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`>���90�;#7 �9�&�C���90�W �&ACW �&�90�� )(0!¡80!���#5/�Cj>�97�+kAC7 "9���.AC7�� �#0�7 AC5S@ �&�90T'8)c��7*���.'8) �90
n
j
m�3�

n1

j 0&AE7*���

E(0) = − 1

2n2

E(1) = −3

2
(n− 2n1 − |m| − 1)nF

E(2) = −1

8

[

7n2 − 6(|m| + n1)
2 + 6n1(|m| − 1) + 6n(|m| + 1) − 3

2
|m| + 8

]

n4F 2

� ¬ `m_�
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n = 2n1 + |m|+1
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n
�3�
n − 1

7
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n = 50�3�
n = 51

j �&�#W �!;#0&�97*��;��c��7 0,�����c�c` ¬ `m_X`
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σ
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π
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n1= 0

n1=50

n1=49

n1=48

n1= 2

n1= 1

n1= 0

n1=49
n1=48

n1=47

n1= 0
n1= 0

n1= 0

n1= 0
n1= 1

n1= 2
n1= 3

n1= 0

n1= 0

n1= 1

m= 0
m= 1

m= 2
m= 3

m=47

m=49

n=51

n1=49
n1=48

n1=47

n1= 0
n1= 0

n1= 0

n1= 1
n1= 2

n1= 3

n1= 0
n1= 0

n1= 0

n1= 1

m= 0
m= 1

m= 2
m= 3

m=47
m=48

m=49

n=50

n1=48

n1=47

n1= 1

n1= 2

Energie

m=50

n1= 0

m=48

σ+

∆m = +1
|d|  1776  |q|a0

σ−

∆m = −1
|d|  27  |q|a0

niveau circulaire
n = 51

niveau circulaire
n = 50

������� ¬ `m_ � 	 � � � � � � � � � � �� � � ���	����� # ��� �	� � ��� � � �	� ��� � ��� 
 � � �
n = 50

� �
n = 51
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� � � ������������� � � � % ���# � ��	 � � � � � 	�� � � %  � � 	 ���'�	�
�
��%"� � �
m > 0
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n1= 0
n1= 3

n1= 2

n1= 1
n1= 0

n1= 0
n1= 0

n1= 0
n1= 1

n1= 2
n1= 3

n1= 0

n1= 0

n1= 1

m= 2
m= 3

m= 4
m= 5

m=48

m=50

n1= 1
n1= 2

n1= 0
n1= 0

n1= 1

m=47
m=48

m=49

n1= 0

niveau circulaire
n = 50

m=49

niveau circulaire
n = 52

n1= 1
n1= 2

n1= 3

n1= 0
n1= 0

n1= 0

n1= 1

m=48
m=49

n1= 0

niveau circulaire
n = 51

m=47

m=51

m=50

5S1/2, F = 3

5P3/2, F = 4, mF = +4

5D5/2, F = 5, mF = +5

52f, m = 2

λ1 = 780 nm

λ2 = 776 nm

λ3 = 1.26 µm

σ+

σ+

π

Stark
switching

νRF = 255 MHz

transitions
laser

transitions
radiofréquences

transitions
micro-ondes

νµ2 = 49.650 GHz

νµ1 = 48.195 GHz

passages adiabatiques rapides

étape (1)

étape (2)

étape (3)

étape (4)
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σ+ �90!�/�!;#0&AC7 7c��7*�������C�#"
) 7 �I������7 0&������AC7��D��AC5:�.'8) ��`
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|e〉 
�AC) |n = 50〉 �k;3�%�D� |g〉 
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�&;90&AC7 7c�C7*�����C�#":) 7X�:� �90�� �9)V��������7 0&�.���.AE7X0[�E�9�&0 |e〉 �p+k�&;9'8) �97 "#� νe = 48, 195
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[AE)
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νg = 49, 65
dG�T£ 
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�.7 �.���������#5/�#7*�L�c��7 0:����7 �.�C����)�$E¡VWB�#���c7 ∣

∣5S1/2, F = 3
〉 �X���NM§;9�%�D�L+kAC7 �c�C5/�#7E�%�C��� )��!) @ ��� ��)X5

0&AC7*�G"#�.�&"#) ���C�&�.0&;90#`
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Wc���gWBAC5:Wc���C�GAEWX�&��'8) ��j¦� AC7 "�jB�90!��� ��7 ��W �&;#Wc���&�9�T�c��7 0T�NM§;9�%�D� ∣

∣5S1/2, F = 3
〉 '*) �����90T�D��AC5:�90

���E�9"G���S@BAC7 7 �I�8�.���90&0&���3�g� �G�����.0&0&�#�����#0,��)X���&�#0g�D��AC5:�90,�c��7 0,�NMP��)X���&�I;3�%�D�g$*¡8WB�#�!�c7
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Four

L1
L2

F=2

F=3

F'= 1
F'= 2
F'= 3

F' = 4 
∆ν

5S1/2

jet atomique

(a) (b)

5P3/2

L1
L2

�������������	� ����� �
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5S1/2 �� 5P3/2 ����������������������! "���$#&%'������� L1 �� L2 (
)+*-,/.�021�324'5�02,76�.81�.�023�1:971�;<4�026>=?1�;�1�0@971�;A9&4';�1�3�;<B"1C;�D�971�5E02,/6>.	B"1CFG,7021�;�;�1H4I97,/1�J81�.�FK,73�6>.L�M�N5�=O4'P"3�Q�;
9/4R;�6�3S0�,/1TB"JVUW6>J"3��X)Y4RZ�[��<�>�\�"]^4�_$=?6>.�023�1TB"1TU^4'`�6>.a;S5�b"D�=R4�02,/c�J"1d9&4RP�6>;�,702,76�.e1E0f9g*�4'."[>9/181�.�023S1
971�;h9/4';�1�3�;iB"1d;�D�971�5E02,/6>.VB"1TFK,j021�;�;�1d1�0f971	U^4',/;S5�1�4>Ja4�026�=k,/c�J"1>�ml$.aP"3�1�=k,/1�3i9&4';�1�3

L1 n B"D�."6>=?=kDo B"D�P�6>=?P�1�J"3$p?1�0N4'5�5�6>3�B"Dh;�J"3H9&4!02324>.";S,702,/6>. ∣
∣5S1/2, F = 3

〉

→
∣

∣5P3/2, F
′ = 3

〉 ]�Z�["�m�>�\�"]Wqr_�_ nB"D�P�1�J"P"971	5�6>=?P"97Q�021�=?1�.�0$9/1!.",7F>1s4'J ∣
∣5S1/2, F = 3

〉 ��t�J",/;�c�J"1	5�1!U^4>,7;�5�1�4'Ju1�;S0iP�1�3�P�1�."B",75�J"9/4>,73�1
4'Jwv�1�0@4�026�=k,7cGJ"1 n 026>J";<971�;<4�026�=k1�;YF�6>,/1�.�0<9&4N=kx�=?1+U�3�D�c�J"1�."5�1H9&4';�1�3�cGJ"1�9/9/1yc�J"1:;�6>,70A9/1�J"3�FK,j021�;�;�1'�z P"3�Q�;AcGJ"1�97cGJ"1�;@5E{K5�9/1�;<B"1y|�J"6>3�1�;�5�1�."5�1H9/1y.",jF�1�4'J	b�{KP�1�3SZ�. ∣

∣5S1/2, F = 3
〉 1�;S0<FG,/B"D$}�971y324'P"P�6>3S0

B"1�;$P�6>P"J"9&4�02,/6>.";HB"1�;$.",7F>1s4'JK~
F = 3

1�0
F = 2

1�;�0I,/.KUWD�3�,71�J"3w���M�'���>�>�"�
l$.aB"1�JK~�,7Q�=?1T9/4>;S1�3

L2 n 4'P"P�1�97D o 3�1�P�6>=?P�1�J"3!p n 1�;S0fB"D�;24>5�5�6>3�B"D�P�4'3i324'P"P�6>3S0f�R9&4kUW3�D�c�J"1�."5�1B"1!9/4T02324'.";�,j02,/6>. ∣
∣5S1/2, F = 2

〉

→
∣

∣5P3/2, F
′ = 3

〉 BX*-J"."1!cGJ�4'.�02,j02D
∆ν

3�D�[�9/4>q"971>�K��9�UW6>3�=?1hJ".
4'."[>9/1

θ
BX*-1�.�FG,/3�6>.��'���<4sF�1�5d971wv�1�0h4'026>=?,7c�J"1>�r��5�4>J�;�1dB"1T9g*-1��m1E0f�i6>P"P"971�3 n 9&4kUW3SD�cGJ"1�."5�1d9&4';�1�3FGJ"18P�4'3w9/1�;N4�026�=k1�;wB"D�P�1�."BuB"1!971�J"3HFG,7021�;�;�1?}

νDoppler = νL2 −
1

2π
k · v = νF=2→F ′=3 + ∆ν − v cos θ

λ

]��>�-�G_
)�4L;S1�J"9/1T5�9/4>;�;�1dB"1TFG,7021�;�;�1d3�D�;�6>.".�4'.�021k4sF>1�5d9&4?02324'.";�,j02,/6>. ∣

∣5S1/2, F = 2
〉

→
∣

∣5P3/2, F
′ = 3

〉

1�;S0$5�1�9/971hcGJ",X;24�02,/;SU^4',70H9/4T3�1�9/4'02,76>.
νDoppler = νF=2→F ′=3

��)�4TF�4'9/1�J"3HB"1f9&4	FK,j021�;�;�1!;SD�9/1�5�02,76>."."D�1
1�;S0IP�4'3w5�6>.";�D�c�J"1�.�0T}

vsel =
λ · ∆ν
cos θ

]��>����_
� 1�J"9/;+971�;+4�026>=?1�;+4s{�4'.�0+J"."1wFK,j021�;S;�1

vsel
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∣5S1/2, F = 2
〉

→
∣

∣5P3/2, F
′ = 2

〉 P�1�3�=k1�0i4'J";�;�,A971!P�6�=kP�4>[>1!6>P�02,/c�J"18B"1�;h4�026>=?1�;
B�4'.";h9/1T.",jF�1�4'J ∣

∣5S1/2, F = 3
〉 �m��9<9/J",<5�6>3�3�1�;�P�6>."B n P�4'3i9/1T=kx�=k1T5�4>975�J"9 n J"."1�4'J�023�1T5�9/4>;�;�1TB"1FG,7021�;�;�1!;�D�971�5E02,/6>."."D�1 n c�J",XF'4'J�0$1�.�FK,73�6>. vsel + 100 m/s
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#&%T����#W���� 3.7 �e "�F9 3 ��������GBX%'�#B 7H: BY% > � 7 B� 3 �"��� (
)Y4�B",/;�P�1�3�;�,/6>. 1�.�FK,7021�;�;�18B"1�;I4�026>=?1�;w;�D�9/1�5�02,76�."."D�;$1�;S0IB",73�1�5E021�=k1�.�0$P"3�6>P�6�3S02,76>."."1�97971f��9/4d9&4'3��
[>1�J"3 B"1 9/4 0�324>.";�,j02,/6>. 4'026>=k,/c�J"1a1E~K5�,j02D�1 n cGJ",!B"D�P�1�."B � ;�6>. 026>J"3 B�1 9g*-,/.�021�.";�,j02DaB"J 9/4>;�1�3
3�1�P�6>=?P�1�J"3��")Y6>3�;�cGJ"1f9g*-,/.�021�.";�,j02DiB"J 9&4';�1�3H1�;S0wÛ 4',/q"971 n 9&4	B",/;SP�1�3�;�,76�. 1�. FK,j021�;�;S1!1�;S0NP"3�6>P�6�3S0�,/6>.K�."1�9/971f�d9/4T9&4'3�[>1�J"3:.�4'02J"3�1�9/971iB"1f9&4	02324'.";�,j02,/6>. ∣

∣5S1/2, F = 2
〉

→
∣

∣5P3/2, F
′ = 3

〉 1E0$9 * 1JI?5�4'5�,70�D
B"JeP"3�6K5�1�;S;�J";f1�;S0hP"3�6>P�6>3S02,/6>."."1�9/9718�R9 * ,7.�021�.";S,702D8B"Je9&4';�1�3��LKh.V6>q�02,71�.�0IJ"."1T9&4'3�[>1�J"3$B"1T9 * 6>3�B"3�1
B"1f�s�f=R��;���tA6�J�3+."1NP�4';+3�D�B"J",/3�1H1E~�5�1�;�;�,7F>1�=k1�.�0C9 * 1JI?5�4>5�,702DHB"Jk3�1�P�6�=kP�4'[�1H."6�J�;y4MF>6>.";y,7.�02D�3�x�0
� ;24�02J"3�1�3	9&4 02324'.";�,j02,/6>.X�Y�h4'.";	5�1R5�4>;89&4�B",/;�P�1�3�;�,/6>. B"1kFG,7021�;�;�1R1�;S0TB"1?9 * 6>3�B"3�1kB"1NM'� =L��;81E0
9 * 1JI?5�4'5�,702D$B"1I3S1�P�6>=?P�4'[>1$P"3�6K5�b"1IB"1	�M�>�PO �G)�4fZ�[��r���108=k6�.�0�3�1$9&4!B",7;S023�,/q"JK02,/6>.k1�.RFG,7021�;�;�1iB"1�;
4�026>=?1�;N��9&4T;�6>3S02,/1fB�J U�6�J"3N4sF'4'.�0N1�0I4'P"3�Q�;N9&4T;�D�971�5E02,/6>.�1�.�FK,j021�;S;�18P�4'3NP�6>=kP�4>[>1h6�P�02,7cGJ"1'�

QSR<T8U�VXW;Y8Z\[�]̂ Ù _aY.WbU�c
c
Ù U�[dWbU<egf�c(]̂ Ù _\Z\T
)Y4dB",7;�P�1�3�;S,/6>. 1�. FG,7021�;�;�1f6�qK021�.GJ"1fP�4'3HP�6>=?P�4'[>1i6�P�02,7cGJ"1h4MF>1�5f1E�m1�0$�I6�P"P"971�3H1�;S0w023�6>P ,/=?P�6>3��
0�4'.�021TP�6>J"3i."6�;i1E~KP�D�3�,/1�."5�1�;��YlI."1T=?DE02b"6KB"1TP�1�3�=?1E0�0�4'.�0hBX*�4HIk."1�3h9&4?5�9/4>;S;�1dB"1	FK,70�1�;�;�1d;�D�971�5��
02,76>."."D�1h5�6>.";�,/;S0�18�dP"J"9/;�1�3w9/1h9&4';�1�3H3�1�P�6>=kP�1�J"3w1�0N9/1hP"3�1�=?,/1�3H9&4';�1�3wBX* 1�~�5�,70�4�02,/6>. B�4'.";N9&4Tq�6'�/021
B"1w5�,/3�5�J"9&4'3�,7;24�02,76>.TB"1HÛ 4'̀�6>.k�h;�D�971�5E02,/6>."."1�3 n �h9g*-,/.�02D�3�,71�J"3<B"1w9&4i5�9&4';�;�1wB"1HFK,j021�;�;�1 n ;�1�J"9/1�=k1�.�0y971�;4�026>=?1�;:cGJ",m6�.�0HP�4'3�5�6>J"3�JL9&4	B�,/;S0�4'."5�1i1�.�023�1h9/1�;:B"1�JK~L9&4';�1�3�;:B�4'.";H9/1$021�=kP";:F>6�J"97JX��)�4	9&4'3�[>1�J"3
B"1$9/4f5�9/4>;�;�1$B"1NFG,7021�;�;�1I6>q�021�.GJ"1i4',/.";�,�1�;S0:B"DE021�3�=k,/."D�1$P�4'3y971�;+021�=?P�;CBX* 4'9/9/J"=?4'[>1HB"1�;C9/4>;�1�3�;y3�1E�
P�6>=kP�1�J"3A1�0@BX*-1E~K5�,j0�4'02,76>.	1�0@P�4'3A9/1�J"3�0�4>,79/9j1y[>D�6>=kD�023�,7cGJ"1'� z F�1�5H5�1�0�021C021�5�b".",7cGJ"1 n ."6>J";<P�6�J�F>6>.";6>q�021�.",/3�J"."1$5�9&4';�;�1NB"1wFK,j021�;�;�1I4sF>1�5$J"."1NB",/;�P�1�3�;�,76�.�B"1$�!=R�'; n 5�6�=k=?1H9/1w=?6>.�023�1w9/4iZ�[��"���ihK��)�4;�D�9/1�5�02,76�.�1�.�021�=kP";NB"1!F>6>9Y."6�J�;$P�1�3�=k1�0I4'J";�;�,YB"18."6>J";NB"D�q�4'3�324';�;�1�3$B"1�;i4�026>=?1�;N;�D�9/1�5�02,76�.�."D�;
4sF>1�5!J"."1fFK,j021�;�;S18B"1

vsel + 100 m/s
P�4>3w9&4	02324>.";S,702,/6>. ∣

∣5S1/2, F = 2
〉

→
∣

∣5P3/2, F
′ = 2

〉 �
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�FWbZ\e U�cFe�)T c�R�T8U<V W;Y8Z\[�[^R�c U�[d_^Y.WbU<c c
U���T8U�cFR<V��^Z\c
)+*-J�02,/97,7;24�02,76>.8B"1C9&4$;�D�9/1�5�02,76>.T1�.	FK,j021�;�;�1:P�4'3<P�6>=?P�4'[>1C6>P�02,7cGJ"1C1E0@P�4>3�021�=?P";<B"1yF�6>9�4$J".T,/."5�6�.K�
F>D�.",/1�.�0<cGJ",GB"1EFK,/1�.�0<[�x�.�4'.�0<B�4'.";<971�;�;�D�c�J"1�."5�1�;@6��	P"9/J�;�,/1�J"3�;AP�4'cGJ"1E02;<BX*�4�026>=?1�;A;�6>.�0<P"3�D�P�4>3�D�;��
�:1E0T1E��1E0	1�;S0	;�5�b"D�=?4'02,7;�D?B�4'.";89&4LZ�[��+�>���"��)X6�3�;�c�J"1R.�6�J";	4sF�6>.";8B"1�JK~ P�4'cGJ"1E02;T4'026>=k,/c�J"1�;8�
P"3�D�P�4>3S1�3 n 5�1�3S0�4',/.";84�026>=?1�;f3�1�P�6>=?PrD�;!P�4>3f9g*-,/=kP"J"97;�,76>.aB"J 9/4>;�1�3f3�1�P�6>=?P�1�J"3!B"J P"3�1�=k,/1�3fP�4��
c�J"1�0IP�1�J�F>1�.�0i4MF>6>,/3HJ"."1fFK,j021�;�;�184';�;�1��!9/1�.�021fP�6�J"3N4�0�021�,7."B"3�1f9/1�;N9/4';�1�3�;wBX* 1�~�5�,70�4�02,/6>. 4'J =kx�=k1
=k6�=k1�.�08c�J"1L971�;	4�026�=k1�;8P"3�D�P�4'3�D�;TB"4>.";	9/1kB"1�JG~�,/Q�=?1?P�4'cGJ"1E0s�<�i1R9&4�=?x�=?1�U^4'`�6>. n 5�1�3S0�4',/.";4�026>=?1�;�023�6>Pk324>P",7B"1�;+3�1�P�6�=kP�D�;C4sF>1�5$971NB"1�JK~�,7Q�=k1$P"4>c�J"1�0CP�1�J�F>1�.�0HxE023�1N5�,/3S5�J"9&4'3�,7;�D�;y4'J?=kx�=k1
=k6�=k1�.�0ic�J"1�971�;h4�026�=k1�;iB"JVP"3�1�=k,/1�3IP�4'cGJ"1E0s�Y�:1�;!4�026>=?1�;i=R4'9A;�D�971�5E02,/6>."."D�;h1�.VFK,j021�;�;�1 n c�J"1."6>J";H4'P"P�1�976�.";C5�6>=?=TJ"."D�=?1�.�0 o D�5�b"6�;wp n ;�6�.�0:023�Q�;:[>x�.�4>.�0�;H976>3�;�cGJX*-,/97;+02324sF�1�3�;�1�.�0H9/1$=?6GB"1IB"19&4�5�4MFG,702D8�?J�.e,/.";S024>.�0$6��e4'J"5�J".V4'026>=k1!.X*-1�;S0iP"3�D�FGJV1E0iP�1�J�F�1�.�0hB"6>."58q"3�6�J",79/9j1�3w9/1!5�6>.�023�4>;S021
B"1�;!1E~KP�D�3�,71�."5�1�;��<�:1E081��m1�0 n c�J",+4 D�02D�B"D�5�3�,70f,/5�,@B�4>.�;!9/1d5�4';!B"1�B"1�JK~�P�4>c�J"1�0�;8P"3�D�P�4>3SD�; n 1�;S0P"97J";i5�6>=?P"971E~�1	9/6>3�;�c�J"1TP"9/J";iB"1TB"1�JK~VP�4'cGJ�1�02;f;S6�.�0hP"3�D�P�4>3�D�;��Xt<6>J"3i9/,7=k,j021�3$9g* 1E�m1�0hB"1�;hD�5�b"6�;
,/9:U^4'J�0?P"3�1�."B"3�1u;�6>,7. n B�4>.";k9/1�5�b"6>,j~ B"J B"D�3�6>J"9/1�=k1�.�0k021�=?P�6>3�1�9wB"1�;?1E~KP�D�3�,71�."5�1�; n ��5�1uc�J"1
9/1�;$P�4'cGJ"1E02;h4�026�=k,7cGJ"1�;N;�6>,/1�.�0i4>;�;S1��	D�5�4>3S02D�;I0�1�=?Pr6�3�1�9/971�=k1�.�0s����9YU^4'J�0i4'J";�;�,�U^4',/3�1!4'0�0�1�.�02,76�.u�
."1?P�4>;	4MF>6>,/3!BX*�4�026>=?1�;8=R4'9+;�D�9/1�5E02,/6>."."D�;	1�. FG,7021�;�;�1RcGJ",:4'3�3�,jF�1�.�0T4'JK~ B"DE021�5E021�J"3S;�4'J =kx�=k1
=k6�=k1�.�0wcGJ"1!BX* 4>JK023�1�;NP�4>c�J"1�02;I4�026>=?,7cGJ"1�;��

� ZL[\W����\T8U`]�� [^Z\e! ��;U&]#"$��WbZ\e U�c(f��%� f��'&(�^UPW)��WbZ\egY*&(�^U
)+*-1E~K5�,j0�4'02,76>.!B"JwvS1�0A."1y5�6�.";S0�,702J"1yP�4';�J"."1y;�6�J"3�5�1CB"DE021�3�=k,/.",7;S021�BX*�4�026>=?1�;���)Y1y.�6�=Tq"3�1+BX*�4�026>=?1�;
B"1e3SJ"q",/B",7J"= cGJ",I;�6>.�0RP"3�D�P�4'3�D�;LB�4'.";R5�b�4'cGJ"1eP�4'cGJ"1E0 1�;S0 4>97Ds4�026>,/3S1 1E0L1�;S0LB"D�5�3�,70RP�4'3RJ"."1
B",7;S023�,/q"J�02,76>. ;S0�4�02,7;S02,/c�J"1fP�6�,7;�;�6>.".",/1�."."1!5�1�.�023SD�1	4'J�026>J"3wB"1!9&4TF�4'9/1�J"3N=k6M{�1�."."1

n̄
}

P (n) =
e−n̄n̄n

n!

]��>�10�_
+$6�J";IP�6�J�F>6>.";f4Mv�J";S021�3

n̄
1�.�v�6�J�4'.�0i;SJ"3iB"1T."6>=Tq"3�1�JK~uP�4'324'=?QE023�1�; n 0�1�9/;Ic�J"1T9&4kP"J",7;�;24>."5�1T1�09/1k021�=kP";TBX* 4>979/J"=?4'[>1kB"1�;T9&4';�1�3�;	B"1L3�1�P�6�=kP�4>[>1?1�0dBX*-1E~K5�,7024'02,76�. 1�0d9/4uB"J"3�D�1 B"1R9g*-,/=kP"J"97;�,76>.

=k,/5�3S6'��6>."B"1kB"1RP"J�3�,7Z�5�4'02,76�. B�4'.";	9&4 q�6'�7021?B"1R5�,/3�5�J"9&4'3�,7;24'0�,76>.X��)X1R."6>=dq"3�1?=k6M{�1�. BX*�4�026>=?1�;
P�4'3NP�4'c�J"1�0NF'4'3�,/1h0�{KP",/c�J"1�=k1�.�0I1�.�023�18� n ���T1�08�M�K�
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tA6�J"3 B"DE021�5�021�3 971�; 4'026>=k1�;L6>. J�02,/97,7;�1eJ". ;S{K;S0�Q�=k1�B"1aB"D�021�5�0�,/6>. P�4'3 ,/6>.",7;24'02,j6�.��:)Y1�;�DE0�4'0�;
B"1��w{KB"q�1�3�[ 5�,73�5�J"9/4>,73�1�;L;�6>.�0 1�. 1E��1E0�023�Q�;�P"3�6G5�b"1�;�B"1a9&4 9/,7=k,j021uBX* ,76�.",7;24�02,76>.X�:lI. 5�b�4>=kP
D�9/1�5E023�,7cGJ"1LB"1L9g*-6>3�B"3�1RBX*-J"."1 5�1�.�0�4',/."1LB�1��f��5�= ;�J�I�0�P�6�J"3d4'3�324'5�b"1�3T9g*-D�971�5E023�6�. B"1RF�4>971�."5�1 nc�J",H1�;S0�1�.";�J",j021 B"DE021�5E02D�P�4'3dJ". =TJ"970�,/P�97,75�4'021�J"3	BX*-D�971�5�0�3�6�.X�@t+J",7;�cGJ"1 9/1R5�b�4'=kP BX*-,/6>.",/;�4'02,76>.
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c�J"1?."6>J";

J�0�,/9/,j;�6�.";H1�;S0IB"6>."."D�1!P�4'3!}

ν =
ω

2π
=

c

2d

(

q +
2

π
arccos

√

1 − d

2R0

)

' 51, 099 GHz 7�8:9<;:=
>:? c @BADC
EGFIH-JKCL@BAMAM@ONP@OEQF�EQRPSTJVUBWM@�@#C q = 9 EQ@YX > S[ZPWM@/NP@/H:@BX\CLWM@BA
NP@OÊ ] > XPNP@/ADC_F̀ CLJ > XPXaFbJQWM@�@#XcCLWM@EV@BA/NP@#R-deSTJQW > JVWMAB9gf�F�ADCLWMRPh�CLRPWM@iAMjPFbCLJQF:EV@�NPReh_kaFbS�jmlBEV@Bh�CLWMJQncRP@�@BADCpo\FbRPAMAMJQ@#XPXP@[@#CO@BADCpN > XPXPlB@@#Xqh >r> WMN > XPXPl#@BAYh�s-EVJQXPNPWMJVnrRP@#A�jaFbW�EQF[t > XPh�CLJ > Xvu

f(r, z) =
w

W (z)
cos

(

2π
z

λ
− arctan

λz

πw2
+
π

r2
λR(z) + (q − 1)

π

2

)

e
− r2

W2(z) 7�8:9xw\=
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d =27,6 mm

D0=50 mm

R0=40 mmTEM900

* +.-G/ 8:9V8����
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>:? λ = c/ν @#ADC/EQFiE > XPo:RP@#RPW N ] > XPNP@2NPRqS > NP@I@�C w EV@Ih > E NPRqS > NP@�#PnrRPJ H`FbR C�u

w =

[

λd

2π

√

2R0

d
− 1

] 1
2

' 5, 96 mm 7�8:9%$c=
f!@#A t > XPh�CLJ > XPA W (z) @#C R(z) NPl#hBWMJKH\@#XcC�WM@BAMj @#h#CLJKH\@#S�@#XcCYEGF�HbFbWMJQFbCLJ > X NP@pE ] @�drCL@BXPAMJ > X�NPR�S > NP@FbR C > RPW
NP@IE^]xF d @ (O, z) @#C hB@#EQEV@pN R�WLF s > X�NP@ph > RPWMZPRPWM@pNP@BA
t W > XcCLA
N ] > XPNP@:9�& EQEV@BA�A > XcC�N > XPXPlB@#AjaFbW�EV@BA WM@BEQFbCMJ > XPApu

W (z) = w

√

1 +

(

λz

πw2

)2

R(z) = z

[

1 +

(

πw2

λz

)2
]

7�8:9K8�'\=

f!@pH > EQRPST@pNPRqS > NP@I@BA�C/NPl#NPRPJVC�NP@2E ] @�d-jPWM@BAMADJ > XqNP@ f(r) #P@#C�H`FbR C�u
vmode =

∫

|f(r)|2d3r =
πw2

0d

4
' 769 mm3 7�8:9K8\8 =

( jaFbWDCLJVWTNPR H > EVRPS�@qNPR S > NP@qX > RPA j > R H > XPA NPl�)aXPJQW�EQFvH`F:EV@BRPW�NPR h&kaFbS�j l#EQ@#h#CLWMJVnrRP@ jaFbWjPk > C > XPA E0 9 f @�j @#CLJKC/H > EVRPS�@2NP@[X > CLWM@�N JQAMj > AMJVCLJKt FbAMAMRPWM@[EQ@�h > X*)PXP@BS�@#XcCpNPRmh&kaFbSTjmNaF:X AOEGFhBF HrJVCLlI@�CYRPXP@It > WDCL@2FbS�jPEQJ CLRPNP@pNP@ E0 u
E0 =

√

~ω

2ε0Vmode

' 1, 58 · 10−3 V · cm−1

7�8:9K8+�:=

, XP@ICL@#EQEQ@/HbFbEQ@#RPW NPRqh&kPF:STjql#EQ@#h#CLWMJVnrRP@I@#ADCYXPlBh#@BAMALFbJQWM@2j > RPWYFbAMAMRPWM@#WYRPXqZ > Xqh > RPjPEGFbo\@IF H\@#h2EQ@NPJVj.-\EV@IF`C > STJVnrRP@pS0/#S�@p@BXqE^]xFbZPAM@BXPh#@2NP@2jPk > C > XPAYNaFbXPA�EQ@pS > NP@:9
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CL@Bh_kPXPJQncRP@BAYN ]xFbh#h > WMN 9M > R C N ]xFbZ > WMN #cE^]xFONMRPADCL@#S�@#XcC NP@YE ] lBjaFbJVAMAM@BRPW6N ] RPXP@/hBF:EV@Y@#X h#RPJVHrWM@YjPEGFbhBl#@YA > RPA E ] RPX�NP@#A�STJQW > JVWDAj @#XPNaFbXcC�EQFeS�JVAM@�@#X jPEGFbhB@�j @#WMS�@�CTNP@�AB] FbjPjPW > h_kP@BWTNP@�EGFmt WMl#nrRP@#XPhB@�H-JVAMlB@F, 8OJQPR2�;qjPWDUBAB9
& XPAMRPJVCM@ #�RPX F:h#h > WMN STlBhBF:XPJVnrRP@v@TS @#h#CLRPl o:WVU:h#@W, RPXP@ EQF:ST@elBEQF:ADCLJVnrRP@ @BX ZPW > X&;B@vj > RPAMADlB@jaFbW RPXP@mH-JVA�h > XcCLW -:EQlB@mNP@Bj RPJQA�E^] @&d-CLl#WMJQ@#RPW NPR NPJVAMj > AMJVCLJKtIj @BWMST@#C�RPX F:h#h > WMN AMR W�RPXP@ jPEQF:o:@NP@ 8OJXPR2�;:9 , X FbhBh > WMN )aX AMRPW RPX N > S�F:JVXP@qNP@ ;�' 'W9G2�;m@BADC @BX*)aX FbAMAMRPWMlmjaF:W�NP@BA hBFbEQ@BAjPJVl�; > lBEQ@#h#CLWDJQnrRP@#A[ADJVCLRPl#@BAY, EGFqZaFbAM@ N ] RPX NP@#A[S�JQW > JKWMAB9 & X F:jPjPEVJQncRaF:X\C�RPXP@ CL@#XPAMJ > X h > XcCMJQXrRP@@#XcCLWM@�'i@#C � ' ' '[Z > X�j @#R CYS > NPJ )a@#W
EGF�t WMlBncRP@BXPh#@�NP@IEGF[hBF H-JVCLlIF H\@#h2RPXP@IjPWMl#hBJQADJ > X�NP@IE^] > WMNPWM@NP@InrRP@#EQnrR @BAYkP@BWDCV;b9

lame élastique

Vis

cales piézoélectriques

VStark cale en cuivre

\^]`_�a 8:9K8 � �b�.� �dc����`egf�� ��� ��h+� �3ikj+� ���lf ���nm  � ��hoi � � � �3i � ��qp`i ��egf�� �.� � ��rh.s��te&f�� �+� ��qp`i ��egf�� �.� �
������������� ���"!
E FbW[FbJQEVEV@#RPWMA #!h > S�ST@TEQ@�S > X\CLWM@�EQF )aoP9 8:9V8�� #�RPX NP@#A[NP@#R-d S�JVW > JVWMA2@#ADCiWM@#EQJVlTlBEV@Bh�CLWMJQncRP@BST@BXcC
, EQF S FbAMAM@:9 & XbN > RaFbXcCIAMRPWpEGF�CL@BXPAMJ > Xvl#EQ@#h#CLWMJVnrRP@[NP@4E^]xFbR CLWM@[STJQW > JVW # X > RPAIj > R H > XPAIS > NPJ )a@BWNP@4t(F8u > X CLWMU#A�WLFbjPJQN @TEGF�t WDlBnrR @BXPh#@ NP@�EQF�CLWLFbXPAMJVCLJ > XvFbC > S�JVncRP@:9 & X�@�S @�C #�X > RPA[F H > XPA2H-R F:Rv 8\9 �-9V8pncRP@IEV@BA
X JVH\@BFbR-d |e〉 @#C |g〉 A > XcC NPl#jPEGFbhBl#A jaFbW
RPX�@�S @�C�wrC_FbWd9�NPJxS lBWM@#XcCLJQ@#E nrRaFbNPWLF`CLJQncRP@:9
& Xmh&kaFbXPo:@ FbXcCOWLFbjPJQNP@#S�@#XcC/EGFiHbFbEQ@#RPW/NP@�EGF4t WDlBnrR @BXPh#@4F`C > S�JVnrRP@�#gX > RPA/j > R H > XPAOJVXcCL@BWMW > STjPWM@JVXPADC_FbXcC_FbXPlBST@BXcCYE ] JQXcCM@BWLFbh#CLJ > X�@#XcCLWM@�RPXmF`C > ST@I@#C/EQ@Ih&kaFbS�j #gjaFbAMAM@#W/NPR WMlBo:JQST@IWMl#A > XPXaFbXcCOF:RNPJVAMj @BWDAMJVt!F:R h > R WMA�NP@/EGF2S0/#S�@YAMl#nrRP@#XPhB@p@�d-j lBWMJVS�@BX\C_F:EV@ #c@�C
S�/BST@/FbR h > RPWMA�NPR jaF:ADALF:o:@/N ] RPX
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F`C > S�@�NaFbXPAOEV@�S > NP@�NP@�EGFThBF HrJVCLlb9 w > RPEQJVo\X > XPAYJVhBJ�ncR ] RPXej @#CLJKCOh_kaF:STjmlBEV@Bh�CLWMJQncRP@ # NP@�E ] > WMNPWM@NP@ '*# �KJ Z1H`hBS�#P@BADCYC > R.N > RPWMA�jPWMlBAM@#XcC',TE^] JVXcCLlBWMJV@#RPW NP@�EQF4hBF HrJVCLlb9���@�h&kaFbS�jq@#ADCOJVXPNPJQAMj @#XPALFbZPEQ@j > RPW�EQFiADC_FbZPJQEVJKCLlpNP@#A/F`C > S�@#A�h#JQWMh#RPEGFbJVWM@BA # ncRPJ > XcCYZ @#A > JQXqN ] RPXqh&kaFbS�j�lBEV@Bh�CLWMJQncRP@2N JQWM@#h#CL@#RPWB9
���(' � ' �
� ����+
	�� ��� D � � ���?> 	�� 	�D � ��
E > RPW"nrRP@
EGFYh > XPNPJVCLJ > X�NP@
h > RPjPEQF:o:@ t > WDC"@BXcCLWM@
EV@BA�F`C > ST@BA"@�C EQ@ h&kaFbSTjiA > JKC"H\l#WMJ )al#@ #bJVEct(F:R C�ncRP@EQ@ CL@#S�jPA6NP@�H-JQ@�NPR S > NP@�A > JVC6E > XPo2jaFbW6WLF:j j > WDC�FbR-d4CL@#S�jPA6h FbWLFbh#CLl#WMJQADCLJVnrRP@#A NP@#A�JVXcCL@BWMF:h�CLJ > XPAF`C > S�@k+ h_kaFbS�j 9:f!@�ZPR-C NP@#A6@�S > WDCLA6NPl#NPJQl#A^,IEQFpt F:ZPWMJVh F`CLJ > XiNP@BA6STJQW > JVWMA�@#ADC N ] > Z CL@#XPJQW RPXTCL@#S�jPANP@ H-JV@6NPR�h&kaFbS�j2Z @ FbRPh > RPj�jPEQRPA�E > XPoYncRP@� '��\A # nrRPJc@BADC"EV@ CL@BSTjPA N ] JQX\CL@BWLFbh#CLJ > X2NP@BA"F`C > S�@#A�EQ@#AjPEVRPA EV@BXcCLA F H:@Bh EQ@ S > NP@b9���@#CMCL@ h > XPNPJKCLJ > X2@BADC H:lBWMJ )al#@ jaFbW EQF�h F HrJVCLl6R CLJVEQJVAMl#@6jaFbW�EQ@#A @&d j lBWDJQ@BXPh#@BAjPWMl#AM@BXcCLl#@BA #�ncRPJ F�RPX CL@#S�jPAINP@[H-JQ@ij > RPWIEV@iS > NP@Y2 4 NP@ (860 ± 20) �\A # h > STS�@[EQ@[S > XcCLWM@EQF )aoP9�8\9K8�a9��pXvNPJVAMhBR CL@#WLF�NaFbXPAIEQ@#AINPl�C_F:JVEQApFbR v � 9��-9�� NP@BApCL@Bh_kPXPJVnrRP@#A�NP@iS�@#AMRPWM@4NPR CL@#S�jPANP@OHrJQ@ONP@BA S > NP@BA
NP@pEQF�h F HrJVCLlb9Pf!@/CL@BSTjPA
NP@OH-JV@OS�@BADRPWMlph > WMWM@#AMj > XPNF,�RPX�t F:h�CL@BRPW
NP@pncRaFbEQJVCLl
Q = 2, 8 · 108 9

\6]`_qa 8\9K8� � �.�ns�� m ��� � � ���lfqs=h ������� ��� �� � ������ �"!�� �.��mkh�f i � ��s�� �nikh�� h+�.�*� ��h�f�� ��� � &fqs h ���
������ �� � � � � �km � "� � f s � ��� � �.�*"� �'f��.� � s���f�� m �`h+� �3i��nm ��h�f i � ���0��� � �&m ��"� � t = 0 !�� � s �kmIf i �
� �&mIf�� � � ��0��� �nikh"� mdm "�.� � �lf m � ��� "� �ti ��&mds�� m�� �3i ����nidm���0������ ���"!g� !��f�� mdm "�.� ���3i "�&mds�� m ���nm �
i �"� i �km � � � � ��� � ��� � �$# � ��!8��� &%.f m � �ks � �.� � � �.���� i � ��� ��'� � � ��� �th(�  i � �3c&s��`e&f�� �&h+���.� � � i � �"� �ns
� � �
� � � �ks)� m���� � � � τ = κ−1 !
( @�X > SiZPWM@#R-d t(Fbh#CL@#RPWMA4EQJVSTJKCL@#XcC[EQ@ CL@#S�jPAiNP@ H-JQ@ NP@�EGFmh F HrJVCLlb9 E FbWMSTJ�hB@#AT@TS @�CLA4JQE6s FeEQ@#Aj @#WDCL@BApNPRP@#AIFbR-d CLW > RPAONP@[h > RPjPEQF:o:@[FbReh#@BXcCLWD@iNP@[h_kaF:ncRP@iSTJQW > JVW #aEQFTC_FbJQEVEV@ )aXPJQ@�NP@#ApS�JVW > JKWMA #EGF WDlBAMJVADC_F:XPh#@4WDlBAMJVNPRP@BEQEV@[NPR XPJ > ZPJVRPS , CL@BSTj lBWLF`CLRPWM@[X > X�+ XrRPEVEQ@ #gEQ@BAONPl#t(FbR CLAI@�CIJQSTjPRPWM@#CLl#ApNP@
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EQF jPkaFbAM@4hBWMJVADC_F:EVEVJVXP@�NPRvXPJ > ZPJQRPSq9 , XP@4l�CLRPNP@4NPl#C_FbJQEVEVlB@�NPRvCM@BSTjPAINP@iH-JV@iNP@4EGF h F H-JKCLl4@�C2NP@#At F:h�CL@BRPWMAYEVJQSTJ C_FbXcCLA AM@2CLW > R H:@�NaFbXPA/EV@BA CLkPU#AM@BA/NP@�N > h#C > WLF`CLA�NP@ LIJQEVEK@BA�� > o:RP@BA�� ; ���@#C'wrCL@�t(FbX >
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��@#j @BXPNaFbXcC #:EV@�jPWMJQXPh#JQjaFbErNPl�t(FbR C EQJQSTJ C_FbXcC @BADC N��%,OE ] l#C_F`C�NP@
AMRPWDt F:h#@
NP@BA STJQW > JVWMA#9 ( RPX @ l#h&kP@#EQEV@NP@/nrRP@#EQncRP@BA
S�JVEVEVJKSTU#CLWM@#A # > X WM@#S FbWMnrRP@/NP@#A
NPl#HrJGF`CLJ > XPA JVS�j > WDC_FbXcCL@#A jaFbW WLFbjPj > WDC-,�EGF�AMRPW�t(F:h#@AMj kPlBWMJVnrRP@iJQNPl FbEV@:9 E F:WOh > XPAMl#nrRP@BXcC # EV@[h_kaF:STj l#EQ@#h#CLW > S�F:o:XPl�CLJQnrR @[AMRPZ JVCpRPXP@iNPJ S WLFbh#CLJ > X k > WMANPR�S > NP@OocFbRPAMAMJV@BX�@#C EQ@#A j k > C > XPA A > XcC j @BWMNPRPA NaFbXPA E ] @BAMjaFbhB@p@BX\CLWM@IEV@BA
S�JVW > JVWMAB9 ( @BA CM@BADCLA NPRCL@#S�jPA�NP@TH-JV@ F:h#h > STjPEQJVA2NaFbXPA�RPXP@�h > X*)ao:RPWLFbCLJ > X
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jet atomique

3 mm

trou d�injection

micro-onde
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Z @BFbRPh > RPj�NP@OAMlBncRP@BXPhB@BA @�d-j lBWMJVS�@#XcC_FbEQ@#AB9 ( R�h > RPj # X > RPA�A > S�S�@#A> ZPEQJVo:lBA
N ] @�S @Bh�CLRP@BW�C > R CL@BA�EQ@#A > j l#WLFbCLJ > XPA h > kPlBWM@#XcCL@#A ,4E^] JVXcCLlBWMJV@#RPW
NP@2EGF[h F H-JKCLl:9
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f @
h > RPjPEGFbo:@�NPR4S > NP@
NP@
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STJQhBW > + > XPNP@mNPJQWD@Bh#CM@BS�@#XcC�NaFbXPA�EV@eS > NP@eNPR WMlBA > XaF`CL@BRPWB9 , XP@ A > RPWMh#@vlBEV@Bh�CLW > X JQnrRP@e@�drCL@BWMXP@@#ADCTh > XPXP@#h#CLl#@ # ,mCLWLF H\@#WMA4RPX o:RPJQNP@ N ] > XPNP@ # FbR CLW > R N ] JQX.ND@Bh�CLJ > X 9 � E
@#ADCTl#o\F:EV@BST@BXcC[j > AMAMJVZPEQ@N ] JQX.NM@#h#CL@#W�RPXqh&kaFbS�j�S�JVhBW > + > XPNP@1,iCLWLF H:@BWMAYRPXqo:RPJQNP@pN ] > XPNP@2nrRPJ!NPl#Z > RPh_kP@�AMRPW�EQ@Ih > CLlINP@2EGFhBF HrJVCLl�# ,YCLWLF H\@#WMA�EQ@ j @�CLJVC CLW > R[j @BWMh#l
AMRPW�EQ@ h > CLl
N @
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guide d'onde

guide d'onde

jet atomique

jet atomique

(a)

(b)

SC
att.
dB X4 PIN

diode

câble coaxial

SR
att.
dB X4 PIN

diode
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AM@2jPW > jPF:o:@IX > XjPEVRPA/AMRPWORPXmhIUbZPEQ@�h > F d JQF:E�S�FbJQA�NaF:XPA/RPXeo:RPJQNP@�N ] > XPNP@�nrRPJ"F:STUBXP@�EQ@�AMJVo\XaFbE�,�E ] JQXcCLl#WMJV@BRPW�NPRh#WDs > ADC_F`C
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Â
$.?&z{BF?(-;)95@BF?&+($;:NBF3	I.781R)8$;'(79:

â
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Q
1F'H3	BF5G?A)

α
+('H3(Df14?w-;BUZq3(D@$0L*$�$.:<)WI.TU14D@$4hFek'(?wz 14-;)8$;'(7

π
3(79[;:.hieHDf1d3(79BU%214%(5GD@56)9I

P (0)
+»=�1�QUBF5@7 	H3(/(B4)8BF?(:M+214?(:OD@$k-0/214ZE3�+(I;3(Df14-.Iy+�=�'(?�QU$;-;)9$.'(7 −α S#�1,QR1FDG$.'(7NZEBc�F$.?(?($d+�=�'(?YBF3	I.781R)8$;'(7

Â
$.:<)y-�14D@-;'(D@I;$dTF7"!4-.$we"D@1Ez{BF?(-l)85@BF?

Q
321F7N'(?($dz{BF79Zd'(D@$

I;JC'(56Q414D@$;?A)8$peH-.$;D@DG$y+(BF?(?(I;$m+214?(:ODx=>I.JiS�\�`nS6a R bs3	BF'(7OD@1dz{BF?(-;)95@BF? W ²
〈Â〉 =

∫

d2αQ(α)f Â
a (α)

\�`nSGa WAb
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#X1dz{BF?(-;)85GBF?
f Â

a (α)
$;:<)g14'(:9:95�BF%*)8$.?C'($peH32147<)85G7�+($yDx=�BF3	I;7814)9$.'(7

Â
S2°�BU'(7�+(I.7<5GQU$;7

f Â
a (α)

5GDºz 14'*)
I;-.795G79$�Dx=>BF3	I.781R)8$;'(7

Â
$.?Kz�BU?(-l)85@BF?&+($;:NBU3	I;781R)8$.'(79:

â
$l)
â†
$.?�BF79+(79$�1F?U)85@?(BF79Z,14D�$;)N79$;ZE3(Df14-;$.7

$;?(:9'(5G)8$wD@$;:kBU3	I;781R)8$.'(79:
â
$;)
â†
321F7kDG$.:NQR1F795@1F%*D@$.:

α
$l)
α∗ S��k14?(:yDx=>$lLn3(79$.:9:95GBF? $.? BF79+(79$H14?A)85��?(BF79Z,14D�h2D�=�BF3	I.781R)8$;'(7

â
$;:<)N)8BF'��9BF'(79:NeETA14'(-P/($d+($�D�=�BF3	I.781R)8$;'(7

â†
+214?(:NDG$.:g3(79BC+('(56)8:g+($;:k+($;'nL

BF3	I.781R)8$;'(79:.S
#g' ZEj;ZE$K)85G)879$�JC'($ Df1rz{BF?(-;)85GBU?

W
$;)D�=�BF3	I.781R)8$;'(7

ρ̂
h�D@1tz{BF?(-;)85GBF?

Q
-.BF?A)85G$.?A)V)8BF'*)8$.:�D@$;:

5G?*z{BU79ZE1R)85GBF?*:�:9'*7MD�=�Il)P1R)O3(/A�C:95@JC'*$m+�=�'(?:<�n: )8[.Zq$FS	#X1dz{BF?(-;)85GBU?
Q
+�=>'(?&Il)P1R) |n〉 $.:<)MI.TU14D@$ye�²

Qn(α) =
1

π

e−|α|2 |α|2n

n!

\�`nS6a
�Ub

�����������	� 
���������������������������! #"����$�����&%$��'(�)�����*�

#X1 z�BU?(-l)85@BF?�+($|v5@TF?($.7q+�=>'(?�Il)P1R),-.BF/(I;79$.?A) |β〉 $;:<)"'(?($&TU14'(:9:95@$;?(?($)8BU'��<BU'(79:q3	BU:956)85GQF$+($D@1F79TF$;'(7yap-;$.?A)979I.$m:9'(7ODG$y3	BF5@?A)
β
S2�WDGD@$k:.=>I.-;795G)m²

Wβ(α) = (2/π) exp(−2|α− β|2) \�`nS�` 	Ub
#X1&~2T(S�`*S�`&ZqBU?U)879$,Df1+(5@:<)8795G%('*)85@BF?]+($,|}5@TF?($.7�+($"D�=�Il)P14)�+('�QC5@+($ |0〉 $;)w+($"D�=�Il)P1R)d-.BF/(I;79$.?A)
|β = 2 + 2i〉 S,+k?�'*)85@DG5G:9$.791E:9BF'*QU$;?A)p'(?($d79$;3(79I.:9$;?A)P1R)85@BF?Y+($dD�=�Il)P14)N-;BU/*I.79$;?A)y+21F?(:ND@$�3(D@1F?KBF%n�

��� � ��-�./-1032�46587:9<;=465?>8@BAC;=D658@FEG>8@�HJI:9LKM9NH |0〉 @�9 |β = 2 + 2i〉 .

9<@�5)O8@P@F5RQ8EN@F5�KM5�9SO858@P7�46O8Q�@T>�@PUVKXWY4$587:9<;=465Z>8@1AC;=D658@�EJHN@FU�4$5[O85RQ8UVKM5[\846EN;=]�465�9LKMU�^)O8;�Q�KMHNHN@
_ U=K`\�KMO�9<@�O8E

W = 2/(πe)
.,aSK658HBO858@T9<@�U=U=@1EN@FQ8ENI�HN@F5�9<KM9<;�4$5bO�5bI�9LKc9d7�46\8IFEN@�5�9e@�Hf9e>8465858IgQ�KME

O85R7F@�EN7FU�@P>8@P>8;VKMh&i:9<EN@kjP7F@�5�9<ENIgKMORQ�46;=5�9
β
.�l(Kkm�D8.,-�./n�o�K$pG>8465858@TU=KkEN@FQ8EfIFHN@�5�9LKc9<;=465q>�KM58HrU=@

Q8U=K65?7�46h&Q8U�@:s�@d>8@dUutvI�9LKc9w7�4$\8I�EN@F5$9 |β = 2 + 2i〉 >8@dUVKTm�D8.x-�.y-�.
zJ5Z7L\�KMh&Q3Q�@FO�9J{:9<EN@d>8I�7FEN;#9JKMO8HNHN;�@�5?9<@�ENh&@B>�tv4$Q�I�E<Kc9<@FO8ENHP|F}�~��M�N~M��})�<�L����^)O8;�HN465�9w>8@FO�s?46�8HN@�E��
� K6�8U�@FHw7F465��NO8D6O8IF@�H q̂ @:9 p̂ Q8EN46Q�4$Ef9N;=465858@FU�U�@FHGEf@FHNQ�@�7�9<; � @�h&@F5$9 _ Uutv46�8HN@FE � KM�8U=@d>8IFQ8UVKM7�@Fhk@F5�9J@:9 _
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 |β|

Re(α)

Im(α)

1

 |β|

q

p

qθ

pθ
(a) (b)

 φ
 θ

 φ

.0/21�3�-�. ne0qo�K$p04w@FQ8ENI�HN@F5�9<KM9<;�4$53>8@BU�t I:9LKc9 |β = 2 + 2i〉 >�KM58H U=@rQ8UVKM5�7F46h&Q8U�@:s�@6.�o��xp-4w@�Q8ENIFHN@�5��9LKc9<;�4$53@�5?9<@FENhk@d>8@FHJ46Q�I�E<Kc9<@FO8ENHw^)O�KM>8E<Kc9<O8EN@FH
(q̂, p̂)

@�9J^�O�KM>8E<KM9NO8EN@FHJD6IF58I�E<KMU=;�HNIF@�H
(q̂θ, p̂θ)

.

U�t 46�8HN@�E � KM�8U=@B^)O�KM5�9<;�9<Id>8OZhk46O � @�h&@F5$9J>8@eU�t 46HN7�;=U=U�Kc9<@�O8E \�K6Efh&4658;=^�O8@%5

q̂ =
1

2
(â+ â†)

p̂ =
i

2
(â† − â)

[q̂, p̂] =
i

2

o�-�.y-�j�p

6 46hkh&@ U=@ h&465�9<EN@ UVKwm�D8.$-�. nxoY�xp:�cUVKJEN@FQ8ENI�HN@F5$9LKM9<;�465g>�K65�H U�@ Q8U=K65P7F46h&Q8U�@:s�@ >�t O85gI:9LKc9 7�4$\8I�EN@F5$9
46��9<@�5)O8@ _ Q�KMEf9<;=E >�tvO858@B7�4$O8Q�@S>8@BU=KeW�4$587:9<;=465`>8@rAC;=D658@FE @FHf9GI�^)O8; � KMU=@�5�9<@ _ UVK1EN@�Q8ENIFHN@�5�9LKc9<;=465
>8@�H � K6U�@FO8ENHr>8@�HS46Q�IFE<Kc9<@�O8ENHS^)O8K6>8E<Kc9<O8EN@�H q̂ @�9 p̂ �x^)O8;�7�4$58Hf9<;#9<O8@�5�9SU=@FHJ>8@FO�sRKcs�@FHSQ�@�ENQ�@F58>8;�7FO��
U=K6;�EN@�H!^�O8;�>8I�m�58;�HNHN@F5$9GU�t @�HNQ�K67�@r>8@FH Q8\�KMHN@FHF.�7J4$O�H Q�46O � 4$58H I�D$K6U�@Fhk@F5�9!E<K6Q8Q�@�U=@�E U�@FH!4$Q�I�E<Kc9<@FO8ENH
|�}8~$�6�N~M��}��<�L��8:9<;=9��N~?>A@#�B9L�L�C5

q̂θ = q̂ cos θ + p̂ sin θ
o�-�.y-6-6p

p̂θ = −q̂ sin θ + p̂ cos θ
D U=HS7�4$ENEf@FHNQ�4658>8@F5$91>�KM58HBUVK&EN@FQ8EfIFHN@�5�9LKc9<;=465b>�KM58HdU�t @�HNQ�KM7F@g>8@�HdQ8\�KMHN@�H _ >8@�O�s K�s�@�HdQ�@�ENQ�@F58>8; �
7�O8UVKM;=Ef@FHG46��9<@�5)O8HJQ�KMEwO858@eEN4M9LKc9<;=4653>�tvO85[K658D6U�@

θ
Q�KMEGE<K6Q8Q�46Ef9JKMO�s?̂)O�KM>8E<Kc9<O8EN@�H

q̂
@:9
p̂
.

l�@FHw46Q�I�E<Kc9<@FO8ENH
q̂
@�9
p̂
H<Kc9<;=HfWY4$5�9GU=KTEN@FU=Kc9<;=465�>�tv;=587�@FEf9<;#9<O8>8@B>�tFEJ@F;�HN@F5���@FEND

∆q̂∆p̂ ≥ 1/4
.�D U�HfO8;�9

>8@�H IF̂�HF.�o�-�.HG6p @�9eo�-�.y-�j�p )̂O8@BQ�46O8E U=@�H I:9LKM9NH 7�4$\8I�EN@F5$9<H�5
∆q̂ = ∆p̂ = 1/2

.�l�@FH I�9LKc9<H 7F46\8IFEN@�5�9<H
HN465�9 >8@FH I:9LKc9<H >�tv;=587F@�Ef9<;#9<O8>8@Ghk;=58;�h&KMU#@6.JI Q�KMEf9<;�E >8@G7F@�H!7�4$58Hf;=>8IFENKM9<;�4$58H 5846O8H Q�46O � 4658H >8465858@FE
O858@e;=5�9<@�ENQ8ENI�9<KM9<;�4$5?>8@eUVKgEN@FQ8ENI�HN@F5�9<KM9<;�4$5Z>�t O85[I�9LKc9J7F46\8IFEN@�5�9 |β〉 >8K658HJU=@dQ8UVKM5Z7�46h&Q8U�@:s�@eQ8K6EO85 7�@FEf7FU=@X7F@�5�9<ENI _ UVK � KMU=@�O8E β 5�O85 I:9LKc917�4$\8I�EN@F5�91@FHf91O85 I�9LKc9e7FU=K6HNHN;�̂)O8@X>8O 7 \�KMhkQ���>8IF7�EN;�9
Q�KME U=@ � @F7:9<@FO8E!>�t K6hkQ8U=;#9<O8>8@ |β| @�9!>8@GQ8\�K6HN@ φ >8I:m�58;=@�HF��K6O8̂�O8@FU�4$5XHNO8Q�@FEfQ�4$HN@J>8@�HLK�O87�9<O�Kc9<;�4$58H�̂O�KM5�9<;=̂�O8@FHJQ8EN4 � @F5�KM5�9J>8OZQ8EN;=587�;=Q�@B>�t ;�587F@�Ef9<;�9<O8>8@M�8EN@FQ8EfIFHN@�5�9<IF@FHrQ�KMEwU�@d7�@FEN7�U=@M.
6 46hkh&@e465[HFt M[Kc9N9<@F58>,��Q8U�O8HJU�@e584$hT�8EN@eh&4NM$@�5[>8@1Q8\8469N4$58H |β|2 >8O[7 \�KMhkQ[@FHf9rD$E<KM58>[hk46;=58H
U�@FHOK�O87:9<O�KM9<;�4658Hĝ�O�K65�9<;�̂)O8@�HXHN465�9X;�h&Q�46Ef9LKM5�9<@FHP@�5 � KMU=@�O8EgEN@�UVKc9<; � @M.�P�46O8Egh&465�9<Ef@FET7�@�9X@RQ*@:9 �
7�4658HN;=>8I�EN4$58H!UVKBm�D�.)-�. � .SI Q�KMEf9<;�E >8@JUutv;=58IFD$KMU�;#9NIG>�tFEJ@F;�HN@F5)��@�END8�)Q�4$Ef9LKM5�9!HNO8E U=@�H!4$Q�I�E<Kc9<@FO8ENH

q̂
@:9

p̂
�x584$O8HrQ�4$O � 4658HB>�IFEN; � @FErO858@PEN@FU=KM9N;=465ZQ�46O8ESU�t ;�587F@�Ef9<;�9<O�>8@1HNO�ESU=@15846hT�8EN@Phk4NM$@�5q>8@PQ8\84M9<4658H
@:9JHNO8EwUVKTQ8\�K6Hf@1>8OZ7L\�K6hkQ?7F46\8IFEN@�5�9UT � jM��Q�.x- �:VBW 5

∆n̄∆φ =
1

2

o�-�.y-Mn�p
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∆φ |β|

Re(α)

Im(α)

∆n∆φ=1/2

.0/21�3�-�. � 0 
�������������������� �����
!#"$�&%$�('*)$'+��,�-'-.�$�������
∆n̄∆φ = 1/2

!/�����0���213"4�657!81
�6":9��-'-�:� �

P K6EG7F4658HNI�^)O8@F5�9 �xUVKT>8;=HNQ�@�ENHN;=465?HNO8EwUVKgQ8\�KMHN@e@FHf9J>8@C5

∆φ =
1

2∆n̄
=

1

2|β| =
1

2
√
n̄

o�-�./- � p

∆φ<<1

 |β|
1<<|β|

Re(α)

Im(α)

(a)

100 20015050

∆φ

 |β|

Re(α)

Im(α)

(b)

1 3

1

2 4

.-/21&3�-�.FGr0 �+'�!#�-9-�-'��;�<�����&���=)?> ���=13"4�657!21@��":9-�-'��;� |β〉 )��6�$�A&'/!#��6� 1@��5,!#�'CBD'J�FE��HG β � 1
�FE�IHG

β ∼ 1
�

I Q�K6Ef9N;=ET>8@37�@�9N9<@3EN@�UVKc9<;=465��(584$O8HgQ�4$O � 4658HX>8;=HN7�O�9<@FEg>8@FO)s 7 KMHXU�;=hk; 9<@6�(^)O8; HN465�9kEN@�Q8ENI�HN@F5�9<I�H
>�KM58HwUVKTm�D8.x-�.HG 5
0
β � 1 J

>�KM58He7�@k7FK6H
∆φ = 1/(2|β|) � 1

@�9
∆n̄ = |β| � |β|2 = n̄

.�l�@FHe>8;�HNQ�@FEfHN;=4658He>8O
5846hg�8EN@Jh&4NM$@�5�>8@rQ8\8469N4$58H @:9 >8@SU=K1Q8\�KMHN@SHN465�9 58IFD6U�;=D6@ KM�8U�@FH!>8@ � KM5�9GU�@FH � K6U�@FO8ENH h&4NM$@�5858@FH
>8@w7�@FH!>8@�O�sk^)O�KM5�9<;#9<IFHF.$l�@w7L\�K6hkQ&KB@F5k��4$5858@JKMQ8Q8EN4 s�;�h`Kc9<;�465gO858@JKMh&Q�U=;#9<O8>8@ @:9!O858@wQ8\�KMHN@
>8I�m858;=@FH�.�P�4$O�EP7�@�9f9<@`E<KM;=HN465���U=@�H1I�9LKc9<H17�4$\8I�EN@F5�9NHTHN465�9TKMQ8Q�@FU=I�H1I�9LKc9<H K?^)O�KMHN;#� 7�UVKMHNHN;=^�O8@FHML
>8O?7L\�KMh&Q3@�9GHN4$5$9w>8IF7�EN;�9<H Q�KMEG>8@�HwD6E<KM58>8@FO�ENHw7�UVKMHNHN;�^)O8@�HF��9<@FU�U=@r^)O8@dUutv;=5�9<@�58HN;#9<I6��U=KTQ8\�KMHN@M�8U=@
7L\�K6hkQZI�U=@�7�9<EN;�^)O8@M.

0
β ' 1 J

>�KM58H&7�@[7 KMH
∆φ = 1/(2|β|) ∼ 1

@�9
∆n̄ = |β| ∼ |β|2 = n̄

.!l�@FHCK�O87:9<O�Kc9<;=4658H
^)O�KM5�9<;�^)O8@�HBHN4$5�9B>8Oqh&{�h&@P46EN>8EN@T>8@TD6E<KM58>8@FO8ES^)O8@TU=@FH � KMU=@�O8ENHBhk4NM$@�5858@FHB@�9B58@THN465�9dQ�U=O8H
58IFD6U�;=D6@ KM�8U�@FHF.

l�@dQ8EN4�>�O8;�9wHN7FK6U=KM;=EN@B>8@e>�@FO�sZI:9LKc9<Hw7F46\8I�EN@F5�9<HJ@FH�9r>8465858IeQ�KME 5

〈β |α〉 = exp

[

−1

2

(

|α|2 + |β|2
)

+ αβ∗
] o�-�./-�G6p
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6 @:9N9<@eIF^�O�KM9<;�465Zhk4$5�9NEN@d^)O8@eU=@BEN@F7�46O � EN@�h&@F5$9r>8@FHJ>8@�O�sZ7L\�KMh&Q8Hw@�Hf9r>�t KMO�9LK65$9JQ8U=O8HGQ�@�9<;#9w^)O8@
U�@FHwKMh&Q8U=; 9<O8>8@FH >8@ |α〉 @:9 |β〉 HN465�9J>8; Q*IFEf@F5�9<@�HF.
I Q�KMEf9<;�Ew>8@�HrI�^)HF. o�-�.#j V p @�9go�-�.y- G6p 5846O8HJQ�4$O � 4658Hr7 KMU�7FO8U=@�EwU=KgW�46587�9N;=465 Q >�tvO85RI:9LKc9r7�4$\8I�EN@F5$9
|β〉 KMOZQ�46;�5�9 α 5

Qβ(α) =
1

π
exp(−|α− β|2) o�-�.y-���p

D U�H�t/KMD6;�9w>�tvO858@dW�4$5�7�9<;=4653D�KMO8HNHN;�@F5858@e7�@F5�9<ENI�@PKMOZQ�46;=5�9
β
@�9J>8@eU=KMEND$@�O8E

w =
√

2
.

