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Momentum transfer processes

Physical Sputtering

Backscattering

Radiation Enhanced
 Sublimation (RES)

Diffusive processes

Chemical Sputtering

Hydrogen recycling

Reactive processes
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Recycling
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G õºâ�æìÛôÍIHºÓÚë ÍÞæÕÛôÓÜÖ¼àòä ×�éîÛôÑ÷Ó Öôâ¬ÛôÍÞ× ×�éîÛôÑ÷Ó úîõ¦û ×�éîÛ�âÅÖ¼çñÓ·Û âÅÛ¼×ñàðä ÝÞÓÚâ ö¦Íßæºç¸Û¼ÑºÓ ä¼õ÷ÖËéÆâ�ÙÜÓ Ûô×¸Û¼ÑºÓ úºõ¦û
×�é ÍßæºÙÚÍßëºÓÚæìÛÕâÅÛ¼×ñàòä�Ì®è�ÍÞÓÜÝÞë Î²þKJ â�Ù"L¤äËÙ âÅÛËÛôÓÚÖËÍÞæºçüÍÞä G õîâÅæ¤Û¼ÍIHîÓÜëMAìè Û¼ÑºÓ�æ¤õºàNA ÓÚÖ=Aîâ�Ù"L¤ä¼ÙÚâÅÛ¼Û¼ÓÚÖËÍÞæºç
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å ëºÓ'HîæºÓÜë âÅä¸ÛôÑºÓ Ö¼âÅÛôÍß×ã×�é ÖËÓÜúîÓÜÙÜÛôÓÜë Ôîâ�ÖËÛ¼ÍÞÙÜÝÞÓ úºõ¦û Û¼×ÐÍÞæºÙÜÍÞëºÓÜæìÛ Ôîâ�ÖÊÛôÍÞÙÜÝÞÓêúîõ¦ûóå
â�æºë ÛôÑºÓ�ÓÚæ÷ÓÚÖ¼çÅèPAîâ�Ù"L¤ä¼ÙÚâÅÛ¼Û¼ÓÚÖËÍÞæºçüÙÚ×�Ó(OòÙÚÍßÓÚæìÛ
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å ëºÓ(HºæºÓÚë â�ä ÛôÑºÓ�Öôâ¬ÛôÍÞ× ×Åé ÖËÓÜúîÓÜÙÜÛôÓÜë ÓÜæºÓÚÖËç�è
úîõ¦û Ûô× Û¼ÑºÓðÍßæºÙÚÍßëºÓÚæìÛêÓÜæºÓÚÖËç�è úîõ¦ûóþãÏÒÑ÷ÓòÓÜæºÓÚÖËç�è ëºÓÜÔó×ñäËÍßÛ¼ÓÚëQAìè Û¼ÑºÓòÔºÝïâ�äËàãâÐ×�æ Û¼ÑºÓ�ä¼õºÖÊéÆâ�ÙÚÓ
ëºÓÜÛ¼ÓÚÖ¼àòÍÞæ÷ÓÚä ÛôÑºÓ�äËõºÖËéÆâ�ÙÜÓòÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓKRíÑºÍßÙ�Ñ ÍßäÕâ�æ ÍßàðÔ ×ñÖÊÛ�â�æìÛáÔºâ�Öôâ�àòÓÜÛ¼ÓÚÖêÍÞæ ëºÓ·ÛôÓÜÖ¼àòÍÞæºÍßæºç
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ÓÚæºÓÜÖ¼ç�è úºõ¦û ÍÞä�ÍßæºÙÚÍßëºÓÚæìÛò×ñæ â ä¼õºÖÊéÆâ�ÙÚÓÅå Û¼ÑºÓ ä¼õºÖÊéÆâ�ÙÚÓ ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼Ó ÍÞæ÷ÙÚÖ¼ÓÚâ�ä¼ÓÜäòâ�æºë ÛôÑºÍßä Ù â�æ
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• @ àò×�ëºÓÚÝ¤é®×ñÖ ÛôÑºÓ äËÑºÓ â¬ÛôÑüÌ�RíÑ÷ÍÞÙ�Ñ ëºÓÜä¼ÙÚÖËÍWA ÓÚäýÛ¼ÑºÓ ÓÜæºÓÚÖËç�è âÅæºë�Ôîâ�ÖÊÛôÍßÙÚÝÞÓ úîõ¦û ëºÍßäËÛôÖËÍWAºõ¦ÛôÍÞ×�æºä

ÍÞæºÙÜÍÞëºÓÜæìÛí×ñæ ÛôÑºÓêä¼õ÷ÖËéÆâ�ÙÜÓÂÎ·å
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• @ Ñ÷Ó âÅÛ Û¼Öôâ�æ÷ä¼Ô ×ñÖËÛýàð×�ëºÓÚÝ¦ÍÞæ Û¼ÑºÓ Ûôâ�Ö¼çñÓ·ÛíÌ RíÑºÍÞÙ�Ñ�çñÍ�öñÓÚäýÍÞæ÷é®×ñÖËàãâ¬ÛôÍÞ×�æÕ×Åé Û¼ÑºÓ Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼Ó
×�é ÛôÑºÓ Ûôâ�Ö¼çñÓ·Û²Î²å

• � ×�ëºÓÜÝÞä%RíÑºÍßÙ�Ñ ä¼Ô ÓÚÙÜÍßé¨è ÛôÑºÓ ÔºÑìè¦äËÍÞÙÚâ�Ý ä¼Ô÷õ÷Û¼Û¼ÓÚÖ¼ÍßæºçºåóÙ�ÑºÓÚàòÍÞÙÚâ�ÝÈÓÜÖ¼×ñäËÍÞ×ñæ â�æºë1B7D F è�ÍßÓÚÝÞë÷äÚå
àò×¦ëºÓÜÝÞä é®×�Ö8Aîâ�Ù"L¤ä¼ÙÚâÅÛ¼Û¼ÓÚÖ¼ÍßæºçãÙÜ×¦Ó'OòÙÚÍÞÓÜæìÛôäÚå âÅæºë àò×�ëºÓÚÝßä Ûô×òÓÜöÅâ�ÝßõîâÅÛôÓáÛ¼ÑºÓÚÖËàãâÅÝ ÓÚÖË×ñä¼Íß×ñæ þ
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ÏÒÑºÓÚÖËÓÜé®×ñÖËÓ ÛôÑºÓ ÍÞæìÛ¼ÓÚÖôâÅÙÜÛôÍß×ñæ ×�éíÛôÑ÷ÓüÓÜëºçñÓ ÔºÝÞâ�ä¼àðâ RíÍßÛ¼Ñ â äËõºÖËéÆâÅÙÚÓ ÍÞä â æº×�æºÝÞÍßæºÓ â�Ö é®ÓÚÓÚë Aîâ�Ù"L
àðÓÜÙ�Ñîâ�æºÍßä¼à RíÍßÛôÑ Û¼ÑºÓ ÔºÝïâÅä¼àðâ Ôîâ�ÖôâÅàðÓ·ÛôÓÚÖËä�â�æºë ÛôÑ÷Ó T F�ø ÙÚ×�Ó(OòÙÜÍÞÓÚæìÛ¼äòë÷ÓÚÔ ÓÚæºëºÍßæºç ×ñæ Ó â�Ù�Ñ
×�ÛôÑ÷ÓÚÖÚþ
� ÓÕÑîâ öñÓ�ÙÜ×ñõºÔºÝßÓÚë àò×�ëºÓÚÝßäíé®×�Ö âòä¼ÑºÓÚâÅÛôÑ RíÍßÛôÑ âðäËÍÞàòÔºÝÞÓ=T6F¦øÒàò×¦ë÷ÓÚÝ4RíÑºÍÞÙ�Ñ ÍÞæºÙÜÝÞõºë÷ÓÚäíÛôÑºÓ

ÝïâÅÛ¼ÓÚäÊÛ ÓÚàòÔºÍÞÖËÍÞÙÚâ�Ý�é®×ñÖ¼à�õ÷Ýïâ�äíé®×ñÖ¸Û¼ÑºÓ â�A ×ÂöñÓ ëºÍßä¼ÙÚõ÷ä¼ä¼ÓÜëQT6F¦øùäêâÅæºë âÐàð×�ëºÓÜÝ é®×ñÖ¸ÑºÓ âÅÛáëºÍISóõºä¼Íß×ñæ
ÍÞæ çñÖôâÅÔºÑºÍßÛ¼Ó Ûô× äËÑº× R ÛôÑºÓüÓ(SóÓÚÙ·ÛÐ×�é¸ä¼õºÙ�Ñ â ÙÚ×�õºÔºÝÞÍßæºç �"!�#�$°þ ÏÒÑºÍÞä R âÅäðÛôÑ÷ÓÚæ ÍßæºÙÚ×ñÖËÔó×�ÖôâÅÛ¼ÓÚë
ÍÞæìÛô×�ÛôÑ÷Ó ÓÚë÷çñÓÕÛ¼Öôâ�æ÷ä¼Ô ×ñÖËÛ ÙÚ×�ëºÓ3J%!¦þ"&�'�F)(+* T6F,�-!.!¦å�!0/�$ Û¼×ãäÊÛôõºë÷è Û¼ÑºÓÕé®ÓÜÓÚë Aºâ�Ù"L àòÓÚÙ�Ñºâ�æºÍÞäËàðäÜþ
@ ÔºÔ ÓÚæ÷ëºÍ�ûóþ @ ëºÓÚäËÙÚÖËÍWA ÓÚä ÛôÑ÷Ó ä¼ÍßàðÔºÝßÓ àò×�ëºÓÚÝ¦â�æºë�Û¼ÑºÓ ÖËÓÚä¼õ÷ÝßÛôäý×�é ÛôÑºÓ ÙÚ×ñõºÔ÷ÝÞÍÞæ÷ç¸Ûô×=F1(2* T6F3' J%!¦þ"&¦þ
@ ÔºÔ ÓÚæ÷ëºÍ�ûóþ J ÝÞÍßäËÛ¼äêÛ¼ÑºÓ�ÓÚàòÔºÍÞÖËÍÞÙÚâ�Ýýé®×ñÖËà�õºÝïâÅäáé®×ñÖ ÔºÑìè�ä¼ÍÞÙÚâ�Ý ä¼Ôºõ÷ÛËÛôÓÜÖ¼ÍÞæ÷çºåÈÙ�Ñ÷ÓÚàòÍÞÙ âÅÝ ä¼Ôºõ÷ÛËÛôÓÜÖ¼ÍÞæ÷çºå
BED6Fóå Aºâ�Ù"L¤ä¼Ù â¬Û¼ÛôÓÜÖ¼ÍßæºçãâÅæºëüÛ¼ÑºÓÚÖËàãâÅÝ ÓÜöÅâ�Ô ×ñÖôâ¬ÛôÍÞ×�æ õºä¼ÓÜë ÍÞæ Û¼ÑºÍÞäÒäÊÛôõºë÷è�þ
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øùæ âÅëºëºÍßÛ¼ÍÞ×ñæÐÛ¼× ÛôÑºÓÕâ�A ×ÂöñÓ T6F¦øùä Û¼ÑºÓÚÖËÓêÓ·û¦ÍÞäÊÛôä
• @ Ö¼ÙÚÍßæºçP�"!RQR$°å�RíÑºÓÚÖËÓÚÍßæ ÛôÑ÷Ó ÓÜÝÞÓÚÙ·ÛôÖËÍÞÙ HîÓÚÝßë2A ÓÜÛ R ÓÚÓÜæ ÛôÑºÓ ÔºÝÞâ�ä¼àðâíâ�æºë Û¼ÑºÓ ä¼õºÖÊéÆâ�ÙÚÓ6AóÓÜÙÚ×ñàòÓÚä
ä¼× ÑºÍßçñÑ Û¼ÑîâÅÛNHîÓÜÝÞë ÓÜàðÍßä¼ä¼Íß×ñæ ×�éíÛ¼ÑºÓ ÓÚÝßÓÚÙÜÛ¼Ö¼×ñæ÷ä�×¦ÙÜÙÚõºÖËä�â�æºë â�æ â�ÖËÙÐÍÞä ÍÞçñæºÍ�ÛôÓÜëQRíÑºÍÞÙ�Ñ
ÙÚÖËÓ âÅÛ¼ÓÚäðâ àðÓÜÝßÛ ÝÞâÂè�ÓÚÖ�×ñæ ÛôÑ÷ÓüäËõºÖËéÆâÅÙÚÓ ÌÆÍßæ ÙÚâ�ä¼Ó ×�é àòÓÜÛ�âÅÝÞä�Î ×�Ö ÙÚÖôâ¬ÛôÓÚÖËä ÌÆ×ñæ çñÖ¼â�ÔºÑºÍ�ÛôÓ
RíÑºÍßÙ�Ñ äËõ AºÝÞÍßàãâ¬ÛôÓÚäôÎ·å

• J ÝßÍÞäÊÛôÓÚÖËÍÞæºçS�-!.&�$°å4RíÑºÓÜÖ¼ÓÚÍßæ Û¼ÑºÓ�ÍÞàòÔºÝïâÅæ¤Û¼ÓÚë çìâÅäêâÅÛô×ñàòä ÍÞæ âÐÛ�âÅÖ¼çñÓ·ÛêÙÚ×ñÝßÝÞÓÚÙ·ÛáÛô×�çñÓÜÛ¼ÑºÓÚÖÕâÅÛ
ëºÓ·é®ÓÚÙÜÛ¼ä ÍÞæ÷ä¼ÍÞë÷Ó Û¼ÑºÓ àðâÅÛ¼ÓÚÖ¼ÍÞâ�Ý°þ � ÑºÓÜæãÛôÑºÓÜÖ¼Ó ÍÞä â ÙÚ×�æ¤Û¼ÍÞæ¤õº×ñõ÷ä ÑºÓ â¬Û úîõ�ûã×�æãÛôÑºÓ àðâÅÛôÓÜÖ¼ÍïâÅÝ
ÛôÑ÷ÓÕçñâ�äíÙ â�æ A ÓÚÙÚ×�àðÓêÑº×�Û âÅæºë Ó²û¦Ôîâ�æºëüÙ â�õ÷ä¼ÍÞæ÷ç AºÝßÍÞäÊÛôÓÚÖËäÒ×ñæ ÛôÑºÓêàðâÅÛôÓÜÖ¼ÍÞâ�Ý äËõºÖËéÆâ�ÙÜÓ�þ

• � ÝÞâ�L¤ÍÞæºçT�-!0UR$´å RíÑ÷ÓÚÖ¼ÓÜÍÞæ Û¼ÑºÓ äËõºÖËéÆâÅÙÚÓ Ù�Ñºâ�æºçñÓÜäáÙ â�õ÷ä¼Ó àòÍÞÙÜÖ¼×ñäËÙÚ×ñÔ÷ÍÞÙêÔîâ�ÖÊÛôä¸×Åé ÛôÑºÓ ä¼õºÖÊéÆâ�ÙÚÓ
Ûô× AºÖËÓ â�Lã×�S Ì®ú âVL�ÓÂÎ²þ

