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(âe−iωt − â†eiωt)
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we−iθ)

�!r !3�
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�!r*9�
0�

α4,deg

('� �( �0(� ��()� 4 9�)�(&����0) )0) ��)���&( n �(' �&0�(''1' ��&�u��&�-1(' � �
�&0�' 01 -1��&( 0)4(' � ����&��''()� ��)'� )��1&(��(u ()� 4�)' �� 3�)�&���0) 4 9����'
)0)r���''�-1(' n $� ('� '01+()� )��(''��&( 4( ����(& �(' u ���(1, �u���1���(1&' 4�)'
4(' ��+ ���' 0���-1(' &�'0)�)�(' � -1� (,���()� � 9�)�(&����0) �+(� �( �@�u� �1u �)(1, n
6) +(&&� 4�)' �� '(���0) '1�+�)�( �(' ����' )0)r���''�-1(' �&041��' ��& u ���)3(
��&�u��&�-1( )0) 4�3�)�&� n
7(�()4�)� � 4 9�1�&(' �&0�(''1' )0) ��)���&(' � (&u (��()� 4( u04�1(& �(' �1��1�r
��0)' -1�)��-1(' � �0uu( � 9�)�(&����0) �+(� 1) u ���(1 )0) ��)���&( � (&& n � 9(� (�
�0&&('�0)4 () /��� � 1) u���)3( ��&�u ��&�-1( � -1��&( 0)4(' �0u��A�(u ()� 4�r
3�)�&� � 4�)' �(-1(� 4(1, �@0�0)' 4( �� �0u�( 40))()� 4(1, �@0�0)' '�3)�� � �01'
4( u �u( /&�-1()�( n $� ' 9�3�� 41 '(�0)4 �&0�(''1' ��&�u ��&�-1( 4�3�)�&� �0)'�r
4�&� � 4��&�� ��& �( @�u ���0)�() !r*9 n � 9(� (� � (&& '(&� 4�'�1�� ��1' () 4����� 4�)'
�( �@����&( * � �0)'��&� � � 9��14( �� �0u�&(''�0) 4( 2&1�� ��& �)�(&����0) �+(� 1)(



� ������	�� �� ��� 	� �����	��� ��

u��&0��+ ��� � -1� � (1� ��&( �&����( '01' �(&���)(' �0)4���0)' �0uu( 1) u ���(1 � (&&
(� (���/ n
6) �(1� ���(& �1''� �( ��' 41 ��'(& � 4�)' �(-1(� ) 9�)�(&+ �()� ��' 4( �&0�(''1'
)0) ��)���&( � -1� �&041�� () �&�)��� ( 4(' �@0�0)' 4�)' 1)( 4�'�&�21��0) '12r
�0�''0))�())( n �( 2&1�� 4( 4��1'�0) 4( �@�'( �@��0� r"0)(' � 41 � � 9�u �''�0) '�0)r
��)�( � ('� &('�0)'�2�( 4 91)( 3&�)4( +��(1& 4( �� +�&��)�( 4( �� �@�'( � -1� � (1� ��&(
'1� '�uu()� �u�0&��)�( �01& -1( �� +�&��)�( '1& �( )0u2&( 4( �@0�0)' ��''( ()
4(''01' 4( �� ��u ��( -1�)��-1( '��)4�&4 n =01& �(' ��'(&' � �&�'��1, 01 � �0�0&�)�' �
�(' � (&�(' (� �( 2&1�� 4( �0u��3( &�u A)()� �� 4�'�&�21��0) +(&' �� 4�'�&�21��0) 4(
� 9���� �0@�&()� n  ) &(+�)�@( � �( �&�)��� ( 4( �� �0u�( &�31��A&( � -1� �0)'�'�( () 1)
�0u��3( ��(��&�-1( /��2�(u ()� 2&1��� () �)�()'��� �t0�12(+ 32 � � �(1� ��&( 1����'�
4�)' �(' ��'(& � '(u �r�0)41��(1& (� � (&u (� 4( 3�)�&(& 4(' �@�u�' �0u�&�u �' ()
�)�()'��� �+0�& ��& (,(u��( �� &�/�&()�( �� ��� (& 50� � �+(� 1) ��1, &(�0&4 4(

70 %
� n

� &6 &� ��8�.�#�-."/ 8� ��'- .(*� /"/
�
�'+'/' '�

5�)' 1) �&0�(''1' 4 9�u���1����0) )0)r4�3�)�&� � �( �@�u� �&041�� ('� 4�)' 1)
���� � 4(1, u04(' � )0��'

1
(�

2
n �( @�u ���0)�() -1�)��-1( �0&&('�0)4�)� ' 9��&�� �


̂ 3

para,non−deg = α3,deg(â
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2 + âP (̂b†2)
2)

�!r*>�
7(� @�u ���0)�() ' 9(,�&�u ( �0uu( �� '0uu( 4( 4(1, @�u ���0)�()' 4( �4�(


̂ 3

para,deg

n 7@��1) 4( �(' @�u ���0)�()' 40))( ��(1 � 1) /��'�(�1 �0u�&�u � n 70uu(
0) � 1) '�3)( u0�)' 4(+�)� �( '(�0)4 �(&u ( 41 u (u2&( 4( 4&0��( � �(' /��'�(�1,
�&041��' ��& �(' 4(1, @�u ���0)�()' 4( �4�( 
̂ 3

para,deg

'0)� �0u�&�u �' '1& 4(' -1�r
4&��1&(' 0&�@030)��(' n � �)'� � �� �&�)'/0&u ���0) 1)����&( �!r*$� u0)�&( � 9�-1�+�r
�()�( ()�&( 4(' /��'�(�1,  =! � �01& �('-1(�' 0) � 4(' �0&&�����0)' -1�)��-1(' '1&
4(1, �01��(' 4( -1�4&��1&( �0)? 131�(' (� 1) �01��( 4( /��'�(�1, �0u�&�u �' '1&
4(' -1�4&��1&(' 0&�@030)��(' n �� �&�)'/0&u ���0) u0)�&( -1( � 90) ��''( 4 91) �0�)�
4( +1( � � 9�1�&( ��& 1) '�u ��(u ()� �@�)3(u()� 4( 2�'( n  ��( ' 9�4���( �+ �4(u ()�
�1 ��' 4( /��'�(�1, �&�'()��)� 4(' �0&&�����0)' '01' �� ��u ��( -1�)��-1( '�)' �01&
�1��)� ��&(  =! n

� �� � NJ�KRQ QLJMNQVTKMJFQ
6) �(&u �)( �(��( �)�&041���0) � �� &�41���0) 4( 2&1�� -1�)��-1( ��& �� u ��@04(

-1� '(&� 1����'�( �01& �( �&���(u ()� 4(' �1��1���0)' -1�)��-1(' n 7 9('� 1)( u ��@04(
'(u �r���''�-1( 4�+(�0���( () ��&��( �1 ��20&��0�&( � -1� � (&u (� 4( ����1�(& �('
�1��1���0)' � ��&��& 4(' &(����0)' '�u ��('r (� �)�1���+('r 4( �01���3( 4(' �@�u�'
'1& 1)( ��u ( '(u �r&����@�''�)�( n

� &� &% �/� - �/,�" ��-."/ �./'� . � ,�� .
�
#��,,.(*� �/- '� ," -.�

8"* ��, �*#-*�-."/, (*�/-.(*�,
6) �0)'�4A&( 1)( ��+ ��� 0���-1( � -1� �0)��()� 01 )0) 1) u ���(1 )0) ��)���&( n

5�)' �(��( u ��@04( � �(' �1��1���0)' 41 �@�u� '0&��)� 4( �� ��+ ��� '0)� 02�()1('
� ��&��& 4(' �1��1���0)' 41 �@�u� ()�&�)� ��& 1)( �&�)'/0&u ���0) ��)���&( �''1(
4(' �-1���0)' �01& �(' �@�u�' ���''�-1(' �!(4)�14 352 � n � 9�-1�+��()�( 4( �(��(
u ��@04( �+(� � 9���&0�@( -1�)��-1( '��)4�&4 � ��� 4�u 0)�&�( 4�)' �( ��' ��&��r
�1��(& 0� �(' �@�u�' ()�&�)�' '0)� 4(' �@�u�' �0@�&()�' �)0��uu()� �( �@�u�



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

41 + �4(� � �01& �� 3�)�&���0) 4( /��'�(�1, ? 1u (�1, 4�)' 1) 6=6 )0) 4�3�)�&� �
�01& �� &�41���0) 41 2&1�� 4( �@0�0) 4�)' 1) '4'�Au ( 2�'��2�( (� �01& 1)( ��&3(
���''( 4 96=6 n � 9 �)��03�( 02�()1( 4�)' �(' 4���&()�' '4'�Au (' � (&u (� 4( +���4(&
� 91����'���0) 4( �(��( u ��@04( n
�� u ��@04( �0)'�'�( () 1)( ��)��&�'���0) 4(' �1��1���0)' �1�01& 4 91) �0�)� 4(
'����0)�&��� �1�' � �� 4('�&����0) 41 �01���3( 4(' �@�u�' '1& �(' u �&0�&' � ��&��&
4(' �-1���0)' ���''�-1(' 4( &��(, �0) (� 4( �&�)'u �''�0) 4 91) u �&0�& n  ��( � (&u (� 4(
����1�(& �(' �1��1���0)' '0&��)�(' () �0)'�4�&�)� �01�(' �(' �1��1���0)' 301+(&)�('
��& �(' �@�u�' �1��1�)�' �)��4()�' '1& �(' u �&0�&' 4( �01���3( n 5�)' �( �&���(u ()� �
�(' �1��1���0)' '0)� �&����(' �0uu( 4(' +�&��2�(' �����0�&(' ����''�-1(' �n

$� (, �'�( 4 9�1�&(' u ��@04(' '(u �r���''�-1(' 4( �&���(u ()�' 4(' �1��1���0)'
���1��4 50� n # ��' �(' u ��@04(' ) 90� &()� ��' 1)( &(�&�'()����0) �1''� �)�1���+(
-1( �(��( 4��&��( ��r4(''1' � 4�)' ��-1(��( �(' �@�u�' ()�&�)�'

Ain
' 9�)�(&�&A�()�

�0uu( �(' �@�u�' �1��1�)�' �)��4()�' n

� &� &6 �(*�-."/ �� 
 � .,�/�� +
�
��/+�) ./ �* #���8 ./- �

�
#�) .-'

7(' �@�u�' �1��1�)�' �0)'���1()� 4(' '01&�(' 4( 2&1�� 4�)' �( '4'�Au ( n � 9�-1�r
��0) 4 9�+0�1��0) 4 91) '4'�Au ( �01��� � 1) &�'(&+0�& ('� 2�() �0))1( 4�)' �( ��'
4 91) �01���3( ��)���&( n 5�)' �( ��' 4 91) �01���3( )0) ��)���&( � �� 4(+ �()� ��0&' 4�� r
���( 4( '���&(& (,������(u ()� �(' �(&u (' 4( �1��1���0)' (� �(' �(&u (' 4( &(��,���0) n
7(�� ('� )��)u0�)' �0''�2 �( 3&	�( � �� u ��@04( 4(' �&0? (��(1&' � 40)� � 9���������0)
�1, u ��&0��+ ���' '(u �r�0)41��&��(' � ��� �20&4�( 4�)' �� &�/�&()�( �� �&& 9 !� n�� &(��,���0) 4 91) u04( �&0�&( 4 91)( ��+ ��� ��2&4r=�&0� �0&&('�0)4 �1 ��' ��r
)���&( (� � (1� ��&( �&����( ��& �(��( u ��@04( n 6) �0)'�4A&( �( �01���3( ()�&( �(
u04( 4( ��+ ��� � &(�&�'()�� ��& 1) 0'������(1& @�&u0)�-1( � �+(� 1) &�'(&+0�& @�&r
u0)�-1( 1)�4�u ()'�0))(� � �0)'���1� ��& �01' �(' u 04(' () 4(@0&' 4( �� ��+ ��� n �(
�01���3( ()�&( 1) u04( 4( ��+ ��� (� 1) u04( () 4(@0&' 4( �� ��+ ��� '( /��� �1
)�+(�1 4(' u �&0�&' n 6) &(�&01+( �( @�u ���0)�() 4( �4�( s�4)('r71uu �)3' � �0uu(
�1 ��&�3&��@( p n! n2 � 4�)' �( @�u ���0)�() 3�02�� 4 9�)�(&����0) �

HI = i~

∫
dω

2π
κ1(ω)(â†
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Laser Ti:Saphir
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50 150 250 350

position (µm)

a

70 170 270 370

c

0.54 mW

0.64 mW

0.74 mW

0.845 mW

0.945 mW

1.04 mW

1.14 mW

1.24 mW

1.34 mW
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monomode, accordable

Cryostat (4K)

Microcavité semi-conductrice
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Translation (contrôle du désaccord)

Lentille de focalisation
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Caméra CCD avec objectif

Ecran

Caméra CCD

Champ proche de la pompe

Champ proche du signal

Champ lointain
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√
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kx, ky

� � 40))�(
��& � 9�-1���0) �

|2ELP (kp, 0) − ELP (2kp − kx,ky) − ELP (kx,−ky)| = 0
�2r.$�

�� 131&( 2 n!* u0)�&( �(' +�&����0)' 4( �� /0)���0) |2ELP (kp, 0) − ELP (2kp −
kx,ky) − ELP (kx,−ky)| 4�)' �( ���) �

kx, ky

� �7�1�� 9 !� n �(' '0�1��0)' -1� +�&�r
1()� �� �0)'(&+���0) 4( � 9�)(&3�( 40))()� 1) @1�� n  ) �&���-1( � '(1� �( �01��(
{(0, 0), (2kp, 0)} 0'����( � �0uu( 0) � 902'(&+( n

 )'1��( � 0) 4�'���0&4( �( ��'(& � () (,����)� �01? 01&' �1 u �u( �)3�( n =01& ��
)01+(��( �)(&3�( 41 ��'(& � 0) �@(&�@( �� �0'���0) 4( &�'0)�)�( �01& ��-1(��( �(
��'(& ('� &�'0)�)� �+(� �� 2&�)�@( 2�''( n �( 4�'���0&4 (,���0)r��+ ��� �0&&('�0)4 �
�(��( )01+(��( �0'���0) ('� )0��

δ1

n �(' u 04(' '�3)�� (� �0u�( -1� 0'����()� �01&
�( )01+(�1 4�'���0&4 (,���0)r��+ ��� 0)� 4(' /&�-1()�(' 4���&()�(' �@�)3�(' ��&
&���0&� �1 4�'���0&4 (,���0)r��+ ��� �) �����

δopt

n
6) )0�(

δs

�
δi

� �( 4�'���0&4 ()�&( � 9�)(&3�( 41 u04( '�3)�� ��0u���u ()���&(�
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|2ELP (kp, 0) − ELP (2kp − kx, ky) − ELP (kx,−ky)|
θx, θy K

K = (kx, ky, kz θx

θy kx ky

|kx| =
√

k2
x + k2

zsinθx |ky| =√
k2

y + k2
zsinθy

�1 4�'���0&4 (,���0)r��+ ���
δ1

(� � 9�)(&3�( 41 u04( '�3)�� ��0u���u ()���&(� �1
4�'���0&4 (,���0)r��+ ���

δopt

n 6) 4�1)�� 4( �� u �u( u�)�A&( �( 4�'���0&4 4( ��
�0u�( � -1� �0&&('�0)4 � �� 4���&()�( 4 9�)(&3�( ()�&( �(' u04(' �0u��' �01&
δ = δopt

(�
δ = δ1

� � n( n � �� 4�� �&()�( 4 9�)(&3�( ()�&( �(' �)(&3�(' 41 u04( �0��&��0)
2�' 4( +(��(1& 4 90)4( 4�)' �( ���)

(kp, 0)
�01& 1) 4�'���0&4 (, ���0)r��+ ���

δopt(� �01& 1) 4�'���0&4 (, ���0)r��+ ���
δ1

n 6) �)�&041�� �01& �� �0u�( � �( '�3)�� (�
�( �0u���u ()���&( � 4(' 4�'���0&4' )0&u ���'�' �1, ��1, 4( &(��,���0) �

∆j =
δj

γkj

�2r.>�

0�
γk

('� �� ��&3(1& 41 u04( �0��&��0) 2�' 4( +(��(1& 4 90)4( 4�)' �( ���)
k
�

γk = C2
kγa + X2

kγb

�2r.0�

� &6 &� � '-� � ./�-."/ ��, ,"�*-."/,
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(2kp − kx,−ky)} -1� � (1+()� 0'����(& n 6) �(1� �0uu()�(& ��& &(3�&4(& �0uu(
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�&���4(uu()� � 9()'(u2�( 4(' �01��(' �01& �('-1(�' �� �0)'(&+���0) 4( � 9�)(&3�(
('� '���'/���( n 70uu( 0) /0&�( �( '4'�Au ( � 0'����(& 4�)' �(' u �u(' �0)4���0)' �
u��' � 1) 4�'���0&4 (,���0)r��+ ��� 4���&()� � �(' '0�1��0)' )( '0)� ��1' �(' u �u('
-1( �(��(' �&�'()��(' '1& �� 131&( 2 n!* n  ) ��&���1��(& � �( �01��( {(0, 0), (2kp, 0)}) 9('� ��1' '0�1��0) n
6) u0)�&( '1& �� 131&( 2 n!2 �(' +�&����0)' 4( �� /0)���0) |2ELP (kp, 0)−ELP (2kp−
kx, 0) − ELP (kx, 0)| 4�)' �(' �0)4���0)' 0���u ��(' � ��&����&�'�(' ��& �( 4�'���0&4(, ���0)r��+ ���

δopt

� -1( � 90) �0u��&( �+(� �( ��' 4 91) 4�'���0&4 (,���0)r��+ ���
δ14�)' � 9()��&� n $� ����&�q� ����&(u ()� -1( �( /��'�(�1 '�3)�� )( '0&� ��1' (,���(u ()�

� � 9�)��4()�( )0&u ��( n
6) 40�� �1''� �()�& �0u��( 4�)' �� 4��(&u �)���0) 4(' �01��(' -1� � (1+()�

0'����(& 4( �� �0)4���0) 4 90'�������0)
∆p = ∆s

n 6) �(1� &(�&�'()�(& �(' �01��('
'�3)�� �0u���u ()���&( 4�)' �( ���)

(kx, ky

� �0uu( �01& �� �0)'(&+���0) 4( � 9�)(&r
3�( n =01& �0u�&()4&( �&���'�u ()� �� /0)���0) � ��14�(& � 0) ��&�� (,������(u ()�
�� 4�� ()4�)�( 4( � 9�)(&3�( 4( 2&�)�@( 2�''( �+(� �( 4�'���0&4 (, ���0)r��+ ��� n ��
�0)4���0) 4 90'�������0) ' 9��&�� �

ELP (kx,ky, δ1) − ELP (0, 0, δopt) =

ELP (2kp − kx,−ky, δ1) − ELP (2kp, 0, δopt)
�2r.3�

�� u (u2&( 4( 3�1�@( �0&&('�0)4 �1 4�'���0&4 �01& �( u 04( '�3)�� (� �( u (u2&(
4( 4&0��( �1 4�'���0&4 �01& �( u04( �0u���u ()���&( n �� 131&( 2 n!$ u0)�&( �('
+�&����0)' 4( �� /0)���0) |[ELP (kx,ky, δ1) − ELP (0, 0, δopt)] − [ELP (kx,ky, δ1) −
ELP (2kp, 0, δopt)]|

n
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|[ELP (kx,ky, δ1) − ELP (0, 0, δopt)] − [ELP (2kp −
kx,−ky, δ1)−ELP (2kp, 0, δopt)]| θx, θy

0.26

�� &�1)�0) 4(' 4(1, �0)4���0)' �2r.$� (� �2r.3� � (&u (� 4( 4��(&u �)(& -1(�
�01��( 0'����( n 6) 02��()� 1) ()'(u2�( 4( �01��(' �0''�2 �(' � 4( /��2�( +(��(1&
4 90)4( 4�)' �( ���) '1�+�)� 4n 6) '1��0'( -1( �( �01��( -1� 0'����( ('� �(�1 � �01&
�(-1(� �( u 04( '�3)�� ('� �( ��1' �&0�@( 41 2�' 4( �� �01&2 ( 4( 4�'� (&'�0) � �0uu(
�(�� ' 902'(&+( (,��&�u ()���(u ()� 4( /��0) 3�)�&��( �+0�& �( ��&�3&��@( 7 n. 41
�@����&( !� n =01& �@�-1( 4�'���0&4 (,���0)r��+ ��� � 0) �(1� ��)'� 4��(&u �)(& �(
�&041�� 4(' 4�'���0&4' 4( �� �0u�( (� 41 '�3)�� n �0&'-1( �(1& �&041�� ('� '1� �&�(1&
� 1) � �( '4'�Au ( �&�'()�( 4( �� 2�'��2����� n

� &6 &� "�8� � .,"/ -�'" .� �78 ' .�/#�
�� �&0��41&( �@�0&�-1( ('� �� '1�+�)�( n 6) ��&� 4 91)( +��(1& 40))�( 4(

δopt
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0) 4����( � 9�)(&3�( 41 ��'(& 4 91)( -1�)����

∆EL

n =01& �(��( )01+(��( �)(&3�( 41
��'(& � 0) �@(&�@( �� �0'���0) 4( � 9��@�)����0) �(��( -1( �( ��'(& '0�� &�'0)�)� �+(�
�� 2&�)�@( 2�''( 4( �0��&��0)' n 6) ����1�( �01& �@�-1( 4�'���0&4 � �0&&('�0)4�)�
� 1) 4�����3( 41 ��'(&

∆EL

� �( �&041��
∆p∆

n �( &�3�u ( 4( 2�'��2����� ('� ���(�)�
�0&'-1(

∆p∆ > 1
� '0�� 4�)' )0�&( ��' �01&

δ1 − δopt = 0.26
u(; n 6) �&01+( -1(

�( u04( '�3)�� 41 �01��( -1� 0'����( ) 9� ��' 4( �0u�0'�)�( 4�)' �( ���) '1�+�)� 4
(� '0&� �+(� 1) �)3�( 4(

1.4◦
'1�+�)� , n

 ,��&�u ()���(u ()� � 1) �+()�1(� �@�)3(u ()� 4( �� 4�&(���0) 4( �� �1u �A&(
�u �'( ('� 4�� ���( � 4��(�(& � ��1'( 41 �&01 � �0u��(,( (� ��()41 4�)' �( ���)
�&�)'+(&'( n 8)( ��14( 4�������( 4�)' �( '()' �01&&��� ��&( u ()�( n �� 131&( 2 n>
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4�'���0&4 (,���0)r��+ ���� n 6) �&01+( -1( �( '(1�� u �)�u1u 4( 2�'��2����� ('� ��r
�(�)� �01& 1)( 4���&()�(

δ1−δopt ' 0.18
u(; n 7(��( +��(1& 4( �� 4���&()�(

δ1−δopt('� &(����+(u ()� �&0�@( 4( �� +��(1& � 02�()1( ��& �( u 04A�( � �1r4(�� 4( ��-1(��(
0) &()�&( 4�)' �( &�3�u ( 2�'��2����� n �� /0&�( &(u0)��( 41 '(1�� +(&' �(' 4�'���0&4'
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01�&( -1( �( u ���)3( ('� � -1��&( 0)4(' (� )0) � �&0�' � ('� -1 9�� ) 9('� ��' �0''�2 �(
��� 4( /��&( � 9@4�0�@A'( �1 4���&� -1( �(' ��&3(1&' 4(' u 04(' '�3)�� (� �0u���u ()r
���&( '0)� �(' u �u(' n
6) )0�( -1( �(��( �)��03�( �+(� �( &�3�u ( 4( 2�'��2����� 4�)' �(' 6=6 �01&&���
��&( ��()41( � 4 9�1�&(' &�3�u (' 4 9�)'��2�����' n 6) �()'( () ��&���1��(& � 1) &�3�u (
4( 2�'��2����� 44)�u �-1( � 4�)' �(-1(� ('� u �' () �+ �4()�( 1) 4���� �(u�0&(� )0)
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� ��&��& 4 91)( '��1���0) 0���u ��( 4( '��u1����0) 4( � 9�u���1����0) ��&�u��&�-1(
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' 9�)��&(''( ��' � �� 2�'��2����� n � 902'(&+���0) 4( �(' '�3)��1&(' �4��-1(' '1��0'( 4(
�&�+����(& � �)�()'��� �0)'��)�( (� 4( 2���4(& � 9��@�)����0) � 01 4( &(3�&4(& � 9�)�()'���
�u �'( () /��'�)� +�&�(& �0)��)�u()� �� �1�''�)�( 4( �0u�( n

