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1 ðÒÅ�ÒÉÎÔ1. ÷ÓÔÕ�.�Ï�ÏÌÏÇ�ÞÎÏ ÎÅ×�ÏÒÑÄËÏ×ÁÎ� ÍÅÔÁÌÅ×� ÓÉÓÔÅÍÉ, ÔÁË�, ÑË Ò�ÄË� ÔÁÁÍÏÒÆÎ� ÍÅÔÁÌÉ, ÍÅÔÁÌÅ×Å ÓËÌÏ �ÎÔÅÎÓÉ×ÎÏ ÄÏÓÌ�ÄÖÕÀÔØÓÑ × ÏÓÔÁÎ-Î� ÒÏËÉ Õ Ú×'ÑÚËÕ Ú �ÅÒÓ�ÅÔÉ×Î�ÓÔÀ §È �ÒÁËÔÉÞÎÏÇÏ ÚÁÓÔÏÓÕ×ÁÎÎÑ.¶ÎÔÅÒÅÓ ÄÏ �ÉÈ ÏÂ'¤ËÔ�× ÚÕÍÏ×ÌÅÎÉÊ ÎÁÑ×Î�ÓÔÀ × ÎÉÈ ÔÁËÉÈ Æ�ÚÉÞÎÉÈ×ÌÁÓÔÉ×ÏÓÔÅÊ, ÑËÉÍÉ ÎÅ ×ÏÌÏÄ�ÀÔØ ÔÒÁÄÉ��ÊÎ� ËÒÉÓÔÁÌ�ÞÎ� ÍÁÔÅÒ�Á-ÌÉ. ðÒÏÂÌÅÍÁ Ï�ÉÓÕ Æ�ÚÉÞÎÉÈ ×ÌÁÓÔÉ×ÏÓÔÅÊ ÓÔÒÕËÔÕÒÎÏ ÎÅ×�ÏÒÑÄËÏ-×ÁÎÉÈ ÓÉÓÔÅÍ ÄÏ ÓØÏÇÏÄÎ�ÛÎØÏÇÏ ÄÎÑ ÚÁÌÉÛÁ¤ÔØÓÑ ÏÄÎ�¤À Ú ÎÁÊÂ�ÌØÛÁËÔÕÁÌØÎÉÈ � ÄÏ Ë�Î�Ñ ÎÅ ÒÏÚ×'ÑÚÁÎÉÈ ÚÁÄÁÞ ÔÅÏÒ�§ ËÏÎÄÅÎÓÏ×ÁÎÏÇÏÓÔÁÎÕ.ïÓÏÂÌÉ×Õ ÚÁ��ËÁ×ÌÅÎ�ÓÔØ Õ Æ�ÚÉ�� ÎÅ×�ÏÒÑÄËÏ×ÁÎÉÈ ÍÅÔÁÌ�× ×É-ËÌÉËÁ¤ �ÉÔÁÎÎÑ �ÒÏ ÕÔ×ÏÒÅÎÎÑ ÎÁ ËÒÉ×�Ê ÇÕÓÔÉÎÉ ÓÔÁÎ�× "�ÓÅ×ÄÏÚÁ-ÂÏÒÏÎÅÎÏ§ ÚÏÎÉ" [1,2℄. �ÒÁÄÉ��ÊÎÉÊ ��ÄÈ�Ä ÄÏ ×É×ÞÅÎÎÑ ��¤§ �ÒÏÂÌÅÍÉ�Ï×'ÑÚÁÎÉÊ Ú ×ÉËÏÒÉÓÔÁÎÎÑÍ ÆÏÒÍÁÌ�ÚÍÕ ÍÅÔÏÄÕ ÆÕÎË��Ê çÒ�ÎÁ [3{6℄. úÏËÒÅÍÁ, × �ÒÁ�ÑÈ âÁÌÌÅÎÔÁÊÎÁ [3,4℄ ÇÕÓÔÉÎÁ ÓÔÁÎ�× N(E) ×ÉÒÁ-ÖÁÌÁÓØ ÞÅÒÅÚ Ó�ÅËÔÒÁÌØÎÕ ÆÕÎË��À ÇÕÓÔÉÎÉ ÓÔÁÎ�× �(!k ;E), ÑËÁ ×Ó×ÏÀ ÞÅÒÇÕ ×ÉÚÎÁÞÁÌÁÓØ ÕÑ×ÎÏÀ ÞÁÓÔÉÎÏÀ ÆÕÎË��§ çÒ�ÎÁ G(!k ;E)�(!k ;E) = � 1� ImSpG(!k ;E) (1)G(!k ;E) = hE � k2 � �2(!k ;E)i�1 (2)äÌÑ ÚÎÁÈÏÄÖÅÎÎÑ ÓÌ�ÄÕ ÆÕÎË��§ çÒ�ÎÁ ×ÉÒÁÈÏ×Õ×ÁÌÁÓØ Ä�ÊÓÎÁ ÔÁÕÑ×ÎÁ ÞÁÓÔÉÎÁ ÍÁÓÏ×ÏÇÏ Ï�ÅÒÁÔÏÒÁ �2(!k ;E) Ú ×ÉËÏÒÉÓÔÁÎÎÑÍ Ó��×-×�ÄÎÏÛÅÎÎÑ âÁÌÌÅÎÔÁÊÎÁ [3℄R2�2(!k ;E) = � n8�2k 1Z0 q���W (q)2���2S(q) ln ����� (q + k)2 � F(q � k)2 � F �����dqIm�2(!k ;E) = � n8�k jk+pEjZjk�pEj q���W (q)2���2S(q)dq (3)ÄÅ: n { ÁÔÏÍÎÁ ÇÕÓÔÉÎÁ; S(q) { ÓÔÒÕËÔÕÒÎÉÊ ÆÁËÔÏÒ; w(q) { ÅËÒÁÎÏ-×ÁÎÉÊ ÆÏÒÍÆÁËÔÏÒ ÍÏÄÅÌØÎÏÇÏ �ÏÔÅÎ��ÁÌÕ (íð); F = E ��2(!k ;E){ Ó��××�ÄÎÏÛÅÎÎÑ âÁÌÌÅÎÔÁÊÎÁ.