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¹ ��Si~�Y0�¶�{±��ºW)~,ScT|T¯d,Z�[0Q»���{X�a�TMY0TM`�SUVcX�Qy�[ �zZ�`,Z�^_s�Z¼ac^_W)T|Vc�f[\Y/ZjaUacZ�XjQ'�_X�snX�kjT|TMQ_[\�Q_T|Q»t¾½�^_Q E < Ec �¿ac^_W)T|Vc�f[\Y/ZXjQÀ�_X�snX�kjT|TMQ_[0Q_TMQ�Á�`�^fQ E & Ec �acT¿�zZ�`,Z�^_Sc^_^A`,Z�VU`jT ZjazSc[ÂXjSzSUZjTMQA`,Z��_�ScT|TMQ ZjY\^fTMT|acTMT|Q»�Ã�{Xj[/a{SiZÄScX�[0acT|aUacZÅXjQdjX�[\s�Zj`�Z�a�aU~��f`j�j`�TMQ�SzSi~}�zZIScX�[0acT|aUaUZ���w�d�[0Q�_T|[\`�`jX)t-�h~�s�~´�zZj`�Zj^ySc^fsn[0Q_T|QÆd�~j�_TMQ_�SU~�~ºs8TMVU`�[eScSU~�d,~jazSc[Id�[\VUVUZjQ�djX�[\s�Z�`�`�^_^ySc�

SUZ¿aU~��_`��j`�TMQ�SU~jQ6Z�VUdjX�[\Y0Y/Z E > Ec t
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� ~�ScTM[0Y0w�QÇd,Z���d�[/a{SU^fa{SiZu`�^_d,ZjZº£jÈ�¨MÉ, *Ê�¢"��É A �f�{Xj`,Zus�~j~�VU[\ScTMY0Y/~j~�QÇacTM^_ViZjZ�d,ZjaUaUZ_t»ËIY\TMScT��SUZ�Z�Q»�|T�ScSU~�ac^_W�TMVU�_[\Y/ZjaUaUZ�d�Zj[\`�^yScSUZ�Zha{SiZjZ,ScSc[0Q_TMQKaU~��f`j�j`�TMQ�SzSi~ E0 t � ~��f`j�js�ZjkjQ_T|T�SzSU[\QfTMQaU~,ScT|[\Y0w�d�^_XjVUX,d,Z�[0`�^ySzSiZjZ�Zj[\QfTMTMQ��{Xj�fg_T���TMY0TM`�ScVUXjQ_[0TMQ�`,Z�QfaUacZ��zZqY\[0[\`�^yScSUZ�ZqQf[\[\SU~qScT|�_XjY0Y/Z
P = envE ��s8[/acaU~ e XjQ�TMY0TM`�ScVUXjQf[\Q�d,ZjVUZj^faM� n TMY0TM`�SUVcX�Q_[\T|Q�Y0^_`�^_s�~j~�Vi~8SU[\Y/Z�d�^_^facw�`��ac[\`���aUac~f� v XjQÇTMY0TM`�SUVcX�Q_[\Q�Q_X�W)T|^fa��zZ E ac~�ScT|[\Y0w�w�QÇY0[\[\SzS{w�d,~us�^f^ySzSU^_d,Z�ac~j�_`j��`jT|Q�ScSU~ftÌ [0VcSUZ,SU[\�fTMwyaKX�Q j = env �_�zZ�XjY0`jX�XjQ Eac(t) = E1 cosωt aU~,SUTM[0Y\w�`�TMQ�SzSi~_�»s8[/acaU~ E1XjQ�ac~�ScT|[\Y0w�Q�Z�s8W_Y0[\Sc^fgy[��zZ ω `�^_Y0s�Z,SUZ�Z,�{^_^)aMt��h~�Y0Y\��[\Q�az^fW)T|Vc�_[0Y/Z�Q��{X��fgyTM�*T|Y\T|`�SUVcX�Q_[0TMQ`jX�`jT|s8Zq`jX�`jX�QfZ�[/acaU~��f`j�j`�TMQ�SzSi~�XjQ
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j(E(t))E1 cosωt dt, �"Ò��
s8[0aUaU~ j VU[\[0W_W_^f^%ac[\[/auazT|`�~:azSUZjZ�SzSU[0acT|azSUZ-T�SzSi~-sq^_^yScSc^_d,ZjazSUZ:aU~��_`��j`jT|Q�SU~jazSU~ft T X�Q
E(t) ° Qn�zZj`�acXjQbW_[\Sc^_^)aM�ySiaMt T = 2π/ω t
Ó X�a E0 > Ec �qZjÔfazX�VcW_Sc[0X A d�Xj[�X�Y\Y/ZQ_T|k�Z,SU[\[0d�[\QfTMQ»�#s8[\`,~�SUZjVc`�Xj[\SzSUZ�Z�ac[eSi~_�#T�Sc�SU~ÇT|Q_TMVUkj[/ZjZ�ac[\[0VzS{w�w��{X��fgyTM�*T|Y\T|`�SUVcX�Q_TM[0Y\SUZaU~,ScT|[\Y0w�`jT|Q�Si~�Y0Y\T �zZ acT d,Z���d�[0azSc^_^�t
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Í_th½�^_Q E < Ec ��d�[0VcSUZ,SU[\�fTMwyaáQ_X�^fg_Z�SzSUZ�Z�Y\[0`�[\s�Zj[\Q�`,ZjZ�d,Z�Z��{± ��t�Ë�SiZ�SUZjVc`,ZjazScT|Y\^f^_QW_[0azScT|T�S �,�{Xj[0Y\Y0T Ei < Ec �,�zZ8azX,d�[\SUZqQf~�[0�_[0QuW_[0azScT|[0ac[0[\Qus�^fX�ScX�Z
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XjY0TMd,Z�vx^_Qf`�SU[\XbW_[0TMQ_[0s8s�~�Q�QfTMY0[\��az^_s8s�Z�Q�snT|Q_T�SUTMY0s�~�Y0Y0~f�j�zZ�s�~j~�VU[\SU~ j0 ° Q�Z�Vc�djXnSU~�a{Si~�azX,d�[\Sc^_`yacT|azSUZ_tyà>[\[0VcVi~�acX,d�[\Sc^)a{vx^_Qf`�SU[\X�aUZ�s�Z�Z�Qb`�^fd�Z�Z�Q�g_Z�SUZ�Wf[0azScT|[0gyT|Q`�ZjQfaUacZft Ì T|VzSiZjZbazX,d�[\Sc^_`yacTMQ�ZjQ�SUZ�s�Z�Z j0 ° Q�ZjVcd�X�Z�g_Z,SiZ�W_[/a{SUTM[/gyTMQ�az^f^_Vc[0s8WfZjZjQd�[0VcSUZ,SU[\�fTMwygyTMQuZ�VUdjX�X�Q»tã ~��fTMY0Y0~8aU~��_`��j`jT|Q�SU~�Q�Z�VUdjX�Z Ec g_Z,SiZ�W_[/a{SUTMTMS�X,d,Z�ShSc[0�_T|~jsns�~�acaU~_ty��TMTTMsutfacX��d�[\Sc^)aQ_[0[\Q»��T�ScSU~n�z~,Si~,SKY/~��_T|Y\Y/~ Ec ° SU~uXjY0TMd�[/ZbW_[0azScT|[eSi~uw�`�ac[\ScTMY0Y0TMQÇW)X�[0ah�zZ�Y0Z�az`�T�{Xj`,Znd�~jY\[/aUac~ j0 ° Q�Z�VUdjXft
Òft ã Zjac`jT�ZjÔfacXjVUWySc[0X�SiZ A `,~�w�ScSU~jTMQ�`,ZjZ�d�X��zZ¼�{±������"Íj��zZ¯�"Ò���t�½�[\V"�{Xj[\SUZ�vx^_Q_`�Sc[0Xf��{Xj`,Z8Y0Z�az`�TMTKZjÔfazX�VcW_Sc[0XjQ�a{SiZjZ�SzSc[/acTMQ�aU~��_`��j`jT|Q�SU~�Q E0 vx^fQ_`�Sc[0XjQfZf�f`�^_Q E1 �zZ ωXjQ�Z�QfQ_T�ScSc^»ty��X�ScT Z_��T�SzSi~ A TM[�Vc[0[\Wf^�SUZ�Z,�{^_^fg_T|azSUZ ω t�àá[\[0VUVU~�vx^fQ_`�Sc[0XjQ�`�^_d,Z�Z,�zZ_�`�^fQ 0 ≤ E0 ≤ 5Ec �,�zZ

Z�� E1 = 0.1EcÔ)� E1 = 0.5Ecä t ã Zjac`jTqZ�ÔfacXjVUWySc[0X�SiZ A `,~�w�ScSU~jTMQ�g_Z�SUZjW_[0azScT|[eSi~ (Ei, ji) t»�h~,SU~�d,Z�VcScTMQ�az[0Q�^_Q�X�QY\^_XjSUZ�d,ZK[0Q�ScT|VcW�XjY0Xj[0d,ZKvx^_Qf`�SU[\X J(E) ���{XjY0Y\T J(Ei) = ji t_½IX�ac`,Z�g_Z�SUZjW_[0azScT|[eSi~�X�QQ_[\[0Q�WfZjY �{X�Q»��`�ZjQ_QfZ�SzSUZ�Z�[0Q�SUTMVUW)X�Y\X�[\d,Z8vx^fQ_`�Sc[0X�s�~j~jVc[\ScT|Y\Y/~8WfZ�Y0Xj[\SzSiZ�[0Q»� J(E) =
qi(E) ��`�^_Q Ei < E < Ei+1 t�]_^fQ_`�Sc[0Xj[0QfZ qi djX�[eS}`,~�w�SzSU~�~K±�t�ZjazScTMT|Q�W�XjY0w�Q_Xjs8T���zZ_t
Z�� ã Z�az`�TI[0Q�ScT|kjViZjZ�Y0[
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J(E(t))E1 cosωt dt

å Z�Sc�_T|s8Z�Sc[/æMZjQ�d,Z�Y0s8[\[0Y0Y0Z�vx^_Q_`�Sc[0XjY0Y/Z�ç�è éyÙ_êjë�ì_Ý�Ù_êft)�h~jaUac~ E(t) = E0 +
E1 cosωt t)ç�è|éyÙ_ê�ë�ìyÝ�Ù_ê8aUZjZ,ScSUZ�Z�Z�Q�SUZ�Z�Y\[0^fg_ZjQ�d�[\VU�_T|[\Y0s8Xj[\Sc^_`yac[0Zf�_s�^yScSUZ~�Y/~nd,~�Y0[eSi~qQf[\[/a{Si~_�_`�^_Qf�fZ�Q�vx^_Q_`�Sc[0X�Z�Q�SiZjZ��{XjQ_`�[0Q�SU^_Y0Xj`yazT|Q»t

Ô)� â WfW_VcX�`yaz[0s8Xj[
[0Q�SUTMk�VUZ�Z�Y0[0Z�W_^_XjY0[/az^_^fQ_Q_[0`�Z�acaU~j~jQ_Q_��Y\Y/~_° å TMVU`�t
Ai = J(E(ti))E1 cosωti,

�{XjY0Y0Xj[0Q
A ≈

h

T

(

A1

2
+

n−1
∑

i=2

Ai +
An

2

)

s8[0aUaU~ h = ti+1 − ti � t1 = 0 � tn = T t)½IXj`�TM[0Y\T�T|Vc[ n ° Q�ZjVcd�X��zZ��zZ�d,Z�Y0[eSiazTSUZjVcW�TMT|`yaz[»ac^_^_VU["t
àá[\[0VUVU~b`�^_s8s�ZjaUacZj`�[0Q�`jXj�)g_ZjaUacZ�`�^_d,ZjZ��zZbZjÔfacXjVUWySc[0X�azSUZba{SiZjZ�SzSc[/acTMQ�ac~j�_`j��`jT|Qy�SU~�Quvx^fQ_`�Sc[0XjQfZft Ì Xj[\S�T az[0sut_SUZj^_Y0^_`jX�[0g_Z�ZjÔfacXjVUWySc[0XjQ�Z�VUdjXj�zZn`�w�s8s8TMQ_[/acTMQ�`,Z�Wy�WfZ�Y0T�ScSUZ��zZ�`,~�w�SzSU~�~�í)î�ï,Ù�ðfñ�ò�Ù��*vx^_Q_`�Sc[0X�SiZ_ti½�^_d,ZjZ,�zZjQIWf[\[0VzSi~�s8[0Q_TMQ�ðfñ�òjÙ��*vx^_Q_`�Sc[0XjY0Y/ZdjXj[�`�T|azSU~j~q`,Z�^fZjQ»t
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• ù�Y/~q`,~�w�SU~nsq^_X�SUX�Znújé�XjY0TMd�[0Zq`jX�s8TMQ�ScXj�zZ�T gyTMY0Y\[/ac[\[0QbSc^_Y0Xj`yac[\[0Q�d�[0[eSiZ,SiZ�`yazT az[*t
•

å Z,SU�_TMs�Z,SU[0æ|Z,��Q_X�SUTMÔ�X�Xj`����{Xj�_X�Q¼ScT|T�S�Y/Zjac`�^yS|�>ScX�[\s8[0[�s�w���a8S{w���acTMY0X�azSc^_`yacTMQfZft� TMY0X�azSc^fa�W)Z�Y/Z�^ySUT�SUZ�Z�Qbac~j�_`j��W)X�a{SU[eSiazT�X�acXj[\SzSUTMT|acTMT|Q
û ü Ý�Ù�Ù_Ý_ïjý ü Ý)î�ñáÞiï,Ùjþ_Ü�êjé�Ù�Þzò,þ)ñ,þ�ÞRÿ)î
r ^_X�sbt Y/Zjac`�^_S�SU~�w�S{w�w�djXj[/g_Z�Z��zZjZ�ac[0[\Qf~}�z~�V"�{T|azS{w�`yacT|aUac~�`�^_[0Q�QfT>XjQ�Q_X�SUTMÔ�X�X�`�[\[0Q`�[0V"�{Xj[\ScT�ScSc^»t

• ½�[\V"�{Xj[\SUZ¼Q_XjScT|Ô)X�Xj`�[0Q Z�Y0`�^_^_Q Q_[0s8T|ac["���fZjV��{X�[eSU^fa{S{w��jQ Q�^_s8TMVUXÇ�zZ W)Z�Y/Z�^ySU^fa{�Wf~�[0d,~_t
•

Ó ~�azT|Q�SUTMY0T�acTMY0X�azSc^f`�acT|ac[�X�Siaz[0`�`jX�S{w�w�Y0[0ac[\Y0Y/~�acXjY0^_[\Y0Y/Zq��`�a|t��fZjV��{X�[eSU^fa�±j° QnVUZ�Sc`,Z�[/az^_Si��t
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