6) � +1 4�)' � 9��14( (,��&�u ()���( �1 4�21� 4( �( �@����&( -1( �� '�&1��1&(
�&�)'+(&'( 4( � 9�u �''�0) )0) ��)���&( � 01+��� ��&( �0u��(,( n  ��( ('� 4��(&u �)�(
��& �(' (� (�' �&�)'+(&'(' �&�'()��' () 4����� �1 �@����&( �&���4()� n 7(' (�(�' '0)�
�01? 01&' �&�'()�' � �)4�� ()4�uu()� 4( � 9(, �'�()�( 4 91)( o0)( 4( 2�'��2����� n
� ���&( 4 9���1'�&���0) � 0) �&�'()�( 4�)' �(��( '(���0) �(&���)(' �u �3(' '�3)�1����+('
() �@�u� �0�)���) (� �(' �u �3(' () �@�u� �&0�@( �0&&('�0)4�)�(' 41 '�3)�� �u �'
(� 4( �� �0u�( � 4�)' �('-1(��(' 0) &(�&01+( �(' '�&1��1&(' () �&0�''�)� � () �))(�1
01 () ��0�)� � 02'(&+�(' �1 �@����&( * n 7(' 02'(&+���0)' '01��3)()� � 9�u�0&��)�(� ���0&4(& � �(' (�(�' �&�)'+(&'(' n



� � ��	�� ���� ����� �� �

� �� �CI�QT QL H�ICD EKFLJIFL
6) � 4�? � +1 -1 9() &�3�u ( ��)���&( � 0) 02'(&+( � 9�))(�1 4( 4��1'�0) ���'��-1(

!�4 �(�3@ (� �� �@0�0�1u �)('�()�( 4( �� 2&�)�@( 2�''( 4( �0��&��0)' n �1r4(''1' 41
'(1�� )0) ��)���&( � �(' '�&1��1&(' � (1+()� �&()4&( �� /0&u ( 4 91) �))(�1 � 4( 4�'-1('
01 4(' /0&u (' �0u�0'�(' � �01? 01&' �)��1(' � � 9�)��&�(1& 4( � 9�))(�1 4( 4��1'�0)
!�4 �(�3@ n 7(' 02'(&+���0)' '0)� '(u2��2�(' � �(��(' &(�0&��(' 4�)' �w014&� 99�� n# ��' 0) 02'(&+( �1''� 4(' '�&1��1&(' ��1' �)@�2��1(��(' �

r1)( ���@( �)�()'( '1& � 9�))(�1 )0) ��)���&( � 41 ��� 4( �� ���@( 4( �� �0u�(
�&�)'u �'( �131&( 2 n2 �

r4(' '�&1��1&(' () �))(�1, �0)�()�&�-1(' �131&( 2 n!0�r1) ���3)0�(u ()� ()�&( 4(1, &�3�0)' 4( &�'0)�)�( '���&�(' '������(u ()� �131&(
2 n!5� n

� �� �CI�QT QL H�ICD DMKH�Q
6) �@(&�@( � &(��(& �(' '�&1��1&(' () �@�u� �0�)���) � �� /0&u ( 4( �� o0)(

4 9�u �''�0) 41 '�3)�� n �( �@�u� �&0�@( ('� 02�()1 ��& �0��(���0) 4( �� �1u �A&(
�u �'( �1�01& 4(

k = 0
�+0�& 131&( 2 n!� n 6) )( +0�� 40)� ��' �� ���@( 4( �� �0u�( n

6) &(�&01+( 4(' /0&u (' '(u2��2�(' � �(��(' 02'(&+�(' 4�)' �( ��' 4( � 9(,������0)
� � 9�)��4()�( )0&u ��( �+0�& �� 131&( 2 n!3� � �( �&0�''�)� � � 9�))(�1 (� �( ��0�)� �� (�
4(' '�&1��1&(' �01� �1''� �0u��(,(' -1( �(��(' 02'(&+�(' () �@�u� �0�)���) n ��
3�0u��&�( 4(' o0)(' 4 9�u �''�0) ('� 4��(&u �)�( ��& � 9�)3�( 4( �� ��+ ��� (� ��& ��
4�'�&�21��0) )0)r1)�/0&u ( () �)�()'��� 41 '�0� 4 9(,������0) � ��)'� -1( ��& �� &1r
30'��� 4(' �1��' �+�&����0) 4( � 9�)(&3�( 4( � 9(,���0) (� 40)� 41 �0��&��0) � (� 4('
4�/�1�' 4( '1&/��( �4���' '1& �� '1&/��(� n �0&'-1( �(' /0&u (' 0)� 1)( 3�0u ��&�(
'�u��( � 0) � �1 +�&�1(& -1( �� 131&( () �@�u� �&0�@( 4( �� o0)( 4 9�u �''�0) (�
�� 131&( () �@�u� �0�)���) '( 4�41�'()� � 91)( 4( � 9�1�&( ��& �&�)'/0&u �( 4( �01&�(& n



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

k = 0

� �� �LTJIS FEFJN TDIJFIEQ
6) '( ����( ��� () &�3�u ( 4( 2�'��2����� � 1) �(1 u0�)' 4( 4(1, /0�' �( '(1�� n

6) �&01+( 1) 4�'���0&4 (,���0)r��+ ��� �01& �(-1(� �( ��'(& ('� &�'0)�)� -1�'�r
'�u1���)�u()� () 4(1, o0)(' '1& � 9��@�)����0) � '���&�(' 4 91) �&()���)( 4( u �r
�&0)' n 6) 02'(&+( 1) ���3)0�(u ()� 4( � 9�u �''�0) ()�&( �(' 4(1, o0)(' 4 9�u �''�0) n
�� 131&( 2 n!5 u0)�&( �&0�' �u �3(' () �@�u� �&0�@( 4( �� o0)( 4 9�u �''�0) �&�'('
'1��(''�+(u ()� n 6) +0�� �( ��''�3( 4 91) o0)( 4 9�u �''�0) () /0&u ( 4( �&0�''�)� �
1)( o0)( 4 9�u �''�0) () /0&u ( 4( �0�)� n 7(��( '�&�( 4 9�u �3(' �&�'(' � 4(' �)�(&r
+���(' 4( �(u�' 4 9!�.2 4( '(�0)4( ) 9�)4�-1( ��' -1( �( �(u�' 4( �0uu1����0) 41
'4'�Au ( ('� '1� �&�(1& � !�.2 4( '(�0)4( � �1�'-1 9(��(' '0)� u04())�(' '1& �� 41&�(4 9��-1�'���0) n � 9�)'��2����� ()�&( �(' 4(1, ����' ' 902'(&+( �1''� () �@�u� �0�)���) n

a) b) c)

836.36

1/24sec.

