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Diffraction pattern - slit and circular aperture

s θ f,( )
sin f sin θ( ).( )

f sin θ( ).

2

c θ f,( )
J1 f sin θ( ).( )

f

2
sin θ( ).

2

f 12

θ
π
2

.99
π
2

.,
π
2

..

4 3 2 1 0 1 2 3 4
0

0.2

0.4

0.6

0.8

1

s θ f,( )

c θ f,( )

f sin θ( ).

π

�!^_tM`DXzG9���M���²�4�o��IDGweD^_f�XTKdV�RT^_aMQ�j;KUROROG�XzQ(³U�µ´~¶T�M��adc2K|V�^iXzV�`DYiKdX*Kdj~G�XzRO`DXOGwV�adZsj;KUXOG�e
np^gRTI�·£�µ´¸¶��M� c�aMX�K�NOYi^gR��2npIDG�XzG�´¹^iN�º2r�}Mv�����IDG(n6K�LMGPYiG�QqtdRTI»^_NJv�KdQDe»r�^iN�RTIDG
np^_eqRTIBadc�RTIDG|NzYi^_RuaMX�RTIDG|eD^iKdZsG�RTGPXuadc�RTIDG|V�^_XOVP`DY¼KdXuKdj�GPXzRO`DXOGU�

��IDG|j;K]RORTGPXOQBjDXza4eD`qV�G�e��W�mKJV�^_XOVP`DY¼KdXuKdj�GPXzRO`DXOG ^_NueDG�NzV�Xz^i�~G�e�^iQ(RTGPXOZ�N�adcoNOj~G�V�^iKdY
c�`DQqVPRT^_aMQDN%�£QDa�npQsKdN©½6GPNONOGPYDc�`DQDV�RT^iadQDN�¾¿�!��IDG�eD^_f�XTKUVPRT^_aMQ�j;K]RORTGPXOQ�^iN%K±Yi^_RzRTY_G*np^_eDG�X
ROI;KdQÀROI;KUR(aUc RTIDG�NOYi^gR���KUN(NOIDa�npQ0^_Q¹x;tM`qXOG����M�4�¦�4�pKdQqeÀc�aMX[ad`DX[jD`qXOj~aMNOGPN[RTIDG
^_Zsj~aMXzRTKdQWRuXzG�NO`qY_Rw^iNuROI;KUR
Á<ÂhÃPÄ�Å²Æ-Ã�ÇÈÇ¦É�Ê£ÂhËOÄÌÄÌË-ÇqÍÏÎ�Ð]Æ<ÑÌÅ¦Ò�Ð]Ä%Ó]Ç¦ÃTÉ±ÑµÔ�Ë�ÄÌÃ�Õ6Ë6ÖµÒ�Ç¦Ë>Å¦Ð�ÑµË-ÖµÕ�Ä%Ò¿ÍhÄ�ÑµÃ�Ð]×�Å¦Ð�ØÚÙhÃTÛPËzÄoÅÈÐ�Æ<Å¦ÖµÆ-Î�Ç²Ã¿Ö

Æ-ÃTÛ�ÅÈÑÌÅ¦ËzÄ£ÃPÄ£Ä�Å¦Ð�Ë~Ã�Ð]×�Æ<Ò�Ä�Å¦Ð�ËDÍÏÎ�ÐUÆEÑÌÅ¦Ò�ÐUÄ4×�Ò2ÍÏÒ�Ö£ÒPÐ�Ë<ÜÝ×�Å¦Õ6ËzÐ]ÄÌÅÈÒPÐ]Ã¿Ç�ÄÌÉ�Ä�ÑµË-Õ�Ä£Ã�Ð]×!ÍÏÒ�Ö4ÖÌËOÆEÑµÃ�Ð�Ø�Î]Ç¦Ã�Ö£Ã¿Ð]×
Æ<Î�ÞdÒ�Å²×�Ã�ÇMÆzÃTÛ�Å¢ÑµÅÈËOÄ-ß;à�Ô�ËzÉpÃ¿ÖµË�ÒPÄµÆ<Å¦Ç¦Ç¦Ã¿ÑÌÒ�ÖµÉ6ÍÏÎ�Ð]Æ<ÑÌÅ¦Ò�Ð]ÄzÊ�Þ�Î�Ñ2×�ËOÆ<ÖµËzÃ�ÄÌË�Å¦Ð9Ã�ÕuÓ�ÇÈÅÈÑÌÎU×�Ë%Ù�Å¢ÑµÔÚ×�Å²Ä�ÑµÃ¿ÐUÆ<Ë
ÍÏÖÌÒPÕ�ÑÌÔ]Ë�Ò�ÖµÅÈØPÅÈÐ£Ê�ÅÈÐuÇ¦ÅÈÐ�Ë�Ù�ÅÈÑÌÔ�ÒPÎ�ÖDËzÃ¿ÖµÇ¦ÅÈËzÖ¸Æ<Ò�ÐUÆ<Ç¦Î]Ä�Å¦Ò�Ð*ÑÌÔ]Ã¿Ñ¸Ë-Ð�ËzÖÌØPÉ*Æ<ÒPÐ]ÄÌË-ÖµÛTÃ¿ÑÌÅ¦Ò�Ð>ÖÌËOáPÎ]ÅÈÖµËz×>ÙhÃTÛPËzÄ
ÍÏÖÌÒPÕ�Ã6ÇÈÅ¦Ð�Ë©ÄÌÒ�Î�ÖªÆ<Ë%ÄÌÔ�Ò�Î�Ç²×9ÍgÃ¿Ç¦ÇWÒ¿âyÃPÄhÑÌÔ�Ë©Äµá�Î]Ã¿ÖµË!ÖÌÒ�Ò¿Ñ�Ò�Í4ÑµÔ�Ë©×�Å²Ä�ÑªÃ¿Ð]Æ-Ë�ß