• F¦ÓÜÙÚ×ñæ÷ëîâ�ÖËè ÓÜÝÞÓÜÙÜÛôÖË×ñæ ÓÚàòÍÞäËä¼ÍÞ×�æS�"!.V�$°åîëºõ÷ÓêÛ¼×�ÍÞ×ñæüâ�æºë ÓÜÝÞÓÚÙ·ÛôÖË×ñæ ÍßàðÔºâ�ÙÜÛÚþ
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ÏÒÑºÓÚäËÓáÓ(SóÓÚÙ·Ûôä âÅÖ¼Ó æº×�Û â�ëºëºÖËÓÚä¼äËÓÚë Aìè�ÛôÑºÓ¸â�A ×Éö�Ó ÙÜÝïâ�äËä¼Í:HîÙ âÅÛ¼ÍÞ×ñæðâ�æºëãâ�Ö¼Ó7A ÓÜèñ×�æºëãÛôÑ÷Ó¸ä¼ÙÜ×ñÔ Ó¸×�é
ÛôÑºÍßä ÛôÑºÓÜä¼ÍÞäÜþ
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4E5+* 574 9;:-, F6D ?AF/.6LON B/01.6J1F H32>=@?AL F6N F H GCF6N54 F60 FEK�=CD7.84 F ?AL J)=CF6G

� â�çñæºÓ·ÛôÍßÙêé®õ÷ä¼ÍÞ×�æüë÷ÓÜö�ÍÞÙÜÓÚäáâÅÖ¼ÓÕâ ÔºÖ¼×ñàòÍÞäËÍÞæºç ÓÜæºÓÚÖËç�è ä¼×�õºÖ¼ÙÜÓÕé®×ñÖÒÛ¼ÑºÓ é®õ÷ÛôõºÖËÓ ë÷õºÓÕÛ¼× ÛôÑºÓ â ö�âÅÍÞÝ '
â�AºÍÞÝßÍßÛùè�×�éÈâ�A÷õºæºëîâ�æìÛíé®õºÓÜÝ�' Ñìè�ëºÖ¼×ñç�ÓÚæ ÍÞäË×�Ûô×ñÔ ÓÚäíâÅæºë â�ÝÞäË×KAóÓÜÙ â�õ÷ä¼Óê×�é ÛôÑºÓáéÆâÅÙÜÛ Û¼ÑîâÅÛÒÛôÑ÷ÓÜè âÅÖ¼Ó
àð×ñÖËÓ�ÓÚæìö�ÍÞÖ¼×�æºàðÓÜæìÛ�â�ÝßÝßè Û¼×ñÝÞÓÜÖôâ�A÷ÝÞÓ�þ @ HîçñõºÖËÓð×�é àðÓÜÖ¼ÍßÛê×ÅéÒâ àðâ�çñæ÷ÓÜÛôÍßÙ�é®õºä¼Íß×ñæ ëºÓÜö�ÍÞÙÜÓãÍßäêÛ¼ÑºÓ
é®õºä¼Íß×ñæãÛôÖËÍÞÔºÝßÓ Ô÷Ö¼×�ëºõºÙÜÛ �"!:9R$ RíÑºÍßÙ�Ñ ÍÞä ëºÓ(HºæºÓÚëüâ�ä Û¼ÑºÓáÔºÖË×¦ë÷õºÙÜÛÒ×Åé ÛôÑºÓ¸ÔºÝïâ�äËàãâÕëºÓÚæ÷ä¼ÍßÛùè Ì

m−3
Î²å

ÛôÑºÓòÔºÝïâÅä¼àðâãÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓ Ì
keV

Î â�æ÷ë ÛôÑ÷ÓðÔºÝÞâ�ä¼àðâÐÙÚ×�æ HîæºÓÜàðÓÜæ¤Û ÛôÍßàðÓ Ì
s
Î·þ � ÍÞçñõ÷Ö¼Ó � Íßçºþ #�þ Vä¼Ñº× RíäêÛôÑºÓ ÔºÖË×ñçñÖËÓÚä¼äÕ×�é Ûô×�LÅâÅàãâ�L¤äáÛ¼×�R â�ÖËëºäÕâ�Ù�ÑºÍÞÓ·ö�ÍÞæºç é®õºäËÍÞ×ñæ Ö¼ÓÚâ�ÙÜÛ¼×ñÖ ÙÚ×�æºëºÍßÛ¼ÍÞ×ñæ÷äÚþ�Ï è�ÔºÍÞÙÚâ�Ý

�������������� <;¤£5= ¯°µ'�Ü¯´»¼«´«ó°µ"� ±·¯°ÁÉ«?>ÉªÅ«Æ³©µ·¶�@�»¼±·½ù°µ·¯�½¾µÜ¶¬ÁÂ³Ä´³©µ·¶¬« )�ÇÉª�,É§©³¢«0�É»¼Á%��³ $�%. ³©¶¬Á¸ÇÅ»Ë¯#� ³¢«´«´³©µ·¶¸µ²¹º¥�9�;A@�+
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ÔºÝïâÅä¼àðâÐÔîâ�ÖôâÅàðÓ·ÛôÓÚÖËä ÍÞæ ÛôÑ÷Ó ÙÚõºÖËÖ¼ÓÚæìÛ ëºÓÜö�ÍßÙÚÓÚäÕâ�ÖËÓ ÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓÚä ×�é
108 � âÅæºë ë÷ÓÚæºäËÍßÛôÍßÓÚä ×�é

â�Ö¼×�õºæºëðâ é®Ó'R Û¼ÍÞàòÓÚä
1019 (m−3)

ÙÚ×ñæ HºæºÓÚëòé®×ñÖ â ä¼ÓÚÙÜ×ñæºë þ ÏÒÑ÷ÍÞä Ö¼ÓÜä¼õºÝ�Ûôä ÍÞæ Ûùè�ÔºÍÞÙÚâ�ÝºÑºÓÚâÅÛ úîõ¦û¦ÓÚä
×�éÈâ é®Ó(R

MWm−2
âÅæºë Ôîâ�ÖÊÛôÍÞÙÜÝÞÓ úîõ¦û¦ÓÚäí×�éÈâ é®Ó(R ÛôÍßàðÓÜä

1023 m−2s−1
×ñæÐÛ¼ÑºÓ ÔºÝïâÅä¼àðâ éÆâ�ÙÚÍßæºç

ä¼õºÖÊéÆâ�ÙÚÓÜäÚþ ÏÒÑºÓÚÖËÓÜé®×ñÖËÓÕÛ¼ÑºÓ ÔºÝÞâ�ä¼àðâ�éÆâ�ÙÚÍßæºç ä¼õºÖÊéÆâ�ÙÚÓÜä Íßæ ÛôÑºÓÜä¼ÓêëºÓÜö�ÍßÙÚÓÚä à�õºäÊÛ Ñîâ öñÓÕâ�ö�ÓÚÖÊè çñ×¦×�ë
ÛôÑºÓÜÖ¼àðâ�ÝîÙÚ×�æºëºõºÙ·ÛôÍßö�Í�Ûùèòâ�æºëòÑºÍÞçñÑòàòÓÚÝßÛ¼ÍÞæºç Ô ×ñÍßæ¤Û¼ä é®Ö¼×ñà â ÑºÓÚâÅÛ Ñîâ�æºëºÝßÍÞæºçêÔ ×ñÍÞæìÛ ×�éóö�ÍÞÓ(Rêþ � õºÖC'ÛôÑºÓÜÖ¼àò×ñÖ¼Ó ÛôÑºÓ ÓÚÖË×ñä¼Íß×ñæ�×�éºÛ¼ÑºÓ Ô÷Ýïâ�äËàãâíéÆâ�ÙÚÍßæºç äËõºÖËéÆâÅÙÚÓÚä ÝßÓ â�ë÷ä Û¼×áÙÚ×ñæìÛôâ�àðÍßæîâÅÛ¼ÍÞ×ñæê×�éîÛ¼ÑºÓ ÔºÝÞâ�ä¼àðâ
â�æºë ÛôÑºÓÜÖ¼ÓÜé®×�Ö¼ÓòÓÚæºÓÜÖ¼ç�è ÝÞ×�ä¼ä é®Ö¼×ñà Û¼ÑºÓòÔºÝïâ�äËàãâ Aìè Öôâ�ë÷ÍïâÅÛ¼ÍÞ×ñæ þ�ÏÒÑºÍßä Ýß×ñä¼äÕÍÞäêÔºÖË×ñÔ ×ñÖËÛ¼ÍÞ×ñæîâÅÝýÛô×
ÛôÑºÓ�â¬Ûô×ñàòÍÞÙÕæ¤õºàNA ÓÚÖ

Z
Ö¼â�ÍÞäËÓÚë Ûô×ÐÛ¼ÑºÓ é®×ñõ÷ÖËÛôÑ Ô × R ÓÜÖ �"!
	 $ RíÑºÍßÙ�Ñ àãâVL�ÓÚä Ýß× R

Z
àãâ¬ÛôÓÚÖËÍïâ�Ýßä¸â

AóÓ·Û¼Û¼ÓÚÖÒÙ�Ñº×ñÍßÙÚÓÕâ�äÒÔºÝÞâ�ä¼àðâ éÆâ�ÙÜÍÞæºç àðâÅÛ¼ÓÚÖ¼ÍÞâ�ÝýÌ#T � � Î²þ��êÖ¼â�ÔºÑºÍ�ÛôÓáÍßä ÛôÑ÷Ó àãâÅÛ¼ÓÚÖËÍïâ�Ý ×�éÈÙ�Ñº×ñÍÞÙÜÓ ëºõºÓ
Ûô× Í�Ûôä ÑºÍßçñÑÐÛôÑ÷ÓÚÖ¼àðâ�ÝóÙÚ×ñæºë÷õºÙÜÛ¼Íßö�ÍßÛùè�åºÑºÍÞç�Ñ ä¼õ AºÝßÍÞàðâÅÛôÍß×ñæãÓÜæºÓÚÖËç�è âÅæºë ÝÞ× R

Z
é®×ñÖ ÛôÑ÷ÓÚä¼ÓêëºÓ·ö�ÍÞÙÚÓÜäÚþ

 × R ÓÜöñÓÜÖ¸âÅä ÛôÑºÓ äÊÛ�â�ç�Óáä¼Ó·ÛôäÒé®×ñÖ Û¼ÑºÓáÙÚ×�æºäËÛ¼Ö¼õºÙ·ÛôÍÞ×�æü×Åé â é®õºä¼Íß×ñæ Ö¼ÓÚâ�ÙÜÛ¼×ñÖ ÔºÖË×�Ûô×�Ûùè�Ô Ó øùÏ D�B �-/��R$
RíÑºÓÚÖËÓðÝß×ñæºç T � � ÝÞÍ�é®ÓÜÛ¼ÍÞàòÓÚäáâÅæºë ÖËÓÚÙÜ×Éö�ÓÚÖÊè ×�é Û¼Ö¼Í�ÛôÍÞõ÷à Ì RíÑºÍÞÙ�Ñ ÍÞä Ö¼â�ëºÍß×ìâ�ÙÜÛ¼Íßö�Ó�â�æºë à�õºäÊÛ=AóÓ
Ö¼ÓÜÙÜè�ÙÚÝßÓÚë ÎÒÍÞäÒæºÓÜÙÚÓÜä¼äôâÅÖËèñå ä¼×�àðÓ äËÑº×ñÖËÛ¼ÙÚ×ñàòÍÞæ÷çñäÒ×�éÈçñÖôâ�Ô÷ÑºÍßÛ¼ÓáÙÚ×ñàòÓ Ûô× ÛôÑ÷Óêé®×�Ö¼Ó�þ

465 * 5+* ��2>B JA?AK�B 4 =CD .EN B/0 . J)F H72>=@?AL F6N;F H GCF6N 4 F 0 F6K�= D . 4 F ?AL J1= F6G
Ì®Í¨ÎÐÏÒÑºÓÜÖ¼ÓÕÍÞäíõºæºÙÜÓÚÖËÛôâ�ÍÞæìÛùèüâ�A ×ñõ÷ÛÒÛ¼ÑºÓÕÓ·û�ÛôÖ¼â�Ôó×�ÝïâÅÛ¼ÍÞ×ñæ ×�é ÛôÑ÷Ó Ù�ÑºÓÜàðÍßÙ â�Ý�äËÔºõ÷ÛËÛôÓÚÖËÍÞæºç�è�ÍÞÓÜÝÞë Ûô×

ÑºÍßçñÑ Ö¼Ó âÅÙÜÛô×�Ö ÖËÓÚÝßÓÜöÅâ�æìÛíúîõ¦û¦ÓÚä â�æºëüÍÞæüâ�ÙÜÙÚ×ñõºæìÛ¼ÍÞæºç�é®×ñÖíÑºÍÞç�ÑºÓÚÖÒÑìè�ëºÖ¼×�Ù âÅÖ A ×ñæüé®×�Ö¼àðâÅÛôÍß×ñæ
� /1#ñå�/	!¤å�/./ $´þ�� õºÖËÖ¼ÓÜæ¤Û¼ÝßèáÛ¼ÑºÓÚÖËÓ Ó²û¦ÍÞäËÛ çñ×�×�ë ä¼ÓÚàòÍ ' ÓÚàòÔºÍÞÖËÍÞÙÚâ�ÝÅàò×�ëºÓÚÝßä é®×ñÖ Ù�ÑºÓÚàòÍÞÙÚâ�ÝñÓÜÖ¼×ñäËÍÞ×ñæ
� #�V¦åO/0QR$ Aîâ�äËÓÚë ×ñæ ��� Ô÷ÔóÓÜÖ¼äêàð×�ëºÓÜÝ � # 9R$ RíÑºÍßÙ�Ñ H÷Û â ÝÞâ�Ö¼çñÓ æ�õ÷àNAóÓÜÖê×�é Ó²û¦ÔóÓÜÖ¼ÍÞàòÓÚæìÛôâ�Ý
Ö¼ÓÜä¼õºÝ�ÛôäÜþ

ÌÆÍßÍ¨ÎãÏÒÑºÓ�àòÓÚÙ�Ñîâ�æ÷ÍÞä¼àòäáÝßÓ â�ëºÍßæºçãÛ¼× Ù�ÑºÓÚàòÍÞÙÚâ�Ý ä¼Ô÷õ÷Û¼Û¼ÓÚÖ¼Íßæºç âÅÛêçñÖ¼â�ÔºÑºÍ�ÛôÓ Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÜäáÝÞ× R ÓÚÖ
ÛôÑºâ�æ

500K
å ÙÚâ�ÝÞÝßÓÚë ä¼õ÷ÖËéÆâ�ÙÜÓüäËÔºõ÷ÛËÛôÓÚÖËÍÞæºç÷å6RíÑºÍßÙ�Ñ âÅÖ¼Ó æº×�Û�ÓÜæºÙÚ×ñàòÔîâ�äËä¼ÓÜë Aìè ��� ÔºÔ ÓÚÖËäàò×¦ëºÓÜÝ�â�ÖËÓÕæ÷×�ÛÒé®õºÝÞÝ�èãõ÷æºëºÓÚÖËäËÛ¼×¦×�ë��-!��R$´þ

Ì®ÍÞÍÞÍïÎðÏÒÑºÓÜÖ¼Ó Íßä â�Ýßä¼× â çñÖËÓ âÅÛ ëºÍÞäËÔîâ�ÖËÍßÛùè ÍÞæ ÛôÑ÷Ó ëºÍ:S õºäËÍÞ×ñæ ëîâÅÛôâ ×�é Ñìè�ëºÖË×ñçñÓÚæ ÍÞä¼×ÅÛô×ñÔ ÓÚäüÍÞæ
çñÖ¼â�ÔºÑºÍ�ÛôÓ � /	&�$´þ

