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Principe de la technique
de diffraction X femtoseconde
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Détecteur lent Détecteur rapide

SSynchronisation 
temporelle

Pompe infrarouge 
femtoseconde

Sonde X sub −picoseconde

  

Sonde X sub − nanoseconde

Pompe infrarouge
 femtoseconde

Exemple en géométrie de Bragg (réflexion) Exemple en géométrie de Laue (transmission)

Retard

aa.. bb..

  Temps

Intensité
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Laser infrarouge incident

KKαα silicium (7,13ÅÅ))

Rayonnement X thermique et 
Bremsstrahlung

Électrons rapides

Solide chauffé par 
les électrons rapides 
(20KeV) sur 10000ÅÅ

Plasma thermique (250− 400 eV)
sur 2500 ÅÅ

Cible de silicium

Zone d’ expansion du plasma
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Nc (cos θ) Nc 

|E|
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Polarisation P
Amplitude de l’ onde 

de plasma

Plasma

θ angle d’ incidence 

du champs électrique
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Electron énergétique

Ionisation en couche interne (K) 
et photo− émission

Rayonnement X Kαα
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Spectre de la source X laser/plasma avec une cible de Si
Intensité 1016 W/cm22 −  Durée de l’ impulsion laser (100 fs)

Supra− thermiqueRaies du plasma thermique

Longueur d’ onde (Å)
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33

Comparaison de l’ émission X dû au rayonnement Bremsstrahlung 
avec la raie Kαα

Fond continu dû au
rayonnement 
Bremsstrahlung

Raie Kαα
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Schéma de principe du contrôle du gradient électronique

Sans pré− impulsion

Avec pré− impulsion

Cible de silicium

Densité électronique en 
fonction de la profondeur
dans la cible solide 

ZZ

ZZ

Retard temporel  

Impulsion 
principale

Pré− impulsion

Miroirs troués

Les trajets optiques 
sont indicatifs

Impulsion
laser

Impulsion
laser

Impulsion
laser

Impulsion
laser

Impulsion
laser

Impulsion
laser

Impulsion
laser

Impulsion
laser

Impulsion
laser

¬�­¯®7°²±�³¸´7µ�E�ö�Î@»,¹�Õ�Å�½�¾ÝÀ,Ã�Ç�Ê,Î2ÇÉÀÁ¾-½,Â"¿¥÷,¿¥º�ø�Õ�¾Ý½,¼BÂ$�+ÄÆ¾ÝÇ�Õ�À+Â,Ä�¿�ÇÆ¼BÊ7ß
È�;»:?KM8�L2;>f =<;>KAL9I!L�@¤=³;�=?egN��jf�L9fJIao�f��jIM;go�:kL9N´@^o�L�o�L9NJKA:?@A6�69=?L�8±@AIAegNJ:³²´fJLBo�f 5J=³;>KMµ¤;
ë�6�²Of�;G@M:?ejN ¶HÀSÁ�ì$À
Å�L+5JInL9µ!:?L9Ih5�;>IÒ;>µ�Æ�@AIAL���=kL[�gIÒ;»o�:?L9NO@�o�LSo�L9N�KM:m@M6+69=?L�8±@AIAegNJ:³²Of�L*o�f05J=³;»KAµa;H�JL9Kn@�8±ejNHó
@AI�òg=k6HL�N�f�@M:?=k:?KÒ;>NO@*f�NJLH5JIA6$ó�:?µ!5JfJ=?KA:kegN�È<ejInµ!69L�P^5�;»I[@M:?ISo�LH=1� :?µ!5JfJ=?KA:kegN�5JIA:?N(8�:?5�;»=?L
KAfJ:m¹g;»N´@�=?L·5JIn:kNJ8�:k57L·:?N(o�:³²´fJ6·KMf�I�=<;�mx�gfJIAL­¶HÀ Ù<ÀXÐxL�@A@AL·5JIn6$ó�:kµ!5�fJ=kKA:?ejNBL9Kn@XÈ e�8�;>=k:?KA69L
KAfJI�=³;l8�:?iJ=kLhKAeg=k:ko�L�;9¹g;»NO@�=1�î;»IAIn:m¹´69L¢o�Lh=1� :?µ!5JfJ=?KM:?egN!=<;>KAL9Ioë :?µ!5JfJ=?KA:kegN!5JIA:?N(8�:?5�;»=?L�ì�²Of�:
5JIne�o�f�:?@X=?L$IÒ;9½´egNJNJL9µ!L�NO@�Ç�À9Ð�L�@n@ML$5JInL9µ!:?Æ9IAL$:?µ!5Jf�=kKA:?ejN�È egIAµ!L�fJN*5J=³;»KAµa;HÀ�Å�egIAKM²OfJL
=1� :?µ!5Jf�=kKA:?ejNÔ5JIA:?N(8�:?5�;»=?LaL9Kn@VÈ e�8�;>=k:?KA69LaKAfJI*=³;�8�:?iJ=?L�� L�=k=?La:?NO@AL9IÒ;9�j:m@­;9¹´L�8!fJNÔ5J=³;>KMµ¤;
5J=?fJKXegf·µHej:?NJKXo�6�@ML9N(o�f*L9NVÈ<ejN(8 @M:?ejN-o�f*IAL�@Ò;»IAoSKA695�;»IM;»N´@ =?L9KXo�L9fHÎ*:?µ!5JfJ=?KA:?ejNJKX=³;>KML9IAÀ
Q N�m<Î�L*=kL·InL�@ ;>IMo0@ML9µ!57egIAL9=�L�NO@MInL·=?L9K�o�L9fHÎ :?µ!5Jf�=kKA:?ejNJK�o�L·µa;>NJ:?Æ9IAL�P!eji�@AL9NJ:?I fJN
�gIÒ;»o�:?L9NO@�o�L*o�L�NJKM:m@M6+69=?L�8±@MInejNJ:k²OfJL*²Of�:�ej5�@A:kµ!:?KALS=1�õ;>iJKAegIA5�@M:?egN o�LS=1� 6�NJL9I��g:kL+=<;>KAL9I¢L±@
=³;�5JIne�o�fJ8±@M:?ejN o�f IM;�½jejN�NJL9µ!L9NO@�Ç

Kα
À¬ÐxL�@A@AL�µ!6�@_Ã�e�o�L�57L9IAµ!L�@ao��õ;>f��gµ!L9NO@AL9I

=?L¤N�ejµ-i�IAL¤o�L!5�ÃJeg@AejNJKQÇ
Kα

5�;>I*fJN�È ;»8±@ML�fJI�ÖéPBÄ0;9¹´L�8HfJNJL¤8�:kiJ=?Lao�L!KA:k=?:k8�:?fJµ
o�SU;>K#Ê¢Ù{t;À
Å�L!KML98�ejN(o 5�;>IÒ;>µ�Æ�@MInL¤L9Kn@*=;�î;»N��g=?Lao�� :?N(8�:ko�L9N(8�L^o�f�È�;»:?KM8�L2;>f =³;»KAL9ISKMfJIS=³;�8�:?iJ=?L�À,Ì�=
L�KA@¢o�L

45◦
57egfJIhfJNJLS8�:?iJ=?L*o�L+KA:k=?:k8�:kf�µ�À

Å}� :kN´@ML9NJKA:m@M6¤o�f�È�;»:?KM8�L2;>fÔ=³;>KML9I+:?N(8�:ko�L9NO@*:kNHõ(fJL!6A�O;>=?L9µ!L9NO@SKAfJIS=?L!NJegµ-iJInL¤o�LH5�ÃJe0ó
@AejNJKoÇ 5JIAe�o�fJ:m@MKDÀRÅ}� 6�NJL9I��g:kL·o�L�K�69=kL98±@MIAegNJK IM;»5�:³o�L9K�;>f��jµHL9NO@MLS57ejfJI¢fJNJL*:?NO@ML9N�KM:m@M6



�,¢ £�ê3ß w z	ß��Yäoå�ägãSá�è1ä�z }�w ß¥¤¦y�ä\å�äoå9ß¨§Hê�á7z$è-ß � wp©«ª ä�ç�è � æ�ä�z � w åZä |~} áB�<ßNè-ê�äXW

8�IAeg:?KMKÒ;>NO@MLao�L¤=1� :?µ!5JfJ=?KA:kegN =³;»KAL9IS:kN(8±:³o�L�NO@ML�o²Þ�ejfxÊ0Ñ²tpÀ,Å�L¤NJejµ·iJIALao�L^8�eg=?=k:?KA:?ejNJK·L�@
o�� :?egNJ:kKÒ;G@M:?ejN�K�L9NH8�egf(8#Ã�L�:?NO@ML9InNJL�o�L�¹�:?L9NO@�5J=?fJK�:?µ!57egIn@ ;>NO@�L�@�=?LUNJejµ·iJIAL�o�LU5�ÃJe»@MegNJK
Çc69µ!:?KhKD�õ;»898�IAe9ðk@�À
÷�;»NJK�=?L+89;go�InL+o�L�=<;-o�:�ÔªIÒ;»8±@M:?ejN,Ç�È L�µ·@MegKAL�8�egN(o�L���=³;-o�fJIA69Llo�Ll=1� :?µ!5JfJ=?KA:?ejN,Ç�o�eg:?@
8�L957L9N(o(;>NO@^InL9Kn@ML9Ia;»f�@AejfJIao�L�Á9ºjº�È KDÀ¬Ð�L 8�In:?@�Æ9IAL�=k:?µ!:m@ML�=1� 69NJL9I��j:?LBo�L9K¤69=kL98±@MIAegNJK
IÒ;>5J:ko�L9K¾²OfJ: 57L9f�@,Í�@AIALBf�@M:?=?:kKA69L8ë 8�egNO@MI�òj=?L}o�f
@ML�µ!5JKCo�L}o�6�5mòg@¾o�LB=;� 69NJL9I��g:?L}o�L9K
69=?L�8±@MInejNJK¢IM;»5�:³o�L9K¢o(;>NJK¢=³;H8�:?iJ=?L�ì$À
Å}� 6�¹jej=?f�@M:?egN�o�L^=;� 69NJL9I��g:?L0o�L9K­69=?L�8±@MInejNJK­IÒ;>5J:ko�L9KHL9NaÈ ejNJ8±@M:?ejN�o�LC=1� :?NO@ML9N�KM:m@M6C=³;»KAL9I
:?N(8�:³o�L9NO@MLE;�6�@A6 8�;»=k8�fJ=?69LïP}=;�î;»:ko�LBo�L�KA:kµ·fJ=<;G@M:?egNJK�o Ó V Ä0ÙCtpÀ Â�;>I¤L$Î�L9µH5J=kL���57ejfJI
Iλ2

ë � µ µ 2
Û>8�µ

2
ìU8�ejµH5JIA:?K¢L9NO@MInL

5.1014
L±@

1017
�J=<;�È egN(8±@M:?ejN o�L*o�:?Kn@MIn:kiJf�@A:kegN o�L9K

69=?L�8±@MInejNJK�IÒ;>5J:ko�L9K 57L�f�@XÍ�@MInL·o�698�IA:m@ML*5�;>I�fJNJLSµa;�ÎGF�L9=?=?:kL9N�NJL-8�;>IÒ;»8±@M69In:kKA69L*5�;>I�fJN�L
@ML9µH5769IÒ;G@MfJIAL

Th
ÀiQ Na8�egNJKM:ko<Æ9InL ²OfJL¢=;�î;»i�KMegIA5�@A:kegNaL9Kn@$IA69KAejN(;»NO@AL�L�@$=<;+57eg=³;»In:kKÒ;G@M:?ejN

Â�ÀiÂ�ejf�IhfJNJL+:?N(8�:ko�L9N(8�L*o�L
24◦

��ejN¾@AIAegf�¹´L�.

Th,keV ≈ 20(I1016W/cm2λ2
µm)0,39(Te,keV )0,25 ëÅ¶HÀõ¶�ì

eH�
Te
L9KA@h=<;·@ML9µ!5769IM;>@AfJIALSo�L9Kh69=?L�8±@MInejN�K�o�f05J=<;>KAµa;·@_ÃJL9IAµH:³²´fJL�À

ÂXegfJIU8#ÃJeg:kKA:?IU=1� :?NO@ML�NJKA:?@A6l=³;>KML9I�ej5�@A:kµ¤;»=?L�:?=YÈ ;>f�@�o�ejN(8 In62;>=k:?KAL9IUfJN¾8�egµ!5JIAegµ!:?KUL9N´@MIAL
=³;Ho�fJIA69LSo�f0IM;�½jejNJNJL�µ!L9NO@RÇcKAejf�Ã�;>:m@M69LSL±@¢=?LSN�ejµ-i�IALSo�L+5�ÃJe»@MegNJK\Ç�5JIAe�o�fJ:?@AK�À
Å}� L9NJKAL9µ·iJ=kL+o�L9K�5�;>IÒ;>µ�Æ�@MInL9Kho�ejN´@¢o�6957L9N(o�L�NO@¢=?L9Kh8�;»IM;g8±@A69IA:?Kn@M:k²OfJL9K¢o�L+=³;-KAegfJIM8�LhÇ
Kα

L�KA@h:?N(o�:³²´fJ6SKAfJIh=³;-@Ò;»iJ=?L*¶<Àî¶<À
#�Æ {�Á þªÇ {By�{�È!Ã�|<{�Ö É Á ÌªÆ È Ì�NO@AL9NJKA:?@A6S=³;>KAL9I
ò |�Í�Ù Ö´Á�I É {By Í Á Ê´ÛªÌªÆXÆ { Î { Æ7É!d

Kα
��IÒ;»o�:?L9NO@�o�LSo�L9NJKA:m@M6+69=kL98±@MIAegNJ:k²OfJL

Â�ej=³;>IA:?KÒ;>@A:kegN o�f0=³;>KML�I
� N��g=kLSo�� :?N(8�:ko�L9N(8�L.ë�=<;>KAL9I)Û>8�:?iJ=kL�ì

Ó�NJL9I��j:?LSo�f0=<;>KAL9I
#�Æ {�Á þªÇ {By�{�È Ë × Ì(É2ÌªÆ È d �Eo�LS=³;­8�:ki�=kLSKAeg=k:ko�L
ò |�Í�Ù Î�Ì�Û { Æ y Í Á Ê´ÛªÌªÆXÆ { Î { Æ7É!d

Kα
ü ;»f4Î0o�LSIn69576�@M:m@M:?egN o�f0=³;>KML9I

s Ò+ÖKü¯³¸´7µð´��KÅ¡Ã�ÅUÕ�øIº�Ã�¾�¿J��Ì,ÅUÊBºGÄÉ¾�¿�Î2Å¡Ã�ÅBÎ@º�¹2Ã�Ç�¿¥º@Ç Ú Â�¾�¿G½�¾ÝÄ�Å�¿Ó¼BÂ�Ã�ÎI¾ÝÐ Kα

ü�egfJK�8�L9K$5�;>IÒ;>µ�Æ�@MInL9K$ejNO@x6±@M6¢ej5�@A:?µ!:kKA69Kxo(;>NJKx=³;S8�egN<mx�jfJIM;>@A:kegNC;»8±@MfJL9=?=?L o�L¢=;� L$Î�576$ó
IA:?L9N(8�L��(8�L957L9N(o(;>NO@ o�L9fHÎ0o�� L9NO@AIALSL�fHÎ057L9f�¹´L�NO@fÍ±@MIAL*;»µH69=k:?egIA69K/.�=?L[õ(fHÎ08�I�Í�@ALSL�@¢=?L
õ(fHÎ¾µ!e2½´L�N�À
Å�L\õJfHÎ¤8�I�Í�@ML¢o�f!IÒ;9½´egNJNJL9µ!L9N´@}Ç 57L9f�@�Í�@MIAL�;>f��gµ!L9NO@A6¢L9N!f�@M:?=?:kKÒ;>NO@xf�NJL¢:?µ!5JfJ=?KA:kegN
=³;»KAL9I·;9¹´L�8HfJN�L¤69NJL9I��j:?L¤5�=kfJKS:?µ!57ejI[@ ;>NO@MLH@Aejf�@SL9NÔInL9Kn@ ;>NO@�P¾:?NO@ML9N�KM:m@M6¤8�egNJKn@ ;>NO@ML�À
Ð�L�=<;}IAL±¹�:kL�NO@*P ;>f��gµ!L9NO@AL9I!=³;E@ ;>:k=?=?L o�L0=³;E@ ;»8#ÃJL@È e�8�;>=kL�=³;>KAL9I!KMfJIH=<;}8�:kiJ=?L0L�@¤=?L
¹´eg=kf�µ!L0o�� :?NO@ML9IM;g8 @M:?ejN�=<;>KAL9I)ÛG5J=³;»KAµa;HÀ¯Å�L¾NJegµ-iJIAL¾o��õ;G@Megµ!L9KH69µ!L�@n@ML9fJIAKHL9Kn@a;>f��9ó
µ!L9NO@A6*;>:kNJKA:u²Of�L+=<;H²´f�;»N´@M:m@M6So�L+5�ÃJe»@MegNJK\Çc69µH:kKDÀ



WçêÆWìëYäzæxíOæ)è1é�ç�ä ©«ª ä�ç�è � æ�ä�z � w å�ä �+î

Å}�î;»f��gµ!L9N´@ ;>@A:?ejN o�f�õ(fHÎ�µ!e2½´L9NÔo�fÔIÒ;9½´egNJNJL9µ!L9N´@�Ç§57L9f�@VÍ�@AIAL¤egi�@AL9N�fJL¤L9NÔf�@M:°ó
=?:?KÒ;»NO@af�NJL KAegfJIM8�L@Ç�;9¹´L�80fJNJL 8�;»o�L9N(8�LBo�L�In69576�@M:m@M:?ejN 5J=kf�Ka69=?L�¹´69Lrë o(;>NJKaNJe»@MInL
8±ejN<mx�gfJIÒ;G@M:?egN =³;�8�;go�L9N(8�L o�L�In69576�@M:m@M:?egN o�f =³;»KAL9I!L9Kn@ao�L�Á9º r�T�ì)À�Å}� f�@A:k=?:?K ;G@M:?egN
o�� fJNJL·8_Ã�;�ð³NJL*=³;»KAL9IoÈ ejNJ8±@M:?ejNJN(;»NO@l;>f R r(T*57L9Inµ!L�@A@AIÒ;>:?@ o�L��´;9�jNJL�I o�L9fHÎ�egIMo�InL9K o�L
�gIÒ;>N(o�L9fJIAÀ
� T � T��$vR�L29'#2OC��3(#'�>?"D�1>NM�/O�#"[5<�f+�2�"$=4/0'ECE�o�
Å�L9K¢8�;>IÒ;»8±@M69In:kKn@A:³²Of�L9K�o�L+=³;­KAejfJIA8�L^Ç

Kα
KAegNO@hIA69KAfJµ!69L9KhKAfJIh=³;-@Ò;»iJ=?L*¶<À²Ï�À

p0Í�Á2ÃO{By�{E|�~ Ç�Î Ë Í�|�È Ç<ÌªÆ d È Ç�ÎÔÇ | Ê�Ç Á2{LKÔÖg{�|�|<{Eyu{E|W~ Ç�Î Ë ÍX| È Ç<ÌªÆ | Ê È9{�ÁNM ¸4ÿiÿ ½ È#�Æ {�Á þFÇ {By�{ ¸ h í îOK�îQP({SR#�ÎÔÇ È�È Ç ÌªÆ
Ç È Ì�É Á Ì7Ë {TM
2π

È É Ã�Á Ê y Ç Ê�Æ È
`zÌªÆuÌ Ö»×�Á ÌªÎ�ÊJÉGÇ-» Íu{UM ∆λ

λ
= 10−4/9Æ Ö Ì ×uÃ�Á2{ Æ7É {

�*Ê y�{ Æ Öj{By�{BÁ2Ã Ë Ã ÉGÇ³ÉGÇ<ÌFÆ f�Ù�ÃO{ Ë�Ê Á^|<{E| Ê È9{�ÁNM ¸4ÿ ,WV

s Ò+ÖKü¯³¸´7µ��'>�¹�¿�Â,Õ�¹Ý½,¾�¿�ÎIÅUÃ�ÅUÎxº�¹2Ã�Ç�¿¥º@Ç Ú Â,¾�¿�½�¾-ÄÆÅ�¿Ó¼BÂ,Ã�Îx¾ÝÐ Kα

º ¿ º ¿ º /�Æ7É Ã�Á�I É y Í�Á ÊOÛ7ÌªÆXÆ { Î { Æ7É�d
Kα

Ë�Ê ÁlÁ Ê(ËXË�Ì Á É�Ê Í�Ù Ê Í É Á2{�È�È Ì Í�ÁGÖj{�Èd
Å�L9KB5JIne��gI�Æ9K @AL�8#ÃJNJeg=ke¢�g:³²´fJL9K}In62;>=k:?KA69K}oJ;»NJKB=kL o�ejµ¤;»:?NJL o�L9KBKA½�KA@�Æ9µ!L9KB=³;>KML�IEo�L
5Jf�:kKAKÒ;»NJ8�L}egNO@C57L9IAµH:kK&P o�LEN�ejµ-i�IAL9fHÎ =<;>i7egIÒ;G@Meg:kInL9K0o�LEKD� 69²OfJ:?5ªL�ICL9NÝKn½�Kn@_Æ�µ!L9K
InL9=³;>@A:?¹jL9µ!L9NO@-8�egµ!5�;»8±@MK*L�@·57L9fÔejNJ69InL9fHÎ 5�;»ISIÒ;»5�57ejI[@�P0o�L.�gIÒ;>N(o�K*6�²OfJ:?57L9µ!L9NO@AK
8±ejµ!µHL¤=?L9KSKA½�N(8#ÃJIAe»@MInejNJKDÀ,Ð�L9KSKA½�KA@�Æ9µ!L9KS=³;»KAL9ISejN´@*57L9IAµ!:?K·o�Lao�6�¹jL9=?ej5J57L9IS@Aejf�@AL
fJN�L^KA69IA:?LCo�LaKAejfJIA8�L9K-KAL�8�egN(o(;»:?IAL�K­=³;»KAL9I#Û>5J=³;>KMµ¤;Bo(;>NJK-=?LCo�egµa;»:?NJL.Çfó � 1 .�=<;>KAL9I
Çoó � 1�oõ4�L�ixÊOÄÁtp�0Ã�;»Inµ!ejN�:³²Of�L9K(oðr ;>IMº<Á�tp�»IÒ;9½´egNJNJL9µ!L9NO@�Ç @_ÃJL9Inµ!:k²OfJL�5JIAe�o�fJ:m@�5�;>I fJN
5J=³;>KAµa;po V Ðw÷ +

ºjº{t;ÀLÐh� L9Kn@�o(;»NJK�8�Lh8±ejNO@AL$Î�@ML�²Of��î;�6±@M6ho�6�¹jL9=?ej5J5769L�=<; KAejfJIA8�LwÇ
Kα

À
ÐX� L9Kn@�=³;*KAL9fJ=?L KAejf�IM8�LfÇ
o�:kKA57egNJ:ki�=kL+;»8±@MfJL�=k=?L9µ!L9N´@�o(;»NJKU8�L�@n@MLf�O;>µ!µ!L o�L =?ejN��gfJL9fJI
o�� egN(o�L�o�ejNO@ =<;�o�fJIA6�L�@AL9µ!57egIAL9=?=?LUL9Kn@�o�LU=1� ejIMo�IALUo�� fJNJL�8±L9NO@ ;>:?NJL�o�LwÈ<L9µ·@MegKAL�8�egN(o�L9KDÀ
Å�L9K0KAejfJIA8�L9K@Ç KAfJKM8�L95�@M:?iJ=?L9K o�L 5JIne�o�fJ:?InLÔo�L9K�:?µ!5JfJ=?KA:?ejNJK@Ç 8�egfJIn@AL9K o�� 69NJL9I��g:?L
KAfJ5769In:kL�fJIAL^;»f R L21§ejNO@D�XKAeg:?@·o�L9K*57L9I�È<ejIAµ¤;»N(8�L�K·5J=?fJK·=?:?µ!:m@M69L9K-;»fÔNJ:m¹´L2;>fÔIA69KAeg=kfHó
@A:kegN�@ML9µ!57egIAL9=?=?L���KAeg:?@¤KAegNO@¤L9N 8�egfJIAKao�� 6�@Mf(o�L�L�@¤=?L9fJI¤o�6�¹jL9=keg5J57L9µ!L�NO@aN�� L9Kn@¤5�;»K
KAf<6!KÒ;»NO@h57ejfJI�57ejf�¹jej:?I¢L$ÔFL�8 @MfJL9I¢o�L9KhL$Î�5769In:kL�N(8�L9K�o��õ;>5J5J=?:³89;>@M:?egNJKDÀ
Å�L9K!8�;»IM;g8±@A69IA:?Kn@M:k²OfJL9KD�xL9N�@AL9IAµHL�o�L¾iJIA:?=?=<;>N(8�L�L�N�È egN(8±@M:?egN o�L0=;� 69NJL9I��j:?L���o�L9K¤o�:?È ó
È<69IAL9N´@ML9KUKAegfJIM8�L9KgÇzo�egNO@U:k=ªL9Kn@�²OfJL9Kn@A:kegN¾o(;>NJK�8�L�@A@AL�5�;>In@A:kL KMegNO@U:?N(o�:k²OfJ69L9K�o(;»NJKU=?L
KM8#Ã�69µa;Ho�L+=³;�mx�gfJIAL*¶HÀ Ê<À}Å�;­iJIn:k=?=³;»N(8�LSKA57L�8±@AIÒ;>=kL+L9Kn@�8�;>=³8±fJ=k69LSL9N05�ÃJe»@MegNJK)Û<ë	Á�ºgºIÈ K
µHIÒ;»o

2
µ!µ

2
º<�SÁ ! =<;>I��gL9fJIxKA57L�8±@AIÒ;>=kL�ì)ÀLÅ�L¢NJejµ·iJIAL�o�L�5�ÃJe»@MegNJKx5JIA:?KxL9Na8�ejµH5�@ML¢L9Kn@

=?L*NJegµ-iJIAL*o�L·5<ÃJeg@AejNJK�IA69L9=?=?L9µ!L9NO@ 69µH:kK�L9NrÁ9ºjº�È KD��=kL9K 8#ÃJ:�ÔªIAL9K :?N(o�:k²OfJ69K o�:?Ô!Æ9InL9NO@
o�egN(8+o�L9K�¹j;>=?L9fJIAKhf�@M:?=k:?KA69L9K¢fJKAfJL9=?=?L9µ!L9NO@Vë�iJIA:?=k=³;>N(8�L*8�I�Í�@ML+ejf0iJIn:?=k=³;»NJ8�LSµ!e2½´L9NJNJL�ì$À



W{õ £�ê3ß w z	ß��Yäoå�ägãSá�è1ä�z }�w ß¥¤¦y�ä\å�äoå9ß¨§Hê�á7z$è-ß � wp©«ª ä�ç�è � æ�ä�z � w åZä |~} áB�<ßNè-ê�äXW

B
ri

lla
nc

e 
sp

ec
tr

al
e

ERL (onduleur)

¬G­ð®7°²±�³¸´7µ�X8å<Ã�ÇÆÄ�ÄÆÅBÊ,ÎI¾-¿ÓÀÁ¾�Îxº�Ã�ÅBÄÉ¾ÝÀÁ¼BÂ�ÃG½,ÇÉÏÁ¹2Ã�¾�ÊBº�¾�¿�¿Ó¼BÂ�Ã�ÎI¾�¿�ÐY5 >Z>\[^]�_�;�ß



WçêÆWìëYäzæxíOæ)è1é�ç�ä ©«ª ä�ç�è � æ�ä�z � w å�ä Wç�

Å�;CiJIA:?=k=³;>N(8�Lao�L!=³;¾KAegfJIM8�LIÇ
Kα

L9Kn@*:?N(o�:k²OfJ69L¤KAfJI+=<;*mx�jfJInLa¶<À²Ê057egfJI*o�:�ÔF69InL9NO@AK
µ¤;>@A69IA:³;»fHÎ .^8±fJ:?¹�IALkëpÐ�fiì$��KA:?=k:k8�:?fJµ ëÅ4�:�ì$�$;»=?fJµ!:?NJ:?fJµ ë � =�ì$��8�;»=k8�:?fJµ ëpÐ�;�ìSL�@IÈ L�I
ë�ñ(L�ì)À
� fENJ:m¹´L�;»fE:?NO@AL9IAN�;G@M:?egN�;»=X5J=?fJKA:kL9fJInK�6�²OfJ:?57L9K�f�@M:?=?:kKAL9NO@�6A�´;»=?L9µ!L9N´@l=?L·IÒ;9½´egNJNJL9µ!L9N´@
Kα

:?KMKAf�o�L+=1� :?NO@AL9IÒ;»8±@M:?egN�=<;>KAL9I)ÛG5J=³;»KAµa;HÀ
Ó�N � =k=?L9µa;9�jN�L¾=kL,�gIAegfJ57L0o�f�5�IAe�È<L9KAKML�fJI­¹jejN�o�L9IIÅ�:?N(o�L�PB=1� � N�:?¹jL9IAKA:m@M6¾o���Ó�KAKAL9N
oî4Hü�Sg÷

+
º<Á,t�L±@�=?Lw�gIAegfJ57L�o�f-5JIne�È L�KMKAL9fJI�ñJejKn@AL9IÜP�=1� � NJ:?¹jL9IAKA:m@M6Uo�L 5 L9N�;�o²ñ Ú � +

º<Á2;7t
f�@A:?=k:?KAL9NO@·fJN�L&�j69egµ!6�@AIA:?L¤L$Î�5769In:kµ!L�NO@ ;>=kL¤:ko�L9NO@A:³²´fJLC;9¹´L98!fJNJL¤eg5�@M:k²OfJL�Ç o�L&È e�8�;�ó
=?:?KÒ;>@A:kegN ë 8±:kiJ=?L9K·o�L¤@A:?@Ò;»N�LaL�@·o�L¤KM:?=?:³8±:kfJµ IAL9KA57L�8±@A:m¹´L9µ!L9NO@)ì$À,Å�L9fJIAK*57L9I�È<ejInµa;»N(8±L9K
KAegNO@hKM:?µ!:?=³;»:?IAL9K ;>fHÎ¾NJe»@MInL9KDÀ
� fHÎ�Ó�@ ;G@MK	ó � NJ:?KD�"PE=1� � NJ:m¹´L�IAKA:?@A6�o�L 4�;>N�÷�:?LA�je�L9N�Ð�;>=k:?È egIANJ:?L�ë � Ðh4<÷^ì$��;»f(8�f�NJL
eg5�@M:k²OfJL-o�L�È e�8�;>=?:kKÒ;G@M:?egNEN�� L9Kn@ f�@M:?=?:kKA69L-o(;>NJK =kL-o�:kKA57egKM:m@M:?È�L$Î�5769In:kµHL9NO@ ;>=wë�KM:?µ!:?=³;»:?IAL
;>f 8�;>KXÏ<Àxo�LS=³;pmx�gfJIAL·¶HÀSÁ9ºa;9¹´L�8+fJNJL*8�:?iJ=?L*o�L·8±fJ:?¹�IAL�ì$ÀzÅ�;HIn69KAej=?f�@M:?egN�@AL9µ!57ejInL9=?=kL
o�L�K�8�egfJIAi7L�K¢5JfJiJ=?:k69L�K�L�KA@h=?:kµ!:m@M6�L�P­²OfJL9=k²OfJL9K¢5�:³8�egKAL�8�egN(o�L9K�o²ÞoÂ 5 � +

Ê¢Ê{t;À
� T � T � 2��!�AC	��*�>NM�/O�#"o"3cx*YC	�<'$=O�1'$=�*
Å�L Á ÊOÛ7ÌªÆXÆ { Î { ÆªÉ È Û�Æ Ög×uÁ Ì�É Á ÌªÆ L9Kn@­69µ!:?K­5�;>I­o�L9K­5�;>In@M:k8�fJ=?L9K!8_Ã�;»I��j69L�KHInL9=³;>@A:�ó
¹�:kKn@ML�KhëÅ;»898�69=?69IA69L�K�;»f¤5JIA62;>=³;»iJ=?L�oJ;»NJKxfJNyÅ�Ì¬¸ � ÐRì�KAL�5JInej5(;0�gL2;»N´@Uo(;>NJKxfJNC;»N�NJL2;»f
o�L·Kn@Me�8 R ;0�gL�À^÷�;»NJK =kL�K�:?NJKA@Ò;»=?=³;>@A:kegNJK+;g8±@AfJL9=?=kL9KD�Fo�:?@AL9Klo�L*@MInej:?KA:SÆ9µHL��g69NJ69IM;>@A:kegN��F=?LIM;�½jejN�NJL9µ!L9NO@$57L�f�@zÍ�@AIALh69µ!:?KxoJ;»NJK�fJN^;>:?µa;»N´@xo�L�8�egfJIAi�fJIALVë ;g898±69=k6�IÒ;G@M:?ejN¤IÒ;»o�:³;»=?L�ì
egfÝo(;>NJK^fJN 69=?69µ!L9NO@Co�� :kNJKAL9I[@M:?ejN
KA:m@MfJ6 KAfJIafJNJLBKAL�8 @M:?ejNÝo�Inej:m@MLBo�L =;�î;»NJNJL�;»fÝo�L
Kn@Ae�8 R ;9�jL�.`F¢:?�j=?L9IAKhegf0egN(o�fJ=?L9fJInK�ë�@MIM;>¼¬L�8±@Aej:?IAL9K�ejKM8�:?=?=<;>NO@ML�K�8�In6969L9Kh5�;>I�fJNJL+KAf(898�L�K�óKA:?ejNÔo��õ;>:kµ¤;»NO@AK*57L9IAµ¤;»NJL9N´@MK)ì$À@ÐxL9K*69=?69µ!L9N´@MK·8�egN(o�:m@M:?ejNJNJL�NO@·=kL9K·8�;>IÒ;»8±@M69In:kKn@A:³²Of�L9K
o�f¤IÒ;9½´egNJNJL9µHL9NO@�o�L9Kx=?:S�gNJL9K�o�L¢=kfJµ!:?Æ9InL�o Þ¢;>eZÊ¢Ï{tpÀ�Å}� f�@M:?=?:kKÒ;G@M:?ejN^o�L¢5�;»I[@M:k8�fJ=?L9KxIAL9=³;�ó
@A:?¹�:kKn@AL9K�57L9IAµ!L�@$o�� eji�@AL9NJ:?I�fJN!IÒ;9½´egNJNJL9µHL9NO@}È ;>:?iJ=kL9µHL9NO@xo�:m¹´L9I��jL9N´@$L�@�57ej=m½�8#Ã�IAegµa;�ó
@A:³²´fJL�À
4�f�I-=³;�m��jfJInL¾¶HÀ Ê<��=<;�iJIA:?=?=<;>N(8�LCo�f IM;�½jejNJNJL9µHL9NO@-Kn½�N(8#ÃJIneg@AIAegN�;�6�@M6^InL95JIA69KAL9N´@M69L
5�;>IhfJN¾@AIÒ;>:?@\�gIÒ;>K¢L�N@È ejNJ8±@M:?ejN�o�L+KAejN0KA57L�8±@AIALSo�� 69NJL9I��j:?L�À�Â�;>I�L$Î�L9µ!5�=kL��JfJN�L+=k:?�gNJL
o�L*=kfJµH:SÆ9InL-o�L·=1��Ó�Þ�4Hñïë;Ó�fJIAeg57L2;>N 4´½�N(8#ÃJIneg@MInejN:Þ�;»o�:³;>@A:kegN:ñ7;»8�:k=?:m@¬½xì�Pg��InL9NJegiJ=kL
o�:?KA57egKML·o�� :?µ!5JfJ=?KA:?ejNJKfÇ�o�� fJNJL·o�fJIA69L·o�L.Á § º¤5�K 57egfJI�fJNB8�ejfJIM;»N´@�o�� 6�=kL�8±@AIAegNJK�o�L
Á § µ � ÀmÅuL·IÒ;9½´egNJNJL9µHL9NO@XÇ�69µ!:?K�=?egIAKlo�L·=<;¤5JInej5�;9�O;G@M:?egN�o�fB5�;»²OfJL�@lo�� 69=?L�8±@AIAegNJK
o(;>NJKh=kLaF¢:S�g=?L9Ih5JIA69KAL9NO@AL+fJN�KA57L�8±@AIALl@MI�Æ9Kh=<;>I��gL*;»f�@AejfJIho�L&Á9º R L21�À
Å�L­IM;9½´ejN�NJL9µ!L9NO@lKn½�N(8#ÃJIneg@AIAegN�o�eg:?@^Í�@MInLH8�ejN�KM:ko�69In6!8�egµ!µ!L-fJNJL­KAejfJIA8�L�ÇÀ=kegN��gfJL
;9½�;>NO@ fJNJL*IA69KAeg=kf�@M:?ejNBKAfJiHó�N�;>NJejKAL�8�egN(o�L­;»KAKAe�8±:k69LpP!fJNBNJegµ-iJInL·o�L·5�ÃJe»@MegNJK 69=?L�¹´6
5�;>I$:kµ!5�fJ=kKA:?ejNk. o�L�=;� ejIAo�IAL o�L

1011
5�ÃJe»@MegNJK�5�;>I$@A:kIxo�:?KA57ejNJ:?iJ=?L9K�KMfJI$=1� 6�8_Ã�;»N´@M:?=k=?egN�À

� m(N}o��õ;>f��gµ!L9NO@AL9I�=³;aIn69KMeg=?f�@M:?egNE@ML9µH57ejInL9=k=?L��©o�L�KlKn½�Kn@_Æ�µ!L9K�L$Î�5769In:kµHL9NO@ ;>fHÎE8�egµ�ó
5J=?L�@AKlKn½�N(8_ÃJIAegNJ:?KM69K�KAfJI fJNJL-L$ÎJ8±:?@Ò;>@A:kegNE=<;>KAL9I�L�@�fJNJL­8�;>µ!69IM;gP¤i�;>=³;�½O;0�gL­o�L�È L�NO@ML
egNO@U6�@A6�IA62;>=?:kKA69K(P*=;� Ó�Þ�4HñÔejf^iJ:kL�N&P*=;� � ÅX4dë � o�¹j;>N(8�L�o,Å�:?�¢ÃO@�4�egfJIM8±L�ì"P�SxL9I R L9=?L�½o²ÞoÞ��lº�Á�tpÀLÅ}�î;�¹g;>NO@ ;9�gL+o�L+8�L�@n@ML�@AL�8#ÃJNJ:k²OfJLlL9Kn@h²Of�� L9=?=?L+57L�IAµ!L�@ho�� L9N�IALA�g:kKn@AIAL9IU@Aejf�@AL
=1� 6±¹´eg=kf�@A:kegN-@ML9µH57ejInL9=k=?L�o�L�=<;�IA62;»8±@A:kegN&o²Å V 5 +

ºgº{t;À�Å}� :?N(8�egNO¹´69N�:kL9N´@�L9Kn@�=<;�IA6�KMeg=?f�@M:?ejN
@AL9µ!57egIAL9=?=?L��(²Of�:©IAL9Kn@ALl=k:?µ!:m@M69LsP-²OfJL9=k²OfJL9Kh5J:k8�egKML98�ejN(o�L�K¢L�@�=<;*@MI�Æ9KRÈ�;»:?iJ=?L+L,6¤8�;g8±:?@A6
o�L+8�L+@W½�57LSo�LSo�6�@ML98±@ML9fJIAÀ



WÁW £�ê3ß w z	ß��Yäoå�ägãSá�è1ä�z }�w ß¥¤¦y�ä\å�äoå9ß¨§Hê�á7z$è-ß � wp©«ª ä�ç�è � æ�ä�z � w åZä |~} áB�<ßNè-ê�äXW

� NJL¤NJegf�¹´L9=?=kL¤@AL�8#ÃJNJ:k²OfJL¤L$Î�5769In:kµ!L�NO@ ;>=kLa57L9Inµ!L�@-o�L.�g69NJ69IAL�I-o�fÔIÒ;9½jejNJNJL9µHL9NO@�Ç
È L9µ*@MegKML�8±ejN(o�LXP¢5�;>In@A:kI o�f·5�;»²OfJL�@�o�� 69=?L�8±@AIAegNJK�8�:?IM8�fJ=³;>NO@�o(;>NJK fJN­;»N�NJL2;»f-o�L�Kn@Ae�8 R ó;0�gL*Kn½�N(8#Ã�IAeg@AIAegNaë É {�Ö»× ÆXÇ-» Íu{}y�{}y�Ã�Ö Ì Í Ë�Ê�þ {�| Ê È9{�ÁCy Í Ë�Êi» Í�{ É y�~?Ã�|<{�Ö É Á ÌFÆ ì$À
Ó�=?=?L�8�ejNJKA:?Kn@ML(P�KA69=?L�8±@M:?ejN�NJL9I�KA5�;G@M:³;>=kL9µHL9NO@�L�@ @ML9µH57ejInL9=k=?L9µ!L9N´@�fJNJL�5�;»I[@M:?L�o�L9K�69=?L�8)ó
@MInejNJKX8�egNO@AL9N�fJK oJ;»NJK�=?Lx5(;g²OfJL±@�À�ÂXegfJI�8�L9=³;hejN�È ;>:m@X:?NO@ML9IM;0�g:?I�fJN*=<;>KAL9I|È<L9µ·@MegKAL�8�egN(o�L
;9¹´L�8!=kL¤5�;g²´fJL�@­o�� 69=?L�8±@MInejNJK-o�fJIM;»N´@·K ;05JInej5�;9�´;>@A:kegN o(;>NJK·fJNQF¢:S�g=?L9IDÀ@Å�L^8#Ã�;>µ!5
69=?L�8±@MIn:³²´fJL o�f�=³;»KAL9I!L�N��jL9NJo�IAL�fJN�L�µHe�o�fJ=³;G@M:?ejN�L9N�69NJL9I��g:?L o�L9K!69=?L�8±@MInejNJK!KA:?@AfJ69K
o(;>NJK0=?L}5�;g²´fJL�@�À´Ð�L�@n@ML}µ!e�o�fJ=³;>@A:kegN o�� 69NJL9I��g:?L�KALE@AIÒ;»o�fJ:?@¾5�;»ICfJNJL}KM6�5�;»IM;>@A:kegN
KA5�;>@A:<;>=?L!=kegIAK*o�L!=³;C5JIAeg5�;0�´;G@M:?ejN�À&÷ f�IÒ;9½´egNJNJL9µ!L�NO@[Ç KA½�N(8#ÃJIAe»@MInejN o�� f�NJL¤o�fJIA6�L
KA:kµH:k=³;>:kInL�Pa=1� :?µ!5JfJ=?KA:?ejN}=³;>KML�I�57L9f�@*;>:?NJKA:�Í�@MInL-:kKAeg=k6�À�Ð�L±@A@ML·@ML98#ÃJNJ:k²OfJL­L�KA@l6�@Af(o�:?69L
P!=;� � ÅX40µ¤;»:?K =?L·NJegµ-iJInL-o�L*5�ÃJe»@MegNJK�5�IAe�o�fJ:?@AK IAL9Kn@ML�È ;>:ki�=kL�ÀfÅ�;!iJIn:k=?=³;»N(8±L­8�egIAInL9K�ó
57ejNJo(;»NO@AL­L9Kn@+:?N(o�:k²OfJ69L­5�;»I�=?L­=kegKÒ;»N��gL bZc{�'�D�ed¸OU��KAfJI�=<;�mx�gfJIAL!¶HÀ Êïoõ4<Ð\Ð

+
ºjºCt�L�N

f�@M:?=?:kKÒ;>NO@�=kL�IÒ;9½´egNJNJL9µ!L9N´@�Kn½�N(8#ÃJIneg@AIAegN^:?KAKMf^o�� fJN¾;>:?µa;»N´@Uo�L�8�egfJIniJfJIAL�À�ÅuL�KAL�8�egN(o
=?ejKÒ;>N��jLHo�L­i�IA:?=k=³;>N(8�LH5J=?fJKl69=?L�¹´69LH8±ejIAInL9KA57ejN(o�;>fHÎE8�;»IM;g8±@A69IA:?Kn@M:k²OfJL9KS;>@n@ML9N(o�fJL�K+L�N
f�@M:?=?:kKÒ;>NO@¢fJN0ejN(o�f�=kL9fJI¸P-=<;-5J=<;»8�L*o�L+=;�î;»:?µa;>NO@�o�LS8�egfJIAiJfJInL�À
� NJL o�L9IANJ:?Æ9InL�@ML�8_ÃJNJ:³²´fJL L$Î�5769In:kµHL9NO@ ;>=?LÔL�KA@�=³;8�g69NJ69IÒ;G@M:?ejN o�L IM;�½jejNJNJL9µHL9NO@@Ç
È L9µ*@MegKML�8±ejN(o�LU5�;»I y Ç-¼ Í�È Ç<ÌªÆ�) × ÌFÎ È ÌªÆ Á2{�| Ê�ÉGÇ Â Ç È É { À�Å�;�o�:�ÔªfJKM:?egN!o�:?IAL�8±@ML�o�� fJN�L
:?µ!5JfJ=?KM:?egN-=³;>KML�I�È L9µ·@AejKAL�8�egN(o�LU;9¹´L�8$fJN·5�;»²OfJL�@ o�� 69=?L�8±@MInejNJKXIAL9=³;G@M:m¹�:?KA@AL9KRë�:kKAKAfJK o�� f�N
Kn½�N(8#ÃJIneg@AIAegN 5�;»I+L$Î�L9µ!5J=?L�ì�5JIne�o�fJ:m@·o�f IM;�½jejNJNJL�µ!L9NO@[Ç o�egNO@*=³;0o�fJIn69L!L9Kn@sm<Î�6�L
5�;>I$=³;So�fJIA6�L o�L¢=1� :?µ!5JfJ=?KA:?ejNa=³;>KAL9IXë L9N&È�;»:m@�8�L9=?=?L$óW8�:ªo�6957L�N(o^;»f�KMKA:�o�L�=³;[�g69egµ!6�@MIn:kL�ì$À
Å�L 8#Ã�;>µ!5 =³;>KAL9I0KAL 8�egµ!57egIn@ML�57egfJI0=?LkÈ ;>:kKM8�L2;>f o�� 69=?L�8±@AIAegNJK 8�egµ!µ!L}fJNfF�:?�g=kL�I
69=?L�8±@MInejµa;9�gNJ6�@M:k²OfJLCo�egNO@-=³;�5769IA:?e�o�L^L�KA@�m<Î�69L^5�;>I·=³;�=kegN��gfJL9fJI­o�� ejNJo�LCo�f =<;>KAL9IDÀ
Q N-57L9f�@�;G@A@AL9:?N(o�IALUo�Lx@AI�Æ9K�8�egfJIn@AL9K =kegN��gfJL9fJIAK�o�� egN(o�L�;9¹´L�8xfJN�È�;»:?KM8�L2;>fHo�� 69=kL98±@MIAegNJK
o�� 69N�L9I��g:kLUµ!e�o�L9KA@AL�À�Å�; iJIA:?=?=³;»N(8�L�egi�@ML�N�fJLU=kegIAK�o�LU=;� L$Î�5769IA:?L9N(8�LUIA62;>=k:?KA69L�P�S$L9I R L9=kL�½L9Kn@C:?N(o�:³²´fJ69LE5�;>IC=?LBIAegN(o
NJeg:?Ihg~�M�C���id �Í�BA{=x=jdSÀØÅ�;��g69ejµH6�@MIA:?LBIAL�@ML�N�fJLEL�KA@Cf�N
8�IAeg:?KML�µ!L9NO@
P&Êjº ◦ o�fdÈ ;>:?KM8�L2;»fB=<;>KAL9I 5�;>I IÒ;>5J57ejI[@+;>f:È�;»:?KM8�L2;>f}o�� 6�=kL�8±@AIAegNJK+;7m(N}o�L@MInejf�¹jL9I¢f�N 8�ejµH5JIAegµ!:?K�L9N´@MIAL+=³;!o�fJIA6�L·o�f0IÒ;9½´egNJNJL9µ!L9NO@\Ç L�@¢=?L[õ(fHÎ�o�LS5�ÃJe»@MegNJK
Çc5JIne�o�fJ:m@MK/o²Å�ÐwÓ

+
ºgº{tpÀ

� T � T � G�P�/<��'$�#"\"$=4/0'ECE�#"
Ì�=�L$Î�:?Kn@ML+5J=?fJKA:kL�fJIAK¢5JIAeg¼WL�@MK�;»µ·iJ:m@M:?L9fHÎ0o�L*8±ejNJKn@MInf(8±@M:?egN o�L | Ê È9{�ÁkK�Ã�|<{�Ö É Á ÌªÆ È¤| ÇkÑ
ý Á2{�È ë�ñ�Ó}Å�ì+o(;>NJK·=?L^o�egµa;>:kN�L^o�L9K�Ç o�fJIAK,ë�µ!eg:kNJK·o�LdÁ1/[ì$À�ÌW=�K��î;0�g:m@-o�f 5JIneg¼¬L�@
üoÓ$4HÅ � PI÷hÓx4Kq ëxr ;>µ-i7ejf�I��­L9N � =k=?L9µa;9�gNJL�ìxejf0o�f¾5JIneg¼¬L�@oÅ�ÐgÅ 4*P-=1� � NJ:m¹´L9InKM:m@A6
o�L}4O@ ;>N�È egIMo�ÀïÅ�L9K^8�;»IM;g8±@A69IA:?Kn@M:k²OfJL9K¾;G@A@ML9NJo�fJL9K^57ejf�I^=?L 5JIAeg¼¬L±@jü\Óx4HÅ � egNO@^6�@A6
IAL95JIn69KAL9NO@M6�L9K*5�;>IS=³;¾KA69IA:?L¤o�LH@MIM;»:m@MKSKA:m@MfJ69K*L�N�Ã(;»f�@·o�L!=³;gmx�gfJIALa¶HÀ Ê<ÀgQ N ;G@A@ML9NJo
fJNJL�iJIA:?=?=³;»N(8�L @MI�Æ9KU69=?L�¹´69Ll8�egµ!5�;>IA69L
P·8�L9=?=kLlo�fCIM;�½jejNJNJL�µ!L9NO@UKn½�N(8#ÃJIneg@AIAegNkë�Á9º·ejI	ó
o�IAL9Kxo�Lf�gIÒ;>N(o�L9fJI�o�L�o�:?Ôª69IAL�N(8�L o(;»N�KxNJejKxfJNJ:m@M69K�o�L¢iJIA:?=?=<;>N(8�L�ì�L�@xfJNJL o�fJIn69L o�LXÙgº
È L9µ*@MegKML�8±ejN(o�L�K�À
Å�Llµ!:?=?:kL�f ;>µ!5J=?:nm�8�;>@AL9fJIho�� fJNC=<;>KAL9I�P·69=?L�8±@MInejN�Kh=?:?iJIAL9K�L9Kn@¢8�egNJKn@M:m@MfJ6�5�;»I�o�L9K�69=?L�8)ó
@MInejNJKaNJegN =k:?69K¾;»898�69=?69IA69K�P o�L9K¤¹�:?@AL9KAKAL9K^IAL�=<;G@M:m¹�:?Kn@ML9KCoJ;»NJKafJN Å�Ì¬¸ � ÐXÀ�Å�ejInKCo�L
=?L9fJIH5JIAeg5�;9�O;G@M:?ejN�o(;»NJKHfJN�egN(o�fJ=?L9fJIH=kL9KH69=?L�8±@MInejNJKH:kNO@AL9IÒ;9�g:kKAKAL9NO@a;9¹´L�8C=?L9fJIH5�IAe0ó
5JIAL!8_Ã�;»µH5�69=kL�8 @MIAegµa;9�jNJ6±@M:k²OfJL!5JIAe�o�fJ:m@S5�;»I+69µH:kKAKA:?ejN�KA57ejN´@ ;>NJ69LBë�µ!e�o�La4 � 4<Ó .



WçêÆWìëYäzæxíOæ)è1é�ç�ä ©«ª ä�ç�è � æ�ä�z � w å�ä Wl#

4�L�=SÈ � µ!5J=?:nm(L�o 4�57egNO@Ò;»NJL9egfJKVÓ�µH:kKAKA:?ejNmì)À�Å}� :kN´@ML9IÒ;»8±@A:kegN L9N´@MIALH=?L9K+69=kL98±@MIAegNJKSL�@S=?L
8_Ã�;»µH5H69=kL98±@MIAegµa;9�jN�6�@M:k²OfJL¢8�egN(o�fJ:m@%P�fJNJLUµ!e�o�fJ=³;G@M:?ejN!8�IAeg:kKAKÒ;»N´@MLho�L�=³;lo�L9NJKA:m@M6ho�L
8_Ã�;»I��jL�=?egN��j:m@MfJo�:kN�;>=?L¢o�fH5�;»²OfJL�@�o�� 69=?L�8±@MInejNJK�L�@lP fJNJL¢;>µ!5J=?:�m�89;>@A:kegN!L$Î�57ejNJL9N´@M:?L9=?=kL
o�f0IM;9½´ejN�NJL9µ!L9NO@h69µ!:?Kh5�;»Ih=?L9Kh69=?L�8±@MInejNJKDÀ�÷�;>NJK¢fJN0=³;»KAL9I�P­69=?L�8±@MInejNJKh=k:?iJIAL�K¢69µ!L�@	ó
@Ò;»N´@ o�f IM;�½jejNJN�L9µ!L9NO@\Ç�o�fJI�8�L�@A@AL-;>µ!5J=?:nm�8�;>@A:kegNB8�e�Ã�69IAL9NO@AL-;H=?:?L9f L9N�fJN fJNJ:k²OfJL
5�;>KAKÒ;0�gL�o�Ðxejf(ºgº{tpÀ
� N�5JIAeg¼WL�@¤²OfJ:�8�egNJKn@M:m@MfJL¾fJN�L06�@Ò;»57L¾:?NO@ML�IAµ!6�o�:³;>:kInL�;�¹g;>NO@!=?L9KH=³;»KAL9InK:PB69=?L�8±@AIAegNJK
=?:?iJIAL9KfÇfóWo�fJI�L9Kn@ =kL "$/�. ba�®½ { Î�É�Ì È9{�Ö ÌªÆ y�{ ÀfÌW=uK��î;0�g:m@��75�;>I L$Î�L9µ!5J=?L��Fo�f 5JIAeg¼¬L±@
4<Â}Âx4�P¾=1� � NJ:m¹´L�IAKA:?@A6ao�LC4´@ ;>N�È egIMo�ÀyÅ�L!5JIn:kN(8±:k57La8�egNJKA:kKn@ML:P�;»898�69=?69IAL9ISfJN 5�;g²´fJL�@
o�� 69=?L�8±@MInejNJK�o(;>NJK�fJN�Å�Ì¬¸ � ÐX�{P�8�ejµ!5�IA:?µ!L9IXKM5�;G@M:³;>=kL9µHL9NO@�L�@�o�ejN(8$@ML�µ!57ejInL9=k=?L9µHL9NO@
8±La5�;»²OfJL�@-oY� 69=?L�8±@MInejNJK-;�¹g;>NO@-o�L¤=1� :?Ng¼¬L�8±@AL9I-o(;>NJK*fJN egN(o�fJ=?L9fJI*57ejfJI*5JIne�o�fJ:?InL^o�f
IM;�½jejN�NJL9µ!L9NO@oÇ�ÀmÅ�L9K 8�;»IM;g8±@A69IA:?Kn@M:k²OfJL9Kl;G@A@ML�N(o�fJL9K KAejN´@

108
5�ÃJe»@MegNJK 5�;>I¢@M:?IôP@Á�� §

/c57egfJI�fJNJL·o�f�IA69L·o�� :?µ!5JfJ=?KM:?egNEo�L�Ùjº�È K�L±@ fJN�L·8�;»o�L9N(8�L-o�L*IA69576�@A:m@M:?ejNBo�LVÏgº:r�T
o Ð�;»º<Á,tpÀ�Å�;SiJIn:k=?=³;»N(8±L+;G@A@AL9N(o�fJL�L9KA@x:kN(o�:³²Of�69L�KAfJI$=<;
m��jfJInLl¶HÀ Êyë�IAegN(oaNJe»@M6mbJn?n?b<ì$À
÷�L9K¾5JIneg¼¬L�@MK¾KA:?µ!:?=<;>:?IAL9KD�l;9¹´L98EIA6�f�@M:?=k:?KÒ;>@A:kegN o�fÝ5�;g²Of�L�@�o�� 69=?L�8±@AIAegNJK0KAegNO@¾5JIA6�¹�fJK
ë1Þ�L�8±½�8�=?:?N���Å�Ì[¸ � Ð\ì)�´5�;>I$L$Î�L9µ!5J=?LôP�÷�;>KMiJf�In½Z�<PQüuIA:?L9Kn@ML¢ejfaiJ:?L9Na=?L�5JIneg¼¬L�@wÓ�Þ\ÅïP
S$L9I R L�=kL�½ZÀ�ÅuL�KU8�;>IÒ;»8±@M69In:kKn@M:k²OfJL�Kh;G@A@AL9N(o�fJL9K�57egfJI�=?L�5JIAeg¼WL�@\Ó}ÞoÅEo�LôSxL9I R L9=?L�½Z��o(;»NJK=?L+8�;>Khe��¾=1� 69µ!:?KAKA:kegN05�IAe2¹�:?L9NO@¢o�� fJN¾ejN(o�fJ=?L9fJIA�JKAegNO@h:?N(o�:k²OfJ69L9Kh5�;>I�=?L9KU@MIÒ;>:m@MK�NJe»@M69K
o�prq KAfJI�=³;�mx�jf�IAL*¶<À²Ê�À
� T � T � C���=�*YC_+;/0"�>N=�*
Ó�N 8�egN(8�=?fJKA:kegN���=?egIAKM²OfJLa=1� ejN L$ÎJ;»µ!:?NJLaKAfJI*=<;�mx�gfJIAL^¶<À²Ê =?L9K-8�;>IÒ;»8±@M69In:kKn@M:k²OfJL�K­o�L9K
o�:�Ôª69IAL9N´@ML9KhKMegfJIM8±L9K\Ç���egN�57L9f�@�InL9µa;>IM²OfJL�Ih=?L9Kh57ej:?NO@MKhKAfJ:?¹g;>NO@MKs.

0 Å�;»KAL9I�PB69=?L�8±@AIAegNJK!=?:ki�IAL9K&.^KAegfJIM8�L,Ç @MI�Æ9KHiJIn:k=?=³;»N´@ML¾L�@Hµ!egNJe�8#Ã�IAegµa;>@A:³²´fJL��
8�egfJIn@ML L�@0;»898�egIMo(;>iJ=kLBL9N£È In6�²OfJL9N(8�L�Àc4�L9=?ejN
=?L9KCL�KA@A:kµ¤;>@A:kegNJK0;»8±@AfJL9=k=?L9KD�¢8�L
KAejN´@S=?L9K+KMegfJIA8�L9KS:ko�62;>=?L9KS57egfJI+IA62;>=?:kKAL9ISo�L�K+L$Î�5769IA:?L9N(8�L9K�PyÃ�;>f�@MLHIA6�KMeg=?f�@M:?ejN
@ML9µH57ejInL9=k=?L��(µa;>:?K¢L9=k=?L9K¢NJLSKAL9IAegNO@�o�:?KM57egNJ:?iJ=?L9K ²OfJL*o�� :³8�:�¶gºgº¢Ù!egfB¶»º�Á�¶HKAL9=?ejN
=?L9K¢5JIneg¼¬L�@MKDÀ

0 Å�Ì¬¸ � Ð È L9µ*@MegKAL�8�ejNJo�L:.�KAejf�IM8�L[Ç iJIn:k=?=³;»N´@MLSL�@�57eg=?½�8#ÃJIAegµa;G@M:k²OfJL���8�egfJIn@AL*L±@
;»898�ejIAo(;»i�=kLCL9NaÈ IA6�²Of�L9N(8�L�À�Ð�L�@n@MLC6±@ ;>57L0;�¹g;>NO@­=³;BIn62;>=k:?KÒ;>@A:kegN�o�L9KIñ�Ó}ÅÝL9Kn@
@MI�Æ9K 5JIAegµ!L�@A@AL9fJKAL·NJe»@ ;>µ!µ!L9NO@ L9N @ML9Inµ!L·o�L­8±eHs�@�5(;»I�IÒ;>5J57ejI[@
P¤fJNB=³;>KML9I�P
69=?L�8±@MInejNJK�=?:?iJIAL9KDÀ�Å�L9K�5JIAL9µH:SÆ9InL9K�L$Î�5769In:kL9NJ8�L9K�KAegNO@�5J=³;»NJ:nm(69L9K�5ªegfJI�¶gºgº¢Ïl57egfJI
=?LS5JIneg¼¬L�@ 4<Â�Âx4Co�L·4O@Ò;»N�È<ejIMoYÀ

0 Å}� f�@A:k=?:?KÒ;>@M:?egN o�f IM;9½´ejN�NJL9µ!L9NO@}Kn½�N(8#ÃJIneg@AIAejNcL9Kn@}@AIA:?iJf�@ ;>:?IAL�o�L9KÔ;9¹g;»N(8�6�L9K
@ML�8_ÃJNJej=?e¢�j:k²OfJL9K�In62;»=?:?KM6�L9KXo(;>NJK�=?L$o�egµa;»:?NJL$o�L9K�o�6�@AL�8±@ML9fJInK�Ç�IM;»5�:³o�L9KD�GNJe»@ ;>µ�ó
µ!L9NO@x;>f¤N�:?¹jL2;»f¤o�Lh=<;�KA½�N(8#ÃJIAegNJ:?KÒ;>@M:?egNao�f¤o�6�8�=?L9N(8#ÃJL�µ!L9NO@�o�L¢=³;lµHL9KMf�IALh5�;>I
IÒ;>5J57egIn@�PC=1� :?NJ:m@M:³;>@A:kegN o�LH=<;CIA62;»8±@M:?ejN PC6�@Af(o�:kL�IDÀyÐh� L9Kn@*fJNJLHKMegfJIA8�LIÇ§KAfJiHó
N�;>NJejKAL�8�egN(o�L��JiJIA:?=?=<;>NO@ML+L�@ ;»898�egIMo(;>iJ=?LSL9N�È<IA6�²Of�L9N(8�L�À

0 Å�L9K�KAejfJIA8�L9KU5J=³;>KAµa; Kα . KAejfJIA8�L9KzÇ
57L9f^iJIA:?=k=³;>NO@ML9K�L�@Uµ!egNJe�8#ÃJIAegµa;G@M:k²OfJL9KD�
8�egfJIn@ML�KC@ML9µ!57egIAL9=?=?L9µ!L9N´@0L�@�;g898±ejIAo(;»iJ=?L9K0L9NÝ69NJL9I��j:?L�ë =³; =kegN��gfJL9fJI0o�� ejN(o�L
L9Kn@�È egN(8±@M:?egN o�fÔµa;G@M6�IA:³;»fÔ8�:?iJ=kL���KAL!IAL957egIn@ML9I�P¾=³;C@ ;>iJ=?L^¶HÀSÁ�ì$ÀC¸h62;»NJµHej:?NJKD�



W u £�ê3ß w z	ß��Yäoå�ägãSá�è1ä�z }�w ß¥¤¦y�ä\å�äoå9ß¨§Hê�á7z$è-ß � wp©«ª ä�ç�è � æ�ä�z � w åZä |~} áB�<ßNè-ê�äXW

8±L^KAegNO@-=?L9K-KAL9fJ=?L9K-KAejfJIA8�L9K­²´fJ:xejN´@­o�69µ!egNO@MIn6a=kL�fJI-8�;»5�;»8�:m@M6�P0IA62;>=k:?KAL9I-o�L9K
L)Î�5769IA:?L9N(8�L9K In69KAej=?fJL9K�L9N0@ML9µ!5JK ;9¹´L�8Sf�NJL*IA69KAeg=kf�@M:?ejNBo�L*²OfJL9=k²OfJL9K 8�L9NO@Ò;»:?NJL9K
o�L^È L9µ·@AejKAL�8�egN(o�L9KDÀ
Å�L·o�6�¹´L9=?eg5J57L9µ!L9NO@�@ML�8_ÃJNJej=?e¢�j:k²OfJL-o�L-8�L�K KAejfJIA8�L9K KAL·57egfJIAKAfJ:m@��7NJe»@ ;>µ!µ!L�NO@
L�N¾f�@M:?=?:kKÒ;>NO@¢o�L�Kh8#Ã�;�ð<NJL�Kh=³;»KAL9I

kHz
ÀLÅ�L9fJI�8�egµ!576�@M:m@M:m¹�:m@M6lL9N^@ML9Inµ!Llo�L�@Ò;»:?=?=kL

L±@�o�L�8�e�s�@05�;»ICIÒ;>5J57ejI[@ ;»fHÎÝ:?NJKn@ ;>=?=<;G@M:?ejN�K05JIA6�8�6�o�L�NO@ML9K0InL9N(o 8�LE@¬½�57L�o�L
KAegfJIM8�L�K+;»898�L9KAKA:?iJ=kLpP!fJNB=³;»i7egIÒ;G@Meg:?IAL-o�L*@ ;>:?=k=?L·µ!e�o�L9KA@AL�À8Q NB57L9f�@ :kµa;9�g:kNJL�I
5�;>I^=³;ÔKMf�:?@ALE=³;Ôµ!:?KALEL�NÝ5J=³;g8±L}o�� :?NJKn@ ;>=k=³;G@M:?ejNJK¾o�6�o�:?69L9KCL�@Cegf�¹´L9I[@ML9K&PÔo�L9K
f�@A:?=k:?KÒ;>@AL9fJIAK¢L$Î�@M69In:kL9fJInKDÀ

0 Å�L*o�6�8�egfJ5�;0�gL·=³;»KAL9I�o�f 5�;»²OfJL�@�o�� 69=?L�8±@MInejNJK�.xKAejfJIA8�LQÇ 57L9f i�IA:?=k=³;>NO@ML���IAL9=³;�ó
@A:?¹jL9µ!L9NO@S8�egfJIn@AL­@ML9µ!57egIAL9=?=?L9µ!L9NO@SL±@·;g8�8�ejIAo(;»iJ=?L!L9N�69NJL�I��j:?L�À&ÐxL�@A@ALHKMegfJIM8±L
KAegfJ=?Æ�¹´L�i7L2;>f(8�egfJ5Co�� L9N�@_ÃJegfJKA:³;»KAµ!L�;»8±@MfJL9=?=?L9µ!L9N´@���8�L957L9N(o(;>NO@�L9=?=kL�L9Kn@xµ!eg:kN�K
iJIn:?=k=³;>NO@MLE²OfJL =kL9KaKMegfJIM8±L9KC5�=<;>KAµa;

Kα
À�÷�L 5J=kfJKD��=1� f�@A:k=?:?K ;G@M:?egN o�� fJN
egN(o4ó

fJ=?L9fJI*NJL^o�L�¹�IÒ;>:?@·57L9IAµ!L�@n@MInL^o�� eji�@ML9NJ:?I-²OfJL^o�L9K·57L9I�È<ejInµa;»N(8±L9K-KA:?µ!:?=<;>:?IAL9KpP
8±L9K�o�L�IANJ:?Æ9IAL9KDÀ

0 Å�;Bo�:�ÔFf�KM:?egN�üwÃJejµHKMegN InL9=<;G@M:m¹�:?Kn@MLCL9Kn@H57L�f iJIA:?=k=³;>NO@ML���IAL9=³;>@A:m¹´L9µ!L9N´@!8�egfJIn@AL@AL9µ!57egIAL9=?=?L9µ!L9NO@^L�@¾;»898�egIMo(;>iJ=?LBL9N 69NJL9I��g:?L�ÀØÐxL�@A@AL�@ML�8_ÃJNJ:³²´fJLBL9Kn@a@AL9µ!57e0ó
IM;»:?IAL�µ!L9NO@�;»i�;>N(o�egNJNJ69L�À

º ¿ º ¿S¹ �*Ì |�| {�Ö ÉGÇ<ÌªÆ { É&½ÅÌ Ö Ê | Ç È Ê�ÉGÇ<ÌªÆ yu{�È Ë × Ì(É2ÌªÆ ÈHy�{E| Ê È Ì Í�ÁGÖg{ d
Å�;�KAejf�IM8�LwÇ

Kα
L9Kn@�o�:?¹jL9I��gL9NO@ML�L�@�KAegNIõ(fHÎHo�L�5�ÃJe»@MegNJK�L9Kn@}È�;»:?iJ=?L�ë 8EÈ3À�m��jfJInL�¶HÀ ÊZì$À

Å}� f�@A:k=?:?K ;G@M:?egN0o�� fJNJL�ej5�@M:k²OfJLhÇzL9Kn@ho�egN(8�N�6�8�L9KAK ;>:?IALl57egfJI�8�eg=k=?L�8±@AL9I�L�@RÈ e�8�;>=k:?KAL9I�=?L9K
5�ÃJe»@MegNJKXÇ ;7m(NEo��õ;>f��jµHL9NO@ML�I =³;ao�L9NJKA:?@A6­o�L-5<ÃJeg@AejNJKl;»fBNJ:m¹´L2;>fEo�L·=;� 6�8#Ã�;>NO@M:?=?=kegN�À
� NJLxeg5�@M:k²OfJL}Ç 57L9IAµHL�@X6A�O;>=?L9µ!L9NO@�o�LxKA69=kL�8 @M:?ejNJNJL�I KA57L�8±@AIÒ;»=?L9µ!L�NO@ =?LxIM;�½jejNJNJL9µHL9NO@
Ç
Kα

5�;»Inµ!:©=1� L9NJKAL9µ-iJ=?LSo�L9KhIÒ;9½´egNJNJL9µ!L9NO@AK¢o�LS=³;-KMegfJIA8�LS5J=³;>KAµa;<À
Å�;!8�eg=?=kL�8±@A:kegN L�@�=<;�È e�8�;>=?:kKÒ;G@M:?ejN 57L9IAµHL�@A@ML�NO@ o��î;»f��gµ!L9NO@AL9I¢=kLSNJegµ-iJIAL*o�LS5�ÃJe»@MegNJK
8�egNO@ML9NOfJKxo(;>NJK�=³;�@ ;»8#ÃJL\È<e�8�;>=kLRÇ ;>f!NJ:m¹´L2;>f¤o�Lh=1� 6�8#Ã(;»NO@A:k=?=?ejN��O8�L957L9N(o(;>NO@$=;� ej5�@A:k²OfJL
Ç 57egKAK_Æ9o�L�fJNJL¢L,6¤8�;g8�:m@M6�o�L¢IA6Eõ(L)Î�:kegNa²OfJ:�L9Kn@�È ;»:?iJ=?L�À}Â�ejf�Iu¼¬fJKn@M:nm(L9I�=;� f�@M:?=?:?@A6 o�� fJN�L
ej5�@M:k²OfJL^ÇÜ�JegN�8�egNJKM:ko<Æ9InLS=kL�Kh@AIAeg:kK¢8�;>K¢KAfJ:m¹g;»N´@MKVë�:k=?=?fJKn@MIA69Kh5�;>Ih=<;�mx�gfJIAL*¶<À?Á�ºZìô.

