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<HA?ÁqZHTWA?¿ O Jo8hGIR+kUZ O _H<?^BR O�OPÄ @SkUR�kUZ O V O JN@S<HV0@ÅkUR
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dW[ï e�ï `Rf Ïjè&Ð

ÇÊA?Rf@BJ O kUZ O V O JN@S<HVàTÒi�T&c O Y�»�ÑK@S_H_ O J¥Rf_H@SAHRµ_?LUYW_KT�¿¡T�k O R�TW^SYWAH¿�i$@ÅkUZËkUZ O ^S@S¿[Z�k�_?<H^SR O 8Ø�Z O _HZHY�kUY[A?R
@BAµkUZ O _?<H^SR O T&L O kUZ"<HR�RjkfLUYWAH¿[^ÅÃ#ÁFY[<?_H^ O J�kUY�kUZ O T�kUYWV�RF8hd O Á'T�A�T�RfRfY�ÁF@BT�k O T¼�<KT�Rf@SÆê_HT�LfkU@SÁF^ O i$@ÅkUZ�kUZ?@BR¬Rf^BY'i�_?LUYW_KT�¿¡T�kU@SYWA=E¡ÁFTW^S^ O J�TIJHT�LU>�ÆêRjkaT�k O _mY[^BT�LU@ÅkUYWA�ç g�é¤â�T�ÁFY[V�pH@SA O J
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T'c O Ï{@{8 O 8SEKRf_?@BA#ÁFY[Z O L O A?Á O Ð�ÁFY[V�_mYWA O A�kURFâ

hi�Ï.j�kclUÐ _ ÁFYWR�m hn�Ï.j�kclUÐ ` Rf@SAamOo d hp Ï.j�kclUÐ�k Ïêë[Ð
ÁFY[R*m _ eq e `Or ð ` d k9Rf@SA�m _ ð o dq e `Or ð ` d f

X O L O hn�Ï.j�kclfÐ @SR+kUZ O J?@SV O AHRf@SYWAH^ O RfR�Rf^SY'i$^ÅÃNÆêcWT�LfÃN@SAH¿6Y[_ O LaT�kUYWL+L O _?L O R O A"kU@SA?¿6kUZ O Rf@S¿WAKTW^KÌ O ^BJDETWAHJ hp Ï.j�kclfÐ�ÁFYWLfL O Rf_mYWAKJNR$kUY�kUZ O ^SY'i
Æ¤»�L O ¼�< O AHÁPÃ#Rf_H@SA?Æ¤i�T&c O 8ÇvA�kUZ O Á'T�R O YW»D@BJ O TW^mRf_H@SA�ÁFYWZ O L O AHÁ OMs [
t _vu k¡kUZ O Ì O ^ÓJ hi¾Y[p O ÃNRhkUZ O »�YW^B^SY'i$@SAH¿ O ¼�<KT�kU@SYWAYW»�V�YWkU@SY[A w=xx l r WoÁFYWR ` m xx j=y hi�Ï.j�kclUÐ _vu k Ï¤ì¡Ð
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Ø�Z O ¼"<HTWA�kU<HVúV O V�YWLfÃ3ÁFY[A?Á O _Nk+@SRhÁF^SY[R O ^ÅÃ�L O ^BT&k O J�kUY�kUZKT�khY�»DkUZ O JHT�LU>�ÆêRjkaT�k O _mYW^BT�LU@ÅkUY[AD8d¾Z O A�T�_mY[^BT�LU@ÅkUY[A�_NLUY[_HTW¿¡T&k O R @SA�TWA�QhÇÊØÀV O J?@S<HV�E&@Åkh_?L O R O LUc O R�@ÅkURhTWV�_H^S@ÅkU<KJ O T�AKJ�RfZHTW_ O EpH<Nk�@ÅkUR�_?LUYW_ O LfkU@ O R�Á'T�Aöp O V�Y"J?@ÅÌ O JÀRf@SV�_?^SÃ�p"Ã�ÁqZHTWAH¿W@SAH¿9kUZ O @SA�k O A?Rf@SkvÃÀYW»IkUZ O ÁFY[A�kfLUY[^p O T�V�8�GIR3kUZ O ÁFY[A�kfLUYW^
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T�_H_?@BA?¿?E�kUZ O Y�c O LaTW^S^ O A�kaT�A?Æ¿[^ O V O A"k3@SR3J O ÁqL O TWR O JoEhTWAHJÒY[A O ZKTWR�kUYÂ_?<?LU@Å»�ÃÚ@Åk�T�¿¡T�@BAD8���A O Á'TWA�ÁPY[A�kU@SAN< O kUZ O LUYW<HAHJ?RYW» O A"kaT�AH¿W^ O V O A�k6Rji
TW_?_H@SAH¿ÉT�AKJÒ_?<?LU@ÅÌKÁFT�kU@SY[A�<?A�kU@B^hA O T�LU^ÅÃÒ_ O Lf» O ÁPk O A�kaTWA?¿[^ O JÒRjkaT&k O R�T�L OÁPL O T&k O J�p O kvi OFO A�kÊi+Y�J?@SRjkaTWA�k$Rf@Åk O RF8Ø�Z O L O @SR�Rf@S¿WAH@ÅÌKÁ'T�A�k�ÁF<NLfL O A�k�@SA�k O L O Rjk�@SA�J O c O ^SY[_H@SA?¿$k O ÁqZ?AHY[^SYW¿[@ O R�kUY O AKT�pH^ O kUZ O J O c O ^SYW_?ÆV O A�k�TWAHJ�@SV�_?^ O V O A�kaT�kU@SY[A�Y�»¬¼�<HTWA�kU<HVúL O _ O T&k O LURF8h\HY�L OPÄ TWV�_?^ O E"\�@S¿?8Nì�pµ@S^S^S<HRjkfLaT&k O R
ZHY'ikUZ O gITWV�T�A�RfÁ'T&kfk O LU@SAH¿�RfÁaZ O V O J O RfÁPLU@Sp O J�T�pmY&c O Á'TWA�p O <?R O J#kUY�¿ O A O LaT&k O6O A�kaTWAH¿W^ O V O A�kp O kvi OFO A�kÊi�Y6JN@SRjkaTWA�k�T&kUY[V�@SÁ O A?R O V�p?^ O RFE¡^ O »�kIÏ¤;�Ð�T�AKJ�LU@S¿[Z�k�Ï{g�ÐqEWR O _HT�LaT�k O J�p"Ã�TWA�TWpHRfY�LUp?Æ@SAH¿#ÁqZHTWAHA O ^$çÅè&ÿ�é¤8µØ�Z O kÊi�Y#_ O AHÁP@B^ÅÆêRfZKT�_ O J O AHR O V�pH^ O R6T�L O @S^S^S<HV�@SAKT&k O JÉp"ÃÉRjÃNA?ÁqZNLUY[AH@Sä O JÁF^BTWRfRf@SÁ'T�^K_H<?V�_�_?<H^SR O RF8 Ø�Z O L O Rf<H^ÅkaT�A"k »�YWLfi
T&LaJNÆêRfÁ'T&kfk O L O J�l"kUYW> O R _H<?^SR O RhT�L O ÁFYW^B^ O Áqk O J�TWAHJÁFYW<H_H^ O J�kUY6Y[_NkU@SÁ'TW^mÁaZKT�AHA O ^BRIÏ{Rf<HÁaZ�TWRhÌKp O LURaÐhT�»�k O L�_mY[^BT&LU@BäFT�kU@SY[ANÆ+T�AKJ�»ÓL O ¼�< O A?ÁPÃ"ÆvR O ^ O ÁPkU@Sc OÌK^Åk O LU@SA?¿#Y�»hkUZ O _?<HV�_?@BA?¿�^S@B¿WZ�k'8�Ø�Z O l"kUYW> O RI_H<H^SR O R�T�»�k O L�kUZ O kfLaTWA?RfV�@BRfRf@SYWAÚÁaZKT�AHA O ^SR�@SA?Æk O Lf» O L O T&k�TÚÿ u�
 ÆÊÿ u�
 p O T�VÖRf_?^S@Skfk O L'Ehi$@ÅkUZ�kUZ O YW<?kU_H<NkUR3J O k O Áqk O J�L O Rf_ O ÁPkU@Sc O ^ÅÃÒp"Ã9kÊi+YRf@SAH¿W^ O Æv_?ZHY�kUY[A�J O k O ÁPkUY�LUR6: C TWAHJÚ: ` 8�ÇvAÒRf<HÁaZ9T#ÁFYWA?ÌK¿W<?LaT&kU@BYWA�T�J O k O ÁPkUY�L6ÁF^S@SÁq>É@SV�_H^S@ O RkUZKT&k
Y[A O ¼�<KT�A"kU<?VîY�»�Rf_?@BA OPÄ ÁF@ÅkaT�kU@SY[A#ZKT�R
p OFO AµÁPL O T�k O J#@SAµkUZ O kvi�Y O AHR O V�pH^ O RFE?TW^ÅkUZHYW<H¿WZ@Åk�@SR�»�<HAHJHTWV O A"kaT�^S^SÃ�@SV�_mY[RfRf@SpH^ O kUY3J O k O LUV�@SA O »�LUY[Vái$ZH@SÁaZ�YW»DkUZ O kÊi+Y O AHR O V�pH^ O R kUZ O _HZ?YWÆkUY[AÀT&LfLU@Sc O JD8ÚØ�Z"<?R3kUZ O Rf@SA?¿[^ O _?ZHYWkUYWA�V O T�Rf<?L O V O A�k3_?LUY�& O ÁPkUR�kUZ O RjkaT&k O Y�»$kUZ O RjÃNRjk O V



νD

νD

νA

νS

|52S1/2,F=3>

|52S1/2,F=2>

|52P1/2,F=3>
|52P1/2,F=2>
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ÇÊA9kUZH@SR�R O ÁPkU@SY[A�i O _?L O R O A�k�_NL O ^S@SV�@BAHT�LfÃ OPÄ _ O LU@SV O A�kaTW^ L O Rf<H^ÅkUR�TW^SY[A?¿ÂkUZ O ^S@SA O R�Y[<?kU^S@SA O JTWpmY&c O 8�l"_ O ÁF@ÅÌKÁ'T�^S^SÃ�E i O @SA"c O RjkU@S¿¡T&k O J�L O RfY[AHTWA�kU^ÅÃ O A?ZKTWA?Á O J�gITWV�T�A�RfÁ'T�kfk O LU@SA?¿9<?Rf@BA?¿ÚTi
T&LUV ÕU×Pg�pÉc[T�_mYWL�Á O ^S^�T�AKJoEmi$@SkUZÉkUZ O gITWV�TWAÂ^S@S¿[Z�k'Eoi O k O Rjk O JÉRf@SAH¿[^ O Æê_?ZHYWkUYWAÒJ O k O ÁPkU@SYWAk O ÁaZHA?@Ó¼�< O R�8�Ø�Z O ^BT�kfk O L�¿WY¡T�^�@SR�k O ÁaZHA?Y[^SY[¿W@BÁFTW^S^ÅÃÒÁaZKT�^B^ O A?¿[@SAH¿�@BAÚkUZ O _?L O R O A�k6Á'T�R O E=Rf@BA?Á O@Åk�L O ¼�<H@ÅL O R�c O LfÃÂRfZKT&LU_9YW_?kU@SÁ'T�^hÌH^Sk O LU@BA?¿?8�Ø�Z O i O T�>ÚgITWV�T�AÉRf@B¿WAKT�^BR3T&L O ÁFYWÆê_NLUY[_KT�¿¡T&kU@BA?¿i$@ÅkUZ�_H<?V�_ÚÌ O ^BJ?R�i$ZH@SÁaZ�T�L O kvÃN_H@SÁ'TW^S^ÅÃ9V�TWA�ÃÉYWLaJ O LUR�Y�»
V�TW¿WAH@ÅkU<KJ O RjkfLUY[A?¿ O L'E�i$Z?@S^ O kUZ O»�L O ¼"< O AHÁqÃÒJN@ øoO L O AHÁ O p O kÊi OFO AÒkUZ O g�T�V�TWA�T�AKJÒ_?<HV�_ÂÌ O ^ÓJNR6@BR3Y[A?^ÅÃ�T#» O i���X�äÂÏ¤ìN8 u ì¡ÿ
��X�ä�Z�ÃN_ O LfÌKA O Rf_H^S@ÅkfkU@SAH¿�»�YWL�ÕU×PgIpKÐq8Él"kU<HJ?@ O R6YW»
kUZ?@SR�>"@SAKJ�T&L O @BV�_mY�LfkaTWA�k6@SA�kUZ O @ÅL�Y'i$ALU@S¿[Z�k'EDRf@SAHÁ O kUZ O�O AHR O V�pH^ O Y�»�g�pÚT�kUY[V�RI»�YWLUV�R�TµRjkfLUYWAH¿[^ÅÃÉA?Y[A?Æê^S@SA O T&L�V O JN@B<?V @SAÉi$ZH@SÁaZ
@SA�k O L O RjkU@SAH¿�YW_?kU@SÁ'T�^+_?LUY�Á O RfR O R3Y�ÁFÁF<?L�Y[AÒT#kU@SV O RfÁ'T�^ O kUZHT�k6@SR�V�<HÁaZÉRf^BY'i O L�kUZHTWA�@SA9V�Y[RjkAHYWAH^S@SA O T&L�V�T&k O LU@BTW^SRF8 \HY�L OPÄ T�V�_H^ O E&@SA�k O AHRf@ÅkÊÃIÑK<?ÁPkU<KT&kU@BYWAHR=TWAHJ�kÊi�Y�ÆêV�Y"J O _HZ?YWkUY[ANÆêAN<?V�p O LÁFY�LfL O ^BT�kU@SY[A?R�Á'T�A�p O Rf^SY'i O AHYW<H¿[Z�@SA�cWTW_mYWL Á O ^S^?gITWV�T�A�RfÁ'T&kfk O LU@SAH¿�»�YWL OPÄ _ O LU@SV O A�kaTW^�RjkU<HJNÃi$@ÅkUZ OqÄ @SRjkU@SAH¿#_HZ?YWkUY[ANÆêÁFY[<?A"kIk O ÁaZHAHYW^SY[¿WÃ�Ï{@{8 O 8SE=i$@ÅkUZ9AKTWA?Y[R O ÁPY[AKJÚJ O T[JÂkU@BV O R�YWL6^SY[A?¿ O LqÐq8Ø�Z O
OqÄ _ O LU@BV O A"kaT�^¡L O Rf<H^ÅkUR�L O _mY�Lfk O J�p O ^SY'i�@BAHJ?@SÁ'T&k O kUZKT�k�kUZ O L O ¼�<H@ÅL O J3Y[_NkU@BÁFTW^"ÌK^Åk O LU@SAH¿�»�YWLRf@SAH¿W^ O ÆvgITWV�T�A?Æê_HZ?YWkUYWA�J O k O ÁPkU@SY[A�Á'TWA�^S@S> O ^ÅÃ3p O L O T�^B@Sä O JDE"T�AKJ3kUZHT�kh_HZ?YWkUYWA?ÆêÁFY[<?A�k�V O kUZHY"JNRÁ'T�A�@SAKJ OFO J�p O <?R O J�kUYIÁaZKT&LaTWÁPk O LU@Bä O @SA"k O AHRf@ÅkÊÃ�ÑH<HÁPkU<HT�kU@SY[A?R¬@SA�Rf_mYWA�kaTWA O Y[<HRFEWA O T�LfÆ¤L O RfY[AHTWA�kgITWV�TWA#RfÁ'T�kfk O LU@BA?¿?8ÇvAÀY[<?L OPÄ _ O LU@SV O A�kUR3i O T�_H_H^S@ O J�T b d A O T�LfÆ¤L O RfY[AHTWA�k�_?<HV�_ÒÌ O ^BJ�kUY9TÂi
T�LUV�ÕU×PgIp
cWTW_mYWL�Á O ^S^IÏ����åè uEu�� b E=J O AHRf@ÅkÊÃ��åè u Cv` ÁPV � r ÐI<?Rf@SAH¿�T�A OqÄ k O AKJ O JNÆêÁ'T'c"@SkvÃÉJ?@SY"J O ^BTWR O LÏ{_mY'i O L"! �$# �Èÿ�V�d ¿[YW@SAH¿É@SA"kUY�kUZ O Á O ^S^ÓÐq8ÉØ�Z O Á O ^B^�i
TWR3ÁFYWA"kaT�@SA O JÒi$@ÅkUZH@SA�kUZNL OFO ^BT'Ã"Æ
O LUR�Y�»&%oÆêV O kaTW^$V�TW¿WA O kU@SÁ#RfZH@ O ^BJ?@SAH¿N8¾Ø�Z O _H<?V�_ÀÌ O ^BJÎÏ�»ÓL O ¼�< O A?ÁPÃ �('
Ð6i
TWRµT�_H_H^S@ O JÀkUYkUZ O*) C ^S@SA O E+T�_H_NLUY Ä @SV�T�k O ^SÃ�ë[ÿ u 7�X�ä�pH^S< O ÆÊJ O kU<HA O JÚ»ÓLUY[V*kUZ O Á O A"k O L�Y�»�kUZ O :�Y[_?_H^ O LfÆp?LUY[T[J O A O J�ÿW` p C,+a` k.- _ ì3÷½ÿ[`/! C,+a` k0- _ ì�kfLaTWA?Rf@SkU@SYWAÚÏ{R OPO T�^BRfY�\�@S¿?8�þ¡Ðq8hØ�Z O _H<?V�_�Ì O ^BJ@SAKJN<HÁ O J�T b d/»�YW<?LfÆ¤i
T'c O ÆvV�@ Ä @SAH¿�_NLUY�Á O RfRFEo<?AKJ O L�ÁFYWAKJN@SkU@SYWAHR�YW» O ^ O ÁPkfLUY[V�T�¿[A O kU@SÁ'TW^S^ÅÃÂ@SA?ÆJ?<?Á O J�kfLaT�AHRf_KT&L O AHÁqÃÂÏ¤QhÇÊØ$ÐqENTWR�@SAHJ?@SÁ'T�k O J�@SAµ\�@S¿?8Nþ?8 ÇvA�kUZH@SR�RfÁaZ O V O kUZ O RUT�V O _?<HV�_�Ì O ^BJÁFYW<H_H^ O JÂpmY�kUZ�kUZ O - _ ë�T�AKJ�kUZ O - _ ì�¿WLUYW<HAHJ�RjkaT�k O R�kUY�kUZ O�OPÄ ÁF@Åk O J�RjkaT&k O RF821IRf@SAH¿#T



Laser

Grating

85Rb cell

FP

νD νD
νA

νS

Single-photon counter

Fast photo detector

PBSλ/4λ/4
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\KT�p?LfÃ"Æv] O LUYWk$@SA�k O Lf» O LUY[V O k O L'E?i O YWpHR O LUc O J#kUZ O L O Rf@BJN<KTW^okfLaTWA?RfV�@Åkfk O J#_?<HV�_�Ì O ^BJDEHTWR$i O ^B^TWR�gITWV�T�A�l�kUY[> O R�Ï ���KÐITWAKJ9TWA�kU@ÅÆÊl"kUY[> O R�Ì O ^ÓJNR�Ï �	� ÐqEDi$ZH@SÁaZ9_NL O J?YWV�@SAKTWA�kU^ÅÃÂ_NLUY[_KT�¿¡T&k O JÁFYW^B^S@SA O T�LU^ÅÃ#i$@ÅkUZµkUZ O _?<HV�_�p O T�V Ï�kUZ O _mY'i O L$@SA�kUZ O gITWV�T�A�Ì O ^BJ?R�i�TWR$T&k$V�Y[Rjk�è u Æ
è u+u
%odÎÐq8¬Ø¬Y�RjkU<KJ"ÃÂkUZ O ¼�<HTWA�kU<HV RjkaT�kU@SRjkU@SÁ'TW^�_NLUY[_ O LfkU@ O R6Y�»�kUZ O R O Rf_mYWA�kaTWA O Y[<HRf^ÅÃÚ¿ O A O LaT&k O JÌ O ^ÓJNRFEm@ÅkIi�TWR�ÁqLU<HÁF@BTW^=kUY�@BRfYW^BT�k O�OqøoO ÁPkU@Sc O Rf@BA?¿[^ O V�Y"J O R�c"@ÓT�_mYW^BT�LU@Sä'T�kU@SYWA=Eo»�L O ¼�< O AHÁPÃ�EKTWAHJRf_KT&kU@BTW^DV�Y"J O ÌH^Åk O LU@SAH¿?8hØ�Z?@SR�i
TWR$@SV�_H^ O V O A"k O J�i$@SkUZµkUZ O R O kU<H_µRfZHY'i$A�@SA�\�@B¿N8Hÿ"E?<HRf@SAH¿�T\KT�p?LfÃ"Æv] O LUYWk O kaT�^BYWAµTWAKJ�T�_mY[^BT�LU@SäF@SAH¿3p O T�V�ÆvRf_?^S@Skfk O L'8�G�J?J?@ÅkU@SY[AHTW^S^ÅÃ�E¡i O <HR O J�T�J?@ ø LaTWÁqkU@BYWA¿WLaT&kU@SAH¿?EKTWAHJÒÏ{AHY�kIRfZ?Y'i$AmÐ�@SA"k O Lf» O L O A?Á O TWAHJ#ÁFYW^BY�LIÌH^Åk O LUR�T�R
i O ^S^�T�RI_?@SAHZHYW^ O RFâ�Ï{@ÓÐ+kUY�Rf<?_?Æ_?L O RfR�ÁFYWA�kfLU@Bp?<?kU@SY[A?R�»�LUY[V kUZ O Rf_mYWA�kaTWA O Y[<HR O V�@SRfRf@SY[A�pHTWÁa>"¿WLUY[<?AKJ�Y�»mkUZ O ^BTWR O L \ T�AKJ�Ï{@S@ÓÐ�kUYTW^S^SY'iË»�Y�L�Rf@SV�<?^ÅkaTWA O Y[<HR�J O k O ÁPkU@SY[A�i$@ÅkUZ�Rf@SAH¿[^ O Æê_?ZHYWkUYWA?ÆêÁFYW<HA�k O LUR�TWAKJ�»�TWRjk+_HZHY�kUY6J O k O ÁPkUYWLURÏ�»�Y�L�kU@SV O Æ¤L O RfY[^Sc O JöJ O k O ÁPkU@SY[A�YW»�ÑK<?ÁPkU<KT&kU@SY[AHR�YWL�L O ÁPYWLaJ?@SA?¿ÚkUZ O Rf_ O ÁPkfLU<?VÖY�»�p O T&k�AHY�k ORf@S¿[AHTW^SRaÐq8�dË@SkUZ�kUZ O Á O ^S^D^ O AH¿�kUZ b _ g�ÁFVåT�AKJ�T�p O T�VåJ?@BT�V O k O L ) � è�V�V�E¡kUZ O \?L O RfA O ^A"<HV�p O L ) ` Y	
�b9i�TWR�RfY[V O i$ZHT�k�^BT&LU¿ O L�kUZKTWA#è[8 Í O c O LfkUZ O ^ O RfRFE�Y[<NL�L O Rf<?^ÅkUR+@SAKJN@BÁFT�k O kUZKT&k+@Åk@SRI» O TWRf@SpH^ O kUY#J O k O ÁPkIRf@S¿[AHTW^SR�»�LUYWV T�Rf@SAH¿W^ O Rf_KT&kU@BTW^�V�Y"J O EK_mY[RfRf@Sp?^SÃÂJ?< O kUY�i
T'c O Æv¿W<H@BJ?@SA?¿
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