ðÏÒÕÞ Ú ÆÏÒÍÁÌ�ÚÍÏÍ ÆÕÎË��Ê çÒ�ÎÁ �ÓÎÕ¤ �ÎÛÉÊ ��ÄÈ�Ä ÄÏ ×É-×ÞÅÎÎÑ ÅÌÅËÔÒÏÎÎÏ§ ÓÔÒÕËÔÕÒÉ ÎÅ×�ÏÒÑÄËÏ×ÁÎÉÈ ÍÅÔÁÌ�×, ÝÏ ÂÁÚÕ¤-ÔØÓÑ ÎÁ ×ÉËÏÒÉÓÔÁÎÎ� ×ÁÒ�Á��ÊÎÏÇÏ �ÒÉÎ�É�Õ [7℄.
ICMP{00{05U 22. òÏÚÒÁÈÕÎÏË ÇÕÓÔÉÎÉ ÓÔÁÎ�×.÷ �ÒÁ�� [7℄ ÚÁ ÄÏ�ÏÍÏÇÏÀ ×ÁÒ�Á��ÊÎÏÇÏ ÒÏÚÒÁÈÕÎËÕ Ú ×ÉËÏÒÉÓÔÁÎÎÑÍÏÄÎÏ�ÁÒÁÍÅÔÒÉÞÎÏ§ È×ÉÌØÏ×Ï§ ÆÕÎË��§ ÄÌÑ ÅÎÅÒÇÅÔÉÞÎÏÇÏ Ó�ÅËÔÒÕÅÌÅËÔÒÏÎ�× �ÒÏ×�ÄÎÏÓÔ� ÔÁ ÇÕÓÔÉÎÉ ÅÌÅËÔÒÏÎÎÉÈ ÓÔÁÎ�×, ×�ÄÎÅÓÅÎÏ§ ÄÏÇÕÓÔÉÎÉ ÓÔÁÎ�× ×�ÌØÎÉÈ ÅÌÅËÔÒÏÎ�×, ÏÔÒÉÍÁÎ� ÆÏÒÍÕÌÉ:E(!k ) = �h2(k2 +�!k )=2m (4)�k = 
8�2NIk 1Z0 dqq2S2ei(!q )S(!q ) (q2 � q4 ��2k4kq �� ln ����� q2 ��k + 2kqq2 ��k � 2kq �����+ �k(q2 +�k)2�(q2 ��k)2 � (2kq)2�) (5)Ik = 1 + 
8�2N 1Z0 dqq2S2ei(q)S(q) ( � 3 + q2 +�k2kq �� ln ����� q2 ��k + 2kqq2 ��k � 2kq �����+ (q2 +�k)2�(q2 ��k)2 � (2kq)2�) (6)g(E) = (1 + 
16�2Nk2Ik 1Z0 dqq2S2ei(q)S(q) " (q2 +�k)24kq �� ln ����� q2 ��k + 2kqq2 +�k � 2kq ������ (q2 ��k)(q2 +�k)2�(q2 +�k)2 � (2kq)2�#)�1B(k)=B (7)�ÕÔ Sei(!q ) { ÅÌÅËÔÒÏÎ-�ÏÎÎÉÊ ÓÔÒÕËÔÕÒÎÉÊ ÆÁËÔÏÒSei(q) = NV Z exp �iqR��Fei(R)� 1�dR (8)ÄÅ Fei(R) { �ÁÒÎÁ ÆÕÎË��Ñ ÒÏÚ�ÏÄ�ÌÕ, ÑËÁ Ï�ÉÓÕ¤ ÅÌÅËÔÒÏÎ-�ÏÎÎÕ ËÏ-ÒÅÌÑ��À × ÓÉÓÔÅÍ�, N { ÞÉÓÌÏ �ÏÎ�×; V { ÏÂ'¤Í ÍÅÔÁÌÕ. îÅÏÂÈ�ÄÎÏ��ÄËÒÅÓÌÉÔÉ ÔÕ ÏÂÓÔÁ×ÉÎÕ, ÝÏ ÅÌÅËÔÒÏÎ-�ÏÎÎÁ ×ÚÁ¤ÍÏÄ�Ñ ×ÈÏÄÉÔØ ×ÔÅÏÒ�À ÓÁÍÅ ÞÅÒÅÚ ÆÕÎË��À Sei(!q ). õ ×É�ÁÄËÕ, ËÏÌÉ ÆÏÒÍÆÁËÔÏÒ ÅË-ÒÁÎÏ×ÁÎÏÇÏ ÅÌÅËÔÒÏÎ-�ÏÎÎÏÇÏ �ÓÅ×ÄÏ�ÏÔÅÎ��ÁÌÕ W(q) ¤ ÍÁÌÏÀ ×ÅÌÉ-ÞÉÎÏÀ, ÓÔÒÕËÔÕÒÎÉÊ ÆÁËÔÏÒ × ÎÕÌØÏ×ÏÍÕ ÎÁÂÌÉÖÅÎÎ� ÍÁ¤ ×ÉÇÌÑÄ [7℄



