C�Z �U�I�F �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U�T�� �)�P�X�F�W�F�S�


�B �T�X�J�U�D�I�B�C�M�F �X�B�W�F�H�V�J�E�F �E�J�T�Q�M�B�Z �P�O�M�Z �F�W�F�S �I�B�T �B �T�N�B�M�M �Q�B�S�U �P�G �U�I�F �P�V�U���D�P�V�Q�M�J�O�H �B�S�F�B

�B�D�U�J�W�F �B�U �B�O�Z �P�O�F �U�J�N�F�
 �B�O�E �T�P �U�S�B�O�T�Q�B�S�F�O�D�Z �J�T �Q�S�F�E�J�D�U�F�E �U�P �C�F �T�J�H�O�J�m�D�B�O�U�M�Z �C�F�U�U�F�S��

����



Wavelength specific 
switching out-coupling 

lens element

3×1D light 
source array 

(RGB)

3×stacked 
waveguide (RGB)

Maxwellian 
exit pupil

�'�J�H�V�S�F �������� �4�U�B�D�L�F�E �X�B�W�F�H�V�J�E�F �D�P�M�P�V�S �E�J�T�Q�M�B�Z �B�S�D�I�J�U�F�D�U�V�S�F

������ �1�P�U�F�O�U�J�B�M �T�X�J�U�D�I�J�O�H �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U�T

���������� �-�J�R�V�J�E �D�S�Z�T�U�B�M �M�B�Z�F�S �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U

�5�I�F �T�J�N�Q�M�F�T�U �T�X�J�U�D�I�B�C�M�F �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U �D�P�O�T�J�T�U�T �P�G �B �M�B�Z�F�S �P�G �T�X�J�U�D�I�B�C�M�F

�S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �N�B�U�F�S�J�B�M�� �*�O �P�O�F �T�U�B�U�F �M�J�H�I�U �J�T �U�P�U�B�M�M�Z �J�O�U�F�S�O�B�M�M�Z �S�F�n�F�D�U�F�E �B�U �U�I�F

�C�P�V�O�E�B�S�Z �C�F�U�X�F�F�O �U�I�F �N�B�U�F�S�J�B�M �B�O�E �B�J�S�
 �X�I�J�M�T�U �J�O �U�I�F �P�U�I�F�S �T�U�B�U�F �U�I�F �S�F�G�S�B�D�U�J�W�F

�J�O�E�F�Y �D�I�B�O�H�F�T �B�O�E �M�J�H�I�U �J�T �S�F�G�S�B�D�U�F�E �P�V�U �P�G �U�I�F �X�B�W�F�H�V�J�E�F�
 �T�I�P�X�O �J�O �m�H�V�S�F ��������

�-�$ �D�B�O �C�F �V�T�F�E �B�T �B �T�J�N�Q�M�F �T�X�J�U�D�I�B�C�M�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �N�B�U�F�S�J�B�M�� �I�P�X�F�W�F�S�
 �-�$ �D�F�M�M�T

�N�V�T�U �C�F �C�P�V�O�E�F�E �P�O �B�M�M �T�J�E�F�T �U�P �Q�S�F�W�F�O�U �U�I�F �M�B�Z�F�S �n�P�X�J�O�H �P�/ �U�I�F �F�M�F�N�F�O�U�
 �T�P

�B �D�P�W�F�S �Q�M�B�U�F �J�T �S�F�R�V�J�S�F�E�� �*�U �D�B�O �C�F �T�J�N�Q�M�Z �E�F�N�P�O�T�U�S�B�U�F�E �X�J�U�I �4�O�F�M�M���T �M�B�X �U�I�B�U �U�I�F

�B�O�H�M�F �P�G �M�J�H�I�U �J�O �B �U�I�S�F�F���M�B�Z�F�S �T�Z�T�U�F�N �J�T �J�O�E�F�Q�F�O�E�F�O�U �P�G �U�I�F �N�J�E�E�M�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y��

�5�I�V�T�
 �C�F�D�B�V�T�F �U�I�F �J�O�U�F�S�O�B�M �B�O�H�M�F �P�G �M�J�H�I�U �J�T �H�S�F�B�U�F�S �U�I�B�O �U�I�F �D�S�J�U�J�D�B�M �B�O�H�M�F� crit1� air

�J�O �U�I�F �m�S�T�U �M�B�Z�F�S �U�P �N�B�J�O�U�B�J�O �5�*�3�
 �U�I�F �B�O�H�M�F �J�O �U�I�F �U�I�J�S�E �M�B�Z�F�S �N�V�T�U �B�M�T�P �C�F �H�S�F�B�U�F�S

�U�I�B�O �U�I�F �D�S�J�U�J�D�B�M� crit3� air�
 �U�I�V�T �-�$ �J�T �O�P�U �B �T�V�J�U�B�C�M�F �N�B�U�F�S�J�B�M �G�P�S �U�I�J�T �F�M�F�N�F�O�U��

����



n1sin(� 1) = nLC sin(� 2) �	�������


nLC sin(� 2) = n3sin(� 3) �	�������


n1sin(� 1) = n3sin(� 3) �	�������


�ª1 > �ªcrit n1-air

�ª2

�ª2

�ª3 �ª3

Waveguide
n1

Liquid crystal
nLC

Cover plate
n3

�'�J�H�V�S�F �������� �3�F�G�S�B�D�U�J�P�O �U�I�S�P�V�H�I �B �Q�M�B�O�B�S �U�I�S�F�F���M�B�Z�F�S �T�U�S�V�D�U�V�S�F

�"�O �B�M�U�F�S�O�B�U�J�W�F �T�D�I�F�N�F �J�T �E�F�T�J�H�O�F�E �T�P �U�I�B�U �5�*�3 �P�D�D�V�S�T �B�U �U�I�F �C�P�V�O�E�B�S�Z �C�F�U�X�F�F�O

�U�I�F �-�$ �B�O�E �U�I�F �X�B�W�F�H�V�J�E�F�� �8�I�F�O �U�I�F �F�M�F�N�F�O�U �J�T �T�X�J�U�D�I�F�E�
 �U�I�F �D�S�J�U�J�D�B�M �B�O�H�M�F �B�U �U�I�F

�X�B�W�F�H�V�J�E�F���-�$ �J�O�U�F�S�G�B�D�F �J�O�D�S�F�B�T�F�T �B�O�E �T�P �M�J�H�I�U �J�T �S�F�G�S�B�D�U�F�E �J�O�U�P �U�I�F �-�$ �M�B�Z�F�S �B�O�E �P�V�U

�P�G �U�I�F �X�B�W�F�H�V�J�E�F�
 �m�H�V�S�F �������� �5�P �N�B�J�O�U�B�J�O �5�*�3 �X�I�F�O �V�O�T�X�J�U�D�I�F�E�
 �U�I�F �B�O�H�M�F �P�G �M�J�H�I�U

�J�O �U�I�F �X�B�W�F�H�V�J�E�F �N�V�T�U �C�F �H�S�F�B�U�F�S �U�I�B�O �U�I�F �D�S�J�U�J�D�B�M �B�O�H�M�F�
 �F�R�V�B�U�J�P�O �������� �4�J�N�J�M�B�S�M�Z�


�X�I�F�O �U�I�F �F�M�F�N�F�O�U �J�T �T�X�J�U�D�I�F�E�
 �U�I�F �B�O�H�M�F �P�G �M�J�H�I�U �N�V�T�U �C�F �M�F�T�T �U�I�B�O �U�I�F �O�F�X �D�S�J�U�J�D�B�M

�B�O�H�M�F�
 �F�R�V�B�U�J�P�O �������
 �B�O�E �U�I�F �B�O�H�M�F �J�O �U�I�F �-�$ �M�B�Z�F�S �N�V�T�U �C�F �M�F�T�T �U�I�B�O �U�I�F �D�S�J�U�J�D�B�M

�B�O�H�M�F �B�U �B �D�P�W�F�S �Q�M�B�U�F���B�J�S �C�P�V�O�E�B�S�Z �U�P �D�P�V�Q�M�F �M�J�H�I�U �P�V�U�� �5�I�J�T �D�B�O �C�F �F�R�V�B�U�F�E �U�P

�U�I�F �D�S�J�U�J�D�B�M �B�O�H�M�F �B�U �B �X�B�W�F�H�V�J�E�F���B�J�S �J�O�U�F�S�G�B�D�F �V�T�J�O�H �F�R�V�B�U�J�P�O �������� �5�I�J�T �S�F�T�V�M�U�T �J�O

�B�O �J�O�D�P�N�Q�B�U�J�C�M�F �T�F�U �P�G �D�P�O�E�J�U�J�P�O�T �S�F�R�V�J�S�J�O�HnLCo < nair�
 �X�I�J�D�I �J�T �J�N�Q�P�T�T�J�C�M�F �G�P�S
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�X�J�U�I �B �n�V�P�S�F�T�D�F�O�U �M�B�Z�F�S �F�N�C�F�E�E�F�E �J�O �U�I�F �H�M�B�T�T �U�P �D�J�S�D�V�N�W�F�O�U �U�I�F �P�V�U���D�P�V�Q�M�J�O�H

�S�F�T�U�S�J�D�U�J�P�O�� �)�P�X�F�W�F�S�
 �C�F�D�B�V�T�F �U�I�F �J�N�B�H�F �J�T �G�P�S�N�F�E �P�O �U�I�F �T�V�S�G�B�D�F �P�G �U�I�F �X�B�W�F�H�V�J�E�F�
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�D�B�O �C�F �D�J�S�D�V�N�W�F�O�U�F�E�� �5�I�J�T �D�B�O �C�F �B�D�I�J�F�W�F�E �X�J�U�I �B�O �B�S�S�B�Z �P�G �N�B�D�S�P�T�D�P�Q�J�D �U�S�J�B�O�H�V�M�B�S

�Q�S�J�T�N�B�U�J�D �H�S�P�P�W�F�T �F�N�C�F�E�E�F�E �J�O �U�I�F �X�B�W�F�H�V�J�E�F �B�O�E �m�M�M�F�E �X�J�U�I �-�$�� �'�P�S �P�O�F �-�$

�P�S�J�F�O�U�B�U�J�P�O�
 �U�I�F �X�B�W�F�H�V�J�E�F �B�O�E �U�I�F �H�S�P�P�W�F �I�B�W�F �U�I�F �T�B�N�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �B�O�E �T�P �E�P

�O�P�U �B�/�F�D�U �J�O�U�F�S�O�B�M�M�Z �S�F�n�F�D�U�F�E �M�J�H�I�U�� �)�P�X�F�W�F�S�
 �B �E�J�/�F�S�F�O�U �-�$ �P�S�J�F�O�U�B�U�J�P�O �J�O�D�S�F�B�T�F�T

�U�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y�
 �D�B�V�T�J�O�H �M�J�H�I�U �U�P �S�F�G�S�B�D�U �B�U �U�X�P �T�V�S�G�B�D�F�T�� �5�I�J�T �E�F�D�S�F�B�T�F�T �U�I�F �B�O�H�M�F
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�G�S�P�N �U�I�F �B�O�H�M�F�T �P�G �J�O�D�J�E�F�O�D�F�
 �X�I�J�D�I �D�B�O �J�O �U�V�S�O �C�F �D�P�N�C�J�O�F�E �U�P �D�B�M�D�V�M�B�U�F �U�I�F
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�J�F �U�I�F �E�F�n�F�D�U�J�P�O�
 �U�I�F �M�F�T�T �S�F�G�S�B�D�U�J�P�O �N�V�T�U �P�D�D�V�S �B�U �U�I�F �U�X�P �T�V�S�G�B�D�F�T�� �)�P�X�F�W�F�S�
 �U�I�F

�H�S�F�B�U�F�S �U�I�F �J�O�D�J�E�F�O�D�F �B�O�H�M�F �U�I�F �N�P�S�F �S�F�G�S�B�D�U�J�P�O �P�D�D�V�S�T �B�U �T�V�S�G�B�D�FP�
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�X�I�F�S�F �P�V�U�Q�V�U �B�O�H�M�F�T �B�T �T�N�B�M�M �B�T �Q�P�T�T�J�C�M�F �B�S�F �Q�S�F�G�F�S�S�F�E�� �*�U �D�B�O �C�F �P�C�T�F�S�W�F�E �G�S�P�N �U�I�F

�N�P�E�F�M �U�I�B�U �U�I�F �T�N�B�M�M�F�S �U�I�F �J�O�Q�V�U �B�O�H�M�F�
 �U�I�F �M�P�X�F�S �U�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �P�G �U�I�F �-�$

�S�F�R�V�J�S�F�E �G�P�S �B �m�Y�F�E �P�V�U�Q�V�U �B�O�H�M�F�� �5�I�V�T�
 �B�O �J�O�Q�V�U �B�O�H�M�F �D�M�P�T�F �U�P �U�I�F �D�S�J�U�J�D�B�M �B�O�H�M�F
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�B�O �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U �X�J�U�I� out = ���¡ �B�O�E� in = �����¡�
 �B�O�E �m�H�V�S�F �������C �T�I�P�X�T

�B �T�J�N�J�M�B�S �Q�S�J�T�N �E�F�T�J�H�O�F�E �G�P�S� out = �����¡�
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�&�� �-�$ �B�S�F �J�O�E�J�D�B�U�F�E �J�O �S�F�E�� �/�P�U�F �U�I�B�U �B�O �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U �J�T �P�O�M�Z �Q�P�T�T�J�C�M�F

�X�J�U�I �U�I�F�T�F �N�B�U�F�S�J�B�M�T �G�P�S� out > �����¡�� �I�P�X�F�W�F�S�
 �U�I�J�T �S�F�T�V�M�U�T �J�O �B�O �F�Y�U�S�F�N�F�M�Z �M�B�S�H�F
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 �B �I�Z�C�S�J�E �Q�S�J�T�N �T�U�S�V�D�U�V�S�F �D�B�O �C�F �J�N�Q�M�F�N�F�O�U�F�E�
 �m�H�V�S�F �������
 �V�U�J�M�J�T�J�O�H

�C�P�U�I �S�F�G�S�B�D�U�J�P�O �B�O�E �S�F�n�F�D�U�J�P�O�� �5�I�J�T �D�B�O �C�F �B�D�I�J�F�W�F�E �C�Z �N�B�U�D�I�J�O�H �U�I�F �-�$ �S�F�G�S�B�D�U�J�W�F

�J�O�E�F�Y �T�V�D�I �U�I�B�U �U�I�F �F�Y�U�S�B�P�S�E�J�O�B�S�Z �J�O�E�F�Y �J�T �U�I�F �T�B�N�F �B�T �U�I�B�U �P�G �U�I�F �X�B�W�F�H�V�J�E�F�
 �B�O�E

�U�I�F �P�S�E�J�O�B�S�Z �J�O�E�F�Y �J�T �M�F�T�T �U�I�B�O �U�I�F �X�B�W�F�H�V�J�E�F�� �8�I�F�O �U�I�F �-�$ �J�T �B�M�J�H�O�F�E �B�M�P�O�H �U�I�F

�P�S�E�J�O�B�S�Z �B�Y�J�T�
 �M�J�H�I�U �J�T �S�F�G�S�B�D�U�F�E �B�U �U�X�P �T�V�S�G�B�D�F�T �B�T �J�O �T�F�D�U�J�P�O �����������
 �G�P�M�M�P�X�F�E �C�Z �B
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�5�I�F �Q�B�U�I �P�G �M�J�H�I�U �B�D�S�P�T�T �U�I�F �U�X�P �S�F�G�S�B�D�U�J�W�F�
 �B�O�E �P�O�F �S�F�n�F�D�U�J�W�F�
 �T�V�S�G�B�D�F�T �D�B�O

�C�F �H�F�P�N�F�U�S�J�D�B�M�M�Z �N�P�E�F�M�M�F�E�� �5�I�F �B�O�H�M�F�T �P�G �J�O�D�J�E�F�O�D�F �B�O�E �S�F�G�S�B�D�U�J�P�O �G�P�S �B �H�J�W�F�O

�J�O�D�J�E�F�O�D�F� in �B�S�F �D�B�M�D�V�M�B�U�F�E �J�O �F�R�V�B�U�J�P�O�T �������� �U�P ���������� �#�Z �D�B�M�D�V�M�B�U�J�O�H �C�B�D�L�X�B�S�E�T�


�U�I�F �W�B�M�V�F �P�G� i3 �D�B�O �C�F �E�F�U�F�S�N�J�O�F�E �G�S�P�N �U�I�F �E�F�T�J�S�F�E� out�
 �F�O�B�C�M�J�O�H �U�I�F �S�F�n�F�D�U�J�P�O

�B�O�H�M�F� ref �U�P �C�F �D�B�M�D�V�M�B�U�F�E �G�P�S �B �H�J�W�F�O� OS�� �5�I�F �S�F�M�B�U�J�P�O�T�I�J�Q �C�F�U�X�F�F�O� G �B�O�E

� ref �J�T �F�T�U�B�C�M�J�T�I�F�E �H�F�P�N�F�U�S�J�D�B�M�M�Z�
 �B�O�E �U�I�J�T �D�B�O �C�F �D�P�N�C�J�O�F�E �U�P �B�M�M�P�X� G �U�P �C�F

�D�B�M�D�V�M�B�U�F�E �G�P�S �B �H�J�W�F�O� OS �B�O�E� in �� �'�J�O�B�M�M�Z�
� ref �N�V�T�U �C�F �H�S�F�B�U�F�S �U�I�B�O �U�I�F �D�S�J�U�J�D�B�M

�B�O�H�M�F �D�B�M�D�V�M�B�U�F�E �J�O �F�R�V�B�U�J�P�O �������� �G�P�S �S�F�n�F�D�U�J�P�O �U�P �P�D�D�V�S�
 �B�O�E �T�J�N�J�M�B�S�M�Z� in �N�V�T�U

�C�F �M�F�T�T �U�I�B�O �U�I�F �D�S�J�U�J�D�B�M �B�O�H�M�F �G�P�S �S�F�G�S�B�D�U�J�P�O �U�P �P�D�D�V�S �B�U �T�V�S�G�B�D�FP��� in �N�V�T�U �B�M�T�P �C�F

�H�S�F�B�U�F�S �U�I�B�O �U�I�F �D�S�J�U�J�D�B�M �B�O�H�M�F �B�U �U�I�F �X�B�W�F�H�V�J�E�F���B�J�S �C�P�V�O�E�B�S�Z �G�P�S �5�*�3 �U�P �P�D�D�V�S �J�O

�U�I�F �X�B�W�F�H�V�J�E�F �X�I�F�O �U�I�F �F�M�F�N�F�O�U �J�T �V�O�T�X�J�U�D�I�F�E�� �5�I�F �E�F�Q�U�I �P�G �U�I�F �H�S�P�P�W�FD �D�B�O