�������
	 ���������������������� �"!$#��
l�Kg9<\�IF46EN;=@B^)O�KM5�9<;�^)O8@d>8OZ7�4$ENQ8HG584$;�E h&465�9<EN@B^)O8@d>�K658HGO85Zh&4)>8@B>8@BW�ENIF^�O8@F587�@PK658D6O8U=K6;�EN@

ωch_ 9<@FhkQ�IFE<Kc9<O8EN@
T
U�@d5846hg��EN@dh&4NM$@�5Z>8@eQ8\�469<4658HG9<\8@�ENh&;�^)O8@�Hw@FHf9JIFD$KMU _ 5

n̄ =
1

exp

(

~ωch

kT

)

− 1

o�-�.y- V p

P O8;=HN^�O8@wUVKSW�ENI�^)O8@�587F@
ωch/2π

>8Okh&4)>8@G>8Ok7L\�KMh&QXO�9<;=U=;#HNI @FHf9!>�t @�5 � ;�EN465 51, 1 % Er]M�$U�@G5846hT�8EN@hk4NM$@�5Z>8@eQ8\84M9<4658H _ Uutv;=5�9NIFEN;�@FO8E >8@dUVKg7FK � ;�9NI _ >8; Q*IFEN@�5�9<@�Hw9<@�h&Q�I�E<KM9NO8EN@FHw@FHf9 5

&1o
'1p
n̄

n(�)� j�-��
V�V n(�
j$�FG �8�/- G
�8�*� �8�*�$-

P�46O8E 5846H @:s�Q�IFEN;�@F587�@FH 5846O8H K � 4658H ;�5�9<I�EN{�9 _ K � 46;=E�O85g7L\�K6hkQT9<\8@�ENhk;=^)O8@ U=@ Q8U�O8H Q�@:9<;�9 Q�46HNHN;��8U=@M�
Q�46O8E 7F465�9<E,+6U�@FE�U=@ Q8U=O�H Q8EfIF7F;�HNIFhk@F5$9 Q�46HNHN;=�8U�@ U�@ 7 \�KMh&QT>8K658H U=KJ7 K � ;#9<I6. 6 @�UVKr@�Hf9 O858@ >8@ E<KM;=HN4658H
^�O8;*5846O8H 46�8U=;�D6@F5�9 _ EN@:W�EN46;=>8;�E UVKe7 K � ;#9<I _ O858@r9<@�h&Q�I�E<Kc9<O8EN@r;=5�W�I�EN;=@�O8EN@rKMO-'B@FU � ;=5�.S7r46O8H K � 4658H
� O3KMO`7 \8K6Q�.�jr^�O8@6��h&K6U�D6ENIw7�@FH Q8ENI�7 KMO�9<;=4658HF� _ 7FKMO8HN@S>�t O858@rh`KMO � K6;�HN@J;=HN46U=KM9<;#465X9<\8@FENhk;=^�O8@J>8@
U=K17FK � ;#9<I6�)U�@r7L\�KMh&Q&9<\8@FEfh&;=^�O8@ _ UutvIF^�O8;=U=;#�8EN@ _ Uutv;=5$9<IFEN;�@FO8E >8O�ENI�HN465�KM9<@�O8E KPO85�5�4$hT�8EN@rhk4NM$@�5
>8@dQ8\8469N4$58H

n̄ ∼ 1
.

l�@X7L\�K6hkQq9<\8@FENhk;=^�O8@g5�t/K3Q�KMHd>8@gQ8\�K6HN@X>8I:m�58;=@M. D U @�Hf9dW�4$ENhkIT>�t O85 hkIFUVKM58D6@THf9LKc9<;�Hf9<;=^�O8@g>8@�H
>8; Q*IFEN@�5�9<HwI�9LKc9<Hw5846hg�8EN@B>8@eQ8\84M9<4658HF��@�9JHf4$5Z46Q�IFE<Kc9<@�O8Ew>8@F58HN;#9<IeHFtvIF7�EN;�9OT V G W 5

ρ̂th =
∞
∑

n=0

ρth,n,n |n〉 〈n|
o�-�.y- � p
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Pth(n) = ρth,n,n =
n̄n

(n̄+ 1)n+1

o�-�.y- � p
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< n̂ >th= n̄
o�-�./n(��p

l�KX>8;=HNQ�@�ENHN;�4$5?>8OZ5846hg�8EN@B>8@eQ8\84M9<4$58H � KMO�9 5

∆nth =
√

n̄ (n̄+ 1)
o�-�./n�j�p
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ρ̂β,n̄ =
∑

m,n

ρβ,n̄,m,n |m〉 〈n| o�-�. n�-6p

K � @�7C5

Pβ,n̄(n) = ρβ,n̄,n,n =
n̄n

(1 + n̄)n+1
exp

(

− 1

n̄+ 1
|α|2
)

Ln

(

− |α|2
n̄(n̄+ 1)

) o�-�. n$n$p

4(.
Ln
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∆nβ,n̄ =
√

n̄2 + n̄+ (2n̄+ 1)|β|2 o�-�. nSG6p
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√

2 + 3|β|2 .
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Wβ,n̄(α) =
1

π

2

2n̄+ 1
exp

(

− 2

2n̄+ 1
|α− β|2

) o�-�. n)�$p

4(.
n̄
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Qn̄,β(α) =
1

π(n̄+ 1)
exp

(

− 1

n̄+ 1
|α− β|2

) o�-�. n V p
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w =
√

2(n̄+ 1)
.
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Hint = ~

∑

i

(

Γib̂iâ
† + Γ∗

i b̂
†
i â
) o�-�./n � p

4(.
Γi
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ρ̇ =
κ

2
(n̄+ 1)

(

2âρâ† − â†âρ− ρâ†â
)

+
κ

2
n̄
(

2â†ρâ− ââ†ρ− ρââ†
)

o�-�./n � p

4(.
κ = 1/τ
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T = 0
o
n̄ = 0
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ρ̇ =
κ

2

(

2âρâ† − â†âρ− ρâ†â
) o�-�. � �$p

���������	��
����������������
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 |α〉
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\8I�EN@F5�9 |α0〉
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κ
. l t I:9LKM9k>8O 7 \�KMh&Q @�5
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|α(t)〉 =
∣

∣α0e
−κ

2
t
〉 o�-�. � j�p
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7J46O8H K��N46O�9<4658H KMO 7L\�KMh&Q 7�465�m�58I >�KM58H UVK 7FK � ;�9<IM�B>84$5�9 U=@ \�KMh&;�U#9<4658;�@�5 @FHf9 >84$5�58I Q8K6E
U�t I�^�.�o�-�.�j�p:�cO85kKc9<4$hk@ _ >8@�O�sX58; � @FKMO�sZo |e〉 @�9 |g〉 p:�M@�9 5846O8H I:9<O8>8;=4658H U�@ 7FK6H ;�>8I KMU�4).gU=@ H M�Hf9NiFh&@Kc9<46h&@ � 7 \�KMh&Q�@FHf9J;=HN46U=IS>8@eUutv@F5 � ;=EN465858@Fhk@F5$9 .�l�@d\�K6hk;=U#9<4658;#@F53>8@eU�t/Kc9<46h&@SU=;��8EN@BHFtvIF7�EN;�9 5

Ĥat =
~ωeg

2
(|e〉 〈e| − |g〉 〈g|) o�-�. � -6p

ωeg/2π
@FHf9 U=KdWYENIF^�O8@F587�@S>8@rU=Kd9<ENK658HN;#9<;=465kKM9N4$hk;=^�O8@

e↔ g
�$@�9 Uut 46EN;�D6;�58@G>8@JUutvIF58@�END$;�@JKc9<4$hk;=^�O8@

KSI�9NIGQ8EN;�HN@ _ hk;#� 7L\8@Fhk;�5P@F5�9<EN@ U=@�H 58; � @FK6O�s e @�9 g .?D 5�9<EN4)>8O8;�HN4$5�H Uutv46Q�IFE<Kc9<@�O8E >8;=Q +6U=@ Kc9<4$hk;=^�O8@�5

d̂ = deg |e〉〈g| + d∗
eg |g〉〈e|

o�-�. � n$p
aSKM58He7�@�9N9N@X@:s�Q8EN@FHNHN;=465

deg ≡ 〈e| qr̂ |g〉 @�Hf9eUut I�U=I�h&@�5�9B>8@Xh&Kc9<EN;=7�@T>8;�Q�4$U=KM;�EN@3o q @FHf9eU=K�7L\�KMEND$@>8@PUutvIFU=@�7�9NEN4$5[@�9
r̂
@FHf9BUutv46Q�IFE<Kc9<@�O8ESQ�46HN;#9<;=465xp:. ! � K65$9B>8@T>8I�m�58;�ESU�@P\�KMh&;�U#9<4658;�@�5[>�t ;�5�9<@FE<KM7�9N;=465��

5846O8HwEN@ � @�584$58H _ Uutv46Q�IFE<Kc9<@�O8EG7 \�KMh&Q?IFU�@F7:9<EN;=^�O8@6�8^)O8@e5846O8HJK � 4658HJ;�5�9<EN4)>8O8;�9G>�KM58HwUutvIF^x.(o�-�. n$p�5

Ê(r) = E0[f(r)â+ f∗(r)â†]

l�K[W�46587�9<;�4$5
f(r)(= f(r) · ε)

@FH�9XO858@`W�46587�9<;�4$5 � @F7:9<46EN;=@FU�U=@&^�O8; >8IF7�EN;�9gU=K[Hf9<ENO87:9<O8EN@3HNQ�Kc9<;VKMU�@
f(r)

o�K � @�7 |f(r)| ≤ 1
p @�9rU=KXQ�46UVKMEN;=H<Kc9<;�465

ε
>8O[h&4)>8@e7F4658HN;�>8IFENIM.

E0
@FH�9SU=@d7 \�KMhkQ[I�U=@�7�9<EN;�^)O8@

KMHNHN4)7F;�I _ O85ZQ8\8469N4$5��8@:9 � KMO�9 5

E0 =
√

~ωch/(2ε0Vmode)
o�-�. � � p

D 7F;
ωch/2π

@FHf9?UVK W�ENI�^)O8@F5�7F@ >8OCh&4)>8@q@:9
Vmode =

∫

|f(r)|2d3r
@FHf9?U=@ � 46U=O8hk@R>8OCh&4)>8@M.

7J46O8HGW�K6;�HN4658HGUut \�M�Q�4M9<\8iFHN@e^)O8@eUVKTU=4658D6O8@FO8EG>�tv4$58>8@e>8OZ7L\�KMh&Q?IFU�@F7:9<EN4$h&KMD$58I:9<;=^�O8@d@�Hf9JD$E<KM58>8@
>8@ � KM5�9 Uutv@:s)9<@F58HN;�4$5`HNQ�Kc9<;VKMU=@w>8@SU=KeW�46587�9<;�465`>�tv4$58>8@SKM9<46h&;�^�O8@6.)aBKM58H 7F@:9N9<@S\SM�Q�4M9<\8i�HN@6� � I�EN;�m�I�@
>�KM58HT584M9<EN@`@:s�Q�IFEN;�@F587�@6� HN@�O8U=@`UVK[>8I�Q�@F58>�KM587�@?HNQ�Kc9<;VKMU�@&>8O 7�4$O8Q8U=K6D6@&@FHf9g>8O8@3KMO 7L\�KMh&Q�. l�@
9<@�ENh&@dQ8ENIF>846h&;�5�KM5�9J>�KM58HJUutv;=5�9N@FE<KM7�9<;�465?@�5�9<EN@1U�t/Kc9<46h&@B@�9JU=@e7L\�KMh&QZ@FHf9rU=@d7F46O8Q8U=K6D6@e>8;�Q�46UVKM;�EN@
I�U=@�7�9<EN;�^)O8@M��>�IF7FEf;�9wQ�K6EGU=@B\�K6hk;=U#9N4$5�;�@F53>�tv;=5�9<@�E<KM7�9<;�4$5 5

Hint = −d̂ · Ê = −E0f(r)
(

deg · ε |e〉〈g| â+ d∗
eg · ε∗ |g〉〈e| â†+

deg · ε∗ |e〉〈g| â† + d∗
eg · ε |g〉〈e| â

) o�-�. � G$p
l�@FHBIF^�HF.!o�-�. � � pJ@:9&o�-�. � G$pwh&465�9<EN@�5�9B^)O8@gUutv;=5$9<@F58HN;#9<IP>8Ob7F46O8Q8U=K6D6@P>8IFQ�@�58> >8@TUVK&WYENIF^)O�@F587�@k@:9
>8O � 46U=O8hk@1>8Oqh&4)>8@M. � 5qQ�K6Ef9<;�7FO8U�;�@FEF��U�@P7�4$O8Q8U=KMD$@PKMO8D$hk@F5�9N@TK � @F7TU=KkWYENIF^)O�@F587�@X>8ORh&4)>8@P@:9
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@�Hf9T>�t KMO�9LK65�91Q8U=O8HeQ�@�9<;#91^)O8@&U=@ � 46U=O8hk@k>�O hk4)>8@k@FH�9TD6E<KM58>�.(l�@FH1>8@FO�s Q8EN@Fhk;=@�ENHd9<@FENhk@FH1>8@
U�t IF^x.�o�-�. � G6p >8IF7�EN; � @F5$9G>8@FH Q8EN4)7�@FHNHNO8HG4(.�Uut KM9<46hk@Jh&465�9<@r>8@ |g〉 _ |e〉 @F5?KM�8HN46EN��KM5�9 O85�Q8\8469<46546O?>8@FHN7�@F58>[>8@ |e〉 _ |g〉 @F5ZI�h&@:9N9LKM5�9wO85ZQ8\84M9<465�.�aBKM58HwUVKTHN;#9<O�KM9<;�46534(. ωch ∼ ωeg

�8^�O8@e5846O8H
7�4$58HN;�>8IFEN4658H!>�KM58H!UVKBHNO8;�9<@M�$7F@�H Q8EN4)7�@FHNHNO8H Hf4$5�9!ENIFHN46585�KM5�9<H @:9 HN465�9 ��@FKMO87F46O8Q`Q�U=O8H ;=hkQ�4$Ef9LKM5�9<H
^�O8@dU�@FH Q8EN4)7F@�HNHNO8HJKMHNHN4)7F;�IFHGKMO�s�>8@�O�s3K6O�9<Ef@FH 9<@�ENh&@�HF. 7J46O8HGK6U�U=4658H KMQ8Q8U�;=^)O8@�E U�t/KMQ8Q8EN4 s�;�h&Kc9<;�465
>8OT7 \8K6hkQP9<46O8EN5�KM5�9 ^�O8;�7F4658HN;=H�9<@ _ 58IFD6U=;�D$@�E(7F@�H >8@FO�sP9N@FENhk@FH 58465TENIFHN46585�KM5�9<HF.6l�@ \�KMh&;=U 9<4658;�@�5
>�tv;=5�9<@�E<KM7�9<;�4$53Q8EN@F5�>RKMU=46ENHGU=KTW�46ENhk@%5

Ĥint =
~Ω0

2
f(r)

(

|e〉 〈g| â+ |g〉 〈e| â†
) o�-�. � �$p

K � @�7C5

Ω0 ≡ −2E0deg · ε
~

o�-�. �:V p
l�@JQ�KME<K6hki�9NEN@

Ω0/2π
�)^�O8;�;�5�9<@FE � ;=@�58>8E<KeHN46O � @�5�9 >�K65�H UVKeHfO8;�9<@M�)@�Hf9 UVKBW�ENIF^�O8@F587�@S>8@FH IF7L\�K658D6@�H

ENI�HN4$5�5�K65�9NHB>�tvIF5�@FEND6;=@1@F5�9<EN@PU�t/Kc9<46h&@d@�9SU�@1h&4)>8@1;�58;�9<;=KMU#@Fhk@�5�9J>�KM58HSU�@ � ;�>8@6�x@�9SQ8EN@�58>qU�@15846h
>8@,KrW�ENIF^�O8@F587�@r>8@�4rKM�8;8>8O � ;=>8@ L$. Ω0

@�Hf9 O858@G^)O�KM5�9<;�9<IGENI�@FU�U=@ @:9!Q�4$Hf;�9<; � @6�M7F@w^�O8;�@FH�9!9<46O��N46O8ENH
Q�46HNHN;=�8U�@ Q�KME O858@ >8I�m�58;#9<;=465P46Q8Q�46Ef9<O858@ >8@ UVKJQ8\�KMHN@ >8@�H I�9<KM9<H Kc9<4$hk;�^)O8@�H |e〉 et |g〉 .caBKM58H 584M9<EN@>8;�HNQ�4$HN;#9<;�W �

Ω0/2π = 49
( EJ]6.

l�@d\�K6hk;=U#9N4658;�@F5�9<4M9LKMU�>8OZH M)Hf9<iFhk@1HFtvIF7�EN;�9 5

ĤJC =
~ωeg

2
(|e〉 〈e| − |g〉 〈g|) + ~ωch

(

â†â+
1

2

)

+
~Ω0

2
f(r)

(

|e〉 〈g| â+ |g〉 〈e| â†
) o�-�. �S� p

6 @:9r\�KMh&;�U#9<4658;�@�53@FHf9rKMQ8Q�@FU�Ie\�KMhk;=U#9<4658;#@F53>8@�"6KNM)58@FH�� 6 O8hkh&;�58D$HF.
� 46O8H`U�t @<Q,@:9`>8@[U�t ;=5$9<@FE<KM7�9N;=465�� U=@�H&I�9LKc9<H&Hf9LKc9<;=46585�KM;=EN@�Hk>8O�H M�Hf9<i�h&@RU�;=�8EN@?HN465�9`7F46O8Q8U=I�H`>8@�O�s
_ >8@�O�s,�(>8@X9<@�U=U=@TW�K���4$5 ^�O8@&U�@FHeHN46O8H�� @�HNQ�K67�@FH {|e, n〉 , |g, n+ 1〉} HN465�9eW�@FENhkIFHeQ�KMEeE<KMQ8Q�46Ef9 _
U�t I � 46U=O�9<;�465�. � @�O8U�U=@B58; � @FK6O�W�4$58>�KMhk@F5�9LKMU*>8OZH M)Hf9<i�h&@ |g, 0〉 5�tv@FHf9w7F46O8Q8U=I _ KMO87FO85ZKMO�9<EN@dI:9LKc9 .l(K1EN@�Hf9<EN;=7:9<;=465&>8O`\�KMh&;�U#9<4658;�@�5 _ UVKe5�� i�h&@JhgO8U#9<;�Q8U�;#7F;#9<I {|e, n〉 , |g, n+ 1〉} H�t I�7FEN;#9 HN46O8H W�46ENhk@h&KM9<EN;�7F;�@�U�U�@U5

Ĥn = ~









ωch(n+ 1) +
δ

2

Ω0

2
f(r)

√
n+ 1

Ω0

2
f(r)

√
n+ 1 ωch(n+ 1) − δ

2









o�-�. �(� p

4(. 5
δ = ωeg − ωch@�Hf9 U=@ >8IFH<KM7F7�46EN>X@F5�9NEN@ UVKwW�ENI�^)O8@�587F@G>8@ U�t/Kc9<46hk@ @:9 U=KJW�ENI�^)O8@�587F@G>8OT7 \�KMh&Q�.cl(KS>8;=KMD$465�KMU�;�H<Kc9<;�465

>8@gUVK`h&KM9<Ef;=7�@T>8Ob\�KMh&;�U#9<4658;�@�5qENI�>8O8;�9BQ�@FENhk@�9d>8@g7F46585�K �=9<EN@TU�@FH � KMU=@�O8ENHdQ8Ef4$Q8EN@�Hd@�9dU�@FHBI:9LKM9NH
Q8EN46Q8EN@�H >8O3H M)Hf9<i�h&@B7F46O8Q8U�I6�)^)O8;*Q8EN@F5858@�5�9GU=@r5846h >�t KPI:9LKc9<H \�KM�8;=U�U�IFH L$.�l�@�H I�9LKc9<H Q8EN46Q8EN@FH >8O
H M)Hf9<iFhk@17�4$O8Q8U�Id@F5?W�46587�9<;�4$53>8@FHwI�9LKc9<HwQ8EN46Q8EN@FHw>8OZH M�Hf9NiFhk@158465�� 7�46O8Q8U=IdHf4$5�9OT � � W 5

|+, n〉 = sin θn |e, n〉 + cos θn |g, n+ 1〉
|−, n〉 = cos θn |e, n〉 − sin θn |g, n+ 1〉

o�-�.FG(�$p

θn
I:9LK65�9w>8I�m�58;�Q�KMEwU=KgEN@�UVKc9<;=465 5

tan(θn) =

√

Ω2
0f(r)2(n+ 1) + δ2 + δ

Ω0f(r)
√
n+ 1

o�-�.FG�j�p
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l�@FHJIF58@�END6;=@FHJ>�@FHrI:9LKc9<HJ7F46O8Q8U�IFHF� � KMU=@�O8ENHJQ8EN46Q8EN@�Hr>8O[\�KMhk;=U#9<4658;#@F5 o�-�. ��� p:�87F46ENEN@�HNQ�4$58>�KM5�9SKMO�s
I:9LKc9<HwQ8EN46Q8EN@FHPo�-�.HG���p � � K6U�@F5�9 5

E±,n = ~ωch(n+ 1) ± ~

2

√

Ω2
0f

2(r)(n+ 1) + δ2
o�-�.HG6-$p

��� ��� � ��� ! �����"# � � ������������� � ��� � � �
l�@FH`I�^)HF.Bo�-�.HG��$pu0�o�-�.FG$-6p:� Hf4$U�O�9<;=465 >�O�\�KMh&;�U#9<4658;�@�5 >8@ "$K M)58@FH�� 6 O8h&hk;=58D6HF� >8IFQ�@�58>8@F5$9?>8@[UVK
Q�46HN;#9<;=465

f(r)
>8@JU�t/Kc9<46h&@ >�KM58H!U=@whk4)>8@wD$K6O8HNHf;=@F5,��Q�46HN;�9<;�4$5g^)O8;x>8I�Q�@F58>`>8Ok9<@�h&Q8HF.SP KME 7F4658HNI:�

^�O8@F5�9F��584$5`HN@�O8U=@Fhk@F5$9 U�@FH I�58@FEND6;=@�H >8@�H I:9LKc9<H \�KM�8;=U�U�IFHro�-�.FG6-$p:��h&KM;=H!K6O8HNHN;�U=@�O8E >8I � @FU�46Q8Q�@Fhk@F5�9
>�KM58HPU=KZ��KMHN@`>8@�HTI:9LKc9<HP58465 7�4$O8Q8U�IFH3o�-�.FG(�$p:��>8I�Q�@F58>8@�5�9X@�5 D$I�58IFE<KMU!>8O 9<@�h&Q8HF.�aBKM58HPU=@k7 KMH
D6I�58IFE<KMU�;=U)@FHf9 ;�h&Q�46HNHN;��8U=@!>8@ ENIFHN46O8>8EN@ UutvIF^�O�Kc9<;=465P>8@ � 7L\8E��)>8;=58D6@FE KM5�K6U M)9<;�^)O8@�h&@�5�9 Q�46O8E >8I�9<@�E��
hk;=58@�E�UVKwW�46587:9<;=465P>�t 4658>8@ >8OgH M)Hf9<iFhk@ _ O85T;=58Hf9LKM5�9 ^)O8@�U=7F4658^�O8@6. 6 @FQ�@�58>�K65$9 ;=U)@ s�;�Hf9<@ >8@�O�sT7 KMH
U�;=hk; 9<@ HN;=hkQ8U=@�H @�9!;�5�9<I�EN@FHNH<KM5�9<HF.�aSK658H U=@ 7FK6H >8@GUutv;=5�9<@�E<KM7�9<;�465�� 9L���?; ;�~?;�� ���MU�4$ENHf^)O8@GU=@ >8IFH<KM7�7F46EN>
δ
@�Hf9J5)O8Uu��U�@FHGI�9<KM9<HGQ8EN46Q8EN@FHw>8O?H M�Hf9<i�h&@e7�4$O8Q8U�IdHN465�9J;�58>8IFQ�@�58>�KM5�9<Hw>8O?9<@�h&Q8HG@�9wHN@d9<EN46O � @F5�9

>�KM58H1O858@&HNO8Q�@FENQ�46HN;#9<;=465 _ Q�4$;�>8HeIFD$K6O�s >8@�HPI:9LKM9NHPQ8EN46Q8EN@�HP>8O H M)Hf9<iFhk@`58465 7F46O8Q8U=IM. ! 9<46h&@
@:9X7 \�KMhkQ I�7 \�KM58D6@F5�9kU�@FO8ETI�58@FEND6;=@�>8@�W�K��F465 QxIFEN;=4)>8;�^)O8@�>�KM58HgO85 Q8\8IF5846h&i�58@3^)O8; Q8EN@�58> U=@
5846h >�t KR4$HN7�;=U�UVKc9<;#465 >8@�4rKM�8; L$.�I Uut/KMO�9<EN@`@:s)9<EN{Fhk@6� U=46ENHN^)O�@3U=@�>8I�H<K67�7F46EN> @FHf9&KMHNHN@�]?D$E<KM58>
Q�46O8E @�h&Q�{�7 \8@�E!UutvIF7L\�KM58D$@G>�t I�58@FEND6;�@w@F5$9<EN@wUut/Kc9<46hk@ @:9 U�@G7L\�K6hkQ��6U=@�H I�9<KM9<H Q8EN46Q8EN@�H!>8OkH M�Hf9<i�h&@
7�46O8Q8U=IS7F4�� 5�7F;=>8@�5�9wK � @�7dU�@FH I:9LKM9NHGQ8EN46Q8EN@�HG>8O?H M)Hf9<iFhk@d58465?7�46O8Q8U=IM.8l�@B7�4$O8Q8U=K6D6@SHN@Bh`KM58;�W�@�Hf9<@
Q�KME O�53>8I�Q8\�K6HNK6D6@B>8@SU=KeW�46587�9<;�4$5`>�tv4658>8@B>8@�H I�9<KM9<H 58465�7F46O8Q8U=I�H KM9<46h&@ � 7 \�KMh&Q

J
U�t ;�5�9<@FENK67:9<;=465

@�Hf9 �?@���
����N�R@	�M��.!l�@FH�>8@�O�s�Q8EN4)7 \�KM;�58H`Q�KME<K6D6E<KMQ8\8@�H�HN465�9�7�4$58H<KM7�ENIFH _ 7F@FH�>8@�O�s�@RQ*@:9<HF. aSK658H
U�@PQ�KME<K6D6E<KMQ8\8@X-�./-�./-�.v76��@F5�m�5��*584$O8HS>8;=HN7�O�9<4658HB>8Ob7FKMHB;=5�9<@�ENh&I�>8;VKM;�Ef@1@�9B>8@FHB7�4$58HNI�^)O8@�5�7F@FHd>8O
�8E<KM587L\8@Fhk@F5�9JU=@�5�9w>8@eU�t ;�5�9<@FE<KM7�9N;=465���>�
[KMOZQ8EN4Mm�U�D�KMO8HNHN;�@F5Z>8OZhk4�>8@M.
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7J46O8H!HNO8Q8Q�46HN4$58H >�t/KM��46EN>&^�O8@rU=KBW�ENI�^)O8@�587F@r>8@JUVKS9<E<KM58HN;�9<;�4$5XKM9<46hk;=^�O8@G@FHf9 ENIFHN46585�KM5�9<@rK � @F7JUVK
W�EfIF^)O�@F587�@g>8Oqhk4)>8@3o

Ω0

√
n+ 1 � δ

@:9
θn = π/4

>8K658HrUutvIF^x. o�-�.HG�j�pNp:. 6 @:9N9<@THN;#9<O�KM9<;�465[;�5�9<@FE �
� ;=@�5�9 9<EfiFH!W�ENIF^�O8@Fhkh&@�5�9 >�KM58H 5846H @:s�Q�IFEN;�@F587�@FHF."� 5`Q�46H<KM5�9 δ = 0
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|+, n〉 =
1√
2
(|e, n〉 + |g, n+ 1〉)

|−, n〉 =
1√
2
(|e, n〉 − |g, n+ 1〉)

o�-�.HGMn�p

@:9 5

E±,n = ~ωch(n+ 1) ± ~

2
Ω0f(r)

√
n+ 1

o�-�.HG � p
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r(t)
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v
U=@Phk4�>8O�U=@1>8@TH<K � ;#9<@FHNHf@g@:9 w U=K&UVKMEND6@FO8EJ>8O
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f(r(t)) = f(vt) = exp

(

−(vt)2

w2

) o�-�.FG�G6p
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f(r)
��5846O8H
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tReff(t) ≡
∫ t

−∞
f(vu)du =

∫ t

−∞
exp

(

−(vu)2

w2

)

du
o�-�.FG(�$p
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tReff(+∞) =

√
π
w

v

o�-�.FG V p
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. � ; U�@gH M�Hf9NiFh&@k@�Hf91Q8ENI�Q�K6ENIX>�KM58H
U�t I:9LKM9 |e, n〉 5

|e, n〉 =
1√
2
(|+, n〉 + |−, n〉) o�-�.FG � p
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∣

∣ψ(tReff)
〉

=
1√
2

(

e−iE+,ntReff/~ |+, n〉 + e−iE−,ntReff/~ |−, n〉
) ���������
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∣

∣ψ(tReff)
〉

= cos

(

Ω0

√
n+ 1

2
tReff

)

|e, n〉 − i sin

(

Ω0

√
n+ 1

2
tReff

)

|g, n+ 1〉
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Pe,n(tReff) =
1

2

[

1 + cos(Ω0

√
n+ 1tReff)

]

Pg,n+1(t
R
eff) =

1

2

[

1 − cos(Ω0

√
n+ 1tReff)

]
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oscillation de Rabi dans l�état du vide
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|ψ(t)〉 =
∞
∑

n=0

Cα(n)

{

cos

(

Ω0

√
n+ 1

2
tReff

)

|e, n〉 − i sin

(

Ω0

√
n+ 1

2
tReff

)

|g, n+ 1〉
}
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Pe,α(t) =
∞
∑

n=0

| 〈e, n |ψ(t)〉 |2 =
∞
∑

n=0

|Cα(n)|2 cos2

(

Ω0

√
n+ 1

2
tReff

)

=

=
∞
∑

n=0

|Cα(n)|2 1 + cos (Ω0

√
n+ 1tReff)

2
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|ψ>

Ω
0

|ψ0> = |e>

|g>

|e>-i|g>

|e>+i|g>

|e>+|g>
|e>-|g>
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VWSUYaE�E�hCV���PsegKZVWJuy
q �̂EMV�n"E�L%lseXYaG~E�hCV�LMSXK,h J"N,̂MI ̂�LMSUYaYAE�L�n"eXh h J���P,Eg�UD�\]J�KZVWE�K,hCJ�VŴ�N,PaL%lseXYaG~J"K]wCE�LMV ̂�EMV�npe}N,P,I ̂ME�N,E�h
N,EMP�{�J"K]w EMLMVWJ�SUKmh�h SXKZVfI ̂ r n�̂�E�h�N,E+Q<eiy�SXK�z~E|{�E�L0VWP,EMI.N,EMP�{�J"YAGmP,n"h J�SXK,h

π/2
LMnpegh h J"�ZP,E�h�|s��P,J�̂ r e9y

n�J"h E�KUV�n�E�h�G$SUG,P,n"e
VWJ"SXK,h�N,E�h�̂MV%e
VWh |g〉 EMV |i〉 z�n�\�J"h h P,E�N,E.L%lseX�ZP,E}J�KZVWE�IWegL0VWJ"SXKF�[}�K�I E�G,I ̂Mh E�KUV%egVWJ�SXK
NF\�J"KZVWEMIWegLMVWJ�SUKF|Un"e+VWIWegK,hCQ_SXI YAegV J"SXK~N,E�h�̂MV%e
VWh�e
VWSXYAJ���P,EMh�NsegK,h�npezG,I EMYAJ�̀�I E���SXK,E.N,E.c.egYah EMi

R1h�\�̂�LMI J�V?~

|g〉 −→ 1√
2
(|g〉 − i |i〉)

|i〉 −→ 1√
2
(−i |g〉 + |i〉)

}

R1
¤5��� ! �X¥

D�exVWIWeXKmhCQ_SUICY�e
VWJ�SUK;NsegK,hfn"e�N,EMP�{mJ"`MYAE+��SXK,EzN,E�cfegYAh E0i
R2

N,E0��J"EMKZV?~

|g〉 −→ 1√
2

(

|g〉 − iei∆ΦC |i〉
)

|i〉 −→ 1√
2

(

−ie−i∆ΦC |g〉 + |i〉
)

}

R2
¤5��� !t ¥

�2L�J
∆ΦC

E�hCV�n"E�N,^�G,lseghWe r E�egL�LMP,YxP,n"^�GsegI�n"E�L6lsegYAGxLMnpegh h J"�ZP,E�E6{�VW^MI J"EMP,I)GsegI)IWegG,G$SXICV�z}npefG,lsegh E
N,P�N,J�GW�Xn"E�egVWSXYaJ"�ZP,EX|Uh P,G,G$SXh ^ME}J"K,L%lseXK r ^MEX|ZG$E�K,NsegKZV�n"E�VWEMYAG,h

Tvol

EMKZVWI E.n�E�h�N,EMP�{�J�YAG,P,n�h J�SXK,h��
}�KZVWI E�n"EMh�N,EMP�{x�MSXK,E�h

R1
EMV
R2

K,SXP,h)G$SXPm�XSUK,h)eXP,hCh J�Q<egJ�I E��gegI J"EMI npe�G,lseXhCE�N,PxN,J�GW�Un�E�e
VWSXYAJ���P,Eg|



 �� ��� �=� � 
 > � ��� � 
 ��� �f��
���� �������L�	� 
 ��
 � ���� ��� �

GsegI�P,K,EzYA^0VWl,S�N,Ez�ZP,J�h E�IWe~N,^�LMI J�VWE+EMK,h P,J�VWEg|sN,E+VWEMn"n"E}Y�egK,J"`MI E�z~I ^�eXn�J"h EMI�n"exVWIWegK,hCQ_SXI Y�e
VWJ�SXK ~

|g〉 −→ e−i∆ΦA |g〉
|i〉 −→ |i〉

}

R1 −R2
¤5��� !t! ¥

� P,GmG$SUh SXK,haY�egJ�KZVWE�KsegKZV�n5\�e
VWSXYAE�J"K,JuVWJ"egn�EMYaE�KZV�NsegK,h |g〉 ���}GmI `�han5\]J�KZVWE�I eXL0VWJ"SXKbNsegK,han�E�h�N,E�P�{
�MSXK,E�hfN,Ezc.egYAhCEMi;n�\]^0V%e
V q KsegnFN,Ezn�\]egV SUYaE=N,E0��J�E�KZV?~

|g〉 R1−→ 1√
2

(|g〉 − i |i〉) R1−R2−→ 1√
2

(

e−i∆ΦA |g〉 − i |i〉
)

R2−→ 1

2

[(

e−i∆ΦA − e−i∆ΦC
)

|g〉 − i
(

1 + ei(∆ΦC−∆ΦA)
)

|i〉
]

¤5��� !�� ¥

DFE�h�G,I SU�,eX�,J�n"JuV ^�h�N,EzN,^MV E�L0VWE�Ifn�\]e
VWSUYaE}NseXK,h |g〉 EMV |i〉 �
eXn�E�KZV ~

Pg(∆Φ) =
1

2
(1 − cos ∆Φ)

Pi(∆Φ) =
1

2
(1 + cos ∆Φ)

¤5��� !�� ¥

Stx
∆Φ = ∆ΦC − ∆ΦA

� D�e�YAS�N,P,n"egVWJuSUKkN,EAL�EMhxG,I SX�seg�,J"n�JuVW^MhzE�KOQ_SXK,L0VWJ"SXK�N,E
∆Φ

G,I E�K,Nbn"E
K,SXY N,E��xQ_IWegK r E�h�NmE�c.egYah EMi� U�

� X�h�� T R2prqmX jmX�� lngcl[kWl��HX.jmX���\_ZYlnT��WX�� �=egK,h�npe=N,^ q K,J�VWJ�SUK�N,E
∆Φ

|
∆ΦC

EMhCV�n"E�N,^MG,lseghWe r E
egLML�P,YxP,n"^�GsegI�n�E�L6lsegYaG�L�n"egh h J"�ZP,E�EMV

∆ΦA

L�EMn"P,JZeXLML�P,YxP,n"^�GsegI�n�E�N,J"GW�Xn�E�egVWSXYAJ��ZP,E�GsegI�IWegG,G$SXICV
z;P,KkhCi�h�VW`�YaEaN,E~I ^0Q_^�ICE�K,LMEX���.EaLMEMVCVWE~E0{mGmI E�h h J"SXK�^MYAEMI r E~�ZP,E~K,SUPmh�ev�XSUK,h+N,EMP�{kG$SXh h J"�mJ"n"JuV ^�h
G$SXP,I�Q<eXJ�I E}�gegI J�E�I

∆Φ
�

D�e�G,I EMYAJ�`�I E�VWEML6l,K,J���P,E.LMSUK,h J�hCVWE�zzYAS�N,J q E�I�n"ezG,lsegh E.N,PAL6lsegYAGAJ�K]w E�L0VW^fNsegK,h
R2

GsegI�IWegG,G$SXICV
egPzL%lseXYaGzJ"K]wCE�L0VW^�NsegK,h

R1
|�VWSXPmV�EMK�n"eXJ�h hWegKZV�npe�G,lsegh E�N,E�n"e�h PmG$E�I G$SXh J�VWJ�SUKze
VWSUYaJ"�ZP,E�J�K,L6lsegK r ^�E

¤
∆ΦC 6= 0

|
∆ΦA = 0

¥0�)v SXP,I�L�E�n"em|�K,SXP,h�N,^�hWegL�LMSXI N,SUK,h�npeOQ_I ^M��P,EMK,L�E
νR

N,P L%lsegYAG GsegI
IWegG,G$SXICV�z;n"eAQ_I ^M��P,EMK,L�E

νgi

N,E�n5\�e
VWSXYAE�NF\�P,K,E~�ZPsegKZVWJ�VW^
∆νR = νR − νgi

�t�=egK,h+n"e�L�SXK,N,J�V J"SXK
∆νR � 1/Tint

|tStx
Tint

E�hCVzn"E�VWEMYAG,h=NF\]J�KZVWE�IWegL0VWJ"SXK[NseXK,h+L%lsegL�P,K,E~N,E�h+��SXK,E�h+N,EacfegYAh E0iU|tnpe
G,P,J�h hWegK,L�E+��P,EzGseXI�n�\]egV SUYaE=I EMhCVWE�J�K,L6l,eXK r ^�Eg����lseg��P,E�J�YAG,P,n�h J�SXK;VWIWegK,hCQ_`MI E+VWSUPYw SUP,ICh.��� � N,EMh
e
VWSXYAEMh�NF\�P,K�K,Ju�UE�eXP��UEMI h�n5\�egPmVWI Eg|�LMSUYaYAE.n5\]J�K,N,J"�ZP,E�KUV�n"EMh�^��Zh���¤5��� ! �X¥�E0V�¤5��� !i ¥0��}�K�I EM�
egK,L6l,Eg|
n"e�G,lsegh EzI E�n"egVWJu�UE=EMKZVWI Ezn�E+hCi�hCV `�YaE�e
VWSUYaJ"�ZP,E=EMVfn�E+L%lsegYAG�L�npegh h J���P,E=�gegI J"E=NF\]P,K,Ez��P,eXKZVWJuVW^ ~

∆ΦC = 2π(νR − νgi)Tvol
¤5��� � �Z¥

��EMnpe;K,SXP,h+G$EMI YAE0VzNmE�Q<egJ"ICE��
eXI J�E�I
∆Φ = ∆ΦC

E�Kk�segnpeviUeXKZV=n"e�Q_IC^���PmE�K,LME
νR

eXP�{kegn"EMKZVWSXP,I h
N,E

νgi
�

D�\�egPmVWI E+VWEML6l,K,J���P,E�LMSUK,h J�hCVWE?za�segnpeviXE�I�npe�G,lseXhCE�N,E�n"e~hCP,G$E�I G$SXh J�VWJ�SXK�e
VWSUYaJ"�ZP,E+hWegK,hfYAS�N,J q E�I
n"e�Q_I ^��ZP,E�K,LME

νR

N,P�L%lsegYAG�J�K]w E�L0VW^;¤
∆ΦC = 0

|
∆ΦA 6= 0

¥0��D�e qsr �������  J�n"n�P,h�VWI Ezn"e~YA^0VWl,S�N,EX�
v E�K,N,eXKZV P,K,E��,I `M�XE�G$^�I J�S�N,E

Tv
|�egPzYASXYaE�KZV�Stxzn5\�e
VWSXYAE)h E�VWI SXPm�UE�E�KZVWI E

R1
EMV
R2

|�SUK�egG,G,n"J���P,E
P,K,E�J�YAG,P,n�h J�SXK�N,E�L6lsegYAG�^�n�E�L0VWI J"�ZP,E�N,J"I EMLMV E�P,I.��P,J�Q<egJ�V��gegI J�E�I�|�GsegI.E {tE0V � V%egI"!�|$npe~Q_I ^M��P,EMK,L�E
N,E�n"e�VWIWegK,h J�VWJ�SUK

g − i
NF\]P,K,E���PsegKZVWJ�VW^

∆νgi
�#�}P�LMSUP,I hfN,E�LMEMVCVWE�G$^MI J"S�N,EX|snpe~G,lsegh E�N,P�N,J"GW�Xn"E

e
VWSXYAJ���PmE�egL�LMP,YxP,n"E�P,K¢N,^�G,l,eXhWe r E
∆ΦA = 2π∆νgiTv

�I}�K¢�segnpeviZegKZVAn"eo�gegn"EMP,IANmP L%lsegYAG
^Mn"EMLMVWI J���P,E+G$EMK,NseXKZVfn�\�J"YaG,P,n�h J�SXK;SUK�GsegIC��J"EMKZV�N,SUK,L z~�segnpeviUEMI�n"E+Nm^�G,lseghWe r E

∆Φ = −∆ΦA

�
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t

t

E

Tv

R1 R2
Ev

∆νgi

νgi

#%$'&)(������  � ��� �"!$#%�'&)(�*,(�-T?k8;4
1��$7�*,( - 1<�"-"�u@64�(�&)7 - ���X?
-T?0Bm(6�A-_(%@�3T�%?
!��m(%@�*,(�>}?
8A@6(CB � � !$(
��8�& - -�@ �T79!¢*,(�#��s?g8�& 4%-_(�#91<� ��� - (�#���?
!���(;-T?[3T�64	� - (%!$#�(�*,(;-T?d1<�%?
!,@ ��1<�_79!
���X�f*�/ - !$(� - ?
!�1<�21�4
∆νgi

�#
 (+*,4�&��s?g@%?���(z?U#M# - 8 - -_4��6? - 1
∆ΦA = 2π∆νgiTv

�

/)021�02/ 4��c:�<OG�5r9;B��N9;DIK��rG�9;:	5 @J5����OK���5�� =rDIKMKM5 D���G�:! d@�5 KM5��"��9;5M@#����<
=%$&�IK 7

')(+*-,/.10	,/032�46587:9108*-;	08,)<-9=,�;8>�?�580	,)<%(@*-,/.A(#,�>-9=?B0C<-0D;	0DEF(@*G>-,�;87:9=?IH-.10	,KJL7B(@*-M+08,/<-0ON/(@EP,�0RQS,:TU*�?
0	EP4-.1TVQ+580	,C46T+>-7CEW08,�>-7:087C0R?D;8(+.=91X-7�0	7Y.[Z\91*�?B0	*-,�9=?B5�<->];�^%(@EP4 zS._Z`9=*�?B587:910	>-7Y<-0a.A(b;I(Ic"9d?B5+egf/T+>-,
(@.1.=T+*-,O<�Z`(@X6TU7:<
*-TU>-,�91*�?�587�0	,�,�087a(@>
;8(+,�Ttx
>-*
5	?�(h?#<-0�i%TG; ! |n〉 0	,:?a,:?BTG; !+5�<%(@*-,�.A(j;8(VcG9=?B5@e}k*-,�>-9=?B0C*�TU>-,/(@.1.=T+*-,lc+T+917m._Z`0 {�0R?K<�Z`>-*;3^-(+EW4;	TU^�587�0	*�?&,�>-7K.10Y,�91M+*%(@.�<�Z\91*�?B0	7:JL587:08*-;	0+e

nA`NjmX�jmlnT � q T ^[V l�V |n〉 � >-4-46T+,�T+*-,/o�>-0p.10YEWT"<-0)<-0p.A(O;I(Ic"9d?B5p0	,:?K<%(+*-,m>-*S5R?�(@?m<-0Ci%TG; !
|n〉 et}q*a7�084�7�08*%(@*�?�.=08,k7:58,�>-.d?�(@?B,rTUX�?B0	*G>-,�(@>bsut"evt"ewt�e\Xa46T+>-7k.=08,k*-9dcU08(+>"2 |g〉 0	? |i〉 H+._Z`91*U?B087B(@;	?B9=T+**-T+*�7�5	,�T+*-*%(@*�?B0#<�Z`>-*x(h?BT+EP0�(IcU0	;#.A(P;I(IcG9=?B5�M+58*-y	7�0#.10	,&?B7B(@*-,:JLT+7�EF(h?B9=T+*-,&,�>-9=ch(@*�?B08,Y<-0	,p5R?�(@?�,
(h?BT+EP03zG;�^%(@EP4 ~

|g, n〉 −→ e−iΦ0n |g, n〉
|i, n〉 −→ |i, n〉

{ t"e �-|V}

Ttx
Φ0 = Ω2

0t
D
eff/4δ

08,!?P.10b<-5	4-^%(+,B(@M+04-(+7#4-^-T@?BT+*�eF}k*~EP0	,�>-7B(+*U?W.10b<-584-^%(@,B(@M+0S?BT@?�(@.u<-0S.A(
JLT+*-;	?�91T+*F<�Z\T+*-<-0Y(@?BT+EW91o�>-0+H�*-T+>-,u46T+>�cUT+*-,l0	*b<-58<->-9=7�0&<-917�0	;	?B0	EP0	*�?l.=0&*-T+E�X-7�0&<-0&4-^-T+?BT+*-,u<-0
._Z`5R?�(@?Ie6�p7B�@;80,zP.[Z\91*�?B0	7:JL5	7�TUEW5R?B7�9=0C<-0�N/(@EP,�0RQ*-T+>-,&,�TUEWEP0	,�w:>-,:?B08EW08*�?);I(@4%(@X-.10	,&<-0OEP0	,�>-7�0	7
;	0C<-584-^%(@,B(@MU0@H�<-T+*�?K*-TU>-,K<-5	<->-91,�T+*-,K.10p*-T+E�X-7�0

n
e

�uT+EPEW0D*-T+>-,&.[Z`(IcUT+*-,/cG>�(@>xsCt"evt"evt"e\X�H�.[Z\5	?�(h? |g〉 08,:?);8T+>-4-.=5�(@>jEPTG<-0D<-0O.A(a;I(Ic"9d?B5,zW?B7B(IcU0	7�,.A(j?�7B(+*-,�9d?B91T+*
e − g

oG>%(@,�9d��7�5	,�T+*-*%(+*�?�0(Ic+08;S.=0bEPTG<-0@Hk(@.=TU7�,OoG>-0S.=08,�?B7�(+*-,�9d?B91T+*-,6z�4-(+7:?B9=7�<-0
._Z`5R?�(@? |i〉 Hu<�Z`5	*-087�M+910�9=*�JL587�9=08>-7�0@H�*-0�,:TU*�?�4%(@,�;8T+>-4-.=580	,(@>�EPTG<-0@el�qZ\5	?�(h? |i〉 Hu9=*-;3^%(@*-M+5�4%(@7._Z`91*U?B087B(@;	?�91T+*�H w�T+>-0C9=;89�.10Y7 �U.=0p<-0p7�5	JL5	7�08*-;	0D<-0C4-^%(@,�0@e
�g0Y<-584-^%(@,B(@M+0

∆Φ
08*�?B7�0p.1(�4-^%(@,�0p<->S;�^%(+EW4�;8.1(+,�,�9=oG>-0Y0	?m;80	.1.10)<->S<-9=4W�+.10Y(h?BT+EP9=oG>-0)<-0Rc"9=08*�?IH
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0	*4-7�58,�0	*-;80D<-0C.A(�;I(Ic"9d?B5p<%(+*-,K._Z`5R?�(@? |n〉 ~

∆Φ −→ ∆Φ − Φ0n
{ t"e � t }

�g(a4-7�T+X%(+X-9=.19 ?B5Y<-0p<-5	?B0	;	?B0	7/.[Z`(@?BT+EW0Y<%(@*-,K.10	,K5R?�(@?�, |g〉 0R? |i〉 <�0	c"9=08*�??~

Pg,i(∆Φ) =
1

2
[1 ∓ cos(∆Φ − Φ0n)]

{ t"e � ��}

v T+>-7k;I(@.1;	>-.1087
n
H+9=."J�(@>-<-7B(Y<-T+*-;K(+;	oG>-5	7�917k<-0	>"2a,�91M+*%(@>"2#<-0lJL7B(@*-M+08,kT+X�?B08*�>-,�0	*WX%(@.A(IQU(+*�?

∆Φ
~

._Z`>-*C(IcU0	;�.1(l;I(IcG9=?B5k;8T+EW4-.1y	?�08EP0	*�?g^-T+7�,g<-0q7�5	,�T+*%(+*-;	0+HV._Zw(@>�?B7�0k(IcU08;q.A(u;I(Ic"9d?B5k<-58,B(@;8;	TU7:<-580�<�Z\>-*-0
J�7�58o�>-08*-;	0

δ
e�� (F<-9S{ 587�0	*-;80�<-0�4-^%(+,:0#08*U?B7�0#.=08,)<-0	>"2�,�91M+*%(@>"2j08,:?�!%*%(@.10	EP0	*�? { ;	J e 58o�,8e { t"e#" �U}

0R? { t"e � � }�} ~

Φ0n =
Ω2

0

4δ

√

π

2

w

v
n

{ t"e �%$G}

�kZ`5	o6e { t�e � ��} EWT+*�?B7�0mo�>-0+HU<%(+*-,q.10l;I(@,�<�Z\>-*P5R?�(h?�<-0/i%TG; !�HU.10l;8T+*�?B7B(@,:?B0K<-08,kJL7B(+*�MU0	,q<-0/N&(@EW,�0	Q
<-9=,�46087:,�9=c+08,/7�0	,:?B0CEF(�2�9=EF(@.�e

n `LjmX�jmlnT � q T ^"VYl�V |α〉 ��TU7�,�o�>-0p.1(O;I(IcG9=?B5);8T+*�?B9=08*�?l>-*�5	?�(h?m;	T+^-587�0	*�?
α
.1(O,�9d?B>%(@?B9=T+*F08,:?

4-.=>-,u;	TUEW4-.1032�0@e�f/T+>-,m(Ic+TU*-,�c">boG>�Z\>-*�5	?�(h?l;	TU^�587�0	*�?m08,:?lEPTG<-9&!%5/4%(@7u._Z`9=*�?B087B(@;R?B91T+*W<-91,�460	7�,�9=c+0
(Ic+08;C>-*j(h?BTUEW0+H�,B(a4-^%(@,�0D5R?�(@*�?/<-5	4-.A(@;85	0C<-0C.A(�oG>%(@*�?B9d?B5

Φ0

eHv (+7!?BTU*-,K<-0p.[Z\58o6e { t"e � �U} ~

|g, α〉 −→
∣

∣g, αe−iΦ0
〉

|i, α〉 −→ |i, α〉
{ t"e �('U}

�&4-7�y	,S.10�4%(@,�,B(@M+0x<-0�._Zw(h?BT+EP0@H�4-7�5	4%(+7�5�9=*-9=?B91(@.d08EW0	*�?b<%(+*-, |g〉 Hu<%(+*-,�.A( 4-7�0	EP9=y87�0�)8T+*-0�<-0
N/(@EP,�0RQb0	?Jza._Z`9=*�?B587�9=0	>-7l<-0C.A(�;I(Ic"9d?B5+H-._Z`5R?�(@?m<->,:Q",:?By	EP0C<-0	cG910	*�?,~

|g, α〉 R1−→ 1√
2
(|g〉 − i |i〉) ⊗ |α〉 cav−→ 1√

2
(
∣

∣g, αe−iΦ0
〉

− i |i, α〉)
{ t"e � " }

�&4-7�y	,a.10b4%(@,�,B(@M+0S<-(+*-,#.A( <-0	>"2�9=y8EW0*)	TU*-0�<-0SN/(@EP,�0RQ
R2

.1(jJLT+*-;	?�91T+*
<�Z`T+*-<-0�<-> ,:Q",:?By	EP0
<-0Rc"9=08*�??~

R2−→ 1

2

[

|g〉 ⊗
(

e−i∆ΦA
∣

∣αe−iΦ0
〉

− e−i∆ΦC |α〉
)

− i |i〉 ⊗
(

ei(∆ΦC−∆ΦA)
∣

∣αe−iΦ0
〉

+ |α〉
)]

{ t"e � � }
��08,K4-7�TUX-(+X-9=.19d?�58,l<-0C<-5	?�08;R?B087/.[Z`(h?BTUEW0)<%(+*-,K.10	,m5	?�(h? |g〉 0	? |i〉 ch(+.=08*�? ~

Pg,i(∆Φ) =
1

2

{

1 ∓<
(

e−i∆Φ
〈

αe−iΦ0 |α
〉)} { t"e ����}

=
1

2

{

1 ∓ exp
[

−2|α|2 sin2
(

Φ0

2

)]

cos
[

∆Φ − |α|2 sin(Φ0)
]} { t"e ����}

TtxS*-TU>-,/(IcUT+*-,K>�?B91.=9=,�5Y.[Z\58o�e { t�ewt 'U} 46TU>-7m<-5	c+08.=TU4-460	7/.=0p4-7�TG<->-9=?m,�;I(@.A(@917�0 〈
αe−iΦ0 |α

〉 e
�kZ̀ 032�4-7�0	,�,�91T+* { t"e ���U} EPT+*�?B7�0#oG>-0W.10#<-584-̂%(@,B(@M+0P<-0	,CJL7B(@*-M+08,C<,+ (@>x;3̂%(@EP4x;8T+̂-5	7�08*�?D<%(+*-,C.A(
;8(Ic"9=?�5�08,:? −|α|2 sin(Φ0)

Hro�>-9m08,:?W4-7�T+46T+7:?B91T+*-*-0	.m(@> *-TUE�X-7�0�EWTVQU0	*~<-0�4-̂-T+?�TU*-,
n̄ = |α|2 e
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�u0	.A(EP(@7�oG>-0W>-*-0F(@*%(@.1T+MU9=0a(IcU0	;P.10W<-5	4-^%(@,B(+M+0P<-08,CJL7B(@*-MU0	,D0	* 4-7:58,�0	*-;80F<�Z`>-* 5	?�(h?D<-0Fi%TG; !
|n〉 H-Ttx.=0p<-5	4-^%(+,B(@M+0C08,:?/4-7�T+46TU7:?B9=T+*-*-08.Nz n e
�g0C;	TU*U?B7B(+,!?B0D<-0	,/JL7�(+*-M+08,	H6(@>;	TU*�?B7�(+9=7�0+H�ch(+>"?,~

exp
[

−2|α|2 sin2
(

Φ0

2

)] eHvk.1>-,K.10p;�^%(+EW4;8T+^-53�
7�0	*�?q08,:?q9=*�?B08*-,�0@H+4-.=>-,k.=0l;	TU*�?B7�(+,:?B0l<-08,rJL7B(@*-MU0	,k08,:?q460R?B9=?Ie@� (Y7�5	<->-;	?B9=T+*a<->a;	TU*U?B7B(+,!?B0m08,:?q<->-0�z
.A(D<-91,�460	7�,�91T+*�<->�*-T+E#X-7�0)<-0Y4-^-T@?BT+*-,l<%(+*-,l.10);�^%(@EP4�;	T+^-587�0	*�?IH-4-7�T+46T+7:?B91T+*-*-0	.1.=0�z |α| =

√
n̄
e

� (a,�>-46087:46TU,�9d?B91T+*<�Z\TU,�;	91.=.A(h?B9dT+*-,K(Vc+08;D<-0	,/J�7�58o�>-08*-;	08,)<-9 { 5	7�08*�?B0	,8H�;�^%(+;	>-*-0O4�7�TU46T+7:?B9=TU*-*-0	.1.=0�z
n
H-4-7�TVc+T"o�>-0D>-*X-7�T+>-91.=.1(@M+0)<-08,/,�9=M+*%(+>"2�0R?/>-*-0CX%(@91,�,�0p<->;8T+*�?B7B(@,:?B0@e

f/TU>-,r46T+>�cUT+*-,k<-TU*-*�087k>-*-0m(@>�?B7�0l9=*�?B087�4-7�5R?�(h?B91T+*O<->a4-^-5	*-TUEWy8*-0@eU�qZ\58o�e { t"e ��|V} EPT+*�?B7�0u0	*a0|{ 0R?
o�>-0u.[Z\5	?�(h? <->O;�^%(+EW4O<-5	4608*-<�<-0�.[Z\5	?�(h? <-0�.[Z`(h?BTUEW0@eYvq>-9=,�oG>-0�<%(+*-, .[Z\91*�?B0	7:JL5	7�TUEW5R?B7�9=0q<-0uN/(@EP,�0RQ
._Zw(h?BTUEW0C0	,:?Y4-7�5	4%(+7�5O<%(@*-,)>-*-0O,�>-460	7�46TU,�9d?B91T+* <�08,)5	?�(h?B, |g〉 0	? |i〉 H6.[Z\91*�?B0	7B(@;	?B9=T+*;87�5	0�>-* 5	?�(h?(h?BT+EP03� ;�^%(@EP4 9=*�?B7�91o�>-5 { 5	o6e { t"e � " }�} e �g0#;�^%(@EP4 w�TU>-0�.10O7 �+.10O<�Z`>-*�91*-,!?B7�>-EP0	*�?Y<-0#EP0	,�>-7�0#<-0
._Z`5R?�(@?p<-0W._Zw(h?BT+EP0@ervq.=>-,C.10#;�^%(+EW4x08,:?D91*U?B08*-,�0a0	?C.[Z`9=*-;80	7:?B9=?�>-<-0#7�0	.A(h?B9=c+0#,�>-7C,B(S4-^%(@,�0W460R?B9=?B0@H
4-.=>-,p.10	,p9=*�JLT+7�EF(h?B9dT+*-,Y,:>-7C._Z`5R?�(@?p(@?BT+EW91o�>-0#,:TU*�?C4-7�5	;89=,�08,8eg�g0#J�(@9=?Yo�>-0W._Z`T+*�4->-9=,�,�0a;8T+*-*%(��1?B7�0
._Z`5R?�(@?K<-0C._Zw(h?BT+EP0)08*EP0	,�>-7B(+*U?/.10p;�^%(+EW4<-5R?B7�>-9=?K.A(#;	T+^-587�0	*-;80D<-0C.A(#,�>-460	7�46TU,�9d?B91T+*S08*�?B7�0C.10	,
5R?�(@?B, |g〉 0	? |i〉 Hh0	?r4%(@7 ;8T+*-,�58o�>-08*�?q.10	, JL7B(@*-MU0	, <-91,�4%(@7B(@91,�,�0	*�?Ie@�qZ\58o�e { t"e ���U} 0R2"4-7�91EP0�;	0	?k0 {�0R?k0	*?B0	7�EP0p<-0C7�08;	TU>�cG7�08EW08*�? 〈

αe−iΦ0 |α
〉 08*�?B7�0C.10	,K5	?�(h?B,K;8T+^-587�0	*�?B,8eWvq.=>-,/.=08,K5R?�(h?B,/,�0C7�08;	TU>�cG7�08*U?

