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1 Introduction

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

�T�V�D�I �B�T �$�5�" �	�$�I�F�S�F�O�L�P�W �5�F�M�F�T�D�P�Q�F �"�S�S�B�Z �� �-�B�S�H�F �T�D�B�M�F �$�I�F�S�F�O�L�P�W �U�F�M�F�T�D�P�Q�F �B�S�S�B�Z �<���>�
�

�J�U �J�T �Q�P�T�T�J�C�M�F �U�P �P�C�T�F�S�W�F �D�P�T�N�J�D �S�B�Z�T �J�O �F�W�F�O �H�S�F�B�U�F�S �E�F�U�B�J�M �U�I�B�O �J�T �Q�P�T�T�J�C�M�F �X�J�U�I �U�P�E�B�Z�Œ�T
�F�Y�Q�F�S�J�N�F�O�U�T�� �*�U �J�T �O�F�D�F�T�T�B�S�Z �U�P �J�O�D�S�F�B�T�F �U�I�F �B�N�P�V�O�U �B�O�E �R�V�B�M�J�U�Z �P�G �U�I�F �T�J�N�V�M�B�U�F�E
�E�B�U�B �F�R�V�B�M�M�Z �U�P �F�O�B�C�M�F �U�I�F �Q�S�F�D�J�T�F �B�O�B�M�Z�T�J�T �P�G �U�I�F �P�C�T�F�S�W�B�U�J�P�O �E�B�U�B�� �5�I�F�T�F �B�E�W�B�O�D�F�T
�S�F�R�V�J�S�F �O�F�X �N�F�U�I�P�E�T �U�P �J�N�Q�S�P�W�F �Q�I�Z�T�J�D�B�M �D�P�S�S�F�D�U�O�F�T�T�
 �X�I�J�D�I �U�Z�Q�J�D�B�M�M�Z �S�F�T�V�M�U�T �J�O �U�I�F
�T�M�P�X�E�P�X�O �P�G �U�I�F �T�J�N�V�M�B�U�J�P�O�� �*�O �B�E�E�J�U�J�P�O�
 �B �N�B�T�T�J�W�F �J�O�W�F�T�U�N�F�O�U �J�O �D�P�N�Q�V�U�J�O�H �U�J�N�F
�J�T �O�F�F�E�F�E �U�P �B�D�I�J�F�W�F �U�I�F �S�F�R�V�J�S�F�E �N�B�H�O�J�U�V�E�F �P�G �T�J�N�V�M�B�U�F�E �E�B�U�B�� �8�J�U�I �F�W�F�O �N�P�S�F
�F�Y�U�F�O�T�J�W�F �F�Y�Q�F�S�J�N�F�O�U�T �T�V�D�I �B�T �*�D�F�$�V�C�F���(�F�O�� �	�*�D�F�$�V�C�F �(�F�O�F�S�B�U�J�P�O �� �� �6�Q�H�S�B�E�F�E �J�O �*�D�F
�/�F�V�U�S�J�O�P �%�F�U�F�D�U�P�S �<���>�
 �P�S �4�,�" �	�4�R�V�B�S�F �,�J�M�P�N�F�U�F�S �"�S�S�B�Z �� �-�B�S�H�F �T�D�B�M�F �S�B�E�J�P �B�S�S�B�Z �U�I�B�U
�D�B�O �P�C�T�F�S�W�F �D�P�T�N�J�D �B�J�S �T�I�P�X�F�S�T �B�T �T�J�E�F���Q�S�P�K�F�D�U �<�����>�
 �P�O �U�I�F �I�P�S�J�[�P�O�
 �U�I�F �D�P�N�Q�V�U�J�O�H
�Q�P�X�F�S �S�F�R�V�J�S�F�E �U�P �H�F�O�F�S�B�U�F �U�I�F�T�F �T�J�N�V�M�B�U�J�P�O�T �X�J�M�M �C�F�D�P�N�F �U�I�F �M�J�N�J�U�J�O�H �G�B�D�U�P�S �G�P�S
�D�P�N�Q�S�F�I�F�O�T�J�W�F �B�O�B�M�Z�T�J�T�� �&�W�F�O �U�P�E�B�Z�
 �U�I�F �E�J�U�D�V�M�U�Z �P�G �H�F�O�F�S�B�U�J�O�H �S�B�S�F �Q�I�Z�T�J�D�B�M �F�W�F�O�U�T
�X�J�U�I �T�V�U�D�J�F�O�U �T�U�B�U�J�T�U�J�D�T �J�O �T�J�N�V�M�B�U�J�P�O�T �J�T �B �N�B�K�P�S �J�N�Q�F�E�J�N�F�O�U �U�P �U�I�F �T�U�V�E�Z �P�G �S�B�S�F
�Q�I�Z�T�J�D�B�M �F�W�F�O�U�T��

�5�I�F �P�O�M�Z �T�P�M�V�U�J�P�O �U�P �B�D�I�J�F�W�F �U�I�F �S�F�R�V�J�S�F�E �T�J�N�V�M�B�U�J�P�O �T�U�B�U�J�T�U�J�D�T�
 �B�Q�B�S�U �G�S�P�N �U�B�J�M�P�S�J�O�H
�U�I�F �T�J�N�V�M�B�U�J�P�O�
 �X�I�J�D�I �N�B�Z �J�O�U�S�P�E�V�D�F �C�J�B�T�F�T �P�S �I�B�S�E���U�P���E�F�U�F�D�U �F�S�S�P�S�T�
 �J�T �U�P �T�Q�F�F�E
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�U�P�E�B�Z�� �0�W�F�S �U�J�N�F�
 �U�I�F �O�V�N�F�S�P�V�T �E�F�S�J�W�F�E �U�F�D�I�O�P�M�P�H�J�F�T �G�P�S �N�F�B�T�V�S�F�N�F�O�U�T �P�O �B�M�M �T�D�B�M�F�T
�F�T�U�B�C�M�J�T�I �U�I�F �G�V�O�E�B�N�F�O�U�B�M �C�B�D�L�C�P�O�F �P�G �C�P�U�I �C�S�B�O�D�I�F�T�� �5�I�F �T�D�J�F�O�U�J�S�D �G�P�D�V�T �P�G �U�I�F �N�B�J�O
�C�S�B�O�D�I �P�G �F�Y�Q�F�S�J�N�F�O�U�B�M �F�M�F�N�F�O�U�B�S�Z �Q�B�S�U�J�D�M�F �Q�I�Z�T�J�D�T�
 �T�U�J�M�M �D�B�M�M�F�E �T�P�
 �J�T �U�I�F �Q�S�F�D�J�T�F �T�U�V�E�Z
�P�G �Q�B�S�U�J�D�M�F�T �B�O�E �U�I�F�J�S �J�O�U�F�S�B�D�U�J�P�O�T �X�J�U�I �F�B�D�I �P�U�I�F�S�
 �X�J�U�I �U�I�F �H�P�B�M �P�G �B �G�V�O�E�B�N�F�O�U�B�M
�E�F�T�D�S�J�Q�U�J�P�O �P�G �B �U�I�F�P�S�F�U�J�D�B�M �N�P�E�F�M �D�B�M�M�F�E �U�I�F �Ž�4�U�B�O�E�B�S�E �.�P�E�F�M�•�� �5�I�F�S�F�G�P�S�F�
 �U�I�F
�Q�B�S�U�J�D�M�F�T �B�O�E �U�I�F �S�F�R�V�J�S�F�E �E�F�W�F�M�P�Q�N�F�O�U �P�G �U�I�F �F�Y�Q�F�S�J�N�F�O�U�B�M �U�F�D�I�O�P�M�P�H�Z �I�B�W�F �U�I�F
�I�J�H�I�F�T�U �J�N�Q�P�S�U�B�O�D�F��

�4�J�O�D�F �J�U�T �G�P�V�O�E�B�U�J�P�O �B�U �U�I�F �C�F�H�J�O�O�J�O�H �P�G �U�I�F �M�B�T�U �D�F�O�U�V�S�Z�
 �T�P���D�B�M�M�F�E �B�T�U�S�P�Q�B�S�U�J�D�M�F �Q�I�Z�T�J�D�T
�I�B�T �C�F�F�O �V�T�J�O�H �G�V�O�E�B�N�F�O�U�B�M�M�Z �T�J�N�J�M�B�S �E�F�U�F�D�U�P�S�T�� �0�W�F�S �U�I�F �G�P�M�M�P�X�J�O�H �E�F�D�B�E�F�T�
 �U�I�F�S�F
�X�B�T �O�P �T�F�Q�B�S�B�U�J�P�O �C�F�U�X�F�F�O �S�F�M�E�T �B�O�E �U�I�F �O�B�U�V�S�B�M�M�Z �P�D�D�V�S�S�J�O�H �Q�B�S�U�J�D�M�F�T �X�F�S�F �V�T�F�E
�U�P �B�E�W�B�O�D�F �G�V�O�E�B�N�F�O�U�B�M �Q�B�S�U�J�D�M�F �L�O�P�X�M�F�E�H�F�� �5�I�F �N�V�M�U�J�E�J�T�D�J�Q�M�J�O�B�S�Z �G�P�D�V�T �P�G �U�P�E�B�Z
�P�S�J�H�J�O�B�U�F�E �J�O �U�I�F �M�B�U�F �����T�
 �X�I�F�S�F �O�P�U �U�I�F �Q�B�S�U�J�D�M�F�T �B�O�E �J�O�U�F�S�B�D�U�J�P�O�T �U�I�F�N�T�F�M�W�F�T �X�F�S�F
�J�O �U�I�F �M�J�N�F�M�J�H�I�U�
 �C�V�U �U�I�F �V�U�J�M�J�T�B�U�J�P�O �B�T �B �D�B�S�S�J�F�S �P�G �J�O�G�P�S�N�B�U�J�P�O �G�S�P�N �E�J�T�U�B�O�U �D�P�T�N�J�D
�P�C�K�F�D�U�T�� �5�I�F�T�F �P�C�K�F�D�U�T �D�B�O �G�V�O�D�U�J�P�O �B�T �O�B�U�V�S�B�M �Q�B�S�U�J�D�M�F �B�D�D�F�M�F�S�B�U�P�S�T�
 �F�N�J�U�U�J�O�H �Q�B�S�U�J�D�M�F�T
�P�G �W�B�S�J�P�V�T �U�Z�Q�F�T �J�O �B �C�S�P�V�H�I�U �F�O�F�S�H�Z �T�Q�F�D�U�S�V�N�� �%�F�U�F�D�U�J�O�H �U�I�J�T �F�N�J�T�T�J�P�O�
 �P�G�U�F�O �J�O
�D�P�N�C�J�O�B�U�J�P�O �X�J�U�I �U�S�B�E�J�U�J�P�O�B�M�M�Z �F�T�U�B�C�M�J�T�I�F�E �N�F�U�I�P�E�T �P�G �B�T�U�S�P�Q�I�Z�T�J�D�B�M �P�C�T�F�S�W�B�U�J�P�O�T �M�J�L�F
�P�Q�U�J�D�B�M�
 �9���S�B�Z�
 �P�S �S�B�E�J�P �U�F�M�F�T�D�P�Q�F�T�
 �M�F�B�E�T �U�P �B �O�F�X �V�O�E�F�S�T�U�B�O�E�J�O�H �P�G �U�I�F �G�V�O�E�B�N�F�O�U�B�M
�Q�S�P�Q�F�S�U�J�F�T �P�G �U�I�P�T�F �E�J�T�U�B�O�U �P�C�K�F�D�U�T��

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

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

��



�� �'�P�V�O�E�B�U�J�P�O

2.1 Cosmic Rays Physics

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

�B �S�F�E�V�D�U�J�P�O �J�O �J�O�U�F�O�T�J�U�Z �X�J�U�I �J�O�D�S�F�B�T�J�O�H �E�J�T�U�B�O�D�F �G�S�P�N �U�I�F �Q�P�U�F�O�U�J�B�M �T�P�V�S�D�F�
 �U�I�F
�H�S�P�V�O�E�
 �X�B�T �F�Y�Q�F�D�U�F�E�� �4�U�B�S�U�J�O�H �X�J�U�I ���������
 �U�I�F �Q�I�Z�T�J�D�J�T�U �7�J�D�U�P�S �)�F�T�T �<�����> �S�F�G�V�U�F�T
�U�I�J�T �B�T�T�V�N�Q�U�J�P�O �C�Z �P�C�T�F�S�W�J�O�H �B �S�J�T�F �J�O �J�P�O�J�T�F�E �Q�B�S�U�J�D�M�F �M�F�W�F�M�T �X�J�U�I �J�O�D�S�F�B�T�J�O�H �I�F�J�H�I�U
�W�J�B �B �S�S�T�U �T�V�S�W�F�Z �E�P�O�F �J�O �N�V�M�U�J�Q�M�F �C�B�M�M�P�P�O �T�J�H�I�U�T�� �5�I�F �G�P�M�M�P�X�J�O�H �B�T�D�F�O�T�J�P�O�T �X�J�U�I
�J�N�Q�S�P�W�F�E �F�R�V�J�Q�N�F�O�U�
 �F���H�� �F�M�F�D�U�S�P�T�D�P�Q�F�T�
 �F�O�B�C�M�F�E �I�J�N �U�P �E�F�U�F�S�N�J�O�F �U�I�F �S�S�T�U �I�F�J�H�I�U
�E�J�T�U�S�J�C�V�U�J�P�O �P�G �S�B�E�J�B�U�J�P�O �E�F�O�T�J�U�Z �J�O�T�J�E�F �U�I�F �B�U�N�P�T�Q�I�F�S�F �B�O�E �J�E�F�O�U�J�G�Z �U�I�F �P�S�J�H�J�O�T
�B�T �D�P�T�N�J�D �S�B�E�J�B�U�J�P�O�
 �G�P�S �X�I�J�D�I �I�F �X�B�T �B�X�B�S�E�F�E �U�I�F �1�I�Z�T�J�D�T �/�P�C�F�M �1�S�J�[�F �J�O ����������
�5�I�F �U�F�D�I�O�J�D�B�M �E�F�W�F�M�P�Q�N�F�O�U�T �P�G �U�I�F �G�P�M�M�P�X�J�O�H �E�F�D�B�E�F�T �B�M�M�P�X�F�E �B �N�P�S�F �E�J�R�F�S�F�O�U�J�B�U�F�E
�B�O�B�M�Z�T�J�T �P�G �U�I�J�T �S�B�E�J�B�U�J�P�O �B�T �Q�B�S�U �P�G �Q�B�S�U�J�D�M�F �Q�I�Z�T�J�D�T�
 �X�I�J�D�I �M�F�E �U�P �U�I�F �E�J�T�D�P�W�F�S�Z �P�G
�N�V�M�U�J�Q�M�F �O�F�X �Q�B�S�U�J�D�M�F �U�Z�Q�F�T�
 �G�P�S �F�Y�B�N�Q�M�F�
 �U�I�F �Q�P�T�J�U�S�P�O �J�O �������� �<�����>�
 �P�S �U�I�F �.�V�P�O �J�O
�������� �<�����>�� �5�I�F�T�F �B�E�W�B�O�D�F�T �Q�S�P�H�S�F�T�T�F�E �V�O�U�J�M �U�I�F �M�B�U�F �����T �X�I�F�O �N�P�E�F�S�O �B�T�U�S�P�Q�I�Z�T�J�D�T
�X�B�T �F�T�U�B�C�M�J�T�I�F�E�
 �B�O�E �U�I�F �G�P�D�V�T �T�I�J�G�U�F�E �G�S�P�N �U�I�F �Q�B�S�U�J�D�M�F �J�U�T�F�M�G �U�P �U�I�F �Q�B�S�U�J�D�M�F �B�T
�N�F�T�T�F�O�H�F�S�T �G�S�P�N �E�J�T�U�B�O�U �T�P�V�S�D�F�T�� �0�O�F �P�G �U�I�F �F�B�S�M�J�F�T�U �D�P�T�N�J�D �S�B�E�J�B�U�J�P�O �T�P�V�S�D�F�T �X�B�T
�B �O�F�V�U�S�J�O�P�
 �X�I�J�D�I �D�P�V�M�E �C�F �B�T�T�P�D�J�B�U�F�E �X�J�U�I �B �T�V�Q�F�S�O�P�W�B �F�Y�Q�M�P�T�J�P�O �J�O �������� �C�Z �U�I�F
�,�B�N�J�P�L�B �F�Y�Q�F�S�J�N�F�O�U �B�O�E �T�I�P�S�U�M�Z �G�P�M�M�P�X�F�E �B�G�U�F�S�X�B�S�E�T �X�J�U�I �U�I�F �S�S�T�U �E�F�E�J�D�B�U�F�E �H�B�N�N�B��
�S�B�Z �N�F�B�T�V�S�F�N�F�O�U �P�G �U�I�F �4�V�Q�F�S�O�P�W�B�F �S�F�N�O�B�O�U �$�S�B�C �/�F�C�V�M�B �J�O �������� �<�����>�� �#�P�U�I
�P�C�T�F�S�W�B�U�J�P�O�T �P�Q�F�O�F�E �B �O�F�X �W�J�F�X �J�O�U�P �U�I�F �E�F�Q�U�I�T �P�G �U�I�F �V�O�J�W�F�S�T�F��

2.1.1 Nature of Cosmic Rays

�$�P�T�N�J�D �S�B�Z�T �B�S�F �O�P�U �B �T�J�O�H�M�F �I�P�N�P�H�F�O�F�P�V�T �G�P�S�N �P�G �S�B�E�J�B�U�J�P�O �C�V�U �B �C�S�P�B�E �T�Q�F�D�U�S�V�N
�P�G �E�J�R�F�S�F�O�U �U�Z�Q�F�T �P�G �I�B�E�S�P�O�J�D�
 �M�F�Q�U�P�O�J�D�
 �B�O�E �Q�I�P�U�P�O�J�D �F�N�J�T�T�J�P�O�T �P�W�F�S �B �W�F�S�Z �X�J�E�F
�F�O�F�S�H�Z �S�B�O�H�F �S�B�O�H�J�O�H �P�W�F�S �T�F�W�F�S�B�M �P�S�E�F�S�T �P�G �N�B�H�O�J�U�V�E�F �G�S�P�N�� �L�F�7�V�Q �U�P�����õ�� �F�7�� �5�I�F
�T�P���D�B�M�M�F�E �(�;�, �D�V�U�P�R �J�T �U�I�F �S�F�B�T�P�O �G�P�S �B�O �V�Q�Q�F�S �M�J�N�J�U �<�����>�
 �X�I�F�S�F �J�O�D�P�N�J�O�H �Q�B�S�U�J�D�M�F�T
�T�U�B�S�U �U�P �J�O�U�F�S�B�D�U �X�J�U�I �U�I�F �V�C�J�R�V�J�U�P�V�T �D�P�T�N�J�D �N�J�D�S�P�X�B�W�F �C�B�D�L�H�S�P�V�O�E �<�����> �B�O�E �Q�S�P�E�V�D�F
�N�V�M�U�J�Q�M�F �M�P�X���F�O�F�S�H�Z �Q�B�S�U�J�D�M�F�T�� �%�F�T�Q�J�U�F �U�I�F �M�J�N�J�U�
 �Q�B�S�U�J�D�M�F�T �B�C�P�W�F �U�I�F �U�I�S�F�T�I�P�M�E �X�F�S�F
�J�E�F�O�U�J�S�F�E �J�O �E�J�R�F�S�F�O�U �P�C�T�F�S�W�B�U�J�P�O�T �P�G �W�B�S�J�P�V�T �F�Y�Q�F�S�J�N�F�O�U�T�� �5�I�F �F�Y�B�D�U �P�S�J�H�J�O �J�T �T�U�J�M�M
�V�O�D�M�F�B�S �C�V�U �D�B�O �Q�S�P�C�B�C�M�Z �C�F �B�U�U�S�J�C�V�U�F�E �U�P �I�F�B�W�J�F�S �Q�B�S�U�J�D�M�F�T �<�����> �P�S �O�F�V�U�S�J�O�P�T �<�����>��

�" �E�F�U�B�J�M�F�E �B�O�B�M�Z�T�J�T �P�G �U�I�F �I�B�E�S�P�O�J�D �D�P�N�Q�P�T�J�U�J�P�O �P�G �U�I�F �D�P�T�N�J�D �S�B�Z�T �T�Q�F�D�U�S�V�N �T�I�P�X�T
�U�I�B�U �B�M�M �D�P�N�Q�P�O�F�O�U�T �B�S�F �Q�S�F�T�F�O�U �J�O �R�V�B�O�U�J�U�J�F�T �T�J�N�J�M�B�S �U�P �U�I�P�T�F �G�P�V�O�E �J�O �U�I�F �J�O�U�F�S�T�U�F�M�M�B�S
�N�F�E�J�V�N�� �)�P�X�F�W�F�S�
 �U�I�F �S�B�E�J�B�U�J�P�O �J�U�T�F�M�G �J�T �D�P�N�Q�M�F�U�F�M�Z �J�P�O�J�T�F�E�� �5�I�F �T�V�Y �E�J�T�U�S�J�C�V�U�J�P�O
�P�G �Q�B�S�U�J�D�M�F�T �B�S�S�J�W�J�O�H �J�O �U�I�F �B�U�N�P�T�Q�I�F�S�F �J�T �T�I�P�X�O �P�W�F�S �U�I�F �S�F�M�F�W�B�O�U �&�O�F�S�H�Z �S�B�O�H�F �J�O
�'�J�H�V�S�F ������ �B�O�E �T�U�B�S�U�T �X�J�U�I �Q�S�P�U�P�O�T �P�S �I�Z�E�S�P�H�F�O �B�T �U�I�F �N�P�T�U �D�P�N�N�P�O �Q�B�S�U�J�D�M�F �U�Z�Q�F��

��



������ �$�P�T�N�J�D �3�B�Z�T �1�I�Z�T�J�D�T

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

�5�I�F �M�F�Q�U�P�O�J�D �Q�B�S�U �D�P�O�T�J�T�U�T �N�B�J�O�M�Z �P�G �F�M�F�D�U�S�P�O�T�F
7�
 �Q�P�T�J�U�S�P�O�T�F�� �B�O�E �O�F�V�U�S�J�O�P�T�x�€�
 �x�Ë�
 �x�Ñ��
�5�I�F �I�F�B�W�J�F�S �M�F�Q�U�P�O�T�
 �N�V�P�O�T�
 �B�O�E �U�B�V�P�O�T �E�F�D�B�Z �E�V�S�J�O�H �U�I�F�J�S �K�P�V�S�O�F�Z �U�I�S�P�V�H�I �J�O�U�F�S��
�T�U�F�M�M�B�S �T�Q�B�D�F �C�F�G�P�S�F �U�I�F�Z �B�S�S�J�W�F �B�U �U�I�F �&�B�S�U�I�Œ�T �B�U�N�P�T�Q�I�F�S�F�� �"�T �G�B�S �B�T �O�F�V�U�S�J�O�P�T �B�S�F
�D�P�O�D�F�S�O�F�E�
 �E�F�Q�F�O�E�J�O�H �P�O �U�I�F�J�S �F�O�F�S�H�Z�
 �U�I�F �E�J�T�U�B�O�D�F �D�B�O �C�F �U�S�B�W�F�M�M�F�E �B�M�N�P�T�U �V�O�I�J�O��
�E�F�S�F�E �U�I�S�P�V�H�I �U�I�F �J�O�U�F�S�T�U�F�M�M�B�S �N�F�E�J�V�N��

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

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

2.1.2 Origins of cosmic rays

�0�W�F�S�B�M�M�
 �D�I�B�S�H�F�E �D�P�T�N�J�D �S�B�Z�T �D�B�O�O�P�U �C�F �U�S�B�D�F�E �E�J�S�F�D�U�M�Z �U�P �B �T�J�O�H�M�F �P�S�J�H�J�O �E�V�F �U�P
�E�F�T�F�D�U�J�P�O�� �5�I�F�Z �B�S�F �H�F�O�F�S�B�M�M�Z �B�U�U�S�J�C�V�U�F�E �U�P �B �T�V�Q�F�S�Q�P�T�J�U�J�P�O �P�G �J�O�E�J�W�J�E�V�B�M �T�P�V�S�D�F�T
�E�J�T�U�S�J�C�V�U�F�E �P�W�F�S �U�I�F �F�O�U�J�S�F �D�P�T�N�P�T�� �&�Y�D�F�Q�U�J�P�O�T �I�F�S�F �B�S�F �U�J�N�F���M�J�N�J�U�F�E �F�W�F�O�U�T �P�G �T�J�O�H�M�F
�T�P�V�S�D�F�T�
 �X�I�J�D�I �D�B�O �C�F �W�F�S�J�S�F�E �C�Z �P�U�I�F�S �F�Y�Q�F�S�J�N�F�O�U�T �	�F���H�� �P�Q�U�J�D�B�M�
 �B�O�E �C�F �D�P�S�S�F�M�B�U�F�E
�X�J�U�I �B�O �J�O�D�S�F�B�T�F �J�O �H�M�P�C�B�M �T�V�Y�� �'�V�S�U�I�F�S �J�E�F�O�U�J�S�D�B�U�J�P�O �P�G �F�O�U�J�S�F �T�P�V�S�D�F �D�M�B�T�T�F�T �J�T
�Q�P�T�T�J�C�M�F �G�S�P�N �U�I�F�P�S�F�U�J�D�B�M �D�P�O�T�J�E�F�S�B�U�J�P�O�T�
 �G�P�S �F�Y�B�N�Q�M�F�
 �C�B�T�F�E �P�O �U�I�F �D�P�N�Q�P�T�J�U�J�P�O
�P�G �D�P�T�N�J�D �S�B�Z�T �N�F�B�T�V�S�F�E �C�Z �W�B�S�J�P�V�T �F�Y�Q�F�S�J�N�F�O�U�T�
 �T�I�P�X�O �J�O �'�J�H�V�S�F �������� �)�F�S�F�
 �J�U �J�T
�P�G �Q�B�S�U�J�D�V�M�B�S �J�N�Q�P�S�U�B�O�D�F �U�I�B�U �U�I�F �S�F�M�B�U�J�W�F �T�V�Y �P�G �U�I�F �Q�B�S�U�J�D�M�F �T�Q�F�D�J�F�T �T�I�J�G�U�T �B�N�P�O�H
�U�I�F�N�T�F�M�W�F�T �E�F�Q�F�O�E�J�O�H �P�O �U�I�F�J�S �F�O�F�S�H�Z�� �*�O �B�E�E�J�U�J�P�O�
 �T�Q�F�D�J�B�M �G�F�B�U�V�S�F�T�
 �X�I�J�D�I �D�B�O �C�F
�T�F�F�O �J�O �U�I�F �D�P�N�C�J�O�F�E �T�P�X �T�I�P�X�O �J�O �'�J�H�V�S�F �������
 �Q�S�P�W�J�E�F �B�E�E�J�U�J�P�O�B�M �D�M�V�F�T�� �5�I�F �U�I�S�F�F
�N�P�T�U �Q�S�P�N�J�O�F�O�U �G�F�B�U�V�S�F�T �X�F�S�F �O�B�N�F�E �B�G�U�F�S �B�O �J�N�B�H�J�O�B�S�Z�
 �Ž�M�F�H�• �X�I�J�D�I �	�X�J�U�I �T�P�N�F
�J�N�B�H�J�O�B�U�J�P�O�
 �D�B�O �C�F �J�O�U�F�S�Q�S�F�U�F�E �J�O�U�P �U�I�F �D�P�O�U�P�V�S�T �G�P�S�N�� �5�I�F �B�S�F�B�T �C�F�U�X�F�F�O �U�I�F
�B�O�B�U�P�N�J�D �G�F�B�U�V�S�F�T �D�P�S�S�F�M�B�U�F �X�J�U�I �U�I�S�F�F �E�J�T�U�J�O�D�U �B�D�D�F�M�F�S�B�U�J�P�O �B�S�F�B�T �P�G �D�P�T�N�J�D �S�B�Z�T�� �5�I�F
�M�P�X�F�S �F�O�F�S�H�Z �S�F�H�J�N�F �N�J�T�T�J�O�H �J�O �U�I�J�T �S�H�V�S�F �G�S�P�N�� �L�F�7�U�P������ �.�F�7 �P�S�J�H�J�O�B�U�F �G�S�P�N
�J�O�T�J�E�F �U�I�F �T�P�M�B�S �T�Z�T�U�F�N �B�O�E �B�S�F �F�N�J�U�U�F�E �C�Z �U�I�F �T�V�O �J�O �U�I�F �G�P�S�N �P�G �T�P�M�B�S �X�J�O�E�T�� �5�I�J�T
�P�S�J�H�J�O �D�B�O �C�F �W�F�S�J�S�F�E �C�Z �U�I�F �N�F�B�T�V�S�F�N�F�O�U �P�G �T�V�D�U�V�B�U�J�P�O �J�O �U�I�F �D�P�T�N�J�D �S�B�Z�T �D�P�S�S�F�M�B�U�F�E
�X�J�U�I �U�I�F �T�P�M�B�S �D�Z�D�M�F�T �<�����>��
�5�I�F �T�F�D�P�O�E �J�O�U�F�S�W�B�M �V�Q �U�P �Ž�L�O�F�F�• �B�O�E �Ž�B�O�L�M�F�• �X�J�U�I �U�I�F �F�O�F�S�H�Z �P�G�� 
N �����Æ��̃F�7�B�O�E
�� 
N �����Æ�…�F�7�J�T �G�P�S�N�F�E �C�Z �F�N�J�T�T�J�P�O �G�S�P�N �T�P�V�S�D�F�T �J�O �U�I�F �M�P�D�B�M �H�B�M�B�Y�Z �<�����>�
 �U�I�F �.�J�M�L�Z

��



�� �'�P�V�O�E�B�U�J�P�O

�8�B�Z�� �5�I�J�T �C�F�I�B�W�J�P�V�S �J�T �D�B�V�T�F�E �C�Z �U�I�F �G�B�D�U �U�I�B�U �U�I�F �Q�B�S�U�J�D�M�F�T �I�B�W�F �B �H�Z�S�P �S�B�E�J�V�T �T�N�B�M�M�F�S
�U�I�B�O �U�I�F �U�I�J�D�L�O�F�T�T �P�G �U�I�F �.�J�M�L�Z �8�B�Z �E�V�F �U�P �U�I�F �V�C�J�R�V�J�U�P�V�T �N�B�H�O�F�U�J�D �S�F�M�E�
 �X�I�J�D�I
�F�R�F�D�U�J�W�F�M�Z �U�S�B�Q�T �U�I�F�N�� �4�P�V�S�D�F�T �D�B�O �C�F �D�S�F�E�J�U�F�E �U�P��

�“ �4�U�B�S�T�� �-�P�X �F�O�F�S�H�F�U�J�D

�“ �4�V�Q�F�S �/�P�W�B�F�B�O�E�S�F�N�O�B�O�U�T�� �)�J�H�I�F�S �&�O�F�S�H�J�F�T

�*�O �T�V�Q�F�S�O�P�W�B�F�
 �U�I�F �J�O�J�U�J�B�M �T�I�P�D�L �B�D�D�F�M�F�S�B�U�F�T �M�B�S�H�F �B�N�P�V�O�U�T �P�G �N�B�U�U�F�S�
 �C�V�U �F�W�F�O �B�G�U�F�S
�U�I�F �N�B�J�O �F�Y�Q�M�P�T�J�P�O �T�V�C�T�J�E�F�T�
 �U�I�F �F�O�U�B�O�H�M�F�E �N�B�H�O�F�U �S�F�M�E�T �C�P�V�O�D�F �Q�B�S�U�J�D�M�F�T �C�F�U�X�F�F�O
�T�I�P�D�L�G�S�P�O�U�T �B�O�E �B�D�D�F�M�F�S�B�U�F �U�I�F�N �G�V�S�U�I�F�S�� �5�I�F �I�J�H�I�F�T�U �F�O�F�S�H�F�U�J�D �T�P�V�S�D�F�T �B�S�F �F�Y�U�S�B��
�H�B�M�B�D�U�J�D �B�O�E �D�B�O �C�F �B�U�U�S�J�C�V�U�F�E �U�P �"�(�/ ���"�D�U�J�W�F�( �B�M�B�D�U�J�D�/ �V�D�M�F�V�T �P�S �X�I�J�D�I �B�S�F �T�Q�F�D�J�B�M
�Ž�#�M�B�D�L �)�P�M�F�T�•�� �5�I�F �F�N�J�U�U�F�E �K�F�U �B�O�E �U�I�F �F�Y�Q�B�O�E�J�O�H �H�B�T �D�M�P�V�E �T�V�S�S�P�V�O�E�J�O�H �J�U �D�B�O
�B�D�D�F�M�F�S�B�U�F �Q�B�S�U�J�D�M�F�T �M�J�L�F�M�Z �P�W�F�S�����õ�� �F�7��

2.1.3 Cascade development

�5�I�F �&�B�S�U�I�Œ�T �B�U�N�P�T�Q�I�F�S�F �J�T �R�V�B�T�J �P�Q�B�R�V�F �G�P�S �Q�B�S�U�J�D�M�F �S�B�E�J�B�U�J�P�O �B�U �U�I�F �W�F�S�Z �I�J�H�I �F�O�F�S�H�Z
�M�F�W�F�M�T �D�P�O�T�J�E�F�S�F�E �J�O �U�I�J�T �U�I�F�T�J�T �D�B�O�O�P�U �S�F�B�D�I �U�I�F �T�V�S�G�B�D�F �P�G �U�I�F �&�B�S�U�I�� �5�I�F �J�O�D�P�N�J�O�H
�D�P�T�N�J�D �S�B�Z�T �E�P �O�P�U �Q�F�O�F�U�S�B�U�F �C�V�U �J�O�T�U�F�B�E �J�O�U�F�S�B�D�U �X�J�U�I �U�I�F �O�V�D�M�F�J �J�O �U�I�F �B�J�S�� �7�B�S�J�P�V�T
�Q�P�T�T�J�C�M�F �J�O�U�F�S�B�D�U�J�P�O�T �D�B�O �P�D�D�V�S �E�F�Q�F�O�E�J�O�H �P�O �U�I�F �J�O�D�J�E�F�O�U �Q�B�S�U�J�D�M�F �U�Z�Q�F�
 �F�O�F�S�H�Z�
 �B�O�E
�J�O�U�F�S�B�D�U�J�P�O �Q�B�S�U�O�F�S�� �*�O �N�P�T�U �D�B�T�F�T�
 �U�I�F �P�S�J�H�J�O�B�M �Q�B�S�U�J�D�M�F �J�T �E�F�T�U�S�P�Z�F�E �B�O�E �T�F�W�F�S�B�M �O�F�X
�Q�B�S�U�J�D�M�F�T �B�S�F �D�S�F�B�U�F�E�� �5�I�F�T�F �O�F�X �Q�B�S�U�J�D�M�F�T �J�O�I�F�S�J�U �E�J�R�F�S�F�O�U �G�S�B�D�U�J�P�O�T �P�G �U�I�F �P�S�J�H�J�O�B�M
�F�O�F�S�H�Z��

�*�O �U�I�F �C�F�H�J�O�O�J�O�H�
 �N�P�T�U �P�G �U�I�F �S�F�T�V�M�U�J�O�H �Q�B�S�U�J�D�M�F�T �T�U�J�M�M �I�B�W�F �F�O�F�S�H�J�F�T �N�V�D�I �I�J�H�I�F�S
�U�I�B�O �B�O�Z �D�S�P�T�T���T�F�D�U�J�P�O �U�I�S�F�T�I�P�M�E�T �B�O�E �B�H�B�J�O �V�O�E�F�S�H�P �T�J�N�J�M�B�S �J�O�U�F�S�B�D�U�J�P�O�T �X�J�U�I �U�I�F
�T�V�S�S�P�V�O�E�J�O�H �N�B�U�U�F�S�
 �D�S�F�B�U�J�O�H �B �D�B�T�D�B�E�F���M�J�L�F �F�R�F�D�U�� �5�I�J�T �E�F�T�D�F�O�E�T �G�V�S�U�I�F�S �E�P�X�O �U�I�F
�B�U�N�P�T�Q�I�F�S�F �V�O�U�J�M �B�M�M �Q�B�S�U�J�D�M�F�T �S�F�B�D�I �B �T�V�U�D�J�F�O�U�M�Z �M�P�X �F�O�F�S�H�Z �P�S �B�S�F �T�U�P�Q�Q�F�E�
 �G�P�S
�F�Y�B�N�Q�M�F�
 �J�O �U�I�F �H�S�P�V�O�E�� �#�B�T�F�E �P�O �U�I�J�T �D�B�T�D�B�E�J�O�H �Q�S�P�D�F�T�T�
 �U�I�F �S�F�T�V�M�U�J�O�H �J�O�U�F�S�Q�M�B�Z �J�T
�D�B�M�M�F�E �B�O �B�U�N�P�T�Q�I�F�S�J�D �D�B�T�D�B�E�F �P�S�&�Y�U�F�O�T�J�W�F�"�J�S�4�I�P�X�F�S �	�&�"�4�
�� �%�F�Q�F�O�E�J�O�H �P�O �U�I�F
�F�Y�B�D�U �L�J�O�E �P�G �J�O�D�P�N�J�O�H �D�P�T�N�J�D �S�B�Z�
 �U�I�F �F�N�F�S�H�J�O�H �D�B�T�D�B�E�F �T�I�P�X�T �T�J�H�O�J�S�D�B�O�U�M�Z �E�J�R�F�S�F�O�U
�C�F�I�B�W�J�P�V�S�� �5�I�F �U�X�P �E�P�N�J�O�B�O�U �D�M�B�T�T�F�T �J�O �X�I�J�D�I �U�I�F �D�B�T�D�B�E�F �D�B�O �C�F �E�J�W�J�E�F�E �B�S�F �U�I�F
�T�P���D�B�M�M�F�E �&�M�F�D�U�S�P�N�B�H�O�F�U�J�D �B�O�E �)�B�E�S�P�O�J�D �D�B�T�D�B�E�F�T�� �" �T�B�N�Q�M�F �P�G �T�F�M�F�D�U�F�E �S�F�Q�S�F�T�F�O�U�B�U�J�W�F
�T�I�P�X�F�S�T �G�P�S �E�J�R�F�S�F�O�U �J�O�J�U�J�B�M �Q�B�S�U�J�D�M�F �B�O�E �F�O�F�S�H�J�F�T �J�T �E�J�T�Q�M�B�Z�F�E �J�O �'�J�H�V�S�F ������ �B�O�E �H�J�W�F
�B�O �P�W�F�S�W�J�F�X �P�G �D�I�B�S�B�D�U�F�S�J�T�U�J�D �Q�S�P�Q�F�S�U�J�F�T�� �'�P�S �F�Y�B�N�Q�M�F�
 �J�U �J�T �W�J�T�J�C�M�F �U�I�B�U �U�I�F �F�Y�U�F�O�U �P�S
�X�J�E�U�I �E�F�Q�F�O�E�T �M�F�T�T �P�O �U�I�F �F�O�F�S�H�Z �B�O�E �N�P�S�F �P�O �U�I�F �N�B�T�T �P�G �U�I�F �J�O�D�P�N�J�O�H �Q�B�S�U�J�D�M�F��
�5�I�F �J�O�E�J�W�J�E�V�B�M �E�F�W�F�M�P�Q�N�F�O�U �P�G �U�I�F �D�M�B�T�T�F�T �J�T �F�Y�Q�M�B�J�O�F�E �J�O �U�I�F �G�P�M�M�P�X�J�O�H �T�F�D�U�J�P�O�T��
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������ �$�P�T�N�J�D �3�B�Z�T �1�I�Z�T�J�D�T

Electromagnetic Cascades

�&�M�F�D�U�S�P�N�B�H�O�F�U�J�D �D�B�T�D�B�E�F�T �S�F�T�V�M�U �G�S�P�N �I�J�H�I �F�O�F�S�H�F�U�J�D �Q�I�P�U�P�O�T�
 �D�B�M�M�F�E �(�B�N�N�B �	�m�
 �S�B�Z�T
�P�S �T�J�N�J�M�B�S �I�J�H�I �F�O�F�S�H�F�U�J�D �F�M�F�D�U�S�P�O �	���� �
 �S�F�T�Q�F�D�U�J�W�F�M�Z �Q�P�T�J�U�S�P�O �	��
7�
 �S�B�E�J�B�U�J�P�O�
 �I�J�U�U�J�O�H
�Q�B�S�U�J�D�M�F�T �J�O�T�J�E�F �U�I�F �B�U�N�P�T�Q�I�F�S�F�� �#�F�D�B�V�T�F �P�G �U�I�F �G�V�O�E�B�N�F�O�U�B�M �Q�I�Z�T�J�D�B�M �S�V�M�F�T�
 �M�J�L�F
�-�F�Q�U�P�O �D�P�O�T�F�S�W�B�U�J�P�O�
 �U�I�F �S�F�T�V�M�U �P�G �F�B�D�I �J�O�U�F�S�B�D�U�J�P�O �J�T �N�B�J�O�M�Z �M�J�N�J�U�F�E �U�P �U�I�F �T�B�N�F
�U�I�S�F�F �G�V�O�E�B�N�F�O�U�B�M �Q�B�S�U�J�D�M�F�T �U�I�B�U �D�B�O �J�O�J�U�J�B�U�F �U�I�F �J�O�U�F�S�B�D�U�J�P�O�� �1�I�P�U�P�O�
 �F�M�F�D�U�S�P�O�
 �B�O�E
�Q�P�T�J�U�S�P�O�� �%�V�F �U�P �U�I�F �M�P�X �N�B�T�T �P�G �B�M�M �Q�B�S�U�J�D�M�F�T �J�O�W�P�M�W�F�E �J�O �U�I�J�T �D�B�T�D�B�E�F �U�Z�Q�F�
 �U�I�F
�O�F�X �Q�B�S�U�J�D�M�F�T �H�F�O�F�S�B�U�F�E �B�S�F �T�U�S�P�O�H�M�Z �C�P�P�T�U�F�E �J�O �U�I�F �G�P�S�X�B�S�E �E�J�S�F�D�U�J�P�O�
 �T�I�P�X�J�O�H �P�O�M�Z
�T�M�J�H�I�U �E�F�W�J�B�U�J�P�O �J�O �U�I�F�J�S �Q�B�U�I�� �5�I�J�T �C�F�I�B�W�J�P�V�S �N�B�L�F�T �U�I�F �T�I�P�X�F�S �N�V�D�I �O�B�S�S�P�X�F�S �U�I�B�O
�I�B�E�S�P�O�J�D �T�I�P�X�F�S�T �P�G �D�P�N�Q�B�S�B�C�M�F �F�O�F�S�H�Z�� �5�I�F �E�P�N�J�O�B�O�U �Q�I�Z�T�J�D�B�M �F�R�F�D�U�T �X�J�U�I �U�I�F
�S�F�T�V�M�U�J�O�H �O�F�X �Q�B�S�U�J�D�M�F�T �B�S�F �T�D�I�F�N�B�U�J�D�B�M�M�Z �E�J�T�Q�M�B�Z�F�E �J�O �'�J�H�V�S�F �������� �.�J�T�T�J�O�H �B�S�F �S�B�S�F
�P�D�D�V�S�S�F�O�D�F�T �M�J�L�F �Q�I�P�U�P�I�B�E�S�P�O�J�D �J�O�U�F�S�B�D�U�J�P�O�
 �X�I�F�S�F �B �M�B�S�H�F �Q�B�S�U �P�G �U�I�F �Q�I�P�U�P�O �F�O�F�S�H�Z
�U�S�B�O�T�G�F�S�T �U�P �U�I�F �O�V�D�M�F�V�T�
 �X�I�J�D�I �D�B�O �S�F�T�V�M�U �J�O �U�I�F �H�F�O�F�S�B�U�J�P�O �P�G �I�B�E�S�P�O�J�D �D�B�T�D�B�E�F�T��

�5�I�F �E�P�N�J�O�B�O�U �Q�I�Z�T�J�D�B�M �Q�S�P�D�F�T�T �G�P�S �H�B�N�N�B �S�B�Z�T�
 �P�W�F�S �B �G�F�X �.�F�7 �L�J�O�F�U�J�D �F�O�F�S�H�Z�
 �J�T �U�I�F
�T�P���D�B�M�M�F�E �Q�B�J�S �Q�S�P�E�V�D�U�J�P�O �J�O �X�I�J�D�I �J�U �H�F�O�F�S�B�U�F�T �B�O �F�M�F�D�U�S�P�O���Q�P�T�J�U�S�P�O �Q�B�J�S �D�M�P�T�F �U�P �B
�O�V�D�M�F�V�T�� �5�I�F �C�B�T�F �F�O�F�S�H�Z �P�G �U�I�F �J�O�J�U�J�B�M �Q�I�P�U�P�O �J�T �E�J�T�U�S�J�C�V�U�F�E �C�F�U�X�F�F�O �U�I�F �S�F�T�V�M�U�J�O�H
�U�X�P�� �$�I�B�S�H�F�E �F�M�F�D�U�S�P�O�T �B�O�E �Q�P�T�J�U�S�P�O�T �B�S�F �T�M�P�X�F�E �E�P�X�O �J�O�T�J�E�F �B �N�F�E�J�V�N �B�O�E �F�N�J�U
�W�J�B �C�S�F�N�T�T�U�S�B�I�M�V�O�H �B�E�E�J�U�J�P�O�B�M �I�J�H�I���F�O�F�S�H�Z �Q�I�P�U�P�O�T �B�M�P�O�H �U�I�F�J�S �Q�B�U�I��
�#�Z �S�F�E�V�D�J�O�H �U�I�F �J�O�J�U�J�B�M �D�F�O�U�S�F���P�G���N�B�T�T �F�O�F�S�H�Z �C�Z �E�J�W�J�E�J�O�H �J�U �B�N�P�O�H �B�M�M �S�T�T�J�P�O �Q�S�P�E��
�V�D�U�T �B�M�P�O�H �U�I�F �D�B�T�D�B�E�F�
 �M�P�X�F�S �F�O�F�S�H�Z �M�F�W�F�M�T �B�S�F �B�D�I�J�F�W�F�E �U�I�B�U �B�M�M�P�X �P�U�I�F�S �Q�S�P�D�F�T�T�F�T
�U�P �C�F �G�B�W�P�V�S�F�E�� �)�F�S�F�
 �$�P�N�Q�U�P�O �T�D�B�U�U�F�S�J�O�H �B�O�E �U�I�F �Q�I�P�U�P�F�M�F�D�U�S�J�D �F�R�F�D�U �N�P�W�F �J�O�U�P
�U�I�F �G�P�S�F�H�S�P�V�O�E �U�P �Q�S�P�E�V�D�F �O�F�X �F�M�F�D�U�S�P�N�B�H�O�F�U�J�D �Q�B�S�U�J�D�M�F�T �G�S�P�N �Q�I�P�U�P�O�T�� �'�P�S �F�M�F�D��
�U�S�P�O�T�Œ �S�F�T�Q�F�D�U�J�W�F �Q�P�T�J�U�S�P�O�T�
 �D�P�O�U�J�O�V�P�V�T �J�O�T�V�F�O�D�F�T �M�J�L�F �J�P�O�J�T�B�U�J�P�O �E�P�N�J�O�B�U�F �F�O�F�S�H�Z
�S�F�E�V�D�U�J�P�O��

Hadronic Cascades

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

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

�U�I�F �F�O�F�S�H�Z �N�B�J�O�M�Z �E�J�W�J�E�F�T �J�O�U�P �U�I�F �D�S�F�B�U�J�P�O �P�G �O�F�X �Q�B�S�U�J�D�M�F�T �J�O �F�B�D�I �J�O�U�F�S�B�D�U�J�P�O�� �5�I�F
�D�S�F�B�U�J�P�O �P�G �Q�B�S�U�J�D�M�F�T �X�J�U�I �B �I�J�H�I �N�B�T�T �E�J�R�F�S�F�O�D�F �J�O �B �T�J�O�H�M�F �J�O�U�F�S�B�D�U�J�P�O �B�O�E �U�I�F �P�G�U�F�O
�S�F�T�V�M�U�J�O�H �I�J�H�I �U�S�B�O�T�W�F�S�T�F �N�P�N�F�O�U�V�N �B�S�J�T�J�O�H �G�S�P�N �T�Z�N�N�F�U�S�Z �D�P�O�T�U�S�B�J�O�U�T �Q�V�T�I�F�T �U�I�F
�M�J�H�I�U�F�S �Q�B�S�U �J�O �B �N�P�S�F �P�S�U�I�P�H�P�O�B�M �E�J�S�F�D�U�J�P�O �P�G �Q�S�P�Q�B�H�B�U�J�P�O�� �0�W�F�S�B�M�M�
 �U�I�J�T �S�F�T�V�M�U�T
�J�O �B �N�V�D�I �X�F�B�L�F�S �G�P�S�X�B�S�E �N�P�N�F�O�U�V�N�
 �S�F�T�V�M�U�J�O�H �J�O �B �M�B�S�H�F�S �U�S�B�O�T�W�F�S�T�B�M �X�J�E�U�I �P�G
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�� �'�P�V�O�E�B�U�J�P�O

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

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

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

����



������ �$�P�T�N�J�D �3�B�Z�T �1�I�Z�T�J�D�T

10 1 10 0 10 1 10 2 10 3 10 4 10 5 10 6

Kinetic Energy Per Nucleus [GeV]

10 34

10 32

10 30

10 28

10 26

10 24

10 22

10 20

10 18

10 16

10 14

10 12

10 10

10 8

10 6

10 4

10 2

10 0

10 2

10 4

dN
/d

E
 [m

2
 s

r
1
 s

1
 G

eV
1
]

H

He x 10 2

C x 10 4

O x 10 6

Ne x 10 8

Mg x 10 10

Si x 10 12

S x 10 14

Ar x 10 16

Ca x 10 18

Fe x 10 21

AMS02

ATIC

BESS

CREAM

CRN

HEAO

HESS

JACEE

PAMELA

RUNJOB

TRACER

VERITAS

1 10 100 1000
Particle Rigidity [GV]

1

10

H
/H

e

PAMELA

AMS02

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

����



�� �'�P�V�O�E�B�U�J�P�O

1310 1410 1510 1610 1710 1810 1910 2010
 [eV]E

1

10

210

310

410

]
-1

 s
r

-1
 s

-2
 m

1.
6

 [G
eV

F
(E

)
2.

6
E

HAWC

MSU

Tibet

Akeno

CASA-MIA

Kascade

Kascade Grande
IceTop

HiRes 1

HiRes 2
Auger

Telescope Array

Knee

2nd Knee

Ankle

�'�J�H�V�S�F ���������4�I�P�X�O �J�T �U�I�F �T�V�Y �P�G �D�P�T�N�J�D �S�B�Z�T �B�S�S�J�W�J�O�H �B�U �&�B�S�U�I �C�F�G�P�S�F �J�O�U�F�S�B�D�U�J�O�H
�X�J�U�I �U�I�F �B�U�N�P�T�Q�I�F�S�F �B�T �B �G�V�O�D�U�J�P�O �P�G �F�O�F�S�H�Z�� �'�P�M�M�P�X�J�O�H �U�I�F �Ž�M�F�H�• �T�I�B�Q�F �P�G �U�I�F �D�V�S�W�F�

�U�I�F �M�P�X���F�O�F�S�H�Z �C�F�O�E �D�B�O �C�F �D�B�M�M�F�E �U�I�F �L�O�F�F�
 �B�O�E �U�I�F �I�J�H�I���F�O�F�S�H�Z �C�F�O�E �U�I�F �B�O�L�M�F��
�<�����>

����



������ �$�P�T�N�J�D �3�B�Z�T �1�I�Z�T�J�D�T

�B���˜���� �(�F�7

�C���Æ���5�F�7

�D���1�I�P�U�P�O ����



�� �'�P�V�O�E�B�U�J�P�O

�E���˜���� �(�F�7

�F���Æ���5�F�7

�G���1�S�P�U�P�O����



������ �$�P�T�N�J�D �3�B�Z�T �1�I�Z�T�J�D�T

�H���˜���� �(�F�7

�I�� �Æ���5�F�7

�J���*�S�P�O

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

����



�� �'�P�V�O�E�B�U�J�P�O

�-�F�W�F�M��

�-�F�W�F�M��

�-�F�W�F�M��

�-�F�W�F�M��

�-�F�W�F�M��

�1�I�P�U�P�O

�"�U�N�P�T�Q�I�F�S�F

�1�B�J�S �Q�S�P�E�V�D�U�J�P�O

�#�S�F�N�T�T�U�S�B�I�M�V�O�H

�$�P�N�Q�U�P�O �T�D�B�U�U�F�S�J�O�H

�1�I�P�U�P�F�R�F�D�U

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

�-�F�W�F�M��

�-�F�W�F�M��

�-�F�W�F�M��

�-�F�W�F�M��

�-�F�W�F�M��

�/�V�D�M�F�V�T

�"�U�N�P�T�Q�I�F�S�F

�¤ �q�6

7�Å

�¤
����
7

�)�B
�E

�S
�P

�O

�%�F�D�B�Z �%�F�D�B�Z

�&
�.

�&
�.

�¡�¤ �q�6

7�Å

�¤
����
7

�)�B
�E

�S
�P

�O

�%�F�D�B�Z �%�F�D�B�Z

�&
�.

�&
�.

�¡�¤ �q�6

7�Å

�¤
����
7

�)�B
�E

�S
�P

�O

�%�F�D�B�Z �%�F�D�B�Z

�&
�.

�&
�.

�¡

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

����



������ �.�F�B�T�V�S�F�N�F�O�U �P�G �$�P�T�N�J�D �3�B�Z�T

2.2 Measurement of Cosmic Rays

�*�O �U�I�F �T�B�N�F �X�B�Z�
 �B�T �U�I�F�S�F �B�S�F �N�B�O�Z �N�B�O�J�G�F�T�U�B�U�J�P�O�T �B�O�E �U�Z�Q�F�T �P�G �D�P�T�N�J�D �S�B�Z�T�
 �U�I�F�S�F
�B�S�F �F�R�V�B�M�M�Z �W�B�S�J�P�V�T �F�Y�Q�F�S�J�N�F�O�U�T �U�P �N�F�B�T�V�S�F �U�I�F�N�
 �N�P�T�U�M�Z �E�F�Q�F�O�E�J�O�H �P�O �U�I�F �U�B�S�H�F�U�F�E
�E�F�U�F�D�U�B�C�M�F �F�N�J�T�T�J�P�O�
 �P�G�U�F�O �N�V�M�U�J�Q�M�F �Q�F�S �F�Y�Q�F�S�J�N�F�O�U��
�5�I�F �Ž�F�B�T�J�F�T�U�• �X�B�Z �J�T �U�I�F �E�J�S�F�D�U �F�W�B�M�V�B�U�J�P�O �P�G �U�I�F �J�O�D�P�N�J�O�H �D�P�T�N�J�D �S�B�Z�T �P�V�U�T�J�E�F �U�I�F
�B�U�N�P�T�Q�I�F�S�F �C�F�G�P�S�F �U�I�F�Z �D�B�O �J�O�U�F�S�B�D�U �B�U �B�M�M�� �5�I�J�T �N�F�U�I�P�E �B�M�M�P�X�T �U�I�F �E�J�S�F�D�U �S�F�D�P�O��
�T�U�S�V�D�U�J�P�O �P�G �F�O�F�S�H�Z �B�O�E �E�J�S�F�D�U�J�P�O �G�S�P�N �U�I�F �E�F�U�F�S�N�J�O�F�E �Q�B�S�B�N�F�U�F�S�� �$�V�S�S�F�O�U�M�Z�
 �P�O�M�Z
�T�B�U�F�M�M�J�U�F���C�B�T�F�E �F�Y�Q�F�S�J�N�F�O�U�T �B�M�M�P�X �U�I�J�T �L�J�O�E �P�G �N�F�B�T�V�S�F�N�F�O�U�� �5�I�F �S�F�T�V�M�U�J�O�H �E�J�T�B�E��
�W�B�O�U�B�H�F�T�
 �T�V�D�I �B�T �U�I�F �W�F�S�Z �M�J�N�J�U�F�E �J�O�T�U�S�V�N�F�O�U�F�E �B�S�F�B �B�O�E �I�J�H�I �D�P�T�U�T�
 �M�J�N�J�U �J�U�T �V�T�F �U�P
�M�P�X�F�S �F�O�F�S�H�Z �S�B�O�H�F�T �X�J�U�I �D�P�S�S�F�T�Q�P�O�E�J�O�H �I�J�H�I �S�B�E�J�B�U�J�P�O �T�V�Y�
 �X�I�J�D�I �J�T �E�J�T�Q�M�B�Z�F�E �J�O
�S�H�V�S�F �������� �4�P�N�F �F�Y�B�N�Q�M�F�T �P�G �U�I�J�T �U�Z�Q�F �P�G �F�Y�Q�F�S�J�N�F�O�U �B�S�F �U�I�F �"�.�4 �<�����>�
 �$�"�-�&�5 �<�����>
�B�O�E �%�"�.�1�& �<�����>��

�5�I�F �E�F�U�F�D�U�J�P�O �B�S�F�B �N�V�T�U �C�F �T�J�H�O�J�S�D�B�O�U�M�Z �F�Y�U�F�O�E�F�E �U�P �P�C�U�B�J�O �B�E�F�R�V�B�U�F �E�B�U�B �J�O �U�I�F �N�J�E��
�F�O�F�S�H�Z �S�B�O�H�F�� �(�S�P�V�O�E���C�B�T�F�E �F�Y�Q�F�S�J�N�F�O�U�T �U�I�B�U �D�B�O �C�F �T�V�U�D�J�F�O�U�M�Z �T�D�B�M�F�E �B�M�M�P�X �U�I�J�T
�D�P�W�F�S�B�H�F �C�V�U �O�F�D�F�T�T�J�U�B�U�F �U�I�F �J�O�E�J�S�F�D�U �P�C�T�F�S�W�B�U�J�P�O �P�G �U�I�F �Q�B�S�U�J�D�M�F �D�B�T�D�B�E�F �H�F�O�F�S�B�U�F�E
�X�J�U�I�J�O �U�I�F �B�U�N�P�T�Q�I�F�S�F �V�T�J�O�H �E�J�R�F�S�F�O�U �P�C�T�F�S�W�B�C�M�F �Q�B�S�B�N�F�U�F�S�T�� �"�T �U�I�F �B�U�N�P�T�Q�I�F�S�F
�F�R�F�D�U�J�W�F�M�Z �C�F�D�P�N�F�T �Q�B�S�U �P�G �U�I�F �E�F�U�F�D�U�P�S�
 �U�I�F �F�Y�Q�F�S�J�N�F�O�U �P�C�T�F�S�W�F�T �B �N�V�D�I �M�B�S�H�F�S
�W�P�M�V�N�F �U�I�B�O �X�P�V�M�E �P�U�I�F�S�X�J�T�F �C�F �Q�P�T�T�J�C�M�F�� �"�T �B �S�F�T�V�M�U�
 �U�I�F �J�O�T�U�S�V�N�F�O�U�Œ�T �T�F�O�T�J�U�J�W�J�U�Z
�J�T �T�J�H�O�J�S�D�B�O�U�M�Z �J�O�D�S�F�B�T�F�E �T�J�O�D�F �U�I�F �J�O�J�U�J�B�M �Q�B�S�U�J�D�M�F �E�P�F�T �O�P�U �I�B�W�F �U�P �Q�B�T�T �U�I�S�P�V�H�I �U�I�F
�E�F�U�F�D�U�P�S �J�U�T�F�M�G �C�V�U �D�B�O �C�F �E�F�U�F�D�U�F�E�
 �E�F�Q�F�O�E�J�O�H �P�O �U�I�F �P�C�T�F�S�W�B�C�M�F�
 �V�Q �U�P �B �E�J�T�U�B�O�D�F
�T�F�W�F�S�B�M �P�S�E�F�S�T �P�G �N�B�H�O�J�U�V�E�F �M�B�S�H�F�S �U�I�B�O �U�I�F �E�F�U�F�D�U�P�S �T�J�[�F�� �5�I�J�T �B�M�M�P�X�T �U�I�F �F�Y�Q�F�S�J�N�F�O�U
�U�P �E�F�U�F�D�U �S�B�E�J�B�U�J�P�O �P�G �M�P�X�F�S �J�O�U�F�O�T�J�U�Z �J�O �S�F�M�F�W�B�O�U �R�V�B�O�U�J�U�J�F�T�� �1�P�T�T�J�C�M�F �P�C�T�F�S�W�B�C�M�F
�Q�B�S�B�N�F�U�F�S�T �J�O�D�M�V�E�F �T�F�D�P�O�E�B�S�Z �F�N�J�T�T�J�P�O�T �T�V�D�I �B�T �S�B�E�J�P �S�B�E�J�B�U�J�P�O �D�B�V�T�F�E �C�Z �D�I�B�S�H�F
�T�F�Q�B�S�B�U�J�P�O �J�O �U�I�F �&�B�S�U�I�Œ�T �N�B�H�O�F�U�J�D �S�F�M�E �<�����> �B�O�E �U�I�F �"�T�L�B�S�Z�B�O �F�R�F�D�U �<�����>�
 �B�T �X�F�M�M
�B�T �$�I�F�S�F�O�L�P�W �B�O�E �T�V�P�S�F�T�D�F�O�U �M�J�H�I�U �D�B�V�T�F�E �C�Z �W�B�S�J�P�V�T �Q�I�Z�T�J�D�B�M �F�R�F�D�U�T�� �*�O �B�E�E�J�U�J�P�O�

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

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

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

�T�V�D�I �B�T �J�D�F �P�S �X�B�U�F�S�
 �B�S�F �S�F�R�V�J�S�F�E �G�P�S �N�F�B�O�J�O�H�G�V�M �N�F�B�T�V�S�F�N�F�O�U�T�� �5�I�F�S�F�
 �U�I�F �O�F�V�U�S�J�O�P
�I�B�T �B �D�I�B�O�D�F �U�P �J�O�U�F�S�B�D�U �B�O�E �Q�S�P�E�V�D�F�T�
 �B�N�P�O�H �P�U�I�F�S �U�I�J�O�H�T�
 �M�J�H�I�U �F�N�J�T�T�J�P�O �U�I�B�U �D�B�O �C�F
�E�F�U�F�D�U�F�E�� �*�D�F�$�V�C�F�
 �X�J�U�I �B �W�P�M�V�N�F �P�G�� �L�N�ï �
 �D�B�O �C�F �N�F�O�U�J�P�O�F�E �I�F�S�F �B�T �B�O �F�Y�B�N�Q�M�F��

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

����



�� �'�P�V�O�E�B�U�J�P�O

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

�B�O �B�Q�Q�S�P�Q�S�J�B�U�F �B�Q�F�S�U�V�S�F �B�O�H�M�F �P�Q�U�J�N�J�T�J�O�H �B�M�M �D�P�O�T�U�S�B�J�O�U�T �N�V�T�U �C�F �D�I�P�T�F�O �G�P�S �U�I�F
�U�F�M�F�T�D�P�Q�F�� �"�T �B�O �F�Y�B�N�Q�M�F �I�F�S�F�
 �.�"�(�*�$ �$�I�F�S�F�O�L�P�W �U�F�M�F�T�D�P�Q�F�T �V�T�F �B�O �B�O�H�M�F �P�G�������¯
�<�����>�
 �T�V�P�S�F�T�D�F�O�D�F �E�F�U�F�D�U�P�S�T �I�B�W�F �B �M�B�S�H�F�S �S�F�M�E �P�G �W�J�F�X �V�Q �U�P�����¯�<�����>��

�5�P �N�F�F�U �U�I�F �H�S�P�X�J�O�H �E�F�N�B�O�E �G�P�S �P�C�T�F�S�W�B�U�J�P�O�T�
 �B�T �X�F�M�M �B�T �U�I�F �T�J�H�O�J�S�D�B�O�U�M�Z �C�S�P�B�E�F�S
�E�J�W�F�S�T�J�S�D�B�U�J�P�O �J�O �D�V�U�U�J�O�H���F�E�H�F �T�D�J�F�O�D�F�
 �N�B�O�Z �F�Y�Q�F�S�J�N�F�O�U�T �O�P�X �O�F�F�E �U�P �S�F�M�Z �P�O �B
�D�P�N�C�J�O�B�U�J�P�O �P�G �W�B�S�J�P�V�T �Q�I�Z�T�J�D�B�M �E�F�U�F�D�U�J�P�O �N�F�U�I�P�E�T�
 �J�O�D�M�V�E�J�O�H �P�Q�U�J�D�B�M �M�J�H�I�U �F�N�J�T�T�J�P�O�
 �B�T
�P�Q�Q�P�T�F�E �U�P �S�F�M�Z�J�O�H �P�O�M�Z �P�O �B �T�J�O�H�M�F �P�C�T�F�S�W�B�C�M�F �Q�B�S�B�N�F�U�F�S �M�J�L�F �U�I�F �U�S�B�D�L�T �P�G �U�I�F �D�B�T�D�B�E�F��
�5�I�J�T �N�V�M�U�J���P�C�T�F�S�W�B�C�M�F �N�F�U�I�P�E �I�F�M�Q�T �N�J�O�J�N�J�T�F �T�Z�T�U�F�N�B�U�J�D �B�O�E �B�C�T�P�M�V�U�F �N�F�B�T�V�S�F�N�F�O�U
�F�S�S�P�S�T�� �0�W�F�S�B�M�M �P�Q�U�J�D�B�M �M�J�H�I�U �N�F�B�T�V�S�F�N�F�O�U�T �G�S�P�N �D�B�T�D�B�E�F�T �B�S�F �Q�S�F�T�F�O�U �B�U �N�V�M�U�J�Q�M�F
�M�P�D�B�U�J�P�O�T�
 �N�P�T�U �Q�S�P�N�J�O�F�O�U �J�T �U�I�F �M�B�S�H�F���T�D�B�M�F �$�I�F�S�F�O�L�P�W �M�J�H�I�U �F�Y�Q�F�S�J�N�F�O�U �Ž�$�I�F�S�F�O�L�P�W
�5�F�M�F�T�D�P�Q�F�"�S�S�B�Z�• �	�$�5�"�
 �X�I�J�D�I �D�P�O�T�J�T�U�T �P�G �P�W�F�S ���� �U�F�M�F�T�D�P�Q�F�T �X�J�U�I �E�J�B�N�F�U�F�S�T �S�B�O�H�J�O�H
�G�S�P�N �B�Q�Q�S�P�Y�J�N�B�U�F�M�Z�� �N �U�P���� �N��

2.2.1 Cherenkov Radiation

�5�I�F �B�M�S�F�B�E�Z �N�F�O�U�J�P�O�F�E �$�I�F�S�F�O�L�P�W �F�R�F�D�U �<�����> �O�B�N�F�E �B�G�U�F�S �J�U�T �E�J�T�D�P�W�F�S�F�S �1�B�W�F�M
�$�I�F�S�F�O�L�P�W�
 �M�B�U�F�S �N�B�U�I�F�N�B�U�J�D�B�M�M�Z �E�F�T�D�S�J�C�F�E �C�Z �*�M�Z�B �'�S�B�O�L �B�O�E �*�H�P�S �5�B�N�N �<�����>�
 �E�F��
�T�D�S�J�C�F�T �U�I�F �F�N�J�T�T�J�P�O �P�G �P�Q�U�J�D�B�M �Q�I�P�U�P�O�T �G�S�P�N �S�F�M�B�U�J�W�J�T�U�J�D �Q�B�S�U�J�D�M�F�T �J�O �B �N�F�E�J�B�� �%�V�F �U�P
�U�I�F �W�F�S�Z �I�J�H�I �F�O�F�S�H�Z �P�G �U�I�F �D�P�T�N�J�D �S�B�E�J�B�U�J�P�O �J�N�Q�B�D�U�J�O�H �U�I�F �B�U�N�P�T�Q�I�F�S�F�
 �B �M�B�S�H�F �Q�B�S�U
�P�G �U�I�F �D�B�T�D�B�E�F�T �T�F�D�P�O�E�B�S�Z �Q�B�S�U�J�D�M�F�T �I�B�T �B �Q�I�B�T�F �W�F�M�P�D�J�U�Z �U�I�B�U �J�T �G�B�S �B�C�P�W�F �U�I�F �T�Q�F�F�E �P�G
�M�J�H�I�U �J�O�T�J�E�F �U�I�F �N�F�E�J�V�N�
 �D�‰�� �D�q���O�X�I�J�D�I �J�T �M�P�X�F�S �U�I�B�O �U�I�F �W�B�D�V�V�N �M�J�H�I�U �T�Q�F�F�E �D�� ��
�" �T�J�N�Q�M�F �B�O�B�M�P�H�Z �X�P�V�M�E �C�F �U�I�F �D�M�B�T�T�J�D�B�M �T�P�O�J�D �C�P�P�N �E�V�S�J�O�H �T�V�Q�F�S�T�P�O�J�D �N�P�W�F�N�F�O�U��
�)�P�X�F�W�F�S�
 �J�O�T�U�F�B�E �P�G �B �Q�S�F�T�T�V�S�F �X�B�W�F�
 �U�I�F �Q�B�S�U�J�D�M�F�T �S�F�M�F�B�T�F �F�M�F�D�U�S�P�N�B�H�O�F�U�J�D �X�B�W�F�T
�J�O �B �G�P�S�X�B�S�E �E�J�S�F�D�U�J�P�O �J�O �U�I�F �G�P�S�N �P�G �Q�I�P�U�P�O�T�� �0�O�F �Q�B�S�U�J�D�V�M�B�S�J�U�Z �J�T �U�I�B�U �U�I�F �Q�B�S�U�J�D�M�F
�N�P�W�F�T �G�B�T�U�F�S �U�I�B�O �U�I�F �F�N�J�U�U�F�E �M�J�H�I�U�
 �S�F�T�V�M�U�J�O�H �J�O �M�B�U�F�S �F�N�J�U�U�F�E �Q�I�P�U�P�O�T �B�S�S�J�W�J�O�H �F�B�S�M�J�F�S��
�5�I�F �X�B�W�F�M�F�O�H�U�I �E�J�T�U�S�J�C�V�U�F�E �D�P�W�F�S�T �B �M�B�S�H�F�S �S�B�O�H�F �X�J�U�I �B�O �B�Q�Q�S�P�Y�J�N�B�U�F �J�O�U�F�O�T�J�U�Z
�E�J�T�U�S�J�C�V�U�F�E �X�J�U�I�ˆ �Æ���Ê�^ �B�O�E �U�I�V�T �D�B�O �C�F �T�F�F�O �B�T �C�M�V�F �M�J�H�I�U�� �5�I�F �O�V�N�C�F�S �P�G �Q�I�P�U�P�O�T
�S�F�M�F�B�T�F�E �Q�F�S �N�F�U�F�S �P�G �Q�B�S�U�J�D�M�F �U�S�B�D�L �D�B�O �C�F �D�B�M�D�V�M�B�U�F�E �T�V�U�D�J�F�O�U�M�Z �B�D�D�V�S�B�U�F�M�Z �C�Z �'�S�B�O�L��
�5�B�N�N �G�P�S�N�V�M�B�
 �E�F�T�Q�J�U�F �T�J�N�Q�M�J�S�D�B�U�J�P�O �J�O �J�U�T �E�F�S�J�W�B�U�J�P�O �<�����>�� �5�I�F�S�F�G�P�S�F�
 �J�U �X�J�M�M �C�F �V�T�F�E
�G�P�S �U�I�J�T �U�I�F�T�J�T��
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���% �r�d

�'�J�H�V�S�F ���������5�I�F �$�I�F�S�F�O�L�P�W �M�J�H�I�U �	�C�M�V�F�
 �B�O�E �U�I�F �F�N�J�T�T�J�P�O �E�J�S�F�D�U�J�P�O �	�S�F�E�
 �P�G �D�I�B�S�H�F�E
�Q�B�S�U�J�D�M�F�T �X�J�U�I �B �W�F�M�P�D�J�U�Z�%�B�C�P�W�F �U�I�F �T�Q�F�F�E �P�G �M�J�H�I�U �J�O �U�I�F �T�V�S�S�P�V�O�E�J�O�H �N�F�E�J�V�N����
�B�S�F �T�I�P�X�O�� �5�I�F �F�N�J�U�U�F�E �Q�I�P�U�P�O�T �D�S�F�B�U�F �B �X�B�W�F�G�S�P�O�U �	�E�B�S�L �C�M�V�F�
 �D�P�O�U�B�J�O�J�O�H �U�I�F
�$�I�F�S�F�O�L�P�W �M�J�H�I�U�� �'�P�S �T�N�B�M�M �B�O�H�M�F�T�r�~�
 �J���F�� �B �W�F�M�P�D�J�U�Z �D�M�P�T�F �U�P �U�I�F �W�B�D�V�V�N �T�Q�F�F�E �P�G
�M�J�H�I�U�
 �B�M�M �U�I�F �Q�I�P�U�P�O�T �B�S�S�J�W�F �B�M�N�P�T�U �T�J�N�V�M�U�B�O�F�P�V�T�M�Z�� �*�O �N�F�E�J�B �X�J�U�I �B �I�J�H�I�F�S �S�F�G�S�B�D�U�J�W�F
�J�O�E�F�Y�
 �U�I�F �Q�I�P�U�P�O�T �F�N�J�U�U�F�E �M�B�U�F�S �X�J�M�M �B�S�S�J�W�F �F�B�S�M�J�F�S �B�U �U�I�F �E�F�U�F�D�U�P�S��

�8�J�U�I �U�I�F �D�I�B�S�H�F� �
 �U�I�F �G�S�F�R�V�F�O�D�Z���E�F�Q�F�O�E�F�O�U �Q�F�S�N�F�B�C�J�M�J�U�Z�w�	�‚�
�B�O�E �U�I�F �S�F�G�S�B�D�U�J�W�F
�J�O�E�F�Y���	�‚�
�� �#�F�D�B�V�T�F �U�I�F �B�J�S�Œ�T �Q�F�S�N�F�B�C�J�M�J�U�Z �J�T �R�V�B�T�J���D�P�O�T�U�B�O�U �P�W�F�S �B �X�J�E�F �G�S�F�R�V�F�O�D�Z
�S�B�O�H�F �<�����>�
 �J�U �D�B�O �C�F �S�F�Q�M�B�D�F�E �C�Z�w�•�w�� �� �5�P �U�S�B�O�T�M�B�U�F �U�I�J�T �G�S�P�N �F�O�F�S�H�Z �U�P �U�I�F �B�D�U�V�B�M
�O�V�N�C�F�S �P�G �Q�I�P�U�P�O�T�
 �U�I�F �J�E�F�O�U�J�U�Z�‚ �� ���z�x�
 �p�‚ �� ���z�p�x�
 �B�O�E �U�I�F �Q�I�P�U�P�O �&�O�F�S�H�Z
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�'�P�S �S�F�B�M �B�Q�Q�M�J�D�B�U�J�P�O�T�
 �G�P�S�N�V�M�B ������ �D�B�O �C�F �J�O�U�F�H�S�B�U�F�E �P�W�F�S �U�I�F �X�B�W�F�M�F�O�H�U�I �P�G �F�Y�Q�F�S�J�N�F�O��
�U�B�M �P�C�T�F�S�W�B�C�M�F �Q�I�P�U�P�O�T �U�P �S�F�E�V�D�F �U�I�F �P�W�F�S�B�M�M �Q�S�P�Q�B�H�B�U�J�P�O �X�P�S�L�M�P�B�E �C�Z �O�P�U �J�O�D�M�V�E�J�O�H
�O�P�O���N�F�B�T�V�S�B�C�M�F �Q�I�P�U�P�O�T�� �5�I�F �B�D�U�V�B�M �T�J�N�V�M�B�U�J�P�O �J�O�U�S�P�E�V�D�F�T �B�O �B�E�E�J�U�J�P�O�B�M �M�F�W�F�M �P�G �D�P�N��
�Q�M�F�Y�J�U�Z �P�S�J�H�J�O�B�U�J�O�H �G�S�P�N �U�I�F �F�O�F�S�H�Z �M�P�T�T �P�G �U�I�F �Q�B�S�U�J�D�M�F �B�M�P�O�H �U�I�F �U�S�B�D�L�
 �X�B�W�F�M�F�O�H�U�I
�E�F�Q�F�O�E�F�O�D�F �P�G �U�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y�
 �D�B�M�M�F�E �E�J�T�Q�F�S�T�J�P�O�
 �B�O�E �G�S�F�F���G�P�S�N �B�U�N�P�T�Q�I�F�S�J�D
�N�P�E�F�M�T�
 �X�I�J�D�I �D�B�O �J�O�D�M�V�E�F �E�J�T�D�P�O�U�J�O�V�J�U�J�F�T �B�O�E �O�P�O���N�P�O�P�U�P�O�J�D �C�F�I�B�W�J�P�S �P�G �U�I�F �S�F�G�S�B�D��
�U�J�W�F �J�O�E�F�Y�� �"�T �B �S�F�T�V�M�U�
 �C�P�V�O�E�B�S�Z �D�P�O�E�J�U�J�P�O�T �B�S�F �J�O�U�S�P�E�V�D�F�E �J�O�U�P �U�I�F �J�O�U�F�H�S�B�M �U�I�B�U
�U�I�F �T�P�G�U�X�B�S�F �O�F�F�E�T �U�P �W�F�S�J�G�Z �B�M�P�O�H �U�I�F �F�O�U�J�S�F �U�S�B�D�L�� �'�P�S �F�Y�B�N�Q�M�F�
 �P�O�M�Z �G�P�S �B �Q�B�S�U �P�G
�U�I�F �M�J�H�I�U �T�Q�F�D�U�S�V�N�
 �U�I�F �D�P�O�E�J�U�J�P�O�l �� �������	�v�
 �
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�'�P�S �T�P�N�F �P�G �U�I�F �N�P�T�U �J�N�Q�P�S�U�B�O�U �Q�B�S�U�J�D�M�F�T�
 �U�I�F �F�O�F�S�H�Z �M�J�N�J�U �G�P�S �$�I�F�S�F�O�L�P�W �M�J�H�I�U �J�T
�E�J�T�Q�M�B�Z�F�E �J�O �S�H�V�S�F �������� �5�I�F �Q�M�P�U �D�P�W�F�S�T �B �X�J�E�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �S�B�O�H�F �G�S�P�N �B�J�S �V�Q �U�P
�X�B�U�F�S�� �5�I�F �N�B�S�L�F�E �W�B�M�V�F�T �D�P�S�S�F�T�Q�P�O�E �U�P �D�P�O�E�J�U�J�P�O�T �B�U �T�F�B �M�F�W�F�M�� �&�Y�Q�F�S�J�N�F�O�U�T �M�P�D�B�U�F�E
�B�U �I�J�H�I�F�S �B�M�U�J�U�V�E�F�T�
 �F���H�� �.�B�H�J�D �5�F�M�F�T�D�P�Q�F�T �B�U�������� �N �"�.�4�- �	�"�C�P�W�F �.�F�B�O �4�F�B �-�F�W�F�M�

�P�S �)�"�8�$�������� �N �"�.�4�-�
 �F�Y�Q�F�S�J�F�O�D�J�O�H �B�O �P�W�F�S�B�M�M �E�F�D�S�F�B�T�F�E �N�B�Y�J�N�V�N �B�J�S �Q�S�F�T�T�V�S�F�

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

�&�B�D�I �F�Y�Q�F�S�J�N�F�O�U �D�B�O �D�I�P�P�T�F �C�F�U�X�F�F�O �T�F�W�F�S�B�M �T�U�S�B�U�F�H�J�F�T �G�P�S �U�I�F �C�B�T�J�D �F�Y�Q�F�S�J�N�F�O�U��
�T�Q�F�D�J�S�D �U�V�O�J�O�H �P�G �U�I�F �Q�B�S�U�J�D�M�F �T�J�N�V�M�B�U�J�P�O �Q�B�S�U �P�G �$�0�3�4�*�,�"�� �0�O�F �P�G �U�I�F�T�F �J�T �U�I�F �S�F�N�P�W�B�M
�P�G �Q�B�S�U�J�D�M�F�T �C�F�M�P�X �B �T�Q�F�D�J�S�D �F�O�F�S�H�Z�� �5�I�F�S�F�G�P�S�F�
 �U�I�F �N�B�S�L�F�E �W�B�M�V�F�T �J�O �S�H�V�S�F ������ �D�B�O
�C�F �V�T�F�E �B�T �E�F�G�B�V�M�U �F�O�F�S�H�Z �D�V�U�T �G�P�S �$�I�F�S�F�O�L�P�W �M�J�H�I�U �Q�S�P�E�V�D�U�J�P�O �X�J�U�I �U�I�F �Q�P�U�F�O�U�J�B�M
�U�P �C�F �J�O�D�S�F�B�T�F�E�
 �S�F�T�V�M�U�J�O�H �J�O �B �I�J�H�I�F�S �S�F�N�P�W�B�M �S�B�U�F�
 �G�P�S �T�Q�F�D�J�S�D �F�Y�Q�F�S�J�N�F�O�U�T�� �*�O
�B�E�E�J�U�J�P�O�
 �T�F�D�P�O�E�B�S�Z �F�R�F�D�U�T �N�V�T�U �C�F �D�P�O�T�J�E�F�S�F�E�
 �M�J�L�F �U�I�F �E�F�D�B�Z �G�S�P�N �B �N�V�P�O �J�O�U�P
�B�O �F�M�F�D�U�S�P�O �P�S �U�I�F �Q�S�P�E�V�D�U�J�P�O �P�G �O�F�X �Q�B�S�U�J�D�M�F�T �C�Z �I�B�E�S�P�O�J�D �J�O�U�F�S�B�D�U�J�P�O�� �5�I�F�S�F�G�P�S�F�

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

2.2.2 Fluorescence Emission

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

�0�O�F �P�G �U�I�F �N�P�T�U �B�E�W�B�O�U�B�H�F�P�V�T �G�F�B�U�V�S�F�T �P�G �T�V�P�S�F�T�D�F�O�D�F �M�J�H�I�U �J�T �U�I�B�U �U�I�F �F�N�J�U�U�F�E �M�J�H�I�U
�J�T �I�J�H�I�M�Z �Q�S�P�Q�P�S�U�J�P�O�B�M �U�P �U�I�F �J�O�J�U�J�B�M �F�O�F�S�H�Z �B�O�E �D�B�O �C�F �V�T�F�E �B�T �B �D�B�M�P�S�J�N�F�U�F�S �G�P�S
�Q�S�F�D�J�T�F �F�O�F�S�H�Z �N�F�B�T�V�S�F�N�F�O�U�T�
 �Q�S�P�W�J�E�F�E �B �T�V�U�D�J�F�O�U �V�O�E�F�S�T�U�B�O�E�J�O�H �P�G �U�I�F �B�U�N�P�T�Q�I�F�S�F
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�'�J�H�V�S�F ���������&�O�F�S�H�Z �M�J�N�J�U �G�P�S �$�I�F�S�F�O�L�P�W �M�J�H�I�U �F�N�J�T�T�J�P�O �G�P�S �U�I�F �N�P�T�U �J�N�Q�P�S�U�B�O�U
�Q�B�S�U�J�D�M�F�T �X�J�U�I �W�B�S�J�P�V�T �S�F�G�S�B�D�U�J�W�F �J�O�E�J�D�F�T�� �5�I�F �E�F�G�B�V�M�U �W�B�M�V�F�T �G�P�S �B�J�S �B�O�E �X�B�U�F�S �X�J�U�I
�U�I�F�J�S �D�P�S�S�F�T�Q�P�O�E�J�O�H �F�O�F�S�H�Z �M�J�N�J�U�T �B�S�F �I�J�H�I�M�J�H�I�U�F�E�� �5�I�F �T�I�B�E�F�E �T�F�D�U�J�P�O �N�B�S�L�T �Q�P�T�T�J�C�M�F
�B�S�F�B�T �U�I�B�U �D�B�O �C�F �O�B�U�V�S�B�M�M�Z �S�F�B�D�I�F�E �C�Z �B�Q�Q�S�P�Q�S�J�B�U�F �F�O�W�J�S�P�O�N�F�O�U�B�M �D�P�O�E�J�U�J�P�O�T �G�P�V�O�E
�P�O �&�B�S�U�I��
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������ �"�U�N�P�T�Q�I�F�S�F

�J�T �H�J�W�F�O�� �4�F�W�F�S�B�M �F�Y�Q�F�S�J�N�F�O�U�T �V�U�J�M�J�T�F �T�V�P�S�F�T�D�F�O�D�F �F�N�J�T�T�J�P�O�
 �T�V�D�I �B�T �U�I�F �1�J�F�S�S�F �"�V�H�F�S
�0�C�T�F�S�W�B�U�P�S�Z �<���> �B�O�E �U�I�F �5�F�M�F�T�D�P�Q�F �"�S�S�B�Z �<���>�
 �G�P�S �J�N�Q�S�P�W�F�E �F�O�F�S�H�Z �N�F�B�T�V�S�F�N�F�O�U
�R�V�B�M�J�U�Z�� �8�J�U�I �I�J�H�I �F�O�P�V�H�I �B�O�H�V�M�B�S �S�F�T�P�M�V�U�J�P�O�
 �J�U �J�T �Q�P�T�T�J�C�M�F �U�P �P�C�T�F�S�W�F �U�I�F �M�P�O�H�J�U�V�E�J�O�B�M
�E�J�T�U�S�J�C�V�U�J�P�O �P�G �U�I�F �T�I�P�X�F�S �B�O�E �J�N�Q�S�P�W�F �U�I�F �J�O�J�U�J�B�M �N�B�T�T �S�F�D�P�O�T�U�S�V�D�U�J�P�O �P�G �U�I�F �P�S�J�H�J�O�B�M
�Q�B�S�U�J�D�M�F��

�5�I�F �N�B�J�O �D�P�O�U�S�J�C�V�U�P�S �U�P �T�V�P�S�F�T�D�F�O�D�F���E�S�J�W�F�O �M�J�H�I�U �H�F�O�F�S�B�U�J�P�O �J�T �U�I�F �E�F���F�Y�D�J�U�B�U�J�P�O �P�G
�B�U�N�P�T�Q�I�F�S�J�D �O�J�U�S�P�H�F�O�� �5�I�F �D�P�O�U�S�J�C�V�U�J�P�O �P�G �P�U�I�F�S �N�P�M�F�D�V�M�F�T �J�T �G�B�S �M�F�T�T �Q�S�P�O�P�V�O�D�F�E �P�S
�J�T �G�P�V�O�E �J�O �X�B�W�F�M�F�O�H�U�I �C�B�O�E�T �X�J�U�I �I�J�H�I �C�B�D�L�H�S�P�V�O�E �F�N�J�T�T�J�P�O �G�S�P�N �P�U�I�F�S �T�P�V�S�D�F�T �B�O�E
�J�T �I�F�O�D�F �O�P�U �V�T�B�C�M�F �G�P�S �F�Y�Q�F�S�J�N�F�O�U�B�M �P�C�T�F�S�W�B�U�J�P�O�� �5�I�F �B�D�U�V�B�M �F�Y�D�J�U�B�U�J�P�O �D�P�N�F�T �G�S�P�N
�U�I�F �J�P�O�J�T�B�U�J�P�O �P�G �B�U�N�P�T�Q�I�F�S�J�D �Q�B�S�U�J�D�M�F�T �C�Z �D�P�T�N�J�D �S�B�Z�T �B�O�E �U�I�F �S�F�T�V�M�U�J�O�H �S�F�M�F�B�T�F �P�G
�F�M�F�D�U�S�P�O�T�� �"�G�U�F�S �B �T�U�B�U�J�T�U�J�D�B�M�M�Z �E�S�J�W�F�O �U�J�N�F �G�S�B�N�F�
 �X�J�U�I �B�O �F�Y�Q�P�O�F�O�U�J�B�M �E�J�T�U�S�J�C�V�U�J�P�O�
 �U�I�F
�O�J�U�S�P�H�F�O �D�B�O �E�F���F�Y�D�J�U�F �P�W�F�S �P�O�F �P�G �T�F�W�F�S�B�M �Q�P�T�T�J�C�M�F �D�I�B�O�O�F�M�T �J�O �X�I�J�D�I �O�F�B�S �6�7���1�I�P�U�P�O�T
�B�S�F �F�N�J�U�U�F�E �J�T�P�U�S�P�Q�J�D�B�M�M�Z�� �5�P �D�B�M�D�V�M�B�U�F �U�I�F �B�D�U�V�B�M �Q�I�P�U�P�O �Z�J�F�M�E �O�V�N�C�F�S�
 �U�I�F �G�P�M�M�P�X�J�O�H
�G�P�S�N�B�M�J�T�N �V�T�F�E �C�Z �U�I�F �"�J�S�'�M�Z �D�P�M�M�B�C�P�S�B�U�J�P�O �<�����>�
 �B�N�P�O�H �P�U�I�F�S�T�
 �D�B�O �C�F �V�T�F�E��
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�5�I�F �Ž�1�I�P�U�P�O �:�J�F�M�E�• �Q�B�S�B�N�F�U�F�S�ƒ�Ê�	���
 �	�
 �I�J�E�F�T �N�P�T�U �P�G �U�I�F �V�O�E�F�S�M�Z�J�O�H �D�P�N�Q�M�F�Y�J�U�Z �C�Z
�J�O�D�M�V�E�J�O�H �B�M�M �E�F�Q�F�O�E�F�O�D�J�F�T �P�O �B�U�N�P�T�Q�I�F�S�J�D �Q�S�F�T�T�V�S�F �	���
 �B�O�E �U�F�N�Q�F�S�B�U�V�S�F �	�	 �
 �B�T �X�F�M�M
�B�T �U�I�F �X�B�U�F�S �W�B�Q�P�V�S �Q�S�F�T�T�V�S�F �	���
�� �*�O �B�E�E�J�U�J�P�O�
 �F�B�D�I �Q�B�S�B�N�F�U�F�S �J�T �J�O�E�F�Q�F�O�E�F�O�U �G�P�S
�F�B�D�I �X�B�W�F�M�F�O�H�U�I �	�v�
�� �"�M�M �U�I�F �N�F�O�U�J�P�O�F�E �W�B�S�J�B�C�M�F�T �T�J�H�O�J�S�D�B�O�U�M�Z �J�O�T�V�F�O�D�F �U�I�F �B�N�P�V�O�U
�P�G �M�J�H�I�U �Q�S�P�E�V�D�F�E �C�Z �Q�B�S�U�J�D�M�F �U�S�B�W�F�S�T�B�M �U�I�S�P�V�H�I �U�I�F �B�U�N�P�T�Q�I�F�S�F�� �5�I�F�S�F�G�P�S�F�
 �B �Q�S�F�D�J�T�F
�L�O�P�X�M�F�E�H�F �P�G �U�I�F �B�U�N�P�T�Q�I�F�S�J�D �D�P�O�E�J�U�J�P�O�T �J�T �O�F�D�F�T�T�B�S�Z �U�P �D�B�M�D�V�M�B�U�F �B�C�T�P�M�V�U�F �W�B�M�V�F�T��

2.3 Atmosphere

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

�'�J�H�V�S�F ���������3�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �Q�S�P�S�M�F �P�G �T�F�W�F�S�B�M �T�U�B�O�E�B�S�E �B�U�N�P�T�Q�I�F�S�J�D �N�P�E�F�M�T �D�P�N��
�N�P�O�M�Z �V�T�F�E �G�P�S �$�0�3�4�*�,�" ����
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������ �"�U�N�P�T�Q�I�F�S�F

2.3.1 Refractive Index

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

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

�5�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �J�T �O�F�F�E�F�E �U�P �D�B�M�D�V�M�B�U�F �U�I�F �$�I�F�S�F�O�L�P�W �Z�J�F�M�E �B�O�E �U�I�F �D�V�S�W�B�U�V�S�F
�P�G �U�I�F �Q�I�P�U�P�O �U�S�B�D�L�� �%�F�Q�F�O�E�J�O�H �P�O �U�I�F �U�S�B�D�L�J�O�H �B�M�H�P�S�J�U�I�N�
 �U�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y
�J�T �D�B�M�M�F�E �P�O�M�Z �P�O�D�F �Q�F�S �Q�B�S�U�J�D�M�F �P�S�
 �J�O �U�I�F �X�P�S�T�U �D�B�T�F�
 �T�F�W�F�S�B�M �U�J�N�F�T �Q�F�S �Q�I�P�U�P�O��
�"�D�D�P�S�E�J�O�H�M�Z�
 �B�O �B�Q�Q�S�P�Q�S�J�B�U�F�M�Z �P�Q�U�J�N�J�T�F�E �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �D�B�M�D�V�M�B�U�J�P�O �B�M�H�P�S�J�U�I�N �G�P�S
�B�S�C�J�U�S�B�S�Z �I�F�J�H�I�U�T �B�C�P�W�F �N�F�B�O �T�F�B �M�F�W�F�M �N�V�T�U �C�F �V�T�F�E �U�P �B�W�P�J�E �B �Q�P�T�T�J�C�M�F �C�P�U�U�M�F�O�F�D�L��
�5�I�F �C�B�T�J�D �B�U�N�P�T�Q�I�F�S�J�D �E�B�U�B �B�S�F �Q�S�J�N�B�S�J�M�Z �B�W�B�J�M�B�C�M�F �J�O �B�S�C�J�U�S�B�S�Z �U�B�C�V�M�B�S �G�P�S�N �B�O�E�
 �G�P�S
�S�V�O�U�J�N�F �S�F�B�T�P�O�T�
 �D�B�O�O�P�U �C�F �V�T�F�E �E�J�S�F�D�U�M�Z �G�P�S �U�I�F �T�J�N�V�M�B�U�J�P�O�� �6�T�J�O�H �W�B�S�J�P�V�T �B�M�H�P�S�J�U�I�N�T�

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

2.3.2 Absorption and Scattering

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

�X�I�J�D�I �D�B�O �V�T�V�B�M�M�Z �C�F �H�F�O�F�S�B�U�F�E �G�S�P�N �B�U�N�P�T�Q�I�F�S�J�D �G�P�S�F�D�B�T�U �E�B�U�B �P�S �M�P�D�B�M �N�F�B�T�V�S�F�N�F�O�U�T
�V�T�J�O�H �B�Q�Q�S�P�Q�S�J�B�U�F �S�B�E�J�B�U�J�W�F �U�S�B�O�T�G�F�S �N�P�E�F�M�T�
 �F���H�� �.�P�E�U�S�B�O �<�����> �D�B�O �C�F �B�Q�Q�M�J�F�E �B�G�U�F�S
�$�0�3�4�*�,�" �J�O �U�I�F �F�Y�Q�F�S�J�N�F�O�U �T�Q�F�D�J�S�D �D�P�E�F �B�T �J�T �T�U�B�O�E�B�S�E �J�O �N�B�O�Z �B�Q�Q�M�J�D�B�U�J�P�O�T �U�P�E�B�Z �P�S

����



�� �'�P�V�O�E�B�U�J�P�O

�J�O �$�0�3�4�*�,�" �J�U�T�F�M�G �X�I�J�D�I �S�F�E�V�D�F�T �U�I�F �O�V�N�C�F�S �P�G �Q�I�P�U�P�O�T �U�P �C�F �H�F�O�F�S�B�U�F�E �B�O�E �U�S�B�D�L�F�E��
�5�I�F �M�B�U�U�F�S �J�T �U�I�F �Q�S�F�G�F�S�S�F�E �N�F�U�I�P�E�
 �B�T �J�U �S�F�E�V�D�F�T �U�I�F �D�B�M�D�V�M�B�U�J�P�O �U�J�N�F��

�*�O �B�E�E�J�U�J�P�O�
 �P�U�I�F�S �F�R�F�D�U�T �U�I�B�U �U�Z�Q�J�D�B�M�M�Z �E�P �O�P�U �S�F�R�V�J�S�F �F�Y�U�F�O�T�J�W�F �D�P�N�Q�V�U�B�U�J�P�O �B�O�E
�S�F�E�V�D�F �U�I�F �B�C�T�P�M�V�U�F �O�V�N�C�F�S �P�G �Q�I�P�U�P�O�T �N�F�B�T�V�S�F�E�
 �T�V�D�I �B�T �N�J�S�S�P�S �S�F�T�F�D�U�J�W�J�U�Z�
 �T�F�O�T�P�S
�B�D�D�F�Q�U�B�O�D�F �B�O�E �P�U�I�F�S �F�Y�Q�F�S�J�N�F�O�U�B�M �P�Q�U�J�D�B�M �Q�I�F�O�P�N�F�O�B�
 �D�B�O �C�F �F�Y�Q�M�P�J�U�F�E�� �0�W�F�S�B�M�M�

�U�I�F �D�P�N�C�J�O�F�E �J�O�T�V�F�O�D�F�T �D�B�O �S�F�E�V�D�F �U�I�F �O�V�N�C�F�S �P�G �Q�I�P�U�P�O�T �U�I�B�U �O�F�F�E �U�P �C�F �I�B�O�E�M�F�E
�C�Z �P�O�F �P�S �U�X�P �P�S�E�F�S�T �P�G �N�B�H�O�J�U�V�E�F�
 �X�I�J�D�I �D�B�O �T�J�H�O�J�S�D�B�O�U�M�Z �T�Q�F�F�E �V�Q �U�I�F �T�J�N�V�M�B�U�J�P�O��
�" �D�P�O�D�S�F�U�F �F�Y�B�N�Q�M�F �P�G �U�I�F �P�Q�U�J�N�J�T�B�U�J�P�O �Q�P�U�F�O�U�J�B�M �G�P�S �B �4�J�M�J�D�P�O �1�I�P�U�P�N�V�M�U�J�Q�M�J�F�S���C�B�T�F�E
�$�I�F�S�F�O�L�P�W���5�F�M�F�T�D�P�Q�F �J�T �H�J�W�F�O �J�O �T�F�D�U�J�P�O ������������

����



3 Simulation Fundamentals

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

�4�J�O�D�F �C�P�U�I �S�F�M�E�T �P�G �Q�B�S�U�J�D�M�F �Q�I�Z�T�J�D�T �V�T�F �W�F�S�Z �T�J�N�J�M�B�S �N�F�U�I�P�E�T�
 �U�I�F �Q�S�P�C�M�F�N�T �B�O�E
�I�V�S�E�M�F�T �U�I�B�U �B�S�J�T�F �B�S�F �N�B�J�O�M�Z �J�E�F�O�U�J�D�B�M�� �0�O�F �P�G �U�I�F�T�F �P�C�T�U�B�D�M�F�T �J�T �U�I�B�U �U�I�F �J�O�G�P�S�N�B�U�J�P�O
�N�F�B�T�V�S�F�E �J�O �U�I�F �E�F�U�F�D�U�P�S�T �E�J�R�F�S�T �T�J�H�O�J�S�D�B�O�U�M�Z �G�S�P�N �U�I�F �G�V�O�E�B�N�F�O�U�B�M �Q�B�S�B�N�F�U�F�S�T �P�G
�U�I�F �P�S�J�H�J�O�B�M �F�W�F�O�U�� �)�P�X�F�W�F�S�
 �U�I�F�T�F �Q�B�S�B�N�F�U�F�S�T �B�S�F �U�I�F �P�O�M�Z �P�O�F�T �U�I�B�U �D�B�O �C�F �N�F�B�T�V�S�F�E
�B�O�E �N�V�T�U �C�F �V�T�F�E �U�P �P�C�U�B�J�O �T�D�J�F�O�U�J�S�D �S�F�T�V�M�U�T��

�'�P�S �F�Y�B�N�Q�M�F�
 �J�O �B �T�U�S�B�J�H�I�U�G�P�S�X�B�S�E �D�B�T�F�
 �U�I�F �N�F�B�T�V�S�F�E �J�O�U�F�O�T�J�U�Z �P�G �U�I�F �S�B�E�J�B�U�J�P�O
�F�N�J�U�U�F�E �C�Z �U�I�F �Q�B�S�U�J�D�M�F �D�B�O �C�F �V�T�F�E �U�P �J�O�G�F�S �J�U�T �P�S�J�H�J�O�B�M �F�O�F�S�H�Z�� �5�I�F �T�J�U�V�B�U�J�P�O �J�T
�G�V�S�U�I�F�S �D�P�N�Q�M�J�D�B�U�F�E �C�F�D�B�V�T�F �B �M�B�S�H�F �Q�S�P�Q�P�S�U�J�P�O �P�G �B�M�M �Q�B�S�U�J�D�M�F���Q�I�Z�T�J�D�B�M �Q�S�P�D�F�T�T�F�T
�B�O�E �J�O�U�F�S�B�D�U�J�P�O�T �B�S�F �J�O�I�F�S�F�O�U�M�Z �T�U�B�U�J�T�U�J�D�B�M�
 �J���F���
 �S�B�O�E�P�N�� �'�P�S �U�I�J�T �S�F�B�T�P�O�
 �F�W�F�O�U�T
�P�S�J�H�J�O�B�U�J�O�H �G�S�P�N �J�E�F�O�U�J�D�B�M �J�O�J�U�J�B�M �T�J�U�V�B�U�J�P�O�T �D�B�O �B�Q�Q�F�B�S �D�P�N�Q�M�F�U�F�M�Z �E�J�R�F�S�F�O�U �J�O �U�I�F
�E�F�U�F�D�U�P�S �P�S �B�M�N�P�T�U �J�E�F�O�U�J�D�B�M �G�P�S �V�O�F�R�V�B�M �J�O�J�U�J�B�M �D�P�O�E�J�U�J�P�O�T�� �4�J�O�D�F �U�I�F�S�F �B�S�F �N�B�O�Z
�T�V�D�I �S�B�O�E�P�N �Q�S�P�D�F�T�T�F�T �C�F�U�X�F�F�O �U�I�F �J�O�Q�V�U �B�O�E �P�V�U�Q�V�U �W�B�S�J�B�C�M�F�T �P�G �U�I�F �Q�S�P�D�F�T�T �C�F�J�O�H
�P�C�T�F�S�W�F�E�
 �B �D�M�P�T�F�E���G�P�S�N �G�P�S�N�B�M�J�T�N �G�P�S �E�F�T�D�S�J�C�J�O�H �U�I�F �U�S�B�O�T�G�F�S �G�V�O�D�U�J�P�O �J�T �F�Y�U�S�F�N�F�M�Z
�E�J�U�D�V�M�U �B�O�E�
 �J�O �N�B�O�Z �D�B�T�F�T�
 �J�N�Q�P�T�T�J�C�M�F�� �"�O�P�U�I�F�S �D�P�N�N�P�O �Q�S�P�C�M�F�N �J�T �B�E�E�J�U�J�P�O�B�M
�T�J�H�O�B�M�T �J�O �U�I�F �E�F�U�F�D�U�P�S �E�V�F �U�P �T�P���D�B�M�M�F�E �C�B�D�L�H�S�P�V�O�E �F�W�F�O�U�T�� �#�Z �Q�S�P�E�V�D�J�O�H �U�I�F �T�B�N�F
�P�C�T�F�S�W�B�C�M�F �Q�S�P�Q�F�S�U�J�F�T �	�F���H�� �M�J�H�I�U�
�
 �Q�I�Z�T�J�D�B�M�M�Z �J�S�S�F�M�F�W�B�O�U �Q�S�P�D�F�T�T�F�T �D�B�O �T�V�Q�F�S�J�N�Q�P�T�F �P�O
�U�I�F �E�F�T�J�S�F�E �T�J�H�O�B�M�� �0�G�U�F�O�
 �U�I�F �C�B�D�L�H�S�P�V�O�E �E�P�N�J�O�B�U�F�T �U�I�F �N�F�B�T�V�S�F�N�F�O�U �B�O�E �J�T �P�S�E�F�S�T
�P�G �N�B�H�O�J�U�V�E�F �N�P�S�F �J�O�U�F�O�T�F �U�I�B�O �U�I�F �E�F�T�J�S�F�E �T�J�H�O�B�M��

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

�J�O �D�P�O�K�V�O�D�U�J�P�O �X�J�U�I �U�I�F �P�C�T�F�S�W�B�C�M�F�T �Q�S�P�E�V�D�F�E�� �5�I�F �S�F�T�V�M�U�J�O�H �E�B�U�B �B�S�F �F�T�T�F�O�U�J�B�M �G�P�S
�U�I�F �E�F�W�F�M�P�Q�N�F�O�U �B�O�E �V�T�F �P�G �F�T�T�F�O�U�J�B�M �N�F�U�I�P�E�T �M�J�L�F �T�J�H�O�B�M���D�M�F�B�O�J�O�H �P�S �F�T�U�J�N�B�U�P�S�T �U�P
�E�F�U�F�S�N�J�O�F �U�I�F �P�S�J�H�J�O�B�M �R�V�B�O�U�J�U�J�F�T�� �8�J�U�I�P�V�U �J�U�
 �B�O�B�M�Z�T�J�T �P�G �U�I�F �P�C�T�F�S�W�B�U�J�P�O�T �X�P�V�M�E

����



�� �4�J�N�V�M�B�U�J�P�O �'�V�O�E�B�N�F�O�U�B�M�T

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

�5�I�F �V�M�U�J�N�B�U�F �H�P�B�M �P�G �U�I�F �T�J�N�V�M�B�U�J�P�O �J�T �B �D�P�N�Q�M�F�U�F �E�F�T�D�S�J�Q�U�J�P�O �P�G �U�I�F �F�Y�Q�F�S�J�N�F�O�U�B�M
�T�F�U�V�Q�
 �C�B�T�F�E �P�O �B�M�M �N�F�B�T�V�S�F�N�F�O�U�T �B�O�E �U�I�F�P�S�J�F�T �L�O�P�X�O �U�P �E�B�U�F�
 �U�P �F�O�B�C�M�F �B�O �F�Y�B�D�U
�S�F�Q�S�F�T�F�O�U�B�U�J�P�O �P�G �Q�I�Z�T�J�D�B�M �S�F�B�M�J�U�Z �B�O�E�
 �D�P�O�T�F�R�V�F�O�U�M�Z�
 �B�O �B�M�N�P�T�U �D�P�N�Q�M�F�U�F �S�F�Q�S�P�E�V�D�U�J�P�O
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�C�Z �U�I�F �S�F�R�V�J�S�F�N�F�O�U �G�P�S �S�B�O�E�P�N �O�V�N�C�F�S�T�� �8�J�U�I�P�V�U �U�I�J�T �Q�S�P�Q�F�S�U�Z�
 �U�I�F �C�B�T�J�D
�B�M�H�P�S�J�U�I�N �G�B�J�M�T�� �4�F�W�F�S�B�M �U�F�T�U �Q�S�P�H�S�B�N�T �B�M�M�P�X �U�I�F �J�O�W�F�T�U�J�H�B�U�J�P�O �P�G �U�I�J�T �Q�S�P�Q�F�S�U�Z�

�T�V�D�I �B�T �U�I�F �5�F�T�U�6���� �T�V�J�U�F �<�����> �P�S �U�I�F �%�J�F�I�B�S�E�F�S �G�S�B�N�F�X�P�S�L �<�����>�
 �J�N�Q�M�F�N�F�O�U�J�O�H
�W�B�S�J�P�V�T �T�U�B�U�J�T�U�J�D�B�M �U�F�T�U�T��

����



�� �4�J�N�V�M�B�U�J�P�O �'�V�O�E�B�N�F�O�U�B�M�T

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

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

�“ �3�F�Q�S�P�E�V�D�J�C�J�M�J�U�Z�ˆ �'�P�S �T�J�N�V�M�B�U�J�P�O�T �P�G �Q�B�S�U�J�D�V�M�B�S �M�B�S�H�F �F�W�F�O�U�T �U�I�B�U �D�B�O�O�P�U �C�F
�T�U�P�S�F�E �Q�F�S�N�B�O�F�O�U�M�Z �E�V�F �U�P �N�F�N�P�S�Z �M�J�N�J�U�B�U�J�P�O�T�
 �J�U �N�V�T�U �C�F �Q�P�T�T�J�C�M�F �U�P �S�F�Q�S�P�E�V�D�F
�U�I�F�N �B�U �B�O�Z �U�J�N�F�� �5�I�F �3�/�( �N�V�T�U �C�F �B�C�M�F �U�P �S�F�Q�S�P�E�V�D�F �U�I�F �S�B�O�E�P�N �T�F�R�V�F�O�D�F
�V�T�J�O�H �T�U�P�S�B�C�M�F �W�B�M�V�F�T��

�3�F�H�B�S�E�J�O�H �T�U�B�U�J�T�U�J�D�B�M �J�O�E�F�Q�F�O�E�F�O�D�F�
 �U�I�F �I�J�H�I�F�T�U �R�V�B�M�J�U�Z �S�B�O�E�P�N �O�V�N�C�F�S�T �B�S�F �B�W�B�J�M�B�C�M�F
�U�I�S�P�V�H�I �E�F�E�J�D�B�U�F�E �Q�I�Z�T�J�D�B�M �I�B�S�E�X�B�S�F�
 �X�I�J�D�I �Q�S�P�W�J�E�F�T �B�O �B�D�U�V�B�M �S�B�O�E�P�N �E�B�U�B �T�U�S�F�B�N
�C�B�T�F�E �P�O �Q�I�Z�T�J�D�B�M �N�F�B�T�V�S�F�N�F�O�U�T�� �%�V�F �U�P �U�I�F �O�F�F�E �U�P �N�B�L�F �Q�I�Z�T�J�D�B�M �N�F�B�T�V�S�F�N�F�O�U�T
�P�G �B�O �F�O�U�S�P�Q�Z �T�P�V�S�D�F�
 �U�I�F �P�W�F�S�B�M�M �T�Q�F�F�E �J�T �D�P�N�Q�B�S�B�U�J�W�F�M�Z �M�P�X �	�ˆ�� �N�T�
 �B�O�E �U�I�F�S�F�G�P�S�F
�O�P�U �G�F�B�T�J�C�M�F �G�P�S �M�B�S�H�F �T�D�B�M�F�T�� �*�O �B�E�E�J�U�J�P�O�
 �U�I�F �F�O�U�J�S�F �S�B�O�E�P�N �T�U�S�F�B�N �N�V�T�U �C�F �T�U�P�S�F�E
�G�P�S �Q�M�B�Z�C�B�D�L�
 �B�T �U�I�F�S�F �J�T �O�P �X�B�Z �U�P �S�F�H�F�O�F�S�B�U�F �J�U�� �$�V�S�S�F�O�U�M�Z�
 �U�I�F �C�F�T�U �T�P�M�V�U�J�P�O �G�P�S
�T�J�N�V�M�B�U�J�P�O �J�T �U�I�F �V�T�F �P�G �E�F�U�F�S�N�J�O�J�T�U�J�D �Q�T�F�V�E�P���S�B�O�E�P�N �O�V�N�C�F�S �H�F�O�F�S�B�U�P�S�T �C�B�T�F�E �P�O
�B �D�P�N�C�J�O�B�U�J�P�O �P�G �N�B�U�I�F�N�B�U�J�D�B�M �G�V�O�D�U�J�P�O�T�� �5�I�F �B�M�H�P�S�J�U�I�N �V�T�F�T �B �T�F�U �P�G �Q�S�F���E�F�S�O�F�E
�O�V�N�C�F�S�T�
 �D�B�M�M�F�E �U�I�F �T�F�F�E �B�O�E �N�V�U�B�U�F�T �U�I�F�T�F �P�O �F�B�D�I �D�B�M�M �U�P �Q�S�P�E�V�D�F �B �O�F�X �O�V�N�C�F�S
�C�B�T�F�E �P�O �U�I�F �T�F�F�E �B�O�E �U�I�F �M�B�T�U �O�V�N�C�F�S �H�F�O�F�S�B�U�F�E�� �5�I�J�T �T�F�F�E �N�V�T�U �C�F �Q�S�P�W�J�E�F�E �E�V�S�J�O�H
�J�O�J�U�J�B�M�J�[�B�U�J�P�O �B�O�E �B�M�M�P�X�T �G�P�S �S�F�Q�S�P�E�V�D�J�C�J�M�J�U�Z��

�0�W�F�S �U�I�F �M�B�T�U �G�F�X �E�F�D�B�E�F�T�
 �T�F�W�F�S�B�M �B�M�H�P�S�J�U�I�N�T �I�B�W�F �C�F�F�O �E�F�W�F�M�P�Q�F�E �U�P �Q�S�P�W�J�E�F �I�J�H�I��
�R�V�B�M�J�U�Z �S�B�O�E�P�N �O�V�N�C�F�S�T�
 �U�I�F �N�P�T�U �D�P�N�N�P�O�M�Z �V�T�F�E �U�P�E�B�Z �C�F�J�O�H �U�I�F �.�F�S�T�F�O�O�F �5�X�J�T�U�F�S
�<�����>�
 �U�I�F �9�P�S�T�I�J�G�U �<�����> �B�O�E �U�I�F �1�I�J�M�P�Y �<�����> �B�M�H�P�S�J�U�I�N�T�� �/�P �B�C�T�P�M�V�U�F �S�F�D�P�N�N�F�O�E�B�U�J�P�O
�D�B�O �C�F �N�B�E�F �B�T �F�B�D�I �B�M�H�P�S�J�U�I�N �I�B�T �B�E�W�B�O�U�B�H�F�T �B�O�E �E�J�T�B�E�W�B�O�U�B�H�F�T��

�$�0�3�4�*�,�" �� �V�U�J�M�J�[�F�T �B �1�I�J�M�P�Y �W�B�S�J�B�O�U �C�B�T�F�E �P�O �B�O �F�Y�U�F�O�E�F�E �Ž�T�R�V�B�S�F�• �B�M�H�P�S�J�U�I�N �<�����>��
�*�U �J�T �P�O�F �P�G �U�I�F �T�P���D�B�M�M�F�E �D�P�V�O�U�F�S���C�B�T�F�E �3�/�(�T�
 �X�I�J�D�I �N�F�B�O�T �U�I�B�U �U�I�F �T�F�F�E �J�T �B �T�J�N�Q�M�F
�O�V�N�C�F�S �U�I�B�U �J�T �J�O�D�S�F�N�F�O�U�F�E �X�J�U�I �F�B�D�I �D�B�M�M�� �5�I�J�T �C�F�I�B�W�J�P�V�S �N�B�L�F�T �J�O�J�U�J�B�M�J�[�B�U�J�P�O �B�O�E
�G�B�T�U���G�P�S�X�B�S�E�J�O�H �U�S�J�W�J�B�M�� �1�F�S�G�P�S�N�B�O�D�F �J�T �F�Y�D�F�M�M�F�O�U�
 �B�O�E�
 �B�T �B�O �B�E�E�F�E �C�F�O�F�S�U�
 �J�U �D�B�O �C�F
�F�B�T�J�M�Z �Q�B�S�B�M�M�F�M�J�[�F�E �J�G �O�F�D�F�T�T�B�S�Z �X�J�U�I�P�V�U �M�P�T�J�O�H �U�I�F �E�F�U�F�S�N�J�O�J�T�U�J�D �T�F�R�V�F�O�D�F �U�I�S�P�V�H�I
�Q�B�S�B�M�M�F�M �D�P�N�Q�V�U�J�O�H �F�R�F�D�U�T �M�J�L�F �S�B�D�F �D�P�O�E�J�U�J�P�O�T�� �" �Ž�3�B�D�F �$�P�O�E�J�U�J�P�O�• �J�T �B�O �F�R�F�D�U
�D�S�F�B�U�F�E �C�Z �W�B�S�J�B�U�J�P�O �J�O �U�I�F �N�B�D�I�J�O�F���D�P�E�F�T �F�Y�F�D�V�U�J�P�O �P�S�E�F�S �C�F�U�X�F�F�O �U�I�S�F�B�E�T �D�B�V�T�F�E
�C�Z �V�O�F�R�V�B�M �F�Y�F�D�V�U�J�P�O �T�Q�F�F�E �	�F���H�� �P�V�U�T�J�E�F �J�O�T�V�F�O�D�F �M�J�L�F �0�4 �P�S �D�B�D�I�F �U�J�N�J�O�H�T�
��

3.2 CORSIKA

�$�0�3�4�*�,�" �<�����> �J�T �P�O�F �P�G �U�I�F �N�P�T�U �F�T�U�B�C�M�J�T�I�F�E �B�O�E �E�F �G�B�D�U�P �T�U�B�O�E�B�S�E �T�J�N�V�M�B�U�J�P�O �U�P�P�M�T
�G�P�S �D�P�T�N�J�D �S�B�Z���J�O�E�V�D�F�E �B�U�N�P�T�Q�I�F�S�J�D �D�B�T�D�B�E�F�T�� �8�J�U�I �J�U�T �P�S�J�H�J�O�T �J�O �M�B�U�F �������� �<�����>�

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

����



������ �$�0�3�4�*�,�"

�F�Y�U�F�O�T�J�P�O�T�
 �N�P�T�U�M�Z �X�S�J�U�U�F�O �J�O �$ �P�S �$������ �6�O�M�J�L�F �N�B�O�Z �P�U�I�F�S �T�J�N�V�M�B�U�J�P�O�T�
 �$�0�3�4�*�,�"
�E�P�F�T �O�P�U �J�N�Q�M�F�N�F�O�U �B�M�M �Q�I�Z�T�J�D�B�M �N�P�E�F�M�T �C�V�U �V�T�F�T �T�F�W�F�S�B�M �Q�B�S�U�M�Z �J�O�U�F�S�D�I�B�O�H�F�B�C�M�F
�J�O�U�F�S�B�D�U�J�P�O �N�P�E�F�M�T �P�S �M�J�C�S�B�S�J�F�T �T�Q�F�D�J�B�M�J�[�F�E �G�P�S �E�J�R�F�S�F�O�U �D�B�T�D�B�E�F �Q�B�S�U�T��

�" �D�P�N�Q�M�F�U�F �S�F�X�S�J�U�F �P�G �U�I�F �P�M�E �D�P�E�F �C�B�T�F �J�O �$���� �J�T �D�V�S�S�F�O�U�M�Z �V�O�E�F�S�X�B�Z �U�P �Q�S�P�W�J�E�F �B
�N�P�S�F �N�P�E�F�S�O �B�O�E �N�V�D�I �N�P�S�F �T�F�Y�J�C�M�F �J�O�G�S�B�T�U�S�V�D�U�V�S�F �G�P�S �U�I�F �G�V�U�V�S�F�
 �D�B�M�M�F�E �$�0�3�4�*�,�" ��
�<�����>�� �5�I�F �G�V�O�E�B�N�F�O�U�B�M�M�Z �N�P�E�V�M�B�S �B�Q�Q�S�P�B�D�I �X�J�M�M �C�F �S�F�U�B�J�O�F�E �U�P �B�M�M�P�X �F�B�D�I �T�J�N�V�M�B�U�J�P�O
�U�P �C�F �U�B�J�M�P�S�F�E �U�P �U�I�F �F�Y�Q�F�S�J�N�F�O�U�Œ�T �O�F�F�E�T�
 �U�I�V�T �S�F�E�V�D�J�O�H �U�I�F �D�P�N�Q�V�U�B�U�J�P�O�B�M �D�P�N�Q�M�F�Y�J�U�Z
�U�P �U�I�F �S�F�R�V�J�S�F�E �M�F�W�F�M�� �'�P�S �F�Y�B�N�Q�M�F�
 �U�I�F �B�D�U�J�W�B�U�J�P�O �P�G �B�E�W�B�O�D�F�E �T�F�D�P�O�E�B�S�Z �Q�S�P�E�V�D�U�J�P�O
�T�V�D�I �B�T �T�V�P�S�F�T�D�F�O�D�F �M�J�H�I�U�
 �$�I�F�S�F�O�L�P�W �M�J�H�I�U�
 �P�S �S�B�E�J�P �F�N�J�T�T�J�P�O �T�M�P�X�T �E�P�X�O �U�I�F �T�J�N�V�M�B��
�U�J�P�O �C�Z �B �G�B�D�U�P�S �P�G �B�C�P�V�U ���� �G�P�S �P�Q�U�J�D�B�M �M�J�H�I�U �B�O�E �N�V�D�I �N�P�S�F �G�P�S �S�B�E�J�P �F�N�J�T�T�J�P�O �	�X�I�J�D�I
�J�T �O�P�U �Q�B�S�U �P�G �U�I�J�T �X�P�S�L�
�
 �N�B�J�O�M�Z �E�V�F �U�P �U�I�F �O�V�N�C�F�S �P�G �P�Q�U�J�D�B�M �Q�I�P�U�P�O�T �Q�S�P�E�V�D�F�E�

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

3.2.1 Basic Structure

�5�I�F �D�P�S�F �B�M�H�P�S�J�U�I�N �P�G �B�M�M �Q�S�F�W�J�P�V�T �W�F�S�T�J�P�O�T �P�G �$�0�3�4�*�,�" �J�T �C�B�T�F�E �P�O �B�O �J�U�F�S�B�U�J�W�F
�B�Q�Q�S�P�B�D�I�
 �T�U�B�S�U�J�O�H �X�J�U�I �U�I�F �S�S�T�U �Q�B�S�U�J�D�M�F �U�I�B�U �T�U�B�S�U�T �U�I�F �D�B�T�D�B�E�F�� �5�I�F �S�S�T�U �Q�B�S�U�J�D�M�F
�J�T �Q�M�B�D�F�E �J�O �B �U�F�N�Q�P�S�B�S�Z �T�U�P�S�B�H�F �C�V�R�F�S �D�B�M�M�F�E �U�I�F �T�U�B�D�L�� �'�P�S �Q�S�P�D�F�T�T�J�O�H�
 �U�I�F �S�S�T�U
�Q�B�S�U�J�D�M�F �J�T �S�F�N�P�W�F�E �G�S�P�N �U�I�F �T�U�B�D�L �B�O�E �Q�S�P�Q�B�H�B�U�F�E �U�I�S�P�V�H�I �U�I�F �B�U�N�P�T�Q�I�F�S�F �V�O�U�J�M �J�U
�S�F�B�D�I�F�T �B �D�F�S�U�B�J�O �E�J�T�U�B�O�D�F�
 �D�V�U �M�F�W�F�M�
 �P�S �J�O�U�F�S�B�D�U�J�P�O �Q�P�J�O�U�� �5�I�F �Q�B�S�U�J�D�M�F �H�F�U�T �S�F�N�P�W�F�E
�J�G �P�O�F �P�G �J�U�T �B�U�U�S�J�C�V�U�F�T �J�T �C�F�M�P�X �B �D�V�U �M�F�W�F�M�� �*�G �O�P �J�O�U�F�S�B�D�U�J�P�O �P�D�D�V�S�T�
 �U�I�F �T�J�N�V�M�B�U�J�P�O
�Q�M�B�D�F�T �U�I�F �Q�B�S�U�J�D�M�F �C�B�D�L �B�U �U�I�F �F�O�E �P�G �U�I�F �T�U�B�D�L �X�J�U�I �V�Q�E�B�U�F�E �W�B�M�V�F�T�� �*�O �D�B�T�F �P�G �B�O
�J�O�U�F�S�B�D�U�J�P�O�
 �U�I�F �S�F�T�V�M�U�J�O�H �O�F�X �Q�B�S�U�J�D�M�F�T �B�S�F �Q�M�B�D�F�E �B�U �U�I�F �F�O�E�� �5�I�F �D�P�E�F �O�P�X �M�P�P�Q�T
�V�O�U�J�M �U�I�F�S�F �B�S�F �O�P �Q�B�S�U�J�D�M�F�T �M�F�G�U�� �5�I�F �B�D�U�V�B�M �Q�I�Z�T�J�D�T �J�O �$�0�3�4�*�,�" �� �J�T �B�Q�Q�M�J�F�E �E�V�S�J�O�H �U�I�F
�Q�S�P�Q�B�H�B�U�J�P�O �T�U�F�Q �C�Z �J�O�E�J�W�J�E�V�B�M �J�O�U�F�S�B�D�U�J�P�O �N�P�E�V�M�F�T�� �"�M�M �Q�B�S�U�T �P�G �U�I�F �P�Q�U�J�D�B�M �Q�I�P�U�P�O
�H�F�O�F�S�B�U�J�P�O �B�S�F �J�N�Q�M�F�N�F�O�U�F�E �B�T �T�P���D�B�M�M�F�E �D�P�O�U�J�O�V�P�V�T �M�P�T�T �G�V�O�D�U�J�P�O�T�
 �X�I�J�D�I�
 �B�T �U�I�F
�O�B�N�F �J�N�Q�M�J�F�T�
 �B�S�F �V�T�F�E �U�P �B�Q�Q�M�Z �O�P�O���E�J�T�D�S�F�U�F �F�O�F�S�H�Z �M�P�T�T�F�T�� �*�O �U�I�F �D�B�T�F �P�G �$�I�F�S�F�O�L�P�W
�M�J�H�I�U �F�N�J�T�T�J�P�O�
 �X�I�J�D�I �J�T �H�F�O�F�S�B�U�F�E �B�M�P�O�H �U�I�F �F�O�U�J�S�F �Q�B�S�U�J�D�M�F �Q�B�U�I�
 �U�I�F �S�F�T�V�M�U�J�O�H �F�O�F�S�H�Z
�M�P�T�T�F�T �B�S�F �E�J�T�D�B�S�E�F�E �C�F�D�B�V�T�F �U�I�F�Z �B�S�F �O�P�O�F�T�T�F�O�U�J�B�M �J�O �U�I�F �P�W�F�S�B�M�M �D�P�O�U�F�Y�U�� �*�O �D�P�O�U�S�B�T�U�

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

�'�P�S �C�P�U�I �F�N�J�T�T�J�P�O �N�F�D�I�B�O�J�T�N�T�
 �U�I�F �F�Y�B�D�U �Q�B�U�I �P�G �U�I�F �Q�B�S�U�J�D�M�F �J�T �D�S�J�U�J�D�B�M �C�F�D�B�V�T�F �U�I�F
�F�N�J�T�T�J�P�O �J�T �P�O�M�Z �H�F�O�F�S�B�U�F�E �B�M�P�O�H �J�U�� �1�B�U�I �N�P�E�J�S�D�B�U�J�P�O�T �T�V�D�I �B�T �N�B�H�O�F�U�J�D �S�F�M�E �B�O�E
�N�V�M�U�J�Q�M�F �T�D�B�U�U�F�S�J�O�H �N�V�T�U �C�F �D�P�O�T�J�E�F�S�F�E �U�I�S�P�V�H�I�P�V�U �U�I�F �Q�S�P�Q�B�H�B�U�J�P�O �P�G �B�O �J�O�E�J�W�J�E�V�B�M
�Q�B�S�U�J�D�M�F�� �8�J�U�I �U�I�F �V�T�V�B�M �F�O�E�Q�P�J�O�U �G�P�S�N�B�M�J�T�N�
 �X�I�F�S�F �B�M�M �D�I�B�O�H�F�T �B�S�F �B�Q�Q�M�J�F�E �P�O�M�Z
�B�U �U�I�F �F�O�E �P�G �U�I�F �Q�B�U�I�
 �U�I�F �N�B�Y�J�N�V�N �T�U�F�Q �M�F�O�H�U�I �N�V�T�U �C�F �T�J�H�O�J�S�D�B�O�U�M�Z �T�I�P�S�U�F�O�F�E
�D�P�N�Q�B�S�F�E �U�P �U�I�F �Q�B�U�I �M�F�O�H�U�I �V�T�V�B�M�M�Z �D�I�P�T�F�O�� �5�I�F �S�F�B�T�P�O �G�P�S �U�I�J�T �J�T �U�I�F �B�W�B�J�M�B�C�M�F
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�� �4�J�N�V�M�B�U�J�P�O �'�V�O�E�B�N�F�O�U�B�M�T

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

�8�J�U�I �U�I�F �Q�M�B�O�O�F�E �$�5�" �U�F�M�F�T�D�P�Q�F�T �B�D�I�J�F�W�J�O�H �B�O �J�O�E�J�W�J�E�V�B�M �S�F�T�P�M�V�U�J�P�O �P�G����������� �̄Q�F�S �Q�J�Y�F�M
�<���>�
 �B �D�P�O�T�F�S�W�B�U�J�W�F �F�T�U�J�N�B�U�F �G�P�S �U�I�F �M�P�X�F�S �M�J�N�J�U �D�B�O �C�F �E�F�U�F�S�N�J�O�F�E �X�J�U�I �B �N�B�Y�J�N�V�N
�B�O�H�V�M�B�S �S�F�T�P�M�V�U�J�P�O �P�G����������̄� �5�I�F �S�F�R�V�J�S�F�E �T�Q�B�U�J�B�M �S�F�T�P�M�V�U�J�P�O �P�G �U�I�F �T�J�N�V�M�B�U�J�P�O �J�T
�E�J�T�Q�M�B�Z�F�E �J�O �S�H�V�S�F ������ �E�F�Q�F�O�E�J�O�H �P�O �U�I�F �E�J�T�U�B�O�D�F�T �U�P �U�I�F �U�F�M�F�T�D�P�Q�F�Œ�T �D�F�O�U�S�F��
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�'�J�H�V�S�F ���������5�I�F �C�M�V�F �M�J�O�F �T�I�P�X�T �U�I�F �N�B�Y�J�N�V�N �B�M�M�P�X�F�E �E�F�W�J�B�U�J�P�O �P�S�U�I�P�H�P�O�B�M �U�P �U�I�F
�U�F�M�F�T�D�P�Q�F �W�J�F�X�J�O�H �E�J�S�F�D�U�J�P�O�� �5�I�F �T�J�N�V�M�B�U�F�E �T�F�H�N�F�O�U�F�E �Q�B�S�U�J�D�M�F �U�S�B�K�F�D�U�P�S�Z �N�V�T�U �I�B�W�F
�B �E�F�W�J�B�U�J�P�O �G�S�P�N �U�I�F �S�F�B�M �U�S�B�K�F�D�U�P�S�Z �M�F�T�T �U�I�B�O �U�I�J�T �W�B�M�V�F �U�P �C�F �C�F�M�P�X �U�I�F �S�F�T�P�M�V�U�J�P�O
�M�J�N�J�U �P�G �B �U�F�M�F�T�D�P�Q�F�� �5�I�F �M�J�O�F�T �D�P�S�S�F�T�Q�P�O�E �U�P �B �N�B�Y�J�N�V�N �B�O�H�V�M�B�S �S�F�T�P�M�V�U�J�P�O �P�G����������̄�

3.3 Atmosphere Model

�5�P �C�F �B�C�M�F �U�P �S�V�O �T�J�N�V�M�B�U�J�P�O �D�P�E�F �J�O �B�O �B�D�D�F�Q�U�B�C�M�F �U�J�N�F�
 �T�F�W�F�S�B�M �T�J�N�Q�M�J�S�D�B�U�J�P�O�T �P�G
�U�I�F �S�F�B�M�J�T�U�J�D �X�P�S�M�E �B�S�F �O�F�D�F�T�T�B�S�Z�� �0�O�F �P�G �U�I�F�T�F �J�T �V�T�J�O�H �B �N�P�E�F�M�M�F�E �B�U�N�P�T�Q�I�F�S�F �C�B�T�F�E
�P�O �B�D�U�V�B�M �N�F�B�T�V�S�F�N�F�O�U�T�� �5�I�F �O�B�U�V�S�B�M�M�Z �P�D�D�V�S�S�J�O�H �B�U�N�P�T�Q�I�F�S�F �T�I�P�X�T �B�O �J�O�D�S�F�E�J�C�M�Z
�I�J�H�I �D�P�N�Q�M�F�Y�J�U�Z �X�I�F�S�F �M�P�D�B�M �X�F�B�U�I�F�S �Q�I�F�O�P�N�F�O�B�
 �B�J�S �Q�S�F�T�T�V�S�F �W�B�S�J�B�U�J�P�O �E�V�F �U�P �U�I�F
�U�P�Q�P�H�S�B�Q�I�J�D �M�B�Z�P�V�U�
 �B�O�E �U�J�N�F �W�B�S�J�B�U�J�P�O �B�S�F �P�O�M�Z �B �G�F�X �F�R�F�D�U�T �U�I�B�U �P�U�I�F�S�X�J�T�F �X�P�V�M�E
�O�F�F�E �U�P �C�F �S�F�Q�S�F�T�F�O�U�F�E�� �4�F�W�F�S�B�M �E�J�T�U�J�O�D�U �B�U�N�P�T�Q�I�F�S�J�D �N�P�E�F�M�T �I�B�W�F �C�F�F�O �E�F�W�F�M�P�Q�F�E
�G�P�S �$�0�3�4�*�,�" �U�P �D�P�W�F�S �B �X�J�E�F �B�T�T�P�S�U�N�F�O�U �P�G �F�Y�Q�F�S�J�N�F�O�U�T�� �&�B�D�I �V�T�F�T �E�J�R�F�S�F�O�U �E�F�H�S�F�F�T
�P�G �D�P�N�Q�M�F�Y�J�U�Z �S�F�E�V�D�U�J�P�O �B�O�E �F�O�B�C�M�F�T �U�I�F �G�B�T�U �D�B�M�D�V�M�B�U�J�P�O �P�G �U�I�F �B�W�B�J�M�B�C�M�F �Q�B�S�B�N�F�U�F�S�T��
�5�I�F�T�F �N�P�E�F�M�T �B�M�T�P �D�S�F�B�U�F �U�I�F �C�B�T�J�T �G�P�S �U�I�F �F�N�J�T�T�J�P�O �B�O�E �Q�S�P�Q�B�H�B�U�J�P�O �P�G �$�I�F�S�F�O�L�P�W
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������ �"�U�N�P�T�Q�I�F�S�F �.�P�E�F�M

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

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

�U�I�F�S�F �J�T �O�P �T�J�O�H�M�F �T�P�M�V�U�J�P�O �U�I�B�U �S�U�T �B�M�M �D�S�J�U�F�S�J�B�� �8�J�U�I �B �G�P�D�V�T �P�O �P�Q�U�J�D�B�M �M�J�H�I�U �Q�S�P�Q�B�H�B�U�J�P�O�

�P�O�M�Z �U�I�F �N�F�U�I�P�E�T �G�P�S �B�D�D�F�T�T�J�O�H �U�I�F �B�Q�Q�S�P�Q�S�J�B�U�F �T�V�C�T�F�U �P�G �F�O�W�J�S�P�O�N�F�O�U�B�M �J�O�G�P�S�N�B�U�J�P�O
�S�F�R�V�J�S�F�E �U�P �E�F�T�D�S�J�C�F �U�I�F �F�R�F�D�U�T �N�F�O�U�J�P�O�F�E �B�C�P�W�F �B�S�F �Q�S�F�T�F�O�U�F�E �I�F�S�F�� �'�P�V�S �N�P�E�V�M�F�T
�	�F���H�� �)�P�N�P�H�F�O�F�P�V�T�
 �1�M�B�O�B�S�
 �$�Z�M�J�O�E�S�J�D�B�M�
 �4�Q�I�F�S�J�D�B�M�
 �U�P �B�D�D�F�T�T �B�U�N�P�T�Q�I�F�S�J�D �E�B�U�B �X�F�S�F
�E�F�W�F�M�P�Q�F�E �B�O�E �U�F�T�U�F�E�� �'�V�O�E�B�N�F�O�U�B�M�M�Z�
 �U�I�F�T�F �G�P�V�S �V�T�F �U�I�F �$�0�3�4�*�,�" �� �F�O�W�J�S�P�O�N�F�O�U
�G�S�B�N�F�X�P�S�L�
 �B�M�M�P�X�J�O�H �V�T�F�S�T �U�P �D�P�N�C�J�O�F �B�O�E �E�F�S�O�F �W�P�M�V�N�F�T �X�I�F�S�F �U�I�F�J�S �S�F�T�Q�F�D�U�J�W�F
�N�P�E�F�M �B�Q�Q�M�J�F�T�� �5�I�F �T�J�N�Q�M�F�T�U �F�Y�B�N�Q�M�F �X�P�V�M�E �C�F �U�I�F �D�P�N�C�J�O�B�U�J�P�O �P�G �U�X�P �T�Q�I�F�S�F�T�
 �P�O�F
�E�J�T�Q�M�B�Z�J�O�H �U�I�F �F�B�S�U�I �B�O�E �U�I�F �T�F�D�P�O�E �T�V�S�S�P�V�O�E�J�O�H �J�U �X�J�U�I �U�I�F �B�U�N�P�T�Q�I�F�S�J�D �J�O�G�P�S�N�B�U�J�P�O�T��
�"�O�B�M�Z�T�J�T �B�O�E �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �E�F�U�B�J�M�T �D�B�O �C�F �G�P�V�O�E �J�O �T�F�D�U�J�P�O ��������

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

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

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

3.3.1 Homogeneous Atmsphere

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

�X�I�J�D�I �B�T�T�V�N�F�T �B �D�P�O�T�U�B�O�U �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �G�P�S �B�M�M �Q�P�T�J�U�J�P�O�T �B�O�E �B�M�U�J�U�V�E�F�T�� �*�U �E�J�T�D�B�S�E�T
�Q�I�Z�T�J�D�B�M �S�F�B�M�J�U�Z �G�P�S �U�I�F �E�F�G�B�V�M�U �V�T�F �D�B�T�F �P�G �$�0�3�4�*�,�"�
 �B�U�N�P�T�Q�I�F�S�J�D �D�B�T�D�B�E�F�T �T�Q�B�O�O�J�O�H
�T�F�W�F�S�B�M �L�J�M�P�N�F�U�S�F�T �J�O �T�J�[�F�� �)�P�X�F�W�F�S�
 �J�U �J�T �T�U�J�M�M �V�T�F�B�C�M�F �G�P�S �U�F�T�U �T�U�V�E�J�F�T �P�S �U�I�F �J�O�K�F�D�U�J�P�O
�P�G �Q�B�S�U�J�D�M�F�T �D�M�P�T�F �U�P �U�I�F �E�F�U�F�D�U�J�P�O �T�J�U�F�� �*�O �B�E�E�J�U�J�P�O�
 �U�I�F �T�J�N�V�M�B�U�J�P�O �P�G �T�I�P�X�F�S�T �J�O
�O�F�B�S �I�P�N�P�H�F�O�F�P�V�T �N�F�E�J�B �T�V�D�I �B�T �X�B�U�F�S �J�T �B�O�P�U�I�F�S �V�T�F �D�B�T�F�
 �F�W�F�O �N�P�S�F �T�P �U�I�S�P�V�H�I
�U�I�F �Q�P�T�T�J�C�J�M�J�U�Z �P�G �T�U�B�D�L�J�O�H �N�V�M�U�J�Q�M�F �E�J�R�F�S�F�O�U �N�F�E�J�B �B�O�E �N�P�E�F�M�T�� �0�V�U�T�J�E�F �U�I�F �U�Z�Q�J�D�B�M
�T�J�N�V�M�B�U�J�P�O�
 �J�U �J�T �V�T�F�E �B�T �B �N�F�E�J�V�N �G�P�S �V�O�J�U �U�F�T�U�J�O�H �C�F�D�B�V�T�F �P�G �J�U�T �Q�S�F�E�J�D�U�B�C�M�F �O�B�U�V�S�F��
�5�I�F �D�B�M�D�V�M�B�U�J�P�O �P�G �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �F�R�V�B�U�J�P�O�T �J�T �P�O�M�Z �S�F�R�V�J�S�F�E �G�P�S �C�P�V�O�E�B�S�Z �D�I�B�O�H�F�T
�X�I�F�S�F �U�I�F �Q�I�P�U�P�O �U�S�B�O�T�G�F�S�T �G�S�P�N �P�O�F �N�F�E�J�V�N �U�P �U�I�F �O�F�Y�U��
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3.3.2 Planar Atmosphere Model

�5�I�F �S�S�T�U �T�U�S�V�D�U�V�S�B�M�M�Z �T�M�J�H�I�U�M�Z �N�P�S�F �D�P�N�Q�M�F�Y �N�P�E�F�M�
 �U�I�F �Q�M�B�O�B�S �P�S �M�B�Z�F�S�F�E �"�U�N�P�T�Q�I�F�S�F
�N�P�E�F�M�
 �J�T �T�I�P�X�O �J�O �'�J�H�V�S�F �������B�� �5�I�J�T �N�P�E�F�M �B�T�T�V�N�F�T �U�I�B�U �U�I�F �B�U�N�P�T�Q�I�F�S�F �J�T �I�P�N�P�H�F��
�O�F�P�V�T �J�O �U�I�F �I�P�S�J�[�P�O�U�B�M �E�J�S�F�D�U�J�P�O �B�O�E �P�O�M�Z �W�B�S�J�F�T �J�O �I�F�J�H�I�U�� �5�I�F �B�T�T�V�N�Q�U�J�P�O �J�T �H�P�P�E
�D�P�O�T�J�E�F�S�J�O�H �U�I�F �E�J�N�F�O�T�J�P�O �P�G �U�I�F �D�S�J�U�J�D�B�M �D�B�T�D�B�E�F �Q�B�S�U �G�P�S �P�Q�U�J�D�B�M �F�N�J�T�T�J�P�O �J�T �S�P�V�H�I�M�Z
�ˆ���� �L�N�J�O �M�F�O�H�U�I�
 �D�P�N�Q�B�S�F�E �U�P �U�I�F �F�B�S�U�I �S�B�E�J�V�T �P�G�������� �L�N�� �&�W�F�O �B�U������ �L�N�E�J�T�U�B�O�D�F�

�U�I�F �W�F�S�U�J�D�B�M �F�S�S�P�S �D�P�S�S�F�T�Q�P�O�E�T �U�P �M�F�T�T �U�I�B�O�� �� �	���������L�N�
 �P�G �U�I�F �D�B�T�D�B�E�F �T�J�[�F��

�5�I�F �Q�M�B�O�B�S �N�P�E�F�M �J�T �U�I�F �Q�S�F�G�F�S�S�F�E �N�F�U�I�P�E �G�P�S �D�B�T�D�B�E�F�T �D�M�P�T�F �U�P �W�F�S�U�J�D�B�M �C�V�U �X�P�S�L�T
�V�Q �U�P�����¯ �X�J�U�I �P�O�M�Z �N�J�O�P�S �E�F�W�J�B�U�J�P�O�T�� �4�J�O�D�F �U�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �H�S�B�E�J�F�O�U �B�M�X�B�Z�T
�S�V�O�T �J�O �U�I�F �T�B�N�F �E�J�S�F�D�U�J�P�O�
 �B�T �B �H�F�O�F�S�B�M �Q�S�J�O�D�J�Q�M�F �Q�B�S�B�M�M�F�M �U�P �U�I�F �W�F�S�U�J�D�B�M �B�Y�J�T�
 �U�I�F
�E�F�T�F�D�U�J�P�O �D�B�M�D�V�M�B�U�J�P�O �D�B�O �P�D�D�V�S �B�M�N�P�T�U �F�O�U�J�S�F�M�Z �J�O ���% �T�Q�B�D�F�� �*�O �B�E�E�J�U�J�P�O�
 �T�F�W�F�S�B�M
�P�Q�U�J�N�J�[�B�U�J�P�O�T �B�S�F �Q�P�T�T�J�C�M�F �C�F�D�B�V�T�F �U�I�F �Q�I�P�U�P�O �O�F�W�F�S �M�F�B�W�F�T �U�I�F �Q�M�B�O�F �T�Q�B�O�O�F�E �C�Z �U�I�F
�J�O�J�U�J�B�M �E�J�S�F�D�U�J�P�O �B�O�E �U�I�F �H�S�B�E�J�F�O�U �P�G �U�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y��

3.3.3 Cylindrical Atmosphere Model

�5�I�F �$�Z�M�J�O�E�S�J�D�B�M �N�F�U�I�P�E�T �U�B�L�F �B�O�P�U�I�F�S �E�F�H�S�F�F �P�G �G�S�F�F�E�P�N �J�O�U�P �B�D�D�P�V�O�U �J�O �B�E�E�J�U�J�P�O
�U�P �U�I�F �I�F�J�H�I�U �E�F�Q�F�O�E�F�O�D�Z �P�G �U�I�F �Q�M�B�O�B�S �N�P�E�F�M�
 �U�I�F �I�P�S�J�[�P�O�U�B�M �E�J�T�U�B�O�D�F�� �G�S�P�N �U�I�F
�D�P�P�S�E�J�O�B�U�F �T�Z�T�U�F�N�T �P�S�J�H�J�O �	�V�T�V�B�M�M�Z �U�I�F �D�F�O�U�S�F �P�G �U�I�F �F�Y�Q�F�S�J�N�F�O�U�
 �U�P �U�I�F �F�N�J�T�T�J�P�O
�Q�P�J�O�U�
 �X�J�U�I���õ �� �' �õ �� �( �õ�
 �J�T �B�E�E�F�E�� �"�G�U�F�S�X�B�S�E�T�
 �U�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �H�S�B�E�J�F�O�U �P�O�M�Z
�D�I�B�O�H�F�T �J�O �J�U�T �;�F�O�J�U�I �B�O�H�M�F�r �X�I�F�S�F �U�I�F �S�P�U�B�U�J�P�O �B�O�H�M�F�• �J�T �L�F�Q�U �D�P�O�T�U�B�O�U�
 �B�T �E�J�T�Q�M�B�Z�F�E
�J�O �S�H�V�S�F �������C �5�I�J�T �T�U�J�M�M �S�F�T�V�M�U�T �J�O �T�P�N�F �M�F�W�F�M �P�G �P�Q�U�J�N�J�[�B�U�J�P�O �Q�P�U�F�O�U�J�B�M�� �C�V�U �O�P�U �B�T
�N�V�D�I �B�T �U�I�F �Q�M�B�O�B�S �N�P�E�F�M�� �5�I�F �S�F�T�V�M�U �J�T �B �I�J�H�I�M�Z �B�D�D�V�S�B�U�F �U�S�B�D�L�J�O�H �V�Q �U�P �U�I�F �I�J�H�I�F�T�U
�J�O�D�M�J�O�B�U�J�P�O�T �Q�P�T�T�J�C�M�F�
 �X�I�F�S�F�B�T �U�I�F �Q�M�B�O�B�S �N�P�E�F�M �X�P�V�M�E �O�P�U �H�J�W�F �B�D�D�V�S�B�U�F �S�F�T�V�M�U�T�� �5�I�F
�M�J�N�J�U�J�O�H �G�B�D�U�P�S �J�T �J�U�T �M�P�T�T �J�O �B�D�D�V�S�B�D�Z �G�P�S �Q�I�P�U�P�O �J�N�Q�B�D�U �Q�P�T�J�U�J�P�O�T �G�B�S �G�S�P�N �U�I�F �D�F�O�U�S�F �P�G
�U�I�F �D�P�P�S�E�J�O�B�U�F �T�Z�T�U�F�N�
 �X�I�F�S�F �U�I�F �H�S�B�E�J�F�O�U �X�J�M�M �I�B�W�F �B �T�V�C�T�U�B�O�U�J�B�M �S�P�U�B�U�J�P�O �B�O�H�M�F �U�I�B�U
�D�B�O�O�P�U �C�F �Q�S�F�T�F�O�U�F�E �J�O �U�I�J�T �N�P�E�F�M�� �'�P�S�U�V�O�B�U�F�M�Z�
 �U�I�J�T �B�O�H�M�F �T�D�B�M�F�T �X�J�U�I �U�I�F �E�J�T�U�B�O�D�F
�G�S�P�N �U�I�F �F�B�S�U�I�Œ�T �D�F�O�U�S�F�
 �X�I�J�D�I �S�F�T�V�M�U�T �J�O �T�J�H�O�J�S�D�B�O�U �J�N�Q�B�D�U �P�O�M�Z �G�P�S �F�Y�Q�F�S�J�N�F�O�U�T
�X�J�U�I �B�O �J�O�T�U�S�V�N�F�O�U�F�E �B�S�F�B �P�G �T�F�W�F�S�B�M �U�F�O�U�I�T �P�G �L�J�M�P�N�F�U�S�F�T �J�O �T�J�[�F�� �7�F�S�Z �M�B�S�H�F���T�D�B�M�F
�F�Y�Q�F�S�J�N�F�O�U�T �M�J�L�F �U�I�F �1�J�F�S�S�F �"�V�H�F�S �0�C�T�F�S�W�B�U�P�S�Z �<���> �P�S �U�I�F �Q�M�B�O�O�F�E �5�F�M�F�T�D�P�Q�F �"�S�S�B�Z
�F�Y�U�F�O�T�J�P�O �<�����> �X�J�M�M �O�F�F�E �U�P �E�P �U�F�T�U�T �J�G �U�I�F �J�O�U�S�P�E�V�D�F�E �F�S�S�P�S �J�T �J�O�T�J�E�F �U�I�F�J�S �S�F�T�P�M�V�U�J�P�O
�M�J�N�J�U�T �B�O�E �D�B�O �C�F �B�D�D�F�Q�U�F�E��

3.3.4 Spherical Atmosphere Model

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

�5�I�F �T�Q�I�F�S�J�D�B�M �N�P�E�F�M �I�B�T �U�I�F �B�E�E�J�U�J�P�O�B�M �B�E�W�B�O�U�B�H�F �U�I�B�U�
 �C�Z �U�S�F�B�U�J�O�H �B�M�M �U�I�S�F�F �T�Q�B�U�J�B�M
�D�P�P�S�E�J�O�B�U�F�T �T�F�Q�B�S�B�U�F�M�Z�
 �F�W�F�O �M�B�S�H�F �E�F�U�F�D�U�P�S�T�
 �T�F�W�F�S�B�M �L�J�M�P�N�F�U�S�F�T �J�O �T�J�[�F�
 �X�I�F�S�F �E�J�T��
�U�B�O�D�F�T �P�G �N�P�S�F �U�I�B�O���� �L�N�G�S�P�N �U�I�F �D�P�P�S�E�J�O�B�U�F �P�S�J�H�J�O �B�S�F �Q�P�T�T�J�C�M�F�
 �D�B�O �C�F �U�S�F�B�U�F�E
�B�D�D�V�S�B�U�F�M�Z�� �5�I�J�T �J�T �X�I�F�S�F �B�M�M �P�U�I�F�S �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�T �G�B�J�M�� �"�T �U�I�F �O�V�N�C�F�S �P�G �E�F�H�S�F�F�T �P�G
�G�S�F�F�E�P�N �J�O�D�S�F�B�T�F�T�
 �T�P �E�P�F�T �U�I�F �S�F�T�V�M�U�J�O�H �D�P�N�Q�V�U�B�U�J�P�O�B�M �D�P�N�Q�M�F�Y�J�U�Z��
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3.4 Atmosphere Tracking Methods

�1�I�P�U�P�O�T �H�F�O�F�S�B�U�F�E �C�Z �$�0�3�4�*�,�" �B�S�F �O�P�U �T�U�P�S�F�E �B�U �U�I�F �Q�P�J�O�U �P�G �F�N�J�T�T�J�P�O �C�V�U �B�S�F �U�S�F�B�U�F�E
�B�T �Q�B�S�U�J�D�M�F�T �B�O�E �Q�S�P�Q�B�H�B�U�F�E �U�I�S�P�V�H�I �U�I�F �B�U�N�P�T�Q�I�F�S�F �U�P �B�W�P�J�E �S�F���J�N�Q�M�F�N�F�O�U�B�U�J�P�O �P�G
�U�I�J�T �T�I�B�S�F�E �O�F�D�F�T�T�J�U�Z�� �5�I�F �D�P�E�F �J�T �T�F�Y�J�C�M�F �F�O�P�V�H�I �U�P �T�V�J�U �B �X�J�E�F �S�B�O�H�F �P�G �F�Y�Q�F�S�J�N�F�O�U�T�

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

3.4.1 Straight Line

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

�5�I�F �J�O�Q�V�U �U�P �U�I�F �U�S�B�D�L�J�O�H �B�M�H�P�S�J�U�I�N �D�P�O�T�J�T�U�T �P�O�M�Z �P�G �B �T�U�B�S�U�J�O�H �Q�P�J�O�U���ö �B�O�E �B�O �F�N�J�T�T�J�P�O
�E�J�S�F�D�U�J�P�O���$�P�G �U�I�F �Q�I�P�U�P�O�
 �D�B�M�D�V�M�B�U�F�E �B�D�D�P�S�E�J�O�H �U�P �������� �5�I�F �J�O�U�F�S�T�F�D�U�J�P�O �Q�P�J�O�U���þ�X�J�U�I
�B�O �P�C�T�F�S�W�B�U�J�P�O �Q�M�B�O�F �	���� 
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 �Q�F�S �Q�I�P�U�P�O�
 �X�J�U�I �N�J�M�M�J�P�O�T �P�G �Q�I�P�U�P�O�T �Q�F�S �D�B�T�D�B�E�F�
 �U�I�F �S�F�E�V�D�U�J�P�O �P�G �F�B�D�I
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3.4.2 Numerical Approach

�" �Q�I�Z�T�J�D�B�M�M�Z �N�V�D�I �C�F�U�U�F�S �B�Q�Q�S�P�B�D�I�
 �X�I�J�D�I �D�P�O�T�J�E�F�S�T �U�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �H�S�B�E�J�F�O�U�
 �B�Q��
�Q�S�P�Y�J�N�B�U�F�T �U�I�F �O�B�U�V�S�B�M �B�U�N�P�T�Q�I�F�S�F �C�Z �E�J�T�D�S�F�U�J�T�J�O�H �U�I�F �D�P�O�U�J�O�V�P�V�T �D�V�S�W�F �B�O�E �E�J�W�J�E�J�O�H
�J�U �J�O�U�P �I�P�N�P�H�F�O�F�P�V�T �Q�M�B�O�F�T�� �0�O�M�Z �V�T�J�O�H �'�F�S�N�B�U�Œ�T �Q�S�J�O�D�J�Q�M�F �B�U �U�I�F �Q�M�B�O�F �C�P�V�O�E�B�S�J�F�T
�B�W�P�J�E�T �U�I�F �D�P�N�Q�M�F�Y �D�P�O�T�J�E�F�S�B�U�J�P�O �P�G �C�F�O�E�J�O�H �U�I�F �M�J�H�I�U �D�V�S�W�F �U�I�S�P�V�H�I �B �D�P�O�U�J�O�V�P�V�T�M�Z
�W�B�S�Z�J�O�H �N�F�E�J�V�N�� �5�I�J�T �B�Q�Q�S�P�B�D�I �D�B�O �U�S�F�B�U �O�F�B�S�M�Z �B�M�M �Q�P�T�T�J�C�M�F �B�U�N�P�T�Q�I�F�S�F �D�P�O�S�H�V�S�B��
�U�J�P�O�T �B�O�E �J�T �B �T�F�D�V�S�F �G�B�M�M�C�B�D�L �T�P�M�V�U�J�P�O �J�G �P�U�I�F�S �Q�P�T�T�J�C�J�M�J�U�J�F�T �E�P �O�P�U �X�P�S�L�� �5�I�F �B�M�H�P�S�J�U�I�N
�V�T�F�T �U�I�F �D�M�B�T�T�J�D�B�M �T�P�M�V�U�J�P�O �G�P�S �E�J�T�D�S�F�U�F �U�S�B�O�T�J�U�J�P�O�T �P�O �U�I�F �M�B�Z�F�S �C�P�V�O�E�B�S�J�F�T�� �4�O�F�M�M�J�V�T�Œ
�M�B�X �P�G �S�F�G�S�B�D�U�J�P�O��
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 �U�I�F �Q�S�P�Q�B�H�B�U�J�P�O �T�I�P�V�M�E �U�I�V�T �B�Q��
�Q�S�P�Y�J�N�B�U�F �B �D�P�O�U�J�O�V�P�V�T �N�F�U�I�P�E �E�F�T�Q�J�U�F �U�I�J�T �T�U�S�B�J�H�I�U�G�P�S�X�B�S�E �B�Q�Q�S�P�Y�J�N�B�U�J�P�O�� �)�P�X�F�W�F�S�

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

�F�W�F�O �N�P�S�F �Q�S�P�C�M�F�N�B�U�J�D�B�M�M�Z�
 �O�V�N�F�S�J�D�B�M�M�Z �V�O�T�U�B�C�M�F �T�J�O�D�F �U�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �E�J�R�F�S�F�O�D�F
�B�Q�Q�S�P�B�D�I�F�T �[�F�S�P �G�P�S �U�P�P �T�N�B�M�M �B �M�B�Z�F�S �U�I�J�D�L�O�F�T�T�� �5�I�F�S�F�G�P�S�F�
 �U�I�F �C�F�T�U �B�Q�Q�S�P�B�D�I �J�T �U�P
�S�F�T�I�B�Q�F �U�I�J�T �G�P�S�N�V�M�B �U�P �E�J�S�F�D�U�M�Z �D�B�M�D�V�M�B�U�F �U�I�F �Q�I�P�U�P�O �Q�P�J�O�U�J�O�H �W�F�D�U�P�S �J�O�T�U�F�B�E �P�G �S�P�U�B�U��
�J�O�H �J�U �W�J�B�a�k �B�S�P�V�O�E �B �Q�P�U�F�O�U�J�B�M�M�Z �D�P�O�U�J�O�V�P�V�T�M�Z �D�I�B�O�H�J�O�H �B�Y�J�T�� �"�O �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �J�T

����



������ �"�U�N�P�T�Q�I�F�S�F �5�S�B�D�L�J�O�H �.�F�U�I�P�E�T

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

�U�I�F �F�B�S�U�I�Œ�T �T�V�S�G�B�D�F �J�T �E�J�T�Q�M�B�Z�F�E��
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4 Methods and
Implementation

�2�V�B�O�U�J�U�B�U�J�W�F �W�B�M�V�F�T �P�G �S�V�O�U�J�N�F �N�F�B�T�V�S�F�N�F�O�U�T �H�J�W�F�O �J�O �U�I�J�T �D�I�B�Q�U�F�S �X�F�S�F �P�C�U�B�J�O�F�E �P�O
�U�I�F �%�(�9 �"������ �D�P�N�Q�V�U�F�S �T�Z�T�U�F�N�
 �X�I�J�D�I �I�B�T �U�I�F �G�P�M�M�P�X�J�O�H �D�P�N�Q�P�O�F�O�U�T��

�$�P�N�Q�P�O�F�O�U �4�Q�F�D�J�O�D�B�U�J�P�O

�$�1�6 ���Y �"�.�% �&�1�:�$ �������� �������$�P�S�F �1�S�P�D�F�T�T�P�S

�(�1�6 ���Y �/�7�*�%�*�" �"���������4�9�.���������(�# �	�<�����>�


�3�"�. ���5�# �%�%�3��

�5�B�C�M�F ���������)�B�S�E�X�B�S�F �T�Q�F�D�J�S�D�B�U�J�P�O�T �P�G �U�I�F �%�(�9 �"������ �T�Z�T�U�F�N

�5�I�F �N�F�B�T�V�S�F�N�F�O�U�T �X�F�S�F �Q�F�S�G�P�S�N�F�E �P�O �B�O �P�U�I�F�S�X�J�T�F �J�E�M�F �N�B�D�I�J�O�F �P�O �B �T�J�O�H�M�F �$�1�6
�D�P�S�F�
 �V�O�M�F�T�T �P�U�I�F�S�X�J�T�F �T�U�B�U�F�E�
 �B�O�E �B�S�F �H�F�O�F�S�B�M�M�Z �D�P�N�Q�B�S�B�C�M�F�� �5�I�F �T�P�G�U�X�B�S�F �V�T�F�E �X�B�T
�C�V�J�M�U �X�J�U�I �I�B�S�E�X�B�S�F���C�B�T�F�E �P�Q�U�J�N�J�[�B�U�J�P�O�
 �V�T�J�O�H �4�*�.�% �	�4�J�O�H�M�F �*�O�T�U�S�V�D�U�J�P�O �.�V�M�U�J�Q�M�F
�%�B�U�B�
 �T�U�B�O�E�B�S�E�T �G�S�P�N �4�4�& �V�Q �U�P �"�7�9������ �<�����> �U�P �D�P�W�F�S �B �X�J�E�F �S�B�O�H�F �P�G �D�V�S�S�F�O�U�M�Z
�F�Y�J�T�U�J�O�H �I�B�S�E�X�B�S�F �X�J�U�I�P�V�U �I�B�W�J�O�H �U�P �F�Y�Q�F�D�U �N�B�T�T�J�W�F �E�J�R�F�S�F�O�D�F�T �J�O �Q�F�S�G�P�S�N�B�O�D�F
�U�I�S�P�V�H�I �I�B�S�E�X�B�S�F �D�I�B�O�H�F�T��

4.1 Atmosphere

�.�P�T�U �P�G �U�I�F �"�U�N�P�T�Q�I�F�S�F �E�B�U�B �B�W�B�J�M�B�C�M�F �E�P�F�T �O�P�U �D�P�N�F �B�T �B �D�P�O�U�J�O�V�P�V�T �G�V�O�D�U�J�P�O �B�T
�S�F�R�V�J�S�F�E �G�P�S �B �T�J�N�V�M�B�U�J�P�O �X�I�F�S�F �Q�I�P�U�P�O�T �D�B�O �C�F �Q�M�B�D�F�E �B�U �B�S�C�J�U�S�B�S�Z �Q�P�T�J�U�J�P�O�T�� �'�P�S �V�T�F
�J�O �P�O�F �P�G �U�I�F �G�P�V�S �B�U�N�P�T�Q�I�F�S�J�D �N�P�E�F�M�T �E�F�T�D�S�J�C�F�E �J�O �������
 �U�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �D�V�S�W�F
�N�V�T�U �C�F �D�B�M�D�V�M�B�U�F�E �G�S�P�N �U�I�F �F�O�W�J�S�P�O�N�F�O�U�B�M �E�B�U�B �D�P�M�M�F�D�U�F�E �B�U �U�I�F �F�Y�Q�F�S�J�N�F�O�U�� �"�T �U�I�F
�N�P�T�U �H�F�O�F�S�B�M �J�N�Q�M�F�N�F�O�U�B�U�J�P�O�
 �U�I�F �T�J�N�V�M�B�U�J�P�O �F�Y�Q�F�S�U �Q�S�P�W�J�E�F�T �U�I�F �I�F�J�H�I�U���E�F�Q�F�O�E�F�O�U
�S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �E�B�U�B �B�T �B �I�V�N�B�O���S�F�B�E�B�C�M�F �U�B�C�V�M�B�U�F �S�M�F �X�J�U�I �B�S�C�J�U�S�B�S�Z �C�J�O�O�J�O�H�� �*�G �U�I�J�T
�G�P�S�N�B�U �J�T �V�O�B�W�B�J�M�B�C�M�F�
 �4�F�M�M�N�F�J�F�S�Œ�T �G�P�S�N�V�M�B �<�����> �D�B�O �C�F �V�T�F�E �U�P �E�F�E�V�D�F �U�I�F �S�F�G�S�B�D�U�J�W�F
�J�O�E�F�Y �G�S�P�N �Q�S�F�T�T�V�S�F�
 �U�F�N�Q�F�S�B�U�V�S�F�
 �B�O�E �I�V�N�J�E�J�U�Z��

����



�� �.�F�U�I�P�E�T �B�O�E �*�N�Q�M�F�N�F�O�U�B�U�J�P�O

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

�T�P�N�F �B�T�T�V�N�Q�U�J�P�O�T �D�B�O �C�F �N�B�E�F��

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

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

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

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

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

�P�S �U�I�S�F�F �	�D�V�C�J�D�
�� �#�B�T�F�E �P�O �U�I�F �L�O�P�X�M�F�E�H�F �P�G �U�I�F �U�I�F�P�S�F�U�J�D�B�M �D�P�V�S�T�F �P�G �U�I�F �S�F�G�S�B�D�U�J�W�F
�J�O�E�F�Y �D�V�S�W�F�
 �U�I�F �V�T�F �P�G �B�O �F�Y�Q�P�O�F�O�U�J�B�M �J�O�U�F�S�Q�P�M�B�U�J�P�O �C�F�U�X�F�F�O �U�I�F �T�V�Q�Q�P�S�U�T �B�M�T�P �T�F�F�N�T
�S�F�B�T�P�O�B�C�M�F�
 �B�T �D�P�O�S�S�N�F�E �C�Z �U�I�F �M�B�U�F�S �B�O�B�M�Z�T�J�T��
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�5�I�F �$�0�3�4�*�,�" �� �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �U�B�C�M�F�T �X�F�S�F �J�O�U�F�S�Q�P�M�B�U�F�E �B�O�E �Q�M�P�U�U�F�E �U�P �U�F�T�U �U�I�F
�E�J�R�F�S�F�O�U �J�O�U�F�S�Q�P�M�B�U�J�P�O �N�F�U�I�P�E�T�
 �B�T �T�F�F�O �J�O �S�H�V�S�F �#������ �"�T �B�O �B�E�E�J�U�J�P�O�B�M �D�I�F�D�L�

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

�5�I�F �Q�I�P�U�P�O �H�F�O�F�S�B�U�J�P�O �J�T �T�U�S�J�D�U�M�Z �H�F�P�N�F�U�S�Z���E�S�J�W�F�O �B�O�E �I�B�T �M�J�U�U�M�F �P�Q�U�J�N�J�[�B�U�J�P�O �Q�P��
�U�F�O�U�J�B�M �G�S�P�N �B�O �B�M�H�P�S�J�U�I�N �Q�P�J�O�U �P�G �W�J�F�X�� �5�I�F �U�I�S�F�F �J�O�E�J�W�J�E�V�B�M �T�U�F�Q�T �B�S�F �S�F�Q�S�F�T�F�O�U�F�E
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�Q�I�P�U�P�O�T �P�O �B �D�P�O�F �X�J�U�I �U�I�F �J�O�E�J�W�J�E�V�B�M �P�Q�F�O�J�O�H �B�O�H�M�F�b�D�J�O �U�I�F �D�P�P�S�E�J�O�B�U�F �G�S�B�N�F�Œ�T
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 �U�I�F �Q�I�P�U�P�O�T �B�S�F �S�B�O�E�P�N�M�Z �E�J�T�U�S�J�C�V�U�F�E �B�M�P�O�H �U�I�F �D�P�O�F �C�Z �T�B�N�Q�M�J�O�H
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�G�P�M�M�P�X�J�O�H �F�R�V�B�U�J�P�O��
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4.2.2 Fluorescence Photon generation
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4.3 Acceleration methods
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�S�F�E�V�D�U�J�P�O �G�B�D�U�P�S �J�T �O�F�W�F�S �I�J�H�I�F�S �U�I�B�O �U�I�F �S�F�B�M �P�O�F �C�F�D�B�V�T�F �B �S�F�U�S�P�T�Q�F�D�U�J�W�F �J�O�D�S�F�B�T�F �J�O
�Q�I�P�U�P�O�T �J�T �J�N�Q�P�T�T�J�C�M�F��

�5�I�F �T�J�H�I�U �M�F�O�H�U�I �B�O�E �F�N�J�T�T�J�P�O �I�F�J�H�I�U �E�J�T�U�S�J�C�V�U�J�P�O �G�P�S �B������ �(�F�7�Q�I�P�U�P�O �T�I�P�X�F�S �Q�S�P��
�E�V�D�U�J�P�O �B�S�F �G�P�M�E�F�E �X�J�U�I �U�I�F �U�S�B�O�T�N�J�T�T�J�P�O �D�V�S�W�F�
 �4�*�1�. �E�F�U�F�D�U�J�P�O�
 �B�O�E �N�J�S�S�P�S �S�F�T�F�D�U�J�P�O
�Q�S�P�C�B�C�J�M�J�U�Z �U�P �F�T�U�J�N�B�U�F �U�I�F �E�F�H�S�F�F �P�G �S�F�E�V�D�U�J�P�O �Q�P�T�T�J�C�M�F�� �5�I�F �P�S�J�H�J�O�B�M �E�J�T�U�S�J�C�V�U�J�P�O
�B�O�E �U�I�F �S�F�T�V�M�U�T �B�S�F �T�I�P�X�O �J�O �S�H�V�S�F ��������

4.3.2 Filter Level 1

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


����
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�B���%�J�T�Q�M�B�Z�F�E �J�T �U�I�F �T�J�H�I�U �M�F�O�H�U�I �E�J�T�U�S�J�C�V�U�J�P�O �P�G �Q�I�P�U�P�O�T �G�P�S �B�˜���� �(�F�7�1�I�P�U�P�O
�B�J�S�T�I�P�X�F�S �Q�S�P�E�V�D�U�J�P�O �G�P�S ������ �4�I�P�X�F�S�T �J�O �U�I�F���y�U�P�š�˜�y�;�F�O�J�U�I �S�B�O�H�F��

�C���3�F�N�P�W�F�E �Q�I�P�U�P�O �E�J�T�U�S�J�C�V�U�J�P�O

�'�J�H�V�S�F ���������3�F�N�P�W�B�M �S�B�U�F �J�O �B������ �(�F�7 �B�J�S�T�I�P�X�F�S �Q�S�P�E�V�D�U�J�P�O
����



�� �.�F�U�I�P�E�T �B�O�E �*�N�Q�M�F�N�F�O�U�B�U�J�P�O

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

�5�I�F �N�P�T�U �G�V�O�E�B�N�F�O�U�B�M �Q�S�F�S�F�R�V�J�T�J�U�F �G�P�S �U�I�J�T �N�F�U�I�P�E �J�T �U�I�B�U �U�I�F �J�O�T�U�S�V�N�F�O�U�F�E �B�S�F�B �P�G
�U�I�F �$�I�F�S�F�O�L�P�W �F�Y�Q�F�S�J�N�F�O�U�T �J�T �T�N�B�M�M�F�S �U�I�B�O �U�I�F �J�M�M�V�N�J�O�B�U�F�E �B�S�F�B�
 �Q�S�P�E�V�D�J�O�H �Q�B�S�U�J�D�M�F�T
�X�I�F�S�F �U�I�F �M�J�H�I�U �Q�P�P�M �E�P�F�T �O�P�U �D�P�O�U�S�J�C�V�U�F �U�P �U�I�F �E�F�U�F�D�U�P�S�Œ�T �T�J�H�O�B�M�� �'�S�P�N �U�I�J�T�
 �J�U �G�P�M�M�P�X�T
�U�I�B�U �U�I�F �M�J�H�I�U �F�N�J�T�T�J�P�O �O�F�F�E�T �U�P �C�F �E�J�S�F�D�U�J�P�O�B�M �M�J�L�F �$�I�F�S�F�O�L�P�W �M�J�H�I�U�� �J�T�P�U�S�P�Q�J�D �F�N�J�T�T�J�P�O�

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

�'�P�S �U�I�F �$�I�F�S�F�O�L�P�W �5�F�M�F�T�D�P�Q�F �"�S�S�B�Z �	�$�5�"�
 �U�I�F �S�H�V�S�F ������ �E�J�T�Q�M�B�Z�T �U�I�F �M�J�H�I�U �Q�P�P�M �P�G
�B������ �(�F�7�Q�I�P�U�P�O �D�B�T�D�B�E�F �B�H�B�J�O�T�U �B �Q�P�T�T�J�C�M�F �U�F�M�F�T�D�P�Q�F �M�B�Z�P�V�U�� �8�J�U�I �B�O �J�O�D�S�F�B�T�F �J�O
�F�O�F�S�H�Z�
 �;�F�O�J�U�I �B�O�H�M�F�
 �B�O�E �F�W�F�O �N�P�S�F �T�P �G�P�S �I�F�B�W�J�F�S �J�O�J�U�J�B�M �Q�B�S�U�J�D�M�F�T�
 �U�I�F �T�J�[�F �P�G �U�I�F
�D�B�T�D�B�E�F �J�T �J�O�D�S�F�B�T�J�O�H �T�J�H�O�J�S�D�B�O�U�M�Z�� �5�I�J�T �G�B�D�U �J�T �F�W�F�O �N�P�S�F �Q�S�P�O�P�V�O�D�F�E �X�I�F�O �S�F�B�M���X�P�S�M�E
�T�J�N�V�M�B�U�J�P�O�T �J�O�D�M�V�E�F �D�B�T�D�B�E�F�T �U�I�B�U �B�S�F �T�I�J�G�U�F�E �G�S�P�N �U�I�F �B�S�S�B�Z �D�F�O�U�S�F �B�O�E �P�O�M�Z �Q�B�S�U�J�B�M�M�Z
�D�M�J�Q �U�I�F �J�O�T�U�S�V�N�F�O�U�F�E �B�S�F�B�� �5�I�J�T �C�F�I�B�W�J�P�V�S �X�J�M�M �M�J�L�F�M�Z �C�F �S�F�M�F�W�B�O�U �G�P�S �U�I�F �M�J�G�F�U�J�N�F �P�G
�U�I�F �$�0�3�4�*�,�" �� �T�J�N�V�M�B�U�J�P�O �B�T �F�Y�Q�F�S�J�N�F�O�U�T �T�J�N�V�M�U�B�O�F�P�V�T�M�Z �S�F�D�P�S�E�J�O�H �T�F�W�F�S�B�M �T�R�V�B�S�F
�L�J�M�P�N�F�U�S�F�T �P�G �T�F�O�T�P�S �B�S�F�B �X�J�M�M �O�P�U �C�F �Q�P�T�T�J�C�M�F �U�I�S�P�V�H�I �U�F�D�I�O�P�M�P�H�J�D�B�M �B�O�E �S�O�B�O�D�J�B�M
�M�J�N�J�U�B�U�J�P�O�T �B�M�M�P�X�J�O�H �E�J�S�F�D�U �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �J�O �U�I�F �D�P�S�F �Q�I�P�U�P�O �Q�S�P�Q�B�H�B�U�J�P�O �N�P�E�V�M�F��
�" �T�J�N�Q�M�J�S�F�E �B�Q�Q�S�P�B�D�I �X�B�T �B�M�S�F�B�E�Z �V�U�J�M�J�[�F�E �J�O �B �Q�S�F�W�J�P�V�T �X�P�S�L �<�����> �B�O�E �T�I�P�X�F�E
�B�V�T�Q�J�D�J�P�V�T �S�F�T�V�M�U�T �P�G �V�Q �U�P���� �� �S�F�E�V�D�U�J�P�O �J�O �S�V�O�U�J�N�F �G�P�S �T�N�B�M�M �J�O�E�J�W�J�E�V�B�M �U�F�M�F�T�D�P�Q�F�T��

�B���4�P�V�U�I�F�S�O �"�S�S�B�Z �C���/�P�S�U�I�F�S�O �"�S�S�B�Z

�'�J�H�V�S�F ���������%�J�T�Q�M�B�Z�F�E �U�I�F �*�M�M�V�N�J�O�B�U�F�E �S�F�H�J�P�O �P�G �B �������(�F�7 �F�M�F�D�U�S�P�N�B�H�O�F�U�J�D �B�J�S�T�I�P�X�F�S
�X�J�U�I �P�O�F �Q�P�T�T�J�C�M�F �M�B�Z�P�V�U �	�S�B�E�J�V�T �U�P �T�D�B�M�F�
 �P�G �U�I�F �$�I�F�S�F�O�L�P�W �U�F�M�F�T�D�P�Q�F �B�S�S�B�Z��

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

�F�N�Q�M�P�Z�J�O�H �U�I�F �Ž�C�F�T�U�• �Q�P�T�T�J�C�M�F �D�V�U�T �B�W�B�J�M�B�C�M�F��

�5�I�F �U�I�F�P�S�F�U�J�D�B�M �E�F�T�D�S�J�Q�U�J�P�O �P�G �$�I�F�S�F�O�L�P�W �S�B�E�J�B�U�J�P�O�
 �B�T �E�F�T�D�S�J�C�F�E �J�O �����������
 �X�B�T �V�T�F�E
�U�P �S�O�E �B �T�V�J�U�B�C�M�F �D�V�U�U�J�O�H �Q�B�S�B�N�F�U�F�S�� �8�J�U�I �U�I�F �J�O���B�J�S �I�J�H�I�M�Z �D�P�M�M�J�N�B�U�F�E �F�N�J�T�T�J�P�O
�J�O �U�I�F �Q�B�S�U�J�D�M�F�Œ�T �N�P�U�J�P�O �E�J�S�F�D�U�J�P�O�
 �X�J�U�I �B�O �P�Q�F�O�J�O�H �B�O�H�M�F �P�G �M�F�T�T �U�I�B�O��������̄
 �T�J�N�Q�M�F
�H�F�P�N�F�U�S�J�D �D�P�O�T�U�S�B�J�O�U�T �B�S�F �J�E�F�B�M�M�Z �T�V�J�U�F�E �U�P �C�F �V�T�F�E �B�T �D�V�U�U�J�O�H �Q�B�S�B�N�F�U�F�S�T�� �5�P �C�F
�O�P�U�F�E �J�T �U�I�B�U �C�P�U�I �U�I�F �D�I�B�S�H�F�E �Q�B�S�U�J�D�M�F�T �B�O�E�
 �M�B�U�F�S�
 �U�I�F �Q�I�P�U�P�O�T �B�S�F �E�F�T�F�D�U�F�E �E�V�S�J�O�H
�U�I�F �Q�S�P�Q�B�H�B�U�J�P�O �T�U�F�Q �U�I�S�P�V�H�I �W�B�S�J�P�V�T �F�R�F�D�U�T�� �5�I�F�S�F�G�P�S�F�
 �U�I�F �S�F�T�U�S�J�D�U�J�P�O�T �N�V�T�U �Q�S�P�W�J�E�F
�F�O�P�V�H�I �M�F�F�X�B�Z �P�S �P�U�I�F�S�X�J�T�F �D�P�O�T�J�E�F�S �U�I�F �Q�P�T�T�J�C�M�F �E�F�T�F�D�U�J�P�O�T��

Cut optimization

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

�D�P�T�	�k�„�
 ��
���� 
A����


§ ����
§
§�����„
§
�	�������


�k�N�B�Y�� �����'�	�k �� �
 �������
 �k�‰�
 �	�������


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

���� �$�F�O�U�F�S �P�G �B�S�S�B�Z

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

���� �$�F�O�U�F�S �P�G �F�B�D�I �U�F�M�F�T�D�P�Q�F

���� �5�I�F �$�M�P�T�F�T�U �E�J�T�U�B�O�D�F �U�P �F�B�D�I �U�F�M�F�T�D�P�Q�F �C�P�S�E�F�S ���%

���� �5�I�F �$�M�P�T�F�T�U �E�J�T�U�B�O�D�F �U�P �F�B�D�I �U�F�M�F�T�D�P�Q�F �C�P�S�E�F�S ���%

�5�I�S�P�V�H�I �U�I�F �W�F�D�U�P�S �O�B�U�V�S�F �P�G �U�I�F �D�B�M�D�V�M�B�U�J�P�O�
 �F�B�D�I �P�O�F �D�B�O �C�F �J�N�Q�M�F�N�F�O�U�F�E �P�O �(�1�6
�P�S �$�1�6 �X�I�J�M�F �V�T�J�O�H �I�B�S�E�X�B�S�F �B�D�D�F�M�F�S�B�U�J�P�O �M�J�L�F �W�F�D�U�P�S�J�O�H��

����



�� �.�F�U�I�P�E�T �B�O�E �*�N�Q�M�F�N�F�O�U�B�U�J�P�O

4.3.3 Filter level 2

�5�I�F �T�F�D�P�O�E �S�M�U�F�S �U�F�T�U�F�E �J�T �C�B�T�F�E �P�O �U�I�F �G�B�D�U �U�I�B�U �U�I�F �E�F�T�F�D�U�J�P�O �P�G �P�Q�U�J�D�B�M �M�J�H�I�U �G�S�P�N �B
�T�U�S�B�J�H�I�U �M�J�O�F �Q�B�U�I �J�T �D�P�N�Q�B�S�B�C�M�Z �U�J�O�Z �G�P�S �T�I�P�S�U �E�J�T�U�B�O�D�F�T �B�O�E �D�B�O �C�F �B�Q�Q�S�P�Y�J�N�B�U�F�E
�U�I�S�P�V�H�I �U�I�J�T �F�R�P�S�U�M�F�T�T�M�Z�� �6�T�J�O�H �N�F�U�I�P�E�T �T�J�N�J�M�B�S �U�P �U�I�P�T�F �E�F�T�D�S�J�C�F�E �J�O �U�I�F �Q�S�F�W�J�P�V�T
�T�F�D�U�J�P�O �����������
 �Q�I�P�U�P�O�T �D�B�O �C�F �S�F�N�P�W�F�E �C�F�G�P�S�F �U�I�F �Q�I�Z�T�J�D�B�M�M�Z �D�P�S�S�F�D�U �Q�S�P�Q�B�H�B�U�J�P�O �J�T
�B�Q�Q�M�J�F�E�� �6�M�U�J�N�B�U�F�M�Z�
 �I�P�X�F�W�F�S�
 �U�I�F �V�T�F�G�V�M�O�F�T�T �P�G �U�I�J�T �N�F�U�I�P�E �J�T �T�I�P�X�O �U�P �C�F �T�P�N�F�X�I�B�U
�M�J�N�J�U�F�E�� �5�I�F �O�V�N�C�F�S �P�G �Q�I�P�U�P�O�T �J�T �B�M�S�F�B�E�Z �I�J�H�I�
 �B�O�E �U�I�F �S�F�E�V�D�U�J�P�O �J�T �D�P�N�Q�B�S�B�C�M�Z
�T�N�B�M�M�
 �B�T �T�I�P�X�O �J�O ������������ �5�I�F �N�V�D�I �G�B�T�U�F�S �Q�S�P�Q�B�H�B�U�J�P�O �N�F�U�I�P�E �E�F�T�D�S�J�C�F�E �J�O �T�F�D�U�J�P�O
���������� �J�T �I�B�S�E�M�Z �N�P�S�F �F�Y�Q�F�O�T�J�W�F �S�F�H�B�S�E�J�O�H �S�V�O�U�J�N�F �U�I�B�O �U�I�F �T�U�S�B�J�H�I�U���M�J�O�F �D�B�M�D�V�M�B�U�J�P�O��
�5�I�J�T �N�F�U�I�P�E �X�P�V�M�E �P�O�M�Z �C�F �S�F�M�F�W�B�O�U �J�G �N�V�D�I �N�P�S�F �D�P�N�Q�M�F�Y �Q�S�P�Q�B�H�B�U�J�P�O �N�F�U�I�P�E�T
�I�B�E �U�P �C�F �V�T�F�E�
 �X�I�J�D�I �T�I�P�V�M�E �O�P�U �C�F �O�F�D�F�T�T�B�S�Z �G�P�S �U�Z�Q�J�D�B�M �B�U�N�P�T�Q�I�F�S�J�D �D�P�O�E�J�U�J�P�O�T
�B�O�E �H�S�P�V�O�E���C�B�T�F�E �F�Y�Q�F�S�J�N�F�O�U�T��

4.3.4 Filter level 3

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

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

4.4 Photon Propagation

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

����



������ �1�I�P�U�P�O �1�S�P�Q�B�H�B�U�J�P�O

4.4.1 Interpolation Tracing

�5�I�F �J�U�F�S�B�U�J�W�F �O�B�U�V�S�F �P�G �B�M�M �U�I�F �Q�I�P�U�P�O �U�S�B�D�J�O�H �B�M�H�P�S�J�U�I�N�T �J�O�U�S�P�E�V�D�F�E �J�T �E�V�F �U�P �U�I�F
�T�V�Q�Q�P�S�U �P�G �W�B�S�J�P�V�T �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �Q�S�P�S�M�F�T�
 �F�W�F�O �E�Z�O�B�N�J�D�B�M�M�Z �D�I�B�O�H�J�O�H �E�V�S�J�O�H �U�I�F
�S�V�O�U�J�N�F �P�G �U�I�F �T�J�N�V�M�B�U�J�P�O�� �5�I�J�T �B�E�E�F�E �D�P�N�Q�M�F�Y�J�U�Z�
 �D�P�N�C�J�O�F�E �X�J�U�I �U�I�F �S�F�R�V�J�S�F�E
�O�V�N�C�F�S �P�G �Q�I�P�U�P�O�T �U�P �C�F �U�S�B�D�F�E �U�P �U�I�F �P�C�T�F�S�W�B�U�J�P�O �Q�M�B�O�F�
 �N�B�L�F�T �U�I�F�T�F �J�U�F�S�B�U�J�W�F
�T�P�M�V�U�J�P�O�T �N�V�D�I �T�M�P�X�F�S �U�I�B�O �B�D�D�F�Q�U�B�C�M�F �G�P�S �$�0�3�4�*�,�" ���� �5�P �H�J�W�F �B�O �P�W�F�S�W�J�F�X�
 �U�I�F
�S�V�O�U�J�N�F �P�G �Q�I�P�U�P�O �Q�S�P�Q�B�H�B�U�J�P�O �U�I�S�P�V�H�I���� �L�N�P�G �B�U�N�P�T�Q�I�F�S�F �X�J�U�I �B �T�U�F�Q �M�F�O�H�U�I �P�G
���� �N �B�S�F �E�J�T�Q�M�B�Z�F�E �J�O �U�B�C�M�F �������� �8�J�U�I �P�Q�U�J�N�J�[�B�U�J�P�O �P�G �U�I�F �T�U�F�Q �M�F�O�H�U�I�
 �F���H�� �E�F�Q�F�O�E�J�O�H
�P�O �U�I�F �S�F�G�S�B�D�U�J�W�F �J�O�E�F�Y �H�S�B�E�J�F�O�U�
 �B�O �J�N�Q�S�P�W�F�N�F�O�U �P�G �U�I�F �W�B�M�V�F�T �E�J�T�Q�M�B�Z�F�E �J�T �Q�P�T�T�J�C�M�F
�C�V�U �O�P�U �C�Z �T�F�W�F�S�B�M �P�S�E�F�S�T �P�G �N�B�H�O�J�U�V�E�F �S�F�R�V�J�S�F�E �U�P �C�F �D�P�N�Q�F�U�J�U�J�W�F��

�5�I�F �O�F�X�M�Z �E�F�S�J�W�F�E �N�F�U�I�P�E �J�O�T�U�F�B�E �F�Y�Q�M�P�J�U�T �U�I�F �G�B�D�U �U�I�B�U �G�P�S �N�P�T�U �M�B�S�H�F���T�D�B�M�F �Q�S�P��
�E�V�D�U�J�P�O�T�
 �U�I�F �B�U�N�P�T�Q�I�F�S�F �J�T �L�F�Q�U �U�I�F �T�B�N�F �G�P�S �B �T�J�H�O�J�S�D�B�O�U �B�N�P�V�O�U �P�G �J�O�E�J�W�J�E�V�B�M
�F�W�F�O�U�T�� �5�I�F�S�F�G�P�S�F�
 �B �D�P�S�S�F�D�U�J�P�O �U�B�C�M�F �D�B�O �C�F �D�B�M�D�V�M�B�U�F�E �J�O �B�E�W�B�O�D�F �G�S�P�N �U�I�F �E�J�R�F�S�F�O�D�F
�C�F�U�X�F�F�O �U�I�F �T�X�J�G�U �M�J�O�F�B�S �Q�S�P�Q�B�H�B�U�J�P�O �B�O�E �U�I�F �T�M�P�X�F�S �C�V�U �N�P�S�F �B�D�D�V�S�B�U�F �J�U�F�S�B�U�J�W�F
�Q�S�P�Q�B�H�B�U�J�P�O�� �5�I�F �T�Z�N�N�F�U�S�J�F�T �P�C�U�B�J�O�F�E �C�Z �U�I�F �B�U�N�P�T�Q�I�F�S�J�D �N�P�E�F�M�T �T�I�P�X�O �B�C�P�W�F
�	�T�F�D�U�J�P�O �������
 �L�F�F�Q �U�I�F �U�B�C�M�F �T�N�B�M�M �B�O�E�
 �B�C�P�W�F �B�M�M�
 �M�P�X �E�J�N�F�O�T�J�P�O�B�M �F�O�P�V�H�I �U�P �N�B�L�F �J�U
�F�U�D�J�F�O�U�M�Z �V�T�B�C�M�F�� �5�I�F �U�B�C�M�F �E�J�S�F�D�U�M�Z �E�F�Q�F�O�E�T �P�O �U�I�F �O�V�N�C�F�S �P�G �Q�B�S�B�N�F�U�F�S�T �V�O�E�F�S�M�Z�J�O�H
�U�I�F �B�U�N�P�T�Q�I�F�S�J�D �N�P�E�F�M �V�T�F�E �G�P�S �U�I�F �D�B�M�D�V�M�B�U�J�P�O�� �'�J�H�V�S�F �������� �T�I�P�X�T �U�I�F �T�D�I�F�N�B�U�J�D
�S�F�Q�S�F�T�F�O�U�B�U�J�P�O �P�G �U�I�F �T�J�U�V�B�U�J�P�O�
 �J�O�D�M�V�E�J�O�H �U�I�F �M�P�P�L�V�Q �W�B�M�V�F�T �O�F�F�E�F�E �U�P �D�B�M�D�V�M�B�U�F �U�I�F
�D�P�S�S�F�D�U�J�P�O �U�B�C�M�F �G�P�S �Q�M�B�O�B�S �B�O�E �D�Z�M�J�O�E�S�J�D�B�M �B�U�N�P�T�Q�I�F�S�F�T�� �'�P�S �U�I�F �N�P�S�F �T�U�S�B�J�H�I�U�G�P�S�X�B�S�E
�D�B�T�F �P�G �B �Q�M�B�O�B�S �B�U�N�P�T�Q�I�F�S�F�
 �U�I�F �P�R�T�F�U�� �D�B�O �C�F �S�F�N�P�W�F�E�� �G�P�S �U�I�F �N�P�S�F �D�P�N�Q�M�F�Y
�D�B�T�F �P�G �B �T�Q�I�F�S�J�D�B�M �B�U�N�P�T�Q�I�F�S�F�
 �U�I�F �B�O�H�M�F�k �C�F�D�P�N�F�T �U�X�P���E�J�N�F�O�T�J�P�O�B�M �B�O�E �H�F�U�T �B�O
�B�E�E�J�U�J�P�O�B�M �Q�P�J�O�U�J�O�H �B�O�H�M�F�� �%�J�T�U�B�O�D�F�� �G�P�S �U�I�S�F�F �E�J�N�F�O�T�J�P�O�T �F�R�V�B�M�T �U�I�F �S�B�E�J�V�T �J�O �U�I�F
�Q�P�M�B�S �D�P�P�S�E�J�O�B�U�F �G�S�B�N�F �P�G �S�F�G�F�S�F�O�D�F�� �*�U �G�P�M�M�P�X�T �U�I�B�U �U�I�F �C�B�T�J�D �U�B�C�M�F�T �B�S�F ���
 ���
 �B�O�E
�����E�J�N�F�O�T�J�P�O�B�M��

����



�� �.�F�U�I�P�E�T �B�O�E �*�N�Q�M�F�N�F�O�U�B�U�J�P�O
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5 Parallel Computing

�8�J�U�I �U�I�F �H�S�P�X�U�I �P�G �M�B�S�H�F���T�D�B�M�F �B�O�E �J�O�D�S�F�B�T�J�O�H�M�Z �Q�S�F�D�J�T�F �N�F�B�T�V�S�F�N�F�O�U�T �P�G �Q�I�Z�T�J�D�B�M
�Q�S�P�Q�F�S�U�J�F�T�
 �U�I�F �S�F�R�V�J�S�F�N�F�O�U�T �G�P�S �V�O�E�F�S�M�Z�J�O�H �T�J�N�V�M�B�U�J�P�O�T �B�S�F �B�M�T�P �J�O�D�S�F�B�T�J�O�H �B�O�E �P�G�U�F�O
�H�S�P�X �G�B�T�U�F�S �U�I�B�O �U�I�F �U�F�D�I�O�P�M�P�H�Z �B�W�B�J�M�B�C�M�F �G�P�S �T�J�N�V�M�B�U�J�P�O�
 �M�F�B�E�J�O�H �U�P �D�P�O�T�J�E�F�S�B�C�M�F
�D�P�T�U�T �G�P�S �B�E�E�J�U�J�P�O�B�M �J�O�G�S�B�T�U�S�V�D�U�V�S�F�� �5�I�J�T �E�J�T�D�S�F�Q�B�O�D�Z �M�F�B�E�T �U�P �U�I�F �G�B�D�U �U�I�B�U �T�P�N�F �N�F�B��
�T�V�S�F�N�F�O�U�T �D�B�O �P�O�M�Z �C�F �Q�F�S�G�P�S�N�F�E �X�J�U�I �H�S�F�B�U �F�R�P�S�U �C�F�D�B�V�T�F �U�I�F �O�F�F�E�F�E �T�J�N�V�M�B�U�J�P�O�T
�B�S�F �O�P�U �B�W�B�J�M�B�C�M�F �P�S�
 �B�T �J�T �P�G�U�F�O �U�I�F �D�B�T�F�
 �T�U�B�U�J�T�U�J�D�B�M�M�Z �N�B�T�T�J�W�F�M�Z �M�J�N�J�U�F�E�� �$�P�M�M�B�C�P�S�B�U�J�P�O�T
�T�Q�F�O�U �P�G�U�F�O �V�Q �U�P �T�F�W�F�S�B�M������ ������ �I �$�1�6 �5�J�N�F �P�O �D�P�N�Q�M�F�Y �B�O�E �F�Y�U�F�O�T�J�W�F �Q�S�P�H�S�B�N�T �M�J�L�F
�U�I�F �P�O�F�T �O�F�D�F�T�T�B�S�Z �G�P�S �U�I�F �T�J�N�V�M�B�U�J�P�O �P�G �Q�B�S�U�J�D�M�F �J�O�U�F�S�B�D�U�J�P�O�T �B�O�E �Q�S�P�Q�B�H�B�U�J�P�O �U�I�S�P�V�H�I
�U�I�F �B�U�N�P�T�Q�I�F�S�F �	�F���H�� �$�0�3�4�*�,�" �<�����>�
 �P�O �J�O�E�J�W�J�E�V�B�M �Q�S�P�E�V�D�U�J�P�O �S�V�O�T �U�P �C�F �B�C�M�F �U�P
�B�O�B�M�Z�T�F �U�I�F�J�S �S�F�T�V�M�U�T�� �5�I�F �S�V�O�U�J�N�F �D�B�O �F�W�F�O �F�Y�D�F�F�E �U�I�J�T �C�Z �P�S�E�F�S�T �P�G �N�B�H�O�J�U�V�E�F �J�G
�S�B�S�F �Q�I�Z�T�J�D�B�M �Q�S�P�D�F�T�T�F�T �O�F�F�E �U�P �C�F �D�P�W�F�S�F�E��

�*�O �B�E�E�J�U�J�P�O�
 �U�I�F �V�O�E�F�S�M�Z�J�O�H �D�P�E�F �C�B�T�F �P�G �$�0�3�4�*�,�" �I�B�T �H�S�P�X�O �P�W�F�S �N�B�O�Z �H�F�O�F�S�B��
�U�J�P�O�T �P�G �Q�I�Z�T�J�D�J�T�U�T�
 �T�Q�B�O�O�J�O�H �N�P�S�F �U�I�B�O ���� �Z�F�B�S�T�� �5�I�J�T �Q�S�P�M�P�O�H�F�E �U�J�N�F�G�S�B�N�F �N�F�B�O�T
�N�P�E�F�S�O �Q�S�J�O�D�J�Q�M�F�T �B�O�E �U�F�D�I�O�J�R�V�F�T �B�S�F �E�J�U�D�V�M�U �U�P �T�V�Q�Q�P�S�U�
 �B�O�E �U�I�F �M�B�U�F�T�U �I�B�S�E�X�B�S�F
�J�N�Q�S�P�W�F�N�F�O�U�T �B�S�F �P�O�M�Z �D�P�J�O�D�J�E�F�O�U�B�M�M�Z �F�Y�Q�M�P�J�U�F�E �U�I�S�P�V�H�I �D�P�N�Q�J�M�F�S �P�Q�U�J�N�J�T�B�U�J�P�O�� �5�I�J�T
�M�F�B�E�T �U�P �U�I�F �E�J�M�F�N�N�B �U�I�B�U �U�I�F �T�U�S�B�J�H�I�U�G�P�S�X�B�S�E �B�Q�Q�S�P�B�D�I �U�P �S�F�E�V�D�F �S�V�O�U�J�N�F �C�Z �C�V�Z�J�O�H
�N�P�S�F �B�O�E �O�F�X�F�S �I�B�S�E�X�B�S�F �E�P�F�T �O�P�U �T�D�B�M�F �X�F�M�M �X�J�U�I �U�I�F �J�O�D�S�F�B�T�J�O�H �D�P�T�U��

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

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

�5�I�F �Ž�Q�I�Z�T�J�D�J�T�U �Q�B�S�B�M�M�F�M�J�T�B�U�J�P�O�•�
 �U�I�F �9���G�P�M�E �F�Y�F�D�V�U�J�P�O �P�G �U�I�F �Q�S�P�H�S�B�N�
 �X�B�T �B �D�I�F�B�Q �X�B�Z
�U�P �I�B�S�O�F�T�T �U�I�F �Q�B�S�B�M�M�F�M �Q�S�P�D�F�T�T�J�O�H �Q�P�X�F�S �P�G �U�I�F �T�U�S�J�D�U�M�Z �T�F�R�V�F�O�U�J�B�M���T�J�O�H�M�F���U�I�S�F�B�E�F�E
�Q�S�P�H�S�B�N �F�Y�F�D�V�U�J�P�O�� �)�P�X�F�W�F�S�
 �U�I�J�T �E�P�F�T �O�P�U �T�D�B�M�F �P�Q�U�J�N�B�M�M�Z�
 �Q�B�S�U�M�Z �E�V�F �U�P �N�V�M�U�J�Q�M�F
�N�F�N�P�S�Z �B�M�M�P�D�B�U�J�P�O�T �G�S�P�N �F�B�D�I �B�Q�Q�M�J�D�B�U�J�P�O �B�O�E �U�I�F �S�F�T�V�M�U�J�O�H �J�O�D�S�F�B�T�F �J�O �D�B�D�I�F �Q�S�F�T�T�V�S�F��
�&�T�Q�F�D�J�B�M�M�Z �D�P�O�D�F�S�O�J�O�H �J�T �U�I�F �N�F�N�P�S�Z �D�P�O�T�V�N�Q�U�J�P�O �P�O �N�P�E�F�S�O �T�Z�T�U�F�N�T �X�J�U�I ���� �P�S
�N�P�S�F �D�P�S�F�T�� �P�O�M�Z �B �G�F�X �E�B�U�B �D�F�O�U�S�F�T �D�B�O �H�V�B�S�B�O�U�F�F �F�O�P�V�H�I �N�F�N�P�S�Z �U�P �V�U�J�M�J�T�F �B�M�M
�D�P�S�F�T �D�P�N�Q�M�F�U�F�M�Z �X�J�U�I �U�I�F �T�J�N�V�M�B�U�J�P�O �T�P�G�U�X�B�S�F�� �5�I�F �Q�S�P�C�M�F�N �C�F�D�P�N�F�T �F�W�F�O �N�P�S�F
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 1970  1980  1990  2000  2010  2020

Number of
Logical Cores

Frequency (MHz)

Single-Thread
Performance
(SpecINT x 103)

Transistors
(thousands)

Typical Power
(Watts)

Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2021 by K. Rupp

Year

50 Years of Microprocessor Trend Data

�'�J�H�V�S�F ���������%�J�T�Q�M�B�Z�F�E �J�T �U�I�F �J�O�D�S�F�B�T�F �J�O �D�P�N�Q�V�U�J�O�H �Q�F�S�G�P�S�N�B�O�D�F �P�W�F�S �U�I�F �M�B�T�U �Z�F�B�S�T��
�5�I�F �%�B�U�B �E�J�T�Q�M�B�Z�F�E �X�B�T �D�P�M�M�F�D�U�F�E �C�Z �<�����>��
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�Q�S�P�O�P�V�O�D�F�E �X�I�F�O �M�P�P�L�J�O�H �C�F�Z�P�O�E �D�M�B�T�T�J�D �Y���� �$�1�6�T �U�P �P�U�I�F�S �B�S�D�I�J�U�F�D�U�V�S�F�T �T�V�D�I �B�T
�"�3�. �P�S �3�*�4�$�
 �X�I�J�D�I �B�S�F �P�O �U�I�F �S�J�T�F�
 �G�P�S �F�Y�B�N�Q�M�F�
 �X�J�U�I �/�W�J�E�J�B�Œ�T �(�S�B�D�F �B�S�D�I�J�U�F�D�U�V�S�F�T�

�X�I�F�S�F �U�I�F �S�B�U�J�P �P�G �B�W�B�J�M�B�C�M�F �D�P�S�F�T �U�P �3�"�. �D�B�O �T�I�J�G�U �F�W�F�O �G�V�S�U�I�F�S��

�5�I�S�P�V�H�I �U�I�J�T �J�O�D�S�F�B�T�J�O�H �O�V�N�C�F�S �P�G �D�P�S�F�T�
 �U�I�F �M�J�N�J�U �P�G �U�I�F �N�V�M�U�J�Q�M�F �F�Y�F�D�V�U�J�P�O �N�F�U�I�P�E�T
�J�T �B�M�S�F�B�E�Z �S�F�B�D�I�F�E �P�S �X�J�M�M �C�F �T�P�P�O�� �*�O �B�E�E�J�U�J�P�O�
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5.3 Kernel Implementation
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 �T�U�S�V�D�U�V�S�F�� �'�P�S �Q�F�S�G�P�S�N�B�O�D�F �S�F�B�T�P�O�T�
 �U�I�F
�T�F�Q�B�S�B�U�J�P�O �J�T �P�O�M�Z �G�V�O�D�U�J�P�O�B�M �B�O�E �J�N�Q�M�F�N�F�O�U�F�E�
 �F���H�� �U�I�S�P�V�H�I �T�Z�O�D�I�S�P�O�J�T�B�U�J�P�O �C�B�S�S�J�F�S�T
�P�O �U�I�F �(�1�6�
 �O�P�U �B �T�Q�M�J�U �J�O�U�P �E�J�T�U�J�O�D�U �L�F�S�O�F�M �D�B�M�M�T�
 �X�I�J�D�I �X�P�V�M�E �O�F�F�E �E�F�E�J�D�B�U�F�E �$�1�6
�U�J�N�F �U�P �T�D�I�F�E�V�M�F �U�I�F �G�V�O�D�U�J�P�O �W�J�B �U�I�F �E�S�J�W�F�S �"�1�*�� �5�I�J�T �J�O�D�S�F�B�T�F�T �U�I�F �S�S�T�U �N�F�N�P�S�Z
�U�S�B�O�T�G�F�S �U�P �J�O�J�U�J�B�M�J�T�F �B�M�M �E�B�U�B �C�V�U �F�O�B�C�M�F�T �U�I�F �V�T�F �P�G �T�I�B�S�F�E �N�F�N�P�S�Z �C�F�U�X�F�F�O �U�I�F �T�U�B�H�F�T
�C�F�D�B�V�T�F �J�O�E�J�W�J�E�V�B�M �D�B�M�M�T �D�B�O �P�O�M�Z �T�I�B�S�F �E�B�U�B �W�J�B �H�M�P�C�B�M �N�F�N�P�S�Z �B�M�M�P�D�B�U�J�P�O�T��

5.3.1 Import and Filter

�5�I�F �S�M�U�F�S �T�U�B�H�F �J�T �U�I�F �S�S�T�U �X�P�S�L�J�O�H �T�U�B�H�F �J�O �U�I�F �D�P�N�Q�V�U�J�O�H �Q�J�Q�F�M�J�O�F �B�O�E �N�V�T�U �J�O�D�M�V�E�F
�B�M�M �G�V�O�D�U�J�P�O�B�M�J�U�Z �U�P �J�O�H�S�F�T�T �U�I�F �S�F�M�F�W�B�O�U �J�O�G�P�S�N�B�U�J�P�O �V�T�F�E�� �5�I�F �Q�B�S�U�J�D�M�F �J�O�G�P�S�N�B�U�J�P�O
�U�S�B�O�T�G�F�S�S�F�E �U�P �U�I�F �(�1�6 �T�U�P�S�B�H�F �B�S�F�B �J�T �B�M�S�F�B�E�Z �T�J�N�Q�M�J�S�F�E �B�O�E �D�P�O�U�B�J�O�T �P�O�M�Z �U�I�F
�N�J�O�J�N�B�M �T�F�U �P�G �W�B�M�V�F�T �U�P �N�J�O�J�N�J�T�F �E�B�U�B �U�S�B�O�T�G�F�S �U�J�N�F�T��

�/�B�N�F �%�B�U�B�U�Z�Q�F �4�J�[�F �J�O �#�Z�U�F

�1�P�T�J�U�J�P�O �E�P�V�C�M�F��
N ���#

�%�J�S�F�D�U�J�P�O �E�P�V�C�M�F��
N ���#

�.�B�T�T �E�P�V�C�M�F��
N ���#

�&�O�F�S�H�Z �E�P�V�C�M�F��
N ���#

�$�I�B�S�H�F �T�P�B�U��
N ���#

�"�H�F �T�P�B�U ��
N ���#

���� �#

�5�I�F �Q�P�T�J�U�J�P�O �B�O�E �E�J�S�F�D�U�J�P�O �E�B�U�B �B�S�F �U�S�B�O�T�G�F�S�S�F�E �G�S�P�N �H�M�P�C�B�M �N�F�N�P�S�Z �J�O�U�P �U�I�F �S�F�H�J�T�U�F�S
�X�P�S�L�J�O�H �N�F�N�P�S�Z �B�O�E �D�I�F�D�L�F�E �G�P�S �U�I�F �Q�P�T�T�J�C�J�M�J�U�Z �P�G �N�F�B�T�V�S�B�C�M�F �M�J�H�I�U �Q�S�P�E�V�D�U�J�P�O�� �*�O
�B�E�E�J�U�J�P�O�
 �N�B�T�T�
 �D�I�B�S�H�F�
 �B�O�E �F�O�F�S�H�Z �B�S�F �D�P�N�C�J�O�F�E �J�O�U�P �B �N�P�S�F �T�U�S�B�J�H�I�U�G�P�S�X�B�S�E �M�J�H�I�U
�Z�J�F�M�E �Q�B�S�B�N�F�U�F�S�� �5�I�F �B�H�F �P�G �U�I�F �Q�I�P�U�P�O�
 �X�J�U�I �U�I�F �D�B�T�D�B�E�F �T�U�B�S�U �T�F�U �B�T �[�F�S�P�
 �D�B�O �C�F
�Q�S�P�Q�B�H�B�U�F�E �U�I�S�P�V�H�I �U�I�F �(�1�6 �P�S �B�Q�Q�M�J�F�E �B�G�U�F�S�X�B�S�E�T �B�T �B�O �P�R�T�F�U �C�Z �C�P�P�L�L�F�F�Q�J�O�H
�U�I�F �M�J�H�I�U���H�F�O�F�S�B�U�J�O�H �Q�B�S�U�J�D�M�F�T�Œ �B�H�F�T�� �5�I�J�T �W�B�M�V�F �J�T �F�T�T�F�O�U�J�B�M �G�P�S �Q�I�P�U�P�O �B�S�S�J�W�B�M �U�J�N�F
�D�B�M�D�V�M�B�U�J�P�O�� �*�G �B�M�M �Q�S�F�M�J�N�J�O�B�S�Z �D�I�F�D�L�T �B�O�E �S�M�U�F�S �T�U�B�H�F�T �B�S�F �T�V�D�D�F�T�T�G�V�M�
 �U�I�F �Q�B�S�U�J�D�M�F �J�T
�T�U�P�S�F�E �J�O �T�I�B�S�F�E �N�F�N�P�S�Z �G�P�S �G�V�S�U�I�F�S �X�P�S�L��
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�� �1�B�S�B�M�M�F�M �$�P�N�Q�V�U�J�O�H

5.3.2 Photon Generation

�1�I�P�U�P�O �H�F�O�F�S�B�U�J�P�O �J�T �E�P�O�F �J�O �U�I�F �T�B�N�F �X�B�Z �B�T �F�Y�Q�M�B�J�O�F�E �J�O ������ �G�P�S �$�1�6�� �$�S�F�B�U�F�E
�Q�I�P�U�P�O�T �B�S�F �U�S�B�O�T�G�F�S�S�F�E �U�P �T�I�B�S�F�E �N�F�N�P�S�Z �U�P �C�F �Q�S�P�D�F�T�T�F�E �G�V�S�U�I�F�S�� �/�P �E�F�U�B�J�M�F�E �I�J�T�U�P�S�Z
�J�T �L�F�Q�U �G�P�S �J�O�G�P�S�N�B�U�J�P�O �M�J�L�F �Q�I�P�U�P�O �P�S�J�H�J�O �U�P �M�J�N�J�U �U�I�F �C�P�P�L�L�F�F�Q�J�O�H �X�P�S�L�M�P�B�E��

�5�I�F �V�T�F�E �"������ �(�1�6 �I�B�T �B�O �-�� �$�B�D�I�F �T�J�[�F �P�G������ �L�#�
 �X�I�J�D�I �J�T �T�I�B�S�F�E �C�F�U�X�F�F�O �U�F�Y�U�V�S�F
�N�F�N�P�S�Z�
 �T�I�B�S�F�E �N�F�N�P�S�Z �B�O�E �O�P�S�N�B�M �D�B�D�I�F �V�T�F�� �5�I�F �E�S�J�W�F�S�T �B�M�M�P�X�T �U�P �D�I�P�P�T�F�� �L�#�

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

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

�/�B�N�F �%�B�U�B�U�Z�Q�F �4�J�[�F �J�O �#�Z�U�F

�1�P�T�J�U�J�P�O �T�P�B�U��
N ���#

�%�J�S�F�D�U�J�P�O �T�P�B�U��
N ���#

�8�B�W�F�M�F�O�H�U�I �T�P�B�U��
N ���#

�"�H�F �T�P�B�U ��
N ���#

�8�F�J�H�I�U �T�P�B�U��
N ���#

���� �#

�5�I�F �E�F�G�B�V�M�U �W�B�M�V�F �P�G���� �L�#�J�T �T�V�U�D�J�F�O�U �U�P �T�U�P�S�F�ˆ������ �Q�I�P�U�P�O�T�� �8�J�U�I �F�O�P�V�H�I �D�B�D�I�F �U�P
�T�Q�B�S�F�
 �U�I�F �T�J�[�F �I�B�T �C�F�F�O �J�O�D�S�F�B�T�F�E �U�P������ �L�#�
 �X�I�J�D�I �J�T �T�V�Q�Q�P�S�U�F�E �C�Z �B �X�J�E�F�S �S�B�O�H�F
�P�G �B�D�D�F�M�F�S�B�U�P�S�T�
 �B�M�M�P�X�J�O�H �V�Q �U�P�������� �Q�I�P�U�P�O�T �U�P �B�D�D�V�N�V�M�B�U�F �C�F�G�P�S�F �U�I�F �Q�S�P�Q�B�H�B�U�J�P�O
�S�P�V�U�J�O�F �J�T �F�Y�F�D�V�U�F�E �B�O�E �U�I�F �C�V�R�F�S �E�S�B�J�O�F�E��

5.3.3 Fluorescence Emission

�5�I�F �M�J�H�I�U �Z�J�F�M�E �J�T �Q�S�F�T�F�O�U�M�Z �D�B�M�D�V�M�B�U�F�E �G�P�S �F�B�D�I �Q�B�S�U�J�D�M�F �P�O �U�I�F �$�1�6 �U�P �Q�S�P�W�J�E�F �B
�G�P�V�O�E�B�U�J�P�O �G�P�S �T�F�W�F�S�B�M �F�Y�Q�F�S�J�N�F�O�U�T�� �0�O�F �S�F�B�T�P�O �J�T �U�I�B�U �$�0�3�4�*�,�" ���
 �J�O �U�I�F �V�U�J�M�J�T�F�E
�W�F�S�T�J�P�O�
 �E�P�F�T �O�P�U �Q�S�P�W�J�E�F �B �T�U�B�O�E�B�S�E �J�O�U�F�S�G�B�D�F �U�P �B�D�D�F�T�T �U�I�F �S�F�M�F�W�B�O�U �J�P�O�J�T�B�U�J�P�O
�M�P�T�T �J�O�G�P�S�N�B�U�J�P�O �J�O �U�I�F �S�F�M�F�B�T�F �C�S�B�O�D�I�� �5�I�F �T�P�M�V�U�J�P�O�
 �B�T �P�G �O�P�X�
 �V�T�F�T �B �W�F�S�Z �D�P�B�S�T�F
�B�Q�Q�S�P�Y�J�N�B�U�J�P�O �U�P �U�F�T�U �U�I�F �F�Y�J�T�U�J�O�H �J�N�Q�M�F�N�F�O�U�B�U�J�P�O�� �5�I�F �O�V�N�C�F�S �P�G �Q�I�P�U�P�O�T �U�I�B�U
�T�I�P�V�M�E �C�F �D�S�F�B�U�F�E �J�T �U�I�F�O �G�P�S�X�B�S�E�F�E �U�P �U�I�F �(�1�6 �J�O �D�P�N�C�J�O�B�U�J�P�O �X�J�U�I �U�I�F �Q�B�S�U�J�D�M�F
�T�U�B�S�U �B�O�E �F�O�E �Q�P�T�J�U�J�P�O �U�P �H�F�O�F�S�B�U�F �B�O�E �Q�S�P�Q�B�H�B�U�F �U�I�F �Q�I�P�U�P�O�T�� �5�I�F �X�B�W�F�M�F�O�H�U�I �P�G
�F�B�D�I �Q�I�P�U�P�O �J�T �T�B�N�Q�M�F�E �B�D�D�P�S�E�J�O�H �U�P �U�I�F �Q�S�P�C�B�C�J�M�J�U�Z �E�J�T�U�S�J�C�V�U�J�P�O �P�G �F�B�D�I �S�F�M�B�Y�B�U�J�P�O
�D�I�B�O�O�F�M �<�����>��
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������ �%�B�U�B �"�H�H�S�F�H�B�U�J�P�O �B�O�E �T�Z�O�D�I�S�P�O�J�T�B�U�J�P�O

5.3.4 Photon Tracing

�'�P�S �U�I�F �O�V�N�C�F�S �P�G �Q�I�P�U�P�O�T �O�F�F�E�F�E �U�P �C�F �Q�S�P�Q�B�H�B�U�F�E�
 �N�P�S�F �U�I�B�O�� 
N �����…�$�I�F�S�F�O�L�P�W
�Q�I�P�U�P�O�T �B�M�P�O�F �G�P�S �B�O �B�W�F�S�B�H�F�� �5�F�7�W�F�S�U�J�D�B�M �&�.���4�I�P�X�F�S �	�X�J�U�I�P�V�U �S�M�U�F�S�J�O�H �B�Q�Q�M�J�F�E�
�

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

5.4 Data Aggregation and synchronisation

�8�J�U�I �(�1�6�T�Œ �I�J�H�I �U�I�S�P�V�H�I�Q�V�U�
 �U�I�F �Q�S�P�Q�B�H�B�U�F�E �Q�B�S�U�J�D�M�F�T �H�F�O�F�S�B�U�F�E �C�Z �B �T�J�O�H�M�F���U�I�S�F�B�E�F�E
�$�1�6 �J�O�T�U�B�O�D�F �P�G �$�0�3�4�*�,�" �B�S�F �J�O�T�V�U�D�J�F�O�U �U�P �L�F�F�Q �U�I�F �(�1�6 �G�V�M�M�Z �T�B�U�V�S�B�U�F�E�� �8�J�U�I �B�O
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�Q�B�U�U�F�S�O�T �J�O �U�I�F �T�Z�O�D�I�S�P�O�J�T�B�U�J�P�O �N�P�E�V�M�F�T �B�W�B�J�M�B�C�M�F �G�P�S �$�0�3�4�*�,�" �� �B�O�E �$�0�3�4�*�,�" ����
�*�U �S�F�Q�S�F�T�F�O�U�T �U�I�F �Ž�.�B�O�Z���U�P���P�O�F�• �Q�B�U�U�F�S�O�
 �X�I�F�S�F �N�V�M�U�J�Q�M�F �T�J�N�V�M�B�U�J�P�O�T �T�F�O�E �E�B�U�B �U�P �B
�T�J�O�H�M�F �D�P�O�T�V�N�F�S�
 �B�O�E �U�I�F �Ž�0�O�F���U�P���N�B�O�Z�• �Q�B�U�U�F�S�O�
 �X�I�F�S�F �B �T�J�O�H�M�F �T�J�N�V�M�B�U�J�P�O �T�F�O�E�T
�E�B�U�B �U�P �N�V�M�U�J�Q�M�F �D�P�O�T�V�N�F�S�T��

����



6 Comparison and Results

6.1 Synchronisation

�5�I�F �T�Z�O�D�I�S�P�O�J�T�B�U�J�P�O �N�F�U�I�P�E�T �J�N�Q�M�F�N�F�O�U�F�E �J�O �$�0�3�4�*�,�" �� �B�O�E �� �N�B�L�F �J�U �Q�P�T�T�J�C�M�F
�U�P �D�P�N�N�V�O�J�D�B�U�F �X�J�U�I �B�S�C�J�U�S�B�S�Z �Q�S�P�H�S�B�N�T �B�T �M�P�O�H �B�T �U�I�F �J�O�U�F�S�G�B�D�F �J�T �J�N�Q�M�F�N�F�O�U�F�E��
�4�B�N�Q�M�F �J�N�Q�M�F�N�F�O�U�B�U�J�P�O�T �G�P�S �U�I�F �Q�S�P�H�S�B�N�N�J�O�H �M�B�O�H�V�B�H�F�T �$���� �B�O�E �1�Z�U�I�P�O �X�F�S�F
�E�F�W�F�M�P�Q�F�E �B�O�E �B�D�U �B�T �E�P�D�V�N�F�O�U�B�U�J�P�O �P�S �B�O �J�O�U�S�P�E�V�D�U�J�P�O �G�P�S �O�F�X �V�T�F�S�T�� �8�I�J�M�F �U�I�F
�$���� �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �D�B�O �E�J�S�F�D�U�M�Z �V�T�F �U�I�F �;�.�2 �M�J�C�S�B�S�Z �B�O�E �I�B�T �B�D�D�F�T�T �U�P �U�I�F �S�F�R�V�J�S�F�E
�C�J�O�B�S�Z �D�P�O�W�F�S�T�B�U�J�P�O �G�S�P�N �U�I�F �S�B�X �E�B�U�B �J�O�U�P �U�I�F �J�N�Q�M�F�N�F�O�U�F�E �D�M�B�T�T �T�U�S�V�D�U�V�S�F�
 �B �Q�V�S�F
�1�Z�U�I�P�O �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �X�P�V�M�E �F�Y�Q�F�S�J�F�O�D�F �B�E�E�J�U�J�P�O�B�M �P�W�F�S�I�F�B�E �J�O �D�P�O�W�F�S�U�J�O�H �J�O�D�P�N�J�O�H
�E�B�U�B�U�Z�Q�F�T�� �"�T �B �T�P�M�V�U�J�P�O�
 �U�I�F �E�B�U�B �S�F�D�F�J�W�J�O�H �B�O�E �D�P�O�W�F�S�T�J�P�O �J�T �L�F�Q�U �J�O �$���� �B�O�E
�F�Y�Q�P�S�U�F�E �U�I�S�P�V�H�I �B �Q�Z�C�J�O�E���� �<�����> �J�O�U�F�S�G�B�D�F �F�Y�Q�P�T�J�O�H �U�I�F �S�F�M�F�W�B�O�U �J�O�G�P�S�N�B�U�J�P�O��

�5�I�F �Q�S�J�N�B�S�Z �Q�V�S�Q�P�T�F �P�G �U�I�J�T �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �J�T �F�B�T�F �P�G �V�T�F �B�O�E �U�I�F �C�S�P�B�E�F�T�U �Q�P�T�T�J�C�M�F
�B�Q�Q�M�J�D�B�C�J�M�J�U�Z �G�P�S �S�B�Q�J�E �Q�S�P�U�P�U�Z�Q�J�O�H �P�G �J�E�F�B�T�� �*�O �U�I�F �D�B�T�F �P�G �$�0�3�4�*�,�" ���
 �U�I�J�T �N�F�B�O�T
�U�I�B�U �B�M�M �V�T�B�C�M�F �E�B�U�B �J�T �F�Y�Q�P�S�U�F�E��

�“ �1�B�S�U�J�D�M�F �U�S�B�D�L�T

�“ �$�I�F�S�F�O�L�P�W �Q�B�S�U�J�D�M�F �U�S�B�D�L�T

�“ �$�I�F�S�F�O�L�P�W �U�S�B�D�L �T�F�H�N�F�O�U�T

�“ �*�O�U�F�S�B�D�U�J�P�O �Q�P�J�O�U�T

�“ �(�F�O�F�S�B�U�F�E �$�I�F�S�F�O�L�P�W �Q�I�P�U�P�O�T

�“ �&�W�F�O�U �B�O�E �T�J�N�V�M�B�U�J�P�O �I�F�B�E�F�S�T

�8�J�U�I�P�V�U �B �T�Q�F�D�J�S�D �G�P�D�V�T�
 �U�I�F �B�N�P�V�O�U �P�G �J�O�G�P�S�N�B�U�J�P�O �T�F�O�U �J�T �M�B�S�H�F�
 �D�S�F�B�U�J�O�H �B �T�J�H�O�J�S�D�B�O�U
�P�W�F�S�I�F�B�E�� �" �T�J�O�H�M�F �E�B�U�B �T�F�H�N�F�O�U�
 �D�B�M�M�F�E �B �Q�B�D�L�F�U�
 �D�P�O�T�J�T�U�T �P�G �B �D�I�B�S�B�D�U�F�S���C�B�T�F�E
�J�E�F�O�U�J�S�F�S �B�O�E �P�O�F �P�G �U�I�F �B�C�P�W�F �J�U�F�N�T �B�T �Q�B�Z�M�P�B�E �J�O �W�B�S�Z�J�O�H �T�J�[�F�T�� �*�U �J�T �D�S�F�B�U�F�E
�B�O�E �T�F�O�U �X�I�F�O �U�I�F �E�B�U�B �J�T �B�W�B�J�M�B�C�M�F�
 �S�F�T�V�M�U�J�O�H �J�O �W�F�S�Z �M�P�X �M�B�U�F�O�D�Z�� �.�F�B�T�V�S�J�O�H �U�I�F
�F�R�F�D�U �P�O �U�I�F �T�J�N�V�M�B�U�J�P�O �J�O �U�I�F �E�F�G�B�V�M�U �D�P�O�S�H�V�S�B�U�J�P�O �B�H�B�J�O�T�U �B�O �F�N�Q�U�Z �D�M�J�F�O�U�
 �X�I�J�D�I
�J�N�N�F�E�J�B�U�F�M�Z �M�P�H�T �B�O�E �E�J�T�D�B�S�E�T �B�M�M �N�F�T�T�B�H�F�T�
 �T�I�P�X�T �U�I�B�U �U�I�F �S�B�X �Q�B�D�L�F�U �U�I�S�P�V�H�I�Q�V�U
�T�U�B�C�J�M�J�T�F�T �B�U�ˆ������ ������ ���� �T �X�J�U�I �B �E�B�U�B �U�S�B�O�T�G�F�S �S�B�U�F �P�G�ˆ������ �.�# ���T�� �%�J�T�B�C�M�J�O�H �N�F�T�T�B�H�F

����



�� �$�P�N�Q�B�S�J�T�P�O �B�O�E �3�F�T�V�M�U�T

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

�"�O �J�N�Q�B�D�U �T�U�V�E�Z �X�J�U�I �$�0�3�4�*�, �"�� �J�T �O�P�U �S�F�M�F�W�B�O�U �B�U �U�I�J�T �T�U�B�H�F�� �X�J�U�I �U�I�F �N�V�D�I �T�M�P�X�F�S
�T�Q�F�F�E �P�G �U�I�F �T�J�N�V�M�B�U�J�P�O�
 �U�I�F �J�N�Q�B�D�U �X�J�M�M �C�F �R�V�J�U�F �T�N�B�M�M �J�O �Q�F�S�D�F�O�U�B�H�F �U�F�S�N�T�� �5�I�F
�J�N�Q�M�F�N�F�O�U�B�U�J�P�O �Q�S�P�W�J�E�F�T �C�B�T�J�D�B�M�M�Z �U�I�F �T�B�N�F �U�P�Q���M�F�W�F�M �M�J�T�U �P�G �J�O�G�P�S�N�B�U�J�P�O �B�T �$�0�3�4�*�,�"
�� �C�V�U �E�J�R�F�S�T �J�O �T�P�N�F �E�F�U�B�J�M�T�� �)�F�O�D�F�
 �T�F�Q�B�S�B�U�F �I�F�B�E�F�S �B�O�E �E�B�U�B �Q�B�D�L�F�U�T �B�S�F �V�T�F�E�� �"�O
�B�E�E�J�U�J�P�O�B�M �G�F�B�U�V�S�F �J�T �U�I�F �J�O�D�M�V�T�J�P�O �P�G �Q�B�S�U�J�D�M�F �U�S�B�D�L�T�
 �X�I�J�D�I �B�M�M�P�X�T �E�J�S�F�D�U �D�P�N�Q�B�S�J�T�P�O
�P�G �T�F�D�P�O�E�B�S�Z �F�R�F�D�U �J�N�Q�M�F�N�F�O�U�B�U�J�P�O�T �T�V�D�I �B�T �$�I�F�S�F�O�L�P�W �P�S �3�B�E�J�P �P�O �U�I�F �T�B�N�F �T�I�P�X�F�S�

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

6.2 Cutting Strategies

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

���� �$�F�O�U�F�S �P�G �B�S�S�B�Z

���� �$�M�P�T�F�T�U �U�P �B�S�S�B�Z �P�V�U�M�J�O�F

���� �$�F�O�U�F�S �P�G �U�I�F �U�F�M�F�T�D�P�Q�F�T

���� �$�M�P�T�F�T�U �U�P ���% �U�F�M�F�T�D�P�Q�F

���� �$�M�P�T�F�T�U �U�P ���% �U�F�M�F�T�D�P�Q�F

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

�E�J�R�F�S�F�O�U �U�F�M�F�T�D�P�Q�F �D�P�O�T�U�F�M�M�B�U�J�P�O�T �X�F�S�F �U�F�T�U�F�E �X�J�U�I �B �N�P�E�J�S�F�E �4�J�N�V�M�B�U�J�P�O�
 �X�I�J�D�I
�M�B�C�F�M�T �J�G �B�O�E �I�P�X �N�B�O�Z �Q�I�P�U�P�O�T �G�S�P�N �B �U�S�B�D�L �S�F�B�D�I �B �C�P�V�O�E�J�O�H �T�Q�I�F�S�F �B�S�P�V�O�E �U�I�F
�U�F�M�F�T�D�P�Q�F �B�G�U�F�S �U�I�F�Z �X�F�S�F �Q�S�P�Q�B�H�B�U�F�E �U�I�S�P�V�H�I �U�I�F �B�U�N�P�T�Q�I�F�S�F�� �5�I�F �S�F�T�V�M�U�J�O�H �D�V�U�T
�B�S�F �C�Z �O�P �N�F�B�O�T �P�Q�U�J�N�B�M �C�F�D�B�V�T�F �B�O�H�V�M�B�S �B�D�D�F�Q�U�B�O�D�F �J�T �D�P�N�Q�M�F�U�F�M�Z �J�H�O�P�S�F�E�
 �C�V�U �U�I�F�Z
�Q�S�P�W�J�E�F �B �H�P�P�E �T�U�B�S�U�J�O�H �Q�P�J�O�U �G�P�S �B�M�M �F�Y�Q�F�S�J�N�F�O�U�T �J�G �G�V�S�U�I�F�S �P�Q�U�J�N�J�T�B�U�J�P�O �J�T �O�F�F�E�F�E��
�" �$�5�"���/�P�S�U�I �B�O�E ���4�P�V�U�I���M�J�L�F �F�Y�B�N�Q�M�F �D�P�O�S�H�V�S�B�U�J�P�O�
 �E�F�U�B�J�M�T �B�S�F �B�U�U�B�D�I�F�E �U�P �U�I�F
�B�Q�Q�F�O�E�J�Y �#�����
 �J�T �T�Q�F�D�J�S�D�B�M�M�Z �T�F�M�F�D�U�F�E �G�P�S �J�U�T �P�O�H�P�J�O�H �J�N�Q�P�S�U�B�O�D�F��

����



������ �$�V�U�U�J�O�H �4�U�S�B�U�F�H�J�F�T

6.2.1 Early particle removal

�5�I�F �S�S�T�U �E�B�U�B �S�F�E�V�D�U�J�P�O �T�U�B�H�F �� �Q�B�S�U�J�D�M�F �S�F�N�P�W�B�M �� �B�T �F�Y�Q�M�B�J�O�F�E �J�O �����������
 �J�T �P�O�F �P�G �U�I�F
�C�J�H�H�F�T�U �B�M�H�P�S�J�U�I�N�J�D �D�I�B�O�H�F�T �B�O�E �S�F�R�V�J�S�F�T �S�J�H�P�S�P�V�T �U�F�T�U�J�O�H �C�F�D�B�V�T�F �P�G �J�U�T �Q�P�U�F�O�U�J�B�M�M�Z
�M�B�S�H�F �O�F�H�B�U�J�W�F �J�O�T�V�F�O�D�F �P�O �U�I�F �T�J�N�V�M�B�U�J�P�O�� �'�P�S �U�I�F �U�I�S�F�F �N�P�T�U �V�T�F�G�V�M �P�Q�U�J�P�O�T�
 �B�O�H�M�F
�U�P �U�I�F �B�S�S�B�Z �D�F�O�U�S�F�
 �B�O�H�M�F �U�P �U�I�F �J�O�E�J�W�J�E�V�B�M �U�F�M�F�T�D�P�Q�F �D�F�O�U�S�F�T�
 �B�O�E �N�J�O�J�N�B�M �B�O�H�M�F �U�P
�U�I�F �U�F�M�F�T�D�P�Q�F �C�P�V�O�E�J�O�H �T�Q�I�F�S�F�T�
 �U�I�F �S�F�T�V�M�U�J�O�H �E�J�T�U�S�J�C�V�U�J�P�O�T �B�S�F �E�J�T�Q�M�B�Z�F�E �J�O �U�I�F �U�I�S�F�F
�S�H�V�S�F�T �������� �5�I�F�Z �E�J�T�Q�M�B�Z �U�I�F �O�V�N�C�F�S �P�G �T�V�C���U�S�B�D�L�T �X�J�U�I �U�I�F �D�P�S�S�F�T�Q�P�O�E�J�O�H �B�O�H�M�F�T
�U�I�B�U �E�P �P�S �E�P �O�P�U �D�P�O�U�S�J�C�V�U�F �U�P �U�I�F �E�F�U�F�D�U�B�C�M�F �M�J�H�I�U �F�N�J�T�T�J�P�O�� �*�U �C�F�D�P�N�F�T �W�J�T�J�C�M�F
�U�I�B�U �O�P �D�M�F�B�S �T�F�Q�B�S�B�U�J�P�O �D�B�O �C�F �G�P�V�O�E �G�P�S �F�Y�U�F�O�E�F�E �U�F�M�F�T�D�P�Q�F �B�S�S�B�Z�T �X�I�F�O �P�O�M�Z �P�O�F
�Q�B�S�B�N�F�U�F�S �J�T �D�P�O�T�J�E�F�S�F�E�� �#�Z �B�E�E�J�O�H �U�I�F �E�J�T�U�B�O�D�F �J�O �B ���% �1�M�P�U �	�'�J�H�V�S�F ������ �B�O�E �#�����
 �B
�D�M�F�B�S�F�S �T�F�Q�B�S�B�U�J�P�O �D�B�O �C�F �G�P�V�O�E��

�”���“ �G�D�V�U�� �� �D�V�U

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

6.2.2 Photon removal

�5�I�F �S�F�N�P�W�B�M �P�G �Q�I�P�U�P�O�T�
 �U�I�F �T�F�D�P�O�E �E�B�U�B �S�F�E�V�D�U�J�P�O �T�U�B�H�F�
 �D�B�O �C�F �E�P�O�F �B�G�U�F�S �U�I�F
�Q�S�P�Q�B�H�B�U�J�P�O �D�P�S�S�F�D�U�J�P�O �X�I�F�O �U�I�F �Q�I�P�U�P�O �Q�P�T�J�U�J�P�O �J�T �L�O�P�X�O �Q�S�F�D�J�T�F�M�Z �P�S �X�J�U�I �X�J�E�F�S
�N�B�S�H�J�O�T �C�F�G�P�S�F �U�I�F �D�P�S�S�F�D�U�J�P�O �J�T �B�Q�Q�M�J�F�E�� �5�I�F �T�F�D�P�O�E �N�F�U�I�P�E �T�J�H�O�J�S�D�B�O�U�M�Z �S�F�E�V�D�F�T
�U�I�F �O�V�N�C�F�S �P�G �U�B�C�M�F �M�P�P�L�V�Q�T �S�F�R�V�J�S�F�E �G�P�S �B�Q�Q�M�Z�J�O�H �U�I�F �D�P�S�S�F�D�U�J�P�O�� �5�I�F �U�I�S�F�F �S�H�V�S�F�T
������ �T�I�P�X �U�I�F �F�R�F�D�U�T �P�G �U�I�F �S�F�N�P�W�B�M �Q�S�P�D�F�T�T �C�Z �E�J�T�Q�M�B�Z�J�O�H �N�B�S�H�J�O�T �B�H�B�J�O�T�U �U�I�F �O�V�N�C�F�S
�P�G �Q�I�P�U�P�O�T �T�V�S�W�J�W�J�O�H �P�S �B�D�D�J�E�F�O�U�B�M�M�Z �S�F�N�P�W�F�E �G�P�S �U�I�F �F�Y�B�N�Q�M�F �Q�S�P�E�V�D�U�J�P�O �V�Q �U�P�����¯
�J�O�D�M�J�O�B�U�J�P�O�� �8�J�U�I �B �S�F�N�P�W�B�M �S�B�U�F �P�G�ˆ���� �� �B�O�E �N�P�S�F�
 �B�M�M �U�I�S�F�F �P�Q�U�J�P�O�T �Q�S�P�W�J�E�F �H�P�P�E
�S�F�T�V�M�U�T�� �.�P�S�F �Q�S�P�C�M�F�N�B�U�J�D �J�T �U�I�F �M�P�X �Q�V�S�J�U�Z �P�G �E�F�U�F�D�U�B�C�M�F �Q�I�P�U�P�O�T �X�J�U�I�������� �B�O�E
���������S�F�T�Q�F�D�U�J�W�F�M�Z�
 �X�I�F�O �V�T�F�E �U�P �E�F�U�F�S�N�J�O�F �X�I�J�D�I �Q�I�P�U�P�O�T �T�I�P�V�M�E �C�F �T�U�P�S�F�E �E�J�S�F�D�U�M�Z��
�"�T �B �S�F�T�V�M�U�
 �U�I�F �S�M�F �T�J�[�F �X�P�V�M�E �J�O�D�S�F�B�T�F �T�J�H�O�J�S�D�B�O�U�M�Z�
 �D�B�V�T�J�O�H �Q�S�P�C�M�F�N�T �J�O �T�F�W�F�S�B�M
�Q�M�B�D�F�T�� �%�F�Q�F�O�E�J�O�H �P�O �U�I�F �T�U�P�S�B�H�F �T�Z�T�U�F�N �B�O�E �T�U�B�U�J�T�U�J�D�T �S�F�R�V�J�S�F�E�
 �B �T�J�[�F �J�O�D�S�F�B�T�F �P�G
�B �G�B�D�U�P�S �P�G �� �D�B�O �C�F �S�F�B�T�P�O�B�C�M�Z �B�D�D�F�Q�U�F�E�� �)�P�X�F�W�F�S�
 �P�O�M�Z �U�I�F �C�F�T�U �B�O�E �T�M�P�X�F�T�U �U�P
�D�B�M�D�V�M�B�U�F �N�F�U�I�P�E �X�J�U�I �U�I�F ���% �E�J�T�U�B�O�D�F �U�P �U�I�F �U�F�M�F�T�D�P�Q�F�Œ�T �C�P�V�O�E�J�O�H �T�Q�I�F�S�F �X�P�V�M�E
�Q�S�P�W�J�E�F �B �S�F�B�T�P�O�B�C�M�F �S�M�F �T�J�[�F �P�G �U�I�J�T �M�F�W�F�M��

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

����



�� �$�P�N�Q�B�S�J�T�P�O �B�O�E �3�F�T�V�M�U�T
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�D���#�P�V�O�E�J�O�H �T�Q�I�F�S�F

�E���7�F�S�U�J�D�B�M �1�I�P�U�P�O �$�B�T�D�B�E�F
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�F���$�F�O�U�F�S �P�G �B�S�S�B�Z �G���$�F�O�U�F�S �P�G �U�F�M�F�D�P�Q�F�T

�H���#�P�V�O�E�J�O�H �T�Q�I�F�S�F

�I�� ���y�U�P�é���y�1�S�P�U�P�O �$�B�T�D�B�E�F �X�J�U�I�˜���� �N �4�D�B�U�U�F�S�J�O�H

�'�J�H�V�S�F ���������%�J�T�Q�M�B�Z�F�E �J�T �U�I�F �N�J�O�J�N�B�M �B�O�H�M�F �C�F�U�X�F�F�O �U�I�F �Q�B�S�U�J�D�M�F�Œ�T �T�J�H�I�U �E�J�S�F�D�U�J�P�O
�B�O�E �U�I�F �W�F�D�U�P�S �G�S�P�N �U�I�F �U�S�B�D�L �D�F�O�U�S�F �U�P �B �T�Q�F�D�J�S�D �U�F�M�F�T�D�P�Q�F �G�F�B�U�V�S�F�� �1�B�S�U�J�D�M�F�T �U�I�B�U
�D�P�O�U�S�J�C�V�U�F �U�P �U�I�F �E�F�U�F�D�U�B�C�M�F �M�J�H�I�U�
 �E�F�S�O�F�E �B�T �I�J�U�U�J�O�H �U�I�F �C�P�V�O�E�J�O�H �T�Q�I�F�S�F �P�G �U�I�F
�U�F�M�F�T�D�P�Q�F�
 �B�S�F �E�J�T�Q�M�B�Z�F�E �J�O �C�M�V�F�
 �U�I�F �P�U�I�F�S�T �J�O �P�S�B�O�H�F�� �5�I�F �Q�M�P�U�T �X�F�S�F �H�F�O�F�S�B�U�F�E
�X�J�U�I ������ �J�O�E�J�W�J�E�V�B�M �D�B�T�D�B�E�F�T �P�G������ �(�F�7 �F�B�D�I��
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�C���$�F�O�U�F�S �P�G �U�F�M�F�D�P�Q�F�T

�'�J�H�V�S�F ���������%�J�T�Q�M�B�Z�F�E �J�T �U�I�F �N�J�O�J�N�B�M �B�O�H�M�F �C�F�U�X�F�F�O �U�I�F �Q�B�S�U�J�D�M�F�Œ�T �T�J�H�I�U �E�J�S�F�D�U�J�P�O
�B�O�E �U�I�F �W�F�D�U�P�S �G�S�P�N �U�I�F �U�S�B�D�L �N�J�E�E�M�F �U�P �B �T�Q�F�D�J�S�D �U�F�M�F�T�D�P�Q�F �G�F�B�U�V�S�F �B�H�B�J�O�T�U �U�I�F
�E�J�T�U�B�O�D�F �U�P �U�I�F �B�S�S�B�Z �D�F�O�U�S�F�� �1�B�S�U�J�D�M�F�T �U�I�B�U �D�P�O�U�S�J�C�V�U�F �U�P �U�I�F �E�F�U�F�D�U�B�C�M�F �M�J�H�I�U�
 �E�F�S�O�F�E
�B�T �I�J�U�U�J�O�H �U�I�F �C�P�V�O�E�J�O�H �T�Q�I�F�S�F �P�G �U�I�F �U�F�M�F�T�D�P�Q�F�
 �B�S�F �E�J�T�Q�M�B�Z�F�E �J�O �C�M�V�F�
 �U�I�F �P�U�I�F�S�T �J�O
�P�S�B�O�H�F�� �5�I�F �Q�M�P�U�T �X�F�S�F �H�F�O�F�S�B�U�F�E �X�J�U�I ������ �J�O�E�J�W�J�E�V�B�M �D�B�T�D�B�E�F�T �P�G������ �(�F�7 �F�B�D�I��
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�D���.�J�O�J�N�B�M �E�J�T�U�B�O�D�F �U�P �T�Q�I�F�S�F �B�S�P�V�O�E �U�F�M�F�T�D�P�Q�F�T �X�J�U�I �U�F�M�F�T�D�P�Q�F �T�J�[�F �B�T
�S�B�E�J�V�T

�'�J�H�V�S�F ���������%�J�T�Q�M�B�Z�F�E �B�S�F �E�J�R�F�S�F�O�U �E�J�T�U�B�O�D�F �N�F�B�T�V�S�F�N�F�O�U�T �P�G �Q�I�P�U�P�O�T �H�F�O�F�S�B�U�F�E
�B�G�U�F�S �U�I�F �Q�B�S�U�J�D�M�F �S�F�N�P�W�B�M �S�M�U�F�S �	�X�J�U�I �B �T�J�N�Q�M�F�����¯�5�F�M�F�T�D�P�Q�F �$�F�O�U�F�S �D�V�U�
�� �5�I�F �H�S�F�Z��
�T�I�B�E�F�E �T�F�D�U�J�P�O �E�J�T�Q�M�B�Z�T �U�I�F �Q�I�Z�T�J�D�B�M �B�S�F�B �X�I�F�S�F �B �Q�I�P�U�P�O �D�B�O �I�J�U �U�I�F �U�F�M�F�T�D�P�Q�F�T �J�G �J�U
�X�F�S�F �B ���% �$�J�S�D�M�F �P�O �U�I�F �H�S�P�V�O�E�� �5�I�F �S�F�E �W�F�S�U�J�D�B�M �M�J�O�F �N�B�S�L�T �B �Q�P�T�T�J�C�M�F �D�V�U �Q�P�T�J�U�J�P�O
�X�J�U�I �U�I�F �S�F�T�V�M�U�T �X�S�J�U�U�F�O �C�F�T�J�E�F �J�U��
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6.3 Propagation crosscheck

�"�M�M �J�N�Q�M�F�N�F�O�U�F�E �Q�S�P�Q�B�H�B�U�J�P�O �B�M�H�P�S�J�U�I�N�T �B�S�F �D�S�P�T�T���D�I�F�D�L�F�E �X�J�U�I �U�I�F �U�I�F�P�S�F�U�J�D�B�M �N�P�E�F�M
�G�P�S �B �M�J�O�F�B�S �B�U�N�P�T�Q�I�F�S�F �U�P �F�O�T�V�S�F �U�I�B�U �U�I�F�Z �Q�S�P�E�V�D�F �Q�I�Z�T�J�D�B�M�M�Z �D�P�S�S�F�D�U �S�F�T�V�M�U�T �X�J�U�I
�U�I�F �S�F�R�V�J�S�F�E �B�D�D�V�S�B�D�Z�� �'�V�S�U�I�F�S�N�P�S�F�
 �U�I�F �S�O�E�J�O�H�T �B�S�F �D�P�N�Q�B�S�F�E �U�P �U�I�F �$�0�3�4�*�,�" ��
�T�J�N�V�M�B�U�J�P�O�
 �W�B�M�J�E�B�U�F�E �C�Z �J�U�T �F�Y�U�F�O�T�J�W�F �V�T�F �U�I�S�P�V�H�I�P�V�U �U�I�F �S�F�T�F�B�S�D�I �S�F�M�E �B�O�E �G�V�S�U�I�F�S
�T�Z�T�U�F�N�B�U�J�D �T�U�V�E�J�F�T �<�����
 �����>��

6.3.1 Theory

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

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

�5�I�F �T�U�F�Q�M�F�O�H�U�I �S�F�T�P�M�V�U�J�P�O �T�I�P�X�T �P�O�M�Z �B �T�M�J�H�I�U �J�N�Q�B�D�U �J�O �Q�S�F�D�J�T�J�P�O �E�F�Q�F�O�E�J�O�H �P�O �U�I�F
�B�M�H�P�S�J�U�I�N �V�T�F�E�� �5�I�F �E�F�W�J�B�U�J�P�O �J�T �C�F�M�P�X�� �� �� �8�J�U�I �R�V�B�T�J���M�J�O�F�B�S �T�D�B�M�J�O�H �J�O �S�V�O�U�J�N�F�
 �������

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

6.3.2 CORSIKA 7 - Replay

�$�P�N�Q�B�S�J�T�P�O�T �X�J�U�I �$�0�3�4�*�,�" �� �B�S�F �O�P�U �E�P�O�F �P�O �B�O �J�O�E�J�W�J�E�V�B�M �Q�I�P�U�P�O �C�B�T�J�T �C�V�U �P�O �U�I�F
�D�V�N�V�M�B�U�J�W�F �$�I�F�S�F�O�L�P�W �M�J�H�I�U �Q�P�P�M �P�O �U�I�F �H�S�P�V�O�E �M�F�W�F�M�� �)�F�S�F�
 �O�P�U �P�O�M�Z �U�I�F �E�J�S�F�D�U �D�P�N��
�Q�B�S�J�T�P�O �C�F�U�X�F�F�O �$�0�3�4�*�,�" �� �B�O�E �$�0�3�4�*�,�" �� �J�T �J�N�Q�P�S�U�B�O�U�
 �C�V�U �J�T�P�M�B�U�J�O�H �E�J�R�F�S�F�O�D�F�T
�C�F�U�X�F�F�O �U�I�F �$�I�F�S�F�O�L�P�W �$�P�E�F�T �J�T �S�F�R�V�J�S�F�E �U�P �B�W�P�J�E �T�Z�T�U�F�N�B�U�J�D �E�J�R�F�S�F�O�D�F�T �C�F�U�X�F�F�O
�U�I�F �G�V�O�E�B�N�F�O�U�B�M �T�J�N�V�M�B�U�J�P�O�T�� �5�I�J�T �J�T �Q�P�T�T�J�C�M�F �C�Z �J�O�K�F�D�U�J�O�H �$�0�3�4�*�,�" �����H�F�O�F�S�B�U�F�E
�Q�B�S�U�J�D�M�F �T�V�C�U�S�B�D�L�T �W�J�B �U�I�F �T�Z�O�D�I�S�P�O�J�T�B�U�J�P�O �N�P�E�V�M�F �	�T�F�F ������ �G�P�S �E�F�U�B�J�M�T�
 �J�O �$�0�3�4�*�,�" ����
�5�I�F �S�F�T�V�M�U�T�
 �D�B�M�M�F�E �$�0�3�4�*�,�" �3�F�Q�M�B�Z�
 �X�P�S�L �P�O �C�J�O�B�S�Z �J�E�F�O�U�J�D�B�M �Q�B�S�U�J�D�M�F �U�S�B�D�L�T�
 �B�O�E �B�O�Z

����



������ �1�S�P�Q�B�H�B�U�J�P�O �D�S�P�T�T�D�I�F�D�L

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

�E�J�R�F�S�F�O�D�F�T �J�O �U�I�F �M�J�H�I�U �P�V�U�Q�V�U �D�B�O �E�J�S�F�D�U�M�Z �C�F �B�U�U�S�J�C�V�U�F�E �U�P �E�J�R�F�S�F�O�D�F�T �J�O �U�I�F �N�P�E�V�M�F��
�%�J�R�F�S�F�O�D�F�T �C�F�U�X�F�F�O �C�P�U�I �T�J�N�V�M�B�U�J�P�O�T �E�P �O�P�U �E�J�S�F�D�U�M�Z �J�N�Q�M�Z �B �C�V�H �J�O �B�O�Z �P�G �U�I�F �U�X�P
�W�F�S�T�J�P�O�T �C�V�U �D�B�O �P�S�J�H�J�O�B�U�F �G�S�P�N �E�J�R�F�S�F�O�U �T�J�N�Q�M�J�S�D�B�U�J�P�O�T �B�O�E �B�M�H�P�S�J�U�I�N�T �V�T�F�E �J�O �U�I�F
�Q�S�P�Q�B�H�B�U�J�P�O�� �$�0�3�4�*�,�" ���
 �G�P�S �F�Y�B�N�Q�M�F�
 �V�U�J�M�J�T�F�T �B �Q�M�B�O�B�S �B�U�N�P�T�Q�I�F�S�J�D �N�P�E�F�M �G�P�S �N�P�T�U
�Q�B�S�U�T �P�G �U�I�F �$�I�F�S�F�O�L�P�W �M�J�H�I�U �Q�S�P�Q�B�H�B�U�J�P�O��

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

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

6.3.3 CORSIKA 8

�" �D�P�N�Q�B�S�J�T�P�O �P�G �U�I�F �D�P�N�Q�M�F�U�F �$�0�3�4�*�,�" �� �T�J�N�V�M�B�U�J�P�O �T�U�B�D�L �X�J�U�I �$�0�3�4�*�,�" �� �J�T
�J�O�D�M�V�E�F�E �J�O �U�I�F �S�H�V�S�F�T �������� �"�O �B�C�T�P�M�V�U�F �D�P�N�Q�B�S�J�T�P�O �P�G �U�I�F �B�S�S�J�W�B�M �U�J�N�F�T �J�T �J�N�Q�P�T�T�J�C�M�F
�E�V�F �U�P �J�O�U�F�S�O�B�M �W�B�S�J�B�U�J�P�O�T �J�O �U�I�F �$�0�3�4�*�,�" �� �B�O�E �� �U�J�N�J�O�H �D�B�M�D�V�M�B�U�J�P�O�T�� �)�P�X�F�W�F�S�


����



�� �$�P�N�Q�B�S�J�T�P�O �B�O�E �3�F�T�V�M�U�T

�B���3�B�E�J�B�M �E�J�T�U�S�J�C�V�U�J�P�O �P�G �U�I�F �$�I�F�S�F�O�L�P�W �M�J�H�I�U �Q�P�P�M

����



������ �1�S�P�Q�B�H�B�U�J�P�O �D�S�P�T�T�D�I�F�D�L

�C���$�0�3�4�*�,�" �� �3�F�Q�M�B�Z �� �$�0�3�4�*�,�" ��

�D���$�0�3�4�*�,�" �� �� �$�0�3�4�*�,�" ��

�'�J�H�V�S�F ���������$�P�N�Q�B�S�J�T�P�O �P�G �U�I�F �$�I�F�S�F�O�L�P�W �M�J�H�I�U �Q�P�P�M �P�G �U�I�F �$�0�3�4�*�,�" �� �T�J�N�V�M�B�U�J�P�O
�B�O�E �U�I�F �S�F�Q�M�B�Z �P�G �U�I�F �T�B�N�F �E�B�U�B �X�J�U�I �U�I�F �E�J�R�F�S�F�O�U �Q�S�P�Q�B�H�B�U�J�P�O �B�M�H�P�S�J�U�I�N�T �V�T�F�E �J�O
�$�0�3�4�*�,�" ���� �5�I�F �V�Q�Q�F�S �S�H�V�S�F �E�J�T�Q�M�B�Z�T �U�I�F �S�B�E�J�B�M �E�J�T�U�S�J�C�V�U�J�P�O �P�G �U�I�F �$�I�F�S�F�O�L�P�W �M�J�H�I�U
�Q�P�P�M�� �5�I�F �T�F�D�P�O�E �B�O�E �U�I�J�S�E �S�H�V�S�F �E�J�T�Q�M�B�Z�T �U�I�F �E�F�W�J�B�U�J�P�O �J�O �B�W�F�S�B�H�F �B�S�S�J�W�B�M �U�J�N�F��

����



�� �$�P�N�Q�B�S�J�T�P�O �B�O�E �3�F�T�V�M�U�T

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

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

�$�0�3�4�*�,�" �� �J�T �T�U�J�M�M �V�O�E�F�S �E�F�W�F�M�P�Q�N�F�O�U�� �X�J�U�I �F�B�D�I �S�F�M�F�B�T�F�
 �D�I�B�O�H�F�T �N�B�Z �B�R�F�D�U �U�I�F
�E�J�T�U�S�J�C�V�U�J�P�O�T �H�F�O�F�S�B�U�F�E �C�Z �U�I�F �$�I�F�S�F�O�L�P�W �N�P�E�V�M�F�T�� �5�I�F�S�F�G�P�S�F�
 �B�O �B�V�U�P�N�B�U�F�E �U�F�T�U
�T�F�U�V�Q �I�B�T �C�F�F�O �V�T�F�E �U�P �U�S�J�H�H�F�S �B �S�F���S�V�O �P�G �B �Q�S�F���E�F�S�O�F�E �T�B�N�Q�M�F �U�P �D�I�F�D�L �G�P�S �F�Y�D�F�T�T�J�W�F
�E�J�R�F�S�F�O�D�F�T �C�F�U�X�F�F�O �T�P�G�U�X�B�S�F �W�F�S�T�J�P�O�T �B�O�E �$�0�3�4�*�,�" �� �U�P �E�F�U�F�D�U �J�O�U�S�P�E�V�D�F�E �C�V�H�T
�F�B�S�M�Z��

6.4 Last Mile Simulation

�*�O �Q�S�F�W�J�P�V�T �S�F�M�F�B�T�F�T �P�G �$�0�3�4�*�,�" ���
 �U�I�F �Q�I�P�U�P�O �J�N�Q�B�D�U �Q�P�T�J�U�J�P�O�T �P�O �U�I�F �H�S�P�V�O�E �X�F�S�F
�V�T�F�E �B�T �U�I�F �T�J�N�V�M�B�U�J�P�O �P�V�U�Q�V�U�� �&�Y�Q�F�S�J�N�F�O�U���T�Q�F�D�J�S�D �D�P�E�F �X�B�T �U�I�F�O �V�T�F�E �U�P �S�F�B�E �U�I�F
�Q�I�P�U�P�O �E�B�U�B �G�S�P�N �U�I�F �T�U�P�S�B�H�F �B�O�E �T�J�N�V�M�B�U�F �I�B�S�E�X�B�S�F���E�F�Q�F�O�E�F�O�U �Q�S�P�Q�F�S�U�J�F�T�� �" �U�Z�Q�J�D�B�M
�T�U�F�Q �G�P�S �N�P�T�U �J�T �U�I�F �S�B�Z �U�S�B�D�J�O�H �P�G �U�I�F �Q�I�P�U�P�O �Q�B�U�I �U�I�S�P�V�H�I �U�I�F �E�F�U�F�D�U�P�S �I�B�S�E�X�B�S�F��
�5�I�J�T �P�G�U�F�O �J�O�D�M�V�E�F�T �T�I�B�E�P�X�J�O�H �G�S�P�N �U�I�F �F�Y�Q�F�S�J�N�F�O�U�Œ�T �U�S�V�T�T �T�U�S�V�D�U�V�S�F �P�S �D�B�N�F�S�B�

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

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


�“ �-�J�H�I�U �C�F�O�E�J�O�H �B�U �B �C�P�V�O�E�B�S�Z �M�B�Z�F�S �	�F���H�� �M�F�O�T �P�S �8�J�O�T�U�P�O �D�P�O�F�


�“ �-�J�H�I�U �C�F�O�E�J�O�H �U�I�S�P�V�H�I �B�O �J�O�I�P�N�P�H�F�O�F�P�V�T �N�F�E�J�V�N �	�F���H�� �B�U�N�P�T�Q�I�F�S�F�


�“ �"�C�T�P�S�Q�U�J�P�O �C�Z �P�C�K�F�D�U�T

�5�I�F �S�H�V�S�F�T ������ �T�I�P�X �U�I�F �S�F�T�V�M�U�T �P�G �U�I�F �J�N�Q�M�F�N�F�O�U�F�E �G�F�B�U�V�S�F�T �G�P�S �B �M�J�H�I�U �H�V�J�E�F �B�O�E
�B �.�"�(�*�$ �M�J�L�F �U�F�M�F�T�D�P�Q�F �X�J�U�I���� �N �E�J�B�N�F�U�F�S �Q�B�S�B�C�P�M�B �B�O�E �G�P�D�B�M �Q�P�J�O�U �E�J�T�U�B�O�D�F �P�G
���� �N �B�T �X�F�M�M�� �5�I�F �D�B�N�F�S�B �I�B�T �B �E�J�B�N�F�U�F�S �P�G���������N �X�I�F�S�F �B�O�H�V�M�B�S �B�D�D�F�Q�U�B�O�D�F �J�T �O�P�U
�D�P�O�T�J�E�F�S�F�E��

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

����



������ �-�B�T�U �.�J�M�F �4�J�N�V�M�B�U�J�P�O

�T�V�Q�Q�P�S�U �B�M�M �G�F�B�U�V�S�F�T �G�V�M�M�Z�� �3�B�S�F�M�Z �V�T�F�E �F�R�F�D�U�T �T�V�D�I �B�T �Q�P�M�B�S�J�[�B�U�J�P�O �P�S �'�S�F�T�O�F�M �S�F�T�F�D�U�J�P�O
�B�S�F �O�P�U �Z�F�U �J�N�Q�M�F�N�F�O�U�F�E �C�V�U �D�B�O �C�F �B�E�E�F�E �J�O �U�I�F �G�V�U�V�S�F �J�G �S�F�R�V�J�S�F�E��

�5�I�J�T �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �S�F�E�V�D�F�T �U�I�F �P�W�F�S�I�F�B�E �J�O�U�S�P�E�V�D�F�E �U�I�S�P�V�H�I �T�U�P�S�J�O�H �B�O�E �M�P�B�E�J�O�H �P�G
�Q�I�P�U�P�O�T�� �*�G �(�1�6 �T�V�Q�Q�P�S�U �X�B�T �B�M�S�F�B�E�Z �V�U�J�M�J�[�F�E�
 �U�I�F �Q�I�P�U�P�O�T �D�P�V�M�E �C�F �E�J�S�F�D�U�M�Z �Q�S�P�D�F�T�T�F�E
�U�I�F�S�F�
 �S�F�E�V�D�J�O�H �B�O �B�E�E�J�U�J�P�O�B�M �U�S�B�O�T�G�F�S�� �5�I�F �S�F�T�V�M�U�J�O�H �B�E�W�B�O�U�B�H�F �J�T �U�I�F �S�F�E�V�D�U�J�P�O �J�O
�S�M�F �T�J�[�F �U�P �B �G�F�X �J�O�E�J�W�J�E�V�B�M �Q�I�P�U�P�O�T �I�J�U�U�J�O�H �U�I�F �D�B�N�F�S�B �T�V�S�G�B�D�F�
 �E�F�Q�F�O�E�J�O�H �P�O �U�I�F
�F�U�D�J�F�O�D�Z �P�G �U�I�F �U�F�M�F�T�D�P�Q�F�� �5�I�F �E�J�T�B�E�W�B�O�U�B�H�F �P�G �U�I�J�T �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �J�T �U�I�B�U �U�I�F
�E�F�U�F�D�U�P�S �H�F�P�N�F�U�S�Z �J�T �E�J�S�F�D�U�M�Z �J�O�D�P�S�Q�P�S�B�U�F�E �J�O�U�P �U�I�F �T�J�N�V�M�B�U�J�P�O �S�F�T�V�M�U�T �B�O�E �D�B�O�O�P�U �C�F
�D�I�B�O�H�F�E �B�G�U�F�S�X�B�S�E�T��

����



�� �$�P�N�Q�B�S�J�T�P�O �B�O�E �3�F�T�V�M�U�T

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

�C���1�I�P�U�P�O �P�O �B �D�B�N�F�S�B �T�V�S�G�B�D�F �P�G �B �.�"�(�*�$ �M�J�L�F �U�F�M�F�T�D�P�Q�F��

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

����



7 Conclusion and Outlook

7.1 Conclusion

�5�I�F �H�P�B�M �U�P �E�F�W�F�M�P�Q �B �O�F�X �J�N�Q�M�F�N�F�O�U�B�U�J�P�O �G�P�S �U�I�F �T�J�N�V�M�B�U�J�P�O �P�G �B�U�N�P�T�Q�I�F�S�J�D �$�I�F�S�F�O�L�P�W
�M�J�H�I�U �J�O �$�0�3�4�*�,�" �� �I�B�T �C�F�F�O �B�D�I�J�F�W�F�E�� �5�X�P �J�O�E�F�Q�F�O�E�F�O�U �J�N�Q�M�F�N�F�O�U�B�U�J�P�O�T �B�S�F �B�W�B�J�M��
�B�C�M�F�� �B �$�1�6���C�B�T�F�E �W�F�S�T�J�P�O �E�J�S�F�D�U�M�Z �J�O�U�F�H�S�B�U�F�E �J�O�U�P �B �$�0�3�4�*�,�" �� �C�S�B�O�D�I �B�O�E �B �(�1�6
�J�N�Q�M�F�N�F�O�U�B�U�J�P�O �B�W�B�J�M�B�C�M�F �B�T �B �T�F�D�P�O�E�B�S�Z �Q�B�D�L�B�H�F �G�P�S �D�P�N�Q�B�U�J�C�J�M�J�U�Z �S�F�B�T�P�O�T�� �5�I�F
�C�S�B�O�D�I �J�T �Q�M�B�O�O�F�E �U�P �C�F �N�F�S�H�F�E �J�O�U�P �U�I�F �S�S�T�U �S�F�M�F�B�T�F �W�F�S�T�J�P�O �P�G �$�0�3�4�*�,�" �� �Q�M�B�O�O�F�E
�G�P�S �U�I�J�T �Z�F�B�S �	���������
��

�4�F�W�F�S�B�M �B�M�H�P�S�J�U�I�N�J�D �P�Q�U�J�N�J�[�B�U�J�P�O�T �J�O �U�I�F �G�P�S�N �P�G �E�B�U�B �S�F�E�V�D�U�J�P�O �B�O�E �J�O�U�F�S�Q�P�M�B�U�J�P�O
�N�F�U�I�P�E�T �I�B�W�F �C�F�F�O �J�O�U�S�P�E�V�D�F�E �B�O�E �U�F�T�U�F�E �U�P �B�M�M�P�X �G�B�T�U�F�S �B�O�E �N�P�S�F �F�U�D�J�F�O�U �D�B�M�D�V�M�B�U�J�P�O
�P�G �$�I�F�S�F�O�L�P�W �M�J�H�I�U �F�N�J�T�T�J�P�O�T �F�Y�Q�M�J�D�J�U�M�Z �U�B�J�M�P�S�F�E �U�P �J�O�E�J�W�J�E�V�B�M �F�Y�Q�F�S�J�N�F�O�U�T�� �%�F�Q�F�O�E�J�O�H
�P�O �U�I�F �P�W�F�S�B�M�M �D�P�O�S�H�V�S�B�U�J�P�O�
 �V�Q �U�P���� �� �P�G �U�I�F �T�Q�F�D�J�S�D �X�P�S�L�M�P�B�E �G�P�S �*�"�$�5 �T�J�N�V�M�B�U�J�P�O
�D�B�O �C�F �B�W�P�J�E�F�E �X�J�U�I�P�V�U �J�O�U�S�P�E�V�D�J�O�H �O�P�U�F�X�P�S�U�I�Z �E�F�W�J�B�U�J�P�O�T �G�S�P�N �U�I�F �G�V�M�M �T�J�N�V�M�B�U�J�P�O�T��
�'�P�S �T�V�P�S�F�T�D�F�O�D�F �F�N�J�T�T�J�P�O�
 �Ž�C�F�B�N�G�P�S�N�J�O�H�• �P�Q�U�J�P�O�T �X�F�S�F �F�Y�Q�M�P�S�F�E �U�P �Q�S�P�E�V�D�F �Q�I�P�U�P�O�T
�P�O�M�Z �J�O �U�I�F �S�F�R�V�J�S�F�E �E�J�S�F�D�U�J�P�O�� �'�P�S �J�O�E�J�W�J�E�V�B�M �U�F�M�F�T�D�P�Q�F�T�
 �B �T�J�H�O�J�S�D�B�O�U �S�F�E�V�D�U�J�P�O
�J�O �P�U�I�F�S�X�J�T�F �V�O�E�F�U�F�D�U�B�C�M�F �Q�I�P�U�P�O�T �D�P�V�M�E �C�F �B�D�I�J�F�W�F�E�� �'�P�S �U�I�F �N�P�S�F �D�P�N�N�P�O�M�Z
�E�F�Q�M�P�Z�F�E �F�Y�Q�F�S�J�N�F�O�U�B�M �T�F�U�V�Q �X�J�U�I �N�V�M�U�J�Q�M�F �E�F�U�F�D�U�P�S�T�
 �U�I�F �S�F�T�V�M�U�J�O�H �P�W�F�S�I�F�B�E �Q�S�P�W�F�E
�U�P�P �D�P�N�Q�V�U�B�U�J�P�O�B�M�M�Z �J�O�U�F�O�T�J�W�F �U�P �C�F �G�F�B�T�J�C�M�F��

�5�I�F �B�U�N�P�T�Q�I�F�S�J�D �Q�I�P�U�P�O �U�S�B�O�T�Q�P�S�U �N�B�U�D�I�F�E �U�I�F �S�F�T�V�M�U�T �P�G �U�I�F �F�Y�J�T�U�J�O�H �$�0�3�4�*�,�" ��
�J�N�Q�M�F�N�F�O�U�B�U�J�P�O �X�I�J�M�F �B�M�M�P�X�J�O�H �N�P�S�F �T�F�Y�J�C�M�F �D�I�B�O�H�F�T �U�I�S�P�V�H�I �J�U�T �D�M�F�B�S �B�O�E �N�P�E�V�M�B�S
�T�U�S�V�D�U�V�S�F�� �"�E�E�J�U�J�P�O�B�M�M�Z�
 �T�F�W�F�S�B�M �J�U�F�S�B�U�J�W�F �J�N�Q�M�F�N�F�O�U�B�U�J�P�O�T �X�F�S�F �U�F�T�U�F�E �B�O�E �J�O�U�F�H�S�B�U�F�E��
�5�I�F�T�F �F�O�B�C�M�F �U�I�F �Q�I�P�U�P�O �Q�B�U�I �U�S�B�D�J�O�H �U�I�S�P�V�H�I �F�Y�P�U�J�D �F�O�W�J�S�P�O�N�F�O�U�T �P�S �U�I�F �M�B�T�U �N�J�M�F
�T�J�N�V�M�B�U�J�P�O �P�G �U�I�F �F�O�U�J�S�F �P�Q�U�J�D�B�M �E�F�U�F�D�U�P�S �N�P�E�F�M��

7.2 Outlook

�8�J�U�I �R�V�B�M�J�U�Z �D�P�O�U�S�P�M �B�H�B�J�O�T�U �$�0�3�4�*�,�" �� �E�P�O�F�
 �U�I�F �F�O�U�J�S�F �$�0�3�4�*�,�" �� �Q�J�Q�F�M�J�O�F �O�F�F�E�T
�U�P �C�F �D�P�N�Q�B�S�F�E �P�W�F�S �B �M�P�O�H�F�S �U�J�N�F�G�S�B�N�F �X�J�U�I �F�Y�Q�F�S�J�N�F�O�U�B�M �E�B�U�B �U�P �F�T�U�J�N�B�U�F �B�O�E

����



�� �$�P�O�D�M�V�T�J�P�O �B�O�E �0�V�U�M�P�P�L

�D�P�N�Q�B�S�F �J�G �U�I�F �F�Y�J�T�U�J�O�H �N�J�T�N�B�U�D�I �C�F�U�X�F�F�O �T�J�N�V�M�B�U�J�P�O �B�O�E �E�B�U�B �D�I�B�O�H�F�E�� �8�J�U�I �U�I�F
�S�S�T�U �T�U�F�Q�T �U�B�L�F�O �G�P�S �U�I�F �(�1�6 �J�O�U�F�H�S�B�U�J�P�O �J�O�U�P �$�0�3�4�*�,�" ���
 �U�I�F �O�F�Y�U �T�U�F�Q�T �X�P�V�M�E �C�F �U�P
�F�Y�U�F�O�E �U�I�F �D�V�S�S�F�O�U �J�O�U�F�S�G�B�D�F�T �U�P �P�U�I�F�S �B�T�Q�F�D�U�T �P�G �U�I�F �T�J�N�V�M�B�U�J�P�O �X�I�J�D�I �B�S�F �F�R�V�B�M�M�Z
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A Appendix

A.1 Integration for refractive index formula

A.1.1 Linear Refractive Index Pro�le
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B Appendix Plots & Tables

B.1 Atmospheric Interpolation Plots
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B.2 Cutting Strategies
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B.3 Model Experiments

B.3.1 Telescope

B.3.2 Telescope Array 1
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