�C�F �H�F�P�N�F�U�S�J�D�B�M�M�Z �F�W�B�M�V�B�U�F�E �G�S�P�N �U�I�F �Q�J�U�D�I �V�T�J�O�H �F�R�V�B�U�J�P�O ����������

����



�	�B�
� out = ���¡

�	�C�
� out = �����¡ �‰ �H�F�P�N�F�U�S�Z �K�V�T�U �G�F�B�T�J�C�M�F �X�J�U�I �1�.�.�" �B�O�E �&��

�'�J�H�V�S�F �������� �7�J�B�C�M�F �Q�S�J�T�N �H�F�P�N�F�U�S�J�F�T �G�P�S �E�J�/�F�S�F�O�U �P�V�U�Q�V�U �B�O�H�M�F�T�
 �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y
�G�P�S �1�.�.�" �B�O�E �&�� �N�B�S�L�F�E
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� r1 = sin� 1
�

nWG

nLCe
sin� in

�

�	���������


� i2 = � OS � � r1 �	���������


� r2 = sin� 1
�

nLC

nWG
sin� i2

�

�	���������


� i3 = sin� 1
�

nair

nWG
sin� out

�

�	���������


� ref = 180+ � r2 � � OS � � G �	���������


� G = � ref � � i3 �	���������


� G =
180+ � r2 � � i3 � � OS

2
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� ref > sin� 1
�

nLC

nWG

�

�	���������


� in < sin� 1
�

nLC

nWG

�

�	���������


� in > sin� 1
�

nair

nWG

�

�	���������


d =
Psin� OSsin� G

sin(� G + � OS)
�	���������


� OS = tan� 1
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�5�I�F �U�I�S�F�F �D�P�O�T�U�S�B�J�O�U�T �P�O� ref �B�O�E� in �S�F�T�U�S�J�D�U �U�I�F �W�J�B�C�M�F �Q�S�J�T�N �H�F�P�N�F�U�S�J�F�T��

�'�J�H�V�S�F �������� �E�F�U�B�J�M�T �U�I�F �S�F�M�B�U�J�P�O�T�I�J�Q �C�F�U�X�F�F�O �U�I�F �W�J�B�C�M�F �H�F�P�N�F�U�S�J�F�T �B�O�E �U�I�F

�S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �P�G �C�P�U�I �U�I�F �X�B�W�F�H�V�J�E�F �B�O�E �U�I�F �-�$�
 �X�J�U�I �W�J�B�C�M�F �H�F�P�N�F�U�S�Z �Q�B�S�B�N�F�U�F�S

�D�P�N�C�J�O�B�U�J�P�O�T �S�F�Q�S�F�T�F�O�U�F�E �C�Z �U�I�F �D�P�M�P�V�S�F�E �B�S�F�B�T�� �5�I�F�S�F �J�T �B�O �B�Q�Q�S�P�Y�J�N�B�U�F�M�Z

�M�J�O�F�B�S �U�S�F�O�E �C�F�U�X�F�F�O �U�I�F �X�B�W�F�H�V�J�E�F �B�O�E �-�$ �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y�� �'�P�S �U�I�F �T�Z�T�U�F�N

�U�P �C�F �F�/�F�D�U�J�W�F�
 �U�I�F �X�B�W�F�H�V�J�E�F �B�O�E �-�$ �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �N�V�T�U �C�F �N�B�U�D�I�F�E �X�I�F�O

�J�O �U�I�F �O�P�O���T�X�J�U�D�I�F�E �T�U�B�U�F�
 �U�I�V�T �U�I�F �U�S�F�O�E �T�I�P�X�O �J�O �m�H�V�S�F �������� �S�F�Q�S�F�T�F�O�U�T �U�I�F

�-�$ �C�J�S�F�G�S�J�O�H�F�O�D�F�� �*�O �U�I�F �D�B�T�F �P�G �U�I�F �M�J�H�I�U �P�V�U���D�P�V�Q�M�J�O�H� out = ���¡ �U�I�F �S�F�R�V�J�S�F�E

�C�J�S�F�G�S�J�O�H�F�O�D�F �J�T� n > 0.12�� �5�I�J�T �J�T �F�B�T�J�M�Z �B�D�I�J�F�W�B�C�M�F �X�J�U�I �N�P�E�F�S�O �-�$ �D�P�N�Q�P�V�O�E�T��
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�'�J�H�V�S�F �������� �7�J�B�C�M�F �I�Z�C�S�J�E �S�F�G�S�B�D�U�J�P�O���S�F�n�F�D�U�J�P�O �H�F�P�N�F�U�S�J�F�T �G�P�S� out = ���¡

�%�F�Q�F�O�E�J�O�H �P�O �U�I�F �E�F�T�J�H�O �H�F�P�N�F�U�S�Z�
 �P�O�M�Z �B �G�S�B�D�U�J�P�O �P�G �M�J�H�I�U �J�O�D�J�E�F�O�U �P�O �U�I�F �H�S�P�P�W�F

�N�B�Z �C�F �S�F�n�F�D�U�F�E �B�8�F�S �U�I�F �m�S�T�U �U�X�P �S�F�G�S�B�D�U�J�W�F �T�V�S�G�B�D�F�T�
 �T�I�P�X�O �J�O �m�H�V�S�F �������� �B�T

�S�F�E �T�I�B�E�F�E �B�S�F�B�� �5�I�J�T �G�S�B�D�U�J�P�O �D�B�O �C�F �D�B�M�D�V�M�B�U�F�E �C�Z �D�P�O�T�J�E�F�S�J�O�H �U�I�F �S�B�U�J�P �P�G �U�I�F

�T�V�S�G�B�D�F �X�I�F�S�F �M�J�H�I�U �J�T �J�O�D�J�E�F�O�UP l �S�F�M�B�U�J�W�F �U�P �U�I�F �Q�J�U�D�I �P�G �U�I�F �H�S�P�P�W�F�TP�
 �F�W�B�M�V�B�U�F�E

�J�O �F�R�V�B�U�J�P�O ���������
 �B�O�E �S�F�Q�S�F�T�F�O�U�F�E �C�Z �U�I�F �D�P�M�P�V�S �P�G �m�H�V�S�F ���������� �*�U �D�B�O �C�F �T�F�F�O �U�I�B�U

�G�P�S �C�P�U�I� out �D�P�O�E�J�U�J�P�O�T�
 �B �-�$ �C�J�S�F�G�S�J�O�H�F�O�D�F �H�S�F�B�U�F�S �U�I�B�O� n > � 0.15�F�O�B�C�M�F�T �B

�H�F�P�N�F�U�S�Z �D�B�Q�B�C�M�F �P�G �������� �F�2�D�J�F�O�D�Z�� �/�P�U�F �U�I�B�U �U�I�J�T �E�P�F�T�O���U �B�D�D�P�V�O�U �G�P�S �B�O�Z �M�J�H�I�U

�S�F�n�F�D�U�F�E �B�U �U�I�F �S�F�G�S�B�D�U�J�P�O �T�V�S�G�B�D�F�TP �B�O�E� �E�V�F �U�P �B �M�B�S�H�F �J�O�D�J�E�F�O�D�F �B�O�H�M�F�
 �P�S �B�O�Z

�U�S�B�O�T�N�J�T�T�J�P�O �M�P�T�T�F�T �J�O �U�I�F �X�B�W�F�H�V�J�E�F �B�O�E �-�$��

P l

P
=

cos� i2 sin� OScos� ref

sin(� G + � OS)cos� r2 cos� r1
�	���������


�"�T �B�O �F�Y�B�N�Q�M�F�
 �B�O �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U �D�P�V�Q�M�J�O�H �M�J�H�I�U �P�V�U �B�U� out = ���¡ �D�B�O �C�F

�B�D�I�J�F�W�F�E �X�J�U�I �&�� �-�$ �X�J�U�I �B�O �P�S�E�J�O�B�S�Z �J�O�E�F�Y �P�GnLCo = 1.5282�B�O�E �B�O �F�Y�U�S�B�P�S�E�J�O�B�S�Z

�J�O�E�F�Y �P�GnLCe = 1.7558�H�J�W�J�O�H �B �C�J�S�F�G�S�J�O�H�F�O�D�F �P�G� n > � 0.23�� �" �H�S�P�P�W�F �H�F�P�N�F�U�S�Z

�P�G� G = ���������¡ �B�O�E� OS = �����¡ �G�P�S �M�J�H�I�U �J�O�D�J�E�F�O�U �B�U� in = �����¡ �H�J�W�F�T �B�O �F�2�D�J�F�O�D�Z �P�G

���������
 �X�J�U�I �B �E�F�Q�U�I �B�Q�Q�S�P�Y�J�N�B�U�F�M�Z �F�R�V�B�M �U�P �U�I�F �Q�J�U�D�I �B�U �E �� ���������1�� �5�I�J�T �F�Y�B�N�Q�M�F

����



�'�J�H�V�S�F ���������� �7�J�B�C�M�F �I�Z�C�S�J�E �Q�S�J�T�N �H�F�P�N�F�U�S�J�F�T �G�P�S �E�J�/�F�S�F�O�U �S�F�G�S�B�D�U�J�W�F �J�O�E�J�D�F�T

�S�F�R�V�J�S�F�T �U�I�F �Q�S�J�T�N �U�P �C�F �G�P�S�N�F�E �J�O �B �I�J�H�I �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �Q�P�M�Z�N�F�S �U�P �N�B�U�D�I �U�I�F

�I�J�H�I �F�Y�U�S�B�P�S�E�J�O�B�S�Z �J�O�E�F�Y �P�G �U�I�F �-�$�� �5�I�J�T �D�P�V�M�E �C�F �B �U�I�J�O �D�P�B�U�J�O�H �P�O �U�I�F �C�V�M�L

�X�B�W�F�H�V�J�E�F �Q�P�M�Z�N�F�S�� �I�P�X�F�W�F�S�
 �G�P�S�N�J�O�H �U�I�F �Q�S�F�D�J�T�F �Q�S�J�T�N �T�F�D�U�J�P�O �J�O �U�I�F �I�J�H�I �J�O�E�F�Y

�Q�P�M�Z�N�F�S �J�T �M�J�L�F�M�Z �U�P �J�O�U�S�P�E�V�D�F �N�B�O�V�G�B�D�U�V�S�J�O�H �D�P�N�Q�M�F�Y�J�U�Z�
 �B�T �T�V�D�I �Q�M�B�T�U�J�D�T �B�S�F

�E�J�2�D�V�M�U �U�P �N�P�V�M�E��

�5�I�F �T�J�[�F �P�G �B�M�M �U�I�S�F�F �P�G �U�I�F �N�B�D�S�P�T�D�P�Q�J�D �Q�S�J�T�N �T�U�S�V�D�U�V�S�F�T �E�F�T�D�S�J�C�F�E �B�C�P�W�F �J�T

�C�P�V�O�E�F�E �C�Z �U�I�F �B�D�I�J�F�W�B�C�M�F �U�I�J�D�L�O�F�T�T �P�G �U�I�F �-�$ �D�F�M�M�� �5�I�J�D�L�F�S �M�B�Z�F�S�T �P�G �-�$ �B�S�F �T�M�P�X�F�S

�U�P �T�X�J�U�D�I�
 �B�O�E �M�F�T�T �X�F�M�M �B�M�J�H�O�F�E�
 �F�/�F�D�U�J�W�F�M�Z �S�F�E�V�D�J�O�H �U�I�F �C�J�S�F�G�S�J�O�H�F�O�D�F�
 �B�O�E �B�T �B

�S�F�T�V�M�U �U�I�J�D�L�O�F�T�T�F�T �H�S�F�B�U�F�S �U�I�B�O ���� �˜�N �B�S�F �V�O�D�P�N�N�P�O �G�P�S �E�J�T�Q�M�B�Z�T��

���������� �1�B�U�U�F�S�O�F�E �F�M�F�D�U�S�P�E�F �E�J�ó�S�B�D�U�J�P�O �H�S�B�U�J�O�H

�*�U �J�T �B�M�T�P �Q�P�T�T�J�C�M�F �U�P �V�U�J�M�J�T�F �E�J�/�S�B�D�U�J�P�O �F�/�F�D�U�T �U�P �T�U�F�F�S �M�J�H�I�U �G�P�S �B�O �P�V�U���D�P�V�Q�M�J�O�H

�F�M�F�N�F�O�U�� �5�I�F �E�J�/�S�B�D�U�J�P�O �H�S�B�U�J�O�H �F�R�V�B�U�J�P�O�T �G�P�S �S�F�n�F�D�U�J�P�O �B�O�E �U�S�B�O�T�N�J�T�T�J�P�O �T�U�Z�M�F

�H�S�B�U�J�O�H�T �B�S�F �H�J�W�F�O �J�O �F�R�V�B�U�J�P�O�T �������� �B�O�E ���������
 �N�P�E�J�m�F�E �U�P �B�D�D�P�V�O�U �G�P�S �S�F�G�S�B�D�U�J�W�F

�J�O�E�F�Y�� �/�P�U�F �U�I�F �E�J�/�F�S�F�O�D�F �C�F�U�X�F�F�O �U�I�F �U�X�P �J�T �E�V�F �U�P �U�I�F �E�J�/�F�S�F�O�U �E�F�m�O�J�U�J�P�O�T �P�G

� m �J�M�M�V�T�U�S�B�U�F�E �J�O �m�H�V�S�F ���������� �5�I�F �E�V�U�Z �D�Z�D�M�F� �J�T �D�B�M�D�V�M�B�U�F�E �B�T �U�I�F �N�B�S�L� �T�Q�B�D�F�

�S�B�U�J�P��
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n1sin(� i) + n1sin(� m) =
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�'�J�H�V�S�F ���������� �3�F�n�F�D�U�J�P�O �B�O�E �U�S�B�O�T�N�J�T�T�J�P�O �E�J�/�S�B�D�U�J�P�O �H�S�B�U�J�O�H�T

�"�T �U�I�F �E�J�/�S�B�D�U�J�P�O �H�S�B�U�J�O�H �J�T �F�N�C�F�E�E�F�E �J�O �U�I�F �X�B�W�F�H�V�J�E�F�
 �U�I�F �F�/�F�D�U�J�W�F �X�B�W�F�M�F�O�H�U�I

�P�G �M�J�H�I�U �J�T �T�J�H�O�J�m�D�B�O�U�M�Z �T�I�P�S�U�F�O�F�E�
 �B�O�E �B�T �T�V�D�I �U�I�F �H�S�B�U�J�O�H �Q�J�U�D�I�F�T �S�F�R�V�J�S�F�E �B�S�F

�T�N�B�M�M�� �"�T �B�O �F�Y�B�N�Q�M�F�
 �B �1�.�.�" �X�B�W�F�H�V�J�E�F �X�J�U�I �B�O �J�O�E�F�Y �P�GnWG = 1.4955�X�J�U�I

������ �O�N �5�*�3 �H�S�F�F�O �M�J�H�I�U �J�O�D�J�E�F�O�U �B�U� i = �����¡ �E�F�T�J�H�O�F�E �U�P �D�P�V�Q�M�F �m�S�T�U �E�J�/�S�B�D�U�J�P�O

�P�S�E�F�S �M�J�H�I�U �P�V�U �B�M�P�O�H �U�I�F �O�P�S�N�B�M� out = ���¡ �S�F�R�V�J�S�F�T �B �H�S�B�U�J�O�H �Q�J�U�D�I �P�G ������ �O�N��

�5�I�F �T�J�N�Q�M�F�T�U �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �P�G �B �T�X�J�U�D�I�J�O�H �E�J�/�S�B�D�U�J�P�O �H�S�B�U�J�O�H �D�B�O �C�F �B�D�I�J�F�W�F�E

�X�J�U�I �B�O �J�T�P�U�S�P�Q�J�D �M�B�Z�F�S �P�G �-�$ �T�B�O�E�X�J�D�I�F�E �C�F�U�X�F�F�O �B �Q�M�B�O�B�S �F�M�F�D�U�S�P�E�F �B�O�E �B

�Q�B�U�U�F�S�O�F�E �F�M�F�D�U�S�P�E�F�
 �T�I�P�X�O �J�O �m�H�V�S�F ���������� �" �Q�P�U�F�O�U�J�B�M �E�J�/�F�S�F�O�D�F �B�D�S�P�T�T �U�I�F

�F�M�F�D�U�S�P�E�F�T �D�B�V�T�F�T �B�O �F�M�F�D�U�S�J�D �m�F�M�E �J�O �U�I�F �-�$ �D�F�M�M�
 �B�O�E �U�I�F �Q�B�U�U�F�S�O �P�G �U�I�F �F�M�F�D�U�S�P�E�F�T

�E�F�U�F�S�N�J�O�F�T �U�I�F �F�M�F�D�U�S�J�D �m�F�M�E �Q�B�U�U�F�S�O�� �5�I�J�T �J�O �U�V�S�O �S�F�P�S�J�F�O�U�B�U�F�T �S�F�H�J�P�O�T �P�G �U�I�F �-�$�


�G�P�S�N�J�O�H �U�I�F �Q�F�S�J�P�E�J�D �T�U�S�V�D�U�V�S�F �P�G �B �E�J�/�S�B�D�U�J�P�O �H�S�B�U�J�O�H�� �)�P�X�F�W�F�S�
 �U�I�F �F�M�F�D�U�S�J�D �m�F�M�E

�J�O�E�V�D�F�E �C�Z �U�I�F �F�M�F�D�U�S�P�E�F�T �J�T �O�P�U �Q�F�S�G�F�D�U�M�Z �Q�B�S�B�M�M�F�M�
 �X�J�U�I �B�S�F�B�T �B�U �U�I�F �F�M�F�D�U�S�P�E�F

�C�P�V�O�E�B�S�J�F�T �E�P�N�J�O�B�U�F�E �C�Z �G�S�J�O�H�J�O�H �F�/�F�D�U�T�� �"�T �E�F�N�P�O�T�U�S�B�U�F�E �C�Z �"�Q�U�F�S �F�U �B�M �<�������>�


�U�I�F�T�F �G�S�J�O�H�J�O�H �F�/�F�D�U�T �D�B�O �C�F �P�O �U�I�F �P�S�E�F�S�T �P�G �N�J�D�S�P�O�T�
 �M�B�S�H�F�S �U�I�B�O �U�I�F �H�S�B�U�J�O�H

�Q�J�U�D�I�� �1�S�F�W�J�P�V�T �S�F�T�F�B�S�D�I �I�B�T �E�F�N�P�O�T�U�S�B�U�F�E �B �� �˜�N �Q�J�U�D�I �Q�B�U�U�F�S�O�F�E �F�M�F�D�U�S�P�E�F �H�S�B�U�J�O�H

�<�������o�������>�� �I�P�X�F�W�F�S�
 �U�I�J�T �J�T �U�P�P �D�P�B�S�T�F �G�P�S �B�O �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U��

����
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�'�J�H�V�S�F ���������� �&�M�F�D�U�S�J�D �m�F�M�E �G�S�J�O�H�J�O�H �F�/�F�D�U�T

���������� �1�B�U�U�F�S�O�F�E �B�M�J�H�O�N�F�O�U �M�B�Z�F�S �E�J�ó�S�B�D�U�J�P�O �H�S�B�U�J�O�H

�" �T�X�J�U�D�I�B�C�M�F �E�J�/�S�B�D�U�J�P�O �H�S�B�U�J�O�H �D�B�O �B�M�T�P �C�F �E�F�m�O�F�E �C�Z �B �Q�B�U�U�F�S�O�F�E �B�M�J�H�O�N�F�O�U

�M�B�Z�F�S�
 �X�J�U�I �B�M�U�F�S�O�B�U�J�O�H �T�U�S�J�Q�T �P�G �Q�F�S�Q�F�O�E�J�D�V�M�B�S �-�$ �B�M�J�H�O�N�F�O�U�� �5�I�J�T �B�M�J�H�O�N�F�O�U �M�B�Z�F�S

�T�U�S�V�D�U�V�S�F �D�B�O �C�F �P�Q�U�J�D�B�M�M�Z �S�F�D�P�S�E�F�E �V�T�J�O�H �B �Q�P�M�B�S�J�T�B�U�J�P�O �T�F�O�T�J�U�J�W�F �E�Z�F �<�������
 �������>��

�"�M�U�F�S�O�B�U�J�W�F�M�Z�
 �$�I�F�O �F�U �B�M �<�������> �E�F�N�P�O�T�U�S�B�U�F �B �Q�S�P�D�F�T�T �V�T�J�O�H �U�X�P �Q�F�S�Q�F�O�E�J�D�V�M�B�S

�S�V�C�C�J�O�H �T�U�B�H�F�T �J�T�P�M�B�U�F�E �G�S�P�N �P�O�F �B�O�P�U�I�F�S �X�J�U�I �B �Q�I�P�U�P�M�J�U�I�P�H�S�B�Q�I�J�D�B�M�M�Z �E�F�m�O�F�E

�N�B�T�L�� �,�J�N �F�U �B�M �<�������> �B�M�T�P �E�F�N�P�O�T�U�S�B�U�F�E �B �D�P�O�U�S�P�M�M�F�E �-�$ �B�M�J�H�O�N�F�O�U �H�S�B�U�J�O�H

�C�Z �J�N�Q�S�J�O�U�J�O�H �B �N�J�D�S�P�H�S�P�P�W�F �Q�B�U�U�F�S�O�� �)�P�X�F�W�F�S�
 �T�X�J�U�D�I�B�C�M�F �E�J�/�S�B�D�U�J�P�O �H�S�B�U�J�O�H�T

�E�F�m�O�F�E �C�Z �U�I�F �B�M�J�H�O�N�F�O�U �M�B�Z�F�S �B�S�F �M�J�N�J�U�F�E �C�Z �U�I�F �X�B�Z �B�M�J�H�O�N�F�O�U �Q�S�P�Q�B�H�B�U�F�T

�U�I�S�P�V�H�I �U�I�F �-�$ �N�P�M�F�D�V�M�F�T�
 �X�J�U�I �B�O �B�M�J�H�O�N�F�O�U �S�F�E�V�D�U�J�P�O �F�/�F�D�U �T�J�N�J�M�B�S �U�P �U�I�F

�F�M�F�D�U�S�J�D �G�S�J�O�H�J�O�H �m�F�M�E �E�F�T�D�S�J�C�F�E �B�C�P�W�F�� �" �N�J�O�J�N�V�N �Q�J�U�D�I �P�G �_�� �˜�N �J�T �F�T�U�J�N�B�U�F�E

�<�������>�
 �B�M�T�P �U�P�P �D�P�B�S�T�F �G�P�S �U�I�F �Q�S�P�Q�P�T�F�E �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U��

���������� �4�V�S�G�B�D�F �S�F�M�J�F�G �T�X�J�U�D�I�J�O�H �E�J�ó�S�B�D�U�J�P�O �H�S�B�U�J�O�H

�5�I�F �T�X�J�U�D�I�B�C�M�F �E�J�/�S�B�D�U�J�P�O �H�S�B�U�J�O�H �D�B�O �B�M�T�P �C�F �G�P�S�N�F�E �C�Z �B �T�V�S�G�B�D�F �S�F�M�J�F�G �Q�S�P�m�M�F

�J�N�Q�S�J�O�U�F�E �J�O�U�P �B�O �-�$ �D�F�M�M �B�T �J�M�M�V�T�U�S�B�U�F�E �J�O �m�H�V�S�F ���������� �"�T �X�J�U�I �U�I�F �Q�S�J�T�N�B�U�J�D

�T�U�S�V�D�U�V�S�F�T �P�G �T�F�D�U�J�P�O�T ���������� �B�O�E �����������
 �U�I�F �H�S�P�P�W�F�T �B�S�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �N�B�U�D�I�F�E �G�P�S

�P�O�F �-�$ �P�S�J�F�O�U�B�U�J�P�O �B�O�E �S�F�W�F�B�M�F�E �G�P�S �U�I�F �P�U�I�F�S�
 �F�O�B�C�M�J�O�H �F�M�F�D�U�S�J�D�B�M �T�X�J�U�D�I�J�O�H �P�G

�U�I�F �H�S�B�U�J�O�H�� �5�I�J�T �N�F�U�I�P�E �I�B�T �C�F�F�O �F�N�Q�M�P�Z�F�E �U�P �D�S�F�B�U�F �U�S�B�O�T�Q�B�S�F�O�U �C�F�B�N �T�U�F�F�S�J�O�H

�E�F�W�J�D�F�T �<�������o�������>�� �I�P�X�F�W�F�S�
 �U�I�F �Q�J�U�D�I �P�G �T�V�D�I �E�F�W�J�D�F�T �J�T �H�F�O�F�S�B�M�M�Z �N�V�D�I �M�B�S�H�F�S

�U�I�B�O �U�I�B�U �S�F�R�V�J�S�F�E �P�G �B�O �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U�� �#�V�• �F�U �B�M �<�������> �E�F�N�P�O�T�U�S�B�U�F�E

�B�O �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U �V�T�J�O�H �B �H�S�B�U�J�O�H �J�N�Q�S�J�O�U�F�E �J�O�U�P �B �Q�P�M�Z�N�F�S �M�B�Z�F�S�� �-�J�H�I�U

����



�D�P�V�Q�M�F�E �J�O�U�P �B �M�P�T�T�Z �5�*�3 �N�P�E�F �J�O �U�I�F �-�$ �M�B�Z�F�S �X�B�T �U�I�F�O �D�P�V�Q�M�F�E �P�V�U �B�U �U�I�F �H�S�B�U�J�O�H��

�4�V�D�I �B �T�U�S�V�D�U�V�S�F �J�T �J�O�F�2�D�J�F�O�U �U�I�P�V�H�I �B�T �P�O�M�Z �-�$ �J�O �U�I�F �T�V�S�G�B�D�F �S�F�M�J�F�G �H�S�B�U�J�O�H

�H�S�P�P�W�F�T �J�T �S�F�R�V�J�S�F�E �G�P�S �B �T�X�J�U�D�I�B�C�M�F �F�M�F�N�F�O�U�
 �B�O�E �U�I�F �C�V�M�L �P�G �U�I�F �-�$ �S�F�E�V�D�F�T

�U�I�F �T�X�J�U�D�I�J�O�H �T�Q�F�F�E �B�O�E �J�O�D�S�F�B�T�F�T �U�I�F �E�S�J�W�J�O�H �W�P�M�U�B�H�F�� �5�I�F �B�V�U�I�P�S�T �S�F�D�P�S�E�F�E �B

�T�X�J�U�D�I�J�O�H �T�Q�F�F�E �P�G ������ �)�[�
 �Z�F�U �O�P�U�F�E �B �� �L�)�[ �S�F�T�Q�P�O�T�F �B�U�U�S�J�C�V�U�F�E �U�P �U�I�F �-�$

�O�F�B�S �U�I�F �H�S�B�U�J�O�H �T�U�S�V�D�U�V�S�F�� �"�E�E�J�U�J�P�O�B�M�M�Z�
 �U�I�F �D�P�O�G�P�S�N�B�M �F�M�F�D�U�S�P�E�F �M�B�Z�F�S �P�W�F�S �U�I�F

�T�V�S�G�B�D�F �S�F�M�J�F�G �H�S�B�U�J�O�H �H�S�F�B�U�M�Z �S�F�E�V�D�F�T �U�I�F �F�M�F�D�U�S�J�D �m�F�M�E �J�O �U�I�F �W�J�D�J�O�J�U�Z �P�G �U�I�F �H�S�P�P�W�F�T�


�S�F�E�V�D�J�O�H �U�I�F �F�2�D�J�F�O�D�Z �P�G �U�I�F �T�Z�T�U�F�N��

LC
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Imprinted polymer layer
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Spacer bead
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�'�J�H�V�S�F ���������� �4�V�S�G�B�D�F �S�F�M�J�F�G �E�J�/�S�B�D�U�J�P�O �H�S�B�U�J�O�H

���������� �$�P�O�T�U�S�B�J�O�F�E �M�J�R�V�J�E �D�S�Z�T�U�B�M �E�J�ó�S�B�D�U�J�P�O �H�S�B�U�J�O�H

�5�I�F �G�B�T�U �T�X�J�U�D�I�J�O�H �O�P�U�F�E �B�C�P�W�F �D�B�O �C�F �G�V�M�M�Z �F�Y�Q�M�P�J�U�F�E �C�Z �S�F�N�P�W�J�O�H �U�I�F �V�O�O�F�D�F�T�T�B�S�Z

�C�V�M�L �P�G �U�I�F �-�$ �B�O�E �G�V�M�M�Z �D�P�O�T�U�S�B�J�O�J�O�H �U�I�F �-�$ �J�O �U�I�F �H�S�P�P�W�F�T�
 �B�T �J�M�M�V�T�U�S�B�U�F�E

�J�O �m�H�V�S�F ���������� �5�I�J�T �T�J�H�O�J�m�D�B�O�U�M�Z �J�O�D�S�F�B�T�F�T �U�I�F �T�V�S�G�B�D�F �B�S�F�B �U�P �W�P�M�V�N�F �S�B�U�J�P �P�G

�U�I�F �D�F�M�M�
 �J�O�D�S�F�B�T�J�O�H �U�I�F �-�$ �B�M�J�H�O�N�F�O�U �B�O�D�I�P�S�J�O�H �T�U�S�F�O�H�U�I �X�I�J�D�I �T�I�P�V�M�E �D�B�V�T�F �B

�S�F�E�V�D�U�J�P�O �J�O �S�F�M�B�Y�B�U�J�P�O �U�J�N�F �B�O�E �B �H�S�F�B�U�F�S �T�X�J�U�D�I�J�O�H �T�Q�F�F�E�� �5�I�F �F�M�F�N�F�O�U �J�T �N�B�E�F

�U�I�J�O�O�F�S �C�Z �S�F�E�V�D�J�O�H �U�I�F �U�I�J�D�L�O�F�T�T �P�G �U�I�F �-�$ �D�F�M�M�
 �S�F�E�V�D�J�O�H �U�I�F �S�F�R�V�J�S�F�E �E�S�J�W�F

�W�P�M�U�B�H�F �G�P�S �T�J�N�Q�M�F �Q�P�S�U�B�C�M�F �E�S�J�W�J�O�H �F�M�F�D�U�S�P�O�J�D�T�� �"�E�E�J�U�J�P�O�B�M�M�Z�
 �U�I�F �F�Y�U�S�B �N�F�D�I�B�O�J�D�B�M

�T�V�Q�Q�P�S�U �Q�S�P�W�J�E�F�E �C�Z �U�I�F �H�S�B�U�J�O�H �S�J�E�H�F�T �T�I�P�V�M�E �T�J�H�O�J�m�D�B�O�U�M�Z �J�O�D�S�F�B�T�F �N�F�D�I�B�O�J�D�B�M
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�C�F �T�J�N�V�M�U�B�O�F�P�V�T�M�Z �E�J�T�Q�M�B�Z�F�E�� �5�I�F �T�X�J�U�D�I�J�O�H �T�Q�F�F�E �D�B�O �B�M�T�P �C�F �S�F�E�V�D�F�E �X�J�U�I �U�I�F

�B�T�T�V�N�Q�U�J�P�O �U�I�B�U �U�I�F �N�B�K�P�S�J�U�Z �P�G �J�N�B�H�F�T �E�J�T�Q�M�B�Z�F�E �G�P�S �"�3 �B�S�F �T�Q�B�S�T�F�
 �B�O�E �J�O�D�M�V�E�F

�M�B�S�H�F �B�S�F�B�T �P�G �C�B�D�L�H�S�P�V�O�E �U�I�B�U �B�S�F �V�O���M�J�U�
 �G�P�S �F�Y�B�N�Q�M�F�
 �U�I�F �E�J�T�Q�M�B�Z �P�G �U�F�Y�U�
 �P�S �N�J�Y�F�E

�T�D�F�O�F�T �P�G �S�F�B�M���X�P�S�M�E �B�O�E �W�J�S�U�V�B�M �P�C�K�F�D�U�T�� �5�I�J�T �E�F�D�S�F�B�T�F�T �U�I�F �F�/�F�D�U�J�W�F �S�F�T�P�M�V�U�J�P�O

�S�F�R�V�J�S�F�E �C�Z �U�I�F �E�J�T�Q�M�B�Z�
 �B�U �U�I�F �D�P�T�U �P�G �B �N�P�S�F �D�P�N�Q�M�J�D�B�U�F�E �F�M�F�D�U�S�P�E�F �T�U�S�V�D�U�V�S�F��

�&�Y�Q�F�S�J�N�F�O�U�B�M �E�B�U�B �J�T �S�F�R�V�J�S�F�E �U�P �F�T�U�B�C�M�J�T�I �B �T�X�J�U�D�I�J�O�H �G�S�F�R�V�F�O�D�Z �C�P�V�O�E �G�P�S �U�I�F

�D�P�O�T�U�S�B�J�O�F�E �-�$ �H�S�B�U�J�O�H �B�S�D�I�J�U�F�D�U�V�S�F��

������ �3�J�H�P�S�P�V�T �D�P�V�Q�M�F�E �X�B�W�F �B�O�B�M�Z�T�J�T

�" �S�J�H�P�S�P�V�T �D�P�V�Q�M�F�E �X�B�W�F �B�O�B�M�Z�T�J�T �	�3�$�8�"�
 �U�F�D�I�O�J�R�V�F �X�B�T �T�F�M�F�D�U�F�E �U�P �T�J�N�V�M�B�U�F �U�I�F

�E�J�/�F�S�F�O�U �H�S�B�U�J�O�H �H�F�P�N�F�U�S�J�F�T �B�O�E �Q�B�S�B�N�F�U�F�S�T�� �3�$�8�" �J�T �B �T�F�N�J���B�O�B�M�Z�U�J�D�B�M �B�O�B�M�Z�T�J�T �P�G

�.�B�Y�X�F�M�M���T �F�R�V�B�U�J�P�O�T �J�O �'�P�V�S�J�F�S���T�Q�B�D�F�
 �B�M�M�P�X�J�O�H �U�I�F �F�M�F�D�U�S�P�N�B�H�O�F�U�J�D �F�J�H�F�O�N�P�E�F�T

�P�G �B �Q�F�S�J�P�E�J�D �T�U�S�V�D�U�V�S�F �U�P �C�F �D�B�M�D�V�M�B�U�F�E�� �5�I�F �H�S�B�U�J�O�H �V�O�E�F�S �J�O�W�F�T�U�J�H�B�U�J�P�O �J�T �m�S�T�U

�S�F�E�V�D�F�E �U�P �B �T�J�O�H�M�F �V�O�J�U �D�F�M�M �P�G �P�O�F �Q�F�S�J�P�E �X�J�E�U�I�
 �B�O�E �G�V�S�U�I�F�S �E�J�W�J�E�F�E �J�O�U�P �Q�M�B�O�B�S

�M�B�Z�F�S�T�� �5�I�F�T�F �B�S�F �S�F�Q�S�F�T�F�O�U�F�E �C�Z �B �T�V�N �P�G �T�Q�B�U�J�B�M �I�B�S�N�P�O�J�D�T �P�Q�F�S�B�U�J�O�H �P�O �U�I�F

�J�O�D�J�E�F�O�U �F�M�F�D�U�S�J�D �B�O�E �N�B�H�O�F�U�J�D �m�F�M�E�T�� �5�S�B�O�T�N�J�U�U�B�O�D�F �B�O�E �S�F�n�F�D�U�B�O�D�F �F�2�D�J�F�O�D�J�F�T

�D�B�O �U�I�F�O �C�F �T�P�M�W�F�E �C�Z �N�B�U�D�I�J�O�H �U�I�F �C�P�V�O�E�B�S�Z �D�P�O�E�J�U�J�P�O�T �C�F�U�X�F�F�O �F�B�D�I �M�B�Z�F�S�


�G�P�M�M�P�X�F�E �C�Z �O�P�S�N�B�M�J�T�B�U�J�P�O�� �5�I�F �3�$�8�" �T�J�N�V�M�B�U�J�P�O �T�P�8�X�B�S�F �V�T�F�E �J�O �U�I�J�T �U�I�F�T�J�T �J�T

�3�F�U�J�D�P�M�P �W�� �G�S�P�N �*�O�T�U�J�U�V�U �E���0�Q�U�J�R�V�F �<�������>�
 �D�P�N�C�J�O�F�E �X�J�U�I �.�"�5�-�"�# �U�P �H�F�O�F�S�B�U�F

�H�F�P�N�F�U�S�Z �U�F�Y�U�V�S�F �N�B�Q�T �B�O�E �B�V�U�P�N�B�U�F �Q�B�S�B�N�F�U�F�S �P�Q�U�J�N�J�T�B�U�J�P�O�� �*�O �H�F�O�F�S�B�M�
 �E�J�W�J�E�J�O�H

�U�I�F �H�S�B�U�J�O�H �J�O�U�P ������ �M�B�Z�F�S�T �B�O�E �T�J�N�V�M�B�U�J�O�H �G�P�S ���� �'�P�V�S�J�F�S �I�B�S�N�P�O�J�D�T �X�B�T �G�P�V�O�E �U�P

�H�J�W�F �B�D�D�F�Q�U�B�C�M�F �T�J�N�V�M�B�U�J�P�O �U�J�N�F �X�J�U�I �O�P �B�Q�Q�S�F�D�J�B�C�M�F �S�F�E�V�D�U�J�P�O �J�O �B�D�D�V�S�B�D�Z�� �5�I�J�T

�S�F�T�V�M�U�T �J�O �B�Q�Q�S�P�Y�J�N�B�U�F�M�Z ���o���� �O�N �M�B�Z�F�S �U�I�J�D�L�O�F�T�T�F�T�
 �B�O �P�S�E�F�S �P�G �N�B�H�O�J�U�V�E�F �T�N�B�M�M�F�S

�U�I�B�O �U�I�F �X�B�W�F�M�F�O�H�U�I��

���������� �4�R�V�B�S�F �H�S�B�U�J�O�H �P�Q�U�J�N�J�T�B�U�J�P�O �	�m�H�V�S�F ���������B�


�" �T�R�V�B�S�F �H�S�B�U�J�O�H�
 �E�F�Q�J�D�U�F�E �J�O �m�H�V�S�F ���������B�
 �I�B�T �G�P�V�S �Q�B�S�B�N�F�U�F�S�T �U�I�B�U �D�B�O �C�F

�P�Q�U�J�N�J�T�F�E �G�P�S �B �T�Q�F�D�J�m�F�E �P�V�U�Q�V�U �E�J�/�S�B�D�U�J�P�O �B�O�H�M�F� out�� �J�O�D�J�E�F�O�U �B�O�H�M�F� in �
 �E�F�Q�U�I

d�
 �B�O�E �U�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�J�D�F�T �P�G �U�I�F �X�B�W�F�H�V�J�E�FnWG �B�O�E �-�$nLC �� �'�S�P�N �U�I�F�T�F�
 �J�U

�J�T �Q�P�T�T�J�C�M�F �U�P �D�B�M�D�V�M�B�U�F �U�I�F �H�S�B�U�J�O�H �Q�J�U�D�I �X�J�U�I �F�R�V�B�U�J�P�O ���������� �"�E�E�J�U�J�P�O�B�M�M�Z�
 �U�I�F

�Q�P�M�B�S�J�T�B�U�J�P�O �P�G �J�O�D�J�E�F�O�U �M�J�H�I�U �T�U�S�P�O�H�M�Z �B�/�F�D�U�T �H�S�B�U�J�O�H �Q�F�S�G�P�S�N�B�O�D�F��

������



P =
� 0

nWG (sin� in � sin� diff )
�	���������


�" �X�B�W�F�H�V�J�E�F �N�B�U�F�S�J�B�M �P�G �$�0�$ �J�T �B�T�T�V�N�F�E �X�J�U�I �&�� �-�$�
 �E�V�F �U�P �U�I�F �D�M�P�T�F �N�B�U�D�I �P�G �U�I�F

�-�$ �P�S�E�J�O�B�S�Z �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �U�P �U�I�B�U �P�G �$�0�$ �‰ �T�F�D�U�J�P�O ������������ �"�T �B �Q�S�P�P�G���P�G���D�P�O�D�F�Q�U

�U�I�F �H�S�B�U�J�O�H �J�T �E�F�T�J�H�O�F�E �G�P�S �B �X�B�W�F�M�F�O�H�U�I �P�G �������O�N�
 �B�W�B�J�M�B�C�M�F �G�S�P�N �D�I�F�B�Q �B�O�E

�S�F�B�E�J�M�Z �B�W�B�J�M�B�C�M�F �M�B�T�F�S �E�J�P�E�F �N�P�E�V�M�F�T�� �5�I�J�T �J�T �D�M�P�T�F �U�P �U�I�F �Q�F�B�L �T�F�O�T�J�U�J�W�J�U�Z �P�G �U�I�F �F�Z�F

�B�O�E �Q�F�S�D�F�J�W�F�E �B�T �_���¨ �C�S�J�H�I�U�F�S �U�I�B�O �F�R�V�J�W�B�M�F�O�U �Q�P�X�F�S �S�F�E �B�O�E �C�M�V�F �T�P�V�S�D�F�T�
 �G�P�S �B

�C�S�J�H�I�U �C�V�U �T�B�G�F �B�O�E �M�P�X �Q�P�X�F�S �J�N�B�H�F�� �'�J�H�V�S�F �������� �T�I�P�X�T �I�P�X �U�I�F �3�$�8�" �T�J�N�V�M�B�U�F�E

�E�J�/�S�B�D�U�J�P�O �F�2�D�J�F�O�D�Z �W�B�S�J�F�T �X�J�U�I �S�F�T�Q�F�D�U �U�P �C�P�U�I �J�O�D�J�E�F�O�U �B�O�H�M�F �B�O�E �E�F�Q�U�I �P�W�F�S �B

�C�S�P�B�E �S�B�O�H�F�
 �G�P�S �B �Q�F�S�Q�F�O�E�J�D�V�M�B�S �P�V�U���D�P�V�Q�M�J�O�H �P�G� out = ���¡��

� = 532nm

nWG = 1.5364

nLCe = 1.7558

� out = ���¡

�" �T�U�S�P�O�H�M�Z �Q�F�S�J�P�E�J�D �G�V�O�D�U�J�P�O �J�T �W�J�T�J�C�M�F�
 �X�J�U�I �U�I�F �I�J�H�I�F�T�U �F�2�D�J�F�O�D�J�F�T �F�Y�D�M�V�T�J�W�F�M�Z

�B�U �U�I�F �T�N�B�M�M�F�T�U �J�O�D�J�E�F�O�D�F �B�O�H�M�F�T�� �5�I�J�T �D�B�O �C�F �J�O�U�V�J�U�J�W�F�M�Z �J�O�U�F�S�Q�S�F�U�F�E �B�T �T�N�B�M�M�F�S

�J�O�D�J�E�F�O�D�F �B�O�H�M�F�T �S�F�R�V�J�S�F �M�F�T�T �E�F�n�F�D�U�J�P�O �C�Z �U�I�F �E�J�/�S�B�D�U�J�P�O �H�S�B�U�J�O�H�
 �X�I�J�M�T�U �U�I�F

�E�F�Q�U�I �Q�F�S�J�P�E�J�D�J�U�Z �J�T �E�V�F �U�P �D�P�O�T�U�S�V�D�U�J�W�F �B�O�E �E�F�T�U�S�V�D�U�J�W�F �D�P�I�F�S�F�O�U �J�O�U�F�S�G�F�S�F�O�D�F��

�5�I�F �H�S�B�U�J�O�H �J�T �B�M�T�P �T�J�H�O�J�m�D�B�O�U�M�Z �N�P�S�F �F�2�D�J�F�O�U �G�P�S �5�& �Q�P�M�B�S�J�T�F�E �M�J�H�I�U�� �'�J�H�V�S�F ��������

�J�O�D�M�V�E�F�T �G�V�S�U�I�F�S �E�F�U�B�J�M �B�S�P�V�O�E �U�I�F �F�2�D�J�F�O�D�Z �Q�F�B�L �B�U �U�I�F �T�N�B�M�M�F�T�U �E�F�Q�U�I �B�T �U�I�J�T

�H�F�P�N�F�U�S�Z �J�T �U�I�F �F�B�T�J�F�T�U �U�P �N�B�O�V�G�B�D�U�V�S�F��

�5�I�F �N�J�O�J�N�V�N �J�O�D�J�E�F�O�D�F �B�O�H�M�F �J�T �M�J�N�J�U�F�E �C�Z �U�I�F �D�S�J�U�J�D�B�M �B�O�H�M�F �C�F�U�X�F�F�O �B�J�S �B�O�E

�$�0�$ �B�U� crit = ���������¡ �G�P�S �U�I�F �X�B�W�F�H�V�J�E�F �U�P �C�F �B�C�M�F �U�P �T�V�Q�Q�P�S�U �5�*�3�� �*�O �P�S�E�F�S �U�P

�M�F�B�W�F �B �T�N�B�M�M �N�B�S�H�J�O �C�F�Z�P�O�E �U�I�F �D�S�J�U�J�D�B�M �B�O�H�M�F�
 �B�O �J�O�D�J�E�F�O�D�F �B�O�H�M�F �P�G� in = �����¡ �J�T

�T�F�M�F�D�U�F�E��

�'�J�H�V�S�F �������� �E�F�U�B�J�M�T �U�I�F �F�/�F�D�U �P�G �E�V�U�Z �D�Z�D�M�F �P�O �U�I�F �H�S�B�U�J�O�H �F�2�D�J�F�O�D�Z�
 �J�E�F�O�U�J�G�Z�J�O�H �U�I�F

�Q�B�S�B�N�F�U�F�S�T �G�P�S �N�B�Y�J�N�V�N �E�J�/�S�B�D�U�J�P�O �F�2�D�J�F�O�D�Z�
 �T�I�P�X�O �J�O �U�B�C�M�F ������ �B�O�E �J�M�M�V�T�U�S�B�U�F�E

������



�	�B�
 �5�& �Q�P�M�B�S�J�T�B�U�J�P�O

�	�C�
 �5�. �Q�P�M�B�S�J�T�B�U�J�P�O

�'�J�H�V�S�F ���������� �4�R�V�B�S�F �H�S�B�U�J�O�H �F�2�D�J�F�O�D�Z

������



�	�B�
 �5�& �Q�P�M�B�S�J�T�B�U�J�P�O

�	�C�
 �5�. �Q�P�M�B�S�J�T�B�U�J�P�O

�'�J�H�V�S�F ���������� �4�R�V�B�S�F �H�S�B�U�J�O�H �F�2�D�J�F�O�D�Z �‰ �E�F�U�B�J�M �B�S�P�V�O�E �U�I�F �Q�F�B�L

������



�5�B�C�M�F �������� �0�Q�U�J�N�V�N �T�R�V�B�S�F �H�S�B�U�J�O�H �H�F�P�N�F�U�S�Z

�5�& �Q�P�M�B�S�J�T�B�U�J�P�O �5�. �Q�P�M�B�S�J�T�B�U�J�P�O
�8�B�W�F�M�F�O�H�U�I ������ �O�N ������ �O�N

nLC ������������ ������������
nWG ������������ ������������

� in �����¡ �����¡
� out ���¡ ���¡

�1�J�U�D�I ������ �O�N ������ �O�N
�%�V�U�Z �D�Z�D�M�F ���������� ����������

�(�S�P�P�W�F �X�J�E�U�I ������ �O�N ������ �O�N
�%�F�Q�U�I ������ �O�N ������ �O�N

�"�T�Q�F�D�U �S�B�U�J�P ������ ������
�2 ������ ������

�'�J�S�T�U �P�S�E�F�S �F�2�D�J�F�O�D�Z ���������� ��������
�4�F�D�P�O�E �P�S�E�F�S �F�2�D�J�F�O�D�Z �������� ��������

�U�P �T�D�B�M�F �J�O �m�H�V�S�F ���������� �5�I�F �X�J�E�U�I �P�G �U�I�F �-�$ �m�M�M�F�E �H�S�B�U�J�O�H �H�S�P�P�W�F�T �D�B�O �C�F �D�B�M�D�V�M�B�U�F�E

�U�P �C�F ������ �O�N �B�O�E ������ �O�N �G�P�S �5�& �B�O�E �5�. �S�F�T�Q�F�D�U�J�W�F�M�Z�
 �F�O�B�C�M�J�O�H �U�I�F �B�T�Q�F�D�U �S�B�U�J�P �P�G

�U�I�F �H�F�P�N�F�U�S�Z �U�P �C�F �F�W�B�M�V�B�U�F�E�� �)�J�H�I�F�S �B�T�Q�F�D�U �S�B�U�J�P �T�U�S�V�D�U�V�S�F�T �B�S�F �T�J�H�O�J�m�D�B�O�U�M�Z �N�P�S�F

�D�I�B�M�M�F�O�H�J�O�H �U�P �N�B�O�V�G�B�D�U�V�S�F�� �I�P�X�F�W�F�S�
 �C�Z �B�D�D�F�Q�U�J�O�H �B �T�M�J�H�I�U �F�2�D�J�F�O�D�Z �Q�F�O�B�M�U�Z �P�G

�����
 �U�I�F �H�S�B�U�J�O�H �D�B�O �C�F �E�F�T�J�H�O�F�E �X�J�U�I �B �N�V�D�I �M�P�X�F�S �B�T�Q�F�D�U �S�B�U�J�P �P�G ��������

�" �T�F�D�P�O�E���P�S�E�F�S �E�J�/�S�B�D�U�J�P�O �N�P�E�F �J�T �T�V�Q�Q�P�S�U�F�E �C�Z �U�I�F �H�S�B�U�J�O�H�� �I�P�X�F�W�F�S�
 �U�I�F

�F�2�D�J�F�O�D�Z �J�T �M�P�X�
 �B�O�E �U�I�F �E�J�/�S�B�D�U�J�P�O �B�O�H�M�F �J�T �¦�����¡�� �5�I�J�T �J�T �M�B�S�H�F�S �U�I�B�O �U�I�F �D�S�J�U�J�D�B�M

�B�O�H�M�F �B�O�E �T�P �U�I�F �T�F�D�P�O�E �P�S�E�F�S �S�F�N�B�J�O�T �J�O �5�*�3 �X�J�U�I �B�O �P�Q�Q�P�T�J�U�F �E�J�S�F�D�U�J�P�O �U�P �U�I�F

�J�O�D�J�E�F�O�U �M�J�H�I�U�
 �F�/�F�D�U�J�W�F�M�Z �B�D�U�J�O�H �B�T �U�I�P�V�H�I �N�J�S�S�P�S�F�E�� �/�P �I�J�H�I�F�S���P�S�E�F�S �P�S �O�F�H�B�U�J�W�F

�P�S�E�F�S �E�J�/�S�B�D�U�J�P�O �N�P�E�F�T �B�S�F �T�V�Q�Q�P�S�U�F�E �C�Z �U�I�F �H�S�B�U�J�O�H��

�'�S�P�N �F�R�V�B�U�J�P�O �������� �U�I�F �2���G�B�D�U�P�S �P�G �U�I�F �H�S�B�U�J�O�H�T �D�B�O �C�F �D�B�M�D�V�M�B�U�F�E �U�P �C�FQ � 5�


�Q�M�B�D�J�O�H �U�I�J�T �H�F�P�N�F�U�S�Z �T�R�V�B�S�F�M�Z �C�F�U�X�F�F�O �U�I�F �3�B�N�F�O���/�B�U�I �B�O�E �#�S�B�H�H �S�F�H�J�N�F�T��

�3�B�N�F�O���/�B�U�I �S�F�H�J�N�F �H�S�B�U�J�O�H�T �B�S�F �F�Y�Q�F�D�U�F�E �U�P �I�B�W�F �N�B�O�Z �I�J�H�I�F�S �E�J�/�S�B�D�U�J�P�O �P�S�E�F�S�T�


�M�P�X �B�O�H�V�M�B�S �B�O�E �X�B�W�F�M�F�O�H�U�I �T�F�M�F�D�U�J�W�J�U�Z�
 �J�O �D�P�O�U�S�B�T�U �U�P �U�I�F �T�J�O�H�M�F �E�J�/�S�B�D�U�J�P�O �P�S�E�F�S

�B�O�E �I�J�H�I �T�F�M�F�D�U�J�W�J�U�Z �P�G �#�S�B�H�H �H�S�B�U�J�O�H�T��

�'�J�H�V�S�F �������� �T�I�P�X�T �U�I�F �S�F�T�Q�P�O�T�F �P�G �H�S�B�U�J�O�H �H�F�P�N�F�U�S�Z �G�S�P�N �U�B�C�M�F ������ �G�P�S �B �S�B�O�H�F

�P�G �5�.���Q�P�M�B�S�J�T�B�U�J�P�O �J�O�D�J�E�F�O�D�F �D�P�O�E�J�U�J�P�O�T�
 �X�J�U�I �B �T�J�N�J�M�B�S �5�& �S�F�T�Q�P�O�T�F�� �5�I�F �H�S�B�U�J�O�H

�E�F�N�P�O�T�U�S�B�U�F�T �S�F�M�B�U�J�W�F�M�Z �M�P�X �T�F�M�F�D�U�J�W�J�U�Z �G�P�S �C�P�U�I �X�B�W�F�M�F�O�H�U�I �B�O�E �J�O�D�J�E�F�O�D�F �B�O�H�M�F�


�S�B�U�I�F�S �U�I�B�O �U�I�F �I�J�H�I �T�F�M�F�D�U�J�W�J�U�Z �F�Y�Q�F�D�U�F�E �P�G �B �#�S�B�H�H �H�S�B�U�J�O�H�� �)�P�X�F�W�F�S�
 �U�I�F �Q�F�B�L

������



�	�B�
 �5�& �Q�P�M�B�S�J�T�B�U�J�P�O

�	�C�
 �5�. �Q�P�M�B�S�J�T�B�U�J�P�O

�'�J�H�V�S�F ���������� �4�R�V�B�S�F �H�S�B�U�J�O�H �F�2�D�J�F�O�D�Z �‰ �U�I�F �F�/�F�D�U �P�G �E�V�U�Z �D�Z�D�M�F

������



�'�J�H�V�S�F ���������� �0�Q�U�J�N�V�N �T�R�V�B�S�F �H�S�B�U�J�O�H �H�F�P�N�F�U�S�Z �G�P�S �5�& �Q�P�M�B�S�J�T�B�U�J�P�O

�F�2�D�J�F�O�D�Z �D�S�J�U�F�S�J�B �‰ �S�F�Q�S�F�T�F�O�U�F�E �C�Z �U�I�F �C�M�B�D�L �U�S�F�O�E�M�J�O�F �‰ �B�S�F �X�F�M�M �N�P�E�F�M�M�F�E

�C�Z �U�I�F �#�S�B�H�H �D�P�O�E�J�U�J�P�O �‰ �M�B�C�F�M�M�F�E �J�O �X�I�J�U�F �B�O�E �D�B�M�D�V�M�B�U�F�E �V�T�J�O�H �F�R�V�B�U�J�P�O ����������

�/�P�U�F �U�I�F �T�N�B�M�M �E�J�T�D�P�O�U�J�O�V�J�U�J�F�T �J�O �m�H�V�S�F �������� �B�S�F �E�V�F �U�P �S�F�T�P�O�B�O�D�F �Q�P�J�O�U�T �J�O �U�I�F

�H�F�P�N�F�U�S�Z �U�I�B�U �B�S�F �Q�P�P�S�M�Z �T�J�N�V�M�B�U�F�E �C�Z �3�$�8�"�� �'�J�O�J�U�F���E�J�/�F�S�F�O�D�F �U�J�N�F �E�P�N�B�J�O

�	�'�%�5�%�
 �T�J�N�V�M�B�U�J�P�O �X�P�V�M�E �C�F �S�F�R�V�J�S�F�E �U�P �H�F�U �B �N�P�S�F �S�F�Q�S�F�T�F�O�U�B�U�J�W�F �T�J�N�V�M�B�U�J�P�O �J�O

�U�I�F�T�F �S�F�H�J�P�O�T�
 �V�O�O�F�D�F�T�T�B�S�Z �I�F�S�F �B�T �U�I�F�Z �E�P �O�P�U �P�D�D�V�S �B�S�P�V�O�E �U�I�F �Q�P�J�O�U�T �P�G �J�O�U�F�S�F�T�U��

� Bragg= sin� 1
�

� 0

2PnWG

�

�	���������


�#�Z �P�C�T�F�S�W�J�O�H �U�I�F �E�J�/�S�B�D�U�J�P�O �F�2�D�J�F�O�D�Z �G�P�S �J�O�D�J�E�F�O�D�F �B�O�H�M�F�T �C�F�M�P�X �U�I�F �D�S�J�U�J�D�B�M

�B�O�H�M�F�
 �J�U �J�T �Q�P�T�T�J�C�M�F �U�P �F�W�B�M�V�B�U�F �I�P�X �U�S�B�O�T�Q�B�S�F�O�U �U�I�F �F�M�F�N�F�O�U �X�J�M�M �B�Q�Q�F�B�S �U�P

�C�F �X�I�F�O �T�X�J�U�D�I�F�E�� �)�J�H�I �E�J�/�S�B�D�U�J�P�O �F�2�D�J�F�O�D�J�F�T �B�U ������ �G�P�S �M�P�X �X�B�W�F�M�F�O�H�U�I�T

�J�O�E�J�D�B�U�F �S�F�E�V�D�F�E �U�S�B�O�T�Q�B�S�F�O�D�Z�� �I�P�X�F�W�F�S�
 �B�T �U�I�F �X�B�W�F�H�V�J�E�F �E�J�T�Q�M�B�Z �J�T �E�F�T�J�H�O�F�E �U�P

�P�O�M�Z �T�X�J�U�D�I �J�O�E�J�W�J�E�V�B�M �F�M�F�N�F�O�U�T �C�S�J�F�n�Z�
 �U�I�J�T �J�T �V�O�M�J�L�F�M�Z �U�P �T�J�H�O�J�m�D�B�O�U�M�Z �J�N�Q�B�D�U

�U�S�B�O�T�Q�B�S�F�O�D�Z�� �#�B�T�F�E �P�O �U�I�F �T�J�N�V�M�B�U�J�P�O�T �S�F�T�V�M�U�T�
 �J�U �J�T �T�Q�F�D�V�M�B�U�F�E �U�I�B�U �U�I�F �X�B�W�F�M�F�O�H�U�I

�E�F�Q�F�O�E�F�O�U �F�2�D�J�F�O�D�Z �N�B�Z �J�N�Q�B�S�U �B �T�M�J�H�I�U �P�S�B�O�H�F �U�J�O�H�F �U�P �U�I�F �F�M�F�N�F�O�U��

�5�I�F �E�J�/�S�B�D�U�J�P�O �F�2�D�J�F�O�D�Z �P�G �U�I�F �H�S�B�U�J�O�H �X�I�F�O �U�I�F �-�$ �I�B�T �C�F�F�O �T�X�J�U�D�I�F�E �U�P �N�B�U�D�I

