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Light source

Flow captured by
correlation camera

Interrogation area for first
and second image

Analysis
Process

Repeated for each
interrogation area
to yield full−field
velocity vector map

and illuminated by light sheet
Flow seeded with small particles
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Signal (correlation) peaks

Central (self−correlation) peak

� � 6 ���� . � � � (13*� !�9�D�&�.�>��"&�29� C �N���*� C �&):�/;!���:�`)8h��/*"D��X!�9�D�&�.�>��"D���*5�� AB/*��"D� C �28q��.w C @#7��:d�2A,��5��@U

C �>���*�li*�e�)/*AB`6�.�W�Jy#7A,���2���.� C ����'�#%���>#Sz���&�>#S�k:�/*�("D_�a���6:��A !09�&�D�.�N��"&�29�6#0U�(1+1-:)�N#X�
C �>�9!��TA4�.�)"r!���&�&�T�N��"D���� C ����'*#K)!.!�/*�y:�/*�Z"&I"&3��1���;��`*�2����"78I"&k:��N#7"&�2�*59/*�>#S3Q+%3*�N!$3L��A,��59��#
!���&�D��# C 9�;:d"&-+%3��N!$3d�Tw C @#7/*�&�li�3*�.�;!��(�&�G#S/*�2"&����5-���,�B:����D��!�"D��9�;��� ��AB`*��5�/*��"78-�J � +�� �
�JW"D3*�g<;�6��� ?@�.��)!��2"78_?@��!�"D9�TU�(13*�>#1!.��� C ���D"&�>!�/*�N���&�28B!.��/6#7� C �&9`����.A,#W+%3*�T�49`6#7�.�&?)����5
!��A C �2�.wd}6�+I#_+%3*�T�&�B"&3*�,:)���&�G!�"&�29�s�J%}6�+ �&�T?@�.�$#7��#�iK#S/;! 3���#_��"-#S����>:�`69/*�6:����&�2��#
��-���s"&3*�,!T�9#S�B�Jk"&�2A4���X:�� C �.�6:)�.��"%}6�+I#�U � :*:)��"&�29�6�����28@ifJO9�-#7A,���2�W9� �T�.�& C ���&"&�>!����
?@�.�2)!���"D����#(+%3*�T�&� C ���&"D�N!��2� C ���2�$#_�?@�.�D�N� C iH��"Q`6��!�9A[��#L:�� )=!�/*�2"_"&s#7� C ���$��"D�,"&3*�,:)�N#X�
C �>�9!��TA4�.�)" C ����'*#HJO�&�A "&3*�k!��.�)"&�a���6#7�.�cJN�X!���&�&�T�N��"D���� C �G��' U�(13*�N#W/*�2"&��A=��"&�T��8(�D��#S/*�2"$#H�2�
�2�6�9!.!0/*�$��"&�L?@�.��)!0��"78_A4�G�9#S/��&�.A4�T��"a#�i@���6:4����A[��"$#K"&3*�Q:�8)�6��A[�N!1�$���*59�z�9!$3*���T?9��`*���I+%��"D3
"D3*�R"D��!$3*�*�NF@/*�@U (13*� C �&9`;��`*�2����"78,�Jk�����2�6!��D���9#7��:b��/�AR`6�.�(�J%�?@�.�D�N� C�C ���*5 C ���D"&�N!0����#
���N#Sp�D��#S/���"$#(�2���d3*�2593*�T�e�)/*AB`6�.�(�JI�a���6:)9A !���&�D�.�N��"&����6#(`6�."7+1�.�.�m:����f�T�&�.�)" C ���D"&�c�
!��2��#�i 3*�.�6!��B:)��!��&�G�9#S�2�*54"D3*�B#S�259�6���c��"&����*��N#S��\ � ���e^I�$��"&�2*U (13*�>#��N#(/*�;:���#S�2�$��`*���@i �9#L��"
:��G!��&����#S��#%"&3��_���2'@�.���23*@):4�JE:��."D��!�"D���*5-"D3*�-#7��59�;��� C ����'fU �]"�+E�9#1JO9/*�;:b"&36��"L���6����8�#S�>#
/6#7���*5Q��/*"&��7!���&�D�.�N��"&���� C �&):)/6!���:-� C*C �&�w)��A,��"&�.�28("7+%�N!��Z"D3*�%��/�AR`6�.�r�Jf�a���6:)9AP��9�N#7�
C ����'*#1JO9/*�;:d`)8,���6����8�#S�>#1/6#S�2�*54!0�&@#D#X�X!�9�D�&�.�>��"D��9� � � � � U

(13*��:����D��!�"D��9�m�JL"D3*�R}6�+ !.����`j�,�D��#S���?@��:�`)8m� �)/*AB`j�T�e�J("D��!$3*�*�NF@/*��#0U (13*�
A4l#S"I!��A4A4��RA4�T"&3*):R�>#�� �	��
� ��� � �,� ��� 
9i*+%3*�.�D�e"D3*� C ���D"&�>!����(�2A,��5���#W���,"&3��_#7��!���6:

� =



���������
	���� ��� � ����� ����	 ��� ��� 		� 	 ����� �
� 	 �����
�.w C @#7/*�&�,���&�B:��># C �>�9!��G:��,!���6#S"a���)"_:)�N#S"a���6!0�4:�/��&����5d�2A,��5��-��!.Fq/��N#S�2"&�29�p`)8pA4�?��2�*5
"D3*�p!.��A4�.�a�b9�4/6#7���*5m���D9"$��"&�2�*5tA4�2�&�&��.U (13*�N#[#S3*��JO"R�># "D3*�.� �D�.A4�?@��:s�9# C ���&"[�J
"D3*�B���6����8�#S�># C �&)!0��#&# � � � U � �+1�T?@�.�.i6����"&3�9/*5�3��D�.A4�?��2�*5-"&3��-:��2�&��!�"D����6���y��AB`*��5�/*��"78@i
"D3*�(A4�."D3*):-!��A C ���>!.��"D��#r"&3*�I�.w C �T�&��A[�.��"a����#S�."7�]/ C ���6:R���)"&�D):�/6!��G#x��:*:��2"&����6��� �.�&�D9�a#
+%3*�>! 3,�*�T��:4"&-`6�-!���6#S�>:��.�D��:,:�/*�&�2�*5B���;����8�#S�>#�U

	Z9A C ���&�2�*5_"D3*�("7+1Q"&��!$3*�*�>Fq/���#�i@"&3��(+%�N:��T�1:)8��6��A4�N!%�$���*59�k�Jy?@�.��)!��2"78_A4����#S/*�D���
A4�T��"a#-!�9/ C ����:�+%��"&3o"&3*�u��`*�2���2"S8m"&s�&��#79��?@��"&3*�u:����D��!�"D��9���Je};�+ :����D��!�"&�28tA,��'@��#
!��D@#D#X�X!�9�D�&�.�>��"&�29��"&3*�(J��.?@9/*�D��:,! 3�9�N!0�@U

���� ��� � � � � ����� � � � ��	 �
� �Q��A C ��&"$����"{!�9�;#S�N:)�.�$��"&����_�2�_��A=��59� ���6����8�#S�N#r�N#f3��+ �9!.!�/��$��"D�.��8k"&3*�Z��)!T��"&�29�Q�J6"D3*�
!���&�D�.�N��"&���� C ����'fiy���6:s3*�.�6!��B"&3�� C ���&"D�N!��2�-��A,��59�B:��># C �>�9!��.A[�.��"Tif!T���s`j�[A4���9#7/*�&�G:fU
(13*�B:)�N#&!0�&�."D�4\ ��U �@U C ��w)�.�2�N#S�G:j^WJO9�DA,��"I�JE:��259��"a���2��8,�&��!09�$:)��:d�2A,��5���#������2�+I#k:��N# C �N��!����
A4�T��"a#e"&s`6�bA4�G�9#S/��&��:�"D�+%�2"&3*�2�o��� �T�&�&��-�J � �)U�� C ��w)�.�>#�U � �2"&3*�/*593�"&3��N#-A,�.8
`6�,��!.!�� C "a��`*�2�_JO9�Q�N���D59�[:��N# C �N��!��.A4�T��"a#g+%�2"&3*�2�p"&3*�B���)"&�.�D�&�5@��"D��������D����irJO9�Q#SA,�����2�.�
:��># C �>�9!��TA4�.�)"$#W9�%�2��?@��#7"&�25@��"D����4�Jy"&/*�D`*/*�2�.��"Z}6�+ �_A[9�&� �9!.!�/��$��"D�LA4���9#7/*�&�TA4�.�@"W�>#
�D��Fq/����&�G:fU

(13*�_�2)!.��"D����b�J�"D3*� C �G��'�!.����`6�_A4����#S/*�D��:4"&[#S/*`)� C �2w��T�K�9!.!�/��$�9!08d`)8,� C*C ��8)����5
C ����'q�O<6"&"D���*5_JO/��6!�"&�29�6#W"D_"&3����*�G���&�G#S"1���.��5�3�`69/��&����5 C 9�2��"a#x�J{"&3*� C �G��' U�(1+1Q�JK"D3*�
A4l#S"K+%�N:��T��8(/6#7��:_�&�/*"&�2�*��#0i��D��JO�.�&�D��:("&L��# � � + � � � � �����*� �.�,� � �	� � ��+ �0i����D�1"D3*� C ���$��`j����>! �
<6" ���6: �k��/;#&#S�>�����O<6"���#S"D��A,��"&9�a# � � � - � U)(13*��#7�1��#7"&��A=��"&��$# C �&):)/6!��%"&3��1A4l#S"y�9!.!�/��$��"D�
�D��#S/*�2"$#gJO��(�6���&�&�+ !�9�D�&�.�>��"&�29� C ����'*#0U �X�p5��.�*�.�a����ij<6"&"D���*5=� �k��/6#D#S�N���t!0/*�&?@�Q"&4"D3*�
C 9�2��"a#136�9#%`6�.�.�RJO�/*�6:4"&-8)���T�N:R`6�."D"&�.���&��#7/*��"a#x"&3;���4<6"&"D���*5B� C ���$��`69���>!L!�/*�&?@�lU�(13*�>#
!.���n`6�b�.w C �N�����*�G: `)8t"D3*�dJ���!�"R"D36��" C ���&"&�>!����,�2A,��5���#_��#&#7�.�)"&�N�����28�36�.?@�����k��/;#&#S�>���

- �



���������
	���� ��� � ����� ����	 ��� ��� 		� 	 ����� �
� 	 �����
�2��"D�.�6#S�2"78 C �&�<6���lif���6:b3*�.�6!0�_!09�&�D�.�N��"&�2�*5R"D3*��#7�_"7+1��k��/6#D#S�N��� JO/��6!�"&�29�6# C �D):�/6!���#k�
!���&�D�.�N��"&���� C ����'-+%��"D3B�e#7��A4�2�N��� �k��/;#&#S�>���,:)�N#S"D�&�2`*/*"&�29�rU)(13*�I���;����8�#S�>#Z#S�JO"7+E���&�I/6#7��:
�2�R"D3*�N#Z#S"D/6:�8B��A C ���.AB�.�@"$#r"&3�� �k��/;#&#S�>�����O<6"%��#7"&�2A,��"D9�HJO�� C ����'4:)�."&��!0"&����ri@��! 3*�2�.?)���*5
�-A4����#S/*�D�.A4�.�)"W�.�D�&9�%�J � �)U � "D�)U � �-�J � C ��w)�.� � +�� � U

���� � � � � � 	 ����� ��� � ��
�� � � � � � � ���

�]��9�a:��.�_"Dp9`*"a���2� ��!.!�/*�a��"D�4?@�.��)!0��"78pA4����#S/*�D�.A4�.�@"a#�ir��"Q�N#e�`�?)���/6#S�28t:)��#S�2�$��`����4"D
A,��w��2A4�N#7�L"&3*�BA,���2� C ����'m��A C ����"D/6:��z!�9A C ���&�G: "Dd"D3*�4�a���6:��A !�9�D�&�.�>��"D��9�;#�iH"D3�/;#
�2�6!��&�G�9#S�2�*5_"D3*�(�)/*AB`j�T�W�Jy?������>:R!09�&�D�.�N��"&��: C ���2�$#1���6:4�&��:)/6!�����5_"&3����a���6:��A !���&�&�T�N�G�
"D��9�;#��*"&3��N#%�N#%:�� C �.�;:*���)"%9�u�_��/*AB`6�.�1�JWJ��9!0"&9�a# � � - � U

�4� � � �$%���2$%��
 	���� � 	�� � �� �$%��� 3:	 ����	��

(13*�L3*�T��593)"Z�JK"D3*�L!���&�&�T�N��"D���� C ����'B+%���2�f:)��!��&�G�9#S� :�/*�("D C ���&"&�>!����G# �T��"D�.�&�2�*5L9�%���G�G?@�
�2�*5-"&3*�L�2��"D�.�&�D95@��"&�29�����D���4\ ���� � � ��� � � � � �����f^Z9�%�2��593)"%#73*�.�."L\ � � � � � � � � � ��� � � � � �����f^
`6�."7+1�T�.�4"&3���<6�$#7"I���6:,#7��!�9�;:=�Tw C @#7/*�&�G#�U 'I�*�Q#S���/*"D��9�[�N#1"&B!$3*@l#S�L"&3*�k"&��A[�I#S� C �.�
�a��"&�29� & �1`6�."7+1�T�.�b"D3*�_"7+1B�.w C @#S/��&��#I#S/6!$3b"D36��"k"&3*�QA,�.v&9�D��"78B�J C ���&"D�N!��2��#g�D�.A,�����
+%�2"&3*�2�_"&3��%#&��A C �2��:L���&�G�EJO��H`69"D3-�.w C l#S/*�D��#�i�`*/*"y���&�I:)�N# C �N�9!0��:�J����K�.�*9/�593-"&k`j�E�9! �
!�/��$��"D�.��8[�&��#79��?@�G:fUW��8�F@/*�N#7" � #�#&��A C ���2�*5_"D3*�.��&�.A �D��#S"D�&�>!�"$#Z"&3*�LA,��w��2AR/*A �D��#S���?���`*�2�
# C ��"D�N���I:)�N# C �N�9!0�.A4�.�)"(�JI"D3*�4}6�+ "&p36���cJk"&3*�[���)"&�.�D�&95l��"D��9�m+%�N:�"D3riZ!�9�D�&��# C 9�6:��2�*5
"D,���p�?@�.�D�N� C �������)"&�.�D�&95l��"D��9�u���D���9#(�J ��� � � ��* � U �]�b�&�G�����2"78@i6#S/6!$3p�B�N���D59�B�.?@�.�a��59�
:��># C �>�9!��TA4�.�)"H�D��#S/*�2"$#W���[�_:)��!��&�G�9#S�I���B"&3����)/*AB`j�T�H�Jy!�9�D�&��!�"D��8 C ���2�&��: C ���D"&�>!�����#y���6:
3*�T�6!��I"&3*�I3*�.�2593)"x�JK"&3*�k!���&�&�T�N��"D���� C ����'fU�!(�����*�(���6: � :)�&�N��� JO�/*�6:R"D36��"Ti9JO9�%��/*"&��
!���&�D�.�N��"&����riH C "&�2A,���y�&��#7/*��"a#e���&�B9`*"a���2�*��: C �D�?��>:���:b"&3��4��A,��59�B:��># C �>�9!��TA4�.�)"I:�@��#
�*�"L�.w*!0�.��: ��� � �J�"D3*�_�2��"D�.�&�D95@��"&�29�p+%�N:)"&3 � � - � U �]�b"D3*�B!.�9#7�_�J%!0�&@#D#X�X!�9�D�&�.�>��"D��9�{i
�_�>���&5��.�Z���)"&�.�D�&�5@��"D����4+%���6:)�+h!T���,���N#S-`6�(/;#S��: JO��1"D3*�(#7��!���6:R��A=��59�I"&Q�.�6#7/*�&�L�����

- �



���������
	���� ��� � ����� ����	 ��� ��� 		� 	 ����� �
� 	 �����
"D3*� C ���D"&�>!�����#%���&�B!.� C "&/��&��:b�2�b"&3��-#S�G!�9�6:b�Tw C @#7/*�&�lif`*/*"I"&3*�>#��&�GFq/*�2�&��#1�29�*5��.�L!��AR�
C /�"$��"D����6���I"&�2A4�B���6:t�D��:�/6!��G#e"&3�� C ��w)�.�Z�&��#79��/�"&����t����"D3*�R<6�a#S"-���)"&�T�&�&�5@��"&����o���&�G�
� � � � U

� �!�&
�����6 ��$%�1������ �� ��	�����&������$!����	��

(13*�[#S�T��:�����5 C ���D"&�>!����z!�9�6!0�.��"D�$��"&����p#73*9/*�>: `6�B3*��5�3p�.�*�/*593s"&45��.�*�.�a��"D�B#S/�)=!����T��"
!���&�D�.�N��"&��: �2A,��5�� C �����a#�iI+%3*�N!$3 �2�6!��&�G�9#S��"&3*�s#7��5��6�����]"D����*9�>#S�s�$��"D������6: 3*�.�;!��b"D3*�
C �D9`6��`*���2��"78-�J{9`*"a���2�*���*5Q�L?@�.��)!��2"78e?@�G!�"&��W+%3*�N!$3B�9!T!�/*�$��"&�.�28_�D� C �&�G#S�.�)"$#W"&3��(�.?@�.�a��59�
A4�"&�29�t�2�t"&36��"B���D����U � �+1�.?@�.�Tir"&@sAR/6!$3s#S�T��:�����5s!.���t�D��#S/���"_�2� C ���D"&�N!0���B��A,��59��#
�?@�.�D�N� C�C ���*5�i6:��N#7"&��&"&�2�*5B"&3*�Q:��># C �>�9!��.A[�.��" C ����'fU !(�����*�Q���6: � :��D�N���,�D��!�9A[A4�.�6:��G:
�-A4������A-/*A ��A,��59�L:��T�6#S�2"S8B�J * C ���&"&�>!����G# C �T�%���)"&�.�D�&95l��"D��9�����&���eJO��� C "&�2A,��� !��D@#&#]�
!���&�D�.�N��"&����p�&��#7/*��"a#e\ = � � ?����2�N:p:��."D��!�"D��9���$��"&�9^ � � � � i ���6:b5��&����"&�.�("D36��� � � C ���D"&�N!0����#
JO��b��/*"&��7!09�&�D�.�N��"&�29� \ JO��4"&3��s#&��A[�p:��."D��!�"D��9� C �&�`6��`������2"78t�J = � � ^ � � -�� U 
�/*�p"D
"D3*�Q#S"$��"&�>#S"&�>!.��� A4�."D3*): �JZ���6���28*#7�N#0i�"&3�� C ���&"D�N!��2�(:)�N#S"D�&�2`*/*"&�29�,#73*9/��N:,���>#S-�N:)�����2��8-`6�
3*�A495��.�*�.�/6#%"&3*�D9/*5�3*9/*"I"&3��_���&���)U

/ $%�1������ �� ��3:$!6 � �1�����

(13*�k:��>��A4�."D�.�K�Jr"D3*� C ���&"&�>!����%�2A,��5��136��#1�L#S�259�*��< !.����"W�0�f�G!�"W9�B"&3����D��#S���/*"D��9�-�Jr"D3*�
!���&�D�.�N��"&���� C �G��' U���JK"D3*�L��A,��59�k:��N��A4�."D�.�Z�N#1"&@[#SA=������i9"&3��_!09�&�D�.�N��"&�29� C ����'4+%���2�f`6�
?@�.�D84�6���&�&�+LU (13*�N#��D��#S/���"$#%�������+ ?����2/*��#I��"I�*�.�2593)`j�/*�&�2�*5 C 9�2��"a#�"&B"&3�� C ����' i ���6:
3*�T�6!��%"&3��%"&3*�D�.��� C ����)"W��#7"&��A=��"&��r+%���2��8)���.�>:_:��># C �>�9!��TA4�.�)"rA4���9#7/*�&�TA4�.�@"$#f+%3��N!$3_"&�T�6:
"D�+E���a:*#����)"&�T59�.�I?�����/���#g�2� C �2w��T�r/*�*��"a#�ir���p��� ��!�"I'����+%�u�9# � � ��� � �"� ��� ��� 
9U$� JDi*9�p"D3*�
�"&3*�.�-3;���6:fiW"D3*�4�2A,��5��B:��N��A4�."&�T�(�N#L"&@p�N���&5��@iW"&3*�[!���&�&�T�N��"D���� C ����'s+%���2�x`��&@��:��.�
���6: :��G!��&����#S�B���o��A C ���2"&/6:��liM�D��#S/���"&�2�*5b�2���b���+��.�Q#S��5��6�����]"D����*9�>#S���$��"D��s���6:t3*�.�6!��
#7A,���2���.� C �D9`6��`*���2��"784�J%�B?9�����>:b:��># C �>�9!��.A[�.��"�?�����/��@U �;��L!��D@#&#]�7!09�&�D�.�N��"&�29�p���6���28*#7�N#0i
"D3*�, C "D��A,���1��A=��59�=:��N��A4�."&�T� JO��R5�@):n!�9�D�&�.�>��"D��9� C ����'tA4����#S/*�D�.A4�.�)"$#�3;�9#-`j�T�.�

- �



���������
	���� ��� � ����� ����	 ��� ��� 		� 	 ����� �
� 	 �����
#73*�+%� "Db`6�,� C*C �&�w)��A,��"&�.�28 � C ��w)�.�N# � +�� � U � JI"&3*� C ���D"&�>!����B��A,��59��#L���&�4�2�+��.�("D36���
"D3*�N#%?�����/��@i C ����'q����)!$'��2�*5B!.���b`6�Q�G?@��N:��G:=`)8[#S���2593)"&�284:��0JO)!�/6#S�2�*5B"&3*�L��A=��59�lU

�4�����&����	 6 $!����	�� $%���&$ �1� ���

(13*�Q#7���.�I�Jy"&3*�k���)"&�.�D�&95l��"D��9�����&���-:�� C �T�6:*#x��,"&3*�L�6��"&/*�D�(�Jy"&3*�I}6�+�/*�;:��.�1�2��?@�G#X�
"D��5@��"&�29���f�2"I#S3*�/*�N:b`6�Q�N���D59�Q�.�*9/�593p"&[!����"a�����u#S/�)=!��2�.��" C ���&"D�N!��2�L��A,��59��#xJO���5�@):
!��D@#D#X�X!�9�D�&�.�>��"&�29�ri `*/*"(�*�"L#S[�N���D59�-"D36��"L:)�."$�������G:[};�+ �2��JO9�DA,��"D��9���N#%��l#S"("D3*�&�/*593
�.?@�.�a��59�2�*5*U �7:������2��8@iZ"&3��b?@�.�2)!���"78t5��$�9:)���.�)"4��!��&l#&#R�G�9!$3n���D���t#73*9/*�>:n���>#St`6�b?@�T�&8
#7A,���2�H\�#S/6!$3,"&36��"1"D3*�L?@�.��)!��2"78_?����D�N��"D����d�>#x�2��#&#Z"&36��� � � �Jy"&3��(A4�����R?@�.�2)!���"786^ � � - � U
YZ�.�2)!���"78s59�$��:����T��"a#_`*�&l�9:��.��"D3*�,+%�N:�"D3 ���6: :)��A4�2�*�N#73p"&3*����A C ���2"&/6:��B�J "&3*�4A=�����
!��D@#D#X�X!�9�D�&�.�>��"&�29� C ����'fi)�&��:)/6!�����5e"D3*�k#S��5��6�����]"D����*9�>#S�(�a��"D��_+%3��N!$3B!.���4�D��#S/���"Z��� C @9�
���/*�;#S/6!.!0��#&#]JO/*�rA4����#S/*�D�.A4�.�)"$#0U

