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X�ac� g d=TWa�\N_

Å§Æ&ÇyÈFÉ6Ê�Ç�ËEÌcÈFÍJÎÏ

∗ ÐuÑ�ÒÔÓFÕ=Ör×uØ=ÙEÒÔÚ3ÒÔÛJÖ7Ü ÝcÚ
† Þ Örßuà"Û¯ÙEÓUÛyÜ ×7Ó Þ Ü ÖrÓ"Ü Ó Þ

Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu, 35042 RENNES Cedex (France)

Téléphone : 02 99 84 71 00 - International : +33 2 99 84 71 00
Télécopie : 02 99 84 71 71 - International : +33 2 99 84 71 71



�����
���
���(���.��� ���$) ���������-�.������	�����	
�����E�-�m�������/� ���(	
�
�m�(�$)��E����$)�� )�������� ����	��

��� �
	�� � �  Z�obd g ��� d]^`�]X�Z6_NTrd=TWa�\N_�[\N_NTWa�_Q^`ZmpSZ��cd©pSZY_�R�a�T���pSZmo`^`a§RyRWde_�[Z.p`acRWR�aco��YZ]¢]�cdµTyZ6X�o�� g d=�
TW^ g Z(Z6R�TkpSZ6¡]Z6_5^bZ(^`_`Z�[Y\]_5T g deac_5TyZ/acX�o�\ g Trde_5TyZ�pbde_bR©�cd�[\]_�[ZYo`Tyac\]_�pSZ7R�X�ac[ g \No g \Q[YZ6RWR�Z6^ g RY���ma�Z6_
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p`Z6R/\5Ry[Ya��c�cdeTyac\]_bR�pSZ-TyZ6X�o�� g deTy^ g Z]���h_�[\N_bR��6ª5^`ZY_�[Z]¢���Z7R(X��6[6de_`a§RyX�Z7R(de^`Ty\]X-deTya§ªN^bZ6R(pSZ g �7pS^b["�
TWa�\N_�pSZ
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p��6[Y��Z6_b[rq`ZY_5T�o`��^�R$Ry\]^`¡NZY_5T6�
� \]^bR.X�\]_5T g \]_�R£ª5^�� de^`�NX�Z6_5TyZ g �cd�� g �6ª5^`ZY_�[Z©p`Z6R.\NRW[ac���§d=TWa�\N_bRhZ7RUT�^`_
p`Z6R.X�\=PNZY_bR£o�Z g X�ZYT�TWd]_5T�pSZ
g �6p`^`a g Z-�cZY^ g deX�o`�ca�TW^bpSZ]�  d]_bR(^`_�ZY_Q¡Qa g \]_`_bZYX�ZY_5T(X�^b��TWa�o g \]� g d]X�X �N¢���� ZY°��6[^`Tyac\]_�de��TyZ g _!�YZ�pSZ
ob��^bRyacZY^ g R|o g \Q[YZ6RWR�^�R©oAZY^`T(�"�Y_!� g Z g pSZ6R/\5Ry[Ya��c�§d=Tyac\]_�Rkp`Z$TWZYX�o�� g d=Ty^ g Z-Rya?��Z7R/pSa�²#� g ZY_5TrR|o g \S[YZ6RWR�^bR
o g \SpS^`a§RyZY_5T(pSa�²#� g ZY_5TWZ6R(pSZ6_bRya�T��6R(pSZ�o`^`a§RyRWde_b[YZ]� � \]^bR/Z6_�p��6pS^bacRy\]_bR�ªN^bZ-��� de^`�NX�ZY_5TWdeTyac\]_�pSZ-�cd
p`ZY_bRya�T��kp`Z©o`^bacRWRyd]_b[Z©ZT�pSZk�cd�o�Z g ��\ g X-de_�[Z©p`Z6Rmo g \Q[YZ6RWR�Z6^ g R£pS\Na�T�ZT�o�Z6^ST�R�� d][6[\]X�obd]�]_`Z g p$� ^`_`Z
p`a�X�ac_5^`Tyac\]_�pS^�ª5^bd]_5Ty^`X p`Z©TWZYX�obR6�  Z|o`�c^bR6¢S^`_�o�ZYTya�TµªN^�de_5Ty^`X pSZkTyZYX�obR�oAZ g X�ZT�de^�R�PSR�TyV6X�Z
p�� ZY°Qob��\Na�Trd=Tyac\]_�pSZ
z��6_��&%A[acZ g p`ZL�cd�X�ac� g d=TWa�\N_�p$� d]["TWa�¡Qa�T���RWde_�R/X-d=T�� g acZY�mR�o��6[Yacd]�3�'�£_�Z²�ZT7¢�Ry^ g
^b_¤o g \S[YZ6RWR�Z6^ g X�^b��TWa��¯[\QZY^ g Ry\]^bR�[Y\]_5T g deac_5TyZ|TWq`Z g X�acª5^`Z�¸ � jm¹j�º¢��§d-X�a�� g deTyac\]_¤p$� d][Tyac¡5a�T���o�Z g �
X�ZYT©pSZ$p`a�X�ac_5^bZ g �§d�TWZYX�o�� g deTy^ g Z(Z6_ g �6obd g Tya§RyRWde_5T��§dLpSa§RyRya�o�d=Tyac\]_�p`Z�[rqbde�cZY^ g �Y�5de�cZYX�ZY_5TµRy^ g �cZ6R
p`a�²#� g ZY_5TWR�[Y\QZY^ g RY�  Z/o`�c^bR6¢`_`\]^�R�X�\N_5T g \]_bR�ª5^�� ^`_�\ g pS\]_b_bde_b[YZYX�ZY_5T��6ª5^`a�TWd]z`��Z(du¡NZ6[kpSa�²�� g Z6_NTWZ6R
o g ac\ g a�T��6R.pSZµo g \S[Z7RyRy^bRh_!�6[Z7RyRya�TyZ�obd g ��\NacR.p$� Z°��6[Y^STyZ g Rya�X$^`��TWde_!�YX�ZY_5T.X�\Na�_bRmpSZ©o g \S[YZ6RWR�^bR.ª5^`Z©pSZ
[Y\QZY^ g R|��\ g RWª5^`ZL[Z6�cd�Z7RUT�Ry^S¼LRWde_5T(o�\N^ g X-deac_5TyZ6_`a g ��Z � jm¹ j½Z6_�RydeTy^ g d=TWa�\N_TWq`Z g X�acª5^`ZN� � \]^bR
o g \No�\5R�\N_bRm^`_`Z/X��TWq`\SpSZ(p$� \ g pS\]_`_�de_b[YZYX�ZY_5T�ª5^`a*^STWa��cacRyZ/�§d$X�ac� g d=TWa�\N_�p$� d][Tyac¡Qa�T��/ZY_�o g ZY_bd]_NT�Z6_
[Y\]X�oSTWZ��cZ6RLo g ac\ g a�T��6R�pSZ¤o g \S[Z7RyRy^bR6� � \]^�R�X�\N_5T g \]_bR�ª5^`Z]¢�Ry\]^bR-[Y\]_5T g deac_5TyZ�Tyq`Z g X�a§ª5^`Z]¢�[ZYT�TyZ
X��YTyq`\SpSZ/p$� \ g pS\]_b_bde_b[YZYX�ZY_5T g �6obd g Tya�T��cd�o`^bacRWRyd]_b[Z|pSZ([6de�§[^`�&p$� ^`_ � jm¹j(�7ª5^`a�Trdez`�cZYX�Z6_NT�TW\]^ST
Z6_�p��Y�ca�¡ g de_5T�^`_¤p��Yz`a�Tµp$� Z°��6[Y^STyac\]_��N��\Nzbde��o g \S[rq`Z/pS^�p��Yz`a�TµX-d=°SacX�^`X��
)'Ã �7� Á �"* � � fhg \S[YZ6RWR�Z6^ g X$^`��TWa��¯[\QZ6^ g ¢NTyZ6X�o�� g deTy^ g Z]¢Q\ g pS\N_`_bde_�[ZYX�Z6_NTmpSZµo g \S[Z7RyRy^bR6¢5ª5^bd]_NTW^`X
p`Z©TWZYX�obR6¢`X�a�� g deTyac\]_�p$� d]["TWa�¡Qa�T��
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� ZYX�oAZ g d=TW^ g Z|qbdNR�z�Z7[\NX�Z(d]_
acX�o�\ g Trde_5TµpSZ7R�ac�]_�[\N_bRUT g d]a�_5T���\ g X�a§[ g \]o g \S[Z7RyRy\ g RY� � q`Z|TyZ6X�o�Z g �
deTy^ g Z-o g \]z`�cZYX acR�X-deac_`��P�d¤[\N_bRyZ6ª5^`ZY_�[Z-\e��[Ya g [^`a�T�X�ac_`acdeTy^ g a216d=TWa�\N_�de_bp�[Y\]_bR�T g deac_`Z6p ¡N\]��TWde�NZ
RW[Yd]��ac_`��� � ZYX�o�Z g deTy^ g Z�\]_Ld/[rqba�o-a§Rh_`Z6a�TWq`Z g ^`_`a���\ g X _b\ g [Y\]_bR�TWd]_NT7��®¯_-obd g TWac[Y^`�§d g ¢]a�T.pSZYoAZY_�p`Rh\N_
d]o`o`�cac[6d=TWa�\N_bR�[rqbd g d][TyZ g a§RUTWac[6RY¢S\N_�Tyq`Z(_Q^`X$z�Z g \e� g ^`_`_`ac_`��TWq g Z7d]p`R43u¢�d]_bp�\]_�TyqbZ g \Q\NX¥TyZ6X�o�Z g �
deTy^ g Z]�£j.^ gWg ZY_5T�o g \S[YZ6RWR�\ g R£��Z6deTy^ g ZkTyq`Z g X-de�*Tyq g \eTyTy�ca�_`��X�Z6[rq�de_`a§R�X-RmTWqbd=T�o g ZY¡NZY_5TmTyZYX�oAZ g d=TW^ g Z
� g \]X ZY°`[ZYZ7pSac_`��d %`°SZ6p9¡=de�c^`Z65 ~S¢�7�8J�$¬ q`a��cZ�Tyq`Z g X-d]��TWq g \eT�TW��ac_`��a§Rkp`Z6Rya��N_`Z6pd]R|de_ZYX�Z g �]Z6_b[P
X�Z7[rqbde_`a§RyX \]_[Y^ gWg Z6_NT|o g \S[Z6RWRy\ g RY¢Aa�T/��ac���?zAZ6[Y\]X�Z�X�\ g Z�de_�p�X�\ g Z�d
_`\ g X-de��Z6¡]ZY_5T|a�_��^STW^ g Z
TWq`Z g X-de�c��P�[\N_bR�T g deac_`Z6p�o g \S[Z6RWRy\ g RY¢`Z7R�oAZ6[Yacd]���cP�R�Z g ¡NZ g �F[Y�cdNRyR�X$^`��TWa��¯[\ g Z7R���q`a§[rq9d g Z(pSZ7R�ac�]_`Z7p���\ g
X-de°QacX�^bX�Tyq g \]^b�]q`o`^`T6�
� q`Z�TyZYX�oAZ g d=TW^ g Z¤[Y\]_bR�T g deac_5TLqbd]R-RyZY¡NZ g de��acX�ob��a§[YdeTyac\]_bR-\N_¦Tyq g Z6dNp¦RW[rq`Z7pS^`�ca�_`��� � q`Z¤�N\Nde�

\]�/Tyq`a§R�RUTW^bpSP¨acR�Ty\�Z°So`�c\ g Z�R�\NX�Z9\e�/TWq`Z6RyZ9acX�o`�cac[6d=Tyac\]_�RY�½®¯_ OQZ6[Tyac\]_:{`¢��.ZR�q`\=� TWqbd=T�Tyq`Z
TWq`Z g X-de�£p`Z6Rya��N_ \]��Tyq`Z g X-de�c�cP[\N_bR�T g deac_`Z6p o g \S[Z6RWRy\ g RkRyq`\N^`�cp�_b\eT(zAZ�R�\N��Z6��Pzbd]RyZ6p \N_�RUTWZ6d]p`PN�
R�TWdeTyZ¤TWZYX�oAZ g d=Ty^ g ZN¢�z`^ST�de�§R�\�\N_¨T g de_bRyacZY_5TLTyZ6X�o�Z g deTy^ g Z]�½®¯_ obd g Tya§[^`�§d g ¢�a�T
a§R�acX�o�\ g Trde_5TLTy\
Trde·NZ�ac_5Ty\�d][6[\N^`_5T$TWZYX�o�Z g deTy^ g Z�\NRW[ac���§d=TWa�\N_bR�pS^`Z�pS\ TWq g Z7d]p¦Ry[rqbZ6pS^`�cac_`�b�¨¬ Z�R�q`\=� TyqbdeT-Tyq`Z
d]X�o`��a�Ty^�pSZ©\]�*TyZ6X�o�Z g deTy^ g Zµ\5Ry[Ya��c�cdeTyac\]_bR£a�_�[ g Z6d]RyZ6R£��a�TWq
oA\=�mZ g p`ZY_bRya�TUPN¢Sde_bpLTyqbdeT�d�o�\5RyRya�zb��Z©�mduP
TW\¤[\]^b_NTWZ g d][T©TWq`acR|ZY²AZ7["T(a§RkTy\�ac_b[ g Z6dNR�Z$Tyq`Z-\5Ry[Ya��c�§d=Tyac\]_9� g Z7ª5^`ZY_b[YP]� � q`a§R|��Z7d]p`Rk^bR/Ty\¤d g �]^`Z�ac_
�³du¡N\ g \]�£R�X-de�c��w|O
TWa�X�Z�Ry�cac[YZ6R6�µOQZ6[Tyac\]_9/LR�Ty^bp`a�Z7R�TWq`Z(acX�o�d]["Tk\e�?oA\=�.Z g pSZY_�R�a�TUP�d]_bp�TyacX�Z$Ry��a§[Z
\N_�TWq`Z-o�Z g ��\ g X-d]_b[Z�\e��dLTWq`Z g X-de�c��P9[Y\]_bR�T g deac_`Z7p¤o g \Q[YZ6RWR�\ g ��OQZ6[Tyac\]_:7
��\S[Y^bR�Z7Rk\]_Tyq`Z g X-de�c�cPN�
[Y\]_bR�T g deac_`Z7p�X�^`��Tya��F[Y\ g Z6R6�9¬ q`Z6_�dN["Tyac¡Qa�TUP�X�ac� g d=Tyac\]_�a§R�^bRyZ6p;5�<Q¢m� 7
8F¢hX$^`��TWa��¯[\ g Z7R(\]²AZ g d9�mduP
TW\ %b�NqNT©Tyq`Z�TyZ6X�oAZ g d=TW^ g Z(o g \]z`�cZYX���®¯_¤TWq`acRk[YdNR�ZN¢`TWZYX�o�Z g deTy^ g Z�\5Ry[Ya��c�§d=Tyac\]_�R�X�\NR�Ty�cP�[Y\]X�Z/� g \]X
[Y\ g Z6R�zAZYac_`��de��TyZ g _bdeTyZ6��P�dN["TWa�¡NZ�d]_bp¦a�_�d]["TWa�¡NZ]� fhg ZY¡Qac\]^bR��m\ g ·�dezA\]^`T�d]["TWa�¡Qa�TUP�X�a�� g deTyac\]_¦qbd]R
[Y\]_bRya§pSZ g Z6p�Tyq g Z6dNp`R���a�TWq¨Z6ª5^bde�µo g ac\ g a�TUP]� OQZ6[Tyac\]_�7�d]p`p g Z6RWRyZ6R$Tyq`Z�ª5^`Z7RUTWa�\N_¨\e�©qb\=�¥Ty\�Trde·NZ
dNpS¡=de_5TWd]�]Z�\e��d][Tyac¡5a�TUP�X�ac� g d=Tyac\]_ ��q`Z6_TWq g Z6d]pbR|qbdu¡]Z-pSa�²AZ g Z6_5T(o g ac\ g a�TyacZ6R6��¬ ZLRyq`\=�½TWqbd=T/�³d]a g
RW[rq`Z7pS^`�ca�_`� g Z7ª5^`a g Z6R6¢�R�\NX�ZYTyacX�Z6R6¢�TW\ g ^`_9��ZY�mZ g Tyq g Z6dNp`R�TWqbde_ [\ g Z7RY�k¬Z�o g \]oA\NRyZ�d�Ry[rq`Z7pS^`�ca�_b�
X�ZYTyq`\Sp&¢Nzbd]RyZ6p�\]_�R�q`\ g TETyacX�Z�R��ca§[Z6R6¢=TWqbd=Thd][rqba�Z6¡]Z6R��³d]a g _`Z6RWRE��q`ac��Z�X-deac_5TWdeac_`ac_`�/[\ g Z7R�deTETWq`Z g X-de�
RWd=TW^ g d=Tyac\]_��m¬ Z�d]�cRy\Lo g \]oA\NRyZ(de_�d]��TWZ g _bd=TWa�¡NZ/X�ZYTyq`\Sp¤��qbZ g Z/Tyq g Z6dNp�X�a�� g deTyac\]_�acRµX-de_bd]�]Z6p�zQP
TWq`Z % g X���d g Z|\]_�TWq`Z(zbdNR�a§R�\e��TWq`Z g X-de��RyZY_�R�\ g a�_S��\ g X-deTyac\]_*¢bTyq`Z�w|O�zAZYac_`� g Z6RyoA\]_bRya�zb��Z/\N_`��P���\ g
p`Z6[a§pSac_`����q`a§[rq
TWq g Z6d]p�Ty\ g ^`_¤d=T�d��]ac¡]Z6_�TWa�X�Z]�

='>?= @BA�C�DFEHGFEJI?E'KML
lµ��� g Z6Ry^`��TrR�ac_¤Tyq`a§RkRUTW^bpSP�d g Z(zbd]RyZ6p�\N_�R�acX�o`�ca %bZ7p�X�\Qp`ZY�§RY��¬ Z(X�\SpSZY��TyqbZ�oA\=�.Z g pSZY_�R�a�TUP
X-d]o
��a�Tyq¨RWªN^�d g ZLo�\=�mZ g Ry\]^ g [Z7RY� f \=�mZ g _5^bX�zAZ g R$d g Z�R�PQ_5TyqbZTya§[e��l��c�.TWZYX�oAZ g d=Ty^ g Z�_Q^`X�zAZ g R�d g Z
\NzSTWd]a�_bZ6p ��a�TWq�l � ¹¤®N5�� 8J� � q`ZLl � ¹¤®|o`qQPSRyac[6de�hX�\SpSZY�£acR$pSZYo`a§["TWZ6p�\N_�»Eac�]^ g Z¤�]¢E��q`Z g Z-�§duP]Z g
� g ZYo g Z6RyZY_5TrR�TWq`Z�Rya��cac[Y\]_¨pSacZ�d]_bp¦�cduPNZ g {9Tyq`Z�[Y\]o`oAZ g qbZ6d=Ty�FRyac_`·�zbd]RyZ�Fo`�§d=TWZ]� � q`Z¤obd g d]X�ZYTyZ g
¡=d]��^`Z7R�^bRyZ6p�ac_�TyqbacRkRUTW^bpSP�d g Z/�]ac¡]Z6_¤a�_ � dez`�cZL�N� � q`Z(Z°So g Z6RWRya�\N_:�����O"�()�P
�Q(R��!TS�� �*"�()	��*��^bR�Z7p¤ac_
��\N���c\=��ac_`�/R�Z7["Tyac\]_�R?pSZY_`\]TyZ7R�Tyq`Z�TyZYX�oAZ g d=TW^ g Z g a§R�Z�dezA\=¡]ZmTWq`ZµdeX$z`acZY_5T?TyZ6X�oAZ g d=TW^ g Z]¢e��q`a§[rq�acRhTyq`Z
TWZYX�oAZ g d=Ty^ g Z|\e��Tyq`Z(d]a g qba�TyTyac_`��Tyq`Z/qbZ6d=Ty�FRyac_`·9¸�aJ� Z]�c¢`a�_�R�a§pSZ|TyqbZ([\]X�o`^`TyZ g zA\u°bº"�
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conductance h2 (W/m K)2

2conductance h1 (W/m K)

Tamb
z= z2

heat flux q(x,y,t) (W/m )
2

conductivity k2 (W/mK)

conductivity k1 (W/mK)
z= z1

z= 0
x=−L/2 x=+L/2

»Eac�]^ g Z������ �	� ��(R� !FS�����"
( 	��*�`!#�e� ���

obd g d]X�ZTyZ g ¡=d]��^`Z ^`_`a�T obq5PSRyac[6de�&X�Z6d]_`ac_`�
k1 110 W/mK

Rya��cac[Y\]_
Tyq`Z g X-d]��[\N_bpS^b[Tyac¡5a�TUP
k2 400 W/mK

[Y\]o`oAZ g TWq`Z g X-de�*[Y\]_bpS^�["Tyac¡Qa�TUP
α1 6 × 10−5 m2/s

Rya��ca§[\]_
TyqbZ g X�d]�*pSa�²A^bRyac¡5a�TUP
α2 1.1 × 10−4 m2/s

[\]obo�Z g Tyq`Z g X-de�*p`a�²�^bRya�¡Qa�TUP
h1 3 × 104 W/m2K

a�_5TyZ g �³dN[Z|X-d=TWZ g acd]��Tyq`Z g X-de�*[Y\]_bp`^b["Trde_b[YZ
h2 700 W/m2K

qbZ6d=Ty�FRyac_`·�Tyq`Z g X-d]��[\N_bpS^b[TWde_�[Z
z1

}b� 

mm

pSa�ZkTWq`ac[r·Q_`Z7RyR
z2 − z1



mm

q`Z6deT��¯R�ac_`·Lz�d]RyZkob�cdeTyZ|Tyqbac[r·Q_`Z7RyR
L

<
cm

q`Z6deT��¯R�ac_`·Lz�d]RyZkob�cdeTyZ|��acpSTyq
� dez`�cZ������ �	� �-S�"
�*"�!N� (R�������

V� a V��
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power = const
pow. dens. ~ 1/length

pow. dens. = const

»Eac�]^ g Z9{ � � (R��" �
$
% ��(R"
(R�9�����O"�()�P
� ( � !TS�� �*"
( 	��*�:"^� "���	��+� ()Y��� ��� �
�!#������Y��� �N��( "���()������W��� ( ���
�� �^��(F��Y� �������*��! "

5mm × 5mm
�
	 	�"
�*�N����	��*��� �
 ���� S�"
( �� ������J"�()()� �F"��+� � ��"
������ �( � ���M� (R�

1mm × 1mm
�W�
��(���� �O����(���Y� ��� " �����
���
�� � ( � �
 � ���*� ��( ����"����� �:� ��� �+"
��Y�
���:���
����(R"
� (JS����J� � �

��������( "���( S����J��� � �������( $ "��+�4S����J� � � � �����( $ ��+� �*��"^������ "
�`( ��� ���P
� �����Q��� �O������( �

� ����� ����� � ���E�/)�	���� +,�E��������

� qbZµac_b[ g Z6dNR�Z�\]�*o�\=�mZ g pSZY_�R�a�TUP�acRm\e�«TWZY_LX�Z6_NTWa�\N_`Z6p-Ty\�Z°So`�§deac_-��q5P�TWZYX�o�Z g deTy^ g Zµa§R.z�Z7[\]X�ac_`�$d
o g \Nz`��Z6X \N_�qba��Nq�oAZ g ��\ g X-de_b[YZ/[rq`a�o�RY� f \=�mZ g pSZ6_bRya�TUP
acRµa�_bp`ZYZ6p�d]_�acX�o�\ g Trde_5T�obd g d]X�ZYTyZ g ���m^ST
��qbZY_�o�\=�mZ g pSZ6_bR�a�TUP/ac_b[ g Z6dNR�Z7R�zAZ6[6de^bRyZ�[a g [Y^`a�TrR?R�a21YZma§R g Z7pS^b[Z7p&¢=TWq`acR?p`\5Z7R�_`\eT�_`Z7[Z6RWRWd g a��cP/a�X�o`�cP
d9q`ac�]q`Z g R�TyZ7d]pSP5�¯RUTrd=TyZLTyZYX�oAZ g d=TW^ g ZN��w©_�Tyq`Z�\eTWq`Z g qbd]_bp&¢£d9q`a��Nq`Z g oA\=�.Z g pSZ6_bR�a�TUP�ac_b[ g Z6dNR�Z7R
TWq`Z�deX�o`�ca�TW^bpSZ9\]�(TyZ6X�o�Z g deTy^ g Z9\5Ry[Ya��c�cdeTyac\]_bR6�'¬ Z z�Z6��acZY¡NZ9\]_bZ[Yd]_`_`\]T���^`�c��P ^b_bpSZ g R�TWde_�p¨Tyq`Z
TWZYX�oAZ g d=Ty^ g Zko g \]z`�cZYX¥d]_bpL��duPSRhTW\$Trd][r·Q�cZ©a�T���a�TWq`\]^ST�^`_�pSZ g RUTrde_bp`a�_`�$TyqbZka§RWR�^`Zk\e��TyZYX�oAZ g d=TW^ g Z
\5Ry[Ya��c�§d=Tyac\]_�RY��®¯_$TWq`a§RhR�Z7["TWa�\N_��mZ�pSa§Ry[Y^bRyR?Tyq`Z�TWZYX�o�Z g deTy^ g Z�o g \]z`�cZYX de_bp�q`\=�¦a�T£[6de_�zAZ�X�a�Tyac�NdeTyZ7p
zQPLac_Q¡]Z7RUTWa��5d=Tyac_`�$Tyq`Z/ZY²AZ7["TrR�\e�Eo�\=�mZ g pSZ6_bRya�TUPL\N_�TWZYX�oAZ g d=Ty^ g ZN�

�H>?= �-C�A��MGHL��-C��bC�A
»Eac�]^ g Z${-Ryq`\=��R�TWq`Z g Z6Ry^`��T©\]�ETrde·Qac_`��d

5mm × 5mm
Ryª5^bd g Z(Ry\]^ g [Z(p`acRWR�acobdeTyac_`�
{�
-�mdeT�TWRµ^`_`a��

��\ g X��cP�d]_bp-RW[Yde�cac_`�(a�TWR£p`a�X�ZY_�R�ac\]_bRmpS\=��_�TW\
1mm×1mm

¢5d][6[\ g pSac_`�|Ty\�Tyq g ZYZ©pSa�²�Z g ZY_5T�Ry[YZY_bd g �
ac\NR ��oA\=�.Z g a§Rµ·NZYoST|[\N_bRUTrde_5T6¢�oA\=�.Z g pSZ6_bRya�TUP�a§R©·NZYoST|[\N_bRUTrde_5T6¢�\ g oA\=�.Z g pSZ6_bR�a�TUP¤ac_b[ g Z6dNR�Z7Rµd]R
TWq`Zµac_Q¡]Z g RyZ�\e�&TWq`Z|Ryª5^bd g ZµRya§pSZµ�cZY_`�]Tyq*� � q`a§RmZ°`deX�o`�cZµRyq`\=��R?TWq`Zka�X�obdN["T�\e��[a g [^`a�T.X�ac_`acdeTy^ g a216d=�
TWa�\N_*�/lµR©a��c�c^bRUT g deTyZ7p�ac_¤Tyq`Z�� g deobq*¢�·NZYZ6o`a�_b�LTy\]TWd]��oA\=�.Z g [Y\]_bR�TWd]_5T6¢Az`^ST/[\]_�[ZY_5T g deTyac_`�La�Tkac_d]_
d g Z7d©TyqbdeTh�]ZTrRhRyX�d]���cZ g de_bp�RyX�d]���cZ g ¢]�cZ6dNp`RETy\$d/p g d]X-d=Tya§[�ac_b[ g Z6dNR�Z�\e�&R�TyZ6dNpSP5�FR�TWdeTyZmTyZ6X�o�Z g deTy^ g Z]�
w©_�TWq`Z�\]Tyq`Z g qbd]_bp&¢A·]ZYZ6o`ac_`�LoA\=�.Z g pSZY_�R�a�TUP�[Y\]_bR�TWd]_5Tµz g a�_`�5R�TyZ6X�o�Z g deTy^ g Z�pS\=��_*� � qbZ(X�acp`p`��Z
[Y^ g ¡]Z�acR?��\ g d|oA\=�.Z g pSZY_�R�a�TUP(TWqbd=Tha§R?·]Z6oSTho g \]oA\ g Tyac\]_bd]�QTy\|TWq`Z�a�_Q¡NZ g R�Z�\e���cZY_`�]Tyq*� � q`a§R g Z6Ry^`��TrR?ac_
TWZYX�oAZ g d=Ty^ g Zkz�Z6a�_b� g \]^`�Nq`�cPL[\]_�RUTrde_5T6¢Q\]_b��PLRy��ac�]q5TW��P-pSZ7[ g Z6d]Ryac_`����a�Tyq���Z6_`�eTWq*� ��Z6_b[Z©TyqbZ g ZY�Na�\N_
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� ( � !TS�� �*"
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�N( �!N� �����F" � 	 	�"
���bS����J���-� �
	���������� �� � S�� ��Y�e��Y��"
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2mm × 2mm
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��� � ��������"
( �� �������J"
( ()� �b�����:( ��� ����	��*���  �

��� �'( ���Q�
( ��� � ��	���P
� ���
��"
1mm× 1mm

�
	 	�"
�*�4� � �+� �*"�()����	� �J"
( (Y���b��� � ( ��� � �
	��*���  � ��� �

\]�£TWq`Z�� g deo`q��PQac_`�
zAZTU�mZYZ6_9TWq`Z�TU�m\�p`dNR�qbZ6p9[Y^ g ¡]Z6Rka§R/d g Z6�]ac\]_�\]�.q`ac�]q`Z g o�\=�mZ g pSZ6_bR�a�TUP]¢�P]ZT
�c\=�mZ g TWZYX�oAZ g d=Ty^ g ZN� � qbacR�Ryq`\=��RhTWqbd=T�d]_La�_�[ g Z6d]RyZµ\]��oA\=�.Z g pSZ6_bRya�TUPLpS\QZ7R._b\eT�_`Z6[YZ6RWRyd g ac��P�X�Z6d]_
d�q`ac�]q`Z g TWZYX�oAZ g d=Ty^ g ZN�E®¯_�Tyq`a§Rmobd g Tya§[^b�cd g ZY°Sd]X�o`��ZN¢Q��q`ZY_
�.ZkRy[6de�cZkpS\=��_LTyq`Z/RWªN^�d g Z���Z6_`�eTWq�zQP
dL�³d][Ty\ g

λ < 1
¢AR�TyZ7d]pSP5�¯RUTrd=TyZ(TyZYX�oAZ g d=TW^ g Z�pS\QZ6R©_`\eTka�_�[ g Z6d]RyZ�dNRµ�c\]_`�
d]R©o�\=�mZ g pSZY_bRya�TUP�a§R©_`\eT

ac_b[ g Z7d]RyZ6p
z5P
X�\ g Z|Tyqbd]_
λ−1.1

¸3deo`o g \u°Sa�X-deTyZY�cP`º"�h®F�?oA\=�.Z g pSZY_�R�a�TUP�ac_b[ g Z6dNR�Z7Rm�³d]R�TyZ g Tyqbd]_�TyqbdeT6¢
R�TyZ7d]pSP5�¯RUTrd=TWZ�TWZYX�o�Z g deTy^ g Z�X-duP�z�Z7[\NX�ZLd�o g \]zb��Z6X�¢�^`_`�cZ6RWRkTyq`Z-obdN[r·=de�]ac_`��acR|acX�o g \=¡]Z6p*� � qbacR
g Z6dNR�\N_`ac_`�
a§R|��\ g d¤R�ac_`�N��ZL[Ya g [^`a�T(��q`\5R�Z-pSacX�ZY_bRya�\N_bR(d g ZLRW[Yd]��Z7ppS\=��_�����\=�mZY¡NZ g ¢&a���\N_`Z�TWd]·]Z6R
dNpS¡=de_5TWd]�]Z©\e��X�ac_`acdeTy^ g a216d=TWa�\N_LTW\$o`^`T�X�\ g Zk[a g [Y^`a�TrRma�_�d��Na�¡NZY_�d g Z6d`¢NTyqbZ©TWZYX�oAZ g d=Ty^ g Zko g \]z`�cZYX
zAZ6[Y\]X�Z6R��m\ g RyZ]�

�H>�� 
QA����A�� �bC�����A��������?I*I�� C��WE����
� qbZ�oA\=�.Z g pSZY_�R�a�TUP�a�_9d g Z6�]ac\]_¤\e�?TWq`Z$[rqba�o9p`ZYoAZY_bp`R©\]_deo`o`�ca§[Yd=TWa�\N_bR g ^`_5TyacX�Z�[rqbd g dN["TyZ g a§R�Tya§[YR6�
»b\ g Z°`d]X�ob��ZN¢`j f ´��Fz�\N^`_bp�deo`ob��a§[YdeTyac\]_bR.�]Z6_`Z g d=TWZkd$q`ac�]q�o�\=�mZ g pSZY_�R�a�TUPLac_�TWq`Z|Z°SZ6[Y^STyac\]_�[\ g Z]¢
��qba��cZ�X�Z6X�\ g PN�FzA\]^`_bp deobo`��a§[YdeTyac\]_bRk�NZY_`Z g deTyZ�d
�c\=�mZ g o�\=�mZ g p`ZY_bRya�TUPN��®¯_ d�X$^`��TWa�o g \N� g deX�X�Z6p
Z6_Q¡5a g \]_`X�ZY_5T7¢7��qbZ g Z£pSa�²AZ g Z6_NT?deobo`��a§[YdeTyac\]_bR�Z°SZ6[Y^STyZmde��TyZ g _bdeTyZ6��PN¢6TWq`Z6RyZ.p`acRyobd g a�TyacZ6R��]ZY_bZ g d=TyZhTyZYX��
oA\ g de��oA\=�.Z g pSZY_�R�a�TUPL¡=d g acdeTyac\]_bR6¢Qq`ZY_�[Z|TyZ6X�o�\ g d]��TyZYX�oAZ g d=TW^ g Z|¡=d g a§d=Tyac\]_�RY�
»Eac�]^ g Z /9Ryq`\=��R|TWZYX�oAZ g d=Ty^ g ZL�Na�¡NZY_�zQP�l � ¹¤®(d]R$d���^`_b[Tyac\]_�\]��TyacX�ZL��\ g d�RWª5^bd g Z-o�\=�mZ g

Ry\]^ g [YZLz�Z6a�_b�oAZ g a�\SpSa§[Yd]���cP�\]_�d]_bp�\]²E��w©_`Z�[^ g ¡NZLacR$��\ g d
2mm × 2mm

Ryª5^bd g Z
�]Z6_`Z g d=TWa�_`�
�u{¤��d=TyTWR���q`ZY_�TyqbZ�Ry\]^ g [YZ�a§R$\N_*¢?TWq`Z�\eTyqbZ g [^ g ¡]Z���\ g d

1mm × 1mm
RWªN^�d g Z
�NZY_`Z g deTyac_`�:<

��d=TyTWR/��qbZY_�TWq`Z�Ry\]^ g [Z-a§R(\N_*��lµR�Z°So�Z7["TWZ6p&¢?d¤oAZ g a�\SpSa§[-oA\=�.Z g pSZ6_bR�a�TUP \NRW[ac���§d=TWa�\N_ �NZY_`Z g deTyZ7R
d
TWZYX�o�Z g deTy^ g Z-\NRW[ac�c�cdeTyac\]_ ��a�TWq�Tyq`ZLRWdeX�Z-oAZ g a�\Sp&�
OS\�Tyq`Z-oAZ g a�\Sp a§R|Tyq`Z
Ryd]X�Z�ac_�z�\]Tyq�[YdNR�Z7RY�
�µ\=�.Z6¡]Z g ¢�TWq`Z¤deX�o`�ca�TW^bpSZ�\e�©Tyq`Z�TyZ6X�o�Z g deTy^ g Z�\NRW[ac���§d=TWa�\N_�acR�X�\ g Z�o g \]_`\N^`_b[Z7p���\ g TWq`Z¤R�X-d]���

V� a V��
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Ry\]^ g [YZ]¢]zAZ6[6de^bRyZµ\]�&Tyq`Z©q`ac�]q`Z g oA\=�.Z g pSZ6_bR�a�TUP¤¸
7 W/mm2

¡SR6�
12/4 = 3 W/mm2

º"¢SpSZ7R�oba�TWZ©zA\eTWq
[Y^ g ¡]Z6Rmqbdu¡Qac_`�-deo`o g \u°SacX�deTyZ6��P�TyqbZ(Ryd]X�ZkTWa�X�Z�¯du¡]Z g d]�]Z©¡ud]��^bZ]�
w©_`Z([6de_ g Z7d]Ry\]_�dezA\]^ST�TyZ6X�o�Z g deTy^ g Z|\NRW[ac���§d=TWa�\N_bRm^bR�ac_`��TWq`Zk��\]�c��\=��ac_`� g ^b��Z|\e�ETyqQ^`X$z 5��u{.8 �

����� "�!FS����()	�� � ���:" (R� !FS�����"
( 	��*� �
� ������O"�()Y���  �NS+����S��
��( Y�
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( Y�
�
���*� 	�	�� �+� $��

� qbacR g ^`�cZh\e�5TyqQ^`X$z/acR�¡=de�cacpk��\ g q`ac�]q|\NRW[ac���§d=TWa�\N_k� g Z7ªN^bZY_b[Ya�Z7R&\]_`�cP$¸³a3� Z]�c¢7��\ g d�oAZ g ac\Qp|_b\eT�ZY°S[YZYZ7pSa�_b�
d�X�a��c��a§RyZ6[\N_bpbº� � ZY¡NZ g Tyq`Z6��Z7RyR6¢]a�Tmqba��Nq`��ac�]q5TrRhTWq`Z��³dN["TmTyqbdeT.�c\Q[6de�Ao�\=�mZ g pSZY_�R�a�TUP�acR£Tyq`Zkobd g d]X�ZYTyZ g
��qb\NRyZ�a�X�obdN["T£\N_-TyZ6X�o�Z g deTy^ g Z�\NRW[ac�c�cdeTyac\]_bR?a§R£Tyq`Z©X�\5RUTmR�ac�]_`a %�[6de_5T6¢Qde_bp�TWqbd=T�d/oA\NRWR�acz`�cZµ��duP(Ty\
p`Z6[ g Z6dNR�Z©TyqbZ(deX�o`�ca�TW^bpSZ/\e��TyZ6X�oAZ g d=TW^ g Zk\5Ry[Ya��c�§d=Tyac\]_�R�acRmTW\�ac_b[ g Z7d]RyZ©TWq`Z/\NRW[ac�c�cdeTyac\]_L� g Z6ª5^`Z6_b[PN�

�H>�� 
:DFA�� � � I 
:D ��EMC�C�I � �FK
®¯_�\ g pSZ g Ty\/·NZYZ6o$TWZYX�oAZ g d=Ty^ g Z�zAZY�c\=��TWq`Z�TWq`Z g X-de�`�ca�X�a�T

Tmax

¢NX�\SpSZ g _�o g \S[Z7RyRy\ g R���Z6d=TW^ g Z�Tyq`Z g �
X-d]��Tyq g \eTyTy�ca�_`��X�Z6[rq�de_`a§R�X-RkTWqbd=T g Z6pS^�[Z�o�\=�mZ g [Y\]_bRy^`X�oSTyac\]_ ��q`Z6_9TWZYX�o�Z g deTy^ g Z-deo`o g \5d][rq`Z7R
Tmax

��»b\ g a�_bR�TWd]_b[ZN¢bTWq`Z�®¯_5TWZY� f Z6_NTWa�^bX 7�^bR�Z7Rµd]_¤\]_S�F\e² X�Z7[rqbde_bacRyX TWqbd=TkRUTW\]obR�Tyq`Z�[�c\Q[r·���\ g
RyZY¡NZ g de�*X�a§[ g \NRyZ6[Y\]_bp`R���qbZY_`Z6¡]Z g Tyq`Z$\]_S�¯[rq`aco�Tyq`Z g X-d]��RyZY_bRy\ g ac_bpSa§[YdeTyZ7R�Tyq�d=TµTWq`Z(TWq`Z g X-de����acX�a�T
Tmax

a§R�Z°`[YZYZ6p`Z6p:5 ~�8J�.®¯_�Tyq`Z g Z6X�d]a�_ba�_`��¢S�.Z$d]RWR�^`X�Z/de_�\N_S�J\]²�TyqbZ g X�d]�&Tyq g \]T�Ty�cac_`�LX�Z6[rqbd]_`a§R�X
��a�Tyq d�p`^STUP¦[YPS[�cZ���q`a§[rq d]puiU^bR�TWR�de^STW\]X-d=TWac[6de�c��P�Ty\�TWq`Z�X-d=°SacX�^`X o�\5RyRya�zb��Z�¡=d]��^`ZN� � qbacR�acR
dN[rq`acZY¡]Z7p�R�acX�o`�cP�z5P�R�Ty\No`o`ac_`��TWq`Z¤[�c\S[r·��\ g d %`°SZ6p�\e²A�3TWa�X�Z���q`ZY_`Z6¡]Z g TWZYX�o�Z g deTy^ g Z g Z7d][rq`Z7R
Tmax

�
 ^ g a�_`��Tyq`Z©\e²A�3TWa�X�ZN¢5pSPQ_bd]X�ac[µo�\=�mZ g [Y\]_bRy^`X�oSTWa�\N_LacR.� g Z6deTy�cP g Z6pS^�[Z6p*��l©R?��\ g R�TWdeTya§[�o�\=�mZ g

ac_��c\]�Nac[/[Ya g [^`a�TWR6¢Aa�T|[Yde_¤zAZ$p`Z6[ g Z6dNR�Z7p�z5P�^bRya�_b��q`ac�]qS�
Vt

Ry��Z6ZYo¤T g d]_bRyacR�Ty\ g R`5c�^<e8F��®¯_¤TWq`Z g ZYX-d]a�_S�
ac_`��¢��mZ(a§pSZ6d]��a21YZ/TWq`a§R©Rya�TW^bd=TWa�\N_�zQP�dNRyRy^`X�ac_`��d-_Q^`�c�E[Y\ g Z/o�\=�mZ g [\N_bR�^bX�o`Tyac\]_�pS^ g ac_`�L\e² TyacX�Z6R
¸3d][Ty^bd]���cP]¢`Ry\]X�Z/RUTrd=TWac[koA\=�.Z g acR�R�Tyac����pSacRWRya�obdeTyZ7p�ac_¤[Yd][rqbZ6R�de_�p�\]Tyq`Z g X�a§[ g \Nd g [rqba�TWZ6["TWZ6pLTWdezb��Z7RWº�
w©_S�F\e²�TWq`Z g X-de��Tyq g \]T�Ty�cac_`�$�NZY_`Z g deTyZ7Rmd�TyZ6X�o�Z g deTy^ g Z©\5Ry[Ya��c�§d=Tyac\]_��E®F�E�.Zk��de_5T.TWq`Z(deX�o`�ca�Ty^bpSZ

\]��TWq`a§R�\NRW[ac�c�cdeTyac\]_
Ty\-zAZ�R�X-d]���*[Y\]X�obd g Z6p
TW\
Tmax − Tamb

¸3R�\�Tyq�d=T�TWa�X�Z�¯du¡]Z g d]�]ZµTyZYX�oAZ g d=TW^ g Z
a§R-d]R-[Y��\5R�Z
Ty\

Tmax

d]R�oA\NRWR�acz`�cZ7º¢£TWq`Z�\e²A�3TWa�X�Z�Ryq`\]^`�§p�z�Z�RyX-de�c��ZY_`\N^`�]q*�¨l�[Y[Y\ g pSac_`�9TW\�Tyq`Z
g ^`�cZµ\]�*TyqQ^`X$z���\ g TWZYX�o�Z g deTy^ g Zµ\5Ry[Ya��c�§d=Tyac\]_�RY¢5��q`ZY_
o�\=�mZ g pSZ6_bR�a�TUPLpS\N^`z`�cZ6R6¢NTWq`Zk\e²A�3TWa�X�Z|R�q`\N^`�§p
zAZ�TWd]·]Z6_ 7�TyacX�Z6R(Ryq`\ g TyZ g ��®¯_ g Z6X-deac_`a�_b�
ZY°QoAZ g acX�Z6_5TWR6¢*�.ZLdNRyRy^`X�Z�de_ \e²A�3TWa�X�Z-\e�

2 µs
de_�pd

X-de°QacX�^bX�TyZ6X�oAZ g d=TW^ g Z
Tmax = 85 �

j©�

� � %'�������=�/� �-�
�(��) ���6� � ����Y�.���

¬ qbZY_�TU�.\�TWq g Z7d]p`R�d g Z|Z°SZ7[^STWZ6p�de��TyZ g _bdeTyZY�cPL\N_�d�o g \S[Z6RWRy\ g ¢Qd�oA\=�.Z g pSZY_bRya�TUPL\NRW[ac���§d=TWa�\N_
X-duP
zAZ��NZY_`Z g deTyZ6p¨deT�R�\NX�Z9o�\Na�_5TWRL\e�|Tyq`Z[rq`a�o�¢���a�TWq d�o�Z g ac\Sp¦Z6ª5^bde�µTy\�TWq`Z9Ry^`X \]�|TyacX�ZR��cac[YZ6R
\]��Z6d][rq�TWq g Z6d]p*� � q`acR�\S[Y[^ g R(TUP5obac[6de�c��P ��q`ZY_�\]_`Z-TWq g Z6d]p�^�R�Z7R�d¤^`_ba�T$TyqbdeT�TyqbZ�\eTWq`Z g Tyq g Z6dNp
^�R�Z7RLac_S� g Z7ª5^`ZY_5Ty�cP]¢µZ]� �b�c¢�Tyq`Z��b\NdeTyac_`�e�FoA\]ac_NT
^`_`a�T6¢µ\ g ��q`Z6_ Tyq g Z7d]p [rqbd g dN["TyZ g a§R�Tya§[YR-�Na�¡NZ�X�\ g Z
\No`oA\ g Ty^`_`a�TyacZ6R���\ g [�c\S[r·��5d=Tyac_`�¤¸�ZN� ����¢b\]_`Z|TWq g Z7d]p�Z°SoAZ g a�Z6_b[Z7R�d���\]T�\e�?[YdN[rq`Z|X�a§RWR�Z7RWº�.»Ea��N^ g Z47
Ryq`\=��Rkde_ dezbR�T g d][T©¡Qa�Z6�½\e��d�o g \S[Z7RyRy\ g [\ g ZN¢A��qbac[rq�.Z g Z6o g Z6RyZY_5TkdNRkd

5 mm × 5 mm
Ryª5^bd g Z

oA\=�mZ g Ry\]^ g [YZ�pSa§RyRya�o�d=Tyac_`�
1 W/mm2

�
	*ZT|^bRk[\N_bR�a§pSZ g d�^`_`a�T6¢&��q`a§[rq9�mZ g ZYo g Z6RyZY_5T©dNR©d
R�X-d]���

aba ßMced.f?g�h�i�j�k�l�m�n
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5mm

1mm
4 W/mm^2

1 W/mm^2

0.5 mm

2.5 mm

2.14 W/mm^2

4*2.14 W/mm^2

length scaling *1/2
power density scaling *2.14

»Eac�]^ g Z`7 ��� ����()�*" ��( !N�.� � �b� �-S+�*�.������� �
� �����*���

 0
 0.05

 0.1
 0.15

 0.2
 0.25

 0.3
 0.35

 0.4
 0.45

 0.5

 1e-04  0.001  0.01  0.1

%
 C

P
U

slice (seconds)

5 mm
2.5 mm

»Eac�]^ g Z 
 ��� �*" ��( Y�
� � � & ,�� ()�!#� ���
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1 mm×1 mm
RWª5^bd g Z]¢]TyqbdeT.a§Rh^bRyZ6p-zQP$Tyq g Z6dNp����µde_bp�_b\eT.^�R�Z7p�z5P�TWq g Z7d]p���{S�E¬ q`Z6_-Tyq`Z©^`_`a�T

a§R©^bR�Z7p&¢A�.Z�d]RWR�^`X�Z(a�Tkp`acRWR�acobdeTyZ6R
4 W/mm2

�µ¬ Z$dNRyRy^`X�Z/TWqbd=T|d-TyqbZ g X�d]��RyZY_bRy\ g acR©�c\Q[6d=TWZ6p¤d=T
TWq`Zµ[YZY_5TyZ g \e�ATyq`Zµ^`_`a�T6�?¬ Zµd]RWR�^bX�Z

Tamb = 40 �
j©¢]TyqbdeT£a§RY¢NTyq`ZµX�de°Sa�X$^`X g ZY�§d=TWa�¡NZ.TWZYX�oAZ g d=Ty^ g Z

a§R'7 

�
j©�N¬ q`ZY_-TWZYX�oAZ g d=Ty^ g Z�ac_�Tyq`Z©^`_`a�T£Z°`[YZYZ6pbR

Tmax = 85 �
j©¢]�mZ�R�Ty\]o�TWq`Zµ[Y��\S[r·(��\ g

2 µs
de_bp

dNRyRy^`X�Z|d$_Q^`�c�&oA\=�.Z g [Y\]_bRy^`X�oSTWa�\N_
ac_�Tyq`Z|X�Z6d]_NTWa�X�ZN�?¬Z(dNRyRy^`X�ZµTWqbd=T�zA\eTWq
TWq g Z6d]pbR�qbdu¡]Z©Tyq`Z
RWdeX�Z/o g ac\ g a�TUP�de_bp¤d g Z/_`\]Tµo g ZYZ6X�o`TyZ6p*��OS\LZ6dN[rq
TWq g Z6d]p�q�d]R�TWq`Z�RWdeX�Z %`°SZ6p�TWa�X�Z�Ry�cac[YZ]��¬ q`ZY_
TWq`ZLTWq g Z6d]p�[^ gWg Z6_5Ty�cP g ^`_`_`ac_`�9q�d]R(ZY°Sqbde^bR�TyZ7p�a�TWR�TyacX�Z�Ry��a§[ZN¢�TWq`Z�w|O g ^`_�R(TWq`Z�\]Tyq`Z g Tyq g Z7d]p&¢
d]_bp R�\�\]_���l©R(d�X�Z7d]Ry^ g Z$\]�.oAZ g ��\ g X�d]_b[ZN¢*�mZ��Na�¡NZ�TWq`Z�� g d]["TWa�\N_9\]��j f ´ TWa�X�Z�^bRyZ6p zQP�Z6dN[rq
TWq g Z6d]p*¢`_`\eTk[\]^b_NTWa�_b�-a�_�TWq`acR�� g dN["Tyac\]_�TWq`Z/TyacX�Z(�c\NR�Tµz�Z7[Yd]^bR�Z/\]��TWq`Z g X-de��Tyq g \eTyTy�ca�_`����� »`\ g Tyq`Z
ac_`a�Tya§de��TWq`Z g X-de�&RUTrd=TWZ]¢S�mZkdNRyRy^`X�ZµTWqbd=T���\ g

t < 0
Tyq g Z7d]p����|qbdNR.zAZYZ6_ g ^`_`_ba�_`��de�c\]_bZµ��\ g d��c\]_`�

TWa�X�ZN¢`a3� Z]�c¢QTyqbZk^b_`a�T�a§RmTyqbZ g X�d]���cP�RWd=TW^ g deTyZ7p&� � qbZY_���\ g
t ≥ 0
¢QTWq g Z6d]pbR����/de_�p���{�d g Z©ZY°SZ6[^`TyZ6p

d]��TWZ g _bd=TWZY�cP]��»Ea��N^ g Z 
(R�q`\=��RETWq`Z�� g d][Tyac\]_�\e��j f ´ TyacX�Zµ^bRyZ6p�zQP$Tyq g Z6dNp����µdNRhd|��^`_�["Tyac\]_�\e��Tyq`Z
TWa�X�Z�R��cac[YZ]¢�d=�«TWZ g �$R�acX�^`�§d=TWZ6p�RyZ6[Y\]_bp*� � q`Z$RyZ6[Y\]_bp�[^ g ¡NZ(\]_ %b�N^ g Z 
�a§R���\ g d-o g \S[Z7RyRy\ g ��qb\NRyZ
p`a�X�ZY_�R�ac\]_bR/d g Z-RW[Yd]��Z7ppS\=��_ zQPd
�³d][Ty\ g

λ = 1/2
d]_bp9oA\=�mZ g pSZ6_bR�a�TUPRW[Yd]��Z7p9^bo zQP9d��³dN["TW\ g

λ−1.1 ≈ 2.14
¸3["�U�.OQZ7["TWa�\N_�{`���uº"¢`d]R�Ryq`\=��_�\]_�»Ea��N^ g Z`7��

»Eac�]^ g Z 
�Ryq`\=��RLTWqbd=T�TyqbZ oAZ g ��\ g X-de_b[YZ9\]�(Tyq g Z6dNp�����pSZ6[ g Z7d]RyZ6R�R�ac�]_`a %�[6de_5Ty�cP¨��q`ZY_:Tyq`Z
TWa�X�Z�R��ca§[Z�ac_b[ g Z7d]RyZ6R(¸³\]_�TWq`a§RµZY°Sd]X�o`��ZN¢�X�\ g Z(Tyqbd]_ {e}
	�oAZ g ��\ g X-de_b[YZ(�c\NRWR©[Y\]X�obd g Z6p���a�Tyq9Tyq`Z
X-de°QacX�^bX 
e}
	�j f ´¦� g dN["TWa�\N_�º"�E¬ q`ZY_�[a g [^`a�TWR?pSacX�ZY_bRyac\]_bR?d g Z�Ry[6de�cZ6p�pS\=��_$d]_bp$o�\=�mZ g pSZ6_bR�a�TUP
a§R�a�_�[ g Z6d]RyZ6p*¢�TWq`Z�o g \]z`�cZYX a§R$Z6¡]Z6_��.\ g RyZ]��»Eac�]^ g Z
~R�q`\=��R�d R�_bd]obRyq`\eT�\e��TWZYX�o�Z g deTy^ g Z
dNR$d
��^b_b["TWa�\N_$\]�`TyacX�Z.��\ g dµTWa�X�Z�Ry��a§[Zm\e�

1 ms
de_�p

10 ms
�*¬ q`Z6_�TWq g Z6d]p���{µa§R g ^b_`_`ac_`�b¢uTWZYX�o�Z g deTy^ g Z

p g \NobRmz�Z7[Yde^�R�Zk_`\�o�\=�mZ g a§R�pSa§RyRya�o�d=TyZ7pLac_�TWq`Z/^`_`a�T6�?¬ qbZY_�Tyq g Z6dNp����|acR g ^`_`_ba�_`��¢5TyZYX�oAZ g d=TW^ g Z
ac_b[ g Z7d]RyZ6Rm^`_5Tyac�*TWq`Z(X-d=°SacX�^`X TyZYX�oAZ g d=TW^ g Z|a§R g Z6d][rqbZ6p&� � qbZY_�Tyq g Z6dNp��L�/a§R�TWq g \]T�TW��Z7p&�.l©R�[Yd]_
zAZ©RyZYZ6_L\]_
»�ac�]^ g Zk~`¢NTWde·Qac_`�$d$R�qb\ g TyZ g TyacX�Z©Ry��a§[ZN¢Qp`Z6[ g Z6dNR�Z7R�TyqbZkd]X�ob��a�Ty^bp`Z©\]�&Tyq`ZµTyZYX�oAZ g d=TW^ g Z
\5Ry[Ya��c�§d=Tyac\]_�¢`de_bp¤d]���c\=��RmTyacX�Z�¯du¡]Z g de�NZ�TWZYX�o�Z g deTy^ g Z|Ty\-zAZ�[Y��\5R�Z g Ty\

Tmax

� � q`acRµa��c�c^bRUT g deTyZ7R�q`\=�
d�Ryq`\ g TyZ g TyacX�Z(Ry�cac[YZ([Yde_�ac_b[ g Z6dNR�Zko�Z g ��\ g X-d]_b[Zk\]_�TyqbZ g X�d]���cP�[Y\]_bR�T g deac_`Z6p�o g \Q[YZ6RWR�\ g R6�
� q`Z/X-d]a�_�ac_bR�ac�]q5T�� g \]X Tyq`a§R�Z°`d]X�ob��Z/a§R�Tyq�d=T6¢ba��?oA\=�.Z g pSZY_bRya�TUP�\]_���^STW^ g Z/o g \S[YZ6RWR�\ g Rm·]Z6ZYobR

g a§R�ac_`����a�Tyq TyZ6[rqb_`\]�c\]�NP¦Ryq g a�_`·Qac_`�b¢�TWde·Qac_`��Ryq`\ g TWZ g TyacX�Z�Ry��a§[Z7R�X-duP¦��Z7RyRyZY_ TWq`ZTyZYX�oAZ g d=TW^ g Z
[Y\]_bR�T g deac_5T6¢�Z6RyoAZ6[a§de�c�cP�ac_ R�Z g ¡NZ g �F[Y�cdNRyR�o g \S[Z7RyRy\ g RY��wµ�([\]^ g RyZ]¢�Ryq`\ g T-TyacX�ZRy��a§[Z7RLac_b[^ g R�\NX�Z
[6d][rq`Z�oAZY_bd]��TUPN¢md]_bp�TWq`a§R-qbd]R$TW\�z�Z�TWd]·]Z6_�ac_5Ty\�d][6[\]^b_NT7��¬ Z g de_¦OSa�X�o`�cZ6RW[Yd]�cd g \N^ST��F\e�«�F\ g pSZ g
X�a§[ g \Nd g [rq`a�TyZ7["TW^ g Z�X�\SpSZY�b5 {^8���a�Tyq�d 
`�7{u��|zQP5TyZ���Z6¡]Z6���U{k[Yd][rqbZ�de_bp���a�Tyq�d/R�T g a§pSZ�o g Z��ZYTW[rq`Z g �E¬Z
X�Z7d]Ry^ g Z©TyqbZk® f j d]_bp��mZ/d]RWR�^bX�Z|d 
��kq�1/[�c\Q[r·���¬ Z([\]_�R�a§pSZ g Z6p�\]_`�cP
{�[YdN[rq`Zk��Z6¡]ZY�§R6��´µo�\N_�d
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\]��� 
]}�j f ´ [PS[�cZ6R6� � \��]ZYTkde_9acpSZ7d�\]�?Tyq`Z�[YdN[rq`Z�oAZY_�de��TUP¤a�_b[Y^ gWg Z7p¤zQP�d
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�m\ g ·Qa�_b��RyZTrR(��a�Tyq`\N^ST�[Y\]_ ��ac[TWR6¢�TWq`ZY_�TWq`ZLoAZY_bd]��TUP � g \]X TWde·Qac_`�9d�Ryq`\ g T/TWa�X�Z
Ry�cac[YZ�R�qb\]^`�§p�z�Z
_bZY�]�cac�]acz`��Z�[\NX�obd g Z6p/��a�Tyq�TWq`Z�o�\]TyZY_5TWacd]�5oAZ g ��\ g X-de_b[YZ.�5deac_bR�^`_bpSZ g d©R�T g \]_`�©TyqbZ g X�d]�S[\]_�RUT g d]a�_5T6�
� ZY¡]Z g TWq`ZY�cZ6RWR6¢ea�T.X�duP$z�Z7[\NX�Z�_bZ6[Z7RyRWd g P]¢]a�_���^STW^ g Z�o g \Q[YZ6RWR�\ g R6¢uTy\([Y\]_bRya§pSZ g TWa�X�ZµRy��a§[Z7R?X�^�[rq

Ryq`\ g TWZ g TWqbde_�d�X�a��c��a§RyZ6[\N_bp&¢Qd]R.a��c�c^bRUT g deTyZ7p�\]_�»Eac�]^ g Z 
S��®¯_-TWqbd=T�[YdNR�ZN¢N�§d g �]Z�\N_S�F[rqba�oL[6d][rq`Z7R£de_�p
q�d g pS�md g Z|Ry^`o`oA\ g T���\ g �³dNRUTk[\]_5TWZ°QTµR���a�TW[rqbZ6R�X-duP
z�Z/TWq`Z(\N_`��P�Ry\]�c^STyac\]_�Ty\LTy\]�cZ g d=TWZ/R�q`\ g T�TWa�X�Z
Ry�cac[YZ6R6� � qb\]^`�Nq��cd g �NZ 	�{�de_bp 	 /
[Yd][rqbZ6RkpS\
[Y\]_5T g a�zb^STyZ�Ty\
Tyq`Z�\=¡]Z g d]����R�TWdeTya§[�oA\=�mZ g [\]_�R�^`X�oS�
TWa�\N_*¢�TyqbZYP�qbdu¡NZ$d g Z6�cdeTyac¡]Z6��P��c\=��o�\=�mZ g pSZY_�R�a�TUP�de_bpd g Z$_b\eTkTyq`Z�q`\]T�TyZ7RUT g ZY�]ac\]_�Rµ\]�hTyq`Z-[rq`aco*�
j.\N_bRyZ6ª5^`ZY_5TW��PN¢5�mZ|z�Z6��acZY¡NZ|TyqbdeT��cd g �NZ©\N_S�F[rqba�o�[YdN[rq`Z6Rm��ac���&zAZ6[Y\]X�Z(de_�a�_�pSa g Z6[T��mduP�TW\ %��]q5T�Tyq`Z
TWZYX�oAZ g d=Ty^ g Z|o g \]z`�cZYX��
®¯_�TyqbZ g Z6X�d]a�_ba�_`��\]��TyqbacR�R�Ty^�pSP]¢`�mZ|_`ZY�N��Z7["T�TyqbZ([\]_5TWZ°QT�R���a�TW[rq�oAZY_bd]��TUPN�

�H>?= ��� � ��C � � DFA G��TI � �FK��
l,Ryq`\ g TmTyacX�Z/Ry��a§[Z|a§Rm_`\eT�TyqbZk\N_`�cP-�mduP�TW\�ac_b[ g Z7d]RyZ�TyqbZ©� g Z6ª5^`Z6_b[P-\]��TWZYX�o�Z g deTy^ g Zk\NRW[ac���§d=TWa�\N_bRY�
¬ qbZY_�X�\ g Z£Tyqbd]_(TU�m\�Tyq g Z7d]p`REd g Z£^bRyac_`��TWq`ZmRWdeX�Zm[\ g Z£ac_(TWa�X�ZY�FRyqbd g ac_`���³d]Ryq`ac\]_*¢=a�T�acREoA\NRWR�acz`�cZhTy\
Trde·NZµd]pS¡=d]_NTrde�NZ�\e�&TWq g Z7d]p`R.[rqbd g d][TyZ g a§RUTWac[6RY��»`\ g Z°`d]X�ob��ZN¢N�cZTm^bR.[Y\]_bRya§pSZ g ��\]^ g Tyq g Z6dNp`R g ^`_`_ba�_`�
\N_$d|[\ g Z�Rya�X�ac�cd g TW\kTyqbdeT�X�\SpSZ6��Z7p�\N_�»Eac�]^ g Z 7�¢]de_�p�Ry^b[rq�TWqbd=T�TWq g Z7d]p`Rm��de_�p�{µ^bRyZ.TWq`Z�q`\eT?^`_ba�T
��qba��cZ�TWq g Z6d]pbR /�de_bp 7
pS\�_`\]T6�/®F�£TWq`ZLw|O�RW[rq`Z6pS^b��Z7R�TWq g Z7d]p`Rkac_�TWq`Z$\ g p`Z g �]¢ /`¢Ô{S¢ 7 g Z6o�Z7d=TWZ6pS�cP]¢
TWq`Z©TyZYX�oAZ g d=TW^ g Z©\NRW[ac���§d=TWa�\N_-� g Z6ª5^`ZY_�[P�acR£TU��a§[Zkq`a��Nq`Z g Tyq�de_�a��*TWq`ZkRW[rq`Z7pS^`�cZµa§R©�N¢ {`¢ /b¢ 7�� � \�Trde·NZ
dNpS¡=de_5TWd]�]Z(\]�hTyqbacR6¢�Tyq`ZLw|O�Ryq`\N^`�cp9qbdu¡]Z$d�·Q_`\=���cZ6pS�NZ(\e�£Tyq g Z6dNp`RµzAZYq�du¡5ac\ g �/»`\ g ZY°Sd]X�o`��ZN¢�Tyq`Z
w|O�[\]^b�cp g Z7[\ g p���\ g Z7d][rq¤TWq g Z7d]p�d]_bp¤��\ g Z7d][rq¤TWq`Z g X-de�?RyZY_bRy\ g ��q`ZTWq`Z g TyqbZ�TWq g Z7d]p¤a§Rkq`\eT|\ g
[Y\]�§p&¢&d]R©a�_ 5 � 8J� � q`Z6_*¢ATyq g Z6dNp`R©[Y\]^`�§p¤zAZ$\ g p`Z g Z6p¤Ry\
d]RµTy\�de��TyZ g _bdeTyZ$q`\eT|de_bp[\]�§p�TWq g Z7d]p`R���\ g
Z7d][rq-RyZY_bRy\ g � �µ\=�.Z6¡]Z g ¢uTyqb\]^`�Nq-o�\]TyZY_5TWacd]���cP�ac_5TyZ g Z6R�Tyac_`�/ac_LR�\NX�Z�R�a�Ty^bdeTyac\]_bR6¢NTyq`Z�ZY°QTyZY_5T?TW\(��q`a§[rq
RyX-d g T�TWq g Z6d]p$Ry[rqbZ6pS^`�cac_`�k[6de_�a�_�[ g Z6d]RyZhTWq`Zm� g Z7ª5^`ZY_b[YP(\e�bTyZYX�oAZ g d=TW^ g Z�\5Ry[Ya��c�cdeTyac\]_bRERyZYZYX-RE�ca�X�a�TyZ6p
[Y\]X�obd g Z7pL��a�Tyq�TWd]·5ac_`�-d�R�qb\ g TyZ g TWa�X�Z�Ry��a§[ZN�
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� qbZ/o g Z6¡Qa�\N^bR�pSacRW[^�RyRya�\N_�[Y\]_b[YZ g _bR�zA\eTyq¤Rya�_b�]�cZ�¯[\ g Z|de_bp�X�^b��TWa��¯[\ g Zko g \Q[YZ6RWR�\ g R6��®¯_�Tyq`Z([6d]RyZk\]�
dkX$^`��TWa��¯[\ g ZN¢uTyq`Z�oA\NRWRya�z`ac�ca�TUP�Ty\|X�a�� g deTyZ�d©Tyq g Z6dNp(TW\|d|pSa�²�Z g ZY_5T£[\ g Z�z g a�_b�NR�de_�Z°QT g d|pSacX�Z6_bRya�\N_
TW\�Tyq`Z(RW[rq`Z6p`^`��ac_`��o g \]z`�cZYX��
f ^`T�Tyac_`�©X�^`��Tyaco`�cZ.[\ g Z7R�\]_(d�[rqba�o/\]²AZ g R*d���duP�TW\�\e²&RyZT*TWq`Zhac_b[ g Z6dNR�Z?\]�QoA\=�mZ g pSZ6_bRya�TUPN¢YTWqbde_`·SR

TW\ " � ()�P.�()$6!Q ����"
( Y�
�b� � q`Z�a§pSZ6d
a§RkTyqbdeT|��qba��cZ-d�[Y\ g Z$a§R g ^b_`_`ac_`�¤d���q`\eT��$TWq g Z7d]p&¢&\]Tyq`Z g [\ g Z6R
X-duP(zAZ�a�_�d]["TWa�¡NZ�\ g?g ^`_`_`ac_`����[Y\]�§p��£TWq g Z7d]p`R6� �.P�o�Z g ac\SpSac[6de�c��P�X�ac� g d=TWa�_b�kd©Tyq g Z7d]p$� R�Z°SZ6[Y^STyac\]_$Ty\
d|pSa�²�Z g ZY_5T.[\ g Z45�<.8F¢N[\ g Z7R?d g Z�^bR�Z7p�ZY¡]Z6_`�cP�de_bp$TWq`Z�TyacX�Z�¯du¡]Z g d]�]Z£oA\=�mZ g pSZ6_bR�a�TUP(�NZTWR£pSa�¡Qa§pSZ6p�zQP
TWq`Zk_5^bX�zAZ g \e��[Y\ g Z6R£d(Tyq g Z6dNp-a§R£^bRyac_`�b� � q`a§R.TyZ6[rqb_`acª5^`Z©qbd]R.zAZYZY_�R�qb\=��_-Ty\$o g \=¡Qa§pSZ©Ryac�]_`a %�[Yd]_5T
oAZ g ��\ g X-de_b[YZ��5deac_bR�^`_bpSZ g d R�T g \]_`�Tyq`Z g X-d]��[Y\]_bR�T g deac_5T 5c� 7
8F� OQ\9TWq`Z¤d]pS¡NZY_5T�\e�µX$^`��TWa��¯[\ g Z7RY¢
��qbac[rq�acR$obd g Ty�cP�pS^`Z
Ty\TyqbZ�pSa�¼L[^`��TUP�\e�©o`^bRyq`a�_b� Ry^`oAZ g Ry[6de�§d g X�a§[ g \Nd g [rq`a�TyZ7["TW^ g Z7R|��^ g Tyq`Z g ¢£acR
d]�cRy\�X�\]Tyac¡=d=TyZ7p�z5PLTyq`Z|TWZYX�o�Z g deTy^ g Z|o g \]z`�cZYX��
fhg ZY¡Qac\]^bR$�m\ g ·9\]_�d]["TWa�¡Qa�TUP�X�ac� g d=TWa�\N_�qbd]R�X�\NR�Ty�cP�R�Ty^�pSa�Z7p�a�TWR$o�Z g ��\ g X-d]_b[ZLZY¼L[acZY_b[YP�dNRU�

Ry^`X�ac_`��Tyq g Z6dNp`R/��a�Tyq�Z7ªN^�de�ho g ac\ g a�TUP 5�<5¢.� 7
8F�
¬ qbZY_�Tyq g Z7d]p`R|qbdu¡NZ-Z6ª5^bd]�ho g a�\ g a�TUP]¢&TWq`ZL\=¡NZ g de�c�
TWq g \]^`�Nq`o`^ST|\e��d � jm¹j½[Yd]_9zAZ�X-de°QacX�aO16Z6p9z5P g ^`_b_`a�_b��Rya�X$^`��TWde_bZY\]^�R��cP�d]RkX-de_QP�Tyq g Z7d]p`R|d]R
oA\NRWRya�z`�cZ(¸³dNRh�c\]_`�(dNR£Ryqbd g Z6p�[YdN[rq`Z6R£[Yde_-qb\]�§p�Tyq`Z��m\ g ·Qa�_b�|RyZTrRWº��®¯_�Tyq`a§R£[Y\]_5TyZY°5T7¢No g Z6¡5ac\]^�R��.\ g ·
q�d]R�R�Ty^bpSacZ6p�ª5^`Z7RUTWa�\N_bR���ac·]Z|��q`a§[rq
Tyq g Z6dNpLTW\ g ^`_�¢`de_bp�\]_���q`a§[rq�[Y\ g Z]�

�µ\=�.Z6¡]Z g ¢`��q`Z6_¤Tyq g Z7d]p`Rµqbdu¡]Z(pSa�²�Z g ZY_5Tµo g a�\ g a�TyacZ6R6¢b�mZ�Ryq`\=�,a�_�TWq`a§R©RyZ6[Tyac\]_�Tyq�d=T©a�T©X-duP�z�Z
_bZ6[Z7RyRWd g PLRy\]X�ZTWa�X�Z6RmTW\ g ^`_���Z6�.Z g Tyq g Z6dNp`RmTyqbd]_¤[\ g Z6R6�E®¯_
TWq`a§R�[YdNR�ZN¢QTyZYX�oAZ g d=TW^ g Z|\5Ry[Ya��c�cdeTyac\]_bR
[Y\]X�Z|� g \]X [Y\ g Z6R�zAZYac_`�LRy^b[Y[YZ6RWR�ac¡]Z6��P�dN["TWa�¡NZ(de_bp�ac_bd][Tyac¡]Z]��OQ^b[rq�TyZ6X�o�Z g deTy^ g Z/\NRW[ac���§d=TWa�\N_bR�qbdu¡NZ
d���a§pSZ g deX�o`�ca�Ty^bpSZ(Tyqbd]_�Tyq`\5R�Z(�NZY_`Z g deTyZ7p���q`Z6_�de��TyZ g _bdeTyac_`��Tyq g Z7d]p`R���a�Tyq�p`a�²�Z g ZY_5T©[rqbd g dN["TWZ g �
a§R�Tya§[YR6¢*z�Z7[Yd]^bR�Z�oA\=�.Z g p`ZY_bRya�TUPR���ac_`�NR|\=¡NZ g �cd g �NZ g d g Z6dNRY� ��ZY_�[Z�Tyq`Z-o g \Nz`��Z6X \e�.TyZYX�oAZ g d=TW^ g Z
\5Ry[Ya��c�§d=Tyac\]_�R.a§R�Z6RWRyZY_5Tya§de�&\N_�d � jm¹j©�
� q`Z-ZY²AZ7["T(\]�.qbdu¡Qac_`�¤d
X�a�°9\e�mTyq g Z7d]p`R|��a�Tyq�pSa�²AZ g Z6_5T/[rq�d g d]["TWZ g acR�Tya§[YR6¢&��q`a§[rq dN["TWa�¡Qa�TUP�X�a��

� g deTyac\]_9[6de_Z°So`�c\]a�T6¢&qbdNRµzAZYZ6_ZY°5TWZY_bRyac¡]ZY�cP�R�Ty^bpSacZ6p9a�_ o g ZY¡Qac\]^bR©�.\ g · 5c� 7
8F�(®¯_Tyq`a§R|RUTW^bpSPN¢*\]^ g
[Y\]_b[Y��^�R�ac\]_bR£d g Z�Z6RWR�Z6_NTWacd]���cP�\ g TWq`\]�N\]_bd]�QTy\/o g ZY¡Qac\]^bRh�.\ g ·SR6¢Nde_�p$�mZµ[Y\]_bRyacp`Z g TWq g Z7d]p`Rh��a�TWqLacp`ZY_S�
TWac[6de��TWq`Z g X-de�?[rqbd g d][TyZ g a§RUTWac[6Rµac_ \ g pSZ g Ty\¤Rya�X�o`�ca���P¤Tyq`ZLR�Ty^�pSP]��®¯_ Tyq`Z g ZYX-deac_`ac_`�b¢&�mZ-[\]_�R�a§pSZ g
d � jm¹j���q`Z g Z�Z6d][rq¦[\ g Z�qbd]R-d]_�ac_bpSZ6o�Z6_bpSZY_5T-TWq g \]T�TW��ac_`��X�Z6[rqbd]_`acRyX�¢£aJ� ZN��¢.\]_`�cP�TWq`Z¤[\ g Z6R
��qb\NRyZ�TWq`Z g X-de�?R�Z6_bRy\ g R©ac_bpSa§[YdeTyZ�d
TyZYX�oAZ g d=TW^ g Z�Z°`[YZYZ6p`a�_`�

Tmax

qbdu¡]Z�Tyq`Z6a g oA\=�.Z g [\]_�R�^`X�oS�
TWa�\N_¤Tyq g \]T�Ty�cZ6p*� � q`a§Rµ��duP]¢A[\ g Z6R�TyqbdeTkd g Z(zAZY�c\=� Tyq`Z�TyZYX�oAZ g d=TW^ g Z$��acX�a�T|[Yd]_9[\N_NTWa�_Q^`Z��.\ g ·Qac_`�
_b\ g X�d]���cP]�
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¬ Z�X$^bR�T % g RUT©[Y�cd g a���P
Tyq`Z$_`\eTWa�\N_¤\e��TyacX�Z$Ry��a§[Z(\N_�d � jm¹j©�A®¯_�Tyq`Z$Z°`deX�o`�cZ(\]�hOSZ6["TWa�\N_ /`¢��.Z
^�R�Z7p9TWq`Z�^�R�^bd]�£pSZ�%b_`a�Tyac\]_*¢�aJ� ZN��¢�Tyq`ZLTyacX�ZY�FRy�cac[YZLacR�d�� g Z6d]���JTyacX�Z��-R��cac[YZ�¸ n � O`º¢�X�Z6d]_`ac_`��TyqbdeT$d=T
Z7d][rq�TyacX�Z g a�_5TWZ gWg ^`o`T6¢=�mZ g ZYX�\=¡NZ£\]_bZ£TWa�X�Z g oAZ g ac\Qp�� g \]X,TyqbZ g Z6X�d]a�_ba�_`�©TyacX�Z�R��cac[YZ.\]�bTWq`ZmTyq g Z6dNp
TWqbd=Tm�mdNR g ^`_`_ba�_`��pS^ g a�_b�(Tyq�d=T.oAZ g ac\Qp*��»b\ g Z°`deX�o`�cZ]¢5a��*Tyq`Z©TyacX�ZkRy�cac[YZµZ6ª5^bd]�cRµ�6}(TyacX�Z g oAZ g ac\QpbRY¢
�mZµ[Y\]_bRyacp`Z g TWq`Z�TWa�X�Z|R��cac[YZ�Z°Sqbd]^bR�TyZ6p-de�«TyZ g �6}/TyacX�Z g ac_5TyZ gyg ^`oSTrRY¢N_`\�X-d=TyTyZ g q`\=�¨�c\]_`�/TWq`Z©[Y��\S[r·
��d]R�RUTW\]o`oAZ6p�zAZ6[6de^bRyZL\]�mTWq`Z g X-de�£Tyq g \eTyTy�ca�_`��� �m^ST$�mZ�[\N^`�§p�de�§R�\9p`Z&%b_`Z
de_�dN["Tyac¡]ZY�3TWa�X�ZLRy��a§[Z
¸3l � O`º"¢NR�^b[rq�TWqbd=T£deT�Z7d][rq$TyacX�Z g ac_5TyZ gWg ^`oST6¢]�.Z�Ry^`zST g d][T�� g \NX�Tyq`Z g ZYX-d]a�_`ac_`�kTyacX�Z�R��ca§[ZmTyq`Z�TWa�X�Z
RyoAZY_5T/��a�TWq9TWq`Z-[�c\Q[r·9\]_*¢&aJ� ZN��¢�_`\eT([\N^`_5Tyac_`�
Tyq`Z�TWa�X�Z���\5RUT/zAZ6[6de^bRyZ$\]�£TWq`Z g X-de�ETyq g \eTyTy�ca�_b�b��®¯_

aba ßMced.f?g�h�i�j�k�l�m�n



�u{ �6Y����"�	���� ��"��.� Y� ���

TWq`a§R([YdNR�ZN¢&��\ g d�%`°SZ6p l � O�¢&TWq`Z-X�\ g Z�Tyq`Z�TWq g Z7d]pacR/Tyq g \eTyTy�cZ6p9Tyq`Z-�c\]_`�NZ g TyqbZ n � O&�Ew©_`ZLRyZYZ6R
acX�X�Z6pSa§d=TWZY�cP�TWqbd=Tµ^�R�ac_`��l � O�a§R�_`\]Tµ¡Qacd]z`�cZ]¢�dNR�a�Tkde�c�c\=��R�d-q`\eTµTyq g Z6dNp�TW\-TWd]·]Z(^bo¤X�\5RUT©\e��Tyq`Z
j f ´ TyacX�ZN� ��Z6_b[Z/ac_�Tyq`Z g ZYX-deac_`ac_`���.ZkTrde·]ZkTWq`Z|^bR�^�de� n � O�d]RmTWq`ZkTyacX�ZY�FRy�cac[YZ(pSZ&%b_ba�TWa�\N_*�

	T>�� ����DTA G�� I � �TK 
 �?IWA���� �

w©_
d � jm¹j©¢5TyqbZµac_bRUTrde_5TWd]_`ZY\N^bR.o�Z g �JTyq g Z6dNp�o�Z g ��\ g X-d]_b[Z�a§Rm��ac·]Z6��P�TW\�zAZ©q`ac�]qbZ g ��q`ZY_ g ^`_`_ba�_`�
��Z6�.Z g Tyq g Z6dNp`R�d=TETyq`Z�RWdeX�Z£TWa�X�ZN�E»b\ g Z°`deX�o`�cZ]¢=�cZT?^bR?[Y\]_bRya§pSZ g TU�.\|[\ g Z7RY¢ed]_bp/TU�m\©Tyq g Z6dNp`R���a�Tyq
RyacX�ac�§d g [rqbd g dN["TWZ g acR�Tya§[YRkz`^ST�pSa�²AZ g Z6_NT$o g ac\ g a�TyacZ6R6�¤w©_`Z�TWq g Z6d]p�a§R�d�qba��NqS�Jo g ac\ g a�TUP�¸ � f º|Tyq g Z7d]p&¢
d]_bp�TWq`Z
\]Tyq`Z g TWq g Z6d]p�d��c\=���Jo g ac\ g a�TUP¦¸ 	 f º(\N_`Z]¢£Ry\¤TWq`Z¤w|O��]ac¡]Z6R�d��c\]_b�]Z g TyacX�Z�Ry��a§[Z�Ty\Tyq`Z
� f Tyq g Z6dNp&�L®F���mZ-·]ZYZ6o g ^`_b_`a�_b��Tyq`Z � f de_bp 	 f TWq g Z6d]pbR(R�acX�^b��Trde_`Z6\]^bRy��P9\]_ Tyq`ZLTU�.\¤[\ g Z7RY¢
�mZ-d g Z$�Na�¡Qac_`�
Tyq`ZLRWdeX�ZLj f ´ TyacX�Z�Ty\�Z6dN[rq9TWq g Z7d]p&¢�pSZ6Ryo`a�TyZ�Tyq`Z6X qbdu¡Qac_`��pSa�²�Z g ZY_5T/o g a�\ g a�TyacZ6R
¸³��q`ZY_¨TWq`Z�TyacX�Z9Ry��a§[Z���\ g d Tyq g Z6dNp¦acR-ZY°Sqbde^bR�TyZ7p&¢ma�T�a§R g ZY_`Z6�.Z7p g ac�]q5TLdu�mduP�dNR-�mZ�[\]_�R�a§pSZ g
\N_`�cP
TU�m\LTWq g Z6d]pbR�ac_�TyqbacRkZ°`d]X�ob��Zuº"� ��\=�mZY¡]Z g ¢Aa��hTyq`Z g X-d]��TWq g \]T�TW��ac_`�LT g ac�]�NZ g R���q`Z6_�Z°SZ7[^STWa�_`�
zA\eTWq¨Tyq g Z6dNp`R�RyacX�^`��TWd]_`ZY\N^bR��cP]¢��mZ�·Q_`\=� TyqbdeT��.Z[Yde_ ac_b[ g Z7d]RyZ�Tyq`Z�oAZ g ��\ g X-de_b[YZ¤\e�/TWq`Z�� f
TWq g Z6d]p¨zQP de�c�c\=��a�_`��TWq`Z � f TWq g Z7d]p¦TW\ g ^`_ de�c\]_bZ]¢�TWd]·Qa�_`��d]pS¡=de_5Trde�]Z¤\]��d][Tyac¡5a�TUP¦X�ac� g d=TWa�\N_
5�<5¢�� 7�8J� � q`a§R.X�duP�zAZk[Y\]_bRya§pSZ g Z6p��³d]a g Z g ��\ g Tyq`Z � f Tyq g Z7d]p&�hOQ\$�.Zk[\]^b�cp
[rq`\Q\NRyZ�Ty\ g ^b_-Tyq`Z � f
d]_bp 	 f Tyq g Z6dNp`Rkde��TyZ g _bdeTyZY�cP]¢�d]Rµa��£Tyq`Z�pS^bd]���¯[\ g Z/�mZ g Z�d�Ryac_`�]�cZ�¯[\ g ZN¢`T g PQa�_b�LTy\
^bRyZ�zA\eTyq[\ g Z6R
Z6¡]Z6_`��P�TW\�X�a�_ba�X�a21YZ$Tyq`Z�o�Z7de·�TyZ6X�o�Z g deTy^ g Z]����\=�mZY¡NZ g a��£�mZ�p`\LTyqbacR6¢��.Z�X-duP
��d]R�TyZ$o g \S[YZ6RWR�\ g
oAZ g ��\ g X-de_b[YZ]�E®¯_
\]Tyq`Z g �.\ g p`R6¢ g ^`_b_`a�_b��TU�m\�TWq g Z6d]pbRmRyacX�^`��TWd]_`ZY\N^bR��cP�X-duP-z�Z/Ry^S¼L[acZY_5T.TW\$·NZYZ6o
[Y\ g Z6R*Tyq`Z g X-de�c�cP(RydeTy^ g d=TWZ6p&¢=��q`ac�cZ g ^`_`_`ac_`�kd©Rya�_b�]�cZ£TWq g Z7d]p/X-duP/_`\]T6� � q`Z g Z��\ g ZN¢7ac_�\ g pSZ g Ty\kz�Z7RUT
ZY°So`��\Na�T£d � jm¹ j©¢eTyqbZkw|O�R�q`\N^`�§p�Trde·NZ�a�_5Ty\(dN[Y[Y\]^`_5T?TyqbZ�Tyq`Z g X-d]�bRUTrd=TWZ�\e��Tyq`Zµ��q`\]�cZ�X�^`��Tya��¯[\ g Z]�

	T>�� ��� � �� IWA � � DFA G��TI � �FK @ A�C�DFEHG
¬ qbZY_
RW[rq`Z7pS^`�ca�_`��Tyq g Z6dNp`R.\]_�d�X�^`��Tya��Jo g \S[Z7RyRy\ g ¢NRy\]X�Z©\]oAZ g d=Tyac_`��R�PSR�TyZYX-R.��ac·]Z 	*ac_Q^S°-X�d]a�_5Trdeac_
d�RyZYobd g deTyZ ��	�� 	 	���	��.\]� g ^`_`_bd]z`��ZµTyq g Z6dNp`R.��\ g Z6dN[rqLo g \S[Z6RWRy\ g 5c�6}
8J�.w©_�d � jm¹j©¢Sd�R�ac_`�N��Z g ^b_
ª5^`Z6^`Z�R�Z6ZYX-R?X�\ g Z�_bd=TW^ g de�J¢]d]R?[Y\ g Z6REa�_ �b^`ZY_�[Z�Z6dN[rq$\]Tyq`Z g Tyq g \N^`�]q��]�c\]zbd]�Qq`Z6deTyac_`�b� ��Z6_b[ZY��\ g Tyq*¢
�mZ¤d]RWR�^bX�Z¤d�Rya�_`�N��Z g ^`_¨ª5^`ZY^`ZN� ®¯_ 	*ac_5^`°�¢.TyqbZj f ´ TyacX�Z¤acR�pSa�¡Qa§pSZ6p¦ac_5Ty\ � S��.�����r� lmT-Tyq`Z
zAZY�Na�_b_`a�_b��\]�EZ7d][rq�ZYoA\S[rq*¢SZ6dN[rq ¸³_`\]_ g Z6de���JTyacX�Zuº£Tyq g Z6dNp�a§R��]ac¡]Z6_�d$TWa�X�Z(Ry��a§[ZkTyq�d=T�a§R�[\NX�ob^STyZ7p
� g \]X¶a�TWR�z�d]RyZ
o g ac\ g a�TUP ¸³d]_bp���\ g ®ywµ�JzA\]^b_bp�o g \S[Z7RyRyZ6R6¢?� g \]X TyqbZ�^b_5^�R�Z7p�TWa�X�Z¤R��ca§[Z
� g \NX¶Tyq`Z
o g Z6¡5ac\]^�R�ZYoA\S[rq�º`5 /
8F��»`\ g _`\]_ g Z6d]���JTyacX�Z/Tyq g Z6dNp`R6¢STyq`Z$q`ac�]q`Z g TyqbZ(o g a�\ g a�TUP]¢STWq`Z��c\]_b�]Z g Tyq`Z/TWa�X�Z
Ry�cac[YZ]��lmT(Tyq`Z
z�Z6�]ac_`_`ac_`�¤\e��d]_�ZYoA\Q[rq�¢�TWq`Z
RW[rq`Z6p`^`��Z g RyZY�cZ6["TrR|� g \]X TWq`Z g ^`_�ª5^`ZY^bZ-Tyq`ZLTyq g Z6dNp
��a�Tyq
TyqbZk�§d g �]Z7RUT�R��ca§[Z|de_bp�Z°SZ6[Y^STyZ7R.a�T6� � qbZ©TWa�X�Z/Ry��a§[Z©��\ g Tyq�d=T�Tyq g Z6dNpLa§R�pSZ6[ g Z6X�Z6_5TyZ6p
d=T�Z6dN[rq
TWa�X�Z g ac_NTWZ gWg ^boST6��´�_b��Z7RyR�Tyq`Z/TWq g Z6d]p�a§R�o g ZYZ6X�oSTyZ7p¤zQP
de_b\eTyqbZ g TWq g Z7d]p���a�Tyq¤q`ac�]qbZ g o g ac\ g a�TUPN¢`\ g
¡N\]�c^`_5TWd g ac��P g ZY�cac_bª5^`acRyq`Z7RkTyq`Z
j f ´ ¸³Z]� �b�c¢�zAZ6[6de^bRyZ�a�T(z`�c\S[r·SRk��\ g d]_®y±Nw|º"¢�TyqbZ�Tyq g Z6dNp9ZY°QZ7[^STWZ6R
^b_NTWa���a�TWRkTWa�X�Z-R��ca§[Z�acRkZ°Sqbd]^bR�TyZ6p*�(l��«TyZ g Tyq`Z�TWa�X�Z-R��ca§[Z�acRkZ°Sqbd]^bR�TyZ6p*¢�Tyq`Z$Tyq g Z6dNp�a§Rk_`\
�c\]_b�]Z g
g ^`_`_�dez`�cZ���\ g TWq`Z g Z6R�T(\e�mTyqbdeT�ZYoA\S[rq*� � q`Z6_ Tyq`Z�RW[rq`Z7pS^`�cZ g RyZY�cZ6["TrR|TyqbZL_`Z°QT g ^`_`_�dez`�cZ�Tyq g Z6dNp
��a�Tyq
TyqbZ/�cd g �NZ6R�T�Ry��a§[ZN¢`de_bp�Ry\$\N_*�?¬ q`ZY_¤d]��� g ^`_`_bd]z`�cZµTWq g Z7d]p`R�q�du¡]ZkZ°Sqbde^�RUTWZ6p-TWq`ZYa g Ry��a§[ZN¢QTyq`Z
[Y^ gWg Z6_NT©ZYoA\Q[rqZY_bpbRY¢&de_�p�dL_`Z6�½ZYoA\S[rq�zAZY�]ac_bR ��Tyq g Z7d]p`Rkd g Z(�]ac¡]Z6_9dL_bZY�,TyacX�Z�Ry�cac[YZ]¢&de_bp�Tyq`Z
[YPS[�cZ g ZYoAZ6deTWR6�
� \¤a��c�c^bRUT g deTyZ�TWq`Z-o�\5RyRyacz`a��ca�TUP9\e�mTyZ6X�o�Z g deTy^ g Z�¯du�md g Z�Ry[rqbZ6pS^`�cac_`����a�TWq�pSa�²�Z g ZY_5T/TWq g Z7d]p o g a��

\ g a�TyacZ6R6¢`�mZ�pSa§p�Tyq`Z���\]�c��\=��ac_`�-ZY°QoAZ g acX�Z6_5T6��¬Z$d]RWR�^`X�Z(d#7]�F[Y\ g Z|o g \S[YZ6RWR�\ g ¢S��q`Z g Z�Z6d][rq¤[Y\ g Z/acR
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0.2 W/mm^2

2 W/mm^2
2 mm

20 mm

»Eac�]^ g Z < ����%?�����*� S��*�.������� �
� !#�e� ���

X�\SpSZ6��Z7p�d]R�d
1 cm×1 cm

Ryª5^bd g ZN¢ed]R�pSZ6o`ac[TyZ7p�\N_$»Ea��N^ g ZH<S��¬ Z�[Y\]_bRya§pSZ g acp`ZY_5Tya§[Yd]�QTyq g Z6dNp`R�Ry^b[rq
TWqbd=T7¢e��q`Z6_$ZY°QZ7[^STWZ6p$\]_�d©[Y\ g Z]¢uTWq`Z�[\ g Z�pSacRWRya�obdeTyZ

0.2 W/mm2
ZY°`[ZYo`T�ac_�d©RyX-de�c�

2 mm×2 mmRWª5^bd g Z|��q`Z g Z(oA\=�.Z g pSZY_�R�a�TUP
a§R
2 W/mm2

��¬ Z$dNRyRy^`X�Z|TyqbdeT�TyqbZ g Z(acRµd�Tyq`Z g X-d]��R�Z6_bRy\ g deT�Tyq`Z
[YZY_5TyZ g \e�.Z7d][rq [\ g Z�de_bp9TyqbdeT/Z6d][rq [\ g Z�qbd]R|d]_ac_bpSZ6o�Z6_bpSZY_5T|TyqbZ g X�d]��Tyq g \eTyTy�ca�_b�
X�Z6[rq�de_`a§R�X��
� qbZkX-de°QacX�^bX�TyZ6X�oAZ g d=TW^ g Zka§R

Tmax = 85 �
j©�S¬ Z/R�ZYT�Tyq`Z|ac_`a�TWacd]�&TyqbZ g X�d]�&RUTrd=TyZ/dNR�a���Z6dN[rq
[\ g Z

q�d]p(zAZYZ6_ g ^`_`_`ac_`�kd�TWq g Z7d]p|��\ g d��c\]_`�µTyacX�ZN��¬ Z�o g \]oA\NRyZ£de_bp�ZY¡=de�c^bdeTyZ.Tyq`Z.��\]�c��\=��ac_`�kRy[rq`Z7pS^`�ca�_b�
X�ZYTyq`\Sp&��¬ Z�d]RWR�^`X�Z�dkTWa�X�Z g o�Z g ac\Sp$\]�

1 ms
¢eZ6ª5^bd]�STy\|TWq`ZµRW[rq`Z6p`^`��ac_`�|oAZ g a�\Sp&��¬ Z�d]RWR�^`X�Z�TWqbd=T

TWq`Z(w|OL[Yd]_ g Z6dNpLde�c�bTWq`Z g X-de�&RyZY_bRy\ g RY¢Qde_�p-Tyq�d=TmTyq`Z g ZkacR�d$[\]^b_NTWZ g �]ac¡Qa�_`�$TyqbZ©_Q^`X$z�Z g \]�*TyacX�Z6R
TWq`Z g X-de��Tyq g \eTyTy�ca�_`��qbd]Rµz�Z6ZY_¤T g ac�]�NZ g Z6p�R�ac_b[YZ/Tyq`Z$�cdNRUT©TyacX�Z g ac_5TyZ gyg ^`oST7� �h¡]Z g P
X�a��c��a§RyZ6[\N_bp&¢A�.Z
[Y\]^`_5T©Tyq`Z�_Q^`X�zAZ g

N
\]� g ^`_`_bd]z`��Z$Tyq g Z7d]p`R6¢�a3� Z]�c¢�Tyq g Z6dNp`RµTyqbdeTkqbdu¡NZ�_`\]TkZY°Sqbde^bR�TyZ7p¤TWq`ZYa g TWa�X�Z

Ry�cac[YZ]��®F�
N = 0

¢��mZ g ZY_`Z6� d]���£Ry�cac[YZ6R(d]_bp�RUTrd g T�d�_`ZY� ZYoA\S[rq*��wµTyq`Z g ��a§R�Z-a��
1 ≤ N < 4

¸³ZYa��
TWq`Z g zAZ6[6de^bRyZ�\]�.d
RyX-de�c���c\NdNp�\ g zAZ6[6de^bRyZ$Ry\]X�Z$Tyq g Z6dNp`Rµq�du¡]Z�ZY°Sqbde^bR�TyZ7p�TyqbZYa g TWa�X�Z�R��ca§[Z7º¢&�.Z
[Y\]X�o`^STWZ/TyqbZ�du¡]Z g d]�]Z©TyZYX�oAZ g d=TW^ g ZN¢baJ� ZN��¢bTyq`Z$R�^`X \e��TWZYX�o�Z g deTy^ g Z6R�\]_�TyqbZ 7L[\ g Z7RY¢bp`a�¡Qa§pSZ6p�zQP
7��L¬ ZLpSZ&%b_bZLd�Tyq`Z g X-de�hRWd=TW^ g d=Tyac\]_TyZ6X�o�Z g deTy^ g Z

Tsat = Tmax − 3
� � q`Z g ZLd g Z�TU�.\¤[YdNR�Z7RkTy\

[Y\]_bRya§pSZ g �
����� ¿ � ���!*£�7�S�
	��=�S��� Ã�� ��TyqbZ|du¡NZ g de�NZ�TyZYX�oAZ g d=TW^ g Z|ZY°S[YZYZ7p`R

Tsat

de_bp�TyqbZ g X�d]�ATyq g \eTyTy�ca�_`�
T g a��N�]Z g Z7p�X�\ g ZkTyqbd]_¤\]_b[YZ/R�ac_b[Z|TWq`Z(�§d]R�T�TyacX�Z g ac_5TyZ gWg ^`oST6�£®¯_�Tyq`a§R�[YdNR�ZN¢`�mZ g ^`_�\N_`��P�Tyq`Z
N
g ^`_b_bdez`�cZkTyq g Z6dNp`Rm��\ g TWq`Z/_`ZY°5T�TWa�X�Z g o�Z g ac\Sp&¢QTyqbdeT�acR6¢

4 − N
[Y\ g Z6R�d g Z|_`\eT�^bRyZ6p*�

��	 � Ä ¿ � Á �6�S� 	��=�S�
� Ã�� �TyqbZdu¡]Z g d]�]Z
TyZ6X�oAZ g d=TW^ g Z¤acR�z�Z6��\=�
Tsat

\ g TWq`Z g X-de�µTyq g \eTyTy�ca�_`�
T g a��N�]Z g Z7pkdeT�X�\NR�T�\N_b[ZN��¬ Z.RyZY�cZ6["T

4−N
Tyq g Z7d]p`R*d]X�\]_`��TWq`ZhTWq g Z6d]pbR&Tyq�d=T�q�du¡]Z?Z°Sqbd]^bR�TyZ6p

Tyq`Z6a g TyacX�Z(Ry�cac[YZ]¢`de_�p
�mZ|�]ac¡]Z©Tyq`Z6X d$TWa�X�Z(Ry��a§[Z|\e��\]_bZ©TWa�X�Z g o�Z g ac\Sp&�
� qbZY_��mZ g ZYX�\=¡NZ?Tyq g Z6dNp`R�� g \NX½[\ g Z6R6¢=R�Z6��Z7["TE_`ZY��TWq g Z6d]pbR���a�Tyq�Tyq`Z��§d g �]Z6R�T�Ry��a§[Z7RY¢ed]_bp/X-deo�Tyq`Z7R�Z
RyZY�cZ6[TyZ7pLTWq g Z7d]p`Rm\N_�[Y\ g Z6Rma�_¤d g d]_bpS\NX��³d]Ryq`ac\]_*��®FT�R�qb\]^`�§p�zAZ/_`\]TyZ6p�Tyq�d=T�TyqbZk_bZY�:Tyq g Z6dNp`R�d g Z
_b\eT�_`Z6[YZ6RWRyd g ac�cPLpSa�²�Z g ZY_5T�� g \]X�TWq`Z(\N_`Z6RmTWqbd=T��mZ g Z g ^`_`_ba�_`�Lp`^ g ac_`��TyqbZ/o g Z6¡Qa�\N^bR.TyacX�Z g oAZ g a�\Sp&�
�m^ST�TWq`ZYP$qbdu¡]Z�d|[Z g TWd]a�_$o g \]zbd]z`a��ca�TUP|Ty\ g ^b_$\N_�pSa�²�Z g ZY_5T£[\ g Z7RY� � qbacRE��\ g X½\]�AdN["Tyac¡Qa�TUP�X�ac� g d=TWa�\N_
Z7ª5^bde�caO16Z6R�TyacX�Z�¯du¡]Z g d]�]Z?TWZYX�o�Z g deTy^ g Zm\]_$Tyq`Z�pSa�²AZ g Z6_5T?[Y\ g Z6R6¢eR�\©Tyq�d=T?TyqbZ g X�d]�5Tyq g \eTyTy�ca�_`�kT g ac�]�NZ g R
dNR£ac_S� g Z6ª5^`Z6_NTW��P
d]R.o�\5RyRya�zb��ZN�E¬ Z/pS\�_`\eT�[�§deacX TyqbacR�RW[rq`Z6pS^b��ac_`��X�ZYTyq`\Sp�Ty\�z�ZkTWq`Z|z�Z7RUT�o�\5RyRyacz`��Z
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X-duPL��de_5T�Ty\�·NZYZYo�Z°SZ7[^STWa�_`�-d$Tyq g Z7d]p
\]_�Tyq`Z(RWdeX�Z/[\ g Z|d]R��c\]_b��dNR�o�\5RyRyacz`��ZN�
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d$pSa�²AZ g Z6_NT�\N_`Z]��»`\ g RyZY_�R�\ g �JT g a��N�]Z g Z7p�X�ac� g d=Tyac\]_�RY¢5�.Z|RyZT

tmig = 1 ms
¢Sd]_bp-�mZk[Y\]_bRyacp`Z g TyqbdeT�d

TWq g Z6d]p�a§R�q`\]Tµa���a�TµT g ac�]�NZ g Z6p�Tyq`Z g X-d]�&Tyq g \eTyTy�ca�_b��pS^ g a�_b��Tyq`Z$�cdNRUT
20µs
�m»b\ g zA\eTWq¤X�ZTyqb\QpbRY¢��.Z

dNRyRy^`X�Z�d
1 ms
RW[rq`Z6pS^b��Z�oAZ g a�\Sp&�E¬ Z�¡]Z g a %bZ6p$TWqbd=T£zA\eTWq-X�ZTyqb\QpbR?�]ac¡]Z�d]o`o g \u°QacX-d=TWZY�cP/Tyq`Z©Ryd]X�Z

oAZ g ��\ g X-de_b[YZ$a����.Z�_`ZY�N��Z7["T/ac_bpS^b[YZ6p�[YdN[rq`Z$X�a§RyRyZ6R6¢*��a�Tyq�RyZY_bRy\ g �3T g ac�]�NZ g Z6p�X�a�� g deTyac\]_bRk�Na�¡Qac_`��d
Ry�ca��NqNTW��P�q`ac�]q`Z g oAZ g ��\ g X-de_b[YZ�¸�\N_-Tyq`a§R.Z°`deX�o`�cZ]¢��4/�	½\=¡]Z g d]���bd]_bp��|{ 	���\ g TyqbZµq`ac�]q`Z7RUTy�Jo g ac\ g a�TUP
TWq g Z6d]p�º � q`ZhX-deac_(pSa�²AZ g Z6_b[Z?a§R&TWqbd=T�R�Z6_bRy\ g T g ac�]�]Z g Z7pkX�ac� g d=TWa�\N_bR�oAZ g X�a�TEp`Z6[ g Z6dNR�ac_`�mTyqbZh_Q^`X�zAZ g
\]�£[\N_NTWZ°QT©Ry��a�Tr[rq`Z6R6�µl©R©[6de_�zAZ$RyZYZ6_¤\]_9»Eac�]^ g ZL�6}b¢bTWq`a§RµzAZY_`Z�%`TWR©X�\NR�Ty�cP�Ty\LTWq`Z�qba��NqS�Jo g ac\ g a�TUP
TWq g Z6d]p*¢`d]RmTyqbacR�TWq g Z6d]p
a§RmTyq`Z/\N_`ZkTyqbdeT�^bR�Z7R�d][Tyac¡5a�TUPLX�ac� g d=Tyac\]_�X�\NR�T�\e�«TyZ6_*�
� V ß XJÕ7ÒÔÛ?Ð=ÖrÐ \ Ú Z Ý�à"Ú?ÛJÒÔÑ�Ð � Ò Ý Þ ÒÔß^] XJÕ \ ØuÒÔÛJÓU×uÛ3ÛJÒÔà"ß Z [�\ ÖrÛ3ÛJ×uÑ \ ÖµÛ3ÒÔß^] � \ X3Õ \ Ú3Ñ�Ö � Û \ ßuÛ3à"Ú?Ð \ ÚhÓUà"Ú \ Ü V Ý�XJÕ \ Ú \ ÖrÚ \
Û \ � \ ÚJÖ � Û \ ßuÛ3à"Ú3Û Z [�\ ß \W\ Ø X3à©Ñ�Ò ]"Ú3Ö�X \ ÖHXJÕ7Ú \ ÖrØ [ Õ \ ß(Ø \ X \ ÓWX3ÒÔß^]kÖµÓUà � Ø(Û \ ßuÛ3à"Ú	��
�LÖrßuà�XJÕ \ ÚhÓUà"Ú \ à"ß [ ÕuÒÔÓFÕ�XJÕ \
ÛFÖrÑ \ ÓUà"Ú³Ú \ ÛJÐeà"ßuØ7ÒÔß^]�Û \ ßuÛJà"Ú�X3Ú3Ò ]�] \ Ú \ Ø`XJÕ \ Ú³Ñ�Ö � X3ÕuÚ3à�XYX � ÒÔß^]�Ú \ Ó \ ß X � Þ Ü

V� a V��



���������
	��������������	�������������� ��!#"
����$
%�&'�
����()�*"���+���#,-�*�.������� �
��� �
<

»Eac�]^ g Z(�7} � � P
� �*" � �`( �!N� � �� � �������+�^� � ��� (��J��� �6������(R��� ( � �M�( �������`"�(
Tamb = 30

�2& �'&'�
!TS�"��� �����
��� (��J��� �9�*"��+� ��! �����*� !#"�S S+���� "��+� � ����������%R()�� �.� ���*��� !� � �*"
( Y�
�����

� � ���Y�|)������ �(���

� qbZ�_`ZYZ7p¨��\ g R�qb\ g T-TyacX�Z R��ca§[Z6R�a�_ Tyq`Z g X-de�c�cPN�¯[\N_bR�T g deac_`Z6p�o g \Q[YZ6RWR�\ g R6¢mZY¡]Z6_ a��(acX�o`�cac[Ya�T�a�_ d
[Y\]^`ob��Z�\e�/R�Ty^bpSacZ6R95 �b¢ � 8F¢mq�d]R�_`\]TLz�Z6ZY_ RUTrd=TWZ6p¦Z°So`�cac[Ya�TW��P�z�ZY��\ g Z]� � ZY¡]Z g TWq`ZY�cZ6RWR6¢£TWq`Z g Z¤d g Z�d
��Z6� o�deoAZ g R|\]_ TyZ6X�oAZ g d=TW^ g Z�¯du�md g Z�Ry[rq`Z7pS^`�ca�_b�b�-®¯_�5���
^8F¢�a�T(�mdNR|o g \]oA\NRyZ6p9Ty\¤�cZT/TyqbZ�w|O�·NZYZ6o
TWZYX�oAZ g d=Ty^ g Z�z�Z6��\=�

Tmax

zQP�a§pSZY_5TWa���PQac_`��Tyq`Z ��q`\eT��$o g \S[Z6RWRyZ6Rkde_bp�]ac¡]Z$Tyq`Z6X �cZ6RWR�j f ´ TyacX�Z]�
�µ\=�.Z6¡]Z g ¢S\N_�Ty\Sp`duP#� R�o g \S[Z7RyRy\ g R`5 ~S¢�7�¢��e/
8J¢bTyq`Z�TWd]Ry·�\]�?X�d]a�_5Trdeac_`a�_b��TyZYX�oAZ g d=TW^ g Z/zAZY�c\=�

Tmaxa§RLX�\5RUTW��P�Tyq`Z g Z7R�oA\]_bRyacz`a��ca�TUP�\e�|TWq`Z % g X���d g Z]�:®F��d�o g \S[Z6RWR-a§R-TW\5\�qb\eT6¢�TWq`Z g X-de�µTyq g \eTyTy�ca�_`�
T g ac�]�NZ g Rµd]^STy\NX�deTya§[Yd]���cP]�/®¯_ 5 � 8J¢�d]^STyqb\ g Rµo g \]oA\NRyZ(TW\¤Ry[rq`Z7pS^`�cZ�TWq g Z6d]pbRµzbdNR�Z7p�\N_�TyqbZYa g TWq`Z g X-de�
[rq�d g d]["TWZ g acR�Tya§[YR g Z6[Y\ g pSZ6p�pS^ g ac_`�(o g ZY¡Qac\]^bRhTyacX�Z©Ry��a§[Z7RY�E®¯_Lobd g TWac[Y^`�cd g ¢]Tyq`Z6P�o g \No�\5R�Z�TW\$d]��TWZ g _bd=TWZ
��q`\]T �|d]_bp ��[Y\]�§p��µTyq g Z7d]p`R�\N_�d��Na�¡NZY_
[Y\ g Z]�
fhg ZY¡Qac\]^bR�RUTW^bpSacZ6RLq�du¡]Z�Ryq`\=��_¦TyqbdeT
d][Tyac¡5a�TUP�X�ac� g d=TWa�\N_¦\N_¨X�^`��Tya��F[Y\ g Z6R 5�<5¢©� 7`¢©�6~^8k\ g \N_

O`¹ f RyPSRUTWZYX-R 5��N��8(acR�d]_ Z¼L[Ya�Z6_NT�TyZ7[rq`_`a§ª5^`Z9��\ g pSZ6[ g Z7d]Rya�_`��TyZYX�oAZ g d=TW^ g ZN� ��\=�mZY¡NZ g ¢�Tyq`Z7R�Z
R�Ty^�pSa�Z7RL�c\Q\]·]Z7p�\N_`�cP¦deT-Tyq g Z6dNp`R-��a�Tyq Z7ªN^�de��o g ac\ g a�TWa�Z7RY� � \�\N^ g ·Q_`\=���cZ6pS�NZ]¢mTyq`Z9o g \Nz`�cZYX \]�
TWq g Z6d]p$Ry[rqbZ6pS^`�cac_`�µ\N_$d � jm¹j���q`Z6_(TWq g Z7d]p`REqbdu¡NZ.pSa�²�Z g ZY_5TEo g ac\ g a�TWa�Z7R�q�d]RE_`\eT�zAZYZY_�[\N_bRyacpSZ g Z7p
o g Z6¡5ac\]^�R��cP]�
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� qbacR�obdeoAZ g d g �]^bZ6R�TWqbd=TETyq`Z£Tyq`Z g X-d]�5pSZ7R�ac�]_�\e�bd�TWq`Z g X-de�c��P|[\N_bR�T g deac_`Z6p|o g \S[Z7RyRy\ g Ryq`\N^`�cp(_`\eT�z�Z
z�d]RyZ6p�R�\N��Z6��PL\N_�R�TyZ7d]pSP5�¯RUTrd=TWZµTWZYX�o�Z g deTy^ g Z]¢bz`^STµde�§Ry\�\N_�T g d]_bRya�Z6_NT�TWZYX�o�Z g deTy^ g Z]��®¯_�obd g TWac[Y^`�cd g ¢
�mZ|Z6R�TWd]z`��a§Ryq`Z6p�TyqbdeT�Tyq`Z(d]X�o`��a�Ty^�pSZ|\e�ETyZYX�oAZ g d=TW^ g Z|\5Ry[Ya��c�cdeTyac\]_bRmac_b[ g Z6dNR�Z7Rm��a�TWq�oA\=�mZ g pSZY_�R�a�TUP]�
¬ Zµq�du¡]ZµRyq`\=��_-TWqbd=T.Tyq`Z|deX�o`�ca�TW^bpSZ©\e�*TWZYX�o�Z g deTy^ g Z�\5Ry[Ya��c�cdeTyac\]_bR.pSZ6[ g Z7d]RyZ6R£a��*�mZµac_b[ g Z6dNR�Z�Tyq`Z6a g
� g Z6ª5^`Z6_b[PN� � q`acR���Z7d]p`R�^bRmTW\Ld g �]^`Zkac_
�³du¡N\ g \e�?R�X-d]����w|OLTyacX�Z(R��cac[YZ6R6�
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� q`a§R.obdeoAZ g pSZYX�\]_�RUT g deTyZ6RhTyqbdeT6¢Q\]_Ld(Tyq`Z g X-d]���cP5�F[Y\]_bR�T g deac_`Z6p�X$^`��TWa��¯[\ g ZN¢e�³d]a g Ry[rq`Z7pS^`�ca�_b�/��\ g
TWq g Z6d]pbR£��a�Tyq�pSa�²AZ g Z6_NT�o g a�\ g a�TyacZ6R g Z6ª5^`a g Z7R.Ry\]X�ZTWa�X�Z7R£TW\ g ^`_���ZY�mZ g Tyq g Z6dNp`R.Tyqbd]_
[Y\ g Z6R6¢5Ry\�TWqbd=T
qba��NqS�Jo g ac\ g a�TUP�TWq g Z7d]p`R|[6de_TWde·NZ�dNpS¡=de_5TWd]�]Z�\e��d]["TWa�¡Qa�TUP�X�a�� g deTyac\]_*�$®¯_ Ry^b[rq�[YdNR�ZN¢�TyZYX�oAZ g d=TW^ g Z
\5Ry[Ya��c�§d=Tyac\]_�R�X�\5RUTW��P�[\NX�Zm� g \]X [\ g Z6R�zAZYac_`��d]��TWZ g _bd=TWZY�cP�d][Tyac¡]Z�de_�p�a�_bdN["TWa�¡NZ]��¬ Z�qbdu¡NZ�o g \No�\5R�Z7p
d�Ry[rq`Z7pS^`�ca�_b��X�ZYTyq`\Sp z�d]RyZ6p¨\]_ Ryq`\ g T-TWa�X�Z�¯Ry��a§[Z7R-Tyq�d=T�Trde·NZ6R-ac_5Ty\�dN[Y[\N^`_5T�pSa�²AZ g Z6_NT�Tyq g Z6dNp
o g ac\ g a�TWa�Z7RY�-¬ ZLqbdu¡NZ-R�q`\=��_Tyq�d=T�X�ac_`a�X-d]�hqbd g pS��d g Z�Ry^`o`oA\ g T(a§R(R�^`¼-[Ya�Z6_5T6¢Ea�_�TWq`Z���\ g X \]��d]_
ac_bpSa§[YdeTy\ g \]�.��q`ZYTyq`Z g [Y\ g Z6Rkd g Z�TWq`Z g X-de�c��P�RWd=TW^ g d=TyZ7p�\ g _`\]T6� �mdNR�Z7p�\N_�TyqbacR|ac_S��\ g X-d=TWa�\N_*¢�Tyq`Z
w|O�a§R g Z7R�oA\]_�R�acz`�cZµ��\ g [rq`\Q\NRya�_`��q`\=�:X�d]_QP-Tyq g Z6dNp`RmTy\ g ^`_�d=T�d��]ac¡]Z6_LTWa�X�Z]�
� q`a§R�R�Ty^bp`P�a§R�X�\NR�Ty�cP�ª5^bde�ca�Trd=TWa�¡NZ]¢`de_�p�p`ZTWd]a��§R�\e�?d�Ry[rqbZ6pS^`�cac_`��X�ZYTyq`\Sp�TW\�zAZ/acX�ob��Z6X�Z6_5TyZ6p

\N_���^`Ty^ g Z/R�PSR�TyZYX-R���ac���*p`ZYoAZY_bp�\]_
TyqbZ(R�oAZ6[Ya %�[©TWZ6[rq`_`\N��\N�]a§[Yd]��[Y\]_5TyZY°QT6¢Qa�_�obd g TWac[Y^`�§d g obd][r·=d]�]ac_`�
[rq�d g d]["TWZ g acR�Tya§[YR|d]_bp o�\=�mZ g p`ZY_bRya�TWa�Z7RY���h_`�Na�_`Z6Z g R(pSZ6¡]ZY�c\]oba�_`�¤d�RyZ g ¡]Z g �¯[�§d]RWR©X�^`��Tya��F[Y\ g Z-R�q`\N^`�§p
T g P�Ty\��]ZYT�de_ Z6R�TyacX�deTyac\]_ \e�.Tyq`Z-X-d=°SacX�^`X o�\=�mZ g pSZ6_bRya�TUP�ac_ Tyq`Z-Z7d g ��P�R�TWd]�]Z7R©\]�.TWq`Z-pSZ6Ryac�]_*�
� qbacRm��ac���&oAZ g X�a�T�Z6R�TyacX-d=Tyac_`�$Tyq`Z/d]X�ob��a�Ty^bp`Zk\]�*TyZ6X�o�Z g deTy^ g Z©\5Ry[Ya��c�§d=Tyac\]_�R£\N_LTUPQo`a§[Yde�A�m\ g ·5�c\NdNp`R6�
» g \NX R�^b[rq p`d=Trd`¢�a�T¤acR
oA\NRWR�acz`�cZ9TW\�pSZ7[a§pSZ��qbZTyqbZ g Tyq`Z�w|O¨TWa�X�Z�R��ca§[Z[6de_:z�Z X-d]pSZ�R�qb\ g T
Z6_`\]^b�]q$Ty\(d=TyTyZ6_5^�d=TyZ�\5Ry[Ya��c�§d=Tyac\]_�RY¢e\ g ��q`ZTWq`Z g R�\NX�Z�d g [rqba�TWZ6["TW^ g de�SR�^bo`o�\ g TrRhd g Z g Z7ª5^`a g Z6p*�EOQ\NX�Z
oA\eTWZY_5Tya§de�c�cPL^bRyZ��^`��d g [rqba�TWZ6["TW^ g de�&R�^bo`o�\ g TrR�d g Z �

� �cd g �NZ g [YdN[rq`Z6R.TW\-��Z7RyRyZY_�[YdN[rq`Z|X�a§RWR�Z7R�a�_bp`^b[Z7p�zQP
[Y\]_5TyZY°QT�Ry��a�TW[rq`Z7RY¢
� ��ZYT�TWa�_`�TyqbZ % g X���d g ZLX-de_�de�]ZLTyq g Z6dNp�X�a�� g deTyac\]_bR(��\ g X�a�_`acX�aO16a�_b�9TWq`Z¤w|O�\=¡]Z g q`Z7d]p&¢?d]R
a��c�c^bRUT g deTyZ7p
ac_¤OQZ6[Tyac\]_67b� 7b¢

� R�^bo`o�\ g TrRm��\ g �³dNRUT�TWq g Z7d]p
X�a�� g deTyac\]_bR45c�6~S¢ 
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5�� 8/l � ¹�®"�hq5T�Tyo �Ô±N±u�����/� a g acRWd`� � g ±=[Yd]obR"±uo g \eiUZ7["TWR"±=l � ¹�®"�
5 {
8(OSa�X�o`�cZ6RW[Yd]�cd g �?q5T�TWo	�Ô±N±u�����/� R�acX�o`�cZ6RW[Yde�§d g � [\]X��
5 /�8  � f ���m\=¡]ZT�de_�p�¹��Aj.Z6RWd=TWa3� �b��� � ����( "��+�
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8 � ��j.\N_bRUTrde_5Tyac_`\N^*¢��$�*OSd�16ZYa§pSZ6R6¢ f ��¹�ac[rqbd]^bp&¢  �&»`ZTWacR6¢*de_�p�l(��OQZe1Y_`Z7[e� f Z g ��\ g X-de_b[YZ(a�X��
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a�X�obdN["T�\]��ac_S�
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