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0.5 mm3
Ä}º�ÌÉÅ�ûS¸�ô)ÃGº�ûSø�»?¸Ê¾?¾?¸Æ¼�±?·.¸]û]ÀØ±½¸°»½ÁÂÀ}Ì&Å.øÕ±?º

1026atoms cm−3
�B9�·.¸S±ÔÀ=»(�}¸G±¸�
1ø.ÌÂºt¼.¸Æ¼ÕÀ=È�¼�±?·.¸��̧
1ø.ÌÂº�¾?ÁÂº}È�ø.»½º1¼1Å�ÃG±½¾7ø.»½¸ÆÃGÁÂø.ÁÉ±½À=±?¸Æ¼�º}ÈÕÀÇ¾?ø ¸ÆÃGÁ÷À=Ì&¾½ÃG»½¸°¸ÆÈC�ED!Å.»½ÁÂÈ��Ç¸?
1ø.ÌÉº@¾>ÁÂº}È�±?·.¸Æ»?¸¹²À�¾¨À|»½¸ÆÀ=»½»ÔÀ=È���¸°û�¸°È@±�º=ËLÈ.¸°Å.±?»½º}È�¾¨À}û�º}È��Ó±½·.¸�±½À}»@��¸G±¨ÈtÅ�Ã°ÌÉ¸ÆÁF��õtº}û�¸�±ÔÀ=»(�}¸G±¨¸ÆÌÉ¸Æû�¸°È@±½¾!�}¸°È�¸°»ÔÀØ±?¸Ê¼ÌÉÁG�}·@±?¸Æ»�ÈtÅ�ÃGÌÂÁ÷¼1¸Æ¾&¹c·�ÁÉÌ÷¾�±#º=±?·�¸°»Ô¾�ÃGº�ûJü.ÁÂÈ.¸Æ¼g±½ºLË º}»½ûC·.¸ÊÀ¢ÄtÁÉ¸Æ»&È@Å ÃGÌÂÁÂ¼1¸Ê¾?��´�ÄtÁÂ¼.¸°È�Ã°¸_º=Ë ±?·.¸_±?»ÔÀ=È�¾?ûJÅ1±ÔÀØ±½ÁÉº�È¹²À�¾��}ÁÂÄ}¸°ÈÇütú¨±?·�¸L»½À�¼1ÁÉº1ÃÔ·.¸Æû�ÁÂÃÆÀ=Ì�À=È�À}ÌÉú1¾?ÁÂ¾²º}Ë�±?·�¸L¸�
1ø.ÌÂº�¾?ÁÉº�ÈÇø.»½º1¼1Å�ÃG±½¾��E�Éð:���
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(<$71�$7,?(m(�"�$:6�3�B56+V%BQ3�(�$+4Y3�67(<&H8g&)(�EP3�(;(~z:!��C6�3�J\ZO$:67.	J�,?$+1?8�3�(�&)8�$+B)EP3�@%@�B5&)$+4(�.t!����#(��/!���� ª 9/&)(<"�8	$71?E�B)&)(�(�B5$D$+1�1?.	1+]^_(D&5,K"�$+1?$'3�,�,�V%*P$74[(<"�3­(
ton

3�J�4
toff ® 3�J�4X(�"�$+1?$70>.	1?$ tstart

3�J�4
tend

¯ 3�1?$'3�BH9m3�Eg,°�J�.�9/JT]
tirr

3�J�4
twait

3�1�$U1�$c0>$+1?1�$+4X(<.P(�"�$'67.	*-@O.	J%$+J
(�S
ton

3�J�4
toff

(�.P(�"�$'*P3�6L"�&)J�$.�@O$71<3�(�&5.	JT]R�WB)BI(<"�$�(�&5*-$W8�3�1�&53�Z�B5$7,#3�1?$U$�vR@�1�$7,�,�$74d&5JjE�$�3�1?,+]
Btå?ü �Oíjî­ìUï}ð ë�è©é7ì=í ëKê:ëUécò+ë'w�ò7ô ì=í è	�jô ï}ëUó�écìUò7ì�J=é7çmëCòH��é)
��

è©ìUï��
!#"%$q$�v%3�67(�6�3�B56+V%BQ3�(�&5.	JD.�0�(<"�$M(<&)*P$�Z�V�&)B54Re_V�@

fb

3�J�4
gb

1�$+��V�&)1�$7,T(<"�$M°�J�.�9/B5$74�f	$o.�0RZO.�(<"
tin
3�J%4

tout

]�^_(m&5,s@O.�,�,�&)Z�B5$/(<.=6�3�B)6+V�B53�(<$D3�J\3�8�$+1�3�f	$ ® Fb

S
Gb
¯ 3�J�4\*\3­vR&)*NV�* ® Fb,Max

S
Gb,Max

¯ (<&5*-$�Z�V�&)B54Re_V�@�&)0�.	J�BHEj.	J�$C.�0�(<"�$7,�$'@�3�1<3�*-$7(�$+1?,K&),/°gJ%.�9/JISI3�,/B).	J�f-3�,/(<"�$71�$&),K3t@%1�.	Z�3�Z�&5B)&)(�EP4�&5,�(<1�&)Z�V%(�&5.	JY0>.	1m(�"�$U1�$+*P3�&)J�&5J�f'.	J�$�]�!#"�$C*P3�&5JF3�4R8�3�J�(<3�f	$C.�0�(<"�$7,�$3�8�$+1<3�f	$U(�&5*-$:Z�V�&)B54Re_V�@j&5,m(�"�3�(#(�"�$7E�J�.tB).	J�f	$71#4�$+@�$+J�4F.	JFV�J�°�J�.�9/J[@�3�1<3�*-$7(�$+1?,+]^�J[(�"�$'J%$cvg(�,�$767(�&5.	J�,K9;$=9/&5B5Bb6+3�B567V�BQ3­(<$�(<"�$'$cv%3�67(D0>.	1�*'V�BQ3�$C.�0}(<"�$'3�8�$+1�3�f	$'(�&5*-$Z%V�&5B)4Re�V�@Y0>.�1/3�J
EjJ�V�6+B)&54�$CZF3�J�4�0>.	1m(<"%$C(�"�1�$7$�0>.	B5B).�9/&)J�fN,?6+$+J�3�1�&).	, ¬3­e
tin
&5,#°�J�.�9/JTS