�U�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �P�G �U�I�F �X�B�W�F�H�V�J�E�F �D�B�O �C�F �T�J�N�V�M�B�U�F�E �U�P ���������� �B�O�E ���������� �G�P�S �5�&

�B�O�E �5�. �Q�P�M�B�S�J�T�B�U�J�P�O �S�F�T�Q�F�D�U�J�W�F�M�Z�
 �G�P�S �B �D�P�O�U�S�B�T�U �S�B�U�J�P �P�G ������������ �)�P�X�F�W�F�S�
 �U�I�J�T �D�B�O

������



�'�J�H�V�S�F ���������� �(�S�B�U�J�O�H �S�F�T�Q�P�O�T�F �U�P �P�U�I�F�S �J�O�D�J�E�F�O�U �B�O�H�M�F�T �B�O�E �P�U�I�F�S �X�B�W�F�M�F�O�H�U�I�T

�C�F �T�J�H�O�J�m�D�B�O�U�M�Z �J�N�Q�S�P�W�F�E �C�Z �U�V�O�J�O�H �U�I�FnLCo �B�O�EnWG �S�F�G�S�B�D�U�J�W�F �J�O�E�J�D�F�T �G�V�S�U�I�F�S�


�T�F�F �T�F�D�U�J�P�O ������������

�5�I�F �F�2�D�J�F�O�D�Z �P�G �B�O �&�� �-�$ �m�M�M�F�E �H�S�B�U�J�O�H �X�J�U�I �B �)�3�*�1 �J�O�E�F�Y �N�B�U�D�I�F�E �X�B�W�F�H�V�J�E�F

�X�B�T �B�M�T�P �T�J�N�V�M�B�U�F�E�
 �m�H�V�S�F ���������� �5�I�F �I�J�H�I�F�S �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �P�G �U�I�F �X�B�W�F�H�V�J�E�F �M�P�X�F�S�T

�U�I�F �D�S�J�U�J�D�B�M �B�O�H�M�F �U�P� crit = ���������¡�
 �F�O�B�C�M�J�O�H �U�I�F �J�O�D�J�E�F�O�D�F �B�O�H�M�F �U�P �C�F �S�F�E�V�D�F�E

�U�P �����¡�� �" �Q�F�B�L �F�2�D�J�F�O�D�Z �P�G ���������� �G�P�S ������ �O�N �M�J�H�I�U �J�T �D�B�M�D�V�M�B�U�F�E�
 �T�M�J�H�I�U�M�Z �H�S�F�B�U�F�S

�U�I�B�O �U�I�F �H�S�B�U�J�O�H�T �B�O�B�M�Z�T�F�E �B�C�P�W�F�� �5�I�F �P�Q�U�J�N�V�N �E�F�Q�U�I �J�T �B�M�T�P �G�S�B�D�U�J�P�O�B�M�M�Z �S�F�E�V�D�F�E�


�T�M�J�H�I�U�M�Z �M�P�X�F�S�J�O�H �U�I�F �S�F�R�V�J�S�F�E �B�T�Q�F�D�U �S�B�U�J�P �U�P �������� �5�I�F �T�M�J�H�I�U �J�O�D�S�F�B�T�F �J�O �F�2�D�J�F�O�D�Z

�B�U�U�B�J�O�F�E �C�Z �D�I�B�O�H�J�O�H �U�I�F �X�B�W�F�H�V�J�E�F �N�B�U�F�S�J�B�M�T �J�T �P�/�T�F�U �C�Z �U�I�F �D�I�B�M�M�F�O�H�J�O�H �O�B�U�V�S�F

�P�G �)�3�*�1�T�
 �B�O�E �J�U �J�T �M�J�L�F�M�Z �U�I�B�U �U�I�F �G�B�C�S�J�D�B�U�J�P�O �D�P�N�Q�M�F�Y�J�U�Z �P�G �T�V�D�I �B �m�O�F �Q�J�U�D�I

�T�U�S�V�D�U�V�S�F �J�T �U�P�P �I�J�H�I�� �/�P�U�F �U�I�B�U �U�I�F �E�V�U�Z �D�Z�D�M�F� �D�B�O �C�F �V�T�F�E �U�P �D�B�M�D�V�M�B�U�F �U�I�F �B�T�Q�F�D�U

�S�B�U�J�P �P�G �U�I�F �H�S�P�P�W�F�� �I�P�X�F�W�F�S�
 �B �X�J�E�F �H�S�P�P�W�F �D�P�S�S�F�T�Q�P�O�E�T �U�P �O�B�S�S�P�X �S�J�E�H�F�T �P�G �U�I�F

�S�F�N�B�J�O�J�O�H �X�B�W�F�H�V�J�E�F �N�B�U�F�S�J�B�M�� �5�I�F �B�T�Q�F�D�U �S�B�U�J�P �P�G �U�I�F �S�J�E�H�F �J�T �K�V�T�U �B�T �D�S�J�U�J�D�B�M �B�T �U�I�B�U

�P�G �U�I�F �H�S�P�P�W�F �G�S�P�N �B �N�B�O�V�G�B�D�U�V�S�J�O�H �Q�F�S�T�Q�F�D�U�J�W�F�
 �U�I�F�S�F�G�P�S�F �U�I�F �E�V�U�Z �D�Z�D�M�F �V�T�F�E �G�P�S

�F�T�U�J�N�B�U�J�O�H �N�B�O�V�G�B�D�U�V�S�B�C�J�M�J�U�Z �T�I�P�V�M�E �B�M�X�B�Z�T �C�F �U�I�F �T�N�B�M�M�F�S �P�G� �B�O�E100� � ��
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�	�B�
 �5�& �Q�P�M�B�S�J�T�B�U�J�P�O

�	�C�
 �5�. �Q�P�M�B�S�J�T�B�U�J�P�O

�'�J�H�V�S�F ���������� �4�R�V�B�S�F �H�S�B�U�J�O�H �F�2�D�J�F�O�D�Z �‰ �P�Q�U�J�N�V�N �H�F�P�N�F�U�S�J�F�T

������



�5�B�C�M�F �������� �0�Q�U�J�N�V�N �T�R�V�B�S�F �H�S�B�U�J�O�H �H�F�P�N�F�U�S�Z�
 �S�F�E���H�S�F�F�O���C�M�V�F �5�& �J�O�D�J�E�F�O�U �M�J�H�I�U

�8�B�W�F�M�F�O�H�U�I ������ �O�N ������ �O�N ������ �O�N
�1�P�M�B�S�J�T�B�U�J�P�O �5�& �5�& �5�&

nLC ������������ ������������ ������������
nWG ������������ ������������ ������������

� in �����¡ �����¡ �����¡
� out ���¡ ���¡ ���¡

�1�J�U�D�I ������ �O�N ������ �O�N ������ �O�N
�%�V�U�Z �D�Z�D�M�F ���������� ���������� ����������

�(�S�P�P�W�F �X�J�E�U�I ������ �O�N ������ �O�N ������ �O�N
�%�F�Q�U�I ������ �O�N ������ �O�N ������ �O�N

�"�T�Q�F�D�U �S�B�U�J�P ������ ������ ������
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�T�U�S�V�D�U�V�S�F �N�V�T�U �C�F �C�S�P�L�F�O �E�P�X�O �J�O�U�P �B �O�V�N�C�F�S �P�G �M�B�Z�F�S�T�
 �B�O�E �F�B�D�I �P�O�F �Q�B�U�U�F�S�O�F�E

�B�O�E �G�B�C�S�J�D�B�U�F�E �J�O�E�J�W�J�E�V�B�M�M�Z�� �7�F�S�Z �D�B�S�F�G�V�M �B�M�J�H�O�N�F�O�U �J�T �S�F�R�V�J�S�F�E �U�P �F�O�T�V�S�F �U�I�B�U

�U�I�F �Q�S�F�W�J�P�V�T �Q�B�U�U�F�S�O�T �B�S�F �X�F�M�M �S�F�H�J�T�U�F�S�F�E �E�V�S�J�O�H �U�I�F �G�B�C�S�J�D�B�U�J�P�O �P�G �U�I�F �O�F�Y�U �M�B�Z�F�S��

�4�I�B�S�Q�M�Z �B�O�H�M�F�E �H�F�P�N�F�U�S�Z �J�O�D�S�F�B�T�F�T �U�I�F �N�B�O�V�G�B�D�U�V�S�J�O�H �D�I�B�M�M�F�O�H�F �B�T �F�W�F�O �T�N�B�M�M

�N�J�T�B�M�J�H�O�N�F�O�U �J�O �U�I�F �M�B�Z�F�S�T �J�T �N�B�H�O�J�m�F�E �B�O�E �D�P�S�S�F�T�Q�P�O�E�T �U�P �B �M�B�S�H�F �D�I�B�O�H�F �J�O

�T�V�S�G�B�D�F �B�O�H�M�F�� �"�M�U�F�S�O�B�U�J�W�F�M�Z�
 �J�U �J�T �Q�P�T�T�J�C�M�F �U�P �Q�B�U�U�F�S�O �T�M�B�O�U�F�E �B�O�E �D�V�S�W�F�E �T�V�S�G�B�D�F�T

�E�J�S�F�D�U�M�Z �J�O �B �M�J�O�F�B�S �S�F�T�Q�P�O�T�F �S�F�T�J�T�U �C�Z �D�P�O�U�S�P�M�M�J�O�H �F�Y�Q�P�T�V�S�F �U�J�N�F �B�O�E �E�P�T�F��

�)�P�X�F�W�F�S�
 �U�I�J�T �G�B�C�S�J�D�B�U�J�P�O �U�F�D�I�O�J�R�V�F �J�T �F�Y�U�S�F�N�F�M�Z �T�F�O�T�J�U�J�W�F �U�P �Q�S�P�D�F�T�T �D�P�O�E�J�U�J�P�O�T��

�5�I�F �D�P�N�Q�B�S�B�U�J�W�F�M�Z �M�B�S�H�F �T�J�[�F �P�G �U�I�F �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U �X�J�U�I �S�F�T�Q�F�D�U �U�P �U�I�F

�H�S�B�U�J�O�H �G�F�B�U�V�S�F �T�J�[�F �B�M�T�P �J�O�D�S�F�B�T�F�T �D�P�N�Q�M�F�Y�J�U�Z��

���������� �4�J�O�V�T�P�J�E�B�M �H�S�B�U�J�O�H �P�Q�U�J�N�J�T�B�U�J�P�O �	�m�H�V�S�F ���������E�


�5�I�F �T�L�F�X�F�E �T�J�O�V�T�P�J�E�B�M �H�F�P�N�F�U�S�Z �Q�J�D�U�V�S�F�E �J�O �m�H�V�S�F ���������E �I�B�T �O�P�O�F �P�G �U�I�F �T�I�B�S�Q

�Q�F�B�L�T �P�G �U�I�F �C�M�B�[�F�E �H�S�B�U�J�O�H �T�U�S�V�D�U�V�S�F�T�� �5�I�F �T�L�F�X �J�O �U�I�F �T�J�O�V�T�P�J�E �J�T �D�B�M�D�V�M�B�U�F�E

�B�T �B �T�Z�O�D�I�S�P�O�P�V�T �T�J�O�V�T�P�J�E�B�M �N�P�E�J�m�D�B�U�J�P�O �B�Q�Q�M�J�F�E �U�P �U�I�F �H�F�P�N�F�U�S�Z �D�P�P�S�E�J�O�B�U�F�T�


�P�V�U�M�J�O�F�E �C�F�M�P�X�� �5�I�F �T�L�F�X �G�B�D�U�P�Ss �J�T �E�F�m�O�F�E �B�T �U�I�F �E�J�T�U�B�O�D�F �J�O �O�V�N�C�F�S �P�G �Q�F�S�J�P�E�T

�U�I�B�U �U�I�F �C�B�T�F �P�G �U�I�F �T�J�O�V�T�P�J�E �I�B�T �T�I�J�8�F�E��
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�	�B�
 �5�& �Q�P�M�B�S�J�T�B�U�J�P�O

�	�C�
 �5�. �Q�P�M�B�S�J�T�B�U�J�P�O

�'�J�H�V�S�F ���������� �)�Z�C�S�J�E �C�M�B�[�F�E �H�S�B�U�J�O�H �F�2�D�J�F�O�D�Z
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�4�J�N�V�M�B�U�J�O�H �X�J�U�I �U�I�F �T�U�B�O�E�B�S�E �Q�B�S�B�N�F�U�F�S�T �P�G� in = �����¡�
� out = ���¡�
 �B�O�E �X�J�U�I �B�O �&��

�B�O�E �$�0�$ �X�B�W�F�H�V�J�E�F�
 �B�O �F�2�D�J�F�O�D�Z �P�G ���������� �D�B�O �C�F �B�D�I�J�F�W�F�E�
 �J�O�D�M�V�E�F�E �J�O �m�H�V�S�F �'����

�X�J�U�I �U�I�F �P�Q�U�J�N�V�N �H�F�P�N�F�U�S�Z �T�I�P�X�O �J�O �m�H�V�S�F ���������� �)�P�X�F�W�F�S�
 �B�U �U�I�J�T �B�T�Q�F�D�U �S�B�U�J�P �U�I�F

�D�V�S�W�F�E �Q�P�S�U�J�P�O�T �P�G �U�I�F �T�J�O�V�T�P�J�E �B�S�F �T�N�B�M�M�
 �X�J�U�I �U�I�F �T�U�S�V�D�U�V�S�F �U�F�O�E�J�O�H �U�P�X�B�S�E�T �U�I�B�U

�P�G �U�I�F �P�Q�U�J�N�V�N �C�M�B�[�F�E �H�F�P�N�F�U�S�Z �X�J�U�I �B �E�V�U�Z �D�Z�D�M�F�� �"�T �X�J�U�I �U�I�F �C�M�B�[�F�E �H�S�B�U�J�O�H

�T�U�S�V�D�U�V�S�F�T �B�C�P�W�F�
 �J�U �J�T �E�J�2�D�V�M�U �B�O�E �F�Y�Q�F�O�T�J�W�F �U�P �G�B�C�S�J�D�B�U�F �I�J�H�I �R�V�B�M�J�U�Z �T�M�P�Q�J�O�H

�P�S �D�V�S�W�F�E �T�V�S�G�B�D�F�T �B�U �U�I�F�T�F �G�F�B�U�V�S�F �T�J�[�F�T�
 �B�O�E �B�T �T�V�D�I �U�I�F �T�J�O�V�T�P�J�E �H�S�B�U�J�O�H �J�T �O�P�U

�P�Q�U�J�N�B�M �G�P�S �V�T�F �J�O �B �D�P�N�N�F�S�D�J�B�M �X�B�W�F�H�V�J�E�F �E�J�T�Q�M�B�Z �E�F�T�Q�J�U�F �U�I�F �I�J�H�I �F�2�D�J�F�O�D�Z��

�'�J�H�V�S�F ���������� �4�J�O�V�T�P�J�E �H�S�B�U�J�O�H �H�F�P�N�F�U�S�Z �‰ �U�P �T�D�B�M�F
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�(�F�P�N�F�U�S�Z �#�M�B�[�F�E �4�J�O�V�T�P�J�E�B�M �4�M�B�O�U�F�E
�%�F�Q�U�I ������ �O�N ������ �O�N ������ �O�N

�8�B�W�F�M�F�O�H�U�I ������ �O�N ������ �O�N ������ �O�N
�1�P�M�B�S�J�T�B�U�J�P�O �5�& �5�& �5�&

nLC ������������ ������������ ������������
nWG ������������ ������������ ������������

� in �����¡ �����¡ �����¡
� out ���¡ ���¡ ���¡
� OS �����¡ s= 0.33 �������¡

�%�V�U�Z �D�Z�D�M�F ���������� �� ����������
�(�S�P�P�W�F �X�J�E�U�I ������ �O�N �� ������ �O�N

�"�T�Q�F�D�U �S�B�U�J�P �������� �� ��������
�'�J�S�T�U �P�S�E�F�S �F�2�D�J�F�O�D�Z ���������� ���������� ����������

���������� �4�M�B�O�U�F�E �H�S�B�U�J�O�H �P�Q�U�J�N�J�T�B�U�J�P�O �	�m�H�V�S�F ���������F�


�"�O �B�M�U�F�S�O�B�U�J�W�F �H�S�B�U�J�O�H �T�U�S�V�D�U�V�S�F �J�T �U�I�F �T�M�B�O�U�F�E �H�S�B�U�J�O�H �T�I�P�X�O �J�O �m�H�V�S�F ���������F�
 �T�J�N�J�M�B�S

�U�P �U�I�F �T�M�B�O�U�F�E �T�J�O�V�T�P�J�E �B�O�E �I�J�H�I �B�T�Q�F�D�U �S�B�U�J�P �Q�S�J�T�N �T�U�S�V�D�U�V�S�F�T �P�V�U�M�J�O�F�E �B�C�P�W�F��

�" �T�J�N�V�M�B�U�J�P�O �X�J�U�I �U�I�F �T�U�B�O�E�B�S�E �Q�B�S�B�N�F�U�F�S�T �P�G� in = �����¡ �B�O�E� out = ���¡ �X�J�U�I

�&�� �B�O�E �$�0�$�
 �J�O�E�J�D�B�U�F �B �I�J�H�I �Q�F�B�L �F�2�D�J�F�O�D�Z �P�G �������
 �m�H�V�S�F �'������ �"�T �X�J�U�I �U�I�F

�P�U�I�F�S �B�O�H�M�F�E �H�F�P�N�F�U�S�J�F�T�
 �U�I�F �P�Q�U�J�N�B�M �B�T�Q�F�D�U �S�B�U�J�P �J�T �U�P�P �I�J�H�I �B�U ������ �U�P �C�F �F�B�T�J�M�Z

�N�B�O�V�G�B�D�U�V�S�F�E�� �3�F�E�V�D�J�O�H �U�I�F �E�F�Q�U�I �U�P �������O�N �G�P�S �B �S�F�B�E�J�M�Z �B�D�I�J�F�W�B�C�M�F �H�F�P�N�F�U�S�Z

�S�F�E�V�D�F�T �U�I�F �F�2�D�J�F�O�D�Z �U�P �����������
 �T�J�H�O�J�m�D�B�O�U�M�Z �H�S�F�B�U�F�S �U�I�B�O �U�I�F ���������� �B�O�E ����������

�G�S�P�N �D�P�N�Q�B�S�B�C�M�F �C�M�B�[�F�E �B�O�E �T�J�O�V�T�P�J�E�B�M �E�J�/�S�B�D�U�J�P�O �T�U�S�V�D�U�V�S�F�T�� �" �D�P�N�Q�B�S�J�T�P�O �P�G

�U�I�F �U�I�S�F�F �H�F�P�N�F�U�S�J�F�T �J�T �T�I�P�X�O �J�O �m�H�V�S�F ����������

�5�I�F �2 �G�B�D�U�P�S �P�G �U�I�F �H�S�B�U�J�O�H �D�B�O �C�F �D�B�M�D�V�M�B�U�F�E �G�S�P�N �F�R�V�B�U�J�P�O �������� �U�P �C�F ���������
 �B�H�B�J�O

�Q�P�T�J�U�J�P�O�F�E �C�F�U�X�F�F�O �3�B�N�F�O���/�B�U�I �B�O�E �#�S�B�H�H �H�S�B�U�J�O�H �S�F�H�J�N�F�T�� �5�I�J�T �S�F�T�V�M�U�T �J�O �U�I�F