� �� �KLHEPTFKL
� 9()'(u2�( 4( �(' �u �3(' ���1'�&()� �(' (� (�' 4( �0 ����'���0) /0&��( 4(' �0��r

&��0)' n  ��(' �&01+()� -1( �(' (�(�' '( &(�&01+()� �1''� 2 �() 4�)' �( �&0�(''1'
4 9�u���1����0) ��&�u ��&�-1( 4�3�)�&� -1( )0)r4�3�)�&� n �(' o0)(' 4 9�u �''�0) )(



� � ��	�� ���� ����� ���

�0&&('�0)4()� 40)� ��' '�u ��(u ()� � �� �����( 41 /��'�(�1 4 9(,������0) � �0uu(
�(�� ('� '01+()� '1��0'� n  ��(' )( � (1+()� '( 4�41�&( /����(u ()� 4( �� 4�+(&3()�(
4( � 9�u �''�0) )0) ��)���&( n $)+(&'(u ()� � �� 4�+(&3()�( 4( �� �1u �A&( ('� 4��(&u �)�(
() �1�&(' ��& �(' (�(�' 4( �0 ����'���0) /0&��( 4(' &�'0)�)�(' n 7(' -1('��0)' '0)�
4�'�1��(' ��1' () 4����� 4�)' �( 4(&)�(& �@����&( n





���

�������
� �������� ��� �� ��������

B �� �K�NMQLHQ KDJFOPQ QJ HK�NMQLHQ JKJIEQ
�( �0)�(�� 4( �0@�&()�( �)�(&+ �()� 4(�1�' �0)3�(u�' 4�)' 4( )0u2&(1, 40r

u ��)(' 4( �� �@4'�-1( n  ) 0���-1( � �(' (,��&�()�(' 4 9w�)21&4rp&0�) (� "� �''
�w�)21&4 $>� (� �(' 4�+(�0��(u()�' 41 u�'(& �+0�& ��& (,(u��( �w�&0�@( 5.�� 0)�u0��+� 1)( &(r4�1)���0) ��1' 3�)�&��( 41 �0)�(�� n  ) ��&���1��(& � �( �&���(u ()� 4(
�� �0@�&()�( 4�)' 1) ��4&( -1�)��-1( � /��� � 902? (� 4 91)( '�&�( 4 9�&����(' 4( !04
s n t ��12(& �t��12(& >*� �t��12(& >*2 �t��12(& >*� �t��12(& >$� n�� �0@�&()�( ('� �� &(����0) � 01 1)( /�u ���( 4( &(����0)' � ()�&( 1) '�3)�� () 1) ()r
4&0�� 40))� (� () 1) �(u�' 40))� � (� �( u �u( '�3)�� 01 �1 �1�&( '�3)�� � () 4 9�1�&('
�0�)�' 4( � 9('���( (� 41 �(u�' n �� 4(1, '�3)�1, '0)� �0@�&()�' � �(1& '1�(&�0'�r
��0) �+()�1(��( � ��& 4(' �(�@)�-1(' 0���-1(' � u0)�&( 1)( 131&( 4 9�)�(&/�&()�(' n
�� �0''�2 ����� 4( �&041�&( 4( �(��(' /&�)3(' 4�)' 1)( (,��&�()�( @4�0�@���-1( 4(
'1�(&�0'���0) ����&�q� () /��� �0uu( 1)( �&A' 20))( 4�1)���0) 4( �� �0@�&()�(
0���-1( �t��12(& >*2 � n � 9(,��&�()�( �4�( 4( '1�(&�0'���0) 4( �@�u�' �0@�&()�'
('� � 9(,��&�()�( 4(' /()�(' 4( �01)3 n
�1�)������+(u ()� � �� �0@�&()�( ('� �+��1�( ��& 4(' 4(3&�' 4( �0&&�����0)' n =01&
1) �@�u� �0@�&()� � �1 '()' 4( � 90���-1( ���''�-1( � �(' �u����14(' () 4(1, �0�)�'
'0)� () �@�'( (� 0)� �(' u �u(' +�&����0)' 01 �(' u �u(' �1��1���0)' n 6) 4�1)�� �(
4(3&� 4( �0@�&()�( � ��&��& 4(' �0&&�����0)' ()�&( �(' �1��1���0)' n � �)'� � 0) �(1�
��&����&�'(& �� �0@�&()�( 0���-1( �(u�0&(��( 4 91) �@�u� �'1��0'� '����0))��&(�
� ��&��& 4( �� /0)���0) 4( �0&&�����0) )0&u ���'�( 2�() �0))1( 4�1)�( 4( �� /��0)
'1�+�)�( �

g(1)(τ) =
〈E∗(t)E(t + τ)〉
〈E∗(t)E(t)〉

�$r!�

7(��( /0)���0) �+��1( �(' �0&&�����0)' ()�&( � 9�u����14( 41 �@�u� () 4(1, �)'��)�'
4�� �&()�' '���&�' 4( � 9�)�(&+���( 4( �(u�' 01 4����

τ
n � 4���� )1� � �(��( /0)���0)

+�1� 1) n �( �(u�' �4��-1( �+(� �(-1(� �� /0)���0)
g(1)(τ)

�()4' +(&' o�&0 � ���(�� �(



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

�(u�' 4( �0@�&()�( � 4��(&u �)( �( 4(3&� 4( �0@�&()�( 0���-1( �(u�0&(��( 41 �@�u� n
6) � (1� () 4�41�&( 1)( �0)31(1& 4( �0@�&()�( � &(���( �1 �(u�' 4( �0@�&()�( ��&
�� + ��(''( 4( �&0��3���0) 41 '�3)�� n �� /0)���0)

g(1)(τ)
('� 1) ��' ��&���1��(& 4(

�� /0)���0) 4( �0&&�����0) 4 90&4&( 1) � 4�1)�( 4( /��0) 3�)�&��( �01& 1) �@�u�
'����0))��&( ()�&( 4(1, �0�)�' 4( � 9('���(

g(1)(
 
,
 �

, τ)
�

g(1)(
 
,
 �

, τ) =
〈E(

 
, t)E(

 �
, t + τ)〉

〈E(
 
, t)E(

 �
, t)〉

�$r.�

-1� � (&u (� �1''� 4( ��&����&�'(& �� �0@�&()�( '������( n �� �0@�&()�( '������( ('�
��&����&�'�( ��& 1)( 4�'��)�( �4��-1( � -1( � 90) ���(��(&� �� ��&3(1& 4( �0@�&()�( �
(� -1( � 90) �&()4&� 3�&4( � 2�() 4�'��)31(& 4( �� �0)31(1& 4( �0@�&()�( � -1� ��&��r
��&�'( �� �0@�&()�( �(u�0&(��( n 7(��( ��&3(1& ('� 4�1)�( 4( �� u �u( u�)�A&( -1(
�( �(u�' 4( �0@�&()�( � �0uu( �� 4�'��)�( ��&����&�'��-1( 4�)' �( ���) �&�)'+(&'(
�+(� ��-1(��( �� /0)���0) 4( �0&&�����0) 4 90&4&( 1)

g(1)(
 
,
 �

, τ)
�()4 +(&' o�&0 n

�1 '()' 4( � 90���-1( � 1) �@�u� ('� 4�� �0���(u ()� �0@�&()� '� '� ��&3(1& 4(
�0@�&()�( (� '0) �(u�' 4( �0@�&()�( '0)� �)1)�' � �( -1� '�3)�1( -1( �� /0)���0)
g(1)(

 
,
 �

, τ)
�''0���( +�&�1( �� &(����0) '1�+�)�( �01& �01� �01��( 4( �0�)�'

(
 
,
 �

)
�

-1(�-1( '0��
τ
�

|g(1)(
 
,
 �

, τ)| = 1
�$r*�

�� �0@�&()�( 0���-1( ('� 1)( �0@�&()�( �1 �&(u �(& 0&4&( n 6) �(1� �+0�& 4('
�0&&�����0)' 4�)' �( �@�u� 4�� �&()�(' 4 91)( '�u ��( &(����0) 4( �@�'( n 6) �)�&041��
��0&' 4(' /0)���0)' 4( �0&&�����0) 4 90&4&(' '1� �&�(1&' n 8) �@�u� �0@�&()� � � 90&4&(
. '���'/��� �� �0)4���0) �$r*� �01& �� /0)���0) 4( �0&&�����0) � � 90&4&( 1) (� ��
�0)4���0) '1�+�)�( �

|g(2)(
 
,
 �

, τ)| = 1
�$r2 �

0� �� /0)���0)
g(2)(

 
,
 �

, τ)
('� 4�1)�( �0uu( �

g(2)(
 
,
 �

, τ) =
〈I(

 
, t)I(

 �
, t + τ)〉

〈I(
 
, t)I(

 �
, t)〉

�$r$�

=
〈E∗(

 
, t)E∗(

 �
, t + τ)E(

 
, t)E(

 �
, t + τ)〉

〈E∗(
 
, t)E(

 
, t)E∗(

 �
, t)E(

 �
, t)〉

�$r>�

�� �0@�&()�( �1 '(�0)4 0&4&( � (1� ��&( u ('1&�( 4�)' 1)( (,��&�()�( 4( �0&&���r
��0)' () �)�()'��� n �0&'-1 90) ' 9�)��&(''( � �� �0@�&()�( '������( 4 91) /��'�(�1 � 0)
u('1&( 4(' �0&&�����0)' () �)�()'��� ()�&( 4(1, ��&��(' 4�)' �( ���) �&�)'+(&'( 4(
�( /��'�(�1 � �( 4���� �(u�0&(�

τ
���)� 1, � � o�&0 n



� ���������	�� �������� ���

5�)' �( �@����&( � �� �0@�&()�( '������( 4(' �0��&��0)' '(&� �20&4�( ��& 4(1,
(,��&�()�(' 4�'��)��(' � 4�)' �('-1(��(' '0)� �('��(' �� ��&3(1& 4( �0@�&()�( '������(
(� �( ��&���A&( u 0)0u04( �&�)'+(&'( 4( � 9�u �''�0) � 40)� 0) 40))(&� ��1' �0�) 1)(
4�1)���0) &�301&(1'( n �(' u 0)��3(' 1����'�' '0)� &('� (���+(u ()� 1) u0)��3( �)�(&r
/�&0u ��&�-1( 4( �4�( /()�(' 4( �01)3 (� 1) u0)��3( 4( �0&&�����0)' () �)�()'��� n
�( �&(u �(& u0)��3( 40))( ���A' � �� ��&3(1& 4( �0@�&()�( � � n( n � �� �����( 4( ��
o0)( 4 9�u �''�0) n �� u ('1&( 4( �0&&�����0)' �)�()'���' � -1� �0&�()� '1& �� /0)���0)
4( �0&&�����0) 4 90&4&( 4(1, � 40))( 4(' �)/0&u ���0)' '1& �� &���&����0) 4(' �@0r
�0)' 4�)' �( ���) �&�)'+(&'( � -1� � (&u (� 4 9() 4�41�&( �( ��&���A&( u 0)0u04( 4(
� 9�u �''�0) n

B �� ��QJT HK�NMQLJT RILT EQT C FHMK HIUFJNT

�(' (� (�' �0@�&()�' 4�)' �(' u ��&0��+ ���' '(u �r�0)41��&��(' /0)� � 902? (� 4(
)0u2&(1, �&�+�1, � u0��+�' () ��&���1��(& ��& �� &����'���0) 4 9�u (��(1&' 4( �1r
u �A&( � /��2�( '(1�� (� 4( /0&�( �4�&(���0))����� � �() &�3�u ( 4( �01���3( /��2�(� (�
� 9�+()�1(��( �0)4()'���0) 4( p0'(r �)'�(�) 4(' (, ���0)'r�0��&��0)' �() &�3�u ( 4(
�01���3( /0&�� n
�� �1u �A&( � (1� ��&( �u���1�( ��& 4(' �&0�(''1' )0) ��)���&(' 4( 4(1, �4� (' 4�/r
/�&()�' � ��&����&�'�' ��& �(' �&0�&����' 4( �0@�&()�( n 5�)' 1) �u���1���(1& ��'(& �
� 9�u���1����0) ('� �''1&�( ��& 1) u ���(1 ����/ 4( 3��) �)�0@�&()� � ��0&' -1( 4�)' 1)
�u���1���(1& ��&�u��&�-1( � � 9�u���1����0) 4�&�+( 4 91) u���)3( �0@�&()� ()�&( �('
0)4(' 4�)' �( u ���(1 n �(' 4���&()�(' ()�&( �(' 4(1, �4�(' 4( �&0�(''1' ����&��''()�
4�)' �(' �&0�&����' '����'��-1(' 4( �� �1u �A&( �u �'( n

6) � +1 �1 �@����&( * �� �&(1+( 4�&(��( 4( �� �0@�&()�( 41 �&0�(''1' 4 9�ur
���1����0) ��&�u��&�-1( ��& �� u �'( () �+ �4()�( 4( �� 4�� ()4�)�( () �@�'( 4(
� 9�u �''�0) )0) ��)���&( (� 0) � )0�� �(' �&03&A' &��()�' +(&' 1)( &����'���0) 4 91)
�u���1���(1& 4( �4�( ��'(& �01& �(' � 0��&��0)' ��)4&( 9*� n  ) &�3�u ( 4( �01���3(
/��2�( � �( ��'(& � �@0�0)' � 4�? � ��� 2�() ��14�� 4�)' �(' u ��&0��+ ���' n

6) �&�'()�( 4�)' �( �@����&( 4(' (,��&�()�(' 4( u ('1&( 4( �� '����'��-1( 4�)'
�( ���) �&�)'+(&'( � �01& ��&����&�'(& �( �0u�0&�(u ()� u0)0u04(ru1���u04( 4(
� 9�u �''�0) (� �� �0@�&()�( '������( � � 9��@(��( 4( �� o0)( 4 9�u �''�0) n 5�)' �(' (, r
� �&�()�(' � �� u ��&0��+ ��� ('� '01u �'( � 1)( (,������0) &�'0)�)�( � � � 9�)��4()�(
)0&u ��( 01 � � 9�)3�( u �3�-1( � '1�+�)� -1( � 90) �0)'�4A&( �� �0)131&���0) 4�3�r
)�&�( 01 )0) 4�3�)�&�( 41 �&0�(''1' ��&�u��&�-1( n �� �0@�&()�( '������( + �()� �
� 90&�3�)( 4( �� �0@�&()�( '������( 4( �� �0u�( � 1) ��'(& ����)( '��@�& �&A' �1r4(''1'
41 '(1�� � 4�)' 1) ���� �0@�&()� n ��&A' �+0�& 4�1)� �� ��&3(1& 4( �0@�&()�( 4�)'
1)( ��+ ��� ��2&4r=�&0� ���)r���) �� n*� � 0) �0)'�4�&(&� �� ��&3(1& 4( �0@�&()�( 41u04( �&0�&( 4 91)( u ��&0��+ ��� () &�3�u ( 4( �01���3( /0&� �� n2 � n



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

B �� �IM�QPM RQ HK�NMQLHQ RILT PLQ HIUFJN D EILVD EIL
6) �0)'�4A&( 1)( ��+ ��� ��2&4r=�&0� 4( 3�0u��&�( ���)r���) �0)�()�)� 1)

u ���(1 �u (��(1& n 6) )0�(
Lc

�� �0)31(1& 4( ��+ ��� �
R1

(�
R2

�(' �0(� ��()�' 4(
&��(���+ ��� () �)�()'��� 4(' u �&0�&' n 6) �(1� 4�1)�& 1) u04( �&0�&( 4( ��+ ���
-1� ��&����&�'( �� ��&3(1& �)31���&( 4( � 9�u �''�0) � �0uu( ��& (,(u��( � 4�)' �(
�&0�(''1' 4 9�u �''�0) '�0)��)�( �p? 0&� 5*� 01 4�)' �� 3�)�&���0) 4( '(�0)4( @�&r
u0)�-1( ���(��0 53� n�� ��&3(1& 41 ��� 4( �&�)'u �''�0) ('� �( �0�)� 4( 4���&� 41 ����1� 4( �� ��&3(1& �)r
31���&( 41 u04( 4( ��+ ��� n �� &(����0) 4( 4�'� (&'�0) 4( �� ��+ ��� 40�� ��&( 1����'�(
�01& �0)+(&��& �� ��&3(1& () �)(&3�( 4( �� �&�)'u �''�0) () 1)( ��&3(1& �)31���&( n
7(��( �&�)'/0&u ���0) ('� �( ��+0� -1� � (&u (� 4( 4�1)�& 1)( ��&3(1& 4( �0@�&()�(
� ��&��& 4( �� 4�+(&3()�( 4( � 9�u �''�0) n

� &� &% �� +�* �/+* �� . �
�� �0)31(1& 4 90)4( 4( &�'0)�)�( 4( ��+ ��� '( 4�����( �+(� � 9�)3�( 4 9�)��4()�(

θ
4( �&0��3���0) 4�)' �� ��+ ��� �(,�&�u � ��& &���0&� � � 9�)��4()�( )0&u ��(� � '(�0)