0R?/.10	>-7m4-7�T"<->-9d?K,�;8(+.1(+9=7�0Y0	,:?&M+7B(@*-<�H-4-.1>-,m.10	,mJL7B(@*-M+08,K,�T+*�?KcG91,�9=X-.10	,8H-0R?Kc"9=;80YcU0	7�,B(� ����� e
')(+*-,K.10p;8(+,K<-0C.1(#;I(Ic"9d?B5p<%(+*-,K>-*5	?�(h? |n〉 H%._Z`9=*�?B087B(@;R?B91T+*�(@?BT+EP0�zG;3^%(@EW4S<-9=,�46087�,�9dcU0C*-0CEWTG<-9d�!%0W4%(+,D._Z`5R?�(h?D<-> ;�^%(@EP4�emv (@7D;	TU*-,:58oG>�08*�?IH (+>-;	>-*-0P91*�JLT+7�EP(h?B9=T+*�,�>-7D.[Z\5	?�(h?C<-0P._Zw(h?BT+EP0#*�Z\08,:?
;	TU*�?B0	*G>-0�<%(@*-,�.[Z\5	?�(h?�<->
;3^-(+EW4
0R?#.10F;	TU*U?B7B(+,!?B0b<-08,�JL7B(@*-M+08,�<-0�N/(@EP,�0RQ 0	,:?aEP(h2"91EP(@._e � (
!%M-e t�e | � ,�;�^-58EP(@?B9=,�0P.=0W4-7�9=*-;8914�0W<-0P.[Z\91*�?B0	7:JL5	7�TUEW5R?B7�9=0#<-0FN&(@EW,�0	Q�<%(+*-,D.10a;I(@,O<�Z`>-* 5	?�(h?O<-0
i%TG; ! { ( } 0R?/<�Z\>-*j5R?�(@?K;8T+^-5	7�08*�? { X } 0R?/EPT+*�?B7�0YoG>%(@.19d?�(@?B9 cU0	EP0	*�?m.A(#7�5	<->-;	?�91T+*<->;	TU*�?B7�(+,:?B0@e
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R1 R2

|g〉

|i〉

Dg

Di

νgi

1

0

nφ0
(gi)

|n〉

R1 R2

|g〉

|i〉

Dg

Di

νgi

1

0
n1φ0

|α〉

n2φ0
n3φ0

|α|2sinΦ0

b)

référence

franges
déphasées

a)

�������%t"e | � z ���
	 ��������������� 	 � 	 �������������� 	�� ������ 	�� �! ��#" 	 �%$ 	'& )( * � �,+ 	 +-�� �/. "10 |n〉 �,+�$ � &)( * � ��+ 	 +�" . �2����� � + |α〉 �
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f/TU>-,C(Vc+T+*-,pc">]<%(@*-,C.[Z\91*�?B7�TG<->-;R?B91T+* { 4�e | ��} oG>-0@Hg<%(+*-,C.1(b?B0	;�^-*-91oG>-0W<-0a<-5	?B0	;	?B9=T+*]*-T+*]<-0	,!�
?B7�>-;R?B9=c+0a<�Z\>-*](@?BT+EW0+H 91. 0	,:?D*-5	;80	,�,B(+9=7�0W<�0a46TU>�c+T+917YEW08,�>-7�0	7p.A(F4-^%(+,�0a<�Z\>-*];�^%(@EP4�;8T+^-5	7�08*�?
& .[Z\91*�?B5	7�9=08>-7a<-0 .1(x;I(Ic"9d?B5+e �u0	;89&0	,:?b46TU,�,:91X-.10M+7B�@;80 & .A(�?B0	;3^-*-9=oG>-0 <-0(']<-5R?B08;R?B91T+* ^-T+EPTh�
<�QG*-0*)UH�(@4-460	.1580m58MU(@.108EW08*U?k?B08;�^-*-91o�>-0/<�Z+'p^-T+EWT"<�QG*%(+M+0,)Ue�N/(@4-4608.=T+*-,q.[Z\91<-5	0m<-0mJ�TU*-<a<-0K;80R?�?B0
?B0	;3^-*-9=oG>-0.-646T+>-7&EW08,�>-7:087&.A(W4-^%(@,�0O91*-;	T+*-*G>-0O<�Z\>-*�;�^%(@EP4j;8T+^-587�0	*�?Y4-9=58M+5D<%(+*�,).=0DEPTG<-0D<-0
.A(S;I(IcG9=?B5@H TU* 91*0/:08;R?B0P>-* <-08>"2"91y	EP0P;3^%(@EW4 ;	T+^-587�0	*�?#o�>-9u(j.1(E218EW0aJL7�58o�>-08*-;	0b0	?�.=0PE218EW0
*-T+E#X-7:0 EPTVQ+08* <-0�4-^-T@?BT+*-,boG>-0�.10j4-7�08EW910	7F0R?�>-*-0�4-^-(+,�0�X-9=08* ;8T+*�?B743+.=580@eu�qZ`9=*�?B08*-,:9=?B5 <->
;�^%(+EW4x7�5	,�>-.=?�(@*�?C<-5	4608*-<]<-0W.1(b4-^%(+,�0a7�08.1(@?�9=c+0#08*U?B7�0W.=08,p<-0	>"2x;3^%(@EW4-,C;	TU^-5	7�0	*�?B,DoG>-9k91*U?B087!�
JLy	7�08*�?Ie�� (Y?B0	;3^-*-9=oG>-0/<-0K<-5R?B08;R?B91T+*W^-T+EPTG<�Q"*-0K;	T+*-,�91,:?B0K<-T+*-; & <-5	?B0	7�EP9=*-087k.A(6587:9<;0=K9=*-;8T+*-*G>-0
<�Z\>-*F;3^%(@EP4P;	TU^-5	7�08*U?l0	*FEP08,:>-7B(+*U?u.[Z?>A@8BC=D@E;D>ABCF/<->F;3^-(+EW4P7�58,�>-.d?�(+*U?u<-0/.A(p,�>-46087:46TU,�9d?B91T+*F(IcU0	;
>-*;�^%(+EW4<-0p7�5	JL5	7�08*-;	0+e
G 08*-<%(@*�?l?BT+>�?B0	,l.=08,u032�465	7�910	*-;80	,m<-58;	7�9=?B0	,l<%(@*-,u;80);3^%(@4-9d?B7�0+HG.10/;3^%(@EP4F<%(@*-,l.1(D;I(IcG9=?B5 & .[Z\91,�,�>-0
<-0a.1(b<-08>"2"91y8EW0a9=*0/�08;R?B91T+*�(�5	?B5aEW08,�>-7�5 & .[Zw(@9=<-0�<�Z`>-*x,�08>�.�(h?BT+EP0+H oG>-9k,�0	7B(S,�T+>�c+08*�?O(@4-4608.=5
'a(h?BTUEW0p,�T+*-<-0H)+e��qZ\5	?�(h?/<->j;�^%(@EP40	,:?&<-T+*-;CEP0	,�>-7�5 & 4%(+7:?�917m<-0C.1(#4-7�TUX%(@X-9=.19d?B5)<-0D<-5R?B0	;	?B0	7
.[Z`(h?BTUEW0),�TU*-<�0D<%(@*-,K.10	,K<-0	>"25R?�(h?B,K<�Z`5	*-087�M+910p91*�?B0	7�*-0+e
I/*-0SJ�TU9=,#.10	,a4%(@7B(+EWy	?B7�0	,a<-0S.A( ?�08;�^-*-91oG>�0<�Z`^-T+EPTG<�QG*%(+M+0�EF(��1?B7�9d,�58,8H *-TU>-,W(IcUT+*-,W7�0	EP4-.1(+;	5
.[Z`(h?BTUEW0 ,�TU*-<-0x4%(@7�4-.1>-,�9=08>-7�,�4%(+o�>-0	?B,;	TU*U?B08*%(@*�?X60I(@>-;8T+>-4 <�Z`(h?BTUEW08,S(@X-,�TU7�X-(+*�?B,	Hm;80xoG>-9
460	7�EP0R?�?B7B(Y<-0l<-5	?B0	;	?B0	78HU<%(@*-,k;�^%(+o�>-0K,�5	oG>-0	*-;80/032�465	7�91EW08*�?�(@.10@H@.=0l4%(@,�,B(@M+0m0	?q._Z`5	*-087�M+9=0l9=*�?B0	7�*-0
<�Z\>-* (h?BT+EP0Y<-0DNmQ"<�X6087�M-e��u08,/032�465	7�910	*-;80	,&,�087�T+*�?/<-58;	7�9=?�08,K<%(+*-,K.=0p;�^%(+4�e $ e
f/TU>-,�(@.1.=T+*-,F<-T+*-;�<-9=,�;8>�?B0	78Hu5	?B(+460�4%(@7b5R?�(@460+Hu<-0 ?BT+>�?B08,b.10	,b032�465	7�910	*-;80	,o�>-0�*-T+>-,�(IcUT+*-,
;	TU*-<->-9d?B08,a( !%*~<-0�EP( �=?B7�9=,:087�.1(j?B08;�^-*-91o�>-0S<-0�<-5	?B0	;	?B9=T+*~^-T+EPTG<�QG*-0+ek�g0 s � e | ;8T+*�?B9=08*�?a>-*-0
91*U?B7�T"<->�;	?B91T+* ,:>-7Y.A(P<-5	?B0	;	?B9=TU*�^-T+EPTG<�Q"*-0#(@4-4-.19=oG>-5	0 & *-T@?B7�0�<-91,�46T+,�9=?B9dJk0	?Y>-*-0#;	TUEW4%(+7B(@9=,�TU*
(IcU0	;D.1(�?B0	;3^-*-9=oG>-0D(@4-4-.191o�>-580C(@>"2�0R2�465	7�910	*-;80	,&<-0	,KJ�(@91,�;	0I(@>"2S4-7�T+4%(@M+0I(@*�?B,8e
�g0s � ewt<-58;	7�9=?O.A(EW5	?B^-TG<-0Fo�>-0b*-T+>-,�>�?B9=.19d,�TU*-,C46TU>-7D;8T+*�?B743+.10	7D.A(4-^%(@,�0b7�0	.A(h?B9=c+0W08*�?B7�0F.10	,
<-0	>"2 91*0/�0	;	?B9=TU*-,C<�Z\^-T+EPTG<�Q"*%(@M+0+H 0R?O;8T+EPEW08*�?D;	0	?�?B0P4-^%(+,:0F08,:?D?B7�y8,O,:08*-,�9=X-.10F(@>"2xc"9=X-7B(h?B91T+*-,
EW58;I(@*-9=oG>-0	, <-0	, <-0	>"2DEW917�T+9=7�,�oG>-9UJLT+7�EP0	*�? .1(m;I(IcG9=?B5@e0G (@7 ;8T+*-,�5	oG>-08*�?8H@(Ich(+*�?g?BTU>�?�0�032�465	7�910	*-;80+H
*-T+>-,O(Vc+TU*�,O7�5	<->-9=?D,�T+91M+*-08>-,�0	EP0	*�?O.[Z`(@EP4-.=9d?�>-<-0a<-08,D;80	,Dc"91X�7B(@?B9=T+*-,8e��u08,�(@EP5	.19=T+7B(h?B9dT+*-,C,:TU*�?
<-5	;87�9d?B08,/(@>�s � ewt�e
�g0�s � e � ;8T+*�?B9=08*�?D.A(�<-08,�;	7�914�?B9=TU*]<-0	,O4-7�0	EP9=087�,C,�9=MU*%(@>"2x<�Z\^-TUEWTG<�Q"*%(@MU0@HgoG>-9�T+*�?O460	7�EW91,C<-0

� �
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c+587�9 !%087C.10aX6T+*xJLTU*-;R?B91T+*-*-0	EP0	*�?D<-0W.1(�?B0	;3^-*�91oG>-0@e 'Y(@*-,D.10	,C0R2"46587�9=08*-;	08,O<-58;	7�9=?B0	,D<%(@*-,D;80R?�?B0
,�0	;	?�91T+*W.=0l;3^%(@EW4a91*0/�0	;	?B5l08,:?�<-9=7�08;R?B08EW08*U?q<-5	?B0	;	?B5K4%(@7k>-*W,:08>-.�(h?BT+EP0u,�TU*-<-0@e�f/TU>-,q(@.1.1T+*-, cUT+9=7
o�>-0).A(C4-7�T+X%(+X-9=.19d?�5K<-0)<-5	?�08;R?B087l._Zw(h?BT+EP0K,�T+*-<-0)<%(@*-,u.10	,u<-0	>"2F5	?�(h?B,u<�Z\58*-0	7�M+910 |e〉 0R? |g〉 <-T+*-*-0<-9=7�08;R?B08EW08*U?/.A(�EP0	,�>-7�0C<-0C.1(�JLT+*-;	?B9=T+*

Q
<-0C._Z`5R?�(h?K<->;3^%(@EW4<%(@*-,K.A(#;8(Ic"9d?B5 { ;	J!e sYt"e | ewt } e

f/T+>-,P(IcUT+*-,W0	*-,�>-9=?�0j(</�T+>�?B5S>-*�(h?BTUEW0�,�>-,�;	084�?�91X-.10S<-0S<-584-^%(@,�0	7P.10b;3^%(@EP4~4%(@7a9=*�?B087B(@;R?B91T+*
<-9=,�46087:,�9=c+0K(Vc+08;m.=0lEPTG<-0l<-0l.A();8(VcG9=?B5@e+'Y(@*-,q.=0&s � e $ *-T+>-,q(+.=.1T+*-, EPT+*�?B7:087r._Z`0���0R?q<->a<-5	4-^%(@,B(+M+0
4-7:T�c+T"o�>-5C4%(+7m;80R?�?B0D(@?BT+EW0p,:>-7/.=08,m,�91M+*%(@>"2�<-0C<-5	?B0	;	?B9=T+*^-T+EPTG<�Q"*-0@e
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	F;+JW/L;BJ�1P@,4hI<�6/"=6&?H{9mXZI<7`JW;2HW&�+BJWI>@?7¦&NM);+z9>;8&\JW@?13;8-���j;29>E0I� +2I�;28yJC9mXZ/vfE0IVM�&�9>;7`Jx40E�+k-6&�1P=

Eb
46&?708x9D&^�6b��e��� ��� st;3+k-6&�13=�I>7
	F;+JW/3=6&?HU9D&

40;E,AhI>�13;jI<13=0E09<8FI<@?7x;8yJ�9YX[/2vfEhI<M\&?9<;27`J�40;�9mXZ@?8F+I>9>9<&\JW;E0H 9>@f+N&�9
Ea

���!&�708�9<;28�40;E,AC+2&?8 a 9>;8�+k-6&�13=08@?7`J:9D&u1PO21P;x]SHF/2v`E0;270+;P;BJQ@?7L;28yJ:;27z1P;28FE0HF;C40;C+2@?7`JWH��?9<;2H	9D&u=0-6&�8F;_HF;9D&\JWI<M?;�;7`JWHF;C9>;�8FI>b?76&�9
4eX[;27`JWHF/;C;BJ!9YX[@)8F+I>9<9>&\JW;E0H�9>@f+2&?9 �ds�X$&�+JWI<@?7"40;�1P/29D&�70b?;2H�9<;28�+k-6&�13=08	wu9YXZ&?I<40;U4eX[E070;�9D&�13;U8y;213I�
HF/B�6/2+.-0I>8F8W&�7`JW;�+@)HFHy;28F=G@?704 46&�708370@�JWHF;^13@?7`J.&�b?;�wL8FE0=G;2HF=G@?8F;Hu9>;8P+.-6&?1P=083wz9mXZI>7)JW/2HFI<;2EhH_4hE
HF/8F@)70&�JW;E0H-�§�	&?7h8	9mX$&�=0=09>IV+N&\JWI<@?7�&�E,A^]'&?I<8F+2;2&�E,A�=0HF@)=6&�b?;N&�7`JW8 a 9<;28�+.-6&?1P=08�vfE0I�8F;x8FE0=G;HF=G@?8F;27`J8FE0H�9D&�9D&�13;38y;213I<HF/�6/+.-0I>8F8W&�7`JW;58F;{=0HF@?=6&�b);7`JC;2708yE0I<JW;�	FE08Fv`EeX$&�E,A�=0-0@�JW@f40/JF;2+BJW;2E0HF8-���!&�708C9D&
40/BJW;2+BJWI>@?73-0@)1P@,4,g,70;�;273+N&NM,IVJW/ a ;7uHF;BM�&�70+.-0; a 9<;28r+.-6&�13=08r8F@)7`J�=0I>/b?/28�wU9mXZI<7`JW/HFI>;E0H�4eX[E07uHF/8F@��76&\JW;2E0H�&NM?;2+QE07^JWHF�28�b)HF&?704{]'&?+BJW;E0H�40;QvfE6&�9>IVJW/4�0ª�&?H�+@?708F/2v`E0;27`J a I>9�;28yJ�70/2+;28F8W&�I>HF;Q4eXZ;B��;+JWE0;H9D&51P;28FE0HF;_4eX[I>7`JW;708FI<JW/_w{9YX[I>7`JW/HFI<;2E0H	40;P9>&5+N&NM,IVJW/ a +2;_vfE0I�;8yJU=G@?8F8FI<R09>;_&}M?;2+_E07�&\JW@?13;C8F@?7040;C�ª @)E0H!;kAh=09>@?HF;H:9<;�=09D&�7L+@?13=09<;BAh;�;27K]S@)70+BJWI>@?7K40;C9D&u=0-6&�8F; a ;7h�67 a 46&�708:9>;8!40;2E,AL+2&?8!@)7K]'&�I<JM\&?HFI<;2HT9>&C=0-6&�8F;QHF;29>&�JWIVM);!;7`JWHF;Q9>;!8FI>b?76&�9e4eX[;27`JWHy/2;U;BJ�9YX[@)8y+2I>9<9>&\JF;2E0H�40;QHF/B]S/HF;270+;4�
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�	���� ����� �

�	&�708�9>; � �4� ��� � 70@)Eh8	&NM)@?708�40I>8F+EhJW/U40;U9D&CJF;2+.-070I>v`E0;x4eXZI<7
	F;+JWI>@?7^4eXZE07�+k-6&�13=�46&�708�9>&_+N&NMfI<JW/=6&�H�9<;�+2@?E0=09D&�b?;r&NM);+�E070;r8F@)E0HF+;�1PI>+2Hy@�� @?7040;�;kA,JW;2Hy70;4����@?E08�&�9>9<@?708e40I>8F+EhJW;2H�46&?7h8 +2;BJFJW;�8F;+JWI<@?7
40;�9>&	1P/JW-0@f40;�v`E0;T70@?E08�EhJWI<9>I<8F@?708�=G@?E0H�+2@?7`JWH��?9>;H�9>&�=0-6&?8F;�HF;29>&�JWIVM);�;27`JWHF;�9>;8�40;2E,ACI<13=0E09<8FI<@?708
40;T40/BJW;2+BJWI>@?7_-0@)1P@f4hg,70;C����@?E08r&�9>9<@?708�;kA0&�13I<70;2H�46&�708�vfE0;9>9<;�13;28yE0HF;�9<;28�MfI>R0HW&\JWI>@?708�=0-)g,8FI<vfE0;8
40;8U40;E,Az13I>HF@?IVHF8!HW& 	F@)E,JW;27`JQ40E R0HFE0IVJQ46&�708Q9D&5=0-6&?8F;P4eX[-0@?13@f4hg,76&�b?;_;JU70@?E08U&�9>9<@?708!40/2+HFI>HF;
9<;28T;BA,=G/2HFI<;270+;28�v`E0;U70@?E08�&NM)@?708�;�§;2+BJWE0/2;8�=G@)E0HTHF/240E0I<HF;:9YXZ&?1P=09<IVJWE04h;!40;28�+2;28TM,I>R0HF&�JWI<@)7h8-�

0�1mlG132 4 9H;8@�BE7?J��q A9 5C9  !�FN)$)�q�?9H5C9H5&�87:9<;=7:>Q@'B $M@'DF@G5/�GBC9

ª @?E0H^I>7
	F;+JW;H^E07 +.-6&�13=�+@?-0/2HF;7`J�46&?7h8�E07�13@f40;L40; 9>&�+N&NM,IVJW/ &Ng)&?7`J�Eh70;z]SHF/vfE0;70+2; 40;
HF/8F@?76&?7h+2;

νc a 70@?E08QEhJWI>9>IV8F@)708!E070;P8F@?E0HF+2;P;BAfJW;2HF70;3HF/b)9</2;Pw^E070;_]SHF/vfE0;70+2; νs a &NM);+ νs ∼ νc

�
� =0HF�8�&NM)@?I<H{/BJW/zI<7
	F;2+BJW/ a 9<;K+k-6&�13=�w�9YX[I>7`JW/HFI<;2E0Hu40;z9>&�+2&}MfI<JW/L@?8F+I>9>9<;"46&�708^9>;"JW;13=08^w�9D&]�HF/2vfEh;270+;x=0HF@?=0HF;:40;Q9>&C+N&NMfI<JW/

νc

�6��7�HF;M\&?70+.-0; a 9>;!8FI>b?76&�9e40;:9D&C8F@?E0HF+;U@?8F+I>9>9<;!w_9>&�]SHF/vfE0;70+2;
νs
� st@?HF8FvfE0; a &�=0HF�8�E07�40/9D&�I T ;27`JWHF;u9>;8x40;2E,A�I>1P=0E09<8FI>@?7h8U4eXZ-0@?1P@,4hgf76&�b); a 70@?E08�I>7
	F;+JW@?708 a=6&�H	9>&313O13;x8F@?E0HF+; a 9<;x40;2E,A,I>�13;�+.-6&�13=K46&�708!9>&3+N&NM,IVJW/ a 9D&3=0-6&�8F;CHF;9D&\JWIVM);U;27`JWHF;�9>;x+.-6&�13=8yJF@,+��?/Q46&?708�9<;:HF/28y@)76&\JW;E0H�;BJ�9>;!+k-6&�13=^I>7
	F;+JF/Q=G;7046&�7`J�9>&C40;2E,A,I>�13;:I>1P=0E09>8FI<@?7uM�&�EhJU�

φ+ π = 2π(νs − νc)T
%.��� #?(

se;PJW;HF13;
π
;28yJ�& 	F@?EhJW/P=G@?E0HUv`E0;39D&5]S@?HF1CE09<;_8y@)IVJU+@)-0/HF;27)JW;5&NM);+39D&{40/�670IVJWI>@?7z40;39>&^=0-6&�8F;

4eX[-0@?13@f4hg,76&�b?;:+k-0@?I>8FI<;:46&�708�9D&x�6b��������4�
st&!13/BJW-0@f40;Tv`E0;�70@?E08�EhJWI>9<I<8F@?708�=G@?E0H�+@)7`JFH��)9<;2H�9>&	=0-6&�8F;

φ
;8yJr4h@)70+�JFHF�28�40I>HF;+JW;!�?;7_+2@?7076&�I>8 �

8W&�7`J	9>&_]SHF/vfE0;70+2;
νc

40;x9>&P+N&NMfI<JW/U;J	9mXZI<7`JW;2HoM�&�9>9V;
T
;27`JWHF;x9<;28�40;2E,A"I<7
	F;2+BJWI>@?708 a 70@?E08!& 	FE08yJW@?7089>&U]SHF/vfE0;27h+2;

νs

40;!9>&x8F@?E0HF+2;!;BAfJW;2HF70;:=G@?E0H�@?RhJW;270I<H�E07h;:=0-6&�8F;!HF;29>&�JWIVM);
φ+ π

����70;!;BA,+2E0HF8FI<@)7
2π
40;^9D&"=0-6&?8F;

φ
+2@?HFHF;8F=G@?704 wLE070;^M\&�HFID&\JWI>@?7�40;^9D&"]SHF/vfE0;70+2;

νs

/2b)&�9>;^w
1/T

���!&�708P9<;28
;kAh=G/HFI>;70+2;8�vfE0;Q70@?E08�&?9<9>@?708�=0HF/8F;27`JW;H a T ∼ 100 − 200 � 8-�
��;b`&�HF40@?708	40;x=09>E08�=0HF�28	9>;8�+2@?7040I<JWI<@)708�;kAh=G/HFI>1P;27`J.&�9>;8�vfE0;�9>;8�]�HF/2v`E0;270+;28

νs

;BJ
νc

40@?I<M?;27`J
HF;8F=G;+JW;H-����@?E08r&}M?@)7h8r13;7`JWI>@?7070/�&�E � �\� ��� ��vfE0;�9D&	]SHF/2v`E0;270+;�40;�HF/28F@?76&�70+2;�40;8�40;E,AP13@f40;8
�����

900
&NM?;2+C=G@?9D&�HFI<8W&�JWIV@?708�@)HoJW-0@)b?@?76&�9>;28C%S1P@,40;8 ��� ;BJ! "��(�;28oJ

νc ' 51, 099 # �%$�;J!vfE0;9<;CJW;21P=08Q40;_M,I>;_40E�1P@f40; ����;8yJ
τ ' 860 � 8 a +;3v`E0Ir+@?HFHF;28F=G@?704�w^E07 ]'&�+BJW;2E0HQ40;PvfE6&�9>IVJW/

Q = 2π · νcτ ' 2, 8 · 108 �§s�&39>&?HFb?;E0H�8F=G;2+BJWHW&�9>;x40;x+.-6&?v`E0;�13@f40;U;28yJ ∆νc = 1/(2πτ) ' 190�%$4�)ª @)E0H�=G@?EhM)@?I>H�I>7
	y;2+BJW;2H�E07P+.-6&�13=_46&�708�9D&	+2&NM,I<JW/ a =6&�H�+2@?708F/vfE0;27`J a 70@?E08�70@?E08r&\JFJW;7040HFI>@?708w3+2;xvfE0;�9D&_]SHF/vfE0;70+2;
νs

40;�9>&38F@?E0HF+;C;kA,JW;HF70;C4eX[I>7
	F;+JWI<@?7"40@?I<M?;xOBJWHF;�46&�708	E07KI<7`JW;2HyM\&�9>9<;Q40;
9>&�HFb);E0H

∆νc

&?EhJW@?E0H 40;j9>&�]SHF/vfE0;70+2;�40;j1P@f40;4�\��7x]'&�I<J a =0E0I>8Fv`E0;j9>;�8yI>b?76&?9`4eX[I>7
	F;+JWI<@)7U;8yJ�=0E09<8F/ a&NM?;2+CE070;_40E0HF/;
t
40;C9mXZI<1P=0E09<8FI<@?7"40;C9YX[@)HF40Hy;�40;CvfE0;9>vfE0;8 � 8 a 9>;�8y=G;2+BJWHF;P40;C9>&u8F@)E0Hy+2;_1PI>+HF@��@?7040;	&UE070;	8yJWHFEh+JWE0HF;	40;�8FI>7`E08j+N&�HF40I<76&?96+2;27)JWHF/!wU9D&:]SHF/2v`E0;270+;

νs
;JjE070;	9>&?Hyb);E0HrI>7`M?;2HF8F;13;7`J

=0Hy@)=G@?HyJWI<@)7070;9>9<;�w�9D&x40E0HF/;
t
40;!9YX[I>1P=0E09<8FI<@?7R�fª�&�H�+@)708F/vfE0;7fJ a 9>@?HF8Fv`EeXZ@?7{R6&�9D&Ng?;	9D&U]SHF/vfE0;70+2;

νs a ;BJ�J.&�7`J�v`E0;T9mXZ;kAh+E0HF8FI>@?7C;8yJ�=G;BJWI<JF;j40;M\&?7`J 1/t a vfE0Ih;8yJ�J¢gf=0I>v`E0;21P;27`J�40;�9mXZ@?HF40HF;�40;�vfE0;9>v`E0;2840I&$N&�I>70;8T40;!� ��$ a 9>&C=0E0I<8F8W&?70+;Q40E�8FI>b?76&�9eI<7
	F;2+BJW/Q40&?708�9D&�+N&NM,IVJW/:HF;28yJW;Q+@)708yJW&?7`JW;C�*,@?E09<I>b?70@)7h8P9mX$&�76&�9>@?b?I<;{40;�+2;BJFJW;�13/BJW-0@,40;�40;�+2@?7`JWH��?9<;�40;�9D&z=0-0&?8F;�4eXZ-0@?1P@,4hgf76&�b);�&NM);+"9D&
JW;+.-070I>vfE0;_40;_+@?7`JWH��?9>;�40;_9D&u=0-6&�8F;_46&?708:9mXZI<7`JW;2Hy]S/HF@?13/BJWHFI<;x40;'��&�138F;Bg a 40I<8F+2EhJW/;P&?E � #6� ��� �\�st&�=0-6&�8F;"40;�9YX[I>7`JW;Hy]S/HF@)1P�BJWHF;^;28yJ

∆ΦC = 2π(νR − νgi)Tvol

%S/v��j#�� � �)( a @?� νR

;28yJ59>&z]�HF/��
v`E0;270+;z40;L9>&�8F@?E0HF+;z;kA,JW;HF70; a νgi

9>&�]SHy/2vfE0;70+2; &\JW@?13I<vfE0;";BJ
Tvol

9>;"40/29>&�I	;7`JWHF;L9<;28540;2E,A



� E���E]U � � ���1I ��� 
��� ��I�� � I 
2� �$I � U � ����� � � � �
I<13=0E09<8FI<@?708�40; ��&�1P8F;g4�,st&U=0-6&�8F;	40;�9YX[I>7`JW;Hy]S/2HF@?1P�JWHy;�;28oJ�40@?7070/2; a =6&�Hr9>;�1PO21P;�=0HyI>70+2I<=G;�v`E0;46&�708x9>&{JW;+k-070I<vfE0;u4eX[-0@?13@f4hg,76&�b?; a =6&�HU9YX[@?8F+2I>9<9>&\JFI<@?7z40;39>&^8F@?E0HF+2;3;Jx40E�40I>= �?9>;P&\JW@?13I<vfE0;Pw40;E,A5]�HF/2v`E0;270+;28�40IV��/HF;27`JF;28Q%SHF;8F=G;2+BJWI<M?;21P;27`J

νR
;J
νgi
(r=G;27046&�7`JT9<;	40/9D&�I

Tvol
;27`JWHF;	9>;8�40;E,A

I<13=0E09<8FI<@?708�40; ��&�138F;Bg\�§�	;�=09>E08 a wu+2&?E08F;�40;�9D&340E0HF/;��670I<;�40;�9mXZI<7`JW;2HW&�+BJWI>@?7�;7`JWHF;�9D&38F@?E0HF+;;kA,JW;HF70;!;BJ�9mX$&\JW@?13;�46&�708j+.-6&?+E070;	40;28 $2@?70;28j40; ��&�1P8F;g a 40;�]'&��@)75&�76&�9>@?b?E0; a 9>&Q=0E0I>8F8W&�70+2;	40E8FI<b)76&�9G;BAfJW;2HF70;	M,E{=6&�H�9mX$&\JW@?1P;	wx9D&Q]SHF/2v`E0;270+;Q&�JF@)1PI>v`E0;
νgi
70;	M\&?HFI<;	=6&�8�9<@)HF8Fv`EeXZ@?75R6&�9D&Ng);�9D&

]SHF/vfE0;70+2;
νR

40;Q9D&�8F@)E0HF+;U&?EhJW@?E0HT40;
νgi

�
ª�E0I>8Fv`E0;	9D&Q=0-6&?8F;

φ
4eXZ-0@?1P@,4hgf76&�b);�;8yJ�E070;�]S@?70+JFI>@?7u40;

νs a 40; νc
;J�40;

T a +@)1P13;�9<;�13@?7`JWHF;9mXZ/v��e%.���$#)( a E07{R0HFE0IVJj8FE0H�E07540;	+;28�=6&�HW&?1P�JWHF;8j;kAh=G/HFI>13;7`J.&�E,Au8F;	JWHF&?40E0IVJj;7{E075R0HFE0I<Jj8FE0H φ ���@)E08�&�9>9<@?708�M?@?I>HTvfEh;U9D&C40I<8F=G;2Hy8FI>@?7�40;Q=0-6&�8F;
δφ
;28yJ�=0HF@}M)@fvfE0/;U;28F8F;7`JWI>;9>9<;213;7`J�=6&�H�9>;!R0HFE0I<J

δνc

40;	9>&Q]SHF/vfE0;70+2;!40;	HF/8F@)76&�70+; a v`E0I§;28oJT4��{&�E,A3MfI>R0HW&\JWI<@)708r1P/2+N&�70I<vfE0;8�40;8�40;E,A51PI>HF@?I<Hy8��

δφ = 2πδνcT
%.��� �`(

��7z;�§;J a w{+N&�E08F;_40;28!M,I<R0HW&\JWI>@?708	13/+N&�70I>v`E0;28:40EzR	�\JWI�v`E0I�8F@?EhJWI>;7`JQ9<;C+Hyg)@?8yJ.&\J a 9>&540I<8yJ.&?7h+2;;7`JWHF;U9<;28�40;E,A�1PI>HF@?IVHF8T@?8F+2I<9>9<;!9>/b)�HF;21P;27)J�;J a =6&�H�+2@?708F/vfE0;27`J a 9D&�]SHF/2v`E0;270+;x40;UHy/28F@?76&�70+2; νc40;�9>&Q+N&NMfI<JW/ a I<7`M);HF8F;21P;27`Jj=0HF@?=G@?HyJWI>@?7070;9>9<;�wU9D&Q9<@?70b)E0;E0Hr4eXZ@?7040; λc

;J�wU9>&Q40I<8yJ.&?7h+2;�;7`JWHF;�9>;8
1PI>HF@?I<HF8 a M�&�HFI<;4�*,@?E09>I<b)70@?708 v`E0;�70@?E08�&NM)@?708�&�=0=G;29</

∆νc
9>&�9>&�HFb);E0H I>7`JWHFI<708F�2v`E0;j40EC8F=G;+JWHy;T40;j9D&�+N&NM,IVJW/�&�EhJW@?E0H

40;:9>&x]SHF/2v`E0;270+;U40;:HF/8F@?76&?7h+2;
νc

40E0;QwC9YXZ&?1P@?HyJWI<8F8y;213;7`JT40;:9>&�+N&NMfI<JW/!;J
δνc

9D&�40I<8F=G;2HF8yI>@?7^40;
9>&QM�&�9>;E0H

νc

40E0;:&�E,A3MfI>R0HW&\JWI>@?708r40;28�40;E,A513I<HF@)IVHF8-�fst&x9D&�HFb);E0H�8F=G;+JWHW&�9<;	I>7`JWHFI<708F�2v`E0;
∆νc

7eX$&
&�E0+2E070;_I>7h�6E0;70+2;_8FE0H:9D&540I<8F=G;2HF8FI<@?7z40;_=0-6&�8F;

δφ a vfE0I�;8yJU40E0;_E070I>v`E0;21P;27)Jx&�E,AL@?8F+I>9>9>&\JWIV@?70840;Q9>&�]SHF/vfE0;70+2;U40;QHF/8F@)76&�70+;x&NM);+UE070;U&�1P=09>IVJWE040;
δνc

�
��;M?;270@?708u&?E~=0HF@)R09<�21P;^40;8PM,I<R0HW&\JWI>@?708-��st;�R	�\JWIT40E|40I>8F=G@?8FI<JWIV] a ;J3=6&�HP+@?708F/2v`E0;27`J59>;8P1PI �HF@?I>HF8jvfE0I�8F@)7)J�wC9mXZI<7`JW/2HFI<;E0Hj40E^+Hyg)@?8yJ.&\J a MfI>R0HF;7`J�w�=09>E08FI<;2E0HF8j]SHF/vfE0;70+2;8N� � @?E08�9<;28�40I>8y=G@)8FIVJWI<]S8/9>;2+BJWHFI<vfE0;28!=0HF@}M?@,v`E0;27`JQ40;8!MfI>R0HW&\JWI>@?708	w59D&P]SHF/2v`E0;270+;P40;_�?� ��$�40EL8F;2+BJW;2E0H-�tst;8:=G@?1P=G;28:w
MfI>40;�=0HFI<1u&�I<HF;8�;BJ!JFE0HFRG@�� 1P@)9</+2E09>&�I<HF;8�JW@?E0HF70;27)JQwu=09>Eh8FI>;E0HF8�]SHF/2v`E0;270+;28:;27`JWHy;P���u;BJ � �?� �%$4�
s�X[/2R0E09<9>IVJWI<@?7K40;P9mX 4 ��;Pw^9YX[I>7)JW/2HFI<;2E0H	40E +2Hog)@?8yJ.&\JU=0HF@}M)@fvfE0;3&�E08F8FI�40;28:M,I<R0HW&\JWI>@?708!40;28Q13I<HF@)IVHF8 a&�I>708FIdvfE0;�JW@?E08j9<;28�R0HFE0IVJW8j&�+2@?E08yJWI>v`E0;28j;Jj13/+N&�70I>v`E0;28j46&�708j9>&U8W&�9>9<;�40E51P@?7`J.&?b?;C� ¡ +2;8�R0HFE0IVJW8
HW&�=0I>40;8j82XZ&
	y@)EhJW;�E070;	40/2HFIVM);�9>;27)JW;	40;�9D&U40I<8yJ.&?70+;	;7`JWHF;	9>;8j1PI>HF@?I<Hy8 a 8FE0HjE070;	/2+.-0;29<9>;�40;�JW;13=08v`E0I6M�&�HFI>;T40;�v`E0;29<vfE0;8�13I>7`EhJW;28rw:=09>E08yI>;2E0Hy8r-0;E0HF;28 a =0HF@}M)@fvfE0/;�=6&�H�40;28�M�&�HFID&\JWI<@?708�JW-0;2HF1PI>v`E0;2840Eu+Hyg)@?8yJ.&\J a +2@?HFHF/9>/;28j&?E370I<M?;N&�Eu40;�HF;13=09<I>8F8W&�b?;�40;28�HF/28F;HyM)@?I<HF8j4eX[-0/29<I>E01 ;Jj4eXZ& $@�JW;4�,s�&Q=09>E �=6&�HyJ�40;:+2;8�8F@?E0HF+;28�40;:R0HFE0IVJ�40;:=0-6&�8F;Q=G;EhM);7`J�OJFHF;QHF/40E0I<JF;28�=6&�HTE070;:I>8F@?9D&\JWI<@?751P/JWI<+2E09<;2E08F;
40;8�8F@?E0HF+2;8�40;:M,I<R0HW&�JFI>@?708-�
*,@?E09>I<b)70@?708_v`E0;�9D&L8F@?E0HF+;�13I>+HF@ � @?7040;^;kA,JW;HF70; a E07 b?/270/HW&\JW;2E0H � 70HFI<JW8yE � # � � � # � w � �<� �
# �%$ a ;28yJ�JWHF�8�8yJ.&�R09>;j;BJ�JWHF�28��670;�8F=G;+JWHW&�9>;13;7`JN�?s�&�9D&�HFb?;2E0H�8y=G;2+BJWHW&?9<; ∆νs

40;j+2;BJFJW;T8F@?E0HF+;T;8yJ
70/b)9<I>b?;N&�R09<;4�}st;j40/9D&�I

T
;27`JFHF;j9>;28 40;E,A�I>1P=0E09>8yI>@?7h8 a +2@?7`JWH��?9>/r/29<;2+BJWHF@?70I>vfE0;13;7`J a ;8yJ�/b`&�9>;13;7`J40/B�670I�&NM);+�E070;xJWHF�8	b)HW&�7040;x=0HF/+2I<8FI>@?7 a 8FEh¨38W&�7`JW;�=G@)E0H�HF;7040HF;�70/2b?9<I>b?;N&�R09<;Q9D&P40I>8F=G;HF8FI>@?7 δT8FE0H�9YX[I>7)JW;2HyM\&?9<9<;

T
�

� M�&�7`Jr40;T40/2+HFI>HF;T9YX[;BA,=G/2HFI<;270+;�40;�1P;28FE0HF;T40EPR0HFE0I<J�40;�=0-6&�8F;
δφ
4��3&�E,ACMfI>R0HW&\JWI<@)708�;BJr4eXZ;kAh=09<I �

v`E0;2Ht9>;28t&�13/9>I<@?HW&\JWIV@?708�vfE0I)@?7`Jt/JW/�70/+2;8F8W&?I<HF;28�=G@?E0Ht9<;�HF/40E0I>HF; a 8F@)E09<I>b?70@?708eE07Q;B�§;J�I>1P=G@?HyJ.&?7)JN�¡ =6&?HyJWI<Ht40;r9YX[/2vK�,%.��� #?(�@)7U;8yJ JW;7`JW/28 40;r+2@?70+9>E0HF;rv`E0;�9>;8�@?8F+2I<9>9>&�JFI<@?708eHW&?=0I<40;28�/9D&�HFb?I>8F8F;7`J�8F;2E09<;28
9D&:=0-6&�8F;4�h*,;2E09<;28�9>;8�@?8F+I>9>9>&\JWIV@?708r4h;�9D&Q+2&NM,I<JF/�v`E0IGI>7`JW;HyM,I<;27070;7`J�wUE07h;�]SHF/2v`E0;270+;:&�8F8F; $	HW&�=0I>40;
=G@?E0HPv`E0;

νc

+.-6&�70b);^40;^M�&�9<;2E0H_8FI>b?70I<�0+N&\JWI<M?;21P;27`J_;7`JWHF;�9<;28_40;2E,A~I>7
	F;+JWI<@)7h8_8F;1CR09>;7`JP=G;2H �
JWE0HFRG;H�9mXZ-0@?13@f4hgf76&?b?;C�6��7�]'&�I<J a E07�&?E,JWHF;Q;�§;BJ�I>7)JW;2HyMfI>;7`JN�6�!&�708�E070;U&?+vfE0I<8FI<JWI<@)7{40;Q40@?7070/2;8



� � �����	��
������� E��	� ��������
����������� ��� ��� � � U � ����� � � �1I �����!�"�

@?HF40I<76&?I<HF; a 9>&�8F/vfE0;70+2;U;BA,=G/2HFI<13;7`J.&�9>; a v`E0Ie40E0HF;:v`E0;29<vfE0;28�1PI>9<9VI<8F;+2@?7040;28 a ;8yJ�Hy/2=G/JF/2;QE07{JFHF�28b?HW&�704L70@)1�R0HF;C40;C]�@)I<8:&NM);+_9>;28!13O13;8!=6&?HW&�1P�JWHF;8 a 46&?708:9<;CR0EhJQ4eXZ&NM)@?I>H!E07h;P&?++2E01�E09D&\JWI>@?78yJW&�JWI<8yJWI>v`E0;Q8FEh¨P8W&�7`JW;4�§ª @?E0H�&NM)@?I>HTE070;U+2@?E0HFRG;U+2@?1P=09>�JF; a ;27�@?EhJWHF; a =09>E08FI<;2E0HF8�&�+2+E01CE09>&�JWI<@?7088F@?7`J�;B�§;2+JFE0/2;8j;273R6&�9D&Ng`&�7`Jr40;T]'& �@?73+Bg,+9>I>v`E0;�9>&!]SHF/vfE0;70+2;
νs
&NM);+�E070;�=G/2HFI<@,40;�40;�=09>E08FI<;2E0HF8

1PI>7fEhJF;28-�hs�&x]SHy/2vfEh;270+;Q40;!9D&x+2&NM,I<JW/ a =6&�H�+@?708F/2v`E0;27`J a 40@?IVJ�HF;28yJF;2HT8yJ.&�R09>;	70@?7{8F;E09>;21P;27)J�=G;7 �46&�7`J�9>;�JW;13=08
T
;27`JWHF;�9<;28�40;E,API<7
	F;2+BJWI>@?708�w:9mXZI<7`JW/2HFI<;E0H�40;�9D&!1PO21P;T8F/vfE0;70+2;�;BA,=G/2HFI<13;7`J.&�9>; a13&�I>8x&�E08F8FI�=G;7046&�7`JCJW@?EhJC9<;3JW;13=08�@?��9>&�13O13;38F/2v`E0;270+2;^;8yJ_HF/=G/JW/; a =G@?E0H�/BM,I<JF;2H�v`E0;{9>&=0-6&�8F;

φ
70;j8F@?I<J�=G;HyJWE0HFRG/;T=6&�H�9<;�]'&�IVJ�40;�13@}g?;27070;H�9>;8�8FI<b)76&�E,Ax8FE0H�40;8�8F/vfE0;70+2;28�;BAh=d/2HFI>1P;27 �

J.&�9<;28�@)RhJW;7fE0;8Q&NM);+CE070;x]SHF/2v`E0;270+;
νc

40IV��/HF;27)JW;4� �j;+2I�70@?E08!@?R09>I<b?;xwuHF/240E0I<HF;�9<;28�MfI>R0HW&\JWI>@?708
w�JW@?EhJW;28�9>;8T]SHF/vfE0;70+2;8 	FE08FvfEeXZ&�E,A�40/2HFIVM);8�JWHF�8�9<;27`JW;8�40;Q9>&C+N&NMfI<JW/C�
�	&�708P9<; � ��� #6� #"70@?E08P&�9>9<@?708xJW@?EhJ_4eX$&�RG@?HF4~40I<8F+2EhJW;H_9D&�JW;2+.-070I>v`E0;^vfE0;^70@?E08_EhJWI>9<I<8F@?708�=G@)EhH
1P;28FE0Hy;2H 9>;�8F=G;+JWHF;j40;�]SHF/2v`E0;270+;28�;BJ�9>;�]'&�+JW;E0H 40;�v`E6&?9<I<JW/�40;r9D&T+N&NM,IVJW/4� ��@)E08�&�9>9<@?708t13@?7`JWHF;H�9D&
+@?E0HFRG;!40;�JWHW&?7h8F13I<8F8FI>@?7u40E5HF/28F@?76&\JW;2E0H�1PI>+2HF@ � @?7040;�;J�9YX[I>7h�6E0;70+2;	40;8�MfI>R0HW&\JWI>@?708�40;8T1PI>HF@?I<Hy8
8FEhHP+2;^8FI>b?76&�9>����708FE0I<JW; a 46&�708P9<; � ���$#�� � 70@?E083&�9>9>@�708C13;8FE0HF;HPvfE6&�7`JWIVJ.&\JWI<M?;213;7`J_9mXZ;B��;BJP40;8MfI>R0HW&\JWI<@)708�40;8�13I>HF@?IVHF8�;BJT70@?E08T&�9>9>@?708r40I>8F+EhJW;2Hj40;28T&?1P/29<I<@?HW&\JWI<@?708rvfE0;!70@?E08T&NM)@?708T&�=0=G@)HyJW/;28
&�E^40I>8F=G@?8FI<JWIV] =G@?E0HTHF/240E0I<HF;Q+;JyJW;U8y@)E0HF+;U40;:R0HFE0I<JN�

0�1mlG1ml � N+9 ; 7?JL@q�?; @�NM>A9 5C9  !�6;����G>O7��

s�XZI>40/;^9D&L=09<E08P76&\JWE0HF;29<9>;{=G@?E0HP13;8FE0HF;H39<;^8F=G;+JWHF;�40;^]SHF/vfE0;70+2;8540;�9>&L+N&NM,IVJW/^13I>+HF@ � @?7040;
+@?708FI>8yJW;�w	I>7
	y;2+BJW;2H�E07C+k-6&�1P=_w�9YX[I>7`JW/HFI<;2E0H 40ECHy/28F@?76&\JW;2E0H a =6&�H�E07C40;28�40;2E,AxJWHF@?E08�40;�+@)Eh=09D&�b);&�E�+;27`JWHF;540;28C1PI>HF@?I<HF8 a ;J_w"@)R08y;2HyM?;2HC9YXZI<7`JW;708FI<JW/340E�8FI>b?76&�9�vfE0Ij8F@?HyJC=6&�H�9>;3JWHF@?E�40E�13I<HF@?I<H@?=0=G@?8F/3;27 ]S@?70+JWI<@?7 40;39>&{]SHF/2v`E0;270+;54�XZI>7
	y;2+BJWI>@?7R�tª�E0I>8yvfE0;39D&{]SHF/vfE0;70+2;u40;3HF/8F@)76&�70+;u40;39D&
+2&NM,I<JF/

νc ∼ 51, 099 # �%$";8yJ5JWHF@?= /9>;BM)/;K=G@)EhHuvfE0;K9mXZ@?7 =0E0I>8y8F;K@?R08F;HyM);H{40I<HF;2+BJW;21P;27`J5+;8FI<b?76&?9�=6&�H_E07|I>708yJWHyE013;7`JP/29<;2+BJWHF@?70I>vfE0; a I>9�;8yJ370/2+;28F8W&�I>HF;�40;�+HF/;2HPE07|R6&\JFJW;21P;27`JP;27)JWHF;�9>;8FI<b?76&?9GJWHW&�708F1PI>8j;JTE07^8FI>b?76&�9§40;:HF/B]S/2Hy;270+;U&Ng`&�7`J�E07h;!]SHF/vfE0;270+;Q=0HF@f+k-0;:=G@?E0H�+2HF/;2HTE07^8FI<b?76&?9
w"E070;u]SHF/2v`E0;270+;^40;59YX[@)Hy40HF;u40;{v`E0;29<vfE0;8 � �%${v`EeXZ@?7�=0E0I<8F8F;{1P;28FEhHF;2HC40I<HF;2+BJW;21P;27)J_wK9mX$&�I>40;
4eX[E07�@)8F+I>9<9>@?8F+@?=G;:@?E�4�X$&�EhJWHF;28�I>708yJFHFE013;7`JW8�/9>;+JWHF@?70I>v`E0;28�E08FE0;9>8-�
st&�JW;+k-h70I>vfE0;z40;L13;8FE0HF;LvfE0;z70@?E08^EhJWI<9>I<8y@)7085;kAh=09<@)IVJW;K9YXZ&�76&?9Vg,8F;E0H5M?;2+BJW@?HFI>;29!40/BM);9>@?=0=G/z;BJ
R0Hy;M);BJW/"=6&�H3ª�-0I<9>I<=0=G; # @}g�;BJ���I<+k-0;9 # HF@?8F8P=G@)E0HP9D&L8F@f+2I>/BJW/ �  j1P1d� �j;BJuI>708yJWHFE01P;27)J3;28yJEhJWI<9>IV8F/�40;2=0E0I<8�=h9>E08FI>;E0HF8j&?7070/;28�=G@?E0Hj1P;28FE0HF;Hj9>;�8F=G;+JFHF;!40;	9D&U+2&NM,I<JF/	;BJ�8F@?75]�@)70+BJWI>@?7070;13;27)J
;8yJ_;BA,=09>I>v`E0/5;27�40/J.&�I<9>8x46&�708_=09<E08FI>;E0HF8�HF/]S/HF;270+;28 �[� � a ��� �>��s�&"�6b��$��� � 13@?7`JWHF;uE070;{I>13&?b?;8F+.-0/1u&\JWI>v`E0;K40;"9D& +2@?7h�6b?E0HW&�JWI<@?7 40;"9YXZ&?76&�9Vg,8F;2EhH3M);+JW@?HFI<;29�JW;29<9>;�vfE0;K70@?E0859YXZ&}M?@?7085EhJWI<9>IV8F/2;
=G@?E0H�9<;28T13;8FE0HF;8-�
ª @?E0HT+HF/2;HTE07^8FI<b)76&�9§40;!R6&�JFJF;21P;27`J�w�E070;!]SHy/2vfE0;70+2;

∆ν0 = 9, 01
� �%$ a 70@?E08TEhJWI>9<I<8F@?708j40;2E,A8F@?E0HF+;28T1PI>+HF@�� @?7040;C�,s�&x=0HF;21PI>�HF;	;8yJT+2@?708yJWI<JFE0/2;!=6&�HjE07{b?/270/HW&�JF;2E0H � 70HyI<JW8FE � # � � � # � JFHF�28�67u8F=G;+JWHW&�9<;213;7`JN��� 9G82XZ&�b)IVJ�40Eu13O13;�I<708yJWHFE01P;27`J�vfEh;	70@?E08jEhJWI<9>I<8F@?708�=G@)E0HrI>7
	F;+JW;H�9>;�+.-6&�13=

46&�708�9>&�+N&NMfI<JW/j&�Ex+2@?E0HF8�40;28�;BA,=G/2HFI<;270+;28�40;�40/JW;+JWI<@)7x-0@?13@f4hg,70;C� �j;BJFJW;j8F@?E0HF+2;j+HF/2;jE07�8FI<b)70&?9
/9>;+JWHFI<vfE0;3w�E07h;3]SHF/vfE0;70+2;

ν0/4
v`E0I�;8yJ�vfE6&�40HFE0=09</3;27 ]SHF/2v`E0;270+;5=6&�HUE070;340I>@f40;u*,+k-0@�JFJ��)g

&NM\&?7)J�4eXZOBJWHF; I<7
	F;2+BJW/z46&�708^9D&�+N&NMfI<JW/zw�JFHW&}M?;2Hy8�9>;8^b?E0I>40;28^4eX[@?7040; v`E0I:=6&?HF+@?E0HF;27`J^JW@?EhJ�9>;
+Hyg)@?8yJ.&\J:;J:+@?7070;2+BJW;27`JQ9>;8!8F@?E0HF+;28:;BAfJW/2HyI>;2E0Hy;28Q&�EKJWHF@?EL40;�+2@?E0=09D&�b?;�40;8:13I<HF@?I<HF8-�Gst;C8FI<b)70&?9
I<7
	F;2+BJW/�46&�708�9>&Q+2&NM,I<JF/�&QE070;�]SHF/vfE0;70+2;

ν0
40;�9YX[@?HF40HF;�40;!�6� # �%$4�`s�&U40;E,AhI<�21P;�8F@?E0HF+2;�1PI>+HF@��@?7040;C;8yJQE07L+HFI>8yJ.&�9���� #_a v`E0I�;28yJQ&?8y8F;2HyMfI�;27L=0-6&�8F;_8FE0H!9<;�=0HF;21PI>;H	b?/270/HW&\JW;2E0H a =G@?E0H!v`E0;_9D&]�HF/2vfEh;270+;U/21PI>8F; a &�=0HF�8�9>;!vfE6&�40HFE0=09<;2E0H a 8F@?I<J ν0 + ∆ν0

�6ª @)E0HTHF/2&?9<I>8F;H�9YXZ&?8y8F;2HyMfI>8F8F;13;7`J a 70@?E08



� E���E]U � � ���1I ��� 
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source 1

Anritsu MG3692A

cryostat

source 2

YIG 12-18 GHz

synthétiseur RF

X4

X4

ordinateur

oscilloscope

analyseur de spectre

ν
0

ν
0
/4

∆ν
0
/4

(ν
0
+∆ν

0
)/4 ν

0
+∆ν

0
∆ν

0
 = 9,01 MHz

�������K��� � 	J���������� ���b=T3�=N*,a<��#;��#�= �$#-+*.�</L=<8/����0#f��#�&(�^��5QH�>*,�LE

=0HF@f40E0I>8y@)708CJW@?EhJ34�X$&�RG@)Hy4|E07|=0HF;13I<;2HC8FI<b)76&�9�40;�R6&\JFJW;13;7`JP40;^]SHF/vfE0;70+2;
∆ν0/4

;27)JWHF;�9>;8
]SHF/vfE0;70+2;8

ν0/4
;J

(ν0 + ∆ν0)/4
40;8!40;2E,AK8F@?E0HF+;28:70@?7KvfE6&�40HFE0=09</2;8 a ;J!70@?E08!8FE0=G;HF=G@)8F@?708;708FE0I<JW;^+2;�8FI>b?76&�9T&}M?;2+�E07 &�EhJWHF;^8FI>b?76&�9 a wz9D&K13O13;5]SHF/2v`E0;270+; a I>8y8FE|4eXZE07|8ygf7`JW-0/JWI<8F;2E0H340;HW&�40I>@�]SHF/vfE0;70+2;8-�fst;�8FI>b?76&�904eXZ;HFHF;2E0H�&�I>708FI0+HF/2/�=G;HF13;BJr4eX$&�8F8F;HyM,I<Hr9>;T+HFI>8yJ.&�9 � � # ;273=0-0&?8F;�8yE0H9>;�8yI>b?76&?9040Eu=0HF;13I<;2H�b?/270/HW&\JW;2E0H-�fst;�8FI>b?76&�9640;�R6&�JyJW;21P;27`Jjw

∆ν0 = 9, 01
� �%$�;7`JWHF;�9>;�8FI>b?76&�9

JWHW&�708F1PI>8�wP9>&C8F@)HyJWI<;:40;U9>&_+2&NM,I<JW/:;J�+2;29<E0ItI>8y8FE�40;Q9D&C40;2E,A,I>�13;Q8F@?E0HF+2;U=G;EhJ�OJFHF;U@?R08F;HyM)/U8FE0H
9mXZ@?HF40I>76&\JW;E0HTv`E0It+2@?7`JWH��?9>;!9YXZ&?76&�9<gf8F;2E0H�M?;2+BJW@?HFI>;9 a 8FE0H�E07�@)8F+I>9<9>@?8F+@?=G;:@?E�8FE0H�E07"&�76&�9<gf8F;2E0H�40;8F=G;+JWHF;8-�
s�&U+2&NM,IVJW/�8F;�+2@?1P=G@)HyJW;�+2@?131P;�E073�69VJWHF;�;273]SHF/vfE0;70+2;4�0*,;2E09GE07u+k-6&�1P=uI>7
	y;2+BJW/	wU9>&:]SHF/2v`E0;270+;
=0HF@?=0HF;_4eXZEh7�1P@f40;_40;_9D&5+N&NMfI<JW/_HF/8F@?7070;4��st@?HF8FvfE0;P9>&5]�HF/2v`E0;270+;

ν0
40;_9D&58F@?E0HF+2;P;8yJU9>@?I>7K40;

9D&{]SHF/vfE0;70+2;
νc

4eX[E07�13@f40;P40;u9>&�+2&NM,IVJW/ a &�E0+E07�+k-6&�13=�70;38F;u+@)708yJFHFE0I<Jx46&�708x9D&^+2&}MfI<JW/3;BJ a=6&�H�+2@?708F/2v`E0;27`J a 9<;Q8FI<b?76&?9�JWHW&�708F1PI>8T;28oJ	7`E09>�6ª�E0I<8FvfE0;U9>;:40;E,AhI<�21P;Ub?/27h/2HW&\JW;2E0H�;8yJ	&�8F8F;2HyMfI ;7=0-6&�8F;�8FE0Hj9<;�=0HF;13I<;2H a 9YXZ&�13=09<I JWE040;�;Jj9>&Q=0-6&�8F;�40E58yI>b?76&?9640;�R6&\JFJW;21P;27)Jj40@?7070;27`Jj40I>HF;+JW;13;7`J9YXZ&�13=09<I JWE040;!;BJ�9D&C=0-6&�8F;Q40E�+.-6&?1P=�wC9YX[I>7`JW/HFI>;E0H�40;Q9>&C+N&NMfI<JW/C�
¡ =6&?HoJWI>H540;L+;JFJF;z+@)7h�6b?E0HW&\JWI>@?7 a 40;2E,A¦JW;+k-070I<vfE0;8�40IV��/HF;27)JW;28^=G;HF13;BJFJW;7`J�40;L1P;28FE0HF;H{9>;]'&�+JW;E0H�40;Qv`E6&�9>I<JW/!40;8�1P@,40;8�40;Q9>&C+2&}MfI<JW/C�

�	��
����������������������������������! "
#%$&

'$&�� (�� *)+�� "�,��$��� *�������-)+�/.102���� "�3� ��70;�JW;2+.-070I>v`E0;
+@)708FI<8yJW;jw�R6&�9>&}g?;2H�9>&T]SHF/vfE0;70+2;

ν0

40Ex8FI<b)76&�9)I>7
	F;+JW/r46&�708 9D&�+2&NM,I<JW/r;BJ�w�1P;28FE0HF;H a ;7�@?R08F;HyM�&�7`J9>;�R6&\JFJW;21P;27`J a 9<;j8FI>b?76&�9fJWHF&?708F1PI>8 ;27�]S@?70+JWI<@)7x40;�9D&�]SHF/2v`E0;270+;�4eX[I>7
	F;+JWI<@?7R���	&�708�9>;�+N&�8 ν0 ∼ νc@?��9>&C]SHF/2v`E0;270+;x40;U9D&_8F@?E0HF+;x;8yJ	=hHF@,+.-0;U40;U9D&�]SHF/2v`E0;270+;�40;UHy/28F@?76&�70+2;x4eX[E07�13@f40;Qb)&?E08F8FI<;27
40EKHF/28F@?76&\JW;E0H a 9mXZI>7)JW;2708FIVJW/U40EL8yI>b?76&?9tJWHW&�708F13I<8�;28yJ!E070;�]S@?70+BJWI>@?7"9>@?HF;7`J�$2I<;27070;x40@?7070/2;�=6&?H�9D&]S@?HF1�E09>; �Z� � a =R�K� � #\���

I(ν0) =
I0

1 + 4

(

ν0 − νc

∆νc

)2

%.��� � (



� # �����	��
������� E��	� ��������
����������� ��� ��� � � U � ����� � � �1I �����!�"�

st&P9D&�HFb?;2E0H�8y=G;2+BJWHW&?9<;
∆νc

;28yJ�9D&_9>&?HFb?;E0H�wP9D&_1PI � -6&�EhJW;E0HQ�
I(νc ± ∆νc/2) = I(0)/2 = I0/2

�
s�XZI>7)JW;2708FIVJW/:JWHW&�708F1PI>8F;Qw_JWHW&NM?;2HF8�9>;:HF/28F@?76&\JW;2E0H�;8yJ	40@?70+U40@?7070/;x=0&?H�E07�=0I>+:+2;7`JWHF/xw

ν0 = νc;BJ�40;!9D&�HFb?;2E0H
∆νc

� ¡ =6&?HyJFI>Hj40;:+;JFJF;:13/BJW-0@,40; a =6&?H�E07�& 	FE08yJW;13;7`JTM?;2+BJW@?HFI>;9e40;!9YXZ&?1P=09<IVJFE040;;BJ�40;Q9>&�=0-6&�8F;Q40;:9D&�+2@?E0HFRG;:40;!JWHW&�708F13I<8F8FI>@?7{40;:9>&C+2&NM,IVJW/ a 70@)E08T=G@)EhM?@?708�+2&�9>+E09>;2H�9<;	]'&�+JW;E0H40;Cv`E6&�9>I<JF/
Q = νc/∆νc

�es�&u�6b������$�u1P@)7)JWHF;�9D&u+@?E0HFRG;_40;�JFHW&?708F1PI>8F8yI>@?7K40EL1P@,40; ��� 40;C9D&
+2&NM,I<JF/4�

� �����\���$�'	 � /6�C�HS6#
��#�*.���L �=��^�!=�=��(/L ^���i��/6��# � � ��# &(�c��2QN�,*,�+E4U@�f-/6�C�HS6#V�f�+*,�V�\ [ �C��=<#V�8���<a<=
& �i���</2-�8���C�<#;�7Z �!=</+& ��*.�(/+ ]��#<=;QH�TS+����*.�(/+ �=NE�UW#<=:�8O+�C=N*,#<��#< �*0=i���b=�� g5 K�L&�=</L �*$�1/+ �*.�<��=NE

� �1
'�������"�(�/�1#�� 
 ������$������" ���)+�/.102���� "�3���
	 � ��70;T&�EhJWHF;�13/BJW-0@f40;j40;j40/BJW;2HF1PI>76&\JWI>@?7
40EU]'&�+JF;2E0H 40;�vfE6&�9>IVJW/�40;j9>&�+N&NMfI<JW/r+2@?708FI>8yJW;jw�1P;28FE0HF;H�40I<HF;2+BJW;21P;27)J�9>;�JW;13=08 40;rM,I<;�4�XZE07�1P@f40;
I<7
	F;2+BJW/x=6&?H�9D&38F@?E0HF+;C=0E09<8F/2;C�est&3�6b��W�4��� � a 46&�708!9<;x+.-6&?=0IVJWHF;�� a 1P@?7`JWHF;x9D&P13;8FE0HF;�40E"JW;21P=0840;	M,I<;4�0s�&C8F@?E0HF+;Q4�XZI>7
	y;2+BJWI>@?7{40E^8FI<b?76&?9§;28oJ�&�9>9<E01P/2; 	FE08FvfEeXZw_9YX[I>708yJ.&�7`J

t = 0
� � E^13@?13;7`J�@)�

9>&^8F@)E0Hy+2;u;8yJ�/JW;I>7`JW; a 9>;P+.-6&�13=�w�9YX[I>7`JF/2HFI<;2E0H:40;39D&^+N&NMfI<JW/382XZ&�13@?HyJWI<J-��*,@)7�I<7`JW;2708FIVJW/P40/2+HF@��>JwuE07"J.&�E,A
τ = κ−1 � ¡ JWHW&}M?;2Hy8!E07z& 	FE08yJW;13;7`J!;BAh=G@?70;7`JWI>;9�40EK8FI>b?76&�9 40;�40/2+HF@)I<8F8W&�70+2;C70@?E08+2&�9>+2E09<@?708 9<;�JW;21P=08�4eXZ&�13@?HyJWI>8F8y;21P;27`J 40;�9D&�+N&NMfI<JW/

τ
�\��708FE0I<JW; a 9<;�]'&?+BJW;E0H�40;�vfE6&�9>IVJW/ Q = 2πνcτ;8yJ�+N&�9>+E09>/!40I>HF;+JW;13;7`JN�

� �� "
$�� $&�&$��. �!��	��$��"��� ��$��� "
 st&C40/BJW;2HF1PI>76&\JWI>@?7u40E{]'&�+JW;E0HT40;!vfE6&�9>IVJW/	40E^HF/8F@)70&�JW;E0H�=0&?H
9>&!13;8FE0HF;�40I<HF;2+BJW;�40E_JW;13=08�40;TMfI>;T40E31P@f40;�w:E070;T]SHF/2v`E0;270+;��hA,;�4eX[I>7
	F;+JWI<@)7C;28yJr9D&!1P/JW-0@f40;
EhJWI<9>IV8F/2;�9>;�=09>E08�]�HF/2v`E0;21P13;27)JN�hs�XZ&NM�&�7`J.&�b?;	40;	+;JFJF;!1P/JW-0@f40;�;28yJ�8F@?7{I<708F;27h8FI>R0I>9<IVJW/�&�E,A3M,I<R0HW&
�
JWI<@?708Q40;8U13I<HF@?I<HF8-� �j;BJFJW;PJW;+k-h70I>vfE0; a ;7�;B��;BJ a +2@?708FI>8yJW;3w^I<7
	F;2+BJW;2HQEh7�+.-6&?1P= 46&�708U9>&{+N&NM,IVJW/



� E���E]U � � ���1I ��� 
��� ��I�� � I 
2� �$I � U � ����� � � � �

;BJ	wP&\JFJW;7040HF;QvfE0;Q9>;:+.-6&�13=�HF;9D& Ah;C�6s�XZ@?8F+2I<9>9>&\JWI<@?7540;U9>&�]SHF/vfE0;70+2;x40;QHF/8F@?76&?7h+2;U40;Q9D&C+2&NM,IVJW/
=G;7046&?7)J�9<;�JW;21P=08T40;!HF;9D& A0&\JWI>@?7u7eX$&C&�E0+2E070;:I<7h�6E0;270+;:8FE0HT9<;�J.&?E,A54eXZ&�13@?HyJWI>8F8F;13;7`JN�hse;!]S&?+ �
JW;E0H

Q
&�I>708FId+2&?9<+2E09</�;8yJ�40@?70+	9<;�]'&�+JW;E0H�40;	v`E6&�9>I<JW/�I<7`JWHFI>708F�vfE0;�40;28j13I<HF@?I<HF8�I>7040/=G;27040&?7`Jj40;28

MfI>R0HW&\JWI>@?708-�
��7^HF;BM�&�70+k-0; a 9D&x13;8FE0HF;!40E{8FI>b?76&�9GJWHW&�708F13I<8j;275]S@?70+JWI<@)754h;:9>&U]SHF/2v`E0;270+;Q4eX[I>7
	F;+JWI<@?7540/2=G;704]S@?HyJW;13;7`J�40;8�MfI>R0HW&\JWI>@?708-�,se@)HF8yvfE0;!9>;8j13I<HF@)IVHF8�RG@?E0b?;27`J a 9>&U]SHF/vfE0;70+2;:=0HF@?=0HF; νc

40E{1P@f40;	40;
9>&P+N&NM,IVJW/U@)8F+I>9<9>;Qw3=09>E08FI<;2E0Hy8�]SHF/vfE0;27h+2;8

fi
+@)HFHy;28F=G@?7046&�7`J!+k-6&�+E070;Cw3E07"13@f40;U40;UMfI>R0HW&\JWI<@)7

40IV��/HF;27`JN�tst;_8FI>b?76&?9�I>7
	F;+JW/Pw^9D&5]�HF/2v`E0;270+;
ν0
40;P9>&{8F@)EhHF+2;3;8yJU�09<JWHF/_=6&�HQE07 HF/8F@?76&�JW;E0HU40;

9>&?HFb?;E0H
∆νc

;JU40;_]SHy/2vfE0;70+2;3+2;7`JWHW&�9>;
νc + δνc,i sin(2πfit) a 46&�708Q9>;C+N&�8U4eX[E070;_]SHF/2v̀ E0;270+; fi40;�MfI>R0HW&\JWI>@?7:©

δνc,i

;8yJ5I<+2I�9mXZ;kAh+E0HF8FI>@?7 40;�9>&L]SHF/2v̀ E0;270+;K40;�HF/8F@)76&�70+;"40;�9D&z+2&NM,IVJW/"&�EhJW@?E0H
40;39D&{]SHy/2vfE0;70+;5+2;7̀ JWHW&�9>;

νc

40E0;uw�9D&{MfI>R0HW&\JWI>@?7z40;28x1PI>HF@?I<HF8Qw�9>&{]SHF/2v̀ E0;270+;
fi

� ¡ +N&�E08F;u40;
9mXZ@?8F+2I<9>9<&\JWI<@?7�40E|HF/28F@?76&\JW;2E0H a 9<;̂ 8F=G;+JWHy;�40;̂ ]SHF/vfE0;70+2;85v̀ E0;�70@)E08P@?RhJW;70@)708P;7 1P;28FE0HF&?7̀ JP9D&JWHW&�708F1PI>8F8FI<@)7z40;39>&̂ +2&}MfI<JW/P;7�]S@?70+BJWI>@?7 40;P9D&{]SHF/vfE0;70+2;

ν0

4eX[I>7
	y;2+JFI>@?7 +@)7̀ JFI>;27)Jx40;8xR6&�7040;28
9>&�JW/HW&�9>;8�wC40;28�]SHy/2vfEh;270+;28�1CE09VJWI<=09<;28�40;

fi
�

��I>8yJWI<70b)E0@?708T40;E,A�+N&�8Q�
	
fi & ∆νc

�hst@?HF8Fv̀ E0;!9>&Q]SHF/vfE0;70+2;
fi

40;28jMfI>R0HW&\JWI>@?73;8yJT=09<E08jb?HW&�7040;	v̀ E0;!9>&U9D&�HFb?;2E0Hr8F=G;2+BJWHW&�9>;
I>7̀ JFHFI>708F�vfE0;�40EK13@f40; a 9D&3R6&�7040;C9>&�JW/HW&�9>;U;8yJ:HF/28F@?9>E0;x;J:8y/2=6&�HF/2;C40EL=0I<+�9<@?HF;27̀ J�$I>;7K+;27̀ JWHF&?940;:JWHW&�708F1PI>8F8FI<@)7��

	
fi . ∆νc

��st@?HF8Fv̀ E0;
fi
;8yJ�=G;BJWI<JW;�40;BM�&�7̀ J�9>&�9D&�HFb?;2E0H�40E�=0I>+ a 70@)E08�70;j=G@?EhM)@?708�=6&�8�HF/28y@)E040HF;j9D&R6&�7040;!9>&\JW/2HW&�9>;�+2@?HFHF;8F=G@)7046&�7̀ J�wx9D&QMfI>R0HW&\JWI>@?7R�fs�XZ;B��;BJTvfE0I§;7{40/2+@?E09>;	;8yJTE07{/9D&�HFb?I>8F8F;13;7̀ J

40E�=0I>+!9>@?HF;27̀ J $2I>;7̂ =0HF@}M)@fv̀ E0/U=6&�HT9>;28�M,I<R0HW&\JWI>@?708�wCR6&�8F8F;Q]SHF/vfE0;70+2;C�
��73=0HF/28F;70+2;�40;�MfI>R0HW&\JWI>@?708�wQR0&?8F8F;�]SHF/vfE0;70+2; a =0&?H�+2@?708F/vfE0;27̀ J a 9>&:9>&?HFb?;E0H ∆νc,v

40;�9>&:+@)E0HFRd;
40;_JWHW&�708F1PI>8F8FI<@)7L;kAh=G/HFI>13;7̀ J.&�9>;C;28yJU=09>E08Qb?HW&�7040;Pv̀ E0;39>&{9D&�HFb?;2E0H:I<7̀ JWHFI<708F�2v̀ E0;

∆νc

40E 13@f40; a;BJ39>;{]S&?+BJW;2E0HP4h;�vfE6&�9>IVJW/{+N&�9>+E09>/̂ wz=6&�HyJWI<H_40;�9>&L9>&?HFb?;E0H
∆νc,v

40E|=0I<+̂ 40;̂ JWHW&�708F1PI>8F8FI<@)7�;8yJ
I<7h]S/2HFI<;2E0H�w38W&PM�&�9>;E0H�I<7̀ JWHFI>708F�vfE0; a 13;8FE0HF/;�=6&�H�40/2+HF@?I>8F8W&�70+2;�;kAh=G@?70;27)JWI>;9>9>;C�§*,@?E09>I>b?70@?708�v̀ E0;70@?E083&}M?@?708u&�=0=G;9>/

∆νc
9D&L9>&�HFb);E0H_I<7̀ JWHFI<708F�2v̀ E0;�40;�9>&L+@)E0HFRG;�40;{JWHW&�708F13I<8F8FI>@?7�;J

∆νc,v
9D&

9>&?HFb?;E0Hj1P;28FE0Hy/2;!;kAh=G/HFI>13;7̀ J.&�9>;13;7̀ J a &\��;+JW/;!=6&�H�9<;28�MfI>R0HW&\JWI>@?708-�,se@)HF8yvfE0;!70@?E08�@)RhJF;270@?708�9>;1PO213;_]'&�+JW;E0Hx40;uvfE6&�9>IVJW/P=6&�Hx9>;8x40;E,A�13/BJW-0@f40;28x40I<�§/HF;27̀ JW;8�40;u1P;28FE0Hy;u40@)7̀ Jx@)7 M,I>;7̀ J�40;
40I<8F+2EhJW;H a 9YX[I>7h�6E0;70+2;:40;8�M,I<R0HW&\JWI>@?708Tw_R6&�8F8F;Q]SHy/2vfE0;70+2;U;8yJ�70/b)9<I>b?;N&�R09<;4�

��@,40; �6HF/2v`E0;270+;5% # ��$N( τ
% � 8.( ∆νc

% �%$N(
Q(τ) Q(∆νc,v)

TEM900 HF
��� a � � � � �N�^�?� � �)� �

185 2, 8 · 108 1, 7 · 108

TEM900 BF
��� a � � � � # �_� �N� ��� � #C�`�

2, 2 · 108

����� �������:	J�C�$#8L*.�</+=<-/����(#;��#�=%��/6��#�=
g2���C=�=��0#� �=NE

st;jJ.&�RR�C��� ��HF/28yE013;�9>;8�HF/28FEh9<J.&\JW8�40;�9D&�8F=G;2+BJWHF@?8F+2@?=0I>;T4h;28�13@f40;8�40;�9>&	+2&NM,IVJW/�=6&�H�9>;8�40;2EfAC13/��
JW-0@f40;28�;BA,=G/2HFI<13;7`J.&�9>;288�Gs�&_=0HF;21PI>�HF;Q+2@?9<@)7070;QI<7040I>v`E0;Q9>;:13@f40;Qb)&?E08F8yI>;27�+@?708FI>40/HF/4� �j@?131P;
70@?E08�&NM)@?708�M,E�&?E � �4� � a wC+2&?E08F;:40;:9>&�9</2b?�2HF;	;29>9<I<=hJWI<+IVJW/�40;28�1PI>HF@?I<Hy8j+.-6&?v`E0;Q1P@,40;	;28yJ�40I<MfI>8F/;7L40;2E,AK1P@,40;8	70@)7K40/b)/70/2HF/8P�GE07L1P@,40;x-6&�EhJW;x]SHF/2v`E0;270+;�% � ��(�;J!E07z&�EhJWHF;Cwu=09>E08	R6&�8F8F;
]SHF/vfE0;70+2;_%  "��(��fst&U40;2E,A,I>�13;�+2@?9>@?7070;�I<7040I>v`E0;�9>&:]SHF/vfE0;70+2;	40Eu13@f40;C�fs�&QJWHy@)I<8FI>�13;T+2@?9<@)7070;
I<7040I>vfE0;�9>;�JW;13=08 40;�M,I<;