�C�S�P�B�E �B�O�H�V�M�B�S �B�O�E �G�S�F�R�V�F�O�D�Z �T�F�M�F�D�U�J�W�J�U�Z �U�Z�Q�J�D�B�M �P�G �U�I�J�O �T�V�S�G�B�D�F �S�F�M�J�F�G �H�S�B�U�J�O�H�T�
 �C�V�U

�P�O�M�Z �U�X�P �T�V�Q�Q�P�S�U�F�E �E�J�/�S�B�D�U�J�P�O �P�S�E�F�S�T��

�6�O�M�J�L�F �U�I�F �C�M�B�[�F�E �B�O�E �T�J�O�V�T�P�J�E�B�M �H�F�P�N�F�U�S�J�F�T�
 �T�M�B�O�U�F�E �H�S�B�U�J�O�H�T �D�B�O �C�F �G�B�C�S�J�D�B�U�F�E

�X�J�U�I�P�V�U �N�B�O�Z �B�M�J�H�O�N�F�O�U �T�U�F�Q�T�
 �E�J�T�D�V�T�T�F�E �G�V�S�U�I�F�S �J�O �T�F�D�U�J�P�O ������������ �5�I�F �I�J�H�I

�F�2�D�J�F�O�D�Z �B�O�E �N�B�O�V�G�B�D�U�V�S�B�C�J�M�J�U�Z �P�G �U�I�F �T�M�B�O�U�F�E �H�S�B�U�J�O�H�T �S�F�T�V�M�U �J�O �B �H�F�P�N�F�U�S�Z �U�I�B�U

�J�T �X�F�M�M �T�V�J�U�F�E �B�T �B�O �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U �G�P�S �)�.�%��
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 �4�J�O�V�T�P�J�E�B�M

�	�D�
 �4�M�B�O�U�F�E

�'�J�H�V�S�F ���������� �" �T�D�B�M�F �D�P�N�Q�B�S�J�T�P�O �P�G �U�I�F �E�J�/�F�S�F�O�U �H�F�P�N�F�U�S�J�F�T�
 �P�Q�U�J�N�J�T�F�E �G�P�S �B �E�F�Q�U�I
�P�G ������ �O�N
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������ �(�S�B�U�J�O�H �N�B�O�V�G�B�D�U�V�S�F

���������� �/�B�O�P�J�N�Q�S�J�O�U �M�J�U�I�P�H�S�B�Q�I�Z

�'�P�S �B �T�X�J�U�D�I�B�C�M�F �X�B�W�F�H�V�J�E�F �E�J�T�Q�M�B�Z �U�P �C�F �B �D�P�N�N�F�S�D�J�B�M�M�Z �W�J�B�C�M�F �"�3 �E�J�T�Q�M�B�Z

�U�F�D�I�O�P�M�P�H�Z�
 �U�I�F �X�B�W�F�H�V�J�E�F �N�V�T�U �C�F �T�V�J�U�B�C�M�F �G�P�S �J�O�E�V�T�U�S�J�B�M �T�D�B�M�F �N�B�O�V�G�B�D�U�V�S�F��

�$�V�S�S�F�O�U �E�J�/�S�B�D�U�J�W�F �X�B�W�F�H�V�J�E�F �E�J�T�Q�M�B�Z�T �B�S�F �N�B�O�V�G�B�D�U�V�S�F�E �C�Z �F�J�U�I�F�S �P�Q�U�J�D�B�M�M�Z

�S�F�D�P�S�E�J�O�H �B�O �J�O�U�F�S�G�F�S�F�O�D�F �Q�B�U�U�F�S�O �J�O �B �Q�I�P�U�P�T�F�O�T�J�U�J�W�F �M�B�Z�F�S�
 �P�S �C�Z �J�N�Q�S�J�O�U�J�O�H

�U�I�F �H�S�B�U�J�O�H �T�U�S�V�D�U�V�S�F �J�O�U�P �U�I�F �T�V�S�G�B�D�F �G�S�P�N �B �N�B�T�U�F�S �N�P�V�M�E �J�O �B �Q�S�P�D�F�T�T �D�B�M�M�F�E

�O�B�O�P���J�N�Q�S�J�O�U �M�J�U�I�P�H�S�B�Q�I�Z �	�/�*�-�
�
 �J�M�M�V�T�U�S�B�U�F�E �J�O �m�H�V�S�F ���������� �/�*�- �F�O�B�C�M�F�T �D�P�N�Q�M�F�Y

�H�F�P�N�F�U�S�J�F�T �U�P �C�F �R�V�J�D�L�M�Z �B�O�E �S�F�Q�F�B�U�B�C�M�Z �N�B�O�V�G�B�D�U�V�S�F�E�� �6�O�M�J�L�F �U�I�F �B�M�U�F�S�O�B�U�F

�P�Q�U�J�D�B�M �S�F�D�P�S�E�J�O�H �Q�S�P�D�F�T�T�
 �/�*�- �S�F�T�P�M�V�U�J�P�O �J�T �O�P�U �C�P�V�O�E�F�E �C�Z �U�I�F �E�J�/�S�B�D�U�J�P�O �M�J�N�J�U�T

�P�G �M�J�H�I�U�
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Substrate

Thermoplastic polymer

Si mould

Substrate

Uncured polymer

Quartz mould

UV cure

Heat and pressure

Demould

�'�J�H�V�S�F ���������� �/�*�- �Q�S�P�D�F�T�T �T�U�B�H�F�T

������



�U�I�F �H�M�B�T�T �U�S�B�O�T�J�U�J�P�O �U�F�N�Q�F�S�B�U�V�S�F�
 �X�I�J�M�T�U �B �T�J�M�J�D�P�O �N�B�T�U�F�S �J�T �P�O�M�Z �F�Y�Q�F�D�U�F�E �U�P �D�I�B�O�H�F

�Q�J�U�D�I �C�Z �������� �O�N�� �5�I�F �D�P�N�C�J�O�B�U�J�P�O �P�G �U�I�F�S�N�B�M �H�S�B�E�J�F�O�U�T �B�O�E �I�J�H�I �N�F�D�I�B�O�J�D�B�M

�G�P�S�D�F�T �B�S�F �B�M�T�P �F�Y�Q�F�D�U�F�E �U�P �J�O�E�V�D�F �C�J�S�F�G�S�J�O�H�F�O�D�F �J�O�U�P �U�I�F �Q�P�M�Z�N�F�S�
 �X�I�J�D�I �X�J�M�M �B�/�F�D�U

�U�I�F �F�2�D�J�F�O�D�Z �P�G �U�I�F �E�J�/�S�B�D�U�J�W�F �T�U�S�V�D�U�V�S�F�T�� �*�U �J�T �M�J�L�F�M�Z �U�I�B�U �U�I�J�T �N�B�Z �C�F �P�Q�U�J�N�J�T�F�E

�C�Z �G�S�B�D�U�J�P�O�B�M�M�Z �D�I�B�O�H�J�O�H �U�I�F �H�S�B�U�J�O�H �H�F�P�N�F�U�S�Z �B�O�E �W�B�M�J�E�B�U�J�O�H �U�I�F �F�2�D�J�F�O�D�Z �X�J�U�I �B

�G�B�C�S�J�D�B�U�F�E �Q�S�P�U�P�U�Z�Q�F��

�%�V�S�J�O�H �U�I�F �6�7 �Q�S�P�D�F�T�T �B�O �V�O�D�V�S�F�E �S�F�T�J�O �J�T �U�I�J�O�M�Z �D�P�B�U�F�E �P�W�F�S �B �T�V�C�T�U�S�B�U�F�
 �B�O�E

�U�I�F �N�B�T�U�F�S �J�T �M�P�X�F�S�F�E �J�O�U�P �D�P�O�U�B�D�U �X�J�U�I �N�V�D�I �M�F�T�T �G�P�S�D�F�� �)�J�H�I �J�O�U�F�O�T�J�U�Z �6�7 �M�J�H�I�U

�J�T �U�I�F�O �T�I�P�O�F �U�I�S�P�V�H�I �U�I�F �R�V�B�S�U�[ �N�B�T�U�F�S�
 �J�O�J�U�J�B�U�J�O�H �D�I�F�N�J�D�B�M �D�S�P�T�T���M�J�O�L�J�O�H �B�O�E

�Q�F�S�N�B�O�F�O�U�M�Z �T�F�U�U�J�O�H �U�I�F �S�F�T�J�O�� �5�I�F �N�P�V�M�E �J�T �U�I�F�O �S�F�N�P�W�F�E �U�P �F�Y�Q�P�T�F �U�I�F �O�F�X

�H�F�P�N�F�U�S�Z�� �5�I�F �M�P�X �G�P�S�D�F �B�O�E �M�P�X �U�F�N�Q�F�S�B�U�V�S�F �B�S�F �B�E�W�B�O�U�B�H�F�P�V�T �P�W�F�S �U�I�F�S�N�B�M���/�*�-�


�I�P�X�F�W�F�S �U�I�F �6�7���/�*�- �Q�S�P�D�F�T�T �S�F�R�V�J�S�F�T �B �Q�I�P�U�P�T�F�O�T�J�U�J�W�F �Q�P�M�Z�N�F�S�
 �M�J�N�J�U�J�O�H �U�I�F

�B�C�J�M�J�U�Z �U�P �U�V�O�F �U�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y�� �5�I�F �6�7���/�*�- �Q�S�P�D�F�T�T �I�B�T �C�F�F�O �S�F�Q�P�S�U�F�E �T�V�J�U�B�C�M�F

�G�P�S �T�M�B�O�U�F�E �H�S�B�U�J�O�H �S�F�Q�S�P�E�V�D�U�J�P�O �<�������>�
 �X�J�U�I �B �T�M�B�O�U �B�O�H�M�F �P�G �����¡ �‰ �F�R�V�J�W�B�M�F�O�U �U�P

� OS = �������¡ �‰ �E�F�N�P�O�T�U�S�B�U�F�E �G�P�S �N�B�O�Z �Q�S�P�E�V�D�U�J�P�O �S�V�O�T �X�J�U�I�P�V�U �E�B�N�B�H�F �U�P �U�I�F

�N�B�T�U�F�S��

�/�*�- �N�P�V�M�E�T �B�S�F �P�8�F�O �G�B�C�S�J�D�B�U�F�E �C�Z �Q�I�P�U�P�M�J�U�I�P�H�S�B�Q�I�Z �P�S �F���C�F�B�N �M�J�U�I�P�H�S�B�Q�I�Z�


�X�I�F�S�F �B �N�B�T�L �Q�B�U�U�F�S�O �J�T �X�S�J�U�U�F�O �J�O�U�P �B �Q�P�M�Z�N�F�S �m�M�N �P�W�F�S �B �T�V�C�T�U�S�B�U�F�� �5�I�J�T �J�T �U�I�F�O

�B�O�J�T�P�U�S�P�Q�J�D�B�M�M�Z �F�U�D�I�F�E �X�J�U�I �B �S�F�B�D�U�J�W�F �J�P�O �F�U�D�I�J�O�H �	�3�*�&�
 �Q�S�P�D�F�T�T �B �P�S �E�F�F�Q �S�F�B�D�U�J�W�F

�J�P�O �F�U�D�I �	�%�3�*�&�
 �Q�S�P�D�F�T�T �U�P �U�S�B�O�T�G�F�S �U�I�F �N�P�S�Q�I�P�M�P�H�Z �U�P �U�I�F �T�V�C�T�U�S�B�U�F �N�B�U�F�S�J�B�M�� �'�P�S

�D�V�S�W�F�E �P�S �T�M�B�O�U�J�O�H �T�V�S�G�B�D�F�T �U�I�F�T�F �Q�S�P�D�F�T�T�F�T �B�S�F �S�F�Q�F�B�U�F�E �N�B�O�Z �U�J�N�F�T�
 �S�F�R�V�J�S�J�O�H

�W�F�S�Z �D�B�S�F�G�V�M �O�B�O�P�N�F�U�S�F �T�D�B�M�F �B�M�J�H�O�N�F�O�U �C�F�U�X�F�F�O �F�B�D�I �M�J�U�I�P�H�S�B�Q�I�J�D �Q�B�U�U�F�S�O�� �'�P�S �U�I�F
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 �S�F�E�V�D�J�O�H �U�I�F

�J�N�B�H�F �R�V�B�M�J�U�Z�� �#�Z �J�O�U�F�H�S�B�U�J�O�H �U�I�F �E�J�/�S�B�D�U�J�W�F �M�F�O�T �J�O�U�P �U�I�F �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U�
 �U�I�F

�E�J�T�Q�M�B�Z �D�B�O �F�Y�Q�M�P�J�U �U�I�F �O�F�B�S���#�S�B�H�H �E�J�/�S�B�D�U�J�P�O �S�F�H�J�N�F �P�G �U�I�F �P�V�U���D�P�V�Q�M�J�O�H �H�S�B�U�J�O�H�T

�U�P �S�F�E�V�D�F �U�I�F �Q�S�F�T�F�O�D�F �P�G �I�J�H�I�F�S �E�J�/�S�B�D�U�J�P�O �P�S�E�F�S�T�� �5�I�F �E�J�/�S�B�D�U�J�P�O �B�O�H�M�F� diff �J�T

�C�P�V�O�E�F�E �C�Z �U�I�F �D�S�J�U�J�D�B�M �B�O�H�M�F �G�P�S �B �X�B�W�F�H�V�J�E�F���B�J�S �J�O�U�F�S�G�B�D�F�� �I�P�X�F�W�F�S�
 �U�I�J�T �E�P�F�T

�O�P�U �M�J�N�J�U �U�I�F �'�0�7 �B�T �S�F�G�S�B�D�U�J�P�O �P�D�D�V�S�T �B�U �U�I�J�T �T�V�S�G�B�D�F�
 �F�O�I�B�O�D�J�O�H �U�I�F �F�/�F�D�U �P�G �U�I�F

�E�J�/�S�B�D�U�J�P�O �B�O�H�M�F��

� diff < � crit = sin� 1
�

nair

nWG

�

�	���������
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�5�I�F �E�J�/�S�B�D�U�J�W�F �M�F�O�T �T�U�S�V�D�U�V�S�F �D�B�O �C�F �S�F�B�M�J�T�F�E �C�Z �E�J�W�J�E�J�O�H �U�I�F �P�V�U���D�P�V�Q�M�J�O�H �B�S�F�B �J�O�U�P

�Q�J�Y�F�M�T�� �&�B�D�I �Q�J�Y�F�M�
 �X�J�U�I �U�I�F �D�P�P�S�E�J�O�B�U�F�T(x,y)�
 �D�B�O �C�F �B�T�T�J�H�O�F�E �B�O �F�M�F�W�B�U�J�P�O �B�O�H�M�F

� out �S�F�R�V�J�S�F�E �U�P �E�J�S�F�D�U �U�I�F �E�J�/�S�B�D�U�F�E �S�B�Z �G�S�P�N �U�I�F �Q�J�Y�F�M �U�P �U�I�F �G�P�D�B�M �Q�P�J�O�U(xf, yf)�


�X�I�J�D�I �N�V�T�U �C�F �D�P�S�S�F�D�U�F�E �U�P �B�D�D�P�V�O�U �G�P�S �S�F�G�S�B�D�U�J�P�O �B�U �U�I�F �X�B�W�F�H�V�J�E�F���B�J�S �C�P�V�O�E�B�S�Z

� diff �� �'�S�P�N �U�I�J�T �U�I�F �D�I�B�O�H�F �J�O �B�O�H�M�F �G�S�P�N �U�I�F �Q�M�B�O�F �P�G �J�O�D�J�E�F�O�D�F �D�B�O �C�F �D�B�M�D�V�M�B�U�F�E

�‰ �U�I�F �E�F�n�F�D�U�J�P�O D ��

� out =
Æ

(x � xf)
2 + (y � yf)

2 �	���������


� diff = sin� 1
�

sin(� out)

nWG

�

�	���������


 D = tan� 1
�

y � yf

x � xf

�

�	���������


�5�I�F �E�J�/�S�B�D�U�J�P�O �B�O�H�M�F�T �P�G �B �D�P�O�J�D�B�M �H�S�B�U�J�O�H �D�B�O �C�F �D�B�M�D�V�M�B�U�F�E �V�T�J�O�H �F�R�V�B�U�J�P�O ��������

�<�������>�� �6�T�J�O�H �B �H�F�P�N�F�U�S�J�D�B�M �N�P�E�F�M�
 �U�I�F �E�F�n�F�D�U�J�P�O �B�O�E �E�J�/�S�B�D�U�J�P�O �B�O�H�M�F�T �D�B�O �C�F

�D�P�O�W�F�S�U�F�E �G�S�P�N �U�I�F �F�M�F�W�B�U�J�P�O� �B�O�E �B�[�J�N�V�U�I� �B�O�H�M�F�T �J�M�M�V�T�U�S�B�U�F�E �J�O �m�H�V�S�F ����������

�'�P�S �U�I�F�T�F �D�B�M�D�V�M�B�U�J�P�O�T� �J�T �E�F�m�O�F�E �S�F�M�B�U�J�W�F �U�P �U�I�F �H�S�B�U�J�O�H �W�F�D�U�P�S �B�O�E �Q�F�S�Q�F�O�E�J�D�V�M�B�S

�U�P �U�I�F �H�S�B�U�J�O�H �H�S�P�P�W�F �E�J�S�F�D�U�J�P�O�� �5�I�F �J�O�D�J�E�F�O�U �B�[�J�N�V�U�I �B�O�H�M�F� in �D�B�O �U�I�F�O �C�F

�D�B�M�D�V�M�B�U�F�E�
 �B�O�E �V�T�F�E �U�P �D�B�M�D�V�M�B�U�F �U�I�F �P�V�U�Q�V�U �B�[�J�N�V�U�I �B�O�H�M�F�� �'�S�P�N �U�I�J�T�
 �U�I�F �D�P�O�J�D�B�M

�B�O�H�M�F �P�G �U�I�F �H�S�B�U�J�O�H
 �D�B�O �C�F �E�F�U�F�S�N�J�O�F�E�
 �F�R�V�B�U�J�P�O ���������� �'�J�O�B�M�M�Z�
 �U�I�F �D�P�O�J�D�B�M

�J�O�D�J�E�F�O�U �B�O�E �E�J�/�S�B�D�U�J�P�O �B�O�H�M�F�T �D�B�O �C�F �D�B�M�D�V�M�B�U�F�E�
 �B�O�E �U�I�F �H�S�B�U�J�O�H �Q�J�U�D�I �F�W�B�M�V�B�U�F�E��
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�£��

�£��

�¤��

�¥ 

�·in

�ªin

�ªdiff

zgrat

ygrat

xgrat

�·diff

�'�J�H�V�S�F ���������� �$�P�O�J�D�B�M �E�J�/�S�B�D�U�J�P�O �B�O�H�M�F�T �B�O�E �U�I�F �D�P�S�S�F�T�Q�P�O�E�J�O�H �Q�P�M�B�S �B�O�H�M�F�T

m�

P
= sin
 (sin� + sin� ) �	���������


 D = � out � � in �	���������


sin� in sin� in = cos
 = sin� out sin� out �	���������


cos(� ) =

vut cos2 � in

1� sin2 � in sin2 � in

�	���������


cos(� ) =

vut cos2 � out

1� sin2 � out sin2 � out

�	���������


� in = tan� 1

0

@ sin( D)
sin� in
sin� diff

� cos D

1

A �	���������


� =
cos�

sin

�	���������


� = tan� 1 (cos� out tan� diff ) �	���������
������
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�J�O�E�J�D�B�U�F�E �C�Z �D�P�M�P�V�S
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�U�P �P�Q�U�J�N�J�T�F �G�P�S �F�2�D�J�F�O�D�Z�� �'�J�H�V�S�F �������� �T�I�P�X�T �U�I�F �S�F�M�B�U�J�P�O�T�I�J�Q �C�F�U�X�F�F�O �B�W�F�S�B�H�F