� `*�>�9#�"D�+%���a:*#(#7A,���2���.��?@�.��)!��2"&�2��#�i)'��*�+%�u�9# � � �/� �,+,+ ��+$i*���>#S,���&�>#S��#(:)/*�_"DR"D3*�
<6����"&��+%�N:�"D3 �JL"&3*�����)"&�.�D�&�5@��"D����n���D����U (13*�>#R��� ��!�"D��?@�.�28p+1�.�2593)"$#-"&3*��!���&�D�.�N��"&����
JO/*�;!�"&�29�t`)8s�d+%�2�6:��+PJO/*�6!�"D����rir+%3*�N!$3��>#L:��."&�T�&A4�2�*��:d`)8s"&3*�[!�9�D�&�.�>��"D��9�o\ ��U �-"D3*�
�?@�.�D�N� C ^��JI"&3*�["S+�b�2��"D�.�&�D95@��"&�29�m���&�G�9#�U � �.�6!��li{JO��_"D3*�4!T�9#S�[�JI"7+1��N:��.�)"&�>!.���2��8

=

=

=

Window 1 Window 2 Correlation Plane� � 6 ���� . � � �)(13*�_��� ��!0"1�Jx:��c� �.�D�.��"����)"&�.�D�&�5@��"D����p���D���-#S� �.��#1��b"&3��e+%�2�6:��+
JO/*�;!�"&�29�ri*+%3*�T�&� � :��.�*�"&��#1"D3*�Q!�9�D�&�.�>��"D��9�s\��9:*� C "&��:4JO�&�A � � ��) � ^aU

- �



���������
	���� ��� � ����� ����	 ��� ��� 		� 	 ����� �
� 	 �����

Actual Peak

Measured Peak

Weighting Function

Displacement

Bias Error

1

0
0

� � 6 ����2. � ( � �b):���< !.��"D����d�JW"D3*�L:��># C �>�9!��TA4�.�)"S�X!�9�D�&�.�>��"&�29� C ����',�9#%�_�D��#S/*�2"1�JW"D3*�"D�&�N���*59/��N���I+%���;:��+�JO/*�6!�"D����b#73*�+%�b�2�R<659/��&� �)U��,\]��:*� C "D��:RJO�&�A � � � ) � ^aU

#7���.��:L���)"&�.�D�&�5@��"D����B���&�G�9#�i�"&3*�I!���&�D�.�N��"&���� C ����'_�N#rA4):���<6��:(`)8_�I"&�&�>���*5�/*�N���HJO/*�6!0"&����
� � ��) � �9#B#S3*�+%�����t<65�/*�&� �)U���U (13*�N#_��9"-9����8s`*�&l�9:��.�;#R���6:t���+1�.�a#e"D3*� C �G��'t`*/�"
#73*�cJO"a# �2"$#-:��># C �>�9!��.A[�.��"L"Ds� �2�+��.�-?����2/*�@iZ�9#-���2��/6#7"&�a��"&�G: �2�t<659/*�D� ��U,))U (13��N#-`*�N��#
�># �.��36���6!0��:�JO/*�&"D3*�.�-+%3*�.��?@�.�2)!���"78s59�a�9:��2�.��"a#-���D� C �D��#S�.�)"_`6��!T��/6#7�b"&3��N#_`*�D@�9:)�.�6#
���6:����+��.�$#-"&3*� C ����' i(�����0�f�G!�"4')�*�+%� ��# 
 + ����� �,�*� � � �/�0U �*��,�:��� � ��� C ��w)�.�
�2��"D�.�&�D95@��"&�29�����&���)iH"&3��R`*�>�9#L�.�&�D9�_3;�9#_�,"78 C �>!.���y?9����/*�B�J �)U � C ��w)�.�N#0ir�b#7��5��*�c< !T���)"
?����2/*�b+%3��.���.w*��A4�������*5u#SA,�����%:)�N# C �N�9!0�.A4�.�)"$#0U (13*��`*�N��#_�.�&�D9�[!.���o`j���&��:)/6!���:��2�
���)/*AB`6�.�-�JQ+%�.8�#�U � �2�6!��b"D3*�bA=��"&3��.A,��"D�N!.���WJO9�&A �JL"D3*�b+��.��5�3�"D���*5pJO/*�6!0"&���� �>#
')�*�+%�ri�� � � 
 � � ���,+,� � � �=!.���s`6�4� C*C ���2��:b"&[��"("Db!09�&�D��!�"("D3*�-?����2/*��#�U � ��"D�.�&�6��"&�2?@�.��8@i
"7+1u:��c� �.�D�.�)"&��8u#S� �.��:b���)"&�T�&�&�5@��"&��������D���9#Q!.���s`6�4/6#7��:fU (13*�># �0�f�G!�"&�2?@�.��8,`*�D@�9:)�.�6#
"D3*�L+%���6:��+nJO/*�6!�"D����ri�3*�T�6!��L�&��:)/6!�����5_"&3��_#7���.�k�Jy"&3*�(�T�&�&��.i6��#1�����2/6#S"D�$��"&��:R�2�4<659/*�D�
�)U���U � #�!.���4`6�Q#S�T�.� JO�D9A "D3*�N#W<659/��&�@i)��"1�>#x�*�"1�2A C 9�&"a���)"1+%3*�>! 3B���)"&�T�&�&�5@��"&��������&�G�
�>#%#SA,�������T�.U

(13*�I"&3*�2�$:_A4�."D3*):_+%3*�>! 3B!.���R`6�I/6#S�G:_"&L�.���2A4���;��"&�Z`*�>�9#W�.�D�&9�y�N#Z� C �&)!��G#&#Z!.���2����:
+ � � ���*� �,+,+ � 
�� � ������i*+%3*�N!$34�>#%:��N#D!�/6#&#7��:d�2�,"&3*�L�*�.w)"%#7��!�"D��9�{U

- -



���������
	���� ��� � ����� ����	 ��� ��� 		� 	 ����� �
� 	 �����
���� � � � � � ��� � � � 	 � � ����� � ��	 � � � � � � ��� � ���
� � � �������!����	%67$&����	��

�%�������)"&�.�D�&95l��"D��9�-�>#W��"D��! 3��*�NF@/*�1+%3��N!$3_�N#fJO�&�GFq/*�T��"D��8L�.A C �2�8@��:�"&k��A C �D�?@�W"&3*�I��!.!�/��
�a�9!�8,�J�"D3*�_�2�*��"D�N���{:��N# C �N��!��.A4�T��"�A4���9#7/*�&�TA4�.�@".U��]"a# C �D���6!0� C �2��JO9�2���+I#EJO�D9A �4#7"&/6:�8
`)8 ����#7"&�.�D+1�.�T�f�."k����U � � � * � i*+%3�,#S3*�+���:d"D36��"I"&3*� � � � �.�D�&����2�b"&3��-:��># C �>�9!��.A[�.��"
?����2/*�1�a� C �>:���8Q:��G!��&����#S��#fJO9�y:��># C �>�9!��.A[�.��"a#j�2��#&#r"&36��� ��U�� C �2w��T�N#�U � �T�6!��@i.��6!��1"D3*�%:)�N#X�
C �>�9!��TA4�.�)"f�J "D3*� C ����'e3;�9#H�2�*��"D�N���2��8I`6�.�.�-�.?����2/6��"D��:e/;#S����5(!��D@#D#X�X!�9�D�&�.�>��"&�29�ril#S3*��JO"&����5
"D3*�-���)"&�.�D�&�5@��"D����p���D���R�2�b"&3��e<6�a#S"I��A,��59�L`�8,"D3*�_�*�G���&�G#S"(�2��"D�.59�.�%?�����/*�Q�J�"&3*�>#�:)�N#X�
C �>�9!��TA4�.�)"K#S3*�/*�N:R�D��:�/6!0�1"&3����*�T+ !09�&�D�.�N��"&�29� C �G��'B:��># C �>�9!��.A[�.��" "&L���G#&#W"&36��� � ��U��
C �2w��T�N#�U��%� C ����"&����5-"&3*�Q!��D@#&#]�7!09�&�D�.�N��"&�29�,�&�/*"&�2�*�L+%�����r"D3*�.�,59�D����"D��84�D��:�/6!0�("&3*�L�.�D�&��
�2��?@���?@��:,+%��"&3s"&3��_<6�6����:��># C �>�9!��TA4�.�)"%?9����/*�lU (13��4��:*:���"D����6�����9:)?9����"a��5��4+%��"D3p"&3*�>#
"D��! 3��*�NF@/*�-�N#L"&36��"-:��G!��&����#S�2�*5,"&3*� C ���D"&�>!����[:��N# C �N��!��.A4�T��"I���6!0�&����#S��#("&3�� C �D9`6��`*���2��"78
�JWA4��&� C ���D"&�>!�����#W`6�.�2�*5 C �&�G#S�.�)"Z���4`69"D3,��A,��59�I�.w C l#S/*�D��#�i*"D3*�.�&�0JO9�&�I���;!��&����#S�2�*5_"D3*�
� �G� �a��"D��Q���6:B#S�259�*��< !.����"D��8_�D��:�/6!0���*5(`��N�9#7���*5L��� ��!0"$#�U)(13*�N#Z���N#SQA4�����6#M"D36��"Z"D3*�(#7���.�
�JK"&3*�(�2��"D�.�&�D95l��"&�29�,���&���Q!.���[`j�I�&�G:�/6!���:_JO/*�D"&3*�.�Ti��2�6!��&�G�9#S�2�*5L"&3*�k# C ��"&�>��� �&��#79��/�"&����
�JZ"&3*�(<6�;���rA4����#S/*�D�.A4�.�)".U

89�&����	�� ��$  ���
$&����	��

�]�m���)8t���6���28*#7��:�V��]Y���A,��59�-"&3��.�&�B+%���2�W`6�4��!��.�&"a���2���)/*AB`j�T���Jk# C /*�D���/6#e?@��!0"&9�a#�i
')�*�+%�p��# � � �
� � �,+ �0i*+%3��N!$3b���&�L�*���� C 3�8�#S�>!.����U (13*�G#S�L9/*"D���2�.�$#0i�+%3*�>! 3,/6#7/6���2��8,:��T?��>��"&�
+%�2�N:��284`69"&3p�2�bA,��59�*�2"&/6:)�_���6:b:)���&�G!�"&�29�4JO�&�A "D3*�_?������N:,?@��!�"D9�$#%���6:p���D�_"D3*�.�&�0JO9�&�
����#S8,"&[# C �".if�D��#S/*�2"1JO�&�A �a���6:)9A !�9�D�&�.�>��"D��9�;#�i*�N���&5��_?@�.�2)!���"78-59�a�9:��2�.�)"$#I���6:����&�G�9#
�J(�2�+ #S�.�G:����*5u:��.�6#7��"78p9�Q���2��/*A4�2�6��"D����b���)"&�T�6#S�2"S8liH��#e+��.�����9#L��� ��!�"a#_#S/;! 3���#e5��N���D�

- �



���������
	���� ��� � ����� ����	 ��� ��� 		� 	 ����� �
� 	 �����
���6:��&�0}6��!�"D��9�;#[JO�D9A #7/*�SJ���!���#�U � #4+1�.�2�(��#d`6�.�2�*5�?��>#S/6������8�:��."D�$�9!0"&��?@�lig"D3*�.8h!.���
�`6#&!�/��&�Q#SA,�����6# C ��"D�N���K#S"&�D/6!�"D/*�&��#Z���4"D3*��}6�+h���6:,!.��/6#7� C �D9`*�2�.A,#W+%3*�.��!.���N!�/*�>��"D���*5
"D/*�&`*/����.�6!0� C ���$��A4�."&�T�$#(#7/6! 3m�9#(?@��&"&�>!���"78����;:t#S3*�G���.U �]��?@��#7"&�25@��"D����p�J%}6�+I#e/;#S����5
V��]Y /6#S/6�����28t�&��F@/*�2�&��#L"$��')����5pA,���)8��2A,��5���#�iWA=��')���*5���"_/��*�&�������>#S"&�>!R"&m��"D"&�.A C "_"D
?����2�N:*��"&�I���9!$3_�2A,��5��1`)8_�.8@�I���6:-�&�.A4�?@�W�T�&�&��*�.�/6#W?@��!�"&��$#0U��]"W�N#K"&3*�.�D��JO9�D�I:���#7���$��`*���
"D�/6#7�p�p?������>:*��"D���� ����5�9�&�2"&3*A +%3*�>! 3m+%�����I:)�."&��!0"-���;: �&�TA4�?@�R"D3*��#S��9/*"D���2�.�$#Q���6:
�D� C �N��!��L"&3*�TA
+%�2"&3,A49�D�(�&�G�����>#S"D�N!�?@�.�2)!���"78-?@��!0"&9�a#�U

(13*�1?������N:���"&�29�L"&�G! 3*���NF@/*�W/6#7��:e�2�e"D3*�N#r#7"&/6:)8@i��2�6!��� C 9�a��"&�G:_���)"&%"&3��1V��]Yo���6����8�#S�>#
#7�JO"7+%���&�L`�8 � ! 3����N!$'@� � = � � i��N#Z`6�9#7��:d��,"&3*� � � � � � � � ��� ���R<6�2"&�.�D���*5QA4�."&3�): � + ��i � � � � U
�*9�Q���9!$3p?@�.�2)!���"78,?@��!�"D9�.i "&3*�B?@�.��)!0��"&�2��#%�J%�2"$#(�*�����&��#7"L�*�.��5�3�`6�/*�&�2�*5 C ����)"$#B\ "78 C �c�
!.�����28R�D��#S"D�&�N!0"&��:R"DR"D3*�(�.�2593)"%�*�����&��#7"%�*�.��5�3�`6�/*�$#$^%���&� C �N��!���:R�2�,9�$:)�.�%�Jy���6!0�&����#S����5
A,��59�*�2"&/6:)�_���6:d"D3*�-!0�.��"D�$���]i����A[��:��N���ri�?�����/*�(JO9/��6:fU (13*�Q9�D��59�2�6���r?@�T��)!��2"S8B?@��!�"D9�
�># "D3*�.�s!��A C ���&��:b"Dd"D3*�N#IA4��:��>���b?�����/*�@iK���6: �D�7v&��!�"D��:b���6:s#S/*`6#7��F@/*�.�)"&��8��&�.A[�?@�G:
��J1"D3*�-:)�c� �.�&�T�6!��_`6�."7+��.�.�b"D3*�_"7+�4?�����/���#��.w�!��.��:�#%�4!��&�2"&�>!.���r?����2/*�B# C ��!0�c<6��:,`�8,"D3*�
/6#7�.�.U (13*�>#%!��&�2"&�N!T���f?�����/*�L�N#%!$3*l#S�.�,"&B#7/*��"%"D3*�(}6�+ /*�6:)�.�%���)?@��#S"D��5l��"&�29�rU

'I�6!��b"D3*�,�.�)"&���D�,?@��!�"&��-A,� C 36��# `6�.�T� ?����2�N:*��"&��:fiE� �)/*AB`j�T�_�JQ5l� C #R+%�2�����.wq�
�>#S"-+%3*�.�D�,?@��!�"&��$#L36�.?@�4`6�.�.���&�7v&�G!�"&��: U �]� ��$:��T�-"&s�.?@9�>: C �&�`*���TA,#e+%�2"&3�JO/*�D"&3*�T�
C �D)!���#D#S����5b����5�9�&�2"&3*A=#�i C ���&"&�>!�/*�>���&�28,+%3*�.�p!T���N!0/*�N��"&����54F@/6���)"&�2"&�2��#�#7/6!$3p�9#I?@9�&"D�N!��2"78
���6:d�"&3*�.�%"D/*�&`�/*���.�)"%F@/6����"D��"&�2��#�i@�2"1�N#1�JO"&�.��:��G#S���a��`*�2�("&_<;���f�2�,"&3*�(5l� C #0U1�I/*A4�.�D9/6#
A4�T"&3*):*#f�Tw��>#S"r+%3*�>! 3(/;#S�1�2��"D�.� C ��N��"D����_����5�9�&�2"&3*A=#j"&I�&� C �N��!��W"&3��x�/*"&�2���.�a#f+%��"D3eA[9�&�
#7/*��"a��`*�2�e?@�G!�"&��$# � +�� � U � �,�.w���A C ���I�J �-V&�]Y ?@�T��)!��2"S8-A=� C `6��JO��&�Q���6:��GJO"D�.�%?������>:*�G�
"D��9�m���;:b���)"&�.� C ��N��"&����p�N#(#73*�+%���2�b<659/��&� ��U *@U � �+1�.?@�T�.i6"&3*�-�D� C �N��!��.A4�T��"�?@��!�"&��$#
36�.?@�Z"&k`j����#S"D��A,��"&��:%JO�&9A "&3*��?9����/*�G#M�J6�*�.�2593)`j�/*�&�2�*5I?@��!�"&��$#r���6:-���D�x"D3*�.�D��JO9�D�1�*�"
#7"$��"D�N#7"&�N!T�����28-���6:)� C �.�6:��.�)".U � #W"&3*�>#1#7"&/6:�8B���)?@9�2?@��#r���)?@��#S"D��5@��"&�29�B�Jy#SA=�������*9�������2�*�����
��� ��!0"$#�i)+%3*�.�D���2��"D�.� C 9�>��"D��9�[:�/*�k"&L?@��!�"D9�Z�&� C �N�9!0�.A4�.�)"W!09/*�>: 36�.?@�k�_#7��59���c< !.����"Z��JN�

- )



���������
	���� ��� � ����� ����	 ��� ��� 		� 	 ����� �
� 	 �����

����� �����

� � 6 ���'� . � � ��(x8 C �>!.���r?@��!0"&9��A,� C \]�q^�`6��JO9�D�Q���6:s\ `f^��.JO"&�.�%?����2�N:*��"&�29�rU

JO��!0".i��2��"D�.� C ��N��"D����4�&�/*"&�2�*��#136�.?@�(�*�"%`6�.�.�4�.A C ���8@��:_/*������#D#%# C ��!���< !.���2��8B:��G#&!��D��`6��:fU
�]�6#7"&����:fi9�cJj�(!���/;#S"&�T�H�J69/*"D���2�.�$#r+1�.�D�1�`6#S�.�D?@��:_:)/*�&�2�*5("&3��1������"&�>���)���6���28*#7�N# C �&)!��G:�/*�&�li
"D3*�L�.w C �.�D��A4�T��"Z+%��#g�D� C ����"D��:fU

� �	� 
 ��� � 	 ���

�]� "D3*�N#-!$36� C "&�.�Tix"D3*�,"&��!$3*�*�>Fq/��4�JQVy���&"D�N!��2� �]A,��5��4YZ�.��)!0��A4�."D�&8m\]V��]Y_^L+%��# �2��"D�&��
:�/;!���:fU ���*���2'@�1A,����8Q����"&�T�&�6��"&��?@��"&��!$3*�*�>Fq/���#{JO��ZA4���9#7/*�&�2�*5k�9!��/6#S"D�N!%?@�.��)!��2"&�2��#�i�V��XY
�������+I#%���6#7"$����"a���*�.�/6#1JO/*����� <6�T�N:R?@�.�2)!���"78BA4����#S/*�D�.A4�.�)"$#H�J�� C �N���6���k!��&l#&#]�7#7��!�"&�29���J
}6�+ "Dd`6�4�`*"$�����*�G:fir+%��"&3�9/*"L"&3�� C �D9`*�2�.A,#��JI!.�����2`*�$��"&����riK:����D��!�"D��9�;���Z��AR`*�259/*�2"78
���6:fi6A4@#7"1��A C ��&"a���)"&��8li C 3�8�#S�>!.���r�2��"D�&/6#7��9�,�2��"D_"&3�� };�+LU

(13*�B`6�9#7�N! C �D���6!�� C ���Q`6�.3*���;:�V��]YP+E�9#(9/*"D���2�*��:fir���6:p"&3*�BA4�."D3*):*#��J%9`�"$���2�*����5
���6:t���;����8�#S�2�*5,��A,��59��# C �&��#7�.�)"&��:fU (13*�[V��]Y�#S8�#S"&�TA,#�/6#7��: �2�p"&3*�>#L#S"&/;:�8s���D�4!��AR�
C �D�N#7��:_!��A C �2�."&�.�281�J :���5���"a��� C �D)!���#&#7��#�i�+%��"&3L�2A,��5���#r�9!.F@/*�2�&��:(`)8L� 	 	 
o!.��A[�.�$�����6:

- *



���������
	���� ��� � ����� ����	 ��� ��� 		� 	 ����� �
� 	 �����
���6���28*#7��:,!�9A C /*"$��"&����6���2��8@U � �)/*AR`6�.�Z�JZ��A C ��&"$����"E!�9�;#S�N:)�.�$��"&����6#1+%��"D34�&�T5@���a:d"D
"D3*�B! 3�9�N!0�_�J C ���a��A4�T"&�.�a#�:�/��&����5d"D3*�-�.w C �.�&�2A4�.�)"$���{#S�."7�]/ C ir��A,��59�-��!.F@/*�N#7��"&�29�u���6:
���6���28*#7�N#�+��.�&�z:��N#D!�/6#&#7��:fUIVHl#&#S�2`*���z#S�/*�$!��G#��J��.�D�&9�k���;:b"&��!$3*�*�>Fq/*�G#xJO9�(A4�2�*��AB�N#7���*5
"D3*�.���I��� ��!�"a#g+��.�&�z!�9�;#S�N:)�.�&��: i6���6:b�D��!�9A[A4�.�6:*��"&�29�6#ZA,�9:��(JO��( C "D��A4�>#S�2�*5-"&3*�z�9! �
!�/��$�9!08b���6:b�&�T���N��`*���2��"78B�J�"&3*�Q?@�.��)!0��"78RA[���9#7/*�&�.A[�.��"a#�U 
��."a�����>#g�JZ"&3��BV&�]Y #S8�#S"D�.A,#
/6#7��:d�2�,"&3*�>#%#S"&/;:�8,���D�_5���?@�.�4�2�,"&3*�(JO9�2���+%����5B! 36� C "&�T�.U