�� �0� 4( 4�'� (&'�0) �

λ(θ) = λ(0)cos(θ)
�$r0�

8) 4�+(�0��(u ()� 4( "�4 �0& �1, /��2�(' �)3�(' 40))( �

∆λ = λ(0) − λ(θ) ≈ λ(0) θ2/2
�$r3�

6) 02��()� ��)'� �( 4�����(u ()� 4( �� �0)31(1& 4 90)4( 4( &�'0)�)�( ��& &���0&�
�1 ��' 4( � 9(,������0) � � 9�)��4()�( )0&u ��( �01& 1) �)3�( 4 9�)��4()�(

θ0

4�)' �(
+ �4( � �

∆λ0 ≈
λ0(0) θ2

0

2n2
cav

�$r5�

0� ����&�q� �� �0)31(1& 4 90)4( 4�)' �( + �4(
λ0

� (� � 9�)4��( 4( &�/&����0) 4( �� ��+ ���
ncav

n

7(��( (,�&(''�0) +� � (&u (��&( 4( &(��(& �� ��&3(1& �)31���&( 4( � 9�u �''�0) � '�
��&3(1& '� (��&��( � -1( � 90) +� u��)�()�)� ����1�(& n 7(��( &(����0) ('� � �� 2�'( 4(
�� 4�1)���0) 4( �� ��&3(1& 4( �0@�&()�( n

�� �&�)'u �''�0) 4 91)( ��+ ��� ��2&4r=�&0� ���)r���) � �01& (,�&(''�0) �t&4)r
2 (&3 50� �

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

θ
������ ��� �



� ���������	�� �������� ���

T =
(1 − R1)(1 − R2)

1 + R1R2 − 2
√

R1R2cos(kzLcav)

�$r !9�

R1

(�
R2

'0)� �(' �0(� ��()�' 4( &��(, �0) 4(' u �&0�&' 4( �� ��+ ��� n
Lcav

('� ��
�0)31(1& 4( �� ��+ ��� n 6) 02��()� '� u �r��&3(1& � u �r@�1�(1& () +(��(1& 4 90)4( �

∆k =
1 −

√
R1R2

Lcav(R1R2)1/4

�$r !!�

40)� 0) 4�41�� �� ��&3(1& () �0)31(1& 4 90)4( �

∆λ =
c0∆k

2πncav

�$r !.�

� �)��(u ()� � () 1����'�)� � 9(,�&(''�0) 4( �� 1)(''( � )0��(
F
�

F = π
(R1R2)

1/4

1 −
√

R1R2

�$r !*�

(� �(' &(����0)' �$r!.� (� �$r5� � 0) 02��()� �� ��&3(1& �)31���&( �0&&('�0)4�)�( �

∆θ =
1√
FN

�$r !2�

: ('� � 90&4&( 4( �� ��+ ��� � 4�1)� ��& �� &(����0)
Lc = N λ0

2

n

� &� &6 � ���-."/ �/- � �� �� +�* ,8�-.��� �- �� �� +�* �/+* �� . � ��
� �'� .,,."/

�� 4�+(&3()�( 4( � 9�u �''�0) ('� 4��(&u �)�( ��& �� 4�� &����0) � �&�+(&' 1)(
��&( 1)�( n �� ��&3(1& �)31���&( ('� 40)� &(���( � 1)( ��&( 4 9�u �''�0) 4�)' 1) ���)
��&���A�( � �� '1&/��( 4(' u �&0�&' � ��&����&�'�( ��& 1) &�40) (� (���/

rc

� ��1'( 4(
�� '4u��&�( �4 ��)4&�-1( �u�0'�( ��& �� ��+ ��� n �� ��&3(1& �)31���&( (� �� ��&3(1&
'������( �&�)'+(&'( '0)� '�u��(u ()� &(���(' 4( �� u �)�A&( '1�+�)�( �

rc =
aλ0

∆θ
= aλ0

√
FN

�$r !$�

a
('� 1)( �0)'��)�( '�)' 4�u ()'�0)' n 5(1, +0�(' 4�'��)��(' � (1+()� ��&( '1�+ �('

�01& �201��& � �� +��(1& 4(
a
� � 91)( ��&� 4( �� 4()'��� 4( u04(' �&�)'+(&'(' (�

� 9�1�&( ' 9���1�( '1& �(' �)�3�����' 4( w(�'()2(&3 n �� +��(1& 02�()1( 4��()4 4( ��
u ��@04( 1����'�( � u��' �(��( 4���&()�( &(�A�( '�u��(u ()� 1)( �(&���)( �����14(
4�)' �� 4�1)���0) 4( �� ��&3(1& �)31���&( n �(' 4(1, u��@04(' '0)� /0)4�u()���(r
u ()� �-1�+��()�(' n 70uu( �(' @4�0�@A'(' 4( �( ����1� '(&0)� 4�'�1��(' ��1' 2�' �
0) (,������( �(' 4(1, u��@04(' n



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

� &� &� � '-� � ./�-."/ 8� ��, ./'+��.-', �� 
 � .,�/�� +
6) '1�� ��� �(' &�/�&()�(' ���(��0 53� (� �5(#�&��) � 59� n 6) 4�1)�� � 9��&( 4 9�)r

�(&���14( � ��&��& 4( � 9�)�3����� �0'���0)r�u�1�'�0) 4 9w(�'()2(&3 �

∆A = ∆x∆y ' ~
2

∆px∆py

�$r !>�

6) (,�&�u ( � 9�)�(&���14( '1& �(' �u �1�'�0)' () /0)���0) 4( �(��(' '1& �(' +(��(1&'
4 90)4( �

∆px = ~∆kx =̂ ~∆kx

�$r !0�
70uu( �&���4(uu()� � 0) u('1&( �(' �)3�(' ��& &���0&� � � 9�)��4()�( )0&u ��( n
�( 4�+(�0��(u()� �1�01& 4(

θ = 0
40))( �

∆kx ' k sin(θ0) ∼= k θ0

�$r !3�
6) &(��( ��)'� � 9��&( 4 9�)�(&���14(

∆A
� �� ��&3(1& �)31���&( �

∆A ' (
λ0

√
FN

2π
)2, soit ∆x ∼= ∆y ∼= 2rc

∼= λ0

√
FN

2π
=

λ0

2π∆θ

�$r !5�
�( &�'1���� 1)�� )( 4�� ()4 ��' 4(

~
� 40)� 0) �(1� ' 9���()4&( � &(�&01+(& �( u �u(

&�'1���� �+(� �� �@�0&�( ���''�-1( 4( �� 4�� &����0) n

� &� &� � '-� � ./�-."/ 8� �� ��/,.-' �� �"��, - �/,)� ,�,
�� 4�'�&�21��0) () �)�()'��� 41 �@�u� �0�)���) 4 91)( 01+(&�1&( ��&�1���&( ���1r

u �)�( 1)�/0&u �u()� ('� 40))�( ��& �� /0&u1�( 4 9� �&4n �� �@�0&�( 4( �� 4�� &����0)
�(&u (� ��)'� 4 9�201��& � 1)( +��(1& ���&0, �u ���+( 4( � n 6) �&�/A&( ��� 1)( 4��(&r
u �)���0) ��1' &�301&(1'( � 02�()1( � ��&��& 4( �� 4()'��� 4( u04(' �&�)'+(&'(' n
6) ' 9�)��&(''( �1 )0u2&( 4( u 04(' 4�)' 1)( u ��&0��+ ��� 4( �0)31(1& 1,( � 4�)'
1)( ��&(

A
� (� 4�)' 1) �)�(&+���( 4( /&�-1()�( 40))� �1�01& 4( �� /&�-1()�( 4(

&�'0)�)�( n �� 4()'��� 4( u 04(' �&�)'+(&'(' ��& 1)��� 4( /&�-1()�( ('� �p? 0&� 5*� �

ρ(ν) =
4πn2

cavνA

c2
0

�$r.9�

 ) 1����'�)� � 9(,�&(''�0) �$r !.� 4( �� ��&3(1& () /&�-1()�( 4( � 9�u �''�0) � 0) 02��()�
�( )0u2&( 4( u04('

n(ν)
4�)' �� 2�)4( ��''�)�( 4( �� ��+ ��� �

n(ν) =
2ncavA(1 −

√
R1R2)

λ0Lcav(R1R2)1/4
=

2A

π λ0Lcav(R1R2)1/4

πncav(1−
√

R1R2)

�$r.!�



� ���������	�� �������� �� �

=�& (,������0) 4( �� ��+ ��� '1& 1)( ��&( � ��1' 3&�)4( -1(
πr2

c

� �( )0u2&( 4( u04('
(, ����' ('�

2A/πr2
c

��+(� 1) /���(1& . �01& �� 4�3�)�&('�()�( 4( �0��&�'���0) � � '0�� �

rc =

√
λ0Lcav(R1R2)1/4

πncav(1 −
√

R1R2)

�$r..�

� &� &� "�8� � .,"/
6) �(1� � �&�'()� �0u��&(& �( &�40) 02�()1 ��& � 90���-1( 0)41���0�&( �

rclass
c =

√
λ0LcavF

π2ncav

�$r.*�

�+(� �(�1 � 02�()1 � ��&��& 4(' �)�3�����' 4( w(�'()2(&3 �

rquant
c =

√
λ0LcavF

8π2ncav

�$r.2�

�(' (,�&(''�0)' 4�� A&()� 4 91) /���(1& √
8
� 4( � 90&4&( 4( � 91)��� �0uu( � 9�)4�-1()�

p? �&� (� �� �p? 0&� 5*� n 7( /���(1& ' 9(,���-1( ��& �� 4�� �&()�( 4(' @4�0�@A'(' 4(
4���&� � �� 3�0u��&�( 4( �� o0)( 4 9�u �''�0) �4( /0&u ( ��&�1���&( 01 ��&&�(� (� ��
4�1)���0) 4( �� ��&3(1& �)31���&( n

B �� �IM�QPM RQ HK�NMQLHQ RILT PLQ C FHMK HIUFJN
TQC FVHKLRPHJMFHQ

� &� &% �� +�* �� #"�' �/#� ��, 8"�� .-"/,
�� �����( 41 u04( �0��&��0) ('� @�2��1(��(u ()� 4�41��( 4(' �&0�&����' 4( ��

��+ ��� '1��0'�( ���)r���) '1�+�)� �� u ��@04( -1( � 90) + �()� 4( 4�&�+(& n �(' �&0r
�&����' 4( � 9(,���0) )( '0)� ��' �&�'(' () �0u��( 4�)' �� �����( �&�)'+(&'( 41 u04(
�0��&��0) n
�� ��&3(1& 4( �0@�&()�( 4(' �0��&��0)' � ��� �)�&041��( �&�)�����(u ()� 4�)' �(
��4&( 4(' (,��&�()�(' 4 9�u���1����0) ��&�u��&�-1( 4( �0��&��0)' 4�)' �� �0)131r
&���0) )0) 4�3�)�&�( n �� ��&3(1& 4( �0@�&()�( 41 u04( �0��&��0) ('� 4�1)�( �0uu(
� 9(,�()'�0) '������( �&�)'+(&'( '1& ��-1(��( �( �@�u� �0��&��0) ('� �0@�&()� n 7(��(
4�1)���0) 4( �� ��&3(1& 4( �0@�&()�( �0&&('�0)4 � �(��( 40))�( �1 ��&�3&��@( 4 9�)r
�&041���0) � n! n p �() -1( �� o0)( 4 9�u �''�0) '0�� 4 9(,�()'�0) �&�)'+(&'( 1)�( � 0)
�)�&041�� 1) '(1� +(��(1& 4 90)4( 4�)' �( ���) � -1� 4�1)�� �( u04( � �1-1(� �0&&('r
�0)4 1)( �0�1����0) u ��&0'�0��-1( �0@�&()�( 4( �0��&��0)' n �( u 04( �0��&��0)
('� 40)� '1��0'� �0@�&()� � � 9��@(��( 4( �� o0)( 4 9�u �''�0) n � )0�&( �0))��''�)�( �
�(��( �0@�&()�( '������( 41 u04( ) 9� ? �u ��' ��� �('��( 4�&(��(u ()� n



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

7(�()4�)� � 4(' -1('��0)' '( �0'()� 4�? � -1�)� � �� �����( 41 u04( n  ��( ('� @�r
2��1(��(u ()� '1��0'�( �)4�� ()4�)�( 4(' �0)4���0)' 4 9(,������0) ��0)�&��&(u ()� �
�( -1 90) � +1 �1, 4(1, �@����&(' �&���4()�'� n  ��( ('� 4��(&u �)�( � ��&��& 4(
�� ��&3(1& �)31���&( �p�1u2(&3 99� � ��& �� &(����0) �$r !$� (� �)�(&+ �()� 4( /��0)
�&1����( 4�)' �� 4��(&u �)���0) 4(' /���(1&' 4 90 ��1����0) ���(+()'0) 99� n

� &� &6 � '-� � ./�-."/ �* ��#-�* � �" ##*8�-."/
�( /���(1& 4 90 ��1����0) ('� �( )0u2&( 4( �0��&��0) ��& ���� 4 91) u �u( u04( �

�� '( ����1�( � ��&��& 41 )0u2&( 4( �0��&��0)' 4�)' �( u04( (� 41 )0u2&( 4 9����'
4�'�0)�2�(' 4�)' �( u04( n 6) 4�21�( �+(� � 9�+��1���0) 4( �� 4()'��� 4( �0u�( �

Dpompe =
Ipompe

4πR2
spotC

2
kpompe

�$r.$�

 ��( ' 9(,�&�u ( () /0)���0) 4( � 9�)�()'��� 4( �0u�(
Ipompe

� 41 &�40) )0��
Rspot

(�
4( �� �0u�0'�)�( �@0�0)�-1(

Ckpompe

41 �0��&��0) (,���� � -1� '( ����1�( � ��&��&
41 4�'���0&4 (, ���0)r�@0�0) �1 �0�)� 4 9(,������0) (� 4( � 9�)3�( 4 9(, ������0) �+0�&
�� &(����0) �*r$� �1 �@����&( !� n 6) 4��(&u �)( 4( �� u �u( u�)�A&( �� 4()'��� �01&
�( u04( '�3)��

Dsignal

�

Dsignal =
Isignal

4πR2
spotC

2
ksignal

�$r.>�

�(' 4(1, 4()'���' 4��A&()� �4��-1(u ()� 4( 4(1, 0&4&(' 4( 3&�)4(1& � n 6) 02��()�
�( )0u2&( 4( �0��&��0)' �&��' ��& 1)��� 4( '1&/��( (� ��& 1)��� 4( �(u�' � ()
4�+ �'�)� �� 4()'��� 4( �1�''�)�( ��& � 9�)(&3�( 41 u04( �0)'�4�&� n � �)��(u ()� � ��
41&�( 4( + �( 41 u04(

k = 0
� )0��(

τ0

� �(&u (� 4( 4�41�&( �( )0u2&( 4( �0��&��0)'
��& 1)��� 4( '1&/��( 4�)' �( u 04( '�3)�� ��0��&��0)'�

cm2
� �

Nsignal =
Isignal.τ0

4πR2
spot.C

2
ksignal
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Translation (contrôle du désaccord)

Lentille de focalisation

Caméra CCD

Caméra CCD avec objectif
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Caméra CCD

Champ proche de la pompe

Champ proche du signal

Champ lointain
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�
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Ê(−→ρ , z) = i
E0

2

∑

i
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0 â2
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Îtot =
∑

ω

~ωâ†
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â†
ωâω
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ÊPθ = E0(âweiθ + â†
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âw = e−iωLtâΩ+ωL
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Ê[Ω] =

∫
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′)] = 2iE2

0(ωL)δ(t − t′)
�pr.9�
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Î = Ê−Ê+ = Ê
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Ê

�5r2�
� � � �	�� − �
 ������	� � �� �������
	�� � � �����	 �� ������ � �� ���  �



� � ������ ��� ����� �����	� �� ���

6) �0))�q� �� &(����0) ���''�-1( ()�&( �( �@0�0�01&�)�
i(t)

� �( �01&�)� �@0r
�0)�-1(

N(t)
(� � 9�)�()'��� �)'��)��)�( r01 �1�''�)�( �)'��)��)�(r

I(t)
n 6) �(1�

u0)�&(& -1( �� &(����0) -1�)��-1( ' 902��()� � ��&��& 4( �� &(����0) ���''�-1( �
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2ẼLP (0) − ẼLP (kd)
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[ẼLP (−kd) + 2~ωp − ẼLP (kd)]
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