�F�2�D�J�F�O�D�Z �B�O�E �H�S�B�U�J�O�H �E�F�Q�U�I�
 �X�J�U�I �B �Q�F�B�L �F�2�D�J�F�O�D�Z �P�G ���������� �B�U ������ �O�N �G�P�S �B �$�0�$

�B�O�E �&�� �T�R�V�B�S�F �H�F�P�N�F�U�S�Z �F�M�F�N�F�O�U�� �5�I�J�T �S�F�T�V�M�U�T �J�O �H�S�P�P�W�F �B�T�Q�F�D�U �S�B�U�J�P�T �S�B�O�H�J�O�H �G�S�P�N

������ �U�P ������ �B�D�S�P�T�T �U�I�F �X�B�W�F�H�V�J�E�F�
 �B�O�E �B�O �F�2�D�J�F�O�D�Z �N�B�Q �J�O�D�M�V�E�F�E �J�O �m�H�V�S�F ����������

�" ���% �S�F�Q�S�F�T�F�O�U�B�U�J�P�O �P�G �U�I�F �E�J�/�S�B�D�U�J�P�O �P�S�E�F�S�T �‰ �m�H�V�S�F �������� �‰ �J�O�E�J�D�B�U�F�T �T�F�D�P�O�E

�P�S�E�F�S �E�J�/�S�B�D�U�J�P�O �N�B�S�L�F�E �B�T �C�M�V�F �G�S�P�N �T�P�N�F �B�S�F�B�T �P�G �U�I�F �M�F�O�T �Q�S�F�T�F�O�U �J�O �U�I�F �F�Z�F�C�P�Y
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 �B�O�E �P�O�M�Z �B �T�N�B�M�M �Q�P�S�U�J�P�O �P�G �U�I�F �E�J�T�Q�M�B�Z �D�S�F�B�U�F�T �T�F�D�P�O�E �P�S�E�F�S�T �U�I�B�U �B�S�F

�D�P�V�Q�M�F�E �U�P �U�I�F �V�T�F�S��

�)�P�X�F�W�F�S�
 �U�I�F�T�F �I�J�H�I�F�S �P�S�E�F�S �S�B�Z�T �D�B�O �C�F �D�P�N�Q�M�F�U�F�M�Z �F�M�J�N�J�O�B�U�F�E �G�S�P�N �U�I�F �F�Z�F�C�P�Y

�C�Z �T�I�J�8�J�O�H �U�I�F �G�P�D�B�M �Q�P�J�O�U �P�G �U�I�F �M�F�O�T �S�F�M�B�U�J�W�F �U�P �U�I�F �X�B�W�F�H�V�J�E�F�� �"�O �P�/�T�F�U �P�G ���� �N�N

�B�M�P�O�H �U�I�F �Y���E�J�S�F�D�U�J�P�O �J�T �T�V�2�D�J�F�O�U �G�P�S �O�P �W�J�T�J�C�M�F �I�J�H�I�F�S �P�S�E�F�S�T�
 �T�I�P�X�O �J�O �m�H�V�S�F ����������

�5�I�J�T �D�B�O �C�F �J�O�U�V�J�U�J�W�F�M�Z �V�O�E�F�S�T�U�P�P�E �C�Z �J�O�D�S�F�B�T�J�O�H �U�I�F �E�F�n�F�D�U�J�P�O �B�O�H�M�F D �G�P�S �U�I�F
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 �X�J�U�I �U�I�F �F�/�F�D�U �U�I�B�U �U�I�F �H�S�B�U�J�O�H�T

�N�P�W�F �G�V�S�U�I�F�S �J�O�U�P �U�I�F �#�S�B�H�H �E�J�/�S�B�D�U�J�P�O �S�F�H�J�N�F �B�O�E �I�J�H�I�F�S �P�S�E�F�S �E�J�/�S�B�D�U�J�P�O �J�T
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 �B�O�E �B�T�Q�F�D�U �S�B�U�J�P�T

�W�B�S�Z�J�O�H �G�S�P�N �� �U�P �������� �)�P�X�F�W�F�S�
 �U�I�F �G�P�D�B�M �Q�P�J�O�U �P�G �U�I�F �M�F�O�T �J�T �O�P �M�P�O�H�F�S �D�F�O�U�S�F�E �P�O

�U�I�F �M�F�O�T�
 �D�I�B�O�H�J�O�H �U�I�F �P�Q�U�J�D �B�Y�J�T �P�G �U�I�F �E�J�T�Q�M�B�Z �C�Z �����¡�� �#�Z �B�O�H�M�J�O�H �U�I�F �X�B�W�F�H�V�J�E�F

�C�Z �����¡ �T�P �U�I�B�U �J�U �X�S�B�Q�T �B�S�P�V�O�E �U�I�F �V�T�F�S���T �I�F�B�E �U�I�J�T �D�B�O �C�F �D�P�S�S�F�D�U�F�E �T�P �U�I�F �D�F�O�U�S�F

�P�G �U�I�F �'�0�7 �J�T �B�M�J�H�O�F�E �U�P �U�I�F �V�T�F�S���T �W�J�T�V�B�M �B�Y�J�T��
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�J�T �E�J�W�J�E�F�E �J�O�U�P�� �)�P�X�F�W�F�S�
 �B�U �U�I�F �C�P�V�O�E�B�S�Z �C�F�U�X�F�F�O �U�X�P �Q�J�Y�F�M�T �U�I�F �H�S�B�U�J�O�H �H�F�P�N�F�U�S�Z
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 �J�O�U�S�P�E�V�D�J�O�H �N�B�O�V�G�B�D�U�V�S�J�O�H �Q�S�P�C�M�F�N�T �B�O�E �D�B�V�T�J�O�H �T�D�B�U�U�F�S�J�O�H �B�O�E
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�E�J�T�D�P�O�U�J�O�V�J�U�J�F�T�
 �m�H�V�S�F ����������
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�'�J�H�V�S�F ���������� ���% �S�F�Q�S�F�T�F�O�U�B�U�J�W�F �S�B�Z �U�S�B�D�F�
 �G�P�D�B�M �Q�P�J�O�U �D�F�O�U�S�F�E �P�O �F�M�F�N�F�O�U

������



�'�J�H�V�S�F ���������� ���% �S�F�Q�S�F�T�F�O�U�B�U�J�W�F �S�B�Z �U�S�B�D�F�
 �G�P�D�B�M �Q�P�J�O�U �T�I�J�8�F�E ���� �N�N

�'�J�H�V�S�F ���������� �&�M�F�N�F�O�U �H�S�B�U�J�O�H �Q�J�U�D�I �B�O�E �B�O�H�M�F �Q�B�S�B�N�F�U�F�S�T

������



Un-optimised pixelated grating structure Optimised

�'�J�H�V�S�F ���������� �*�O�U�F�H�S�B�U�F�E �M�F�O�T �P�Q�U�J�N�J�T�F�E �E�J�/�S�B�D�U�J�P�O �Q�B�U�U�F�S�O

������



���������� �4�Q�B�U�J�B�M �N�V�M�U�J�Q�M�F�Y�J�O�H �G�P�S �J�O�D�S�F�B�T�F�E �F�Z�F�C�P�Y

�"�O�P�U�I�F�S �P�Q�U�J�D�B�M �G�V�O�D�U�J�P�O �U�I�B�U �D�B�O �F�B�T�J�M�Z �C�F �B�E�E�F�E �U�P �B �T�X�J�U�D�I�B�C�M�F �E�J�T�Q�M�B�Z �J�T

�.�B�Y�X�F�M�M�J�B�O �W�J�F�X �&�1 �E�V�Q�M�J�D�B�U�J�P�O�
 �B�T �E�F�N�P�O�T�U�S�B�U�F�E �J�O �T�F�D�U�J�P�O ������������ �5�I�J�T �D�B�O �C�F

�B�D�I�J�F�W�F�E �C�Z �J�O�U�F�S�M�F�B�W�J�O�H �T�F�W�F�S�B�M �P�G �U�I�F �E�J�/�S�B�D�U�J�W�F �M�F�O�T �Q�J�Y�F�M�T �P�V�U�M�J�O�F�E �B�C�P�W�F�


�J�M�M�V�T�U�S�B�U�F�E �J�O �m�H�V�S�F ���������� �#�Z �T�J�N�V�M�U�B�O�F�P�V�T�M�Z �T�X�J�U�D�I�J�O�H �S�P�X�T �D�P�S�S�F�T�Q�P�O�E�J�O�H �U�P �U�I�F

�T�B�N�F �Q�J�Y�F�M�T �G�P�S �U�I�F �E�J�/�F�S�F�O�U �&�1�T�
 �U�I�F �X�B�W�F�H�V�J�E�F �D�B�O �C�F �N�B�E�F �U�P �P�V�U���D�P�V�Q�M�F �U�I�F

�T�B�N�F �M�J�H�I�U �B�U �U�I�F �T�B�N�F �B�O�H�M�F �G�S�P�N �N�V�M�U�J�Q�M�F �Q�M�B�D�F�T�� �"�T �X�J�U�I �U�I�F �&�1�& �E�J�T�D�V�T�T�F�E

�J�O �T�F�D�U�J�P�O �����������
 �U�I�F�S�F �X�J�M�M �C�F �B �E�J�/�F�S�F�O�U �C�S�J�H�I�U�O�F�T�T �C�F�U�X�F�F�O �U�I�F �&�1�T�� �I�P�X�F�W�F�S�


�U�I�J�T �D�B�O �C�F �B�N�F�M�J�P�S�B�U�F�E �C�Z �U�V�O�J�O�H �U�I�F �E�V�U�Z �D�Z�D�M�F �P�G �U�I�F �H�S�B�U�J�O�H �D�P�S�S�F�T�Q�P�O�E�J�O�H

�U�P �F�B�D�I �&�1�� �(�S�B�U�J�O�H �E�F�Q�U�I �D�P�V�M�E �B�M�T�P �C�F �U�V�O�F�E �U�P �D�P�O�U�S�P�M �F�2�D�J�F�O�D�Z�� �I�P�X�F�W�F�S�
 �C�Z

�N�B�J�O�U�B�J�O�J�O�H �B �D�P�O�T�U�B�O�U �E�F�Q�U�I �B�D�S�P�T�T �U�I�F �X�I�P�M�F �X�B�W�F�H�V�J�E�F�
 �B �/�*�- �N�B�T�U�F�S �N�B�E�F

�X�J�U�I �B �T�J�O�H�M�F �M�J�U�I�P�H�S�B�Q�I�J�D �F�U�D�I �D�B�O �C�F �V�T�F�E�
 �H�S�F�B�U�M�Z �T�J�N�Q�M�J�G�Z�J�O�H �N�B�O�V�G�B�D�U�V�S�F �B�O�E

�S�F�E�V�D�J�O�H �U�I�F �Q�P�U�F�O�U�J�B�M �G�P�S �B�M�J�H�O�N�F�O�U �F�S�S�P�S�T��

Waveguide

Out-coupling 
elements

Maxwellian EP

t=1 t=3 t=5

Switched SwitchedSwitched

�'�J�H�V�S�F ���������� �*�O�U�F�S�M�F�B�W�F�E �W�J�F�X�T �G�P�S �F�Y�J�U �Q�V�Q�J�M �S�F�Q�M�J�D�B�U�J�P�O

���������� �5�S�B�O�T�Q�B�S�F�O�U ���% �E�J�T�Q�M�B�Z

�5�I�F �T�X�J�U�D�I�J�O�H �X�B�W�F�H�V�J�E�F �B�S�D�I�J�U�F�D�U�V�S�F �J�T �B�M�T�P �X�F�M�M �T�V�J�U�F�E �B�T �B ���% �U�S�B�O�T�Q�B�S�F�O�U

�E�J�T�Q�M�B�Z�
 �X�J�U�I �J�N�B�H�F�T �B�Q�Q�F�B�S�J�O�H �P�O �U�I�F �T�V�S�G�B�D�F �P�G �U�I�F �X�B�W�F�H�V�J�E�F�
 �T�J�N�J�M�B�S �U�P �U�I�F

�n�V�P�S�F�T�D�J�O�H �X�B�W�F�H�V�J�E�F �P�G �:�B�O�H �F�U �B�M �<�������> �C�V�U �N�B�J�O�U�B�J�O�J�O�H �P�Q�U�J�D�B�M �U�S�B�O�T�Q�B�S�F�O�D�Z�� �#�Z

�E�F�T�J�H�O�J�O�H �F�B�D�I �P�V�U���D�P�V�Q�M�J�O�H �Q�J�Y�F�M �X�J�U�I �B �D�P�O�U�J�O�V�P�V�T�M�Z �W�B�S�Z�J�O�H �H�S�B�U�J�O�H �Q�J�U�D�I�
 �M�J�H�I�U

�D�B�O �C�F �D�P�V�Q�M�F�E �G�S�P�N �U�I�F �X�B�W�F�H�V�J�E�F �P�W�F�S �B �S�B�O�H�F �P�G �B�O�H�M�F�T �B�T �J�G �U�I�F �T�V�S�G�B�D�F �X�F�S�F

�E�J�/�V�T�J�W�F�
 �m�H�V�S�F ���������� �4�V�D�I �0�4�5 ���% �E�J�T�Q�M�B�Z�T �D�P�V�M�E �I�B�W�F �B�Q�Q�M�J�D�B�U�J�P�O�T �B�T �M�B�S�H�F���T�D�B�M�F

�E�J�T�Q�M�B�Z �J�O�U�F�S�G�B�D�F�T �B�U �D�P�S�Q�P�S�B�U�F �C�V�J�M�E�J�O�H�T�
 �P�S �B�T �Q�B�T�T�F�O�H�F�S �J�O�U�F�S�G�B�D�F�T �P�O �U�I�F �T�J�E�F

�X�J�O�E�P�X �P�G �D�B�S�T��

������



Range of 
out-coupling 

angles

Incident light
Varying pitch 
out-coupling 

element

�'�J�H�V�S�F ���������� �4�X�J�U�D�I�B�C�M�F �X�B�W�F�H�V�E�J�F ���% �0�4�5 �E�J�T�Q�M�B�Z

������ �4�V�N�N�B�S�Z

�5�I�F �D�P�O�D�F�Q�U �B�O�E �U�I�F�P�S�Z �C�F�I�J�O�E �B �T�X�J�U�D�I�B�C�M�F �X�B�W�F�H�V�J�E�F �E�J�T�Q�M�B�Z �B�S�F �P�V�U�M�J�O�F�E

�B�O�E �D�P�N�Q�B�S�F�E �U�P �F�Y�J�T�U�J�O�H �"�3 �T�P�M�V�U�J�P�O�T�� �*�U �X�B�T �G�P�V�O�E �U�I�B�U �B �X�B�W�F�H�V�J�E�F �E�J�T�Q�M�B�Z

�J�T �B�E�W�B�O�U�B�H�F�P�V�T �P�W�F�S �P�U�I�F�S �U�F�D�I�O�P�M�P�H�J�F�T �E�V�F �U�P �U�I�F �D�P�N�Q�B�D�U �T�J�[�F�
 �M�P�X �X�F�J�H�I�U�


�B�O�E �S�F�E�V�D�F�E �S�F�B�M���X�P�S�M�E �E�J�T�U�P�S�U�J�P�O�� �)�P�X�F�W�F�S�
 �D�V�S�S�F�O�U �X�B�W�F�H�V�J�E�F �)�.�%�T �I�B�W�F �B�O

�V�Q�Q�F�S �'�0�7 �C�P�V�O�E �M�J�N�J�U�F�E �C�Z �U�I�F �X�B�W�F�H�V�J�E�F �N�B�U�F�S�J�B�M�
 �D�V�S�S�F�O�U�M�Z �����¡�� �8�B�W�F�H�V�J�E�F

�E�J�T�Q�M�B�Z�T �B�S�F �B�M�T�P �V�O�B�C�M�F �U�P �S�F�D�S�F�B�U�F �E�F�Q�U�I �X�J�U�I�P�V�U �D�B�V�T�J�O�H �7�"�$�
 �B�O�E �F�Y�I�J�C�J�U

�M�P�X �F�2�D�J�F�O�D�Z �B�T �B �G�V�O�D�U�J�P�O �P�G �F�Y�Q�B�O�E�J�O�H �U�I�F �F�Y�J�U �Q�V�Q�J�M�� �#�Z �D�P�O�U�S�B�T�U�
 �U�I�F �O�P�W�F�M

�T�X�J�U�D�I�J�O�H �X�B�W�F�H�V�J�E�F �.�B�Y�X�F�M�M�J�B�O �E�J�T�Q�M�B�Z �E�P�F�T �O�P�U �I�B�W�F �B�O �V�Q�Q�F�S �'�0�7 �M�J�N�J�U�
 �D�B�O

�E�J�T�Q�M�B�Z �B�D�D�P�N�N�P�E�B�U�J�P�O���G�S�F�F �J�N�B�H�F�T �U�P �S�F�E�V�D�F �U�I�F �F�/�F�D�U �P�G �7�"�$�
 �B�O�E �T�J�H�O�J�m�D�B�O�U�M�Z

�J�O�D�S�F�B�T�F�T �U�I�F �F�2�D�J�F�O�D�Z �P�G �U�I�F �E�J�T�Q�M�B�Z �T�Z�T�U�F�N��

�" �T�F�S�J�F�T �P�G �T�X�J�U�D�I�B�C�M�F �P�V�U���D�P�V�Q�M�J�O�H �T�D�I�F�N�F�T �B�S�F �D�P�O�T�J�E�F�S�F�E�
 �J�O�D�M�V�E�J�O�H�� �F�N�C�F�E�E�F�E

�Q�S�J�T�N �T�U�S�V�D�U�V�S�F�T�
 �Q�B�U�U�F�S�O�F�E �F�M�F�D�U�S�P�E�F �E�J�/�S�B�D�U�J�P�O �H�S�B�U�J�O�H�T�
 �B�O�E �D�P�O�T�U�S�B�J�O�F�E �-�$

�E�J�/�S�B�D�U�J�P�O �H�S�B�U�J�O�H�T �P�G �W�B�S�J�P�V�T �H�F�P�N�F�U�S�J�D�B�M �D�S�P�T�T���T�F�D�U�J�P�O�T�� �5�I�J�T �J�T �C�P�U�I �O�P�W�F�M

�B�O�E �F�Y�D�J�U�J�O�H �D�P�N�Q�B�S�F�E �U�P �T�U�B�U�F �P�G �U�I�F �B�S�U �X�B�W�F�H�V�J�E�F �E�J�T�Q�M�B�Z�T�
 �B�T �J�U �S�F�E�V�D�F�T �P�S

�F�M�J�N�J�O�B�U�F�T �Q�S�P�C�M�F�N�T �T�V�D�I �B�T �J�N�B�H�F �E�J�T�U�P�S�U�J�P�O�
 �B�N�C�J�F�O�U �M�J�H�I�U �D�I�S�P�N�B�U�J�D �B�S�U�F�G�B�D�U�T�


�B�O�E �S�F�T�U�S�J�D�U�F�E �'�0�7�
 �X�I�J�M�T�U �F�O�B�C�M�J�O�H �F�Y�J�U �Q�V�Q�J�M �E�V�Q�M�J�D�B�U�J�P�O �U�P �D�P�V�O�U�F�S �U�I�F �S�F�T�U�S�J�D�U�F�E

�F�Z�F�C�P�Y�� �)�P�X�F�W�F�S�
 �B�E�W�B�O�U�B�H�F�T �J�O �U�I�F �E�J�T�Q�M�B�Z �B�S�D�I�J�U�F�D�U�V�S�F �B�S�F �Q�B�S�U�M�Z �P�/�T�F�U �C�Z �B

�D�P�N�Q�M�F�Y �G�B�C�S�J�D�B�U�J�P�O �Q�S�P�D�F�E�V�S�F��

�5�I�F �Q�S�P�Q�P�T�F�E �D�P�O�T�U�S�B�J�O�F�E �-�$ �E�J�/�S�B�D�U�J�P�O �H�S�B�U�J�O�H�T �X�F�S�F �U�I�F�O �T�J�N�V�M�B�U�F�E �X�J�U�I �B

�3�$�8�" �U�F�D�I�O�J�R�V�F �U�P �F�T�U�J�N�B�U�F �E�J�/�S�B�D�U�J�P�O �F�2�D�J�F�O�D�Z�
 �B�O�E �U�P �P�Q�U�J�N�J�T�F �U�I�F �H�F�P�N�F�U�S�Z��
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�*�U �X�B�T �E�J�T�D�P�W�F�S�F�E �U�I�B�U �B�U �U�I�F �P�Q�U�J�N�V�N �H�S�B�U�J�O�H �E�F�Q�U�I�
 �U�I�F �E�J�/�F�S�F�O�D�F�T �C�F�U�X�F�F�O �B

�C�M�B�[�F�E �H�F�P�N�F�U�S�Z�
 �B �T�J�O�V�T�P�J�E�B�M �H�F�P�N�F�U�S�Z�
 �B�O�E �B �T�M�B�O�U�F�E �H�F�P�N�F�U�S�Z �X�F�S�F �N�J�O�J�N�B�M��

�)�P�X�F�W�F�S�
 �B�T �U�I�F �E�F�Q�U�I �X�B�T �S�F�E�V�D�F�E �U�P �J�O�D�S�F�B�T�F �N�B�O�V�G�B�D�U�V�S�B�C�J�M�J�U�Z �U�I�F �T�M�B�O�U�F�E

�H�S�B�U�J�O�H �H�F�P�N�F�U�S�Z �X�B�T �N�P�T�U �F�2�D�J�F�O�U �B�U �_�������� �5�I�F �N�B�O�V�G�B�D�U�V�S�J�O�H �Q�S�P�D�F�T�T�F�T

�S�F�R�V�J�S�F�E �G�P�S �J�O�E�V�T�U�S�J�B�M �Q�S�P�E�V�D�U�J�P�O �X�F�S�F �D�P�O�T�J�E�F�S�F�E�
 �B�O�E �U�I�F �H�F�P�N�F�U�S�Z �P�Q�U�J�N�J�T�F�E

�G�P�S �N�B�O�V�G�B�D�U�V�S�F�� �"�O �P�Q�U�J�N�B�M �T�M�B�O�U�F�E �H�F�P�N�F�U�S�Z �X�B�T �F�T�U�B�C�M�J�T�I�F�E �X�J�U�I �B �E�F�Q�U�I �P�G

������ �O�N��

�'�J�O�B�M�M�Z�
 �U�I�F �B�E�E�J�U�J�P�O�B�M �G�V�O�D�U�J�P�O�T �P�G �T�V�D�I �B �E�J�T�Q�M�B�Z �X�F�S�F �B�O�B�M�Z�T�F�E�
 �J�O�D�M�V�E�J�O�H �B �M�F�O�T

�G�V�O�D�U�J�P�O �J�O�U�F�H�S�B�U�F�E �J�O�U�P �U�I�F �P�V�U���D�P�V�Q�M�J�O�H �F�M�F�N�F�O�U�
 �D�B�M�D�V�M�B�U�F�E �H�F�P�N�F�U�S�J�D�B�M�M�Z�� �5�I�F

�F�Y�Q�F�D�U�F�E �F�2�D�J�F�O�D�Z �P�G �T�V�D�I �B �T�Z�T�U�F�N �X�B�T �T�J�N�V�M�B�U�F�E �B�O�E �E�J�T�D�V�T�T�F�E�
 �X�J�U�I �B�O �B�W�F�S�B�H�F

�P�G �������� �"�E�E�J�U�J�P�O�B�M �G�V�O�D�U�J�P�O�T �T�V�D�I �B�T �F�Z�F�C�P�Y �F�Y�Q�B�O�T�J�P�O �B�O�E �B �O�P�O���I�F�B�E �N�P�V�O�U�F�E

�0�4�5 ���% �E�J�T�Q�M�B�Z �X�F�S�F �B�M�T�P �E�J�T�D�V�T�T�F�E��
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�<�����
 �����>

�3�B�E�J�V�T �S �	�N�N�
 �5�I�J�D�L�O�F�T�T �E �	�N�N�
 �*�O�E�F�Y �O �"�T�Q�I�F�S�J�D�
�$�P�S�O�F�B �������� �������� ������������ ����������

�"�O�U�F�S�J�P�S �D�I�B�N�C�F�S�������� d2 ������������ ��
�1�V�Q�J�M �*�O�G �� ������������ ��

�$�S�Z�T�U�B�M�M�J�O�F �M�F�O�Tr3 d3 n3 � 3
�7�J�U�S�F�P�V�T �D�I�B�N�C�F�Sr4 �������� ���������� � 4

�3�F�U�J�O�B ����������

r3 = 10.2� 1.75 ln(A + 1)

r4 = � 6+ 0.2294 ln(A + 1)

d2 = 3.05� 0.05 ln(A + 1)

d3 = 4+ 0.1 ln(A + 1)

� 3 = � 3.1316� 0.34 ln(A + 1)

� 4 = � 1� 0.125 ln(A + 1)

n3 = 1.42+ 9� 10� 5(10A + A2)
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�"�Q�Q�F�O�E�J�Y �#

�.�B�Y�X�F�M�M�J�B�O �)�.�% �T�B�G�F�U�Z �D�B�M�D�V�M�B�U�J�P�O�T

�1�S�P�K�F�D�U�P�S �Q�P�X�F�S� 70mW

�5�I�J�T �J�T �N�P�E�J�m�F�E �B�8�F�S �Q�B�T�T�J�O�H �U�I�S�P�V�H�I �U�I�F �/�% �m�M�U�F�S�T �B�O�E �U�I�F �J�O�F�2�D�J�F�O�U

�C�F�B�N�T�Q�M�J�U�U�F�S �S�F�n�F�D�U�J�P�O��

�1�S�P�K�F�D�U�P�S �Q�P�X�F�S �B�U �F�Z�F= 3.5�˜W

�5�I�F �D�P�O�E�J�U�J�P�O�T �G�P�S �B �M�B�T�F�S �E�J�T�Q�M�B�Z �U�P �O�P�U �F�Y�D�F�F�E �U�I�F �.�1�& �H�J�W�F�O �J�O �#�4 �&�/ ��������������

�B�S�F �U�I�B�U�� �B�O �F�Y�Q�P�T�V�S�F �G�P�S �B �T�J�O�H�M�F �Q�V�M�T�F �E�P�F�T �O�P�U �F�Y�D�F�F�E �.�1�&�
 �B�W�F�S�B�H�F �F�Y�Q�P�T�V�S�F �G�P�S

�Q�V�M�T�F �U�S�B�J�O �P�W�F�S �U�J�N�F �5 �E�P�F�T �O�P�U �F�Y�D�F�F�E �.�1�&�
 �B�O�E �F�Y�Q�P�T�V�S�F �Q�F�S �Q�V�M�T�F �E�P�F�T �O�P�U

�F�Y�D�F�F�E �.�1�& �D�P�N�Q�F�O�T�B�U�F�E �G�P�S �U�I�F�S�N�B�M �E�B�N�B�H�F��

������



�$�P�O�T�J�E�F�S�J�O�H �Q�V�M�T�F �B�W�F�S�B�H�F��

t = 1.67� 10� 2s

� = 628mrad

� min = 1.5

� max = 200t 0.5= 25.8mrad (625�˜s� t � 0.25s)

C6 =
� max

� min
= 17.2 (� > � max)

�.�1�&= 7� 10� 4t 0.75C6�+

�.�1�&= 559�˜W

�4�B�G�F�U�Z �G�B�D�U�P�S= 160

�$�P�O�T�J�E�F�S�J�O�H �U�I�F�S�N�B�M�M�Z �D�P�N�Q�F�O�T�B�U�F�E �.�1�&��

Ti = 5� 10� 6s �	�7�*�4 �S�B�O�H�F�


T2 = 100s (� > 100mrad)

C5 = N � 0.25

N =
T2

t
= 5988

C5 = 0.11

�5�I�F�S�N�B�M �B�E�K�V�T�U�F�E �.�1�&= C5 � �.�1�&= 63.5�˜W

�4�B�G�F�U�Z �G�B�D�U�P�S= 20
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�"�Q�Q�F�O�E�J�Y �$

�.�B�Y�X�F�M�M�J�B�O �)�.�% �1�4�' �E�B�U�B

�	�B�
 �&�W�B�M�V�B�U�J�P�O �J�N�B�H�F �‰
�S�F�E

�	�C�
 �&�W�B�M�V�B�U�J�P�O �J�N�B�H�F �‰
�H�S�F�F�O

�	�D�
 �&�W�B�M�V�B�U�J�P�O �J�N�B�H�F �‰
�C�M�V�F

�	�E�
 �%�J�T�Q�M�B�Z�F�E �J�N�B�H�F �‰ �S�F�E
�	�F�
 �%�J�T�Q�M�B�Z�F�E �J�N�B�H�F �‰
�H�S�F�F�O

�	�G�
 �%�J�T�Q�M�B�Z�F�E �J�N�B�H�F �‰
�C�M�V�F

�	�H�
 �5�B�S�H�F�U �J�N�B�H�F �‰ �S�F�E�	�I�
 �5�B�S�H�F�U �J�N�B�H�F �‰ �H�S�F�F�O�	�J�
 �5�B�S�H�F�U �J�N�B�H�F �‰ �C�M�V�F

�'�J�H�V�S�F �$������ �1�4�' �D�I�B�S�B�D�U�F�S�J�T�B�U�J�P�O �S�B�X �E�B�U�B�
 �D�S�P�Q�Q�F�E �F�W�B�M�V�B�U�J�P�O �J�N�B�H�F �	�B���D�
�

�E�J�T�Q�M�B�Z�F�E �J�N�B�H�F �	�E���G�
�
 �N�B�H�O�J�m�F�E �U�B�S�H�F�U �J�N�B�H�F �B�8�F�S �T�L�F�X �	�H���I�
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�"�Q�Q�F�O�E�J�Y �%

�&�M�M�J�Q�T�P�J�E�B�M �F�R�V�B�U�J�P�O�T

�&�R�V�B�U�J�P�O �%���� �E�F�U�B�J�M�T �U�I�F �N�B�U�I�F�N�B�U�J�D�B�M �E�F�T�D�S�J�Q�U�J�P�O �P�G �B ���% �F�M�M�J�Q�T�F�
 �X�I�J�D�I �D�B�O �C�F

�S�P�U�B�U�F�E �B�S�P�V�O�E �F�J�U�I�F�S �P�G �J�U�T �U�X�P �B�Y�F�T �U�P �D�S�F�B�U�F �B ���% �F�M�M�J�Q�T�P�J�E�� �5�I�F �U�X�P �S�B�E�J�J �P�G �U�I�F

�F�M�M�J�Q�T�F �B�S�Fa �B�O�Eb�
 �B�O�Ec �J�T �U�I�F �E�J�T�U�B�O�D�F �C�F�U�X�F�F�O �U�I�F �G�P�D�J�� �5�I�F�T�F �D�B�O �C�F �E�F�m�O�F�E

�C�Z �N�P�S�F �Q�S�B�D�U�J�D�B�M �Q�B�S�B�N�F�U�F�S�T �T�V�D�I �B�T �U�I�F �F�Z�F �S�F�M�J�F�G �B�M�P�O�H �U�I�F �P�Q�U�J�D�B�M �B�Y�J�T� �
 �B�O�E

�U�I�F �T�F�Q�B�S�B�U�J�P�O �C�F�U�X�F�F�O �U�I�F �C�F�B�N�T�Q�M�J�U�U�F�S �B�O�E �U�I�F �Q�S�P�K�F�D�U�P�S� �� �5�I�F �Q�B�S�B�N�F�U�F�S�T �B�O�E

�N�P�E�F�M �V�T�F�E �B�S�F �P�V�U�M�J�O�F�E �J�O �m�H�V�S�F �%������

1=
x2

a2
+

y2

b2
�	�%�����


y = �
b

a

p
a2 � x2 �	�%�����


c2 = a2 � b2 �	�%�����


�"�O �F�Y�Q�S�F�T�T�J�P�O �G�P�Sa �H�J�W�F�O �J�O �F�R�V�B�U�J�P�O �%���� �D�B�O �C�F �G�P�V�O�E �C�Z �F�Y�Q�M�P�J�U�J�O�H �U�I�F

�G�V�O�E�B�N�F�O�U�B�M �Q�S�P�Q�F�S�U�Z �U�I�B�U� + � �J�T �D�P�O�T�U�B�O�U �B�U �B�M�M �Q�P�J�O�U�T �P�O �U�I�F �F�M�M�J�Q�T�F�
 �B�O�E

�F�W�B�M�V�B�U�J�O�H �U�I�F �D�B�T�F �G�P�Sy = 0��

������



a =
� + �

2
�	�%�����


b =
p

a2 � c2 �	�%�����


c =
1

2

p
� 2 + � 2 � 2�� cos(� ) �	�%�����


�5�I�F�T�F �D�B�O �C�F �U�S�B�O�T�G�P�S�N�F�E �J�O�U�P �F�R�V�J�W�B�M�F�O�U �P�Q�U�J�D�B�M �T�V�S�G�B�D�F �Q�B�S�B�N�F�U�F�S�T �T�V�D�I �B�T �D�P�O�J�D

�D�P�O�T�U�B�O�U� �B�O�E �S�B�E�J�V�T �P�G �D�V�S�W�B�U�V�S�Fr �D�P�N�N�P�O�M�Z �V�T�F�E �C�Z �S�B�Z �U�S�B�D�J�O�H �T�P�8�X�B�S�F �T�V�D�I

�B�T �;�F�N�B�Y �V�T�J�O�H �F�R�V�B�U�J�P�O�T �%���� �B�O�E �%������

� = �
c2

a2
�	�%�����


r = a(� + 1) �	�%�����


�£
 

�¤�� �ª��

c
a

b

y

x

�'�J�H�V�S�F �%������ �5�I�F �Q�B�S�B�N�F�U�F�S�T �P�G �B�O �F�M�M�J�Q�T�F

������



�"�Q�Q�F�O�E�J�Y �&

�3�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �N�B�U�D�I�J�O�H

�'�J�H�V�S�F �&������ �1�P�M�Z�N�F�S �B�O�E �-�$ �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �N�B�U�D�I�J�O�H
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�"�Q�Q�F�O�E�J�Y �'

�3�$�8�" �E�B�U�B

�'�J�H�V�S�F �'������ �1�S�J�T�N �H�S�B�U�J�O�H �H�F�P�N�F�U�S�Z �X�J�U�I �P�W�F�S�I�B�O�H�‰�U�P �T�D�B�M�F
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�	�B�
 �5�& �Q�P�M�B�S�J�T�B�U�J�P�O

�	�C�
 �5�. �Q�P�M�B�S�J�T�B�U�J�P�O

�'�J�H�V�S�F �'������ �1�S�J�T�N �H�F�P�N�F�U�S�Z �H�S�B�U�J�O�H �X�J�U�I �P�W�F�S�I�B�O�H� OS > �����¡
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�	�B�
 �5�& �Q�P�M�B�S�J�T�B�U�J�P�O

�	�C�
 �5�. �Q�P�M�B�S�J�T�B�U�J�P�O

�'�J�H�V�S�F �'������ �1�S�J�T�N �H�F�P�N�F�U�S�Z �H�S�B�U�J�O�H �X�J�U�I �P�W�F�S�I�B�O�H� OS > �����¡ �B�O�E �B �W�B�S�B�C�M�F �E�V�U�Z
�D�Z�D�M�F�
 �P�Q�U�J�N�B�M �E�F�Q�U�Id = 2710nm
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�	�B�
 �5�& �Q�P�M�B�S�J�T�B�U�J�P�O

�	�C�
 �5�. �Q�P�M�B�S�J�T�B�U�J�P�O

�'�J�H�V�S�F �'������ �1�S�J�T�N �H�F�P�N�F�U�S�Z �H�S�B�U�J�O�H �X�J�U�I �P�W�F�S�I�B�O�H� OS > �����¡ �B�O�E �B �W�B�S�B�C�M�F �E�V�U�Z
�D�Z�D�M�F�
 �M�J�N�J�U�F�E �U�P �E�F�Q�U�Id = 1500nm
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�	�B�
 �5�& �Q�P�M�B�S�J�T�B�U�J�P�O

�	�C�
 �5�. �Q�P�M�B�S�J�T�B�U�J�P�O

�'�J�H�V�S�F �'������ �4�J�O�V�T�P�J�E�B�M �H�S�B�U�J�O�H �P�Q�U�J�N�V�N �H�F�P�N�F�U�S�Z �Q�B�S�B�N�F�U�F�S�T
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�	�B�
 �5�& �Q�P�M�B�S�J�T�B�U�J�P�O

�	�C�
 �5�. �Q�P�M�B�S�J�T�B�U�J�P�O

�'�J�H�V�S�F �'������ �4�J�O�V�T�P�J�E�B�M �H�S�B�U�J�O�H �P�Q�U�J�N�V�N �H�F�P�N�F�U�S�Z �Q�B�S�B�N�F�U�F�S�T
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�"�Q�Q�F�O�E�J�Y �(

�$�0�$ �m�M�N �U�I�J�D�L�O�F�T�T

�7�B�S�Z�J�O�H �D�P�O�D�F�O�U�S�B�U�J�P�O�T �P�G �$�0�$�����������-������ �B�T �Q�P�M�Z�N�F�S �H�S�B�O�V�M�F�T �X�F�S�F �E�J�T�T�P�M�W�F�E �J�O

���N�M ������ �T�F�D���#�V�U�Z�M�C�F�O�[�F�O�F�� �5�I�J�T �X�B�T �T�Q�V�O �P�O�U�P �D�M�F�B�O�F�E �B�O�E �E�F�H�S�F�B�T�F�E �*�5�0 �D�P�B�U�F�E

�H�M�B�T�T �T�B�N�Q�M�F�T �G�P�S ���� �T �G�P�M�M�P�X�F�E �C�Z �B �Q�P�T�U�C�B�L�F �B�U ������� �$ �P�O �B �D�P�W�F�S�F�E �I�P�U�Q�M�B�U�F�� �'�J�M�N

�U�I�J�D�L�O�F�T�T �X�B�T �F�W�B�M�V�B�U�F�E �X�J�U�I �B �%�F�L�5�B�L �Q�S�P�m�M�P�N�F�U�F�S �P�W�F�S �B �E�J�T�U�B�O�D�F �P�G �������� �˜�N

�X�J�U�I �� �N�H �D�P�O�U�B�D�U �G�P�S�D�F��

�'�J�H�V�S�F �(������ �$�0�$ �m�M�N �U�I�J�D�L�O�F�T�T �G�S�P�N �T�Q�J�O�D�P�B�U�J�O�H
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