0 Á¢À � @M:?=k:?KÒ;>@A:?ejN!o�� fJNJL�ej5�@A:k²OfJLRÇ o�L\È<e�8�;>=?:kKÒ;G@M:?ejNBë�@AejInL�L9N¤²´f�;»I[@BTQë�Á9ºgºOì�ìX57ejfJI
8±ej=?=?L�8±@ML9IA�gµ!egNJe�8#ÃJInejµ¤;>@A:kKAL9IXL�@�È e�8�;»=?:?KML�I�=?L�IM;�½jejNJN�L9µ!L9NO@�Ç

Kα
o�L�=³;¢KMegfJIA8�L

Ç�KMf�Ih=1� 6�8#Ã�;>NO@A:k=?=?ejNrë�ejN�8_ÃJej:?KA:?@�o�L+=1� Ì�N74�i057ejf�I�8±LSo�L9IANJ:?L9I)ì)À
0 ¶HÀ � @M:?=?:?K ;G@M:?egNCo�� fJNaµ!egNJe�8#ÃJIAegµa;G@ML9fJIXë 8�In:kKn@Ò;»=�5J=³;»N^o��²Ì�N74�imì�57ejfJI$KA69=kL�8 @M:?ejNHóNJL�IhKA57L�8±@MIM;»=?L9µ!L9N´@¢=kL+IÒ;9½´egNJNJL9µ!L�NO@

Kα
o�L+=³;­KAejfJIA8�L^Ç�À

0 Ï<À�Â�;>K�oY� eg5�@M:k²OfJL[Ç�ÀxÅ�LSIM;�½jejN�NJL9µ!L9NO@�o�LS=³;­KAejfJIA8�L^ÇcL9Kn@¢:kN(8�:ko�L9N´@ o�:?IAL�8±@AL$ó
µHL9NO@¢KAfJI�=1� 6�8#Ã�;>NO@A:k=?=?ejN�À

ÂXegfJI�8±L9Klo�:�Ôª69IAL9N´@ML9K�8�ejN(o�:m@A:kegNJK�ejNBL9Kn@A:kµHL-=?L·NJegµ-iJIAL·o�L·5�ÃJeg@AejNJK�o�:�ÔFIM;g8 @M69K�5�;>I
=1� 6�8#Ã�;>NO@A:k=?=?ejN^57egfJIxfJNJL�µ�Í9µ!L¢@ ;>:?=k=?L�o�L�@Ò;g8#Ã�LXÈ<e�8�;>=kLoÇz;»faNJ:m¹´L2;>fCo�L�=1� 6�8_Ã�;»NO@A:k=?=?ejN
.\Á9ºgº

µ
µ o�LSo�:<;>µ�Æ�@AIAL�À



WçêÆWìëYäzæxíOæ)è1é�ç�ä ©«ª ä�ç�è � æ�ä�z � w å�ä W �

Taille de la tache focale X sur l’ échantillon
 : 100 µm (diamètre)

dans les différents cas

Utilisation d’ un monochromateur
 plan (InSb): le rayonnement X est 
monochromatisé par de l’ InSb plan et 
réfléchi sur l’ échantillon.

Utilisation d’ une optique X de 
focalisation : le rayonnement X émis par la 
source X est collecté, monochromatisé et 
focalisé par un cristal de quartz sur l’ échantillon.

Incidence directe sur l’ échantillon
: le rayonnement X est émis directement sur 
l’ échantillon depuis la source X

Source X

Echantillon 
d’InSB

1. 2.

3.

Laser InfrarougeInSb : 
monochromateur plan

Cristal de quartz 
toroidal

Source X

Source X
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Angle d’ incidence par rapport à la surface (degrés)
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Evolution de la profondeur de pénétration du rayonnement X à 1739 eV
en fonction de l’ angle d’ incidence du faisceau X 
dans un échantillon d’ InSb
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Le mécanisme
de fusion non thermique
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Refroidissement électronique
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Diffusion thermique

Fusion thermique
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Impulsion laser 
d’ excitation

de 90 fs à 620 nm

Réflectivité en 
fonction du retard 

pompe− sonde

Longueur d’ onde 
du faisceau sonde
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Distribution angulaire du signal de seconde 
harmonique en fonction du délai pompe− sonde

Impulsion laser de 
90 fs à 620 nm
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Impulsion laser de 130 fs à 800 nm

Chute lente attribuée 
au changement de structure

Augmentation attribuée 
au changement de structure
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Energie de cohésion par atome (AsGa))

Taux d’ excitation (ramené à 1) des électrons de la bande de valence

Déplacement transverse de l ’ atome 
par rapport à sa position d’ équil ibre

Déplacement longitudinal de l ’ atome 
par rapport à sa position d’ équil ibre
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Ecoh = Ea + Er =
∫
E · f(E, Te)ρ(E)dE + A1 exp(−A2(d− do))
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Temps (fs)

A (G.cm)
1 G.cm = 81,5 mJ/cm2

Fluence d’ excitation supérieure
au seuil de déclenchement de 
la transition de phase ultrarapide

Taux d’excitation 
de la bande de valence
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Echantillon d’ InSb 
Impulsion laser 1.95 eV 70fs

Temps (fs)

A (G.cm)
1 G.cm = 81,5 mJ/cm2

Déplacement atomique moyen (A) 
par raport à la position d’ équilibre

Fluence d’ excitation supérieure
au seuil de déclenchement de 
la transition de phase ultrarapide

Critère de Lindemann
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Energie

Bande de trous lourds : hh

Bande de trous légers : lh

Bande de spin− orbite : so

Bande de conduction : c

Gap

Décalage 
spin− orbite

∆∆so

Phonon de vecteur d’ onde q

Absorption intrabande

Excès d’ énergie provenant
 du photon incident
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È egIn@ML�K-o�L9NJKA:m@M69KDÀjÅ�L^8_Ã�;»N��gL9µ!L9N´@-:?N(o�fJ:m@·KAfJI*=³;�8�ejNJKn@Ò;»NO@AL^o�:?69=?L�8±@MIn:k²OfJL

∆εrenorm57L9f�@hÍ�@MIAL·L9Kn@A:kµH6-5�;>I fJN}o�698�;»=³;9�jL-L9NB69NJL9I��g:?L­²OfJ: 8�egIAInL9KM57egN(oïP¤fJNEo�6�8�;>=³;0�gLHo�f
KA57L�8±@MInLSeg5�@M:k²OfJL��(80� L9Kn@8P­o�:kInL�o � Ð�4HÙ¢Ñ{tlo Þ�� � ÷XÊgº{tl.

� �'Ê�ÎI¼BÊ+¿�Ç�½�ø2Ã�¾M½�¾�¿²¾IÌ,Î2Ç º�¼BÊ+¿ç½�¾��ôÅUÊ,Ê+ÇÉ¾2Ã�â¯¹�ÄÉ¾�Îxº�Ã�¼BÊ,¿ç¾Iºçº�Ã�¼BÂ+¿²Û>ÅUÇ@�+ÄÆ¾�Õ�¾�ÊUº�ÄÆÇÆ¹�¿@ã@ßKà{¾<Ã�Å2÷B¼DÊ-½,¾<åM¼UÃ�»�½�¾MÄ¨è ¾IÌ,Î2Ç º�¼BÊ
Îx¼BÃ�Ã�¾�¿ÓÀÁ¼BÊ,½ôÞ

aB = εra0
meff

Ôç¼��
ao = 4πεo

h̄2

mee2
≈ 0, 5 	 Ô²¾Iº meff

¾�¿¥º�Ä�ÅXÕ�ÅU¿�¿�¾Ü¾2ÏÁ¾�Îxº�ÇÉÙB¾(â¨¿�ÅUÊ+¿-½+ÇÆÕ�¾�Ê,¿�ÇÉ¼BÊÁã�ß
æ'ÅUÊ,¿�Ä¨è )ÓÊÍö��CÔ

aB = 590 	 ß
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∆εrenorm = εf(h̄ω + ∆Eg)− εf(h̄ω)
ë1Ï<À ÊZì

e��
∆Eg

L�KA@h=³;-¹j;>IA:³;G@M:?ejN�o�L+=³;-¹g;»=?L9fJI¢o�f@�´;»5�À
Ó�N�5JIA69KAL9N(8�L�o�� fJN�5J=<;>KAµa;}6�=kL�8±@AIAegNHóÅ@MInejf��xegN 57L9f�@H@ML9NJ:?I¤8�egµ!5�@AL o�L0=;� :kN<õ(f�L9N(8�L
o�L¤=<; Á2Ã Ë�ÌªÆ È9{�y�{�È Ë�Ì Á É {�Í�ÁGÈE| ÇNý Á2{�È 5�;>I*=kLaµ!e�o<Æ9=?L^o�L,÷�IAf(o�L�À�¸¢ejfJK�È ;>:kKAegNJK
=1�²Ã´½�57eg@�Ã�Æ9KAL!²´fJL!8±LHµHe�o<Æ9=?L­IAL9Kn@ML-¹g;>=k:ko�L­57ejfJIl=³;a@AI�Æ9K^È egIn@ALHo�L9NJKA:?@A6H6�=kL�8 @MIAegNJ:k²OfJL
ë
1022

8�µ −3
ì*8±ejNJKA:ko�69IA69LCo(;>NJK-NJejK­8�egN(o�:m@M:?egNJK­L$Î�5769IA:?µ!L9N´@ ;»=?L9KDÀ:Å�;0¹j;>IA:³;G@M:?ejN o�L

=³; 8�egNJKn@ ;>NO@ML^o�:?69=kL�8 @MIA:k²OfJL
∆εdrude

L9Kn@H;>=?ejInK�È egN(8±@M:?egN o�L^=³; o�L9N�KM:m@M6^o�La5ªegIn@AL9fJIAK
L)ÎJ8�:m@M69K/.

∆εdrude = − Nehe
2

εomemoptω2

1

1 + i 1
ωτD

= −
(
ωp
ω

)2 1

1 + i 1
ωτD

ë1Ï<ÀSÁ9ºZì

e��
τD

L9Kn@H=<;E8�egNJKn@ ;>NO@ML¾o�LCIAL9=³;�ÎJ;>@A:kegN�o�L@÷ Inf(o�L��
Neh

L9Kn@H=³;Eo�L9NJKA:?@A60o�LC5�;»:?IAL9K
6�=kL�8±@AIAegNHóÅ@MIAegf¤L±@

mopt

L9Kn@x=³;lµ¤;»KAKAL¢eg5�@M:k²OfJL�
9ÀiQ N¤o�6,m(NJ:m@$=<;^È In6�²OfJL9N(8�Lh5J=<;>KAµa;l5�;>I
ωp =

√
Nehe2

εomemopt

À

Å�egIAKM²OfJL­=1� egN}5JIAL9N(oEL9N�8�egµ!5�@MLH8�L�Kl@AIAej:?Klµ!6�8�;>NJ:?KAµ!L9K&ë�IAL9µ!5J=?:?KAK ;9�gLHo�L9K+i�;>N(o�L9KD�
InL9NJegIAµa;>=k:?KÒ;G@M:?ejNao�L9K�i�;>N(o�L9K$L�@$57egIn@AL9fJIAK�=k:?iJInL9K$ì)�´=<;�¹g;>=kL�fJI$o�L¢=³;+8�egNJKn@ ;>NO@ML¢o�:?69=?L�8)ó
@AIA:k²OfJL+L9Kn@�o�egNJNJ69L+5�;»I�=<;-IAL9=³;>@A:kegN0KMf�:?¹g;>NO@ML�.

ε = εf + ∆εsat + ∆εrenorm + ∆εdrude
ë1Ï<ÀSÁ¢Á�ì

ε = 1 + (εf(h̄ω + ∆Eg)− 1)
Nv −Neh

Nv

− Nehe
2

εomemoptω2

1

1 + i 1
ωτD

ë1Ï<ÀSÁ�¶�ì

Q N0KMegf�Ã�;>:?@AL*6�¹g;>=kf�L9I�²OfJL9=?=kLSL9Kn@�=1� :?µ!57egIn@ ;>N(8�LSIAL9=³;>@A:?¹jL*o�L*8�L9K¢@AIAeg:kK¢5JIne�8�L9KAKAfJK¢KMf�I
=?L9K!5JIAeg5JIA:?6�@M69K!ej5�@A:³²´fJL9Kao�L0=1� 6�8#Ã(;»NO@A:k=?=?ejN oY� Ì�N74�i�À Q N 8�;>=³8�fJ=?L�=1� 6�¹jej=?f�@M:?egN o�L0=³;
In6Eõ(L�8±@A:?¹�:m@A6

R
L9NBÈ egN(8±@A:kegNEo�L*=<;¤o�L9NJKA:m@M6·o�L·5�;>:?IAL9K 69=?L�8±@AIAegNHóÅ@MIAegf

Neh

P!=1�õ;>:ko�L-o�L
=³;­InL9=<;G@M:?egN�KAfJ:m¹j;>NO@AL�.

R =

∣∣∣∣∣
ε1/2 − 1

ε1/2 + 1

∣∣∣∣∣

2

=
(n− 1)2 + k2

(n+ 1)2 + k2

Å�L9K¢o�L9fHÎ08�;>KhKMfJ:m¹g;»N´@MKhKAejNO@¢8�ejNJKA:ko�69IA6�K/.
0 Á¢À�Â�In:kKAL­L9N 8±ejµ!5�@AL!o�LH=1� :?N<õ(fJL9N(8±L¤o�L�Kl@MInej:?K+µ!6�89;»NJ:?KAµ!L9K+KAfJIl=³;a¹g;>=kL9fJI+o�L
=³;H8�egNJKA@Ò;»N´@MLSo�:?69=?L�8±@MIn:³²Of�L�À

0 ¶HÀ�4�L9fJ=j=1� L$ÔFL�@�o�L�=³;UIn6957ejNJKAL$o�L�Ku57egIn@ML9fJInKu=?:?iJIAL9KuKAfJI©=<;�¹g;>=kL�fJI�o�L�=³;�8�egNJKn@ ;>NO@MLo�:?69=?L�8±@MIn:³²OfJL+L9Kn@¢5JIA:?KhL9N 8±ejµ!5�@AL�À
� à{Å�Õ�ÅU¿�¿�¾~¼UÀ�º@Ç Ú Â,¾~¾�¿¥ºG¿�ÅBÊ,¿�½,ÇÆÕ�¾�Ê+¿�ÇÉ¼DÊ7Ô�¾�ÄÆÄÆ¾ÝÎI¼UÃ�Ã�¾�¿ÓÀÁ¼DÊ,½%Þ�Â+Ê�¾ÝÕ�¼�÷B¾�Ê,Ê,¾'¾2ÏÁ¾�Îxº@Â�¹2¾Ý¿�Â,Ã�ÄÆÅ�Ã�¹2À+ÅUÃÓº�ÇÉº@ÇÉ¼BÊ"½�¾ÝÄ�ÅÀÁ¼UÀ+Â+ÄÆÅ¡º�ÇÆ¼BÊ"½�¾ÝÀÁ¼UÃÓº�¾�Â�Ã�¿G¿�Â�ÃGÄ¨è ¾�Ê+¿Ó¾�Õ¢�ÍÄÉ¾-½,¾-ÄÆÅÜ¿¥º�Ã�Â,Îxº@Â�Ã�¾-½�¾á�ÍÅUÊ,½,¾65 öSÊ{Ù,½,à�]x].;nß<à²Å�ÙUÅUÄÉ¾�Â,ÃG½�¾-ÄÆÅÜÕ�ÅU¿�¿Ó¾-¼UÀ�º@Ç Ú Â,¾¾�¿ÓºGÎI¼BÕ�À,Ã�Ç�¿Ó¾Ý¾�ÊUº�Ã�¾¢]�Ô ]�_�
�¾2º¢_Üâ¯Ã�¾�¿ÓÀÁ¾�Îxº�ÇÉÙB¾�Õ�¾�ÊBºGÄÆÅ�Õ�ÅU¿�¿�¾~¼BÀ�º@Ç Ú Â�¾-Þ�Û¯Ã�¼BÇÆ½%¾IºËÎx¾�ÄÆÄÆ¾-½�¾ÝÄ¨è ¹�ÄÆ¾�Îxº�Ã�¼BÊ"Ä�Ç��,Ã�¾Èã@ß
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Modèle de Drude
uniquement

Prise en compte de la renormalisation des bandes d’ énergie, 
du remplisage des bandes et du modèle de Drude
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Rapport de la densité de paires électron− trou par la masse optique (/cm3)

R=f(Neh/mopt))

¬�­¯®7°²±�³À�Cµ�X�>�¹2ä,¾�Î@º@ÇÉÙ�ÇÉº�¹�Ê,¼UÃ�Õ�ÅUÄÆÇ�¿Ó¹2¾�¾�Ê�Û¯¼BÊ,Îxº@ÇÉ¼DÊ(½�¾�Ä�Ål½�¾�Ê+¿�Ç º�¹�½�¾�À+ÅUÇÆÃ�¾�¿G¹�ÄÉ¾�Îxº�Ã�¼BÊSÅnº�Ã�¼BÂ(½,ÇÉÙ�Ç�¿Ó¹2¾�À+Å¡Ã~ÄÆÅlÕ�ÅU¿�¿Ó¾
¼UÀ�º@Ç Ú Â�¾l½+ÅUÊ,¿�Ä>è )¥ÊÍöS�Cß�à²ÅXÀ,Ã�¾�Õ�ÇÆø2Ã�¾lÎI¼BÂ�Ã8�Á¾i¾�¿¥º�Î2ÅUÄÆÎ2Â,ÄÆ¹2¾i¾�Ê8À+Ã�¾�Ê,ÅUÊBº�¾�ÊôÎI¼BÕ�À�º�¾lÂ,Ê+Ç Ú Â�¾�Õ�¾�ÊBº�Ä�ÅXÃ�¹2ÀÁ¼BÊ,¿Ó¾l½,¾�¿
ÀÁ¼UÃÓº�¾�Â�Ã�¿ÝÄÆÇ@�,Ã�¾�¿2ÔçÎ¡è ¾�¿¥º�ÞX½,ÇÆÃ�¾"Ñ

ε = εf −
(
ωp
ω

)2 1

1+i 1
ωτD

ßià{ÅX¿Ó¾�ÎI¼BÊ,½,¾�ÎI¼BÂ,Ã8�Í¾�¾�¿Óº�ÎIÅBÄÆÎ2Â,ÄÆ¹2¾�¾�Ê(º�¾�Ê,ÅUÊBº�ÎI¼BÕ�À�º�¾
½�¾�¿'º�Ã�¼BÇ�¿ÝÕ�¹�Î2ÅUÊ+ÇÆ¿�Õ�¾�¿ Ú Â+ÇK¿�¾�À,Ã�¼�½,Â,Ç�¿Ó¾�ÊBº-Þ"»,ÅUÂ�ºÝä+Â�Ìsâ¯Ã�¾�Õ�ÀÍÄÆÇ�¿�¿�Å¡ØB¾�½,¾�¿z�+ÅUÊ,½,¾�¿IÔ{Ã�¾�Ê,¼UÃ�Õ�ÅUÄÆÇ�¿�ÅÈº@ÇÆ¼BÊ�½,¾�¿z�+ÅUÊ,½,¾�¿
½7è ¹�Ê�¾2Ã�ØBÇÆ¾M¾2º¦Ã�¹2ÀÍ¼DÊ,¿Ó¾�½�¾�¿�ÀÁ¼UÃÓº�¾�Â�Ã�¿�Ä�Ç��+Ã�¾�¿@ã@ß"�K¼BÂ�ÃKº�Ã�ÅUÎI¾2Ã¦Ä�Å~ÎI¼BÂ,Ã8�Í¾BÔU¼BÊ�Îx¼DÊ,¿�Ç�½�ø2Ã�¾ Ú Â�¾�Ä�Å~ÎI¼BÊ,¿Óº�ÅBÊUº�¾�½,¾�Ã�¾�ÄÆÅÈÌ,ÅÈº@ÇÆ¼BÊ
½�¾Ýæ'Ã�Â,½�¾Ý¾�¿¥ºËÎI¼BÊ,¿¥º@ÅUÊBº�¾~¾2º

τD = 8.10−16 ¿Iß
Å�;«m��jfJInL¯Ï�À²ÊÝµHejNO@AIAL =;� 6�¹´eg=kf�@M:?ejN�@_ÃJ69egIA:k²OfJL�o�L =<; IA6Eõ(L�8±@A:?¹�:?@A6�NJegIAµ¤;»=?:?KM6�L�L�N
È egN(8±@M:?egN
o�L}=³;�o�L9NJKA:m@M6�o�L�5�;>:kInL9K069=kL�8 @MIAegNHóÅ@MInejf o�:?¹�:?KA69L�5�;>I0=³; µa;>KMKAL}ej5�@A:k²OfJL
ë
R = f( Neh

mopt
)
ìx57ejfJI¢8�L9K¢o�L9fHÎ08�;>KDÀ

Q NCKD�õ;>57L9I��±ej:m@h²OfJL�=1� 6±¹´ej=?f�@A:kegN0o�L =<;*IA6Eõ(L�8 @M:m¹�:m@M6�L9Kn@�5JIn:kNJ8�:k5�;>=?L9µ!L9NO@ho�:k8±@M69L�5�;>IU=³;
IA6957egNJKAL�o�L9Kx57egIn@ML�fJIAK�=?:?iJIAL9K$¹�:³;S=kL�µ!e�o<Æ9=?L�o�Lh÷�IAf(o�L¢À}Ó�N^8�egNJKA6�²OfJL9N(8±L���egNC8±ejNJKA:°ó
o<Æ9IAL-²OfJL-=³;¤µ!e�o�:nm�8�;G@M:?egN�o�L-=³;a8�ejNJKn@Ò;»NO@AL­o�:?69=kL�8 @MIA:k²OfJL-57L9f�@lKAL-8�;»=k8�fJ=?L9I�fJNJ:k²OfJL$ó
µ!L9NO@XP+=1�õ;>:³o�L o�faµHe�o<Æ9=?L o�Lh÷ Inf(o�L��OejNaNJLh@M:?L9N(o�IÒ;S8�egµ!5�@ML�o(;»NJKxNJe»@MIAL¢µ!e�o<Æ�=kL�NJ:
o�f¾IAL�µ!5J=?:kKAKÒ;0�gL+o�L9K�i�;>N(o�L9KQë KÒ;»f<È�P*@MIM;�¹jL9IAKU=<;·KÒ;>@AfJIÒ;G@M:?ejN¾o�Ll=;�î;»i�KMegIA5�@A:kegNmì)��NJ:�o�L
=³;­IAL9NJegIAµ¤;»=?:kKÒ;G@M:?egN o�L9Khi�;>N(o�L9K�o�� 6�NJL9I��g:kL�K�À
÷�;»NJK�=?L·8�;»o�IAL*o�f µ!e�o<Æ9=?L·o�L�÷�IAfJo�L��7o�L9fHÎ05�;»IM;»µIÆ�@MIAL�K o�L�¹�InejNO@fÍ�@AIAL*o�6�@ML9Inµ!:?NJ69K
57ejf�I*8�egµ!5�;>IAL9I+NJejKSKA:?µ-fJ=³;>@A:kegNJKSN�fJµ!6�IA:k²OfJL9K·;»f4Î�IA69KAfJ=m@ ;G@MKSL$Î�576�IA:?µ!L9NO@ ;>fHÎ .+=³;
µa;>KMKALlej5�@A:³²´fJL

mopt

L�@¢=³;H8�egNJKn@ ;>NO@MLSo�L+IAL�=<;�Î(;G@M:?ejN o�L�÷ Inf(o�L
τD
À

ÂXegfJI-o�6�@ML9Inµ!:?NJL9I-=³; 8�ejNJKn@Ò;»NO@ALCo�L^IAL�=<;�Î(;G@M:?ejN o�Lj÷�IAf(o�L
τD
��egN KD� :?NO@M69InL9KAKMLgP =³;

¹g;»=?L9fJI·o�fÔµ!:?NJ:?µ-fJµ o�L¤In6Eõ(L�8±@M:m¹�:m@M6¤L9N�È egN(8±@M:?egN o�L¤=³;0o�L9NJKA:?@A6¤69=kL�8 @MIAegNJ:k²OfJL:ë 8EÈ�À
mx�gfJIALQÏ<À ÊZì$À�Ð�L+µ!:?NJ:?µ-fJµ 8�egIAInL9KM57egN(o�P­=³;Ho�L9NJKA:?@A6S69=?L�8±@AIAegNJ:³²´fJLS57egfJIh=³;g²´fJL9=?=kLS=³;
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Constante de relaxation de Drude τ (s)

Minimum de réflectivité  
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o�Ll=<;H8±ejNJKn@ ;>NO@AL*o�L+InL9=³;�Î(;G@M:?egN
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À
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τD
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mx�gfJInL�Ï<ÀSÁ9ºOì)À
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τD
L9Kn@+;>=kegIAK 5JIne�8#ÃJL-o�L

10−13
K)ì$À � Ã�;>f�@ML

o�L�NJKA:?@A6U=kL�K�8�eg=k=?:?KM:?egNJK�57ejI[@ML9fJInK$ÛG57egIn@ML9f�IAK�o�eg:?¹jL9NO@�m<Î�L9I KÒ;¢¹g;»=?L9fJIRë
τD
L9Kn@�o�L�=;� ejIAo�IAL

o�L
10−15

K$ìôoðrXÐ�S
+
Ù¢Ñ{tpÀ

¹©¿ ô ¿ º `�Ì y�Ã�| Ç È ÊJÉGÇ<ÌªÆ yu{E|W~ Êxý È Ì Á ËuÉGÇ ÌªÆ
Å�L9K­µH6�8�;»NJ:?KAµ!L9KHo��õ;>iJKAejIn5�@M:?egN�5JIA69KAL9N´@M69K­L9N¯Ï<À § ÀSÁ^KMegNO@­f�@M:?=k:?KA69KH57egfJI­µ!e�o�69=?:kKAL9I
=1�õ;>iJKAegIA5�@M:?egN¤o�L�=;� 69NJL9I��g:?L�=<;>KAL9I�o(;>NJK�=kL�KAL9µH:³8�egN(o�f(8±@AL9fJIDÀ�¸¢ejfJK�KM:?µ-f�=kegNJK�=;�î;»iJKAegIA5Hó
@A:kegN o�� fJNrÈ ;>:kKM8�L2;>f =<;>KAL9I·L9NÔ57ej=³;»In:kKÒ;G@M:?egN¯Âz:?N(8�:ko�L9NO@-KAfJI*fJN 6�8#Ã(;»NO@A:k=?=?ejN o�� Ì�N74�i
ë	Á�Á¢Á�ì$À
÷�;>NJK�8�L9K�µ!e�o�69=?:?KÒ;>@A:kegNJKD�´NJegfJK$8±ejNJKA:ko�69IAegNJK�fJN!8�In:?KA@Ò;»=�KAL9µ!:°ó�:kN<mJNJ:(8�;>I�=?L9K�6�8#Ã�;>NO@M:?=°ó
=?egNJK�KAegNO@�695�;>:kKoë	Á�µ!µyìl�´NJegfJK�N�LU5JIAL9NJegNJK�L9NH8�egµ!5�@ML�²Of�� fJNJL�o�:kµ!L�NJKM:?egN!o�� L9KA5�;g8�L
z
ë�KAL9=kegN =<; o�:?IAL�8 @M:?ejN NJejInµa;»=?L�P0=³; KAfJI�È ;»8�LCo�La=1� 6�8_Ã�;»NO@A:k=?=?ejNiì$��8�;»I*=<; o�:?µ!L9NJKA:?ejN



�Íõ ëYägç²w�z_á w ß°æ�ç�ä\åZä ª yDæ3ß � wpw � w è } ä�ê3ç^ß¥¤¦y�ä |~} áB�<ßNè-ê�är#

o�L�=³;}@ ;»8#ÃJL�È e�8�;>=kL�=³;»KAL9Iao�� L$ÎJ8�:m@ ;G@M:?ejN�ë1Ïgºgº
µ
µyì-L9Kn@aiJ:?L9N KMf�5769IA:?L9fJIALkP�=³;�5�IAe0ó

È egN(o�L9fJISo�L!576�NJ6�@MIÒ;G@M:?egNÔo�L!=1� :kµ!5�fJ=kKA:?ejN�:kN�È<IÒ;>IAegf��jLBë�6�8#Ã�;>NO@M:?=?=?ejN ;>iJKMegIAi(;»NO@·;9¹´L�8
fJNJL+5JIAe¢È egN(o�L9fJI¢o�L+5769NJ6�@AIÒ;G@M:?ejN�o�L*º<�SÁ

µ
µyì$À

Å}� 6�8_Ã�;»NO@A:k=?=?ejN^L9Kn@�o�:m¹�:?KA6�L9N^f�NJL�KA69In:kL�o�L 8�ejf(8_ÃJL9KU5�;>IÒ;>=k=?Æ9=?L9K(PS=<;SKAfJI�È ;»8�L�À�ÐzÃ�;»²OfJL
8�egf(8#ÃJL�L9Kn@$8�;>IÒ;»8±@A69IA:?KA69Lh5(;»I�fJNJLh8�ejN�KA@Ò;»N´@MLho�:?69=?L�8±@MIn:k²OfJLh5JInej5JInL��O;»:?NJKA:(²OfJLU5�;>I�KAegN
8#Ã�;>µ!5069=?L�8±@MInejµ¤;0�gNJ6�@M:k²OfJLl@MIÒ;>NJKAµ!:©L�@¢In6Eõ(6�8#ÃJ:1À

Ç o ¼�EG?BJ��D��FI�C��HKJD��¶D��9�A{=@FI�C�<��HKJ���A�¼��%J+;�;�HKA7�M��9×����F@;¯FxJ�9�AçN��Í�C?ÍNDAC��=
Å�L9K-L$Î�5JIAL�KMKA:?ejNJK­o�f 8#Ã�;»µH5 µa;9�jNJ6�@A:³²´fJL

B
L�@­o�f 8#Ã�;>µ!5 69=?L�8±@MIn:³²Of�L

E
KAegNO@­=?L9K

KAfJ:?¹g;>NO@ML9Ks.

B = Bo exp i(ωt− n̄w
c
r + φB)

ë1Ï�À?ÁDÏZì

E = Eo exp i(ωt− n̄w
c
r + φE)

ë1Ï�À?ÁAÑOì

eH�
Bo

L�@
Eo

KAejN´@¾IAL�KM57L�8 @M:m¹´L9µ!L9N´@¾=1�õ;>µ!5J=?:m@Mf(o�L�o�f 8#Ã�;>µ!5Ýµa;9�gNJ6�@M:k²OfJLEL�@¾o�f
8#Ã�;>µ!5069=?L�8±@MIn:³²´fJL��

φB
L±@
φE

KAegNO@�o�L9K�@ML�IAµ!L9K¢o�L+5�Ã�;>KAL�À
÷�;»NJKSfJNÔµ!:?=?:?L9f ;>iJKMegIAi(;»NO@D��egNÔf�@A:?=k:?KAL¤=kL�K*6�²Of�;G@M:?egNJK·o�L Ú ;�Î
FUL9=?=$KAfJ:m¹g;»N´@ML9Kyë�ejN
KAfJ5J57ejKALS²OfJL+=?L9K�8�egN(o�:m@M:?ejNJK ∂ε

∂t
E � ε∂E

∂t

L�@ ∂ε
∂z
E � ε∂E

∂z

KAegNO@h¹´69In:nm(69L9K)ì�o V ñ�Ù¢Ö{tl.

ε∇ · E = 0
ë1Ï<ÀSÁ § ì

∇ ·B = 0
ë1Ï<ÀSÁAÖOì

∇× E = −∂B
∂t

ë�Ï�À?Á�Ä¢ì

∇×B = µε
∂E

∂t

ë�Ï�À?ÁDÙZì

Å�L¢8#Ã�;>µ!5!µ¤;0�gNJ6�@M:k²OfJLhL9Kn@�=?:k6�;9¹´L�8�=?L¢8_Ã�;»µ!5H69=?L�8±@MIA:k²OfJLh5�;>I�=³;lInL9=³;>@A:kegN!KAfJ:?¹g;>NO@ML�.

B =
k × E
ω

ë�Ï�À?ÁDÊZì

Å}� :?NO@ML�NJKM:m@M6So�f�8#Ã�;>µ!5�6�=kL�8 @MIAegµa;9�jNJ6±@M:k²OfJLSL9Kn@�o�ejNJNJ6�LS5�;»Ih=³;-¹g;>=kL9f�I¢µ!e2½´L�NJNJL*o�f
¹´L�8±@AL9fJI¢o�L�Â�eG½�N´@M:?N��x��KAej:m@/.

I = n
(
εoc

2
|E|2

) ë�Ï�Àî¶gºZì

Q N}8�egNJKM:ko<Æ9InL­²OfJL-=1� :?µ!5JfJ=?KM:?egN}=³;»KAL9Il;afJNJL�È<ejInµ!L-KA5�;G@M:?e0óÅ@AL9µ!57ejInL9=?=kL��O;>fJKAKA:kL�NJNJL�À
Å}� 69NJL9I��j:?L·µ!L9KAfJIA69L*L$Î�5769IA:?µ!L9N´@ ;>=kL9µHL9NO@

Eexp
L9Kn@ IAL9=?:k6�LH;>fE8#Ã�;>µ!5B69=?L�8±@AIA:k²OfJL-5�;>I

=1� L$Î�5JInL9KAKM:?egN�KAfJ:m¹j;>NO@AL�.

Eexp =
cεo
2

∫ +∞

−∞
exp

(
− 2t2

τ 2
laser

)
· dt

∫ +∞

0
|Eo|2 exp

(
− 2r2

W 2
o

)
· 2πrdr ë1Ï<Àõ¶HÁ�ì



#²ê �ßü � åHw�ã°ß°æ�á0èNß � w åZäzã�ý ß w è;ä�ê�á7z$èNß � w ãSáEæ�ä�ê�þ9æ�ä�ç[ß¥z � w å<yCz$è;äÍyAêwå�á w æLãxý á w è-ß°ç � w ß@yDê�ä\åáý ß w å0ß@yAç �7�

e��
Wo

L9Kn@�=kL�o�:³;>µ�Æ�@MInL�P
1/e

o�LU=<;�@Ò;g8_ÃJL�=³;»KAL9I�KAfJI�=1� 698#Ã�;»N´@M:?=k=?egN��
τlaser

L9Kn@�=³;lo�f�IA69L
P

1/e
o�L+=;� :kµH5JfJ=kKA:?egN�=³;»KAL9IhL�@

Eo
L9Kn@¢=1�õ;>µ!5J=?:m@Mf(o�LSo�f 8_Ã�;»µ!5¾69=?L�8±@MIA:k²OfJL¢À

Å�L9K�6�²´f�;>@A:kegNJK\Ï�Àî¶<ÁlL±@oÏ<ÀSÁAÊ­57L9Inµ!L�@A@AL9NO@ho�LlIAL9=?:?L9I�=³;Võ(fJL9N(8±LSo�� L$ÎJ8�:m@ ;G@M:?ejN¾=³;»KAL9Ih;»f
8_Ã�;»µH5�µa;9�gNJ6�@M:k²OfJL¾:?N(8�:ko�L9NO@HKMfJI­=³;BKAfJI�È ;»8�L¾o�L¾=1� 6�8_Ã�;»NO@A:k=?=?ejNLPE8#Ã�;»²OfJL¾:?NJKn@ ;>NO@DÀ
� m(Nao�L�o�6�@AL9IAµ!:?NJL9I�=kL�8_Ã�;»µH5¤µa;9�jNJ6±@M:k²OfJL¢57ejfJI$8#Ã�;»²OfJLh@MIM;»N(8_ÃJL�o�L¢=1� 6�8_Ã�;»N´@M:?=k=?egN��
egN
f�@M:?=k:?KALE=?L9K¾8±ejN(o�:m@M:?egNJK0o�L}8�egNO@M:?N�fJ:m@M6Eo�fÝ8#Ã�;>µ!5
KMfJI^8#Ã�;g²´fJLE:?NO@AL9I�È ;»8�L .}=kL9K
8_Ã�;»µH5JK�6�=kL�8±@AIA:k²OfJLUL±@�µa;9�jNJ6�@A:³²´fJL�@AIÒ;>NJKn¹´L9IAKAL9K KAejN´@�8�egNO@M:?N�fJK KMf�I�8#Ã�;»²OfJL�:kNO@AL9I�È�;g8�L
ë�=kL+µH:k=?:?L9f 8�egNJKA:ko�69IA6+L9KA@hNJejN0µa;9�gNJ6�@M:k²OfJL�ì)À

Ç�Ç�� N��Í�C?2EË=@FI�C��HKJ�;.Ã F��¸EG9M;ð�DFI�C��;�A7�+J�?
Å}�î;>@n@M69N�f�;G@M:?egN
o�f¬È ;»:?KM8�L2;>f =kegIAK�o�L KÒ; 5JInej5�;9�´;>@A:kegNìP @MIM;�¹jL9IAK0fJNJL}@MIM;»N(8#Ã�LÔo�L
=1� 698#Ã�;>NO@M:?=k=?egN�L9Kn@�o�fJL*;>fHÎ¾µ!6�8�;>NJ:?KMµHL9K�o��î;»iJKAegIA5�@A:kegN�À
Å}�î;»iJKAegIA5�@A:kegN =k:?NJ62;>:?IAL L9KA@�InL95JIA69KAL9NO@A69L 5�;»I0=?LÔ8�eOL,6a8�:?L9NO@Bo��î;»iJKAegIA5�@A:kegN
=?:?NJ62;>:kInL
αl = αo + αpl

À¯Ì�=UL9Kn@¤8�egµ!57ejKA6�o�f 8�eOL,6¤8�:kL9N´@ao��î;»iJKAegIA5�@A:kegN�:?NO@ML9Ini�;>N(o�L�ë 8�eOLAÈ ó
m�8±:kL9N´@·o��î;»iJKAegIA5�@M:?egN =k:?NJ62;>:?IAL*P,È Inej:koiì

αo
L�@*o�fÔ8�eOL,6a8�:?L9NO@·o��î;»iJKAegIA5�@A:kegNÔo«s ;>fHÎ

57egIn@AL9fJIAK-=?:kiJInL9K
αpl
ÀdÅ��î;»iJKAegIA5�@A:kegN 5�;»I·=?L9K-57ejI[@ML9fJInK­=?:?iJIAL9K-L9Kn@­5JIn:kKAL^L9N 8±ejµ!5�@AL

o(;>NJK�=?L¢8�eOL,6a8�:?L9NO@xo��î;»iJKAegIA5�@A:kegN!=k:?NJ62;>:?IALh5�;»I�=1� :?NO@ML9Inµ!6�o�:³;>:kInL�o�L�=<; ¹g;»In:<;G@M:?egN¤o�Lh=³;
8±ejNJKn@ ;>NO@AL-o�:?69=kL�8 @MIA:k²OfJL-²OfJ:�L9Kn@�8�;>=³8�fJ=?69LpP!=;�î;»:ko�L-o�fBµ!e�o<Æ9=?L-o�L�÷�IAf(o�Lyë InL9=<;G@M:?egNJK
Ï<À Ö­L�@fÏ<ÀSÁ9ºOì)À
Å}�î;»iJKAegIA5�@A:kegN @Aeg@Ò;»=?L o�f�È ;>:?KÒ8±L2;»f =³;>KAL9I¤L9Kn@a5JIA:?KAL�L9N 8�egµ!5�@MLB;9¹´L�8¾=kL 8�eOL,6a8�:?L9NO@
o��î;>iJKMegIA5�@A:kegN^@Aeg@Ò;»=?L

αtot = αl +αnl
eH�

αl
IAL95JIn69KAL9NO@ML =1�õ;>iJKAejIn5�@M:?egNC=k:?NJ62;>:kInL�L�@

αnlInL95JIA69KAL9N´@MLl=1�õ;>iJKAejIn5�@M:?ejN¾NJegN¾=k:?NJ62;>:?IAL�À%Q N¾KAfJ5J57egKALS²´fJLl=;�î;»i�KMegIA5�@A:kegN¾NJegN0=?:?NJ62;>:kInL
KD� 6�8�IA:m@�.

αnl = β ·I �»eH�-=1� egN­8�ejNJKA:ko<Æ9IAL�L9N-5JIAL9µ!:?Æ9InLh;>5J5JIAeDÎ�:?µa;G@M:?egNH²OfJLU8�L9KX@ML9Inµ!L9KKAegNO@¢8�ejNJKn@Ò;»NO@AK�À
Â�ejf�I­@ML9NJ:?IH8�ejµ!5�@ML0o�L¾=1�õ;G@A@M69NOf�;>@A:kegN o�f¯È ;>:kKM8�L2;>f�=?ejInK!o�L0KÒ;B5JIAeg5�;9�O;G@M:?ejN�o(;»NJK
fJN�L¤@MIM;»N(8#Ã�L^o�L¤=;� 6�8#Ã�;>NO@M:?=?=kegN�� egN f�@A:k=?:?KMLC;>=?ejInK·=;� 6�²Of�;G@M:?egN8Ï<À²Ñaë o(;>NJK·=<;»²OfJL9=?=?LaejN
InL9µ!5J=³;g8±L

α
5�;>I

αtot
ì)À

Â�ejf�I�¹g;»=?:ko�L9IX=;�î;>5J5JIAeDÎ�:?µa;>@A:?ejN·f�@M:?=?:kKA69Lx5ªegfJIX=?L�8�;>=³8±fJ=�o�Lx=;�î;»iJKAegIA5�@A:kegN-N�ejN·=?:kNJ6�;»:?IAL��
egNCL9Kn@M:?µ!Ll²OfJL9=?=?L+o�ej:m@RÍ�@AIAL�=³;*¹g;»=?L9fJI�o�f08±e�L,6¤8�:?L9NO@¢o��î;»iJKAegIA5�@A:kegN�P·o�L9fHÎ^5�ÃJeg@AejNJK
β
57ejfJI�Í�@MInL�6E�O;>=kL8P+=1�õ;>iJKAejIn5�@M:?ejNa=?:?NJ62;»:?IAL�;9¹jL�8¢f�NJLoõ(fJL9NJ8�L o�� L$ÎJ8±:?@Ò;>@A:kegNC;»i�KMegIAi769L

o�LVÁAÖjºSµ 5 Àî8�µ −2
ë 8¢� L9Kn@x=<;^õ(fJL9N(8�L�o�� L$ÎJ8�:m@ ;G@M:?egN^µa;�Î�:?µa;»=?L ²OfJL�NJegfJK�f�@A:k=?:?KMegNJK)ì$À$4O:

egN¾@A:kL9N´@�8�egµ!5�@ALSo�L+=1�õ;>iJKAejIn5�@M:?egN�:?NO@ML�IAi�;>N(o�L+L�@�o�Ll=;�î;»iJKAegIA5�@A:kegN05�;»I�=kL�Kh5ªegIn@AL9fJIAK
=?:?iJIAL9KhëÅ;>iJKAejIn5�@M:?egN^=?:?NJ62;»:?IAL¢@Me»@ ;>=kL�ì$��;»=?egIAKx57ejf�I

β = 9000
8�µ�À¯� � −1

�O=1�õ;>iJKAejIn5�@M:?ejN
P­o�L9fHÎ¾5�ÃJe»@MegNJK¢L9Kn@h6�²OfJ:m¹g;»=?L9NO@ML/P­=1�õ;>iJKAejIn5�@M:?ejN0=?:kNJ62;>:?IAL�À
Å}� ejIAo�IAL·o�L��gIÒ;>N(o�L9fJI ²OfJL*NJejfJK�;9¹´ejN�K L9Kn@A:kµ!6*57egfJI�=;�î;>iJKMegIA5�@A:kegNïP!o�L9fHÎ�5�ÃJeg@AejNJK
o(;>NJKS=1� Ì�N74�i L9Kn@

β = 130
8�µ�À¯� � −1

ë 8EÈ�ÀHKAL�8±@M:?egN�Ï�À § À?Á2;�ì$À&Å}�î;»iJKAegIA5�@A:kegN P¾o�L9fHÎ
5�Ã�eg@AejNJK*L9Kn@­;>fÔµ!ej:?NJK*fJNÔejIAo�IALao�L&�gIÒ;>N(o�L9fJI*:?N�È 69In:kL9f�IALgP¾=1�õ;>iJKAejIA5�@M:?ejN =?:?NJ62;>:kInL
@Aeg@Ò;»=?L·57ejf�I fJNJL�õ(fJL9N(8±L­o�� L$ÎJ8�:m@ ;G@M:?ejNEo�LyÁAÖjº¤µ 5 Àî8�µ −2

À ¸¢egfJK L9NE8�egN(8�=?fJegNJKl²OfJL
=1�õ;>5J5JIne�Î�:kµa;G@M:?egN f�@M:?=k:?KA69LC57ejfJI·@ML9NJ:?I­8�ejµH5�@MLCo�LC=1�õ;>iJKMegIA5�@A:?ejN NJejN =k:?NJ62;>:?IAL0;»fJIM;
fJN0L$ÔFL�@hNJ6A�j=?:?�jL�;»iJ=?L*KAfJI�=kL9KhIA69KAfJ=m@ ;G@MK¢o�L9K¢8�;>=³8�fJ=?KDÀ

Ç�Ç�Ç �/J��M��F�=®¶pHKJXE�ACF�?BJ���¶,;�JD�,=@?B�C����=�?D�C9pEG?B�ÁHC9¦F�=�J��"E�AC?/;�Ã FÓ�8EG9<;ð��FI�C��;nA7�ÍJ�?



��W ëYägç²w�z_á w ß°æ�ç�ä\åZä ª yDæ3ß � wpw � w è } ä�ê3ç^ß¥¤¦y�ä |~} áB�<ßNè-ê�är#

Å�;-o�L9NJKA:?@A6+o�Ll5(;»:?IAL9K�69=?L�8±@AIAegNHó�@AIAegf0o(;>NJKh8#Ã�;»²OfJL�@AIÒ;»NJ8#ÃJLlL9Kn@h8�;>=k8�fJ=?69L/P·=1�õ;>:ko�LSo�L
=1� 6�²Of�;G@M:?egN�KAfJ:m¹j;>NO@AL�.

dN

dt
=

1

h̄ω
(αF +

βF 2

τlaser
)

ë1Ï�Àî¶j¶�ì

Ç Â q F���F�=�J���HC9&�:�ÁHH»+;�J
Ì�=OÈ�;»f�@�KAejfJ=?:?�jNJL9IX²Of�Lx8�Lx8�e�o�L$N�� L9Kn@u¹j;>=³;»iJ=?L�²´fJL$57ejfJIuKA:kµ·fJ=kL9Iu=³;h5�Ã�;>KALxo�� L)ÎJ8�:m@ ;>@A:?ejN
69=?L�8±@MInejNJ:k²OfJL oJ;»NJK!=;� 6�8#Ã�;>NO@M:?=?=kegN KAL9µ!:k8�ejN(o�fJ8±@ML9fJIAÀ�Ì�=hN�L0µ!e�o�69=?:?KAL�NJ:h=³;}InL9=<;�Î(;�ó
@M:?egNÝo�f 5J=³;>KMµ¤; 69=?L�8±@MInejNHóÅ@AIAejf���NJ:�=?L µ!6�8�;>NJ:kKAµ!LBo�LBÈ f�KM:?egN
NJegN @�ÃJL9IAµH:³²Of�LB=?fJ:
µ�Í9µ!L¢À�Ì�=(KAfJ5J57egKMLh6A�´;»=?L9µ!L9NO@x²OfJLh=1�õ;>iJKAejIn5�@M:?ejN*Plo�L9fHÎH5�ÃJeg@AejNJK�IAL9Kn@MLh:?N�È 69In:kL9f�IAL8P
=1�õ;>iJKMegIA5�@M:?ejN =?:?NJ62;>:kInL*57ejfJI¢=?L9K\õ(fJL9N(8�L9K ²OfJ:�NJejfJK¢:?NO@M69InL9KAKML9N´@�ÀwÓ�N<m(N���=1�²Ã´½�57eg@�Ã�Æ9KAL
=³;}5J=?fJK&È<ejIn@AL0f�@A:k=?:?KM6�L o(;>NJK¤NJegK¤KA:?µ-fJ=³;G@M:?ejN 8�egN(8�L9InNJL�=³;E¹g;»=?:ko�:?@A6 o�f�µ!e�o<Æ9=?L o�L
÷�IAf(o�L�o(;>NJK�=?L IA6A�g:kµHL�o�LXÈ<ejIn@AL L$Î�8�:?@Ò;>@A:kegN^69=?L�8±@MInejNJ:k²OfJL�o(;»NJK�=?L�²Of�L9=ªNJejf�K�@AIÒ;9¹g;»:?=�ó
=?ejNJKDÀ
÷�;»NJK�=<;�KMf�:?@AL��GN�ejfJK�;»=?=?ejNJKuL)Î(;»µH:kNJL�Iuo(;»NJK�=;�²Ì�N74�i+=;� :kN<õ(f�L9N(8�L$o�L9Kuo�:?Ôª69InL9NO@MK�5�;»IM;»µIÆ$ó
@MInL9K-f�@A:k=?:?KA69K­o(;»N�K­8�Laµ!e�o<Æ�=kLaKMf�I·=kLa5JIAe{m(=�o�L^o�L9NJKA:m@M6^69=?L�8±@AIAegNJ:k²OfJL���=?L^5JIne²m(=�o�L
=1� :?NO@ML9NJKA:m@M6 =³;>KML�IUo(;>NJK�=?L µa;>@A69IA:³;>f^L�@�=1� 6�¹jej=?f�@M:?egN¾o�L�=³;*In6Eõ(L�8±@M:m¹�:m@M6 L�NyÈ egN(8±@M:?egN¾o�f
@ML9µH5JK�À
|HT}ÿ4T � 2��3*���/O�#*YCE�Q5<�#"[5Z>?��(#'$�#*!��" b (DC$29*<>S" b �#"^5�6 2�G9"$=�'3%��1>-=�*
Å�;�mx�gfJIAL�Ï�À?Á�Á*IAL95JIA6�KML�NO@ML·=;� 6�¹´eg=?f�@M:?ejN}o�L·=³;ao�L9NJKA:m@M6·69=kL�8 @MIAegNJ:k²OfJL-L9N:È<ejN(8 @M:?ejN}o�L
=³; 5JIAe¢È egN(o�L9fJICo(;»NJKC=1� 6�8_Ã�;»NO@A:k=?=?ejN���À¨Â�ejf�I¾8_Ã�;g8�f�NJL�o�L�K08±ejfJIni7L9K¾KAL9fJ=?K¾8�L9In@ ;>:?NJK
5JIAe�8�L9KAKAfJK�o��î;»iJKAegIA5�@A:kegN o�L9Kh5�ÃJe»@MegNJK¢KAegNO@¢5JIn:kKhL9N�8�egµ!5�@ML�.

0 Á¢À KAL9fJ=?L0=1�õ;>iJKAegIA5�@M:?egN«PBfJN�5�ÃJe»@MegN�L9Kn@¤8�egNJKA:³o�69In69L�.^=?L¾5JIAe{m(=ho�L0o�L9NJKA:?@A6
6�=kL�8±@AIAegNJ:k²OfJLS5JIA6�KML�NO@ML+fJNJLSo�6�8�Inej:?KAKÒ;»N(8�L*o�Ll@W½�57L+L$Î�57egNJL9NO@A:kL�=k=?L��9À

0 ¶HÀ�;>iJKAejIn5�@M:?egN&P*fJN^L�@�o�L9fHÎa5�ÃJe»@MegNJK�. ejN^egiJKAL9In¹´L fJNJL�8�ejInIAL�8±@A:kegN¾o�f^5JIAe{m(=o�L¤o�L9NJKA:m@M6¤²OfJ:�KAL!µa;>NJ:SÈ<L9Kn@ML!5�;»ISf�NÔIM;»:ko�:?KMKAL9µHL9NO@·o�f��gIÒ;»o�:?L9NO@·o�L¤o�L9NJKA:?@A6
6�=kL�8±@AIAegNJ:k²OfJL-L�@�f�NJLH;>f��gµ!L9NO@ ;G@M:?egN}o�L·=³;!¹g;>=kL9f�Ilo�L·=³;ao�L�NJKM:m@A6�P!=<;¤KAfJI�È ;g8±L
o�Ll=;� 6�8#Ã�;>NO@M:?=?=kegN�À

0 Ï<À­;>iJKAejIn5�@M:?egN�=?:kNJ62;>:?IALHL�@+5�;>Il=kL�K+5ªegIn@AL9fJIAKl=k:?iJInL9K�.�=?L��jIM;go�:?L9NO@So�LHo�L9NJKA:?@A66�=kL�8±@AIAegNJ:k²OfJLao�L�¹�:?L9NO@*i7L2;»f(8±ejfJ5Ô5J=?fJK*:?µ!57egIn@ ;>NO@*L�@*=1� L�KMKAL9NO@A:?L9=xo�L!=1� 69NJL9I��j:?L
=³;>KML�IhIAL9Kn@ML+8�ejN<m(N�69LS5JI�Æ9K¢o�L+=³;­KAfJI�È�;g8�L�À

0 Ñ�À�;>iJKAejIn5�@M:?ejN&P·f�N¾5<ÃJeg@AejN���o�L�fHÎC5�Ã�eg@AejNJKUL�@U5�;»IU=?L9KU57egIn@ML9fJInKU=k:?iJInL9K
. @AI�Æ9KÈ�;»:?iJ=?LSµHe�o�:nm�8�;G@M:?ejN05�;>IhIÒ;>5J57egIn@�;»f057eg:?NO@fÏ<À(��ejN¾ejiJKAL9I[¹´L+fJN¾IÒ;>:³o�:?KAKAL9µ!L9NO@
� æ~ÅUÊ,¿ËÄ¨è ¾�Ê+¿Ó¾�Õ¢�ÍÄÉ¾�½,¾�¿ËÎIÅBÄÆÎ2Â,Ä�¿Ë½�¾�Îx¾Iº�º�¾�À+Å¡ÃÓº@ÇÉ¾UÔ7Ä�Å�ÙUÅUÄÆ¾�Â�ÃË½+Â"ÀÍÅU¿G¾�Ê"¾�¿�À+ÅUÎI¾-¾�¿¥º'½�¾ACx] 	 ÅBÄÉ¼UÃ�¿ Ú Â�¾�Îx¾�ÄÆÄÆ¾�½+ÂÀ+ÅU¿�¾�Êlº�¾�Õ�ÀÍ¿�¾�¿¥ºË½�¾§_~Û>¿2ß� �'Ê(ÀÁ¾�Â�º~¼x�Í¿Ó¾2ÃÓÙB¾2ÃÝ¿�Â�ÃÝÄÆÅ��,ØBÂ,Ã�¾`u�ß+_x_ Ú Â�¾�ÄÉ¾�À,Ã�¼x�ÍÄç½,¾�Ä�ÅlÎI¼BÂ,Ã8�Á¾�Ê7è ¾�¿¥ºÝÀ+ÅU¿'¾IÌ�ÀÁ¼DÊ�¾�ÊBº�ÇÆ¾�Ä�ÄÉ¾Uß4	¦Ê(¾2ÏÁ¾Iº�ÔCÀÍ¼DÂ�ÃÄÆÅ�äÍÂ�¾�Ê,ÎI¾�ÎI¼BÊ,¿�ÇÆ½,¹2Ã�¹2¾UÔÍÄ¨è ¾2Ì�Î2ÇÉº�Å¡º�ÇÆ¼BÊ"¹�ÄÆ¾�Îxº�Ã�¼BÊ,Ç Ú Â,¾Ý¾�¿¥ºËÀ,Ã�¼�Î@»�¾�½,ÂXÊ,¼BÕ¢�+Ã�¾-½Cè ¹Iº@ÅÈº@¿G½+ÇÆ¿ÓÀÁ¼BÊ+Ç��ÍÄÉ¾�¿G½+ÅUÊ,¿GÄ�Å§�+ÅUÊ+½�¾-½,¾Îx¼DÊ,½,Â+Î@º@ÇÆ¼BÊl¾2º�¼BÊ%¼x�Í¿Ó¾2ÃÓÙB¾ÝÂ+Ê�¾Ý¿�ÅÈº@Â�Ã�ÅÈº@ÇÉ¼BÊ"½,¾ÝÄ�Å�ÙUÅUÄÆ¾�Â�ÃG½�¾-ÄÆÅ�½�¾�Ê+¿�Ç º�¹Ý¹�ÄÉ¾�Îxº�Ã�¼BÊ,Ç Ú ÇÆÂ�¾ÝÀ,Ã�ø�¿�½,¾ÝÄ�Å�¿�Â�Ã�Û>ÅUÎI¾Uß
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Profils de densité  électronique en fonction des mécanismes d’absorption

Profondeur (ÅÅ))
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Fluence incidente 200 mJ/cm3
masse optique 0,1
τ = 10−−15 s
α = 107 mm− 1

β = 130.10− 11 m/W

1. Absorption à un photon

2. Absorption à un et deux photons

3. Absorption à un photon et 
absorption des porteurs l ibres

4. Absorption à un, deux photons 
et absorption des porteurs l ibres

¬G­ð®7°²±�³��Cµ>¶Í¶2	�ÙB¼BÄ�Â�º@ÇÉ¼BÊX½�¾-ÄÆÅÜ½�¾�Ê+¿�Ç º�¹Ý¹�ÄÆ¾�Îxº�Ã�¼BÊ+Ç Ú Â�¾Ý¾�Ê"Û¯¼BÊ,Îxº@ÇÉ¼DÊ"½�¾-Ä�Å�À+Ã�¼UÛ¯¼BÊ,½,¾�Â�Ã�ÀÍ¼DÂ�ÃGÄÉ¾�¿G½,ÇÆÏÁ¹2Ã�¾�ÊBº�¿�Õ�¹�Î2ÅUÊ$Å
Ç�¿�Õ�¾�¿G½7è Å��+¿�¼UÃ�À�º@ÇÆ¼BÊ7ß\¬<¾-À,Ã�¼x�ÍÄC¾�¿¥º'Î2ÅUÄ�Î2Â,ÄÉ¹�ÀÍ¼DÂ�ÃËÂ,Ê%º�¾�Õ�À+¿G¿�Ç º@Â�¹�Å¡À+Ã�ø�¿GÄÆÅÜÀ+»,ÅU¿�¾�½7è ¾2Ì�Î2ÇÉº�Å¡º�ÇÆ¼BÊôâ>¼BÊXÊ,¾~º@ÇÆ¾�ÊBºËÀ+ÅU¿
ÎI¼BÕ�À�º�¾�½,¾�¿'Õ�¹�Î2ÅUÊ+ÇÆ¿�Õ�¾�¿~½�¾�Ã�¾�Ä�ÅÈÌ,ÅÈº@ÇÉ¼DÊ�¾IºÝÄÆ¾�À+Ã�¼x�+ÄK½�¾�½,¾�Ê,¿�ÇÉº�¹�¹�ÄÆ¾�Î@º�Ã�¼BÊ+Ç Ú Â�¾�Ã�¾�¿Óº�¾�ÎI¼BÕ�¿¥º@ÅUÊBºÝÅ¡À,Ã�ø�¿'ÄÆ¾�À+ÅB¿�¿�Å¡ØB¾
½�¾-Ä>è ÇÆÕ�ÀÍÂ,ÄÆ¿�ÇÉ¼BÊXÄÆÅU¿�¾2Ãxã�ß
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Variation de la masse optique
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Fluence incidente 200 mJ/cm3
τ = 10− 15 ss
α = 107 mm− 1

β = 130.10− 11  m/W

Masse optique 1

Masse optique 0,015

Masse optique 0,1

Masse optique 0,5

¬�­¯®7°²±�³'�Cµ>¶,´a	KÙB¼DÄÆÂ�º@ÇÆ¼BÊX½�¾�Ä�ÅÜ½�¾�Ê+¿�Ç º�¹-¹�ÄÆ¾�Î@º�Ã�¼BÊ+Ç Ú Â�¾-¾�Ê"Û¯¼DÊ,Îxº�ÇÆ¼BÊX½,¾�ÄÆÅ�À+Ã�¼UÛ¯¼BÊ,½,¾�Â�ÃGÀÁ¼BÂ�ÃË½,ÇÆÏÍ¹�Ã�¾�ÊUº�¾�¿�ÙUÅUÄÉ¾�Â,ÃG½,¾
ÄÆÅ"Õ�ÅU¿�¿Ó¾�¼UÀ�º@Ç Ú Â,¾Uß�¬<¾�À+Ã�¼x�+ÄK¾�¿Óº-Î2ÅUÄ�Î2Â,ÄÆ¹�ÀÁ¼BÂ�Ã-Â,Ê(º�¾�Õ�À+¿Ý¿�Ç º@Â�¹ÜÅUÀ,Ã�ø�¿ÝÄÆÅ"À+»,ÅU¿�¾�½Cè ¾IÌ,Î2Ç º@ÅÈº@ÇÉ¼DÊ/â>¼BÊ¸Ê�¾�º@ÇÉ¾�ÊBº-À+ÅB¿
Îx¼DÕ�À�º�¾�½�¾�¿~Õ�¹�Î2ÅUÊ,Ç�¿�Õ�¾�¿'½�¾�Ã�¾�Ä�ÅÈÌ�Å¡º�ÇÆ¼BÊ�¾2ºÝÄÉ¾�À,Ã�¼x�ÍÄç½,¾�½�¾�Ê+¿�Ç º�¹�¹�ÄÉ¾�Îxº�Ã�¼BÊ,Ç Ú Â,¾�Ã�¾�¿¥º�¾�Îx¼DÕ�¿¥º@ÅUÊUºÝÅUÀ,Ã�ø�¿~ÄÉ¾�À+ÅU¿�¿�Å¡ØU¾
½�¾ÝÄ¨è Ç�Õ�À+Â,Ä�¿�ÇÆ¼BÊ"Ä�ÅU¿Ó¾2Ãxã@ß
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Variation de la masse optique
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Temps (fs)

Fluence incidente
 200 mJ/cm3
τ = 10− 15 ss
α = 107 mm− 1

β = 130.10− 11m/W

Masse optique 1

Masse optique 0,015

Masse optique 0,1

Masse optique 0,5
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=³;H¹g;>=kL9f�I�o�fB8�eOL,6a8�:?L9NO@�P¤o�L9fHÎ�5�ÃJe»@MegNJK�À¸Q NE;¤o�6n¼ÈPH¹�fB²OfJL*=kL*5JIne²m(=Xo�L·o�L9N�KM:m@M6
6�=kL�8±@AIAegNJ:k²OfJLB;9¹´L�8¾fJN 8�eOL,6a8�:?L9N´@

β = 130
8�µ@À>� � −1

L9Kn@!@AI�Æ9K!5JIAe�8#ÃJL�o�L�8�L9=?fJ:
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Variation de la constante de relaxation de Drude

Fluence incidente 200 mJ/cm3
masse optique 0,5
α = 107 mm− 1

β = 130.10− 11 m/W

τ = 10− 15 s

τ = 10− 14 s

τ = 10− 16 s

¬�­¯®7°²±�³��Cµ>¶�%�	�ÙB¼BÄ�Â�º@ÇÉ¼BÊ�½�¾�Ä�Å%½�¾�Ê,¿�Ç º�¹�¹�ÄÆ¾�Îxº�Ã�¼BÊ+Ç Ú Â�¾�¾�Ê�Û¯¼BÊ+Îxº�ÇÆ¼BÊ�½�¾�Ä�ÅiÀ+Ã�¼UÛ¯¼BÊ,½,¾�Â�Ã'ÀÁ¼BÂ�Ã~½+ÇÉÏÁ¹2Ã�¾�ÊBº�¾�Ù¡ÅBÄÉ¾�Â�Ã~½,¾
ÄÆÅXÎI¼BÊ+¿¥º@ÅUÊBº�¾i½�¾ÜÃ�¾�ÄÆÅ¡Ì�Å¡º�ÇÆ¼BÊ7ßÁ¬<¾�À+Ã�¼x�+Ä�¾�¿Óº�Î2ÅUÄ�Î2Â,ÄÉ¹iÀÁ¼BÂ�Ã-Â+Ê�º�¾�Õ�ÀÍ¿-¿�Ç º@Â�¹iÅUÀ,Ã�ø�¿-ÄÆÅ"ÀÍ»,ÅU¿�¾Ü½7è ¾IÌ,Î2Ç º@ÅÈº@ÇÉ¼DÊ/â>¼BÊ8Ê,¾
º�ÇÆ¾�ÊBºGÀ+ÅU¿GÎx¼DÕ�À,º�¾-½,¾�¿�Õ�¹�Î2ÅUÊ+ÇÆ¿�Õ�¾�¿G½�¾ÝÃ�¾�ÄÆÅ¡Ì�Å¡º�ÇÆ¼BÊ%¾IºËÄÆ¾ÝÀ,Ã�¼:�+ÄC½,¾-½�¾�Ê,¿�Ç º�¹Ý¹�ÄÉ¾�Î@º�Ã�¼BÊ+Ç Ú Â�¾ÝÃ�¾�¿Óº�¾�Îx¼DÕ�¿Óº�ÅBÊUºËÅ¡À+Ã�ø�¿�ÄÆ¾
À+ÅU¿�¿�Å¡ØU¾Ý½,¾ÝÄ¨è Ç�Õ�À+Â,Ä�¿�ÇÆ¼BÊ"ÄÆÅU¿�¾2Ãxã@ß

Variation de la constante de relaxation de Drude

Temps (fs)

R
éf

le
ct

iv
it
é 

Fluence incidente 
 200 mJ/cm3
masse optique 0,5
α = 107 mm− 1

β = 130.10− 11m/W

τ = 100− 15 s

τ = 10− 14 s

τ = 10− 16 s

¬�­¯®7°²±�³��Cµ>¶�*�	KÙB¼DÄÆÂ�º@ÇÆ¼BÊlº�¾�Õ�ÀÁ¼UÃ�¾�Ä�ÄÉ¾-½�¾-ÄÆÅ�Ã�¹2ä+¾�Î@º@ÇÉÙ�ÇÉº�¹~ÀÁ¼BÂ,Ã�½,ÇÆÏÁ¹2Ã�¾�ÊBº�¾�¿<ÙUÅUÄÆ¾�Â�Ã�½,¾ÝÄ�Å�ÎI¼BÊ+¿¥º@ÅUÊBº�¾-½�¾ÝÃ�¾�ÄÆÅ¡Ì�Å¡º�ÇÆ¼BÊ7ß
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Variation en fonction du coefficient d’ absorption à deux photons

Profondeur (ÅÅ))

D
en

si
té

 é
le

ct
ro
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e 
(/

cm
3)

Fluence inciente 200 mJ/cm3
masse optique 0,5
α = 107 mm− 1

τ = 10− 15 s

β = 130.10− 11 m/W

β = 1300.10−−11 m/W

β = 13.10− 11 m/W

¬G­ð®7°²±�³��Cµ>¶$3a	KÙD¼BÄÆÂ�º�ÇÆ¼BÊ"½�¾�ÄÆÅÜ½�¾�Ê+¿�Ç º�¹Ý¹�ÄÉ¾�Îxº�Ã�¼BÊ,Ç Ú Â,¾Ý¾�Ê%Û¯¼DÊ,Îxº�ÇÆ¼BÊX½�¾-Ä�Å�À+Ã�¼UÛ¯¼BÊ+½�¾�Â�Ã�ÀÁ¼BÂ�ÃG½,ÇÆÏÁ¹2Ã�¾�ÊBº�¾�¿MÙUÅUÄÉ¾�Â�ÃG½,Â
ÎI¼�¾®êÜÎIÇÆ¾�ÊBºç½Cè Å��Í¿Ó¼UÃ�À�º@ÇÆ¼BÊÝÞG½,¾�Â�Ì~À+»,¼¡º�¼DÊ,¿IßG¬<¾×À,Ã�¼x�ÍÄU¾�¿¥ºKÎIÅBÄÆÎ2Â,ÄÆ¹×ÀÁ¼BÂ�Ã²Â+Ê'º�¾�Õ�À+¿ç¿�Ç º@Â�¹<Å¡À+Ã�ø�¿²ÄÆÅ�À+»+ÅU¿Ó¾<½7è ¾IÌ�Î2ÇÉº�Å¡º�ÇÆ¼BÊ
â>¼BÊ�Ê�¾�º@ÇÆ¾�ÊUºÝÀ+ÅU¿~Îx¼DÕ�À,º�¾�½�¾�¿~Õ�¹�Î2ÅUÊ,Ç�¿�Õ�¾�¿'½,¾�Ã�¾�Ä�ÅÈÌ,ÅÈº@ÇÉ¼BÊ(¾IºÝÄÉ¾�À,Ã�¼x�ÍÄç½,¾�½�¾�Ê+¿�Ç º�¹�¹�ÄÉ¾�Îxº�Ã�¼BÊ,Ç Ú Â�¾�Ã�¾�¿¥º�¾�Îx¼DÕ�¿Óº�ÅBÊUº
Å¡À+Ã�ø�¿�ÄÆ¾ÝÀ+ÅU¿�¿�Å¡ØU¾-½�¾ÝÄ¨è Ç�Õ�À+Â,Ä�¿�ÇÆ¼BÊ"ÄÆÅU¿�¾2Ãxã�ß
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eji�@ML9N�f·L9N-NJLx5JIAL�N�;»N´@�L�N­8�egµ!5�@ALU²´fJL�=1�õ;>iJKAegIA5�@M:?egN-=k:?NJ62;>:?IAL^ë�mx�gfJIALgÏ<ÀSÁ¢Á�ì$À�Å}�õ;>=?=kfJInL
o�fB5JIne²m(=Xo�L-o�L9NJKA:m@M6·69=?L�8±@MInejNJ:k²OfJL·IAL9Kn@ML*:?N(8#Ã�;>N��j6·57ejfJI fJN�L*¹j;>=?L9fJI :?N�È 69In:kL9f�IAL­o�f
8�e�L�6a8�:?L9NO@!o��õ;>iJKAejIn5�@M:?ejN PEo�L9fHÎ 5�ÃJe»@MegNJK�ÀrÂ�;>IH8�egNO@AIAL���=³; ¹g;>=kL9fJIHo�LC=³;Eo�L9NJKA:?@A6
69=?L�8±@MInejNJ:k²OfJLsP·=³;·KAfJI�È ;»8�L+;>f��jµ!L�NO@ML�57ejfJIUfJNJL ¹j;>=?L9fJI�8�IAeg:kKAKÒ;>NO@MLlo�L

β
ë�=³;-o�L9NJKA:m@M6

69=?L�8±@MInejNJ:k²OfJLEL9Kn@¾=?:?µ!:?@A69LE5�;>IC=?LENJejµ·iJIALEo�� 6�@Ò;>@AK¾o�:kKA57egNJ:ki�=kL9K0o�egNO@CejNÝL9Kn@¾o�6n¼¡P
5JIAe�8#ÃJL+5JI�Æ9K¢o�L+=³;­KAfJI�È�;g8�L�ì�L±@¢=?L[�jIÒ;»o�:?L9NO@�o�LSo�L9NJKA:m@M6So�L�¹�:?L9NO@¢5J=?fJK¢:?µ!57egIn@Ò;»NO@DÀ
|HT}ÿ4T � �X�p*���/O�#*YC$��5<�f+�2���/O�#*YCE�Q5�6 ��umC_>;�p2H��>N=�*�+�2�"E�_'
Å�L9Klmx�jfJInL9KwÏ<ÀSÁ�Ä+L�@gÏ�À?ÁDÙSIAL95JIn69KML�NO@ML9N´@�=<;^õ(fJL9N(8�L�=<;>KAL9Ihë =?ejInK�o�fa5�;»KAKÒ;9�jL o�L�=<;S5(;»I	ó
@M:?L·8�I�Í�@ML*o�L*=1� :?µ!5JfJ=?KA:?ejN =<;>KAL9I)ìUL�@�=³;¤o�L�NJKM:m@A6*69=kL�8 @MIAegNJ:k²OfJL·L�NBÈ egN(8±@A:kegNBo�L*=³;!5�IAe0ó
È egN(o�L9fJI o(;>NJK�=1� 6�8_Ã�;»N´@M:?=k=?egN�À¸Q NB;!8#ÃJeg:?KA:�=?L9K�5�;>IÒ;>µ�Æ�@MInL9K�KAfJ:m¹j;>NO@MK�57egfJI¢LEÔFL98±@MfJL9I
8�L9K·8�;>=k8�fJ=kK:.

τ = 8.10−16
�
mopt = 0, 5

L±@
β = 130

8�µ�À¯� � −1
ÀyÅ�L9K·o�:�Ôª69IAL9NO@AL9K

8�egfJIAi7L9K�8�ejInIAL9KA57egN(o�L9NO@ôPHo�:�ÔF69InL9NO@AL9K¢¹g;>=?L9fJIAK�o�LS=³;�õ(fJL9NJ8�LS=<;>KAL9I ;>iJKAejIni769L:.oÁ�¶»º��
Öjº<��Á�¶­L�@oÖHµ 5 À 8�µ −2

À
¸¢egfJKU57ejf�¹jejNJKUejiJKAL9I[¹´L9I�²´fJL�5J=kfJKU=³;�õ(fJL�N(8�Ll:?N(8�:ko�L9NO@ALlL9Kn@�6�=kL�¹j69LlL�@U5J=?fJK�=?L�5JIAe{m(=
o�L!=³;,õ(fJL9N(8�L!=<;>KAL9I*o(;»NJKS=1� 6�8#Ã(;»NO@A:k=?=?ejNÔL9Kn@S69=keg:?�jNJ6ao�� fJNJL¤o�6�8�IAeg:?KMKÒ;>N(8�L¤L$Î�57egNJL9NHó
@M:?L9=?=kLUo�f�È ;>:m@�o�L�=1�õ;>iJKMegIA5�@A:?ejN­o�fJL�;»fHÎ·57egIn@AL9fJIAK =?:kiJInL9KDÀ�Å�LUo�695mò»@�o�LU=1� 69NJL9I��g:?LU=³;»KAL9I
IAL9Kn@ALl8�egN<m(NJ6sP*=³;·KAfJI�È ;»8�L+o�L =;� 6�8#Ã�;>NO@M:?=?=?ejN¾L�@D��57egfJIUfJNJLXõ(fJL9N(8�L�:?N(8�:ko�L9NO@MLlo�L+¶gºgº
µ 5 Àî8±µ −2

��=³;Võ(f�L9N(8�L+=³;>KAL9Ih8#Ã�f�@AL+o�� fJN¾egIMo�InL+o�L^�gIÒ;>N(o�L9fJI�KAfJI�fJNJLl5JIne�È<ejN(o�L�fJI¢o�L
Ùjºgº0/�À
Å�;¾5JIAe¢È egN(o�L9fJI·o�L!5769NJ6�@MIM;>@A:kegN o�fÔ=³;>KML�Iyë	Á�ÛGL�ìS;>:?NJKA:x²Of�L¤=?L&�gIÒ;»o�:kL9N´@-o�L¤o�L9NJKA:?@A6
69=?L�8±@MInejNJ:k²OfJL+L9NjÈ egN(8±@M:?egN�o�L+=³;Võ(fJL9NJ8�LSo�� L$ÎJ8±:?@Ò;>@A:kegN ;>iJKAejIni769L+KAejNO@h5�IA69KAL9NO@M6�KhKAfJI
=³;-@ ;>iJ=?L�Ï<ÀSÁ¢À

ò |�Íu{ Æ Öj{E| Ê È�{�Á Êxý È Ì Á ý ÃO{ Â�IAe¢È egN(o�L9fJI¢o�L+5769NJ6�@MIM;>@A:kegN o�L9NJKA:?@A6+69=kL�8 @MIAegNJ:k²OfJL
P

1/e
o�f�=³;>KML9IQëÑ/[ì P

1/e
ëÑ/[ì

Á2¶»º�ë�µ 5 Àî8�µ −2
ì ÁAÊjº Ä»ºgº

Öjº@ë µ 5 Àî8±µ −2
ì ÏZÄ»º Ä9Ñjº

Á2¶jë µ 5 Àî8±µ −2
ì Ùgºjº Ê¢Ñjº

Ö�ë�µ 5 Àî8�µ −2
ì Á9ºjºgº Á9ºjºgº

s Ò+ÖKü¯³,�Cµ>¶2�¦Ã�¼UÛ¯¼BÊ,½,¾�Â�Ã�½,¾ÝÀÍ¹�Ê,¹Iº�Ã�ÅÈº@ÇÉ¼BÊ"Þ
1/e

½,¾ÝÄ�Å�ä+Â,¾�Ê,ÎI¾ÝÄ�ÅU¿Ó¾2Ã�¾IºGØUÃ�ÅU½+ÇÉ¾�ÊBºG½,¾Ý½,¾�Ê,¿�ÇÉº�¹~¹�ÄÉ¾�Îxº�Ã�¼BÊ,Ç Ú Â,¾ÝÕ�¾�¿�Â,Ã�¹
À+Å¡ÃGÄÆÅ�½�¾�Ê,¿�ÇÉº�¹Ý¹�ÄÉ¾�Îxº�Ã�¼BÊ+Ç Ú Â�¾-Þ 1/e

ß

Q N�8�egNJKn@ ;G@ML¾²OfJLC=?L9K��gIÒ;»o�:kL9N´@MKHo�L¾o�L9NJKA:?@A6C69=?L�8±@MInejNJ:k²OfJL¾L�@­=³;»KAL9I-KMegNO@Ho��õ;>f�@ ;>NO@
5J=?fJK�IÒ;>:³o�L9Kh²OfJLl=³;�õ(fJL9N(8�L+o�� L$ÎJ8�:m@ ;G@M:?ejNCL9KA@�6�=kL�¹j69L�À�Â ;»I�8±ejNO@AIAL���57ejfJIUfJNJLXõ(fJL9N(8�L
;»i�KMegIAi769L^o�LyÖ�µ 5 À 8�µ −2

�X=³;�5JIne�È<ejN(o�L�fJIpP
1/e

L9Kn@-5JIne�8#Ã�L^o�La=<;05JIne�È egN(o�L9fJI·o�L
5769NJ6�@AIÒ;G@M:?ejNéP�È Inej:ko0o(;»NJKh=1� Ì�N74�i oõ4�L9µ&Ê<Á�tpÀ



#²ê �ßü � åHw�ã°ß°æ�á0èNß � w åZäzã�ý ß w è;ä�ê�á7z$èNß � w ãSáEæ�ä�ê�þ9æ�ä�ç[ß¥z � w å<yCz$è;äÍyAêwå�á w æLãxý á w è-ß°ç � w ß@yDê�ä\åáý ß w å0ß@yAç �Íî

Profondeur (ÅÅ))

Fluence 
laser

(mJ/cm2)

Profil de la fluence dans l’échantillon (valeur crête)

120 mJ/cm22

60
12
66

¬G­ð®7°²±�³a�Cµ¨¶�=a	�ÙB¼DÄÆÂ�º@ÇÆ¼BÊ�½,¾�Ä�ÅÜäÍÂ�¾�Ê,ÎI¾�Ä�ÅU¿Ó¾2Ã'¾�Ê�Û¯¼BÊ,Îxº@ÇÉ¼BÊ(½�¾�ÄÆÅiÀ,Ã�¼BÛ¯¼BÊ,½,¾�Â�Ã'½,ÅUÊ+¿ËÄ¨è ¹�Î@»+ÅUÊBº�Ç�ÄÆÄÆ¼BÊ(½7è )¥ÊÍöS�(ÄÆ¼UÃ�¿'½,Â
À+ÅB¿�¿�Å¡ØB¾Ü½+Â¸À+Ç�ÎÜ½�¾iÄ¨è Ç�Õ�ÀÍÂ,Ä�¿�ÇÉ¼DÊ8ÄÆÅB¿Ó¾2Ã2ßr¬<¾ÜÀ,Ã�¼x�ÍÄ�¾�¿¥º�Î2ÅUÄ�Î2Â,ÄÉ¹iÀÁ¼BÂ�Ã�ÄÆ¾�º�¾�Õ�À+¿-ÎI¼UÃ�Ã�¾�¿ÓÀÁ¼BÊ+½,ÅUÊBº�ÅBÂ¸À+ÅU¿�¿�Å¡ØU¾i½�¾iÄ�Å
ÙUÅUÄÉ¾�Â�Ã�Õ�ÅÈÌ,Ç�Õ�ÅBÄÉ¾Ý½,¾ÝÄ¨è Ç�Õ�À+Â,Ä�¿�ÇÆ¼BÊ"ÄÆÅU¿�¾2Ã�ØDÅUÂ,¿�¿�ÇÉ¾�Ê+Ê�¾Üâ¯Ù¡ÅBÄÉ¾�Â,Ã�ÎIÃ�áIº�¾¡ã�ß

¹©¿ ô ¿ ¹ ` Ã�Ö Ê�ÆXÇ È Î {�È!y�{BÁ2{�| Ê Ù ÊJÉGÇ<ÌªÆ Ã�|<{�Ö É Á ÌªÆXÇ-» Íu{
Å�;¢IAL9=³;�ÎJ;>@A:kegN­L9Kn@�=1� 6�¹´eg=?f�@M:?egN­:kInIA6�¹jL9IAKA:?iJ=kLUo�� fJN-Kn½�Kn@_Æ9µ!Lx¹jL9IAK =1� 6�²OfJ:?=?:?iJIAL�À�÷ L�NJegµ�ó
iJInL9fHÎ¤@MIÒ;9¹g;»f4ÎaejN´@U6�@M6 IA62;>=k:?KA69K�8�L9KUo�L9IANJ:?Æ9IAL9Kh;>NJNJ69L9KUKAfJI�=?L9KUµH6�8�;»N�:kKAµ!L9KUo�L IAL9=³;�ó
ÎJ;>@A:kegN069=kL�8 @MIAegNJ:k²OfJLSL9N0IA6A�g:?µ!L[È L9µ*@MegKML98�ejN(o�L:o Ð�;>µ&Ê¢Ù{tpÀ
Å�LH5JIA:?N(8�:?5�;>=�µ!698�;»NJ:?KAµ!L!o�L!InL9=³;�Î(;G@M:?egN P,Ã�;>f�@MLH:kN´@ML9NJKA:m@M6HL9KA@*o{s ;>fHÎ}5JIAe�8�L9KAKAfJK
8±ej=?=?:kKA:?ejNJNJL�=kK�L9N´@MIAL+=?L9K�o�:�ÔF6�IAL9NO@AK¢57egIn@ML9fJInKDÀgÐxL9fHÎ4óW8�:�È egNO@¢6�¹´eg=?fJL9I¢=?L+KA½�KA@�Æ9µ!Ll¹´L9InK
=³;-o�:?Kn@MIA:?iJf�@A:kegN0o�L^ñ(L9Inµ!:�÷�:kIM;g8�²OfJ:FL�KA@�=³;·5J=?fJK�5JIAegi�;>iJ=kL�À}Â�;>I�8�egNO@MInL���=³;-o�:?µ!:?N�fHó
@A:kegN�o�LH=1� 6�NJL9I��g:kL­@Aeg@Ò;»=?LHL�KA@+o�fJL¤;>f 8�egfJ5J=³;0�gL!o�fk�´;CT!o�� 69=?L�8±@MInejNJK*;9¹´L�8-=?LHIA6�KML�;»f
8±IA:?KA@Ò;»=?=?:kN0L�@ ;>fHÎ¾IAL�8�egµ-iJ:?N�;>:kKAegNJK�o�L+5�;>:kInL9K¢69=?L�8±@AIAegNHóÅ@MIAegf�À
÷�;>NJKh8�L�@n@ML�5�;>In@M:?L���ejN¾8#ÃJL�IM8#ÃJL
P·6�¹g;»=?fJL9IUKA:©8�L9K�o�:?Ôª69InL9NO@MKUµ!6�8�;>NJ:kKAµ!L�K�KAejN´@¢;»KAKAL+T
IM;»5J:ko�L9Kh57ejfJI�¼¬egfJL9IhfJN0I�òj=?LSo�fJIM;»NO@h=1� L$ÎJ8�:m@ ;G@M:?egN���;»:?NJKA:u²Of�L+=kL9fJI�:kµH57ejI[@ ;>N(8�Ll¹�:?K8P
¹�:kK¢o�f0µ!6�8�;>NJ:?KAµ!LSo�L[È fJKA:?ejN0NJejN¾@_ÃJL�IAµ!:k²OfJL�À
|4T�ÿOT}|02@�}=�+?+?>S"�>-=�*�"[�_*!�1'$�w%�=�'D�3�9/0'�"
Å�egIAKao�f 5�;»KAKÒ;9�jLBo�L�=1� :?µ!5JfJ=?KA:kegN =³;»KAL9IA�U=?L9Ka57eg5JfJ=³;>@A:kegNJKCo�L�57egIn@ML9f�IAKaKAegNO@.ÃJegIAK
69²OfJ:?=k:?iJIALSL±@¢L9KAKAL9NO@M:?L9=?=kL�µ!L9NO@¢=ke�8�;»=?:?KA69L9K o(;>NJKh=<;­Kn@AIAf(8±@AfJIALSo�L+i�;»NJo�L·;>fHÎC¹´L�8±@AL9fJIAK
o�� egN(o�L9K�8�egIAInL9KA57ejN(o(;>NO@ ;»f4ÎC@MIÒ;>NJKA:?@A:?ejNJKhej5�@A:³²´fJL9KDÀ
Å�;UIAL�o�:?Kn@MIA:?iJf�@A:kegN*o�L9K�57egIn@AL9fJIAK�o(;>NJK�=³;�Kn@MIAfJ8±@MfJInL$o�L�i�;»N(o�L$5�;>Iu=?L9K�µH6�8�;>NJ:kKAµ!L9K�o�L
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Profondeur (ÅÅ))

Densité
électronique 

(1/cm3)

Profil de la densité électronique dans l’échantillon (après excitation)

120 mJ/cm22
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Temps d’ émission des phonons LO 
en fonction de l’ énergie d’ excès des électrons 

dans la bande de conduction

Energie d’ excès (eV)

Temps (ps)

Masse effective 0.013
Masse effective 0.4

Temps (ps)

Energie d’ excès (eV)
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Te, G=1014

Te, G=1016

Te, G=1017

Ti, G=1016

Ti, G=1015

Profondeur (ÅÅ))

Température normalisée à 300 K

Retard pompe− sonde : 25 ps
Fluence incidente : 110 mJ/cm2
Coefficient diffusion thermique : 15 W/mK

Ti, G=1017

Ti, G=1014

Te, G=1015

¬G­ð®7°²±�³ �Cµð´7¶äÊ²¾�Õ�ÀÁ¹2Ã�ÅÈº@Â�Ã�¾�¿
¹�ÄÆ¾�Îxº�Ã�¼DÊ,Ç Ú Â,¾�¾Iº�ÇÉ¼BÊ+Ç Ú Â�¾�Ê,¼UÃ�Õ�ÅUÄÆÇ�¿Ó¹2¾�¿
¾�ÊéÛ¯¼BÊ+Î@º@ÇÆ¼BÊk½,¾�ÄÆÅgÀ,Ã�¼UÛ¯¼DÊ,½�¾�Â,Ãs½+ÅUÊ,¿
Ä¨è ¹�Îx»,ÅUÊBº@ÇÆÄ�ÄÉ¼BÊ�Î2ÅUÄ�Î2Â,ÄÉ¹�¾�¿�ÀÍ¼DÂ�Ã�ÀÍÄÆÂ,¿�ÇÉ¾�Â,Ã�¿/Ù¡ÅUÄÆ¾�Â�Ã�¿�½�¾*ÄÆÅ�ÎI¼BÊ+¿¥º@ÅUÊBº�¾*½�¾*ÎI¼BÂ�À+Ä�Å¡ØU¾:¹�ÄÉ¾�Îxº�Ã�¼BÊi�ÈÀ+»�¼BÊ,¼BÊ â

[G] =��Ø,ß Õ −1 ß 5 −1 ß ¿ −3 ã�ß

Retard pompe− sonde : 25 ps
Fluence incidente : 110 mJ/cm2
Constante de couplage électron/phonon G=1016

Profondeur (ÅÅ))

Température normalisée à 300 K

Te, K=1,5.1022

Te, K=1,5.1033

Ti, K=15
Ti, K=1,5.1022

Ti, K=1,5.1033

Te, K=15

¬G­ð®7°²±�³ �Cµð´Í´ Ê²¾�Õ�ÀÁ¹2Ã�ÅÈº@Â�Ã�¾�¿
¹�ÄÆ¾�Îxº�Ã�¼DÊ,Ç Ú Â,¾�¾Iº�ÇÉ¼BÊ+Ç Ú Â�¾�Ê,¼UÃ�Õ�ÅUÄÆÇ�¿Ó¹2¾�¿
¾�ÊéÛ¯¼BÊ+Î@º@ÇÆ¼BÊk½,¾�ÄÆÅgÀ,Ã�¼UÛ¯¼DÊ,½�¾�Â,Ãs½+ÅUÊ,¿
Ä¨è ¹�Îx»,ÅUÊBº@ÇÆÄ�ÄÉ¼BÊXÎ2ÅUÄÆÎ2Â,ÄÆ¹2¾�¿�ÀÍ¼DÂ�Ã�À+ÄÆÂ+¿�ÇÉ¾�Â�Ã�¿MÙUÅUÄÆ¾�Â�Ã�¿�½+Â"ÎI¼D¾®êÜÎ2ÇÆ¾�ÊBºG½,¾-½,ÇÆÏÁÂ+¿�ÇÉ¼DÊlº@»�¾2Ã�Õ�Ç Ú Â�¾iâ [G] =

�DØ,ß Õ −1 ß 5 −1 ß ¿ −3¾Iº
[K] =

�*ß Õ −1 ß 5 −1 ã�ß
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Température normalisée à 300 K Retard pompe− sonde : 25 ps
Fluence incidente : 110 mJ/cm2

Constante de couplage 
électron/phonon G=1016

Retard (ps)Impulsion laser

Te

Ti

K=1,5.1022

K=1,5.1033

K=15

Température de vaporisation

Température de fusion

¬�­¯®7°²±�³2�Cµ¯´���	KÙB¼DÄÆÂ�º@ÇÆ¼BÊ%½�¾ÝÄÆÅ�º�¾�Õ�ÀÍ¹�Ã�ÅÈº�Â,Ã�¾'¹�ÄÆ¾�Îxº�Ã�¼DÊ,Ç Ú Â�¾~¾IºGÇÉ¼BÊ+Ç Ú Â�¾ÝÊ�¼UÃ�Õ�ÅUÄ�ÇÆ¿�¹2¾�¿�Þ�Ä�Å�¿�Â�Ã�Û>ÅBÎx¾Ý½,¾~Ä¨è ¹�Îx»,ÅUÊBº@ÇÆÄ�ÄÉ¼BÊ
¾�Ê*Û¯¼BÊ,Îxº@ÇÉ¼BÊg½+Â�º�¾�Õ�À+¿2Ô�Î2ÅUÄÆÎ2Â,ÄÆ¹2¾�¿�ÀÁ¼BÂ,Ã�À+Ä�Â,¿�ÇÆ¾�Â�Ã�¿(ÙUÅUÄÉ¾�Â�Ã�¿�½+Â*ÎI¼�¾®êÜÎ2ÇÉ¾�ÊBºô½�¾s½+ÇÉÏ7Â,¿�ÇÉ¼BÊ:º@»�¾2Ã�Õ�Ç Ú Â�¾�â [G] =�DØ+ß Õ −1 ß 5 −1 ß ¿ −3 ¾Iº [K] =

�:ß Õ −1 ß 5 −1 ã@ß
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Profondeur (ÅÅ))

C
o

n
tr
a

in
te

 (
%

)

Dilatation

Compression

Composante électronique (γγee = 0,1 et γγii = 0)
Retard pompe− sonde : 25 ps
Fluence incidente : 110 mJ/cm2
Coefficient diffusion thermique : 15 W/mK

G=1017
G=1016
G=1015
G=1014

¬G­ð®7°²±�³��Cµ¯´$%�¬<¼BÊBº�Ã�ÅUÇÆÊBº�¾Ë½,ÅBÊ,¿×Â,ÊÜ¹�Î@»+ÅUÊBº�Ç�ÄÆÄÆ¼BÊi½7è )ÓÊÍö��Cß«¬×¼BÕ�ÀÁ¼B¿�ÅUÊBº�¾G¹�ÄÆ¾�Îxº�Ã�¼DÊ,Ç Ú Â�¾G¾�Ê�Û¯¼BÊ+Î@º@ÇÆ¼BÊÜ½,¾ËÄ�Å-ÎI¼BÊ+¿¥º@ÅUÊBº�¾
½�¾-ÎI¼BÂ�ÀÍÄÆÅ¡ØU¾Ý¹�ÄÉ¾�Î@º�Ã�¼BÊ+¿Ñ��À+»,¼BÊ�¼BÊ+¿

G
â
[G] =

�DØ+ß Õ −1 ß 5 −1 ß ¿ −3 ã@ß

|4T61ZT73<G@��=�*!�1'�>3GH/<�1>-=�*:(#+-�DC��1')=�*�>NM�/O�[WV+-2&CE=�*!�1'#29>?*!���
� N 8�ejfJ5J=?LÔo�L�5�;>IÒ;>µ�Æ�@MInL
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È<ejN(8 @M:?ejN�o�LS=³;-5JIAe¢È ejNJo�L9fJI¢o(;»NJKh=;� 6�8#Ã�;>NO@M:?=?=?ejN�À
Ó�Nkm<ÎJ;»NO@�P�T969IAe^=?L-8�e�L,6¤8�:?L9NO@+o�LV�jI$#JNJL9:?KML�NE:kegNJ:k²OfJLg.

γi = 0
�7ejNBNJL-KD� :?NO@A69IAL9KAKAL

²´f��¯Pa=³;^8�egNO@AIA:?iJf�@M:?ejNE69=kL98±@MIAegNJ:k²OfJLHo�L-=<;ao�6AÈ egIAµa;G@M:?egN�À*¸¢egfJK+;»=?=?ejNJKl6�@Af(o�:?L9Il=1� :kNHó
õ(f�L9N(8�L-o�fE8�eOL,6a8�:?L9NO@lo�L·8�egfJ5J=<;9�gL-69=?L�8±@MInejNmÛG5�ÃJegNJejN

G
KAfJI�=<;¤8�egµ!57egK ;>NO@ML*69=kL98)ó

@AIAegNJ:k²OfJLSo�L+=<;­8�ejNO@AIÒ;>:kN´@ML��J5JfJ:?KhKMf�Ih=1�õ;>KM57L�8 @ o�f�Ine�8 R :kN��!8�fJIn¹´L¢À
Å�;�mx�gfJIAL�Ï<Àõ¶9Ñ¤µ!egNO@AIALS=³;H8�ejN´@MIÒ;>:?NO@ML*o(;>NJK¢=;� 6�8#Ã�;>NO@M:?=?=kegN L9N�È<ejN(8±@A:kegN o�LS=<;-¹j;>=?L9fJI
o�L

G
57egfJI-=³;B8�egµ!57egKÒ;»NO@ALC69=?L�8±@AIAegNJ:³²´fJL�À�Q N IAL9µa;>IM²´fJLC²Of�� :?=xL$Î�:?KA@AL^5JI�Æ9K­o�L^=³;

KAfJI�È ;»8�L fJNJL¸T9ejNJL o�� L)Î�5�;»NJKA:?egNCKAfJ:m¹�:?L 5�;>IxfJNJL8T�ejNJL o�L�8�egµ!5JInL9KMKA:?egN�ÀLÅ�;QÈ InejN´@M:?Æ9IAL
L�NO@MIAL�=?L9K^o�L�fHÎLT9egNJL9KaL�KA@�mHÎ�69L 5�;>I¤=³;}¹�:m@ML9KAKALBo�L�5JIAeg5�;9�O;G@M:?egN
o�f KAegN
o(;>NJKa=?L
KAeg=k:ko�L�ÀQÅ}�î;»KA57L�8±@^�g69NJ69IÒ;>=�o�L­=³;^8�egNO@MIÒ;>:?NO@ML-L9Kn@lKA:kµH:k=³;>:kInL�P^8�L9=?fJ:�²OfJL-=;� ejNEeji�@A:?L9NO@
;9¹´L98l=<;­KAeg=?f�@M:?ejN�o�LQüRÃJegµ!KAL9N0L�@ ;>=1Àoë 8EÈ3À�mx�gfJIALQÏ<Àõ¶»ºOì$À
Ì�=HÈ ;>f�@�NJe»@ML9I�²OfJLU=?egIAKM²OfJLU=1� fJNHo�L9K�o�L9fHÎ­8±e�L,6¤8�:?L9NO@MK�o�Lw�gI0#JNJL�:kKAL9N­L9Kn@�N�fJ=1�g=1�õ;>µ!5J=?:�ó
@Af(o�L�o�Lh=<;+8�egNO@MIÒ;>:?NO@ML¢L�KA@$5JIAeg57egIn@M:?egNJNJL9=?=kLôPl=³;l¹g;>=kL�fJIxo�fa8�eOL,6a8±:kL9N´@Uo�L\�jInfJNJL9:?KAL9N
NJegN0N�fJ=1À
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Courbe de référence
sans perturbation

Angle (mrad)

In
te

n
si
té

 (
u

.a
.)

Composante électronique 
((γγe = 0,1 et γγi = 0)
Retard pompe− sonde : 25 ps
Fluence incidente : 110 mJ/cm2
Coefficient diffusion thermique : 15 W/mK

G=1016

¬�­¯®7°²±�³À�Cµð´i*sö�ÇÉØBÊ+ÅUÄ²Ð�½+ÇÉÏÁÃ�ÅUÎxº�¹�À+Å¡Ã~Â,Ê�¹�Î@»,ÅBÊUº@Ç�ÄÆÄÆ¼BÊ(½7è )ÓÊÍö��Cß4¬×¼BÕ�ÀÁ¼B¿�ÅUÊBº�¾�¹�ÄÆ¾�Îxº�Ã�¼DÊ,Ç Ú Â,¾�ÀÁ¼BÂ�Ã~Â,Ê�¾�ÎI¼BÊ,¿¥º@ÅUÊBº�¾
½�¾ÝÎI¼BÂ,À+Ä�Å¡ØU¾~¹�ÄÆ¾�Îxº�Ã�¼BÊ,¿Ñ�ÈÀ+»�¼BÊ,¼BÊ,¿

G = 1016 â [G] =
��Ø,ß Õ −1 ß 5 −1 ß ¿ −3 ã@ß

Å�L}KM:?�gN�;»=hÇ o�:�ÔªIÒ;»8±@M6}5�;>I¾=1� 6�8#Ã(;»NO@A:k=?=?ejN 8�egIAInL9KM57egN(o(;>NO@éP 8�L�@A@AL�8�ejN´@MIÒ;>:?NO@ML}L9Kn@
:?N(o�:³²´fJ60KAfJI­=<;émx�gfJIAL@Ï<Àõ¶ § ë�=?L¾KM:?�gN�;»=wÇ]8�egIAInL9KA57ejN(o(;>NO@a;»f4Î�o�:�ÔF6�IAL9NO@AL9KH¹g;>=kL9f�IAK
o�L

G
L9Kn@BKM:?µ!:?=³;»:?IALÔL�@��+57egfJIB5J=?fJKEo�L 8�=<;>In@A6��SKAL9fJ=*=?L KA:?�jN(;»=QÇ o�:?ÔªIÒ;»8±@A6 57ejfJI

G = 1016 R ��À µ −1
À V −1

À K −3
;*6�@A6�InL95JIA69KAL9NO@A6�ì$ÀlQ N^eji�KML9I[¹´Ll²´fJL�=?L9KUIAe�8 R :?N��­8�fJIn¹´L�KN�fJµ!69In:k²OfJL9Kaegi�@ML9N�fJKaKAegNO@yÈ<ejI[@ML9µ!L9N´@aiJIAfJ:m@M69K^89;»I¤=<;�5JIA6�8±:kKA:?ejN f�@M:?=?:kKA69L =?ejInK^o�L9K

KA:kµ·fJ=<;G@M:?egNJK ;9¹´L�8l=?L+=ke¢�g:³8�:?L9=X4�57eg@�ÇcL9Kn@oÈ ;>:?iJ=kL*;Cm(N�o�L+=?:kµ!:m@AL9Ih=?L+@AL9µ!5JK¢o�LS8�;>=k8�fJ=;À
Å�; 8�egfJIAi7L L9N @MIM;»:m@d�jIM;»K L9Kn@B=?L KA:S�gN�;>=�Ç o�L IA6AÈ<69IAL9N(8±L KÒ;»NJK 57L9In@AfJIAi�;G@M:?ejN�o�L
=1� 6�8#Ã�;>NO@A:k=?=?ejN�À�Å�;�5�;>In@A:kLh8�L9N´@MIÒ;>=?L¢o�fH5J:k8ho�Lho�:�ÔªIÒ;»8±@M:?ejN�ëÅ;>N��j=?LhNOfJ=-ì 8±ejInIAL9KA57ejN(o!;>f
KA:S�gN�;>=�Ç o�:�ÔªIÒ;»8±@M6H5�;>Il=kL�K+5J=<;>NJK*;G@Megµ!:³²´fJL9K+NJegN�57L9I[@MfJIAi76�K·;>=?ejInKS²OfJLH=1� :kNO@AL9NJKA:?@A6
²OfJLH=1� egN�@AIAegf�¹´LHL9N o�LEÃJejInK*o�L!8�L�@A@AL�T9ejNJL!8�egIAInL9KA57ejN(oÔ;>f�KA:?�jN�;>=�Ç§o�:�ÔFIM;g8±@A6!5�;>I
o�L9Kh5J=³;»NJK�o�egNO@¢=³;­8�ejNJKn@Ò;»NO@AL+:kNO@AL9I	ó�In6�@M:k8�fJ=³;»:?IAL+L9Kn@¢µ!e�o�:�m(6�L�À
Q N ejiJKAL9I[¹´L·fJN�L-o�:?µ!:?N�f�@M:?egNEo�� :?NO@ML�NJKM:m@A6-o�L*=<;!5�;>In@A:kL·8�L9NO@AIÒ;»=?L-o�L*=³;!IÒ;>:kL*L�@ =1�õ;>5Hó
5�;>IA:m@M:?ejN�o�� fJNJLS8�egµ!57egK ;>NO@AL*8�egµ!5JInL9KAKM:m¹´L¢À
Å�ejInKM²OfJLH=³;C8�egNO@AIÒ;»:?NO@ALHL9Kn@l@AIAeg5�È ejI[@ML��©=?L­KA:S�gN�;»=�Ç o�:�ÔªIÒ;»8±@M6­KML-@AIAegf�¹´L­L9N�o�LAÃJegIAK
o�L¤=1� :?NO@ML9I[¹g;»=?=?LC;>N��jfJ=³;>:kInL^o�6±@ML�8±@M6¤L�@*:?=$L9NÔIn69KAfJ=m@ML¤fJNJLao�:?µ!:?N�f�@M:?egN o�L¤=1� :kNO@AL9NJKA:?@A6
:?NO@M6A�gIA69LCo�f 5J:k8Co�L¾o�:�ÔªIÒ;g8 @M:?ejN�ÀÔ4�:�egN�8±ejNJKA:ko<Æ9IALCfJN :kN´@ML9I[¹j;>=?=kL0;>N��jf�=<;>:?IAL¾o�L�Á9º
µ!IÒ;»o���=³;E8�egNO@MIM;»:?NO@MLCµ¤;�Î�:?µa;>=?L¾o�6�@ML�8±@Ò;»iJ=?LCL9KA@

η = 0.25
ë 6�²´f�;>@A:kegN8ÑxÀ²ÏOì)ÀrÂ�ejfJI

=?L9KH5JIAe{m(=?K!o�L¾8�ejN´@MIÒ;>:?NO@ML¾o�L¾=³;émx�gfJIALjÏ�Àî¶0Ñ��$8�L9=³;BKM:?�gNJ:�m(LC5�;»I­L$Î�L9µ!5J=?L0²Of�L¾KAL9fJ=
=?L*KA:S�gN�;>=�Ç o�:?ÔªIÒ;»8±@M6�P­fJNJL*5JIAe¢È egN(o�L9fJI�KAfJ5769In:kL9f�IAL�P�Á9ºgºjº1/ 8�ejN´@MIA:?iJfJL9IM;a;>f 5J:k8
o�L&SxIM;0�¢��o�LC=³;émx�jf�IALjÏ�Àî¶ § ë 8�L¾²OfJ:�L$Î�5J=?:³²´fJL0²OfJLC=?LCKM:?�gN�;»=gÇ o�:?ÔªIÒ;»8±@A6¾5�;>I­=?L9K
o�:�ÔF69InL9NO@AK�5JIAe{m(=kKlo�L-8�ejN´@MIÒ;>:?NO@ML-KAeg:?@�KA:?µ!:?=<;>:?IAL�ì$ÀhÅ�� 695�;>:kKAKAL9fJIlo�L-=1� 6�8#Ã�;>NO@A:k=?=?ejN}²OfJ:



#²ê>����w! 9ß°çVä���ß¥z � æ�ä�z � w å�ä ¢ �

C
o

n
tr
a

in
te

 (
%

)

Profondeur (ÅÅ))

Composante ionique (γγe = 0 et γγi = 1)
Retard pompe− sonde : 25 ps
Fluence incidente : 110 mJ/cm2
Coefficient diffusion thermique : 15 W/mK

G=1017

G=1016

G=1015

G=1014

Dilatation

Compression

¬G­ð®7°²±�³'�Cµ¯´�3�¬<¼BÊBº�Ã�ÅUÇÆÊBº�¾�½,ÅBÊ,¿GÂ+Ê"¹�Î@»,ÅUÊBº@ÇÆÄ�ÄÉ¼DÊX½7è )¥ÊÍö��{ß^¬×¼DÕ�ÀÁ¼B¿�ÅUÊBº�¾�ÇÆ¼BÊ,Ç Ú Â�¾-¾�ÊXÛ¯¼BÊ,Îxº@ÇÉ¼DÊX½,¾�Ä�ÅiÎx¼DÊ,¿¥º@ÅUÊBº�¾�½�¾
ÎI¼BÂ�ÀÍÄÆÅ¡ØB¾~¹�ÄÉ¾�Î@º�Ã�¼BÊ+¿Ñ��À+»,¼BÊ�¼BÊ+¿

G
â
[G] =

�DØ+ß Õ −1 ß 5 −1 ß ¿ −3 ã@ß

5�;>In@A:k8�:k57LU;>f*KM:?�gN�;»=ZÇ o�:�ÔªIÒ;»8±@M6$L9Kn@XL9NJKAfJ:m@MLlm<Î�6�Lx5�;>I�=<;�5JIAe¢È egN(o�L9fJIXo�Lx5769N�6�@MIÒ;G@M:?egN
o�f0IM;9½´ejN�NJL9µ!L9NO@RÇ�À
|4T61ZT73ZC���=�*!�1'�>pG</<�1>-=�*@>N=�*�>NM�/O�^W�+�2.CE=�*!�1'#29>?*!���
Ó�N m<Î(;>NO@ïP T96�IAe =?L 8�eOL,6¤8�:kL�NO@}o�L��gI0#JNJL9:?KAL9Nz69=?L�8±@MInejNJ:k²OfJL .

γe = 0
�+ejN
NJL

KD� :kNO@A69IAL9KAKAL¤²Of��¯PC=<;08�egNO@AIA:?iJf�@M:?ejN :kegNJ:k²OfJLao�L!=³;�8±ejNO@AIÒ;>:kN´@ML�À^¸¢egfJK-;>=k=?egNJK*6�@Mf(o�:?L9I
=1� :?N<õ(fJL�N(8�LEo�f 8�e�L�6a8�:?L9NO@Co�L 8�ejf�5J=<;9�gLB69=?L�8±@AIAegNmÛ>5�Ã�ejNJegN

G
KAfJI¤=³; 8�ejµH57ejKÒ;>NO@ML

:?egNJ:³²´fJL*o�L+=³;H8�egNO@MIM;»:?NO@ML¢�J5JfJ:?K¢KAfJIh=1�î;»KA57L�8±@�o�f0IAe�8 R :?N��¤8�fJI[¹´L�À
Å�; mx�gfJIALkÏ<Àõ¶0Ö µ!egNO@MIALE=³; 8�egNO@MIÒ;>:?NO@ML}L�N È egN(8±@M:?ejN o�LE=<;Ô¹g;»=?L9fJI0o�L

G
57egfJI¾=³;

8±ejµ!57egKÒ;»N´@ML0:?ejN�:³²OfJL¢À«Q N�egiJKAL9In¹jL�²Of�L0=³;E¹g;>IA:³;>@A:?ejN o�L
G
;9�j:m@¤5�IA:?N(8�:k5(;»=?L9µ!L9N´@

KAfJIa=³; 8�egµ!57ejKÒ;>NO@MLB:?egNJ:³²´fJL}o�LB=³; 8�egNO@MIM;»:?NO@AL�ÀÉÂ�egfJI^fJNJL ¹g;>=kL9f�IC8�IAeg:kKAKÒ;>NO@MLEo�L
G
�$=1�õ;>µ!5J=?:?@Af(o�L�o�L¾=³;}8�ejNO@AIÒ;>:?NO@ML0L9Kn@a;>f��gµ!L9NO@A69L�o�L¾µa;>NJ:SÆ9InL0:?µ!57egIn@Ò;»NO@AL�ë�5JI�Æ9K

o�� fJNÉÈ ;»8±@AL9fJIkÏÝo�L�o�:�Ôª69IAL9N(8�L L9NO@AIAL fJNJL ¹j;>=?L9fJI�o�L
G = 1017

L�@
G = 1016

R �xÀ µ −1
À V −1

À K −3
À

Å�L}KA:?�jN�;>=hÇ o�:�ÔFIM;g8±@A6�5(;»IC=;� 6�8#Ã�;>NO@M:?=?=kegN 8�ejInIAL9KA57egN(o(;»N´@kP 8±L�@A@ML�8�egNO@AIÒ;>:kNO@AL}L9Kn@
:?N(o�:k²OfJ6+KMf�Ih=<;�mx�jfJInLQÏ�Àî¶ZÄ4À
Â�ejf�I

G = 1014 R ��À µ −1
À V −1

À K −3
�´=³;+8�egNO@AIÒ;>:kNO@ALhL9Kn@$KA:xÈ�;»:?iJ=?L¢²OfJLh=kLhKA:?�gN�;»=�o�:�ÔªIÒ;»8±@M6

L�KA@UKA:kµH:k=³;>:kInLS;>fCIAe�8 R :?N��H8�f�In¹´L K ;>NJKUL$ÎJ8�:m@ ;G@M:?ejN�À�Â�ejfJI G = 1015 R �xÀ µ −1
À V −1

À K −3
�

=1�õ;>f��gµ!L9NO@Ò;>@A:kegN o�L!=³;08�ejµ!57egKÒ;»N´@MLao�L¤o�:?=³;>@Ò;>@M:?egN o�L!=<;08�egNO@MIM;»:?NO@AL¤L9Kn@*µ!e�o�69In69L��
L�=k=?L^KAL¤@AIÒ;»o�fJ:?@·5�;»I*fJNJL^o�:kµH:kN�f�@M:?ejN o�La=;� :kN´@ML9NJKA:m@M6a:kN´@M6A�gIA69L^o�f 5J:k8^o�L�S$IÒ;9���BL±@
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Angle (mrad)

In
te

n
si
té

 (
u

.a
.)

Courbe de référence
sans perturbation

G=1016

G=1015

Composante ionique (γγe = 0 et γγi = 1)
Retard pompe− sonde : 25 ps
Fluence incidente : 110 mJ/cm2
Coefficient diffusion thermique : 15 W/mK

G=1014

¬�­¯®7°²±�³��Cµð´i=Xö�ÇÆØBÊ,ÅBÄ�Ðp½,ÇÆÏÍÃ�ÅBÎ@º�¹�À+Å¡Ã×Â,Ê�¹�Îx»,ÅUÊBº�Ç�Ä�ÄÉ¼BÊ�½7è )¥ÊÍöS�Cß{¬×¼BÕ�ÀÁ¼B¿�ÅUÊBº�¾�ÇÆ¼BÊ,Ç Ú Â�¾�¾�Ê�Û¯¼DÊ,Îxº@ÇÉ¼BÊ�½,¾�Ä�ÅÝÎI¼BÊ,¿¥º@ÅUÊBº�¾
½�¾ÝÎI¼BÂ,À+Ä�Å¡ØU¾~¹�ÄÆ¾�Îxº�Ã�¼BÊ,¿Ñ�ÈÀ+»�¼BÊ,¼BÊ,¿

G
â
[G] =

��Ø,ß Õ −1 ß 5 −1 ß ¿ −3 ã�ß

=1�õ;>5J5�;»In:?@A:kegN o�� fJNJL�8�ejµH57ejKÒ;>NO@ML Pr�O;>f(8#ÃJL o�f 5J:k8}5JIA:?N(8�:?5�;>=;À Â�ejf�I
G = 1016

R ��À µ −1
À V −1

À K −3
�¢=<; 8�egNO@AIÒ;»:?NO@AL}L9Kn@¾:?µ!57egIn@Ò;»NO@AL�o(;>NJK¾=³; T9ejNJL}o�L�o�:?=³;>@Ò;>@A:kegN L�@

KAL @AIÒ;»o�fJ:m@^fJNJ:k²OfJL9µ!L9N´@C5�;>IafJNJLBo�:?µ!:?N�f�@M:?egNÝo�L =;� :kN´@ML9NJKA:m@M6B:?NO@A6A�jIn69LEo�f 5J:k8Bo�L
SxIÒ;9�¢�xÀBÅ�; 8�egNO@MIM;»:?NO@ALCo(;>NJK-=³;�T9egNJLC8�egµ!5JInL9KAKM:m¹´LaIAL�KA@ALaµ!e�o�6�IA69LaL�@-ejN egiJKAL9In¹jL
fJNJLS8�egµ!57ejKÒ;>NO@MLS8�egµ!5JIAL9KAKA:m¹´L+:?µ!57egIn@ ;>NO@ML+KAfJI�=kL+IAe�8 R :?N��¤8�fJI[¹´L�À
|HT21OT43O5.�p*���/O�#*YC$��5m/yCE=4�#·,C_>-�#*!�w5<�Q5Z>S��/0"�>-=�*��1�!�#' b >�M</O� K
Å�;�m��jfJInL�Ï�Àî¶¢Ù}5JIA6�KML9N´@ML0=1� 6�¹´eg=?f�@M:?egN o�L0=³;}8�ejN´@MIÒ;>:?NO@ML0L9N�È<ejN(8 @M:?ejN o�L0=³;E¹g;»=?L9fJI
o�f
8�eOL,6a8±:kL9N´@¾o�L o�:?ÔªfJKA:?ejN

K
À¬Å�L9K^8�egµ!57egK ;>NO@AL 69=kL98±@MIAegNJ:k²OfJL L�@^:?egNJ:³²´fJLBKAegNO@

8�egµ-iJ:?NJ69L9K o(;>NJK�=kLSKA:S�gN�;>=gë
γe = 0, 1

L�@
γi = 1

ì)ÀwÅ�;pmx�jf�IALVÏ<Àõ¶0Ê!µ!egNO@MInLS=kLSKM:?�gN�;»=
Ç o�:�ÔªIÒ;»8±@M6+L9N@È egN(8±@M:?ejN�o�L+=³;-¹j;>=?L9fJI¢o�f�8�eOL,6a8�:?L9NO@�o�LSo�:?ÔªfJKA:?ejN

K
À

Q NCegiJKAL9In¹jL�KAfJI�=?L9K�8�egfJIAi7L9K�²OfJL =;� LEÔªL�@ho�fC8�eOL,6a8�:?L9NO@ho�L�o�:�ÔFfJKA:?egNC@�ÃJL9IAµH:³²Of�L�KAfJI
=1�õ;>KM57L�8 @�o�faKM:?�gN�;»=iÇ
o�:�ÔFIM;g8±@A6 InL9KA@AL�=k:?µ!:m@M6�À�ÌW=7L9Kn@xNJ62;»NJµHej:?NJK�NJ6�8�L9KAKÒ;»:?IAL�o�L�5JIAL9NHó
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K = 150 � À µ −1
À V −1
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Profondeur (ÅÅ))
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Retard pompe− sonde : 25 ps
Fluence incidente : 110 mJ/cm2
γγe = 0,1 et γγii = 1
Constante de couplage électron/phonon G=1016

K=1,5.1022

K=1,5.1033

K=15

¬G­ð®7°²±�³,�Cµ¯´�Ea¬<¼BÊBº�Ã�ÅUÇÆÊBº�¾Ý½+ÅUÊ,¿�Â,Ê%¹�Îx»,ÅUÊBº@ÇÆÄ�ÄÉ¼BÊ"½7è )¥ÊÍöS�"¾�Ê%Û¯¼BÊ,Îxº@ÇÉ¼BÊX½�¾-ÄÆÅ�ÙUÅUÄÆ¾�Â�Ã�½+Â"Îx¼�¾®êÜÎ2ÇÉ¾�ÊUºË½�¾-½,ÇÆÏ7Â,¿�ÇÆ¼BÊ
Kâ

[G] =
��Ø,ß Õ −1 ß 5 −1 ß ¿ −3 ¾Iº [K] =

�*ß Õ −1 ß 5 −1 ã@ß

Angle (mrad)
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Courbe de référence
sans perturbation

Retard pompe− sonde : 25 ps
Fluence incidente : 110 mJ/cm2

γγe = 0,1 et γγi = 1
Constante de couplage 
électron/phonon G=1016

K=1,5.1033

K=15

¬G­ð®7°²±�³?�Cµð´�XXö�ÇÆØBÊ,ÅUÄ�Ð�½+ÇÉÏÁÃ�ÅUÎxº�¹MÀÍÅ¡Ã�Â+Ê�¹�Î@»+ÅUÊBº�Ç�ÄÆÄÆ¼BÊ�½7è )¥ÊÍö���¾�Ê�Û¯¼BÊ,Îxº@ÇÉ¼BÊ�½�¾�ÄÆÅËÙUÅUÄÉ¾�Â,Ã�½,Â�ÎI¼D¾®êÜÎ2ÇÆ¾�ÊUº×½�¾�½,ÇÆÏ7Â,¿�ÇÆ¼BÊ
K
â
[G] =

��Ø,ß Õ −1 ß 5 −1 ß ¿ −3 ¾Iº [K] =
�*ß Õ −1 ß 5 −1 ã@ß
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Le système expérimental
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Argon 8 W

Amplificateur à
8 passages

Amplificateur à
4 passages

Second 
compresseur

Nd:YAG
500 mJ 10 Hz

Etireur

Compresseur

Lame λλ/2

Lame  λλ/2

Cellule de Pockels

Cellule de Pockels

Première voie
production de la source X

Seconde voie
excitation infrarouge

et sonde optique

Oscillateur

λλ1<λλ2<λλ33

λλ11
λ2

λ3

λ3

λλ11
λ2
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Amplification à dérive de fréquence.
Une impulsion courte de faible énergie est étirée temporellement, 
amplifiée en énergie et recomprimée temporellement.

Intensité de l’ impulsion laser

Durée temporelle de l’ impulsion laser

Etirement  Amplification Compression

Cible

∆λ

∆λ
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Intensité
(u.a)

Temps
(ns)

6ns

Impulsion laser

ASE et défauts de recompression
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Fit parabolique

Intégration
selon l’ axe verticale

Vecteur de diffusion
q=sin(θθ++δθ)/λ 

avec sinδθ=Y/D

Echantillon

DD

Intensité spéculaire

Flash X

YY

Nombre de pixels 
de la caméra CCD
(1 pixel = 20 arcsec)

Intensité (u.a)

Rocking curve expérimental  
Intensité du signal X en fonction de 
l’angle de diffraction mesurée à 
l’aide d’une caméra CCD X 
Princteton 1340X 300.
La largeur à 1/e est de 250 arcsec.

Incident

Diffracté

qq
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Tache focale X au point de 
moindre confusion simulé 
par le logiciel Spot X

00

7,8e6

Coupe latérale

Coupe verticale

Largeur 90 µm FWHM

Largeur 70 µm FWHM

(mm)

(µm)

Intensité (u.a.)

Intensité (u.a.)

Intensité (u.a.)
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Raie de diffraction d’un échantillon d’ InSb  (111)
Image complète simulée par le logiciel SpotX Agrandissement correspondant 

aux dimensions de la caméra CCD

Rocking curve  du signal X 
simulé par SpotX
(calculé à partir de 
la même image)
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19.2
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− 4.5 4.500
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Détermination de la résolution du système

Taille de la source X 
165 arsec

Résolution spectrale de la source X : 1e− 4

Largeur de la rocking curve du cristal 
de focalisation (Quartz 100) 30 arsec

Largeur de la 
rocking curve de l’ InSb 
(111) 210 arsec

Angle de divergence 
du faisceau X : 2°

Distance 
détecteur− échantillon
200 mm

Taille des pixels sur le
détecteur 20 µm de coté
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φsource = 100 µ
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∆θ = φsource
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2d sin θ = nλ

2∆d sin θ + 2d cos θ∆θ = n∆λ
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75° polarisation S

Angle d’ incidence par 
rapport à la normale

Réflectivité en fonction de la longueur d’ onde

15° polarisation S

65° polarisation S

15° polarisation P

65° polarisation P

75° polarisation P

800 nm
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Indice de réfraction  n = n + i k en fonction de l’ énergie

1,55 eV
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InSb oxydé : n

InSb : n

InSb oxydé : k
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InSb

InSb oxydé
couche d’ oxyde de 52 A

Réflectivité en fonction de l’ angle d’ incidence (par rapport à la normale)
pour une longueur d’ onde de 800 nm (polarisation P)

Angle (°)
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Profondeur de pénétration en fonction de l’ angle 
(à 800 nm et en polarisation P) 
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Angle (°)

InSb

InSb oxydé (couche d’ oxyde de 52A)
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(111)

(111)

(100)

αα
72,3°

56,44°°

72,3°

Profondeur de pénétration de l ’ excitation infrarouge dans l ’ InSb 
(peu de variation en fonction de l ’ angle) ~ 1000 ÅÅ
Profondeur de pénétration du rayonnement X Kα Si dans :
                                                                   − InSb (111) : 3500 Å

                                                − InSb (100) : 1700 Å
    − InSb (100) et α = −6° : 1200 ÅÅ
    − InSb (100) et α = −13° : 540 ÅÅ

[111] [100]

Géométrie symétrique  Géométrie asymétrique  

Impulsion laser

Flash X

15°

Epaisseur excitée 
par le faisceau 

d’ excitation 
infrarouge

Epaisseur sondée
par le 

rayonnement X
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Tache focale laser infrarouge
sans diaphragme.

Tache focale laser infrarouge 
avec diaphragme (permet d’obtenir 
des taches homogènes mais dont 
l’énergie est faible).

300 µm

300 µm
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Utilisation d’ une sonde visible

Référence Signal réfléchi par l’ échantillon

610 nm

620 nm

600 nm
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Excitation IR

Sonde X
Sonde X

La dispersion temporelle est dû a 

l’ extension spatiale de l’ impulsion X  

Pas d’excitation infrarouge. 
La dispersion temporelle de 

l’ impulsion X est sin((α)∗φ . 

αα
ββ

φφ  

Avec excitation infrarouge. 
La dispersion temporelle de 

l’ impulsion X est sin(β)∗φ . 
Pour  β petit on limite 

l’élargissement temporelle.

Dispersion temporelle

Dispersion 
temporelle

Echantillon 
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Alignement du cristal toroidal

Cercle de Rowland

Faisceau laser 
infrarouge

Cristal toroidal (quartz 100) 

Echantillon d’ InSb

Cible de silicium : 
source X plasma

Angle d’ incidence 
du faisceau laser 

45°

56°

72,3°

12
5,

5 
m

m

125,5 m
m

Axe du cristal toroidal
sur lequel est centrée la 

rotation du support du
cristal
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Détermination des dimensions de la tache X et de sa localisation spatiale

Intensité en fonction du 
déplacement latérale

Intensité en fonction du 
déplacement verticale

Echantillon InSb

Morceau de scotch
(ne diffracte pas)

Caméra CCD X

Tache X déduite

Coin

Faisceau X

Déplacement selon 
l’ axe de focalisation

Intensité en fonction du 
déplacement verticale 

Tache X déduite
YY

YY

XX

YY

XX
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Réalisation d’une courbe expérimentale

Séquence d’acquisition 
d’un retard pompe− sonde

Séquence de tir
Acquisition d’un spectre

Fond de la CCD X 

Tir laser : faisceau sonde X 
Référence avant excitation

Traitement en cours de séquence

Tir laser : faisceaux sondes 
et excitation

  Signal transitoire 

Tir laser : faisceau sonde X
Référence après excitation

Stockage des résultats de la séquence

Enregistrement des résultats

Déplacement échantillon
Traitement du rocking curve

(normalisation, fond, intégration)

Obturateurs lents
choix des faisceaux : 
excitation, sonde X 
ou sonde optique
selon initialisation

Tirr
le tir se fait par ouverture 
des obturateurs rapides 

synchronisés sur le 
laser YAG de pompe

Déplacement cible

Acquisition des diodes
récupération de la 
valeur des diodes
infrarouges et X

Obturateurs lents
Fermeture des obturateurs 

Initialisation séquence tir
Nombre de tirs T, 
déplacement de la cible,
numéro de moteur, butéesInitialisation du programme

Nombre de séquences d’accumulation N,
 Nombre de tirs par séquence T

Déplacement de l’échantillon

Initialisation de la CCD
Température, 
Temps d’acquisition

Traitement du spectre
un spectre de reférence et 

un spectre de reflection 
sont enregistrés 

simultanément, ils sont 
intégrés séparément 

puis transmis par le port 
série au PC

Affichage

Mac quadra 650
Contrôle caméra CCD 

Photometrics

PC HP Vectra P160
Contrôle de la caméra CCD X Princeton

Mac quadra 950
Contrôle du déclenchement 
des tirs, déplacements des 
moteurs et acquisition des 
diodes 

Initialisation de la CCD X
Température, temps d’acquisition

Acquisition d’une image
Paramètres de l’ajustement 

parabolique 

Acquisition d’une image

Programme principal

N fois

T fois

Communication port série

Communication
 port série

Traitement en 
cours de séquence

Soustraction du fond CCD,
Seuillage haut et bas,

Filtrage des X durs,
Intégration du signal

On exécute le programme 
principal pour chaque 
retard pompe− sonde 

à effectuer pour la courbe

Traitement en cours de séquence

Traitement en cours de séquence

Acquisition d’un 
spectre optique 

Contrôle d’une 
séquence de tir
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Résultats expérimentaux
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Intensité (u.a.)

Angle en pixels (1 pixel=0.12 mrad)

Référence 
avant excitation
(trait noir)

Référence
après excitation
(trait rouge fin) 

Signal transitoire
(trait bleu)

1. ∆∆t=− 20 ps 2. ∆∆t=− 2 ps

5. ∆∆t=0.6 ps4. ∆∆t=0.26 ps3. ∆∆t=0 ps

6. ∆∆t=1.1 ps 7. ∆∆t=5 ps 8. ∆∆t=25 ps
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?%@��+C����;L�M���X�^��®MWP�J��_Q�Y��� "!�#$!% "&('*)�&,+.-	+.'�/0&213)%45/6+./7498.'�:<;(4>=?'*+.@�/7 2+.'A;(45/68.45 "&�Q�\� "!�#B!( "&('*)(&C+(DE "F�;,&213)%45/6+./7498.'�G
L?H$\'Q�^�PGYJIGTUJ�O$X>K�J[TUM4\[XZLa^MLON=QBPR\[LaY�Q�M�La^GO�QQI�LaP$J�O$X>K�NWJ'Q�^a\�YzJ'Q�\�T.J[O$Y

∆t
Q�^a\'J'QSR S Q%T$MWX \�TÊ\�X]La^URZTUY'QWJ2Q�\<RZT�Y'La^$O�QVLsY[P�J

P$^yN�M�WGTU^a\[XXR>RZLa^`O+S Y�^EZ�H[��\$]?]�G�TB�aQ�M#P$^$Q_^GP$Q�^$M�QRO�S Q%T$MWX \�TÊ\�XZLa^yO$Q`\Ba?bcPMd$b M$P −2 b
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11 33 44 55 77 8822

Zone agrandie sur la figure 5.3

66

Les chiffres indiquent les rocking curves représentés 
sur la figure 5.1 correspondant aux points de la courbe
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Fluence absorbée = 163 mJ/cm2
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λλ =610 nm

Fluence absorbée=60 m J/cm22
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Ë
�Gko�G�a���RÆ�l$Ço�o���B�����U�o�$æ��
n�lwÐ�Ço�o�t���Ul�Ç��U�qÇ	��Ë
lxÆ	��ko�B�tl ×w�
�t��Î�lxÆ��·Î��+�a�$�U�����&ñ��okolG×2�t�UlG�U�Ul
Ïw�o�RlG�.�I���&Î���â2��Î0��Îä����×2�t�UlG�U�Ul{Æ��¬�U�
k¬Æ	��ko���£Í��rn-Ñ;��kK�U���t�t�qk É
ä ��Æ��o�U�$l¨Æ2ly����n-Ñz���Ul`Æ�ly�£Í��tkK�UlGko�U�t�U�`Æ�ly�����U�qk	Æ2l�ì Ò èq¥
¥�æ���Ô#lG�.�Ýl$k��
nGn��q�UÆ���×qlrn¢�tlG�O×
����lG���U�
�+�U�UlGk	Æ��olG�¡Ç��
�o�|��l«Îs�rnr��ko�t�0Î�l�Æ�l«æ'�o�U���
ksko�qk���ÑolG�$Î���ÏK�ol É´ä lG�|�$�U�	Æ�lG�¡l�â2Çd�$�U�/Î�lGkK�_���tlG�¡l$�
�0Ño�G�
�U��ÏK�olG�­Æ	��ko�­�tl0�U�t����n$�t��Î �
kK�GÎ��
kK�a�.��ÏK��l0�£Í�l�âon��t�_���U���
k��G�tlrn��a�.�qko��ÏK�ol�Æ�l0����Å;��k	Æ�l�Æ2l
×
����lGkon$l­Ç��q��×
���t�����.�alG�tk	Æ��Ul�£�©ms�Ð2l$�«ÏK�olI���0Æ��o�.�Gl­Æ�l­���{�a�_��ko�U���a�t�qkpÆ�lIÇ�Ñ;���Ul­�o���a�a���a��Ço��Æ�l
�$�_������Æ�l§�£ÍZ�q�UÆ��Ul�Æ�l�£ é ¥µæ'�¹¸EÓ�º`Ô�è¼»y¸=Ó É º`Æ ä Ôq©¤»y¸EÓ�¤®Ô ê » É Õyl��Ul�Î�Ço��nr���a�
n��U�G�U�t�.�a��ÏK�ol§lG�.�
�tk�×qlG�U�Ul�Î�lGkK�{Ço�U�
Ç��q�Ê�a�t�qkokol$�Iñp���·æ'�U�LÏw�olGk	n$l�Æ�lG�{Ç�Ño�qko�
ko�

ω
Æ	��ko���£ÍZ�rn-Ñ;��kK�a�t�t���
k=ÐÝn$l�ÏK�o�

Ç�lG�$Î�l$�|Æ�l`�KÍZl�â2�U�_��Çd�
�tlG�¡���snr���|Æ�l`�KÍ Ê k�ÓzÅ�ñ®�£Í=����Æ�lBÆ�l¨���®�UlG���+�a�t�qk��U�o�6×
��kw�al�î
ω ∝ d−2M− 1

2�¼�
d

lG�.�I����Æ��t�.����k	n$l0��kw�alG�;ã%�+�a��Î���ÏK�ol�l$�
M

����Î����U�Ul��+�a��Î���ÏK�ol Ò �LÏK�;�+�a�t�
k~� É £½¸EÓ�º`Ô�è¼»,Ô É
ä �
�U��ÏK�ol��tlG��Æ��6òd�G�UlGkon$lG��Æ��olG��ñ������.�a�U�	n��U�o�Ul�Æ�l�Å;��k	Æ�l��U�qkK��ko��Ë
���/Ë
�GlG�LÐ¢�
k«�a�U�
��×wl���k
�Ul�Î�Ço�Bnr���_��n��a�G�.���.�U��ÏK��lxÆ�lx�q©�¥�æ'�BÆ	��ko�B�£Í Ê k�ÓzÅ=Ð�n$l�ÏK�o��lG�.�BlGk���nGn$�
�aÆp�L×qlrnI�KÍZ�?×w�
�����U���
k�Æ2�
�U�/Ëqk	���Bì�ÎslG�U�o�U�xÇ��
�o���okol�¦	�olGk	n$l�Æ`Í�l�âon$�����+�a�t�
k�Æ�l�£ ê �¡Î§þ É n?Î −2 É
ï k§Ç�lG���B��Ëw���tl�Î�lGkw��n$�wÎsÇ;���.lG�¨�tlI�al�ÎsÇo�Bnr���_��n��a�G�.���.�a��ÏK�ol­l�â�Ç��$�U�/Î�lGkK�_���R��×wlGnI�tlG�B�U�/Î��o����ã
�U���
ko�`Æ�l�×I���tlGk�l��¨��� É �UlGÇo�.�G�al$kK�a�GlG�y�U�o�¢����ç�Ë
�o�UlI� É ÿ Ïw�o��Î��
kK�a�.l®�£Í���×w�
�����U���
k§Æ���Æ��GÇo����n$l�ã
ÎslGkK��Î��WÓwlGksÆ�lG�¢�+�a��Î�lG�|lGk�æ'�
k	n��U���
k�Æ����al�ÎsÇo�¡Æ	��ko�¡�tl�nr���¡Æ�lB�£Í Ê k�ÓzÅ É ï k�n$�
ko�.���+�albÏK��l
ÆBÍZ�okolGÎ���ko��Ì$�UlI�U��Î��t�����t�Ul�����â§nr����n$�����¨�.�����t�t�a�$�¨�U�o�`�tlI�U���t��n$�t��ÎoÐ2�tl­Æ��GÇo���
n$l�ÎslGkK�����U�wÎs��ÏK��l
Ç�lG�2�B�+�U�alG�tk	Æ��.l0£��³lGk�Ço�0ÌG�yÆ�l0£ é ¥@æ�� É´Ê �;lG�.�`n$l$Çdl$k	Æ	��kw�¨Æ��G�t��nG���¨Æ�l®Æ��$�alG�$Î��tkolG�`��×wlrn�n$lG�
n$�
�o�.Ådl$������Æ��o�U�Gl{Æ��&Î��rnr��ko�t��Îsl{�o���a�a���a��Ço��Æ�l É ¬ k�l?òdl$�WÐon$�qkw�a�_���t�Ul�Î�lGkw�Gñ�ko�
�¨Î�l$�a�o�.lG�LÐ
n$l$�®nr����n��o����k=ÍZ��k	n����olGkw�®ko�R�£Í���×w�
�����U���
k�Æ��¬n-Ñ;�mÎ�Ç��G�tlrn��a�.�wÎ���Ë
ko�$�a��ÏK�ol�Æo��ko���KÍZ�rn-Ñ;��kK�a�t�t���
k=Ð
ko�#��l$��l?òdl$�a��Æ�l�×w�
�t��Î�l Ò ×q�q�t���Ulrn��U���
k�© É è É4é Ô É

®�¯u°�¯u° £O¾M¿g���C���~�9ÀJ�c�}Á���£�Àl�ÃÂ½�¤���2�3�
ä �¥æ'�
�.�Ul�lFâon$�����+�a�t�qk��G�tlrn��a�.�qko��ÏK�ol�Ço�U�zÆ��o���al�Æ	��ko�§�tl��Ul�Î���n$�
k	Æ��	n��alG���§Ç;�����£Í��/Î�Ço�o�t�U�t�qk
�����al$�«Ë
�Gk�ÌG�UlxÆ�lG�BÇ�Ñ��qko�
ko� É ÕylG��Æ2lG�Uko�tlG�U�BÇ��
�o�U�a���tlGkK���$�U�Ul@ñ0�£Í��
�U�/Ë
��k�l{ÆBÍZ�okpl?òdl$��Æ�lI�!Ó2Ç�l
Ö®lGÅ�Óql¦­m�����tlG� Ò ��Ë
�������U�t�qk���ÑolG�$Î���ÏK�ol�Ô�Ð�l$�­Ç��U�W×w��Ïw�olG�I�okol�Æ��/Î��tkz���U���
k�Æ�l��£ÍZ��kK�UlGko�U���a��Æ2�
�U�/Ëqk	���BìÏÆ��6òd�_��n��a� Ò n�æ É �Ulrn��a�t�
k é�É � É £GÆ�Ô É
Ë �
�o�x�����t�
ko��l?òdlrn��U�olG�­�okol�Ço�.l�Î��/ÌG�Ul0lG�.�a�/Î����U���
k~Æ�l��£Í�l?òdl$��Æ�lG�­Ç�Ño�qk��qko�­�a���­�£ÍZ��kK�UlGko�U�t�U�
Æ����U��Ë
k;���`ì¼Æ��/òd�a�
n��U��lGk�n$�
ko�U��Æ��G�_��kK���tlxÆ��GÇo����n$l�Î�lGkw�®���U�wÎ���ÏK�ol Î��WÓwlGk�Ç��q���B�okolI�al�Î¡ã
Ç��G�a���U�o�Ul�Ç��U�2n�ÑolpÆ�l§���µæ'�o�U�t�qk���ÑolG�$Î���Ïw�ol É Õ`l�Æ�lG�.ko��lG��lG�.� √

< u2 > = 0, 26
� Æ	��ko�

�tl�nr����Æ�lp�£Í Ê k�ÓzÅ Ò n$l��U�al¯×
����lG���sÇo�UlGkoÆmlGkýn$��Î�Ç��alp�£Í�l�ò�l$��Æ�lG�sÇ�Ño�
ko�qk�����n$�q�o�.�U��ÏK��lG��l$�
�
Ç��a��ÏK�olG�~¸�Ä­ØyÅ ÿ £�»,Ô É�ä �sÆ���Îs��kz�2�a�t�qk�Æ2l��£ÍZ��kK�UlGko�U�t�U�0Æ�l{���s�U�
k	Æ�l�ìÏÇo�U�zÆ��o���al�Ç	�����ok¬�UlG�
Æ��$Ço����n$l�Î�l$kK�s���U�wÎ���ÏK�ol��.lG�.�al��tk�æ��G�U�tlG�o�Ul¯ñÎ£G¥ks Ò nG����n$�o�t�·ñ��£Í=����Æ�l§Æ�l��£Í��LÏK�	���a�t�
k é�É £G¥zÔ�Ð
n$l�ÏK�o�Ýkol�Ç�lG���xÇ;����l�â�Ço�t��Ïw�olG�x����n-ÑK���alsÆ��~�a�/Ë
k;���³ì Æ2lsÇo�$ÌG�{Æ�l¡èq¥�sÁÏK�olsk��q�o���qÅo�UlG�;ã
×q�qko� É ×�ç	k«Æ�l§�U�/Î��o�tlG���£Í=�mÎ�Ço�t���a�	Æ�l�Æ�l�����n-Ñz���Ul§�
Åo�UlG�$×q�GlwÐÒ�t�Iæ[���	Æ��a�����sn$�
ko�U��Æ��G�UlG��Æ�lG�
Æ��$Ço����n$l�Î�l$kK�a�����U�wÎs��ÏK��lG�0Æ�l�¥�Ð=©¹��ÐR�U�
�t���okol�Æ����.����k	n$l�Åo�tlGkÎÇo�t�o���G�tl?×w�$l9ÏK�ol�n$l$���tl9ÏK�o�
lG�.��ko�rn$lG�U�_���t�Ulªñ����sÆ�lG�.�a�.�	n��a�t�
k�Æ����.�G�Ul����¬n$�.���.�����t���tk É
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ä l��a�a��ko�0æ'l$�.�xÆ�l��£Í��GkolG�$Ëq�tl�Æ�l$�x�$��lrn��U�U�
ko�xl�âon��t�U�G��×qlG�U�­��lG��Ç�Ño�
ko�qk��x�Ul¡æ����t��lGk~�ok��al?Î�Ço�
nr���_��n��a�G�.���.�a��ÏK�ol{Æ�l�Ço�t�o�U��l$�o�U��Ço��n$�q�Ulrn$�
k	Æ�lG�LÐo�_����æ�Ç��
�o�B��lG��Ç�Ñ��qko�
ko���qÇ2�a��ÏK�olG���t�qk�Ë
���a�	Æ��2ã
k;����â Ò ä ï Ô É Ö­��ko�`�KÍ�Ñ�Ó2Ç�����Ñ�ÌG�UlI�¼���KÍZ�q�an$�t�t���+�a�t�
kpÆ�lG�B�+�a��Î�lG�`Æ��ol�����â�Ç�Ño�
ko�qko� ä ï �{�t��lG�
Æ�l�Î���ko�/ÌG�Ul�n$��Ño�G�Ul$kK�al��U�o�{�£Í�l$ko�al?Î�Åo�tl�Æ��¦×w�
�t��Î�l��U�qk	Æ2�wÐ�n$lG�t�tl�ã�n$�¡Ç�lG���$ãWlG�t�tl�Ç��U�W×w��Ïw�olG�
�okol{Æ��/Î���kK���a�t�qk¬Æ�lx�£Í��tkK�alGko�U���a��ìÏÆ��6ò��a�
n��a�Gl~Æ
Ë �
�o�y���t�t�qko�¢�U�/Î��o�tlG�¡n$l$�¢l?òdl$�yÆ�lbæ[�¼Ç$�
k��a�/Î�Ço�tl�ñ­�KÍE����Æ�l®Æ2���t��Ëq��n$�tlG�dÓzÇ��
�$ì³Ço�U�G�UlGkK�U��Æ	��ko�
���­�alrn��a�t�qk é�É � É7é�É ï k��tkK�U�U�2Æ2�o�t�¢Æ	��ko�¡��lB�t�wË
��n$��l$�	�okolbÎ����t���tl��G�t��Î�l$kK�������.l���Æ�lGkK�U��Ïw�ol�ñ�n$lG�t�tl
Æ�l��£Í Ê k�ÓzÅ²ñoæ'�.�q��ÆBÐ³Î����t��Æ��qkw���tlG��Ç��
�U�t�U���
ko��Æ�lG�����U�wÎ�l$��n��q�U�.lG�UÇ��qk	Æ2lGkK������âÎÇ��
�U�t�U���
ko�
l�â2�U�U��Î�lG�®Æ2lG�®�
�an$���t�����U���
ko�IÆ�lG��Ç�Ño�
ko�qko� ä ï Ò n$l@Î��zÆ�l{lG�.�®�UlG�t�qk��Wâ�li¸t£
£q£�»�Æ	��ko���KÍ Ê k�ÓzÅ=Ð
ÏK�o�Rl$�U����Ëw���tl�Î�lGkw����lxÇo����k����U�wÎs��ÏK�ol�ÏK�olx�KÍZ�qk��U�
k	Æ�l0��×qlrn���lx�_��Ów�
kokol�ÎslGkK�bì�Ô É
ï kÕ�
Åo�UlG�$×wl�Ð���×wlGn¬�okol��mÎ�Ço�t���a�	Æ�l�ÆBÍ��
�an$���t�����U�t�qküÆ2l�¥�Ðt£ ê � Ò �okol¬�UlG���tl���ÎsÇo�����a�oÆ�l�lG�.�
�a�$ÌG����ÎsÇd�
�.�_��kw�al�Ç��
�o����l$�sÇ�Ño�
ko�
ko� ä ï ¸ Ä­Ø�Å ÿ £�»,ÔFÐ|�okol�����ËwÎ�lGkw���+�a�t�qkÍÆ�l��£Í��tkK�alGk��a���a�
Æ����.�2n-ëK��k�Ë�n$�o�$×ql{Æ�l ê ©�s¯Ð�l$���okol{Æ��/Î��tkz���a�t�
k�Æ2l ÿ�ê s Ç��
�o��n-Ñ;��n$�okol{Æ�l{n$lG��Ç��
�U�t�U���
ko�
l�â2�U�U��Î�lG� É
Ê ��æ[�����Ò�.l�Î����0ÏK�olG�´ÏK�ol¨�£ÍZ�qk��Ul`Ço����n$l¨��n$�oÆ	��ko�Ò�okol¨�U���a�;�+�a�t�qk��U�0ÌG�´æ[�L×q�q�a��Åo�tl¨Ç��
�o�Ò�
Åo�UlG�$×wl$�
�£Í�l?òdl$��Æ�lG��Ç�Ño�qko�
ko� ä ï É ¬ kÎl?ò�l��WÐÝn$l$�.�al�Ñ�Ó2Ç�����Ñ�ÌG�Ul��Ul?×2�tlGkK�¡ñ�n$�qko�U��Æ��G�.lG��Ïw�ol��tl�������â
ÆBÍ�l�â�n$�������U�t�qk¬Æ�l�n$l$��Ç�Ño�
ko�
ko��lG�.�¨Î��Wâ��/Î���� É
ó �o�t��ÏK�ol¢����Æ����U�GlyÆ�l¢�����U�
k	Æ�l©ìýl$�U���U��Îs���������.lQñB���BÇd�$�U�t�2Æ�lyÆBÍ��
�an$���t�����U���
k�ÆBÍZ�ok�Ç�Ño�
ko�qk ä ïÒ
TLO = 170

æ'�FÔ�Ðz�okol­�?×wlGkw�a�olG�t�tl�Î��zÆ��6ç;nr�+�a�t�qkp�
Åo�UlG�$×
��Åo��l�Æ����U�zn-ëz�tk�Ë�n$�o�$×ql�n$�q�.�UlG�UÇ��qkoÆ
ñ��£Í�l�ò�l$�bÎ��WÓwlGk��U�o���£Í�l$ko�al?Î�Åo�tl�Æ2l{���sÆ2�o�U�Gl{Æ�lx�����U�qk	Æ�l�ì É
×I�tko�U�KÐRlGk�l?òdlrn��U�;��kK�{���¯Î��WÓwlGkokol�Æ�lG�{Æ�lG��âªn$�qkw�a�U�tÅo���U���
ko�{l�â2�a�.��Î�lG�{Æ��ª�a�/Ë
k;���|�t�q�.��Æ�l
�£Í��
�_n$�t�t�����U���
kªÆ�lG�x���U�wÎslG�LÐ��
k��a�.�q��×ql¡ÏK�ol0�KÍZl?òdl$��Î��WÓwlGk�Æ�lG�­Ç�Ño�
ko�qko� ä ï n$�
�U�UlG�UÇ��
k	Æ¦ñ
�okol�Æ��/Î��tkz���a�t�qk�Æ�lB�£ÍZ��kK�UlGko�U�t�U��Æ�l¨���­�U�
k	Æ�lQì���k�æ��G�U�tlG�o�Ul¨ñx©msÉÈKn$lbÏK�o��kolBÇ�lG���¡l�â�Ço�t��ÏK�olG�
�tlG���U�$�a�o�����+�a���
Å��alGkK�o� Ò n-Ñz���Ulx�qÅo�UlG�;×w�Gl{Æ�l�èw¥ks Æ�lx�£Í��tkK�UlGko�U�t�U��Æ�lx�����U�qkoÆ�l�ì@Ô É
ä �0n-Ñz���Ul­Æ�l­�£Í��tkK�alGko�U���a�­Æ�l­�����U�qk	Æ�l�ì�kol­Ç�lG���¨Ç;���¨�$�a�.l­Æ��ol�ñ��ok§l?òdl$�BÆ�lI��Ó2Ç�l�ÖIlGÅzÓwl�ã
­m���t��lG��Ço�U�zÆ��o�t��ñs�����U�o���al�Æ�l��KÍZl�âon$�����+�a�t�
k�Æ�l��£ÍZ�rn-Ñ;��kK�a�t�t���
k�Ç;���®�£Í��/Î�Ço�o�t�U�t�qk������UlG�®�tk�æ'�a��ã
�U�
��Ë
l É
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ä �¬Ç��U�2Æ��on��a�t�qk«ÆBÍ���k«Ç������0Î��oÑ	�����Ul��al�ÎsÇ��G�_�+�a�o�Ul�Ç;�����KÍZl�âon$�����+�a�t�
k«�����alG�0n$�q�.�UlG�UÇ��
k	Æ²ñ
���9æ'�q�$Î��+�a�t�qk~ÆBÍ���k�Ëw��}��t�qko�t�U��ñ������U�o�0æ[�
n$l�Æ�l��KÍZ�rn-Ñ;��kK�a�t�t���
k É Õyl¡Îs�rnr��k����0Î�l�Æ��$�a�.�o�t���tl
�U�G�Ul����În$�U�t�.�������t�tk=Ð�l$�{lG�.�{�a�o�6×2�|Ç;���{�ok�Ço�.�2n$lG�U�U�o��ÆBÍ=��Åo�����a�t�
k�Æ�ls�KÍZlGko�Ul�Î�Åo�tl�Æ��¦×w�
����Î�l
�U�o���tlLÏK�ol$�)lG�.��Ço�U�zÆ��o�t���tlxÇo�����0Î�� É
ä �0Æ�l$�U�U�U�	n��U���
k�Æ���n$�U�t�.�����dÇ;���`Ço�����0Î��{lGk�Î��
�tko�BÆBÍZ�okolIÇo��n$�
�alGn$�qk	Æ�l­Ç��
�o�U�a�����¨l�â�Ço�t��ÏK�olG�
���sn-Ñz���Ulx�o�t�U�_���_��Ço��Æ�l�Æ����U�/Ëqk;���BìÏÆ��6òd�_��n��a� É
ó �
�o�{�rnr���.�al$���£Í�l�â��t�.�alGk	n�l§ÆBÍZ�ok��UlG�©Î��rnr��ko���0Î�l�ko�q�o����×w�
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Evolution de l’ intensité  de la sonde X intégrée et normalisée 
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Référence
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Signal transitoire
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Référence
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(trait rouge)

Angle en pixels 
(1 pixel=0.12 mrad)

Intensité (u.a.)
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Surface de l’ échantillon

Liquide non thermique

Front de fusion 
solide/liquide

Solide

Vitesse thermique

Liquide thermique
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Fluence laser absorbée130mJ/cm2

XX

YY

(mm)

(mm)

(nm)

(nm)

((µµm)

(mm)

Interférométrie en lumière visible

Cristallin

Amorphe

9�:E<+>
?%@`�+Cuö`÷¨Q�Y'P$J'Q�Y
O+S XZ^a\[QWJ2N=NWJ'LhPÝN�\[J[X]Q2Q�^wR�PAPÒX�õWJ'QJ�$XZY[X�H�RZQ�Y'P$JqP$^RN�M�W$Ta^U\�XXR>RZLa^)O+S Y�^EZ3HU��\?\h\�G*I�LaP�JqP$^$QzQ%T$MWX \�TÊ\�XZLa^
R�TUY�QWJRT.HrY�LUJ2H�NWQÝO$Q�\Bb?]UPMd$b M$P −2 b0ø�LaPGY#T$�_La^$Y�N$�aT?RZQBPÝQ�^a\RXZ^$OGXZV�P�NÒY'P�JRM�Q�\'\'Q`pA�aP$J'QcR]Q%Y#O�Q�P�Tf{WLa^�Q�Y�L?HrY�QWJ��aNWQ�Y
RZLUJ[Y#O$Q�Y_PÝQ�Y'P�J'Q�YRO�QÝJ'N$^$Q�M4\�X �$X]\'NÝLhI�\�XZV�P�QÝQ�\gIGT.JgPÒX�M4J'L_Y'M�L?IGXZQÝNBR]Q�M4\[J'La^$X�V�P�Q�ù#M�J[TÊ\"õWJ'QÒO$Ta^$Y_R]Q�V�P$QBRkRZQcPÒT.\'NWJ[X�TUP
Q�Y�\oM�J[XZY�\�T?RXRZX�^f� LaP|V�P$TaY'XrM4J[X�Y�\�T?RXRZX�^EG<ú�TU^$^$Q�TUP|TUP�\[LaP$J�O$P|M�J[TÊ\"õWJ'Q�O$TU^GY�R]Q%V_P$QBR�RZQSPÝT.\'NWJ[X�TUPÒQ�Y�\oT?PÝLUJ2I�W$QUb�û�^|^�LU\'Q
V�P�QwR]Q)O$X�T?Pcõ�\[J'QRO�QwRZT�\�TUM�W$QgN=L�MWT?RZQwRZTUY'QWJ	Q�Y�\�O�Qwb?]?]
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Fluence laser absorbée 64 mJ/cm2

XX

YY

(mm)

(mm)

((µµm)

(mm)

(nm)

(nm)

Interférométrie en lumière visible
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O�S X�^a\'QWJ2N=N�J'LhPÝN�\'J[XZQ2Q�^wRZP�PÝX>õWJ'QJ��X�Y'X>H�RZQ2Y[P�JqP$^RN�M(W$TU^a\�X>RXR]La^)O�S Y�^*Z3HU��\?\?\�G�IrL_P�JqP$^�Q2Q%T$M�X]\�TÊ\�X]La^
RZTUY'QWJ;T?HGY�LUJ2H�NWQRO$Qwa.�`PMd�b M$P −2 b
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Fluence laser absorbée 32 mJ/cm2

XX

YY

(mm)

(mm)

((µµm)

(mm)

(nm)

(nm)

Interférométrie en lumière visible
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?%@`�+C��M÷¨Q�Y'P$J'Q�Y
O+S XZ^a\[QWJ2N=NWJ'LhPÝN�\[J[X]Q2Q�^wR�PAPÒX�õWJ'QJ�$XZY[X�H�RZQ�Y'P$JqP$^RN�M�W$Ta^U\�XXR>RZLa^)O+S Y�^EZ3HU��\?\h\�G*I�LaP�JqP$^$QzQ%T$MWX \�TÊ\�XZLa^
R�TUY�QWJ�T.HGY'LUJ2H�NWQRO�Qwbh�cPMd�b M$P −2 b
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Microscope 
électronique 

(MEB)

Electrons rétrodiffusés 
(collisions élastiques)  

Microscope optique

70mJ/cm2 100mJ/cm2

500 µm

300 µm

Zone cristalline

Zone amorphe

Zone amorphe

Zone cristalline
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Détermination du seuil de plasma haute température dans l’ InSb

Fluence maximale utilisée 
durant les expériences

Seuil plasma haute température

Production d’ un 
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�aÆ��.l�Æ�lx£ ê ¥�Î§þ É n?Î −2 É³Ê �olG�.�
Æ����alG�0Îs��ko�0Ç;���I�£Í��tkK�al$�U�Ulrn��a�t�
k~Æ�l0��������k�Ë
lGkK�alwÐdn$�q�.�UlG�UÇ��
k	Æ	��kw��ñ��£Í=����ËwÎ�l$kK���+�a�t�qk��_��Ço��Æ�l
Æ����U�/Ëqk	���£Ð;�L×qlrn��KÍE��â2l�Æ�l$�I��Åo�an$�t�a�UlG� É
ä lG�sl�â�Ç��G�U�tlGk	n$lG��Æ�l¬Æ2�/òd�_��n��a�t�
kåì æ�l�Î0�U�q�Ulrn$�
k	Æ�l��
kK���$�a�p�U�����t���U�GlG��Ç��
�o��Æ�l$�s¦	�olGk	n$lG�
�tk�æ'�$�U�tlG�o�UlG�Ò�q����Ëw���tlG�©ñIn$l$�U�UlI×
����lG�o� É³ä �In$�qkw�a�U�tÅo���U���
ksÆBÍ��ok�Ço�U�zn$lG�U�U�o�|Æ ��ñ®����æ'�
�0Î��+�a�t�
k
ÆBÍZ�ok�Ço�����0Î���Ñ;�����Ul��Ul�Î�Ç��G�a���U�o�Ul�lGkT×w�
�t��Î�lwÐ�Ç��
�o�­l�â2Ço����ÏK�ol$�����§n-ÑK���al��o���a�a���a��Ço��Æ�lsÆ2�
�U�/Ëqk	���¨ì lG�.�§Æ��qkon�ko��Ë
�t��Ë
l���Åo�tl É ï kÕk=Í�l�â�n$���ol�n$lGÇ�lGkoÆ	��kK�§Ç;���§���¥æ��q�$Î����U���
k�ÆBÍ���kÕ�UlG�
Ço�����0Î����U�o���tlG��Ço�Ul�Î��/ÌG�Ul$�®n$�
�	n-Ñol$�I�+�a��Î���Ïw�olG��Ç��
�o������¦	�olGk	n�l{����Ço�t�o���G�tl?×w�$l{���a�t�t���U�Gl É

®�¯u°�¯u° �"!��������?�%���"�*�³�A�*�������$#����*�6�"���
Ë �
�o�¨���t�t�qko�yl�â	��Îs��kol$�y�a�;����n-Ñz���Ul­Æ�l®�£Í��tkK�UlGko�U�t�U�­Æ�l®���{�U�qk	Æ�l¨ìvÇ�lG�2�¨���a�Ul®l�â2Ço����ÏK�o�GlIÇ;���
�£Í�lFâ����.�UlGk	n$l�ÆBÍZ�okol§�a�_��ko�U���a�t�qkÍÆ�l�Ç�Ñ;���al��U�q�t��Æ�l+È��U�
�t��Æ�l É ¬ kml?ò�l��WÐ|�����.lG�����U���
kýÆ2l ºy�a��Ë�Ë
Ç�lG�2�®kol{Ço�t�o���$�a�Ulx�_���U���0æ������al{Ç;�����tl{�_��Ów�
kokol�Î�lGkw�¨ìÐ��kon$��Æ�l$kK�®�a��������ko�q��×qlG���tl{�.�a�U�	n��U�o�Ul
n$�.�t�U�_���t�t��kol É�ä Í��?×q�q�t���a�t�
k�Ç��
�o�¢Æ�lG�¡�Ul$�_���UÆ��¢�U�oÅ�ãWÇo��n$�
�alGn$�qk	Æ�l®Æ�l��£Í��tkK�al$ko�a���a��Æ�l������U�qk	Æ2lbì
Ç�lG�2�¡���t�
�U�Ý�$�a�.l`�U�/Î����������.l«ñIn$lG�t�tl`�qÅo�UlG�;×w�GlB��×wlrny�ok�Î��rnr��ko�t��Îsl¨Æ�lIæ'�o�U�t�qk�ko�
k0��ÑolG�$Î���ÏK�ol É
í k�l��alG�t�tl��a�a��ko�U���a�t�qkmÆ2l§Ç�Ñ;���al�×wlG�U�0�ok«�U�
����Æ�l§lG�.��Ç��q�U�U��Å���l�Æ	��k����KÍ Ê k;ÓzÅ É ¬ k�l?òdl$�WÐÒ���
Ço�.�G�UlGk	n$l�ÆBÍ��ok��U�q�t��Æ�l@Î��$�����.����Åo��lxÇ��q�U�U�rÆ	��kK�®��kol{�.�a�U�	n��a�o�Ul{n$�.���.�����t���tkol�Æ�lx��Ó2Ç�l&%��o�U}G���Ul
���$�a��Îs���UlxlGk��?×2��Æ�lGk	n�l�ñ������al?Î�Ç��G�_�+�a�o�.l{Æ�l{�£ÍE��}G���alx�t��Ïw�o��Æ�lÃ¸=Ø ���(' �¼� » É
ä ÍZl�â��t�U�UlGk	n$l�Æ�l§n$l$�U�Ul��a�a��ko�U���a�t�
kmÆ�l§Ç�Ñ;���Ul�Æ��
�t���$�a�.l§lGkm�
nGn��q�UÆm�L×qlrn��tlG���U�G�U�o�����+�a��Æ�lG�
�$�U�	Æ�lG�IÆ�l��UÇ�lrn��a�.�q�an$�
Ço�tl0�
Ç��a��ÏK�ol0ÆBÍ��ok��Ul�Î���n$�
k	Æ��	n��UlG�o�®�a�
��Î��t� ñs�okol�l�âon$�����+�a�t�
k������UlG�
�tk�æ'�a���.�q��Ë
l�æ'l�Î��a�q�Ulrn��qk	Æ�l Ò Ç��U�G�UlGkK�U�GlG�{Æ	��ko�x�����Ulrn��U���
k�� É4é Ô É�í kols�.�a�.�	n��a�o�.l�n$�.���.�����t���tkol
Æ�l��!ÓzÇ�l)%��o�U}G���al¬lG�.��n$l$kK�a�U�
�$Ó�Î��$�U�U��ÏK�olwÐ`l$��Ç��q�U�0ÌrÆ�l��okol¬�U�$¦	lrn��a�6×2�t�U��Ço�t�o���G��l�×w�GlTÏK��l
���~�.�a�.�	n��a�o�.l�}GlGk	nFãWÅo�tlGk	Æ�l¬�tko�t�U�����tl Ò ko�
k·n$lGkK�a�.�q�$Ó�Îs�$�a�U��ÏK�olWÔ¹¸=Ó�¤®Ô ê » É¼ä lG���.�G�U�o�t�_���U��Æ2l
�UÇ�lrn��U�U�
�_n��qÇo�tl¨�
Ç��a��ÏK�ol`kol¨n��qkK�U�UlrÆ��t�UlGkK�|Æ2�qk	nyÇ;���Ý�KÍ�Ñ�Ó2Ç�����Ñ�ÌG�Ul¨ÆBÍ��okoly�U�_��ko�U�t�U���
k�Æ�l`Ç�Ñ;���Ul
�U�
����Æ�l+È+�U�q�t��Æ�l Ò n?æ É ç�Ëq�o�.l{� É è�Ô É
ä lG�­�$�U�	Æ�lG�x����â��al�ÎsÇo�­�tk�ç	ko�t� Ò �UÇ�lrn��U�U�
�an$�qÇo�tl�ìºl$�x��k;���6Ó2�Ul�Ç��q�.��Îs�q�Ê�al�Î�ÔB�U�qkK�­��Ëw���tl�ã
ÎslGkK���tko�U�� ��_��kK�alG��Ç��
�o�B�G�t��Îs��kol$��n$l$�U�Ul�Ç��q�U�U��Å����t���a�wÐ	nr�����tlG��Ço�.�2n$l$�a�U�o�®����â§�al�Î�Ço�B�t�qk�Ëq�
Ò �G�t�?×q�+�a�t�
k�Æ�lx�al�Î�Ç��$�_���U�o�Ul{Ço�o�t�¨×q��Ç��
�U�t���+�a�t�
k�Ô�Æ��$�a�.�o���UlGkw�I���s�U�U�U�	n��U�o�UlªÏK�o�)�U�G�U�o���al�Æ�lG�
�Ul�Î�Ço��n$�
�o�.�U� É
ä lG�IÎs�2Æ�ÌG�tlG�y��Ño�G�
�U��ÏK�ol$�BÆ�l®���{�.�GÇ��qko�Ul­ÆBÍ���k§�Ul�Î���n$�qkoÆ��	n��alG�o�«ñ{�£Í�lFâon$�����+�a�t�qk§��k�æ'�_���U�
��Ëql�Ð
Ço�.�G�UlGkK�a�$lG��Æ	��k������ýÇ;���.�a�tl�� É è�Ðxkol��U�
kK��Ç;����n��qkK�U�UlÎÇ;����lGk¼��nGn$�q�UÆ¼��×wlrn����½æ'�
�0Î���ã
�U���
kÎÆ`Í��okª�UlG�|�U�
����Æ�l�Î��$�_���.�_��Åo�tl É ¬ k�l?òdl$�{�tlG��Æ��GÇ�����n$l�Î�lGkw�a�0���U�wÎs��Ïw�olG�ªÏK�o�|�.�G�U�o�t�UlGkK�
Æ�l��£Í�l�âon$�����+�a�t�
kÕ�G�tlrn��U�U�
ko��Ïw�ol Ò �a�U�
��×w�G��Ç;�����tl�nr����n$�o�®Æ	��ko����l$�§Æ��6òd�G�UlGkw�alG���U��Î0�o�����a�t�
ko�
�0Ño�G�
�U��ÏK�olG�FÔ)�U�qkw���alG�t��l?Î�lGkK�Ò�/Î�Ç��
�.�_��kK�U�´ÏK�oly�U�q�2�Ò�U�
����Æ�l�×w�
���Ò�U�
k��U�G�Ul�����n$�.���.�����t���tk�Æ��G�.����ã
Åo�t�t���U�wÐoÇo�o�t�®Æ����a�U�o��� É
ÓK�_��ÎsÇ�¦	�Ýl$�{��� É ÎslGkK�a�t�
kokolGkK��ÏK�=ÍZ�okol��U�_��ko�U�t�U���
kD×wl$�U�­�okol��.�a�.�	n��a�o�.l�n$�U�t�.�������t�tkol��a�_��ko�U�6ã
�U�q�t�Ul�Æ�l¨��Ó2Ç�l*%®�o�.}G���al�Ç�l$���y�L×q�q�t�|�t��l$���/Î�Î��rÆ����+�al�Î�l$kK�y��Ço�0ÌG�|�KÍZl�âon$�����+�a�t�
k������UlG� É ¬ �t�tl�lG�.�
lGk��a�o���al�Æ��$�a�.�o���al�Ç;���¨�tlG�«Î��
��×wl?Î�lGkK�a�BÆ2lG���+�a��Î�lG��Æ��o�a��kw�B�tl�Î��rnr��ko�t�0Î�l�Æ�l�æ'�o�U�t�qk�ko�
k
�0ÑolG�0Î���ÏK�ol³¸EÓ�º`Ô�è¼» É�ä ÍE��k;���6Ó2�Ul�Æ�lsn$l$�x�$�_���­�a�_��ko�U�t�U�q�t�Ul�k=ÍE�§Ç;���x�$�a��l?òdlrn��U�o��Æ	��ko�xn$l$�U�Ul
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��Ñ�ÌG�Ul É´ä ��Î�lG�U�o�.l��U�/Î��o������ko�Gl®Æ�l�Ço�t�o�a�tlG�o�.�yÇo��n$�yÆ�l[ºy�_�mË�Ë�Ç��
�o�U�a�����yÇ�lG�0Îsl$�U�a�.l��okol��UlG�t��l
�$�a�	Æ2l É

®J¯X°�¯X° ���v���S�?�$���?�2���
ä Í�lGko�Ul�Î0Åo��lBÆ�l�n�lG�¢��k;���6Ó2�UlG�|ko�
�o�|�
kK��Î��
kK�a�.�«ÏK�ol¨�tlG�|�U�$�a�o���_���U�|�qÅ��alG�;×w�G�ÒÇ;���|Æ��6òd�_��n��a�t�qk
ìsæ'l�Î��a�
�alGn$�qk	Æ�lª�U�qkK��lGkà��nGn$�
�aÆv�L×qlrnª���mÇo�.�G�UlGk	n$lÎÆBÍZ�ok�Îs�rnr��ko���0Î�l�Æ�l¦æ'�o�U���
kvk��qk
��ÑolG�$Î���ÏK�ol É¬ä ��n-Ñz���Ulp���t�U�_���_��Ço��Æ�lpÆ��m�a�/Ë
k;���Iì Æ��6ò��a�
n��U��kolpÇ�lG���s�$�U�UlpÆ��olpk��bñ��okol
æ'�o�U�t�qk���ÑolG�$Î���ÏK�olwÐ�ko�³ñ�����æ��q�$Î����U���
k�ÆBÍZ�ok�Ço�����0Î���Ñ;�����Ul��al�Î�Ç��G�a���U�o�Ul É�ä ��Ç��q�U�U��Å����t���a�
ÆBÍ��ok�Ço�.�2n$lG�U�U�o�®Æ�l��a�_��ko�U���a�t�qk��U�q�t��Æ�l+È��U�
�t��Æ�l{kol{Ç�lG�����$�U�Ulx�rnr���.�a�{Æ�l�Î���ko�/ÌG�Ul{Æ��?ç	ko���a�6×wlwÐ
Î��������t�RlG�.�®n�lGÇ�lGk	Æ	��kK�®Ç�lG��Ço�U�
Å;��Åo��l É

à�½0/ 10ç�Á�ç210À0ãIÁ�¾+á#çxÀ{¾�Â�¿ â®ù�è{ãIÁ�¾$ß¼âI¿�À`ç§æyâÏÃ�âÐæyç À0Á�ç§¿~á�¾GÀ{¾�Â�¿
ÃpâÕè�À�ç�áRâüá�Â�æ¡¾GÃpâ ê æ¢¾�ë�Ä�¾GÃpâýâ­¿ ïBÂ�¿310À{¾+Â�¿ Ã�â·æ¢çºïBæyÄpâI¿"10â
Ã�ö�â®ù41�¾$À`çxÀ{¾�Â�¿

ä Í��
Åo��l$��Æ�l�n$l$�U�Ul0Ç;���Ê�a�tl�l$�U�­Æ�l�nr���a�
n��a�G�U�t�UlG�IÇo�t�o�­Ço�U�Gn$���U��Î�l$kK�­�tl�Î��Gnr��ko�t�0Î�l�Æ�l�æ'�o�U�t�qk
ko�
k���Ñol$�0Î���ÏK�ol�l$k·æ'�
k	n��a�t�
k�Æ�l�����¦	�olGk	n$lxÆBÍZl�âon$�����+�a�t�
k�l���Æ2l����0Ço�U��æ'�
k	Æ�lG�o�B�U�qkoÆ��Gl�Ç;���
�tl��_��Ów�
kokol�ÎslGkK�Qì î�Æ����alG�0Îs��k;�+�a�t�
k�Æ�l­�KÍZ�GÇ;�����U�UlG�o�BÆ�l�����n$�
�	n-Ñol��t��ÏK�o��Æ�lwÐoÆ�l�����Æ����U�Gl�l��
Æ����UlG�o�t�)Æ�l�Æ2�rn$��l$k	n-Ñol�Î�lGkw�IÆ���Ço�.�2n$l$�a�U�o� É
Ë �
�o�������t�
ko�¨�a�
���BÆBÍ=��Å��q�UÆ§l?òdlrn��a�olG�¨n$l$�U�Ul­�$�U�	Æ�l�ñ��KÍE����Æ�l�ÆBÍZ�rn-Ñ;��kK�a�t�t���
ko�B�$Ó�Î��$�U�U��ÏK�olG�¨l��
���$Ó�Îs�$�a�.��ÏK��lG�­ÆBÍ Ê k�ÓzÅ É ¬ k�ç	k�ko�
�o�GÎ��
kK�a�.lG�U�
ko� Ïw�=Í��t��lG�.�­��Ëw����l�ÎslGkK�IÇ��q�U�U�tÅo��l�Æ�l�nG���a�
nFã
�a�G�.���UlG�¢���@æ'�o�U�t�qk�ko�
k���Ñol$�0Î���ÏK�ol ñx�£Í=����Æ�lIÆ�lIn$�
�	n-Ñol$�IÎ��tk	n$lG�`Æ�l É lG�t�t�o�U�o�UlIÆ2l�ÕB��Æ�Î��t��Î
Ò Õ`Æ É l�Ô É

à�½0/#½(Æ ß Å 5(ÃWÄmÙ'÷Gõªô)õªó�Å ë ÄWÛ�úKÛZÚ�ô�õ�Þ§Ä§÷�ÛZÚ�ô)øzõTÅ�Þ ¨¦Û���õ�Ú�ô¢ö�ø�Â�Ü^Å�Ú�Ã�Ù[ó[ó�Û`Ú�÷�ô¢ö�¾�ÚÒá.�
Å	÷6�r¨ªøzÃ�ÄmÙNÝ=ÞRõ

Ë �
�o�Ý��×w�
ko��Æ��rn$�.�t��Æ	��ko�����B�alGn��a�t�qk@è É � É4é Å�n$�wÎ�ÎslGkK��n$�
kK�a�.âq�tlG�)���BÇo�U��æ'�
k	Æ�lG�o��Æ�l¡Ç��Gko�$�a�a��ã
�a�t�
ksÆ�l¨���®�U�qk	Æ2lIìÕÇ��q�o�Ý�KÍE���%�o�.�al$�©ñ®�£Í��$Ç;���t�U�al$�o�Òl�âon$���a�Gl`Ç;���Ý�£Í��/Î�Ço�o�t�U���
k������UlG�Ý��k�æ��_���U�
��Ëql
Ò lGk¦Î��zÆ��6ç���kK�{�£Í=��k�Ë
��l�Æ`Í��tk	n$��Æ�lGk	n$l�Æ��¥æ����t�an$l�����ì l$�{���§Ç��q�U���a�t�qkÎÆ�lG�xÇo����ko�����a��Î���ÏK�olG�
Ò £
£q£WÔ`Ç;�����a��ÇoÇ��
�.�Gñ������U�o�0æ���n$l{Æ�lx�KÍZ�rn-Ñ;��kK�a�t�t���
k�Ô É
Õ`l��U�al��Ulrn-Ñoko��ÏK�olxÇo�U�G�UlGkK�Ulx��lG���tkK�a�G�.�$�a���U�o�/×
��kK�a�@î

Ø ä lBÇo�.l�Î��tlG�|��kw�a�G�U���¡lG�.�¢ÆBÍ=�mÎ��G�t���
�UlG�|�tl��a��Ç�Ç��q�.�¡�U�/Ëqk;���o�U�o�|Åo�U���t�LÐwÇo�o�t��ÏK�ol��£ÍZ�qksÇ�lG���
æ[���t�Ul0n$��Ì�k	n$��Æ�lG�I�£Í��GÇ;���t�a�UlG�o�IÆ�l�����}G�
kol0lFâon$���a�Gl0Ç;���®�tl0�����al$����×wlrn�n$lG�t�tl0�U�qk	Æ2�Gl0Ç;���
�tl��_��Ów�
kokol�Î�lGkK� ì É Ö���ko���tlsnr�����
Ç��a�/Î����KÐ��£Í��tk�æ'�
�0Î��+�a�t�
k�Æ2l������a�
k	Æ�l�ìºÇo�.��×z��lGkw�
lFâon$�t�o�a�6×wl?Î�lGkK�`Æ�l®���{}G�
kol®l�âon��t�U�Gl É�ä l�������â�Æ�l®n-Ñz���UlIÆ�l��KÍZ��kw�alGko�U���a�IÆ�l����x�U�qk	Æ2l¨ì
l$�U����ËK���tl�Î�lGkK��Ço�t�o���/Î�Ç��
�.�_��kK�LÐol������#lG�.��Ço�t�o�I���t�U��Æ�l{nr���_��n��a�G�.���UlG���tl�Î��rnr��ko�t��Îsl É

Ø ä l��Ulrn$�
k	Æ��tkK�U�G�U�$�yÆ�lIn�l$�U�al��Ulrn-Ñoko��ÏK�ol�lG�.�`Æ�l�Ç�lG�0Îsl$�U�a�.l��£Í��$�a�oÆ�lIÆ2�9Îs�rnr��ko�t�0Î�l®Æ�l
æ��o�U���
k�ko�
kp�0ÑolG�0Î���ÏK�ol�Ç��
�o��Æ�lG�B¦	�ol$k	n$lG�bæ����tÅo�tlG� Ò �tk�æ'�$�U�tlG�o�UlG��ñ é ¥¡Î§þ É n�Î −2

Ô[Èon$l
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�U�qkK�|Æ�lG�Ý¦	��lGk	n$lG�|ÆBÍ�l�âon��t�_���U���
ksÇ��U�2n�ÑolBÆ����UlG�o�t�oÆ�lBÆ2�rn$��l$k	n-Ñol�Î�lGkw�¡Æ�l¨���®�a�a��ko�U���a�t�
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Retard (ps)

F = 30 mJ/cm
22

F = 60 mJ/cm
22

F = 120 mJ/cm
22 ∆∆t = 350 fs

∆∆t = 500 fs

∆∆t = 1,2 ps
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Åo�al$�$×wlG���a���
����ç�Ëq���Ul�© É £�è É
ó �
�o�®Æ2�$�alG�0Îs��kol$�®�tl{�al$�o���)Æ�l0Æ��rn���lGk	n�Ñol�Î�lGkK�IÆ��oÎ��rnr��ko���0Î�l�Æ�l@æ'�o�U�t�qk¬ko�
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É
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kýko�
kÍ��Ñ�lG�0Î���ÏK�olplG�.���$�U�	Æ�����Æ	��ko��n$l$�U�Ul&Ë
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�o�Ul~© É £�©¬ÏK�=ÍZ�ok�Ço�U�zn$lG�U�a�����_��Ço��Æ�l�l$���ok�Ç��U�2n$l$�a�U�o�§�tlGkK�
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k�k��qk��0ÑolG�0Î���ÏK�ol�lG�.�0�.lG�aÇ�lGn��a�6×wl�Î�lGkw��Æ�l
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Epaisseur de la couche liquide
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k��0ÑolG�0Î���ÏK�ol É
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ä lG�BÇo�U�zn$lG�U�a�o��ÆBÍE��Å��a�
�UÇ��U���
k¬Æ�lx�£ÍZ�GkolG�0Ë
�tl{�����alG�¨ñ��okpl$��ñ�Æ�lG��âpÇ�Ño���a�
ko� Ò ��×qlrn­�UlG�UÇ�lrn��a�2ã
×ql�Î�lGkK�¡�tlG�¢n$�zl$ �n$�tlGkK�a�

α
l��
β
Ô��U�qkw�¢Ço�.���¡l$k�n��wÎ�Ç��Ul®����Î��WÓwlGk�Æ2l��KÍZ�LÏK�;�+�a�t�qk��U�o�/×
��kK�al�î

dF

dz
= −αF − βF 2

τlaser

Ò © É7é Ô
�¼�

τlaser
lG�.�����sÆ��o�.�Gl�Æ2l{�£Í��/Î�Ço�o�t�U�t�qk������UlG� Ò £ é ¥¡æ'�FÔ É

Ë �
�o�9æ[���t�U�qko��l$ko�a�o���Ul��KÍ�Ñ�Ó2Ç�����Ñ�ÌG�Ul��U�o�6×
��kK�Ul±î����ª�U�_��ko�a���U���
k�Æ�l¬Ç�Ñ;���Ul¬�o�t�U�_���_��Ço��Æ�l��Ul
Ço�.�2Æ��o���#�%�o��ÏK�=Í4ñ®���®Ço�U��æ'�
k	Æ�lG�o�

z
�a�2����×
����lG�o�|Æ�l`����¦	�olGk	n$lBÆBÍ�l�â�n$�t�_���U���
k�Ó0lG�.�Ò�a�oÇ��$�U�tlG�o�Ul

�����UlG�o�t�
Fs
É

Óz�����0¦	�olGk	n$lxÆBÍ�l�âon��t�_���U���
k������UlG�¨ñ������U�o�0æ[�
n$lxÆ�l��£Í��rn�Ñ;��kw�a�t���t�
k�lG�U�
Finc

Ð	���t�q�.���£Í��GÇ;���t�U�alG���
Æ�lx���sn$�
�	n-Ñolx�t��ÏK����Æ�lx�WÍZ�rn$�U���Gñ��KÍE����Æ�l{Æ�lx�����UlG�����U���
k¬�U�o�6×
��kw�al�î

d =
1

α
ln

(
1 +

α

βFs

)
Finc

Finc + α
β

Ò © É �zÔ

ï kp�+�%�o�.�alIkz��Îs�G�U��ÏK�ol�Î�l$kK�¨�tlG�¨Æ�lG��â�Ç;���_�mÎ�Ì$�U�UlG�
β

l$�
Is

Ç��q���`�_���U���0æ����t�Ul­n$l$�.�alI�Ul$���+�a�t�qk É
ï k��U�U�
��×wl�ÏK�ol0����×
����lG�o�IÆ�l0���s¦	�olGkon$l������alG�®�al$�o����Æ�l�Æ��rn$�tlGk	n-Ñol�ÎslGkK��Æ���Ço�U�zn$lG�U�U�o��Æ2l
æ��o�U���
k·ko�qkÍ��ÑolG�$Î���Ïw�ol¬lG�.�

Fs = 9, 5 ± 1, 3
Î§þ É n?Î −2 É Õyl$�U�Ul&×
���tlG�o��lG�.���U�/Î��t�����t�UlTñ

n$l$���tl�Æ��ª�al$�o���¡Æ�l�Æ��rn$�tlGk	n-Ñol�ÎslGkK�0Æ��¦Î��rnr��ko�t�0Î�l�Æ�l�æ'�o�U�t�qk�k��qk~��ÑolG�$Î���Ïw�ol�Æ2�$�alG�$Î���k��
l�â2Ç��G�U�/Î�lGkK�_���tl�Î�lGkw��Ç;���B�aÇ�lrn��a�U�
�an$�qÇ���l�ì ñ������Ulrn��a�t�
k�© É � É7é�É Ç��
�o���£Í Ê k�ÓzÅ É
Õyl¡Î��zÆ�ÌG�tl�Ç�lG�0Î�l$����Ëw���tl�Î�l$kK�{Æ�lsÆ2�$�alG�$Î���kol$�����9×
����l$�o�xÆ��ªn$�Kl$ �n$��lGkw�{ÆBÍ=��Åo�a�
�UÇ2�a�t�qk¥ñ
Æ�l$��â�Ç�Ño���a�
ko�

β = 780 ± 190
n?Î É Øe­ −1 ÉDä �&×
���tlG�o��Æ��mn$�zl$ �n$�tlGkK�

β
lG�U��Æ��®Îs��Î�l

�
�aÆ��.l�Æ�lGËq�a��k	Æ�l$�o�«ÏK�ol­n$lG�t��l­lG�.�a�/Î��Gl­Æ	��ko�¨�����Ulrn��a�t�
kp� É © É £�� Ò £G�
¥�n�Î É Øe­ −1
Ô É Ö­��ko�Bn�l

nr����n$�o�o�
kskol¨�a�tlGkK�|Ç;���¢n$��Î�Ç��Ul�Æ�lB���I�U�GÇ��
ko�Ul�Æ�l$�¡Ç��
�.�UlG�o�U�|�t��Åo�.lG�©ÏK�o��lG�.�¡Ço�.�GÇ��qk	Æ��$�_��kK�al
�t�
�U�®Æ�l{�KÍZl�âon$�����+�a�t�
k������UlG��Ð	lGk�n$�
ko�a��ÏK�olGk	n$l{��l�n$�Kl�æ�ç;n$�tlGkK�IÆBÍ=��Åo�U�q�.Ç��a�t�
kDñsÆ�lG��â�Ç�Ño���a�
ko�
lG�.��Ço�U�
Å;��Åo�tl�Î�lGkw���a���UlG�.�a�/Î�����ç	k¬ÆBÍ=����Ë�Î�lGkK�al$���KÍE��Å��a�
�UÇ��U���
k��U�
�_���tl É
Õyl�Î��zÆ�ÌG�tl`�U�/Î�Ço�tlyÇ�lG�0Î�l$����Ëw���tl�Î�lGkw�ÒÆ�l`nr����n$�o�tlG�����®Æ�lGko�U���a�`ÆBÍ��G�tlrn��U�U�
ko�Ýl�â�n$�t�U�G�Ý�UlG�o�t�

Nsn$�
�U�.lG�UÇ��qk	Æ	��kK�Gñ�����¦	�olGkon$l�ÆBÍ�l�â�n$�������U�t�qk¬�UlG�o�t�
Fs
É ï k¬Ço�.lGk	Æ�lGk¬n$��Î�Ç��alx���¡Ëq�Gko�$�_���U�t�qk

Æ�l$�xÇ;���t�UlG���G�tlrn��U�U�
k�ãW�U�U�
�~Ç;���­�tlG��Î��rnr��ko�t��ÎslG�xÆBÍ=��Åo�U�q�.Ç��a�t�qk¥ñ��ok~l$�xÆ�lG��â�Ç�Ño�
�U�qko�LÐRn�l
Ïw�o�R�LÍ��rn$�.�t��Æ�lx����Î���k���ÌG�.lx�U�o�/×
��kK�al�î

Ns = Fs

(
α + βFs

τ

)

hν

Ò © É è�Ô

�¼�
hν

lG�.���£ÍZ�GkolG�0Ë
�tl�ÆBÍ���k¬Ç�Ño���a�
k��a�
����£�Ð=©
©�l$Ä É
×^×wlrn¡�okol¡¦	�ol$k	n$l`Æ�l®£G¥¨Î§þ É n?Î −2

Ð+�qk{�U�U�
��×wl¢�okolyÆ�lGko�U���a�¢�G�tlrn��a�.�qko��ÏK�ol¢�al$�o���
Ns = 7.1021n?Î −3 É Õ`l��U�alG×
����lG���¨lG�.�BÇo�.�2n-Ñol�Æ����UlG�o�t�#ÆBÍZl�âon$�����+�a�t�qk��G�tlrn��U�U�
ko��ÏK��l­��Ño�G�
�U��ÏK�ol�Æ�l

2.1022n?Î −3
Ïw�o�)���$�U�{nr����n$�o���xÇ	���B×I�t��l$k�l$�®��� É ��×wlrn­�tlG�bÎ��zÆ��G�t���_�+�a�t�qko��kz��Îs�G�U��ÏK�olG��l�ò�lrn��U�o�GlG�

Ç��
�o���£Í Ê k�ÓzÅ Ò n?æ É Ç;���.�a�tl{� É è�Ô É
ï k¬�
Åo�al$�$×wl{�a�o�����¡ç�Ë
�o�Ul�© É £ ê ÏK�ol{��l$�I�.�G�U�o�����+�a�®l�â�Ç��$�U�/Î�lGkK�_����â��a�
kK�®Åo�tlGk��.lGÇo�U�G�UlGkK�U�G�
Ç;���¡n$lbÎ��zÆ�ÌG��l É´ä �q�.�-Ïw�ol��£Í��GkolG�$Ëq�tl������UlG�¡l$�U�¢Æ��GÇ��
�U�GlGñ­���­�a���0æ���n$l�Æ����Ul�Î���n$�
k	Æ��	n��al$�o�LÐw�tl
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Ço�U�zn$lG�U�U�o�­Æ2l{�a�a��k��a���a�t�
k�Æ�l�Ç�Ñ;���Ul��o���a�_���_��Ço��Æ�l��Ul�Ço�U�zÆ��o���y���o�-Ïw�=Í7ñs����Ç��U�wæ��qk	Æ2lG�o�®�¼�����
Æ�lGko�U���a�­�G�tlrn��a�.�qko��ÏK�ol

Ns

lG�.�����.�alG�tkK�al É Ö®lIÇo�t�o�WÐ�n�l­Ço�U�zn$lG�U�U�o�¨�al?Î�Åo�tl­�Ul­Ço�.�2Æ��o�t�Ul�ÆBÍZ�okol
Î���ko��Ì$�Ul�Ño�wÎs�wË�ÌGkol Ò ×w�
�t�����sÆ��t�an$�o�U�a�t�
k�Æ�lx�����Ulrn��a�t�
k�© É è É7é Ô É

à�½0/#½?> 1ªÅ�ÄWÅ�Â�Ãrø�ÄmÙ'÷�Å�Ã�Ù�ÛZÚªô�õ�ó�Åpú�Þ�÷WÙ�ÛZÚ¥Ú=Û`ÚTÃ�Ü)õ�Ä¤¨¬Ù,ÝBÞ)õ�÷WÞ§Ä�ô�õz÷ ÂwÛZÞ§Â�Ü)õz÷y¨¬Ù,Ú§Âqõz÷
ô�õoÃrõ2ó�ó,Þ^ÄmÞ§Ä�õ�ô)õTÂwÅ;ôc¨¬Ù,Þ0¨

Ë �
�o�|�����t�
ko�´Î����tkK�al$k;��kw�ÒÇo�.�G�al$kK�alG�ÝÆ	��ko�Òn$l$�.�alyÇ;���Ê�a�tl`��l$�Ý�U�G�U�o�����+�a�Ý�
Å��al$kz�o�Ý�U�o�ÝÆ�lG�Oç	�/Î��
Î��tk	n$lG�®Æ2l��alG�t�����U�o�Ul{Æ�l{nr��Æ�Î��t��Î Ò Õ`Æ É l�Ô É
ä l&Õ¨Æ É l§lG�.���ok«�Ul�Î���n$�
k	Æ��	n��UlG�o� Ê$Ê ã$Ä Ê Æ��
kK����lG��Ço�U�
Ço�U�t�$�U�G�sn$�U�t�.�������t��Ëq�a��Ç�Ñ���ÏK�ol$�s�U�qkw�
Ço�U�zn-ÑolG�IÆ�l0n$lG�t��l$�­Æ�l��KÍ Ê k�ÓzÅ ÉbÊ �)Çd�
�U�0ÌrÆ�l0�ok�l0�.�a�.�	n��a�o�.l0Æ�l{��Ó2Ç�l�}G�tk	nFãWÅo�tlGk	Æ�lwÐ�l$�®�KÍE��k�Ë
�tl
Æ�lBÆ2�/òd�_��n��a�t�
k��a�o�Ý�tlG�ÒÇo����ko�¡���U�wÎ���ÏK�olG� Ò £
£q£WÔ)lG�U�´ÏK�;���U�/Î�lGkK�Ò��Æ�lGkK�U��Ïw�olbñIn$lG�����oÆ�l`�KÍ Ê k�ÓzÅ É
ä lG��nr���a�
n��U�G�U�t�.�a��ÏK�olG�®Æ��TÕ`Æ É lx�U�qkK��Ço�U�Gn$���U�GlG��Æ	��ko���KÍE��kok�l�â�l Ê$Ê-É
ä lG�Ý�rn-Ñ;��kK�U���t�t�qko�Ò�U�
kK�ÒÆ�lG�Oç	��Îs�³Î��tk	n$lG�ÒÆ�lbÕ`Æ É l Ò £q£
£�Ô)Æ��GÇ��q�U�G�Ý�U�o���ok��U�oÅo�.�a�_�+�ÒÆBÍ�×I��Øx�
Ò �tlyÆ��GÇQâ��Ò�B���a�¢�.�����t�t�U�¢Ç;���ÝÓzlG�$Ëql É ���_���.lGk�ëq�®Æ�� ä ��Å��
�_�+�a�
���.lyÆ�l¨ÓzÇ�lrn��U�U��Î��$�a�.��l ó Ñ�Ó2�U��ÏK�ol
Æ�l�Ø­�.lGko�qÅo�tl�Ô É ó �
�o�I��l��a�LÓq�qkok�l�Î�lGkK�Gì

Kα
Æ����U�t����n$�t��ÎoÐ��t�Ýk=Í Ó���Ç;����Æ�l��.�$¦	l�â��t�qk~Æ�l

ºy�_�mË�Ë���nGn$lG�U�U�tÅo��lpÆ	��ko���KÍZ×I��Øx��l$���tl��U�/Ëqk;���IìµlG�.���UlG�o�tl�Î�lGkK�sÆ��6òd�_��n��a��Ç;��������n$�
�	n-Ñol
Î��tk	n$l{Æ�l�Õ¨Æ É l É
Ë �
�o��Æ2���UÇ��
�a�
ko��Æ�l�Æ�lG��â~�rn�Ñ;��kK�U�t���t�
ko�0ÆBÍZ�GÇ;���t�U�UlG�o�U�{Æ��6ò��G�.lGkK�al$�WÐ é ©�¥¹�ðl���£G¥q¥
¥¹� É=ä �
Ço�U��æ'�
k	Æ�lG�o�yÆ�l�Ç��$ko�$�a�_�+�a�t�
k�Æ�l������U�qkoÆ�lbìvÆ	��ko�¢��l Õ`Æ É l�lG�.�`Æ�lI©�¥
¥{k�ÎoÐz���t�q�.�IÏw�ol®n$lG�t�tl
Æ��²æ����t�an$l����ýÆBÍ�l�â�n$�������U�t�qkÍ�tk�æ��_���U�q��ËqlplG�.�sÆ�lª£ ÿ ©�k�Î É¬ä l�ç	�/ÎgÎ��tk	n$l�Æ�l é ©�¥��Öko�q�o�
Ç�lG�0Îsl$�¨ÆBÍ��$�U�	Æ��tlG�`�tl®Ço�U�zn$lG�U�U�o�¨Æ�l�æ'�o�U���
k§k��qk���ÑolG�$Î���ÏK�ol®Ço���o�yÇo�U�2n�Ñol­Æ2lI���{�U�o�0æ���n$lGÏK�ol
Æ	��ko���tl{nr����Æ�lx�£Í Ê k�ÓzÅ Ò ©mèw¥O��Ô É
ä lG�Iç�Ë
�o�.lG��© É £ ÿ l$��© É £ � Î��
kK�a�.lGkK�`�KÍZ�?×w�
�t���a�t�qkpÆ2l­�£Í��tkK�al$ko�a���U��Æ�lI�����U�qk	Æ�l�ì�lGk�æ'�
k	n��a�t�qk
Æ��¬�Ul$�����aÆ��U�o�/×
��kK�®�KÍZl�âon$�����+�a�t�
k������UlG� ÉQä ��¦	�olGkon$l���k	n���Æ�lGkw�al����U���t�t�a�$l�lG�U�In$��Î�Ço�.���Ul{lGkK�a�.l
ÿ ¥�l$� ê � ¥�Î§þ É n?Î −2 É
ï k��
Åo�UlG�$×wl¡�okol¢�?×q�q�t���U���
k0Æ�l¢�£Í��tkK�UlGko�U�t�U�yÆ�l¢���B�a�
k	Æ�l©ìÍ�U�/Î��t�����t�UlIñ�n$lG�t��l¢�
Å��alGkK�ol`��×wlrn|��lG�
�rn-Ñ;��kK�U���t�t�qko��ÆBÍ Ê k;ÓzÅ ÉGí kol�n-ÑK���al0�o���a�a���a��Ço��Æ�l0�Ul0Ço�U�zÆ��o���­lGkTÎ��
�tko�­ÆBÍ��okol0Ço��n$�
�alGn$�qk	Æ2lwÐ
�tk	Æ���Ïw�;��kw�®����Ço�.�G�al$k	n$l{Æ��¬Ço�.�2n$lG�U�U�o��Æ�l@æ��o�U���
k�ko�qkp��ÑolG�$Î���ÏK�ol É
Ö�Í��okoloÎ���ko�/ÌG�Ul¬�U��Îs���������.lDñªn$lµÏK�o�®�~�$�a�oæ����t�§��×wlrn��tlG���Gn-Ñ;��kw�a�t���t�
ko�§ÆBÍ Ê k�ÓzÅ=Ð`�
k·Ç�lG���
Æ��$�al$�0Î��tkolG�¡ñ¬Ç;���.�a�t��Æ�l§n$lG��n$�
�o�.Å�lG���£Í��$Ç;���t�U�UlG�o��Æ�l�����n��q�	n-Ñ�l§����ÏK�o��Æ�l§l$������Æ��o�.�Gl�Æ��
Î��rnr��ko�t�0Î�l�Æ�loæ'���a�t�
kÕko�
k·�0ÑolG�0Î���ÏK�ol É�ä ÍZlGko�Ul�Î�Åo�tl�Æ�lG���U�$�a�o���_���a��lG�.���.�G�U��Î��¬�a�������
����Åo�tl�© É4é�É Õ`l$�.�al���k;���6Ó2�Ul�k=ÍZlG�.��Ç	����l?òdlrn��U�o�Gl¬Ç��q�o����lG��n$�
�o�UÅ�l$��Ço�.�G�al$kK����kK���okol�¦	��ã
lGk	n$l�ÆBÍ�l�â�n$�t�_���U���
k��tk�æ'�$�U�tlG�o�Ul¯ñ é ¥q¥oÎ�þ É n?Î −2

ÐÝnr�����tl�ko�wÎ0Åo�Ul�Æ�l�Ç��
�tkK�0lG�.�0�tko�U�� ��_��kK�
Ç��q���B�.�������t�UlG�¨�ok����%�o�.�al�ÎslGkK�BkK��Î��G�U��ÏK�ol Ò £GÔ
¥�Î§þ É n?Î −2

Ô�Ðz�q��Åo�tlGk��qk�k=Í��
Åo�UlG�$×ql­Ç;���BÆ�l
Î��rnr��ko�t�0Î�l�Æ2l�æ'�o�U���
k¬ko�
kp��Ñol$�0Î���ÏK�ol É
ä l��al$�o���	Æ�l�Æ��rn$�tlGk	n-Ñol�ÎslGkK�yÆ���Î��rnr��ko�t��Îsl�Æ�lbæ'�o�U�t�qk�ko�qks�0ÑolG�0Îs��ÏK��l�l$�U�¡Å�l����	n$�q�oÇ�Ço���o�
�G�tl?×w��ÏK�ol¢Æ	��ko���£Í Ê k�ÓzÅ9îR�t�KlG�.��Æ�l¢�£Í��
�aÆ��.lyÆ�l

165±25
Î§þ É n�Î −2 ÉOä l¡�al?Î�Ço��nr���_��n��a�G�.���.�U��Ïw�ol

Æ���Îs�rnr��k����0Î�l¢lG�.�ÝÆ�ly�£Í��
�aÆ��UlyÆ�ly�w©
©¨æ���Ç��
�o����lG��¦	�ol$k	n$lG���tlG��Ço���o���G��l?×q�GlG�³ÏK�olyk��q�o�Ò��×w�
ko�
���a�t�t���U�GlG� É ä �q�.��ÏK�ol0�KÍZ�qk~Æ2��Î��tkz�ol0����¦	�ol$k	n$l�ÆBÍ�l�â�n$�t�_���U���
k=Ð�ÆBÍ��ok�l�Î���ko��Ì$�Ul��U�/Î��t�����t�Uls����â
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Retard pompe− sonde (ps)

Film mince (250 ÅÅ) de CdTe sur un substrat d’AsGa

In
te
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ité
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gr
ée
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e 
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 X
 

Fluence (mJ/cm2)
130
190
260
500
680
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?�@ð�+C��Aö ¥��aLhR�P�\�X]L_^�O�Q}R S XZ^a\[Q�^$Y'X]\[N­X�^U\[N$�UJ'N�QI^$LUJ"PÒT?RZX�Y�NWQ­O�Q}R�T�Y�L_^$O�Q[LÍQ�^ON=L_^$M4\[XZLa^�OGPsJ'Q�\�T.J[OsQ�^a\[J'Q
R S Q%T$M�X]\�TÊ\�X]La^�R�TUY�QWJ;Q�\VRZTÒY�La^GO�Q_L§TB�aQ�M#PG^�p�R>PxPÒXZ^$M�Q)O�Q0z�O@�
QRO�Qr�?q.]`�)b

ï�ó,Þ)õ�Ú§ÂqõDÙ,Ú§Â�Ù'ô�õ�Ú�Ãrõ â ë Å�Ù'÷r÷Gõ�Þ^Ä�ô�õ�ó�Å¬ÂwÛZÞ§Â�Ü)õ�ó,Ù,ÝBÞOÙ'ô�õ Ã&Þ§Ä�øKõ�ô³Þ«¨ªø�ÂwÅ�Ú§Ù[÷*¨~õ
â Â�Ü^Å�Ú�Ã�Ù�ó[ó�ÛZÚ Æ�È�È�ÈBA Á)C¯È.D=/
é ¥
¥�Î§þ É n�Î −2 é �
¥ ± �
¥O� £�èq¥q¥ ± ��£r¥�æ'�
�q¥
¥�Î§þ É n�Î −2

èw©�¥ ± ÿ ¥O� êwé © ± £ é ©�æ'�
èw¥
¥�Î§þ É n�Î −2 êwÿ ¥ ± é ¥O� © é ¥ ± ê ¥�æ'�
â Â�Ü^Å�Ú�Ã�Ù�ó[ó�ÛZÚüÞ�à�È�A ÁEC·ÈFD=/Zà
é�ê ¥�Î§þ É n�Î −2

£r© ÿ ± �
¥O� £�èw©
¥ ± � ÿ ¥�æ'�
©
¥
¥�Î§þ É n�Î −2 é è � ± ©�� �q©q© ± ©
©¡æ'�
ê � ¥�Î§þ É n�Î −2 é ©
¥ ± �O� � ÿ © ± é ©¡æ'�

ñ�ò�ókô=@U�+CEDU�;N�Y[PAR \�TÊ\�YzO�Q�YwQ%T�I�NWJ[X]Q%^$M�Q�YKO�Q;O$X>KrJ[TaM4\[XZLa^0L~N=QBP)\'L_Y�Q�M�La^$O$Q	TB�aQ�M	O�Q�YzM4L_P$M�W�Q%Y�PÒXZ^$M�Q�YzO�QVzoO6�
QUbk¥��aL.§
RZP�\�XZLa^¡O�QSRZT�O$P$J'NWQdO�QSR�TR\'J[TU^GY'X]\[XZLa^¡O�QVI�W$TaY�QdY'LhRZX�O�QHG.RZX�V_PGXZO�QdP�R \[J[T.J[T.IrXZO$Q�Q�^MN=La^GM�\�XZLa^¡O�QSRZTw^GP$Q�^$M�QdO�S Q%T$MWX \�TÊ\�X]L_^
RZTUY'QWJWbJ¥��aLhR�P�\�X]La^`O$QgR S N$IGTaXZY'Y'Q�P�J�O�QwRZTÒM�LaP$M�W$QgR�X�V_PGXZO�QRQ�^�N=La^$M4\�X]L_^`O�QgR�Tc^GP�Q�^GM�QRO+S Q%T$M�X]\�TÊ\�X]La^�RZTaY�QWJWb

�
Åo�UlG�$×
�+�a�t�qko�I�U�o�®��lG�I�rn�Ñ;��kK�U���t�t�qk���ÆBÍ Ê k�ÓzÅ=Ð�����Æ��o�.�Gl�Æ��TÎ��rnG��ko�t�0Î�l0�LÍ=���t���
k�Ë
ls�����
�U� ÏK��l
�£Í��$Ç;���t�U�UlG�o�®Æ�lx���sn��q�	n-Ñ�l{�t��Ïw�o��Æ�l{Æ���Îs��kz��l É
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Retard pompe− sonde (ps)

Film mince (1000 A) de CdTe sur un substrat d’AsGa
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Fluence (mJ/cm2)
70
140
200
300
400

9�:E<+>
?%@ �+C7��ÿ ¥k�_LhRZP�\[XZLa^�O�Q}R S X�^a\'Q�^GY'X \[N�XZ^a\[N$�UJ'NWQ­^�LUJ"PÒT?R�XZY'NWQIO$Q}RZT0Y�La^$O$QeLýQ�^ON=La^$M4\�X]L_^�O$PsJ'Q�\�T.J[O�Q�^a\'J'Q
R S Q%T$MWX \�TÊ\�X]L_^�RZTUY'QWJ	Q�\VR�TÝY'La^$O�QgL§T$�_Q�M#P$^�p�RXPðPÒX�^$M�QRO$QrzoO6�
Q)O�QM\$]?]?]c��b

ä Í��tkK�a�$�U�$��Æ�l§n$l$�.�al��Ulrn-Ñoko��ÏK�ol�lG�.��Æ2l�Ç��q��×q�q�t�0�U�
k	Æ�lG��Æ�l$��n��q�	n�ÑolG�s�+�a��Î���ÏK�olG�0�tlG�0Ço���o�
æ'�
�.�al?Î�lGkK�§l�âon$���a�GlG� Ò ��lG�§Ço�Ul?Î���Ì$�UlG��n$�q�	n�ÑolG�����U�wÎs��ÏK��lG��Ô É ï kü�
Åo�UlG�$×ql��okol~n�Ñz���al�Æ��
�U��Ë
k;���¨ì Æ��6ò��a�
n��U��Æ�l�£G¥q¥ks Ç��
�o�����~¦	�olGk	n$l�ÆBÍZl�âon$�����+�a�t�
káÎ��Wâ��/Î�����l�Æ	��ko���tl�nr���§Æ�l
�£Í��rn-Ñ;��kK�U���t�t�qk�Æ�l é ©
¥�� Ò n?æ É ç�Ëq�o�.l0© É £ ÿ Ô É ï k�n$�
ko�.���+�al{��ËK���tl�Î�lGkK�GÏK�ol{�tlx�al�ÎsÇo�InG���a�
nFã
�a�G�.���.�U��ÏK��l{Æ�l{n-ÑK���al{Æ��p�U�/Ëqk;���BìÐÆ��/òd�_��n��U�x�UlG�.�Ulx�U�/Î����������.l�î¡Æ�l��KÍZ�q�UÆ��UlxÆ�l{� ê ©�æ'�LÐon$l@ÏK���
lG�.���LÏK�o�6×
���tlGkK�I����âpl�â�Ç��G�.��l$k	n$lG��l?òdlrn��a�o�GlG���a�o�B�£Í Ê k�ÓzÅ É
ï k��Ul�Î�����ÏK��l0�U�o�®�tlG�­n$�
�o�.Å�lG�­Æ�l0����ç�Ë
�o�Ul�© É £ ÿ Ïw�ol0����Ç��
�a���a�t�
k�Æ���Æ��$Åo���­Æ�l0����n-Ñz���Ul
Æ����U��Ë
k;���BìÐ�Ul�Î0Åo��lx�Ul��U�_��ko�U���+�alG�Q×wlG�U��Æ�l$���.l$�����aÆ���Ç���Î�Ç�l�ãW�U�qk	Æ�l{n$�U�
�t�U����kK�a���t�
�U��ÏK�olx���
¦	�olGk	n$lIÆBÍZl�âon$�����+�a�t�qk�lG�.�B����ËwÎslGkK�a�Gl É�ä l�æ����tÅo��l®�_��ÇoÇ��
�.�`�U�/Ëqk;�����U�o�¢Åo�U�o���¨Æ2lIn$lG�¨n��q�o�.Å�lG�
kolxÇ�lG�0Îsl$��Ç;���®ÆBÍE�� ��0ÎslG���U�Rn$l$�U�Ulx�U�_��ko�a���+�a�t�qk����okol{�
�U�/Ë
��k�l{Ç�Ñ�Ó2�U��ÏK�olx�
�¬ko�
k É
ä ��Æ����U�GlTÎ��tko�/Î�����l�Æ��áÎs�rnr��ko�t�0Î�l�Æ�lµæ'�o�U���
k�ko�qkÕ�0ÑolG�0Î���ÏK�ol��qÅo�UlG�;×w���U�o����lG�9ç	�/Î��
Î��tk	n$lG�0Æ�l¯Õ`Æ É l�l$�U���LÏK�o�6×
���tlGkK�Ul¯ñ�n$lG�t�tl��
Å��UlGkz�ol��U�o�{��lG���rn�Ñ;��kw�a�t���t�
ko��ÆBÍ Ê k�ÓzÅ É Õyl$�U�Ul
Î��$�0Ño�2Æ�l�k=ÍE��Ç	���BÇ�lG�0Îs����Æ�l­�U�U�
��×wlG�BÆ�lG�¨�Ul�Î�Ço��nr���_��n��U�G�U�t�.�a��ÏK�olG��Æ�lxn�Ñz���al­Ço���o��n$�
�o�.�U�LÐ
Åo�tlGk�ÏK�ol��£Í��
kü�U�
k	Æ�l��oká×w�
�t��Î�l�Æ�l��£Í��rn-Ñ	��kK�U���t�t�qk³Ç��U�2n�Ñol~Æ�l����Î�a�o�$æ���n$l~Æ	��ko���tlLÏK�olG�
�£Í�l�âon$�����+�a�t�
k0�����UlG�)lG�.������Ç����o���/Î�Ç��q�Ê����kK�al É Õ`l¢�.�G�U�o�t�_�����Ul�Î�Åo�tl¢�tk	Æ���ÏK�olG�OÏK�ol¢���¨�a�_��ko�U�t�U�t�qk
Æ�l{Ç�Ñ	���Ul{�o���a�a���a��Ço��Æ�l0���t�tlG��ÆBÍ��okol�Î���ko��Ì$�Ul@Ño��Î���ËwÌGkol Ò n?æ É ���sÆ��t�an$�o�U�a�t�
k�Æ�l{�����alGn��a�t�qk
© É è É4é Ô É
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à�½?> 1sÂ�ßÐè¢ç§Á§ç�¾�á�Â�¿ Ãpâ{áÖÁ�ãxáRÄ�ædÀ`ç�ÀsáÖâ®ùpè{ãIÁ�¾$ßÐâI¿¬À¨çsÄpù çBå�â�1
æyâxáÕá#¾$ßÐÄpæyç�À�¾�Â�¿�á

ä ÍZ�qÅ��%lrn��U��æ�Æ�l�n$l��U�al¨Ç;���.�a�tlBl$�U�|Æ�l�n$��Î�Ç;���UlG�Òko�
�|�.�G�U�o�t�_���U�|l�â�Ç��$�U�/Î�lGkK������â���×wlGnBn�lG��â�ÏK��l
�£Í��
k�Ç�lG�2�Ò�
Å��alGko�t�Ò�L×qlrn¢��lG�Ý�U�/Î��o���+�a�t�qko�ÝkK��Î��G�U��ÏK�olG� ÉOä l$�³Î��zÆ��G���t�_�+�a�t�qko�ÝÇo�U�G�UlGkK�U�GlG�ÒÆ	��ko�
�����Ulrn��U���
k«� É © É7é k��q�o��Ç�lG�0Î�l$�.�alGkw��ÆBÍ�lG�.�U��ÎslG���tl��UlG�o�t�yÆ�l�Æ��rn$�tlGk	n-Ñol�ÎslGkK��Æ2��Ço�.�2n$lG�U�U�o�
Æ�l�æ'�o�U���
k�ko�
kª��Ñ�lG�0Î���ÏK�olwÐ)�£ÍZ�GÇ;���t�U�UlG�o��Æ�ls���pn$�
�	n-Ñol��t��Ïw�o��Æ�l�Ð�l$�{��Ëw���tl�Î�lGkw�0Æ�l��U�/Î��o�tlG�
�£Í���×w�q�t���U���
k��Ul�Î�Ç��
�UlG�t��l{Æ����a�/Ë
k;���BìÐÆ��/òd�a�
n��U� É
ÕylG�I�U�/Î��o�����U���
ko�I�U�
kK�IÅ;���U�GlG�®�a�o�®�tlG�GÎs�rnr��k����0Î�lG�IÆBÍ=��Åo�a�
�UÇ2�a�t�qkDÏw�o���qkK�I�t�tlG��Æ��o�a��kK�I���
Ç�Ñ	���Ul�ÆBÍ�l�âon$���_���a�t�
k=Ð#���tko�U�³ÏK��l��U�o�®��l�Î��zÆ�ÌG�tl�Æ�l¡Ö®�U�	Æ�l Ò �a�/Î������+�a�t�
k~Æ�l0�����U�$Ç��qko�Ul�Æ�lG�
Ç��
�.�UlG�o�U�¨�t�tÅo�UlG�FÔ¢Ç��
�o�¨�tlLÏK�ol$�����ª×
����lG�o�¨Æ�l­���ªÎ����U�UlI�qÇ��U��Ïw�ol­l$��Æ�lI���0n$�
ko�.����kK�al­Æ�l­�UlG���Wã
âo���U���
k~Æ�l�Ö®�.�	Æ�l�Æ��q�6×wl$kK���$�U�Ul�Æ��$�al$�0Î��tko�GlG� É ó �q���­��×q���t�olG��n$lG��Æ�lG��â�Ç;���_�mÎ�Ì$�a�.lG�­ko�
�o�
��×w�
ko��l?òdlrn��a�o�x�tlG��l�â2Çd�$�U�tlGk	n$lG�®Æ�lx�UÇ�lrn��a�.�q�an$�
Ço�tl{��k�æ��_���U�
��Ëqlx�o�t�U�_���_��Ço��Æ�l{�U�o�6×q��kK�UlG�ªî

Ø©¬ â�Ç��$�U�tlGk	n$l0Æ�lx�!ÓzÇ�l{Ç��wÎ�Ç�lFã��U�
k	Æ�l Ò l�âon$�����+�a�t�qk¬�����UlG��l$���a�
k	Æ�l{��k�æ'�_���U�
��ËqlWÔ É¨Ë �q���
��×w�
ko���$�a�	Æ��t�{�����U�$¦	lrn��U�/×z�t�U��Æ�l{�����U�
k	Æ�l{�tk�æ'�_���U�
��Ë
l�l$koæ'�
k	n��a�t�
k�Æ�lx����¦	�olGk	n�l0Æ2�
æ������an$l�����Ç���Î�Ç�l0�tk�æ'�a���.�q��Ëql0Ç��
�o�®Ço�����a�tlG�o�.�I�Ul$�_���UÆ��IlGkw�a�Ul��£Í�l�â�n$�t�_���U���
k������UlG�®l$�I���
�U�qk	Æ�lx�tk�æ'�a���.�q��Ë
l É

Ø©¬ â�Ç��$�U�tlGk	n$l��L×qlrn��ok��oko��ÏK�ol�æ����t�_n$lr����ÆBÍ�l�â�n$�t�_���U���
k������UlG�®��k�æ'�_���U�
��Ëql ÉIË �
�o����×w�qk��
Î�lG�U�o�U�������U�$¦	lrn��U�6×2�t�U��Æ�l{n$l$�.�alxl�âon$���_���a�t�
k¬�����UlG��lGk&æ��qk	n��a�t�qk¬Æ�l{�_�0¦	�olGk	n$l É

ä ls�a�a�L×
�����|l?ò�lrn��a�o��Ç��q�o��Æ��$�al$�0Î��tkolG�{�tlG��Ç;���_�mÎ�Ì$�a�.lG��Æ�l����·Î��zÆ��G�t���_�+�a�t�qkÎl$�U��Ç��U�G�UlGkK�U�
lGkÍÆ����������BÆo��ko���£Í=��kokol�â�l Ê$Ê$Ê-É´Ê �Qæ[�����sÅ���lGkm�U�q�o�t�/Ëqk�lG��Ïw�ol��tlp�.��Ëq�/Î�lpÆBÍZl�âon$�����+�a�t�
kÍ�G�tlrnFã
�U�U�
ko��Ïw�ol Ò Æ�l­�£Í��
�aÆ��.l�Æ�l

1022
Ç��
�.�UlG�o�U�¨Ç;���¨n?Î −3

Ô¢Æ	��k��B�tlLÏK�olG��ko�
�o�`�a�a�L×
�����t�t�qko�Bl$�U�QÎ����
n$�
kokz� É`Ë �
�U�Ul{Æ���Î����an-Ñol�n��qko�U�t�.�al�ñ���ÇoÇ�����ÏK�olG���tl@Î��zÆ�ÌG�tl0Æ2l�ÖI�.�	Æ�l�Æ	��ko��ko�
�U�Ulx�U��Ë
��Îsl
ÆBÍZ�tkK�alG�a�
n��U���
k=Ð	nr���Bko�q���I��×w�
ko�«×w�
�o����ko�
�o���.lG�U�U�UlG�tk	Æ��.lªñ��ok&Î��2Æ�ÌG��lx�U�/Î�Ço�tl É

à�½?>)½£Æ á#õ�ÞOÙ[ó`ô�õ�ô�ø�ÂKó�õ�Ú§Â�Ü)õ�¨ªõ�Ú�Ã�ô³Þ©¨ªø�ÂwÅ�ÚOÙ'÷*¨ªõ�ô)õ�ú�Þ�÷WÙ�Û`ÚuÚ^ÛZÚ½Ã�Ü)õ�Ä¤¨¬ÙNÝ=Þ)õ

ä �§Æ�lGko�U���a���G�tlrn��U�U�
ko��Ïw�ol
Ns

��Ño�G�
�U��ÏK�ol�ÐRn$�q�.�UlG�UÇ��
k	Æ	��kK�{�����al$�o���ÒÆ�lsÆ��rn$�tlGk	n�Ñol�Î�lGkK�{Æ2�
Ço�.�2n$l$�a�U�o�xÆ�l��U�_��ko�U�t�U���
kªÆ�l�Ç�Ñ;���Ul��U�q�t��Æ�l+È��t��ÏK�o��Æ�ls�o�t�U�_���_��Ço��Æ2lwÐ#lG�.�{Æ����alG�0Îs��ko�Gl�ñ§�£Í=����Æ�l
Æ�l$���.�G�U�o�t�_���U�®Æ�lx�£Í=��kokol�â�l Ê0Ê$Ê Ò Î����U�al��qÇ��U��Ïw�ol{l$��n$�
ko�U�_��kw�al{Æ�lx�UlG���Wâ	���U���
k�Æ�lªÖ®�U�	Æ2l�Ô É
Ë �
�o�����a�t�t���UlG�.�qko���tlG��Æ�lG��â·Î��$�0Ño�2Æ�l$���U�o�/×
��kK�alG�@î

Ø ä �IÇo�Ul�Î��/ÌG�.l«Î��$�0Ño�2Æ�lBn$�qko�U�t�.�al¨ñI���U���t�t�al$�|�tlG�¢n��q�o�.Å�lG�|�0Ño�G�
�U��ÏK�olG�¡Æ��
kok;��kw�¡�£Í��?×w�
�t��ã
�a�t�
k�Æ�l{����Æ�l$ko�a���U���G�tlrn��U�U�qk���ÏK��l�lGkoæ'�qkon��a�t�qk�Æ�l{����Ço�U��æ'�
k	Æ�lG�o�®Æ	��k��®�£Í��rn�Ñ;��kK�U���t�t�qk
Ò n?æ É ç�Ëq�o�.l�� É £ � Ô É Óz���£Í��
k��U�oÇoÇ��q�Ul�ÏK�ol���l�Ço�U�zn$lG�U�U�o��Æ�lªæ'�o�U�t�qk�ko�
k���ÑolG�$Î���ÏK�ol0�Ul
Ço�U�zÆ��o���Ý�U�o�R�a�
���al¢�KÍZ�GÇ;�����U�UlG�o��Ç��q��������ÏK�olG�t��ly����Æ�lGk��a���a�¢�G�tlrn��a�.�qko��ÏK�olylG�.���a�oÇ��G�.�tlG�o�Ul
ñ0����Æ�l$ko�a���U���UlG�o�t�)�����
�U�B�tlG�Q×
����lG���U��Æ�lG�B�GÇ	���t�U�al$�o�U��Æ�lG��n��q�	n-Ñ�lG���t��ÏK�o��Æ�lG���
Å��alGkK�olG�
l�â�Ç��G�.��ÎslGkK�����tl�Î�lGkK� Ò n?æ É ç�Ë
�o�Ul�© É £ ê Ô`Çdl$�0Î�l$�.�alGkK��Æ�l{Æ��rÆ��o�t�Ulx���sÆ�lGko�U���a�x�al$�o��� É



Ü����ºg)"$/®!;3$-U3$� �U"$1§�q�.�¡-.,.�$Ûr5'&43�&'�`�%*�!�,.-���/��.12&�3qÛ�*�3*�G���y5��.�¡�%� /�ÛG5�3
&'��"$1w� 6*·+6

Ø ä ���Ulrn$�qkoÆ�l¡Î��$�0Ño�2Æ�l�lG�.�xÆBÍZ���a�t�t���UlG�­����¦	�ol$k	n$lsÆBÍZl�âon$�����+�a�t�qk��al$�o���
Fs
Ð�Æ��$�UlG�0Î��tko�Gl

lFâ�Ç��G�U�/Î�lGkK�_���tl�Î�l$kK�WÐ�Ç��
�o�B�U�U�
��×wlG�
Ns

ñ�Ç;���.�a�t��Æ2lx����n$�
�o�UÅ�l�l�â�Ç��G�U�/Î�lGkw������lxÆ��qk�ã
k;��kK�����sÆ2lGko�U�t�U�{�G�tlrn��U�U�
ko��Ïw�ol{lGk&æ'�
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Fluence d’ excitation absorbée (mJ/cm22) 
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Epaisseur sur 
laquelle la 
densité seuil Ns 
est franchie (ÅÅ))

Temps (fs)

120 mJ/cm2
 60
 12
  6

Passage de l’impulsion crête

La valeur limite est égale à l’épaisseur 
de la couche liquide

780 ÅÅ

180 ÅÅ

900 ÅÅ

9;:=<+>
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Temps (fs)

Intensité X normalisée Fluence incidente 200 mJ/cm22

Densité électronique seuil Ns=9.10 21 cm− 3

Vitesse moyenne des atomes
2 ÅÅ/ps
4 ÅÅ/ps
8 ÅÅ/ps

Passage de l’impulsion crête

Estimation de la durée 
de la chute du signal X

9;:=<+>
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ÆBÍZl�âon$�����+�a�t�
k é ¥q¥sl��I©
¥¡Î§þ É n�Î −2

lGk&Ëq�$�wÎ����a�U�tlx�0Ó�Î��$�a�.��Ïw�ol�Ô É
ç]\[Ð0^cÓ¼Î_��ÓU`bauÓdcF�e�	Ö?ÏQÖf�.Õ�Îg�$Î_�e�h`VÓmÎ`ÖhÓU`SÓ3iFjkjØ×Ul�mn�¼× −2

ä ��çpo
�o�Uls©rq é £ts��
kK�a�.l0�nuZ�?×w�
�t���a�t�qk~Æ�l��vuZ��kK�UlGko�U���a� Ò ko�
�$s����t�t�a�GlWÔ®Æ��6òd�_��n��a�Gl�Ç;���I�����U�
k	Æ�l
ì±lGkðæ'�qkon��a�t�qk�Æ��ü�Ul@s�Ço��Ç��q�o���okol�¦	�olGkon$l~��k	n$��Æ�lGkw�alªÆ�l é ¥q¥ws§þ qEnWs −2

q ó �t�o�U�tlG�o�U�
×z�t�UlG�U�alG��s��WÓwlGkokolG�{Æ�l�Æ��GÇ�����n$l@s�lGkw�0Æ�lG�0�+�a�es�lG�x�a�
kK��n$�
ko�U��Æ2�G�U�GlG��î érx è�l$� � �tq�Ço� −1

q
ä uZ�=s�Ç��o���U�t�qk������UlG��ÆFuZl�âon$�����+�a�t�
k¬lG�.�®n$lGkw�a�U�Glªñ

t = 160
æ��yq

ï k��
Åo�UlG�$×ql&zK�ol­�vu=�����t�o�Ul{oq�$ko�G�_����l�Æ�l­���0n-Ñz���Ul�Æ����U�=o
k;���`ìàÆ��6ò��a�
n��U�­kolxn��q�.�UlG�UÇ��qkoÆ�Ç;���
ñ��okolxl�â�Ç��
kolGkK�a�tlG�t�tl0Æ��rn��U�q�t�U�_��kw�al�q ä ��Ç;���.�U��l{n$lGkw�a�_���tl�Æ�l����sn�Ñz���alxlG�.���t�tko�������.l�q
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9�:E<+>
?%@��+C=DrD�¥k�_LhRZP�\[XZLa^�O$QcR S X�^U\[Q�^GY'X \[NcL�^�LaJ"PÝThRZX�Y�NWQ�Q�^fN=La^GM�\�XZLa^�O$PBJ'Q�\�T.J[OfI�LhPcI�Q%§tY'La^$O�Q0I�LaP$J#P$^�Qc^GP�Q�^GM�Q
O�Q0�.]?]`PMd�b M$P −2 �7RZT|O$P$J'NWQ)O�QwR�TÒY'La^$O�QgL§Q�Y�\VI$J[XZY'QRQ�^¨M4L3P0I$\'QwIGT.J�PG^�Q)M�La^h�aL3RZP�\�XZLa^`O�QwR S N%�_LhRZP�\[XZLa^¨O$P`Y[X��a^GT?R
L½IrT.JdP$^�Qw�_TUP$Y'Y[X]Q�^G^�Q)O�L_^U\SR�TMRZTUJ2�UQ�P�JVnMPÒX�§�W$TaP�\[Q�P�J�Q�Y�\�O�Q0�?]?]`N Y�G�bVz2L3P0IrT.J[TUX�Y�La^¨O�Q�Y�J'N�Y'PAR]\[T.\[Yd^_P�PÝNWJ[XZV�P�Q�Y
Q�\�Q%T�I�NWJ[XXPÝQ�^a\[TUP�T+b

ï k�Ç�lG����l$�U�U�=sslG�{Ç;���x�ok����%�o�.�al6s�lGkK�{���tko�������.l�����Æ2�o�U�Gl�Æ���s��rnr��ko�t�$s�l�Æ�l�æ��o�U���
kÎk��qk
��ÑolG�hs��=zK�olB�qÅ��UlGkz�ol�Æ	��ko�¢n$lG�¡n$�qk	Æ2�t�U���
ko�¡lGk�æ'�
k	n��a�t�
k�Æ�lB���G×2���alG�U�Ul|ss��ÓqlGkokol�Æ�lG�y�+�a�es�lG�
Ò ���Ys�����Ño�zÆ�lx�2�a�t���t�U�GlxlG�.���tk	Æ��=zK�o�Glx�U�o�¨����ç�oq�o�.l�ÔGîÒlG�t��l�lG�.���UlG�UÇ�lrn��a�6×wl@s�lGkw��Æ�ls£r¥
¥¡æ'� Ò �
�Yq�Ço� −1

Ô x £r©
¥�æ'� Ò èÃ�YqZÇo� −1
Ô¨l$� éqÿ ¥�æ'� Ò é �tq�Ço� −1

ÔWq ï k��Ul6s����$zK�oltzw�ol�Ç��
�o�®�okol@×2���alG�U�Ul
Æ�l � �Yq�Ço� −1 x ��l|s��Gnr��ko�t�$s�l�Æ�lbæ��o�U���
k�k��qks��Ñ�lG�$s��=zK�ol�l$�U�¡�tko�U�_��kw����ko� x nr���¡���xÆ��o�.�Gl�Æ�l����
n-Ñz���Ul�lG�.�®�U�Ls��t�����t�Ul����¬�Ul@s�Ço�}s�����Ç;��������n$�
�	n-Ñol��t�=zK�o��Æ�l�Ç��q�o�I���.�alG�tk	Æ��.l��U�qk¬�GÇ;�����U�UlG�o�
s��Wâ��Ls����tl�q
ä u��$�_��Ç�ls�a���/×
��kK�al�n$�
ko�U���.�al�ñ�l�ò�lrn��U�olG�x�okol�n$�qkz×w�
�����U���
kÎÆ�lG�{n$�
�o�UÅ�lG��Æ�ls����çpo
�o�Ul�©rq é £
��×wlrn��okol0�U�qk	Æ2l�ìºÆ�l�æ��q�hs�l��al@ssÇ��q�.lG���tlYow���o�U�a�tlGkokol�Æ��
kK�I���������$o
lG�o��ñ~ss�6ã¢Ñ;�����alG���IlG�.�
lG�.�a�Ls��Gl�ñ é ¥q¥�æ'� Ò n?æ8qÝ�Ulrn��a�t�
k�è�qE� q=©wÔWq ä �Gçpoq�o�.lI©rq é�é s��
kK�a�.l��nuZ�?×w�
���2�a�t�qk�Æ�l��vu��tkK�alGk��a���a�«ì
ko�
�$s������t�U�GlxÆ�l������U�
k	Æ�l ì¼lGk¯æ'�qk	n��a�t�qk�Æ��p�Ul$�_���UÆ�Ç��es�Ç�l�ãW�U�qk	Æ2l�q ä l$��n$�q���UÅ�lG�BlGk��a�_�����a�
Ço�tlG��k��sn$�q�.�UlG�UÇ��
k	Æ�lGkK�����Ínr����n$�o�`kz��ss�G�U�=zK�ol§Ç��q�o���tlG��Æ��6òd�G�UlGkK�UlG��×z�t�UlG�a�UlG��Æ�l�Æ��GÇo����n$l�ã
s�lGkK�IÆ�lG�­���U��s�lG�yq ä l$�IÇ��
��kK�U�­n$�
�U�.lG�UÇ��qk	Æ�lGkw��ñs����n��q�o�.Å�l0l�â�Ç��$�U�Ls�lGkK�����tl0�
Å��alGkz�ol�Ç;���
Æ��6ò��a�
n��U���
k&ì­æ'l@s��a�q�Ulrn��qk	Æ�l�q
ï k{n$�
ko�.�����Ul|�a�o�#����çpoq�o�.l¢© q éwé zK�.u��t�wæ[������n��qko�U��Æ��G�UlG�R�ok{Æ��GÇ�����n$l@s�lGkw�Ý�+�a�es��=zK�ol|�U�oÇ��G�U�tlG�o�
ñ�è
�Yq�Ç�� −1

Ç��
�o�y�U�Ls��o�tlG�¢����n$�
�o�UÅ�l�l�â�Ç��G�U�Ls�lGkw������l x n$l,zK���;lG�.�`Åo�tlGk��vuZ�q�UÆ��Ul®Æ�l[o
�_��k	Æ�lG�o�
Æ�lG�«×2���alG�U�UlG�®nr����n$�o�t�G��Ç;����×®���tlGk�l$�I���nqÒÇ��q�o�����¡æ'���a�t�
k¬ko�
kp��ÑolG�hs��=zK�ol Ò n?æ8q´çpo
�o�Ul{� q ÿ ÔWq
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Temps (fs)

Intensité X normalisée 
Fluence incidente 50mJ/cm22

Densité électronique seuil Ns=9.1021/cm3

Vitesse moyenne des atomes
0,5 Å/ps
1 ÅÅ/ps
2 ÅÅ/ps

Passage de l’impulsion crête

9;:=<+>
?�@��+CED�t�¥k�_LhRZP�\[XZLa^¢O$Q_R S XZ^a\[Q�^$Y'X]\[NSL�^$LUJ"PÒT?RZX�Y�NWQ�Q�^vN=L_^$M4\[XZLa^¢OGP|\[QBP0IrY�I�LaP$J	P$^�QS^GP�Q%^$M�Q�O$Qgq.]0PMd�b M$P −2

��R�TÒO$P$J'NWQRO�QwRZTÒY�L_^$O�QgL§^+S Q�Y�\lIGTaY�IGJ[XZY'Q#Q�^`M�LhPcI�\[Q	G�b

��\[Ð0^cÓ¼Î_��ÓU`bauÓdcF�e�	Ö?ÏQÖf�.Õ�Îg�$Î_�e�h`SÓ¼Î`ÖhÓU`SÓB��j ×Ul�mn�¼× −2

ä ��çpo
�o�Ul�©rq é �&ss�qkw�a�Ul¨�vu��?×q�q�t���a�t�
k�Æ�l¨�nuZ��kw�alGko�U���a� Ò ko�
�$s����t�t�a�GlWÔÝÆ��6ò��a�
n��U�GlBÇ;���|���I�a�
k	Æ�lQì
lGk&æ'�qkon��a�t�qk�Æ����Ul@s�Ço��Ç��
�o���okol�¦	�olGk	n$l{��kon$��Æ�l$kK�al�Æ�l0©�¥Os�þ qEn6s −2

q ó �t�o�U��lG���U�b×2���alG�U�UlG�
Æ�l{Æ2�GÇo����n$l@s�l$kK�IÆ2lG�I�+�a�es�lG���U�qkw�®n$�
ko�a��Æ��G�.�GlG�ªî érx £�l$� 1

2

�YqZÇo� −1
q

ä ��Æ��o�U�Gl�Æ��3s��Gnr��ko�t�$s�l�Æ�l�æ��o�a�t�
k~ko�
k���ÑolG�hs��=zK�ol��
Å��alGkz�ol�lGkDæ��qk	n��U���
k~Æ�l�����×2�t�UlG�U�Ul
ss��ÓqlGkokol�Æ�lG�����U��sslG�xlG�.�{�.lG�UÇ�lrn��a�6×wl@s�l$kK��Æ�l é�ê ¥¯æ'� Ò é �Yq�Ç�� −1

Ô x ©�¥q¥¯æ'� Ò £��YqZÇo� −1
Ô®l$�

�ok�Ç�lG��Ço�t�o�®Æ�l�£�Ço� Ò ¥ x ©��YqZÇo� −1
ÔWq

Ö®l����{s��@s�lbs���ko�=�G�.l x �
k�l?òdlrn��U�ol��okol�n$�
k�×w�
�t���a�t�qk�Æ�lG�¡���xn$�
�o�UÅ�l$�yÆ�l����Gçpo
�o�Ul®©rq é �xÇ;���
�ok�l��U�
k	Æ�lªì�oK���o�U�U��lGk�kol�Æ�l�Æ��o�U�Gl¡ñOs��6ã¢Ñ;�����al$�o� é ¥
¥9æ���q ä l0�U�G�U�o�����+�­lG�.�­Ço�.�G�UlGkK�a�0�U�o�
���ªç�oq�o�.l{©rq é è��UlG�o�tl@s�l$kK�BÇ��
�o�¨����n$�
�o�UÅ�l�n$�
�U�Ul$�aÇ��
k	Æ	��kK�¨ñ0�okolG×2���al$�a�Ul�Æ�l�Æ��GÇ�����n$l@s�lGkw�
ss��ÓqlGkokol`Æ�lG�Ò�+�a��sslG�ÝÆ�l`¥ x ©��tq�Ço� −1

Ò �tlG�Ýn$�
�o�UÅ�lG�|��×wlrn¢Æ�lG�O×z�t�UlG�U�alG���U�oÇ��G�.��l$�o�UlG�Ý�U�Ls��o�tlGkK�
s����q���Bn��q�o�.Å�l¡l�â�Ç��G�.�Ls�lGkK�����tl�ÔWq³Ö­��k��)�tl¢nr��Æ��Ul¡Æ�l|ko���a�Ul�s��zÆ �G�tl¡���Bn$�
�o�UÅ�l¡lFâ�Ç��G�U�Ls�lGkK�_���tl
lG�.�­�U�=s0�o���¡ñ��nuE����Æ�l�ÆFu��okol�×z�t�UlG�U�al�Æ�l�Æ��GÇo���
n�l@s�lGkK�&s��WÓwl$kokol�Æ�l$�{�+�a�es�lG��Æ2l��nuZ�q�UÆ��Ul�Æ2l
¥ x ©²�Yq�Ço� −1

q
Ë �
���.�G�U�o�t�_���U�~s��
kK�a�.lGkK��zw�ol¬Ç��
�o���okolp¦	�olGk	n$l�ÆFuZl�âon$�����+�a�t�qkÕÆ��rn$�.�q�t�U�_��kw�al x ���D×2�t�UlG�U�Ul
ss��ÓqlGkokol�Æ�lsÆ��GÇ�����n$l@s�lGkw�{Æ�lG�{�+�a�es�lG��Æ��=ss��kK�ol�q�Õyl�Æ�lG�Uko�tlG�­Ç;���a��sO���a�UlI�%�
�olsÆ��
k	n���k
�.âq�tl{Æ	��ko�����sÆ��o�.�Gl�Æ2l{���sn�Ñz���al{Æ����U�Loqk;���BìÏÆ��6òd�_��n��a��q
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Fluence incidente 50mJ/cm22

Densité électronique seuil Ns=9.1021/cm3

Courbe théorique
Vitesse moyenne des atomes

0,5 Å/ps

Courbe expérimentale

Fit numérique

9�:E<+>
?%@��+C=D�A~¥k�_LhRZP�\[XZLa^�O$QcR S X�^U\[Q�^GY'X \[NcL�^�LaJ"PÝThRZX�Y�NWQ�Q�^fN=La^GM�\�XZLa^�O$PBJ'Q�\�T.J[OfI�LhPcI�Q%§tY'La^$O�Q0I�LaP$J#P$^�Qc^GP�Q�^GM�Q
O�Qgq.]0P`d$b M$P −2 �7RZT�O$P$J'NWQ�O�Q_R�T�Y'La^$O$QVLsQ%Y�\�IGJ[XZY�Q�Q�^¢M�LhPcI�\[QVIrT.JoPG^�Q�M�La^h�aLhR�P�\�XZLa^¡O�Q_R S N%�aL3RZP�\[XZLa^¢O$P¢Y'X��_^$T?REL
IGTUJ�P$^$Qg�aTaP$Y'Y[X]Q�^$^$Q)O�La^a\VR�T`R�T.J2�UQ�P$JQnMPÒX §6W$TUP�\'Q�P$J;Q�Y�\dO�Q0�.]?]`N Y�G�bQz2LhPcIGTUJ[TUXZY'La^`O�Q%Y	J'N�Y[PAR \�TÊ\�Y�^�PAPÝNWJ[X�V_P$Q�Y	Q�\
Q%T�I�NWJ[X>PÝQ�^a\�TUP�T+b

à�½�à 1sÂ�¿"10æyÄ�á#¾�Â�¿ á#Ä�Áuæ�ötâ®ùpè{ãIÁ�¾$â­¿310â Ãpâ ï�Ä�á#¾�Â�¿ ¿�Â�¿ Àt�¬âIÁsé
ß¼¾�ë�Äpâ

ä lG��l�â�Ç��G�.�tlGk	n$lG�Ozw�ol�ko�
�o����×w�qk����U�����t���U�GlG��ko�
�o��Ç�lG�$ssl$�U�al$kK��Æ2l§�a�t�Ul$����lG�sn$�
k	n$�t�o�U�t�qko�
�U�o�/×
��kK�alG�@î

Ø Ë �q�o����×w�
ko���
Åo�UlG�$×q����×wlrn�ko�q��l�â2Çd�$�U�tlGk	n$lG��Æ2lpÆ��6ò��a�
n��U���
k®ìÁæ�l@s0�U�q�Ulrn$�
k	Æ�l��okol
�U�_��ko�U�t�U���
k�Æ�l®Ç�Ñ;���al®�U�q�t��Æ�l+È��t�=zK�o��Æ�l­�o���a�_���_��Ço��Æ�l�q�Õ`l,zK�o�dn$�
k�ç	�$sslI�tlG�`�.�G�U�o�t�_���U�¨Æ�l
�UÇ�lrn��U�U�
�an$�qÇo�tl�×2�t�U�tÅo��l�q

Ø Ë �q�­��k;���6Ó2�UlG�®ko�q�o�®�
kK���ds�lGko�$lG��ñs�U�����t���UlG�IÆ�l$����k;���/Óz�al$�IÇ��q�.�[s��q�Ê�al@s�zK����s��
k�ã
�U�UlGkK�¡����Ço�U�G�UlGk	n$l�ÆFu=��Åo���+�a�t�
k��U�G�U��Æ��olG�t��l®Æ��
kK�¢�vu��
�U�Lo
��kol�lG�.�¢�nuZ�G�t�?×q�+�a�t�
k�Æ�l��Ul@s�Ç��G�_�Wã
�U�o�UlBÆ��Ss��+�a�G�.������l$�|����×
��Ç��
�U�t�_���U���
k�Æ������=zK�o��Æ�l|zK�o�2lGks�.�G�U�o�t�Ul�q´Ö���ko�Ò��lG�|n$�_�+�:�G�.lG� x
�tl¨�Ul�æ��U�q��Æ��t�U�Ul@s�lGkK�¡Æ������=zK�o��Æ�lBlG�.�|�U�� ��_��sOsslGkK�|�tlGkK�|Ç��
�o��zK�.uZ�okolB�.lrn$�U�t�.�����t���t�_���U���
k
�UlxÇo�.�2Æ��o�t�Ul�q

Ø Ë �q�o�ª��×w�
ko�ªnr���_��n��a�G�.���U�«����Æ����U�GlmÆ��¼Ço�U�zn$lG�U�a���ªÆ�l²æ��o�a�t�
kÐko�
kà��ÑolG�$ss�0zw�olml��
�vu��$Ç;���t�U�UlG�o�0Æ��¥ç	�Ls±�t�=zK�o��Æ2l�lGk¬æ��qk	n��U���
k�Æ�l����p¦	�olGkon$l§Æ�u�l�âon$�����+�a�t�
k«Æ	��ko���nu��Wk�ÓzÅ.q
ó �q���0�okol�¦	�ol$k	n$l�ÆFu�l�âon��t�_���U���
kmn$�U�
�t�a�_��kK�al x ����Æ2�o�U�Gl§Æ��ws��Gnr��ko�t�$s�l��o�t�U�_���_��Ço��Æ�l
Æ��Ls��tkz�ol«�����
�U��zK�olÎ�vu��$Ç;���t�U�UlG�o��Æ2��ç	�=s ���=zK�o��Æ�l«����oes�lGkK�Ul�q ä �ýÆ��o�U�$lÎ���ÍÇo���o�
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�_��Ço��Æ�l�lG�.��Æ2l��w©�¥�æ'� x Ç��q�o�s�okolp�GÇ;���t�U�alG����Æ��²ç	�Ls �t�=zK�o��Æ2l¬Æ�l�Ôq¥
¥�� x ñ�����¦	��ã
lGk	n$l{ÆFu�lFâon$�����+�a�t�qk�s���â��Ls����tl�q

Ø ä l§�UlG�o�t�¨Æ�l�Æ��Gn$��lGkon-Ñol@s�lGkw��Æ���s��rnr��ko�t�:ssl§lG�.�
Fs = 6

s§þ qEn6s −2
Ò lGkÎ�alG�hs�l�Æ2l

¦	�olGk	n$l{ÆFu�l�â�n$�t�_���U���
k�Ô`�q�
Ns = 8.1021

n6s −3
Ò lGkp�alG�hs�l{Æ�l{Æ�l$ko�a���a�x�G�tlrn��a�.�qko�=zK�ol�Ô	q

Ø Ë �
�o���L×q�qko�I�6oK����l6s�lGkK�x��k;���/Ó2�U�0�tlts��rnr��ko�t�:ssl�Æ�l�æ'�o�U�t�qk�ko�
k���ÑolG�hs��=zK�ol0�U�o�IÆ�lG�
ç	�Ls��|s���kon$lG�®Æ�l�Õ`Æ É l�q ä �sÆ2�o�U�Gl{Æ�lx����n-Ñz���al{Æ2���a�Lo
k;���BìÏÆ��6òd�_��n��a�xlG�.���U�Ls����������.l
ñsn$l$���tl{�
Åo�UlG�$×w�$l{Æ	��ko���nu��Wk�ÓzÅ.q

Ø Ë �
�B�U�G�U�o�����+�a�bs��
kK�U�UlGkK�|zK�ol­����Æ��o�U�$lxÆ�l��vu��Ls�Ço�o�t�U���
k·ìàlG�.�����Es���â��Ls�� säÆ�lx�w©�¥
æ'�yq í kol®lG�U�U�=s����U���
k�Æ�l é ¥q¥ªæ'�ylG�.�`�_�����U�
kok;��Åo��lIl$�`lGk��
nGn��q�UÆ���×wlrn�ko�q�y�a�Ls��o���+�a�t�qko�yq

Ø ä l�s��rnr��ko�t�:ssl{Æ�l@æ��o�U���
k�ko�qkp��Ñol$�$s��=zK�ol��0��u��t�#���tlG�¬ÆFu��okol�s���ko�L�G�Ul�Ño�es���oe�Gkolx�
�
Ño�$�a�$�U�eo��Gkol�Æ ä lG�­���$o
��s�lGkK�U�®l�â�Ç��G�.�=sslGkK������â¬�U�qkw�In$��s�Ç	���U��Åo�tlG�­�L×qlrn{�ok�ss�rnr��k�ã
�t�:sslªÑo�es��eo��Gkol�s����t�®�tlG�I�.�G�U�o�������U�®l�â�Ç��G�.�=sslGkK������â¬kol�Ç�lG�hs�l$�.�alGkK�®Ç;���IÆFu�l�â�n$���o�.l
���xÇ��
�U�U��Åo�t�t�t�U�IÆFuZ�ok�æ��U�
kK�yÆ�l¨æ��o�U���
k��o���a�_���_��Ço��Æ�l Ò

105
s)q�� −1

ÔÝ�Ul�Ç��U�qÇ	��o
l���kK�`Æ�lGÇo�o�t�
�����U�o�0æ���n$l­Æ�lI�vu��rn�Ñ;��kw�a�t���t�
k�l$�BÆ � x Ç;���`l�â2l@s�Ço�tl x ñ{�ok§Ço�.�2n$lG�U�U�o�¨Æ�l­Æ��6ò��o�U�t�qk§�G�tlrnFã
�a�.�qko�=zK�ol�q

Ø ä �pÆ��o�.�GlOs�lG�U�o�U�$l�Ç��
�o�x���§�U�_��ko�U�t�U���
kÎÆ�lsÇ�Ñ;���Ul��o���a�_���_��Ço��Æ�l�lG�.�{Ço�U�tk	n$�tÇ;����l@sslGkK�
Æ���n��a�Gl�Ç;�����nuZ�?×w�
�����U���
k¬�al@s�Ç��
�Ul$���tl0Æ�l�����Æ�lGko�U���a���G�tlrn��a�.�qko�=zK�ol0Æ	��ko�®�nuZ�rn-Ñ;��kK�a�t�t���
k.q
¬ �t�tl¡lG�.�)�@ow����l@sslGkK�^æ'�
k	n��a�t�qk{Æ�l|���¨Æ��o�U�Gl¡Æ�l|�nuZ�=ssÇo�o���U�t�
k�ìml$��Æ�l|���I×2���alG�U�Ul�s��WÓwlGkokol
Æ�lsÆ��GÇo����n$l@s�lGkw��Æ�l$���+�a�es�lG�yq�ÕylsÆ�lG�.ko��lG�{s��rnr��ko���$s�l�Ç�lG�$s�l$�xÆFu�l�â2Ço���=zK�olG���vu���×w��ã
�t���a�t�qkmÆ�l§����Æ��o�.�Gl�Æ��ws��rnr��ko�t�:ssl�Æ�l�æ'�o�U�t�qk«ko�
k���ÑolG�hs��0zw�ol§lGk®æ'�
k	n��a�t�
kÍÆ�l§���
¦	�olGk	n$l{ÆFu�l�â�n$�t�_���U���
k.q

à�½=� áRèxâ(10À�Á�Â§á�1sÂ�èx¾$â·Ãpâ·è(��Â�¿�Â�¿�á�ç21sÂ�Ä�áRÀ�¾�ë�ÄpâxáªìÊÁ�ãxî�¾$ßÐâ·è�¾�1sÂ�é
áRâ�1sÂ�¿¬Ãpâxñ

Ë �
�o�¢���t�t�qko�¢Æ	��ko�¢n$l$�.�al�Ç	���.�U�tl�Ço�U�$�al$kK�alG�|�tlG�¡�.�G�U�o�t�_���U�¡�qÅ2�alGkz�o�|Ç;���¡Æ��6òd�_��n��a�t�qk�ìáæ'l@s0�U��ã
�Ulrn$�
k	Æ�l�Ç��
�o��Æ�lG���.l$�����aÆ���n$��s�Ç��U�t��lGkK�a�.l�����Ço��n$�
�Ulrn$�
k	Æ�l¬l$������k;��ko�
�Ulrn$�
k	Æ�l¬�U�o�6×q��kK�
�vu�lFâon$�����+�a�t�qk~�����UlG�­�tk�æ'�_���U�
��o
l�q��W�Ýkol���uE��o
����Ç;���xÆ2l��vu��
Åo��lrn��a�/æ¢Ço�U�tk	n$�tÇ;���|Æ�lsn$l0�a�a�L×
�����ÒÆ2l
�0Ñ��G�Ulpnr�����vu��$�U�	Æ�lpÆ�lG�Sss�rnr��k����$s�lG�s����âÎ�al@ssÇo���t�
k�oq����Æ��.�;ñ��$�a���a�_�����a�§lGkmÆ��$�������`�t�
�U�
ÆFuZ�$�a�	Æ�l$���U�rn�lGkK�alG� Ò n�æfq|�Ulrn��U���
k¬��q ê q���Ôy¸ ' ó þwØ

+
Ô
Ô�»U¸ ä�� þ

+
¥
¥�»U¸ ' Ö}º¨��¥o£A»nq

ä �®n$�es�Ç;���_���t�a�
k�Æ�lG��s��2Æ �G�tlG�ÝÇo�U�$�al$kK�a�G�ÝÆ	��ko�Ý�����Ulrn��U���
k�� q ê q�è���×wlrn¢ko�
�Ý�U�G�U�o�����+�a��l�â�Ç��G�U�2ã
sslGkK������â�ko�
�o��Ç�lG�hs�l$�U�U�U�
ko��Æ�l�Æ��$�alG�hs��tkolG�­�����al@s�Ç��$�_���U�o�Ul�l$�����§n��qkK�U�_����kw�al�Ço�U�zÆ��o�t�Ul
�����UlG�tk�Æ����U�G�Ul����¬n$�U�t�.�������t�tk.q

à�½=�#½v� Á�øz÷WÞ�ó0�y����÷sõwû ë ø��mÙ"¨ªõ�Ú�����ÞRû½Û����rõ�ÚBÞ�÷���ÞRû��rõ�¨ ë ÷�ó�Û`Ú.�d÷

É �q�o�0ÆFu=��Å��q�UÆÎko�
�o�����t���
ko�0�a��ÇoÇ�lG�tlG��Åo�U�L�?×wl@sslGkK�YzK�ol$���tlG�0�U�qkw�0�tlG��Æ��6òd�G�UlGkK�U�0Ço�.�2n$lG�U�U�o�
zw�o�¡Ç�lG�hs�l$�U�UlGkK��ÆFu�l�â�Ç����=zK�olG�{�vu��?×w�
�t���a�t�
k�Æ����U�Loqk;����ìäÆ��6òd�_��n��a������â~�al@ssÇo���t�
k�oq� Ò ×q�q�t�
�@ow����l@sslGkK������Ç;���.�a�tl{��qt£�Ô	q
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Ö®�o�_��kK�)�vu��tkK�al$�_��n��a�t�qk{Æ�l|�nuZ�=ssÇo�o���U�t�
k{�����UlG�=æ'l6s0�a�
�Ulrn$�
k	Æ�ly��×wlrnÒ�tl|�Ul@s���n$�qkoÆ��	n��alG�o� x �vu��GkolG�!ã
oq�tl§�����UlG�0lG�U�s��Åo�U�q�UÅ��$l�Ç;�����tlG���G�tlrn��a�U�
ko�yq ä ���Ul@s�Ç��G�_�+�a�o�.l§�G�tlrn��a�.�qko�=zK�ol�Æ�l?×2�tlGkK���a�h�G�
�G�tl?×w�GlsÇ;�����_��ÇoÇ��q�Ê��ñ����§�Ul@s�Ç��G�_�+�a�o�.l���s0Åo����kK�Ul�q ä ls�$Ó2�.�:�@s�l��G��lGn��a�U�
ko�=zK�ol��.lG����â�lslGk�ã
�U�o�t�Ul��U�
k��$kolG�$o
��l�Ço�.��kon$��Ç;���tl@s�lGkK�{Ç;���x�@ss���U�U�t�qk�Æ�l�Ç��o�
ko�
ko�yq ä uZl�âon$�����+�a�t�
kÎÆ�lG��×z��Åo�a��ã
�a�t�
ko�¡�$�olG�$s��=zK�olG�¢Æ�l@s���k	Æ�l�Ço�t�o�U��lG���U�¢Ço��n$�q�Ulrn��qk	Æ�lG� x l��¢Ço�U�W×w��zK�ol��okol®��� o�s�l$kK���+�a�t�qk�Æ�l
���p�al@ssÇd�$�_�+�a�o�Ul�Æ2l��vu��Gn��;��kw�a�t���t�
k.q)�W�¡lGkÎ�U�G�U�o���al��okol�l�â�Ç;��ko�U���
k�lGkÎ�U�o�$æ��
n�l2zw�o�_o
�Gk��G�Ul
�okol0�qk	Æ�l�Æ�l�Æ��t�����_���U���
k�È�n$��s�Ç��UlG�U�U���
k~�Ul0Ço�U�
Ç;�doql���kK��Æ	��ko�I��lª×w�
�t��s�l�Æ2l��vu��rn:�;��kw�a�t���t�
k.q
Õ`l��U�al¨Æ�lG�Uko�L�G�.lBÇ�lG���Ò�$�a�.l¨�U�
k	Æ��Gl¨Ç;���|Æ��6òd�_��n��a�t�qk�ìÕlGk��U�o�6×q��kK�Ò��lBn:�;��k oql@s�l$kK�¡Æ�l`�nuE��k�o
�tl
Æ�l{Æ��6ò��a�
n��a�t�qk�nr���o�U�xÇ;���B���Sss�2Æ��6ç;nr�+�a�t�qk¬Æ�lx����Æ����.����k	n$lxlGkK�a�.lx�tlG��Ço����ko�I�+�a�es��=zK�olG�yq

®J¯���¯LK ��¾f¢¤�*�%���(�2���x�3�) %�*�S�*�(�2�*�î�Q�����*�B���A�

ä �¥çpoq�o�.lª©rq é ©�Ço�.�G�UlGkK�al��nuZ�?×w�
���2�a�t�qk³Æ��ü�.�2n-ëK��k�omn$�o�$×ql�lGkáæ'�
k	n��a�t�qk³Æ��ü�.l$�����aÆÕlGkK�a�.l
�vu�l�âon$�����+�a�t�
k������UlG�Ý��k�æ��_���U�
��oql`l$�Ò���®�U�
k	Æ�lIìÕÇ��
�o�Ò�ok�l`¦	�olGk	n�l¨��kon$��Æ�l$kK�alBÆ�l­£ é ¥,s§þ qEnWs −2��×wlrn��ok��rn��	��kK�U���t�t�qk�ÆFu���k;ÓzÅB¡.£
£q£WÔWq

Ø Á�õ��y�9�+ô�÷��9D=�k¢põ��(>�D0�k¢ ë ÷ î����{Æ��Ls��tkz���U���
k�Æ�l��nuZ��kw�alGko�U���a���tkK�a�@o
�U�Gl®Æ�l����x�U�
k	Æ�lbì
l$�U�ÝÇo�U�tk	n$�tÇ;���tl@s�l$kK�|Ç��U�W×w�rzw�o�Gl¨Ç;���Ý�tl*s��rnG��ko�t�$s�l¨Æ�lIæ'�o�U�t�qk�ko�
k��$�olG�$s��=zK�ol{¡4n��z���Ul
�o���U�_���_��Ç���Æ�l{Æ�lx�nuZ�q�UÆ��Ul{Æ�l é ¥�s�ÔWq

Ø Á�õ��y�9�+ôÕÞ�àFD=�k¢ ë ÷ îÝ�qk��
Åo�UlG�$×wl­��kol�æ��q�Ê�al�Æ��Ls��tkz���a�t�
k�Æ�l­�vu��tkK�alGk��a���a��Æ�l­�����U�qk	Æ�l
ì x �okªÆ��rnr������o
l���k�o
�o�����t�Ul�l$���okol�����o�sslGkK���+�a�t�
k�Æ2l����§�����$o
lG�o�@ñ�s��2ã£�;�����alG�o��Æ��
�.�2n�ëz��k�o�n$�o�;×wl�q í k�Æ��rnr������o
l���k oq�o�������.lx�a�Lo
ko�/çol(zK�.u��t�#�Ul�Ço�U�zÆ��o�����ok�l�×
���.���+�a�t�
k¬Æ�l
����Æ��t�.����k	n$l���kK�UlG�;ãW�.�$�a��n$�o�����t�Ul�qt�W�Ò�yu=�doq���{ÆFu���kolsn$��s�Ç��UlG�U�U���
kª�U�Ò�tlsÆ��GÇo����n$l@s�lGkK�{Æ��
�.�2n�ëz��k�o�n$�o�;×wl��al�Ço�U�zÆ��o���ª×wl$�U���tlG����k�oq�tlG��Ç��q�U���a�/æ'� x lGkÎ�.l?×q��k	n��ol�Ç��
�o�{��l$����k�o
�tlG�
ko�6oK�+�a�/æ'�®neuZlG�.���okolxl�â�Ç	��ko�U�t�qk�¡�n?æfqÒ�yzK�;�+�a�t�qk&èpq���Ô	q
ï k§�
Åo�al$�$×wlI�ok��G�����$o
���U�Ul@s�lGkK�¨l$�¨�okpÆ��rnG������o
l�Æ����U�zn-ëz�tk�o�n$�o�$×qlG×qlG�U�`����}G�
kol�n$�
�;ã
�.lG�UÇ��qk	Æ	��kK�Qñx���{n$�es�Ço�Ul$�a�U�t�qkFq�Õ`l��.�G�U�o�t�_���ylG�.�ylGk§��nGn$�
�aÆ§��×wlrn��vu=��ÇoÇ;���U���a�t�qk§ÆFuZ�okol
}$�qkol�lGkÎlFâ�Ç;��k��a�t�
k²ñp�����U�o�0æ[�
n$l�Æ�l��vu��rn��	��kK�U���t�t�qkÎl$�0����Ç��U�
Ç;��ow���U���
k�ÆFu��ok�l��qk	Æ�l
Æ�lsÆ��t�����_���U���
k�È�n���s�Ç��UlG�U�U���
kÎÆ	��ko�x�tl¡×w�
�t��s�lsÆ��"s����U�G�U�����.qsÓzlG�o�tls����n$��ssÇd�
�_��kK�al
Æ�l�n$�es�Ço�.lG�U�a�t�
k�lG�.�¨×z���U�tÅo��l x nr����lG�t��l{�UlG�.�al(s��zÆ��G�U�Gl x ���t�q�.�,zK�ol{����n$�es�Ç��q�_��kK�al�Æ�l
Æ��t�����_���U���
k·Æ��q�����$�a�Ul��a�h�G���Ls�Ç��
�.�_��kK�Ul¥î���l��U�Lo
k;���QìílG�.��Æ��6òd�_��n��a��lGkýÆ�l@�o�
�U��Æ�l
�vu=��k�o
��l¬��nGn$lG�U�U��Åo�tl����ýÆ��$�Ulrn��alG�o� x n$l)zK���BÇo�.��×q�rzK�ol��okolp�U�rÆ��	n��a�t�qkýÆ�lp�vu��tkK�alGk��a���a�
�tkK�U�@oq�.�Gl{Æ��¬�.�2n-ëK��k�o�n$�o�$×ql�q

Ø Á�õ��y�9�+ô�÷½àF�pD0/Ðõ�����¤.�pD0/ ë ÷vì%õ��ÕÞ�àp¤ ë ÷�ñ î��vu��tkK�alGko�U���a���tkK�U�@oq�.�Gl�Æ��Õ�U�zn-ëz�tk�o
n��o�$×wl�Æ��Ls��tkz�ol��%�o�:zK�Fu7ñ�Æ�l?×qlGko����kz�o�t�tl�q Õyl��.�G�U�o�t�_����lG�.��lGk��
nGn$�
�aÆ���×wlrn��tlµæ[�����
zw�ol��vu��
k	Æ�l{Æ�l�n$��s�Ç��UlG�U�U���
k�È�Æ������+���+�a�t�qk��yu��$���
�LoqkolxÆ�l����0}G�
kolx�U�
k	Æ��Gl�Ç;���B�tl��_�@¥w�
k�ã
kol6s�lGkK�Qì¦¡4�q©
¥
¥���ÔIñ�����×2���alG�U�UlxÆ��p�U�qk�Æ	��ko���tl&s��+�a�G�.�����pl$��k.uZlG�.��Ço������Æ��$�Ulrn��a�Gl
Ç��
�o�BÆ�l$�B�.l$�����aÆ��¨�U�oÇ��G�U�tlG�o�U�bñ�©�¥�Ço��¡[���0n$�es�Ç��q�_��kK�al�Æ�l�n$�es�Ço�Ul$�a�U�t�qkpÆ��t�UÇ;���a��á���Ô	q
ä uE��s�Ç������a�	Æ�l�Æ�l­�vu�l�â2Ç;��ko�U�t�
koñ0���0�U�o�$æ��
n�lxÆ�l­�vu��Gn��;��kw�a�t���t�
k�Æ��
�t�B�.lG�U�UlG�`�=ssÇ��q�Ê����kK�al
nG����l$���tl{�.lG�.�alx�tk;�
nGn�lG�U�a�tÅo�tl0���¬Æ��$�Ulrn��alG�o�@q
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250 ps

101,3 ps

51,3 ps

25,67 ps

4,67 ps

1,67 ps

375 ps

750 ps

Retard
pompe− sonde

Référence avant excitation (trait noir pointillé)

Référence 
après excitation 
(trait rouge fin)

Signal transitoire
(trait bleu gras)

Angle (mrad)

Intensité (u.a.)

2000 ps 

9;:=<+>
?�@C�+C=DE���	NB�aX>PÝQdTUP�T�\[QBPcIGY�RZLa^��_YlùqN%�aL3RZP�\�XZLa^|O$PÒJ'L�M"��XZ^���MWP�J��_Q;Q�^`N=L_^$M4\�X]La^|O$PÒJ'QW\[T.J[OÒQ%^U\[J'QVR S Q%T$M�X]\�TÊ\�X]La^
XZ^�N J[T.J'LaP��UQ)Q�\SRZT¡Y�La^$O$QgLx� M�LhPcI$J[X�Y;Q�^a\[J'Qv\gIGY;Q�\_�Ò^GY�G�IrL_P�JdP$^�Qw^GP$Q�^$M�Q)O�S Q%T$MWX \�TÊ\�X]L_^¨O�Qv\B�?]`PMd�b M$P −2 O$TU^GY
P$^yN�M�W$TU^a\�X>RXR]L_^`O+S Y�^EZ3H}��\?\?\�G�b
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Ø Á�õ��y�9�+ô§/k¢�à ë ÷ î{�
kÎ�
Åo�UlG�$×ql��vu=��ÇoÇ;���U���a�t�qk�Æ2l��U�Lo
k;����ìäÆ��6òd�_��n��a��Æ	��ko�{����}G�qkol
n��q�.�UlG�UÇ��qk	Æo��kK��ñ®�vu�l�â�Ç;��ko�U�t�qk.q�Õ`l$�.�al¨�
Åo�UlG�$×
���U�t�qksn$�q�.�UlG�UÇ��
k	Æ�ñIÆ�lG��âYss�rnr��ko���$s�lG�
î#���B�UlG����âo���U���
k0Æ�l¡����n$�
kK�a�a���tkK�UlIñ¨���¨�a���0æ���n$l¡l$�����B�Ulrn��U�t�U�_���t�t���_�+�a�t�qk0Æ�l¡�vu��rn:�;��kw�a�t���t�
k.q

Ø Á�õ��y�9�+ô�÷{¢�àp¤ ë ÷�õ��­Þ�Ú�÷0ì%õ��®ø<�9��ó�õ�¨ªõ�Ú��,�WÛ.¨d©=Ù,Ú��2¨�Þ��ròdõt��ÞRû)�rõ�¨ ë ÷�Ù,Úwì´ÚOÙ'÷�ñ
î��.lrn$�q��×2�Ul@s�l$kK��Æ��Í�.�2n�ëz��k�oªn$�o�;×wl��%�o�:zK�.u4ñ~���.�alG�tk	Æ��Ul����µ×
����lG�o��zK�o�Bn$�
�U�.lG�UÇ��qk	Æ
ñ§�okª�Ul������aÆ~�tk�ç	ko�}¡[�U�2n�ëz�tk�o¬n$�o�;×wl ø�ö(÷�ö�ø�ù�ú`û-ù9ü_i�øaj��9ù0ÿ�û��Nþ�ü�þ�����ú ÔWq�Õyl$�U�Uls�?×w�
�t���a�t�qk
n��q�.�UlG�UÇ��qk	Æ����0Ço�U�2n�lG�U�a�o�ÝÆ�ly�Ul$���Wâ	�+�a�t�qk�Æ�ly�����Ul@s�Ç��G�_�+�a�o�.lyl$�´ñ������.lrn$�U�t�.�����t���t�_���U���
k
Æ��)s����U�G�U�����Fq

®J¯���¯LK £O¾,¢¤���%�����"�*�x�3�� (���S�*���2�������e�2�tVw���3�S�A�
�cË �$PV�h�(�B�J�(�2�*�
ç]ªÃÓkÖ?Ï<Ù�`«��j Ô`Ò

ä ��çpo
�o�Ul�©rq é�ê s��qkw�a�Ul{�vu��?×w�
�t���a�t�qk�Æ����U�zn-ëz�tk�o§n$�o�;×wl�lGkµæ��qk	n��U���
k�Æ2l�����¦	�olGk	n$l0ÆFu�l�â�n$�6ã
���+�a�t�qkýÇ��
�o���oký�.l$�����aÆÍlGkw�a�Ulp�nuZl�âon$�����+�a�t�
k·�����UlG��l$�����~�U�qkoÆ�l&ìÁç�â��µñª©
¥~Ço���L×qlrnp�ok
�rn��;��kK�U���t�t�qk�ÆFu��Wk�ÓzÅ�¡Ê£q£
£WÔWq
ä u��?×q�q�t���a�t�
kýÆ��m�.�2n-ëK��k�oªn��o�$×wl�lGk²æ��qk	n��U�t�qkýÆ2l����¬¦	�olGk	n$lpÆFu�l�âon$���_���a�t�
kÍ�����UlG�

F
lG�U�����

�U�o�/×
��kK�al�î

Ø ï[C3� ¨UT�½=¨�¨ −2
îI�
kª�
Åo�UlG�$×wl��okolsÆ��Ls��tkz���a�t�qk�Æ2ls�vu��tkK�UlGko�U�t�U��Æ��~�U�2n�ëz�tk�o¬n��o�$×wleq

ä l��U�Loqk;���Oìºl$�U��Æ��6ò��a�
n��U��×wlG�U�­�tlG�x��k�oq�tlG��ko�@ow�+�a�/æ'�xn$lSzK�����a�a�
Æ2�o�t�­����Ço�U�G�UlGk	n$l�Æ�l
Æ��t�����_���U���
k³Æ	��ko���vu��Gn��;��kK�a�t���t�
k.q ä uZl�â�Ç;��ko�a�t�
külGk��U�o�0æ���n$l��Ul$�U�Ul�s��2Æ��G�.�Gl x n$l3zK���
lFâ�Ço�t�0zK�ol&zw�.u�lG�t�tl­�a�
���BÆ��$�alrn��U�Gl�q ä �0n$��ssÇ��q�_��kK�al­n$��ssÇo�UlG�U�U�6×wl�Æ2l­�nuZ�qkoÆ�l�Æ�l­Æ������+���Wã
�U���
k�È�n$��ssÇo�UlG�U�U�t�qk¬lG�.�B�a�U�
Ç&æ����tÅo��lxÇ��q�o�����a�Ulx�
Åo�UlG�$×q�Gl�q

Ø ï[C�Þð¨UTÝ½L¨�¨ −2
îÝ�
k§�qÅo�UlG�;×wlI�okol�����o�sslGkK���+�a�t�
kpÆ�lI�vu=�ds�Ço�t���a�	Æ�l­Æ�lI�vu�l�â�Ç;��ko�U�t�qk.q

Ø ï[CE/FD�¢�à¼õ��«¢kD�à ¨UT�½=¨�¨ −2
î��qkÕk��
�al x lGkÕÇo�t�o�§Æ�l����ÎÆ��t���+���+�a�t�
k x ���ªÇo�U�G�UlGk	n$l

Æ�l��U�=o
k;���©ìäÆ��6ò��a�
n��U�§����â���k�o
��lG��Ç��q�U���a�/æ'�tzK�o�¢n$�
�U�.lG�UÇ��qk	Æ�lGkw�¡ñp����n$�es�Ço�.lG�U�a�t�
k.q
ÕylÍ�.�G�U�o�t�_���~�a�a�
Æ��o���ª�okol·����o�sslGkK���+�a�t�
k Æ�lÍ�vu=�ds�Ço�t�t�U�	Æ�lýÆ�lÍ�vu��
k	Æ�lýÆ�lÍÆ������+���Wã
�U���
k�È�n$��ssÇo�UlG�U�U�t�qk.q

Ø ï�ó,Þ)õ�Ú�¨qõz÷{÷WÞ ë ø��mÙ�õ�Þ���õ2÷&��ï,C�¢kD�à ¨UT�½L¨�¨ −2
î��qk��qÅ��al$�$×wl����xÇ��U�G�UlGk	n$l�Æ�l��U�=o
k;���

ì Æ2�/òd�_��n��a���UlG�o��l6s�lGkK�­Æ	��ko�I����}G�
kol���k�o
�o�����t�Ul�n$�
�U�UlG�UÇ��
k	Æ	��kK��ñs����n$�es�Ço�.lG�U�a�t�
k.q
Õyls�U�G�U�o�����+�{�U�=o
ko�6ç	l~zK�ols�nuZl�â�Ç;��ko�U���
kÎÆ�l?×2�tlGkK�x�a�.�qÇª�Ls�Ç��
�.�_��kK�Ul�Ç��
�o�x�$�a�.l�Æ2�$�alrnFã
�U�Gl x n$l4zK�o�`lGkK�a�a��á�kol��ok�lpÆ��=s��tkz���U�t�qkÍÆ�l§�nuZ��kw�alGko�U���a���tkK�a�@o
�U�GlpÆ2�m�U�zn-ëz�tk�oªn��o�$×wleq
¬ k��Ul?×
��kon��ol x �qk��
Åo�UlG�$×wl§n������t�Ul@s�lGkw�����¬n$��s�Ç��
�_��kw�al§n$��ssÇo�UlG�U�U�/×ql§Æ�l§�vuZ�qk	Æ�l§Æ�l
Æ��t�����_���U���
k�È�n$�es�Ço�UlG�U�U�t�qk.q
��ªÃÓkÖ?Ï<Ù�`«¬´Î`Ò

ä � ç�oq�o�.lI©rq éqÿ s��qkw�a�UlB�vu��?×w�
�t���a�t�qk�Æ����U�zn-ëz�tk�o�n$�o�;×wl�lGk�æ��qk	n��U���
k�Æ�l����I¦	�olGk	n$l�ÆFu�l�â�n$�t�_��ã
�a�t�
k��tk�æ'�a���.�q��o
l�Ç��q�o�¨�okp�Ul$�����aÆ§lGkK�a�.l��vu�l�âon��t�_���U���
k������al$�Bl$�������U�
k	Æ�l ì ç�â2�ªñ§£­ko���L×qlrn
�ok��rn��;��kK�U���t�t�qk�ÆFu���k�ÓzÅB¡Ê£q£
£WÔWq
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60 mJ/cm2

30 mJ/cm2

15 mJ/cm2

7,5 mJ/cm2

3,75 mJ/cm2

2 mJ/cm2

1 mJ/cm2

Intensité (u.a.)
Fluence 

d’excitation 
laserSignal transitoire 

(trait bleu gras)

Référence avant excitation
(trait noir pointillé) 

Référence
après excitation
(trait rouge fin) 

Angle (mrad)

9;:=<+>
?�@}�+C=DGF}�	N$�_X>PÝQ�TUP�T¢\[QBPcIGYQRZLa^��aYwù�N%�aLhR�P�\�X]L_^¨O$P`J'L�M"��XZ^A�¡MWP�J��aQ)Q�^�N La^$M4\�X]La^BO�QrRZTM^GP�Q�^GM4Q�O�S Q%T$MWX \�TÊ\�X]L_^
� M�LhPcIGJ[XZY�Q�Q�^a\[J'QU\�Q�\_ah]vPMd�b M$P −2 G<I�LaP�J#P$^BJ'Q�\�T.J[OBQ�^a\'J'QcR S Q%T$MWX \�TÊ\�X]La^�X�^�N=J[T.J'LaPA�UQ�Q�\gRZT¢Y�La^GO�QrL¹p�T�NcnUq?]MIGY
�=N�M(W$TU^a\�X>RXR]La^`O�S Y�^*Z3H}��\h\?\�G2G[b
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60 mJ/cm2

30 mJ/cm2

15 mJ/cm2

7,5 mJ/cm2

3,75 mJ/cm2

2 mJ/cm2

1 mJ/cm2

Intensité (u.a.)
Fluence 

d’excitation 
laser

Signal transitoire
(trait bleu gras)

Référence
après excitation
(trait rouge fin) 

Référence avant excitation 
(trait noir pointillé)

Angle (mrad)

9�:E<+>
?%@}�+CEDEö[�;N$�aXXP�Q�TUP�Ty\'QBPcIrYQR]La^A�aYgù�N%�_LhRZP�\[XZLa^¨O$P`J'L�M���X�^��¡MWP�J��_QRQ%^�N=La^GM�\�XZLa^¨O�QrR�T`^GP$Q�^$M�Q�O+S Q%T�MWX]\[T.\[XZLa^
� M�LhPcI$J[X�Y�QÒQ�^a\'J'Q,\�QW\ra?]�PMd�b M$P −2 GVI�LaP$JRPG^�J'Q�\[TUJ[O�Q�^a\[J'Q`R S Q%T$MWX]\[T.\[XZLa^®X�^�N=J[T.J'L_P��UQÒQ�\rRZT`Y'La^$O$QcL pAT�N`ne\Ò^GY
� N�M�WGTU^U\�XXR>RZLa^`O+S Y�^EZ3H}��\?\?\�G2G�b
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ï k�k.uZ�qÅo�UlG�;×wl�Ço�t�o�`Æ�l®n$�es�Ç��
����kK�al®n$�es�Ço�.lG�U�a�6×wl x nr���¢�nuZ�qk	Æ�l®Æ�l®n$�es�Ço�UlG�U�U�t�qk�È�Æ��t���+���+�a�t�
k
lG�.���a�.�qÇ��G�t�
�=o
ko�Gl�Æ�l������U�o�0æ[�
n$l0Æ�l��vu��Gn��;��kw�a�t���t�
k�Ç��q�o�®���a�Ul0Æ����alrn��_��Åo�tl0Ç;���®�����U�
k	Æ�l@ìSq
ï k��qÅo�UlG�$×qly�tly�Ulrn��q��×2�.l@s�lGkK�ÝÆ��0�U�Lo
k;���zìÕÆ��6òd�_��n��a��q´Õ`l$���o�2ã�n$�zlG�.�ÝÆ �¡ñ������.lG���Wâ	�+�a�t�qk�Æ�ly���
�Ul@s�Ç��G�_�+�a���Ul­l$�BÆ�l­�nuZl�â�Ç;��ko�U���
koñ������U�o�0æ���n$l�Æ�l­�vu��rn:�;��kw�a�t���t�
kEs������¨�@ow����l@sslGkK�(¡�Ç��
�o�¨�tlG�
¦	��lGk	n$lG�`ÆFu�l�âon��t�_���U���
k��U�oÇ��G�U�tlG�o�Ul$�«ñ{� x ÿ ©�s§þ qEn6s −2

Ô¡���~s��rnr��ko�t�:sslIÆ�l®�.lrn$�U�t�.�����t���t�_���U���
k.q
ï k~Ç�lG���xko���alG�&zK�ols�tl��Ulrn$�
��×2�.l@s�lGkK�{Æ2�ª�U�Lo
k;���³ì ����â��al@s�Ço���tk�ç	ko�t�~¡ ø�ö(÷�öFø-ù�úZû-ù9ü_i�øaj��
ù0ÿ�û��,þ�ü�þ[���mú Ô®lG�.���a�������|Ç��
�o�{Æ�lG��¦	�olGk	n�lG��ÆFuZl�âon$�����+�a�t�qkª�tk�æ'�G�U�tlG�o�.l����ª�UlG�o���|Æ�l�Æ��esOs��doql
ss�qko�mã��a�t��¡[lGkK�a�.l�£�©�l$�®�
¥�s§þ q�n6s −2

Ô	q

à�½=�#½�Þ Ãpø��rõ��¤¨¬Ù,Ú�����Ù�ÛZÚÕô�õ�ó��B¨wÛZÚ�������Ù,Ú��rõ���Þ#û��rõ�¨ ë ÷�ó�Û`Ú.�d÷

ä uZ�?×w�
�����U���
kÎÆ�lG�{Ço�.��ç	�t��Æ����U�zn-ëz�tk�o�n��o�$×wlsko�
�o�{Çdl$�$s�l$��Æ�l�Æ����alG�$ss��kolG�x�tlG��nr���a�
n��U�G�U�t�;ã
�U�0zw�olG�yÆ2l�����n$�qkw�a�_���tkK�al|o
�Gko�G�U�$l®Æ	��ko�¢�tl|s��+�a�G�.�����.q Ë �
�o�y�����t�
ko�¢���a�t�t���UlG�¢Æ�lG��â�ss�$�:�o�zÆ�lG�
zw�o���
kK���$�U��Ço�.�G�UlGkK�a�$lG��Æ	��ko�������Ulrn��a�t�
k·��q ê q�è½îp�����a�
�t���a�t�qkÕ��k;���L¥K�a�=zK�ol¬Æ�l É �o��ss�al$k
l$�����vq�l$�s�tlEs��zÆ �G��l&ñ~Æ2lG��â«�Ul@s�Ç��G�_�+�a�o�.lG�yq ä l��U�=o
k;���Qì Æ��/òd�a�
n��U�)zK�o�Bn$�
�U�Ul$�aÇ��
k	Æ½ñ
n$l��U�alxn$�
kK�a�a���tkK�Ul�lG�U��nr����n$�o�t�ªñ0�nuE����Æ�lxÆ����t�eoq��n$�tlG��ÓzÇ����0ì¼Ço�.�G�UlGkK�a�xÆ	��ko�������Ulrn��U���
k é qE� q é q
ä ��n���s�Ç;���_���t�a�
k�Æ2lG�`�U�zn-ëz�tk�o�n$�o�$×qlG�y�$�o�G�
�U�=zK�olIl$�`l�â2Ç��G�U�Ls�lGkK�_����â�Ç�lG�$ssl$�¨ÆFu=�����o�.�alG�y�tlG�
Ç;���_�dsO�$�U�UlG��Æ	��ko�®n:�;�
n$�ok�l�Æ�lG�|s��$�:�o�zÆ�lG�yq
ä lG���U�=s0�o�����U���
ko���U�
kK���.�������t�U�GlG�I��×wlrn��ok��rn:�;��kw�a�t���t�
k�ÆFuJ�Wk�ÓzÅB¡.£
£q£WÔ x �okolx�Ls�Ço�o�t�a�t�
k¬�����UlG�
�tk�æ'�a���.�q��o
lsÆFuZ�okol�¦	�olGk	n�lsÆ�lp£
£G¥4s�þ qEn6s −2

l����ok~�Ul������aÆ�lGkK�a�.l��vu�lFâon$�����+�a�t�qk~�tk�æ'�a���.�q��o
l
l$�������U�qk	Æ�l�ìÏÆ�l é ©�Ço�yq

®�¯?�k¯u° �
Á¦���B�3�?�����Q�J�(�2��� ���,�����A���V�������6�Q��� M ��Ë �¤�"���}���,���¦���*�$�����2���³���Q�¤�5Àw�(�"¶����}���t!rµV���O�A�h����U�¤� ¯

ó �q�o��nr����n$����lG���vu��?×q�q�t���a�t�
k�Æ�ly���®n$�
kK�a�a���tkK�Ul`Ç��U�G�UlGkK�Ul¨Æo��ko���nuZ�rn��;��kK�U���t�t�qk��
k0���a�t�t�t�aly�nuZ�yzK�;�Wã
�U���
kª� qE��£eq�Õyl$�U�Ul��U�
�t���a�t�qk���k;���?¥z�U�0zw�olsn$��s�Ç��
�.�UlsÆ�lG��â~n$�es�Ç��q�_��kK�alG�¡î®����Ço�Ul@s��L�G�.l�lG�.�
�ok�lBl�â�Ç;��ko�U���
k��.���+�a�=zK�olBl$ks�a���0æ���n$l x l$�¡���I�Ulrn$�qk	Æ2l�lG�.�|�okolB�qkoÆ�l�Æ2l�Æ��t���+���+�a�t�
k�È�n$�es�Ço�.lG�;ã
�U�t�qkYzw�o�z�Ul`Æ��$Ço����n$l«ñ����b×2���UlG�a�Ul`Æ��0�U�
k�Æ	��ko�Ý�tly�U�q�t��Æ�l�q ó �q�o�Ý���%�o�.�UlG������n$�q�o�.Å�ly�$�o�G�q�.�=zK�ol
Æ����U�=o
k;���=ìÏÆ��6ò��a�
n��U��ñ����sn$�q�o�.Å�l{l�â�Ç��G�U�Ls�lGkw������l{�
k¬Ç�lG���}s��zÆ��6ç	lG���vu=�ds�Ço�t���a�	Æ�lx�a�������tl
Æ�lx���sn$�
kK�U�_����kK�Ulx�q��Åo�tlGk�n:�;��k�o
lG���vu=�ds�Ço�t���a�	Æ�l�Æ�u��okol{Æ�lG��Æ�lG��â�n$�es�Ç��q�_��kK�alG�yq
ä �Tçpo
�o�Ul�©rq é � s��
kK�a�.l����~n$�qkK�U�_����kw�al��U�Ls��o�t�Gl�Ç��
�o���okolp¦	�olGk	n$l¬ÆFu�lFâon$�������U�t�qk·Æ�l�£q£G¥
s�þ�q�n6s −2

l$�I�ok��Ul$�����aÆ�Æ�l é ©�Ço�­Æ	��ko�I�ok��rn��;��kK�a�t�t���
k�ÆFuJ�Wk�ÓzÅ­¡Ê£q£
£�Ô	qGÕ`l��U�al0n$�
�o�UÅ�l0lG�.�
�
Å��al$kz�olIlGk����%�o�.�_��kK�`�tlI�U�Lo
k;����ì�Æ��6òd�_��n��a���:�o�G�
�U�=zK�ol���×wlrn®n$l$���o��s�lG�U�o�U�®l�â2Ç��G�U�Ls�lGkK�_���tl�ã
sslGkK��Ç��
�o��n$lx�.l$�����aÆFq
ï k��
Åo�UlG�$×ql�zw�ol�����n��qkK�U�_����kw�al�lG�.�ªæ[���tÅo�tlµî�Æ�l��vu��
�aÆ��.l�Æ�l�¥ x4ê s ����s��Wâ��Ls���s Ç��q�o�{���
}G�
kolxn$�
�U�.lG�UÇ��qk	Æ	��kK�¨ñ0�nuZl�â�Ç;��ko�U���
k È�¥ x £*sðÇ��
�o�Bn$lG�t��lxn$�
�U�.lG�UÇ��qk	Æ	��kK��ñ0����n$�es�Ço�UlG�U�U�t�qk.q
ä �·çpo
�o�Ul§© q é Ô¬Ç�l$�$s�l$��Æ�l�n$�es�Ç;���.lG����l��U�zn-ëz�tk�o�n$�o�$×ql��
Å��al$kz�m��×wlrn��tl����eo
��n$�tlG�¨ÓzÇ��
�$ì
Ç��
�o���tl�Ço�.��ç	�{Æ�l�n$�
kK�a�a���tkK�Ul��tk	Æ��=zK�o���U�o�����®çpo
�o�.l�©rq é � ��×wlrn~��lª�U�Loqk;����ì Æ��/òd�_��n��U�
l�â2Ç��G�U�Ls�lGkK�_���vq ï k��tk	Æ��0zw�ol��@ow���tl@s�l$kK�¢��l$�¢�.�2n-ëz�tk�o�n��o�$×wlG�¢Æ�l ø�ö(÷�ö�ø�ù�ú`û-ù ümý�ümú�þ�ù$ÿ�û��,þ�ümþ����múkK��s��G�U�=zK�olxnr����n$�����xÇ;���B�tlx�t�eoq��n$�tlG��ÓzÇ����0ì¼l$�|s�lG�U�o�U�­���
�U��Æ�lx�vuZl�â�Ç��G�U�tlGk	n$l�q�ÕylG��Æ�lG�.ko��l$�U�
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Profondeur (ÅÅ))

Contrainte (%)
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?%@ �+CED�ÿ�HzJ'L?pER�O$Q�M�La^a\'J[TaXZ^a\[Q�MWT?R�M�P�R]N�nyR S TUXZO$Q�O�Q�RZT�Y�LhR�P�\�X]La^�O�Q}�lW�LhPÒY�Q�^�Q�\`T?R bÃI�LaP$J¢P$^$Q,^GP�Q�^GM�Q
O+S Q%T$MWX \�TÊ\�X]La^`O$Q`\?\B]cPMd�b M$P −2 Q�\QI�LaP�J�P$^yJ'Q�\[TUJ[O`Y'P$X��.TU^a\QR S Q%T$MWX]\[TÊ\�XZLa^`X�^�N=J[T.J'LaPA�UQRO�Qr�?q0IGY�b

�U�qkK�{���a�t�t���U�G�{Ç��q�o�{Ç��
�U�t�U���
kokolG�{��l��U�Loqk;���¡l�â�Ç��$�U�Ls�lGkK�����[¡�lGkÎ��k�o
�tl�l$�{lGk���kK�UlGko�U�t�U��Ô­Ç;���
�_��ÇoÇ��
�.�I����nG����n$�o�#�:�o�G�
�U�=zK�ol�q
ï k~�
Åo�UlG�$×wl��U�o�­���9çpo
�o�Ul�zK�ol��vu=�����o�U�Ul@s�lGkw�xlGkK�U�Ul��tlG�xÆ�lG��â~n$�
�o�UÅ�lG�xkFu�lG�.�xÇ;����Ç;���$æ����t� x
s��������t�RÇ�lG�$ssl$��ko�r��k�s��
�tko�®ÆFu�l$�U�U�=sslG�����sn$�
kK�a�a���tkK�Ul�Æ	��ko���vu��rn��;��kK�U���t�t�qk.q
ä �¡çpo
�o�.l0© q��q¥�s��
kK�a�.l{�vu���×w�
�����U���
k�Æ�l{�nuZ�tkK�alGko�U���a��Æ�l{�����a�
k	Æ�l�ìÏl$koæ'�
k	n��a�t�qk�Æ�lx�nuE��k�o
�tl
l$�{Æ2�~�Ul@s�Ço�xnr����n$�o�t���L×qlrn���l$�xÇ;���_�dsO�$�a�.lG���
Å��alGkK�olG�x�t�q�.�{Æ�l��vu=�����o�.�al@s�lGkw�~¡��Gn��;��kw�a�t���t�
k
ÆFuJ�Wk�ÓzÅB¡.£
£
£�Ô$ÔWq
ó �
�o�­���%�o�.�UlG�®����n$�
�o�.Ådl{�:�o�G�
�U�=zK�ol��L×qlrn{����n$�
�o�UÅ�l�l�â�Ç��G�U�Ls�lGkw�����tl0ko�
�o����×w�
ko�­Æ��Ls��tkz�o�
�vu=�ds�Ço�t�t�U�	Æ�l��a�������tlsÆ�l����§n$�qkK�U�_����kw�al�q ä l�Ço�.��ç	�ÒÆ2lsn$�
kK�U�_����kK�Ulsnr����n$�o�t��lG�U���@zK�o�6×q���tlGkK�ªñ
n$lG�t�o�)n$�
�U�UlG�UÇ��
k	Æ	��kK�Gñ��okol�¦	�olGk	n$l{ÆFu�l�â�n$�t�_���U�t�qk�Æ�l�£G¥�s§þ q�n6s −2

q
Õ`l|Ço�U�
Åo�=�6s�l�s��qkw�a�Ul|�tlG���t�Ls����alG��Æ�l¢n$l$�.�al�s��$�$�o�2Æ�l¨î#���B�U�
�����U���
k0��k;���?¥z�a�=zK�olyÆ2l É �o�es��UlGk
l$�­���vq¨�U�oÇoÇ��
�UlYzw�ol��vu=����o�sslGkK���+�a�t�qk�Æ�l{�����al@s�Ç��$�_�+�a�o�Ul{lG�.�I�tko�.����kK����ko�Gl�l$�,zK�ol�n$lG�t��l�ã�n$�
�UlG�.�Ul§n$�qk��U�_��kw�al���Ç��$�G�0�vu�l�âon$�����+�a�t�
k«Ç;���0�vu��Ls�Ço�o�t�U�t�qk«�����UlG��n$l2zK���ylG�.��æ[����âÎÆ	��ko�0�tl§nr���
ÆFu��ok�l��Ls�Ço�o�t�U���
k¬æ'l@s��a�
�Ulrn$�qk	Æ2l�q¯Ö®l�Ço�t�o� x n$l$�U�Ul��U�
�����U���
kÎkol�Ço�.lGk	Æ�Ç;����lGkÎn$�es�Ç��Ul��tl
s��rnr��ko�t�$s�l0Æ�lªæ'�o�U�t�
k�ko�qk¬�$�olG�$s��=zK�ol{l$�®���sÇo�U�G�UlGk	n�l0ÆFu��okoç	�Lsµ���=zK�o��Æ�l¡ñs���s�a���0æ���n$l0Æ�l
�vu��rn��;��kK�U���t�t�qk.q ä lG��n��qk	Æ����a�t�
ko������â��t�=ss�t�UlG��ñ¬�����U�o�$æ��
n�l"¡��U�o�0æ[�
n�l§�t��Åo�.l�Ô{���U���t�t�a�$lG��Ç��
�o�
�qÅ2�alGko�t���nuZl�â�Ço�.lG�U�a�t�
k���k;���?¥z�U�0zw�ol{kolx�U�qkK���@ow���tl@s�lGkw�®Ço�t�o�«×
������Åo��lG�yq
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Reférence avant excitation
 simulée par SpotX

Angle 
(mrad)

In
te

ns
it
é 

de
 la

 s
on

de
 X

 (
u.

a.
)

Reférence avant excitation
expérimentale

Courbe expérimentale

∆∆t = 25 ps

Courbe théorique

9;:=<+>
?�@,�+C=D@�b
Jç�P$Y�\'QBPÝQ�^a\	O$P¡Y'X��_^$T?R�L�\�W�NWLUJ[X�V�P�Q0� Y�L3RZP�\�XZLa^¡TU^$ThR 7�\�XZV�P�QdO$Qk�lW�LhPÒY'Q�^ÒQ�\	T?R b G�TB�aQ�M�M�QBR�P$XEPÝQ�Y'P$J'N
R]LUJ[YzO�Q�YKQ%T�I�NWJ[XZQ�^$M�Q�YKO$Ta^$YKP$^ÝN�M�W$Ta^U\�XXR>RZLa^ÝO+S Y�^EZ�HC��\?\?\�G¼I�LaP�JzP$^ÝJ'Q�\[TUJ[OÝO�QQ�hqVIGY�b�j
T#M�La^U\[J[TUX�^a\'Q;M�LUJ'J'Q%Y�I�La^$OGTU^U\
TUP`Y'X��_^$T?R�\�W�NWLUJ[X�V�P�Q#Q%Y�\;J'Q$IGJ'N�Y�Q�^a\[NWQRY'P�JQR�TcpA�aP�J'Qrq�b �?o�b

®�¯?�k¯u° £}Á������3�.�����Q�����"�*�½���M�2���A�*�V�(�3�¤���V�������r���v���
���3�
�c�3���J�h����� M ��Ë �¤�"���,�Q�e� ��� ®h�"� M ���¤��P�B�3�~�c�3���J�h�¤���3� ¯

ó �q�o��nr����n$�o��l$�0���¬n$�
kK�U�_���tkK�Ul�Ço�U�G�UlGkw�al�Æ	��ko�0�vuZ�rn��;��kK�a�t�t���
k��
kÎ���a�t���t�Ul��tl~s��zÆ �G�tl�ñ¬Æ�lG��â
�Ul@s�Ç��G�_�+�a���UlG�EzK�o�����$�U��Ço�U�G�UlGkK�U�~Æ	��ko�������Ulrn��a�t�
k�� q ê q é q¯�W�IÇo�U�G�UlGkK�Ul��nuE��×q��kK�_��o
lªÆ2l
Ço�.lGk	Æ��Ul�lGkÕn$�es�Ç��al��tl�n$�q�oÇ����doql�Æ��·�h¥2�.�$�@s�l��G��lGn��a�U�
ko�=zK�ol��L×qlrn��tlG��Ç��o�
ko�
ko� x n$l�zK�o�
Ç�lG�hs�l$�xÆ�l�Æ��$�UlG�$s��tkolG�­�tlG�­�Ul@s�Ç��G�a���a���UlG���$��lrn��a�U�
ko�=zK�ol�l$���t�qko�=zK�ol�q@Ö���ko�xn$lYs��zÆ �G�tl��tl
ss�rnr��ko�t�$s�lBÆ�lBÆ��6òd�o�a�t�
k��$�olG�$ss�0zK��lBl$�U�Ò�@ow���tl@s�l$kK�|��k	n����o�yq ä lG�ÒÇ;���a��sO���a�UlG�Ò���U���t�t�U�G�¡Æ	��ko�
�����U�Ls��o���+�a�t�qk��U�qkw�­�tlG�I�U�o�/×
��kK�a��îBn$�zl$ �n$�tlGkK�a��Æ�l�oq�h°okolG�t�alGk����
ko�=zK�ol

γi
l$�I�G�tlrn��a�.�qko�=zK�ol

γe
x n$�qko�.�_��kK�Ul�Æ�l�n$�
�oÇo����o
l��G�tlrn��U�U�
k�È�Ç����qko�
k

G
l$��n$�qk��U�_��kw�al�Æ�l�Æ��6òd�o�a�t�
k«�$�olG�$s��=zK�ol

K
q

ä ��çpoq�o�.l�©rqE��£{�.lGÇo�U�G�UlGkK�Ul��tlG�®Ç��U��ç	�����:�o�G�
�U�=zK�olG�IÆ2l{�Ul@s�Ç��G�a���U�o�Ul{�G�tlrn��a�.�qko�=zK�ol
Te
x �t�
k�ã

�=zK�ol
Ti

l$�BÆ�l­���0n$�
kK�a�a���tkK�Ul�Æ	��k��¨�ok��Gn��;��kw�a�t���t�
k�ÆFu���k�ÓzÅ"¡.£
£
£�Ô¡�U�q��ss���«ñ��okol­lFâon$�������U�t�qk
�����al$��Æ�l�£q£G¥�s§þ qEn6s −2

Ç��q�o���okÎ�Ul$�_���UÆÎ�U�o�6×q��kK�0�vu�l�â�n$�t�_���U���
k������UlG�0Æ�l é ©�Ço�yq ä lG��nr���2ã
n$�������U�qkK��l?ò�lGn��a�o�G�s�L×qlrn��tlG��Ç;���_�dsO�$�U�UlG���U�o�/×
��kK�a�¯î

γi = 0, 68
x
γe = 0, 5

x
G = 1016ë<opq±s −1

q � −1
qZ� −3

l$�
K = 15

­§q±s −1
q � −1

qõÕylG��Ç;���a��sO���a�UlG���
kK���$�U�G��Æ��$�alG�hs��tko�G��l$k
�����o�.����kK����l¬�U�=o
k;���¨ì Æ��6ò��a�
n��U�¬�:���G�q�.�0zw�ol�n$�
�U�Ul$�aÇ��
k	Æ	��kK�p��×wlrn¬n$lG�t�o�[sslG�a���U�¬���
�U��Æ�lG�
l�â2Ç��G�U�tlGk	n$lG�yq
ï k¬�qÅo�UlG�;×wl�zK�ol�����n$�qkw�a�_���tkK�al�l$�U�®Ço�t�o�®�Ls�Ç��q�Ê����kK�al�zK�ol0n$l$���tl{�a�U�
��×w�Gl0��×wlrnx�����U�q�t���U���
k
��k;���L¥K�a�=zK�ol­Æ�l É �o�es��UlGk�l$�¨���vq«î��vu�l�â�Ç;��ko�U�t�qk�lG�.�B����s���â2�=s0��sðÆ�l�èJs Èz����n���s�Ço�.lG�U�U���
k
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Fenêtre d’ observation expérimentale
((7 mrad)

9�:E<+>
?%@,�+CXt@��¥k�_LhRZP�\[XZLa^¡O�QSR S X�^U\[Q�^$Y[X \[NVL�OGX�K�J[TUM4\[NWQVIGT.JoP$^|N%M�W$TU^a\�X>RXR]L_^|O�S Y�^*Z3H���\?\?\�GKQ�^MN=La^GM�\�XZLa^¡O�QSR S TU^A�hR]QdQ�\
O$P¢\[QBPcIGY;Y'XXP�PARZN)T$�aQ�MgRZTÒY'LhRZP�\[XZLa^`O�Q��<W$LhPÒY�Q�^¢Q�\dT?R b�I�LaP�J�P$^�Qg^GP$Q�^$M�QRO+S Q%T$MWX \�TÊ\�X]La^`O$Q`\?\B]cPMd�b M$P −2 b

lG�.�­����s���â2�=s0��sµÆ�l�¥ x�ê s2q í kol�Æ��6òd�G�UlGk	n$l{�=ssÇ��q�Ê����kw�al{lGkK�U�Ul{�tlG��Ço�U��ç	���®Æ�l�n$�qkK�U�_���tkK�al
�qÅ2�alGkz�olIÇ	���y��l$�BÆ2lG��â�s��zÆ �G�tlG�¨�UlI�U���a�ol����§ko�6×wlr����Æ�l®����n$�es�Ç��q�_��kK�al­n���s�Ço�.lG�U�U�/×ql­Æ��qkw�
�tl[oq�a�
Æ��tlGkK�`lG�.�yÇo���o�y�=ssÇ��q�Ê����kK�¨Æ	��ko�y��l[s��zÆ �G�tl�ñ{Æ�lG��â��Ul@s�Ç��G�_�+�a�o�.lY¡����{Æ����.����k	n$l ñ

1/eÇ;���{�a��ÇoÇ��
�.��ñ����¯×
����lG���(s��Wâ��Ls�����l�Æ�l����pn$��ssÇo�UlG�U�U���
k�lG�.��Æ�l��
¥
¥³� �����
�U�(zK�.u�lG�t�tl�lG�.�
Æ�l�£�èq¥
¥��ÐÆo��ko����l{nr����Æ�lx�����a�
�t���a�t�qk���k;���L¥K�a�=zK�ol�Ô	q ä ���al@ssÇ��G�_�+�a�o�.l�Æ����U�q�t��Æ�l�¡

Ti
ÔylG�.�

�U�t�U�o�s���~Æ�lG�U�a�o��Æ�l������Ul@s�Ç��G�a���U�o�Ul�Æ�l�æ'�o�U���
k~�U�o�I�okol��GÇ;���t�U�alG���xÆ�l��vu��
�aÆ��Ul�Æ�l ê ¥q¥½�Yq
ä �s�al@s�Ç��G�a���U�o�Ul��G�tlrn��a�.�qko�=zK�ol0lG�.�IlGk	n$�
�Ul��U�$�G�I�$��l?×q�Gl�î¨Ço�h�G�­Æ�l0�
¥9æ'�
�t�I�����Ul@s�Ç��G�_�+�a�o�.l
��s0Åo����kK�Ulªñ������U�o�0æ[�
n$leq
ä �9çpoq�o�.l�© q�� é Ç�lG�$ssl$�{Æ�l�n$��ssÇ;���.lG�x�tls�U�zn-ëz�tk�o�n$�o�$×qls�
Å��alGkz�ol�Ç;������lSs��2Æ �G�tl�ñ�Æ�lG��â
�al@ssÇ��G�_�+�a�o�Ul$�{�L×qlrn��tlG���U�$�a�o�����+�a�­l�â�Ç��G�U�Ls�lGkw������â x Ç��
�o���ok��Ul$�_���UÆ��U�o�6×q��kK���vu�l�âon$�����+�a�t�
k
�����UlG�{Æ�l é ©�Ço�{Æ	��ko�x�okª�rn��;��kK�a�t�t���
kÎÆFu��Wk�ÓzÅ«¡Ê£q£
£WÔIl$�x�okol�¦	�olGk	n$l�ÆFu�l�â�n$�t�_���U���
k�Æ�l¬£
£G¥
s§þ qEnWs −2

q
ï kª�
Åo�al$�$×wlOzK��ls���pn$�es�Ç��q�_��kK�al�n$�es�Ço�.lG�U�a�6×wl)¡���k oq�tl�Ç��
�U�t�U��æ��FÔ­Æ�ls���pn$�
�o�UÅ�l��:�o�G�
�U�=zK�ol
lG�.�¨æ[���tÅo�tl{Ç;���B�_��ÇoÇ��q�Ê�Gñ�����n$�
�o�UÅ�lxl�â�Ç��G�U�Ls�lGkw������lxl$����lxÇo��nxÆ�l¦ºy�_�do�o�n$lGkK�U�U�x�U�o�

θ = 0lG�.��Ço�t�o����kK�UlGko�Ulx�a�o�B���sn$�
�o�UÅ�l��:�o�G�
�U�=zK�ol�q í k�l�����oes�lGkK�_���U���
k¬ÆFu��ok¬Æ�lG��n$�Kl$ �n$�tlGkw�a�®Æ�l
oq�.�okolG�t�UlGk�Ço�U�W×w��zK�ol��okol��U�rÆ��	n��U���
k�Æ�l��vu��tkK�UlGko�U�t�U��Æ����U�2n�ëz�tk�o§n$�o�$×wl�n$lGkK�a�.�0�U�o���nuE��k�o
�tl
}G�G�U��s��������@ow���tl@sslGkK�®Æ�lx���sn���s�Ç��
�_��kw�al{n$��ssÇo�UlG�U�U�/×ql�q
ä u=��nGn$�
�aÆýÇ;���Ê�a�tlG��l$kK�a�Ul��tlG�§Æ�lG��âýn$�q�o�.Å�lG��ss�qkK�U�Ul���lG���t�Ls��t�UlG��Æ��²s��zÆ �G��l¬���a�t�t�t�a�¬î¬���
n$�
k	Æ��t�U�t�qk�����â¬�t�Ls����alG�®���a�t�t���U�Gl�lGk��U�o�0æ���n$l x ñs����×q�q�t�®�ok�l��a�o�$æ���n$l����tÅo�Ul x k.uZlG�.�IÇ;���¨×
���t��Æ�l
nr����lG�t�tlykol¢Ço�UlGk	Æ{Ç;����lGk�n$�es�Ç��Uly�tl³s��Gnr��ko�t�$s�lyÆ�l�æ'���a�t�
k0ko�qk{�:�ol$�$s��=zK�ol³zK�o���%�o�.�al`��Ço�$�G�
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Courbes théoriques
γγe=0,1 γγi=0,68

g=1016 kg.mm− 1.K− 1.s− 3

K=15 W.m− 1.K− 1
T

em
pé

ra
tu

re
 (

K
) 

no
rm

al
is

ée
 à

 3
00

 K
 

Contrainte (%)

Profondeur (ÅÅ))

Température électronique

Température ionique

9;:=<+>
?�@C�+Cut¤�¡HzJ'L?pERGO�Q;\'QBPcI�NWJ[TÊ\�P�J'Q�NBR]Q%M�\[J'La^GXZV�P�Q
Te
:�O$Q;\'QBPcI�NWJ[TÊ\�P�J'QdX]L_^$XZV�P�Q

Ti
Q�\�O$Q�M�La^a\[J[TUXZ^a\[Q

η
I�L_P�J2P$^$Q

^GP�Q�^GM�Q�O+S Q%T$M�X]\�TÊ\�X]La^¢O�Qc\?\$]0PMd�b M$P −2 Q�\	PG^¡J'Q�\[TUJ[OMI�LhPcI�Q%§�Y�La^$O$Q�O�Qg�?qgIrYoO$TU^$YoP$^¡N�M�WGTU^a\[XXR>RZLa^¢O+S Y�^EZ3He��\?\?\�G�b

�vu�lFâon$�����+�a�t�qk������UlG�`Æ��$�UlG�$s��tkol®�tl®Ço�U��ç	�dÆ��§n:�;��ssÇ§�$��lrn��a�U�es��doqko�$�U�=zK�ol­Æ	��ko�y�nuZ�rn��;��kK�a�t�t���
k.q
ä uZ�G����×q�+�a�t�
k�Æ�lB�Ul@s�Ç��G�_�+�a�o�.l�l$�¢��� ×
��Ç��q�.���_�+�a�t�qk~zK�o�o��uZlGko�U�o���¢kol��U�
kK�¢�@ow����l@sslGkK�¢Ç;���¢Ç��U�t�
lGk¬n���s�Ç��Ul�q

®�¯?�k¯u° �²�U�*�S�h�%���?�"�*�
ä uZ���a�t���t�_�+�a�t�qk¼Æ�lÎ���ý�U�
���2�a�t�qk¼��k;���?¥z�a�=zK�ol�Æ�l É �o�es��UlGk�l$�~���nqíl����tlBs��2Æ �G�tl®ñ·Æ�lG��â
�Ul@s�Ç��G�_�+�a���Ul§�qkw��Ç�lG�$s��t�sÆ�l§�U�������t�UlG���okol�lG�.�U�=s��+�a�t�
kÍÆ�l§����n��qkK�U�_����kw�al§Ço�U�G�UlGkK�UlpÆ	��ko�
�vu��Gn��;��kw�a�t���t�
kÎ���tko�a�´zK��lsÆ���Ço�U��ç	�ÒÆ�l��Ul@s�Ç��G�_�+�a�o�.l�q Ë ���a�.l��$�U�	Æ�lSs��
kK�U�UlSzK�ol��vu=��k;���?¥2�Ul
Æ�l$�Ý�al6s�Ço�Ý�t�qk�o
�Ò�UlG�.�Ul`�tk	n$�es�Ço�=���al¨�U�z�qk�kol`Ço�UlGkoÆ�Ç;���Òl$k�n$��ssÇ��al`��l*s��Gnr��ko�t�$s�l¨Æ�ly�a�a��k�ã
�U���a�t�qk~Æ�l0Ç��;���Ul��o���a�_���_��Ço��Æ�lSzK�o�Ò���t��l$�¥ñ������U�o�0æ���n$l�Æ�l��vu��Gn��;��kK�a�t���t�
k~l$�&zK�o�ÒÆ2�$�alG�hs���k�l
�U�
k�Ço�U��ç	�)Æ�l��al@ssÇ��G�_�+�a�o�.l�q
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Angle (mrad)
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)

Reférence avant excitation 
simulée par SpotX

Reférence avant excitation
expérimentale

Courbe expérimentale

∆∆t = 25 ps

Courbe théorique
γγe=0,1 γγi=0,68

g=1016 kg.mm − 1.K− 1.s− 3

K=15 W.m− 1.K− 1

9�:E<+>
?%@��+Cut�Diz�LhPcIGT.J[TUX�Y�La^{O�Q�R�T�J'L�M"��XZ^��IMWP�J��aQ`Q%T�IrN�J[X>PÝQ�^a\[ThR]Q[��^GP$Q�^$M�Q`O�S Q%T$MWX \�TÊ\�X]L_^xO$Qe\h\$]�PMd�b M$P −2 Q�\
P$^BJ'Q�\�T.J[OBQ�^a\'J'QcR S Q%T�MWX]\[T.\[XZLa^�XZ^AN=J[T.J'LaP��aQ�Q�\_RZT¢Y�L_^$O�QrL�O�Qc�hq`IGY(G;TB�aQ�MrR]Q%YdM�LaP$J2HrQ%YVPÝL�O�NBRZX�Y�NWQ�YdQ�^�P�\�X>R�XZY'Ta^U\_RZQ
PÝL�O�õBRZQVn)O�Q�P�T�\[QBPcI�NWJ[TÊ\�P�J'Q�Y2TB�aQ�MQRZQ�YJIGTUJ[T?Pcõ�\'J'Q%Y2Y'P$X��UTU^a\[YlùKM�L�Q£µ|MWX]Q�^a\�Y2O$QF¶dJ¸·$^$Q�XZY�Q%^

γi = 0, 68
Q�\
γe = 0, 5úrM4L_^$Y�\�TU^a\[QRO�Q)M�LaP�IERZT.�aQ#NBR]Q�M4\[J'La^yG	I�W�La^$La^fù

G = 1016 ���$b P −1 b ¹ −1 b Y −3 b
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Conclusion

Õ`l��a�_��×
���t�)Æ�lx�:���$�al�n$�
ko�.�a���a�ol{����Ço�Ul@s��L�G�Ulx�$�a�	Æ�l x Ç;����Æ��/òd�_��n��U���
koìÐ�U�G�U�
����l�l$k��al@s�Ço� x
ÆFu��ok�ss�rnr��ko�t�$s�l0�=ssÇo���=zK�;��kK��Æ�lG�­Ær¥2k;�ds��=zK�olG�x�+�a�es��=zK�olG�I�a�oÅ�ã�Ço��n$�
�Ulrn$�
k	Æ�lG��î¨���s�a�_��k�ã
�U�t�U���
kªÆ�l�Ç��;���Ul��U�
�t��Æ�l+È+�t�0zw�o��Æ2l��o���a�a���a��Ço��Æ�l�q Ë �q�­l�â�Ç��G�.��lGkon$lG�x�
kK��Ç�lG�$s��t�xÆ�l��U�G�U�
�	Æ��Ul
�al@ssÇ��q�.lG���tl@s�lGkw���vu��?×q�q�t���U���
kýÆ�lp�����U����n��U���
k¼ñ��okol��rn��olG�t�tl¬Æ�l§�al@ssÇo�OzK���Bl$�U��n$l$���tl�Æ��
Ço�U�zn$lG�U�U�o�ªî�zw�olG�0zw�olG�®n$l$kK������kol$�®Æ�l�æ'l@s0�U�q�Ulrn$�
k	Æ�lG�yq
× �����a�o���al�Æ�l�ko�q���.�G�U�o�t�_���U��¸ '[' ª +

¥�£A» x Æ�lG��l�â2Ç��G�U�tlGk	n$lG�x�U�Ls��t�����t�UlG���
kK���$�a���.�����t�t�a�$lG�ªñ
�vu í ko�6×wlG�.�a���U��Æ�l ¬ �U�UlGk­¡[�$�a�	Æ�l0Æ�lªç	�Ls��,s��tk	n$lG�­Æ�lto
lG�$s���ko�t��s �a���I�ok��U�oÅo�.�U�_�+��Æ�l��U���t�2ã
n$�t��sº��×wlrn¨�tlB�_�@¥w�
kokol@s�lGkw��ì

Kα
Æ����a������kol�Ô x l$�¢Æ�l®þ�lGk;�IlGks×I���tl@s��do
kol�¡[�$�a�	Æ�l�Æ�lQç	�Ls��

s��tk	n$lG��Æ�l¯Õ¨Æ É l���×wlGn��tl��a�y¥q�qkokol6s�lGkK�ªì
Kα

Æ����U�t�t��n$�t��s�Ô�¸=Ó É ºQÖ +
¥o£A»[¸ ª Å í +

¥�£GÅ�»£q
Õ`l$���$�U�	Æ�lG�®n��qk�ç	�hs�lGkK���tlG�®��k;���?¥2�UlG��Ço�.�G�UlGkK�a�GlG��Æ	��ko�®n$l��U�al��:���$�aleq
Ë �
�­l�â�Ç��G�.��lGkon$lG���
kK��Ç�lG�hs��t��Æ�l�nr���_��n��a�G�.���UlG�IÇo�U�rn$�t�U�@s�lGkK�­�����U�_��ko�a���U���
k~Æ�l�Ç��;���Ul��a�
�t�6ã
Æ�l+È+���=zK�o��Æ�l0�o���a�_���_��Ço��Æ�l�Æ	��ko�I�ok��Ul@s���n$�
k	Æ��	n��UlG�o�IlGk��$�a�	Æ�����kK�I�nuZ�?×w�
�����U�t�qk x lGkµæ'�
k	n��a�t�qk
Æ�l����~¦	�olGk	n$l�Æ�u�l�âon$�����+�a�t�
k�l$��Æ�l�����Ço�.�wæ'�
k	Æ�lG�o���U�qkoÆ��Gl x ���ÎÆ��o�U�Gl�Æ��«s��rnr��ko�t�$s�l�l��
�vu��GÇ;�����U�UlG�o��Æ��·ç	�LsÖ�t�0zK����Æ�l�q
Ö®lG�Bl�â2Ç��G�U�tlGk	n$lG��Æ�l­�UÇ�lrn��a�.�q�an$�
Ço�tl��qÇ��U�0zw�ol��
kK�B���a�­�U�����t���U�GlG�¨Ç��q�o�¨�U�Ls��o�tlG�¨�vu=��Åo�U�q�.Ç��a�t�qk
ÆFu��ok�l¡�=ssÇo�o���U�t�
k������UlG�)Ç;���)�vu���k�ÓKÅ{l$�)��kK�UlG�UÇo�.�$�alG�Rko�
�)�U�G�U�o�����+�a�)l�â�Ç��$�U�Ls�lGkK�_����â{Æ2l¢Æ��6ò��a�
nFã
�a�t�
k&ìSq
ä lG�Rl�â�Ç��G�U�tlGk	n$l$��Æ�l|�UÇ�lrn��U�U�
�_n��qÇo�tl�ì�zK�ol|k��q�o���L×q�qko�R�.�����t�t�a�$lG�)ko�q���)�
kK�)Ç�lG�hs��t��ÆFuZ�qÅ��UlGko�t�
�tlG���U�$�a�o�����+�a���U�o�6×q��kK�U�ªî

ã)�qÅo�UlG�;×q�+�a�t�
k�ÆFu��okol¨�a�a��ko�U���a�t�
k�Æ�lBÇ��;���UlB�U�q�t��Æ�l+È��t�=zK�o��Æ�l��o���a�_���_��Ço��Æ�l¦ÈKn$lB�U�G�U�o�����+�
n$�
k�ç	�$s�lx�tlG���$�a�	Æ�lG��Æ�lx�UÇ�lrn��a�.�q�an$�
Ço��l�×2�t�a�tÅo�tl�q

ã�Ç��
�o�0�okol�¦	�ol$k	n$l�ÆFu�l�â�n$�t�_���U���
kmn$�.�q�t�U�_��kK�Ul x ����Æ��o�.�Gl�Æ���s��rnr��ko�t�:ssl§�o���a�_���_�Wã
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Ço��Æ�l�Æ��=ss��kK�ol����t�q�.��zK�ol��vu��$Ç;���t�U�UlG�o�xÆ2�Dç	�Lsí�t�=zK�o��Æ�l�����o�sslGkK�al�q­×§×wlrn�Æ2lG���rn��	��kK�U���t�t�qko�
ÆFu��Wk�ÓzÅ x ����Æ2�o�U�Gl�����Ç����o�B�_��Ç���Æ�l�lG�.��Æ�lx�w©�¥¡æ'�Bl$���vu��GÇ;���t�U�alG����Æ��¯ç	�LsÖ�t�=zK�o��Æ�lxlG�.��Æ�lxÔq¥
¥
� ñs����¦	�olGk	n�l0ÆFu�l�âon��t�_���U���
k�s��Wâ��Ls����tl�q ä l{�al$�o����Æ�l�Æ��rn$�tlGk	n��ol6s�lGkK�­Æ���s��rnr��ko�t�:ssl�lG�.�
Fs = 6

s§þ q�n6s −2
¡�lGk¬�UlG�$ssl0Æ�lx¦	�olGk	n$l0ÆFu�l�â�n$�t�_���U���
k�ÔB�
�

Ns = 8.1021
nWs −3

¡[lGk¬�alG�hs�l
Æ�l{Æ2lGko�U�t�U�{�G�tlrn��a�.�qko�=zK�olWÔWq

ã¡��k;���?¥2�Ul�Æ�lI���ªæ'�o�U�t�qk§ko�qk��:�olG�hs��=zK�ol­�U�o�`Æ�lG�Iç	�Ls��*s���kon$lG�BÆ�l�Õ¨Æ É leq ä �0Æ��o�U�$l
Æ�lx���sn:�z���al{Æ����U�=o
k;���BìÏÆ��6òd�_�
n��a�xlG�.���U�Ls��t�����t�Ul�ñ�n$lG�t��lx�qÅo�UlG�;×w�Gl{Æ	��ko���vuJ�Wk�ÓzÅ.q

ãBko�
���U�$�a�o�����+�a�{s��
kK�a�.lGkK��zw�ol����§Æ��o�U�$lsÆ�l��vu��Ls�Ço�o�t�U���
kDìºlG�.�{���3s��Wâ��Ls���s Æ2l
�q©�¥�æ'�yq í k�lxlG�.�a�Ls����U���
k¬Æ�l é ¥
¥�æ���lG�.���_�����U�
kok;��Å���l{l$��lGk��
nGn$�
�aÆ¬��×wlrn�ko�
���U�Ls��o���+�a�t�qko�yq

ã|�tl­Ço�U�zn$lG�U�U�o��Æ�l æ'���a�t�
kpko�
k§�:�olG�hs��=zK�ol­�Ul@s�Åo�tl­�$�U�Ul­�ok4s��Gnr��ko�t�$s�l{�o�es��eo��Gkol x
s����t����lG���U�$�a�o���_���a��l�â2Ç��G�U�Ls�lGkK�_����â{kol¢Ç�lG�$ssl$�U�UlGkK��Ç	����ÆFu�l�â�n$�t�o�Uly���BÇ��q�U�U�tÅo���t���a�`ÆFu���kªæ'�U�
kK�
Æ�l æ'�o�U�t�qkp�o���a�a���a��Ço��Æ�lO¡

105
s�q�� −1

Ô¢�Ul�Ç��U�
Ç;��o
l���kK��Æ�lGÇo�����B���0�U�o�$æ��
n�lxÆ�l��vu��rn��	��kK�U���t�t�qkpl$�
Æ � x Ç;���yl�â�l6s�Ço�tl x ñx�ok�Ço�U�2n�lG�U�a�o�`Æ�lIÆ��6ò��o�U�t�qk��G�tlrn��a�.�qko�=zK�ol�q ãÝ����Æ��o�.�Gl[s�lG�U�o�U�Gl
Ç��
�o�������a�_��ko�U���a�t�qk³Æ�l�Ç��;���Ul��o���a�_���_��Ço��Æ�l�lG�U��Ço�.��k	n���Ç;���tl@s�lGkK��Æ���n��a�Gl�Ç;���§�nuZ�?×w�
�����U�t�qk
�Ul@s�Ç��
�UlG�t��l�Æ�l�����Æ�lGk��a���a�­�G�tlrn��a�.�qko�=zK�olxÆ	��ko�B�vu��Gn��;��kw�a�t���t�
k.q ¬ �t��l­lG�.�B�@oK���tl@s�lGkK�«æ'�
k	n��U���
k
Æ�l����§Æ��o�U�GlsÆ�l��vu��Ls�Ço�o�t�U���
kDìºl$�xÆ�l�����×2���alG�U�UlSs���¥qlGkokol�Æ�lsÆ��GÇo����n$l@s�lGkK�xÆ�lG�{�+�a�es�lG�yq
Õyl�Æ�l$�Uko�tlG�,s��Gnr��ko�t�$s�l0Ç�lG�hs�l$�­ÆFu�lFâ�Ço�t�0zK��lG�I�nuZ�?×w�
�t���a�t�qk�Æ�l0����Æ��o�U�Gl0Æ���s��rnG��ko�t�$s�l�Æ2l
æ��o�U���
k¬k��qkp�:�olG�hs��=zK�olxlGk&æ'�
k	n��a�t�
k�Æ�lx����¦	�olGk	n$l{ÆFu�lFâon$�������U�t�qk.q
¬ k��Ul?×
��k	n��ol�����k;���U�o�Ul�Æ�l����Î�U�U�U�	n��U�o�Ul~�+�a�es��=zK�ol�Æ�l����ÎÇ��;���al��t�=zK�o��Æ�l�Ço�U�zÆ��o���pÇ;���
�tl)s��rnr��ko�t�$s�l��o���a�_���_��Ço��Æ�l¬k.uE�~Ç;�����$�a�¬Æ2�$�alG�$ss��ko�$ldº)¡��t�=zK�o��Æ�l¬�
�ý�U�q�t��Æ�l�Æ��G�U�
�aÆ��
koko��Ô	q
Ö®lG�®l�â�Ç��G�.��lGkon$lG�­ÆFu=��Åo�U�q�.Ç��a�t�qkoì �.�G�U�q�t�olG�®lGk��Ul@s�Ço� ñs�vu��rn��ol$���tl�æ'l6s0�a�
�Ulrn$�qkoÆ�l0�UlG�a���tlGkK�
ko�Gn$lG�U�����t�UlG�yq ÖIl3s��@ssl x �vu=��k;���?¥2�Ul��a�Ls��o������ko�Gl~Æ�l�Ço�t�o�a�tlG�o�.�pÇo��n$��Æ�lîºy�_�doeomÇ��q�o�.�_���t�
��ÇoÇ��
�.�alG��Æ2lG���tk�æ'�
�$s����U���
ko�®n$�es�Ço�t�@s�lGkw�������.lG�yq
ä ���Ulrn��oko�=zK�ol~Æ2l~Æ��6òd�_�
n��a�t�qkáì æ'l@s��a�
�Ulrn$�qkoÆ�l¦ñÎÇ;���.�U����Æ�lG�§�a�
�o�an�lG��ì �����UlG��È+Ço�����$s��
�U�
��òd�UlxÆ��·æ�����Å���l­¦	��â�ìÐÆ��t�UÇ��
ko��Åo�tl�q ä l�Æ��?×wlG�t�
ÇoÇ�l@s�lGkK��Æ�l��h¥2�.�:�@sslG�B�����UlG�U��Æ�l�Ço�t�o��l$k
Ço�t�o�0��kK�UlGko�Ul§l���ñ��	�����Ul�nr��Æ�lGk	n$l§Æ�l§�.�GÇ��$�a���a�t�
ko�E¡(ë�¤�}�Ô{Æ2l?×2�_������Ç�l$�$s�l$�.�a�Ul�Æ�l�oK�doqkol$�
Ço�t�o�U�tlG�o�U�§�q�UÆ��UlG��Æ�l�oq�a��k	Æ�lG���U�yq­Ö®l�s��@ssl x ���Î�.�����t�t�_���U���
k³ÆFuZ�qÇ2�a�=zK�olG�9ì �UÇ��rn$�6ç9zK�olG�
Æ��
�����$�U�Ul�lGkK�U�UlGÇo�.���Ul�Ç��
�o�§Ç�lG�hs�l$�.�a�UlDñ�n$l��U�al��Ulrn��oko�=zK�ol�Æ�l�n$�
ko�UlG�$×qlG�§�_�În$��ssÇ��$�a���a�2ã
×z�t�U�@æ���n$l0����â�ko�
��×wl�����â��tko�.�a�U��sslGkK�a��Æ��?×wlG�t�
ÇoÇ��G�®Ç;��������n���sOs0�ok;�����a�{�an$�tlGkK�U�/ç9zw�ol�Æ�lG�
��nGn$�G�t�G�_�+�al$�o�U�t¡ ª`¬ ä ì¼l$� ä � Ë ×GÕáæ'l@s��a�
�alGn$�qk	Æ2lG��Ô	q
ä lG�­l�â�Ç��G�.��lGk	n�lG�x�.�����t�t�U�GlG�{�
n��U�olG�t��l@sslGkK�ªñ��nuE����Æ�lsÆ�l������U�q�o�Un$l�Ço�����:s����U�qkK�xÆ2lG���$�U�	Æ�lG�
Ço�t�
koko�L�G�UlG��zw�o�Ý�UlG�;×2���.�qkw��Ç;���­�����a�o���Ul�ñ�×
������Æ�lG�­�tlG� æ'���U�o�U�­�U�
�o�an$lG�­���U���t�t�a�Gl$��lGk��an$�tlGk	n$l
ìÐ�o���a�_���_��Ço��Æ�l�qy×Ð�vu��olG�o�.l���n��U�olG���tl0n�l$�U�alx�Ulrn��oko�=zK�ol{�UlG�.�alx�����al$�o��l�nr��Ç;��Åo�tl0Æ�l{�U�o�6×2�Ul{���
Ær¥zk;��ss�0zK��l0�+�a�es��=zK�olªñ��vu��rn:�olG�t��l@æ�l@s0�a�
�Ulrn$�
k	Æ�l�q
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Structure électronique d’un
semiconducteur

¾�Ú����WÛ#ô³Þ�¨e��Ù�ÛZÚ

ä u��
Åo��lrn��a�/æyÆ�lsn$l$�.�als��kokolFâ�l�lG�.�{Æ�l�Ço�U�G�UlGkK�UlG�­�����.�a�U�	n��a�o�Ul��G�tlrn��a�.�qko�=zK�olsÆFu���k~�al6s���n��qk�ã
Æ��	n��UlG�o�yqs×�ç	kÎÆFuZ���t�t�o�.�a�UlG�xko���a�UlsÇo�U�
Ç��q�{ko�
�o�{Ço�Ul$k	Æ��U�
ko�{Ç��q�o�xl�â�l@s�Ço�tl��vu=��kK�U�=ss�qko�t�o�Ul
ÆFu��tk	Æ��t��s¿¡v�Wk�ÓzÅ�Ô¨Æ2�qkK����lG��Ço�U�
Ço�U�t�$�a�$���U�qkw���U�$�a��ss�GlG��Æ	��ko���vu=��kokol�â�l(�$��q
É �
����ÆFuE��Å��
�aÆ x ko�
�o�0���t���
ko�{�_��ÇoÇ�lG�tlG�x�vu��
�U�Loq�tkol�Æ�l����§�.�a�U�	n��U�o�UlsÆ�lsÅ;��k	Æ�lsl$�x�UlG��nG���a�
nFã
�a�G�.���.�U�0zK��lG��Æ	��ko���okÍ�Ul@s���n$�qk	Æ��on��alG�o�@q ä ���.�a�.�	n��a�o�.l�Æ�l�Å	��k	Æ�l�ÆFu��okÍ�Ul@s���n$�qkoÆ��	n��alG�o�
Æ��$�al$�$s��tkol��UlG��nr���a�
n��U�G�U�t�.�a�=zK�olG� x lGkmÇ;���.�U��n$�����tlG���UlG��Ço�.�qÇ��U�t�$�a�G���
Ç��a�=zK�olG�yq Ë �q�o��l�â�Ço�t�2ã
zK�olG�.�qko�xn���sOsslGkK�­�a�.�q��×qlG�­�����.�U�U�	n��U�o�Ul�Æ�l�Å;��k	Æ�lsÆFuZ�ok~�Ul@s���n$�
k	Æ��	n��al$�o��l$�����§Æ�lGk��a���a�
ÆFu��$�_���U�I���U�U�2n$�t�Gl�q

Á~� ë0ë õ�ó¢ô�õ ë Ü��)÷WÙNÝ=Þ)õ�ô�õz÷�÷Gõ�¨¬ÙÀ¨wÛZÚ�ô³Þ�¨e�rõ�Þ��+÷

ä �¨k;���U�o�Ul¡Ç��G�.�t�2Æ��=zK�olyÆ�u��ok{�U�
����Æ�l¢n$�U�t�.�����t���tk{l$��n�lG���tl¢Æ��{Ç����alGkK�U��l$�Kn$�
�o���es�Åo�tlGk{l�â�Ço�t�0zw�olGkK�
�vu�l�â��t�.�alGk	n$lªÆ�l~Å;��k	Æ�lG�¬ÆFuZ�GkolG�$o
�tl�q ó �
�o��n$�es�Ço�.lGk	Æ��Ul~�tlG�o�U�p�
�U�Loq�tkolG�¬Æ	��ko�p�ok�n$�U�t�.�����
n$�esOs�l~�nu���k;ÓzÅ x �qk�n$�qko�U��Æ �G�Ulª�okv���U��s�l~�t�a�
�t�ÎÆ2l�n��;��zK�ol~�8¥2Ç�l�q ä l$���G�tlrn��a�.�qko���U�qkw�
Æ��t�U�U�U�tÅo�o�G�BÆ	��ko�BÆ�lG�Bko�6×wl�����â�ÆFu��$kolG�$o
��l­Ço�U�
Ço�Ul$�¨ñ�n:�;�ezw�ol­�8¥2Ç�l�ÆFu=�+�a�es�lG�bzK��l��vu��
k�Ç�lG���
nr���_��n��a�G�.���UlG�ÒÇ;���ÒÆ�lG�Ò�q�.Åo��������lG�¡���U��ss�0zK��lG��q ï k��_��ÇoÇo�U�zn��ol¨�tlG�|Æ�lG��âs�+�a�es�lG�yq ó �q�o�ÒÆ��$�UlG�;ã
s��tkolG�B�tlG�«æ'�
k	n��a�t�
ko��ÆFuZ�qk	Æ�lG�B�G�tlrn��a�.�qko�=zK�ol$���qkpÇo�.�2n6�rÆ2lªñ�Æ�lG��n$��s0Åo�tk;���t�U�qko��ÆFu��
�UÅo�������tlG�
���U��ss�0zw�olG� x l$�Ò�
k¡æ'�
�$s�l¨Æ�lG�Ò�
�UÅo�������tlG��s��
���Gn$�o�����t�UlG��zK�o���U�
kK�|Æ�lG�Ò�$���+�a�©ñIÆ�lG��â0�G�tlrn��a�.�qko�yq
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5p

5p
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ΓΓ88

ΓΓ66

ΓΓ77

ΓΓ66

ΓΓ88

ΓΓ77

9;:=<+>
?�@,ÃÊC7�eü$LUJ"PÒT.\[XZLa^BO�Q%Y�LUJ2HGX]\[ThR]Q�YSPÝLhR]N�MWPAR�TUXZJ'Q�O�Q0R S Y�^EZ�HfnMIGTUJ�\[XZJ�O�Q�YdLUJ2HGX]\�T?R]Q�Y�TÊ\'L3PÝX�V�P�Q�YdO+S Y�^BQ�\�O$Q`Z3H�b
z2QWJ�\�TUX�^$Y�^$X��aQ�TUP�T��_LaX]Q�^a\cRZQ�P�J�N�^�QWJ2�aXZQ�Y�OGX>PÒX�^_P$QWJ�� LUJ2HrX \�T?R]Q%YrR�XZTa^U\[Q�Y(GRT?RZLUJ[Y�V�P�Q¢O�S TUP�\'J'Q�RZTC�aL_X]Q�^a\ÝTUP��3PÝQ�^U\[QWJ
�=LaJ2HGX \�T?RZQ�Y;TU^a\�X>R�XZTU^a\[Q�Y�G�b

Õyl$�U�Ul{Æ��@s����an��ol x lG�U���t���t�o�.�a�.�Gl{Ç;��������çpoq���Ul(�	qt£�q ¬ �t��l{n$�
�U�UlG�UÇ��
k	Æµñ����Sss�$�:�o�zÆ�l ä Õy× ï¡�n$��s0Åo�tk;���t�U�qkà���tko�������.lmÆFuZ�q�.Åo�t�_���tlG�ª�+�a�es��=zK�olG�FÔ�Ç��
�o��l?òdlrn��a�olG����l«nr����n$�o��Æ�l$��Å;��k	Æ�lG�
ÆFuZ�GkolG�hoq�tl�q ä u��tkK�al$�_��n��a�t�qkÕÆ�lG�����U��sslG���Ul¬�U�_��Æ��o�t��Ç;�����okol�Ç�lG�.�U�o�UÅ;�+�a�t�qk�Æ�l$��ko�6×wl�����â
ÆFuZ�GkolG�hoq�tl��G��lrn��a�U�
ko�=zK�olG�¨×2����n$l�zK�ol��vu��
k���ÇoÇ�lG�t��l��okol��tkK�U�@oq�a���tl0Æ�l{�a�a��k���æ�lG�.�,zK�o�)lG�.�­���$ã
�U�zn$���$l����~Æ��GÇo����n$l@s�lGkK��ÆFu��GkolG�hoq�tl�Æ�lG�­ko�6×wl�����â~�+�a�es��=zK�olG�yq ä lG�­�
�UÅo�������tlG�&s��
�t�rn$�o�����t�UlG�
�t����kw�alG�p�U�qkK�pÆ�lG�pko�6×wl�����â³Æ��
kK�p�vu��GkolG�hoq�tl~lG�.�¬��Å;���t�U�U�Gl x l$�p�tlG�p�q�.Åo��������lG�Es��
�t�rn$�o�����t�UlG�
��kK�U���t����kK�UlG���U�qkw�®Æ�lG���$���+�a��Æ��
kK���vu��Gk�lG�$o
��lxlG�.�I����o�s�l$kK�a�Gl�q
Ö­��ko�Ò��k�n$�U�t�.����� x ��lG�³æ'�
k	n��U���
ko�|Æ�u��
k	Æ�lG�Ò�G�tlrn��U�U�
ko�=zK�olG�Ò�U�
kK�|Æ�l$�|n$�es�Åo�tk;�����U�
ko�|ÆFuZ�q�.Åo�t�_���tlG�
ÆFuZ�oktoq�a��k	Æ{ko��s0Åo�Ul`ÆFuE���U��sslG��Ço���o���
�ts��
��ko���G�t�
�=o
ko�G�Ý�tlG���oko�ÒÆ2lG�Ò�����U�UlG�yq ä l$�Ý�tkK�U�@oq�a���tlG�
Æ�l`�a�a��k���æ�lG�.�ÒlGkK�a�.l����U��sslG�|ko�
k�Ço�Ul@s��tlG�.�³×w�q�t�U�tko�|�U�qkw�¡ÆFu=�ds�Ço�t���a�	Æ�l«æ[���tÅo�tl�q ä uZ��kw�alG�_��n��U���
k
lGkw�a�Ul��vuZlGko�Ul@s�Åo�tl�Æ�lG�­���U��sslG��×
��lGkw�a�_�*á�kolG�®�ok��U�$�G�[o
�_��k	Æ�ko�es�Åo�.l0Æ�lªæ�����Åo�tlG�I�tl?×w�GlG�­Æ2l
Æ��6oq�Gko�G�.lG�an$lGk	n$l�Æ2lG�x�
�UÅo��������lG��s��
�t�rn$�o�����t�Ul$�{�t�a�U�olG�{Æ2lG�xÇo�Ul@s��tlG�.��×w�
�t�a�tko� x l$�{n$�
ko�.�a���a�olG�
���tko�U�R�ok¬n$�qkw�a�tkz�o��sÄzK�olx�vu��
k¬ko�esOsslxÅ;��koÆ�l�ÆFuZ�GkolG�hoq�tl�q
ä l�������â§ÆFuZ�2nGn$�oÇ	���U���
kpÆ�lG�`�$�_���U�`�G�tlrn��a�.�qko�=zK�olG�`lG�.��ç�â���ñ{�vu��yzK�o�t�t��Å��Ul­Ç	���y����Æ��t�.�a�U�tÅo���U���
k
Æ�l ª lG�$ss�6ã!Ö®���a�
n�î

f(E) =
1

exp
(E−Ef )

kBT
+ 1

¡v��q�£WÔ
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�m�
E

lG�.�®�vu��$kolG�$o
��l�Æ���ko�6×wlr����n��qko�U��Æ��G�U� x
Ef

�tl{ko�/×ql�����Æ�l ª lG�$ss� x
T

�����al6s�Ç��G�_�+�a�o�.l{l$�
kB

���sn$�
ko�.����kK�al{Æ�l
ºy�
���a}@s���kok.q
Ö­��ko�s�okm�Ul@s���n$�qk	Æ��on��alG�o� x �tlpko�6×wl����ýÆ�l ª lG�$ss�¨�Ul��U�U�
��×wlpÆ	��k��s�okolpÅ;��k	Æ�l�ÆFuZ�GkolG�$o
�tl
�tkK�alG�UÆ��t�Ul¨�U�GÇ;���_��kK�Ò���®Å;��k	Æ�lBÆ�l�×
���tlGk	n$lBÆFuZ�GkolG�$o
�tl¨Ço���o�³æ�����Åo�tl¨l$�Ò���IÅ	��k	Æ�l¨Æ�lBn$�
k	Æ��	n��U���
k
ÆFu��Gk�lG�$o
��l`Ço�t�o�´o
�_��k	Æ�l�q ä u��$kolG�$o
��l`�U�GÇ;���_��kK�Ò�ok��$���+�Ò�znGn$�oÇ��BÆFuZ�ok��$���+�Ò�t�tÅo�Ul`lG�.�¡���Ys��q�tko�
�@ow���tloñ����������hoqlG�o�sÆ�l�����Å;��k	Æ2lp�tkK�alG�UÆ��t�Ul)zK�ol��vu��
k·��ÇoÇ�lG�t�tl��tl4oK��Ç.qÎ×µ�vu��tk�×qlG�U�UlpÆFu��ok
�t�a�
����kK� x ���ª×q���tlG�o��Æ��EoK��ÇplG�.��ÆFu���kolx�Gkol$�$o
��l&s��2Æ2�G�U�GlxÆ	��k����okp�Ul@s���n$�
k	Æ��	n��alG�o� x £eq=©0l$Ä
Ç;����l�â�l@s�Ç���lxÇ��
�o��Æ����a�t�t��n�����s)q
Ö­��ko�­�ok~n$�.���.�����ÝÇ;���0æ[����� x �
k�Ç�lG����n$�qko�U��Æ��G�Ul$��zK��l��al$�xÆ��Ls�lGko�U�t�
ko���U�qkw���tk�ç	ko�tlG�xÆ�l?×
��kK�
�tlG�®Æ��Ls�lGko�U���
ko�®Æ�l{���Ss������t�tl�q í k)s���¥wlGk��U�Ls�Ço�tl�Æ�l{�yuE�mòd�_��k	n��o�t��Æ�lG��l?òdl$�a�®Æ�lxÅ��q�UÆ��®Æ��
n$�U�t�.������l$�U�IÆ�l0n$�
ko�U��Æ��G�UlG�IÆ�lG�In$�
k	Æ����a�t�qko�­����â����Ls����alG�®Ç��G�.���zÆ��=zK�olG�S¡Å�<¥zÇ��
�:� �G�al�Æ�l²ºy�
�Uk
Ä¡�qk � ���hs���k�ÔWq ä uZ�$���+�yÆFu��ok��G�tlrn��a�.�qk�Æ	��ko�yn$l}ss���t�tlG��Ç��G�U�t�2Æ2�0zK��l®lG�.�¢�UlGÇo�.�G�al$kK�a��Ç;���¡�okol
æ'�
k	n��a�t�
kýÆFuZ�qk	Æ2l�Æ2�G���znr�����t�U�Gl�Æ��qkw�s���Tæ��q�hs�l4o
�Gko�G�a���tlpl$�U�sÆ��
koko�Gl�Ç;�����tl§�:�o�G�
�$�6s�lpÆ�l
ºy�t�2n:�¬î

ψn,~k(~r) = un,~k exp i(~k · ~r) ¡Å��q é Ô

n
lG�.���vu��tk	Æ���n$l¬Æ�lpÅ;��k	Æ�lpl$�

un,~k(~r)
lG�.�s�okol&æ��qk	n��U���
kÕ�@¥z��kK������Ç��$�U�t�2Æ���n$���a��Æ2�ý�.�G�Ul����

n$�U�t�.�������t�tk.q�Õ`l$�.�al�æ'�
k	n��a�t�
k�k.u�lG�.�ÝÇ;���Òn$�
kokz�ol`lGk�Æ�l@�o�q�.�ÒÆ���n$lGkK�a�.l¨Æ�ly����}G�
kol¨Æ�lCºy�.���t�t�q�o�tk
lGk ~k = 0

¡�Ç��
�tkK�
Γ
Ô`Ç��
�o���tlyzK�olG�R�
k¬n$�
kok;��á�����lG��Ço�U�
Ço�U�t�$�U�G�®Æ�lx�h¥rs��$�U�U�tl{Æ��¬n$�U�t�.�����vq

Ã�ø<�rõ��¤¨¬Ù,Ú�� ��ÙNÛZÚÕô�õ�ó���÷6���mÞ�¨e��Þ���õ�ø2ó�õr¨����WÛZÚOÙNÝ=ÞRõ

ä �pn$�
kok;�����U�_��k	n�l�Æ�l��vu��Gkol$�$oq�tl�Æ�l$�{�G�tlrn��a�.�qk��{lGk¦æ'�qkon��a�t�qkÎÆ2l�����×
���tlG�o�{Æ�ls��l$�o��×qlrn��alG���
ÆFu��
k	Æ�l

E(~k)
Æ��?ç	ko���­�����.�U�U�	n��a���Ul0Æ�l0Å;��k	Æ�l��G�tlrn��U�U�
ko�=zK�ol�Æ�u��ok�n$�.���.�����vq Õ`lG����l$�U�IÇ;���.�U�6ã

n$�o�t�=�$�Ul@s�lGkw�����U���tl����
�U�:zK�ol��vu��
k·×wl$�����?×
���t�olG�B��lG����s�Ç������a�	Æ�l$��Æ�lG��Æ��6òd�G�UlGkw�a�|ss�rnr��ko���$s�lG�
�Ls�Ço�t�0zK���G�¬Æo��ko�p�vu��tkK�UlG�_��n��a�t�
k�Æ�l~������� s��=�$�Ul���×wlrn��ok³�Ul@ss��n$�
k	Æ��	n��UlG�o�yq ¬ kül?òdl$� x ���
�.�a�U�	n��a�o�UlxÆ�lxÅ;��k	Æ�l{Æ��$�al$�$s��tkolx�tlG��Ço�.�qÇo�.���$�U�G���
Ç��a�=zK�olG��Æ����al6s���n��qk	Æ��	n��alG�o�yq
�W�Rl�â2���.�al{Æ��6òd�G�UlGkK�UlG�}s����:�o�zÆ�lG��Ç��
�o��Æ��$�UlG�$s��tkolG�������.�U�U�	n��a���Ul{Æ�lxÅ;��k	Æ�l�q
æ_�ð¨ªø<��Ü^Û#ô�õz÷0ô�õz÷ ë ÷Gõ�Þ�ô§Ûoé ë Ûp�rõ�Ú���Ù�õ2ó'÷ �.lGÇ��q�Ul®�U�o�¢���x�UlG�U�Ul@s�Åo����k	n$l®lGkK�a�.l®�tlG�yÅ;��k	Æ2lG�
ÆFu��Gk�lG�$o
��l�ÆFu��ok��Ul@s���n$�qk	Æ��on��alG�o��l$���nuZ�GkolG�hoq�tl§ÆFuZ�okÎ�G�tlrn��a�.�qkÎ�t��Å��Ul�q·Ö���ko���tl�n$�U�t�.����� x ��lG�
�$���+�a�B�$��lrn��U�U�
ko�=zK�olG���U�
kK�BlG�U�UlGkK�a�tlG�t��l6s�lGkK���tlG�B�$���+�a�BÆ�l��vu��G�tlrn��a�.�qkp�t�tÅo�Ul x zK���#�U�
kK�BÇ�lG�.�U�o�;ã
Å��G�®Ç;���®���sk;�+�a�o�Ul{Ç��G�U�t�zÆ��0zw�ol�Æ���n$�U�t�.�����vq ä lG�®Ço�.�qÇo�.���$�U�G�IÆFu��
�.�$�o��o
�
k;���t���a�0Æ�lG�®�$���+�a�®Æ�l
×
���tlGk	n$l�l$��Æ�l�n$�
k	Æ��	n��a�t�
k«��×wlrns�tlG�{�$�_���U��Æ��În$Ñx�o�x�a�
kK�{���a�t�t�t�a�Gl$��Ç��q����Æ��$�UlG�$s��tkolG�x��lG�
�$���+�a�I�G�tlrn��U�U�
ko�0zw�olG�yq ä u�l?òdl$��Æ�l0�vu��
�.�$�o��o
�
k;���t���a��lG�.�­�tk	n$�t�o��Æ	��ko�­�tl�Ç����alGkw�a�tlG�ÝÆ���n$�U�t�.�����
�U�q�o�0���oæ��q�hs�l§ÆFuZ�ok�Ç��
�UlGkK�a�tlG�y�yzK���/×
����lGkw�s��ÇoÇ�lG�t�§Ço�UlG�	Æ2��ãWÇ����alGkK�U��lG�vqDÕ`l�zK�o�y�.l?×2�tlGkK��ñ
l�â2�U�_�����.l�Æ��ªÇ��
�UlGkK�a�tlG�¡n$�.���.�_���t�t��kª����n$�
kK�a�.��Åo���U���
kª�_��Ç���Æ�l@sslGkK��×
���U����Åo�tl�Æ�ls���§�U�@o
�t�qk�Æ��
n$Ñx�o�yq ä l�Ço�al$�	Æ���ãWÇ����alGkK�U�tlG�y�.�G�a���t�_��kK�0l$�U����lGkw�al@s�lGkw�ª×
���.����Åo�tl�l$�0�Ul�Ço�.�$�al�Åo�tlGk®ñ��okol
��Ç�Ço�U�zn��ol{Ç;�����okol�s��$�$�o�2Æ�l{Æ�lxÇ�lG�Ê�a�o�.Å;���U���
k ¸ ' Õ ÿmê »nq
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�t�Ls����al�lGkÈoq�Gko�$�_����ñÎ�okol��q�.Åo�t�_���tlª�+�a�es��0zw�ol
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�o�Ul2��q é zK�ol��vuJ�Wk�ÓzÅ«l$�U�0�ok«�Ul@s���n$�
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k¬Æ�lx����Å;��k	Æ�l{Æ�l�×
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n$l$���tl0Æ���o
lG�$s���ko�t��sµÇ��q�o���tlyzK�olG�)�t�)l�â��t�.�alx�a�U�
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Æ2�_�+�a�=zK�ol�lGk

k
Æ�l��nuZ�GkolG�$o
�tl�q ï k���kw�a�U�zÆ��o������lG�{s����a�UlG�­l�ò�lrn��U�6×wlG�
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Æ þdT.J"oA\vÇ7G[b
�G�tlrn��a�.�qko�=zK�olG��Æ�l�����Å;��k	Æ�l§Æ�l�n$�
k	Æ��	n��a�t�
k

mc

x Æ�l�����Å;��k	Æ�l§Æ�l��a�.�q�o���t�q�o�UÆ��
mhh

x Æ�l
�a�.�q�o���t�@o
lG�U�

mlh

l$��Æ�l{����Å;��k	Æ�l{Æ�lx�aÇ���k��q�.Åo���al
mso

q
ä lxko��s0Åo�Ul{ÆFuZ�$���+�a�

N
Æ��t�UÇ��qko�tÅo�tlG�IÆ	��ko���okolxÅ;��k	Æ�l{ÆFu��Gk�lG�$o
��lxlG�.�®Æ��
koko�xÇ;���@î

N = g(k).Vk =
2

(2π)3

4

3
πk3 ¡v��q���Ô

��×wlrn
g(k)

����Æ�lGko�U���a�yÆFu��$�_���U��Æ	��ko���vu�lG�UÇ;��n$ly�.�rn$��Ç��U�rzw�ol*zK�o�w��uZ�qÅ��U��l$kK�´ñBÇ;���Ê�a�t��Æ�lG��n$�q���UÅ�lG�
Æ�l{Æ��t�UÇ�lG�U�U���
k¬l$�

Vk
�tl�×w�q�t��s�l{n��q�.�UlG�UÇ��qk	Æo��kK�yq ä �sÆ�lGko�U���a�{ÆFu��$�_����lG�.�������U�o�/×
��kK�al�î

dN =
1

2π2

(
2m

h̄2

) 3
2 √

EdE
¡Å��q�è�Ô

ä �ýÆ�lGko�U���a��ÆFu������+�a���G�tlrn��U�U�
ko�0zw�olG��Æ�lÎ�vuJ�Wk�ÓzÅvlGk æ'�
k	n��a�t�
kàÆ�lÎ�vu��Gkol$�$o
��l�Æ�lG���G�tlrn��U�U�
ko�
�qÅ2�alGkz�olx�L×qlrnI���ts��$�$�o�2Æ�l�Æ��pÇo�UlG�	Æ2��ãWÇ����alGkK�U��lG��lG�.�BÇo�U�$�al$kK�a�Gl­�U�o�¨���ªçpo
�o�Ul&��qE�¹¸�¤I��� � £�»£q

è(�mÙ'÷Gõ�õ�Ú²¨wÛV¨ ë �rõ�ô)õ�ó��±Ú^ÛZÚ ë �9���p��Ûdó,ÙÀ¨�Ù0�rø

Ö­��ko�y�vu���k�ÓKÅ x �vu=��ÇoÇo�.�Wâ��Ls��+�a�t�
k�Ç;���_��Å��
�t�0zw�ol­Æ�l����x�.�a�U�	n��U�o�Ul®Æ�l�Å;��koÆ�l®k.u�lG�.�y�a��Ço��Æ�l@sslGkK�
Ço�t�o��×
������Åo��l��t�q�.��zw�ol��vu��
k��yuZ�G���
�Loqkol�Æ���n$lGkK�U�Ul�Æ�l�}G�
kol�q ä �Iko�qksÇ;���a��Å��
����n$���a��Æ�lB���­�.�a�.�	nFã
�a�o�.lsÆ�l�Å;��k	Æ2lsÇ�l$���x�$�U�Ul�Ço�U�t�Ul�lGkªn���s�Ç��Ul�lGkª���%�q�2����kK�{Æ2lG�­�alG�$sslG��k��qkUzK�	�
Æ��a���U�0zK��lG�
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ñ����pÆ��GÇ�lGk	Æ	��k	n$l�zK�;��Æ��_�+�a�=zK�ol�lGk
k

Æ�l��vu��$kolG�$o
��l x ko�����dsOs�lGkK�xÇd�
�o�x����Å;��k	Æ�l�Æ�l�n$�
k�ã
Æ��on��a�t�qkê¸ � ��k ê�ê »¦¸7ÕUÄ ê � »¦¸=Ø 'Iÿ ©�»£q ï kÍ���a�t�t���Ulp�����.lG�����U���
kÍ�U�o�/×
��kK�alpÇ��
�o�s�tlG�s�GkolG�hoq�tlG�
î

h̄2k2

2memΓ

= E
(
1 + αbE + βbE

2
) ¡v��q=©wÔ

�
�
mΓ

lG�.������s����U�Ul{l?òdlrn��U�/×ql0���¬n$lGkK�a�.l�Æ�l{}$�qkol�q¡×ÐÇ;���.�U����Æ�l{�vu�lFâ�Ço�UlG�U�U�t�qk�Æ�lG��Å;��k	Æ�lG�
ÆFuZ�GkolG�hoq�tlG�`�G�tlrn��U�U�
ko�0zw�olG�`�
k�Ç�lG���¨nG����n$�o�tlG�y�tlG�`Ç;���_�dsO�$�U�UlG�

αb
l$�
βb
q ó ���¢l�â�l@s�Ço�tl x Ç��q�o�

����Å;��k	Æ�l{Æ�l{n$�qk	Æ2�	n��a�t�qk¬Æ�l{�vuJ�Wk�ÓzÅ
αb = 5, 4

lBÄ −1
l��
βb = 0, 7

l$Ä −2
q

ä ��Æ�lGko�U�t�U�{ÆFu��$�_���U���yu��Gn$�U���}s�����kw�alGk;��kK�ªî

dN =
1

2π2

(
2m

h̄2

) 3
2
√
E(1 + αbE + βbE2)(1 + 2αbE + 3βbE

2)dE
¡v��q ê Ô

ä �Os����U�Ul0l?òdlrn��U�/×ql�Æ�lG�­Æ��6òd�G�UlGkw�a�IÇ��
�.�alG���U��×
���.��l�s����tkK�UlGk;��kw�­lGkµæ'�
k	n��a�t�
k~Æ2l0�vu��GkolG�hoq�tl
l$���yu��rn$�.�t�ªî

m = mΓ(1 + 2αbE + 3βbE
2)

¡v��q ÿ Ô

Masse effective des électrons dans la bande de conduction 
en fonction de l’ énergie d’ excès

Energie (meV)
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í k�l�â�l6s�Ço�tl�Æ�u��?×w�
�t���a�t�qk�Æ�l�����×
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k
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Propriétés des échantillons
semiconducteurs

Ö­��ko�|n$l$�U�Ul`�:���G�Ul¨ko�
�o�¢��×w�
ko�|���U���t�t�U�BÇo�Ul$��zw�olBl�â�n$�����a�6×wl@sslGkK�¡Æ�lG�Ò�rn��;��kK�a�t�t���
ko�¡ÆFu=��kK�U�=s��mã
ko�t�o�Ul�ÆFuZ��koÆ�����s)qQÕ`l$�.�al0��kokol�â�l{�.l@oq�.�q��Çdl{�vu�l$ko�al6s�Åo�tl�Æ�lG��Ço�U�
Ço�U�t�$�U�G�IÆ2l�n$l$���rn��;��kK�a�t�t���
k
zK�o�R�
kK���$�a�x���U���t�t�U�GlG��Ç��q�o�B�U�������t�UlG����lG��lG�.�a�Ls��+�a�t�
ko��l$���tlG�|s��zÆ��G���t�_�+�a�t�qko��kz��ss�G�U�=zK�olG�yq
Ë �
�o����×w�
ko�{�@ow���tl@s�lGkw�0�tk	Æ��=zK�o���tlG�{Ço�U�tk	n$�tÇ;���tlG�0nr���a�
n��a�G�U�t�.�a�=zK�olG�0Æ��ª�UlG�t���o�.�o�Ul�Æ2l�nG�
Æ�ã
s��t��s zK�o�x�«�$�U�ª���U���t�t�U�ªÇ��
�o�p�okolª�U�G�.��lªÆFu�lFâ�Ç��G�U�tlGk	n$lG���U�o��Æ�lG��n$�q�on��olG�)s��tk	n$lG��¡4n?æ8q
�Ulrn��a�t�
k�©rqE� q�è�ÔWq
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Æ	��ko���tlmÆ�lG�.ko�tlG��ko�/×ql����¼ÆFu��Gkol$�$oq�tl«Ç	���Ê�a��n$��Ç�l$kK������â�Ço�U�
Ço�U�t�$�a�G��Æ��¼�U�
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ÆFu��tk	Æ��t��sÊ¡

Z = 49
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ko�~Æ����UÇ��
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�UlslGkªÆ�l$��â��a�
�o���U�G�Ul�����â~n$��ã
Åo�=zK�ol¡æ���n$lG�xn$lGkK�a�.�GlG�xÆ��rnr�����$�x�vu��ok~Ç;�����a��ÇoÇ��
�.�@ñ§�vuE�����U�UlsÆ��Uzw�;���Ê�{Æ�l����§Æ����do
�qk;���tl�Æ�l
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Atome de In

Atome de Sb 
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Ê`�����V�?�2�����3�}�3�2�E�*�(�������"¶����
������Ë XB��ÌS£
í ký�an��o�@s��~�.�G�a� s���kw���tlG��Ço�U�tk	n$�tÇ;����lG�§nr���_��n��a�$�U�t�U�U�0zw�olG�§Æ�l¬���~�U�U�U�	n��U�o�Ul¬Æ�l¬Å;��koÆ�l�Æ2l
�vuJ�Wk�ÓzÅ·l$�U��Ço�.�G�UlGkK�a���U�o�����Dçpo
�o�Ul��$��q é q ä lG��Ço�.�qÇo�.���$�U�G���G�tlrn��a�.�qko�=zK�olG��Æ�l¬�vuJ�Wk�ÓzÅ·�U�
kK�
�tk	Æ��=zK�o�GlG�¢Æ	��ko�¡���I����Åo��l|�$��q é ¸=Ózl@s�Ôo£�»£q ¬ �t��l$�¡�qkw�¡�$�a�bs�lG�U�o�.�GlG�¢Æ	��ko�¢Æ�lG�|�U�@o
�=sslG��ñ­Å;���U�Ul
Æ�l$ko�a���a��Æ�lBÇ��
�.�UlG�o�U�|l$��ñ­�vuZ�yzK�o�t���tÅo�Ul¨�:�olG�hs��2Ær¥zk;��ss�0zK�oleq ï ksÇ�lG���¢���o�U�U�o�UlB�.lGÇ��q�Ê�alG�¡����â
çpo
�o�Ul$�[��q é l$�}��qE��zK�o�#��k	Æ2�0zK��lGkK���UlG�UÇ�lrn��a�6×wl6s�lGkK�������.�U�U�	n��U�o�UlxÆ�lxÅ;��k	Æ2l{�G�tlrn��U�U�
ko�0zw�ol{l$�
���sÆ�lGk��a���a�{ÆFuZ�$���+�a��Æ�lx�nu��Wk�ÓzÅ��qÅ��UlGkz�olG��Ç;�������Sss�$�:�o�zÆ�l�Æ2�¬Ç��alG�oÆ���ãWÇ����alGkK�U��l$�nq
¬ k¬n$lGkK�a�.l{Æ�lx}G�
kol{�����.�U�U�	n��a���Ul{Æ�lxÅ;��k	Æ�l{Ç��
�U�:�GÆ�l{�okolx�h¥rs��$�U�U�tlx�UÇ��o�G�.�0zK��l�q ä ��Å;��k	Æ�l
Æ�l�n$�
k	Æ��	n��a�t�
k�Ç��q�U�$�rÆ�l���k�o
�_��k	Æ¬�a�y¥q�qk�Æ2l0n$�
�o�UÅo�o�.ltzw�o�)�Ul(s���ko�/æ'l$�U�Ul�Ç;�����okol(s����a�Ul
l?òdlrn��U�/×qlµæ����tÅo��l�Ç��
�o���tlG���G�tlrn��a�.�qko�yq ¬ kÕn$�qk��a�yzw�olGk	n$l x �okuæ�����Åo�tl�ko�es�Åo�.l�ÆFuZ�G��lGn��a�U�
ko�
�.l@s�Ço�t�R����Å;��k	Æ�l{Æ�l{n$�qk	Æ2�	n��a�t�qk����o��zw�.u7ñ��ok�ko�/×ql����¬�G�tl?×w��q
ä �
�U�|Æ�l`�nuE��Åo�U�
�UÇ��U���
ksÆ�l¨�nuZ�GkolG�$o
�tlB�����al$�ÒÇ;���Ò�tlBn$�U�t�.����� x Æ�lG�ÒÇ��
�.�UlG�o�U�Ò�U�
kK�|�tk
��lrn��a�G�Ò���
�tk�Æ2�
n$l$kK�a�.l{Æ�l�}G�qk�l x nr���B�nuZ�GkolG�hoq�tl{Æ�lG��Ç����
�U�qko���2�a�t���t�U�G��Æ	��ko�B��lG�Bl�â�Ç��G�U�tlGk	n$l$�®Æ�lxn$l$�U�Ul��$���G�Ul
¡Ê£ x ©q©®l$Ä@Ô�l$�U�|Å���lGk��U�oÇ��G�U�tlG�o�.l�����ow��Ç�¡Ê£ � ¥{sslBÄ@Ô	q�Ö���ko�|n$lG�¡n��qk	Æ����a�t�
ko�|�nuE��ÇoÇo�.�Lâ��=s����U���
k
Ç;���_��Å��
���=zK�ol¡k.uZlG�.�)Ço�t�o�=×
���t��Æ�l�q ä l|�_�@¥w�
k{Æ�l¢n��q�o�.Åo�o�Ul¡Æ�l|���BÅ	��k	Æ�l¡Æ�l¡n$�qk	Æ2�	n��a�t�qk{Æ��rn$�U�¤á��
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è(�WÛ ë �mÙ�ø��rø2÷��;ø�Ú)ø�����ó�õz÷
ó ���_�dsO�$�U�UlxÆ�l{���Ss����t���tl{n$�oÅo�=zK�ol

a = 6.479
�

Ö®lGko�U�t�U�
ρ = 5, 77

opq�n6s −3

è(�WÛ ë �mÙ�ø��rø2÷S��Ü)õ��¤¨¬ÙNÝ=Þ)õz÷
Õ`�
ko�.����kK�al{Æ2l�n$�
k	Æ��	n��U���
k

K = 18
­�s −1 � −1Õ*�;���tlG�o���UÇ��rn$�6ç9zK�ol�Æ����U�G�Ul����

Ci = 1, 08× 106
þ � −1

s −3Õ*�;���tlG�o���UÇ��rn$�6ç9zK�ol{�G�tlrn��a�.�qko�=zK�ol
Aelec = 3, 67× 102

þ � −2
s −3Õ`�Kl$ �n$��lGkw�IÆFuZl�â�Ç;��ko�U���
k¬�t�tko�����t�Ul

βel = 5, 37× 10−6 � −1

É l@s�Ç��G�a���U�o�Ul{Æ�lªÖ®lGÅ<¥wl
Td = 160

�
É l@s�Ç��G�a���U�o�Ul{Æ�l ª ���a�t�
k

Tf = 800
�

è(�WÛ ë �mÙ�ø��rø2÷Ã¨ªø�¨���ÚOÙNÝ=Þ)õz÷
Ä­���alG�U�Ul{Æ����U�qk��UlG�t�qk����sÆ����.lrn��a�t�
k ¸�£q£
£A»

vs = 3, 38× 103
s�qZ� −1Õ`�Kl$ �n$��lGkw�IÆ�l ó �q�t�U�a�
k

ν = 0, 35Å¬�2Æ��o�tl�Æ�l{n$�es�Ço�.lG�U�a�t�
k
B = 4, 56× 1010

ë<opq±s −1
q�� −2

è(�WÛ ë �mÙ�ø��rø2÷�Û ë ��ÙNÝ=Þ)õz÷�ìH�BÎ9¤9¤¬Ú0¨«ñ
Õ`�
ko�.����kK�al{Æ2���G�tlrn��U�U�=zK�ol

εf = 20, 8 + 4, 9iÕ`�Kl$ �n$��lGkw�IÆ�lx�.�$¦	l�â��t�qk
R = 0, 418ó lG�hs����U�a�6×2���a���U�_���U�0zw�ol
εs = 16, 8ó lG�hs����U�a�6×2���a�&�;�����Ul�æ'�U�yzw�olGk	n$lG�
ε∞ = 15, 7Õ`�Kl$ �n$��lGkw�IÆFuE��Å��a�
�UÇ��U���
k¬�t�tko�������.l

α = 8, 36× 106
s −1

ñ�òEókôE@|ÃfÃÊC��ez�T.J[TaM�\[NWJ[X�Y�\�XZV�P�Q�Y;O$QgR S Y�^EZ3H

Structure de bande de l’ InSb à 300 K

.k

Energie

Bande de trous lourds hh

Bande de trous légers lh

Bande de spin orbite so

Eg =
0,18 eV

∆∆so =
0,9 eV

Ex = 1 eV EL = 0,68 eV

Vallée X

Vallée L

ΓΓ

Bande de conduction c

9;:=<+>
?�@}Ã8ÃÊC=D[Z�M�W�NBPÒTÒO�QgR�TÒY�\[J[P$M4\�P�J'Q)O�QgHGTU^GO�QRO�QwR S Y�^EZ�H�b
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è(�WÛ ë �mÙ�ø<�røz÷sø2ó'õ�¨e���WÛZÚOÙNÝ=Þ)õz÷�ô�õ�óWöt¾�ÚÒá.�²�B/9¤�¤pÏ
Øx��Ç

Eg = 0, 18
l$Ä

ÖI�rnr������o
l�Æ�lx����Å;��k	Æ�l{�UÇo�tk��q�.Åo�t�Ul
∆so = 0, 8

lBÄ
Å����U�Ulx�qÇ��U�0zw�ol�¡Ås����U�Ulx�U�GÆ��o�t�Ul�Ô

mopt = 0, 015Å����U�Ulxl?ò�lGn��a�6×wl�Æ2lG���G�tlrn��U�U�
ko�®Æ	��ko������Å;��k	Æ�l{Æ�l{n$�qkoÆ��	n��a�t�qk
mc = 0, 014Å����U�Ulxl?ò�lGn��a�6×wl�Æ2lG���U�U�
�o��Æ	��k�������Å;��koÆ�l�Æ�l��U�U�
�o�����
�o�aÆ��
mhh = 0, 43Å����U�Ulxl?ò�lGn��a�6×wl�Æ2lG���U�U�
�o��Æ	��k�������Å;��koÆ�l�Æ�l��U�U�
�o�����@o
lG�U�
mlh = 0, 015Å����U�Ulxl?ò�lGn��a�6×wl�Æ2lG���U�U�
�o��Æ	��k�������Å;��koÆ�l�Æ�l��U�U�
�o�����@o
lG�U�
mso = 0, 19Å��
Åo�t�����a�x�G��lGn��a�U�
ko�=zK�ol

µe = 7, 7× 104
n6s

2
Ä −1

� −1Å��
Åo�t�����a�{Æ�lG�B�a�U�
�o�
µh = 850

nWs
2
Ä −1

� −1

ñ�òEókôE@|ÃfÃÊCED}z�T.J[TaM�\[NWJ[X�Y�\�XZV�P�Q�Y	NBRZQ�M4\[J'La^$X�V_P$Q�Y	O$QgR S Y�^EZ3H

�a��Ço��Æ�l@s�l$kK��l$���t�`Æ�l?×2�tlGkK��æ��q�.�Ul@s�lGkw��ko�
k«Ç;���_��Å��
���=zK�ol�q ¬ k«Ç	���Ê�a��n$�o���tlG� x ���·×q���tlG�o��Æ�lG�
s����U�UlG�xl?òdlrn��U�/×qlG�{kFu�lG�.�{Ç����o��×
������Åo��l x lG�t�tl�×
���U�tlslGk¦æ��qk	n��U���
k�Æ�ls�vu��GkolG�hoq�tl�Æ�lG�xÇ��
�.�alG���U�
¡N×w�
���B����çpoq���Ul(�	q�è�Ô	q

�v���
�g�¤�3�¤�������«���O���î���h���h�(��� �`Ë �*�B�J�(���k���A�3�?�?�B£¤�2�½�m¢¤�E���2�O�V�*�³£¤���¹�����B�¤���`Ë ���B�J�(�i�����������
£m���S���¦���¦�A���V�Q�J�*�(�2�*�����M���³£m���S���
���²¢A���"�3�V�A�
ä l�ko�es�Åo�Ul�ÆFuZ�$���+�a�yÆ��t�UÇ��qk���Åo�tlG�`Æ	��ko�¢�tlG�yÆ��6òd�G�UlGkK�UlG�¢Å;��k	Æ�lG�yÆ��$�alG�hs��tkol����&s���k��=�G�.l®Æ��
kK�
�_�+�a�o�.l��vu=��Åo�a�
�UÇ2�a�t�qk~Æ��o�_��kK�­�nuZl�âon$�����+�a�t�
k~�����al$�yq Ë �
�o�x�L×q�qko�I�UlGÇ��
�.�a��Æo��ko�­�����_��Å���lS�h�	q��
�tl�ko�es�Åo�Ul��a�������®ÆFu��$���+�a��Ç;���§���U��sslG��Ç��q�o�����ªÅ;��k	Æ�l�Æ�l�n$�qk	Æ2�	n��a�t�qkÕl$�§���ªÅ;��k	Æ�l�Æ2l
×
����lGkon$l�q Ë �q�o�¬�L×q�qko�p�@oK���tl@s�lGkK��lG�.�a�Ls��ª�tlªko�es�Å��Ul�Æ�u��$���+�a�¬�
nGn�lG�a�U�tÅo�tl��t�q�.�:zK�olª�vu��
k
Ço�.lGk	Æ¬lGk�n$��s�Ç2�al��vu=��Åo�U�q�UÇ2�a�t�qkDñ��ok�l$�­Æ�l$��â�Ç �o�
�U�qko�IÆ	��ko�®�tl�nr���IÆ�l��nuE��ÇoÇo�.�Lâ��=s����U���
k
Ç;���_��Å��
���=zK�ol�¡Ås����U�UlsÅ;���U�Ul�Æ�lGko�U���a��ÔIl$�{lGkªÇo�UlGk;��kK�{lGk�n$�es�Ç��als����ko�
k�Ç;���_��Å��q�t��n$�t�U��Æ2l
�vuJ�Wk�ÓzÅB¡Ås����U�Ul�×
���.����Åo�tl�ÔWq

¿&ÛV¨�����õ�ô¢ötø��y� �+÷ ë �9�O���LÛV¨ªõ
Å;��k	Æ�l{Æ�l{n$�
k	Æ��	n��a�t�
k¬î

5, 87.1022
n6s −3Å;��k	Æ�l{Æ�l�×
���tlGk	n$l�î

1, 76.1023
n6s −3

¿&ÛV¨�����õ�ô¢ö�ø<�y� ��÷��9¨�¨qõz÷r÷WÙÀ�Ýó�õz÷�ì.¨U�;÷r÷Gõ����	÷r÷Gõ�ô�õ�Ú)÷WÙ��røoñ
Å;��k	Æ�l{Æ�l{n$�qk	Æ��on��a�t�qk¬î

5, 9.1020
n6s −3Å;��k	Æ�l�Æ�l�×
���tlGk	n$l(���¥î

1, 8.1022
n6s −3 x �o�©î

6, 3.1020
n6s −3 x �U�&î

8.1021
nWs −3

¿&ÛS¨�����õ�ô¢ö�ø��y����÷��p¨�¨qõz÷r÷WÙÀ�Ýó�õ2÷�ì.¨U�	÷r÷Gõ�ò �9�mÙ��p�Ýó�õ	ñ
Å;��k	Æ�l�Æ2l�n$�
k	Æ��	n��U���
k

1, 2.1022
n6s −3Å;��k	Æ2l�Æ�l�×q���tlGk	n$l����¬î

6, 7.1022
n6s −3 x �o�©î

1, 2.1022
n6s −3 x �U�oî

6, 2.1022
n6s −3

ñ�ò�ókô=@|Ã8ÃÊCute¥��UT?R�P$TÊ\�X]La^`O$P`^�L3PwH$J'QRO�S N�\�TÊ\�Y;O$X�Y�I�La^$X>H�RZQ�Y
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Ö­��ko��ko�
��n$�
k	Æ��t�U���
ko��lFâ�Ç��G�U�Ls�lGkK�_���tlG� x �
k·Ç�lG���§n��qko�U��Æ��G�UlG�~zK�ol¬�vu�lGko�Ul@s�Å���l�Æ�l$���$���+�a�
Ç;�������a�es�lG�¨�U�qkw����nGn$lG�U�a�tÅo�tlG�BÇo�o���:zK��l���l$�B�G�tlrn��a�.�qko�B�U�
kK�«æ'�
�.�Ul@s�lGkK�¨l�âon$���a�G�yq ä l�ko�es�Åo�.l
ÆFu��$�_���U�®Æ2���UÇ��
ko��Åo�tlG�®Æ	��ko������Å;��k	Æ�l{Æ�l{n$�qk	Æ2�	n��a�t�qk¬lG�.�®���t�
�U�

Nc = 5, 87.1022
n6s −3

q

¾�¾�½�Þ è{Á�Â�èxÁ�¾$ãIÀ0ãxáÍÃ�Ä À�âIæyæyÄpÁsÄpÁ§âºÃ�âÒ10ç§Ãpß¼¾$Ä�ß ì:10ÃpÀ0âxñ

ä l&Õ¨Æ É l§lG�.���ok«�Ul@s���n$�
k	Æ��	n��UlG�o���h�£ã$Ä{�{Æ��
kK����lG��Ço�U�
Ço�U�t�$�U�G�sn$�U�t�.�������t�eoq�a��Ç����0zK�ol$�s�U�qkw�
Ço�U�zn��olG�IÆ�l0n$lG�t��l$�­Æ�l��nu��Wk�ÓzÅ.q|�W�)Çd�
�U�$�rÆ�l0�ok�l0�.�a�.�	n��a�o�.l0Æ�l{�8¥2Ç�l�}G�tk	nFãWÅo�tlGk	Æ�l x l$�®�nuE��k�o
�tl
Æ�lBÆ2�/òd�_��n��a�t�
k��a�o�Ý�tlG�ÒÇo����ko�¡���U��s��=zK�olG�b¡.£
£q£WÔ)lG�U�´zK�;���U�Ls�lGkK�Ò��Æ�lGkK�U�0zw�olbñIn$lG�����oÆ�l`�nu��Wk�ÓzÅ.q
ä lG��nr���a�
n��U�G�U�t�.�a�=zK�olG�®Æ��TÕ`Æ É lx�U�qkK��Ço�U�Gn$���U�GlG��Æ	��ko�����0����Åo�tl��h�	q�è ¸ � ÖxØxÓ2Ô ÿ »�¸ ó �U��»£q

ó ���_�dsO�$�a�.l{Æ2l{���Ss����t���tl{n$�oÅo�=zK�ol �~Ó ê�x è � £��
ÖI�t�.����k	n$lx��kK�UlG�;ãW�.�$�a��n$�o�����t�Ul~¡.£
£q£WÔ

d111

ÓÐ� x ÿ èo£��
×Ik�o
��l{Æ�l
ºy�a��oeo�¡.£
£
£�Ô

θB(111) = 72, 3◦ÖIl$ko�a���U�
ρ = 5, 855

o�qEn6s −3

É l@s�Ç��G�a���U�o�Ul{Æ�l�æ'�o�U�t�qk
Tf = 1390

�
Õ`�
ko�.����kK�al{Æ��t�G�tlrn��U�U�=zK�ol

ε = 9, 5 + 0, 36iÕ`�Kl$ �n���lGkw�IÆ�lx�U��¦	l�â��t�qk ' ÓÐ¥ x7é�ê
ó �U��æ'�
k	Æ�lG�o��Æ�lxÇ��Gko�$�U�_�+�a�t�qkB¡ � ¥q¥�k�s�Ô £ ÿ ©�k�s
ó �U��æ'�
k	Æ�lG�o��Æ�lxÇ��Gko�$�U�_�+�a�t�qkB¡ ÿ�x £G�O��Ô èqÔ � k�s
Øx��Ç £ x ©�l$Ä

ñ�òEókôE@|ÃfÃÊC]A¦z�TUJ[TUM4\'NWJ[X�Y�\�XZV�P�Q%Y	OGP,z�O@�
Q

ä ���.�a�.�	n��a���Ul�Æ�lpÅ	��k	Æ�l�Æ��uÕ`Æ É lplG�.�����U�UlG}�Æ��6ò��G�.lGkK�alpÆ�l¬n�lG���tl�Æ�lp�vuJ�Wk�ÓzÅÍl$���tlG�sÇo�U�mã
Ço�U�t�$�a�$�¨�qÇ��U�0zw�olG�¨l$�¨�G��lGn��a�U�
ko�=zK�olG��Æ��&Õ¨Æ É l­�U�qkw�BÇo�t�o�¨Ço�.�2n��ol$��Æ2l�n$lG�t��l$��Æ�lI�nuZ×I��Øx� q ¬ k
Ç;���.�a��n$�o�t�tlG���tl�oK��Ç�lG�.��Å�l����	n$�q�oÇ�Ço���o�|oq�a��k	Æ¦îB£ x ©�l$ÄSq
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¼ ½¯½ »"¾ » III

Expériences de spectroscopie visible
sur l’InSb

¾�Ú����WÛ#ô³Þ�¨e��Ù�ÛZÚ

Ë �
�o�����t���
ko��Æ��rn$�.�t�UlxÆ	��ko��n�l$�U�alx��kokol�â2l����ts��$�$�o�2Æ�l­���a�t�t���U�Gl�Ç��
�o�BÆ��$�UlG�$s��tkolG�¨�tlG�BÇ;���_�Wã
sO�$�U�UlG�sko�rn$lG�U�_���t�UlG������âm�U�=s0�o���+�a�t�
ko��Ço�.�G�UlGkK�a�$lG��Æ	��ko�����~�Ulrn��U���
k·� q=©rq é q í kol·æ'�
����n$lG�
Ç;���_�dsO�$�a�.lG�pÆ��$�UlG�$s��tko�G� x ��l��UlG�o�t�­Æ�l~Æ��Gn$��l$k	n��ol@s�lGkw��Æ�l����±æ��o�U���
küko�qkÕ�:�olG�hs��=zK�ol�l��
�vu��GÇ;�����U�UlG�o�ÒÆ�ly���®n$�
�	n��ol`�t�0zw�o��Æ�l`�U�
kK�ÒÆ��rÆ��o���a��ñ®Ç;���.�U�t�ÒÆ�l$�ÝÇo�U��ç	���ÒÆ�ly���®Æ�lGko�U���a�`�G�tlrn��U�U�
k�ã
�=zK�olIÆ	��ko�¢�nuZ�rn��;��kK�a�t�t���
k�Ç��
�o�yÆ��/òd�G�.lGkK�alG�¡¦	�olGk	n$lG�yÆFu�l�âon$���_���U���
k.q ä uZ�?×w�
�����U���
k��Ul@s�Ç��q�.lG�t��l
Æ�l{����n:�z���al�Æ2�¬�a�Lo
k;���Bì Æ��6òd�_��n��a�{lGkoæ��qk	n��U�t�qk�Æ��¬�Ul$�_���UÆ��U�o�6×q��kK���nuZl�âon$�����+�a�t�qk¬�����UlG��lG�.�
�U�=s0�o���$l§�U�Ls�Ço�tl@s�lGkK�¡ñ¬�nuE����Æ�l�Æ2�«Ço�.��ç	�`Æ�l�����Æ�lGko�U���a�§�G�tlrn��U�U�
ko�=zK�ol�Æ	��ko���nuZ�rn��;��k��a�t�t���
k
¡4n?æ8q|Ç;���.�U��l�©rq�è�ÔWq

¾�¾�¾�½Å� è{Á�ãxáRâI¿¬À¨ç�À{¾+Âs¿ Ã�âxávâ®ù�è{ãIÁ�¾$âI¿310âxávÃpâ áRè{â�10À0Á�Â§á�1sÂ�èx¾$â
Â�è{À{¾�ë�Ä�â

ç�Ô,ckÔ�ÕmÙ��?Ó¼Î_��Ó�`SÓ Ö�ÑmÔwÓOÔwÕ�×¹ÔwÓ�Ö3ÒmÕ�Î�`SÓw×�Ó�c�����Ö?ÏQÖf�.Õ�Î Ð2ÏlÒmÓ¼ÙxÓkÖyÒmÕ�Î�`SÓ)�BÎrØ�Ù*Ï9Ö
Ù�Õ�^kÙVÓ@Ú
Õ`l$�ÝlFâ�Ç��G�U�tlGk	n$lG�ÒÆ�l¢�aÇ�lGn��a�U�
�an$�
Ço��ly�qÇ��U�0zw�ol`�U�
kK���U�=s��t�����t�Ul$��ñ�n$lG�t��l$�´zK�o�K�qkK���$�U�yl?òdlrn��a�o�$lG�
��×wlrnxÆ�lG���rn��;��kK�U���t�t�qko�®Æ�lx�U���t��n$�t��sµÇ;���IÓz��ëq�
���y%��0ëz�6ã É ���alGk¬l$�®���vq�¸EÓ É ×�Æ ä ¥
¥�»£q
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0 fs

150 fs

7 ps

350 fs

650 fs

Seuil de plasma
haute température

Seuil de fusion
non thermique
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?�@tÃfÃfÃÊC��~�;N$^$Q�M4\�X���X]\'Ny^�LUJ"PÒT?R�XZY'NWQ¢O�Q�RZT�Y�La^GO�Q¢X�^�N=J[T.J'LaPA�UQ¡Q�^}N=La^$M4\�X]La^�O�Q�RZT,^GP�Q�^GM4QyO+S Q$T�MWX]\[T.\[XZLa^yRZTUY'QWJ
I�LaP�J#O�Q�YdJ'Q�\�T.J[OGY

∆t
O$Qc]MN Y%:�\Bq?]vN Y%:¤bhq?]MN Y$:¤a3q.]MN Y�Q�\rè`IGYdQ�^a\[J'QcR]Q0N TUX�Y'M�Q�TUP,I�LhPcI�Q�QW\_R�T¢Y�La^$O$QÝXZ^�N J[T.J'LaP��UQab

ø�LaP$Y�T$�aL_^$Y;J'QBI$J'N�Y�Q�^a\[NrIrL_P�J�P$^¨J'Q�\�T.J[OBO$QU\Bq.]MN YdPG^C�aP$X�O�Qw�$XZY'P$QBR�Q�^`\[J[TUX]\�YdO$X�Y'M�La^a\�XZ^�P$Y�bSj�Q�Y�Q�P$XXR
O$QrI�RZTaY2PÒT
W$TUP�\[Q;\[QBPcI�NWJ[TÊ\�P�J'Q?:�O$N�\[QWJ"PÝX�^�NVnrRZT�Y�Q�M4\�X]L_^vq�b ��b ��:_Q�Y�\oXZ^GO$X�V_P$NdT.pG^|O$QVPÝLa^a\[J'QWJ�V_P�S P$^Ò\[QBREPÝN�MWTU^$X�Y2PÝQd^+S Q�Y�\�IGTaY
J'Q�Y�I�La^$Y[T.H�RZQRO�QwR S N%�aLhR�P�\�X]L_^yO$QgR�T�J'N$^GQ�M4\[X��$X \[N)O�Q�Y	N�M�WGTU^a\[XXR>RZLa^$YWb

ä ��çpoq�o�.l,�$�h��q�£[ss�qkK�U�Ul��nuZ�?×w�
�t���a�t�qk§Æ�l®���x�U�$¦	lrn��U�/×z�t�U�Iko�
�$s����t���U�GlIÆ�l®���{�U�qk	Æ�l®�tk�æ'�a���.�q��o
l
lGk²æ��qk	n��U�t�qkÍÆ�l����¬¦	�olGk	n$lpÆ�l��vu�l�âon$�����+�a�t�
kÍ�����UlG���tk	n$��Æ�lGkK�UlpÇ��
�o��Ço�t�o�U��l$�o�U�s�.l$�����aÆ��

∆t¡Nç�â��G�¯ñÎ¥¥æ'� x £r©�¥¬æ'� x �w©�¥¬æ'� x«ê ©�¥¬æ'��l$� ÿ Ço�	ÜslGkw�a�Ul¬��lµæ����t�_n$lr����Ç��es�Ç�l�l$�§�����U�
k	Æ�l
�tk�æ'�a���.�q��o
l�q
ä lG�®n$�
kK�a�a���tkK�al$�®l�â�Ç��G�.�Ls�lGkK�����tlG�®kol{ko�q���®�
kK�®Ç;���®Ç�lG�hs��t�IÆ2l{�a�a��×q���t���tlG�GñS�;�������_����â¬Æ2l
�.�GÇ��$�a���a�t�
k.q�×I�tko�U� x �tlG��Å	���.�UlG��ÆFu�lG�.�UlG�o�.�ÝÆ�lyn$lG��n$�q���UÅ�lG���U�
kK�ÝÆ�l¢�vu��
�aÆ��UlyÆ�l®£G¥�s x n$l*zw�o�KlG�.�
�.lG�����a�6×wl6s�lGkK���Ls�Ç��
�.�_��kK��Ç��q�o��Æ�lG��l�â�Ç��$�U�tlGk	n$lG�®Æ�lx�UÇdlGn��a�U�
�an$�
Ço��lx�qÇ��U�0zK��l{�o���a�a���a��Ço��Æ�l�q
ä ���.�$¦	lrn��a�6×2���a�0ko�
�$s����t���U�Gl0Ç��
�o�®�ok��Ul$�_���UÆ

∆t = 0
æ'��×
���.��l�Çdl$��lGkTæ��qk	n��U���
k�Æ�l0���s¦	��ã

lGkon$lsÆFu�l�â�n$�t�_���U�t�qk.q0Ó���×
���tlG�o�­lG�U�xn��qko�.����kK�Ul�l$���@ow���tl�ñ��vu��oko���a�I�%�o�:zK�.u7ñ��ok�l�¦	�olGk	n�l�Æ2l
èq¥)s§þ qEn6s −2

q í kol�Æ��Ls��tkz���U���
k�Æ�l§©ms]¡�Ç��
�o���okol�¦o�olGk	n$l�Æ�l � ¥)s§þ qEn6s −2
Ü­lG�U���U�o�6×2�tl

Ç;���{�ok��Ul$�U�q�o�ªñp�okol�×q���tlG�o�{Ço�U�zn��ol�Æ�l��vu��oko���a��Ç��q�����okols¦	�olGk	n$l�ÆFu�l�â�n$�t�_���U���
k�Æ�l¬£ � ¥
s�þ�q�n6s −2

q
ó �q�o�`�tlG�������a�Ul$�¨�Ul$�����aÆ��&¡��_����æ

∆t = 7
Ço�	Ü¢�
k��
Åo�UlG�$×wlI�nuZ�?×w�
���2�a�t�qk��U�o�/×
��kK�al­Æ�l­�����U��¦	lrnFã

�U�/×z�t�U�~ko�q�hs����t�t�U�Glåî«�_�¬×q���tlG�o�plG�.�p�U�q����ÆFuE��Å��
�aÆ³n$�qk��U�_��kK�Ul~l$�p�@oK���tl¬ñ��nuZ�oko���a� È{lGk�ã
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�U�o�t�Ul­Ç��q�o�`�okolI¦	�olGk	n$l�ÆFuZl�âon$�����+�a�t�qk��U�oÇ��G�U�tlG�o�Ul�ñtzK�olG�=zK�olG�Ýs§þ qEn6s −2
�t���Ul­Ço�.�2Æ��o���B�okol

Æ��Ls��tkz���a�t�qkÎ��k�æ��G�U�tlG�o�Ul�ñ�£G¥�s�zK�o�¡lG�.�0�a���/×2�tl�Ç;�����okol§����o�s�l$kK���+�a�t�qkÎÅo�U���_���tl3¡[Ço������Æ�l
©
¥ksÖÇ��q�o�

∆t = 650
æ'�	Ü¦È�lGk�ç	k��okol��_���U�o�_�+�a�t�
k~Æ�l�����×q���tlG�o�­Æ�l������U�$¦	lrn��a�6×2�t�U��lG�.�­�qÅ�ã

�UlG�$×w�$lxÇ��q�o��Æ�lG�B¦	�olGkon$lG�®ÆFu�l�â�n$�������U�t�qk��a�oÇ��$�U�tlG�o�U�Gñ�£�©�¥�s§þ q�n6s −2
q

ó �
�o�I�ok��Ul$�_���UÆ
∆t = 7

Ço� x �
k��
Åo�UlG�$×wl0�okols����o�sslGkK���+�a�t�
k~�Ls�Ç��
�.�_��kK�Ul�Æ�l������U�$¦	lrn��U�6ã
×2���a�~¡��_��ko�®Æ��Ls��tkz���U���
k¬Ço�.��������Åo��l�Ü`Ç��q������kolx¦	�olGk	n�l�ÆFu�l�â�n$�t�_���U���
k�n��U�
���U�_��kw�al�q ó �
�o���okol
¦	�olGk	n$l�ÆFu�l�â�n$�t�_���U���
k��a��Ç��G�U�tlG�o�Ul�ñx�
¥�s�þ qEn6s −2

���­�U�$¦	lrn��a�6×2�t�U��Æ��=s��tkz�ol�Ço�.��o
�UlG�U�U�6×wl@s�lGkw�
Æ�l�£G¥�s2q
ä u��?×q�q�t���a�t�
k�Æ�ly�����.�$¦	lrn��U�/×z�t�U�ylGk�æ'�
k	n��a�t�
k�Æ2ly���B¦	�olGkon$l`ÆFu�l�âon��t�_���U���
k�Ç�l$���Ý�$�U�UlylFâ�Ço�t�0zK���Gl
Ç;����Ço�t�o�a�tlG�o�.��Ço�U�zn$lG�U�U�o�ªî

Ø ×®��o�s�l$kK���+�a�t�qk{Æ�l|���BÆ�lGko�U���a�|�G�tlrn��a�.�qko�=zK�ol¢Æ2l|Ç��q�Ê�alG�o�U�R�t��Åo�.lG��zK���qÇ�lG���)�$�U�Ul|�U�=s0�o�t�Gl
Ç;�����tl�s��2Ær�G��l{Æ�lªÖ®�U�	Æ�l�q

Ø É �_��ko�a���a�t�
kÕÆ�l�Ç �;���Ul��U�q�t��Æ2l+È��t�=zK�o��Æ�l�zK�o�B�Ulp�a�_��Æ��o����Ç;�����okol�����oes�lGkw���+�a�t�qký�Ls¡ã
Ç��
�.�_��kw�al~Æ�l����Î�U�$¦	lrn��a�6×2�t�U��¡����¬×
����l$�o�pÆ�l������.�$¦	lrn��U�/×2���a��ko�
�$s����t���U�Gl

R
Æ2�q���p�Ul

�a��ÇoÇ��U�2n:�olG��Æ�l{n$lG�t��l{Æ�lx�nu���k�ÓKÅ¬�t�=zK�o��Æ�l�zK�o�#lG�.�®Æ�lx�vu��
�aÆ��Ul{Æ�l
R = 1, 5

ÜWq
ä ���U�$¦	lGn��a�6×2���a�¨Æ�ly�nuZ�rn��;��kK�a�t�t���
k�Ç�lG�2�Ò�$�U�Ul`�U�Ls��o�t�Gl`��ko�0zK��l@s�lGkK�|��×wlrn¢��l³s��2Æ �$��l¨Æ�lQÖ®�U�	Æ�l
Ç��q�����ok��Ul$�����aÆ

∆t = 150
æ'� x nr��������n$�U���+�a�t�
k�Æ��ÎÇ������$s��p�G��lGn��a�U�
k�ã��a�.�q�ÎlG�.�0n���s�Ço�L�$�Ul

l$�xn$l$���o�2ã�n$�Ýkol��yu�lG�.�­Ç;���­lGk	n$�
�Ul��UlG���Wâ���q@Ö®l�Ço����� x n�l��.l$�����aÆ�l$�U�­��ko�U�� ��_��kK��Ç��
�o�&zw�ol��tl
s��rnr��ko�t�$s�l�Æ2l�æ'�o�U���
k¬ko�
kp�:�ol$�$s��=zK�ol����t����k¬�.âq�tlxÇo�U�rÆ2��s��tk;��kK�6ºWq
í kol�¦	�olGk	n$l�ÆFu�l�â�n$�t�_���U���
kÎn$�U�
���U�_��kK�al�Ço�.�W×w�rzw�ol��okol�����o�sslGkK���+�a�t�
kÎÆ�l�����Æ2lGko�U�t�U���G��lrn-ã
�a�.�qko�=zK�ol�q ó �q�o�I�ok��UlG���Ul$�_���UÆ x �vu���×w�
�����U���
kªÆ2l������U��¦	lrn��a�6×2���a��lGkDæ'�
k	n��U���
k~Æ�l�����¦	�olGkon$l
ÆFu�l�â�n$�������U�t�qk�Ço�U�G�UlGkK�Ul��ok~n���s�Ç��
�.�Ul@s�lGkK�­�a�Ls��t�����t�Ul�ñ����§n$�
�o�UÅ�l0�:�o�G�
�U�=zK�ol�Æ�l�����çpo
�o�Ul
��q�Ô x zw�o�#n$�
�U�.lG�UÇ��qk	Æ·ñ0�vuZ�?×w�
�����U���
k�Æ2l­�����U�$¦	lrn��a�6×2�t�U�­lGk¯æ'�qkon��a�t�qkpÆ�l­����Æ�lGk��a���a�­�G�tlrn��U�U�
k�ã
�=zK�ol{Æ	��ko����l{nr�����m���UlG�o�R�����.�GÇ��qko�Ul{Æ�lG��Ç��q�Ê�alG�o�U���t�tÅo�Ul{l$�U��Ço�U�t�UlxlGk¬n$��ssÇ��al�q
Ö­��ko�­�����U�o�t�Ul�Æ�l�n�l$�U�al0Ç;���.�a�tl x ko�
�o�­���a�t�t���UlG�.�qko�­����n$�
�o�UÅ�l�n$�
�U�.lG�UÇ��qk	Æ	��kK��ñ��ok��Ul$�_���UÆ
∆t = 150

æ���Ç��
�o���U�Ls��o�tlG������Ç��;���al{ÆFuZl�âon$�����+�a�t�qk
�ÞÔ,ckÔ�Õ¼Ùe�.Ó¼Î_��ÓðÏpß<Ó��E^gÎà^gÎ��Há�^cÓ(ØkÏp�BÒ���Ó*Ïp^â`bauÓdcF�e�	Ö?ÏQÖf�.Õ�Î Ð"Ï<ÒkÓ¼ÙE�BÎrØ�Ù*Ï<Ù�Õ�^kÙVÓ

ä ��çpoq���Ul(�h�$��q é ss�qkK�U�Ul��vu��?×q�q�t���a�t�
k�Æ�l������.�$¦	lrn��a�6×2���a�{Æ��·æ������an$l�����Ç���s�Ç�lx�tk�æ'�a���.�q��o
lxlGk
æ'�
k	n��a�t�
k«Æ�l����pÇo�U�
Ço�Ul�¦	�olGk	n�l§ÆFu�l�â�n$�t�_���U���
k.q ä �p�U�$¦	lGn��a�6×2���a�§Æ��¬æ����t�_n�l����«Æ�u�l�âon$�����+�a�t�
k
Æ��Ls��tkz�ol{Æ�l0©ms x Ço�o�t�I����oes�lGkK�al{Æ�l é ¥ks4q
ó �
�o��n��;��zK�ol�¦o�olGk	n$lmÆFu�lFâon$�����+�a�t�qk¼���·�U�$¦	lrn��a�6×2���a�mÆ��­æ[���t�an$l����¼�����UlG��lG�.���okol¬×q���tlG�o�
s���¥wlGkokol�zw�o�q�Ul$Ço�U�G�UlGkK�Ul|�nuZ�?×w�
�t���a�t�qk�Æ�lÒ���¨�.�$¦	lrn��U�/×z�t�U�¢Æ�l|�vu��rn��;��kK�U���t�t�qk�Æ��o�a��kw�)�vu�l�âon$�����+�a�t�
k
Ç;�����nuZ�Ls�Ço�o�t�a�t�
k¬�����UlG�@q
ä lEs��zÆ �G�tl�Æ�loÖI�.�	Æ�lpÇ�lG����Æ��qk	n��$�U�Ulp�2�a�t���t�U�pÇ��q�o����k;���?¥2�UlG��n$lG�s�U�$�a�o�����+�a�yq ï kÍÇ�lG���
�Ul@s����$zK�olG��zK�.uZlG���tlBlG�.�|�U�=ss���������.l�ñ®���­n$�
�o�UÅ�lB�
Å��alGkK�ol�Æ	��ko�Ò�nuZl�â�Ç��G�U�tlGk	n$l�Æ�l¨�8¥2Ç�lBÇ��es�Ç�l�ã

» j�Q%YrIGJ'L?I$J[XZN�\'N%Y�L?I�\�X�V_P$Q�Y�O$Q�R S N�M�WGTU^a\[XXR>RZLa^xY�La^a\ÒO�LhPÒX�^�NWQ�Y0IGT.JcR S Q$K�Q�\|O�Q�R�T,N LUJ�\'QyQ%T$MWX \�TÊ\�X]L_^­NBRZQ�M4\'J'L_^$XZV�P$QI�LaP�J	PG^�QS^rP�Q�^$M�Q_R�TUY�QWJ	Y[X \�P�NWQ#Q�^¢O$Q�Y'Y�LaPGYoO$PyY�Q�P$XXR+O�Q_N P$Y'XZLa^¢^$La^|\�W�QWJ"PÒX�V_P$Q?:�LaPvI�LaP$J	P$^¡J'Q�\�T.J[OyXZ^AN=NWJ[X]Q�P$J<n0R�T
O$P$J'NWQROGP�PÝN�MWTU^$X�Y2PÝQ)O�QgN P$Y'XZLa^`^�La^¢\�W�QWJ"PÒXZV�P�Qab
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�U�
k	Æ�l�Ç��q�o�­�ok~�Ul$�_���UÆ
∆t = 150

æ��O¡4n?æ8q�çpoq���Ul��$�h��q�£�Ü,zK��l�ko�q���x���U�t���t�UlG�U�
ko�x�@ow����l@sslGkK�
Ç��
�o��Æ��$�UlG�$s��tkolG���tlG��Ç;���a��sO���a�UlG��Æ�lx���Sss�2Æ��G�t�t���+�a�t�
k.q
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9;:=<+>
?�@�ÃfÃfÃÊC=D`�;N$^$Q�M4\�X �$X \[NoO$PwN TaXZY'M�Q�TUP�O+S Q%T$MWX \�TÊ\�X]L_^)Q�^gN=L_^$M4\[XZLa^�O�QoY'TQIGJ'L?I$J'Q�^rP�Q�^$M�QoO$TU^GY
PG^�Q2Q%T�I�NWJ[XZQ�^$M�Q�TB�aQ�M
P$^0N TUX�Y'M�Q�TUPÝP$^GXZV�P�QUbJz�LhPcIGTUJ[TUXZY'La^�O$Q�YKM�LaP�J2H�Q�YK^�PAPÝNWJ[X�V_P$Q�Y<� Q�^�\[J[TUX]\[YzM�La^a\[X�^�P$Y�G
Q�\zO$Q�YkI�LaX�^U\�YwQ%T�I�NWJ[X>PÝQ�^a\�TUP�T+b

¾�¾r¾�½�Þ ÃpãIÀ�â­Á�ßà¾G¿¬ç�À{¾+Â�¿ Ãpâxá èyç§Á�ç�ßäã­À�Á§âxá Ãpâ æyç ß Â�Ãpã­æ¡¾+á#ç�é
À{¾�Â�¿

ä lG��Ç;���_�dsO�$�a�.lG��Æ�lx���Ys��2Æ��G�t�t�_���U���
kTñsÆ2�$�alG�hs���kol$���U�qkK�@î

Ø ä �sn$�
ko�.����kK�al{Æ�lx�.lG���Wâ	�+�a�t�qk¬Æ�lªÖI�.�	Æ�l�q
Ø ä �Ss����U�Ulx�
Ç��a�=zK�ol�q

â�ò ��ó,Þ�� ��ÙNÛZÚÕô)õ�óÀ��¨wÛZÚ�÷6�y��Ú���õ�ô�õ���õ2ó��oû.� ��Ù�ÛZÚÕô�õ�ÃE�mÞ�ô�õ

ä l4s��tko�Ls���s Æ�l��.�$¦	lrn��a�6×2���a�EzK�ol�ko�
�o�sÇ��
��×w�
ko�s�
Åo�UlG�$×qlG���U�o������n$�q���UÅ�l�Æ�l����µçpo
�o�.l
�h�h�	qt£¬Ç��
�o���ok·�Ul$�_���UÆ

∆t = 150
æ'���U�o�/×
��kK���vu�l�âon��t�_���U���
kÕ�tk�æ'�_���U�
��o
l�ko�
�o��Ç�lG�$s�l$��Æ�l
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Æ��$�al$�$s��tkolG�¢���{n��qko�.����kK�Ul®Æ�l��UlG����âo���U���
k§Æ�l�ÖI�.�	Æ�l�lGk����a�t�t���_��kK�y���{n$�
�o�UÅ�l��:�o�G�
�U�=zK�ol®� q�£G¥
¡4n?æ8q|�Ulrn��U���
k�� q=©rq é ÜWq
ï k¬�a�.�q��×ql��okol0n$�
ko�.����kK�al0Æ�l��.lG����â	�+�a�t�
k�Æ�l�Ö®�.�	Æ�l

τ = 8 ± 0, 7.10−16
�yq¨Õyl$�U�Ul@×q���tlG�o�

lG�.�{Ço�U�2n:�ol�Æ2l
10−15

� x n$l~zK���¡�Ul@s0Åo��ls�a�Lo
ko�/çolG��zK�ol�n$ls�al6s�Ço��nr���_��n��a�G�.���.�U�0zK�ol�lG�.��ç�â��
Ç;������l$�®n$�
���t�t�U���
ko��Ç��q�Ê�alG�o�.��È+Ç��
�.�al$�o�U�~¸E¤GÕ,º

+ � è�»£q
Ö­��ko�¡k��q�¢nr����n$�o�t�¢ko�
�o�¢n$�
ko�U��Æ��G�U�
ko�³zw�ol����G×
���tlG�o�¡Æ�l

τ
lG�.�¡�okol�n��qko�.����kK�Ul x s����t�¡�t�o�yu=�doq���

ÆFu��ok�l���ÇoÇo�U�Lâ��Ls��+�a�t�qk È;lGk�l?òdl$� x n$lG�t�tl�ã�n$��Æ��GÇ�lGk	Æ�Æ�l�����Æ�l$ko�a���U�0�G�tlrn��a�.�qko�=zK�ol x lG�t��l@×q���U�tl
Æ��
k	nxl$koæ'�
k	n��U���
k�Æ����.l$�����aÆpl$��Æ�lx���0¦	�olGk	n$l{ÆFu�l�âon$�����+�a�t�
k.q

â�ò��;ó,Þ�����Ù�ÛZÚÕô�õ�ó��´¨U�;÷r÷GõµÛ ë ��ÙNÝ=Þ)õ

ó �
�o�|lG�.�U�=sslG��zK��lG���tlBlG�.�¡���G×
���tlG�o�¡Æ�lB���{s����U�UlB�qÇ��U�0zw�ol x ko�q�o�¢��×w�qk��¡���U���t�t�U��Æ�lG��âYs��$�:�o�mã
Æ�lG�@î

Ø Ö­��ko�­����Ço�.l@s��L�G�Ults��$�:�o�zÆ�l x ko�q����n$�qko�U��Æ��G�U�
ko�­��l��a��ÇoÇ��
�.��Æ�l�����Æ�lGko�U���a���G�tlrn��a�.��ã
ko�=zK�ol

Neh

Ç;���x���2s����a�Ul��qÇ��U�0zw�ol
mopt

l$�{����¦	�olGk	n$l�ÆFuZl�âon$�����+�a�t�qk
F

lGk¦æ'�
k	n��a�t�qk
Æ�l�����¦	��lGk	n$l�ÆFuZl�âon$�����+�a�t�
k¬�����UlG� x neu�lG�.�Gñ�Æ��t�Ulx�����UlG���+�a�t�qk��a���/×
��kK�al�î

Neh

mopt · F
= f(F )

¡Å�$�h��q�£�Ü

ä uZ�qÅ��%lrn��U��æ�lG�.�sÆ�lpn���s�Ç;���Ul$�������UlG���+�a�t�qk��h�h�	qt£§�qÅ��UlGkz�olpÆ2l4s���ko�L�G�Ul��:�o�G�
�U�=zK�ol�l��
lFâ�Ç��G�U�Ls�lGkK�_���tl�q
Ë �q�o��Ç��
��×w�
ko���qÅ��UlGko�t���a�Ls�Ço�tl@s�l$kK���vu�lFâ�Ço�UlG�U�U�t�qk�kz��s��$�U�=zK�olIñBÇ;���Ê�a�t��Æ2l¢�vu��yzK�;�+�a�t�
k
� q é�érx lGk��=o
ko�
�_��kK�`����×q���U���+�a�t�qk��UÇ;���U�����tl­Æ�lG�yÇo�U�
Ço�U�t�$�U�G�`�qÇ��U�0zw�olG�¨Æ�l®�vu��rn:�;��kK�U���t�t�qk�q
ä �sn$�q�o�.Å�l�l�â2Ç��G�U�Ls�lGkK�_���tl�lG�.�®Æ��$�alG�hs��tko�Gl�ñs�vu=����Æ2l0Æ�lG�®n$�
�o�UÅ�lG�IÆ�l{���¡çpo
�o�Ul��h�$��qt£
l���� qEÔ q·Õ`lOs��zÆ �G�tl�Ç�lG�$s�l$���@ow����l6s�lGkK�0Æ�l�nr����n$�o��l$�����¯×
���tlG�o��Æ�l

β
�tl�n$�Kl$ �n$�tlGkK�

ÆFuE��Åo�a�
�UÇ��U���
kTñ�Æ�lG��âpÇ��o���a�
ko�yq
Ø ä �B�alrn��qk	Æ�l_s��$�:�o�zÆ�l`n��qko�U�t�.�alQñ����U���t�t�UlG�����|s��zÆ��G�t���_�+�a�t�
k�Ço�.�G�al$kK�a�GlyÆ	��k��������alGn��a�t�qk

� q=©rq é Ç��q�o�0�U�Ls��o�tlG�0����n$�
�o�UÅ�l�Æ�l����&çpo
�o�Ul2�$�h��q�£�Ç��
�o�0�ok��Ul$�����aÆ�Æ�l�£r©
¥µæ���q ä �
×
����l$�o��Æ�l0���~s����U�al0�
Ç��a�=zK�ol�l$�U��Æ��$�UlG�$s��tko�Gl0lGkª���%���U�_��kw�xn�lG���tl�ã�n$�|��ç	k~Æ2l��U�=s0�o��l$�
n��q�.�Ulrn��al6s�lGkK������n$�q�o�.Å�l{l�â�Ç��$�U�Ls�lGkK�_���tl�q

ç]æ3ÕkÖhÓ¼Ù¼×U�$ÎvÏQÖf�.Õ�Îç`SÓðÐ"ÏØ× ÏlÒ¤ÒmÓ Õ¼ÔMÖf�há�^cÓ"èxÔgÏ<ÙkÖf�$ÙU`VÓxÐ2Ï Ù�ÓmÐ2ÏQÖf�?Õ�Îâé�é�é�m8¬
Ù�ê ö?þ�ù�ø�ß���ú`ü�þ��4�mú´Ûzù��hë ù0ÿ�i�ø-ù��a�����múTú<Þ�ß�ö�ø��nì�Þ�ù²Ûzù0�/ü�ø-ùG�6ü�þ����mú�íhíhí6î¸ï

ä u�l�â�Ç��UlG�U�U���
k�kz� s��G�U�=zK�ol`Æ�ly�����.lG�����U���
kS�h�$��qt£ylG�.�ÒÆ��$�al$�$s��tko�Gl«ñ�Ç;���Ê�a�t�ÝÆ�l`�vuZ�yzK�;�+�a�t�qk���q éwé q
Õ`l$���tl�ã�n$�dÇ�lG���`�$�a�.lI�tkK�a�@o
�U�GlI�U���
k�n$�qk��a��Æ �G�.l&zK�ol®�vu��Ls�Ço�o�t�a�t�
k������al$�`�tk	n$��Æ2lGkK�alIÇ��q�U�$�rÆ�lI�ok
Ço�U��ç	�;�al@ssÇ��q�.lG��oK���o�U�U��lGk�Æ2���8¥2Ç�l

Io exp
(

t
τlaser

)2 q ä ��Æ�lGk��a���a�®�G�tlrn��a�.�qko�=zK�olIlGk9æ'�
k	n��a�t�qk
Æ�lx����¦	�olGk	n$l{ÆFu�l�â�n$�t�_���U���
k¬lG�.�®���t�
�U�®Æ��
koko�GlxÇ;���B�nuZl�â�Ço�.lG�a�U�t�
k¬�U�o�6×q��kK�al�î
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Neh =
F

h̄ω

(
α +

βF

2
√

2πτlaser

) ¡v�h�$��q é Ü

�¼�³�qk�n��qko�U��Æ �G�Ul~�����UlG�����U�t�qk³�a���/×
��kK�alåî
F =

√
πτlaserI

¡��¼�
τlaser

lG�U�p���mÆ��o�U�$l�Æ2l
�vu��Ls�Ço�o�t�U�t�qk������UlG�	Ü`Ç��
�o���UlG�t�tlG�����0¦	�olGk	n$l{ÆFu�l�âon��t�_���U���
k

F
l$���nuZ��kw�alGko�U���a�x�����UlG�

I
q

ä uZl�â�Ço�Ul$�a�U�t�qkÈ�h�$��q é kol�Ço�UlGk	Æ·Ç;���§l$k�n$��s�Ç2�al��tlG�9×
���U�����U���
ko�§�UÇ;�+�a�����tlG��Æ2lG�§Ço�.�qÇo�.���$�U�G�
�
Ç��a�=zK�olG�&¡�n$�qkw�a�_���t�Ul@s�lGkw�B����s��zÆ �G��l®Ço�U�G�UlGkK�U�­Æ	��ko�`���{�Ulrn��a�t�qk§��qE© q é Ü x l$�`kolIÇ�l$�$s�l$�`Ç;���
Æ�lxÆ��$�UlG�$ss��kolG�B�vu��?×q�q�t���U���
k¬Æ�l�����Æ�lGko�U���a�x�$��lrn��a�U�
ko�=zK�olxlGk·æ'�
k	n��a�t�qk�Æ�l�����Ço�.�wæ��qk	Æ�l$�o��Æ2l
�vu��Gn��;��kw�a�t���t�
k.q ä �@×
���tlG�o�¨Æ�l­���0Æ�lGko�U���a�­�G�tlrn��a�.�qko�=zK�ol�nr����n$�o���$l���n$��n$�q�.�UlG�UÇ��
k	Æ·ñ����@×
���tlG�o�
ñ������U�o�0æ���n$l{Æ�lx�nuZ�rn��;��kK�U���t�t�qk.q
ó �q�o���
Å��alGko�t���vu�l�â�Ço�.lG�U�U���
k�kK��s��G�U�=zK�ol�Æ2l������UlG���+�a�t�qk��$�h��q�£ x �t�)�U�� ��®Æ�l�Æ��6×2�t�UlG����l$�IÆ�lG��â
ssl@s�Åo�Ul$�yÆ�l��nuZ�yzK�;�+�a�t�qk��h�h�	q é Ç;���¡����¦o�olGk	n$l®ÆFu�l�â�n$�t�_���U���
k������UlG�¢l��yÇ	���¡���&s����U�Ul��
Ç��a�=zK�ol�q
ï k��
Å��a�tlGkK�I���tko�U�R�nuZ�yzK�;�+�a�t�
k¬�a���/×
��kK�al�î

Neh

moptF
=

α

mopth̄ω
+

βF

2
√

2πmoptτlaserh̄ω

¡v�h�$��qE��Ü

ä uZ��kK�U�G�U�$��Æ2l¢n$l$�U�Ul¡ko�
��×wlG�t�tl¡�yzK�;�+�a�t�qk{lG�.��zK�.uZlG���tl¡Ç�lG�hs�l$��Æ�l¢Æ����alG�$ss��kol$�)���Ýs����U�Ul|�qÇ��U�=zK�ol
mopt

x Ço�o�����tlyn$�Kl$ �n���lGkw�ÒÆFuE��Åo�U�
�UÇ��U���
k�ñ�Æ�lG��âxÇ��o�
�U�qko�
β

�U�Ls�Ço�tl@s�lGkK��Ç;�����ok0���%�o�.�al6s�lGkK�
kK��s��G�U�=zK�ols�t��k������t�Ul�¡����4s����U�Uls�qÇ��U�0zw�ol�lG�.��Æ��$�UlG�$s��tko�GlsÇ;���{�vu��tkK�UlG�U�Ulrn��a�t�
kÎÆ�ls���pÆ2�U�q���Ul
��×wlGn��nuE��â�l{Æ�lG���
�aÆ��
koko�G��l$����l{n$�Kl$ �n���lGkw�

β
Ç;��������Ç�lGkK�Ul{Æ�lx����Æ��U�
�t�Ul�ÜWq

Ù,Ù.ê ö?þ�ù�ø�ß���ú`ü�þ�����ú Ûzù®�6ü¡û_�¤Þ�ø�ð-ù ù$ÿ�i�ö�ø��2ß9ùFú�þ�ü
�/ùbø�ù�i�ø�ö��Lù�ú�þ�ümú�þ��6ü@ø�ùG�/ümþ����mú~íhíhí6î¸ï
ä ��çpoq�o�.l��$�h��qE��Ço�.�G�al$kK�al{����n$�
�o�UÅ�l{l�â�Ç��G�U�Ls�lGkw������l�zK�o��Æ��rn$�.�t�®���s�.lG���+�a�t�
k��h�$��qt£{Ç��q�o����k
�.l$�����aÆ

∆t = 150
æ���qQÕylG�t��l�ã�n$�)lG�.�®n$�
ko�.�a�U�o���al�ñ�Ç;���.�a�t�®Æ�lx����çpoq�o�.l��$�h��q�£xÇ��q�o���ok¬�Ul$�_���UÆ

Æ�l¬£r©�¥&æ'�{l$��Æ�l�����n$�
�o�UÅ�ls�:�o�G�
�U�=zK�ol�Æ�l����¯çpo
�o�.l�� qEÔ�¡��?×q�q�t���a�t�
kÎÆ�l������U�$¦	lrn��a�6×2�t�U��l$k
æ��qk	n��U���
k�Æ�l�����Æ�lGk��a���a���G�tlrn��a�.�qko�=zK�ol�Æ��6×2�t�U�Gl�Ç;���{���Es����a�Ul��
Ç��U�0zK�ol�Æ	��ko���tl�nr���{�m���tlG�
Ço�.�qÇo�.�t�$�a�G�­�qÇ��U�0zw�olG�xÆ�l��vu��rn��	��kK�U���t�t�qk��a�
kK�xÆ���n��U�GlG��Ç;���­�tlYs��2Ær�G��l�Æ�l�Ö®�U�	Æ�l�Ü	qRÕylG�xÆ�lG��â
n$�
�o�.Ådl$�¡Ç�lG�hs�l$�.�alGkK�¡ÆFuZ�qÅ��UlGko�t�|�vu��?×q�q�t���a�t�
k�Æ��s�_��ÇoÇ��
�.�¡Æ�lB���­Æ�lGko�U�t�U�B�G�tlrn��a�.�qko�=zK�olBÇ;���|���
s����U�Uly�qÇ��U�0zw�ol`lGk�æ'�
k	n��a�t�
k�Æ�l`����¦	�olGk	n$l¨Æ�u�l�âon$�����+�a�t�
k������UlG�Ò���ts���¥wlGk�ÆFuZ�ok�n���s�Ç��
�U�t�U�t�qk
Æ�l@æ��qk	n��U���
k.q ¬ ko�U�o���al x ��l{�a��ÇoÇ��
�.�IÆ�l{����Æ�l$ko�a���a�{�G�tlrn��a�.�qk��0zK�ol{Ç;�������Ss����U�Ul{�
Ç��U�0zK��l�lG�.�
Æ��6×2�t�U�IÇ	���¢��l�¦	��lGk	n$lIÆFu�l�âon$���_���U���
k�n�l,zK�o��Ç�lG�hs�l$�`ÆFu��
Å��al$ko���¢���{n$�q���UÅ�lIÆ�l®����çpoq���Ul,�h�$��q���q
ï k�Ç�l$���y��uE��Ç�l$�an$l?×w�
�t�³zK�ol��tlG�yÅ;���U�.lG�yÆFu�lG�.�UlG�o�¡�a�
kK�¢�=ssÇ��q�Ê����kK�alG�yq ¬ �t�tlG�y�U�
kK�_s���â2�=s����tlG�
Ç��
�o��Æ�lG�p¦	�olGk	n�lG��ÆFuZl�âon$�����+�a�t�qk��tk�æ'�G�.�tlG�o�UlG�µñÍ©ws§þ qEn6s −2

î��%�o�:zK�.u4ñÍ©
¥ks lGk�×
���tlG�o�
�.lG�����a�6×wleq
Ë �
�o�`Ç��q��×q�qko�Bn$�������.l@s�lGkK�¨�
Åo�al$�$×wlG�`�U�o�`���@çpo
�o�Ul{�$�h��qE�0�ok�n��;��k�oql@sslGkK��Æ2l­�U�6oq�Ls�lIÇ��q�o�
�ok�l�¦	�olGk	n�l­��Å��a�
�UÅ��Gl��a��Çd�$�U�tlG�o�UlGñ ê s§þ q�n6s −2

q©Õyl$�U�Ul�¦	�olGk	n$l®ÆFu�l�âon��t�_���U���
k§n$�
�U�UlG�UÇ��
k	Æ
���o�.�al@s�lGkw��ñ�����¦	�olGkon$l`�UlG�o�t�

Fs
Æ��$�al$�$s��tko�GlyÇ;�����aÇ�lrn��a�U�
�an$�qÇo�tl�ì·Ç��
�o���tl`Æ��rn$�tlGk	n��ol@sslGkK�

Æ��«s��rnG��ko�t�$s�l�Æ�lTæ��o�U���
kÕko�qk·�:�olG�hs��0zw�ol�q ä u=�����o�.�al@s�lGkw�§���tko�����t�Ul�Æ��
�������a�Ul�l?òdlrn��U�o�
Ç��
�o�I�okol�¦	�olGk	n$l�Æ�u�l�âon$�����+�a�t�
k��tk�æ'�G�.��lG�o�.l�ñ ê s§þ qEnWs −2 x nG���I�vu��@zK�;���U���
k"�h�h�	q é kol0Ço�UlGkoÆ
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Ajustements linéaires possibles

9�:E<+>
?%@|ÃfÃfÃÊCXt[�;Q$I$J'N�Y'Q�^U\�TÊ\�XZLa^¢Q%T�I�NWJ[XXP�Q�^a\�T?RZQRO�QwR S Q%T�IGJ'Q�Y'Y'XZLa^�Y�Y2Y�bu\.b

Ç;���®lGk�n$�es�Ç��Ul0n$l�ss�rnr��ko�t�$s�l x ko�)���s�_���U�o�_�+�a�t�
k�Æ�l��vu=��Åo�U�q�.Ç��a�t�qk�Ç	��������Æ2�=s��tkz���U���
k�Æ��
ko�es�Åo�UlyÆFu��$�_���U�ÝÆ��t�UÇ��qko�tÅo�tlG� x zK�o�zÆ�l?×z��lGk�kolGkK�Ý�Ls�Ç��
�.����kK�U��Ç��q�o��Æ�lG��¦	�olGkon$lG�ÒÆ�u�l�âon$�����+�a�t�
k
�U�oÇ��G�U�tlG�o�Ul$�Gñsn$lx�UlG�o�t�nq
�W�y��uE�L×��G�Ul��Ls�Ç��
�a�U�tÅo�tl�ÆFu�l?òdlrn��a��lG���okm���%�o�.�al@sslGkK���t��ko�����t�Ul§Ço�U�rn$�t��Æ�l�����n$�
�o�UÅ�l4�h�$��qE�Dñ
nr���o�al§Æ�l§�nuZ�Ls�Ç��q�Ê����k	n$l�Æ�lG��Å;���U�UlG��Æ�u�lG�U�.lG�o�4¡�ko�
�o�s��×w�qk����tk	Æ��0zw�o���U�o��n$l$�.�al9çpo
�o�.l§��lG�
Æ�lG��âÍÆ��.�q���alG�sl�â2�a�.�@s�lG�Ozw�o�B�Ul$�U�UlGkK��Æ	��ko�s�����t�=s����Ul¬Æ�lG�sÅ;���U�Ul$��ÆFuZlG�U�.lG�o�U�	ÜWq ä �3s����U�Ul
�qÇ2�a�=zK�ol��qÅ��UlGkz�ol�lG�.�yn���s�Ço�.���UlBlGkK�a�.l�¥ x ��l$�®£ x �OÈK�vuZlG�U�Ul$�o�¡�U�o�¡�_��Æ��$�UlG�$s��tk;�+�a�t�qk�lG�.�¢Æ��qk	n
Æ�l�£G¥q¥ks4q

���vÓ���Õ�Î�`SÓ ×wÕkÖHñgÕ�`VÓU`SÓU`�ÕkÖhÓ¼Ù¼×U�$ÎvÏQÖf�.Õ�Îç`VÓxÐ"ÏØ× ÏlÒ¤ÒmÓ Õ¼ÔMÖf�Há�^`Ó�òiÒ��$×U^rÐ2Ï9Ö
Öf�?Õ�Î�`SÓ Ð@aJÕeß<Õ<Ð0^rÖf�.Õ�Î�`SÓ¹Ð2ÏîÙ�Õ$óOÓ���Öf�£ß���Ö:Õ�`SÓ Ð"ÏîÒkÕ�Î�`SÓ4�$Î Ø�Ù*Ï<Ù�Õ�^kÙVÓ Ó¼Î�ØJÕ�Î_�kÖf�?Õ�Îà`SÓ
Ð"Ï4ó�^`Ó¼Î��¤Ó"`ba5ÓdcF�e��Ö?ÏQÖf�.Õ�Î

ï kpnG����n$�o�tl{��×wlGnI�tl{ss�2Æ �G�tl­Ço�.�G�UlGkK�a�­Æ	��ko�¨�����alGn��a�t�qk���qE© q é �nuZ�?×w�
���2�a�t�qkpÆ�lI�����.�$¦	lrn��a�6×2���a�
Æ�l����p�a�
k	Æ�l���k�æ'�_���U�
��oql�lGk¬æ'�
k	n��a�t�
k«Æ�l�����¦	�olGk	n$l�ÆFu�l�âon��t�_���U���
k������UlG� x l$�0�
k«���%�o�.�al����
n$�
�o�UÅ�l0�:�o�G�
�U�=zK�ols���tko�U�Ý�qÅ2�alGkz�ol�ñ����§n$�
�o�.Å�l�l�â2Ç��G�U�Ls�lGkK�_���tl�Æ�l�����çpo
�o�UlS�h�h��q�£�Ç��
�o�­�tl
�Ul$�_���UÆ

∆t = 150
æ���lGk)s��zÆ��6ç���kK������×q���tlG�o��Æ�lx���Ss����U�Ulx�
Ç��a�=zK�ol�q

ó �
�o�­l?òdlrn��a�olG�­��lsnr����n$�o�Ò�
kª���U�t���t�Ul�����×q���tlG�o�xÆ�l�����n��qko�.����kK�UlsÆ�l��UlG���Wâ	���U���
kªÆ�l�Ö®�U�	Æ�l
�a�.�q��×q�Gl�����Æ��GÅo���¢Æ�l�n�l$�U�alBÇ;���.�U��l�î

τ = 8.10−16
� x l$�¡�tl�n$�Kl$ �n$�tlGkK�¢ÆFu=��Åo�a�
�UÇ2�a�t�qk9ñ­Æ�lG��â
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?�@³ÃfÃfÃÊC]A��	N$^GQ�M4\[X��$X \[NdO�QVR�T)Y�La^GO�Q�X�^�N=J[TUJ'LaP��UQ�Q�^`N=La^GM�\�XZLa^|O�QVR�Tg^GP�Q�^GM4QdO+S Q%T$MWX \�TÊ\�X]La^|OGTU^$Y2P$^$Q�Q%T�I�NWJ[XZQ�^$M�Q
I�LhPcIrQ$§tY�L_^$O�QUb�z�LhPcIGTUJ[TUXZY'La^yO�QwR�TÒM�LaP�J2H�QR^�PAPÝNWJ[X�V�P�Q#LhH�\[Q�^_P$Qgn`R S TUX�O�Q)O$P�PÝL�O�õBR]Q)O�Q�;dJ[PGO�Qv�

τ = 8.10−16 Y%:
mopt = 0, 6 ± 1

Q�\
β = 130

M%Pybô¶Qý −1 G;Q�\RO�QcR�T¢M4L_P�J2H�Q�Q%T�IrNWJ[XXPÝQ�^a\[ThR]QrI�LaP$J�P$^�J'Q�\[TUJ[O�Y'P$X��.Ta^U\gR S Q%T$M�X]\�TÊ\�X]La^
XZ^�N J[T.J'LaP��UQ)O�QM\Bq.]cN Y�b

Ç����
�a�
ko�
β = 130

n6s�q=Øe­ −1
nr����n��o����Æ	��ko�{���§�alrn��a�t�qk�� q=©rq�£eq ï k~�a�.�q��×wl�zK�ols����×
���tlG�o�

Æ�lx���Ss����U�Ulx�qÇ��U�0zw�ol{l$�U�
mopt = 0, 6± 0, 1

q
ä lG�0n$�
�o�UÅ�lG�0l�â�Ç��G�.�=sslGkK�����tl3¡��t�a�U�ol�Æ�l����·çpo
�o�Ul��$�h��q�£�Ç��
�o����l��Ul$�_���UÆ

∆t = 150
æ'�	Ü�l$�

�$�o�G�
�U�=zK�olB¡�lGkÍ�U�_���t�U��n$�qkK�U�tkz�o�	Ü��qÅ2�alGkz�ol���×wlrnpko���a�.l)s��zÆ �G�tl¬Ç��
�o��n$l$�.�al·×
���tlG�o��Æ�l����
s����U�Ulx�
Ç��a�=zK�olx�a�
kK���UlGÇo�.�G�al$kK�a�GlG���U�o������çpo
�o�Ul(�h�$��q�è�q
ä �­n$�
�o�UÅ�l¨�:�o�G�
�U�=zK�olB�U�Ls��o�tl�n$�
�U�UlGn��al@s�l$kK�¡�tlG�|�U�G�U�o�����+�a�|lFâ�Ç��G�U�Ls�lGkK�_����â�Ç��
�o�|�oks�.l$�����aÆ
Æ�lÎ£�©�¥¥æ'���U�o�6×
��kw�§�vu�l�âon��t�_���U���
kÕ�����UlG�yq ä �ª�U�GÇ��
ko�Ul��qÇ2�a�=zK�ol�Æ�l��vu��rn:�;��kw�a�t���t�
k�lG�.��Åo�tlGk
�U�Ls��o�t�Gl®Ç;���y�tl[s��2Ær�G��lIÆ�l ÖI�.�	Æ�lI�U�o�¢�nuZlGko�Ul@s�Åo�tl­Æ�lG�¢¦	�olGk	n$lG�`ÆFu�l�âon��t�_���U���
k�n$�
ko�U��Æ��G�.�GlG� x
Åo�tlGk2zK�.u��okol®�����hoql®Ç;���Ê�a�tl­Æ�lIn$lG�t�tlG�;ã�n$�d�U�q�tlGkw�¨�U���a�o�Gl$�B���§Æ�lG��ñ0Æ2�§�UlG�o�t�dÆ�lIÆ��rn$�tlGk	n��ol@sslGkK�
Æ�lp���Dæ��o�a�t�
kýko�
kÍ�$�olG�$ss�0zK�ol�Ç��q�o�s�tlyzK�olG�B�vu��tk�¦	�olGk	n$l¬Æ�l�n$lEs��Gnr��ko�t�$s�lpÇ�lG����Æ�l?×wl$ko���
�UlGko�U�tÅo�tl�q
�W�ÝlG�.���tkK�U�G�UlG�U�_��kw�{Æ�l��U�Loqk;���tlG��zK�ol�n$lYs��2Æ �G�tl����U���t�t�Ul��okolSs����U�Ul��qÇ��U�0zw�olsn$�
ko�U�_��kw�alsÆ2l
����s��6s�l�s���ko�L�G�Ul�zK�ol�Ç��
�o�����În$�
ko�.����kK�al�Æ�l��Ul$���Wâ	�+�a�t�qk�Æ�lDÖI�.�	Æ�l�qg�W����uE��o
����ÆFu��ok�l
��ÇoÇo�U�Lâ��Ls��+�a�t�
k x nr���{���Es����U�Ul��
Ç��a�=zK�ol�Æ��GÇ�l$k	Æ��@ow����l@sslGkK�0Æ�l�����Æ2lGko�U�t�U���G�tlrn��U�U�
ko�0zw�ol x
l$��lG�.��Æ��
k	n�æ'�
k	n��a�t�
k«Æ��Î�Ul$�_���UÆ�l$��Æ2l�����¦	�olGk	n$l������al$�0ÆFu�l�â�n$�t�_���U���
k.q ó �q�o�{�okol�æ�����Åo�tl
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Æ�lGko�U���a���G�tlrn��U�U�
ko�0zw�olU¡��tlG��Ç��
�.�alG���U���.lG�.�alGkK��n$�qk�çoko�G�sl$kÍn$l$kK�a�Ul�Æ�l§}G�qkol�Ü����o×
���tlG�o��Æ�l
����s����U�Ul§�
Ç��a�=zK�ol§lG�.�

mopt = 0, 015
¸=ÓKl@s�Ôo£�» x �U�q����Ço�t�o��ÆFu��ok��q�aÆ2�Ul�Æ�l2o
�_��k	Æ�lG�o�.�sÆ�l

Æ��6ò��G�.lGk	n$l¨�L×qlrn¢���b×
���tlG�o��zK�olyko�
�o�Ò�L×q�qko���U�U�
��×w�Gl�q ä �B�a�$�G�Oæ��q�Ê�alyl�âon��t�_���U���
k��$��lrn��a�U�
ko�=zK�ol
Æ�ls�vu��Gn��;��kw�a�t���t�
k�l$�x�����.�a�.�	n��a���Ul�Æ2lsÅ;��k	Æ�l�Æ�ls�vuJ�Wk�ÓzÅ²¡,æ'�
�.�al@sslGkK�xko�
kªÇ;���a��Å��
�t�0zw�ol�Æ �G�
zK�olI�vu��
k§��uZ�G�t�q�Loqkol�Æ2�pn�lGkK�a�.l�Æ�lI}G�
kol x ×w�q�t�ylGk���kokol�â2l&�HÜ¡�U�
kK�¨Ço�.�qÅ;��Åo�tl@s�lGkK�bñ{�nuZ�q�.�=o
�tkol
Æ�l{n$l$���rnr���.�yq

åpø��mÙ�ì�¨�� ��Ù�Û`Ú·ô�õ�ó��ªò ��ó,Ù'ô³Ù0�rø�ô�õz÷ ë �p���Q¨îí�����õz÷�ô³Þ«¨¦ÛRôrí2ó�õ�ô�õ�ÃE�mÞ�ô�õ

Ë �
�o�����t���
ko�Q×w�G�.�/ç	lG�¨���ª×
���t��Æ��t�U�{Æ�lG��Æ�lG��âpÇ	���a��sO�$�U�UlG�(¡
mopt

l$�
τ
Ü x zK��l�ko�q�o�Q×wlGk��qko��Æ�l

Æ��$�al$�$s��tkolG� x lGk�l?òdlrn��a�;��kK�I�okol0n$�es�Ç;���_���t�U�
k�lGkK�U�Ul�����n$�q���UÅ�l��$�o�G�q�.�=zK�ol�Æ�l��vu��?×q�q�t���a�t�
k
Æ�lx�����.�$¦	lrn��a�6×2���a�{Æ�lx�nuZl�âon$�����+�a�t�
k��tk�æ'�a���.�q��o
l{lGk&æ'�
k	n��a�t�
k�Æ�lx����Ço�U�
Ço�Ul�¦	�ol$k	n$l{�qÅ2�alGkz�ol
ñx�vu=����Æ�l®Æ���s��zÆ �G�tlIÆ�l®���x�Ulrn��U���
k§� q=©rq érx l$�y���{n$�
�o�UÅ�l�l�â�Ç��G�U�Ls�lGkw������l,zw�o��l$�U�y�.lGÇo�U�G�UlGkw�a�Gl
�U�o�0���·çpo
�o�Ul2�h�$��q é q�ÓK�o��n$l$�.�al�çpo
�o�Ul x Æ�lG��â�n��q�o�.Å�lG��kz� s��G�U�=zK�olG�4¡[lGkÎ�U�_���t�U��n$�qkw�a�tkz�o�	Ü
�U�qkK�¨Ço�U�$�alGkw�a�GlG�Bn$�
�U�Ul$�aÇ��
k	Æ	��kK������â§Ç;���a��sO���a�UlG�¨�t�Ls����alG�bzK�o�dÇ�lG�$ssl$�U�al$kK��Æ�l­�U�Ls��o�tlG�`��lG�
n$�
�o�UÅ�lG�¢l�â�Ç��G�U�Ls�lGkw������lG�yq ï k��
Å��a�tlGkK�`���tko�U�§î

mopt = 0, 5±0, 16
l$�
τ = 7, 7±0, 5.10−16�yq

ä lG��×
���tlG�o�.�§Æ�lG��Ç;���_�dsO�$�a�.lG��¡Ås����U�Ul¬�
Ç��a�=zK�ol¬l$��n$�
ko�.����kK�al�Æ�l¬�.lG���Wâ	�+�a�t�qkÕÆ�lTÖ®�.�	Æ�l�Ü
�a�.�q��×q�GlG�­��×wlrnx�tlG�IÆ�lG��âp�f¥zÇ�lG�IÆFu�lFâ�Ç��G�U�tlGk	n$lG�®�U�qkK���a�Ls��t�����t�UlG� x n$l�zK�o��n$�
k�ç	�$ssl�ko�
�®lG�.�a�2ã
s��+�a�t�qko�yq

å���ó�õ�Þ���ô�õz÷ ë �p���Q¨îí�����õz÷�Þ.��Ù[ó,Ù'÷Gø2÷ ë ÛZÞ���ó�õ2÷�÷WÙ"¨DÞ�ó�����Ù�ÛZÚ�÷

ä lG��Ç;���_�dsO�$�U�UlG�����U���t�t�U�G��Æ	��ko�����¬�U�o�t�Ul�Æ2l�n$l2s���kz���_n$�.����Ç��
�o�ts��2Æ��$���t�UlG���vuZ��kK�UlG�_��n��a�t�
k
�����UlG��È+�Ul@s���n$�
k	Æ��	n��alG��� x l$�ynr����n$����lG�¡��l$�¢Ço�U��ç	���¢Æ�l�Æ�lGko�U�t�U���G�tlrn��a�.�qko�=zK�ol�l$�¢�tl®n:�;��ssÇ��G��lrn-ã
�a�.��s��do
ko�$�a�=zK�ol{Æ	��ko���vu��rn:�;��kK�U���t�t�qk��a�
kK���.�G�U��s��G��Æ	��ko�������_��Åo�tl(�h�$��q�£�î

1ªÛZÚ�÷6�y��Ú��rõ�ô�õ���õ2ó��oû.� ��Ù�Û`Ú·ô�õ�ÃE�mÞ�ô�õ
τ τ = 8.10−16

�
ßõ�;÷r÷GõµÛ ë ��ÙNÝ=Þ)õ

mopt = 0, 51ªÛ#õ<ö�¨�Ù�õ�Ú���ô¡öL�p��÷�Û�� ë ��ÙNÛZÚ÷��ô�õ�ÞRû ë Ü^Ûp�LÛZÚ�÷
β = 130

n6s�q=Øe­ −1

ñ�òEókôE@|ÃfÃfÃÊC���HwT.J[ThP0õ�\[J'Q�Y;P�\�X>R�XZY'N�Y<I�LaP�J;Q$K�Q�M4\[P$QWJlRZQ�Y;MWT?RZMWP�RZY;O$QgR�T`P�L�O�N�RZX�Y'TÊ\�X]L_^+b
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�=�%Û���þ�ü�þ�ù ø�ý å��_�Kû�� q�¤��
�t�;ãÊÓ����ok	Æ2lG�U� x
£GÔ ÿmê q

¸Z×I���a¥o£�» ×Yq|×I���:�o�tlG�@q ê åmú`ü¤ß��£û-ü
�«þ ý ù_�mø�åÍ�;÷�Ú
	¢ø�ü¤å Û���Ý«ø�üzû?þ[���mú q ï â�æ��q�UÆüÓ2n���lGkon$l
ó �oÅo�t��nr�+�a�t�qko� x�é ¥
¥o£eq

¸uº¢× � é » ' qSºy�t�H%����x��koÆ ÄSq�×,s0Å�l@oK����ë
���yq ó �o�qko�
k��UÇ�lrn��a�.��sí��æ¢�~s��2Æ�l$�Ý��æ|lG��lrn-ã
�a�.�qko��nr�����?¥�l�âon$���alrÆp�a�t�t��n$�qk.qÝø�ý å��yî=ô«ù�ýeî�� x�é�ê ¡(è<Ü î�£GÔ � ¥ x £rÔ � é q

¸uº`���aÔ � » Ókq0º¨���U�U����ko�vq ùIþ�ÞlÛwù&ù?þx�_iZþ��2ß����Lü�þ[���mú©Ûwù��hë ö�ß����_�����mú´Ú Û�ë Þ�ú�i��/ü+�3ß9ü�û�ø-ö-ö
i�ümøeÞ�ú`ùI�2ß®iQÞo�������mú��/ü+�Lù�øeÞ��Rþ(ø�ü�	$û_�¤Þ�ø?þ¢ù q ó ��Ö³�$�olG�U��� x�
 n$�
��l ó �q�?¥z�alGn��oko�=zK�ol x
£GÔqÔ � q

¸uº ä © � » ×Yq ' qcº¢l����.�a�tl���k	Æ ó q É q ä ��k	Æ��UÅ�lG�$o�q�×I��oqlG��l?òdlrn����tk��Ul@s���n$�
k	Æ��	n��a�
�U�yq
ø ø_�Wû�î=ô&î)�#�Wûyî��)�múSÛw��ú��|�`ù�ø�î ä�x�é èqÔp¡Ê£ ê Ü x £GÔq© � q

¸uº ' Ø
+

Ô ÿ » ÓkqSº`���.�a����ko� x ×Yq ' �q�o�U�Ul x þ q ó q�Ø­lG�tk	Æ��Ul x ó q;×I�	Æ�lGÅ�lG�Ê� x �,q��I�o�
�6â x ØSq�¤I�Wã
s��
ko������â x ×Yqq×IkK�U�qkol$�.�a� x ��k	Æ�þ�q��,qzØx�����$�o�tlG�yq ¬ â�Ç�lG�.�=sslGkK�����	�U�U�	Ær¥s��æd�$�ol
�tkK�alG�a�
n��U���
k��wæ|�a�oÅ�Ço��n$�
�Ulrn$�
k	Æ������UlG�­Ç��o���UlG�[%®���:���U�
����Æ������$o
l$�a�­��æ�×
���H¥2�tk�o
�tko�t�U�����R�anr���tlx��l$k�o��K�U�yqÝø_ý å��yî^ô«ù�ýeîFù x © ê ¡ ê ÜGî ÿ £ ÿ Ô x £GÔ
Ô ÿ q

¸��¨�
¥�£�» ÅBq��y�q�.k;��nGn��o������k	Æp���nq�×��U�oÅ�ãWÇo��n$�
�alrn��qk	Æ�Ç����
�a�
k�Ço�o�t�al æ���n$�t�t�t�8¥�æ��q�`�a����neq
É lrn���ko��nr��� ' lGÇ��
�.�{Ó ä ×��©ã ó í º©ã � Ôw©�¥ x ÓK�_��k�æ��q�UÆ ä �tkol����I×�nGn$lG�tlG�_�+�a�
���`lGk�ã
�alG� x�é ¥
¥o£eq

¸��¨��s�Ô � » ª qBìSq��¨��sslG�_nG���U�Ul�q ùQþ�Þ<Ûzù¨÷�ù�ß¡þ��+�Lù-û_�múVÛzù Ûzù��/ü&ø-ùG�6ü�ÿ�ü�þ��4�mú«Ûwù���öG�/ù-û?þ(øa�mú��
Ûzümú��­�/ù����Lù�ß��£û_�múSÛ¤Þ�û?þ�ù�Þ�ø_��ù�ú&ø�öW
��2ß�ùGú��mú�	%ß9ümø��q�mý��£ù�ú q ó ��Öü�:�olG�U�t� x�
 n$�
��l
ó �
�?¥z�alrn:�oko�0zw�ol x £rÔ
Ô � q
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¸��,º � é » ÅBq��`�es�Å�lG�an$���0��k	ÆÎþ qwº¢�wëkqS�Wko�U�_��Åo�t�t���f¥��wæ¢�:��lslG��lGn��a�U�
k�ã£�o�
��l�Ço�����:s����tk
�U�t�t��n$�
k.qÝø_ý å��yî=ôbù�ýeî��§ù?þ(þ�ù�ø x è � ¡ é ¥<ÜGî�£?è	£G� x £GÔ � é q

¸��,ºUÄ
+

Ôw©�» ÄYq �*�	��}���Ço�t� x ¤�q
×Yqkº¢���es x�� q ä q�Ä¡�2Æ��
Ç<¥z��ko�W× x ×YqKØSq Ë �q�hs���k x ��k	Æ!�{q �,q
ó �o�t���t�tÇo��q�Å¬��Æ��tk�æ'�a���.lrÆ�Ço��n��q�Ulrn$�
k	Æ¬�UÇ�lrn��U�U�
�an$�qÇ�¥p�.�a�	Æ��tlG���wæÒ����oqlG���UlGn$��s¡ã
Åo�tk;�+�a�t�
k¬�tk¬�tko�UÅ.qÝø�ý å��yî=ôbùFýeî�� x © é ¡(è<Ü î é ©�£ ê x £rÔ
Ôq© q

¸��`�tÅ	Ô � » þ q"�`�tÅ�lG�Ê��qBø_ý å����nì�Þ�ù Ûzù����Lù�ß��Kû_�múSÛ�Þ�û?þ�ù�Þ�ø�� q$# ¬ × Ó2n$��l$k	n$l�l$���.�a�U�	n��U�o�Ul
Æ�l$�}s��+�a�$�U������â x # ¬ × Å��+�a�L�G�Ulxl$���a�y¥q�qkokol6s�lGkK��¡WØ­�.lGko�qÅo�tl�Ü x £rÔ
Ô � q

¸��`�
�	¥
¥�» ÅBq ¬ q%�y�q�oÇ��U�tl�qðÓ����q�Ê�4%���×wlG�tlGk�o��:�ðæ'�UlGl�ãWlG�tlrn��U�U�
k³�����UlG���U�q���an$lG�yq ú_î ô&îä û-ükÛ�î)�`û��nî x �a�es�l�£ x Óz�G�.�tly�$ÄS¡4��Ü�î�� é Ô x�é ¥q¥
¥�q
¸���ÓoØ

+
ÔqÔ¤» ×tq
¤�q&�³�o�tk xe' qE­§q
Ó2n��o�zl$ko��l$��k x É q ¬ qqØI���W×wlG� x ó q�º¨���t���tk�o x ­§q ó q ä lGl@s���ko� x

��k	Æ'�,q�ÄSqwÓ��;��k�ëkq í ���a�a��æ[���.�|�.�a�U�	n��U�o�_���oÆr¥2k;�ds���n��¡�tks��k��aÅsÇ��U�qÅ�lGÆsÅ�¥0�a�Ls�l
�.lG�U�q�6×wlrÆ�âp�a�@¥pÆ��6ò��a�
n��U�t�qk.qÝø�ý å��yî=ôbùFýeî��^ù?þ£þ�ù�ø x � ��¡ é Ü x £rÔ
Ô
Ô�q

¸���Ä ê � » ¬ q<Å�q��y�qk�%BlG�t����k	Æ ÅBq ï q�Ä`���U�UlG���vq¡¤��Lo���ãKç	lG��Æ��a�a��ko�UÇ��
�.����kpk�ã��f¥2Ç�l&oK�
���yq
ø�ý å+���Kû-ü
��ôbùFý��Kù)( x £ êwê ¡.£�Ü î ÿ Ô ÿ�x £GÔ ê � q

¸*#Il$k;© ÿ » Ë qzØSq #®lGko�t�U��×�q ï k����U��k�o
�o�����.�t�8¥s��æ��:�ol«ç	lG��Æ���æR��k�l$��lrn��U�U�es��doqko�$�U��n*%���×wl
Ço�.�qÇ	��ow���UlrÆ§�tkp��k§�tk��o�es��eoqlGkolG�
�o�¨Ço�����$s��rq �#�mýeî ø_ý å+�yî�ÿ�ù
� ø x èp¡(è<Ü¨î=©mè�è x£GÔq© ÿ q

¸*#I�
�aÔ
Ô¤» �,q�#®�q�U�.lG�yq ú©ümø-üwû?þ�ö�ø����Lü�þ��4�mú½ù?þ,ß��*Û¤Þ��/ü�þ��4�mú Û�ë �2ß®iQÞo�������mú����6ü+�Lù�ø«÷�ù�ß�þW�+�Lù+	
û_��úSÛzù q ó ��#��:��lG�a�t� x�
 n$�q�tl ó �q�?¥z�Ulrn��oko�=zK�ol x £GÔqÔ
Ô q

¸*#xÓ � ê » ÅBq&�,q�#®�y%®kolG�Ò��k	Æ,�{q*ÄSq�Ó��;��k�ëkq í ���a�a��æ����.���ol��+�a�tk�oI�wæo�U�t����n$�
k��
k��_��ÇoÇ��o���.l
Å�¥¯æ'l@s��a�
�alGn$�qk	Æp�
Ç��a��nr���RÇo�o���UlG�yqÝø�ý å��yî=ô«ù�ýeî��^ù?þ£þ�ù�ø x © ê ¡ ÿ Ü î ÿ�ê £ x £rÔ � ê q

¸ ¬ ��� � ê » ØYq ä q ¬ ���U��l6¥�q�Ø­l$kolG�_�+�a�t�qks�wæ�ko�
kolyzK�o�t���tÅo�.����s lG�tlrn��U�U�
k§��k	Æ����+�U�U��n$l¨�al@s�Ç�l�ã
�a���U�o�UlG�Ò�tksn$�
ÇoÇ�lG�ÒÅ<¥0Ço��n$�
�alGn$�qk	Æ������UlG�ÒÇo�o�t�al$��qkø_ý å+�yî�ô«ù�ýeî�� x �
�p¡,è�Ü�î é £?è�è x
£GÔ � ê q

¸]lGÅ ï Å�Ôo£�» lGÆFqyÅ<¥ ï qCÅ��
Æ2lG���ok opq �`ù�ß��Kûa�múSÛ¤Þ�û?þ��mø_�p
�øa�¤Þ+iàí é ù$�/ù�ß9ùFú�þ[�¦ü�úSÛ�íhíhí�	 é
û_��ßIi	�¤Þ�úSÛ+� q-#­�+����Ózn$��l$k	n$l���k	Æ É lrn��oko�
���eo�¥ x ¬ ÆFq��tkªn��o�tl�æ ' q ó �KlG�U�an���ëql x
ÓzÇ��U�tk�oqlG�,Ä¡lG�.���do x £rÔ
Ô�£�q

¸ ¬ ��ÿ � » � q ¬ �.����Åo�U�K�wë���k	Æ[­¯q ä q � �U�ol$�yq ó �U�
Ç�lG�.�U��lG�R�wæz�Ul$�a�
k;��kK�a�?¥{�ol��+�alrÆxl$��lrn��a�U�
k
Æ��t�.�a�.��Åo�2�a�t�qko�yqÝø�ý å��yî=ôbù�ý�î��^ù?þ£þ�ù�ø x èw¥�¡.£�Ü î�è érx £GÔ ÿ � q

¸ ª Å � ÿ » ×tq ª �
�o�U�/ëz�t�Ò��k	Æ�ØSq�Å����o�tlG�yq��I�;��kK�a��s��U�_��k��aÇ��
�.����k{�:�olyn$�
�oÇo�tlrÆ�lG��lGn��a�U�
k�ã
��n$�
�o�.�a��nFãWÇ��o�qk��qk��h¥2�.�al@s î	��ÇoÇo�t��nG���U���
kp�a��lGkolG�$o�¥��a�_��ko�UÇ��
�.���tkp�U�)��k	Æ4oql�q
ø�ý å+�yî^ô«ù�ýeî�� x � ê ¡.£ � Ü îEÔ ê èqÔ x £GÔ � ÿ q

¸ ª Å í +
¥o£r�¤» É q ª lG�o�UlG� x ×YqUÅ¬�q�_�më x ��q í �_n:��s���kok x �³�.q/.���l$kolG� x ¤�qyÓ2n��o�y%¨�zlG�.lG� x ��koÆ

' qBÓ�����lG�UÅo�UlW¥<q¼×Ikü�tk	n$���ol$�UlGkK�p�U�oÅ�ãWÇo��n$�q�Ulrn$�
k	Æuâ�ãW�_�@¥·�U�q�o�Un$lDæ'�
�§�a�Ls�l�ã
�.lG�U�q�6×wlrÆ�â�ãW�a�y¥�ã�Æ��6òd�_��n��a�t�
k�l�â�Ç�lG�U�Ls�lGkw�a�yq ä iwid�Lî ø�ý å��yî�� x�ÿ�érx�é ¥q¥�£eq

¸ ª Å í +
¥o£$Å�» É q ª lG�o�.lG� x ×YqeÅ¬�
�_�më x �	q í �an�� s���kok x �³�.q�.d�tlGkolG� x ¤�qIÓ2n���%B�KlG�UlG� x �³�.q

' lG��n�� x ó q)Ø­�tÅoÅ��qk x ¬ q ª �q�.�.�alG� x ��k	Æ ' q)Ó����olG�UÅo�.l6¥�q ª l6s0�a�
�Ulrn$�qkoÆ~�a�t�t��n��qk
ë
α

Ço�o���UlG��æ'�U�esu�����UlG�!ãWÇo�U�zÆ��	n$lrÆ«Ço�����:s����yqBø_ý å��yîIô«ù�ýeî³ù xOê © ¡.£�Ü�ît£ ê è	£ érx
é ¥
¥o£eq
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¸�æ�ì­�U��» �`l$kK�alG�«æ'�q�Qì�ãW�_�@¥��
Ç��a��n$�yq�%b%|%«ã�nFâ��U��q��tÅo�vqEn$�es�q
¸=Ø­×IÔqÔ¤» þ qÝÓkqÝØ­�_��×wlG����k	Æ ' q ¬ q)×I�t��lGkFq ' lG�UÇ��
ko�al���æÝoK�
�����U�µæ����U�0�tkK�al$ko�al������UlG�

Ço�o�t�Ul�qÝø�ý å��yî=ôbù�ýeî�� x © � x £rÔ
ÔqÔ q
¸=Ø­�tk ê £A» ÄSq ä q�Ø­��k�}GÅo�o�yq|ø ø_�ai�ür
�ü�þ��4�múÎ�;÷�ùG�/ù-û�þ(ø_��ß9ür
�úZù?þ��Kû
(�ümý�ù��x�Nú�i��/ü+��ß�ü q`Ø­�
�;ã

Æ��
k���k	Æ ºy�.l��
n:� x £rÔ ê £eq
¸=Ø ���(' �¼� » ØSq|ØSq¡Ø­�.��ss��× x ÄSqrÄSq � ��Ç;��l?× x�� �.qrÄSq � �
Ç;��l?× x ��k	Æ � q0ÄSq ' �oÆ�lGk�ëq��q

Ózl@s���n$�
k	Æ��	n��U�q�;ã£ssl$�����oÇ��;���al¨�a�a��k��a���a�t�
ks��koÆ��	n$lrÆs�tks�tko�aÅsÅ<¥��­�.�U�U�
k�o�lG��lrn-ã
�a�.��s��do
kol$�a��n ç	lG��ÆFq �#�mýeî ø_ý å��yî�ÿeù
� ø x�êwÿ ¡.£ é Ü î é è�è � x £GÔ �¼� q

¸=Ø '®ÿ ©¤» ØSq¢Øx�do
������ko�®��k	Æ ä q ' l@oeo
����ko�vq Ë �
kýÇ;���_��Å��q�t��n$���f¥ý��k	ÆÍ�tkK�U�U�tko�U��npnr���.�U�tlG�
n$�
k	n$lGkK�U�_�+�a�t�qk���k��U����k	ÆEoql�q í��`ú<Þ	�mý
�¯û���ß9ù�ú�þ�� x �q¥mº{¡ é Ü î é ¥ ÿrx £GÔ ÿ ©rq

¸=Ø{Ó2¤[Å�Ôq©�» ¬ q Ë q;ØI��lG}Gl$� xr� q;Óz�tl@ow��� x�ä q	¤��;��k�o x ��koÆ ¬ q<Å���}$�o�yq ä ���UlG�B��koÆ��	n$lrÆpÅ;��k	Æ
ow��Ç¬n$�
������Ço�alx��k)ow�q���yqÝø�ý å��yî=ôbù�ý�î�� x ©2£�¡Ê£q£�Ü î ê Ôq©�Ô x £GÔqÔq©rq

¸E¤I��ÆoÔ ê » ×Yq)¤®�
Æ��.��Æ��Wq ùIþ�ÞlÛzùs�NúÎ���,þ�Þ�i�ümø��/ü��r�múSÛzù10¡ùG�4ý��Nú¼ù?þ®�hë ùG�'�=�=i	�r�¤ß9ö�þ(ø��£ùBü é 	
ý������vðG�/ùeÛ¤ÞiÛw�ai�ür
�ù�ù?þ0Ûzù��`��ú�þ�ù�ø,÷�üzû-ù_��Ûzümúo�B�6ù��Cß�ü�þ�ö�ø��Kü�Þwÿ�ù?þ)�/ù���i ý �mþ��_i����6ù��32
ð-ü+�Lù¦ÛzùI���[�=�Kû���Þ�ßÁü¤ß��mø�i ý ù ý å�Ûmøa�a
�ö�ú`ö q ó ��#³�:�olG�U�t� x�
 n$�
�tl ó �q�?¥z�alGn��oko�=zK�ol x
£GÔqÔ ê q

¸E¤I��� � £�» ­§q+×Yq�¤I���U�U�t�U�
k.q ùB�6ù-û?þ(øa�mú	�Kûy��þ(ø�Þ�û?þ�Þ�ø-ù�ü�úSÛyi�øa�_i�ù�ø�þ��Kù_���;÷¢�G�
�=�%Û+� q ª �UlGl6s���k x
£GÔ � £�q

¸E¤I���a¥�£�» ' q`¤I���.�q�2�a�oko����k.q �#�¤Þ�ø-û-ù_�½Ú�ü é û_� ý öFø-ù�ú�þ�ù���ûFø-ö-ö-ù���i�ümø��/ü+�LùFø�÷�ù�ß�þ��+�Lù)	
û_�múSÛwù q ó ��#��:�olG�U�t� x�
 n$�
�tl ó �
�?¥z�alrn:�oko�=zK�ol x�é ¥
¥o£eq

¸E¤4�Cº
+ � è�» #tq	¤������tk x ÅBq��y��s�Å�l$�_n$��� x þ q�ºy��ë x ×tq<Å¬�Loq��� x þ q � q�ÄI��kol$� x ��k	Æ�×Yq2×®kK�a�mã

kol$�.�a�vq ¬ kolG�$o�¥��U�_��ko�0æ'lG�.�®Æ����U�tk�o��U�t����n$�
k��t�.�_�
Æ2���+�a�t�
k�Å<¥¯æ'l@s��a�
�Ulrn$�qkoÆ������UlG�
Ço�o�t�Ul�qÝø�ý å��yî=ôbù�ýeî��^ù?þ£þ�ù�ø x © é ¡ é�é Ü ît£rÔ
Ô � x £GÔ � è�q

¸E¤4�BØ�Å�Ô � » ä q�¤��	��k�o x þ q ó q3�B���t����k x ¬ q Ë q®Ø­�tlG}GlG� x ��k	Æ ¬ q�Å���}G�o�yqÖØx�q���¬��k	Æ�lG�
�o���a�_�mæ����.��lFâon$�����+�a�t�qk�îÒ�UlG�UÇ��
ko�Ul��wæ��:�ol�Æ���l$��lrn��a�U��n·æ'�ok	n��U���
k.qÈø_ý å+�yî«ôbù�ý�î
�§ù�þ£þ�ù�ø x � ¥�¡.£�Ü î�£ � © x £GÔqÔ � q

¸E¤�l$k � £�» º,q ä qd¤�lGk�ëqleq ä �y%ÐlGkol$�$oe¥¯â�ãW�_�@¥���kw�alG�_��n��U���
ko�¡î ó �o���a�
���
ko�t}����U���
k x �_nG���.�al�ã
�U�tk�o x �UÇ�lrn$�o�����®��k	ÆpÅo�a��oeo��.l$¦	lrn��a�t�
k.q�£rÔ � £�q

¸E¤ ' � ê £A» �{q¢¤����t�U��s ��k	ÆÍ×Yq5�,q ' �q�Ul�ã8�WkokolG�yq �Bù�ß��Kû_�múVÛ¤Þ�û?þ[�Nú2
"íhíhí�	 é ú¢��ßIi	�¤Þ�úSÛ+� q
ó l$�$oK�ds��
k ó �.lG�U� x £rÔ ê £�q

¸E¤fÄ ÿ�ê » ÄSq+¤�lG�tkol¨��k	Æ�þ qr×YqEÄy��k¦Ä¡lrn��K�UlGk.q ¬ òdlrn�����æ�lG�tlrn��U�U�
k�ã£�o�q�tlyÇ;�����.���qk�Ç��o�
ko�qk
æ'�.lyzK�olGk	n$�tlG���tk��U�w�.lG�����UlrÆx�a�B�al@s�Ç�l$�_�+�a�o�Ul¢Æ�lGÇ�l$k	Æ	��k	n�ly��æ�Å	��k	Æ�oK��Ço�yq ø�ý å+�yî
ô«ù�ýeî�� x £r��¡(è<Ü î�£ êwéwérx £GÔ ÿmê q

¸��Wko�a¥ é » �W��òdl ó �<¥2�U��n���ã É lrn:�oko��nG���_�Wko�U�U�t�U���al�q Ë lW%ð�Ul@ss��n$�
k	Æ��	n��U�q�(s����UlG�U�����t� x n��;�Wã
�_��n��al$�U�t�U�U��n�����k	ÆªÇo�.�qÇ�lG�Ê�a�tlG� x %|%b%�q��t��òdl�q��.�U�a�vq��.��È+�76
�qÈ�ko�$s§È+�Ul@s���n$�qkoÆ;È��tko�UÅ x
é ¥q¥ é q

¸=þ ó # � ¥�» ×Yq0Å�qÝþ����oko�.�a�
k x �,q ' q ó ��Æ o
lG�
k x ��k	Æmþ q8#Il6s�Ço�Ul6¥�q ª �UlyzK�ol$k	nW¥�Æ�lGÇ�l$k�ã
Æ	��k	n$l­��æ#�8%¨�mãWÇ��o�
�U�qkp��Åo�U�
�UÇ��a�t�
k��tk��tko�UÅp��k	Æ���o

1−x
nGÆ

x

�aleq�ø�ý å��yîZôbù�ý�î9� xé�é ¡ é Ü î � é © x £rÔ � ¥�q
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¸ � ��k ê�ê » ¬ q ï q � ��kol�q É �ol ~k · ~p s�l$�:�o�zÆFq��Wk �`ù�ß��Kûa�múSÛ¤Þ�û?þ��mø_�oümúo���Lù�ß��2ß9ù�þ�ü
�E� x6q�q�t��s�l�£eqR£GÔ ê�ê q
¸ � �:# +

¥
¥�» þ�ã;�,q � ��l?òdlG� x �{q � ��k!�*�o�tlGk x ª q<#I�
�an:�o��lG� x ó q ª �q�hoql$� x ó qKØx���t����kK� x .�qKþ�����k�æ x
��k	Æ�¤ ó �GÇo�tk.q í ���a�a��æ[���.�`�����UlG�!ãWÅ;���UlrÆ��$�olG�$s�����â�ãW�a�y¥s�U�q�o�Un$lG�yq ú_îZô&î ä û-ükÛ�î
�`û��nî x �a�es�l�£ x Óz�G�.��ly�%Ä�¡��<Ü î é Ô ÿ�x�é ¥q¥
¥�q

¸ � #xØxÓ2Ô ÿ » �,q��{q � �=s x ÅBq�#­���_���al$����� x þ qS­§qÝØ����.����k	Æ x ��k	Æ�Ókq�Óz�=6
��k;��kK�:�;��k.q É l@s¡ã
Ç�lG�a���U�o�Ul�Æ2lGÇ�lGk	Æ�lGk	n$l���æy�$�ol��
Ç��a��nr���|Ço�U�
Ç�lG�.�U�tlG����æ¨nGÆ2�Ul�qEø�ý å��@î©ô«ù�ýeî>� x© ê ¡ � Ü î�è ÿ � ê x £rÔ
Ô ÿ q

¸ � ¬ ' Ô�è¼» #tqp¤�q � �Ls x ¤�q ¬ �o�.lGko�UlG��n�� x ��k	Æ ¬ q ' �ok oql�q º¨��k	Æ2���.�a�U�	n��a�o�Ul¼�wæ
æ�l@s0�a�
�Ulrn$�
k	Æ�ãW�����UlG�;ãWÇo�o�t�Ul~l�âon��t�UlrÆâoK�
����q �#�
�=�(Û���þ�ümþ�ù�ú¡�¤ß�î x � Ô�¡ é Üµî�£
£GÔ x
£GÔ
Ô�è�q

¸ � ª � ê » ÅBq�ÄSq � ��lG�tk���k	Æ É q ¬ q ª �o�.�_��ë�q
? iZþ��Kû_� qyþ��e�ok¹­³�t�tl6¥A@ðÓK�qko� x £GÔ � ê q
¸ � �t� � �¤» �,q � ���.�alG�vqÝø�ý å����nì�Þ�ù�Ûwù0�hë ö?þ¢ü�þ¡�r�
�E�%Ûzù q>#®�oko�2Æ í ko�B6wlG�U�U���a� x £rÔ � ��q
¸ � ����Ôq©¤» �,q ª q � ���tk�o
�:�o�t�.k.q �`ù�ß��Kûa�múSÛ¤Þ�û�þ��mø_���_iZþ[�Kû�� q¢ÓzÇo�U�tk�o
lG� x £GÔ
Ôw©rq
¸ ��ä É © ÿ » ÅBq���q � ��ow��ko�C6 x ��q¤ÅBq ä ��æ��$�o�t�U} x ��k	Æ ä qEÄSq É ��k;�+�����U�D6�q ' lG���Wâ	�+�a�t�qk0Å�l$�£%BlGl$k

l$��lrn��U�U�
ko����k	Æ��:�ol�n$�.�t�U�_���t�t��kol­���+�U�U��n$leq �#�mýeî ø�ý å��yî�ÿeù
� ø x è9¡ é Ü�ît£ ÿ � x £rÔq© ÿ q
¸ ä ��� � �¤» ä q9#Yq ä ���	Æ�l�q ú¢� ý ù����Ný�ù®i�øa�_i�ù�ø�þ��Kù����;÷{�Lù�ß��Kû_�múSÛ�Þ�û?þ��mø_�~Þ�úSÛzùFøs�/ü+�Lù�ø0�NøFø-ü�	

Û+�Kü�þ��4�mú q Ë × É ï ×xÓr�¨ÓzlG�.��l$� x Å����.�U��kz��� Ë �Z�f�o��ò x £GÔ � ��q
¸ ä � ¬ +

¥q¥¤» ­§q ä l$l@s���ko� x Ókq��³�;���.�a�
Ç;�
Æ ��¥z�@¥ x ¬ q ¬ �_���.l6¥ x ×YqE.k�o�
�tlGkK�a� x ÅBq�.��q�t���a�
�Ul+6 x
×tq9�³�o�tk xk' q�Ózn��o�zl$ko��lG�tk x ��k	Æ$�,q<ÄSqdÓ��;��k�ëkq ª l@s��a�
�alGn$�qk	Æ·â�ãW�_�@¥Eoql$kolG�_�Wã
�U���
k��$�o�U�
��o��~�.lG���+�a�B62�t�.�a��n�lG�tlrn��U�U�
kªÅ�l��ds¡ãW�����UlG���tkK�UlG�_��n��a�t�
k.q ú�î´ô&î ä û-ükÛ�î
�`û��nî x �a�es�l�£ x Óz�G�.��ly�%Ä�¡��<Ü î éwÿ Ô x�é ¥q¥
¥�q

¸ ä lGÅ	Ôq�¤» �,q ä l$Åo����k	neqgø ø��NúZû��=i�ùDù?þªø�ö-ü
�E���Lü�þ��4�múêÛ�ë Þ�úZù�û ý üCFNú`ù��/ü+�LùFø@÷�ù�ß¡þ��+�Lù-û_��úSÛzùý ü¤Þ�þ�ù���ú�þ�ù�úo���Nþ�ö4ð-ü+�Lö-ùs��Þ�ø��/ùs�Lü_i ý �Nø½Ûw�_i�ö¯ü¤Þ¬þ[�,þ�ümú`ù q ó ��#ð�:�ol$�a�t� xG
 n��q�tl
ó �q�?¥z�Ulrn��oko�=zK�ol x £GÔqÔ
� q

¸ ä Ø
�
+

Ô
�¤» �,q ä lGÅo����kon x ØSq;Ø­�.���t�t�qk x þ q ó q��³�;��s0Å;���.l$� x ×tq<Å¬�=o
�o� x ��k	Æ�×Yq�×IkK�U�qkol��U�a�vq
�y�es�Ç;�
n�����k	Æ«l$ �n$�tlGkK��s0�o���a�tÇ;���U���U� î��_��Ç�Ç��o���.l��h¥2�.�al@ssæ��q��æ'l6s0�a�
�Ulrn$�qkoÆ
n:�o���.Ç�lrÆ�ãWÇo�o�t�al��ds�Ço�t�/ç	nr���U���
k����Ý�$�ol`�al$�_�6%��+�U�Ý��l+6qlG�vqH? iZþ8îE�^ù?þ£þ8î x £ � ¡ é Ü�î�£?èq¥ x
£GÔ
Ôq� q

¸ ä ¤ ä +
Ô � » þ q ä ���.�U�a�
k x ó q¨×Yq�¤�lG�=s���kok x ×Yq�ÅBq ä �tk	Æ�lG�.Å�lG�$o x ó q®þ q�Ó2n��z�	n�ë x ó q�¤�q

º¢�	n-ëz�UÅ;����s x�' qS­§q ä lGl x ¤�q#×Yq ó �
Æ s��
�Ul x þ q�ÓkqV­«���$ë x ��k	Æ ' qQ­¯q ª ���2ã
n��qkol�q í �t�U�_�mæ����.���.�a�.�	n��a���_���Bn��;��k�oqlG�Os�l����U�o�UlrÆmÅ<¥��a�Ls�lp�UlG�U�
�B6wlrÆ®âm�_�@¥
Æ��6òd�_��n��a�t�
k.q ä iwi��?î ø_ý å+�yî ä&x�ê�ê�x £GÔ
Ô � q

¸ ä ��� � é » þ q¼ÅBq ä �t�.q�Óz�Ls�Ço�tl`�alrn:�oko�0zw�ol«æ��q��s�l����a�o�.l@s�lGkw�a�Ò��æ;Ço�o�t�alGÆSow���o�U�U����k�ãWÅ�l��ds
�UÇ������U��}$lG�yq
? iZþ[�Kû��4�^ù?þ£þ�ù�ø_� x;ÿ ¡�©�Ü x £GÔ � é q

¸ ä�� þ
+

¥q¥¤» ×tq�ÅBq ä ��k	Æ�l$�UÅ�lG�$o x ��q � ��k�o x Ókq ä q�þ��e�oko�U�
k x É qJÅ¬���U�_������� x ó qw×tq2¤�l$�=s���kok x
.�q��*�;��k�o x þ q ä ���.�U�a�
k x ó q�¤�qrºy�	n-ëK�aÅ	����s x ¤(q8�,q � ��Ç2�al6¥2k x ¤�qR×Yq ó �
Æ�ã
ss�q�.l x�' qr­§q ä l$l x þ q¡Ókq0­«���$ë x ��k	Æ ' qr­§q ª ����n$�
kol�q É �Ls�lp�Ul$�a�
�B6wlrÆ±â
�a�y¥·Æ��6òd�_��n��a�t�qkáæ��U�es n$�e�olG�.lGkK��Ç��o�
ko�
ko�pÆ��o�.��k�om�������UlG����k	Æ��	n�lrÆ�Ç��;���Ul
�U�_��ko�U�t�U���
k.qÝø�ý å��yî=ôbùFýeî��^ù?þ£þ�ùFø x � è9¡Ê£�Ü ît£q£
£ x�é ¥
¥
¥�q
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¸ ä���� º � £A» þ q�ÅBq ä ��� xd' q � lGk x ¤�q � �o�U} x ��k	Æ Ë q�ºy�t�Kl@s�Å�lG�$o
lGk.q ó �;���Ul¢�a�a��ko�0æ'�
�$s����U���
k
�
k���k	Æsn��;���$o
lrÆ�Ç;���.�a��n$�tlBl@s��t�a�U�t�qk�æ��U�esº�I�U���t��n$�qk�n$�h¥2�.�������U�o�0æ[�
n$l x �tk	Æ��	n�lrÆ
Å<¥§Ço��n$�
�Ulrn$�
k	Æ������UlG��Ço�o�t�al$��q ä iwi��Lî ø_ý å+�yî��^ù?þ£þ8î x �
Ôp¡�Ô<Ü x £GÔ � £�q

¸uÅ��d� � ê » ØSq�#Yq<Å��d�;��k.qJI ümú�å&	�i�ümø�þ��Kû$�/ù ø�ý å��_�Kû�� q ó �tlGkz��s ó �UlG�U� x £GÔ � ê q
¸uÅ��+�_Ô
¥�» ¤�qwÅ��+�:�o�tlG�.q4ø�ý å����vì�Þ�ù½Ûzù����Lù�ß��£û_�múSÛ¤Þ�û?þ�ù�Þ�ø��9ù?þyÛwù¯û_�¤ß®i	�+�Lü�ú�þ[�9öG�/ù-û�þ(ø_�K	

ú	�nì�Þ�ù�� qvÅ����U�U�qk x £rÔ
Ô
¥�q
¸uÅ¬�
�a¥�£A» É qQÅ¬�q�.lGko��qfÅ���kz�olG��ÆFu����U���t�t���+�a�t�
k�Æ�l��UÇ����$âFq É lrn:�oko��nG�����.lGÇ��q�Ê� x �B�ds��tko��ã

�alrn x�é ¥
¥�£�q
¸uÅ í æ + ÔqÔ¤» É qlÅ¬���U�_������� x ��q í �_n:��s���k�k x ¬ q�æML
�U�.�alG� x ØSq�þ�lGk�ëql x ��k	ÆN#YqE6w�
k�Æ�lG� ä �tk	Æ�l�q

Å¬�qko�zn��o�.��s��+�a��náæ��2n$�o�U�tk�oÐ��æ��a��ÅoÇo��n��q�Ulrn$�
k	Æ â�ãW�_�@¥ Ço�o�t�UlG�m�tkð�:�oláë
l+6
�_��k�o
l�q ô«ù�ýeî)�`û��nî.í�ú���þ(ø�Þ�ß�î x�ÿ ¥p¡ é Ü ît£ é �¼� x £GÔqÔ
Ô q

¸ Ë Ó��
+

Ô ÿ » ÅBq Ë �t�U�
��� x Ókq�#®lmÓz�t�=6qlG�.�a�U� x ×tq4�¨�O6q���t��lG�.� x ×YqeÅ�qeÅ����B6wl$}G}G� x ×YqIÓK�alG�t��� x
ØSq ä ��ko}���ko� x ó q:�³�ol6¥2�U�_��n x ��k	Æ ' q � ��æÀs���k.qP�y�e�olG�UlGkK�p�
n��q�o�.�a��n��q�an$�t�2ã
�����U���
ko���tk÷s�l$�.��������n�k;��ko�qÇ;���.�U��n���lG�OoqlGk�lG�_�+�alrÆw%����:�åæ'l@s0�U�q�Ulrn$�
k	Æm�qÇ��U��nr���
Ço�o�t�UlG�yqÝø_ý å��yî^ô«ù�ýeî�� x ©
©�¡ é ¥�Ü î�£G��è é è x £GÔ
Ô ÿ q

¸Z� ó ÿ�é » ×,s�lG�.��nG��k��Wko�.�a���a���Ulx�wæ ó �<¥2�U��n$�yq/Q ümúVÛ�ð_���C� qvÅ�n�Ø­�a�6%bã%¤��t��� x £GÔ ÿ�é q
¸ ó #R#�Ó2Ôq©¤» ó q ó q ó �U�
k�ëq� x Ókq � q�#®���.��� x #tq�#®� x ��k	Æ ' q � qRÓz�tk�o��.q É �olG�$s��
Ç��<¥z�a��nr���

l?òdlrn��a����k������UlG��Ço�U�zn$lG�U�a�tk�o®�wæ s��+�alG�U�������.%®���:��Ço��n$�q�Ulrn��qk	Æ���k	Æ@æ'l@s0�U�q�Ulrn$�
k	Æ
Ço�o�t�UlG�yq ÿrî ä iwi��Lî ø_ý å��yî x;ÿ � ¡.£G¥<ÜGî êwé �
� x £GÔ
Ôw©rq

¸ ó � � �¤» ­§q ó ���a}���koÆ ó q � �2n�l+6q���yq ¬ �tlrn��a�.�qko��n�Ç��y%BlG���U�_��ko�0æ'lG����kÕÇo�o�t�alGÆÕ�����UlG�
l�âon$�����+�a�t�
k¬��æ�Ç��q�������Ul@ss��n$�
k	Æ��	n��U�q�.��qÝø�ý å+�yî^ô«ù�ýeî�� x�é � ¡.£ é Ü î ÿ ¥�èq¥ x £rÔ � ��q

¸ ó �U��» �¨Æ É l ó �U�
Ç�lG�.�U�tlG��q�%|%b%tq %®�tÇ.q��
�yq �%Ç�ÈTS��alrn��ok��zÈ�nGÆ2�al�q±�K�:ss�nq
¸ ó ­àþ

+ ÿ Ô¤» �{q ' q ó ��Æ o
lG�qk x º,q�ÓkqE­à�olG�.�Ul$� x ×tq�ÅBq�þ�����ko�U�U�qk x þ qK#Il6s�Ço�Ul6¥ x ��k	Æ�×Yq¤Å¬�t�6ã
�tlG�yq É %¨��ãWÇ��o���a�
k§��Åo�a�
�UÇ2�a�t�qk���k�}$lGk	nFãWÅo�tlGk	Æ�l®�Ul@s���n$�qk	Æ2�	n��a�
�U�yq�ø�ý å��@î�ôbù�ý�î
�§ù�þ£þ�ù�ø x è é ¡ é�ê Ü ît£ ÿ � © x £GÔ ÿ Ô q

¸ ó � ­ � Ô¤» Ókq ' q ó �o�t�t��Ç���� x Ókq � �tÇ x ��k	Æ$#Yq�­��
�/æfq­¤��y% Æ��§n$�h¥2�.�����t�,s�lG���SÆ ú¡�¤ßIiQÞ�þ8îø�ý å��yî x � x £rÔ � Ô�q
¸ ' ���wÔ
�¤» #tq ' ���q��âFq��WkK�a�U�zÆ��	n��U���
kÎ�a���h¥2k	n:�o�U���a�U�
k��a�
Æ����+�a�t�qkm��k	Æ��a�¬�:�ol�Ç���¥2�U��n$�

��æ¢�.�a�
�_�doql��U�tk�o
�yqt�Wk � ù�Þ�þ(øa�múåümúSÛ§��åmú`û ý øa��þ(øa�mú¬ø�ükÛ��Kümþ����mú9÷$�mø9û_�múSÛwù�úo�Lù3Û
ß9ümþ£þ�ù�ø|��þ�Þ<Û��Kù�� x ¤ ¬ ' � í�ä ¬ Ókq�ÓzÇo�U�tk�o
lG�;ã%Ä¡lG�U����o xLä lG�R�rÆ��t�U���
ko��Æ�l ó ��¥2�U�0zw�ol x
£GÔqÔ
��q

¸ ' � ÿ�ê » þ q ' q5�³�olG�t�/ëq�y%®�0ë<¥ª��k	Æ ÅBq ä qG�`�e�olGk.q Ë �
ko���znr���¡Ço�UlG�	Æ��
Ç��
�UlGkK�a�����¢nr����n���ã
�����U���
ko� æ��q�®�$�ol0lG��lGn��a�U�
ko��n0�.�a�U�	n��a�o�Ul��wæ|lG�tl+6wl$k~Æ�����s��
k	Æ���k	Æ�}G�tk	nFãWÅo�tlGk	Æ�l
�Ul@s���n$�qkoÆ��	n��a�
�U�yqÝø�ý å��yî=ôbùFýeî�� x £?èp¡ é Ü î=©
© ê x £GÔ ÿ�ê q

¸ ' #}º¨��¥o£�» #tq{×Yq ' lG�t� x ÅBq ª q-#®lC�¨��s�Ç x ó q�¤�q~ºy�	n�ëz�UÅ;����s x ��k	Æº���vq ó �U�
Åo�tk�o
�Ls�Ço�o�t�a�B6wl��.�U�_���tkvÇo�U�
Ç;�doK�+�a�t�
k�%��t�$��â�ãW�_�@¥³Ço�o�t�UlG�yq ø�ý å��yî�ô«ù�ýeîR�^ù?þ£þ�ùFø x� ê ¡Ê£�è<Ü îE�
¥ ÿ�érx�é ¥
¥�£�q

¸ ' Ø í ª ¥
¥�» �*�Fq ' lG��n�� x ó qqØ­�tÅoÅ��
k x �	q í �an���s���kok x ��k	Æ ¬ q ª �q�.�U�UlG�yq � �tlG��Æ��qÇ��U�=ss��}��+�a�t�
k
��k	Æs�a�Ls�l��U�U�U�	n��U�o�Ul��wæZæ'l@s��a�
�alGn$�qk	Æs�����UlG�¢Ço�����$s��

kα
�U�q���an$lG�yq�ø�ý å��yî�ô«ù�ýeî

�§ù�þ£þ�ù�ø x � èp¡ é £�Ü î�è � è ê�x�é ¥
¥q¥ q
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¸ ' �q�	Ô�è¼» ×tq ' �
�o�U�al�q3U ö�ú`ö�ø�ü�þ�����úo�¦Û.ë öG�/ù-û?þ,ø_�mú��Gø�ü_i��%Ûzù_�@ù?þ�ö�ß����_���4�mú½Ú Ûwümúo�­�hë �Nú�þ�ù�ø)	
üwû?þ����mú´Û�ë Þ�ú`ù���ßIiQÞ��E������ú��/ü+��ù�øx��Þ9ð+	�i;�Kû_�+�Lù-ûa�múSÛzù¡ù?þ¢�Nú�þ�ù�úo�Lù¡ümý�ù-û
Þ�ú`ù�û��nðG�/ù
�r���=�%Ûzù q ó ��#��:��lG�a�t� x�í ko�B6wl$�U�U�t�U� ó ���U�t�«ì&� x £GÔ
Ô�è�q

¸ ' �q�	Ô
Ô�» ×tq ' �q�o�U�Ul�qV#}¥2k;�ds��0zw�ol��+�a��ss�0zw�ol9ñ��vu��Gn��olG�t��l��U�oÅoÇo��n$�
�Ulrn$�qkoÆ�lµî#�$�_����Æ2l
�vu=���.�yq��Wk�þ q ó �<¥2�yq��$Ä ª �_��k	n$l x lrÆ����a�
� x ü é ÚXW&Y x 6q�q�t��s�l{Ô x £GÔqÔ
Ô q

¸ ' ó þwØ
+

Ô
Ô¤»Z�,q ' �q�Ul�ã ó l$�a�U�	n�ë x{' q�þ��=sslGkolG} x É q�Ø­�o� x ×YqR�B�O6
���t�tlG�U� x �,q�­§q�Óz��Æ�lG�U� x
ª q ' ��ëK�a� x þ qw×Yq2ÓrzK�o�tlG� x º,q��{q¼­m���/ëqlG� x�� q ' q¼­³�t���U�
k x ��k	Æ[�,q ó q2þ qJº¨���.�8¥�q
ó ��n��q�Ulrn$�
k	Æ�ã£s��t���t����k o
�a�.��sä���+�U�U��n$lxÆr¥2k;�ds���n$�bs�l����U�o�UlrÆ§Å<¥��o�t�U�_�mæ����U�Iâ§�_�@¥
Æ��6òd�_��n��a�t�
k.q � ü�þ�Þ�ø-ù x �qÔ � x £rÔ
Ô
Ô�q

¸ '}' ª +
¥�£A» ×tq ' �
�o�U�Ul x �{q ' �t�an��olG� x Ókq ª �
�o�hs�����â x ��q í �an�� s���kok x ÓkqmÓKlGÅoÅ;��k x

ØYqoØ­�U�t�t�t�qk x ó q�º¨����n$�
� x ¬ q ª L
�U�.�UlG� x þ�ã ó Ø­lG�tk	Æ��Ul x ó qK×I�	Æ�lGÅ�lG�Ê� x þ�ã;��Øx����ã
�$�o�tlG� x ��k	ÆT#tq2¤��o���tk.q Ë �
k�ã��:�olG�hs�����sslG�t�U��k o0��k��al6s���n��qk	Æ��	n��a�
�U�*s�lr���U�o�UlGÆ
�+�bæ'l@s0�U�q�Ulrn$�
k	Æp�UlG�U�
�����U���
k.q � ü�þ�Þ�ø-ù x èo£r¥ x�é ¥
¥�£�q

¸ '}' Ø�¥o£�» ×tq ' �
�o�U�al x �{q ' �t�an��olG� x ��k	Æ¬þ q��,q;Øx�����$�o��lG�@q\�y�
���t�rzw�o��� s î ª l6s0�a�
�Ulrn$�qkoÆ
â�ã��a�@¥pn$�H¥2�.�������t�eoq�a��Ç���¥<q ô«ù�ýeî I �*Û�î ø_ý å+�yî x;ÿ ��¡.£�Ü ît£ ÿ�x�é ¥q¥�£�q

¸ '}'Qí +
Ô ÿ » �,q ' �t�an��olG� x ×Yq ' �
�o�U�Ul x ��q í �an���s���kok x ó ãW×�×I�tÅ��q� ¥ x þmã ó Ø­lG�tk	Æ��Ul x ó qz×I��ã

Æ�l$Å�lG�.� x þ�ã;�ÎØx�����:�o�tlG� x ¬ q ª Lq�.�U�UlG� x þ�ã ä Å����.�U�tk x ��k	Æ{×Yqr×Ikw�a�
kol$�U�a�vq ª l@s0�U��ã
�Ulrn$�
k	Æ��a�Ls�l�ãW�.lG�U�q�B6wlrÆ¯â�ãW�_�@¥�Æ��6òd�_��n��a�t�qkµæ��U�es �����UlG�;ã£�ol��+�alrÆ¬�
�$ow��ko��n�ç	�Ls��yq
� ü�þ�Þ�ø�ù x �qÔ
¥ x £rÔ
Ô ÿ q

¸ ' .l­]#IÔq¥¤» #tqd¤�q ' lG�t�U}Gl x É q ' q9.k�;��k�o x ­�s�qVÅBq�­��K�2Æ x ��k	ÆxÅBq��,q^#I�y%®k�lG�yq É %¨��ã
Ç����
�U�qk��UÇ�lrn��a�.�q�an$�
Ç<¥��wæ|�a�t�t��n��qk��o�a�tk�o¯æ�l@s0�U�q�Ulrn$�
k	Æ�Ço�o�t�alG�x���x��Å��C6ql�ã£oK��Ç
æ��UlyzK�ol$k	n$��l$��q ÿrî ? iZþ8î)���Wû�î ä ß�î�� x�ÿ ¡.£�Ü x £rÔ
Ôq¥ q

¸EÓz× óvª Ô ê » ó q ä q|Óz���B6wlG�.�U�UlG�t��� x ×Yq�×I���_62� x ÅBq ó ���U�.�tkolG���t� x ��k	Æ`#tq ª �UlGk�ë
lG�vqª×IÅm�tko�t�U���
ss�q�tlrn$�o�����xÆr¥2k;�ds���n$���U�=s0�o���+�a�t�
k~�wæ¡�����al$�&s�lG���a�tk�o���æ¢�U�t����n$�
k.qSø_ý å+�yî´ô«ù�ýeî
�^ù?þ£þ�ùFø x;ÿ
ÿ ¡Ê£�©�Ü îE��£�èqÔ x £GÔqÔ ê q

¸EÓ�º`Ô é » ó qBÓK���ds�Ç�¦	�x��k	Æ � qB¤�q,º¢lGkokol@s���kok.qa#}¥2k;�ds���nr���I�:�olG�
�h¥Õ�wæx�$�ol~�����UlG�
�tk	Æ��	n$lGÆs���+�U�U��n$lB�tko�U�_��Åo�t�t���f¥���æ��U���t��n$�
k.q�ø�ý å��@î�ô«ù�ýeî�� x è ê ¡Ê£ ÿ ÜIî�£G¥ ê � ê�x £rÔ
Ô é q

¸EÓ�º`Ô�è¼» ó q`ÓK���ds�Ç�¦	�­��k	Æ � q`¤�q�º¢lGkokol@s���kok.q É �=ssl�Æ�lGÇ�lGk	Æ	��k	n$l��wæ­�:��l������UlG�!ã
�tk	Æ��	n$lGÆ&æ'l@s0�U�q�Ulrn$�
k	Æp�����U�U��n$l{�tko�.����Åo�t�����8¥p�wæ��a�)��k	Æ)ow�
���@îo�U�
��lx��æ��t�qk�o
���a��ã
Æ��tk;���R�qÇ2�a��nr���)Æ��t�.�a�
�U�U�t�qko�yqÝø�ý å��yî=ô«ù�ýeî�� x èwÔ�¡.£
£�Ü î ÿ�é Ô
Ô x £GÔ
Ô�è�q

¸EÓ��%�
+

¥
¥�» ' qJ­§q;Ó2n��o�KlGko�tlG�tk x Ó�qb�³�;�+�a�
Ç;�
Æ �;�@¥z�@¥ x ¤�q	¤�qJ­§q��*�o�
k�o x É q ¬ q;Ø ä �D6wlG� x
ó q|×Yq¢¤�lG�=s���kok x �,qMÄSq¢Ó��;��k�ë x ×Yq|×Yqc.��o�q�tlGkw�a� x ��k	Æ«ÅBq`Ókqc.��q�t���a�
�Ul+6�q
ØIlGkolG�_�+�a�t�
kÍ��æ¨æ'l@s��a�
�alrn��qk	Æ«Ço�o�t�UlG�s��æ��h¥2k	n��o�.�
�U�U�
km�_��Æ������U���
k.q �`û��Kù�ú`û�ù xé � ÿrx�é ¥
¥q¥ q

¸EÓ���Ó É +
ÔqÔ¤» �,qc­§q¢Óz��Æ�lG�.� x ×Yqc�¨�O6q���t��lG�.� x�� qyÓz��ëq�
�t��%��0ëz�2ã É �tkK�alGk x �,q É ���:� x É qyØ­�o� x

ÅBq � ��s�s���l$� x ÅBqR¤��
�Uk$6q�qk�¤��Kl@oqlGk x.� q ' ql­��t�t�a�
k x #tq^6q�qkªÆ�lG� ä ��k	Æ�l x
��k	Æd�,q ó q�þ q0º`���Ê�f¥�qA#®l$�alGn��a�t�qkÎ��æ¨ko�
kÎ�$�olG�$s�����s�lG���a�tk�o�Å�¥ª�o���a�a��æ����.�@â
�a�y¥�Æ��6ò��a�
n��U���
k.q �Bû��£ù�ú`û-ù x�é � ê x £GÔqÔ
Ô�q

¸EÓzlGÅ	Ô ÿ » Ókq+ÓzlGÅ�Å;��k.q �^ü+�Lù�ø_�Qû_�
�'�E�������mú�ú`ùG�E�0Ú
	�ü é 2®�4�múo��úZö_�mú��Ke(Ûzù��yî�ùIþ�ÞlÛzù,Û¤Þ
ß����=�Kù�Þ
ü�ßIi��=� àIû-ü�þ�ù�Þ�ø9ù?þ­�_iZþ���ß�����ü�þ����mú Û¤Þ§i	�¤ß®i�ür
�ù�î ä iwi��E�Kû-ü�þ��4�múf�y�5Þ�ß��Nú`ù_�Lû-ù�ú`û-ù
��úSÛ¤Þ2�Nþ�ùyi�ü�ø[Þ�ú��/ü+�Lù�ø
2 21.2nm

q ó ��#³�:�olG�U�t� x�í k��=6qlG�U�U���a� ó ���U�t��Ä&�h� x £GÔqÔ ÿ q
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¸=ÓzlGlGÔo£�» � q#ÓzlGl@o
lG�@q �`ù�ß��Kûa�múSÛ¤Þ�û�þ��mø ø�ý å����Kû_�yî ä ú"í�ú�þ(ø_�*Û�Þ�û?þ��4�mú q�ÓzÇo�U�tk�o
lG�;ã%Ä¡lG�U����o x
£GÔqÔ�£�q

¸=Ózl@s�Ôo£�» ä ��k	Æ2�q���$ã�ºy�
�Uko�.�UlG��küÓKl@s���n$�qk	Æ��on��a�
�U�yq 0Sî Q î Q ùG����(IùW
�ù�þ;ù3Û�îg� q·ÓzÇo�U�tk�o
lG� x
£GÔqÔ�£�q

¸=Ó�¤®Ô ê » ��q ä q�Ó��z��s��@¥���koÆ í q�¤���æ'lG�@q ó �;���al¡�a�_��ko�0æ'�
�$s��+�a�t�qk����wæ	��k0�tko�UÅ0�U�o�0æ���n$l¢��k�ã
Æ��	n$lrÆ�Å<¥��U�U�U�
k�o�æ'l6s0�a�
�Ulrn$�
k	Æs�����UlG�|Ço�o�t�UlG�yq.ø_ý å+�yî�ô«ù�ýeî�� x ©
��¡ é ��ÜIî�£r© � ÿ � x
£GÔqÔ ê q

¸=Ó É º:� +
Ô � » � qÝÓz�wë
�q�t�y%®�0ëz�2ã É �tkK�UlGk x þ q0ºy�����/ëq�y%���ëK� x ×Yq"�¨�_6
�����tlG�.� x #tq�6q�qk�Æ�lG� ä �tk	Æ�l x

×Yq ï Ç;���.��k x þ qlÅ¬l6¥qlG�B�al$�,Ä¡l@�ok x ��k	Æ�Ókq��	q�×Iko�t�a�Ls��D6�q É �a��ko�U�tlGkK���.�_���UlG����æ
s��+�U�al$�¢Æ��o�U�tk�o��$�o�
�.�¢Ço�o���Ul������UlG�y��Åo���+�a�t�qk.q�ø_ý å+�yî�ô«ù�ýeî��^ù?þ£þ�ù�ø x � £�¡.£�ÜQî é�é è x
£GÔqÔ � q

¸=Ó É ºJ# +
¥o£�» � q�Óz��ëq�
���y%��0ëz�6ã É �tkK�alGk x �{q�º¢���es�l x �,q�#®��l��a�U��n�� x ×Yq É ���a���Ul+62���_n:� x Å�qz¤��q�.k

6w�
k�¤��zl@o
lGk x #Yq+6w�
k{Æ�lG� ä ��k	Æ�l x ×YqC�¨�O6q���t��l$�U� x þ q+ÓrzK�o�tlG� x ��k	Æ
ÅBq � �dsOs��tlG�yq
ª l@s��a�
�Ulrn$�qk	Æ�â�ãW�a�y¥�s�l����a�o�hs�lGkK�y�wæ#�o���a�a��æ[���.�*s�lG���a�tk�o���k	Æ������$o
l���n$�q���U�U��n
�a�a��ko�U�tlGkK�U��q*ø_ý å��yî=ôbù�ý�î��§ù�þ£þ�ù�ø x � ÿ ¡ é�é Ü x�é ¥q¥�£�q

¸=Ó É º`Æ ä Ôq©¤» � q�Óz��ëq�
���y%®�0ëz�2ã É ��kK�UlGk x þ qlº¢�����/ëq�y%®�0ëz� x ��k	ÆN#tq�Ä¡�qk¬Æ�lG� ä �tk	Æ�l�q í ���a�_�mæ����.�
�����UlG�¨��koÆ��	n$lrÆ��q�UÆ�lG�;ã�Æ��t�U�q�UÆ�lG�¨�U�_��ko�U�t�U���
ko�B�tkp�Ul@s���n$�qkoÆ��	n��a�
�U�yq³ø�ý å+�yîBôbù�ý�î
� x ©2£�¡ é ¥�Ü î�£?èo£ � ê�x £GÔ
Ôw©rq

¸=Ó É 6�Æ ä ¥q¥¤» � q�Óz��ëq�
�t��%��0ëz�2ã É �tkK�alGkÐ��k	Æh#tq36w�
k¼Æ�lG� ä �tk	Æ�l�q Ø­lGkolG�a���U���
k¼��æ�Æ�lGk��al
lG�tlrn��a�.�qk�ã£�o�
�tl{Ço�����$s������tk��U���t��n$�qkFqbø�ý å��yî=ôbùFýeî�� x�ê £�¡(è<Ü î é�ê èq� x�é ¥q¥
¥�q

¸=Ók­�Ó
+

Ô�£A» ó q#Ó���l���� x þ q � ql­«��k�o xp� q#Óz��l6oK��� x#Ë qSºy�t�Kl@s�Å�lG�hoqlGk x ��k	Æ ¬ qSÅ���}$�o�yq í �2ã
�a�a��æ[���.�¢lG�tlrn��U�U�
ko��n�Æ��t�U�q�UÆ�lG�U�tk�o�Æ��o�U�tk�o@æ'l@s��a�q�Ulrn��qk	Æs�����UlG��s�lG���a�tk�o{�wækow�q���yq
ø�ý å��yî=ôbùFýeî��^ù?þ£þ�ù�ø x�êKÿ ¡ � Ü ît£r¥ é � x £GÔqÔ�£�q

¸=Ó � ¤ � �q�¤» �{qgÄSqÝÓ��;��k�ë x�' q � lGk x ��k	Æi�,q�¤��t�U�t�=s���kok.q ª l6s0�a�
�Ulrn$�
k	Æ��a�Ls�l�ãW�Ul$�a�
�B6wlrÆ
�U�o�0æ���n$l��.�a�U�on��a�o�_���­Ær¥2k;�ds���n��p��æ{�qÇ��U��nr���t�?¥�l�âon$���alrÆ��U���t��n$�qkFq¦ø�ý å+�yîGôbù�ý�î
�§ù�þ£þ�ù�ø x ©�£ x £GÔ � � q

¸=Ó � ¤ � ��Å�» �{q`ÄSq`Ó��	��k�ë x³' q � lGk x ��k	Æ��{q¢¤��t�U�t�=s���kok.q É �Ls�l¬�.lG�a�
�B6wlrÆý�Ul$¦	lrn��a�B62���f¥
s�l����U�o�Ul@s�l$kK�a���wæ�æ'l6s0�a�
�Ulrn$�qkoÆ~�
Ç��a��nr���|Ço�o�t�Uls�tk	Æ��	n$lrÆ~Ç��;���al��a�_��ko�U���a�t�qko�
�tk¬�U�t����n$�
k.qÝø�ý å��yî^ô«ù�ýeî��^ù?þ£þ�ù�ø x ©�¥�¡ ê Ü î�èw©�è x £GÔ � � q

¸ É �më ê Ô�» Ókq É �më
�do
�nqm× Ær¥2k;�ds���nG���B�$�olG�
�h¥«�wæIÆ��/òd�_��n��U���
k½æ'�
���~Æ��t�.�a�
�U�UlrÆýn$�.���.�_���vq
ÿ2�¤Þ�øFú`ü
� ø_ý å+�yî)�#�Lû�î�ÿ�ü_i.î x�é�ê ¡4©�Ü ît£ é �
Ô x £GÔ ê Ô q

¸ É ��� ê è¼» #tq É ���oÇo�tk.q É ���G�q�.��l�Ær¥zk;��s��=zK�ol�Æ�l����pÆ��6ò��a�
n��U���
kÎÆ�lG�{�_�@¥w�
ko��âªÇ	���x��lG�
n$�U�t�.������â�Æ���æ��q�hs��G�yq �CÞo���Lî)�#�Wû�î�÷�ø-ü�ú`û�î I �Nú`ö�øyî*úOø�����þ8î x £GÔ ê è�q

¸ É Ø�Å É � ê » �{q É �o�es��UlGk x ¤�q É q
Ø­�a���ok x ¤�q�þ q�Å����.��� x ��k	Æsþ q É ���	neqoÓz�o�$æ���n$l*o
lGkolG�_�+�a�t�
k
��k	ÆÍÆ�l$�alrn��a�t�qkÍ�wæ�Ç��o�
ko�qko�sÅ<¥�Ço��n$�
�Ulrn$�
k	ÆÍ�t�=oe�K�sÇo�o���UlG�yq²ø�ý å��yîQô«ù�ýeîJ� x��è9¡ ê Ü î�è	£ é Ô x £GÔ � ê q

¸�Ä�ºyÔo£�» ª qwÄy���t�t�Glp��k	Æ ª qcºy�eow��ko�vqj�y�e�olG�UlGkK�0�U�=ssl�ãW�UlG�U�q�B6wlGÆ��tk 6wl$�U�U�=ow�+�a�t�qk«��æB�t��ã
Ç��o�
ko�qk¬Ær¥2k;�ds���n$���tk)oK�
����q*ø_ý å��yî^ô«ù�ýeî�� x èw��¡.£?è<Ü î�£ é ¥�èqÔ x £GÔ
Ôo£eq

¸g6�# � ÿ » ¤�qVÅBq�6q��kj#®�U�tlG�vq � ��kol��a��n$�­��æ��o�Loe�K��Æ�lGk��a���8¥¬Ço�����$s����,o
lGkolG�_�+�alrÆ��tk��a�)Å<¥
£eqE¥ ê ��k	Æ�¥ q=©��

µ
sºÇo��n$�
�Ulrn$�
k	Æ��`�����UlG�yÇ��o���UlG�yq�ø�ý å��@îZôbùFýeî^� x �q��¡.£r©�Ü«î � £ êwê x

£GÔ � ÿ q
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¸ 6�Æ ä Ó É º`Ô ÿ »1#tqK6w�
k�Æ�lG� ä �tk	Æ�l xe� qKÓz��ëq�
���y%��0ëz�6ã É �tkK�alGk x ��k	Æ�þ qkº¢�����/ëq�y%®�0ëz�vq ä ���UlG�;ãW�U�q�t��Æ
�tkK�UlG�_��n��a�t�
kª�tk~�:�ol¡æ'l@s��a�
�alrn��qk	Æ��a�Ls�l��Ul@o
�Ls�l�q ä iwi��=�£ù3Û��lÞ�ø(÷?üzû-ù��`û��Kù�ú`û�ù x£G¥
Ô x £GÔ
Ô ÿ q

¸ Ä­Ø�Å ÿ £A» þ q ª q0Ä¡l$�al$���tko� x Ókq ó q|Øx���o� x ��k	Æ·Ókq¡ÓkqMÅ¬���a�_�rqk#Il$Å<¥wl�ãv%����t�tlG��æ[�
n��U�q�¡æ'�
�
}$��k	nFãWÅo�tlGk	Æ�l�ã��8¥2Ç�l�n$�h¥z�U�_���t�yqÝø�ý å��@î^ô«ù�ýeî�� x ©�¡ ê ÜGî é � ê ¥ x £GÔ ÿ £eq

¸ Ä É Ó ÿ Ô¤» þ qo×Yq�Äy��k³Ä¡lrn��K�al$k x�' q É �U� x ��k	Æ ª q�­§qdÓ����U�t�yq Ë �qkw�:�olG�hs����RÇo�o�t�UlrÆ¬�����UlG�
��kokol����t��k�o��wæ��U��îoÇ������$s�����kokol������tk�o�qbø�ý å����Kû_���/ù?þ(þ�ù�ø_� x�ÿ èq×Y¡ ê Ü î�è é�é x £GÔ ÿ Ô q

¸ ­êº ê �¤» ­³�t�t�����aÆ��U�
k���k	Æ ºylGlG�yq-? iZþ[�Kû-ü
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