ÌÆÍßö÷Î � ×ñÖËÓÚ×ÂöñÓÜÖ ÛôÑºÓ�ä¼Ô÷õ÷Û¼Û¼ÓÚÖ¼ÓÜë ÙÚâ�Ö A ×ñæ��¬Ñ¤è�ëºÖË×¦ÙÚâ�Ö A ×ñæºäêÙÚâ�æ Ö¼Ó âÅÙÜÛ!RíÍßÛ¼Ñ ÛôÑºÓ Û¼Ö¼ÍßÛ¼ÍÞõºà Íßæ ÛôÑºÓ
ÔºÝÞâ�ä¼àðâ â�æºë é®×�Ö¼à ÙÚ×���ë÷ÓÚÔ ×ñä¼Í�ÛôÓÚë ÝÞâ èñÓÚÖËäÐé®Ö¼×ñà RíÑºÍßÙ�Ñ Û¼Ö¼Í�ÛôÍÞõ÷à Ö¼ÓÚÙÜ×ÂöñÓÚÖÊè ÍÞäãÍÞàòÔó×ñäËä¼Í '
AºÝßÓ�� /.U $´þ � ÑºÓÜæ àãâVL�Íßæºç ÛôÑºÓ�ÛôÖ¼â�æºä¼Í�ÛôÍß×ñæ Ûô× ÖËÓ â�Ù·Ûô×ñÖÕÖ¼ÓÜÝÞÓ·ö�âÅæ¤ÛÕé®õºäËÍÞ×ñæ àãâÅÙ�ÑºÍÞæºÓÜä RíÍ�ÛôÑ
ÝÞ×�æºç ÔºõºÝßä¼Ó ÛôÍßàðÓÜäÚå ÛôÖËÍßÛ¼ÍÞõºà ÙÚ×��¤ëºÓÚÔ ×ñä¼Í�ÛôÍß×ñæ â�æºë Ö¼ÓÜÙÚ×ÂöñÓÜÖËè ÍÞä äË×üäËÓÚÖËÍÞ×ñõºäÕâ�æ ÍÞäËä¼õºÓ Û¼ÑîâÅÛ
×�Û¼ÑºÓÚÖ ÔºÝïâÅä¼àðâ éÆâÅÙÚÍÞæ÷çÕàðâÅÛ¼ÓÚÖ¼ÍÞâ�ÝÞä â�Ö¼ÓíÙÚ×�æºä¼ÍßëºÓÚÖËÓÚëãÍßæºäËÛ¼Ó â�ëð×�é ç�Öôâ�ÔºÑ÷ÍßÛôÓÒ×�Ö�� âÅÖ A ×ñæ � ÍIAóÓÜÖ
� ×ñàòÔó×�ä¼ÍßÛ¼ÓÚäÕÌ�� � � äôÎ � /.U�å�/	V�$´þ
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4E5+* 5�8 � B%K��<N;B 0I? 2<=CN;?52<LONA=CN
ÏÒÑºÓ àðâ�Íßæ Ö¼Ó âÅä¼×ñæ é®×ñÖ ÛôÑ÷ÓêöÅâ�ÖËÍÞ×ñõ÷ä õ÷æºÙÚÓÜÖËÛ�âÅÍÞæìÛôÍßÓÚäÒÝÞÍßäËÛ¼ÓÚëüâ�A ×Éö�Ó Íßä ÛôÑºÓêÙÜ×ñàðÔ÷ÝÞÓ·û äËÛôÖËõºÙÜÛ¼õºÖ¼ÓÕ×�é
çñÖôâ�Ô÷ÑºÍßÛ¼Ó�þ ø Û Íßä ÑºÍßçñÑºÝ�è Ù�Ñ÷ÓÚàòÍÞÙ âÅÝÞÝßè ÖËÓ â�Ù·ÛôÍ�öñÓ â�æ÷ë Ôó×ñÖË×ñõºäÜþ @ æ ÍÞÝßÝÞõºäÊÛôÖ¼âÅÛôÍß×ñæ ×ÅéÒÛôÑºÓÐÔ ×ñÖË×ñõºä
äËÛôÖËõºÙÜÛ¼õºÖ¼Ó ×�é çñÖôâ�Ô÷ÑºÍßÛ¼Ó�å RíÍßÛ¼ÑòÛùè�ÔºÍßÙ â�ÝîÝßÓÚæºçÅÛôÑòä¼Ù âÅÝÞÓÚä Íßä äËÑº× RíæãÍßæ � ÍÞçºþ #ñþ 9÷þýø Û ÙÚ×�æºä¼ÍßäËÛôä ×�éóçñÖôâÅæA'õºÝÞÓÜä ×�é ä¼Í��ÚÓ â�Ö¼×ñõ÷æºëÐâêé®Ó(R àòÍÞÙÜÖ¼×ñæºä äËÓÚÔîâ�Ö¼âÅÛôÓÜë Aìè�öñ×ñÍßëºä6RíÑ÷ÍÞÙ�ÑÐâÅÖ¼ÓíÛùè¦Ô÷ÍÞÙ âÅÝÞÝßè�×�é Û¼ÑºÓ¸×ñÖËëºÓÚÖ ×�é
�÷þ #

µ
þ ÏÒÑ÷Ó çñÖ¼â�æ¤õºÝÞÓÜä Û¼ÑºÓÚàòä¼ÓÜÝßö�ÓÚä â�Ö¼Ó àãâÅëºÓíõºÔð×Åé ÙÚÖÊè�äËÛ�âÅÝÞÝÞÍ�ÛôÓÜä¸Ì®Ö¼ÓÜçñÍÞ×ñæ÷ä ×Åé ÙÚÖÊè�äËÛ�âÅÝ ç�Öôâ�ÔºÑ÷ÍßÛôÓ Î

RíÑºÍÞÙ�Ñ âÅÖ¼Ó âÕé®Ó(R æºâ�æº×ñàòÓÜÛ¼ÓÚÖ¼ä�RíÍÞë÷Ó�þ ÏÒÑºÓ ÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼ÓÚä â�ÖËÓ¸ä¼ÓÜÔîâ�Ö¼âÅÛôÓÜë AìèðàòÍÞÙÜÖ¼×��ìöñ×ñÍßëºä RíÑºÍÞÙ�Ñ
â�Ö¼Ó âÕé®Ó'R�� RíÍÞëºÓP� / 9¦å�/ 	�å�Q � $´þ ÏÒÑºÍÞä Ö¼ÓÜä¼õºÝ�Ûôä ÍÞæòÝïâ�ÖËçñÓÒÙ�ÑºÓÜàðÍßÙ â�ÝßÝßè�ÖËÓ â�Ù·ÛôÍßæºç ÍßæìÛôÓÚÖËæîâ�ÝîäËõºÖËéÆâ�ÙÜÓÚä
RíÑºÍÞÙ�ÑãÛ¼ÑºÓáÑìè�ëºÖ¼×�çñÓÚæ Íßä¼×�Û¼×ñÔóÓÜä ÙÚâ�æ ëºÍ:S õºäËÓ¸Íßæ¤Û¼×ºå¤Ö¼ÓÜÙÚ×ñàNA÷ÍÞæºÓ ×ñÖ é®×ñÖËà Ñìè¦ë÷Ö¼×�Ù â�Ö Aó×ñæ÷äÒâ�æºëÐç�ÓÜÛ
ÛôÖôâÅÔºÔóÓÜë ÍßæÐÛôÑºÓ=Aºõ÷ÝWLÐ×�é ÛôÑ÷ÓÕç�Öôâ�ÔºÑ÷ÍßÛôÓÅþ

ø Û ÍÞä ÓÜä¼ä¼ÓÜæìÛôÍïâÅÝ÷Ûô× õºæ÷ëºÓÚÖËäËÛ�âÅæºë ÛôÑºÓÒÓ'S ÓÜÙÜÛôä ×ÅéóÔ ×ñÖË×ñä¼Í�ÛùèñåÅÛ¼Öôâ�Ô÷ÔºÍÞæºçêâ¬Û ÍÞæìÛ¼ÓÚÖ¼æºâ�Ý÷äËõºÖËéÆâ�ÙÜÓÚäÜå¤Û¼ÑºÓ
Ù�ÑºÓÚàòÍÞÙÚâ�Ý ÍÞæìÛôÓÜÖôâ�Ù·ÛôÍÞ×�æºä ÛôÑîâÅÛ Ù â�æ ×¦ÙÜÙÚõºÖ RíÍßÛ¼ÑºÍÞæ çñÖôâÅÔºÑºÍßÛ¼Ó�åÈâ�æºë Û¼ÑºÓ�ÛôÖôâÅæºä¼Ô ×ñÖËÛ ×�éÒÑìè�ëºÖË×ñçñÓÚæ
â�æºë ÛôÑºÓ àò×ñÝßÓÚÙÚõ÷ÝÞÓÚäòé®×ñÖ¼àòÓÚë å Û¼× ÍÞæìÛôÓÜÖ¼ÔºÖËÓÜÛ Ó·û¦ÍßäËÛôÍßæºç Ó·û¦Ô ÓÚÖËÍÞàòÓÚæìÛ�â�Ý Ö¼ÓÜä¼õºÝ�Ûôä â�æºë Û¼× ëºÓÚäËÍÞçñæ
æºÓ(R Ûùè�Ô ÓÚä¸×Åé çñÖ¼â�ÔºÑºÍ�ÛôÓ Aîâ�ä¼ÓÜë T � � ä7RíÑºÍÞÙ�Ñ â�Ö¼Ó=A ÓÜÛ¼Û¼ÓÚÖ ä¼õºÍ�ÛôÓÚë â�äíé®õºä¼Íß×ñæ ÖËÓ â�Ù·Ûô×ñÖ HîÖËäËÛ%R â�ÝßÝ
àãâÅÛ¼ÓÚÖËÍïâ�ÝßäÚþ øùæ�×ñÖ¼ëºÓÜÖýÛô×êäÊÛôõºë÷è ÛôÑºÓÜä¼ÓíÔºÖË×¦ÙÜÓÚä¼äËÓÚä âáÑºÍÞÓÜÖôâ�ÖËÙ�Ñìè�×�é àò×¦ëºÓÜÝÞä Íßä æºÓÜÙÚÓÚäËäôâ�ÖÊè�âÅÛ öÅâ�äÊÛôÝßè
ëºÍISóÓÚÖËÍÞæºç ÝßÓÚæºç�Û¼Ñüâ�æºë ÛôÍÞàòÓáäËÙ â�ÝßÓÚä�U
•  è�ëºÖË×ñçñÓÜæ Íßä¼×�Û¼×ñÔóÓ àòÍÞç�ÖôâÅÛ¼ÍÞ×ñæðÍÞæ ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍ�ÛôÓÚä RíÑºÍÞÙ�Ñ â�Ö¼ÓÕâ�é®Ó(R æîâ�æº×�àðÓ·ÛôÓÚÖËäíÍÞæ ä¼Í��ÚÓ
•  è�ëºÖË×ñçñÓÜæÕÍßæìÛôÓÚÖ¼â�ÙÜÛ¼ÍÞ×ñæêâ¬Û�ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍ�ÛôÓ �¤àðÍßÙÚÖ¼×Âö�×ñÍÞë ÍÞæìÛôÓÜÖËéÆâ�ÙÜÓÚä â�æºëáÛ¼Öôâ�æ÷ä ��çñÖ¼â�æ¤õºÝïâÅÖ ��ëºÍ:S õ÷ä¼ÍÞ×�æ

ÌÆÏ �	� Î·å RíÑ÷ÍÞÙ�ÑüÍÞäíâ�é®Ó(R àðÍßÙÚÖ¼×�æºäÒÍÞæ äËÍ
�ÚÓ
•  è�ëºÖË×ñçñÓÜæ Íßä¼×�Û¼×ñÔ Ó àò×ñÝÞÓÜÙÚõºÝßÓ é®×ñÖËàãâÅÛ¼ÍÞ×ñæ â�æºë Û¼Öôâ�æºäËÔó×�ÖËÛ Íßæ ÛôÑºÓ ö�×ñÍÞëºäÐâ�æºë çñÖôâÅæ�õ÷ÝÞÓ

ä¼õºÖÊéÆâ�ÙÚÓÜäÚå RíÑ÷ÍÞÙ�Ñ ÍÞä Ûùè�ÔºÍÞÙÚâ�ÝÞÝ�è ×Éö�ÓÚÖ¸Û¼ÑºÓ�äËÍ
�ÚÓ ×�é ÛôÑ÷Ó�çñÖôâÅÔºÑºÍßÛ¼ÓÕÛôâ�Ö¼ç�ÓÜÛáÍßæ é®õºäËÍÞ×ñæ ëºÓÜö�ÍÞÙÜÓÚä
Ì´â�é®Ó(R ÙÚàòä�Î

� ×�Û¼Ó¸ÛôÑîâ¬Û ÛôÑºÓáÛ¼ÍÞàòÓ äËÙ â�ÝßÓ¸é®×ñÖ Û¼ÑºÓÚäËÓ ÔºÖ¼×�ÙÚÓÜä¼äËÓÚäíëºÓÚÔ ÓÚæ÷ëºäí×ñæÐÛôÑºÓ Ýß×¦ÙÚâ�Ý àðÍßÙÚÖË×ñä¼ÙÜ×ñÔºÍÞÙ çñÖôâÅÔºÑºÍßÛ¼Ó
G õºâ�ÝÞÍ�ÛôÍÞÓÜä â�æºëÐàðâ è�Ù�Ñîâ�æºçñÓ7RíÍÞëºÓÜÝßèòëºÓÜÔóÓÜæºëºÍÞæ÷ç ×ñæãÛ¼ÑºÓáâ öÅâ�ÍßÝïâ�AºÝßÓÒæ¤õºàNA ÓÚÖ ×Åé ÛôÖ¼â�ÔºäÚå�ÛôÑºÓ ÝÞ×�Ù â�Ý
çñÖôâ�Ô÷ÑºÍßÛ¼ÓðÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼Ó�å Û¼ÑºÓ Ñìè¦ë÷Ö¼×ñçñÓÜæ ÙÚ×ñæºÙÜÓÚæìÛôÖ¼âÅÛôÍß×ñæ å ÓÜÛ¼Ù�þ ÏÒÑºÍÞä ä¼ÓÜÛ¼ä ÛôÑºÓ àðâ�ÍÞæ é®×¦ÙÜõºä ×�é
ÛôÑºÍßäðÛôÑ÷ÓÚä¼ÍßäÚå8RíÑºÍßÙ�Ñ ÍÞäÚå ��� � ���3� ��� � 
��������	�2� �� � � �(����
�� �1��� ��� � ���.��� � � ��� ��� � � � �
� 
 ��� 
 ������� � ���(�<��� � � �#� � � � ��� � ���<���)� ��� ���0�O�0��� � �(� �	������� � � ���,� �����(� ��� � 
 é®×ñÖ
â�ëºëºÖËÓÚä¼äËÍÞæºçò×�Û¼ÑºÓÚÖÒÔºÖË× AºÝßÓÚàòäÒÙÚ×ñæºÙÜÓÚÖËæºÍÞæºç�ÛôÑ÷ÓÕõ÷ä¼Óê×�éÈçñÖôâ�Ô÷ÑºÍßÛ¼Ó ÍÞæ é®õºä¼Íß×ñæ ëºÓÜö�ÍßÙÚÓÚäÜå ä¼õºÙ�Ñ â�ä�U
• ÛôÑ÷Óêé®õ÷ÝÞÝ Ù�Ñ÷ÓÚàòÍÞÙ âÅÝ�ä¼Ôºõ÷ÛËÛôÓÜÖ¼ÍÞæ÷çòÔ÷Ö¼× AºÝßÓÚàüå
• ÛôÑ÷ÓÕÑìè�ëºÖË×ñçñÓÚæüÍÞäË×�Ûô×�ÔóÓ Íßæ¤ö�ÓÚæìÛô×�ÖËè Ì®Û¼Ö¼Í�ÛôÍÞõ÷à â�æ÷ëüÍßä¼×�Û¼×ñÔ Ó Ó·û¦Ù�Ñîâ�æºç�Ó äÊÛôõºëºÍßÓÚäôÎ·å
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#�#�#
#�#�#
#�#�#
$�$�$
$�$�$
$�$�$

%�%�%
%�%�%
&�&�&
&�&�&

'�'�'�'�'(�(�(�( )�)�)�)*�*�*�*

+�+�+�+
+�+�+�+
,�,�,
,�,�,

-�-�-�-
-�-�-�-
.�.�.
.�.�.