3 ðÒÅ�ÒÉÎÔSei(q) = �2NV w(q)S(q).�h2q22m (9)¶ÎÔÅÇÒÁÌØÎ� Ò�×ÎÑÎÎÑ (4)-(7) ¤ Â�ÌØÛ ÚÁÇÁÌØÎÉÍÉ, Î�Ö ÒÅÚÕÌØÔÁÔÉËÌÁÓÉÞÎÏ§ ÔÅÏÒ�§ ÚÂÕÒÅÎØ. ïÓÔÁÎÎ� ÏÔÒÉÍÕÀÔØÓÑ × ÇÒÁÎÉÞÎÉÈ ×É�ÁÄ-ËÁÈ �ÒÉ ÕÍÏ×� ÍÁÌÏÓÔ� ÆÏÒÍÆÁËÔÏÒÁ ÅËÒÁÎÏ×ÁÎÏÇÏ �ÓÅ×ÄÏ�ÏÔÅÎ��Á-ÌÕ. úÏËÒÅÍÁ, ÒÅÚÕÌØÔÁÔ ÔÅÏÒ�§ ÚÂÕÒÅÎØ òÅÌÅÑ-ûÒÅÄ�ÎÇÅÒÁ ÏÔÒÉÍÕ¤ÔØ-ÓÑ, ÑËÝÏ Ik × (5) ÚÁÍ�ÎÉÔÉ ÎÁ ÏÄÉÎÉ�À � �k × �ÒÁ×�Ê ÞÁÓÔÉÎ� Ò�×ÎÑÎØ(4) � (7) �ÏËÌÁÓÔÉ Ò�×ÎÉÍ ÎÕÌÀ:Eò�û(k) = �h2q22m + V �h216�2N �� 1Z0 dqq2Sei(q)S(q) (q2 � q34k ln �����q + 2kq � 2k �����) (10)òÅÚÕÌØÔÁÔ ÔÅÏÒ�§ ÚÂÕÒÅÎØ âÒÉÌÌÀÅÎÁ-÷�ÇÎÅÒÁ ÏÔÒÉÍÕ¤ÔØÓÑ, ÑËÝÏ×ÉËÏÎÕ¤ÔØÓÑ ÔÁ Ö ÕÍÏ×Á (Ik = 1), Á ×ÅÌÉÞÉÎÁ �k ÚÂÅÒ�ÇÁ¤ÔØÓÑ ÌÉÛÅ��Ä ÚÎÁËÏÍ ÌÏÇÁÒÉÆÍÁ:Eâ�÷(k) = �h2q22m + V �h216�2N �� 1Z0 dqq2Sei(q)S(q) (q2 � q34k ln �����q2 ��k + 2kqq2 ��k � 2kq �����) (11)gâ�÷ = (1 + V �h216�2Nk2 1Z0 dqq2Sei(q)S(q) ��" q34k ln �����q2 ��k + 2kqq2 ��k � 2kq ������ q4q2 � 4k2#)�1B(k)=B (12)äÌÑ �ÌÀÓÔÒÁ��§ �ØÏÇÏ ��ÄÈÏÄÕ ÎÁ ÒÉÓÕÎËÁÈ 1-10 ËÒ�Í ×�ÌØÎÏ-ÅÌÅËÔÒÏÎÎÏÇÏ ÎÁÂÌÉÖÅÎÎÑ ÄÌÑ N0(E) (ËÒÉ×� 1) �ÒÉ×ÅÄÅÎ� ËÒÉ×�N (E) � g(E)N0(E), ÏÔÒÉÍÁÎ� × ÎÁÂÌÉÖÅÎÎÑÈ ÔÅÏÒ�§ ÚÂÕÒÅÎØ òÅÌÅÑ-ûÒÅÄ�ÎÇÅÒÁ (ËÒÉ×� 2) ÔÁ âÒÉÌÌÀÅÎÁ-÷�ÇÎÅÒÁ (ËÒÉ×� 3), Á ÔÁËÏÖ ÒÏÚ-ÒÁÈÕÎÏË Õ �Ï×Î�Ê ÔÅÏÒ�§ ÚÁ ÆÏÒÍÕÌÁÍÉ (4)-(7) (ËÒÉ×� 4) ÄÌÑ ÒÑÄÕÎÅ×�ÏÒÑÄËÏ×ÁÎÉÈ �ÒÏÓÔÉÈ ÍÅÔÁÌ�×.