τ
40;�+.-6&�vfE0;�13@f40;r+2&?9<+2E09</�=6&?H�9YXZ& 	FE08yJW;21P;27)J ;BA,=G@)70;7`JWI>;9f40;�9>&�+@)E0HyRG;

4eXZ&?1P@?HyJWI>8F8F;13;7`JN�hs�&�+2@?9>@?7070;
∆νc

I>7040I<vfE0;	9D&x9D&�HFb?;2E0HjI>7`JWHyI>708F�vfE0;!40E^1P@,40;
∆νc = 1/(2πτ)

�



� � �����	��
������� E��	� ��������
����������� ��� ��� � � U � ����� � � �1I �����!�"�

st&C+2@?9>@?7070;
Q(τ)

I<7040I>vfE0;	9>;	]S&?+BJW;2E0HT40;:v`E6&�9>I<JW/	I<7`JWHFI<708F�2v`E0;:40E^13@f40; a +N&�9>+E09>/	=6&?H�9D&�1P;28FEhHF;40E^JW;13=h8�40;Q40/2+HF@?I>8F8W&�70+2;P�
Q = 2πνcτ

�6s�&_+2@?9<@)7070;
Q(∆νc,v)

I>7040I<vfE0;!9>;!]'&�+BJW;2E0H�40;:vfE6&�9>IVJW/
+2&�9>+2E09</!wC=6&�HyJWI<H�40;!9D&�9>&�HFb);E0H�8y=G;2+BJWHW&?9<;:40;!9D&�+@?E0HFRG;:40;!JWHW&�708F1PI>8F8FI<@)7R�,s�&�M\&�9>;E0H

Q(∆τ)
40E

1P@f40; � ��;8yJTI<7h]S/2HFI<;2E0HF;�w
Q(∆νc,v)

� �j;29D&U8FI>b?70I<�6;�vfE0;	70@?E08�8F@?131P;�b?O27h/28�=6&�Hj9>;8�MfI>R0HW&\JWI>@?708
wCR6&?8y8F;Q]SHF/vfE0;70+2;U40;28�13I<HF@)IVHF8-�
� M\&?7)J:40;C=0HF@f+2/40;2HQwu9YX[I>8F@?9>&\JWI<@?7�40;28	M,I>R0HF&�JWI<@)708 a 70@)E08:&NM)@?708!13;8FE0HF/C=09<E08!=0HF/+2I<8F/21P;27)JQ9mXZ;kA �+E0HF8FI>@?7

δνc,i
40;C9D&3]SHF/2v`E0;270+;P40;_HF/8F@?76&?7h+2;_40;28:13I<HF@?I<HF8�+2@?HFHF;8F=G@)7046&�7`JUw5+k-6&�vfE0;C]SHF/vfE0;70+2;

40;uM,I<R0HW&�JWI<@?7
fi a =6&?H�9D&�13/BJW-0@,40;540/+2HFIVJW;{46&�708C9>;u=0HF@f+k-6&�I>7�=6&�HW&�b?HW&?=0-0;C� �j;29>&K70@?E08_&K=G;H �1PI>8x40;{1P;28FE0HF;H_&?Eh8F8FITR0I<;27�9>;8�MfI>R0HW&\JWI>@?708�wKR6&�8F8F;8PvfEeXZwL-6&�EhJW;u]SHF/2v`E0;270+;4��ª�@?E0HC9mXZI<708yJ.&?7)J a;7�;B��;BJ a 70@)E08T70;Q40I<8F=G@?8F@?708�4eX$&�E0+E070;QI>7h]S@?HF1u&\JFI<@?758FE0H�9<;28�MfI>R0HW&\JWI>@?708TwC-6&�EhJW;!]SHF/vfE0;70+2;U+2&?H70@?E08x7eXZ&NM)@?708�=6&�8xR6&�9D&Ng?/39D&^8F@?E0HF+2;

ν0

8FE0HxE070;u=09>&?b?;P40;3M\&�9>;E0HF8�&�8F8F; $u9D&�HFb?;P=G@?E0Hx=G@?EhM?@)I<H
@?R08F;HyM);H a 8FE0Hj9>;�8FI>b?76&�9G40;�JWHF&?708F1PI>8F8FI<@?7 a 40;28jR6&�7040;28�9>&�JW/HW&�9>;8jwU9YX[;BA,JF/2HFI<;2E0H�40E5=0I>+�9<@)HF;7`J�$I>;740;!JWHW&�708F13I<8F8FI>@?7R�

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


st&P�6b������ � 13@?7`JWHF;Q9YXZ&�13=09<I JWE040;
a(ν0) =

√

I(ν0)
40E"8FI<b)76&�9t40;QJWHW&?708y13I>8y8FI>@?7^JW-0/2@?HFI<vfE0;QJWHW&�+2/

wU=6&�HyJWI>Hr40;	9mXZ/v���%.��� � (�� ��@?E08�&NM)@?708�M,E5vfE0; a wU+N&�E08F;	40;28�M,I<R0HW&�JWI<@?708�40;8�1PI>HF@?I<Hy8 a 9>&Q]SHF/vfE0;70+2;
νc

40;�HF/28F@?76&�70+2;C@?8F+2I<9>9<;�&�EhJW@?E0H	40;C9>&3M\&?9<;2E0H	+;27`JWHW&�9<;Cw5=09>Eh8FI>;E0HF8	]SHy/2vfEh;270+;28
fi a 9YX[;BA,+2E0HF8FI<@)7JW@�J.&�9>;�40;8�@?8F+I>9>9>&\JWIV@)7h8j/J.&�7`J

δνc

�h��7^9<I>b?70;�+2@?7`JWI<7fE0;!70@?E08�&NM)@?708T40;8F8FI>70/:9>&�+@?E0HFRG;:+;27`JWHF/;Qw
9>&3]SHF/2v`E0;270+;

νc
40;C9>&u+N&NM,IVJW/4����7L9>I>b?70;8	=G@)I<7`JWI<9<9</;28	70@?E08Q&NM)@?708:Hy;2=0HF/8F;27`JW/_9D&u13O13;x+2@?E0HFRG;

40;!JWHW&�708F13I<8F8FI>@?7{40@?7070/2;Q=6&�H�9D&x]S@?HF1CE09<;!40/=09D&�+2/;Q40;
δνc/2

�

����� ����� � 	 � �M��&��,*X�5��#i���b=���g\ K�L&e��#)*.���L �=�� ��=�=��0/+ d��#�&(�b8�5QH�>*,�LE



� E���E]U � � ���1I ��� 
��� ��I�� � I 
2� �$I � U � ����� � � � �

s�&!�6b)E0HF;�13@?7`JWHF;TvfE0; a 9>@?HF8Fv`EeXZ@?731P;28FE0Hy;�9D&!JWHW&�708F1PI>8F8FI<@)7Pw:JFHW&}M?;2HF8r9D&!+N&NM,IVJW/�wQE070;�]SHF/2v`E0;270+;4eX[I>7
	F;+JWI<@)7
ν0

�hA,/2; a 9YXZ&?1P=09<IVJWE04h;!40E�8yI>b?76&?9§JWHW&�708F13I<8�M\&?HFI<;:46&�708�9>;!JW;13=08�wC+N&�E08F;U40;:9YXZ@?8F+I>9�9>&�JWI<@?7_40;�9D&!+2@?E0HFRG;�9<@)HF;7`J�$I>;27h70;�&�EhJW@)EhHr40;�8W&:M�&�9<;2E0H�+2;7`JWHW&�9>;C�f*,E0=0=G@?8F@)708rvfE0;�9D&!8F@?E0HF+2;�8F@?I<J
HF/b)9</2;UwP9D&C]SHF/vfE0;70+2;

ν0 = νc + ∆νc/2 a I<7040I>v`E0/2;Q46&?708�9D&C�6b������ � =6&?H�E07h;x9<I>b?70;!M);HyJWI>+2&?9<;4� � 9;8yJ�=G@?8F8FI>R09<;�4eX[;BA,=0HFI>1P;2H�9mXZ;kAh+E0HF8FI>@?7P;7P]SHF/2v`E0;270+;�40;�9D&!+2&}MfI<JW/
δνc a v`E0;�9YX[@?7CM);EhJ�40/JW;HF13I<70;2H a;7u]�@)70+BJWI>@?7P40;�9YXZ&?1P=09<IVJFE040;

δa
40;�9YX[@?8F+2I<9>9<&\JWI<@?7_40Eu8FI>b?76&�9d40;�JWHW&�708F13I<8F8FI>@?7 a v`E0;�70@)E08�=G@?EhM)@?7081P;28FE0HF;H-�dª @?E0H�+2;9D&C@?7�=0Hy;2704�9D&�40/2HFIVM)/;Q40;Q9>&�]S@?70+BJWI>@?7{9>@?HF;27`J�$I>;7070;

a(ν0)
=6&�HTHW&�=0=G@)HoJ�w

ν0&�E�=G@?I>7`J
ν0 = νc + ∆νc/2

�

δνc =

∣

∣

∣

∣

da

dν0

∣

∣

∣

∣

−1

νc+∆νc/2

δa|νc+∆νc/2 =
√

2∆νc

δa|νc+∆νc/2

a0

%.���$�)(
ª @)E0Hr40/BJW;2HF1PI>70;Hr9<;�R0HFE0I<Jr;73]SHF/vfE0;70+2;

δνc

70@)E08r13;8FE0HF@?708rJW@?EhJ�4eXZ&?RG@?HF439D&:+@?E0HFRG;�40;�JWHW&�708 �
1PI>8F8FI<@)7x40;�9D&�+N&NM,IVJW/�;27CR6&?9>&Ng`&�7`J�9D&�]SHF/2v`E0;270+;

ν0

4eXZI<7
	F;2+BJWI>@?7R� �j;9D&	70@)Eh8�=G;2HF1P;J�40;�+2@?7076&\�>JWHF;
9D&!M\&?9<;2E0Hr+;27)JWHW&?9<;

νc a 9YXZ&?1P=09<IVJWE040; a0

JFHW&?708y13I>8F;�&�E3+2;7`JWHF;�40E3=0I>+�;J�9D&:9D&�HFb?;2E0H
∆νc

40E38FI>b?76&�9
40;�JWHW&�708F13I<8F8FI>@?7R�`��708FE0I<JW; a 70@)Eh8jHF/2b?9<@)708r9D&:]SHF/vfE0;70+2;	40;�9D&Q8F@?E0HF+2;�46&?708�9>;��d&�70+�40;�9D&Q+@)E0HyRG;40;�JWHW&�708F13I<8F8FI>@?7_w!9>&	M\&�9>;2E0H

ν0 = νc +∆νc/2
�?��7_]'&�IVJ a 9>&!+@?E0HFRG;�40;�JWHW&�708F13I<8F8FI>@?7�70@)E08�40@)7070;9>&_9>&?HFb?;E0H

∆νc,v a vfE0I�;8yJ�=09>E08�b?HW&�7040;QvfE0;U9D&C9>&?HFb?;2EhH�I<7`JWHFI<708F�2v`E0; ∆νc
40E�13@f40;:;27�=0HF/8F;70+2;

40;8TM,I<R0HW&\JWI>@?708�wCR6&�8F8F;!]SHF/2v`E0;270+;4�d�!&�708T9D&�1P;28yE0HF;:@?�
δνc
;28oJ�]'&�I>R09<; a 70@?E08T=G@)E,M)@?708�70/b)9<I>b?;2H+;JFJW;Q40I<�§/HF;270+;4�

¡ +; 8yJ.&�40; a I>9	70@)E08^HF;28yJW;�w�1P;28FE0HF;H�9<;z8FI<b?76&?9 δa =G@?E0H^40/JW;HF13I<70;2H{9D&�M�&�HFI>&�JWI<@?7¦40;z]SHF/ �v`E0;270+;
δνc
=0Hy@ M?@fvfE0/2;�=6&�HP9<;28_MfI>R0HW&\JWI<@)708-��ª�E0I>8Fv`E0;�=09>E08yI>;2EhHF8_]SHF/vfE0;27h+2;28

fi
40;^M,I<R0HW&\JWI>@?708

40;8	1PI>HF@?I<HF8TI>7`JW;HyM,I<;27070;7`J a @)7�=G;2EhJ	/+2HFI<HF;U40;x13&?70I<�2HF;:b)/70/2HW&�9>;Q9>;Q8FI>b?76&�9 δa 8F@?E08	9>&_]�@)HF1P;P�
δa =

∑

δai sin(2πfit)
�d��7�4eXZ&�EhJWHF;28�13@�JW8 a @?7�82XZ&�JyJW;2704"wC+2;QvfE0;Q9>;:8FI<b?76&?9 δa 8F@?I<J�40@?7070/Q=6&�HE070;�8FE0=G;HF=G@?8FI<JWI<@)7"40;xJW@?EhJW;8!9<;28�]SHF/vfE0;70+2;8Q40;xMfI>R0HW&\JWI<@)7

fi a +@)HFHF;8F=G@?7046&�7̀ J:+.-6&?+E070;_wuE070;&�13=09<IVJWE040;!4eX[@)8y+2I>9<9D&\JWIV@?7
δai

�
�	&?708�9>&C8FE0IVJW;:70@?E08�&�9>9<@?708�40@?70+:13;8FE0HF;2H�9<;!8FI>b?76&�9

δa
w_9>&�]�@)I<8Tw_9mX$&�I>40;	4eX[E07�@?8F+2I>9<9>@?8y+2@?=G; a 40;]'&��2@?7"wP@?R08F;HyM);H	9<;28�@?8F+2I<9>9>&\JWIV@?708�40;8�13I>Hy@)IVHF8T;27�]S@)7h+JWI>@?7�40E�JW;13=08�;J�1P;28FE0HF;H�9mX$&�1P=09<IVJWE040;

JW@�J.&�9>;
δa
40;28U@?8F+I>9>9>&\JWIV@)7h8 a ;BJU4eXZE07�&�76&�9<gf8F;2E0HQ40;P8F=G;2+BJWHF; a =G@?E0HQHF;2+@?708yJWHFE0I>Hy;39<;_8F=G;2+BJWHF;340;28MfI>R0HW&\JWI>@?708-�

analyseur HF

Agilent 6582C

∆ν
0
 = 9.01 MHz signal BF

analyseur BF et oscilloscope

Stanford SRS 785

����� ����� � 	 � /+ � �#�A��0/+ ��#�=��L K�C& 3�=<#+�C��=i��#:=>�$#-+*.�<#LE

s�&^�6b��e��� � 13@?7`JWHF;P9>;8UI>7h8yJWHFE013;7`JW8U40;313;8FE0HF;3vfE0;370@)E08x&}M?@?708xEhJWI>9<I<8F/8-��st;38FI>b?76&�9�40;3R6&\J �
JW;13;7`JQwu9D&P]SHF/2v`E0;270+;

∆ν0 = 9, 01
� ��$�;27`JWHF;C9<;�8yI>b?76&?9 40;�9D&3=0HF;21PI>�HF;�8F@?E0HF+;�JWHW&?7h8F13I<8!w

JWHW&NM?;2HF8T9D&�+2&NM,I<JF/:;BJ�9<;!8FI>b?76&�9§40;:9D&x40;2E,A,I>�21P;:8y@)E0HF+;3%S+]Y�,�6b������ � (�;8yJ�;27`M?@ g?/UwCE07�&�76&�9<gf8F;2E0H40;58F=G;2+BJWHF; � b)I<9>;7`J � � � # � wK-6&�EhJW;u]SHF/2v`E0;270+;4��st;5H��?9>;u40;5+2;J_I<708yJWHFE01P;27`JC;8yJ_40;5�69VJWHF;2Hx9>;
8FI<b)76&�9�40E|R0&�JFJW;13;7`J3w

9, 01
� �%$�;7`JWHF;^9>;8P4h;2E,A~8F@?E0HF+2;83;JP40;^8F@?HyJWI>HCE07|8yI>b?76&?9TwLR6&�8F8F;

]SHF/vfE0;70+2;"=0HF@?=G@?HyJWI>@?7070;29�w 9mX$&�13=09<I JWE040;
a(ν0) =

√

I(ν0)
40E 8FI>b?76&�9TJFHW&?708F1PI>8PwzJWHW&NM?;2HF839D&

+2&}MfI<JW/C��s�X$&�76&�9<gf8F;2E0Hx40;58F=G;+JWHy;{;28oJ_=0HF@?b?HW&�131P/3w"E070;3]SHF/2v`E0;270+;5�hAh;5/b`&�9>;uw�9D&^]SHF/2v`E0;270+;
∆ν0 = 9, 01

� ��$x40E"R6&\JFJW;13;7`J	;BJ!&NM);+�E070;x9>&?Hyb);E0H�40;UR6&?7040;x4eXZ&�76&?9Vg,8F;
BW = 100

� ��$C�
st;	8FI>b?76&�9

a(ν0)
wx9D&U8F@)HyJFI>;�40;!+;J�&�76&�9<g,8F;E0H a =6&�H�+@?708F/2v`E0;27`J a @?8F+2I<9>9<;�wxJW@?EhJW;28�9<;28�]SHF/vfE0;70+2;8

fi

40;!M,I>R0HF&�JWI<@)7h8T40;Q9>&C+2&}MfI<JW/ 	FE08Fv`EeX$wPE070;:]�HF/2v`E0;270+;x40;Q9mXZ@?HF40HF;!40;
BW/2 = 50

� �%$4�



�?� �����	��
������� E��	� ��������
����������� ��� ��� � � U � ����� � � �1I �����!�"�

se;x8FI<b)76&�9tI>8F8FE"40;U+2;BJ!I<708yJWHFE01P;27`J�;8yJ!;7`M)@}g?/Cw3E07K&�76&�9<g,8F;E0H�40;x8y=G;2+BJWHF;28:wPR6&?8y8F;x]SHF/vfE0;70+2;
40E{J¢g,=G;x*fJ.&�7h]S@?HF4�* ��* ��� � a vfE0I�]S@?70+JWI<@)7070;!;27�1PO21P;!JF;21P=08�+2@?1P13;!@?8F+2I<9>9<@?8F+2@?=G;!;BJ�+2@?131P;&�76&�9<gf8F;2E0HQ40;_8F=G;2+BJWHF;28 a =G;2HF1P;JFJW&?7`JQ4eX[@)R08F;HyM);H�w{9D&5]S@?I<8:9>;C8FI>b?76&?9�;27z]S@?70+JFI>@?7z40EzJW;13=08Q;BJ8F@?7�8F=G;+JWHF;U;7^]SHF/2v`E0;270+;4�
��@?E08	&}M?@)7h8	;B��;+JWE0/�9>&P1PO213;Q1P;28FE0HF;x40E"8FI<b)76&�9

a(ν0)
&}M\&�7`J	;J!&�=0HF�8	9mXZI<8F@)9>&\JWIV@?7�40;8�M,I<R0HW&
�

JWI<@?708 a 40@?7`J�9>;8T40/BJ.&?I<9>8j8F;2HF@?7`J�40@)7h70/28�=09>E08�R6&?88�6s�&��6b������ � 13@?7`JWHF;!9mXZ;708F;21�R09>;!40;8�HF/8FE09<J.&\JW8-�se;28:40IV��/HF;27)JW;28:9<I>b?70;28�+2@?HFHF;28y=G@)7040;7`Jxw540IV��/HF;27)JW;28:=09>&?b?;8!40;8!M�&�9>;E0HF8!40;�]SHF/2v`E0;270+;28U@?R08F;H �
M?/2;8 a =6&�HyJ.&�7`JUJW@?EhJW;28x40;u� �%$4��*,;9>@?7�9>&�9D&�HFb?;2E0HQ40;3R6&?7040;3=6&?8y8W&?7`JF;5+.-0@?I>8FI>; a 9>;8xI<7`JW;2HyM\&�9>9<;28@?R08F;HyM)/8TM�&�HFI<;27`J�;27)JWHF;

0− 200
�%$!;J

0− 6, 4
� �%$4�0�!&�708T+.-6&�vfE0;:9<I>b?70; a 9>;	b?HW&�=0-0;	40;!b`&�E0+.-0;1P@?7`JWHF;�9mX$&�13=h9<IVJWE040; � �|40Eu8FI<b)76&�96;273]S@?70+JWI<@?7340E3JW;13=08r;Jj+;29<E0Id40;�40HF@?I<JW;�9>;�8F=G;2+BJWHF;	;73]SHF/��
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¡ + ��JW/�40;	+.-6&?v`E0;	b)HW&�=0-0;�40;�b`&�E0+.-0;	70@?E08�&NM)@?708jI<7040I>vfEh/�9mXZ;kAh+2EhHF8FI>@?7u;27u]SHF/vfE0;70+2;
δνc
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+2@?131P;
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δνc
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∆νc ' ∆νc,v
�

se;28_M\&?9<;2E0HF8_I<7040I>v`E0/2;8P46&�708P9>&"�6b��7��� � 13@?7`JWHF;7`J_vfE0; a &}M\&�7`JP9D&K=0HF@f+2/40E0HF;�4eX[I>8F@?9D&\JWI<@?7�40;8MfI>R0HW&\JWI<@)708 a 9mXZ;kAh+2EhHF8FI>@?7�40;U9D&C]SHF/vfE0;70+2;x40;U9D&_+N&NMfI<JW/ a 1P;28FE0HF/;�w_]SHF/vfE0;70+2;8!40IV��/HF;27`JF;28	&NM?;2+40;8�9>&�HFb);E0HF8�40;�R6&?7h40;T40I<�§/2HF;7`JW;8 a /J.&�IVJ δνc ∼ 75
�%$4� � =0HF�8�9mXZI<8F@?9D&\JFI<@?7x40;28�M,I>R0HF&�JWI<@?708 a δνc <

10
�%$4�`st@)Hy8FvfEeX[@)73HF;b`&�HF40;�40;�=09>E08�=0HF�8�9<;28�8F=G;+JWHF;8j;7P]SHF/vfE0;70+2;8 a 70@?E08r@?R08F;2HyM?@?708�=09>E08FI<;2E0HF8=0I<+28 a =0HF/8F;27`JF8{&NM�&�7`Ju;BJ5&�=0HF�2839YX[I>8F@?9>&\JWIV@?7~40;83M,I<R0HW&\JWI>@?708-��st;8u=0I<+28P9>;28P=09>E08PI>1P=G@?HyJ.&�7`JW8_8F;JWHy@)EhM?;27`JTw

fi = 100 a �`#?�Q;J � � � ��$C�hst;8�40;E,A5=0HF;13I<;2HF8�@?7`Jj40I>1PI>7`E0/�4eXZ;7`M,I<HF@?7 � � 4  b?H ��+2;w�9mXZI<8F@)9>&\JFI<@?7 40;8�MfI>R0HW&\JWI<@)708-��st;u=0I<+uw
fi = 780

��$u7eXZ&"=0&?8xR6&�I>8F8F/C��st;u=0I>+39<;3=09>E08xI<7`JW;2708y;
HF;8yJW;Q+2;9>E0Itw

fi = 100
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ª @?E0H�HF/40E0I>HF;U9<;28�MfI>R0HW&\JWI>@?708�13/+N&�70I<vfE0;8�70@)E08	&NM?@)708�/9>I<13IV70/Q8og,8yJW/1u&\JWI>v`E0;21P;27`J�9>;28�8F@?E0HF+;28
40;8�+;28�R0HFEhI<JW8-� ��@)E08�HF/8FE013@?708�I>+Ie9<;28TI>7`JW;HyM);7`JWI>@?708TvfE0It@?7`J�/BJW/Q;B��;+JWE0/;28-�
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w�JWHW&NM);HF8�40;28�+k-6&�1�R0HF;28�=070;E01u&\JWI<vfE0;8�HF;21P=09>I<;28xw�E070;5=0HF;8F8FI>@?7�40;{#�R6&�HF8-� ��@?E08C&NM)@?708
b?@?7h�6/	+2;8T+.-6&?1�R0HF;8�;J�=G;27046&�7`J�JW@?EhJW;8�9>;8j;BAh=G/HFI>;70+2;8�70@?E08T&NM?@)708�8F@?I<b)70;E08F;21P;27)J�M)/HFI<�6/
9>&C=0HF;8F8FI>@?7R�

	 ��@?E08�&NM)@?708T40/=09D&�+2/!-0@?HF8�40;:9>&x8yJWHFE0+JWEhHF;:9D&x=09>E0=6&�HyJ�40;28TI<708yJWHFE013;7`JW8�/9>;2+BJWHF@?70I>v`E0;28T=G@?8F/8
I<70I<JWI>&�9V;21P;7`J�8FE0H�9>;	R	��JWI a 8FE08y+2;=hJWI>R09<;28�40;:+2HF/;2H�40;8TM,I<R0HW&\JWI>@?708TwC9>&�]�HF/2v`E0;270+;U40;U�?�
� � � �%$40E�8F;+JF;2E0H�;J�&�E,A{]SHF/vfE0;70+2;8�-6&?HF1P@?70I>v`E0;28T8FE0=G/2HFI<;2E0Hy;28 a 70@�J.&�131P;27`J�wJ�N�?� ��$C�	��	&�708	9D&P=0&?HyJWI<;U8yE0=G/2HFI<;2E0HF;x40E"+2Hyg?@)8oJ.&�J	=09<E08FI>;E0HF8�JWEhg)&?E,A��6;kAhI>R09<;28�;7�JW@)1�R6&�+U+@)7070;+JW;7`J
9<;28�+I>HF+E0I<JW8�4eX 3 ��;�;BJ�4eX 4 ��;�&NM?;2+T9<;28�=G@?13=d;28�=0HFI>13&?IVHF;28�=G@?8F/;28rw	9mXZ;kA,JW/HFI>;E0H�40;�9D&�8yJWHFE0+BJWE0HF;4�ª @?E0H�HF/240E0I<HF;x9<;28�M,I<R0HW&�JWI<@?708�1P/2+2&?70I<vfE0;8�JWHF&?708F1PI>8F;8	wPJWHF&}M?;2HF8�+2;8�JWEhg`&�E,A"7h@)E08�9>;8	&NM)@?708
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-,�.4"B�< /. C 2%.4���10<'�" 9&'�.&$&*,2%�(:;�<.&"B. *B'�.&" $32 C '(.4" $& A� �
������� �<9&$4.&"%",���(2%.4"B01 ��<2B�/. .4�<.&2 '(.4" 01 54
*,.&�A*,�(.4'�"/.&* '(.�$& #�<2,���A*=�����
" '(.��<�("%01 #"3�(*,�(6  ��A*=9&*,9 $& ����<$49&"76P�FE+���A*='�. C 2,���<$98<.
.B.4�#* �����<"
'(.:.B ��A* ����./6 .4� $4 ��A* ��$&* �FE�.4$5'�.4" C '� ;$4"H.4� C 9&*, ���	;, .&" $32 C '(.4" $4 #� �
������� "%.
.B�<4 2%�(���-�<.4"H:A�<�
�=.BM&�<.4�#* '�.&"P"%�(���������). ��$&2% =4  ��<�<. �����=:A�����<2%�<0<'�.&�<2%"  ��A*P9&*,9 �("% �'�94"��<. ')��.?>7. .I6 �/@& ���	

-A�.4���<$4 ��<0 �<. 0<2%94$4���
*,�� ��<" C ������'(.4"*.B����"L���<�<�("%01.4�<",� C '�.&"  ��A* 9&*,9 ���< �0
*,94.&" 01.4�<�����A* *, ��
*,.
'��=�<�<2%94.B�<.4" . �
019&2%��.&�<$4.&" 01 ��<2D2%9&�<�<��2%. �<.4" C 2%�<�-*,"D"% ��<�������<" ��$4 ��<"3*,�(:;�<.&" .&*B.B9&$F���<�(:;�<.&"4	
C ��2D.B� $&.4"I0
2%94$4���
*,�( ��<"76 �< #�<"I�FE� #�<" 9&E��-*,9D�<.B.B��2%$E8<.&2 �����<"L')� ",��'�'�. .&*L���� ��
E;2%��2 . *L68.&2D.B.&2
'(.4"�01 #2 *,.4"P01.4�<�����A* '�.&" ��$4:A�<��"%�-*,�� ��<"4	
,�. 0<��$GF

fi = 780 H�I .4"3* 0<2% C � C '(.7.B.&�A* �KJLF/' �!9 C �<'�'�� *,�( �� �<. 3 H . ��� 68 #�<� �<��$42NM� #"3* �+*F	", .
0<�($ 9 * ���-* ��"%"%. I 6 ��� C '(. 01 ��<2P�<. 0���"P�/>4�<.&2P'�.&"P. �
019&2%��.4�
$4.4"4	O ��'���2%9=*% #�<"B$&.4">. ?@ #23*,"76 �< ��<">�<. 01 #�
E� ��<">0���">9 E��-*,.42 $4.&23* ���(�<.4"B �"%$&��'�'��+*,�- ��<" �<. ')� $4�FE��(*%9�	
P ' "4� �����(* .&� 0���2 *,��$&�<'��(.42L�<.&" �<9&2%�(E�.4" *,2%M&" '�.&�A*,.&"76�:A�<� �(�A*,.423E;��.&�<�<.4�A* �FE#.&$ �<.4" *,.
.B0<"I*QM�0<�(:;�<.&"
�<.D:A�<.4'(:;�<.&"�.B�(�;�
*,.4"�F 0<'��<"%�(.4�<2%"�8
.4�<2%.&"4	R,�.D�<�(E�.F��� �<. 2%.
.B0<'(��"%"%����. �<� 2%9&"%.42 E# ���2 ��� � I  �*,.D. *��� 4 H ./6 '�� 0<2%.&"%"%�� �� �����<"H'�.>2%9&"%.42 E# ���2H��� 3 H ./6 '(.4" �<942%�-E#.&"H*S8<.&2D.B�(:;�<.&"GF ')� "%�<�(*,.>���!�<� *,2%���<"T4
6�.423*P��� � I  �*,.  �� ��� 4 H . "% ��A* �<.&"P68��$ *,.4�<23" "%�<2P'(.4"%:A�<.4'("P�< ��<"P01 #�
E� ��<" �<�VUB$&��'(.7. .4�A*����A*,.&23E#.&�<��24	, �W0��<	 �
	YX�G �#J%.B ��A*,2%.B�<�<./ �"%$4�('�'��+*,�( �� 2%9&�#�<'(��M&2%.B�<.>')� $F�FE��-*,9:F �<�<.>682%9&:;�<.&�<$4.5�<.)Z\[�. H�I 	] . *%*,. E;� C 2,�+*,�� �� .4"3* $& �2%2%94'(94.�FB' �! �"%$4�('�'(��*%�( �� �<. ')� *,.7. 01942,�+*,�<2%. �
.H'��B0<'���:;�<. :A�<� "% ��
*,��.&�A*I')�

�K���P���
	YX W�%^E_D`badc9e%fgcEhjikc9emlKcnfgo:pqorad`kik^BljsrcEent)lKcEemc9uvcwixeyixz{cE_D|}`�~KsrcEeG���god�B�weEpE`�f�f�o&ix`g�whKe�t:���
|?���mc5i*�Q�d�*lK^E_D`badc9e*�&�5eEc9_3ad^
cEe�e3s=_��Rfks=eD`gc5s=_De�z{c5s=_9cEe3�
$4�FE��(*%9 �FE#.&$ �<�<.H�=.B0<'(�-*,�<�<.

δT ∼ 0, 05 � 	{, � E+��'�.&�<2 δνc < 10 H�I �<.D$&.&*%*,.  �"%$&��'�'��+*,�- �� ���!.4" *
*, ��
*,. 68 ���" 0���" �/>4�����A*,.�	/� � 2%.&E+���<$98<./6�')��0��<	��<	�X�G C J�.B ��A*,2%.��<.&" �
942%�(E�.4" ��.B01 �23* ���A*,.&" :;�<�<�(�A*,.&2T4
E;��.&�<�<.4�A*�"%�<2�0<'��<"%�(.4�<23"�8<.&�<2%.4"����� C "%.&23E��+*,�( #��	K� �523.7.>��2%:A�<. :A�<. �<.&"�E+��2%���+*,�� ��<"K��. 01 �23* ���A*,.4"
�<. 0<'��<"%�(.4�<23"P$&.4�A* �����<.&"P�<.n8<.&23* I ���#*,.423E;��.&�<�<.4�A*P"%�<2P$4. *%*,. 94$98<.4'('�. �<. *,.7. 0<"4	�C �<�("%:;�<. �< ��<"P�<.01 ��
E� #�<" 0���" $& #�#*,2D�#'(.42 $4.5��.4�<2%.5�
.4"G���<$ *,���+*,�� ��<"76 �����
" *, ��
*,.&" '(.4"H. ��01942%�(.4�<$&.4" :A�<��"%.42% ��A*
�<9&$42%�-*,.4" �����<" '�� "3�<�(*,.P�< ��<"K�FE# ��<" $& #�<"3* �=.}.B.&�A*K��$4:A�<��" �<.&" $4 ��<2 C .4" �<. 2%9 689&2%.4�<$&.L�< ��<�����#*K')�
6�2%94:;�
.4�<$&. $&.4�A*,2,��'(. �
. ')� $4�FE��-*,9I0<'��<"%�(.4�<2%"K68 #�("������<"�$E8���:A�<.��% ��<2%�<9&. 01 #�<2�2%.4019&2%.42�.&*�0<23.4�<�<2%.
.&� $4 /.B0
*,. $&.4" �<9&2%�(E�.4"P�����<" '(.4"�. ��01942%�(.4�<$&.4"4	
C  ��<2;.B�(.4��� $4 /. 0<2%.4�<�<2%.�'�.&" �< /. C 2%.&�<"%.&" 0<2%94$4���
*,�� ��<" :A�<.P�< ��<" �FE# ��<" 9&*,9� C '(����94" �<.�0<23.4�<�<2%.
01 ��<2 2%9&�<�<��23.�'(.4" E;� C 2,�+*,�( #�<" �<.4"�. ��2% ��-2%"76+"% ��<'��(�#�< ��<" :;���!�<� C 2%�<�(*

δνc ∼ 10 H�I �<.�'��L682%9&:;�<.&�<$4.�<.52%9&"% ������<$&.
νc

�<.5')� $4�FE��(*%95$4 �2%2%.&"%01 ��<��F �<�<.=�=.B0<'(�-*,�<�<.>�<.4" E;� C 2,�+*,�� ��<"H.&�A*,2%.5'�.&" �<.4���
. ��2% ��-2%" . �;*,2D>7. .7. .4�#* 6 ��� C '�.�	3C �<�("%:;�<.K'�.�.B ;�<. $& ��<"%���<9&2%9K�����<" *, #�
*,.&" $4.&"�. .4"%�<2%.&" .&"3* '(.�.  ;�<.
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$& #�<" *,�(*,�<9D�<.�X �<.7. �V4 '( ��<���<.4�<2%"P���� ��<�<.=61�<.D682%9&:;�<.&�<$4.
νc ' 51, 1

� H�I 6<')� E���2%�)�+*,�( �� δz $& #2%23.4"%01 ��<�����A*�F δνc

.4" *L�< ��<�<94. 0���2��

δz =
9

2
(δλ) =

9

2

c

ν2
c

δνc ∼ 1 · 10−11m ∼ 5 pm
G �
		�AJ

C  #�<2 $4 ��<$4'(�<2%./6 ' �!. ��01942%�(.4�<$&. �<. 2%94�<�<$ *,�� �� �<.&" E;� C 2,�+*,�� ��<"I:;�<� E;��.&�A* ��� >&*,2%. �<�("%$4�
*,9&.y.B ��A*,2%.
:A�<./�< ��<" "% /.?. .4"D.&� . .4"%�<2%.B�<.>'���. �-*%.42 'O� �=.B0<'(� *,�<�<. *% �* ��'�. �<.4"DE�� C 2%��*,�( #�
"D.&�A*,2%.>'�.&" �<.&���
. ��2% ��(2%"�F �<�<. E���'�.&�<2��<. ' �! #23�<2%. �<.B[H0<��$& \. M&*,2%.&"4	
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oscillation de Rabi dans un champ cohérent
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�
q@��W)}�pf«Eq�s�v�{��Eu!�/�

{�ty^IX
�
q@��u!�j{�tEsM¨���«@w�t���v-,ftE�E�f��n^v

I2
�M{�tI{�s�pf�@t�{�t�°^£��YR

�
q@��t@qC�Q�^�E�@n^w(}�u���t^�MmotWv�n�w;x�pftWw(n�z^t@v

{�t)}�~�n/��n�v�qG{�s���~��^w�}��jw�n^�����\�Qt@v>��pft)u�tEq�{�t@sM¨���w�}�s�u�qC��n^v�qet@qC�Q°ZX��Mm-���+��n�w�t qfn^v�{�t��
335

w��+q
tEqC� }�pf�E}��/pf�I{��/v�qQu��������+� |g〉 tE����p��?�^t@pfqftIu!�j�?�?�M�\���I	>¢ �

q��^}�pf«Eq
I2
�\[Mn^s�u�����v�n^v�q�r>s�t�u�t@q�}��^r>s�tE�fq

{����/��n^w�t@qV�/x�qfn^pfx��^v���qVt@v>�^n�z��Eqe�/sj{��@x�s��
{�tG��~��/rKs�t�qf�ErKs�tEv��@t�n^v>�V}Ln^s�pVpC¡�u�t {���t�§��/�Et@pVu�t ��~��^w�}
��v-,ft@�����Q{��/v�q u���qf�@r>s�t@v��@t)}�pf�E�@�E{�t@v>�ft^�M�es���qfrKs�tQ�@tEq��+��n^w(tEq
��p����^t@pfqCt@v>�Gu!���@���K�����I?£]R^£

�
q �?�/�/v>�

u��A}�pft@w���«Epft���v-,ftE�E����n�v���t��y�@n^w(}���t(��tEvKsX{�s����/sM¨�{����/w�n�pC����qfqft@w�t@v��;{�t�u!�A�@���K�����
κ−1 = 860

�
q@�Du�t���~��^w�}g��~�tEpfw(��r>s�ta�(u�tI��t@w�}�q){�tapft���n^s�pfv�t@p)�(u��y�/�/u�tEs�p {����ErKs���u���x�pft�{�t

n̄ = 1
�?�/�/v>�)u!�

}�pftEw(��«@pftj��v-,ftE�E����n�v��Lmon^pfqfrKs���n^v�t�§8tE�E��s�tyu�tEq���w(}�s�u�qf��n^v�q){���~�n^w�nM{�zKv��/��t/�Fu�t;��~��/w(}���v-,Ct@�����yqCt
qfs�}LtEpf}Ln^qftj{�n^v��a�/sg��~��/w(}3��~�t@pfw���r>s�t��5u����ErKs���u���x�pft/�
m��Wª�pf�@r>s�t@v��Et {�t�u��W�?�?�M�\����t@qC� �^�E�@n^pf{��EtQ}��/p-p��/}�}Ln^pC�e��u!�)ª�pf�@r>s�t@v��Et {�t�u��)��p��/v�qf������n�v;�/��n^w(��r>s�t
}��/pQu!�yw��E��~�nK{�t�{����/�@�En�pf{g�@u!�/qfqf��rKs�t�{��E�@pf�\��ta�/sb¯j���	��±°M�\+)n^s�q)�?�^n�v�q)�-,Cs�qC����u!�y{���qC���/v��Et�t@v>��pCt
u�t@qQ{�t@sM¨gw(��pfn��\pfq�{�tIª��S^En^vY�5�@tar>s�t^�D}Ln^s�p rKs�tju����+��n^w(t�qfn^���Qt@vApf�Eqfn�v��/v��Et;�?��tE�au�tIw(nK{�t_T�V��
u!�jªPpf�@r>s�t@v��Etj�/��n^w���r>s�t�{�n��\��tI´���pft�{��@}�u��/�@�Et�}��^p�tE§FtE��[K���/pa`�{�t�?£�£U`!T�b/�
m��j������	��\cX;w(n^v>��pftWs�v3��tEw(}�q�{�t��^n�u8{�tEq �+��n^w(tEq@��n^x���tEvKsNt@vNw�t@qfs�p��/v>��u�tWv�n^wyx�pftW{����+��n^w(tEq
{�����t@�����@qa{��/v�qIu�tEqI�E���+��q |e〉 t�� |g〉 t@vbªPn^v��E����n�v�{�s���tEw(}�q�{����/pfpf���^�@t5�^sb{�t@sM¨M��«@w�t5{�����t@����t@s�p@�¦�tE}Lt@v�{��/v>�?�+u�t }�pftEw(��t@po{��E��tE�E��tEs�pVt@qC�Vs�����u���qf�-{��^v�qVu���t�¨�}L�Epf��tEv��@t/�/¦�t@u�s��3.1�@��v�n^s�q�}Lt@pCw(tE�@���@n^w(w�t
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�G���Q�o	���cX�� �L&�2 6 �j$�&�=� #� $�&j��, &�k 6
9�7 ��&�iL�E&5$�& 7�9�l�9�7 &�iL�E&5�>=�&E�;��, ���1 #23&I�� #iL$�&#Te��i�$K���?����i�PD.>&
��&���� 6 ��`�.>&#����$-, ���1 #23&��)��*+�� 7 *^�+iF���W&+�-��& 6 ��`�.>&#��$�&W��, ���1 #23&Q�� #iL$�&+T

�G���Q�F	��±°/£;� � 7  �*^��*+�����<� 9 $�&j$ 9 �1&@�#�1& 7 ��, ���1 #23&)�� #iL$�&j$��+i��)��, 9 �<��� |g〉 &�i l  #iL�#���P #i�$�&I�!� 6 BD�+��&
φ 7 &��!�����<=�&)&�iF� 7 & �P&��Q$�&+.#k3��i��E&E�+���� +i��?TKUW, 9 �CBL&����P&)��.SQ1$�&��f�?./�)$F.�P 7 � 6 BL& ��iL$K�P`�.>&Q��� l�7�9 `�.>&�iL�E&I$�&�!�;�� M. 7 �E&a&fk��1& 7 iL&+T�de&�����&���.SQ1$�&��f�� M./� ��iL$K��`�.>& ���3=��+�P&+. 7 $�&W�!� 6 BD�+��& π + φ

$-, BL #23 K$^O�iD�/PM&#T
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� � ��� � � ��� � � 	��U � ���)d
R���� � � ��	���	������)d� �E��� R;��%��	 � ��� ?£^	

v�n^s�q�u<���?��n^v�q5w(n^v>��pf�3{��/v�q�u�tY¯A^�±°M��²��
{�tg{�����t@����t@p�u�t@q5{�tEsM¨0�E���+��q�{�tNu<���/�fn�w�t |e〉 t�� |g〉 �u�����v����@pf��t@s�p�{�t�u!�yw�´@w�t�qf�@r>s�t@v��@tjt�¨�}L�Epf��w�t@v>���/u�t/�
��v pf�@}L«���t u<��t�¨M}L�@pf��t@v��Et s�v �^p��^v�{ v�n^wyx�pftb{�t�ªPn^��qNtEv x��^u��?z>�/v>�gu��X}�~��/qft t@v���pft u�tEqg{�t@sM¨
��w(}�s�u�qf��n^v�q@�>}��/pGu!��w(����~�nM{�t){��E�@pf�\��tW�/sA¯�	���°M�Mm��������M	���°^£aw�n�v���pft)u��a}�pfn^x��/x���u��\���Q{�tW{��E��tE�E��tEp
u����+��n^w(teqfn�v�{�t�{��/v�qVu<���E���+� |g〉 t@vjªPn^v��E����n^vj{�t�u�� }�~��/qft�pftEu!�+���\��t t@v���pft�u�tEqV{�tEsM¨;��v-,ftE�E�f��n^v�q@�#}Ln^s�pu�t���~��^w�}N��v-,ftE�E���I{�tj°ZXy}�~�n/��n�v�qQt@vgw(n�z^t@v�v�t/�DmotIpf�@qfs�u\���+�Qw(n^v>��pft��@t�r>s�t�u<��n�vN�/�f�ft@v�{��/���?��tEv
}�pftEv��^v���tEv��@n^w�}���t u�tQpf�@�^u!�/�^tQ{�s���t@w�}�q {�����v>��t@p��/������n^v�{���qf�@s����)�/sN¯�	���	���^� ª®�>mon^pfqfrKs�t)u�t@q {�tEsM¨
��~��^w�}�qV��v-,ftE�E���Eq
qfn^v>�
t@v;n�}�}Ln^qf�\����n^vj{�t�}�~��/qft

φ = φ′ �+��u�q�qft�qfs�}LtEpf}Ln�qftEv>�e{�tGª��S^En^v;{�t@qC��pfs��������^tt��Nu<���/��n^w�tAqfn�pC�3{�s w(nK{�t�{�tbu!���?�?�M�\����{��^v�q3u��������+� |g〉 �?��t@�bs�v�tb}�pCn�x��/x���u��\���A{�t ∼ 75%
�

W)s��@n^v>��p��/��pft^�Du�n^pfqfr>s�tju�t@q){�tEsM¨���~��/w(}�q)qft;qfs�}Lt@pC}Ln�qftEv>�a�?�^t@�;s�v�t;}�~��^qft;{��\§8�Epft@v���t^�Lu<���/�fn�w�t
��v>��t@p��/�^�������^t@��s�vg��~��^w�}Nv�n�vgv>s�uotE�Q��u8qfn^pC� {��/v�q u��������+� |g〉 ���^t@��s�v�t�}�pfn^x��/x���u��\���W{�t ∼ 48%

�

��������� � � � �&% �������������)	 " �( ��� "��
Q

 j���/}�pf«@q�u����ErL��¬�°��\���³e{�tWu��a}��M²]R��Mu����/�/u�t@s�p
Q(−α)

{�tWu!��ªPn^v��E����n^v
Q
�^s�}Ln���v>� −α {�tWu<��t@qf}��/�@t

{�tEq�}�~��^qftEq�tEqC���@���/u�tW�ju!�a}�pfn^x��/x���u�� ���
Pα(0)

r>s�t�u�t)��~��^w�}��M{��E}�u!�/�@�W{�s���tE�E��tEs�p |+α〉 {��^v�q�u�t}�u��^vy�En�w�}�u�t�¨�t/�/qfn��\�-{��/v�qeu��������/� |n = 0〉 ¬������^	���°M#³��/mot�pf¡^u�t�{�s5��~��/w(} |α〉 {�t�u��)������	��\K¬P�?³VtEqC�t�¨��/�E��tEw(tEv>���@tEu�s���{�te{��E}�u!�/�@tEpou�t-��~��^w�} |β′〉 {���s�v���tE�E�ft@s�p |α〉 �-[M��u�tEqo�@n^v�{��\����n^v�q�qfs��\�/�/v>��tEq�qCn�v>�q��+����qCªP�^�\��t@q@�?u�te���^sM¨a{����/x�qfn^pf}�����n^v
P (g)

{�tGu<���+��n�w�teqfn^v�{�tGt@qC�
�^u�n�pfqo{���pftE�E��tEw(tEv>�V}�pfn^}Ln^pC����n^v�v�t@u��
�5s�v�t��En^v�qC���/v>��ta�^{�{��\�����^t�}�pf«@q@�D�5u��;�+�^u�t@s�p�{�t�u!�jªPn^v��E����n�v

Q(−α) �� u�n^pfqfr>s�tju!���?�?�M�\���jt@qC��{��/v�qWu��������/� |n = 0〉 �Lu����+��n^w(t�{�n^���)pftEqC��t@pW{��/v�qWu<���E���+� |g〉 {��^v�qWu�t@r>s�t@u��u��5������}�pf�E}��^pC���
� u�n^pfqfr>s�tau��5�?�?�K������tEqC�W{��/v�q u<��s�vg{�t@q)�����+��q |n > 0〉 ��u<���/��n^w�tI{�n^�\�)�/x�qfn^pfxLt@p s�vA}�~�n/��n^vY�?��tE�s�v�t�}�pfn^x��/x���u�� ���W{�tj¢^£�¤��
�-s���qfr>s�ta{��/v�q u�t@q�t�¨M}L�@pf��t@v��Et@q)v�n^s�q x��/u���z^n^v�qQs�v���rKs�tEw(t@v�� u!�y}�~��/qft�pft@u��/���\��t

π + φ
{�t@q {�t@sM¨

��~��^w�}�q ��v-,ftE�E���EqGtEv�u��^��qfq��/v>� u�t@s�pe��v>��tEv�qf���f� ��v���~��/v��^�@t/�>v�n^s�qGv�n^s�qG��v>���Epft@qfqfn^v�qG���E�D��s�v�t)�En^s�}Lt
{�tIu��jªPn^v��E�f��n^v

Q
qfs�p�s�vN�Et@pf�Eu�t�{�sN}�u!�/v3�@n^w�}�u�t�¨MtI�?z>�/v>�Qs�vNp��?z^n�v3�@n^v�qC���/v>� |α| =

√
n̄
��n��

n̄tEqC�)u�tIv�n^wyx�pft�w(n�z�tEvg{�t�}�~�n/��n^v�qQ{�sg��~��/w�}g�En�~��Epft@v��)��v-,ftE�E���/�
� �?�/s�qft�{�tYu!� }�pf�Eqft@v��Et^��t@v}�u�s�q@� {�s��~��/w�}���~�tEpfw(��rKs�t^� u�tA��~��^w�}{��/v�q�u!� �@���K�����Y�?�/�/v>�
u�����v-,Ct@������n^vb{�s ��~��^w�} {�t�{��E}�u!�/�Et@w(tEv>� |α〉 t@qC�av�n^v }��^q�s�v ��~��^w�} �En�~��Epft@v�� |β〉′ w��/��qI}�u�s�qt�¨��/�E��tEw(tEv>��s�vY��~��^w�}A��~�tEpfw(��rKs�ta{��E}�u!�/�@�a}��^p u�t���~��/w(}A�@n^~��Epft@v>� |β〉′ �L{�n^v>�Wu�t@q }�pfn^}�pf�������@qqfn^v>�Q{���qf�@s��f�@tEq �^sY¯)°M��^��	������
	ev3}��^pC���/v>��{�t�u<���@rD�o¬�°M��	��^³��Mu!�aªPn�v��E����n^v

Q
{�s3��~��/w(}���~�t@pfw���rKs�t

{��E}�u!�/�@�It@vNªPn^v��E����n^vN{�t�u��y}�~��/qft
φ
��� |α| = |β′| �En�v�qC���^v>�?��t@qC� �@���/u�tI� �

Qn̄,β′(φ) ' 1

π(n̄th + 1)
exp

(

− n̄

n̄th + 1
(φ− φ′)2

) ¬�	�����³

n��
n̄
t@qC�eu�t�v�n�w;x�pft�w�n�z�t@vy{�t�}�~�n/��n^v�qe{�t@qe��~��/w(}�q-�En�~��Epft@v���q |β〉′ tE� |α〉 t�� n̄th

t@q®� u�t�v�n^wyx�pft
w�n#z^t@vN{�t�}�~�n/��n^v�qQ{�sg��~��^w�}N�f~�t@pfw���rKs�t^��motI}�����{�t�u��;ªPn^v��E����n^vNtEqC�)�Et@v>�fpf�j�yu!�;}�~��/qft

φ′ {�s��~��^w�} |β′〉 �8m-���ErL�-¬�	����^³Qw(n^v>��pftarKs�t/���/s���n^s�pW{�tju!���+�^u�t@s�p φ = φ′ �Fu���ªPn^v��E�f��n^v Qn̄th,β(φ)
tEqC�

tEvA}�pftEw(��«@pftI�^}�}�pfn�¨M��w(�/���\n^v3s�v�tIªPn^v��E����n^vN���^s�qCqf��t@v�v�ta{�tIu!�/pf�^t@s�p
�

∆φ =
∆φ0√
n̄

=

√

2(n̄th + 1)

n̄

¬�	�� !>³
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n��Nu!�yu��^pf�^tEs�p�tEqC�){�����v���tI�@n^w(w�t�u!�y{���qC���/v��@tIt@v>��pft�u�t@q�{�t@sM¨N}Ln^��v>��q�{�t���t�¨���n�vNtE�
�

Qn̄,β′(φ′ ± ∆φ) =
Qn̄,β′(φ′)

e2
¬�	��KX�³

+ n^s�q��?��n^v�qGpf�@}L�����)u<��t�¨M}L�@pf��t@v��@t {�t){�����t@������n^v�~�n^w(nK{�zKv�tW�?�^t@�){��\§8�Epft@v���t@q �/�/u�t@s�pfq {�����v>��t@v�qf�\���
{�s��~��/w(}���v-,ftE�E���/��m��������G	��±°^°�¬���³5w�n�v>��pCtA}�u�s�qC��t@s�pCq��@n^s�pfxLtEq�{���~�n^w(nK{�zKv��^�^tA}�pf��qftEq�}Ln�s�p
{��\§F�@pftEv>��t@q(�/�/u�tEs�pfq�{�����v>��t@v�qf�\���A{�s ��~��/w(} |β〉 ��v-,Ct@�����X¬PtEv u����/x�qft@v��Et�{����+��n�w�t@q({��@}�~��/qftEs�pfq
|β′〉 = |β〉 ³�� + n�s�qyn^x�qftEpC��n^v�q5u<���@u!�/pf�^��qfqftEw(tEv>�y{�tEq5}����@q5�/s�ªPs�pyt�����w�t@qfs�pft3r>s�tNu�t�v�n^w;x�pft
w�n�z�tEv�{�t�}�~�n/��n^v�q;{���w(��vKs�t/��m��g������	���°�°�¬PxD³Iw�n�v���pft(u!�Nu!�/pf�^t@s�pa{�t@q;�En�s�pCxLt@q;{����I,fs�qC��tEw(tEv>�
���/s�qfqf��tEvbt@v�ªPn^v��E����n�v�{�t

1/
√
n̄
�o��vbpCt@w(�^pfr>s�tyu!��{��E}Lt@v�{��^v��Et�u���v��?�/��pftj{�tyu���u!�/pf�^t@s�pW{�sb}����

tEvNªPn^v��E����n�v3{�t
1/
√
n̄
��tEvY�/�E�@n^pf{A���^t@��u����ErL��¬�	�� !�³��

Q(-α)

Re(α)

Im(α) |β’+ α>

φ�

π + φ

φ

�G���Q��	���°�N���- M. 7 23&��?. 7 & 7 ��� l  #iL�+�P�P #i Q
$F.0�CBD�/2 6 |β′〉 &�i l  #iL�#���P #i $�&g��� 6 BD�+��&AiL M./�*^�+�!�EO� #i��Q�!� 6 BD�+��& π + φ

$F.��fBD�+2 6 |α〉 T ���CB 9 2���$L.A*^�/�!�EOM�-P�&�$��+i��Q�P& 6 �!�+iY�@ #2 6 ��&�k�&+T
	-vYª��/��q��/v>�)s�v��-,fs�q®��t@w�t@v>�Wu���v��@�/��pft�{�t;u����@n^s�pfxLty	��±°^°�¬PxD³�v�n�s�q)�fpfn�s��^n^v�qWs�vYª��/�E�ft@s�p){�t;}�pfn/.
}Ln^pC����n�v�v��/u��\���

∆φ0 = (135 ± 5) �
�o}�u�s���¡/�arKs�t

115 �
�En^w(w(t5u!�3��~��En^pf��t�qfs��^��«Epft^��t@v�}�pf�@qftEv��@t

{���s�v���~��/w(}b��~�t@pfw���r>s�t�{�t
n̄ = 1

}�~�n/��n^v t@v w(n�z^t@v�v�t/��mot�qf���^v��/u-{�t�{�����t@������n^v ~�n^w(nK{�zMv�t
{�n^v�v�ty{�n^v��ys�v�t;ªPn^v��E����n�v
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|g〉 I >�JK7A�5L6�&%M29"B4ONQPR26%H7A�('�2S%
��T1 �U$V�U�WYXZ:[,17&<\%C) ��4H,&-/2�'��A"�F |e〉 U]�E3������^ Y"$�17._`P�,."�'a�54b�
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� ������������������� ��� ��� � � �!�"	���� � � �$# �����%�&	

')(+*-,/.0*210.3154/6�75(+89(;:=< >@?BA;C9D;E;F�GHFJI�?
Φ0

D;KMLONPLRQRS;CTD+FJK5UWVXFZYHLP[\?]A;C�D;E+FJGM?9S;K�^ � �P� [`_ZG0F�N�?9a
S;b&A;C9GMF�a�a9L�KMA

δ = 50 ced�f�g ?�b3a9L�[�h;ijb+FJb/Y�Uk?9G�A;L�b;b;C9?�G%A;?�G%GlijI�b+F�Sem�[nL�b/YHKMC�G�a9ipoqAr?9GMGMS;G g F�N�?9aUsVtFZYHL�[n?�D;KMC9D;F�KMCuA+FJb;G�Uj?9G0C�YvFZYHG |e〉 ?wY |g〉 g ?�GlY (39±2) x �Zy L�S;G0NPL�S;UjL�b;G0N�C9KMi{z+?9K�Q/S;?�a�?�YMYH?TNZF�Uk?9S;K?�GlY�a�L�[nD+FZYHijh;Uk?%FON�?9a|U}F)NJFJUj?�S;K�FZYMYH?�b;A;S;?~YHE;C9L�KMijQ/S;?9[\?9b/Y �+� a�FJS;GM?�A;S��-FJikh;Uj?
A;C9GHFJa9a�L�KMA&?wY�A;S
b;L�[�h;KM?
C�Uj?�N�C%A;?
D;E;L�YHL�b;G�ikb��M?9awYHC9G g UWVXF�D;D;KML�meij[nFZYHikL�bnA;ijGMD2?�KMGMikN�? g QRS;i�KM?�QRS;ik?9KlY Ω0

√
n+ 1 � δ� aw� �B�;��� ��� ��� h=� g b;?$D2?9SrY�D+FJG���YHKM?�FJD;D;UkijQRS;C�? ��� FJD;D2?9UkLPbrG�Q/S;? Ω0/2π = 49 ced�f ?�Y�Q/S;? g F�Sa�L�S;KMG)A;?�G)?�mrD2C�KMij?�b;a9?�G�QRS;?nb;L�S;G�N�?9b;L�b;G)A;?n[\LPb/YHKl?9K g n̄ = 29

�0y L�S;G�b;?nD2L�SrNPL�b;G)A;L�b;anD+FJG
SrYMijUji{GM?9K�U}F)��LPKl[�S;Uj?
A;L�b;b;C9?|D+FJK�UsVXC�Q � � ��� � � � �
y L�S;G�F�N�LPb;G�NeS&FJS ����� �����1� a|Q/S;? g I�KH�Ja9?|F�S�D;KlL�z+U!I/FJS;GMGMik?9b�A;S�[nLRA;? g b;L�S;G�F�NPL�b;G�Uj?~A;KML�ikY�A;?KMC�A;S;ijKl?�Uj?�A;C�GHF�a�a9L�KMA

δ
YHL�SrY~?�b�Ujik[\i{YvFJb/Y
UsVXC�a�E+FJb;I�?�KMC9GML�b;b+FJb/Y|A!V�C9b;?�KMIPik?�?9b/YHKM?�UWVXFZYHLP[\?)?�Y~Uj?

[\LRA;?TA;?uUjF�a9F�NeikYMC g D2L�S;KlNeS�QRS;?uUjF�a�LPb;A;i{YHijL�b Ω0 . δ
GML�ikY�GHFZYHikGl�-FJikYH? g a9?TQRS;ie?�GlY�Uj?Ba�FJG�ija�i ��� KH��a�?FJS&D;KMLJz+U5I/FJS;GMGMik?9b&A;S&[nLRA;? g ?�b3?w��?wY g UWV�C�YvFZY
FZYHL�[n?wo�avE+FJ[nD�b;L�b&a9L�S;D;UjC |e, n〉 � |g, n+ 1〉 ��GM?h;KMF�b;avE;?�Uj?�b/YH?9[\?9b/YTGMS;KTUsVXCwYvFJYBa9L�S;D;UkC |+, n〉 � |−, n〉 �]?�YuKM?wNeik?9b/Yu?�b;GMS;ikYM?�A+FJb;GuUsVXCwYvFZYTA;?�A;C�D+FJKlYUkL�KMGMQRS;?%UWVXFZYHLP[\?�GML�KlY�A;S�[nLRA;?
A;?~U}F)a9FONRikYHC � >@?%Gl�eGlYH��[n?~?�GlY�A;LPb;a%A+FJb;G�UWV�C�YvFZY |+, n〉 � |−, n〉 �D2?�b;A+FJb/Y�YHL�SrYH?~U}F�A;S;KMC9?|A;?|UsVXikb/YH?9KHFJawYHijL�b �

y L�S;G�FJUjUkL�b;GTa9F�Uka9S;Uk?9KTU}F|NZFJUj?�S;KuA;S$A;C�D;E+FJGHF�I�?
Φ0

A+FJb;G�a�?�YMYH?
GMikYHS+FZYHijL�bn?9b`GMS;D;D2L�GHF�b/Y�UsVtFZYHL�[n?
ikb;ikYHikFJUk?9[\?�b/Y�A+F�b;GBUWV�C�YvFZY |e〉 � >!?�[n��[n?�KMC�GMS;UkYvFZYB?9GlYuL�hrYH?�bRS�?�b�GMS;D;D2L�GHFJb/YuUWVXFJYHL�[\?�A+FJb;GTUsVXCwYvFJY
|g〉 ijb;i{YHijFJU �/� ?wNP?�b;LPb;G�^)UsVX?�mrD;KM?�GMGMijL�b`?wmrF�awYH?%A;?�UWV�C9b;?�KMIPik? E+,n

A;?
UsVXCwYvFZYuE+FJh;ijUjU{C |+, n〉 A;L�b;b;C9?D+FJK�UWV�C9Q � � �1�t��� � ��� ?�YlYH?�?�mrD;KM?�GMGMijL�b�ikb;A;ijQ/S;?)QRS;?�UsVXCwNPL�UjSrYHikL�b�A;?�UsVXCwYvFZY |+, n〉 g ?�b3D;KMC9GM?�b;a9?�A;Sa�L�S;D;U}FJIP?~FZYHLP[\?wo�a9FONRikYHC g ?�GlY�A;L�b;b;C�?�D+FJK|�

|+, n〉 → exp {−iΦ(n)} |+, n〉 = exp

{

− i

2

∫

dt
√

Ω2
0f

2(vt)(n+ 1) + δ2

}

|+, n〉
� 1� ��� �

� a9iTUjF���LPbra�YHijL�b
f(vt)

A;C�a9KMi{Y�Uk?na9L�S;D;U}FJI�?�^�U}F�D2L�GMikYHikL�b
x = vt

?wY�b;LPS;G�F�NPL�b;G�FJD;D2?9UkC
Φ(n)Uk?�A;C9D;E+FJGHFJI�?nFJa9a�S;[�S;UkC�D+F�K~UjF���L�b;a�YHikLPb�A!V�L�b;A;? �@y L�S;G|FON�L�b;G~NeS g FJS � �1����� ��� h g QRS;?�A+FJb;G|Uj?a9FJG�A;ikGMD2?9KlGMik��Uj?nA;C9D;E;F�GHFJI�?$A;?�UWV�C�YvFZY |e, n〉 g Ujikb;C�FJikKM?\?9b n ?�Y�C�IPF�Uu^ Φ0n g Gl?`YMKHF�A;S;i{Y�?�b S;bA;C�D;E+FJGHF�I�?

Φ0

A!V�S;b�CwYvFZY�a�LPE;C�KM?9bPY g Q/S;i@?9GlY�S;b;?|GMS;D2?�KMD2LPGMi{YHijL�b�Ujikb;C�FJikKM?
A;?9G�CwYvFZYHG |n〉 �y L�S;G~FJUjUjL�b;G�A;LPb;a�a�FJUja�S;Uj?�K
ika9i g ^�D+FJKlYHijK�A;?�UWVXC�Q � � 1� �O� � g S;b3YH?�KM[n?�Ar?�A;C9DrE+F�GHFJI�?�Ujijb;C9FJikKM?�?9b
|n〉 �=¡ L�S;K�a9?�U}F�b;L�S;G�D2L�GML�b;G��

Φ0(n) = Φ(n+ 1) − Φ(n) =
∫ +∞

−∞
dt

(

√

Ω2
0f

2(vt)(n+ 2) + δ2 −
√

Ω2
0f

2(vt)(n+ 1) + δ2

) � 1� ��� �

Φ0(n)
?9GlY�UjF$A;i{��C�KM?9b;a�?\?�b/YHKM?\Uk?9G~A;C�D;E+FJGHF�I�?9G�F�a�a9S;[�S;UjC�G|D+FJK~Uj?�G~C�YvFZYHG |+, n+ 1〉 ?�Y |+, n〉 �¡ L�S;K%S;b�C�YvFZY%a9L�E;C9KM?�b/Y |α〉 FON�?9a�S;b;?�A;ikGlYHKMijh;SrYHikL�b&A;?�G~b;L�[�h;KM?�G%A;?�D;E;LJYHL�b;G%a9?�b/YHKMC9?\FJSrYHL�S;KA!V�S;b;?BNJFJUj?�S;K0[\LO�P?�b;b;?

n̄
?wY�FON�?9aTA;ijGMD2?�KMGMikLPb |n−n̄| =

√
n̄� n̄ g b;L�S;G0D2LPSrN�L�b;G0�-FJijKM?�UsVtFJD;D;KML�mripo[nFZYHijL�b3QRS;?�YHL�S;G~Uj?9G~CwYvFZYHG |n〉 A;?�U}F`GMS;D2?9KMD2L�GMi{YHijL�b�GMS;h;ikGMGM?9b/Y�S;b¢A;C�D;E+F�GHFJI�?\C9IPFJU�^ nΦ0(n̄)A;L�b;b;C|D+FJK�Uj?�G�C9Q/G � � 1� �O� �u?wY � 1� ��� � g ?wY�QRS;?|UWV�C�YHFJY�a9L�E;C9KM?�b/Y�GM?~YHKHFJb;Gl��L�KM[\?~A;L�b;a|GM?�UjL�b¢�

|e, α〉 →
∣

∣e, αeiΦ0(n̄)
〉 � 1� � � �

>]VtFJD;D;KML�mrik[�FZYHikL�b%?�GlY0A!VXF�SrYvFJb/Y5DrUjS;G!NZFJU}FJh;Uj?�Q/S;?
n̄
?9GlY5IPKHFJb;A � >5F�z+I �d�����£ [nL�b/YHKM?�Uj?]A;C�D;E+FJGHF�I�?

Φ0(n̄)
A!V�S;b¤CwYvFZY\a9L�E;C�KM?9b/Y\a�FJUja�S;UjC`bRS;[nC�KMijQ/S;?9[\?9b/Y\^3YHKHF�NP?�KMG\UsVXC�Q � � 1� ��� � � >@?�G\D+FJKHFJ[n�wYHKM?9G

SrYHikUji{GMC9G�A+F�b;G]Uj?�a�FJUja�S;U;a�LPKMKl?9GMD2L�b;A;?9bPYuF�Sem�a9L�b;A;i{YHijL�b;G�?wmeD2C9KMik[n?�b/YvFJUj?9G g a�V�?9GlYloq^�o�A;ijKM?%� Ω0/2π =



V�U���U��
� �������w��� �$# �
� 	���� � ����� �$# �����%�&	 	��
� # � ������&� # ����� # � �����

49 ced�fJg δ/2π = 50 cRd�f ?�Y v = 200
?wY � ��� [`_ZG � a�?�YlYH?
NRikYH?�GMGM?%GM?�KHF�SrYHijUkikGMC�?�A+FJb;G�UjF�GMS;ikYH?�A;?9G

?�mrD2C�KMij?9bra9?9Gv� �
>5F)NJFJUj?�S;K�A;S�A;C9D;E;F�GHFJI�?

Φ0(n̄)
a�FJUja�S;UjC�?%bRS;[\C9KMikQRS;?�[n?�b/Y g a9L�KMKM?�GMD2L�b;A+F�b/Y�FJS�b;L�[�h;KM?%[nLO��?9bA;?~D;E;LJYHL�b;G�A;S�avE+F�[\D

n̄ = 29
SrYHikUjikGMC
A+FJb;G�UsVX?�mrD2C�KMij?9bra9? g ?�GlY Φ0(n̄) = 39 xsg ?9b�F�a�a9L�KMA�FON�?9a~U}FNZF�Uk?9S;K�[n?�GMS;KMC�?�?�mrD2C�KMij[\?9b/YvFJUk?9[n?�b/Y �

���
	�������J£	� ���!- 7A% �14b�
,."`'B7/'�>E:=+$�AF �& �2�PR,.< <629FH:[,."�'1�A"�4�N 7A" '�>6F9�#P�PR,.<6'
δ = 50 
 ��� 2.4 N 7A"�2

Ld�54529F F62�'�2S%C) ��45,.-82S'�>?:=+$�&F62.7A<D'�2DW���-��YFS2.4��.X�� -��YFdU � 29F 3��&< <626F�L�29<d4b�MPC�A%
26FSP�,.< <626FH:[,."�'�29"B4
N 7A" "�,.- 3&<62Z-8,60126" '�2�:=+�,14H,&"�F

n̄ =
W�� I �� 2.4��&X�U
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��������� �
	���������������������	�����! "������ ��!��#�$�&%�'

� L)(�(n?�L�b¢UWVtF$A;i+*�FJS � � � ��� � g UWV�?�,\a�FJa9i-*HC\A;?\A;C�*M?9a�*MijL�b A;S D;Kl?.(\ij?9K~A;C/*H?9a/*H?9S;K g S!*HijUkikGMC�A+FJb;GUsVX?�mrD2C�KMij?�b;a9? g ?�G�*�A;? (79 ± 10)%
�=� ?�*0*M?~NJFJUk?9S;K�F�C/*HC1(n?�GMS;KMC9?~D+FJK�S;b;?|?�mrD2C�KMij?�b;a9?|GMD2C9a�ikz32/S;?

A;?�(n?�GMS;KM?\A;?nUsVX?/,na9F�a�i+*HC�A;?\A;C�*H?�a�*HikLPb
2RS;i�?9G�*)A;C�a9KMi-*H?\A+FJb;G�U}F4*6587�GM?�A;?\A;LRa�*HL�KHF9*�A!V;:�Uk?wmrijF
:�Sr�<7�N�?9G>= �A9? �;� D+FJK�*HijKuA;?9G�GMijI�b+FJSem$A!V@5;LA(\LRAr�eb+FJIP?B2RS;?|b;L�S;G�F�NPL�b;G�(\?9GMS;KMC�G�b;LPS;G�D2LPSrN�L�b;G
FJS;GMGMi2A;C9A;S;ikKM?�U}F~NZF�Uk?9S;KBA;?
UsVX?/,na9FJa9i+*HC�A;?�A;C/*H?9a/*HijL�b g D+FJKTD;UkS;GMij?�S;KMGC(nC/*65;LRA;?9GD2/S;?
b;L�S;G�FJUjUkL�b;GA;C�a9KMikKM? �

')(+*-,/.0*�E
F0(8GIHIJKGn10. 8LJ�:#M5(+*u1�N{7PO<QRO@1TSTM5(;:=<UMPO<M ,AO#M01VJ�HWJ�O#MVM5<e*
� D+FJK�*HikK�A;S�GMikIPb+FJUeA;?�A;C�*H?�a�*HikLPbX5rLA(\LeAr�Rb;?�b;L�b�a�LPb;Ari+*HijL�b;b;?�UrKM?�D;KMC�GM?9bY*HC�GMS;K]U}F�z+I ������)Z b;L�S;G
D2L�SrN�LPb;Gua�FJUja�S;Uj?�KTUj?�b;LA(�h;KM?�(nLO��?9b`A!VXF9*HLA(\?9GTKMC�?9UjGTD;KMC9D+FJKMC9GuA+F�b;GuUj?�GuGMC�2RS;?�b;a9?9G�?wmrD2C�KMi[(\?9beo
*vFJUk?9G �V\ b a�LA(\D+F�KMF�bY*�Uj?nb;L)(�h;Kl?�L�h!*H?�bRS F�N�?9a�Uj?nb;L)(�h;Kl?](\LO�P?�b�A;C�*H?�a�*HC`b;L�S;G)D2LPSrN�L�b;G�?9b
A;C�A;S;ijKM?~UWV�?�,\a�FJa�i+*HC~A;?~A;C�*H?�a�*HikLPb �
>@F�z+I �=1� �)Z (nL�bY*HKM?)Uj?)GMijI�b+FJU0A!V;5;L)(nLRAr�Rb+F�I�?�FJa.2/S;ijG~F�NP?�a�UWVXF9*HLA(\?�A;C9D85+FJGM?�S;K~D;KMC9D+FJKMC�A+FJb;G
UsVXC/*vF9* |e〉 �T� L)(^(\?�b;L�S;GnUWVXF�NPL�b;G\?�mrD;Uki[2RS;C�?9b a�L)(^(\?9bY*vFJbY*\a�?�GMikIPb+FJU g Uj?�GX*HKML�ijG�D;ika9G�2RS;i�Uj?a�L)(nD2L�GM?9bY*�GML�bY*�A;S;G)FJSem¢GlC.2RSr?9b;a9?9G�L)_¢Uk?�b;LA(�h;KM?�A!VtF9*HL)(n?�G|A;C9D!5+F�GM?�S;KMG)D;KMC9D+FJKMC�G)?�G�*)C�I/FJU
KM?�GMD2?�a�*HikN�?.(\?9bA*u^ � g � ?�* ���/� ?�GlijI�b+F�Urb�VX?�G�*TD+FJG�FJ��?9a/*HC�D+F�K]UsVX?/,na9F�a�i+*HC�A;?�A;C�*M?9a�*MijL�b g D;S;ijG02/S!VXikU(\L�bY*HKM?)UWVXFJh;GMLPKMD!*MijL�b&A;?�UsVtF9*HL)(n?�GML�b;A;?�ikb;A;C9D2?�b;A+F`(^(\?9bY*
A;S�b;L)(�h;KM?�A!VXF9*HLA(\?9G�A;C9D85+FJGM?�S;KMG
A;C/*H?9a/*HC�G �B¡ FJK�a9L�b;GMC�2RS;?9bY* g Uk?9G�F�ikKM?9G�A;?�Ga*HKML�ijG)D;ija�G�GML�bY*�A;ijKM?�a�*M?.(n?�bY*�D;KML�D2LPK�*HikL�b;b;?9UjU{?9G�FJSemD;KML�h+FJh;ijUki-*HC�G!A!VXF�NPL�ijK � g � ?�* � F9*HL)(n?�G@A;C�D85+FJGM?9S;KMG g A;LPb;b;C�?BD+FJK!S;b;?BA;ikG�*HKMikh;S!*HijL�b%D2L�ijGMGlLPb;b;ik?9b;b;?� aw� � C�2 � � �;b � �B¡ LPS;KnUj?�a9F�Uka9S;U�A;S b;L)(�h;KM?c(nLO��?9b KMC9?�U

n̄
A!VtF9*HL)(n?�GnA;C9D85+FJGM?9SrKMG$b;L�S;G`F�NPL�b;G

S!*MijUji{GMC|Uk?9G�NZF�Uk?9S;KMG�A;?9G
FJijKM?�G�A;L�b;b;C9?�G
D+FJK�UWVXF��lS;G�*H?.(\?9bY*�IPF�S;GMGlij?9b&^X*HKML�ijG�D;ija�G�ikb;A;i[2/S;C9?�G�A+FJb;G
UjF¢z+I ��1� �)Z1� >@?&D;ija&a�L�KMKM?9GMD2L�b;A+FJbY*�^ � F9*HLA(\?9G�A;C�D85+FJGM?9S;KMG$A;C�*H?�a�*HC�G�b!VXF�D+F�G`C/*HC3D;KMikG�?9b
a�L)(nD!*H?�a�FJK�GML�b�FO�MS;G�*H?�(n?�bY*BI/FJS;GMGMik?9b\?9G�*�*MKMLPD\FJ��?9a/*HC�D+FJK�Uj?�h;KMS;i-*�A;?���L�b;A �P¡ S;ikG02RS;?�UsVtFJijKl?�A;S
D;ika|a9?�bY*HKMC�^

φ = 0
?�G�*
D;KML�D2LPK�*MijL�b;b;?9UkUk?|^

P (0) = exp(−n̄)
?/*
UsVtFJijKM?%A;S&D;ika|a9?�bY*HKMC�^

φ = φ0?�G�*~D;KlLPD2L�K�*HikLPb;b;?�UjUk?�^
P (1) = n̄ exp(−n̄) g Uj?)KHFJD;D2L�K�*
A;?�a9?�G~A;?�Sem�FJijKM?�G�A;LPb;b;?�A;ikKM?9a/*H?.(\?9bY*

n̄ = P (1)/P (0) = (0, 69 ± 0, 10)
� >�V�?�,\a�FJa�i+*HC\A;?\A;C/*H?9a/*HijL�b

η
?�G�*)A;L�b;b;C9?\A;ijKM?�a�*M?.(n?�bY*�D;F�K

Uk?~KHFJD;D2L�K�*�?�bY*HKM?|Uj?~b;L)(�h;Kl?|A!VXF9*HLA(\?9G�A;C9D85+FJGM?�S;KMG
ArC�*H?�a�*HC�G�?�*�Uj?~b;L)(�h;KM?~KMC9?�U@LPh!*H?�bRS�D+FJK�a�?
a9FJUja9S;U��

η =
n̄det

n̄
=

0, 605

0, 69
= (87 ± 12)%

� 1� �  �

>!?9G�h+FJKMKM?9G�A!V�?9KlKM?9S;K�A;C9KlikNP?�bY*]A;?uUWV�?9KMKM?�S;K�G�*vF9*HijG�*Hi+2RS;?TGMS;K�UWVXFO�MS;G�*H?.(\?9bY*�I/FJS;GMGMik?9b�^�*HKML�ikG�D;ika9G�A;S
GMikI�b+F�UeA;?�UjF�z+I ��1���AZ�� >�V�?9KMKM?�S;K]GMS;K]UjF�NZFJUj?�S;Kd(nLO��?9b;b;?

n̄det

A!VXF9*HLA(\?9G�A;C/*H?�a�*HC�GB?�G�*�b;C9I�UkijI�?�FJh;Uk? �

e1f9.08�H�<$Q <gM<H�10.¤8LJ�:#M5(+*B1�N{7PO#QRO@1TSTM5(;:2<hMPO#M¤,)O<M01VJ�HIJKO#MVM5<R*]8�.PGn*�<�8LJ�:#M5(+*�,AO#M01VJ�HWJ�O#M�i
M5<R*u<gM *&Np(8j�89<gM0,P<31�Np(!HLO<Q <R8XFVG�4gF0(8G�4R8
>!?%a�FJUka9S;U<2/S;?~b;L�S;GuNP?�b;LPb;G�A;?
�-FJikKM?�D2?9K0(\?�*�A!VX?�G�*Hi[(\?9KuUWV�?�,\a�FJa9i-*HC
A;?%A;C/*H?9a/*HijL�b�^�D+FJK�*HikKTA!VXS;b
GM?�S;UeGMijI�b+FJU g ?9b�a9L)(nD+FJKHFJbY*�UsVX?w��?/*�D85/�eGMi+2RS;?�Ar?9G]F9*HL)(n?�G0A;C9D85+FJGM?�S;KMG�FON�?9auUk?9S;K0b;L)(�h;KM?BA;C�*H?�a�*HC �>!?�a9F�Uka9S;U!2/S;?�b;L�S;G�FJUjUkL�b;G�D;KMC9GM?�bY*H?9K�(nF�ikbY*H?9b+FJbY* g ?9b�KM?�NZFJb;ak5;? g D2?9K0(\?�*]A;?�a�FJUka9S;Uj?�K�Uk?�b;L)(�h;KM?KMC�?9U5A!VtF9*HL)(n?�G�A;C9D85+FJGM?�S;KMG%?�b&a9L)(nD+FJKHFJbY*�Uj?l(n��(n?|GMikIPb+FJU5F�NP?�a)S;b&GMikIPb+FJU@A;?�KMC���C�KM?9b;a�? �!� ?�U}F
b;L�S;G�D2?�K0(n?/*0*HKHF\A;?�a�FJUja�S;Uj?�K�Uj?|b;L)(�h;KM?l(nLO��?9b�KMC9?�U0A!VXF9*HLA(\?9G�D;KMC9D+FJKMC�G g ?/*
?�b&a�LA(\D+FJKHF�bA*�a�?b;L)(�h;KM?�F�N�?9a�Uk?�b;L)(�h;KM?�(\LO�P?9b\A!VXF`*HL)(\?9G�A;C/*H?9a/*HC9G g a�LA(�(n?�b;LPS;GBFON�L�b;G��-FJi+*�A+FJb;GBUjF1(\C�*65;LRA;?
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D;KMC�a9C�A;?9bY*H? g b;L�S;G�(n?�GMS;KM?9KlLPb;G�UWV�?�,\a�FJa9i-*HC~A;?|A;C/*H?9a/*HijL�b �>5F�z+I �K1� ��� (nL�bY*HKM?%?9b�a�?9KMa�Uj?9G�D;Uj?�ijb;G�Uk?~GMikIPb;F�U!FJa.2RS;ikG�F�NP?�a�Uk?9G�F9*HLA(\?9G�A;C�D85+FJGM?9S;KMG�D;KlC9D+FJKMC9G
A+FJb;G]UsVXC/*vF`* |e〉 � (n��(n?TGMijI�b+FJU$2RS;?�A+FJb;G]UjF�z+I ��1���AZ �5?�*]?9ba*HKli}FJb;IPUk?�G�a9KM?�Sem�Uj?uGMijI�b+FJUeA!V;5rLA(\LeAr�Pob+FJI�?�FJa.2/S;ijG�A+FJb;GBS;b;?�?wmeD2C9KMik?9b;a�?�L)_nFJS;a9S;bnF`*HL)(\?�A;C�D85+F�GM?�S;KTb!V�C�*vFJi-*B?w��?9a/*HikN�?.(n?�bY*BD;KMC9D+FJKMC �
� ?$GlijI�b+F�UTA;?`KMCw��C9KM?�b;a9? g D+FJK�a9L�b;GMC�2RS;?9bY* g b!VX?�G�*\D+FJG�a9L�bY*vF`(nikb;C�D+FJK�Uj?�G�F`*HL)(\?9G�A;C�D85+FJGM?9S;KMGb;L�b�A;C/*H?9a/*HC9G g D;S;ijG02/S;?|ijUkG�b!V�L�bY*�D+FJG�C�*HC|D;KlC9D+FJKMC9G�A;Sc*MLPS!* �y LPS;G�FJD;D2?9UkL�b;G

ST (φ)
Uk?%GMikIPb+FJU�A!V;5;L)(nLRAr�eb+FJI�?%?9b$��LPbra�*HijL�b`A;?~U}F�D85+FJGM?

φ g P (0) = exp(−n̄)UjF�D;KMLPh+FJh;ikUji-*HC]A!VtF�N�LPikK � F9*HLA(\?BArC9D85+FJGM?9S;K g S0(φ)
Uk?BGMijI�b+FJU/A;?TKMCw��C9Kl?9b;a�?�?�b�UsVtFJh;GM?�b;a9?TA!VtF9*HL)(n?�G

A;C�D85+F�Gl?9S;KMG|?/*
F
Uj?���L�b;A�A;S3GMijI�b+F�U0A;?�KMC���C�KM?9b;a�? �@y L�S;G%D2LPSrN�L�b;G|FO�MS;G�*H?�K%Uj?)GMijI�b+FJUV*HKHFJa�C

PT?�b�S!*HikUjikGHFJbY*
S0

a9L)(^(\?%GMijI�b+FJU!A;?|KMCw��C�KM?9b;a�? g GM?�UjL�b�UjF���L�K0(�S;Uk?��

ST (φ) = P (0)S0(φ) + F
� 1� � � �


 ?�S;Uj?�G�Uk?9G�NZFJUj?9SrKMG�A;?
φ
^\IPF�S;a 5;?�A;?�U}F�h;F�KMKM?~NP?�K�*Hija9FJUj?~GMLPbY*�a�L�b;GMijA;C�KMC9?�G
A+FJb;G�UWVtFO�MS;G�*H?�(n?�bY* �

¡ S;ijG02/S;?�b;L�S;G%b!VXFON�L�b;G%D+F�G
A;?�GMijI�b+FJSem&A;?�KMCw��C9KM?�b;a9?�D2L�S;K
Uj?)D;ika�^�S;b�F9*HL)(n?�A;C9D85+FJGM?�S;K g ?�b?w��?/* g b;L�S;G�b!VtF�NPL�b;G�D+FJG�Uk?~A;KML�i+*�A;?|Uj?%D;KM?9brA;KM?�?�b�a9L)(nD!*H?~A+FJb;G�UWVXF��MSrG�*H?.(\?9bY* �¡ F�K�UWVXFO�MS;G�*H?.(\?9bA*�b;L�S;G�L�h!*H?9b;L�b;G
P (0) = (0, 468 ± 0, 020) g 2RS;i�a9L�KMKM?�GMD2LPb;A¤^3S;b b;L)(�h;KM?(\L���?9b¤A!VtF9*HL)(n?�GnKlC9?�UjG

n̄ = − ln[P (0)] = (0, 76 ± 0, 04) g a�?h2RS;i�A;L�b;b;?�S;b;?�?�,\a�FJa9i-*HC�A;?
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A;C/*H?9a/*HijL�b�C�IPF�Uk?|^��
η =

n̄det

n̄
=

0, 605

0, 76
= (80 ± 4)%

� 1� � Z �
>!?9G�h+FJKMKM?�G�A!V�?9KMKM?�S;K�G�*vF9*HijG�*Hi+2RS;?�G g A+FJb;G�a�?~a9F�G g GML�bY*�A;S;G�D;KMijb;a�ijD+FJUk?.(\?�bY*�FJS$h;KMS;i-*�GlS;K�Uj?�� LPb;A?�b�A;?.5;L�KMG�Ar?9G�D;ika9G �

')(+*-,/.0*-8 E
F0(8GIHIJ�G�15<e8�(!HIO#Q <e8XMPO<M 154YHO<R,)H�4e8�15(3M08n*-<�8LJ�:#M5(+*�,)O#M01VJ�HWJ�O#MVM5<e*
y L�S;G�D2L�SrNPL�b;G�C9IPFJUj?�(n?�bY*�a�FJUja�S;Uj?�KuUWVX?/,\a�FJa9i-*HC%A;?%A;C/*H?9a/*HijL�b$?9b�a�L)(nD+FJKHF�bA*�Uj?
GMijI�b+FJU�A!V;5;L)(\LJo
Ar�Rb+FJIP?ua9L�KMKM?�GMD2LPb;A+FJbY*�FJS�a9FJG�LA_�FJS;a9S;b�F9*HL)(n?BA;C9D85+FJGM?�S;K]b!VX?�G�*�A;C/*H?9a/*HC�A+F�b;G�Srb;?�?wmeD2C9KMik?9b;a�?
L)_\Uk?�D+F`2RS;?/*TA!VtF9*HL)(n?�G�A;C�D85+F�GM?�S;KMGT?9G&*TD;KMC9D+FJKMC�F�NP?�a�S;b\GMijI�b+FJU;A;?�KMCw��C9KM?�b;a9?�L�h!*H?9b/SnGHFJb;GBD;KMC�o
D+FJKM?�K�Uj?%D+F`2RS;?�*�A!VtF9*HL)(n?�G�ArC9D85+FJGM?9S;KlG �

� �
	 ��1�� � � � � 2.4bF/FR7A<;%M29F F �! #"$�17�� '*) +�,.-/,�'�01"$�. 12`'�28%6) 2��/PC�YP9�545> '�2`'�>&452�P&4b�
,&" �c" �b>6< �
2&7A<62
N �� ���U]���! #"$�&% '*) +$,&-/,�'�01"$�. 12;,1314529"B7 F9�A"1FD:=<6>E: �&<626<Q'*) ��45,.-/26F '�>?:=+K�AF62.7A< F Fd7R:[29<H:[,.F6>/��7
F �^ #"$�A% '*) +�,.-8,a'�0�"$�. �2QP�,&"�'a�H4b�M,."�"�26%O,�314H26"B7 %
,.< F6JK7Y2 �17YP&7A" �145,.-82�" ) 29Fd4S'�>&452�P&45> I '1�&"�F�%6) 2��
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� FJb;G�UjF`z+I � ��  � Uj?�D;ika�A!V@5;L)(nLRAr�eb+FJI�?�a9L�KMKM?9GlD2LPb;A+FJbY*)F�S�a�FJG|L)_ FJS;a9Srb�F9*HL)(n?�A;C�D85+FJGM?9S;K
b!V�?9G&*|A;C�*M?9a/*HC g A+FJb;G%UWV�?wmeD2C9KMik?9b;a�?�L)_�UWVXF9*HLA(\?�A;C9D85+FJGM?�S;K|?�G�*~D;KMC9D+FJKMC�A+FJb;G%UWV�C�*vF9* |e〉 g ?9G�*~GMSeoD2?�KMD2L�GMC
FJSnGlijI�b+F�U;A!V@5;LA(\LRAr�eb+FJIP?�L�h!*H?�bRS�UkL�KMG02RS!VXF�S;a�S;b�F`*MLA(\?�A;C9D85+FJGM?9S;KTb!V�?9G�*TD;KMC9D+FJKMC � >@?9G
a�L�S;KMh2?9G�A!VXFO�MS;G�*H?.(\?9bA*�IPFJS;GMGMik?9b;b;?�G�GML�bY*�F�SrGMGMiC*HKHFJa9C�?9G ��y L�S;G�F�NPL�b;G�A;ijGMa�S!*HC`A;S���F�i-*>2RS;? g ^a9FJS;GM?�A;?�UsVX?/,na9FJa9i+*MC)A;?�A;C�*H?�a�*MijL�b3Uji+(\i-*HC�? g a�?9K�*HF�ikb;G%F9*HL)(n?9G�A;C�D85+FJGM?9S;KMG12/S;i�GML�bY*%KMC9?�UjUk?.(n?�bY*D;KlC9D+FJKMC9G|?/*l2RS;i]A;C9D!5+F�GM?�bY*)?w��?9a�*MikN�?.(n?�bY*|Uj?�a 5+F)(\D�b;?�GML�bY*|D+FJG~A;C�*H?�a�*HC�G �0¡ F�K%a9L�b;GMC.2/S;?9bY* ga�?9G~CwNPC�b;?.(\?9bY*HG|a�LPbA*HKMijh;S;?�bY*|FJS�GMijI�b+FJU�a9L�KMKM?�GMD2LPb;A;F�bY*�FJS�a9F�G%L)_�ijU�b�V��3F`D+F�G%A!VXF`*HL)(n?�G%A;C�o
D85+FJGM?�S;KMG�A;C�*M?9a/*HC9G � >@?nak5+F`(\D�FJ��?9a/*HC�D+FJK�Uj?\D+FJGMGHFJIP?nA;?�a�?9G�F9*HL)(n?�G�?�G�*�a�?9bA*HKMC`^�UjF�D85+FJGM?
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φ = 39 x D;UjS!*��)* 2RS;? φ = 0 x a�L)(^(\?uA+FJb;G�Uj?�G�GMC�2RS;?�b;a9?9GBL)_�ikUeb�V���F
?���?�a�*Hi{NP?�(n?�bY*�D+FJG�A!VtF9*HL)(n?�GA;C�D85+F�Gl?9S;KMG � >�VX?w��?/*%A;?�a9?�G~F`*HL)(\?9G�GMS;K
Uj?)GMikIPb;F�U5a9L�b;A;i+*HikL�b;b;?9U5?9G�*%A;L�b;a�A;?�KMC9ArS;ijKM?)UWVXF�ikKM?�A;S
D;ika|^

φ = 0 x ?�*�A!VXikbY*HKMLRA;S;ijKM?%S;b�D;ika|^ φ = 39 x-g NRijGMikh;Uj?%A+FJb;G�U}F)z+IPS;KM? �>@?�G�FJijKM?�G�A;?�G�D;ija�G�^
φ = 0

A;?�G�A;?9SRm�GMijI�b+FJSem�GML�bY*�D;KML�D2LPK�*MijL�b;b;?9UkUk?9G�^�U}F�D;KML�h+FJh;ijUji *HC
Pdet(0)A;?|b;?�A;C�*M?9a/*H?9K
FJS;a9S;b&F9*HL)(n?~?/*
^\UjF�D;KlLPh+FJh;ijUki-*HC

Preal(0)
A;?|b!VtF�NPL�ikK�FJS;a9S;b&F9*HLA(\? �;� D+FJK�*HikK

A;S�b;L)(�hrKM?D(nLO��?9b
n̄real

A!VXF9*HLA(\?9G�A+FJb;G�Uj?uD;F)2/S;?�*]A!VtF9*HL)(n?�G�A;C�D85+FJGM?9S;KMG]?�*]A;S�b;L)(�h;KM?D(nLO��?9b
n̄det = ηn̄real

A!VXF9*HLA(\?9G�A;C/*H?9a/*HC9G g b;L�S;G�A;Cwz+b;ijGMGlLPb;G�Uk?~KHFJD;D2L�K�* r �

r ≡ Pdet(0)

Preal(0)
=

e−n̄det

e−n̄real
=

e−n̄det

e−n̄det/η
= e−n̄det( η−1

η ) � 1� � b �

� ?�U}F�b;L�S;G�A;L�b;b;?\�
η =

n̄det

n̄det + ln r

� 1� � � �

� D+FJK�*HikK�A;?�a�?�*�*H?�C.2/S+F`*MijL�bnb;L�S;GTD2LPSrN�L�b;Gua9FJUja9S;Uk?9K�UsVX?�,\a9F�a�i+*HC�A;?�A;C/*H?�a�*HijL�b
η
?�b�a9L�b;b+FJijGMGHFJbY*

Uk?�b;L)(�h;KM?a(nLO�P?�b�A!VtF9*HL)(n?�G
n̄det

A+F�b;G~Uj?�D+F`2RS;?/*�?�*|Uj?�KHFJD;D2L�K�* Pdet(0)

Preal(0)

?�bY*HKM?�Uj?9G|FJikKM?9G%A;?9G
D;ika9G�A;?�G�A;?�Sem�GMikIPb+FJSem$A!V@5;LA(\LeAe�eb+FJIP? �
>5F�NZF�Uk?9S;K\L�h!*H?�bRS;?�?9G�*

η = (77 ± 6)%
� >5F�h+FJKMKM?�A!V�?9KMKM?�S;Kn?9G�*�A;S;?�^�UWVXikb;a9?�K�*Hi+*MS;A;?�GMS;K\Uj?

KHFJD;D2L�K�*
R
A;?9GnD;KML�h+F�hrijUji *HC9G g D;KMLONP?�b+F�bY*�A;?�Gnh+F�KMKM?�GnA!V�?9KMKM?�S;KnG�*vF`*HikG�*Hi+2RS;?9G\A;?�G`FO�MS;G�*H?�(n?�bY*HGIPFJS;GMGMij?�b;G)A;?9G)A;?9Sem GMikIPb+FJSem¢A+FJb;G)UjF�z+I �(1�� � g D2LPS;K�Uk?9G02/S;?9UjG�b;LPS;G)FON�L�b;G)i[(nD=LPGMC\UjFc(\�.(\?NZF�Uk?9S;K�A;S���L�b;A �

>@? *vFJh � 1� � KMC�GMS8(n?�Uj?�Ga*HKML�ijGa(nC/*65;LeAr?9G\S!*HikUjikGMC�?9G�D2L�S;K�U}F3A;C/*H?9K0(\ijb+F9*HijL�b A;?�UWVX?/,na9FJa9i-*HC�A;?
A;C/*H?9a/*HijL�b

η
A;S�D;KM?�(nik?9K5A;C�*H?�a�*H?�S;K�?�*�Uk?9G0KMC9GMS;U-*vF9*HG�L�h!*H?9b/S;G �)\ b���F�ikGHFJbY*�UjF�(nLO��?9b;b;?uUkijb;C9F�ikKl?BA;?

a�?9GV*HKML�ijG5A;L�b;b;C9?�G g b;LPSrG�D2L�SrNPL�b;G�a9L�b;a9UkS;KM?C2/S;?uUWV�?�,\a�FJa�i+*HCBA;?TA;C�*H?�a�*HikL�b�A;S)D;KM?�(nik?9K5A;C/*H?9a/*H?9S;K gS!*HikUjikGMC�D2LPS;KuA;C�*H?�a�*H?�K�Uk?9G�F`*HL)(\?9GuA;C�D85+FJGM?9S;KMG g ?9G&*�A;?
UWV�LPKMArKM?
A;? (81± 9)%
�;� ?�*0*H?%A;L�b;b;C�?~?�G�*

a�LA(\D+F`*Mijh;Uk?�F�NP?�a�UjF
NZFJUj?�S;K
η = (79±10)%

(n?�GMS;KMC9?�D+F�K�UWVX?�mrD2C�KMij?�b;a9?�A;?�a�FJUjikh;KHF9*HikL�b�?���?�a�*HS;C�?
FJSc(\LA(\?9bY*�L)_�Uk?~A;C/*H?9a/*H?9S;K�F�C/*HC|ijb;G�*HF�UkUkC � aw� � � ���1� � � �

� C/*65;LRA;?
η
��� �

∆η
��� �

A;C�*M?9K0(\ijb+F9*HijL�b`A;?
n̄
^�D+F�K&*HijK�A;S�GMijI�b+FJU!A!V@5;L)(nLRAr�eb+FJI�? £#� � �

A;C�*M?9K0(\ijb+F9*HijL�b�A;?
n̄
D;F�K�UsVtFO�MS;G�*H?�(n?9bA*
A;S3GMikI�b+F�U5A!V@5;LA(\LZo

Ar�eb+FJI�?|GMS;K�S;b�GMijI�b+FJU!A;?|KlC���C�KM?9b;a�?
£ � �

a9L)(\D+F�KHFJikGMLPb$A;?�G�D;ika9G�^
φ = 0

A;?9G�Ar?9Sem�GMikI�b+F�Sem ��� b

���	� �=���� � � >9Fd7A-8>�'�26F 4b<6,.�cFG-8>.4b+�,a'�26F�'�2D-829Fd7A<62�'�2�%6) 2��/PC�YP9�545>�'�2 '�>.452RP.4b�M,." 'B7 :=<629- �
26<
'�>.452RP.452&7A<dU
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'$(*) 2 (�+-,/.0,21*34(*)65874341*) ( 341 *:9<;�2 (*=?>@5 * =0. 5 1*, 2 (*=?A*=?A ;�* =0. * ,B3C1 5 3 ( 3DAFEG1*=?H	= 90( = * A*=?A ;/* =I. * = 9IJ
K 9:L .I=NMO>P+Q5 * 3 ( =R)<3C1*A*= J >/=SHT5$)<):5 K =NA*=N>P+Q5 * 3 ( =RA ; H 5 5$)<=I( 90J ):541*) 2 (*=N.I=0>/(*,VUW.0,X)<34, * A ;/*:9 (*, *ZY
[\3C( 9 (*1*=]H 5 5$)<=

φ
=I1 *:9 =]>B=I)^A*=I(D_`,/1bac=I. * ,/341*)\dF_ ; =e5$(D_f5$>/=01 * 34( 9 )^A�+Q(*1fA*=0)gH*,B.I)hA�+ 5 3 ( 3GAFED1T5 K =i .kj Y d K Y	l*Ynm Z4o J >/5pH 9 34qT54qF,/>/, *:; A*=rA ;/* =I. * = 9 >P+Q5 * 3 ( =N)<341*A*=rAT5$1*)R>P+ ;�* 5 * |g〉 =I) * A*,Bs ;I9 =01 * =r)<=0>/3412 (*=t>/=6. 5 5 ( HO5 ;�*:; A ; H 5 54) ; 34(fHT54) Y [\34( 9 ( =I)<( 9 = 9 >/5?H 5 54)<=

φ′ A*(O. 5 5 ( H JW* 34( * =0ju34,/) J ,/>F5?jv5$>/>B(5$.I.0( ( (*>B= 9 = *�( 3bE4=I1*1*= 9 )<( 9 q	=I54(*.034(*H�A*=N) ;.2 (F=I1*.I=I)?=k_DH ;I9 , ( =I1 * 54>B=I) Y 
 ,w341 (�7 1*=N(*1*=N)<=0(*>/=
) ;�2 (*=01*.I=N= * 2 (�+Q341xA ;�* =0. * =y>P+Q5 * 3 ( =z)<341*A*=yAT5$1*)](*1xA*=0)tA*=0(D_ ;�* 5 * ) J 3C1{1�+-=I) * HT5$)].Z5$HT5$q*>/=0)]A*=
A ;/* = 90( ,/1*= 9 >@5zH 5 5$)<=

φ′ A*(`. 5 5 ( H Y}| >G=I) * A*3C1*.~1T5 * ( 9 =I>GA*=6. 5 = 9 . 5 = 9 (*1*= (�;/*65 3GA*=6A*=6A ;�* =0. * ,B3C1
2 (*,~1*34(*)�,/1*A*, 2 (*= J A*=pjv5$�I341�(*1*,�7C3 2 (*= J >P+ ;/* 5 * A*(�. 5 5 ( H�H	34( 9 (*1*=�H 5 5$)<=

φ
A�+ 5 3 ( 3GAFED1T5 K =A*341*1 ; = J ):5$1*) 2 (�+-,/>F)<34, * 1 ; .I=0)<)�5$, 9 =eA�+n5$.0.I( ( (*>/= 9 A*=I)�) ;�2 (*=01*.I=I)~=�_FH ;09 , ( =I1 * 5$>B=I)��4(*1*= (�;/*65 3GA*=

2 (*,wA ;�* =0. * = J MO.034(*H)<� 9IJ >P+ ;�* 5 * A�+ ; 1*= 9 K ,/=SA�+-(*1�5 * 3 ( =y= * >/=y1*3 ( q 9 =SAX+n5 * 3 ( =I) 2 (*, *:9 5Z7C= 9 )<=I1 *>@5`.Z5Z7D, *:; >/3 9 )tA�+-(*1*=N)<=I(*>B= 9<; 5$>B,/):5 * ,B341x=�_FH ;09 , ( =I1 * 5$>/= Y
� >@5]dT1�A�+-(*1*=~) ;�2 (*=01*.I=6=k_DH ;I9 , ( =01 * 54>B=�q	=I54(*.034(*HrA�+Q,B1Fju3 90( 5 * ,B341*)�,B1*=k_FH*>B34, *:; =I) 9 =0) * =I1 * AT5$1*)�>/=
)cEG) *67.( = Y 
 ,

n̄
=0) * >/=]1*3 ( q 9 = ( 38E4=I1OA*=tH 5 3 * 3C1*)g,/1ba<=0. *:; )�My. 5 5 2 (*=e, ( H*(*>B)<,B341`A�+ 5 3 ( 3DAFEG1T5 K = J>/=O1*3 ( q 9 = ( 38EC=01�A*=�H 5 3 * 3C1*)r5$H 907 )r>/5�A*=I(D_D, 7�( =�,B1ba<=I. * ,/341�7}5 9 ,/=pA*=pjv5$�I341�)<,B1G(*)<34�PAT5$>/= J =01

ju341*. * ,/341�AF=p>/5xH 5 5$)<=
φ
J =01 *:9 =

0
= *

4n̄
J )<,�341�1 ; K >B, K =f>B=f. 5 5 ( H *65 = 90( , 2 (*= 2 (*,�.03C1 * ,B=I1 * (F1

H 5 3 * 341�=01 ( 3bE4=I1*1*= Yw� +Q5 * 3 ( =f)<341*A*=O1*34(*)NA*341*1*=O(*1*=O,B1Fju3 9�( 5 * ,�341 *:907 )NHT5 9�* ,/=0>/>B=r)<( 9 >P+ ;�* 5 *
A*(�. 5 5 ( H Y [�(F,/) 2 (�+-,/>�5 ;�*:;�9<; K > ; H	34( 9�( =0)<( 9 = 9 >/5OH 9 34qT54qF,/>/, *:; P (0)

2 (*=�>B=N. 5 5 ( H�)c3C, * AT5$1*)
>�+ ;/* 5 * |n = 0〉 J )<341 * 5$(D_A�+Q5$q*)<3 9 H * ,/341�=0) *R; K 5$>�Mp>@5f7}54>B=I( 9 A*=�):5 * ( 9 5 * ,B341A*= 0, 5

= * 1*=�7}5 9 ,/=
H*>B(*)?=01�ju3C1F. * ,/341A*=r>@5OH 5 5$)<=rA 7 ) 2 (*=r>@5O. 5 5 ( H�.03C1 * ,/=I1 * 2 (*=I> 2 (*=0)RH 5 3 * 341*)?=01 ( 38EC=01*1*= Y	| >
=0) * A*341*.f1T5 * ( 9 =I>^A*=f. 5 = 9 . 5 = 9 (*1*=`jv54�0341�A*=f>/, 9 =r>B=`. 5 5 ( H�5Z74=I.fH*>/(*)RA*= 9<; )<34>/( * ,/341 J K 9:L .0=OM(*1)<, K 1T5$>XA ;�* =0. *:; >B,/1 ; 54, 9 =yHT5 9e9 54H*H	3 9�* 5$(1*3 ( q 9 = ( 38EC=01A*=NH 5 3 * 341*) Y
� =0.I,�=0) * H	3C)<)<,Bq*>/=y)<,w>P+-341 9 = ( H*>@5$.I=f�D��5 * 3 ( =y)<341*A*=NHT5 9 (*1x�*�C�I�T�0�6A�+Q5 * 3 ( =0)t)<3C1*A*= Y
�R541*)S>/5�)<(*, * =`1*3C(*)S54>B>/341*)?A*3C1*.f=01�7C38E4= 9IJ 54H 907 )S>/5{AF=I(D_F, 7.( =f, ( H*(*>B)<,/341�A�+ 5 3 ( 3GAFED1T5 K = J (F11*3 ( q 9 =pA�+n5 * 3 ( =0) J H 9<; HT5 9<; )�AT541F)�>P+ ;/* 5 * |g〉 J A*( (p�.( =O3 9 A 9 = 2 (*=�>/=O1*3 ( q 9 = ( 5b_F, ( ( ( A*=
H 5 3 * 341*)^M?5$q*)<3 9 q	= 90Y \�1r.03 ( H * 5$1 * >B=�1*3 ( q 9 = * 3 * 5$>�A�+Q5 * 3 ( =I) 2 (*,G)<341 * A ;�* =I. *:; )^AT541*)\>�+ ;/* 5 * |e〉5$H 907 )�5Z7C34, 9 5$q*)<3 9 q ; (*1pH 5 3 * 341 J 1*3C(*)�5$>/>B341*)h.I341*1T5}� *:9 =tAT5$1*)�. 5 5 2 (*=e) ;.2 (*=I1*.I=z=k_DH ;I9 , ( =01 * 5$>/=
>�+ ;/* 5 * A*(�. 5 5 ( H�M�>�+Q,B)<)<(*=A*=>�+Q,/1 * = 9 5$. * ,/341�5Z7C=0.�>P+Q5 * 3 ( =xA ; H 5 54)<=0( 9IY6� 34(*)�5$>/>B341*)OH	34(F7C34, 9
A ;/* =I. * = 9 .0= * 5 * 3 ( =yA*=Sjv5$�I3411*341A*=0) *:9 (*. * ,B74= Y
� =. 5 54H*, *:9 =�=0) * 3 9 K 5$1*,/) ; AT5$1*)p>@5 ju54�03C1�)<(*,�7$5$1 * = Y �y5$1*)p>/=�¡�¢ YB£4J 1*34(*)�5$>/>B341*)fA ;�* 5$,/>B>B= 9 >/=A ;09 3C(*>B= ( =I1 * )<HT5 * ,B3$U * = ( H	3 9 =I>FA*=z>�+Q=�_FH ;09 ,/=01*.I=z= * 1*3C(*)~5$>/>B341*)gA*,/)<.0( * = 9 A*=0)~. 5 34,�_OA*=zH*>B(*)<,/=0( 9 )

£C£8¤
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HT5 9 5,+ 7.-:9 =0)S=k_DH ;I9 ,/+�=01 - 54(G_ J0- =I>B) 2 (*=p>/5�7D, - =I)<)<=pA*=0)�5 - 31+p=I)yA ; H 5 5$)<=0( 9 ) J >/=f1*32+`q 9 ="+p38EC=01
A*=�H 5 3 - 341*)�A*( . 5 52+pH�.03 5*;09 =01 - ,/1ba<=0. -:;$J >/=1*32+`q 9 =A�+n5 - 32+�=0)�5$q*)<3 9 qT541 - )�= - >/5�7$5 9 ,@5 - ,/341
- =�+�H	3 9 =0>/>/=eA*=R>@5 -:9 5$1*)<, - ,B341{5 - 32+�, 2 (*=zA*=I)t5 - 32+�=0)]5$q*)<3 9 qT5$1 - ) Y*� 34(*)t5$>/>B341*) ; K 5$>B=�+�=01 - +p3C1DU-:9 = 9�2 (*=I> 2 (*=0)6)<, K 1T54(D_OH 9<; >/,/+�,�1T54, 9 =0) - =0>/) 2 (*=z>@5y.I34( 9 q	=zA*=zA ;.- =I. - ,/341 5 32+�3GAFEG1*=?5Z7C=0.z>/=0. - ( 9 =A*(�. 5 52+pH�HT5 9 >B=I)?5 - 32+�=0)?5$q*)<3 9 qT5$1 - ) Y �y5$1*)?>/=`¡R¢ Ynm 1*34(*)R5$>/>B341*)eH 9<; )<=01 - = 9 >B=I) 9<; )<(*> - 5 - )zA*=
>�+Q=�_FH ;09 ,/=01*.I= YP: H 907 )r5Z743C, 9 A*,/)<.0( -:;$J AT5$1*)N>/={¡r¢ YnlFJ A*=0)r,/+�H	= 9 ju=0. - ,B3C1*)y=k_DH ;I9 ,/+�=01 - 5$>/=I)S= - A*=0)
ju54. - =I( 9 )g>B,3+p, - 5$1 - ) J 1*3C(*)�5$>B>/341*)^,B1 - = 9 H 9c;�- = 9 2 (T541 - , - 5 - ,B74=�+p=I1 - >/=0)hA*3C1*1 ; =I)�H*5 9 (*1"+p3DA 7 >/=61�(DU
+ ;I9 , 2 (*=tA*541*)�>/=?¡~¢ Y ¢ Y): H 907 )�58743C, 9 =�_*5,+�,B1 ; >B=I) 9c; )<(*> - 5 - )�A*=e>P+-=k_DH ;I9 ,B=I1*.0= J 1*34(*)�5874341*)�A ; .I,BA ;
A*=r>/5 9<; H ;.- = 9 5Z74=I.rA*=I)y5 - 32+�=0)?A ; H 5 5$)<=I( 9 )yH*>B(*)?H*( 9 ) J 5ZE�5$1 - (*1*=�7D, - =I)<)<=rA*,Bs ;I9 =01 - = J AT541F)R>/=
q*( - A�+Q5$( K +p=I1 - = 9 >�+Q= , .I54.0, -:; A*=R>/5 - =I. 5 1*, 2 (*= Y � = -4- =R=k_FH ;09 ,/=01*.I=Rjv5$, - >/=z)<(ba<= - A*(�¡]¢ Y Z Y \g1FdT1 JAT5$1*)`>B=�¡f¢ Y65*J 1*34(*)`A*,B)<.I( - = 9 341*)fA*=0)`H	3C)<)c,/q*>/=0)`52+ ; >B,B3 9 5 - ,B341*)N= - A*=I)`H	= 9 )<H	=I. - ,B74=I)f3C(F74= 97- =I)
HT5 9 .I= -4- = - =I. 5 1*, 2 (*=�A*=SA ;�- =0. - ,B3C1 Y

8:9�; <>=
?:@�ACBED:FHGJIKF#LNMO@(P�Q�F�RS=#F
[\34( 9�T (*=N>/=yA ; HVUT5$):5 K = φ0

H 9 38743 T ( ; HT5 9 >�+n5 - 32+�=RA ; HVUT5$)<=I( 9 )<34, - K 9 541*A J 1*3C(*)z5Z743C1*)e,B1 -:;09<��-M .WU*34,/)<, 9 A*=I)p5 - 32+�=0) -:97X )O>B=I1 - ) J H	34( 9YT (*=�>B= - =�+pH*)fA�+Q,B1 - = 9 54. - ,/341 5Z74=I.�>B={.ZUT5,+pH AT5$1*)O>@5
.I5Z7D, -<; )c3C, - >/341 K i .kj Y*;�T Y i mFYn¤2[ o<o Y*� 3C(*)z5Z7C341*)e.ZUF3C,B)<,�A�+Q( - ,B>/,B)<= 9 A*=0)?5 - 32+�=0)zM £]\ ¢"+N^}) Y

temps (µs)

p
o
s
it
io
n

ω
at

(kHz)

cavité

1er détecteur

2ème détecteur

_ `ba c a `ed c d f gih c h ` _ g c j d _ j c k k ` j c k

lnm�o p
398,1

I
1

I
2

260

174

5000

q qWr�s
t3u

120

f _ k c d h j j c k g k j c kwv g j c k

lnx�o x
yzl7m yzlnm yzl7m yzlnm

{2|]}�~�� �

atome

déphaseur

atomes

absorbants

164,4
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Í ´,À3¿�»J¼Î>É�¿�À3ÃVÈ�ÁV¿�ÀbÄÅ¿.Æ�Ç¨Â�½4È/¿�»VÉ�¿�ÁV¿�ÁVÂ�¼4¿�É.¼¾È3¹2»ÐÏV¹1¸º¹ªÁ�Ñ�»V¿Y´ Í ¿�ÉYÀ3´�À3¿�É�¼¾ÃV½4¿ÒÁVÃOÉWÏ¬´,¸�ÇÐ¿.Ó0¿�É�¼¾ÃVÂ�¿
Ç¬´,½�ÃV»Ô´�¼¾¹2¸�¿YÊ4¹1»VÁV¿ÖÕ�µ¬¶¬� ×V�ÙØ,×JÚ.� ³¢´SÁVÈ/ÓÛÂ�½4¿�»VÉ�¿�ÇV½4È/»VÉ�È/Ç¬´2À/¿Y¿�Ê7¼ÒÀ/¿"½4¿�¸ºÇVÀz´,É�¿�¸�¿�»J¼�ÁV¿�ÀeÄÙ´�¼¾¹2¸�¿



� ²��2²������
	��� �
����£ ������	������������ �2���

Ê4¹2»VÁV¿"Ç¬´,½É�È3»VÌ*Ç¬´2ÌJÃV¿�¼�Á¯ÄÙ´�¼¾¹2¸�¿�Ê�´��VÊ4¹2½ �¬´,»J¼¾Ê�ÎS×2×"!>¸$#,Ê��&% ÃVÈ/Ê4ÌªÃV¿"ÀbÄ6´,¼¾¹2¸º¿�ÁVÂ�ÇVÏ¬´,Ê4¿�ÃV½�´:È/É�È
ÃV»V¿ Í È·¼¾¿�Ê4Ê4¿YÁV¿:�'!��N¸(#�Ê�ÇVÀ3Ã�¼*),¼�ÌªÃV¿ºØ�+,+>¸(#�Ê.-ÛÉ�¹1¸º¸�¿ÒÁ¬´,»VÊÀbÄÅ¿.Æ�Ç¨Â�½4È/¿�»VÉ�¿"ÁVÂ�É�½7È/¼¾¿YÇV½7Â�É�Â�ÁV¿�¸YË
¸º¿�»J¼�-¬È/À�/�´,Ã�¼�Ê4Â�ÇV´2½4¿�½�Á¬´ Í ´,»J¼W´,¶2¿�À/¿�Ê�ÁV¿�Ã�Æ�È3»'04¿�É�¼¾È/¹1»VÊ�Á¯Ä6ÏV¹2¸�¹ªÁ�Ñª»¬´2¶2¿�-�Ç¨¹2ÃV½�À3´2È/Ê4Ê4¿�½�ÎºÀbÄ6´,¼4¹1¸º¿ÁVÂ�ÇVÏ¬´2Ê7¿�ÃV½YÀ3¿º¼¾¿�¸ºÇVÊ�Á¯ÄÅÈ3»J¼¾¿�½¾´,¶1È/½Ò´ Í ¿�ÉNÀ3¿�¸�¹ªÁV¿>ÁV¿>Àz´�É�´ Í È·¼¾ÂN´2ÇV½ 1�Ê�Àz´�ÇV½4¿�¸ºÈ21�½4¿>È/»'04¿�É.¼¾È3¹2» ¿�¼
´ Í ´,»J¼�À3´YÁV¿�Ã�Æ�È�1�¸�¿,��³¯¿�ÁVÂ�Àz´,È¯¿�»J¼¾½4¿�À3¿�Ê�ÁV¿�Ã�Æ�È/¸�ÇVÃVÀ/Ê4È/¹2»VÊ(¿�Ê7¼ ∼ 190 3 Ê��³ ¿�ÁVÂ�Ê¾´,É�É�¹1½4Á ¿�»J¼4½4¿*À3´4/�½4Â�ÌJÃV¿�»VÉ�¿ÖÁV¿�Àz´Ð¼¾½¾´,»VÊ4È/¼4È3¹2» ´,¼¾¹2¸�È/ÌJÃV¿S¿.¼>À/¿S¸�¹ªÁV¿65
7 ÁV¿�À3´ É�´ Í È·¼¾ÂÇ¨¿�»VÁ¬´2»1¼�À3¿�Ç¬´2Ê4Ê4´2¶2¿�ÁV¿�ÀbÄ6´�¼¾¹1¸º¿�ÁVÂ�ÇVÏ¬´,Ê4¿�ÃV½(Á¬´,»VÊ(À3´�É�´ Í È/¼¾Â�¿�Ên¼ δ = 50 8 5:9,�V³¢´�ÁVÈ3Ê7¼W´,»VÉ�¿�¿�»J¼¾½7¿
À/¿�Ê
¸ºÈ3½4¹2È/½4Ê�¿�Ê7¼�½4Â�¶1À/Â�¿�-2Á¬´,»VÊ
É�¿.¼4¼¾¿�¿ZÆ�Ç¨Â�½4È3¿�»VÉ�¿�-JÁV¿;/�´�<�¹2»ºÎ�É�¿�ÌJÃV¿�À3´�¼¾½¾´,»VÊ4È/¼¾È/¹1»Y´�¼¾¹2¸�È/ÌªÃV¿#ÁV¹2È Í ¿
= ¼¾½4¿�ÁVÂ�ÇVÀ3´2É�Â�¿�Ç¬´,½�¿.Ó0¿.¼�>ª¼W´,½ 8 ÁV¿��@?�� 8 5A9�Ç¨¹1ÃV½�ÌJÃV¿ÒÀeÄÙ´�¼¾¹2¸�¿�Ê4¹1È·¼�Îº½4Â�Ê4¹2»¬´,»VÉ�¿�´ Í ¿�É�À3¿�¸º¹�ÁV¿5A7(�
³ ÄÅ¿.Æ�Ç¨Â�½4È/¿�»VÉ�¿�´Â.¼¾Â�/�´,È·¼¾¿�´ Í ¿�É�ÃV»ºÉWÏ¬´2¸ºÇºÉ�¹2ÏVÂ�½4¿�»J¼�È/»'04¿�É.¼¾Â�ÁV¿:B,!�ÇVÏV¹,¼¾¹2»VÊ�¿�»º¸�¹%Ñ2¿�»V»V¿�´,Ãº¸�¹�Ë
¸º¿�»J¼�ÁVÃSÇ¬´,Ê4Ê¾´,¶1¿ÁV¿�ÀeÄÙ´�¼¾¹2¸º¿�ÁVÂ�ÇVÏ¬´,Ê4¿�ÃV½�´2ÃSÉ�¿�»J¼4½4¿�ÁVÃ�¸º¹�ÁV¿,�DC�Ã¬´,»VÁ�À/¿�Ê�´�¼¾¹2¸�¿�Ê�´��VÊ4¹2½ �¬´,»J¼¾Ê
¼¾½¾´ Í ¿�½4Ê4¿�»J¼�À3´YÉ�´ Í È·¼¾ÂE-V¿�»�ÀbÄÙ´��VÊ4¿�»VÉ�¿�ÁV¿�Àz´YÁV¿�Ã�Æ�È21�¸�¿�È/»'04¿�É.¼¾È3¹2»�-�¿�»�ÇV½4¿�»¬´,»J¼�¿�»*É�¹1¸ºÇ�¼¾¿ÀbÄ6´2¸º¹1½ Ë
¼¾È/Ê4Ê4¿�¸º¿�»J¼�Á�¿�Àz´É�´ Í È/¼¾Â�-JÀ/¿�ÉZÏ¬´,¸ºÇ�É�¹2ÏVÂ�½4¿�»J¼#É�¹1»1¼¾È3¿�»J¼ n̄ = 41

ÇVÏV¹,¼¾¹2»VÊ�¿�»�¸�¹%Ñ1¿�»V»V¿2�ª³¢´�µ¬¶¬�1�V� Ø
¸º¹1»J¼¾½7¿ÒÁ¬´,»VÊ�À/¿ÒÇVÀ3´2»ÖÉ�¹2¸�ÇVÀ3¿ZÆ�¿ÒÀeÄ6¿.Ó0¿.¼�ÁV¿ÒÀz´�Ê4ÃVÇ¨¿�½4Ç¨¹2Ê4È/¼¾È/¹1»ÖÁV¿�ÁV¿�Ã�ÆÐÉWÏ¬´2¸ºÇVÊ�É�¹2ÏVÂ�½4¿�»J¼¾Ê´ Í ¿�ÉÃV»O»V¹2¸��V½4¿

n̄
¸�¹%Ñ1¿�»OÁV¿�ÇVÏV¹,¼¾¹1»VÊ��¯³ ¹2½4Ê4ÌªÃV¿YÀ3¿�Ê�ÉZÏ¬´,¸�ÇVÊ�ÁV¿�Ê�ÁV¿�Ã�ÆÐÈ3»'04¿�É�¼¾È/¹2»VÊ�Ê4¿YÊ4ÃVÇ¨¿�½4Ç¨¹2Ê4¿�»J¼

´ Í ¿�É�Àz´�¸ = ¸º¿�ÇVÏ¬´,Ê4¿�Õ
π+φ = φ′ ÚF-1À/¿�ÉZÏ¬´,¸�Çº½4Â�Ê4ÃVÀ·¼W´2»J¼�´2Ãº¸º¹1¸º¿�»J¼
¹,GºÀ/¿�Ê�´�¼¾¹2¸�¿�Ê�´��VÊ4¹2½ �¬´2»1¼¾Ê¼¾½¾´ Í ¿�½4Ê4¿�»J¼�Àz´�É�´ Í È/¼¾Â�É�¹1»J¼4È3¿�»1¼ 4n̄

ÇVÏV¹,¼¾¹2»VÊ(¿�»:¸º¹%Ñ1¿�»V»V¿E-�É�¿�ÌªÃ�È Í ´,Ã�¼�-�Á¬´2»�Ê(»V¹2¼¾½4¿�É�´,Ê.-�¿�» Í È3½4¹2»��B,+�ÇVÏV¹,¼¾¹2»VÊ��IH(¿�Àz´»V¹2ÃVÊ Ê4ÃV¶1¶E1�½4¿�ÁV¿�ÇV½4¹2¶2½¾´2¸º¸�¿�½�ÃV»º»V¹1¸��V½4¿�Á¯ÄÙ´�¼¾¹2¸�¿�Ê�´��VÊ4¹1½J�¬´2»J¼4Ê�ÁVÃ�¸ = ¸º¿¹2½4ÁV½4¿,�,K »L/�´2È·¼�-�ÇVÃVÈ3Ê7ÌªÃV¿�À/¿�Ê Í ´,À3¿�ÃV½4Ê ÁV¿�À3´�ÇVÏ¬´2Ê7¿�¿.Æ�ÇVÀ3¹2½4Â�¿�Ê�´,Ã"É�¹2ÃV½4Ê ÁV¿�ÀeÄ6¿ZÆ�Ç¨Â�½4È3¿�»VÉ�¿�»V¿ Í ´,½4È3¿�»J¼Ç¬´,Ê�ÁV¿�ÇVÀ3ÃVÊ�ÌJÃV¿
∆(φ− φ′) ∼ 100 M ´,Ã�¼¾¹2ÃV½�ÁV¿ φ− φ′ = 0

-¬À/¿�»�¹1¸��V½4¿�¸�´]Æ�È3¸�ÃV¸ ÁV¿�ÇVÏV¹,¼¾¹2»VÊ
Îº´��VÊ4¹2½ �¨¿�½�¿�Ê7¼�ÁV¿ÀbÄÅ¹1½4ÁV½7¿ÁV¿N�E+��

Re(α)

Im(α)

φ�

π + φ2n [1-cos(φ − φ�)]

�#�����]�V� Ø��O�0±����Z�e�����4�b�����]¦�¡V��¡V�]±]¤Y§4©������0���J®���§����Ò�0 /�b�4±J¡V� |α| ²@����¦¨�]�6P��W���N�.«��Z¦Y¡V�¯�0©¨���K�]¦V�
¡Û±>§7©��,��� �W¥Z��±, b�b�,¦¨���W���

2n̄[1 − cos(φ− φ′)]
²

K
» Ç¬´,½7¼W´2»J¼"ÁVÃ ÇV½4È3»VÉ�È3Ç¨¿:ÌJÃV¿E- Ê4È�¹1» ½ 1�¶1À/¿:É�¹2½4½4¿�É.¼¾¿�¸º¿�»1¼>À3´ Í ´,½4Èz´�¼¾È3¹2» ÁV¿SÀz´Q/�½4Â�ÌJÃV¿�»VÉ�¿Ö´,¼4¹,Ë
¸ºÈ3ÌªÃV¿�´2ÃO¸º¹2¸�¿�»1¼�ÁVÃOÇ¬´,Ê4Ê¾´2¶2¿YÁV¿�Ê�´�¼¾¹2¸�¿�Ê´��VÊ4¹2½ �¬´,»J¼¾Ê.-0ÉZÏ¬´,É�Ã�» ÁV¿YÉ�¿�Ê�´�¼¾¹1¸º¿�Ê�´��VÊ4¹2½ �¨¿"Ã�»
ÇVÏV¹,¼¾¹2»�-�Àz´6/�´�<�¹2» Àz´ÖÇ�À3ÃVÊ�»¬´�¼¾ÃV½4¿�À/À3¿>Á¯Ä6´��VÊ4¹2½ �¨¿�½YÀ3¿>ÉZÏ¬´,¸ºÇ É�¹2»VÊ4È3Ê7¼¾¿�½¾´,È/¼�ÁV¹1»VÉ:ÎÐÇ�½4Â�Ç¬´,½4¿�½YÃV»
Ç¬´,ÌªÃV¿.¼"Á¯ÄÙ´�¼¾¹2¸�¿�Ê"´��VÊ4¹2½ �¬´,»J¼¾ÊYÉ�¹2»J¼¾¿�»¬´,»J¼R�,+Ð´�¼¾¹2¸�¿�Ê�¿�» ¸º¹%Ñ1¿�»V»V¿E-�Ç¨¹2ÃV½�ÌªÃV¿:À/¿NÉWÏ¬´,¸�Ç Ê4¹2È/¼
É�¹1¸ºÇVÀ21.¼¾¿�¸º¿�»J¼�´��VÊ4¹2½ �¨Â�Ç¬´,½�À3¿�Ê�´�¼¾¹1¸º¿�Ê��SH#¹2¸º¸�¿�»�¹1ÃVÊ�ÀbÄ6´ Í È3¹2»VÊ�ÁVÂT0¾Î Í ÃÐ´,ÃVU�×��Ù×��·�1�ÅÉ�ÁV´2»VÊ�Àz´
ÁVÈ/Ê4É�ÃVÊ4Ê4È/¹1»ÐÁV¿�Ê�Ç¬´,½¾´,¸W1.¼¾½4¿�Ê�ÁV¿�Ê´�¼¾¹1¸º¿�Ê�´E�VÊ4¹2½ �¬´,»J¼¾Ê�ÁV¿�ÀbÄÅ¿.Æ�Ç¨Â�½4È/¿�»VÉ�¿YÁ¯Ä6ÏV¹2¸�¹ªÁ�Ñª»¬´2¶2¿�-ÛÈ3À�»¯ÄÅ¿�Ê7¼
Ç¬´,Ê�½¾´2È/Ê4¹2»V»¬´E�VÀ/¿�ÁV¿ÇV½4Â�Ç¬´,½4¿�½�ÃV»SÊ4¿�ÃVÀ Ç¬´,ÌªÃV¿.¼�É�¹2»J¼¾¿�»¬´,»J¼�ÃV»S»V¹2¸L�V½4¿�Ê4È¯Â�À3¿ Í ÂÁ¯Ä6´,¼4¹1¸º¿�Ê��X%�¹1ÃV½É�¿�Àz´Y-ªÈ3ÀD/�´,ÃVÁV½¾´2È·¼�½¾´2À/À3¹2»V¶2¿�½�¿ZÆ�É�¿�Ê4Ê4È Í ¿�¸º¿�»J¼�Àz´�ÁVÃV½4Â�¿�Á¯ÄÙ´,À/À3ÃV¸�´,¶2¿�ÁVÃNÇV½4¿�¸ºÈ3¿�½�Àz´,Ê4¿�½�Á¯Ä6¿ZÆ�É�È/¼W´�¼¾È3¹2»´�¼¾¹2¸�È/ÌªÃV¿�-¢ÁVÃÔÀz´,Ê4¿�½�½4¿�Ç¨¹2¸�Ç¨¿�ÃV½ÒÁV¿>Ê4Â�À3¿�É�¼4È3¹2»Ô¿�» Í È·¼¾¿�Ê4Ê4¿N¿.¼�ÁV¿NÀeÄ6È/¸ºÇVÃVÀ/Ê4È/¹2» ¸�È/É�½4¹�ËK¹2»VÁV¿ºÌªÃVÈZ-
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Á¬´,»VÊ�À/¿�ÇV½7¹�É�¿�Ê4Ê4ÃVÊ>ÁV¿�É�È3½7É�ÃVÀz´,½4È/Ê¾´�¼¾È/¹2»�-�¼¾½¾´,»VÊJ/ 1�½4¿�À3¿�Ê�´�¼¾¹2¸�¿�ÊºÁVÃ »VÈ Í ¿�´,Ã |n = 52〉 É�È3½4É�ÃVÀz´,È/½4¿´,Ã »VÈ Í ¿�´,Ã |g〉 Õ�É / ��US�1�ÙØ�� Ø*¿.¼(US�2� Ø��6×JÚ.��%�´,½�É�¹2»VÊ4Â�ÌJÃV¿�»J¼�-
À3´ÖÊ7Â�À3¿�É�¼¾È/¹2» ¿�» Í È·¼¾¿�Ê4Ê4¿:Ç¬´,½Ò¼¾¿�¸�ÇVÊÁV¿ Í ¹1À�Ê4¿�½¾´,È·¼SÈ/»V¿��ºÉ�´,É�¿O¿.¼SÀ3¿�ÊS´�¼¾¹2¸�¿�ÊNÇV½4Â�Ç¬´,½4Â�Ê�´,ÃV½¾´,È3¿�»J¼:ÃV»V¿OÁVÈ3Ê7Ç¨¿�½4Ê4È/¹1» ¿�» Í È·¼¾¿�Ê4Ê7¿O¼¾½4¹2Ç
È/¸�Ç¨¹2½7¼W´,»J¼¾¿2����» ¸�¿�È3À/À/¿�ÃV½�ÉZÏV¹2È·Æ -¯¿�» ½4¿ Í ´,»VÉWÏV¿E- É�¹2»VÊ4È/Ê7¼¾¿ºÎ:ÁVÈ Í È/Ê4¿�½�À3¿�Ê�´�¼¾¹2¸�¿�Ê�´��VÊ4¹2½ �¬´,»J¼¾Ê�¿�»ÇVÀ/ÃVÊ4È3¿�ÃV½4Ê�Ç¬´,ÌªÃV¿.¼¾Ê"´,¼¾¹2¸ºÈ3ÌJÃV¿�ÊÒÉ�¹1»J¼4¿�»¬´,»J¼YÉZÏ¬´,É�ÃV» ÃV» »V¹2¸��V½4¿>À3È/¸ºÈ·¼¾ÂºÁ¯ÄÙ´�¼¾¹2¸�¿�Ê�����¹2ÃVÊY´ Í ¹2»VÊÉWÏV¹1È/Ê4ÈÛÁV¿�ÇV½4Â�Ç¬´2½4¿�½(É�È3»VÌºÇ¬´,ÌªÃV¿.¼¾Ê�´,¼¾¹2¸ºÈ3ÌJÃV¿�Ê#É�¹1»J¼4¿�»¬´,»J¼�¿�» Í È3½4¹2»O�%Ø�´�¼¾¹2¸�¿�Ê#Ç¬´2½#Ç¬´,ÌªÃV¿.¼�-VÇ¨¹2ÃV½
ÃV» »V¹2¸L�V½4¿�¼¾¹,¼W´,À�Á¯Ä6´,¼4¹1¸º¿�Ê´E�VÊ4¹2½ �¬´,»J¼¾ÊÁV¿"ÀbÄÅ¹2½4ÁV½4¿YÁV¿RBE+�� H#¹1¸º¸�¿�À3¿�¸�¹2»J¼¾½4¿YÀ3´>µ¬¶V�¯�V�/�E-0À3¿�Ê
É�È3»VÌ Ç¬´,ÌªÃV¿.¼¾Ê"Á¯Ä6´,¼¾¹2¸º¿�Ê�Ê4¹2»J¼"¿�» Í ¹%Ñ2Â�Ê"Á¬´2»VÊYÀ3´ÖÉ�´ Í È·¼¾Â:´ Í ¿�ÉO�]Ø�+ 3 ÊYÁ¯ÄÅÈ3»J¼¾¿�½ Í ´,À/À3¿2��³ ¿NÇV½4¿�¸�È/¿�½Ç¬´,ÌªÃV¿.¼"¼¾½¾´ Í ¿�½7Ê4¿SÀz´ÖÉ�´ Í È·¼¾Â:¿�» Í È3½4¹2» ×E+,+ 3 Ê"´2ÇV½ 1�Ê"Àz´ÖÁV¿�Ã�Æ�È21�¸�¿:È3»'07¿�É.¼¾È3¹2»¯��³ ¿�Ê"É�È/»VÌ Ç¬´2ÌJÃV¿�¼4Ê
Á¯Ä6´,¼¾¹2¸º¿�Ê�´��VÊ4¹2½ �¬´2»1¼¾Ê�Ê4Ã��ºÊ4¿�»J¼�Îº´E�VÊ7¹1½ �¨¿�½�À3¿ÉWÏ¬´2¸ºÇ*Î"ÀbÄÅÈ3Ê4Ê4ÃV¿ÁV¿�À3´"ÁV¿�Ã�Æ�È�1�¸º¿�È3»'04¿�É�¼¾È/¹1»:ÌªÃVÈZ-
É�¹1¸º¸�¿Ò¹2» Í È/¿�»J¼�ÁV¿�À3¿ÒÁVÈ3½4¿�-¨É�¹2»J¼¾È3¿�»J¼�ÃV»O»V¹2¸��V½4¿�¸�´�Æ�È3¸�´,À¢ÁV¿�ÇVÏV¹,¼¾¹1»VÊ�ÁV¿YÀeÄ6¹2½4ÁV½4¿ÒÁV¿L�,+N´,Ã
¸º¹1¸º¿�»J¼�ÁVÃÐÇ¬´2Ê4Ê4´2¶2¿YÁVÃOÇV½4¿�¸�È/¿�½�Ç¬´,ÌªÃV¿.¼�Á0ÄÙ´�¼¾¹2¸�¿�Ê�´��VÊ4¹2½ �¬´,»J¼¾Ê���K
»O¿�ÓÛ¿.¼�-0ÃV»V¿L�¨¹2»V»V¿YÇ¬´,½7¼¾È/¿
ÁV¿�É�¿�ÉWÏ¬´2¸ºÇNÊ�ÄÙ´,¸�¹2½7¼¾È·¼#Ç¨¿�»VÁ¬´,»J¼�ÀeÄ6È/»J¼¾¿�½ Í ´,À3À·¿�ÁV¿����,+ 3 Ê(¿�»1¼¾½4¿�À3¿�ÇV½4¿�¸�È3¿�½#¿.¼�À/¿�ÁV¿�½4»VÈ3¿�½(Ç¬´,ÌªÃ�¿�¼Á¯Ä6´,¼¾¹2¸º¿�Ê�´E�VÊ4¹2½ �¬´,»J¼¾Ê��
³¢´ Á�Â�¼¾¿�É�¼¾È/¹1» Ç¬´,½Y¼¾¿�¸ºÇVÊºÁV¿ Í ¹2À�ÁV¿�Ê>´�¼¾¹2¸�¿�Êº´��VÊ4¹2½ �¬´,»J¼¾ÊÖÕ�µ¬¶¬�
�V�Ù×1Ú�¸�¹2»J¼¾½4¿:Àz´OÇV½4Â�Ê4¿�»VÉ�¿ÖÁV¿
»V¹2¸L�V½4¿�Ã�Æ*ÇVÈ3É�Ê�Á¯Ä6´,¼¾¹2¸�¿�Ê�ÁVÂ.¼¾¿�É.¼¾Â�Ê�ÌJÃVÈ�»V¿ÒÉ�¹2½4½4¿�Ê4Ç¨¹2»VÁV¿�»J¼�Î>´,ÃVÉ�ÃV»ÖÇ¬´2ÌJÃV¿�¼�ÇV½4Â�Ç¬´,½4Â2�
	 À¢Ê�ÄÙ´,¶2È/¼
ÁV¿�Ê�´,¼¾¹2¸º¿�Ê�¸>´,À¯Ê4Â�À/¿�É�¼4È3¹2»V»VÂ�Ê�¿�» Í È·¼¾¿�Ê4Ê4¿�-¨À/¿�Ê ���������:Õ�ÉF/n��U��2�ÙØ��6×1Ú.����¹1ÃVÊ�´ Í ¹2»VÊ�ÁVÂT0¾Îº½4¿�»VÉ�¹1»1¼¾½4ÂÉ�¿>ÇV½4¹E�VÀ21�¸�¿ºÁV´2»VÊÒÀ/¿ UY×V�6×V�·�2�6É>´,Ã ¸º¹1¸º¿�»J¼�¹,G »V¹2ÃVÊ�´ Í ¹2»VÊÒÁVÈ/Ê4É�Ã�¼¾Â�ÁV¿�ÊY´�¼¾¹2¸�¿�ÊÒ´��VÊ4¹2½ �¬´2»1¼¾ÊÌªÃ�È¢¿.Ó¯´,É�¿�»J¼�À/¿ÉZÏ¬´,¸ºÇ*´,Ã�ÁVÂ.�VÃ�¼�ÁV¿�ÉWÏ¬´,ÌªÃV¿�Ê4Â�ÌªÃV¿�»VÉ�¿Ò¿.Æ�Ç¨Â�½4È3¸º¿�»1¼W´2À/¿2����¹2ÃVÊ�´,À3À/¹2»VÊ Í ¹2È3½�Á¬´,»VÊÀz´YÊ4ÃVÈ/¼4¿�ÌªÃV¿�À3¿�Ê�Â�ÉZÏV¹2Ê�ÇV½7¹ Í ¹ªÌªÃV¿�»1¼�ÃV»V¿N�¬´,È3Ê4Ê4¿�ÁV¿�É�¹1»1¼¾½¾´2Ên¼¾¿�ÁV¿�Ê�Ê4È3¶2»¬´,Ã�ÆSÁV¿�ÁVÂ.¼¾¿�É.¼¾È3¹2»¯���´,»VÊ
Àz´µ¬¶V�J�¬�6×�»V¹2ÃVÊ(´ Í ¹1»VÊ�È3»VÁVÈ/ÌªÃVÂ�À/¿�»V¹1¸��V½4¿�¸�¹%Ñ2¿�»>Á¯Ä6´�¼¾¹1¸º¿�Ê�ÁVÂ�¼¾¿�É�¼¾Â�Ê(É�¹2½4½4¿�Ê4Ç¨¹1»VÁ¬´,»J¼�Î�ÉWÏ¬´,ÌªÃV¿
ÇVÈ3É�ÁV¿ÁVÂ.¼¾¿�É.¼¾È3¹2»¯� H#¿�»�¹1¸��V½4¿�¿�Ê7¼�ÇVÀ/ÃVÊ�Ç¨¿�¼¾È·¼�Á¯Ä6ÃV» /�´,É.¼¾¿�ÃV½

η ∼ 80%
ÌªÃV¿�À/¿�»V¹1¸��V½4¿�Á¯ÄÙ´�¼¾¹2¸�¿�Ê

½4Â�¿�À/Ê.-�Î"É�´,ÃVÊ4¿�ÁV¿�ÀeÄ6¿���É�´,É�È·¼¾ÂÁVÂ�¼¾¿�É�¼¾È/¹2»�À3È/¸ºÈ·¼¾Â�¿�ÁVÃ�ÁV¿�Ã�Æ�È21�¸�¿ÁVÂ�¼¾¿�É�¼¾¿�ÃV½��
��¹1ÃVÊ�´,À3À/¹2»VÊ�ÁVÂ�É�½7È3½4¿ �V½4È21 Í ¿�¸�¿�»1¼�Á¬´2»VÊ�À3¿�Ê�¼¾½4¹2È/Ê�ÇV½4¹ªÉZÏ¬´,È3»VÊ�Ç¬´2½¾´,¶2½¾´,ÇVÏV¿�Ê�À/¿�Ê�¿ZÆ�Ç¨Â�½4È3¿�»VÉ�¿�ÊÇV½4Â.ËÀ3È/¸ºÈ/»¬´,È·½4¿�Ê�ÌªÃV¿"»V¹2ÃVÊ�´ Í ¹2»VÊÉ�¹2»VÁVÃVÈ/¼¾¿�Ê�´ Í ´,»J¼Á¯ÄÅ¿�ÓÛ¿�É.¼¾ÃV¿�½�ÀeÄ6¿ZÆ�Ç¨Â�½4È3¿�»VÉ�¿YÁV¿"ÁVÂ.¼¾¿�É.¼¾È3¹2»O»V¹2» ÁV¿�ÊnË
¼¾½4ÃVÉ.¼¾È Í ¿2�

��������� ������������� �!� ��"$#&%('*)�+,�!-.� "$/���� ��"�#0%('1���2��"���'1�3� "$#(%.'

H#¹2¸�¸º¿�Ç¨¹2ÃV½�À/¿�Ê�´�¼¾¹1¸º¿�Ê�´��VÊ4¹2½ �¬´,»J¼¾Ê�ÁVÈ/Ê4É�Ã�¼¾Â�Ê#Á¬´,»VÊ�À/¿�U(×��Ù×��/�2�ÅÉE-JÀ3´�/�½4Â�ÌªÃV¿�»VÉ�¿�´�¼¾¹2¸�È/ÌªÃV¿ Í ´,½4È3¿À3¿�»J¼¾¿�¸�¿�»J¼º´,Ã�¼¾¹2ÃV½�ÁV¿:Àz´�/�½4Â�ÌJÃV¿�»VÉ�¿�ÁVÃ ¸º¹�ÁV¿ 5A7'´,Ã ¸º¹2¸�¿�»J¼Y¹EG À/¿�ÊY´,¼4¹1¸º¿�ÊÒ¼¾½¾´ Í ¿�½4Ê4¿�»J¼ºÀ3¿¸º¹�ÁV¿,����¹2ÃVÊ�´ Í ¹2»VÊ#¼¾¿�Ê7¼¾Â�À3¿�¼W´2ÃªÆNÁ¯ÄÙ´��VÊ4¹2½4Ç�¼¾È/¹1»NÁ¯ÄÅÃV»SÇ¬´,ÌJÃV¿�¼�Á¯Ä6´�¼¾¹1¸º¿�Ê#Ê4¹2»VÁV¿�¿�»(/�¹2»VÉ�¼¾È/¹1»>ÁV¿�Ê
Ç¬´,½¾´,¸W1.¼¾½4¿�Ê�ÁV¿�Àz´�½¾´,¸�Ç¨¿#ÁV¿;/�½4Â�ÌJÃV¿�»VÉ�¿�´�¼¾¹2¸�È/ÌªÃV¿�-,É�¹2¸�¸�¿#À3´ Í ´,À3¿�ÃV½
¸º¹%Ñ1¿�»V»V¿�ÁV¿�Àz´A/�½4Â�ÌªÃV¿�»VÉ�¿�-
Àz´�Ç¨¿�»J¼¾¿�¿�¼
Àz´�ÁVÃV½4Â�¿2�,%�¹2ÃV½
É�¿�À3´�»V¹1ÃVÊ
´ Í ¹2»VÊ ´2ÇVÇVÀ/È3ÌJÃVÂ#À3¿#Ê4ÉWÏVÂ�¸�´�ÁV¿�ÀeÄ6¿ZÆ�Ç¨Â�½4È3¿�»VÉ�¿(¼4¿�À�ÌªÃ¯ÄÅÈ3À Í È/¿�»J¼Á¯Ä = ¼¾½4¿(ÇV½4Â�Ê4¿�»J¼¾Â�Á¬´,»VÊ
À3´�µ¬¶¬���¬�·�(Ê¾´,»VÊ
¿�» Í ¹]Ñ2¿�½
Á¯ÄÙ´�¼¾¹2¸�¿#ÁVÂ�ÇVÏ¬´2Ê7¿�ÃV½ ¿.¼ ¿�»º´,À3À/ÃV¸�´,»J¼�ÃV»VÈ3ÌJÃV¿�¸º¿�»J¼Àz´ ÇV½4¿�¸�È�1�½4¿*È3¸ºÇVÃVÀ3Ê7È/¹1»0����¹2ÃVÊ:´ Í ¹2»VÊN½4Â�¶1À/ÂÖÀ/¿�Ê>Ç¬´,½¾´,¸W1.¼¾½4¿�Ê>¿�» ¹1Ç�¼4È3¸�È·Ê¾´2»1¼>ÀeÄÙ´��VÊ4¹2½4Ç�¼¾È3¹2» ÁVÃ
ÇV½4¿�¸�È/¿�½
Ç¬´,ÌªÃV¿.¼�Á¯Ä6´,¼¾¹2¸�¿�Ê�´��VÊ4¹2½ �¬´,»J¼¾Ê��J³ ¿�ÉZÏ¬´,¸ºÇºÈ3»'07¿�É�¼4Â�´ÃV»º»V¹1¸��V½4¿�¸�¹%Ñ2¿�»ºÁV¿�×E+ÇVÏV¹,¼¾¹2»VÊ
ÎYÀ3´Òµ¬»SÁV¿ÀbÄÅÈ3»'07¿�É�¼4È3¹2»¯�54�ÃS¸º¹1¸º¿�»1¼�¹EGSÀ/¿�Ç¬´,ÌªÃV¿.¼�´�¼¾¹2¸�È/ÌªÃV¿�¼¾½¾´ Í ¿�½4Ê4¿Àz´�É�´ Í È/¼¾Â�-VÎYÉ�´,ÃVÊ4¿ÁV¿Àz´ÁVÈ/Ê4Ê4È3Ç¬´�¼¾È3¹2»�-�È3À/Ê(½4¿�Ê7¼¾¿�»J¼Ò�@?YÇVÏV¹,¼¾¹2»VÊ�¿�»�¸º¹]Ñ2¿�»V»V¿,�
³¢´$/�¹1½4¸º¿�ÁV¿�Àz´ Í ´2½4È3´,¼4È3¹2»*¼¾¿�¸�Ç¨¹2½4¿�À/À3¿�ÌªÃVÈ�¹2Ç�¼¾È3¸ºÈ/Ê4¿ÒÀbÄ6´��VÊ4¹2½4Ç�¼¾È3¹2»ÖÇ¬´,½�À3¿�Ê´�¼¾¹2¸�¿�Ê�¿�Ê7¼�Á�¹1»V»VÂ�¿Á¬´,»VÊ�Àz´Ðµ¬¶V� �¬�Å�V��³¢´ ÇV½4¹E�¬´E�VÈ/À3È·¼4ÂSÇ�¹1ÃV½ºÌªÃ¯ÄÅÃV» ´�¼¾¹2¸�¿�´��VÊ4¹2½ �¨¿*ÃV» ÇVÏV¹2¼4¹1»�- Ç¨¹2ÃV½ºÉ�¿�½4Â�¶2Àz´,¶2¿
¼¾¿�¸�Ç¨¹2½4¿�À¢ÁV¿ÒÀz´ /�½4Â�ÌªÃV¿�»VÉ�¿Y´,¼¾¹2¸ºÈ3ÌJÃV¿�¿.¼�Ç�¹1ÃV½�ÃV»ÖÉZÏ¬´,¸ºÇÖÉ�¹2»J¼¾¿�»¬´,»J¼Y�@?ºÇVÏV¹,¼¾¹2»VÊ�¿�»Ð¸�¹%Ñ2¿�»V»V¿
´,Ã:¸º¹1¸º¿�»1¼(ÁVÃ:ÇV´2Ê4Ê¾´,¶2¿�ÁV¿�Ê�´�¼¾¹1¸º¿�Ê.-ª¿�Ê7¼�ÁV¿�B,!76:��³¯¿�»V¹2¸L��½4¿�¸�¹%Ñ2¿�»:Á0ÄÙ´�¼¾¹2¸�¿�Ê#ÇV½4Â�Ç¬´,½4Â�Á¬´,»VÊ
ÃV»�Ç¬´,ÌªÃV¿.¼�Á¯Ä6´,¼4¹1¸º¿�Ê�´��VÊ4¹1½ �¬´,»J¼¾Ê�Ç¨¿�»VÁ¬´2»J¼�É�¿.¼4¼¾¿�¿.Æ�Ç¨Â�½4È/¿�»VÉ�¿�¿�Ê7¼ ∼ 7
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t = 0
²

�����$��� ��� �
	.�$� ����' %
���	(� � �0�.�!/�(#0�!� " ��' %�� �
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4�ÇV½ 1�ÊN´ Í ¹2È3½ºÉWÏV¹1È/Ê4È�ÁV¿*½4Â�¶1À/¿�½ºÀ3´ Í È/¼¾¿�Ê4Ê4¿ÖÁV¿�ÊN´,¼¾¹2¸º¿�ÊºÁVÂ�ÇVÏ¬´,Ê4¿�ÃV½4ÊSÎ �@!�� ¸$#,Ê -�À/¿�ÁVÂ�Ê¾´,É�É�¹2½4Á
δ = 50 8 5:9>¿�¼�À/¿�ÉWÏ¬´2¸ºÇ È3»'04¿�É�¼¾Â>´ Í ¿�É>ÃV»Ô»V¹1¸��V½4¿�¸º¹%Ñ1¿�» ÁV¿>ÇVÏV¹,¼¾¹2»VÊ

n̄ = 65
´,Ã Ç¬´2Ê4Ê¾´,¶2¿

ÁV¿"ÀbÄÙ´�¼¾¹2¸º¿YÁVÂ�ÇVÏ¬´2Ê4¿�ÃV½.-¢»V¹2ÃVÊÒ´ Í ¹2»VÊ�´2É�ÌªÃVÈ/Ê�ÃV» Ê4È3¶2»¬´2À�ÁV¿ºÁVÂ�¼4¿�É�¼4È3¹2» ÏV¹2¸�¹ªÁ�Ñ�»V¿"É�¹2»VÁVÈ/¼¾È/¹1»V»�¿�À
ÎºÀ3´"ÁVÂ�¼¾¿�É�¼¾È/¹2»*ÁV¿�ÀbÄÙ´�¼¾¹2¸º¿ÁVÂ�ÇVÏ¬´,Ê4¿�ÃV½�Ç¨¹2ÃV½�É�¹2»V»¬´��3¼¾½4¿Àz´ Í ´2À/¿�ÃV½ φ0

ÁVÃ*ÁVÂ�ÇVÏ¬´,Ê¾´,¶1¿�ÁVÃÖÉWÏ¬´,¸�Ç
É�¹2½4½4¿�Ê4Ç¨¹2»VÁ¬´,»J¼YÎ�É�¿�ÊÒÇ¬´,½¾´,¸W1.¼¾½4¿�Ê�¿.Æ�Ç¨Â�½4È3¸º¿�»1¼W´2Ã�ÆÛ��³ Ä6¿ZÆ�Ç¨Â�½4È3¿�»VÉ�¿N´�Â.¼¾ÂR/�´2È·¼¾¿"¿�» Ã�¼¾È3À/È/Ê¾´,»J¼�ÃV»
Ê4¿�ÃVÀ�´�¼¾¹2¸�¿(Ê4¹2»VÁV¿�Ç¨¹2ÃV½
Àz´�À3¿�É�¼4ÃV½4¿�ÁVÃºÉWÏ¬´2¸ºÇ�-1´ Í ¿�É�À3´�¸ = ¸º¿#¼¾¿�ÉWÏV»VÈ/ÌªÃV¿�ÌªÃ�¿�É�¿�À3À3¿(Ã�¼4È3À3È·Ê4Â�¿(Á¬´,»VÊÀeÄ6¿ZÆ�Ç¨Â�½4È3¿�»VÉ�¿�ÁVÂ�É�½4È/¼¾¿�´,Ã UY×��6�V�¢³ ¿�ÁVÂ�½4¹2ÃVÀ3¿�¸�¿�»1¼ÒÊ4Ç¬´�¼¾È/¹,Ëb¼¾¿�¸�Ç¨¹2½4¿�À�ÁV¿�É�¿.¼4¼¾¿>¿ZÆ�Ç¨Â�½4È3¿�»VÉ�¿>¿�Ên¼�À3¿
¸ = ¸º¿�ÌªÃ�¿NÉ�¿�À3ÃVÈ�½4¿�ÇV½4Â�Ê4¿�»J¼4Â:Á¬´,»VÊ�Àz´Sµ¬¶V���V�·�,-�´ Í ¿�ÉNÉ�¹1¸º¸�¿ºÁVÈ/ÓÛÂ�½4¿�»VÉ�¿>À/¿�½4¿�¸ºÇVÀz´,É�¿�¸�¿�»J¼ÒÁV¿�ÊÉ�È3»VÌ>Ç¬´,ÌªÃV¿.¼¾Ê�Á¯ÄÙ´�¼¾¹2¸�¿�Ê�´��VÊ4¹2½ �¬´,»J¼¾Ê�Ç¬´2½�ÃV»�Ê4¿�Ã�À�´�¼¾¹2¸�¿�Ê4¹2»VÁV¿2�
³
ÄÙ´�¼¾¹2¸�¿�ÁVÂ�ÇVÏV´2Ê4¿�ÃV½�¿�Ê7¼�ÇV½4Â�Ç¬´,½4Â�Á¬´,»VÊ(ÀbÄÅÂ�¼W´�¼ |g〉 ��³ ¿�Ê(ÇV½4¹E�¬´��VÈ3À3Èi¼¾Â�Ê�ÁV¿�ÁVÂ.¼¾¿�É�¼¾¿�½�ÀbÄÙ´�¼¾¹2¸º¿�Ê4¹2»VÁV¿Á¬´,»VÊ#ÀeÄ6Â.¼W´�¼ |g〉 É�¹2»VÁVÈ/¼¾È/¹1»V»�¿�À3À·¿�Ê�Î�À3´�ÁVÂ.¼¾¿�É.¼¾È3¹2»>Á¯Ä6ÃV»N´,¼¾¹2¸º¿�ÁVÂ�ÇVÏV´2Ê4¿�ÃV½(Á¬´,»VÊ#ÀbÄÅÂ�¼¾´,¼ |g〉 ¿.¼(Á¬´,»VÊÀ/¿YÉ�´,Ê�¹EG È/À�»¯Ä Ñ ´:Ç¬´,Ê�Á¯Ä6´�¼¾¹1¸º¿�Ê�ÁVÂ�ÇVÏ¬´,Ê4¿�ÃV½4Ê.-¢¿�» /�¹2»VÉ�¼¾È/¹1»OÁV¿"À3´NÇVÏ¬´2Ê4¿

φ
-¯Ê4¹2»J¼�½4¿�ÇV½4Â�Ê4¿�»1¼¾Â�¿�Ê

Á¬´,»VÊ#À3´�µ¬¶V�ª�V� !���³ Ä6´@04ÃVÊ7¼¾¿�¸º¿�»J¼#¶J´,ÃVÊ4Ê4È/¿�»>ÁVÃNÊ4È3¶2»¬´,À�ÁVÂ�ÇVÀ3´2É�Â�Ç¬´,½�ÀbÄ6´�¼¾¹1¸º¿�ÁVÂ�ÇVÏ¬´,Ê4¿�ÃV½(¿�Ê7¼(É�¿�»J¼¾½4Â
ÎSÀz´ Í ´,À3¿�ÃV½ φ0 = (−35, 8 ± 0, 6) M � %�¹2ÃV½�É�¹2¸�Ç¬´,½4¿�½�É�¿�¼4¼¾¿ Í ´,À3¿�ÃV½ÒÎSÀz´ Í ´,À3¿�ÃV½�´,¼7¼¾¿�»VÁVÃV¿�»V¹2ÃVÊÃ�¼¾È/À3È·Ê4¹1»VÊÒÀ3´*µ¬¶V��×V�ÙØ7�Y-�Ç¯�(�2�2�,-�ÌªÃVÈ#½4¿�ÇV½4Â�Ê4¿�»1¼¾¿�À3´ Í ´2À/¿�ÃV½�ÁVÃ ÁVÂ�ÇVÏ¬´2Ê¾´,¶2¿:ÁVÃ ÉZÏ¬´,¸�Ç É�¹1ÏVÂ�½4¿�»1¼
¿�» /�¹2»VÉ�¼4È3¹2» ÁVÃ »V¹2¸L�V½4¿:¸�¹%Ñ2¿�» ÁV¿�ÇVÏV¹,¼¾¹2»VÊºÉ�´2À/É�ÃVÀ/Â�¿:»ªÃV¸�Â�½4È3ÌJÃV¿�¸º¿�»1¼�-
Ç¨¹2ÃV½ºÃ�» ÁVÂ�Ê¾´,É�É�¹2½4Á
δ = 50 8 5A9�¿�¼�ÁV¿�Ê´�¼¾¹2¸�¿�Ê�Î:Ø�+,+�¸(#�Ê�¿.¼"�@!��N¸$#,Ê��Û³ ¿�ÁVÂ�ÇVÏ¬´,Ê¾´,¶1¿"´�¼4¼¾¿�»VÁVÃOÇ¨¹2ÃV½�ÃV»OÉWÏ¬´,¸�Ç
É�¹2ÏVÂ�½4¿�»J¼"ÁV¿(B,!*ÇVÏV¹,¼¾¹2»VÊ�¿�» ¸�¹%Ñ1¿�»V»V¿N¿�Ê7¼ |φ0| = 35, 6 M -�¿�» �¨¹1» ´,É�É�¹1½4Á ´ Í ¿�ÉNÀ/¿>ÁVÂ�ÇVÏ¬´,Ê¾´2¶2¿¸º¿�Ê4ÃV½7Â2�

�����$��� � "��/�- '�% +�	."���" %�� #.����' ���$'�� %�����'��
����"�# �.�$/ )�'1� �2��"���'1� �$-.� "$/! 
-.��# ���

��»V¿:/�¹1È/Ê�Àz´ Í ´2À/¿�ÃV½�ÁVÃ>ÁVÂ�ÇVÏ¬´,Ê¾´,¶2¿�¸�¿�Ê4ÃV½4Â�¿�-�»V¹2ÃVÊ(´ Í ¹2»VÊ#¿.Ó0¿�É�¼¾ÃVÂ�ÃV»V¿�¿.Æ�Ç¨Â�½4È/¿�»VÉ�¿�ÁV¿�ÁVÂ�¼¾¿�É�¼¾È/¹2»ÏV¹2¸º¹�Á�Ñª»V¿>¿�» Ã�¼¾È3À/È/Ê¾´,»J¼�À3¿�ÊÒÉ�È/»VÌ Ç¬´,ÌªÃV¿.¼¾ÊYÁ0ÄÙ´�¼¾¹2¸�¿�ÊÒ´E��Ê4¹1½ �¬´,»J¼¾ÊÒÇ¨¹1Ã�½Y´��VÊ4¹2½ �¨¿�½�À3¿�ÉWÏ¬´,¸�ÇÔÎ
ÀeÄ6È/Ê4Ê4ÃV¿�ÁV¿�Àz´ÒÁV¿�Ã�Æ�È21�¸�¿�È3»'07¿�É.¼¾È3¹2»�-�¿�»�´2ÇVÇ�À3È3ÌJÃ¬´2»1¼(À3¿�Ê4ÉZÏVÂ�¸>´YÁV¿�ÁVÂ�½4¹2ÃVÀ3¿�¸�¿�»J¼�Ê4Ç¬´�¼¾È/¹,Ëb¼¾¿�¸�Ç¨¹2½4¿�À
ÁVÂ�É�½4È·¼�Á¬´,»VÊ�Àz´�µ¬¶¬���V�/�2�V³ Ä6´�¼¾¹1¸º¿�Á�Â�ÇVÏ¬´,Ê4¿�ÃV½�»¯ÄÅ¿�Ê7¼�Ç¬´,Ê�ÇV½4Â�Ç¬´2½4Â�´,Ã:É�¹2ÃV½4Ê�Á�¿É�¿.¼4¼¾¿¿.Æ�Ç¨Â�½4È3¿�»VÉ�¿,�
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 Z£ ¥]�b�V� |g〉 �]�(¡��,¦V�� ���§����¡
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� + � ���J���0 ��¡V¥W�W�J§�§��]�Z¡

δ = 50 � ������ ��Y§7©����Ò� �/¦�����§]�K¥"§���¦Û�����Z¦Û� -0+Ò�0©¨���K�]¦V���W¦ �:�Z«��Z¦V¦¨�Y��±º�¯�,�4�W�]���º¡V�
 Z£ ���K���N��¡V¥n�0©����Z�]±,��²
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³ ´Öµ¬¶V���V� BÖ¸�¹2»J¼¾½4¿>À3¿N»V¹2¸��V½4¿NÁ¯ÄÙ´�¼¾¹2¸�¿�ÊYÁVÂ.¼¾¿�É.¼¾Â�ÊºÁ¬´,»VÊYÀbÄÅÂ�¼W´�¼ |e〉 ¿�» /�¹2»VÉ�¼¾È/¹1» Á�¿:Àz´ÖÇVÏ¬´,Ê4¿
Á¯ÄÅÏV¹2¸�¹ªÁ�Ñ�»¬´,¶2¿2�2³¢´A/�¿�» = ¼4½4¿�ÁV¿�Á�Â�¼¾¿�É�¼¾È/¹1»Y¿�Ên¼ ¹1Ã Í ¿�½7¼¾¿(¿�»J¼¾½4¿(À3¿#ÇV½4¿�¸�È3¿�½�¿�¼
À3¿#É�È/»VÌªÃVÈ�1�¸º¿#Ç¬´2ÌJÃV¿�¼Á¯Ä6´�¼¾¹1¸º¿�Ê�Ê4¹2»VÁV¿2�¢³¯¿�Ê�Â�ÉZÏV¹2Ê�ÌªÃVÈ ´�¼4¼¾¿�È/¶1»�¿�»J¼À3¿YÁVÂ.¼¾¿�É.¼¾¿�Ã�½ÒÎ:ÀbÄÅÈ3»J¼¾Â�½4È/¿�ÃV½�ÁV¿"É�¿.¼�È/»J¼¾¿�½ Í ´,À3À/¿�Ê4¹2»J¼´,ÃVÊ4Ê4È ÁVÂ.¼¾¿�É.¼¾Â�Ê��

�������¢�V� B>� � ¦ §��W�Z§Z ��Z�Y§W�Z��±]¤���¦¨��� P��Z�"¡
£ ���K�]�:�W��¡V¥]�K��§]�K¥Z�"¡���¦V�� .£ ¥��b��� |e〉 ¡���¦V�� Z£ �4¤2��¥Z�7���Z¦¨§��¡
£ ©¨�]�:�ª¡2«V¦��]��� �J®���§�¡V¥]�K��§������]¦�� ��� +�� �1°¬±J�]���
¡
£ ���K�]�:�W���DP]�Z���@P2��¦Û����² �¨��±,�� ��Z�����K�]�:�W��¡V¥]�K��§]�K¥W�
�Z�]¦Û���0�4�3�N�Z¦ §��]�Ò�
�K��� « §��]���0�4�3�" ��W�:¥�§4©¨�]��²����:¦¨�]� P��Z�O�K���b�� �®Z�,�4�����W¦Û���Z� + �]� + � ���K�]�:�W�
¡V¥]�K��§]�K¥W��¡��,¦V� |e〉 ² � ¦ §��W�Z§Z ��Z�(�0 ��Z�/¦V���V�0�Z�YP2�XP��3 /�b�K¥¡V�Ò¡V¥��K��§��K�W�� Z£ ���K�]�N���Z�]¦¨¡V��¡���¦V�� .£ ¥��b��� |g〉¡���¦V�� .£ �¾¤,��¥Z�4���Z¦¨§���¡
£ ©¨�]�:�ª¡2«�¦������"�J®%��§�¡V¥]�K��§]�����]¦Ö� ���>±�¦ ���K�]�:�Ò�Z�]¦¨¡V�]² ����¦¨��� P��Z���N�Z«V�W¦
¡V���0©¨���K�]¦V���3¦�����§��K¥W� !� .£ �3¦V���b��¦Û�(§��Z¦Û���¾�,  �Z¦Û���Z�� ��W��¡V��±]¤Ð�3���
±, 3�4���]¦V���Z��� - +ª² ���W��� �]±,���b�Z�:�W¦Û���
�ª��±,�4�4���W¦V��¡V�Z��¡V�]±]¤Ð§���±,�@P��Z���Z�]¦Û����±,�4�4� �Z�n�0�W¥Z�Z�W¦Û�K¥Z��²
>�Ã�½#À3´�¸ = ¸�¿�µ¬¶2ÃV½4¿�»V¹2ÃVÊ(´ Í ¹1»VÊ�½4¿�Ç�½4Â�Ê4¿�»J¼¾Â�À3´�É�¹2ÃV½ �¨¿�Á¯ÄÅÏV¹1¸º¹�Á�Ñª»¬´,¶1¿ ����������	�
��� -1¹EG>À3¿�ÉWÏ¬´,¸�Ç¿�Ê7¼ºÁVÂ.¼¾¿�É.¼¾ÂSÇ¬´2½�ÃV» Ê4¿�ÃVÀ�´�¼¾¹2¸�¿NÊ7¹1»VÁV¿�-
É�¹1½4½7¿�Ê4Ç¨¹2»VÁ¬´,»J¼�ÎOÀeÄ6¿ZÆ�Ç¨Â�½4È3¿�»VÉ�¿:Ê4ÉZÏVÂ�¸>´�¼¾È/Ê4Â�¿:Á¬´,»VÊ"Àz´
µ¬¶V�,×��/� ��� ��»YÉWÏ¬´2¸ºÇYÁ�¿ B,!�ÇVÏV¹,¼¾¹2»VÊ�¿�»Y¸º¹]Ñ2¿�»V»�¿�´2Ã�Ç¬´,Ê4Ê¾´,¶1¿(ÁV¿#ÀbÄ6´,¼¾¹2¸º¿�ÁVÂ�ÇVÏ¬´,Ê4¿�ÃV½
¿�Ê7¼ È/»'04¿�É.¼¾Â
Á¬´,»VÊ(À3¿�Ê(ÁV¿�Ã�Æ:É�´,Ê��DH#¹1¸º¸�¿�´�¼4¼¾¿�»VÁVÃ�-�Àz´�É�¹2ÃV½ �¨¿�ÁVÂ�¼¾¿�É�¼¾Â�¿�´ Í ¿�ÉÀ/¿�Ê#É�È/»VÌ�Ç¬´,ÌªÃV¿.¼¾Ê�Á¯Ä6´,¼¾¹2¸º¿�Ê#¿�Ê7¼ÇVÀ/ÃVÊSÀz´,½4¶2¿ÐÌªÃV¿ É�¿�À/À3¿O¹EG ÃV» Ê4¿�ÃVÀ�´�¼¾¹2¸�¿ÐÊ4¹1»�ÁV¿ ¿�Ê7¼�Ã�¼¾È3À/È/Ê4Â2� H#¿�Ç¨¿�»VÁ¬´,»J¼�-�¿�À3À/¿ ´,ÃVÊ4Ê4È�´,¼4¼¾¿�È3»J¼
ÃV»V¿ Í ´,À3¿�ÃV½ÁV¿ºÊ¾´�¼¾ÃV½¾´�¼¾È/¹1»�-0Ç¨¹2ÃV½ÃV»V¿ºÇVÏ¬´,Ê4¿ |φ| > 100 M � H#¿�É�È�¿�Ê7¼�Á�� ´,ÃV/�´,È·¼ÌªÃV¿ºÀ/¿"»V¹2¸��V½4¿
Á¯Ä6´�¼¾¹1¸º¿�Ê�Ê4¹2»VÁV¿"ÌªÃ¯ÄÅ¹1» ¿�» Í ¹2È3¿�-¯É�¹1¸º¸�¿�¹2» Ê�Ä ÑO´,¼4¼¾¿�»VÁ¬´,È/¼�-Û»¯ÄÅ¿�Ê7¼�Ç¬´,ÊÊ4Ã��ºÊ¾´,»J¼�Ç¨¹1Ã�½�´��VÊ4¹1½J�¨¿�½
À/¿SÉZÏ¬´,¸�Ç ½4Â�Ê4ÃVÀ·¼W´,»J¼�ÁV¿�Ê�ÁV¿�Ã�Æ È3»'04¿�É�¼¾È/¹1»VÊ"À/¹1½4Ê7ÌªÃV¿�¿�À3À3¿�ÊºÈ/»J¼¾¿�½J/ 1�½4¿�»J¼�É�¹2»VÊ7¼¾½4ÃVÉ.¼¾È Í ¿�¸º¿�»J¼�� >�È�À3¿
»V¹2¸��V½4¿YÁ¯Ä6´,¼¾¹2¸º¿�Ê´E�VÊ7¹1½ �¬´,»J¼¾Ê¿�Ê7¼Ò´,Ê4Ê4¿ 9ºÂ�À/¿ Í Â"Ç¨¹2ÃV½»V¿"Ç¬´,ÊÊ¾´�¼¾ÃV½4¿�½¿�» ÇV½4Â�Ê4¿�»VÉ�¿ºÁV¿"ÉZÏ¬´,¸ºÇVÊ
È/»J¼¾¿�»�Ê4¿�Ê.-¯À3´>É�¹2ÃV½ �¨¿"ÁVÃO»V¹2¸L�V½4¿�Á¯ÄÙ´�¼¾¹2¸�¿�Ê�Ê4¹2»VÁV¿"ÁVÂ.¼¾¿�É.¼¾Â�Ê�Á¬´,»VÊ |e〉 ¿�»4/�¹2»VÉ�¼¾È/¹1»ÐÁV¿YÀz´>ÇVÏ¬´,Ê4¿
¿�Ê7¼(ÃV»V¿�Ê4È/»ªÃVÊ4¹��bÁV¿2�YH#¿�¼(¿.ÓÛ¿�¼(ÁV¿�Ê¾´�¼¾ÃV½¾´�¼¾È3¹2»�»¯Ä6È/»��¬ÃV¿�»VÉ�¿�½¾´ÒÇ¬´,Ê#»V¹2Ê#½4Â�Ê4ÃVÀ/¼W´�¼¾Ê.-ªÉ�´2½�À3´�½4Â�¶1È/¹2»>ÌJÃVÈ
»V¹2ÃVÊ�È3»J¼4Â�½4¿�Ê4Ê4¿�¿�Ê7¼�Â�¼¾½4¹2È/¼¾¿´,Ã�¼¾¹1Ã�½�ÁV¿�À3´YÇVÏ¬´,Ê4¿

φ = 0
�
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4�ÇV½ 1�Ê"´ Í ¹2È/½�Á�È3Ê4É�Ã�¼¾Â:ÁV¿�ÊY½4Â�¶2Àz´,¶2¿�ÊÒÇV½4Â�À/È3¸ºÈ/»¬´,È/½7¿�ÊÒ¿.¼"´ Í ¹1È/½Ò¸�¹2»J¼¾½4Â>ÃV»V¿NÉ�¹2ÃV½ �¨¿NÁV¿NÁVÂ�¼¾¿�É�¼¾È/¹1»ÏV¹2¸�¹ªÁ�Ñ�»�¿Ò´ Í ¿�ÉÒ´��VÊ4¹1½7Ç�¼¾È3¹2»�ÁVÃ�ÉZÏ¬´,¸�Ç�Ç¬´,½�À3¿�Ê�´�¼¾¹2¸�¿�Ê�´��VÊ4¹1½J�¬´2»J¼4Ê.-�»V¹2ÃVÊ�´2À/À3¹2»VÊ�¸�´,È3»J¼¾¿�»¬´2»1¼ÁVÈ/Ê4É�Ã�¼¾¿�½ÒÁV¿�ÀbÄÅ¿.Æ�Ç¨Â�½4È3¿�»VÉ�¿�ÁV¿>ÁVÂ.¼¾¿�É.¼¾È3¹2» »V¹1» ÁV¿�Ên¼¾½4ÃVÉ�¼¾È Í ¿>Ê4ÉWÏVÂ�¸�´,¼¾È/Ê4Â�¿�Á¬´,»VÊÒÀz´:µ¬¶V�¢�V�/�2� ��¹2ÃVÊ»V¹2ÃVÊ�´,¼7¼¾¿�»VÁV¹2»VÊ�Î�É�¿�ÌªÃV¿�À3¿�ÇVÈ3É�Á¯Ä6ÏV¹2¸�¹ªÁ�Ñª»¬´2¶2¿�ÌªÃV¿�»V¹2ÃVÊ Í ¿�»V¹2»VÊ�ÁV¿�¸�¹2»J¼¾½7¿�½ Á¬´,»VÊ�Àz´�µ¬¶V�J�V� BX-É�¿�»J¼¾½4Â�Ê4ÃV½�À3´ÇVÏ¬´,Ê4¿
φ = 0 M ¿�»>ÀeÄÙ´��VÊ4¿�»VÉ�¿�Á¯ÄÙ´�¼¾¹2¸�¿�Ê�ÁVÂ�Ç�Ï¬´2Ê4¿�ÃV½4Ê.-�Ê4¹2È·¼�ÁVÂ�ÇVÀ3´2É�Â�Ç¬´,½�ÀbÄÅÈ3»1¼¾¿�½¾´,É�¼¾È/¹2»»V¹2» ½4Â�Ê7¹1»V»¬´,»J¼¾¿*´ Í ¿�É�É�¿�Ê>´�¼¾¹1¸º¿�Ê.-
É�¹2¸�¸�¿:»V¹2ÃVÊ�´ Í ¹2»VÊ�ÁVÂT0¾Î ¹,�VÊ4¿�½ Í Â*Á¬´,»VÊºÀbÄÅ¿.Æ�Ç¨Â�½4È/¿�»VÉ�¿*ÁV¿ÁVÂ.¼¾¿�É.¼¾È3¹2»�ÏV¹2¸�¹ªÁ�Ñ�»�¿�´ Í ¿�É�À/¿�É.¼¾ÃV½4¿ÁVÃ�ÉZÏ¬´,¸�ÇSÇ¬´,½�ÃV»*´�¼¾¹2¸�¿�Ê4¹2»VÁV¿E-¬ÁVÈ/Ê4É�Ã�¼¾Â�¿�Á¬´2»VÊ�À3¿ U�×��6�V�

φ0

atome dans |e〉

atome dans |g〉

pas d�atome−φ0

π+φ

(b)

����������� �"!$#�%'&)(+*-,/.10�2�*13546%7498;:'3=<5>�2?8A@B3C%EDC<GF HI:'J�:K<ML�3N%E@O*P%�QR*TS	<�0'4U*TS'498;:'3V,�%E.GD;*12�S18W3IX	,�%BXN>�*'492
<GF %�4U:'J=*�2"%NY'2�:E.RYM%E35492Z#;S1[-\7]7@I\C^O\`_a&b*E4c<5>ZJ�d1J�*"2?8A@B3C%ED�<�*12?2?8W3I0e*13fSg*�354;.1%h354GD�*�,/8�SbijD�%+,/HC%E2�*
φ = φ0

*'4 −φ0

\k#lYR&bmNSnHI0�Jo%p<5>oS?HC%EJq,r<7%E3�2"D�*�,/Ds%h3$ST:'Jq,/D�*�tN*E\
u�v�wNx��T�N� �Py{zM|�}�~?���W���?�WxM|Nvh�M������zMypzK�7�O|NvhxM�GzB�O}��T|K�e���7�I�g~?�Wyp�g|�}1vh�W�gyp�g|�}��?vM|����T|��MzR�B�g~���� vE}�zMyp�g�
���g���NvM�n�T��~?���a}q�g�pyp�gyp�Z�?�WxM|Nvh�G���T�?�?�A|��p�T|r�T�g|�}�~�vh|�}q�W�Z���W�{���Wv���Nvh�?� −φ0 � �gzM~?~?�T�?�IzM|��Nvh|�}
vh���?�AxB|Nvh�GvE}?}��g|������WzM~?�?�K������|�vh}?zBy{�j�Nvh|����6���g}1vE} |g〉 ���T���Nvh�?�{�W�����Nvhy{� � �a}V���svo���NvM�?�

+φ0 ��Nvh|��P�A����vh�P������|vE}�zMyp�"���T���Nvh�?�g��~���~?�g�NvM~?�+�Nvh|��P�����a}1vE} |e〉 �����g}n}��+wNxM��~?�+|�zM����vh�W���+�q���g�T~?�A~?�
�A�b}l�O�I�e���e�n�WxM|NvM��vE}?}��T|������
��zB��~qvM�g�K���g~?�W~V�W�T�V��zM|�|��T�g� � �T|��a /�a} � |�zM���q��~?zO�g�T��zM|������p�sv¡9vh¢gzB|r�?���A�Evh|�}��M�k£q� vh�IzM~?��|�zM���
w7�OzB|��G��|������Nvh�?�

φ � ~?�g��~?�T�?�g|�}��g�"�?��~G�Wv�wNxM��~?�P�Nvh~���|����Nvh~?~?���B�g~n}��W�Tvh�W�h�M¤"zM���G~?�T�I�a}�zM|��¥�g|��?���A}��
�I�TvM���gzM������+�?�T�����T|��T�T�	���7�I�g~?�Wy{�T|�}1vh�A�T���T|����a}��g�g}1vh|�}��W�T�PvE}�zMyp�g���Nvh|��P�W���Nvh�K���a}	���+�6��vh}?zBy{�
���g���NvM�n�T��~c�g}¥�NvM|��¥�A�T�G�T�A|��q�NvM�����g}��¥��� vE}�zMyp�g�cvh���?zM~?�Nvh|�}��T��¤"zM���cvM�A�WzM|���y{zB|B}�~?�T~G�A�T�G~?�g�?���A}1vE}��
�?zM���¥¡;zB~nyp���������W�n}�zMxM~�vMy{y{�T�G��zM|�|Nvh|�})�Wv���~?zM�Nvh���W�A�`}��P���"���a}��T�a}��g~)��|p|�zMyj��~?����zB|�|7�"��� vE}�zMyp�g�
vh���?zM~?�NvM|B}��p�Nvh|��p�����a}1vE} |e〉 ��vh���Nvh|�}o�A�|�zMyj��~?�����vE}�zBy{�T�Z���T���Nvh�?�g��~?�=���a}��g�g}��g�o�NvM|��{�6���g}1vE}
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|e〉 zM� �NvM|7��6���g}1vE} |g〉 �	���Nvh�K�����Nvh~?~?�f���f�6�����W�n}�zMxM~�vMyZy{� �W|����A�K��� ��zM|����Wv���~?zB��vM���A�W�`}?� ���
���a}��T�a}��g~j��|��T�g~n}1vM�A|�|�zMy���~?�p��� vE}�zMyp�g��vM���nzB~?�Nvh|�}��q�NvM|7���6���g}1vE} |e〉 �TzM|����`}��WzM|�|��T�o�$��|��o���g�
�gzM|7wNxB��~?vh}��AzB|����IzM�?�?�A���W�g�	���T�"vE}�zBy{�T�����g���Nvh�?�T��~?�T�
£+vh|��)�W�	��vh�)z&%p��|o�?�g���5vE}�zMyp�	���g���Nvh�?�T��~��g�n}���~?�g�?�T|�} � zM|p�T� vE}?}��g|��o��zB|����e�T�"�K���"���Nvh�T��|o���g�
���A�n}�zMxB~?vMy{y{�T���TzM|����`}��WzM|�|��T�A���?zB�`}b�T�g|�}�~?�ZvM�7}�zM��~+���f|�zBy���~?������vh}�zMy{�T�+�?zB|����j���a}��T�a}��T�e�Nvh|��
�����a}1vE} |e〉 ��zM|�|�� � �NvM|��Z�Wv wNx������ � � �NvM~j�����W|B}��T~?�?�g�g}��AzM| �g|�}�~?���sv ��vM~?~?�=�M�T~n}?�W��vh�A���g�T|�}?~?�T���f�sv
�Evh�W�g��~

φ
�a}"�W�g��}�~nzB�A���gzB��~?�I�g�"������zMy{zO�7�K|NvhxB�h�

��zM��~��6���a�O�I�T~?�A�T|��g�{|�zM�����7}��W�A�A�?zM|��b�A�T�����g�O�����a}��T�a}��T�7~?� � ��zM|�}e�A��¡;zM|��g}��AzB|�|��gyp�g|�}��g�n}V���a}1vM�A�W�A�
vh�(' � � � ���N�Mu�����~?�gyp�A�T~����a}��T�a}��T��~ � �+}�~�v��B�g~?�¥�Wvb~�vhy{�I�P~�vM���A���P�����AzM|��W��vE}��AzM| � ���a}��T�a}��"�A�T�¥vE}�zMyp�g�
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φ = 14, 7
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77,5 phs

(b)

�)���	�C�����q!�#�%R& � 8W2�4U:R@B.1%EJpJ=*12�Sg:E3I<K86498;:'3�3I*1DW2	ijD�%{<�0'4U*TS'498;:'3 <�* 
����q*'4 �{%�4U:'J=*�2�<�0-,/HC%E2�*'>h.?2
<7%E3�2cD�F 0'46%74 |g〉 \��k*�3I:'J�YE.�*)J�:�L7*�3=<GF %�4U:'J=*�2)%�YE2�:'.RYM%h354;2P<�0E4U*gSE4U012k,�:7>h.�SnHC%�X�>�*PH�8W2�4U:R@B.1%EJpJ=*
*12�4�8W3I<�8;XN>�0'\ ��*�2{H�8A2�4U:'@B.1%EJpJo*�2j.�*l,/.�0�2�*1354U*13/4eD�*o3I:'JYE.�*<GF %74U:'J�*�2o<70E4U*gSE4U012S'>hJ>hD�0�2o<7%E3�2
D�*�2�49.�:'8W2Z,/.�*�J{8;*1.?2{,�%�X�>�*E492 %74U:'Jp8�XN>�*12�\�#lYR& mNS?HI01J=% <7%E3�2�D;*o,/D�%E3 ST:'JV,/D;*?tC*�<�*12fS?HC%EJV,/2
.�012�>hD646%h354G<�*"DaF 8A354U*1.1%�S'498�:'3�%KQ�*TS 
�� �e*E4 �j%74U:EJ=*�2	<�0-,/HC%E2�*'>h.?2�\ �k*"3I:'J�Y'.�*"J=:�L�*13 <�*),/HI:O4U:'3�2
%7>{J=:EJ=*�354c<5>q,�%E2?21%'@O*q<5>V,/.�*�J{8;*1.c,�%�X�>�*E4P<GF %74U:EJ=*�2�%NYE2�:'.RYM%E35492b*�2�4P<�:'3�3I0�,�%E.

n̄ = n̄th +
2n̄0[1−cos(φ−φ′)]
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n̄0 = 40, 9
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R = 0, 23
�O���"~?�T�gzB�O�O~?�gyp�T|B}�ve�IzM��~

�gzB|��?�g�K���g|N�g�p��|��Z�T~?~?�g��~����Z���g}��g�g}��AzM|��T|�}�~n�{�A�T�b���T�O�f��vh���TzM|��?�W���g~?�T���W�T���/u�zM~?�?�����{����zM| �M�T�7}
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��|��Z�hvh�W�g��~

n0g � ~n�T��~?�g�?�T|�}��g�o�NvM|��e�sv=wNx�������� � }��T�A�W�j�K��� � �?�¥�W�Z|�zMyj��~?�Z����vh}�zMy{�T�Vvh���?zM~?�Nvh|�}��
���a}��T�a}��T���Nvh|�� |e〉 �T�n})���W���cxM~�vh|��p�����

n0g � |�zB�7��v��p~?y{zM|��c��������|=vE}�zMyp�����T���Nvh�?�g��~Pve�W|B}��T~�vhxM�
v��B�g���W���1�Nvhyp� � �a} � �T���A�O�T�n}¥���A�����I�g}��`} � |�zM���¥v��{~?ypzM|�������� vh���T��|{vh}�zMy{�����T�7�NvM�?�g��~¥|����a}1vh�A}���~?� 0
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η
���"�T�a}?}��	}��T�1��|��W�����M�K£+�	¡9vh¢TzM|

vh|Nvh�WzMxB��� � |7zB���V�IzB�7�MzM|��jv��MzB�A~e��|�|�zMy���~?�p����vE}�zMyp�T�e�?zB|��7�o���W���VxM~�vh|��r�K�7�
n0g
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�1�NvMy{� |���vo�Nvh���g}��q���g���NvM�n���/�Nvh|����T�q��vh�+�WvZ}��T�1��|��W���������g�T�WvM~?�qv��BzM�W~"���a}��T�a}�����| vh}�zMy{�V�K���
�IzM��~n}1vh|�}"|/�����7�W�n}?�V�Nvh�T�C¤"zM���"vR�MzM|��"�Nvh|��	�T�e�TvM�	��| ����� ���  ��� 	 � �
� �sv"�?���A}������P�g�T���TzM|��?�W���g~�vE}��WzM|�� � |�zM�����IzM�7�BzM|��¥v��{~?yp�g~k�K��� � �AzB~?�?�������6� vh�A~?�)���j~?�g�TzM�7�K~?�Ty{�T|�}
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η = 1 −R/2

�N£+vM|��	�W���Tvh�"~n�T��~?�g�?�T|�}��V�Nvh|��"�Wv�wNx����N��� � η ' 1 −R/2 = 89%
�

,OzM���W�AxB|�zM|��V�K��� � v ��~?�WzM~?� � �Wv$�Evh�W�g��~����=�sv$���Nvh�?�
φ

�����PzM�7}��Wy{�A�?�p�sv$�?�g�NvM~?vh}��AzB|��g|�}�~?���7�T�O�
���A�n}�zBxM~�vhypyZ�T�)�g�n}��sve�hvh�W�g��~��gzB~?~?�g�?�IzM|��NvM|B}"�q�6��vh|�|K���svE}��AzM|p�����1�Nvhyp�=�Nvh|��P��|=���T�P���T�O�=�TvM�T�
,O���A�$����vMy{� ~?�g�?���A}1vh|�}=���g�=���T�K� �Wyp���7�W�?�AzM|��{������zMy{zO�7�K|NvhxB�$�T�n}=|K��� � �g| �a /�a} � |�zB���o|�zM���
vE}?}��T|7��zB|��)�e�g�"�K���	}�zM���c�W�g�)vE}�zMyp�g�)vh���?zM~?�Nvh|�}�� � ��~?�g�Nvh~?�T�)�Nvh|��c�6���g}1vE} |g〉 � ~n�T�n}��g|�}��Nvh|��c�T�a}?}��
�a}1vh}�� ;G|{¡9vh�A} � ����vh���?�"������|{¡;zM|��{��� vE}�zMyp�g�c���a}��T�a}��T�)�Nvh|�� |e〉 �W|����g�I�T|��Nvh|�})���p�1�Nvhyp�{�W|:9?�g�g}�� ��g�T�g�b|����g�n}�NvM�=�W� �TvM�T�#;¥| ���W��� � |�zB���=�IzB�7�MzM|��~n�Tyovh~?�����T~=�Nvh|����sv�wNx������ 4������ � �IzB��~=�W�g�
�EvM�A�T��~?�"���V���NvM�?�

φ = 0
2 � �a}

φ = 20, 1
2 � �W�e~?�g�TzM�7�K~?�Ty{�T|�}+�T�n}+���A���"�I�g}��`}��AzB~n�?�K����zB|$�gzB|��?�A�<)T~?�

��|��A�K���gyp�T|B}c��|{|�zMyj��~?�P�W�Ay{�`}������	�Nvh�����g}��c����vh}?zBy{�T�¥vh���?zB~n�NvM|�}?�c���A�7} =h}¥�����	�W�T�G�g�W|��q�Nvh�K���g}?�
�g��yj���A�T�T�5���g�T���g�n}+�	� �TxBvh�W�gyp�g|�}�vM��¡;zM|��$��� vE}�zMyp�g��vM���?zM~?�Nvh|�}������a}��T�a}��T�+�Nvh|�� |e〉 � ;G| �g 5�g} ��AzB~?�?�������A�b�1�NvMy{��v��g}����gzBy{���*)a}��Ty{�T|B}	vh���?zB~n�I���NvM~P�W�g�����g�O���~?�gyp�A�T~?�P�Nvh�K���a}��	��� vE}�zMyp�g� � �W�
¡9vh�A}+�����g|�v:9?zM�7}��g~b�Nv��hvh|�}1vhxB�j~?�g�����`}��svo�?�T�Nvh~�vE}��WzM|f�g|�}�~?�j�W�T�b���A�n}�zMxB~�vhy{y{�T� � �����W�?�����Z�W�q¡;zM|��
����vh}�zMy{�T�{�Nvh|�� |e〉 �T� v�9?zM�7}�������¡9vh¢TzM| �TxBvh�W��vh�O� �7�T�O� ���W�n}�zMxM~�vhypy{�g�Z�TzM|����`}��WzM|�|��T�A�T�¥¤"zM���
~?�a�O�A�T|���~?zM|����?�7~��g�g}��a /�a}����W���=}1vM~n� vh� y{zBy{�T|B}z&% |7zB������W�n�T�7}��g~?zB|7�����g���Wy{�I�T~n¡;�g�g}?�WzM|��
���7�I�g~?�Wyp�g|�}1vh�W�g�	�����T�a}?}��e�a�7�I�g~?�W�g|��T�h�
u¥�����W�n}�zMxM~�vhypy{�V�gzB|7���A}��WzM|�|��g�k�o���T�O�fvE}�zMyp�g�+���a}��T�a}��T���g�n}��I��vh���gzB���f���A���+�W~?~?�gxB�7�W�A�g~������j�W�g�
���g�O� vh�7}�~?�T�g�
� �TvM�7�?����� |�zMyj��~?�=ypzR�B�g| ����vh}�zMy{�T�j���T���Nvh�?�g��~?�{}�~.)T�j¡9vh�W���A� � �W�g�Z�?�g�K���g|��T�T�
���7�I�g~?�Wyp�g|�}1vh�W�g�Z�TzM|�}��g|NvM|B}p���T�O� vE}�zMyp�g�Z���g���Nvh�?�T��~?�p�?zM|�}{}�~.)g�{~�vh~?�g� � �a}p�A�T�Z�a�B�g|��Ty{�T|�}?�=�
���g�O�ovh}�zMy{�T�)vh�g�T��y����W�g�)|��"�?zM|�})�NvM�c�?���{��vM|�}?���IzB��~)v��BzM�A~¥��|o�?�AxB|Nvh�N���A�T|py{z'�M�T|�|��h�O�G���W�?�����
�W� |�zBy���~?�fy{z'�M�T| ��� vE}�zMyp�g����g���NvM�n�T��~?�$���a}��T�a}��T�$�g�n}

n̄ = 0, 075 � �Wv ��~?zM�Nvh���W�W� }�� ����v��BzM�W~
��|rvh}?zBy{� � �T|�}��g|Nvh|�}V�TzMyp�7}��Z���{�6���	�{��vh�T�`}��Z���{���g}��g�g}��AzB|�������~?�gyp�W�g~����g}?�T�a}��T��~

η ∼ 80% ��g�n}
P (1) = 0, 086

�g}Z�sv ��~?zM�Nvh���W�A�`}��o����v��BzM�W~ � vE}�zBy{�T���T�n}
P (2) = 0, 004

�Gu¥�����W�n}�zMxM~�vMy{y{�
�gzB|����`}��WzM|�|��g�¥���|rvE}�zMyp�j���g}?�T�a}��p�T�n}VypzR�B�g|�|��{�?��~e�T|��K�W~?zM| � 1=¡;zB�A�����A���e���{�?�g�K���g|��T�T�������
�g�T�W�����gzB~n~?�T�?�IzM|��Nvh|�}+� � vh}�zMy{�T�����a}��T�a}��T�T�
u¥�����W�n}�zMxM~�vhypy{�{�gzM|����A}��AzB|�|��g�)�$��| vE}�zMyp�{���g}��g�g}��=��~?�g�?�T|�}?����|����W� � vM��|��`�B�Tvh�����=�Wv��Nvh~?~?�
�M�T~n}��A��vh�W�{�IzM�W|�}��A�A�A�g�{�?��~q�sv�wNxN������� � �����)|����T�n}j�Nvh�q���7���A�W�K���p�Nvh~q��� vh���?zM~?�7}��AzB|��7�����Nvhyp�r��� 0
���Nvh�?�M�Mu¥���7�W�n}�zMxM~�vMy{y{�)�gzB|����`}��WzM|�|��g�7�+��|ZvE}�zBy{�����a}��T�a}����T�-} ��� ��� ��� 	 ��� �NvM~k�6�����W�n}�zMxM~�vMyZy{���
1�vh}�zMy{�����g}��g�g}��h�C���a}	�a 5�g}��g�n}	�Tvh���?�b�NvM~��svV��~?�g�?�T|��g�e����vE}�zBy{�T�����g���Nvh�?�T��~?� 	� � ��� � ���U�5�T� vhxM�A}
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R = 0, 19
\

¤"zM�����IzB�O�BzM|���¡9vh�W~n�e��| v�9?���n}��Ty{�T|�}���� �?�WxM|Nvh�����q�6�����W�n}?zBxM~�vhy{y{���IzM��~��Tvh�W�T���A�T~	�W�e~?�T�gzM�7�O~?�70
y{�T|�}b������zM|fzM�7}��W�g|���~�vh�A}��T|f�6��vh���?�T|��g�j��� vE}�zMyp�g�+���T���Nvh�?�g��~?�e�Ayp����~?�T�5u�vowNx��5��� � 1oypzM|�}�~?�q�W�
~?�g�?���`}1vh}P���b�6��v:9?���n}?�Typ�g|�} � �?���I�g~?�IzM�?�Vvh�O�=���W�n}�zMxM~�vMy{y{�T�)�a�O�I�T~?�Ayp�T|B}1vM�O�5��¤�zM���	v��MzB|���v:9?���-}��
�A�c�?�AxB|Nvh���gzM|����A}��AzB|�|��g��� � vh}?zBy{�c���g���Nvh�?�T��~k���g}��g�g}��P�	�6��vM�A���¥�����7|��)¡;zM|��g}?�WzM|VxBvM���?�n�W�T|�|7�M�E¤�zM���
v��MzB|��q�7}��W�A�A�?�{�IzM��~q��� v�9?���n}��gyp�T|B}��7|��W�K���gyp�g|�}��A�T�V�Evh�W�T�7~?�q����|�zBy���~?�p����vh}�zMyp�g��vh���?zM~?�Nvh|�}��
���a}��T�a}��g�k�?���I�T~?�A�T��~?�k�

n = 7 � �Nvh|����6���W|B}��T~n�EvM�A�A�����T�W�Ayp� }��¥�	xBvh�������c�Nvh~��Wv��NvM~n~?�¥�B�g~n}��A��vh�W�h��;¥|V�g¡ 0
¡��g} � ��|��W�����Ty{�T|B})�?��~c�T�a}?}��"���svhxM���6�����W�n}�zMxM~�vhy{y{�P|����g�n}��Nvh�c�gzB|�}�vMy{�W|����Nvh~¥�W�g�)vE}�zMyp�g�¥�Wy{����~?�T�
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u�vb¡�zB|��a}��WzM|ZxBvh���?�?�W�g|�|��	�K���N���T~n�A�B�����	�6��v:9?���-}��Ty{�T|�}¥�?��~¥�svb���WvMxM�P~?�T�����`}������T�¥�EvM�A�T��~n� � ��|���¡;zM�W�
�a}��T|������b�?��~P��� v'�7����zM~?�*8gzB|�}1vh�C�T|�}��A�T~ � ypzM|�}�~?����|��bvM�A~?���?zM���P�svV�gzB��~?�I�

A = 0, 92± 0, 01
�����g�sv

�?�AxB|��`wN���K���Z�svp¡;~�vh�g}��AzB| ���g�VvE}�zBy{�T�b�Ayp����~?� � �gx�vh�A�Z�=�6� vh�A~?�����f���W�j�����?�AxM|NvM�k�TzM|����`}��WzM|�|��T���
��|�vE}�zBy{�b���g���Nvh�?�T��~	���g}��g�g}��e�g|��gzB~?~n�T�?�IzM|��Nvh|��T�e�����?�AxM|NvM�5�TzM~?~?�T�n�IzB|��Nvh|�}�vh��TvM��z3%vM���g��|
vE}�zMyp�b���T����vM�?�g��~�|����g�n}����g}��g�g}�� � �EvM�7}

1 − A = (8 ± 1)%
�

u�v ¡�zB|��a}��WzM| xBvh���?�?�W�g|�|���vM�A|��?�ezM�7}��T|������g�n} |�zM~?yovh�A�A�?�g���IzM��~$��������� vh�W~?��vh� 0l���g�?�?zM��� ���r�sv
�gzB��~?�I� � �g}��g|������=�?��~V}�zB�7}?�T�q�W�g�V�hvh�A�T��~?�q���

n � �?zM�A}V�TxBvM�A�o���6����|7�A}��h��u��p~?�T�gzM�7�O~?�gyp�T|B}j�T|�}�~?�
�������W�-}�zBxM~�vhy{y{�q�TzM~?~?�AxB�jvM�A|��?���TvM�A�T���A�j�a}V�������A�n}�zMxB~�vhy{yZ�����7�I�g~?�Wyp�g|�}1vh�G�gzM~?~?�T�?�IzM|��Nvh|�}q����� vh� 0
�?�g|��T�q���e�6��vh}�zMy{�b���T���Nvh�?�g��~+�g�n}

R = 0, 19 � �T�e�K�����gzM~?~?�T�?�IzM|�� �Z��|��V� �p�Tvh�T�A}��e���e���g}��g�g}��AzB|
η = 1 − R/2 = 91%

�/���a}?}��q�EvM�A�T��~"�W|����A�K���V����� �p�TvM�g�A}��V���q���a}��g�g}��WzM| ������|fvE}�zMyp�e���T�7�NvM�?�g��~
�Nvh|��	�6���g}1vE}	�Nvh|�� |g〉 vE}?}��g|������e�T|��6��vh���?�T|��g�e��� vE}�zMyp�g�	�Ayp����~?�T�
¤"zB���kv��BzM|��k~?�T�I�a}����6���a�O�I�T~?�A�T|��g���g|���~?�T�Nvh~�vh|�}k�T�a}?}��)¡;zM�W� 0U�g���6��vE}�zBy{�¥���g���NvM�?�g��~��?zM�A}��Nvh|��k�6���g}1vE}
|e〉 � �?zM�A}��Nvh|����6���g}1vE} |g〉 � ��vM|����W�¥���7}k���)~?�Tvh�W�W�?�g~��sv	���a}��T�a}��WzM|q|�zM|q���g�n}�~?���g}?�A�B�)�����7|jvE}�zMyp�¥�Nvh|��
�A�T�+���T�O� �g}1vE}�� |e〉 �g} |g〉 �/u¥���a�7�C�T~?�W�g|��T�Zv=�a}��j~?�T�I�a}��g�Z�IzM��~b���A���?�W�g��~?���hvh�W�g��~?�b�����svp���NvM�?�

φ������zBy{zK�7�O|NvhxM�M�Ru�vPwNxN�T��� �&� ypzM|�}�~?�G�A�T���7�W�n}�zMxB~?vMy{y{�T�/�K���B��~?�g�?�T|�}��g|�}k�A�G~?�g�TzM�7�O~?�gyp�g|�}��W�G���A���
�I�a}��A} � vh�W|��?���K�����Wv{~?�T��~?�g�?�T|B}1vh}��AzM| ���T�+�1�NvMy{�����TzM~?~?�T�?�IzM|��Nvh|�}��b��vM|��+�A�V���svh| �gzMyp���A�a�7�h�5u��g�
�?�AxB|Nvh�O�=�gzB|7���A}��WzM|�|��g�W��~?�g��~?�g�?�T|�}��g�"�?zM|�}	zM�7}��T|����	�IzM��~P��|������Nvh�?��������zBy{zK�7�O|NvhxB�

φ = 53, 5
2��

φ

φ0

φ0=35,8°

φ =53,5°

0 at.

|g〉

4,9 phs

34,2 phs

81,8 phs

(b)

|e〉

φ0

�������'��� �&� !=#�%'& � 8A2�4U:R@�.1%EJ{J=*�2kSg:'3I<K8U498�:E3�3I*1DW2�i	Ds%"<�0E4U*gSE498�:E3j<�*�DaF %�4U:'J=*G<�0-,/HC%E2�*'>h.¥<7%E3�2�DaF 0E46%74
|e〉 � |g〉 �K*'4�<7%E3�2�D�*)Sa%E2c:�
+%�>�S'>h3Z%�4U:'J�*c<70-,/HC%E2�*E>h.�3)F *�2�4�<�0E4U*gSE4U0'\��k*G3I:EJYE.�*GJ=:�L�*13{<GF %74U:'J�*12
<�0'4U*TS'4U0�2�<7%h3�2"SnHC%BXN>�*"H�8W2�4U:R@B.1%hJ{J=*"*�2�4k8W3I<K8�XN>�0'\��k*12PH�8W2�4U:R@B.1%hJ{J=*�2).�*l,/.�0�21*�354U*1354GD;*�3I:'J�YE.�*
<GF %�4U:'J=*�2<�0E4U*gSE4U012 S'>hJ>hD�0�2<7%E3�2=D;*�2S�8A3IX ,�%�X�>�*E492�%74U:'Jp8�XN>�*12�\e#lY�&$mNSnHI0�Jo% <7%h3�2=D�*{,/Ds%h3
Sg:EJV,/D;*?tC*�<�*�2�S?HC%EJq,/2¥.10�2�>hD646%h354�<�*�D�F 8W3I4U*�.1%BSE4;8;:'3{%�Q�*TS�DaF %�4U:'J=*P<�0l,/HC%E2�*E>h.�\ �k*)3I:EJYE.�*)J�:�L7*�3
<�*),/HI:O4U:'3�2"<5>{S?HC%EJq,f%7>�J=:EJ=*�354�<5>b,�%E2?21%'@7*b<5>b,/.�*1Jp8�*�.�,�%BX�>�*E4c<�F %74U:'J�*12	%�YE2�:'.RYM%h3I492�*12�4
8A3I<K8;XN>�0'\

��zB��~+yp�g�?��~?�T~b�A�T�+���W�n}�zMxM~�vMy{y{�g�+�gzB|��7�A}��WzM|�|��g�W�+�=�Wvo���a}��T�a}��WzM|f������|�vh}�zMyp�q���g���Nvh�?�T��~��Nvh|��
�����a}1vh} |e〉 � �Nvh|��)�6���g}1vE} |g〉 �g}��g|=��� vh���?�g|��T������vh}�zMy{�T�c���T���Nvh�?�g��~?�P���g}��g�g}��g�P|�zM����vR�MzM|�����~?zK�T�g���
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�����Wv ¡9vM¢gzM| �?���A�EvM|B}����cvh��~.)T�ov��MzB�A~jw7�7����|��$���Nvh�?�
φ

������zBy{zK�7�O|NvhxM��|�zM���ov��BzM|��p��~?�g�Nvh~?�
�A�{��vM�����g}q��� vE}�zMyp�g�e���T���Nvh�?�g��~?���Nvh|��V�6���g}1vE} |e〉 �a}�vh�T�����W�V�A�{�n�WxM|NvM�G�gzB|����`}��WzM|�|��g�¥����� vE}�zMyp�
���g���Nvh�?�T��~"��~?�g�Nvh~?�e�Nvh|�� |e〉 � �g}	�W�b�?�WxM|Nvh�/�TzM~?~?�g�?�IzB|���vM|�}�vh���Tvh�	z3%�vh���T��|$vE}�zMyp�b���g���Nvh�?�T��~
|����T�-}+���a}��T�a}��M�I¤"zB����v��MzB|��"�g|��?���`}��V~?�g�I�g}��V�WvZy{�Ty{�evM�g�K���A�?�A}��AzB| � �CzB��~	�svjyp�gyp�b�Evh�W�g��~	���

φ ��g|r��~?�g�NvM~�vh|�}V�6��vh}?zBy{�j�Nvh|��V�6���g}1vE}Vvh}�zMy{�W����� |g〉 ����� 0U���T�?�?���q���{���Nvh�K���p���A�n}�zBxM~�vhypyZ�Z�7�p�sv
wNx������ �&� �9v ��|�zB����v��BzM|��)�W|����A�K���"�A�"|�zMyj��~?�"y{zR�B�g|o��� vE}�zMyp�g��vh���?zM~?�Nvh|�}����7�g}��g�g}��g�P�Nvh|��������a}1vh}
|e〉 �
��zMy{yp�q�W|����A�K���q�?��~b�sv{wNxM��~?� � �6� vh�A~?�V���f~?�T�gzB�7�K~?�Ty{�T|B}e�T|B}�~?�j�6�����W�n}�zMxM~�vhy{y{�V�TzM~?~?�g�?�IzM|��NvM|B}
�q�6��vE}�zBy{�"���T�7�NvM�?�g��~��Nvh|�� |e〉 �a}��g�T�W���I�NvM|��P�A�+�Tvh�Pz3%�vh���T��|vE}�zMyp�����g���Nvh�?�T��~�|����T�n}����g}?�T�a}��
�g�n}

Re0 = 0, 30
�O£����svey{�Ty{�	¡;vM¢gzB| � ��� vh�W~n�	���o~?�g�TzM�7�O~?�gyp�g|�}P�g|�}�~?���W�	�?�WxM|Nvh�I�e��|=vh}�zMyp�	�Nvh|��

|g〉 �g}b� 1=vE}�zMyp�e�T�n}
R0g = 0, 29

�/���g}n}��q�hvh�A�T��~��g�n}b���W���"xB~�vh|����q�������W�V~?�g�TzM�7�K~?�Ty{�T|�}b�T|B}�~?�
�A�T�����A�n}�zBxM~�vhypyZ�T�b�Nvh|��e�W�j�TvM�e�7�{�6���a�O�I�T~?�A�T|��g�{���Z���g}��g�g}��AzB|����Z�6���g}1vE} |g〉 � ypzM|�}�~?�g�Z�Nvh|��e�Wv
wNx��O����� � �����W�?�������Nvh|��P�6���a�O�I�T~?�A�T|��g����~?�g�T�g���T|B}��e�svV�Evh�W�T��~����b�svV���NvM�?�

φ
������zMy{zO�7�K|NvhxB�bv��hvh�A}

�a}��{zM�7}��Wy{�A�?�T�j�Nvh|��V�A�Z���7}V���{���g}?�T�a}��T~V��|��W�����Ty{�T|�}V�����a}1vE} |g〉 � vM�AzB~?�b�K���{�Nvh|��V�������7�I�T~n�W�T|��g�
vh�a}����T�A�W��zB|{�K�W�?���e���a}��T�a}��T~)�W�g�c���T�K�p�g}1vE}��)vh}�zMyp�A�����T�T� ;G|7wN| � �A�	~?�T�gzB�7�K~?�Ty{�T|B}P�g|�}�~?�"�W�g�c���T�O�
���A�n}�zMxB~�vhy{y{�T�P�TzM|����`}��WzM|�|��T�A�P�TzM~?~?�g�?�IzM|��NvM|�}�vM�O���g}1vE}�� |e〉 �a} |g〉 �hvh�7}

Reg = 0, 14
�

��zMy{yp�q�M���g}1vh�A}b�W�q��vh���Nvh|����������7�I�g~?�W�g|��T�j���T�g~?�A}�����~?�T�g�T���gypy{�T|�} � �����Wy{���7~?�g}��q���T�evE}�zMyp�g�+���
���K���I�T~?x{�T�A~?�T���Wvh�W~?�g�P�TzM|�}1vhy{�W|��b�A�T�����A�n}�zMxB~�vhy{y{�T�P�gzM|����A}��AzB|�|��g�W�P�Z�7|$vE}�zBy{�b���g���Nvh�?�T��~"���70
}��g�g}?�V�a}�vh��xBy{�T|B}����6� vh�A~?�b����~?�T�gzB�7�K~?�Ty{�T|�} � �g|$~?�g�����W��vh|�}"vM�A|��?���6���	�{�TvM�g�A}����������g}��g�g}��AzB|��
u�vfwNx��¥��� ��� �I�T~?y{�g}p�����gzMyp�Nvh~?�T~Z�����a /�a}p���g�ovE}�zBy{�T�Z�Ayp����~?�Z�Nvh|��{�W��Tvh�p�����Wvf���g}��g�g}��AzM|
���j��� vE}�zMyp�V���T�7�NvM�?�g��~e�Nvh|��b�6���g}1vE} |g〉 �g}��Nvh|��������a}1vE} |e〉 � �g|��7}?�W�W�A�?vM|�}+�A�T�+�?�WxM|Nvh�O� �����Z|�zM���
�M�T|�zM|��	����y{zB|�}�~n�T~T�7u¥�����A�n}�zMxB~�vhypyZ�+�������a}��T�a}��WzM|���������a}1vE} |g〉 v��g}��evh�T�����W���IzM��~���|������Nvh�?�
������zMypzK�7�O|NvhxM�

φg = 14, 7
2	�a}o�������A�n}�zMxB~�vhy{yZ���TzM~?~?�g�?�IzB|��Nvh|�}=���6���g}1vE} |e〉 vR�M�T����|��$���Nvh�?�

φe = 53, 5
2����¥���A�?�K�����svq���A 5�T~?�g|��T�

(φe − φg) = 38, 8 ∼ φ0 � z3%
φ0

�g�n}"�A�b���g���Nvh��vMxM����~?zR�BzK�K���
�Nvh~G�6��vh}�zMyp�����g���NvM�?�g��~ � �6�����W�n}�zMxM~�vhy{y{���TzM|����A}��AzB|�|��g�����6��vh}�zMy{�P���g���NvM�?�g��~)�Nvh|��¥�6���g}1vE} |g〉 �T�n}
�g�T|�}?~?�$vh����~?z��7�AyovE}��`�B�gyp�g|�}ZvM� y{�Ty{��|�zMyj��~n�y{zR�B�g| ��� vE}�zMyp�g�{vh���?zM~?�NvM|B}��{���a}��T�a}��T�p�Nvh|��
�����a}1vE} |e〉 �������Nvh|��+�������A�n}�zBxM~�vhy{y{�e�gzM~?~?�T�?�IzM|��Nvh|�}�vh� ��vh�+z&% vM���g��|fvE}�zBy{�V���g���Nvh�?�T��~b|����T�-}
���a}��T�a}�� �WzM~?�?����� �6��zM| ��~?�T�Nvh~?� �T�a}vE}�zBy{�$��vM|��o�6���g}1vE} |e〉 ����zM��~=�Wv�yp�gyp�$~�vh�A�?zB| � �W�g�o���T�O�
�?�AxM|NvM�O�Z�gzB|����`}��WzM|�|��g�W�¥vM�{��vh�)z&%ovh���g��|=vE}�zMyp�����T���Nvh�?�g��~��Nvh|��)�����a}1vE} |g〉 |����T�-}����g}��g�g}����a}�vM�
�Tvh��z3%��6��vE}�zBy{�c�T�-}¥���a}��T�a}��P�NvM|�� |e〉 �?�P�?���I�g~?�IzM�?�T|�}¥�TxBvh�W�gyp�T|B}����b|��I�T�7}G��zM|��PzM���?�g~n�B�g~G�?��~��Wv
wNx��K��� �:� �����+�W�g�����g�O�o���W�g���gzM|����A}��AzB|�|��g�W�)� � vh}�zMy{�"���T���Nvh�?�g��~P���g}��g�g}�� � �Nvh|����A�T�)�g}1vE}�� |e〉 �a}
|g〉 � �?zM|�}k}�zM�����A�T�k���g�O���gzB|�}1vhy{�W|��g�k�Nvh~k�A�T�k���A�T�k�gzB~n~?�T�?�IzM|��Nvh|�}¥vh�O�q��vh��z&%��6��vE}�zBy{�c���g���Nvh�?�T��~
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pfqSr+s�tvu+wcq4xysCx$z<{^|f}~z<xcs�t4q8�&|+�6xyq8�6xy�8��|
z<r+�v�$�
z<�`�+q �
z<�`�+q6xI|f}~z�xys�t4q8�&zCu+�csCwcu
z<rVxy�vq��:x ∼ 7, 6�
z<w&�c�8�V�+q8r+�8q3q6�2�0��wc�_t4q8r�x$zC{?qC	D�*s�r+�c�?|+�8wcsCr+�v|f}�z<u0sCwc|�{_q��v�
z<�V�+q�xy��|f}~z<xysCt4q8�vzCu+�csCwcu
z<rVxy����J���
� 	\p\q4r2s�tvu+wcqI|f}�z�xysCtQq���|+�6xyq8�6xy���&|
zCr+� |e〉 � q8r�{O}~zCu+�:q8r+��qQ|+q4�$�
z<tQ�Z�_r��cq���xy� � q��:x ∼ 0, 5 � �V�+���sCwcwcq8�c�0sCr+|M�I����|+�>r+sCtvu+wcqXxys<x$z<{K|f}�z�xysCtQq��]|+zCr+�]��q8�]�
zC�V�+q�xc�8	;�P{_�+�c�?q8�+wc�W�+�+�8r+sCt4�8r+q����csCrVx
wcq��c�0sCr+�yz<u+{_q���|+q��8q6x�q��Kq�x.	
p\z3|+��xyq���xy�?s�rZ|2q8�=z�xysCtQq���z<u+�csCwcu
z<rVxy� � q��Kq8�6xy�+�8q4�
z<w[{?q�|+q8�G�G�_��tQqI|+�6xyq8�6xyq��+w � r(}~q��:x=�
zC�[�
z<w��� zC��xyq8t4q8rVx=wc�8�:s�{?�+q � ��sCtQt4qQr+sC�+�v{�}�z.�Cs�r+�=|+�_�c���2xy�S|
zCr2�v{_q>� ��	��G	~�+	a�gz<w&��s�r+�c���`�+q�rVx � �"�.z<�+�cq|+�h�0q�xc�?x[w:q8��s��2�`wcq8t4q8rVx�q�rVxywcqI{?q8�-�c�?��r
z<�G�N|f}~�_sCr+�?�yz<xc�_sCrN|+q��[r+�?�Cq.z<�G� |e〉 q6x |g〉 � �+r+q � wyzC�6xy�_sCr|+q��[z�xysCtQq8�b|
z<r+�X{O}~�6x$z�x |g〉 q��:x[|+�6xyq8�6xy�8q�q8rNx$z<rVx-�V�f}�z�xysCtQq��X|
zCr2�-{O}��6x$z<x |e〉 	(�*q�xcxcq � wyz<�6xy�_sCr �|f}~z<�+wc�8�nr+s<xywcq]�8sCr+r
z<�_�c�yz<r+�8q�|2�4tQsCrVx$z<��q*q6�G�0�8wc�?tQq8r�x$zC{ � q8�:x^|+q]{O}�s�wc|2wcq]|+q ∼ 2%

q�xnrf}~q!�2�+{?�_�`�2q
�
z<� � �Xq8{?{_q��cq��+{_q � {?q � sCr+|�|+q ∼ 6%

�`�+qWr+sC�+�gs�u+�cq�w:��sCr+�8	V�*q6xnq6�Kq�x � |+q*�+{_�+� � �+wc�6��sC�?xg�+r�r+sCtvu+wcq|f}~z�xys�t4q8�b|+��xyq���xy����|
z<r+�-{�}~�6x$z�x |e〉 �+wcsC�0sCw:xy�_sCr+r+q�{DzC�or+sCtvu+wcqv|f}~z�xys�t4q8�X|+�6xyq8�6xy����|
z<r+�-{�}~�6x$z<x

|g〉 	 �-w[r2s��+�[s�u+�cq�w:�Cs�r+���c�+w�{?q��c�_�Cr
zC{D|+q4|2��xyq���xy�?s�rZq�rZxyq8t4�+�[|+q���sC{P�`�+q � |
z<r+��{?q8�[�
z<�`�+q6xy�tQz<{a�c��{_q8�6xy�_sCr+r+���-q�ro�G��xyq8�:�cq � {_z � wyz<��xy�_sCr"|+q8�[z�xysCtQq8�b|
z<r+�-{�}~�6x$z<x |e〉 q�rh{�}�z<u+�cq�r+�8qv|+q��$�
z<tQ��?r��cq8�6xy�[q8�:x��+{_�2���CwyzCr+|2q��V�+q=�0sC�+w�{?q8�]�
z<�`�+q6xy��u+�_q8r>�c��{_q8�6xy�_sCr+r+����q�r>�G�?xcq8�c�cq<	
¡�r"z<�2xywcq[q��Kq�xb�I�+wcq�r+|+wcq=q�r"��sCtQ�2xyq[q��:xb{?q[wcq��8sC�2�Gwcq�tQq�rVxbq8r�xywcq�{_q����c�_�Cr
z<�G�3|f}~�?s�r+�?�yz�xy�?s�r |+�
r+����q8z<� |n = 52〉 ���_wc���+{¢z<�_w:q[q6xb|+�"r+�?��q8z<� |e〉 � �8q=�`�+� |+sCr+r+q=�+r � sCr+|"|f}~z�xys�t4q8��|+��xcq8��xc�8�X|
z<r+�
|e〉 �+wcs��0sCw:xy�?s�r+r+q�{`z<�&r+sCtvu+wcq�|(}�z�xysCtQq8� |
z<r+�D{?q^r+�?�Cq.z<� |n = 52〉 	��*s�t4tQqnr+s��+�Dz.��sCr+�a�`�v|
z<r+�{_zI|+q��c�8w:�_�2xy�?s�rM|+�M�+wcsG��q8�:�c�+�X|f}~q!�2���?x$z�xy�_sCr>|+q8�bz<xysCt4q8��|+q=£]¤G|+u0q�wc�S���_wc�8�2{¢z<�_w:q8��z<�Z�&�C	l�G	l� � q8r
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q6�(q6x � �X{_z�!
r�|+qW{¢z�wyzCt4�0q*|+qWwyz<|+�?s<� � wc���`�+q�r+�8q��P|+q*�8�_w:�8�+{¢z<wc�?�yz�xy�?sCr&{�}~�6x$z�xPz�xys�t4�?�`�+q��+wc���
zCwc�Wq��:x{�}~�6x$z<x |n = 52〉 ���_wc���+{¢z<�?wcqC	�"Pr+�c�+�?xyq � �+rN�$�
zCt4�"tQ�?�8wcs���sCr+|+q��?r��cq8�6xy�=�
zCw�{�}~q!�Gxy��wc�_q��+wb�2wcs��Cs`�`�+q{_z[xywyz<r+�c�?xy�?s�rIq8rVxyw:qX{?q�r+����q8zC� |n = 52〉 q6x*{_q�r+����q8z<� |g〉 	`�n�+�?�c�`�+qb{O}��_r��cq���xc�_sCr4|+q�{¢z�t4�_��wcs<��sCr+|+qq!�Gxyq�wcr+q q8�:xv�+�+{_�c��q � q8{?{_q4�+wcs`|+�+�?x&�+r+qS�c��{_q���xy�?s�r |+qQ�G��xyq8�c�cq z<|+|+�?xy�_sCr+r+q�{_{�q4�
z<w=xyq�tQ�+�&|+qQ�CsC{O	p zv�+wcsCu
zCu+�?{_��xc�X|+qXxywyzCr+� � �8wcq�w]{_q8�]z�xysCtQq8�Wq�rVxywcq[{?q8�W|+q8�G�3r+�?�Cq.z<�G�3�0q�r+|
zCr�x�{�}~�_tI�+�+{?�c�?sCr q8��x�|+q
{�}~sCwc|+wcq]|+q ∼ 70%

	�p\q8�^z�xys�t4q8�P�V�+�
wcq8�:xyq�rVx�|
z<r+�n{O}~�6x$z�x |n = 52〉 �csCrVx^t4s��?r+�gu+�_q8rI�c��{_q8�6xy�_sCr+r+���q�rS�G�?xcq8�c�cqX�`�+qX{?q8�*z�xysCtQq���|
z<r+�*{O}~�6x$z�x |g〉 �+�+�?�c�`�+q<}~�?{_��rf}��_rVxyq�wyz<���?�c�cq8r�x*�
zC�*z��Cq8�X{_z=t4�_��wcs<��sCr+|+q�+�+{?�c�8q<	f�Dz<w-��sCr+�c�8�V�+q8rVx � {?q&wyzC�+�0sCw:xXq8rVxywcqv{_q��-z�xys�t4q8�b�_r+��xy�_z<{?q�t4q8rVxb�+wc���
zCwc���-|
zCr+�X{_q&r+����q8zC�

|n = 52〉 ���_wc���+{¢z<�_w:q4q�xv{?q8�vz�xysCtQq��&�V�+�*�:s�rVx&xywyz<r+� � ��wc�8�v|
z<r+�v{�}~�6x$z�x |g〉 q��:x��+{_�+�=��wyz<r+| �0sC�+w{?q8���
z<�`�+q6xy�X|+q8�b�8�$�+sC�X�`�+q&�0sC�+w�{_q��b�
z<�`�2q�xy�Xu+�?q8r"�c�8{?q8�6xy�_sCr+r+���bq8r"�`�?xyq��c�cqC	Kp\q��-z�xysCtQq���|
z<r+�
{�}~�6x$z<x |n = 52〉 �csCrVx&wc���
zCw�xy�_��|+q � z$#8sCr zC�c�:q&%Q�+r+� � sCwctQq�q�rVxywcqQ{?q8���
z<�`�+q6xy�&u+�?q8r��c��{_q8�6xy�_sCr+r+���q�r �G��xyq8�c�:q-q�xW{_q��*�8�$�+sC�8	
�*q8���(q6�G�+{_�?�`�+qX�0sC�+wc�V�+s��K{?q � s�r+|S|f}�z�xysCtQq��*|+��xyq���xy���]|
z<r+� |e〉 |
z<r+�W{_q�����!�+sC��q��:x�|+�Zt('8t4q�sCwc|+wcq�|+q��Cwyz<r+|+q8�+w-�`�+qI|
z<r+�[{_q��-�
zC�V�+q�xy�[u+�_q�rh�c�8{?q8�6xy�_sCr+r+�8�[q�rh�G��xyq8�c�cq �z<{_sCwc�]�V�+q�{_q[r2s�tvu+wcq-xys<x$z<{f|f}~z<xysCt4q8�]|
zCr+��{�}~�6x$z<x |g〉 q��:x�u+�_q8r>|+�?�K��wcq8rVx.	
)bq��2{_�+� � {_q��^z�xysCtQq��P|
z<r+�n{O}~�6x$z�x |n = 52〉 �0q8�2�Cq8rVx��cq�|+�8�cq!�2���?xyq�w^�
zCwP��tQ�_�:�c�_sCr��c�0s�r�x$zCr+��q��Cq8wc�{_q[r+����q8zC� |e〉 	;�n�+�?�c�`�+q={¢z�|+�+wc��q&|2q��G�?q�|+q=��q8����x$z�xy��|+q=£�¤`|+u0q8wc�Qq8�:x γ−1 ' 30

t4� � {?q[xyq�tQ�+�r+���8q��c�yzC�?wcq-�0sC�+w*�
z<wc�8sC�+wc�?w�{_q��]�$* *=tQt �`�+�K�c���
zCwcqX{¢z=u0s$+_xyq�|+qX�8�?wc�8�+{_z<wc�_�yz�xy�?sCr4q�xW{_q�|+��xyq���xyq��+w
q��:x

t = 600 , �[q�x�{_qvr+s�tvu+wcqvxys<x$zC{D|f}�z�xysCtQq��[|
z<r+��{?q�r+�?�Cq.z<� |n = 52〉 |
z<r+�[�!�
z<�`�+q4�
z<�V�+q�x|f}~z<xysCt4q8��u+�?q8rM�c��{_q���xy�?s�r+r+����q8r>�G��xyq8�c�cq=q6xb|
z<r+���$�
z<�`�+q=�
z<�`�+q�xb|f}��8�$�+sC�bq8��xb|+q={�}~sCwc|+wcq[|+q4�-* �{O}��8t4�?�c�c�_sCr3�:�0s�rVx$z<r+��q=�+wcs���s`�V�+q.* � �6�/* � ��z�xysCtQq-�
z<w��+zC�V�+q�x�|+��xyq���xy�=|+zCr+��{O}���xyz<x |e〉 	
p\q�r+sCtvu+wcq�|f}~z�xys�t4q8�X|+��xyq���xy����|
zCr+�-{O}���x$z�x |e〉 |
zCr+�-{_q��-�
zC�V�+q�xy�I��q�x=�Sq8�:x��+{?�+�-�_t4�0sCw:x$z<rVx.	�*q��8��q��:x"|10 � {_z��+wc�8�cq�r+�8q |+� �!�
z<t4� xy�+q8wct4�_�V�+qC	�"nr {O}~zCu+�cq�r+�8qZ|f}~�?r��cq8�6xy�_sCr |f}��+r �$�
zCt4�
q!�Gxyq�wcr+qX|
z<r+��{¢z[�.z.�`�?xy� � {_q�tQs`|+q�|+q�{¢z[�.z.�`�?xy����s�r�xy�_q�rVx��+rS�!�
z<t4�Qxc�+q8wct4�_�`�2qbz.��q��b�+rSr+sCt�u+wcqt4s�¤Cq8r |+qX�+�2sCxysCr+�

n̄ = 1
	+�*qX�$�
zCt4�Sxy�+q�wctQ�?�`�+qbq��:x�z<u+�csCwcu0�X�
z<w*{_q��*|+q��G� �+wcq�tQ�?q8wc���
z<�`�+q6xy�

|f}~z<xysCt4q8�=z<u+�csCwcu
zCr�xy�8	a¡�r+q � sC�_��z<u+�csCwcu0� � {?q4�$�
z<tQ�Zxy�+q�wctQ�?�`�+qIwcq8{¢z��Gq4|+q � z$#�s�r�r+����{?�_�Cq.z<u+{?q�Cq8wc�]{�}~���`�+�?{_�?u+wcqbz���z<rVx]{_qb�
z<�c�yzC�Cq-|+�3�
z<�`�+q6x��c�+���<z<rVx � �`�+�Kxywcz��Cq8wc�cq-{¢z=�.z.�G��xy�-z.��q8�-�+r3|+��{¢z<�K|+q���2* , �8	
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¡�r � zC�6xyq��+w�{_�_tI��x$z<rVx-{¢z3|+�?�c�8wc�?tQ�?r
z�xy��sCrhq8rVxyw:qQ{?q8�[|+�?�K�8wcq�rVxy���+�_��xys��Cwyz<tQt4q��[��sCr+|+�?xy�?s�r+r+q�{_�-|+q
{�}~q6�G�0�8w:�_q8r+��qXq��:xW{�}�z<u+�csCwc�2xy�_sCr4|+� �$�
z<tQ�S�
z<w�{?q8�����!�+sC�8	2�P�+�_�c�V�+qX�8q��]z�xysCtQq���tQz<{;�c��{_q8�6xy�_sCr+r+���
q�r��`�?xyq��c�cq4xywyz.�Cq8wc�cq�rVx&{_q�tQs`|+qI|+q4{¢z �.z.�G��xy�Q�3|+q8�=�?r+�:x$z<rVxy��s2A�{_z �<z<wc�¢z�xy�?sCrh|+q4{_z � wc�8�V�+q8r+��q
|+q�{¢z&xywyzCr+�:�?xy�_sCr>z�xysCtQ�?�`�+q-rf}~q��:xb�
z<��s��2xy�?tQ���c�8q � r+sC�+��r+q�{?q8��z.�Cs�r+���
z<���+wc�?��q�r"��sCtQ�2xyq[|
z<r+�{_q����c�_�Cr
z<�G�>|+q��b�+�?�:xys��Cwyz<tQtIq8�8	
pfq8���8�?r+� � q8r8'�xywcq���xyq8t4�0sCwcq8{?{_q8�W|+q=|+�6xyq8�6xy�_sCr"�V�+q=r+sC�+�bz.��sCr+�
�$�+s��?�c�_q��[�0s��2w�t4q8�c�+wcq�w�{?q8��z�xys�t4q8�[zCu+�csCwcu
z<rVxy��|
z<r+��{�}~�6x$z<x |e〉 �_r+��{_�+q�rVx��+r+�?�`�+q�tQq�rVx={?q8�[�
z���V�+q�xy�-u+�?q8rN�c��{_q���xy�?s�r+r+���Xq8rN�`�?xyq��c�cqC	f�*q��0q8r+|
z<rVx � �+r+q&�
zCw�xy�_q=|+�o�$�
z<tQ�Nq8��x�z<u+�csCwcu0�8qv�+zCwb{_q�����!�+sC�8	
p z<!
�+	<�
	��8�-tQsCrVxywcq*{¢zb|+��xyq���xy�?sCrIq�r�xyq8t4�+�P|+q*��sC{2|+q8�nz<xysCt4q8�Pz<u+�csCwcu
z<rVxy�P�0q8r+|
z<rVxn{�}~�_r��:q8�6xy�_sCr
|+� �!�
z<tQ� �
z<w={O}�q6�`xy�8wc�?q8�+w�	B"n{?{_q4z"�6xy� z<���`�+�_�cqSz.��q��S{_q��=tC'8t4q8���
zCwyz<t4��xywcq��=q6�2�0��wc�_t4q8r�x$zC�G�
�V�+q[��q8�G�3�2xy�?{_���c�8�*|
z<r+�W{O}~zC���`�+�?�c�?xy�?sCrS|+q��]�+�?�:xysC��wyz<t4t4q8���`�+q-r+sC�+��z.�Cs�r+�Wt4s�rVxyw:�8�8	8"nr � z<�?x � {¢z!
�C�+wcq]t4s�rVxyw:qW{_qWt('8t4qW�c�_�Cr
z<{2�V�+q���q8{_�+�2|
z<r+�n{_z<!
�
	<�+	�[z.�Cq8� � q8rI�+{_�+� � {_z-��sC�+wcu0q]|+q]|+��xyq���xy�?s�r|+q���z<xcs�t4q8�W�+r+�_�V�+q8t4q8rVx�|
z<r+�]{O}���x$z�x |e〉 	+p\q[r+sCtvu+wcqXxysCx$z<{K|f}�z�xysCtQq��]|+q[�$�
zC�V�+q��
z<�`�+q6x�|
z<r+�
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z<r+�&{�}~�6x$z<x |e〉|+�6xyq8�6xy���I|
z<r+�&{_qQ�+wcq8t4�_q�w=�
z<�`�+q6x�|f}�z�xysCtQq��vzCu+�csCwcu
z<rVxy�&q8r � sCr+�6xy�_sCr |+��r+sCtvu+wcqQtQs�¤�q�r |+q
�+�+s<xysCr+�Pz<�vtQsCtQq�rVxDs2Av{_q��
z<�`�+q6xPxywyz.�Cq8wc�cqW{_zb�8z.�G�?xy�<	<p z�!
�+	��
	��.�btQsCrVxywcq�{¢z��8sC�+wcu0q*|f}�z<u+�csCwc�G�
xy�?sCr4|+�Q�+wcq8t4�_q�wn�
z<�`�+q6x*|f}~z<xysCt4q8�^zCu+�csCwcu
z<rVxy�^q8r � sCr+��xy�?s�rI|+�Qr+s�tvu+wcq�tQs�¤Cq8rQ|+q��+�2sCxysCr+�^|+�
�$�
z<tQ�f	
�Dz<wX{?q=tC'�tQq=wyz<�_�csCr+r+q�tQq�rVxX�`�2qvr+s��+�-z.�Cs�r+� � zC��xb|
z<r+�X{_q=�8zC{?�8�+{ |+�or+sCt�u+w:q&t4s�¤Cq8rN|+q&�+�+s<�
xysCr+�=|
z<r+�&{_q��=�c�_�Cr
z<�G��|+q8� !
�C�8	 �
	 �Mq�x&�+	?�C� � {_z � s�wctv�+{_qI�2xy�?{_�?�c��q4|
z<r+�&{_q4�8zC{?�8�+{n|+qQ{O}��8�$�+q8{_{?q�+sCwc� %8sCrVx$z<{_q*q��:x

n̄ = n̄th +2n̄0[1−cos(φ−φ′)] � � � 	$!
�
	<�
	�� �!	 )XzCr+�n{_z � sCwctv�+{_q � n̄ q8�:x^{_qWr+sCtvu+wcqt4s�¤�q�rS|+q��+�+s<xysCr+�*z<�S�
z<�c�yz<�Cqb|+�S�+w:q8tQ�?q8wn�
z<�`�+q6x*|f}�z�xysCtQq��^�csCr+|+q � n̄0

q8�:x*{_q�r+sCtvu+wcq�t4s�¤�q8r
|+q*�+�+s<xys�r+�gq�r�{O}~zCu+�cq�r+�8qW|+q*{¢zb|+q��G�2�?�8t4qW�?r��cq8�6xy�_sCr&|f}~�+sCt4sG|2¤`r
z<��q � π+φ

q8�:xP{¢z��+�
zC�cqWwcq�{¢z�xy�?�Cq
|+qb{¢z�|+q8�G�G�_�8t4qX�?r��cq8�6xy�_sCrQ�
z<w*wczC�+�0sCw:xW�&{_z=�+wcq�tQ�?�8wcq � φ′ q��:x]{?qb|+���+�
zC�czC�CqX���Cq8rVxy�+q�{(�+wcs���s`�`�+�
�
z<w-{O}�z�xysCtQq&|+�8�+�
z<�cq��+w=q6x

n̄th
q��:x={?q�r+sCt�u+wcq�t4s�¤Cq8rZ|+qI�+�+s<xysCr+�[|+���$�
z<tQ�hxc�+q8wct4�_�`�2qI�V�+�

�8}~z��cs��Gxyq4z<�Z�!�
z<tQ�h�_r��:q8��xc�C	 �*sCt4tQqvr+s��2��{O}~z.��sCr+�[|+���y�3s�u2�cq8w:�C�4�+wc�8���8|+q�tQt4q8rVx � n̄th = 1
q6x

n̄0 = 40, 9 � �.z<{_���+{_�Iq�r �yzC�$�
z<rVx&�`�+qQ{?q4r+sCtvu+wcq4t4s�¤Cq8r�|+qQ�+�+s<xysCr+�&z<��tQsCtQq�rVx�s A�{�}�z�xysCtQq|+���+�
z<�cq8�+w�xywyz.�Cq8wc�cqb{¢z��8z.�G��xy��q8�:x
n̄ = 65 � �`�+qb{_q�|+�8{_zC�
q8rVxyw:qb{O}�z�xysCt4q�|+���+�
z<�cq8�+w*q�x�{_q��+w:q8tQ�?q8w�
z<�V�+q�x]|f}~z<xysCt4q8�Wz<u+�csCwcu
z<rVxy�*��zC�2x]���� , �*q6x]�V�+q-{_q�xyq�tQ�+�*|+qb�G�?qX|+qX{¢z=�8z.�G�?xc�Xq8�:x κ−1 = 860
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	��.� �Rmn�GE<H�7G�S)g5 1+7�'!��HO%P���L��� )KEo�c9;1��&% )21��+'&/¢1N�61V,����O� � BD���0���M7�H$���3�!Y2�!� )P5 12�����3�$'
)+�����8�����!'")G1<�+'S/65 ���O12� |e〉 )21<�+'S/L��%(H!���4�L�$H&%\1�U
EV���I)P5 1+����� �!' 1
7�'!��H�7C1��K��'>�!'.�=H!��%(H$�!'!�$�K���h�$�	����0���L�L���3)KE��0���>7�H!���3�!Y+�$�>)+�P%(90�G�����+'])KE��:9;1��=%o�8��90�!H$�!�K� �`BX5 1�@�E<'.����� �!�K�D�!'.�g�$e\�����cEV��1V,����
/�1 	����0���������

y = f(x) = f0+[ax+(bx2)]/[1+(bx)2/sat]
�<Ba�!'],61�/L��E<Hc'̂ )+�̂ /!5 1�@�E<'.�����3�$�K�0/_�_�;��1��?H!�

)+�X/¢1-%\1�H.���L�-)+�X/¢14�8�GE<H�7G� � 	L1<��7�/L���0���M7�H!�[)+�*%(90�2�O���+'�'!���K�̂ 12E<'c'c�\�_�0)̀ ��U
EV�$'��

, �8	
�asC�+w]{_q��]�+�?�:xysC��wczCt4t4q8�*��s�wcw:q8�c�0sCr+|
z<rVxbz<�>�8zC�]s2A>zC�+���+rMz<xysCtQqX|+���+�
z<�cq8�+w�rf}�q8�:x�|+��xyq���xy�
φ′ = 0 � q6x �0sC�+wQ{_q8�Q�+�?�:xys��Cwyz<tQtIq8�4�8sCr+|+��xy�_sCr+r+q8{?�Q� �+r z<xysCt4qM|+�8�+�
z<�cq��+w3|
z<r+�S{�}~�6x$z<x |g〉
φ′ = −φ0 = −35, 8 
 	
� sC�+{_�?��r+sCr+���̀ �+q[{_zv��sC�+wcu0q[|f}~zCu+�:s�wc�2xy�?sCr3|+sCr+r+q[{?qXr+s�tvu+wcqX|f}�z�xysCtQq��
	�������������q�r � sCr+��xy�?sCr3|+�
�$�
zCt4�f	 p\q4r+s�tvu+wcq4|f}~z<xysCt4q8��wc�8q�{_�=�V�+��z<u+�csCwcu0q8rVx&�+r �+�+s<xys�r�q8�:x&�+{_�+���CwyzCr2| |f}��+r � zC�6xyq8�+w

1/η � s2A η q��:xW{O}~q��Q�8z<�8��xy�b|+qX|+�6xyq8�6xy�_sCr |+� |+q8�G�G�_��tQqb|+��xyq���xyq��+w � �2xy�?{_�?�c��|
z<r+�*�8q6xcxyqXq6�G�0�8wc�?q8r+�8q�0sC�+wW|+�6xyq���xyq�w]{_q��]z�xysCtQq��Wz<u+�csCwcu
zCr�xy�8	+�as��+w*�8q-|2��xyq���xyq��+w � η = (80± 10)%
	2p\qXr+s�tvu+wcqbxys<x$z<{

|f}~z<xysCt4q8�W|+��xcq8�6xy�8��|
zCr+�]�$�
z<�̀ �+q[�
zC�V�+q�x�q8�:x�|+q-{O}�s�wc|+wcqX|+q�� * � �8sCtQt4qX{_qXtQsCrVxywcqX{_qbxyq8t4�+�]|+q�Cs�{f|+q�{¢z.!
�
	+�+	�2	
p z&��s��+wcu0qXtQsCrVxywcqb�V�+q � �0s��+w*�+r � z<�_u+{?q�r+sCt�u+wcqbtQs�¤Cq8r |+qX�+�+s<xys�r+� � {?qbr+s�tvu+wcqb|f}�z�xysCtQq��*|+�6�xyq���xy���W|
z<r+�*{O}���x$z�x |e〉 z<�+�CtQq�rVxyqb{_�?r+�.z<�?wcq�tQq�rVx*z.�Cq8�X{?qbr+sCtvu+wcqb|+qb�+�+sCxcs�r+� � �c�+�c�V�f}���z�xcxyq��_r+|+wcq�+r+qM�<z<{_q��+wQ|+q"�yz�xy�+wyz�xy�_sCr �8��z<{_q"� � � ��z�xysCtQq��Q|+�6xyq8�6xy�8� �0sC�+wQ�+r �$�
z<tQ� z.�Cq8�N�+rRr+sCt�u+wcqt4s�¤Cq8rQ|+q��+�+s<xys�r+�̂ |+q�{O}�s�wc|+wcq]|+q

30
	̀ p\z���z<{_q��+ŵ |+qb{_z[�0q8rVxyq�|+qb{_z[�
zCw:xy�?q�{_�?r+�.z<�?wcq]|+q�{¢z[��s��+w:u0q

q��:x
0, 43 ± 0, 03

	P¡br |+q8� � z<��xyq��+wc�I�̀ �+�W{_�?t4��xyq�rVx�{_zN��z<{_q��+w�|+q>�yz�xy�+wyz�xy�?s�r�q�r �+wc�8�cq�r+�8qM|f}��+r
�$�
zCt4� � sCw:x�q8�:xW{_z��+wc�8�cq�r+�8q-|f}��+r �
z<�̀ �+q6xW|f}�z�xysCtQq���tSz<{;�c��{_q���xy�?sCr+r+�8�*q�rS�̀ �?xyq��c�cqX�̀ �+�Kz�xcxyq8�?rVx�{_q
|+q��G�2�_��tQq]|+�6xyq8�6xyq8�+w�z<�ItC'�tQqWt4s�t4q8rVxP�V�+q�{_qW�+wcq8t4�_q�wP�
z<�V�+q�x̂ |f}�z�xysCtQq��nz<u+�cs�wcu
z<rVxy�nu+�?q8rI�c�!�
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{?q8�6xy�_sCr+r+���*q8rS�G�?xyq��c�cq � �2xy�_{?�?�c�8���0sC�+w*{¢z=�8sC�+wcu0qX|f}�z<u+�csCwc�2xy�_sCrS|+�3�$�
zCt4� � � � 	 !
�+	G�+	� �6	G�n�+�?�c�`�+q{?q8�^���!�+sC�*z<u+�cs�w:u0q8rVx*t4s��?r+�nq��Q�8zC��q8t4q8r�xW{_q��$�
z<tQ� � �8q��Wz�xysCtQq��^wcq��:xyq�rVxWq�rSu0sCr+r+q��
zCw�xy�_q�|
z<r+�{�}~�6x$z�x |g〉 tC'�tQq-|
zCr+��{?q[�.z<��|f}~�2r � sCw:x��$�
zCt4�M�?r��cq���xy�<	
p\z���s��+wcu0q[|f}~z<u+�csCwc�2xy�_sCr3tQsCrVxywcqX|+sCr+�[�V�+q��0sC�+wW�+r>��wyz<r+|3r+sCt�u+wcqX|+q[�+�+s<xysCr+�]q8rV�`�_wcsCr �2*��
|+q��bz�xysCtQq8�]�csCr+|+q=�csCw:xyq�rVx�|
zCr+��{O}���x$z�x |e〉 	;�*q�xcxyq[�<z<{_q��+w�q��:xbwcq�r+|+�+q=�0sC�c�c�_u+{?q[�
zCw]{_q[�$�+sC���3|+q� zC�?wcqP��zCwc�?q8w\{¢z � wc�8�V�+q8r+��q*|+q�{_z]xywyz<r+�c��xy�_sCr=z�xysCtQ�?�`�2q^zC�Gxys��+w |+q^{¢zW�<z<{?q8�+w |+q^wc�8�csCr
z<r+�8q��0q8r+|
z<rVx
{?qI�
z<�c�yz<��q4|+q8�&z�xysCtQq���|
z<r+��{¢z3�.z.�`�?xy� � � � 	D�&�
	��C	?���6	\¡�r+qQ�?rVxyq8wyz<�6xy�_sCrZ�2�+wcq8t4q8rVx=wc�8�csCr+r
z<rVxyqq�rVxywcq�{_q8�Dz�xysCtQq��a�csCr+|+q*q6xg{_q^t4sG|+q^|+q�{¢z��.z.�G��xy�*z<�+wyz<�?xa{?�_t4� xy�n{_qnx$z<�G�=|f}�z<u+�csCwc�2xy�_sCr&|+q��Pz�xysCtQq��
� � *�� 	
�asC�+w>�.z<{_���+{_q�w3{_q � sCr+| r+sC�+�"z.�Cs�r+�>�2xy�_{?�?�c�o{O}�q8r+�cq�t�u+{?qh|+q8� � �+�?�:xysC��wyz<t4t4q8� |+q�{_z !
�+	]�+	 �
��sCwcwcq8�c�0sCr+|
z<rVxI�

φ = 0
�0sC�+w&{?qQ�8z<�&s A zC�2�8�+r�z<xcs�t4q4|+�8�+�
z<�cq��+w�rf}�q��:x�|+��xcq8�6xy�C	g�asC�+w

φ =
0 � �cq8�+{�{?q>�$�
z<tQ� xy�+q�wctQ�?�`�+q3q8�:xQ�+w:�8�cq�rVxS|
z<r+�4{_q3t4sG|+q>z<� tQsCtQq�rVxIs2A {_q8�4z�xysCtQq��I�csCr+|+qxywcz��Cq8wc�cq�rVx={_zS�.z.�G��xy�C	fp\q�|+q��G�h�+wcq8t4�_q�wc�-�
z<�`�+q6xy��|f}~z<xysCt4q8�[z<u+�csCwcu
zCr�xy�[�csCrVx��c� �4�yz<rVxy���0s��+w
z<u+�csCwcu0q�wI{_q � zC�?u+{_qQ�!�
z<tQ��|
z<r+�I{_qStQs`|+q |+q3{¢zN�8z��`�?xy�<	P�DzCwv�8sCr+�c�8�V�+q8rVx � {_q r+sCt�u+wcq t4s�¤�q�r|f}~z�xys�t4q8�>|+�6xyq���xy���N|
z<r+�M{�}~�6x$z<x |e〉 |
z<r+�M{_qoxywcsC�_�3|+q�wcr+�_q�wc�M�
z<�`�+q6xy�"|f}~z<xysCtQq��>r+sC�+�M|+sCr+r+q|+�?wcq8�6xyq8t4q8r�x {_z*��zC{?q8�+wf|+� � sCr+|[|f}~z<xysCtQq��f|+��xyq���xy���a|
z<r+� |e〉 q8r�{O}~z<u+�cq8r+��qn|+qn�$�
z<tQ���]{�}~�?rVxy�8wc�?q��+w|+q&{_z4�.z.�G��xy�&�0sC�+wb�$�
zC�V�+qv�
zC�V�+q�x8	f�*q�xcxcq&�<z<{_q��+wbq��:x

f0 = 0, 45 ± 0, 02 � �8q&�`�+�a��s�wcwcq��c�0sCr+|Z��+r � s�r+|>|+q ∼ 5%
	

�asC�+wX�0sC�2��sC�_wb�2xy�?{_�?�cq�w�{¢zQ��sC�+wcu0qv|f}�z<u+�csCwc�2xy�_sCrN|+q��[z�xys�t4q8�b|
z<r+�X{_q��X�8zC{?�8�+{?�b�`�+qvr+sC�+�[z<{_{?sCr+�
t4sCrVxywcq8w3|
z<r+�M{?qh�+wcsG�$�
z<�_r �
zCwyz<�Cwyz<�+�+q � r+sC�+�"z.��sCr+�"z��c�+�:xy�Z{¢z���s��2wcu0q z.��q����+r+q � sCr+��xy�?s�r��sCrVxyq8r
z<rVxv�+r�xyq8wct4qQ�`�+zC|+wyz�xy�?�`�+qQq�x&�+r xyq�wctQq4|+qS�yz�xy�+wyz�xy�_sCrf	 p\z � sCwctv�+{_q

y = f(x)
|+qS{¢z

� s�r+�6xy�_sCr>q��:xb|+s�r2r+�8q=|
z<r+��{_z�{_����q�r+|+q�|+q�{¢z !
�+	
�+	?�.�Iq6x�{_q����
zCwczCt4��xywcq���|+q�{O}~z��:�+�:xyq8t4q8rVx��csCrVx
�?r+|+�_�V�+�8���I{O}��_rVxc�8wc�?q8�+wW|2�"�Cwyz<�+�+qC	
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2 � @;P
L ;IP <=4�F @ @;P
4 ;<6 F DE8	� 4�:=:=4�F <I4NF =�9 F BC8���6 @�D DE4�F

��s��+�&z<{_{_s<r+��tQzC�?rVxyq8r
z<rVx�q8�c�yz.¤Cq8wv|+qQ��s�t4�+wcq8r2|+wcqQ|+q � z2#�sCr �`�
z<rVxy��x$z<xy����qI{¢z>|+���0q8r+|
z<r+�8q |+�
r+sCt�u+w:qv|(}�z�xysCtQq��-z<u+�cs�wcu+zCrVxy�X|+�6xyq8�6xy�8�[|
z<r+�X{O}���x$z�x |e〉 q�r � sCr+��xc�_sCrN|+q8�X�
zCwyz<t4��xywcq��X|+qv{O}�q6�V��0��wc�_q�r+�8q � xyq8{?�^�`�+qb{_z��+�+zC�cqb|(}~�+sCtQs`|2¤Gr
z<�Cq � {�}~�?rVxyq�r+�c�?xy�]|+�S�$�
zCt4�Q�_r��cq���xy��q�x�{O}~zCt4s�w�xy�?�c�cq�tQq�rVx|+q�{_z��.z.�`�?xy�<	
¡�r+q � sC�_�n�V�+q�r+s��+�^��s�r+r
z<�?�c�cs�r+�^{_q]r+sCt�u+wcq�|f}~z�xys�t4q8�n|+�6xyq8�6xy�8�*|
z<r+�^{O}���x$z�x |e〉 |
z<r+���+rQ�
z<�V�+q�x|f}~z<xysCt4q8��zCu2�cs�wcu
z<rVxy��q�r � s�r+�6xy�_sCrZ|+��r+sCtvu+wcqItQs�¤Cq8rZ|+q4�+�+s<xys�r2� � �Cw 	C��qQ�3{¢z �8sC�+wcu0q4|f}�z<uG��csCwc�2xy�?s�r � r+sC�+�I�0sC�2��sCr+�Iq��c�yz.¤�q�w4|+q3wcq��+wcs`|+�+�_wcq �
z<w�|+q��I�8zC{?�8�+{?�v{_q r+sCtvu+wcqSxys<x$zC{�|f}�z�xysCtQq��|+�6xyq8�6xy�8�b|
z<r+�b�$�
z<�`�+q=�
zC�V�+q�x.	0pfq=u+�2x�|+�"tQs`|+�8{?q[r`�+tQ��wc�_�V�+q��`�+q=r+sC�+�bz<{_{?sCr+�]�+wc�8�cq�rVxyq�wXq��:x
|+q[�8zC{?�8�+{?q8wW{?q-r+s�tvu+wcq-tQs�¤Cq8r>|+q[�+�+s<xysCr+�]|+�M�$�
z<tQ�>|
z<r+�]{¢zv�8z��`�?xy�[z<�>tQsCtQq�rVx]|+�>�
z<�c�yz<�Cq
|+q&�$�
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z<wyzC�?�csCr=z.�Cq8�^{_q�� |+sCr+r+�8q��
q!�2�0��wc�_tQq�rVx$z<{_q�� � |
z<r+�={?qI�.z<�=wcq��c�0q8�6xy�?�Cq8t4q8rVx&|+q4{O}�q6�G�0�8wc�?q8r+��qQ|+q4|+��xyq���xy�?s�r�r+sCr�|+q8�:xywc�2��xy����q|+q3{O}~z<xysCt4qS|
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z<�cq��+w]|+��xyq���xy�)(
{¢z�|+q��G�2�?�8t4qX{?�_�Cr+q�z<� �8z<�*s2A �+r z<xcs�t4q�|+���+�
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z<r+� |g〉 	 ��s��+��z<{_{?sCr+�W�2xy�?{_�?�cq�w*�8q-x$z<u+{_q8zC���s�t4tQq[wcq��0�8wcq=|
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φ−φ′
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φ = 14, 7 
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φ′ �8sCwcwcq��c�0s�r2| zC� |+�8�+�
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z<w={_qQ�
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φ′ = 0 � φ′ = −φ0 = −35, 8 
 q6x φ′ = −2φ0 = −71, 6 
 wcq��c�0q���xy�?�Cq8t4q8r�x.	
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z<r+��{_q-�
zCwyz<�Cwyz<�+�+q[�+wc�8���8|+q�rVx��

n̄phs(1) = n̄th + 2n̄0[1 − cos(φ− φ′)] � �+	�� �
s2A

n̄th = 1
q6x
n̄0 = 40, 9
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p\sCwc�c�V�+qI{O}�s�ro�8sCt4�
zCwcqv{?q8�-r+sCt�u+wcq��
n̄c(i)

|f}~z<xysCt4q8�-|+�6xyq8�6xy�8��|
z<r+�[{O}���x$z�x |e〉 �.z<{_���+{_���-�
z<w-{_qt4sG|+��{_q&z.��q��v{_q��b��zC{?q8�+wc�
n̄exp(i)

s�u2xyq�r`�+q��-q6�2�;�8wc�_t4q8r�x$zC{?q8t4q8rVx � sCrow:q8tSz<wc�V�+qv�V�+qv{_q=tQs`|+�8{?qxy�+��s�w:�_�`�+q3wcq8�+wcs`|+�+��x4{?q8�I|+sCr+r+��q8�Qq!�2�0��wc�_t4q8rVx$z<{?q8�I|
z<r+�4|2q8�4u
z<wcwcq8�I|f}~q�wcwcq��+wc�Q|+q>{�}~sCwc|+wcq3|+q
2*��3	;�*q8��� q��:x��8sCtQ�
z�xy�_u+{?q-z.��q��=�+{?�+�c�_q��+wc���:s��+wc��q8��|f}�q8wcwcq��+wc���`�+q�r+sC�+���8sCr+r
z<�_�c�csCr+�8	
� pn}��_r+��q8w:xy��xy�+|+qb�c�+w*{?qbr+sCt�u+wcq�tQs�¤�q�r |+qX�2�+sCxysCr+�*|+� �$�
zCt4� ��sC�+�8wcq�rVx]�?r��cq8�6xy�bq8�:xW|+qX{�}~sCwc|+wcq
|+q4�-*�� � ��s�t4tQq-r+sC�+��{O}~z��CsCr+�]�`�Nz<�h�b+	~2	?�C	~q<	� � �8z<�+�cq�|+q[{¢zv|+�8w:�?��q[{?q8r�xyq[|+q[{¢z � wc���`�+q�r+�8q�|+q�{_zv�.z.�G��xy� � {¢z&��zC{?q8�+w]|+q[{_zv�+�
zC�cq φ |f}~�+sCtQs��|2¤Gr
z<�Cq�q8�:x*z��Kq8�6xy�8q��
zCwP|+q8�^q�wcwcq8�+wc�^�:¤`�:xy��tSz�xy�_�V�+q8�^|+q�{O}�s�wc|2wcq]|+q

5 
�� ��q��V�+�0z[�+r+q��?r�

�+q8r+��q�c�+w�{¢zv|+��xyq�wctQ�?r
z<xy�?sCr3|+�Mr+sCtvu+wcq[tQs�¤Cq8rM|+q[�+�+sCxysCr+�8	
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φ− φ′ n̄phs(1) n̄e(1) n̄abs(1) n̄phs(2) n̄e(2) n̄abs(2)

�
z<��|f}�z�xysCtQq �  � � 
 <� � � � � * �C� � � ��� � � � � * � � �

z�xys�t4q-|
z<r+� |e〉 � � � � 
 � � � � � �  � * � � � � � * * � �

z�xys�t4q-|
zCr+� |g〉 � � �  
 �2� � � � � � �C� � � �2* � � � � � �C� � �

n̄phs(3) n̄e(3) n̄abs(3) n̄phs(4) n̄e(4) n̄abs(4) n̄phs(5) n̄e(5) n̄abs(5)

� �   � � � � � � � � � � � � � � � � * * � � * � �

* � � * � � * �  * �  * � � * � � * � � * � � * � *

 � � � � � � �C� � � �<� � � � � � � * � � �. � � � � � � � �

n̄c(1) n̄c(2) n̄c(3) n̄c(4) n̄c(5) n̄exp(1) n̄exp(2) n̄exp(3) n̄exp(4) n̄exp(5)

� � * � � � � � � � * �$* � � �2� �  � � � ��� � � �.� �  � � � � � � � �

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

� � � �.� �  �<� � � �� � �  � � � � � � � � �  ��� � * �C� � * � � � �

�����g�;�+	��=�hmP1</���E</?'b)+�X/65 �yF<%g�!Hc���!�0����)+��)+�����8�����L���o)+�X/!5 12�����3�X)+�J%(9;1<'!��E<H � � �Cj � 	`'b)G1<�+'�/L�$'
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� � �8z<�+�cq |+q8� 

�+�6xy�
z�xy�_sCr+�&|+� 

�G� z<xcs�t4�_�V�+qS�"{O}��_r�xy�8wc�?q8�2w=|+� |+�_�c�0sC�c�?xy� � q!�2�0��wc�_t4q8rVx$z<{ � {_qr+sCt�u+wcq�xys<x$z<{;|f}~z<xcs�t4q8��zCu+�csCwcu
z<rVxy���+wc�8�
z<wc���*q8�:x]z��Kq8�6xy�b�
zCw^�+r+qb�_r+��q8w:xy��xy�+|+q�|+qb{O}�sCwc|+wcq�|+q
� �3	

� pn}�q �4�.z<�8��xy�
η = 80%

|+��|+q8�G�G�_��tQq*|+��xyq���xyq��+w � r+���8q��c�yzC�?wcqW�0s��+wD�
z<�c�cq�wP|+��r+sCt�u+w:q*|f}�z�xysCtQq��|+�6xyq8�6xy�8�W|
z<r+��{O}���x$z�x |e〉 z<�Sr+sCt�u+w:q�|+qb�+�+sCxysCr+��wc�8q�{_{?q8t4q8rVx�zCu2�cs�wcu0��� � q��:xW��s�r2r`�+q-z.��q��X�+r+qu
z<wcwcq[|f}~q�wcwcq8�+w�|+q ±10%
	

� p\q � z<��xyq��+w
Aechos

�V�+qIr+s��+�[�2xy�?{_�?�csCr+�X�0sC�+w-xyq�r+�_w-��s�t4�2xyq�|+qI{�}�z<u+�csCwc�2xy�_sCro�
z<w-{_q���z�xysCtQq��
tSz<{(�c��{_q8�6xy�_sCr+r+����q�r>�G��xyq8�c�cq�q8�:x��8��z<{_q�tQq�rVx�z��Kq8��xc���
zCw]�+r+q��_r+��q8w�xy�?xy�+|+q[|2q4� *�� 	

"Pr8!
r � r+s��2�Srf}�z.��sCr+�S�
z<�Qxyq8r`� ��sCtQ�2xyq"|
z<r+�S{?q8�Q�.z<{_���+{_�4|+qN{�}~q6�(q6xS|+q8� z�xys�t4q8�4�_tQ�2�+wc�8	
�

�8zC�+�cq�|+q���z<xysCt4q8�]�?tQ�+�+wc� � {_q��W�<z<{_q��+wc��t4s�¤�q�r+r+q8��tQq��c�+wc��q8��|+q����+�_�:xysC�CwyzCt4t4q8�*�8sCr+|+�?xy�?s�r2r+q8{_���{_zv|+��xyq���xy�?sCr>|+q[{O}~z<xysCt4qX|+���+�
z<�cq8�+w�|
zCr+�]{_q��]�6x$z�xy� |e〉 s�� |g〉 �csCrVx�|+�8�+{_z<�8��q8�]�Cq8wc��{¢z=�<z<{_q��+wt4s�¤Cq8r+r+qX|+q-{�}~�+�?�:xysC��wyz<t4tIq�q8r3{�}�z<u+�cq8r+��q-|f}~z�xys�t4qb|+�8�+�
z<�cq��+w]|f}~�+r � z<�6xyq8�+w*|+q ∼ 9% � �8sCwcwcq�����0sCr+|
z<rVx��[{¢z � wyz<��xc�_sCrI|f}~z<xysCt4q8�n�?tQ�+�+wc��	V�*q�xcxcq��8sCwcwcq���xy�?sCr4wc��|+�+�?x � |
z<r+�nxysC�+�n{_q��n�.z<�ntQsCrVxywc��� �{?q8��|+���yz<�8��s�w:|+�bq8r�xywcq�{_q���|+sCr+r+�8q���q6�G�0�8wc�?tQq8r�x$zC{?q8�]q�x�{?q8�]�.z<{_���+{_�8	
� {O}~zC�?|+qb|+q8�]�8zC{?�8�+{?�*�`�+q[r+sC�+�*��q�r+s�r+�]|+q-tQsCrVxywcq�w � r+sC�+�]�0sC�2��sCr+�Wxy�?wcq8w*|+q��]�8sCr+�8{?�+�c�_sCr+�W�V�
z��{?�?x$z�xy� ��q����c�+w�{?q8��q��Kq6xy�b�V�+q=r+sC�+��sCu+�cq8w:�Cs�r+��	��bsC�+���Cs�¤�sCr+�b�V�+q � t('8t4q[{_sCwc�c�`�+q�{?q8����s�r+|+��xy�_sCr+�
|f}��+s�t4s`|2¤Gr
z<��q"�8sCwcwcq��c�0s�r+|2q8rVxM� �+r �$�
z<tQ� ��sC�+�8wcq�rVx � � {¢z !
r |+qN{¢z�|+q��G�2�?�8tQq"�_r��cq���xy�?s�r ���s�rVxyq�r
z<rVx��+{?�+�c�_q��+wc�n|+� %.z<�_r2q8�P|+q��+�+s<xysCr+�nq8r4tQs�¤Cq8r+r+q � r+sC�+�nr+q�|+�6xyq8�6xys�r2�f�yz<tSz<�?�g�+r4r+sCt�u+wcqt4s�¤Cq8r �8�+tv�+{_�b|f}�z�xysCtQq��WzCu+�csCwcu
z<rVxy�W|
z<r+�W{O}���x$z�x |e〉 �c�+�0��wc�_q��+w]� ∼ 30

	8)XzCr+�W�$�
zC�V�+q[�
z<�V�+q�x
z�xysCtQ�?�`�+q � q8r q6�Kq�x � �_{;rf} ¤Sz&�+zC�*�2{_�+���`�+q ∼ 10

z�xysCtQq���q8r t4s�¤�q�r+r+qX|+�6xyq8�6xy�8� � |+sCrVx ∼ 8, 2
z<�

�+{?�+�[�:s�rVx[�c�+�c��q8�2xy�?u+{_q���|f}~zCu+�:s�wcu0q�w[�+rZ�+�+s<xysCrZ|
z<r+�[{?qv�.z<�[|f}��+rZ�!�
z<tQ� � s�w:x.	(p\q��$�
zCt4�h�`�+�
wcq��:xyq]|
zCr2�n{_zX�8z.�G�?xc�Wq8�:xn|+�_�c�:�_�0�Wwyz<�+�_|+q�tQq�rVx � �-�8z<�+�cq�|+�vxyq8t4�+�P|+qW�`�_qW|+qW{¢zb�.z.�G��xy� τ = 860 , �q6xn|+qW{¢zb|+�_�:x$z<r+��qWxyq�tQ�0sCwcq�{_{_q^|+q[���$* , �gq8rVxyw:q]�+rI�
z<�`�+q6x^z<xysCt4�_�V�+q*q�xP{_q*�c�+���<z<rVx.	Cp\q � z<�?xD|+q]r+q�
z<���0s��2�CsC�_w�|+�_�c�0sC�cq�w�|+q=�
zC�V�+q�xy�Xz�xysCtQ�?�`�+q����8sCrVxyq8r
z<rVxb�+{_�+��|f}�z�xysCtQq���q��:xX{¢z�{_�_tI��x$z�xy��sCr>q6�V�
�0��wc�_t4q8rVx$z<{_q�{¢zX�+{_�+�g�_tQ�;s�w:x$z<rVxyq<	$"n{?{_q*r+sC�+�nsCu+{_�?�Cq � q�r4q6�Kq�x � �-�+wcsC�CwyzCt4tQq�wD�+{_�+�c�?q8�+w:�P�
z<�`�+q�xc�z�xysCtQ�?�`�+q�� � ��q��`�+�\wyz��csC�2xyq[�_r+�6�G��x$zCu+{?q8t4q8r�x]|+q8��z<xysCtQq��]tSz<{(�c�8{?q8�6xy�_sCr+r+�8��q�rM�`�?xyq��c�cq<	
pn}�q �4�.z<�8��xy��|+q�|+�6xyq8�6xy�_sCr4{_�?t4��xy��qW|+�4|+q8�G�G�_��tQq]|+��xyq���xyq��+w�q6x^{¢z-�+wc���cq8r+��qb|+q��^�8�$�+sC� � �_r+�6�G��x$z<u+{_qtQzC{?�Cwc�I{?q4|+�8{_zC�Pq8rVxywcqQ{?q8���
zC�V�+q�xc��z�xysCtQ�?�`�+q�� � �csCrVx&|+q8�=�cs��+w:�8q��v�c�+�+�+{?�8t4q8rVx$z<�?wcq8��|+qQu
zC�?�c�cq|+q �8sCrVxywyz<�:xyq<	 � �8z<�+�cq3|+q3��q8��|+q8�G��q6�(q6xy� � z �v�$*V� |+q8�Iz�xysCtQq���z.¤Vz<rVxIz<u+�cs�wcu0� �+r��+�+sCxysCr���!�
z<�+�0q8r�xI�M{¢z>|+�6xyq8�6xy�_sCr q�x � u �[�+r+qQ�
z<w:xy�_qI|+� �$�
z<tQ� � |+qQ{O}�s�w:|+wcq4|+q �2*�� �8��z<{_q�tQq�rVx � q��:xz<u+�csCwcu0�8qI�
zCw-{_q8�[z<xysCtQq��-tSz<{g�c��{_q���xy�?s�r+r+����q�rZ�`�?xyq��c�cq4�`�+qIr+s��2��rf}�z.�Cs�r+���
z<�[|+��xyq���xy���=|
z<r+�
{_q����c�?�Cr
zC�G�3|+q����+�?�:xys��Cwyz<tQtIq8�8	
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pfq8�4�8zC{?�8�+{?�It4sCrVxywc�8�b�:�+�c�`�f}��_������s�r+��q8wcr+q�rVxS{?q8����z<{_q8�+w:�4t4s�¤Cq8r+r+q��4|+q8�4�+�?�:xys��Cwyz<tQtIq8�8	 �bsC�+�
z<{_{?sCr+�br+s��+�-�_rVxy��wcq��c�cq8w�� {_q��+wX{¢z<wc�Cq8�+w � �+�+�_�c�V�+qI{?qvwcq8��s��2�`wcq8t4q8r�x=q�rVxywcq�|+q8�G�h�:�_�Cr
zC�G�N�8sCr+|+� �xy�?sCr+r+q8{?�D|+���0q8r+|I|+qW{?q8�+wD{_z<wc��q��+w8	 ��s��+�Pz.��sCr+�D�G�Iz<�S�]�C	l�G	�b�V�+q]{?q*r+sCtvu+wcq*|f}~z<xysCt4q8�D�+wc�8�
z<wc���
|
z<r+���!�
z<�`�+q=�c�8�V�+q8r+�8qvq!�2�0��wc�_tQq�rVx$z<{_q�q��:x-z<{_�8z�xys��?wcq-q�xbq��:xX|+�8��wc�?x��
z<w��+r+q=|+�_�:xywc�?u+�2xy�_sCr>�0sC�?���
�csCr+r+�?q8r+r+q � ���0	 � �C	�� � �6	`�P�+�_�c�V�+qX{_z�|+�_�:xyw:�_u+�2xy�?sCr4q8rSr+sCt�u+wcq�|+qb�+�+s<xysCr+��|f}~�+rS�!�+zCt4�S��s��+��wcq8r�x
|α〉 �_r��cq���xy�-|
z<r+��{¢z&�.z.�G��xy�[q��:xbz<�+�c�c�f�+r+q�|+�?�:xywc�_u2�2xy�_sCr �0sC�_�c�csCr+r+�?q8r+r+q � � � 	0�X�2	��C	?��� � r+sC�+��r+sC�+�z�xcxyq�r+|+sCr+���[�8q��`�+q�{¢z-�+wcsCu
zCu+�?{_��xc�W|+q�|+��xyq���xyq�w��+r4r+sCt�u+wcq]|+sCr+r+��|f}�z�xysCtQq��n�csCr+|+q�|
z<r+�^{�}~�6x$z<x

|e〉 � z<�+wc���X�V�f}~�?{_��sCrVx-z<u+�csCwcu0�&{?q=�!�+zCt4�N��sC�+�8wcq�rVx[�Q{�}~�?rVxy�8wc�?q��+w�|+�NtQs`|+q � �cs���xb���Vz<{_q�tQq�rVxb|+�!���wc�?xyq-�
z<w]�+r+q[{_sC�(|+q��as��?�c�csCrf	�"nr � zC��x � {_q-�$�
zCt4�>�8sC�+��wcq8rVx��_r��:q8�6xy�[|
z<r+��{¢zv�8z��`�?xy�-�8}�z��csC�2xyq�zC��$�
z<tQ� xy�+q8wct4�_�`�2q���{�}~���`�+�?{_�?u+wcq � z.¤Vz<rVx��+r>�+�+sCxysCr>q�rMt4s�¤Cq8r+r+q<	
�gz<w]�8sCr+�c���`�+q8rVxb{_zv|+�_�:xyw:�_u+�G�xy�?sCr�q�r r+sCt�u+wcqI|+qQ�+�+s<xysCr+� � |+sCr+r+��qS�
z<w�{O}��8�;	 � �2	~C � � q��:x&�c�+�0q8w����0sC�_�c�csCr+r+�?q8r+r+q<	ap\qQ�$�
z<tQ�xy�2q8wct4�_�`�+q �"!$#&%�')( v{_q8�4�+�?�:xysC��wyz<t4t4q8�I|2q8�Sz<xcs�t4q8�4zCu+�csCwcu
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v����5�>�$wkuE}3w �Qu)v3z
�fy^�k��y���yfwkv3zky/�>}3�3�5zkyf�^��yh�3vJ}3u)��x3zkyh�Ju.C)yf}��3y��3�3u&��u)}3wf�E�S� �&��u)��yo�3�f�3���&wky"v3z�yfw|�
�3zk�"���&zk�/�3�)}3w �S� �^�G�I� |g〉 �)�5yh�G���&�J�9�"u)�3�fzky"}���yfw|���3�"�3���&wk������v3}3yh{I�)�5yfv3zg}3�f�E�&�k�5{Eyo�3v��3�"�3���&w��)�)y
φ′ = −φ0

f��"��2b����2b0�2 �Xg^2cP u)v3z��3y"wm{&�&�>y"v3zkw��Qu)wk�$���5{)yfwm�3ye�Y���3���&wky
φ
��� �3u)�JuR��CR}��)�)ye�5ye�G���&�J�

zk�"wkv3�$�G�)}���yfw|���3�>v3w
�Ez��&}3�Jy^�����&z��fu)}3wk�"~Rv3yf}��ou)}J��yfwkv3zky�v3}J}3u)��x�zky��3�5v3w��5�J�Qu)z|�G�&}��
��� �&�kuE��yfw
�&x3wku)zkx��&}���w/���&}3w���� �^�G�I� |e〉 2
���/����2C0�2��)�/�Ju)}���zky��"���&�5yf�Jy"}�� �5yfw �"uEv3zkxbyfw ������hkv3w|��y"�Jy"}��g���&z v3}3y�wk�>}Rv3wku��S�3y��3y"wg�3y"v��e�fu)v3zkxQy"w
�����3u)�JuR��C�}��&�)y�uEx���yf}Rv3y"w �m���&z|���>z��3y"wg�3u)}3}3�"yfwg�3y"wg�3�5w|��uE�)z��&�J��y"wf2U�����3�>w|�G�&}3�"y y"}���zky �5yfw �3yfv��
wk�5}Rv3wku��S�3yfw �3u)}3}3y��Y�h{I�)�5yfv3zkw

φ0 = (34±1) �
�3v��3�"�3���&w��&�Ey ��zkuU{)uR~Rv3� ���&z v3}��&��u)�Jy
�3�f�3���&wky"v3zf2
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* +-,h.�032 �)��8 � OjMfKGDcMcV-Kc=oMGDcKIdUiLKG=7?�DcK�`1DcZc=cKGO�?AZfKhVYF\Mf@�d&DCl�K�P3K/P3ZU?AKfMU?T<�@UO�aQ@IHL@RP)r3OQKhF�q7KfMoV-KfMU?kd&DcK
P�d�M|abF&H_` `�FIDm?TDc@U<>= `�FEn�dEKI?T=/P ] F3?A@UHLKc= F�lI=c@UDCl)FIO�?T=7s � KG=/P3@UO3OQZ"Kc= DcK�`1DGZc=cKGO�?AZfKc= `�FID�V-Kc=oMfKGDcMcV-Kc=
KU?�V�KG=�?TDk<-FIO�BEV-Kc=�`1V-Kc<>O3= =c@UO�?�V-Kc=�q^FIV-KId&Dk=
Hj@cr3KGO3OQKG=hP3KG=�a3<5=7?A@CB�DGFIH�HLKc=�M"@ID|DcKc=S`g@UOQP�FIO�?�DGKc=S`gK"MI?T<S_
q7KcHLKcO�?
F�d�M"FI=m@���F�d�MUd&O;F3?S@IHLK�P3Z�`1abFI=cKUd&D/O�] KG=7?�P3ZI?AK"MI?AZNKI? Wjd&O�F3?A@UHLK�P3ZI?AK"MI?AZNP�FIO3=hV^] ZI?SF�?
|g〉 s
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X }��fu)}3}��&�>wkw��&}����Y��{&�&�>y"v3z��3y
φ0

}3u)v3w��QuEv�{)u)}3w9�3�"�3v3�>zkyL�>y }3u)��x3z|yL�Ju.C)yf} �3yj�3�3u&��u)}3w��3v
�G���&�J� �&v ���&wkw��&�Ey �3y �S� �&��u)��y;�3�f�3�3�)wky"v3zf�h�)z\F&�fy �)v �f�)�5�fv3�m�3�>wk�"v���� �&v K;¡�2�0�2 B��)���Qyf�>u)}3w
~�v3y��Y�����321¡�2 �&� zky"�3zk�fwky"}���y9�>ye�3�"�3���)w��&�)y

φ0
yf} ��uE}3�^���>u)} �3v }3u)��x3zky���u.CEy"} �3y��3�3u&��uE}�wX�3v

�G���&�J� �fu)�3�"zkyf}��9�QuEv3z��3yfw9�I��uE��yfw�� v3}3yL{��$��yfwkwkyj�3y��) )  �[Iw�y^��4^-I0 �[Iwf2 � ���)z|�k�>ze�3yj�>�
�"u)v3zkxQyj�fu)zkzky"wk�Qu)}3���)}E�J�&v����I��u)�Jy"w�� �) )  �[Iw�}3u)v3w���zku)v�{)uE}3w�~�v�� v3}��3�f�3���&w��&�)y

φ0 = 34 ��"u)zkzkyfwk�Qu)}3�;��v3}�}3u)��x3zky��Ju.CEy"}��3yX�3�3u&��uE}3wh�3vj�c���&�J�
n̄ ' 39

2TJmuE}3�N}�uEv3why"w|���>��uE}3w ~Rv����&v
��u)�Jyf}E�/�3v����&wkw��&�)y_��y\�S� �&��u)��yX�3�"�3���&wkyfv3z����)}3w/�5yN�JuR�3yN�3y\�>���7�7{R�5���N�>yX}3uE��x3zkyN��u^C)yf}��3y
�3�3u&��u)}3w/yfw��

n̄ ' 39
2

35476&4�� � 3����45A���g���

S u)���Jy�}3u)v3w �S� �7{Eu)}3w��T�&�5�����)}3w ��� yc���Q�"zk�>y"}3�fyX�7{)yf�������I��u)�Jy/�3�"�3���&wkyfv3zh�J4^-I0e�([Iwf�R}3u)v3wo�7{Eu)}3w
�5�f� y"wkw��.C)����u)v��9�����&xQu)zk����� u)�����>���5wkyfz��>� �3�>wk�"zk�>���5}��&�k�5u)} yf}���z|y��>y"w��3�>w|��u)�)z��)����y"w��fu)}3�3�5���5u)} H
}3y"�>w9�&v�}3u)��x3zkyL��� �&��u)�Jy"w��3�"�3���)w|yfv3zkwf�
�5uEzkwk~�v3yj�"yfw��&��u)��yfw�w|uE}��9�3zk�"���)zk�"w9���)}3w��S���"�G�I� |g〉 2��������230�2��&¡ fT� g ��uE}E��zkyN�>yNwk�5�E}��&��yc���Q�"zk�>��yf}��G�&��~�v3�S�3���&zk�J����uEv3w/�5yfw/wk�5�E}��&v����)�"�fv3��v3�>�"w/�QuEv3z
�3y"w�{&�&�>y"v3zkw��3�MY��fzky"}���y"wX�3y��>�J�3���)w|y

φ
��� �3u)�JuR��C�}3�)�)y)�Q�3zk�fwky"}���y9�5ye�3�>v3w��Qy^���5��zkyf�"uEv�{Rzkyf��yf}E�

y"}���zky��>y"w\�3�5w|��u)�Ez��&�J�9yfwX�fu)}3�3�5���5u)}3}3yf�5wf2����j���32�032��)¡ f�x g�zky"�3zk�fwky"}���y �5y9wk�G�3�f�J�3�����&}3w\�>y9�3�>�&}
�"u)�J�3�>yc��y&� �3y"wj�c���&�J�3wL�fu)zkzky"wk�Qu)}3���)}E��w��3�f�����)wk�"w����)zLv3} }3u)��x3zky �3�MY��fz|yf}��j��� �&��u)��yfwL�3� H
�3���&wky"v3zkwf2
�
� �)�5zkyL�3v�zky"�fu)v�{Rzkyf��yf}���y"}���zkyj�S���3�>w|��u)�)z��&����yJ�fu)}3�3�5���5u)}3}3yf� � �Y�;�3�"��y"�"���5uE}��1� v3}
�I��u)�Jym�3�"�3���&wkyfv3zh���&}3wo�S���"�G�I� |g〉 y^�h�fy"�>v3���fu)zkzky"wk�Qu)}3���)}E���&vj�f�)wou����&v3�"v3}��I��u)�Jym�3�"�3���&wkyfv3z}���yfw����3�"��y"�"�k��yfw|�

R0g = 0, 26
� ~Rv��o�fu)zkzkyfw|�QuE}3��� v3}3yjy"���7�&�f�$���j�3yj�3�^��yf�^���>u)}��3yL�S���"�G�I� |g〉�3y

η = 1 − R0g/2 = 87%
2)S y"�k��yL�&�>zky���y zky"�fu)v�{�zky"�Jy"}���y"w|���fu)�J���&z��&x3�>y��;�"yf�5�>y��3v wk�5�E}3�)�

�"u)zkzkyfwk�Qu)}3���&}������&}3w/�S��y^���Q�fzk�5yf}3�"y_�7{Ey"�\�>y"w/�I��uE��yfwh�j4^-I09�([&wf2TJ��)}�w��"y\�f�&wf��zky"�3zk�fw|yf}����_���&}3w
�>�����3230�2 6��3�S� �)�5zky��3y\zkyf�"uEv�{�zkyf��yf}E�m�"�G�&�$�

R0g = 0, 23
2

φ

φ0

φ0=33.0°

φ =25.4°

2φ0

0 at.

1 at.

2 at.

6.3 phs

27.0 phs

57.0 phs

(b)

�����	��
��������������������� �"!#�%$��%$��'&(�#!'&)��*'�+$���,.-�&(*'/0��,.$��1�324-5,��56���,7$8-5��,:9<; �5&=-8& |g〉 > 9?-0@A�(&(� ,�,��%$��
BDCEC /GFH,AI3J�-LKNM.�O,A&(*LPQ� -5/R/0� ,S���E�����T�O/U� �V&=-86'�WIWJ1XLK:YZ!�24��/0-[$V6G!T24-5/[�\$8-5��,�9����39�-5�U!]*'/[�39��^�4�'I

_.`Ea�b[cAdQ`Ee�bgf]e�b�a�hji^flk�m�n]kZcEm�nloOf]bgc5i^`Qplf#b%q�n#k�rZc�b�f]a�m�bsqZc�e�bgojf#b�q�f]aDtun]i c5i^b[c5i^`EpRhjvHa�f]b |e〉 f<i
|g〉 �xwyc{zZ|��}
���5
~pl`Ee�i^m�fRoOf]b[r�hObTi^`E|Em^c�pRplf]bgv�a�hSq�`Ee�e�f#eQiGoOfRk�oja�b[k"f]i^h�ism�f]�#`Ea8dHm�f#plf#e�iA��cAdEf#�
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* �]`�i^nRo?cUm�f#k�m�n]b�f]e�i c�i^hj`Ee q�f#b[� rZc�pRk�bgqZc�e�bgo,+ f#b�kZc��]fRq�f#bgk�rZcEbTf#b#�xw `Em�b�v�a�f�o-+ `Eeu�]`EpRkZc�m�floOf]b
d5cEojf#a�m�b	hOe�q�hjvHa�n]f#b	b�a�m.�]f]i�i^f%zZ|Ea�m�f[cAdEf#�gojf#b:d5c�oOf]a�m�b.�]`QmTm�f#b�k"`Ee�qZc�e�i^f#b q�f�o-+ f�t8k"n#mThOf#e��]fgq�n]�#m�h�i^f
k�m�n]�#n]q�f#plpRf]e�iA�Nm�f]k�m�n#bTf#e�i^n]fuqZc�e�bUoOcuzZ|��S
��.%)%E�S`Ee m�f]p�c�m�vHa�f~vHa�f��NqZcEe�b0o,+ f<tDk"n#m�hjf#e��]f cAdQf]�
ojf#bgc�i^`Eplf#b�k�oja�bgm^c�k�hjq�f#b#� oOf]b�r�hObTi^`E|Em^cEplplf#b%�]`Ee�q�hji^hj`Qe�e�f]oOb * a�e c5i^`Qplf q�n#k�rZc�b�f]a�msqZc�e�bgoOf]b
n<i c�i |e〉 f]i |g〉 b�`QeQi~plhOf]aDt b�n]kZcEmTn#b#� w f]a�m{i c�aDt q�fumTf#�]`Qa8dHm�f#plf#e�i~f]bTi

Reg = 0, 09
c�oO`Em�b

v�a�fUqZcEe8bGo,+ f<tDk"n#m�hjf#e��]f cAdQf]�UoOf]bGc�i^`Eplf#bsk�oja�bsoOf]e�i^bs�#f<i�i^fUv�aZcEe�i�hji^n�d5c�a8i
Reg = 0, 14

��_.`Ea�b
k"`Ea8dQ`Ee�b:f#e q�n]q�a�hOm�f a�e�f f0/l�Ac��]hji^n q�f%q�hjb��#m�hjpRhjeZc5i^h�`Ee0f]e�i^m�f oOf#bNn<i c5i^b |e〉 f]i |g〉 n#|Qc�oOf *

ηeg =
1 − Reg/2 = 96%

�21 e m�f]d5cEe�� r�fE�:�#`EpRplf\�)+ n]i c�hji ojf �#c�b{cEa�kZc�m^cAd�c�e�iA�Noj`QmTb�vHa3+ `Qe ��r8`Qhjb�h o?c
k�rZc�b�fRq3+ r�`Qpl`Hq54DeZc�|Qf

φ
vHa�h b�n#kZc�m�fRojf#b�r�hObTi^`E|Em^c�pRplf]b%�#`Ee�q�hji^hj`Ee�e�f#ojb * o-+ c5i^`EpRfGqZc�e�b |e〉 f]i

|g〉 �8oOf m�f]�#`Ea8dDm�f]pRf]e�i f]e�i^m�f%�#f]b.r�hjbTi^`E|Qm^c�plplf#bNf<i	oOf b�hO|EeZc�o3�#`Em�m�f]b�k"`Ee�qZcEe�i c�a �Ac�b	`)6 o,+ c�i�`Qplf
q�n]k�rZcEbTf#a�m.e3+ f]bTi kZc�b	q�n]i^f]�]i^ngcEa�|Eplf#e�i^f��

φ

φ0

φ0=34,0°

φ =45,8°

0 at.

|g〉

2,1 phs

17,3 phs

45,4 phs

(b)

|e〉

φ0

�S���:�W
���5
R�~���E��� ����� �"!#� $�� $8�5&(�]!5&)��*5� $ ; 65� -�&(*'/0�s$�� �324-5,��'6��s$8-5��,%9�� ,g�5&=-8&), |e〉 �'& |g〉 > 9�-
@A�(&(� ,�,��7$�� BDCQC / F�,AI J?-'K:M.�O,#&(*'PQ� -5/R/0� ,N�^���������j/U� �V&=-86'�WI J1XLK.YZ!T2"��/�-G$V6 !T24-5/[� $8-5��,S9�� �39?-��
!]*5/g�39����4�'I

wycUi^f]��r�e�hjvHa�flq�fRq�n<i^f#�<i^hO`Eeue�`Ee q8f#bTi^m�a��<i^hjdEfRk"f#m�plf]igq�`Ee��lq�flq�hOb��]m�hOplhje�f#m f]e�i^m�flq�f#aDtun<i c�i�b
|e〉 f<i |g〉 cAdQf]�lk�oja�b%q3+ f0/l�Ac��#h�i^n qZcEe�b%oOfG�#c�b�q�f]bgc5i^`Qplf#b q�n#k�r�cEb�f]a�m�b * 87970p;:5b k�oOa8i=<�i%v�a�f
%'&�
 p>:�b]�
w f q�n]k�rZcEb�cE|Ef

φ0

f#b i	n#vHa�h�d�c�ojf#e�i:qZc�e�b:oOf]bNq�f#aDtUf�t8k"n]m�hOf]e��#f]bA�@?7cEe8b	o-+ f�t8k"n]m�hOf]e��#f%q8n#�#mThji^f hO�]hVoOf
e�`EpBA�mTf.pl`C4Ef#eRq�f.k�r�`�i^`Ee�b�hOeCDTf#�]i�n#b�f]bTiSk�oja�b k"f]i^h�i�E

n̄ = 40
k�oja8i=<Ei v�a�f�F9&)G<���]f v�a�h@H�cEh�i v�a�f o?c

q�hJI3n]m�f#e��]f f]eUe�`EpBA�m�f pR`'4Ef#e0q�f k�r�`�i^`Ee�bNf]e�i^m�f ojf#bSn<i c�i�b * q�n]i^f]�]i^f]m:f#b i	cEa�b�b�hVk�oOa�bSk"f]i�hji^f��8w f
H)c�hji.v�a�fE�"p�c�oO|Em�n%�#f<i�i^fsq�hJI3n]m�f#e��]fE�"oOclq�hOb��]m�hOplhjeZc�i�hj`Ee{f]e�i^m�f[oOf]b n]i^c�i^b |e〉 f<i |g〉 f]bTi pRf]hOojojf]a�m�f��
f]bTi�qLKW� �#`EpRplfU`Qe bM+ 4 c5i�i^f]e�qZcEh�iA� * o?c\k�m�n#b�f]e��#f+k�oOa�b m�n#q�a8hji^f q3+ c5i^`EpRf]b hOpRk�a8m�b kZc�m�pRhNoOf]b
c5i^`EpRf]bNq�n]k�rZcEbTf#a�m�b * )7)7[p;:5bNv�a�f%kZc�m�pRh"oOf#bNc�i^`EpRf]b * %'&5
Gp>:�b#�8w
+ c'D�a�bTi^f#plf#eQi	q�f]b:b�hO|EeZc�aDt
�]`Qe�q�h�i^hO`Ee�e�f]oOb�cAdEf#�:a�e�fNH�`Ee��]i^hj`Qes|Qc�a�b�b�hOf]e�e�fE��kZcEm�oOc7pln]i^r8`Dq�fNq�hjb��#a8i�n#f * o?c kZc�|Ef�%L�5%E�5hOe�q�hjvHa�f
v�a�fgoOc�H�m^c��]i^hj`Ee q�f]b c5i^`EpRf#b:hjpRk�a�m�b * 87)7 p>:5b	f]bTi

A = (2 ± 1)%
�
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w c%�#`Ea�m A"f	q3+ c8A�b�`Em�k8i^hj`Qe q�al��rZc�plklkZc�m ojf#b c5i^`EpRf]b c)A�b�`Em AZc�e�i^b#�Qm�f]k�m�n#b�f]e�i^n#f.qZcEe�b o?c7zZ|��E
���)&8�
c:n<i^n `)A8i^f#e�a�f f#ega8i^hjoOh�b^cEe�iWo?cNb�n]m�hOf q3+ r�hObTi^`E|Em^c�pRplf#bW�]`Ee�q�hji^hj`Qe�e�f]oOb3vHa�f e�`Ea�b}cAdQ`Ee�b}c��#v�a�hOb k"`Qa8m
q�hJIVn#m�f]e�i^f#bNd�c�oOf]a�m�b:q�f%oOcsk�rZcEbTf

φ
q3+ r�`Qpl`Hq54DeZc�|EfE��wycsd5cEojf#a�mNq�a H�`Qe�q cGn]i^n%�#c�oO�#a�ojn#f * kZc�mTi^hOm

q�fGo-+ c8A�b�`Em�k8i^hO`Ee~q�f]bgc5i^`EpRf]b7b�`Qe�q�fGq�a q�f]aDt8h! #plfGf]i i^m�`Ehjb�h" ]pRf[kZc�v�a�f]iA�3kZcEm7oOfsm^c�hOb�`Ee�e�f]pRf]e�i
q�hjb��#a8i�ngcEa$# 
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1 e �]`QplkZc�m^cEeQi oOc �#`Ea�m A"f:q3+ c8A�b�`Em�k8i^hO`EeGqZc�e�b o-+ f�t8k"n]m�hOf]e��#f:cLdEf#�:c�i^`Eplf#b�q8n#k�rZc�b�f#a�mTb * %'&�
7p;:5b
E�z�|Z��
��.% F9GSf]i	�#f]oOoOf87(�#h3e�`Qa8b.k"`Ea8dE`Qe�b	�#`Ee�bTi c5i^f#m	vHa�f:9
� wycu�]`Qa�m A"f~b^c5i^a�m�f~hj�#h * ∼ 9

c5i^`EpRf]bRq�n]i^f]�]i^n]b0qZcEe�b�o-+ n<i c5i |e〉 � v�a�h f]bTi0n#|Qc�o cEa e�`Ep�A�m�f
i^`�i c�oZq3+ c�i^`Eplf#b k�m�n]kZc�m�n#b�qZc�e�b�� rZcEv�a�f kZc�vHa�f<iA�H�#`EplpRf:oOf	pR`Ee�i^m�f	ojf	b�hO|EeZc�oZq�f.q�n]i^f]�]i�hO`EeRf#e
i^f]pRk�b�q�fNdQ`Eo8q�f:o?c.zZ|Z��
��� %E�&; e cEa�m^c�h�ixi^f#e�qZc�e��#f * �#mT`Qhjm�fNv�a�f % 7)7=< q�f#b c�i^`Eplf#b c8A�b�`Em A"f#e�i
a�e+k�r8`Ei^`Ee+f]e+��rZc�pRk�H�`EmTiA�?> oja�b.m^c�hOb�`Ee�eZc8A�oOf]pRf]e�i	oOf i c�aDt{q3+ c)A�bT`Qm�k8i^hj`Ee{f#bTiA�4�]`QplpRf%qZc�e�b
o-+ f�t8k"n]m�hOf]e��#fSk�m�n#�]n#q�f]e�i^fE�Eq�fSo,+ `QmTq�m�f�q�f�@)7&<U�'f]i�o?c	d5cEojf#a�mxv�a3+ `Eesi^m�`Ea8dEfNhj�#h=�Ln]|�c�ojfScEase�`Ep�A�m�f
i^`�i c�o�q3+ c5i^`Qplf#b k�m�n]kZc�m�n#b#�Qf#bTi �Ac�a�b�n]f.kZc�m a�e�f�A�a��]i^aZc5i^hO`Ee q�aBAZaDtlc5i^`EpRhjvHa�fNb�a�mTdEf#eHa8f f#eQi^m�f
o-+ c��#v�a�hOb�h�i^hj`EeUq�a i^f]pRk�b	q�f dQ`Eo f<i.o,+ f<tDk"n#m�hjf#e��]fgq + c��#v�a�hOb�h�i^hO`EeUq�f#b	r�hObTi^`E|Em^cEplplf#b]�

� wyc~k"f]e�i^fUq�f0o?c+kZcEm i^hOf�ojhOe�nAc�hjm�fRq�f0o?c+�]`Qa�m A"f0q3+ c8A�b�`Em�k8i^hO`Ee d5c�a8i hj�#hN78� �E�\c�oO`Em�b[vHa�fUqZc�e�b
o-+ f�t8k"n]m�hOf]e��#fsk�m�n]�#n]q�f#e�i�f b^cRd5cEojf#a�m f]bTi 7�� 
Q���"wycRq�h.IVn#m�f]e��#fsq�fG)&&< f#e�i^m�f[oOf#b q�f]aDt~d5c�oOf]a�m�b
f]bTis�]`QplkZc�i�h A�ojflcAdQf]��ojf#b�AZc�m�m�f]b[q3+ f#m�m�f]a�m#�}v�a�h�b�`Ee�i[q�a�f#b[k�m�hje��#hjkZcEojf#plf]e�iA�WqZc�e�b[oOc �#`Ea�m A"f
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q3+ c)A�b�`Em�k8i^hj`QeGpl`Ee�i^m�n#fNhj�#h�� * oOc7pRf]b�a�m�f:hjpRk�m�n]�#hjb�fNq�a e�`Ep�A�m�fNpR`'4Ef#e q�fNk�r�`Ei�`Qe�b q�a � rZcEplk
hOeCDTf#�<i^nE�

� w f�H�`Ee�q d5cEa8i
f0 = 0, 55

�]`Ee�i^m�f
f0 = 0, 45

qZc�e�b o,+ f<tDk"n#m�hjf#e��#f	k�mTn#�#n]q�f]e�i^fE���Sf#b q�f]aDt d5cEojf#a�m�b
b�`Ee�i c�a�b�b�h �#`EpRkZc5i^h.A�oOf]b:cEaDt AZcEm�mTf#b	q3+ f]m�m�f]a�m.k�m  ]b#�

� kZc�mTi^hOm q�f+oOc �#`Ea�m A"f+q3+ c8A�b�`Qm�kDi^hO`Ee e�`Qa�b�cAdQ`Ee�bR�Ac�oO�]a�oOn ojf{e�`EpBA�m�f{q + c5i^`EpRf]b�c8A�b�`Em AZc�e�i^b
q�n<i^f#�<i^n#b{qZc�e�b o,+ n]i c5i |e〉 kZc�mUoOf\p��]pRf~i 4Hk"f q�f �#c�oO�]a�oObUa8i�hOoOh�b�n c�a�kZc�m^cLd5c�e�i E�#+
�� 
Z�J%'G<�:w f]b
d5cEojf#a�m�bSq�f]bNkZc�m^c�p  <i^m�f#b�a8i^hOojhjb�n#b�hj�#h4b�`Qe�iNojf#b�p��]pRf#b�v�a�f �]f#oOojf#b�q�f]bN�Ac�oO�]a�oOb�k�m�n]�#n]q�f#eQi^bA� * kZc�mTi
oOf.e�`Qp�A�m�f pl`C4Ef#e�q�f7k�r�`Ei�`Qe�b

n̄0 = 27
�Dojf#b�d5c�oOf]a�m�bSq�a>H�`Qe�q

f0
f<iNoOf#b d�c�oOf]a�m�bSq�f]bNkZc�m^cEp: ]i^m�f]b

q�fSoOc.�#`Ea�m A"fSq3+ c8A�b�`Em�k8i^hj`Qe[vHa8h8`Ee�ixn]i^nSm�f]pRk�oOcE�]n#b}kZc�mxo,+ c'D�a�bTi^f#plf#eQi�q�fSoOc.�#`Ea�m A"fSq3+ c)A�b�`Em�k8i^hj`Ee
pl`Qe�i^mTn#f%qZc�e�b	o?cszZ|���
���)&8�
wyc\zZ|�� 
���8F pR`Ee�i^m�fUojf#b m�n]b�a�oji c5i^b q�f#bl�#cEoj�#a�ojb k"`Ea�m o,+ f<tDk"n#m�hjf#e��]f{q�f{q8n]i^f]�]i^hj`Qe q�f#bRc5i^`EpRf]b
k�m�n]kZcEmTn#b.a�e�hjvHa�f]pRf]e�i.qZc�e�b.o-+ n<i c5i |g〉 f]i.o?c[zZ|Z��
���)(soOf]b	p��#plf#b:�Ac�oO�]a�oOb:k4`Qa�m:o,+ f<t8k4n#m�hOf]e��#f�q�f
q�n<i^f#�<i^hO`Ee q�f#b%n<i c5i^b |e〉 f]i |g〉 �3w f#b7d�c�oOf]a�m�b f<tDk"n#m�hjpRf]e�i c�oOf]b b�`Ee�i%m�f#k�m�`Hq�a�h�i^f#b kZc�m oOf[pR`Hq  #ojf
eHa�pln#m�hjvHa�f%qZc�e�b.a�e8f AZcEm�m�f%q3+ f#m�m�f]a�m.q�f�o-+ `Em�q�m�f q�f[87&<U�
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���8F��0�x�E��� ����� �"!#�%$��%$��'&(�#!'&)��*'�~$�� , -8&(*'/U� ,.$��1�324-�,��'6���, > BDCQC / F�,.$8-5��,:9<; �5&=-8& |g〉 J�!8' I
18P4I � I B�� K'I  *5/ X5���s/U*8*�� � $����32"*D&(*'��, $8-5��,[9��G/0*H$��\J�-LKl�'&.�4*5/ X5���R$�; -8&(*'/U��,s-�X5,�*'�LXE-5�V&),
$��'&(�#!'&(� ,%$8-5��,.9�; �'&=-8& |e〉 J1XLKLI
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���)(s�{���������������"!]�G$��[$��'&(�#!'&)��*'�u$�� ,%-�&=*5/0��, $�� �324-5,��'6���, > BDCQC / F�,%$8-5��,79���,%�'&=-8&), |e〉�'& |g〉 J�!8' I 18P4I � I B � K'I %*'/ X5���R/0* *8��� $��s�32"*D&(*'��,�$8-��8,l9��R/0*D$�� J�-LKU�'& �"*'/ X5���U$ ; -8&(*'/U� ,
-�X5,�*'�LXE-5�V&), $8�5&(�]!5&(� ,%$8-5��,.9�; �'&=-8& |e〉 J1XLKLI
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_.`Ea�b{cAdQ`Ee�b q�hjb��#a8i�n q�f]b k�m�hOe��]hOkZc�aDt H)c��]i^f]a�m�b vHa�h oOhjplh�i�f#e�i0o?c b�n]kZcEm^c5i^hj`Qe f#eQi^m�f ojf#bUr�hjbTi^` 7
|Em^c�pRplf#b0�#`Ee�q�hji^hj`Qe8e�f#oOb]�:_.`Ea�b+cAdQ`Ee�b dHa vHa�fuojf H)c��]i^f]a�m{v�a�hgc ojf k�oOa�b q3+ hOe�AZa�f]e��#fuf]bTi+oOf
e�`Ep�A�m�f0q3+ c�i^`Eplf#bsoOhjplh�i^nRqZc�e�bG��rZc�vHa8f kZc�vHa�f<ilq3+ c�i�`Qplf#bGc8A�b�`Em AZcEe�i�b#�65DhS`Qe f#bTi f]e plf#b�a�mTf
q3+ f<tD�#h�i^f#m#�"qZcEe�b7a�e~b�f#a�oxkZc�vHa�f<iA�Va�e\e�`EpBA�mTf[q3+ c5i^`EpRf]b b�a5/Rb�cEe�i k"`Qa�m7c8A�b�`Em A"f#m7f]e�i^h" ]m�f#plf#e�i
ojf[��rZc�pRk~qZcEe�b7o?cR�AcAdDh�i^n * o,+ hOb�bTa�fsq�fso?cRq�f]aDt8h" ]pRfshjpRk�a�ojb�hj`Ee+q3+ r�`Epl`Dq54HeZcE|Ef��Ve�`Ea�b e3+ cAdE`Qe�b
kZc�b A"f]b�`Qhjesq�fSk�m�n]kZcEmTf#mxq3+ c�a8i^m�f]b�kZc�vHa�f<i^b c�i^`EplhOv�a�f#b}f<i�o,+ f�t8k"n]m�hOf]e��#fSq�f<dDhOf]e�i�A"fAc�a��#`Ea�kGpl`EhOe�b
b�f]e�b�h A8oOfGc�a~i�f#pRk8b q8f[dDhOf[q�a\pR`Hq�f[q�fsoOcR�AcAdHhji^n�� ? fGk�oja�b#�"oO`Em�b�vHa3+ a�e\b�f#a�oxkZc�vHa�f<i�c5i^`QplhOv�a�f
f]bTi.k�mTn#kZc�m�nE��hOoVe3+ 4 cGkZc�b:q3+ c5i^`EpRf]b:pRcEoVb�n]oOf#�<i^hO`Ee�e�n]b	f]e dHhji^f]b�b�f�kZc�m:ojf#b:oOc�b�f#m�b:q�f%m�f]k"`EpRkZc�|Ef
f<i.q3+ f<t8�]hji c5i^hj`Qe c�i^`EplhOv�a�f q�f�kZc�vHa�f<i^b q�hJIVn#m�f]e�i^b#�
? f#b pl`Dq�h�zZ�Ac5i^hj`Ee�b+q�a b 4Db i  #plf o?c�b�f]m~q3+ f�t8�#h�i c5i^hO`Ee b�`Ee�i f]e i^m�cEhje q3+ �]i^m�f m�n#c�oOhObTn#f]b#� w#+ hOq�n]f
�]`Ee�b�hObTi^f * k8m�n#kZc�m�f#m oOf#b{c5i^`EpRf]b q�f m�aLA�hOq�hja�p qZc�e�b{oOf p��#pRf n<i c5i{�#hOmT�#a�o?c�hjm�f\f#e a8i^hOoOh�b^cEeQi
q�f]b�i^m^c�e�b�h�i^hO`Ee�b c5i^`QplhOv�a�f#b k�oja�b f0/l�Ac��#f]bNvHa�f �]f#ojoOf#b a8i^hjoOhjb�n]f#b qZc�e�b�oOf]b�f�t8k"n]m�hOf]e��#f]bNk�m�n]b�f#e�i^n]f#b
hj�#h�E�� H � #�%Q� D��)G<�ZwycGzZ|���
Z� 6�GpR`Ee�i^m�f oOf%b�� r�n#pRclq3+ f<t8�]hji c5i^hj`Qe a8i^hjoOhjbTn�c��<i^a�f#ojoOf#plf#eQi	f]i#� * �M<�i^nE�
ojf#bNi^m^c�e�b�hji^hj`Qe8b:v�a�fge�`Ea�b	b�`EpRplf#b:f#e i^m^c�hje q�f�plf]i�i^mTf%f#e{k�o?c��]fE�

niveau
circulaire

n = 52

état |e>
n = 51

5S1/2, F = 3

5P3/2, F = 4, mF = +4

5D5/2, F = 5, mF = +5

52f, m = 2

λ1 = 780 nm

λ2 = 776 nm

λ3 = 1.26 µm

σ+

σ+

état |g>
n = 50

µ-onde

νµ2 = 49.650 GHz

νµ1 = 48.195 GHz

circularisation

π

5S1/2, F = 3

6D3/2, F = 4, mF = +4

52d, m = 2

λ1 = 420 nm

λ2 = 1.01 µm

σ+

(a) (b)ancienne excitation nouvelle excitation

σ+

52f, m = 2

ν = 64 GHz

circularisation

µ-onde

�����	�Z
�� 6��� Y�!�2"� /0-l$���,g&)� -5��,��=&)��*'��,.$ ; �^�Z!��=&=-�&)��*5�U9?-5,����%6�&)�O9j�j,��#� , $8-5��,	9���, ���E��� ����� �"!#� ,%$H�j,�!5687
&(�]��, J�-LK%�'&�$8-5��,.9���, �^�������������"!]��,�' 6�&T6�����, J1XLK'I

wWfge�`Ea8dEfAc�a+k�m�`D�]f#bTb�a�b7q3+ f�t8�]hji c5i^hj`Qe m�f]vHa�hOf]mTi.q�f#aDt{o?c�b�f]m�b * o?cGk�oOcE�]f�q�f]b.i^mT`Qhjb	oOc�b�f#m�b.c��]i^a�f]oOb#�
wWf#bxq�f#aDt[o?c�b�f#m�byi^m^c�e�b H  #m�f]e�i ojf#bxc5i^`Qplf#b}q�fSo-+ n<i c5i ∣

∣5S1/2, F = 3
〉 cEa[e�hjdEfAc�a |52d,m = 2〉 f<i�a�e

� rZc�pRkGpRhj�#m�` 7(`Ee�q�fSojf#b�f<tD�#h�i^f:qZc�e�b oOfSe�hjdEfAc�a |52f,m = 2〉 �89.e�f:k�m�`H�#n]q�a�m�f:q�f:�#hjm��#a�oOc�m�hOb^c5i^hj`Ee
c�eZc�oO`E|Ea�f * �#f]oOojf[a8i^hOojhjb�n#f[cE�<i^a�f#ojoOf]pRf]e�i7k"f#m�plf]i�i�m^c0q8fsi^m^c�e�b H�n]m�f#m7�#f]b�c5i^`EpRf]b7f<tD�#h�i^n#b qZc�e�b oOf
e�h�dQf#c�a |n = 52〉 �]hOm��]a�o?c�hjm�fE�@?7f]b hOpRk8a�oOb�hj`Ee�b.plhO�#mT`�7(`Ee�q�f�dE`Ee�i7i^m^c�e�b H�n#mTf#m7f#e�b�a�h�i^fsoOf]b c5i^`EpRf]b
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qZc�e�b%ojf#b e�h�dQf#c�aDt cAdEf#�
n = 51

E |e〉 G f<i
n = 50

E |g〉 G �]hOm��]a�o?c�hjm�f#b#�Vw f]b%q�n]i c�hjoOb7q�fGoOc�e�`Qa8dEf#ojoOf
f�t8�#h�i c5i^hO`Ee oOc�b�f#m:b�`Ee�i.f<tDk�oOhjvHa�n]b.qZc�e�b	o?c[i^r  #b�f�q�f�q�`H�]i^`Em^c5i	q�f��}m�hObTi^cEe��+f]a�e�hOf]m�� @6@����
�Sf~k�m�`H�]f#b�b�a�bUq + f�t8�#h�i c5i^hO`Ee q�`Eh�i�k"f]m�pRf<i�i^m�f+q3+ c�i�i^f]hOe�q�mTf+a�e e�`EpBA�m�f{q3+ c5i^`EpRf]bRf<t8�]hji^n]b0k�oja�b
|Em^c�e�q q�fGq�f#aDt `Em�q�m�f]b%q�f |Em^c�e�q�f#a�m vHa3+ cLdEf#�lojfGb 4HbTi  ]pRflcE�<i^a�f#o��Ww f]b i^f#bTi^b%k�m�n#ojhOplhjeZc�hjmTf#b7vHa�h
b�`Ee�iGf#e i^m^cEhje q3+ �]i^m�f0m�nAc�ojhOb�n]bs`Ee�iGk"f]m�pRhjbsq + c5i�i^f#hje�q�m�f�a�e e�`EpBA8m�f0q3+ c5i^`Qplf#b[f<tD�#hji�n#bl)&�H�`EhOb
k�oja�b:|Em^c�e�qW� �Sf�H�cE�<i^f#a�mNk"f#m�plf]i�i^m^csq�`Ee�� q3+ f�t8n#�]a8i^f#m	oOf]b:p��#plf#bNf�t8k"n]m�hOf]e��#f]b.q�n]�#m�h�i^f#b:qZc�e�b:�#f
pRcEeHa�bT�#m�h�i.cAdQf]�ga�e{b�f]a�o kZcEv�a�f]i c�i^`EplhOv�a�f q�f�q�n]i^f]�]i^hj`EeW�
�S`Ee�b�hOq�n]m�`Ee�b oOc~�#`Ee8zZ|Ea�m^c5i^hO`Ee f<tDk"n#m�hjpRf]e�i c�oOf�pR`Ee�i^m�n]fUq�cEe�bGo?c+z�|Z�x
��.%)%E�xvHa�hNm�f]k�m�n#bTf#e�i^f oOf
plf#hOojo�f#a�m�m�n#b�a�o�i c5i:q�f o,+ f<tDk"n#m�hjf#e��]f%q�f q�n]i^f]�]i^hj`Ee e�`EeUq�f]bTi^m�a��]i^h�dQf%q�f]b:n]i c5i^b |e〉 f<i |g〉 cLdEf#� q�f#b
c5i^`EpRf]b q8n#k�rZc�b�f#a�mTb * %'&�
Rp>:�b#�@? c�e�b7�]f]i�i^f[�]`Qe8zZ|Ea�m^c5i^hj`Qe{oOfge�`Ep�A�m�fgpR`'4Ef#e+q�f[k�r�`�i^`Qe�b7c�a
kZc�b�b^c�|Qf:q8a kZcEv�a�f]i q3+ c5i^`EpRf]b c)A�bT`Qm AZc�e�i^b f]bTi 
�� @����E
�� 7f<i��5%Q� �8��qZc�e�b oOfS�Ac�b m�f#bTk"f#�<i^hjdEf#pRf]e�i q�f
o-+ c5i^`Qplfgq�n#k8rZcEb�f]a�m%qZc�e�b |e〉 �Vq8fGo,+ c5i^`Qplf[c8A�b�f#e�i%f]i q�fGo-+ c5i^`EpRfgqZc�e�b |g〉 � 5Dhxe�`Ea�b q�hOb�k"`Eb�`Ee�b
q3+ a�e e�`EpBA�m�f\q3+ c5i^`Qplf#b0q�f o-+ `Em�q�m�f~q�f o?c �#f]e�i c�hOe�f��Ne�`Ea�b k"`Ea8dQ`Ee�b{c8A�b�`Em A"f#mUoOf\� rZcEplk f]e
k�m�`E|Em^cEplpRcEeQi7a�e b�f#a�o�kZc�vHa�f<i�q3+ c5i^`EpRf]b%c8A�b�`Em AZc�e�i^b#� 9 e e�`Ep�A�m�fsq�fGo,+ `Qm�q8m�fsq�fGo?cR�#f]e�i cEhje�f
m�f]k�m�n#b�f]e�i^f+a�e�f+c�pRn#ojhj`Em^c5i^h�`Qe q3+ a8e�H)c��<i^f#a�m�% 7 kZcEm m^c�k�k"`EmTi�c�a e�`Qp�A�m�f{c��]i�a�f#o=��f]iR�]f#�]h.f]bTi
k"`Eb�b�h A�ojf+qZcEe�b�oOf+e�`QaDdQf#cEa b�� r�n#pRc q3+ f�t8�#h�i c5i^hO`Ee o?c�b�f#m#� >x`Ea�m��Ac�oO�]a�oOf]mRoOf+e�`EpBA�m�f+q3+ c5i^`EpRf]b
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�� 6@���� *D6��LXD� &)2"�]*5��� %Z6��l$ ; -ZX5,�*'�=� &)��*5� $V6\!T24-5/[�u� -5��6��~� -&%Z6��'& !]*'�V&(���4-5�V&7���V@A�O��*'�
3 CQC -8&(*'/U� , $��5&(�]!5&(� ,AI
b�`Ee�q�fGvHa�h�c8A�b�`Qm A"f]e�i%a�e k�r�`�i^`Ee qZc�e�b ojf#b i^m�`EhOb �#`Ee8zZ|Ea�m^c5i^hO`Ee�b7q�fso,+ c�i^`Eplfgq�n#k�rZc�b�f]a�m#�We�`Ea�b
kZc�mTi^`Ee�bSq�f o?c��]`Qa�m A"f7q3+ c8A�b�`Em�k8i^hj`QeRm�f#k�m�n]b�f#eQi^n#f qZcEe8bSo?c%zZ|Z��
Z�J% F��)5Dh"`Ee0cEa�|Eplf#e�i^f.oOf.e�`EpBA�m�f
q3+ c�i^`Eplf#b7c8A�b�`Qm AZcEe�i�b k�mTn#kZc�m�n#b#�V`Ee\bM+ c5i�i^f#e�q * �#fsv�a�fGoOcR�]`Ea�m A"fsq�fsb^c5i^a�m^c5i^hO`Ee+q�f]dHhOf]e�e�fGq�a
p��#pRfRi 4Dk"fUv�a�fU�#f]oOoOfRm�f#k�m�n]b�f#e�i^n]f qZcEe�bGoOc{zZ|Z�x
�� 6@8� 1 ojoOf�cEa�|Eplf#e�i^f�oOhOe�n#c�hjm�f#plf]e�isqZc�e�bGoOf]b
k"f<i^hji^bg� rZc�pRk�b[cAdQf]��oOf]bgp��]pRf]b�d5cEojf#a�m�bgq�fRk"f#e�i�f�f]i[q�f H�`Ee�q vHa�f�oOc �#`Ea�m A"fRq�f�oOcUzZ|��y
��.% F
f<i[b^c5i^a�m�f�� f#e � rZc�pRk H�`Qm iA� * a�e�fld5c�oOf#a�m%n#|Qc�oOf * @)7&< q�f]b[c5i^`Qplf#b%k�m�n]kZcEm�n]bgq�n]i^f]�]i^n]b#��5Dh `Ee
k"`Eb�floOf e�`Ep�A�m�fGi^`�i cEo�q3+ c5i^`EpRf]b�q�n<i^f#�<i^n#b[qZc�e�b�oOf kZc�v�a�f]i[n]|QcEo * % 7)7��3`Qe bM+ c5i�i^f]e�q * �#flv�a�f
o?c �]`Qa�m A"fRq�f�b^c5i^a�m^c5i^hj`Qeub^c5i^a�m�f * a�e e�`Qp�A�m�f i^`Ei c�o q3+ c�i^`Eplf#bgq�n<i^f#�<i^n#bsqZc�e�b |e〉 q8f�o-+ `Em�q�m�f
q�f @978�8�]f%v�a�hW�#`Em�m�f]b�k"`Qe8q * a�eUe�`Qp�A�m�f pl`'4Qf#eUq�f%k8r�`Ei^`EeUb�a�k"n#m�hjf#a�m * )7)78� >xc�m:�]`Ee�b�n#v�a�f#e�iA�
k"`Ea�m%ojf#b e�`Qp�A�m�f]b%pR`'4Ef#e�b%q�f k�r�`�i^`Ee�b%�]`Qe�b�hjq�n#m�n]b�qZc�e�b%�#f<igf�t8f]pRk�ojf e8`Qa�b%b�`EpRplf#b qZc�e�b%o?c
kZc�mTi^hOf oOhje�nAc�hjm�f7q�f�o?cs�#`Ea�m A"f�q3+ c)A�b�`Em�k8i^hj`QeW�
> a�hOb�v�a�f.oOfN��rZc�pRkGi^r�f#m�plhOv�a�f:n#o?c�m�|Ehji��#`Ee�b�hjq�n#m^c8A�oOf]pRf]e�i oOf]b r�hObTi^`E|Em^c�pRplf]b#��e�`Qa�b f#e�dHhOb^c�|Ef#`Ee�b
q�f ojfGmTn#q�a�hjm�f * b^c0d5cEojf#a�m q3+ n#vHa8hOoOh.A�m�f[i^r�f]m�pRhOv�a�f * 7�� F	�G�3�)+ f#bTi 7 * 7(q�hOm�f * a�e e�`Ep�A�m�fGpR`'4Ef#e
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q�f k�r�`�i^`Qe�bNq�f
n̄ = 0, 02

�8kZcEmNa�e�A�ojhOe�qZc�|Qf b�a�k�k�ojn#plf#e�i c�hOmTf v�a�hWf#e�i�`Qa�m�f]m^cGo?c[�AcAdDh�i^n f]i	v�a�hWo?c
k�m�`�i^n]|Qf]m^c q�a m^c 4E`Qe�e�f]pRf]e�i[k�m�`LdEf#eZc�e�i[q�f]bgkZcEmTi^hjf#b%k�oOa�b�� rZcEa8q�f#b[q�aupR`Ee�i c�|Qf * o,+ f<tHi^n#m�hjf#a�m
q�f%o?cG�#cAdDhji�nE�
� kZc�mTi^hOm0q�f o?c �]`Ea�m A"fuv�a�fue�`Ea�bUdQf]e�`Qe8b+q�f i^m^c��]f#m e�`Ea�b{�#cEoj�#a�oj`Ee�bUoOf#bUe�`EpBA�m�f]b pR`'4Qf]e�b
q3+ c5i^`Qplf#bgc)A�b�`Em AZc�e�i^bsc5i�i^f]e�q�a�b[qZcEe�bgo,+ n<i c5i |e〉 �yvHa�h b�`Ee�ishOe8q�hOvHa�n]bgqZc�e�b[o?cUzZ|Ea�m�fE� 1 e8b�a�hji^f��
e�`Ea�bNb�a�k�k"`Eb�`Ee�b	v�a�fE�8f#eUo,+ c8A�b�f#e��]f q�f ��rZc�plk0i^r�f]m�pRhjvHa�f��DoOf]bNr�hjbTi^`E|Qm^c�plplf#b�b�`Ee�i:q�n#�]m�hji^bNk�cEm
q�f]b�q�hObTi^mTh A�a8i^hj`Ee�blq�f >x`Ehjb�b�`Qe �]f#e�i^mTn#f]b c�aDt d�c�ojf#a�m�bRpR`'4Ef#e�bRvHa�f~e�`Ea�bRdEf#e�`Ee�b�q�f~�#c�oO�#a�ojf#m
|Em����#f * oOcG�#`Ea�m A"f�q3+ c)A8b�`Qm�k8i�hO`EeW�
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�R�C!�� /Q3 = 19�'� � /%A&�
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WYXHZ�[9��	�����H\D]�^
_�`)a<bca&d�e9fgdT_�]�[h`�X�\D\JaidOX'_)_�ai^9j9k�di�GWla�`)a&mi]�k�n�`Tai\Da&^
_�a&^
_�`)a�bgaidOo9fcm&d�a&dT_6fc^9j9fgpGk9q��
rB]�k9d�]�s9d)a&`Tnh]�^9dBpGk�atb2uva&wLm�X�mifx_�qHj9atj9q>_�a&m&_�fc]�^�ai^h_�`)atb8uyX'_�]�\Dazj9qio9e�X�d)aik9`�j�X�^9dFb2uvq&_+X'_ |e〉 { j�X�^9db8u�q>_+X'_ |g〉 a&_|b2u�X'_�]h\LaDj9q&o9e�X�d)aik9`LX�s9d)a&^
_ { j9q>Z�^9fcaNm&]�\D\Da

η = 1 − R/2 { ]h}
R

aidT_Jb8uyX�fc`TaDj9k
`)a&mi]�k�nG`)ai\Lai^
_�a&^
_�`)aHj9a&k�~�o9fgmid { aid�_�o9`)]Gm e9aHj9a��K���h�����;a&_Fa>~�ai\Do�bcaHX�q&_�q�o9`)fcd;ai^�k�_�fgbcfgd�X�^
_;bgaid
o�X�`�X�\D�>_�`)a&dRj9aJo9e�X�d)a

φ
jluve9]�\D]Gj���^�X�[�aJa>_tjlu�fg^
_�ai^9dTfg_�q|j9aJm e�X�\Lo�k�_�fgbcfgd)q&dHj�X�^9dtb8u�a ~�o%qi`Tfcai^9m&a

j9q&mi`)fx_�aBo9`)q&miq&j9ai\L\Da&^
_��G��^D]ho�_�fc\Dfxd�X�^h_�mia&d;o�X�`�X�\D�>_�`)a&d6ai^L�5]�^9m&_�fg]h^Jj9aid�^9]�k�nha&bcbgaid6m&]h^�j9fg_�fc]�^9d
a ~�o%q&`)fc\Lai^
_+X�bgaid { ^9]�k9d�o%]hk9`T`)]h^9dBX'_)_�a&fc^9j9`)aRk9^�ata&wLm�X�mifx_�qtj9atj9q>_�aim>_�fc]�^Qj9aL�����
�N�
�O^Qo�X�`T_+X�^
_�j9aRb�XIZ�[9�9	9�y� { pGk9fl`)aio9`)q&d)ai^
_)a�bcaidF`)q&d)k9bx_+X�_�dFj9aRb2uva>~�o%qi`)fgai^9m&atj9aRj9q&_�a&m&_�fg]�^Qk9^9fgpGk9a �
\Lai^
_tj9aJb2uvq&_+X'_ |g〉 { ]�^�o%aik�_�\D]�^
_�`)a&`Rj9aJ�5X��&]h^�d)fc\LfcbgX�fg`)a�p
klu�fgbOd)ai`�X�o%]hdTd)fcs9bca|j9aLj9fgd)mi`)fg\Dfg^9a&`
X�n�aim<k9^9a<a&wLm�X�mifx_�q<o�X�`T�#X�fg_�a�a&^
_�`)a<bgaid@m&]�^�Z�[hk9`)X�_�fg]h^��H� { �<a&_6��X'_�]�\Da&d�j9qio9e�X�d)a&k9`)d�j�X�^9dOb8u�q>_+X�_

|g〉 �
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WYa&dBa ~�o%q&`)fca&^9mia&dzj9atj9q>_�a&m&_�fc]�^�j9]h^h_B^9]�k9dBX�nh]�^9d�j9fcd)m&k�_�qtj�X�^9d�miatm+e�X�o9fg_�`)aH\D]�^
_�`)a&^
_�pGkluvfcbla&dT_
o%]�d)d)fcs9bgaBj9azj9q&_)aim&_)ai`;bca&d;X'_�]h\Laid6j9a�,F��j9s%a&`)[�j9aB�#X��i]�^S^9]�^Sj9a&dT_�`)k9m&_�fxnhaza&_<X�nha&m�k9^9aza>wDmiX�m&fg_�q
j9a�j9q>_�aim>_�fc]�^ pGk9f { k9^9a���]hfgd�bca&dzX�\Dq&bcfg]�`�X'_�fx]�^9d�a ~�o%q&`)fc\Lai^
_�X�bgaidB\Lfcd)a&d�ai^ o9b�X�mia { dTai`�XD\Laifgbcbxaik9`)a
p
k9aFb�Xzj9q&_�a&m&_�fg]h^|o�X�`@bcaid@o9`)a&\Dfgai`�a>_�j9aik�~�fc�&\Da<j9q>_�aim>_�aik9`)di�
W4Xz_�a&m e9^9fgpGk9a { m&aio%a&^9j�X�^
_ { `)a&pGk9fgai`T_k9^9atmiXKnGfg_�qR\Dfgmi`)]'�7]�^9j9a���- n�aimtbcaR\L]�^
_+X�[�aRX�m&_�k9a&b { j�X�^9d�bcaip
k9aiblk9^9atd)aik9bgatm�X�n�fx_�qRaidT_Bo9`)qid)a&^
_�a {^9]�k9d�^9a�o%]�k�n�]h^9d�o�X�d�X�o9o9bgfcp
k9ai`Nmia>_)_�a _�aim+e9^9fcp
k9a�j9a�j9q>_�aim>_�fc]�^ � j9aid�a>~�o%qi`)fgai^9m&aid `)q&aibgbca&d
jluvfc^
_�a&`�X�m&_�fg]h^�a&^
_�`)a;b2u�X'_�]h\La�a&_�b�XBmiX�n�fx_�q { o9k9fgd)pGk9a;b�X�d)a&k9bca;miX�n�fx_�q�j9]h^
_�^9]�k9d�j9fcd)o%]�d)]�^9d�^9a;o%a&k�_
o�X�d�.&_�`)a�k�_�fcbcfxd)qia��tb�X��5]�fcd�o%]�k9`6b8u�a ~�o%q&`)fca&^9miaBaibgbca �-\/.&\LaFa>_�o%]hk9`�b�XRj9q>_�a&m&_�fc]�^D^9]�^Dj9a&dT_�`)k9m>_�fgn�a��
�;a&o%ai^9j�X�^
_ { b2uva>~�o%qi`)fgai^9m&a j9a j9q>_�aim>_�fc]�^ ^9]h^ j9a&dT_�`)k9m>_�fgn�a XUq&_�q m&]h^9�&k9a a>_ `)q�X�bcfgd)qia�a&^ nGk9a
jluvk9^D\D]�^
_+X�[haF�tj9a&k�~Lm�X�n�fx_�qid { pGk9f�aidT_�a&^Dmi]�k9`)d6j9a�`)q�X�bcfgd�X�_�fx]h^|j�X�^9d6^9]�_�`)a�b�X�s%]�`�X'_�]hfx`)a���W�uvfcj9q&a
m&]h^9d)fgdT_�aB�H`)a&\Do9b�X�m&ai`@b�X�o�X�`T_�fca<fg^
_�ai`)^9a<j9kLj9fcd)o%]�d)fx_�fg� { mi]�\Do9`)a&^�X�^
_6bcX�s%]10g_�a<j9a�m&fc`)m&k9b�X�`)fgd�X�_�fx]�^ {bca&d�\Dfg`)]�fg`)d�d)k9o9`�X�mi]�^9j9k9m>_�aik9`)dFa>_<bgaid�j9q>_�a&m&_�a&k9`)d { o�X�`�j9az^9]�k�nha&bcbgaid�o9fg�im&aid;mi]�\Lo9`)ai^�X�^
_;b8uyX�2)]�k�_
jluvk9^9aD^9]�k�n�aibcbgaJmiXKnGfg_�qJ\Dfgmi`)]'�7]�^9j9a|j�X�^9d�b8uyXC~�aJj9k��#X�fgd)miaiX�k X�_)]h\Lfcp
k9a��43�qis9X�dT_�fgai^65Rbca>�7&aidta&_
3G_�a>�#X�^98Rk9e9` { `)aid)o%a&m&_)fgnha&\Da&^
_�q>_�k9j9f�X�^
_Sai^ _�e9�&d)a j9a j9]�m>_�]�`�X�_Sa>_Nm+e9ai`)m+e9aik9`No%]�dT_T�-j9]Gm>_�]h`�X�b
_�`�X�n'X�fgbcbgX�^
_�X�m>_�k9aibgbcai\Lai^h_�dTk9`�bcaDj9fcd)o%]�d)fx_�fg�<a ~�o%qi`Tfc\Da&^
_+X�b { d)]�^
_�ai^ _�`�X�fc^ j9aSdiuv]�m&mik9o%a&`Jj�aNmia
^9]�k�nhaiX�k \D]�^
_+X�[�at�|j9aik�~�m�X�n�fx_�qid { pGk9fYj9]�fg_Fs9fca&^
_;:�_�`)ai\Lo9b�X�mia&`FbgaR\D]�^
_+X�[�aRX�m>_�k9aib8�

jet atomique

expérience

détection

états atomiques

C
1

C
2
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C1
V

-4nha&m�j9aik�~SmiX�n�fg_�q&d { ^9]�k9d;o%]�k9`)`)]�^9d;a&^Nk�_�fcbgfgd)ai`�k9^9a�o%]�k9`�b2uva>~�o%qi`)fgai^9m&a�jluvqibgaim>_�`)]�j���^�X�\DfgpGk9aza&^
miXKnGfg_�q�p
k9a6^9]�k9d4d)]�k9e�X�fg_�]�^9dYmi]�^9j9k9fg`)a { a>_ b8uyX�k�_�`)aOo%]�k9`4j�q&_�a&m&_�a&` b2uvq&_+X'_4X'_�]h\LfgpGk9a��iW�uyX�o9o9bcfgm�X'_�fg]�^
o9`�X'_�fcp
k9aFj9aBbcX�_�aim+e9^9fcp
k9aBj9a�j9q>_�aim>_�fc]�^L^9]h^Lj9a&dT_�`)k9m>_�fgn�aB^lu�a&dT_�o�X�d6bgaFd)aik9b�s9k�_6j9aBb8u�a ~�_�a&^9d)fc]�^D�
j9a&k�~SmiX�n�fg_)qidi�?>;a�X�k9mi]�k9oSj9aid�^9]�k�nha&bcbgaid6a>~�o%qi`)fgai^9m&aid<o%]�k9`)`)]�^
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φ
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fg^G2)aim>_�fc]�^9d { ai^ �5]�^9m&_�fg]h^Uj9k _-��o%a jluvq&nhq&^9ai\Lai^h_�dNpGk9a ^9]hk9dDd)]�k9e�X�fg_�]�^9dLj9fcdT_�fg^9[hk9a&`i��Hz^ _-�Go%a
j9a�j9q>_�aim>_�fc]�^ mi]�^9d)fcd�_�aQ� d&u�fg^
_�qi`)a&d)d)ai`LX�k m�X�dJ]�} k9^UX�_)]h\LaNj9q&o9e�X�d)aik9`LX�k o9bgk9d|a&dT_Lo9`)qidTai^
_ {a>_R�Sj9q&_)aim>_�ai`Hmia>_RX�_�]�\LaIa>_Hd)]�^ q&_+X'_Hjluvqi^9a&`)[�fcaIfc^
_�a&`)^9a��JI miaI_-�Go%a�jlu�q>nhq&^9ai\Da&^
_�dt�Sj�q&_�a&m&_�a&`
m&]h`)`)a&d)o%]�^9j9ai^
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e9]�\D]Gj���^�ato%]hk9`�\Lfca&k�~�j9fcd)m&`)fc\Lfg^9ai`<ai^h_�`)a�m&aidBq&n�qi^9a&\Da&^
_�d { ]�^Q`)q&d)]hk�_z\D]�fc^9d<s9fca&^Qbca&d�m�X�dB]�}
o9bgk9dzpGkluvk9^�X'_�]�\Datj9qio9e�X�d)a&k9`Hfc^
_)ai`�X�[�fg_zX�nha&m�bca�\L]Gj9a��JHz^ X�k�_�`)a�_-�Go%a�j9aIj9q&_�a&m&_�fg]�^ m&]�^9d)fcdT_�a
�|m&]h\Lo�_�a&`Fbca�^9]�\|s9`)aHjlu�X'_�]h\Laid<j9qio9e�X�d)a&k9`)dBpGk9fld)]�^
_�j�X�^9dFk9^Qq>_+X'_�jluvqi^9a&`)[hfgaRfg^
_�ai`)^9aHj9]�^9^9q��
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_)`)ai^
_�m&aR_-��o%atj9atj9q>_�aim>_�fc]�^l�
Wl]h`)d)p
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_�a&`)^9aSj.u�k9^ X�_�]�\DaD� b8u�fgd)d)k9a
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jet atomique
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_+X�bca&dH]h} k9^ d)aik9b�X'_�]�\DaIaidT_
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_
j�X�^9d�^9]�_�`)aBj9fcd)o%]�d)fx_�fg���h�O^S`)a&n'X�^9m e9a { aibgbcaFaidT_�_�`)�&d�o9`)]h\La&_)_)aik9d)aBo%]hk9`6b�XRd)k9fg_)aBj9aid�a>~�o%qi`)fgai^9m&aid {a&^Q_�a&^�X�^
_Bmi]�\Do�_�aRj�aidzX�\Lqibcfg]�`�X'_)fg]�^9d<a>~�o%qi`)fg\Da&^
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k9a�j9aBj9q&_�a&m&_�fg]h^SX�`)aip
k9fcd�o9bgk9d)fca&k9`)d�a ~�o%q&`)fca&^9mia&d<j9az\Da&d)k9`)azj9a
b�Xto9e�X�d)a�j9kNm+e�X�\DoSo�X�`�j9q&_�a&m&_�fg]h^Se9]�\D]Gj���^9a { pGk9f0]�^
_;q>_�q�j9fgd)mik�_�q&aidi��� ]�k�_�aid;mia&d<a ~�o%qi`Tfcai^9m&aid
a&bcbca&d��7\E.&\Da&dI]�^
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a&^
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k9aid@o9`)]Knh]GpGk9q&aFo�X�`@b�XB\E.&\Da�fc^
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j9q&o9e�X�d)aik9`Ro9`)q&o�X�`)q|j�X�^9dHk9^9a|d)k9o%a&`)o%]hd)fx_�fc]�^ jluvq&_+X'_�dRX�nha&mJk9^ m e�X�\Do fg^G2)aim>_�q�j�X�^�dRbcXSmiX�n�fg_)q��
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