���M��«-�



ROIDGÚeq^_f�XTKdV�RT^iadQsj;K]RORTGPXOQDN>adc�REn>a�NOad`DXOVPG�N6np^gRTI(KUQ(KdQDtd`DY¼KdX©NzG�j;KdXOKURT^_aMQsL�^_GPn>G�e
RTIDXzaM`DtMI0KlV�^_XOV�`qY¼KdXsKdj~G�XzRO`DXOG�adc eD^iKdZ�GPRTGPX[r»K]R[n6K�LdG�Y_G�QDtdROIãväV�KdQä�~G$eq^iNzRO^iQ4«
tM`D^iNzIDG�e�^_c

��¬å  ­ �M�
v
r>­

��ID^_N�Y_^iZ�^_RONwROIDGJXOGPNOaMY_`qRT^_aMQ�adc6KdYiYoaMjqRT^_V�KdY!eDGPL�^iVPG�NP�oXOKdQDtM^_QDt(c�XOaMZbRTGPYiG�NzV�aMj~G�N
ROa�ROIDG|GP�dG�Nwadc%Y_^_L�^iQDt�V�XOG�KURT`qXOG�NP�

æ(ç�ç�è$é�ê2è£ë~ì�íïî�ð]ñMò2ó�ô2õ;ö�÷�ô2õWø
��IDG�eD^_NOV�`qNONO^_aMQladc6XzG�NzaMYi`qRO^iaMQSKU��a�LMG�Yia�aM�UG�elKUR|RTIDG�a�LMGPXOYiKdjHaUc6eD^gfhXOKdVPRO^iaMQ�jDKURz«
ROG�XOQqN�^_QäRTGPXOZ�N(adc�RTIDGP^iX(^_Q£ROG�QDNz^_RE�Àj;KUROROG�XzQDNBaMQDY_�d�ù��ID^_Nm^iQWLMadY_LMGPN�KdQ0^iZ�jDYi^_V�^gR
KdNzNO`DZ�jqRO^iaMQ�RTI;K]RsROIDG�REn>a�Y_^itMIWR�NOaM`qXOV�GPNmKdXzG�QDaUR[Z�`4RT`;KdY_Y_��V�aMIDGPXOGPQ£R���NOa�ROI;KUR
ROIDG�XzG9^_N*Qqay^_Q£ROG�X-c�G�XOGPQDV�G9j;KURzRTG�XzQ��!FïIDGPQsn>GÚY_a4aM��KUR*Zs^_V�XzaMNOVPaMj�GPN��£IDa�n>GPLMGPX��D^gR©^iN
ú `D^gRTG�Y_^i�dGPY_�mROI;KUR Nz^itMQ;KUYiN9c�XzaMZûQDG�KUXO�W�kj~aM^iQWRONÚnp^iY_Y��~G�VPaMIDG�XzG�QWR�����amNzRT`qeq�$ROID^iN
V�KdNOGU��VPaMQDNz^ieDGPX±c�aMXOZ�^iQDtsRTIDG�^iZsKdtMGyadc6K(eD^_f�XTKdV�RT^_aMQ�tMXTK]RT^iQqtD��FHGJ�£QDa�nüRTIDKUR ^iQ
ROIDG�c�KdX%x;G�Y_esaUc�K tMXOKURT^_QDt np^_RTI�Nzj;KdV�^_QDtyýs^iY_Yi`DZ�^iQDKURTGPe��W��K jDY¼KdQqGwVPaMIDGPXOG�QWR*nuK�LdG
adc6nuK�LMGPYiGPQDtdRTI�vþRTIqGsRTIqXOG�GsZ[K�\q^_Z[KBadcuROIDG[eq^_f�XTKdV�RT^iadQHj;K]RORTGPXOQþVPYiaMNzG�N-R�RTa�RTIDG
K]\4^_NyKUXOG�RTIDG�NzROXTKd^_tMIWRz«ªROIDXOad`DtMIlNO^itdQ;KdY©KdQDelRTIDG�x;XzNzRz«ªaMXOeqG�X�eD^_f�XTKdV�RT^_aMQSj�G�Kd�£N�KUR
KdQqtMYiGPNwÿ���npIDGPXOG