/�/
/�/
/�/
0�0
0�0
0�0

1�1�1
1�1�1
1�1�1
2�2�2
2�2�2
2�2�2

3�3�33�3�33�3�3
4�4�44�4�44�4�4

5�5�55�5�55�5�55�5�55�5�5
6�6�66�6�66�6�66�6�66�6�6

7�77�77�7
8�88�88�8

9�99�99�99�9
:�::�::�::�:

;�;;�;;�;
<�<<�<<�<

=�=�=�=�==�=�=�=�=>�>�>�>�>>�>�>�>�>

?�??�??�??�??�?
@�@@�@@�@@�@@�@

A�AA�AA�AA�AA�AA�A

B�BB�BB�BB�BB�BB�B

C�CC�CC�CC�CC�CC�C

D�DD�DD�DD�DD�DD�D

E�EE�EE�EE�EE�EE�EE�E

F�FF�FF�FF�FF�FF�FF�F

G�GG�GG�GG�GG�G
H�HH�HH�HH�HH�H

granules

crystallites micro−voids

voids

10 nm

1 µ

�������¦�ô���� JI�£ 9��É» ÇÅµÜ¯´µÜª¬«�«®°¯´ªÅ½ù´ª¬¯´» µ²¹ �·¯ ±²Ç��¬³ °»
���LK � �NM�	��PO������QM�' �)	SR ��	�'UTWV

� â�æìè àò×�ëºÓÚÝßä Ñîâ öñÓ A ÓÚÓÜæ ÔºÖ¼×ñÔ ×ñäËÓÚë é®×ñÖ Ñ¤è�ëºÖË×ñçñÓÜæ Íßä¼×�Û¼×ñÔ ÓãÖ¼ÓÜÙÜè�ÙÚÝßÍÞæºç Íßæ Ô ×ñÖ¼×ñõ÷ä çñÖ¼â�ÔºÑºÍ�ÛôÓ
â�æºë ÍÞæ ×�Û¼ÑºÓÚÖ ÙÚâ�æºëºÍßëîâÅÛ¼Ó T � � äI�-/ 9¦åO/ 	÷å Q �÷å Q)# $°þI(¸ÛôÑ÷ÓÚÖ¼äêÑîâ ö�ÓòäÊÛôõºë÷ÍÞÓÚë Ñìè�ëºÖ¼×�Ù â�Ö Aó×�æ é®×ñÖC'
àãâ¬ÛôÍÞ×�æ âÅæºëüÛ¼Öôâ�æ÷ä¼Ô ×ñÖËÛ ÍÞæüçñÖôâÅÔºÑºÍßÛ¼Ó �-/RQ0$°þ ÏÒÑºÓÚäËÓ àò×¦ëºÓÜÝÞäíâ�ÖËÓ àðâ�ÙÜÖ¼×ñäËÙÚ×ñÔºÍßÙêàð×�ëºÓÚÝßäíâ�æºë õºä¼Ó
ÖôâÅÛ¼ÓÐÙÚ×�æºäËÛôâ�æìÛôä × A÷Ûôâ�ÍÞæ÷ÓÚë é®Ö¼×�à Ó²û÷Ô ÓÚÖËÍÞàòÓÚæìÛôä � # 9¦å Q3!¤å Q	/÷å�Q.Qºå�Q3&�å�Q	UR$ äË×ñàòÓÐ×�é8RíÑºÍßÙ�Ñ âÅÖ¼Ó
äËÛ¼ÍÞÝÞÝ ÍÞæ æºÓÜÓÚë ×Åé Û¼ÑºÓÚ×ñÖËÓÜÛ¼ÍÞÙ âÅÝÒÓ·û¦ÔºÝïâÅæîâÅÛôÍß×ñæ þ ÏÒÑ÷ÓÜè â�Ýßä¼× àãâVL�Ó õºä¼Ó ×�é¸ä¼ÍßàðÔºÝßÍßé¨è�ÍÞæ÷ç â�äËä¼õºàòÔA'



��� �������	��
�����������

ÛôÍÞ×�æºä ×�é ÛôÑºÓ Ô ×ñÖË×ñõºäÒäËÛ¼Ö¼õºÙ·ÛôõºÖËÓ Ûô×�àãâVL�ÓáÛôÑ÷Ó ÔºÖ¼× A÷ÝÞÓÚà ÛôÖ¼â�ÙÜÛôâ�AºÝÞÓÅþ6(áæ ÛôÑºÓ ×�Û¼ÑºÓÚÖÒÑºâ�æºë ÛôÑºÓÜÖ¼Ó
â�Ö¼Ó àòÍÞÙÜÖ¼×ñäËÙÚ×ñÔºÍßÙ�àò×¦ëºÓÜÝÞä � # 	¦åOQ	V¦å Q 9R$-RíÑºÍÞÙ�Ñ õºä¼Óòàò×ñÝÞÓÜÙÚõºÝÞâ�Ö¸ë÷è�æîâÅàðÍßÙÚäòÌ � � Î%RíÑºÍÞÙ�Ñ ëºÓ âÅÝÞä
RíÍßÛôÑòÛôÑºÓ¸ÍÞæìÛôÓÜÖôâ�Ù·ÛôÍÞ×�æãâ�àò×ñæºç�äËÛ ÍÞæºëºÍ�ö�ÍÞëºõîâÅÝ âÅÛô×ñàòä�RíÍßÛôÑãÓÚÍßÛ¼ÑºÓÚÖ ÓÚàòÔºÍßÖ¼ÍÞÙÚâ�ÝîÔ ×�ÛôÓÜæ¤Û¼Íïâ�Ýßä ×�Ö ëºÓÜæA'
ä¼ÍßÛùèÕé®õºæºÙ·ÛôÍß×ñæîâ�Ý¤ÛôÑºÓÜ×ñÖËè â�æºë ç�ÍßöñÓ â¸çñ×�×¦ë ÍÞæºäËÍÞçñÑìÛ ÍßæìÛô× Û¼ÑºÓ àòÍÞÙÜÖ¼×ñäËÙÚ×ñÔºÍßÙ àòÓÚÙ�ÑîâÅæºÍÞäËàðäÈäËÛôõ÷ëºÍÞÓÜë þ

øùæÕ×ñÖËëºÓÚÖ Û¼×ÒõºæºëºÓÜÖ¼äËÛôâ�æºëÕÛôÑºÓ ÔºÑìè�ä¼ÍßÙ â�ÝìàòÍÞÙÜÖ¼×ñäËÙÚ×ñÔ÷ÍÞÙ ÔºÖË×¦ÙÜÓÚäËä¼ÓÚä ÙÚ×�æ¤Û¼Ö¼ÍIAºõ÷ÛôÍßæºç Ûô× Û¼ÑºÓ àãâÅÙÚÖ¼× '
ä¼ÙÚ×�ÔºÍÞÙáÛ¼Öôâ�æºäËÔó×�ÖËÛ å÷ÍßÛ ÍßäÒÓÚäËä¼ÓÚæìÛ¼Íïâ�Ý Û¼× õºä¼Ó ÛôÑ÷Ó ÍÞæºäËÍÞçñÑìÛôä çìâ�ÍÞæ÷ÓÚëÐé®Ö¼×�à ÛôÑ÷Ó àðÍßÙÚÖ¼×�ä¼ÙÚ×�ÔºÍÞÙ àð×�ëºÓÚÝßä
ÌÆÙÚ×�æºä¼ÍßäËÛôÍßæºç ×�é âüé®Ó(R Ñ¤õºæºëºÖËÓÚëºä�×�é âÅÛ¼×ñàòä ×ÂöñÓÜÖ�â ÛôÍßàðÓòä¼ÙÚâ�ÝÞÓã×�é â é®Ó(R ÔºÍßÙÚ×ñäËÓÚÙÜ×ñæºëºäôÎ·å â�æºë
é®Ö¼×ñà Ó·û¦Ô ÓÚÖËÍÞàòÓÚæìÛôäÜå ÍÞæìÛ¼×ãàò×¦ëºÓÜÝÞÍßæºçòÛ¼ÑºÓ�Ñìè�ëºÖ¼×�çñÓÚæ Íßä¼×�Û¼×ñÔóÓÕÖ¼ÓÚâ�ÙÜÛ¼ÍÞ×ñæ÷äáâ�æºë ÛôÖôâÅæºä¼Ô ×ñÖËÛáâÅÛ¸Û¼ÑºÓ
àðÓÜä¼×���äËÙ â�ÝßÓÕÌÆÏ �	� Î â�æºë é®õºÖÊÛôÑºÓÜÖ ÍÞæìÛô×áÛ¼ÑºÓíàãâ�ÙÜÖ¼×��¤ä¼Ù âÅÝÞÓêÌ¨Ûùè¦Ô÷ÍÞÙ âÅÝÞÝßè âáÙÚÓÜæìÛôÍÞàòÓÜÛ¼ÓÚÖ ×ÂöñÓÜÖ âáÛ¼ÍÞàòÓ
ä¼Ù âÅÝÞÓÕ×�é äËÓÜöñÓÜÖôâ�ÝÈä¼ÓÜÙÚ×ñæºë÷ä�Î·þ ÏÒÑºÓÜÖ¼ÓÜé®×�Ö¼Ó�â�à�õºÝ�ÛôÍ ��ä¼ÙÚâ�ÝÞÓòÌ�Aó×�Û¼Ñ Íßæ ÝßÓÚæºç�Û¼Ñ âÅæºë Û¼ÍÞàòÓÂÎÒâ�ÔºÔºÖË×ìâ�Ù�Ñ
Ûô× àò×�ëºÓÚÝßÍÞæºç T6F¦ø ÍÞä æºÓÚÙÜÓÚäËäôâ�ÖÊèñþ øùæ â�ëºë÷ÍßÛôÍß×ñæ�Ûô× Û¼ÑºÓ¸à õºÝßÛ¼ÍÞÔºÝßÓÒä¼Ù âÅÝÞÓÚä ÍÞæìöñ×ñÝ�öñÓÜëÐ×ñæºÓ à�õºäÊÛÒâ�Ýßä¼×
ÙÚ×ñæºäËÍÞëºÓÜÖÒÛôÑºÓêÓ(SóÓÚÙ·Û ×�éÈÛ¼ÑºÓêÔó×�Ö¼×ñõºäíäÊÛôÖ¼õ÷ÙÜÛôõ÷Ö¼Óê×�é ÛôÑºÓ T � � ×ñæ Ôºâ�ÖËÛ¼ÍÞÙÚÝßÓ¸ÛôÖ¼â�æºäËÔó×ñÖÊÛ þ
� ÓÐëºÓ·öñÓÜÝÞ×ñÔ â à õºÝßÛ¼Í ��äËÙ â�ÝßÓ ä¼Ù�ÑºÓÜàðÓÐé®×ñÖ ÍÞæºÙÜ×ñÖ¼Ô ×ñÖ¼âÅÛôÍßæºç àðÍßÙÚÖ¼×�ä¼ÙÚ×�ÔºÍÞÙòÔºÑìè�ä¼ÍÞÙÚâ�Ý ×�Aºä¼ÓÜÖËöÅâ '

ÛôÍÞ×�æºä¸é®Ö¼×�à àò×¦ëºÓÜÝÞÍßæºçÐâ�æ÷ë Ó·û¦ÔóÓÜÖ¼ÍßàðÓÜæ¤Û¼äêÍÞæìÛô× àò×¦ë÷ÓÚÝÞÍßæºçãàðâ�ÙÜÖ¼×ñäËÙÚ×ñÔºÍßÙ ÛôÖ¼â�æºäËÔó×ñÖÊÛ ÍÞæ Ô ×ñÖË×ñõºä
çñÖôâ�Ô÷ÑºÍßÛ¼Ó�þãÏÒÑ÷Óãä¼Ù�Ñ÷ÓÚàòÓãÍÞäÕÍÞÝßÝÞõºäÊÛôÖ¼âÅÛôÓÜë Íßæ � ÍÞçºþ #ñþ 	÷þ � ×ñÝÞÓÜÙÚõºÝÞâ�Öêë÷è�æîâ�àòÍÞÙÚäãÌ � � ÎêÍßä õ÷ä¼ÓÚë Ûô×
äËÛôõ÷ë÷è�ÛôÑºÓ ëºÍISóõºäËÍÞ×ñæò×�é�Ñìè�ëºÖ¼×�çñÓÚæðÍÞä¼×ÅÛô×ñÔ ÓÚä ÍÞæðâ çñÖ¼â�ÔºÑºÍ�ÛôÓíÙÚÖÊè�äËÛ�âÅÝ°þ ÏÒÑºÓ ÝÞÓÜæºç�ÛôÑòä¼ÙÚâ�ÝÞÓíé®×ñÖ ÛôÑºÍßä
ÔºÖ¼×�ÙÚÓÜä¼ä ÍÞäýâ¸é®Ó(R æîâ�æ÷×ñàðÓ·ÛôÓÜÖ¼ä â�æ÷ë�ÛôÑºÓ äËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæêÛôÍßàðÓ ÍÞäýÑ¤õºæ÷ëºÖ¼ÓÜëòÔ÷ÍÞÙÚ×�ä¼ÓÚÙÜ×ñæºëºäÜþ � Ñîâ�Ô÷Û¼ÓÚÖÜþ !
ëºÓÚäËÙÚÖ¼ÍIAóÓÜä Û¼ÑºÓ � � äËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæ þ � Ó ÛôÑ÷ÓÚæ Ôºâ�Öôâ�àòÓÜÛ¼Ö¼Í��ÚÓ¸Û¼ÑºÓ ë÷ÍISóõºä¼Íß×ñæ ÍÞæ ÛôÓÜÖ¼àòä ×ÅéýÔ ×�ÛôÓÜæìÛôÍïâÅÝ
R ÓÜÝÞÝÞä

El,h
m

å ØËõ÷àðÔ âÅÛËÛôÓÜàðÔ÷Û é®Ö¼Ó G õºÓÜæºÙÚÍßÓÚä ωl.ho âÅæºë ØËõºàòÔ ë÷ÍÞäËÛôâ�æºÙÜÓÚä
Ll,h