ðÒÉ ÞÉÓÅÌØÎÏÍÕ ÒÏÚÒÁÈÕÎËÕ N(E) ×ÉËÏÒÉÓÔÏ×Õ×ÁÌÉÓØ ÔÅÏÒÅÔÉÞ-Î� ÓÔÒÕËÔÕÒÎ� ÆÁËÔÏÒÉ ÍÏÄÅÌ� Ô×ÅÒÄÉÈ ËÕÌØ áÛËÒÏÆÔÁ-ìÅËÎÅÒÁ [8℄.
ICMP{00{05U 4åÌÅËÔÒÏÎ-�ÏÎÎÁ ×ÚÁ¤ÍÏÄ�Ñ Ï�ÉÓÕ×ÁÌÁÓØ ÎÅÌÏËÁÌØÎÉÍ ÍÏÄÅÌØÎÉÍ �Ï-ÔÅÎ��ÁÌÏÍ ×ÉÇÌÑÄÕ [7℄.$(r) = �zr + l0Xi=0 exp( � rRl) Al + zr!Pl (13)�ÕÔ Pl { �ÒÏÅË��ÊÎÉÊ Ï�ÅÒÁÔÏÒ; Al � Rl - �ÁÒÁÍÅÔÒÉ íð (§È ÚÎÁ-ÞÅÎÎÑ �ÒÉ×ÅÄÅÎ� × [9℄). ð�ÄÓÕÍÏ×Õ×ÁÎÎÑ × (13) �ÒÏ×ÏÄÉÔØÓÑ ÌÉÛÅ ÚÁÔÉÍÉ ÚÎÁÞÅÎÎÑÍÉ ÏÒÂ�ÔÁÌØÎÏÇÏ Ë×ÁÎÔÏ×ÏÇÏ ÞÉÓÌÁ l , ÄÌÑ ÑËÉÈ �ÓÎÕ-ÀÔØ Ú×'ÑÚÁÎ� ÓÔÁÎÉ �ÏÎÎÏÇÏ ÚÁÌÉÛËÕ.ñË ×ÉÄÎÏ Ú ÒÉÓÕÎË�×, × ÏÂÌÁÓÔ� ÚÎÁÞÅÎØ ÅÎÅÒÇ�Ê �ÏÒÑÄËÕ ÅÎÅÒÇ�§æÅÒÍ� (E � EF ) ÒÅÚÕÌØÔÁÔÉ ÒÏÚÒÁÈÕÎËÕ ÇÕÓÔÉÎÉ ÓÔÁÎ�×, ÏÔÒÉÍÁÎ� ÑËÚ ×ÉËÏÒÉÓÔÁÎÎÑÍ ÏÂÉÄ×ÏÈ ÎÁÂÌÉÖÅÎØ ÔÅÏÒ�§ ÚÂÕÒÅÎØ, ÔÁË � �Ï×ÎÏ§ ÔÅ-ÏÒ�§ �ÏÍ�ÔÎÏ ×�ÄÒ�ÚÎÑÀÔØÓÑ ×�Ä ÒÅÚÕÌØÔÁÔ�× ×�ÌØÎÏÅÌÅËÔÒÏÎÎÏ§ ÔÅÏÒ�§.îÅÏÂÈ�ÄÎÏ ÚÁÚÎÁÞÉÔÉ, ÝÏ ÄÌÑ Â�ÌØÛÏÓÔ� ÒÏÚÇÌÑÎÕÔÉÈ ÍÅÔÁÌ�× ËÒÉ-×� N(E), ÒÏÚÒÁÈÏ×ÁÎ� × ÒÁÍËÁÈ ÔÅÏÒ�§ ÚÂÕÒÅÎÎÑ òÅÌÅÑ-ûÒÅÄ�ÎÇÅÒÁ ÔÁâÒÉÌÀÅÎÁ-÷�ÇÎÅÒÁ ÒÏÚÍ�ÝÕÀÔØÓÑ ÚÎÁÞÎÏ ÎÉÖÞÅ ÚÁ ËÒÉ×Õ N(E), ÏÔ-ÒÉÍÁÎÕ × �Ï×Î�Ê ÔÅÏÒ�§, ÈÏÞÁ Í�Ö ÓÏÂÏÀ ×ÏÎÉ ×�ÄÒ�ÚÎÑÀÔØÓÑ ÍÁÌÏ.



5 ðÒÅ�ÒÉÎÔ
òÉÓ. 1. çÕÓÔÉÎÁ ÅÌÅËÔÒÏÎÎÉÈ ÓÔÁÎ�× ÄÌÑ Na

ICMP{00{05U 6
òÉÓ. 2. çÕÓÔÉÎÁ ÅÌÅËÔÒÏÎÉÈ ÓÔÁÎ�× ÄÌÑ K



7 ðÒÅ�ÒÉÎÔ
òÉÓ. 3. çÕÓÔÉÎÁ ÅÌÅËÔÒÏÎÉÈ ÓÔÁÎ�× ÄÌÑ Mg

ICMP{00{05U 8
òÉÓ. 4. çÕÓÔÉÎÁ ÅÌÅËÔÒÏÎÉÈ ÓÔÁÎ�× ÄÌÑ Zn



9 ðÒÅ�ÒÉÎÔ
òÉÓ. 5. çÕÓÔÉÎÁ ÅÌÅËÔÒÏÎÉÈ ÓÔÁÎ�× ÄÌÑ Cd

ICMP{00{05U 10
òÉÓ. 6. çÕÓÔÉÎÁ ÅÌÅËÔÒÏÎÉÈ ÓÔÁÎ�× ÄÌÑ Hg



11 ðÒÅ�ÒÉÎÔ
òÉÓ. 7. çÕÓÔÉÎÁ ÅÌÅËÔÒÏÎÉÈ ÓÔÁÎ�× ÄÌÑ In

ICMP{00{05U 12
òÉÓ. 8. çÕÓÔÉÎÁ ÅÌÅËÔÒÏÎÉÈ ÓÔÁÎ�× ÄÌÑ Tl



13 ðÒÅ�ÒÉÎÔ
òÉÓ. 9. çÕÓÔÉÎÁ ÅÌÅËÔÒÏÎÉÈ ÓÔÁÎ�× ÄÌÑ Pb

ICMP{00{05U 14
òÉÓ. 10. çÕÓÔÉÎÁ ÅÌÅËÔÒÏÎÉÈ ÓÔÁÎ�× ÄÌÑ Sn
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