- +



� � ��� � � � �

� � � �����
	 �������� ��� � �������� � ��� �

� ��������	 ��� ����� 	 ����� � ����	 ���!��

"$#&% ')(+*-,
.0/21234*657.+(

8:9<;>=@?BA
CD=FEHG@;>I&J&KL;>=@IMI7NOGFI&J>?QP<I&9R;DETS@ETG@GFETJDEH;>UFAVUFAWITX+?Q9Y;Z=[?BA
A\;>UFXO]Y?BA�?Q9R;ZJ>^RXOUFC_ITXa`
8b9[?dc
;>?BEHSeSQ]LKa;Z=@IgfFEhA\?iCjSe^kUFX@AWGFITEHlLI&JWc:;>U@fFI<Cm^k9OnFohU@JDET;Z?e^k9�?iApXOITA>C_JZ?efqIrXs?e9�A\ITC_;>?Q^h92t@`vuR`YwV=@I
;>=@JZI&I�x
8:yzAW]@AW;ZI&P{AjUFAWITX|;Z^�P<IrEkA\U[JZI$;>=@I�EkCm^kUFAW;Z?BC0n}I&SBX@AY?Q9|CD=FETG@;ZI&J~A<�OK~��ET9FX��
ETJZIY;Z=@I&9�^kU[;ZSQ?e9@ITX$?e9�A\ITC_;>?Q^h92t@`v�RK�EHSQ^h9@o$��?e;Z=2;>=@IgP<I&;>=@^RX@AM��^kJp^hf@;DET?Q9@?e9@o2x
8:y�?QPYc
ETokITAm`2wV=@I<Se?QP<?e;DEH;>?Q^h9FApEkA>A\^RC_?iEH;>ITX���?Q;Z= ITEkCD=�I7NOGFI&J>?QP<I&9R;DETS�Cm^k9OnFohU@JDET;Z?e^k9�EHJ>I�EHSiA\^
XO?iAZC_U}AZA\IrX�`��LITC_;>?Q^h92t@`�t{C_^k9FAW?BXOI7JDAM;>=@IgCD=FEHJ~EkC_;>I&JZ?iA\;>?BC&A�^H�4;Z=[IgA\I7ITXO?Q9[o<GFEHJ>;Z?iC_SQITA�UFAWITX
?e92;Z=@?iAMAW;ZUFXO]�`��LITCm;Z?Q^h9$t[`v�+?iAM;Z=@I792XOI&�L^h;ZITX�;Z^<;>=@IgC7EHSQ?ef@JDET;Z?e^k9$^T�4;Z=@I�G@JZ^hfqIYP<?iC_JZ^Tc
G@=[^k9@ITA
ET9FXjG[JZITA>A\U@J>IM;>JDEH9}AZXOUFCmI&J&`-�)?Q9FETSQSe]LKH;>=@I�^kJZ?eI&9R;DEH;>?Q^h9g^H�a;Z=@I�G[JZ^kfFI�P<?BCmJZ^kG[=@^k9@I
J>I&SBET;Z?Q�LI�;Z^g;Z=[I�EhC_^kU}A\;Z?iC��F^T��?BA�XO?iAZC_U}AZA\IrX�`

t��



���������
	������������	�������	������������ ���!�"����#%$��!��&'�(��	����)�*���+���
,-��	��.$!#/�"	���	��(�0$

"$#�1 2 3 .+143 *
5H3 3�5!5+(�687

9 SeS ;Z=@I x
8by�P<ITEhA\U@J>I&P<I&9R;DA
XO?iAZC_UFA>A\ITX�?Q9 C =FETG@;ZI7JDA��rc>�+?e9O�L^hSQ�LIp;>=@I�?e9O�LIrA\;Z?eoLET;Z?Q^h9�^H�
EhC_^kUFAW;Z?iC nFI7SBX@AM?e9FA\?iXOIg^kJ�?Q92;Z=[I+9@IrEHJp�R?BC_?e9@?Q;W]<^T��C_]RSQ?e9FXOJ>?BC&ETS ;ZU@fFITAp��?Q;>=�E<JDEH9[okIY^H�
XO?iEHP<I7;ZI&J~A-��J>^kP�uku&cW�;:_P<P2`-wV=@I EhC_^kUFAW;Z?iC nFI&SiX+��EhAVokI&9@I7JDEH;>ITX+?e9FA\?iXOIM;>=@Ip;>U@fFI�U}A\?Q9[o
E=<�>@?�uHthtL�BADC%E C_^hP<G@J>ITAZAW?Q^k9 XOJZ?e�LI&JgXOJ>?Q�LI&9�fR]�E2=@?Qoh=Oc:G[JZITC_?iA\?e^k9|�L;DET9O��^kJ~X AW?Q9@I_c
� Er�LI�okI&9@I7JDEH;>^kJ�ET9FX�EHP<G@Se?dnFI7J&` 8:9<^hJDXOI&J�;>^YEH;>;DEkCD=<;>=@IpSQ^hUFX@AWGqIrEHlLI&J4;Z^g;Z=[Ip;ZU@fFILKFET9
ETSQU@P<?e9@?QU[P C_]RSQ?Q9}XOI&J���?Q;>=�E+;DETGFI&JZITX$fF^hJZIY��EkA�C_^k9FAW;ZJ>UFC_;ZIrX2EkAM?eSQSQU}A\;ZJ~EH;>ITX0?e9$nFokU@J>I
t[`�:k`4wV=@?iA6��EhAVXOIrA\?Qoh9@ITX+;>^gCD=FEH9[9@I&SF;Z=@I�EkC_^hUFA\;>?BC nFI7SBX���JZ^kP�;Z=[I u�?e9FC =Y;Z=[JZ^LET;�^H��;>=@I
Se^kUFX@AWGFITEHlLI&J�XO?eJZITC_;>SQ]g?e9O;>^g;Z=@I�;ZU@fFI ��?Q;>=0P ?Q9@?eP+U@P�XO?BAW;Z^hJZ;Z?e^k9�^H��;Z=@IpnFI&SiX<?Q;DAWI&Sd�>` 9
SeITXOokIg� EkApCmU@;M?e9O;>^<;Z=[IgA\P{EHSQS�I&9FX�^H�4;Z=[Ig;DEHGFI&J>ITX$fF^kJ>Ig;Z^�AWITEH; ;Z=[I�;ZU[fqIYAWUFCD=2;Z=FET;
;>=@I ?Q9R;ZI&J>9FEHSF��ETSQSiA6^H�-;Z=[Ip;ZU@fFI �VI7JZIM�FU}A\=���?Q;>=<;Z=@I fF^kJ>I ^H�-;Z=@I Cm]OSe?Q9FXOI7J&`�w ^gI79FA\U@J>I
E+oh^L^RX�AWITEHS-EHJ>^kU@9}X$;Z=@IGFZ^k?e9 KF;\�4^+^Tc:J>?Q9@o�AM�VI7JZI ?Q9FAWI&;�?Q9R;Z^Y;Z=[IgEHSeU@P<?e9@?QU@P�� EHSeS�EH9FX
EhX@XO?Q;>?Q^h9FEHS4�kEhC_U@U@PzohJZITEhA\I<� EkA UFA\ITX2��=@I&9 ?Q9FAWI&JZ;>?Q9@o�;Z=[I+;>U@fFIL`*H|?Q;>=�;>=@I+;>U@fFI+?e9
G@SiEkC_I�KO;Z=[I�EhC_^kU}A\;Z?iCMnFI&SBXY��EkAV?e9O�LIrA\;Z?eoLET;ZITX+��?e;Z=�;Z=[Ip;ZU@fFI ^kGFI&9 EH;�;>=@I ^kG@GF^LAW?Q;>I�I79FX
;>^$;Z=[I<SQ^hUFX@A\GFITETlLI&J&K-EH9FX C_SQ^�A\ITX2fO]�E�P<I&;~EHS�G@SeU@o@K
EhA�?eSQSQU}A\;ZJ~EH;>ITX$?Q9�n}okU@J>I<t@` uO`�8:9
fF^k;>=�C&EkAWITA_K@;>=@I G@JZIrAZA\U[JZI�n}I&SBX�EH;�;Z=[I�I79FX<^H�
;>=@I ;ZU@fFIgET9FX$ET;M�hETJZ?Q^hUFA�Gq^h?Q9R;DA�?Q9FAW?BXOI
?e;��VI&J>I�P ITEkAWU@JZITXYUFA\?e9@oYEI>VJBJU@I7S�EH9FX�KLF�MVJONP>RQOK�S
G[JZ^kfFI�P<?BC_J>^kG@=[^k9@IL`

Aluminium cylinder with 

O−rings inset into wall

2 " JBL loudspeaker

tapered cylindrical bore

TRU 6�V�W.XZY�[]\_^ 9 G@GFEHJ~EH;>UFA ��^hJpCm^k9@9@IrC_;Z?e9@og;Z=@I Se^kUFX@AWGFITEHlLI&J�;>^g;Z=@I ;>U@fFIL`

�B`



���������
	������������	�������	������������ ���!�"����#%$��!��&'�(��	����)�*���+���
,-��	��.$!#/�"	���	��(�0$

���������������������������������������������������������������������������

���������������������������������������������������������������������������

���������
���������
���������
���������
���������

���������
���������
���������
���������
���������

Hole for
microphone probe Aluminium Plug

O−rings inset into wall

Tube wall
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OFS control
box Pulse Generator

A B C

1st pulse 2nd pulse

Nd:Yag double 
pulsing laser

Optical system

Experimental Apparatus

Computer

PCO Sensicam
Camera

Lamp
trigger
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Interface
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��=@I79+=@I�^kf}A\I&J>�LITX�;Z=FET;�nF9@I�GFEHJ>;Z?BCmSQITA SQ]R?Q9@o ^h9<Ep�R?Qf@J~EH;Z?e9@opG@SiEH;>IpC_^hSQSeITC_;ZIrX�EH;
;>=@I�JZI_c
oh?Q^k9}A�^T�aP�EHNR?QPgU@P��R?Qf@J~EH;Z?e^k9�^H�a;Z=@I�G[SBEH;>IL`�AM?BA�I&NOG[SBEH9}EH;Z?e^k9���EkA�;Z=FET;�;Z=@?iA)fFI&=FE&�R?Q^kU[J
J>ITA\U@Se;ZITX$��JZ^hPz;Z=@Ig�R?Qf[JDEH;>?Q9@o�G@SiEH;>I<AWI&;Z;>?Q9@o�;Z=[IYEH?QJ 9@IrEHJ ?Q;~A�AWU@J\� EhC_IY?Q9R;Z^��O?ef@JDET;Z?e^k9 K
C&ETUFA\?e9@o�C_U[JZJZI79O;~AV^H�4ET?QJ�;Z^�EhAZC_I&9}X$EH;�;Z=[I��R?Qf@J~EH;Z?e^k9 EH9R;Z?e9@^RXOITA�^H�
;>=@I�G@SiEH;>I�ET9FX2XOI_c
A>C_I&9FXYEH;
;Z=[IM9@^RXRITA
EH9FX+=[I&9FC_I�G@J>^RXOUFC_I�;Z=[I�GFEH;>;ZI&J>9<AWI&I&9 ` 9 9@^k;>=@I&J
ITETJZSQ] EkC&Cm^kU@9R;
^H�
EhC_^kUFAW;Z?iCpA\;>JZITETP<?Q9@o���EkA
JZI&GF^hJZ;ZIrX+fO] ���L^kJDETl+?e9Z:!C �r�*N:A\U[P<P�EHJ>?BAWITX�?e9 	 �OK;Ck� 
]S)��=[I&9
=@I ^hfFA\I&J>�LITXg;Z=FET;&K@?Q9{EkX@XO?e;Z?e^k9<;>^g;Z=@Ipo�EkAV�R?Qf@J~EH;>?Q^k9}A6��^kJZP ITXj��=[I&9�EgA\;~EH9FXR?Q9@og� Er�LI
� EkA�okI79@I&JDET;ZITX�?Q9FAW?BXOI E0Se^k9@o ;ZU@fFI4N�^H��;ZI79�JZI_��I7JZJZIrXs;>^2EkA KpU@9FXO;#"vA�;>U@fFI%SDK�9@^k9RcC�&I7JZ^
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P<IrEH9gP<^h;Z?Q^h9FA ^H� ;>=@I�oLEhA��VI&J>I�EHSBAW^pG@J>ITA\I&9R;&`-wV=@I�oLEhA6;>JDE&�LI&SQSeITX EHSe^k9@o ;Z=[I�;ZU@fFI���ETSQSiA
��J>^kP ;Z=@I XO?BAWG@SBEhC_I&P<I79O;4EH9R;Z?e9@^RXOI�;Z^ XO?BAWG@SBEhC_I&P<I&9R;
9@^RXOILKaJZI&;>U@JZ9@?e9@og?Q9 ;Z=@I ^hG@GF^LA\?e;ZI
XO?eJZITCm;Z?Q^h9�XO^T��9�;Z=@I C_I79O;>JZIY^H� ;>=@I<;ZU[fqI<��J>^kP ET9O;>?Q9@^RXOI�;>^29@^RXOI�;Z^2��^kJ>P E2C_Se^LAWITX
Se^L^kG `

wV=@IMnFJ~A\;
;Z=[I&^kJ>I&;Z?iC&EHSaEH9}EHSQ][A\?iA�^H�-EkCm^kUFAW;Z?BC�A\;>JZITETP<?Q9[o�� EkA
P�EkXOI�fR]�	�Er]RSQI7?Qok= 	 Ck� 

?e9*:�CBCk�RK ��=[?BCD=�=@I4SBEH;>I&J�JZI&?e;ZI&J~EH;ZIrX�?e9��~wV=@IV;>=@I&^kJ>] ^H� A\^hU@9FX�� 	 Ch��
 `�>V] ;~EHlR?Q9@o�A\UFC7C_ITAbc
AW?Q�LIYEHG[G@JZ^TNR?QP�ET;Z?Q^h9FA�;Z^�;Z=@IgI�� UFET;Z?e^k9FAMoh^T�LI&JZ9@?e9@o+�FU[?BX2P<^k;>?Q^k9���^kJ�E+�R?BA>C_^kUFAM�FU[?BX�K
=@I AW=@^T�VITX�;Z=}EH;g;Z=[I$AW;ZJ>ITEHP<?e9@o2ETJZ?iA\ITAgXOU[I0;>^2;Z=@I�ohI&9@I&J~EH;Z?e^k9�^H� 	�I&]O9[^kSBX[A���^kJDCmITA_K
^hG@GF^LA\IrX fR]��R?BAZCm^LA\?e;W]LK6��=[I&9 ;>=@I2AW^kU@9FX�n}I&SBX�?BAYEH;>;ZI&9RUFET;ZITX�EH; E�A\^hSQ?BX�fF^kU[9FX@EHJ>]L`
8:92GFETJZ;Z?iC_U@SiEHJ&Ka=@I�9@^h;ZITX2;Z=}EH;p;>=@IYA\;>JZITETP<?Q9@og?iApE�A\ITCm^k9FX c ^kJ~XOI&JpI7 �IrC_;M��=[?BCD=2^RC&C_U@J~A
XOU[I<;Z^ �O?iAZC_^�A\?Q;W]L` AMI&9FCmILK ?Q; ?BA 9@^k;�Gq^�AZAW?Qf@SeI<;Z^ ^kf@;~EH?Q9 ;Z=@I EkC_^hUFA\;>?BC<AW;ZJ>ITEHP<?e9@o��LI_c
Se^RC_?Q;W]Y?d��;Z=[I EkC_^hUFA\;>?BCpI��LUFEH;>?Q^h9FA�EHJ>I�AW^kSe�LITX+;Z^g;>=@IMnFJ~A\;�ETG@G@JZ^TNR?QP�ET;Z?e^k9�ETSQ^k9[Ip^kJ�;>=@I
�FU[?BX�?iA�EhAZAWU@P<ITX2?Q9R�O?iAZC_?iX�`YwV=@I�AW;ZJZIrEHP<Se?Q9@ITA�G@J>ITXO?BCm;ZITX2fO] 	�E&]OSeI&?Qoh=�XOITA>C_JZ?efqIrXs;>=@I
AW;ZJZIrEHP<?e9@o�^hfFA\I&J>�hEH;Z?e^k9FA�?Q9 K�U[9FXO; " A6;>U@fFI�fR] �M�L^kJ~EHla` 	�E&]OSeI&?Qoh= "vA�?Q9[?Q;Z?iEHSF;Z=[I&^kJ>I&;Z?iC&EHS
�4^kJZl�G@J>^H�R?BXRITX2E0fFEhA\?iA���=@?iC =2=FEhA�U@9}XOI&JZoh^k9@I{A\U@fFAWI��LU@I&9R;�XRI&�LI&SQ^hG@P<I&9R;�fR]��6CDlhEHJ>;
	 �k� 
:K��RC =[SQ?BCD=R;Z?Q9[o 	 Ck��
 K�H�ITAW;ZI&J>�LI&SQ; 	 :!`k� 
 KMM]Rfq^hJZo 	 �T� 
:K 	�UFXOI&9@lL^{EH9FX���^kSQU[]REH9 	 C%C 
:K
ET9FX<^k;Z=[I&JDAm` 9 XOI&;~EH?QSeITXgI&NOGFI&J>?QP<I79O;~EHSR?Q9R�LITA\;>?QoLET;Z?e^k9Y^H�-EkCm^kUFAW;Z?BC AW;ZJZIrEHP<?e9@o ?Q9 E�oLEkA:c
nFSeSQITX�;>U@fFI0I7N@C_?e;ZITX�fO]�E�A\;~EH9FXR?Q9@o���E&�LI<fR] 9 9FXRJDEkXRI 	 ��
�?e9 :7�k�;:$�LI&JZ? nFITX�;>=@I EH?eJ
C_?eJDC_U[SBEH;>?Q^h9FA�G@J>ITXO?iC_;ZITX2fR] 	�E&]OSeI&?Qoh= "vAp;Z=[I&^kJ>I&;Z?iC&EHS
�V^hJZla`=AMI<UFAWITX�A\P ^klLIYGFEHJ>;Z?BCmSQITA
EhAj;>JDEkCm?Q9@o2GF^k?e9O;~A�;Z^2�R?BAWUFEHSe?BA\IY;Z=[I0fFI&=}Er�R?Q^hU@Jg^H���F^T��?Q9�;>=@I�;ZU@fFILK
ET9FX ��J>^kP ;Z=@?iA
EhAZC_I&J>;DET?Q9@ITX2;Z=[IYEHP<G@Se?Q;>UFXOI ^H� EH?QJ �R?Qf@J~EH;>?Q^k9 ` AMIYETSBAW^0^hfFA\I7JZ�LITX$;>=@Ig�L^kJ>;ZI&N P<^k;>?Q^k9
ETJZ^kU[9FX|C_]RSQ?Q9}XOI&JDA ET9FX AWG@=@I&J>ITA�^H� �hETJZ]R?Q9@o�XO?iEHP<I7;ZI&J~A�G@SiEkC_ITX�?Q9�E�Cm]OSe?Q9FXOJ>?BC&ETS
oLEkA:c
nFSeSQITX�;ZU@fFI EkC_^hUFA\;>?BC&ETSQSe]0I7N@C_?e;ZITX<fR]2E<AW;DET9FXO?Q9[o0� E&�LIL`��L;ZJ>ITEHP ?Q9@oYP<^k;>?Q^h9$��EhApA\I7I&9
9@IrEHJ ;Z=@I A\U[J\� EkCmI+^T��;Z=[I+^hf;FZITC_;p��=@I79�;>=@I+^�AZC_?eSQSiEH;Z?e^k9�ETP<G@SQ?e;ZUFXRI�JZIrEkCD=@ITX2E$CmJZ?Q;>?BC&ETS
�hEHSeU@ILK�XRI&GFI&9FXOI&9R;g^k9�;Z=@I ^kf;FZITCm; "vAgAW? �&I�` wV=@?iA+AW;ZJ>ITEHP<?e9@o2��EhAjSiEH;>I&JYEH;>;ZJZ?ef@U@;>ITX�;>^
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fF^kU[9FX@EHJ>] c SBE&]LI&J�I� aITC_;~A�fR]�� C =@Se?BCD=O;>?Q9@o 	 Ch��
 ` �4EHJ>JZ?�
I&JZIYETSBA\^ I&NRGqI7JZ?QP I&9O;~EHSeSQ]<?e9O�LITAW;Z? c
o�EH;ZIrX{;>=@I C_?eJDC_U[SBEH;>?Q^h9<ETJZ^kU[9FX�C_]OSe?Q9FXRJZ?BC7EHS@^hf;FZITC_;DAmKLf@U@;V��^kJ EHP<G[SQ?Q;>UFXOITA�^H�-^LAZCm?QSQSiEH;>?Q^k9
PYUFCD=<AW;ZJZ^h9@okI7JM;>=FEH9�;Z=[^LA\I�UFA\IrX{fR] 9 9FXOJ~EkXOI�EH9}X0;Z=[I&JZI_��^hJZIp^h9 EjPYUFCD=+SiEHJZohI&J�AZC7EHSQI
J>I&SBET;Z?Q�LI4;Z^ ;Z=[I�XO?QP<I79FA\?e^k9FA ^H� ;Z=@I�^hf;FZITC_;�	 :&��
 `�wV=@I�Cm?QJDCmU@SBET;Z?Q^h9FA�AWI&I&9g�VI7JZI�AW?QP<?eSBETJ);>^
;>=@^LAWI�?BXRI&9O;>?dnFIrX+fO] 9 9FXOJ~EkXOILK@f[U@; �}^H��?e9@oY?Q9�;Z=@I ^hG@GF^LA\?e;ZIYXO?eJZITCm;Z?Q^h9 ` ��fFAWI&JZ�hET;Z?Q^h9FA
^T��;Z=@I�XO?QJ>ITC_;>?Q^k9}EHS[XOI&GFI&9FXOI79FC_I�^H� ;>=@I�A\;ZJ>ITEHP ?Q9@op^h9<AW^kU@9}X+?Q9R;ZI&9}A\?Q;W] �VI7JZI�EHSBAW^ P�EkXOI
AW^kP<Ig]LITETJDApSBET;ZI&J�fO]�8:9@o�EHJDX�EH9}X ?aETfFEH;>I 	��hu 
�9@ITETJ�;>^ A\P�ETSQS�^hJZ?dnqC_ITA_K EH9FX�fR]ZH�ITAW;
	 :�`ku 
���^hJM^�AZC_?eSQSiEH;Z?e9@ogCm]OSe?Q9FXOI7JDA_` H�ITAW;ZI&J>�LI&SQ; 	 :!`k� 
 SiEH;ZI7J�C_SBETJZ?dn}ITX+;Z=}EH;�;Z=@?iA�A\;ZJ>ITEHP ?Q9@o
XO?eJZITCm;Z?Q^h9+J>I&�LI&J~AZEHSF^RC&CmU@JDA
��=@I&9<;>=@I EHP G@SQ?e;ZUFXOI4^H�-^LA>C_?QSeSBEH;>?Q^h9+?iA�SiEHJ>okIpJ>I&SBET;Z?Q�LI�;>^�;>=@I
XO?eP<I&9FAW?Q^h9FAM^H� ;Z=@IY^kf;FZIrC_;&K Cm^k9OnFJ>P<ITX$?e92?Q9R�LITA\;>?QoLET;Z?e^k9FApET; SQ^T��ET9FXs=[?Qok= 	�I&]O9[^kSBX[A
9RU@PYfqI7JDA6fR] 9 9}XOJZITA�ET9FX$8:9@o�EHJ~X 	 �OK�� 
 `

wV=@I&^hJZI&;>?BC&ETS�XOI&�LI&Se^kG@P<I79O;
^H� 	�E&]OSeI&?Qoh= "vA
�V^kJ>l�?Q9 :7�Ht C{fR] �
CDlkETJZ; 	��h��
:KaEH9}X$A\U[fOc
AWI�� U[I&9O;�I&NRGFI&JZ?eP<I&9R;DEHSa�V^hJZl�fO]4?F?eI&fFI&JZP�ET9@9$?e9 :7�HtL� 	 �k��
 Kq?e9FC_?e;ZITX<P<^hJZI ?Q9R;ZI&J>ITA\;�?e9
;>=@IpG@=@I79@^kP<I79FEO` �
C lhETJZ;�AW=@^T�VITXaK fR]YA\^hSQ�R?Q9@o ;>=@IMI�� UFET;Z?e^k9FA
^H���}U@?BX+P ^k;Z?e^k9g;>=@JZ^hU@ok=
AWUFC&C_ITA>A\?e�LIpETG@G@JZ^TNR?QP�ET;Z?e^k9<��?e;Z=<;>=@Ip?Q9}C_SQUFAW?Q^h9+^T���R?BA>C_^kUFA���^kJ~C_ITA_KR;Z=FET;�;Z=@I�A\;ZJ>ITEHP ?Q9@o
P<^h;Z?e^k9�^kfFAWI&JZ�LITX�?Q9�ET9�EkC_^hUFA\;>?BCjn}I&SBX�� EkA okI&9@I7JDEH;>ITX�fR]�;>=@Ig��^kJZP{EH;Z?e^k9�^T��A\;>ITEkXO]
�L^hJZ;Z?iC_ITAm` AMIV��^hU@9FXg;Z=FET;&KO��=[?QSBAW;�;Z=[I ��^hJDC_ITA
XOJ>?Q�R?Q9@o�;Z=@I�AW;ZJZIrEHP<?e9@opP<^h;Z?Q^h9YXOI&GFI&9FXRITX
^h9�fF^h;Z=�;>=@I�C_^LI �{C_?eI&9O;~AM^H��f@U@Sel�EH9FX A\=@ITETJ��R?BA>C_^LAW?Q;Z?eITAp^H��;>=@I+�FU@?iX�K);>=@IY^kG@GF^LAW?Q9@o
J>I&;DETJDXO?e9@o���^hJDC_ITA4XOI&GFI&9FXRITXj^h9@SQ]Y^k9 ;Z=@I AW=@ITETJV�R?BAZCm^LA\?e;W]L`�AMIMG[JZ^kGF^�A\ITX<;Z=}EH;V;>=@Ipf@U[SQl
�R?BA>C_^LAW?Q;W]�^H� Es�FU@?iX�KVU@9R;Z?eSM;>=FEH; Gq^h?Q9R;<U@9@P ITEkAWU@JDETf@SQILK C_^kU@SiX�fFI�EkA>C_I&J>;DEH?e9@ITX���JZ^kP
P<IrEkA\U[JZI&P<I79O;�^T��;Z=@IgP�ETok9@?e;ZUFXRIg^H��;Z=[IYA\;ZJ>ITEHP ?Q9@o<�LI7SQ^RC_?e;Z?QIrA_` �
CDlkETJZ;�EHSiA\^ EHG@G@Se?QITX
;>=@I+;>=@I&^hJZI&;>?BC&ETS
EH9FETSQ][A\?iA�;>^�;Z=@I C&EkAWIg^H� A\;ZJ>ITEHP ?Q9@o<J>ITA\U[SQ;Z?e9@o<��JZ^hPzE<=@?Qoh=Oc ?Q9R;ZI&9FAW?Q;W]
fFITETP ^T�
AW^kU@9}X{��^kJ>P<ITXgfO]{EH9�^LA>C_?QSeSBEH;>?Q9@o � U}EHJZ;(��C_JZ][A\;~EHS:KRlO9[^H��9 EhA � � UFETJZ;(����?e9FX��RK
��=@?iC =�=FEhX0fFI&I&9�^hfFA\I&J>�LITX<fO] � I&?BA>A\9@I&J4?Q9=:&�huk�ZN A\U@P P�EHJ>?BA\IrX�?Q9 	��h� 
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C_^h9FXOUFC_;>ITX2E<AWI&;p^H�4I&NRGFI&JZ?eP<I&9R;DAV;>^
^hf@;DET?Q9$;>=@I f@U@Sel<�O?iAZC_^�A\?e;\]Y?Q9�^hJZoLET9@?BC SQ? � U@?iX@A���J>^kP AW;ZJ>ITEHP<?e9@o�ohI&9@I&J~EH;>ITX<fO]�EgfFITEHP
^T��A\^hU@9FX�` � EHJZlR=FETP 	��k� 
�I&NR;ZI&9}XOITX �
CDlhEHJZ;#"vAM;>=@I&^hJZI&;>?BC&ETS);>JZITET;ZP<I&9R;�;Z^<?e9FC_SQU}XOI�;>=@I
I� aITCm;DA6^T��J>I&SBETN@ET;Z?e^k9 KL��JZ^kP���=@?iC =<=[I C_^k9}C_SQUFXRITXj;>=FEH;�;>=@IpP�ETok9@?e;ZUFXRIM^T��;>=@I A\;>JZITETP+c
?e9@o XO^LITA�9@^h;
XOI&GFI&9}XgA\^kSeI&SQ] ^h9+;>=@IVf@U[SQlgET9FXgA\=[ITEHJ
�R?BAZCm^LA\?e;Z?eITA_KTf@U@;�^h9g;Z=@I�Cm^LI ��Cm?QI&9R;
^T� AW^kU@9FX�ETfFA\^hJZG@;>?Q^k9 K6��=@?iC = ?Q9FC_SeUFXOITApI� aITCm;DA���J>^kP ;Z=@I7JZP�ETS6J>I&SBETN@ET;Z?e^k9 K-AZC&ET;Z;ZI7JZ?Q9[o
ET9FXs=[ITEH; Cm^k9FXOU}C_;Z?e^k9 `�wV=@?BA���EkA C_^h9OnFJ>P<ITX0?e92AWU@fFA\I�� U@I79O;p;>=@I&^hJZI&;>?BC&ETS�ET9FXsI7NOGFI&J>?dc
P<I79O;~EHS��V^kJ>l2fO] �hEHJZ?e^kUFA ETU@;Z=@^hJDA 	��k�@K��T�@K :!`k� 
:` 9 92I&NRGqI7JZ?QP I&9O;~EHS ?e9O�LITAW;Z?eoLEH;>?Q^h92^H�
EhC_^kUFAW;Z?iCgA\;ZJ>ITEHP ?Q9@oY?Q92o�EkA\IrA�fR] � ITXO��?e9 	��k� 
�AW=@^T�VITX$;>=FEH;7K���^kJp;>=@IYC&EkAWIg^H� 9 J>ok^k9 K
;>=@I�P�E�FZ^kJ>?Q;W]$^T�p;>=@I�AW;ZJZIrEHP<?e9@o$�LI&Se^RC_?Q;W] ^kfFAWI&JZ�LITX N:�k� �-S Cm^kU@SiX fFI�ET;Z;>JZ?Qf[U@;ZITX�;>^
;>=@I�I� aITCm;DA�^H�4AW=@ITEHJ��R?BAZCm^LA\?e;W]�EH9FX$;>=@I&J>P�EHS C_^k9FXRUFC_;Z?e�O?e;W]<ETSQ^k9[IL`��@U@JZ;>=@I&J�JZI&�R?QI7��AV^H�
EhC_^kUFAW;Z?iC�A\;>JZITETP<?Q9[ogC&ET90fFI ��^kU@9FX�?Q9<J>I_��I&J>I&9FC_ITA 	��TtFKq�k�RK(CBC@K�:�`h� 
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Theoretical curve (Re=0)
Experimental data
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149dB    (Re=4.8 )
150 dB   (Re=6.1)
151.6 dB (Re=8.8)
153.5 dB (Re=13.6)
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AN1
N2 AN2

N1
N2

N1
N2

Rigid end of tube, 
corresponding to an 
acoustical node (N) of 
each velocity harmonic

N1=Node of 1st harmonic
AN1=Anti-node of 1st harmonic

N2=Node of 2nd harmonic
AN2=Anti-node of 2nd harmonic
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2nd harmonic reduced

TRU�� V�W.X �+[]\ Y�^ 9 NR?BETS)�LI&Se^RC_?Q;W]YG@JZ^TnFSQIgfFI&;W�4I&I&9$;W�4^<�LI&SQ^RCm?Q;W]�EH9R;Z?e9@^RXOITAM��^hJ E<A\^hU@9FX
nFI7SBX�^T��:&�B`kX >�P<IrEkA\U[JZITX EH;�;Z=[IVJZ?eok?iX�I79FX�` � IrEkA\U[JZI&P<I79O;~A�EHJ>I�AW=@^T��9���^kJ�;Z=[IV^kJ>?Qoh?Q9FETS
AW^kU@9FX0n}I&SBXZN C_JZ^�AZAWITA S EH9FX�P<^RXO? nFITXjnFI7SBX4N:C_?eJDC_SeITA S~`
�)?QohU@JZI��R`�:mt�AW=@^T��A);Z=[I�EHNR?BEHS}A\;ZJ>ITEHP ?Q9@o��LI&SQ^RCm?Q;W]pG@J>^HnFSeIVG@J>^RXOUFC_ITXgfR]�;>=@I�^kJ>?Qoh?Q9FETS

AW^kU@9FX2nFI&SBX EH9FX2;Z=[IgP<^RXO?dn}ITX{nFI7SBX�`OH|?Q;>=2;Z=@IYETP<G@SQ?e;ZUFXRI�^T��;>=@IYA\ITCm^k9FX$=FETJZP<^h9@?BC
XO?eP<?Q9[?BA\=[ITX�KRE�9OU[P+fFI&J4^H�4C_^hP<GFETJZ?BAW^k9FA
�VI&J>I P�EkXOI���?Q;Z=�G@J>I&�R?Q^kU}AVJZITAWU@SQ;~A ^

:h`MwV=[I�XO?iA\G@SiEkC_I7P<I&9R;gfqI7;\�4I&I&9|;>=@I�EkX�FDEhC_I&9R;��LI&SQ^RC_?e;W]�9@^RXOITA EH9FX�EH9R;Z?e9@^RXOITA<?iA
P ^kJZI I�� U}EHSQSe]�AWGFEkCmITX�K�ETSQ;Z=[^kU@oh= ?Q;g?iAgA\;>?QSQS4SBETJZokI7J+��=@I79�;>=@I EHNR?BETS�A\;ZJ>ITEHP ?Q9@o
P ^k;Z?e^k9�?BA�XR?QJZIrC_;ZITXY;Z^T��ETJDX@A�;Z=@I Se^kUFX@AWGFITEHlLI&J7`

uR`MwV=[IpAW;ZJZIrEHP<?e9@oM�LI7SQ^RC_?e;\]�G@JZ^TnFSQI�AW;Z?QSeS@XRI&�O?iEH;>ITA ��JZ^hP�AW?Q9RUFA\^h?BX@ETSFXOI&GFI&9FXRI&9FC_I�?e9YE
XR?QJZIrC_;Z?e^k9�^kG@GF^�A\?Q9[o<;Z=@I7^kJZ]{EkA�A\I&I&9�G@J>I&�R?Q^kU}A\SQ]�KO��?Q;>=�;Z=@I XO?BAW;Z^kJ>;Z?e^k9�fFITC_^kP ?Q9@o
P ^kJZI�G@JZ^h9@^kU@9}C_ITX0��?e;Z=�?Q9}C_JZITEhA\?e9@oYEkC_^hUFA\;>?BCp?Q9R;ZI79FA\?e;\]�`

�R`MwV=[I�ETP<G@Se?Q;ZU}XOI�^H��;>=@Ip^k9RcWETNO?iA�A\;ZJ>ITEHP ?Q9@o �LI&Se^RC_?Q;W]�?iAVAWU@fFA\;~EH9R;Z?iEHSQSe]+J>ITXOUFCmITXj?e9
;>=@I�XO?QJ>ITC_;>?Q^k9�=@IrEkXO?e9@og;Z^T��ETJDX@A�;Z=[I�Se^kUFX[A\GFITEHlLI7J&`

9 A6;>=@I�XO?BAWG@SBEhC_I&P<I&9R;�^H��;Z=[Ip9@^RXOITA�ET9FX<ET9O;>?Q9@^RXOIrA6fFITC&ETP<I�P<^kJ>IMI�� UFETSQSe]gA\G}EkC_ITXaK
P<IrEkA\U[JZI&P<I79O;~AV�VI&J>Ig;DEHlLI792;Z^ EkA>C_I&JZ;~EH?e9���=@I7;Z=@I&J�;Z=@?iA�� EkA XOU@Ig;>^ E0CD=FET9@okIY?Q92;>=@I
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150 dB 
154 dB
150 dB (2nd harmonic reduced)
154 dB (2nd harmonic reduced)

TRU�� V�W.X ��[]\ �+^ 9 NO?iEHS4�LI&SQ^RC_?e;W]�G@J>^HnFSeI A\U@J>JZ^kU[9FXO?Q9[o�EH9 EkC_^hUFA\;>?BC<�LI&SQ^RCm?Q;W]�9[^RXOI0��^hJ
EhC_^kUFAW;Z?iC�SQI7�LI&SBA�^H� :&�B`kX > EH9FX=:&�Ht�X > P<IrEkA\U[JZITXYEH;�;Z=@I J>?Qok?iX+I&9FX<^T�
;Z=@I ;>U@fFIL` � ITErc
AWU@JZI&P I&9O;~A���^hJMfF^k;>=2EhC_^kUFAW;Z?iC�SQI7�LI&SBA�okI79@I&JDET;ZITX�UFA\?e9@og;Z=[I�^kJ>?Qoh?Q9FETS�A\^kU[9FX{nFI7SBX4N:AW^kSQ?iX
Se?Q9@ITA�S-EH9FX<P<^RXO? nFITXgAW^kU@9FX+nFI7SBXg;Z^�J>ITXOUFCmIM;>=@I A\IrC_^k9FXY=FEHJ>P<^k9@?iC�XO?BAW;Z^hJZ;Z?e^k94N X@EkAW=@ITX
Se?Q9@ITA�S4EHJ>I�AW=@^T��9 `

−0.30 −0.25 −0.20 −0.15 −0.10 −0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Distance x / wavelength along x−axis

−6
−5.5

−5
−4.5

−4
−3.5

−3
−2.5

−2
−1.5

−1
−0.5

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5
5.5

6

A
xi

al
 s

tr
ea

m
in

g 
ve

lo
ci

ty
 / 

m
m

s−
1

0 degrees
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180 degrees
270 degress

TRU�� V�W.X �+[]\ � ^ 9 NR?BETSk�LI&Se^RC_?Q;W]�G@JZ^TnFSQI
fFI&;W�VI7I&9 ;\�4^M�LI7SQ^RC_?e;\]�9[^RXOITA ��^hJ�E�A\^hU@9FX�nFI&SiXp^H�
:7�%`kX >pKH��?e;Z= E�A\ITCm^k9FXp=FETJZP<^h9@?BC�C_^kP Gq^h9@I&9R; N�^H�}EHP<G@Se?Q;>UFXOI-u%`	��^T�@;>=@I���U@9FX@ETP<I&9R;DEHS]S
EhX@XOITX�EH;gG@=FEhA\I EH9@ohSQITA8`RKV�B`OK :!C%`�EH9FX�u � `�XOI&ohJZI&IrA�JZI7SBEH;>?Q�LIY;Z^�;Z=@I�G@=}EkA\I�^T�p;>=@I
��U@9}X@EHP<I79O;~EHS�=}EHJZP ^k9@?iCk`
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	 ����X � W.X;X ��	 � N�XO?eJZITC_;>?Q^h9 c N�XO?eJZITCm;Z?Q^h9
` �O`):H� �O` Ck�
�%` �O` �%` t@` tLu
:!C%` �O` �%C t@`):%:
uL�.` �O` tLu t@` �k�

x ��yz�]X ��[��+^ x�ITEHl�ETP<G@Se?Q;ZU}XOITA�^H��;Z=@I EHNR?BETS�A\;>JZITETP<?Q9@o2�LI7SQ^RC_?e;Z?QIrA�A\=[^H��9�?Q9�nFokU@J>I
�R`�:&�R`
GF^LAW?Q;>?Q^k9�^H� ;Z=@Ig�LI7SQ^RC_?e;\] 9@^RXOILK ^kJ �LI&Se^RC_?Q;W]�ET9O;>?Q9@^RXRILK ^kJpfF^k;>= ` 9 SQ;>=@^kU[ok=2fF^k;>=�;>=@I
9@^RXRIgEH9}X0ET9O;>?Q9@^RXRI�P<^T�LI���=@I&9�;>=@I�EkC_^hUFA\;>?BCpSQI&�LI7S@?BA�CD=FEH9[okITX�K@J>ITXOUFCm?Q9@o�;Z=@I�EHP G@SQ? c
;>UFXOIp^T��;Z=@I AWITC_^h9FX+=FETJZP<^h9@?BCVG@J>?QP�ETJZ?eSQ]�J>ITA\U[SQ;DA�?e9<;Z=@I�A\=[?d��;V^T��;Z=@I�EkCm^kUFAW;Z?BC��LI&SQ^RC_?e;W]
9@^RXRIL` 9 A XOI7P<^k9FAW;ZJ~EH;ZIrX$?Q92nFokU@J>I<�R`�:7�OK)��=[I&9�;>=@Ig^kJ>?Qoh?Q9FETSVAW^kU@9}XsnFI&SiX$?BApG@JZIrA\I&9R;&K
?e9FC_JZIrEkA\?e9@o<;>=@IYEkC_^hUFA\;>?BC�SeI&�LI&S fR]0t�X >�JZITAWU@SQ;~AM?Q9 E�A\=@? ��;M^T��;Z=[I��LI&Se^RC_?Q;W]<9@^RXRI+fR] �
:h`v�HP P2`�H|?Q;Z=Y;Z=[IpAWITC_^k9}X+=FEHJ>P<^k9[?BCVP<?e9@?QP<?eAWITX�KhEH9<?e9FC_JZIrEkA\I�?Q9YtLX > =FEkA
SQ?Q;>;ZSeI�^kJV9[^
I� aITCm;M^h9$;Z=[I�J>I&SBET;Z?e�LIpGF^LA\?e;Z?e^k92^H��;Z=@I 9@^RXOI�`�8:;M?iA�EHSBAW^+9[^k;ZIrX0;Z=}EH;pUFAWI ^H�
;>=@I�P<^RXR?dc
nFIrX$A\^hU@9FX<nFI&SBX<J>ITA\U@Se;DAV?e9$Eg�LI&Se^RC_?Q;W]g9@^RXOI�;Z^Y;Z=@I SeI_��; N � uO` �HP<P�EH; :&�B`kX >@S4^H��;Z=FET;
ohI&9@I&J~EH;ZIrX ��JZ^hP ;Z=[I$P<^h9@^Hc���JZI��LU@I&9}C_]�AW^kU@9}X nFI&SiX�K
;Z=RUFA+Cm^k9OnFJ>P<?Q9[o$;Z=[I$?Q9}C_JZITEhA\ITX
AW]OP<P I&;ZJ>]gXO?iAZC_UFA>A\ITX<ITETJZSe?QI&J7`

�)?QohU@JZI��R`�:7��XRI&P<^k9}A\;ZJ~EH;>ITA+=@^T��;>=@I�EHNR?BETS A\;>JZITETP<?Q9[o��LI&Se^RC_?Q;W]�G@J>^HnFSeI�C =FET9@okIrA
��=@I79$;Z=[IpG@=FEhA\IgET9@okSeI ^H�-;Z=@I�A\IrC_^k9FX<=FETJZP<^h9@?BC�C_^kP<GF^h9@I&9R;V;DETlLITAV�hEHSeU@ITAV^H� ` �&KF�B` �mK
:!C%` ��EH9FX u �.`��M��?Q;>=�;Z=@I�EHP G@SQ?e;ZUFXOI�lLI&G@;�Cm^k9FAW;DEH9R;&`4wV=@I XO?QJ>ITC_;Z?e^k9<^T�
;Z=[I�XR?BA\;>^kJ>;Z?Q^h9
��J>^kP AW?Q9RUFA\^h?BX@ETS�JZI7P�EH?e9FA�;Z=@I A>EHP<I�?Q9{EHSQSF��^kU@J�C7EkA\IrA_` AM^T�VI7�LI&J&KLEgAW?Qoh9@?dnaC7EH9R;�CD=FEH9@ohI
?iAj^hfFA\I&J>�LITX�?e9 ;>=@I$P�ETNO?eP+U[P EH9FX�P<?Q9@?ePgU@P EHP G@SQ?e;ZUFXOIrA�^H� ;>=@I2ETNO?iEHS�A\;ZJ>ITEHP ?Q9@o
�LI&Se^RC_?Q;W]���^kJ ITEkCD=�C&EkAWILKMG}EHJZ;>?BC_U[SBEHJ>SQ]�?Q9|;>=@I�XO?eJZITC_;>?Q^h9 ^H� ;Z=@I2Se^kUFX[A\GFITEHlLI7J4N J>?Qok=R;\c
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XO^LIrA{9[^k;<=@I7SQG ?e9|^kf@;~EH?e9@?Q9@o I�� U}EHS�GqIrEHl �LI7SQ^RC_?e;Z?QIrA_`�8:;<ETG@GFITEHJ~A ��J>^kP ;Z=@I JZITAWU@SQ;~A
^hf@;DET?Q9@ITX�;Z=FET;�P ?Q9@?eP+?iA\?Q9[og;Z=@I A\ITCm^k9FX2=FEHJ>P<^k9[?BCgC_^hP<GF^k9@I&9R; ET;�;>=@IY�LI&SQ^RC_?e;W]<9@^RXOI
=FEhA+E�SQ?eP<?Q;>ITX$I� aITC_;�^k9�;Z=@I{XO?BAW;Z^kJ>;Z?e^k9�^H��;>=@I EHNR?BEHS A\;>JZITETP<?Q9@o��LI&Se^RC_?Q;W]L`�AM^T�VI7�LI&J
?e;��4^kU@SiXsfFI<?e9O;>I&JZIrA\;Z?e9@o<;>^$Cm^kP<GFETJZIg;>=@ITA\IYJZIrA\U@Se;DAp��?Q;>=�;>=@I&^kJ>I&;Z?iC&EHS�A\?QPYU@SiEH;Z?e^k9FA�^H�
P<^RXR?dnFITX�AW^kU@9FX<nFI&SiX@A_`

	�#���#C% ��� ?B: 0 6 4 �-< � ? ./?�L�0 *-,�.�0�<=:A ?I3 6�L ,�:6J1�3;0�< : 3;0;. ?B, FH< L �

��fFAWI&JZ�hEH;>?Q^h9FAV^H�-;Z=@I�A\;ZJ>ITEHP ?Q9@o ?Q9}XO?BC&ET;ZITXY;Z=FET;V;Z=[I A\I&IrXO?Q9@o�GFEHJ>;Z?iC_SQITA
?Q9O�}U@I&9FC_IrXj;>=@I
AW;ZJZIrEHP<?e9@o�P<^k;>?Q^k9 EH9}X�K�?Q9�G}EHJZ;>?BC_U[SBEHJ7K);>=@I�XOI&ohJZI&IY^H��A\]RP<P<I7;ZJZ]{EHSQ^h9@o2;Z=[I�EHNR?BA ^H�
;>=@I�;>U@fFIL` 9 A�XO?iAZC_U}AZA\IrX0?Q9 A\ITCm;Z?Q^h9�t@`�t[Kq?e9FC_I&9}A\I AWP<^klLI ?BA�EYA\U[?Q;DETf@SQI C =[^k?BCmIp^H�4AWI&ITX c
?e9@o+��^kJ�EkC_^hUFA\;>?BC�nFI&SiX@A�?Q92;Z=[I���JZI�� U@I79FC_]�ET9FX�AW^kU@9}X$?Q9R;ZI&9FAW?Q;W]<J~EH9@ohITApGqI7JZ;DET?Q9@?e9@o<;>^
;>=@?BA�A\;ZU}XO]L` 8b9�^kJ~XOI&J�;Z^$^hf@;DET?Q9�EH9 EkC&C_U[JDEH;>I+J>I&G@J>ITA\I&9R;DET;Z?e^k9�^T��;Z=@Ig�FU@?iXs�F^T� K);>=@I
GFETJZ;>?BC_SeI C_^k9}C_I&9R;ZJDET;Z?e^k9�P+U}A\;VfFI�A\U ��C_?eI&9R;ZSQ]g=[?Qok= ET9FX0=@^hP<^kohI&9@I&^hUFAV;Z^g^hf@;DET?Q9 EkXOI_c
�LUFEH;>I�x68:y�J>ITA\^hSQU@;>?Q^h9 ` AM^T�VI&�LI7J&KLJZITAWU@SQ;~A6?e9FXO?BC7EH;ZI�;Z=FET;�EH9�I&N[C_ITAZAW?Q�LI&Se]�=@?eok=�GFETJZ;Z?iC_SQI
C_^h9FC_I&9R;ZJ~EH;>?Q^k9 ETSQ;ZI7JDAV;Z=[I�G[JZ^kGFI&J>;Z?eITA ^T��;>=@Ip�F^T� KFEkA�XO?BA>C_UFA>A\ITX<?Q9 AWITC_;Z?e^k9 �O` t@` uO`

�)?QohU@JZI��O`):H��XOI&P<^h9FA\;>JDEH;>ITA�;Z=@I�I� aITC_;
^T��SQ^T�|ET9FX+=@?eok=�AWI&ITXO?e9@o�C_^k9FCmI&9O;>JDET;Z?Q^h9FA6^h9
;>=@I�EHNR?BEHS A\;>JZITETP<?Q9@o��LI&SQ^RCm?Q;W]gG@JZ^TnFSQI�?Q9 EH9 EkCm^kUFAW;Z?BC AW^kU@9FX+nFI7SBX<^H�-?Q9R;ZI&9}A\?Q;W] :7�%`kX >p`
H|?e;Z=2;Z=[I�9@^hJZP�ETS�EHP<^hU@9O;�^H�6A\I&ITXR?Q9@o<U}A\ITX�;Z^<^hf@;DET?Q92�hEHSe?BX$x
8:y�?eP�EHohITA N ;>=@I�Se^T�VI&J
C_^h9FC_I&9R;ZJ~EH;>?Q^k9+SDKO;>=@I�EHNR?BETS A\;>JZITETP<?Q9[o��LI&Se^RC_?Q;W]gfFI&;W�VI&I79�E��LI&SQ^RCm?Q;W]YEH9R;Z?e9@^RXOI�EH9FX�EhX c
FDEhC_I&9R;�9[^RXOI<?BA�JZI&SiEH;Z?e�LI&SQ] AW]OP<P I&;ZJ>?QC7EHS ��?Q;>=�^h9@SQ]�E�AWSQ?Qoh=O;�XO?iA\;>^kJZ;>?Q^h9 K�EkA�XR?BAZCmUFAZAWITX
ITETJZSe?QI&J7` H|=@I&92EgPYUFC =Y=@?eok=@I&J�C_^h9FC_I&9R;ZJ~EH;Z?e^k9�^H��GFEHJ>;Z?BCmSQITAV?iAVG@JZITAWI&9R;&KO;>=@IgXR?BA\;>^kJ>;Z?Q^h9
fFITC_^hP<ITA P<^kJ>I<AWI&�LI&JZIY��?Q;>=�;Z=[I<GF^k?Q9R;g^H��P{EHNR?QPYU@P �LI&SQ^RC_?e;W]$SQ]R?Q9[o2EHG[G@JZ^TNR?QP�ET;ZI&Se]
;>=@JZI&Imc=�LUFEHJ>;ZI&J~A�^H��;>=@I XO?BAW;DEH9}C_I+��JZ^hP ;>=@I<�LI&Se^RC_?Q;W]�ET9O;>?Q9@^RXOI�;>^29@^RXOIL`�wV=@I EHP G@SQ? c
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low smoke concentration
high smoke concentration

TRU�� V�W.X �+[ \ �+^ 9 NR?BETSF�LI&SQ^RC_?e;W]�G[JZ^Hn}SQIM��J>^kP��LI&SQ^RC_?e;W]gEH9R;Z?e9@^RXOIp;>^�9@^RXRI8N SeI_��;
;Z^�J>?Qoh=O;�S
��^hJpEYA\^hU@9FX{n}I&SBX<^H� �Rx ? :&�B`kX >�A\I7ITXOITX<fR]�E+AWP�EHSeSaEHP<^hU@9O;�^T�4A\P ^klLI8N C_?QJ~C_SQITA�S-EH9FX
SiEHJZohIgETP<^kU@9R;V^T�4A\P ^klLI N:C_J>^LAZAWITA S~`

XOIrC_JZITEhA\IY?Q92?e9O;>I&9FA\?e;W]0^T�O:7X >p`�wV=@?BApJZIrA\U@Se; C_^k9}C_U@JDAp��?e;Z=�^kfFAWI&JZ�hEH;>?Q^h9FA�^T��?Q9}C_JZITEhA\ITX
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��^hJ E+AW^kU@9}X$G@JZITA>A\U@J>I�SeI&�LI&S:KRP<ITEhA\U@J>ITXOFZUFA\;�^kU@;~A\?iXOI�;>=@I�;>U@fFI�I&NR?Q;7K@^H� :&uh�O`v�hX >p`awV=@I
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2 +�9 2 bS9
TRU�� V�W.X ��[�Y�^ 9 Cm^kUFAW;Z?BCpGFETJZ;>?BC_SeIp�LI&SQ^RCm?Q;W]+P{EHGFA�C_^hJZJ>ITA\GF^k9}XO?Q9@oY;Z^Y;Z=[I�x
8:y�?QP�ETokIp?e9
nFohU@JZIY�R`v�RK A\=@^T��?e9@o�;Z=@I�P�EHNR?QPYU@P�GFETJZ;DA�^H�4;Z=@IYEhC_^kU}A\;Z?iC�G@=FEhA\Ig��=@I&92;>=@IgEhC_^kU}A\;Z?iC
�F^T� ?iA+XR?QJZIrC_;ZITX N:E S�^kU[;+^T� ;Z=@I ;ZU@fFI I&NO?e;*N���� ���%` � SgET9FX N�f�S�fFEkCDl�?Q9R;Z^2;>=@I$;>U@fFI
N���� ��u �.`��"SD`

EhC_^kUFAW;Z?iC�G}EHJZ;>?BC_SeIp�LI&Se^RC_?Q;W]LKL^kf[;DEH?e9@ITX+��JZ^hP ;Z=[I�x
8:y�?eP�EHohI EH;�;>=@I�AZEHP IpGF^k?Q9R;���=@I&J>I
;>=@I<G@J>ITAZAWU@JZI<P ITEkAWU@JZI&P I&9O;���EhA�;DETlLI&9 K)� EkA���^hU@9FX�;>^2fqI `O`d�7P�A ��� K
C_^kJ>JZITAWGF^k9FXO?e9@o
;>^ � � � � ��� ��` 9 Se;Z=@^hU@ok=�E<J>I&ok?e^k92^H� AW;DEH;>?Q^h9FEHJ>]�C_?QJ~C_U@SBET;Z?e^k9$?iAM^kf}A\I&J>�LITX0^hU@;DAW?BXOIg;>=@I
;>U@fFILKk9@^p9[^k9Oc SQ?e9@ITEHJ�I� aITC_;~A)ETJZI�AWI&I&9 `�wV=@?iA)?BA�EkA)I7NOGFITC_;>ITXM��^kJ
EV�F^T����?Q;>=gA\U}C = EM=@?Qoh=
�L;>JZ^hU@=FEHS
9RU@PYfqI7J&`�wV=@Ig�LI&Se^RC_?Q;W]<�LITCm;Z^kJ�P�ETGFApC_^hJZJZIrA\GF^k9FXR?Q9@o�;Z^ ;Z=@IYx
8:y�?eP�EHohI�?e9
nFohU@JZI��R`v�RKk��?Q;>=�;Z=[IVG@=FEhA\ITA�?e9�;Z=[I�EkCm^kUFAW;Z?BC4C_][C_SQI
��=@I&J>I���� ���%` �GN P�ETNO?eP+U@P�EhC_^kU}A\;Z?iC
�LI&Se^RC_?Q;W]2^hU@;�^T�p;>=@I<;ZU[fqIBSDK�ET9FX���� ��uL�.` � N P{EHNR?QPgU@P �LI&Se^RC_?Q;W]$?e9O;>^$;>=@I<;ZU[fqIBSDK
EHJ>I
AW=@^T��9|?Q9�nFokU[JZI2�R`�t[`|wV=@I2EhC_^kU}A\;Z?iC0P<^h;Z?e^k9�?BAgAW]OP<P I&;ZJ>?BC&ETS K���?Q;>= I��LUFEHS�EhC_^kU}A\;Z?iC
GFETJZ;>?BC_SeI EHP<G[SQ?Q;>UFXOITARN�;Z^g��?Q;>=@?Q9{EH9�I&JZJ>^kJ4^H�-t �-S4XOU@JZ?e9@ogfF^k;>=0?e9O�F^T� EH9FX<^kU[;\�F^T� EkA
I&NRGFITC_;>ITX�`

8:;V?BA�ETSBAW^g9@^k;>ITXj��JZ^hP ;Z=[Ip�LI&SQ^RCm?Q;W]�P�ETGFA6?e9+nFohU@JZI��O` tg;Z=FET;�EgA\?eok9@? naC&EH9R;�ETP<^kU[9O;
^T� �LI&SQ^RCm?Q;W]$?e9O��^kJ>P�EH;>?Q^k9 EkX�FDEhC_I&9R;g;Z^2;Z=[I0� EHSeSBA�?e9FA\?iXOI<;>=@I�;ZU@fFI�?BA P<?BA>A\?Q9[o2XOU@I�;>^
G@J>^kf@SeI&P�Ag��?Q;>= �aEHJ>I N:EkAY^kfFAWI&JZ�LITX ?e9|CD=FEHG[;ZI&J���SD` 9 SQ;>=@^kU[ok=|;Z=[?BAg?Q9O��^hJZP�ET;Z?Q^h9 ?iA
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9@^h;MJ>I��LU@?QJ>ITX+?Q9�^hJDXOI&J�;>^+P ITEkAWU@JZIp;>=@I JDEhXO?BET;Z?Q^h9�?QP<GFITX@ET9FC_ILKL?e;�P�EHlLITA@� U}EH9R;Z?Q;~EH;>?Q�LI
^hfFA\I&J>�hEH;Z?e^k9�^T���F^T� A\I&GFETJDET;Z?Q^h9�EH9}X �L^hJZ;ZI7N���^kJ>P�EH;>?Q^h9|?Q9FAW?BXOI2;>=@I�;>U@fFI2�O?eJZ;>UFEHSeSQ]
?eP<GF^LAZAW?Qf@SeIL`

���
	 �  � |�/�6g(23Q|  | 6'3-1 ,E|  |�(Y*L3 143�5T(�5 ����

8:9�^kJDXRI&J ;Z^�P<ITEhA\U@J>Ig;Z=@Ig?eP<GFITX@EH9}C_I�^T��EH9R]�EkCm^kUFAW;Z?BC�nFI&SiX�K�?e;p?BAMnFJ~A\; 9@ITC_IrAZAZETJZ]2;>^
lR9@^T��;>=@I+P{EHok9[?Q;ZU}XOITAM^T��;Z=[Ij��U@9}X@EHP<I79O;~EHS�=FEHJ>P<^k9@?iCgC_^kP Gq^h9@I&9R;DAM^T��;>=@I<EhC_^kU}A\;Z?iC
�LI&Se^RC_?Q;W] EH9FX G[JZITA>A\U@J>I2EH;Y^k9[I$^kJYP<^hJZI A\GFITC_? naC<GF^k?Q9R;DAmKV?Q9 EkX@XR?Q;Z?e^k9�;Z^�;Z=@I G@=FEkAWI
J>I&SBET;Z?Q^h9FA\=[?QG�fFI&;W�VI7I&9�;>=@I&P2` 8:P<GFITX@ET9FC_Ig?BA ?Q9@=[I&JZI&9R;ZSe]�E0Se?Q9@ITETJgC_^h9FC_I&G[;&K)��=[I&JZI&fR]
;>=@I�G@J>ITAZAWU@JZIYET9FX2EkCm^kUFAW;Z?BC �LI&SQ^RCm?Q;W]<ETJZI EkAZAWU@P<ITX�;Z^<�hETJZ] A\?e9OUFAW^k?iX@EHSeSQ]L`RA�^H�4I&�LI&J�ET;
=@?eok=�?Q9R;ZI79FA\?e;\] SQI&�LI7SBA_Kafq^h;Z=�G@J>ITAZAWU@JZI�ET9FX��LI&SQ^RCm?Q;W]$��?eSQS�fFITC_^hP<I XO?BAW;Z^kJ>;ZITX�;Z^2AW^kP<I
XOI7okJZI7ILK@��=@?BCD=<U@Se;Z?eP�EH;>I&SQ]gSe?QP<?e;DA);>=@I �kETSQ?iXO?Q;W]Y^H�
;>=@I�C_^k9FCmI&G@;&`

��#&%�#(' � ?I,�321J./?�FK?�L�0 6 4 0���? ,�:6�1�3;0�<=: >@?IA 6�:<C0ED , L � *�./?I3�321J./?

, FK*-A=<C0/1 �-?I3

8:9 ^kJ~XOI&J�;Z^�^kf[;DEH?e9gEV;>JZU@I
P<ITEhA\U@J>I&P<I&9R;@^T�@;>=@I
?QP<GFITX@ET9FC_ILKm?Q; ?iA�9@ITC_ITA>AZETJZ]p;>^�P<ITEkAWU@JZI
;>=@I�G@J>ITAZAWU@JZI EH9FX2EhC_^kU}A\;Z?iC��LI&Se^RC_?Q;W] EH;�;Z=@I AZETP<I�A\GFET;Z?BETS�GF^LAW?Q;Z?e^k9 ` AM^T�4I&�LI&J&KR?Q;���EhA
9@^h;�GF^LA>A\?ef@SQIY;Z^ XO^�;Z=[?BApC_^h9FC_U@J>JZI&9R;ZSe]LK EhA�;>=@IYSQ^k9[o0G[JZ^kfFIYP<?BCmJZ^kG[=@^k9@I�JZI��LU@?eJZITX0��^hJ
;>=@IMG[JZITA>A\U@J>IMP<IrEkA\U[JZI&P<I79O;~A���EkA���^kU@9}Xj;>^gC&ETUFA\I�SQ^RC&ETS@�F^T�|XO?iA\;ZU[JZfFET9FC_I�EkAVAW=@^T��9+?e9
AWITC_;Z?e^k9Yt@` �O`��MU@I�;Z^ ;>=@IM9[ITC_ITA>A\?Q;W]�;Z^ P<ITEhA\U@J>I�;Z=@I�G@JZIrAZA\U[JZI�EH9FX<EhC_^kU}A\;Z?iC �LI7SQ^RC_?e;\]�ET;
AWGqIrC_?dnaC GF^k?Q9R;DA�?Q92;Z=[I��F^T� K�?e;M� EkAM9@^h;pGF^LA>A\?Qf[SQIg;Z^ ;DEHlLI x
8by�P<ITEhA\U@J>I&P<I&9R;DA�^H�4;>=@I
EhC_^kUFAW;Z?iC6nFI&SBX�A\?eP+U@Se;DET9@I&^kU}A\SQ]���?Q;>=�G@J>ITAZAWU@JZI�P ITEkAWU@JZI&P I&9O;~A@��?Q;Z=[?Q9�;>=@I6n}I&SBX�` AMI&9FCmILK
;>=@Ig�LI&SQ^RCm?Q;W]+P ITEkAWU@JZI&P I&9O;~A6�4I&JZI�^kf@;~EH?Q9[ITX{nFJ~A\;pU}A\?Q9[o�x
8by K�E&��;ZI&J���=@?BCD=$;>=@I�G[JZ^kfFI
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P<?iC_JZ^hG@=@^h9@I���EkAYA\U}A\GFI&9FXOIrX�?Q9�;>=@I EkC_^hUFA\;>?BC{n}I&SBX�EH9}X�;Z=[I0G[JZITA>A\U@J>I0P ITEkAWU@JZITX�ET;
AWGqIrC_?dnaC�x68:y�ohJZ?iX+GF^k?Q9R;DAm` �pA\?e9@og;Z=[I x
8by EHG[GFEHJ~EH;ZU}A ;>^g�O?eI&�|;Z=@I�EHJZIrE�^H��?Q9R;ZI7JZITAW;6?e9
J>ITEHS ;>?QP<ILKL;>=@I ;Z?QG�^T�
;Z=@I G@J>^kfFI�P ?BC_J>^kG@=@^h9@Ip� EkAVGF^LAW?Q;Z?e^k9@IrX0;Z^Y��?Q;>=@?Q9 ET9$EhC&C_U@J~EkC_]
^T� � u�G@?QNRI&SBAmKkCm^kJZJ>ITA\GF^h9FXO?Q9[o�;Z^ �O`O`):_P<P���^hJ
Ep�O?eI&��?Q9@o�EHJ>ITEp^H� �kCmP 	 ` 9 A)fFI_��^kJ>ILKk;>=@I
^hU@;ZG@U[;M�L^hSQ;DETokI AW?Qoh9FEHS���J>^kP�;Z=@I >VJBJU@I&S EH9FX K F�MVJ�P<ITEhA\U@J>?Q9@o EHP<G@Se?dnFI7J���EhA�AZEHP G@SQITX
fR]<;Z=[I�H E&�LI&fF^L^kl 9 ��� Cm^k9R�LI&JZ;>I&J�ET;MITEhC = Gq^h?Q9R;M;>^g]O?eI&SBX EjG@J>ITAZAWU@JZI�ETP<G@SQ?e;ZUFXRIL`

wV=@I&J>I2EHJ>I2;W�V^�?Q9@=@I7JZI&9R;gG@JZ^hf@SQI7P�A�?Q9�^kf@;~EH?Q9[?Q9@o�;>=@I0��U[9FX@EHP I&9O;~EHS�C_^hP<GF^k9@I79O;
^T� ;Z=@IrA\I<G@J>ITAZAWU@JZI ET9FX��LI&Se^RC_?Q;W]2P<IrEkA\U[JZI&P<I79O;~A_`2�)?eJDAW;ZSQ]�K)9@^h9Oc:Se?Q9@IrEHJgI� aITC_;~AgEH;g;>=@I
;>U@fFI$I&NR?Q; C&EH9�XO?iA\;Z^hJZ;Y;Z=@I��LI&Se^RC_?Q;W]2� Er�LI�`��LITCm^k9FXOSe]LK�9@^h9Oc:Se?Q9@IrEHJYG@JZ^hGFEHo�EH;Z?e^k9 EH9FX
Se^kUFX@AWGFITEHlLI&J�XO?BAW;Z^kJ>;Z?e^k9�P{EHlLI�?e;)G@J~EkC_;>?BC&ETSQSe]p?QP<GF^�AZA\?ef@SQI-;Z^p^hf@;DET?Q9gE�G@U@JZI7SQ] AW?Q9RUFA\^h?BX@ETS
G@J>ITAZAWU@JZI A\?eok9FETS:`

H|=@?QSiA\;g;>=@I��LI&SQ^RC_?e;W]0nFI&SiX�fqIrC&EHP<IY?Q9}C_JZITEhA\?e9@okSe]�XO?iA\;>^kJZ;>ITX���?Q;>=�=[?Qok=�AW^kU@9FX�?Q9Oc
;>I&9FA\?e;W]LK@ET9$�-��w ^T��;>=@Ip�LI&Se^RC_?Q;W]YAW?Qok9}EHS�EHSeSQ^T�VIrX<EkC&CmU@JDET;ZI XOI7;ZI&J>P<?Q9FET;Z?e^k9Y^H�-;Z=@Ip��U@9Oc
X@ETP<I&9R;DETS�ET9FX$=@?Qoh=@I&J�=FEHJ>P<^k9[?BC�Cm^kP<GF^k9[I&9O;�EHP G@SQ?e;ZUFXOIrA_` 9 ohJDEHG[=2^H�4I&NR?Q;��LI&SQ^RC_?e;W]
EhA�Eg��U@9FC_;>?Q^k9 ^H� G@=FEkAWIYEH9@ohSQIg��?e;Z=@?e9$;Z=[IgEkCm^kUFAW;Z?BCgCm]@C_SeI G@JZ^T�R?BXOITX��O?iA\UFETS
C_^h9OnFJZP{Erc
;>?Q^k9 ;Z=FET;g;Z=@I�XR?BA\;>^kJ>;Z?Q^h9���EhA�Se?QP<?e;ZITX EH9FX�;Z=[I<�LI&SQ^RCm?Q;W]2AW?Qok9}EHSV� EkA ;Z=@I&J>I_��^kJ>I�C_Se^LA\I
;>^<AW?Q9RUFA\^h?BX@ETSC�O;>=@?BAV?iA�XO?BA>C_UFA>A\ITX<?Q9 AWITC_;Z?e^k9 �O` �O` t@`
wV=@I G@J>ITAZAWU@JZI�A\?eok9FETS ��EhAMAW?QP<?eSBEHJ>SQ]
ET9FEHSe]@AWITXsU}A\?Q9[o$ET9��-��w�;Z^�I&NR;ZJDEhC_;�;Z=@IYAWI&GFEHJ~EH;>I+=FETJZP<^h9@?BC�C_^kP Gq^h9@I&9R;DAm`�wV=@IYJZI7Sdc
ET;Z?Q�LI P�ETok9@?e;ZUFXRITAV^H�4;Z=[I�=[?Qok=[I&JM=}EHJZP ^k9@?iC&AV�VI&J>I�C_^kP<G}EHJZIrX{;>^+;>=@I���U[9FX@EHP I&9O;~EHS ;>^
�LI&J>?d��]Y;Z=FET;M;>=@I G@JZIrAZA\U[JZI�A\?eok9FETS ��EkA�9@^h;pAWI&JZ?e^kUFAWSQ] XO?BAW;Z^kJ>;ZITX�I&?Q;>=@I&J7`

��#&%�#�� � 3;0�, �-A=<=3 �-FH? L�0 6@4 0 ��? * ��,�3�? ./?IA=,�0�<=6�L�3 ��<=*

�MU[Ig;Z^<;>=@IgAWI&GFEHJ~EH;>IgP<ITEkAWU@JZI7P<I&9R;6^T�4;Z=@I�G@JZITA>A\U@J>IYEH9FX2EhC_^kU}A\;Z?iC��LI&Se^RC_?Q;>?QITAmKOITAW;DETfOc
Se?BA\=[?Q9@o�;Z=@I&?eJ
G@=FEkAWIpJZI7SBEH;>?Q^h9FA\=@?eG+� EkA
P<^kJ>IpC_^hP<G@SeI&N�` 8b9 ^kJDXRI&JV;>^�JZI7SBEH;>IM;>=@I�;\�4^gAW?QoHc
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converter
Wavebook A/D

OFS
control box

B&K Pressure
Measuring
Amplifier

Camera
Loudspeaker

Oscilloscope
Channel 1

Channel 2

Amplifier

Generator
Frequency

Channel 1

Channel 2
PC

TRU�� V�W.X ��[��+^ 9 G@GFETJDEH;>UFA6��^kJ�P<ITEhA\U@J>?Q9@o�;Z=@I�G@=FEkAWIgXO?! aI&JZI&9}C_IMfFI&;W�4I&I&9<;>=@I G@JZITA>A\U@J>I
ET9FX$EhC_^kUFAW;Z?iC��LI&Se^RC_?Q;W]L`�wV=@I�XO^h;Z;ZIrX{^hU@;ZSe?Q9@I ?e9FXO?BC7EH;ZIrAVC_^h9O;>?Q9RUFEH;>?Q^k9�;>^jnFohU@JZI t[`v�O`

9FETSBAmKO;Z=[IpAW?Q9RUFA\^h?BX@ETS@?Q9@G[U@;4A\?Qoh9FEHSa;Z^ ;Z=[IMSe^kUFX@AWGFITEHlLI&J7KL��=@?BCD=g��EhAVEkA>A\U@P ITX�;Z^ =FE&�LI�E
C_^h9FA\;~EH9R; ��J>I��LU@I&9FC_]g;>=@JZ^hU@ok=[^kU@;�;Z=@I�P<ITEkAWU@JZI7P<I&9R;DA_Kh��EkAVU}A\ITX�EkA�E�J>I_��I&J>I&9FC_I�A\?eok9FETS
EhA�?QSeSQUFAW;ZJ~EH;ZIrX$?Q9$nFohU@JZI �O` �O`YwV=@IYG@=FEkAWI<XR?  aI&JZI79FC_ITAMfFI&;W�4I&I&92;Z=[IYEkC_^hUFA\;>?BCg�LI&SQ^RC_?e;W]
ET9FXs;>=@IgJZIm��I&JZI&9}C_I�A\?Qoh9FEHS K�EH9FX2AWI&GFEHJ~EH;>I&SQ] fqI7;\�4I&I&9 ;Z=@IgG@J>ITAZAWU@JZIYET9FX2;Z=@IgJ>I_��I&JZI79FC_I
AW?Qok9}EHS:Ka�VI&J>I�^hf@;DET?Q9@IrX�`��}J>^kP ;Z=[?BA_KF;Z=[I�G@=FEhA\IYXO?! aI&JZI&9}C_I fqI7;\�4I&I&9�;Z=[I�G@J>ITAZAWU@JZI EH9FX
�LI&Se^RC_?Q;W]Y��EhAV;Z=@I&9 C&ETSBC_U[SBEH;>ITX�`

9 �L;~EH9O��^hJDX G@U[SBA\I�ohI&9@I&J~EH;Z^hJ<G@J>^RXOUFC_ITX�;Z=@I A\?e9OUFAW^k?iX@EHS�JZI_��I7JZI&9FCmI�A\?eok9FETSM^T�p��JZI_c
�LU@I&9FCm] �)KL��=@?iC =g� EkA�;Z=[I&9YEHP<G[SQ?dn}ITX EH9FXgUFA\IrXj;>^�XRJZ?Q�LI4;Z=@I�Se^kUFX[A\GFITEHlLI7J&` 9 P{EH9RUFEHS
C_^h9O;>JZ^hS)^h9$;Z=[I�G[U@SBAWI�okI79@I&JDET;Z^hJpETSQSQ^T�4ITX<;Z=@I G@=FEhA\I EH9@ohSQI�^T�
;Z=[?BA�?Q9@G@U[;�A\?Qoh9FEHS�;Z^YfFI
AW=@?d��;>ITX<JZI&SiEH;Z?e�LI�;Z^g;>=@I ;Z?QP I�fFEkAWI�^T��;>=@IM��J>I�� U[I&9FC_]gohI&9@I&J~EH;Z^hJ�fO] E�G@=FEhA\I�EH9[okSQI � � � `
wV=@IY�L^kSe;DETokIg^kU[;ZG@U@;p��J>^kP�;>=@IgG@U@SiA\IgohI&9@I&J~EH;Z^hJp��EhA EkX@XO?e;Z?e^k9FETSQSQ]���ITX$;Z^ �
=FEH9@9[I&S :
^T� E2XO?eok?e;DEHS4^LA>C_?QSeSQ^LA>C_^kGFILK-EH9FX�;>=@I�G@U@SBAWITX�?e9@G@U@;��L^kSQ;~EHohI�A\?eok9FETS�;Z^$;>=@I�C_^hJZJ>I&SBET;Z?Q^h9
C&ETP<I&J~EOKL��=@^LAWIpJZ?iA\?e9@o�ITXRokI C_^h9O;>JZ^hSQSQIrXj;>=@IpAW;DETJZ;�^H��;>=@IMnFJ~A\;4I&NOGF^�A\U@J>Ip^H��ITEhC =Y?QP{EHokI
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N E S

15 cm/s

660 Hz

N�f�S

15 cm/s

665 Hz

N C/S

15 cm/s

668 Hz
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N E S

15 cm/s

109.2 dB

N�f�S
15 cm/s

111.7 dB

N C/S
15 cm/s

115.4 dB

N X_S

15 cm/s

119.9 dB
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XR?  aI&JZI79O; ?e9O;>I&9FA\?e;W]MSeI&�LI&SBAmKTC_^kJ>JZITAWGF^k9FXO?e9@op;>^MG@J>ITAZAWU@JZI4SQI&�LI7SBAqP ITEkAWU@JZITX
ET;M;>=@I =@^kSeI�I7NO?e; N�� � `HP PZSD`
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TRU�� V�W.X �+[���^ x�J>ITAZAWU@JZI<G[JZ^Hn}SQI�EhAgE{��U@9FCm;Z?Q^h9�^H��XO?iA\;DET9FC_I<?e9FA\?iXOIY;Z=@I�CmI&9O;>JZIY^H��;>=@I
=@^hSQI ��^kJp;>=@IgC&EhA\I�^H�4;Z=@I A\?e9@okSeI_c:=[^kSQI ;>U@fFIL`pwV=@I ��^kU@J�?Q9R;ZI&9FAW?Q;W]YSQI&�LI&SiAVC_^hJZJ>ITA\GF^k9}Xs;>^
;>=@I ?Q9R;ZI&9FAW?Q;W]YSQI&�LI&SiA�?QSQSeUFA\;>JDET;ZITX<?Q9YnFokU@J>ITAp�L`v�;N:E�S c�N:X_S~`

��=@I79<;W�V^gAWP�EHSeS.FZI&;~A-��J>^kP�;Z=@I�;Z^hG�EH9}X{fF^h;Z;Z^hP�IrXOokITA
^H��;>=@IM=[^kSQI�C_^k?e9FC_?BXRITX�;Z^ ��^kJZP
E+�4ITEHl�FZI&;�XO?QJ>ITC_;ZIrX0AW;ZJ~EH?Qoh=O;�^kU@;p^T�
;Z=[Ig=@^kSeIL` 9 AM;Z=[I�?Q9R;ZI79FA\?e;\] ��EkA�?Q9FC_J>ITEkAWITX�K@;>=@I
XO?eJZITCm;Z?Q^h9�^H�
;>=@IGFZI&;�fFITC&EHP I XOI_�FIrC_;ZITX<;>^H� EHJ~X@A ;>=@I SQ^hUFX@A\GFITETlLI&J�EkA�A\=[^H��92?e9<nFokU@J>I
��`v� N C/SD` �)?Q9}EHSQSe]LK ET;�ET9�?Q9R;ZI79FA\?e;\]�^T� :%:&�R`v�hX > NBnFokU@J>I$�L` � N X_S�S~K)E A\;>JZ^k9[o8FZI&; ��EhA A\;Z?eSQS
^hfFA\I&J>�LITX0��JZ^hP ;Z=@Ig;>^kG2ITXOohI�^T�V;>=@Ig=@^hSQI�?e9$;>=@IYAZETP<I�XO?QJ>ITC_;Z?e^k9 KaEHSe;Z=@^hU@ok=2;>=@I��F^T�
fFI&=FE&�R?Q^hU@JMfFITC7EHP<I�?Q9FCmJZITEhA\?Q9[okSQ] ;ZU@J>f@U@SQI79O;7`

wV=@IgG@J>^HnFSeI�^H�4;>=@I�G@J>ITAZAWU@JZIg?e9O;>I&9FAW?Q;W]�EkA�Ej��U@9FC_;>?Q^h9$^H� XO?iA\;~EH9FC_I�?Q9FAW?BXOI�;Z=@I�=@^kSeI
?iAgA\=@^T��9 ?e9�nFokU@J>I2�L`v�0��^hJg;Z=@I<��^hU@Jg?Q9R;ZI&9}A\?Q;W]�SQI&�LI7SBAp?QSeSQUFAW;ZJDET;ZITX�?Q9�nFohU@JZI2��`v�O` 9 A
C&ET9<fFI A\I7I&9 KRE�SiEHJZohIpG@J>ITAZAWU@JZIpohJDEhXO?QI&9R;
^RC&C_U@J~A6^T�LI&J
;Z=[I nFJ~A\; :�`HP P�?Q9FAW?BXOI�;Z=@I�;ZU[fqI�K
E&��;ZI&J
��=@?iC =�;Z=@I�G@J>^HnFSeI�?BA)J>I&SBET;Z?e�LI&SQ]M�qEH;&`
wV=[?BA)J>ITA\GF^k9}A\I�?BA�AW?QP<?eSBEHJ���^hJ
ITEkCD=�?e9O;>I&9FA\?e;W]LK
AWU@okohITA\;>?Q9@o<;>=FEH;�;Z=@I G@J>ITA\I&9}C_I ^H�4E<AW?BXOI =@^hSQI�^k9@Se]�A\?eok9@? naC&EH9R;ZSe]�E� aITCm;DA�;Z=@I�G@JZITA>A\U@J>I
nFI7SBX�?Q9�;Z=[I$=FETSd��^H� ;>=@I�;ZU@fFI$9[ITEHJ>ITA\;g;>=@I�=@^kSeIL` wV=[?BA�^kf}A\I&J>�kET;Z?e^k9|ETG@GFITEHJ~A+;Z^�fFI
?e9FXOI&GFI&9FXRI&9O;g^T�p?e9O;>I&9FAW?Q;W]2U@G�;Z^ EH9FX�?e9FC_SQU}XO?Q9@o ;Z=@I�^h9FA\I&;Y^H��;ZU[JZf@U@SeI&9R;�fFI&=FE&�R?Q^kU[J
^hU@;DAW?BXOI�;Z=@I ;ZU[fqI�`
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� #���#�� � < �-?IACD���3�*-,�:? � 3�< �-? ��6 A=?I35:6�L � ��1J./,�0�<=6�L

�)?eokU@J>I$�L` � A\=@^T��A�;>=@I<G@J>ITAZAWU@JZI<�hETJZ?BET;Z?e^k9���?e;Z=���J>I�� U[I&9FC_]$��^hJYE$A\][A\;>I&P C_^k9FAW?BAW;Z?Q9[o
^T� ;W�V^2��?BXRI&SQ] A\GFEhC_ITX�=@^hSQITAm` � ITEkAWU@JZI&P I&9O;~Ap�VI&J>I0;~EHlLI&9 fq^h;Z= EH;Y;Z=@I�I&9FX�^T�p;>=@I
;>U@fFI$9@I&NR;�;>^�;>=@I<Se^kUFX@AWGFITEHlLI&J7KVET9FX ET;g;Z=@I C_I79O;>JZI<^T�pITEhC =�AW?BXOI<=[^kSQI=N EH;gGF^LAW?Q;Z?e^k9
� � `HP<P!?Q9FAW?BXOIY;Z=[I<=@^kSeI%SD`�wV�4^$G@J>ITAZAWU@JZI P�EHNR?QP�Eg�VI7JZIg��^kU@9FX EH;�;>=@IYfFEkAWI<^H��;>=@I
;>U@fFI$ET;���J>I�� U[I&9FC_?eITAM^H���h�%`BA���EH9}X��h�%`BA��L` 8b;���EhA�EHSiA\^29@^h;ZITX�;Z=FET;�?Q9 P<^LAW;�C7EkA\IrA
;>=@IpG@J>ITAZAWU@JZI�EH;4;Z=@I�SQ^T�VI7J6=[^kSQI���EhA6ohJZITET;ZI&J4;Z=FET9<;Z=FET;�ET;V;Z=[IMU@G[GqI7JV=@^hSQILKLI&N[C_I&G@;���^hJ
��J>I�� U[I&9FC_?eITA6fFI&;W�VI7I&9��k�BC%A�� EH9FX �%CBC%A��L`

wV=@I�;W�V^pGF^h?Q9R;DA)��=@I7JZI�;Z=[IVG@J>ITAZAWU@JZI�ET;�fF^k;Z=Y=@^hSQITA)?iA)I��LUFEHS[XOI_n}9@IV;>=@I�fF^kU@9FX[EHJZ?eITA
^T�
;Z=@J>I&I�C_SQIrEHJ6�}^H� JZI&oh?QP<ITA ^

:h`M8:9Y;Z=@IVn}JDA\;��F^T��JZI&oh?QP<ILKTET;���JZI��LU@I&9FCm?QITA fFI&SQ^T�|�h�%CBA��LKL;Z=@I�G[JZITA>A\U@J>IpET;6;>=@I�I&NR?Q;
^T�
;Z=[I�Se^T�VI&J4=@^kSeI�?iAVokJ>ITEH;>I&JM;>=FEH9�;>=FEH;�EH;�;Z=@I U@G[GqI7J�=@^kSeI�I7NO?e;&`

uR`MwV=[IpAWITC_^k9}Xj�F^T� J>I&ok?eP<ILKTfqI7;\�4I&I&9Y�h�%C%A�� EH9FXY�%CBC%A���K@A\=[^H��A4EpJZI&�LI&J~AZETS@^H� ;Z=@?iA
;>JZI&9}X{��?e;Z= ;Z=@I okJ>ITEH;>I&J�G@J>ITAZAWU@JZI�EH;�;Z=[I�U[G@GFI&J�=@^kSeI I&NO?e;&`

�R` 9 ;p��JZI��LU@I&9}C_?QITA�EHfF^T�LI �%C%C�A��LK�;>=@IYG@JZITA>A\U@J>I<ET; ;Z=@IYI&NR?Q;p^T��;Z=[I+Se^H�4I&Jp=@^hSQIg?iA
EToLET?Q9$ohJZITET;ZI&J7K@;Z=@?iAV;Z?eP<IMfR]�EYA\?eok9@? naC&EH9R;�P�ETJZok?e9 `

wV=@I�A\;>JZITETP<?Q9@o��LI&SQ^RCm?Q;W]YC_^k9R;Z^hU@J�P�ETGFAVC_^hJZJ>ITA\GF^k9}XO?Q9@oY;Z^YE�J~EH9@ohI�^T�)��J>I�� U[I&9FC_?eITA
fFI&;W�VI7I&9$;>=@I�;W�V^YJZIrA\^k9}EH9FC_IgGF^h?Q9R;DA_KaEH9}X$I&9FC_^hP<GFEkA>A\?e9@o+;>=@I�;>=@JZI7I��F^T��JZI&oh?QP<IrAVXOI_c
A>C_JZ?efqIrX$EHfF^T�LILKFETJZIgAW=@^T��9$?e9{n}okU@J>I+�L` CO` 9 AVfqIm��^kJZI�K@;Z=@I EkC_^hUFA\;>?BCpfFI&=FE&�O?e^kU@J�?BAV�LI7JZ]
XOI7GqI79FXOI&9R;M^h9$��JZI��LU@I&9}C_]L`�8:9$;>=@I�n}JDA\;��F^T� J>I&ok?eP<I8NB��JZI��LU@I&9FCm?QITA
fqI7SQ^T���k�%CBA��%S~Kq;>=@I
G@J>ITXO^hP<?Q9FET9O; �F^T��?BA)?e9�;>=@IV��^kJ>P�^H� E FZI7;)��JZ^hP ;>=@I�SQ^T�4I&J)=[^kSQI�KkG@JZ^ FZITC_;ZIrX�?Q9�;Z=@I�A>EHP<I
XO?eJZITCm;Z?Q^h9�EkAp;Z=[I+P�ET?Q9��F^T� N n}okU@J>I0��` C N E S SD` 9 PYUFCD= A\P�ETSQSQI7JpAW;ZJZIrEHP<?e9@o<P<^h;Z?Q^h9$?iA
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TRU�� V�W.X �+[��+^ x�JZIrAZA\U[JZI �hEHJZ?iEH;>?Q^k9 EkA�E ��U[9FC_;Z?e^k9�^H�-��JZI��LU@I&9FCm]j��^hJ�;Z=@I ;ZU[fqI���?Q;>=0;W�4^
AW?BXOI�=@^kSeITAV��?BXOI7SQ]�AWGFEkC_IrX$EHG}EHJZ;7`�wV=@I��LI&JZ;>?BC&ETS XO^h;Z;ZIrX{Se?Q9@IrAV?Q9FXO?iC&EH;>I ;Z=@I�A\I7GFEHJ~EH;Z?e^k9
^T�
JZI&oh?QP<IrA :hKvuYEH9FX �O`

^hfFA\I&J>�LITX2I&NO?e;Z?e9@oj��J>^kPz;>=@I+U[G@GFI&J =@^kSeIL`gwV=@IYP�EHoh9@?Q;>UFXOIg^T��;Z=[ITA\IgI� aITCm;DAp?Q9FCmJZITEhA\ITA
��?e;Z=0��J>I��LU@I&9FC_]�KOEhAMAW=@^T��9$?e9{n}okU@J>Ij��` C;N f�S~`

9 ;4�h�%C%A��IN�;Z=@I�;ZJDET9FA\?e;Z?e^k9<fFI&;W�VI7I&9j�}^H�|J>I&ok?eP<ITA : ET9FX<uRKO��=@I&J>Ip;Z=[IpG@JZIrAZA\U[JZI ET;
;>=@I�I&NR?Q;�^H�afF^k;Z=Y=@^hSQITA)?iA I�� UFETS S~Kk;W�V^ FZI&;~A ^T� I��LUFETSOP�ETok9@?e;ZUFXRI�EHJ>I�^kfFAWI&JZ�LIrX�KkXR?QJZIrC_;ZITX
;>^H� EHJ~X@ApITEkCD=$^h;Z=@I&J N n}okU@J>I<�L` C;N:C/S SD`�8b9R;ZI7JDEkCm;Z?Q^h9$?iAMAWI&I&9$fFI&;W�4I&I&9$;>=@I�;W�4^ FZI&;~ApEH;�E
XO?iA\;~EH9FC_IYuB`HP<P Er� E&]{��J>^kP!;Z=@I�;ZU@fFIg��ETSQS `M8:9FCmJZITEhA\?Q9[o<;Z=@I ��JZI��LU@I&9}C_]+��U@J>;Z=@I&J7Kq;>=OU}A
P<^T�R?Q9@o�?Q9R;Z^�;Z=@I�AWITC_^k9}X �F^T��JZI&oh?QP<ILK&;>=@I�SQ^T�4I&J FZI7;�?BA)^hfFA\I7JZ�LITX�;>^�fFITCm^kP<I4okJDEhXOUFETSQSQ]
�4ITEHlLI&J4��=@?QSiA\;4;Z=@I FZI7;V^kU[;�^H�-;Z=@IpU[G@GFI&J�=@^kSeIp?Q9}C_JZITEhA\ITA
?Q9�AW;ZJ>I&9@ok;>= EkA�A\I7I&9<?Q9YnFokU@J>I
��` C N X_SD`

9 ;4�h�%`%A��LK�N C_^kJ>JZITAWGq^h9FXO?e9@og;Z^�;Z=@I�A\ITCm^k9FX+J>ITA\^h9FEH9}C_IM��JZI�� U@I79FC_]LKLET9FX+?e9+;>=@IM;>=@?QJ~X
�F^T��JZI7ok?QP I%SDKL;Z=[IgA\;>JZ^h9@o FZI7;M^hU@;M^T�
;Z=[I�U@G@GFI&J�=@^hSQIgETf@JZU[G@;ZSe]<�hEH9@?iA\=@ITA�EkA�A\=@^T��9$?e9
nFohU@JZI��L` C N IBSDKT��?Q;Z=GFZUFAW;�E�AWP�EHSeS�FZI&;�AWI&I&9 I&NR?Q;>?Q9@o4;Z=@I
SQ^T�4I&J =@^kSeIL` 9 ;F��JZI��LU@I&9}C_?QITAaEHfF^T�LI
�h�%`%A��LKVE FZI&;�� EkAgEToLEH?e9�^kfFAWI&JZ�LITX�I&NO?e;Z?e9@o�^kU@;g^T�p;>=@I<U@G@GFI&J�=@^kSeI<��=@^�A\I XO?QJ>ITC_;>?Q^k9
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15cm/s

650 Hz

15cm/s

655 Hz

N:E�S N f�S

15cm/s

668 Hz

15cm/s

685 Hz

N:C.S N:X(S

15cm/s

690 Hz

N IBS

TRU�� V�W.X �+[���^ �L;ZJ>ITEHP<?e9@o��LI7SQ^RC_?e;\]YCm^k9R;Z^kU[J�P�EHGFA���^kJ�;>=@I ��?BXOI&Se]<AWGFEkCmITX�XO^kU@f[SQI_c =@^kSeI
C_^h9OnFohU@JDET;Z?Q^h9�ET;pI&N[C_?Q;~EH;>?Q^k9���JZI��LU@I&9}C_?QITA
^H� N:E�SW�h�%`%A��ZN�SQ^T�VI&J�J>ITA\^h9FEH9}C_I���JZI��LU@I&9}C_]_S~K
N�f�SW�h�k�%A��LK�N C/SW�h�%CBA��LK�N:X(SW�%Ch�%A���ET9FX N�I%SW�h�%`%A��IN�U@G@GFI&J�JZITAW^k9FET9FC_Ip��JZI�� U@I79FC_](SD`
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C_^h9O;>?Q9RU@ITX2;Z^ P<^T�LIgU@GO� EHJ~X@A���?e;Z=�?e9FC_JZIrEkA\?e9@o<��JZI��LU@I&9}C_]$U@9R;Z?eS
?Q; ��EhA�G@J>^.FZITC_;>ITXs?e9
;>=@I<A>EHP<IYXR?QJZIrC_;Z?e^k92EhA�;>=@IgP�EH?e90�F^T� `YwV=@IYfFI&=FE&�O?e^kU@J ^T��;Z=[I FZI&;p^kU[;�^H�4;>=@I+Se^T�VI&J
=@^hSQI JZI7P�EH?e9@ITX+;>=@I�AZEHP IL`

8:;p?BApCmSQITETJ ��J>^kP�;>=@I�J>ITA\U[SQ;DA�G@JZITAWI&9R;ZITX�?Q9$nFohU@JZITA �L`d�jEH9FX��L` C+;Z=FET;p;Z=[IgG@JZITA>A\U@J>I
ET;�fq^h;Z= =@^kSeITA�A\;>JZ^k9[okSQ]{XOI&;ZI7JZP<?e9@ITA);>=@I fqI7=FE&�O?e^kU@J4^H�-;Z=@I�EkCm^kUFAW;Z?BC�A\;ZJ>ITEHP ?Q9@o�?Q9<;>=@I
�R?BC_?e9@?Q;W]Y^H�
fF^h;Z=2=@^hSQITAm`��M9@Se?QlLIp;>=@IgC&EhA\I ^H�4;>=@I�A\?Q9[okSQI�=@^kSeILK@;Z=[IgXO?eJZITC_;>?Q^h90^T�
;Z=[I FZI7;
^hU@;p^H�4;>=@I�Se^H�4I&J�=@^hSQI�� EkApETSQ� Er][A�^kfFAWI&JZ�LITX�;Z^YfFIg;ZJDE&�LI&SeSQ?e9@o�?e9$;Z=[IgAZETP<I�XO?QJ>ITC_;>?Q^k9
EhAM;Z=@I�P�EH?e9+�F^T� `�8:;�?BA�C_SQITETJ�;Z=FET;p;Z=[I�EhC_^kU}A\;Z?iC&EHS-A\?e;ZUFET;Z?e^k90��^hJp;Z=[I�C7EkA\I�^H�
;>=@I�;W�4^
=@^hSQITA�?BAVPYUFCD=+P ^kJZI�C_^kP<G[SQ?BC7EH;ZIrXj;>=FEH9�;Z=}EH;�^kfFAWI&JZ�LITX+��^hJ�E+AW?Q9@ohSQI =@^kSeIL`

8:9<^kJ~XOI&J�;Z^gI7N@ETP<?Q9@I�;>=@Ip?e9O;>I&JDEhC_;Z?e^k9<fFI&;W�VI7I&9+;>=@I�EkC_^hUFA\;>?BCpAW;ZJ>ITEHP<?e9@o�G[JZ^RXOUFCmITX
ET;VITEhC = A\?iXOI�=@^kSeI ��U[JZ;Z=[I&J&KL;Z=[IMI&N[C_?e;DEH;>?Q^h9���JZI��LU@I&9FCm]���EhAVAWI&;4EH;4�%CBC%A��LK+N:C_^hJZJ>ITA\GF^k9}X c
?e9@o ;Z^p;>=@I�;ZJ~EH9FAW?Q;Z?e^k9gfFI&;W�VI7I&9g;Z=@I�AWITC_^h9FXgEH9FXg;Z=[?QJDXp�F^T� J>I&ok?eP<ITA SaET9FXg;Z=@I�?e9O;>I&9FA\?e;W]
SeI&�LI&S��kETJZ?eITX ��;>=@IgJZITAWU@SQ;~ApEHJ>I<AW=@^T��9�?e9$nFokU[JZI<�L` �O`+��?Qok9[?dnaC&ET9O;�?Q9R;ZI&J~EkC_;>?Q^k9 fFI&;W�VI&I&9
;>=@Ip;W�V^GFZI&;~A6��EhA69@^h;�AWI&I&9YU@9O;>?QSaEH9 ?Q9R;ZI&9FAW?Q;W]�SeI&�LI&S+N P<IrEkA\U[JZITXYEH;4;Z=@I�SQ^T�VI7J6=[^kSQI�I&NR?Q;
ET; � � `HP<PZS
^T��EHJ>^kU@9FX :&uHt�X > N n}okU@J>I0��`v� N X_S�S~K)��=@I79�;>=@Ij�}^H��fFI&=}Er�R?Q^hU@J fFI&;W�VI&I&9
;>=@I Gq^�A\?e;Z?Q^h9FAM^T��;>=@I ;\�4^g=@^kSeITAVfFITC&ETP<Ip;ZU[JZf@U@SeI&9R;&`

�)?QohU@JZIp��`�:!`�AW=@^T��A�;Z=@I�G@J>ITAZAWU@JZI�?e9O;>I&9FAW?Q;W]pG@J>^HnFSeI�EkA
EM��U@9FC_;>?Q^k9g^T� XO?BAW;DEH9}C_I�?Q9FAW?BXOI
;>=@I+=[^kSQI���^hJ�EH9�I&N@Cm?Q;DET;Z?e^k9$��JZI�� U@I79FC_]�^H� �k�%`BA���N ;Z=[I<AWITC_^k9}XsJ>ITA\^h9FEH9FCmI���JZI��LU@I&9FCm]_S
ET9FX�E�JDEH9[okIp^T��?Q9R;ZI&9FAW?Q;W]gSQI7�LI&SBAm` 9 A\?eP<?QSiEHJ�fFI&=}Er�R?Q^hU@JV?iA6^hfFA\I&J>�LITX+?e9+fF^k;>=�;Z=@IpSe^T�VI&J
ET9FXsU[G@GFI&JM=[^kSQI���^hJMIrEkCD=$?Q9R;ZI79FA\?e;\] SQI&�LI&S KO��?e;Z=�E+SiEHJZohI�G@J>ITAZAWU@JZIgohJDEhXO?QI&9R;�^RC&C_U@J>JZ?Q9[o
^T�LI&J
;Z=[IVnFJDAW; :&uTP<P�?e9FA\?iXOI�;Z=[IM;>U@fFILKREH9FX<EpPYUFCD=��aET;Z;ZI7J6J>ITA\GF^h9FA\Ip^T�LI&J-;Z=@I�J>I&P�EH?e9Oc
?e9@o�XO?iA\;DET9FC_I�;Z^<;>=@I�?e9O;>I&JZ9FETS ;ZU@fFIg� EHSQS `�wV=@I���^hJZP ^H�4;Z=[I�G@J>ITAZAWU@JZIgG@J>^HnFSeI�^T�LI&J�;>=@I
;>U@fFI<XO?iEHP<I7;ZI&J�?iAMC_^hP<GFETJDEHf[SQI���?e;Z=2;>=@IgG@JZIrAZA\U[JZIg�hEHJ>?BEH;>?Q^h92^kfFAWI&JZ�LITX0��^hJp;Z=[IYA\?Q9[okSQI
=@^hSQI�C_^h9OnFokU[JDEH;>?Q^h9 ` 9 A\?eP<?QSiEHJ
JZITAWGF^k9FAWI���EhA�EHSiA\^g��^kU@9FX EH;��k�B`%A��L`
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N E S
20 cm/s

118.3 dB

N�f�S
20 cm/s

118.8 dB

N C/S
20 cm/s

121.2 dB

N X_S
20 cm/s

124.2 dB

TRU�� V�W.X �+[���^ �L;ZJ>ITEHP<?e9@o��LI7SQ^RC_?e;\]YCm^k9R;Z^kU[J�P�EHGFA���^kJ�;>=@I ��?BXOI&Se]<AWGFEkCmITX�XO^kU@f[SQI_c =@^kSeI
C_^h9OnFohU@JDET;Z?Q^h9|ET;<ET9�I7N@C_?e;DET;Z?Q^h9���JZI�� U@I79FC_]2^H���%CBC%A���`�	 ITAWU@SQ;~A�ETJZI A\=@^T��9���^kJ���^kU[J
XO?! aI&JZI&9R;�?Q9R;ZI79FA\?e;\]gSeI&�LI&SiA_KLP<ITEhA\U@J>ITX<EH;�;Z=[I�Se^T�VI&J4=@^kSeI�I7NO?e; N�� � `HP PZSD`
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TRU�� V�W.X �+[]\ ��^ x�J>ITAZAWU@JZIgG[JZ^Hn}SQIYEkA Ej��U[9FC_;Z?e^k92^T��XO?iA\;DET9FC_Ig?e9FA\?iXOI�;>=@IYC_I&9R;ZJ>I�^H�4;>=@I
Se^H�4I&JYEH9}X U@G@GFI&JY=@^kSeI$^H��;Z=@I ��?BXOI&Se] cbA\G}EkC_ITX�AW?BXOI =@^kSeI$Cm^k9OnFohU@JDET;Z?e^k9 ` wV=@I$;>=@JZI&I
?e9O;>I&9FA\?e;W]+SeI&�LI&SBA4C_^kJ>JZITAWGF^k9FX�;Z^Y;Z=@I ?Q9R;ZI79FA\?e;\]YSQI7�LI&SBA�?QSeSQUFAW;ZJ~EH;ZIrX{?e9<nFokU@J>ITAp�L`v�;N:E�S c�N:C/S~K
��=@I7JZI�� 	�?e9FXO?iC&EH;>ITAV;Z=@I G@J>ITAZAWU@JZI�ET;�;Z=@I SQ^T�4I&J�=@^kSeI I&NO?e; N � � `TP<PZSD`

� #���#C% � A=6 3�?BACD���3�*$,8:? � 3�< �-? ��6@A ?I3 :6JL � �J1J./,�0�<=6JL

�@^kJg;>=@I C&EkAWI�^H��;Z=@I�CmSQ^LAWI&SQ] A\G}EkC_ITX�AW?BXOI<=[^kSQIrA_K
P<ITEkAWU@JZ?e9@o�;Z=@I�G@J>ITAZAWU@JZI��hEHJ>?BET;Z?Q^h9
��?e;Z=2��JZI��LU@I&9FCm]$fF^k;>=�ET;�;>=@IYI&9FX2^H��;>=@Ig;ZU[fqIY9@ITETJZITAW; ;Z=@IYSQ^hUFX@A\GFITETlLI&J�EH9FX�EH; ;>=@I
C_I79O;>JZI�^H��ITEkCD=�A\?iXOI$=@^hSQI�I&NR?Q; N:EH;YGF^LAW?Q;Z?e^k9 � � `TP<PZS�G@JZ^RXRUFC_ITX�A\?QP ?QSBETJ JZITAWU@SQ;~Aj;>^
;>=@^LAWI A\=@^T��9<?e9jn}okU@J>I���`d����^kJ4;Z=@I���?BXOI7SQ]gAWGFEkCmITXj=[^kSQIrA_`
wV�V^ G@J>ITAZAWU@JZI�P�ETNO?eP�E �4I&JZI
��^hU@9FX$ET;M;>=@I fFEkAWI�^T��;>=@I ;ZU@fFIgET;V��JZI��LU@I&9}C_?QITA
^H���kuh�%A�� EH9FX �%C%`BA��L`

wV=@I+��J>I�� U[I&9FC_]Lc:G[JZITA>A\U@J>IgJZITAWGq^h9FA\I{C_U@JZ�LIYI&9FCm^kP<GFEhAZAW?Q9@o�;Z=[I+;W�V^�J>ITA\^h9FEH9FCmI+��JZI_c
�LU@I&9FCm?QITA�?BA�AW=@^T��9<?Q9YnFokU@J>Ig�L`�:B:kK@��?e;Z=<G@J>ITAZAWU@JZI�P<ITEkAWU@JZI7P<I&9R;DA ;DEHlLI79�EH;�;>=@IpI&9FXY^H�
;>=@I ;ZU@fFIp9@IrEHJ�;Z=[IpSQ^hUFX@A\GFITETlLI&J�ET9FX�EH;�;>=@I C_I&9R;ZJ>IM^T��IrEkCD=�A\?iXOIp=@^hSQIpI&NR?Q; N � � `TP<PZSD`
8:92EhC&C_^hJDX@ET9FC_I���?e;Z=�^kf}A\I&J>�kET;Z?e^k9FA ��^hJM;>=@I���?iXOI&Se]<AWGFEkC_IrX0=@^hSQITAmKq;>=@I G@JZITA>A\U@J>IgET;M;>=@I
Se^H�4I&J =@^kSeI<JZI7P�EH?e9@ITX0=[?Qok=[I&J�;>=FEH9�;>=FEH; EH;�;Z=@I<U[G@GFI&J�=@^hSQILK I&N[C_I&G[;���^hJ���J>I�� U[I&9FC_?eITA
fFI&;W�VI7I&9��k�B`%A�� EH9FX��BCHt�A��L` 9 A�XOITAZCmJZ?QfFITXg��^kJ�;Z=[I�C7EkA\I ^T��;>=@I ��?BXOI&Se]YA\GFEhC_ITX�=@^kSeITA_K
;>=@ITA\I�Gq^h?Q9R;DA�XOImnF9@I�;Z=@IpfF^hU@9FX@ETJZ?QIrAV^H�-;Z=@J>I&I �}^H�|J>I&ok?eP<ITAmKLEkA�AW=@^T��90^h9+nFohU@JZIg�L`):%:h`
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Upper hole  (x=0mm)
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Base of tube

TRU�� V�W.X �+[]\_\(^ x�J>ITAZAWU@JZI��hEHJ>?BEH;>?Q^h9�EkA4E���U[9FC_;Z?e^k9Y^H� ��J>I�� U[I&9FC_]p��^kJ4;Z=@I�;ZU[fqI���?Q;>=+;W�4^
AW?BXOIp=[^kSQIrA�C_SQ^�A\I&Se]YA\GFEhC_ITX<ETGFEHJ>;&`4wV=@Ip�LI&J>;Z?BC7EHSaXO^k;>;ZITXYSQ?Q9[ITA6?e9FXO?BC7EH;ZI�;Z=[IpfF^kU@9FX[EHJZ?eITA
^T���F^T��JZI7ok?QP ITAR:kKvuYEH9}X0�R`

8:92^kJDXRI&JM;>^<^kf}A\I&J>�LIgA\?eok9@? naC&ET9O;�A\;>JZITETP<?Q9@oYP<^h;Z?Q^h9�^kU@;p^T�4;Z=@Ig;W�V^Y=@^hSQITAmKq?e;p��EhA
9@IrC_ITAZA>EHJ>] ;Z^ ?Q9FC_J>ITEkAWI$;>=@I2?Q9R;ZI&9}A\?Q;W]�SeI&�LI&S4P<ITEkAWU@JZIrX EH; ;Z=@I2fFEhA\I2^T��;>=@I2;ZU[fqI2fR]
�hX >�C_^hP<GFEHJ>ITX+;>^+;>=@I SQI&�LI&SiA6J>I�� U[?QJZIrX+?Q9�;Z=[IgC&EhA\I ^H�
;>=@I ��?BXOI7SQ] A\GFEhC_ITX0=[^kSQIrA_`4wV=@I
AW;ZJZIrEHP<?e9@o<�LI&Se^RC_?Q;W] C_^k9R;Z^hU@J P�EHG}ApC_^kJ>JZITAWGF^k9FXO?e9@o$;>^�;Z=@IYJDET9@okIY^H�4��JZI��LU@I&9FCm?QITA�A\U@JWc
J>^kU@9FXR?Q9@o�;Z=@I�=@?eok=@I7J�JZITAW^k9FET9FC_I�GF^k?Q9R;
ET9FXj?e9FC_SeUFXO?Q9[o EHSeS@;Z=@J>I&IV�F^T��JZI&oh?QP<IrA ?iA�A\=@^T��9
?e9$nFokU@J>I<�L`):&uO`�8:92C_^h9O;>JDEhA\; ;Z^<;>=@I�J>ITA\U[SQ;DA�^kfFAWI&JZ�LITX���?Q;>=2;Z=@Ig��?iXOI&SQ]{A\GFEhC_ITX2=@^kSeITA_K
9@^YAW?Qoh9@?dnaC7EH9R;VAW;ZJ>ITEHP<?e9@o P<^k;>?Q^h9ZN�?Q9Y;Z=@IM��^hJZP�^H�-EGFZI&;"S���EhA�A\I&I79+^hU@;�^H��;>=@IMfF^h;Z;Z^hP
=@^hSQILK I&�LI792EHG[G@SQ]R?Q9@o E<=@?eok=@I&J�?Q9R;ZI&9FAW?Q;W]�I&N[C_?Q;~EH;Z?e^k9 A\?Qoh9FEHS4ET;�;>=@IgfFEhA\IY^H��;>=@Ig;ZU[fqI�`
AM^T�4I&�LI&J&KL;>=@I�EkC_^hUFA\;>?BC�P ^k;Z?e^k9<?iA�A\;>?QSQS C_SQIrEHJZSe]<XRI&GFI&9FXOI&9R;�^k9<��J>I�� U[I&9FC_]L`

8:9�;>=@Ijn}JDA\;p�F^T��JZI&oh?QP<I N ��JZI�� U@I79FC_?QIrA fFI&Se^H���k�B`%A��%S~K�A\;ZJ>^k9@o A\;>JZITETP<?Q9@o P<^k;>?Q^k9
^T�VI�� UFETS)P{EHok9[?Q;ZU}XOI ?BA�^kfFAWI&JZ�LITX�ET;p;Z=@I�I&NR?Q;�^H�4fF^k;>=2=@^kSeITA_KFf@U@;�EH;>;ZI&9RUFET;ZITA�� U[?BCDlOSe]
��?e;Z=�XO?iA\;DET9FC_I<��JZ^hP ;>=@I$=@^hSQITA N n}okU@J>I��L`):&u;N:E S SD` 9 ; �k�B`%A�� N�;Z=@I�;ZJ~EH9FAW?Q;>?Q^k9|GF^h?Q9R;
fFI&;W�VI7I&9gJZI&oh?QP<IrA :MET9FXgu S~KRE�P ^kJZI4JZ^h;DEH;>?Q^h9FEHSFP<^h;Z?Q^h9�?iA)^kfFAWI&JZ�LIrX�^kU@;~A\?BXRI�;Z=@I�U@G[GqI7J
=@^hSQILK���=@?eSBAW;g;Z=@I�AW;ZJZIrEHP<?e9@o2P<^k;>?Q^h9 ET;<;Z=[I$SQ^T�4I&Jg=@^kSeI$?iA+AWI&I&9 I79O;>I&JZ?e9@o�;>=@I$;>U@fFI

:T�T�
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N:E�S

645 Hz

15 cm/s

N f�S

660 Hz

15 cm/s

N:C/S

675 Hz

15 cm/s

N:X_S

685 Hz

15 cm/s

TRU�� V�W.X �+[ \��+^ ��;ZJZIrEHP<?e9@o$�LI&Se^RC_?Q;W]�C_^h9O;>^kU@JgP{EHGFA���^hJg;Z=@I C_Se^LA\I7SQ] A\GFEhC_ITX�XO^kU[f@SQI_c
=@^hSQI Cm^k9OnFohU@JDET;Z?e^k9 EH;4I&N@Cm?Q;DET;Z?e^k9g��JZI��LU@I&9FCm?QITA)^T�GN:E�SW�Ht��%A���K�N f�Sb�k�%`BA��LK+N:C/Sb� �T�BA���EH9FX
N X_SW�BCk�%A��L`
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NBnFokU@J>I2�L`�:7u N�f�S�S~`�8b9}C_JZITEhA\?e9@o2;Z=@IY��JZI��LU@I&9FCm]s��U@J>;Z=@I7J�?Q9R;Z^2;>=@I�AWITC_^k9}X �}^H��JZI&oh?QP<ILK
;>=@I$G@J>I&�hEHSeI&9O;YAW;ZJ>ITEHP<?e9@o2P<^h;Z?Q^h9 ?iAj?e9�;>=@I0��^hJZP ^H��E*FZI&;Y^kU@;Y^H��;Z=[I0U[G@GFI&J<=@^hSQILK
G@J>^.FZITC_;>ITX�fFEkCDl�;Z^T��ETJDX@Ag;Z=@I�Se^kUFX@AWGFITEHlLI&J NBnFokU[JZI���`�:7u N:C.S�SD` 9 PYUFCD=�AWP�EHSeSQI&Jp�F^T�
?iApA\I&I792SQITE&�R?Q9@o<;>=@IgSQ^T�4I&JM=[^kSQI�K XO?QJ>ITC_;>ITX0U@GR��ETJDX2ETSQ^k9[o0;>=@Ig;ZU[fqIg� EHSeS
A\UFCD=2;Z=}EH; ?Q;
?e9O;>I&JDEhC_;DAV��?e;Z=�;Z=@I FZI&;�9@ITETJ�;Z=@I fF^k;>;Z^kP ITXRokI ^H�-;Z=@I U@G[GqI7J�=@^kSeIL` 9 ; �%Ch�%A��LK�N EHfF^T�LI
;>=@I�A\ITC_^h9FX<JZITAW^k9FET9FC_Ip��JZI�� U@I79FC_]LKREH9}X{?e9�;Z=@Ip;>=@?QJ~X+�F^T� J>I&ok?eP<I%SDKh;Z=@I AW;ZJ>^k9@o FZI&;�^kU[;
^T�
;Z=@I U@G[GqI7JM=@^hSQI�A\U}X@XOI&9@Se]<XR?BAZETG@GFITEHJ~A_KaEkA�A\=@^T��9 ?Q9<nFokU[JZIg�L`):&u N X_SD`

9 P<^kJ>I<XOI7;DEH?eSQITX�G@?BC_;>U@JZI ^H��;Z=@I EkCm^kUFAW;Z?BCYfqI7=FE&�O?e^kU@JYET;YEH9FX�EHfF^T�LI0;>=@I<=@?eok=@I7J
J>ITA\^h9FEH9FCmI���JZI�� U@I79FC_]g^H�6�%C%`BA��-N ?e90;>=@I�A\ITCm^k9FX�EH9}X{;>=@?QJ~X+�F^T��JZI&oh?QP<IrA S�?BA�AW=@^T��90?e9
nFohU@JZI<��`�:7�O` wV=@I�?Q9R;ZI&9FAW?Q;W]<SeI&�LI&S ET;p;Z=[IgfFEkAWI�^H�4;>=@Ig;ZU@fFI���EkA�A\I&; �hX > =@?eok=@I7JM;>=FEH9
UFAWITX+��^kJ�;>=@IpJZIrA\U@Se;DAVAW=@^T��9$?e9+nFokU[JZIg�L`):&u�;Z^gI7N@ETP<?Q9@I�;>=@I EhC_^kUFAW;Z?iC�fFI&=}Er�R?Q^hU@JVP ^kJZI
C_SeITEHJ>SQ]L`

8:9�;Z=@I A\IrC_^k9FX �F^T�zJZI7ok?QP I N:EH;���JZI��LU@I&9}C_?QITAgfFI&SQ^T� �BCHt�A���EH9FX A\=@^T��9�?e9 nFoTc
U@J>ITA+�L`):&�;N:E S EH9}X ��`�:7� N f+S�SDK4E2A\;>JZ^h9@o*FZI7;�?BA�^hfFA\I7JZ�LITX�SeITE&�O?e9@o$;>=@I<U@G[GqI7Jg=@^kSeI<G@JZ^Tc
FZITCm;ZITX�XO^T��9�;Z^T� EHJDX[A�;Z=@IYSQ^hUFX@A\GFITETlLI&J&K���=@^LAWI�A\;>JZI&9[ok;Z=�?e9FC_JZIrEkA\IrA���?e;Z=�?Q9FCmJZITEhA\?Q9[o
��J>I�� U[I&9FC_]L`�wV=[I0�F^T� ^hU@;+^T� ;Z=[I0Se^T�VI&Jg=@^hSQI�;ZJ~E&�LI&SBA U@G|ETSQ^k9[o�;>=@I$;>U@fFI$��ETSQS EH9FX
?e9O;>I&JDEhC_;DAM��?e;Z= ;Z=@I FZI&;�9@ITETJp;Z=[Igfq^h;Z;>^kPz^H�4;>=@IgU@G@GFI&Jp=[^kSQI�` 9 ;��%CTt�A��LKa;Z=@Ig;>JDEH9}A\?dc
;>?Q^k9 fFI&;W�VI&I&9Y�F^T��JZI&oh?QP<IrAVugEH9}X$�OKF;Z=[I�AW;ZJ>ITEHP<?e9@o�P ^k;Z?e^k9 EH;�fF^h;Z=2=@^hSQITA�ETf@JZU@G[;ZSQ]
CD=FEH9[okITA
EkA
AW=@^T��9g?Q9�nFohU@JZI �L`):&� N C/S��L;>=@I�A\;>JZ^k9[o FZI7;�^kU@;-^H� ;>=@I�U@G@GFI&J-=@^kSeI�XO?BA>EHG@GFITETJDA
ET9FX$EgAWP�EHSeSQI&J�J>^k;~EH;Z?e^k9FETS)P ^k;Z?e^k9Y?BA�AWI&I&9 KR��=@?QSiA\;6�}^H��?BA
^k9@Se]+^hfFA\I7JZ�LITX<I&9R;ZI&J>?Q9@o ;>=@I
Se^H�4I&J�=[^kSQI�`28:9FC_JZIrEkA\?e9@o$;>=@I+��J>I�� U[I&9FC_]���U@JZ;>=@I&J&K�=[I&9FC_IYP<^T�O?e9@o�?Q9R;Z^ ;Z=@I<;>=@?QJ~Xs�F^T�
J>I&ok?eP<ILKLEgAW;ZJZ^h9@o FZI&;
JZITAWU@P<ITA
EHo�EH?e90^hU@;�^H�-;Z=[IpU@G@GFI&J�=@^hSQIp?e9<;Z=[I AZETP<IpXR?QJZIrC_;Z?e^k9 EkA
fFI_��^hJZI8NBnFokU@J>I��L`):&�;N:X_S SD` 9 A
;Z=@I���JZI��LU@I&9}C_]�?iA�?e9FC_J>ITEkAWITX ��U[JZ;Z=[I&J N nFohU@JZITA��L`):&� N�I%S c�N ?]S�S~K
;>=@I�XO?QJ>ITC_;>?Q^k9�^T��;>=@I8FZI7;+?iAjohJDEkXRUFEHSeSQ]|XRI_�FITC_;>ITX�;Z^T��ETJDX@AY;Z=@I2=@^hJZ? �&^k9R;DETSMGF^LAW?Q;>?Q^k9 K
��=@?eSQI ;Z=[I�XR?QJZIrC_;Z?e^k9�ET9FX$AW;ZJZI79@ok;>=$^H�-;Z=[I��}^H� EH;�;Z=[I�Se^T�VI&J�=@^hSQI JZI7P�EH?e9FA�;Z=@I�AZETP<IL`
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N E S

680 Hz

15 cm/s

N�f�S

682 Hz

15 cm/s

N C/S

684 Hz

15 cm/s

N X_S

686 Hz

15 cm/s

N�I%S

688 Hz

15 cm/s

NB�"S

690 Hz

15 cm/s

N�o S

692 Hz

15 cm/s

N�=�S

694 Hz

15 cm/s

TRU�� V�W.X �+[ \ ��^ ��;ZJZIrEHP<?e9@o$�LI&Se^RC_?Q;W]�C_^h9O;>^kU@JgP{EHGFA���^hJg;Z=@I C_Se^LA\I7SQ] A\GFEhC_ITX�XO^kU[f@SQI_c
=@^hSQI C_^h9OnFokU[JDEH;>?Q^h9 ET;gI&N[C_?Q;~EH;Z?e^k9���J>I��LU@I&9FC_?eITAM?e9 uBA���AW;ZI&GFAp��JZ^hP �%CB`%A���;Z^��h�Ht A��
N N:E S�c�N�=�S�S~`
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9 A ^kfFAWI&JZ�LITXp?e9�n}okU@J>ITA6�L`):&u�EH9FXg�L`):&�OKh?Q9R;ZI&J~EkC_;>?Q^k9 fFI&;W�VI7I&9 ;Z=@I4A\;>JZITETP<?Q9[o�P<^k;>?Q^k9
^hU@;V^T� ;Z=[IM;W�V^ =@^hSQITA�� EkA�^k9@Se]g^kfFAWI&JZ�LIrX ��^hJ���J>I��LU@I&9FC_?eITA fqI7;\�4I&I&9Y�L�T�%A�� EH9FXY�%Chu%A���K
?e9$;Z=[IgA\IrC_^k9FX<�F^T��JZI&oh?QP<Ip��=[I&9$;>=@I�G@J>ITAZAWU@JZI EH;�;Z=@I�U@G@GFI&J�=@^kSeI�� EkA�okJZIrEH;ZI7JM;>=FEH9
;>=FEH;�EH;�;Z=@I�SQ^T�VI&J�=@^hSQIL` 8:9$^hJDXOI7Jp;Z^ �LUFET9O;>?d��]�;Z=@Ig?e9O;>I&9FAW?Q;W]<SQI7�LI&S���=@I792?Q9R;ZI&J~EkC_;>?Q^k9
^RC&CmU@JZJ>ITX+fFI&;W�VI&I79+;>=@Ip;W�V^ FZI&;DAmKOET9�I&N@Cm?Q;DET;Z?e^k9���JZI�� U@I79FC_]g^H�-�L�.CBA�� ��EkA4C =[^LA\I79 KREH9FX
;>=@I ?Q9R;ZI&9FAW?Q;W]YSQI&�LI&SF�hEHJ>?QITX�EhA fFI_��^hJZI �@;>=@I JZITAWU@SQ;~A�EHJZI�AW=@^T��9$?Q9<nFohU@JZIg��`�:_t[`

9 A C&EH9 fqI A\I7I&9 K�ETSQ;>=@^kU@oh=�E$AWP�EHSeS
EHP ^kU@9R;p^H��?e9O;>I&JDEhC_;Z?e^k92^RC&CmU@JDA fqI7;\�4I&I&92;>=@I
;W�V^ FZI&;DApET; EH92?e9O;>I&9FAW?Q;W]<SQI7�LI&S N P<IrEkA\U[JZITX�EH;�;Z=@IgSe^H�4I&J�=@^kSeI�I&NR?Q;�SV^T� :7u%`hX > NBnFokU@J>I
��`�:_t N f�S SDKaA\?eok9@? naC&EH9R;�?Q9R;ZI7JDEkCm;Z?Q^h9<?BAV9[^k;�^kfFAWI&JZ�LITX<U@9R;Z?eS ET9$?Q9R;ZI79FA\?e;\]gSeI&�LI&SF^H�6EHJZ^hU@9FX
:7uk�kX > N n}okU@J>I���`�:_t N:C/S SDKk��=[I&9g;ZU@J>f@U@SeI&9O;��F^T��fFI&=}Er�R?Q^hU@J�?e9g;Z=@I��R?BC_?e9@?Q;W]p^T�a;Z=@I�U@G[GqI7J
=@^hSQI ?BAV^hfFA\I7JZ�LITX�`

� ITEkAWU@JZI7P<I&9R;DAp^H��;>=@I<G@J>ITAZAWU@JZI<�hETJZ?BET;Z?e^k9�EkAgE<��U@9FC_;>?Q^k9 ^H��XO?BAW;DEH9}C_I<?Q9}A\?BXRI+;>=@I
U@G[GqI7J EH9FX�SQ^T�VI7J�=@^kSeI���?Q;>=$?e9FC_JZIrEkA\?e9@oY?Q9R;ZI&9FAW?Q;W]LK[EH;�;Z=@I�;\�4^+J>ITA\^h9FEH9}C_I���J>I�� U[I&9FC_?eITA
^T� �huk�BA���EH9FXg�BC%`BA��LKk]R?QI&SiXOITXpJZIrA\U@Se;DA�C_^kP<P I&9FA\U[JDEH;>I���?Q;>=g;Z=@^�A\IV��^hU@9FX���^kJ�;Z=[I�A\?Q9[okSQI
=@^hSQI�EH9}X0��?BXRI&SQ] A\GFEhC_ITX�=@^kSeI�Cm^k9OnFohU@JDET;Z?e^k9FAON:AW=@^T��9$?Q9<nFohU@JZIrA���`v�gEH9}Xs�L`):�`�SD`
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N E S
10 cm/s

112.6 dB

N�f�S
10 cm/s

120.0 dB

N C/S
10 cm/s

124.9 dB

TRU�� V�W.X ��[]\;Y�^ ��;ZJZIrEHP<?e9@o��LI&SQ^RCm?Q;W] C_^h9O;>^kU@J�P{EHGFA���^kJ�;>=@I�C_Se^LA\I7SQ] AWGFEkC_IrXgXO^kU@f[SQI_c =@^kSeI
C_^h9OnFohU@JDET;Z?Q^h9�EH;�EH9�I7N@C_?e;DET;Z?Q^h9$��JZI��LU@I&9}C_]�^H��� � C%A���` 	�ITA\U@Se;DApETJZI�AW=@^T��9s��^hJ�;>=@JZI&I
XO?! aI&JZI&9R;�?Q9R;ZI79FA\?e;\]gSeI&�LI&SiA_KLP<ITEhA\U@J>ITX<EH;�;Z=[I�Se^T�VI&J4=@^kSeI�I7NO?e; N�� � `HP PZSD`
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� ��� � 5.3�3M143 3�5����

wV=@I AW;ZJZIrEHP<?e9@o�fqI7=FE&�O?e^kU@J EH;�;>=@I�AW?Q9@ohSQI<=@^hSQI�EhA�E0��U@9}C_;Z?e^k9�^T����JZI��LU@I&9FCm]�EHG@GFITETJDA
;>^2fqI�J>I&SBET;Z?Q�LI7SQ]2AW;ZJ~EH?Qoh=O;W��^kJ>��EHJ~X�`=AM^T�VI&�LI7J&K)?e;�?iA�C_SeITEHJ ��JZ^kP ;Z=[I<JZITAWU@SQ;~A�;>=FEH;g;>=@I
AW;ZJZIrEHP<?e9@ogP<^k;>?Q^h9<��?Q;>=0PYU@Se;Z?QG[SQI_c =@^kSeI�C_^k9RnFokU@J~EH;>?Q^k9}AM?BAVPYUFCD=+P<^hJZI Cm^kP<G@SeI&Na`

wV=@Ig^kf}A\I&J>�kET;Z?e^k9�^H�4;W�V^YG@JZITA>A\U@J>IgP�EHNR?QP{E�EH;�;Z=@I�fFEkAWIg^H�4;Z=@Ig;>U@fFI���^kJp;>=@I�;W�4^
XO^hU@f@SeI_c:=[^kSQI4C_^h9OnFohU@JDET;Z?Q^h9FA�AWU@okohITA\;~A ;>=FEH; ;>=@I
;ZU@fFITA�=FE&�LI�;W�4^�JZITAW^k9FET9FC_I���JZI��LU@I&9}C_?QITAm`
wV=@I�=@?Qoh=@I&J���JZI��LU@I&9}C_]+?iAVG@JZIrA\U@P<IrX{;>^<Cm^kJZJ>ITA\GF^h9FX0;>^<;Z=@I SeI&9@ok;>=�^H�
;>=@IgET?QJ�C_^kSeU@P<9
��J>^kP�;Z=[IMfFEhA\Ip^T� ;>=@IM;>U@fFIM;>^�;>=@I n}JDA\;
^hGqI79<=@^kSeIL`�wV=[IMSe^H�4I&J)��J>I�� U[I&9FC_] A\I&I&P{A)SQ?elLI&SQ]
;>^$fFIYEkA>A\^RC_?iEH;ZIrX���?Q;>=�;>=@IgSQI&9[ok;Z=�^H� ;Z=@IYET?QJ�C_^hSQU@P<9 U@G�;Z^�;Z=@I A\IrC_^k9FX$^hGFI&9�=@^hSQIL`
8:9�^kJ~XOI&J�;Z^ CD=@ITCDlg;Z=@ITAWI EkA>A\U@P G@;Z?e^k9FAmK@;Z=@I ;Z=[I&^kJ>I&;Z?iC&EHSaJZITAW^k9FET9FC_Ip��JZI��LU@I&9}C_?QITA�^T��;>=@I
;>U@fFI<�VI&J>I<C7EHSBCmU@SBET;ZITX$��^kJ�;Z=@IY;Z=@J>I&IY;ZU@fFI�C_^h9OnFohU@JDET;Z?Q^h9FA�UFAWITX�` �4EHSBCmU@SBET;Z?Q^h9FA��4I&JZI
GFI&JW��^kJZP ITX�;Z^ E0nFJ~A\;YEHG[G@JZ^TNR?QP�ET;Z?Q^h9�UFAW?Q9@o EH9�EHG[G@JZ^�EkCD=|XO?iAZC_UFA>A\ITX�fR] M�ITXOI&J>�LI&I&9
	v�Tu 
:Ka��=@I&JZI7fO] ;Z=@IY;ZU@fFI EH9FX A\?BXRIg=@^kSeITA EHJZI C_^h9FA\?iXOI&JZIrX2EkA�E�C_^hP+f[?Q9FET;Z?Q^h9$^T��A\I&J>?QITA
ET9FX�GFETJDEHSeSQI&S
f@J~EH9FCD=@ITAm` �pA\?e9@o�K�?eJDCD=@^  "vA�EkC_^hUFA\;>?BCgSBE&��AM��^kJ�E0f[JDEH9}C =@IrXs;>U@fFILK�EH9FX
XOI7;ZI&J>P<?Q9@?e9@oV;>=@I
=@^kSeI
?QP<GFITX@ET9FC_I)��J>^kP�?e;DA SQI&9[ok;Z=�ET9FX�C_J>^LA>AbcbA\ITC_;>?Q^h9FEHS[EHJ>ITEOKT;Z=@I4I� aITC_;
^T��ITEkCD=+=[^kSQI�^k9Y;Z=[IpAW?BXOI�^H�-Ep;ZU[fqI���EkA4C_^k9}A\?BXRI&JZITXgET9FX+UFAWITXg;Z^gC7EHSBCmU@SBET;ZI�;Z=[IMSeI&9@ok;>=
^T�4E+;ZU[fqI���?Q;>=@^kU@;�=@^hSQITA N�^H��;ZI79$JZIm��I&JZJ>ITX<;Z^ EkA�E �~A\U@fFAW;Z?e;ZU@;>?Q^k9 �+;ZU@fFI%S49@ITCmITAZA>EHJZ]�;>^
G@J>^RXOUFC_I�;>=@I AZEHP I+9@^h;ZI EkA�;>=@I<;>U@fFI0��?e;Z=�=[^kSQIrA_`=Kp9@^T��?Q9@o2;>=@?BA ;ZU@fFI�SQI&9[ok;Z= EH9FX
EhAZA\U[P<?Q9@o�;>=@IgI&9FX$^T��;Z=[Ig;ZU@fFIY9@ITEHJ>ITA\;�;Z=@IYEhC_^kUFAW;Z?iC+AW^kU@J~C_IYEkC_;~Ap;Z^ E<SBEHJ>okIgI&NR;ZI79O;
EhA�EH9Y^kGFI&9�I&9FX N:EhAVXO?iAZC_UFA>A\ITXg?Q9 A\IrC_;Z?e^k9 �O`v��SDKR;Z=@I�JZITAW^k9FET9FC_IM��J>I��LU@I&9FC_] C&EH9 ;Z=@I&9YfFI
EhAZC_I&J>;DET?Q9@ITXa`
wV=@I�J>ITA\U@Se;DA�ETJZI�A\=@^T��9 ?Q9�;DETf@SQIg�L` uO`

9 SQ;>=@^kU[ok=�JZITEhA\^k9}EHf@Se] ok^L^RX�ETokJZI7I&P<I&9R;g?BAj��^hU@9FX|fFI&;W�VI&I&9�;Z=@I�C7EHSBCmU@SBET;ZITX�EH9FX
P<IrEkA\U[JZITX2JZITAW^k9FET9FC_Ig��JZI��LU@I&9}C_]0��^hJ�;Z=[I+;>U@fFI<��?Q;>=�;>=@I<AW?Q9@ohSQIY=@^kSeILK);>=@I C&EHSiC_U@SBET;ZITX
J>ITA\^h9FEH9FCmI���JZI�� U@I79FC_?QIrA���^kJ�;Z=[I�;W�4^<XO^hU@f@SeI_c:=[^kSQI�C_^h9OnFohU@JDET;Z?Q^h9FApETJZI�=[?Qok=[I&J�;Z=FET9$;>=@I
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� � V�yz��	 U 	.Vi	 U �]��� � X�� �]�z� � � X � X�����V�W.X �
� �]� � � V�W�� 	 U �
� 	 Vzy Xo�]X�� � 	 � T W.X���V�X�� � � � X�� �]����� � X

� ��� 	 � ��� 	 T W.X ��V�X � ��U X � � ��� 	
�L?Q9[okSQI AM^kSeI uk�Tt@` u �h�k�R`v� �h�%`

�M^kU@f[SQI AM^kSeI uTt�` �.`h� �huk���g�BC%`
N:CmSQ^LAWI&SQ] A\G}EkC_ITX(S
�M^kU@f[SQI AM^kSeI uk�h�O` � �ruk�R`v� �h�%`��g�h�%`

N ��?BXRI&SQ] A\GFEhC_ITX_S
x ��yz�]X �+[ �+^ �LU@fFAW;Z?e;ZU@;>?Q^k9�;>U@fFI�SQI79@ok;>=$ET9FX$Cm^kJZJ>ITA\GF^h9FXO?Q9[o<JZITAW^k9FET9FC_I ��JZI��LU@I&9FCm]j��^hJ
;>=@IM;>=@JZI7IM;>U@fFIpC_^h9OnFohU@JDET;Z?Q^h9FA_KFC7EHSBCmU@SBET;ZITX�;>^gEMnFJDAW;�ETG@G@JZ^TNR?QP�ET;Z?e^k9gUFAW?Q9@o�E�P I&;Z=@^RX
^hU@;ZSe?Q9@ITX<fR] MMITXRI&JZ�LI&I79 	v�Tu�
 KFC_^kP GFEHJ>ITX+��?Q;>=�;Z=@I P<ITEhA\U@J>ITX+J>ITA\^h9FEH9FCmI���J>I��LU@I&9FC_?eITA_`

;W�V^YP<ITEhA\U@J>ITX<JZITAW^k9FET9FC_I ��JZI��LU@I&9FCm?QITA
?Q9$IrEkCD=$C7EkA\I�`@A�^H�4I&�LI&J7K ;>=@IgC7EHSBCmU@SBET;Z?Q^h9 XO^LITA
9@^h;<?Q9}C_SQUFXRI$Cm^kJZJ>ITC_;>?Q^k9}A ��^hJ<;Z=@I EkX@XR?Q;Z?e^k9FETSMG}EHJZ;>?BETSMJ>I_�FITC_;>?Q^h9FAj^RC7C_U@JZJ>?Q9@o EH; fq^h;Z=
=@^hSQITAmKLfq^hU@9FX@ETJZ]gSiEr]LI7J)I� aITCm;DA�ET;�;Z=@I�� EHSeSBA_KhI&;DCkKhEkA
XO?iAZC_U}AZA\IrX�?Q9YA\IrC_;Z?e^k9<�L` uO`-8b9g^hJDXOI7J
;>^ Cm^kP<G@SeI&;ZI7SQ]��LI&J>?d��]�;Z=[I2JZITAW^k9FET9FC_I2��JZI��LU@I&9FCm?QITA��4^kU@SiX J>I�� U[?QJZI E�P<^kJ>I2C_^hP<G@SQI7N
9RU@P<I&J>?BC&ETSpC7EHSBCmU@SBET;Z?Q^h9 K�EH9FX�?BA<C_^h9FA\?iXOI&J>ITX fFI&]L^h9FX|;Z=@I AZC_^hGFI�^T�g;Z=[?BA<�V^hJZla`��@^hJ
;>=@I+I7NO;>I&9O;�^H��;>=@?BAp�4^kJZlaK =@^T�VI&�LI7J&KF?Q; ?BAMJ>ITEkAW^k9FETf@SQI ;Z^ EkA>A\U@P<Ig;>=FEH; ;>=@I+J>ITA\^h9FEH9}C_I
��J>I�� U[I&9FC_?eITA�^H�F;>=@I�AW?Q9@ohSQI4=@^kSeILKkCmSQ^LAWI&SQ]�A\GFEhC_ITX�XR^kU@f@SeIV=@^hSQI EH9FX���?iXOI&SQ]�A\GFEhC_ITX�XR^kU@f@SeI
=@^hSQI�C_^h9OnFokU[JDEH;>?Q^h9FApEHJ>I��k�%`BA��LKa�%CB`%A���EH9}X$�k�B`%A���JZITAWGFITC_;Z?e�LI&SQ]�`

wV=@I2?Q9[?Q;Z?iEHS�I&NRGqIrC_;DET;Z?Q^h9 � EkA+;>=FEH;<;>=@I�A\;>JZITETP<?Q9[o�P<^h;Z?e^k9 �4^kU@SiX�fFI2G@J>ITXO^kP ?dc
9FET9O;>SQ]gI&P ?Q;Z;>ITXM��JZ^hP�;Z=[I nFJ~A\;
=@^hSQI�E&��E&]���J>^kP�;>=@I�I&N[C_?Q;~EH;Z?e^k9YAW^kU@J~C_ION ;>=@IMSe^T�VI&J�=@^kSeI
AW=@^T��9�?e9�IrEkCD=�?QP�ETokI%S ��=@I&9�I&N[C_?e;ZITX2ET;�;Z=[I<9FEH;>U@JDETSVJ>ITA\^h9FEH9FCmI<^H��;>=@I<;ZU[fqI�K)��?Q;>=
AWP�EHSeSQI&J A\;ZJ>ITEHP ?Q9@o2�LI&Se^RC_?Q;>?QITA ^kfFAWI&JZ�LIrX EH;Y;Z=[I2A\IrC_^k9FX N U@G[GqI7J"S�=@^kSeI0��U@J>;Z=@I&JYE&� Er]
��J>^kP�;>=@IgEhC_^kU}A\;Z?iC�AW^kU@J~C_I �F;Z=@?iA ��^hSQSQ^T�4ITX<^kfFAWI&JZ�hEH;>?Q^h9FApfO] KpI&Im��I 	 �%C 
���^hJp;Z=@I A\;>ITEkXO]
AW;ZJZIrEHP<?e9@o��F^T��AV^hfFA\I&J>�LITXYEH;�;Z=[I A\?iXOIp=@^hSQITA
^H��EgC_SBETJZ?Q9[I&;4EH?QJ C_^kSeU@P<9 K�EkAV�VI7SQSaEkAV^hfOc
AWI&JZ�hEH;>?Q^h9FAVfO]Y;Z=[I EHU@;>=@^kJV��^hJ�A\?eP<?QSiEHJ��4^L^RXO��?Q9FX�?Q9FAW;ZJ>U@P<I&9R;DAm`�A�^H�4I&�LI&J7Kk;Z=@I�JZITAWU@SQ;~A
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