Nz^iQ2���M��� v
ý ­

Fï^gRTIDaM`4RmRTIDGSx;XON-Rz«ªaMXOeDGPXBj�G�Kd�£N��±RTIqG�XOGl^iN����k^iQqc�adXOZsKURT^_aMQ0Kd�~aM`qRBRTIqGltdXTKURO^iQDt
Nzj;KdV�^_QDtD�»^_Q0adRTIDGPX(n6adXOeDNP� ^_c|RTIDG�Y_^itMIWR(c�XzaMZ ROIDGStMXTK]RT^iQqtþj;KdNzNOG�NBRTIqXOaM`DtdI KdQ
Kdj~G�X-RT`DXzG6RTIqGuNOj;K]RT^¼KUY4^_Qqc�aMXOZsKURO^iaMQ np^iY_Y£��GuY_aMNzR!^_cDROIDG�Kdj~G�X-RT`DXzGuNO`q�qRTGPQDeDN*KdQJKdQqtMYiG
Y_G�NON ROI;KdQ��d�mKUR|RTIDG�tMXOKURT^_QDtl��NzG�G�x;tM`DXzG��o�d�4���M���J¨EQHROIDG�V�KdNzG�adc�KmZ�^iV�XzaMNOVPaMj~Gd�
ROIDG|Kdj~G�XzRO`DXOG|^_N�adcÝRTGPQBROIDG eD^iKdZsG�RTGPXuadc�RTIDG|aM�~G	�zV�RT^_LdG YiGPQDN��©��`DXOQD^_QDt�RTIq^iN�XOad`DQDe��

^gc�ROIDGpKdQDtdYiG�NO`q�qRTGPQDeDG�e[KUR©RTIDG�ad�
�zG�V�R6�W��ROIDGpaM�
�zG�V�RT^gLMGpYiGPQDN©^iN*�d�����WROIDG�x;QDG�N-R
NOV�KUYiG RTI;K]RpV�KdQ���G|XzG�NOadY_LMGPe�np^gRTI�KJnuK�LMGPYiGPQDtdRTIkv�^iN

ý�
������ v
NO^iQ��Ì���P� ­

¨ªR©ZsK�����G�QDaURTG�e�RTIDKUR*KdQ�KdXOtd`DZsGPQWR©�;KdNOGPesadQs�wK���YiG�^_tMI�¡¢N�V�Xz^_RTGPXO^_aMQJtM^_LdG�N©XO^_NOG
ROa�ROIDG LMGPXz�BNO^_Zs^_Y¼KdX*V�Xz^_ROG�XO^_aMQ

ý�
������   ­ �M�Mv�%NO^iQ��Ì���P� ­
���M��«	�



§ Y_^_RzRTYiG ROIDaM`DtMIWRÚNOIDa�npNÚROI;KURÚROIDG�x;Qq^_RTGyKdj~G�X-RT`DXzGJKdVPRON±KdNÚK��������������
 ��!��"$#¿�hKdN
^gRÚ^_N9RTIqG�Y¼KUXOtMGPXÚKdQqtMYiGPN��~V�aMXzXOG�Nzj�adQDeD^iQqt[RTa(NzZ[KUYiYiGPXpNOj;KdVP^iQDtdN���npIq^iV�ISKdXzG�V�`4R aM`qR
�W�(ROIDG�Kdj�GPXzRO`DXOGU�

&('*)�+&% 'Ú¯;A©7 =)(±3>@¿/2¯+*|:�,�¯;A�®h8D:-3>= -/.10324065�087:9
�wa�n RTI;KURwn>Gy�£QDa�n Kd�~aM`qRwRTIDG�eD^gfhXOKdVPRO^iaMQBj;KURzRTGPXOQ$aUc�K�NOYi^gR��¸KdQqe$^iQqeDG�GPekKd�~aM`qR
ROIDG�tdG�QDGPXTKdYwG�\4jDXzG�NONz^iaMQ¹c�aMXJRTIDG�eD^_f�XTKdV�RT^_aMQ»c�XOaMZ KSNOVPXOG�GPQänp^_ROIäKdQW��j;KURzRTGPXOQ��
n>G[V�KdQþNOGPG[npI;KUR�I;KdjDj~G�QqN�^_c6n6Gs^iQDVPYi`DeDG�RTIqG[NO^<;�GPN�adcuROIDG[NzYi^_RON|^iQHROIDG[tdXTKURO^iQDt
j;K]RORTGPXOQ��
¨EQ[ad`DX©jDXOG�L4^_aM`DN©RTXzG�KUROZsGPQ£R*n>G9^_QDV�Y_`DeDG�esK RTG�XzZb�>= ¾ �!npID^iV�IsXOG�jqXOG�NzG�QWRTGPe(RTIDGKdQqtM`DY¼KUX j;KUROROG�XzQ�adc6G�KdV�IþGPYiGPZsGPQ£R�adc6RTIDG�tMXTK]RT^iQqtD� § R�RTIDKUR�j�aM^_QWR�n>G(KUNONO`qZsGPe

ROI;KUR>G�KdV�ImGPYiG�Z�G�QWR>nuKdN6^iQqx;Qq^_RTGPNO^_Z[KdY_Y_�yQ;KdXzXOa�n|�qNza�G�KdV�I[NOYi^gR6XOKdeD^iKURTGPe[`DQD^gc�aMXOZ�Y_�
^_QsKUYiYDeD^_XOGPVPRT^_aMQDNP��?4`DjDj~aMNzGd��QDa�n|��ROI;KUR©RTIDadNOGwG�YiGPZsGPQWRTN*KdXOGwXOGPjDY¼KUV�G�e��W��^ieDGPQWRT^iV�KdY
NzYi^_RON��w�dGPG�jSRTIDGJNzYi^_RÚNOj;KUV�^iQqtBKUR�ý����D`qR|XzG�jDYiKdV�G@= ¾ np^_ROIkRTIDG�x;GPYie�j;K]RORTGPXOQ�c�aMX KNzYi^_Ruadconp^_eqRTI�r;�©��IDG�QBRTIqG�a�LdG�XTKUYiY�^iQWROG�QDNz^_RE�(np^_YiYh�~G

A����M���BA��Ì¤W�DCE NO^iQGF�HJILK ����MON	PQ RHSITK ����M�N	PQ
UV Q CE Nz^iQGFXWYHSZ
K ����M�N	PQ R[ NO^iQ F\HJZ
K ����MON	PQ R

UV Q
­

FHGpnp^_YiY�tM^_LdG�IDG�XzGwK|NzYi^_tMIWRTY_��Z�aMXOG6eDGPRTKd^iY_G�e�RTXzG�KUROZsGPQWR�npID^iV�I�NOIDa�npN�RTIDKUR�RTIDG
c�KdV�RTaMXz^iNOKURT^_aMQ��MnpID^_V�I(nuKdN6^iZ�jDYi^_V�^_R%^iQsROI;KUR>nuK��sadc�npXO^gRT^iQqt�ROIDG±XOGPNO`DYgR���^iN>V�aMXzXOG�V�R��
�wadRTGÚROI;KUR>RTID^_N6eDGPXO^_LUKURO^iaMQ�nuKUN�QDadRutd^_LMGPQm^iQ[ROIDG±Y_G�VPRO`DXOGU��^_R>^iN>^iQDVPYi`DeDGPemIDG�XzGÚc�aMX
VPaMZsjqYiGPROG�QDGPNONP�;�D`qRp�MaM`�QDGPG�e$QqadRpYiG�KdXOQB^_R��

] ìT^qéT_�` ]badc�egf�h ô f ÷ f�h ô�ôjiDk aml ø©ô
��IDG9tMXTK]RT^iQqt�^_N6K|j;KURzRTGPXOQ(adcn[�NzYi^_RON��£G�KUV�I(adchnp^_eqRTI[r;�4KUQDe(NOjDKdV�GPemKUR6K�eD^_NzRTKdQDV�G
ý(�~GPREn>G�G�QmROIDG�^_X>VPG�QWRTXzG�N�KdY_aMQDt�RTIDG4osK�\q^_N���NOa�ROI;KUR*n6GÚZ[K���npXO^gRTGpRTIDGÚROadR�KUY¸xDG�Yie
KURuK�j~aM^iQWR6K�eD^iN-R�KdQqV�G)p�^iQ[c�XzaMQWRuadc�ROIDGÚNzV�XOGPG�Q�KURuKdQmKdQDtdYiG±�|RTa�ROIDG K]\4^_N6^iQ�RTIDG
c�aMXzZ

=q� r s�t MvuLwyx H{z P6|�} I�~ Qx I�~ Q s x t HJ�XK ����M�N	P e�o� } Z���I�~ QZ x I�~ Q s x t HJ�\K ����M�N	P e�o
� } Q Z���I�~ QQ Z x I�~ Q s x t HJ�XK ����M�N	P e�o � ­g­_­

���M��«��



� } M W x ¾ P Z$��I�~ QM W x ¾ P Z x I�~ Q s x t H���K ����MON	P e�o�� ­
�wa�n G�KdV�I�^iQWROG�tMXOKdY�^iNpadc�RTIqG|c�adXOZ

}@� Z$��I�~ Q� Z x I�~ Q s x t HJ��K ����MON	P e�o � | s x t HJ��K ���$MON	P��� Nz^iQ2���M� � � Z���I�~ Q� Z x I�~ Q� s x t H � Z�K ����MON	P CE �%Nz^iQ�F HSITK ����MON	PQ R� Nz^iQ2���M� UV
ROI;KURp^iNP�qRTIqG�XOG�^iNpKJVPaMZsZ�aMQ(c�KdV�RTaMX

CE NO^iQGF HJILK ����MON	PQ RHXK ����M�N	PQ
UV
¶

npID^_V�I�^_N�ROIDG6eD^gfhXOKdVPRO^iaMQ|j;K]RORTGPXOQyadc;G�KUV�I�NOY_^_R6��aM`qXojDXzGPL�^iad`DN8= ¾ ���dKdQDe�K9tMGPaMZsG�RTXz^iVNzG�XO^_G�N�np^_ROImRE�4jq^iV�KUY�RTG�XzZ s x t H � Z�K ����M�N	P
^Ì�ÈGU�©K�VPaMZ�ZsaMQmXOKURT^_a s x t HSZ�K ����MON	P
npID^_V�Ikn6GJIDK�LdG�eDG�KdYgRÚnp^gRTI��~GPc�aMXzGd� F�G�V�KdQSNO`qZbROID^iN±tdG�aMZ�GPROXO^iVyNOGPXO^iGPN±RTamK�[
ROG�XOZ�N��� LdG�XTKUYiYµ�WROIDG�Q���RTIDGweD^gfhXOKdVPROG�e(KUZsjDY_^_RO`DeDGuc�XOadZüRTIDG9tMXTKURO^iQDt�^iN�ROIDGÚjDXza4eq`DVPR>adc
RTIDG|j;KURzRTGPXOQBc�XOaMZ ROIDG�KdXOXOKdQDtMGPZsGPQWR9aUc!NzYi^_RONpKdQDeBRTIDG|j;K]RORTGPXOQBc�XOaMZ G�KdV�I�NOY_^_Ry�ÌKUN
n6GyKdNONz`DZ�G�e���G�c�aMXOG����¸KdQDemROIDG|^iQWRTGPQDNO^gRE�mI;KdN�RTIqG|c�adXOZ

A����M���BA��Ì¤W�DCE NO^iQGF�HJILK ����MON	PQ RHSITK ����M�N	PQ
UV Q CE Nz^iQGFXWYHSZ
K ����M�N	PQ R[ NO^iQ F\HJZ
K ����MON	PQ R

UV Q
­

� `�_Ýé�è���_��Wè�ë�� ] ìT^qéT_�` ]�adc�egf�h ô4ø
��ID^_N�NOIDa�npN�RTIDKURunpIDGPQ�ROIDG±x;QD^gRTG NOY_^_R6NO^�;PG ^iNu^_QDV�Y_`DeDGPe��4ROIDG|j;KUROROG�XzQ�aUcojqXO^iQqV�^ijDKdY
ZsK]\4^iZsK±KdQDe�Z�^iQD^_Z[Kq�dKdQDe�RTIDGpeDGPj�GPQDeDGPQDV�G9adchROIDGpNOI;KdXzjDQDGPNON6adQ�ROIDGwj;KUROROG�XzQsaMQ
ROIDG|Q�`qZ���GPXpadc!NzYi^gRTN��DKdXOG `DQDKUfhGPVPROG�e��

���M��«-�



Abbe theory of imaging
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