å äË× Û¼ÑîâÅÛ�âPL¤ÍÞæ÷ÓÜÛôÍßÙ
� ×ñæìÛôÓ � âÅÖ¼ÝÞ× Ì � � �ÒÎíÙÚ×�ëºÓ�� ��� å RíÑºÍÞÙ�Ñ Íßä à õºÙ�Ñ éÆâ�äÊÛôÓÚÖáâ�æºë ÖËÓÚÔºÖË×¦ëºõ÷ÙÚÓÚä ÛôÑºÓ � � Ö¼ÓÜä¼õºÝ�Ûôä
Ù â�æ AóÓ õºäËÓÚë é®×ñÖ�ä¼Ù âÅÝÞÍÞæ÷ç õºÔ þ � Ñºâ�Ô÷ÛôÓÜÖÚþ-/ ë÷ÓÚä¼ÙÜÖ¼ÍIAóÓÜäðÔîâÅÖôâ�àòÓÜÛ¼Ö¼Í
�ÚâÅÛôÍß×ñæ ×�é ÛôÑºÓ � � Ö¼ÓÜä¼õºÝ�Ûôä
é®×ñÖ�õºä¼ÓüÍÞæ � � �¸þ F¦Ù âÅÝÞÍÞæ÷ç õ÷Ô Íßæ ÝßÓÚæºç�Û¼Ñ äËÙ â�ÝßÓÚä�ÍÞæìÛ¼Ö¼×�ëºõºÙÚÓÜäòÛ¼ÑºÓüæºÓÚÙÜÓÚä¼äËÍßÛùè ×�é Û�â�L¤ÍÞæ÷ç ÍßæìÛô×
ÙÚ×ñæºäËÍÞëºÓÜÖôâÅÛ¼ÍÞ×ñæòÛôÑºÓ Ôó×�Ö¼×ñõºä çñÓÚ×�àðÓ·ÛôÖËè�×Åé�çñÖôâÅÔºÑºÍßÛ¼Ó�þ @ çñÓÚæ÷ÓÚÖôâÅÝóäËÙ�ÑºÓÚàòÓ5Aîâ�äËÓÚë ×ñæ�� Q 	R$ Íßä õ÷ä¼ÓÚë
Ûô×ÐÙÜÖ¼Ó â¬ÛôÓ Û¼ÑºÓ�Ô ×ñÖ¼×�õºä¸çñÖ¼â�ÔºÑºÍ�ÛôÓÕçñÓÚ×�àðÓ·ÛôÖËè�þ ÏÒÑ÷ÍÞä¸äËÙ�ÑºÓÚàòÓ Ù âÅæ AóÓ õºä¼ÓÜë Ûô×ÐÙÜÖ¼ÓÚâÅÛôÓ3Aó×�Û¼Ñ åóÛ¼ÑºÓ
ÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼ÓÚä ä¼ÓÜÔîâ�Öôâ¬ÛôÓÚë Aìè�àòÍÞÙÜÖ¼×Âöñ×�ÍÞëºäÜåñâ�æºë ÛôÑºÓ ç�Öôâ�æ¤õºÝßÓÚä äËÓÚÔîâ�Ö¼âÅÛôÓÜë A¤èÕöñ×�ÍÞëºäÜþ � � � ÍÞäýõ÷ä¼ÓÚë
Ûô× äËÍÞà�õ÷ÝïâÅÛ¼Ó ÛôÑºÓ ÛôÖôâÅæºä¼Ô ×ñÖËÛ ×�é�Ñìè�ëºÖË×ñçñÓÚæãÍÞä¼×ÅÛô×ñÔ ÓÚä ÍÞæòÖôâ�æ÷ëº×ñàòÝßè ×ñÖËÍÞÓÜæ¤Û¼ÓÚëÐÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼ÓÚä RíÍßÛ¼ÑÐâ
ÛôÖôâÅÔºÔºÍÞæ÷ç���ëºÓ·ÛôÖôâÅÔºÔºÍÞæ÷ç àò×¦ë÷ÓÚÝ¦âÅÛýÛ¼ÑºÓ àòÍÞÙÜÖ¼×Âöñ×ñÍßë ��ÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛôÓ ÍßæìÛôÓÚÖÊéÆâ�ÙÚÓÜäÚþ � Ñºâ�Ô÷ÛôÓÜÖÚþ QáëºÓÜä¼ÙÚÖËÍWA ÓÚä
ÛôÑºÍßä äËÙ â�ÝßÓÚë õ÷Ô ÛôÖ¼â�æºä ��çñÖôâÅæ�õ÷Ýïâ�Ö ��ëºÍISóõºäËÍÞ×ñæ þ Ï ×ãä¼Íßà�õºÝÞâÅÛôÓáÛ¼ÑºÓ àðâ�ÙÚÖË×ñä¼ÙÜ×ñÔºÍßÙêÛ¼Öôâ�æ÷ä¼Ô ×ñÖËÛ ×�é Ñìè	'
ëºÖ¼×ñç�ÓÚæ ÍÞäË×�Ûô×ñÔ ÓÚä ÍÞæ çñÖ¼â�ÔºÑºÍ�ÛôÓ�å�ÛôÑºÓ ë÷ÍISóõºä¼Íß×ñæÐÙÚ×�Ó(OòÙÜÍÞÓÚæìÛ¼ä ×�A÷Û�â�ÍßæºÓÚëÐé®ÖË×ñà ÛôÑºÓ äËÍÞà�õºÝÞâÅÛôÍß×ñæºä âÅÛ
ÛôÑºÓðàðÓÜä¼×���äËÙ â�ÝßÓ

DTGD

Íßä õºäËÓÚë Íßæ â � ×ñæìÛôÓ � âÅÖ¼ÝÞ× �¸Í:S õºäËÍÞ×ñæ Ì � � �áÎ â�æ �ÚâÅÛ �òÛô× äËÍÞà�õ÷ÝïâÅÛ¼Ó
Ï � � åÅâ�æºëÕÛôÑºÓ � � � ÙÚ×�ëºÓ ÍÞä õºä¼ÓÜë�Ûô× ä¼Íßà�õºÝïâ¬ÛôÓ ÛôÑºÓ ÛôÖ¼â�æºä¼Ô ×ñÖÊÛýÍßæÕö�×ñÍÞëºäÈâ�æºë ëºÓÚäË×ñÖ¼Ô÷Û¼ÍÞ×ñæÕé®Ö¼×ñà
ÛôÑºÓ äËõºÖËéÆâ�ÙÜÓ�þ � Ñîâ�Ô÷Û¼ÓÚÖÚþ"&ÐëºÓÚäËÙÚÖËÍWA ÓÚä ÛôÑºÍßäáàðâ�ÙÚÖË×ñä¼ÙÜ×ñÔºÍÞÙ ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ þ � ÍÞæîâÅÝÞÝßè Íßæ � Ñîâ�Ô¦ÛôÓÚÖÜþ"Uüâ
é®Ó(R â�Ô÷ÔºÝÞÍßÙ âÅÛ¼ÍÞ×ñæºä�×ÅéºÛôÑºÓ à�õºÝ�ÛôÍ ��ä¼ÙÚâ�ÝÞÓ ÙÜ×¦ëºÓ â�ÖËÓ ÔºÖËÓÚäËÓÚæìÛôÓÜë þ � Ñîâ�Ô÷Û¼ÓÚÖÜþ V äËõºàòàãâ�ÖËÍ
�ÜÓÚä�ÛôÑºÓ�R ×ñÖ L þ
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PorousGeometry
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���ß�Å�¦���á�Å ��¤£ 9��É»�� ªÉ§Ä´³�� «°½Ê±·§Ä»�«°½��É»�� »'�
	¸���������	 ³¢«º#�¬»�¿·»Ê¯ «´³ÄµÜ¶ µ²¹Å#�É»4� ªÉ§Ä´³�� «°½Ê±²§©»�½¾µÂÁÂ» #�Å±�<�¬±·¶¬ÁÂ§©»Ë«°¯°±·¶¬«����·¯ ±²¶ ªÉ§¢±²¯�� ÁÂ³ÄÃñª¬«Æ³©µ·¶ ±²¶ÅÁ�	¸������ ����� ³©«¦$�É»ó¿Ü»Ê¯ «Æ³©µ·¶ #�¬±² �¬±·¶¬ÁÂ§©»Ë«
� ªÉ§�. ÁÂ³ Ãñª¬«´³ÄµÜ¶ � � µ²°» #�¬±²÷¿�±²¯°³©µ·ª¬«Ç¬±·¯°±'� »¾´»Ë¯°«6) »��ÂÇÉ§¢±²³©¶É»¼Áá³Ä¶á$�É» ´»�� �+ ±·¯´» °¯°±·¶¬«Æ¹ »Ê¯°¯´»¼Á ¹ ¯°µ'� �!	 ´µ"	¸���������	 ±²¶¬Á¸¹ ¯°µ'� 	 �#�������	°µ"	 �#��$� �����

���&% ' �$�%�$��� T (NR �%��� �)( M�'(�

ÏÒÑºÓÚÖËÓÐâ�ÖËÓðàðâ�æìè ÔºÖË× AºÝßÓÚàòäêÛ¼ÑîâÅÛÕÙ âÅæQA ÓðäÊÛôõºëºÍßÓÚë âÅÛÕÓ â�Ù�Ñ ×Åé ÛôÑ÷ÓðäËÙ â�ÝßÓÚäÕÝÞÓÚæ÷ç�ÛôÑºäÜþ � ×ñÖ Ó·û3'â�àòÔºÝÞÓÅå äôâÅÛ¼õºÖôâ¬ÛôÓÚë Ñ¤è�ëºÖË×ñçñÓÜæ ëºÍISóõºä¼Íß×ñæ ÍÞæ ÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼ÓÚäÚå ÛôÑºÓ F T6/ '�F TE! Ö¼âÅÛôÍß× ×Åé Ù â�Ö Aó×�æ âÅÛ
ÛôÑºÓ ÓÚëºçñÓ ×Åé ÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼ÓÚäÜå ÓÜÛ¼Ù â�ÖËÓ�ÍÞæìÛôÓÜÖ¼ÓÜäËÛôÍßæºç âÅÛ¸ÛôÑºÓ�æºâ�æº×ñäËÙ â�ÝßÓÚäÚþ3F¦ÍßàðÍßÝïâ�ÖËÝßèòÛôÑºÓ  ÍÞäË×�Ûô×ñÔ Ó
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Ö¼ÓÚÙÜ×ñàNAºÍßæîâÅÛ¼ÍÞ×ñæ�äÊÛôõºë÷ÍÞÓÚä é®×ñÖ  âÅæºë � ÍßàðÔºÝÞâ�æìÛôÓÜë�âÅÛ ëºÍ:S ÓÜÖ¼ÓÚæìÛ ëºÓÜÔ÷ÛôÑºä � / 	÷å	/ 9R$ â�æºë�Ñìè�ëºÖ¼×�Ù âÅÖ '
Aó×ñæ é®×ñÖ¼àðâÅÛôÍß×ñæ â�æºë ÛôÖ¼â�æºäËÔó×ñÖÊÛêâ�ÖËÓ ÍÞæìÛ¼ÓÚÖ¼ÓÜäËÛ¼ÍÞæºç â¬ÛáÛôÑºÓ àðÍßÙÚÖ¼×���ä¼ÙÚâ�ÝÞÓÜä�Ì ∼ 10−6

àòÓÜÛôÓÜÖ¼äôÎ·þ @ Û
ÛôÑºÓÕÙÚÓÜæ¤Û¼ÍÞàòÓÜÛ¼ÓÚÖ ä¼Ù âÅÝÞÓÚä Ñìè¦ë÷Ö¼×ñçñÓÜæ ÍÞäË×�Ûô×�ÔóÓêÖ¼ÓÜÙÜè�ÙÚÝßÍÞæºç÷å Ó·ÛôÙ â�Ö¼ÓÕÍÞæìÛôÓÜÖ¼ÓÜäËÛôÍßæºçºþ  ×�R ÓÜö�ÓÚÖÜå ÍÞæüÛôÑºÍßä
ÛôÑºÓÜä¼ÍÞä�R Ó ÙÜ×ñæºÙÚÓÜæìÛôÖôâ¬ÛôÓ¸×�æðëºÓ·öñÓÜÝÞ×ñÔºÍßæºçêÛôÑºÓ à�õºÝ�ÛôÍ �¤ä¼Ù âÅÝÞÓ Û¼×¦×ñÝIAó× û�õºä¼Íßæºç RíÑ÷ÍÞÙ�Ñãàðâ�æìè ×�éóÛôÑºÓÜä¼Ó
ÔºÖ¼× A÷ÝÞÓÚàòäÕÙ â�æ A ÓãÛôâ�Ù"L¤ÝÞÓÚë âÅÛ�ëºÍ:S ÓÜÖ¼ÓÜæ¤Û ä¼ÙÚâ�ÝÞÓÜäÚþ ÏÒÑ÷ÍÞä â�Ô÷ÔºÖ¼×ìâÅÙ�Ñ Ñîâ�ä â�æ â�æîâÅÝÞ×ñç�èPRíÍ�ÛôÑ Û¼ÑºÓ
ÙÚ×ñàòÔºõ÷Û¼ÓÚÖ¸çñâ�àðÓ L¤àðÍßæºÓÚäÜå�RíÑºÓÜÖ¼ÓÜÍÞæ å Û¼ÑºÓ Ô÷Ýïâ èñÓÜÖáàãâÅÖ L¤ä¸×ñõ¦ÛáÔ ×�ÛôÓÜæ¤Û¼Íïâ�Ý Ô ×ñä¼Í�ÛôÍÞ×�æºä ×Åé��ÜàòÍÞæºÓÜä��
ÛôÑîâÅÛ Ù â�æ äËÛô×�Ô ÛôÑºÓãçìâ�àòÓãâ�æ÷ë çñ×�ÓÚä�âÅÑºÓ â�ëMRíÍßÛôÑ ÔºÝïâ è�ÍÞæ÷ç ÛôÑ÷ÓÐçìâ�àòÓ Ì � ÍÞç÷þ #�þ # �ñÎ·þ * ÍIL�ÓðÍÞæ
ÛôÑºÓ çìâÅàðÓÅå ÛôÑºÓ Íßæºä¼ÍßçñÑìÛôä�çìâÅÍÞæºÓÜë é®Ö¼×ñà ÛôÑºÓ ÝÞâ�Ö¼ç�ÓÚÖ�ÔºÍßÙÜÛ¼õºÖ¼ÓÐÙÚâ�æ â�ÝÞäË× ÑºÓÚÝßÔ ÍÞæ ÖËÓÚä¼×�Ýßö�ÍÞæºç Û¼ÑºÓ
àð×ñÖËÓÒÝÞ×�Ù â�ÝßÍ
�ÜÓÚë ÔºÖË× AºÝÞÓÜàðäÜþ � Ó ÑºâÂö�Ó¸â¬Û¼ÛôÓÜàðÔ¦ÛôÓÚë�Ûô×ÕÙÚ×�àðÔîâÅÖ¼ÓÒ×ñõºÖ àò×¦ë÷ÓÚÝÞä RíÍ�ÛôÑòÓ·û¦Ô ÓÚÖ¼ÍßàðÓÜæìÛôä

���ß�Å�¦�����Å ß����£</óµ'� ÇÉªÂ°»Ê¯4�Ü±'� »-.�� ³©¶É»Ë«
RíÑºÓÚÖËÓÜöñÓÜÖ�Ôó×ñäËä¼ÍIAºÝÞÓÅþ � ÖË×ñà Û¼ÑºÓÐõºæ÷ëºÓÚÖËäËÛ�âÅæºëºÍÞæ÷ç ×�A÷Û�â�ÍßæºÓÚë é®Ö¼×ñà ÛôÑºÓ äËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæºäÜåR Ó Ñîâ öñÓ
ÛôÖ¼ÍßÓÚëüÛô×ãàðâ�LÅÓ ä¼ÍßàðÔ÷ÝÞÓ àò×¦ëºÓÜÝÞä RíÑºÍÞÙ�Ñ Ö¼ÓÚÔ÷Ö¼×�ëºõºÙÚÓÕÛôÑºÓ ä¼Íßà�õºÝïâ¬ÛôÍÞ×�æüÖËÓÚäËõºÝßÛ¼äÚþíÏÒÑºÓ�à�õ÷ÝßÛôÍ ��ä¼ÙÚâ�ÝÞÓ
ÙÚ×�ëºÓ Íßä7RíÖËÍßÛËÛôÓÚæ ÍÞæ âðàò×¦ë÷õºÝïâ�Ö éÆâÅä¼ÑºÍß×ñæ äË×ðÛ¼ÑîâÅÛ ëºÍISóÓÚÖËÓÚæìÛáàò×¦ë÷õºÝÞÓÜä ÙÚâ�æ A ÓÕÙ�Ñº×ñä¼ÓÜæ ÍÞæü×ñÖ¼ë÷ÓÚÖ
Ûô×�ä¼Íßà�õºÝïâ¬ÛôÓáëºÍ:S ÓÜÖ¼ÓÜæ¤Û ÔºÖË× AºÝßÓÚàòäÒâÅÛ ëºÍISóÓÚÖËÓÚæìÛíä¼ÙÚâ�ÝÞÓÜäÚþ
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øùæ ÛôÑ÷ÍÞäãÙ�Ñºâ�Ô÷ÛôÓÜÖãÛôÑ÷Ó Ñìè�ëºÖ¼×ñç�ÓÚæ ÍÞäË×�Ûô×�ÔóÓ ÛôÖ¼â�æºä¼Ô ×ñÖÊÛÐÍÞæ â çñÖ¼â�ÔºÑºÍ�ÛôÓüÙÚÖÊè¦äÊÛ�â�Ý´åíâÅÛÐæºâ�æº×ñàòÓÜÛ¼ÓÚÖ
ä¼ÙÚâ�ÝÞÓÜäÚåîÍÞäÒÍßæìöñÓÚäÊÛôÍßçìâÅÛôÓÜë õ÷ä¼ÍÞæ÷ç � � þ
����� -�R ��' � �%� 	SR ������� 	������ 	�� � � M�'(���NM��QR8� V ����� ����� �)�%� �NM%�/.
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ÏÒÑºÓüàð×ñäÊÛ�ÍÞæìÛôõ÷ÍßÛôÍ�öñÓ àòÓÜÛ¼Ñº×¦ë Û¼× äÊÛôõºë÷è àòÍÞÙÜÖ¼×ñäËÙÚ×ñÔ÷ÍÞÙ âÅÝÞÝßè Û¼ÑºÓ àð×�Û¼ÍÞ×ñæ ×ÅéáâÅÛ¼×ñàòä�â�æºë ÛôÑºÓÜÍÞÖ
ÍÞæìÛôÓÜÖôâ�Ù·ÛôÍß×ñæºäíâ�àò×ñæºçñäÊÛÒÛôÑºÓÜàðäËÓÚÝ�öñÓÚäíÍßä Ûô×òä¼×ñÝ�öñÓ ÛôÑºÓ � A ×¦ë¦èÐé®×ñÖ¼ÙÜÓ Ó G õîâÅÛ¼ÍÞ×ñæ å

mi~̈ri =
N∑

i6=j,j=1

−∇Φij

Ì !¦þ #ÉÎ
RíÑºÓÚÖËÓ

~r
ÍÞä ÛôÑºÓ Ôó×�ä¼ÍßÛ¼ÍÞ×ñæ ö�ÓÚÙÜÛ¼×ñÖ ×�é�â Ôîâ�ÖÊÛôÍÞÙÜÝÞÓíëºÓÜæº×�ÛôÓÜë Aìè

i
å
mi

Íßä Û¼ÑºÓ¸àðâ�äËä ×�é�Û¼ÑºÓ
ith

âÅÛô×�à
â�æºë

Φij

ÍÞä ÛôÑºÓ ÍÞæìÛôÓÜÖôâÅÛ¼×ñàòÍÞÙíÔó×ÅÛôÓÚæìÛ¼Íïâ�Ý AóÓ·Û R ÓÜÓÚæ ÛôÑ÷Ó
ith

âÅÛ¼×ñà â�æºëãÛ¼ÑºÓ
jth

âÅÛô×�à þ � ×ñÝÞÓÜÙÚõºÝÞâ�Öë÷è�æîâ�àòÍÞÙÜä¸Ì � � Î â�ÍÞàòä Ûô×Õëº×ÕÓ·û÷â�ÙÜÛ¼Ýßè¸ØËõºäÊÛ Û¼ÑºÍÞä õºäËÍÞæºç â ÙÜ×ñàòÔºõ÷ÛôÓÜÖ ä¼ÍÞæ÷ÙÚÓ ÓÜöñÓÜæãé®×ñÖ öñÓÜÖËèòä¼àðâ�ÝßÝ
� å ×ñÖ é®×ñÖòÙÚ×ñàòÔºÝßÍÞÙ â¬ÛôÓÚë é®×ñÖËàðä ×Åé

Φij

å ÛôÑ÷Ó â�A ×ÂöñÓ Ó G õîâÅÛ¼ÍÞ×ñæ ÍÞäòæº×�Ûðâ�æîâÅÝßè¤ÛôÍßÙ â�ÝßÝßè ä¼×ñÝ�ö�âVAºÝÞÓÅþ
F¦×ñÝ�ö¦Íßæºç�ÛôÑ÷Ó âVAó×ÂöñÓÕÓ G õîâ¬ÛôÍÞ×�æºäÒæ¤õºàðÓÜÖ¼ÍßÙ â�ÝßÝßèð×ñæüâòÙÜ×ñàðÔ÷õ÷ÛôÓÜÖÒÑîâ�äÒÛôÑºÓ é®×ñÝßÝÞ× RíÍÞæ÷ç�ÝÞÍßàðÍ�Û�âÅÛ¼ÍÞ×ñæºä(U
• ÏÒÑºÓ ÍßæºÑºÓÜÖ¼ÓÚæìÛ ÝÞÍÞàòÍßÛôâÅÛôÍß×ñæ ×�é�Û¼ÑºÓ¸ÛôÍßàðÓ äËÛ¼ÓÚÔ A ÓÚÍÞæ÷ç�â�ÖË×ñõºæºë â é®ÓÜà Ûô×�ä¼ÓÚÙÜ×ñæºëÐÛ¼×�ä¼Íßà�õºÝïâ¬ÛôÓ
àðâÅÛôÓÜÖ¼ÍïâÅÝÞäÚå�ä¼×ðâ�äÒÛô×�ÙÚâÅÛôÓÜÖíÛ¼×�æ�õ÷àðÓÜÖ¼ÍÞÙÚâ�Ý äÊÛ�â�AºÍßÝÞÍ�Ûùèñþ
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• ÏÒÑºÓ æ¤õºà2AóÓÜÖÐ×�é âÅÛô×�àðä RíÑºÍÞÙ�Ñ ÙÚâ�æ A Ó ä¼Íßà�õºÝïâ¬ÛôÓÚë ÍÞäÐÝßÍÞàòÍßÛ¼ÓÚë Ûô× A ÓÜÛ R ÓÚÓÜæ
100

â�æ÷ë
∼ 109

å¤ëºÓÜÔóÓÜæºëºÍßæºçê×ñæòÛ¼ÑºÓÒÛùè�ÔóÓí×�é Ôó×�Û¼ÓÚæìÛôÍÞâ�Ý÷õ÷ä¼ÓÚëãâ�æºë�ÛôÑºÓíäËÔóÓÜÓÚëã×ÅéóÛ¼ÑºÓíÙÚ×ñàòÔºõ÷ÛôâÅÛôÍß×ñæ
äËè�äËÛ¼ÓÚàüþ

*%5 46574 ��= 4 =@?AF ?1=CB6D = D ?52>L ?A= 4 L N	?AL H
ÏÒÑºÓðÝßÍÞàòÍßÛôâÅÛôÍß×ñæ ×�é ÛôÑºÓ�ÛôÍßàðÓ�äÊÛôÓÚÔ Ûô× âüé®ÓÜà Ûô×ñäËÓÚÙÜ×ñæºë ÙÚâ�æQA ÓòõºæºëºÓÜÖ¼äËÛ¼×¦×�ë â�äÕé®×�ÝÞÝÞ× Ríä(U � õA'àðÓÜÖ¼ÍÞÙÚâ�Ý äËÙ�ÑºÓÚàòÓÚäíÛô×òä¼×�ÝßöñÓ D G æ þ"!¦þ #ÕõºäËÓ â�ÏÈâÂè�Ýß×ñÖÒÓ·û¦Ôîâ�æ÷ä¼ÍÞ×�æ

r(t+ ∆t) = r(t) + ṙ∆t +
r̈

2
(∆t)2 + .....

Ì !¦þ"!ñÎ
�¸ÍISóÓÚÖËÓÚæìÛ ä¼Ù�Ñ÷ÓÚàòÓÚä ÛôÖËõºæºÙ â¬ÛôÓ âÅÛ�ëºÍISóÓÚÖËÓÚæìÛ ×ñÖËëºÓÚÖËä�×�éíÛôÑºÓðÛôÍÞàòÓãäÊÛôÓÜÔ

∆t
RíÑºÍßÙ�Ñ ëºÓÜÛ¼ÓÚÖ¼àòÍÞæ÷ÓÚä

ÛôÑºÓ âÅÙÚÙÚõ÷Öôâ�Ù·è ×�éêÛôÑ÷Ó Ôó×�ä¼ÍßÛ¼ÍÞ×ñæ Ù â�ÝßÙÚõºÝÞâÅÛôÍß×ñæ âÅæºë â�ÝÞäË× ÛôÑ÷Ó ÛôÍßàðÓ äËÛôÓÜÔ Ûô× A Ó õºä¼ÓÜë þ � ×ñÖ â
ëºÍÞäËÙÚõºäËä¼ÍÞ×�æ RíÑºÍÞÙ�Ñ Ó·ö�âÅÝÞõîâÅÛ¼ÓÚä Û¼ÑºÓ¸öÅâ�ÖËÍÞ×ñõºä æ¤õºàðÓÜÖ¼ÍßÙ â�Ý ä¼Ù�ÑºÓÜàðÓÜä ÛôÑîâ¬ÛÒÙ â�æ A ÓáõºäËÓÚë ÍÞæ � � å÷äËÓÚÓ
�"&�� $ Ì®Ôîâ�çñÓÜä U 	 ' 90Q¤Î·þüøùæ AºÖËÍÞÓÜé¾åÈé®×ñÖ æ¤õºàòÓÚÖËÍÞÙÚâ�Ý äÊÛ�â�A÷ÍÞÝÞÍ�Ûùè ÍßÛ ÍÞä Ö¼Ó G õºÍßÖ¼ÓÜë ÛôÑîâÅÛ ÛôÑºÓãÙ�Ñîâ�æºçñÓãÍÞæ
Ôó×�Û¼ÓÚæìÛôÍÞâ�Ý RíÍ�ÛôÑ â Ù�Ñîâ�æ÷çñÓ ÍÞæ Ô ×ñä¼Í�ÛôÍÞ×�æ ×�é ÛôÑºÓ ÙÜ×¦×ñÖËëºÍÞæºâÅÛôÓÐ×Åéáâ ÔîâÅÖËÛôÍßÙÚÝßÓÐÍÞæ Û¼ÍÞàòÓ

∆t
à�õ÷äËÛ

æº×�Û3AóÓðÝïâ�ÖËçñÓ ÌÆæº×�Û¼ÓðÛ¼ÑîâÅÛÕÛôÑºÓðä¼ÓÚÙÜ×ñæºë Û¼ÓÚÖ¼à ×�é ÛôÑºÓðÏýâ è�ÝÞ×ñÖÕÓ·û¦ÔîâÅæºä¼Íß×ñæ ÍÞæMD G æ þ !�þ ! Íßä Ó G õîâ�ÝÛô× −∇Φ
Î²þ @ äËÍÞàòÔºÝÞÓòÖ¼õºÝßÓÐ×�éíÛôÑ¤õºà2A é®Ö¼Ó G õºÓÜæìÛôÝßè õºä¼ÓÜë Íßä ÛôÑºâÅÛ�ÛôÑ÷Ó Ôîâ�ÖËÛ¼ÍÞÙÜÝÞÓòÙ â�æ àò×Éö�Ó âÅÛ

àð×ñäÊÛ
(1/20)th

ÛôÑ÷ÓÐëºÍÞäÊÛ�â�æ÷ÙÚÓ A ÓÜÛ R ÓÚÓÜæ Û R × æºÓÚÍßçñÑ Aó×�Ö¼ÍÞæ÷ç âÅÛ¼×ñàðä �-&A#�$áÌÆÝÞÓÜÙÜÛ¼õºÖ¼Ó !�Î·þ Ï è�ÔºÍÞÙÚâ�Ý
ÍÞæìÛôÓÜÖôâÅÛ¼×ñàðÍßÙðë÷ÍÞäËÛôâ�æºÙÜÓÚä ÍÞæ â çñÖôâ�Ô÷ÑºÓÚæºÓ Ô÷Ýïâ�æºÓãÍÞä ∼ 1.4

� â�æºë ÛôÑ÷ÓãÛùè�ÔºÍÞÙÚâ�Ý öñÓÜÝÞ×�ÙÚÍ�Ûùè ×�é âÅæ
ÍÞæìÛôÓÜÖ¼äËÛ¼ÍßÛ¼Íïâ�Ý Ñìè�ëºÖË×ñçñÓÚæ â¬Ûô×ñà RíÑºÍßÙ�Ñ Ñîâ�ä Ó G õºÍßÝÞÍIAºÖôâÅÛ¼ÓÚë RíÍßÛ¼Ñ ÛôÑ÷Ó çñÖ¼â�ÔºÑºÓÜæºÓ ÔºÝÞâ�æºÓ âÅÛ äôâ è 	 � �

� ÍÞä ∼ 0.047
���Éé®ÓÚà Û¼×ñä¼ÓÜÙÚ×ñæºë þðÏÒÑºÓÜÖ¼Ó·é®×ñÖ¼Ó�ÛôÑºÓ Û¼ÍÞàòÓ�äËÛ¼ÓÚÔ Ñºâ�ä Ûô× AóÓ

1.5
é®ÓÚà Û¼×ñä¼ÓÜÙÚ×ñæ÷ëºä Íßæ

ÛôÑºÍßäÒÙ â�äËÓ âÅæºë ×�æºÓ!R ×ñõ÷ÝÞë Ñîâ öñÓêÛô×�ÝÞ×�×ñÔ ×ÂöñÓÜÖ ∼ 1015
Í�ÛôÓÜÖôâÅÛ¼ÍÞ×ñæºä Ûô×�ä¼Íßà�õºÝïâ¬ÛôÓá×ñæ÷ÓÕäËÓÚÙÜ×ñæºë����

*%5 465 * ��= 4 =@?AF ?1=CB6D = D ?52>L D �34�� L J B/0 F ?AB 4 N;N�= 4 �>GCF ?1LO:
ÏÒÑºÓ äËÓÚÙÜ×ñæºëòÝÞÍÞàòÍßÛôâÅÛôÍß×ñæÕëºÓÚÔ ÓÚæºë÷ä ×ñæ ÛôÑ÷Ó Ù�Ñ÷×ñÍÞÙÜÓ ×Åé ÛôÑ÷Ó ÍßæìÛôÓÚÖ¼âÅÛô×�àðÍßÙ Ô ×�ÛôÓÜæ¤Û¼Íïâ�Ý´å

Φ
þ	�áõîâ�æìÛôõ÷à

àðÓÜÙ�Ñîâ�æºÍßÙ â�Ý â�ÔºÔºÖË× û÷Íßàãâ¬ÛôÍÞ×�æºäêÝÞÍWLÅÓ  â�ÖËÛ¼Ö¼ÓÜÓ � � ×�Ù"L Ì >� ÎêàðÓ·ÛôÑº×�ëºäÜå ëºÓÚæ÷ä¼ÍßÛùè é®õºæºÙ·ÛôÍß×ñæîâ�Ý ÛôÑ÷Ó '
×ñÖËè Ì � � Ï Î �-&.!¦åM&0/R$´åóÛôÍßçñÑìÛ%A÷ÍÞæºëºÍßæºç Ì®Ï JÒÎ �-&RQR$ïÎ ÙÚâ�æ A Ó�õºä¼ÓÜë Ûô×ÐÙÚâ�ÝÞÙÜõºÝïâ¬ÛôÓ

Φ
â¬ÛáÓ âÅÙ�Ñ äËÛôÓÜÔ þ

 × R Ó·öñÓÜÖêÛ¼ÑºÍÞä¸ÝÞÍÞàòÍßÛ¼äÒÛôÑºÓ æ¤õºàNA ÓÚÖ ×Åé âÅÛô×ñàòä¸Û¼ÑîâÅÛ ÙÚâ�æPAóÓ äËÍÞà�õ÷ÝïâÅÛ¼ÓÚë þ (áæ ÛôÑ÷Ó ×�ÛôÑºÓÜÖáÑîâ�æ÷ë å
â�æîâ�Ý�è�Û¼ÍÞÙÚâ�ÝÒÔó×ÅÛôÓÚæìÛ¼Íïâ�ÝßäðÙÚâ�æ Ñîâ�æ÷ëºÝÞÓüà�õºÙ�Ñ ÝÞâ�Ö¼ç�ÓÚÖòæ�õ÷àNAóÓÜÖ¼äÐ×ÅéêâÅÛô×�àðäÜþ ÏÒÑ÷ÓÚÖ¼Ó Ó·û¦ÍÞäÊÛÐàðâ�æìè
Û R × A ×¦ë÷è Ôó×ÅÛôÓÚæìÛ¼Íïâ�ÝßäERíÑºÍßÙ�Ñ ÙÚâ�æ1AóÓ õ÷ä¼ÓÚë Û¼×üäËÍÞà�õ÷ÝïâÅÛ¼Ó æº× A÷ÝÞÓ�çìâÅä¼ÓÚäêâÅæºë ×�ÛôÑºÓÜÖáä¼Ô÷ÑºÓÚÖËÍÞÙ âÅÝÞÝßè
äËè�àðàòÓÜÛ¼Ö¼ÍßÙ äËÛ¼Ö¼õºÙ·ÛôõºÖËÓÚä<�"&.&�å3&0UR$´þ � ×ñÖ äÊÛôÖ¼õ÷ÙÜÛôõ÷Ö¼ÓÚä�RíÑºÍßÙ�Ñãâ�ÖËÓÒæº×�Û äËÔºÑºÓÚÖËÍÞÙÚâ�ÝÞÝ�è�äËè�àòàðÓ·ÛôÖËÍÞÙ�å�ä¼Ô Ó '
ÙÚÍïâÅÝ Ù â�ÖËÓ Ñºâ�ä Û¼× A Ó Û�â�LÅÓÚæüÛô×òÍÞæºÙÜ×ñÖ¼Ô ×ñÖôâ¬ÛôÓáÛôÑ÷Ó äÊè¦àòàòÓÜÛôÖÊè ×�éÈÛôÑºÓÕä¼×ñÝßÍÞë A ÓÚÍÞæ÷çòàò×�ëºÓÚÝßÓÚë ÌÆÓÜçºþ
ÛôÑºÓ�ÛôÑºÖËÓÚÓCAó×�ë÷è F¤ÛôÍÞÝßÝÞÍßæºçñÓÚÖC' � Ó�A ÓÚÖ Ôó×�Û¼ÓÚæìÛôÍÞâ�Ý�-&.V�$ïÎ·þðÏÒÑºÓÚÖËÓÐâ�Ýßä¼× Ó·û¦ÍÞäÊÛ äÊÛ�â�æ÷ëîâ�Ö¼ë Ôó×ÅÛôÓÚæìÛ¼Íïâ�Ýßä
é®×ñÖ äËÔóÓÜÙÚÍÞâ�Ý ÙÚÝïâÅä¼ä¼ÓÜäá×�é äÊè�äËÛôÓÜàðä¸ÝÞÍWLÅÓ ÛôÑºÓ ÓÚàNA ÓÚëºë÷ÓÚë âÅÛ¼×ñà àðÓ·ÛôÑº×�ë Ì0D @ � ÎÒé®×ñÖ àòÓÜÛôâ�ÝÞäP�-& 9 $´þ



� �����N�V� �3
 �#� � ���4
��������� � � ���Q� ��� � � ��� � 
 � � ��� �0�	�I�����1� ��� � �0� � � ���

B ÓÜÙÚÓÜæ¤Û¼Ýßè�å â�æºâ�Ýßè¤ÛôÍßÙ â�Ý Ö¼Ó âÅÙÜÛôÍ�öñÓ Aó×�æºë ×ñÖËëºÓÚÖ Ô ×�ÛôÓÜæ¤Û¼Íïâ�ÝßäÕÌ#B7D�J%(êÎíÑîâ ö�Ó2A ÓÚÙÚ×�àðÓ öñÓÜÖËè âÅÛËÛôÖôâÅÙ '
ÛôÍ�öñÓêé®×ñÖ äËÍÞà�õ÷ÝïâÅÛ¼ÍÞæºç ÙÚâ�Ö A ×ñæ Aºâ�ä¼ÓÜë äËè�äËÛ¼ÓÚàòä �-&�	 $´þíÏÒÑºÓÚäËÓ�â�ÖËÓ2Aîâ�äËÓÚë ×�æ ÛôÑ÷Ó ÍßëºÓ â�ä ÔºÖË×ñÔó×�ä¼ÓÚë
Aìè @ A ÓÚÝßÝ �-U�� $5RíÑºÓÜÖ¼ÓÜÍÞæ ÛôÑºÓ Ó'S ÓÜÙÜÛü×�é ÓÚÝÞÓÜÙÜÛ¼Ö¼×ñæ ÙÜ×ñæìÛôÖ¼ÍIAºõ÷Û¼ÍÞ×ñæ Û¼× Û¼ÑºÓ Ô ×�ÛôÓÜæ¤Û¼Íïâ�Ý¸ÍÞäÐàò×¦ë÷õA'
ÝïâÅÛ¼ÓÚë Aºâ�ä¼ÓÜë ×ñæ ÛôÑ÷Ó ÝÞ×�Ù âÅÝÈâ¬Ûô×ñàòÍÞÙêÙÚ×�×ñÖËëºÍÞæîâ¬ÛôÍÞ×�æ æ¤õºàNA ÓÚÖ�ÌÆÍ´þÄÓÅþ¸æ¤õºàNA ÓÚÖ ×�é æºÓÚÍßçñÑ Aó×�Ö¼ä�Î Aìè â
�(A ×ñæºë ��×�Ö¼ëºÓÜÖ���é®õºæºÙÜÛ¼ÍÞ×ñæ þòÏ ÓÚÖËä¼×�S Ô÷Ö¼×ñÔ ×ñä¼ÓÜë â Ô ×�ÛôÓÜæ¤Û¼Íïâ�Ý� U1# $ RíÑºÍÞÙ�Ñ ÍÞæºÙÜ×ñÖ¼Ô ×ñÖôâ¬ÛôÓÚäêâÅæºçñõºÝÞâ�Ö
ÍÞæìÛôÓÜÖôâ�Ù·ÛôÍß×ñæºä â�æºë ÛôÑ÷ÓãëºÓÜÔóÓÜæºëºÓÚæ÷ÙÚÓ ×ñæ Ýß×¦ÙÚâ�Ý âÅÛô×�àðÍßÙòÙÜ×¦×�Ö¼ëºÍßæîâÅÛôÍß×ñæ æ�õ÷àNAóÓÜÖÚþ ÏÒÑºÍÞä àð×�ëºÓÚÝßä
F¦Í°å � Ó�â�æºë � öñÓÚÖÊè R ÓÚÝßÝýâ�æ÷ë ÛôÑºÓ @ A ÓÚÝ 'ùÏ ÓÚÖ¼äË×�S é®×ñÖ¼àðâ�ÝÞÍßä¼à R â�ä¸ä¼Ñº× Ríæ Ûô×ãÔºÖ¼×�ëºõºÙÜÓ ÙÚ×�Ö¼Ö¼ÓÜÙÜÛ
ÛôÖËÓÚæºëºä é®×�Ö Ô ×�ÛôÓÜæ¤Û¼Íïâ�Ý Aîâ�ÖËÖ¼ÍßÓÚÖ¼ä ÍÞæðÙ�ÑºÓÚàòÍÞÙÚâ�Ý ÖËÓ â�Ù·ÛôÍÞ×�æºä Aìè � þ J ÖËÓÚæºæ÷ÓÚÖ2� U	! $´þ � ×ñÖ â ë÷ÍÞä¼ÙÜõºä¼äËÍÞ×ñæ
×ñæ Íßæ¤Û¼ÓÚÖ¼âÅÛô×ñàòÍÞÙêÔ ×�ÛôÓÜæìÛôÍïâÅÝÞäíé®Ö¼×ñà G õîâ�æìÛôõ÷à Û¼×ÐÓÚàòÔºÍÞÖËÍÞÙÚâ�Ý Ûô× B7D�J%( ä¼ÓÜÓ �"&A# $ÒÌ®ÝÞÓÜÙÜÛôõ÷Ö¼ÓÚä+VòÛô×
#.#ÉÎ²åºâ�æºëÐé®×�ÖÒâ ëºÍßä¼ÙÚõ÷ä¼ä¼Íß×ñæ ×ñæÐÛôÑ÷ÓáëºÓÜö�ÓÚÝß×ñÔºàòÓÚæìÛí×�é�B7D6J ( äËÓÚÓI�"&
	 $´þ Ïýâ�A÷ÝÞÓ�þ"!¦þ #òÌÆÖËÓÚÔºÖË×¦ëºõ÷ÙÚÓÚë
RíÍßÛ¼Ñ Ô ÓÚÖËàðÍßä¼ä¼Íß×ñæ ×�é � þ � ×ñÖ¼ëºÝßõºæºë Î²åîä¼Ñº× Ríä¸âòÖË×ñõºçñÑüÓÚäÊÛôÍÞàðâÅÛ¼Ó ×�éýÛ¼ÑºÓ àðâ¬û¦ÍÞà õºà æ¤õºà2AóÓÜÖ ×�é
âÅÛô×�àðäÜå

Nmax

åºÛ¼ÑîâÅÛíÙÚâ�æ A Ó ä¼Íßà�õºÝÞâÅÛôÓÜë ÍÞæüâ R ÓÚÓ(L ×ñÖÒä¼×÷åî×ñæüâòäËÍÞæºçñÝßÓáÔºÖË×¦ÙÜÓÚä¼äË×ñÖ àãâ�Ù�Ñ÷ÍÞæºÓÅþ

�����
�����ì ß�Å£ @�µÜª��'� »Ë«Æ´³�� ±²´» µ²¹É$�É» ¶ ª��6,�»Ê¯÷µ²¹ñ±�´µ(�Ò«¤$�¬±� ½Ê±·¶6,�» «´³�� ªÉ§¢±�°»ËÁ ³©¶����ã¹ µ·¯ºÁÂ³ÄÃ�»Ë¯´»Ë¶Ü � »¾$�ÉµÂÁÉ«µ·¹÷»Ë¿ô±·§ÄªÅ±�´³©µ·¶¸µ²¹÷³Ä¶Ú°»Ê¯ ±�´µ(� ³©½È¹ µ·¯ ½¾»¼«
T ×�ÛôÓÜæ¤Û¼Íïâ�Ý � ×¦ëºÓÜÝ Ï è�Ô Ó F¦ÙÚâ�ÝÞÍßæºç

Nmax<� �áõîâ�æìÛôõºà àðÓÜÙ�Ñîâ�æºÍßÙ â�Ý
O(N4−8)/O(N)

&
�
� � Ï �áõîâ�æìÛôõºà àðÓÜÙ�Ñîâ�æºÍßÙ â�Ý

O(N3)/O(N)
!
� �

Ï J �áõîâ�æìÛôõºà àðÓÜÙ�Ñîâ�æºÍßÙ â�Ý
O(N3)/O(N)

# � � �ÌÆ×�é¨Û¼ÓÚæüä¼ÓÜàðÍ ��ÓÚàòÔºÍÞÖËÍÞÙÚâ�Ý¨Î # � ��� �
� â�æìè Aó×�ë÷è ÙÚÝÞâ�ä¼äËÍÞÙ âÅÝ°å÷äËÓÚàòÍ ��ÓÜàðÔ÷ÍÞÖ¼ÍßÙ â�Ý

O(N) 107âÅæºë Ôîâ�ÍÞÖ

@ äòéÆâÅÖ�â�äòÛ¼ÑºÓüÙ â�Ö Aó×ñæ ��Ñìè¦ë÷Ö¼×ñçñÓÜæ äÊè¦äÊÛôÓÜà ÍßäòÙÜ×ñæºÙÜÓÚÖ¼æ÷ÓÚë å � þ J Ö¼ÓÚæ÷æºÓÚÖÜåÒõºä¼Íßæºç â ÑºÍßçñÑºÝßè
Ôîâ�Ö¼â�àðÓ·ÛôÖËÍ
�ÚÓÜë ÏÈÓÜÖ¼äË×�SPA ×ñæºëA' ×ñÖ¼ëºÓÜÖ Ó²û÷Ô÷Ö¼ÓÚäËä¼Íß×ñæ âÅäíâ2HºÛ¼Û¼ÍÞæºç é®õ÷æºÙÜÛ¼ÍÞ×ñæÐé®×ñÖ â�æ¤õºàNA ÓÚÖÒ×�é ä¼àðâ�ÝßÝ
Ñìè¦ë÷Ö¼×�Ù â�Ö Aó×ñæãàð×ñÝßÓÚÙÜõºÝÞÓÜäÚå�çñÖôâ�Ô÷ÑºÍßÛ¼Ó¸â�æ÷ëãëºÍÞâ�àð×�æºë å¤ÙÚ×ñæ÷äËÛôÖËõºÙÜÛ¼ÓÚë â�æãÓÚàòÔºÍÞÖËÍÞÙ âÅÝîÔó×�Û¼ÓÚæìÛôÍÞâ�Ý �-U0/R$
RíÑºÍÞÙ�Ñ ÖËÓÚÔºÖË×¦ëºõ÷ÙÚÓÚä Ñìè�ëºÖË×¦ÙÚâ�Ö A ×ñæ é®×ñÖ¼àðâÅÛ¼ÍÞ×ñæ â�æºë Ù âÅæPAóÓ õºäËÓÚë Ûô× äÊÛôõºë¦è Ñìè�ëºÖ¼×ñç�ÓÚæ ÍÞäË×�Ûô×ñÔ Ó
ÍÞæìÛôÓÜÖôâ�Ù·ÛôÍß×ñæ RíÍßÛ¼Ñ çñÖ¼â�ÔºÑºÍ�ÛôÓ�þ � þ � ×ñÖËëºÝÞõ÷æºë Ó·û�Û¼ÓÚæºëºÓÜë Û¼ÑºÓPJ ÖËÓÚæºæ÷ÓÚÖÐÔ ×�ÛôÓÜæìÛôÍïâÅÝ � U0Q0$ Ûô× ÍßæA'
ÙÚÝßõºëºÓêÝÞ×ñæ÷ç Öôâ�æºç�Ó ÍÞæìÛôÓÜÖôâ�Ù·ÛôÍÞ×�æºä Ô ÓÚÖ¼Ô ÓÚæ÷ëºÍÞÙÜõºÝïâ�Ö Û¼× ÛôÑºÓáÛ¼ÑºÓêçñÖôâ�Ô÷ÑºÓÚæºÓêÔºÝÞâ�æºÓÜäÒä¼×�ÛôÑîâÅÛíÙÜÖËè�äËÛôâ�Ý
çñÖôâÅÔºÑºÍßÛ¼Ó ÙÚ×ñõ÷ÝÞë â�ÝÞäË× AóÓ�äËÍÞà�õºÝÞâÅÛôÓÜë þ � Ó õºä¼Ó�ÛôÑ÷Ó J Ö¼ÓÚæ÷æºÓÚÖêÔ ×�ÛôÓÜæ¤Û¼Íïâ�ÝRíÍßÛôÑ � ×ñÖ¼ëºÝßõºæºë	� ä Ó·û3'ÛôÓÜæºä¼Íß×ñæüÛ¼×�ä¼ÍÞà õºÝïâÅÛ¼ÓáÑìè�ëºÖ¼×ñç�ÓÚæüÍÞä¼×ÅÛô×ñÔ Ó ëºÍISóõºäËÍÞ×ñæ ÍÞæ ÙÜÖËè�äËÛôâ�ÝÞÝßÍÞæºÓ ç�Öôâ�ÔºÑ÷ÍßÛôÓÅþ



� �
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� � � �(�������0�#� � � ���)� �������
*%5 465�8 � ?52<L J = 4 HPB JA?AF6D ? FEN3HPLOK ?AN;B/0 F���� N�= 4 �<GCF ?A=CB6D
(áÛ¼ÑºÓÚÖ â�äËÔóÓÜÙÜÛ¼ä ×Åé â � � ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæãÍÞæìöñ×ñÝ�öñÓVU
• F¦Ô ÓÚÓÜëºÍÞæºç�õºÔ ÛôÓÜÙ�ÑºæºÍ G õ÷ÓÚäÚå
• J ×ñõ÷æºëîâ�ÖÊè ÙÚ×ñæ÷ëºÍßÛ¼ÍÞ×ñæºä ëºÓÚÔ ÓÚæºë÷ÍÞæºçò×ñæ ÛôÑºÓêÔºÖË× AºÝßÓÚàüå
• � Í û÷ÍßæºçÐÛôÑ÷Óðàðâ�ÙÚÖË×ñä¼ÙÜ×ñÔºÍßÙòÔºâ�Öôâ�àòÓÜÛ¼ÓÚÖËä ×�é ÛôÑºÓòäËè�äÊÛôÓÚà ×�é Ôîâ�ÖÊÛôÍÞÙÜÝÞÓÜäÕÝßÍWLÅÓ�ÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓ�å

ÔºÖ¼ÓÜä¼äËõºÖ¼Ó â�æºë öñ×ñÝßõºàòÓ�å
• TÈ×�äËÛ7' ÔºÖ¼×�ÙÚÓÜä¼äËÍÞæºç Ûô× Ù�ÑºÓÚÙ"L Û¼ÑºÓ ÙÜ×ñæºäËÍÞäËÛ¼ÓÚæºÙ·è ×�é Û¼ÑºÓüä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ â�æºë Ûô× â�æîâ�Ý�è �ÜÓ ÛôÑºÓ

Ö¼ÓÜä¼õºÝ�ÛôäÚþ
ÏÒÑºÓÚäËÓ â�ÖËÓ!Aîâ�äËÍÞÙáÛô× � � ä¼Íßà�õºÝÞâÅÛôÍß×ñæºä âÅæºë çñ×¦×�ë ÍÞæìÛ¼Ö¼×�ëºõºÙÜÛ¼ÍÞ×ñæ÷ä Ûô×òâ�ÝÞÝ ÛôÑºÓÜä¼ÓÕâ�äËÔóÓÜÙÜÛôä Ù âÅæ A Ó
é®×ñõºæºë ÍÞæ �-&��¦å &�#�å U	&¤åOU.UR$´þ ÏÒÑºÓÚäËÓãâÅä¼Ô ÓÚÙÜÛ¼äÕâ�Ö¼ÓKAºÖËÍÞÓ·úºè àòÓÚæìÛôÍß×ñæºÓÚë ÑºÓÜÖ¼Ó�×ñæºÝ�è Û¼× ÍÞæìÛôÖË×¦ëºõ÷ÙÚÓ
ÛôÑºÓ ÛôÓÜÙ�ÑºæºÍßÙ â�Ý Û¼ÓÚÖ¼àòäÒõºäËÓÚë Û¼×�ëºÓÚäËÙÚÖ¼ÍIAóÓ Û¼ÑºÓêä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ þ
� � �3� 
�0��� � � � � ���������� �A� � ��
 � � ���
 � � � � � �
�� ���0� � �
F¦ÍÞæºÙÜÓ ÛôÑºÓíÙÜ×ñàðÔ÷õ÷Û�âÅÛ¼ÍÞ×ñæ ÛôÍÞàòÓ ×�é â � � ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ ä¼ÙÚâ�ÝÞÓÜä�RíÍ�ÛôÑ�Û¼ÑºÓíæ�õ÷àNAóÓÜÖ ×�é âÅÛô×ñàòä Íßæ�Û¼ÑºÓ
ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ å¬×�æºÓ R ×ñõºÝßë2R âÅæ¤ÛýÛô×áõºäËÓ ÛôÑ÷Ó àòÍÞæºÍßà�õºà æ¤õºàNA ÓÚÖý×�é âÅÛ¼×ñàðäÈâ�ä ÍßäÈÔ ×ñäËä¼ÍWA÷ÝÞÓ RíÍ�ÛôÑº×�õ÷Û
ÙÚ×ñàòÔºÖ¼×�àðÍßä¼ÍÞæ÷çÕ×�æðÛôÑ÷Óáâ�ÙÜÙÚõºÖ¼â�ÙÜèð×�é Û¼ÑºÓ¸ÖËÓÚä¼õ÷ÝßÛôäÜþ Ï × ÛôÑºÍßä ÓÜæºëãÛ¼Ö¼õºæºÙÚâÅÛôÍß×ñæã×Åé�Ôó×ÅÛôÓÚæìÛ¼Íïâ�ÝßäÚå¤ÙÚÖËÓ '
âÅÛôÍßæºç�æºÓÚÍßçñÑ Aó×ñÖÒÝßÍÞäÊÛôä â�æºë�ØËõºëºÍßÙÚÍÞ×�õºäÒõºä¼ÓÕ×�é-Aó×ñõ÷æºëîâ�ÖÊè ÙÚ×ñæºë÷ÍßÛôÍß×ñæºäÒÍßäÒÍÞàòÔó×ñÖÊÛ�â�æìÛÚþ � Ñ÷ÓÚæ Û¼ÑºÓ
ÍÞæìÛôÓÜÖôâÅÛ¼×ñàðÍßÙ Ô ×�Û¼ÓÚæìÛôÍÞâ�ÝóéÆâ�ÝßÝÞä ×�S Ö¼â�ÔºÍßëºÝßè RíÍßÛ¼Ñ ëºÍÞäÊÛ�â�æ÷ÙÚÓ�å÷ä¼Ñº×ñÖÊÛíÖôâ�æ÷çñÓáÍÞæìÛ¼ÓÚÖôâÅÙÜÛôÍß×ñæºä ë÷×ñàðÍßæîâÅÛ¼Ó
ÛôÑºÓáäËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæ þ ÏÒÑºÓ ÙÜ×ñæìÛôÖ¼ÍIAºõ÷Û¼ÍÞ×ñæð×�éÈâÅÛô×ñàòä6AóÓ·èñ×ñæºëüâ�ÙÜÖ¼ÍßÛ¼ÍÞÙÚâ�Ý ëºÍÞäÊÛ�â�æºÙÜÓ

rc
A ÓÚÙÜ×ñàðÓÜäÒä¼àðâ�ÝÞÝ

â�æºë ÛôÑºÍßäáÓÚÖËÖ¼×ñÖ¸Ù â�æ1A Ó ÓÜöÅâ�ÝÞõºâÅÛôÓÜë â�æºë ÙÚ×ñÖËÖ¼ÓÜÙÜÛôÓÜë þ�ÏÒÑºÍßä5L¤ÍÞæºë ×�é äËÍÞàòÔºÝÞÓÕÛôÖ¼õ÷æºÙ âÅÛ¼ÍÞ×ñæ ×Åé Û¼ÑºÓ
Ôó×�Û¼ÓÚæìÛôÍÞâ�Ý<RíÑºÓÚÖËÓáÛôÑºÓáÔ ×�Û¼ÓÚæìÛôÍÞâ�Ý<AóÓ·èñ×ñæºë

rc
Íßä æºÓÜçñÝÞÓÜÙÜÛôÓÜë Ù â�æ ÝßÓ â�ëðÛô×�Íßæ HîæºÍ�ÛôÓ çñÖôâ�ë÷ÍÞÓÚæìÛ¼ä ÍÞæ

ΦâÅÛ
r = rc

RíÑºÍßÙ�ÑðÝßÓ â�ë÷ä Ûô×Õâ æ�õ÷àðÓÜÖ¼ÍÞÙÚâ�ÝÞÝ�èÕõºæºäËÛôâ�AºÝßÓÒä¼ÍßÛ¼õîâÅÛ¼ÍÞ×ñæ�â�ä ë÷ÍÞä¼ÙÜõºä¼äËÓÚëãâ�Aó×Âö�Ó�þ ÏÒÑºÓÜÖ¼Ó·é®×ñÖ¼Ó
ÛôÑºÓáÔ ×�Û¼ÓÚæìÛôÍÞâ�ÝóÍßä ÛôÖËõºæºÙÚâÅÛôÓÜë âÅæºë ä¼ÑºÍ�é¨ÛôÓÜë ä¼õºÙ�Ñ ÛôÑºâÅÛÒÍßÛ AóÓÜÙÚ×ñàòÓÚä �ÚÓÚÖË×�âÅÛ

r = rc
þ øùæ ÛôÑºÍßä ÙÚâ�ä¼Ó

ÛôÑºÓáÔ ×�Û¼ÓÚæìÛôÍÞâ�ÝóÓÜæºÓÚÖËç�è âÅæºëÐÔºÖËÓÚä¼äËõºÖ¼Óê×ñæÐâ�äËè�äËÛ¼ÓÚà RíÍ�ÛôÑ â Û¼Ö¼õºæ÷Ù âÅÛ¼ÓÚë â�æºë äËÑºÍßé¨Û¼ÓÚë
Φ

Ù�Ñîâ�æ÷çñÓÚä
â�æºë ÙÚ×ñÖËÖ¼ÓÚÙ·ÛôÍß×ñæºäêà�õºäÊÛ2A Ó�ÓÜöÅâ�ÝÞõºâÅÛôÓÜë â�æ÷ë â�Ô÷ÔºÝÞÍßÓÚë þ�Ï ×üé®õºÖÊÛôÑºÓÜÖ ä¼â öñÓòÙÚ×ñàòÔºõ÷ÛôâÅÛôÍß×ñæ ÛôÍÞàòÓ�â
ÝÞÍÞäÊÛ�×�é âÅÛ¼×ñàòäÚå Ù âÅÝÞÝÞÓÜë ÛôÑ÷Ó æºÓÚÍßçñÑ Aó×ñÖ ÝÞÍÞäÊÛ å-RíÍ�ÛôÑºÍßæ

rc
ÍÞä àãâ�ÍßæìÛ�â�ÍßæºÓÚë þ ÏÒÑ÷ÍÞä ÝÞÍßäËÛ ÍÞä�õºÔ ëîâÅÛ¼ÓÚë

RíÍßÛôÑ âãé®ÖËÓ G õºÓÜæºÙÜè ë÷ÓÚÔ ÓÚæºëºÍßæºç ×ñæ Û¼ÑºÓ ÖôâÅÛ¼Ó âÅÛ5RíÑ÷ÍÞÙ�Ñ âÅÛ¼×ñàðä¸àãâ èüàð×Âö�Ó ÍÞæìÛô×Ð×�Öá×ñõ÷Û ×Åé Û¼ÑºÓ
æºÓÚÍßçñÑ Aó×ñÖËÑº×�×¦ë þ

øùæ ×ñÖËëºÓÚÖ Û¼× ä¼ÍÞà õºÝïâÅÛ¼Ó Ñº×ñàò×ñçñÓÜæºÓÚ×�õºäPAºõºÝIL äÊè¦äÊÛôÓÜàðäÜåòÔ ÓÚÖËÍÞ×�ëºÍÞÙMAó×�õºæºëîâ�ÖÊè ÙÜ×ñæºëºÍ�ÛôÍÞ×�æºä
Ì#T�J � ä�Î�â�ÖËÓüõ÷ä¼ÓÚë þ ÏÒÑºÍÞä�ÍßäòÍßÝÞÝßõºäËÛ¼ÖôâÅÛ¼ÓÚë ÍÞæ � Íßçºþ !�þ #Ðé®×ñÖòâ Û R × ëºÍÞàòÓÚæ÷ä¼ÍÞ×�æîâ�Ý äÊè�äËÛôÓÜà þ J × û
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�ÚÓ

Lx
âÅæºë

Ly
ÍÞæ ÛôÑºÓ�� â�æºë�� ë÷ÍÞÖ¼ÓÜÙÜÛ¼ÍÞ×ñæºä¸ÍÞä¸ÖËÓÚÔºÝßÍÞÙÚâÅÛôÓÜë âÅÛáÍ�Ûôä QãÓÚëºçñÓÜäêâ�æºë Q

ÙÚ×ñÖËæºÓÚÖËä Ûô× é®×ñÖ¼à A × û÷ÓÜä ÝïâVAóÓÜÝÞÓÚë � å��ðå � å�� å
	áå � å�� å � þ�ÏÒÑºