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aQmi2Mm2 H2 y9 P+iQ#`2 kyR3 /2p�Mi H2 Dm`v +QKTQbû /2 ,

J�ii?B2m J* A*JJP US�`Bb@am/V _�TTQ`i2m`
G�m`2Mi ._ S?G�K UGBHH2V _�TTQ`i2m`
�MM2@J�`B2 ._ AGJ UGvQMV S`ûbB/2Mi2
C2�M 1KK�Mm2H S_ AJ1SU:`2MQ#H2V 1t�KBM�i2m`
S?BHBTT2 S_ A1a UJQMiT2HHB2`V .B`2+i2m` /2 i?ĕb2
JBF?�ďH J* A1a UJQMiT2HHB2`V *Q@/B`2+i2m`
*?`BbiQT?2 J* A1a UJQMiT2HHB2`V *Q@/B`2+i2m`









1`#BmK@/QT2/ QTiB+�H }#2`b QT2M mT K�Mv �TTHB+�iBQMb- 2bT2+B�HHv BM i?2 }2H/ Q7
i2``2bi`B�H �M/ mM/2`r�i2` i2H2+QKKmMB+�iBQMb- rBi? QTiB+�H �KTHB}2`bX LQr�/�vb- i?2`2 Bb � `2�H
BMi2`2bi 7Q` i?2 bT�+2 BM/mbi`v iQ mb2 i?2b2 }#2`b BM b�i2HHBi2bX >Qr2p2`- BM Q`/2` iQ mb2 i?2B` 7mHH
TQi2MiB�H- [m�HB}+�iBQM BM `�/B�iBp2 2MpB`QMK2Mib Bb iQ #2 +�``B2/ Qmi- i?Bb Bb i?2 K�BM 7Q+mb Q7 i?Bb
S?. rQ`FX h?�MFb iQ i?2 T�`iM2`b?BT rBi? .`�F�@S`vbKB�M ;`QmT- r2 ?�p2 � 7mHH �++2bb iQ � H�`;2
/Bp2`bBiv Q7 bT2+B�Hiv }#2`b- BM i2`Kb Q7 +?2KB+�H +QKTQbBiBQMb , i?Bb �HHQrb mb iQ bim/v i?2B` b2MbBiBpBiv
iQ `�/B�iBQMb- �M/ iQ /2i2`KBM2 i?2 BKTQ`i�Mi `QH2 Q7 /QT�Mib �M/ +Q@/QT�Mib BM i?Bb b2MbBiBpBivX
� `2�H@iBK2 bim/v Q7 Bi- �bbQ+B�i2/ rBi? � [m�HB}+�iBQM Q7 T`BbiBM2 �M/ B``�/B�i2/ QTiB+�H b�KTH2b-
2M�#H2b i?2 /2i2+iBQM Q7 `�/B�iBQM@BM/m+2/ /272+ib- �M/ i?2 mM/2`bi�M/BM; Q7 i?2B` +`2�iBQM T`Q+2bb-
�b � 7mM+iBQM Q7 i?2 }#2` bi`m+im`2X h?Bb bim/v T`QpB/2b � T?vbB+�H KQ/2H /2b+`B#BM; i?2 /2;`�/�iBQM
�M/ i?2 `2+Qp2`v Q7 i?2b2 }#2`b- 2M?�M+2/ rBi? �M �KTHB}2` KQ/2HBM;X Ai �HHQrb i?2 T`2/B+iBQM Q7 i?2
[m�MiBi�iBp2 #2?�pBQ` Q7 bT2+B�Hiv }#2`@#�b2/ �KTHB}2`b- BM i2`Kb Q7 ;�BM �M/ #�M/rB/i?- p2`bmb i?2
+?2KB+�H +QKTQbBiBQM Q7 i?2 }#2`b mb2/- 7Q` � ivTB+�H bT�+2 KBbbBQM /Qb2 c i?mb i?Bb KQ/2HBM; K22ib
i?2 M22/b Q7 i?2 bT�iB�H K�`F2i F2v �+iQ`bX 6m`i?2`KQ`2- i?2 #2M2}i Q7 i?Bb rQ`F QT2Mb mT �MQi?2`
�p2Mm2b 7Q` bQK2 H�`;2` QTTQ`imMBiB2b- BM p�`BQmb `�/B�iBp2 2MpB`QMK2Mib- bm+? �b i?2 K2/B+�H }2H/ Q`
i?2 �`2�b Q7 Mm+H2�` 7�+BHBiB2bX

1.6�- +QHQ` +2Mi2`- T?QiQ#H2�+?BM;- _�/B�iBQM AM/m+2/ �#bQ`TiBQM- ;�BM- /QbB@
K2i`v -}#2`

G2b }#`2b /QTû2b 2`#BmK +Qmp`2Mi /2 MQK#`2mb2b �TTHB+�iBQMb- T�`iB+mHBĕ`2K2Mi /�Mb
H2 /QK�BM2 /2b iûHû+QKKmMB+�iBQMb i2``2bi`2b 2i bQmb K�`BM2b- �p2+ H2b �KTHB}+�i2m`b QTiB[m2bX
�mDQm`/Ƕ?mB- BH 2tBbi2 mM `û2H BMiû`āi TQm` HǶBM/mbi`B2 bT�iB�H2 /ǶmiBHBb2` +2b }#`2b /�Mb H2b b�i2HHBi2bX
*2T2M/�Mi- TQm` miBHBb2` H2m` TQi2MiB2H- mM2 [m�HB}+�iBQM 2M KBHB2m `�/B�iB7 /QBi āi`2 2z2+imû2- +Ƕ2bi
Dmbi2K2Mi HǶQ#D2i T`BM+BT�H /2 +2 i`�p�BH /2 i?ĕb2X :`�+2 �m T�`i2M�`B�i BM/mbi`B2H �p2+ .`�F�@S`vbKB�M-
MQmb �pQMb �++ĕb ¨ mM2 ;`�M/2 /Bp2`bBiû /2 }#`2b 2M i2`K2b /2 +QKTQbBiBQMb +?BKB[m2b , +2+B MQmb
T2`K2i /Ƕûim/B2` H2m` b2MbB#BHBiû �mt `�/B�iBQMb- 2i /2 +QKT`2M/`2 H2 `ƬH2 2bb2MiB2H /2b /QT�Mib 2i /2b
+Q/QT�Mib /�Mb +2ii2 b2MbB#BHBiûX lM2 ûim/2 /2 +2HH2@+B 2M i2KTb `û2H- �bbQ+Bû2 ¨ mM2 +�`�+iû`Bb�iBQM
T`û 2i TQbi@B``�/B�iBQM /2b }#`2b QTiB[m2b- `2M/ TQbbB#H2 HǶB/2MiB}+�iBQM }M2 /2b /û7�mib BM/mBib bQmb
B``�/B�iBQM- 2i H� +QKT`û?2MbBQM /2 H2m` Kû+�MBbK2 /2 7Q`K�iBQM- 2M 7QM+iBQM /2 H� +QKTQbBiBQM
/2 +2b }#`2bX *2ii2 ûim/2 T2`K2i �BMbB /2 T`QTQb2` mM KQ/ĕH2 T?vbB[m2 /2 H2m` /û;`�/�iBQM- 2i
�mbbB /2 H2m` ;mû`BbQM- +QKTHûiû T�` mM KQ/ĕH2 /Ƕ�KTHB}+�i2m`X AH T2`K2i /2 T`û/B`2- 2M 7QM+iBQM
/2 H� +QKTQbBiBQM /2b }#`2b- H2 +QKTQ`i2K2Mi [m�MiBi�iB7 /2b �KTHB}+�i2m`b QTiB[m2b �bbQ+Bûb- 2M
i2`K2b /2 ;�BM 2i 2i /2 #�M/2 T�bb�Mi2- p2`bmb mM /ûTƬi /2 /Qb2 ivTB[m2 /ǶmM2 KBbbBQM bT�iB�H2 c
BH `ûTQM/ �BMbB �mt �ii2Mi2b /2b T`BM+BT�mt �+i2m`b /m /QK�BM2X 1M Qmi`2- H2 #ûMû}+2 /2 +2 i`�p�BH
Qmp`2 /2b TQ`i2b /�Mb H2 /QK�BM2 /2 H� /QbBKûi`B2 T�` }#`2 QTiB[m2 �+iBp2- /�Mb /Bzû`2Mib 2MpB`QM@
M2K2Mib `�/B�iB7b �mi`2b [m2 H2 /QK�BM2 bT�iB�H- i2Hb [m2 H2 KBHB2m Kû/B+�H Qm HǶ2MpB`QMM2K2Mi Mm+Hû�B`2X

�P6.- +2Mi`2 +QHQ`û- T?QiQ#H�M+?BK2Mi- �#bQ`TiBQM _�/BQ AM/mBi2- ;�BM- /QbB@
Kûi`B2- }#`2

h?ĕb2 T`ûT�`û2 ¨ƘHǶAMbiBimi /Ƕ1H2+i`QMB[m2 2i /2b avbiĕK2b UA1aV
lJ_@*L_a 8kR9- lMBp2`bBiû /2 JQMiT2HHB2`- j9yN8 JQMiT2HHB2`- 6`�M+2





G2 i`�p�BH /û+`Bi /�Mb +2 K�Mmb+`Bi � ûiû 2z2+imû �m b2BM /2 HǶAMbiBimi /ǶúH2+i`QMB[m2 2i /2b
avbiĕK2b ¨ HǶlMBp2`bBiû /2 JQMiT2HHB2`- /QMi D2 `2K2`+B2 H2 /B`2+i2m`- JQMbB2m` �H�BM 6Qm+�`�M-
TQm` KǶ�pQB` �++m2BHHB /�Mb +2 H�#Q`�iQB`2 2i T2`KBb /2 `û�HBb2` +2 i`�p�BH /�Mb H2b K2BHH2m`2b +QM/BiBQMbX

C2 iB2Mb iQmi /Ƕ�#Q`/ ¨ `2K2`+B2` T`Q7QM/ûK2Mi KQM /B`2+i2m` /2 i?ĕb2- JQMbB2m` S?BHBTT2
aB;MQ`2i �BMbB [m2 K2b +Q@/B`2+i2m`b JQMbB2m` JBF?�ďH Jv�`� 2i JQMbB2m` *?`BbiQT?2 S�H2`KQ- TQm`
H� +QM}�M+2 [mǶBHb KǶQMi �++Q`/û2- H2m` /BbTQMB#BHBiû 2i iQmi H2 b�pQB` [mǶBHb QMi Tm K2 i`�MbK2ii`2 iQmi
�m HQM; /2 +2 i`�p�BH /2 i?ĕb2X

C2 bmBb T`Q7QM/ûK2Mi `2+QMM�Bbb�Mi 2Mp2`b J2bbB2m`b J�ii?B2m G�M+`v- J�ŗi`2 /2 *QM7û`2M+2b
¨ HǶlMBp2`bBiû S�`Bb am/- 2i G�m`2Mi "B;Qi- .B`2+i2m` /2 _2+?2`+?2 �m H�#Q`�iQB`2 S>G�J lMBp2`bBiû
/2 GBHH2- [mB QMi �BK�#H2K2Mi �++2Tiû /2 7�B`2 T�`iB2 /m Dm`v 2M [m�HBiû /2 `�TTQ`i2m`bX

C2 `2K2`+B2 J�/�K2 �MM2@J�`B2 Cm`/v+- .B`2+i2m` /2 _2+?2`+?2 ¨ HǶAGJ lMBp2`bBiû /2 GvQM-
2i JQMbB2m` C2�M@1KK�Mm2H "`Q[mBM- S`Q72bb2m` ¨ HǶlMBp2`bBiû /2 :`2MQ#H2- TQm` HǶBMiû`āi [mǶBHb
TQ`i2Mi ¨ +2 i`�p�BH 2i H2m` T�`iB+BT�iBQM ¨ +2 Dm`v 2M i�Mi [mǶ2t�KBM�i2m`bX

C2 `2K2`+B2 HǶ2Mb2K#H2 /m ;`QmT2 h2>P- T2`K�M2Mib 2i MQM T2`K�M2Mib- TQm` KǶ�pQB` �++m2BHHBX
C2 `2K2`+B2 iQmi T�`iB+mHBĕ`2K2Mi �MMB+F SûM�`B2` 2i S?BHHBTT2 LQmp2H TQm` MQb û+?�M;2b HQ`b /2 MQb
/ûD2mM2`bX

C2 `2K2`+B2 �mbbB iQmi T�`iB+mHBĕ`2K2Mi C2�M "2MQBi S2``Qi- aiûT?�M2 "HBM 2i "2MD�KBM 6ûi`û
TQm` H2m` +QMi`B#miBQM ¨ +2 i`�p�BH /2 i?ĕb2X

C2 `2K2`+B2 K2b T�`2Mib- [mB KǶQMi iQmDQm`b bQmi2Mm 2i �B/ûX C2 iB2Mb û;�H2K2Mi ¨ `2K2`+B2` K�
#2HH2@bƾm` 2i K2b #2�mt T�`2Mib TQm` H2m` bQmiB2MX

1M}M KQM mHiBK2 `2K2`+B2K2Mi p� ¨ K� T2iBi2 7�KBHH2X hQmi /Ƕ�#Q`/ K� +QKT�;M2 J�`BQM- TQm`
b� T`ûb2M+2 2i bQM bQmiB2M BM+QMi2bi�#H2 2i TQm` H2b MQK#`2mt b�+`B}+2b [mǶ2HH2 � +QMb2MiBb T2M/�Mi H�
Tû`BQ/2 /2 `û/�+iBQMX C2 iB2Mb ¨ b�Hm2` iQM +Qm`�;2 TQm` H� `2H2+im`2 /2 +2 K�Mmb+`BiX 1M}M- K2`+B ¨
KQM }Hb J�i?ûQ [mB T�` b� DQB2 2i bQM BM+QMb+B2M+2 DmpûMBH2 � bm K2 /Bp2`iB` 2i KǶ2M+Qm`�;2`X





AMi`Q/m+iBQM
yXR GǶBMiû`āi /2b }#`2b QTiB[m2b TQm` H2b iûHû+QKKmMB+�iBQMb X X X X X X X X X X X X X X X X X k
yXk *QMi`�BMi2b /2 HǶ2MpB`QMM2K2Mi bT�iB�H X X X X X X X X X X X X X X X X X X X X X X X X X X X j

yXkXR GǶ1bT�+2 , mM 2MpB`QMM2K2Mi `�/B�iB7 M�im`2H X X X X X X X X X X X X X X X X X X X j
yXkXk G2b bQHmiBQMb /2 T`Qi2+iBQM 2i /2 /m`+Bbb2K2Mi /2b +QKTQb�Mib X X X X X X X X X 8
yXkXj �/�Ti�iBQM /2 H� i2+?MQHQ;B2 q.J �m bT�iB�H X X X X X X X X X X X X X X X X X X e

yXj G2b }#`2b QTiB[m2b /�Mb H2b �TTHB+�iBQMb bT�iB�H2b X X X X X X X X X X X X X X X X X X X X X d
yX9 G2 +QMi2ti2 /2 `2+?2`+?2 2i /2 +QHH�#Q`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X 3
yX8 SH�M /m K�Mmb+`Bi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3

RXR *QKTQbBiBQM 2i T`QT`Bûiûb /m p2``2 2i /2b }#`2b X X X X X X X X X X X X X X X X X X X X X X RR
RXRXR *QKTQbBiBQM /m p2``2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR
RXRXk S`QT`Bûiûb /m p2``2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rj

RXk G2b }#`2b T�bbBp2b , S`QT�;�iBQM /2 H� HmKBĕ`2 X X X X X X X X X X X X X X X X X X X X X X X R9
RXkXR 1H2K2Mib +QMbiBim�Mib /ǶmM2 }#`2 QTiB[m2 X X X X X X X X X X X X X X X X X X X X X R9
RXkXk G2b /Bzû`2Mib ivT2 /2 }#`2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8

RXkXkXR G2b }#`2b ¨ b�mi /ǶBM/B+2 X X X X X X X X X X X X X X X X X X X X X X X X X R8
RXkXkXk 6B#`2b ¨ b�mi /ǶBM/B+2 ¨ ;�BM2 2Mi2``û2 X X X X X X X X X X X X X X X X X X Rd
RXkXkXj G2b }#`2b ¨ +`Bbi�mt T?QiQMB[m2b US?QiQMB+ +`vbi�H }#2`b- S*6V X X X Rd
RXkXkX9 "BH�M X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R3

RXj G2b }#`2b �+iBp2b , �KTHB}+�iBQM /2 H� HmKBĕ`2 X X X X X X X X X X X X X X X X X X X X X X X R3
RXjXR S`BM+BT2b /2 HǶ�KTHB}+�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R3

RXjXRXR S`Q#�#BHBiû /ǶBMi2`�+iBQM T?QiQM@�iQK2 X X X X X X X X X X X X X X X X X RN
RXjXRXk GǶ�#bQ`TiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RN
RXjXRXj GǶûKBbbBQM bTQMi�Mû2 X X X X X X X X X X X X X X X X X X X X X X X X X X X ky
RXjXRX9 GǶûKBbbBQM biBKmHû2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X ky
RXjXRX8 a�im`�iBQM /2 HǶ�#bQ`TiBQM X X X X X X X X X X X X X X X X X X X X X X X X X kR

RXjXk �KTHB}+�iBQM /2 H� HmKBĕ`2 T�` H2b H�Mi?�MB/2b , 2`#BmK X X X X X X X X X X X X X kk
RXjXkXR h?ûQ`B2 /2 HǶ�KTHB}+�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X kk
RXjXkXk �TTHB+�iBQM ¨ mM p2``2 /QTû 2`#BmK X X X X X X X X X X X X X X X X X X X k9

RXjXj 1H�`;Bbb2K2Mi /2 H� #�M/2 T�bb�Mi2 X X X X X X X X X X X X X X X X X X X X X X X X X ke
RXjXjXR AM~m+2M+2 /2 H� K�i`B+2 ?Ƭi2 X X X X X X X X X X X X X X X X X X X X X X X kd
RXjXjXk 1z2ib HBûb ¨ HǶBMi`Q/m+iBQM /Ƕ�HmKBMBmK X X X X X X X X X X X X X X X X X kN

RXjX9 �TTHB+�iBQM ¨ mM �KTHB}+�i2m` PTiB[m2 ¨ 6B#`2 .QTû2 1`#BmK X X X X X X X X X jy
RX9 G2b i2+?MQHQ;B2b /2 7�#`B+�iBQM /2b }#`2b X X X X X X X X X X X X X X X X X X X X X X X X X X jj

RX9XR S`Q+û/û /2 7�#`B+�iBQM /2b }#`2b X X X X X X X X X X X X X X X X X X X X X X X X X X jj
RX9XRXR 1H�#Q`�iBQM /2 H� T`û7Q`K2 X X X X X X X X X X X X X X X X X X X X X X X X jj
RX9XRXk 1i�T2 /2 }#`�;2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j9

RX9Xk S`Q+û/û /ǶBMi`Q/m+iBQM /2b i2``2b `�`2b X X X X X X X X X X X X X X X X X X X X X X X j9
RX9XkXR S`Q+û/ûUbV +H�bbB[m2UbV X X X X X X X X X X X X X X X X X X X X X X X X X X j9
RX9XkXk S`Q+û/û L�MQT�`iB+mH2b X X X X X X X X X X X X X X X X X X X X X X X X X X j8

kXR _�vQMM2K2Mib BQMBb�Mib 2i Kû+�MBbK2b /2 /û;`�/�iBQMb X X X X X X X X X X X X X X X X X 9y



kXRXR *�b /2b T�`iB+mH2b +?�`;û2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9y
kXRXk *�b /2b T�`iB+mH2b M2mi`2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9R
kXRXj GǶ2MpB`QMM2K2Mi bT�iB�H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9k
kXRX9 "BH�M /2b `�vQMM2K2Mib BQMBb�Mib 2i /2 H2m`b 2z2ib bm` H� K�iBĕ`2 X X X X X X X X 9k

kXk úi�i /2 HǶ�`i /2b TBĕ;2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9j
kXkXR L�im`2 /2b /û7�mib /2 H� bBHB+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X 99
kXkXk .û7�mib /�Mb H� bBHB+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 98

kXkXkXR G2b +2Mi`2b Ptv;2M .2}+B2Mi *2Mi2` P.* X X X X X X X X X X X X X X X 98
kXkXkXk G2b +2Mi`2b aB1Ƕ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9e
kXkXkXj G2 +2Mi`2 LQM@"`B/;BM; Ptv;2M >QH2 *2Mi2`b L"P>* X X X X X X X X 9d
kXkXkX9 G2b +2Mi`2b _�/B+�mt S2`Qtv SP_ X X X X X X X X X X X X X X X X X X X 93
kXkXkX8 G2 +2Mi`2 a2H7 h`�TT2/ >QH2b ah> X X X X X X X X X X X X X X X X X X X 93

kXkXj .û7�mib HBûb �mt ;2`K�MBmK X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9N
kXkXjXR G2b +2Mi`2b :2URV 2i :2UkV Qm :2* X X X X X X X X X X X X X X X X X X X X 8y
kXkXjXk G2b +2Mi`2b :21Ƕ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8y
kXkXjXj G2b +2Mi`2b :2@L"P>* X X X X X X X X X X X X X X X X X X X X X X X X X 8R

kXkX9 .û7�mib HBûb ¨ HǶ�HmKBMBmK X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8R
kXkX9XR G2b +2Mi`2b �HP>* X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8R
kXkX9Xk G2b +2Mi`2b �H@1Ƕ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8k

kXkX8 .û7�mib HBûb �mt h2``2b `�`2b , HǶ2`#BmK X X X X X X X X X X X X X X X X X X X X X X X 8j
kXkXe Jû+�MBbK2 /2 7Q`K�iBQM /2b /û7�mib X X X X X X X X X X X X X X X X X X X X X X X X 8j

kXkXeXR P++m``2M+2 2i Kû+�MBbK2 T`û7û`2MiB2H /2b /û7�mib X X X X X X X X X X X X 8j
kXkXeXk AM~m2M+2 /2 H� 7�#`B+�iBQM X X X X X X X X X X X X X X X X X X X X X X X X 89
kXkXeXj AM~m2M+2 /2 H� /Qb2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X 88

kXkXd avMi?ĕb2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 88
kXj 1i�i /2 HǶ�`i /2b KQ/ĕH2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8e

kXjXR .û;`�/�iBQM bm` mM K�iû`B�m BbQH�Mi , KQ/ĕH2 /2 _X *?2M X X X X X X X X X X X X 8e
kXjXk .û;`�/�iBQM bm` mM K�iû`B�m BbQH�Mi /QTû 2`#BmK , KQ/ĕH2 /2 6X J�/v X X X X 8N

kX9 1im/2 [m�HBi�iBp2 2i �M�Hvb2 bT2+i`Qb+QTB[m2 X X X X X X X X X X X X X X X X X X X X X X X X eR
kX9XR "�M+ 2tTû`BK2Mi�H /2 bT2+i`Qb+QTB2 X X X X X X X X X X X X X X X X X X X X X X X X eR
kX9Xk úim/2 TQbi@B``�/B�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ek
kX9Xj AMi2`T`ûi�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e8
kX9X9 1im/2 TQbi@;mû`BbQM QTiB[m2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X ed
kX9X8 AMi2`T`ûi�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e3

kX8 aQHmiBQMb TQm` H2 /m`+Bbb2K2Mi /m p2``2 X X X X X X X X X X X X X X X X X X X X X X X X X X dy
kX8XR G2b bQHmiBQMb 2tBbi�Mi2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dy
kX8Xk A/û2 /2 /m`+Bbb2K2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dR

jXR JQ/ĕH2 /2 /û;`�/�iBQM /m p2``2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3y
jXRXR .2b+`BTiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3y
jXRXk JBb2 2M û[m�iBQM /m KQ/ĕH2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3R
jXRXj 1pQHmiBQM /2b TQTmH�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3k

jXk *�`�+iû`Bb�iBQM 2i +�HB#`�;2 /2b T�`�Kĕi`2b /m KQ/ĕH2 X X X X X X X X X X X X X X X X X X 3j
jXkXR .ûi2`KBM�iBQM /2 H� +`û�iBQM /2 T�B`2b ûH2+i`QMb@i`Qmb X X X X X X X X X X X X X X 39
jXkXk .ûi2`KBM�iBQM /2b i�mt /2 i`�MbBiBQMb X X X X X X X X X X X X X X X X X X X X X X X 39

jXkXkXR G2b i�mt /ǶBMi2`�+iBQMb Ax 2i Bx X X X X X X X X X X X X X X X X X X X X 39
jXkXkXk G2 T�`�Kĕi`2 C X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 39



jXkXj .ûi2`KBM�iBQM /2b +�T�+Biûb /Ƕ�++m2BH Qm /2b +QM+2Mi`�iBQMb /2b T`û+m`b2m`b X X 38
jXkXjXR 1biBK�iBQM /2b /QT�;2b 2M 2`#BmK 2i 2M �HmKBMBmK X X X X X X X X X X 33

jXkX9 .ûi2`KBM�iBQM /2 HǶ�_A 2i /2b b2+iBQMb 2{+�+2b /Ƕ�#bQ`TiBQM QTiB[m2 X X X X X X Ny
jXkX8 "BH�M X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X NR

jXj o�HB/�iBQM /m KQ/ĕH2 , 2biBK�iBQM [m�MiBi�iBp2 /2 HǶ�#bQ`TiBQM _�/BQ AM/mBi2 X X X X X NR
jXjXR J2bm`2 2tTû`BK2Mi�H2 /2 HǶ�_A 2M HB;M2 X X X X X X X X X X X X X X X X X X X X X X Nk

jXjXRXR "�M+ 2tTû`BK2Mi�H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Nk
jXjXk *QM7`QMi�iBQM J2bm`2b@1biBK�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X Nj
jXjXj "BH�M bm` H� +QKTQbBiBQM /2 HǶ�_A X X X X X X X X X X X X X X X X X X X X X X X X X X N8

jX9 AMi`Q/m+iBQM /2 HǶ�bT2+i /2 ;mû`BbQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X N8
jX9XR S?ûMQKĕM2 /2 `2H�t�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X N8
jX9Xk SQBMi /2 pm2 i?2`KB[m2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ne
jX9Xj SQBMi /2 pm2 QTiB[m2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Nd
jX9X9 JBb2 2M û[m�iBQM /m KQ/ĕH2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Nd

jX8 *�`�+iû`Bb�iBQM /2b T�`�Kĕi`2b /2 ;mû`BbQM QTiB[m2 , �TTHB+�iBQM /m KQ/ĕH2 o�_1S�
Uo�`B�#H2 _1�+iBQM S�i?r�vV X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X N3
jX8XR _û�+iBQM QTiB[m2K2Mi �+iBpû2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X NN

jX8XRXR AM~m2M+2 /2 H� HQM;m2m` /ǶQM/2 X X X X X X X X X X X X X X X X X X X X X NN
jX8XRXk AM~m2M+2 /2 H� TmBbb�M+2 QTiB[m2 , MQiBQM /ǶûM2`;B2 /ûTQbû2 X X X X X X Ryy

jX8Xk AMi2`�+iBQM ¨ mM T?QiQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RyR
jX8Xj .ûi2`KBM�iBQM /2 HǶûM2`;B2 /2 /ûK�`+�iBQM 2i �+iBp�iBQM /2 H� `û�+iBQM X X X X X RyR
jX8X9 .Bbi`B#miBQM /2 HǶûM2`;B2 /Ƕ�+iBp�iBQM Qm /2 HǶûM2`;B2 +mKmHû2 , MQiBQM /2 +Qm`#2

K�ŗi`2bb2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ryk
jX8X8 1pQHmiBQM /2 H� /Bbi`B#miBQM 2M 7QM+iBQM /2 H� +QM+2Mi`�iBQM /2b T`û+m`b2m`b X X Ryj

jXe o�HB/�iBQM /m KQ/ĕH2 +QKTH2i X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry9
jXeXR �TTHB+�iBQM /ǶmM û+H�B`2K2Mi TQbi@B``�/B�iBQM X X X X X X X X X X X X X X X X X X X Ry8

9XR 1im/2 2tTû`BK2Mi�H2 /2 HǶ�P6. X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRy
9XRXR *QM};m`�iBQM #QQbi2` 2i +Q@T`QT�;�iB7 X X X X X X X X X X X X X X X X X X X X X X X RRy
9XRXk J2bm`2b /2 :�BM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRR
9XRXj .ûi2`KBM�iBQM /2 H� HQM;m2m` QTiBK�H2 X X X X X X X X X X X X X X X X X X X X X X X RRk
9XRX9 J2bm`2 /2 ;�BM /vM�KB[m2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRj

9XRX9XR S`BM+BT2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRj
9XRX9Xk "�M+ 2tTû`BK2Mi�H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRj
9XRX9Xj _ûbmHi�ib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRj

9XRX8 úpQHmiBQM /2 H� TH�iBim/2 /2 ;�BM X X X X X X X X X X X X X X X X X X X X X X X X X X RR8
9Xk GǶ�P6. bQmb B``�/B�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRe

9XkXR úpQHmiBQM /m ;�BM 2M 7QM+iBQM /2 H� /Qb2 X X X X X X X X X X X X X X X X X X X X X X RRe
9XkXk úpQHmiBQM /m ;�BM 2M 7QM+iBQM /2 H� HQM;m2m` X X X X X X X X X X X X X X X X X X X RR3
9XkXj AM~m2M+2 /m /û#Bi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRN

9Xj JQ/ûHBb�iBQM /2 HǶ�KTHB}+�i2m` bQmb B``�/B�iBQM X X X X X X X X X X X X X X X X X X X X X X Rky
9XjXR .2b+`BTiBQM /ǶmM KQ/ĕH2 ¨ j MBp2�mt X X X X X X X X X X X X X X X X X X X X X X X X Rky
9XjXk .ûi2`KBM�iBQM /2b T�`�Kĕi`2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X RkR

9XjXkXR G2b T2`i2b /2 /BzmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X RkR
9XjXkXk G2 7�+i2m` /2 +QM}M2K2Mi X X X X X X X X X X X X X X X X X X X X X X X X X Rkk
9XjXkXj G2b b2+iBQMb 2{+�+2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rk9

9XjXj *QKT�`�BbQM 2Mi`2 H2 KQ/ĕH2 2i HǶ2tTû`B2M+2 X X X X X X X X X X X X X X X X X X X X Rk8



9XjXjXR úpQHmiBQM /m ;�BM 2M 7QM+iBQM /2 H� /Qb2 X X X X X X X X X X X X X X X X Rke
9XjXjXk úpQHmiBQM /m ;�BM 2M 7QM+iBQM /2 H� HQM;m2m` X X X X X X X X X X X X X X Rke
9XjXjXj AM~m2M+2 /m /û#Bi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rke
9XjXjX9 AM~m2M+2 /2 H� `û/m+iBQM /ǶBQM 1`3+ X X X X X X X X X X X X X X X X X X X Rkd

9X9 aQHmiBQM /2 /m`+Bbb2K2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RkN
9X9XR AM~m2M+2 /2 H� +QKTQbBiBQM 2i /2 H� i2+?MQHQ;B2 X X X X X X X X X X X X X X X X X X RkN
9X9Xk �TT`Q+?2 b2KB@2KTB`B[m2 /m /m`+Bbb2K2Mi X X X X X X X X X X X X X X X X X X X X X RjR
9X9Xj S2`iBM2M+2 /m 7�+i2m` /2 Kû`Bi2 X X X X X X X X X X X X X X X X X X X X X X X X X X X Rjj
9X9X9 �TTHB+�iBQM /m 7�+i2m` /2 Kû`Bi2 T�` H� bBKmH�iBQM X X X X X X X X X X X X X X X X Rj9

9X8 P#i2MiBQM /ǶmM �KTHB}+�i2m` /m`+B TQm` H2b iûHû+QKKmMB+�iBQMb bT�iB�H2b X X X X X X X Rj8
9Xe �TTHB+�iBQM ¨ H� /QbBKûi`B2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rjd

9XeXR G2b /Bzû`2Mi2b pQB2b /2 H� /QbBKûi`B2 X X X X X X X X X X X X X X X X X X X X X X X X Rjd
9XeXk úim/2 2tTû`BK2Mi�H2 /2 H� b2MbB#BHBiû /2b }#`2b X X X X X X X X X X X X X X X X X X Rj3
9XeXj *`Biĕ`2b /2 bûH2+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RjN
9XeX9 aBKmH�iBQM 2i +QM+2TiBQM /ǶmM /QbBKĕi`2 X X X X X X X X X X X X X X X X X X X X X X R9y



yXkXR GǶ1bT�+2 , mM 2MpB`QMM2K2Mi `�/B�iB7 M�im`2H X X X X X X X X X X X X X X X X X X X X X j
yXkXk G2b bQHmiBQMb /2 T`Qi2+iBQM 2i /2 /m`+Bbb2K2Mi /2b +QKTQb�Mib X X X X X X X X X X X 8
yXkXj �/�Ti�iBQM /2 H� i2+?MQHQ;B2 q.J �m bT�iB�H X X X X X X X X X X X X X X X X X X X X e

G2b iûHû+QKKmMB+�iBQMb DQm2Mi mM `ƬH2 2bb2MiB2H /�Mb H� bQ+Bûiû ?mK�BM2X GǶ>QKK2 � /ûp2HQTTû
�m +Qm`b /2 bQM 2tBbi2M+2 /2b QmiBHb �}M /2 T2`72+iBQMM2` H2b û+?�M;2bX G2b T`2KB2`b T`Q+û/ûb /2
iûHû+QKKmMB+�iBQMb 7m`2Mi H2b bB;M�mt /2 7mKû2- miBHBbûb T�` 2t2KTH2 T�` H2b T2mTH2b �Kû`BM/B2Mb
/Ƕ�Kû`B[m2- K�Bb �mbbB 2M 6`�M+2- �m JQv2M �;2- /2TmBb /2b iQm`b TH�+û2b bm` H2b bQKK2ib T2`K2ii�Mi
/2 i`�MbK2ii`2 /2b Q`/`2b 2i /2b `2Mb2B;M2K2Mib bi`�iû;B[m2bX 1M 6`�M+2- ¨ H� }M /m R3ĕK2 bBĕ+H2-
HǶBM;ûMB2m` *H�m/2 *?�TT2 `û�HBb� H2 T`2KB2` bvbiĕK2 /2 iûHû;`�T?B2 QTiB[m2 T�` bûK�T?Q`2X *QKK2
H2 KQMi`2 H� };m`2 R- /2b iQm`b 2bT�+û2b /2 [m2H[m2b /Bx�BM2b /2 FBHQKĕi`2b DQm�B2Mi H2 `ƬH2 /2 `2H�Bb 2i
T2`K2ii�B2Mi /2 i`�MbK2ii`2 H2b K2bb�;2b 2M [m2H[m2b ?2m`2b /�Mb iQmi2 H� 6`�M+2X

R Ĝ om /Ƕ�`iBbi2 /2 HǶBM�m;m`�iBQM /ǶmM bûK�T?Q`2 T�` *H�m/2 *?�TT2 URdej@R3N8VX

�mDQm`/Ƕ?mB- H2b iûHû+QKKmMB+�iBQMb Q++mT2Mi mM2 TH�+2 BKTQ`i�Mi2 /�Mb MQi`2 bQ+BûiûX G2b Qm@
iBHb /2p2M�Mi /2 THmb 2M THmb T2`7Q`K�Mib- H� iûHû+QKKmMB+�iBQM T�` pQB2 QTiB[m2 2bi �mDQm`/Ƕ?mB H�



i2+?MQHQ;B2 +�T�#H2 /2 i`�MbTQ`i2` H2 THmb /ǶBM7Q`K�iBQMbX *2b BM7Q`K�iBQMb bQMi TQ`iû2b T�` mM bB;M�H
HmKBM2mt ;mB/û /�Mb /2b }#`2b QTiB[m2b +QKTQbû2b /2 p2``2X

�p2+ /2b i2+?MQHQ;B2b bi�M/�`/ ivT2 T�B`2 iQ`b�/û2- BH 2bi TQbbB#H2 /ǶQ#i2MB` /2b /û#Bib i`ĕb ûH2pûb
K�Bb bm` /2b /Bbi�M+2b i`ĕb +Qm`i2b- BH 2bi /QM+ /B{+BH2 /2 i`�Mb7û`2` /2 ?�mib /û#Bib bm` /2b /Bbi�M+2b
BKTQ`i�Mi2bX G� iûHû+QKKmMB+�iBQM T�` pQB2 QTiB[m2 � pm H2 DQm` /�Mb H2b �MMû2b RNdyX 1HH2 � T2`KBb
mM2 �m;K2Mi�iBQM /2 H� +�T�+Biû /2b i`�MbKBbbBQMb /2 /QMMû2bX GǶûpQHmiBQM /2 +2ii2 i2+?MQHQ;B2 �
�m;K2Miû /2 K�MBĕ`2 bB;MB}+�iBp2 H2b T2`7Q`K�M+2b /2b i`�MbKBbbBQMb- +QKK2 H2 KQMi`2 H� };m`2 k [mB
`2T`ûb2Mi2 HǶûpQHmiBQM /2 H� +�T�+Biû /2 /û#Bi /2 i`�MbKBbbBQM KmHiBTHBû T�` H� /Bbi�M+2- �m +Qm`b /m
i2KTb- �p2+ H2b /Bzû`2Mi2b �KûHBQ`�iBQMb /2 +2ii2 i2+?MQHQ;B2 QTiB[m2X
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k Ĝ 1pQHmiBQM /2 H� +�T�+Biû /ǶmM2 HB;M2 /2 i`�MbKBbbBQM QTiB[m2 /2TmBb bQM �pĕM2K2Mi 2M
RNd9 (R)-(k)X

G2b T`2KBĕ`2b BMbi�HH�iBQMb ûi�B2Mi +QMbiBimû2b /2 }#`2b QTiB[m2b KmHiBKQ/2b /QMi H2b bB;M�mt
T`Qp2M�B2Mi /2 bQm`+2b H�b2`b ûK2ii�Mi mM2 HQM;m2m` /ǶQM/2 �mt �H2MiQm`b /2b 3yy MKX G2b }#`2b �HQ`b
KmHiBKQ/2b T`QT�;2�B2Mi H2b bB;M�mt HmKBM2mt bm` /2 +Qm`i2b /Bbi�M+2b- [m2H[m2b FK- +�` HǶ�iiûMm�iBQM
HBMûB[m2 ûi�Bi i`ĕb BKTQ`i�Mi2 ¨ +2ii2 HQM;m2m` /ǶQM/2- /2 HǶQ`/`2 /2 ky /"fFKX 1MbmBi2 bQMi �TT�`mb
H2b H�b2`b ¨ b2KB@+QM/m+i2m` ûK2ii�Mi ¨ Rjyy MKX G� KBb2 �m TQBMi /2 }#`2b KQMQKQ/2b TQm` +2ii2
HQM;m2m` /ǶQM/2 � T2`KBb /2 i`�MbK2ii`2 /2b /û#Bib /2 /QMMû2b /2 HǶQ`/`2 /m :#BibfbX *2T2M/�Mi H2b
TQ`iû2b /2 +2b i`�MbKBbbBQMb ûi�B2Mi 2M+Q`2 HBKBiû2b T�` HǶ�iiûMm�iBQM HBMûB[m2 /2b }#`2b [mB ûi�Bi /2
y-8 /"fFK TQm` +2ii2 HQM;m2m` /ǶQM/2X

AH � /QM+ 7�HHm �ii2M/`2 H2 /û#mi /2b �MMû2b RN3y TQm` pQB` ûK2`;2` H� i2+?MQHQ;B2 miBHBb�Mi H�
HQM;m2m` /ǶQM/2 /2 R88y MKX *2ii2 �p�M+û2 i2+?MQHQ;B[m2 � pm H2 DQm` ;`�+2 �mt T`Q;`ĕb 2z2+imûb
bm` H2b bQm`+2b H�b2` 2i MQi�KK2Mi H2b /BQ/2b H�b2` ¨ #�b2 /2 K�iû`B�m [m�i2`M�B`2 AM:��bS- [mB QMi
T2`KBb /ǶmiBHBb2` mM2 72Māi`2 /2 i`�MbKBbbBQM bm` H2b }#`2b Qɍ H2b T2`i2b bQMi H2b THmb 7�B#H2b- y-k /"fFKX
*2ii2 i2+?MQHQ;B2 � ûiû T2`72+iBQMMû2 �m }H /2b �MMû2bX 1M 2z2i- /�Mb H2b �MMû2b RNNy 2bi �TT�`m2 mM2
MQmp2HH2 ;ûMû`�iBQM bvbiĕK2 /ûp2HQTTû2 ¨ T�`iB` /2b �KTHB}+�i2m`b iQmi QTiB[m2X G� KBb2 �m TQBMi
/ǶmM �KTHB}+�i2m` QTiB[m2 7QM+iBQMM�Mi ¨ R88y MK ;`�+2 �mt }#`2b /QTû2b 2`#BmK- /ûMQKKû �P6.
�KTHB}+�i2m` PTiB[m2 ¨ 6B#`2 .QTû2 1`#BmK- � T2`KBb /Ƕ�m;K2Mi2` H2b /û#Bib /2 i`�MbKBbbBQMb K�Bb



û;�H2K2Mi H2b TQ`iû2bX _2KTH�Ï�Mi H2b `ûTûi2m`b QTiQûH2+i`QMB[m2b- +2b �KTHB}+�i2m`b ûi�B2Mi miBHBbûb
2M i`�MbKBbbBQMb KQMQ +�M�HX 1M 2z2i- HǶBMi2MbBiû /2b bB;M�mt ûi�Bi KQ/mHû2 TQm` mM2 b2mH2 HQM;m2m`
/ǶQM/2X

1M}M- 2bi �TT�`m2 H� i2+?MQHQ;B2 /2 KmHiBTH2t�;2 2M HQM;m2m` /ǶQM/2- q.J q�p2H2M;i? .BpBbBQM
JmHiBTH2tBM;- [mB +QmTH2 /�Mb mM2 KāK2 }#`2 THmbB2m`b bB;M�mt /2 /Bzû`2Mi2b HQM;m2m`b /ǶQM/2 TQ`@
i2mb2b- �miQm` /2 R88y MKX *2ii2 i2+?MQHQ;B2 � Tm āi`2 `û�HBbû2 ¨ HǶ�B/2 /2 H� H�`;2 #�M/2 T�bb�Mi2 /2b
}#`2b QTiB[m2b 2i û;�H2K2Mi /2b �KTHB}+�i2m`bX 1HH2 T2`K2i /2 /ûKmHiBTHB2` H2b bvbiĕK2b bm` mM2 KāK2
}#`2X aûT�`ûb /2 [m2H[m2b /BtBĕK2b /2 M�MQKĕi`2b- H2b +�M�mt bQMi KûH�M;ûb ¨ HǶ2ti`ûKBiû BM+B/2Mi2
/2 H� }#`2- TQm` 2MbmBi2 āi`2 /ûKmHiBTH2tûb 2M bQ`iB2X G2 MQK#`2 /2 +�M�mt TQbbB#H2b bm` mM2 b2mH2
}#`2 2bi ¨ HǶ?2m`2 �+im2HH2 i`ĕb BKTQ`i�Mi- BH MǶ2bi T�b `�`2 /2 i`Qmp2` /2b bvbiĕK2b +QKTQ`i�Mi Rey
+�M�mt TQm` H2b i2+?MQHQ;B2b H2b THmb �p�M+û2bX

S�`�HHĕH2K2Mi ¨ +2H�- mM2 �KûHBQ`�iBQM /2b T2`7Q`K�M+2b /2b ;mB/2b � û;�H2K2Mi ûi�Bi +QM/mBi2X
GǶmiBHBb�iBQM /2b }#`2b �miQm` /2 R88y MK b2 DmbiB}2 T�` mM2 �iiûMm�iBQM KBMBK�H2 +QKK2 H2 KQMi`2 H�
};m`2 jU�V c /2 THmb- H� i2+?MQHQ;B2 /2 7�#`B+�iBQM � ûpQHmû �}M /ǶûH�`;B` H� #�M/2 bT2+i`�H2 /ǶmiBHBb�iBQMX
AH v � THmbB2m`b /û+2MMB2b- H2b BM/mbi`B2Hb QMi K2Mû mM2 pû`Bi�#H2 +QKTûiBiBQM �}M /2 `û/mB`2 H2b i2M2m`b
2M BQMb OH− T`ûb2Mib /�Mb H� }#`2 c H2m` T`ûb2M+2 �m;K2Mi�Bi H2b T2`i2b /2 7QM/ 2i `û/mBb�Bi H� #�M/2
T�bb�Mi2 +QKK2 H2 KQMi`2 H� };m`2 jU#VX

�mDQm`/Ƕ?mB- H2b i2+?MQHQ;B2b T2`K2ii�Mi HǶ�m;K2Mi�iBQM /m /û#Bi bQMi 2M +Qm`b /2 /ûp2HQTT2K2Mi-
MQmb TQmpQMb pQB` HǶûK2`;2M+2 /2 H� +QKKmMB+�iBQM T�` bQHBiQM /�Mb H� +QKKmM�miû b+B2MiB}[m2
(j)X *2T2M/�Mi- BH bǶ�;Bi /2 H� pQB2 /m KmHiBTH2t�;2 bT�iB�H [mB b2K#H2 āi`2 T`BpBHû;Bû2 T�` H2 KQM/2
BM/mbi`B2H , BH bǶ�;Bi /ǶmM2 +QKKmMB+�iBQM KmHiBKQ/2 i`�Mbp2`b2 Qɍ +?�[m2 KQ/2 bT�iB�H 2bi K�ŗi`Bbû 2i
`2T`ûb2Mi2 mM +�M�H /2 i`�MbKBbbBQM BM/ûT2M/�Mi- ¨ HǶBMp2`b2 /2b iûHû+QKKmMB+�iBQMb ¨ }#`2 KmHiBKQ/2
/m T�bbûX

GǶ2bbQ` /2 H� }#`2 QTiB[m2 � �BMbB T2`KBb /2 /ûKQ+`�iBb2` H2b +QKTQb�Mib miBHBb�Mi H� i2+?MQHQ;B2
q.J [mB 2bi mM2 i2+?MQHQ;B2 /2 i`ĕb ?�mi2 T2`7Q`K�M+2X 1HH2 b2 i`Qmp2 �mDQm`/Ƕ?mB ¨ i`ĕb #�b +Qȿi
T�` `�TTQ`i �m MBp2�m /2 T2`7Q`K�M+2 [mǶ2HH2 T`Q+m`2X 1HH2 � /QM+ 2M;2M/`û /2 MQmp2HH2b �TTHB+�iBQMbX
1M 2z2i- +QKTi2 i2Mm /2b #2bQBMb mbm2Hb /m bT�iB�H U+�Ti2m`b- iûHû+QKKmMB+�iBQMbV 2i /2 H� ?�mi2
T2`7Q`K�M+2 /2 H� i2+?MQHQ;B2- BH 2bi MQ`K�H [m2 H2b /ûp2HQTT2m`b /2 b�i2HHBi2b T`QD2ii2Mi /Ƕ2K#�`[m2`
/2 i2Hb +QKTQb�MibX P`- H2 KBHB2m bT�iB�H 2bi mM 2MpB`QMM2K2Mi +QMi`�B;M�Mi 2i TQm``� �K2M2` ¨
+QMi`�BM/`2 +2b �TTHB+�iBQMbX LQmb /û+`BpQMb /QM+ H� M�im`2 /2 +2i 2MpB`QMM2K2Mi- ¨ H� bmBi2 /2 [mQB
MQmb /Bb+mi2`QMb /2b �TTHB+�iBQMb 2tBbi�Mi2b 2i 2MpBb�;û2bX

*2 i`�p�BH /2 i?ĕb2 2tTHQ`2 �BMbB H2b /Bzû`2Mi2b TQbbB#BHBiûb /ǶmiBHBb2` +2b }#`2b TQm` /2b �TTHB+�iBQMb
/2biBMû2b �m /QK�BM2 /m bT�iB�HX

GǶ2MpB`QMM2Mi bT�iB�H 2bi +QMbB/û`û +QKK2 mM 2MpB`QMM2K2Mi `�/B�iB7 M�im`2HX AH 2bi +QMbiBimû /2
MQK#`2mt `�vQMM2K2Mib 2i /2 T�`iB+mH2b +?�`;û2b +QKK2 HǶBHHmbi`2 H� };m`2 9X *2b `�/B�iBQMb QMi /2b
Q`B;BM2b /Bp2`b2b c T�`KB +2HH2b [mB bQMi �m THmb T`Q+?2 /2 H� i2``2 QM i`Qmp2 ,

ě H2b p2Mib bQH�B`2b c
ě H� +2BMim`2 /2 p�M �HH2M c
ě H2b û`mTiBQMb bQH�B`2b c
ě 2i H2 `�vQMM2K2Mi +QbKB[m2X

GǶBKT�+i /2 iQmi2b +2b `�/B�iBQMb 2bi [m�MiB}�#H2- QM T�`H2 �HQ`b /2 /Qb2 `2Ïm2 2i /2 /û#Bi /2 /Qb2 bm`
/2b +QKTQb�Mib Qm /2b K�iû`B�mtX G� /Qb2 /û}MBi HǶûM2`;B2 �TTQ`iû2 T�` H2b `�vQMM2K2Mib 2i �#bQ`#û2
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j Ĝ U�V aT2+i`2 /Ƕ�#bQ`TiBQM /ǶmM2 }#`2 /2 i`�MbKBbbBQM U:e8kVX U#V T`Q;`ĕb /2 H� i2+?MQHQ;B2
/2b }#`2b /2 i`�MbKBbbBQM /�Mb H2b �MMû2b RNNy@kyyyX

9 Ĝ om2 /Ƕ�`iBbi2 /2 HǶ2MpB`QMM2K2Mi `�/B�iB7 bT�iB�H (9)



T�` H� K�iBĕ`2- bQM mMBiû 2bi H2 :`�v U:vV 2i +Q``2bTQM/ ¨ mM2 ûM2`;B2 /ûTQbû2 T�` mMBiû /2 K�bb2X G2
/û#Bi /2 /Qb2 b2 /û}MBi /QM+ +QKK2 mM2 ûM2`;B2 T�` mMBiû /2 K�bb2 2i /2 i2KTbX hvTB[m2K2Mi- TQm`
/2b �TTHB+�iBQMb bT�iB�H2b- HǶQ`/`2 /2 ;`�M/2m` /2b /Qb2b 2bi /2 jyy :v- TQm` mM /û#Bi /2 HǶQ`/`2 /m
K:vf?- bmBp�Mi H2b Q`#Bi2b +QMbB/û`û2bX
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8 Ĝ .Bzû`2Mib ivT2b /Ƕ2MpB`QMM2K2Mi `�/B�iB7b

*QKK2 MQmb TQmpQMb H2 `2K�`[m2` bm` H� };m`2 8- H� T�`iB+mH�`Biû /m /QK�BM2 bT�iB�H 2bi [m2
H2b /û#Bib bQMi i`ĕb 7�B#H2b 2i [m2 H� /m`û2 /Ƕ2tTQbBiBQM 2bi i`ĕb HQM;m2X *2ii2 +QM};m`�iBQM 2M 7�Bi
mM BM+QMpûMB2Mi K�D2m`- TQm` 2z2+im2` /2b i2bib �mt bQHbX 1M 2z2i- BH 2bi �HQ`b /B{+BH2 /Ƕ2MpBb�;2` /2b
i2bib bm` THmbB2m`b �MMû2b c TQm` +2ii2 `�BbQM- /2b /û#Bib /2 /Qb2 #2�m+QmT THmb BKTQ`i�Mib bQMi bQmp2Mi
miBHBbûbX P`- BH 2bi +QMMm [m2 H2b +QKTQb�Mib KQMi`2Mi mM2 /ûT2M/�M+2 ¨ H� /Qb2 K�Bb û;�H2K2Mi �m
/û#Bi /2 /Qb2 (8)- +2 [mB T2mi �TTQ`i2` mM2 BM+2`iBim/2 bm` H2b i2bib `û�HBbûbX AH 2tBbi2 mM2 HBiiû`�im`2 �bb2x
+QMbû[m2Mi2 bm` H� /ûT2M/�M+2 /2 H� /û;`�/�iBQM �m /û#Bi /2 /Qb2 �p2+ /2b Kûi?Q/2b /2 [m�HB}+�iBQM
�++ûHû`û2 /û/Bû2b (e)X

�}M /2 T`Qiû;2` �m KB2mt H2b bvbiĕK2b 2K#�`[mûb- H2b b�i2HHBi2b bQMi ?�#Bim2HH2K2Mi T`Qiû;ûb
T�` mM #HBM/�;2 /Ƕ�HmKBMBmK /ǶmM2 /Bx�BM2 /2 KBHHBKĕi`2b /ǶûT�Bbb2m`X AH T2`K2i /2 /BKBMm2` +QMbB/û@
`�#H2K2Mi H2b /Qb2b `2Ïm2bX *2T2M/�Mi /2 MQK#`2mb2b T�`iB+mH2b i`�p2`b2Mi H2 #HBM/�;2 2i /û;`�/2Mi
H2b +QKTQb�MibX AH b2`�Bi HQ;B[m2 /Ƕ�m;K2Mi2` HǶûT�Bbb2m` /m #HBM/�;2 2M �HmKBMBmK TQm` /BKBMm2` H2b
`�/B�iBQMb �m b2BM /2b b�i2HHBi2b- Q` BH bǶ�;Bi /ǶmM +QKT`QKBb 2Mi`2 HǶ2{+�+Biû /2 HǶûT�Bbb2m` /m #HBM/�;2
2i H� /Qb2 `2Ïm2X .2 THmb- mM ûHûK2Mi K�D2m` ¨ T`2M/`2 2M +QKTi2 /�Mb mM2 KBbbBQM bT�iB�H2 2bi H2
TQB/b- BH bǶ�;Bi /QM+ H¨ /ǶmM +QKT`QKBb 2Mi`2 +2b i`QBb T�`�Kĕi`2bX SQm` �pQB` mM Q`/`2 /2 ;`�M/2m` H2
H�M+2K2Mi /2 R F; /2 +?�`;2 miBH2 /ǶmM b�i2HHBi2 û[mBp�mi ¨ mM2 /ûT2Mb2 /2 HǶQ`/`2 /2 ky FīX

*2b `�/B�iBQMb [mB pQMi i`�p2`b2` H2 #HBM/�;2 pQMi �pQB` mM 2z2i Mû7�bi2 bm` H2b bvbiĕK2b ûH2+@
i`QMB[m2b 2K#�`[mûb /�Mb H2b b�i2HHBi2bX SQm` +2ii2 `�BbQM- mM2 ûim/2 bm` H� i2Mm2 �mt `�/B�iBQMb /2b
+QKTQb�Mib 2bi 2bb2MiB2HH2X PM [m�HB}2 �HQ`b H2b +QKTQb�Mib miBHBb�#H2b 2M KBHB2m bT�iB�H +QKK2 /2b
+QKTQb�Mib /m`+BbX *2ii2 ûim/2 +QMbBbi2 ¨ Q#b2`p2` 2i ¨ �KûHBQ`2` H� /û;`�/�iBQM /2b +QKTQb�Mib 7�+2
�mt `�/B�iBQMbX GǶB/û2 2bi �HQ`b /2 K2bm`2` HǶ2{+�+Biû /ǶmM +QKTQb�Mi bmBp�Mi H� /Qb2 /2 `�/B�iBQM
`2Ïm2X *QM+2`M�Mi H2b }#`2b QTiB[m2b- H� /û;`�/�iBQM 2M;2M/`û2 T�` H2b B``�/B�iBQMb p� BKT�+i2` H2b



T`QT`Bûiûb /2 i`�MbKBbbBQM /2 H� }#`2X .2 7�ÏQM K�+`Qb+QTB[m2- HǶBMi2`�+iBQM 2Mi`2 H2 `�vQMM2K2Mi
BQMBb�Mi 2i H� K�iBĕ`2 p� �TTQ`i2` mM2 �iiûMm�iBQM bmTTHûK2Mi�B`2 MQKKû2 �_A- �#bQ`TiBQM _�/BQ
AM/mBi2X GǶûim/2 /2 +2ii2 �#bQ`TiBQM 2M 7QM+iBQM /2 H� /Qb2 2bi /QM+ 2bb2MiB2HH2 �}M /2 /ûi2`KBM2` H�
/m`û2 /2 pB2 /ǶmM +QKTQb�Mi /�Mb HǶ2MpB`QMM2K2Mi bT�iB�HX

AH 2tBbi2 /2 MQK#`2mt /2 i`�p�mt [mB /Bb+mi2Mi /2 H� 7�Bb�#BHBiû /Ƕ2tTHQBi2` /2b +QKTQb�Mib ûH2+i`Q@
MB[m2b /�Mb H2 bT�iB�HX G2b +QKTQb�Mib ûH2+i`QMB[m2b bQMi 2bb2MiB2HH2K2Mi +QKTQbûb /2 b2KB@+QM/m+i2m`
2i /2 +QM/m+i2m`b- [mB- /2 T�` H2m` M�im`2 T?vbB[m2- bQMi T2m +QM+2`Mûb T�` HǶBKT�+i /2b `�/B�iBQMbX
*2 bQMi 2bb2MiB2HH2K2Mi H2b xQM2 T�bbBpû2b [mB `2M/2Mi H2b +QKTQb�Mib ûH2+i`QMB[m2b b2MbB#H2b �mt `�@
/B�iBQMb- T�`+2 [mǶ2HH2b bǶ�TT�`2Mi2Mi ¨ /2b K�iû`B�mt /BûH2+i`B[m2bX

.2 THmb- H� i2+?MQHQ;B2 q.J 2bi K�bbBp2K2Mi +QKTQbû2 /2 +QKTQb�Mib /BûH2+i`B[m2b- MQi�KK2Mi
¨ #�b2 /2 }#`2b QTiB[m2b- 2i /QM+ H� [m2biBQM /2 H2m` i2Mm2 bQmb `�/B�iBQMb 2bi mM2 [m2biBQM +Hû ¨ T`BQ`BX
AH 2tBbi2 �HQ`b /2mt Kûi?Q/2b �}M /ǶQ#i2MB` /2b +QKTQb�Mib /m`+Bb ,

ě H� +QM+2TiBQM bTû+B}[m2 , 2HH2 +QMbBbi2 ¨ /ûp2HQTT2` mM +QKTQb�Mi 2t+HmbBp2K2Mi /û/Bû ¨ +2ii2
�TTHB+�iBQM �}M [mǶBH T`ûb2Mi2 /2b `ûbBbi�M+2b �++`m2b �mt `�vQMM2K2Mi bT�iB�HX *2T2M/�Mi-
+2ii2 QTiBQM Mû+2bbBi2 mM2 ûim/2 /2 `2+?2`+?2 2i /2 /ûp2HQTT2K2Mi [mB 2bi BKTQ`i�Mi2 T�`
`�TTQ`i �m MQK#`2 /Ƕ�TTHB+�iBQMb pBbû2bX 1M 2z2i- /ǶmM TQBMi /2 pm2 }M�M+B2`- H2b p2Mi2b /2
}#`2b bTû+B�H2b TQm` H2 bT�iB�H TQm` mM BM/mbi`B2H /m b2+i2m` `2T`ûb2Mi2Mi mM2 [m�MiBiû KBMBK2
T�` `�TTQ`i �mt pQHmK2b 2M;2M/`ûb T�` H2b �TTHB+�iBQMb /2biBMû2b ¨ /2b }Mb +QKK2`+B�H2bX

ě G� p�HB/�iBQM /2 +QKTQb�Mib +QKK2`+B�mt , 2HH2 +QMbBbi2 �HQ`b ¨ miBHBb2` /2b +QKTQb�Mib 2tBb@
i�Mib 2i /BbTQMB#H2bX AH bǶ�;Bi 2bb2MiB2HH2K2Mi /2 +QKTQb�Mib +QKK2`+B�mt [mB QMi mM2 ;`�M/2
}�#BHBiûX PM T�`H2 �HQ`b /2 +QKTQb�Mib *Pha *QKK2`+B�H Pz@h?2 a?2HHX GǶBMiû`āi /2 +2ii2
Kûi?Q/2 2bi /2 /BKBMm2` H2 +Qȿi /2 /ûp2HQTT2K2Mi /2b +QKTQb�Mib- +2+B � ûiû `2M/m TQbbB#H2
;`�+2 ¨ H� }�#BHBiû �++`m2 /2b +QKTQb�Mib +QKK2`+B�mt- �bbQ+Bû2 ¨ /2 ;`�M/2b [m�MiBiûb p2M@
/m2bX *2ii2 Kûi?Q/2 +QMbBbi2 /QM+ ¨ bûH2+iBQMM2` T�`KB H2b +QKTQb�Mib +QKK2`+B�mt +2mt
[mB T`ûb2Mi2Mi iQmi2b H2b `�BbQMb /Ƕ�pQB` mM #QM +QKTQ`i2K2Mi bQmb `�/B�iBQMX *2ii2 b2+QM/2
Kûi?Q/2 2bi miBHBbû2 /�Mb H� THmT�`i /2b +�b- T�`+2 [mǶ2HH2 2bi ¨ T`BQ`B KQBMb +Qȿi2mb2 , BH 2bi
TQbbB#H2 [m2 /2b +QKTQb�Mib MQM QTiBKBbûb TQm` H2 bT�iB�H �B2Mi H2 TQi2MiB2H TQm` 7QM+iBQMM2`
bm` H� /m`û2 /2 pB2 /ǶmM2 KBbbBQMX *2ii2 �TT`Q+?2- �TTHB[mû2 �m q.J- KQMi`2 [m2 K�H;`û
H2m` +�`�+iĕ`2 /BûH2+i`B[m2- #2�m+QmT /2 +QKTQb�Mib bQMi �BMbB 2tTHQBi�#H2b c +QKK2 H2 KQMi`2
H2 i�#H2�m R /2 MQK#`2mt +QKTQb�Mib miBHBbûb TQm` H� i2+?MQHQ;B2 q.J bQMi /ûD� p�HB/ûb
TQm` H2b �TTHB+�iBQMb bT�iB�H2bX

P`- +QKK2 MQmb TQmpQMb H2 +QMbi�i2` HǶ�KTHB}+�i2m` QTiB[m2 MǶ2bi T�b `ûT2`iQ`Bû 2i BH 2bi H2 b2mH
+QKTQb�Mi K�M[m�Mi M2 T2`K2ii�Mi T�b /2 p�HB/2` +2ii2 i2+?MQHQ;B2X GǶûHûK2Mi H2 THmb b2MbB#H2 /�Mb
HǶ�KTHB}+�i2m` QTiB[m2 2bi H� }#`2 /QTû2 2`#BmKX 1M 2z2i- BH � ûiû KQMi`û [m2 H2b +QKTQb�Mib /2
M�im`2 BbQH�Mi2 T`ûb2Mi2Mi mM2 b2MbB#BHBiû �++`m2 T�` `�TTQ`i �mt +QKTQb�Mib ûH2+i`QMB[m2bX *QKK2
H� }#`2 2bi 2t+HmbBp2K2Mi +QKTQbû2 /2 K�iû`B�mt /BûH2+i`B[m2b- BH 2bi HQ;B[m2 [mǶ2HH2 bQBi HǶûHûK2Mi H2
THmb b2MbB#H2 �mt `�/B�iBQMbX .2 THmb- BH 2bi +QKKmMûK2Mi BMi`Q/mBi mM 2Mb2K#H2 /ǶûHûK2Mib +?BKB[m2b
/�Mb H� K�i`B+2 pBi`2mb2 TQm` �bbm`2` bQM 7QM+iBQMM2K2Mi- +2 [mB p� 2M+Q`2 �m;K2Mi2` b� b2MbB#BHBiûX
AH 2tBbi2 �HQ`b T2m /2 bQHmiBQMb }�#H2b TQm` HǶmiBHBb�iBQM /2b �P6.b /�Mb H2 KBHB2m bT�iB�HX

.Ƕ�mi`2b pQB2b �Hi2`M�iBp2b TQm``�Bi āi`2 2MpBb�;û2b +QKK2 HǶmiBHBb�iBQM /ǶmM aP� a2KB+QM/m+iQ`
PTiB+�H �KTHB}2` Qm #B2M /2b i2+?MQHQ;B2b miBHBb�Mi HǶ2z2i _�K�MX *2T2M/�Mi- TQm` /Bp2`b2b `�BbQMb
i2+?MQHQ;B[m2b Qm /2 T2`7Q`K�M+2b- +2b �Hi2`M�iBp2b M2 bQMi T�b 2MpBb�;û2b 2i HǶ�P6. `2bi2 mM ûHûK2Mi
BM+QMiQm`M�#H2 /2 H� i2+?MQHQ;B2 q.J TQm` H2b �TTHB+�iBQMb bT�iB�H2b- /2 T�` b� `Q#mbi2bb2 2i b2b
T2`7Q`K�M+2bX



*�iû;Q`B2 *QKTQb�Mi 6�#`B+�Mi .û;`�/�iBQM
1H2+i`Q@PTiB[m2b G�b2` /2 TQKT�;2 a.G yXyR /"fF_�/

S?QiQ/BQ/2 KQMBiQ`BM; 1TBi�tt y /" ! RyyF_�/
S?QiQ/BQ/2 `�TB/2 G�b2`i`QM y /" ! RyyF_�/

*QKTQb�Mib 6B#`ûb *B`+mH�i2m` E�B7� yXyR /"fF_�/
aûT�`�i2m` /2 TQH�`Bb�@
iBQM

E�B7� yXyR /"fF_�/

JB`QB` /2 6�`�/�v P6_ yXyR /"fF_�/
6BHi`2 /2 "`�;; U6":V AMMQp�iBp2 y /" !Ryy F_�/
6BHi`2 /2 "`�;; U6":V a.G y /" !Ryy F_�/
JmHiBTH2t2m` q.J
U.q.JV

a.G y /" !Ryy F_�/

*QmTH2m`b q.J 1i2F y/" !Ryy F_�/
*QmTH2m` RfNN 2i 8yf8y 1i2Ff:QmH/ y /" !Ryy F_�/
*QmTH2m` SJ RfNN :QmFB y /" !Ryy F_�/

6B#`2b PTiB[m2b aJ6@k3 *Q`MBM; y /" ! kJ_�/
6H2t+Q`2 >BRyey *Q`MBM; y /" ! kJ_�/
SJ S�M/� 6mDBFm`� y /" ! kJ_�/

! RF_�/fN3y MK

R Ĝ *QKTQb�Mib q.J i2biûb bQmb B``�/B�iBQM- /Ƕ�T`ĕb (d- 3- N)X

G� T`2KBĕ`2 �TTHB+�iBQM pBbû2 TQm` mM2 }#`2 /QTû2 /�Mb mM 2MpB`QMM2K2Mi bT�iB�H ûi�Bi /2
+QMi`ƬH2` H� `Qi�iBQM /ǶmM b�i2HHBi2 ¨ HǶ�B/2 /ǶmM ;v`Qb+QT2 ¨ }#`2X .2TmBb- /2 MQK#`2mb2b �mi`2b
�TTHB+�iBQMb QMi ûK2`;ûX PM i`Qmp2 T�` 2t2KTH2 H2b i`�MbKBbbBQMb BMi2`@b�i2HHBi2b- Qm H2 GB/�`X

G2 ;v`Qb+QT2 ¨ }#`2 �TT2Hû 6P:- 6B#2` PTiB+ :v`Qb+QT2 2bi mM +�Ti2m` T2`K2ii�Mi /2 K2bm`2`
H� pBi2bb2 /2 `Qi�iBQMX AH 2bi #�bû bm` HǶ2z2i a�;M�+- [mB b2 i`�/mBi T�` H2 /û+�H�;2 i2KTQ`2H /2 /2mt
bB;M�mt HmKBM2mt T�`+Qm`�Mi mM2 #Q#BM2 /2 }#`2 2M b2Mb BMp2`b2X *2 /û+�H�;2 BMi`Q/mBi mM /ûT?�b�;2
2Mi`2 H2b /2mt bB;M�mt- +2 [mB T2`K2i /ǶQ#i2MB` H� pBi2bb2 /2 `Qi�iBQMX GǶ�p�Mi�;2 /2 +2 /BbTQbBiB7
2bi [mǶBH 2bi BMb2MbB#H2 �mt �++ûHû`�iBQMb Qm �mt +?Q+b 2i [mǶBH 2bi /ǶmM2 ;`�M/2 b2MbB#BHBiûX .2 THmb-
+2ii2 /2`MBĕ`2 T2mi āi`2 �KûHBQ`û2 2M miBHBb�Mi mM2 bQm`+2 H�`;2 #�M/2 bT2+i`�H2X GǶmiBHBb�iBQM /ǶmM2
}#`2 QTiB[m2 �+iBp2 /QTû2 2`#BmK 2bi �HQ`b mM2 bQm`+2 �/û[m�i2 TQm` +2ii2 �TTHB+�iBQM- 2M miBHBb�Mi
HǶûKBbbBQM bTQMi�Mû2 �KTHB}û2X

G2 GB/�` TQm` GA;i? .2i2+iBQM �M/ _�M;BM; 2bi mM `�/�` QTiB[m2X *2 bvbiĕK2 2bi +QKTQbû /ǶmM
H�b2`- /ǶmM iûH2b+QT2 2i /ǶmM2 T?QiQ/BQ/2 �}M /2 /ûi2+i2` HǶQM/2 `2i`Q/Bzmbû2 2i /ǶmM bvbiĕK2 /2
i`�Bi2K2Mib +�T�#H2 /Ƕ�M�Hvb2` H2 bB;M�H `2ÏmX G2 GB/�` 7QM+iBQMM2 �p2+ /2b H�b2`b /QMi H2b HQM;m2m`b
/ǶQM/2 pQMi /m /QK�BM2 /2 HǶlo Dmb[mǶ¨ HǶBM7`�`Qm;2X AH T2`K2i /2 K2bm`2` /Bzû`2Mi2b ;`�M/2m`b
+QKK2 mM2 /Bbi�M+2- mM2 pBi2bb2 Qm 2M+Q`2 H� /ûi2+iBQM /2 ;�x [mB 7mi HǶmM2 /2b T`2KBĕ`2b �TTHB+�iBQMbX
GǶ�iQmi T`BM+BT�H /2 +2 /BbTQbBiB7 T�` `�TTQ`i ¨ bQM ?QKQHQ;m2 [mǶQM i`Qmp2 2M `�/BQ7`û[m2M+2 2bi [mǶBH
TQbbĕ/2 mM2 +Q?û`2M+2 bT�iB�H2- /2 T�` H� bQm`+2 H�b2` , +2H� �KûHBQ`2 H� `ûbQHmiBQM /2 H� K2bm`2X AH
2tBbi2 ¨ HǶ?2m`2 �+im2HH2 /2b bvbiĕK2b 2K#�`[mûb /�Mb /2b b�i2HHBi2b �}M /2 TQmpQB` Q#i2MB` /2b K2bm`2b
KûiûQ`QHQ;B[m2b Qm /2b +�`iQ;`�T?B2b /2 H� i2``2X GǶBMiû`āi /2 H� }#`2 QTiB[m2 2`#BmK b2`�Bi �HQ`b /2
HǶmiBHBb2` 2M i�Mi [mǶ�KTHB}+�i2m` /2 TmBbb�M+2- TQm` `û�HBb2` mM2 bQm`+2 ¨ +2ii2 HQM;m2m` /ǶQM/2 Qm
TQm` �KTHB}2` H2 bB;M�H `2ÏmX



G2b HB�BbQMb /2 +QKKmMB+�iBQMb BMi2`@b�i2HHBi2b- AaG AMi2`@a�i2HHBi2 GBMF bQMi +QKKmMûK2Mi `û�@
HBbû2b 2M `�/BQ@7`û[m2M+2X P`- +QKK2 TQm` H2b �TTHB+�iBQMb i2``2bi`2b H� /2K�M/2 +`QBbb�Mi2 /2 /û#Bi
+QMi`�BMi H2b BM/mbi`B2Hb ¨ K2ii`2 �m TQBMi /2 MQmp2HH2b i2+?MQHQ;B2bX SQm` +2ii2 `�BbQM- H� bQHmiBQM
/2b bvbiĕK2b QTiB[m2b 2bi 2MpBb�;û2X 1M 2z2i- Qmi`2 H2 7�Bi [m2 +2ii2 i2+?MQHQ;B2 #�b +Qȿi 2bi `Q#mbi2-
HǶBMiû`āi /2 HǶQTiB[m2 2bi /2 TQmpQB` /BKBMm2` H� +?�`;2 miBH2 2K#�`[mû2X � HǶ?2m`2 �+im2HH2- /2b HB�BbQMb
/2 i`�MbKBbbBQMb QTiB[m2b QMi /ûD� ûiû 2tTû`BK2Miû2bX *Ƕ2bi H2 +�b /2b b�i2HHBi2b �_h1JAa 2i aSPh9
H�M+ûb 2M kyyR , H� HB�BbQM 7QM+iBQMM2 ¨ mM2 HQM;m2m` /ǶQM/2 b2 bBim�Mi /�Mb H� #�M/2 3yy @ 38y MKX
1MbmBi2 2M kyyd- mM2 HB�BbQM ¨ Rye9 MK � ûiû /ûKQMi`û2 2Mi`2 H2b b�i2HHBi2b h2``�a�_@s 2i L6A_1-
2Mi`2 mM2 Q`#Bi2 G1P GQr 1�`i? P`#Bi 2i mM2 Q`#Bi2 :1P :2Qbi�iBQM�`v 1�`i? P`#Bi- (Ry) c H2b /û#Bib
ûi�B2Mi /2 8-e :#BibfbX 1M}M- 2M kyR9 mM2 HB�BbQM QTiB[m2 � ûiû ûi�#HB2 2Mi`2 H2b b�i2HHBi2b �GS>�a�h
2i a1LhAL1G@R�- (RR)- H2b /û#Bib /2 +2ii2 HB�BbQM ûi�B2Mi /2 R-3 :#Bibfb TQm` mM2 /Bbi�M+2 /2 THmb /2
jeyyy FKX

SQm` iQmi2b +2b `�BbQMb- H2 /ûp2HQTT2K2Mi /Ƕ�P6.b 7QM+iBQMM2Hb bQmb `�/B�iBQMb 2bi mM ûHûK2Mi
+Hû- +�` +2+B `2T`ûb2Mi2`� H� Ǵ2M�#HBM;@i2+?MQHQ;vǴX J�H;`û iQmi- +2ii2 b2MbB#BHBiû T�`iB+mHBĕ`2 /2b �P6.b
�mt `�/B�iBQMb bm;;ĕ`2 /2b �TTHB+�iBQMb [mB MǶ�p�B2Mi T�b ûiû �MiB+BTû2b- MQi�KK2Mi H� TQbbB#BHBiû /2
`û�HBb2` /2 MQmp2�mt /QbBKĕi`2b ¨ #�b2 /2 }#`2b QTiB[m2bX *2b /2mt i?ûK�iB[m2b +QK#BMû2b 7Q`K2Mi
HǶQ#D2+iB7 b+B2MiB}[m2 /2 +2 /Q+mK2MiX

*2ii2 i?ĕb2 bǶBMb+`Bi /�Mb H2 +�/`2 /ǶmM T`QD2i +QHH�#Q`�iB7 }M�M+û T�` HǶ�;2M+2 �L_ 2i MQKKû
L�MQ}#2`- /QMi H2b �t2b T`BM+BT�mt ûi�B2Mi /Ƕ�TTQ`i2` mM2 +QKT`û?2MbBQM 7QM/�K2Mi�H2 /2 +2`i�BMb
/û7�mib T`ûb2Mib /�Mb H� K�i`B+2 pBi`2mb2- K�Bb û;�H2K2Mi /ǶQ#i2MB` Qm /ǶûH�#Q`2` mM �KTHB}+�i2m` /2
?�mi2b T2`7Q`K�M+2b TQm` H2b 2MpB`QMM2K2Mib bûpĕ`2bX �m b2BM /2 +2 T`QD2i- +QKK2 H2 KQMi`2 H� };m`2 e-
MQmb TQmpQMb +QMbi�i2` i`QBb /QK�BM2b /2 +QKTûi2M+2b , H2 H�#Q`�iQB`2 A_�JAa AMbiBimi _�vQMM2K2Mi
J�iBĕ`2 /2 a�+H�v 2i H2 H�#Q`�iQB`2 A*JJP AMbiBimi /2 *?BKB2 JQHû+mH�B`2 2i /2b J�iû`B�mt /ǶP`b�v
[mB ûim/B2Mi H2b /û7�mib T`ûb2Mib /�Mb H2b p2``2b c H2 H�#Q`�iQB`2 S>G�J H�#Q`�iQB`2 /2 S?vbB[m2 /2b
G�b2`b- �iQK2b 2i JQHû+mH2b 2i HǶBM/mbi`B2H ._�E�@S`vbKB�M [mB +QMÏQBp2Mi 2i 7�#`B[m2Mi H2b }#`2b
2i 2M}M H2 H�#Q`�iQB`2 A1a HǶAMbiBimi /ǶúH2+i`QMB[m2 2i /2b avbiĕK2b [mB TQ`i2 H2 pQH2i Kûi`QHQ;B2 2i
K2i 2M ƾmp`2 H2b �TTHB+�iBQMb pBbû2bX

S�` �BHH2m`b- MQmb �pBQMb û;�H2K2Mi /Ƕ�mi`2b +QMi`�ib /2 +QHH�#Q`�iBQMb �p2+ /2mt �mi`2b T�`i2@
M�B`2b- �+i2m`b K�D2m`b /m /QK�BM2 bT�iB�H ,

ě H2 *L1a *2Mi`2 L�iBQM�H /Ƕ1im/2 aT�iB�H2b /QMi H2 `ƬH2 2bi /Ƕûp�Hm2` H� TQbbB#BHBiû /ǶmiBHBb�iBQM
/2b /Bp2`b +QKTQb�Mib c

ě 2i HǶBM/mbi`B2H h�a h?�H2b �H2MB� aT�+2 [mB b2`�Bi mM /2b TQi2MiB2Hb miBHBb�i2m`b /2 +2b i2+?@
MQHQ;B2bX

SQm` +QKK2M+2`- MQmb �pQMb ûpQ[mû- /�Mb H2 T`2KB2` +?�TBi`2- H2b /Bzû`2Mi2b T`QT`Bûiûb /m p2``2
2i /2b }#`2b QTiB[m2bX LQmb 2tTQbQMb +QKK2Mi 7QM+iBQMM�HBb2` /2b }#`2b QTiB[m2b T�` H2b i2+?MB[m2b
/2 /QT�;2 X .2 THmb- MQmb 2tTHB[mQMb [m2Hb bQMi H2b T`Q+û/ûb /2 7�#`B+�iBQM miBHBbûb bm` H2b }#`2b
ûim/Bû2bX

.�Mb H2 b2+QM/ +?�TBi`2- MQmb T`QTQbQMb mM2 ûim/2 [m�HBi�iBp2 /2 H� /û;`�/�iBQMX *2 +?�TBi`2 2bi
�`iB+mHû 2M /2mt T�`iB2bX .ǶmM2 T�`i- BH /û+`Bi H2b `�vQMM2K2Mib miBHBbûb TQm` H2b �TTHB+�iBQMb pBbû2b 2i
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Test 

& 

Applications 
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e Ĝ *QMi2ti2 /2 +QHH�#Q`�iBQM /2 i`�p�BH bm` H2 T`QD2i �L_ L�MQ}#2`X

mM ûi�i /2 HǶ�`i /2b Kû+�MBbK2b 2i /2b /û7�mib [mB 2M /û+QmH2MiX .Ƕ�mi`2 T�`i- BH T`ûb2Mi2 mM2 �M�Hvb2
bT2+i`Qb+QTB[m2 /2 HǶ�#bQ`TiBQM bm` H2b }#`2b miBHBbû2b �}M /Ƕ2M /û/mB`2 mM2 K2BHH2m`2 +QKT`û?2MbBQM
/2b Kû+�MBbK2b KBb 2M D2mX

1MbmBi2- H2 i`QBbBĕK2 +?�TBi`2 `2T`2M/ H2b /Bzû`2Mi2b +QM+HmbBQMb 2i BM7Q`K�iBQMb �TTQ`iû2b �m
+?�TBi`2 /2mt- �}M /Ƕ2tTQb2` mM KQ/ĕH2 /2 /û;`�/�iBQM 2i /2 ;mû`BbQM /m p2``2X AH 2bi �++QKT�;Mû
T�` mM2 ûim/2 2tTû`BK2Mi�H2 /2 H� /û;`�/�iBQM �}M /2 TQmpQB` H� [m�MiB}2`X

1M}M- H2 /2`MB2` +?�TBi`2 2tTQb2 H2b /Bzû`2Mi2b +�`�+iû`Bb�iBQMb 2z2+imû2b TQm` H2b �TTHB+�iBQMb
pBbû2b , HǶ�KTHB}+�iBQM 2i H� /QbBKûi`B2X LQmb T`ûb2MiQMb /�Mb mM T`2KB2`b i2KTb H2b `ûbmHi�ib 2i
+�`�+iû`Bb�iBQMb Q#i2Mmb bm` H2b �KTHB}+�i2m`b �p�Mi Qm bQmb B``�/B�iBQMX SmBb- MQmb BMi`Q/mBbQMb H2
KQ/ĕH2 /û+`Bp�Mi H2 +QKTQ`i2K2Mi /ǶmM �KTHB}+�i2m` bQmb B``�/B�iBQMX 1M}M- MQmb T`ûb2MiQMb H2b
/Bzû`2Mi2b +�`�+iû`Bb�iBQMb 2z2+imû2b 2M pm2 /2 bûH2+iBQMM2` H2b }#`2b TQm` ûH�#Q`2` mM /QbBKĕi`2X



(R) 1 .2bm`pB`2X 1`#BmK@/QT2/ }#2` �KTHB}2`b @ T`BM+BTH2b �M/ �TTHB+�iBQMbX rBH2v ALh1_a*A1L*1-
jRUReV ,kjNyĜkjNk- kyykX

(k) .C _B+?�`/bQMX L2r QTiB+�H }#`2b 7Q` ?B;?@+�T�+Biv QTiB+�H +QKKmMB+�iBQMbX S?BHX h`�MbX _X aQ+X
�- jd9UkyekV ,kyR9y99R- kyReX

(j) _�K;QT�H :�M;r�`- amMBH S`�i�T aBM;?- �M/ L�` aBM;?X aQHBiQM #�b2/ QTiB+�H +QKKmMB+�iBQMX
S`Q;`2bb AM 1H2+i`QK�;M2iB+b _2b2�`+?- d9 ,R8dĜRee- kyydX

(9) E�Bb *?B#�MBX �M�Hvb2 /2 `Q#mbi2bb2 /2 bvbiĕK2b BMiû;`ûb MmKû`B[m2bX S?. i?2bBb- lMBp2`bBiû
:`2MQ#H2 �HT2b- kyReX

(8) CG hBimb- . 1KBHv- C6 E`B2;- h hm`~BM;2`- _G S2�b2- �M/ � *�KT#2HHX 1M?�M+2/ HQr /Qb2
`�i2 b2MbBiBpBiv U2H/`bV Q7 HBM2�` +B`+mBib BM � bT�+2 2MpB`QMK2MiX A111 h`�Mb�+iBQMb QM Lm+H2�`
a+B2M+2- 9eUeV ,Rey3ĜReR8- RNNNX

(e) C "Q+?- 6 a�B;M2- _. a+?`BKT7- C@_ o�BHH2- G .mbb2�m- a .m+`2i- J "2`M�`/- 1 GQ`72p`2- �M/
* *?�i`vX 1biBK�iBQM Q7 HQr@/Qb2@`�i2 /2;`�/�iBQM QM #BTQH�` HBM2�` BMi2;`�i2/ +B`+mBib mbBM;
brBi+?BM; 2tT2`BK2MibX A111 i`�Mb�+iBQMb QM Mm+H2�` b+B2M+2- 8kUeV ,keReĜkekR- kyy8X

(d) hQ// a _Qb2- .2�M� :mMM- �M/ :2Q`;2 * o�HH2vX :�KK� �M/ T`QiQM `�/B�iBQM 2z2+ib BM 2`#BmK@
/QT2/ }#2` �KTHB}2`b , �+iBp2 �M/ T�bbBp2 K2�bm`2K2MibX CQm`M�H Q7 GB;?ir�p2 h2+?MQHQ;v-
RNURkV ,RNR3- kyyRX

(3) � 62`M�M/2x 62`M�M/2x- 6 "2`;?K�Mb- " "`B+?�`/- S "Q`;2`K�Mb- �A :mb�`Qp- J o�M lz2H2M-
S Jû;`2i- J .2+`ûiQM- J "HQM/2H- �M/ � .2H+?�K#`2X _�/B�iBQM@`2bBbi�Mi r/K QTiB+�H HBMF
7Q` i?2`KQMm+H2�` 7mbBQM `2�+iQ` BMbi`mK2Mi�iBQMX A111 h`�Mb�+iBQMb QM Lm+H2�` a+B2M+2- 93U8V-
kyyRX

(N) .X *�TH�M- JX ai2p2Mb- �M/ "X _Q#BMbQMX 6`22@bT�+2 H�b2` +QKKmMB+�iBQMb , :HQ#�H +QKKmMB+�@
iBQMb �M/ #2vQM/X AM 1*P*- kyyNX

(Ry) _2MMv 6B2H/b- *�`H GmM/2- _Q#2`i qQM;- CQb27 qB+F2`- .�pB/ EQxHQrbFB- CQ?M CQ`/�M- "`B�M
>�Mb2M- :2`/ Jm2?HMBF2H- q�vM2 a+?22H- lr2 ai2``- 2i �HX L}`2@iQ@i2``�b�`@t H�b2` +QKKmMB@
+�iBQM `2bmHib , b�i2HHBi2 TQBMiBM;- /Bbim`#�M+2b- �M/ Qi?2` �ii`B#mi2b +QMbBbi2Mi rBi? bm++2bb7mH
T2`7Q`K�M+2X AM a2MbQ`b �M/ avbi2Kb 7Q` aT�+2 �TTHB+�iBQMb AAA- pQHmK2 djjy- T�;2 djjyyZX
AMi2`M�iBQM�H aQ+B2iv 7Q` PTiB+b �M/ S?QiQMB+b- kyyNX

(RR) 6`�MF >2BM2- S�i`B+B� J�`iBM@SBK2Mi2H- >�`iKmi E�2KT7M2`- :2`/ Jm2?HMBF2H- .�MB2H h`Q2M/H2-
>2`rB; w2+?- *?`BbiQT? _Q+?Qr- .�MB2H .�HHK�MM- J�`iBM _2BM?�`/i- J�`F :`2;Q`v- 2i �HX �H@
T?�b�i �M/ b2MiBM2H R�- i?2 }`bi Ryy HBMFbX AM aT�+2 PTiB+�H avbi2Kb �M/ �TTHB+�iBQMb UA*aPaV-
kyR8 A111 AMi2`M�iBQM�H *QM72`2M+2 QM- T�;2b RĜ9X A111- kyR8X



RXRXR *QKTQbBiBQM /m p2``2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR
RXRXk S`QT`Bûiûb /m p2``2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rj

RXkXR 1H2K2Mib +QMbiBim�Mib /ǶmM2 }#`2 QTiB[m2 X X X X X X X X X X X X X X X X X X X X X X X R9
RXkXk G2b /Bzû`2Mib ivT2 /2 }#`2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8

RXjXR S`BM+BT2b /2 HǶ�KTHB}+�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R3
RXjXk �KTHB}+�iBQM /2 H� HmKBĕ`2 T�` H2b H�Mi?�MB/2b , 2`#BmK X X X X X X X X X X X X X X X kk
RXjXj 1H�`;Bbb2K2Mi /2 H� #�M/2 T�bb�Mi2 X X X X X X X X X X X X X X X X X X X X X X X X X X X ke
RXjX9 �TTHB+�iBQM ¨ mM �KTHB}+�i2m` PTiB[m2 ¨ 6B#`2 .QTû2 1`#BmK X X X X X X X X X X X jy

RX9XR S`Q+û/û /2 7�#`B+�iBQM /2b }#`2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X jj
RX9Xk S`Q+û/û /ǶBMi`Q/m+iBQM /2b i2``2b `�`2b X X X X X X X X X X X X X X X X X X X X X X X X X j9

.�Mb +2 +?�TBi`2 MQmb p2``QMb /2 [mQB bQMi +QKTQbûb H2b p2``2b �BMbB [m2 H2m`b T`QT`Bûiûb QTiB[m2b-
�p2+ HǶQ#D2+iB7 /Ƕ�#QmiB` ¨ mM 2Mb2K#H2 /2 7QM+iBQMM�HBiûb T`QTQbû2b T�` H2b }#`2b QTiB[m2bX
1MbmBi2 MQmb T`ûb2Mi2`QMb HǶmiBHBiû T`BM+BT�H2 /2 +2b }#`2b 2M /BbiBM;m�Mi /2mt +�iû;Q`B2b , +2HH2b /QMi
HǶQ#D2+iB7 T`2KB2` 2bi /2 i`�MbTQ`i2` H� HmKBĕ`2- H2b }#`2b /Bi2b T�bbBp2b 2i +2HH2b [mB QMi H� +�T�+Biû
/Ƕ�KTHB}2` H2 bB;M�H HmKBM2mt , H2b }#`2b �+iBp2bX
1M}M- MQmb �HHQMb MQmb BMiû`2bb2` �mt /Bzû`2Mib T`Q+û/ûb /2 7�#`B+�iBQM /2b }#`2bX *2 b2`� HǶQ++�bBQM
/2 `ûbmK2` +QKK2Mi QM 7QM+iBQMM�HBb2 H2 p2``2 2i H2b }#`2b QTiB[m2b QTiB[m2 2M 7QM+iBQM /m +?QBt /2 H�
K�i`B+2 pBi`2mb2 2i /2b +Q@/QT�Mib [m2 HǶQM p� v BMbû`2`X *2+B T2`K2ii`�- /�Mb H� bmBi2 /m /Q+mK2Mi-
/2 KB2mt +QKT`2M/`2 +QKK2Mi H2b `�/B�iBQMb /2 ?�mi2 ûM2`;B2 BKT�+i2Mi H2b }#`2b QTiB[m2bX

G�`;2K2Mi +QMMm /m ;`�M/ Tm#HB+- H2 p2``2 2bi /ǶmM TQBMi /2 pm2 T?vbB[m2 /û}MB T�` H2 #B�Bb /2
b2b T`QT`Bûiûb bi`m+im`�H2b 2i H� i2KTû`�im`2 ¨ H�[m2HH2 BH T�bb2 /ǶmM ûi�i HB[mB/2 ¨ mM ûi�i bQHB/2X 1M
2z2i- BH T2mi āi`2 �bbBKBHû ¨ mM K�iû`B�m bQHB/2 T`ûb2Mi�Mi mM /ûbQ`/`2 bi`m+im`�H +QKT�`�#H2 ¨ +2HmB
/ǶmM HB[mB/2X

.m TQBMi /2 pm2 T?vbB[m2- H2 p2``2 2bi +QMbB/û`û T�` H� +QKKmM�miû b+B2MiB}[m2 BMi2`M�iBQM�H2
+QKK2 mM K�iû`B�m �KQ`T?2- T`ûb2Mi�Mi H2 T?ûMQKĕM2 /2 i`�MbBiBQM pBi`2mb2X *QMi`�B`2K2Mi ¨ mM
K�iû`B�m +`Bbi�HHBM- i2H [m2 H� bBHB+2 +`Bbi�HHBM2 BHHmbi`û2 bm` H� };m`2 RXRU�V UH2 [m�`ix T�` 2t2KTH2V-



a) b)

RXR Ĝ _2T`ûb2Mi�iBQM k. /2 H� bBHB+2 +`Bbi�HHBM2 2i H� bBHB+2 pBi`2mb2X

H� bBHB+2 pBi`2mb2 2bi mM K�iû`B�m �KQ`T?2- M2 T`ûb2Mi�Mi /QM+ T�b /ǶQ`/`2 ¨ ;`�M/2 û+?2HH2- +7 };m`2
RXRU#VX AH 2tBbi2 /Bzû`2Mib ivT2b /2 p2``2b �v�Mi /2b +QKTQbBiBQMb /Bzû`2Mi2b ¨ #�b2 /ǶQtv/2b- +?�H+Q@
;ûMm`2b Qm ?�HQ;ûMm`2bX *2T2M/�Mi- +2mt miBHBbûb TQm` /2b �TTHB+�iBQMb 2M iûHû+QKKmMB+�iBQMb bQMi
2bb2MiB2HH2K2Mi /2b p2``2b /ǶQtv/2b ¨ #�b2 /2 bBHB+2 aBP2- +�` H� +QKTQbBiBQM T2`K2i- �p2+ mM T`Q+û/û
BM/mbi`B2H- /Ƕ�ii2BM/`2 H2b T2`i2b H2b THmb 7�B#H2bX G2 /QK�BM2 /2 i`�MbT�`2M+2 /2 +2b p2``2b bǶûi2M/
�HQ`b /m pBbB#H2 �m T`Q+?2 BM7`�`Qm;2X G2b p2``2b ?�HQ;ûMm`2b 2i +?�H+Q;ûMm`2b i`Qmp2`QMi [m�Mi ¨ 2mt
mM /QK�BM2 /2 i`�MbT�`2M+2 /�Mb HǶBM7`�`Qm;2 +QKK2 H2 KQMi`2 H� };m`2 RXkX
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RXk Ĝ aT2+i`2b /2 i`�MbKBbbBQM /2 THmbB2m`b p2``2b BM7`�`Qm;2b +QKT�`û ¨ H� bBHB+2 UaBPkVX
w"G�L 2i :_�L. bQMi /2b p2``2b ?�HQ;ûMm`2b ¨ #�b2 /2 ~mQ`X �b2a3- ka:- H2 h2s�b 2i h2s bQMi /2b
p2``2b /2 +?�H+Q;ûMm`2bX G2b i`�MbKBbbBQMb bQMi /QMMû2b TQm` /2b û+?�MiBHHQMb /2 [m2H[m2b KBHBKĕi`2
HQM;b (R)X

G� bi`m+im`2 /2 #�b2 /m p2``2 /2 bBHB+2 +Q``2bTQM/ ¨ mM �iQK2 /2 bBHB+BmK HBû ¨ 9 �iQK2b /ǶQtv;ĕM2
bQmb H� 7Q`K2 /ǶmM iûi`�ĕ/`2 aBP4X *2b bi`m+im`2b bQMi `2HBû2b /2 K�MBĕ`2 /ûbQ`/QMMû2 2Mi`2 2HH2b T�` H�
KBb2 2M +QKKmM /ǶmM �iQK2 /ǶQtv;ĕM2X �}M /ǶûH�#Q`2` /2b }#`2b QTiB[m2b- /Ƕ�mi`2b ûHûK2Mib i2Hb [m2 H2
"Q`2- H2 T?QbT?Q`2- H2 ;2`K�MBmK- Qm 2M+Q`2 HǶ�HmKBMBmK bQMi BM+Q`TQ`ûb /�Mb H� K�i`B+2 pBi`2mb2X SQm`
+2`i�BM2b �TTHB+�iBQMb- MQi�KK2Mi TQm` H2b iûHû+QKKmMB+�iBQMb- BH 2bi û;�H2K2Mi TQbbB#H2 /ǶBMi`Q/mB`2
/2b BQMb i2``2b `�`2b �}M /ǶQ#i2MB` /2b T`QT`Bûiûb /Ƕ�KTHB}+�iBQMX



G2b /Bzû`2Mib T?ûMQKĕM2b QTiB[m2b ¨ T`2M/`2 2M +QKTi2 /�Mb H2b p2``2b [mB +QMbiBim2Mi H2b }#`2b
QTiB[m2b bQMi , HǶ�#bQ`TiBQM- H� /BzmbBQMX 1HH2b b2 i`�/mBb2Mi iQmi2b H2b /2mt T�` mM2 �iiûMm�iBQM /m
bB;M�H HmKBM2mt [mB b2 T`QT�;2 /�Mb H� }#`2- +QKK2 H2 KQMi`2 H� };m`2 RXj- 2i bǶ2tT`BK2Mi 2M /û+B#2H
T�` Kĕi`2 T�` H� `2H�iBQM ,
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Qɍ A 2bi HǶ�iiûMm�iBQM 2M /"fK- L 2M Kĕi`2- Pin 2i PL `2bT2+iBp2K2Mi H2b TmBbb�M+2b BM+B/2Mi2b 2i
+2HH2 K2bm`û2 ¨ mM2 /Bbi�M+2 LX
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RXj Ĝ *QMi`B#miBQM /2 HǶ�iiûMm�iBQM /ǶmM }#`2 T�bbBp2 /2 iûHû+QKKmMB+�iBQM- ivT2 :e8k- 2M
7QM+iBQM /2 H� HQM;m2m` /ǶQM/2 X

.�Mb H2b p2``2b /2 bBHB+2- HǶ�#bQ`TiBQM 2bi /m2 ¨ HǶ�#bQ`TiBQM /2 H� bBHB+2 2i /2b
BQMb P>X 1HH2 p� /2 HǶmHi`�pBQH2i ¨ HǶBM7`�`Qm;2 U0, 2 − 4 µKVX SQm` H2 /QK�BM2 /2b mHi`�pBQH2ib UloV
HǶ�#bQ`TiBQM 2bi T`BM+BT�H2K2Mi /m2 �mt +Q/QT�Mib [mB bQMi BM+Q`TQ`ûb- 2i MQi�KK2Mi �m ;2`K�MBmKX
G2b i`�MbBiBQMb ûH2+i`QMB[m2b /2 :2P2 7Q`K2Mi mM2 #�M/2 /Ƕ�#bQ`TiBQM [mB p� /2 HǶlo Dmb[m2 /�Mb
H2 pBbB#H2X GǶ�#bQ`TiBQM [mB b2 bBim2 /�Mb HǶBM7`�`Qm;2 2bi [m�Mi ¨ 2HH2 /m2 �mt KQ/2b /2 pB#`�iBQMb
/2 H� bBHB+2 2i /2b /QT�MibX SQm` H� bBHB+2- +2b KQ/2b /2 pB#`�iBQM �TT�`�Bbb2Mi TQm` /2b HQM;m2m`b
/ǶQM/2 bmTû`B2m`2b ¨ Reyy MKX *2T2M/�Mi- HǶ�DQmi /2 +Q/QT�Mib +QKK2 H2 T?QbT?Q`2 2Mi`�ŗM2 /2b
#�M/2b /Ƕ�#bQ`TiBQM /m2b �mt ?�`KQMB[m2b /2b KQ/2b /2 pB#`�iBQMb ¨ /2b HQM;m2m`b /ǶQM/2 THmb #�bb2b
U1, 5 µKVX AHb b2`QMi /QM+ BM+Q`TQ`ûb 2M [m�MiBiû `2bi`2BMi2 /�Mb H2b }#`2b TQm` H2b iûHû+QKKmMB+�iBQMbX

G� /BzmbBQM _�vH2B;? 2bi T`BM+BT�H2K2Mi /m2 ¨ /2b ~m+im�iBQMb HQ+�H2b
/2 /2MbBiû 2i ¨ H� ~m+im�iBQMb /2 +QM+2Mi`�iBQMb U2M T`ûb2M+2 /2 /QT�MibV ¨ HǶû+?2HH2 M�MQKûi`B[m2 2i [mB
bQMi HBû2b ¨ HǶ?BbiQB`2 i?2`KB[m2 /m K�iû`B�mtX AH 2tBbi2 �m b2BM /2 iQmi K�iû`B�m pBi`2mt mM T?ûMQKĕM2
[mB +QMi`B#m2 ¨ HǶ�z�B#HBbb2K2Mi /2 H� HmKBĕ`2 HQ`b /2 b� T`QT�;�iBQM 2i [mB 2bi H2 `ûbmHi�i /2 HǶBMi2`�+iBQM
ûH2+i`QK�;MûiB[m2 2Mi`2 HǶQM/2 HmKBM2mb2 2i H2b �iQK2bX 1M 2z2i- iQmi2 QM/2 ûH2+i`QK�;MûiB[m2 T2mi
āi`2 /û+`Bi2 T�` mM +QmTH2 +?�KT ûH2+i`B[m2 2i K�;MûiB[m2 Qb+BHH�Mi ¨ H� KāK2 7`û[m2M+2X G2 +?�KT
ûH2+i`B[m2 /û7Q`K2 H2 Mm�;2 ûH2+i`QMB[m2 /2b �iQK2b T2M/�Mi b� T`QT�;�iBQM /�Mb mM K�iû`B�mX *2H�
2Mi`�ŗM2 HǶQb+BHH�iBQM /m #�`v+2Mi`2 /2b +?�`;2b Mû;�iBp2b T�` `�TTQ`i �m MQv�m U+?�`;2 TQbBiBp2VX
G2 /BTƬH2 ûH2+i`Qbi�iB[m2 �BMbB +`ûû `�vQMM2 /�Mb iQmi2b H2b /B`2+iBQMb ¨ H� KāK2 7`û[m2M+2 [m2 H�
7`û[m2M+2 /Ƕ2t+Bi�iBQMX *Ƕ2bi +2 `�vQMM2K2Mi BM/mBi [mB +QMbiBim2 H� /BzmbBQM _�vH2B;?- /QMi mM b+?ûK�
/2 T`BM+BT2 2bi `2TQ`iû bm` H� };m`2 RX9X *2 T?ûMQKĕM2 `2/Bbi`B#m2 T�` +QMbû[m2Mi mM2 T�`i /2 H�
TmBbb�M+2 QTiB[m2 2i +QMbiBim2 /2 +2 7�Bi mM2 �iiûMm�iBQM /�Mb H� /B`2+iBQM /2 T`QT�;�iBQM /2 HǶQM/2X



RX9 Ĝ AHHmbi`�iBQM /m T?ûMQKĕM2 /2 /BzmbBQM _�vH2B;?X

G� /BbT2`bBQM +�`�+iû`Bb2 HǶûH�`;Bbb2K2Mi bT�iB�H /ǶmM2 BKTmHbBQM HmKBM2mb2 HBû2
¨ b� H�`;2m` bT2+i`�H2X .�Mb H� K2bm`2 Qɍ H� /BbT2`bBQM 2bi mM2 /ûT2M/�M+2 bT2+i`�H2 /2 HǶBM/B+2 QTiB[m2-
2i [mǶmM2 BKTmHbBQM 2bi mM bB;M�H /2 6Qm`B2` H�`;2 #�M/2- BH 2M `ûbmHi2 [m2 iQmi2b H2b +QKTQb�Mi2b /2
6Qm`B2` M2 b2 T`QT�;2Mi T�b ¨ H� KāK2 pBi2bb2X �T`ĕb T`QT�;�iBQM- H2 bT2+i`2 /2 HǶBKTmHbBQM 2bi �HQ`b
ûH�`;BX .�Mb H2 +�/`2 /2 iûHû+QKKmMB+�iBQMb q.J- H2 `ûbmHi�i T2mi āi`2 mM KûH�M;2 /2b /Bzû`2Mib
+�M�mt /2 i`�MbKBbbBQM 2M HQM;m2m` /ǶQM/2X 1HH2 /ûT2M/ /2 H� HQM;m2m` /ǶQM/2 /m bB;M�H HmKBM2mtX SQm`
H2b }#`2b /2 iûHû+QKKmMB+�iBQM- +2H� T2mi b2 i`�/mB`2 T�` H� /ûiû`BQ`�iBQM 2i H� T2`i2 /2 HǶBM7Q`K�iBQMX
PM /ûMQK#`2 /2mt ivT2b /2 /BbT2`bBQM /�Mb H2b }#`2b , H� /BbT2`bBQM BMi2`KQ/�H2 2i H� /BbT2`bBQM
+?`QK�iB[m2 ,

ě H� T`2KBĕ`2 2bi H2 /û+�H�;2 i2KTQ`2H /2b /Bzû`2Mib KQ/2b b2 T`QT�;2�Mi /�Mb H2 K�iû`B�mX *2
ivT2 /2 /BbT2`bBQM MǶ2tBbi2 T�b /�Mb /2b ;mB/2 /Bi KQMQKQ/2b c

ě H� b2+QM/2 2bi H� bQKK2 /2 H� /BbT2`bBQM HBû2 �m K�iû`B�m 2i /2 +2HH2 HBû2 �m ;mB/2X AH 2bi /QM+
TQbbB#H2 /ǶQTiBKBb2`- TQm` mM2 HQM;m2m` /ǶQM/2- +2ii2 /BbT2`bBQM 2M DQm�Mi bm` H� /Bzû`2M+2
/ǶBM/B+2 /2 `û7`�+iBQM 2Mi`2 H2 +ƾm` 2i H� ;�BM2- K�Bb û;�H2K2Mi bm` H� ;ûQKûi`B2 /m K�iû`B�m(k)X

Coeur
Gaine optiqueGaine mécanique

RX8 Ĝ a+?ûK�iB[m2 /ǶmM2 }#`2 QTiB[m2X

lM2 }#`2 QTiB[m2 2bi +QMbiBimû2 /2 THmbB2m`b +Qm+?2b +QM+2Mi`B[m2b- +QKK2 H2 KQMi`2 /2 K�MBĕ`2
bBKTHBbi2 H� };m`2 RX8X *QKTQbû2b /2 K�iû`B�mt /Bzû`2Mib- 2HH2b DQm2Mi /2b `ƬH2b /BbiBM+ib ,

ě �m +2Mi`2- H2 +ƾm` 2bi H2 KBHB2m /�Mb H2[m2H b2 T`QT�;2 H� THmb ;`�M/2 T�`i /2 HǶQM/2 HmKBM2mb2 c
ě TmBb- H� ;�BM2 QTiB[m2 DQm2 mM `ƬH2 /2 +QM}M2K2Mi �}M /2 K�BMi2MB` H2b `�vQMb /�Mb H2 +Q2m` c
ě 2M}M- ¨ H� Tû`BT?û`B2- H� ;�BM2 Kû+�MB[m2 �m;K2Mi2 H� `ûbBbi�M+2 /2 H� }#`2 �mt +QMi`�BMi2b

Kû+�MB[m2b 2i ¨ H� +Q``QbBQMX



LQmb 2tTQbQMb B+B mM2 HBbi2 MQM 2t?�mbiBp2 /2b /Bzû`2Mib ivT2b /2 }#`2 [m2 HǶQM T2mi `2M+QMi`2`X
1M 2z2i- BH 2tBbi2 mM2 KmHiBim/2 /2 bi`m+im`2b /2 }#`2b iQmi2b THmb Q`B;BM�H2b H2b mM2b [m2 H2b �mi`2b- �p2+
H2m`b BMiû`āib 2i H2m`b �TTHB+�iBQMb /û/Bû2bX 1z2+iBp2K2Mi- +QKK2 HǶBMi2`�+iBQM K�iBĕ`2@`�vQMM2K2Mi
BKT�+i2 H2b T`QT`Bûiûb /2 ;mB/�;2 2i /Ƕ�KTHB}+�iBQM /2 H� }#`2- H2 7�Bi /Ƕ�pQB` /Bzû`2Mi2b bi`m+im`2b
/2 }#`2b T2`K2i /ǶQ#i2MB` H2 ;mB/�;2 /2 HǶQM/2 QTiB[m2 iQmi 2M /BbTQb�Mi /2 +QKTQbBiBQMb +?BKB[m2b
`�/B+�H2K2Mi /Bzû`2Mi2b 2Mi`2 2HH2b �m MBp2�m /m +Q2m` , +Ƕ2bi /QM+ mM H2pB2` ¨ 2tTHQBi2` TQm` mM2
BM;ûMB2`B2 /2 H� b2MbB#BHBiû �mt `�/B�iBQMbX LQmb MQmb HBKBiQMb B+B ¨ mM2 ûMmKû`�iBQM /2b }#`2b H2b THmb
+Qm`�Mi2bX

AH bǶ�;Bi /m ivT2 /2 }#`2 H2 THmb +Qm`�KK2Mi 2KTHQvûX .�Mb mM2 }#`2 ¨ b�mi /ǶBM/B+2- H� HmKBĕ`2
2bi ;mB/û2 /�Mb H2 +ƾm` T�` /2 KmHiBTH2b `û~2tBQMb ¨ HǶBMi2`7�+2 +ƾm`@;�BM2X *2 ivT2 /2 }#`2 miBHBb2 H2
T?ûMQKĕM2 /2 `û~2tBQM iQi�H2 BMi2`M2 [mB 2tBbi2 2Mi`2 k K�iû`B�mt /ǶBM/B+2b /Bzû`2Mib TQm` Q#i2MB` H�
bi`m+im`2 /2 ;mB/�;2 /2 H� HmKBĕ`2X SQm` Q#i2MB` +2 T?ûMQKĕM2- HǶBM/B+2 /m +ƾm` /QBi āi`2 bmTû`B2m` ¨
+2HmB /2 H� ;�BM2X h`ĕb miBHBbû2b /�Mb H2 /QK�BM2 /2b iûHû+QKKmMB+�iBQMb- 2HH2b T2`K2ii2Mi /2 +QM}M2` H�
HmKBĕ`2 bm` /2 ;`�M/2b /Bbi�M+2b �p2+ mM2 �iiûMm�iBQM �bb2x 7�B#H2X *2T2M/�Mi +2 ivT2 /2 }#`2 T`ûb2Mi2
HǶBM+QMpûMB2Mi /ǶmM +?2KBM QTiB[m2 /ûT2M/�Mi /2 HǶ�M;H2 BM+B/2Mi 2i T`QpQ[m�Mi /QM+ /2 H� /BbT2`bBQMX
PM �TT2HH2 +2 ivT2 /2 /BbT2`bBQM- HBû ¨ H� bi`m+im`2 /2 H� }#`2- H� /BbT2`bBQM BMi2`KQ/�H2X hQmi27QBb-
+2ii2 +�`�+iû`BbiB[m2 T2mi āi`2 �KûHBQ`û2 2M `û/mBb�Mi H2 +ƾm` /2 H� }#`2 , QM /BbTQb2 �HQ`b /ǶmM2 }#`2
KQMQKQ/2X § MQi2`- [m2 +2ii2 +�`�+iû`BbiB[m2 T2mi û;�H2K2Mi āi`2 �KûHBQ`û2 2M `û�HBb�Mi mM T`Q}H
/ǶBM/B+2 2M ;`�/B2Mi , H� }#`2 `2bi2 �HQ`b KQMQKQ/2 K�Bb H� /BbT2`bBQM BMi2`KQ/�H2 2bi `û/mBi2X

Fibre Multimode

50-100 µm125 µm

Fibre Monomode

<9 µm125 µm

a)

b)

ng

nc

50-100 µm

n

D

ng

nc

<9 µm

n

D

RXe Ĝ S`QT�;�iBQM /2 H� HmKBĕ`2 /�Mb mM ;mB/2 KQMQKQ/2 /�Mb H2 T`Q+?2 A_ 2i KmHiBKQ/2

.m 7�Bi /2 H� bi`m+im`2 ;ûQKûi`B[m2 /2 HǶQM/2
2i /2 H� M�im`2 QM/mH�iQB`2 /2 H� HmKBĕ`2- THmbB2m`b HQM;m2m`b /ǶQM/2b T2mp2Mi āi`2 i`�MbKBb2b 2M
bmBp�Mi /2b +?2KBMb /Bzû`2Mib 2i 2M Q++mT�Mi H2 +ƾm` /2 }#`2 /2 /Bzû`2Mi2b K�MBĕ`2b TQm` 7Q`K2` /2b
KQ/2bX § iBi`2 /ǶBHHmbi`�iBQM- MQmb `2T`ûb2MiQMb bm` H2 pQH2i U#V /2 H� };m`2 RXd H2b /Bzû`2Mib KQ/2b
T`ûb2MibX AH 2bi /QM+ TQbbB#H2 /2 DQm2` bm` H� b2+iBQM /m +ƾm` Qm bm` H� /Bzû`2M+2 /ǶBM/B+2 �}M /2
MǶQ#i2MB` [mǶmM b2mH KQ/2 ;mB/û- /Bi 7QM/�K2Mi�H- TQm` mM2 HQM;m2m` /ǶQM/2 /QMMû2X PM T�`H2 �HQ`b
/2 }#`2 KQMQKQ/2- +QKK2 H2 KQMi`2 H� };m`2 RXeX 1HH2b bQMi �BMbB i`ĕb miBHBbû2b TQm` H2b HQM;m2b
/Bbi�M+2b +QKK2 MQi�KK2Mi H2b HB�BbQMb BMi2`+QMiBM2Mi�H2bX



SQm` /ûi2`KBM2` bB mM2 }#`2 2bi KQMQKQ/2 Qm MQM ¨ mM2 +2`i�BM2 HQM;m2m` /ǶQM/2- BH 2bi mbm2H
/ǶmiBHBb2` mM +QmTH2 /2 T�`�Kĕi`2b ,

ě H� 7`û[m2M+2 /2 +QmTm`2 MQ`K�HBbû2- MQiû2 V - [mB bǶ2tT`BK2 +QKK2

V = ak0ON = ak0

√

n2
c − n2

g URXkV

�p2+ ON HǶQmp2`im`2 MmKû`B[m2- a H2 `�vQM /2 +ƾm`- k0 H2 p2+i2m` /ǶQM/2 /�Mb H2 pB/2- nc 2i
ng `2bT2+iBp2K2Mi H2b BM/B+2b /m +ƾm` 2i /2 H� ;�BM2 c

ě H� +QMbi�Mi2 /2 T`QT�;�iBQM MQ`K�HBbû2 b /û}MB2 T�` HǶû[m�iBQM bmBp�Mi2 ,

b =

β2

k2
0

− n2
g

n2
c − n2

g

URXjV

Qɍ β 2bi H� +QMbi�Mi2 /2 T`QT�;�iBQM

2.405
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Fréquence normalisée V

HE11

LP01

HE21

TE01

EH11

EH21

HE41

TE02

TM02

TM01

HE12

HE31

HE22

LP11

LP21

LP01 LP02 LP03

LP11 LP12

LP21 LP22

LP13

RXd Ĝ U�V *QMbi�Mi2 /2 T`QT�;�iBQM MQ`K�HBbû2 b 2M 7QM+iBQM /2 H� 7`û[m2M+2 MQ`K�HBbû2 (j)
/�Mb mM2 }#`2 ¨ b�mi /ǶBM/B+2X U#V .Bzû`2Mib KQ/2b /2 "2bb2HX

PM 2M /û/mBi H� };m`2 RXd [mB `2T`ûb2Mi2 b 2M 7QM+iBQM /2 V X 1HH2 MQmb KQMi`2 [m2 TQm` mM2 7`û[m2M+2
MQ`K�HBbû2 BM7û`B2m`2 ¨ k-9y8- mM b2mH KQ/2 2bi ;mB/û , H2 KQ/2 >111- �TT2Hû �mbbB LP01X SQm` /2b
p�H2m`b /2 V THmb ûH2pû2b- H2b KQ/2b h101 2i hJ01 +QKK2M+2Mi ¨ āi`2 ;mB/ûbX lM2 }#`2 QTiB[m2 ¨
b�mi /ǶBM/B+2 2bi /QM+ KQMQKQ/2 bB H� 7`û[m2M+2 MQ`K�HBbû2 V 2bi BM7û`B2m`2 ¨ k-9y8X

PM T2mi /û}MB` H� MQiBQM /2 ǴHQM;m2m` /ǶQM/2 /2 +QmTm`2 λcǴ [mB `2T`ûb2Mi2 H� HQM;m2m` /ǶQM/2
2M /2bbQmb /2 H�[m2HH2 H2 ;mB/2 `2Mi`2 /�Mb mM `û;BK2 KmHiBKQ/2- 2M `ûû+`Bp�Mi HǶû[m�iBQM URXkV +QKK2
bmBi ,

λc =
2πa

2, 405

√

n2
c − n2

g URX9V

LQmb TQmpQMb /QM+- ¨ T�`iB` /2b /QMMû2b /2 H� }#`2- +QMM�ŗi`2 H2b /Bzû`2Mib KQ/2b +�T�#H2b
/2 b2 T`QT�;2` 2M 7QM+iBQM /2 H� HQM;m2m` /ǶQM/2X 1M iûHû+QKKmMB+�iBQMb- BH 2bi mbm2H /2 i`�p�BHH2`
�p2+ /2b ;mB/2b KQMQKQ/2b TQm` ûHBKBM2` HǶ2z2i /2 H� /BbT2`bBQM KmHiBKQ/2- /2 +2 7�Bi H2 bB;M�H ¨
�KTHB}2` 2bi KQMQKQ/2- /2 KāK2 [m2 H2b }#`2 miBHBbû2b � +2ii2 2z2iX SQm` +2ii2 `�BbQM- H2b +Q2m`b
/2 MQb }#`2b bQMi 2M KQv2MM2 /2 j ¨ 9 µK /2 /B�Kĕi`2 �}M /Ƕāi`2 [m�bBK2Mi KQMQKQ/2b ¨ N3y MK
2i R88y MK- TQm` mM2 Qmp2`im`2 MmKû`B[m2 /2 y-k 2MpB`QMX SQm` H2b }#`2b bi�M/�`/ /2 i`�MbKBbbBQM-



b2mH2b H2b HQM;m2m`b /ǶQM/2 �miQm` /2 R88y MK bQMi BMiû`2bb�Mi2b- HǶQ`/`2 /2 ;`�M/2m` /m /B�Kĕi`2 /2
+2b +Q2m`b 2bi �HQ`b THmiƬi /2 N µKX

*QKK2 MQmb �pQMb Tm H2 pQB` /�Mb H2 T�`�;`�T?2 T`û+û/2Mi- BH 2bi
2bb2MiB2H /ǶQ#i2MB` mM2 /Bzû`2M+2 /ǶBM/B+2 /2 `û7`�+iBQM 2Mi`2 H2 +Q2m` 2i H� ;�BM2 �}M /Ƕ�pQB` mM2
T`QT�;�iBQM /2 H� HmKBĕ`2 /�Mb H2 ;mB/2X *2ii2 /Bzû`2M+2 /ǶBM/B+2 T2mi āi`2 Q#i2Mm2 2M BM+Q`TQ`�Mi
/2b 2bTĕ+2b +?BKB[m2b [mB BM~m2M+2Mi HǶBM/B+2 /m K�iû`B�mX .�Mb H2b }#`2b /2 bBHB+2- BH 2bi +Qm`�Mi
/ǶBMi`Q/mB`2 /2b ûHûK2Mib i2Hb [m2 H2 #Q`2 Qm H2 ~mQ` TQm` /BKBMm2` HǶBM/B+2 Qm H2 ;2`K�MBmK 2i H2
T?QbT?Q`2 TQm` HǶ�m;K2Mi2`X aǶBH p� /2 bQB [mǶBH 2bi T`û7û`�#H2 /ǶBMi`Q/mB`2 H2 #Q`2 Qm H2 ~mQ` /�Mb
H� ;�BM2 2i H2 ;2`K�MBmK Qm H2 T?QbT?Q`2 /�Mb H2 +ƾm`- H2 +?QBt /2b 2bTĕ+2b /ûT2M/ /2 H� +QM/BiBQM
[m2 HǶQM BKTQb2 bm` H2 +ƾm` Qm H� ;�BM2X S�` 2t2KTH2 /�Mb +2`i�BMb +�b- BH b2`� T`û7û`�#H2 /Ƕ�pQB` mM
+ƾm` /2 bBHB+2 Tm` 2i /QM+ /ǶBMi`Q/mB`2 H2b /QT�Mib /�Mb H� ;�BM2X G2b }#`2b /QMi MQmb /BbTQbQMb /�Mb
H2 +�/`2 /2 +2ii2 i?ĕb2 bQMi K�DQ`Bi�B`2K2Mi /2b }#`2b /QTû2b �p2+ /m ;2`K�MBmK U:2P2V- /�Mb H2
+ƾm` /2 bBHB+2X GǶmM2 /2b T`QT`Bûiûb BKTQ`i�Mi2b /m :2P2 2bi [mǶBH TQbbĕ/2 mM2 bi`m+im`2 2M iûi`�ĕ/`2
+QKT�`�#H2 ¨ +2HH2 /2 H� bBHB+2X aQM BMi`Q/m+iBQM 2bi /QM+ �bb2x M�im`2HH2- mM �iQK2 /2 ;2`K�MBmK
T2mi bm#biBim2` mM �iQK2 /2 aBHB+BmKX .2 THmb- H2b /Bzû`2M+2b /ǶBM/B+2b `2[mBb2b 2Mi`2 H2 +ƾm` 2i
H� ;�BM2 bQMi 7�+BH2K2Mi �ii2BMi2b �p2+ +2i ûHûK2MiX LQiQMb iQmi /2 KāK2 [m2 H� +QM+2Mi`�iBQM 2M
;2`K�MBmK T2mi �HH2` Dmb[mǶ¨ ky@k8Wri- TQm`+2Mi�;2 K�bbB[m2- /�Mb H2b }#`2b �+iBp2b �}M /Ƕ�pQB` mM2
/Bzû`2M+2 /ǶBM/B+2 bm{b�Mi2- U+Ƕ2bi@¨@/B`2 ∆n > 20.10−3V TQm` Q#i2MB` mM2 7Q`i2 Qmp2`im`2 MmKû`B[m2-
�BMbB [mǶmM i`ĕb #QM `2+Qmp`2K2Mi 2Mi`2 H2b KQ/2b QTiB[m2b /2 H� TQKT2 2i /m bB;M�H �p2+ H2b BQMb
T`Q/mBb�Mi HǶ�KTHB}+�iBQM- 2bb2MiB2H TQm` /BbTQb2` /ǶmM �KTHB}+�i2m` 2{+�+2X 1M +2 [mB +QM+2`M2 H2b
�mi`2b �TTHB+�iBQMb- H2 ;2`K�MBmK 2bi û;�H2K2Mi �TT`û+Bû TQm` b2b T`QT`Bûiûb /2 T?QiQb2MbB#BHBiû TQm`
H� `û�HBb�iBQM /2 `ûb2�mt /2 "`�;;X 1M}M- HǶBMi`Q/m+iBQM /2b /QT�Mib MǶ2bi T�b mMB[m2K2Mi HBû2 ¨ H�
p�`B�iBQM /ǶBM/B+2 K�Bb �mbbB ¨ HǶQ#i2MiBQM /ǶmM2 mHi`�@i`�MbT�`2M+2 /�Mb H2 T`Q+?2 BM7`�`Qm;2 K�Bb �mbbB
¨ H� TQbbB#BHBiû /Ƕ�pQB` /2b }#`2b Kû+�MB[m2K2Mi pB�#H2b +2 [mB BKTHB[m2 mM2 +QKT�iB#BHBiû i?2`KB[m2
UpBb+QbBiû 2i +Q2{+B2Mi /Ƕ2tT�MbBQM i?2`KB[m2V /m +ƾm` 2i /2 H� ;�BM2X

G2b }#`2b ¨ ;�BM2 2Mi2``û2 UpQB` H� };m`2 RX3U#VV bQMi ûH�#Q`û2b �p2+ k ;�BM2b 2M p2``2b /Bzû`2Mib-
T`ûb2Mi�Mi �BMbB mM2 ;�BM2 BMiû`B2m`2 2i 2tiû`B2m`2 �miQm` /m +ƾm` /2 H� }#`2 ,

ě H� ;�BM2 2tiû`B2m`2 2bi +QMbiBimû2 /ǶmM p2``2 /QMi HǶBM/B+2 n1 2bi û;�H ¨ +2HmB /2 H� bBHB+2 Tm`2 c
ě H� ;�BM2 BMiû`B2m`2 2bi 7�Bi2 /ǶmM p2``2 /QMi HǶBM/B+2 n2 2bi BM7û`B2m` ¨ +2HmB /2 H� bBHB+2X

*2 p2``2 2bi- 2M 7�Bi- bvMi?ûiBbû ¨ T�`iB` /2 bBHB+2 ¨ H�[m2HH2 QM � `�DQmiû /m ~mQ` TQm` 7�B`2 /BKBMm2` bQM
BM/B+2 QTiB[m2X G2 +ƾm` /�Mb H2[m2H 2bi +QM}Mû2 H� HmKBĕ`2 2bi �BMbB +QMbiBimû /2 bBHB+2 Tm`2- /ǶBM/B+2
n1- +2 [mB 2M 7�Bi bQM �iQmi T`BM+BT�HX

G2 T`BM+BT�H �p�Mi�;2 /2 +2 ivT2 /2 bi`m+im`2 2bi /2 T2`K2ii`2 /2 /BKBMm2` H2b T2`i2b QTiB[m2b
T�` �#bQ`TiBQM �m MBp2�m /2 H� ;�BM2 2i û;�H2K2Mi /2 `û/mB`2 H2b T2`i2b QTiB[m2b HBû2b �mt `�vQMb /2
+Qm`#m`2X

G� }#`2 KB+`Qbi`m+im`û2- �mi`2K2Mi �TT2Hû2 }#`2 ¨ Ǵ+`Bbi�mt T?QiQMB[m2bǴ- T2`K2i H2 +QM}M2@
K2Mi /2 HǶQM/2 HmKBM2mb2 T�` mM2 /Bzû`2M+2 /ǶBM/B+2 2Mi`2 H2b BM+HmbBQMb i`ĕb BKTQ`i�Mi2b 2i HBû2b ¨ H�
Tû`BQ/B+Biû /2 H� bi`m+im`2 UpQB` H� };m`2 RX3U�VV X G� HmKBĕ`2 2bi B+B ;mB/û2 /�Mb mM /û7�mi /2 +2ii2
bi`m+im`2 Tû`BQ/B[m2- [mB +QMbiBim2 H2 +ƾm` /2 H� S*6X



GǶBM;ûMB2`B2 /2b +`Bbi�mt T?QiQMB[m2b T2`K2i �mt }#`2b QTiB[m2b /Ƕ�/`2bb2` /2b #2bQBMb i`ĕb /B7@
7û`2MibX S�` 2t2KTH2- TQm` H2 i`�MbTQ`i /2 TmBbb�M+2- BH 2bi TQbbB#H2 /2 `û�HBb2` /2b }#`2b KQMQKQ/2b-
�p2+ mM H�`;2 /B�Kĕi`2 /2 +Q2m` U= 3y µmVX.Ƕ�mi`2b miBHBb�iBQMb T2`K2ii2Mi ¨ HǶBMp2`b2- /ǶQ#i2MB` /2b
KQ/2b i`ĕb +QM}Mûb- +2 [mB T2`K2i /Ƕ�ii2BM/`2 /2b /2MbBiûb /2 TmBbb�M+2 BKTQ`i�Mi2b ¨ HǶBMiû`B2m` /2 H�
}#`2 2i- �BMbB- /Ƕ2t�Hi2` /2b 2z2ib MQM@HBMû�B`2b (9)X *2H� /û#Qm+?2 bm` H� ;ûMû`�iBQM /2 bmT2`@+QMiBMmmK
/2 HmKBĕ`2- T2`K2ii�Mi /2 ;ûMû`2` /2 H� HmKBĕ`2 ¨ H�`;2 bT2+i`2 2i ¨ 7Q`i2 /2MbBiû bT2+i`�H2- �p2+ mM2
#QMM2 [m�HBiû /2 7�Bb+2�mX

n(r)

n1

n2

b)a)
coeur

gaine 
intérieure

gaine 
extérieure

RX3 Ĝ �mi`2b bi`m+im`2b /ǶBM/B+2b TQm` H2b }#`2b /m`+B2b , U�V AK�;2 J1" /ǶmM2 }#`2 /QTû2
2`#BmK KB+`Qbi`m+im`û2- U#V bi`m+im`2 /ǶBM/B+2 /�Mb mM2 }#`2 ¨ ;�BM2 2Mi2``û2X

SQm` HǶ�TTHB+�iBQM pBbû2- HǶ�iQmi T`BM+BT�H +QKKmM /2 +2ii2 bi`m+im`2 2bi [m2 HǶQM Q#iB2Mi H2
;mB/�;2 /2b QM/2b b�Mb [mǶBH M2 bQBi Mû+2bb�B`2 /ǶBMi`Q/mB`2 /2 /QT�Mi UivTB[m2K2Mi /m ;2`K�MBmKV
/�Mb H2 +ƾm` /2 H� }#`2X �BMbB- b2mHb H2b /QT�Mib Mû+2bb�B`2b TQm` `û�HBb2` HǶ�KTHB}+�iBQM bQMi T`ûb2Mib
/�Mb H2 +ƾm`- +2 [mB `2pB2Mi ¨ /B`2 [m2 H� bi`m+im`2 /m p2``2 2bi HQ+�H2K2Mi THmb bBKTH2- ¨ HǶ2M/`QBi
KāK2 Qɍ HǶBMi2MbBiû /m KQ/2 2bi H� THmb 7Q`i2X *2+B- T2mi b2 `ûpûH2` āi`2 mM �iQmi TQm` H2 /m`+Bbb2K2Mi
/2b }#`2b QTiB[m2b 2M ;ûMû`�H- 2i ûp2Mim2HH2K2Mi �mbbB TQm` H2b }#`2b �KTHB}+�i`B+2bX

LQmb �pQMb Tm pQB` [mǶBH 2tBbi2 mM2 /Bp2`bBiû /2 bi`m+im`2b T2`K2ii�Mi /2 ;mB/2` H� HmKBĕ`2 2M
DQm�Mi bQBi bm` H� +QKTQbBiBQM +?BKB[m2 /2 H� }#`2 Qm bm` H� ;ûQKûi`B2X SQm` MQi`2 T�`i- /m`�Mi +2b
i`�p�mt /2 i?ĕb2- MQmb �pQMb i`�p�BHHû 2bb2MiB2HH2K2Mi �p2+ /2b }#`2b ¨ b�mi /ǶBM/B+2X AH bǶ�;Bi /2b }#`2b
H2b THmb +QKKmMûK2Mi miBHBbû2b 2M iûHû+QKKmMB+�iBQM 2i T�` H2b BM/mbi`B2Hb �}M /2 +`û2` /2b }#`2b
�+iBp2b +QKK2 MQmb �HHQMb H2 pQB` /�Mb H� b2+iBQM bmBp�Mi2X

.�Mb H� b2+iBQM T`û+û/2Mi2- MQmb �pQMb T`ûb2Miû HǶmiBHBiû /2b }#`2b T�bbBp2b �BMbB [m2 H2m` QTiBKBb�@
iBQM �p2+ HǶ�DQmi /2 /QT�MibX .�Mb +2ii2 b2+iBQM- MQmb MQmb BMiû`2bbQMb �mt T?ûMQKĕM2b T?vbB[m2b [mB
�KTHB}2Mi H� HmKBĕ`2 2i �mt 2bTĕ+2b +?BKB[m2b BMi`Q/mBi2b [mB T2`K2ii2Mi /ǶQ#i2MB` +2ii2 �KTHB}+�iBQM
QTiB[m2X .�Mb mM b2+QM/ i2KTb MQmb /û+`BpQMb H2 7QM+iBQMM2K2Mi /ǶmM �KTHB}+�i2m`X

G� HmKBĕ`2 T2mi āi`2 +QMbB/û`û2 +QKK2 mM 2Mb2K#H2 /2 T?QiQMb- +Ƕ2bi ¨ /B`2 /2 +Q`Tmb+mH2b
i`�MbTQ`i�Mi mM2 ûM2`;B2 /û}MB2X G2 T`Q+2bbmb [mB +�`�+iû`Bb2 HǶBMi2`�+iBQM 2Mi`2 H� HmKBĕ`2 2i H� K�iBĕ`2
2bi mM i`�Mb72`i /ǶûM2`;B2 2Mi`2 H2b T?QiQMb 2i H2b �iQK2bX .ǶmM TQBMi /2 pm2 +Q`Tmb+mH�B`2- H� HmKBĕ`2
T2mi āi`2 /û}MB2 +QKK2 mM ~mt /2 T?QiQMb , mM MQK#`2 /2 T?QiQMb T�` mMBiû /2 i2KTb TQm` mM2
bm`7�+2 S /QMMû2X 1tTû`BK2Mi�H2K2Mi- MQmb T�`H2`QMb /2 H� TmBbb�M+2 QTiB[m2 BM+B/2Mi2 bm` mM2 bm`7�+2



S- TmBb[m2 2HH2 T`2M/ 2M +QKTi2 HǶûM2`;B2 TQ`iû2 T�` H2b T?QiQMb c bQM 2tT`2bbBQM bǶû+`Bi bBKTH2K2Mi ,

P = hνφS URX8V

Qɍ P 2bi H� TmBbb�M+2 QTiB[m2 U2M q�iiV- h H� +QMbi�Mi2 /2 SH�M+F- ν H� 7`û[m2M+2 QTiB[m2- φ H2 ~mt /2
T?QiQMb T�` mMBiû /2 i2KTb 2i /2 bm`7�+2 2i S H� bm`7�+2 +QMbB/û`û2X �}M /2 bBKTHB}2` H2b û[m�iBQMb-
MQmb miBHBbQMb H� MQiBQM /2 ~mt HmKBM2mt TQm` /û+`B`2 H2b Kû+�MBbK2b 7QM/�K2Mi�mt [mB QMi HB2m �m
b2BM /ǶmM2 }#`2 �KTHB}+�i`B+2X

S
f

N
a

faisceau

lumineux

lame de

verre dopé

RXN Ĝ LQiBQM /2 b2+iBQM 2{+�+2

PM +?2`+?2 B+B ¨ /û}MB` H� T`Q#�#BHBiû /ǶBMi2`�+iBQM 2Mi`2 mM 7�Bb+2�m HmKBM2mt 2i H� K�iBĕ`2X aB HǶQM
+QMbB/ĕ`2 mM 7�Bb+2�m BM+B/2Mi /2 b2+iBQM Sf bm` mM2 bm`7�+2 /QTû2 2M �iQK2b- QM T2mi +QMbB/û`2` [m2
H� T`Q#�#BHBiû ;ûQKûi`B[m2 /ǶBMi2`�+iBQM p 2bi /QMMû2 T�` H2 `�TTQ`i /2b bm`7�+2b- 2M 7�Bb�Mi `û7û`2M+2
¨ H� };m`2 RXN ,

p =
Naσ

Sf
URXeV

Qɍ Na 2bi H2 MQK#`2 /Ƕ�iQK2b BMi2`+2Tiûb T�` H2 7�Bb+2�m BM+B/2Mi- 2i σ H� b2+iBQM /ǶBMi2`�+iBQM /2
HǶ�iQK2 U+Ƕ2bi@¨@/B`2 H� bm`7�+2 �TT�`2Mi2 pm2 /m 7�Bb+2�mV 2M+Q`2 �TT2Hû2 b2+iBQM 2{+�+2X G� b2+iBQM
/2 HǶ�iQK2 2bi /QM+ #B2M `2T`ûb2Mi�iBp2 /2 H� T`Q#�#BHBiû /ǶBMi2`�+iBQM- �m b2Mb Tm`2K2Mi ;ûQKûi`B[m2-
2i BH bǶ�;Bi T�` +QMbû[m2Mi /ǶmM2 T`Q#�#BHBiû 2tT`BKû2 2M UK2VX "B2M bȿ`- H� [m�MiBiû p M2 /û}MBi T�b
2M+Q`2 H2 MQK#`2 /ǶBMi2`�+iBQMb Ni [mB QMi HB2m 2Mi`2 H� K�iBĕ`2 2i H� HmKBĕ`2- +�` MQmb MǶ�pQMb T�b
T`Bb 2M +QKTi2 H2 MQK#`2 /2 T?QiQMb Np T�` b2+QM/2X AH v �m`� /Ƕ�mi�Mi THmb /ǶBMi2`�+iBQMb [m2 +2
MQK#`2 /2 T?QiQMb b2`� ;`�M/- �BMbB ,

Ni = pNp = Naσφ URXdV

E1 

E2 

e 
_ 

hν
ΔE

RXRy Ĝ �#bQ`TiBQM /ǶmM T?QiQM



AH bǶ�;Bi /ǶmM T?ûMQKĕM2 TQm` H2[m2H- BH v � mM i`�Mb72`i /ǶûM2`;B2 2Mi`2 H2 `�vQMM2K2Mi HmKBM2mt
2i H� K�iBĕ`2X G2b ûH2+i`QMb /2 H� +Qm+?2 2ti2`M2 /ǶmM �iQK2 T2mp2Mi �#bQ`#2` HǶûM2`;B2 /ǶmM T?QiQMX
*2ii2 i`�MbBiBQM �m`� TQm` BM+B/2M+2 mM +?�M;2K2Mi /Ƕûi�iX AMBiB�H2K2Mi ¨ HǶûi�i 7QM/�K2Mi�H E1 -
HǶ�iQK2 p� T�bb2` ¨ mM ûi�i /Bi Ǵ2t+BiûǴ E2- +QKK2 HǶBHHmbi`2 H� };m`2 RXRyX *2T2M/�Mi- +2 T?ûMQKĕM2
/2 i`�Mb72`i /ǶûM2`;B2 � HB2m mMB[m2K2Mi bB HǶûM2`;B2 hν �TTQ`iû2 T�` H2 T?QiQM 2bi bi`B+i2K2Mi û;�H2 ¨
H� /Bzû`2M+2 /ǶûM2`;B2 2Mi`2 /2mt MBp2�mtX *2i û+�`i /ǶûM2`;B2 2bi /ûi2`KBMû2 T�` H� `2H�iBQM ,

∆E = E2 − E1 = hν = h
c

λ
AH 2bi �HQ`b TQbbB#H2 /2 +�H+mH2` H2b HQM;m2m`b /ǶQM/2 [mB b2`QMi �#bQ`#û2bX LQmb TQmpQMb û+`B`2 H�

p�`B�iBQM i2KTQ`2HH2 /m MQK#`2 /ǶûH2+i`QMb bm` +?�[m2 MBp2�m T�` HǶû[m�iBQM ,

dN1

dt
= −dN2

dt
= −φσ12N1 URX3V

�p2+ σ12 H� b2+iBQM 2{+�+2 /Ƕ�#bQ`TiBQM 2tT`BK�Mi mM2 +2`i�BM2 T`Q#�#BHBiû TQm` [m2 H2 T?ûMQKĕM2
/Ƕ�#bQ`TiBQM BMi2`pB2MM2 2Mi`2 H2b MBp2�mt E1 2i E2X 1M}M- φ 2bi H2 ~mt /2 T?QiQMb 2i N1 H� TQTmH�iBQM
/m MBp2�m E1X

E1 

E2 

e 
_ 

hν
ΔE

RXRR Ĝ 1KBbbBQM bTQMi�Mû2 /ǶmM T?QiQM

GǶûKBbbBQM bTQMi�Mû2 b2 T`Q/mBi HQ`b[mǶmM �iQK2 2bi T`û�H�#H2K2Mi /�Mb mM ûi�i 2t+Biû T�` mM
�TTQ`i /ǶûM2`;B2 QTiB[m2 Qm i?2`KB[m2X .m 7�Bi [m2 +2i ûi�i MǶ2bi T�b bi�#H2- HǶûH2+i`QM M2 p� /QM+ `2bi2`
[m2 T`QpBbQB`2K2Mi /�Mb +2i ûi�i TQm` `2/2b+2M/`2 ¨ HǶûi�i 7QM/�K2Mi�HX PM T�`H2 �HQ`b /2 /m`û2 /2
pB2 ¨ HǶûi�i 2t+Biû- [mB 7�Bi `û7û`2M+2 �m i2KTb /m`�Mi H2[m2H HǶ�iQK2 2bi /�Mb +2i ûi�iX PM /û}MBi �HQ`b
mM i�mt /ǶûKBbbBQM bTQMi�Mû2 [mB b2 /û+`Bi ¨ HǶ�B/2 /m +Q2{+B2Mi /Ƕ1BMbi2BM (8) , A21 = 1

τ21
- HǶBM/B+2 kR

7�Bb�Mi `û7û`2M+2 �m i`�Mb72`i /2b+2M/�Mi 2Mi`2 H2 MBp2�m k 2i H2 MBp2�m RX GQ`b /2 H� `2+QK#BM�BbQM-
+Ƕ2bi ¨ /B`2 /2 H� i`�MbBiBQM T2`K2ii�Mi /2 `2i`Qmp2` HǶûi�i 7QM/�K2Mi�H /2 HǶ�iQK2- BH v � mM2 T2`i2
/ǶûM2`;B2 [mB b2 K�MB72bi2 T�` HǶûKBbbBQM /ǶmM [m�Mi� /2 HmKBĕ`2 [mB p� b2 T`QT�;2` /�Mb MǶBKTQ`i2
[m2HH2 /B`2+iBQMX G� };m`2 RXRR `2T`ûb2Mi2 +2 T?ûMQKĕM2- HǶûM2`;B2 hν /m T?QiQM ûKBb 2bi �HQ`b û;�H2
¨ H� /Bzû`2M+2 /ǶûM2`;B2 E 2Mi`2 H2b /2mt MBp2�mtX G2b �iQK2b [mB T�`iB+BT2Mi ¨ HǶûKBbbBQM bTQMi�Mû2
pQMi /ûT2mTH2` H2 MBp2�m N2- +2ii2 p�`B�iBQM 2M 7QM+iBQM /m i2KTb T2mi bǶû+`B`2 /2 H� K�MBĕ`2 bmBp�Mi2 ,

dN2

dt
= −A21N2 URXNV

�p2+ N1 H� TQTmH�iBQM /m MBp2�m E1 2M m−3 2i A21 H2 i�mt /2 `2+QK#BM�BbQM U+Q2{+B2Mi /Ƕ1BMbi2BMVX

*Ƕ2bi H2 T?ûMQKĕM2 ¨ H� #�b2 /2 HǶ�KTHB}+�iBQM QTiB[m2- /û+Qmp2`i T�` �X 1BMbi2BM 2M RNRd (e)X
aQmb HǶ2z2i /ǶmM `�vQMM2K2Mi BM+B/2Mi- mM �iQK2 /�Mb mM ûi�i 2t+Biû p� `2iQm`M2` ¨ HǶûi�i 7QM/�K2M@
i�HX GQ`b /2 +2ii2 i`�MbBiBQM- BH p� ûK2ii`2 mM T?QiQM �v�Mi H2b KāK2b +�`�+iû`BbiB[m2b [m2 H2 T?QiQM



_

RXRk Ĝ 1KBbbBQM biBKmHû2 /ǶmM T?QiQM

BM+B/2MiX *2T2M/�Mi- +2 T?ûMQKĕM2 M2 T2mi b2 T`Q/mB`2 [m2 bB HǶûM2`;B2 /2b T?QiQMb BM+B/2Mib 2bi û;�H2
¨ HǶû+�`i /ǶûM2`;B2 2Mi`2 H2 MBp2�m bmTû`B2m` 2i H2 MBp2�m BM7û`B2m` +QKK2 HǶBHHmbi`2 H� };m`2 RXRkX �BMbB-
H2 T?QiQM +`ûû T�` H� i`�MbBiBQM /2 `2+QK#BM�BbQM /2 HǶ�iQK2 � mM2 7`û[m2M+2- mM2 /B`2+iBQM /2 T`QT�@
;�iBQM- /2 TQH�`Bb�iBQM 2i mM2 T?�b2 B/2MiB[m2- �m T?QiQM BM+B/2MiX *2 T`Q+2bbmb- /Bzĕ`2 /2 HǶûKBbbBQM
bTQMi�Mû2 /�Mb H2 b2Mb Qɍ H2 T?QiQM ûKBb �m`� mM2 /B`2+iBQM /2 T`QT�;�iBQM T`BpBHû;Bû2X § HǶBMbi�`- /2
H� p�`B�iBQM i2KTQ`2HH2 /2 H� /2MbBiû /2 TQTmH�iBQM /Ƕ�iQK2b TQm` H2 T?ûMQKĕM2 /Ƕ�#bQ`TiBQM- MQmb
TQmpQMb /ûi2`KBM2` HǶû[m�iBQM bmBp�Mi2 ¨ HǶûi�i 2t+Biû ,

dN2

dt
= −φσ21N2 URXRyV

2bi σ21 2bi H� b2+iBQM 2{+�+2 /ǶûKBbbBQM 2i `2T`ûb2Mi2 H� T`Q#�#BHBiû [m2 H2 T?ûMQKĕM2 /ǶûKBbbBQM
biBKmHû2 b2 T`Q/mBb2X

§ +2 bi�/2- MQmb TQmpQMb BMi`Q/mB`2 H� MQiBQM /2 b�im`�iBQM /2 HǶ�#bQ`TiBQM /ǶmM K�iû`B�m /�Mb
H2[m2H H� /2MbBiû Qm H2 /QT�;2 2M BQMb �#bQ`#�Mib p�mi Ntot = N1 +N2X aB HǶQM +QMbB/ĕ`2 H� i`�MbBiBQM
ûM2`;ûiB[m2 E2 − E1- H� /2MbBiû /2 TQTmH�iBQM /ǶBQMb ¨ HǶûi�i 7QM/�K2Mi�H N1 T2mi bǶû+`B`2 2M 7�Bb�Mi
H2 #BH�M /2b j BMi2`�+iBQMb HmKBĕ`2@K�iBĕ`2 [m2 HǶQM � /û+`Bi2b +B@/2bbmb ,

dN1

dt
= A21N2 − φσ12N1 + φσ21N2 URXRRV

� HǶûi�i bi�iBQMM�B`2 H� [m�MiBiû dN1/dt 2bi MmHH2X G� /2MbBiû /2 TQTmH�iBQM ¨ HǶûi�i 2t+Biû p�mi N2 =

Ntot −N1- QM T2mi �HQ`b û+`B`2 ,

N1 = Ntot
A21 + φσ21

A21 + φσ12 + φσ21
URXRkV

GǶûpQHmiBQM /m ~mt /2 T?QiQM φ 2bi �HQ`b `û;B2 T�` H� T`Q#�#BHBiû /Ƕāi`2 �#bQ`#û T�` H2 KBHB2m
�+iB7X aB HǶQM +QMbB/ĕ`2 mM KBHB2m �#bQ`#�Mi /2 7�B#H2 ûT�Bbb2m`- QM T2mi �HQ`b û+`B`2 H2 ~mt i`�MbKBb ,

φout = φin − φinσ12N1dz URXRjV

Pm 2M+Q`2- 2M BMi`Q/mBb�Mi HǶû[m�iBQM RXRk ,

φout − φin

φin
= −σ12Ntot

A21 + φinσ21

A21 + φinσ12 + φinσ21
∆Z URXR9V

PM `2K�`[m2 [m2 H� [m�MiBiû φout Ɛφin- [mB `2T`ûb2Mi2 H� i`�MbKBbbBQM /m K�iû`B�m- T2mi bǶ�M@
MmH2` HQ`b[m2 H2 ~mt φin 2bi i`ĕb ;`�M/ /2p�Mi H2 i�mt /2 `2+QK#BM�BbQM bTQMi�Mû A21- QM T�`H2 �HQ`b
/2 i`�MbT�`2M+2 /m K�iû`B�m Qm /2 b�im`�iBQM /2 HǶ�#bQ`TiBQMX am` H� };m`2 RXRj [mB `2T`ûb2Mi2 H�
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RXRj Ĝ a�im`�iBQM /2 HǶ�#bQ`TiBQM

i`�MbKBii�M+2 2M 7QM+iBQM /m ~mt /2 T?QiQMb BM+B/2Mib- MQmb pQvQMb +H�B`2K2Mi /2mt `û;BK2b , H2
T`2KB2` 2bi Q#b2`pû TQm` /2b 7�B#H2b ~mt 2i +Q``2bTQM/ ¨ mM2 �#bQ`TiBQM 7Q`i2 /m K�iû`B�mX 1M 2z2i-
TQm` /2b 7�B#H2b ~mt- iQmi T?QiQM BM+B/2Mi 2bi �#bQ`#û T�` H2 MBp2�m N2 [mB M2 b2 `2KTHBi T�b +�` H�
/ûb2t+Bi�iBQM T`û/QKBM2X G2 b2+QM/ `û;BK2 bm`pB2Mi HQ`b[m2 H2 ~mt /2 T?QiQMb /2pB2Mi THmb BKTQ`i�Mi
[m2 H� /ûb2t+Bi�iBQM /2b �iQK2b 2t+BiûbX �BMbB- H� TQTmH�iBQM �m MBp2�m N2 b2 `2KTHBi Dmb[mǶ¨ �ii2BM/`2
H� i`�MbT�`2M+2 /m K�iû`B�m , QM T�`H2 �HQ`b /2 b�im`�iBQM /2 HǶ�#bQ`TiBQMX

G2b i2``2b `�`2b Qm H�Mi?�MB/2b bQMi bQmp2Mi miBHBbû2b TQm` H� `û�HBb�iBQM /2 KBHB2m �+iB7b TQm`
/2b bQm`+2b HmKBM2mb2b MQi�KK2Mi ;`�+2 ¨ H2m`b T`QT`Bûiûb /2 ~mQ`2b+2M+2X PM Q#b2`p2 �BMbB bm` H2
/B�;`�KK2 /2 .B2F2 U};m`2 RXR9V- H2b /Bzû`2Mi2b i`�MbBiBQMb ûM2`;ûiB[m2b T2`KBb2b T�` +?�+mM2 /2
+2b 2bTĕ+2b /�Mb H2m` 7Q`K2 i`Bp�H2Mi2- +?�+mM /2 +2b MBp2�mt TQmp�Mi āi`2 ¨ HǶQ`B;BM2 /2 HǶ�#bQ`TiBQM
2ifQm /2 HǶûKBbbBQM /ǶmM T?QiQMX LQmb MQmb BMiû`2bbQMb B+B THmb T�`iB+mHBĕ`2K2Mi ¨ HǶBQM /Ƕ2`#BmK
i`Bp�H2Mi [mB 2bi +�`�+iû`Bbû T�` mM2 bT2+i`Qb+QTB2 +QKTH2t2- �p2+ mM MQK#`2 BKTQ`i�Mi /2 MBp2�mt-
[mB +QMi`�bi2 �p2+ +2HH2 /2 HǶ�iQK2 /Ƕvii2`#BmK Qm 2M+Q`2 +2HH2 /m +û`BmK [mB M2 TQbbĕ/2Mi [m2 /2mt
MBp2�mtX GǶmiBHBb�iBQM /2 HǶ2`#BmK � ûiû KQiBpû2 T�` H2 7�Bi [mǶBH TQbbĕ/2 /2b MBp2�mt /ǶûM2`;B2 [mB
T2`K2ii2Mi HǶ�KTHB}+�iBQM /�Mb H� #�M/2 /2b iûHû+QKKmMB+�iBQMb QTiB[m2b HQM;m2b /Bbi�M+2bX 1M 2z2i-
+QKK2 MQmb HǶ�pQMb ûpQ[mû /�Mb HǶBMi`Q/m+iBQM H2b T2`7Q`K�M+2b /2 i`�MbKBbbBQMb QMi ûiû �ii2BMi2b
�p2+ H2b }#`2b KQMQKQ/2b miBHBb�Mi H� #�M/2 �miQm`b /2 R88y MK- /Bi2 "�M/2 *X GǶmiBHBiû /2 HǶ2`#BmK
� /QM+ ûiû /2 TQmpQB` ûK2ii`2 2i �KTHB}2` H2 bB;M�H /�Mb +2ii2 #�M/2- +QKK2 H2 KQMi`2 H� };m`2 RXR8X
*2T2M/�Mi- H� +QKTH2tBiû /2 H� bT2+i`Qb+QTB2 /2 HǶ2`#BmK 2bi mM T`Q#HĕK2- +�` H2b �mi`2b i`�MbBiBQMb
ûM2`;ûiB[m2b pQMi TQmpQB` `2M/`2 KQBMb 2{+�+2 H2 T?ûMQKĕM2 /Ƕ�KTHB}+�iBQMX

G� bT2+i`Qb+QTB2 /2 HǶBQM 2`#BmK T2`K2i /ǶQ#i2MB` mM2 ûKBbbBQM biBKmHû2 �miQm` /2 R88y MKX
GǶ�TTQ`i /ǶûM2`;B2 TQm` [m2 +2 T?ûMQKĕM2 �Bi HB2m b2 7�Bi ;ûMû`�H2K2Mi /2 7�ÏQM QTiB[m2 2M TQKT�Mi
H2 K�iû`B�m ¨ N3y MKX



RXR9 Ĝ aT2+i`Qb+QTB2 /2b BQMb i2``2b@`�`2b i`Bp�H2Mib(d)



1.3 1.35 1.4 1.45 1.5 1.55 1.6 1.65

longueur d’onde (µm)

AOFD-Pr

Bande-O Bande-E Bande-S+ Bande-L+Bande S Bande-C Bande-L

AOFD-Er (Tellure)

AOFD-Er (silice)

AOFD-Tm-Tb

2nd fenêtre 3ème fenêtre

AOFD-Nd

AOFD-Tm (Fluoré)

RXR8 Ĝ "�M/2 T�bb�Mi2 QTiB[m2 /2b /Bzû`2Mib �KTHB}+�i2m` PTiB[m2 ¨ 6B#`2 .QTû2 �P6.
bmBp�Mi H2m`b +QKTQbBiBQMb 2M i2``2 `�`2

G2 TQKT�;2 T2`K2i /Ƕ2t+Bi2` H2b �iQK2b ¨ HǶûi�i 7QM/�K2Mi�H Dmb[mǶ�m MBp2�m 4I11/2X .2TmBb +2
MBp2�m- /QMi H� /m`û2 /2 pB2 2bi /2 HǶQ`/`2 /2 [m2H[m2b µb /�Mb H2b p2``2b ¨ 7Q`i2b ûM2`;B2 /2 T?QMQMb
+QKK2 H� bBHB+2- H2b ûH2+i`QMb pQMi b2 /ûb2t+Bi2` /2 K�MBĕ`2 MQM `�/B�iBp2 2i p2MB` T2mTH2` H2 MBp2�m
4I13/2 U};m`2 RXReVX G� /m`û2 /2 pB2 /2 HǶ2t+Bi�iBQM bm` +2 MBp2�m 2bi ;`�M/2 +QKT�`û2 ¨ +2HH2 /m MBp2�m
/2 TQKT�;2- 2HH2 2bi /2 HǶQ`/`2 /2 Ry KbX PM [m�HB}2 �HQ`b +2 MBp2�m /2 Kûi�@bi�#H2X

e-

e-

niveau métastable

niveau fondamentala

E
n

e
rg

ie

1 h

Pompe

1 h

Signal Signal
2 h

Amplification

4
I11/2

4
I13/2

4
I15/2

Absorption +

Transition non radiative : Emission stimulée :
Inversion de population

niveau de pompe

RXRe Ĝ Jû+�MBbK2b /Ƕ�KTHB}+�iBQM ¨ T�`iB` /ǶmM KQ/ĕH2 ¨ j MBp2�mt

§ T�`iB` /2 +2 MBp2�m H2b �iQK2b 2t+Biûb pQMi b2 /ûb2t+Bi2` /2 /2mt K�MBĕ`2b ,
ě bQBi /2 K�MBĕ`2 biBKmHû2 2M T`ûb2M+2 /2 T?QiQMb BM+B/2Mib ¨ R88y MKX .�Mb +2 +�b- H2b �iQK2b

2t+Biûb pQMi T�`iB+BT2` ¨ HǶ�KTHB}+�iBQM c
ě bQBi /2 K�MBĕ`2 bTQMi�Mû2- 2M �#b2M+2 /2 T?QiQMb ¨ R88y MKX AH v �m`� /QM+ ûKBbbBQM /2

T?QiQMb ¨ R88y MK- ûKBb /2 7�ÏQMb /û+Q``ûHû2 2i [mB TQm``QMi āi`2 �KTHB}ûb T�` H2 T`Q+2bbmb
/ǶûKBbbBQM biBKmHû2X *2 T?ûMQKĕM2 �TT2Hû 1KBbbBQM aTQMi�Mû2 �KTHB}û2 U1a�V 2bi ¨ HǶQ`B;BM2
/m #`mBi /2 7QM/ /2b �KTHB}+�i2m`b QTiB[m2bX

SQm` BHHmbi`2` +2b T?ûMQKĕM2b- MQmb �HHQMb ûim/B2` HǶûpQHmiBQM /2b /Bzû`2Mi2b TQTmH�iBQMb �m b2BM
/ǶmM KQ`+2�m /2 p2``2 �}M /2 M2 T�b T`2M/`2 2M +QKTi2 HǶ�bT2+i T`QT�;�iB7 [m2 HǶQM `2i`Qmp2 /�Mb
H2b }#`2bX LQmb T`2M/`QMb mM2 H�K2 /2 p2``2 /QTû2 2`#BmK /ǶûT�Bbb2m` ∆z /2 [m2H[m2b KK /QMi H�
/2MbBiû iQi�H2 UQm /QT�;2V 2M BQMb 2`#BmK p�mi Ntot 2i [m2 HǶQM 2t+Bi2 �p2+ mM H�b2` ¨ N3y MK- +QKK2
BHHmbi`û bm` H� };m`2 RXRdX

SQm` bBKTHB}2`- MQmb �/K2ii`QMb [m2 H2 i�mt /2 `û~2+iBpBiû �m MBp2�m /2b 7�+2ii2b 2bi MmH- �BMbB QM
T2mi Mû;HB;2` iQmi 2z2i /2 +�pBiû [mB �m`�Bi TQm` +QMbû[m2M+2 /Ƕ�KTHB}2` HǶûKBbbBQM bTQMi�Mû2X LQmb
M2 +QMbB/û`2`QMb /QM+ T�b HǶ1a� /�Mb +2ii2 �TT`Q+?2X PM �TT2HH2`� φp H2 ~mt HmKBM2mt /2 TQKT�;2



Diode laser 

1550 nm  

Diode Laser

980nm
Verre dopé Er3+

Signal Amplifié

à 1550nm

Lame 

dichroïque 

RXRd Ĝ S`BM+BT2 /2 HǶ�KTHB}+�iBQM /ǶmM bB;M�H ¨ R88yMK T�` TQKT�;2 /ǶmM KQ`+2�m /2 p2``2
/QTû Er3+

7Qm`MB T�` H� /BQ/2 ¨ N3y MK- 2i φs H2 ~mt T`Qp2M�Mi /2 H� /BQ/2 G�b2` aB;M�H ¨ R88yMKX G2b /2mt
~mt HmKBM2mt bQMi +QmTHûb pB� mM2 H�K2 /B+?`Qś[m2 2i BMi2`�;Bbb2Mi /�Mb H2 p2``2X 1M bQ`iB2- H� iQi�HBiû
/m ~mt /2 TQKT2 2bi �#bQ`#û2 2i H2 bB;M�H 2bi �KTHB}ûX *QKTi2 i2Mm /m KQ/ĕH2 ¨ j MBp2�mt /û+`Bi
T`û+û/2KK2Mi- QM T2mi û+`B`2 H2b û[m�iBQMb /ǶûpQHmiBQM /2b TQTmH�iBQMb /Ƕ�iQK2b �m b2BM /m K�iû`B�m
2M 7QM+iBQM /2b ~mt HmKBM2mtX







dN3

dt
= −A32N3 + σ13φpN1

dN2

dt
= −A21N2 +A32N3 + σ12φsN1 − σ21φsN2

dN1

dt
= −σ12φsN1 +A21N2 − σ13φpN1 + σ21φsN2

Ntot = N1 +N2 +N3

URXR8V

G2b bvK#QH2b miBHBbûb /�Mb +2b û[m�iBQMb bQMi /û+`Bib /�Mb H� i�#H2 RXRX

avK#QH2 .2b+`BTiBQM lMBiû
Ni- i ∈ {1, 2, 3} .2MbBiû /2 TQTmH�iBQM /ǶûH2+i`QMb bm` H2 MBp2�m

i /2 HǶ�iQK2 /Ƕ2`#BmK
K−3

Ntot .2MbBiû iQi�H2 /ǶBQMb T`ûb2Mib /�Mb H2 +ƾm` /2 H�
}#`2 QTiB[m2

K−3

A21 *Q2{+B2Mi /Ƕ1BMbi2BM /ǶûKBbbBQM bTQMi�Mû2
2Mi`2 H2 MBp2�m k 2i R

b−1

A32 h�mt /2 `2+QK#BM�BbQM bTQMi�Mû2 2Mi`2 H2 MB@
p2�m j 2i k

b−1

σ12- σ21 a2+iBQMb 2{+�+2b /Ƕ�#bQ`TiBQM 2i /ǶûKBbbBQM ¨
1550 MK

K2

σ13 a2+iBQM 2{+�+2 /Ƕ�#bQ`TiBQM /2 H� TQKT2 m2

φs- φp 6Hmt BM+B/2Mi /2 T?QiQMb bB;M�H 2i TQKT2 s−1m−2

RXR Ĝ .2b+`BTiBQM /2b T�`�Kĕi`2b TQm` H2 KQ/ĕH2 ¨ j MBp2�mtX

LQmb �HHQMb K�BMi2M�Mi `2;�`/2` H2b ~mt /2 TQKT2 2i /2 bB;M�H 2M bQ`iB2 /m p2``2 /QTû Er3+

`2bT2+iBp2K2Mi �TT2Hûb φout
s 2i φout

p X § HǶûi�i bi�iBQMM�B`2- MQmb Q#i2MQMb ,

φout
p = −φin

p N1σ13
︸ ︷︷ ︸

Absorption

∆z + φin
p URXReV



φout
s = φs




N2σ21
︸ ︷︷ ︸

Gain

− N1σ12
︸ ︷︷ ︸

Absorption




∆z + φs URXRdV

S`2KBĕ`2K2Mi- /Ƕ�T`ĕb HǶû[m�iBQM URXReV QM `2K�`[m2 [m2 H2 ~mt /2 TQKT2 /2 bQ`iB2 b2`� BM7û`B2m` Qm
û;�H �m ~mt /Ƕ2Mi`û2X *2+B bǶ2tTHB[m2 T�` H2 7�Bi [mǶBH MǶv � T�b /2 T?ûMQKĕM2 /ǶûKBbbBQM bm` H2 MBp2�m
jX S�` +QMbû[m2Mi- BH v �m`� b2mH2K2Mi /2 HǶ�#bQ`TiBQM T�` H2b BQMb 2`#BmKX
1MbmBi2- +QM+2`M�Mi H2 ~mt /2 T?QiQMb bB;M�H- QM `2K�`[m2 �p2+ HǶû[m�iBQM URXRdV [mǶBH TQm``� āi`2
�KTHB}û 2M 7QM+iBQM /2b p�H2m`b /2 L2 2i L1- /QM+ /2 HǶ�+iBQM T`Q/mBi2 T�` H2 TQKT�;2X 1M 2z2i- H2b
b2+iBQMb 2{+�+2b /ǶûKBbbBQM ¨ T�`iB` /m MBp2�m k M2 bQMi T�b MmHH2bX 1M Qmi`2- H2 i2`K2 N2σ21 `2T`ûb2Mi2
H2 ;�BM [m2 p� TQmpQB` 7Qm`MB` H2 K�iû`B�mX

N1

N2

a) b)
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RXR3 Ĝ U�V 1pQHmiBQM /2b TQTmH�iBQMb 2i U#V ;�BM /ǶmM2 H�K2 /2 p2``2 /Ƕ2`#BmK- 2M 7QM+iBQM /2
H� TmBbb�M+2 /2 TQKT2X 1M +QMbB/û`�Mi H2b T�`�Kĕi`2b /û+`Bib 2M �MM2t2 9 T�;2 R8NX

G� };m`2 RXR3U#V `2T`ûb2Mi2 HǶûpQHmiBQM /m ;�BM 2M 7QM+iBQM /m ~mt /2 T?QiQMb /2 TQKT2X LQmb
+QMbi�iQMb [m2 TQm` /2b 7�B#H2b ~mt /2 TQKT2- H2 ;�BM 7Qm`MB T�` H2 p2``2 /QTû 2bi Mû;�iB7 c �mi`2K2Mi
/Bi- H2 K�iû`B�m 2bi �#bQ`#�Mi ¨ H� HQM;m2m` /ǶQM/2 /m bB;M�HX 1M `2p�M+?2- HQ`b[m2 H2 ~mt /2 T?QiQMb
/2 TQKT2 �m;K2Mi2- H2 ;�BM /2pB2Mi TQbBiB7X *2ii2 �KTHB}+�iBQM 2bi ûi`QBi2K2Mi HBû2 ¨ H� TQTmH�iBQM
/m MBp2�m N2- TmBb[m2 HǶQM bǶ�T2`ÏQBi bm` H� };m`2 RXR3U�V- [m2 H2 ;�BM /2pB2Mi TQbBiB7 HQ`b[m2 H2 ~mt
/2 T?QiQM /2 TQKT2 2bi bm{b�Mi TQm` [m2 H� TQTmH�iBQM N2 /ûT�bb2 H� TQTmH�iBQM N1X PM T�`H2
�HQ`b /ǶBMp2`bBQM /2 TQTmH�iBQMX *Ƕ2bi +2ii2 BMp2`bBQM /2 TQTmH�iBQM [mB `2M/ TQbbB#H2 T?ûMQKĕM2
/Ƕ�KTHB}+�iBQM QTiB[m2X

LQmb �pQMb Tm pQB` [m2 HǶBQM 2`#BmK �p�Bi /2b T`QT`Bûiûb /Ƕ�#bQ`TiBQM 2i /ǶûKBbbBQM [mB HmB
bQMi T`QT`2b 2i /2 +2 7�Bi BH 2bi +�`�+iû`Bbû T�` +2`i�BM2b #�M/2b /ǶûM2`;B2 #B2M /BbiBM+i2bX 1M iQmi2
`B;m2m` bB +2i ûHûK2Mi ûi�Bi miBHBbû ¨ HǶûi�i ;�x2mt- MQmb �m`BQMb /2b #�M/2b /Ƕ�#bQ`TiBQM i`ĕb }M2bX P`-
+QKK2 BH 2bi BMi`Q/mBi /�Mb mM K�iû`B�m bQHB/2 �KQ`T?2- MQmb MǶ�pQMb T�b mM2 #�M/2 /Ƕ�#bQ`TiBQM
i`ĕb bûH2+iBp2 K�Bb [mB T2mi bǶûi�H2` bm` THmbB2m`b M�MQKĕi`2bX *2+B p� `2T`ûb2Mi2` mM `û2H BMiû`āi TQm`
H2b �KTHB}+�i2m`b 2`#BmK c 2M 2z2i- HǶûH�`;Bbb2K2Mi /2 H� #�M/2 /Ƕ�#bQ`TiBQM p� TQmpQB` T`Q+m`2` mM
;�BM bm` mM2 ;�KK2 /2 HQM;m2m` /ǶQM/2 THmb ;`�M/2 2i /QM+ ;�`�MiB` mM ;�BM bm` mM2 THmb H�`;2 #�M/2
bT2+i`�H2 /2 HǶ�KTHB}+�i2m`X *2 /2`MB2` T2mi û;�H2K2Mi āi`2 ûH�`;B 2M �DQmi�Mi /2b +Q@/QT�MibX



.�Mb mM2 K�i`B+2 pBi`2mb2- QM T2mi MQi2` [mǶBH 2tBbi2 /2mt T?ûMQKĕM2b `2bTQMb�#H2b /2 HǶûH�`@
;Bbb2K2Mi /2 H� #�M/2 T�bb�Mi2X GǶBMi`Q/m+iBQM T?vbB[m2 /m /QT�Mi /�Mb H2 KBHB2m b2 i`�/mBi T�`
mM ûH�`;Bbb2K2Mi ?QKQ;ĕM2- 2i H� bB;M�im`2 bT2+i`�H2 /2 H� M�im`2 �KQ`T?2 /2 H� K�i`B+2 ?Ƭi2 2bi
HǶûH�`;Bbb2K2Mi BM?QKQ;ĕM2X

GǶBMi`Q/m+iBQM /ǶûHûK2Mib i2Hb [m2 HǶ2`#BmK /�Mb H� K�i`B+2 pBi`2mb2 p� 2M;2M/`2` mM2 KQ/B}+�iBQM
/m `ûb2�m +`Bbi�HHBM (3)X AH 2tBbi2 /�Mb H� K�i`B+2 pBi`2mb2 mM +?�KT ûH2+i`B[m2- �TT2Hû +?�KT +`Bbi�HHBM-
T`Q/mBi T�` H2b HB�BbQMb BMi2`@�iQKB[m2b USi4+ − O2−VX GQ`b /2 HǶBMi`Q/m+iBQM /2 HǶ2`#BmK- +2 +?�KT
2Mi`�BM2 H� /û;ûMû`2b+2M+2 /2b MBp2�mt /ǶûM2`;B2 /2 HǶ2`#BmK U6B;m`2 RXRNV T�` 2z2i ai�`FX

Bande d’énergie

Forces Atomiques Champ Cristallin

RXRN Ĝ .û;ûMû`2b+2M+2 /ǶmM MBp2�m /Ƕ�#bQ`TiBQM T�` 2z2i ai�`F

*2ii2 /û;ûMû`2b+2M+2 /2b MBp2�mt /ǶûM2`;B2 /2 HǶ2`#BmK p� �++`Qŗi`2 H2 MQK#`2 /2 i`�MbBiBQMb
TQbbB#H2b 2Mi`2 /2mt MBp2�mtX .ǶmM TQBMi /2 pm2 bT2+i`�H- +2H� b2 K�MB72bi2 T�` HǶûH�`;Bbb2K2Mi /m
bT2+i`2 �mt HQM;m2m`b /ǶQM/2b /Ƕ�#bQ`TiBQM 2i /ǶûKBbbBQM /m K�iû`B�mX PM �TT2HH2 �HQ`b +2 T`Q+2bbmb
ǴûH�`;Bbb2K2Mi ?QKQ;ĕM2Ǵ- +�` iQmi �iQK2 /Ƕ2`#BmK /�Mb H� K�i`B+2 /2 p2``2 p� bm#B` +2i ûH�`;Bbb2@
K2MiXGǶBQM pQBi mM +?�KT +`Bbi�HHBM /Bzû`2Mi bmBp�Mi b� HQ+�HBb�iBQM- BH bǶ�;Bi �HQ`b /ǶmM2 MQiBQM T`QT`2
¨ mM2 i`�MbBiBQMX .�Mb H2 +�b /2 HǶ2`#BmK THQM;û /�Mb mM2 K�i`B+2 /2 bBHB+2 +Q/QTû2 �HmKBMBmK- BH p�mi
ivTB[m2K2Mi k MK (N)X

Si

Er

O (lié)

O (non lié)

enveloppe à 

largeur inhomogène

largeur

homogène

fréquence (u.a)

A
b

s
o

rp
ti
o

n
 (

u
.a

)

RXky Ĝ 1H�`;Bbb2K2Mi ?QKQ;ĕM2 2i BM?QKQ;ĕM2X

LQmb �pQMb Tm pQB` [m2 H� K�i`B+2 pBi`2mb2 MǶ� T�b mM2 bi`m+im`2 `2T`Q/m+iB#H2 ¨ ;`�M/2 û+?2HH2-
+2 [mB ¨ TQm` +QMbû[m2M+2 mM +?�KT +`Bbi�HHBM [mB MǶ2bi T�b B/2MiB[m2 /�Mb iQmi HǶ2MpB`QMM2K2Mi
�iQKB[m2X SQm` +2ii2 `�BbQM- H2b BQMb 2`#BmK bm#Bbb2Mi û;�H2K2Mi mM ûH�`;Bbb2K2Mi bT2+i`�H /ȿ ¨ H�



`ûT�`iBiBQM bT�iB�H2 /2b BQMb /�Mb H� K�i`B+2 ?Ƭi2X � +�mb2 /2 +2H�- H2b /Bzû`2Mib BQMb 2`#BmK T2mp2Mi
ûK2ii`2 2i �#bQ`#2` /2b T?QiQMb ¨ /2b 7`û[m2M+2b /Bzû`2Mi2bX G� 7`û[m2M+2 ν T2mi āi`2 +�`�+iû`Bbû2
2M T`2KBĕ`2 �TT`QtBK�iBQM T�` mM2 HQB /2 /Bbi`B#miBQM ;�mbbB2MM2 /QMi H� H�`;2m` ¨ KB@?�mi2m` 2bi
�TT2Hû2 ûH�`;Bbb2K2Mi BM?QKQ;ĕM2- 2i p�mi ivTB[m2K2Mi Ry MK TQm` mM2 K�i`B+2 �HmKBMQbBHB+�i2 (N)X
G� };m`2 RXky BHHmbi`2 b+?ûK�iB[m2K2Mi +2b /2mt ivT2b /ǶûH�`;Bbb2K2Mib bT2+i`�mtX

GǶûH�`;Bbb2K2Mi BM?QKQ;ĕM2 2bi �bb2x bB;MB}+�iB7 /�Mb H2b p2``2b- 2i +2 /Ƕ�mi�Mi THmb [m2 H� K�@
i`B+2 pBi`2mb2 2bi +QKTH2t2- MQi�KK2Mi ¨ +�mb2 /2 HǶBMb2`iBQM /2 +Q@/QT�MibX *2i ûH�`;Bbb2K2Mi 2bi
T`QT`2 �mt +�`�+iû`BbiB[m2b /m p2``2X 1M 2z2i- +QKTi2 i2Mm /2 H2m` bi`m+im`2 `û;mHBĕ`2- +2 T?ûMQKĕM2
MǶBMi2`pB2Mi T�b /�Mb H2b +`Bbi�mtX PM T2mi 7�+BH2K2Mi H2 K2ii`2 2M ûpB/2M+2 T�` mM2 2tTû`B2M+2 /Ƕ�#@
bQ`TiBQM , 2M BMD2+i�Mi H� HmKBĕ`2 /ǶmM H�b2` ¨ mM2 HQM;m2m` /ǶQM/2 /QMMû2 ¨ HǶBMiû`B2m` /2 HǶ2Mp2HQTT2
BM?QKQ;ĕM2- QM Q#b2`p2 �HQ`b mM2 p�`B�iBQM HQ+�HBbû2 /m ;�BM- +QKK2 H2 KQMi`2 H� };m`2 RXkRX *2 +QK@
TQ`i2K2Mi M2 TQm``�Bi T�b 2tBbi2` �p2+ mM KBHB2m Tm`2K2Mi ?QKQ;ĕM2X *2 T?ûMQKĕM2 TQ`i2 H2 MQK
/2 bT2+i`�H ?QH2 #m`MBM;X

enveloppe

 inhomogène
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trou spectral

=

RXkR Ĝ AHHmbi`�iBQM /m T?ûMQKĕM2 /2 bT2+i`�H ?QH2 #m`MBM;X

G� };m`2 RXkR KQMi`2 û;�H2K2Mi [m2 H2b /Bzû`2Mi2b 2Mp2HQTT2b ?QKQ;ĕM2b T2mp2Mi āi`2 +QMbB/û`û2b
+QKK2 /2b /2MbBiûb /2 TQTmH�iBQMb /Ƕ�iQK2b UNiV /Bzû`2Mi2bX �BMbB- bB HǶQM BMD2+i2 mM bB;M�H i`ĕb }M
bT2+i`�H2K2Mi- QM M2 biBKmH2 [mǶmM MQK#`2 HBKBiû /2b 2Mp2HQTT2b ?QKQ;ĕM2b 2i +2H� 2Mi`�ŗM2 mM Ǵi`QmǴ
/�Mb H2 bT2+i`2 /2 ;�BMX *2+B `2pB2Mi ¨ /B`2 [m2 H2 KBHB2m 2t+Biû 2bi +QMbiBimû /2 THmbB2m`b BMp2`bBQMb /2
/2MbBiûb /2 TQTmH�iBQM BM/ûT2M/�Mi2b- ¨ /2b ûM2`;B2b /Bzû`2Mi2bX

LQmb �pQMb 2tTHB[mû [m2 HǶBM+HmbBQM /ǶBQMb 2`#BmK /�Mb mM2 K�i`B+2 /2 bBHB+2 T`QpQ[m�Bi HǶûH�`;Bbb2@
K2Mi /2b `�B2b /Ƕ�#bQ`TiBQM TQm` /QMM2` HB2m ¨ /2b #�M/2b /Ƕ�#bQ`TiBQMX AH 2bi /QM+ miBH2 /2 /ûi2`KBM2`
H� /ûT2M/�M+2 bT2+i`�H2 /2b b2+iBQMb 2{+�+2b /Ƕ�#bQ`TiBQM Qm /ǶûKBbbBQM- +QKK2 H2 KQMi`2 H� };m`2
RXkkX
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Absorption

Emission

RXkk Ĝ a2+iBQMb 2{+�+2b /Ƕ�#bQ`TiBQM 2i /ǶûKBbbbBQM �miQm` /2 R88y MK /ǶmM2 }#`2 /QTû2
2`#BmK



PM T2mi �HQ`b /ûi2`KBM2` /2b +Q2{+B2Mib /Ƕ�#bQ`TiBQMfûKBbbBQM HBMûB[m2b Um−1V TQm` mM K�iû`B�m
/QMi H� +QM+2Mi`�iBQM pQHmKB[m2 2M BQMb 2`#BmK p�mi Ntot �m i`�p2`b /2b `2H�iBQMb ,

α(λ) = σabs(λ)Ntot URXR3V

g(λ) = σem(λ)Ntot URXRNV

Pmi`2- H2 7�Bi [m2 HǶBQM 2`#BmK �TTQ`i2 /2b T`QT`Bûiûb �KTHB}+�i`B+2b ¨ H� }#`2- MQmb �pQMb Tm
+QMbi�i2` [mǶBH T2`K2ii�Bi /ǶQ#i2MB` /2b +�`�+iû`BbiB[m2b /Ƕ�#bQ`TiBQM 2i /ǶûKBbbBQM Hû;ĕ`2K2Mi /Bzû@
`2Mi2b HQ`b[mǶBH 2bi BMi`Q/mBi /�Mb mM2 K�i`B+2 pBi`2mb2X *2+B `2bi2 û;�H2K2Mi p`�B 2i T2mi āi`2 �++2Mimû
bB HǶQM `�DQmi2 /2b K�iû`B�mt KQ/B}+�i2m`b /2 `ûb2�m +QKK2 HǶ�HmKBMBmKX 1M 2z2i- mM2 BMi`Q/m+iBQM
/ǶBQMb 2`#BmK /�Mb mM2 K�i`B+2 pBi`2mb2 T2mi 2Mi`�ŗM2` /2b �;;HQKû`�ib /ǶBQMb [mB 7�pQ`Bb2`QMi /2b
T?ûMQKĕM2b /Ƕû+?�M;2 /ǶûM2`;B2 2Mi`2 2mt i2Hb [m2 H2 [m2M+?BM; USAZ , S�B` AM/m+2/ Zm2M+?BM;V (Ry)
Qm HǶmT+QMp2`bBQM U>l* , >QKQ;2M2Qmb lT*QMp2`bBQMV (RR)X 1z2+iBp2K2Mi- H� bBHB+2 +QMbiBimû2 /ǶmM
`ûb2�m /2 iûi`�ĕ/`2b /2 aBP4 /ûbQ`/QMMûb- Qz`2 mM2 7�B#H2 bQHm#BHBiû �mt BQMb /QT�MibX �m@/2H¨ /ǶmM2
+QM+2Mi`�iBQM /2 Ryy TTK- /2b �;`û;�ib /ǶBQMb HmKBM2b+2Mib b2 7Q`K2Mi (Rk) c +2 [mB � TQm` +QMbû@
[m2M+2 /Ƕ�++`Qŗi`2 H2b Kû+�MBbK2b /2 i`�Mb72`ib /ǶûM2`;B2 /û+`Bib T`û+û/2KK2MiX G� };m`2 RXkj BHHmbi`2
+2b T?ûMQKĕM2bX LQmb +QMbB/ĕ`2`QMb +2b BMi2`�+iBQMb b2HQM /2mt û+?2HH2b , H2b BMi2`�+iBQMb T`Q+?2b-
ivTB[m2K2Mi [m2H[m2b MK - 2i ûHQB;Mû2b- [m2H[m2b /Bx�BM2b /2 MKX

RXkj Ĝ AHHmbi`�iBQM /2b T?ûMQKĕM2b /2 Zm2M+?BM; 2i /ǶlT+QMp2`bBQM

SQm` bǶ�z`�M+?B` /2 +2 T`Q#HĕK2- /2b Qtv/2b KQ/B}+�i2m`b /m `ûb2�m UAl2O3 Qm P2O5 T�`
2t2KTH2V bQMi BMi`Q/mBib (Rj)X *2b BQMb QMi H� T`QT`Bûiû /2 TQmpQB` /ûTQHvKû`Bb2` H2 `ûb2�m /2 bBHB+2 2i
Qmp`2Mi /2b bBi2b /�Mb H2b[m2Hb pB2MM2Mi b2 HQ;2` H2b BQMb /2 i2``2b `�`2bX GǶBM+HmbBQM /Ƕ�HmKBMBmK p�
/QM+ T2`K2ii`2 �mt BQMb 2`#BmK /2 HBKBi2` H� 7Q`K�iBQM /Ƕ�;;HQKû`�ibX J�Bb HǶBM+HmbBQM /Ƕ�HmKBMBmK
� mM2 �mi`2 +QMbû[m2M+2 #ûMû}[m2 bm` H2b T`QT`Bûiûb /2 H� }#`2 , +QKK2 MQmb HǶ�pQMb pm T`û+û/2K@
K2Mi- H2 bT2+i`2 /ǶmM2 }#`2 /QTû2 2`#BmK 2bi ûi`QBi2K2Mi HBû ¨ HǶ2MpB`QMM2K2Mi /2 HǶ�iQK2 /Ƕ2`#BmK
/�Mb H� K�i`B+2 /2 bBHB+2X �BMbB- H2 7�Bi /2 +Q/QT2` H� }#`2 �p2+ /2 HǶ�HmKBMBmK �m`� TQm` 2z2i /2
+?�M;2` HQ+�H2K2Mi HǶ2MpB`QMM2K2Mi /2b BQMb 2`#BmKX *2H� �m`� TQm` +QMbû[m2M+2 /ǶûH�`;B` H2 bT2+i`2
/Ƕ�#bQ`TiBQM pB� H2b T?ûMQKĕM2b /ǶûH�`;Bbb2K2Mi ?QKQ;ĕM2 2i BM?QKQ;ĕM2- /QM+ /ǶûH�`;B` H� #�M/2 /2
HǶ�KTHB}+�i2m`- +QKK2 H2 KQMi`2 H� };m`2 RXk9X .2 THmb- BH b2`� û;�H2K2Mi TQbbB#H2 /ǶBMi`Q/mB`2 mM2
[m�MiBiû /Ƕ2`#BmK THmb +QMbû[m2Mi2X �p2+ H2b T`Q+û/ûb bi�M/�`/b- BH 2bi TQbbB#H2 /ǶQ#i2MB` mM2 [m�MiBiû
/2 [m2H[m2b KBHHB2`b /2 TTKX
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RXk9 Ĝ 1z2i /2 HǶ�HmKBMBmK bm` H2b bT2+i`2b /Ƕ�#bQ`TiBQM /2 }#`2b /QTû2b 2`#BmK �p2+ mM
i�#H2�m /û+`Bp�Mi H� +QKTQbBiBQM /2b }#`2bX

J�H;`û HǶBM+HmbBQM /Ƕ�HmKBMBmK /�Mb H� }#`2- BH 2tBbi2 iQmDQm`b /2b TQTmH�iBQMb `ûbB/m2HH2b
/Ƕ�iQK2b /Ƕ2`#BmK �TT�B`û2b [mB `û/mBb2Mi H2b T2`7Q`K�M+2b /2 HǶ�KTHB}+�i2m`X .2 THmb- HǶBMi`Q/m+@
iBQM /Ƕ�HmKBMBmK M2 T2mi b2 7�B`2 [mǶ2M [m�MiBiû HBKBiû2 /m 7�Bi /m T`Q+û/û /2 7�#`B+�iBQMX SQm` mM
T`Q+û/û bi�M/�`/- H� +QM+2Mi`�iBQM /Ƕ�HmKBMBmK MǶ2t+ĕ/2 ;ûMû`�H2K2Mi T�b H2b RyWriX

J�BMi2M�Mi [m2 MQmb �pQMb /û+`Bi H2b Kû+�MBbK2b [mB T2`K2ii2Mi /ǶQ#i2MB` /2 HǶ�KTHB}+�iBQM /�Mb
mM2 H�K2 /2 p2``2- MQmb �HHQMb MQmb BMiû`2bb2` �mt }#`2b 2`#BmK T2`K2ii�Mi /2 7�B`2 /2b �KTHB}+�i2m`b
QTiB[m2bX GǶBMiû`āi /ǶmiBHBb2` mM2 }#`2 QTiB[m2 TQm` HǶ�KTHB}+�iBQM 2bi [mǶBH 2bi TQbbB#H2 /Ƕ�m;K2Mi2`
H� HQM;m2m` /ǶBMi2`�+iBQM 2Mi`2 H� TQKT2 2i H2 bB;M�H- 2i /QM+ /2 KB2mt miBHBb2` H� TQKT2 2i /Ƕ�ii2BM/`2
mM ;�BM #2�m+QmT THmb BKTQ`i�MiX SQm` +2ii2 `�BbQM- MQmb /2pQMb T`2M/`2 2M +QKTi2 H2b +QM/BiBQMb
;ûQKûi`B[m2b /2 H� }#`2X 1M 2z2i- +QMi`�B`2K2Mi ¨ mM2 H�K2 /2 p2``2 /QMi HǶûT�Bbb2m` ûi�Bi Mû;HB;2�#H2-
B+B MQmb /2pQMb T`2M/`2 2M +QMbB/û`�iBQM H� T`QT�;�iBQM /2b ~mt HmKBM2mt ¨ N3yMK 2i R88yMK /�Mb
HǶ�t2 HQM;Bim/BM�H z /2 H� }#`2X LQmb M2 TQm``QMb /QM+ THmb +QMbB/û`2` /2b TQTmH�iBQMb ?QKQ;ĕM2b
/�Mb iQmi H2 KBHB2m- K�Bb `�DQmi2` mM2 /ûT2M/�M+2 bmBp�Mi HǶ�t2 /2 T`QT�;�iBQMX JāK2 bB H2b û[m�iBQMb
/ǶûpQHmiBQM i2KTQ`2HH2 /2 TQTmH�iBQMb b2`QMi B/2MiB[m2b- BH 7�m/`� H2b /ûi2`KBM2` TQm` +?�[m2 p�H2m`
/2 zX .�Mb +2 +�/`2 MQmb �pQMb miBHBbû mM2 +QM};m`�iBQM +Q@T`QT�;�iBp2- +Ƕ2bi ¨ /B`2 [m2 H2b ~mt
/2 TQKT2 2i /2 bB;M�H b2 T`QT�;2Mi /�Mb H2 KāK2 b2MbX AH bǶ�;Bi û;�H2K2Mi /2 H� +QM};m`�iBQM H�
THmb miBHBbû2- i`ĕb �TT`û+Bû2 TQm` b2b �p�Mi�;2b 2M K�iBĕ`2 /2 `�TTQ`i bB;M�H bm` #`mBiX 1M}M- MQmb
+QMbB/ĕ`2`QMb mM2 b2mH2 HQM;m2m` /ǶQM/2 TQm` H2 bB;M�H- +2 [mB +Q``2bTQM/ ¨ H� THmT�`i /2b 2tTû`B2M+2b
K2Mû2b bQmb B``�/B�iBQMX *2 KQ/ĕH2 T`ûb2Miû B+B 2bi mM2 p2`bBQM KBMBK�HBbi2 +�` MQmb Mû;HB;2QMb B+B
HǶûKBbbBQM bTQMi�Mû2 �KTHB}û2 c 2M 2z2i +2ii2 ?vTQi?ĕb2 bBKTHB}+�i`B+2 b2 DmbiB}2 #B2M /�Mb H2 +�b
/Ƕ�KTHB}+�i2m`b /2 7Q`i2 /2 TmBbb�M+2 , /m 7�Bi /2 H� TmBbb�M+2 bB;M�H /Ƕ2Mi`û2 BKTQ`i�Mi2 /�Mb +2ii2
+QM};m`�iBQM- HǶBKT�+i /2 +2 T?ûMQKĕM2 `2T`ûb2Mi2 2M ;ûMû`�H KQBMb /2 RW /2 H� TmBbb�M+2 K2bm`û2X 1M
Qmi`2- MQmb MǶ�pQMb T�b BMiû;`û H2b �mi`2b T?ûMQKĕM2b T?vbB[m2b HBûb ¨ H� +QKTH2tBiû /2 H� bT2+i`Qb+QTB2
/2 HǶ2`#BmK- i2Hb [m2 HǶmT+QMp2`bBQM 2i H2 [m2M+?BM;X *2 KQ/ĕH2 T2`K2i /QM+ b2mH2K2Mi /ǶQ#i2MB` mM2
pm2 [m�HBi�iBp2- �}M /ǶBHHmbi`2` H2b T�`�Kĕi`2b bvbiĕK2b BKTQ`i�Mib- i2Hb [m2 H� HQM;m2m` QTiBK�H2 2i
H� TmBbb�M+2 QTiB[m2 2M bQ`iB2X G2b û[m�iBQMb [mB `û;Bbb2Mi HǶûpQHmiBQM /2b TmBbb�M+2b b2HQM HǶ�t2 /2
T`QT�;�iBQM /2 H� }#`2 bQMi T�` +QMbû[m2Mi ,

dPp

dz
= −PpΓpσ

abs
p N1 − Ppαdiffp

URXkyV



dPs

dz
= PsΓs(σem

s N2 − σabs
s N1 − Psαdiffs

) URXkRV

G2 i�#H2�m bmBp�Mi `2T`2M/ H2b /Bzû`2Mib T�`�Kĕi`2b BMi`Q/mBib /�Mb +2 D2m /Ƕû[m�iBQM ,

avK#QH2 S�`�Kĕi`2 lMBiû
σabs

s a2+iBQM 2{+�+2 /Ƕ�#bQ`TiBQM ǴbB;M�HǴ K2

σem
s a2+iBQM 2{+�+2 /ǶûKBbbBQM ǴbB;M�HǴ K2

σabs
p a2+iBQM 2{+�+2 /Ƕ�#bQ`TiBQM ǴTQKT2Ǵ K2

Γp 6�+i2m` /2 `2+Qmp`2K2Mi ǴTQKT2Ǵ @
Γs 6�+i2m` /2 `2+Qmp`2K2Mi ǴbB;M�HǴ @
Pp SmBbb�M+2 /2 TQKT2 q
Ps SmBbb�M+2 bB;M�H q

αdiffp
S2`i2b T�` /BzmbBQM TQKT2 K−1

αdiffs
S2`i2b T�` /BzmbBQM bB;M�H K−1

"B2M bȿ` +2b û[m�iBQMb pB2MM2Mi 2M +QKTHûK2Mi /2b û[m�iBQMb /ǶûpQHmiBQM i2KTQ`2HH2 /û+`Bi2b T`û+û@
/2KK2Mi RXR8X

Fibre Amplificatrice 

MUX 

Laser 

de Pompe 

Signal 

d’Entrée 

Signal 

de Sortie 
980nm

1550nm

Lopt

RXk8 Ĝ a+?ûK� bBKTHB}û /ǶmM �P6. 2M `û;BK2 +Q@T`QT�;�iB7

lM �KTHB}+�i2m` MǶ2bi T�b b2mH2K2Mi mM2 }#`2 K�Bb mM bQmb@bvbiĕK2
¨ T�`i 2MiBĕ`2 +QMi2M�Mi /Bzû`2Mib ûHûK2Mib `2T`ûb2Miûb bm` H� };m`2 RXk8 PM pQBi [mǶBH 2bi MQi�KK2Mi
+QMbiBimû /2 }#`2b T�bbBp2b ¨ b2b 2ti`ûKBiûb 2i [mǶBH +QMiB2Mi mM H�b2` /2 TQKT�;2 ¨ N3y MK �}M
/2 +`û2` HǶ�KTHB}+�iBQM /�Mb H� }#`2 �KTHB}+�i`B+2X *2 H�b2` 2bi +QMM2+iû ¨ mM KmHiBTH2t2m` �}M /2
TQmpQB` BMD2+i2` H2 `�vQMM2K2Mi HmKBM2mt /�Mb H� }#`2 �KTHB}+�i`B+2X SQm` H2b �TTHB+�iBQMb bT�iB�H2b-
/2mt +QM};m`�iBQMb bQMi `2[mBb2b

ě mM2 T`2KBĕ`2 /2 ivT2 #QQbi2` Qɍ ivTB[m2K2Mi H� TmBbb�M+2 /2 TQKT2 BMD2+iû2 2bi /2 kj /"K
2i H� TmBbb�M+2 bB;M�H /2 y /"K c

ě mM2 b2+QM/2 +Q``2bTQM/�Mi ¨ mM2 miBHBb�iBQM 2M i�Mi [m2 T`û@�KTHB}+�i2m`- �p2+ +QKK2 TmBb@
b�M+2 /2 TQKT2 kj /"K 2i TQm` H2 bB;M�H 2MpB`QM @jy /"KX

LQmb p2``QMb THmb 2M /ûi�BHb /�Mb H2 +?�TBi`2 9- H2b 2tB;2M+2b /2 +?�+mM2 /Ƕ2HH2bX G2b `ûbmHi�ib T`ûb2Miûb
B+B bQMi 2z2+imûb �p2+ mM2 +QM};m`�iBQM #QQbi2`- +Ƕ2bi@¨@/B`2 H� +QM};m`�iBQM miBHBbû2 TQm` Q#i2MB` /2b
�KTHB}+�i2m`b /2 7Q`i2 TmBbb�M+2X

G� `ûbQHmiBQM /2 +2 D2m /Ƕû[m�iBQMb T2`K2i /ǶQ#i2MB` H� T`QT�;�iBQM /2b TmBbb�M+2b QTiB[m2b
KBb2b 2M D2mX *QKK2 MQmb H2 KQMi`2 H� };m`2 RXke- H� TmBbb�M+2 /2 TQKT2 [mB T2`K2i HǶBMp2`bBQM /2
TQTmH�iBQM /û+`Qŗi iQmi �m HQM; /2 H� }#`2X 1M 2z2i- +2ii2 /2`MBĕ`2 M2 bm#Bi [m2 /2 HǶ�#bQ`TiBQMX S�`
+QMi`2- MQmb TQmpQMb Q#b2`p2` [m2 H� TmBbb�M+2 bB;M�H �m;K2Mi2 TQm` �ii2BM/`2 mM2 p�H2m` K�tBK�H2
¨ mM2 +2`i�BM2 /Bbi�M+2 �TT2Hû2 Lopt �p�Mi /2 /û+`Qŗi`2X SQm` +2ii2 /Bbi�M+2- HǶ�#bQ`TiBQM /2 H� }#`2
2bi iQi�H2K2Mi b�im`û2 +�` H� TmBbb�M+2 /m bB;M�H 2bi ûH2pû2- H� T2`i2 2bi 2t+HmbBp2K2Mi /m2 �mt T2`i2b
/2 /BzmbBQM αdiff 2i ¨ mM2 `û�#bQ`TiBQM /m bB;M�HX
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RXke Ĝ AHHmbi`�iBQM /2 HǶûpQHmiBQM /2b TmBbb�M+2b /2 TQKT2 2i bB;M�H 2M 7QM+iBQM /2 H� HQM;m2m`
/2 H� }#`2- H2b T�`�Kĕi`2b miBHBbûb bQMi +2mt /û+`Bib 2M �MM2t2 9 T�;2 R8NX

LQmb �pQMb /û+`Bi HǶûpQHmiBQM /2b TmBbb�M+2b 2M 7QM+iBQM /2 H2m` T`QT�;�iBQM /�Mb H� }#`2 2i
pm [mǶBH ûi�Bi TQbbB#H2 /2 /ûi2`KBM2` mM2 HQM;m2m` QTiBK�H2 /ǶmiBHBb�iBQM TQm` mM �KTHB}+�i2m`X AH
2bi BMiû`2bb�Mi K�BMi2M�Mi /2 `2;�`/2` HǶûpQHmiBQM /2 +2ii2 HQM;m2m` /Ƕ�KTHB}+�i2m` TQm` /Bzû`2Mi2b
+QM+2Mi`�iBQMb /Ƕ2`#BmK 2i /QM+ /Ƕ�HmKBMBmK- +QKTi2 i2Mm /2b `2K�`[m2b 7�Bi2b T`û+û/2KK2MiX G2b
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NEr=300 ppm

NEr=600 ppm

NEr=900 ppm

NEr=1200 ppm

NEr

Lopt

RXkd Ĝ AHHmbi`�iBQM /2 HǶûpQHmiBQM /2 H� TmBbb�M+2 bB;M�H 2M 7QM+iBQM /2 H� HQM;m2m` /2 H� }#`2
TQm` /Bzû`2Mi2b +QM+2Mi`�iBQMb /Ƕ2`#BmK

`ûbmHi�ib T`ûb2Miûb bm` H� };m`2 RXkd- KQMi`2Mi HǶûpQHmiBQM /2 T`QT�;�iBQM /2 H� TmBbb�M+2 bB;M�H /�Mb
H� }#`2 TQm` /Bzû`2Mi2b +QM+2Mi`�iBQM /Ƕ2`#BmKX G2b KāK2 T�`�Kĕi`2b /Ƕ2Mi`û2 QMi ûiû `2T`Bb �p2+
b2mH2K2Mi +QKK2 p�`B�#H2 H� +QM+2Mi`�iBQM /Ƕ2`#BmKX LQmb TQmpQMb +QMbi�i2` [m2 H� HQM;m2m` QTiBK�H2



2bi /ûT2M/�Mi2 /2 +2ii2 +QM+2Mi`�iBQMX *2ii2 `2K�`[m2- #B2M [mǶ2HH2 bQBi /ûD� H�`;2K2Mi ûim/Bû2 /�Mb H�
i?ĕb2 /2 CX h?QK�b (R9)- b2`� mM 7�+i2m` BKTQ`i�Mi ¨ T`2M/`2 2M +QKTi2 TQm` Q#i2MB` mM �KTHB}+�i2m`
bQmb 2MpB`QMM2K2Mi `�/B�iB7X

�T`ĕb �pQB` 7�Bi H� /2b+`BTiBQM /2b T`QT`Bûiûb /2b }#`2b /�Mb H2b b2+iBQMb T`û+û/2Mi2b- MQmb �HHQMb
MQmb BMiû`2bb2` �mt T`Q+û/ûb /2 7�#`B+�iBQM /2b }#`2b T�`+2 [mǶBHb BKT�+i2`QMi H2m`b T`QT`Bûiûb bQmb
B``�/B�iBQMX hQmi /Ƕ�#Q`/- MQmb p2``QMb H2b ûi�T2b /2 7�#`B+�iBQM [mB T2`K2ii2Mi /ǶûH�#Q`2` mM2 }#`2
¨ T�`iB` /ǶmM KQ`+2�m /2 p2``2X 1MbmBi2- MQmb p2``QMb THmb T�`iB+mHBĕ`2K2Mi [m2Hb bQMi H2b T`Q+û/ûb
miBHBbûb TQm` BMi`Q/mB`2 H2b i2``2b `�`2bX *2ii2 b2+iBQM b2`� �mbbB HǶQ++�bBQM /2 T`ûb2Mi2` [m2H[m2b mM2b
/2b }#`2b [mB QMi ûiû ûim/Bû2b /�Mb H2 +�/`2 /2 +2ii2 i?ĕb2X

G� 7�#`B+�iBQM /ǶmM2 }#`2 b2 b+BM/2 2M /2mt ûi�T2b ,
ě /Ƕ�#Q`/ HǶûH�#Q`�iBQM /ǶmM2 +�MM2 /2 p2``2- �TT2Hû T`û7Q`K2 c
ě 2MbmBi2 HǶûi�T2 }M�H2 [mB T2`K2i /ǶQ#i2MB` H� }#`2 2i bǶ�TT2HH2 H2 iB`�;2X

Gaz : O2

+Chlorures:

GeCl4

SiCl4
Chalumeau 

1600 °C

Réaction d’oxydation

SiCl4 +  O2              SiO2  + 2 Cl2 

           GeCl4  +  O2            GeO2  + 2 Cl2 

Couhe de silice 

vitrifiée
Dépot de silice dopée 

au Germanium

Chalumeau 

1800 °C

a)

b)

Four

2000 °C

c)

Sens de la 

gravité

2 Cl2

RXk3 Ĝ 1i�T2 /2 7�#`B+�iBQM /ǶmM2 }#`2 �p2+ H2 T`Q+û/û J*o. , U�V 6�#`B+�iBQM /2 H� T`û7Q`K2
U#V _2i`2BMi /2 H� T`û7Q`K2 2i U+V 1i�T2 /2 }#`�;2X

lM2 T`û7Q`K2 2bi mM #�``2�m /2 p2``2 /2 [m2H[m2b +2MiBKĕi`2b /2 /B�Kĕi`2 2i TQmp�Mi 7�B`2
[m2H[m2b /Bx�BM2 /2 +2MiBKĕi`2b pQB` mM Kĕi`2 /2 HQM;m2m`X G� 7�#`B+�iBQM /2 +2b T`û7Q`K2b T2mi
āi`2 Q#i2Mm2 T�` /Bzû`2Mib T`Q+û/ûb , H2 /ûTƬi +?BKB[m2 2M T?�b2 p�T2m` SH�bK� *?2KB+�H o�TQ`
.2TQbBiBQM US*o.V- H2 /ûTƬi 2ti2`M2 2M T?�b2 p�T2m` PmibB/2 o�TQ` .2TQbBiBQM UPo.V-H2 /ûTƬi
�tB�H 2M T?�b2 p�T2m` o�TQ` �tB�H .2TQbBiBQM Uo�.V- Qm 2M+Q`2 H2 T`Q+û/û JQ/B}2/ *?2KB+�H o�TQ`
.2TQbBiBQM UJ*o.VX *2 /2`MB2` b2 7�Bi T�` /ûTƬi /2 }M2b +Qm+?2b /2 bBHB+2 ¨ HǶBMiû`B2m` /2 H� T`û7Q`K2X
Lû�MKQBMb- MQmb MQmb BMiû`2bb2`QMb THmb T�`iB+mHBĕ`2K2Mi �m T`Q+û/û J*o.- +�` BH bǶ�;Bi /2 +2HmB



miBHBbû T�` .`�F�@S`BbKB�M- [mB � 7Qm`MB mM2 #QMM2 T�`iB2 /2b }#`2b ûim/Bû2b /�Mb +2 /Q+mK2Mi- TQm`
ûH�#Q`2` H2b }#`2b [m2 MQmb �pQMb ûim/Bû2bX G� T`û7Q`K2 2bi 7�#`B[mû2 ¨ T�`iB` /ǶmM im#2 /2 bBHB+2 /ǶmM2
;`�M/2 Tm`2iûX *2 im#2 2bi �HQ`b KBb 2M `Qi�iBQM bm` mM iQm` /2 p2``B2`X PM BMi`Q/mBi mM KûH�M;2
;�x2mt +QMbiBimû /2b ûHûK2Mib +?BKB[m2b KûH�M;ûb ¨ /2 HǶQtv;ĕM2X aQmb HǶBM~m2M+2 /ǶmM +?�HmK2�m b2
/ûTH�Ï�Mi H2 HQM; /m im#2- mM2 `û�+iBQM /ǶQtv/�iBQM p� b2 T`Q/mB`2 �}M [m2 /2b T�`iB+mH2b /2 aBP2 b2
/ûTQb2Mi bm` H2b T�`QBb /2 H� T`û7Q`K2- �p�Mi /2 b2 pBi`B}2`- +QKK2 H2 KQMi`2 H� };m`2 RXk3U�VX SHmbB2m`b
+Qm+?2b bm++2bbBp2b bQMi �HQ`b /ûTQbû2b TQm` Q#i2MB` mM T`Q}H /ǶBM/B+2X § +2 bi�/2 MQmb Q#i2MQMb mM
#�``2�m /2 p2``2 +`2mt- HǶûi�T2 bmBp�Mi2 +QMbBbi2 ¨ +?�mz2` ¨ mM2 +2`i�BM2 i2KTû`�im`2 H2 im#2 TQm`
T`QpQ[m2` mM `�KQHHBbb2K2Mi /m p2``2 TQm` H2 `ûi`2BM/`2 /2 7�ÏQM ?QKQ;ĕM2 UpQB` H� };m`2 RXk3U#VVX
GQ`b /2 +2ii2 ûi�T2- QM T2mi Q#b2`p2` mM2 �m;K2Mi�iBQM /2 H� +QM+2Mi`�iBQM /ǶBQMb PH− [mB T2mi āi`2
HBKBiûb 2M BMi`Q/mBb�Mi /m +?HQ`2X .2 THmb- HQ`b /2 +2ii2 ûi�T2 /2 7�#`B+�iBQM- H2b `û�+iBQMb +?BKB[m2b
pQMi 2M;2M/`2` mM2 7Q`K�iBQM /2 MQK#`2mb2b HB�BbQMb T2M/�Mi2b 2i /QMM2` M�Bbb�M+2 ¨ /2b /û7�mib Qm
T`û+m`b2m`b /2 /û7�mib [m2 MQmb p2``QMb THmb 2M /ûi�BHb /�Mb H2 +?�TBi`2 kX

�T`ĕb �pQB` 7�#`B[mû H� T`û7Q`K2- HǶûi�T2 bmBp�Mi2 +QMbBbi2 ¨ `û�HBb2` H� }#`2X GQ`b /2 +2ii2 ûi�T2 H�
T`û7Q`K2 2bi TH�+û2 /�Mb mM2 iQm` /2 }#`�;2X aQM 2ti`ûKBiû 2bi BMbû`û2 /�Mb mM 7Qm` +?�mzû ¨ 2MpB`QM
2000◦ * T`QpQ[m�Mi mM `�KQHHBbb2K2Mi 2i H� 7Q`K�iBQM /ǶmM2 ;Qmii2 /2 bBHB+2X S�` 2z2i /2 ;`�pBiû- H2 }H
/2 bBHB+2 /2b+2M/ 2i 7Q`K2 H� }#`2X G� pBi2bb2 2bi `û;mHû2 �}M /ǶQ#i2MB` mM /B�Kĕi`2 /2 }#`2 +QMbi�Mi
UpQB` };m`2 RXk3 +VX 1MbmBi2- mM2 +Qm+?2 /2 `ûbBM2 TQHvKĕ`2 2bi `�DQmiû2 �}M /Ƕ�bbm`2` H� T`Qi2+iBQM
Kû+�MB[m2 /2 H� }#`2X 1M}M- H� }#`2 2bi 2M`QmHû2 bm` mM2 #Q#BM2 TQm` bQM +QM/BiBQMM2K2MiX

1M +2 [mB +QM+2`M2 H2b }#`2b �+iBp2b- mM2 ûi�T2 bmTTHûK2Mi�B`2 2bi �DQmiû2 �p�Mi HǶûi�T2 /2
`ûi`2BMiX AH bǶ�;Bi /2 HǶBMi`Q/m+iBQM /2 H� bQHmiBQM /2 /QT�;2 �}M /2 /QT2` H2 +ƾm` /2 H� }#`2 �p2+ /2b
i2``2b `�`2bX PM T2mi /ûMQK#`2` /2mt T`Q+û/ûb /2 `û�HBb�iBQM /2 +2ii2 bQHmiBQM , H2 T`Q+û/û +H�bbB[m2
2i H2 T`Q+û/û L�MQT�`iB+mH2b

G2 /QT�;2 �mt BQMb i2``2b `�`2b b2 7�Bi 2bb2MiB2HH2K2Mi �p2+ H� i2+?MQHQ;B2 J*o.X 1HH2 2bi bBKTH2
¨ K2ii`2 2M ƾmp`2 2i T2`K2i /Ƕ�pQB` /2b +QM+2Mi`�iBQMb /2 /QT�Mib BKTQ`i�Mi2bX AH 7�mi MQi2` [m2 H2
/QT�;2 /m +ƾm` b2 7�Bi ¨ mM2 i2KTû`�im`2 THmb #�bb2 �}M /2 7�+BHBi2` HǶBM+Q`TQ`�iBQM /2b BQMb �+iB7bX
G� bQHmiBQM +QMi2M�Mi H2b /QT�Mib 2i +Q@/QT�Mib 2bi /ûTQbû2 2M T?�b2 �[m2mb2X 1MbmBi2- pB2MM2Mi H2b
�mi`2b ûi�T2b /2 7�#`B+�iBQM +H�bbB[m2bX GǶ�DQmi /ǶBQMb 2`#BmK Qm /2 +Q@/QT�Mib i2Hb [m2 HǶ�HmKBMBmK
pQMi KQ/B}2` HǶBM/B+2 /2 `û7`�+iBQMX LQmb �pQMb `ûT2`iQ`Bû /�Mb H2 i�#H2�m RXk H2b }#`2b Bbbm2b /ǶmM

Solution dopante Tube MCVD Fibre dopée par MCVDPreforme dopée classique

RXkN Ĝ S`Q+û/û Ǵai�M/�`/Ǵ

T`Q+û/û /2 7�#`B+�iBQM bi�M/�`/ [m2 MQmb �pQMb i2biû2bX LQmb �pQMb `2TQ`iû H2b +QM+2Mi`�iBQMb /2b
/QT�Mib +QMbiBim�Mib H2b +ƾm`b /2b }#`2bX PM �TT2HH2`� Ǵ"16Ǵ U"�bB+ 1`#BmK 6B#2`V- mM2 }#`2 /QTû2
2`#BmK Q#i2Mm2 T�` mM T`Q+û/û +H�bbB[m2 /2 /QT�;2X GǶ�MQi�iBQM ǴrǴ K2MiBQMM2 H2 7�Bi [m2 H� }#`2
2bi /ûTQm`pm2 /Ƕ2`#BmKX AH bǶ�;Bi /ǶmM2 K�i`B+2 ?Ƭi2 +QMi2M�Mi HǶ2Mb2K#H2 /2b +Q@/QT�Mib 2i T`āi2 ¨



6B#`2b h�mt /2 :2`K�MBmKU%V h�mt /Ƕ �HmKBMBmKU%V *QM+2Mi`�iBQM /Ƕ2`#BmK UppmV
BEF1W =ky y@k y
BEF1 =ky y@k k3y
BEF2W IyX8 e@3 y
BEF2 IyX8 e@3 kRj
BEF3 IyX8 e@3 98y
BEF4 IyX8 e@3 eey
BEF5 IyX8 e@3 Rjky

RXk Ĝ .2b+`BTiBQM /2b }#`2b i2biû2b Bbbm2b /2 H� i2+?MQHQ;B2 /2 /QT�;2 +H�bbB[m2 J*o.X

�++m2BHHB` H2b BQMb 2`#BmKX PM �TT2HH2 +2b }#`2b- /2b }#`2b #H�M+?2b Uq?Bi2VX PM `2K�`[m2`� [m2 H�
+H�bbB}+�iBQM /2 +2b }#`2b bǶ2bi 7�Bi2 2M 7QM+iBQM /2 H2m`b +QKTQbBiBQMbX hQmi /Ƕ�#Q`/ MQmb �pQMb k }#`2b
;2`K�MQ@�HmKBMQ@bBHB+�i2- TmBb 8 }#`2b �HmKBMQ@bBHB+�i2 Qɍ H� +QM+2Mi`�iBQM /Ƕ2`#BmK �m;K2Mi2X *2ii2
+H�bbB}+�iBQM b2`� i`ĕb BMiû`2bb�Mi2 TQm` ûim/B2` HǶBKT�+i /2b /QT�Mib bQmb `�vQMM2K2Mib BQMBb�MibX

G2 T`Q+û/û /2 /QT�;2 ¨ #�b2 /2 L�MQT�`iB+mH2b � ûiû /ûp2HQTTû T�` .`�F�fS`vbKB�M(R8) /�Mb H2
#mi /2 `û/mB`2 HǶ2z2i /2 Zm2M+?BM; 2i /QM+ /Ƕ�KûHBQ`2` H2b T2`7Q`K�M+2b /2 H� }#`2 �KTHB}+�i`B+2X

RXjy Ĝ 1M+�TbmH�iBQM /ǶmM BQM 2`#BmK T�` mM2 L�MQT�`iB+mH2 /Ƕ�HmKBMBmKX

LQmb �pQMb pm [m2 HǶ�HmKBMBmK T2`K2ii�Bi /2 /BKBMm2` H� 7Q`+2 /m [m2M+?BM; 2M /BbT2`b�Mi H2b BQMb
2`#BmK /�Mb H� K�i`B+2X *2T2M/�Mi- ¨ T�`iB` /ǶmM2 +2`i�BM2 +QM+2Mi`�iBQM /Ƕ2`#BmK- HǶ�;;HQKû`�iBQM
/2b BQMb 2`#BmK /2pB2Mi BMûpBi�#H2X G2b M�MQT�`iB+mH2b T2`K2ii2Mi /2 `2Kû/B2` ¨ +2 T`Q#HĕK2 +�` 2HH2b
T2`K2ii2Mi HǶ2M+�TbmH�iBQM /2b BQMb 2`#BmK �m b2BM /2 ǴK�+`QKQHû+mH2bǴ +QMbiBimû2b /Ƕ�HmKBMBmK (Re)X
G2 T`BM+BT2 2bi /û+`Bi bm` H� };m`2 RXjyX

G2b BQMb 2`#BmK b2 `2i`Qmp2Mi �HQ`b `2H�iBp2K2Mi ûHQB;Mûb H2b mMb /2b �mi`2b HBKBi�Mi �BMbB H2b
û+?�M;2b ûM2`;ûiB[m2b [mB- `�TT2HQMb@H2- b2 T`Q/mBb2Mi HQ`b[m2 H2b BQMb 2`#BmK bQMi T`Q+?2bX *2 T`BM+BT2
� TQm` �p�Mi�;2 K�D2m` /2 TQmpQB` āi`2 7�+BH2K2Mi BMbû`�#H2 /�Mb H2 T`Q+û/û /2 7�#`B+�iBQM bi�M/�`/
TmBb[m2 +2ii2 i2+?MB[m2 /2 /QT�;2 b2 `û�HBb2 2M bQHmiBQM- +QKK2 BHHmbi`û 2M };m`2 RXjRX

.�Mb H2 +�/`2 /2 +2ii2 i?ĕb2- /2mt ivT2b /2 M�MQT�`iB+mH2b QMi ûiû ûim/Bûb , H2b M�MQT�`iB+mH2b ¨
#�b2 /Ƕ�HmKBM2 2i +2HH2b ¨ #�b2 /2 bBHB+2X *QKK2 HǶBHHmbi`2 /2 K�MBĕ`2 b+?ûK�iB[m2 H� };m`2 RXjk Qm H�
bBHB+2 2i HǶ�HmKBM2 2MiQm`2 H2b BQMb 2`#BmKX LQmb �TT2HH2`QMb TQm` H� bmBi2 /2 +2 K�Mmb+`Bi H2b }#`2b



Solution dopante
à nanoparticules

Tube MCVD Fibre dopée par MCVDPreforme dopée classique

RXjR Ĝ S`Q+û/û ǳL�MQT�`iB+mH2Ǵ

Er
3+

SiO2

SiO2

SiO2

SiO2

SiO2

SiO2

nanoparticule de silice

a)

Al2O3

Al2O3

Al2O3

Al2O3

Al2O3

nanoparticule d’alumine

b)

Al2O3

Er
3+

RXjk Ĝ AHHmbi`�iBQM /2 bQHmiBQM /QT�Mi2 /ǶmM2 M�MQT�`iB+mH2 , U�V /2 bBHB+2- U#V /Ƕ�HmKBM2X

/QTû2b ¨ #�b2 /2 +2b M�MQT�`iB+mH2b `2bT2+iBp2K2Mi NP 2i NPSiX G2b 2z2ib /2 +2 +QMi`ƬH2 T2`KBb T�`
H� bi`m+im`�iBQM pB� H2b M�MQT�`iB+mH2b bǶBHHmbi`2Mi 7�+BH2K2Mi T�` H� };m`2 RXjjX

*2ii2 };m`2 KQMi`2 /2b bT2+i`2b /2 ;�BM i`ĕb +QKT�`�#H2b UKāK2 H�`;2m`V TQm` mM2 }#`2 2M
i2+?MQHQ;B2 M�MQT�`iB+mH2b 2i TQm` mM2 }#`2 2M i2+?MQHQ;B2 bi�M/�`/- +2ii2 /2`MBĕ`2 +QKTQ`i�Mi /2mt
7QBb THmb /Ƕ�HmKBMBmKX *2+B T`Qmp2 [m2 H2b M�MQT�`iB+mH2b T2`K2ii2Mi mM +2`i�BM +QMi`ƬH2 /2 HǶ2MpB`QM@
M2K2Mi /2 HǶ�iQK2 /Ƕ2`#BmK , BH MǶ2bi THmb miBH2 /2 /QT2` mMB7Q`KûK2Mi H2 p2``2 TQm` �pQB` HǶ�bbm`�M+2
/Ƕ�pQB` mM ûH�`;Bbb2K2Mi ;�`�MiBX *2 i`�p�BH � ûiû K2Mû ¨ .`�F�fS`vbKB�M /�Mb H2 #mi /2 `û�HBb2` /2b
�KTHB}+�i2m`b THmb T2`7Q`K�Mib UTHmb H�`;2 #�M/2 Qm THmb +Qm`ib ¨ T2`7Q`K�M+2b +QMbi�Mi2bVX

6B#`2b h�mt /2 :2`K�MBmKU%V h�mt /Ƕ �HmKBMBmKU%V *QM+2Mi`�iBQM /Ƕ2`#BmK UppmV
NPSi =ky y Rky
NPSi+ =ky y RNj
NP1 =ky y@k R8k
NP2 k@9 y@k Rj3
NP3 k@9 k@8 jky
NP4 y@k k@8 RjNy

RXj Ĝ .2b+`BTiBQM /2b }#`2b #�bû2b bm` H� i2+?MQHQ;B2 /2 /QT�;2 ǴL�MQT�`iB+mH2bǴ J*o.X

G2b }#`2b ¨ #�b2 /2 M�MQT�`iB+mH2b i2biû2b bQMi `2TQ`iû2b /�Mb H2 i�#H2�m RXjX SQm` H2b }#`2b ¨ #�b2
/2 M�MQT�`iB+mH2b /Ƕ�HmKBM2- QM `2i`Qmp2 /2b MBp2�mt /2 /QT�;2b �HmKBMBmK 2i 2`#BmK +QKT�`�#H2b
�p2+ +2mt miBHBbûb TQm` H2b }#`2b "16 , +2H� 7�+BHBi2`� H� +QM7`QMi�iBQM /2b /2mt i2+?MQHQ;B2bX 1M +2 [mB
+QM+2`M2- H2b }#`2b ¨ #�b2 /2 M�MQT�`iB+mH2b /2 bBHB+2-NPSi 2i NPSi+- H2b MBp2�mt /2 /QT�;2 2`#BmK
bQMi `2H�iBp2K2Mi 7�B#H2b , ûi�Mi /QMMû [mǶBH MǶv � T�b /Ƕ�HmKBMBmK- HǶBM+HmbBQM /2b BQMb 2`#BmK 2bi
HBKBiû2X



1535 1545 1555 1565
Longueur d'onde (nm)

G
a
in

 n
o

rm
a
li

s
é

1525

0.6

0.7

0.8

0.9

1.0

1.2

Procédé

classique

Procédé 

"Nanoparticules"

RXjj Ĝ 1H�`;Bbb2K2Mi BM?QKQ;ĕM2 /m ;�BM 2M i2+?MQHQ;B2 L�MQT�`iB+mH2b /Ƕ�HmKBMBmK 2i 2M
i2+?MQHQ;B2 bi�M/�`/X G2 i�mt /Ƕ�HmKBMBmK ;HQ#�H 2bi /2mt 7QBb BM7û`B2m` TQm` H� }#`2 2M L�MQT�`iB+mH2b
/Ƕ�HmKBMBmK T�` `�TTQ`i ¨ H� }#`2 bi�M/�`/ (Re)X

.�Mb +2 +?�TBi`2- MQmb �pQMb T`ûb2Miû H2b /Bzû`2Mi2b T`QT`Bûiûb /m p2``2 2i /2b }#`2bX LQmb �pQMb
/û+`Bi H2b T`BM+BT�mt T?ûMQKĕM2b [mB �TT�`�Bbb2Mi /�Mb H2b }#`2b [m2 +2 bQBi TQm` /2b }#`2b T�bbBp2b
Qm �+iBp2b , ;mB/�;2 /2 H� HmKBĕ`2- BMi2`�+iBQM `�vQMM2K2MifK�iBĕ`2 +QKK2 HǶ�#bQ`TiBQM- H� /BzmbBQM
Qm H2b BMi2`�+iBQMb �p2+ HǶBQM 2`#BmKX

LQmb �pQMb û;�H2K2Mi pm [mǶBH ûi�Bi TQbbB#H2 /ǶBMi`Q/mB`2 /Ƕ�mi`2b ûHûK2Mib +?BKB[m2b �}M /Ƕ�Kû@
HBQ`2` H2b T2`7Q`K�M+2b /2b }#`2bX *Ƕ2bi H2 +�b /m T?QbT?Q`2 Qm /m ;2`K�MBmK TQm` H2b }#`2b T�bbBp2b
�}M /Ƕ�pQB` mM K2BHH2m` +QM}M2K2Mi /2 H� HmKBĕ`2X SQm` H2b }#`2b �+iBp2b /QTû2b 1`#BmK- HǶBMi`Q/m+iBQM
/Ƕ�HmKBMBmK T2`K2i /Ƕ�++`Qŗi`2 H2b T2`7Q`K�M+2b �KTHB}+�i`B+2b- TQm` H2b �TTHB+�iBQMb /2 iûHû+QKKm@
MB+�iBQM 2M T�`iB+mHB2` HQ`b[m2 H� i2+?MQHQ;B2 q.J 2bi KBb2 2M ƾmp`2X GǶBMi`Q/m+iBQM /2b +2b ûHûK2Mib
p� �m;K2Mi2` H2 /ûbQ`/`2 [mB `ĕ;M2 /�Mb H� K�i`B+2 pBi`2mb2- BH 2bi /QM+ ûpB/2Mi [m2 H2b HB�BbQMb b2`QMi
#2�m+QmT THmb 7`�;BH2bX SQm` +2ii2 `�BbQM MQmb p2``QMb- /�Mb H2 b2+QM/ +?�TBi`2- HǶBKT�+i [m2 T2mi �pQB`
HǶBMi`Q/m+iBQM /2 +2b /QT�Mib 7�+2 ¨ mM2 �;`2bbBQM 2tiû`B2m`2 +QKK2 +Ƕ2bi H2 +�b �p2+ H2b B``�/B�iBQMb
BQMBb�Mi2bX

1M}M- MQmb �pQMb ûpQ[mû H2b TQBMib i2+?MQHQ;B[m2b T2`K2ii�Mi û;�H2K2Mi /Ƕ�KûHBQ`2` H2b T2`7Q`@
K�M+2b /2b }#`2b- MQi�KK2Mi 2M DQm�Mi bm` H2m`b bi`m+im`2b Qm ¨ HǶûi�T2 /2 7�#`B+�iBQM TQm` H2b }#`2b
�+iBp2bX

.�Mb H2 T`Q+?�BM +?�TBi`2 MQmb p2``QMb H2 +QKTQ`i2K2Mi /2 +2b }#`2b bQmb B``�/B�iBQM 2i [m2H 2bi
HǶBKT�+i /2b +QMi`�BMi2b i2+?MQHQ;B[m2b 2tT`BKû2b /�Mb +2 +?�TBi`2X



(R) C�+[m2b Gm+�bX AM7`�`2/ ;H�bb2bX *m``2Mi PTBMBQM BM aQHB/ ai�i2 �M/ J�i2`B�Hb a+B2M+2- 9UkV ,R3RĜ
R3d- RNNNX

(k) G: *Q?2M- *?BMHQM GBM- �M/ q: 6`2M+?X h�BHQ`BM; x2`Q +?`QK�iB+ /BbT2`bBQM BMiQ i?2 RX8ĜRXe
µK HQr@HQbb bT2+i`�H `2;BQM Q7 bBM;H2@KQ/2 }#`2bX 1H2+i`QMB+b G2ii2`b- R8URkV ,jj9Ĝjj8- RNdNX

(j) :QpBM/ S �;`�r�HX 6B#2`@QTiB+ +QKKmMB+�iBQM bvbi2Kb- pQHmK2 kkkX CQ?M qBH2v � aQMb- kyRkX
(9) 62/2`B+� SQHB- �MM�K�`B� *m+BMQii�- �M/ ai27�MQ a2HH2`BX S?QiQMB+ +`vbi�H }#2`b , T`QT2`iB2b �M/

�TTHB+�iBQMb- pQHmK2 RykX aT`BM;2` a+B2M+2 � "mbBM2bb J2/B�- kyydX
(8) �H#2`i 1BMbi2BMX 1KBbbBQM �M/ �#bQ`TiBQM Q7 `�/B�iBQM BM [m�MimK i?2Q`vX o2`?�M/HmM;2M /2`

.2mib+?2M S?vbBF�HBb+?2M :2b2HHb+?�7i- R3 ,RkRĜRk3- RNReX
(e) �H#2`i 1BMbi2BMX wm` [m�Mi2Mi?2Q`B2 /2` bi`�?HmM;X S?vbX wX- R3 ,RkRĜRk3- RNRdX
(d) :Q >Q .B2F2 �M/ >J *`Qbbr?Bi2X h?2 bT2+i`� Q7 i?2 /Qm#Hv �M/ i`BTHv BQMBx2/ `�`2 2�`i?bX

�TTHB2/ QTiB+b- kUdV ,ed8Ĝe3e- RNejX
(3) 1KK�Mm2H .2bm`pB`2 �M/ C�v _ aBKTbQMX 1p�Hm�iBQM Q7 9 B R8fk �M/ 9 B Rjfk bi�`F@H2p2H 2M2`;B2b

BM 2`#BmK@/QT2/ �HmKBMQbBHB+�i2 ;H�bb }#2`bX PTiB+b H2ii2`b- R8URyV ,89dĜ89N- RNNyX
(N) G�m`2Mi "B;QiX ai`m+im`2 ?QKQ;ĕM2 2i BM?QKQ;ĕM2 /2 H� i`�MbBiBQM 9A Rjfk฀ 9A R8fk /2 HǶ�KTHB@

}+�i2m` ¨ }#`2 /QTû2 2`#BmK /�Mb /2b p2``2b /ǶQtv/2b- /2 ~mQ`m`2b 2i /2 bmH7m`2bX S?. i?2bBb-
GvQM R- kyykX

(Ry) 1 .2H2p�[m2- h :2Q`;2b- J JQM2`B2- S G�KQmH2`- �M/ C@6 "�vQMX JQ/2HBM; Q7 T�B`@BM/m+2/
[m2M+?BM; BM 2`#BmK@/QT2/ bBHB+�i2 }#2`bX A111 S?QiQMB+b h2+?MQHQ;v G2ii2`b- 8URV ,djĜd8- RNNjX

(RR) 6�#`BxBQ .B S�b[m�H2 �M/ J�`+Q 62/2`B;?BX JQ/2HHBM; Q7 mMB7Q`K �M/ T�B`@BM/m+2/ mT+QMp2`bBQM
K2+?�MBbKb BM ?B;?@+QM+2Mi`�iBQM 2`#BmK@/QT2/ bBHB+� r�p2;mB/2bX CQm`M�H Q7 HB;?ir�p2 i2+?MQ@
HQ;v- RjUNV ,R383ĜR3e9- RNN8X

(Rk) qBHHB�K C JBMBb+�H+QX 1`#BmK@/QT2/ ;H�bb2b 7Q` }#2` �KTHB}2`b �i R8yy MKX CQm`M�H Q7 GB;?ir�p2
h2+?MQHQ;v- NUkV ,kj9Ĝk8y- RNNRX

(Rj) E�xmQ �`�B- >B`Qb?B L�KBF�r�- E2M EmK�i�- h�ibmiQFm >QM/�- uQb?B`Q Ab?BB- �M/ h�F�b?B
>�M/�X �HmKBMmK Q` T?QbT?Q`mb +Q@/QTBM; 2z2+ib QM i?2 ~mQ`2b+2M+2 �M/ bi`m+im`�H T`QT2`iB2b
Q7 M2Q/vKBmK@/QT2/ bBHB+� ;H�bbX CQm`M�H Q7 �TTHB2/ S?vbB+b- 8NURyV ,j9jyĜj9je- RN3eX

(R9) Cû`ûKB2 h?QK�bX AKT�+i /2 H� M�MQbi`m+im`�iBQM /2b }#`2b /QTû2b 2`#BmK bm` H2m`b T2`7Q`K�M+2b ,
�TTHB+�iBQM �mt +QMi`�BMi2b /m bT�iB�HX S?. i?2bBb- JQMiT2HHB2` k- kyRjX

(R8) 1X "m`Qp- �X S�biQm`2i- GX :�b+�- �M/ *X *?`BbiBM2X 6B#`2 QTiB[m2 �KTHB}+�i`B+2 +QMi2M�Mi /2b
M�MQT�`iB+mH2b 2i T`Q+û/û /2 7�#`B+�iBQMX- pQHmK2 RykX S�i2Mi MX y3 yyd9k- 62#`m�`v kyy3X

(Re) � S�biQm`2i- * :QMM2i- * *QHH2i- P *�p�MB- 1 "m`Qp- * *?�M2�+- � *�`iQM- �M/ CS CQHBp2iX
L�MQT�`iB+H2 /QTBM; T`Q+2bb 7Q` BKT`Qp2/ }#`2 �KTHB}2`b �M/ H�b2`bX AM 6B#2` G�b2`b oA , h2+?@
MQHQ;v- avbi2Kb- �M/ �TTHB+�iBQMb- pQHmK2 dRN8- T�;2 dRN8RsX AMi2`M�iBQM�H aQ+B2iv 7Q` PTiB+b
�M/ S?QiQMB+b- kyyNX



kXRXR *�b /2b T�`iB+mH2b +?�`;û2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9y
kXRXk *�b /2b T�`iB+mH2b M2mi`2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9R
kXRXj GǶ2MpB`QMM2K2Mi bT�iB�H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9k
kXRX9 "BH�M /2b `�vQMM2K2Mib BQMBb�Mib 2i /2 H2m`b 2z2ib bm` H� K�iBĕ`2 X X X X X X X X X X 9k

kXkXR L�im`2 /2b /û7�mib /2 H� bBHB+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 99
kXkXk .û7�mib /�Mb H� bBHB+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 98
kXkXj .û7�mib HBûb �mt ;2`K�MBmK X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9N
kXkX9 .û7�mib HBûb ¨ HǶ�HmKBMBmK X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8R
kXkX8 .û7�mib HBûb �mt h2``2b `�`2b , HǶ2`#BmK X X X X X X X X X X X X X X X X X X X X X X X X X 8j
kXkXe Jû+�MBbK2 /2 7Q`K�iBQM /2b /û7�mib X X X X X X X X X X X X X X X X X X X X X X X X X X 8j
kXkXd avMi?ĕb2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 88

kXjXR .û;`�/�iBQM bm` mM K�iû`B�m BbQH�Mi , KQ/ĕH2 /2 _X *?2M X X X X X X X X X X X X X X 8e
kXjXk .û;`�/�iBQM bm` mM K�iû`B�m BbQH�Mi /QTû 2`#BmK , KQ/ĕH2 /2 6X J�/v X X X X X X 8N

kX9XR "�M+ 2tTû`BK2Mi�H /2 bT2+i`Qb+QTB2 X X X X X X X X X X X X X X X X X X X X X X X X X X eR
kX9Xk úim/2 TQbi@B``�/B�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ek
kX9Xj AMi2`T`ûi�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e8
kX9X9 1im/2 TQbi@;mû`BbQM QTiB[m2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ed
kX9X8 AMi2`T`ûi�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e3

kX8XR G2b bQHmiBQMb 2tBbi�Mi2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dy
kX8Xk A/û2 /2 /m`+Bbb2K2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dR

.�Mb +2 +?�TBi`2- MQmb �HHQMb- /�Mb mM T`2KB2` i2KTb- T`ûb2Mi2` H2b /Bzû`2Mib Kû+�MBbK2b 2i
BMi2`�+iBQMb `�vQMM2K2Mi@K�iBĕ`2 [mB bQMi ¨ HǶQ`B;BM2 /2 H� /û;`�/�iBQM /2b }#`2b 2M 2MpB`QMM2K2Mi
`�/B�iB7X
1MbmBi2- MQmb T`ûb2Mi2`QMb mM ûi�i /2 HǶ�`i /2b TBĕ;2b [mB T2mp2Mi b2 +`û2` /�Mb H� K�i`B+2 pBi`2mb2 2i
+2mt HBûb � HǶBMi`Q/m+iBQM /2 /QT�MibX
1M}M- MQmb 72`QMb mM2 /2b+`BTiBQM /2b 2tTû`B2M+2b /2 bT2+i`Qb+QTB2 /Ƕ�#bQ`TiBQM K2Mû2b bm` /Bzû`2Mi2b
}#`2b /QTû2b 2M K2ii�Mi HǶ�++2Mi bm` H2 `ƬH2 /2 HǶ�HmKBMBmK �BMbB [m2 bm` H2b Kûi?Q/2b /2 /m`+Bbb2K2Mi
/2b }#`2b- 2M pm2 /2 `û�HBb2` /2b �KTHB}+�i2m`bX



lM `�vQMM2K2Mi 2bi /Bi ǴBQMBb�MiǴ HQ`b[m2 H� T�`iB+mH2 [mB b2 T`QT�;2 TQbbĕ/2 mM2 ûM2`;B2 bm{@
b�Mi2 TQm` �``�+?2` mM ûH2+i`QM /m +Q`iĕ;2 ûH2+i`QMB[m2 /ǶmM �iQK2- /QMi HǶûM2`;B2 /2 T`2KBĕ`2 BQMBb�@
iBQM 2bi /2 HǶQ`/`2 /2 Ry 2oX G� T�`iB+mH�`Biû /2b `�vQMM2K2Mib BQMBb�Mib 2bi [m2 H2b T�`iB+mH2b [mB H2b
+QMbiBim2Mi M2 bQMi T�b 2t+HmbBp2K2Mi /2b T�`iB+mH2b b�Mb K�bb2 i2Hb H2b T?QiQMb- BH 2tBbi2 û;�H2K2Mi
/2b T�`iB+mH2b bm#�iQKB[m2bX G2b ûM2`;B2b ivTB[m2b /2 +2b ivT2b /2 `�vQMM2K2Mib bQMi +QKT`Bb2b 2Mi`2
Ry F2o 2i Ry J2o 2i /BKBMm2Mi HQ`b[mǶ2HH2b b2 T`QT�;2Mi /�Mb H� K�iBĕ`2X 1M 2z2i- bB HǶQM +QKT�`2
HǶûM2`;B2 /ǶBQMBb�iBQM /ǶmM �iQK2 2i +2HH2 /ǶmM `�vQMM2K2Mi QM `2K�`[m2 [m2 +2b `�vQMM2K2Mib pQMi
TQmpQB` BMi2`�;B` THmbB2m`b 7QBb �p2+ H� K�iBĕ`2 �p�Mi [m2 HǶBMi2`�+iBQM M2 bQBi THmb TQbbB#H2X PM /û}MBi
�HQ`b H2 TQmpQB` /Ƕ�``āi +QKK2 ûi�Mi H� T2`i2 /ǶûM2`;B2 KQv2MM2 T�` H� T�`iB+mH2 BM+B/2Mi2 HQ`b /ǶmM2
/Bbi�M+2 T�`+Qm`m2 /�Mb mM K�iû`B�m /QMMûX

S(E) = −dE

dx
UkXRV

Pɍ dE `2T`ûb2Mi2 H� p�`B�iBQM /ǶûM2`;B2 T�` `�TTQ`i ¨ H� /Bbi�M+2 dxX PM +H�bbB}2 ;ûMû`�H2K2Mi H2b
T�`iB+mH2b BQMBb�Mi2b 2M /2mt +�iû;Q`B2b , H2b T`2KBĕ`2b bQMi +?�`;û2b UûH2+i`QMb- T`QiQMb- BQMbV 2i H2b
b2+QM/2b bQMi M2mi`2b UT?QiQMb- M2mi`QMbVX

*2 ivT2 /2 `�vQMM2K2Mi 2bi /B`2+i2K2Mi BQMBb�Mi- H2b T�`iB+mH2b +?�`;û2b BMi2`�;Bbb2Mi pB� H2b
7Q`+2b +QmHQK#B2MM2b �p2+ H2b ûH2+i`QMb /m KBHB2mX G2 TQmpQB` /Ƕ�``āi /ǶmM KBHB2m TQm` mM2 T�`iB+mH2
+?�`;û2 2bi H� `ûbmHi�Mi2 /2 /2mt ivT2b /2 T?ûMQKĕM2bX

ě G� +QHHBbBQM , H2 +?Q+ �p2+ H2b ûH2+i`QMb /2 +2 KBHB2m �#QmiBi bQBi ¨ �``�+?2` mM Qm THmbB2m`b
ûH2+i`QMb ¨ HǶ�iQK2- bQBi ¨ /ûTH�+2` mM ûH2+i`QMX G� `ûQ`;�MBb�iBQM /m +Q`iĕ;2 ûH2+i`QMB[m2
+QM/mBi ¨ HǶûKBbbBQM /2 `�B2b s KQMQ@ûM2`;ûiB[m2b 2i ¨ HǶûKBbbBQM /ǶûM2`;B2 /û;`�/û2 bQmb
7Q`K2 /2 +?�H2m` Qm /2 HmKBM2b+2M+2- T�` 2t2KTH2- /�Mb H2 +�b /2 H� /ûb2t+Bi�iBQM /2 HǶ�iQK2X

ě G2 7`2BM�;2 , BH `ûbmHi2 /2 H� KQ/B}+�iBQM /2 H� i`�D2+iQB`2 /2 H� T�`iB+mH2 BM+B/2Mi2 �m pQBbBM�;2
/m MQv�m TQbBiB7X hQmi2 T�`iB+mH2 +?�`;û2- bQmKBb2 ¨ mM2 �++ûHû`�iBQM- ûK2i mM `�vQMM2K2Mi
ûH2+i`QK�;MûiB[m2X G� T2`i2 /2 HǶûM2`;B2 /2 HǶûH2+i`QM BM+B/2Mi b2 `2i`Qmp2 bQmb 7Q`K2 /ǶmM
`�vQMM2K2Mi sX 1M +QMbû[m2M+2- TQm` �``āi2` +2b T�`iB+mH2b- BH +QMpB2Mi /ǶmiBHBb2` mM K�iû`B�m
/2 7�B#H2 MmKû`Q �iQKB[m2- +QKK2 H2 SH2tB;H�b U+�b /m T?QbT?Q`2@jk- mM `�/BQBbQiQT2 miBHBbû 2M
Kû/2+BM2 /QMi HǶûM2`;B2 K�tBK�H2 /2b #āi� 2bi /2 R-d J2oV- /2 7�ÏQM ¨ HBKBi2` H2 `�vQMM2K2Mi
s /ȿ �m 7`2BM�;2X .�Mb H2b /2mt +�b- H2 /ûTƬi /ǶûM2`;B2 2bi /QM+ 7QM+iBQM /2 H� +?�`;2 2i /2 H�
pBi2bb2 /2 H� T�`iB+mH2 BM+B/2Mi2 �BMbB [m2 /2 H� M�im`2 /m KBHB2m +B#H2X *2 /ûTQi 2bi +�`�+iû`Bbû
T�` mM2 [m�MiBiû �TT2Hû2 h`�Mb72`i /Ƕ1M2`;B2 GBMûB[m2 Uh1GV [mB ûpQHm2 2M 7QM+iBQM /2 H�
T`Q7QM/2m` /2 TûMûi`�iBQM +�` H� pBi2bb2 /2 H� T�`iB+mH2 BM+B/2Mi2 /û+`Qŗi �m 7m` 2i ¨ K2bm`2
[mǶ2HH2 TQm`bmBi bQMi i`�D2i /�Mb H� K�iBĕ`2X

AMBiB�H2K2Mi- H� T�`iB+mH2 2bi i`ĕb ûM2`;ûiB[m2 Ui`ĕb `�TB/2V 2i BMi2`�;Bi /QM+ 7�B#H2K2Mi �p2+
H� K�iBĕ`2- +2 [mB T`QpQ[m2 mM2 `û/m+iBQM KQ/û`û2 /2 b� pBi2bb2X SHmb H� T�`iB+mH2 `�H2MiBi 2i THmb
2HH2 �m`� mM2 ;`�M/2 T`Q#�#BHBiû /2 `2M+QMi`2` mM ûH2+i`QMX *Ƕ2bi TQm`[mQB- THmb 2HH2 TûMĕi`2 /�Mb H�
K�iBĕ`2- THmb 2HH2 /ûTQb2 /2 HǶûM2`;B2- Dmb[mǶ¨ bǶ�``āi2` +QKTHĕi2K2Mi T�` K�M[m2 /ǶûM2`;B2 +BMûiB[m2X
G� T`Q7QM/2m` KQv2MM2 ¨ H�[m2HH2 bǶ�``āi2 H� T�`iB+mH2 2bi �TT2Hû2 H2 `�M;2 X *2`i�BMb HQ;B+B2Hb +QKK2
a_AJ (R) T2`K2ii2Mi /2 +�H+mH2` H2 h1G 2i H2 `�M;2 2M 7QM+iBQM /2 H� T�`iB+mH2 BM+B/2Mi2 2i /m K�iû`B�m
+B#H2X § iBi`2 /Ƕ2t2KTH2- mM T`QiQM /ǶûM2`;B2 BMBiB�H2 ey J2o TûMûi`�Mi /�Mb /2 H� bBHB+2- T`BM+BT�H2K2Mi
+QMbiBimû2 /2 KQHû+mH2b /2 aBP2- �m`� mM h1G /2 N-yRN J2of+K2f; 2i �m`� mM `�M;2 /2 k-R +K- +2 [mB
2bi #B2M bmTû`B2m` �mt /BK2MbBQMb i`�Mbp2`b2b /ǶmM2 }#`2 QTiB[m2 , bB +2ii2 /2`MBĕ`2 2bi T2`T2M/B+mH�B`2



¨ mM ~mt /2 `�/B�iBQMb /2 +2ii2 M�im`2- 2HH2 b2`� /QM+ BMiû;`�H2K2Mi i`�p2`bû2X
LQmb +QMbB/û`QMb HǶûM2`;B2 /2b T`QiQMb ¨ ey J2o +�` +Ƕ2bi mM2 ûM2`;B2 [m2 HǶQM �ii2BMi 7�+BH2K2Mi �p2+
H2b bQm`+2b /ǶB``�/B�iBQMb +H�bbB[m2b 2i T�`+2 [mǶ2HH2 `2T`ûb2Mi2 mM2 ûM2`;B2 KQv2MM2 /2b `�vQMM2K2Mib
T`QiQMB[m2b [m2 HǶQM T2mi `2M+QMi`2` /�Mb HǶ2MpB`QMM2K2Mi bT�iB�HX

Photon gamma 

incident

Electron éjecté

Photon de 

!uorescence

Photon gamma 

incident

Electron éjecté

b)

Photon gamma 

dévié

a)

Photon gamma 

incident

>1,02MeV

Positron
Photon  

0.51MeV
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kXR Ĝ a+?ûK�b `2T`ûb2Mi�iB7b /2b /Bzû`2Mi2b BMi2`�+iBQMb /m `�vQMM2K2Mi BQMBb�Mi �p2+ H�
K�iBĕ`2 , U�V 2z2i T?QiQ ûH2+i`B[m2- U#V 2z2i *QKTiQM 2i U+V 2z2i /2 K�iû`B�HBb�iBQMX

.�Mb H2 +�b /2 T�`iB+mH2b M2mi`2b- [mǶ2HH2b bQB2Mi �p2+ Qm b�Mb K�bb2- H2 T`Q+2bbmb /ǶBMi2`�+iBQM
�p2+ H� K�iBĕ`2 2bi /Bzû`2Mi 2i KĕM2 ¨ /2b h1G ;`�M/b- H2 `ûbmHi�i /2 +2H� 2bi [m2 H2 T?QiQM Qm H2
M2mi`QM bQMi ûHBKBMûb /m 7�Bb+2�m BM+B/2MiX PM 2tT`BK2 �HQ`b HǶ�iiûMm�iBQM /m 7�Bb+2�m b2HQM H� /B`2+iBQM
x bQmb H� 7Q`K2 /ǶmM +Q2{+B2Mi /Ƕ�#bQ`TiBQM α [mB 2bi ûi`QBi2K2Mi HBû ¨ H� b2+iBQM 2{+�+2 /ǶBMi2`�+iBQM
σ /2b T�`iB+mH2b M2mi`2b �p2+ H� K�iBĕ`2 ,

I(x) = I0e
(−αx) UkXkV

�p2+ I0- HǶBMi2MbBiû /m 7�Bb+2�m /2 T�`iB+mH2b- 2i α H2 +Q2{+B2Mi /Ƕ�#bQ`TiBQM [mB bǶû+`Bi α = σnX .�Mb
+2ii2 2tT`2bbBQM n = (ρνA)/M �p2+ n H2 MQK#`2 /Ƕ�iQK2b T�` mMBiû /2 pQHmK2- ρ 2i M `2bT2+iBp2K2Mi
H2b K�bb2b pQHmKB[m2 2i KQH�B`2 /m K�iû`B�m 2i νA H� +QMbi�Mi2 /Ƕ�pQ;�/`QX G2 `�vQMM2K2Mi 2bi
BM/B`2+i2K2Mi BQMBb�Mi- H2b T�`iB+mH2b T2mp2Mi BMi2`�;B` �p2+ H� K�iBĕ`2 /2 i`QBb K�MBĕ`2b - +QKK2
b+?ûK�iBbû bm` H� };m`2 kXR ,

ě GǶ2z2i T?QiQûH2+i`B[m2 , H2 T?QiQM /BbT�`�ŗi 2i +QKKmMB[m2 ¨ HǶûH2+i`QM ?2m`iû iQmi2 bQM
ûM2`;B2- /BKBMmû2 /2 HǶûM2`;B2 /2 HB�BbQM /2 H� +Qm+?2 ûH2+i`QMB[m2 +QM+2`Mû2X

ě GǶ2z2i *QKTiQM , H2 T?QiQM M2 /BbT�`�Bi T�b �T`ĕb H2 +?Q+- K�Bb bQM ûM2`;B2 2i b� /B`2+iBQM
bQMi KQ/B}û2bX GǶûH2+i`QM /Bi *QKTiQM 2KTQ`i2 mM +2`i�BM [m�MimK /ǶûM2`;B2X AH T2mi �``Bp2`
[m2 H2 T?QiQM `2iQm`M2 2M �``Bĕ`2 UT?ûMQKĕM2 /2 `ûi`Q@/BzmbBQMVX aQM ûM2`;B2 2bi �HQ`b HBKBiû2
¨ 0, 255 J2o- [m2HH2 [m2 bQBi +2HH2 /m T?QiQM BM+B/2MiX .�Mb +2b /2mt +�b- HǶ�iQK2 `2bi2 BQMBbûX
G2b ûH2+i`QMb �``�+?ûb T`QpQ[m2Mi /2b H�+mM2b /�Mb H2b +Qm+?2b T`Q7QM/2bX G� `ûQ`;�MBb�iBQM
ûH2+i`QMB[m2 [mB bǶ2M bmBi 2bi ¨ HǶQ`B;BM2 /2 HǶûKBbbBQM /2 `�B2b s /Bb+`ĕi2b- +�`�+iû`BbiB[m2b /2
HǶûHûK2MiX

ě GǶ2z2i /2 K�iû`B�HBb�iBQM , +Ƕ2bi HǶ2z2i [mB i`�Mb7Q`K2 HǶûM2`;B2 2M K�iBĕ`2X �m pQBbBM�;2 /m
MQv�m- H2 T?QiQM /BbT�`�ŗi 2i /QMM2 M�Bbb�M+2 ¨ mM2 T�B`2 ûH2+i`QM@TQbBiQM (k)X *2H� b2 T`Q/mBi
[m�M/ HǶûM2`;B2 /m T?QiQM 2bi i2HH2 [m2 bQM û[mBp�H2M+2 2M K�bb2 pB� HǶû[m�iBQM 7QM/�K2Mi�H2
/Ƕ 1BMbi2BM E = mc2 2bi û;�H2 ¨ H� K�bb2 +mKmHû2 /ǶmM ûH2+i`QM 2i /ǶmM TQbBiQMX PM +QMbB/ĕ`2
;ûMû`�H2K2Mi- H2 /Qm#H2 /2 H� K�bb2 /ǶmM ûH2+i`QM- [mB p�mi 9.1110−31 F;- bQBi mM2 ûM2`;B2
/2 1, 02 J2oX SQm` T`QpQ[m2` HǶ2z2i /2 K�iû`B�HBb�iBQM- BH 7�mi /QM+ [m2 H2 T?QiQM BM+B/2Mi



TQbbĕ/2 �m KBMBKmK mM2 ûM2`;B2 /2 1, 02 J2oX *2 T`Q+2bbmb 2bi bmBpB /ǶmM2 �MMB?BH�iBQM
/�Mb H�[m2HH2 H2 TQbBiQM 2i mM ûH2+i`QM bǶ�MMB?BH2Mi Kmim2HH2K2Mi 2M ;ûMû`�Mi mM T�B`2 /2
T?QiQMb /2 8RR F2o ûKBb ¨ R3yê HǶmM T�` `�TTQ`i ¨ HǶ�mi`2X

G2 bBi2 /m LAah L�iBQM�H AMbiBimi2 Q7 ai�Mi�`/b �M/ h2+?MQHQ;v T`QTQb2 H2 HQ;B+B2H s*QK [mB T2`K2i
/2 +�H+mH2` H2b /Bzû`2Mi2b b2+iBQMb 2{+�+2b /2 +2b T?ûMQKĕM2b TQm` /2b K�iû`B�mt [m2 HǶQM /û}MBi (j)X
GQ`b[m2 [mǶmM2 T�`iB+mH2 BQMBb�Mi2 TûMĕi`2 /�Mb H� K�iBĕ`2- 2HH2 BMi2`�;Bi �p2+ H2b �iQK2b +QMbiBim�Mi H�
+B#H2X SHmbB2m`b T?ûMQKĕM2b T?vbB[m2b T2mp2Mi �TT�`�ŗi`2 bmBp�Mi H2 ivT2 2i HǶûM2`;B2 /m `�vQMM2K2Mi
BM+B/2Mi 2M 7QM+iBQM /m K�iû`B�m +B#H2X hQmb b2 +�`�+iû`Bb2Mi T�` mM i`�Mb72`i /ǶûM2`;B2 /2b T�`iB+mH2b
BM+B/2Mi2b ¨ H� K�iBĕ`2X G2 +QM+2Ti /2 /Qb2 � /QM+ ûiû /û}MB TQm` [m�MiB}2` +2 /ûTƬi /ǶûM2`;B2X G�
/Qb2 bǶ2tT`BK2 2M :v UQm 2M `�/ [mB 2bi HǶ�M+B2MM2 mMBiû aA �p2+ +QKK2 û[mBp�H2M+2 R :v 4 Ryy `�/V-
2i R :v +Q``2bTQM/ ¨ mM /ûTƬi ûM2`;ûiB[m2 /2 R C T�` F; /2 K�iBĕ`2X PM /û}MBi �mbbB H� pBi2bb2 ¨
H�[m2HH2 +2ii2 /Qb2 2bi /ûTQbû2 , QM T�`H2 /2 /û#Bi /2 /Qb2 2i BH bǶ2tT`BK2 2M T`�iB[m2 2M :vf?X

�}M /2 `2T`Q/mB`2 HǶBMi2`�+iBQM +`ûû2 T�` HǶ2MpB`QMM2K2Mi `�/B�iB7 bT�iB�H /ǶmM b�i2HHBi2 �m bQH- BH
2bi T`BKQ`/B�H /2 +QMM�Bi`2 H2 ivT2 2i HǶûM2`;B2 /2b T�`iB+mH2b Qm /2b `�vQMM2K2Mib UûH2+i`QMb- T`QiQMb-
BQMb HQm`/b- T?QiQMb- γ- 2i+VX G2b T`BM+BT�H2b +�mb2b /2 `�/B�iBQM /�Mb HǶ2bT�+2 bQMi ,

ě G2b p2Mib bQH�B`2b 2i H2 `�vQMM2K2Mi +QbKB[m2 , BH bǶ�;Bi /2 T�`iB+mH2b UûH2+i`QMb- T`QiQMb
2i αV /ǶûM2`;B2b bm{b�KK2Mi 7�B#H2b TQm` āi`2 �``āiûb T�` mM2 bBKTH2 72mBHH2 /Ƕ�HmKBMBmKX
GǶ2M+2BMi2 2i H2 #HBM/�;2 /m b�i2HHBi2 T2`K2ii2Mi /ǶûHBKBM2` H2m` BKT�+i bm` H2b +QKTQb�Mib
2K#�`[mûbX *Ƕ2bi TQm`[mQB- +2b T�`iB+mH2b b2`QMi Mû;HB;û2b /�Mb +2 i`�p�BHX

ě G� +2BMim`2 /2 o�M �HH2M , 2HH2 2bi +QKTQbû2 /2 T�`iB+mH2b TBû;û2b 2i �++ûHû`û2b T�` H2 +?�KT
K�;MûiB[m2 i2``2bi`2X *2b T�`iB+mH2b bQMi bm{b�KK2Mi MQK#`2mb2b 2i ûM2`;ûiB[m2b TQm` BMiû@
`�;B` �p2+ H2b b�i2HHBi2bX _2K�`[mQMb [mǶBH MǶ2tBbi2 �m+mM2 Q`#Bi2 /2 b�i2HHBi2 /�Mb +2ii2 `û;BQM
+�` H2b 2z2ib bm` H2b +QKTQb�Mib bQMi i`QT BKTQ`i�MibX *2T2M/�Mi- H� +QMM�Bbb�M+2 /2 +2b +2BM@
im`2b 2bi T`Bb2 2M +QKTi2 HQ`b /2 H� KBb2 2M Q`#Bi2 /ǶmM b�i2HHBi2 �}M [mǶBH ûpBi2 /Ƕv bûDQm`M2`
i`QT HQM;i2KTbX

ě G2b û`mTiBQMb bQH�B`2b , H2b `�vQMM2K2Mib bQH�B`2b ûK2ii2Mi û;�H2K2Mi /2b ~mt /2 T�`iB+mH2b
BQMBb�Mi2b THmb Qm KQBMb BMi2Mb2b 2i /2 7�ÏQM Tû`BQ/B[m2 bmBp�Mi mM +v+H2 /2 RR �MbX *2 ~mt
2bi 2bb2MiB2HH2K2Mi +QMbiBimû /ǶûH2+i`QMb- /2 T`QiQMb 2i /Ƕ?ûHBmKX AH 2bi H2 T`BM+BT�H `2bTQMb�#H2
/2b ûpĕM2K2Mib MmBbB#H2b �mt +QKTQb�Mib KB+`Q@ûHû+i`QMB[m2b 2K#�`[mû2bX

LQmb �pQMb /û+`Bi H2b T`BM+BT�H2b BMi2`�+iBQMb 2Mi`2 H� K�iBĕ`2 2i H2b `�vQMM2K2Mib BQMBb�Mib 2i
�pQMb û;�H2K2Mi +QMbi�iû [m2 HǶ2bT�+2 2bi mM 2MpB`QMM2K2Mi `�/B�iB7 +QKTH2t2 /2 T�` H� KmHiBim/2 /2b
T�`iB+mH2b /Bzû`2Mi2b KBb2b 2M D2mX AH 2bi /QM+ BKTQ`i�Mi /2 +QMM�ŗi`2 H2b +QM/BiBQMb /ǶB``�/B�iBQM �m
bQH T2`K2ii�Mi /2 `2T`ûb2Mi2` HǶ2MpB`QMM2K2Mi bT�iB�H c +2 /2`MB2` K2ii�Mi T`BM+BT�H2K2Mi 2M D2m /2b
ûH2+i`QMb 2i /2b T`QiQMb- 2i /�Mb H� K2bm`2 Qɍ H2 #HBM/�;2 /2b b�i2HHBi2b MǶ2bi T�b bm{b�Mi TQm` H2b 2M
T`Qiû;2`- BH 7�m/`�Bi 2M iQmi2 `B;m2m` miBHBb2` /2b bQm`+2b /2 T`QiQMbX P`- H2b +QM/BiBQMb 2tTû`BK2Mi�H2b
�bbQ+Bû2b ¨ +2b bQm`+2b bQMi i`ĕb /B{+BH2b ¨ `2KTHB` UxQM2 /ǶB``�/B�iBQM `û/mBi2- T`Bt- /BbTQMB#BHBiûXXXV
2i MQmb miBHBb2`QMb mM2 bQm`+2 /2 `�vQMM2K2Mi ;�KK�X 1M 2z2i- #B2M [m2 H� M�im`2 T?vbB[m2 /ǶmM
`�vQMM2K2Mi /2 T`QiQMb �++ûHû`ûb /Bzĕ`2 /2 +2HH2 /ǶmM `�vQMM2K2Mi ;�KK�- QM T2mi ûi�#HB` mM2
û[mBp�H2M+2 2Mi`2 +2b /2mt B``�/B�iBQMb �m i`�p2`b /2 H� /Qb2 /ûTQbû2- +QKK2 HǶ� KQMi`û GX h`Qmbb2HHB2`
/m`�Mi b� i?ĕb2 2M +QM7`QMi�Mi /2b }#`2b /û;`�/û2b T�` +2b /2mt ivT2b /2 `�vQMM2K2Mi (9)X



kXk Ĝ a2+iBQMb 2{+�+2b MQ`K�HBbû2b �m TQB/b +QMbB/û`�Mi H2b /Bzû`2Mi2b BMi2`�+iBQMb `�vQMM2@
K2Mi ;�KK� p2`bmb K�iBĕ`2 2M 7QM+iBQM /2 H2m` ûM2`;B2 (j)X

�mbbB- H2b B``�/B�iBQMb T`ûb2Miû2b THmb HQBM /�Mb +2 /Q+mK2Mi QMi ûiû `û�HBbû2b �p2+ /2b T?QiQMb γ
�v�Mi mM2 ûM2`;B2 /Ƕ2MpB`QM 1 J2o X G� };m`2 kXk KQMi`2 H2 `ûbmHi�i /2 H� bBKmH�iBQM 2M 7QM+iBQM /2
HǶûM2`;B2 /2b T?QiQMb γ bm` mM2 +B#H2 /2 bBHB+2 UaBP2V , MQmb pQvQMb [m2 HǶBMi2`�+iBQM T`BpBHû;Bû2 b2`�
HǶ2z2i *QKTiQMX

*QKK2 +2H� � ûiû /Bb+miû HQ`b /m T`2KB2` +?�TBi`2- H� 7�#`B+�iBQM /ǶmM2 }#`2 QTiB[m2 Mû+2bbBi2-
b2HQM H2b 7QM+iBQMM�HBiûb ¨ Q#i2MB`- mM MQK#`2 /ǶûHûK2Mib +?BKB[m2b THmb Qm KQBMb ;`�M/X *2b ûHûK2Mib
T`ûb2Mi2Mi mM2 bi`m+im`2 2i /2b T`QT`Bûiûb /Ƕ�#bQ`TiBQM- /2 ~mQ`2b+2M+2- 2i /2 K�;MûiBbK2 [mB H2m` bQMi
T`QT`2bX *2b 2bTĕ+2b +?BKB[m2b pQMi āi`2 THmb Qm KQBMb MQK#`2mb2b /�Mb H� }#`2 bmBp�Mi H2b i2+?MB[m2b
/2 7�#`B+�iBQM 2KTHQvû2bX a2mH2 mM2 7`�+iBQM /2 +2b 2bTĕ+2b +?BKB[m2b p� āi`2 b2MbB#H2 �mt `�/B�iBQMb
2i p� b2 i`�Mb7Q`K2`X *QKK2 MQmb �pQMb Tm H2 pQB` /�Mb H� b2+iBQM T`û+û/2Mi2- H2b `�vQMM2K2Mib
BQMBb�Mib pQMi �pQB` mM BKT�+i bm` H2 p2``2 2i pQMi H2 /û;`�/2`X *2+B b2 i`�/mBi T�` mM +?�M;2K2Mi
/2 H� M�im`2 /m K�iû`B�m UQm /2 +QM7Q`K�iBQM /2b 2bTĕ+2b +?BKB[m2bV- +2 [mB � TQm` 2z2i /2 +?�M;2`
H2 bT2+i`2 /Ƕ�#bQ`TiBQM- 2i /2 K�MBĕ`2 ;ûMû`�H2- +2H� +QM/mBi ¨ mM2 �#bQ`TiBQM bmTTHûK2Mi�B`2 �mt
HQM;m2m`b /ǶQM/2 /ǶBMiû`āi- N3y MK 2i R88y MKX PM T�`H2 �HQ`b /Ƕ�#bQ`TiBQM `�/BQ BM/mBi2 U�_AVX *2b
/û7�mib- �TT2Hûb �mbbB +2Mi`2b +QHQ`ûb- T2mp2Mi āi`2 +�`�+iû`Bbûb /2 /Bzû`2Mi2b K�MBĕ`2b- MQi�KK2Mi , H�
bT2+i`Qb+QTB2- H� `ûbQM�M+2 T�`�K�;MûiB[m2 U_S1V Qm H� i?2`KQHmKBM2b+2M+2X G2b MQK#`2mb2b ûim/2b
K2Mû2b bm` +2 bmD2i QMi T2`KBb /Ƕ�pQB` �++ĕb ¨ /2b T�`�Kĕi`2b i2Hb [m2 H2b #�M/2b /Ƕ�#bQ`TiBQM Qm H�
/m`û2 /2 pB2 /2b ûi�ib 2t+BiûbX �BMbB- BH 2bi TQbbB#H2 /2 /ûi2`KBM2` Qm /2 T`û/B`2 H� 7Q`K�iBQM 2i H�
TQTmH�iBQM /2 +?�`;2b TBû;û2b T�` H2b /û7�mib /�Mb mM K�iû`B�mX PM +QMbi�i2 û;�H2K2Mi [m2 +?�[m2
/û7�mi � mM2 bB;M�im`2 T`QT`2 2i [m2 H2b i2+?MB[m2b /ǶQ#b2`p�iBQM bQMi /Bzû`2Mi2bX �BMbB H2b 2bTĕ+2b
/Bi2b /B�K�;MûiB[m2b- M2 b2`QMi T�b pBbB#H2b 2M _S1 K�Bb TQm``QMi āi`2 `2Tû`ûb 2M T?QiQHmKBM2b+2M+2X
§ HǶBMp2`b2- +2`i�BM2b M2 bQMi T�b b2MbB#H2b ¨ H� T?QiQHmKBM2b+2M+2 K�Bb TQm``QMi āi`2 pBbB#H2 2M _S1X
*2T2M/�Mi- bmBp�Mi H2b `û�+iBQMb +?BKB[m2b [mB b2 T`Q/mBb2Mi- MQmb TQmpQMb /BbiBM;m2` /2mt ivT2b /2
/û7�mib , +2mt +�T�#H2b /2 +�Tim`2` /2b ûH2+i`QMb [m2 MQmb /ûMQKK2`QMb TBĕ;2b ¨ ûH2+i`QMb 2i +2mt [mB
HB#ĕ`2Mi /2b ûH2+i`QMb �TT2Hûb TBĕ;2b ¨ i`QmbX .�Mb +2ii2 b2+iBQM bQMi T`ûb2Miûb H2b T`BM+BT�mt /û7�mib
`2M+QMi`ûb 2i `ûT2`iQ`Bûb /�Mb H2b }#`2b /2 bBHB+2 2i +2mt [mB bQMi T`QT`2b �mt ûHûK2Mib BMi`Q/mBibX AH



bǶ�;Bi H¨ /ǶmM #BH�M MQM@2t?�mbiB7 /2b T`BM+BT�mt /û7�mib `2M+QMi`ûb /�Mb H2b }#`2bX

Si

Cl (impureté)

O (lié)

O (non lié)

Liaison pendante

anneaux de 6 tétraèdres

anneaux de 4 tétraèdres

Dé"cience en oxygène

Excédent en oxygène

co-dopant (impurété)

impurétés

Silice cristalline (idéal) Silice amorphe (réelle)

a) b)

anneaux de 6 tétraèdres
Si

O (lié)

kXj Ĝ U�V `2T`ûb2Mi�iBQM /ǶmM2 bi`m+im`2 B/û�H2 /2 bBHB+2 +`Bbi�HHBM2X U#V _2T`ûb2Mi�iBQM /ǶmM2
bi`m+im`2 `û2HH2 /2 p2``2 /2 bBHB+2 �p2+ b2b /Bzû`2Mib /û7�mib BMi`BMbĕ[m2b

G� bBHB+2 2bi mM +QKTQbû KBMû`�H /QMi H� bi`m+im`2 2bi /2 7Q`K2 iûi`�û/`B[m2X *QKK2 MQmb �pQMb
Tm H2 pQB` /�Mb H2 /û#mi /m +?�TBi`2 T`û+û/2Mi- 2HH2 b2 T`ûb2Mi2 bQmb mM2 7Q`K2 +`Bbi�HHBM2 Qm �KQ`T?2X
*2T2M/�Mi HQ`b[m2 HǶQM T�`H2 /2 }#`2 /2 bBHB+2- QM bǶBMiû`2bb2 T�`iB+mHBĕ`2K2Mi �m p2``2 /2 bBHB+2- /QM+
¨ H� bBHB+2 �KQ`T?2X *2ii2 7Q`K2 Qɍ `ĕ;M2 mM /ûbQ`/`2 bi`m+im`�H 2bi T`QTB+2 ¨ HǶ�TT�`BiBQM /2 /û7�mib
+QKK2 H2 KQMi`2 H� };m`2 kXjX 1M 2z2i- bB HǶQM T`2M/ H2 +�b B/û�H /ǶmM +`Bbi�H Tm` `2T`ûb2Miû bm` H�
};m`2 kXjU�V- +2 /2`MB2` 2bi �HQ`b +QKTQbû /Ƕ�MM2�mt +QKTQ`i�Mi mM MQK#`2 /2 bBt iûi`�ĕ/`2b /2 bBHB+2
2i b�Mb BKTm`2iûX .2 T�` +2ii2 +QM};m`�iBQM H2 +`Bbi�H M2 T`ûb2Mi2 T�b /2 /û7�mibX P`- H� bBHB+2 pBi`2mb2-
pQB` };m`2 kXjU#V- [m�Mi ¨ 2HH2 p� 2M;2M/`2` /2 MQK#`2mt /û7�mib +�`- /ǶmM2 T�`i- 2HH2 M2 T`ûb2Mi2 T�b
/2 `ûb2�m /2 iûi`�ĕ/`2 ¨ ;`�M/2 û+?2HH2 U BH 2bi TQbbB#H2 /2 i`Qmp2` /2b +v+H2b iûi`�û/`B[m2b /2 MQK#`2
/Bzû`2MiV 2i /Ƕ�mi`2 T�`i 2HH2 M2 b2 i`Qmp2 T�b UQm i`ĕb `�`2K2MiV ¨ HǶûi�i M�im`2HH2 +2 [mB BKTHB[m2
mM2 ûi�T2 /2 7�#`B+�iBQMX *2ii2 ûi�T2 p� āi`2 ¨ H� #�b2 û;�H2K2Mi /2 MQK#`2mt /û7�mib [mB T2mp2Mi
i`Qmp2` /2mt Q`B;BM2b /Bzû`2Mi2b ,

ě H2b /û7�mib HBûb �mt BKTm`2iûb- BH pQMi +`û2` mM2 `mTim`2 /�Mb HǶ2M+?�ŗM2K2Mi /2b �iQK2b
aB@P@aBX AH bǶ�;Bi /2b ûHûK2Mib BMi`Q/mBib TQm` T2`K2ii`2 H� bvMi?ĕb2 +?BKB[m2 +QKK2 T�`
2t2KTH2 H� T`ûb2M+2 /2 +?HQ`2- /ǶQtv;ĕM2- /2 /B?v/`Q;ĕM2- TQm` M2 +Bi2` [m2 H2b T`BM+BT�mt-
Qm HǶBMi`Q/m+iBQM pQHQMi�B`2 /2 +Q@/QT�Mi c

ě HǶBM~m2M+2 /m T`Q+û/û /2 7�#`B+�iBQM /2 H� }#`2 /�Mb b� ;HQ#�HBiû ¨ b�pQB` H� i2KTû`�im`2- H�
i2MbBQM 2i H� pBi2bb2 /2 }#`�;2 [mB pQMi +`û2` /2b HB�BbQMb T2M/�Mi2b bm` H2b KQHû+mH2bX

G� }#`2 /2 bBHB+2 2bi �HQ`b +QMbiBimû2 T�` /2 KmHiBTH2b bi`m+im`2b +QKTQbû2b /Ƕ�iQK2b /2 bBHB+BmK 2i
/ǶQtv;ĕM2 [mB QMi /2b ûM2`;B2b /2 HB�BbQMb /Bzû`2Mi2bX *2b +QKTQbûb BMi`Q/mBb2Mi /2b MBp2�mt BMi2`Kû@
/B�B`2b /�Mb H� #�M/2 BMi2`/Bi2 /2 H� bBHB+2 [mB +2 i`�/mBi T�` mM2 Qm THmbB2m`b #�M/2b /Ƕ�#bQ`TiBQMb
/QMi H2 /QK�BM2 bǶûi�H2 /2 HǶlo ¨ HǶBM7`�`Qm;2X *QKK2 +2b bi`m+im`2b M2 bmBp2Mi T�b H� +QKTQbBiBQM



M�im`2HH2 /2 H� bBHB+2- 2HH2b bQMi /QM+ THmb 7`�;BH2b 2i KQBMb bi�#H2bX *2+B bǶ2tTHB[m2 T�` H2m` ûM2`;B2
/2 HB�BbQM [mB 2bi 7Q`+ûK2Mi THmb T2iBi2 [m2 +2HH2 /m ;�T /2 H� bBHB+2X �}M /Ƕ�m;K2Mi2` H2m` bi�#BHBiû
+2`i�BM2b bi`m+im`2b pQMi bQBi b2 #`Bb2` �}M /Ƕ2M 7Q`K2` /2 MQmp2HH2b Qm #B2M +QKT2Mb2` H2m` /û}+B2M+2
/2 +?�`;2 2M +�Ti�Mi /2b ûH2+i`QMb Qm /2b i`Qmb- HQ`b /ǶmM �TTQ`i /ǶûM2`;B2 2tiû`B2m`2- +QKK2 T�`
2t2KTH2 mM `�vQMM2K2Mi BQMBb�Mi X SQm` +2ii2 `�BbQM MQmb /û}MBbbQMb /2mt +�iû;Q`B2b /2 /û7�mib TQm`
+2ii2 ûim/2 ,

ě G2b T`û+m`b2m`b /2 TBĕ;2b , BH bǶ�;Bi /ǶmM /û7�mi T`ûb2Mi /�Mb H� K�i`B+2 pBi`2mb2 �p�Mi B``�@
/B�iBQM 2i bmb+2TiB#H2 /2 +?�M;2` /2 +QM7Q`K�iBQM �mt +Qm`b /2b B``�/B�iBQMb- BH T2mi bǶ�;B`
/ǶmM /û7�mi TQM+im2H Qm /ǶmM2 HB�BbQM `û;mHBĕ`2 +QMi`�BMi2 7Q`Kû2 T�` /2b +v+H2b /2 j Qm 9
iûi`�ĕ/`2b c

ě G2b TBĕ;2b , +`ûû bQmb B``�/B�iBQM- BH bǶ�;Bi /ǶmM T`û+m`b2m` /2 TBĕ;2 [mB � +�Tiû mM ûH2+i`QM Qm
mM i`QmX

*QKK2 MQmb �pQMb Tm H2 +QMbi�i2` BH 2tBbi2 /2 KmHiBTH2b `�BbQMb TQm` [m2 H2 p2``2 /2 bBHB+2 T`ûb2Mi2
/2b /û7�mibX PM T2mi �HQ`b H2b +H�bb2` 2M THmbB2m`b 7�KBHH2b ,

ě H2b /û7�mib /û}+B2Mib 2M Qtv;ĕM2 , BH bǶ�;Bi /ǶmM +2Mi`2 /QMi BH K�M[m2 mM �iQK2 /ǶQtv;ĕM2 c
ě H2b /û7�mib 2t+û/2Mi�B`2b 2M Qtv;ĕM2 , BH bQMi 7`û[m2Mib /�Mb H2b }#`2b Qɍ HǶBMi`Q/m+iBQM /2

/BQtv;ĕM2 2bi +QMbû[m2MiX *2T2M/�Mi BH bǶ�;Bi /ǶmM2 +QM};m`�iBQM /2 7�#`B+�iBQM bTû+B}[m2 2i
[mB M2 +QM+2`M2 T�b H2b }#`2b ûim/Bû2b /�Mb +2ii2 i?ĕb2X PM `2+2Mb2 �HQ`b +QKK2 /û7�mib H2b
+2Mi`2b SPG S2`Qtv #`B/;2 2i H� 7Q`K�iBQM /2 SP_ S2`Qtv _�/B+�H +2T2M/�Mi +2 /2`MB2` T2mi
û;�H2K2Mi 2tBbi2` /�Mb /2b }#`2b +QMp2MiBQM2HH2bX

ě H2b /û7�mib HBûb �m /B?v/`Q;ĕM2 , H2 /B?v/`Q;ĕM2 2bi 2KTHQvû HQ`b /2 H� 7�#`B+�iBQM �}M /2 HBKBi2`
H� +`û�iBQM /2 HB�BbQMb T2M/�Mi2bX *2T2M/�Mi TQm` H2b KāK2 `�BbQMb [m2 T`û+û/2KK2Mi +2i
ûH2K2Mi MǶ2bi T�b T`ûb2Mi /�Mb MQb }#`2bX

ě H2b /û7�mib HBû �m +?HQ`2 , BM/BbT2Mb�#H2 HQ`b /2 H� 7�#`B+�iBQM- BH 2bi MQ`K�H2K2Mi ûHBKBMû HQ`b
/2 H� bvMi?ĕb2 +?BKB[m2 /�Mb H� }#`2X *2T2M/�Mi +2ii2 /2`MBĕ`2 T2mi iQmi /2 KāK2 +QMi2MB`
mM2 +QM+2Mi`�iBQM MQM Mû;HB;2�#H2 /2 +2i ûHûK2Mi bǶBH 2bi �#QM/�MiX *QM+2`M�Mi MQb }#`2b-
MQmb TQmpQMb 2biBK2` [m2 b� +QM+2Mi`�iBQM MǶ2bi T�b MmHH2 K�Bb [m2 H� [m�MiBiû /2 /û7�mib
2M;2M/`û2 `2bi2 Mû;HB;2�#H2X

LQmb 2tTQbQMb /QM+ /2 K�MBĕ`2 MQM 2t?�mbiBp2 H2b /û7�mib `2+2Mbûb /�Mb H� K�i`B+2 pBi`2mb2X

*2 +2Mi`2 2bi T`BM+BT�H2K2Mi +`ûû HQ`b /2 H� 7�#`B+�iBQMX AH �TT�`iB2Mi ¨ H� 7�KBHH2 /2b +2Mi`2b
/û}+B2Mib 2M Qtv;ĕM2X PM /ûMQK#`2 /2mt ivT2b /2 /û7�mi- +QKK2 H2 KQMi`2 H� };m`2 kX9 , P.*UAV [mB
� mM2 �#bQ`TiBQM bBimû p2`b Re8 MK Ud-e2oV- 2i P.*UAAV /QMi H2b #�M/2b /Ƕ�#bQ`TiBQM bQMi /2 k9y MK U8
2oV 2i p2`b jjy MK Uj-R8 2oVX *�`�+iû`Bbûb T�` /2b HB�BbQMb aB@aB- BHb bQMi ¨ H� #�b2 /2 MQK#`2mt /û7�mib
T`ûb2Mib /�Mb H� bBHB+2 +QKK2 H2 KQMi`2 H� };m`2 kX8 [mB `ûbmK2 H2b /Bzû`2Mi2b BMi2`�+iBQMb [mB T2mp2Mi
2M;2M/`2` /2b /û7�mib ¨ T�`iB` /ǶmM +2Mi`2 P.* UPtv;2M .2}+B2Mi *2Mi2`V (8)X PM TQm``� MQi2` [m2
+?�[m2 /û7�mi � mM2 bB;M�im`2 T`QT`2 2i [m2 H2b i2+?MB[m2b /ǶQ#b2`p�iBQM bQMi /Bzû`2Mi2bX �BMbB H2b
+2Mi`2b P.*- [mB bQMi /2b 2bTĕ+2b /B�K�;MûiB[m2b- M2 b2`QMi T�b pBbB#H2b 2M _S1 K�Bb TQm``QMi āi`2
`2Tû`ûb 2M T?QiQHmKBM2b+2M+2X § HǶBMp2`b2- H2b +2Mi`2b >UAV M2 bQMi T�b b2MbB#H2b ¨ H� T?QiQHmKBM2b+2M+2
K�Bb TQm``QMi āi`2 pBbB#H2 2M _S1X *2b +?�M;2K2Mib /Ƕ2bTĕ+2b KQMi`2Mi H� +QKTH2tBiû /2 HǶûim/2 2i
/2 H� +QKT`û?2MbBQM /2b Kû+�MBbK2b /2 /û;`�/�iBQMX AH bǶ�;Bi /QM+ /ǶmM +2Mi`2 [mB p� 2M;2M/`2` /2
MQK#`2mt /û7�mib bQmb B``�/B�iBQMbX SQm` H� bmBi2 /m /Q+mK2Mi- MQmb M2 72`QMb T�b H� /Bzû`2M+2 2Mi`2



Si

O

ODC(I) ODC(II)

kX9 Ĝ _2T`ûb2Mi�iBQM /2b +2Mi`2b P.*UAV 2i P.*UAAVX

kX8 Ĝ .B�;`�KK2 /2 aFmD� BHHmbi`�Mi H2b +?�M;2K2Mib /Ƕ2bTĕ+2 /�Mb mM p2``2 /2 bBHB+2 (8)X

H2b /2mt ivT2b /2 /û7�mib- MQmb +QMbB/û`2`QMb b2mH2K2Mi mM b2mH +2Mi`2 P.* [mB b2`� mM T`û+m`b2m`
/2 TBĕ;2 i`ĕb 7`û[m2Mib /�Mb MQb }#`2bX

AH bǶ�;Bi /ǶmM /û7�mi T�` K�M[m2 /ǶmM �iQK2 /ǶQtv;ĕM2X AH v � /QM+ mM �iQK2 /2 bBHB+BmK HBû ¨
j �iQK2b /ǶQtv;ĕM2 (e)X G2 bBi2 p�+�Mi /QMM2 HB2m ¨ mM ûH2+i`QM MQM@�TT�B`û bm` mM2 Q`#Bi�H2 ?v#`B/2
jb@jT /2 HǶ�iQK2 /2 bBHB+BmKX 1M QTiB[m2- mM2 #�M/2 /Ƕ�#bQ`TiBQM p2`b kRy MK U8-3 2oV HmB 2bi �ii`B#mû2X
AH T2mi āi`2 T`Q/mBi bQBi HQ`b /2 H� 7�#`B+�iBQM Qm �p2+ /2b /ûTƬib /2 /Qb2b +QMbû[m2Mib 2M T`Qp2M�Mi
/ǶmM2 HB�BbQM `û;mHBĕ`2 aB@P@aB /�Mb +2 +�b QM 7Q`K2 �HQ`b mM +2Mi`2 aB1Ƕ 2i L"P>* ,
aB@P@aB −→ aB+ Y aB Y aB@P−

aQmb B``�/B�iBQM 2i ¨ 7�B#H2b /Qb2b- QM �bbBbi2 bQmp2Mi ¨ H� 7Q`K�iBQM /2 +2 +2Mi`2 T�` mM +2Mi`2 P.*X
H2 Kû+�MBbK2 2bi H2 bmBp�Mi , aB@aB −→ aB+ Y aB Y R2−



kXe Ĝ _2T`2b2Mi�iBQM aB1Ƕ(e)X

LQmb +QMbi�iQMb [m2 +2 TBĕ;2 T2mi āi`2 7Q`Kû T�` /2mt T`û+m`b2m`b /Bzû`2MibX SQm` MQi`2 +�b MQmb
`2iB2M/`QMb b2mH2K2Mi H2 b2+QM/ Kû+�MBbK2X 1M 2z2i- MQmb i`�p�BHHQMb 2bb2MiB2HH2K2Mi �p2+ /2b 7�B#H2b
/Qb2bX .2 THmb +QM+2`M�Mi H2 Kû+�MBbK2 miBHBbû HQ`b /2 H� 7�#`B+�iBQM- BH `2bi2 i`ĕb T2m T`Q#�#H2 /�Mb
MQb }#`2b +�` /ǶBKTQ`i�Mib 2zQ`ib i2+?MQHQ;B[m2b QMi ûiû 7�Bi /2 H� T�`i /2b BM/mbi`B2Hb �}M /2 HBKBi2`
H� T`ûb2M+2 /2 +2Mi`2 L"P>* MQi�KK2Mi 2M K�ŗi`Bb�Mi H2 iB`�;2X LQmb TQmpQMb /QM+ 2M /û/mB`2 [mǶBH
2tBbi2 T2m /2 +2Mi`2 aB1Ƕ 2i L">P* HQ`b /2 H� 7�#`B+�iBQMX 1M Qmi`2- HǶûim/2 /2 bT2+i`Qb+QTB2 7�Bi2
bm` H2b }#`2b KQMi`2 û;�H2K2Mi HǶ�#b2M+2 /m +2Mi`2 L"P>*- +QKK2 MQmb H2 p2``QMb THmb T`û+Bb2K2Mi
/�Mb H� b2+iBQM kX9X

Si

O

kXd Ĝ _2T`ûb2Mi�iBQM /m +2Mi`2 L"P>*(e)X

AH 2bi +QMbiBimû /ǶmM �iQK2 /2 bBHB+BmK 2i /2 9 �iQK2b /ǶQtv;ĕM2 /QMi HǶmM M2 TQbbĕ/2 [mǶmM2
HB�BbQM �p2+ HǶ�iQK2 /2 bBHB+BmKX G2 i`Qm TBû;û T�` HǶ�iQK2 /ǶQtv;ĕM2 b2 `2i`Qmp2 /QM+ HQ+�HBbû bm`
HǶQ`#Bi�H2 kT /2 +2HmB@+BX AH 2tBbi2 THmbB2m`b #�M/2b /Ƕ�#bQ`TiBQM [mB HmB bQMi �ii`B#mûb p2`b eky MK
Uk@k-R 2oV- key MK U9-3 2oV Qm 2M+Q`2 R3k MK Ue-3 2oVX *2T2M/�Mi- H2 Kû+�MBbK2 T2`K2ii�Mi b�
7Q`K�iBQM bQmb B``�/B�iBQM �ii`B#m2 mM2 #�M/2 /Ƕ�#bQ`TiBQM p2`b eky MKX (d)-(e)-(3)X *QKK2 MQmb �pQMb
Tm H2 pQB` T`û+û/2KK2Mi BH T2mi āi`2 7Q`Kû ¨ T�`iB` /ǶmM2 HB�BbQM `û;mHBĕ`2 ¨ H� 7�#`B+�iBQM +QKK2 bQmb
B``�/B�iBQM ¨ 7Q`i2b /Qb2b ,
aB@P@aB −→ aB+ Y aB Y aB@P−

Qm #B2M ¨ T�`iB` /ǶmM T`û+m`b2m` SP_- H2 Kû+�MBbK2 /2 7Q`K�iBQM /2 +2 +2Mi`2 bQmb B``�/B�iBQM 2bi ,
aB@P@P@aB−→ aB@P YP@aB
*2T2M/�Mi- H� T`ûb2M+2 /2 +2Mi`2 L"P>* HQ`b /2 MQb +�KT�;M2b /ǶB``�/B�iBQMb `2bi2 T2m T`Q#�#H2 +�`



H2b /Qb2b bQMi 7�B#H2b 2i H2b +2Mi`2b SP_ b2K#H2Mi āi`2 T2m T`ûb2Mib /�Mb MQb }#`2b +QKTi2 i2Mm /ǶmM2
+QM+2Mi`�iBQM 2M Qtv;ĕM2 /û}+B2Mi2 THmiƬi [mǶ2t+û/2Mi�B`2X

Si

O

kX3 Ĝ _2T`ûb2Mi�iBQM /m +2Mi`2 SP_ (e)X

AH bǶ�;Bi /2 HǶmM /2b /û7�mib H2b KQBMb #B2M +QMMmb /�Mb H� HBiiû`�im`2X _2T`ûb2Miû T�` mM2 KQHû+mH2
/ǶQtv;ĕM2 2i mM �iQK2 /2 bBHB+BmK- BH 2bi +QMbB/û`û +QKK2 mM TBĕ;2 ¨ i`Qm HQ+�HBbû bm` H� HB�BbQM P@P
bm` mM2 Q`#Bi�H2 MQM@HB�Mi2 kTX SHmbB2m`b #�M/2b /Ƕ�#bQ`TiBQM HmB bQMi �z2+iû2b /2 7�ÏQM THmb Qm KQBMb
+2`i�BM2b , Re8 MK Ud-e 2oV- kye MK U9-dd 2oV Qm 2M+Q`2 mM2 #�M/2 p2`b ejy MK UR-Ne 2oVX (d)-(e)X G�
`û�+iBQM [mB T2`K2i H� 7Q`K�iBQM +2 /û7�mi 2bi ,
aB@P@aB −→ aB+ Y aB@P@P
*2T2M/�Mi +2 Kû+�MBbK2 b2K#H2 āi`2 T`BpBHû;Bû TQm` /2b �TTQ`ib /ǶûM2`;B2b +QMbû[m2Mi2b i2HH2b [m2
/2b 7Q`i2b /Qb2b Qm HQ`b /2 H� 7�#`B+�iBQMX

O

Si

STH1 STH2

Si

O

kXN Ĝ _2T`ûb2Mi�iBQM /m +2Mi`2 ah> (N)X



*2 +2Mi`2 2bi 2t+HmbBp2K2Mi T`ûb2Mi HQ`b /2b B``�/B�iBQMbX S`ûb2Mi bm` /2b HB�BbQMb `û;mHBĕ`2b 2i
¨ 7�B#H2b /Qb2b- BH T`QpB2Mi /m 7�Bi [m2 H� bBHB+2 pBi`2mb2 M2 T`ûb2Mi2 T�b /2 `ûb2�m ¨ ;`�M/2 û+?2HH2
+2 [mB BKTHB[m2 mM �M;H2 2Mi`2 /2mt iûi`�2/`2 /2 bBHB+2 /Bzû`2Mi /2 +2HmB 2tBbi�Mi /�Mb mM2 bi`m+im`2
+`Bbi�HHBM2X *2ii2 /BzQ`KBiû T2mi āi`2 +QMbB/û`û2 +QKK2 mM TmBi [m�MiB[m2 �p2+ H� +�T�+Biû /2 +2ii2
bi`m+im`2 /2 +�Ti2` mM i`QmX AH 2bi +QMbiBimû /ǶmM �iQK2 /ǶQtv;ĕM2 2i /2 /2mt �iQK2b /2 bBHB+BmK /�Mb
H2[m2H mM i`Qm 2bi +�Tim`û bm` mM �iQK2 /ǶQtv;ĕM2 /�Mb HǶQ`#Bi�H2 kTX AH 2M 2tBbi2 k ivT2b , H2 ah>1

TQm` H2[m2H H2 i`Qm 2bi /ûHQ+�HBbû bm` /2mt �iQK2b /ǶQtv;ĕM2 TQMi�Mib- 2i H2 ah>2 +�Tim`2 mM i`Qm
bm` mM �iQK2 /ǶQtv;ĕM2 MQM@HB�MiX PM H2m` �ii`B#m2 THmbB2m`b #�M/2b /Ƕ�#bQ`TiBQM , dey MK Uk-R 2oV-
eey MK Uk-e 2oV 2i mM2 #�M/2 p2`b Rdyy MKX *QMbB/û`û +QKK2 /2 M�im`2 i`ĕb BMbi�#H2 ¨ i2KTû`�im`2
�K#B�Mi2- BH 2M 2tBbi2 iQmi /2 KāK2 mM2 T2iBi2 T�`i bi�#H2X

1M 2z2i- /2 `û+2Mi2b Tm#HB+�iBQMb (Ry- RR) KQMi`2Mi [mǶBH 2bi û;�H2K2Mi TQbbB#H2 /2 /BbbQ+B2` k
ivT2b /2 /û7�mib ah> , HǶmM BMbi�#H2 +QMMm Dmb[mǶ�HQ`b 2i mM2 p�`B�Mi2 bi�#H2 ¨ i2KTû`�im`2 �K#B�Mi2X
*2 /2`MB2` /Bi Ƕbi`�BM2/@�bbBbi2/Ƕ 2bi T�`iB+mHBĕ`2K2Mi T`ûb2Mi /�Mb H2b }#`2b- BH T2mi û;�H2K2Mi �pQB`
/2b #�M/2b /Ƕ�#bQ`TiBQM bBimû2b p2`b y-3 2oX .2 THmb- QM T2mi MQi2` [m2 +2 ivT2 /2 /û7�mi 2bi T`ûb2Mi
MQM b2mH2K2Mi /�Mb H2b p2``2b /2 bBHB+2 K�Bb �mbbB /�Mb H2b p2``2b :2`K�MQbBHB+�i2b Qm �HmKBMQbBHB+�i2bX
1M}M +2 TBĕ;2 KQMi`2 mM2 ;`�M/2 b2MbB#BHBiû ¨ H� ;mû`BbQM i?2`KB[m2 Qm QTiB[m2X AH 2bi �HQ`b TQbbB#H2
/2 /ûTB2;2` +2 /û7�mi QTiB[m2K2Mi MQi�KK2Mi �p2+ mM H�b2` ¨ eyy MK (Rk)X

G2 ;2`K�MBmK 2bi T`ûb2Mi /�Mb H2b }#`2b bQmb 7Q`K2 /2 /BQtv/2 /2 ;2`K�MBmK /2 7Q`KmH2 :2P2X
a� bi`m+im`2 `û;mHBĕ`2 /�Mb H� K�iBĕ`2 �KQ`T?2 2bi mM iûi`�ĕ/`2 iQmi +QKK2 H� bBHB+2 pQB` };m`2 kXRy- BH
2bi +QMbiBimû /ǶmM +�iBQM :24+ �m +2Mi`2 2M bm#biBimiBQM /m bBHB+BmK 2i /2 [m�i`2 �iQK2b /ǶQtv;ĕM2X .2
+2ii2 `�BbQM- BH 2bi 7�+BH2K2Mi BMi`Q/mBi /�Mb H2b p2``2b /2 bBHB+2- BH 2bi +QMbB/û`û +QKK2 mM 7Q`K�i2m` /2
`ûb2�mX AH 2bi BMBiB�H2K2Mi BMi`Q/mBi /�Mb H2b }#`2b TQm` b2b T`QT`Bûiûb /2 ;mB/�;2 +QKK2 MQmb �pQMb

Ge

O

GeO4

2-

4+

Si

O

SiO4

2-

4+

kXRy Ĝ _2T`ûb2Mi�iBQM /2b iûi`�ĕ/`2b /2 bBHB+2 2i /2 ;2`K�MBmK T`ûb2Mib /�Mb mM2 K�i`B+2
pBi`2mb2X

Tm H2 pQB` /�Mb H2 +?�TBi`2 R Ub2+iBQM RXkXkXR VX AH 2bi +QMMm TQm` BM/mB`2 /2b /û7�mib THmb BKTQ`i�Mib
[m2 +2mt /2 H� bBHB+2 (Rj)X PM T2mi pQB` +2+B T�` HǶ�#bQ`TiBQM /�Mb HǶmHi`�pBQH2i- [mB 2bi #2�m+QmT THmb
;`�M/2 /�Mb /2b p2``2b ;2`K�MQbBHB+�i2b [m2 /�Mb H� bBHB+2X G2 ;2`K�MBmK bǶBM+Q`TQ`2 �bb2x 7�+BH2K2Mi
/�Mb H2b p2``2b /2 bBHB+2 +�` BH Q++mT2 mM2 bi`m+im`2 iûi`�û/`B[m2 B/2MiB[m2X *2T2M/�Mi- BH +`û2 mM2
`mTim`2 bm` HǶ2M+?�BM2K2Mi aB@P@aB [mB � TQm` +QMbû[m2M+2 /2 +2 K�MB72bi2` +QKK2 mM2 BKTm`2iûX
G2b /û7�mib +`ûûb bQMi �HQ`b bBKBH�B`2b ¨ +2mt T`ûb2Mib /�Mb H� bBHB+2X .�Mb +2 +�b- MQmb i`QmpQMb �T`ĕb



7�#`B+�iBQM i`QBb bi`m+im`2b /Bzû`2Mi2b /�Mb H� }#`2 ¨ b�pQB` , :2P4- :2UP.*V 2i :2@L"P>*X LQmb
T`ûb2MiQMb �HQ`b +B@�T`ĕb H2b /Bzû`2Mib ivT2b /2 /û7�mib `ûT2`iQ`Bûb TQm` H2 ;2`K�MBmKX

e-

Si

O

Ge

Ge(1)

e-

Si

O

Ge

Ge(2)

kXRR Ĝ _2T`ûb2Mi�iBQM /2b +2Mi`2b :2R 2i :2kX

*2b /û7�mib bQMi +QMbiBimûb /Ƕ�iQK2b /2 ;2`K�MBmK 2i /Ƕ�iQK2b /ǶQtv;ĕM2 [mB QMi +�Tim`û /2b
ûH2+i`QMbX AH QMi /2b #�M/2b /Ƕ�#bQ`TiBQM p2`b k3y MK U9-9 2oV TQm` :2URV2i kye MK U8-3 2oV TQm`
:2UkV(R9)- (R8)X AHb QMi ûiû Q#b2`pûb mMB[m2K2Mi bQmb B``�/B�iBQM U#2i�- ;�KK�- s 2i loVX .2 THmb- H2
T`û+m`b2m` /2 +2 TBĕ;2 2bi mM +2Mi`2 :2UP.*VX .�Mb H� bmBi2 /2 +2 /Q+mK2Mi- MQmb M2 72`QMb T�b /2
/Bzû`2M+2 2Mi`2 +2b /2mt 2bTĕ+2b- MQmb H2b MQKKQMb :2*X

Ge

O

kXRk Ĝ _2T`ûb2Mi�iBQM /m +2Mi`2 :21ǶX

AH bǶ�;Bi /ǶmM2 p�`B�Mi2 /m +2Mi`2 aB1Ƕ K�Bb �p2+ mM �iQK2 /2 ;2`K�MBmKX ú;�H2K2Mi MQKKû
:2UjV- +2 +2Mi`2 2bi +�T�#H2 /2 TBû;2` mM i`Qm bm` mM bBi2 /ǶQtv;ĕM2 p�+�MiX *2 /û7�mi � mM2 #�M/2
/Ƕ�#bQ`TiBQM ¨ RNj MK Ue-j 2oVX G� +`û�iBQM /2 +2 /û7�mi bQmb B``�/B�iBQM T`QpB2Mi û;�H2K2Mi /ǶmM
+2Mi`2 :2UP.*VX G2 Kû+�MBbK2 bQmb B``�/B�iBQM ¨ /2 7�B#H2b /Qb2b 2bi ,
aB@:2 −→ :2 Y aB YR 2−



Ge

O

kXRj Ĝ _2T`2b2Mi�iBQM /m +2Mi`2 :2@LP">*X

*QKK2 TQm` H2 +2Mi`2 :21Ƕ- H2 +2Mi`2 :2@L"P>* � mM2 bi`m+im`2 pQBbBM2 /2 +2HH2 /m /û7�mi
L"P>* /�Mb H� bBHB+2 Tm`2X AH +�Tim`2 mM i`Qm ¨ HǶ�B/2 /ǶmM �iQK2 /ǶQtv;ĕM2 2i /2 ;2`K�MBmK [mB
M2 TQbbĕ/2Mi [mǶmM2 HB�BbQM (Re)X *2 /û7�mi T`ûb2Mi2 mM2 #�M/2 /Ƕ�#bQ`TiBQM p2`b eky MK Uk 2oVX
*2T2M/�Mi TQm` H2b KāK2 `�BbQM [m2 bQM ?QKQHQ;m2 /�Mb H� bBHB+2- QM H2 `2M+QMi`2 i`ĕb T2m /�Mb MQb
}#`2b ;2`K�MQ@bBHB+�i2X

GǶ�HmKBMBmK 2bi T`ûb2Mi /�Mb H2b }#`2b bQmb 7Q`K2 /2 /BQtv/2 /Ƕ�HmKBMBmK- Qm �HmKBM2- /2
7Q`KmH2 +?BKB[m2 �H2P3X AH T2mi āi`2 BM+Q`TQ`û /�Mb H2b }#`2b TQm` H2b `�BbQMb /QMi MQmb �pQMb ûpQ[mû
�m +?�TBi`2 RX *QMbB/û`û +QKK2 mM KQ/B}+�i2m` /2 `ûb2�m- BH `2KTH�+2 �HQ`b +2`i�BMb �iQK2b /2
bBHB+BmK /�Mb H� bi`m+im`2 iûi`�û/`B[m2 TQm` 7Q`K2` mM2 bi`m+im`2 �HP−

4 X P`- +2ii2 bm#biBimiBQM �m
b2BM /m iûi`�ĕ/`2 2Mi`�ŗM2 mM /û}+Bi /2 +?�`;2 TQbBiBp2 +QKK2 MQmb TQmpQMb H2 pQB` bm` H� };m`2
kXR9- H2 +�iBQM aB4+ TQbbĕ/2 mM2 +?�`;2 TQbBiBp2 2M THmb T�` `�TTQ`i �m +�iBQM �H3+X *2ii2 2bTĕ+2 2bi
/QM+ KQBMb bi�#H2 [m2 +2b ?QKQHQ;m2b aBP4 2i :2P4- 2HH2 p� �HQ`b +?2`+?2` ¨ +QKT2Mb2` +2 /û7�mi
/2 +?�`;2 bQBi HQ`b /2 H� 7�#`B+�iBQM T�` mM2 HB�BbQM BQMB[m2 �p2+ mM +�iBQM pQBbBM J+- /�Mb +2 +�b
MQmb �pQMb mM2 bi`m+im`2 �HP−

4 fJ+ [mB HQ`b /2b B``�/B�iBQMb /QMM2Mi M�Bbb�M+2 �m +2Mi`2 �HP>*X
Pmi`2 +2 /û7�mi- BH 2bi û;�H2K2Mi TQbbB#H2 /2 i`Qmp2` /2b H�+mM2b /ǶQtv;ĕM2 bm` HǶ�HmKBMBmK HQ`b /2 H�
7�#`B+�iBQM- [mB BMi`Q/mBb2Mi /2b +2Mi`2b �H@1Ƕ bQmb B``�/B�iBQMbX LQmb TQmpQMb +QMbi�i2`- [m2 /2 T�` b�
M�im`2- HǶ�HmKBMBmK p� 2M;2M/`2` /2 MQK#`2mt /û7�mib 2i [mǶBH 2bi ¨ H� #�b2 /2 MQK#`2mt T`û+m`b2m`b
/2 TBĕ;2bX oQB+B H2b /2mt /û7�mib [m2 HǶQM `2M+QMi`2 /�Mb H2b }#`2b �HmKBMQbBHB+�i2b ,

*2b /û7�mib /QMi H2b +�`�+iû`BbiB[m2b bQMi T`Q+?2b /2 +2HH2b /2b +2Mi`2b L"P>* Qm ah> bQMi
7Q`Kûb ¨ HǶ�B/2 /ǶmM �iQK2 /2 �H 2M bm#biBimiBQM ¨ mM �iQK2 /2 aB [mB +�Tim`2 mM i`Qm bm` mM2 2bTĕ+2
T`û+m`b2m` �HP−

4 X *2 ivT2 /2 /û7�mi T`ûb2Mi2 /2b #�M/2b /Ƕ�#bQ`TiBQM �miQm` /2 8ey MK Uk-k 2oV 2i
jRy MK U9 2oV (Rd)X
G2 Kû+�MBbK2 [mB b2 T`Q/mBi bQmb B``�/B�iBQM 2bi , AlO−

4 Y i`Qm+ −→ (�HP>*)
aQmb 2t+Bi�iBQM i?2`KB[m2- ivTB[m2K2Mi �miQm` /2 eyy E (Rd)- +2 /û7�mi 2bi /ûTBû;û bm` mM +2Mi`2
P.*UAAV �p2+ mM2 bB;M�im`2 bT2+i`�H2 #B2M THmb T`QMQM+û2 /�Mb H2b loX



Al

O

AlO4

2-

3+

-

kXR9 Ĝ _2T`ûb2Mi�iBQM /ǶmM iûi`�ĕ/`2 /Ƕ�HmKBM2 T`ûb2Mi /�Mb mM2 K�i`B+2 pBi`2mb2X

Si

O

Al

kXR8 Ĝ _2T`2b2Mi�iBQM /m +2Mi`2 �HP>*X

Al

O

kXRe Ĝ _2T`ûb2Mi�iBQM /m +2Mi`2 �H@1ǶX

aBKBH�B`2 �mt +2Mi`2b aB1Ƕ- BH +Q``2bTQM/ ¨ mM2 H�+mM2 /ǶQtv;ĕM2 bm` mM �iQK2 /Ƕ�HmKBMBmKX AH
v � /QM+ mM ûH2+i`QM MQM �TT�B`û bm` mM2 Q`#Bi�H2 ?v#`B/2 jb@jTX lM2 #�M/2 /Ƕ�#bQ`TiBQM �miQm` /2b
jyy MK U9-R 2oV HmB 2bi �ii`B#mû2X G� 7Q`K�iBQM bQmb B``�/B�iBQM b2 7�Bi /2 H� 7�ÏQM bmBp�Mi2 ,
aB+ Y �H YR2− −→ aB�H



LQmb �pQMb Tm +QMbi�i2` /�Mb H2b T�`�;`�T?2b T`û+û/2Mib [m2 HǶ2Mb2K#H2 /2b ûHûK2Mib T`ûb2Mib
/�Mb H� K�i`B+2 pBi`2mb2 bQMi bmb+2TiB#H2b /2 +`û2` /2b /û7�mib bQmb B``�/B�iBQMbX GǶ�DQmi /2 i2``2b
`�`2b i2HH2b [m2 HǶvii2`#BmK- H2 +û`BmK Qm #B2M HǶ2`#BmK- TQm` M2 +Bi2` [m2 H2b T`BM+BT�mt /QT�Mib
/2 }#`2b �+iBp2b- p� û;�H2K2Mi +?�M;2` HǶ2M+?�ŗM2K2Mi /2 #�b2 aB@P@aBX *2i ûHûK2Mi /2 bm#biBimiBQM
T2mi /QM+ û;�H2K2Mi āi`2 +QMbB/û`û +QKK2 mM /û7�miX *QM+2`M�Mi H2 +û`BmK- HǶmiBHBiû /2 +2 /2`MB2` b2`�
2tTHB[mû /�Mb H� b2+iBQM kX8XRX AH 2bi K�BMi2M�Mi +QMMm [m2 /2 MQK#`2mt H�Mi?�MB/2b i2H [m2 HǶvii2`#BmK
QMi H� TQbbB#BHBiû /2 b2 `û/mB`2 2M BQM u#2+- bQmb `�vQMM2K2Mi BQMBb�Mi Qm T�` T?QiQMQB`+Bbb2K2MiX
GǶ?vTQi?ĕb2 /2 +?�M;2K2Mi /2 +QM7Q`KBiû TQm` HǶBQM 1`3+ T2mi û;�H2K2Mi āi`2 2MpBb�;û2- +QKK2 H2
KQMi`2Mi /2 `û+2Mib i`�p�mt (R3)- (RN)X *2T2M/�Mi +2+B MǶ2bi T�b 2M+Q`2 i`ĕb +H�B` 2i BH 2bi /B{+BH2
/Ƕ�ii`B#m2` /2b #�M/2b /Ƕ�#bQ`TiBQM ¨ HǶBQM 1`2+X G� };m`2 kXRd MQmb KQMi`2 HǶ�#bQ`TiBQM HBû2 �mt BQMb
`û/mBib- [mB 2bi `2H�iBp2K2Mi #H�M+?2 bm` THmbB2m`b +2Mi�BM2b /2 M�MQKĕi`2b /�Mb H2 /QK�BM2 pBbB#H2@
BM7`�`Qm;2X 1M 2z2i bǶBH QM +QKT�`2 H2b bT2+i`2b /Ƕ�#bQ`TiBQM �p2+ HǶBQM 1`3+T`ûb2Mi bm` H� };m`2
kXRd@#- MQmb +QMbi�iQMb [m2 HǶ�#bQ`TiBQM /2 HǶBQM 1`2+2bi #2�m+QmT THmb TH�i2 [m2 HǶ�#bQ`TiBQM /2 HǶBQM
i`Bp�H2MiX *2+B 2bi /ȿ ¨ H� T`ûb2M+2 /ǶmM ûH2+i`QM +�Tiû T�` mM2 +Qm+?2 2ti2`M2 [mB 7�pQ`Bb2`�Bi +2ii2
i`�MbBiBQM H�`;2 #�M/2- ¨ b�pQB` H� i`�MbBiBQM 97@8/ (ky)X AH 2bi ûpB/2Mi [m2 bǶBH /2pB2Mi T`Q#�#H2- +2
Kû+�MBbK2 2bi �#bQHmK2Mi /ǶBKTQ`i�M+2 /�Mb H2 +�b /2b �KTHB}+�i2m`b , +2H� `2pB2Mi ¨ Ǵ/ûb�+iBp2`Ǵ
/2b BQMb 1`3++?�`;ûb /2 HǶ�KTHB}+�iBQM- 2i T2mi bǶ�pû`2` +�i�bi`QT?B[m2 TQm` H� i2Mm2 �mt `�/B�iBQMb
/2b �KTHB}+�i2m`bX

    2+

Pr

    2+

Gd

    2+

Td

    2+

H0

    2+

Er

    2+

Lu

    2+

Yb

longueur d’onde (nm)

250 350 450250 550 650 750 850

a) b)

kXRd Ĝ U�V *Qm`#2b /Ƕ�#bQ`TiBQM /2 [m2H[m2b BQMb /Bp�H2Mib /2b i2``2b `�`2bX U#V aT2+i`Qb+QTB2
/2 HǶBQM 1`3+ (ky)X

*QKK2 MQmb �pQMb Tm H2 pQB`- /2 MQK#`2mt /û7�mib T2mp2Mi bQBi āi`2 +`ûûb T�` HǶûi�T2 /2 7�#`B@
+�iBQM Qm T�` mM `�vQMM2K2Mi BQMBb�MiX Zm2H[m2 bQBi H2 T`Q+û/û- QM T2mi �/K2ii`2 [mǶBH bǶ�;Bi /ǶmM



�TTQ`i /ǶûM2`;B2 bm` mM2 KQHû+mH2 [mB p� ;ûMû`2` /2b /û7�mibX 1M 2z2i- HǶQTû`�iBQM /2 }#`�;2 2bi ¨ HǶQ`B@
;BM2 /2 MQK#`2mb2b HB�BbQMb #`Bbû2b bQmb HǶ2z2i /2b ?�mi2b i2KTû`�im`2b 2i /2 +QMi`�BMi2bX G2b ûM2`;B2b
/2b `�vQMM2K2Mib γ bQMi /2 HǶQ`/`2 /m J2o- 2i +QKK2 H2m` MQK HǶBM/B[m2 HǶûM2`;B2 2bi i2HH2 [mǶBHb pQMi
TQmpQB` BQMBb2` H� K�iBĕ`2X *2T2M/�Mi- HǶûM2`;B2 MǶ2bi T�b H2 b2mH T�`�Kĕi`2 ¨ T`2M/`2 2M +QKTi2X 1M
2z2i- bB HǶQM +QKT�`2 H2b ûM2`;B2b /2 HB�BbQMb /2b 2bTĕ+2b T`ûb2Mi2b U/2 HǶQ`/`2 /2 Ry 2o TQm` H2b p2``2b
/2 bBHB+2V 2i HǶûM2`;B2 �TTQ`iû2 T�` H2b B``�/B�iBQMb UR J2oV- QM TQm``�Bi T2Mb2` [m2 iQmi2b H2b 2bTĕ+2b
QMi mM2 b2MbB#BHBiû û[mBp�H2Mi2 /2p�Mi HǶûM2`;B2 /m `�vQMM2K2Mi c Q` MQmb �bbBbiQMb ¨ /2b Kû+�MBbK2b
T`û7û`2MiB2HbX AH 2tBbi2 /QM+ mM Q`/`2 /Ƕ�TT�`BiBQM /2b /û7�mib bmBp�Mi H2b Kû+�MBbK2b miBHBbûb bmBp�Mi
HǶûM2`;B2 /ûTQbû2X .2b T�`�Kĕi`2b i2Hb [m2 , H� +BMûiB[m2 /2 H� `û�+iBQM- H� `2+QK#BM�BbQM Qm 2M+Q`2 H�
b2+iBQM 2{+�+2 /Ƕ�#bQ`TiBQM bQMi /2b `�BbQMb /Bp2`b2b 2i +QKTH2t2b [mB /Bzû`2M+B2Mi HǶQ++m``2M+2 /ǶmM
Kû+�MBbK2 Qm /ǶmM �mi`2X *QKTi2 i2Mm /2 H� /B{+mHiû /Ƕûp�Hm�iBQM /2 +2b T�`�Kĕi`2b- MQmb MQmb BM@
iû`2bbQMb b2mH2K2Mi �mt /û7�mib �v�Mi mM2 `2+QK#BM�BbQM MQM BMbi�Mi�Mû2 /2 HǶ2bTĕ+2 +?BKB[m2X SQm`
MQi`2 T�`i- MQmb MQmb bQKK2b 7Q+�HBbûb bm` H2b /û7�mib �TT�`�Bbb�Mi ¨ /2 7�B#H2b /Qb2b UI RF:vVX

.2 MQK#`2mt T`û+m`b2m`b Qm /û7�mib bQMi +`ûûb HQ`b /m T`Q+2bbmb /2 7�#`B+�iBQM /2b }#`2b- [m2 +2
bQBi HQ`b /2 H� +`û�iBQM /2 H� T`û7Q`K2 Qm /2 H� }#`2 2HH2@KāK2X 1M 2z2i- HǶ�DQmi /2 +?HQ`2 Qm H2b i2+?@
MB[m2b /2 }#`�;2 bQMi �mi�Mi /2 7�+i2m`b [mB T2mp2Mi 2M;2M/`2` H� +`û�iBQM THmb Qm KQBMb BKTQ`i�Mi2
/2 /û7�mibX �BMbB- /�Mb +2ii2 i?ĕb2- MQmb MQmb `2bi`2B;MQMb ¨ HǶûim/2 /2 /û7�mib TQmp�Mi BMi2`p2MB` bm`
MQb }#`2bX *QMM�Bbb�Mi THmb Qm KQBMb H2b Q`/`2b /2 ;`�M/2m`b /2b T�`�Kĕi`2b /2 7�#`B+�iBQM /2b }#`2b-
BH 2M � ûiû +QMp2Mm [m2 H� THmT�`i /2 MQb }#`2b +QMi2M�B2Mi /2b +QM+2Mi`�iBQMb /ǶBQMb P> �bb2x 7�B#H2bX
1M 2z2i- +QKK2 MQmb �pQMb Tm H2 pQB` /�Mb HǶBMi`Q/m+iBQM /2 MQK#`2mt 2zQ`ib QMi ûiû 7�Bi /2 H� T�`i
/2b BM/mbi`B2Hb �}M /2 /BKBMm2` H2 TB+b /Ƕ�#bQ`TiBQM /2b P> 2i �m;K2Mi2` H� #�M/2 T�bb�Mi2 /2b }#`2b
/2 iûHû+QKKmMB+�iBQMb- BH 2M 2bi /2 KāK2 TQm` MQb }#`2bX *2+B b2 i`�/mBi MQi�KK2Mi T�` mM2 7Q`K�@
iBQM /2 +2Mi`2b /2 ivT2 ah>fSP_ THmb BKTQ`i�Mi [m2 H2b +2Mi`2b L">P*- TQm` /2b 7�B#H2b /ûTƬib
/Qb2bX GǶQTû`�iBQM /2 }#`�;2 2bi û;�H2K2Mi ¨ HǶQ`B;BM2 /2 MQK#`2mt /û7�mib BMi`BMbĕ[m2b MQi�KK2Mi H2
+2Mi`2 aB1Ƕ- +2T2M/�Mi H� +`û�iBQM /2 +2 /2`MB2` T2mi āi`2 HBKBiû2 TQm` /2b }#`2b BM/mbi`B2HH2b T�` /2b
i2+?MB[m2b /2 }#`�;2 �TT`QT`Bû2bX .2 KāK2- H2 }#`�;2 2bi ¨ HǶQ`B;BM2 /2 T`û+m`b2m`b [mB 7Q`K2Mi /2b
/û7�mib bQmb B``�/B�iBQMbX �BMbB- +QKK2 H2 KQMi`2 H2 i�#H2�m kXR- H2b T�`�Kĕi`2b i2Hb [m2 H� i2MbBQM- H�
i2KTû`�im`2 Qm H� pBi2bb2 bQMi /2b 7�+i2m`b +�T�#H2b /2 #`Bb2` /2b HB�BbQMb 2i /2 +`û2` /2b T`û+m`b2m`b
/2 /û7�mibX (kR)-(kk)-(kj)-(k9)-(k8)X

.û7�mib S�`�Kĕi`2b /2 }#`�;2
h2MbBQM ↑ h2KTû`�im`2 ↑ oBi2bb2 ↑

aB1Ƕ ↑ ↑ ↑
L"P>* ↑ LX* LX*

SP_ ↓ LX* LX*
:21Ƕ ↑ ↑ ↑
P.* ↑ ↑ ↑
ah> ↑ LX* LX*

kXR Ĝ S`ûb2Mi�iBQM /2 HǶûpQHmiBQM /2 H� [m�MiBiû /2 T`BM+BT�mt /û7�mib 2M 7QM+iBQM /2 HǶ�m;K2M@
i�iBQM /2b i`QBb T�`�Kĕi`2b /2 }#`�;2 , i2KTû`�im`2- i2MbBQM- pBi2bb2 X



S`û+m`b2m`b SBĕ;2b "�M/2b /ǶûM2`;B2b a2MbB#BHBiû L�im`2 ûM2`;B2b
/2 TBĕ;2 /Ƕ�#bQ`TiBQM :mû`BbQM h?2`KB[m2 /m TBĕ;2 /ûTQbû2b

P.* aB1Ƕ kRy MK LX* i`Qmb 7�B#H2b
aBP4 SP_ Re8 kye ejy MK LX* i`Qmb 7Q`i2b
aBP4 L"P>* eky MK LX* i`Qmb 7Q`i2b
aBP4 ah> eey dey Rdyy MK = kN3E i`Qmb 7�B#H2b

:2UP.*V :2URVUkV kye k3yMK LX* ûH2+i`QMb 7�B#H2b
:2UP.*V :21Ƕ RNj MK LX* i`Qmb 7�B#H2b

:2P4 :2@L"P>* eky MK LX* i`Qmb 7Q`i2b
�HUP.*V �H1Ƕ jyy MK LX* ûH2+i`QMb 7�B#H2b

�HP−

4 �HP>* jRy 88y MK = eyyE i`Qmb 7�B#H2b
1`3+ 1`2+ jyy Ryyy MK LX* ûH2+i`QMb 7�B#H2b

kXk Ĝ _û+�TBimH�iB7 /2b T`BM+BT�H2b T`QT`Bûiûb /2b /û7�mib T`ûb2Mib /�Mb H2b }#`2b bQmb B``�/B�@
iBQMbX

G� /Qb2 /ûTQbû2 DQm2 mM `ƬH2 BKTQ`i�Mi /�Mb H2b Kû+�MBbK2b /2 /û;`�/�iBQM bmBp�Mi H2b +2Mi`2b
+QHQ`ûbX 1M 2z2i- BH � ûiû KQMi`û [mǶ�m /2H¨ /ǶmM +2`i�BM b2mBH /2 /ûTƬi /2 /Qb2- H2 MQK#`2 /2 /û7�mib
i2M/ ¨ b�im`2` T�` H� 7Q`K�iBQM /ǶmM b2mH Kû+�MBbK2- �p�Mi [mǶmM �mi`2 T`Q+2bbmb M2 bQBi 2MpBb�;ûX G2b
i2M/�M+2b /2 b�im`�iBQM Q#b2`pû2b MQi�KK2Mi �p2+ H2b /QT�Mib i2Hb [m2 H2 ;2`K�MBmK Qm HǶ�HmKBMBmK
bQMi /2 HǶQ`/`2 /2 Ry 2i Ryy F:v- pQB`2 THmb TQm` HǶ�HmKBMBmK (Rd)X LQmb TQmpQMb /QM+ +QMbB/û`2` mM
b2mH T`Q+2bbmb /2 /û;`�/�iBQM KBb 2M D2m TQm` MQb /ûTƬib /2 /Qb2 U< 1 F:vVX G� };m`2 kXR3 KQMi`2
¨ iBi`2 /Ƕ2t2KTH2 HǶûpQHmiBQM /2 H� [m�MiBiû /2 /û7�mib :2URV 2i :2UkV 2M 7QM+iBQM /2 H� /Qb2 /ûTQbû2
(ke)X
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kXR3 Ĝ _2T`ûb2Mi�iBQM /2 HǶûpQHmiBQM /2 H� [m�MiBiû /ǶmM TBĕ;2 UB+B :2URV 2i :2UkVV 2M 7QM+iBQM
/2 H� /Qb2 /ûTQbû2 /�Mb mM2 T`û7Q`K2 2i /�Mb mM2 }#`2 (ke) X

.�Mb +2ii2 b2+iBQM- MQmb �pQMb Tm pQB` 2M /ûi�BH H2b T`QT`Bûiûb 2i H2b `û�+iBQMb +?BKB[m2b [mB
T2`K2ii2Mi /2 +`û2` H2b /û7�mibX LQmb T`QTQbQMb /2 bvMi?ûiBb2` HǶ2Mb2K#H2 /2 +2b Kû+�MBbK2b- bm`
H� };m`2 kXRN- bQmb mM2 7Q`K2 /2 /B�;`�KK2 2M T�`i�Mi /2b ûHûK2Mib BMi`Q/mBib /�Mb H� }#`2 2i 2M



/û+`Bp�Mi H2b bi`m+im`2b T`ûb2Mi2b HQ`b /2 H� 7�#`B+�iBQM Qm /2b B``�/B�iBQMbX *QKK2 MQmb TQmpQMb H2
`2K�`[m2` b2mH2K2Mi mM2 T�`iB2 /2 +2b /û7�mib bQMi miBH2b ¨ MQi`2 ûim/2 TQm` 2tTHB[m2` H2b `û�+iBQMb
¨ 7�B#H2b /Qb2bX G2 i�#H2�m kXk 7�Bi mM2 bvMi?ĕb2 /2 +2b /Bzû`2Mib /û7�mib 2i BMi`Q/mBi û;�H2K2Mi mM2
BM7Q`K�iBQM BKTQ`i�Mi2 bm` H� M�im`2 /m TBĕ;2- bǶBH bǶ�;Bi /ǶmM TBĕ;2 +�T�#H2 /2 +�Ti2` Qm /2 HB#û`2`
mM ûH2+i`QMX 1M 2z2i- +QKK2 MQmb �pQMb Tm H2 pQB` /�Mb H2 /û#mi /2 +2 +?�TBi`2- H2b `�vQMM2K2Mib
BQMBb�Mib T2mp2Mi āi`2 �bbBKBHûb ¨ mM2 bQm`+2 /2 ;ûMû`�iBQM /2 T�B`2b ûH2+i`QMb@i`QmbX G2b /û7�mib [m�Mi
¨ 2mt T2mp2Mi āi`2 pmb +QKK2 /2b ûHûK2Mib /2 biQ+F�;2 /2b +?�`;2bX *2+B +QMbiBim2 H2b #`B[m2b /2 #�b2
/2b KQ/ĕH2b /2 /û;`�/�iBQM /û+`Bib /�Mb H� b2+iBQM bmBp�Mi2X

Er2+

Er3+
Si-Cl

SiE’* Cl0

CENTRE E’

SiCl O Ge AlH+/O+ Er3+

AlO4-

SiO4 STH

SiO4

SiE’ AlE’ GeE’ GeO4STH ? AlO4-/Er3+AlOHC

GeO4ODC AlO4-/M+ AlO4-/Er3+

GeC

Pièges liés à la silice

Précurseur de défauts

Défauts sous irradiations

Irradiation

(faibles doses)

Pièges liés au codopants

Fabrication

Légende :

Element chimique

Sturcture dans la $bre

Piège à électrons

Piège à trous

Formation à la fabrication

SiE’ NBOHC/POR

SiE’ NBOHC SiE’
Ge-

NBOHC
AlOHC Er2+

Irradiation

(fortes doses)

Formation sous irradiation 

kXRN Ĝ .B�;`�KK2 `2T`ûb2Mi�Mi H2b Kû+�MBbK2b /2 7Q`K�iBQM /2b T`û+m`b2m`b 2i /2 TBĕ;2b bQmb
B``�/B�iBQMb ;�KK� TQm` /2 7�B#H2b /Qb2b TQm` H� bBHB+2- H2 ;2`K�MBmK- HǶ�HmKBMBmK 2i HǶ2`#BmKX

G2 KQ/ĕH2 /2 _X *?2M 2bi mM KQ/ĕH2 [mB /û+`Bi H� /û;`�/�iBQM /ǶmM K�iû`B�m BbQH�Mi bQmb HǶ2z2i
/2b B``�/B�iBQMbX 1M `û�HBiû- H� +QMi`B#miBQM /2 _X *?2M 7mi bm`iQmi /2 `ûbQm/`2 MmKû`B[m2K2Mi H2b
û[m�iBQMb U+2 MǶûi�Bi T�b bB bBKTH2 �p2+ H2b KQv2Mb /2b �MMû2b RN3yV (kd)- H2b û[m�iBQMb 2HH2b@KāK2b
ûi�Mi Bbbm2b /2 i`�p�mt i`ĕb p�`Bûb- i`Qmp�Mi H2m`b Q`B;BM2b /�Mb H� HBiiû`�im`2 `mbb2 /2b �MMû2b RN8y-
2i `2T`Bb2b /�Mb H� HBiiû`�im`2 BMi2`M�iBQM�H2 /�Mb H2b �MMû2b RNdyX *Ƕ2bi mM KQ/ĕH2 ivT2 û[m�iBQMb



(BC)

(BV)

(CR)

kXky Ĝ .B�;`�KK2 ûM2`;ûiB[m2 �bbQ+Bû �m KQ/ĕH2 /2 _X *?2MX G� i`�MbBiBQM 2M ivTQ;`�T?B2
+QMiQm` bvK#QHBb2 H� ;mû`BbQM QTiB[m2 BMi`Q/mBi2 ¨ T�`iB` /m KQ/ĕH2 Q`B;BM�HX

S�`�Kĕi`2b /2b+`BTiBQM mMBiûb
D′ BK�;2 /m /û#Bi /2 /Qb2 m−3Xs−1

Nn +�T�+Biû /m *_ m−3

nn +QM+2Mi`�iBQM /m *_ m−3

An i�mt /ǶBMi2`�+iBQM �p2+ "* m3Xs−1

Np +�T�+Biû /m TBĕ;2 ¨ i`Qmb m−3

pt +QM+2Mi`�iBQM /m TBĕ;2 m−3

A i�mt /ǶBMi2`�+iBQM �p2+ "o m3Xs−1

Ap i�mt /ǶBMi2`�+iBQM �p2+ "o m3Xs−1

Φg ~mt HmKBM2mt m−2Xs−1

σg b2+iBQM 2{+�+2 QTiB[m2 m2

kXj Ĝ S�`�Kĕi`2b �bbQ+Bûb �m KQ/ĕH2 /2 _X *?2MX

/2 TQTmH�iBQM- T?ûMQKûMQHQ;B[m2 [mB /û+`Bi H� /vM�KB[m2 /2 /û;`�/�iBQM /ǶmM K�iû`B�m BbQH�MiX PM
+QMbB/ĕ`2 /2b #�M/2b /2 +QM/m+iBQM 2i /2 p�H2M+2 HQ+�H2b bT�iB�H2K2Mi- /2 [m2H[m2b �M;bi`QKX 1MbmBi2-
HǶ2Mb2K#H2 /2 iQmi2b +2b #�M/2b /2 +QM/m+iBQM 2i /2 p�H2M+2 HQ+�HBbû2b bQMi KQ/ûHBbû2b ¨ HǶû+?2HH2 /m
K�iû`B�m +QKTH2iX SQm` +2H�- BH +QMbB/ĕ`2 mM2 TQTmH�iBQM /2 TBĕ;2b- +�T�#H2 /2 biQ+F2` /2b i`Qmb Qm /2b
ûH2+i`QMb- �BMbB [mǶmM2 TQTmH�iBQM /2 +2Mi`2b `2+QK#BM�MibX G2 ;�T +QMbB/û`û 2bi TQm` MQmb +2HmB /2 H�
bBHB+2X aQmb HǶ2z2i /m /û#Bi /2 /Qb2 D′- H2b �iQK2b /2 bBHB+2 bQMi BQMBbûb HQ+�H2K2Mi U+Ƕ2bi +2 [mB 2bi H2
THmb T`Q#�#H2 +�` H2 K�iû`B�m ?Ƭi2 2bi H� bBHB+2V- +2 [mB /QMM2 HB2m ¨ H� +`û�iBQM /2 T�B`2b ûH2+i`QM@i`QmX
GǶBQMBb�iBQM /ǶmM2 KQHû+mH2 /2 aBHB+BmK p� TQmpQB` 7Qm`MB` HǶûM2`;B2 Mû+2bb�B`2 TQm` BQMBb2` mM2 �mi`2
KQHû+mH2 ¨ T`QtBKBiû U[m2H[m2b �M;bi`ƺKbV- T�` 2t2KTH2 mM �iQK2 /Ƕ�HmKBMBmK [mB /2pB2M/`�Bi mM
+2Mi`2 �H1Ƕ Qm �H@P>*X lM2 7QBb BQMBbû2- +2ii2 KQHû+mH2 p� TQmpQB` `2bi2` bi�#H2X *2 Kû+�MBbK2 p�
T2mTH2` H2b MBp2�mt bQBi /ǶmM +2Mi`2 `2+QK#BM�Mi Nn Qm /ǶmM TBĕ;2 ¨ i`Qmb NpX 1M T�`�HHĕH2 /2 +2H�- H�
bBHB+2 p� TQmpQB` ;mû`B` i?2`KB[m2K2Mi- +2 [mB 2bi bvK#QHBbû T�` H2 +2Mi`2 `2+QK#BM�MiX G2b T`Q#�#BHBiûb
An- Ap 2i A /ûT2M/2Mi /QM+ /2 H� /2MbBiû /2 TBĕ;2bX .�Mb H� K2bm`2 Qɍ H2b +2Mi`2b �H1Ƕ 2i �H@P>*
QMi mM2 bT2+i`Qb+QTB2 /Bzû`2Mi2 /2 +2HH2 /2b �iQK2b /Ƕ�HmKBMBmK +Q``2+i2K2Mi BMbû`ûb /�Mb H� bBHB+2-
BHb /û}MBbb2Mi /2 MQmp2HH2b #�M/2b /Ƕ�#bQ`TiBQM /QMi H2b �BH2b pQMi b2 i`�/mB`2 +QKK2 mM2 �iiûMm�iBQM



bmTTHûK2Mi�B`2 �mt HQM;m2m`b /ǶQM/2 /2 TQKT2 2i /2 bB;M�HX �BMbB H2b û[m�iBQMb /m KQ/ĕH2 bQMi ,






dn

dt
= D′ −An(Nn − nn)n

dnn

dt
= An(Nn − nn)n−Appnn

dpt

dt
= A(Np − pt)p− σgφtpt

dp

dt
= D′ −A(Np − pt)p−Appnn + σgφtpt

UkXjV

*2 KQ/ĕH2- #B2M [mǶ�bb2x bBKTH2- 2bi /ûD¨ BMiû`2bb�Mi +�` BH T`û/Bi T?vbB[m2K2Mi H2b 2z2ib /2 /û#Bi
BMp2`b2 �T`ĕb B``�/B�iBQM- +Ƕ2bi ¨ /B`2 mM 2z2i /2 /û;`�/�iBQM THmb 7Q`i TQm` /2b /û#Bib THmb 7�B#H2bX 1M
2z2i- mM i2H Kû+�MBbK2 b2K#H2 +QMi`2@BMimBiB7 bB HǶQM +QMbB/ĕ`2 [m2 H� ;ûMû`�iBQM /2 T�B`2b ûH2+i`QMb@
i`Qmb �m;K2Mi2 2M 7QM+iBQM /m /û#Bi /2 /Qb2- +2 [mB TQm``�Bi +Q``2bTQM/`2 ¨ mM2 [m�MiBiû /2 T?QiQM
γ THmb BKTQ`i�Mi2 2i /QM+ mM2 [m�MiBiû /ǶBMi2`�+iBQM �p2+ H� K�iBĕ`2 THmb +QMbû[m2Mi2X G� bBKmH�iBQM
+QMbBbi2 �HQ`b ¨ H�Bbb2` H2 K�iû`B�m �ii2BM/`2 mM ûi�i bi�iBQMM�B`2 �T`ĕb �pQB` �``āiû HǶB``�/B�iBQM TQm`
pQB` HǶ2z2i /2 /û#Bi BMp2`b2- pQB` };m`2 kXkRU�VX lM2 HBiiû`�im`2 i`ĕb p�bi2 miBHBb2 +2 KQ/ĕH2 +QKK2
+�miBQM T?vbB[m2 TQm` 2tTHB[m2` /2b `ûbmHi�ib 2tTû`BK2Mi�mt (k3)- (kN)X 1M `2p�M+?2- BH M2 T`û/Bi T�b
H2b 2z2ib /2 /û#Bi T2M/�Mi HǶB``�/B�iBQM- �HQ`b [m2 /2 i2Hb 2z2ib QMi ûiû +QMbi�iûb (jy)- (jR)X AH M2 T`û/Bi
T�b MQM THmb HǶ2z2i /2 H� ;mû`BbQM QTiB[m2- pQB` };m`2 kXkRU#VX SQm` +2ii2 `�BbQM- mM2 BMi2`�+iBQM
bmTTHûK2Mi�B`2 � ûiû BMbû`û2 /�Mb H2 KQ/ĕH2 /2 *?2M- HQ`b /2 H� i?ĕb2 /2 Cû`ûKB2 h?QK�b (jk)X 1HH2
+QMbBbi2 ¨ /ûT2mTH2` H2 MBp2�m TBĕ;2 2M T`2M�Mi 2M +QKTi2 HǶBMi2`�+iBQM 2Mi`2 H2 ~mt /2 T?QiQMb Φg ¨
i`�p2`b /ǶmM2 b2+iBQM 2{+�+2 σgX
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0.5 Gy/h

12 Gy/h

1550 nm / 10 metres

kXkR Ĝ 1z2i /2 /û#Bi BMp2`b2 , U�V b2HQM H2 KQ/ĕH2 /2 _X *?2M (kd)- +�H+mHû �T`ĕb B``�/B�iBQM 2i
U#V K2bm`û 2M +Qm`b /ǶB``�/B�iBQM 2i 2M HǶ�#b2M+2 /2 ;mû`BbQM QTiB[m2X

GǶ2z2i /2 H� ;mû`BbQM QTiB[m2 T2mi āi`2 KBb 2M ûpB/2M+2 2M +QMbB/û`�Mi mM p2``2 /QTû 2`#BmK
û+H�B`û T�` mM ~mt HmKBM2mt Φ [m2 HǶQM B``�/B2 �p2+ mM 7�Bb+2�m BQMBb�Mi T2M/�Mi mM2 +2`i�BM2 /m`û2X
G� bQm`+2 /ǶB``�/B�iBQM 2bi 2MbmBi2 ûi2BMi2 2i H2 K�iû`B�m 2bi iQmDQm`b bQmKBb �m ~mt HmKBM2mt ΦX G2
KQ/ĕH2 /û+`Bi T`û+û/2KK2Mi T2`K2i /2 bmBp`2 HǶûpQHmiBQM /2b +?�`;2b 2M 7QM+iBQM /m i2KTbX �BMbB-
bm` H� };m`2 kXkk- QM +QMbi�i2 [m2 H2b +?�`;2b biQ+Fû2b /�Mb H2 TBĕ;2 ¨ i`Qmb �m;K2Mi2Mi �p2+ H2 i2KTb
HQ`b[m2 HǶQM B``�/B2 H2 K�iû`B�mX *2H� bB;MB}2 [m2 H� /û;`�/�iBQM 2bi THmb 7Q`i2 [m2 H� ;mû`BbQM �TTQ`iû2
T�` H2 ~mt /2 T?QiQMbX .ĕb HQ`b [m2 HǶQM �``āi2 H2 `�vQMM2K2Mi BQMBb�Mi- H� TQTmH�iBQM /2 i`Qmb TBû;ûb
/BKBMm2 bB;MB}+�iBp2K2Mi bQmb HǶBM~m2M+2 /m ~mt HmKBM2mtX *2H� T2`K2i /2 p�HB/2` H� T`Bb2 2M +QKTi2
/2 H� ;mû`BbQM QTiB[m2 /�Mb MQi`2 KQ/ĕH2X
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Arrêt du

rayonnement ionisant

Flux de photons = 1012

S�`�Kĕi`2b p�H2m`b mMBiûb
D′ 1014 m−3Xs−1

Nn 1016 m−3

An 10−13 m3Xs−1

Np 1013 m−3

A 10−12 m3Xs−1

Ap 1010 m3Xs−1

Φg 1012 m−2Xb−1

σg 10−12 m2

kXkk Ĝ 1pQHmiBQM /2b /Bzû`2Mi2b TQTmH�iBQMb 2M 7QM+iBQM /m i2KTb

*QKK2 +2 KQ/ĕH2 2bi T?ûMQKûMQHQ;B[m2- BH 2bi /B{+BH2 /Ƕ2M 7�B`2 mM KQ/ĕH2 [m�MiBi�iB7- H2b
p�H2m`b /2b +Q2{+B2Mib bQMi /B{+BH2K2Mi [m�MiB}�#H2b 2tTû`BK2Mi�H2K2MiX .QM+ BH b2`i bm`iQmi ¨ /û+`B`2
/2b TQTmH�iBQMb 2i ¨ 2tTHB[m2` H2b +QMbû[m2M+2b /2b Kû+�MBbK2b 2M T`ûb2M+2X PM T2mi H2 `2HB2` �m
+QKTQ`i2K2Mi K�+`Qb+QTB[m2 T�` /2b +Q2{+B2Mib /2 +�HB#`�;2 [mB bQMi /2b T�`�Kĕi`2b /Ƕ�Dmbi2K2Mi-
2i 2M 7�Bb�Mi +2H� QM � Tm MQi2` /2b /Bzû`2M+2b 2Mi`2 KQ/ûHBb�iBQM 2i Q#b2`p�iBQM 2tTû`BK2Mi�H2 bm` H2
+QKTQ`i2K2Mi /Ƕ�KTHB}+�i2m`b QTiB[m2b T2M/�Mi H� i?ĕb2 /2 Cû`ûKB2 i?QK�bX

.�Mb H� /2b+`BTiBQM /m KQ/ĕH2 /2 6X J�/v (jj)- QM T2mi `2i`Qmp2` û;�H2K2Mi H2 KāK2 /B�;`�KK2
2M2`;ûiB[m2 2M T`2M�Mi 2M +QKTi2 /2mt ivT2b /2 /û7�mib- HǶmM ;mû`Bbb�#H2 2i HǶ�mi`2 MQM- 2i mM +2Mi`2
`2+QK#BM�Mi HBû �m +?�M;2K2Mi /2 +QM7Q`KBiû /2 HǶBQM 1`3+2M BQM /Bp�H2Mi 1`2+X *2ii2 ?vTQi?ĕb2 /2
i`�p�BH- 7�Bi bmBi2 �mt i`�p�mt /2 uX J2#`QmF (R3)2i hX EvQ�K� (RN)- K2i 2M ûpB/2M+2 H� `û/m+iBQM /m
bT2+i`2 /Ƕ�#bQ`TiBQM /2 HǶBQM 1`3+�T`ĕb B``�/B�iBQMX .û+`Bi /2 7�ÏQM HQ+�H2- +2 KQ/ĕH2- [mB �TTQ`i2 mM2
�TT`Q+?2 THmb T?vbB[m2 2i b2 p2mi [m�MiBi�iB7- T2`K2i /2 K2ii`2 2M D2m H2b Kû+�MBbK2b /2 /û;`�/�iBQMb
T`û/QKBM�Mib /�Mb mM2 }#`2 /QTû2 �p2+ /2 HǶ1`#BmKX AH +?2`+?2 ¨ /û+`B`2 2i ¨ /ûKQMi`2` /2b T`Q+2bbmb-
+QKK2 T�` 2t2KTH2 HǶ2tBbi2M+2 /2 MBp2�mt /Ƕû[mBHB#`2 /ûT2M/�Mib /2 H� TmBbb�M+2 /2 TQKT2 2i /m /û#Bi
/2 /Qb2 (jj)X

G2 ;�T +QMbB/û`û 2bi iQmDQm`b +2HmB /2 H� bBHB+2X aQmb HǶ2z2i /2 HǶB``�/B�iBQM BQMBb�Mi2- BH v � +`û�@
iBQM /2 T�B`2b ûH2+i`QMb@i`Qmb ¨ mM i�mt /2 g0- BK�;2 /m /û#Bi /2 /Qb2X G� +QM+2Mi`�iBQM pQHmKB[m2
2M TQ`i2m`b ûH2+i`QMb HB#`2b bm` H2 MBp2�m 2t+Biû 2bi MQiû2 nc- 2i +2HH2 2M i`Qmb HB#`2b bm` H2 MBp2�m
7QM/�K2Mi�H hvX G2b ûH2+i`QMb bQMi �HQ`b T`BM+BT�H2K2Mi +�Tim`ûb T�` H2b BQMb 1`3+- TQm` 7Q`K2` H2b
BQMb 1`2+/2 /2MbBiû n- pB� H� i`�MbBiBQM δX G2b i`Qmb pQMi [m�Mi ¨ 2mt TQmpQB` āi`2 TBû;ûb T�` /2b
MBp2�mt T`û+m`b2m`b H1 2i H2 2i 7Q`K2` H2b +2Mi`2b +QHQ`ûb `2bTQMb�#H2b /2 HǶ�_A- MQiûb h1 2i h2- T�`
H2b i`�MbBiBQMb β1 2i β2X lM2 T�`i /2b +2b /û7�mib H2b KQBMb T`Q7QM/b Uh1V pQMi +QM/mB`2 ¨ H� T?QiQ@
BQMBb�iBQM T�` HǶ�#bQ`TiBQM ¨ /2mt T?QiQMb /2 TQKT2- T�` H� i`�MbBiBQM σP BX G2b i`Qmb HB#û`ûb pQMi
�HQ`b TQmpQB` b2 `2+QK#BM2` �p2+ HǶBQM 1`2+ TQm` `27Q`K2` HǶBQM i`Bp�H2Mi- pB� H� i`�MbBiBQM γX G2b i`Qmb
H2b THmb T`Q7QM/b Uh2V M2 b2`QMi /QM+ T�b HB#û`ûb T�` HǶ�TTQ`i ûM2`;ûiB[m2 /2 H� TQKT2 +QMbB/û`û2 , BH
bǶ�;Bi /2 HǶ�_A `ûbB/m2HH2X

6BM�H2K2Mi- H2 KQ/ĕH2 �#QmiBi �m D2m /Ƕû[m�iBQMb bmBp�Mi ,



kXkj Ĝ .B�;`�KK2 ûM2`;ûiB[m2 �bbQ+Bû �m KQ/ĕH2 /2 /û;`�/�iBQM /ǶmM2 K�i`B+2 pBi`2mb2 BM@
+Hm�Mi HǶ2z2i /2 H� i`�Mb7Q`K�iBQM /2 HǶBQM 2`#BmK (jj)X

S�`�Kĕi`2b /2b+`BTiBQM mMBiûb
g0 BK�;2 /m /û#Bi /2 /Qb2 m−3Xs−1

H1 /2MbBiû /Ƕûi�ib TQm` H2 TBĕ;2 >1 m−3

h1 +QM+2Mi`�iBQM /m TBĕ;2 >1 m−3

β1 i�mt /ǶBMi2`�+iBQM �p2+ o" m3Xs−1

H2 /2MbBiû /Ƕûi�ib TQm` H2 TBĕ;2 >2 m−3

h2 +QM+2Mi`�iBQM /m TBĕ;2 >2 m−3

β2 i�mt /ǶBMi2`�+iBQM �p2+ o" m3Xs−1

N +QM+2Mi`�iBQM BMBiB�H2 2M 1`3+ m−3

n +QM+2Mi`�iBQM 2M 1`2+ m−3

δ i�mt /ǶBMi2`�+iBQM �p2+ *" m3Xs−1

γ i�mt /ǶBMi2`�+iBQM �p2+ o" m3Xs−1

σP B ǦNv f W−2.s−1

Pin TmBbb�M+2 QTiB[m2 q

kX9 Ĝ S�`�Kĕi`2b �bbQ+Bûb �m KQ/ĕH2 /2 /û;`�/�iBQM /ǶmM2 K�i`B+2 pBi`2mb2X







dnc

dt
= g0 − δ(N − n)nc

dn

dt
= δ(N − n)nc − γhvn

dh1

dt
= β1hv(H1 − h1) − σP BP

2
inNvh1

dh2

dt
= β2hv(H2 − h2)

dhv

dt
= g0 − β1hv(H1 − h1) + σP BP

2
inNvh1 − γhvn− β2hv(H2 − h2)

UkX9V

GǶ�#bQ`TiBQM `�/BQ@BM/mBi2 2bi /QM+ +�H+mHû2 ¨ T�`iB` /2 H� /2MbBiû iQi�H2 /2b +2Mi`2b +QHQ`ûbX *2
KQ/ĕH2 T2`K2i /2 /û+`B`2 HQ+�H2K2Mi 2i K�+`Qb+QTB[m2K2Mi H2b 2z2ib /2b B``�/B�iBQMb 2i /2 HǶû+H�B`2@
K2Mi QTiB[m2X AH T`2M/ 2M +QMbB/û`�iBQM H� +QKTûiBiBQM 2Mi`2 HǶ2z2i /m `�vQMM2K2Mi BQMBb�Mi 2i +2HmB
/2 HǶû+H�B`2K2Mi QTiB[m2X *2 KQ/ĕH2 T`û/Bi H� Ǵ/ûb�+iBp�iBQMǴ /2b BQMb 1`3+ TQm` H2 ;�BM- [mB 2bi mM2



+?Qb2 [m2 H� HBiiû`�im`2 �p�Bi 2MpBb�;û- K�Bb b�Mb �m+mM2 DmbiB}+�iBQM T?vbB[m2X AH bǶ �;Bi /QM+ H¨ /ǶmM2
+QMi`B#miBQM +Hû TQm` 2tTHB[m2` H2 +QKTQ`i2K2Mi /ǶmM �P6.X *2T2M/�Mi- BH M2 T`2M/ T�b 2M +QKTi2
HǶ2z2i BMi`BMbĕ[m2 /2 +?�[m2 /QT�Mi 2i MQi�KK2Mi H� 7Q`K�iBQM /2 HǶBQM 1`2+[mB `�DQmi2 mM2 �#bQ`T@
iBQM bmTTHûK2Mi�B`2 2i [mB /QBi āi`2 +QMbB/û`û2 /�Mb H2 +�H+mH /2 HǶ�_AX .Ƕ�mi`2 T�`i- BH 2bi û;�H2K2Mi
/B{+BH2 /2 +QMM�ŗi`2 H2 HB2M 2Mi`2 H� +QKTQbBiBQM /2 H� }#`2 2i H� /2MbBiû iQi�H2 /2b +2Mi`2b +QHQ`ûbX AH 2bi
BKTQ`i�Mi /2 7�B`2 H2 HB2M 2Mi`2 H2b /Bzû`2Mib ûHûK2Mib /2 H� }#`2 2i H� /2MbBiû /2 b2b T`û+m`b2m`bX �}M
/Ƕ�pQB` mM2 +QKT`û?2MbBQM THmb /ûi�BHHû2 /2b Kû+�MBbK2b /2 /û;`�/�iBQM KBb 2M D2m- BH 2bi QTTQ`imM
/ǶQ#i2MB` mM2 /Bbi`B#miBQM /2b TBĕ;2b bmBp�Mi H� +QKTQbBiBQM /2 H� }#`2 2i +2 KāK2 b�Mb û+H�B`2K2Mi
QTiB[m2X lM2 bBKTH2 �M�Hvb2 /2 H� T`2KBĕ`2 û[m�iBQM /m bvbiĕK2 UkX9V T2`K2i /Ƕûi�#HB` [m2 bB N = 0

U2i /QM+ n = 0V- H� /2MbBiû /2 +?�`;2b nc /�Mb H2b ûi�ib 2t+Biûb +`Qŗi /2 K�MBĕ`2 BMBMi2``QKTm2 b�Mb
�ii2BM/`2 H2 `û;BK2 bi�iBQMM�B`2X G2 /QK�BM2 /2 p�HB/Biû /m KQ/ĕH2 b2 `2bi`2BMi /QM+ �mt +�b TQm` H2b@
[m2Hb H� +QM+2Mi`�iBQM /Ƕ2`#BmK 2bi MQM@MmHH2X P`- 2M HǶ�#b2M+2 /2 /QMMû2b 2tTû`BK2Mi�H2b T2`iBM2Mi2b-
BH MǶ2bi T�b TQbbB#H2 /2 +QMM�ŗi`2 �p2+ T`û+BbBQM H� +QMi`B#miBQM BMi`BMbĕ[m2 /2 +?�[m2 ûHûK2MiX SQm`
2ti`�B`2 H2b T�`�Kĕi`2b �bbQ+Bûb ¨ HǶ�HmKBMBmK- H2 ;2`K�MBmK 2i HǶ2`#BmK- BH 2bi Mû+2bb�B`2 /2 T`Q+û@
/2` ¨ mM2 ûim/2 BbQH�Mi +?�+mM /Ƕ2Mi`2 2mt /�Mb /2b }#`2b /2 bBHB+2 Tm`2 2i +QM7`QMi�Mi /2b `ûbmHi�ib
2tTû`BK2Mi�mt 2i /2 KQ/ûHBb�iBQMX AH bǶ�;Bi /2 DQm2` bm` H2b i�mt /2 i`�MbBiBQM /m KQ/ĕH2 Dmb[mǶ¨ +2
[m2 HǶ�_A bBKmHû2 2i K2bm`û2 +Q``2bTQM/2MiX AH 2bi T�` +QMbû[m2Mi Mû+2bb�B`2 /2 /BbTQb2` /ǶmM KQ/ĕH2
+�T�#H2 /2 T`2M/`2 2M +QKTi2 HǶ�#b2M+2 /Ƕ2`#BmKX

*QKK2 MQmb �pQMb Tm H2 pQB` T`û+û/2KK2Mi- H2b TBĕ;2b +`ûûb HQ`b /2b B``�/B�iBQMb 7QMi �TT�`�ŗi`2
/2 MQmp2HH2b #�M/2b /Ƕ�#bQ`TiBQMX AH 2bi /QM+ 2bb2MiB2H /ǶQ#i2MB` H2b bT2+i`2b /Ƕ�_A /2 MQb }#`2bX AHb
pQMi T2`K2ii`2 /2 +QMM�ŗi`2 H2b TBĕ;2b [mB bQMi T`ûb2Mib /�Mb H� }#`2 2i +2mt [mB BKT�+i2Mi H2 THmb HǶ�_A
�mt HQM;m2m`b /ǶQM/2b /ǶmiBHBb�iBQM UN3y MK 2i R88y MKVX *2ii2 ûim/2 b2`� +QKTHûiû2 T�` /2b i2bib
/2 ;mû`BbQM QTiB[m2 ¨ N3y MK �}M /2 +QKT�`2` 2i pQB` H� b2MbB#BHBiû /2b TBĕ;2b 7�+2 ¨ mM û+H�B`2K2Mi
HmKBM2mtX

Fibre SupercontinumSource Leukos 

400-2400nm
HiF

Photodiode 

Uv-Vis Si

Spectromètre

350-1100nm

Echantillon

Lx

Px

L0

P0

kXk9 Ĝ _2T`ûb2Mi�iBQM /m #�M+ /Ƕ�M�Hvb2 bT2+i`Qb+QTB[m2 miBHBb�Mi H� Kûi?Q/2 /2 CutBackX

*2ii2 K2bm`2 Mû+2bbBi2 HǶmiBHBb�iBQM /ǶmM2 bQm`+2 #H�M+?2 �BMbB [mǶmM �M�Hvb2m` /2 bT2+i`2 QTiB[m2-
2i T`ûb2Mi2 HǶBM+QMpûMB2Mi /Ƕāi`2 /B{+BH2K2Mi `û�HBb�#H2 T2M/�Mi H2b B``�/B�iBQMbX 1M 2z2i- /ǶmM2 T�`i-
BH 2bi BKTQbbB#H2 /2 7�B`2 /2b i2bib bm` mM ;`�M/ MQK#`2 /2 }#`2b ¨ H� 7QBb ¨ +�mb2 /2 H� 7QM+iBQM
/2 i`�Mb72`i bT2+i`�H2 /2b /Bzû`2Mib ûHûK2Mib /m #�M+- [mB b2`� /û+`Bi �m +?�TBi`2 j- MQi�KK2Mi H2b
+QKKmi�i2m`b QTiB[m2bX .Ƕ�mi`2 T�`i- H2b `�HHQM;2b [mB T2`K2ii2Mi /2 /ûTQ`i2` H2b û+?�MiBHHQMb /2
}#`2b bQmb i2bi M2 bQMi T�b KQMQKQ/2b �mt 7�B#H2b HQM;m2m`b /ǶQM/2 U+Ƕ2bi@¨@/B`2 2M@/2bbQmb /2 Nyy



MK (j9)VX *2H� `2M/ H� K2bm`2 T2m }�#H2 +�` QM M2 K�ŗi`Bb2 T�b H2b +QM/BiBQMb /2 ;mB/�;2 /�Mb H� }#`2X
SQm` +2b `�BbQMb- MQmb �pQMb 2z2+imû H2b K2bm`2b /2 bT2+i`2b bm` H2b û+?�MiBHHQMb pB2`;2b- TmBb MQmb
�pQMb K2Mû H2b KāK2b 2tTû`BK2Mi�iBQMb bm` H2b û+?�MiBHHQMb B``�/Bûb- �}M /Ƕ2M /û/mB`2 H� bB;M�im`2
bT2+i`�H2 /2 HǶ�_AX Pmi`2 +2b TQBMib i2+?MB[m2b- BH v � û;�H2K2Mi /2mt �mi`2b TQBMib BKTQ`i�Mib ¨
T`2M/`2 2M +QKTi2 , H2b HQM;m2m`b /2b û+?�MiBHHQMb ¨ �M�Hvb2` 2i H� TmBbb�M+2 HmKBM2mb2 BMD2+iû2 ¨
HǶ2Mi`û2 /2 H� }#`2X 1M 2z2i- HǶ�_A T2mi p�`B2` +QMbB/û`�#H2K2Mi U+Ƕ2bi@¨@/B`2 /2 THmb /2 jy /"fKV-
bm` H� TH�;2 /2b HQM;m2m`b /ǶQM/2 /Ƕûim/2 U9yy@Nyy MKV- +2 [mB bǶ2tTHB[m2 T�` HǶBMi2MbBiû /2b TB+b
/Ƕ�#bQ`TiBQM /2b TBĕ;2b- [mB 2bi #2�m+QmT THmb ;`�M/2 TQm` H2b HQM;m2m`b /ǶQM/2 H2b THmb #�bb2bX SQm`
+2ii2 `�BbQM- BH 2bi T`û7û`�#H2 /2 i`�p�BHH2` �p2+ /2b HQM;m2m`b /Ƕû+?�MiBHHQMb �bb2x +Qm`i2bX Lû�MKQBMb-
+2b /2`MB2`b /QBp2Mi āi`2 bm{b�KK2Mi HQM;b TQm` �pQB` mM2 #QMM2 /vM�KB[m2 /2 K2bm`2X JBb2b ¨ T�`i
H2b +QMi`�BMi2b i2+?MB[m2b HBû2b ¨ HǶ�M�Hvb2m` QTiB[m2- H� TH�;2 /2 K2bm`2 bǶûi2M/ Dmb[mǶ� Nyy MK +�`
H� /vM�KB[m2 /2 K2bm`2 MǶ2bi THmb �bb2x BKTQ`i�Mi2 TQm` /2b HQM;m2m`b /ǶQM/2 THmb ;`�M/2bX

GǶ�mi`2 TQBMi #HQ[m�Mi 2bi H� TmBbb�M+2 BMD2+iû2 /�Mb H� }#`2X G¨ 2M+Q`2- BH bǶ�;Bi /ǶmM +QKT`Q@
KBb 2Mi`2 mM2 TmBbb�M+2 i`QT ûH2pû2 [mB TQm``�Bi ûp2Mim2HH2K2Mi �TTQ`i2` /2 H� ;mû`BbQM QTiB[m2 bm`
H� }#`2 2i /QM+ �#QmiB` ¨ mM `ûbmHi�i 2``QMû- mM2 TmBbb�M+2 i`QT 7�B#H2- [mB b2`�Bi BM/ûi2+i�#H2 2M
bQ`iB2 /Ƕû+?�MiBHHQMX AH bǶ2bi �pû`û [m2 H� bQm`+2 H� THmb �TT`QT`Bû2 TQm` +2ii2 K2bm`2 2bi mM2 bQm`+2
bmT2`+QMiBMmmKX S�`iB+mHBĕ`2K2Mi �/�Tiû TQm` 7�B`2 /2 H� KB+`Qb+QTB2 +QM7Q+�H2 Qm /2 H� iQKQ;`�T?B2
QTiB[m2 (j8)- +2 ivT2 /2 bQm`+2 ûK2i mM2 HmKBĕ`2 +Q?û`2Mi2 bT�iB�H2K2Mi �p2+ mM2 7�B#H2 /Bp2`;2M+2 +2
[mB 2bi mM �iQmi T�`iB+mHBĕ`2K2Mi +QM7Q`i�#H2 TQm` BMD2+i2` mM2 TmBbb�M+2 HmKBM2mb2 �bb2x ûH2pû2 /�Mb
HǶû+?�MiBHHQMX .2 THmb- ûi�Mi /QMMû [mǶBH bǶ�;Bi /ǶmM /BbTQbBiB7 }#`û- +2H� 7�+BHBi2 H� KBb2 2M ƾmp`2 /m
#�M+ 2tTû`BK2Mi�H- [mB 2bi T`ûb2Miû bm` H� };m`2 kXk9X .m 7�Bi [m2 +2b K2bm`2b MǶ�B2Mi T�b ûiû `û�HB@
bû2b 2M HB;M2 2i +QMbB/û`�Mi HǶ�bT2+i KmHiBKQ/2 /m ;mB/2 /ǶQM/2- MQmb MǶ�pQMb T�b mM2 +QMM�Bbb�M+2
i`ĕb T`û+Bb2 /m MBp2�m /Ƕ�_A ;ûMû`û T�` H2b B``�/B�iBQMbX GǶBM7Q`K�iBQM 2bi Tm`2K2Mi [m�HBi�iBp2 K�Bb
T2`K2i /2 /û;�;2` /2b i2M/�M+2b- MQi�KK2Mi bm` H� bB;M�im`2 /2b /û7�mib /�Mb H2 pBbB#H2X

G� Kûi?Q/2 /2 K2bm`2 /Ƕ�+[mBbBiBQM /2b bT2+i`2b /Ƕ�_A bǶ2z2+im2 2M /2mt i2KTbX .�Mb mM T`2KB2`
i2KTb- mM2 K2bm`2 2bi 7�Bi2 bm` mM2 }#`2 pB2`;2 2M �TTHB[m�Mi H2 T`QiQ+QH2 /2 K2bm`2 /Bi /2 +mi #�+F
2i /�Mb mM b2+QM/ i2KTb bm` H2b }#`2b B``�/Bû2b 2M �TTHB[m�Mi H2 KāK2 T`QiQ+QH2X *2 T`QiQ+QH2 T2`K2i
/ǶQ#i2MB` H2 bB;M�H i`�MbKBb T�` H� }#`2 2M 7�Bb�Mi p�`B2` b2mH2K2Mi H� HQM;m2m` /2 HǶû+?�MiBHHQMX *2+B
T2`K2i /2 bǶ�z`�M+?B` /2b T2`i2b MQM `2T`Q/m+iB#H2b- T�` 2t2KTH2 T�` H� /û+QMM2+iBQM /2 H� }#`2 ¨ H�
bQm`+2 2Mi`2 /2mt K2bm`2bX G2 bT2+i`2 /Ƕ�#bQ`TiBQM A(λ)2M /"XK−1 2bi /QM+ Q#i2Mm T�` H� `2H�iBQM
bmBp�Mi2 ,

A(λ) =
10

L0 − Lx
log

Px(λ)

P0(λ)
UkX8V

Qɍ Px(λ) 2i P0(λ)- `2bT2+iBp2K2Mi H2b TmBbb�M+2b i`�MbKBb2b T�` H� }#`2 �mt HQM;m2m`b Lx 2i L0X

�p�Mi /2 T`ûb2Mi2` H2b bT2+i`2b /Ƕ�#bQ`TiBQM bm` H2b }#`2b- MQmb /2pQMb /û+`B`2 ǴH2b 7�KBHH2bǴ /2
}#`2b [m2 MQmb �pQMb ûim/Bû2bX 1M 2z2i- +2b /2`MBĕ`2b QMi ûiû `�M;û2b bmBp�Mi H2m`b +QKTQbBiBQMb- b�Mb
/Bzû`2M+B�iBQM 2Mi`2 H2b T`Q+û/ûb /2 7�#`B+�iBQM U+H�bbB[m2 Qm L�MQT�`iB+mH2bV- �}M /2 +QKT`2M/`2 THmb
2M /ûi�BH HǶBKT�+i /2 +?�[m2 /QT�Mi /�Mb H� }#`2 2i /2 /ûi2+i2` H2b TBĕ;2b [mB b2 7Q`K2MiX oQB+B H2b
/Bzû`2Mi2b 7�KBHH2b /2 }#`2b ,

ě H2b }#`2b /Bi2b Ǵ#H�M+?2bǴ , +Ƕ2bi@¨@/B`2 /2b }#`2b T�bbBp2b +Q/QTû2b �p2+ /2 HǶ�HmKBMBmK 2ifQm
/m ;2`K�MBmKX AH bǶ�;Bi /2 }#`2b ?Ƭi2b T`āi2b ¨ `2+2pQB` /2 HǶ2`#BmKX

ě H2b }#`2b �HmKBMQ@bBHB+�i2b /QTû2b 2`#BmK [mB bQMi /2b }#`2b �+iBp2b b2mH2K2Mi /QTû2b �p2+ /2
HǶ2`#BmK 2i /2 HǶ�HmKBMBmKX

ě H2b }#`2b ;2`K�MQ@bBHB+�i2 /QTû2b 2`#BmK- #�bû2b 2t+HmbBp2K2Mi bm` H� i2+?MQHQ;B2 M�MQT�`iB@
+mH2 2i +Q/QTû2b �p2+ mM2 7Q`i2 +QM+2Mi`�iBQM 2M ;2`K�MBmKX



LQK 6�KBHH2 *QM+2Mi`�iBQMb
1` TTK �H UWriV :2 UWriV

BEF1W :2`K�MQ@�HmKBMQ@bBHB+�i2 y IR =ky
BEF2W �HmKBMQ@bBHB+�i2 y =e y
SMF28 :2`K�MQ@bBHB+�i2 y y j
BEF3 �HmKBMQ@bBHB+�i2 98y e@3 y
BEF4 �HmKBMQ@bBHB+�i2 eey e@3 y
BEF5 �HmKBMQ@bBHB+�i2 Rjky e@3 y
NPSi+ :2`K�MQ@bBHB+�i2 RNj y =ky
NP1 :2`K�MQ@�HmKBMQ@bBHB+�i2 R8y IR =ky
BEF1 :2`K�MQ@�HmKBMQ@bBHB+�i2 k3y I R =ky
NP3 :2`K�MQ@�HmKBMQ@bBHB+�i2 jky k@8 k@9
NP4 :2`K�MQ@�HmKBMQ@bBHB+�i2 RjNy k@8 y@k

kX8 Ĝ .2b+`BTiBQM /2b }#`2b miBHBbû2b TQm` HǶûim/2 /2 bT2+i`Qb+QTB2X

ě H2b }#`2b �HmKBMQ@;2`K�MQ@bBHB+�i2 /QTû2b 2`#BmK- [mB +QMiB2MM2Mi /�Mb H2m`b +ƾm`b H2b i`QBb
/QT�Mib T`BM+BT�mt , :2- �H- 1`X

G2m` /2b+`BTiBQM 2bi 7�Bi2 /�Mb H2 i�#H2�m kX8X .2 THmb- H2b K2bm`2b /2b bT2+i`2b /Ƕ�#bQ`TiBQM bm` }#`2b
B``�/Bû2b- QMi iQmi2b ûiû K2Mû2b bm` /2b û+?�MiBHHQMb �v�Mi bm#B H2b KāK2b +QM/BiBQMb /ǶB``�/B�iBQM 2i /2
;mû`BbQMX 1M 2z2i- MQmb T`ûb2Mi2`QMb /�Mb +2 /Q+mK2Mi /2b bT2+i`2b TQm` /2b û+?�MiBHHQMb B``�/Bûb �mt
`�vQMM2K2Mib ;�KK� �p2+ mM /ûTƬi /2 /Qb2 /2 jyy :v- bmBpBb /ǶmM2 ;mû`BbQM i?2`KB[m2 ¨ i2KTû`�im`2
�K#B�Mi2 bm` mM2 /m`û2 /ǶmM �MX

G2b K2bm`2b /2b bT2+i`2b /Ƕ�#bQ`TiBQM /2 +2b }#`2b bQMi
T`ûb2Miû2b bm` H� };m`2 kXk8X hQmi /Ƕ�#Q`/- QM `2K�`[m2 [m2 HǶ�HHm`2 /2b /2mt bT2+i`2b /Ƕ�#bQ`TiBQM
bm` }#`2b B``�/Bû2b +QMi2M�Mi /2 HǶ�HmKBMBmK 2bi b2K#H�#H2- �HQ`b [mǶBH bǶ�;Bi /2 /2mt }#`2b �v�Mi /2b
+QM+2Mi`�iBQMb 2M �H 2i 2M :2 #B2M /Bzû`2Mi2bX 1z2+iBp2K2Mi MQmb �pQMb `�DQmiû ¨ iBi`2 /2 +QKT�`�BbQM
HǶ�HHm`2 /ǶmM2 }#`2 T�bbBp2- H� aJ6k3- +QMi2M�Mi b2mH2K2Mi /m ;2`K�MBmK ¨ mM2 +QM+2Mi`�iBQM pQBbBM2
/2 j WriX PM `2K�`[m2 +H�B`2K2Mi [m2 HǶ�#bQ`TiBQM /2 +2ii2 }#`2 2bi #2�m+QmT THmb 7�B#H2 2i MQmb
MǶ�pQMb [mǶmM b2mH TB+ T`ûb2Mi p2`b e8y MKX *2HmB@+B 2bi +QMMm +QKK2 ûi�Mi H� bB;M�im`2 /ǶmM +2Mi`2
L"P>*X AH bǶ�pĕ`2 [m2 H2b TBĕ;2b /ûi2+i�#H2b /�Mb +2ii2 TH�;2 /2 HQM;m2m`b /ǶQM/2 bQMi T`BM+BT�H2K2Mi
HBûb ¨ HǶ�HmKBMBmKX 1M 2z2i- +QKK2 MQmb �pQMb Tm H2 pQB` /�Mb H� b2+iBQM kXk- H2b TBĕ;2b HBûb �m
;2`K�MBmK b2 bBim2Mi T`BM+BT�H2K2Mi ¨ /2b HQM;m2m`b /ǶQM/2 BM7û`B2m`2b ¨ jyy MKX LQmb �m`QMb /QM+
mM2 +QMpQHmiBQM 2Mi`2 H2b TBĕ;2b /2 H� bBHB+2 2ifQm /2 HǶ�HmKBMBmK b2 bBim�Mi /�Mb H2 pBbB#H2 2i H2b [m2m2b
/Ƕ�#bQ`TiBQM /2b TBĕ;2b /m :2X LQmb +QMbi�iQMb û;�H2K2Mi [m2 HǶBMi2MbBiû /2b TB+b /Ƕ�#bQ`TiBQM 2bi
#2�m+QmT THmb BKTQ`i�Mi2 TQm` H� }#`2 7Q`i2K2Mi /QTû2 2M �HmKBMBmKX AH 2tBbi2 /QM+ mM2 `2H�iBQM
/B`2+i2 2Mi`2 H� +`û�iBQM /2 /û7�mib 2i H� +QM+2Mi`�iBQM 2M �HmKBMBmKX PM T2mi û;�H2K2Mi Q#b2`p2`
H� T`ûb2M+2 /2 /2mt /ƬK2b b2 bBim�Mi �mt �H2MiQm`b /2 8yy 2i dyy MKX AH bǶ�pĕ`2 [m2 /2mt TBĕ;2b
T`ûb2Mi2Mi /2b bB;M�im`2b bT2+i`�H2b /�Mb +2b ;�KK2b /2 7`û[m2M+2b- ¨ b�pQB` H2b ah> 2i �HP>*X

G� };m`2 kXkeU�V T`ûb2Mi2 H2b +Qm`#2b /Ƕ�#bQ`TiBQMb /2b }#`2b pB2`;2b
2i B``�/Bû2b TQm` /2mt }#`2b ¨ +QM+2Mi`�iBQMb /Bzû`2Mi2b /Ƕ2`#BmK 2i BM7û`B2m`2b ¨ Ryyy TTKX am` H2b
bT2+i`2b /Ƕ�#bQ`TiBQM pB2`;2b- QM T2mi B/2MiB}2` H2b bB;M�im`2b /2b KmHiBTH2b i`�MbBiBQMb ûM2`;ûiB[m2b
/2 HǶBQM 2`#BmKX PM +QMbi�i2 [m2 HǶ�HHm`2 /2b bT2+i`2b /Ƕ�#bQ`TiBQM bm` }#`2b B``�/Bû2b 2bi b2K#H�#H2
¨ +2HH2b T`ûb2Miû2b TQm` H2b }#`2b T�bbBp2b /�Mb H2 T�`�;`�T?2 T`û+û/2MiX AH bǶ�;Bi /QM+ /2b KāK2b
TBĕ;2b [mB bQMi +`ûûb /�Mb +2b }#`2bX *2+B- MǶ2bi T�b mM2 /û+Qmp2`i2 +�` BH 2bi +QMMm [m2 H� T`BM+BT�H2
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kXk8 Ĝ U�V aT2+i`2b /Ƕ�#bQ`TiBQM bm` }#`2b T�bbBp2b- BEF1W 2i BEF2W - pB2`;2bX U#V aT2+i`2b
/Ƕ�#bQ`TiBQM bm` }#`2b T�bbBp2b- BEF1W 2i BEF2W 2i SMF28 B``�/Bû2b ¨ 300 :v 2i 0, 4 :vf? X

+QMi`B#miBQM /2 HǶ�_A /�Mb +2b }#`2b �+iBp2b 2bi HBû ¨ HǶ�HmKBMBmKX *2T2M/�Mi- QM T2mi `2K�`[m2`
[m2 HǶBMi2MbBiû /2b TB+b i2M/ ¨ ûpQHm2` bmBp�Mi H� +QM+2Mi`�iBQM /Ƕ1`#BmKX 1z2+iBp2K2Mi- TQm` mM i�mt
/Ƕ�HmKBMBmK /QMMû- QM `2K�`[m2 [m2 HǶBMi2MbBiû /2b TB+b /Ƕ�#bQ`TiBQM /BKBMm2- HQ`b[m2 H� +QM+2Mi`�iBQM
/Ƕ2`#BmK �m;K2Mi2- +2 [mB 2bi +QMi`�/B+iQB`2 �p2+ H2b `ûbmHi�ib /Ƕ�_A 2M HB;M2 ¨ N3y 2i R88y MKX AH
2tBbi2 /QM+ mM2 /ûT2M/�M+2 2Mi`2 HǶ2`#BmK 2i HǶ�HmKBMBmKX *2+B `ûpĕH2 û;�H2K2Mi H2 7�Bi [m2 HǶ�_A
MǶ2bi T�b b2mH2K2Mi /ûT2M/�Mi2 /2 HǶ�HmKBMBmK K�Bb THmiƬi /ǶmM `�TTQ`i �Hf1` (jk)X aB HǶQM �m;K2Mi2
2M+Q`2 H� +QM+2Mi`�iBQM /Ƕ1`#BmK- QM `2K�`[m2 [m2 H2 bT2+i`2 /Ƕ�#bQ`TiBQM bm` H� }#`2 B``�/Bû2 M2
`2bb2K#H2 THmb �mt �HHm`2b T`û+û/2Mi2bX *2 `ûbmHi�i 2bi T`ûb2Miû bm` H2 pQH2i U#V /2 H� };m`2 kXkeX
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kXke Ĝ aT2+i`2b /Ƕ�#bQ`TiBQM bm` }#`2b �HmKBMQ@bBHB+�i2b �+iBp2b pB2`;2b 2i B``�/Bû2b ¨ jyy :v
TQm` /2b }#`2b ¨ +QM+2Mi`�iBQMb /Ƕ2`#BmK /Bzû`2Mi2b 2i +QM+2Mi`�iBQM /Ƕ�HmKBMBmK }t2 =eWriX U�V
+QM+2Mi`�iBQM /Ƕ1`#BmK BM7û`B2m`2 ¨ Ryyy TTK- #V +QM+2Mi`�iBQM /Ƕ2`#BmK bmTû`B2m`2 ¨ Ryyy TTKX

G2b bT2+i`2b /Ƕ�#bQ`TiBQMb /2b }#`2b �+iBp2b ;2`K�MQbBHB+�i2b pB2`;2b
2i B``�/Bû2b bQMi BHHmbi`û2b T�` H� };m`2 kXkdX PM +QMbi�i2 �BMbB [m2 H2 bT2+i`2 /û+`Bp�Mi HǶ�_A /2b
}#`2b �+iBp2b ;2`K�MQbBHB+�i2 2bi +QKTHĕi2K2Mi /Bzû`2Mi /2 +2HmB /2b }#`2b �+iBp2b +Q/QTûb 2M �Hm@
KBMBmK T`ûb2Mi�Mi KQBMb /2 RyyyTTK /Ƕ2`#BmKX 1M 2z2i- MQmb MǶ�pQMb T�b H� T`ûb2M+2 /2 /2mt TB+b



/Ƕ�#bQ`TiBQM K�Bb THmiƬi /ǶmM2 ûHûp�iBQM /2 HǶ�#bQ`TiBQM [mB �m;K2Mi2 /2 7�ÏQM 2tTQM2MiB2HH2 TQm`
H2b +Qm`i2b HQM;m2m`b /ǶQM/2X *2ii2 7Q`K2 T�`iB+mHBĕ`2 b2 `�TT`Q+?2 /2 H� bB;M�im`2 /2b TBĕ;2b HBûb �m
;2`K�MBmKX P`- +QKK2 MQmb HǶ�pQMb /Bi /�Mb H2 T`2KB2` T�`�;`�T?2- KāK2 �p2+ /2b +QM+2Mi`�iBQMb
�mbbB BKTQ`i�Mi2b- H2b [m2m2b /Ƕ�#bQ`TiBQM /2b TBĕ;2b HBûb �m :2 bQMi BM}K2bX AH TQm``�Bi /QM+ bǶ�;B`
/ǶmM2 +QMpQHmiBQM 2Mi`2 H2 bT2+i`2 /Ƕ�#bQ`TiBQM /2b TBĕ;2b /2 :2 2i /2 HǶ1`2+X GǶ�#bQ`TiBQM /2 HǶBQM
/Bp�H2Mi ûi�Mi +QMbB/û`û +QKK2 `2H�iBp2K2Mi Ǵ#H�M+?2Ǵ /�Mb +2ii2 ;�KK2 /2 HQM;m2m`b /ǶQM/2- MQmb
�pQMb mM2 �++2Mim�iBQM /2 HǶBMi2MbBiû /2 HǶ�_AX AH 2bi BKTQ`i�Mi /2 MQi2` [m2 H� +Qm`#2 +QMi2M�Mi HǶ�_A
/2 +2ii2 }#`2 `2bb2K#H2 ¨ +2HH2 /2 H� }#`2 �HmKBMQ@bBHB+�i2 7Q`i2K2Mi /QTû2 2M 2`#BmK U};m`2 kXkeU#VVX
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kXkd Ĝ aT2+i`2b /Ƕ�#bQ`TiBQM /2 H� }#`2 NPSi+ pB2`;2 2i B``�/Bû2 ¨ jyy :v X

LQmb MQmb BMiû``2bbQMb B+B �mt }#`2b �HmKBMQ@;2`K�MQ@bBHB+�i2bX
G2b +Qm`#2b /Ƕ�#bQ`TiBQM /2 +2b ivT2b /2 }#`2b bQMi BHHmbi`û2b bm` H� };m`2 kXk3X GQ`b[mǶ2HH2 2bi B``�/Bû2-
H� }#`2 H� THmb `B+?2 2M �HmKBMBmK T`ûb2Mi2 mM2 �HHm`2 /Bzû`2Mi2 , bQM bT2+i`2 /Ƕ�#bQ`TiBQM `2bb2K#H2
¨ +2mt /2b }#`2b �HmKBMQ@bBHB+�i2- ¨ b�pQB` /2mt TB+b +2Mi`ûb p2`b 8yy 2i dyy MKX �m +QMi`�B`2- H2b
/2mt bT2+i`2b /Ƕ�#bQ`TiBQM /2b }#`2b TQm` H2b[m2HH2b H� +QM+2Mi`�iBQM 2M �H 2bi BM7û`B2m` ¨ R Wri
KQMi`2Mi mM b2mH TB+ p2`b 8yy MKX AH 2bi /QM+ T`Q#�#H2 [mǶBH bǶ�;Bbb2 /ǶmM TBĕ;2 T2m HBû � HǶ�HmKBMBmK
�HP>*X *2 bT2+i`2 2bi /QM+ H� +QMpQHmiBQM /2 iQmi2b H2b bB;M�im`2b bT2+i`�H2b /2b TBĕ;2b /2b +Q/QT�Mib-
TQm` /2b i2M2m`b `2H�iBp2K2Mi 7�B#H2b 2M �HmKBMBmKX Pmi`2 H2 7�Bi [m2 HǶQM `2i`Qmp2 û;�H2K2Mi H2b
TB+b /Ƕ�#bQ`TiBQM /2 HǶBQM 2`#BmK bm` H2b }#`2b pB2`;2b- QM bǶ�T2`ÏQBi [m2 +2b /2mt }#`2b �v�Mi /2b
+QM+2Mi`�iBQMb B/2MiB[m2b 2M �HmKBMBmK bQMi Bbbm2b /2 T`Q+û/ûb /Bzû`2Mib , HǶmM2 2bi 7�Bi2 �p2+ mM
T`Q+û/û bi�M/�`/ 2i HǶ�mi`2 �p2+ /2b M�MQT�`iB+mH2b /Ƕ�HmKBMBmKX PM 2M /û/mBi �BMbB [m2 H2 T`Q+û/û
/2 7�#`B+�iBQM MǶBKT�+i2 ¨ T`BQ`B MB H2b /Bbi`B#miBQMb /2 HǶBQM 2`#BmK MB H2b /û7�mib KBb 2M D2m HQ`b /2b
B``�/B�iBQMbX

hQmi /Ƕ�#Q`/- BH 2bi ûpB/2Mi [m2 H2b bT2+i`2b /Ƕ�#bQ`TiBQM /2 +2b /Bzû`2Mi2b }#`2b T2`K2ii2Mi /2
K2ii`2 2M ûpB/2M+2 H� T`ûb2M+2 /2 TBĕ;2b HBû ¨ HǶ�HmKBMBmK- +2 [mB 2bi H�`;2K2Mi +QMMmX P`- HǶB/2MiB}+�@
iBQM /2b #�M/2b /Ƕ�#bQ`TiBQM ¨ /2b TBĕ;2b #B2M T`û+Bb `2bi2 2M+Q`2 /ûHB+�i2X .2b K2bm`2b 2M `ûbQM�M+2
T�`�K�;MûiB[m2 _S1 Qm /2 i?2`KQHmKBM2b+2M+2 T2`K2ii`�B2Mi /Ƕ�TT`Q7QM/B` H2b +QMM�Bbb�M+2b bm`
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kXk3 Ĝ aT2+i`2b /Ƕ�#bQ`TiBQM /2 /Bzû`2Mi2b }#`2b �HmKBMQ@;2`K�MQ@bBHB+�i2 �+iBp2b pB2`;2b 2i
B``�/Bû2b ¨ jyy :vX

400 500 600 700 800 900 1000
0

2

4

6

8

10

lambda (nm)

A
R

I 
(d

B
/m

)

 

 

NP
S I+

BEF
5

SMF28

kXkN Ĝ aT2+i`2b /Ƕ�#bQ`TiBQM `�/BQ BM/mBi2 /2b }#`2b �+iBp2b NPSi+ 2i BEF5 2i T�bbBp2 SMF28

B``�/Bû2b ¨ jyy :v KQMi`�Mi H� +QMi`B#miBQM /2 HǶBQM /Bp�H2Mi 1`2+X

H2b +2Mi`2b +QHQ`ûb T`Q/mBibX 1MbmBi2- H� +QMi`B#miBQM `2H�iBp2 /2 HǶBQM 2`#BmK MǶ�p�Bi Dmb[m2 H¨ T�b ûiû
�TT`û?2M/û2X *QKK2 MQmb �pQMb Tm H2 +QMbi�i2`- HǶBMi`Q/m+iBQM /2 HǶ2`#BmK /�Mb mM2 }#`2 �HmKBMQ@
bBHB+�i2 DQm2 bm` HǶBMi2MbBiû /2b TB+b /Ƕ�#bQ`TiBQM /2b +2Mi`2b +QHQ`ûbX GǶ�m;K2Mi�iBQM /2 H� i2M2m` 2M
2`#BmK b2K#H2 āi`2 7�pQ`�#H2- +�` 2HH2 /BKBMm2 HǶ�#bQ`TiBQM /2b TBĕ;2bX SQm`i�Mi- QM +QMbi�i2 iQmi /2
KāK2 mM2 �m;K2Mi�iBQM /2 HǶ�_A TQm` /2b HQM;m2m`b /ǶQM/2 /�Mb HǶBM7`�`Qm;2X *2+B bǶ2tTHB[m2 T�` H�
+QMi`B#miBQM /2 HǶ�#bQ`TiBQM 1`2+[mB 2bi ¨ T`2M/`2 2M +QKTi2XLQmb TQmpQMb +QMbi�i2` bm` H� };m`2
kXkN-[m2 H� bB;M�im`2 /2 HǶ�#bQ`TiBQM `�/BQ BM/mBi2 /2 /2mt }#`2b /QMi H� i2M2m` 2M 2`#BmK 2bi `2H�iBp2@
K2Mi BKTQ`i�Mi2 `2bi2 B/2MiB[m2- ¨ b�pQB` mM2 �HHm`2 2tTQM2MiB2HH2 /û+`QBbb�Mi2- K�Bb �p2+ mM2 BMi2MbBiû
#2�m+QmT ;`�M/2 bǶBH QM +QKT�`2 +2b /2mt }#`2b UNPSi+ 2i BEF5V ¨ mM2 }#`2 T�bbBp2 ;2`K�MBbBHB+�i2
USMF28VX

SQm` pû`B}2` H� T`ûb2M+2 /2 +?�M;2K2Mi /2 +QM7Q`KBiû Qm /2 `û/m+iBQM /2 TQTmH�iBQM /2b BQMb
1`3+- BH b2`�Bi TQbbB#H2 /2 bmBp`2 HǶûpQHmiBQM /2 H� #�M/2 /Ƕ2`#BmK +QKK2 +2H� � ûiû 7�Bi T�` uX J2#`QmF



(R3)X Lû�MKQBMb- +2 i2bi � ûiû 2z2+imû b�Mb Q#i2MB` /2 `ûbmHi�ib T`Q#�Mib- +2H� T2mi bǶ2tTHB[m2` T�` H2 7�Bi
[m2 MQi`2 /ûTƬi /2 /Qb2 MǶ2bi T�b �bb2x +QMbû[m2Mi TQm` pBbm�HBb2` mM2 #�Bbb2 bB;MB}+�iBp2 /2 HǶBMi2MbBiû
/2b #�M/2b /Ƕ�#bQ`TiBQMX .2 THmb- MQmb TQmpQMb +QM+Hm`2 /2 7�ÏQM ;ûMû`�H2 [m2 bm` HǶ2Mb2K#H2 /2b
û+?�MiBHHQMb HǶ2tTQbBiBQM /2 +2b }#`2b ¨ mM `�vQMM2K2Mi BQMBb�Mi p� �m;K2Mi2` HǶ�iiûMm�iBQM /2 H� }#`2
TQm` /2b HQM;m2m`b /ǶQM/2 /m pBbB#H2 2i /2 HǶBM7`�`Qm;2X

*QKK2 TQm` H2b K2bm`2b TQbi@B``�/B�iBQM- H2b bT2+i`2b T`ûb2Miûb /�Mb +2ii2 T�`iB2 TQm` HǶ2Mb2K#H2
/2b +�iû;Q`B2b /2 }#`2b bQMi 7�Bi2b /�Mb /2b +QM/BiBQMb bBKBH�B`2b /Ƕû+H�B`2K2MiX 1HH2 QMi iQmi2b bm#B mM2
;mû`BbQM �p2+ mM2 TmBbb�M+2 /Ƕû+H�B`2K2Mi 2M 2Mi`û2 /Ƕû+?�MiBHHQM bBKBH�B`2- bm` mM i2KTb B/2MiB[m2- 2i
�p2+ mM2 TmBbb�M+2 /Ƕû+H�B`2K2Mi 2M 2Mi`û2 /Ƕû+?�MiBHHQM bBKBH�B`2- ¨ b�pQB` mM2 TmBbb�M+2 /2 kyy Kq ¨
N3y MK T2M/�Mi mM2 /m`û2 /2 k ¨ j DQm`bX LQmb i`�Bi2`QMb HǶ�bT2+i i2KTb@TmBbb�M+2 �m +?�TBi`2 bmBp�MiX
AH � ûiû û;�H2K2Mi T`û+Bbû /�Mb H� b2+iBQM T`û+û/2Mi2 [m2 H2 +?QBt /2 H� HQM;m2m` /2 HǶû+?�MiBHHQM 2bi
T`BKQ`/B�H , BH HǶ2bi /Ƕ�mi�Mi THmb TQm` H� ;mû`BbQM QTiB[m2X 1M 2z2i- HǶ�#bQ`TiBQM T�` HǶ2`#BmK T`ûb2Mi
/�Mb H� }#`2 2i HǶ�_A T2mp2Mi �pQB` H2 KāK2 2z2i- +Ƕ2bi@¨@/B`2 7�B`2 +?mi2` H� TmBbb�M+2 QTiB[m2 ¨ N3y
MKX SQm` +2ii2 `�BbQM- MQmb �pQMb +?QBbB /2 i`�p�BHH2` bm` /2b û+?�MiBHHQMb /2 [m2H[m2b Kĕi`2b iQmi �m
THmb- �}M /Ƕ�pQB` mM2 TmBbb�M+2 [m�bB@?QKQ;ĕM2 bmBp�Mi HǶ�t2 /2 T`QT�;�iBQM /2 H� }#`2X G2 +?QBt /2
H� HQM;m2m` /ǶQM/2 /2 ;mû`BbQM 2bi Tm`2K2Mi i2+?MB[m2 , 2M 2z2i H2b TmBbb�M+2b QTiB[m2b /BbTQMB#H2b ¨
N3y MK bQMi +QMbû[m2Mi2b- +�` 2HH2b bQMi BMiBK2K2Mi HBû2b �m /QK�BM2 /2b iûHû+QKKmMB+�iBQMbX

G� };m`2 kXjy KQMi`2 H2b bT2+i`2b /Ƕ�#bQ`TiBQM /2 H� }#`2 �p�Mi
2i �T`ĕb ;mû`BbQM QTiB[m2X PM `2K�`[m2 [m2 HǶû+H�B`2K2Mi ¨ N3yMK T2`K2i /2 /BKBMm2` 2i /Ƕ2z�+2` H2
TB+ /Ƕ�#bQ`TiBQM T`ûb2Mi p2`b dyy MKX PM `2K�`[m2 /QM+ [m2 H2b TBĕ;2b HBûb ¨ HǶ�HmKBMBmK- +`ûûb bQmb
B``�/B�iBQM- pQMi āi`2 b2MbB#H2b ¨ mM2 ;mû`BbQM QTiB[m2 ¨ N3y MKX
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kXjy Ĝ aT2+i`2b /Ƕ�#bQ`TiBQM /2b }#`2b ;2`K�MQ@�HmKBMQ@bBHB+�i2b T�bbBp2b B``�/Bû2b ¨ jyy :v
2i bQmb û+H�B`2K2Mi QTiB[m2 ¨ kyy Kq ¨ N3yMKX

SQm` +2b }#`2b- QM T2mi `2K�`[m2` /2mt +QKTQ`i2K2Mib /Bzû`2Mib
bmBp�Mi H� +QM+2Mi`�iBQM /Ƕ2`#BmKX G� };m`2 kXjRU�V `2T`ûb2Mi2 H2b bT2+i`2b /Ƕ�#bQ`TiBQM /2b }#`2b
B``�/Bû2b 2i ;mû`B2b TQm` /2b i2M2m`b HBKBiû2b 2M 2`#BmK c +2b bT2+i`2b bQMi B/2MiB[m2b ¨ +2mt /2b }#`2b



T�bbBp2b �HmKBMQ@bBHB+�i2bXG� };m`2 kXjRU#V `2T`ûb2Mi2 H2b bT2+i`2b /Ƕ�#bQ`TiBQM bm` }#`2b B``�/Bû2b 2i
;mû`B2b TQm` mM2 7Q`i2 +QM+2Mi`�iBQM /Ƕ2`#BmK , B+B HǶ2z2i /2 H� ;mû`BbQM 2bi [m�bBK2Mi BM2tBbi�MiX PM
`2K�`[m2 B+B [m2 HǶ�HHm`2 /2b bT2+i`2b 2bi [m�bBK2Mi B/2MiB[m2 2i [m2 HǶû+H�B`2K2Mi QTiB[m2 MǶ� �m+mM
2z2i bm` H2b TBĕ;2b +`ûûbX *2+B T2mi bǶ2tTHB[m2` /2 /2mt 7�ÏQMb , bQBi HǶ�#bQ`TiBQM 2`#BmK 1`3+ 2bi i`QT
BKTQ`i�Mi2 2i H� +QMi`B#miBQM TQm` H� ;mû`BbQM MǶ2bi T�b �bb2x 7Q`i2- bQBi H2b TBĕ;2b +`ûûb bQMi /Bzû`2Mib
2i +2b /2`MB2`b M2 bQMi T�b b2MbB#H2b ¨ mM2 ;mû`BbQM QTiB[m2X *2ii2 /2`MBĕ`2 ?vTQi?ĕb2 b2K#H2 āi`2 H�
THmb T`Q#�#H2 +�` MQmb i`�p�BHHQMb bm` /2b û+?�MiBHHQMb Qɍ HǶû+H�B`2K2Mi ¨ N3y MK T2`K2i mM2 b�im`�iBQM
/2 HǶ�#bQ`TiBQM 2`#BmK bm` H� iQi�HBiû /2 H� }#`2X .2 THmb- /m 7�Bi /2b /Bzû`2M+2b /2 HǶ�HHm`2 /2b bT2+i`2b
2Mi`2 mM2 }#`2 7�B#H2K2Mi /QTû2 2i mM2 7Q`i2K2Mi /QTû2- QM T2mi /B`2 [mǶBH M2 bǶ�;Bi T�b /2b KāK2b
/û7�mib +`ûûbX
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kXjR Ĝ aT2+i`2b /Ƕ�#bQ`TiBQM /2b }#`2b �HmKBMQ@bBHB+�i2b �+iBp2b B``�/Bû2b ¨ jyy :v 2i bQmb
û+H�B`2K2Mi QTiB[m2 ¨ kyy Kq ¨ N3y MK TQm` /2b }#`2b ¨ +QM+2Mi`�iBQMb /Ƕ2`#BmK /Bzû`2Mi2b , U�V
BM7û`B2m`2b ¨ Ryyy TTK 2i U#V bmTû`B2m`2b ¨ Ryyy TTKX

GǶ�HHm`2 /2b +Qm`#2b /Ƕ�#bQ`TiBQM /2 +2b }#`2 2bi `2T`ûb2Miû2 bm` H�
};m`2 kXjkX PM Q#b2`p2 [m2 H2b +Qm`#2b bQMi û;�H2K2Mi b2K#H�#H2bX *QKK2 TQm` H2 `ûbmHi�i /2b +Qm`#2b
�HmKBMQ@bBHB+�i2 7Q`i2K2Mi /QTû2 T`ûb2Miû2 T`û+û/2K2Mi- BH b2K#H2`�Bi [m2 H� ;mû`BbQM QTiB[m2 ¨ +2ii2
HQM;m2m` /ǶQM/2 MǶ� �m+mM BKT�+i bm` H2b TBĕ;2bX .2 H� KāK2 K�MBĕ`2 [m2 MQmb �pQMb Tm /û/mB`2 [m2
H� K�D2m`2 T�`iB2 /2 HǶ�_A 2bi /m2 ¨ H� T`ûb2M+2 /2 HǶBQM 1`2+- MQmb TQmpQMb �{`K2` [m2 +2i ûHûK2Mi
MǶ2bi T�b /B`2+i2K2Mi b2MbB#H2 ¨ H� HQM;m2m` /ǶQM/2 /2 N3y MK- +QMi`�B`2K2Mi �mt +2Mi`2b +QHQ`ûb HBûb
� HǶ�HmKBMBmKX

G2b K2bm`2b /2b bT2+i`2b /Ƕ�#bQ`TiBQM /2 +2b }#`2b bQMi T`ûb2Miû2b
bm` H� };m`2 kXjjX G2b `ûbmHi�ib /2b bT2+i`2b /Ƕ�#bQ`TiBQM /2 +2b ivT2b /2 }#`2 KQMi`2Mi [m2 bmBp�Mi H�
+QKTQbBiBQM /2 H� }#`2 H� T`ûb2M+2 /2b TBĕ;2b /2 HǶ�HmKBMBmK QMi mM2 BMi2MbBiû THmb Qm KQBMb BKTQ`@
i�Mi2X *2+B b2 i`�/mBi T�` mM2 ;mû`BbQM QTiB[m2 THmb BKTQ`i�Mi2 TQm` /2b }#`2b �p2+ T2m /Ƕ�HmKBMBmKX
1M 2z2i- TQm` H2b }#`2b Qm H� +QM+2Mi`�iBQM /Ƕ�HmKBMBmK 2bi BM7û`B2m`2 ¨ R Wri- QM `2K�`[m2 [m2 H�
;mû`BbQM 2bi [m�bB@+QKTHĕi2X

GǶ�bT2+i /2 H� ;mû`BbQM QTiB[m2 � T2`KBb /2 K2ii`2 2M ûpB/2M+2 H� b2MbB#BHBiû /2b +2Mi`2b +QHQ`ûb
bmBp�Mi HǶBMi2`�+iBQM HmKBM2mb2X AH 2bi K�BMi2M�Mi +2`i�BM [mǶmM �TTQ`i ûM2`;ûiB[m2 HmKBM2mt p� TQmpQB`
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kXjk Ĝ aT2+i`2b /Ƕ�#bQ`TiBQM /2 H� }#`2 LSsi+ B``�/Bû2b ¨ jyy :v 2i bQmb û+H�B`2K2Mi QTiB[m2
¨ kyyKq !N3yMKX
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kXjj Ĝ aT2+i`2b /Ƕ�#bQ`TiBQM /2 H� }#`2 "161 B``�/Bû2b ¨ jyy :v 2i bQmb û+H�B`2K2Mi QTiB[m2
¨ kyy Kq ¨ N3y MKX

/BKBMm2` H� TQTmH�iBQM /2b +2Mi`2b +QHQ`ûbX *2mt [mB b2K#H2Mi āi`2 H2b THmb b2MbB#H2b bQMi û;�H2K2Mi
+2mt /QMi H2b bB;M�im`2b bT2+i`�H2b bQMi T`Q+?2b /2 H� HQM;m2m` /ǶQM/2 /2 ;mû`BbQM +?QBbB2 UN3y MKV-
¨ b�pQB` H2b TBĕ;2b ¨ i`Qmb- +QKK2 HǶBHHmbi`2 H� };m`2 kXj9X *2T2M/�Mi +QKK2 MQmb HǶ�pQMb ûpQ[mû
T`û+û/2KK2Mi- MQmb M2 TQmpQMb T�b �ii`B#m2` /2 K�MBĕ`2 +2`i�BM2 H� #�M/2 /Ƕ�#bQ`TiBQM /ûi2+iû p2`b
d8y MK TQm` H2b }#`2b �HmKBMQ@bBHB+�i2bX SHmbB2m`b bm;;2biBQMb bQMi TQbbB#H2b ,

ě BH bǶ�;Bi /ǶmM /û7�mi ah> +QMp2MiBQM2H 2i HǶ�HmKBMBmK MǶ�TTQ`i2 �m+mM2 +QMi`B#miBQMX P` MQmb
�pQMb Tm +QMbi�i2` [mǶBH 2bi T`ûb2Mi 2t+HmbBp2K2Mi �p2+ HǶ�HmKBMBmKX

ě BH bǶ�;Bi /ǶmM /û7�mi �HP>* /QMi H� #�M/2 MǶ� D�K�Bb ûiû Q#b2`pû2 bm` /Ƕ�mi`2b }#`2bX
ě BH bǶ�;Bi /ǶmM TBĕ;2 /2 HǶ�HmKBMBmK �v�Mi H2b +�`�+iû`BbiB[m2b /ǶmM /û7�mi ah>X *2 /û7�mi �m`�Bi

�HQ`b /2b #�M/2b /Ƕ�#bQ`TiBQM +QKT�`�#H2b ¨ +2HH2b /ǶmM ah> +H�bbB[m2X .2 THmb- BH 2tBbi2 /2
;`�M/2 bBKBHBim/2 2Mi`2 H� bi`m+im`2 /2b T`û+m`b2m`b /2b ah> 2i /2b �HP−

4 X 1M 2z2i- iQmi /2mt
bQMi +QMbiBimûb /2 /2mt iûi`�ĕ/`2b Qɍ mM i`Qm pB2Mi b2 }t2` bm` HǶQtv;ĕM2 TQMi�MiX AH 2bi /QM+
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kXj9 Ĝ "�M/2 /Ƕ�#bQ`TiBQM /2b /û7�mib `ûT2`iQ`Bûb /�Mb /2b }#`2b /2 bBHB+2 +QMi2M�Mi /m
;2`K�MBmK 2i /2 HǶ�HmKBMBmK X

hvT2 /2 }#`2 6�KBHH2 /m p2``2 SBĕ;2b /ûi2+iûb SQbbB#BHBiû /2 ;mû`BbQM
S�bbBp2 :2`K�MQ@bBHB+�i2 :2*-:21Ƕ y
�+iBp2 :2`K�MQ@bBHB+�i2 :2*-:21Ƕ-1`2+ y
S�bbBp2 �HmKBMQ@bBHB+�i2 �H1Ƕ-�HP>* YY
�+iBp2 �HmKBMQ@bBHB+�i2 �H1Ƕ-�HP>*-1`2+ Y U/ûT2M/ /m `�iBQ (�H)f(1`)V
S�bbBp2 :2`K�MQ@�HmKBMQ@bBHB+�i2 :2*-�HP>* Y
�+iBp2 :2`K�MQ@�HmKBMQ@bBHB+�i2 :2*-�HP>* -1`2+ Y

kXe Ĝ h�#H2�m /2 bvMi?ĕb2 bm` HǶûim/2 /2 bT2+i`Qb+QTB2 /2b }#`2bX

TQbbB#H2 /Ƕ�pQB` mM2 p�`B�Mi2 /ǶmM /û7�mi �HP>* �v�Mi +2ii2 +QM};m`�iBQMX
LQmb T`QTQbQMb /2 7�B`2 mM2 bvMi?ĕb2 /2 +QKT�`�BbQM 2Mi`2 +2b `ûbmHi�ib 2i H2b ivT2b /2 /û7�mib

T`û/QKBM�Mib +Biûb /�Mb H2b b2+iBQMb T`û+û/2Mi2bX LQmb �pQMb `2TQ`iû /�Mb H2 i�#H2�m kXe H� 7�KBHH2 /m
p2``2 +QKTQb�Mi H� }#`2- H2b /û7�mib ûp2Mim2Hb �BMbB [m2 H2m` +�T�+Biû /2 ;mû`BbQM QTiB[m2X

GǶûim/2 /2b 2z2ib /2b B``�/B�iBQMb bm` H2b }#`2b QTiB[m2b � /û#miû ¨ T�`iB` /2 RNd8 /�Mb H2 #mi
/2 [m�HB}2` /2b }#`2b T�bbBp2b TQm` /2b �TTHB+�iBQMb KBHBi�B`2bX G� T`Q#HûK�iB[m2 /m /m`+Bbb2K2Mi /2b
}#`2b QTiB[m2b T�bbBp2b bǶ2bi �HQ`b TQbû2 2i /2b ûim/2b �TT`Q7QM/B2b QMi +QKK2M+û /ĕb H2 /û#mi /2b
�MMû2b 3y TQm` /2b �TTHB+�iBQMb [mB +QM+2`M�B2Mi H2b +2Mi`�H2b Mm+Hû�B`2bX .ûbQ`K�Bb- H2b KmHiBim/2b
/Ƕ�TTHB+�iBQMb �miQm` /2b }#`2b QTiB[m2b �+iBp2b- MQi�KK2Mi TQm` /2b �TTHB+�iBQMb bT�iB�H2b- QMi TQmbbû
BM/mbi`B2Hb 2i �+�/ûKB[m2b ¨ i`Qmp2` /2b bQHmiBQMb /2 /m`+Bbb2K2MiX .Bzû`2Mi2b �TT`Q+?2b QMi ûiû
�#Q`/û2b- 2i MQmb `2+2MbQMb B+B +2HH2b [mB QMi ûiû miBHBbû2b /�Mb H� HBiiû`�im`2 bm` /2b }#`2b �+iBp2bX

ě iQmi /Ƕ�#Q`/- HǶ?v/`Q;ûM�iBQM +QMbBbi2 ¨ BMD2+i2` /2b �iQK2b /Ƕ?v/`Q;ĕM2 �m b2BM KāK2 /2 H�
}#`2 �}M /2 ;mû`B` H2b /û7�mib H�i2MibX G2 `ƬH2 /2 HǶ?v/`Q;ĕM2 2bi /2 p2MB` +QK#H2` H2b HB�BbQMb
T2M/�Mi2b [mB- +QKK2 MQmb HǶ�pQMb pm T`û+û/2KK2Mi T2mp2Mi āi`2 ;ûMû`û2b HQ`b /2 H� 7�#`B@
+�iBQM /2b }#`2b Qm T�` H2b `�/B�iBQMbX GǶû[m�iBQM +B@/2bbQmb KQMi`2 H� `û�+iBQM /2 ;mû`BbQM
TQm` mM /û7�mi L"P>*X



aB@P Y >2 −→ aB@P> Y>
GǶ2z2i #ûMû}[m2 +QMi`2 H2b `�/B�iBQMb /2 +2 i`�Bi2K2Mi 2bi #B2M +QMMm- �BMbB (je) � KBb 2M
�p�Mi H2 `ƬH2 /2 HǶ?v/`Q;ûM�iBQM bm` H� /BKBMmiBQM /2 HǶ�_A /�Mb H2 pBbB#H2 2i H2 T`Q+?2 BM7`�@
`Qm;2X GǶBM+QMpûMB2Mi T`BM+BT�H /2 +2ii2 Kûi?Q/2 `ûbB/2 /�Mb H2 7�Bi [m2 HǶ?v/`Q;ĕM2 /Bzmb2
i`ĕb 7�+BH2K2Mi /�Mb H� K�i`B+2 pBi`2mb2 ¨ i2KTû`�im`2 �K#B�Mi2 +2 [mB TQb2 H2 T`Q#HĕK2 /2
HǶBMbi�#BHBiû /�Mb H2 i2KTbX SQm` T�HB2` ¨ +2 /û7�mi- mM +Q�iBM; bmTTHûK2Mi�B`2 2bi miBHBbû TQm`
`2M/`2 ?2`KûiB[m2 H� }#`2 2i TBû;2` H2b �iQK2b /Ƕ?v/`Q;ĕM2X wQiQp 2i �HX (jd) QMi THmb `û+2K@
K2Mi /ûKQMi`û HǶ2{+�+Biû /m i`�Bi2K2Mi ¨ HǶ?v/`Q;ûM�iBQM bm` /2b }#`2b /QTû2b 2`#BmK 2M
�bbQ+B�Mi mM +Q�iBM; 2M +�`#QM2X hQmi27QBb- BH MǶv � T�b /ǶBM7Q`K�iBQM ¨ +2 DQm` bm` H� Tû`ûMBiû
/ǶmM2 i2HH2 bQHmiBQM c

ě 2MbmBi2- H2 +Q/QT�;2 �m +û`BmK /ûKQMi`û /�Mb H2b �MMû2b dy@3y (j3) bm` /2b }#`2b T�bbBp2b
� KQMi`û /Ƕ2t+2HH2Mi `ûbmHi�ib 2M i2`K2 /2 /m`+Bbb2K2Mi �mt `�/B�iBQMbX SHmb `û+2KK2Mi- aX
:B`�`/ 2i �HX (jN) QMi �TTHB[mû +2 i`�Bi2K2Mi ¨ /2b }#`2b +Q/QTû2b 2`#BmK@vii2`#BmK TQm` /2b
�KTHB}+�i2m`b 7Q`i2b TmBbb�M+2b UbmTû`B2m`2b �m r�iiV 2i QMi �mbbB `2K�`[mû mM2 2t+2HH2Mi2
i2Mm2 /2b }#`2b �mt `�vQMM2K2Mib γX G� T2`i2 /2 ;�BM K2bm`û2 MǶûi�Bi �HQ`b [m2 /2 R-8 /"
�T`ĕb mM2 /Qb2 /ûTQbû2 /2 Nyy :vX G2 TQBMi 7�B#H2 /2 +2ii2 Kûi?Q/2 2bi /ȿ �m 7�Bi [m2 H2
+û`BmK MǶ2bi T�b mM +QKTQbû ?�#Bim2H TQm` H2b 7QM/2m`b /2 }#`2b c

ě 2M}M- mM2 bQHmiBQM THmiƬi K�+`Qb+QTB[m2 [m2 K�iû`B�m 2bi 2MpBb�;û2- BH bǶ�;Bi /2 HǶ�TT`Q+?2
/2 :mb�`Qp 2i �HXX 1HH2 +QMbBbi2 ¨ /m`+B` HǶ�KTHB}+�i2m` 2M `û/mBb�Mi �m K�tBKmK b� HQM;m2m`
QTiBK�H2 (9y)X 1M 2z2i- H� b2MbB#BHBiû /ǶmM �P6. �mt `�/B�iBQMb 2bi /B`2+i2K2Mi T`QTQ`iBQM@
M2HH2 ¨ b� HQM;m2m` TmBb[m2 H� T2`i2 iQi�H2 /m2 �mt `�/B�iBQMb p�mi 2M T`2KBĕ`2 �TT`QtBK�iBQM
ARILoptX �BMbB- :mb�`Qp KQMi`2 [mǶ2M �m;K2Mi�Mi H2 /QT�;2 2M 2`#BmK /ǶmM2 }#`2 QM T2mi
`û/mB`2 H� b2MbB#BHBiû /2 HǶ�P6.X *2ii2 �TT`Q+?2 /2 /m`+Bbb2K2Mi- ¨ mM MBp2�m THmb bvbiĕK2
[m2 7QM/�K2Mi�H- �ii2BMi iQmi27QBb b2b HBKBi2b +�`- +QMbB/û`�Mi H2b i2+?MB[m2b /2 /QT�;2 +H�b@
bB[m2b- �m;K2Mi2` H� +QM+2Mi`�iBQM 2M 2`#BmK Mû+2bbBi2 /Ƕ�m;K2Mi2` H2 i�mt /Ƕ�HmKBMBmK 2i
/QM+ /Ƕ�m;K2Mi2` H� b2MbB#BHBiû /2 H� }#`2 2HH2@KāK2X

.�Mb +2 i`�p�BH /2 i?ĕb2- MQmb �pQMb +?QBbB /Ƕ2tTHQ`2` HǶ2z2i /2 H� bi`m+im`�iBQM /2 H� K�iBĕ`2
+QKK2 mM2 �mi`2 pQB2 /2 /m`+Bbb2K2MiX GǶB/û2 2bi bBKTH2 , TmBb[m2 H2b /û7�mib bQMi K�DQ`Bi�B`2K2Mi
HBûb ¨ HǶ�DQmi /2 +Q/QT�Mib Mû+2bb�B`2b ¨ HǶBM+Q`TQ`�iBQM /2 HǶ2`#BmK- BH bǶ�;Bi /2 /BKBMm2` Qm /ǶûHBKB@
M2` +2b +Q/QT�Mib 2M K�ŗi`Bb�Mi HǶ2MpB`QMM2K2Mi BKKû/B�i /2 HǶ2`#BmK TQm` T2`K2ii`2 K�H;`û iQmi
bQM BMb2`iBQM /�Mb H� }#`2- 2i +2 2M bi`m+im`�Mi H� K�iBĕ`2X *Ƕ2bi /ǶmM2 +2`i�BM2 7�ÏQM mM2 �TT`Q+?2
QTTQbû2 ¨ +2HH2 /2 :mb�`Qp 2i �HX SQm` +2H�- MQmb �pQMb ûim/Bû- H2b }#`2b 7�#`B[mû2b T�` HǶBM/mbi`B2H
.`�F�fS`vbKB�M- 2M +QM7`QMi�Mi HǶBKT�+i /2b +QM+2Mi`�iBQMb /2b /QT�Mib 7�+2 �mt `�/B�iBQMb 2i 2M
miBHBb�Mi H2b i2+?MQHQ;B2b miBHBbû2b- +Ƕ2bi ¨ /B`2 mM T`Q+2bb bi�M/�`/ UJ*o.V 2i /2mt i2+?MQHQ;B2b
M�MQT�`iB+mH2b ,

ě G� i2+?MQHQ;B2 /2 M�MQT�`iB+mH2b /2 bBHB+2 /2 +?2x .`�F�fS`vbKB�MX AH bǶ�;Bi /2 }#`2b ;2`K�MQ@
bBHB+�i2b /QTû2b ¨ HǶ2`#BmK T�` M�MQT�`iB+mH2b /2 bBHB+2- 2i +2 2M HǶ�#b2M+2 iQi�H2 /Ƕ�HmKBMBmKX
*2b }#`2b QMi /2b ;�BMb i`ĕb +QKT�`�#H2b �mt }#`2b +Q/QTû2b �HmKBMBmK-X 1HH2b bQMi /2 7�Bi
/Ƕ2t+2HH2Mi2b +�M/B/�i2b TQm` H� #QMM2 i2Mm2 �mt `�/B�iBQMbX *Ƕ2bi mM2 bQ`i2 /2 +�b HBKBi2 /2
+2 [mB 2bi TQbbB#H2 2M K�iBĕ`2 /2 /m`+Bbb2K2Mi M�im`2H /2b }#`2b U+Ƕ2bi ¨ /B`2 b�Mb `2+Qm`B` ¨
/2b +QKTQbûb /û/Bûb �m /m`+Bbb2K2MiV c

ě G� i2+?MQHQ;B2 /2 M�MQT�`iB+mH2b bBHB+2@�HmKBMBmK /2 +?2x .`�F�fS`vbKB�MX G� /ûK�`+?2 2bi
mM T2m H� KāK2 [m2 T`û+û/2KK2Mi- K�Bb +2ii2 7QBb@+B H2b }#`2b +QMiB2MM2Mi mM2 +2`i�BM2
[m�MiBiû /Ƕ�HmKBMBmK- �TTQ`iû2 T�` H2b M�MQT�`iB+mH2bX G2b BQMb 2`#BmK bQMi 2MiQm`ûb /Ƕ�Hm@



KBMBmK- +2 [mB HBKBi2 HǶ2z2i /m [m2M+?BM; 2i 7�+BHBi2 H2m` BMb2`iBQMX GǶBMiû`āi /2 +2b }#`2b-
�p�Mi /2 H2b �pQB` +�`�+iû`Bbû2b- 2bi [m2 H� }#`2 +QMiB2Mi H2 bi`B+i KBMBKmK /Ƕ�HmKBMBmK miBH2 ,
�m HB2m /Ƕ�pQB` mM2 K�i`B+2 /2 p2``2 mMB7Q`KûK2Mi /QTû2 2M �HmKBMBmK- +2HmB@+B MǶ2bi T`ûb2Mi
[mǶ�miQm` /2b �iQK2b /Ƕ2`#BmK- +Ƕ2bi@¨@/B`2 H¨ Qɍ BH 2bi miBH2X �BMbB- mM2 i2HH2 i2+?MQHQ;B2- BH 2bi
T2`KBb /Ƕ2bTû`2` #ûMû}+B2` ¨ H� 7QBb /ǶmM ûH�`;Bbb2K2Mi BM?QKQ;ĕM2 +QMbû[m2Mi- +QKT�`�#H2
¨ mM2 }#`2 bi�M/�`/ K�Bb �p2+ #2�m+QmT KQBMb /Ƕ�HmKBMBmK- +2 [mB /QBi �HH2` /�Mb H2 b2Mb
/ǶmM2 K2BHH2m`2 i2Mm2 �mt B``�/B�iBQMbX 1M+Q`2 mM2 7QBb- mM BMiû`āi /2 +2ii2 i2+?MQHQ;B2 2bi
[mǶBH 2tBbi2 �m +�i�HQ;m2 .`�F�fS`vbKB�M /2b }#`2b 2`#BmK /QTû2b T�` +2 T`Q+û/û- +2 [mB
bB;MB}2 [m2 TQi2MiB2HH2K2Mi- +2`i�BM2b }#`2b +QKK2`+B�H2b +B#Hû2b QMi mM2 +?�M+2 /2 +QMp2MB`
TQm` HǶBM/mbi`B2 /m bT�iB�H- +QKK2 MQmb �m`QMb HǶQ++�bBQM /2 H2 pQB` �m +Qm`b /m +?�TBi`2 9X

*QM+2`M�Mi H2b /QT�Mib +QMi2Mmb /�Mb H� K�i`B+2 pBi`2mb2- MQmb �pQMb Tm +QMbi�i2` T`û+û/2KK2Mi
[m2 H2 ;2`K�MBmK 2i HǶBQM 1`3+ +QMbQKK2Mi K�DQ`Bi�B`2K2Mi /2b ûH2+i`QMb HQ`b /2b B``�/B�iBQMbX AH
b2 TQm``�Bi /QM+ [m2 HǶ�TTQ`i 2M ;2`K�MBmK HBKBi2 H� 7Q`K�iBQM /2b BQMb 1`2+- +2 [mB T2`K2ii`�Bi
/ǶQ#i2MB` /2b �KTHB}+�i2m`b `ûbBbi�Mib �mt `�/B�iBQMb X *2ii2 ?vTQi?ĕb2 `2DQBMi H2 T`Q+û/û /ǶBMi`Q/m+@
iBQM /m +Q/QT�;2 /2b }#`2b �m +û`BmK TQm` H2b }#`2b 2`#BmKfvii2`#BmKX Lû�MKQBMb- HǶBMi`Q/m+iBQM /m
:2`K�MBmK 2bi mM2 +?Qb2 #2�m+QmT THmb 7�+BH2 ¨ K2ii`2 2M ƾmp`2 2i i`ĕb miBHBbû2 T�` H2b 7�#`B+�Mib /2
}#`2bX

kXj8 Ĝ AHHmbi`�iBQM /2b /Bzû`2Mib +`Biĕ`2b i2+?MQHQ;B[m2b 2i bvbiĕK2b � T`2M/`2 2M +QKTi2 TQm`
H2 /m`+Bbb2K2Mi /ǶmM �KTHB}+�i2m` X

LQmb �pQMb Tm pQB` [mǶBH ûi�Bi TQbbB#H2 /2 K�ŗi`Bb2` H� i2+?MQHQ;B2 H2 /QT�;2 �}M /2 KBMBKBb2`
H2b 2z2ib /2b `�/B�iBQMbX *2T2M/�Mi- H� T`2KBĕ`2 �TTHB+�iBQM pBbû2 �p2+ H2b }#`2b 2`#BmK bQMi H2b
�KTHB}+�i2m`bX AH 2bi /QM+ TQbbB#H2 /Ƕ�++`Qŗi`2 H� i2Mm2 �mt `�/B�iBQMb 2M K�Bi`Bb�Mi H2 /BK2MbBQMM2K2Mi
/2 HǶ�KTHB}+�i2m`X *2+B � ;`�M/2K2Mi ûiû BHHmbi`û /�Mb H� i?ĕb2 /2 CXh?QK�b (jk) [mB � KQMi`û [m2
H2b �KTHB}+�i2m`b �v�Mi mM2 K2BHH2m`2 i2Mm2 �mt `�/B�iBQMb M2 bQMi T�b Mû+2bb�B`2K2Mi H2b }#`2b /QMi
HǶ�_A 2bi 7�B#H2 , +2H� /ûT2M/ û;�H2K2Mi /2 H� HQM;m2m` /2 HǶ �KTHB}+�i2m`X 1z2+iBp2K2Mi- +QKK2 bQM
`ƬH2 2bi /Ƕ�KTHB}2` mM bB;M�H HmKBM2mt- BH 2bi BKTQ`i�Mi /2 +QMbB/û`2` H2b T2`i2b iQi�H2b bm` iQmi2 H�
HQM;m2m` /2 H� }#`2X �BMbB- H� HQM;m2m` 2bi mM 7�+i2m` iQmi �mbbB BKTQ`i�Mi 2M i�Mi [m2 +`Biĕ`2 /2
/m`+Bbb2K2MiX *2ii2 B/û2 `2DQBMi +2HH2 /2 :mb�`Qp 2i �H 2M `û�HBb�Mi mM �KTHB}+�i2m` /m`+B �p2+ mM2



HQM;m2m` `û/mBi2X P`- bB H2 +?QBt /ǶmM �KTHB}+�i2m` b2K#H2 bǶQ`B2Mi2` p2`b /2b �KTHB}+�i2m`b +Qm`ib-
BH bǶ�;Bi û;�H2K2Mi /2 +2mt TQm` H2b[m2Hb H2b +QM+2Mi`�iBQMb /Ƕ2`#BmK 2i /Ƕ�HmKBMBmK bQMi H2b THmb
BKTQ`i�Mi2bX aB +2+B p� /�Mb H2 b2Mb /2b �TTHB+�iBQMb iûHû+QKb /�Mb mM Q#D2+iB7 /ǶûH�`;Bbb2K2Mi /2
#�M/2 T�bb�Mi2 /m ;�BM - +2H� �m;K2Mi2 �p2+ HǶBMi2MbBiû /2b /û7�mib +`ûûb [mB �m;K2Mi2 �p2+ H2 /QT�;2X
AH 2tBbi2 /QM+ mM +QKT`QKBb 2Mi`2 /ǶmM +Ƭiû H� b2MbB#BHBiû 2i H� #�M/2 T�bb�Mi2 /m ;�BM 2i /2 HǶ�mi`2
H� i2Mm2 �mt `�/B�iBQMb 2i HǶ2{+�+Biû /2 HǶ�KTHB}+�i2m`X G� };m`2 kXj8 BHHmbi`2 +2ii2 T`Q#HûK�iB[m2 2M
T`2M�Mi 2M +QKTi2 HǶ�bT2+i i2+?MQHQ;B[m2 2i bvbiĕK2 /2 HǶ�KTHB}+�i2m`X



§ i`�p2`b +2 +?�TBi`2- MQmb �pQMb T`ûb2Miû /�Mb mM T`2KB2` i2KTb HǶ2MpB`QMM2K2Mi `�/B�iB7 bT�iB�H
2i KQMi`û 2M [mQB BH TQmp�Bi āi`2 Mû7�bi2 TQm` H2b }#`2b /QTû2b 2`#BmKX LQmb �pQMb MQi�KK2Mi KBb
2M �p�Mi H2b T`BM+BT�H2b BMi2`�+iBQMb 2Mi`2 H2b `�vQMM2K2Mib BQMBb�Mib 2i H� K�iBĕ`2X G� +QMbû[m2M+2 /2
+2b BMi2`�+iBQMb 7Q`i2b 2bi mM2 �m;K2Mi�iBQM /2 HǶ�#bQ`TiBQM /2 7QM/ /2 H� }#`2 QTiB[m2- �mbbB �TT2Hû2
U�_AVX *2H� b2 i`�/mBi T�` H� +`û�iBQM /2 MQmp2HH2b 2bTĕ+2b +?BKB[m2b [mB QMi H2m`b T`QT`2b bB;M�im`2b
bT2+i`�H2bX 1M MQmb �TTmv�Mi bm` mM2 ûim/2 #B#HBQ;`�T?B[m2 /2b /û7�mib /�Mb H2b }#`2b- �BMbB [m2 bm`
/2b K2bm`2b /2 bT2+i`Qb+QTB2 /Ƕ�#bQ`TiBQM- MQmb �pQMb +QMbi�iû [m2 H� /û;`�/�iBQM /2b }#`2b 2bi THmb
BKTQ`i�Mi2 TQm` /2b HQM;m2m`b /ǶQM/2 bBimû2b /�Mb H2 /QK�BM2 /m pBbB#H2 [m2 /�Mb HǶBM7`�`Qm;2X *2H�
2bi /ȿ �m 7�Bi [m2 H� K�DQ`Biû /2b /û7�mib b2 bBim2Mi /�Mb HǶlo 2i H2 pBbB#H2X 1MbmBi2- MQmb �pQMb 2tTQbû
H2b /Bzû`2Mib KQ/ĕH2b T2`K2ii�Mi /2 bBKmH2` H2b Kû+�MBbK2b /2 /û;`�/�iBQM �BMbB [m2 HǶ�_A /�Mb mM2
}#`2 QTiB[m2X 1M}M- MQmb �pQMb 2tTQbû H2b /Bzû`2Mi2b pQB2b /2 /m`+Bbb2K2Mi TQbbB#H2 /2b }#`2bX .�Mb
H2 +?�TBi`2 bmBp�Mi- MQmb 2tTHQBi2`QMb +2b `ûbmHi�ib 2i +QM+HmbBQMb /�Mb mM KQ/ĕH2 /2 /û;`�/�iBQM
b2 #�b�Mi bm` H2b KQ/ĕH2b 2tBbi�Mib 2i T2`K2ii�Mi /2 /BbbQ+B2` HǶBKT�+i /2 +?�[m2 /QT�MiX*2+B 2bi
BKTQ`i�Mi bB HǶQM bQm?�Bi2 /ûp2HQTT2` mM KQ/ĕH2 +�T�#H2 /2 T`û/B`2 H2b T2`i2b bmBp�Mi H� +QKTQbBiBQM
/2b }#`2b 2M DQm�Mi bm` H� +QM+2Mi`�iBQMb /2b ûHûK2Mib +?BKB[m2b BMi`Q/mBibX



(R) C�K2b 6 wB2;H2`- J�ii?B�b . wB2;H2`- �M/ CQ+?2M S "B2`b�+FX a`BKĜi?2 biQTTBM; �M/ `�M;2 Q7
BQMb BM K�ii2` UkyRyVX Lm+H2�` AMbi`mK2Mib �M/ J2i?Q/b BM S?vbB+b _2b2�`+? a2+iBQM " , "2�K
AMi2`�+iBQMb rBi? J�i2`B�Hb �M/ �iQKb- ke3URR@RkV ,R3R3ĜR3kj- kyRyX

(k) C> >m##2HHX 1H2+i`QMĜTQbBi`QM T�B` T`Q/m+iBQM #v T?QiQMb , � ?BbiQ`B+�H Qp2`pB2rX _�/B�iBQM
S?vbB+b �M/ *?2KBbi`v- d8UeV ,eR9Ĝekj- kyyeX

(j) LBbi t+QK T`Q;`�KX ?iiT ,ffT?vbB+bXMBbiX;QpfT?vb`27/�i�ft+QKf?iKHft+QKRX?iKHX
(9) G h`Qmbb2HHB2`X 1im/2 /2 HǶBM~m2M+2 /2b `�/B�iBQMb bm` H2b }#`2b /QTû2b 2`#BmK TQm` HǶ�KTHB}+�i2m`

QTiB[m2 2K#�`[mû2X S?. i?2bBb- S?. .Bbb2`i�iBQM- lMBp2`bBiû JQMiT2HHB2` AA- kyyNX
(8) GBM�`/b aFmD�X PTiB+�HHv �+iBp2 Qtv;2M@/2}+B2M+v@`2H�i2/ +2Mi2`b BM �KQ`T?Qmb bBHB+QM /BQtB/2X

CQm`M�H Q7 LPL@+`vbi�HHBM2 aQHB/b- kjNUR@jV ,ReĜ93- RNN3X
(e) _Qmb?/2v a�H?X .272+i `2H�i2/ HmKBM2b+2M+2 BM bBHB+QM /BQtB/2 M2irQ`F , � `2pB2rX AM *`vbi�HHBM2

bBHB+QM@T`QT2`iB2b �M/ mb2bX AMh2+?- kyRRX
(d) .�pB/ G :`Bb+QK �M/ J�b�7mKB JBxm;m+?BX .2i2`KBM�iBQM Q7 i?2 pBbB#H2 `�M;2 QTiB+�H �#bQ`TiBQM

bT2+i`mK Q7 T2`Qtv `�/B+�Hb BM ;�KK�@B``�/B�i2/ 7mb2/ bBHB+�X CQm`M�H Q7 LQM@*`vbi�HHBM2 aQHB/b-
kjNUR@jV ,eeĜdd- RNN3X

(3) E�v� L�;�b�r�- uQb?BKB+?B P?FB- �M/ uQb?BK�b� >�K�X :�KK�@`�v BM/m+2/ k 2p QTiB+�H �#@
bQ`TiBQM #�M/ BM Tm`2@bBHB+� +Q`2 }#2`bX C�T�M2b2 DQm`M�H Q7 �TTHB2/ T?vbB+b- keUe�V ,GRyyN- RN3dX

(N) 6`�M+Bb "2`;?K�Mb- "2MQŗi "`B+?�`/- �H#2`iQ 62`M�M/2x 62`M�M/2x- �M/`2B :mb�`Qp- J�`+Q
o�M lz2H2M- �M/ avHp�BM :B`�`/X �M BMi`Q/m+iBQM iQ `�/B�iBQM 2z2+ib QM QTiB+�H +QKTQM2Mib
�M/ }#2` QTiB+ b2MbQ`bX AM PTiB+�H r�p2;mB/2 b2MbBM; �M/ BK�;BM;- T�;2b RkdĜRe8X aT`BM;2`- kyy3X

(Ry) S�p2H 6 E�b?�vFBM- �H2t�M/2` G hQK�b?mF- JBF?�BH um a�H;�MbFv- �H2t2v L :m`v�MQp- �M/
1p;2Mv J .B�MQpX �MQK�HB2b �M/ T2+mHB�`BiB2b Q7 `�/B�iBQM@BM/m+2/ HB;?i �#bQ`TiBQM BM Tm`2
bBHB+� QTiB+�H }#2`b �i /Bz2`2Mi i2KT2`�im`2bX CQm`M�H Q7 �TTHB2/ S?vbB+b- RkRUkRV ,kRjRy9- kyRdX

(RR) avHp�BM :B`�`/- S?BHBTT2 S�BHH2i- JB+?�2H h`BMx+2F- *H�m/2 J�`+�M/2HH�- �MiQMBMQ �H2bbB- �/`B�M�
JQ`�M�- oBM+2MxQ .2 JB+?2H2- �xBx "QmF2Mi2`- �M/ uQm+27 Pm2`/�M2X AM~m2M+2 Q7 b2H7@i`�TT2/
?QH2b QM i?2 `2bTQMb2b Q7 ~mQ`BM2@/QT2/ KmHiBKQ/2 QTiB+�H }#2`b 2tTQb2/ iQ HQr ~m2M+2b Q7
T`QiQMbX T?vbB+� bi�imb bQHB/B U�V- kyR3X

(Rk) _S q�M;- E a�BiQ- �M/ �C AFmb?BK�X 1M2`;v H2p2Hb Q7 b2H7@i`�TT2/ ?QH2b BM �KQ`T?Qmb bBQk ,
}+iBp2 i2KT2`�im`2 /2T2M/2M+2X CQm`M�H Q7 S?vbB+b . , �TTHB2/ S?vbB+b- 9kUNV ,yN89R3- kyyNX

(Rj) o" L2mbi`m2pX *QHQm` +2Mi`2b BM ;2`K�MQbBHB+�i2 ;H�bb �M/ QTiB+�H }#`2bX CQm`M�H Q7 S?vbB+b ,
*QM/2Mb2/ J�ii2`- eUj8V ,eNyR- RNN9X

(R9) >B/2Q >QbQMQ- J�b�7mKB JBxm;m+?B- >B`Qb?B E�r�xQ2- �M/ CmMDB LBb?BBX *Q``2H�iBQM #2ir22M ;2
2฀ +2Mi2`b �M/ QTiB+�H �#bQ`TiBQM #�M/b BM bBQk , :2Qk ;H�bb2bX C�T�M2b2 DQm`M�H Q7 �TTHB2/ T?vbB+b-
j8Uk"V ,Gkj9- RNNeX

(R8) 1 CQb2T? 6`B2#2H2- S2i2` * a+?mHix- �M/ JB+?�2H 1 :BM;2`B+?X *QKTQbBiBQM�H 2z2+ib QM i?2
`�/B�iBQM `2bTQMb2 Q7 ;2@/QT2/ bBHB+�@+Q`2 QTiB+�H }#2` r�p2;mB/2bX �TTHB2/ QTiB+b- RNURdV ,kNRyĜ
kNRe- RN3yX

(Re) G aFmD� �M/ � L�#2`X aBi2@b2H2+iBp2 HmKBM2b+2M+2 bim/v Q7 /272+ibX BM ;�KK�@B``�/B�i2/ ;H�bbv
;2`K�MBmK /BQtB/2X Lm+H2�` AMbi`mK2Mib �M/ J2i?Q/b BM S?vbB+b _2b2�`+? a2+iBQM " , "2�K
AMi2`�+iBQMb rBi? J�i2`B�Hb �M/ �iQKb- RReUR@9V ,89NĜ88j- RNNeX

(Rd) : "mb+�`BMQX 1tT2`BK2Mi�H BMp2biB;�iBQM QM i?2 KB+`Qb+QTB+ bi`m+im`2 Q7 BMi`BMbB+ T�`�K�;M2iB+
TQBMi /272+ib BM �KQ`T?Qmb bBHB+QM /BQtB/2X �`sBp T`2T`BMi �`sBp ,ydRRX9ykN- kyydX



(R3) u�bKBM2 J2#`QmF- 6`�M+F J�/v- JQm`�/ "2M�#/2bb2H�K- C2�M@"2`M�`/ .m+?2x- �M/ qBH7`B2/
"H�M+X 1tT2`BK2Mi�H 2pB/2M+2 Q7 2` jY BQM `2/m+iBQM BM i?2 `�/B�iBQM@BM/m+2/ /2;`�/�iBQM Q7
2`#BmK@/QT2/ bBHB+� }#2`bX PTiB+b H2ii2`b- jNUkRV ,eR89ĜeR8d- kyR9X

(RN) h�F2b?B EQv�K�- LQ#mvmFB .Q?;m+?B- uQb?BKB+?B P?FB- >B`QvmFB LBb?BF�r�- u�bmQ Emb�K�-
�M/ h�/�Q a2;m+?BX RjX8 ;2M2`�iBQM �M/ #H2�+?BM; Q7 d@`�v@BM/m+2/ HQbb Q7 2`jY@/QT2/ bBHB+�@+Q`2
QTiB+�H }#2`X AM C�1_A฀*QM7- T�;2 89k- RNN8X

(ky) .�pB/ > qQ2M �M/ qBHHB�K C 1p�MbX 1tT�M/BM; i?2Y k QtB/�iBQM bi�i2 Q7 i?2 `�`2@2�`i? K2i�Hb-
m`�MBmK- �M/ i?Q`BmK BM KQH2+mH�` +QKTH2t2bX AM >�M/#QQF QM i?2 S?vbB+b �M/ *?2KBbi`v Q7
_�`2 1�`i?b- pQHmK2 8y- T�;2b jjdĜjN9X 1Hb2pB2`- kyReX

(kR) > >�M�7mb�- u >B#BMQ- �M/ 6 u�K�KQiQX h?2`KQ/vM�KB+�H #2?�pBQ` Q7 i?2 2Ƕ+2Mi2` BM i?2
QTiB+�H@}#2` /`�rBM; T`Q+2bbX S?vbB+�H _2pB2r "- j8UR9V ,de9e- RN3dX

(kk) uQb?BMQ`B >B#BMQ �M/ >B`Q�FB >�M�7mb�X .272+i bi`m+im`2 �M/ 7Q`K�iBQM K2+?�MBbK Q7 /`�rBM;@
BM/m+2/ �#bQ`TiBQM �i ejy MK BM bBHB+� QTiB+�H }#2`bX CQm`M�H Q7 �TTHB2/ T?vbB+b- eyU8V ,RdNdĜR3yR-
RN3eX

(kj) 1J .B�MQp- .a ai�`/m#Qp- a� o�bBHB2p- �� 6`QHQp- �M/ PA J2/p2/FQpX _27`�+iBp2@BM/2t ;`�iBM;b
r`Bii2M #v M2�`@mHi`�pBQH2i `�/B�iBQMX PTiB+b H2ii2`b- kkU9V ,kkRĜkkj- RNNdX

(k9) 1J .B�MQp- o: SHQiMB+?2MFQ- oo EQHi�b?2p- um L Sv`FQp- L> Ev- >: GBK#2`;2`- �M/ _S a�@
H�i?2X lp@B``�/B�iBQM@BM/m+2/ bi`m+im`�H i`�Mb7Q`K�iBQM Q7 ;2`K�MQb+BHB+�i2 ;H�bb }#2`X PTiB+b
H2ii2`b- kkUkjV ,Rd89ĜRd8e- RNNdX

(k8) 1J .B�MQp- a� o�bBHB2p- �� 6`QHQp- �M/ PA J2/p2/FQpX :2`K�MQbBHB+�i2 ;H�bb `27`�+iBp2 BM@
/2t +?�M;2 mM/2` bBM;H2i �M/ i`BTH2i 2t+Bi�iBQM Q7 ;2`K�MBmK Qtv;2M /2}+B2Mi +2Mi2`bX AM "`�;;
:`�iBM;b- S?QiQb2MbBiBpBiv- �M/ SQHBM; BM :H�bb 6B#2`b �M/ q�p2;mB/2b , �TTHB+�iBQMb �M/ 6mM@
/�K2Mi�Hb- pQHmK2 Rd- T�;2b CJ69ĜRdd- RNNdX

(ke) � �H2bbB- aû#�biB2M :B`�`/- J *�MM�b- a �;M2HHQ- � "QmF2Mi2`- �M/ u Pm2`/�M2X 1pQHmiBQM
Q7 T?QiQ@BM/m+2/ /272+ib BM ;2@/QT2/ }#2`fT`27Q`K , AM~m2M+2 Q7 i?2 /`�rBM;X PTiB+b 2tT`2bb-
RNURkV ,RRe3yĜRReNy- kyRRX

(kd) _ *?2M- ai2T?2M qa J+E22p2`- �M/ a� .m``�MBX aQHmiBQM Q7 i?2 FBM2iB+ 2[m�iBQMb ;Qp2`MBM;
i`�T }HHBM;X +QMb2[m2M+2b +QM+2`MBM; /Qb2 /2T2M/2M+2 �M/ /Qb2@`�i2 2z2+ibX S?vbB+�H `2pB2r "-
k9UNV ,9NjR- RN3RX

(k3) C "Q+?- 6 a�B;M- _. a+?`BKT7- C@_ o�BHH- G .mbb2�m- �M/ 1 GQ`7p`2X S?vbB+�H KQ/2H 7Q` i?2
HQr@/Qb2@`�i2 2z2+i BM #BTQH�` /2pB+2bX A111 i`�Mb�+iBQMb QM Mm+H2�` b+B2M+2- 8jUeV ,je88Ĝjeey-
kyyeX

(kN) G h`Qmbb2HHB2`- * *?Hm/�- J Jv�`�- C "Q+?- G .mbb2�m- S aB;MQ`2i- P :BH�`/- J aQiQK- �M/
CS .�pB/X .Qb2 `�i2 2z2+i QM �HmKBMBmK@+Q/QT2/ 2`#BmK }#2`bX _�/B�iBQM 1z2+ib QM AMbmH�iQ`b-
kyydX

(jy) C h?QK�b- J Jv�`�- G h`Qmbb2HHB2`- 1 _û;MB2`- 1 "m`Qp- P :BH�`/- J aQiiQK- �M/ S aB;MQ`2iX
1tT2`BK2Mi�H /2KQMbi`�iBQM Q7 i?2 brBi+?BM; /Qb2@`�i2 K2i?Q/ QM /QT2/ QTiB+�H }#2`bX AM AMi2`@
M�iBQM�H *QM72`2M+2 QM aT�+2 PTiB+běA*aP kyRy- pQHmK2 Ry8e8- T�;2 Ry8e8yoX AMi2`M�iBQM�H
aQ+B2iv 7Q` PTiB+b �M/ S?QiQMB+b- kyRyX

(jR) G�m`2Mi h_Plaa1GGA1_- JBF?�2H Ju�_�- G�m`2Mi .laa1�l- S?BHBTT2 aA:LP_1h- PHBpB2`
:AG�_.- JB+?2H aPhPJ- �M/ C2�M@SB2``2 .�oA.X 1M?�M+2/@HQr@/Qb2@`�i2@b2MbBiBpBiv Q7 2`@
#BmK /QT2/ bBHB+� QTiB+�H }#2`X S`Q+22/BM; Q7 AMi2`M�iBQM�H *QM72`2M+2 QM aT�+2 PTiB+b UA*aPV-
kyy3X



(jk) Cû`ûKB2 h?QK�bX AKT�+i /2 H� M�MQbi`m+im`�iBQM /2b }#`2b /QTû2b 2`#BmK bm` H2m`b T2`7Q`K�M+2b ,
�TTHB+�iBQM �mt +QMi`�BMi2b /m bT�iB�HX S?. i?2bBb- JQMiT2HHB2` k- kyRjX

(jj) 6`�M+F J�/v- C2�M@"2`M�`/ .m+?2x- u�bKBM2 J2#`QmF- �M/ JQm`�/ "2M�#/2bb2H�KX 1[mBHB#`BmK
/2;`�/�iBQM H2p2Hb BM B``�/B�i2/ �M/ TmKT2/ 2`#BmK@/QT2/ QTiB+�H }#2`bX A111 h`�Mb�+iBQMb QM
Lm+H2�` a+B2M+2- ekUeV ,kN93ĜkN88- kyR8X

(j9) *Q`MBM; *�i�HQ;m2X >B Ryey /�i�b?22i- kyRyX
(j8) E GBM/7Q`b- h E�HF#`2MM2`- S aiQHH2`- �M/ o a�M/Q;?/�`X .2i2+iBQM �M/ bT2+i`Qb+QTv Q7 ;QH/

M�MQT�`iB+H2b mbBM; bmT2`+QMiBMmmK r?Bi2 HB;?i +QM7Q+�H KB+`Qb+QTvX S?vbB+�H `2pB2r H2ii2`b-
NjUjV ,yjd9yR- kyy9X

(je) ". 1p�MbX h?2 `QH2 Q7 ?v/`Q;2M �b � `�/B�iBQM T`Qi2+iBQM �;2Mi �i HQr i2KT2`�im`2 BM � HQr@Q?-
Tm`2 bBHB+� QTiB+�H }#2`X A111 h`�Mb�+iBQMb QM Lm+H2�` a+B2M+2- j8UeV ,RkR8ĜRkky- RN33X

(jd) Eo wQiQp- J1 GBF?�+?2p- �G hQK�b?mF- JJ "m#MQp- Jo u�b?FQp- �L :m`v�MQp- �M/
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iBQM �M/ Aib 1z2+ib QM *QKTQM2Mib �M/ avbi2Kb- kyydX _�.1*a kyydX Ni? 1m`QT2�M *QM72`2M+2
QM- T�;2b RĜ9X A111- kyydX

(j3) 1C 6`B2#2H2X _�/B�iBQM T`Qi2+iBQM Q7 }#2` QTiB+ K�i2`B�Hb , 1z2+i Q7 +2`BmK /QTBM; QM i?2
`�/B�iBQM@BM/m+2/ �#bQ`TiBQMX �TTHB2/ S?vbB+b G2ii2`b- kdU9V ,kRyĜkRk- RNd8X

(jN) a2#�biB2M :B`�`/- u Pm2`/�M2- * J�`+�M/2HH�- � "QmF2Mi2`- a Zm2M�`/- �M/ L �mi?B2`X 62�bB@
#BHBiv Q7 `�/B�iBQM /QbBK2i`v rBi? T?QbT?Q`mb@/QT2/ QTiB+�H }#2`b BM i?2 mHi`�pBQH2i �M/ pBbB#H2
/QK�BMX CQm`M�H Q7 LQM@*`vbi�HHBM2 aQHB/b- j8dU3@NV ,R3dRĜR3d9- kyRRX

(9y) � :mb�`Qp- J�`+Q o�M lz2H2M- J >QiQH2�Mm- > h?B2MTQMi- �M/ 6 "2`;?K�MbX _�/B�iBQM b2MbBiB@
pBiv Q7 2/7�b #�b2/ QM ?B;?Hv 2`@/QT2/ }#2`bX CQm`M�H Q7 GB;?ir�p2 h2+?MQHQ;v- kdURRV ,R89yĜR898-
kyyNX





jXRXR .2b+`BTiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3y
jXRXk JBb2 2M û[m�iBQM /m KQ/ĕH2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3R
jXRXj 1pQHmiBQM /2b TQTmH�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3k

jXkXR .ûi2`KBM�iBQM /2 H� +`û�iBQM /2 T�B`2b ûH2+i`QMb@i`Qmb X X X X X X X X X X X X X X X X 39
jXkXk .ûi2`KBM�iBQM /2b i�mt /2 i`�MbBiBQMb X X X X X X X X X X X X X X X X X X X X X X X X X 39
jXkXj .ûi2`KBM�iBQM /2b +�T�+Biûb /Ƕ�++m2BH Qm /2b +QM+2Mi`�iBQMb /2b T`û+m`b2m`b X X X X 38
jXkX9 .ûi2`KBM�iBQM /2 HǶ�_A 2i /2b b2+iBQMb 2{+�+2b /Ƕ�#bQ`TiBQM QTiB[m2 X X X X X X X X Ny
jXkX8 "BH�M X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X NR

jXjXR J2bm`2 2tTû`BK2Mi�H2 /2 HǶ�_A 2M HB;M2 X X X X X X X X X X X X X X X X X X X X X X X X Nk
jXjXk *QM7`QMi�iBQM J2bm`2b@1biBK�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X Nj
jXjXj "BH�M bm` H� +QKTQbBiBQM /2 HǶ�_A X X X X X X X X X X X X X X X X X X X X X X X X X X X X N8

jX9XR S?ûMQKĕM2 /2 `2H�t�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X N8
jX9Xk SQBMi /2 pm2 i?2`KB[m2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ne
jX9Xj SQBMi /2 pm2 QTiB[m2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Nd
jX9X9 JBb2 2M û[m�iBQM /m KQ/ĕH2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Nd

jX8XR _û�+iBQM QTiB[m2K2Mi �+iBpû2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X NN
jX8Xk AMi2`�+iBQM ¨ mM T?QiQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RyR
jX8Xj .ûi2`KBM�iBQM /2 HǶûM2`;B2 /2 /ûK�`+�iBQM 2i �+iBp�iBQM /2 H� `û�+iBQM X X X X X X X RyR
jX8X9 .Bbi`B#miBQM /2 HǶûM2`;B2 /Ƕ�+iBp�iBQM Qm /2 HǶûM2`;B2 +mKmHû2 , MQiBQM /2 +Qm`#2

K�ŗi`2bb2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ryk
jX8X8 1pQHmiBQM /2 H� /Bbi`B#miBQM 2M 7QM+iBQM /2 H� +QM+2Mi`�iBQM /2b T`û+m`b2m`b X X X X Ryj

jXeXR �TTHB+�iBQM /ǶmM û+H�B`2K2Mi TQbi@B``�/B�iBQM X X X X X X X X X X X X X X X X X X X X X Ry8

.�Mb +2 +?�TBi`2- MQmb �HHQMb +?2`+?2` ¨ Q#i2MB` mM KQ/ĕH2 [m�MiBi�iB7 /2 H� /û;`�/�iBQM /m
p2``2X SQm` +2H� MQmb /2pQMb T`2M/`2 2M +QKTi2 H2b /Bzû`2Mi2b BMi2`�+iBQMb [mB 2tBbi2Mi HQ`b[m2HǶQM
bQmK2i mM2 K�i`B+2 pBi`2mb2 ¨ mM `�vQMM2K2Mi BQMBb�MiX *2i 2Mb2K#H2 /2 T?ûMQKĕM2b � ûiû /û+`Bi �m
+?�TBi`2 T`û+û/2MiX AH 7�m/`� û;�H2K2Mi T`2M/`2 2M +QKTi2 HǶ�bT2+i /2 `2H�t�iBQM /2b /û7�mib +`ûûb-
[m2 +2 bQBi /2 7�ÏQM QTiB[m2 Qm #B2M i?2`KB[m2X LQi`2 KQ/ûHBb�iBQM 2bi #�bû2 bm` HǶ2Mb2K#H2 /2b



KQ/ĕH2b /ûD¨ 2tBbi�Mib 2i T`ûb2Miûb /�Mb H2 +?�TBi`2 T`û+û/2Mi K�Bb 2HH2 T`2M/ 2M +QKTi2 +?�[m2
/QT�Mi BMi`Q/mBi /�Mb H2 +ƾm` /2 H� }#`2X hQmi27QBb- mM KQ/ĕH2 M2 T2mi /2p2MB` [m�MiBi�iB7 [m2 bB H2b
T�`�Kĕi`2b �/�Tiûb HmB bQMi 7Qm`MBbX �BMbB- MQmb T`ûb2MiQMb H2b T`BM+BT�H2b +�`�+iû`Bb�iBQMb [mB QMi ûiû
`û�HBbû2b bm` H2b }#`2b �}M /Ƕ2M /û/mB`2 /2b T�`�Kĕi`2b T2`iBM2Mib TQm` �HBK2Mi2` H2 KQ/ĕH2X 1M}M-
MQmb T`ûb2MiQMb H2b `ûbmHi�ib 2tTû`BK2Mi�mt Q#i2Mmb 2i H2b +QM7`QMiQMb �mt `ûbmHi�ib /2 bBKmH�iBQMbX
1M pm2 /2b �TTHB+�iBQMb bT�iB�H2b- H2 #mi /2 +2b }#`2b ûi�Mi /ǶQ#i2MB` /2b �KTHB}+�i2m`b /m`+Bb- MQmb
p2``QMb [m2 H2b MBp2�mt /2 TmBbb�M+2 BMD2+iûb QMi mM 2z2i MQM Mû;HB;2�#H2 bm` H� /û;`�/�iBQMX 1M 2z2i-
+QKK2 MQmb �pQMb Tm H2 pQB` T`û+û/2KK2Mi- +2`i�BMb /û7�mib bQMi û;�H2K2Mi b2MbB#H2b ¨ H� HmKBĕ`2
BMD2+iû2 2i ¨ mM T`Q+2bbmb /2 ;mû`BbQMX LQmb T`QTQbQMb /QM+ /ǶBM+Hm`2 /�Mb H2 KQ/ĕH2 /2 /û;`�/�iBQM
HǶ�bT2+i /2 ;mû`BbQM i?2`KB[m2 Qm #B2M QTiB[m2X

*QKK2 MQmb �pQMb Tm H2 +QMbi�i2` /�Mb H2 +?�TBi`2 T`û+û/2Mi- HǶ�DQmi /ǶûHûK2Mib +?BKB[m2b /�Mb H�
K�i`B+2 pBi`2mb2 p� 2M;2M/`2` mM2 �#bQ`TiBQM `�/BQ@BM/mBi2 THmb BMi2Mb2 2i [mB p� ûpQHm2` 2M 7QM+iBQM
/2 H2m`b +QM+2Mi`�iBQMbX LQmb �pQMb Tm +QMbi�i2` [m2 HǶ�DQmi /Ƕ�HmKBMBmK +`û2 2bb2MiB2HH2K2Mi /2b
TBĕ;2b ¨ i`Qmb 2i [m2 H2 ;2`K�MBmK +`û2 /2 MQK#`2mt TBĕ;2b ¨ i`Qmb 2i ¨ ûH2+i`QMb (R) X GǶ2`#BmK � H2
TQi2MiB2H /2 +�Ti2` mM ûH2+i`QM TQm` b2 i`�Mb7Q`K2` 2M 1`2+ (k) 2i (j)X GǶB/û2 2bi /QM+ /2 +QKT�`2` H2b
Kû+�MBbK2b /2 +2b i`QBb ûHûK2Mib HQ`b[mǶBHb bQMi BMi`Q/mBib /�Mb mM2 }#`2 /2 bBHB+2 7�+2 �mt `�/B�iBQMbX
§ T`2KBĕ`2 pm2- H2b 2tTû`B2M+2b K2Mû2b bQmb B``�/B�iBQM ;�KK� 2M BMi2``Q;�iBQM QTiB[m2 �mt HQM;m2m`b
/ǶQM/2b iûHû+QKb U980 MK 2i 1550 MKV QMi T2`KBb /2 KQMi`2` mM2 i2M/�M+2 /2 H� b2MbB#BHBiû /2b }#`2b
7�+2 ¨ H� +QM+2Mi`�iBQM /Ƕ�HmKBMBmKX Lû�MKQBMb- MQmb �pQMb `2K�`[mû [m2 H� +QM+2Mi`�iBQM /Ƕ2`#BmK
BM~m2M+2 û;�H2K2Mi HǶ�#bQ`TiBQM `�/BQ@BM/mBi2X AH v � /QM+ mM2 +QKTûiBiBQM /2 TQTmH�iBQM /2 TBĕ;2b
bmBp�Mi H� +QM+2Mi`�iBQM /2b ûHûK2Mib BMi`Q/mBibX

LQi`2 KQ/ĕH2 2bi #�bû bm` H2b KQ/ĕH2b /2 _X *?2M (9) 2i /2 6X J�/v (8) [mB /û+`Bp2Mi H�
/û;`�/�iBQM /2b BbQH�Mib- T�`iB+mHBĕ`2K2Mi /�Mb mM2 }#`2 QTiB[m2X AH bǶ�;Bi /ǶmM KQ/ĕH2 /û+`Bp�Mi
HǶûpQHmiBQM /2b TQTmH�iBQMb /2 /û7�mib bQmb mM 2z2i /2 /û#Bi /2 /Qb2X G2b `�vQMM2K2Mib ûM2`;ûiB[m2b
i2Hb [m2 H2b B``�/B�iBQMb γ BQMBb2Mi H� K�iBĕ`2- +2 [mB T2mi b2 i`�/mB`2 /2 7�ÏQM ûH2+i`QMB[m2 T�` H�
+`û�iBQM /2 T�B`2b ûH2+i`QMb@i`QmbX *2HH2b@+B pQMi �HQ`b T2mTH2` /2b ûi�ib /ǶûM2`;B2b ûH2pû2bX *2b ûi�ib
/Ƕ2t+Bi�iBQMb Ee 2i Et- `2bT2+iBp2K2Mi TQm` H2b ûH2+i`QMb 2i TQm` H2b i`Qmb- bQMi /Bbi�Mib /ǶmM2 ûM2`;B2
∆E bmTû`B2m`2 ¨ +2HH2 /m ;�T /2 H� bBHB+2 ESi ,

∆E = Ee − Et > ESi UjXRV

*2b ûi�ib M2 7Q`K2Mi T�b /2 +QMiBMmmK MB /2 #�M/2 ¨ T`QT`2K2Mi T�`H2`X *?�[m2 ûHûK2Mi � bQM T`QT`2
MBp2�m /Ƕ2t+Bi�iBQMX J�Bb /ǶmM TQBMi /2 pm2 KQ/ûHBb�iBQM- BHb QMi mM2 /m`û2 /2 pB2 �bbQ+Bû2 ¨ mM2
`2H�t�iBQM 2i BHb +QMbiBim2Mi mM 2Mb2K#H2 ¨ ?�mi2b ûM2`;B2b UTQm` H2b ûH2+i`QMbV- 2i #�bb2b ûM2`;B2b UTQm`
H2b i`QmbVX AH bǶ�;Bi /ǶmM 2Mb2K#H2 /2 MBp2�mt 2t+Biûb- [m2 HǶQM T2mi MQKK2` L11 ULBp2�mt 1t+Biûb
/2b 1H2+i`QMbV 2i L1h ULBp2�mt 1t+Biûb /2b h`QmbV �m /2H¨ /m ;�T /2 H� bBHB+2X SQm` /2b `�BbQMb
/2 bBKTHB}+�iBQM /�Mb H2 KQ/ĕH2- MQmb T`2M/`QMb H� MQi�iBQM n TQm` H� /2MbBiû /ǶûH2+i`QMb T2mTH�Mi
H2b L11 2i p TQm` H� /2MbBiû /2 i`Qmb T2mTH�Mi H2b L1h 2i /Bbi�Mi /ǶmM2 ûM2`;B2 +Q``2bTQM/�Mi �m
KQBMb ¨ +2HH2 /m ;�T /2 H� bBHB+2X G� /2MbBiû /2 T�B`2b ûH2+i`QMb@i`Qmb ;ûMû`û2 T�` mMBiû /2 i2KTb bQmb
HǶ2z2i /2b `�/B�iBQMb BQMBb�Mi2b 2bi MQiû2 gX1HH2 `2T`ûb2Mi2 mM2 ûM2`;B2 /ûT�bb�Mi �m KQBMb +2HH2 /2b
MBp2�mt 2t+BiûbX *2ii2 +`û�iBQM /2 T�B`2b ûH2+i`QMb@i`Qmb 2bi /Ƕ�mi�Mi THmb BKTQ`i�Mi2 [m2 H2 K�iû`B�m
T`ûb2Mi2 /2b /û7�mib Qm /2b BKTm`2iûb 2M [m�MiBiûX S�` 2t2KTH2- HǶ�``�M;2K2Mi �iQKB[m2 /ǶmM +`Bbi�H



Nsi, nsi

Asi
A0

N1, n1

N0, n0

Psi, psi

P2, p2Bsi

B2

A1

C

n

p

g

Rayonnement 

B0

jXR Ĝ JQ/ĕH2 /2 /û;`�/�iBQM /ǶmM p2``2 /2 bBHB+2 +QMi2M�Mi /m ;2`K�MBmK- /2 HǶ�HmKBMBmK 2i
/2 HǶ2`#BmKX

+�mb2`� KQBMb /2 /û7�mib [m2 +2HmB /ǶmM K�iû`B�m �KQ`T?2X AH 2M 2bi /2 KāK2 TQm` H2b }#`2b /2
bBHB+2 +QMi2M�Mi /Ƕ�mi`2b ûHûK2Mib U:2- �H- 6- 1` 2i+XXXVX "QM MQK#`2 /2 +2b T�B`2b pQMi TQmpQB` b2
`2+QK#BM2` K�Bb H2 ;�T /2 H� bBHB+2 ûi�Mi BKTQ`i�Mi- +2`i�BM2b /2 +2b +?�`;2b pQMi b2 `2i`Qmp2` TBû;û2b
bm` /2b MBp2�mt BMi2`Kû/B�B`2b �TT2Hûb MBp2�mt TBĕ;2bX *2b /2`MB2`b QMi mM2 +2`i�BM2 /2MbBiû /Ƕûi�ib
Qm +�T�+Biû /Ƕ�++m2BH- [mB +QMbiBim2 2i +Q``2bTQM/ �mt T`û+m`b2m`b T`ûb2Mib �p�Mi B``�/B�iBQM /�Mb H�
bBHB+2 Qm H2b +Q/QT�MibX *2ii2 +�T�+Biû /Ƕ�++m2BH 2bi MQiû2 Nx Qm Px bmBp�Mi [mǶBHb +�Ti2Mi /2b ûH2+i`QMb
Qm /2b i`Qmb- HǶBM/B+2 x K2MiBQMM�Mi H2 MmKû`Q /m TBĕ;2 +QMbB/û`ûX *2b MBp2�mt pQMi b2 `2KTHB` 2M
7QM+iBQM /2 HǶBMi2`�+iBQM �p2+ H2 `�vQMM2K2Mi BQMBb�Mi �m i`�p2`b /2b i�mt /ǶBMi2`�+iBQMb Ax- Bx- TQm`
7Q`K2` H2b TQTmH�iBQMb /2b TBĕ;2b nx Qm px- [mB bQMi HǶBK�;2 /2 HǶ�#bQ`TiBQM `�/BQ@BM/mBi2X

*?�[m2 MBp2�m TBĕ;2 b2`� �HQ`b +�`�+iû`Bbû T�` ,
ě mM i�mt /ǶBMi2`�+iBQM Ax TQm` mM TBĕ;2 ¨ ûH2+i`QM Qm Bx TQm` mM TBĕ;2 ¨ i`Qmb c
ě mM2 +�T�+Biû /Ƕ�++m2BH Nx Qm Px c
ě mM2 b2+iBQM 2{+�+2 /Ƕ�#bQ`TiBQM QTiB[m2 UaX1X�V σxX
G2b i�mt /ǶBMi2`�+iBQM bQMi /2b ;`�M/2m`b /B{+BH2b ¨ K2bm`2`- 2i MQmb T`2MQMb H2 T�`iB /2 MQmb

�TTmv2` bm` /2b p�H2m`b Bbbm2b /2 H� HBiiû`�im`2 (9)- (8) 2i `�BbQMM�#H2K2Mi �Dmbiû2b �m KQ/ĕH2X G2b
+�T�+Biûb Qm /2MbBiûb /Ƕûi�ib bQMi /2b p�H2m`b [mB T2mp2Mi āi`2 /ûi2`KBMû2b 2tTû`BK2Mi�H2K2Mi- +�` BH
bǶ�;Bi /2 H� TQTmH�iBQM /2b T`û+m`b2m`b /2 /û7�mib T`ûb2Mib /�Mb H� }#`2X 1M T`2KBĕ`2 �TT`QtBK�iBQM-
bB HǶQM +QMbB/ĕ`2 H2b /û7�mib HBûb �mt /QT�Mib +QKK2 T`ûTQM/û`�Mib- +2b TQTmH�iBQMb b2`QMi /B`2+i2K2Mi
T`QTQ`iBQMM2HH2b �mt +QM+2Mi`�iBQMb /2b /QT�MibX G2b b2+iBQMb 2{+�+2b QTiB[m2b �mt HQM;m2m`b /ǶQM/2b
/ǶBMiû`āi bQMi /2b p�H2m`b BM+QMMm2bX AH bǶ�;Bi /QM+ /2 p�H2m`b ¨ /ûi2`KBM2`X

�T`ĕb �pQB` /û+`Bi T�` mM2 �TT`Q+?2 ûH2+i`QMB[m2 H2b T?ûMQKĕM2b [mB BMi2`pB2MM2Mi /�Mb H2 KQ@
/ĕH2- MQmb K2iiQMb 2M û[m�iBQM HǶûpQHmiBQM /2 +2b TQTmH�iBQMb 2M 7QM+iBQM /m i2KTbX G� p�`B�iBQM /2



TQTmH�iBQM n /�Mb H2b MBp2�mt 2t+Biûb /2b ûH2+i`QMb T�` mMBiû /2 i2KTb 2bi /û+`Bi2 T�` HǶû[m�iBQM

dn

dt
= g −Asi(Nsi − nsi)n−A0(N0 − n0)n−A1(N1 − n1)n UjXkV

G2b p�`B�iBQMb i2KTQ`2HH2b /2b /2MbBiûb /2 +?�`;2b T2mTH�Mi H2b /Bzû`2Mib TBĕ;2b ¨ ûH2+i`QMb nsi- n0- n1

2i ¨ i`Qmb p2- psi pû`B}2Mi H2b `2H�iBQMb ,






dnsi

dt
= Asi(Nsi − nsi)n

dn0

dt
= A0(N0 − n0)n− Cp2n0 −B0n0p

dn1

dt
= A1(N1 − n1)n

dp2

dt
= B2(P2 − p2)p− Cp2n0

dpsi

dt
= Bsi(Psi − psi)p

UjXjV

AH 2M p� /2 KāK2 TQm` H� p�`B�iBQM T�` mMBiû /2 i2KTb /2 H� TQTmH�iBQM /2 i`Qmb /�Mb H2b L1h ,

dp

dt
= g −Bsi(Psi − psi)p−B2(P2 − p2)p−B0n0)p UjX9V

*QKK2 H2b /Qb2b /ûTQbû2b TQm` MQb �TTHB+�iBQMb bQMi HQBM /2b /Qb2b `2[mBb2b TQm` �pQB` mM ûi�i
bi�iBQMM�B`2 /2b TBĕ;2b- H� `ûbQHmiBQM /2 +2 bvbiĕK2 KĕM2 /QM+ ¨ mM2 /ûT2M/�M+2 /2b TQTmH�iBQMb /2b
TBĕ;2b 2M 7QM+iBQM /m i2KTb t- BH 2bi /QM+ Mû+2bb�B`2 /Ƕûim/B2` H2 `û;BK2 i`�MbBiQB`2X GǶ2Mb2K#H2 /2 +2b
T�`�Kĕi`2b 2i H2m`b /ûbB;M�iBQMb bQMi `�bb2K#Hû2b bm` H2 i�#H2�m jXj T�;2 NRX
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jXk Ĝ 1pQHmiBQM /2b TQTmH�iBQMb 2M 7QM+iBQM /m i2KTb /2b /Bzû`2Mib ûHûK2Mib BMi`Q/mBib /�Mb
H2 KQ/ĕH2



.2 bBKmH�iBQMb T`ûHBKBM�B`2b T2`K2ii2Mi /ǶQ#b2`p2` mM2 /vM�KB[m2 /û+`Bi2 T�` �BHH2m`b /�Mb H�
HBiiû`�im`2 (9) , HǶ2tBbi2M+2 /2 /2mt `û;BK2b i`�MbBiQB`2bX lM `û;BK2 i`�MbBiQB`2 HQM; +QM+2`M2 HǶûpQHmiBQM
/2b TQTmH�iBQMb /2b TBĕ;2b 2i mM `û;BK2 i`ĕb +Qm`i K�`[m2 HǶûpQHmiBQM /2b TQTmH�iBQMb /2b MBp2�mt
/ǶûM2`;B2b /2 n 2i pX 1M 2z2i- +QKK2 H2 KQMi`2 H� };m`2 jXk- MQmb Q#i2MQMb i`ĕb `�TB/2K2Mi /2b ûi�ib
bi�iBQMM�B`2b bm` +2b MBp2�mt U�miQm` /2 H� KBHBb2+QM/2V- �HQ`b [m2 bm` H2b MBp2�mt TBĕ;2b- +2i ûi�i T2mi
āi`2 �ii2BMi �p2+ /2b i2KTb #2�m+QmT THmb HQM;b-U/2b ?2m`2b- /2b DQm`b pQB`2 /2b �MMû2b bmBp�Mi H2 /û#Bi
/2 /Qb2 miBHBbûVX �m `2;�`/ /2 +2 7�+i2m` /Ƕû+?2HH2 i2KTQ`2HH2 BKTQ`i�Mi- BH 2bi TQbbB#H2 /2 +QMbB/û`2`
/2b ;`�M/2m`b n 2i p +QKK2 bi�iBQMM�B`2bX �BMbB- H2b û[m�iBQMb jXk 2i jX9 b2 `�KĕM2Mi ¨ ,







dn

dt
= g −Asi(Nsi − nsi)n−A0(N0 − n0)n−A1(N1 − n1)n = 0

dp

dt
= g −Bsi(Psi − psi)p−B2(P2 − p2)p−B0n0)p = 0

UjX8V

/2 bQ`i2 [m2 ,






n =
g

Asi(Nsi − nsi) +A0(N0 + n0) +A1(N1 − n1)

p =
g

Bsi(Psi − psi) +B2(P2 − p2) +B0n0
)

UjXeV

*2ii2 �TT`QtBK�iBQM bi�iBQMM�B`2 2bi /Ƕ�mi�Mi THmb T2`iBM2Mi2 [m2 H2b TQTmH�iBQMb /2b TBĕ;2b bQMi
Mû;HB;2�#H2b /2p�Mi H2b +�T�+Biûb /Ƕ�++m2BH- BH 2bi /QM+ TQbbB#H2 /2 bBKTHB}2` H2b û[m�iBQMb jXe T�` H2b
`2H�iBQMb bmBp�Mi2b ,







n =
g

AsiNsi +A0N0 +A1N1

p =
g

BsiPsi +B2P2

UjXdV

AH 2bi �HQ`b TQbbB#H2 /Ƕû+`B`2 mM MQmp2�m D2m /Ƕû[m�iBQMb TQm` /û+`B`2 HǶûpQHmiBQM /2 TQTmH�iBQMb
/2b TBĕ;2b- 2M `2T`2M�Mi H2b û[m�iBQMb /vM�KB[m2b /2b TQTmH�iBQMb- 2i 2M +QKTHûi�Mi T�` H2b MBp2�mt
/2b ûi�ib 2t+Biûb ¨ HǶûi�i bi�iBQMM�B`2 ,







dnsi

dt
=

g

AsiNsi −A0N0A1N1
Asi(Nsi − nsi)

dn0

dt
=

g

AsiNsi −A0N0 −A1N1
A0(N0 − n0) − Cp2n0 −B0n0

g

BsiPsi −B2P2

dn1

dt
=

g

AsiNsi −A0N0 −A1N1
A1(N1 − n1)

dp2

dt
=

g

BsiPsi −B2P2
B2(P2 − p2) − Cp2n0

dpsi

dt
=

g

BsiPsi −B2P2
Bsi(Psi − psi)

UjX3V

G� p�HB/�iBQM /2 MQi`2 KQ/ĕH2 MǶ� /2 b2Mb [m2 bB H2b T�`�Kĕi`2b BMi`Q/mBib bQMi /ûi2`KBMûb �p2+
mM2 T`û+BbBQM bm{b�Mi2 2i `2T`ûb2Mi�iBp2 /2 H2m`b +QMi`B#miBQMbX SQm` +2H�- MQmb p2``QMb +QKK2Mi MQmb
�pQMb /ûi2`KBMû H2b /Bzû`2Mib T�`�Kĕi`2b BMi`Q/mBib 2M MQmb #�b�Mi bm` /2b K2bm`2b 2tTû`BK2Mi�H2b-
/2b `2H�iBQMb 2ti`�Bi2b /2 H� HBiiû`�im`2 Qm 2M+Q`2 /2b /QMMû2b 7Qm`MB2b T�` H2b 7�#`B+�Mib /2b }#`2bX



G� ;`�M/2m` g 2bi H2 MQK#`2 /2 T�B`2b ûH2+i`QMb@i`Qmb ;ûMû`û2b T�` mMBiû /2 pQHmK2 2i T�` mMBiû /2
i2KTb bQmb HǶ2z2i /2 HǶB``�/B�iBQMX >�#Bim2HH2K2Mi- TQm` /2b `�vQMM2K2Mib BQMBb�Mib- QM T�`H2 /2 /û#Bi
/2 /Qb2 ḊX *2ii2 [m�MiBiû /û}MBi HǶûM2`;B2 /ûTQbû2 2M CQmH2 /�Mb H� K�iBĕ`2- T�` mMBiû /2 K�bb2 2i
T�` mMBiû /2 i2KTbX G2 T`Q+2bbmb /ǶBQMBb�iBQM 2bi �+iBpû bB HǶûM2`;B2 �TTQ`iû2 �m bvbiĕK2 2bi bm{b�Mi2
T�` `�TTQ`i ¨ HǶûM2`;B2 /ǶBQMBb�iBQM /2 H� K�iBĕ`2X *QMM�Bbb�Mi HǶûM2`;B2 /ǶBQMBb�iBQM /2 H� bBHB+2- [mB
2bi HǶûM2`;B2 H� THmb ;`�M/2 T`ûb2Mi2 /�Mb MQb p2``2- BH 2bi �HQ`b TQbbB#H2 /2 /û/mB`2 H2 MQK#`2 /Ƕ2MiBiûb
[mB T2mp2Mi bm#B` +2 T`Q+2bbmbX �BMbB- H� ;ûMû`�iBQM /2 T�B`2b ûH2+i`QMb@i`Qmb- 2bi +�H+mHû2 2M 7QM+iBQM
/2 H� [m�MiBiû /ǶûM2`;B2 BMbi�Mi�Mû2 /BbTQMB#H2 T�` Kĕi`2 +m#2-

εapportee = ρSiO2Ḋ UjXNV

T�` `�TTQ`i �m MQK#`2 /Ƕûi�ib /ǶBQMBb�iBQM /BbTQMB#H2b /�Mb H� K�iBĕ`2

εionisation = qESiO2 UjXRyV

Qɍ ρSiO2 H� K�bb2 pQHmKB[m2 /2 H� bBHB+2 U2, 2 ;X+K−3V- q 2bi H� +?�`;2 ûHûK2Mi�B`2 U1, 6 × 10−19 CV-
2i ESiO2 2bi HǶûM2`;B2 /ǶBQMBb�iBQM /2 H� bBHB+2- 2MpB`QM 17 2oX .2 THmb- /�Mb H2 +�/`2 /2 MQi`2 ûim/2-
HǶ�#bQ`TiBQM /2b `�vQMM2K2Mib ;�KK� T�` H� K�i`B+2 pBi`2mb2 T2mi āi`2 Mû;HB;û2 /2 T�` H� 7�B#H2
ûT�Bbb2m` /2b }#`2bX AH 2bi �HQ`b TQbbB#H2 /2 +QMbB/û`2` mM2 ;ûMû`�iBQM ?QKQ;ĕM2 /2 T�B`2b ûH2+i`QMb@
i`Qmb /�Mb H2 K�iû`B�mX LQmb TQmpQMb �HQ`b /û}MB` g 2M +K−3Xb−1 /2 H� 7�ÏQM bmBp�Mi2 ,

g =
εapporte

εionisation
=

ρSiO2

qESiO2
Ḋ UjXRRV

�p2+ Ḋ H2 /û#Bi /2 /Qb2 2M :vXb−1X

Ax Bx

G2b i2`K2b Ax 2i Bx `2T`ûb2Mi2Mi H2b i�mt /2 `2KTHBbb�;2 /2b /Bzû`2Mib TBĕ;2b- Qm HǶBK�;2 /2b
b2+iBQMb 2{+�+2b /ǶBMi2`�+iBQMb 2Mi`2 H2b TBĕ;2b 2i H2 `�vQMM2K2Mi BQMBb�Mi +QmTHûb ¨ H� pBi2bb2 /2 H� `û@
�+iBQMX AHb bQMi /2 HǶQ`/`2 /2 10−14 K3Xb−1X *2b p�H2m`b ûi�Mi /B{+BH2b ¨ /ûi2`KBM2` 2tTû`BK2Mi�H2K2Mi-
MQmb �HHQMb 2M T`2KB2` HB2m miBHBb2` +2HH2b /BbTQMB#H2b /�Mb H� HBiiû`�im`2X LQmb T�`iQMb /2 HǶ?vTQi?ĕb2
[mǶ�m+mM2 `û�+iBQM MǶ2bi T`BpBHû;Bû2 bmBp�Mi H2b /QT�Mib , H2b i�mt b2`QMi �HQ`b B/2MiB[m2b TQm` iQmb H2b
TBĕ;2bX

C

amBi2 �mt K2bm`2b /2 bT2+i`Qb+QTB2 K2Mû2b bm` }#`2b B``�/Bû2b- MQmb �pQMb Tm +QMbi�i2` +QKK2
HǶBHHmbi`2 H� };m`2 jXj- [m2 TQm` mM2 K�i`B+2 pBi`2mb2 +QMi2M�Mi mM2 +2`i�BM2 +QM+2Mi`�iBQM /Ƕ�HmKBMBmK-
HǶ�DQmi /Ƕ2`#BmK p� �pQB` mM BKT�+i bm` HǶ�#bQ`TiBQM /2b TBĕ;2b , +2HH2@+B /BKBMm2 [m�M/ H� +QM+2Mi`�iBQM
/Ƕ2`#BmK �m;K2Mi2X Lû�MKQBMb- HǶ�_A U�#bQ`TiBQM _�/BQ@AM/mBi2V �mt HQM;m2m`b /ǶQM/2b /2 N3y MK
2i R88y MK M2 /BKBMm2 T�b [m�M/ H� +QM+2Mi`�iBQM /Ƕ2`#BmK LEr �m;K2Mi2- +2 [mB i2M/ ¨ /B`2 [m2
HǶ2`#BmK +QMbQKK2 /2b ûH2+i`QMb TQm` b2 `û/mB`2 2M 1`2+- K�Bb [m2 +2i ûHûK2Mi `2H�iBp2K2Mi BMbi�#H2
+QMbQKK2 û;�H2K2Mi /2b i`Qmb +`ûûbX .Ƕ�T`ĕb H� HBiiû`�im`2- QM T2mi +QMbB/û`2` [m2 HǶ�#bQ`TiBQM /2
1`2+2bi `2H�iBp2K2Mi mMB7Q`K2 bm` H2 bT2+i`2 /m oAa@A_ UpBbB#H2@BM7`�`Qm;2V (e)- �HQ`b [m2 +2HH2 /2b
TBĕ;2b 2bi i`ĕb /ûT2M/�Mi2 /2 H� HQM;m2m` /ǶQM/2X LQmb �pQMb /QM+ mM2 p�H2m` /2 HǶ�_A [mB /ûT2M/
¨ H� 7QBb /2 H� +QM+2Mi`�iBQM /2b TBĕ;2b 2i /2 H� +QM+2Mi`�iBQM /ǶBQMb 1`2+ , HǶ�_A � mM2 +QKTQbBiBQM
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jXj Ĝ aT2+i`2b /Ƕ�#bQ`TiBQM /2 }#`2b B``�/Bû2b ¨ jyy :v +QMi2M�Mi mM2 +QM+2Mi`�iBQM K�bbB[m2
/Ƕ�HmKBMBmK +QKT`Bb2 2Mi`2 e 2i 3W 2i mM2 +QM+2Mi`�iBQM /Ƕ2`#BmK p�`B�#H2X

/Bzû`2Mi2 bmBp�Mi H� +QM+2Mi`�iBQM /ǶBQM 1`3+BMBiB�H2X LQmb BMi`Q/mBbQMb �HQ`b mM2 i`�MbBiBQM C UpQB`
H� };m`2 jXRV /QMi HǶQ#D2i 2bi /2 /û+`B`2 HǶBM~m2M+2 `û+BT`Q[m2 /2 H� +QM+2Mi`�iBQM /2 TBĕ;2b 2i /ǶBQMb
2`#BmKX *2ii2 i`�MbBiBQM C 2bi 2M T`2KBĕ`2 �TT`QtBK�iBQM bmTTQbû2 +QMbi�Mi2 TQm` H2b bBKmH�iBQMb
T`ûb2Miû2b B+B- K�Bb b� p�H2m` /QBi 2M+Q`2 āi`2 �Dmbiû2 TQm` /ûT2M/`2 BM }M2 /2 H� +QM+2Mi`�iBQM /Ƕ2`#BmK
2ifQm /Ƕ�HmKBMBmKX GǶmM2 /2b TBbi2b TQm` }t2` C 2bi H� +QKT`û?2MbBQM /m T?ûMQKĕM2- [mB T2mi
û;�H2K2Mi bǶ2tTHB[m2` T�` H� T`ûb2M+2 /2 bBi2b T`û+m`b2m`b TQm` H2b i`Qmb- [mB bQMi THmb bi�#H2b �p�Mi
B``�/B�iBQM bB HǶQM �DQmi2 mM2 +QM+2Mi`�iBQM /Ƕ2`#BmK THmb BKTQ`i�Mi2X 1M 7�Bi- HQ`b /2 HǶBMi`Q/m+iBQM
/2 HǶ�HmKBMBmK- H� THmT�`i /2b KQHû+mH2b T`ûb2Mi2b bQMi /2b bBi2b �HP−

4 X *2i ûHûK2Mi � �HQ`b i2M/�M+2 ¨
pQmHQB` +�Ti2` mM ûHûK2Mi �}M /Ƕ�pQB` mM2 +QKT2Mb�iBQM /2 +?�`;2X *2+B T2mi b2 i`�/mB`2 T�` H2 +�Ti�;2
/ǶmM +�iBQM HB#`2 /�Mb H� K�i`B+2 pBi`2mb2 >+-P+ (d)- (3) Qm #B2M /ǶmM BQM 1`3+X .�Mb MQi`2 +�b- +QKTi2
i2Mm /2b +QM+2Mi`�iBQMb /2 +�iBQMb T`ûb2Mib /�Mb H� }#`2- QM T2mi bmTTQb2` [m2 H� K�D2m`2 T�`iB2 /2b
HB�BbQMb BQMB[m2b 2tBbi�Mi2b b2 7�Bi �p2+ HǶBQM 2`#BmKX S2M/�Mi H2b B``�/B�iBQMb- H� +QM+2Mi`�iBQM /2 +2i
ûHûK2Mi T2`K2ii�Mi /ǶQ#i2MB` H2 T`BM+BT�H `2bTQMb�#H2 /2b /û7�mib +`ûûb U�GP>*V- MQmb �bbBbiQMb ¨ mM2
/BKBMmiBQM /ǶBMi2MbBiû /2 +2 /û7�mi- +QKK2 H2 KQMi`2 H� };m`2 jXjX 1M 2z2i- MQmb TQmpQMb `2K�`[m2`
bm` +2ii2 };m`2 [m2 HǶBMi2MbBiû /m TB+ bBimû p2`b dyy MK /BKBMm2 7Q`i2K2Mi [m�M/ H� +QM+2Mi`�iBQM
/Ƕ2`#BmK �m;K2Mi2X

§ T�`iB` /2 H� +QMM�Bbb�M+2 /2b ûHûK2Mib +?BKB[m2b 2i /2 H2m`b +QM+2Mi`�iBQMb- BH 2bi TQbbB#H2 /2
+�H+mH2` H2b TQTmH�iBQMb /2 +2b ûHûK2Mib /�Mb H� }#`2 +Ƕ2bi ¨ /B`2 H2 MQK#`2 /Ƕ2MiBiûb T�` K−3X SQm`
+2H�- MQmb T�`iQMb /ǶmM2 +QM+2Mi`�iBQM K�bbB[m2 2M WriX G� +QM+2Mi`�iBQM /2 ;2`K�MBmK /�Mb H� }#`2
2bi /QMMû2 T�` H� `2H�iBQM

NGe =
ρSiO2Na

MGe
CGe UjXRkV

�p2+ ρSiO2 =k-k ; Ǧ +K−3 H� K�bb2 pQHmKB[m2 /2 H� bBHB+2- Na =e-yk ×1023 KQH−1 H2 MQK#`2 /Ƕ�pQ;�/`Q-
MGe =dk-e9 ; Ǧ KQH−1 H� K�bb2 KQH�B`2 /m ;2`K�MBmK 2i CGe H� +QM+2Mi`�iBQM K�bbB[m2 2M %wtX



�BMbB- BH 2M 2bi /2 KāK2 TQm` H� +QM+2Mi`�iBQM /Ƕ�HmKBMBmK ,

NAl =
ρSiO2Na

MAl
CAl UjXRjV

MAl = 27 ; Ǧ KQH−1 H� K�bb2 KQH�B`2 /2 HǶ�HmKBMBmK 2i CAl H� +QM+2Mi`�iBQM K�bbB[m2 2M %wtX G�
+QM+2Mi`�iBQM /2 T`û+m`b2m`b HBûb ¨ HǶ2`#BmK /�Mb H� }#`2 2bi /QMMû2 T�` H� `2H�iBQM ,

NEr =
ρSiO2Na

MEr
CEr3+AEr UjXR9V

�p2+ MEr =Red-ke ; Ǧ KQH−1 2i AEr H� T`QTQ`iBQM /2 T`û+m`b2m`b /2 TBĕ;2b +`û2b T�` +?�[m2 ûHûK2MiX

�p�Mi /2 /ûi2`KBM2` H2b +QM+2Mi`�iBQMb /2b T`û+m`b2m`b T`ûb2Mib /�Mb H� K�i`B+2 pBi`2mb2- MQmb
�HHQMb T`ûb2Mi2` H2b /Bzû`2Mi2b bi`m+im`2b [m2 HǶQM T2mi i`Qmp2` /�Mb +2HH2@+B bmBi2 ¨ H� 7�#`B+�iBQMX G2
/B�;`�KK2 BHHmbi`û bm` H� };m`2 jX9 T`ûb2Mi2 /2 K�MBĕ`2 MQM 2t?�mbiBp2 2i bQmb 7Q`K2 bBKTHB}û2- H2b
ûHûK2Mib T`ûb2Mib /�Mb mM2 }#`2 pB2`;2 �T`ĕb H� 7�#`B+�iBQM 2i �T`ĕb B``�/B�iBQMb ¨ T�`iB` /2b ûH2K2Mib
+?BKB[m2b BMi`Q/mBibX AH bǶ�;Bi /ǶmM b+?ûK� BHHmbi`�Mi H2b Kû+�MBbK2b K�D2m`b [mB T2mp2Mi bǶûi�#HB`
/�Mb H2b }#`2b TQm` /2b B``�/B�iBQMb ;�KK� �p2+ /2b /Qb2b M2 /ûT�bb�Mi T�b [m2H[m2b F:vX 1M 2z2i-
�m /2H¨ /2 +2ii2 /Qb2- /Ƕ�mi`2b 2z2ib bQMi ¨ T`2M/`2 2M +QKTi2- 2i MQi�KK2Mi H� 7Q`K�iBQM /2 TBĕ;2b
T�` H� `mTim`2 /2 HB�BbQMb +Qp�H2Mi2b bm` /2b bi`m+im`2b `2H�iBp2K2Mi bi�#H2bX LQmb TQmpQMb +QMbi�i2`
[m2 MQmb �pQMb /2b TBĕ;2b +`ûûb bQmb B``�/B�iBQM [mB T`QpB2MM2Mi bQBi /2 H� bBHB+2- bQBi /2b +Q/QT�MibX
LQmb b�pQMb [m2 H2 MQK#`2 /2 /û7�mib +`ûûb T�` H2b +Q/QT�Mib 2bi THmb BKTQ`i�Mi [m2 +2mt T`Q/mBib
T�` H� bBHB+2 Tm`2X LQmb MQmb 7Q+�HBbQMb /QM+ bm` +2b /2`MB2`b �}M /2 /ûi2`KBM2` H2b +QM+2Mi`�iBQMb /2
T`û+m`b2m`bX

Er2+

Er3+

CENTRE E’

SiO2

GeO2

Al203

M+

Er3+

AlO4-

SiE’ AlE’ GeE’ AlOHC

ODC AlO4-/M+ AlO4-/Er3+

GeC
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Formation sous irradiation 

à faibles dose

jX9 Ĝ .B�;`�KK2 `2T`ûb2Mi�Mi H2b Kû+�MBbK2b /2 7Q`K�iBQMb /2b T`û+m`b2m`b 2i /2 TBĕ;2b bQmb
B``�/B�iBQMb ;�KK� TQm` /2 7�B#H2b /Qb2b TQm` H� bBHB+2- H2 ;2`K�MBmK- HǶ�HmKBMBmK 2i HǶ2`#BmK

SQm` `ûbmK2`- MQmb �pQMb /QM+ H� T`ûb2M+2 /2 i`QBb +2Mi`2b T`û+m`b2m`b K�D2m`b /�Mb MQb }#`2b ¨
b�pQB`- HǶBQM 2`#BmK- H� bi`m+im`2 �HP4− 2i H2 +2Mi`2 P.*X *QKK2 MQmb TQmpQMb H2 pQB` bm` H� };m`2
jX9- H2 +2Mi`2 P.* 2bi ¨ H� #�b2 /2 THmbB2m`b TBĕ;2b /QMi BH 2tBbi2 THmbB2m`b p�`B�Mi2b �p2+ H2b ûHûK2Mib
+?BKB[m2b BMi`Q/mBibX amBp�Mi H� M�im`2 /2 HǶûHûK2Mi- +2 /2`MB2` T2mi āi`2 +QMbB/û`û +QKK2 mM TBĕ;2



¨ i`Qmb Qm ¨ ûH2+i`QMb , +Ƕ2bi H2 +�b TQm` H2 TBĕ;2 :21Ƕ [mB +�Tim`2 /2b i`Qmb �HQ`b [m2 H� p2`bBQM
+QMi2M�Mi /2 HǶ�HmKBMBmK �H1Ƕ- 2bi +QMbB/û`û2 +QKK2 mM TBĕ;2 ¨ ûH2+i`QMbX *QM+2`M�Mi H� bi`m+im`2
�HP4−- MQmb `2K�`[mQMb [m2 /2mt bi`m+im`2b bQMi TQbbB#H2b 2M T`ûb2M+2 /Ƕ2`#BmK , HǶmM2 7Q`K�Mi
mM2 HB�BbQM BQMB[m2 �p2+ HǶBQM i2``2 `�`2 U[mB b2`� `2H�iBp2K2Mi bi�#H2 bQmb B``�/B�iBQMb TQm` /2 7�B#H2b
/Qb2b (N)V 2i HǶ�mi`2 +QKTQbû2 �p2+ mM +�iBQM J+ [mB T`Q/mBi H2b +2Mi`2b �HP>*X LQmb TQmpQMb �HQ`b
`2K�`[m2` [m2 H� +QQ`/BM�M+2 2Mi`2 H2 +2Mi`2 T`û+m`b2m` �HP4− 2i H� M�im`2 /m +�iBQM +QKTQb�Mi H�
HB�BbQM BQMB[m2 p� /B`2+i2K2Mi BM/mB`2 H2 MQK#`2 /2 /û7�mib �HP>*X

S�` �BHH2m`b /Bzû`2Mib `ûbmHi�ib /2 H� HBiiû`�im`2 K2ii2Mi 2M ûpB/2M+2 HǶ2tBbi2M+2 /ǶmM `�TTQ`i
/2 T`QTQ`iBQMM�HBiû 2Mi`2 H� +QM+2Mi`�iBQM /2 +2`i�BMb /QT�Mib BMi`Q/mBib 2i H� 7Q`K�iBQM /2 +2`i�BMb
+2Mi`2b T`û+m`b2m`b HQ`b /2 H� 7�#`B+�iBQMX LQmb T`ûb2MiQMb /�Mb H2 i�#H2�m jXR- /2 K�MBĕ`2 bvMi?ûiB[m2
2i K�+`Qb+QTB[m2- H2b +�T�+Biûb /Ƕ�++m2BH 2M i2`K2b /2 /2MbBiûb /2 +?�`;2b /2 +?�[m2 TBĕ;2b 2i 2M
7QM+iBQM /2 H� +QM+2Mi`�iBQM /2 HǶûHûK2Mi +?BKB[m2 BMi`Q/mBiX LQmb /QMMQMb �mbbB H� +QM+2Mi`�iBQM
T`Q+m`û2 /2 T`û+m`b2m` TQm` mM2 +QM+2Mi`�iBQM K�bbB[m2 mMBi�B`2 /2 R WriX AH bǶ�;Bi /2 `2T`ûb2Mi2`
2M T`2KBĕ`2 BMi2MiBQM H2b Q`/`2b /2 ;`�M/2m` /2 +?�[m2 +QMi`B#miBQM- KāK2 bB mM2 ûim/2 THmb /ûi�BHHû2
/2b Kû+�MBbK2b b2`�Bi T`û7û`�#H2 �}M /ǶQ#i2MB` /2b p�H2m`b THmb T`û+Bb2bX AH 2bi �HQ`b BMiû`2bb�Mi /2

úHûK2Mi LQK *QM+2Mi`�iBQM /2b *QM+2Mi`�iBQM L�im`2 _û7û`2M+2b
Ubi`m+im`2V /m TBĕ;2 T`û+m`b2m`b U+K−3V TQm` R Wri U+K−3V /m TBĕ;2
aB UP.*V aB1Ƕ LX* @ ¨ i`Qmb
�H UP.*V �H1Ƕ (�H1Ƕ)= 0, 05NAl k-8 ×1019 ¨ ûH2+i`QMb (d)
:2 UP.*V :21Ƕ (:21Ƕ)= 0, 009NGe y-R3 ×1019 ¨ i`Qmb (Ry)-(RR)
:2 UP.*V :2* (:2*)= 0, 001NGe y-yk ×1019 ¨ ûH2+i`QMb (Ry)-(RR)

�H �Hy−

4 (�Hy9−)= 0, 95NAl 9d-8 ×1019 ¨ i`Qmb (d)
1` 1`2+ (1`2+)= NEr3+ @ ¨ ûH2+i`QMb (8)

jXR Ĝ h�#H2�m /2b i�mt /2 +QM+2Mi`�iBQM /2b T`û+m`b2m`b TQm` H2b i`QBb /QT�Mib T`ûb2Mib 2M
K�DQ`BiûX

+QMbi�i2`- TQm` mM2 +QM+2Mi`�iBQM B/2MiB[m2- [m2 HǶBKT�+i /2 RW /Ƕ�HmKBMBmK 2bi #2�m+QmT THmb 7Q`i
[m2 H2 ;2`K�MBmKX *2T2M/�Mi- BH MǶ2bi T�b `�`2 /2 i`Qmp2` /2b +QM+2Mi`�iBQMb /2 ;2`K�MBmK #2�m+QmT
THmb ûH2pû2 [m2 +2HH2b /Ƕ�HmKBMBmK Uey 7QBb THmb ûH2pû2b 2M ;2`K�MBmKV- +2 [mB /QMM2 /2b +QM+2Mi`�iBQMb
/2 T`û+m`b2m`b �v�Mi H2 KāK2 Q`/`2 /2 ;`�M/2m` TQm` HǶ�HmKBMBmK 2i TQm` H2 ;2`K�MBmKX

J�BMi2M�Mi [m2 MQmb �pQMb /QMMû H2b Q`/`2b /2 ;`�M/2m` /2b +�T�+Biûb /Ƕ�++m2BH HBû2b ¨ +?�[m2
/QT�Mi- BH 2bi �HQ`b TQbbB#H2 /Ƕûi�#HB` mM2 `2H�iBQM bm` H2b +QM+2Mi`�iBQMb Nx 2i Px b2HQM H� M�im`2
/m /û7�mi 2M 2z2+im�Mi H� bQKK2 /2 +?�[m2 +QM+2Mi`�iBQM /2 T`û+m`b2m`bX LQmb Q#i2MQMb TQm` H�
+QM+2Mi`�iBQM /2b T`û+m`b2m`b /2 TBĕ;2b ¨ ûH2+i`QMb N1 H� `2H�iBQM bmBp�Mi2

N1 = NGeA−

Ge +NAlA−

Al UjXR8V

2i TQm` +2HH2b /2b TBĕ;2b ¨ i`Qmb P2

P2 = NGeA+
Ge +NAlA+

Al UjXReV

�p2+- `2bT2+iBp2K2Mi- TQm` H2 ;2`K�MBmK 2i HǶ�HmKBMBmK ,
ě NGe 2i NAl H2b /2MbBiûb /Ƕûi�ib /2b /QT�Mib 2M +K−3 c
ě A−

Ge 2i A−

Al H� T`QTQ`iBQM /2 T`û+m`b2m`b /2 TBĕ;2b ¨ ûH2+i`QM +`ûûb T�` +?�[m2 ûHûK2Mi c
ě A+

Ge 2i A+
Al H� T`QTQ`iBQM /2 T`û+m`b2m`b /2 TBĕ;2b ¨ i`Qmb +`ûûb T�` +?�[m2 ûHûK2MiX

.Ƕ�T`ĕb H2b `2H�iBQMb T`û+û/2Mi2b- MQmb TQmpQMb +QMbi�i2` [mǶBH 2tBbi2 û;�H2K2Mi mM2 +QKTûiBiBQM
2Mi`2b +2b /2mt /QT�Mib K2M�Mi �m `2KTHBbb�;2 /2 TBĕ;2b ¨ i`Qmb Qm ¨ ûH2+i`QMbX *QKK2 MQmb TQmpQMb
HǶQ#b2`p2` bm` H� };m`2 jX8 +2ii2 +QKTûiBiBQM T2mi T`Qp2MB` /2 /2mt T?ûMQKĕM2b /Bzû`2Mib ,



SiE’
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GeE’

GeC

AlOHC

Er
2+

Pièges à trous

Pièges à éléctrons

Centre ODC

Compensation  de 

charge

jX8 Ĝ AHHmbi`�iBQM /2b +QKTûiBiBQMb BMi2`p2M�Mi bm` H� T`ûb2M+2 /2b TBĕ;2b

ě H2b TBĕ;2b QMi mM KāK2 +2Mi`2 T`û+m`b2m`- +QKK2 +Ƕ2bi H2 +�b TQm` H2 +2Mi`2 P.*- �HQ`b H2 TBĕ;2
T2mi �pQB` mM2 M�im`2 /Bzû`2Mi2 ¨ +�Ti2` /2b ûH2+i`QMb Qm /2b i`QmbX amBp�Mi H2b +QM+2Mi`�iBQMb
/2 +?�[m2 /QT�Mi KBb 2M D2m- QM T2mi MQi2` H2 /û+HBM Qm HǶ�m;K2Mi�iBQM /ǶmM2 2bTĕ+2 +?BKB[m2
T�` `�TTQ`i ¨ HǶ�mi`2X *2+B � ûiû KBb 2M ûpB/2M+2 /�Mb H� HBiiû`�im`2 (RR)-(Rk)- Qɍ BH 2bi TQbbB#H2
/2 pQB` H� `û/m+iBQM /2 TBĕ;2b �H1Ƕ bmBi2 ¨ HǶ�m;K2Mi�iBQM /2 H� +QM+2Mi`�iBQM /2 ;2`K�MBmK 2i
/QM+ 7�pQ`Bb�Mi �BMbB HǶ�TT�`BiBQM /2 TBĕ;2b :21Ƕ 2i :2* TQm` mM2 +QM+2Mi`�iBQM /2 ;2`K�MBmK
=9 Wri (N)X

ě H2b TBĕ;2b QMi mM KāK2 +2Mi`2 /ǶBMiû`āi- +Ƕ2bi /B`2 [mǶBHb +�Ti2Mi iQmb H2b /2mt /2b ûH2+i`QMb
Qm /2b i`QmbX

*2T2M/�Mi- /�Mb H� bmBi2 /2 +2 /Q+mK2Mi- MQmb +QMbB/û`QMb [mǶmM b2mH ûHûK2Mi BM~m2M+2 H� +QM+2M@
i`�iBQM /ǶmM +2Mi`2 T`û+m`b2m` [mB 2bi /2 +2 7�Bi +QMi`ƬHû T�` mM2 b2mH2 `û�+iBQM K�DQ`Bi�B`2X 1M 2z2i-
+QKTi2 i2Mm /2b +QM+2Mi`�iBQMb BMi`Q/mBi2b /�Mb MQb }#`2b- BH 2bi TQbbB#H2 /Ƕ2z2+im2` +2ii2 bBKTHB}+�@
iBQM- �}M MQi�KK2Mi /Ƕ2tT`BK2` T�` H� bmBi2 mM2 b2mH2 b2+iBQM 2{+�+2 T�` TBĕ;2X LQmb TQmpQMb �HQ`b
bBKTHB}2` HǶû+`Bim`2 /2b TQTmH�iBQMb /2b T`û+m`b2m`b /2 H� 7�ÏQM bmBp�Mi2 ,

N1 = NGeA−

Ge UjXRdV

2i
P2 = NAlA+

Al UjXR3V

1M +2 [mB +QM+2`M2 H� +QM+2Mi`�iBQM /Ƕ2`#BmK- iQmb H2b BQMb 1`3+T`ûb2Mib bQMi bmb+2TiB#H2b /2
b2 +?�M;2` 2M 1`2+X LQmb �pQMb /2 7�Bi +?QBbB mM2 p�H2m` /2 R TQm`- H� T`QTQ`iBQM /2 T`û+m`b2m`b /2
TBĕ;2 ¨ ûH2+i`QMb +`ûûb T�` HǶ2`#BmK AErX JāK2 bǶBH bǶ�;Bi /ǶmM TBĕ;2 ¨ ûH2+i`QMb- +Ƕ2bi �mbbB mM +2Mi`2
`2+QK#BM�Mi Ui`�MbBiBQM B0V BMi2`�;Bbb�Mi /2 THmb �p2+ H2 MBp2�m P2 Ui`�MbBiBQM CVX LQmb H2 /BbiBM;mQMb
/QM+ /m MBp2�m N1- /2 bQ`i2 [m2 H� `2H�iBQM 2Mi`2 H� /2MbBiû /Ƕ2`#BmK NEr 2i H� +QM+2Mi`�iBQM /m +2Mi`2
N0 bǶû+`Bi

N0 = NErAEr UjXRNV

G� +QM+2Mi`�iBQM 2M BQMb 2`#BmK /�Mb mM2 }#`2
QTiB[m2 T2mi āi`2 Q#i2Mm2 /2 K�MBĕ`2 T`û+Bb2 T�` /2b �M�Hvb2b T?vbB+Q@+?BKB[m2b- i2HH2b [m2 HǶ�M�@
Hvb2 KB+`QbQM/2 /2 *�bi�BM; Qm HǶ1SJ� U1H2+i`QM S`Q#2 JB+`Q�M�Hvb2`VX *2ii2 K2bm`2 +QMbBbi2 ¨
#QK#�`/2` /ǶûH2+i`QMb mM û+?�MiBHHQM �}M /Ƕ�M�Hvb2` H2 bT2+i`2 /2 `�vQMM2K2Mi s ûKBb T�` +2HmB@+BX



*2T2M/�Mi BH 2bi û;�H2K2Mi TQbbB#H2 /ǶQ#i2MB` H� +QM+2Mi`�iBQM 2M miBHBb�Mi mM2 Kûi?Q/2 2KTB`B[m2 ¨
T�`iB` /2 HǶ�#bQ`TiBQM ¨ 1530 MKX 1M 2z2i- H� [m�MiBiû /2 /QT�Mib N∗

tot 2M TTK UWriV UBX2X T�`iB2 T�`
KBHHBQM /2 H� K�bb2V 2bi T`QTQ`iBQMM2HH2 ¨ HǶ�#bQ`TiBQM K�tBKmK αmax 2M /"fK /2 H� }#`2X G2 7�+i2m`
/2 T`QTQ`iBQMM�HBiû 2bi /QMMû T�` H2 7�#`B+�Mi ,

N∗

Er = 60αmax UjXkyV

"B2M [m2 +2ii2 `ĕ;H2 2KTB`B[m2 �Bi ûiû pû`B}û2 /2TmBb /2 MQK#`2mb2b �MMû2b- 2HH2 M2 MQmb `2Mb2B;M2
[m2 /2 7�ÏQM �TT`QtBK�iBp2 bm` H� +QM+2Mi`�iBQMX 1M 2z2i- �m+mM i2`K2 HBû ¨ H� H�`;2m` bT2+i`�H2 /2 H�
b2+iBQM 2{+�+2 /Ƕ�#bQ`TiBQM MǶBMi2`pB2Mi /�Mb H2 +�H+mHX

SQm` H� /2MbBiû /ǶBQMb 2`#BmK- MQmb TQmpQMb 2tT`BK2` +2ii2 [m�MiBiû 2M K−3- ;`�+2 ¨ H� `2H�iBQM
bmBp�Mi2 ,

N0(m−3) = 7, 9 × 1021N∗

Er = 4, 74 × 1023αmax UjXkRV

G� /ûi2`KBM�iBQM T`û+Bb2 2i �#bQHm2 /2 H� i2M2m` 2M �HmKBMBmK
/�Mb mM2 }#`2 QTiB[m2 MǶ2bi T�b [m2H[m2 +?Qb2 /Ƕ�Bbû 2i Mû+2bbBi2 /2b KQv2Mb HQm`/b i2Hb [m2 HǶ1SJ�X
lM2 �mi`2 �Hi2`M�iBp2 T2`K2i /ǶQ#i2MB` mM2 2biBK�iBQM /2 H� +QM+2Mi`�iBQM 2M �HmKBMBmKX 1HH2 2bi
#�bû2 bm` H2 `�TTQ`i 2Mi`2 H� K2bm`2 /2 HǶ�#bQ`TiBQM ¨ R93y MK- MQiû2 α1480- 2i MQ`K�HBbû2 T�` H2 TB+
/Ƕ�#bQ`TiBQM 2`#BmK �TT2Hû αmaxX 1z2+iBp2K2Mi- +QKK2 MQmb �pQMb Tm H2 +QMbi�i2` /�Mb H2 +?�TBi`2 R-
HǶ�HmKBMBmK 2bi mM +Q/QT�Mi `2bTQMb�#H2 /2 HǶûH�`;Bbb2K2Mi /m bT2+i`2 /2 HǶBQM 2`#BmK /�Mb H� K�i`B+2
pBi`2mb2X �BMbB- MQmb �pQMb K2bm`û- ¨ HǶ�B/2 /ǶmM bT2+i`QKĕi`2 QTiB[m2- HǶ�#bQ`TiBQM /2 /Bzû`2Mi2b }#`2b
QTiB[m2b /QTû2b 2`#BmK 2M `2TQ`i�Mi HǶ�#bQ`TiBQM ¨ R93y MK- HǶ�#bQ`TiBQM K�tBK�H2 �miQm` /2 R8jy
MK αmax �BMbB [m2 H� H�`;2m` ¨ KB@?�mi2m` /m TB+ /Ƕ�#bQ`TiBQM �miQm` /2 R8jy MK U6q>JV UpQB` H�
};m`2 jXeU�VX
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jXe Ĝ U�V aT2+i`2 /Ƕ�#bQ`TiBQM /ǶmM2 }#`2 /QTû2 2`#BmK �miQm` /2 R88yMKX U#V G�`;2m` ¨
KB@?�mi2m` /m bT2+i`2 /Ƕ�#bQ`TiBQM 2M 7QM+iBQM /m `�TTQ`i α1480

αmaxX

G� };m`2 jXeU#V KQMi`2 mM2 `2H�iBQM �{M2 2Mi`2 H� H�`;2m` ¨ KB@?�mi2m` /m TB+ /Ƕ�#bQ`TiBQM 2i H2
`�iBQ α1480/αmaxX *2H� T2`K2i /Ƕ2biBK2` HǶûH�`;Bbb2K2Mi bT2+i`�H 2M K2bm`�Mi mMB[m2K2Mi HǶ�#bQ`TiBQM
¨ /2mt HQM;m2m`b /ǶQM/2X

G� };m`2 jXd BHHmbi`2 HǶûpQHmiBQM /m `�TTQ`i α1480/αmax 2M 7QM+iBQM /m i�mt /Ƕ�HmKBMBmK /�Mb H�
}#`2X PM Q#b2`p2 �HQ`b /2mt `û;BK2b ,



ě mM `û;BK2 HBMû�B`2 2Mi`2 y 2i j-8Wri /Ƕ�HmKBMBmK c
ě mM2 xQM2 /2 b�im`�iBQM �T`ĕb j-8Wri /Ƕ�HmKBMBmKX

AH 2tBbi2 /QM+ mM2 +2`i�BM2 [m�MiBiû /Ƕ�HmKBMBmK �m /2H¨ /2 H�[m2HH2 HǶûH�`;Bbb2K2Mi BM?QKQ;ĕM2 MǶ�m;@
K2Mi2 THmbX GǶBM+Q`TQ`�iBQM /Ƕ�HmKBMBmK bmTTHûK2Mi�B`2 MǶ� �HQ`b THmb /ǶBKT�+i bm` H2 bT2+i`2 /Ƕ�#@
bQ`TiBQMX
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jXd Ĝ 1z2i /m i�mt /Ƕ�HmKBMBmK bm` HǶûH�`;Bbb2K2Mi /m bT2+i`2 /Ƕ�#bQ`TiBQM

G� b2+iBQM 2{+�+2 /Ƕ�#bQ`TiBQM QTiB[m2 `2T`ûb2Mi2 H� T`Q#�#BHBiû [mǶmM T?QiQM bQBi �#bQ`#û T�`
HǶûHûK2Mi +QMbB/û`ûX 1HH2 2bi /Bzû`2Mi2 TQm` +?�[m2 ûHûK2Mi 2i bQM T`Q/mBi T�` H� TQTmH�iBQM /m TBĕ;2-
MQmb /QMM2 HǶ�_A /2 H� }#`2X 1HH2 T2`K2i /QM+ /2 7�B`2 H2 HB2M 2Mi`2 H2b Kû+�MBbK2b KBb 2M D2m 2i
HǶ�_A Q#b2`pû2 2tTû`BK2Mi�H2K2MiX 1HH2 2bi H� bQKK2 /2 H� TQTmH�iBQM /2 +?�[m2 TBĕ;2 KmHiBTHBû2 T�`
H� b2+iBQM 2{+�+2 +Q``2bTQM/�Mi2- bQBi TQm` mM2 HQM;m2m` /ǶQM/2

ARI(λ) = σsi,λ(nsi + psi) +
3∑

k=0

σk,λnk UjXkkV

.Ƕ�T`ĕb H� HBiiû`�im`2- MQmb TQmpQMb 2biBK2` [m2 H2b /2mt b2+iBQMb 2{+�+2b QTiB[m2b T`û/QKBM�Mi2b
bQMi +2HH2b /2 HǶ�HmKBMBmK 2i /2 HǶ2`#BmK- TQm` H2b HQM;m2m`b /ǶQM/2 /ǶBMiû`āiX 1M 2z2i- H2b TBĕ;2b HBûb
�m ;2`K�MBmK bQMi T`BM+BT�H2K2Mi bBimûb /�Mb HǶlo 2i QMi /QM+ mM2 b2+iBQM 2{+�+2 Mû;HB;2�#H2 /�Mb
HǶBM7`�`Qm;2X �v�Mi ¨ /BbTQbBiBQM /2b }#`2b /QMi +2`i�BM2b +QM+2Mi`�iBQMb bQMi MmHH2b- MQmb �pQMb /�Mb
+2 +�b mM2 b2mH2 2bTĕ+2 T`û/QKBM�Mi2 [mB p� BM/mB`2 mM b2mH ivT2 /2 /û7�miX AH 2bi �HQ`b TQbbB#H2
/Ƕ2ti`�B`2 H2b b2+iBQMb 2{+�+2b /2b TBĕ;2b +Q``2bTQM/�MibX G2 i�#H2�m jXk KQMi`2 HǶ2Mb2K#H2 /2b }#`2b
[mB QMi T2`KBb /2 /ûi2`KBM2` H2b b2+iBQMb 2{+�+2b HBû2b ¨ HǶ�HmKBMBmK 2i ¨ HǶ2`#BmKX



6B#`2b *QM+2Mi`�iBQM �H UWriV *QM+2Mi`�iBQM 1` UTTKV S�`�Kĕi`2 K2bm`û
BEF1W y@k y σp2

BEF2W e@3 y σp2

NPSi y Rky σn0

NPSi+ y RNj σn0

jXk Ĝ .2b+`BTiBQM /2b }#`2b miBHBbû2b TQm` H2 +�HB#`�;2 /2b b2+iBQMb 2{+�+2b /Ƕ�#bQ`TiBQMX

LQmb bvMi?ûiBbQMb /�Mb H2 i�#H2�m jXj HǶ2Mb2K#H2 /2b T�`�Kĕi`2b +QMbiBim�Mi MQi`2 KQ/ĕH2 �BMbB
[m2 H2m`b p�H2m`b MmKû`B[m2bX 1M 2z2i- b2mH2b H2b p�H2m`b /2b +QM+2Mi`�iBQMb /2b bBi2b T`û+m`b2m`b
�BMbB [m2 H2 /û#Bi bQMi /2b p�H2m`b p�`B�#H2b 2i [mB /ûT2M/2Mi /2b +QM/BiBQMb /ǶB``�/B�iBQMb 2i /2 H�
+QKTQbBiBQM /2 H� }#`2X

S�`�Kĕi`2b .2b+`BTiBQM o�H2m`b lMBiûb �Dmbi2K2Mi
PSi = NSi S`û+m`b2m`b /2 TBĕ;2b /2 H� bBHB+2 1 Ǧ 1019 +K−3 6Bt2
BSi = ASi h�mt /ǶBMi2`�+iBQM �p2+ p 1 Ǧ 10−14 +K3Xb−1 6Bt2
σSi,980 aX1X� /2b TBĕ;2b /2 H� bBHB+2 ¨ N3y MK 1 Ǧ 10−25 +K2 6Bt2
σSi,1550 aX1X� /2b TBĕ;2b /2 H� bBHB+2 ¨ R88y MK 1 Ǧ 10−25 +K2 6Bt2
N1 S`û+m`b2m`b /2 TBĕ;2b /2 n1 ∝ NGe +K−3 o�`B�#H2
A1 h�mt /ǶBMi2`�+iBQM �p2+ n 1 Ǧ 10−14 +K3.s−1 6Bt2
σ1,980 aX1X� /2 n1 ¨ N3y MK 1 Ǧ 10−25 +K2 6Bt2
σ1,1550 aX1X� /2 n1 ¨ R88y MK 1 Ǧ 10−25 +K2 6Bt2
N0 S`û+m`b2m`b /2 TBĕ;2 n0 ∝ NEr +K−3 o�`B�#H2

A0 = B0 h�mt /ǶBMi2`�+iBQM �p2+ n 2i p 1 Ǧ 10−14 +K3Xb−1 6Bt2
σ0,980 aX1X� /2 n0 ¨ N3y MK j-e Ǧ 10−20 +K2 6Bt2
σ0,1550 aX1X� /2 n0 ¨ R88y MK R-j Ǧ 10−20 +K2 6Bt2
P2 S`û+m`b2m`b /2 TBĕ;2 p2 ∝ NAl +K−3 o�`B�#H2
B2 h�mt /ǶBMi2`�+iBQM �p2+ p 1 Ǧ 10−14 +K3Xb−1 6Bt2
σ2,980 aX1X� /2 p2 ¨ N3y MK j3-8 Ǧ 10−20 +K2 6Bt2
σ2,1550 aX1X� /2 p2 ¨ R88y MK Rk-3 Ǧ 10−20 +K2 6Bt2
C S�`�Kĕi`2 BMi2`TBĕ;2 R-d Ǧ 10−20 +K3Xb−1 6Bt2
g .û#Bi /2 /Qb2 ∝ Ḋ +K−3Xb−1 o�`B�#H2

jXj Ĝ S�`�Kĕi`2b /m KQ/ĕH2 /2 /û;`�/�iBQMX

J�BMi2M�Mi [m2 MQmb /û+`BpQMb H2b T�`�Kĕi`2b /m KQ/ĕH2 /2 /û;`�/�iBQM- MQmb T`QTQbQMb /2
+QM7`QMi2` +2 /2`MB2` �mt `ûbmHi�ib 2tTû`BK2Mi�mt Q#i2MmbX *2ii2 +QKT�`�BbQM TQ`i2`� bm` HǶ2Mb2K#H2
/2b }#`2b ¨ /BbTQbBiBQM bmBp�Mi H2m`b +QM+2Mi`�iBQMb 2i H2m`b /QT�MibX �p�Mi /Ƕ2tTQb2` +2b `ûbmHi�ib-
MQmb �HHQMb /û+`B`2 H2 T`QiQ+QH2 bmBpB �}M /ǶQ#i2MB` /2b K2bm`2b /Ƕ�_AX



am` H2 TH�M 2tTû`BK2Mi�H- mM2 T�`iB2 BKTQ`i�Mi2 /2 KQM i`�p�BH /2 i?ĕb2 � ûiû /Ƕ�KûHBQ`2` H2
#�M+ /2 i2bi T2`K2ii�Mi H� K2bm`2 /2 H� /û;`�/�iBQM /2b }#`2bX 1M 2z2i- H2 #mi ûi�Bi /2 `û�HBb2`
mM #�M+ �miQK�iBbû �}M /2 K2bm`2` HǶ2z2i /2b B``�/B�iBQMb bm` /Bzû`2Mi2b +QM};m`�iBQMb /Ƕû+H�B`2K2Mi
TQbbB#H2bX G� };m`2 jX3 `2T`ûb2Mi2 /2 7�ÏQM bvMi?ûiB[m2 H2 #�M+ 2tTû`BK2Mi�H /ûp2HQTTû �}M /2 K2bm`2`
H� /û;`�/�iBQM bBKmHi�Mû2 /2b }#`2b b2HQM H2b i`QBb +QM};m`�iBQMb bmBp�Mi2b ,

ě H� +QM};m`�iBQM �KTHB}+�i2m`b �HHmKûb , 9 /BQ/2b /2 TQKT2 BM/ûT2M/�Mi2b bQMi miBHBbû2b
U�}M /2 ;�`�MiB` mM2 TmBbb�M+2 /2 TQKT2 Mû+2bb�B`2 ¨ HǶ2Mi`û2 /2 HǶ�KTHB}+�i2m`V- 2i mM2
/BQ/2 H�b2` R88y MK- /QMi H� TmBbb�M+2 2bi /BpBbû2 T�` 9- TmBb +QmTHû2 �m H�b2` N3y MK ;`�+2
¨ 9 KmHiBTH2t2m`bX G2b /BQ/2b /2 TQKT2 bQMi �HHmKû2b 2M T2`K�M2M+2 �}M [m2 H2b }#`2b- 2M
+QM};m`�iBQM �KTHB}+�i2m`- TmBbb2Mi #ûMû}+B2` /2 H� ;mû`BbQM QTiB[m2 c

ě H� +QM};m`�iBQM �KTHB}+�i2m`b 1i2BMib Y �_A , mM2 b2mH2 /BQ/2 /2 TQKT2 2i mM H�b2` R88y
MK bQMi +QmTHûb ;`�+2 ¨ mM KmHiBTH2t2m`X lM brBi+? Q`B2Mi2 H2b bB;M�mt QTiB[m2b p2`b H2b }#`2b
+QmTû2b ¨ H� HQM;m2m` QTiBK�H2X .2mt TQBMib /2 K2bm`2b bQMi 7�Bib bm` mM KāK2 û+?�MiBHHQM-
HǶmM TQm` H� +QM};m`�iBQM �KTHB}+�i2m` HǶ�mi`2- TQm` H� +QM};m`�iBQM �_AX G2b bQm`+2b bQMi
�HHmKû2b mMB[m2K2Mi T2M/�Mi H2 i2KTb /2 H� K2bm`2 c

ě H� *QM};m`�iBQM �_A , BH bǶ�;Bi /2b KāK2b H�b2`b ¨ N3y MK 2i ¨ R88y MK [mB bQMi �iiûMmûb
TQm` āi`2 2M `û;BK2 T2iBi bB;M�H UQɍ HǶ�#bQ`TiBQM M2 /ûT2M/ T�b /2 H� TmBbb�M+2 QTiB[m2VX G2
brBi+? Q`B2Mi2 H2b bB;M�mt p2`b H2b }#`2b /QMi H2b HQM;m2m`b QMi ûiû `B;Qm`2mb2K2Mi +?QBbB2b
�}M /Ƕāi`2 /�Mb H� /vM�KB[m2 /2 K2bm`2 Dmb[mǶ¨ H� }M /2b B``�/B�iBQMbX

amBi2 ¨ mM ûi�HQMM�;2 /2 MQi`2 #�M+- MQmb 2biBKQMb HǶ2``2m` /2 K2bm`2 /2 HǶQ`/`2 /2 ±0, 2 /"X *2ii2
2``2m` 2bi T`BM+BT�H2K2Mi /m2 ¨ H� K�Mmi2MiBQM /2b }#`2b T2M/�Mi H2b B``�/B�iBQMb- K�Bb û;�H2K2Mi �mt
2z2ib /2 +QKKmi�iBQM /2b brBi+?2bX

G2 #�M+ /û+`Bi T`û+û/2KK2Mi T2`K2i /ǶQ#i2MB` mM2 K2bm`2 [m�MiBi�iBp2 /2 HǶ�iiûMm�iBQM +�mbû2
T�` H2b B``�/B�iBQMbX �}M /ǶQ#i2MB` mM2 �_A `2T`ûb2Mi�iBp2 2i MQM BM~m2M+û2 T�` H� ;mû`BbQM QTiB[m2-
MQmb i`�p�BHHQMb �p2+ /2b TmBbb�M+2b QTiB[m2b 7�B#H2b UPin = −25 /"KVX *2H� T2`K2i ¨ H� 7QBb /Ƕāi`2 2M
`û;BK2 /Ƕ�#bQ`TiBQM T2iBi@bB;M�H TQm` H2b }#`2b /QTû2b- K�Bb û;�H2K2Mi /ǶûpBi2` mM2 ;mû`BbQM QTiB[m2
HQ`b /2 HǶBMi2``Q;�iBQMX AH 2tBbi2 mM �mi`2 TQBMi BKTQ`i�Mi , H� HQM;m2m` /2 }#`2 /2 HǶû+?�MiBHHQM LechX
1M 2z2i- +2ii2 HQM;m2m` /QBi āi`2 +?QBbB2 Dm/B+B2mb2K2Mi- +�` BH 2tBbi2 mM +QKT`QKBb 2Mi`2 H� b2MbB#BHBiû
/2 H� }#`2 �mt `�/B�iBQMb 2i H� HBKBi2 /2 /ûi2+iBQM /m bvbiĕK2 /2 K2bm`2- HBû2 �m +Qm`�Mi /ǶQ#b+m`Biû
Iobs /2 H� T?QiQ/BQ/2X G� TmBbb�M+2 QTiB[m2 Pout K2bm`û2- 2M dBm- 2M bQ`iB2 /m KQMi�;2 T2mi āi`2
2biBKû2 �p2+ H� 7Q`KmH2 bmBp�Mi2 ,

Pout = Pin − (αλLech +ARIλLech + PI) UjXkjV

Qɍ PI `2T`ûb2Mi2 H2b T2`i2b /ǶBMb2`iBQM QTiB[m2b HBû2b �mt #�M+ 2tTû`BK2Mi�HX �BMbB- QM +?QBbBi H�
HQM;m2m` Lech i2HH2 [m2 Pout > Iobs/σ- σ ûi�Mi H� b2MbB#BHBiû /2 H� T?QiQ/BQ/2 2i Iobs bQM +Qm`�Mi
/ǶQ#b+m`BiûX

G� K2bm`2 /2 H� ;`�M/2m` �_Aλ T2mi āi`2 7�Bi2 2M /"XK−1 2M 7QM+iBQM /m i2KTb 2i TQm` H2b /2mt
HQM;m2m`b /ǶQM/2 /ǶBMiû`āi /2 H� K�MBĕ`2 bmBp�Mi2 ,

ARIλ(t) =
10

Lech
log10

(
Pout(t0, λ)

Pout(t, λ)

)

UjXk9V

Qɍ t0 < t 2bi H2 /û#mi /2 HǶB``�/B�iBQMX
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jX3 Ĝ a+?ûK� /m #�M+ 2tTû`BK2Mi�H T2`K2ii�Mi H� K2bm`2 2M HB;M2 /2 H� /û;`�/�iBQM /2b }#`2bX

PM MQi2 [m2 TQm` `û�HBb2` +2ii2 K2bm`2- BH bm{i /2 K2bm`2` Pout(t) TmBb[m2 b2mH2 H� }#`2 /QTû2 2bi
b2MbB#H2 �mt B``�/B�iBQMb- BH bm{i /2 7�B`2 H2 `�TTQ`i 2Mi`2 Pout(t0) 2i Pout(t)- t0 ûi�Mi H2 /û#mi /2 HǶB``�@
/B�iBQMX 1MbmBi2- QM MQ`K�HBb2 HǶ�_A T�` H� /Qb2 /ûTQbû2- QM Q#iB2Mi �HQ`b mM2 �_A 2M /"XK−1X:v−1X
*2ii2 MQ`K�HBb�iBQM T2mi b2mH2K2Mi āi`2 2z2+imû2 bB MQmb �pQMb mM `û;BK2 HBMû�B`2- +2 [mB 2bi H2 +�b
TQm` HǶ2Mb2K#H2 /2b }#`2b TQm` H2b /Qb2b /ûTQbû2b U2MpB`QM jyy :vVX GǶ2z2i /2 b�im`�iBQM /2 HǶ�_A
MǶ2bi Q#b2`p�#H2 [m2 TQm` /2b /Qb2b /ûTQbû2 ivTB[m2K2Mi /2 HǶQ`/`2 /2 Ry F:v pQB`2 THmbX *2H� T2`K2i
mM2 +QKT�`�BbQM THmb �Bbû2 /2b `ûbmHi�ib Q#i2Mmb bm` /2b }#`2b B``�/Bû2b /�Mb /2b +QM/BiBQMb bBKBH�B`2b-
K�Bb T�b 7Q`+ûK2Mi 2t�+i2K2Mi B/2MiB[m2bX 1M 2z2i- HǶû+`�Mi�;2- H2 pB2BHHBbb2K2Mi Qm H2 +?�M;2K2Mi /2
H� bQm`+2 /ǶB``�/B�iBQM bQMi �mi�Mi /ǶûHûK2Mib 2tiû`B2m`b [mB T2mp2Mi �TTQ`i2` mM2 p�`B�iBQM bm` H2b
K2bm`2bX

G� +QKT�`�BbQM /2b /QMMû2b 2tTû`BK2Mi�H2b �p2+ +2HH2b /m KQ/ĕH2 TQ`i2 bm` HǶ2Mb2K#H2 /2b }#`2b
/2 i2+?MQHQ;B2b bi�M/�`/ 2i M�MQT�`iB+mH2bX AH 2bi BKTQ`i�Mi /2 K2MiBQMM2` [m2 H2b b2mHb T�`�Kĕi`2b
/Ƕ2Mi`û2 bQMi H2b +QM+2Mi`�iBQMb /2b /QT�MibX hQmb H2b �mi`2b T�`�Kĕi`2b /m KQ/ĕH2 /û+`Bib T`û+û/2K@
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x1E-3

jXN Ĝ U�V 1pQHmiBQM /2 HǶ�_A ¨ N3y MK TQm` mM2 }#`2 ;2`K�MQ@�HmKBMQ@bBHB+�i2 /QTTû2 2`#BmK
TQm` /2b /QMMû2b 2tTû`BK2Mi�H2b 2i /2 bBKmH�iBQM TQm` mM /û#Bi /2 y-9 :vf?X U#V *QM7`QMi�iBQM /2b
/QMMû2b /Ƕ�_A 2M /"fKf:v ¨ N3y MK TQm` HǶ2Mb2K#H2 /2b }#`2b ¨ /BbTQbBiBQM TQm` mM /û#Bi /2 y-9
:vf? Q#i2Mm b�Mb `û�Dmbi2K2Mi /2 T�`�Kĕi`2bX

K2Mi `2bi2Mi B/2MiB[m2bX *2ii2 +QM7`QMi�iBQM 2bi `2T`ûb2Miû2 bm` H� };m`2 jXNX .ǶmM2 T�`i- bm` H� };m`2
jXNU�V- MQmb 2tTQbQMb HǶûpQHmiBQM /2 HǶ�_A ¨ N3y MK TQm` mM2 }#`2 K2bm`û2 2tTû`BK2Mi�H2K2Mi 2i
+�H+mHû2 TQm` mM /û#Bi /2 y-9 :vf?X .Ƕ�mi`2 T�`i- bm` H� };m`2 jXNU#V- MQmb �pQMb `2TQ`iû H2b p�H2m`b
/Ƕ�_A ¨ N3y MK 2M /"fKf:v TQm` mM /û#Bi /2 y-9 :vf? 2i TQm` HǶ2Mb2K#H2 /2b }#`2b ¨ /BbTQbBiBQMX
LQmb �pQMb `2TQ`iû 2M �MM2t2 k- T�;2 R88- HǶ2Mb2K#H2 /2 H� +QKTQbBiBQM /2b }#`2b miBHBbû2bX 1M 2z2i-
�}M /Ƕ�pQB` mM2 +QM7`QMi�iBQM 2Mi`2 H2b /Bzû`2Mi2b }#`2b- MQmb �pQMb û;�H2K2Mi MQ`K�HBbû H2b p�H2m`b
/Ƕ�_AX LQmb `2K�`[mQMb mM #QM �++Q`/ 2Mi`2 H2b /QMMû2b /m KQ/ĕH2 2i H2b p�H2m`b 2tTû`BK2Mi�H2bX
*2T2M/�Mi- mM2 ûim/2 /Ƕ�Dmbi2K2Mi /m T�`�Kĕi`2 C T2`K2ii`�Bi /ǶQ#i2MB` /2b p�H2m`b THmb T`Q+?2b
/2b /QMMû2b 2tTû`BK2Mi�H2b TQm` H2b }#`2b ¨ 7Q`i2b +QM+2Mi`�iBQMb /Ƕ2`#BmKX 1M 2z2i- +2 T�`�Kĕi`2
/ûT2M/�Mi /2 H� +QM+2Mi`�iBQM /Ƕ�HmKBMBmK 2i /Ƕ2`#BmK- M2 /2K2m`2 T�b }t2 TQm` HǶ2Mb2K#H2 /2b
û+?�MiBHHQMbX



6B#`2b (�H) (1`) α1480/αEr �_A980exp �_A980simu
PARIAl

PARIEr

UWriV TTK UK−1X:v−1V UK−1X:v−1V
NPSi+ y RNy y-Re9 y-3d×10−4 y-3d×10−4 @ 99W
NP1 y@k R8y y-kNN y-jR×10−3 y-j3×10−3 3dW RjW
NP4 9@e Rj3y y-9j y-9R×10−3 y-9k×10−3 8NW 9RW
BEF1 y@k kdy y-jyj y-jk×10−3 y-jj×10−3 3yW kyW
BEF2 e@3 kky y-9j9 j-39×10−3 9-Rk×10−3 39W ReW
BEF4 e@3 eNy y-98 9-3×10−3 9-e×10−3 eNW jRW
BEF5 e@3 Rjky y-9jN 9-N×10−3 8-yR×10−3 edW jjW

jX9 Ĝ *QKTQbBiBQM /2 HǶ�_A ¨ N3y MK /2 /Bzû`2Mi2b }#`2b bmBp�Mi H� +QKTQbBiBQM +?BKB[m2
X

*QKK2 MQmb �pQMb Tm H2 +QMbi�i2`- BH 2tBbi2 mM2 bBKBHBim/2 BKTQ`i�Mi2 2Mi`2 H2b /QMMû2b 2tTû@
`BK2Mi�H2b 2i +2HH2b i`Qmpû2b �M�HviB[m2K2MiX GǶ�iQmi /2 +2 KQ/ĕH2 2bi /QM+ /2 TQmpQB` �TTQ`i2` mM2
BM7Q`K�iBQM bmTTHûK2Mi�B`2 bm` H� +QKTQbBiBQM /2 HǶ�_AX 1M 2z2i- +QKK2 MQmb �pQMb Tm H2 `2K�`[m2`
HǶ�_A 2bi H� bQKK2 /2 iQmi2b H2b +QMi`B#miBQMb K�Bb b2mH2K2Mi /2mt bQMi T`ûTQM/û`�Mi2b TQm` H2b
HQM;m2m`b /ǶQM/2 /ǶBMiû`āi ¨ b�pQB` , +2HH2 /2b TBĕ;2b P1 2i N0 [mB bQMi `2bT2+iBp2K2Mi HǶBK�;2 /2b
TBĕ;2b /2 HǶ�HmKBMBmK 2i /2 HǶ2`#BmKX .2 THmb MQmb �pQMb `2K�`[mû [m2 b2mHb H2b TBĕ;2b HBûb ¨ HǶ�HmKB@
MBmK KQMi`2Mi mM2 b2MbB#BHBiû ¨ H� ;mû`BbQM QTiB[m2 ¨ N3y MKX AH 2bi /QM+ BKTQ`i�Mi /2 +QMM�ŗi`2 H�
T`QTQ`iBQM /2 TBĕ;2 ;mû`Bbb�#H2X LQmb �pQMb `2TQ`iû /�Mb H2 i�#H2�m jX9- H2b p�H2m`b /2 HǶ�_A 2tTû`B@
K2Mi�H2b 2i /2 bBKmH�iBQM ¨ N3y MK TQm` /Bzû`2Mi2b }#`2b �BMbB [m2 H� T`QTQ`iBQM /2 +2ii2 /2`MBĕ`2
HBû2 � HǶ�HmKBMBmK 2i ¨ HǶ2`#BmK- +�H+mHû2 /2 H� K�MBĕ`2 bmBp�Mi2 ,

PARIEr
= 100 Ǧ σ0n0

ARI
UjXk8V

PARIAl
= 100 Ǧ σ1n1

ARI
UjXkeV

.Ƕ�T`ĕb +2 i�#H2�m jX9- MQmb `2K�`[mQMb [m2 TQm` H2b }#`2b 7Q`i2K2Mi /QTû2b 2M 2`#BmK- H� bB;M�@
im`2 /2 H� `û/m+iBQM /2 HǶ2`#BmK bm` H� p�H2m` /2 HǶ�_A 2bi i`ĕb BKTQ`i�Mi2X *2+B 2bi mM2 BM7Q`K�iBQM
BKTQ`i�Mi2 /�Mb H2 `�BbQMM2K2Mi /2 +QM+2pQB` mM �KTHB}+�i2m` /m`+B Qm TQm` mM /QbBKĕi`2 +QKK2
MQmb H2 p2``QMb /�Mb H2 +?�TBi`2 bmBp�MiX

*QKK2 TQm` H� /û;`�/�iBQM- H2 T?ûMQKĕM2 /2 ;mû`BbQM `ûbmHi2 /ǶmM2 i`�Mb7Q`K�iBQM /2 H� K�@
iBĕ`2 [mB KQ/B}2 H2b 2bTĕ+2b +?BKB[m2b T`ûb2Mi2b T�` HǶ�TTQ`i /ǶûM2`;B2X *2i �TTQ`i /ǶûM2`;B2 T2mi
āi`2 QTiB[m2 Qm #B2M i?2`KB[m2X AH /QBi āi`2 bm{b�KK2Mi BKTQ`i�Mi TQm` TQmpQB` �+iBp2` H� `û�+iBQM
+?BKB[m2 , QM T�`H2 �HQ`b /ǶûM2`;B2 /Ƕ�+iBp�iBQMX *?�[m2 2bTĕ+2 � b� T`QT`2 ûM2`;B2 /Ƕ�+iBp�iBQM Ea [mB
/ûT2M/ /2 H� M�im`2 /2 HǶ2bTĕ+2 K�Bb û;�H2K2Mi /2 H� bi`m+im`2 HQ+�H2 [mB 2MiQm`2 HǶûHûK2MiX

G� b2MbB#BHBiû /ǶmM TBĕ;2 �m T?ûMQKĕM2 /2 `2H�t�iBQM /ûT2M/ /2 HǶ�TTQ`i /ǶûM2`;B2 `�TTQ`iû ¨
bQM ûM2`;B2 /Ƕ�+iBp�iBQMX G� i`�Mb7Q`K�iBQM +?BKB[m2 /2b ûHûK2Mib �KĕM2 ¨ +QMbQKK2` H2b 2bTĕ+2b
T`ûb2Mi2b- H2b `û�+iB7b- TQm` 7Q`K2` /Ƕ�mi`2b 2bTĕ+2b �TT2Hû2b T`Q/mBib /2 `û�+iBQMX .�Mb H� };m`2 jXRy-



MQmb MQKKQMb R H2b `û�+iB7b 2i F H2 T`Q/mBi }M�HX amBp�Mi H� M�im`2 /2 HǶûM2`;B2 �TTQ`iû2- BH 2bi TQbbB#H2
/2 T`2M/`2 THmbB2m`b +?2KBMb /2 i`�Mb7Q`K�iBQM �}M /ǶQ#i2MB` H2 T`Q/mBi }M�HX AH MǶ2bi T�b 2t+Hm MQM
THmb [m2 bmBp�Mi H2 T`Q+û/û miBHBbû- /Bzû`2Mi2b `û�+iBQMb �#QmiBbb2Mi ¨ mM2 KāK2 2bTĕ+2 T`Q/mBi2X G�
};m`2 jXRyU�V BHHmbi`2 H2 +?2KBM 2KT`mMiû T�` H� `û�+iBQM �p2+ mM �TTQ`i /ǶûM2`;B2 i?2`KB[m2X G� };m`2
jXRyU#V KQMi`2- [m�Mi ¨ 2HH2- H2 +?2KBM 2KT`mMiû /2 7�ÏQM QTiB[m2X PM T2mi +QMbi�i2` [mǶBH 2bi TQbbB#H2
[m2 HǶBMi2`�+iBQM HmKBM2mb2 �p2+ HǶ2bTĕ+2 +?BKB[m2 �KĕM2 iQmi /Ƕ�#Q`/ +2HH2@+B /�Mb mM ûi�i 2t+Biû R∗

�p�Mi /Ƕ2M;�;2` mM2 i`�Mb7Q`K�iBQM , QM T�`H2 �HQ`b /2 T?QiQ#H�M+?BK2MiX *2T2M/�Mi /ǶmM TQBMi /2
pm2 K�+`Qb+QTB[m2- MQmb TQmpQMb +QMbB/û`2` mM2 b2mH2 ûi�T2- +2HH2 /ǶmM2 i`�MbBiBQM /2 R p2`b F X

R

R*

F

Eopt=hυ

R

F

ETh=kBT

a) b)

EaTh

Eao

jXRy Ĝ AHHmbi`�iBQM /m +?�M;2K2Mi /Ƕ2bTĕ+2 +?BKB[m2 U�V T�` 2t+Bi�iBQM i?2`KB[m2 2i U#V T�`
2t+Bi�iBQM QTiB[m2X

GǶûM2`;B2 KBb2 2M D2m T2`K2i /2 b�pQB` bB H� `û�+iBQM T2mi �pQB` HB2m- K�Bb mM �mi`2 T�`�Kĕi`2
BKTQ`i�Mi 2bi ¨ T`2M/`2 2M +QKTi2- BH bǶ�;Bi /2 H� pBi2bb2 ¨ H�[m2HH2 H� `û�+iBQM p� b2 T`Q/mB`2X GǶûim/2 /2
H� pBi2bb2 p� MQmb `2Mb2B;M2` bm` H2 i2KTb Mû+2bb�B`2 TQm` +`û2` H2b 2bTĕ+2b T`Q/mBi2bX 1HH2 T2`K2i /QM+
/ǶûK2ii`2 /2b ?vTQi?ĕb2b bm` H2b Kû+�MBbK2b KBb 2M D2m- K�Bb û;�H2K2Mi /Ƕ�pQB` mM �bT2+i [m�HBi�iB7
bm` H2b +QM+2Mi`�iBQMb /2b 2bTĕ+2bX 1M T`2KBĕ`2 �TT`Q+?2- HǶûpQHmiBQM i2KTQ`2HH2 /2 H� +QM+2Mi`�iBQM
/2b `û�+iB7b 2i /2b T`Q/mBib T2mi āi`2 /û+`Bi2 T�` H2b û[m�iBQMb bmBp�Mi2b ,







dnR

dt
= −knR

dnF

dt
= −dnR

dt

UjXkdV

�p2+ nR 2i nF - H2b +QM+2Mi`�iBQMb /2b `û�+iB7b 2i /2b T`Q/mBib 2i k H� +QMbi�Mi2 /2 pBi2bb2 /2 H� `û�+iBQMX

.�Mb H2 +�b /ǶmM2 �+iBp�iBQM i?2`KB[m2 /2 H� `û�+iBQM- H� pBi2bb2 /2 H� `û�+iBQM T2mi āi`2 /û+`Bi2
T�` THmbB2m`b HQBb 2KTB`B[m2b- /QMi H2b HQBb /Ƕ1v`BM;@SQH�Mv 2i /Ƕ�``?ûMBmb (Rj)X *2b HQBb KQMi`2Mi [m2 H�
+BMûiB[m2 /2 H� `û�+iBQM /ûT2M/ /2 H� i2KTû`�im`2X SQm` MQi`2 ûim/2- MQmb T`ûb2MiQMb H� HQB /Ƕ�``?ûMBmb-
[mB Qz`2 mM2 pBbm�HBb�iBQM ¨ HǶû+?2HH2 KQHû+mH�B`2 /2 H� `û�+iBQM �BMbB [mǶmM2 pBbBQM K�+`Qb+QTB[m2 /2
H� pBi2bb2X LQmb �TT2HQMb kT H� +QMbi�Mi2 /2 i2KTb /2 H� `û�+iBQM i?2`KB[m2 [mB p2`B}2

kT = kT 1 exp

(
EaT

kBT

)

UjXk3V



Qɍ EaT 2bi HǶûM2`;B2 /Ƕ�+iBp�iBQM i?2`KB[m2 2M eV - kB =3-e10−5 2oXE−1 2bi H� +QMbi�Mi2 /2 "QHixK�MM
2i kT 1 H2 7�+i2m` /2 7`û[m2M+2X *2 /2`MB2` /ûT2M/ /2 H� T`2bbBQM , BH 2bi bmTTQbû +QMbi�Mi TQm` mM
K�iû`B�m 2i TQm` /2b +QM/BiBQMb /ǶmiBHBb�iBQMb /QMMû2b 2i TQm` mM2 TH�;2 /2 i2KTû`�im`2bX

*QM+2`M�Mi mM2 `û�+iBQM �+iBpû2 QTiB[m2K2Mi- H� pBi2bb2 /2 H� `û�+iBQM 7�Bi BMi2`p2MB` /Bzû`2Mib
T�`�Kĕi`2b QTiB[m2b +QKK2 H� HQM;m2m` /ǶQM/2- H� TmBbb�M+2 QTiB[m2 2i H� b2+iBQM 2{+�+2X *2ii2
+QMbi�Mi2 /2 i2KTb T2mi āi`2 /û}MB2 /2 H� 7�ÏQM bmBp�Mi2 (R9- R8) ,

kO = kO1 exp(
EaO − hν

∆
) UjXkNV

Qɍ EaO HǶûM2`;B2 /Ƕ�+iBp�iBQM QTiB[m2- h =9-Rj 10−15 2oXb H� +QMbi�Mi2 /2 TH�M+F- ν H� 7`û[m2M+2 QTiB[m2
2i ∆ H� H�`;2m` /2 #�M/2 /m TBĕ;2X G2 T�`�Kĕi`2 kO1 2bi /û}MB /2 H� 7�ÏQM bmBp�Mi2 ,

kO1 = σAφ
β
opt UjXjyV

A+B σA `2T`ûb2Mi2 H� b2+iBQM 2{+�+2 /Ƕ�#bQ`TiBQM QTiB[m2 /2 HǶ2bTĕ+2 A- φopt H2 ~mt QTiB[m2 U+QKK2
MQmb �pQMb Tm H2 /ûi2`KBM2` /�Mb H2 +?�TBi`2 RV 2i β H2 MQK#`2 /2 T?QiQMb KBb 2M D2mX

*QKTi2 i2Mm /2b `ûbmHi�ib [m�HBi�iB7b Q#i2Mmb /�Mb H2 +?�TBi`2 T`û+û/2Mi- MQmb �pQMb Tm +QMbi�i2`
[mǶmM2 b2mH2 2bTĕ+2 +?BKB[m2 2bi /B`2+i2K2Mi b2MbB#H2 �m T?ûMQKĕM2 /2 `2H�t�iBQMX *2H� bǶ2tTHB[m2
T�` H2 7�Bi [m2 H2b p�H2m`b /ǶûM2`;B2 �TTQ`iû2b Ui?2`KB[m2 Qm QTiB[m2V bQMi bm{b�KK2Mi BKTQ`i�Mi2b
TQm` BMi2`�;B` �p2+ mM b2mH /û7�miX 1M 2z2i- b2mHb H2b TBĕ;2b ¨ i`Qmb HBûb ¨ HǶ�HmKBMBmK bQMi b2MbB#H2b
¨ mM2 ;mû`BbQMX G2b TBĕ;2b HBûb �m ;2`K�MBmK Qm ¨ HǶ2`#BmK b2K#H2Mi [m�Mi ¨ 2mt �pQB` /2b ûM2`;B2b
/Ƕ�+iBp�iBQM i`QT ;`�M/2b 2i M2 bQMi /QM+ T�b b2MbB#H2b �mt ûM2`;B2b �TTQ`iû2bX .�Mb H� bmBi2 /2 +2
/Q+mK2Mi- MQmb 2MpBb�;2QMb /QM+ b2mH2K2Mi mM2 `2H�t�iBQM bm` H2b TBĕ;2b ¨ i`Qmb HBûb ¨ HǶ�HmKBMBmKX AH
2bi BKTQ`i�Mi /2 `2K�`[m2` [m2 TQm` +2ii2 ûim/2 MQmb MQmb bQKK2b 7Q+�HBbûb bm` H� ;mû`BbQM QTiB[m2
2i [m2 b2mH2 H� ;mû`BbQM i?2`KB[m2 ¨ i2KTû`�im`2 �K#B�Mi2 � ûiû +QMbB/û`û2X SQm` +2ii2 `�BbQM- BH 2bi
/B{+BH2 /2 /ûi2`KBM2` H2b ûM2`;B2b /Ƕ�+iBp�iBQM i?2`KB[m2 /2 +2b TBĕ;2bX *QKTi2 i2Mm /2b TmBbb�M+2b
QTiB[m2b KBb2b 2M D2m- BH b2K#H2 û;�H2K2Mi [m2 H� ;mû`BbQM /2 M�im`2 i?2`KB[m2 bQBi #2�m+QmT KQBMb
BKTQ`i�Mi2 [m2 H� ;mû`BbQM QTiB[m2X G2 Kû+�MBbK2 i?2`KB[m2K2Mi �+iBpû- ¨ i2KTû`�im`2 �K#B�Mi2-
b2`� /QM+ +QMbB/û`û +QKK2 Mû;HB;2�#H2 /2p�Mi mM û+H�B`2K2Mi QTiB[m2 +QMbi�Mi TQm` mM2 TmBbb�M+2 /2
HǶQ`/`2 /m KqX 1M `2T`2M�Mi H2b û[m�iBQMb UjXkNV 2i UjXk3V 2i H2b ûpQHmiBQMb /2 TQTmH�iBQMb /û+`Bi2b ¨
H� b2+iBQM T`û+û/2Mi2- MQmb TQmpQMb û+`B`2 H� p�`B�iBQM i2KTQ`2HH2 /2 p2 ,

dp2

dt
=

g

BsiPsi −B2P2
B2(P2 − p2) − Cp2n0 − kT p2 − kOp2 UjXjRV

LQmb TQmpQMb +QMbi�i2` /�Mb +2ii2 `2H�iBQM [m2 MQmb `2i`QmpQMb H2b /2mt Kû+�MBbK2b /2 H� /û;`�/�iBQM
2i /2 H� ;mû`BbQMX SQm` HǶûim/2 /2 H� +BMûiB[m2 /2 ;mû`BbQM- MQmb i`�p�BHHQMb 2t+HmbBp2K2Mi bm` /2b }#`2b
T`û�H�#H2K2Mi B``�/Bû2bX LQmb �m`QMb mM2 +2`i�BM2 [m�MiBiû /Ƕ2bTĕ+2b p2 T`Q/mBi2b HQ`b /2b B``�/B�iBQMb
p20 2bi `ûT�`iB2 bmBp�Mi mM2 ûM2`;B2 /Ƕ�+iBp�iBQM /û+`Bi2 T�` mM2 7QM+iBQM x(E)X LQmb �pQMb �HQ`b mM2
/Bbi`B#miBQM ,

p20(E) = p20x(E) UjXjkV
AH 2bi TQbbB#H2 /2 /ûi2`KBM2` H� +QM+2Mi`�iBQM /2 p2 2M 7QM+iBQM /m i2KTb �m +Qm`b /ǶmM û+H�B`2K2Mi
QTiB[m2 pB� HǶ2tT`2bbBQM (R9- R8)

p2(E, t, Popt) = p20(E) exp(−kot) UjXjjV



�}M /ǶQ#i2MB` HǶ�_A- MQmb +�H+mHQMb HǶBMiû;`�H2 /2 p2(E, t, Popt)

p2(t, Popt) =

∫
∞

0
p20(E)dE UjXj9V

G� };m`2 jXRR BHHmbi`2 H� /Bbi`B#miBQM /2 H� TQTmH�iBQM p2 2M 7QM+iBQM /2 HǶûM2`;B2 2M 7QM+iBQM /m
i2KTb K�iû`B�HBbû T�` H� 7QM+iBQM HX G2 i�#H2�m jX8 `�bb2K#H2 HǶ2Mb2K#H2 /2b T�`�Kĕi`2b miBH2b ¨ H�
;mû`BbQM QTiB[m2X

S�`�Kĕi`2b .2b+`BTiBQM lMBiûb
EaO úM2`;B2 /Ƕ�+iBp�iBQM QTiB[m2 /m TBĕ;2 2o
∆ H�`;2m` /2 #Q`/ /2 #�M/2 2o

σ2,980 b2+iBQM 2{+�+2 /Ƕ�#bQ`TiBQM /m TBĕ;2 +K2

φopt,980 ~mt QTiB[m2 +K−3Xb−1

β MQK#`2 /ǶBMi2`�+iBQM /2 T?QiQMb R

jX8 Ĝ S�`�Kĕi`2b /m KQ/ĕH2 /2 ;mû`BbQM QTiB[m2X
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jXRR Ĝ AHHmbi`�iBQM /2 HǶûpQHmiBQM /2 H� /Bbi`B#miBQM p20(E) �m +Qm`b /m i2KTbX G� 7QM+iBQM H

bvK#QHBb2 HǶ�p�M+2K2Mi i2KTQ`2H 2i Ed HǶûM2`;B2 /2 /ûK�`+�iBQM /û+`Bi2 /�Mb H� b2+iBQM bmBp�Mi2 jX8XjX

*QKK2 MQmb �pQMb Tm H2 pQB` T`û+û/2KK2Mi- H� K�i`B+2 pBi`2mb2 2bi mM2 bi`m+im`2 /ûbQ`/QMMû2
+2 [mB i2M/ ¨ KQ/B}2` HQ+�H2K2Mi H2b T`QT`Bûiûb /2b ûHûK2MibX GǶ�#bQ`TiBQM QTiB[m2 T2mi �HQ`b āi`2
`2T`ûb2Miû2 T�` mM2 #�M/2 /Ƕ�#bQ`TiBQM THmb Qm KQBMb H�`;2- +QKTi2 i2Mm /m +�`�+iĕ`2 �KQ`T?2 /2
H� bBHB+2X AH 2M p� /2 KāK2 TQm` HǶûM2`;B2 /Ƕ�+iBp�iBQM- [mB b2 i`Qmp2 Hû;ĕ`2K2Mi KQ/B}û2 TQm` +?�[m2
ûHûK2Mi /ǶmM2 2bTĕ+2 +?BKB[m2 , QM T�`H2 �HQ`b /ǶûM2`;B2 /Ƕ�+iBp�iBQM /Bbi`B#mû2X SQm` +2ii2 `�BbQM- "X



SQmK2HH2+ 2i JX G�M+`v QMi ûH�#Q`û mM2 �TT`Q+?2 T2`K2ii�Mi /2 /ûi2`KBM2` 2tTû`BK2Mi�H2K2Mi H�
/Bbi`B#miBQM /2 +2ii2 ûM2`;B2 (R9)X 1HH2 /û+`Bi H2b +BMûiB[m2b /ǶBMb+`BTiBQM U/ǶB``�/B�iBQMV 2i /Ƕ2z�+2K2Mi
U;mû`BbQMV bmBp�Mi HǶûpQHmiBQM /2b TQTmH�iBQMb KBb2b 2M D2mX AMBiB�H2K2Mi- +2ii2 �TT`Q+?2 /û+`Bi HǶûpQ@
HmiBQM /2 H� TQTmH�iBQM bQmb HǶ2z2i /2 HǶûHûp�iBQM /2 i2KTû`�im`2X *2T2M/�Mi- mM2 �/�Ti�iBQM �p2+ mM
2z2i QTiB[m2 T2mi û;�H2K2Mi āi`2 +QMbB/û`û2 (R8)X *2ii2 �TT`Q+?2 `2bi2 Mû�MKQBMb p�H�#H2 b2mH2K2Mi
bB +2`i�BM2b ?vTQi?ĕb2b bQMi `2bT2+iû2b- ¨ b�pQB` ,

ě mM2 `û�+iBQM QTiB[m2K2Mi �+iBpû2 c
ě mM2 `û�+iBQM /2 T`2KB2` Q`/`2- /QM+ 2tTQM2MiB2HH2 UmM b2mH T?QiQM 2bi KBb 2M D2m HQ`b /m

T`Q+2bbmbV c
ě HǶQ#i2MiBQM /ǶmM2 ûM2`;B2 /Ƕ�+iBp�iBQM QTiB[m2 /Bbi`B#mû2X

LQmb �HHQMb pQB` 2M /ûi�BHb- /�Mb H� bmBi2 /2 +2 /Q+mK2Mi- H2b /Bzû`2Mib TQBMib ûMmKû`ûb �}M /2 p�HB/2`
+2ii2 �TT`Q+?2 TQm` MQi`2 Kû+�MBbK2 /2 ;mû`BbQMX
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jXRk Ĝ 1pQHmiBQM /2 HǶ�_A ¨ N3y MK bQmb û+H�B`2K2Mi QTiB[m2 ¨ TmBbb�M+2 +QMbi�Mi2 TQm` /2mt
HQM;m2m`b /ǶQM/2 /Bzû`2Mi2b N3y MK 2i R88y MK TQm` mM2 }#`2 �HmKBMQ@bBHB+�i2 T�bbBp2X

G2 +?QBt /2 H� HQM;m2m` /ǶQM/2 /Ƕ�+iBp�iBQM /2 H� `û�+iBQM 2bi BKTQ`i�MiX 1M 2z2i- +QKTi2 i2Mm
/2 H� `2H�iBQM /2 SH�M+F T2`K2ii�Mi /2 /û}MB` HǶûM2`;B2 pû?B+mHû2 T�` mM T?QiQM Eopt4h.c

λ - HǶûM2`;B2
�TTQ`iû2 2bi BMp2`b2K2Mi T`QTQ`iBQMM2HH2 ¨ H� HQM;m2m` /ǶQM/2X SQm` MQi`2 ûim/2- MQmb �pQMb `û�HBbû
/2b i2Mi�iBp2b /2 ;mû`BbQM �mt /2mt HQM;m2m`b /ǶQM/2 /ǶBMiû`āi- N3y MK 2i R88y MKX *2 +?QBt 2bi
/Ƕ�#Q`/ i2+?MB[m2- +�` +2 bQMi H2b /2mt H�b2`b /QMi MQmb /BbTQbQMb TQm` MQi`2 ûim/2X *2+B T2`K2i /2
+QKT�`2` HǶ2z2i /2 H� ;mû`BbQM ¨ +2b /2mt HQM;m2m`b /ǶQM/2 bm` mM2 }#`2 /ûTQm`pm2 /Ƕ2`#BmKX

G� };m`2 jXRk `2T`ûb2Mi2 HǶûpQHmiBQM /2 HǶ�_A 2M 7QM+iBQM /m i2KTb TQm` /2b û+H�B`2K2Mib �mt
HQM;m2m`b /ǶQM/2b /2 N3y MK 2i R88y MKX G2b MBp2�mt /2 TmBbb�M+2b bQMi bBKBH�B`2b 2i /Ƕ2MpB`QM dy Kq
bm` /2b i`QMÏQMb /2 }#`2b B``�/Bûb /�Mb /2b +QM/BiBQMb B/2MiB[m2b- 2i /2 KāK2b HQM;m2m`bX LQmb TQmpQMb
+QMbi�i2` [m2 H� ;mû`BbQM ¨ R88yMK 2bi Mû;HB;2�#H2 /2p�Mi +2HH2 Q#i2Mm2 TQm` mM û+H�B`2K2Mi ¨ N3yMKX
*2+B bǶ2tTHB[m2 T�` H2 7�Bi [m2 H� b2+iBQM 2{+�+2 /2b TBĕ;2b 2bi #2�m+QmT THmb 7�B#H2 ¨ R88y MK [mǶ¨



N3y MK- +Ƕ2bi ¨ /B`2 ;ûMû`�H2K2Mi j ¨ 9 7QBb KQBMb BKTQ`i�Mi2 , HǶBMi2`�+iBQM 2bi /QM+ KQBMb 7Q`i2X
SQm` Q#i2MB` mM2 K2BHH2m`2 b2MbB#BHBiû ¨ H� ;mû`BbQM- BH b2`�Bi /QM+ BMiû`2bb�Mi /2 i2bi2` /2b ;mû`BbQMb
�bbQ+Bû2b ¨ /2b b2+iBQMb 2{+�+2b THmb ûH2pû2b- 2M b2 `�TT`Q+?�Mi /m TB+ /Ƕ�#bQ`TiBQM /m TBĕ;2 bQBi
U2MpB`QM eyy ¨ dyy MKVX *2ii2 ûim/2 � T2`KBb /2 K2ii`2 2M ûpB/2M+2 H2 7�Bi [mǶmM2 b2mH2 `û�+iBQM
QTiB[m2K2Mi �+iBpû2 2bi 2M;�;û2 /�Mb H2b }#`2b �+iBp2bX 1M 2z2i- /�Mb H2b }#`2b �+iBp2b- HǶû+H�B`2K2Mi
¨ N3y MK p� +`û2` û;�H2K2Mi /2 H� ~mQ`2b+2M+2 �miQm` /2 R88y MK , QM T2mi �HQ`b Mû;HB;2` H� ;mû`BbQM
TQm` +2ii2 /2`MBĕ`2 HQM;m2m` /ǶQM/2X

�}M /Ƕûim/B2` HǶBM~m2M+2 /2 H� TmBbb�M+2 QTiB[m2- MQmb +?QBbBbbQMb H� }#`2 BEF2W X 1M 2z2i- /ǶmM2
T�`i- +2HH2@+B 2bi H2 bBĕ;2 /ǶmM2 ;`�M/2 [m�MiBiû /2 TBĕ;2b- +2 [mB QTiBKBb2 H2b +QM/BiBQMb /Ƕûim/2 /2 H�
;mû`BbQMX .Ƕ�mi`2 T�`i- 2HH2 M2 +QMiB2Mi T�b /ǶBQM 2`#BmK 2i HǶQM M2 bǶ2tTQb2 /2 7�Bi T�b �mt T`Q#HĕK2b
/2 b�im`�iBQM /Ƕ�#bQ`TiBQM [mB H2m` bQMi �bbQ+Bûb G� };m`2 jXRjU�V KQMi`2 HǶûpQHmiBQM /2 HǶ�_A 2M
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jXRj Ĝ �_A bQmb û+H�B`2K2Mi QTiB[m2 ¨ N3y MK TQm` mM2 }#`2 �HmKBMQ@bBHB+�i2 T�bbBp2 BEF2W

U�V 2M 7QM+iBQM /m i2KTb-U#V 2M 7QM+iBQM /2 HǶûM2`;B2 /ûTQbû2X

7QM+iBQM /m i2KTb TQm` j TmBbb�M+2b QTiB[m2b /Ƕû+H�B`2K2Mi ¨ N3y MKX S`2KBĕ`2K2Mi- MQmb +QMbi�iQMb
[m2 HǶ2z2i /2 H� ;mû`BbQM QTiB[m2 MǶ2bi T�b BKKû/B�i- +2 [mB H�Bbb2 bmTTQb2` HǶ2tBbi2M+2 /ǶmM2 ûi�T2
BMi2`Kû/B�B`2 2Mi`2 H2 T`Q/mBi 2i H2b `û�+iB7b Qm /Ƕ2MpBb�;2` �HQ`b mM2 `û�+iBQM 2M /2mt ûi�T2b /2 H� 7Q`K2
bmBp�Mi2 , R −→ R∗ −→ F X �p2+ mM T?ûMQKĕM2 /Ƕ2t+Bi�iBQM QTiB[m2 R −→ R∗ [mB 2bi i`ĕb `�TB/2 �HQ`b
[m2 H� i`�MbBiBQM R∗ −→ F T2mi āi`2 #2�m+QmT THmb H2Mi2X .2mtBĕK2K2Mi- MQmb TQmpQMb Q#b2`p2` [m2
HǶ�_A bmBi mM2 �HHm`2 /Ƕ2tTQM2MiB2HH2 /û+`QBbb�Mi2 �p2+ /2b i2KTb +�`�+iû`BbiB[m2b /Bzû`2Mib bmBp�Mi H�
TmBbb�M+2 KBb2 2M D2m , THmb H� TmBbb�M+2 QTiB[m2 2bi BKTQ`i�Mi2 2i THmb HǶ�_A /BKBMm2 `�TB/2K2MiX
*2T2M/�Mi- MQmb `2K�`[mQMb [m2 H� TmBbb�M+2 MǶ2bi T�b H2 b2mH T�`�Kĕi`2 ¨ T`2M/`2 2M +QKTi2X 1M
2z2i- H2b `ûbmHi�ib /2 H� };m`2 jXRjU#V [mB /û+`Bi HǶûpQHmiBQM /2 HǶ�_A 2M 7QM+iBQM /2 HǶûM2`;B2 /ûTQbû2-
KQMi`2Mi [m2 H2 i2KTb /Ƕû+H�B`2K2Mi 2bi mM T�`�Kĕi`2 BKTQ`i�MiX G2b i`QBb +Qm`#2b bQMi T`2b[m2
+QM7QM/m2b- +2 [mB T2`K2i /2 +QM+Hm`2 ¨ mM2 /ûT2M/�M+2 /2 HǶûpQHmiBQM /2 HǶ�_A 2M 7QM+iBQM /2 HǶûM2`;B2
/2 ;mû`BbQMX



AMiû`2bbQMb@MQmb K�BMi2M�Mi �mt T`QT`Bûiûb +Q`Tmb+mH�B`2 /2 H� HmKBĕ`2X 1M 2z2i H2 Kû+�MBbK2
/2 ;mû`BbQM KBb 2M D2m QTiB[m2K2Mi 7�Bi BMi2`p2MB` H2 MQK#`2 /2 T?QiQMb Mû+2bb�B`2b ¨ H� `û�+iBQMX AH
bǶ�;Bi /QM+ /2 /ûi2`KBM2` H2 MQK#`2 /2 T�`iB+mH2b 2KTHQvû2b �}M /2 +`û2` mM2 2MiBiûX .m 7�Bi /2 H�
/Bbi`B#miBQM /2 HǶûM2`;B2 /Ƕ�+iBp�iBQM- BH MǶ2bi T�b +?Qb2 7�+BH2 /2 /ûi2`KBM2` H2 Kû+�MBbK2 /Ƕ�#bQ`TiBQMX
*2T2M/�Mi- 2M bmBp�Mi HǶ�TT`Q+?2 /û+`Bi2 T�` "X SQmK2HH2+- BH 2bi TQbbB#H2 /2 /ûi2`KBM2` +2 MQK#`2
/2 T?QiQMb 2M ûim/B�Mi HǶûpQHmiBQM i2KTQ`2HH2 /2 HǶ�_A �}M /ǶQ#i2MB` mM2 +2`i�BM2 +QM+2Mi`�iBQM UQm
�_AV 2M 7QM+iBQM /m HQ;�`Bi?K2 /2 H� TmBbb�M+2 BMD2+iû2 P X 1M 2z2i- +QKK2 BH 2bi /û+`Bi /�Mb (R8)- BH 2bi
TQbbB#H2 /2 /û+`B`2 HǶûpQHmiBQM /2 H� +QM+2Mi`�iBQM /2b `û�+iB7b n /2 H� 7�ÏQM bmBp�Mi2 , n = f(P β .t) Qɍ
β `2T`ûb2Mi2 H2 MQK#`2 /2 T?QiQMb BKTHB[mûbX AH 2bi �HQ`b TQbbB#H2- /Ƕ�T`ĕb H2b i`QBb +Qm`#2b /2 ;mû`BbQM
QTiB[m2b- /2 /ûi2`KBM2` mM i2KTb tm TQm` H2[m2H H� +QM+2Mi`�iBQM /2b `û�+iB7b 2bi B/2MiB[m2 +QKK2
H2 KQMi`2 H� };m`2 jXR9 U#VX 1M T`2M�Mi H2 HQ;�`Bi?K2 /2 MQi`2 7QM+iBQM QM T2mi �HQ`b /ǶQ#i2MB` mM2
`û;`2bbBQM HBMû�B`2 /m ivT2 , ln( 1

tm
) = ln(nA0σA

nA
) + β. ln(φopt)X
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jXR9 Ĝ U�V AMp2`b2 /m i2KTb tm Mû+2bb�B`2 TQm` /ǶQ#i2MB` mM2 +2`i�BM2 p�H2m` /Ƕ�_A bQmb û+H�B@
`2K2Mi HmKBM2mt 2M 7QM+iBQM /2 H� TmBbb�M+2 HmKBM2mb2 Popt 2M û+?2HH2 HQ;�`Bi?KB[m2X U#V AHHmbi`�iBQM
/ǶmM TQBMi /2 K2bm`2 /2 tm 2M 7QM+iBQM /2b i`QBb TmBbb�M+2b QTiB[m2b /Ƕû+H�B`2K2MiX

G� };XjXR9U�V KQMi`2 HǶûpQHmiBQM /2 ln( 1
tm

) 2M ln(φopt) 7QM+iBQM /2 TQm` mM2 }#`2 M2 +QMi2M�Mi [m2
/2 HǶ�HmKBMBmK- 2i M2 K2ii�Mi /QM+ 2M D2m [ǶmM2 b2mH2 `û�+iBQMX LQmb Q#b2`pQMb mM2 /`QBi2 �p2+ mM2
T2Mi2 β /ǶmM2 p�H2m` T`Q+?2 /2 RX *2+B T2`K2i /2 /ûi2`KBM2` H2 Kû+�MBbK2 /2 ;mû`BbQM KBb 2M D2m , mM2
BMi2`�+iBQM ¨ mM T?QiQMX *QKTi2 i2Mm /2 +2 `ûbmHi�i- BH 2bi TQbbB#H2 /Ƕûim/B2` H2b +BMûiB[m2b /2 ;mû`BbQM
TQm` /Bzû`2Mi2b TmBbb�M+2b QTiB[m2b 2M 7QM+iBQM /ǶmM2 ûM2`;B2 �TT2Hû2 ûM2`;B2 /2 /ûK�`+�iBQMX

GǶûM2`;B2 /2 /ûK�`+�iBQM 2bi mM2 MQiBQM Tm`2K2Mi K�i?ûK�iB[m2 [mB /û}MB2 /2 7�ÏQM #BM�B`2 H2
/û+H2M+?2K2Mi /ǶmM2 `û�+iBQMX 1HH2 T2mi āi`2 �bbBKBHû2 ¨ mM2 7QM+iBQM >2�pBbB/2 /û}MB2 �HQ`b T�` ,

H(E) =







0 siEopt < Ed

1 siEopt > Ed

UjXj8V



�p2+ Eopt HǶûM2`;B2 QTiB[m2 �TTQ`iû2 2i Ed HǶûM2`;B2 /2 /ûK�`+�iBQM +�H+mHû2 ¨ HǶ�#b+Bbb2 /m TQBMi
/ǶBM~2tBQM /2 H(E) TQm` ∂2.H

∂.E2 = 0X LQmb �pQMb �HQ`b ,

Ed = Eopt Ǧ ln(ko.t) UjXjeV

"B2M bȿ`- H� 7QM+iBQM /2 +QKKmi�iBQM 2bi mM2 �TT`Q+?2 bBKTHBbi2- +�` T?vbB[m2K2Mi �m+mM2 `û�+iBQM
MǶ�TT�`�ŗi �mbbB #`mi�H2K2Mi bmBp�Mi HǶûM2`;B2 �TTQ`iû2X Lû�MKQBMb- +2 +QM+2Ti T2`K2i /2 /û+`B`2
K�i?ûK�iB[m2K2Mi H2 /û+H2M+?2K2Mi /2 H� `û�+iBQMX *QKK2 MQmb TQmpQMb H2 +QMbi�i2` /�Mb HǶû[m�iBQM
jXje- H� 7QM+iBQM Ed 2bi /ûT2M/�Mi2 /m i2KTbX 1HH2 p� T2`K2ii`2 /2 ;mû`B` H2b 2bTĕ+2b /2 #�bb2b ûM2`;B2b
2M b2 /ûTH�Ï�Mi p2`b H2b THmb ?�mi2bX AH 2bi /QM+ BKTQ`i�Mi /2 +QMbi�i2` mM2 /ûT2M/�M+2 /2 H� ;mû`BbQM
bmBp�Mi HǶûM2`;B2 QTiB[m2 /ûTQbû2 �m +Qm`b /m i2KTbX

G� /ûi2`KBM�iBQM /2 H� /Bbi`B#miBQM /2 HǶûM2`;B2 /Ƕ�+iBp�iBQM b2 7�Bi ;ûMû`�H2K2Mi T�` /2b 2tTû@
`B2M+2b /2 `2+mBi i?2`KB[m2 BbQ+?`QM2 Qm BbQi?2`K2X AH bǶ�;Bi /ǶQ#i2MB` HǶûpQHmiBQM /2 H� TQTmH�iBQM
/2b 2bTĕ+2b +?BKB[m2b bmBp�Mi /Bzû`2Mi2b i2KTû`�im`2b bm` mM KāK2 BMi2`p�HH2 /2 i2KTb- Qm TQm`
mM2 KāK2 i2KTû`�im`2 bm` /Bzû`2Mib BMi2`p�HH2b /2 i2KTbX .�Mb MQi`2 +�b- HǶ�TTQ`i /ǶûM2`;B2 ûi�Mi
QTiB[m2- MQmb �HHQMb 7�B`2 p�`B2` H� TmBbb�M+2 QTiB[m2 TQm` mM2 KāK2 HQM;m2m` /ǶQM/2 2i TQm` mM2
KāK2 /m`û2 /2 ;mû`BbQMX :ûMû`�H2K2Mi i`QBb TmBbb�M+2b /Bzû`2Mi2b bQMi Mû+2bb�B`2bX PM i`�+2 �HQ`b
HǶûpQHmiBQM /2 +2b TQTmH�iBQMb MQ`K�HBbû2b 2M 7QM+iBQM /2 HǶûM2`;B2 /2 /ûK�`+�iBQMX AH v � /QM+ mM2
bmT2`TQbBiBQM /2b +2b i`QBb +Qm`#2b 2i H� +Qm`#2 `ûbmHi�Mi2 Q#i2Mm2 2bi �TT2Hû2 +Qm`#2 K�ŗi`2bb2X *Ƕ2bi
2M /û`Bp�Mi HǶû[m�iBQM /2 +2ii2 +Qm`#2 [mǶBH 2bi TQbbB#H2 /ǶQ#i2MB` H� /Bbi`B#miBQM /2 HǶûM2`;B2 /Ƕ�+iBp�@
iBQM , H� +Qm`#2 K�ŗi`2bb2 T2mi āi`2 2tTHB[mû2 �M�HviB[m2K2Mi T�` /Bzû`2Mi2b 7QM+iBQMb /2 /Bbi`B#miBQMX
SQm` MQi`2 ûim/2- MQmb �pQMb miBHBbû H� 7QM+iBQM bB;KQś/2 [mB T2mi āi`2 /û}MB2 /2 H� 7�ÏQM bmBp�Mi2 ,

S(Ed) =
1

(1 + exp( Ed−EaO

∆ )
UjXjdV

AH 2bi �HQ`b TQbbB#H2 /2 /ûi2`KBM2` H� 7QM+iBQM /2 /Bbi`B#miBQM 2M +�H+mH�Mi H� /û`Bpû2 /2 S(E) ,

x(Ed) =
1

∆

exp( Ed−EaO

∆ )

(1 + exp( Ed−EaO

∆ )2
UjXj3V

Qɍ EaO 2bi H� p�H2m` /2 HǶûM2`;B2 /Ƕ�+iBp�iBQM QTiB[m2 2i ∆ H� H�`;2m` /2 H� `ûT�`iBiBQMX PM i`Qmp2 �HQ`b
[m2 H� `ûT�`iBiBQM /2 H� +QM+2Mi`�iBQM /2 HǶ2bTĕ+2 p2 bmBi mM2 7Q`K2 /2 +HQ+?2 2M 7QM+iBQM /2 HǶûM2`;B2
/Ƕ�+iBp�iBQM , MQmb �TT`QtBKQMb /QM+ +2ii2 `ûT�`iBiBQM T�` mM2 ;�mbbB2MM2 +2Mi`û2 �miQm` /ǶmM2 ûM2`;B2
/Ƕ�+iBp�iBQM EaO 2i /2 H�`;2m` σEaX

G� };m`2 jXR8U�V KQMi`2 H� +Qm`#2 K�Bi`2bb2 TQm` H� }#`2 BEF2W 2i H� 7QM+iBQM bB;KQś/2 `ûbmH@
i�Mi2X G� };m`2 jXR8U#V [m�Mi ¨ 2HH2 KQMi`2 H� /û`Bpû2 /2 H� bB;KQś/2 �BMbB [m2 H� 7QM+iBQM ;�mbbB2MM2
+Q``2bTQM/�Mi2X AH b2 i`Qmp2 [m2 H2b p�H2m`b 2tTû`BK2Mi�H2b i`Qmpû2b /2 HǶûM2`;B2 /Ƕ�+iBp�iBQM b2K#H2Mi
āi`2 `2H�iBp2K2Mi ;`�M/2b 2i [m2HH2b `2T`ûb2Mi2Mi MQM T�b mM2 ûM2`;B2 /Ƕ�+iBp�iBQM K�Bb mM +Qȿi ûM2`@
;ûiB[m2 �m [m2H +�b mM 7�+i2m` /Ƕ2{+�+Biû 2bi ¨ T`2M/`2 2M +QKTi2 �}M /ǶQ#i2MB` mM2 p`�B2 p�H2m`
/2 HǶûM2`;B2 /Ƕ�+iBp�iBQMX LQmb TQmpQMb Q#b2`p2` [m2 HǶQ`/`2 /2 ;`�M/2m` /2b ûM2`;B2b Q#i2Mm2b bQMi
�bb2x +QMbû[m2Mi2b URy@9y 2oV +2 [mB 2bi `2H�iBp2K2Mi ûH2pû TQm` /2b #�``Bĕ`2b ûM2`;ûiB[m2bX AH 2bi /QM+
T`û7û`�#H2 /ǶmiBHBb2` H2 i2`K2 /2 +Qmi ûM2`;ûiB[m2 +Q``2bTQM/�Mi �m 7�Bi [mǶmM2 b2mH2 T�`iB2 /2 HǶûM2`;B2
QTiB[m2 /ûTQbû2 ¨ N3y MK 2bi miBHBbû2X AH 2tBbi2 /QM+ mM2 MQiBQM /2 7�+i2m` /Ƕ2{+�+Biû T�` `�TTQ`i ¨
H� HQM;m2m` /ǶQM/2 /ǶmiBHBb�iBQMX G2b `ûbmHi�ib Q#i2Mmb KQMi`2Mi /QM+ HǶBK�;2 /2 H� ;mû`BbQM QTiB[m2
2i T�` +2 7�Bi /2 HǶ2tBbi2M+2 /ǶmM2 ûM2`;B2 /Ƕ�+iBp�iBQM
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jXR8 Ĝ U�V _2T`ûb2Mi�iBQM /2 H� +Qm`#2 K�ŗi`2bb2 2z2+imû2 TQm` mM2 ;mû`BbQM �p2+ [m�i`2
TmBbb�M+2b /Bzû`2Mi2b TQm` H� }#`2 BEF2W XU#V _2T`ûb2Mi�iBQM /2 H� 7QM+iBQM /2 /Bbi`B#miBQM /û`Bpû2
/2 H� +Qm`#2 K�ŗi`2bb2 2i /2 HǶ�TT`QtBK�iBQM T�` mM2 7QM+iBQM ;�mbbB2MM2X
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jXRe Ĝ U�V .Bbi`B#miBQM /2 H� TQTmH�iBQM /m TBĕ;2 p2 2M 7QM+iBQM /2 HǶûM2`;B2 +mKmHû2 TQm`
[m�i`2 }#`2b ¨ +QKTQbBiBQMb /Bzû`2Mi2bXU#V .2b+`BTiBQM /2b [m�i`2 }#`2b ûim/Bû2bX G� H�`;2m` /2 H�
/Bbi`B#miBQM T�`�Bi �m;K2Mi2` �p2+ H� +QM+2Mi`�iBQM /Ƕ�HmKBMBmKX

J�BMi2M�Mi [m2 MQmb +QMM�BbbQMb H� /Bbi`B#miBQM /m TBĕ;2 2M 7QM+iBQM /2 HǶûM2`;B2 /Ƕ�+iBp�iBQM-
BH 2bi BMiû`2bb�Mi /2 +QKT`2M/`2 +QKK2Mi ûpQHm2 +2ii2 /Bbi`B#miBQM �p2+ H� +QM+2Mi`�iBQM /m /QT�Mi
`2bTQMb�#H2 /2 +2 ivT2 /2 TBĕ;2X SQm` +2ii2 `�BbQM- MQmb �pQMb `ûTûiû H2 T`QiQ+QH2 2tTû`BK2Mi�H /ûi�BHHû
T`û+û/2KK2Mi �}M /2 /ûi2`KBM2` H� /Bbi`B#miBQM TQm` [m�i`2 }#`2b �p2+ /2b +QM+2Mi`�iBQMb /Ƕ�HmKB@
MBmK /Bzû`2Mi2bX G2b }#`2b ûim/Bû2b QMi ûiû +?QBbB2b �p2+ /2b +QM+2Mi`�iBQMb /Ƕ2`#BmK +QKT`Bb2b /�Mb
H2 KāK2 Q`/`2 /2 ;`�M/2m` �}M /Ƕ�pQB` mM2 �#bQ`TiBQM bBKBH�B`2 TQm` +?�[m2 û+?�MiBHHQMX .2 THmb-
+?�[m2 }#`2 � ûiû B``�/Bû2 /�Mb H2b KāK2b +QM/BiBQMb- ¨ b�pQB` mM /ûTƬi /2 /Qb2 2i mM /û#Bi B/2MiB[m2X
G� };m`2 jXReU�V `2T`ûb2Mi2 H2b /Bzû`2Mi2b /Bbi`B#miBQMb Q#i2Mm2bX LQmb TQmpQMb Q#b2`p2` [m2 H� H�`@
;2m` /2 H� /Bbi`B#miBQM �BMbB [m2 HǶ2bTû`�M+2 p�`B2Mi 2M 7QM+iBQM /2b }#`2b 2i /QM+ /2 H� +QM+2Mi`�iBQM
/Ƕ�HmKBMBmKX LQmb �pQMb `2TQ`iû bm` H2 i�#H2�m jXReU#V H2b +QM+2Mi`�iBQMb /2 +?�[m2 /QT�Mi +QMbiB@
im�Mi H2b }#`2bX *QKK2 MQmb TQmpQMb H2 +QMbi�i2`- THmb H� +QM+2Mi`�iBQM 2M �HmKBMBmK �m;K2Mi2 THmb
H� /Bbi`B#miBQM bǶûH�`;Bi 2i i2M/ ¨ b2 /û+�H2` p2`b H2b THmb ?�mi2b ûM2`;B2bX 1M 2z2i- HǶ�m;K2Mi�iBQM /2



H� [m�MiBiû /Ƕ�HmKBMBmK p� 2M;2M/`2` THmb /2 /û7�mibX
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jXRd Ĝ _2T`ûb2Mi�iBQM /2b T�`�Kĕi`2b /2b ;�mbbB2MM2b Q#i2Mm2b 2tTû`BK2Mi�H2K2Mi 2M 7QM+iBQM
/m i�mt /Ƕ�HmKBMBmK U�V o�H2m` /2 HǶû+�`i ivT2X U#V o�H2m` /2 HǶ2bTû`�M+2 K�i?ûK�iB[m2X

AH 2bi �HQ`b BMiû`2bb�Mi /Ƕ�M�Hvb2` HǶûpQHmiBQM /2 HǶ2bTû`�M+2 K�i?ûK�iB[m2 /2 H� ;�mbbB2MM2 �BMbB
[m2 bQM û+�`i ivT2 2M 7QM+iBQMb /2 H� +QM+2Mi`�iBQM /Ƕ�HmKBMBmKX LQmb TQmpQMb pQB` bm` H� };m`2
jXRdU�V [m2 HǶûpQHmiBQM /2 H� H�`;2m` /2 H� ;�mbbB2MM2 2bi HBMû�B`2 2M 7QM+iBQM /2 H� +QM+2Mi`�iBQM
U�m KQBMb TQm` mM2 +QM+2Mi`�iBQM /2 R ¨ e Wri /Ƕ�HVX *QM+2`M�Mi H� };m`2 jXRdU#V- [mB `2T`ûb2Mi2
HǶûpQHmiBQM /2 H� TQbBiBQM /m K�tBKmK /2 H� ;�mbbB2MM2 2M 7QM+iBQM /2 H� i2M2m` 2M �HmKBMBmK- MQmb
TQmpQMb Q#b2`p2` /2mt `û;BK2b ,

ě mM `û;BK2 HBMû�B`2 2Mi`2 y 2ij-8 Wri /Ƕ�HmKBMBmK c
ě mM `û;BK2 bmTTQbû /2 b�im`�iBQM �m /2H¨ /2 j-8 Wri /Ƕ�HmKBMBmKX

AH b2`�Bi T2`iBM2Mi /2 bmBp`2 H2 KāK2 T`QiQ+QH2 bm` /2b }#`2b �p2+ /2b +QM+2Mi`�iBQMb /Bzû`2Mi2b �}M
/ǶQ#i2MB` mM2 ûpQHmiBQM THmb T`û+Bb2X *2T2M/�Mi- +2+B MǶ� T�b āi`2 2z2+imû 7�mi2 /2 i2KTb 2i /2 }#`2b
B``�/Bû2b /BbTQMB#H2b- MQmb MǶ�pQMb T�b Tm K2M2` +2ii2 ûim/2- K�Bb 2HH2 +QMbiBim2 mM2 T2`bT2+iBp2
BMiû`2bb�Mi2 /2 +2b i`�p�mtX

J�BMi2M�Mi [m2 MQmb �pQMb T`ûb2Miû H2b /Bzû`2Mib T�`�Kĕi`2b T2`K2ii�Mi /ǶBMi`Q/mB`2 H� ;mû`BbQM
bm` /2b }#`2b- MQmb T`QTQbQMb /2 +QM7`QMi2` /2b `ûbmHi�ib /2 bBKmH�iBQM 2i /2b /QMMû2b 2tTû`BK2Mi�H2b
�}M /2 p�HB/2` HǶ2Mb2K#H2 /m KQ/ĕH2 /2 /û;`�/�iBQMX .�Mb +2ii2 b2+iBQM- MQmb 2tTQb2`QMb 2t+HmbBp2K2Mi
/2b `ûbmHi�ib �bbBKBH�#H2b ¨ /2b KQ`+2�mt /2 p2``2bX GǶ�bT2+i /Ƕ�#bQ`TiBQM HBMûB[m2 MǶ2bi /QM+ T�b
T`Bb 2M +QKTi2 2i b2`� �#Q`/û /�Mb H2 +?�TBi`2 bmBp�MiX SQm` H2b /QMMû2b 2tTû`BK2Mi�H2b- �}M /2
bǶ�z`�M+?B` /2 +2 T?ûMQKĕM2- MQmb �pQMb i`�p�BHHû �p2+ /2b û+?�MiBHHQMb `2H�iBp2K2Mi +Qm`ib �}M /Ƕ�pQB`
mM2 �#bQ`TiBQM iQi�H2 bm` H2 i`QMÏQM BM7û`B2m`2 ¨ k /"X LQmb T`ûb2Mi2`QMb /Ƕ�#Q`/ /2b `ûbmHi�ib TQm`
/2b }#`2b T`û�H�#H2K2Mi B``�/Bû2b Qɍ b2mH mM i`�Bi2K2Mi /2 ;mû`BbQM TQbi B``�/B�iBQM b2`� �TTQ`iûX SmBb
MQmb p2``QMb 2MbmBi2 HǶ�bT2+i /2 +QKTûiBiBQM 2Mi`2 H� /û;`�/�iBQM 2i H� ;mû`BbQMX
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jXR3 Ĝ 1t2KTH2 /ǶûpQHmiBQM /2 HǶ�_A TQbi B``�/B�iBQM TQm` /Bzû`2Mi2b TmBbb�M+2b BMD2+iû2b-
TQm` H� }#`2 BEF2W , �_A bBKmHû2 Ui`�Bib TQBMiBHHûbV 2i K2bm`û2 Ui`�Bi TH2BMV X

G� };m`2 jXR3 `2T`ûb2Mi2 HǶûpQHmiBQM /2 HǶ�_A ¨ N3y MK 2M 7QM+iBQM /m i2KTb TQm` i`QBb TmBbb�M+2b
QTiB[m2b /Bzû`2Mi2b K2bm`û2 2i bBKmHû2X LQmb /QMMQMb TQm` mM2 KāK2 TmBbb�M+2 QTiB[m2 mM2 �HHm`2
bBKBH�B`2 TQm` H2b /2mt �TT`Q+?2bX *2H� T2`K2i /2 p�HB/2` H2 KQ/ĕH2 /2 ;mû`BbQM QTiB[m2 ¨ N3y MK
2i TQm` mM2 TH�;2 /2 TmBbb�M+2 +QKT`Bb2 2Mi`2 H2 Kq 2i H2 qX 1M 2z2i- bB H� TmBbb�M+2 2bi THmb
T2iBi2- BH MǶ2bi T�b ;�`�MiB [m2 H2 Kû+�MBbK2 /2 ;mû`BbQM i?2`KB[m2 �TTQ`iû bQBi KQBMb BKTQ`i�Mi
[m2 H� ;mû`BbQM QTiB[m2X *QM+2`M�Mi H2b TmBbb�M+2b THmb ;`�M/2b [m2 H2 q- BH 2bi û;�H2K2Mi TQbbB#H2
[m2 HǶûM2`;B2 QTiB[m2 �#bQ`#û2 2M;2M/`2 mM2 `2H�t�iBQM T�` T?QMQM 2i b2 i`�/mBb2 T�` mM2 ûHûp�iBQM /2
i2KTû`�im`2 /�Mb H2 +ƾm` /2 H� }#`2 /2 7�ÏQM bB;MB}+�iBp2X 1M 2z2i- /2 T�` H2b TmBbb�M+2b miBHBbû2b- MQmb
�pQMb Tm +�H+mH2` [mǶmM2 TmBbb�M+2 /2 kyy Kq �m;K2Mi2 H� i2KTû`�im`2 U/2 7�ÏQM T`QTQ`iBQMM2HH2V
/2 R8 ◦* iQmi �m THmb T�` `�TTQ`i ¨ H� i2KTû`�im`2 �K#B�Mi2 U+7 �MM2t2 T�;2 R8RVX AH b2`�Bi /QM+
QTTQ`imM /2 7�B`2 BMi2`p2MB` +2ii2 +QMi`B#miBQM i?2`KB[m2 bB H2b TmBbb�M+2b bQMi THmb ûH2pû2bX

G� };m`2 jXRN `2T`ûb2Mi2 HǶûpQHmiBQM /2 HǶ�_A TQm` mM2 }#`2 T`ûb2Mi�Mi /2b +QM+2Mi`�iBQMb /Ƕ�Hm@
KBMBmK 2i /Ƕ2`#BmK /Bzû`2Mi2bX *2H� T2`K2i /2 +QMbi�i2` [m2- +QKTi2 i2Mm /ǶmM i�mt /Ƕ�HmKBMBmK
/2mt 7QBb THmb 7�B#H2 H� /Bbi`B#miBQM /2 H� /2MbBiû /Ƕûi�ib /m TBĕ;2 p2 2bi KQBMb H�`;2X .2 THmb- +QKK2
H� T`ûb2M+2 /Ƕ2`#BmK BMi`Q/mBi H� +QM7Q`K�iBQM /Bp�H2Mi2 /2 +2ii2 2bTĕ+2- MQmb Q#i2MQMb mM2 �_A
KBMBK�H2 MQM ;mû`Bbb�#H2 �bbBKBH�#H2 ¨ H� T`ûb2M+2 /2 +2i BQMX

*2 +?�TBi`2 � ûiû +QMb�+`û ¨ H� KBb2 2M TH�+2 /ǶmM KQ/ĕH2 T2`K2ii�Mi /2 bBKmH2` H� /û;`�/�iBQM
/m p2``2 bQmb B``�/B�iBQM 2M T`2M�Mi 2M +QKTi2 H� +QKTQbBiBQM /m +ƾm` /2 H� }#`2X AH � ûiû ûH�#Q`û
2M bǶ�TTmv�Mi- /ǶmM2 T�`i- bm` mM2 �M�Hvb2 bT2+i`Qb+QTB[m2 2i mM2 ûim/2 #B#HBQ;`�T?B[m2 /2b /û7�mib-
2i /Ƕ�mi`2 T�`i /Ƕ�T`ĕb /2b KQ/ĕH2b 2tBbi�Mib K�Bb BM+QKTH2ib TQm` MQi`2 ûim/2X 1M 2z2i- +2 KQ/ĕH2
`2T`2M/ H� +BMûiB[m2 /2 /û;`�/�iBQM 2M 7QM+iBQM /m /û#Bi 2M �DQmi�Mi HǶ2z2i /2 `û/m+iBQM /2 HǶBQM
2`#BmK 1`2++`ûû bQmb B``�/B�iBQMX *QKK2 MQmb �pQMb Tm H2 +QMbi�i2`- BH 2tBbi2 mM #QM �++Q`/ 2Mi`2
H2b `ûbmHi�ib 2tTû`BK2Mi�mt 2i /2b bBKmH�iBQMb +QM+2`M�Mi HǶûp�Hm�iBQM /2 HǶ�_AX *2+B 2bi BKTQ`i�Mi-
+�` MQi`2 KQ/ĕH2 T2`K2i /2 T`û/B`2 H� b2MbB#BHBiû /2 H� }#`2 2M DQm�Mi bm` b� +QKTQbBiBQMX AH 2bi
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jXRN Ĝ 1t2KTH2 /ǶûpQHmiBQM /2 HǶ�_A TQbi B``�/B�iBQM TQm` /Bzû`2Mi2b TmBbb�M+2b BMD2+iû2b-
TQm` H� }#`2 BEF1 , bBKmHû2 Ui`�Bib TQBMiBHHûbV 2i K2bm`û2 Ui`�Bi TH2BMVX

/QM+ /ǶmM2 BM/B+�iBQM T`QK2ii2mb2 TQm` Q#i2MB` /2b �KTHB}+�i2m`b /m`+BbX .2 THmb- mM2 ûim/2 bm` H�
;mû`BbQM QTiB[m2 � T2`KBb /2 +QKTHûi2` H2 KQ/ĕH2 �}M /Ƕûim/B2` H� +BMûiB[m2 /2 `2H�t�iBQMX LQmb �pQMb
Tm +QMbi�i2` [mǶBH ûi�Bi TQbbB#H2 /2 T`û/B`2 HǶ2z2i /2 H� ;mû`BbQM �m +Qm`b /m i2KTb TQm` mM2 HQM;m2m`
/ǶQM/2 /2 ;mû`BbQM UN3y MKVX

J�BMi2M�Mi [m2 MQmb �pQMb mM KQ/ĕH2 /2 /û;`�/�iBQM@;mû`BbQM +QKTH2i /m p2``2 [mB +QMbiBim2
H2b }#`2- BH `2bi2 ¨ HǶBMiû;`2` /�Mb mM KQ/ĕH2 THmb p�bi2 /Ƕ�KTHB}+�i2m` bBKTH2X 1M 2z2i- MQmb p2``QMb
/�Mb H2 T`Q+?�BM +?�TBi`2 HǶBM+Q`TQ`�iBQM /2 +2 i`�p�BH /�Mb H2 +�b /ǶmM �KTHB}+�i2m` i`QBb MBp2�mt- 2M
T`2M�Mi 2M +QKTi2 HǶ�bT2+i /2 T`QT�;�iBQM /2 H� HmKBĕ`2 [mB b2`� BKTQ`i�Mi TQm` H� ;mû`BbQMX



(R) a2#�biB2M :B`�`/- u Pm2`/�M2- * J�`+�M/2HH�- � "QmF2Mi2`- a Zm2M�`/- �M/ L �mi?B2`X 62�bB@
#BHBiv Q7 `�/B�iBQM /QbBK2i`v rBi? T?QbT?Q`mb@/QT2/ QTiB+�H }#2`b BM i?2 mHi`�pBQH2i �M/ pBbB#H2
/QK�BMX CQm`M�H Q7 LQM@*`vbi�HHBM2 aQHB/b- j8dU3@NV ,R3dRĜR3d9- kyRRX

(k) u�bKBM2 J2#`QmF- 6`�M+F J�/v- JQm`�/ "2M�#/2bb2H�K- C2�M@"2`M�`/ .m+?2x- �M/ qBH7`B2/
"H�M+X 1tT2`BK2Mi�H 2pB/2M+2 Q7 2` jY BQM `2/m+iBQM BM i?2 `�/B�iBQM@BM/m+2/ /2;`�/�iBQM Q7
2`#BmK@/QT2/ bBHB+� }#2`bX PTiB+b H2ii2`b- jNUkRV ,eR89ĜeR8d- kyR9X

(j) h�F2b?B EQv�K�- LQ#mvmFB .Q?;m+?B- uQb?BKB+?B P?FB- >B`QvmFB LBb?BF�r�- u�bmQ Emb�K�-
�M/ h�/�Q a2;m+?BX RjX8 ;2M2`�iBQM �M/ #H2�+?BM; Q7 d@`�v@BM/m+2/ HQbb Q7 2`jY@/QT2/ bBHB+�@+Q`2
QTiB+�H }#2`X AM C�1_A฀*QM7- T�;2 89k- RNN8X

(9) _ *?2M- ai2T?2M qa J+E22p2`- �M/ a� .m``�MBX aQHmiBQM Q7 i?2 FBM2iB+ 2[m�iBQMb ;Qp2`MBM;
i`�T }HHBM;X +QMb2[m2M+2b +QM+2`MBM; /Qb2 /2T2M/2M+2 �M/ /Qb2@`�i2 2z2+ibX S?vbB+�H `2pB2r "-
k9UNV ,9NjR- RN3RX

(8) 6`�M+F J�/v- C2�M@"2`M�`/ .m+?2x- u�bKBM2 J2#`QmF- �M/ JQm`�/ "2M�#/2bb2H�KX 1[mBHB#`BmK
/2;`�/�iBQM H2p2Hb BM B``�/B�i2/ �M/ TmKT2/ 2`#BmK@/QT2/ QTiB+�H }#2`bX A111 h`�Mb�+iBQMb QM
Lm+H2�` a+B2M+2- ekUeV ,kN93ĜkN88- kyR8X

(e) .�pB/ > qQ2M �M/ qBHHB�K C 1p�MbX 1tT�M/BM; i?2Y k QtB/�iBQM bi�i2 Q7 i?2 `�`2@2�`i? K2i�Hb-
m`�MBmK- �M/ i?Q`BmK BM KQH2+mH�` +QKTH2t2bX AM >�M/#QQF QM i?2 S?vbB+b �M/ *?2KBbi`v Q7
_�`2 1�`i?b- pQHmK2 8y- T�;2b jjdĜjN9X 1Hb2pB2`- kyReX

(d) u2 sB�M;- CBM+?2M; .m- JQ`i2M J aK2/bFD�2`- �M/ CQ?M * J�m`QX ai`m+im`2 �M/ T`QT2`iB2b Q7
bQ/BmK �HmKBMQbBHB+�i2 ;H�bb2b 7`QK KQH2+mH�` /vM�KB+b bBKmH�iBQMbX h?2 CQm`M�H Q7 +?2KB+�H
T?vbB+b- RjNU9V ,y998yd- kyRjX

(3) *?�`H2b G2 GQb[- .�MB2H _ L2mpBHH2- SB2``2 6HQ`B�M- :`�Mi a >2M/2`bQM- �M/ .QKBMB[m2 J�bbBQiX
h?2 `QH2 Q7 �HjY QM `?2QHQ;v �M/ bi`m+im`�H +?�M;2b BM bQ/BmK bBHB+�i2 �M/ �HmKBMQbBHB+�i2 ;H�bb2b
�M/ K2HibX :2Q+?BKB+� 2i *QbKQ+?BKB+� �+i�- Rke ,9N8Ĝ8Rd- kyR9X

(N) J G2QM- J G�M+`v- �M/ L PHHB2`X :2@�M/ �H@`2H�i2/ TQBMi /272+ib ;2M2`�i2/ #v ;�KK� B``�/B�iBQM
BM M�MQbi`m+im`2/ 2`#BmK@/QT2/ QTiB+�H }#2` T`27Q`KbX AM CQm`M�H Q7 J�i2`B�Hb a+B2M+2- T�;2b
RĜkX A111- kyReX

(Ry) � �H2bbB- aû#�biB2M :B`�`/- J *�MM�b- a �;M2HHQ- � "QmF2Mi2`- �M/ u Pm2`/�M2X 1pQHmiBQM
Q7 T?QiQ@BM/m+2/ /272+ib BM ;2@/QT2/ }#2`fT`27Q`K , AM~m2M+2 Q7 i?2 /`�rBM;X PTiB+b 2tT`2bb-
RNURkV ,RRe3yĜRReNy- kyRRX

(RR) G .QM;- C SBMFbiQM2- S ai C _mbb2HH- �M/ .�pB/ L S�vM2X lHi`�pBQH2i �#bQ`TiBQM BM KQ/B}2/
+?2KB+�H p�TQ` /2TQbBiBQM T`27Q`KbX CPa� "- RRURyV ,kRyeĜkRRR- RNN9X

(Rk) J G2QM- J G�M+`v- L PHHB2`- �M/ "> "�#mX AM~m2M+2 Q7 �Hf;2 `�iBQ QM `�/B�iBQM@BM/m+2/ �ii2Mm�@
iBQM BM M�MQbi`m+im`2/ 2`#BmK@/QT2/ }#2`b T`27Q`KbX G�b2`b �M/ 1H2+i`Q@PTiB+b- RydU9V ,y99Ny9-
kyR8X

(Rj) S�`pBx L�pB �M/ 6`û/û`B+ >2;2`X *QKTQ`i2K2Mi i?2`KQ@?v/`QKû+�MB[m2 /m #QBb , �TTHB+�iBQMb
i2+?MQHQ;B[m2b 2i /�Mb H2b bi`m+im`2bX SSl_ T`2bb2b TQHvi2+?MB[m2b- kyy8X

(R9) "2`i`�M/ SQmK2HH2+ �M/ J�ii?B2m G�M+`vX EBM2iB+b Q7 i?2`K�HHv �+iBp�i2/ T?vbB+�H T`Q+2bb2b BM
/BbQ`/2`2/ K2/B�X 6B#2`b- jUjV ,kyeĜk8k- kyR8X

(R8) avHp�BM *Qbi2bX 1ti2MbBQM /2 HǶ�TT`Q+?2 T�` H� +Qm`#2 K�Bi`2bb2 /2 H� T`û/B+iBQM /2b /m`û2b /2 pB2
/2 `ûb2�mt /ǶBM/B+2 +QKTH2t2b BMb+`Bib T�` lo /�Mb H2b }#`2bX S?. i?2bBb- S�`Bb RR- kyRjX





9XRXR *QM};m`�iBQM #QQbi2` 2i +Q@T`QT�;�iB7 X X X X X X X X X X X X X X X X X X X X X X X X X RRy
9XRXk J2bm`2b /2 :�BM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRR
9XRXj .ûi2`KBM�iBQM /2 H� HQM;m2m` QTiBK�H2 X X X X X X X X X X X X X X X X X X X X X X X X X RRk
9XRX9 J2bm`2 /2 ;�BM /vM�KB[m2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRj
9XRX8 úpQHmiBQM /2 H� TH�iBim/2 /2 ;�BM X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR8

9XkXR úpQHmiBQM /m ;�BM 2M 7QM+iBQM /2 H� /Qb2 X X X X X X X X X X X X X X X X X X X X X X X X RRe
9XkXk úpQHmiBQM /m ;�BM 2M 7QM+iBQM /2 H� HQM;m2m` X X X X X X X X X X X X X X X X X X X X X RR3
9XkXj AM~m2M+2 /m /û#Bi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRN

9XjXR .2b+`BTiBQM /ǶmM KQ/ĕH2 ¨ j MBp2�mt X X X X X X X X X X X X X X X X X X X X X X X X X X Rky
9XjXk .ûi2`KBM�iBQM /2b T�`�Kĕi`2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RkR
9XjXj *QKT�`�BbQM 2Mi`2 H2 KQ/ĕH2 2i HǶ2tTû`B2M+2 X X X X X X X X X X X X X X X X X X X X X X Rk8

9X9XR AM~m2M+2 /2 H� +QKTQbBiBQM 2i /2 H� i2+?MQHQ;B2 X X X X X X X X X X X X X X X X X X X X RkN
9X9Xk �TT`Q+?2 b2KB@2KTB`B[m2 /m /m`+Bbb2K2Mi X X X X X X X X X X X X X X X X X X X X X X X RjR
9X9Xj S2`iBM2M+2 /m 7�+i2m` /2 Kû`Bi2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rjj
9X9X9 �TTHB+�iBQM /m 7�+i2m` /2 Kû`Bi2 T�` H� bBKmH�iBQM X X X X X X X X X X X X X X X X X X Rj9

9XeXR G2b /Bzû`2Mi2b pQB2b /2 H� /QbBKûi`B2 X X X X X X X X X X X X X X X X X X X X X X X X X X Rjd
9XeXk úim/2 2tTû`BK2Mi�H2 /2 H� b2MbB#BHBiû /2b }#`2b X X X X X X X X X X X X X X X X X X X X Rj3
9XeXj *`Biĕ`2b /2 bûH2+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RjN
9XeX9 aBKmH�iBQM 2i +QM+2TiBQM /ǶmM /QbBKĕi`2 X X X X X X X X X X X X X X X X X X X X X X X X R9y

*2 [m�i`BĕK2 +?�TBi`2 2bi +QMb�+`û �mt `ûbmHi�ib Q#i2Mmb TQm` /2b +QM};m`�iBQMb /ǶmiBHBb�iBQM
/2b }#`2b bQmb B``�/B�iBQM- [m2 b2 bQBi TQm` HǶûim/2 /2b �KTHB}+�i2m`b Qm /2b /QbBKĕi`2bX LQmb
T`ûb2Mi2`QMb H2b +`Biĕ`2b bm` H2b[m2Hb BH 7�mi b2 #�b2` TQm` ûH�#Q`2` mM �KTHB}+�i2m` /m`+BX LQmb
p2``QMb û;�H2K2Mi [m2Hb bQMi H2b T�`�Kĕi`2b ¨ T`2M/`2 2M +QKTi2 2M pm2 /Ƕûim/B2` +2b }#`2b TQm`
Q#i2MB` mM /QbBKĕi`2X

LQmb /û+`B`QMb /�Mb mM T`2KB2` i2KTb H2b /Bzû`2Mib T�`�Kĕi`2b 2tTû`BK2Mi�mt Q#b2`pûb 2i ûim@
/Bûb bm` H2b �P6. U�KTHB}+�i2m` PTiB[m2 ¨ 6B#`2 .QTû2V �p�Mi- T2M/�Mi 2i �T`ĕb B``�/B�iBQMX LQmb
KQMi`2`QMb [m2Hb bQMi H2b +`Biĕ`2b ¨ T`2M/`2 2M +QKTi2 2M pm2 /2 bûH2+iBQMM2` /2b }#`2b TQm` Q#i2MB`
/2b �KTHB}+�i2m`b /m`+BbX
1MbmBi2- MQmb ûim/B2`QMb H2 +QKTQ`i2K2Mi /ǶmM �KTHB}+�i2m` ¨ HǶ�B/2 /ǶmM KQ/ĕH2 bBKTH2 ¨ i`QBb



MBp2�mt /û+`Bp�Mi H2b T2`7Q`K�M+2b /ǶmM �KTHB}+�i2m` 2M BMD2+i�Mi H2 KQ/ĕH2 /2 /û;`�/�iBQM 2i /2
;mû`BbQM 2tTQbû �m +?�TBi`2 jX LQmb p2``QMb H� T2`iBM2M+2 /2 +2 KQ/ĕH2 2i MQmb H2 +QM7`QMi2`QMb �mt
`ûbmHi�ib 2tTû`BK2Mi�mtX SmBb- ¨ i`�p2`b +2ii2 ûim/2 #�bû2 ¨ H� 7QBb bm` H2b 2tTû`B2M+2b 2i H� KQ/ûHBb�@
iBQM- MQmb p2``QMb [m2Hb bQMi H2b 7�+i2m`b BKTQ`i�Mib TQm` bûH2+iBQMM2` /2b �KTHB}+�i2m`b /m`+BbX
1M}M- H2 /2`MB2` pQH2i /2 +2 +?�TBi`2 TQ`i2`� bm` H2b +`Biĕ`2b /2 bûH2+iBQM 2M pm2 /2 7�B`2 mM /QbBKĕi`2
¨ }#`2X *2ii2 ûim/2 b2`� ûi�vû2 ¨ H� 7QBb T�` H2b K2bm`2b 2i H� KQ/ûHBb�iBQM /2 HǶ�_A K�Bb û;�H2K2Mi
T�` HǶ�M�Hvb2 /2 H� b2MbB#BHBiû /2 H� }#`2 ¨ H� ;mû`BbQM i?2`KB[m2 Qm QTiB[m2X

.�Mb +2 K�Mmb+`Bi- MQmb ûim/BQMb 2bb2MiB2HH2K2Mi H2b �KTHB}+�i2m`b 2M +QM};m`�iBQM #QQbi2`- Qm
Ǵ�KTHB}+�i2m` /2 TmBbb�M+2ǴX .�Mb H2 +�b /2 HǶ2`#BmK 2i /�Mb H2 +�b /2 MQb }#`2b- H2b MBp2�mt /2 TmBb@
b�M+2 pBbû2b M2 bQMi T�b bB ;`�M/b U[m2H[m2b +2Mi�BM2b /2 Kq �m K�tBKmKVX *2ii2 HBKBi2 2bi HBû2 ¨
H� +QKTH2tBiû /2 HǶBQM 2`#BmKX .�Mb /2b bBim�iBQMb +QKT�`�#H2b U2M i2`K2b /2 T2`7Q`K�M+2b /Ƕ�KTHB@
}+�iBQMV- mM �KTHB}+�i2m` #�bû bm` HǶvii2`#BmK T�` 2t2KTH2 �#QmiB`�Bi b�Mb T`Q#HĕK2 ¨ /2b Fq /2
TmBbb�M+2 2M +QMiBMmX
*2ii2 +QM};m`�iBQM +QM+2`M2 mM KQ/2 /2 7QM+iBQMM2K2Mi T�`iB+mHB2`- /�Mb H2[m2H QM BMD2+i2 mM bB;M�H
/Ƕ2Mi`û2 ¨ 7Q`i2 TmBbb�M+2 U0 /"KV TQm` mM2 TmBbb�M+2 /2 TQKT2 ivTB[m2 /2 23 /"KX .�Mb +2ii2
+QM};m`�iBQM- H� TmBbb�M+2 bB;M�H BKT�+i2 7Q`i2K2Mi HǶBMp2`bBQM /2 TQTmH�iBQM- +QMi`�B`2K2Mi ¨ /2b
+QM};m`�iBQMb ǴT`û@�KTHB}+�i2m`Ǵ- TQm` H2b[m2HH2b H2 bB;M�H /Ƕ2Mi`û2 TQm``� āi`2 THmbB2m`b /Bx�BM2b
/2 /" THmb 7�B#H2- ¨ TmBbb�M+2 /2 TQKT�;2 û[mBp�H2Mi2X G� +QM};m`�iBQM [m2 MQmb /û+`BpQMb B+B +Q`@
`2bTQM/ ¨ +2HH2 /û}MB2 T�` h?�H2b �H2MB� aT�+2 Uh�aV TQm` H2b bvbiĕK2b bT�iB�mt- 2i `2bi2 T`Q+?2
/2b �KTHB}+�i2m`b i2``2bi`2b Qm bQmb@K�`BMb +Qm`�Mib /�Mb H2b bvbiĕK2b q.JX G2b 2tB;2M+2b /2 HǶBM@
/mbi`B2H T`û+QMBb2Mi û;�H2K2Mi mM2 `û/m+iBQM /2 ;�BM BM7û`B2m`2 ¨ 2 /" TQm` mM2 TmBbb�M+2 /2 bQ`iB2
/2 17 /"K KBMBKmK �T`ĕb mM /ûTƬi /2 /Qb2 /2 jyy :vX .2 THmb- MQmb +QMbB/û`QMb û;�H2K2Mi mM2
+QM};m`�iBQM +Q@T`QT�;�iBp2- +�` BH bǶ�;Bi /2 H� +QM};m`�iBQM H� THmb mbm2HH2 TQm` H2b BM/mbi`B2Hb /2b
iûHû+QKKmMB+�iBQMbX 1M 2z2i- 2HH2 Qz`2 mM `�TTQ`i bB;M�H bm` #`mBi THmb �p�Mi�;2mtX .ǶmM TQBMi /2
pm2 i2+?MB[m2- +2ii2 +QM};m`�iBQM 2bi û;�H2K2Mi T`BpBHû;Bû2 TQm` MQi`2 ûim/2 +�` 2HH2 2bi THmb 7�+BH2 ¨
K2ii`2 2M ƾmp`2 TQm` H2b K2bm`2b 2M HB;M2 /2 HǶ�KTHB}+�i2m`X LQmb �pQMb `2TQ`iû /�Mb H2 i�#H2�m 9XR
H2b /Bzû`2Mib T�`�Kĕi`2b i2+?MB[m2b miBHBbûb 2i T`û+QMBbûb T�` H2 +�?B2` /2b +?�`;2bX

�TTHB+�iBQMb "QQbi2`
*QM};m`�iBQM /Ƕû+H�B`2K2Mi +Q@T`QT�;�iB7

SmBbb�M+2 BMD2+iû2 ¨ N3y U/"KV kj
SmBbb�M+2 BMD2+iû2 ¨ R88yMK U/"KV y
SmBbb�M+2 2M bQ`iB2 ¨ R88y U/"KV =Rd

_û/m+iBQM /2 :�BM U/"V Ik
G�`;2m` /2 #�M/2 U/"V =ky

.Qb2 /ûTQbû2 U:vV jyy

9XR Ĝ *�?B2` /2b +?�`;2b h�aX



G2 ;�BM QTiB[m2 /ǶmM �KTHB}+�i2m` +Q``2bTQM/ �m `�TTQ`i /2b TmBbb�M+2b /m bB;M�H /2 bQ`iB2 UPSV
2i /Ƕ2Mi`û2 UPEVX PM HǶ2tT`BK2 2M dB ,

G(dB) = 10 log10

PS

PE
U9XRV

GǶûp�Hm�iBQM 2tTû`BK2Mi�H2 /m ;�BM T2mi āi`2 2Mi�+?û2 /ǶmM2 2``2m` HBû2 ¨ HǶ2biBK�iBQM [m2 HǶQM T2mi
7�B`2 /2b T2`i2b /2b +QKTQb�Mib 2i bQm/m`2b �KQMi 2i �p�H 2i /QM+ bm` H2b `2H2pûb /2b K2bm`2b /2
TmBbb�M+2b Pin 2i Pout- +QKK2 H2 KQMi`2 H� };m`2 9XRX GǶQ`/`2 /2 ;`�M/2m` /2 +2ii2 BM+2`iBim/2 /�Mb
MQi`2 +�b b2 bBim2 2Mi`2 0, 2 /" 2i 0, 5 /"X .Ƕ�mi`2b T`û+�miBQMb bQMi û;�H2K2Mi ¨ T`2M/`2 2M +QKTi2 HQ`b
/2 H� K2bm`2 2M 7QM+iBQM /2 H� +QM};m`�iBQM 2tTHQBiû2X 1M 2z2i- +QKK2 H2 KQMi`2 H� };m`2 9XkU#V ¨ iBi`2
/2 +QKT�`�BbQM- /�Mb H� +QM};m`�iBQM T2iBi bB;M�H S`û@�KTHB}+�i2m`- H2 bB;M�H �KTHB}û 2bi BM7û`B2m` ¨
H� TmBbb�M+2 BMiû;`û2 /2 HǶûKBbbBQM bTQMi�Mû2 �KTHB}û2 U1a�VX �HQ`b [m2 TQm` mM2 +QM};m`�iBQM 7Q`i
bB;M�H "QQbi2`- HǶ1a� 2bi Mû;HB;2�#H2 /2p�Mi H2 bB;M�H �KTHB}û- 2HH2 `2T`ûb2Mi2 B+B b2mH2K2Mi y-k% /2
H� TmBbb�M+2 K2bm`û2X *2ii2 /Bzû`2M+2 /2 +QKTQ`i2K2Mi 2bi MQ`K�H2 , /�Mb H2 +�b /ǶmM2 +QM};m`�iBQM
#QQbi2`- +QKK2 H2 bB;M�H /Ƕ2Mi`û2 2bi 7Q`i- BH +QMbQKK2 HǶBMp2`bBQM /2 TQTmH�iBQM /2 7�ÏQM #B2M THmb
BKTQ`i�Mi2 iQmi �m HQM; /2 H� }#`2- /2 T�` HǶ2z2i /2 HǶûKBbbBQM biBKmHû2 +2 [mB H�Bbb2 KQBMb /2 TH�+2 �m
T?ûMQKĕM2 /Ƕ1a�X .2b `ûbmHi�ib ivTB[m2b TQm` H2b /2mt +QM};m`�iBQMb bQMi `2TQ`iûb /�Mb H2 i�#H2�m
9XkX

out

laser 980 nm

23 dBm

Coupleur

  99/1

Multiplexeur 980 nm

1550 nm

Monitoring Pompe

Pe Ps

Coupleur

  99/1 Monitoring Signal

Fibre Erbium
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9XR Ĝ �`+?Bi2+im`2 ivTB[m2 /ǶmM �P6.
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9Xk Ĝ aT2+i`2b /2 bQ`iB2 TQm` H2b �TTHB+�iBQMb , U�V #QQbi2` U#V S`û�KTHB}+�i2m`



�TTHB+�iBQMb "QQbi2` S`û@�KTHB
SmBbb�M+2 ¨ R88y MK 2M 2Mi`û2 U/"KV y −45

SmBbb�M+2 2Mi`2 R8yy 2i Reyy MK 2M bQ`iB2 U/"KV R3-N N-N
:�BM U/"V R3-N j9-3

_�TTQ`i 1a�faB;M�HUWV y-k 3y

9Xk Ĝ J2bm`2b /2 :�BM TQm` H2b /2mt �TTHB+�iBQMb +QMbB/û`û2bX

G� /ûi2`KBM�iBQM /2 H� HQM;m2m` QTiBK�H2 /ǶmM �KTHB}+�i2m` T2`K2i /2 +QMM�ŗi`2 H� HQM;m2m` /2
}#`2 �bbQ+Bû2 ¨ mM ;�BM K�tBK�HX G� Kûi?Q/2 2KTHQvû2 2bi H� Kûi?Q/2 /Bi2 /2 +mi#�+FX 1HH2 +QMbBbi2
¨ }t2` H2b TmBbb�M+2b /2 bB;M�H 2i /2 TQKT2 2M 2Mi`û2 /2 }#`2 2i /2 K2bm`2` H2 ;�BM TQm` /Bzû`2Mi2b
HQM;m2m`b /Ƕ�KTHB}+�i2m`b 2M b2+iBQMM�Mi /2b i`QMÏQMb /2 }#`2X *2ii2 Kûi?Q/2 i`ĕb miBHBbû2 T`ûb2Mi2
Mû�MKQBMb /2mt BM+QMpûMB2Mib , 2HH2 2bi 7�biB/B2mb2 2i /2bi`m+iBp2X

*2ii2 K�MBTmH�iBQM � ûiû 7�Bi2 bm` /Bzû`2Mi2b }#`2b �v�Mi /2b +QKTQbBiBQMb +?BKB[m2b /Bzû`2Mi2b-
MQi�KK2Mi 2M 2`#BmKX G2b `ûbmHi�ib /2 +2b K2bm`2b bQMi `2TQ`iûb /�Mb H� };m`2 9XjU�VX PM `2K�`[m2
�HQ`b- +QKK2 /û+`Bi /�Mb H2 +?�TBi`2 R- [m2 H� HQM;m2m` QTiBK�H2 /ûT2M/ 7Q`i2K2Mi /2 H� +QM+2Mi`�iBQM
2M 2`#BmKX 1M 2z2i- +QKK2 H2 KQMi`2 H� };m`2 9XjU#V Qɍ MQmb �pQMb `2TQ`iû H2b HQM;m2m`b QTiBK�H2b 2M
7QM+iBQM /2 αEr- HǶ�#bQ`TiBQM K�tBK�H2 p2`b R8jy MKX LQmb �pQMb pQHQMi�B`2K2Mi +?QBbB HǶ�#bQ`TiBQM
K�tBK�H2 �m HB2m /2 H� +QM+2Mi`�iBQM +�` +2ii2 ;`�M/2m` 2bi THmb 2KTHQvû2 /ǶmM TQBMi /2 pm2 bvbiĕK2X
*2T2M/�Mi- BH 2tBbi2 mM2 `2H�iBQM 2Mi`2 H2b /2mt- +QKK2 MQmb HǶ�pQMb T`ûb2Miû /�Mb H2 +?�TBi`2 T`û+û/2Mi
UpQB` HǶû[m�iBQM jXR9 ¨ H� b2+iBQM jXkXjVX LQmb Q#b2`pQMb bm` +2ii2 };m`2 mM2 7Q`i2 /ûT2M/�M+2 /2 Lopt

�p2+ αEr `û;B2 T�` mM2 HQB 2M α−1
ErX *2ii2 HQB 2bi H�`;2K2Mi +QMMm2 /�Mb H� HBiiû`�im`2 (R)- K�Bb M2 T`2M/

T�b 2M +QKTi2 /2b 2z2ib T�`�bBi2b i2Hb [m2 H2 [m2M+?BM; Qm HǶ1a� [mB pQMi û;�H2K2Mi BKT�+i2` H� p�H2m`
K�tBK�H2 /m ;�BMX PM `2K�`[m2 û;�H2K2Mi [m2 +2ii2 /ûT2M/�M+2 MǶ2bi T�b BM~m2M+û2 T�` H2 T`Q+û/û
/2 7�#`B+�iBQM UL�MQT�`iB+mH2b Qm bi�M/�`/VX 1M}M bi�iBbiB[m2K2Mi- H� p�H2m` K�tBK�H2 /m ;�BM p�`B2
2Mi`2 R3 /" 2i ky-8 /" ¨ H� HQM;m2m` QTiBK�H2 TQm` H� +QM};m`�iBQM /ûD¨ /û+`Bi2 2i bm` HǶ2Mb2K#H2 /2b
}#`2b 2MpBb�;û2b /�Mb +2 /Q+mK2Mi UpQB` H� };m`2 9XjU�VVX
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9Xj Ĝ U�V +mi"�+Fb TQm` H� +QM};m`�iBQM #QQbi2` bm` /Bzû`2Mi2b }#`2b /QTû2b 1` 2i U#V ûpQHmiBQM
/2 H� HQM;m2m` QTiBK�H2 2M 7QM+iBQM /2 HǶ�#bQ`TiBQM K�tBK�H2 αEr



.2 T�` +2b `ûbmHi�ib- MQmb �pQMb Tm /ûi2`KBM2` mM2 `2H�iBQM 2Mi`2 H� HQM;m2m` QTiBK�H2 Lopt 2i
HǶ�#bQ`TiBQM 2`#BmK αEr TQm` H� +QM};m`�iBQM /Bi2 #QQbi2` ,

Lopt =
K1

αEr
U9XkV

Qɍ K1 2bi mM2 +QMbi�Mi2 /ûT2M/�Mi2 /2 H� +QM};m`�iBQM T`û+BbûK2Mi miBHBbû2 UTmBbb�M+2b BMD2+iû2bV
2i αEr 2bi HǶ�#bQ`TiBQM K�tBK�H2 /2 H� }#`2 ¨ R8jy MKX .�Mb MQi`2 +�b K1 = 16 K−2X

GǶûim/2 /2 ;�BM /vM�KB[m2 2bi mM ûHûK2Mi BKTQ`i�Mi 2i i`ĕb ûim/Bû TQm` H2b bvbiĕK2b /2 iûHû@
+QKKmMB+�iBQMbX 1M 2z2i- 2HH2 �TTQ`i2 mM2 BM7Q`K�iBQM 2bb2MiB2HH2 bm` H� TH�iBim/2 /m ;�BM /�Mb H�
#�M/2 T�bb�Mi2X *2 +`Biĕ`2 2bi BKTQ`i�Mi TQm` H2b bvbiĕK2b q.J �}M /Ƕ�pQB` mM2 TmBbb�M+2 /2 bB;M�H
?QKQ;ĕM2 bm` iQmb H2b +�M�mtX SQm` MQi`2 ûim/2- mM2 p�`B�iBQM /2 R /" K�tBKmK 2bi �++2Tiû2X 1M
2z2i- /�Mb mM bvbiĕK2 q.J `û2H- H2 bB;M�H T�`+Qm`i /2b KBHHB2`b /2 FK- H2 MQK#`2 /Ƕ�P6. 2bi �HQ`b
i`ĕb BKTQ`i�Mi- �BMbB /2 7�B#H2b p�`B�iBQMb /m ;�BM bm` H� #�M/2 b2 `2i`Qmp2Mi /ûKmHiBTHBû2b ¨ HǶû+?2HH2
/m bvbiĕK2 +QKTH2iX

PM /ûMQK#`2 /2mt Kûi?Q/2b TQm` Q#i2MB` H2b bT2+i`2b /2 ;�BM (k) ,
ě H� T`2KBĕ`2 +QMbBbi2 ¨ miBHBb2` mM T2B;M2 q.J �p2+ mM bB;M�H /Ƕ2Mi`û2 +QKTQ`i�Mi mM2 /Bx�BM2

/2 +�M�mt `2T�`iB bm` H� iQi�HBiû /2 H� #�M/2 2i ¨ `2H2p2` H2 bB;M�H �KTHB}û 2M bQ`iB2 TQm` +?�[m2
+�M�H �p2+ mM �M�Hvb2m` /2 bT2+i`2 c

ě H� b2+QM/2 +QMbBbi2 ¨ 2z2+im2` H� K2bm`2 �p2+ /2mt H�b2`bX lM H�b2` }t2 ¨ mM2 HQM;m2m`
/ǶQM/2 p� b�im`2` H2 KBHB2m ¨ ;�BM 2i mM b2+QM/ H�b2` �++Q`/�#H2 #�H�v2 H� iQi�HBiû /2 H� #�M/2
bT2+i`�H2 ¨ ûim/B2` �p2+ mM2 TmBbb�M+2 /2 ky /" BM7û`B2m`2 ¨ +2HH2 /m H�b2` }t2 (k)X 1MbmBi2-
QM `2Hĕp2 H2 ;�BM ¨ H� HQM;m2m` /ǶQM/2 /m bB;M�H �++Q`/�#H2 ¨ HǶ�B/2 /ǶmM �M�Hvb2m` /2 bT2+i`2-
+QKK2 H2 KQMi`2 H� };m`2 9X9X lM T2B;M2 q.J ûi�Mi mM û[mBT2K2Mi QMû`2mt- +2ii2 b2+QM/2
Kûi?Q/2 Qz`2 mM2 �Hi2`M�iBp2 BMiû`2bb�Mi2X *2T2M/�Mi- 2HH2 Mû+2bbBi2 HǶmiBHBb�iBQM /ǶmM2 bQm`+2
�++Q`/�#H2 /2 #QMM2 [m�HBiû- +Ƕ2bi ¨ /B`2 �p2+ mM2 ûKBbbBQM bTQMi�Mû2 /2 H� bQm`+2 H�b2`
i`ĕb 7�B#H2- +QKK2 +Ƕ2bi H2 +�b �p2+ H2b H�b2`b �++Q`/�#H2 ¨ +�pBiû 2ti2`M2 U1*.GVX G� /B7@
7û`2M+2 2Mi`2 H2b /2mt Kûi?Q/2b `ûbB/2 bm`iQmi /�Mb H2b 2z2ib HBûb ¨ HǶûH�`;Bbb2K2Mi BM?QKQ;ĕM2X

SQm` MQi`2 T�`i- M2 /BbTQb�Mi T�b /2 T2B;M2 q.J- MQmb �pQMb KBb 2M TH�+2 H� b2+QM/2 Kûi?Q/2X
lM2 +QKT�`�BbQM �p2+ H� T`2KBĕ`2 Kûi?Q/2 � ûiû `û�HBbû2 HQ`b /2 H� i?ĕb2 T`û+û/2Mi2 (j) �}M /2 p�HB/2`
H2 #�M+ 2tTû`BK2Mi�H KBb 2M TH�+2 +QKK2 H2 KQMi`2 H� };m`2 9X8X

G2 #�M+ 2tTû`BK2Mi�H #�bû bm` H� b2+QM/2 Kûi?Q/2 ûpQ[mû2 +B@/2bbmb 2bi T`ûb2Miû bm` H� };m`2
9XeX lM H�b2` }t2 ¨ R88y MK b�im`2 H2 KBHB2m ¨ ;�BM- ivTB[m2K2Mi H2b TmBbb�M+2b BMD2+iû2b bQMi /2 HǶQ`/`2
/2 y /"K c TmBb mM H�b2` bQM/2 U�++Q`/�#H2 ¨ +�pBiû 2ti2`M2V- #�H�v2 H� #�M/2 2Mi`2 R8ky 2i R8Ny MK-
T�` T�b /2 R MK- �p2+ mM2 TmBbb�M+2 /2 HǶQ`/`2 /2 −20 /"KX

LQmb T`ûb2MiQMb B+B /2b K2bm`2b /2 ;�BM 2M +QM};m`�iBQM #QQbi2` TQm` /2mt }#`2b /2 +QKTQbBiBQMb
/Bzû`2Mi2b UHǶmM2 b�Mb �HmKBMBmK NPSi+ 2i HǶ�mi`2 �p2+ mM2 +QM+2Mi`�iBQM ûH2pû2 NP4V- `2TQ`iû2b bm`
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9Xe Ĝ "�M+ 2tTû`BK2Mi�H TQm` H� K2bm`2 /m ;�BM

H� };m`2 9XdX *2 `ûbmHi�i #B2M +QMMm KQMi`2 H2 `ƬH2 /2 HǶ�HmKBMBmK /�Mb HǶûH�`;Bbb2K2Mi bT2+i`�H /m ;�BM
2i H2b HBKBi2b /ǶmiBHBb�iBQM /2b }#`2b b�Mb �HmKBMBmKX 1M 2z2i- H2b }#`2b b�Mb �HmKBMBmK M2 T2`K2ii2Mi
T�b /ǶQ#i2MB` mM2 #�M/2 T�bb�Mi2 �bb2x H�`;2 `2[mBb2 TQm` H2b iûHû+QKKmMB+�iBQMb- ¨ b�pQB` ky MK /2
#�M/2 �p2+ mM2 p�`B�iBQM /2 ;�BM /2 R /" K�tBKmK- b2HQM H2 +�?B2` /2b +?�`;2b /2 h�aX
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9Xd Ĝ aT2+i`2b /2 ;�BM MQ`K�HBbûb 2M bQ`iB2 /Ƕ�KTHB}+�i2m` 2M +QM};m`�iBQM #QQbi2` `û�HBbûb
�p2+ H2b }#`2b NP4 2i NPSi+

*Ƕ2bi H� T`2mp2 2tTû`BK2Mi�H2 [m2 H2b }#`2b H2b THmb �TT`QT`Bû2b TQm` 7�B`2 /2b �KTHB}+�i2m`b i`ĕb
H�`;2 #�M/2 bQMi H2b }#`2b 7Q`i2K2Mi /QTû2b 2M �HmKBMBmKX P`- +QKK2 MQmb �pQMb Tm H2 pQB` /�Mb H2b
+?�TBi`2b T`û+û/2Mib- HǶ�HmKBMBmK p� BM/mB`2 /2b T2`i2b bmTTHûK2Mi�B`2b HQ`b /2b B``�/B�iBQMbX AH 2tBbi2-
/QM+- mM +QKT`QKBb 2Mi`2 H� #�M/2 T�bb�Mi2- H2 ;�BM 2i H� i2Mm2 �mt `�/B�iBQMb /2b }#`2bX

LQmb b�pQMb [m2 H2 ;�BM p�`B2 2M 7QM+iBQM /2 H� HQM;m2m` /2 H� }#`2- MQmb �HHQMb K�BMi2M�Mi
`2;�`/2` HǶûpQHmiBQM /m bT2+i`2 /2 ;�BM 2M 7QM+iBQM /2 H� HQM;m2m`X G� K2bm`2 2bi 7�Bi2 2M miBHBb�Mi ¨
H� 7QBb H2 b2i mT T`û+û/2Mi 2i +2ii2 Kûi?Q/2 /2 +mi#�+F miBHBbû2 TQm` H� /ûi2`KBM�iBQM /2 H� HQM;m2m`
QTiBK�H2X
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9X3 Ĝ aT2+i`2b /2 ;�BM 2M bQ`iB2 /Ƕ�KTHB}+�i2m` 2M +QM};m`�iBQM #QQbi2` `û�HBbûb �p2+ H� }#`2
BEF1 TQm` /Bzû`2Mi2b HQM;m2m`b (9)X SQm` MQi`2 +�b /Ƕûim/2- H� p�H2m` /2 H� HQM;m2m` QTiBK�H2 2bi
Q#i2Mm2 TQm` Lopt = 15, 6 K

G� };m`2 9X3 KQMi`2 H2b bT2+i`2b /2 ;�BM Q#i2Mmb TQm` /Bzû`2Mi2b HQM;m2m`b /2 }#`2 /QTû2 bm`
H� }#`2 BEF1X PM `2K�`[m2 [m2 HǶ2Mb2K#H2 /2 H� `ûT�`iBiBQM /m ;�BM �m;K2Mi2 Dmb[mǶ¨ mM2 +2`i�BM2



6B#`2b (�H) U%V α1480/αEr αmax U/"XK−1V Lopt UKV Pout U/"KV
NPSi+ y y-Re9 jXk k8 RN-j
NP1 y@k y-kNN kX8 k9 RN-k
NP3 9@e y-9yk 8-j R8-8 ky-9
NP4 9@e y-9j kj jXd ky-9
BEF1 y@k y-jyj 9X8 R8Xe ky
BEF2 e@3 y-9j9 jXe Re ky-3
BEF3 e@3 y-9jj dX8 Re ky-3
BEF4 e@3 y-98 RRX8 3 ky-3
BEF5 e@3 y-9jN kk 9Xe ky-e

9Xj Ĝ .2b+`BTiBQM /2b +�`�+iû`BbiB[m2b /2b �P6.b i2biû2b 2M +QM};m`�iBQM "QQbi2`
X

HQM;m2m`- B+B Ry K- TQm` 2MbmBi2 +?�M;2` /Ƕ�HHm`2 �miQm` /ǶmM TQBMi /ǶBM~2tBQM bBimû 2Mi`2 R898 MK 2i
R88y MKX 1M 2z2i- H2 ;�BM 2bi K�tBK�H p2`b R8jy MK 2i- �m 7m` 2i ¨ K2bm`2 [m2 H� HQM;m2m` �m;K2Mi2- H2
;�BM /BKBMm2 TQm` +2ii2 HQM;m2m` /ǶQM/2 2i �m;K2Mi2 /�Mb H� TH�;2 R88y@R8ey MKX AH 2bi �HQ`b TQbbB#H2
/2 /ûi2`KBM2` mM2 HQM;m2m` TQm` H�[m2HH2 H2 ;�BM 2bi H2 THmb TH�i TQbbB#H2- TQm` MQi`2 }#`2 2HH2 2bi /2
R8-e KX
S�` +QMbû[m2Mi- HǶûH�#Q`�iBQM /ǶmM �KTHB}+�i2m` /ûT2M/ /2 MQK#`2mt T�`�Kĕi`2b , /ǶmM2 T�`i /2 H�
HQM;m2m` /2 H� }#`2 [mB /ûT2M/`� /2 H� +QM};m`�iBQM /�Mb H�[m2HH2 HǶ�KTHB}+�i2m` 2bi miBHBbû TQm`
�pQB` H� p�H2m` QTiBKmK- 2i- /Ƕ�mi`2 T�`i- /2 HǶûim/2 /m bT2+i`2 /2 ;�BMX JāK2 bB +2b /2mt p�H2m`b
+Q``2bTQM/2Mi ;ûMû`�H2K2Mi- BH 2bi T`û7û`�#H2 /2 +?QBbB` mM2 HQM;m2m` b�iBb7�Bb�Mi H2b /2mt +`Biĕ`2b /m
+�?B2` /2b +?�`;2b /2 h�a , mM2 p�`B�iBQM /2 ;�BM BM7û`B2m` ¨ R /" bm` ky MK 2i mM ;�BM /Ƕ�m KQBMb
URd /"KVX G2 i�#H2�m 9Xj `ûT2`iQ`B2 H2b T2`7Q`K�M+2b /2b /Bzû`2Mi2b }#`2b ûim/Bû2b 2M +QM};m`�iBQM
"QQbi2`X

�}M /Ƕûim/B2` H2 +QKTQ`i2K2Mi /2b �KTHB}+�i2m`b bQmb B``�/B�iBQM- THmbB2m`b T�`�Kĕi`2b /QBp2Mi
āi`2 Q#b2`pûbX 1M 2z2i- H2b T`BM+BT�H2b BM7Q`K�iBQMb miBH2b TQm` H2b bvbiĕK2b /2 iûHû+QKKmMB+�iBQMb bQMi
H2b p�`B�iBQMb /m ;�BM 2M 7QM+iBQM /2 H� /Qb2 2i HǶûpQHmiBQM /m 7�+i2m` /2 #`mBiX *2 /2`MB2` T�`�Kĕi`2 MǶ�
T�b ûiû ûim/Bû /m`�Mi +2ii2 i?ĕb2- 2i MQmb MQmb bQKK2b 7Q+�HBbûb bm` HǶûim/2 /2 H� /û;`�/�iBQM /m ;�BM
TQm` H� +QM};m`�iBQM "QQbi2`X .2mt +QM};m`�iBQMb /Ƕû+H�B`2K2Mi QMi ûiû i2biû2b bQmb B``�/B�iBQMb ,
HǶmM2 �p2+ mM û+H�B`2K2Mi +QMbi�Mi 2i HǶ�mi`2 �p2+ mM û+H�B`2K2Mi TQM+im2H HQ`b /2 HǶBMi2``Q;�iBQM �}M
/2 +QMM�ŗi`2 HǶBM~m2M+2 /2 H� ;mû`BbQM QTiB[m2X

G� K2bm`2 /m ;�BM `û�HBbû2 2M HB;M2 2bi 7�Bi2 TQm` /2mt +QM};m`�iBQMb /Ƕû+H�B`2K2Mi T`ûb2Miû2b
bm` H2 b2i mT /ǶB``�/B�iBQM �m +?�TBi`2 j UpQB` H� };m`2 jX3VX lM2 T`2KBĕ`2 +QM};m`�iBQM T2`K2i mM
û+H�B`2K2Mi +QMbi�Mi �p2+ /2b TmBbb�M+2b BMD2+iû2b TQm` H� TQKT2 2i H2 bB;M�H /2 23 /"K 2i 0 /"K
`2bT2+iBp2K2MiX lM2 b2+QM/2 +QM};m`�iBQM T2`K2i /2 KBMBKBb2` HǶ2tTQbBiBQM /2 H� }#`2 ¨ H� HmKBĕ`2
H�b2`- [m2 H2b }#`2b M2 bQMi BMD2+iû2b [m2 HQ`b /2b K2bm`2b- +2 [mB `û/mBi #2�m+QmT HǶBKT�+i /2 H�
;mû`BbQMX *2ii2 +QM};m`�iBQM K2bm`2 H2b T2`i2b /2 ;�BM TQm` H2b KāK2b TmBbb�M+2b /ǶBMD2+iBQM K�Bb
û;�H2K2Mi HǶ�_A /2 H� }#`2 TQm` /2b TmBbb�M+2b BMD2+iû2b /2 HǶQ`/`2 /2 −30 /"KX LQmb T�`HQMb �HQ`b
bQBi /Ƕ�KTHB}+�i2m`b Ǵ�HHmKûbǴ Qm Ǵûi2BMibǴX
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Con"guration ARI

Con"guration Ampli"cateur

a) b)

9XN Ĝ U�V *QKT�`�BbQM /2 H� `û/m+iBQM /2 ;�BM TQm` /2mt +QM};m`�iBQMb /Bzû`2Mi2b , �KTHB}@
+�i2m` +QMbi�KK2Mi �HHmKû 2i �KTHB}+�i2m` ûi2BMi bm` H� }#`2 BEF1 TQm` mM /û#Bi /2 y-9 :vf?X U#V
*QKT�`�BbQM /2 HǶ�_A ¨ R88y MK 2M +QM};m`�iBQM �KTHB}+�i2m` ûi2BMi 2i 2M +QM};m`�iBQM �_A TQm`
H� }#`2 BEF1 ¨ y-9 :vf?

G� };m`2 9XNU�V KQMi`2 H� `û/m+iBQM /2 ;�BM TQm` H2b /2mt +QM};m`�iBQMb /Ƕû+H�B`2K2Mi 2i TQm`
mM KāK2 /û#BiX PM `2K�`[m2 [m2 H2b T2`i2b bQMi THmb BKTQ`i�Mi2b TQm` HǶ�KTHB}+�i2m` ûi2BMiX *2+B
p2mi +H�B`2K2Mi /B`2 [m2 H� ;mû`BbQM QTiB[m2 2bi MQM Mû;HB;2�#H2 2i [m2 HǶQM p� KBMBKBb2` H2b T2`i2b
/2 ;�BM ¨ HǶ�B/2 /m H�b2` /2 TQKT2X
G� +QM7`QMi�iBQM 2Mi`2 H2b K2bm`2b /Ƕ�_A 7�Bi2b bm` mM2 }#`2 2M +QM};m`�iBQM �KTHB}+�i2m` ûi2BMi
�p2+ +2HH2b `û�HBbû2b bm` mM û+?�MiBHHQM /û/Bû 2t+HmbBp2K2Mi ¨ HǶûim/2 /2 HǶ�_A +QMbiBim2 mM �mi`2
`ûbmHi�i BMiû`2bb�MiX LQmb TQmpQMb `2K�`[m2`- +QKK2 H2 KQMi`2 H� };m`2 9XNU#V- [m2 H2b i2M/�M+2b 2i
p�H2m`b �#bQHm2b /Ƕ�_A bQMi T`Q+?2b 2M 7QM+iBQM /2 H� /Qb2 TQm` H2b /2mt +QM};m`�iBQMbX 1M 2z2i- QM
`2K�`[m2 [m2 H� b2MbB#BHBiû /2 H� }#`2 2bi Hû;ĕ`2K2Mi THmb 7�B#H2 TQm` H� +QM};m`�iBQM �KTHB}+�i2m` ,
+2H� pB2Mi /m 7�Bi [m2 H� }#`2 � bm#B mM2 Hû;ĕ`2 ;mû`BbQM T2M/�Mi H2 i2KTb /2 H� K2bm`2X
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6B#`2b (�H) αEr Gopt

UWriV U/"XK−1 UKV
BEF1 y@k 9-8 R8-e
NP1 y@k k-8 k9
BEF2 e@3 j-e Re
NP3 9@e 8-j R8-8
BEF3 e@3 d-8 Re

9XRy Ĝ _û/m+iBQM /2 ;�BM TQm` /Bzû`2Mib +QKTQbBiBQMb /2 }#`2b /2b �KTHB}+�i2m`b +QMbi�K@
K2Mi �HHmKûb TQm` mM /û#Bi /2 y-9 :vf?



_2;�`/QMb K�BMi2M�Mi H� `û/m+iBQM /2 ;�BM TQm` /Bzû`2Mib �KTHB}+�i2m`b 2M +QM};m`�iBQM "QQb@
i2`X G2b `ûbmHi�ib- T`ûb2Miûb bm` H� };m`2 9XRy MQmb /QMM2Mi THmbB2m`b BM7Q`K�iBQMb ,

ě iQmi /Ƕ�#Q`/- MQmb `2K�`[mQMb [m2 H2b }#`2b +QMi2M�Mi #2�m+QmT /Ƕ�HmKBMBmK QMi /2b T2`i2b
/2 ;�BM THmb BKTQ`i�Mi2bX AH 2bi /QM+ T`BKQ`/B�H /2 K�ŗi`Bb2` HǶBMi`Q/m+iBQM /2 HǶ�HmKBMBmK
/�Mb H� }#`2 �}M [mǶ2HH2 bQBi H� KQBMb b2MbB#H2 TQbbB#H2 c

ě 2MbmBi2- H� /ûK�`+?2 /ǶQ#i2MB` mM �KTHB}+�i2m` H2 THmb +Qm`i TQbbB#H2 T`QTQbû T�` :mb�`Qp 2i
�HX T2mi û;�H2K2Mi āi`2 �p�M+û2 2M +QM7`QMi�Mi mM2 MQmp2HH2 7QBb H2b /2mt i2+?MQHQ;B2b /2 }#`2bX
1M 2z2i- H2b `ûbmHi�ib /2b }#`2b NP1 2i BEF1 KQMi`2Mi [m2 H2m` b2MbB#BHBiû 2bi bBKBH�B`2X P`
H� }#`2 �p2+ H� i2+?MQHQ;B2 +H�bbB[m2 � mM2 HQM;m2m` T`2b[m2 /2mt 7QBb THmb +Qm`i2 [m2 H� }#`2
M�MQT�`iB+mH2 c

ě 1M}M- MQmb TQmpQMb +QMbi�i2` [m2 H2 T`Q+û/û M�MQT�`iB+mH2 Qz`2 mM2 K2BHH2m`2 i2Mm2 �mt B``�@
/B�iBQMb [m2 H2b }#`2b bi�M/�`/bX 1M 2z2i- 2M +QM7`QMi�Mi H2b `ûbmHi�ib /2b }#`2b NP3 2i BEF2-
MQmb `2K�`[mQMb [m2 H2b T2`i2b /2 ;�BM bQMi KQBMb BKTQ`i�Mi2b TQm` H� }#`2 M�MQT�`iB+mH2 2i
+2mt TQm` /2b HQM;m2m`b /Ƕ�KTHB}+�i2m`b bBKBH�B`2bX *2+B T2mi bǶ2tTHB[m2` T�` H2 7�Bi [m2 TQm`
/2b T2`7Q`K�M+2b bBKBH�B`2b H2b }#`2b M�MQT�`iB+mH2b QMi /2mt 7QBb KQBMb /Ƕ�HmKBMBmK [m2 H2
T`Q+û/û +H�bbB[m2X

S`ûb2MiQMb 2M}M HǶûpQHmiBQM /m bT2+i`2 /2 ;�BM /vM�KB[m2 2M 7QM+iBQM /2 H� /Qb2X *2ii2 K2bm`2 Mû+2b@
bBi�Mi mM2 �+[mBbBiBQM /2 /QMMû2b +QKTH2t2b [mB MǶ� T�b ûiû 7�Bi2 T2M/�Mi H2b B``�/B�iBQMb , TQm` +2ii2
`�BbQM- H2b `ûbmHi�ib T`ûb2Miûb bm` H� };m`2 9XRR bQMi H2b bT2+i`2b /2 ;�BM �p�Mi B``�/B�iBQM- �T`ĕb mM
/ûTƬi /2 /Qb2 /2 jyy :v 2i �T`ĕb mM û+H�B`2K2Mi TQbi@B``�/B�iBQMX .Ƕ�T`ĕb +2ii2 };m`2- MQmb TQmpQMb
Q#b2`p2` [m2 HǶ�HHm`2 /m ;�BM MǶ2bi T�b BKT�+iû2 T�` H2b B``�/B�iBQMb- K�Bb [mǶBH v � mM2 i`�MbH�iBQM p2`b
H2b 7�B#H2b p�H2m`b /2 H� +Qm`#2 /2 ;�BM 2M 7QM+iBQM /2 H� /Qb2 2i /2 HǶû+H�B`2K2MiX
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Irradié - Amplificateur allumé

Irradié - Amplificateur éteint

Configura�on

Longueur d’onde (nm)

9XRR Ĝ aT2+i`2b /2 ;�BM 2M bQ`iB2 /Ƕ�KTHB}+�i2m` 2M +QM};m`�iBQM #QQbi2` `û�HBbû �p2+ H� }#`2
BEF1 TQm` /Bzû`2Mi2b +QM};m`�iBQMb

*QKK2 MQmb �pQMb Tm H2 +QMbi�i2`- HǶûpQHmiBQM /m ;�BM 2M 7QM+iBQM /2 H� /Qb2 TQm` H2b �KTHB}+�@
i2m`b M2 /ûT2M/ T�b b2mH2K2Mi /2 H� b2MbB#BHBiû BMi`BMbĕ[m2 /2 H� }#`2 HBû2 ¨ b� +QKTQbBiBQM Qm ¨ bQM
T`Q+û/û /2 7�#`B+�iBQM K�Bb û;�H2K2Mi /2 H� HQM;m2m` /2 HǶ�KTHB}+�i2m`X 1M 2z2i H2b �KTHB}+�i2m`b



QMi /Bzû`2Mi2b HQM;m2m`b bmBp�Mi H2m` /QT�;2- +2 [mB 2M;2M/`2 mM2 b2MbB#BHBiû �mt `�/B�iBQMb THmb Qm
KQBMb BKTQ`i�Mi2X G2b T2`i2b ;HQ#�H2b ¨ H� T`QT�;�iBQM bQMi +QMbB/û`û2b 2M T`2KBĕ`2 �TT`Q+?2 +QKK2
H2 T`Q/mBi LLopt ǦARI - BH 7�mi /QM+ ¨ H� 7QBb mM �KTHB +Qm`i 2i mM2 �_A 7�B#H2 TQm` 7�B`2 mM �KTHB@
}+�i2m` /m`+B- +2 [mB 2bi � T`BQ`B +QMi`�/B+iQB`2 TmBb[mǶmM �KTHB}+�i2m` +Qm`i Mû+2bbBi2 mbm2HH2K2Mi
#2�m+QmT /Ƕ�HmKBMBmKX LQmb �pQMb /QM+ `û�HBbû /2b +mi#�+Fb bm` /2b }#`2b T`û�H�#H2K2Mi B``�/Bû2bX G�
};m`2 9XRk T`ûb2Mi2 H� TmBbb�M+2 bB;M�H 2M 7QM+iBQM /2 H� HQM;m2m` �p�Mi 2i �T`ĕb B``�/B�iBQMb- TQm` H�
+QM};m`�iBQM �KTHB}+�i2m` �HHmKûX G2 pQH2i U�V KQMi`2 H2b `ûbmHi�ib Q#i2Mmb TQm` H� }#`2 BEF1 �T`ĕb
mM /ûTƬi /2 /Qb2 /2 jyy :v U¨ y-9 :vf?V 2i H� };m`2 H2 pQH2i U#V TQm` H� }#`2 BEF2 �T`ĕb mM /ûTƬi /2
/Qb2 /2 R F:v U¨ R-k8 :vf?VX hQmi /Ƕ�#Q`/- MQmb Q#b2`pQMb [m2 H2 K�tBKmK /2 TmBbb�M+2 MǶ2bi THmb
Q#i2Mm TQm` H� KāK2 HQM;m2m` [m2 bm` HǶ�KTHB}+�i2m` pB2`;2X PM �bbBbi2 ¨ mM2 `û/m+iBQM /2 H� HQM;m2m`
QTiBK�H2 , +2 T?ûMQKĕM2 2bi T`BM+BT�H2K2Mi /ȿ ¨ HǶ�_A [mB p� +`û2` mM2 �#bQ`TiBQM bmTTHûK2Mi�B`2
¨ H� HQM;m2m` /ǶQM/2 bB;M�H 2i mM TQKT�;2 KQBMb 2{+�+2 ¨ N3y MKX .2 THmb- +QKK2 MQmb �pQMb Tm
H2 pQB` /�Mb H2b +?�TBi`2b T`û+û/2Mib- MQmb �pQMb mM +?�M;2K2Mi /2 +QM7Q`K�iBQM /2 HǶBQM 2`#BmK- +2
[mB � TQm` +QMbû[m2M+2 /2 /ûb�+iBp2` /2b BQMb 1`3+2i /QM+ /2 `û/mB`2 H� TQTmH�iBQM /m KBHB2m ¨ ;�BM ,
+2+B BKT�+i2 /B`2+i2K2Mi H2b T2`7Q`K�M+2b /2 HǶ�KTHB}+�i2m`X Pmi`2 H2 7�Bi [m2 H2b /ûTƬib /2 /Qb2 bQMi
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a) b)

9XRk Ĝ U�V úpQHmiBQM /2 H� TmBbb�M+2 ¨ R88y MK 2M 7QM+iBQM /2 H� HQM;m2m` TQm` H� }#`2 BEF1

pB2`;2 2i B``�/Bû2 UR-k8 :vf?- jyy :vV- T�` H� Kûi?Q/2 /2 +mi#�+FX U#V úpQHmiBQM /2 H� TmBbb�M+2 ¨
R88y MK 2M 7QM+iBQM /2 H� HQM;m2m` TQm` H� }#`2 BEF2 pB2`;2 2i B``�/Bû2 UR-k8 :vf?- R F:vV- T�` H�
Kûi?Q/2 /2 +mi#�+FX

/Bzû`2Mib TQm` H2b /2mt }#`2b- MQmb TQmpQMb `2K�`[m2` [m2 H2 K�tBKmK /2 TmBbb�M+2 Q#i2Mm p� āi`2
/ûT2M/�Mi /2 H� /Qb2 +mKmHû2X AH 2bi �HQ`b BKTQ`i�Mi /2 #B2M /û}MB` H2b +QM/BiBQMb /ǶB``�/B�iBQM 2i H2b
/Qb2b 2MpBb�;û2b TQm` H2b �TTHB+�iBQMbX

AH 2bi BKTQ`i�Mi /2 `2;�`/2` HǶ2z2i /m /û#Bi bm` H2b �KTHB}+�i2m`b bQmb û+H�B`2K2Mi +QMbi�MiX 1M
2z2i- H2b �TTHB+�iBQMb bT�iB�H2b pBb2Mi /2b /û#Bib #2�m+QmT THmb 7�B#H2b [m2 +2mt 2KTHQvûb HQ`b /2 MQb
+�KT�;M2b /ǶB``�/B�iBQMbX hvTB[m2K2Mi- QM T2mi bm;;û`2` /2b /û#Bib Ryy 7QBb THmb 7�B#H2b [m2 +2mt
miBHBbûb �m bQHX GǶBKT�+i /2 H� ;mû`BbQM b2`� Mû+2bb�B`2K2Mi #2�m+QmT THmb BKTQ`i�Mi [m2 TQm` H2b
2tTû`B2M+2b i2``2bi`2bX 1z2+iBp2K2Mi- HǶû+H�B`2K2Mi ¨ N3y MK T`Q+m`2 mM2 ;mû`BbQM QTiB[m2 MQM Mû;HB@
;2�#H2 /�Mb HǶ�P6.X SQm` +2ii2 `�BbQM- MQmb �pQMb i2biû mM �KTHB}+�i2m` bQmb i`QBb /û#Bib /Bzû`2MibX
G2b `ûbmHi�ib /2 H� p�`B�iBQM /2 ;�BM 2M 7QM+iBQM /2 H� /Qb2 TQm` H� }#`2 BEF1 bQMi T`ûb2Miûb bm` H�



};m`2 9XRjX AHb +QM}`K2Mi [m2 H2b T2`i2b /2 ;�BM �m;K2Mi2Mi �p2+ H2 /û#Bi /2 /Qb2- ¨ /Qb2 /ûTQbû2
+QMbi�Mi2X J�H;`û mM /ûTƬi /2 /Qb2 KQBMb BKTQ`i�Mi TQm` H2 THmb 7�B#H2 /û#Bi- MQmb +QMbi�iQMb [m2 H�
p�`B�iBQM /2 ;�BM 2bi /2 HǶQ`/`2 /2 y-j /" ¨ jyy :v �HQ`b [m2 H2 /û#Bi miBHBbû 2bi H�`;2K2Mi bmTû`B2m` ¨
+2HmB /m bT�iB�HX
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9XRj Ĝ _û/m+iBQM /2 ;�BM bm` H� }#`2 BEF1 TQm` /Bzû`2Mib /û#Bib

LQmb +?2`+?QMb ¨ i2`K2- 2M MQmb �TTmv�Mi bm` H2 KQ/ĕH2 /2 /û;`�/�iBQM@;mû`BbQM /û+`Bi �m
+?�TBi`2 j- ¨ T`û/B`2 H2b T2`i2b /2 T2`7Q`K�M+2b /ǶmM �P6. bQmb B``�/B�iBQMX SQm` +2 7�B`2- MQmb
ûp�HmQMb H2 ;�BM /2 +2 /2`MB2` �m i`�p2`b /ǶmM2 ûim/2 /2 H� T`QT�;�iBQM /2 H� TmBbb�M+2 HmKBM2mb2 �mt
/2mt HQM;m2m`b /ǶQM/2 /ǶBMiû`āiX S`û+BbQMb [m2 MQi`2 Q#D2+iB7 MǶ2bi T�b /2 KQ/ûHBb2` H2b T?ûMQKĕM2b
HBûb ¨ H� T?vbB[m2 2i H2b /Bp2`b2b i`�MbBiBQMb 2tBbi�Mi2b /2 HǶBQM 2`#BmK- +2 [mB � H�`;2K2Mi ûiû ûim/Bû
/�Mb H� i?ĕb2 T`û+û/2Mi2 (j)X �mbbB- MQmb miBHBbQMb mM KQ/ĕH2 K�+`Qb+QTB[m2 /û+`Bp�Mi H2b û[m�iBQMb /2
T`QT�;�iBQM /2 H� TQKT2 2i /m bB;M�H /�Mb HǶ�P6.X

G� TmBbb�M+2 /2 TQKT2 /BKBMm2 bmBp�Mi HǶ�t2 /2 T`QT�;�iBQM /2 H� }#`2 bQmb HǶ2z2i +QMDm;mû
/2 HǶBMp2`bBQM /2 TQTmH�iBQM /2 HǶBQM 1`3+2i /2 H� ;mû`BbQM QTiB[m2 /2 HǶ�_AX AH 2bi /QM+ Mû+2bb�B`2
/Ƕ2t�KBM2` +2 T?ûMQKĕM2 /2 T2`i2 /2 TmBbb�M+2X S�` �BHH2m`b- HǶûpQHmiBQM /2b T2`i2b /2 ;�BM +�mbû2 ¨ H�
7QBb T�` HǶ�_A K�Bb û;�H2K2Mi T�` H� /ûb�+iBp�iBQM /2 HǶBQM 1`3+[mB b2 K�MB72bi2 T�` mM i`�Mb7Q`K�iBQM
/2 HǶBQM 2M 1`2+/QBi āi`2 ûim/Bû2X G� };m`2 9XR9 `2T`ûb2Mi2 H2b T`BM+BT�H2b +QMi`B#miBQMb [mB BM~m2M+2Mi
H2 ;�BMX

*2 KQ/ĕH2 bBKTHB}û 2bi b2mH2K2Mi p�H�#H2 TQm` /2b �TTHB+�iBQMb ivT2 #QQbi2`- +�` MQmb Mû;HB;2QMb
+2`i�BMb 2z2ib +QKK2 HǶûKBbbBQM bTQMi�Mû2 �KTHB}û2X S�`�HHĕH2K2Mi- +QKTi2 i2Mm /2b TmBbb�M+2b /2
TQKT2b BKTQ`i�Mi2b- H2 i�mt /2 [m2M+?BM; 2i /ǶmT+QMp2`bBQM T2mi āi`2 MQM@Mû;HB;2�#H2- BH 2bi �HQ`b
BKTQ`i�Mi /2 `2K�`[m2` [m2 MQmb i`�p�BHHQMb bm` /2b }#`2b Qɍ H2 /QT�;2 2M 2`#BmK 2bi HBKBiû ¨ jyy TTK-
+2 [mB � TQm` +QMbû[m2M+2 /2 KBMBKBb2` +2b 2z2ibX LQmb T`QTQbQMb mM KQ/ĕH2 `2T`2M�Mi H2b û[m�iBQMb
/ǶûpQHmiBQM /2b TQTmH�iBQMb bm` H2b /Bzû`2Mib MBp2�mt /2 HǶBQM 2`#BmK 2i /2b TmBbb�M+2b bmBp�Mi HǶ�t2 /2
T`QT�;�iBQM /û+`Bi2b �m +?�TBi`2 RX LQmb `�DQmiQMb H2b T2`i2b BM/mBi2b �BMbB [m2 H� /ûb�+iBp�iBQM /ǶBQM
1`3+[mB `û/mBb2Mi H2b T2`7Q`K�M+2b /2 HǶ�KTHB}+�i2m`X *2b û[m�iBQMb bQMi +QmTHû2b �mt û[m�iBQMb /2
/û;`�/�iBQM@;mû`BbQM TQm` �#QmiB` ¨ H� KQ/ûHBb�iBQM +QKTHĕi2 /2 HǶ�KTHB}+�i2m` 2`#BmKX G2b û[m�iBQMb
/2 TQTmH�iBQMb miBHBbû2b TQm` mM2 KQ/ûHBb�iBQM bQmb B``�/B�iBQM bǶû+`Bp2Mi �HQ`b ,



P1550

Gain

P980

ARI980

Er2+

ARI1550

9XR9 Ĝ a+?ûK� `2T`ûb2Mi�Mi H2b +QMi`B#miBQMb BMi2`p2M�Mi bm` H2 :�BM







dN3

dt
= −Γ32N3 + σ13φpN1

dN2

dt
= −A21N2 + Γ32N3 + σ12φsN1 − σ21φsN2

dN1

dt
= −σ12φsN1 +A21N2 − σ13φpN1 + σ21φsN2

Ntot = N1 +N2 +N3 − n0

U9XjV

2i H2b û[m�iBQMb /2 T`QT�;�iBQM /2b TmBbb�M+2b- T`2MM2Mi 2M +QKTi2 H� +QMi`B#miBQM /2 HǶ�_A TQm`
H2b /2mt HQM;m2m`b /ǶQM/2 2i bǶû+`Bp2Mi ,

dPp

dz
= −PpΓpσ

abs
p N1 − Ppαdiffp

− PpαARI980
U9X9V

dPs

dz
= PsΓs(σem

s N2 − σabs
s N1) − Psαdiffs

− PsαARI1550 U9X8V

G2b bvK#QH2b miBHBbûb /�Mb H2b û[m�iBQMb 9Xj ¨ 9X8 bQMi /û+`Bib /�Mb H� i�#H2 9X9X

*?�+mM /2b T�`�Kĕi`2b miBHBbûb /�Mb H2 KQ/ĕH2 2bi bQBi mM2 /QMMû2 i2+?MQHQ;B[m2- bQBi 2ti`�Bi
2tTû`BK2Mi�H2K2Mi Qm bQBi Bbbm /2 +�H+mHb �M�HviB[m2bX .2 THmb +2`i�BMb T�`�Kĕi`2b bQMi �Dmbiûb �}M
/ǶQ#i2MB` HQ`b /2 bBKmH�iBQMb /2b `ûbmHi�ib T`Q+?2b /2b /QMMû2b 2tTû`BK2Mi�H2b U}iiBM;VX

G2b T2`i2b /2 /BzmbBQM T`ûHĕp2Mi mM2 T�`iB2 /2 H� TmBbb�M+2 QTiB[m2 2i +QMbiBim2Mi /QM+ mM2
�iiûMm�iBQMX *2ii2 /2`MBĕ`2 +QKT`2M/ mM2 T�`i /m2 ¨ H� K�i`B+2 ?Ƭi2 2i mM2 T�`i /m2 �mt /Bzû`2Mib
/QT�Mib miBHBbûb (8)X .�Mb mM2 }#`2 QTiB[m2- H2b T2`i2b QTiB[m2b bQMi T`BM+BT�H2K2Mi /m2b ¨ H� /BzmbBQM
_�vH2B;?- 2HH2b T2mp2Mi bǶû+`B`2 bQmb H� 7Q`K2 bmBp�Mi2 ,

αdiff = (A+B∆n)λ−4 U9XeV

Qɍ αdiff 2bi HǶ�ii2Mm�iBQM 2M /"fK- A 2i B /2b T�`�Kĕi`2b /ûT2M/�Mib /2 H� }#`2- ∆n H� /Bzû`2M+2
/ǶBM/B+2 2Mi`2 H2 +ƾm` 2i H� ;�BM2 /2 H� }#`2 QTiB[m2 2i λ H� HQM;m2m` /ǶQM/2X GǶ�iiûMm�iBQM /m2 ¨ H�



avK#QH2 .2b+`BTiBQM lMBiû
Ni- i ∈ {1, 2, 3} .2MbBiû /2 TQTmH�iBQM /ǶûH2+i`QMb bm` H2 MBp2�m

i /2 HǶ�iQK2 /Ƕ2`#BmK
K−3

Ntot .2MbBiû iQi�H2 /ǶBQMb T`ûb2Mib /�Mb H2 +ƾm` /2 H�
}#`2 QTiB[m2

K−3

A21 *Q2{+B2Mi /Ƕ1BMbi2BM /ǶûKBbbBQM bTQMi�Mû2
2Mi`2 H2 MBp2�m k 2i R

b−1

Γ32 h�mt /2 `2+QK#BM�BbQM bTQMi�Mû2 2Mi`2 H2 MB@
p2�m j 2i k

b−1

σ12- σ21 a2+iBQMb 2{+�+2b /Ƕ�#bQ`TiBQM 2i /ǶûKBbbBQM ¨
1550 MK

K2

σ13 a2+iBQM 2{+�+2 /Ƕ�#bQ`TiBQM /2 H� TQKT2 m2

φs- φp 6Hmt BM+B/2Mi /2 T?QiQMb bB;M�H 2i TQKT2 s−1m−2

n0 .2MbBiû /ǶBQM 1`2+ K−3

σabs
s a2+iBQM 2{+�+2 /Ƕ�#bQ`TiBQM bB;M�H K2

σem
s a2+iBQM 2{+�+2 /ǶûKBbbBQM bB;M�H K2

σabs
p a2+iBQM 2{+�+2 /Ƕ�#bQ`TiBQM TQKT2 K2

Γp 6�+i2m` /2 `2+Qmp`2K2Mi TQKT2 @
Γs 6�+i2m` /2 `2+Qmp`2K2Mi bB;M�H @

αdiffp T2`i2 T�` /BzmbBQM TQKT2 K−1

αdiffs T2`i2 T�` /BzmbBQM bB;M�H K−1

αARI980 �_A TQKT2 K−1

αAR1550 �_A bB;M�H K−1

Pp SmBbb�M+2 /2 TQKT2 q
Ps SmBbb�M+2 bB;M�H q

9X9 Ĝ .2b+`BTiBQM /2b T�`�Kĕi`2b TQm` H2 KQ/ĕH2 ¨ j MBp2�mtX

/BzmbBQM _�vH2B;? αdiff - BKTHB[m2 mM2 p�`B�iBQM /2 TmBbb�M+2 φs bmBp�Mi mM �t2 /2 T`QT�;�iBQM z

/û+`Bi2 T�` HǶû[m�iBQM

dφs

dz
= −φsαdiff U9XdV

G� p�H2m` /2 +2ii2 p�`B�iBQM 2bi bQmp2Mi 7Qm`MB2 T�` H2 7�#`B+�Mi- K�Bb BH 2bi û;�H2K2Mi TQbbB#H2 /2
HǶQ#i2MB` T�` }iX 1M 2z2i- H� T2`i2 /2 TmBbb�M+2 /m bB;M�H 2M 7QM+iBQM /2 H� HQM;m2m` /2 }#`2 KQMi`2
2t+HmbBp2K2Mi HǶBK�;2 /2 HǶ�iiûMm�iBQM T�` H2b T2`i2b /2 7QM/X AH 2bi �HQ`b TQbbB#H2 /Ƕ�Dmbi2` +2 T�`�Kĕi`2
�}M /2 `�TT`Q+?2` H2b `ûbmHi�ib /2b bBKmH�iBQMb /2b /QMMû2b 2tTû`BK2Mi�H2bX *2ii2 /ûK�`+?2 `2bi2
iQmi27QBb b2mH2K2Mi p�H�#H2 TQm` H2b ;`�M/2b HQM;m2m`b /ǶQM/2 2i MQb HQM;m2m`b /ǶQM/2 /ǶBMiû`āiX G2b
T2`i2b T�` /BzmbBQM _�vH2B;? bmBp2Mi mM2 `û;`2bbBQM 2M λ−4- BH 2bi �HQ`b TQbbB#H2 /2 /û/mB`2 H� p�H2m` ¨
N3y MK �m i`�p2`b /2 H� `2H�iBQM

αdiffp = αdiffs

(
980

1550

)
−4

U9X3V

LQmb �pQMb pm /�Mb H2 +?�TBi`2 R [m2 H2 KQ/2 ;mB/û T�` mM2 }#`2 QTiB[m2 T2mi āi`2 /û+`Bi T�`
mM KQ/2 /2 "2bb2HX .�Mb H2 +�b /ǶmM2 }#`2 /QTû2 �mt i2``2b `�`2b- HǶ2{+�+Biû /ǶBMi2`�+iBQM 2Mi`2 H2b
T?QiQMb 2i H2 KBHB2m �+iB7 /ûT2M/ /B`2+i2K2Mi /m `2+Qmp`2K2Mi 2Mi`2 HǶQM/2 QTiB[m2 2i H� `ûT�`iBiBQM



i`�Mbp2`b2 /2b BQMb 2`#BmKX SQm` [m�MiB}2` +2ii2 BMi2`�+iBQM- QM BMi`Q/mBi H2 7�+i2m` /2 +QM}M2K2Mi
Γ [mB `2T`ûb2Mi2 HǶBMiû;`�H2 /2 `2+Qmp`2K2Mi 2Mi`2 H2 KQ/2 ;mB/û 2i H� /Bbi`B#miBQM /2b BQMb /�Mb H2
+Q2m` /2 H� }#`2- +QKK2 BHHmbi`û bm` H� };m`2 9XR8X *2ii2 /Bbi`B#miBQM 2bi +QMbB/û`û2 +QKK2 mMB7Q`K2
�p2+ mM `�vQM MQKKû reff X �BMbB- Γ T2mi āi`2 û+`Bi +QKK2 ,

Γ = 2π

∫ reff

0
ψ(r)rdr U9XNV

Qɍ ψ(r) `2T`ûb2Mi2 H� `ûT�`iBiBQM `�/B�H2 /ǶBMi2MbBiû /m KQ/2 QTiB[m2 ;mB/ûX

r
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9XR8 Ĝ om2 2M +QmT2 /2 HǶBMi2MbBiû HmKBM2mb2 U2M MQB`V 2i /m T`Q}H /ǶBM/B+2 U2M ;`BbV /ǶmM2
}#`2 /QTû2

1M �TT`QtBK�Mi T�` mM2 ;�mbbB2MM2 H� `ûT�`iBiBQM /m KQ/2 ;mB/û- QM T2mi �BMbB û+`B`2 H2 7�+i2m`
/2 +QM}M2K2Mi 2M 7QM+iBQM /m /B�Kĕi`2 /2 KQ/2 QTiB[m2 ω(λ) 2i /m `�vQM 2{+�+2 /2 /QT�;2 reff ,

Γ(λ) = 1 − exp

(

−2

(
reff

w(λ)

)2
)

U9XRyV

G2 /B�Kĕi`2 /2 KQ/2 BHHmbi`2 HǶûi�H2K2Mi i`�Mbp2`b2 /2 HǶQM/2 HmKBM2mb2 b2 T`QT�;2�Mi /�Mb mM2 }#`2
KQMQKQ/2X G� TmBbb�M+2 QTiB[m2 +Q``2bTQM/�Mi ¨ mM KQ/2 /QMMû M2 b2 T`QT�;2 T�b mMB[m2K2Mi /�Mb
H2 +ƾm` /2 H� }#`2- K�Bb �mbbB /�Mb mM2 T2iBi2 T�`iB2 /2 H� ;�BM2 T`Q+?2 /m +ƾm` , QM �TT2HH2 +2H� H�
T�`iB2 ûp�M2b+2Mi2 /m KQ/2X *QKK2 HǶBHHmbi`2 H� };m`2 9XR8- H� i�BHH2 /m KQ/2 QTiB[m2 MǶ2bi /QM+ T�b
û;�H2 �m /B�Kĕi`2 /m +ƾm`X G2 /B�Kĕi`2 /m KQ/2 2bi 7QM+iBQM /2 H� HQM;m2m` /ǶQM/2 /2 H� bQm`+2- /m
`�vQM /m +ƾm` 2i /2 HǶQmp2`im`2 MmKû`B[m2 /2 H� }#`2X .�Mb H� K2bm`2 Qɍ H2 KQ/2 T`QT�;û T�` mM2
}#`2 QTiB[m2 MǶ2bi T�b mM2 ;�mbbB2MM2 B/û�H2- HǶûi�H2K2Mi /m KQ/2 ¨ HǶBMiû`B2m` /2 H� }#`2- U+Ƕ2bi ¨ /B`2
2M +?�KT T`Q+?2V- 2bi /Bzû`2Mi /2 HǶûi�H2K2Mi /m KQ/2 �T`ĕb T`QT�;�iBQM ¨ HǶ2tiû`B2m` /2 H� }#`2-
U+Ƕ2bi ¨ /B`2 2M +?�KT HQBMi�BMVX EX S2i2`K�MM � �BMbB /QMMû /2mt /û}MBiBQMb /m /B�Kĕi`2 /2 KQ/2
TQm` mM2 }#`2 KQMQKQ/2 (e- d) ,

ě H� T`2KBĕ`2 b2 #�b2 bm` H2 KQ/2 QTiB[m2 ψ(r) 2M +?�KT T`Q+?2- L2�` 6B2H/ UL6V- /2 bQ`i2 [m2
H2 `�vQM /2 KQ/2 wNF bǶû+`Bi

w2
NF = 2

∫
∞

0
[ψ(r)]2 rdr

∫
∞

0

[
∂ψ(r)

∂r

]2

rdr

U9XRRV

ě H� b2+QM/2 b2 #�b2 bm` HǶQ#b2`p�iBQM /m KQ/2 QTiB[m2 Ψ(θ) 2M +?�KT HQBMi�BM 6�` 6B2H/ U66V-
θ /ûbB;M�Mi HǶ�M;H2 HBû ¨ H� /Bz`�+iBQM 2M bQ`iB2 /m ;mB/2X �BMbB- H2 T�`�Kĕi`2 WF F 2bi /û}MB
T�` HǶ2tT`2bbBQM



W 2
F F =

∫
∞

0
[Ψ(θ)]2p3dp

∫
∞

0
[Ψ(θ)]2pdp

U9XRkV

�p2+ p = k.sinθ- k/ûbB;M2 H� +QMbi�Mi2 /2 T`QT�;�iBQMX

AH 2bi +Qm`�Mi [m2 H2b 7�#`B+�Mib /û+`Bp2Mi /2mt ;`�M/2m`b mbm2HH2b , H2 `�vQM 2{+�+2 /2 /QT�;2 reff 2i
H2 J6. UJQ/2 6B2H/ .B�K2i2`VX *2 /2`MB2` T2mi bǶû+`B`2 2M 7QM+iBQM /2b /2mt /û}MBiBQMb T`û+û/2Mi2b ,

MFD = 2wNF =
2
√

2

WF F
U9XRjV

SQm` MQi`2 ûim/2- MQmb +�H+mH2`QMb H2 7�+i2m` /2 +QM}M2K2Mi bQBi ¨ T�`iB` /2 /QMMû2b 2tTû`BK2Mi�H2b
+QMMm2b c bQBi ¨ T�`iB` /2 H� 7Q`KmH2 U9XRyV 2i /2 /2mt /QMMû2b i2+?MQHQ;B[m2b , H2 reff 2i H2 J6.- +2
/2`MB2` T2`K2ii�Mi /ǶQ#i2MB` H� p�H2m` /2 w(λ) pB� HǶû[m�iBQM U9XRjVX

`2T`ûb2Mi2Mi H� T`Q#�#BHBiû [mǶmM �iQK2 �#bQ`#2 mM T?QiQMX
1HH2b bǶû+`Bp2Mi ,

σabs
λ =

αλ

NtotΓλ
U9XR9V

Qɍ αλ 2bi HǶ�iiûMm�iBQM- Ntot H� +QM+2Mi`�iBQM /Ƕ2`#BmK 2i ΓλX 1HH2b T2mp2Mi āi`2 /ûi2`KBMû2b 7�+BH2K2Mi
¨ T�`iB` /2 H� K2bm`2 /2 HǶ�iiûMm�iBQM αλ- [mB T2mi āi`2 /ûi2`KBMû2 bQBi ¨ HǶ�B/2 /m bT2+i`2 /Ƕ�#bQ`TiBQM-
bQBi T�` H� K2bm`2 /2 +mi#�+F TQm` Q#i2MB` HǶ�#bQ`TiBQM HBMûB[m2 /2 H� }#`2X *2T2M/�Mi- +QKK2 MQmb
TQmpQMb H2 pQB` /�Mb HǶû[m�iBQM 9XR9- +2 T�`�Kĕi`2 `2[mB2`i mM2 #QMM2 T`û+BbBQM bm` H� +QMM�Bbb�M+2
/m /QT�;2 2`#BmK- �BMbB [mǶmM2 #QMM2 ûp�Hm�iBQM /2b 7�+i2m`b /2 +QM}M2K2MiX

T2mp2Mi āi`2 /ûi2`KBMû2b ¨ HǶ�B/2 /2b b2+iBQMb 2{+�+2b /Ƕ�#@
bQ`TiBQMX SQm` mM KQ/ĕH2 +QKTH2i H� +QMM�Bbb�M+2 /2b bT2+i`2b 2{+�+2b /Ƕ�#bQ`TiBQMfûKBbbBQM �miQm`
/2 R88y MK 2bi Mû+2bb�B`2 bB HǶQM p2mi KQ/ûHBb2` H� `ûT�`iBiBQM /2 HǶ1a� 2M bQ`iB2 /ǶmM �P6.- 2i /QM+
HǶûi�i /2 HǶBMp2`bBQM /2 TQTmH�iBQM �p2+ mM2 #QMM2 T`û+BbBQMX *2+B ûi�Mi- H� +QMi`B#miBQM /2 HǶ1a� MǶ2bi
T�b BM/BbT2Mb�#H2 /�Mb H� +QM};m`�iBQM "QQbi2`X
AH 2tBbi2 /�Mb H� HBiiû`�im`2 THmbB2m`b Kûi?Q/2b TQm` /ûi2`KBM2` H2b b2+iBQMb 2{+�+2b /ǶûKBbbBQM , H�
Kûi?Q/2 /2 J�+ *mK#2`(3)- H� Kûi?Q/2 /2 "�`M�`/ (N) 2i H� Kûi?Q/2 /2 6m+?i#�m2`@G�M/2M#m`; (Ry)X
G2m`b +QKT�`�BbQMb 2i �/�Ti�iBQMb QMi H�`;2K2Mi ûiû ûim/Bû2b /�Mb H� i?ĕb2 /2 CXh?QK�b (j)X SQm`
+2ii2 `�BbQM- MQmb T`ûb2Mi2`QMb 2t+HmbBp2K2Mi /2 K�MBĕ`2 bvMi?ûiB[m2 H2b Kûi?Q/2b 2KTHQvû2b 2i MQmb
`2iB2M/`QMb [m2 H� Kûi?Q/2 /2 "�`M�`/ MǶ2bi T�b �/�Tiû2 �mt }#`2b 2`#BmK T�`+2 [mǶ2HH2 +QMbB/ĕ`2 mM
bvbiĕK2 ¨ j MBp2�mt B/û�H- +2 [m2 HǶ1`#BmK MǶ2bi T�b ¨ +�mb2 /2 HǶBKTQ`i�M+2 /m [m2M+?BM;X

G� T`2KBĕ`2 Kûi?Q/2- 7QM/û2 bm` H� i?ûQ`B2 /2 J+ *mK#2` (3)- T2`K2i /2 +�H+mH2` /B`2+i2K2Mi H2b
b2+iBQMb 2{+�+2b /ǶûKBbbBQM ¨ T�`iB` /2b b2+iBQMb 2{+�+2b /Ƕ�#bQ`TiBQMX 1M 2z2i- H2b b2+iBQMb 2{+�+2b
/ǶûKBbbBQM 2i /Ƕ�#bQ`TiBQM bQMi HBû2b b2HQM HǶû[m�iBQM U9XR8V- /�Mb H�[m2HH2 ε `2T`ûb2Mi2 HǶûM2`;B2
/Ƕ2t+Bi�iBQM i?2`KB[m2 2Mi`2 H2 MBp2�m I15/2 2i H2 MBp2�m I13/2 ,



σems(λ) = σabs(λ) exp

(
ε− hν

KT

)

U9XR8V

Qɍ ν H� 7`û[m2M+2 QTiB[m2- K H� +QMbi�Mi2 /2 "QHixK�MM 2i T H� i2KTû`�im`2 /2 i`�p�BHX G� /ûi2`KBM�@
iBQM /2 HǶûM2`;B2 ε M2 TQmp�Mi bǶ2z2+im2` [mǶ¨ T�`iB` /2 K2bm`2b 2M i?2`KQHmKBM2b+2M+2- H2b b2+iBQMb
2{+�+2b Q#i2Mm2b �BMbB M2 bQMi T�b +�HB#`û2b 2i MǶQMi /QM+ T�b /2 b2Mb T?vbB[m2X

AH 7�mi /2 THmb MQi2` [m2 HǶ2biBK�iBQM /2 HǶûM2`;B2 ε �p2+ H� K2bm`2 /2 H� /m`û2 /2 pB2 /m MBp2�m
Kûi�bi�#H2 2bi `2H�iBp2K2Mi ?�b�`/2mb2- +�` BH 2bi /B{+BH2 /2 K2bm`2` τ T`û+BbûK2Mi , +QKK2 MQmb
HǶ�pQMb pm- H� p�H2m` /2 τ /ûT2M/ #2�m+QmT /m i�mt /2 TQKT�;2- 2i BH 7�m/`�Bi TQmpQB` `û�HBb2` /2b
K2bm`2b /vM�KB[m2b ¨ i`ĕb 7�B#H2 ~mt BM+B/2Mi 2i bm` mM2 TQ`iBQM /2 }#`2 i`ĕb +Qm`i2 TQm` �``Bp2` ¨
mM `ûbmHi�i [mB �Bi /m b2MbX SQm` iQmi2b +2b `�BbQMb- MQmb `2T`ûb2Mi2`QMb +2ii2 ûM2`;B2 T�` H� HQM;m2m`
/ǶQM/2 /2 +`QBb2K2Mi λ∗- [mB +Q``2bTQM/ ¨ H� HQM;m2m` /ǶQM/2 Qɍ H2b b2+iBQMb 2{+�+2b /Ƕ�#bQ`TiBQM 2i
/ǶûKBbbBQM bQMi û;�H2b U(RR)V ,

ε = hc/λ∗ U9XReV

*2ii2 Kûi?Q/2 2bi #�bû2 bm` H� K2bm`2 /m bT2+i`2 /2 ~mQ`2b+2M+2 �miQm` /2 R88y MKX *QKK2
MQmb HǶ�pQMb pm T`û+û/2KK2Mi- 2M biBKmH�Mi H� }#`2 ¨ N3y MK- H2 T?ûMQKĕM2 /ǶûKBbbBQM bTQMi�Mû2
�KTHB}û2 Qm biBKmHû2 b2 T`Q/mBiX 1M K2bm`�Mi +2ii2 ûKBbbBQM /2 HmKBĕ`2 �miQm` /2 R88y MK- QM T2mi
`2KQMi2` ¨ H� b2+iBQM 2{+�+2 /ǶûKBbbBQM T�` H� `2H�iBQM /2 6m+?i#�m2`@G�M/2M#m`; (Ry)X *2ii2 /2`MBĕ`2
`2HB2 HǶûKBbbBQM biBKmHû2 ¨ H� T`Q#�#BHBiû /ǶûKBbbBQM bTQMi�Mû2 ,

σems(λ) =
λ4I(λ)

8πn2cτ

∫

I(λ).dλ
U9XRdV

Qɍ λ 2bi H� HQM;m2m` /ǶQM/2- n HǶBM/B+2 /m K�iû`B�m- c H� pBi2bb2 /2 H� HmKBĕ`2 /�Mb H2 pB/2- AUλV
HǶBMi2MbBiû /2 ~mQ`2b+2M+2 2M 7QM+iBQM /2 H� HQM;m2m` /ǶQM/2 2i τ H� /m`û2 /2 pB2 /2 ~mQ`2b+2M+2 X
PM `2K�`[m2 [m2 H� Kûi?Q/2 /2 6m+?i#�m2`@G�M/2M#m`; Mû+2bbBi2 mM bT2+i`2 /2 ~mQ`2b+2M+2- �mbbB
T2m /û7Q`Kû [m2 TQbbB#H2 T�` HǶ2z2i /2 HǶûKBbbBQM biBKmHû2X 1HH2 bmTTQb2 �mbbB [m2 HǶû+?�MiBHHQM i2biû
2bi mMB7Q`KûK2Mi 2t+Biû- +2 [mB MǶ2bi T�b 7Q`+ûK2Mi 7�+BH2 ¨ Q#i2MB` �p2+ /2b }#`2b i`ĕb /QTû2bX

G2b /2mt Kûi?Q/2b b2K#H2Mi āi`2 2M �++Q`/ K�H;`û mM2 Kûi?Q/QHQ;B2 2i mM i`�Bi2K2Mi /Bzû`2MibX
PM T2mi MQi2` iQmi2@7QBb [m2 H� Kûi?Q/2 6m+?i#�m2`@G�M/2M#m`; /2K�M/2 KQBMb /2 i`�Bi2K2Mib /2
/QMMû2bX .2 THmb- H� Kûi?Q/2 J�+ *mK#2` 7�Bi BMi2`p2MB` mM2 ûM2`;B2 /Ƕ2t+Bi�iBQM i?2`KB[m2 [mǶBH 2bi
/B{+BH2 /Ƕ2biBK2`X SQm` MQi`2 T�`i- MQmb �pQMb miBHBbû /2b /QMMû2b 2tTû`BK2Mi�H2b T`Qp2M�Mi /Ƕ2tTû@
`B2M+2b 2z2+imû2b HQ`b /2 H� i?ĕb2 /2 CXh?QK�b (j) 2i miBHBb�Mi H2b Kûi?Q/2b /û+`Bi2b T`û+û/2KK2MiX
1M 2z2i- +QKK2 +2 T�`�Kĕi`2 2bi mM ûHûK2Mi +`m+B�H /m KQ/ĕH2 �p�M+û /Ƕ�KTHB}+�i2m` /ûp2HQTTû T�`
CX h?QK�b- MQmb �pQMb ¨ /BbTQbBiBQM mM MQK#`2 +QMbû[m2Mi /2 /QMMû2b H2 +QM+2`M�MiX

LQmb T`QTQbQMb /2 +QM7`QMi2` H2 KQ/ĕH2 /Ƕ�P6. B``�/Bû ¨ /2b K2bm`2b /ǶûpQHmiBQM /2 TmBbb�M+2
QTiB[m2 bm` mM �P6. bQmKBb ¨ /2b B``�/B�iBQMb ;�KK�X *2ii2 +QM7`QMi�iBQM 2bi 2bb2MiB2HH2K2Mi `û�@
HBbû2 bm` /2mt }#`2b /Bzû`2Mi2bX G� T`2KBĕ`2 2bi mM2 }#`2 ;2`K�MQ@bBHB+�i2 [mB T`ûb2Mi2 mM2 7�B#H2
`û/m+iBQM /2 ;�BMX G� b2+QM/2 2bi mM2 }#`2 �HmKBMQ@bBHB+�i2 7Q`i2K2Mi /QTû2 2M �HmKBMBmK 2i [mB �



mM2 7Q`i2 b2MbB#BHBiû �mt B``�/B�iBQMbX *2b /2mt �KTHB}+�i2m`b QMi mM2 +QM+2Mi`�iBQM 2M 2`#BmK b2K@
#H�#H2 �BMbB [m2 /2b HQM;m2m`b bBKBH�B`2bX G2b `ûbmHi�ib /2b +QKT�`�BbQMb bQMi 2t+HmbBp2K2Mi #�bûb bm`
mM2 +QM};m`�iBQM /Ƕû+H�B`2K2Mi +QMbi�MiX 1M 2z2i- +2ii2 +QM};m`�iBQM T`ûb2Mi2 ¨ H� 7QBb H� +BMûiB[m2
/2 /û;`�/�iBQM 2i /2 ;mû`BbQMX

LQmb T`ûb2MiQMb bm` H� };m`2 9XRe H2b `ûbmHi�ib 2tTû`BK2Mi�mt 2i bBKmHûb /2b T2`i2b /2 ;�BM /�Mb
/Bzû`2Mi2b }#`2bX LQmb TQmpQMb +QMbi�i2` mM #QM �++Q`/- +2 [mB T2`K2i /2 +QM}`K2` H2b Kû+�MBbK2b
/2 /û;`�/�iBQM 2i /2 ;mû`BbQM /û+`Bib T`û+û/2KK2Mi K�Bb �mbbB /2 p�HB/2` H2b p�H2m`b /2 T�`�Kĕi`2b BK@
TQ`i�Mib i2Hb [m2 H2b b2+iBQMb 2{+�+2b /Ƕ�#bQ`TiBQM /2b TBĕ;2b Qm 2M+Q`2 H� TQTmH�iBQM 2i H� `ûT�`iBiBQM
/2b TBĕ;2bX
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simulation

BEF1

NP3

BEF2

9XRe Ĝ S2`i2 /2 :�BM 2M 7QM+iBQM /2 H� /Qb2 ¨ y-9 :vf? TQm` /Bzû`2Mi2b }#`2b 2M +QM};m`�iBQM
"QQbi2` 2i û+H�B`2K2Mi T2`K�M2MiX G2b `ûbmHi�ib 2tTû`BK2Mi�mt bQMi 2M i`�Bib TH2BMb 2i H2b bBKmH�iBQMb
2M HB;M2b TQBMiBHHû2bX GǶ2Mb2K#H2 /2b T�`�Kĕi`2b /2 KQ/ûHBb�iBQM bQMi T`ûb2Miûb 2M �MM2t2 j- T�;2 R8dX

G� };m`2 9XRd KQMi`2 HǶûpQHmiBQM /2 H� TmBbb�M+2 /2 bQ`iB2 ¨ R88y MK- bBKmHû2 2i K2bm`û2- �p�Mi
B``�/B�iBQM- TmBb �T`ĕb H2 /ûTƬi /ǶmM2 /Qb2 U/2 jyy:v TQm` H� BEF1 2i /2 R F:v TQm` H� BEF2V X LQmb
TQmpQMb +QMbi�i2` [m2 H2b `ûbmHi�ib /2 bBKmH�iBQM bQMi T`Q+?2b /2b K2bm`2b 2tTû`BK2Mi�H2bX *2 `ûbmHi�i
KQMi`2 H� T2`iBM2M+2 /m KQ/ĕH2 K�Bb T2`K2i û;�H2K2Mi /Ƕ�{`K2` [m2- TQm` +2ii2 +QM};m`�iBQM- H�
/2b+`BTiBQM /ǶmM KQ/ĕH2 /2 /û;`�/�iBQM 2bi THmb T2`iBM2Mi2 [m2 H� /2b+`BTiBQM /ûi�BHHû2 /ǶmM �KTHB}+�@
i2m`X 1M 2z2i- +2 `ûbmHi�i MǶ2bi bm`2K2Mi T�b �mbbB ûpB/2Mi �p2+ mM2 +QM};m`�iBQM S`û@�KTHB}+�i2m`X
LQmb TQmpQMb MQi2` [m2 +2 KQ/ĕH2 /Ƕ�KTHB}+�i2m` B``�/Bû � ûiû ûp�Hmû � T�`iB` /2 /2mt }#`2b /2
+QKTQbBiBQMb /BbiBM+i2b �p2+ /2b /ûTƬib /2 /Qb2b /Bzû`2Mib +2 [mB ûH�`;Bi H2b HBKBi2b /ǶmiBHBb�iBQMb /2
+2 KQ/ĕH2X

�}M /ǶQ#i2MB` /2b i2bib �++ûHû`ûb bm` H2 +QKTQ`i2K2Mi /2b �KTHB}+�i2m`b bQmb B``�/B�iBQM- MQmb
�pQMb miBHBbû mM2 bQm`+2 /QMi H2 /û#Bi 2bi H�`;2K2Mi bmTû`B2m` �m /û#Bi bT�iB�HX P` +QKK2 MQmb �pQMb
Tm H2 +QMbi�i2`- BH 2tBbi2 mM2 +QKTûiBiBQM 2Mi`2 H� +BMûiB[m2 /2 /û;`�/�iBQM 2i H2 T`Q+2bbmb /2 ;mû`BbQM
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9XRd Ĝ *mi#�+F K2bm`û2b UTQBMibV 2i /2 bBKmHû2b UHB;M2bV TQm` HǶûpQHmiBQM /2 H� TmBbb�M+2 ¨
R88y MK 2M 7QM+iBQM /2 H� HQM;m2m`X U�V TQm` H� }#`2 BEF1 pB2`;2 2i B``�/Bû2 Uy-9 :vf? ¨ jyy :vV 2i
U#V TQm` H� }#`2 BEF2 pB2`;2 2i B``�/Bû2 UR-k8 :vf? ¨ R F:vVX

/mb ¨ HǶû+H�B`2K2Mi HmKBM2mt ¨ N3y MKX SQm` +2ii2 `�BbQM- MQmb �pQMb �M�Hvbû HǶûpQHmiBQM /2 H� T2`i2
/2 ;�BM 2M 7QM+iBQM /m /û#Bi TQm` H� }#`2 BEF1X G2 `ûbmHi�i /2 +2b bBKmH�iBQMb 2bi T`ûb2Miû bm` H�
};m`2 9XR3- MQmb TQmpQMb +QMbi�i2` j xQM2b /BbiBM+i2b ,

ě H� T`2KBĕ`2 b2 bBim2 TQm` /2b /û#Bib BM7û`B2m`b ¨ y-R :vf?X G2b T2`i2b /2 ;�BM bQMi B/2MiB[m2b
[m2H [m2 bQBi H2 /û#Bi 2i H2b T2`i2b /2 ;�BM bQMi KBMBK�H2bX *2+B bǶ2tTHB[m2 T�` H2 7�Bi [m2 H�
TQKT2 ;mû`Bi /2 7�ÏQM BMbi�Mi�Mû2 H2b TBĕ;2bX AH `2bi2 �HQ`b mM2 T�`i /2 TBĕ;2b ;mû`Bbb�#H2b
bBimûb 2M }M /2 }#`2 �mt[m2Hb bǶ�DQmi2Mi /2b TBĕ;2b BM;mû`Bbb�#H2b 2i H2b T2`i2b /2 ;�BM HBûb ¨
H� `û/m+iBQM /2 HǶ2`#BmK UT�`+2 [m2 H� TmBbb�M+2 /2 TQKT2 v 2bi THmb 7�B#H2V c

ě /�Mb H� b2+QM/2 xQM2- BH v � mM2 +QKTûiBiBQM 2Mi`2 H� +BMûiB[m2 /2 /û;`�/�iBQM 2i /2 ;mû`BbQMX
G2b T2`i2b /2 ;�BM +`QBbb2Mi 2M 7QM+iBQM /m /û#BiX

ě H� /2`MBĕ`2 xQM2- +Q``2bTQM/ �mt /û#Bib bmTû`B2m`b ¨ 8 :vf?X G2b T2`i2b /2 ;�BM bQMi BM/ûT2M@
/�Mi2b /2b /û#Bib 2i bQMi K�tBK�H2bX G� +BMûiB[m2 /2 /û;`�/�iBQM 2bi THmb 7Q`i2 [m2 HǶ�TTQ`i
/ǶûM2`;B2 T`Q+m`û T�` H� TQKT2 TQm` ;mû`B` H2b TBĕ;2bX

*2 `ûbmHi�i KQMi`2 /ǶmM2 T�`i HǶBKTQ`i�M+2 /m /û#Bi miBHBbû TQm` 2z2+im2` H2b bBKmH�iBQMb /2 H� /û;`�@
/�iBQM- 2i /Ƕ�mi`2 T�`i [m2 H� `û/m+iBQM /2 ;�BM �mt /û#Bib bT�iB�mt T2mi āi`2 KQBMb BKTQ`i�Mi2 [m2
+2HH2 /ûi2`KBMû2 HQ`b /2 MQb +�KT�;M2b /ǶB``�/B�iBQMX GǶûim/2 2bi K2Mû2 TQm` mM2 }#`2 2i mM2 +QM};m@
`�iBQM /Ƕû+H�B`2K2Mi /QMMû2b- 2i H2b `ûbmHi�ib /QBp2Mi /ûT2M/`2 ¨ H� 7QBb /2 H� TmBbb�M+2 /Ƕû+H�B`2K2Mi
2i /2b T�`�Kĕi`2b /2 HǶ�KTHB}+�i2m` U+QKK2 T�` 2t2KTH2 H� HQM;m2m` QTiBK�H2 Qm H� +QKTQbBiBQM /2
H� }#`2VX AH b2`�Bi /QM+ BMiû`2bb�Mi /2 +QM7`QMi2` +2 `ûbmHi�i �p2+ /2b /QMMû2b 2tTû`BK2Mi�H2b �}M /2
p�HB/2` H2b HBKBi2b /ǶmiBHBb�iBQM /m KQ/ĕH2X 1M 2z2i- BH MǶ2bi T�b BKT`Q#�#H2 [m2 /Ƕ�mi`2b 2z2ib MQM T`Bb
2M +QKTi2 bm`pB2MM2Mi ¨ 7�B#H2 /û#Bi +QKK2 ¨ 7Q`i /û#BiX

3+

G� `û/m+iBQM /2 ;�BM 2bi BKT�+iû2 T�` /2mt +?Qb2b #B2M /BbiBM+i2b , HǶ�_A- [mB � mM2 BM~m2M+2
bm` H2b TmBbb�M+2b KBb2b 2M D2m U2i /QM+ BM/B`2+i2K2Mi bm` H2 ;�BMV- 2i H2 +?�M;2K2Mi /2 +QM7Q`K�iBQM
/2 HǶBQM 2`#BmK [mB `û/mBi /B`2+i2K2Mi H2 ;�BMX *2 +?�M;2K2Mi /2 +QM7Q`K�iBQM b2 K�MB72bi2 T�`
mM2 `û/m+iBQM /2 H� TQTmH�iBQM /ǶBQMb 1`3+�m b2BM /2 H� }#`2- 2i /QM+ mM2 }#`2 �p2+ mM ;�BM KQBMb
BKTQ`i�MiX
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Débits  de dose dans 

l’environnement spatial

9XR3 Ĝ _ûbmHi�ib 2tTû`BK2Mi�mt 2i /2 bBKmH�iBQM /2 H� p�`B�iBQM /2 H� T2`i2 /2 ;�BM 2M /" ¨
jyy :v TQm` H� }#`2 BEF1 2M 7QM+iBQM /m /û#Bi 2i TQm` mM /ûTƬi /2 /Qb2 /2 jyy :vX

�BMbB- MQmb 2tTQbQMb H2b `ûbmHi�ib /2b bBKmH�iBQMb 2M T`2M�Mi 2M +QKTi2 Qm T�b HǶBM?B#BiBQM /2b
BQMb 2`#BmK �}M /2 K2bm`2` HǶBKT�+i /2 H2m` /ûb�+iBp�iBQM /2 HǶBQM 2`#BmKX LQmb �pQMb 2z2+imû mM2
bBKmH�iBQM bm` /2mt }#`2b +QMi2M�Mi /2b +QM+2Mi`�iBQMb /Ƕ2`#BmK /Bzû`2Mi2b- U2MpB`QM Ryyy TTK 2i
BM7û`B2m` ¨ jyy TTKV- 2i bBKmHû mM /ûTƬi /2 /Qb2 /2 R F:vX G2b `ûbmHi�ib /2 +2b bBKmH�iBQMb- T`ûb2Miûb
bm` H� };m`2 9XRN- KQMi`2Mi HǶûpQHmiBQM /m ;�BM 2M 7QM+iBQM /2 H� HQM;m2m` /2 H� }#`2 pB2`;2- B``�/Bû2
�p2+ 2i b�Mb H� /ûb�+iBp�iBQM /2 HǶBQM 2`#BmK- TQm` H2b /2mt }#`2bX LQmb Q#b2`pQMb [m2 H2 TQBMi +mHKB@
M�Mi /m ;�BM 2bi Hû;ĕ`2K2Mi BM7û`B2m` HQ`b[m2 H� /ûb�+iBp�iBQM /2 HǶ2`#BmK 2bi +QMbB/û`û2X *2T2M/�Mi-
MQmb TQmpQMb `2K�`[m2` [m2 /�Mb H2b b+ûM�`BQb 2i K�H;`û mM /ûTƬi /2 /Qb2 BKTQ`i�Mi- HǶ2z2i /2 H�
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9XRN Ĝ :�BM 2M 7QM+iBQM /2 H� HQM;m2m` UbBKmH�iBQMbV TQm` mM /ûTƬi /2 /Qb2 /2 R F:v �p2+ 2i
b�Mb H� /ûb�+iBp�iBQM /2 HǶBQM 2`#BmK , U�V TQm` mM2 }#`2 7Q`i2K2Mi /QTû2 2M 2`#BmK U(1`)=RyyyTTKV
2i U#V TQm` mM2 }#`2 7�B#H2K2Mi /QTû2 2M 2`#BmK U(1`)IjyyTTKVX

/ûb�+iBp�iBQM /2 HǶBQM 2`#BmK `2bi2 BM7û`B2m` ¨ R /"X GǶ2z2i /2 HǶ�_A 2bi /QM+ mM 7�+i2m` T`û/QKBM�Mi
bm` H� /ûb�+iBp�iBQMX LQmb �pQMb 2MbmBi2 ûi2M/m +2ii2 �M�Hvb2 ¨ HǶ2Mb2K#H2 /2b }#`2b ¨ /BbTQbBiBQM

9Xky Ĝ .B�;`�KK2 `2T`ûb2Mi�Mi H� T`QTQ`iBQM /ǶBQM /Bp�H2Mi 1`2+7Q`Kûb /�Mb H2b �KTHB}+�@
i2m`b- �T`ĕb mM /ûTƬi /2 /Qb2 /2 jyy :v ¨ y-9 :vf? 2i bQmb û+H�B`2K2Mi +QMbi�Mi , U�V bmBp�Mi H�
+QKTQbBiBQM /2b }#`2b 2i U#V TQm` /2b }#`2b �HmKBMQbBHB+�ib2 bmBp�Mi H� i2+?MQHQ;B2X

�}M /2 +QKT�`2` H� T`QTQ`iBQM /2b BQMb 2`#BmK bmBp�Mi H� +QKTQbBiBQM 2i H� i2+?MQHQ;B2 /2b }#`2bX
G� };m`2 9Xky U�V /û+`Bp�Mi H� T`QTQ`iBQM /ǶBQM 1`2+7Q`Kû2 �T`ĕb mM /ûTQi /2 /Qb2 /2 jyy :v TQm`
H2b �KTHB}+�i2m`b- KQMi`2 [m2 H2b }#`2b ;2`K�MQbBHB+�i2b T2`K2ii2Mi /2 /BKBMm2` H� 7Q`K�iBQM /ǶBQM
1`2+iQmi2b i2+?MQHQ;B2b +QM7QM/m2bX 1HH2b bQMi /QM+ mM2 pQB2 /2 /m`+Bbb2K2MiX 1M}M- H� };m`2 9Xky
U#V +QKT�`2 [m�Mi ¨ 2HH2 H� i2+?MQHQ;B2 bi�M/�`/ 2i M�MQT�`iB+mH2 bm` H2b }#`2b �HmKBMQbBHB+�i2bX LQmb
TQmpQMb �HQ`b +QMbi�i2` [m2 H2b }#`2b M�MQT�`iB+mH2b T2`K2ii2Mi û;�H2K2Mi /2 /BKBMm2` HǶBM~m2M+2 /2b
BQMb 1`2+X

�}M /2 +QKT`2M/`2 HǶBM~m2M+2 /2b /QT�Mib bm` H2b T2`7Q`K�M+2b /2b �KTHB}+�i2m`b- MQmb �pQMb
`2TQ`iû bm` H� };m`2 9XkRU�V HǶûpQHmiBQM /2b T2`i2b /2 ;�BM 2M 7QM+iBQM /2 H� +QM+2Mi`�iBQM /Ƕ�HmKB@
MBmK TQm` mM2 +QM+2Mi`�iBQM /Ƕ2`#BmK bmTTQbû2 }t2X LQmb TQmpQMb +QMbi�i2` [m2 H2b T2`i2b /2 ;�BM



6B#`2b (�H) α1480/αEr αmax S2`i2 /2 :�BM ARI980 +QMi`B#miBQM 1`2+

U%wtV U/"XK−1V U/"V U/"fKf:vV /2 HǶ�_A UWV
NPSi+ y y-Re9 jXk y-k8 y-j3×10−3 99W
NP1 y@k y-kNN kX8 R R-j8×10−3 RjW
NP3 9@e y-9yk 8X9 d-8 Rk-d×10−3 R9W
NP4 9@e y-9j kj k-8 Rd-3×10−3 9RW
BEF1 y@k y-jyj 9-8 y-3 R-j3×10−3 kyW
BEF2 e@3 y-9j9 j-e Rk R8-d×10−3 ReW
BEF4 e@3 y-98 RRX8 3 ky-3×10−3 jRW
BEF5 e@3 y-9jN kk 9 RN-e×10−3 jjW

9X8 Ĝ .2b+`BTiBQM /2b +�`�+iû`BbiB[m2b /2b �P6.b i2biû2b 2M +QM};m`�iBQM "QQbi2`
X

�m;K2Mi2Mi 2M 7QM+iBQM /2 H� i2M2m` 2M �HmKBMBmK- +2 [mB 2bi /ûD¨ +QMMm- +�` +2 +Q/QT�Mi BMi`Q/mBi
/2 MQK#`2mt TBĕ;2b bQmb B``�/B�iBQMX G� };m`2 9XkRU#V KQMi`2 [m�Mi ¨ 2HH2 H2b T2`i2b /2 ;�BM 2M 7QM+@
iBQM /2 H� +QM+2Mi`�iBQM /Ƕ2`#BmK TQm` mM2 +QM+2Mi`�iBQM /Ƕ�HmKBMBmK }t2X LQmb `2K�`[mQMb mM2
/BKBMmiBQM /2b T2`i2b /2 ;�BM [m�M/ H� +QM+2Mi`�iBQM /Ƕ2`#BmK �m;K2Mi2X LQmb TQmpQMb BMi2`T`ûi2`
+2 `ûbmHi�i /2 /2mt 7�ÏQMb , /ǶmM2 T�`i- HQ`b[m2 H� +QM+2Mi`�iBQM /Ƕ2`#BmK �m;K2Mi2- H� HQM;m2m` /2
HǶ�KTHB}+�i2m` /BKBMm2- BH 2bi /QM+ KQBMb b2MbB#H2 �mt B``�/B�iBQMb c /Ƕ�mi`2 T�`i- +QKK2 MQmb �pQMb
Tm H2 pQB` �m +?�TBi`2 T`û+û/2Mi- BH 2tBbi2 mM2 +QKTûiBiBQM 2Mi`2 H� T`ûb2M+2 /2 TBĕ;2b HBûb ¨ HǶ�HmKBMBmK
2i H� `û/m+iBQM /Ƕ2`#BmKX LQmb �m`QMb /QM+ mM2 T�`i /2 H� /û;`�/�iBQM HBû2 �mt BQMb 1`2+[mB b2`� THmb
BKTQ`i�Mi2 /�Mb H2b }#`2b +QMi2M�Mi #2�m+QmT /Ƕ2`#BmKX 1M 2z2i- MQmb �pQMb `2TQ`iû bm` H2 i�#H2�m
9X8 H� T`QTQ`iBQM /2 HǶ�_A HBû2 ¨ HǶ2`#BmK TQm` +2b /Bzû`2Mi2b }#`2b- +�H+mHû2 T�` H� Kûi?Q/2 /û+`Bi2
�m +?�TBi`2 j UpQB` jXjXjVX LQmb TQmpQMb +QMbi�i2` [m2 H2b `ûbmHi�ib bmBp2Mi H� KāK2 i2M/�M+2 2i [m2-
TQm` H2b }#`2b 7Q`i2K2Mi /QTû2b- H2 +?�M;2K2Mi /2 +QM7Q`K�iBQM /2 HǶ2`#BmK 2bi mM 7�+i2m` BKTQ`i�MiX
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9XkR Ĝ S2`i2b /2 ;�BM 2M +QM};m`�iBQM #QQbi2` 2M 7QM+iBQM U�V /2 H� +QM+2Mi`�iBQM /Ƕ�HmKBMBmK
TQm` mM2 +QM+2Mi`�iBQM /Ƕ2`#BmK }t2 2i U#V /2 H� +QM+2Mi`�iBQM /Ƕ2`#BmK TQm` mM2 +QM+2Mi`�iBQM
/Ƕ�HmKBMBmK }t2- Ue@3 WriVX

lM �mi`2 �bT2+i BKTQ`i�Mi ¨ `2;�`/2` 2i HǶ�iQmi /2 H� i2+?MQHQ;B2 L�MQT�`iB+mH2X SQm` +2H� MQmb
�pQMb +QM7`QMiû H2b `ûbmHi�ib /2b T2`i2b /2 ;�BM TQm` [m�i`2 }#`2b /Bzû`2Mi2bX G2b }#`2b BEF2 2i NP3

T`ûb2Mi2Mi /2b T2`7Q`K�M+2b /2 ;�BM- /2b HQM;m2m`b /Ƕ�KTHB}+�i2m`b 2i /2b +QM+2Mi`�iBQMb /Ƕ2`#BmK
bBKBH�B`2b- /2 KāK2 [m2 H2 +QmTH2 BEF5 2i NP4X LQmb �pQMb `2TQ`iû bm` H� };m`2 9Xkk H2b T2`i2b
/2 ;�BM TQm` +2b [m�i`2 }#`2b 2M 7QM+iBQM /2 HǶ�_A ¨ N3y MK 2i T`û+Bbû H2b +�`�+iû`BbiB[m2b [mB H2m`



+Q``2bTQM/2MiX LQmb TQmpQMb +QMbi�i2` [m2 HǶBMi`Q/m+iBQM K�ŗi`Bbû2 /2 HǶ�HmKBMBmK /�Mb H� }#`2 T�`
H� i2+?MQHQ;B2 L�MQT�`iB+mH2 T2`K2i /2 /BKBMm2` û;�H2K2Mi H2b T2`i2b /2 ;�BMX Lû�MKQBMb- BH M2 bǶ�;Bi
T�b /m b2mH T�`�Kĕi`2 ¨ T`2M/`2 2M +QKTi2X 1M 2z2i- +QKK2 MQmb �pQMb Tm H2 pQB` T`û+û/2KK2Mi-
mM2 +QM+2Mi`�iBQM ûH2pû2 /Ƕ2`#BmK 2bi #ûMû}[m2- +�` +2H� T2`K2i /2 KBMBKBb2` H2b T2`i2b /2 ;�BMX P`-
+2 `�BbQMM2K2Mi b2K#H2 āi`2 +QMi`2@BMimBiB7 T�` `�TTQ`i ¨ H� b2MbB#BHBiû BMi`BMbĕ[m2 /2b }#`2bX
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Augmentation

[Er]

Procédé 

nanoparticule S�`�Kĕi`2b "162f "165f
LS3 LS4

Gopt R8-d ± y-j 9-k ± y-N
(�H) UWriV Ue@3VfU9@eV Ue@3VfU9@eV
(1`) UTTKV kRyfjky RjkyfRj3y

9Xkk Ĝ S2`i2b /2 ;�BM 2M +QM};m`�iBQM #QQbi2` 2M 7QM+iBQM /2 HǶ�_A ¨ N3y MK TQm` /Bzû`2Mi2b
}#`2b- �bbQ+Bû ¨ H2m` +�`�+iû`BbiB[m2bX

SQm` `ûbmK2`- TQm` KBMBKBb2` H� b2MbB#BHBiû /ǶmM �KTHB}+�i2m` �mt B``�/B�iBQMb- BH 2bi BKTQ`i�Mi
/Ƕ�pQB` mM2 +QM+2Mi`�iBQM /Ƕ2`#BmK ûH2pû2 iQmi 2M K�ŗi`Bb�Mi H� +QM+2Mi`�iBQM /Ƕ�HmKBMBmK [mB T2mi
āi`2 �KûHBQ`û2 T�` H� i2+?MQHQ;B2 L�MQT�`iB+mH2X

*QMM�Bbb�Mi H2b /Bzû`2Mib T�`�Kĕi`2b [mB BM~m2M+2Mi H� b2MbB#BHBiû /2b �KTHB}+�i2m`b- MQmb �HHQMb
T`QTQb2` mM +`Biĕ`2 /2 bûH2+iBQM �}M /2 i`Qmp2` mM +QKT`QKBb 2Mi`2 H2b T2`7Q`K�M+2b `2[mBb2b 2i
H2b 2z2ib /2b B``�/B�iBQMbX LQmb �pQMb Tm +QMbi�i2` [m2 H� b2MbB#BHBiû BMi`BMbĕ[m2 /2 H� }#`2- HBû2 ¨
b� +QKTQbBiBQM- DQm2 mM `ƬH2 /û+BbB7X 1M 2z2i- H2b }#`2b +QMi2M�Mi T2m /Ƕ�HmKBMBmK QMi mM2 �_A THmb
7�B#H2 2i T2`K2ii2Mi HǶQ#i2MiBQM /2 K2BHH2m`b �KTHB}+�i2m`bX *2T2M/�Mi- +2ii2 `2K�`[m2 2bi ¨ Mm�M+2` ,
QM Q#b2`p2 [m2- TQm` /2b �KTHB}+�i2m`b +QMi2M�Mi mM2 7Q`i2 +QM+2Mi`�iBQM /Ƕ�HmKBMBmK 2i /Ƕ2`#BmK-
H� `û/m+iBQM /2 ;�BM 2bi THmb 7�B#H2X *2+B T2mi bǶ2tTHB[m2` /ǶmM2 T�`i T�` H� HQM;m2m` /2 HǶ�KTHB}+�i2m`
[mB +Q``2bTQM/ ¨ H� /ûK�`+?2 /2 :mb�`Qp (Rk) 2i /Ƕ�mi`2 T�`i T�` H� +QM+2Mi`�iBQM /2 /û7�mib i2H [m2
H2b �HP>* U[mB bQMi KQBMb MQK#`2mt /�Mb HǶ�KTHB}+�i2m` TmBb[m2 H� T`ûb2M+2 /2 HǶBQM 2`#BmK T2`K2i
mM2 HB�BbQM BQMB[m2 THmb 7Q`i2 �p2+ H2b KQHû+mH2b �HP9− 2i H2b `2M/2Mi THmb bi�#H2bVX � +QMi`�`BQ- +2b
}#`2b pQMi �pQB` mM i�mt /ǶBQMb 1`2+THmb BKTQ`i�Mi- +2 [mB �m`� TQm` +QMbû[m2M+2 /2 `û/mB`2 H2b
T2`7Q`K�M+2b /2b �KTHB}+�i2m`bX

GǶ�KTHB}+�i2m` M2 T2mi T�b āi`2 +QMbB/û`û +QKK2 mM2 }#`2 2M i�Mi [m2 i2HH2 K�Bb #B2M +QKK2
mM +QKTQb�Mi QTiB[m2 /QMi H� 7QM+iBQM 2bi /Ƕ�KTHB}2` H� HmKBĕ`2X AH 2bi /QM+ BKTQ`i�Mi /2 M2 T�b
+QMbB/û`2` b2mH2K2Mi H� }#`2 H2 +QMbiBim�Mi K�Bb �mbbB H� HQM;m2m` /2 HǶ�KTHB}+�i2m`X .�Mb +2 b2Mb- BH
b2`� û;�H2K2Mi BKTQ`i�Mi /ǶQ#i2MB` mM2 /û;`�/�iBQM bm` HǶBMiû;`�HBiû /2 H� }#`2X *QKK2 MQmb �pQMb Tm
H2 pQB`- H� HQM;m2m` +?QBbB2 TQm` mM �KTHB}+�i2m` /ûT2M/ ¨ H� 7QBb /2b TmBbb�M+2b BMD2+iû2b K�Bb �mbbB
/m /QT�;2 2M 2`#BmKX *2ii2 HQM;m2m` 2bi �HQ`b mM �mi`2 7�+i2m` BKTQ`i�Mi ¨ T`2M/`2 2M +QKTi2 +QKK2
+`Biĕ`2 /2 /m`+Bbb2K2MiX �BMbB- QM T2mi /B`2 [m2 H2 +`Biĕ`2 BKTQ`i�Mi MǶ2bi T�b mMB[m2K2Mi HǶ�_A K�Bb
THmiƬi H2 T`Q/mBi /2 H� HQM;m2m` QTiBK�H2 Lopt T�` HǶ�_AX *Ƕ2bi HǶBMimBiBQM 2tTHQBiû2 UBMimBiBp2K2MiV
T�` :mb�`Qp 2i �HX (Rk) TQm` H� `û�HBb�iBQM /ǶmM �KTHB}+�i2m` /m`+B ;`�+2 ¨ b� HQM;m2m` `û/mBi2X .2 T�`
+2 +`Biĕ`2- MQmb TQm``QMb ûi�#HB` mM2 MQmp2HH2 7�ÏQM /2 +H�bb2` H2b }#`2b 2`#BmK 2M pm2 /2 `û�HBb2` /2b
�KTHB}+�i2m`b `ûbBbi�Mib �mt `�/B�iBQMbX .2 THmb- MQmb �pQMb Tm +QMbi�i2` [m2 HǶ2Mb2K#H2 /2b TBĕ;2b
QMi mM2 bB;M�im`2 /�Mb HǶlo 2i H2 pBbB#H2 2i [m2 HǶBKT�+i 2bi THmb BKTQ`i�Mi TQm` H� HQM;m2m` /ǶQM/2



/2 TQKT2X *Ƕ2bi /QM+ +2ii2 �#bQ`TiBQM [mB � ûiû +?QBbB2 TQm` Q#i2MB` H2 T`Q/mBi Lopt × ARI980X G2
+`Biĕ`2 /2 bûH2+iBQM �TT2Hû 7�+i2m` /2 Kû`Bi2 2bi /QM+ /û}MB /2 H� 7�ÏQM bmBp�Mi2 ,

FOM−1 = Lopt ×ARI980 U9XR3V

*2ii2 /û}MBiBQM T`2M/ 2M +QKTi2 ¨ H� 7QBb H� b2MbB#BHBiû BMi`BMbĕ[m2 �mt `�/B�iBQMb /2 H� }#`2 /QTû2
2i HǶ�bT2+i bvbiĕK2 /ûp2HQTTû T�` HǶ�KTHB}+�i2m` �p2+ H� MQiBQM /2 HQM;m2m` QTiBK�H2X .2 THmb- +2i
BM/B+�i2m` T2mi āi`2 /û+`Bi ¨ HǶ�B/2 /2b `2H�iBQMb /û}MBbb�Mi H� HQM;m2m` QTiBK�H2 bm` mM �KTHB}+�i2m`
MQM B``�/Bû- 2M `2T`2M�Mi HǶû[m�iBQM U9XkVX LQmb �TT2HQMb �HQ`b +2 7�+i2m` Firrad ,

Firrad = FOM−1 =
K1

αEr
×ARI980 U9XRNV
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9Xkj Ĝ �_A MQ`K�HBbû2 ¨ N3y MK 2i R88y MK 2M 7QM+iBQM /m `�iBQ α1480/αmaxX

1MbmBi2- MQmb �pQMb i`�+û bm` H� };m`2 U9XkjV- HǶûpQHmiBQM /2 HǶ�_A TQm` mM /ûTƬi /2 jyy :v ¨ y-9
:vf?- 2M 7QM+iBQM /m `�TTQ`i α1480/αmaxX LQmb TQmpQMb +QMbi�i2` mM2 �HHm`2 �{M2 2Mi`2 H2 `�iBQ 2i
HǶ�_AX *2ii2 i2M/�M+2 M2 b2K#H2 T�b /ûT2M/`2 /2 H� i2+?MQHQ;B2 /2 /QT�;2 UL�MQT�`iB+mH2 Qm bi�M/�`/V
Qm /2b �mi`2b ûHûK2Mib /2 +Q@/QT�;2 B/2MiB}ûb , +2+B +QM}`K2- 2M+Q`2 mM2 7QBb- [m2 HǶ�HmKBMBmK 2bi
H2 T`û+m`b2m` /2 /û7�mi T`BM+BT�H /�Mb H2 +�b /ǶmM2 }#`2 �HmKBMQ@bBHB+�i2 /QTû2 2`#BmKX AH 2bi �HQ`b
TQbbB#H2 /2 /û}MB` H� `2H�iBQM bmBp�Mi2 ,

ARI = K2 × α1480

αEr
+K3 U9XkyV

G2b T�`�Kĕi`2b K2 2i K3 /ûT2M/2Mi �mbbB /2b +QM/BiBQMb /ǶB``�/B�iBQM- T`BM+BT�H2K2Mi /m /û#Bi /2
/Qb2 K�Bb û;�H2K2Mi /2 H� HQM;m2m` /ǶQM/2 2i /2 H� TmBbb�M+2 /2 TQKT2X SQm` `2M/`2 MQi`2 �M�Hvb2
T2`iBM2Mi2- MQmb �pQMb 2tû+miû +2 i`�p�BH /�Mb H2b KāK2b +QM/BiBQMb- TQm` HǶ2Mb2K#H2 +QKTH2i /2 }#`2bX
AH 2bi �HQ`b TQbbB#H2 /ǶBMD2+i2` HǶû[m�iBQM U9XkyV- /�Mb HǶû[m�iBQM T`û+û/2Mi2 TQm` Q#i2MB` mM 7�+i2m`
/ûT2M/�Mi b2mH2K2Mi /2 T�`�Kĕi`2b i2+?MQHQ;B[m2b- MQmb H2 MQKKQMb FT echno ,

FT echno = FOM−1 = K1K2
α1480

α2
Er

+
K3K1

αEr
U9XkRV
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9Xk9 Ĝ S2`i2b /2 ;�BM 2M 7QM+iBQM /m 7�+i2m` /2 Kû`Bi2 TQm` /Bzû`2Mi2b }#`2b- TQm` mM2 /Qb2
/2 jyy :v 2i mM /û#Bi /2 y-9 :vf?X

SQm` MQi`2 +QM};m`�iBQM /Ƕû+H�B`2K2Mi 2i /ǶmiBHBb�iBQM- MQmb Q#i2MQMb H� `2H�iBQM ,

FT echno = FOM−1 = 4, 6
α1480

α2
Er

− 1, 34

αEr
U9XkkV

G� };m`2 9Xk9 KQMi`2 H2b T2`i2b /2 ;�BM 2M 7QM+iBQM /m 7�+i2m` /2 Kû`Bi2 TQm` /Bzû`2Mi2b }#`2b
2i TQm` mM2 +QM};m`�iBQM �KTHB}+�i2m` �p2+ mM û+H�B`2K2Mi T2`K�M2MiX

*2ii2 MQmp2HH2 2tT`2bbBQM 2i H� /û}MBiBQM [m2 MQmb �pQMb Tm /QMM2` �p2+ HǶû[m�iBQM U9XRNV b2K#H2Mi
+QM+Q`/2`- +QKK2 H2 KQMi`2 H� };m`2 9Xk8 [mB +QM7`QMi2 H2b /2mt 7�+i2m`b , FIrrad 2i FT echnoX PM T2mi
MQi2` [m2 +2ii2 MQmp2HH2 2tT`2bbBQM /QBi /QM+ T2`K2ii`2 /2 +QM+2pQB` 2i /2 /ûp2HQTT2` /2b }#`2b 2M pm2
/Ƕ�TTHB+�iBQMb bT�iB�H2b b�Mb 7�B`2 /2 K2bm`2b /Ƕ�_A �m T`û�H�#H2X *2ii2 HQB 2KTB`B[m2 T2mi /QMM2` mM2
Q`B2Mi�iBQM �mt +QM+2Ti2m`b /2 }#`2b TQm` /ûp2HQTT2` /2b �KTHB}+�i2m`b /m`+BbX AH 2bi �HQ`b 2bb2MiB2H
/ǶQ#i2MB` mM 7�+i2m` /2 Kû`Bi2 FOM−1 H2 THmb T2iBi TQbbB#H2 �}M /ǶQ#i2MB` H2b K2BHH2m`2b T2`7Q`K�M+2bX
SQm` MQi`2 ûim/2- MQmb TQmpQMb KBMBKBb2` +2 7�+i2m` TQm` mM `�iBQ α1480/αEr ≈ 0, 3X

G� T2`iBM2M+2 /m 7�+i2m` /2 Kû`Bi2 2bi ûp�Hmû2 ¨ H� 7QBb 2M 2tû+mi�Mi /2 KmHiBTH2b K2bm`2b /2
`û/m+iBQM /2 ;�BM bm` HǶ2Mb2K#H2 /2 MQb }#`2b- K�Bb û;�H2K2Mi- 2M �M�Hvb�Mi mM �mi`2 7�+i2m` BKTQ`i�Mi
TQm` H2b iûHû+QKKmMB+�iBQMb- [mB 2bi H� #�M/2 T�bb�Mi2 /2 HǶ�KTHB}+�i2m`X

�}M /Ƕûp�Hm2` H2 +QKT`QKBb 2Mi`2 H2 7�+i2m` /2 Kû`Bi2 2i H� H�`;2m` /2 #�M/2 T�bb�Mi2- MQmb �pQMb
`2TQ`iû bm` H� };m`2 9Xke 2i TQm` HǶ2Mb2K#H2 /2b }#`2b ¨ MQi`2 /BbTQbBiBQM H� T2`i2 /2 ;�BM 2i H2 `�iBQ
α1480 fαEr 2i 2M 7QM+iBQM /m 7�+i2m` /2 /û;`�/�iBQM FOM−1X

LQmb TQmpQMb Q#b2`p2` [m2- TQm` Q#i2MB` mM2 T2`i2 /2 ;�BM BM7û`B2m` ¨ k /"- BH 7�mi �HQ`b mM
FOM−1 BM7û`B2m` ¨ 1, 5 :v−1 +2 [mB T2`K2i /ǶQ#i2MB` mM2 #�M/2 T�bb�Mi2 /Ƕ2MpB`QM ky MKX *2T2M@
/�Mi- +2 `ûbmHi�i 2bi T`ûb2Miû TQm` /2b K2bm`2b 2z2+imû2b ¨ mM /û#Bi /2 y-9 :vf? , BH b2`�Bi �HQ`b
BMiû`2bb�Mi /ǶQ#i2MB` mM 7�+i2m` /2 Kû`Bi2 TQm` /2b /û#Bib bǶ�TT`Q+?�Mi /2 +2mt /m bT�iB�HX Lû�M@
KQBMb- +2 7�+i2m` b2K#H2 āi`2 T2`iBM2Mi TQm` ûp�Hm2` H2 +QKTQ`i2K2Mi /ǶmM �KTHB}+�i2m` 2`#BmK TQm`
/2b �TTHB+�iBQMb bQmb 2MpB`QMM2K2Mib `�/B�iB7bX AH 2bi BKTQ`i�Mi /2 `2K�`[m2` [m2 TQm` �m;K2Mi2` H�



0,00 

0,02 

0,04 

0,06 

0,08 

0,10 

0,00 0,02 0,04 0,06 0,08 

F
T

e
c

h
n

o

F
Irrad (Gy

-1
)

(G
y
-1

)
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9Xke Ĝ _û/m+iBQM /m ;�BM 2i HǶûH�`;Bbb2K2Mi bT2+i`�H TQm` /Bzû`2Mi2b }#`2b B``�/Bû2b 2M 7QM+iBQM
/2 H2m` 7�+i2m` /2 Kû`Bi2 FOM−1X

i2Mm2 �mt `�/B�iBQMb /ǶmM �KTHB}+�i2m`- BH 7�m/`� /BKBMm2` H� p�H2m` /m 7�+i2m` /2 Kû`Bi2 FOM−1-
+2 [mB `2pB2Mi ¨ /BKBMm2` H2 i�mt /Ƕ�HmKBMBmK 2i ¨ �m;K2Mi2` H2 i�mt /Ƕ2`#BmKX .2 THmb- +QKK2 MQmb
�pQMb Tm H2 pQB` T`û+û/2KK2Mi- MQmb +QMbi�iQMb [mǶBH 2bi THmb BKTQ`i�Mi /Ƕ�m;K2Mi2` HǶ2`#BmK [m2
/2 /BKBMm2` H� +QM+2Mi`�iBQM /Ƕ�HmKBMBmK , +2+B `2DQBMi H2 `�BbQMM2K2Mi bm` H� 7Q`K�iBQM /2b TBĕ;2b
�HP>*- 2M ;`�M/2 T�`iB2 `2bTQMb�#H2b /2 H� /û;`�/�iBQM- [mB /QBp2Mi āi`2 `û/mBib 2M DQm�Mi bm` H�
+QKT2Mb�iBQM /2 +?�`;2b /2b bi`m+im`2b �HP4−f1`3+2i /QM+ H� `û/m+iBQM /2 H� 7Q`K�iBQM /Ƕ�HP>*X

*QKK2 MQmb +QMM�BbbQMb K�BMi2M�Mi [m2Hb bQMi H2b +`Biĕ`2b BKTQ`i�Mib ¨ T`2M/`2 2M +QKTi2 TQm`
Q#i2MB` mM �KTHB}+�i2m` /m`+B /2 K�MBĕ`2 2tTû`BK2Mi�H2- MQmb T`QTQbQMb /2 `2i`Qmp2` +2b `ûbmHi�ib
T�` H� bBKmH�iBQMX SQm` +2 7�B`2 MQmb �pQMb `2T`Bb H� /û}MBiBQM /m 7�+i2m` /2 Kû`Bi2 /û+`Bi2 T�` HǶû[m�@
iBQM 9XR3 �p2+ /2b /QMMû2b Bbbm2b b2mH2K2Mi /2 H� KQ/ûHBb�iBQMX LQmb /û}MBbbQMb �HQ`b H2 7�+i2m` /2



bBKmH�iBQM
Fsimu = FOM−1 = Loptsimu

×ARI980simu
U9XkjV

�p2+ Loptsimu
2i ARI980simu

Bbbm2b /2 `ûbmHi�ib /2 KQ/ûHBb�iBQMX .2 THmb MQmb �pQMb `2H2pû H� `û/m+iBQM
/2 ;�BM TQm` +?�[m2 �KTHB}+�i2m` 2M �TTHB[m�Mi H2 KQ/ĕH2 /Ƕ�KTHB}+�i2m` bQmb B``�/B�iBQMbX G� };m`2
9Xkd +QM7`QMi2 H2b `ûbmHi�ib /2 bBKmH�iBQMb 2i 2tTû`BK2Mi�mt /2 `û/m+iBQM /2 ;�BM 2M 7QM+iBQM /m
7�+i2m` /2 Kû`Bi2X LQmb +QMbi�iQMb mM2 �/û[m�iBQMb 2Mi`2 +2b `ûbmHi�ib +2 [mB T2`K2i /Ƕ�pQB` mM QmiBHb
/2 T`û/B+iBQM Tm`2K2Mi i?ûQ`B[m2 b�Mb �pQB` `2+Qm`b ¨ /2b i2+?MB[m2b 2tTû`BK2Mi�H2bX
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simulation
expérience

9Xkd Ĝ *QM7`QMi�iBQM /2b `ûbmHi�ib /2 bBKmH�iBQM 2i 2tTû`BK2Mi�mt /2b T2`i2b /2 ;�BM 2M
7QM+iBQM /m 7�+i2m` /2 Kû`Bi2 TQm` /Bzû`2Mi2b }#`2b- TQm` mM2 /Qb2 /2 jyy :v 2i mM /û#Bi /2 y-9
:vf?X

LQmb �pQMb Tm +QMbi�i2` [m2 +2 +`Biĕ`2 /2 bûH2+iBQM T2`K2i /Ƕ�pQB` mM2 BM7Q`K�iBQM bm` H� b2M@
bB#BHBiû �mt `�/B�iBQMb /2 HǶ�KTHB}+�i2m`X LQmb �pQMb �HQ`b �TTHB[mû +2 +`Biĕ`2 bm` HǶ2Mb2K#H2 /2 MQb
}#`2b ¨ /BbTQbBiBQM �}M /2 i`Qmp2` H� +�M/B/�i2 B/û�H2X *Ƕ2bi ¨ /B`2 mM2 }#`2 `ûTQM/�Mi �mt +�?B2` /2b
+?�`;2b /2 h�a ,

ě mM2 `û/m+iBQM /2 ;�BM BM7û`B2m`2 ¨ k /" �T`ĕb jyy :v c
ě mM2 #�M/2 T�bb�Mi2 /2 ky MK �p2+ mM ;�BM bmTû`B2m` ¨ R3 /"KX

GQ`b /2 H� i?ĕb2 CXh?QK�b (j)- mM2 }#`2 M�MQbi`m+im`û2 b�Mb �HmKBMBmK �p�Bi KQMi`û2 /2b T2`7Q`@
K�M+2b- 2M i2`K2b /2 T2`i2b /2 ;�BM- i`ĕb BMiû`2bb�Mi2bX 1M 2z2i- mM2 `û/m+iBQM /2 ;�BM /2 b2mH2K2Mi
y-k8 /" �p�Bi ûiû `2H2pû TQm` mM /ûTƬi /2 /Qb2 jyy :vX *2T2M/�Mi- +2ii2 }#`2 M2 T2mi +QMp2MB` TQm`
/2b �TTHB+�iBQMb /2 iûHû+QKKmMB+�iBQMbX 1z2+iBp2K2Mi- b� #�M/2 T�bb�Mi2 `2bi2 BM7û`B2m`2 ¨ Ry MK-
+2 [mB HBKBi2 bQM miBHBb�iBQM ¨ /2b �TTHB+�iBQMb KQMQ+�M�HX G� +QM+HmbBQM /2 +2 `ûbmHi�i 2bi [mǶBH 2bi
T`BKQ`/B�H /Ƕ�pQB` mM2 [m�MiBiû K�ŗi`Bbû2 /Ƕ�HmKBMBmK /�Mb H� }#`2 �}M /ǶQ#i2MB` mM �KTHB}+�i2m` /Bi
H�`;2 #�M/2X G2 7�+i2m` /2 Kû`Bi2 T`2M/ 2M +QKTi2 HǶ2z2i /2 #�M/2 T�bb�Mi2 �m i`�p2`b /2 HǶ2tT`2bbBQM
/m `�TTQ`i α1480 fαEr- BH 2bi �HQ`b TQbbB#H2 /2 bûH2+iBQMM2` mM2 }#`2 �v�Mi mM KBMBKmK /Ƕ�HmKBMBmK
`2[mBb TQm` b�iBb7�B`2 H2b �TTHB+�iBQMb pBbû2bX G2 7�+i2m` /2 Kû`Bi2 b2K#H2 Q#i2MB` H2 K2BHH2m` b+Q`2
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s i+

9Xk3 Ĝ �V *QKT�`�BbQM /2b bT2+i`2b /2 ;�BM /2b }#`2b NPsi+ 2i BEF1 �T`ĕb mM /ûTƬi /2 /Qb2
¨ jyy :v ¨ y-9 :vf? 2i #V úpQHmiBQM /2b T2`i2b /2 ;�BM ¨ R88y MK TQm` mM /û#Bi /2 y-9 :f?X

TQm` mM `�iBQ α1480/αEr /2 0, 3- �m pm /2b `ûbmHi�ib Q#i2Mmb bm` H2b }#`2b BEF1 2i NP1 (9)X LQmb
�pQMb `2TQ`iû bm` H� };m`2 9Xk3U�V- H� +QKT�`�BbQM /2b ;�BMb Q#i2Mmb bm` H2b }#`2b NPsi+ 2i BEF1

�T`ĕb mM /ûTƬi /2 /Qb2 /2 jyy :v ¨ y-9 :vf?X G� }#`2 BEF1 KQMi`2 [mǶBH 2tBbi2 mM2 }#`2 �p2+ mM
T`Q+û/û bi�M/�`/ �v�Mi mM2 H�`;2m` /2 #�M/2 bm{b�Mi2 Uky MKV TQm` H2b �TTHB+�iBQMb bT�iB�H2b 2i mM2
`û/m+iBQM /2 ;�BM KBMBK�H2X 1M 2z2i- MQmb TQmpQMb Q#b2`p2` [m2 bm` H� };m`2 9Xk3U#V- KāK2 bB H�
T2`i2 /2 ;�BM 2bi THmb BKTQ`i�Mi2 TQm` H� }#`2 BEF1 [m2 TQm` H� }#`2 NPsi+- 2HH2 `2bi2 BM7û`B2m`2 ¨
H� HBKBi2 �miQ`Bbû2 UKQBMb /2 R /" �T`ĕb jyy :vVX

*QKK2 MQmb �pQMb Tm H2 `2K�`[m2` T`û+û/2KK2Mi- HǶ�iQmi /2 H� i2+?MQHQ;B2 M�MQT�`iB+mH2 2bi
[mǶ2HH2 T2`K2i /ǶBMi`Q/mB`2 mM2 [m�MiBiû KBMBKmK /Ƕ�HmKBMBmK TQm` /2b T2`7Q`K�M+2b /2 ;�BM 2i /2
#�M/2b T�bb�Mi2b û;�H2b �m T`Q+û/û bi�M/�`/X .�Mb MQi`2 +�b- MQmb �pQMb ¨ /BbTQbBiBQM H� }#`2 NP1

[mB � mM2 +QM+2Mi`�iBQM /Ƕ�HmKBMBmK B/2MiB[m2 ¨ H� }#`2 BEF1 K�Bb �p2+ mM2 +QM+2Mi`�iBQM /Ƕ2`#BmK
[mB 2bi [m�bBK2Mi /2mt 7QBb THmb 7�B#H2X *2ii2 +QM};m`�iBQM 7�Bi [m2 HǶ�KTHB}+�i2m` 2bi THmb HQM; +2
[mB � TQm` +QMbû[m2M+2 /Ƕ�m;K2Mi2` H2b T2`i2b /2 ;�BMX *QKK2 MQmb �pQMb Tm H2 pQB` /�Mb H� b2+iBQM
9XkXR H2b T2`i2b /2 ;�BM bQMi �HQ`b bBKBH�B`2b 2Mi`2 +2b /2mt }#`2bX
AH b2`�Bi �HQ`b TQbbB#H2 /ǶQTiBKBb2` H2 `ûbmHi�i Q#i2Mm �p2+ }#`2 BEF1 T�` mM T`Q+û/û M�MQT�`iB+mH2X
hvTB[m2K2Mi bB HǶQM b2 `û7ĕ`2 �mt +QmTH2b BEF2fNP3 2i BEF5fNP4 - +2ii2 i2+?MQHQ;B2 T2`K2i /2
/Ƕ�pQB` mM 7�+i2m` /2mt bm` H2 `�TTQ`i H2 `�TTQ`i /2b +QM+2Mi`�iBQM [Er]f[Al]X .2mt +?QBt bQMi �HQ`b
TQbbB#H2b TQm` i`�Mb7û`2` H2b T2`7Q`K�M+2b /2 H� }#`2 bi�M/�`/ BEF1 ,

ě �p2+ mM2 +QM+2Mi`�iBQM /Ƕ2`#BmK }t2 2i mM2 +QM+2Mi`�iBQM /Ƕ�HmKBMBmK /BpBbû2 T�` /2mtX .�Mb
+2 +�b H� HQM;m2m` /2 HǶ�KTHB}+�i2m` `2bi2 b2MbB#H2K2Mi B/2MiB[m2X LQmb �TT2HQMb +2ii2 }#`2
NP 1

1 c
ě �p2+ mM2 +QM+2Mi`�iBQM /Ƕ�HmKBMBmK }t2 2i mM2 +QM+2Mi`�iBQM /Ƕ2`#BmK KmHiBTHBû2 T�` /2mtX

.�Mb +2 +�b H� HQM;m2m` /2 HǶ�KTHB}+�i2m` 2bi THmb +Qm`i2 +2 [mB T2`K2ii`�Bi /Ƕāi`2 û;�H2K2Mi
mM 7�+i2m` TQm` `û/mB`2 H2b T2`i2b /2 ;�BMX LQmb �TT2HQMb +2ii2 }#`2 NP 2

1 X
LQmb �pQMb �HQ`b bBKmHû H2b T2`i2b /2 ;�BM TQm` +2b /2mt +�bX G� };m`2 9XkN KQMi`2 H� `û/m+iBQM /2

;�BM Q#i2Mm2 TQm` +2b /2mt }#`2b NP 1
1 2i NP 2

1 �p2+ mM i�#H2�m +QMi2M�Mi H2b +QM+2Mi`�iBQMb /Ƕ2`#BmK
2i /Ƕ�HmKBMBmK �BMbB [m2 H� HQM;m2m` QTiBK�H2X LQmb `2K�`[mQMb [m2 H2 `ûbmHi�i H2 THmb T2`iBM2Mi 2bi
+2HmB Q#i2Mm �p2+ H� }#`2 NP 2

1 X *2 `ûbmHi�i T2`K2i /2 DmbiB}2` ¨ H� 7QBb HǶ�iQmi /m T`Q+û/û M�MQT�`iB+mH2
K�Bb û;�H2K2Mi HǶ2KTHQB /ǶmM �KTHB}+�i2m` THmb +Qm`i +QMi2M�Mi THmb /Ƕ2`#BmK +QKK2 H2 T`û/Bi H�
/ûK�`+?2 /2 :mb�`Qp (Rk)X

1M}M- +2 `ûbmHi�i T2`K2i û;�H2K2Mi /2 DmbiB}2` HǶmiBHBiû /ǶmM i2H KQ/ĕH2X 1M 2z2i- BH T`û/Bi H2b
T2`7Q`K�M+2b /ǶmM �KTHB}+�i2m` bQmb B``�/B�iBQMb bmBp�Mi b� +QKTQbBiBQMX AH bǶ�;Bi /ǶmM TQBMi BKTQ`i�Mi
TQm` H2b BM/mbi`B2Hb �}M /2 +QM+2pQB` mM �KTHB}+�i2m` /m`+B TQm` HǶ2MpB`QMM2K2Mi bT�iB�HX



0 50 100 150 200 250 300
0

0.2

0.4

0.6

0.8

1

Dose (Gy)

R
é

d
u

c
ti
o

n
 d

e
 g

a
in

 (
d

B
)

BEF
1

NP
1

1

NP
1

2

S�`�Kĕi`2b LS1
1 LS2

1

Gopt UKV Rj-d 3-j
:�BM1550 U/"V RN-3 ky-d

(�H) UWriV (�H)BEF1
fk (�H)BEF1

(1`) UTTKV (1`)BEF1
(1`)BEF1

× k

9XkN Ĝ aBKmH�iBQM /2b T2`i2b /2 ;�BM TQm` H2b }#`2b LS1
1 2i LS2

1 �T`ĕb mM /ûTƬi /2 /Qb2 ¨ jyy
:v ¨ y-9 :vf? �p2+ mM i�#H2�m +QMi2M�Mi H� HQM;m2m` QTiBK�H2- H2 ;�BM ¨ R88y MK �T`ĕb mM /ûTƬi /2
jyy :v �BMbB [m2 H2b +QM+2Mi`�iBQMb /Ƕ2`#BmK 2i /Ƕ�HmKBMBmKX

*QKK2 MQmb �pQMb Tm H2 pQB` /�Mb +2 +?�TBi`2- MQmb M2 MQmb BMiû`2bbQMb T�b mMB[m2K2Mi �mt
Kû+�MBbK2b /2 /û;`�/�iBQM 2i /2 ;mû`BbQM [mB BMi2`pB2MM2Mi HQ`b /2b B``�/B�iBQMb /�Mb mM p2``2- K�Bb
û;�H2K2Mi ¨ HǶ�bT2+i T`QT�;�iB7 /2 H� HmKBĕ`2X 1M 2z2i- bB MQmb TQmpQMb 2biBK2` [m2 H� HBKBi�iBQM 2bi
mMB7Q`K2 /�Mb H� }#`2- H� TmBbb�M+2 HmKBM2mb2 bmBp�Mi HǶ�t2 /2 T`QT�;�iBQM p�- [m�Mi ¨ 2HH2- #2�m+QmT
p�`B2` +2 [mB BKT�+i2 bm` H� /ûT2M/�M+2 HQM;Bim/BM�H2 /2 H� /û;`�/�iBQMX AH 2bi �HQ`b BKTQ`i�Mi- +QKK2
TQm` H2b �KTHB}+�i2m`b- /2 T`2M/`2 2M +QKTi2 +2i �bT2+i T`QT�;�iB7- +�` BH �m`� mM `ƬH2 MQM Mû;HB;2�#H2
bm` H� ;mû`BbQMX LQmb p2``QMb /�Mb mM T`2KB2` i2KTb [m2Hb bQMi H2b +`Biĕ`2b `2[mBb TQm` Q#i2MB` mM
/QbBKĕi`2- �BMbB [m2 HǶBKTQ`i�M+2 /2 H� MQiBQM /2 #H�M+?BK2MiX

G2b �TTHB+�iBQMb /2 /QbBKĕi`2 ¨ }#`2 bQMi KmHiBTH2b 2i p�`Bû2bX 1HH2b +Qmp`2Mi THmbB2m`b +?�KTb
/Ƕ�TTHB+�iBQM /�Mb H2b /QK�BM2b /m Kû/B+�H- /m KBHBi�B`2 2i /m Mm+Hû�B`2X �mbbB H2b /û#Bib 2i H2b /Qb2b
�TTHB[mûb b2`QMi i`ĕb /Bzû`2Mib bmBp�Mi HǶ�TTHB+�iBQMX *2T2M/�Mi- +QKK2 MQmb TQmpQMb H2 pQB` bm` H�
};m`2 9Xjy [mB `2T`ûb2Mi2 H2b /QK�BM2b /ǶmiBHBb�iBQM /2 [m2H[m2b /QbBKĕi`2b ¨ }#`2b 2tBbi�Mib 2i H2
i�#H2�m 9Xe [mB HmB 2bi �bbQ+Bû- BH 2tBbi2 T2m /2 }#`2b 7QM+iBQMM�Mi �mt HQM;m2m`b /ǶQM/2b /2b iûHû+QK@
KmMB+�iBQMbX .2 THmb- THmbB2m`b Kûi?Q/2b /ǶBMi2``Q;�iBQM T2mp2Mi āi`2 2KTHQvû2b- bQBi 2M K2bm`�Mi
HǶ�#bQ`TiBQM `�/BQ@BM/mBi2- bQBi 2M biBKmH�Mi H2 K�iû`B�m TQm` K2bm`2` H� HmKBM2b+2M+2 /2 7�ÏQM i?2`@
KB[m2- UhaG h?2`K�HHv aiBKmH�i2/ GmKBM2b+2M+2V- bQBi /2 7�ÏQM QTiB[m2- UPaG PTiB+�HHv aiBKmH�i2/
GmKBM2b+2M+2 VX JāK2 bB +2ii2 };m`2 `2+2Mb2 /2 K�MBĕ`2 MQM 2t?�mbiBp2 H2b /QbBKĕi`2b 2tBbi�Mib- MQmb
+QMbi�iQMb [m2 H� THmT�`i 7QM+iBQMM2Mi /�Mb H2 /QK�BM2 /m pBbB#H2X *2+B b2K#H2 i`BpB�H /m 7�Bi [m2
HǶ2Mb2K#H2 /2b /û7�mib QMi mM2 bB;M�im`2 bT2+i`�H2 /�Mb H2 pBbB#H2 2i HǶloX P`- HǶ�iQmi /ǶmM /QbBKĕi`2
7QM+iBQMM�Mi �mt HQM;m2m`b /ǶQM/2 /m T`Q+?2 BM7`�@`Qm;2 T`ûb2Mi2 mM `û2H �p�Mi�;2 , H2 +Qȿi /2b +QK@
TQb�Mib 2bi KQBMb ûH2pû 2i H2b i2+?MQHQ;B2b 2tBbi�Mi2b T2`K2ii2Mi mM 2M+QK#`2K2Mi `û/mBi iQmi 2M
ûi�Mi `Q#mbi2bX



LmKû`Q .QT�Mib GQM;m2m` a2MbB#BHBiû a2MbB#BHBiû GQM;m2m` S?ûMQKĕM2 _27bX
/Ƕû+?�MiBHHQM �m /û#Bi ¨ H� /Qb2 /ǶQM/2

R S K QmB QmB 8ey MK �_A (Rj)
k S +K MQM QmB jyy MK �_A (R9)
j :2 KK LX* QmB jyy@3yy MK haG (R8)
9 :2 +K QmB LX* 8yy MK PaG (Re)
8 �H 62f*P +K@K MQM QmB RjRy MK �_A (Rd)
e *m +K@K LX* QmB lo@oAa �_A (R3)
d 6 +K QmB MQM Rkdk MK PaG (RN)
3 @ +K MQM QmB 8jy MK PaG (ky)

9Xe Ĝ .2b+`BTiBQM /2b �TTHB+�iBQMb /2 /QbBKĕi`2b ¨ }#`2b
X
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Applica!on des fibres en fonc!on de la dose et du debit
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Fibre Er

9Xjy Ĝ �TTHB+�iBQM /2b }#`2b 2M 7QM+iBQM /2 H� /Qb2 2i /m /û#BiX

GǶûim/2 /2 H� b2MbB#BHBiû /2b }#`2b `2TQb2 2bb2MiB2HH2K2Mi bm` H� K2bm`2 /2 HǶ�_A bQmb B``�/B�iBQMX
1M 2z2i- BH bǶ�;Bi /2 H� +QM};m`�iBQM TQm` H�[m2HH2 MQmb �pQMb �++ĕb ¨ H� b2MbB#BHBiû BMi`BMbĕ[m2 /2
H� }#`2 2M 7QM+iBQM /2 b� +QKTQbBiBQMX *2ii2 ûim/2 2bi +QKTHûiû2 /ǶmM i`�Bi2K2Mi /2 ;mû`BbQM TQbi@
B``�/B�iBQMX SQm` +2H� MQmb `2;�`/QMb H2 +QKTQ`i2K2Mi /2b }#`2b ¨ i2KTû`�im`2 �K#B�Mi2 U�}M /2
+QMM�ŗi`2 H� +BMûiB[m2 /2 ;mû`BbQM i?2`KB[m2V /ǶmM2 T�`i b�Mb û+H�B`2K2Mi- 2i /Ƕ�mi`2 T�`i bQmb HǶ2z2i
/2 i`�Bi2K2Mib /2 ;mû`BbQM QTiB[m2 ¨ N3y MK i2Hb [m2 +2mt /û+`Bib /�Mb H2 +?�TBi`2 jX LQmb b�pQMb [m2
bm` H� /Bp2`bBiû /2 }#`2b /QMi MQmb /BbTQbQMb- H2b }#`2b +QMi2M�Mi /2 HǶ�HmKBMBmK bQMi H2b THmb b2MbB#H2b
�mt B``�/B�iBQMb- K�Bb MQmb M2 b�pQMb ¨ T`BQ`B `B2M bm` H� ;mû`BbQMX LQmb �pQMb +H�bbû HǶ2Mb2K#H2 /2b
}#`2b T�` +�iû;Q`B2 +QKK2 H2 KQMi`2 H� };m`2 9XjRX G� };m`2 9XjRU�V KQMi`2 H� b2MbB#BHBiû /2b }#`2b 2M
7QM+iBQM /2 H� ;mû`BbQM i?2`KB[m2- �HQ`b [m2 H� };m`2 9XjRU#V BHHmbi`2 H� `ûT�`iBiBQM /2b }#`2b bmBp�Mi
H� b2MbB#BHBiû �m T?QiQ#H�M+?BK2MiX LQmb �pQMb +H�bbû +2b }#`2b bmBp�Mi i`QBb +�iû;Q`B2b ,

ě +2HH2b [mB bQMi BMb2MbB#H2b ¨ H� ;mû`BbQM- +Ƕ2bi ¨ /B`2 [m2 HǶ2z2i `2T`ûb2Mi2 KQBMb /2 R W /2 H�



/vM�KB[m2 /2 /û;`�/�iBQM c
ě +2HH2b [mB QMi mM2 7�B#H2 +BMûiB[m2 2Mi`2 UR 2i Ry WV c
ě 2i H2b }#`2b i`ĕb b2MbB#H2b Qɍ HǶ2z2i `2T`ûb2Mi2 THmb /2 8y W /2 H� /vM�KB[m2 /2 /û;`�/�iBQMX

Répar��on des fibres suivant la sensibilité à la guerison thermique     

 

<1%
1-10%
>50%

PCF 

Aluminosilicate
 

Erbium 
& 

Aluminosilicate 

NP & BEF 

[Al]/[Er]<60 

[Al]/[Er]>60 

NP & BEF 

Légende :

a) b)

Répar��on des fibres suivant la sensibilité à la guerison op�que    

 

<1%
1-10%
50-90%

Aluminosilicate

 

Aluminosilicate
 

Erbium 
& 

Aluminosilicate 

NP & BEF 

[Al]/[Er]<60
 

[Al]/[Er]>60 

NP & BEF 

Légende :

[Al]/[Er]<60

NP & BEF
[Al]<1%twt

[Al]>1%twt

9XjR Ĝ _ûT�`iBiBQM /2b }#`2b bmBp�Mi H2m` b2MbB#BHBiû ¨ H� ;m2`BbQM i?2`KB[m2 Qm QTiB[m2X

1M +2 [mB +QM+2`M2 H� b2MbB#BHBiû ¨ H� i2KTû`�im`2 �K#B�Mi2- MQmb `2K�`[mQMb [m2 H2b }#`2b [mB
`û�;Bbb2Mi H2 THmb ¨ +2i 2z2i bQMi H2b }#`2b S*6X AH bǶ�;Bi H¨ 2bb2MiB2HH2K2Mi /2 }#`2b bTû+B�H2b 7�Bi2b
T�` H2 H�#Q`�iQB`2 /m S?G�J ¨ GBHH2 �p2+ mM +ƾm` p2``2 bQH@;2HX *2b }#`2b /2 bBHB+2 M2 +QMiB2MM2Mi
[m2 /2 HǶ2`#BmK 2i HǶQM T2mi T2Mb2` [m2 +2ii2 i2+?MQHQ;B2 BKTHB[m2 mM Kû+�MBbK2 /Bzû`2Mi /2b }#`2b
+QMp2MiBQMM2HH2bX 1MbmBi2- TQm` H2b }#`2b �v�Mi mM2 7�B#H2 +BMûiB[m2 /2 ;mû`BbQM i?2`KB[m2- QM `2i`Qmp2
2bb2MiB2HH2K2Mi H2b }#`2b /QTû2b ¨ HǶ�HmKBMBmK 2i +QMi2M�Mi mM2 [m�MiBiû HBKBiû2 /Ƕ2`#BmKX 1M}M /�Mb
H2 /2`MB2` ;`QmT2- QM `2i`Qmp2 H2b }#`2b BMb2MbB#H2b ¨ H� ;mû`BbQM , /2b }#`2b M2 +QMi2M�Mi bQBi [m2
/2 HǶ2`#BmK bQBi /2 HǶ2`#BmK 2M 7Q`i2 +QM+2Mi`�iBQM �p2+ /2 HǶ�HmKBMBmKX *2+B `2DQBMi HǶB/û2 [m2 +2b
/2mt ivT2b /2 }#`2b QMi 2bb2MiB2HH2K2Mi mM2 +QM+2Mi`�iBQM /ǶBQM 1`2+BKTQ`i�Mi2X *QMi`�B`2K2Mi ¨
HǶ�HmKBMBmK [mB T2`K2i /2 +`û2` /2b TBĕ;2b b2MbB#H2b ¨ mM2 +BMûiB[m2 /2 ;mû`BbQM- HǶBQM 1`2+MǶQ#iB2Mi
T�b mM2 ûM2`;B2 �bb2x +QMbû[m2Mi2 TQm` TQmpQB` 2M+H2M+?2` mM T`Q+2bbmb BMp2`bX *QM+2`M�Mi H2b }#`2b
7Q`i2K2Mi /QTû2b 2M �HmKBMBmK 2i 2`#BmK- H2b T`û+m`b2m`b /2 TBĕ;2b HBûb ¨ HǶBMi`Q/m+iBQM /Ƕ�HmKBMBmK
/�Mb H� K�i`B+2 /2 p2``2 b2`QMi KQBMb MQK#`2mt /m 7�Bi /2 H� T`ûb2M+2 /ǶBQMb 2`#BmK /�Mb H� KāK2
K�i`B+2X

J�BMi2M�Mi [m2 MQmb �pQMb `ûT2`iQ`Bû H2b }#`2b bmBp�Mi H2m` b2MbB#BHBiû ¨ H� ;mû`BbQM MQmb TQmpQMb
BM/B[m2` [m2HH2b bQMi H2b �TTHB+�iBQMb pBbû2bX LQmb TQmpQMb /ûD¨ /û}MB` /2mt 7�KBHH2b- H2b /QbBKĕi`2b
`û@BMBiB�HBb�#H2b 2i +2mt [mB bQMi KQMQ@mb�;2X .�Mb H� T`2KBĕ`2 +�iû;Q`B2- MQmb i`QmpQMb H2b }#`2b S*6
2i H2b }#`2b �HmKBMQ@bBHB+�i2X G� /Bzû`2M+2 2Mi`2 +2b /2mt ivT2b /2 /QbBKĕi`2 2bi 2bb2MiB2HH2K2Mi H�
K�ŗi`Bb2 /m T`Q+2bbmb /2 ;mû`BbQMX 1M 2z2i- TQm` H2b }#`2b S*6- H2 T`Q+2bbmb /2 `û BMBiB�HBb�iBQM M2
T2mi āi`2 +QMi`ƬHû- BH T2mi /QM+ āi`2 2MpBb�;û /2 H2b miBHBb2` TQm` 2z2+im2` /m KQMBiQ`BM; bm` mM2 bQm`+2
/ǶB``�/B�iBQM �}M /2 +QMM�ŗi`2 bQM �+iBpBiûX *QKK2 H2 KQMi`2 H� };m`2 9Xjk- +2 ivT2 /2 }#`2 T2`K2i
MQi�KK2Mi /Ƕ�pQB` mM2 BM7Q`K�iBQM bm` H2b Qmp2`im`2b 2i 72`K2im`2b /2 #mMF2` HQ`b /2 MQb +�KT�;M2b
/ǶB``�/B�iBQMbX

1M +2 [mB +QM+2`M2 H2b }#`2b �HmKBMQ@bBHB+�i2- HǶ�p�Mi�;2 2bi [m2 H� `û@BMBiB�HBb�iBQM /QBi āi`2
/û+H2M+?û2 QTiB[m2K2Mi 2i [mǶ2HH2b bQMi i`ĕb T2m b2MbB#H2b ¨ H� ;mû`BbQM i?2`KB[m2 �K#B�Mi2X
1M}M- H� b2+QM/2 +�iû;Q`B2 +QM+2`M2 H2b /QbBKĕi`2b miBHBb�#H2b mM2 b2mH2 7QBb- T`BM+BT�H2K2Mi +QMbiBimûb
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Irradiation 1.25 Gy/h Guerison thermique à 20 °C

90% 

Arret d’irradiation

9Xjk Ĝ úpQHmiBQM /2 H� TmBbb�M+2 QTiB[m2 ¨ N3y MK bQmb B``�/B�iBQM 2i TQbi B``�/B�iBQM bm` mM
û+?�MiBHHQM /2 }#`2 S*6X

/2 }#`2b �+iBp2b 2`#BmK- +2b /QbBKĕi`2b T2mp2Mi i`Qmp2` /2b �TTHB+�iBQMb /�Mb H2 /QK�BM2 bT�iB�H �}M
/2 +QMM�ŗi`2 H� /Qb2 `2Ïm2 HQ`b /2 H� KBbbBQMX h`ĕb bi�#H2b- BHb T2mp2Mi āi`2 û+H�B`ûb �p2+ /2b TmBbb�M+2b
+QMbû[m2Mi2b b�Mb �pQB` mM 2z2i /2 ;mû`BbQM QTiB[m2 [mB pB2M/`�Bi 2``QM2` H� H2+im`2X G� };m`2 9Xjj
T`ûb2Mi2 H2b `ûbmHi�ib /ǶûpQHmiBQM /2 H� TmBbb�M+2 QTiB[m2 bm` mM û+?�MiBHHQM bQmb B``�/B�iBQM 2i �T`ĕb
B``�/B�iBQM ¨ i2KTû`�im`2 �K#B�Mi2X LQmb TQmpQMb Q#b2`p2` [m2 bm` H� };m`2 9XjjU�V MQmb �pQMb
mM2 ;mû`BbQM i?2`KB[m2 MQM Mû;HB;2�#H2 bm` H� }#`2 #H�M+?2 BEF2W [mB T`ûb2Mi2 mM +QM+2Mi`�iBQM
/Ƕ�HmKBMBmK BKTQ`i�Mi2- �HQ`b [m2 H� }#`2 BEF5 [mB +QMiB2Mi mM2 +QM+2Mi`�iBQM /Ƕ�HmKBMBmK bBKBH�B`2
K�Bb �p2+ mM2 +QM+2Mi`�iBQM /Ƕ2`#BmK ûH2pû 2bi BMb2MbB#H2 ¨ H� ;mû`BbQMX

*QKK2 H2b �KTHB}+�i2m`b mM /QbBKĕi`2 2bi mM +QKTQb�Mi- BH 2bi /QM+ BKTQ`i�Mi /2 `2;�`/2` H2b
T�`�Kĕi`2b ¨ HǶû+?2HH2 bvbiĕK2X lM /QbBKĕi`2 2bi mM +�Ti2m`- BH 2bi /QM+ /û}MB T�` mM2 b2MbB#BHBiû �mt
`�/B�iBQMb- b� b2MbB#BHBiû �m /ûTƬi /2 /Qb2 T2mi āi`2 2tT`BK2` 2M /"XK−1X:v−1X aQM miBHBb�iBQM 2bi
/QMMû2 TQm` mM /QK�BM2 /Ƕ�TTHB+�iBQM [mB T2mi b2 /û}MB` 2M i2`K2 /2 /Qb2 2i /2 /û#Bi /2 /Qb2X SQm`
ûpBi2` /2b K2bm`2b 2``QMû2b T�` mM T`Q+2bbmb /2 ;mû`BbQM QTiB[m2 Qm i?2`KB[m2 [mB b2 K�MB72bi2 T�`
/2b T2`i2b /ǶBM7Q`K�iBQMb U7�/BM;V- MQmb �pQMb /ûHB#û`ûK2Mi +?QBbB2 mM2 }#`2 KQMQ@mb�;2X *Ƕ2bi ¨ /B`2
mM2 }#`2 �p2+ mM2 +QM+2Mi`�iBQM /Ƕ2`#BmK 2i /Ƕ�HmKBMBmK BKTQ`i�Mi2 +�` +2b }#`2b bQMi T2m b2MbB#H2b
¨ H� ;mû`BbQM i?2`KB[m2 2i QTiB[m2X SQm` MQi`2 +�b- MQmb �pQMb miBHBbû H2 KQ/ĕH2 /2 /û;`�/�iBQM �}M
/2 /û}MB` H2b TH�;2b /2 7QM+iBQMM2K2Mi /ǶmM i2H +�Ti2m` �p2+ H� }#`2 BEF5X LQmb `2TQ`iQMb bm` H�
};m`2 9Xj9 HǶûpQHmiBQM /2 H� b2MbB#BHBiû /2 H� }#`2 2M 7QM+iBQM /2 H� /Qb2 /ûTQbû2 9Xj9U�V 2i 2M 7QM+iBQM
/m /û#Bi /2 /Qb2 9Xj9U#V TQm` mM2 +2`i�BM2 /Qb2 /QMMû2X S`2KBĕ`2K2Mi MQmb TQmpQMb +QMbi�i2` bm`
H� };m`2 9Xj9U�V [m2 H� b2MbB#BHBiû 2bi `2H�iBp2K2Mi bi�#H2 TQm` mM2 TH�;2 +QKT`Bb2 2Mi`2 Ry−4 :v
2i Ry5 :v X �m /2H¨ /2 Ry5 :v- H� b2MbB#BHBiû /û+`Qŗi- +2+B T2mi bǶ2tTHB[m2` T�` H2 7�Bi [m2 H2 TBĕ;2
`2bTQMb�#H2 /2 HǶ�_A �ii2BMi mM MBp2�m /2 b�im`�iBQMX GǶ�_A b2 bi�#BHBb2 2HH2 MǶ2bi /QM+ THmb HBMû�B`2
2M 7QM+iBQM /2 H� /Qb2X lM2 `2K�`[m2 BKTQ`i�Mi2 T2mi āi`2 7�Bi2 bm` H� HBKBi2 #�bb2 /2 H� TH�;2 /2
7QM+iBQMM2K2Mi , bB /ǶmM TQBMi /2 pm2 /2b +�`�+iû`BbiB[m2b /2 H� }#`2 MQmb M2 b2K#HQMb T�b āi`2 HBKBiûb
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9Xjj Ĝ úpQHmiBQM /2 H� TmBbb�M+2 QTiB[m2 ¨ N3y MK bQmb B``�/B�iBQM 2i TQbi B``�/B�iBQM U�V bm`
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Plage de fonctionnement

a) b)

9Xj9 Ĝ úpQHmiBQM /2 H� b2MbB#BHBiû /2 H� }#`2 BEF5 ¨ N3y MK /"XK−1X:v−1U�V 2M 7QM+iBQM /2
H� /Qb2 /ûTQbû2 TQm` mM /û#Bi /2 y-9 :vf? U#V 2M 7QM+iBQM /û#Bi TQm` mM2 /Qb2 /ûTQbû2 /2 Ryy :vX

T�` H� THmb T2iBi2 p�H2m` /ûi2+i�#H2- +2H� 2bi ¨ `2K2ii`2 2M [m2biBQM /ǶmM TQBMi /2 pm2 bvbiĕK2 �p2+
HǶ2Mb2K#H2 /2 H� +?�BM2 /2 /ûi2+iBQMX 1M 2z2i- H� HBKBi�iBQM /ǶmM i2H +�Ti2m` T�bb2`� û;�H2K2Mi T�` H�
`ûbQHmiBQM /2 HǶ2Mb2K#H2 /m /BbTQbBiB7 Ub2MbB#BHBiû /2b T?QiQ/BQ/2b- bQm/m`2b- +QmTH2m`bXXXVX S�` 2t2KTH2-



+QM+2`M�Mi MQi`2 #�M+ /2 K2bm`2- BH MQmb 2bi BKTQbbB#H2 /Ƕ�pQB` mM2 b2MbB#BHBiû BM7û`B2m` ¨ j Ǧ 10−4

/"XK−1X:v−1X a2+QM/2K2Mi- +QM+2`M�Mi HǶûpQHmiBQM /2 H� b2MbB#BHBiû /m +�Ti2m` 2M 7QM+iBQM /m /û#Bi
UpQB` };m`2 9Xj9U#VV MQmb +QMbi�iQMb [m2 TQm` mM2 /Qb2 /QMMû2 UB+B ivTB[m2K2Mi Ryy :vV +QKT`Bb2
/�Mb H� TH�;2 /2 7QM+iBQMM2K2Mi /m +�Ti2m` U2Mi`2 Ry−4 :v 2i Ry5 :v V- H� b2MbB#BHBiû M2 b2K#H2 T�b
āi`2 BKT�+iû2 T�` HǶ2z2i /2 /û#BiX *2T2M/�Mi +2b `ûbmHi�ib K2ii2Mi ¨ HǶûT`2mp2 H2b HBKBi2b /m KQ/ĕH2X 1M
2z2i- MQmb MǶ�pQMb T�b /2 /QMMû2b 2tTû`BK2Mi�H2b TQm` �{`K2` +2b `ûbmHi�ib- BHb QMi �HQ`b b2mH2K2Mi
mM2 p�H2m` [m�HBi�iBp2X LQi`2 KQ/ĕH2 ûi�Mi T`û/BbTQbû TQm` 7QM+iBQMM2` �p2+ /2b /û#Bib 2i /2b /Qb2b
`2H�iBp2K2Mi 7�B#H2b- BH MǶ2bi T�b 2t+Hm [m2 /Ƕ�mi`2b Kû+�MBbK2b BMi2`pB2MM2Mi bm` H2b }#`2b +QKK2
MQmb �pQMb Tm HǶûpQ[m2` /�Mb H2 +?�TBi`2 kX .2 THmb- +QM+2`M�Mi +2 ivT2 /2 }#`2 MQmb �pQMb Q#b2`pû
/2b i2M/�M+2b /2 /û#Bi BMp2`b2X 1M 2z2i- BH � ûiû Q#b2`pû [m2 TQm` H2b }#`2b Qɍ HǶ2z2i /2 HǶ2`#BmK
T`û/QKBM2 /�Mb H� +QKTQbBiBQM /2 HǶ�_A- H� b2MbB#BHBiû /2 H� }#`2 �m;K2Mi2 �HQ`b [m2 H2 /û#Bi /BKBMm2
UTQm` mM2 /Qb2 +QKT�`�#H2VX *2ii2 i2M/�M+2 /ûD¨ 2tTHQBiû 2M KQ/ûHBb�iBQM (kR- kk) MǶBMi2`pB2Mi T�b
/�Mb MQi`2 KQ/ĕH2X



.�Mb +2 +?�TBi`2- MQmb �pQMb T`ûb2Miû H2b +�`�+iû`BbiB[m2b 2i H� b2MbB#BHBiû �mt B``�/B�iBQMb /2b
}#`2b 2M i�Mi [m2 +QKTQb�Mib QTiB[m2b [m2 +2 bQBi TQm` Q#i2MB` mM �KTHB}+�i2m` Qm #B2M mM /QbBKĕi`2X
G� T`2KBĕ`2 T�`iB2 /2 +2 +?�TBi`2 � ûiû +QMb�+`û2 ¨ HǶûim/2 /2b �KTHB}+�i2m`b 2i /2 H2m`b T2`7Q`K�M+2b
�p�Mi- T2M/�Mi 2i �T`ĕb B``�/B�iBQMbX .2mt �TT`Q+?2b QMi ûiû miBHBbû2b , H� T`2KBĕ`2 2bi HǶûim/2 2t@
Tû`BK2Mi�H2 /2 H� `û/m+iBQM /2 ;�BM bQmb B``�/B�iBQM �p2+ /Bzû`2Mi2b +QM};m`�iBQMb /Ƕû+H�B`2K2Mi 2i
/ǶB``�/B�iBQMb c H� b2+QM/2 2bi H� KQ/ûHBb�iBQM /m 7QM+iBQMM2K2Mi /ǶmM �KTHB}+�i2m` bQmb B``�/B�iBQMX
*2ii2 KQ/ûHBb�iBQM � Tm āi`2 p�HB/û2 T�` H2b /Bzû`2Mi2b +QM7`QMi�iBQMb �p2+ H2b 2tTû`B2M+2bX 1M 2z2i-
MQi`2 KQ/ĕH2 � ûiû i2biû TQm` /Bzû`2Mi2b /Qb2b 2i /û#Bib- K�Bb û;�H2K2Mi TQm` /2b }#`2b /2 /Bzû@
`2Mi2b +QKTQbBiBQMbX*2b /2mt ûim/2b QMi T2`KBb /Ƕûim/B2` HǶBKT�+i /m /û#Bi /2 /Qb2 TQm` 2ti`�TQH2` H2
7QM+iBQMM2K2Mi /2b �KTHB}+�i2m`b �mt +QM/BiBQMb bT�iB�H2b K�Bb û;�H2K2Mi [m2 H� i2+?MQHQ;B2 L�MQ@
T�`iB+mH2b �p�Bi mM p`�B TQi2MiB2H TQm` 7�#`B[m2` /2b �KTHB}+�i2m`b /m`+Bb ¨ 7�B#H2 +Qȿi- T�`+2 [mǶ2HH2
T2`K2i /2 K�Bi`Bb2` HǶ2MpB`QMM2K2Mi /2 HǶ2`#BmK 2i /ǶBMi`Q/mB`2 H2 KBMBKmK /Ƕ�HmKBMBmK `2[mBb �}M
/ǶQ#i2MB` mM �KTHB}+�i2m` H�`;2 #�M/2X _2K�`[mQMb +2T2M/�Mi [m2 +2 KQ/ĕH2 `2bi2 p�H�#H2 b2mH2K2Mi
TQm` mM2 �TTHB+�iBQM /2 ivT2 #QQbi2` +�` MQmb �pQMb Mû;HB;û H2b 2z2ib HBûb �mt /Bp2`b2b i`�MbBiBQMb
2`#BmK [mB pB2MM2Mi T�`�bBi2` H2b T2`7Q`K�M+2b /2b �KTHB}+�i2m`bX .2 THmb- MQmb �pQMb /ûi2`KBMû 2i
p�HB/û mM +`Biĕ`2 T2`K2ii�Mi /2 bûH2+iBQMM2` /2b }#`2b �}M /ǶQ#i2MB` /2b �KTHB}+�i2m`b /m`+BbX *2
+`Biĕ`2 7�Bi ¨ H� 7QBb �TT2H �mt T`QT`Bûiûb BMi`BMbĕ[m2b /m +QKTQb�Mi i2HH2b [m2 H� HQM;m2m` QTiBK�H2
T�` 2t2KTH2 K�Bb û;�H2K2Mi H2b T`QT`Bûiûb BMi`BMbĕ[m2b /2 H� }#`2 2i b� +QKTQbBiBQMX 1M}M- H� /2`MBĕ`2
T�`iB2 /2 +2 +?�TBi`2 � ûiû +QMb�+`û2 ¨ HǶûim/2 /2 H� /QbBKûi`B2 T�` }#`2X LQmb �pQMb 2tTHQ`û H2b /Bzû@
`2Mib +`Biĕ`2b BKTQ`i�Mib ¨ T`2M/`2 2M +QKTi2 2i +H�bbû MQb }#`2b bmBp�Mi H2m` b2MbB#BHBiû �mt +BMûiB[m2b
/2 ;mû`BbQM 2i /2 /û;`�/�iBQM- �}M /ǶQ#i2MB` /2b /QbBKĕi`2b TQi2MiB2HH2K2Mi `û@BMBiB�HBb�#H2bX



(R) 66 _m?HX �++m`�i2 �M�HviB+�H 7Q`KmH�b 7Q` ;�BM@QTiBKBb2/ 2/7�bX 1H2+i`QMB+b G2ii2`b- k3UjV ,jRkĜ
jRj- RNNkX

(k) *?`BbiB�M >2Mib+?2H �M/ 1/;�` G2+F2HX *QKTH2i2 �M�HvbBb Q7 2`#BmK@/QT2/ }#2` �KTHB}2`bX h2+?@
MB+�H S�T2`- >S 3R8j� GB;?ir�p2 JmHiBK2i2`- RNN8X

(j) Cû`ûKB2 h?QK�bX AKT�+i /2 H� M�MQbi`m+im`�iBQM /2b }#`2b /QTû2b 2`#BmK bm` H2m`b T2`7Q`K�M+2b ,
�TTHB+�iBQM �mt +QMi`�BMi2b /m bT�iB�HX S?. i?2bBb- JQMiT2HHB2` k- kyRjX

(9) _2KB .�`/�BHHQM- C2`2KB2 h?QK�b- JBF?�2H Jv�`�- ai2T?�M2 "HBM- �H�BM S�biQm`2i- *2/`B+ :QM@
M2i- �M/ S?BHBTT2 aB;MQ`2iX "`Q�/#�M/ `�/B�iBQM@`2bBbi�Mi 2`#BmK@/QT2/ QTiB+�H }#2`b 7Q` bT�+2
�TTHB+�iBQMbX A111 h`�Mb�+iBQMb QM Lm+H2�` a+B2M+2- e9UeV ,R89yĜR893- kyRdX

(8) JB+?2H CPAL.PhX 6B#`2b QTiB[m2b TQm` iûHû+QKKmMB+�iBQMbX G2b h2+?MB[m2b /2 HǶAM;ûMB2m`-
.QbbB2` 1- dURRyV ,y8- RNNNX

(e) * S�bFX S?vbB+�H BMi2`T`2i�iBQM Q7 T2i2`K�MMǶb bi`�M;2 bTQi bBx2 7Q` bBM;H2@KQ/2 }#`2bX 1H2+i`QMB+b
G2ii2`b- kyUjV ,R99ĜR98- RN39X

(d) J �`iB;HB�- :B�MMB *QTT�- SB2i`Q .B oBi�- J�`+2HHQ SQi2Mx�- �M/ �Mm`�; a?�`K�X JQ/2 }2H/ /B�@
K2i2` K2�bm`2K2Mib BM bBM;H2@KQ/2 QTiB+�H }#2`bX CQm`M�H Q7 GB;?ir�p2 h2+?MQHQ;v- dU3V ,RRjNĜ
RR8k- RN3NX

(3) .1 J+*mK#2`X 1BMbi2BM `2H�iBQMb +QMM2+iBM; #`Q�/#�M/ 2KBbbBQM �M/ �#bQ`TiBQM bT2+i`�X S?v@
bB+�H _2pB2r- RjeU9�V ,�N89- RNe9X

(N) * "�`M�`/- S JvbHBMbFB- C *?`QbiQrbFB- �M/ J E�p2?`�/X �M�HviB+�H KQ/2H 7Q` `�`2@2�`i?@/QT2/
}#2` �KTHB}2`b �M/ H�b2`bX A111 CQm`M�H Q7 Zm�MimK 1H2+i`QMB+b- jyU3V ,R3RdĜR3jy- RNN9X

(Ry) * _�M/v :BH2b- *� "m``mb- .C .B:BQp�MMB- LE .mii�- �M/ : _�v#QMX *?�`�+i2`Bx�iBQM Q7
2`#BmK@/QT2/ }#2`b �M/ �TTHB+�iBQM iQ KQ/2HBM; N3y@MK �M/ R93y@MK TmKT2/ �KTHB}2`bX A111
S?QiQMB+b i2+?MQHQ;v H2ii2`b- jU9V ,jejĜje8- RNNRX

(RR) 1 .2bm`pB`2X 1`#BmK@/QT2/ }#2` �KTHB}2`b @ T`BM+BTH2b �M/ �TTHB+�iBQMbX rBH2v ALh1_a*A1L*1-
jRUReV ,kjNyĜkjNk- kyykX

(Rk) � :mb�`Qp- J�`+Q o�M lz2H2M- J >QiQH2�Mm- > h?B2MTQMi- �M/ 6 "2`;?K�MbX _�/B�iBQM b2MbBiB@
pBiv Q7 2/7�b #�b2/ QM ?B;?Hv 2`@/QT2/ }#2`bX CQm`M�H Q7 GB;?ir�p2 h2+?MQHQ;v- kdURRV ,R89yĜR898-
kyyNX

(Rj) JmFmH *?�M/`� S�mH- . "Q?`�- �MB`#�M .?�`- _�MD�M a2M- SE "?�iM�;�`- �M/ E�K�H .�b;mTi�X
_�/B�iBQM `2bTQMb2 #2?�pBQ` Q7 ?B;? T?QbT?Q`Qmb /QT2/ bi2T@BM/2t KmHiBKQ/2 QTiB+�H }#2`b mM/2`
HQr /Qb2 ;�KK� B``�/B�iBQMX CQm`M�H Q7 LQM@*`vbi�HHBM2 aQHB/b- j88Uk3@jyV ,R9NeĜR8yd- kyyNX

(R9) a2#�biB2M :B`�`/- u Pm2`/�M2- * J�`+�M/2HH�- � "QmF2Mi2`- a Zm2M�`/- �M/ L �mi?B2`X 62�bB@
#BHBiv Q7 `�/B�iBQM /QbBK2i`v rBi? T?QbT?Q`mb@/QT2/ QTiB+�H }#2`b BM i?2 mHi`�pBQH2i �M/ pBbB#H2
/QK�BMX CQm`M�H Q7 LQM@*`vbi�HHBM2 aQHB/b- j8dU3@NV ,R3dRĜR3d9- kyRRX

(R8) JQm`�/ "2M�#/2bb2H�K- 6`�M+F J�/v- avHp�BM :B`�`/- u�bKBM2 J2#`QmF- C2�M "2`M�`/ .m+?2x-
J :�BHH�`/BM- �M/ S?BHBTT2 S�BHH2iX S2`7Q`K�M+2 Q7 ;2@/QT2/ QTiB+�H }#2` �b � i?2`KQHmKBM2b+2Mi
/QbBK2i2`X A111 i`�Mb�+iBQMb QM Mm+H2�` b+B2M+2- eyUeV ,9k8RĜ9k8e- kyRjX

(Re) �EJ JBx�Mm` _�?K�M- >h wm#�B`- J�?7mx� "2;mK- >� �#/mH@_�b?B/- w umbQz- LJ lM;-
E� J�i@a?�`B7- qa q�M �#/mHH�?- :?�7Qm` �KQmx�/ J�?/B`�DB- uJ �KBM- 2i �HX :2`K�MBmK@
/QT2/ QTiB+�H }#2` 7Q` `2�H@iBK2 `�/B�iBQM /QbBK2i`vX _�/B�iBQM S?vbB+b �M/ *?2KBbi`v- RRe ,RdyĜ
Rd8- kyR8X



(Rd) uQmM;rQQM; EBK- a2QM;KBM Cm- a2QM;KQQF C2QM;- CQM;@u2QH EBK- L�K@>Q G22- >vmM@Evm
CmM;- �M/ qQM@h�2F >�MX :�KK�@`�v B``�/B�iBQM@BM/m+2/ QTiB+�H �ii2Mm�iBQM BM +Qf72 +Q@
/QT2/ �HmKBMQ@bBHB+�i2 QTiB+�H }#2` 7Q` /QbBK2i2` �TTHB+�iBQMX CQm`M�H Q7 GB;?ir�p2 h2+?MQHQ;v-
jkUkkV ,jdNRĜjdNd- kyR9X

(R3) >B+?�K 1H >�Kx�QmB- uQm+27 Pm2`/�M2- G�m`2Mi "B;Qi- :2`�m/ "QmrK�Mb- "`mMQ *�TQ2M- �xBx
"QmF2Mi2`- avHp�BM :B`�`/- �M/ JQ?�K2/ "Qm�x�QmBX aQH@;2H /2`Bp2/ BQMB+ +QTT2`@/QT2/ KB+`Q@
bi`m+im`2/ QTiB+�H }#2` , � TQi2MiB�H b2H2+iBp2 mHi`�pBQH2i `�/B�iBQM /QbBK2i2`X PTiB+b 2tT`2bb-
kyUk3V ,kNd8RĜkNdey- kyRkX

(RN) .B2;Q .B 6`�M+2b+�- avHp�BM :B`�`/- a �;M2HHQ- *H�m/2 J�`+�M/2HH�- S?BHBTT2 S�BHH2i- �xBx "Qm@
F2Mi2`- 6J :2H�`/B- �M/ uQm+27 Pm2`/�M2X L2�` BM7`�`2/ `�/BQ@HmKBM2b+2M+2 Q7 Qk HQ�/2/ `�@
/B�iBQM ?�`/2M2/ bBHB+� QTiB+�H }#2`b , � +�M/B/�i2 /QbBK2i2` 7Q` ?�`b? 2MpB`QMK2MibX �TTHB2/
S?vbB+b G2ii2`b- Ry8UR3V ,R3j8y3- kyR9X

(ky) b�BMi ;Q#�BM +`Bbi�HbX ?iiTb ,ffrrrX+`vbi�HbXb�BMi@;Q#�BMX+QKX
(kR) C h?QK�b- J Jv�`�- G h`Qmbb2HHB2`- 1 _û;MB2`- 1 "m`Qp- P :BH�`/- J aQiiQK- �M/ S aB;MQ`2iX

1tT2`BK2Mi�H /2KQMbi`�iBQM Q7 i?2 brBi+?BM; /Qb2@`�i2 K2i?Q/ QM /QT2/ QTiB+�H }#2`bX AM AMi2`@
M�iBQM�H *QM72`2M+2 QM aT�+2 PTiB+běA*aP kyRy- pQHmK2 Ry8e8- T�;2 Ry8e8yoX AMi2`M�iBQM�H
aQ+B2iv 7Q` PTiB+b �M/ S?QiQMB+b- kyRyX

(kk) G�m`2Mi h_Plaa1GGA1_- JBF?�2H Ju�_�- G�m`2Mi .laa1�l- S?BHBTT2 aA:LP_1h- PHBpB2`
:AG�_.- JB+?2H aPhPJ- �M/ C2�M@SB2``2 .�oA.X 1M?�M+2/@HQr@/Qb2@`�i2@b2MbBiBpBiv Q7 2`@
#BmK /QT2/ bBHB+� QTiB+�H }#2`X S`Q+22/BM; Q7 AMi2`M�iBQM�H *QM72`2M+2 QM aT�+2 PTiB+b UA*aPV-
kyy3X





.2TmBb THmbB2m`b /û+2MMB2b- H2b iûHû+QKKmMB+�iBQMb i2``2bi`2b T�` pQB2 QTiB[m2 QMi bmb+Biû mM
7Q`i 2M;Qm2K2Mi c /2TmBb K�BMi2M�Mi THmbB2m`b �MMû2b- H2b T`BM+BT�mt �+i2m`b /m /QK�BM2 2MpBb�;2Mi
/2 `2TQ`i2` +2 b�pQB`@7�B`2 i2+?MQHQ;B[m2 �m /QK�BM2 bT�iB�H- �}M /2 /QT2` H2b +QKKmMB+�iBQMb
BMi2`@b�i2HHBi2b- �BMbB [m2 H2b HB�BbQMb 2Mi`2 H2b b�i2HHBi2b 2i H2b bi�iBQMb �m bQHX *2T2M/�Mi- /2 T�` b�
M�im`2 `�/B�iBp2- H2 /QK�BM2 bT�iB�H 2bi mM 2MpB`QMM2K2Mi ?QbiBH2 c /2b +�`�+iû`Bb�iBQMb bQMi �BMbB
BM/BbT2Mb�#H2b �}M /Ƕ2MpBb�;2` /2b +QKKmMB+�iBQMb }�#H2bX GǶûim/2 /2 H� b2MbB#BHBiû �mt `�/B�iBQMb
/2b }#`2b QTiB[m2b 2bi /QM+ BMûHm+i�#H2X 1M Qmi`2- HǶmiBHBb�iBQM /2 +2`i�BM2b }#`2b �+iBp2b T2`K2i
û;�H2K2Mi /Ƕ�pQB` mM2 BM7Q`K�iBQM bm` H� /Qb2 T2`Ïm2 T�` H2 b�i2HHBi2 /m`�Mi mM2 KBbbBQM /QMMû2- 2i
Qmp`2 �BMbB HǶQTTQ`imMBiû /2 /ûp2HQTT2` mM /QbBKĕi`2 2K#�`[mû ¨ 7�B#H2 +QȿiX

.m`�Mi +2ii2 i?ĕb2- MQmb �pQMb +?2`+?û ¨ +QKT`2M/`2 H2b Kû+�MBbK2b BMi2`p2M�Mi �m b2BM /2b
}#`2b QTiB[m2b T�bbBp2b Qm �+iBp2b /QTû2b ¨ HǶ2`#BmK- bQmb B``�/B�iBQM 2i bQmb û+H�B`2K2Mi HmKBM2mtX
oQB+B /QM+ H2b T`BM+BT�H2b [m2biBQMb [mB QMi �HBK2Miû +2ii2 i?ĕb2 , +QKK2Mi +QM+2pQB` mM �KTHB}+�i2m`
/m`+B \ Qm +QKK2Mi +QM+2pQB` mM2 }#`2 �p2+ mM2 b2MbB#BHBiû i`ĕb 7�B#H2 \

GǶQ#D2+iB7 T`BM+BT�H 2bi /QM+ /Ƕ�#Q`/ /Ƕûim/B2` HǶBMi2`�+iBQM HmKBĕ`2 @ K�iBĕ`2 �}M /2 +QM+2pQB`
/2b �KTHB}+�i2m`b QTiB[m2b `ûbBbi�Mi �mt `�/B�iBQMb- iQmi 2M miBHBb�Mi /2b }#`2b /BbTQMB#H2b bm` ûi�;ĕ`2-
/2 +QKTQbBiBQMb 2i /2 i2+?MQHQ;B2b /Bzû`2Mi2b- b�Mb `�DQmi2` /2 `2pāi2K2Mib bTû+B}[m2bX SQm` +2 7�B`2-
2i +2H� `2T`ûb2Mi2 MQi`2 T`2KBĕ`2 i�+?2- MQmb �pQMb +�`�+iû`Bbû 2tTû`BK2Mi�H2K2Mi /Bzû`2Mi2b }#`2b
BM/mbi`B2HH2bX *2b /Bp2`b2b +�`�+iû`Bb�iBQMb QMi T2`KBb /ǶQ#i2MB` /2b BM7Q`K�iBQMb BMi`BMbĕ[m2b bm` H2b
}#`2b miBHBbû2b K�Bb û;�H2K2Mi bm` H2m` miBHBb�iBQM 2M +QM};m`�iBQM �KTHB}+�i2m`X *2b +�`�+iû`Bb�iBQMb
QMi ûiû K2Mû2b �p�Mi B``�/B�iBQM K�Bb û;�H2K2Mi T2M/�Mi 2i �T`ĕb B``�/B�iBQMX

LQi`2 /2mtBĕK2 i�+?2 2bi /2 TQmpQB` T`û/B`2 H2 7QM+iBQMM2K2Mi /ǶmM �KTHB}+�i2m` bQmb +QMi`�BMi2
`�/B�iBp2X SQm` +2H� MQmb �pQMb KQ/ûHBbû H2b T?ûMQKĕM2b 2i Kû+�MBbK2b /2 /û;`�/�iBQM BMi2`p2M�Mi
/�Mb mM2 K�i`B+2 pBi`2mb2- TQm` +QMM�ŗi`2 H� b2MbB#BHBiû /2 MQb }#`2b p2`bmb H2b `�/B�iBQMb- TQm` /Bzû@
`2Mi2b +QKTQbBiBQMb +?BKB[m2bX

G2 T`2KB2` Q#D2+iB7- [mB b2 #�b2 bm` /2b `ûbmHi�ib 2tTû`BK2Mi�mt � T2`KBb /2 K2ii`2 2M ûpB/2M+2 mM
+`Biĕ`2 /2 bûH2+iBQM �}M /ǶQ#i2MB` mM �KTHB}+�i2m` /m`+BX 1M 2z2i- H� +QM+2TiBQM /ǶmM �KTHB}+�i2m` `û@
bBbi�Mi �mt `�/B�iBQMb- Qm �v�Mi /m KQBMb mM2 b2MbB#BHBiû i`ĕb 7�B#H2- Mû+2bbBi2 HǶBMiû;`�iBQM /2 THmbB2m`b
T�`�Kĕi`2b i2Hb [m2 H2 MBp2�m /2 ;�BM- H� #�M/2 T�bb�Mi2- H2b T2`i2b /2 ;�BM T2`KBb2b TQm` mM2 KBbbBQM
/QMMû2- XXX AH 2bi /QM+ T`BKQ`/B�H /2 7�B`2 mM2 ûim/2 T`ûHBKBM�B`2 �p�Mi B``�/B�iBQM TQm` +QMM�ŗi`2 H2b
/2mt T`2KB2`b T�`�Kĕi`2bX G2 /2`MB2` T�`�Kĕi`2 2bi [m�M/ ¨ HmB ûp�Hmû ¨ HǶ�B/2 /2 i2bib 2tTû`BK2Mi�mt
2M HB;M2 bBKmH�Mi T�` pQB2 �++ûHû`û2 H2 7QM+iBQMM2K2Mi /ǶmM �KTHB}+�i2m` bQmb 2MpB`QMM2K2Mi `�/B�iB7X
SQm` +2H�- MQmb �pQMb miBHBbû /2b /û#Bib /2 /Qb2 THmb BKTQ`i�Mib [m2 +2mt M�im`2HH2K2Mi Q#b2`pûb- �}M
/ǶQ#i2MB` H2b /ûTƬib /2 /Qb2 pBbûb bm` mM i2KTb THmb +Qm`iX *2ii2 ûim/2 +QKTHĕi2 MQmb � T2`KBb /2
K2ii`2 2M HmKBĕ`2 mM +QKT`QKBb 2Mi`2 H� `ûbBbi�M+2 /2b }#`2b 7�+2 �mt `�/B�iBQMb 2i H� H�`;2m` /2 H�
#�M/2 T�bb�Mi2 /2 HǶ�KTHB}+�i2m`- 2i /2 /û}MB` �BMbB mM +`Biĕ`2 /2 bûH2+iBQMX GQ`b[m2 H� +QM};m`�iBQM
/2 HǶ�KTHB}+�i2m` 2bi ûi�#HB2- +2 +`Biĕ`2- �TT2Hû 7�+i2m` /2 Kû`Bi2- �TTQ`i2 mM2 BM7Q`K�iBQM bm` H� b2M@
bB#BHBiû /m +QKTQb�MiX *2 7�+i2m` 2bi ¨ H� 7QBb #�bû bm` H2b T�`�Kĕi`2b /m bvbiĕK2- +QKK2 H� HQM;m2m`
QTiBK�H2 /2 HǶ�KTHB}+�i2m`- K�Bb û;�H2K2Mi bm` H� b2MbB#BHBiû BMi`BMbĕ[m2 /2 H� }#`2 2i T2`K2i /ûD¨
/2 bûH2+iBQMM2` 2M �KQMi mM2 }#`2 bmBp�Mi b� +QKTQbBiBQMX "B2M [mǶBH bǶ�;Bbb2 /ǶmM2 HQB 2KTB`B[m2- H�
T2`iBM2M+2 /2 +2 7�+i2m` � Tm āi`2 DmbiB}û2 /m`�Mi +2ii2 i?ĕb2 TQm` mM2 ;`�M/2 p�`Bûiû /2 }#`2b �+iBp2b-
/2 +QKTQbBiBQMb +?BKB[m2b /Bzû`2Mi2bX

:`�+2 ¨ +2ii2 `ĕ;H2- MQmb �pQMb KBb 2M ûpB/2M+2 mM2 }#`2 �+iBp2 /QTû2 2`#BmK- �p2+ mM2 HQM;m2m`
bQB;M2mb2K2Mi +?QBbB2- 2i ;�`�MiBbb�Mi H2b 7QM+iBQMM�HBiûb /ǶmM �P6. �KTHB}+�i2m` PTiB[m2 ¨ 6B#`2



.QTû2 TQm` mM2 H�`;2m` /2 #�M/2 /2 ky MK- 2i KQMi`�Mi mM ;�BM /2 THmb /2 R3 /" �T`ĕb mM /ûTƬi /2
/Qb2 /2 jyy :v- bQmb mM /û#Bi /2 y-R :vf?X �BMbB- +2 +`Biĕ`2 �TT�`�ŗi +QKK2 mM2 �B/2 ¨ H� /û+BbBQM
7Q`i2- TQm` H2b BM/mbi`B2Hb /ûbB`�Mi +QM+2pQB` /2b �KTHB}+�i2m`b /m`+BbX

*2ii2 ûim/2 2tTû`BK2Mi�H2 � ûiû +QM/mBi2 pB� H2 /ûp2HQTT2K2Mi /ǶmM #�M+ /2 K2bm`2 �miQK�iBbû
+QKTH2t2- T2`K2ii�Mi /Bzû`2Mi2b +QM};m`�iBQMb /Ƕû+H�B`2K2Mi- bQBi TQm` mM2 ûim/2 BMi`BMbĕ[m2 /2
H� /û;`�/�iBQM /2b }#`2b b2mH2b- bQBi TQm` mM2 ûim/2 /2 H� /û;`�/�iBQM /2b �KTHB}+�i2m`b QTiB[m2b
�bbQ+BûbX G2 T`2KB2` pQH2i b2 i`�/mBi T�` mM ûim/2 /2 HǶ�#bQ`TiBQM _�/BQ@AM/mBi2 �_A �mt HQM;m2m`b
/ǶQM/2b /ǶBMiû`āi , +2ii2 �#bQ`TiBQM 2bi HBMû�B`2 2M 7QM+iBQM /2 H� /Qb2 /ûTQbû2 TQm` MQi`2 /QK�BM2
/Ƕûim/2- ¨ b�pQB` mM /ûTƬi /2 jyy :v 2i mM /û#Bi +QKT`Bb 2Mi`2 y-R 2i R-k8 :vf? c /2 THmb- HǶ�_A
¨ N3y MK 2bi THmb 7Q`i2 [mǶ¨ R88y MKX G2 +QKTQ`i2K2Mi HBMû�B`2 T2mi bǶ2tTHB[m2` T�` H2 7�Bi [m2
MQmb bQKK2b �m iQmi /û#mi /2 H� +`QBbb�M+2 /2 H� TQTmH�iBQM /2b TBĕ;2b 2i [m2 HǶûpQHmiBQM 2bi `û;B2
T�` mM +QKTQ`i2K2Mi 2tTQM2MiB2H c BH 2tBbi2 /QM+ mM2 b�im`�iBQM /2 H� TQTmH�iBQM /2b /û7�mib [mB b2
K�MB72bi2 bQmb 7Q`i2b /Qb2bX *QM+2`M�Mi H� p�H2m` THmb BKTQ`i�Mi2 /2 HǶ�_A ¨ N3yMK- +2+B bǶ2tTHB[m2
T�` H� T`ûb2M+2 /2 /û7�mib K�D2m`b [mB QMi mM2 bB;M�im`2 bT2+i`�H2 2bb2MiB2HH2K2Mi T`QMQM+û2 /�Mb H2
/QK�BM2 /2b lo 2i /m pBbB#H2X

G2 b2+QM/ Q#D2+iB7 � ûiû �ii2BMi ¨ HǶ�B/2 /ǶmM2 ûim/2 #B#HBQ;`�T?B[m2 2i 2tTû`BK2Mi�H2 /2b
Kû+�MBbK2b 2i /2b /û7�mib b2 K�MB72bi�Mi /�Mb MQb }#`2b bQmb B``�/B�iBQMX GǶûim/2 2M HB;M2 /2
HǶûpQHmiBQM /2 HǶ�#bQ`TiBQM `�/BQ@BM/mBi2 iQmi �m HQM; /m /ûTƬi /2 /Qb2 � T2`KBb /ǶQ#i2MB` mM2
BM7Q`K�iBQM bm` H� b2MbB#BHBiû /2 MQb }#`2b bmBp�Mi H2m` +QKTQbBiBQMX AH � ûiû Q#b2`pû [m2 HǶ�DQmi
/Ƕ�HmKBMBmK +QKK2 +Q@/QT�Mi /�Mb H2b }#`2b 2bi mM ûHûK2Mi [mB �m;K2Mi2 7Q`i2K2Mi H2m` b2MbB#BHBiûX
*2T2M/�Mi- MQmb �pQMb Tm +QMbi�i2` û;�H2K2Mi [m2 H� +QM+2Mi`�iBQM /Ƕ2`#BmK T2mi iQmi27QBb HBKBi2`
H� +`û�iBQM /2 /û7�mib HBûb � HǶ�HmKBMBmKX *2+B � Tm āi`2 Q#b2`pû HQ`b /Ƕ�M�Hvb2b bT2+i`Qb+QTB[m2b-
2M +QKT�`�Mi /2b û+?�MiBHHQMb pB2`;2b 2i B``�/BûbX *2b �M�Hvb2b- `B+?2b 2M BM7Q`K�iBQMb- MQmb QMi
û;�H2K2Mi �TTQ`iû mM2 +QMM�Bbb�M+2 bmTTHûK2Mi�B`2 bm` H� +QKTQbBiBQM /2 HǶ�#bQ`TiBQM `�/BQ BM/mBi2-
bmBp�Mi H2b +QM+2Mi`�iBQMb /2b i`QBb T`BM+BT�mt /QT�Mib- ¨ b�pQB` H2 ;2`K�MBmK- HǶ�HmKBMBmK 2i
HǶ2`#BmKX 1HH2b MQmb QMi �BMbB T2`KBb /2 T`QTQb2` 2i /Ƕûi�v2` mM KQ/ĕH2 /û+`Bp�Mi HǶûpQHmiBQM /2 H�
+`û�iBQM /2 /û7�mib 2i H2b Kû+�MBbK2b KBb 2M D2m HQ`b /2b B``�/B�iBQMbX
.2 THmb- TQm` Q#i2MB` mM KQ/ĕH2 +�T�#H2 /2 bBKmH2` H2b 2z2ib /2b B``�/B�iBQMb bm` mM �KTHB}+�i2m`-
mM �mi`2 �bT2+i 2bi ¨ T`2M/`2 2M +QMbB/û`�iBQM , H2 T?QiQ#H�M+?BK2MiX 1M 2z2i- mM2 +BMûiB[m2 /2
;mû`BbQM /2b TBĕ;2b �p2+ HǶû+H�B`2K2Mi T`Q+m`û T�` H2 H�b2` /2 TQKT2 2bi û;�H2K2Mi BKTQ`i�Mi2X SQm`
+2 7�B`2- mM2 ûim/2 2tTû`BK2Mi�H2 bm` H� ;mû`BbQM QTiB[m2 2M HB;M2 2i TQbi B``�/B�iBQM � T2`KBb /2
+QKTHûi2` H2 KQ/ĕH2 /2 /û;`�/�iBQM �}M /2 T`2M/`2 2M +QKTi2 H� +QKTûiBiBQM /2 +2b +BMûiB[m2b /2
/û;`�/�iBQM 2i /2 ;mû`BbQMX GǶ�iQmi /2 +2 KQ/ĕH2 2bi /2 TQmpQB` +QKT`2M/`2 H2b Kû+�MBbK2b [mB
`û;Bbb2Mi H� /û;`�/�iBQM 2M 7QM+iBQM /2 H� +QKTQbBiBQM +?BKB[m2 /2 H� }#`2X *2ii2 BM7Q`K�iBQM 2bi
2bb2MiB2HH2 �}M /ǶûH�#Q`2` mM2 }#`2 +�T�#H2 /2 `ûbBbi2` �m KB2mt �mt `�/B�iBQMbX G2b +QM+Q`/�M+2b /2
+2 KQ/ĕH2 QMi Tm āi`2 DmbiB}û2b TQm` mM2 �TTHB+�iBQM T�`iB+mHBĕ`2 /2 HǶ�KTHB}+�i2m`X 1M 2z2i- MQmb
�pQMb T`Bb mM +�b bBKTH2 T2`K2ii�Mi /2 Mû;HB;2` H2b 2z2ib HBûb �mt �mi`2b i`�MbBiBQMb ûM2`;ûiB[m2b /2
HǶ2`#BmK , �#bQ`TiBQM ¨ HǶûi�i 2t+Biû- û+?�M;2 ûM2`;ûiB[m2 2Mi`2 BQMb 2`#BmK XXX Lû�MKQBMb TQm` Q#i2MB`
mM KQ/ĕH2 +QKTH2i- BH b2`�Bi bQm?�Bi�#H2 /2 +QK#BM2` H2 KQ/ĕH2 /Ƕ�KTHB}+�i2m` /ûp2HQTTû /�Mb H�
i?ĕb2 T`û+û/2Mi2 (j) 2i +2 KQ/ĕH2 /2 /û;`�/�iBQM �}M /ǶQ#i2MB` mM KQ/ĕH2 miBHBb�#H2 TQm` iQmi2b H2b
�TTHB+�iBQMbX *2 i`�p�BH � T2`KBb /Ƕûi�#HB` mM HB2M 2Mi`2 HǶ�bT2+i KB+`Qb+QTB[m2 �p2+ HǶ�TT�`BiBQM /2b
/û7�mib 2i H2m` Q++m``2M+2- 2i HǶ�bT2+i K�+`Qb+QTB[m2- MQi�KK2Mi H2b ;`�M/2m`b [m�MiB}�#H2b i2HH2b
[m2 H2b TmBbb�M+2b Qm HǶ�#bQ`TiBQM- �mt k HQM;m2m`b /ǶQM/2 BMiû`āi , N3y MK 2i R88y MKX

SQm` +QM+Hm`2- +2 i`�p�BH /2 i?ĕb2 � /QMMû HB2m ¨ mM2 K2BHH2m`2 +QKT`û?2MbBQM /2b Kû+�MBbK2b /2
/û;`�/�iBQM 2i /2 ;mû`BbQM BMi2`p2M�Mi /�Mb H2b }#`2b QTiB[m2b bQmb B``�/B�iBQMX AH � T2`KBb /2 7�B`2



�p�M+2` HǶûim/2 /2b }#`2b �+iBp2b /m`+B2b- 2M T`QTQb�Mi mM +`Biĕ`2 /2 bûH2+iBQM }�#H2- 2i û;�H2K2Mi �
T�`iB` /ǶmM KQ/ĕH2 /2 T`û/B+iBQMX

1M}M- /�Mb H2 +�/`2 /2 T2`bT2+iBp2b b+B2MiB}[m2b- HǶûim/2 /2 H� b2MbB#BHBiû /2 +2`i�BM2b }#`2b
T2`K2i /Ƕ2MpBb�;2` mM �mi`2 /QK�BM2 /ǶmiBHBb�iBQM , H� /QbBKûi`B2 T�` }#`2 QTiB[m2 �+iBp2X 1M 2z2i-
MQmb �pQMb Q#b2`pû /2b +QKTQ`i2K2Mib /Bzû`2Mib bmBp�Mi H� +QKTQbBiBQM /2b }#`2b Qm H2m` i2+?MQHQ;B2
/2 7�#`B+�iBQMX

.2 THmb- HǶûim/2 �TT`Q7QM/B2 /2 H� ;mû`BbQM QTiB[m2 � T2`KBb /2 K2ii`2 2M �p�Mi mM T`Q+2bbmb
T2`K2ii�Mi /Ƕ2z�+2` H2b /QMMû2b /2 /û;`�/�iBQM �}M /2 TQmpQB` `ûmiBHBb2` H2 +�Ti2m` mM2 7QBb B``�/BûX
AH 2tBbi2 /QM+ mM TQi2MiB2H +QMbû[m2Mi �p2+ +2b }#`2b- T2`K2ii�Mi HǶQ#i2MiBQM /2 /QbBKĕi`2b �p2+ /2b
i2+?MQHQ;B2b 2tBbi�Mi2b c b2mH2b H2b [m�MiBiûb /Ƕ2`#BmK Qm /Ƕ�HmKBMBmK /QBp2Mi āi`2 K�Bi`Bbû2b- �}M /2
`ûTQM/`2 �mt /2K�M/2b 2MpBb�;û2bX 1M Qmi`2- BH b2`�Bi T2`iBM2Mi /2 +QKT�`2` HǶ2{+�+Biû /2 H� ;mû`BbQM
TQm` /Bzû`2Mi2b HQM;m2m`b /ǶQM/2 , mM2 ûim/2 +QKT�`�iBp2- ¨ TmBbb�M+2 +QMbi�Mi2- 2Mi`2 H� HQM;m2m`
/ǶQM/2 /2 TQKT2 �+im2HH2 ¨ N3y MK 2i mM2 HQM;m2m` /ǶQM/2 THmb #�bb2 /2 HǶQ`/`2 /2 eyy MK b2`�Bi
BMiû`2bb�Mi2 �}M /2 [m�MiB}2` HǶûM2`;B2 Mû+2bb�B`2 TQm` �+iBp2` H2 T`Q+2bbmb /2 ;mû`BbQM QTiB[m2X lM
�mi`2 TQBMi 2MpBb�;2�#H2 TQm` H� bmBi2 /2 +2ii2 ûim/2 b2`�Bi H� ;mû`BbQM T�` 2z2i i?2`KB[m2- 2i H�
+QM7`QMi�iBQM �p2+ H� ;mû`BbQM QTiB[m2- bm` /2b ;`�M/2m`b i2HH2b [m2 H� TmBbb�M+2 2i H� i2KTû`�im`2-
�}M /2 KB2mt +2`M2` 2M+Q`2 H2b Kû+�MBbK2b /2 ;mû`BbQMX





*2ii2 �MM2t2 T`ûb2Mi2 H2b +�H+mHb T2`K2ii�Mi /ǶQ#i2MB` H� i2KTû`�im`2 /�Mb H2 +ƾm` /ǶmM2 }#`2
QTiB[m2 ¨ T�`iB` /2 H� TmBbb�M+2 BMD2+iû2X

*2 +�H+mH 7�Bi BMi2`p2MB` ¨ H� 7QBb /2b T?ûMQKĕM2b T?vbB[m2b HBûb �mt /QK�BM2b /2 H� i?2`KB[m2
2i ¨ HǶQTiB[m2X *2T2M/�Mi H� i2KTû`�im`2 2bi mM2 ;`�M/2m` T?vbB[m2 +Qm`�KK2Mi miBHBbû TQm` /û}MB`
mM2 b2Mb�iBQM /2 +?�H2m`X P`- 2HH2 i`�/mBi mM i`�Mb72`i i?2`KB[m2 2Mi`2 /2mt +Q`Tb [mB 2bi mM2 [m�MiBiû
/ǶûM2`;B2X *2 i`�Mb72`i i?2`KB[m2 pû?B+mHû /�Mb mM +Q`Tb 2bi /û}MBi T�` i`QBb KQ/2b , H� +QMp2+iBQM- H�
+QM/m+iBQM 2i H2 `�vQMM2K2MiX SQm` HǶ2tT`BK2` /�Mb H� K�iBĕ`2 MQmb /2pQMb /QM+ T`2M/`2 2M +QKTi2 H�
;ûQKûi`B2 /2 H� }#`2X G� };m`2 9Xj8 BHHmbi`2 H� 7Q`K2 +vHBM/`B[m2 /2 H� }#`2X LQmb /û}MBbbQMb H2b i`QBb
`�vQMb /2b +Qm+?2b bm++2bbBp2b /2 MQi`2 }#`2 , �- H2 `�vQM /m +ƾm`- # H2 `�vQM /2 H� ;�BM2 QTiB[m2 2i +
+2HmB /m +Q�iBM;X GǶ�t2 /2 T`QT�;�iBQM x 2bi HǶ�t2 HQM;Bim/BM�HX SQm` ûp�Hm2` H� i2KTû`�im`2 /�Mb mM2

z

ab

c

9Xj8 Ĝ *QmT2 /ǶmM2 }#`2 QTiB[m2 X

}#`2- MQmb �pQMb `2T`Bb /2 H� HBiiû`�im`2 (R) HǶû[m�iBQM /2 H� +?�H2m` [mB /û}MBi H� i2KTû`�im`2 /m +ƾm`-
2M ◦*- /ǶmM2 }#`2 QTiB[m2- bmBp�Mi HǶ�t2 /2 T`QT�;�iBQM- ¨ T�`iB` /2 +2b T�`�Kĕi`2b ;ûQKûi`B[m2b 2i
i?2`KB[m2b 2i /2 H� /2MbBiû /2 TmBbb�M+2 /2 +?�H2m`- Z U2M qXK−3V ,

Tc(z) = Tamb +
Q(z)a2

4h1
(1 + ln(

b

a
) + ln(

c

b
) +

2h1

bh2
) U9Xk9V

Qɍ Tamb 2bi H� i2KTû`�im`2 �K#B�Mi2 /�Mb H2 +ƾm` /2 H� }#`2- ?1 = 1, 34 qXE−1XK−1 2bi H� +QM/m+iBpBiû
i?2`KB[m2- 2i ?2 = 0, 34 qXE−1XK−2 2bi H2 +Q2{+B2Mi /2 i`�Mb72`i i?2`KB[m2 T�` +QMp2+iBQM- bQMi /2b
+QMbi�Mi2b i`�/mBb�Mi H� /BbbBT�iBQM /2 H� +?�H2m` /�Mb H� }#`2X SQm` MQi`2 +�H+mH- MQmb �pQMb `2T`Bb
/2b p�H2m`b Bbbm2b /2 H� HBiiû`�im`2 (k)X *QKK2 MQmb TQmpQMb H2 +QMbi�i2` /�Mb +2ii2 û[m�iBQM H� b2mH2
BM+QMMm2 2bi H� p�`B�#H2 ZX

.ǶmM TQBMi /2 pm2 QTiB[m2 HǶûKBbbBQM /2 +?�H2m` b2 i`�/mBi T�` HǶ�TT�`BiBQM /2 T?QMQMbX 1M 2z2i-
HQ`b[mǶmM T?QiQM 2bi �#bQ`#û T�` H� K�iBĕ`2 +2H� b2 K�MB72bi2 T�` H2 T�bb�;2 /ǶmM ûi�i 7QM/�K2Mi�H ¨
2t+Biû /ǶmM �iQK2X �}M /2 `2p2MB` ¨ HǶûi�i 7QM/�K2Mi�H +2 /2`MB2` HB#ĕ`2 mM2 [m�MiBiû /ǶûM2`;B2 bQBi /2
K�MBĕ`2 `�/B�iBp2 UT?QiQMV bQBi /2 K�MBĕ`2 MQM `�/B�iBp2 UT?QMQMVX *2ii2 `2+QK#BM�BbQM MQM `�/B�iBp2
T`Q+m`2 mM2 +2`i�BM2 [m�MiBiû /ǶûM2`;B2 [mB T2mi b2 +QMp2`iB` T�` /2 H� +?�H2m`X AH b2 i`Qmp2 �HQ`b [m2



TQm` H2b }#`2b /QTû2 2`#BmK- mM2 2t+Bi�iBQM ¨ N3y MK T`Q+m`2 ¨ H� 7QBb mM2 `2+QK#BM�BbQM `�/B�iBp2-
HǶûKBbbBQM bTQMi�Mû2 2i MQM `�/B�iBp2- i`�MbBiBQM 2Mi`2 H2 MBp2�m 4A11/2 2i 4A13/2X AH 2bi �HQ`b TQbbB#H2 /2
+�H+mH2` H� /2MbBiû /2 +?�H2m` T�` `�TTQ`i �m `2M/2K2Mi [m�MiB[m2 ,

Q(z) =
P (z)(1 − λp

λs
)

πa2
U9Xk8V

Qɍ SUxV `2T`ûb2Mi2 H� TmBbb�M+2 /2 TQKT2 b2 T`QT�;2�Mi bm` HǶ�t2 HQM;Bim/BM�H- � H2 `�vQM /m +ƾm` /2
H� }#`2 2i λp 2i λs `2bT2+iBp2K2Mi H� HQM;m2m` /ǶQM/2 /2 TQKT2 UN3y MKV 2i /m bB;M�H UR88y MKVX SQm`
MQi`2 +�b- MQmb �pQMb +?2`+?2` ¨ Q#i2MB` H2 b+ûM�`BQ Qɍ MQmb �pBQMb H2 THmb /ǶûKBbbBQM MQM `�/B�iBp2-
+Ƕ2bi ¨ /B`2 H2 THmb /Ƕ�#bQ`TiBQM- �}M /Ƕ�pQB` mM2 /2MbBiû /2 +?�H2m` H� THmb BKTQ`i�Mi2- H2b pQB+B ,

ě H2b }#`2b T�bbBp2b , HǶ�iiûMm�iBQM ¨ N3y MK 2bi +QKTQbû2 bm`iQmi /2 H� /BzmbBQM _�vH2B;? 2i
HǶ�#bQ`TiBQM ¨ N3y MK `2bi2 i`ĕb 7�B#H2 c

ě H2b }#`2b �+iBp2b , +QKK2 /û+`Bi T`û+û/2KK2Mi- BH 2bi TQbbB#H2 /2 +�H+mH2` H� i2KTû`�im`2
/ǶmM2 }#`2 2`#BmKX *2T2M/�Mi �p2+ /2b TmBbb�M+2b /2 TQKT2 BM7û`B2m`2 �m q- HǶûHûp�iBQM /2
i2KTû`�im`2 `2bi2 7�B#H2 /2 HǶQ`/`2 /2 [m2H[m2b /BtBĕK2 /2 ◦*X

ě H2b }#`2b T�bbBp2b B``�/Bû2b , HǶ�#bQ`TiBQM bmTTHûK2Mi�B`2 T`Q+m`û2 T�` H2b B``�/B�iBQMb pQMi
BM/mB`2 mM2 i`�MbBiBQM MQM `�/B�iBp2X 1M 2z2i- MQmb �pQMb D�K�Bb Q#b2`pû /2 ~mQ`2b+2M+2 /m2
�mt /û7�mib �p2+ mM2 2t+Bi�iBQM ¨ N3y MKX AH 2bi /QM+ TQbbB#H2 [m2 H2b T?QiQMb �#bQ`#ûb
;ûMĕ`2Mi mM2 [m�MiBiû /ǶûM2`;B2 i?2`KB[m2X

+QKK2 MQmb �pQMb Tm H2 pQB` MQmb �pQMb /û/mBi [m2 TQm` ûp�Hm2` HǶûHûp�iBQM /2 i2KTû`�im`2 /�Mb
H2 +ƾm` /ǶmM2 }#`2- H2 +�b H2 THmb T2`iBM2Mi bQMi H2b }#`2b T�bbBp2b B``�/Bû2b [mB QMi mM2 �#bQ`TiBQM
`�/BQ BM/mBi2 BKTQ`i�Mi2X SQm` +2ii2 `�BbQM MQmb �pQMb +�H+mHû H� /2MbBiû /2 TmBbb�M+2 /2 +?�H2m` TQm`
H� }#`2 "162X LQmb �pQMb �HQ`b /û}MB H� p�H2m` /2 H� /2MbBiû /2 +?�H2m` T�` H� `2H�iBQM bmBp�Mi2 2M b2
#�b�Mi bm` HǶû[m�iBQM 9Xk8 ,

Q(z) =
P (z)(1 − exp(−αARIz))

πa2
U9XkeV

�BMbB- MQmb �pQMb +�H+mHû HǶûHûp�iBQM /2 i2KTû`�im`2 bm` mM û+?�MiBHHQM B``�/Bû /2 k K /2 H� }#`2 "162X
G� };m`2 9Xje KQMi`2 HǶûpQHmiBQM /2 HǶûHûp�iBQM /2 i2KTû`�im`2 KQv2MM2 bm` H� HQM;m2m` /m i`QMÏQM
2M 7QM+iBQM /2 H� TmBbb�M+2 /2 TQKT2 BMD2+iû2X LQmb TQmpQMb +QMbi�i2` [m2 H� i2KTû`�im`2 /�Mb H2
+ƾm` 2bi T`QTQ`iBQMM2HH2 ¨ H� TmBbb�M+2 BMD2+iû2X LQmb TQmpQMb 2M /û/mB`2 [mǶmM2 TmBbb�M+2 /2 Ryy
Kq T2mi �m;K2Mi2` H� i2KTû`�im`2 /2 Ry ¨ R8 ◦* iQmi �m THmbX AH 7�mi /2b TmBbb�M+2b /2 HǶQ`/`2 /m
q TQm` /ûT�bb2` H2b Ryy ◦*X
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9Xje Ĝ úpQHmiBQM /2 H� i2KTû`�im`2 KQv2MM2 /�Mb H2 +ƾm` /2 H� }#`2 "162 B``�/Bû2 �T`ĕb mM
/ûTƬi /2 /Qb2 /2 jyy :v ¨ y-9 :vf? 2M 7QM+iBQM /2 H� TmBbb�M+2 BMD2+iû2 ¨ N3y MKX



(R) J�`v�K 1BH+?B �M/ S�`pBx S�`pBMX >2�i ;2M2`�iBQM �M/ `2KQp�H BM }#2` H�b2`bX AM 6B#2` G�b2`X
AMh2+?- kyReX

(k) .�pB/ * "`QrM �M/ >�MM� C >QzK�MX h?2`K�H- bi`2bb- �M/ i?2`KQ@QTiB+ 2z2+ib BM ?B;? �p2`�;2
TQr2` /Qm#H2@+H�/ bBHB+� }#2` H�b2`bX A111 CQm`M�H Q7 [m�MimK 2H2+i`QMB+b- jdUkV ,kydĜkRd- kyyRX





G2 i�#H2�m 9Xd `ûT2`iQ`B2 H� +QKTQbBiBQM /2b }#`2b miBHBbû2b TQm` H� +QKT�`�BbQM 2Mi`2 H2b `ûbmHi�ib
2tTû`BK2Mi�mt 2i /2 bBKmH�iBQM- BHHmbi`û2 bm` H� };m`2 jXN- �p2+ mM D2m /2 T�`�Kĕi`2b }t2 Qɍ b2mHb H2b
+QM+2Mi`�iBQMb /2b }#`2b bQMi +?QBbB2b +QKK2 T�`�Kĕi`2b /Ƕ2Mi`ûbX



6B#`2b h2+?MQHQ;B2b *QM+2Mi`�iBQMb
1` TTK �H UWriV :2 UWriV

1 LS R8y IR =ky
2 LS e8y R@k I8
3 LS R9y R@k I8
4 LS k9y R@k I8
5 LS jky R@k I8
6 LS Rky y =ky
7 LS RNy y =ky
8 LS jky j@e I8
9 LS RjNy j@e I8
10 LS RRyy j@e I8
11 "16 eNy e@3 I8
12 "16 y e@3 I8
13 "16 k3y IR =ky
14 "16 kRy e@3 I8
15 "16 Rjky e@3 I8
16 "16 98y e@3 I8
17 "16 y IR =ky

9Xd Ĝ .2b+`BTiBQM /2b }#`2b miBHBbû2b TQm` H� +QKT�`�BbQM 2Mi`2 H2b `ûbmHi�ib 2tTû`BK2Mi�mt 2i
/2 bBKmH�iBQMX



S�`�Kĕi`2b lMBiû o�H2m`b
BEF1 BEF2 NP3

Γp @ y-j y-kN y-j8
Γs @ y-98 y-e8 y-j

αdiffp K−1 y-yj y-yk y-yk
αdiffs K−1 y-ykj y-y3 y-y3
A21 b−1 RR-k×10−3 RR-k×10−3 RR-k×10−3

σabs
p K2 N-yd×10−25 R8-j×10−25 8-j×10−25

σabs
s K2 j-N3×10−25 Rd-N3×10−25 d-N3×10−25

σem
s K2 d-3×10−25 Rj-3j×10−25 Ry-3×10−25

Γ32 b−1 R×105 R×105 R×105

9X3 Ĝ .2b+`BTiBQM /2b T�`�Kĕi`2b /2b }#`2b miBHBbû2b TQm` HǶûim/2 /2 +QKT�`�BbQM 2Mi`2 H2b
/QMMû2b /2 bBKmH�iBQM 2i 2tTû`BK2Mi�H2bX

G2 i�#H2�m 9X3 /û+`Bi H2b T�`�Kĕi`2b miBHBbûb TQm` H� +QM7`QMi�iBQM 2Mi`2 H2b /QMMû2b 2tTû`BK2Mi�H2b
2i /2 bBKmH�iBQM TQm` H2 KQ/ĕH2 /Ƕ�KTHB}+�i2m` B``�/BûX





S�`�Kĕi`2b o�H2m`b lMBiû
Ntot 8×1025 K−3

A21 RR-k×10−3 b−1

A32 R×106 b−1

σ21 8×10−25 K2

σ12 8×10−25 K2

σ13 8×10−24 m2

9XN Ĝ o�H2m`b /2b T�`�Kĕi`2b TQm` H2 KQ/ĕH2 ¨ j MBp2�mt miBHBbû �m +?�TBi`2 RX

S�`�Kĕi`2b o�H2m`b lMBiû
σabs

s 8×10−25 K2

σem
s 8×10−25 K2

σabs
p 8×10−24 K2

Γp y-j @
Γs y-8 @
Pp y-k q
Ps y-yyR q

αdiffp
y-y8 K−1

αdiffs
y-y8 K−1

9XRy Ĝ o�H2m`b /2b T�`�Kĕi`2b TQm` H2 KQ/ĕH2 /Ƕ�KTHB}+�i2m` miBHBbû �m +?�TBi`2 RX





R om /Ƕ�`iBbi2 /2 HǶBM�m;m`�iBQM /ǶmM bûK�T?Q`2 T�` *H�m/2 *?�TT2 URdej@R3N8VX X X X X R
k 1pQHmiBQM /2 H� +�T�+Biû /ǶmM2 HB;M2 /2 i`�MbKBbbBQM QTiB[m2 /2TmBb bQM �pĕM2K2Mi 2M

RNd9 (R)-(k)X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k
j U�V aT2+i`2 /Ƕ�#bQ`TiBQM /ǶmM2 }#`2 /2 i`�MbKBbbBQM U:e8kVX U#V T`Q;`ĕb /2 H� i2+?MQ@

HQ;B2 /2b }#`2b /2 i`�MbKBbbBQM /�Mb H2b �MMû2b RNNy@kyyyX X X X X X X X X X X X X X X X X 9
9 om2 /Ƕ�`iBbi2 /2 HǶ2MpB`QMM2K2Mi `�/B�iB7 bT�iB�H (9) X X X X X X X X X X X X X X X X X X X X 9
8 .Bzû`2Mib ivT2b /Ƕ2MpB`QMM2K2Mi `�/B�iB7b X X X X X X X X X X X X X X X X X X X X X X X X X 8
e *QMi2ti2 /2 +QHH�#Q`�iBQM /2 i`�p�BH bm` H2 T`QD2i �L_ L�MQ}#2`X X X X X X X X X X X X X N

RXR _2T`ûb2Mi�iBQM k. /2 H� bBHB+2 +`Bbi�HHBM2 2i H� bBHB+2 pBi`2mb2X X X X X X X X X X X X X X X Rk
RXk aT2+i`2b /2 i`�MbKBbbBQM /2 THmbB2m`b p2``2b BM7`�`Qm;2b +QKT�`û ¨ H� bBHB+2 UaBPkVX

w"G�L 2i :_�L. bQMi /2b p2``2b ?�HQ;ûMm`2b ¨ #�b2 /2 ~mQ`X �b2a3- ka:- H2 h2s�b
2i h2s bQMi /2b p2``2b /2 +?�H+Q;ûMm`2bX G2b i`�MbKBbbBQMb bQMi /QMMû2b TQm` /2b û+?�M@
iBHHQMb /2 [m2H[m2b KBHBKĕi`2 HQM;b (R)X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rk

RXj *QMi`B#miBQM /2 HǶ�iiûMm�iBQM /ǶmM }#`2 T�bbBp2 /2 iûHû+QKKmMB+�iBQM- ivT2 :e8k- 2M
7QM+iBQM /2 H� HQM;m2m` /ǶQM/2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rj

RX9 AHHmbi`�iBQM /m T?ûMQKĕM2 /2 /BzmbBQM _�vH2B;?X X X X X X X X X X X X X X X X X X X X X X R9
RX8 a+?ûK�iB[m2 /ǶmM2 }#`2 QTiB[m2X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9
RXe S`QT�;�iBQM /2 H� HmKBĕ`2 /�Mb mM ;mB/2 KQMQKQ/2 /�Mb H2 T`Q+?2 A_ 2i KmHiBKQ/2 R8
RXd U�V *QMbi�Mi2 /2 T`QT�;�iBQM MQ`K�HBbû2 b 2M 7QM+iBQM /2 H� 7`û[m2M+2 MQ`K�HBbû2 (j)

/�Mb mM2 }#`2 ¨ b�mi /ǶBM/B+2X U#V .Bzû`2Mib KQ/2b /2 "2bb2HX X X X X X X X X X X X X X Re
RX3 �mi`2b bi`m+im`2b /ǶBM/B+2b TQm` H2b }#`2b /m`+B2b , U�V AK�;2 J1" /ǶmM2 }#`2 /QTû2

2`#BmK KB+`Qbi`m+im`û2- U#V bi`m+im`2 /ǶBM/B+2 /�Mb mM2 }#`2 ¨ ;�BM2 2Mi2``û2X X X X X X R3
RXN LQiBQM /2 b2+iBQM 2{+�+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RN
RXRy �#bQ`TiBQM /ǶmM T?QiQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RN
RXRR 1KBbbBQM bTQMi�Mû2 /ǶmM T?QiQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ky
RXRk 1KBbbBQM biBKmHû2 /ǶmM T?QiQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kR
RXRj a�im`�iBQM /2 HǶ�#bQ`TiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kk
RXR9 aT2+i`Qb+QTB2 /2b BQMb i2``2b@`�`2b i`Bp�H2Mib(d) X X X X X X X X X X X X X X X X X X X X X X kj
RXR8 "�M/2 T�bb�Mi2 QTiB[m2 /2b /Bzû`2Mib �KTHB}+�i2m` PTiB[m2 ¨ 6B#`2 .QTû2 �P6.

bmBp�Mi H2m`b +QKTQbBiBQMb 2M i2``2 `�`2 X X X X X X X X X X X X X X X X X X X X X X X X X X k9
RXRe Jû+�MBbK2b /Ƕ�KTHB}+�iBQM ¨ T�`iB` /ǶmM KQ/ĕH2 ¨ j MBp2�mt X X X X X X X X X X X X X X k9
RXRd S`BM+BT2 /2 HǶ�KTHB}+�iBQM /ǶmM bB;M�H ¨ R88yMK T�` TQKT�;2 /ǶmM KQ`+2�m /2 p2``2

/QTû Er3+ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k8
RXR3 U�V 1pQHmiBQM /2b TQTmH�iBQMb 2i U#V ;�BM /ǶmM2 H�K2 /2 p2``2 /Ƕ2`#BmK- 2M 7QM+iBQM /2

H� TmBbb�M+2 /2 TQKT2X 1M +QMbB/û`�Mi H2b T�`�Kĕi`2b /û+`Bib 2M �MM2t2 9 T�;2 R8NX X ke
RXRN .û;ûMû`2b+2M+2 /ǶmM MBp2�m /Ƕ�#bQ`TiBQM T�` 2z2i ai�`F X X X X X X X X X X X X X X X X X kd
RXky 1H�`;Bbb2K2Mi ?QKQ;ĕM2 2i BM?QKQ;ĕM2X X X X X X X X X X X X X X X X X X X X X X X X X X X kd
RXkR AHHmbi`�iBQM /m T?ûMQKĕM2 /2 bT2+i`�H ?QH2 #m`MBM;X X X X X X X X X X X X X X X X X X X X X k3
RXkk a2+iBQMb 2{+�+2b /Ƕ�#bQ`TiBQM 2i /ǶûKBbbbBQM �miQm` /2 R88y MK /ǶmM2 }#`2 /QTû2 2`#BmK k3
RXkj AHHmbi`�iBQM /2b T?ûMQKĕM2b /2 Zm2M+?BM; 2i /ǶlT+QMp2`bBQM X X X X X X X X X X X X X X kN
RXk9 1z2i /2 HǶ�HmKBMBmK bm` H2b bT2+i`2b /Ƕ�#bQ`TiBQM /2 }#`2b /QTû2b 2`#BmK �p2+ mM

i�#H2�m /û+`Bp�Mi H� +QKTQbBiBQM /2b }#`2bX X X X X X X X X X X X X X X X X X X X X X X X X jy
RXk8 a+?ûK� bBKTHB}û /ǶmM �P6. 2M `û;BK2 +Q@T`QT�;�iB7 X X X X X X X X X X X X X X X X X X X jR
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