tout

&),#V�J�°�J�.�9/JTSZRe
tin
&5,#V�J�°�J�.�9/JTS

tout

&5,#°�J�.�9/JTS6�e
tirr = tout − tin

&5,#°�J�.�9/JTS�Z�.�(<"
tin
3�J�4

tout

3�1?$UV%J�°�J�.�9/JT]^�JF,�$767(<&).	J � ] ª (�"�$C$cv%3�67(/0>.	1?*NV�B53�$W9/&5B)BIZ�$C,�&5*-@�B)&)��$74j4�$+@�$+J�4%&5J�ft.	J�(<"�$C"�3�B)0Qe�B)&)0>$.�0�(�"�$CJgV%6+B5&)4�$�]!#"�$71�$-3�1?$i.	ZgÍ?$+6c(<,�9/"�&)6L"�3�1?$N$cvR@�.	,�$74�(�.j1<3�4�&53�(<&).	JdV�J
(�&5B�(�"�$7EdZ�1�$+3�°d3�J%4�J%$+$+4(�.PZ�$U1�$+@%BQ3�67$+4T]�^�JX(�"�$+,?$=6+3�,�$7,D(�"�$=$�vR@O$767(<$74
tirr

&5,/,?&5*-@�B)E\$+��V�3�Bb(<.-(<"�$7&51#$�v%@�$+6c(<$74B)&)0>$c(<&5*-$�Sc9/"�&56L"=9/&5B5B
Z�$q6�3�B)B5$+4
µ
«�.	1©*-.	,?(�$+B)$+6c(<1�&)6q3�J�4'*-$+6L"�3�J�&56+3�B�4�$78g&)6+$+,7S�&H(�&),©f	.R.g4

² �



3�@�@�1�.�vR&5*P3�(�&5.	J[(�.�3�,�,?V�*-$t3�67.	J�,�(L3�J
(C0Ë3�&5B)V�1�$=1<3�(�$�SI9/"%&56L"uB5$+3�4�,:(<.�3�J�$�vR@O.	J%$+J
(<&53�B@%1�.	Z�3�Z�&5B)&)(�Ew4�&5,�(<1?&5Z�V%(�&5.	J ® @�4%0 ¯ 0>.	1\(<"%$d8�3�1�&Q3�Z�B5$ tirr

];�W,F3y,�@�$+67&)��6u$cv%3�*-@�B)$�Ss(�"�$$�vR@O.	J%$+J
(<&53�Bb4�&5,�(<1?&5Z�V%(�&5.	J\1�$+@%1�$+,?$+J
(<,K8	$71?Ej9s$+B5BT(�"�$CB5&H0>$7(<&)*P$D.�0�J�$+.	JFBQ3�*P@�,7]
D;»Ë¼/»?� .#·O§b�W¢M ���� ¢��

tin
��¾_5#�W�©¶����

tout
��¾�¿D��5#�D��¶��

«�1?.	*A(<"�$=°gJ%.�9/B)$+4�f�$N.�0
tin

3�J�4
tend

&)(D&5,K@�.	,�,?&5Z�B)$=(<.P$78�3�B)V�3�(<$U(<"�$=*\3�v%&)*NV�*A&)1�1<3�e4%&Q3�(�&5.	Jt(<&)*P$
T = tend − tin

]g!#"�$�V�J�°�J�.�9/J�@�3�1�3�*-$7(<$71s&),
tout

Sg9/"�&56L"Y6+3�JjZ�$:1�$7BQ3�(�$+4(�.y(<"�$z1�3�J�4�.�* 8�3�1?&Q3�Z�B)$
x = tout − tin

]m!#"%$d8�3�1�&Q3�Z�B5$�v�3�4�*-&)(�,Y3�Jx$�vR@O.	J%$+J
(<&53�B4%&5,?(�1�&)Z�V%(<&).	JY9/&)(�"F3�8�$+1�3�f	$C&51?1<3�4�&53�(<&).	JP(�&5*-$
µ ¬

pµ,T (x) =
e−x/µ

∫ T
0 e−w/µdw

=
e−x/µ

µ(1 − e−T/µ)
® � ] ��¯

!#"�$;3�8	$+1�3�f	$q(<&5*-$MZ�V�&)B54Re_V�@C&5,©6�3�B56+V%BQ3�(�$+4UZ�E�9s$+&)f	"
(<&)J�fW3�B5B
@�.	,�,?&5Z�B)$2(<&5*-$oZ�V�&)B54Re_V�@9/&H(<"j(<"%$U@%1�.	Z�3�Z�&5B)&)(�EP4�&5,�(<1�&)Z�V%(�&5.	J ¬

Fb(µ, T, toff ) =
∫ T

0
fb(T, x)pµ,T (x)dx =

∫ T

0
(1 − e−λbx)eλb(T−x+toff ) e−x/µ

µ(1 − e−T/µ)® � ] ª	¯

Fb(µ, T, toff ) =

[

λbµ − e−(1−λbµ)T/µ + e−T/µ(1 − λbµ)
]

(1 − λbµ)(1 − e−T/µ)
e−λb(T+toff ) ® � ] �
¯

!#"�$W*\3­vR&)*NV�*Ñ(<&)*P$KZ�V�&)B54Re_V�@\67.	1�1?$+,?@O.	J%4�,;(<.'6+.	J
(<&)J�V�.	V�,s&51�1�3�4�&53�(<&).	JtV�J
(<&5B
tend

¬
Fb,Max(T, toff ) = (1 − e−λbT )e−λbtoff ® � ] �	¯

D;»Ë¼/»_´ .#·O§b�W¢M ����ÑÕ��
tout

��¾q5m�W�©¶����
tin

��¾w¿W��5m�W�©¶��
!#"%$:*\3�v%&)*NV�* @�.	,�,?&5Z�B)$W&)1�1<3�4�&Q3�(�&5.	Ji(�&5*-$D!x&),;4�$c(<$+1?*P&)J�$+4\Z�E

tout

S�9/"�&56L"j&),;°�J�.�9/J ¬
T = tout − tstart

]O^�Jd(<"�$i1�3�J�4�.�*±8�3�1?&Q3�Z�B)$
x = tout − tin

SI(�"�$NV�J%°gJ%.�9/J�@�3�1�3�*-$7(<$71&),
tin
]I�W,C0>.	1�,�67$+J�3�1?&5.X3%SI(�"�$i8�3�1�&Q3�Z�B5$=v�3�4�*P&H(<,�3�J�$�v%@�.	J�$7J
(<&Q3�BM4�&5,�(<1�&)Z�V%(�&5.	Jd9/&H(<"3�8�$+1<3�f	$=&)1�1�3�4�&Q3­(<&5.�JP(<&)*P$

µ ¬
pµ,T (x) =

e−x/µ

∫ T
0 e−w/µdw

=
e−x/µ

µ(1 − e−T/µ)
® � ]º² ¯

^�Jz3�4�4�&)(�&5.	JIS�0>1�.	*
tout

9s$'6+3�Jd$78�3�B)V�3�(�$U(�"�$=(�&5*-$U$7BQ3�@%,�$+4X0>1�.	*A(<"%$'$+J%4d.�0M&)1�1<3�e4%&Q3�(�&5.	J
twait = t − tout

]O!#"�$'3�8	$+1�3�f	$'(�&5*-$CZ�V�&5B)4Re�V%@X&),D6+3�B567V�BQ3�(�$+4XZ�E�9s$+&)f	"
(<&5J%fY3�B)B@�.	,?,�&5Z%B5$:(<&)*P$WZ�V�&5B)4Re�V%@Y9/&)(<"j(�"�$C@�1�.	Z�3�Z�&5B)&)(�EP4�&5,�(<1?&5Z�V%(�&5.	J ¬

Fb(µ, T, twait) =
∫ T

0
fb(Twait, x)pµ,T (x)dx =

∫ T

0
(1 − e−λbx)e−λbtwait

e−x/µ

µ(1 − e−T/µ)® � ]�� ¯
²	²



Fb(µ, T, twait) =

[

λbµ + e−(λbµ+1)T/µ + e−T/µ(λbµ + 1)
]

(λbµ + 1)(1 − e−T/µ)
e−λb(T+twait) ® � ] ���
¯

!#"�$#*P3­vR&5*'V�*Ö(<&)*P$qZ�V�&)B54Re_V�@=67.	1�1?$+,?@O.	J%4�,2(<.:67.	J
(<&)JgV%.	V�,2&)1�1<3�4�&Q3�(�&5.	J�0>1?.	*
tstart

¬
Fb,Max(T, twait) = (1 − e−λbT )e−λbtwait ® � ] ����¯

D;»Ë¼/»¹¼ .#·O§b�W¢M ����]4Y�
tirr = µ

��¾�5#�D��¶����
tin

¢q�D£
tstart

¢o %§d¿W��5#�W�©¶��
�DB)(�"�.	V�f	"�9;$\4�.[J�.�('°�J�.�9

tin
S�9s$Y6�3�Jy&5J%0>$71�0>1�.	*

µ
(�"�3�(U(<"�$P.	ZgÍ?$767(i"�3�,',?(<3�1?(�$+4&)1�1�3�4�&Q3­(<&5.�J�3�(-BQ3�(�$+,�(

µ
E�$�3�1?,\Z�$70>.	1?$

tend

]o!#"�$71�$70>.�1�$�(<"�$�*P3­vR&5*NV�*Ú(<&)*P$j$7BQ3�@�,?$+40>1?.	*
tstart

V�J
(<&)B
tin

&5,
T = tend − tstart − µ

]Iú�&H(<"�&)Jz(<"�&),U@�$+1?&5.g4TSI(�"�$P.�ZgÍ?$+6c('*P3�E"�3�8�$[Z�$+$7J�&5J
(<1?.R4%V�6+$74p&)Jw(�"�$X*P3�6L"�&)J�$�&5Jp3�J
E�(<&5*-$Y9/&)(�"p$7��V�3�BK@�1�.	Z�3�Z�&5B)&)(�E�]}!#"�$@%1�.	Z�3�Z�&5B)&)(�EP4�&5,�(<1�&)Z�V%(�&5.	JY.�0
x = tend − tout

&5,m(�"gV%,DB)&5J�$+3�1 ¬
pT (x) =

1

T
® � ] ���	¯!#"�$=3�8	$71<3�f	$�(�&5*-$�Z�V�&5B)4Re�V%@j&5, ¬

Fb(µ, T, toff) =
∫ T

0
fb(toff , x)pT (x)dx =

∫ T

0
(1 − e−λbµ)e−λb(x+toff

1

T
dx ® � ] � s ¯

Fb(µ, T, toff) =
(1 − e−λbµ)(1 − e−λbT )

λbT
e−λbtoff ® � ] �+��¯!#"�$C*P3­vR&5*NV%*¨(�&5*-$WZ�V%&5B54ge�V�@j&),m.	Z%(<3�&5J�$74jZ
E\(L3�°g&)J�fN(<"%$�B5&5*-&)(q.�0�!�(<. � SR9/"�&56L"67.	1�1?$+,?@O.	J%4�,:(<.j3�Jz&51�1�3�4�&53�(<&).	Jj(<&5*-$

tirr = µ
0>.�B5B5.�9s$+4dZ
EF(<"�$=9m3�&H(<&)J�f\(<&)*P$

twait =
toff

S�&¹]º$�]
tout = tend

¬

Fb,Max(µ, toff) = lim
T→0

(1 − e−λbµ)(1 − e−λbT )

λbT
e−λbtoff = (1 − e−λbµe−λbtoff ® � ] ��ª	¯

Btå�� CÒëCò7çmñjò+ë�è©é7ì=í ìUî-è	�jô ñ�í�ç;ômï�è�ëUé7ítè��Ìì=î-è	�jôµè©é+ð ônwFñjécò+ó��
ñ��

^�Ju3�4�4�&)(�&5.	J�(<.P(<"�$i3�8�$+1<3�f	$i3�J�4z*P3­vR&5*'V�*ö8�3�B5V�$7,+S�&)(D&5,DV�,�$c0>V�B�(�.j3�,�,?.R67&Q3�(�$N3�J[V�JRe67$+1�(L3�&)J�(�E�(<.z(<"%$j$78�3�B5V�3�(<&).	J�.�0/(�"�$Y(<&)*P$YZ%V�&5B)4Re�V�@I]�!#"�$j,�3�*-$jV�J�6+$71?(<3�&5J
(�Ey.�J�(�"�$1�3�4�&).	B5.	f�&56�3�B�"%&5,?(�.	1?E["�3�,C4�&HGI$71�$+J
(C&)*P@�3�67(�.	J
Fb

4�$7@O$7J�4�&)J�f�.	Jz(<"�$t"�3�BH0Qe�B)&)0>$U.�0s(�"�$J�V�67B5&)4�$�ZT]�^�JF.	1�4�$71#(<.t��V�3�J
(<&H0øEY(<"�$�&)*P@�3�67(#9s$C4�$7��J%$'3�J�$71�1�.�1
ǫb(n)

3�, ¬
ǫb(τ) =

fb(tirr + τ, twait − τ) − fb(tirr, twait)

fb(tirr, twait)
® � ] ���
¯

²��



9/"�$71�$
τ
&),o(�"�$KJgV%*NZO$71 ® .	1o0>1<3�6c(<&5.�J ¯ .�0IE�$�3�1?,;.�0IV�J�67$+1?(<3�&5J
(�Et.	J tout

]
!#"�$W"%&5f	"�$71
τ
S�(<"�$CB).	J�f	$71m(<"�$C&51?1<3�4%&Q3�(�&5.	J-(<&5*-$�3�J%4F(�"�$C,�"�.	1�(<$71/(�"�$�9m3�&)(<&)J�fN(<&)*P$�]ÀsEY,�V�Z�,�(<&H(<V%(�&5J�f-l}vR@�1�$7,�,�&).	J � ] � &5JFl}vR@�1�$7,�,?&5.	J � ] ���%¬

ǫb(τ) =
eλbτ − 1

1 − e−λbtirr
® � ] ���	¯l}vR@�1�$7,�,?&5.	J � ] ��� &5,m$�v%3�67(K3�J%4�8�3�B)&54-0>.	1mZ�.�(<"j@�.	,�&H(<&H8	$�3�J%4FJ%$+f
3�(�&)8�$ τ

]�«�.	1;B5.	J�f­eB)&)8�$+4NJ�V�67B5&54%$+, ® T1/2 � s�sDE�$�3�1?, ¯ &H(21�$74�V�67$+,M(<. ǫb(τ) ≈ τ/tirr

]	«�.	1},?"�.	1�(?e�B)&)8�$+4NJ�V�67B5&54%$+,
® T1/2

� � E	$+3�1 ¯ &H(©3�@�@%1�.�vR&5*P3�(<$7,T(<. ǫb(τ) ≈ T1/2
√

2τ−1
]�«�.�1T$cv%3�*-@�B5$�S+&H0

tirr

&5,T$�v%@�$+6c(<$74(�.XZ�$ ��� E�$�3�1?,U9/&H(<"�.	J�$tE	$+3�1=V%J�6+$71?(L3�&5J
(�E	Sb(<"%$PV�J%6+$+1�(L3�&)J
(�E�.�J�(�"�$-(�&5*-$iZ�V�&)B54Re_V�@9s.	V�B)4�Z�$ ª�� 0>.�1 � s � e�k;, ® T1/2

z�s � E�$�3�1?, ¯ 3�J%4 ��ª���� 0>.	1 ª�� e�k;. ® T1/2

z ���	� 4�3�Eg, ¯ ]!#"%$=V�J%6+$+1�(L3�&)J
(�Ej.	Jj(<"�$�(�&5*-$�Z�V�&5B)4Re�V%@j4�.R$7,/J�.�(/4�$7@O$7J�4[.	J
twait

]
Btå�� CÒë�è©ôGJUìUï�é7ô�
öìUî�í-ñFçsò7é7ójô�

!#"%$W0>.	1�*'V�BQ3�$/@�1?$+,?$+J
(<$74F&)J\,?$+67(�&5.	J � ]�sU6�3�J\ZO$W3�67(�V�3�B5BHEi,�&)*P@%B5&)��$+4-&5J\4%&)GO$+1�$7J
(;9;3�Eg,4%$+@�$+J�4�&)J�f-.	Jj(<"�$C"�3�BH0Qe�B)&)0>$K.�0�(�"�$CJ�V�6+B)&54�$�S�9/"�&56L"F6�3�JFZ�$�,�.	1�(<$+4F&5Jj0>.	V%1#6�3�(�$+f	.	1?&5$7, ¬
� ]/JgV%6+B5&)4�$+,#9/&H(<" T1/2

� � E	$+3�1 ù
� ]/JgV%6+B5&)4�$+,#9/&H(<" � E	$�3�1�� T1/2

�ns � E	$+3�1�, ùs%]/JgV%6+B5&)4�$+,#9/&H(<"&s � E	$+3�1�,�� T1/2
� ���	� E	$+3�1�, ù

� ]/JgV%6+B5&)4�$+,#9/&H(<" T1/2 � ����� E�$�3�1?,+]
«�.	1Y(�"�$���1�,?(F6+3�(<$7f	.	1?E�S#.	J�BHE�(<"%$�B53�,?(j0>$c9�E	$+3�1�,F.�0U(<"�$u&)1�1<3�4�&Q3�(�&5.	J�67Eg6+B)$�3�1�$1?$+B)$78�3�J
(=0>.�1C(�"�$P(�&5*-$iZ�V�&)B54Re_V�@T]b!#"�$-,�$76+.	J�4�6�3�(�$+f	.	1�E�1�$+��V�&)1�$7,U(�"�$\*-.	,?(U67.	*P@%B5$cv6+3�B567V�BQ3­(<&5.�JwZ�$+6+3�V�,?$[(<"�$F(<&)*P$FZ�V�&)B54Re_V�@w8�3�1?&5$7,-9/&H(<"�(�"�$[*P3�6L"�&)J�$XB)&)0>$c(<&5*-$�S�9/"�&56L"&),�6+.	*-@�3�1�3�Z�B)$N(<.

T1/2

]©«�.	1:(�"�$i(<"�&)1�4u6�3­(<$+f�.	1?Ed(�"�&5,C4�$7@O$7J�4�$7J�6+$P&5,�B5$7,�,C&5*-@�.	1?(<3�J
(3�J�4\(<"%$W6�3�B56+V%BQ3�(�&5.	J-6�3�J\ZO$K0>V�1?(�"�$+1s,�&5*-@�B)&)��$74T]�«�.	1q(�"�$:B53�,?(s6�3�(�$+f	.�1?E-.	J�BHEi(<"�$W(�.�(L3�BJ�V�*'ZO$71�.�0qJgV%6+B5$+3�1�1�$+3�67(�&5.	J%,:&5,:1?$+B)$78�3�J
(U3�J�4zJ�.�(�(<"�$7&51W(�&5*-$'4�&),?(<1?&5Z�VR(<&5.�J[.�8	$71C(�"�$&)1�1�3�4�&Q3­(<&5.�J:67Eg6+B)$�]�!#"�$q6L"�.	&)6+$o.�0 � S�s � 3�J�4 ���	� E�$�3�1?,}3�,©B)&5*-&)(<,OZO$c(�9;$7$+JU(<"�$q6�3�(�$+f	.�1�&5$7,&),#Z�3�,?$+4[.�J�(�"�$�8�3�B5&)4�&)(�EP.�0�(<"�$C@�1?.	@O.�,�$+4F*-$7(<"%.R4�,7]
D;»�Ðm»?� �z��¡Ñ§µÕ:¿D��¦�£G/­¿D¥a½L�o p�m¿D·I¦���£W§b¾�¶���¤R×

T1/2 � �µ¸o§b¢M 
!#"%$+1�$�3�1?$u0>$c9 J�V�6+B)&54�$7,j9/&)(<"�"�3�B)0Qe�B)&)0>$X,�"�.	1�(<$71�(�"�3�J{.	J�$uE	$+3�1F3�J�4�9/"�&56L"µ3�1�$u.�0&)J
(<$+1?$+,�(=0>.	1U$+B)&5*-&5J�3­(<&5.�J[&5J�(<"�$t��J�3�Bq1?$+@�.	,�&H(<.	1?&5$7,+SbJ�3�*-$+BHE ¬b� ���NS ª�� ÞXJTS ª	� k;.X3�J�4�	ª�� JT]%!#"%$C3�67(�&)8g&)(�EP.�0©(<"�$7,�$CJ�V�6+B)&54�$7,#&5,mB)&5°�$+B)Et(�.iZO$�67B5.	,?$:(<.i,<3­(<V�1�3�(<&).	JYZ
EY(<"%$�$+J�4.�0b.	@�$+1<3­(<&5.�JT]
!#"�$W$71�1?.	1s&)J
(<1�.g4�V�67$+4YZ
Et(<"%$:3�,?,�V�*-@%(<&).	Jt9;.	V%B54YZ�$ � ] ��� 0>.�1sJ�V�67B5&54%$+,9/&H(<"

T1/2

z � E	$+3�1K3�J�4 tirr

z ��� E	$�3�1�,+]

� �



�h�����	�}�� ¢¡£�
ÀqEX,?$7(?(<&5J%f\&5J[l}v%@%1�$+,?,�&).	J � ] ª S�(<"�$U(<&5*-$CZ�V�&)B54Re_V�@F0>.�1D,?6+$+J�3�1�&).j3 ® 670�] ~ $+6c(<&5.�J � ]�s%] ��¯Z�$+67.	*-$+, ¬

Fb(µ, T, toff) =
∫ T

0
fb(T, x)pµ,T (x)dx ≤

∫ T

0
eλb(T−x+toff ) e−x/µ

µ(1 − e−T/µ)
dx ® � ] � ² ¯

Fb(µ, T, toff) =
e−λbµ − e−λbT

(λbµ − 1)(1 − e−T/µ)
e−λbtoff =

(e−λbT − e−λbµ)e−λbtoff

(1 − e−T/µ)(1 + λbµ)
® � ] � � ¯

l}vR@�1�$7,�,?&5.	J � ] � �z6�3�J�Z�$Y0>V�1?(�"�$+1i,?&5*-@�B5&H��$+4�4�$+@�$+J�4%&5J�fu.	J�9/"�$c(<"�$71t(�"�$�.	ZgÍ?$767("�3�,/B5.	J�fi.�1K,?"�.	1�(/B5&)0>$c(<&)*P$
µ ¬

µ < 1/λb ⇒ Fb(µ, T, toff) ≈
e−lambdabT

(1 − λbµ)
e−λbtoff ® � ] ���
¯

µ > 1/λb ⇒ Fb(µ, T, toff) ≈
e−T/µ

(λbµ − 1)(1 − e−λbtoff )
e−λbtoff ® � ] �g��¯

�h�����	�}�� ¢¡£¤
^�JX(<"�$U6�3�B)6+V�B53�(<&).	J�,m0>.	1K,�67$+J�3�1�&5.PZ ® 6c0�] ~ $+6c(<&5.�J � ]�s%] �	¯ S�(<"%$=@�1?.	Z�3�Z%&5B5&H(�EY4�&),?(�1�&5Z%V%(<&).	J4%$+6+1?$�3�,?$+,C9/&)(�"�&)J�6+1?$�3�,?&5J�f

tirr

]T!#"%$t(�$+1?*a"�3�,C"�&)f	"�$71:@�1�.�Z�3�Z�&)B5&)(�E�9s$+&)f	"
(�0>.	1�,�*P3�B5B8�3�B)V�$+,q.�0
tirr

3�J�4P(�"�$+1?$70>.	1?$D&H(q6�3�J�J%.�(;Z�$K,�$7(s(<. � 3�,o0>.	1o,�67$+J�3�1�&5.'3%]gl}v%@%1�$+,?,�&).	J � ] ���,?"�.	V�B)4�ZO$CV�,?$+4X9/&H(<"�.�V%(K3�J
Ej,�&)*P@%B5&)��6�3�(�&5.	JT]
�h�����	�}�� ¢¡¥�
!#"%$=,?&5*-@�B5&H��6�3�(�&5.	J\3�@�@�B)&5$74Y(<.-l}v%@%1�$+,?,�&).	J � ] ��� B5$+3�4�,m(�. ¬

Fb(T, toff ) =
∫ T

0
fb(toff , x)pT (x)dx ≤

∫ T

0
e−λb(x+toff ) 1

T
dx ® � ] �	�	¯

Fb(T, toff ) =
(1 − e−λbT )

λbT
e−λbtoff ≈ e−(λbtoff )

λbT
® � ] � s ¯

D;»�Ðm»_´ �z��¡Ñ§�Õ:¿D��¦�£G/­¿D¥ ½L�M ³�m¿W·O¦���£D§b¾ ¶��_¤R× ��¸o§b¢M  � T1/2 � ¼$¦
¸o§b¢M �¾

!#"%$+,�$PJ�V�6+B)&54�$7,�"�3�8	$P3F"�3�B)0qB5&H0>$'9/"�&56L"�&5,�67.	*P@�3�1<3�Z%B5$'(�.�(�"�$-&51�1�3�4�&53�(<&).	JX(�&5*-$i3�J�4(�"�$C9m3�&H(<&)J�fi(<&5*-$�SR(�ER@%&56�3�BT0>.	1/*P.	,�(K&)(<$7*P,#.�0}9;3�,?(�$'3�(WkmlonKh ® (<"�$=3�8	$+1�3�f	$UB5&H0>$7(<&)*P$.�0:3�J�3�6+6+$7B5$71<3�(�.	1i&5,i3�ZO.	VR(N(�9;$7J
(�E�e���8	$XE	$�3�1�, ¯ ]M!#"�$Y0>V�J�6c(<&).	J fb

&5,'(�"�$+1?$70>.	1?$j8	$+1�E,?$+J�,?&)(�&)8	$j(�.u(�"�$j$cv%3�6c(-&51�1�3�4�&53�(<&).	J�6cER67B5$�]2!#"�$j0>.	1�*'V�BQ3�$ � ] � e � ] ª 6�3�J�Z�$j,�&)*P@�B)&)��$74.�J�B)Et&)JP(<"%$W,�@�$+67&Q3�B�6+3�,�$W9/"%$+1�$K(<"�$D$cvR@�$+67(�$+4�&51?1<3�4%&Q3�(�&5.	JN(�&5*-$K&),s*'V�6L"Y,�"%.	1?(�$+1s(�"�3�J(�"�$C*\3�v%&)*NV�* @O.�,�,�&)Z�B5$�&)1�1�3�4�&Q3­(<&5.�JP(<&)*P$ ¬ T > 5µ
]
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µ­G®}¯±°�²´³�;̄Z%V-²5B)4Re�V�@mµ¢¶�·¸°�®}¯±¹�6)¯+J�º»·9²´¶'º:6uº�JtZ¼¯±¹9²´³-@�B´²H��¯+4m²5Ji4-²HG�¯)·:¯7J�°}9±º�E�¹o4-¯+@k¯+J�4}²5J�f

¶�Jf®-¶�9rB3¶	J�f6°�®}¯=B3²3µ¢¯)°:²´³�¯
µ
¶»µ¸°:®-¯'¶	ZgÍ9¯76)°�²´¹#9�²3°:®f·9¯u¹�@k¯+6�°�°:¶�°:®-¯U4-¯+6uº�E�°:²´³�¯�¶»µ¸°:®-¯J�V�67B´²)4-¯�ZT]^�µ

µ > 1/λb
¬

Fb(µ, T, toff ) = lim
T/µ→0

[

λbµ + e−(1−λbµ)T/µ + e−T/µ(1 − λbµ)
]

(1 − λbµ)(1 − e−T/µ)
e−λb(T+toff )

=
e−T/µ

(λbµ − 1)
e−λbtoff ® � ] �­��¯

^�µ
µ < 1/λb

¬

Fb(µ, T, toff ) = lim
T/µ→0

[

λbµ + e−(1−λbµ)T/µ + e−T/µ(1 − λbµ)
]

(1 − λbµ)(1 − e−T/µ)
e−λb(T+toff )

=
λbµ

(1 − λbµ)
e−λb(T+toff ) ® � ] ��ª	¯

�h�����	�}�� ¢¡£¤$§©¨¬ª�«
µ^�Jf°�®-¯UZ�V-²)B54Re_V�@&µ¢¶»·�¹?6u¯+J-º»·:²3¶\Zf°:®-¯m°:¯u·9³ ® λbµ − 1 ¯ 4-¶�¯u¹KJ-¶»°�º�@�@k¯�º�·�º�J%4y°�®-¯)·:¯�µ¢¶�·:¯°:®-¯u·9¯'²´¹G¶	J-¯'¹9²5J�f	B3¯�¹:²3³P@�B3²)��¯74�µ¢¶�·9³NV�B½º�µ¢¶»·�º�J
EY8�º�B5V-¯�¶�µ

µ ¬

Fb(µ, T, twait) = lim
T/µ→0

[

λbµ + e(λbµ+1)T/µ + e−T/µ(λbµ + 1)
]

(λbµ + 1)(1 − e−T/µ)
e−λbtwait

=
λbµ

(1 + λbµ)
e−λbtwait ® � ] ���
¯

�h�����	�}�� ¢¡¥�
­G®}¯�°�²3³¬¯CZ�V-²)B54Re_V�@(µ¢¶�·�¹?6u¯7J�º»·:²3¶\6=6�º�J�J}¶»°:Zk¯m¹9²´³-@�B´²H��¯+4fº�J�4dl2vR@-·9¯u¹9¹:²´¶�J � ] ��� ³NV}¹9°Zk¯CV-¹:¯74y¯c8�¯+JXV�J�4-¯)·G°�®-¯'®
Eg@¼¶»°:®-¯u¹9²´¹

T > 5µ
]

D;»�Ðm»¹¼ �z��¡Ñ§�Õ:¿D��¦�£G/­¿D¥ ½L�M [�m¿W·O¦���£D§b¾X¶��_¤R×Ñ¼7¦p¸o§b¢M �¾ � T1/2 � ��¦$¦
¸o§b¢M �¾

^�Ji°�®-²3¹=6uº»¹:¯�°:®-¯�®-º�B3µ;B´²3µ¢¯¾²3¹m¹9¶dB´¶	J%f&°:®�º�°m²3°m²´¹UJ-¶»°=J-¯+6)¯u¹:¹:º»·?Ei°�¶yº�8»¯u·:º�f�¯�°:®-¯¬°:²´³�¯Z%V-²5B)4Re�V�@�¶�8»¯u·�º�B5Bk°�®-¯C@k¶�¹:¹9²5Z�B3¯�²´·:·:º�4-²´º�°�²3¶	J¬°:²´³�¯u¹+]}­G®-¯C@-·:¶	@k¶�¹9¯+4(µ¢¶�·:³NV%B½º�²´¹ ¬
gb(twait) =

fb(tirr, twait)

tirr
≈ λb(1 − λbtwait) = Gb(twait) ® � ] ���	¯

� �



l}vR@-·:¯)¹:¹9²´¶	J � ] ��� ²3¹#6u¶�³-@k¶�¹:¯74XZ
E#°�9¿¶�°:¯u·9³¬¹ ¬
λb ≥

(1 − e−λbtirr)

tirr
® � ] � ² ¯SÀº�J�4

(1 − λbtwait) ≤ e−λbtwait ® � ] � � ¯­G®-¯Á¶�8»¯u·9¯u¹9°:²´³¬º�°�¯$²5J'°�®}¯s��·9¹9°¸°:¯u·9³³@-º»·9°:²½º�B)B)ED6u¶�³-@¼¯7J-¹�º!°�¯u¹	µ¢¶�·�°�®-q̄V�J�4-¯)·:¯)¹9°�²3³�º!°�¯
²)Jy°�®}¯6¹:¯+6)¶	J�4Â°�¯)·:³F]¼­G®}¯6¯u·:·9¶�·Ã²)J�°:·:¶g4�V�6)¯+4zZ
Ey°:®-²´¹Ã¹9²´³-@�B´²H��6�º!°�²´¶�J

[(gb − Gb)/gb]
²3¹

º�B)9Áº�E�¹/B´¶�9¿¯u·±°:®�º�J ��� ²)J#°�®-¯Ã°:²´³�¯Ã¹�6uº�B´¯�¶�µÄ²)J<°�¯u·9¯u¹2° ® s�s#� T1/2

� ���	� E»¯�º»·9¹+S tirr �ª E»¯�º»·9¹+S � � twait

� �
� E�¯uº»·:¹ ¯ ]�­G®-¯i9±º�²3°�²)J�f�°�²3³¬¯ twait

6uº�J�Zk¯¾·:¯7@�B½º�6)¯+4u9�²3°:®Å°:®-¯
°:²´³�¯

toff

µ¢·:¶�³Æ°:®-¯�¹9®�V}°<4-¶�9/J¥¶�µ±°�®-¯¾µ@º�6)²5B´²K°�E ® 9�®-²56~®¥²3¹'¯+��V�º�B$¶�·'¹:®-¶»·9°�¯)·m°:®�º�Ji°:®-¯°:²´³�¯
twait

µ¢·:¶�³Ç°�®-¯'·:¯)³¬¶�8�º�Bh¶�µÄ°:®-¯'²3°�¯)³ ¯ 9�²3°�®�J-¯7f	B´²)f�²5Z%B´¯�¯cG�¯76)°:¹�¶�J&°:®-¯ Gb

]
­G®-¯�º�8�¯)·�º�f»¯�°�²´³�¯'Z%V-²5B)4Re�V�@[4-¯+@k¯+J�4}¹�¶�JÅ°:®-¯6¯cvR@k¯+6�°�¯+4�B´²Kµ¢¯)°:²´³�¯

µ
¶»µ7°:®-¯6¶	ZgÍ9¯76)°Z%V}°KJ-¶»°�¶	J

tin
¶�·

tout
¬
Fb(µ, twait) = µgbtwait = λbµ(1 − λbtwait) ® � ]�s �
¯­G®-¯�³¬º­vL²´³NV-³È°�²3³¬¯WZ�V-²5B)4Re�V%@�²´¹ ¬

Fb,Max(ton, twait) = tongbtwait = λbton(1 − λbtwait) ® � ]�s ��¯
D;»�Ðm»ËÎ �z��¡Ñ§µÕ:¿D��¦�£G/­¿D¥a½L�o p�m¿D·I¦���£W§b¾�¶���¤R×
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Ü ��¦7¦�¸o§b¢M �¾
�rB´º»·�f»¯WJ�V-³NZk¯u·G¶»µ�J�V�67B´²54}¯u¹±¶»µ	²)J�°:¯u·9¯u¹9°Gµ¢¶»·Á°�®-¯�·:º�4-²3¶	B´¶	f»²56�º�B�6~®�º»·�º�6)°�¯)·:²)`�º�°:²´¶	J�µ@º�B5Bk²5J
°:®-²´¹s6�º�°:¯+f�¶»·?E	]�­G®-¯Ã®-º�B3µbB3²3µ¢¯�²´¹$¹:¶iB3¶	J�f'°�®�º!°±¶	J�BHE¬º=J-¯7f	B´²)f�²5Z�B3¯±µ¢·�º�6�°�²3¶	J�¶»µh·�º�4-²3¶<º�6�°�²)8»¯J�V�67B´²)4-¯u¹K4-¯+6uº�EX4%V-·:²)J�f�°:®-=̄9Áº»²K°�²5J%f¾°:²´³�¯�]�«�¶�·G°�®}¯m¹:º»³¬¯�·:¯uº»¹:¶�JTS�°�®-¯mº�6)°:²)8�²3°�E�º�°�°:®-¯
¯7J�4�¶»µh°:®-¯Ã²3·:·�º�4-²½º�°:²´¶	J6°:²´³�¯�²3¹Á¹9¶�µ@º»·¿µ¢·9¶�³È¹�º�°�V-·�º!°�²´¶�J¬°�®-º�°¿°:®-:̄4-¯7@¼¯7J�4-¯7J�6u¯�¶»µ

fb

¶	J
tirr

²3¹±º�B3³¬¶�¹2°qB´²5J}¯�º»·7]�­G®}¯Ã¹�6)¯+J�º»·9²´¶�¹±º­e�6�°�®�V-¹mB3¯�º�4¬°�¶�°:®-¯�¹:º»³¬¯�µ¢¶�·:³'V�B½º�µ¢¶�·¿°:®-¯�°:²´³�¯Z%V-²5B)4Re�V�@ ¬
gb =

fb(tirr, twait)

tirr

=
(1 − e−λbtirr)(e−λbtwait)

tirr

≈ λb ® � ]�s �	¯
­G®-²3¹¸µ¢¶�·9³NV�B½ºK4-¶�¯u¹MJ-¶»°}4-¯+@k¯+J%4�¶�J�°�®-¯±³¬º�6~®-²)J-¯;Z%V}°©¶	J�BHE�¶�J�°�®-¯#J�V�67B´²)4-¯±º�J%46²3°�²3¹

º�6+6+V}·�º�°:¯:9�²3°�®}²5J ��� ¯u·9·:¶�·¿µ¢¶�·Á°�®}¯Ã²´·9·�º�4-²´º�°�²3¶	J-67Eg6+B3¯u¹G¶»µ	²5J<°:¯u·:¯)¹9°+]-­G®-¯Ã°�²3³¬¯DZ�V-²)B54Re_V�@
°:®-¯u·9¯)µ¢¶�·9¯P4}¯+@k¯+J�4-¹�¶	JÅ°�®-¯6°:¶»°~º�BMJ�V-³'Z¼¯)·�¶�µ;@�º�·9°�²)6+B3¯u¹

Itot

º�J�4É²3°:¹'¯u·:·9¶�·�²´¹'7̄�gV-º�B©°�¶
¶�V-·#V�J�6)¯u·9°�º»²5J<°�E(¶	J

Itot

]
­G®-¯mº�8�¯)·�º�f�¯�º�J%4f³¬º­vL²´³NV}³Ç°:²´³�¯:Z�V-²)B54Re_V�@(º»·:¯ ¬

Fb(µ) = µλb ® � ]�s»s ¯

Fb,Max(T ) = Tλb ® � ]�s ��¯

��s
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Btå?� C�ìCï�ï}ô/çsè©écì=í î�ìCï±íjì'í���ñFíjécî�ìCï}ð é�ï�ï}ëUó�é7ë�è©é7ì=í çs�\ç;òcô�

­G®}¯¾º�Z¼¶�8»¯¾º�J�º�BHEL¹9²´¹K9±º»¹�@k¯u·2µ¢¶�·:³�¯+4xµ¢¶»·�°�®}ī6�º»¹9¯6¶»µ¿º\V�J-²Kµ¢¶�·:³±Z¼¯uº»³±B´¶�¹9¹Ã·�º�°:¯

Iav

S
²)J{9�®}²56~®µ6uº»¹:¯É°�®-¯iº�6�°�²)8�²K°�EÊ²´¹�@-·9¶	@¼¶»·9°�²3¶	J�º�B�°�¶

Iav,bFb ® l2vR@-·9¯u¹9¹:²´¶�J � ]�s ¯ ]K«�¶�·(º�Jº�·�Z-²K°�·�º�·?EyZk¯�º�³ B´¶�¹9¹�·:º�°�¯
I(t − tstart)

9�®-²)6~®V²´¹�ºÂµ>V�J�6�°�²´¶�JY¶»µ�°�®-¯�°:²´³�¯
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∫ ton

0
λbe

−λbxI(ton − x)dx ® � ]�s ª	¯
9�®}¯u·:¯

ton
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t − tstart = ton − x
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Iav,b
¬

Iav,b =

∫ ton
0 λbe

−λbxI(ton − x)dx

1 − e−λbton
® � ]�s �
¯«�¶�·¿°�®-¯�¹?@¼¯76u²½º�BT6�º»¹9¯

I(t− tstart) = I
S�6u¶�J-¹9°�º�J<°�¶�8»¯u·

0 < t− tstart < ton
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Iav,b = I
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I(t− tstart) = I(ton − x)
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I(ton − k − x) = I(ton − k)
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∫ k+1

k
λbe

−λbxI(ton − x)dx =
∫ k+1

k
λbe

−λbxI(ton − k)dx = I(ton − k)(1− e−λb)e−λbl

® � ]�s �	¯

⇒
∫ ton

0
λbe

−λbxI(ton − x)dx =
ton−1
∑

k=0

(1 − eλb)e−λbkI(ton − k) ® � ]�s	² ¯
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Iav
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Iav,b =
eλb − 1

eλbton − 1

ton−1
∑

m=0

eλbmI(m) ® � ]�s�� ¯
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Iav,b
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Iav,b = /frac1 − αb1 − α3
b
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I(ton) + αbI(ton − 1) + α2
bI(ton − 2)
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