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OAPFQSRUTWVSXZY\[3P^]_TW[`QSRUP\acbdbSP\egfhQji�RlklmZP_n'kUTWkoi�XZP\[3P\apkMmqacbSr\QsP\acbci�atkUP_nvu
w i�acnCXxiyQSRUP\[`mZY\RUPzQji�RlklmZP|{�kUTWeSkCRoi�mZnoTWaSacP\[3P\atk^]_TW}cr\RUP\apk^P\kCRoi�mZnoTWaSaji�VSXZPzP_nlk~iW]_]_P\QSkUr|u��JTWecnFQ�TWeSRlRUP\���\klRUPzi�[3P\acr

�d� i�mqRUPhbSP_n�}p�pQsTWkl}cY_nUP_n`P\a:XZP_n���ecnUklm���i�atk3nUTW[`[zi�mqRUP\[3P\apkvuJ��i5acTWkUPy[zi�f�mq[zi�XZPhQsTWeSR`]U}jiW]\eSacP�bSPh]_P_n`�pecP_nlklmZTWacn�P_nlk
mqacbgmZ�pecr_P~i�edbSr\VSeSkMbSPFXxi��pecP_nlklmZTWa�u
w i�acn�XxiMnUP_]_TWacbSPNQji�RlklmZP|{�bSP_n��#ecP_nlklmZTWacn � O�}cTWm�f~��eSXqklmqQSXZP_n�nUTWapk�QSRUTWQsT|nUr_P_n��v]o}jiW�tecP��tecP_nlklmZTWa^Q�T|nonUY_bSP�eSacPJRUr\QsTWacnUP

]_TWRlRUP_]\kUPKP\k'klRUTWmZnM[zi�eS�|i�mZnUP_nMRUr\Q�TWacnUP_n)u�O�}jiW�tecP~V�TWaSacP~RUr\Q�TWacnoPF�Wi�eSkC�d��{c]o}jiW�tecP~[zi�eS�Wi�mZnoPCRUr\QsTWacnUP~TWe�i�VcnoP\ac]_P~bSP
RUr\QsTWacnUPF�|i�eSk��v�c�g��uS�Mec]\eSacP���ecnlklm��j]vi�klmZTWada� ¡P_nlk'bSP\[zi�acbSr_PCQsTWeSRM]_P_n'�pecP_nlklmZTWacnvu

¢ £¥¤ �A¦�(*�"I�B'¦EI ¤ ?��#�)(c�A¦

§3¨�©pª_«)¬+­�®¯®N° ��±:²�³`Q�TWmqapkUn�´'O�XxiWnUnUP\R�XZP_nMr\XZr\[3P\atkUnµi�XZ]vi�Xqmqacn'Qji�R'apeS[3r\RUT�i�kUTW[`mZ�pecPC]\RUTWmZnUnoi�apkvu
§3¨�©pª_«)¬+­�®¯®N°�¶ ±:²�³`Q�TWmqapkUn�´'O�XxiWnUnUP\R�XZP_n'·ti��CacTWVSXZP_n'Qji�R�apeS[3r\RUT�i�kUTW[`mZ�pecP~]\RUTWmZnUnoi�apkvu
§3¨�©pª_«)¬+­�®¸®N° ��±E²�³zQsTWmqatkUn¹´M��P^QSRlm�f�º^»�¼�½j¾¿bSP�ÀN}t�gnlmZ�pecP`³|Á|ÁÃÂ�iyr\kUr`i�klklRlmqVSecr � bSP_nµklRoi_�|i�egf�QsTWRlkoi�atkCnleSRµbSP_n

]_TWec]U}cP_n^aji�acTW[3r\klRlmZ�pecP_n^bSP`[zi�kUr\Rlmxi�egfÄ[zi�·|acr\klmZ�pecP_n^i�XqkUP\Rlacr_n�i_�ÃP_]�bSP_nF[zi�kUr\Rlmxi�egfÄacTWaÄ[zi�·|acr\klmZ�pecP_nvu��Å ¡r_�teSmqQsP3bSP
RUP_]U}cP\RU]o}cPKiv�Wi�mqkMeSklmqXqmZnUrCbSP_n']_TWec]o}cP_nMbSPCÆcP~P\k'bSP^O�e�u w TWaSacP\RMXxi�]_TWag�c·|eSRoi�klmZTWaÇr\XZP_]\klRUTWaSmZ�tecPCbSP~ÆcPCP\k'bSP^O�e�u
§3¨�©pª_«)¬+­�®¯®N°ÉÈ ±:²�³`Q�TWmqapkUn�´'O�mqkUP\R'XZP_n'r\XZr\[3P\apkUnMXqmZ�peSmZbSP_n � Xxi�kUP\[`Qsr\Roi�kleSRUP~bge�]_TWRlQcnM}teS[zi�mqa:²�ÊÃÂ|Ë
O�´¹u
§3¨�©pª_«)¬+­�®Ì®J°�Í ±Î²�³�QsTWmqatkUn�´ w TWaSacP\R�X
 ¡TWRUbgRUP�bSPd·|Roi�acbSP\eSRybSP�XxiÄ]_TWac]_P\atklRoi�klmZTWaÏP\a¯Ð�iÃO�X�bci�acnzX
 ¡Pvi�e¯bSP�[3P\R

²��
NaCl ∼ Ñ ÁK· · [3TWX −1 ´¹u
§3¨�©pª_«)¬+­�®L®J°ÓÒ ±;²+ÔÄQsTWmqatkUn�´3ÕpeSQSQsT|nUTWacn3�pe�  eSacP¿VsTWeSkUP\mqXqXZP�bSP¿��mqaÖTWeSVSXqmZr_P�nUP¿nUTWmqkzmqatkUr\·|Roi�XZP\[3P\atkyklRoi�acn � TWRl[3r_P

P\a1�pmqaji�mq·|RUP|{×P_nlklmq[3P\R � X
 Øi�mZbSP�b* Øi�QSQSRUTvf�mq[zi�klmZTWacn`�pecP3�ÃTWecnKP¹fgQSXqmZ�tecP\RUP\�hP\k^b*  eSa:]vi�XZ]\eSX�XZPzQcÙLbge@��mqaji�mq·|RUP�TWVSkUP\ape�u
OATW[`[3P\atkUP\R��ÃTWklRUPFRUr_nleSXqkoi�kvu
§3¨�©pª_«)¬+­�®Ú®J°lÛ ±Ä²+Ô�Q�TWmqapkUn�´AÜ#a¿i�QSQsP\XqXZP�ÝNacP\Rl·|mZPFb* ¡ÞÓTWaSmZn�i�klmZTWa�²�ßÅÞ�´JXxiC�|i�Rlmxi�klmZTWa¿b* ¡r\acP\Rl·|mZPCiWnUnUT�]\mZr_P#i�ehQSRUT�]_P_nUnlecn

X(g) → X+
(g) + e−

w P_nUnlmqacP\R�nUTW[`[zi�mqRUP\[3P\atkNXZP�·|Roi�QS}cPAbSPÅX
 ¡r\acP\Rl·|mZP�b*  mZTWaSmZnoi�klmZTWa`bSP_n�r\XZr\[3P\atkUnNbSP�XxiMnoP_]_TWacbSPÅXqmq·|acPAbge^koi�VSXZPvi�e�Qsr\RlmZTpbgmZ�pecP
²��*m
{�à�P|{�àµ{�O�{�ÐK{×ÜK{×ÆA{�Ð#P)´¹u��JTWecn~QsTWeSRlRUP\�z�ÃTWecn�i�mZbSP\R^bSPzRoi�mZnUTWaSacP\[3P\atkUn�nleSR^Xxi�]_TWag�c·|eSRoi�klmZTWa:r\XZP_]\klRUTWaSmZ�tecPybSP_n
P\atklmqkUr_n#[`mZnUP_n'P\a��lP\e�u
§3¨�©pª_«)¬+­�®á®N°Óâ ±1²�³^Q�TWmqapkUn�´A��P_n'nUeSX��ckUP_n�bge¿�pmqa¿nUTWapk�QSRUTpbgeSmqkUn�Qji�R�RUrviW]\klmZTWa�bSP~ÕSÜ

2
iv�ÃP_]FX
 ¡Pvi�e�uSãMP\QSRUr_nUP\apkUP\R�XZP_n

nlklRlec]\kleSRUP_n#bSP^äJ½�å¿æ"çCbSP^ÕSÜ
2
P\k'bSPFX
  mZTWadnleSX��ckUP|u

§3¨�©pª_«)¬+­�®è®J°Óé ±%²�³5Q�TWmqapkUn�´��J  }cP¹fci�êcecTWRleSRUPdbSPdnUTWe � RUP¿P_nUk`eSaÚ·ti�� � P¹ësP\k3bSPdnUP\RlRUP¿P\at��mqRUTWa
20 000

� TWmZn`QSXqecn
ì P¹íz]viW]_PMîy�pecPFXZPFbgmZT_fg��bSP~bSPC]vi�RlV�TWacPKO�Ü�ï|uSãMP\QSRUr_nUP\apkUP\R'XZP_n � TWRl[~eSXZP_nMbSPKäJ½�åhæ+çFbSPKÕ�Æ

6
P\k#O�Ü

2
u
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§3¨�©pª_«)¬+­�®¯®N° ��
*±Ä�#ecP\X�P_nlk�XZPCnU�p[^V�TWXZPFbge�[zi�aS·ti�acY_noP
�
�
�Çi

�
��a

�
��·

�
�5P
§3¨�©pª_«)¬+­�®¯®N° ���j±Ä�#ecP\XqXZP~P_nlk�Xxi � TWRl[~eSXZP^bSPµX
  mZTWad]U}SXZTWRoi�kUP
�

�
O�X

−

�
O�X"Ü

−

�
O�X"Ü

−

2

�
O�X"Ü

−

3

§3¨�©pª_«)¬+­�®¯®N° � ¶ ±Ä�#ecP\XqXZP~P_nlQsY_]_PFP_nlk']vi�RoiW]\kUr\RlmZnUr_P~Qji�R�XZPFkUP_nlk � Xxi3³g{ Ô�� w Ð�ÀJÙ��
�
��P_nMmZTWacn'ÆcPÃ²�ÞUÞl´

�
��P_n�i�XZbSr\}t�gbSP_nMP\k�XZP_n']_r\kUTWacP_n

�
��P_n�i�XZ]_Y\acP_n

�
��P_nMmZTWacn#OATc²�ÞUÞl´
§3¨�©pª_«)¬+­�®¯®N° �g�*±Ä�#ecP\XqXZP~P_nlQsY_]_PFP_nlk�eSklmqXqmZnUr_PCQ�TWeSR']vi�RoiW]\kUr\RlmZnUP\R#XZP_n�mZTWacn'�#·j²�Þ�´��

�
��P_nMmZTWacn#O�R)²�ÞUÞUÞl´

�
��P_nMmZTWacn'�Me�²�ÞoÞUÞ�´

�
��P_nMmZTWacn#O�Ü 2−

3

�
��P_nMmZTWacn#O�X

−

§3¨�©pª_«)¬+­�®¯®N° � È ±Ä�#ecP\X�P_nlk�XZPFQ
KA
bged]_TWeSQSXZP^i�[`[3TWaSmqeS[��Wi�[`[3TWaSmxiW]
�

� Ñ u ÔtÁ
�
Â�u�Â��

� � u��|³
� � ÁguØÊ�Ô
§3¨�©pª_«)¬+­�®¯®N° � Í ±ÇÀ�i�Rl[`m�Ù#Æ�{SÙFO�X
{cÙ�à�Rv{SÙ�ÞÅ�pecP\X�P_nlk�X
 ØiW]\mZbSPCXZPFQSXqecn � i�mqVSXZPCP\a�nUTWXqeSklmZTWa�iW�pecP\ecnUP
�

�
Ù�Æ

�
ÙFO�X

�
Ù�à�R

�
Ù�Þ
§3¨�©pª_«)¬+­�®è®J° � Ò ±=��P_n3r\klmZ�pecP\klkUP_n3bSP_n`VsTWeSkUP\mqXqXZP_n3bSPh��mqaÚQ�TWRlkUP\apk3·Ãr\acr\Roi�XZP\[3P\atk�Xxi5[3P\atklmZTWa�� ì OATWatklmZP\atkybSP_nnleSX��ckUP_n�î�uSßJad�teji�apklmqkUrCklRUTWQ¿mq[`QsTWRlkoi�atkUP|{�mqXZn'nUTWapk'RUP_nlQsTWacnoi�VSXZP_n'bSPµ[zi�egf�bSPµkU�\kUP|u��#ecP\X�P_nlk�XZPCR��WXZPCbSPF]_P_n'nleSX��ckUP_n��

�
r\��mqkUP\R'X
 ¡T_fg��bci�klmZTWa�bSPFX
 ¡P\kl}ji�acTWX�Qji�R�X
 ¡Tvf���·ÃY\acP~bSPµX
 Øi�mqR

�
r\��mqkUP\R'XxiKRUr_bgec]\klmZTWa�bSPFX
 ¡Pvi�edQji�R�X
 ¡r\kl}ji�acTWX

�
]vi�koi�Xq�gnUP\R'X
 ¡T_fg�gbci�klmZTWadbSP_nMnlec]\RUP_nMbge¿Roi�mZnlmqadP\adP\kl}ji�acTWX

�
]vi�koi�Xq�gnUP\R'XxiKRUr_bgec]\klmZTWa�bSP_nMnlec]\RUP_n'bge�Roi�mZnlmqa�P\a�P\kl}ji�acTWX
§3¨�©pª_«)¬+­�®Ï®J° � Û ±1À�TWeSR�r\��mqkUP\Rµ�te�  eSa � RleSmqk�TWe�eSa�XZr\·|eS[3P�]_TWeSQ�r~acTWmqRU]\mZnUnUP|{�TWa�RUP_]_TW[`[zi�acbSP�nUTWeS�ÃP\apk�bSP^�ÃP\RUnUP\R

bge`��ecn�bSPC]\mqklRUTWadbSP_nUnUecnvuj�#ecP\X�mqaS·|RUr_bgmZP\atk�bged]\mqklRUTWadP_nlk�RUP_nUQ�TWacnoi�VSXZP~bSPF]_P\klkUPFQSRUTWQSRlmZr\kUr
�
�
Xxi���mqkoi�[`mqacP^O

�
X
 ØiW]\mZbSPC]\mqklRlmZ�pecP

�
XZPFXqmq[3TWacY\acP

�
Xxi`]\mqklRoi�kUPCTvf��gbciWnUP
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§3¨�©pª_«)¬+­�®¯®N° � â ±ÇÀ×TWeSR � i�mqRUPC·ÃP\XZP\R'bSPFX
 ¡P\kl}ji�acTWX
{cmqX�nlegí3k#bSP �
�
XZPF[3P\klklRUP~i�e¿RUr � Rlmq·Ãr\Roi�kUP\eSR

�
XZPF[3P\klklRUP~i�e�]_TWaS·Ãr\Xxi�kUP\eSR

�
XZPF[3P\klklRUPCbci�acnMbSPFXxi�]vi�RlV�TW·|XxiW]_Py²
O�Ü�ïFnUTWXqmZbSP)´

�
XZPF[3P\klklRUPCbci�acnMbgedbgmxi��vTWkUPFXqmZ�peSmZbSP
§3¨�©pª_«)¬+­�®¯®N° � é ±ÇÀ×TWeSRU�pecTWm×P_nUk �
mqX�bci�aS·ÃP\RUP\egf�bSPF[3r\Xxi�aS·ÃP\R'X
 ¡Pvi�edbSP������×½c¾zP\k'b* Øi�eSklRUP_n'QSRUT�bgeSmqkUn'[3r\aji�·ÃP\RUn��

�
P\a�i��lTWeSkoi�atkMbSP_nMbSr\kUP\Rl·ÃP\atkUnµiW]\mZbSP_n � X
 ¡Pvi�edbSP������×½c¾c{cbge�bgmq}t�gbgRUTW·ÃY\acP^P_nUk'nlecnU]_P\QSklmqVSXZPCbSPFnUPFbSr\·ti�·ÃP\R

�
P\a�i��lTWeSkoi�atkMbSP_nMbSr\kUP\Rl·ÃP\atkUnµiW]\mZbSP_n � X
 ¡Pvi�edbSP������×½c¾c{cbge�bgmZ]U}SXZTWRUP^P_nlk'nlecnU]_P\QSklmqVSXZP^bSPFnUPFbSr\·ti�·ÃP\R

�
P\a�i��lTWeSkoi�atkMbSP_nMbSr\kUP\Rl·ÃP\atkUn#VjiWnlmZ�tecP_n � X
 ¡Pvi�edbSP�������½c¾S{cbSPCX
 Øi�[`[3TWaSmxiW]~P_nlk'nlecno]_P\QSklmqVSXZPCbSPFnUPFbSr\·ti�·ÃP\R

�
P\a�i��lTWeSkoi�atkMbSP_nMbSr\kUP\Rl·ÃP\atkUn�noi_�ÃTWaSacP\egf � X
 ¡Pvi�edbSP	�����×½c¾c{SbSP_n'VSeSXqXZP_n�kUTvf�mZ�pecP_nMnoTWatkMnlecno]_P\QSklmqVSXZP_n'bSPCnUPFbSr\·ti�·ÃP\R
§3¨�©pª_«)¬+­�®1®N°�¶ 
*±`��P_nJêjP\eSRUn�bSP�X
  }cTWRlkUP\acnUmxiFQsT|nUnUY_bSP\atkÅeSa3QSmq·|[3P\atk��teSm�i�·|mqkÅ]_TW[`[3P'eSa3mqacbgmZ]vi�kUP\eSRA]_TWXZTWRUrMbSP�QcÙKu

ßNa�[`mqXqmZP\ediW]\mZbSP|{cXZP_nAêjP\eSRUn'nUTWatkMVSXZP\ecP_n'nleSR�eSadnUTWX�iW]\mZbSP|{SRUT|nUP�Q�
�XZPCnUeSRAeSa�noTWX*acP\eSklRUPCP\k�RUTWeS·ÃP_n'nleSR�eSa�nUTWX*VjiWnlmZ�pecP|u
�#ecP\XqXZP~noP\RoiKXxi�]_TWeSXZP\eSR#b*  }cTWRlkUP\acnlmxiWnMQSXxi�atkUr_nMnUeSR'eSa�nUTWX�]vi�XZ]vi�mqRUP ��]\Roi_�ÃP\egf:² � Q�TWmqapk�´��
�
VSXZP\e

�
RUT|nUPµQ�
�XZP

�
RUTWeS·ÃP
�#ecP\XqXZP^nUP\RoiKXxi�]_TWeSXZP\eSR#b*  }cTWRlkUP\acnlmxiWnMQSXxi�atkUr_n#nleSR'eSa�nUTWX�noi�VSXZP\egf@² � QsTWmqatk�´��

�
VSXZP\e

�
RUT|nUPµQ�
�XZP

�
RUTWeS·ÃP
�#ecP\XqXZP^nUP\RoiKXxi�]_TWeSXZP\eSR#b*  }cTWRlkUP\acnlmxiWnMQSXxi�atkUr_n#nleSR'eSa�nUTWX�]_TWapkUP\aji�atkµbSPFXxi�]_P\acbgRUPz² � QsTWmqatk�´��

�
VSXZP\e

�
RUT|nUPµQ�
�XZP

�
RUTWeS·ÃP
§3¨�©pª_«)¬+­�®:®J°�¶ �j±hÜ#azQsP\eSk�bgmZnUnUTWecbgRUP�Ê Ñ ÁF·~bSP#]U}SXZTWRleSRUPµbSPMnoTpbgmqeS[¥Qji�R�XqmqklRUP#b* ¡Pvi�e � XxiCkUP\[`Q�r\Roi�kleSRUPµi�[~VSmxi�apkUP|u�#ecPF�|i�eSk�Xxi`]_TWacnlkoi�apkUP~bSPFnUTWXqeSVSmqXqmqkUr

Ks

bSPFÐµiÃO�X ��²
M(NaCl) = 60

· · [3TWX −1 ´
�
P\at��mqRUTWa

4 · 10−3

�
P\at��mqRUTWa

4 · 10−1

�
P\at��mqRUTWa

4 · 101

�
P\at��mqRUTWa

4 · 103

§3¨�©pª_«)¬+­�®1®N°�¶�¶ ±`��PK²�ß�´ �
VSeSk �Ó³ �ÉY\acP#n)  mZnUTW[3r\RlmZnUP'P\a�²
�*´ �
VSeSk �Ó³ �ÉY\acP�nUTWecnÅmqRlRoiWbgmxi�klmZTWa��#�KuÃ�×iF]_TWacnlkoi�atkUP�bSP���mqkUP_nUnUP
bSP'XxiCRUrviW]\klmZTWayP_nUk

k = 7,0 ·10−2 n −1 uÃ�#QSRUY_nJeSazkUP\[`QcnAbSP'RUrviW]\klmZTWa t = 10s
{ÃXxiF]_TWac]_P\apklRoi�klmZTWa�bSP~²
�*´ �
VSeSk �Ó³ �ÉY\acP��Wi�eSk

[E](t) = 1,7 · 10−2 [3TWX · � −1 uj�#ecPC�Wi�Xxi�mqk'Xxi�]_TWac]_P\apklRoi�klmZTWa�mqaSmqklmxi�XZP^P\a@²�ß�´ �
VSeSk �Ó³ �ÉY\acP
�
� 3,6 · 10−3 [3TWX · � −1

� 8,55 · 10−3 [3TWX · � −1

� 3,4 · 10−2 [3TWX · � −1

� 8,7 · 10−2 [3TWX · � −1

§3¨�©pª_«)¬+­�®L®J°�¶ ��±è��P�]vi�RlV�TWacP � Ô 14 O=P_nlk3eSa¯i�kUTW[3P¿RoiWbgmZTÃiW]\klm � bSTWatk�Xxi�bSr_nlmqatkUr\·|Roi�klmZTWaÏi�e ]_TWeSRUn�bgeÖkUP\[`QcnQsP\Rl[3P\kMbSPCbci�kUP\R'XZP_n'TWVg�lP\kUnvuj�#ecP\XqXZPCP_nUkMnUTWa¿kUP\[`Qcn'bSPCbSP\[`m �
��mZP
�
� � � { Ô3}cP\eSRUP_n
�
³ � � {����lTWeSRUn

�
�ÃÂWÊ|Á3i�acn

� 1,6 · 108 i�acn
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§3¨�©pª_«)¬+­�®¯®N°�¶cÈ ±Ä�#ecP\X�P_nlk�XZPFacTW[ ]_TW[`[~eSa�bSPµXxi`[3TWXZr_]\eSXZPCnleSmq�|i�atkUP
�

�
ßNkl}cP\R���nUTWXq�Wi�apk

�
O�}SXZTWRUT � TWRl[3PN�jnUTWXq�|i�atkMP\kMi�ac]\mZP\aSacP\[3P\apkµi�acP_nUkl}cr_nlmZ�tecP

�
�#aSmqXqmqacPN�SVjiWnUPCbSP~äJ½gåhæ+çFP\kMnUTWXq�|i�atk

� � Ù�Æ � � P\klRoiWÙ#��bgRUT|ÆSeSRoi�acPN��nUTWXq�|i�atk
§3¨�©pª_«)¬+­�®è®J°�¶jÍ ±L��P_nyOAÆ×OènUTWapk3eSacP¿]vi�kUr\·ÃTWRlmZPdbSP¿]_TW[`QsT|nUr_n`RUP_nlQsTWacnoi�VSXZP_n�bSPhXxiÇbSP_nlklRlec]\klmZTWaábSPhXxi�]_TWec]o}cP

b* ¡TW�vTWacP|u��#ecP~nlmq·|aSm��jPFX
 ØiW]\RUTWat��[3PKOAÆ�O �
�
O�}SXZTWRUT|Æ�XqecTWRUTtO�i�RlV�TWacP_n

�
OATW[`QsT|nUr_n � Æji�mqVSXZPKOATWac]_P\atklRoi�klmZTWa

�
OATW[`QsT|nUr_n'Æ�XqecTWRUr_n�O��g]\XqmZ�tecP_n

�
O�i�RlVsTWaji�kUP_n �ÉÆcTWRl[`mxi�kUP_nCOATWac]_P\atklRUr_n
§3¨�©pª_«)¬+­�®¯®N°�¶jÒ ± w PC�tecTWm�P_nUk']_TW[`Q�T|nUrCXZPµ�ÃP\RlRUP
�

�
b* ¡T_fg�gbSPCbSPCnlmqXqmZ]\mqeS[ ²+QSRUr_noP\atkMbci�acnMXZPFnoi�VSXZP)´

�
b*  }t�gbgRUT_fg�gbSP~b*  }t�gbgRUTWaSmqeS[Î²+QSRUr_noP\atk#bci�acn'XZP_n'Tp]_rvi�acn¹´

�
bSPFQS}cT|nlQS}ji�kUP~b* Øi�[`[3TWaSmqeS[Î²+QSRUr_nUP\apk#bci�acn�XZPF·|eji�acTt´

�
bSPC]vi�RlVsTWaji�kUPCbSPC]vi�XZ]\mqeS[ ²+QSRUr_noP\atk#bci�acn'XZPF]vi�XZ]vi�mqRUP)´
§3¨�©pª_«)¬+­�® ®N°�¶sÛ ± �#ecP\X�]_TW[`Q�T|norzeSklmqXqmZnUP �
k �ÉTWaE²�P\a:QSXqecn�bgeÚbgmZ]U}SXZTWRUP)´^QsTWeSR^QSeSRlm��jP\R`mqacbgecnUklRlmZP\XqXZP\[3P\atk3X
 ¡Pvi�eÚbSP

VsTWmZnUnUTWa �
�
X
 ¡r\kl}ji�acTWX

�
XZPCnlec]\RUP

�
X
 ¡TW�vTWacP

�
XZPC]o}SXZTWRleSRUP~bSPFnUT�bgmqeS[
§3¨�©pª_«)¬+­�®¯®N°�¶jâ ±Ä�#ecP\X�P_nlk�XZPC]_TW[`QsT|noi�apk'QSRUTWkUP_]\kUP\eSR#bSP_n#]\RUY\[3P_n'nUTWXxi�mqRUP_n��

�
XZPC]o}SXZTWRleSRUP~b* Øi�Rl·ÃP\atk

�
XZPC]vi�RlVsTWaji�kUPCbSPF]vi�XZ]\mqeS[

�
XZPFaSmqklRoi�kUPCb* Øi�[`[3TWaSmqeS[

�
XZPCbgmZTvf��gbSPCbSPµklmqkoi�acP
§3¨�©pª_«)¬+­�®¯®N°�¶jé ±Ç��PFRoiWbgmqeS[ i�r\kUrCbSr_]_TWeS�ÃP\Rlk

�
P\a � �|ÁÃÂKQji�R�� �����

�
P\a � ��Ô Ñ Qji�R�����æ	��
*½���
µ¾��×æ��*½���½��×æ+¾t¾t½

�
P\a � � Ñ�� Qji�R��zæ	������»����

�
P\a � � � ��Qji�R�XZP_n�
����*æ+½
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w P\QSeSmZnCXxihbSr_]_TWeS�ÃP\RlkUP�bge
β
�É]vi�Rl�ÃTWQS}t��XqXZY\acP|{×P\a � � � � {*bSP`acTW[~VSRUP\egf�QSRUT�bgeSmqkUnCaji�kleSRUP\XZnCQsT|nUnUr_bci�apkFeSa@nU�pecP\XZP\klkUP]_TW[`QsT|nUrMbSP'bSP\egfz]\�g]\XZP_nÅ]vi�RlVsTWacr_nA]_TWacbSP\acnUr_n � �teji�klRUP#P\kJacP\e � ]U}ji� ZacTWacnATWatk�r\kUr'bSr_]_TWeS�ÃP\RlkUnvu��MmqacnUm
{|XZPM]_TWRoi�fSP\aSmZTWXqmZbSP

�K{ÃRUP\QSRUr_nUP\apkUr#nleSRÅXxiµ�c·|eSRUP � iCr\kUrMmZnUTWXZr'Qji�RAã~u¡ß'u���� ��å ��� 
"!$#&%('*)*P\a � � � � b*  eSacP'·ÃTWRl·ÃTWacP�nUTWecn �
[zi�RlmqacPK²,+.-*/0'*)1)325476nlQ�u�´�bSP_n'[3P\RUn�}ji,8�i�mZP\aSacP_nvu

O

O

H

H

coraxeniolide A

double liaison E !

Elias James COREY

9 æ5:<; �>= ÕpklRlec]\kleSRUP~bge�]_TWRoi�fSP\aSmZTWXqmZbSP~�
��PKQSRUTWVSXZY\[3P�nv Øi�RlklmZ]\eSXZP`i�eSkUTWeSRFbSPKXxiznl��atkl}cY_noP~kUTWeSkUPKRUr_]_P\atkUP�bSP�]_PK]_TW[`Q�T|nUr|{�RUrvi�XqmZnUr_PKQji�RCÜ#XZP\·y��u*ä ���*æ+»���» �

nUTWecnAXxiKbgmqRUP_]\klmZTWa�bSPµß'u@?cu�
µ»��*½�� P\k�QSeSVSXqmZr_Pµbci�acn�XZP#apeS[3r\RUT`bge � ³C[zi�RUn'³|Á|Á �KbgeBA7CED*F0GIH�JKC�LNM>O$PQF0RTSUH�GWVYXZPQO[RTSUH�J\]C^SQRTP`_ba¯² ¶ 
�
 â {Ic�dEe|{S³ � ��Ôp´¹uSã#i�QSQsP\XZTWacn��tecP�ßNXqmxiWnf?ti�[3P_n 
F»��*½���{�
�·ÃrFi�eW�lTWeSRUb*  }teSm�bSP	�|Á�i�acnv{pRUP,g\eSkAXZP�QSRlm�fhºK»�¼�½c¾bSP^O�}Smq[`mZPCP\a � � � Á�Q�TWeSR ì XZPCbSr\�ÃP\XZTWQSQsP\[3P\atkµbSPµXxi�kl}cr_TWRlmZPCP\k'bSPCXxiK[3r\kl}cTpbSTWXZTW·|mZP^bSPFXxi�nl��atkl}cY_nUPCTWRl·ti�aSmZ�pecPMî�u
OAPdQSRUTWVSXZY\[3P�]_TW[`QsTWRlkUP�QSXqecnlmZP\eSRUnynUP_]\klmZTWacn�QSRoi�klmZ�tecP\[3P\apkhmqacbSr\Q�P\acbci�apkUP_nyP\k�bSP_n��pecP_nlklmZTWacnzbSPdkUTWecn3aSmq�ÃPvi�egf*u

��P_n^�tecP_nlklmZTWacnCQ�TWRlkUP\apk^nleSRFXxi¿nUklRlec]\kleSRUP|{*Xxi¿nlkUr\RUr_T�]U}Smq[`mZP�P\kCXxiyRUrviW]\klmq�pmqkUr�bSP`[3TWXZr_]\eSXZP_n~TWRl·ti�aSmZ�pecP_nv{*XZP3[3r_]vi�aSmZnl[3P
bSP_nJklRoi�acn � TWRl[zi�klmZTWacn�P\at��mZnoi�·Ãr_P_nv{tX
 Øi�aji�Xq��noP'b*  eSa�nlQsP_]\klRUPMbSP'RUr_nUTWaji�ac]_P'[zi�·|acr\klmZ�pecPMapec]\XZrvi�mqRUP|up��P_n��pecP_nlklmZTWacnJXZP_nÅQSXqecn
bgm�íz]\mqXZP_nNacP�]_TWacbgmqklmZTWaSacP\apkÅQjiWn�X
 Øi_�|i�ac]_P\[3P\atkAbci�acnNXxi#RUr_nUTWXqeSklmZTWazbge`QSRUTWVSXZY\[3P�P\kNXZP\eSRUnNRUr_nUeSXqkoi�kUn�Q�P\eS�ÃP\apkÅ�\klRUP'iWbg[`mZnvu
w P�[3�\[3P|{pmqXsP_nlk�]_TWacnUP\mqXqXZrFb* Øi�VsTWRUbSP\RAXZP_n�bgm�ë*r\RUP\atkUP_n�Qji�RlklmZP_n�TWe¿nUTWecn �
Qji�RlklmZP_n){p[3�\[3Pµnlm�XZP_nAQSRUr_]_r_bSP\atkUP_n�a� ¡TWapk'r\kUr#�pecP
Qji�RlklmZP\XqXZP\[3P\atk`²�TWe�[3�\[3PFQjiWnMbge�kUTWeSk�´ARUr_nUTWXqecP_nvu

✌ h �Yijic½j¾ = ì ÝJ]\RlmqRUP�eSaÄ[3r_]vi�aSmZnl[3PFîÇ]_TWacnlmZnlkUP � RUP\QSRUr_nUP\apkUP\RlkUmonjp�XZP_nCmqatkUP\Rl[3r_bgmxi�mqRUP_n�RUrviW]\klmZTWaSacP\XZnKmqapkUP\R ��ÃP\aji�apk�bci�acn^XZP_n�iW]\kUP_n^r\XZr\[3P\apkoi�mqRUP_n`P\k � mqacbgmZ�pecP\R�q�rTsut1vEw*xyw*zKkKXZP_nCklRoi�acn � P\RlkUnKbSP_n^r\XZP_]\klRUTWacnKQji�R^XZP_nCêjY_]o}cP_n
]_TWap�ÃP\atklmZTWaSacP\XqXZP_nvu ì ã#P\QSRUr_nUP\atkUP\R�eSacP � TWRl[~eSXZPKbSPKäJ½gåhæ+ç'î¿]_TWacnlmZnUkUP � mqacbgmZ�pecP\R�nUeSR'eSacPCRUP\QSRUr_nUP\apkoi�klmZTWa�bSPCXxinlklRlec]\kleSRUP{r,|}w~zNp~w*x��Ir�w���w�p��YmonN��r�w^k0p�Xqmxi�atkUn#P\k�XqmqVSRUP_nv{ji�mqacnlm��pecPFXZP_n'r\�ÃP\apklecP\XqXZP_n�q���s@v`�Nw�p��0m^v*x�w*rTr�w�ptu

��P_n^bSTWaSacr_P_n~apeS[3r\RlmZ�tecP_n^eSklmqXZP_n�²+apeS[3r\RUT|n`i�kUTW[`mZ�tecP_nv{�[ziWnUnUP_nC[3TWXxi�mqRUP_n¹´µnUTWatk^mqacbgmZ�tecr_P_n^bci�acnCXxi¿]\XxiWnonlm��j]vi�klmZTWa
Qsr\RlmZTpbgmZ�pecP � TWeSRlaSmZP�P\aÇi�aSacP¹fSP|u �MacP^koi�VSXZPKnlmq[`QSXqm��jr_P�bSPKbSTWaSacr_P_nµnlQsP_]\klRUT|nU]_TWQSmZ�pecP_nFP_nlk � TWeSRlaSmZP¿²�bSr\QSXxiW]_P\[3P\atkUnC]o}Sm �
[`mZ�pecP_nv{c]_TWacnlkoi�apkUP_nMbSPC]_TWeSQSXxi�·ÃP)´¹u

¢ £¥¤ � �5�3¤ ��¦ ¦�(*� ¤ G�( ¤ ���A¦EDF���'��� �"¦ �Å( � � ¤ ��¦¸GJIKBM¦I� �`¤ ��BMGN�A¦

w i�acn�eSa~QSRUP\[`mZP\R�kUP\[`Qcnv{�acTWecn�acTWecn�mqatkUr\RUP_nonUTWacnNi�egf~nlklRlec]\kleSRUP_n�r\XZP_]\klRUTWaSmZ�tecP_n�bSPÅ�pecP\XZ�pecP_n×]_TW[`QsT|nUr_n×mqatkUP\Rl�ÃP\aji�atk
bci�acn'Xxi�nU�papkl}cY_nUPCbge�]_TWRoi�fSP\aSmZTWXqmZbSP~�Ku

� u w TWaSacP\R#XZP_n'nlklRlec]\kleSRUP_n�bSPKäJ½gåhæ+çCbge�VsTWRoi�acP~à�Ù��FP\kMbSPCX
  mZTWadkUr\klRoi�}t�gbgRUTWV�TWRoi�kUP�à�Ù��� {ji�mqacnlm×�tecPFXxi3nlklRlec]\kleSRUP·Ãr_TW[3r\klRlmZ�tecPCbSP~]_P_n�[3TWXZr_]\eSXZP_nv{cP\a`��ecnlklm���i�apk'XZP_n�RUr\QsTWacnUP_nvu

40 ð ñxòSó×ô�õ�ö|÷ øjù �
����ú¹�Nû�����ü�ý������
	Ø�¹




���)
_� ö�� �����
�����oý��Jû)�����o�����)��
�	���ýØ	 û)�
	 � � �

³guM��PCVsTWRoi�acPCRUrvi�·|mqkµi_�ÃP_]^XZPC[3r\kl}t��XZnleSX � i�at��Xq[3r\kl}ji�acP¿²�TWe5bgmq[3r\kl}p�pXZnleSX � eSRUP)´�Õs²
OAÙ>�)´ ï QsTWeSR#bSTWaSacP\R#eSa�]_TW[`QSXZP¹fSP
� bSPFnlk��F]o}SmZTW[3r\klRlmZP � � � uSÀNRUTWQsT|nUP\R'eSacPFnlklRlec]\kleSRUPFbSP~äÅ½�åhæ+çµQsTWeSR']_Pµ]_TW[`QSXZP¹fgPCP\a�P¹fgQSXqmZ�peji�atkMnoi � TWRl[zi�klmZTWa�uÊguM��PKQ�P\RU]o}SXZTWRoi�kUP`bSP^klRlmqQS}cr\ap�pXq[3r\kl}p�pXZP5²
O�X"Ü �� ,

Oµ²ÓO��\Ù��v´	�� ´MP_nlkµeSaÇnoTWXqmZbSP^QSRoi�klmZ�pecP\[3P\atk~mZTWaSmZ�tecP|u��#ecP\XqXZP�P_nlkµXxi
nlklRlec]\kleSRUPF·Ãr_TW[3r\klRlmZ�pecPCXZT�]vi�XZPCi�eSkUTWeSRMbSPFX
 Øi�kUTW[3PCbSPC]vi�RlVsTWacPC]_P\apklRoi�X×bge�]vi�klmZTWadklRlmqQS}cr\ap�pXq[3r\kl}p�pXZP
�

ÔcuMß�f�QSXqmZ�pecP\RAQ�TWeSRU�pecTWmjXZP_n�ÊC]\�g]\XZP_nAV�P\aS�vr\aSmZ�pecP_nÅacP�nUTWapkÅQjiWn�]_TWQSXxi�aji�mqRUP_nF²+X
 Øi�aS·|XZP�P\apklRUPMXZP_n�QSXxi�acnAbSP#bSP\egfz]\�g]\XZP_n
V�P\aS�vr\aSmZ�pecP_n'P_nlk'b* ¡P\ap�pmqRUTWa ��ÔzbSP\·|RUr_n']_PC�peSm�bSTWaSacPFeSacP � TWRl[3PCb*  }cr\XqmZ]_PCb* Øiv�pmZTWaÇi�e�]vi�klmZTWa�´¹u

�guM��P']vi�klmZTWazRUP\QSRUr_noP\atkUrMP\a � TWRl[^eSXZP#nUP\[`m �ÉbSr\�ÃP\XZTWQSQsr_P'QSXxi�acP'�c·|eSRUP#³µP_nlkÅklRUY_nJacP\klkUP\[3P\atkAQSXqecnÅnUkoi�VSXZP'�tecP'XZP']vi�klmZTWa
klRlmqQS}cr\at��Xq[3r\kl}t��XZP|u�ÀNRUTWQsT|nUP\R'eSacPFP¹fgQSXqmZ]vi�klmZTWa�u

N

N

N

C

cation triarylméthyle, particulièrement stable

9 æ1:<;�³ = ÕpklRlec]\kleSRUPCQSXxi�acP~b*  eSad]vi�klmZTWa�klRlmxi�Rl��Xq[3r\kl}t��XZP

Ñ uM�J ¡P¹f�Qsr\RlmZP\ac]_Pµ[3TWatklRUPF�pecP�Xxi^VSeSk �ÓÊ �Ér\a��Ó³ �ÉTWacPFQ�T|nonUY_bSPµbSP\egfynlmqkUP_n�r\XZP_]\klRUTWQS}SmqXZP_nvuc��Tp]vi�XqmZnUP\R�XZP_n�nlmqkUP_n�P\a¿�pecP_nlklmZTWanleSR�Xxi�nU�pecP\XZP\klkUPCbSPµXxi�[3TWXZr_]\eSXZP|u
Â�u w r\koi�mqXqXZP\RÅXxi � TWRl[^eSXZP'bSPMäJ½�å¿æ"ç'bSP�X
  mq[`mZbci��vTWXZP|{ÃRUP\QSRUr_nUP\apkUr��c·|eSRUP � {WQji�·ÃP � ÁguÃ�J  eSa3bSP_n�i�kUTW[3P_nÅb* Øi��vTWkUP�QsT|nUnUY_bSPbSP_n'r\XZP_]\klRUTWacn#bSr\XZT�]vi�XqmZnUr_nMiv�ÃP_]~]_P\egf�bge�]\�g]\XZP|ucÀNRUr_]\mZnUP\R#XZP_�tecP\X
{cP\a3��ecnlklm���i�apk'Xxi�RUr\QsTWacnUPCP\kMr_]\RlmqRUPCeSacP � TWRl[^eSXZP
[3r_nUTW[3Y\RUPFklRoiWbgeSmZnoi�apk#]_PµQS}cr\acTW[3Y\acP|u

�guMÀNRUr_]\mZnUP\RMP\a¿XZP���ecnlklm���i�apk'XZPFnlmqkUPFXZPµQSXqecnMVjiWnlmZ�tecPFbSPCX
  mq[`mZbci��vTWXZP|u
��P_n�QS}cT|nlQS}ji��vY\acP_nv{sbSr_]_TWeS�ÃP\RlkUnFP\a � � �ÃÂ`Qji�RFãMP\mqaS}ji�RUb ��� ��åh½jç)æ��o:�½ �8²TM G�
uP
�KH�G��]_ PlVYXZPQO[RTP�����G�_ PQF0GIH^_TRTC�GIH�J� � R _TRTC�G:� éjâ*Û {����Ä{ � �vÑ Â|´MnoTWatkFbSP_n�VjiWnUP_nFi��vTWkUr_P_n#acP\eSklRUP_n){�b*  eSacP � TWRU]_P�P¹fg]_P\QSklmZTWaSacP\XqXZP`P\k�QSRoi�klmZ�tecP\[3P\apkFQjiWnatec]\XZr_TWQS}SmqXZP_nvus�#mqacnlm
{jXZPK]_TW[`QsT|nUr^]_TW[`[^eSacr\[3P\atk^i�QSQsP\XZr$_ �ÉàAe = ÔÃÀ � �c·|eSRUP�Ê���P_nlkµP\aS·ti�·Ãr�bci�acn�eSa5]_TWeSQSXZPKacTWkUràAÙ �

/
à bSTWapkFXZP�Q

K � P_nlkFP_nlklmq[3r � Ôt³g{sXxi�Rl·ÃP\[3P\atk~nleSQsr\RlmZP\eSR � ]_P\XqeSmJbgeÄ]_TWeSQSXZP3i�[`mqacP �hi�[`mZbgeSRUP|{s�ÃTWmZnlmqaÄbSPÊ ���

N

NMe2

NMe2

P NMe2

N

N

NMe2

NMe2

PMe2N

PN

NMe2

NMe2

PMe2N

P2-Et

NMe2

N

NMe2

PN

NMe2

NMe2

PMe2N

t-Bu-P4

9 æ5: ;�Ê = ÕpklRlec]\kleSRUP_n#QSXxi�acP_n'bSPFQS}cT|nlQS}ji��vY\acP_n
w i�acn3XxiÇbSP\RlaSmZY\RUPdr\koi�QsP�bSPhXxi�nl��atkl}cY_nUP¿bgeá]_TWRoi�fgP\aSmZTWXqmZbSP��^{�mqX'P_nlk � i�mqk`ecnoi�·ÃPdbSPhXxiÇVjiWnUPhacTWkUr_P�ÀÅ³ = ßJk�P\kRUP\QSRUr_nUP\atkUr_P'nUeSRNXxi��c·|eSRUPMÊgu|��P']_TW[`QsT|nUr�ÀÅ³ = ßJk�P_nlkN[3TWmqacnNVjiWnUmZ�tecP��pecP�nUTWa3}cTW[3TWXZTW·|ecP�_ �ÉàAe = ÔÃÀ¯²+Xxiµbgm�ë*r\RUP\ac]_PbSP_n�Q

K � bSP_nM]_TWeSQSXZP_n'P_nlk#bSP � ´A[zi�mZn'P\at��mqRUTWa�klRUTWmZn � TWmZn�[3TWmqacnM]_T��SkUP\egfsu
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� u�OATW[`QSXZr\kUP\R'Xxi`nlklRlec]\kleSRUPCbSPKäJ½�åhæ+çFbSPCXxiKVjiWnUPFÀÅ³ = ßNkvu
� ÁguMÞÉacbgmZ�pecP\Rv{SP\a`��ecnlklm���i�atk'XxiKRUr\QsTWacnUP|{SXZP~TWe¿XZP_n'nlmqkUPÃ²�n�´�VjiWnlmZ�pecPÃ²�n�´�bSPF]_P~]_TW[`Q�T|nUr|u
� � uMÀ×TWeSRU�pecTWm�XZP_n'QS}cT|nUQS}ji��vY\acP_nMnUTWapk �
mqXZn'klRUY_n�QsP\e�atec]\XZr_TWQS}SmqXZP_n �
� ³gu��EQji�Rlk#X
 Øi�VcnUP\ac]_PCbSPCapec]\XZr_TWQS}SmqXqmZP|{��pecP\X�QsP\eSkM�\klRUPCX
  mqapkUr\RU�\k#b*  eSklmqXqmZnUP\R#eSa�QS}cT|nlQS}ji��vY\acPK]_TW[`[3PCVjiWnUP~bci�acn'eSacPklRoi�acn � TWRl[zi�klmZTWa�P\ad]U}Smq[`mZP^TWRl·ti�aSmZ�tecP
�

� � B $C� ¤ DF�H¦�(j�M����I�G��F��� �"�

����� 	�

����
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S
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QSRUTWXqmqacP

� uM��i¿² S ´ �
QSRUTWXqmqacP~P_nlk �ÉP\XqXZP~]U}SmqRoi�XZP
�{?|ecnlklm��jP\RMXxiKRUr\Q�TWacnUP|u³gu�OATW[~VSmZP\a/b*  mZnUTW[3Y\RUP_n�bSP5]_TWag�c·|eSRoi�klmZTWa/QsT|nUnUY_bSP5Xxi8²
S
´ �
QSRUTWXqmqacP
� �#ecP\XµXqmZP\aÏnlkUr\RUr_T�]U}Smq[`mZ�pecPÄTWatk �
mqXZn�iv�ÃP_]ÇXxi

²
S
´ �
QSRUTWXqmqacP
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ÊguMãMP\QSRUr_nUP\apkUP\RM]\Xxi�mqRUP\[3P\atk#Xxi�²
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´ �
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��P�QSRUP\[`mZP\RymqatkUP\Rl[3r_bgmxi�mqRUP�r\aji�atklmZTW[3r\RlmZ�pecP\[3P\atkdQSeSRybSPdXxi@nl��atkl}cY_noP|{JacTWkUr Û P\kyRUP\QSRUr_nUP\apkUr�nleSR�Xxi��c·|eSRUP � Ág{Qji�·ÃP � Ôc{)]_TW[`QsTWRlkUP�bSP\egf~]\�g]\XZP_n×]vi�RlVsTWacr_n�]_TWacbSP\acnUr_nv{)X
  eSa � nlm�fC]U}ji� ZacTWacn�²�]\��]\XZPA]\�g]\XZTW}cP¹fSi�aSmZ�pecP)´¹{)X
 Øi�eSklRUP � ]\mqac�F]o}ji� �acTWacnz²�]\�g]\XZP�]\��]\XZTWQsP\atkoi�aSmZ�pecP)´¹u�ÞÓatkUr\RUP_nUnUTWacn �
acTWecnCbci�acnC]_P\klkUP`nUTWecn �ÉnoP_]\klmZTWa � XxiynlklRlec]\kleSRUP�klRlmZbgmq[3P\acnUmZTWaSacP\XqXZPzbSPKkUP\XZn
nl�gnlkUY\[3P_n�]\��]\XqmZ�pecP_nvuj�Å ¡P¹fSi�[3P\a�b*  eSad[3T�bSY\XZP^[3TWXZr_]\eSXxi�mqRUP^[3TWapklRUP��tecP~XZP^]\�g]\XZP~]\��XZTWQ�P\apkoi�aSmZ�tecP`iWbSTWQSkUP^eSacP^]_TWa � TWR �
[zi�klmZTWa��pejiWnlm*QSXxi�acP|{SRUr_nUeSXqkoi�kM�teSm�noP\Roi`iWbg[`mZnvu

� u w P_nonlmqacP\R�XZP_n']_TWa � TWRl[zi�klmZTWacnMQSRlmq��mqXZr\·|mZr_P_nMbge�]\�g]\XZTW}cP¹fSi�acP|u w TWaSacP\R'XZP\eSRUn�acTW[3nMP\k�mqacbgmZ�pecP\R'Xxi�QSXqecnMnlkoi�VSXZP|u³guMãMP\QSRUP_nUP\apkUP\RzP\a���ecnlklm���i�atk�XxiÇRUr\Q�TWacnoP|{NXZP_n3bSP\egfÖ]_TWa � TWRl[zi�klmZTWacn�QSRlmq��mqXZr\·|mZr_P_nzbge _TF H�G%8 �É]\�g]\XZTW}cP¹fSi�acP � � {Ø³ �ÉbgmZTWX
u��iW�tecP\XqXZP~P_nlk�XxiKQSXqecnMnlkoi�VSXZP
�~ÀNRUTWQsT|nUP\R'eSacPFmqapkUP\RlQSRUr\koi�klmZTWa�u
ÊguM��P{SQR�8 �É]\��]\XZTW}cP¹fci�acP � � {Ø³ �ÉbgmZTWX�P_nlk �
mqX�]U}SmqRoi�X �{?|ecnUklm��jP\R'Xxi�RUr\QsTWacnUP|uÔcuMãMP\QSRUr_nUP\apkUP\R#i�XZTWRUn�XZP_nMbSP\egf¿]_TWa � TWRl[zi�klmZTWacnMQsT|nUnlmqVSXZP_n�bSPFXxiK[3TWXZr_]\eSXZP Û u w mZnU]\eSkUP\RMbSPµXZP\eSR#nlkoi�VSmqXqmqkUrFRUP\Xxi�klmq�ÃP|u
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��i¿[3TWXZr_]\eSXZP3bSP`]_TWRoi�fgP\aSmZTWXqmZbSP�� ]_TW[`QsTWRlkUP`eSaÄ]\�g]\XZP�mqacnoi�kleSRUr � acP\e � ]U}ji� ZacTWacnv{�bSTWatk~XxihbSTWeSVSXZP3Xqmxi�mZnUTWaÄP_nlkCbSP
bSP_nU]\RlmqQSkUP\eSRFnlkUr\RUr_T�]U}Smq[`mZ�pecP¿²

E
´¹u�Õ�TWa5QSRUr_]\eSRUnUP\eSRFP_nlkMeSacPKbgmZr\acTWacPK]U}SmqRoi�XZP�r\aji�atklmZTW[3r\RlmZ�pecP\[3P\atkCQSeSRUP|{�acTWkUr_P ���5P\k

RUP\QSRUr_nUP\apkUr_P^nleSR�Xxi��c·|eSRUP � Ág{SQji�·ÃP � Ôcu�OAPC]_TW[`Q�T|norCP_nlkM]_TWag�c·|eSRoi�klmZTWaSacP\XqXZP\[3P\apkCnlkoi�VSXZPFQSXqecnMb*  eSad[3TWmZn � Xxi�kUP\[`Qsr �Roi�kleSRUPzbSP −20 ◦
O i�XZTWRUn^�tecP`XZPz]_TW[`Q�T|nUrzQji�RUP\atkv{�XZP�_TF H�G%8 �É]\��]\XZTWacTWacY\acP|{×QSRUr\Qji�RUrznoTWecn � TWRl[3P3r\aji�atklmZTW[3r\RlmZ�pecP\[3P\atk

QSeSRUP � Qji�RlklmqR#bSPF]_TW[`QSXZP¹fgP_n#]U}SmqRoi�egfdbge¿QSXxi�klmqacP|{jnoPµRoiW]_r\[`mZnUPCP\a��pecP\XZ�tecP_n�[`mqapeSkUP_n � kUP\[`Qsr\Roi�kleSRUP^i�[^VSmxi�atkUP|u
��P{_TF H�G%8 �É]\�g]\XZTpT�]\kUY\acPMr\aji�apklmZTW[3r\RlmZ�tecP\[3P\apk�QSeSRAiFXqeSmsi�ecnUnlmjr\kUrMQSRUr\Qji�RUr#noTWecn � TWRl[3PMr\aji�atklmZTW[3r\RlmZ�pecP\[3P\atkMQSeSRUP �

Qji�RlklmqRMbSPF]_TW[`QSXZP¹fSP_nM]o}SmqRoi�egf¿bge¿QSXxi�klmqacPCQji�R�X
 ¡r_�teSmqQsPCb* ¡�#Rlkl}teSR�O�u�
µ»�ic½hbSY_n � �|Ñ Ê�² A?>@M>O@>oVYXZPQO@>]\]C7S3>�� éjÒ ��{
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Ê|³ÃÂ Ñ ´¹u�OATWapklRoi�mqRUP\[3P\atkMi�ez]\�g]\XZTWacTWacY\acP|{pmqXjP_nlk�]_TWag�c·|eSRoi�klmZTWaSacP\XqXZP\[3P\apk'nlkoi�VSXZP �ÃXZP�Q�TWeS�ÃTWmqR�RUTWkoi�kUTWmqRUP#b*  eSa�r_]U}ji�atklmqXqXZTWaXqmZ�peSmZbSP|{c]U}ji�egë*r � XxiKkUP\[`Qsr\Roi�kleSRUP~bSP
60 ◦
O8Q�P\acbci�apkMnUP\QSk��lTWeSRUnv{SRUP_nlkUPµQji�R � i�mqkUP\[3P\atk�]_TWacnlkoi�atkvu

Ü#aÚnUPzQSRUTWQ�T|nUPybci�acn�]_P\klkUPhnUTWecn �ÉnUP_]\klmZTWa:b* ¡r\klecbgmZP\R`�tecP\XZ�pecP_nKQSRUTWQSRlmZr\kUr_n`nlkUr\RUr_Tp]o}Smq[`mZ�tecP_n`bge:]\�g]\XZTpT�]\kUY\acP�P\kKXZP
QSRlmqac]\mqQsPCbSPCnUTWa�TWVSkUP\apklmZTWa�nUTWecn � TWRl[3PCr\aji�apklmZTW[3r\RlmZ�tecP\[3P\apk�QSeSRUP|u

� uM��PF² = ´ ��_TF H�G%8 �É]\��]\XZT�Tp]\kUY\acP�P_nUk�RUP\QSRUr_noP\atkUr�nleSR�XxiM�c·|eSRUP �guÃOAP\klkUPA�c·|eSRUPAP_nUk�RUP\QSRUT�bgeSmqkUP�nleSR�XZP�bSTp]\eS[3P\apk �
RUr\Q�TWacnoP|uw P_nonlmqacP\R�X
  mq[zi�·ÃPCbci�acn'eSa¿[`mqRUTWmqR#bSPC]_P\klkUPF[3TWXZr_]\eSXZP~P\k']_TWac]\XqeSRUP^nleSR�XZPF]vi�RoiW]\kUY\RUP~]o}SmqRoi�X×bSPF]_P\XqXZP �É]\m
u

(+)-trans -cyclooctène(−)-trans -cyclooctène
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³gu�� X
 Øi�mZbSPAbSP_n�nU]U}cr\[ziWn�QSRUr_]_r_bSP\atkUn){Wi�aji�Xq�gnUP\R×XZP_n�[3TWeS�ÃP\[3P\apkUn�mqatklRoi�[3TWXZr_]\eSXxi�mqRUP_nJ�peSmtQsP\Rl[3P\klkUP\atk�XxiMRoiW]_r\[`mZnoi�klmZTWa
bSPCXxiz[3TWXZr_]\eSXZPKbSPh² = ´ ��_TF H�G%8 �É]\�g]\XZTpT�]\kUY\acP|usÀ×TWeSRU�pecTWm�Xxi3RoiW]_r\[`mZnoi�klmZTWa�P_nlk �ÉP\XqXZPKRUP\Xxi�klmq�ÃP\[3P\apkCbgm�íz]\mqXZP|{�bge�Q�TWmqapkbSPµ�pecPF]\mqacr\klmZ�pecP
�

Êgu��¥X
 Øi�mZbSP`bgeÄnU]o}cr\[zi¿bSP�Xxi��c·|eSRUP Ñ {smqatkUP\RlQSRUr\kUP\R^XxiyQSXqecnF·|Roi�acbSP�QSRUTWQ�P\acnUmZTWa@bgeÄ]\��]\XZTWacTWacY\acP � nUPKRoiW]_r\[`mZnUP\Rv{Qji�R�Roi�QSQ�TWRlk#i�e�]\��]\XZT�Tp]\kUY\acP|u

9 æ5: ; Ñ = ã#P\QSRUr_nUP\atkoi�klmZTWa5bge ² = ´ ��_TF H�G%8 �É]\��]\XZTWacTWacY\acP
Ôcu w mZno]\eSkUP\R�XZPC]viWn'bged]\�g]\XZP � nUP\QSkM]o}ji� ZacTWacnvu
��PB_TF H�G%8 �É]\�g]\XZTpT�]\kUY\acPyr\aji�atklmZTW[3r\RlmZ�pecP\[3P\atk3QSeSR�i�r\kUr�QSRUr\Qji�RUr�nUP\XZTWa XZPznU]o}cr\[zidbSPzXxi¿�c·|eSRUPhÂ¿Qji�R^X
 ¡r_�teSmqQsP
b* ¡�MRlkl}peSR�O�u 
µ»�ic½su
��P_nyi�XZ]_Y\acP_nhbSP�]_TWag�c·|eSRoi�klmZTWa¯·Ãr_TW[3r\klRlmZ�pecP�_TF H�G%8dnUTWapk�RUr\QSeSkUr_nyQsTWeSR�bSTWaSacP\RhbSP_n�]_TW[`QSXZP¹fSP_n¿iWnUnUP\�5nlkoi�VSXZP_n
i_�ÃP_]ÇXZP_nhmZTWacn¿QSXxi�klmqacPÃ²�ÞUÞl´¹u���i1aji�kleSRUPÄbSP5Xxi1Xqmxi�mZnUTWa/P\apklRUPÇX
 Øi�XZ]_Y\acPÄP\k¿XZP5QSXxi�klmqacP�acPÇnUP\Roi1QjiWn¿r\klecbgmZr_P|{'P\XqXZP
� i�mqkFacTWkoi�[`[3P\apk^mqapkUP\Rl�ÃP\aSmqR^bSP_nFmqapkUP\RoiW]\klmZTWacnKP\apklRUP`XZP_n~TWRlVSmqkoi�XZP_n

π
bSP`X
 Øi�XZ]_Y\acPzP\kFXZP_nCTWRlVSmqkoi�XZP_n

d
bge@QSXxi�klmqacP|u

Õpmq·|aji�XZTWacnÅ�pecP�XZP ì nUP\XjbSP���½jæ"ç�½~î�{ÃbSr_]_TWeS�ÃP\Rlk�Qji�RJXZP'nlecnlacTW[`[3rMP\a � �|³|Á3²���´¹{ � eSkJQji�Rl[`mcXZP_nÅQSRUP\[`mZP\RUnÅ]_TW[`QsT|nUr_nTWRl·ti�acTW[3r\koi�XqXqmZ�tecP_n�QSRUr\Qji�RUr_n�P\k#�pecP~noi`nUklRlec]\kleSRUPCacP � eSkM��Roi�mq[3P\atkFiW]_]_P\QSkUr_PK�te� Øi�QSRUY_n�i�aji�Xq��nUP~Qji�R#bgm�ësRoiW]\klmZTWa
bSP � i�mZnU]_Pvi�egf¿bSPFRoiv�ÃTWacn���{ci�e��pmqaS·|klmZY\[3P~nlmZY_]\XZP|u
À×TWeSR�bSP_n'Roi�mZnUTWacn#�teSm�acP^nUP\RUTWatk#QjiWn'acTWa�QSXqecn�bgmZnU]\eSkUr_P_nv{cXxi3nlklRlec]\kleSRUP~·Ãr_TW[3r\klRlmZ�tecP^bSP_nM]_TW[`QSXZP¹fSP_nMkUr\klRoiW]_T�TWR �
bSTWaSacr_n�bgeyQSXxi�klmqacP#P_nUk�bSP'kÓ�pQsP'QSXxi�a��É]vi�RlRUr �tXZP_nAi�kUTW[3P_nAXqmZr_n�i�ezQSXxi�klmqacP�Tp]_]\eSQsP\atkAXZP_n�noTW[`[3P\kUnAb*  eSay]vi�RlRUr#bSTWapk
XZPµQSXxi�klmqacP~T�]_]\eSQ�PµXZPC]_P\apklRUP|uj�#mqacnlm*Xxi`nlklRlec]\kleSRUP^bSPµX
  mZTWadkUr\klRoiW]o}SXZTWRUTWQSXxi�klmqaji�kUPÃ²�ÞUÞ�´MÀNk�O�X ï �� P_nlk�RUP\QSRUr_nUP\atkUr_P^nleSRXxi'�c·|eSRUP��guÃÕpeSRNXxiM�c·|eSRUPMÂ�{W�M[��'bSr_nlmq·|acPAXxi�²

1R
´ � � �
QS}cr\at��XZr\kl}ji�aji�[`mqacP#r\aji�apklmZTW[3r\RlmZ�tecP\[3P\apk�QSeSRUP|{ (±)

��O��_Ù
	 �RUP\QSRUr_nUP\atkUPFXZP�_TF H�G%8 �É]\��]\XZT�Tp]\kUY\acPCRoiW]_r\[`mZ�tecP|u
w i�acnF]o}jiW]\eSa@bSP_nF]_TW[`QSXZP¹fSP_n �h{ �LP\k 
�{�XZP_nFbSP\egfÄi�kUTW[3P_nCbSP`]U}SXZTWRUP`nUTWapkCP\a�Q�T|nUmqklmZTWa�_TF H�G%8^Qji�RFRoi�QSQsTWRlk �
X
 Øi�kUTW[3P3bSP`QSXxi�klmqacP|u��×i�nlklRlec]\kleSRUP`·Ãr_TW[3r\klRlmZ�pecPzbge ]_TW[`QSXZP¹fgPzacP\eSklRUPzÀNk�O�Xxï|²
O�ï\Ù � ´��M[ P_nUk^i�mqacnlmNRUP\QSRUr_nUP\apkUr_PnleSR�Xxi^�c·|eSRUP ��²��#[ÌbSr_nlmq·|acPFX
 Øi�[`mqacPCr\aji�apklmZTW[3r\RlmZ�tecP\[3P\apkµQSeSRUP)´¹u

�guM��PF]_TW[`QSXZP¹fgP �èP_nlk �
mqX�]U}SmqRoi�X � ?|ecnlklm��jP\R#XxiKRUr\Q�TWacnoP|u
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CH2H2C
K2PtCl4 

 
[SnCl2] 

H2O, H+

(±)-C8H14

Ph NH2

H

H2O, HCl(aq) HO−(aq)
KPtCl3(C2H4)

sel de Zeise

(−)-PtCl2(C2H4 )Am*

(−)-C8H14

(−)-PtCl2{(+)-C8H14 }Am*

KCN
(+)-PtCl2{(−)-C8H14 }Am*

KCN
(+)-C8H14

complexe B

complexe D

complexe C
         cristallisation 
fractionnée dans CCl4

William Christopher  
ZEISE 

(1789 - 1847)

9 æ1:<;�Â = ÀNRlmqac]\mqQsPCbgedbSr_bSTWeSVSXZP\[3P\apk�bge _TF H�G%8 �É]\�g]\XZTpT�]\kUY\acP

ClCl Pt

Cl

Cl

2−

anion tétrachloroplatinate(II)

ClCl Pt

CH2H2C

Ph NH2

H

anion 
PtCl3(C2H4 )−

complexe neutre 
PtCl2(C2H4 )Am*

9 æ1:<;�� = ÕpklRlec]\kleSRUP_nMbSPC]_TW[`QSXZP¹fSPFkUr\klRoiW]_T�TWRUbSTWaSacr_n#bge¿QSXxi�klmqacPÃ²�ÞoÞ�´

Ñ u��#ecP\XqXZP3RUP\Xxi�klmZTWa:nlkUr\RUr_Tp]o}Smq[`mZ�tecPhP¹fgmZnlkUP �
k �
mqX�P\apklRUPzXZP_nK]_TW[`QSXZP¹fSP_n �HP\k 
���À×TWeSRU�pecTWm�nUTWatk �
mqXZnKnUr\Qji�Roi�VSXZP_nKQji�R
]\RlmZnlkoi�XqXqmZnoi�klmZTWa � RoiW]\klmZTWaSacr_P�²+XZPC]_TW[`QSXZP¹fSP � ]\RlmZnlkoi�XqXqmZnUP|{SX
 Øi�eSklRUP~RUP_nlkUPCP\a�nUTWXqeSklmZTWa5P\kv{SQji�RM]_TWacnUr_�pecP\atkv{�P_nlk'RUP\Xxi �
klmq�ÃP\[3P\atk#bgm�íz]\mqXZP � mZnUTWXZP\R#i_�ÃP_]CeSacPF·|Roi�acbSPCQSeSRUP\kUr)´��

Â�u�O�mqkUP\R^²�noi�acn�Xxi�bSr\koi�mqXqXZP\R�´�eSacPF[3r\kl}cTpbSP~bSPµQSeSRlm��j]vi�klmZTWa�bged]_TW[`QSXZP¹fSP �zu
�guMÀNRUTWQ�T|noP\R�eSacPCi�eSklRUPµ[3r\kl}cTpbSP|{SeSklmqXqmZn�i�atk�XxiK[3�\[3PCbSr\[zi�RU]o}cP|{SQ�TWeSR'TWVSkUP\aSmqRMXZP�² = ´ ��_TF H�G%8 �É]\�g]\XZT�Tp]\kUY\acP~iv�ÃP_]FeSacPklRUY_n�·|Roi�acbSPFQSeSRUP\kUr|u
� uMÀ×TWeSRU�pecTWmµXZP�klRoi�mqkUP\[3P\atk�bSP5]U}jiW�pecP5]_TW[`QSXZP¹fgPÚ² � TWe 
d´�Qji�RyeSacP5nUTWXqeSklmZTWa/iW�tecP\ecnUP�b*  mZTWacnh]\�ti�ateSRUPÇÐµO �Q�P\Rl[3P\k �ÉP\XqXZPFXxi`XqmqV�r\Roi�klmZTWadbge�]\��]\XZT�Tp]\kUY\acP
�
�MacP � TWmZnJXZPM]_TW[`QSXZP¹fgPK² �¸TWe 
d´�[`mZn�P\azRUrviW]\klmZTWahi_�ÃP_]#XxiFnUTWXqeSklmZTWayiW�pecP\ecnUP#bSP']\�ti�ateSRUP�bSP'QsTWkoiWnUnlmqeS[�{|XxiCQS}jiWnUP
iW�tecP\ecnUP^P_nlkM[`mZnoP^i�e�]_TWapkoiW]\kFbSPCQsP\atkoi�acPKbci�acn#eSacPKi�[`Q�TWeSXZP � bSr_]vi�apkUP\R3²+klRUTWmZn � TWmZn�´¹uj��P_nMQS}jiWnUP_nµTWRl·ti�aSmZ�pecP_n
nUTWatkFRoiWnUnoP\[~VSXZr_P_nFQSeSmZnFklRoi�mqkUr_P_nCQji�RFeSacP`nUTWXqeSklmZTWa@iW�tecP\ecnoP3iW]\mZbSP|{sQSeSmZnFQji�RFeSacP`nUTWXqeSklmZTWa@iW�pecP\ecnUP`b*  }t�gbgRUTW·Ãr �
acTp]vi�RlVsTWaji�kUP^bSP^nUT�bgmqeS[�{jQSeSmZn#Qji�R�bSP^X
 ¡Pvi�e�u��MQSRUY_n�nUr_]U}ji�·ÃPKQSeSmZn�r\�Wi�QsTWRoi�klmZTWaÇbge5nUTWXq�|i�atkv{�XZPK]\��]\XZT�Tp]\kUY\acP^P_nlk
mZnUTWXZrµQji�RMbgmZnlklmqXqXxi�klmZTWa�u

� Águ��#ecP\X�P_nlk'X
  mqatkUr\RU�\k�bge¿klRoi�mqkUP\[3P\atkFi�e¿Q�P\apkoi�acP~bge¿[`mqXqmZP\e�RUrviW]\klmZTWaSacP\X �
� � u��#ecP\X�P_nlk'X
  mqatkUr\RU�\k�bge¿klRoi�mqkUP\[3P\atkµbSPµXxi�QS}jiWnUPFTWRl·ti�aSmZ�pecPCQji�R�Xxi�QS}jiWnoPCiW�tecP\ecnUP^iW]\mZbSP
�
� ³gu��#ecP\XqXZP_n�QSRUr_]vi�eSklmZTWacn � i�eSk �
mqX�QSRUP\acbgRUPFXZTWRUnMbge�klRoi�mqkUP\[3P\atk�bSPFXxiKQS}jiWnUPFTWRl·ti�aSmZ�pecPCQji�R�Xxi�QS}jiWnUPCiW�pecP\ecnUP~iW]\mZbSP
�

� >EB'& ��� ¦�� ��(/¦ � B�( �'!A¦�� D�� ¤ B $M���AG ¤ ��¦�� ¤ �

��i�nl�papkl}cY_nUP`bgeÄnU�pecP\XZP\klkUP`bgeÄ]_TWRoi�fgP\aSmZTWXqmZbSPz� nv ØiW]o}cY\�ÃP`Qji�RFXZP`]_TWeSQSXxi�·ÃP3bSP_nCbSP\egfÇRUrviW]\klm � n �dP\k ¶ u*Ð�TWecnµacTWecn
mqatkUr\RUP_nonUTWacn#bci�acn#]_P\klkUPCnUP_]\klmZTWa � Xxi`nl��atkl}cY_nUP~bged]_TW[`Q�T|nor ��{cno]U}cr\[zi�klmZnUr_P^nleSR�XxiK�c·|eSRUP � P\k � X
 Øi�aji�Xq�gnUPCbgednlQsP_]\klRUPbSP �����Çbge�acT)�ti�e�b*  }p��bgRUTW·ÃY\acP 		 Ù bged]_TW[`QsT|nUr È u
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H
C

C
1) BuLi , THF 
 
2) " HCHO " , THF 
 
3) H2O " hydrogénation " 

partielle

C6H12O

C6H10O

composé 1

composé 3

 I composé 4

3-méthylbut-1-yne

I2 , PPh3  / CH2Cl2

NH

N

(imidazole)

9 æ5: ; � = Õ�]o}cr\[zi3bSPµXxi`nl��atkl}cY_noPCbSPµX
  mZTpbSr �

�8eSacP�nUTWXqeSklmZTWahbSP#Ê �
[3r\kl}t��XqVSeSk � � �
��acP3² �g{�� �C·c{ 0,126 [3TWX�´Nbci�acn�XZP 
����d² �vÑ ÁF[3�×´¹{p[zi�mqatkUP\apecP � Xxi~kUP\[`Q�r\Roi�kleSRUP
θ = −78 ◦

O�{tP_nlk�i���TWeSkUr_PM·ÃTWeSklkUP � ·ÃTWeSklkUPMeSacP�nUTWXqeSklmZTWa�bSP#VSeSkÉ��XqXqmqkl}SmqeS[Lbci�acnÅX
  }cP¹fci�acP^²
0,126

[3TWX�´¹ut��PM[3r\Xxi�aS·ÃP#P_nlk
i�·|mqkUr�QsP\acbci�atkCÔtÁ�[`mqateSkUP_n � ]_P\klkUP�kUP\[`Q�r\Roi�kleSRUP|{*QSeSmZnFbge�QsTWXq�ÃT_fg��[3r\kl}t��XZY\acPd²
OAÙ#ï)ÜF´��ynUTWXqmZbSP�² � TWRl[3P�Q�TWXq��[3r\RlmZnUr_P
bged[3r\kl}ji�aji�X
{�P\a��peji�atklmqkUr^r_�teSmq�|i�XZP\atkUP �

0,18
[3TWX×bSPF[3r\kl}ji�aji�X"´MP_nlk#i��lTWeSkUr|uc��P~[3r\Xxi�aS·ÃP~P_nlkMQ�TWRlkUr � kUP\[`Q�r\Roi�kleSRUP

i�[~VSmxi�apkUP|{WQSeSmZn�i�·|mqkUr�QsP\acbci�atk �vÑ }cP\eSRUP_n � ]_P\klkUP�kUP\[`Qsr\Roi�kleSRUP|u��#QSRUY_n�}p��bgRUTWXq�gnUPAP\k�klRoi�mqkUP\[3P\apkJbge~[`mqXqmZP\eKRUrviW]\klmZTWaSacP\X
{eSad]_TW[`QsT|nUr ��bSP � TWRl[^eSXZPFVSRleSkUPKO � Ù 	�� Ü P_nlk'TWVSkUP\ateÇi_�ÃP_]FeSa�RUP\acbSP\[3P\apk#bSP
93%
u

��P#]_TW[`Q�T|nor �zP_nlkJP\acnUeSmqkUP�Qji�RlklmZP\XqXZP\[3P\atk�}t�gbgRUTW·Ãr\acrMP\a�]_TW[`Q�T|nUr È {ÃbSP � TWRl[~eSXZPMVSRleSkUP#O��_Ù 	Éï)ÜK{|Qji�RAiW]\klmZTWazb*  eSacP
nUTWXqeSklmZTWa:bSP3kUr\klRoi�}p��bgRUTÃi�XqeS[`mqaji�kUP¿bSP`Xqmqkl}SmqeS[ �*mZ�#XZÙ � bci�acn~XZP 
 � �j{�nleSmq��mZP3b*  }t�gbgRUTWXq�gnUP5² qEw^k,kUw��@kQs�� wWz�|�w*p k	�
s@p
�^k`n"�ot
�7wS´¹u
ßNag�ca�{jXZP~]_TW[`QsT|nUr È P_nlk'klRoi�mqkUr|{jP\a�nUTWXqeSklmZTWa�bci�acnMXZPCbgmZ]U}SXZTWRUTW[3r\kl}ji�acP|{�Qji�R#bge�bgmqmZTpbSPz² � {Ø³zr_�teSmq�|i�XZP\atk#[3TWXxi�mqRUP)´¹{bgezklRlmqQS}cr\ap�pXqQS}cT|nUQS}ji�acP#ÀJÀJ} � ² � { � r_�peSmq�|i�XZP\atkÅ[3TWXxi�mqRUP)´JP\kÅbSP'X
  mq[`mZbci��vTWXZP�² � {��Fr_�peSmq�Wi�XZP\apkÅ[3TWXxi�mqRUP)´¹u��MQSRUY_nAi�·|mqkoi�klmZTWaQsP\acbci�atk~eSacP�}cP\eSRUP � XxiykUP\[`Q�r\Roi�kleSRUP�bSP

0 ◦
O�{sXZP�[`mqXqmZP\e@RUrviW]\klmZTWaSacP\XAP_nlkCbgmqXqecr`Qji�RFeSacP3noTWXqeSklmZTWa iW�tecP\ecnoP3noi�kleSRUr_P

bSPFkl}SmZT|nleSX � i�kUP~bSP~nUTpbgmqeS[�uj��PF[3r\Xxi�aS·ÃPCVSmqQS}jiWnUmZ�tecPCP_nUk#i�·|mqkUr^³|Á�[`mqapeSkUP_n � kUP\[`Qsr\Roi�kleSRUP�i�[~VSmxi�atkUP|{�QSeSmZn'XZP_n'QS}jiWnUP_n
nUTWapkynUr\Qji�RUr_P_n)u��#QSRUY_n�P¹fgklRoiW]\klmZTWaÏbge¯]_TWapkUP\ateÏbSP�XxiÄQS}jiWnUP5iW�tecP\ecnoP|{ÅXZP_n�QS}jiWnUP_nhTWRl·ti�aSmZ�tecP_nhnUTWapk�RoiWnonUP\[~VSXZr_P_nhP\k
nUr_]o}cr_P_nv{jQSeSmZnµ]_TWac]_P\apklRUr_P_nFnUTWecnMQSRUP_nonlmZTWa�RUr_bgeSmqkUP|u���PK]_TW[`Q�T|nor �¿P_nlk#mZnUTWXZr^noTWecn � TWRl[3P^b*  eSa5XqmZ�peSmZbSP'�Ui�eSacP~P\k�eSklmqXqmZnUr
mq[`[3r_bgmxi�kUP\[3P\atkFbci�acn�X
 ¡r\koi�QsPµ�caji�XZPCbSPFnU�papkl}cY_nUPCbged]_TWRoi�fSP\aSmZTWXqmZbSP~�Ku

� uM��iFnUTWXqeSklmZTWaybSP�VSeSkÉ��XqXqmqkl}SmqeS[=bci�acnÅX
  }cP¹fSi�acPMnUP']_TW[`QsTWRlkUPM]_TW[`[3P'eSacPMnUTWXqeSklmZTWa�bSP�VSRUTW[^eSRUP#b* ¡r\kl}p�pXq[zi�·|acr_nUmqeS[bci�acnzX
 ¡r\kl}cTvf��Ãr\kl}ji�acP|u�À�i�R¿]_TWacnUr_�tecP\apkv{�TWa Roi�mZnUTWaSacP\Roi1bci�acny]_P\klkUP��pecP_nlklmZTWa8P\k�XZP_nybSP\egfánleSmq�|i�atkUP_nhi_�ÃP_]Ç]_P
bSP\RlaSmZP\R']_TW[`Q�T|nUr|ugÝJ]\RlmqRUPµX
 ¡r_�peji�klmZTWa�i���ecnlkUr_PµbSP�Xxi~RUrviW]\klmZTWa��teSm*iKXqmZP\e¿P\atklRUPµXZPµVSRUTW[~eSRUPFb* ¡r\kl}p�pXq[zi�·|acr_nUmqeS[ P\k
XZPzÊ �
[3r\kl}t��XqVSeSk � � �
�pacP|{�P\a@QSRUr_]\mZn�i�atk~Xxi¿QSRUTWQSRlmZr\kUr�]o}Smq[`mZ�tecP�bSP3X
 ¡TWRl·ti�acTW[zi�·|acr_nlmZP\a:�teSm�P_nlk~nUTWXqXqmZ]\mqkUr_P�bci�acnCXxiklRoi�acn � TWRl[zi�klmZTWa�P¹ësP_]\klecr_PCP\kMXxi�nlklRlec]\kleSRUP~bge�]_TW[`QsT|nUr ����TWVSkUP\ape � ]_PFnlkoiWbSP|{jP\a�nUTWXqeSklmZTWa�bci�acn�XZPµ[`mqXqmZP\e�u

³guMßNa¯iWbg[3P\klkoi�apk��tecP|{�bci�acn�XZP_ny]_TWacbgmqklmZTWacn¿TWQsr\Roi�kUTWmqRUP_nv{ÅXZPdQ�TWXq�ÃTvf���[3r\kl}t��XZY\acPÇXqmqVsY\RUPdbge¯[3r\kl}ji�aji�X
{Ar_]\RlmqRUP�XZP
[3r_]vi�aSmZnl[3P~bSP~Xxi�klRoi�acn � TWRl[zi�klmZTWa5�peSm×nv ¡TWQsY\RUPCP\apklRUP~XZP~[3r\kl}ji�aji�X×P\kMXZP~QSRUTpbgeSmqk ���yP\kMP\a5bSr_bgeSmqRUP~Xxi3nlklRlec]\kleSRUP
bge�]_TW[`Q�T|nUr � ¶ i�mqacnlm�TWVSkUP\ate�u

ÊguMßNa�bSr_bgeSmqRUPCXxi�nlklRlec]\kleSRUP^bge�]_TW[`Q�T|nor ��u
ÔcuMÀ×TWeSRU�pecTWm�a� ¡P_nlk �
mqX�QjiWnMQ�T|nonlmqVSXZPFb*  eSklmqXqmZnUP\R'Xxi�nUTWXqeSklmZTWa5iW�tecP\ecnUP~bSPµ[3r\kl}ji�aji�X×bci�acnM]_P\klkUPµklRoi�acn � TWRl[zi�klmZTWa �
��PznlQsP_]\klRUPzbSP �����Öbge acTv�ti�eÚb*  }t�gbgRUTW·ÃY\acP 		ÉÙLbge ]_TW[`QsT|nUr È {�P\aSRUP\·|mZnlklRUr � Xxi � RUr_�pecP\ac]_PzbSP �|Á|Á��5Ù#�Ã{�P\a
nUTWXqeSklmZTWadbci�acn#O w O�X � {SP_nlkMbSr_]\Rlmqk#bci�acn�XZPFkoi�VSXZPvi�e � u�gu�� X
 Øi�mZbSPKbSP^kUTWeSkUP_nµXZP_n�mqa � TWRl[zi�klmZTWacnFbgmZnUQ�TWaSmqVSXZP_nv{�bSTWaSacP\RµXxiznUklRlec]\kleSRUPKbgeÇ]_TW[`QsT|nUr È u���klklRlmqVSecP\R�XZP_nµnlmq·|aji�egf
i�egfÖacTv�ti�egfÏ�teSm�P\a8noTWatkyRUP_nlQ�TWacn�i�VSXZP_nyP\kh]_TW[`[3P\atkUP\RdXxiÄ[^eSXqklmqQSXqmZ]\mqkUr�bSP_n�[ziWnonlm � n)uÅß�fgQSXqmZ�tecP\RhacTWkoi�[`[3P\apk
Q�TWeSRU�pecTWm*XZPCnlmq·|aji�X×Ê`a� ¡P_nlk'�te�  eSa�nUP¹f�kleSQSXZP\k�i�QSQji�RUP\atkFi�XZTWRUn'�te�  mqX×bSP\�pRoi�mqkM�\klRUPCeSadTp]\kleSQSXZP\kv{jbci�acn'eSacP~i�aji�Xq�gnUP
i�e�QSRUP\[`mZP\RCTWRUbgRUP¿²+XZr\·|mqklmq[3P)´¹u*��P_nµRUr_nleSXqkoi�kUnµnUP\RUTWapkFRoiWnUnUP\[^VSXZr_nFnUTWmqk�bci�acnµeSa5koi�VSXZPvi�e�{*nUTWmqkFnleSR�eSa5no]U}cr\[zihbSP
Xxi~nlklRlec]\kleSRUP�[3TWXZr_]\eSXxi�mqRUPFT
�hnUP\RUTWatk�mqacbgmZ�pecr_nfr5t5p`t ��r�w*x�w~zKkAXZP_nAbSr\QSXxiW]_P\[3P\apkUn']U}Smq[`mZ�pecP_n�bSP_n�bgm�ësr\RUP\apkUn�acTv�ti�egf
P\k�XZP_n��Wi�XZP\eSRUnMbSP_nM]_TWacnlkoi�apkUP_nMbSPC]_TWeSQSXxi�·ÃPCP\apklRUP~]_P\egf �É]\m
u

Ñ uMÀNRUr_]\mZnUP\RMP\a¿Qji�RlklmZ]\eSXqmZP\R#XZPCbSP_nU]\RlmqQSkUP\eSRMnlkUr\RUr_T�]U}Smq[`mZ�pecP�² Z ´ATWe ² E ´AbSPFXxi�bSTWeSVSXZPCXqmxi�mZnUTWa�u
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� �×¼�; ��= ÕpQsP_]\klRUPCbSP �����Çbged]_TW[`QsT|nUr È

ÞÓacbSP¹f bSr\QSXxiW]_P\[3P\atkµ]U}Smq[`mZ�pecP
δ/
QSQS[ [^eSXqklmqQSXqmZ]\mqkUr mqatkUr\·|Roi�klmZTWa ]_TWacnlkoi�apkUP_nMbSPC]_TWeSQSXxi�·ÃP

J/
Ù#�

� 1,00
bSTWeSVSXZP\k Ñ Ñ

³
1,27

klRlmqQSXZP\k � Ñ
Ê

2,32
nUP¹fgkleSQSXZP\k>H�����u � Ñ

Ô
4,09

klRlmqQSXZP\k H�����u ³ Ñ
�

5,59
klRlmqQSXZP\k#bSPFbSTWeSVSXZP\kUn � Ñ � �vÑ

Ñ 5,66
bSTWeSVSXZP\k�bSPFbSTWeSVSXZP\kUn � Ñ � �vÑ

Â�uMÀNRUTWQ�T|noP\RzeSacP�[3r\kl}cTpbSP�QSXqecnh]\XxiWnUnlmZ�pecP�QsP\Rl[3P\klkoi�atk¿bSP�klRoi�acn � TWRl[3P\RyXZP�]_TW[`QsT|nUr È P\a¯XZPd]_TW[`QsT|nUr�mZTpbSr ��u
À×TWeSRU�pecTWm�acPFQsP\eSk �ÉP\XqXZPFQjiWn'�\klRUPF[`mZnoPCP\a �µeS�pRUP~bci�acn�XZPC]viWn'�peSm*acTWecnMT�]_]\eSQ�PµmZ]\m �
Ü#a�nUPMQSRUTWQ�T|nUP�b* ¡r\klecbgmZP\RAXZPM[3r_]vi�aSmZnl[3P�bSP#XxiFklRoi�acn � TWRl[zi�klmZTWa¿bge�]_TW[`QsT|nUr È P\ah]_TW[`Q�T|nor ��u w i�acnÅeSayQSRUP\[`mZP\R
kUP\[`Qcnv{�XZP�klRlmqQS}cr\at��XqQS}cT|nlQS}ji�acP¿ÀJÀN} � ²�ÀN}1RUP\QSRUr_nUP\atkUPyXZP3·|RUTWeSQsP�QS}cr\at��XZP¿O��\Ù �v´FRUrvi�·|mqk`i_�ÃP_]�XZPzbgmqmZT�bSPzQsTWeSR
bSTWaSacP\RCeSa�mZTWa�mZTpbgeSRUPzP\kFeSa�mqatkUP\Rl[3r_bgmxi�mqRUP�acTWkUr �\��u�OAP`bSP\RlaSmZP\R~RUrvi�·|mqk~iv�ÃP_]`XZP3]_TW[`QsT|nUr È QsTWeSRC]_TWacbgeSmqRUP �
X
  mqatkUP\Rl[3r_bgmxi�mqRUP � È �teSm×r\�ÃTWXqecPCP\acnleSmqkUP|{jnoTWecn�X
 ØiW]\klmZTWa�bSP_n�mZTWacnMmZTpbgeSRUP~P\kMbSPFX
  mq[`mZbci��vTWXZP|{�]_TW[`Q�T|nUrCVjiWnlmZ�tecPF�peSm
nUP\RoiKmZ]\m*acTWkUrCàµ{SQsTWeSR'bSTWaSacP\RMP\atklRUPKi�eSklRUP_nMbSPµX
 ¡T_fg�gbSPCbSPFklRlmqQS}cr\at��XqQS}cT|nlQS}ji�acP`Ü�ÀJÀN}]�FP\k�XZP~]_TW[`Q�T|nUrµmZT�bSr|u

�guMÝJ]\RlmqRUPµXZP_nAklRoi�acn � P\RlkUn�r\XZP_]\klRUTWaSmZ�pecP_n']_TWacbgeSmZnoi�apk#i�egf�bSP\egfymqatkUP\Rl[3r_bgmxi�mqRUP_n �\�hP\k � È {gP\ahQSRUr_]\mZnoi�apk � ]o}jiW�tecP � TWmZn
XZPµatec]\XZr_TWQS}SmqXZPKP\k�X
 ¡r\XZP_]\klRUTWQS}SmqXZP|u

� u w r\koi�mqXqXZP\R�i_�ÃP_]CnUTWmqadXZP_n'bSP\RlaSmZY\RUP_nMr\koi�QsP_n'bge�[3r_]vi�aSmZnl[3P~bSP � TWRl[zi�klmZTWa�bged]_TW[`Q�T|nor ��u
� Águ��#ecP\X�P_nlk'X
  mqatkUr\RU�\k�bge¿klRoi�mqkUP\[3P\atkµbSPµXxi�QS}jiWnUPFTWRl·ti�aSmZ�pecPCQji�R�Xxi`noTWXqeSklmZTWa�iW�tecP\ecnoPFbSPFkl}SmZT|nleSX � i�kUPCbSPFnUT�bgmqeS[ �

� � � &��CIµ��&'(*�"I�B D ¤ G � G � � � B'� ¤	� G��M&�
|B'I�B'¦

��PdnU]U}cr\[zi@nl�pacTWQSklmZ�pecP�bSP¿XxiÇnU�papkl}cY_nUP�bge ]_TWRoi�fSP\aSmZTWXqmZbSPd� P_nlk`QSRUTWQsT|nUr�nleSR`XxiÇ�c·|eSRUP � Águ � TWeSkUP_n�XZP_n3r\koi�QsP_na� ¡P\a@nUP\RUTWapkCQjiWnCr\klecbgmZr_P_nv{�Qji�RC[zi�ac�tecPzbSP�kUP\[`Qcnv{�nlaSm�ë � uququsbSTW[`[zi�·ÃP|{×]vi�RCacTWecnCbgmZnlQsT|nlmZTWacnCbSP_nC]_TW[`Qsr\kUP\ac]_P_nCQsTWeSR
]_TW[`QSRUP\acbgRUPCQSRoi�klmZ�pecP\[3P\atk�kUTWeSkUP_n'XZP_n'klRoi�acn � TWRl[zi�klmZTWacn)u

� ��� 
 ��6��1����� � � �� ;� �����;��� ,.6%���� 
� �

��i@QSRUP\[`mZY\RUP�·|Roi�acbSP�r\koi�QsPd]_TWacnlmZnUkUPdP\a XxiÄQSRUr\Qji�Roi�klmZTWaÏbSP�XxiÄbgmZ]_r\kUTWacP Û u�OAP\XqXZP �É]\m�P_nUkzTWVSkUP\atecP5Qji�Rz[`mZnoPdP\a
]_TWatkoiW]\k^bSP~Xxi�klRlmZ]_r\kUTWacP Ò iv�ÃP_]KbSPKXxiÇ²

S
´ �
QSRUTWXqmqacP|{*nUP\XZTWaÇXZPKQSRUTWkUTp]_TWXZP`bSP ��u���u�� ���¹»�ç�P\k w usã~u�� � �*æ"ç �8²���F 
^H�GuRTS

\ auGI_TXZP 8&P 8 �IV
C�J J >��ZC�J >��v{)Q�uØÊ Ñ Ê�²�� é�é 
�´l´¹u�ÞÓXpnv Øi�·|mqkNb*  eSacP�i�XZbSTWXqmZnoi�klmZTWa3]\RUTWmZnUr_P�mqatklRoi�[3TWXZr_]\eSXxi�mqRUP|{ � Xxi � TWmZn�klRUY_n � TWRlkUP\[3P\apkr\aji�atklmZT|nor\XZP_]\klmq�ÃP^P\k'klRUY_n � TWRlkUP\[3P\apk#bgmxiWnlkUr\RUr_T|nUr\XZP_]\klmq�ÃP|u
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 ¡P¹fSP\[`QSXZPÇbSPdX
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{�Roi�QSQsP\XZP\RyXZP_ny]_TWacbgmqklmZTWacn¿TWQsr\Roi�kUTWmqRUP_nv{AXxiÄaji�kleSRUPÇbgeQSRUTpbgeSmqk'TWVSkUP\ape�P\k'XZPµ[3r_]vi�aSmZnl[3P^bSPµX
 Øi�XZbSTWXqmZnoi�klmZTWa�u
³gu��#ecP\X�P_nlk�XZP#R��WXZPFbSPµXxi^QSRUTWXqmqacPFbci�acn�Xxi^klRoi�acn � TWRl[zi�klmZTWadP¹ë*P_]\klecr_PFnleSR�Xxi^klRlmZ]_r\kUTWacP Ò �^Ü#ahacPFbgmZnU]\eSkUP\RoiKQjiWn�bSP_n
iWnlQ�P_]\kUn�nUkUr\RUr_Tp]o}Smq[`mZ�tecP_nvu

Êgu����I/U2T-*/U2�{ÃX
 Øi�XZbSTWXqmZnoi�klmZTWa¿mqapklRoi�[3TWXZr_]\eSXxi�mqRUPFbSPMXxi~klRlmZ]_r\kUTWacP Ò i�eSRoi�mqkAQSeh]_TWacbgeSmqRUP � QSXqecnlmZP\eSRUn�i�XZbSTWXZnvu�ÞÉapkUP\RlQSRUr\kUP\R
XxiKRUr\·|mZT|nUr\XZP_]\klmq�pmqkUr^bSPµXxi�klRoi�acn � TWRl[zi�klmZTWa�u
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��iFQSRUr\Qji�Roi�klmZTWahbSP'XxiCklRlmZ]_r\kUTWacP�P_nUkÅP¹ësP_]\klecr_P�P\az[3r\Xxi�aS·ÃPvi�apk�bSP'Xxi~³ �
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�guM��P¿nlQsP_]\klRUP¿bSP ��� �ÏbgeÚacTv�ti�e b*  }p��bgRUTW·ÃY\acP�bgeÖ]_TW[`Q�T|nUr Í {NP\aSRUP\·|mZnlklRUr�P\aÖnUTWXqeSklmZTWaÖbci�acn3XZP � �#ç)» �Éb Ñ � Xxi� RUr_�pecP\ac]_P~bSP�Ê|Á|Áz�5Ù#�Ã{ � i�mqkµi�QSQji�Roi� ZklRUPKklRUTWmZn�nlmq·|aji�egf �jbSP\egf5nlmqaS·|eSXZP\kUn#�cacn#b*  mqapkUr\·|Roi�klmZTWa@ÊWÙ P\k#ÔÃÙK{cRUP_nlQsP_] �
klmq�ÃP\[3P\atk �

δ = 1,51
QSQS[ P\k

δ = 2,39
QSQS[5{×P\k~eSa nUmqaS·|eSXZP\k~klRUY_nKr\Xxi�Rl·|m �

δ = 11,5
QSQS[5{�b*  mqapkUr\·|Roi�klmZTWa � ÙKuOAP�RUr_nleSXqkoi�kCP_nlk �
mqXJ]_TW[`Qji�klmqVSXZP�iv�ÃP_]`Xxi � TWRl[~eSXZP3bSr\�ÃP\XZTWQSQsr_P`QSXxi�acP`bSP�XxihbgmZ]_r\kUTWacP Í �z�#ecP\XZnCnoTWatkFXZP_nCnlmq·|aji�egf

i�klkUP\acbgecn^²�P\a¿kUP\Rl[3P_nMbSPC[~eSXqklmqQSXqmZ]\mqkUr~P\k#b*  mqatkUr\·|Roi�klmZTWa�´��
Ñ uM��TWapklRUP\RM�tecP~]_PFnlQ�P_]\klRUP~P_nlk']_TW[`Qji�klmqVSXZP^iv�ÃP_]CXxi � TWRl[zi�klmZTWadkUTWkoi�XZPCb*  eSadr\acTWX×]_TWaW��eS·|ecr^bSTWatk'Xxi`nUklRlec]\kleSRUPCnUP\RoiRUP\QSRUr_nUP\atkUr_P|u
Â�uMß�f�QSXqmZ�pecP\RM]_TW[`[3P\apkMX
 ØiW]\mZbSP~iW]_r\klmZ�pecPFQsP\Rl[3P\kMb* Øi�eS·|[3P\atkUP\R�XZPF]vi�RoiW]\kUY\RUP~r\XZP_]\klRUTWQS}SmqXZP^bSPFXxiKVSeSk �ÓÊ �Ér\a��Ó³ �ÉTWacP|u
�gu��@X
 Øi�mZbSPAbSPNkUTWeSkUP_n×XZP_n�mqa � TWRl[zi�klmZTWacn×bgmZnlQsTWaSmqVSXZP_nv{)QSRUTWQ�T|nUP\R×eSaC[3r_]vi�aSmZnl[3P�Q�P\Rl[3P\klkoi�apk�b* ¡P¹fgQSXqmZ�pecP\R�Xxi � TWRl[zi�klmZTWa
bge�]_TW[`Q�T|nUr Ò u

� uMÀNRUTWQ�T|noP\RMeSacPFmqapkUP\RlQSRUr\koi�klmZTWa�klRUY_nMnlmq[`QSXZP^bSPCXxi�RUr\·|mZT|nUr\XZP_]\klmq��mqkUrKbSPCXxi�klRoi�acn � TWRl[zi�klmZTWa�{�bgedQsTWmqatk#bSP~�pecP~bSPCXxiVSeSk �ÓÊ �Ér\a��Ó³ �ÉTWacP|u
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��P¿bgmZTWX â P_nlk`TWVSkUP\ateÖQji�R`klRoi�mqkUP\[3P\apkzbgeÖ]_TW[`Q�T|nor Û {�P\aÖnUTWXqeSklmZTWaÖbci�acn�X
 ØiW]\mZbSPdiW]_r\klmZ�pecPhacTWkUr¿��])Ü�Ù^{�Qji�R`XZP
kUr\klRoi�}t�gbgRUTWVsTWRoi�kUP5bSPdnUTpbgmqeS[ Ð�iWà�Ù � uJ�MQSRUY_nyi�·|mqkoi�klmZTWaáQsP\acbci�atk¿³|ÁÇ[`mqapeSkUP_n � Xxi�kUP\[`Qsr\Roi�kleSRUPdbSP −10 ◦

O�{JeSacP
nUTWXqeSklmZTWa�iW�tecP\ecnoP~[3TWXxi�mqRUP�bSP~]o}SXZTWRleSRUP`b*  }t�gbgRUTW·ÃY\acP¿²�iW]\mZbSP^]o}SXZTWRl}t�gbgRlmZ�tecP)´�P_nlkµi���TWeSkUr_P|us��PKbgmZTWX â P_nUk#P\acnleSmqkUP^mZnUTWXZr
QSeSmZn#RUr\·|mZT|nUr\XZP_]\klmq�ÃP\[3P\atkCbSr_nl}p��bgRoi�kUrKnUP\XZTWa�XZPCQSRUTWkUT�]_TWXZP~[3T�bgm��jr~bSP��1æ	
*ç ����»×¼�� Q�TWeSR�]_TWacbgeSmqRUPKi�e5]_TW[`Q�T|nor é u���P
·|RUTWeSQsP¿}t�gbgRUT_fg�pXZP�RUP_nlkoi�atkzbSP¿]_PdbSP\RlaSmZP\RzP_nlk`mq[`[3r_bgmxi�kUP\[3P\atkyQSRUTWkUr\·Ãr�nUTWecn � TWRl[3P�b* ¡r\kl}cP\RznUmqXq�pXZrhQsTWeSR3bSTWaSacP\R3XZP
]_TW[`QsT|nUr ��
 u�ÀJeSmZnCXZP`·|RUTWeSQsPz]vi�RlVsTWat��XZPzbge1]_TW[`Q�T|nUr � 
 P_nlkCRUr_bgeSmqk~Qji�R~XZP3VsTWRoi�acP|{�P\aÄQSRUr_nUP\ac]_P�b*  eSa ]vi�koi�Xq�gnUP\eSR
]U}SmqRoi�X×Q�TWeSR']_TWacbgeSmqRUPKi�QSRUY_n'}p��bgRUTWXq�gnUPFP\kMbSr\QSRUTWkUP_]\klmZTWaÇi�edbgmZTWX �j�Ç² q w�p�� �^kQs�� w*p�z(wlp*muzKk �(s@p �^k`n"�"t��Ew*pt´¹u

� uMã#i�QSQsP\XZP\RÅXZP#[3r_]vi�aSmZnl[3PµbSPMXxiCRUrviW]\klmZTWahP\apklRUP�XZPMkUr\klRoi�}p��bgRUTWVsTWRoi�kUPµbSP#nUT�bgmqeS[èP\k�XZPMV�P\aS�)i�XZbSr\}p��bSP|{SP\aynUTWXqeSklmZTWabci�acn^X
 ¡r\kl}ji�acTWX
uÅÕgiW]o}ji�atkz�pe� ¡P\a1·Ãr\acr\Roi�X
{�mqXAP_nlk � i�mqk^ecn�i�·ÃPyb*  eSaÚr_�peSmq�Wi�XZP\apk�[3TWXxi�mqRUP¿bSPzkUr\klRoi�}p��bgRUTWVsTWRoi�kUP�bSP
nUTpbgmqeS[LQji�R#r_�teSmq�|i�XZP\atk'[3TWXxi�mqRUP~bSPC]_TW[`Q�T|norC]vi�RlV�TWap�pXZr|{j�tecP\X�P_nlkMXZPµR��WXZPCbSPµX
  }t�gbgRUTWXq��noPµ�caji�XZP
�

³gu�OATWaSaji�mZnUnoi�atk�XZP_n�nlklRlec]\kleSRUP_n�QSXxi�acPµP\kAklRlmZbgmq[3P\acnlmZTWaSacP\XqXZPCbge¿bgmZTWX â {�nleSR��tecP\XqXZPµ]_TWa � TWRl[zi�klmZTWa�bSP#Xxi~[3TWXZr_]\eSXZPFbSP
bgmZ]_r\kUTWacP Û ²�bSr\kUP\Rl[`mqacr_P � Xxi`�pecP_nlklmZTWa�Ôc{SQji�·ÃP^Â|´¹{ji`b��5nUPFbSr\RUTWeSXZP\RMXxi3klRoi�acn � TWRl[zi�klmZTWa �`OATW[`[3P\atkUP\RFi�XZTWRUn'Xxi
RUr\·|mZT|nUr\XZP_]\klmq�pmqkUrCQSeSmZn'Xxi�bgmxiWnlkUr\RUr_T|nUr\XZP_]\klmq��mqkUr~bSPCXxiKklRoi�acn � TWRl[zi�klmZTWa�u

ÊguMã#i�QSQsP\XZP\R�nleSR�X
 ¡P¹fSP\[`QSXZP`bSP~XxiybSr_nl}p��bgRoi�koi�klmZTWaÄbgeÄ³ �
[3r\kl}t��XqQSRUTWQji�a��Ó³ �ÉTWXJXZP_nF]_TWacbgmqklmZTWacnµecnlecP\XqXZP_nFbSP^XxiybSr_nl}t� �
bgRoi�koi�klmZTWadb*  eSa�i�XZ]_T�TWX�P\k�QSRUTWQ�T|noP\R'eSa�[3r_]vi�aSmZnl[3PFQsTWeSR']_P\klkUPFklRoi�acn � TWRl[zi�klmZTWa�u

Ôcu w i�acn q w*p^]_TWacbgmqklmZTWacn�ecnlecP\XqXZP_n){p�pecP\XqXZP�i�eSRoi�mqk�b��h�\klRUPMXxi~RUr\·|mZT|nUr\XZP_]\klmq��mqkUrFbSPMXxi^bSr_nl}p��bgRoi�koi�klmZTWa¿bge¿]_TW[`Q�T|nor â �
?|ecnlklm��jP\R'XxiKRUr\QsTWacnUP|u
��P5QSRUTWkUTp]_TWXZPÄbSP��:æ	
*ç ����»�¼�� QsP\Rl[3P\k�bSP�RUrvi�XqmZnoP\R¿Xxi:bSr_nl}t�gbgRoi�koi�klmZTWa¸i_�ÃP_]ÄXxi1RUr\·|mZT|nUr\XZP_]\klmq�pmqkUr�bSr_nUmqRUr_P|u'��i
QSRUP\[`mZY\RUP`r\koi�Q�P`P_nlkF]_TW[`Qji�Roi�VSXZP � X
 ØiW]\klmZTWa bge5klRlmqQS}cr\ap�pXqQS}cT|nUQS}ji�acPznleSRFXZP�bgmqmZT�bSP�²�nUPKRUP\Q�TWRlkUP\R � Xxi��ca�bSP�Xxi
nUP_]\klmZTWadÊÃ´¹{gmqX�nUP � TWRl[3PµeSa�]_TW[`QSXZP¹fSPCÀN} � À − w ßÅ� w ²�bSTWatkMXxi�nlklRlec]\kleSRUPFacPFnUP\RoiKQjiWn'bSr\koi�mqXqXZr_P)´��teSmsRUrvi�·|mqk#iv�ÃP_]eSa�·|RUTWeSQsP�}t�gbgRUT_fg�pXZPµbSP�Xxi^[3TWXZr_]\eSXZP â QsTWeSR�bSTWaSacP\R�eSaymqapkUP\Rl[3r_bgmxi�mqRUPFRUrviW]\klmZTWaSacP\X�T
�hXZPM·|RUTWeSQsPCÜ�ÙÏ�ÃTWmqk�nUTWa
i�QSklmqklecbSPFatec]\XZr_T � eS·ÃP~]_TWacnlmZbSr\Roi�VSXZP\[3P\apkµi�eS·|[3P\apkUr_P|{�]_PF�peSm�QsP\Rl[3P\k�Xxi`bSr_nl}p��bgRoi�koi�klmZTWa�u

�guMÞÉapkUP\RlQSRUr\kUP\R�XxiM�Sfci�klmZTWa�QSRUr � r\RUP\apklmZP\XqXZP�bgeK]_TW[`QSXZP¹fSP�ÀN}]�\À − w ßJ� w nleSR�XZP�·|RUTWeSQ�P'Ü�ÙÖnUP_]_TWacbci�mqRUP�bSPAXxiM[3TWXZr_]\eSXZPâ u
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��PhbgmZTWX �j�ÄP_nlk�nUr\XZP_]\klmq�ÃP\[3P\apk`klRoi�acn � TWRl[3rhP\a1[3TWacTWkUT|nl��Xxi�kUP � ¶ Qji�R3iW]\klmZTWa1bgeÚ]U}SXZTWRleSRUP¿bSP�Ô��
[3r\kl}t��XqVsP\aS�vY\acP �
nleSX � TWat��XZPK²�]o}SXZTWRleSRUPµbSP'Qji�Roi�kUTWXqecY\acP_nleSX � TWat��XZP|{gacTWkUr � n�O�X"´¹upÀJeSmZn�XZP#]_TW[`Q�T|nor � ¶ nleSVSmqk�X
 ¡r\koi�Q�P�]\Rlec]\mxi�XZP�bSPMXxi~nl�papkl}cY_nUP²+XZP SQF�D��*{gQ�TWeSRMXZP_nMi�[zi�kUP\eSRUnMb* ¡P_nU]vi�XxiWbSP|uququ�´¹{jeSacP � Roi�·|[3P\atkoi�klmZTWaÇbSP�� �j»�¼�Q�TWeSR#bSTWaSacP\R'Xxi�bgmZr\acTWacP �g��u
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� u w i�acnJXxiµnleSX � TWap�pXxi�klmZTWa�b*  eSa3·|RUTWeSQ�P�}p��bgRUTvf���XZP|{|kUTWeSkÅnoP�QjiWnUnUP�]_TW[`[3P'nlmgXZP']o}SXZTWRleSRUP'bSP'nleSX � TWat��XZP�nUP�]_TW[`QsTWRlkoi�mqk]_TW[`[3PµeSa�]U}SXZTWRleSRUP~b* ØiW]\��XZP|uSßNadbSr_bgeSmqRUPCeSacPFP¹f�QSXqmZ]vi�klmZTWadnUmq[`QSXZPµQ�TWeSR�XxiKRUr\·|mZT|nUr\XZP_]\klmq��mqkUrCbSPµXxi � TWRl[zi�klmZTWadbge
]_TW[`Q�T|nUr � ¶ u

³guM��i � Roi�·|[3P\atkoi�klmZTWa�bSP � �j»�¼¿P_nlk�eSacP'RUrviW]\klmZTWa¿]_TWac]_P\RlkUr_P|{�nlkUr\RUr_T|nlQsr_]\m��j�tecP|{gi�[3TWRU]_r_P�Qji�RÅX
  }t�gbgRleSRUPµbSPMnUT�bgmqeS[�u
��TWRUn3bSPhX
 ØiWbSbgmqklmZTWaábSP¿]_P\XqeSm �É]\m � XxiÇnUTWXqeSklmZTWa bgeÖ]_TW[`QsT|nUr � ¶ bci�acn`XZP¿nUTWXq�|i�atkv{NeSaÖbSr\·ti�·ÃP\[3P\apk�·ti��vP\egfÚP_nlk
TWVcnUP\Rl�Ãr|u��#ecP\XqXZPCP\a�P_nlkMXxiKaji�kleSRUP
�~ßJadbSr_bgeSmqRUPFXxi�aji�kleSRUPCbSPCX
  mqatkUP\Rl[3r_bgmxi�mqRUP � Í � TWRl[3r|u

ÊguM�J  mqatkUP\Rl[3r_bgmxi�mqRUP � Í r\�ÃTWXqecPKi_�ÃP_]~Q�P\RlkUP^b*  eSadmZTWa�Ô��
[3r\kl}p�pXqVsP\aS�vY\acP_nleSX � TWaji�kUPh²�TWe5P\ac]_TWRUP|{ckUT|nl��Xxi�kUP)´�acTWkUr � n�Ü �Q�TWeSR3bSTWaSacP\RybSP¿[zi�aSmZY\RUPd]_TWac]_P\RlkUr_PdXxi�bgmZr\acTWacP �g��uNÝJ]\RlmqRUPdXZP_n`klRoi�acn � P\RlkUnzr\XZP_]\klRUTWaSmZ�pecP_n�]_TWRlRUP_nlQsTWacbci�atkUnyP\k
]_TW[`[3P\atkUP\RMXxi3nlkUr\RUr_Tp]o}Smq[`mZPCbSPFXxi�bSTWeSVSXZP~Xqmxi�mZnUTWa � TWRl[3r_P|u
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ÞÓX�n) Øi�·|mqkv{pQsTWeSR'iW]U}cP\�ÃP\R�Xxi^nl��atkl}cY_nUP|{gbSPµ]_TWacnlklRleSmqRUP�XZPµ]\��]\XZP�T_fg�p·Ãr\acr � nlm�fz]o}ji� ZacTWacn']_TWacbSP\acnUrµnleSR�XZP#]\�g]\XZP � acP\e �
]U}ji� ZacTWacn�QSRUr_]_r_bSP\[`[3P\apkµTWVSkUP\ape�u��×i � TWRl[zi�klmZTWa�bge�]_TW[`QsT|nUr � È a� ¡P_nUkMQjiWnMr\klecbgmZr_P|{�mqX�nv Øi�·|mqk�bSPFX
 ØiWbSbgmqklmZTWa � { Ô�b*  eSar_�peSmq�Wi�XZP\apkKnl��atkl}cr\klmZ�pecPzbSPzX
 ¡r\acTWXxi�kUP�bSPzX
 ØiW]_r\koi�kUPzb* ¡r\kl}p�pXZPynleSR~eSacP

α
�Ér\acTWacP|{Ni�aji�XZTW·|ecP � Xxi¿QSRUP\[`mZY\RUPyr\koi�Q�P3bSPzXxi

nl��atkl}cY_nUP|u
�J ¡TWVSkUP\apklmZTWa�bgez]_TW[`QsT|nUr � Í ]_TW[`[3P\ac]_P#Qji�RÅX
 ØiW]\klmZTWahbgey³g{Ø³ �Ébgmq[3r\kl}p�pXqQSRUTWQji�a�� � �ÉTWXxi�kUPCbSPMnUTpbgmqeS[ ² � {��Cr_�peSmq�Wi�XZP\apk[3TWXxi�mqRUP)´µnleSR�XZP`]_TW[`QsT|nUr � È {sP\a�nUTWXqeSklmZTWaÄbci�acnµXZP 
�����{ � XxizkUP\[`Qsr\Roi�kleSRUP3bSP −60 ◦

O�usÞÓX�noP � TWRl[3PKeSaÇ[3TWacT �Ói�aSmZTWa
� XxidnUTWXqeSklmZTWa:bgec�tecP\XAP_nlkKi��lTWeSkUr_P3eSa:P¹fg]_Y_n^b*  eSacP�noTWXqeSklmZTWa1bSPz[3r\kl}ji�aji�XAbci�acn^XZP � Ù�Æ�u��#QSRUY_nKi�·|mqkoi�klmZTWa1Q�P\acbci�apk
� Á¿}cP\eSRUP_n � Xxi�kUP\[`Q�r\Roi�kleSRUPybSP −60 ◦

O�{�eSacPz}t�gbgRUTWXq��nUP�P_nlk~RUrvi�XqmZnor_P|u��#QSRUY_n~klRoi�mqkUP\[3P\apk�bge [`mqXqmZP\e@RUrviW]\klmZTWaSacP\X
{�XZP
]_TW[`QsT|nUrFVSmZ]\�g]\XqmZ�tecP � Í P_nlk�mZnoTWXZr|u

� u��#ecP\XZn~nUTWapk^XZP_n^nlmqkUP_nCQsT|nUnlmqVSXZP_n^bSP3RUrviW]\klmZTWa:bge1³g{Ø³ �Ébgmq[3r\kl}t��XqQSRUTWQji�a�� � �ÉTWXxi�kUP�bSP�nUTpbgmqeS[ÎnleSRCXZP�]_TW[`Q�T|nUr � È �OATW[`QSkUPFkUP\atedbSPCXxi�nlklRlec]\kleSRUP~bSPµXxi�[3TWXZr_]\eSXZP � Í {gmqacbgmZ�pecP\R'XZPCnUmqkUPµRUrviW]\klmZTWaSacP\X�[zi��lTWRlmqkoi�mqRUP|u
³gu�Õ�]U}cr\[zi�klmZnUP\R�XZPJ[3r_]vi�aSmZnU[3PAb* ØiW]\klmZTWa`bge^[3r\kl}ji�aji�XgnUeSR�XZPA]_TW[`Q�T|nUrATWVSkUP\ate`bci�acn×X
 ¡r\koi�Q�PA�peSmtQSRUr_]_Y_bSP|uÃÜ#a^QsTWeSRlRoi
eSklmqXqmZnUP\R'bSP_n'acTWkoi�klmZTWacn#nlmq[`QSXqm��jr_P_nv{SacP � i�mZnoi�apkMi�QSQji�Roi� ZklRUP~�pecPFXZP_n'nlmqkUP_n�RUrviW]\klmZTWaSacP\XZn#bSP_n�[3TWXZr_]\eSXZP_nvu

ÊguM��]U}cP\�ÃP\RMXZPµ[3r_]vi�aSmZnU[3PCbSP � TWRl[zi�klmZTWadbged]_TW[`QsT|nUr � Í {cnoi�acn�bgmZnU]\eSkUP\R�bSPµXxi`nlkUr\RUr_T�]U}Smq[`mZPCbSPC]_P\XqXZP �É]\m
u
��P�QjiWnUnoi�·ÃPMbgez]_TW[`Q�T|nor � Í i�ez]_TW[`Q�T|nor ¶ P_nUkJeSacP�RUrviW]\klmZTWa�bSP%$ æ	
 
*æ1:�uÃßNXqXZP'a� ¡P_nlkJQjiWn�i�VsTWRUbSr_PMbci�acnÅXZP�]viWbgRUP
bSP�]_P�QSRUTWVSXZY\[3P|u�ßNag�ca�{�Xxid]o}ji� ZacPyXxi�kUr\Roi�XZPybgeÚ]_TWRoi�fSP\aSmZTWXqmZbSPh�ÌP_nlk~mqacnUkoi�XqXZr_P�Qji�R�eSacP�RUrviW]\klmZTWaÚb* Øi�X'&p��Xxi�klmZTWa
[3P\klkoi�atkCP\ay��P\eÇXZP_nFbSP\egfÇ]_TW[`Q�T|nUr_n �dP\k ¶ u��Çi�Xq}cP\eSRUP\ecnUP\[3P\apkv{�P\XqXZP�]_TWacbgeSmqk � eSaÇ[3r\Xxi�aS·ÃP`bSP`]_TWRoi�fSP\aSmZTWXqmZbSP
�¸P\kMbSP~nUTWa�bgmxiWnlkUr\RUr_TWmZnUTW[3Y\RUPKnleSR�X
 Øi�kUTW[3P~bSP~]vi�RlV�TWacPKiWnl�p[3r\klRlmZ�pecPFacTWeS�ÃP\XqXZP\[3P\apk�]\RUr_r|{�bci�acn'XZPµRoi�QSQsTWRlk � � ÑbSr � iv�ÃTWRoi�VSXZP � Xxih]\mqVSXZP�RUP_]U}cP\RU]U}cr_P|u×Ù#P\eSRUP\ecnoP\[3P\atkv{*XZP�klRoi�mqkUP\[3P\apk~Qji�RµXxiyVjiWnUP�ÀÅ³ = ßNkCQsP\Rl[3P\kFX
  mqat�ÃP\RUnUmZTWa@bSP_nQSRUTWQ�TWRlklmZTWacn#bSP_n'bSP\egfhnUkUr\RUr_TWmZnUTW[3Y\RUP_nvu

ÔcuMß�f�QSXqmZ�pecP\Rv{�]_P\RlmZnUPznleSR^XZPz· 
�kUPvi�e�{�]_TW[`[3P\atk�XZP�klRoi�mqkUP\[3P\atk`bge1[3r\Xxi�aS·ÃPzQji�RKeSacPzVjiWnoPz]_TW[`[3PhÀÅ³ = ßNk¿²�i�·|mqkoi �klmZTWaÄQ�P\acbci�apkK³|³h}cP\eSRUP_n � kUP\[`Q�r\Roi�kleSRUPhi�[~VSmxi�apkUP)´FQsP\Rl[3P\kCX
  mZnUTW[3r\RlmZn�i�klmZTWa P\atklRUPzXZP3]_TWRoi�fSP\aSmZTWXqmZbSPz�=P\k~nUTWa
bgmxiWnlkUr\RUr_TWmZnUTW[3Y\RUP|u
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9 æ5:<; � � = ÆcTWRl[~eSXZP^nUP\[`m �ÉbSr\�ÃP\XZTWQSQ�r_P~QSXxi�acPCbSP_nMiW]\mZbSP_n�iW]\Rl�pXqmZ�pecPCP\k�[3r\kl}jiW]\Rl��XqmZ�tecP
Ü#a5nv  mqatkUr\RUP_nUnoPCbci�acn#]_P\klkUPCQji�RlklmZP^i�edbST|noi�·ÃPKiW]\mZbSTWVjiWnlmZ�pecP~bSPFX
 ØiW]\mZbSPKiW]\Rl�pXqmZ�pecPCP\a�noTWXqeSklmZTWa�iW�tecP\ecnoP~�peSm
{SQji�R'Xxi

nleSmqkUP|{cnoP\RoiKacTWkUrFQSXqecn'nlmq[`QsP\[3P\atk��#Ù^u�ÕgiKVjiWnUPC]_TWaW��eS·|ecr_P|{SX
  mZTWa�iW]\Rl��Xxi�kUP|{cnUP\Roi�acTWkUr_P~� � u
� u w TWaSacP\RMXZPµacTW[ nl�gnlkUr\[zi�klmZ�tecPFbSPCX
 ØiW]\mZbSP~iW]\Rl�pXqmZ�pecP|u³guMãMP\QSRUr_nUP\apkUP\R'Xxi � TWRl[^eSXZP~nUP\[`m �ÉbSr\�ÃP\XZTWQSQsr_P~bSPµXxi`VjiWnUPF]_TWaW��eS·|ecr_P^bSPµX
 ØiW]\mZbSP~iW]\Rl��XqmZ�tecP|u
�MacP`nUTWXqeSklmZTWa b* ØiW]\mZbSPziW]\Rl�pXqmZ�pecP3P_nlkFQSRUr\Qji�RUr_PzP\aÄbgmZnUnUTWXq�|i�atkCeSacP`[ziWnonUP

m = 9,00
·�bSP3]_P`]_TW[`QsT|nUr3bci�acnCbSP

X
 ¡Pvi�eÄbgmZnlklmqXqXZr_P|u*��P��ÃTWXqeS[3PK�caji�XJbSPKXxihnUTWXqeSklmZTWaÄP_nlkFr\·ti�X �
200,0

[3��us��ihnUTWXqeSklmZTWaÄbSP�klmqklRoi�·ÃP`P_nlkµQSRUr\Qji�RUr_P3P\a
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bgmZnUnUTWXq�|i�atkFeSacP`[ziWnUnoP
m1 = 2, 00

·5b*  }t�gbgRUT_fg��bSP�bSP`nUTpbgmqeS[%P\a�QjiWnUklmqXqXZP_n�²+XZP`nUTWXqmZbSPziyQsTWeSR � TWRl[~eSXZP3ÐµiÃÜ�Ùµ´
bci�acn'bSPFX
 ¡Pvi�e�bgmZnlklmqXqXZr_P|u���Pµ�ÃTWXqeS[3PF�caji�X

V0
P_nlk'r\·ti�X �

1,00
�Au

���|i�atkyP\[`QSXZTWm
{�Xxi nUTWXqeSklmZTWa8bSPdklmqklRoi�·ÃP5bSTWmqkh�\klRUP�r\koi�XZTWaSacr_P � X
 Øi�mZbSP�b*  eSa8r\koi�XZTWa8QSRlmq[zi�mqRUP5iW]\mZbSP|u��J  eSa8bSP_n
[3P\mqXqXZP\eSRUn�]U}cTWm�f¿P_nlk�X
  }p��bgRUTW·Ãr\acT�bgmqmZT�bci�kUPCbSP�Q�TWkoiWnUnUmqeS[�{@sIq*t ��w�� m@v7k�P¹fgmZnlkoi�apk�noTWecn � TWRl[3PµbSPµ]\RlmZnlkoi�egfyb* ¡P¹fS]_P\X �
XZP\atkUPFQSeSRUP\kUr|{cbSP � TWRl[^eSXZPFVSRleSkUP � Ù�²�Þ�Ü � ´�ï|{SbSPµ[ziWnUnoPF[3TWXxi�mqRUP Met = 3,90 × 102 · · [3TWX −1 u

Êgu��#ecP\X�P_nlk'X
  mqatkUr\RU�\k�b*  eSklmqXqmZnUP\R'eSa�r\koi�XZTWa5bSPµ·|Roi�acbSPC[ziWnUnUPµ[3TWXxi�mqRUP
�
Ôcu�O�i�XZ]\eSXZP\R#Xxi3�Wi�XZP\eSR�nleSQSQ�T|nor_P

c1
bSP~Xxi3]_TWac]_P\atklRoi�klmZTWa�[3TWXxi�mqRUPKP\admZTWacn#}t�gbgRUT_fg�gbSPKbSP~Xxi3nUTWXqeSklmZTWaÇbSPCklmqklRoi�·ÃP|{ �

XxiKQSRUr\Qji�Roi�klmZTWa�u
�MacP�[ziWnUnUP

E = 387mg
b*  }t�gbgRUTW·Ãr\acT�bgmqmZTpbci�kUPKbSPµQ�TWkoiWnonlmqeS[ÌP_nlk�bgmZnUnUTWeSkUPFbci�acn�eSad�ÃTWXqeS[3P

V ' 50
[3� b* ¡Pvi�e

bgmZnlklmqXqXZr_P�P\k��pecP\XZ�tecP_n�·ÃTWeSklkUP_nFb*  mqacbgmZ]vi�kUP\eSR~iW]\mZbSTWVjiWnlmZ�pecP`nUTWapkµi��lTWeSkUr_P_nvus��iynUTWXqeSklmZTWaÄi�mqacnlm�TWVSkUP\atecP`P_nlk�klmqklRUr_P
Qji�R'Xxi�nUTWXqeSklmZTWa�b*  }p��bgRUTvf��gbSP~bSPFnoTpbgmqeS[��@njpEkUw$s��(v��*p�Xxi�QSRUr\Qji�Roi�klmZTWa�bSPC]_P\XqXZP �É]\m
u���PC]o}ji�aS·ÃP\[3P\atkµbSPC]_TWeSXZP\eSR
bSPµXxi`nUTWXqeSklmZTWa�klmqklRUr_PCP_nUk'TWVcnUP\Rl�ÃrFQsTWeSR�eSa��ÃTWXqeS[3P

Vf1
bSPFklmqklRoi�atk�r\·ti�X �

20,2
[3��u

�guMßNaÖbSr_bgeSmqRUPhXxi5�Wi�XZP\eSR`bSPhXxiÇ]_TWac]_P\apklRoi�klmZTWa [3TWXxi�mqRUP
cB
RUr_P\XqXZP¿bSPhXxi�noTWXqeSklmZTWaÖb*  }t�gbgRUT_fg��bSP�bSP¿noTpbgmqeS[ P\k`Xxi

�Wi�XZP\eSR'bge�koi�egf¿bSPFQSeSRUP\kUr
τ
bSPFX
  }p��bgRUTvf��gbSPCbSPCnoTpbgmqeS[ÌnUTWXqmZbSP|u

Õpm�Xxi3noTWXqeSklmZTWa�b*  }t�gbgRUT_fg�gbSPKbSP^nUT�bgmqeS[ P_nlk#i�Vji�acbSTWaSacr_P � X
 Øi�mqRMXqmqVSRUPK�tecP\XZ�pecP_nM}cP\eSRUP_n){jbSP_n#QS}cr\acTW[3Y\acP_n#mqapkUr �
RUP_nUnoi�atkUnµnUP^QSRUT�bgeSmZnUP\atkvu � TWeSkCb* Øi�V�TWRUb*{�QsTWeSR�eSacPK[ziWnUnoP^bSTWaSacr_P`b* ¡r\koi�XZTWaÄiW]\mZbSP|{sXZP^�ÃTWXqeS[3P`bSP~�caÇbSPKklmqklRoi�·ÃP²�bSr¹�caSm�Qji�RMXZP^]U}ji�aS·ÃP\[3P\apkµbSP^]_TWeSXZP\eSR�bSPCXxi3nUTWXqeSklmZTWa�´�RUP_nlkUPCXZP~[3�\[3P~nlm�X
  mqacbgmZ]vi�kUP\eSRF]_TWXZTWRUr^P_nlkMX
  }cr\Xqmxi�apkl}SmqacP|u
ßNa RUP\�|i�ac]U}cP|{NnUm�X
  mqacbgmZ]vi�kUP\eSR3]_TWXZTWRUrhP_nlk^XxidQS}cr\acTWXqQS}pkoi�XZr\mqacP|{NXZP��ÃTWXqeS[3P¿bSP3�ca:bSPyklmqklRoi�·ÃPÇ²�i�QSQji�RlmqklmZTWaÖbSP�Xxi
]_TWXZTWRoi�klmZTWa�RUT|nUP)´�bSr\QsP\acb�bge¿kUP\[`QcnMb* Øi�Vji�acbSTWa5bSPFXxi�nUTWXqeSklmZTWadb*  }p��bgRUTvf��gbSP~bSPFnoTpbgmqeS[ � X
 Øi�mqRMXqmqVSRUP|u

Ñ u�� X
 Øi�mZbSPÄbSP_n�bSTWaSacr_P_n�apeS[3r\RlmZ�tecP_nv{#mqatkUP\RlQSRUr\kUP\R5�teji�Xqmqkoi�klmq�ÃP\[3P\apkÇXZP_n¿RUr_nleSXqkoi�kUndP¹fgQsr\Rlmq[3P\atkoi�egf/QSRUr_]_r_bSP\atkUn)uÝJ]\RlmqRUPFXZP_n'r_�peji�klmZTWacnMbSP_n�RUrviW]\klmZTWacn#�teSm*klRoiWbgeSmZnoP\atkMXZP_n'klRoi�acn � TWRl[zi�klmZTWacn�]U}Smq[`mZ�pecP_nvu
Ü#a�nUPµQSRUTWQ�T|noPCbSPµ�Ãr\Rlm��jP\R#�pecPµX
  }t�gbgRUTW·Ãr\acTpbgmqmZT�bci�kUP~bSPCQ�TWkoiWnUnUmqeS[ÌP_nlk�eSa�iW]\mZbSP � TWRlkvu

Â�uMß�f�QSXqmZ�pecP\R'QsTWeSRU�tecTWm�Xxi`[3P_nleSRUPCbgedQcÙ bSP~nUTWXqeSklmZTWacnMbSPC]_P^]_TW[`Q�T|norFacPFQsP\Rl[3P\k'QjiWnMbSPF�Ãr\Rlm��jP\Rµi_�ÃP_]~QSRUr_]\mZnlmZTWa
XZPF]vi�RoiW]\kUY\RUP � TWRlk'TWe � i�mqVSXZPFbSP~]_P\XqeSm �É]\m
u
��P�klmqklRoi�·ÃP'QSRUr_]_r_bSP\apk�P_nlkJnleSmq��mSQji�RJQcÙ �
[3r\klRlmZP|uÃÀ�TWeSR�r\��mqkUP\RNkUTWeSkÅP\aSateSm
{pTWazi���TWeSkUP � XxiCnUTWXqeSklmZTWa3klmqklRUr_P�eSa3P¹fS]_Y_n
bSP`aSmqklRoi�kUPzbSPzQ�TWkoiWnUnUmqeS[ ²�]_TW[`Q�T|norz]U}Smq[`mZ�pecP\[3P\atk�mqacP\RlkUP)´¹uNÜ#a@bgmZnlQsT|nUP3bge RUP\XZP\�ÃrzbSP_nC�|i�XZP\eSRUnKbgeÄQcÙèbSP3Xxi
nUTWXqeSklmZTWa�P\a � TWac]\klmZTWa5bSP~]_P\XqXZP_n�bged�ÃTWXqeS[3P~bSP~klmqklRoi�atk�acTWkUr

VT
u�Ü#a�acTWkUP

cA
Xxi3]_TWac]_P\atklRoi�klmZTWaÇ[3TWXxi�mqRUP^mqaSmqklmxi�XZP

P\a mZTWacn^}t�gbgRUTW·ÃY\acP¿bci�acnKXxidnUTWXqeSklmZTWa � klmqklRUP\Rv{
VA
nUTWa1�ÃTWXqeS[3P�mqaSmqklmxi�X
{

cB
Xxi�]_TWac]_P\atklRoi�klmZTWaÚ[3TWXxi�mqRUPhP\a1mZTWacn

}t�gbgRUT_fg��bSP�bci�acn�XxiznoTWXqeSklmZTWa5klmqklRoi�apkUP|u�Ü#a�acr\·|Xqmq·ÃPKkUTWeSkµQS}cr\acTW[3Y\acP�Qji�RoiWnlmqkUPh²�TWaÇRoi�mZnUTWaSacP`i_�ÃP_]KXZP_nµnUTWXqeSklmZTWacn
� Roi� x]o}cP\[3P\atkMQSRUr\Qji�RUr_P_n){jnUTWecnMi�kl[3T|nUQS}cY\RUPFmqacP\RlkUP)´¹u

�gu w r¹�caSmqR#P\k'P¹f�QSRlmq[3P\R'XZPC�ÃTWXqeS[3P
VE
� X
 ¡r_�peSmq�Wi�XZP\ac]_P|u

� uMßNa�nUPKQSXxi*gvi�atk^iv�Wi�apkCX
 ¡r_�teSmq�|i�XZP\ac]_P�² VT < VE
´¹{�P¹fgQSRlmq[3P\RFXxihbgm�ë*r\RUP\ac]_P

VE − VT
P\a � TWac]\klmZTWaÄbge�QcÙ^{sbSP

VA
{

VT
P\k

cB
u

� ÁguM��i�]_TWeSRlVsP 10− ��� × (VA + VT)/
[3�

= f (VT/
[3�

)
P_nlk^eSacP�bgRUTWmqkUP�Q�TWeSR

VT < VE
u��#e� ¡P_nlk �
mqXAQ�T|nUnUmqVSXZPzb* ¡P\a

bSr_bgeSmqRUPz²+[3r\kl}cTpbSP~bSP�� � ����´��

� ��� � � $3�
	)� ���!
5 1� $ ��� 

� � �� ;�
� ��, � ��� ��,
��#����0/�
1�

��i�nUTWXqeSklmZTWaÇb*  }t�gbgRUT_fg��bSPKbSP~noTpbgmqeS[ QSRUrvi�Xxi�VSXZP\[3P\atkCr\koi�XZTWaSacr_PKQ�P\Rl[3P\k�bSP~bST|nUP\R�Xxi3noTWXqeSklmZTWa5b* ØiW]\mZbSP�iW]\Rl�pXqmZ�pecP|u
Ü#a�Roi�QSQsP\XqXZPC�pecPµX
 ØiW]\mZbSP~iW]\Rl�pXqmZ�pecPCP_nlk�acTWkUr~�#Ù P\k'noiKVjiWnUPC]_TWaW��eS·|ecr_PC� � u

� uMÝJ]\RlmqRUP'X
 ¡r_�peji�klmZTWa�bSP�XxiFRUrviW]\klmZTWayb*  }p��bgRUTWXq�gnUPMbSP'X
 ØiW]\mZbSP#iW]\Rl��XqmZ�tecP|upã#i�QSQsP\XZP\RJX
 ¡r_]\RlmqkleSRUP#bSP'XxiF]_TWacbgmqklmZTWayb* ¡r_�peSm �XqmqVSRUPziW]\mZbSTWVjiWnlmZ�pecP3P\a@nUTWXqeSklmZTWa iW�pecP\ecnUP`P\apklRUP3XZP_nC]_TWac]_P\apklRoi�klmZTWacn^[3TWXxi�mqRUP_n^bSP�X
 ØiW]\mZbSP�iW]\Rl��XqmZ�tecP|{*bSPznoiyVjiWnUP
]_TWaW��eS·|ecr_PCP\k'bSP_nMmZTWacn�}t�gbgRUTW·ÃY\acP|u

³guM���|i�atkµbST|noi�·ÃP|{�XxiznUTWXqeSklmZTWa5QSRUr\Qji�RUr_P`i�e5bSr\VSeSkµbSP^X
 ¡r\acTWac]_rKP_nUk�bgmqXqecr_PKP¹fSiW]\kUP\[3P\apkF�pmqaS·|k � TWmZn�QsTWeSR#TWVSkUP\aSmqRµXxi
nUTWXqeSklmZTWa/²
ÕS´¹uNÀNRUTWQ�T|noP\R`eSa1QSRUTWkUT�]_TWXZPhQSRUr_]\mZn`QsTWeSR`]_P\klkUP¿TWQ�r\Roi�klmZTWa�{NP\a:mqacbgmZ�peji�atk3XZPy[zi�kUr\RlmZP\XMbSPy�ÃP\RlRUP\RlmZP �
[3P\klklRUPCP\a �µeS�pRUP|u

40 ð ñxòSó×ô�õ�ö|÷ øjù �
����ú¹�Nû�����ü�ý������
	Ø�¹




	�û ö ü���	����������)���o�
� ö r ��� � �

�MacP^QSRlmZnUP�b* ¡P_nUnoi�m
E′ = 20,0

[3� bSP�nUTWXqeSklmZTWa ²
ÕS´#P_nlkµbgmqXqecr_P�bci�acnFP\at��mqRUTWa �|Áz[3�Úb* ¡Pvi�e�bgmZnlklmqXqXZr_P|{sQSeSmZn�klmqklRUr_P
Qji�R�Xxi`nUTWXqeSklmZTWadr\koi�XZTWaSacr_P^b*  }t�gbgRUT_fg��bSPCbSP~nUTpbgmqeS[�uS��PFklmqklRoi�·ÃPCP_nlkMnUeSmq�pm*Qji�R�QcÙ �
[3r\klRlmZP|u

ÊguMÝJ]\RlmqRUPFX
 ¡r_�peji�klmZTWadbSPFXxiKRUrviW]\klmZTWa�bSPµklmqklRoi�·ÃP|usO�i�XZ]\eSXZP\R'Xxi��|i�XZP\eSRMbSPFnoi�]_TWacnlkoi�apkUP~b* ¡r_�peSmqXqmqVSRUP|u
ÔcuMßNa¿nleSQSQ�T|n�i�atk�Xxi^klRoi�acn � TWRl[zi�klmZTWa¿kUTWkoi�XZPFiv�Wi�apk�X
 ¡r_�teSmq�|i�XZP\ac]_P|{SP\k�P\ayeSklmqXqmZn�i�atk'bSP_nAacTWkoi�klmZTWacnMi�aji�XZTW·|ecP_n � ]_P\XqXZP_n
bSPMXxiKnUTWecn �ÉnoP_]\klmZTWayQSRUr_]_r_bSP\apkUP|{g[3TWatklRUP\R'�pecP�Xxi~]_TWeSRlVsP

10− � � × (VT)/
[3�

= f (VT/
[3�

)
P_nlkAeSacP�bgRUTWmqkUP�QsTWeSR

VT < VE
uSßJa�bSr_bgeSmqRUPFeSacPF[3r\kl}cT�bSPFbSPCbSr\kUP\Rl[`mqaji�klmZTWa�bSPµXxiK�|i�XZP\eSR'bge¿Q

K � bge�]_TWeSQSXZPCÙ�� / � � ²+[3r\kl}cT�bSPCbSP� � ����´¹u
�gu w TWaSacP\R�bSP\egfKRoi�mZnUTWacn��teSmSQsP\Rl[3P\klkUP\atkAbSP���ecnlklm��jP\RNXZP']vi�RoiW]\kUY\RUP�kUTWkoi�XjbSP'XxiµklRoi�acn � TWRl[zi�klmZTWa�i_�|i�atk�X
 ¡r_�teSmq�|i�XZP\ac]_P|u
Ñ u � muzKk0v w*v �(s@v r w q�sur�q@n]rM�te�  � X
 ¡r_�peSmq�Wi�XZP\ac]_P|{sXxi�klRoi�acn � TWRl[zi�klmZTWa�Q�P\eSkµP\ac]_TWRUP`�\klRUP�]_TWacnlmZbSr\RUr_P`]_TW[`[3PKQSRoi�klm �
�tecP\[3P\apk'kUTWkoi�XZP|u�Ü#a�acPCnoPF]_TWatkUP\atkUP\RoizQjiWn'b*  eSacP~i�í3Rl[zi�klmZTWaÇi�QSQSRUT_fgmq[zi�klmq�ÃP|uququ

Â�u�ÕpmNX
 ¡TWQ�r\Roi�kUP\eSR^acP`bgmZnlQ�T|noP�QjiWn~bSP�QcÙ �
[3Y\klRUP|{�QsP\eSk �
mqXJeSklmqXqmZnUP\RCeSa�mqacbgmZ]vi�kUP\eSRK]_TWXZTWRUr3QsTWeSRF�pmZnleji�XqmZnoP\RCXxi��ca@bge
klmqklRoi�·ÃP
�KÕpeSR'�pecP\XqXZP_n'VjiWnoP_n�XZPF]U}cTWmZnlmqk �
mqX � w mZnU]\eSkUP\Rvu

� 
 � � � ¤ ¦�&��µ�HD ¤�� GNI�(jG��
r
DF&CB'¦ � �A¦ �Å(c&�� � �"¦�¦��#�L��B�(c¦ÏD����#B'¦��#����B'���L�#B�(

Ü#azP_nonoi�mZP�bci�acnJ]_P\klkUP'nUP_]\klmZTWa3bSP�[3T�bSr\XqmZnUP\RNXxi�RUr\Qji�RlklmqklmZTWa�bSP_n�[3TWRU]_Pvi�egf3bSPMÕ�]_TWkU]o}zP\atklRUP�XZP_nÅr\XZY\�ÃP_nJP\kNXZP�[3TWVSmqXqmZP\R
bSPFX
 ¡r\koi�VSXqmZnUnoP\[3P\atkvu
Ü#a5acTWkUP

S
eSa�[3TWRU]_Pvi�e�bSPKÕ�]_TWkU]o}�]_TWXqXZrKi�e�[3TWVSmqXqmZP\RµbSP~X
 ¡r\koi�VSXqmZnUnUP\[3P\apkv{

N(S)
XZP~acTW[~VSRUP�bSPK]_P_nM[3TWRU]_Pvi�egf�bSP

Õ�]_TWkU]U}�{
E
eSahr\XZY\�ÃP�acPMQsTWRlkoi�atk�QjiWn�bSPCÕ�]_TWkU]U}�{

N(E)
XZP#acTW[~VSRUPFbSP�]_P_n�r\XZY\�ÃP_nv{

ES
eSahr\XZY\�ÃP�Q�TWRlkoi�apk�eSay[3TWRU]_Pvi�e¿bSP

Õ�]_TWkU]U}5P\k
N(ES)

XZPµacTW[~VSRUP~bSP~]_P_n'r\XZY\�ÃP_nvu
�J ¡r_]o}ji�aS·ÃP^P\apklRUPCXZP_n'r\XZY\�ÃP_nMP\k'XZP~Õ�]_TWkU]U}�Q�P\eSk'nUPµklRoiWbgeSmqRUP~Qji�R'X
 ¡r_�peji�klmZTWadbSPFRUrviW]\klmZTWadnleSmq�|i�atkUP �

E + S = ES
² � ´

�#eÇV�TWeSkFb*  eSacP#��TWeSRlacr_P|{*TWaÄiWbg[3P\kC�pecP~XZP�nl�gnlkUY\[3P�P_nlkµP\a�r_�teSmqXqmqVSRUP`P\kF�pe�  mqX�P_nUk#QsT|nUnlmqVSXZP�b* ¡r_]\RlmqRUP�Xxiy]_TWacbgmqklmZTWa
b* ¡r_�peSmqXqmqVSRUP^i_�ÃP_]CXZP_n�acTW[~VSRUP_n�b* ¡r\XZY\�ÃP_nMP\k'bSPF[3TWRU]_Pvi�egf�bSP^Õ�]_TWkU]o}dnUTWecn�Xxi � TWRl[3P �

KS =
N(ES)

N(E) ·N(S)

²�³Ã´

KS
P_nUk�eSacPC]_TWacnlkoi�atkUP|u

� u��E�pecP\X�kÉ��Q�PFbSP~]_TWeSQSXZPCP\adnUTWXqeSklmZTWa�iW�pecP\ecnUPFP_nlk �
mqX�Q�T|nUnUmqVSXZPFbSPµRoi�klkoiW]U}cP\RMXZP~]_TWeSQSXZP^Õ�]_TWkU]U} = ÝNXZY\�ÃP
�³gu w i�acn#eSa5Xq��]_r_PK]_TW[`Q�TWRlkoi�apkµmqaSmqklmxi�XZP\[3P\atk
N0(E)

r\XZY\�ÃP_nv{�TWa�mqapklRUTpbgeSmqk
N0(S)

[3TWRU]_Pvi�egfÇbSP�Õ�]_TWkU]o}�usÝJ]\RlmqRUP~XZP_n
RUP\Xxi�klmZTWacn'klRoiWbgeSmZnoi�apkMXxi�]_TWacnUP\Rl�|i�klmZTWadbge�acTW[^VSRUP~bSPµ[3TWRU]_Pvi�egfdbSP~Õ�]_TWkU]U}5P\k'bge�acTW[~VSRUP^b* ¡r\XZY\�ÃP_nvu

Êgu��#ecP\XqXZP~P_nlkµi�XZTWRUnMXxi�RUP\Xxi�klmZTWaÇP\atklRUP
KS
{
N0(E)

{
N0(S)

P\k#XZPCacTW[^VSRUP^b* ¡r\XZY\�ÃP_n�QsTWRlkoi�atk�eSad[3TWRU]_Pvi�eÇbSPKÕ�]_TWkU]U}�{
N(ES)

�
ÔcuMß�f�QSRlmq[3P\R

N(ES)
P\a@nleSQSQsT|noi�atkK�tecPzQ�P\e b* ¡r\XZY\�ÃP_n~QsTWRlkUP\atkKeSa@[3TWRU]_Pvi�e1bSPyÕ�]_TWkU]U}1Qji�R~Roi�QSQsTWRlkKi�e acTW[~VSRUP

kUTWkoi�X�b* ¡r\XZY\�ÃP_nvu
� � ijij¾tæ�����
*æ"» � � � ��� �*æ�	 ��½�


N0(S) = 110
�
N0(E) = 1,0× 103 P\k KS = 1,0× 10−4

Ü#aÄRUP\[zi�RU�tecP�P\aÄQSRoi�klmZ�pecPz�pecP`XZP_nCr\XZY\�ÃP_nKbSP`QSRUP\[`mZY\RUP�i�aSacr_P�nUTWatkCQSXqecn^nlecnU]_P\QSklmqVSXZP_nK�tecP3XZP_n~i�eSklRUP_n^b* Øiv�ÃTWmqR
eSa�[3TWRU]_Pvi�e�bSP^Õ�]_TWkU]o}5]_TWXqXZr^nleSRMP\egf*u�Ü#a�QsP\eSkMnU]\mqacbSP\R#Xxi�Q�TWQSeSXxi�klmZTWa5bSPCX
 ¡r\koi�VSXqmZnUnoP\[3P\atkµP\adbSP\egf�]vi�kUr\·ÃTWRlmZP_n
b* ¡r\XZY\�ÃP_n

E1

P\k
E2

{�i�egfg�pecP\XqXZP_n'TWadiWnUnUT�]\mZPµRUP_nlQsP_]\klmq�ÃP\[3P\atk#XZP_n']_TWacnlkoi�atkUP_n
KS1
P\k

KS2
ujÜ#a�TWVSklmZP\apk#bSTWac]CbSP\egf

]vi�kUr\·ÃTWRlmZP_nMb* ¡r\XZY\�ÃP_n'[^eSaSmZnMbSP^Õ�]_TWkU]o}�{cacTWkUr_n
E1S
P\k

E2S
u

�gu�Ü#a~mqatklRUT�bgeSmqk�XZPÅ[zi�klmqa
N0(S)

[3TWRU]_Pvi�egf^bSP�Õ�]_TWkU]U}�bci�acn×X
 ¡r\koi�VSXqmZnonUP\[3P\atkv{�QsP\eSQSXZr�bSP
N0(E1)

r\XZY\�ÃP_n�bSP�QSRUP\[`mZY\RUP
i�aSacr_P|ucß�fgQSRlmq[3P\R � Xxi^�cadbSPµXxi��lTWeSRlacr_P

N(E1)
P\a � TWac]\klmZTWadbSP

N0(E1)
{
KS1
P\k

N(S)
u

Ü#a�acTWkUP3bSr_nUTWRl[zi�mZn
N0(E2)

XZP�acTW[~VSRUP�b* ¡r\XZY\�ÃP_nCa� ¡r\koi�apk~QjiWnCP\a�QSRUP\[`mZY\RUPyi�aSacr_P|{*QSRUr_nUP\atkUn~mqaSmqklmxi�XZP\[3P\atkvuNÜ#a
nleSQSQ�T|noP#�pecPµXZP�acTW[~VSRUPCb* ¡r\XZY\�ÃP_n�bSPµQSRUP\[`mZY\RUPCi�aSacr_Pµa� Øiv�ti�atkMQjiWn�bSP�[3TWRU]_Pvi�edbSPCÕ�]_TWkU]o}d]_TWXqXZrµP_nlk�acr\·|Xqmq·ÃPvi�VSXZP

40 ð ñxòSó×ô�õ�ö|÷ øjù �
����ú¹�Nû�����ü�ý������
	Ø�¹




	�û ö ü���	����������)���o�
� ö r ��� � �

bSP\�Wi�apkFXZP^acTW[^VSRUP3bSP�]_P\egfÇiv�ti�atkCeSaÇ[3TWRU]_Pvi�e@bSP3Õ�]_TWkU]U} ]_TWXqXZr|u w  Øi�eSklRUP�Qji�Rlkv{sXZP�nU]o}cr\[zihmqat�ÃP\RUnUP`noP^QSRUT�bgeSmqk
Q�TWeSR#XZP_n�i�eSklRUP_nµr\XZY\�ÃP_nv{�XZP~acTW[^VSRUP�b* ¡r\XZY\�ÃP_n#QsTWRlkoi�atk�eSa5[3TWRU]_Pvi�eÇbSP�Õ�]_TWkU]U}�P_nlk�acr\·|Xqmq·ÃPvi�VSXZP�bSP\�Wi�apk�]_P\XqeSm�bSP_n
r\XZY\�ÃP_n�a� ¡P\a�QsTWRlkoi�atkMQjiWn)u

Ñ uMßNa�bSr_bgeSmqRUPCXZPµacTW[^VSRUP~bSPF[3TWRU]_Pvi�egf�bSP^Õ�]_TWkU]o}d]_TWXqXZr_n#i�e¿[3TWVSmqXqmZP\R � XxiK�ca�bSPFXxi#�lTWeSRlacr_P|u
ßNaÖbSr\VSeSkzb* Øi�aSacr_P|{NmqX�a�  �Úi5QjiWn3P\ac]_TWRUP¿bSPh[3TWRU]_Pvi�egfÖbSPdÕ�]_TWkU]U}á]_TWXqXZr_n�i�eÚ[3TWVSmqXqmZP\RvuJ�5i�mZn�XZP_n3QSRUTW[3TWklmZTWacn
XZP_n~QSXqecn`i�ac]\mZP\aSacP_n`TWatk�QsTWeSR^}ji�VSmqklecbSP¿bSPynUTWeS}ji�mqkUP\R�XxidVSmZP\at�ÃP\atecP�i�egf acTWeS�ÃPvi�egf:i�RlRlmq�|i�atkUn`P\a1XZP\eSR�]_TWXqXxi�apk
[zi�XqmZ]\mZP\ecnUP\[3P\atk'P\k�bgmZnU]\RUY\kUP\[3P\atk'bSP_n�[3TWRU]_Pvi�egfybSPFÕ�]_TWkU]U}�ucÜ#a¿nleSQSQsT|nUPMbci�acn�]_P\klkUPµ�pecP_nlklmZTWay�pecP

KS1 > KS2
u

��PF[zi�klmqa�{ckUTWecnMXZP_nMr\XZY\�ÃP_n�bSPFkÉ��QsP
E2

QsTWRlkUP\atk#eSad[3TWRU]_Pvi�e�bSPKÕ�]_TWkU]U}ÇP\k#i�ec]\eSa�r\XZY\�ÃP^bSPFkÉ��Q�P
E1

a� ¡P\adQsTWRlkUP
²
N(E2) = 0

P\k
N(E1S) = 0

´¹u
Â�uMÝJ]\RlmqRUPMX
 ¡r_�peji�klmZTWa¿bSPMX
 ¡r_]o}ji�aS·ÃPFb*  eSa�[3TWRU]_Pvi�e¿bSPFÕ�]_TWkU]U}hQji�RAeSayr\XZY\�ÃPµbSP#kÉ��Q�P

E2S
iv�ÃP_]�eSayr\XZY\�ÃP�bSPMkÓ�pQsP

E1

u
ß�f�QSRlmq[3P\RMXxi�]_TWacnlkoi�atkUP^b* ¡r_�teSmqXqmqVSRUP^bSPF]_P\klkUPCr_�teji�klmZTWa�b* ¡r_]U}ji�aS·ÃP|u

�gu��#ecP\XqXZP_nJnUTWatkÅXZP_nJr_�teji�klmZTWacnÅbSP_nJbSP\egfKRUrviW]\klmZTWacn�nUP_]_TWacbci�mqRUP_n�� � �pecP\XqXZPÃ²�n�´�]_TWacbgmqklmZTWa�²�n¹´�nleSR
N(S)

P_nUk �
mqXSQ�T|nUnUmqVSXZP
bSPµXZP_n�acr\·|Xqmq·ÃP\R��
��i��ca@bSP`XxihnU]_TWXxi�RlmqkUrzbci�acn~]_P\k~r\koi�VSXqmZnUnoP\[3P\atk^P_nUkF[zi�RU�tecr_P`Qji�R~eSa�RlmqklecP\X�P\atklRUP3XZP_nCr\XZY\�ÃP_n~nUTWRlkoi�apkUnv{*acTWkUr

A²�i�ac]\mZP\acn�r\XZY\�ÃP_n¹´'P\k�XZP~RUP_nUkUP^bSP_n�r\XZY\�ÃP_nv{�acTWkUr_n
E
uj��P_nFi�ac]\mZP\acnµr\XZY\�ÃP_n

A
i�RlRlmq�ÃP\atkCiv�ÃP_]^QSXqecnUmZP\eSRUn#[3TWRU]_Pvi�egfÇbSP

Õ�]_TWkU]U}1²�P\adQSRoi�klmZ�tecP~Ê3TWe�Ôp´�P\kv{SXZTWRUn#b*  eSacPCVji�koi�mqXqXZP~r\QSmZ�pecP~iv�ÃP_]CXZPFRUP_nlkUPFbSP_n#r\XZY\�ÃP_nv{cP_nUn�i�mZP\atk#bSPCklRoi�acnl[3P\klklRUP
XZP\eSRAÕ�]_TWkU]U}¿i�egfzr\XZY\�ÃP_n

E
ugOAP_nÅbSP\RlaSmZP\RUn�Q�P\eS�ÃP\apk�RUP_]_P\�ÃTWmqR���ecno�te�  � bSP\egf3[3TWRU]_Pvi�egfzbSPµÕ�]_TWkU]U}�uSÜ#a�bSTWaSacP|{pbci�acn

XZP_n']_TWacbgmqklmZTWacnMbSPFXxiKVji�koi�mqXqXZP��
�

+
Õ

=
�FÕ

K1
S,A�µÕ

+
Õ

=
�µÕ�ï

K2
S,A�µÕ�ï

+
Õ

=
�µÕ �

K3
S,A�µÕ �

+
Õ

=
�µÕ � K4

S,Aß
+
Õ

=
ß�Õ

K1
S,Eß�Õ

+
Õ

=
ß�Õgï

K2
S,E

� u�Ü#aÄ]_TWaSaji� Zk N0(AS4)
P\k

N0(AS3)
{�XZP_n~i�eSklRUP_n~�peji�atklmqkUr_nKr\koi�atkCapeSXqXZP_nvu�ßJa@nleSQSQsT|noi�atk

N(S)
]_TWaSate�{×]_TW[~VSmZP\a

b* Øi�ac]\mZP\acnMr\XZY\�ÃP_n'TWapkMRUr\ecnUnlm � noPFbSr\Vji�RlRoiWnUnUP\RMbSPFkUTWecn'XZP\eSRUn'[3TWRU]_Pvi�egf�bSP~Õ�]_TWkU]U} �

�
�����������
	�����
������������
	

��������������� �!�#"�$%�����'&(� �)"+*-,'���
. .���"T����� � K � / �
M/

� · "T��. −1 ��B 010 ��2�B 0 ��3�B 0 214�B 0

5 K 687 �)9:� , 5 �!���;��9
" 7 �=<�>��'���
 !��(�#�.0� �@?

/
?;A KI��B

,
� BX�

/
� KI� A� � KI� A�

/
KI� B A� � B��

/
� � A

#
K C 4,2 6,4 10,6 14

5 K DE7GF "IH 7 "+9:�
&(��,�$%�;9:� �!��$%J��

�0�A���5 +�?����(�* ���+.0�5�?�������0��� E�.0�+( ���FEA*���"T�����<Q<"$��. #���������.0#����,��.��������
#
K K 3,4 7,1 9,4

�
�
�

40 ð ñxòSó×ô�õ�ö|÷ øjù �
����ú¹�Nû�����ü�ý������
	Ø�¹




�Y���o� � ��û����×��ú\���T� ��� � �

£¥¤ &�(*�p�"!��L�%$M&M�)(*�+�
� ���=<	� � �=. 
 .��/.10 �

;��,�� �
��A��.0"3B .0�����4���� !�+"CE�*,����� 2 2�: / �0�+.5
�� ������*����!���7�V.0� #�*���2�� ����������� #��<Q�
��0&�(��������! �"$#$"%"$#� �&('*)+#$", $#$-/.0�1"2.�3�-0"5463
 +#�)879#$ :)879#2.�#%463;":<= >�?)�<@�! +#A.�#$"53?<B�(CD#$"%#(<,.�#�4E3F �3?.1'63?<*'G�(-IH��1'	#$-KJ$C%3!-9#@�!��B �����A
C.0�� !�����g�+*,�+�A +�1L0�$M'&�( = �0.J#�*,�������A !�3O� !�+���,�
�� + ���
������ B	�0.P
�(�*,#�*����A�¥.>= ��
�
��+"CE�.����U�+� ���������0�+�����C.0�@���� !��(�����*��,���¡= (�� ����(�����. ��.���"T������B	.0���<(�"$��*��ON12�B¢EA�?#��,�0
����-���g���0(�"4B ���
.>= ���A !�0�+������" .5���,���QPSR8T�UWV*R1X4��� K ��#%�����A����(���: K �!���������� !��(�����*��,�V��
��C��(���O����+(�2�����
���
/ !��.0.5�?E)��*9������(�*9
+B¡(�� 
�#)�� n�,*���
� +��#��5
����

�#%�� !�5�?.0�0
���� ����
$*,�XQ����A
SY/B �-�0*Z
\[ � 	:]#�
���+�U(��  9����"$�5
��,�4��������*����0
�B_^NQ1`�*���QQa��cb ��d �
	$e : K �@���+*,���0�+*V
+= ��
��U���8f�O¥�0.0.�(A
���*,� O
#�.0(A
�����(�*,
N*,�+#�*,�5
���
'#A��*N����
-��*9�X�X��(�2 �?(�2�&�(��+.5
-����(A
H��.�.0���A

����(%
-�0������*���
�
��+*N���?�A
-.5�D
�(������$���T +�C#A*���E�.�L�"$��B)�!�F&�(A� .0(�� ���?.0(�*,�+���
���F*,�� +�+������*M.0�F#�*���22� �������T�������!g 4�:

¢ �M�Î��&MD`� ¤ �iho
 &�?��AGkj��pB'�A¦�(ml ¤ ( �'�#� � Iµ��D

�#QSRUY_nMeSacP � TWRl[zi�klmZTWa�mqaSmqklmxi�XZP � àAecbci�Q�P_nlkv{jàAP\RlXqmqa5QSeSmZnMÆcRlmqV�TWeSRl·c{�����nWRl·|� � ½ �K½��×½cç �ÚklRoi_�|i�mqXqXxi � �5i�ac]o}cP_nlkUP\Rbci�acn'XZPµXxi�VsTWRoi�kUTWmqRUP~b* ¡ßJRlacP_nlk h ��
���½ ���Ã» � � u�OAPCbSP\RlaSmZP\RMX
 ØiW]_]\ecP\mqXqXqmqkMQji�RM]_P_n�[3TWkUn � ³ � �ì ���yV�T)��m � �ÃTWe�i�RUP 8ATWRlkl}��ÃTWeSRMnoi�Xqkv{S�ÃTWe¿klRl�hkUT`nUP\Qji�Roi�kUPCRoiWbgmqeS[ � w � RUTW[ i�XqX�kl}ji�k'XZPviWb3î 	 u
��PFRoiWbgmqeS[ � w r\koi�mqk#i�XZTWRUn�X
 Øi�QSQsP\Xxi�klmZTWa�b*  eSadr\XZr\[3P\apkMmZnUnle¿bSPFXxi�bSr_nUmqatkUr\·|Roi�klmZTWa5RoiWbgmZTÃiW]\klmq�ÃP~bgedã�iWbgmqeS[ ³|³ Ñ

ï u
��i3]U}ji� ZacP~bSPFbSr_nUmqatkUr\·|Roi�klmZTWaÇbge�RoiWbgmqeS[ ³|³ Ñ P_nlk�Roi�QSQsP\XZr_PCP\a�Qji�RlklmZP~]\m �ÉbSP_nUnUTWecnvu

226
88 Ra

α−→ 222
86 Rn

²�r\[zi�aji�klmZTWa�´ α−→ 218
84 Po (

ã#i`�
)

α−→ 214
82 Pb (

ã�i�à
)

β−−−→ 214
83 Bi (

ã#i3O
)

ã#i`O β−−−→ ã#i3O ′ α−→ ã�i w β−−−→ ã�i�ß
� uMã#i�QSQsP\XZP\R � �tecTWm�]_TWRlRUP_nUQ�TWacbSP\apkMXZP_n'bSr_nlmqapkUr\·|Roi�klmZTWacn α

P\k
β−
u

³gu��#ecP\XqXZP^RoiWbgmxi�klmZTWa P_nlk ' �I/U2T-*/U2�Xxi�QSXqecnFr\acP\Rl·Ãr\klmZ�tecP
�yOAP\XqXZP`�peSm×QsT|nUnUY_bSPKXxi�·|Roi�acbSP�XZTWaS·|ecP\eSRCbSPKQ�r\acr\klRoi�klmZTWa �
?|ecnlklm��jP\R'XxiKRUr\QsTWacnUP|u

Êgu�OATW[`QSXZr\kUP\R#i�XZTWRUn'Xxi^�cXqmxi�klmZTWa5]\m �ÉbSP_nUnlecn'P\a�mZbSP\apklm���i�atk�XZP_n'r\XZP\[3P\atkUn'�cXZn�O
′
{ w P\k'ß bSPµXxi`]o}ji� ZacP|u

Ôcu��#ecPµQ�P\acnUP\R�i�XZTWRUn'bSPFXxi�bSP\[zi�acbSP~bSP h ��
���½ ���Ã»�� � �

� o �A¦ ¤ ���HDF� ¦�I �Ó¤ �~� � �"(j�;D�� ¤ B $M���AG��Ó$C�x(j�

� ½ �^½��×½cç �ÚnleSk�klmqRUP\R�i_�|i�atkoi�·ÃPKbSPF]_P\klkUPCbSr_]_TWeS�ÃP\RlkUP~P\a�eSklmqXqmZn�i�atk'XZP_n�QSRUTWQSRlmZr\kUr_n#RoiWbgmZTÃiW]\klmq�ÃP_nMbgedRoiWbgmqeS[ � w u�ßNa
� ��� Êg{Ãi_�ÃP_]MÆAu � ����½ 
 �N{Ã�teSmciv�Wi�mqkNXqeSm �Ói�ecnUnUmg]o}cP\RU]U}cr � mZnoTWXZP\RNXZP�RoiWbgmqeS[ � w {|mqXZn�QSRUTWQsT|nUY\RUP\apkJbSP�bSr\kUP\Rl[`mqacP\RJXxi�nUTWXqeSVSmqXqmqkUrbSP�nUP\XZnµQsP\eÇnoTWXqeSVSXZP_nFbSP^QSXZTW[^V = ]_TW[`[3P�XZPK]o}SRUTW[zi�kUP3bSPKQSXZTW[~V = P\aÇeSklmqXqmZnoi�atkFXZP_nµQSRUTWQSRlmZr\kUr_nCRoiWbgmZTÃiW]\klmq�ÃP_nCbgeÄã#iw � Ê �ÉujOAP � eSk�XxiKaji�mZnUnoi�ac]_PCbge�]_TWac]_P\QSkMbSP F H � RTCE_TF HES,P`D*Fvu
��PCQSRUTWkUTp]_TWXZPCP¹fgQsr\Rlmq[3P\atkoi�X×P_nUk�XZPCnleSmq�|i�atk �
p�q �<���0*,��� 1

5

��� K (�*,�0�N���N.>= ��"$���A���,�����D��(2r'������(�" � .0�-*9�������srI� � ��
��I"$�0
��N�+��#A*���
����A !�H�¡= ���?(3���5
��,��.0.����N�A�?�A
M(��3*��� !�0#��0�+����g�+*,"T��:
?'#A*�L�
I����
������,�+��*9���,�����Ftvu�wOx_yBz�{+|V��(3*9������� B�.5�$
���.�(��,�����D��E������<(��F !�����,�������'��(Ar'�?R§�Q}
p ��B 31�T"$�$����~SE K . B 
������'�!f���(��,��
IOT.0�$
���.0(����0���	:��	�$
���.�(����0��� � � � ��
��'��E������<(��_}
p � ��#�*,�� +��#������N&�(A�?�������,�?���0����"T�����P.0�
#�.0��"CE��!�M.���r'�C� �X���� '��(D 9��*,��"V���,�
���N#%���,��
�
���(A" � £ B K * ��� � �!�J.��N
���.��5���'�g��*�"$�-��
��
���#A�?*,�F���H.0�V
���.0(����0���3#A��*P�%.7�,*,�?���0����}
p � �1
���.0�0���H��
��'���5
�#)�+*9
��H�A�?�A
F��010C"V��� = ���?(4�!�
���������N#%���A���?����2!gT��}
p � �-
���.0�5���'*,��
��,�?��� ��
��M�+.0��"$�0���
#%�?*S�%.7�,*,�?���0��� B�(����
�g*,�� n���0���U����N 01"$�q���'�%.7�,*,�?� ��
��P#�*,�+.0�+���+�'�+�P���X��#%��*����
O1
��� �:�� = �� n���0�<�7�,�

β−
��(Ar'��R�� ��
��I"$��
�(�*���� � 0�B0���C(��A�7�,� � }

p �	�3 !��"$#A��*,���0
���� ���T.>= �� n���0�<�7�,�T�X���� F.5�3
���.�(��,���������$���+#%�?*�� � � � � 2 0 410V(A���7�,��
 � ���������$�� � !L�
-O�.0�3
���.�(AE���.0�����$��(q 9��*,��"V�?������F#�.0��"/E	:
� W ��
 �&�U�8���¹
��W��	t�
��������	t�0� ù � � ýØ��������� � �_�Jû���
��Nû)����ü ù �o�
���×ýØ�����¹û�	Ø� �Hi�z5û����
��������� ù ýØ��� �� ÷ 
3��� ù�ù ��ýØýØ� �_����ýØ�µ
��������
��
3����� ù �o�����¹
���ü��_����
_���cý �^�����
�����
���
��û��z
��0�������c
��/������û�ü�������ú\�Ó�����_��� � � �o
�� ù ý����A���o�Éû3��
�� � � � ù �o�����o%p } k0m?�

40 ð ñxòSó×ô�õ�ö|÷ øjù �
����ú¹�Nû�����ü�ý������
	Ø�¹




�Y���o� � ��û����×��ú\���T� � � � �

� u w TWaSacP\RMXxiKXZTWm�bSPCbSr_]\RUTWmZnUnoi�ac]_PCbSPµXxi3�teji�apklmqkUrCbSPFRoiWbSTWa nRn
P\a � TWac]\klmZTWadbge�kUP\[`Qcn'P\k'bSP~noiKQ�r\RlmZT�bSP

TRn
uS��i

bSr_nlmqatkUr\·|Roi�klmZTWa5P_nlk�eSa�iW]\kUPC]\mqacr\klmZ�pecPCr\XZr\[3P\atkoi�mqRUP|u
³gu��#ecP\XqXZPh[ziWnUnUPhbSPhRoiWbSTWa i_�|i�mqk �ÉTWaái�eÚbSr\Qji�RlkznoiW]o}ji�atkz�pe�  eSaáO�eSRlmZP¿P_nlk�X
 ØiW]\klmq�pmqkUr¿b*  eSa ·|Roi�[`[3P¿bSP¿ã#iWbgmqeS[
²
3, 7 · 1010 à���]| ¡P_nUk � � �ÉbgmqRUP~bSr_nlmqapkUr\·|Roi�klmZTWacnMQji�RMnoP_]_TWacbSP)´�P\k'�tecPCXxiKQ�r\RlmZT�bSPCbge¿RoiWbSTWa�³|³|³`P_nUkMÊg{��|³|Ê���TWeSRUn �

Êgu��#ecP\X�P_nUk�X
  mqapkUr\RU�\kCQSRoi�klmZ�pecP`b*  eSklmqXqmZnUP\RFX
 ¡r\[zi�aji�klmZTWaá²+·ti��vP\ecnUP)´�bgeÇRoiWbgmqeS[ = XZPKRoiWbSTWa = QSXqeSk��WkC�tecPKXZPKRoiWbgmqeS[XqeSm*[3�\[3P
�
ÔcuM�Me�VsTWeSk�bSP�]_TW[^VSmZP\azbSP�kUP\[`QcnNQsP\eSk �ÉTWa3]_TWacnlmZbSr\RUP\RJ�pecP�XZPAã�i � w P_nUkJTWVSkUP\ate � � � { � � noiW]o}ji�atkÅ�pecPAXZP_n�Q�r\RlmZT�bSP_nbSP_n'bSr_nlmqatkUr\·|Roi�klmZTWacn�nleSmq�|i�atkUP_n#nUTWatk'acr\·|Xqmq·ÃPvi�VSXZP_n#bSP\�Wi�apk#]_P\XqXZPCbge¿RoiWbgmqeS[ �
�gu�O�i�XZ]\eSXZP\R'Xxi�[ziWnUnUPFbSPF]o}SRUTW[zi�kUP^bSPµQSXZTW[^V � TWRl[3r � Qji�RlklmqRMbSPµXxi`noTWXqeSklmZTWa ² � ´¹u
Ñ uMß�f�QSXqmZ�pecP\R'XZPµQSRlmqac]\mqQsPCbSPFXxiK[3r\kl}cT�bSPCP\[`QSXZTv�Ãr_P|uÂ�u�ÕgiW]U}ji�atk'�pecP�XxiKnUTWXqeSVSmqXqmqkUrFP_nlk�bSr¹�caSmZPF]_TW[`[3PµXxiC[ziWnUnoP�bSPµnUTWXqmZbSPµ�pe�  mqX*P_nlk�QsT|nUnlmqVSXZPµbSPµbgmZnUnUTWecbgRUPµbci�acn�eSahXqmqklRUP
bSPFnUTWXq�Wi�apkv{c]vi�XZ]\eSXZP\RMXxi�noTWXqeSVSmqXqmqkUrCbged]U}SRUTW[zi�kUP^bSPFQSXZTW[~V � Qji�RlklmqRMbSP_n��|i�XZP\eSRUn�mqacbgmZ�pecr_P_n'QSXqecn�}ji�eSkvu

� o �A¦ ¤ ���HDF�HGJI^���ÎG��+�#B'(ÏD ��& ¤ (cIKD���� ¤ ¦×�"I�B%D ¤ $ � I�� �

��iC[3r\kl}cTpbSP#bSP_nÅRoiWbgmZTWklRoiW]_P\eSRUn�iFr\·ti�XZP\[3P\apk�r\kUr'P\[`QSXZTv�Ãr_P�QsTWeSRJ[3P_nleSRUP\RÅXZP_n�]_TpP¹íz]\mZP\apkUn�b* Øi�eSkUTpbgm�ësecnlmZTWa = ]| ¡P_nlk �� �ÉbgmqRUP�XZP¿nUeSmq�pm'mqacbgmq��mZbgecP\XMbgeÖ[3TWeS�ÃP\[3P\apkybSr_noTWRUbSTWaSacrdbSP_nzi�kUTW[3P_n = bci�acn3XZP_n`[3r\koi�egfÖnUTWXqmZbSP_n�P\k`XqmZ�teSmZbSP_n�P\kzP\aQji�RlklmZ]\eSXqmZP\R'XZP\eSR�bSr\QsP\acbci�ac]_PFP\a � TWac]\klmZTWa�bSP�Xxi^kUP\[`Q�r\Roi�kleSRUP|u w i�acn�]_PµVSeSkv{ � ½ �K½��×½jç �Úi~eSklmqXqmZnor#eSadi�eSklRUP�mZnUTWkUTWQsPbge�QSXZTW[^VdmZnUnle¿bSPFXxi�bSr_nUmqatkUr\·|Roi�klmZTWaÇbge�kl}cTWRlmqeS[ ³|Ê|³g{SXZPµkl}cTWRlmqeS[ �Éà � ³g{cÔc{ ���Éu

� u��#ecP\XqXZP�P_nUk�Xxi~aji�kleSRUPµP¹fSiW]\kUPµbgehkl}cTWRlmqeS[ �ÉàáP\a¿noiW]o}ji�atk'�pe�  mqX�P_nUk�mZnUnUeybSP#XxiKbSr_nlmqatkUr\·|Roi�klmZTWa α
bge ï 	 �� � À�T�² � }y�F´P\k'�te�  mqX�bSTWaSacP^bge ï 	Éï� �là�mÅ² � }ÇO�´AQji�RMbSr_nlmqapkUr\·|Roi�klmZTWa β−

�

ßNa � i�mqkv{�QsTWeSR`bSr\kUP\Rl[`mqacP\R3XZP¿]_TpP¹íz]\mZP\apkzbSPhbgm�ë�ecnUmZTWaÖbSP_n3i�kUTW[3P_n3bSPhQSXZTW[~VÖbci�acn`XZPyQSXZTW[^V nUTWXqmZbSP|{N]| ¡P_nlk�XZP
Roi_�ÃTWaSacP\[3P\atk

α
²
T = 80, 5

[`mqa�´Åbgehkl}cTWRlmqeS[ ��O¯�peSmsiKr\kUrµP\[`QSXZTv�Ãr|ujÜ#a¿bSr\QsT|nUP#eSacPM�cacPµ]_TWec]o}cPFbSP � }¿à � XxinleSR � iW]_PFb*  eSacPCQSmZY_]_PCbSPFQSXZTW[~V�P\kMTWa�TWVcnUP\Rl�ÃPFXxi`bSr_]\RUTWmZnonoi�ac]_PFQSRUTW·|RUP_nUnlmq�ÃP~bSPFX
 ¡r\[`mZnUnlmZTWa�u
³guMß�f�QSXqmZ�pecP\RF]_TW[`[3P\atkFXZP�nleSmq��m�bSP_nµbSr_nlmqapkUr\·|Roi�klmZTWacnCP\a � TWac]\klmZTWa�bgeÇkUP\[`Qcn�Q�P\Rl[3P\kFbSP�b* ØiW]_]_r_bSP\R~i�e�]_TpP¹íz]\mZP\apk
bSPFbgm�ë�ecnlmZTWa�noiW]U}ji�apk#�pecPµXxiKXZTWaS·|ecP\eSR#bSPFQsr\acr\klRoi�klmZTWadbSP_n�Roiv�ÃTWacn

α
P_nlk'bSP~Ê|Á��S[�u

�#ecP\X�P_nlk'X
  mqatkUr\RU�\k�bSPFnleSmq��RUPµQSXqeSk��WkMeSa¿Roi_�ÃTWaSacP\[3P\apk
α
�pecP

β
�

Ü#a�TWVSklmZP\atk�i�XZTWRUnMXxiKRUP\Xxi�klmZTWa�nleSmq�|i�atkUP~P\a � TWac]\klmZTWadbSPCXxiKkUP\[`Q�r\Roi�kleSRUP��

DPb = D◦

Pbe−
E

RT

i_�ÃP_]
D◦

Pb = 5, 76 · 105 ]\[ 2 · �lTWeSR −1 P\k E = 117 · 103 ? · [3TWX −1

ÊguMßNa�]_TWacnlmZbSr\Roi�atk��tecPCXZPµQSRUTp]_P_nUnUecn'bSPFbgm�ë�ecnUmZTWadbci�acn�XZPCnUTWXqmZbSPFP_nUkMi�aji�XZTW·|ecP � eSacPFRUrviW]\klmZTWad]o}Smq[`mZ�tecP~Q�P\acbci�apk
XxiW�tecP\XqXZPFeSadi�kUTW[3P~bSPFQSXZTW[~V5P_nlk'r_]U}ji�aS·ÃrKi_�ÃP_]FeSa�i�eSklRUP|{ � �tecP\XqXZPFXZTWm�]_TWRlRUP_nUQ�TWacb¿Xxi`RUP\Xxi�klmZTWad]\m �ÉbSP_nUnlecn��
OATW[`[3P\atk#�peji�Xqm��jP\R'XZPµkUP\Rl[3P

E
� � �pecP\X*QSRUTp]_P_nUnUecn']_TWRlRUP_nlQsTWacb �
mqX�bci�acn'XZPF]viWn�QSRUr_noP\atk��

Ôcu�ÕgiW]U}ji�atk3�pecPyX
 ¡r\acP\Rl·|mZPh�te�  mqX � i�eSk � TWeSRlaSmqR�Q�TWeSRKXxi � ecnUmZTWa1P\k�Xxi5nleSVSXqmq[zi�klmZTWaÖbge1QSXZTW[~VÖnUTWapkKRUP_nUQ�P_]\klmq�ÃP\[3P\apk
4, 61 · 103 ? · [3TWX −1 P\k 156 · 103 ? · [3TWX −1 {S]_TW[`[3P\atkUP\RMXxi`�Wi�XZP\eSRMbSP E

u
�gu�O�i�XZ]\eSXZP\R�XZP�]_T�P¹íz]\mZP\atkJbSP�bgm�ësecnlmZTWa`bgeKQSXZTW[^V � kUP\[`Qsr\Roi�kleSRUP'i�[~VSmxi�apkUP'P\k � Xxi'kUP\[`Qsr\Roi�kleSRUP�bSP � ecnlmZTWa�² Ñ Á|Á � ´¹u
Ñ uM��P3]_T�P¹íz]\mZP\atk^bSP`bgm�ësecnlmZTWa@bci�acn~XZP�QSXZTW[~V XqmZ�teSmZbSP`QSRUY_n^bSP`XxiykUP\[`Qsr\Roi�kleSRUPzbSP � ecnlmZTWa@i¿r\kUr`[3P_nUeSRUr`Qji�RCeSacPkUP_]U}SaSmZ�pecP~i�aji�XZTW·|ecP �

2, 2
]\[ 2 · �lTWeSR −1 uj�#ecPFQsP\acnUP\R'bSPFXxi�bgm�ë*r\RUP\ac]_P~TWVcnoP\Rl�Ãr_P
�

Â�uM��P'Roiv�ÃTWahi�kUTW[`mZ�pecP#bge�QSXZTW[~Vhbci�acnÅXZP#nUTWXqmZbSPMP_nUk�bSP � Â��CQS[�upßJa�]_TWacnlmZbSr\Roi�apk��pecP']o}jiW�tecPµi�kUTW[3P#bSPMQSXZTW[~VhP_nlki�e3]_TWatkoiW]\k�b*  eSayi�eSklRUP'P\a3]_TW[~VSmZP\aybSP�kUP\[`QcnÅbSP\egf3i�kUTW[3P_nÅbSP�QSXZTW[^V�nv ¡r_]o}ji�aS·ÃP\atk �
mqXZn � kUP\[`Q�r\Roi�kleSRUP�i�[~VSmxi�apkUP
P\k � Xxi�kUP\[`Q�r\Roi�kleSRUP^bSP � ecnUmZTWa �^�#e� ¡P\adP_nUk �
mqX�bci�acn�XZPFXqmZ�peSmZbSP
�
Ü#a eSklmqXqmZnUP\Roi Xxi�RUP\Xxi�klmZTWaÏ�peSm#bSTWaSacP5XxiÄbgmZnUkoi�ac]_PdQji�RU]_TWeSRlecP

`
P\a � TWac]\klmZTWaÏbge kUP\[`Qcn

t
QsTWeSR�eSa¯QSRUTp]_P_nonlecn

QSeSRUP\[3P\atk#bgm�ësecnlm � �
` =

√
Dt
u

40 ð ñxòSó×ô�õ�ö|÷ øjù �
����ú¹�Nû�����ü�ý������
	Ø�¹




�Y���o� � ��û����×��ú\���T� � � ���

� � � � � �#�L��B�(�� � &'?A��G��8�"� � ¦��ÇI �F�

�¸X
 ¡Tp]_]viWnUmZTWadbSPFnUTWadnUr��lTWeSR � �Çi�ac]U}cP_nlkUP\RM]o}cP\� h ��
���½ ���t»�� � { � ½ �^½��×½cç �:RUP\ac]_TWapklRoi3Ð#mZP\XZn��µ»����@i_�ÃP_]C�peSm*mqXklRoi_�|i�mqXqXZP\Roi � OATWQ�P\aS}ji�·|ecPFnUeSR�Xxi^nlklRlec]\kleSRUPFbSP#X
 Øi�kUTW[3P|{ci�eybSr\VSeSk'bSP_n�i�aSacr_P_n � � ³|ÁgugßNahQji�RlklmZ]\eSXqmZP\Rv{gmqXZn�bSr_]_TWeS�pRlmqRUP\apkXZPCÙµi � aSmqeS[ ²
Z = 72

´��peSm�r\koi_�ÃP\Roi3XxiKkl}cr_TWRlmZP~i�kUTW[`mZ�pecPC[`mZnUPCi�e�QsTWmqatkMQji�R���» ��� � Ñ �Éu��iz]\XxiWnUnlm��j]vi�klmZTWa�Q�r\RlmZT�bgmZ�tecPCkUP\XqXZP~�pe� ¡P\XqXZPCP_nlkM]_TWaSapecP^bSPFacT|nJ��TWeSRUnMP_nlk'VjiWnUr_P^nleSR�Xxi`RUr_nUTWXqeSklmZTWa5bSPFX
 ¡r_�peji�klmZTWa�bSP
��� ���	� � æ��o:�½ �@r\koi�VSXqmZP~P\a � � ³ �g{c�peSm � i�mqk#i�QSQji�Roi� ZklRUPCXZP_n�klRUTWmZn'QSRUP\[`mZP\RUn'acTW[~VSRUP_n��peji�atklmZ�pecP_n n { ` P\k m`

u
� u��E�pecTWm�]_TWRlRUP_nlQsTWacbSP\atk#]_P_n'klRUTWmZn'acTW[~VSRUP_n �K�#ecP\XqXZP_nM�Wi�XZP\eSRUn'Q�P\eS�ÃP\apk �
mqX�QSRUP\acbgRUP
�³gu��#ecP\XJ]\RlmqkUY\RUP3QSRoi�klmZ�pecP3]_TWac]_P\Rlaji�atk^XZP_nFacTW[~VSRUP_n

n
P\k

`
P_nlkFeSklmqXqmZnUr3Q�TWeSRC]\XxiWnUnoP\RFXZP_nCTWRlVSmqkoi�XZP_n~bci�acn~X
 ¡TWRUbgRUP3bSP

XZP\eSR�RUP\[`QSXqmZnUnoi�·ÃP
�
OATW[`[3P\atk#noPF]\XxiWnUnUP\atkMRUP_nlQ�P_]\klmq�ÃP\[3P\apkMXZP_n�aSmq�ÃPvi�egfdÊWb¿ÔÃn'Ô|Q�P\k'ÔÃbhÔ � �Wn ��Q �Wb Ñ n��ÊguM��P_n~QSXqecn � TWRlkUP_nKi�acTW[zi�XqmZP_n�]_TWacnlkoi�kUr_P_nKQji�RKRoi�QSQ�TWRlk � Xxi�QSRUr_bgmZ]\klmZTWa:bSP �:½ � � ½c¾t½�

½��ÏnUTWapkK]_TWacnUkoi�kUr_P_n^QsTWeSRXZP_nMr\XZr\[3P\atkUn � Qji�RlklmqR�bge�ateS[3r\RUThi�kUTW[`mZ�tecP

Z = 57
{�i�ecnUnlm�i�QSQ�P\XZr_n = bSP � i*g_TWa�P\RlRUTWacr_P = _ PQF0F&P 8>F H�F&P 8v{�P\k#�peSmQ�T|nUnoY_bSP\atk'bSP_n'QSRUTWQSRlmZr\kUr_n#]U}Smq[`mZ�pecP_nMnlQsr_]\m��j�pecP_nvu

�#ecP\X�P_nlk'Xxi�]vi�RoiW]\kUr\RlmZnlklmZ�pecP~nlklRlec]\kleSRoi�XZP~]_TW[`[~eSacPK�teSm�bSr¹�caSmqkM]_P_nMr\XZr\[3P\atkUn��`OATW[`[3P\apkMXZP_n�acTW[`[3P �
k �ÉTWa �
Ôcu ?|ecnU�pe� ¡P\a � � ³|³g{WTWa�]\XxiWnUnoi�mqk�X
 ¡r\XZr\[3P\atk�ÂW³#]_TW[`[3P�eSacP�_ PQF0F&P.F H�F&P){�]_P � �tecTWmgnv ¡TWQSQsT|noi�mqk��µ» �����teSmSi_�|i�mqkNbSP\[zi�acbSr� � ½ �^½��×½cç � P\k 
µ»�ç 
*½ �db* ¡P¹fci�[`mqacP\RAbSP_n�[`mqacr\Roi�egf�nlecnU]_P\QSklmqVSXZP_n�b* ¡P\ah]_TWatkUP\aSmqRvu.�¯X
 Øi�mZbSP#b*  eSahnlQsP_]\klRUTW[3Y\klRUP
� Roi_�ÃTWacn ��{cmqX�[`mqRUP\atkFP\aÇr\�pmZbSP\ac]_PKXZP_n#Roi�mZP_nµbSP~X
 ¡r\XZr\[3P\apk^ÂW³zP\k�[3TWatklRUY\RUP\apkC�te� ¡P\XqXZP_n�QsT|nUnUY_bci�mZP\atkFbSP^·|Roi�acbSP_n
nlmq[`mqXxi�RlmqkUr_n#iv�ÃP_]C]_P\XqXZP_n'bSPFX
 ¡r\XZr\[3P\apkMÔtÁg{SXZPµ�_mqRU]_TWaSmqeS[ � Âc{ ���Éu
�#ecPµQ�P\eSk �ÉTWadP\a�bSr_bgeSmqRUPFQ�TWeSRMXxi�nlklRlec]\kleSRUPCr\XZP_]\klRUTWaSmZ�pecP~bge�}ji � aSmqeS[ �

�gu��
� ��æ5:�ç � � �#æ � [3P_nUeSRoi~XZP#Roi�QSQsTWRlk�bSP�[ziWnUnoP HfBr4
4Ag

QsTWeSR�bSr\kUP\Rl[`mqacP\R�Xxi~[ziWnUnUP�[3TWXxi�mqRUPµbgeh}ji � aSmqeS[�ugÞÓX�klRUTWeS�|i
bSP_n`�Wi�XZP\eSRUn�]_TW[`QSRlmZnUP_nybci�acn`X
  mqatkUP\Rl�|i�XqXZP�nUeSmq�Wi�apk � { � �|³ � =�� { � ��Ô � u'ÕgiW]U}ji�atkh�pecPhXZP_nzr_]U}ji�apklmqXqXZTWacnh]_TWatkUP\aji�mZP\atkP\atklRUP~Ág{ �vÑ P\kMÁg{��ÃÂ � bSPµ�_mqRU]_TWaSmqeS[�{j]vi�XZ]\eSXZP\R#XxiK[ziWnUnUPµ[3TWXxi�mqRUP~bge¿}ji � aSmqeS[�u

Ñ u��#ecP\XqXZP_n~bgm�ë*r\RUP\ac]_P_nCQsP\eSk �ÉTWa i�klkUP\acbgRUPzbci�acnFXZP_nCQSRUTWQSRlmZr\kUr_n~QS}p��nlmZ�pecP_n~bge�}ji � aSmqeS[ P\k~bSPz]_P\XqXZP_n~bSP_nCr\XZr\[3P\apkUn�teSm*XZPµQSRUr_]_Y_bSP\apk#bci�acn'Xxi�]\XxiWnonlm��j]vi�klmZTWadQsr\RlmZTpbgmZ�pecP
� ?|ecnlklm��jP\R'Xxi�RUr\QsTWacnUP|u
Â�uM��Pµ}ji � aSmqeS[ nUPµklRUTWeS�ÃP � X
 ¡r\koi�k'aji�kleSRUP\X×]_TW[`[3PCmq[`QSeSRUP\kUrCbSPFXxiK�_mqRU]_TWacP ��R�Õpm"Ü � u
²�iÃ´¿À×TWeSRU�pecTWm�P_nlk �É]_PCbgm�íz]\mqXZP^bSPFnUr\Qji�RUP\R'XZP_n'bSP\egf�r\XZr\[3P\apkUn'}ji � aSmqeS[ P\k'�_mqRU]_TWaSmqeS[Î²

Z = 40
´��

²+V�´¿��i QSRUP\[`mZY\RUP5r\koi�QsPÇbge8klRoi�mqkUP\[3P\atk�bge8[`mqacP\Roi�mCP_nlkyeSacP5r\koi�QsPÇbSP�]o}SXZTWRoi�klmZTWa�u w TWaSacP\RhXZP_n � TWRl[3P_nhbge
}ji � aSmqeS[ P\k'bged�_mqRU]_TWaSmqeS[ TWVSkUP\atecP_n � XxiK�cadbSPF]_P\klkUPCr\koi�QsP|u
�J ¡r\koi�Q�P#nleSmq�|i�atkUPMP_nUkJeSacPMbgmZnUnoTWXqeSklmZTWayP\aznoTWXqeSklmZTWayiW�pecP\ecnUP#iW]\mZbSP#bSP_n�bSP\egf3]_TWacnlklmqkleji�apkUn�QSeSmZn�eSacPMP¹fgklRoiW] �
klmZTWa�bge��_mqRU]_TWaSmqeS[ bci�acn�Xxi`[3r\kl}t��XqmZnUTWVSeSkÉ��XZ]_r\kUTWacP � X
 Øi�mZbSP~bge�Xqmq·ti�acb¿kl}SmZT�]\�ti�aji�kUP|u

²�])´dÜ#aKi��lTWeSkUP�P\acnleSmqkUPAbSP�Xxi�VjiWnUP � Xxi#nUTWXqeSklmZTWa`iW]\mZbSP�²�bSP�}ji � aSmqeS[ TWe�bSPJ�_mqRU]_TWaSmqeS[�´�Q�TWeSR � TWRl[3P\R×X
  }p��bgRUTvf��gbSP
�teSmjP_nUkÅRUr_]\eSQsr\RUrMQSeSmZnA]vi�XZ]\mqacrK²�]o}ji�egësrÅ��ecnU�te�  � bSr_nl}t�gbgRoi�koi�klmZTWa¿]_TW[`QSXZY\kUP)´JQsTWeSR�TWVSkUP\aSmqRAX
 ¡T_fg�gbSP|u w TWaSacP\R
XZP_n � TWRl[^eSXZP_nMbSPµX
  }p��bgRUTvf��gbSP~P\k'bSPFX
 ¡Tvf��gbSP � TWRl[3r � Qji�RlklmqRMb*  eSacPCnoTWXqeSklmZTWa�iW]\mZbSPCbSPF}ji � aSmqeS[�u

²�bj´¿��P�}ji � aSmqeS[ P_nlkÅP\acnUeSmqkUP'QSRUr\Qji�RUr#Qji�RJXZP'QSRUT�]_r_bSr � ��»×¾p¾S{tmqat�ÃP\atkUr�P\a � � ÔtÁCQ�TWeSRÅQSRUr\Qji�RUP\R�XZP�klmqkoi�acPM[3r\koi�X �XqmZ�tecP�P\k�QsP\R � P_]\klmZTWaSacr#QsTWeSR�XxiCQSRUr\Qji�Roi�klmZTWa�bgeh�_mqRU]_TWaSmqeS[�ug��i^QSRUP\[`mZY\RUPFr\koi�QsP#]_TWacnlmZnUkUP�P\ayXxi~QSRUr\Qji�Roi�klmZTWa
bgez]U}SXZTWRleSRUP#b*  }ji � aSmqeS[ Qji�RJRUrviW]\klmZTWa�bgezbgmZ]o}SXZTWRUP#P\kJbSPM]_T &ÃP^²�]vi�RlVsTWacP)´NnleSRNX
 ¡Tvf��gbSP|u w i�acnJ]_P_n�]_TWacbgmqklmZTWacnv{
mqXÅnUP � TWRl[3Pzbge [3TWacT_fg��bSPybSPz]vi�RlVsTWacPz]_TW[`[3PynUTWecn �
QSRUT�bgeSmqk^bSPzRUrviW]\klmZTWa�u w i�acn~eSacPznUP_]_TWacbSPyr\koi�QsP|{�XZP
]U}SXZTWRleSRUP � TWRl[3rµRUrvi�·|mqkMnleSRMXZPµ[zi�·|acr_nlmqeS[ [3r\koi�X�QsTWeSR � TWRl[3P\R'XZPµ}ji � aSmqeS[ [3r\koi�X
u
w TWaSacP\RMXZP_n'r_�teji�klmZTWacn#bSP_n'bSP\egfhRUrviW]\klmZTWacn'QSRUr_]_r_bSP\atkUP_nµP\k'P¹fgQSXqmZ�tecP\RMXZPµR��WXZPCbSPC]U}jiW]\eSa�bSP_n'RUrviW]\klm � nvu

������� � 	 � ö �+��
�	Ø� �d����� ù �
	Ø
���	 ù ��ýØ�!����
_�t���
	ØýØ	Ø��ü����¹���%����� ����û�� �0�`��û)�S��������� ���vû�üÓ���o�
���)��
��������
��
�	��_������û��M�b��	¡�cû��c� � �����o
Wû��j�������
	Ø��
�����0�o���#û�� � � ����� ù �
	Ø��
  õ �'û)���

�	Ø���Å����
�
�� y �<�o���
����ý�ýØ�!����
v�J��
�
�����ú\��ýj������������
K����
_���_� � 	Ø���¹ý ��
_� ù �������o� � ��
_��û��o
��JýØ���Å�����o
���	Ø���
���
�!�û��U� �o	Ø��û)�A� �C�������
�A�
����	Ø���
	Øúv	¡�
ü� ô ýc�����Ný � � �o���A�
��� ö 
��¹ýØ����	 �_����û���ý �M
�����ú\��ýØýØ� ��ü�
�ü����U�
	Ø�¹
�û)� ù �
�_�������������
�����������������������! �lú\������
�������lúv���
�'� � ��
 � �)�����������
��	 ��ýØ	Ø��ü�������������
_� � � � �  


 ­�®�®#"t©tª%$ NA = 6, 02214 · 1023 [3TWX −1 R = 8, 31451
? · [3TWX −1 · � −1�ÇiWnUnUPµ[3TWXxi�mqRUP_n M/

· · [3TWX −1 �SÀNV�³|ÁÃÂ�{ � � ��O�X×Ê �g{ Ô ����O�R �|³g{ØÁ|Á���Ü �vÑ {ØÁ|Á��j�#· � ÁÃÂ�{��ÃÂA�càAR#Â � { ��� � ��R ��� {Ø³|³

40 ð ñxòSó×ô�õ�ö|÷ øjù �
����ú¹�Nû�����ü�ý������
	Ø�¹




� ø��Sø ����� õ � � � � � �

l�� � �M���#BMGJ��¦
� ��� �	��
���
 � ����� ö �N�����
�����
�)�
�N���j�U�
��� ���Ja���_�YAY0_,�!f�~�^�_/��� � � � �� � �Vj � p ��
 ��� � l��[�v�����.� ù�ù ýØ	Ø�0�U�
	���
������c	Ø�����
� ù 	Ø�J	Ø
Wû�	Ø�0�U�
���
�!���Ja���_�YAY0_,�!f�~�^�_/��� � � � �� � �Vj � p ��
 ��� � l������ ��� o�� ��� �Uz�	Ø� 	 �¹��ýØ	Ø� ö {\��	¡�×û�������ýØ��	Ø����ý! |û)�×��
Wû"��ý���	�� ö �
��� �o�
�!��#�$&%Pb<a+^('�$*),+�_�`-$&.�/ � � � i � � � ��� � � � �� � �-0 � j��&19�2� j � p ��
 ��� � l��3% b�b*$54�+76�e�Z�8:9 � � �C��� � � � �
� �U�Vj � p ��
 ��� � l�����; ��<>= ��?�l$� ��� o:�Md?f�~�^�_�
 
5@ � � � ��� � � ���
� � �Vj ��� � �&?BA7A�k � 	Ø��ýØ�C��� ö ���<�Aý'� ��� � �Jû)��ý � ù�ö �)��	��_���.�U�
����	��_���ED8_�eF'���b�Z5_�eJc�_PY�d-e���Z0_�b��9_��&G � � i
� � � � � � � � �� � �$| � � � l ��� �3� j � p ��
��H� � l�� ÷ 
#� ö � ��	�����	Ø
 ����ýØ�!����
_�*
 ◦ � � �Jd�f�~�^�_�
 
 
 � � ��� � � � �� � �Vj � p ��
 ��� � l��3� ö �Jû�	Ø�����Uú\��� ����
�û ù �
� ù �����
	Ø������� ���+��
�	Ø� �I),+�_�`-$5JJ_!\ 
 
LK 
5MA��i � �F��� � � ���
� � ��; �*N>O � ��� l�������� ��� 
 ��� � l��2P&$�JMd�cL$5�-~X�7$Q),+�_�`-$&/SR�
SK 
&M�� � i � � � � � � � �

40 ð ñxòSó×ô�õ�ö|÷ øjù �
����ú¹�Nû�����ü�ý������
	Ø�¹




� ö ���
� ù�ö �)��	��v������� ù�ö ���
�_� ö 	���	Ø�Nû�� ù �)� � 
�� � � � �

� �ÓB �`¤ �"!��L�%$M&M�)(*�"�
� �/6 2`6���� �80Ä4�� -/. . 2 � �/6 2`6H9 �=4�� 4v. � - �W�è<.� 7/.

��PCQt��RUY\acPCbSP � TWRl[~eSXZPFVSRleSkUP�O 	 �_Ù 	��FP_nlk�eSadbSr\Rlmq�Ãr~bge�V�P\aS�vY\acP � �c·|eSRUP � ³��Éu
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��P~QSRUTWVSXZY\[3P~QSRUTWQsT|nUPCb* ¡r\klecbgmZP\R#Xxi`QS}cTWkUTWQS}p��nlmZ�pecP~P\k#Xxi�QS}cTWkUT�]U}Smq[`mZPKbge�Qt��RUY\acP|{�bgedQ�TWmqapk#bSPF��ecPCnlQsP_]\klRUTWQS}cT �

kUTW[3r\klRlmZ�pecP~P\k']\mqacr\klmZ�pecP|u,3 nZq@nIz(w�q m@z�z�sut1p`p`suz.qEw kQ� �Em@v�t54�n"w�p7n]v�rTs �(�(m�kUm"q���t5xWt�wlz�|�w*p k�z �7q w�p`p`sut5v w � m"n]v�rTs
v���p*mur nNkQt�m@z �Yw q w �(v m"�Ir �~x�w�u
��P_n#bSTWaSacr_P_n'apeS[3r\RlmZ�tecP_n#nUTWatk'RoiWnonUP\[~VSXZr_P_n#P\a¿�cadb* ¡r\acTWac]_r|u

¢ �M�Î$ � ��!�B'�

� u w TWaSacP\RMXxiKXZTWm�bSP �µ½c½ ���oä � �#¼�½ � 
�{�P\a�QSRUr_]\mZnoi�atkMXZP_n'·|Roi�acbSP\eSRUnMP\k�XZP\eSRUnMeSaSmqkUr_nvu³guM��P`nlQsP_]\klRUP3P_nlkCP\aSRUP\·|mZnlklRUr�bci�acnFeSacP3]\eS�ÃP3bSP`XZTWaS·|ecP\eSR
` = 1,0

]\[�u w TWaSacP\RCXxi¿]_TWac]_P\atklRoi�klmZTWa1[3TWXxi�mqRUP3bSP`Xxi
nUTWXqeSklmZTWadbSPµQt��RUY\acPC]_TWRlRUP_nlQsTWacbci�atk � ]_PFnlQsP_]\klRUP|u

Êgu��#ecP\XZn'nUTWatkMXZP_n�QS}cr\acTW[3Y\acP_n#r\klecbgmZr_n � X
 Øi�mZbSPCbSPFXxi�nlQsP_]\klRUT|nU]_TWQSmZPCb* Øi�VcnoTWRlQSklmZTWa �
Ôcu��#ecP\XqXZP_nMnUTWapkMXZP_n#XZTWaS·|ecP\eSRUn#b* ¡TWacbSPKi�VcnUTWRlV�r_P_n#Qji�R'XxiznUTWXqeSklmZTWa�bSPFQp�pRUY\acPKbci�acn'XZP^]\��]\XZTW}cP¹fci�acP
�`�#ecPCQsP\eSk �ÉTWa
P\a�bSr_bgeSmqRUP~nleSR�Xxi�]_TWeSXZP\eSR�bSPµXxi`nUTWXqeSklmZTWa �
��P�Qp�pRUY\acP5P_nlkyeSaá]U}SRUTW[3TWQS}cTWRUP��peSmMQsP\eSkyi�VcnoTWRlV�P\RhbSP_nzQS}cTWkUTWacnhbSP � RUr_�pecP\ac]_P

ν
P\k�b* ¡r\acP\Rl·|mZP

h ν
u��MQSRUY_n

X
 Øi�VcnUTWRlQSklmZTWaÚb*  eSa QS}cTWkUTWa:Qji�RKeSacPz[3TWXZr_]\eSXZPhÀ bSPzQp�pRUY\acP|{�]_P\XqXZP �É]\m�P_nlk�P¹fg]\mqkUr_PyP\k�P_nlk^acTWkUryÀ��tu�À��¿Q�P\eSk�nUP
bSr_nUP¹fg]\mqkUP\R'P\kMRUrvi�·|mqR#i_�ÃP_]Cb* Øi�eSklRUP_nMRUrviW]\klm � n#nUP\XZTWa¿XZP_n'RUrviW]\klmZTWacnMQS}cTWkUTp]o}Smq[`mZ�tecP_n�nleSmq�|i�atkUP_n �
• ?'E%
���*�#��,����� �¡= (�� #����������

(1) P + hν → P∗

• 6 .�(A��*,��
, !�+�% !� 7¢����
��!2� !���,�?���0��� *9�����5���,�����U#A��*/�+"$�5
�
��0�����¡= (�� #����?�,�������+#�(��5
T(�� �+�,���V
�������(�.0�!�T���3
�#��0� �+.0�� !��*������5&�(A�
(2) P∗

krad
−−→ P + hν′

• �-��
��!2� !���,�?���0��� ����� *,�����5�����0���
(3) P∗

knrad
−−−→ P

• 8 �����0E������0��� #%�?* �g��*�"V�?���0��� �¡= (�� �+2� !�0"TL�*�� 7�(����N"T��.��� !(�.0�
���-#<Q�*,L+�A�	~��+�P(����-"$��.0�� !(A.��N���
#<Q<*�L����'�+2� +�7�,��~:9H�g��*,"T�����
(�������"$L+*,�	~ p ~:9<B��������-�;9H�+�M��#�#%��.��-�!2� !�0"$L+*,��: K �!���,�
*,���� n���0���V�	= ��
��J
��0�������% ������0���'&�(��-#%��(�* .0��
 �g��*�����
  +���A +�+����*9���,�����A
�+�3#<Q<*�L�����B

[P] > 1,0× 10−4
"T��. · � −1 (4) P∗ + P

kexc
−−→ D∗
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• 8 �����0E������0��� #A��* .0� ���0�X2�Q���L+��� ��� .>= ����* (5) P∗ + 3O2

kO
2

−−→ P + 1O2

∗

� TWeSkUP_nM]_P_n'RUrviW]\klmZTWacnMnUTWapkMbSP_nMiW]\kUP_nMr\XZr\[3P\apkoi�mqRUP_nvu��iyRUrviW]\klmZTWaá² � ´�P_nlkFmqacnlkoi�apkoi�acr_P|{�P\XqXZP�acP3noP\RoiyQjiWnµQSRlmZnUP`P\a@]_TW[`QSkUP3bci�acnFXZP_nFr_�peji�klmZTWacn~]\mqacr\klmZ�pecP_nvu*Ð�TWecnFacP]_TWacnlmZbSY\RUP\RUTWacn'eSaSmZ�pecP\[3P\atk#XZP_n�RUrviW]\klmZTWacn#iv�ti�atk�XqmZP\e � Qji�RlklmqRMbSPFÀ��tu
w i�acnCX
 ¡r_�teji�klmZTWa8² �Ã´¹{ � Ü�ï`bSr_nlmq·|acP`X
 ¡r\koi�k � TWacbci�[3P\atkoi�XAbge@bgmZT_fg��·ÃY\acP�²�r\koi�k�_TF0R ��JTP`_�´FP\k 1O2

∗ X
 ¡r\koi�k~P¹fS]\mqkUr3bSP
]_P\XqeSm �É]\m�²�r\koi�k�80R G�
]D*JTP`_�´¹u

�gu w TWaSacP\RMXxi�bSr¹�caSmqklmZTWa�b*  eSa�iW]\kUPCr\XZr\[3P\apkoi�mqRUP|u
Ñ u ?|ecnlklm��jP\RM�peji�Xqmqkoi�klmq�ÃP\[3P\atk�XxiKacr_]_P_nUnlmqkUrCb*  eSacP � TWRlkUPF]_TWac]_P\apklRoi�klmZTWa5P\a�Qp�pRUY\acPCQ�TWeSRMTWVSkUP\aSmqRMeSadP¹fg]\mq[3Y\RUP w �tu

� �^( ¤ DF�HD � ¤ BM� $#����� �"!#���Ì¦�I �Ó¤ (*�+IKB%D�� �µ& � �A� DF� $ � ��!�B'�HDF&CB'¦ � �;G � G � I �'� ��&CB'�

Ü#aÇr\klecbgmZP^bci�acn�]_P\klkUPKnUP_]\klmZTWadeSacPKnUTWXqeSklmZTWaÇbSPCQt��RUY\acPKbci�acnMXZP^]\��]\XZTW}cP¹fci�acP|{sbSTWatk�Xxi3]_TWac]_P\atklRoi�klmZTWa�[3TWXxi�mqRUPKP\a
Qt��RUY\acP~P_nUk

[P] = 1,0 × 10−5 [3TWX · � −1 P\kMbSTWapk'kUTWecn�XZP_nM·ti��CbgmZnUnUTWecn'TWapkMr\kUrCP¹fgklRoi�mqkUn�Qji�RMbSr\·ti��)i�·ÃP|u
��i^�c·|eSRUP � Ê^QSRUr_nUP\apkUPFbSP\egfynlQsP_]\klRUP_n�b* ¡r\[`mZnUnlmZTWa¿bSP#êcecTWRUP_nU]_P\ac]_PCbgehQt��RUY\acP � bSP\egfy]_TWac]_P\atklRoi�klmZTWacn#bgm�ësr\RUP\apkUP_nvu

9 æ1:<; � Ê = ÕpQsP_]\klRUP_n'b* ¡r\[`mZnUnlmZTWadbSPFêcecTWRUP_nU]_P\ac]_P~bge¿Qp�pRUY\acP � bgm�ësr\RUP\apkUP_nM]_TWac]_P\atklRoi�klmZTWacn

� uMß�f�QSXqmZ�pecP\R'X
  mqapkUr\RU�\k#bSPµX
 ¡r\koi�QsPCbSPCbSr\·ti��)i�·ÃP|u³gu�OATW[`[3P\atkUP\R�XxiC�c·|eSRUP � Êg{�acTWkoi�[`[3P\apk�XZP_n�mqapkUP\acnlmqkUr_n�bSP_nAVji�acbSP_n�b* ¡r\[`mZnUnlmZTWa¿bSPMêcecTWRUP_nU]_P\ac]_PFP\k�Xxi~Vji�acbSP�Xxi�Rl·ÃPi�eSkUTWeSRMbSPµÔpÂWÁ�aS[�u
Êgu w TWaSacP\RMX
 ¡P¹f�QSRUP_nUnUmZTWa¿XqmqklkUr\Roi�XZP~bSPµXxi���mqkUP_nUnUPFbSPFbgmZnlQji�RlmqklmZTWa5bge¿Qt��RUY\acP~P¹fS]\mqkUr|{SÀ��tu
Ôcu w TWaSacP\R�X
 ¡r\�ÃTWXqeSklmZTWadbSP�XxiK]_TWac]_P\atklRoi�klmZTWa�[3TWXxi�mqRUPFbSPµÀ��~P\a � TWac]\klmZTWa�bgehkUP\[`QcnvujÜ#ahQsT|nUP\Roi

k ����� + k
�
����� =

1

τ0
fl

{
τ0
fl

r\koi�apkMXxi�bgeSRUr_PCbSPC�pmZPFbSP�êcecTWRUP_nU]_P\ac]_P^bge�Qt��RUY\acP|u

� �^( ¤ DF�HD � ¤ BM� ¦��AGJIKB#DF�Ì¦�I ��¤ (*�"I�B D�� �µ& � �A� DF� $ � ��!�B'� DC&CB'¦ � �;G � G � I �'� ��&~B'�

Ü#aÇr\klecbgmZP^bci�acn�]_P\klkUPKnUP_]\klmZTWadeSacPKnUTWXqeSklmZTWaÇbSPCQt��RUY\acPKbci�acnMXZP^]\��]\XZTW}cP¹fci�acP|{sbSTWatk�Xxi3]_TWac]_P\atklRoi�klmZTWa�[3TWXxi�mqRUPKP\a
Qt��RUY\acP~P_nUk

[P] = 1,0 × 10−3 [3TWX · � −1 uS��PCQt��RUY\acPCP\adP¹fS]_Y_n��~�lTWecPµXZPFR��WXZPFb*  mqaS}SmqVSmqkUP\eSRvu

� u w TWaSacP\RMX
 ¡P¹f�QSRUP_nUnUmZTWa¿XqmqklkUr\Roi�XZP~bSPµXxi���mqkUP_nUnUPFbSPFbgmZnlQji�RlmqklmZTWa5bSPFÀ��tu³gu w TWaSacP\RMX
 ¡r\�ÃTWXqeSklmZTWa�bSPµXxi`]_TWac]_P\apklRoi�klmZTWa5P\a�À��KP\a � TWac]\klmZTWa�bge¿kUP\[`Qcnvu
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ÊguMß�f�QSRlmq[3P\RNXxiµbgeSRUr_PMbSP���mZP�bSPAêcecTWRUP_nU]_P\ac]_P'bge`Qp�pRUY\acP'iv�ÃP_]�mqaS}SmqVSmqkUP\eSR#²+XZP�Qp�pRUY\acP'P\a3P¹fS]_Y_n�´¹{�acTWkUr_P
τQ
fl

P\kJbSr¹�caSmZP
Qji�R�Xxi�RUP\Xxi�klmZTWa �

[P∗](t) = [P](0) × exp

−

t

τQ
fl

²�ÊÃ´
ÔcuM��TWapklRUP\RM�tecP�XZPµRoi�QSQsTWRlk τ0

fl

τQ
fl

P_nlk�eSacP � TWac]\klmZTWadi�í3acPCbSPµXxi�]_TWac]_P\atklRoi�klmZTWaÇP\a¿Qt��RUY\acP|uc��PF]_T�P¹íz]\mZP\atk�bSP � À ��P_nlk
i�QSQ�P\XZrF]_TWacnlkoi�apkUP~bSP ��
*½ ��� � � »�¾ �#½ �ÄP\kMP_nlk�acTWkUr

K1��� u
�gu�O�i�XZ]\eSXZP\R'Xxi��|i�XZP\eSR'bSP

K1��� � X
 Øi�mZbSPCbSP_n'bSTWaSacr_P_nv{cP\a�bSr_bgeSmqRUPC]_P\XqXZPCbSP k �����
u

� �^( ¤ DF�HD � ¤ BM� ¦�I �Ó¤ (*�+IKB BMIKB D � �µ& � �A� DF� $ � ��!�B'� DF&CB'¦ � �;G � G � I �'� ��&CB'�

Ü#a/RUP\��mZP\atk�bci�acnd]_P\klkUPÄnUP_]\klmZTWa � X
 ¡r\klecbSPÄbSPÇXxi:nUTWXqeSklmZTWa/bSPÇQp�pRUY\acP@bci�acn¿XZP�]\��]\XZTW}cP¹fci�acP�bSP�]_TWac]_P\atklRoi�klmZTWa
[3TWXxi�mqRUP

[P] = 1,0 × 10−5 [3TWX · � −1 {S[zi�mZn�]_P\klkUP � TWmZn>z(m@z � ����s
	 �Ew�u���i`�c·|eSRUP � Ô�QSRUr_nUP\atkUP^XZP_nMnlQsP_]\klRUP_n�b* ¡r\[`mZnUnlmZTWabSPFêcecTWRUP_no]_P\ac]_P^bge�Qp�pRUY\acPKbci�acn'XZP^]\��]\XZTW}cP¹fci�acP^iv�Wi�apk#P\kµi�QSRUY_nMeSadbSr\·ti��)i�·ÃP�i_�ÃP_]^bSPCX
 Øi�Rl·ÃTWa�{�bci�acn#]_P_n#]_TWacbgmqklmZTWacn
bSPC]_TWac]_P\apklRoi�klmZTWa�u

9 æ1:<; � Ô = ÕpQsP_]\klRUP_n�b* ¡r\[`mZnonlmZTWa�bSP~êcecTWRUP_no]_P\ac]_P`bge�Qp�pRUY\acP`bci�acn�XZP�]\��]\XZTW}cP¹fci�acP`i_�|i�atkCP\kFi�QSRUY_nµeSa5bSr\·ti��)i�·ÃP3iv�ÃP_]bSPFX
 Øi�Rl·ÃTWa

� u��#ecP\XZn'nUTWatkMXZP_nMi_�|i�atkoi�·ÃP_n�P\k�XZP_n'mqac]_TWap�Ãr\aSmZP\atkUnµbSPµX
  eSklmqXqmZnoi�klmZTWa�bSPµX
 Øi�Rl·ÃTWa �³gu w TWaSacP\RMX
 ¡P¹f�QSRUP_nUnUmZTWa¿XqmqklkUr\Roi�XZP~bSPµXxi���mqkUP_nUnUPFbSPFbgmZnlQji�RlmqklmZTWa5bSPFÀ��tu
Êgu w TWaSacP\RMX
 ¡r\�ÃTWXqeSklmZTWa�bSPµXxi`]_TWac]_P\apklRoi�klmZTWa�[3TWXxi�mqRUPCP\a�À��~P\a � TWac]\klmZTWadbge�kUP\[`Qcnvu
��P_n#nUQ�P_]\klRUP_n�b* ¡r\[`mZnUnlmZTWaÇbSPFêcecTWRUP_nU]_P\ac]_P`iv�ÃP_]^TWe5noi�acnMmqaS}SmqVSmqkUP\eSR3²+XZP^bgmZT_fg�p·ÃY\acP)´MacP~]o}ji�aS·ÃPvi�atkFQjiWn�b* Øi�XqXqeSRUP|{
mqX�P_nlk�Q�T|nonlmqVSXZPFbSPC]vi�XZ]\eSXZP\RMbgmqRUP_]\kUP\[3P\apk

K2��� P\a � TWRl[zi�atk'XZPFRoi�QSQsTWRlkMnleSmq�|i�atk �
I0
fl

IQ′

fl

= 1 + K2
SV[O2]

²+Ôp´

Ôcu�ÕgiW]U}ji�atk��tecP
[O2] = 5,3 × 10−4 [3TWX · � −1 {SbSr\kUP\Rl[`mqacP\RM·|Roi�QS}SmZ�pecP\[3P\atk K2��� u

�gu�O�i�XZ]\eSXZP\R'Xxi��|i�XZP\eSR'bSP
kO

2

u
Ñ uMßNa5]_TWac]\XqecnUmZTWa�{smqacbgmZ�tecP\R�XZP_�tecP\XNbSPK]_P_nµbSP\egfdQS}cr\acTW[3Y\acP_n~izXZP~QSXqecnµb*  mq[`QjiW]\kCnleSR�X
 ¡r\[`mZnUnlmZTWaÇbSP^êcecTWRUP_nU]_P\ac]_Pbge¿Qt��RUY\acP|u
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ε(P) = 4,0× 103
�
� "$��.

−1
�  +"

−1
O

λ = 335
��"

τ0
fl(P) = 4,0× 10−7



τQ
fl (P) = 1,4× 10−7
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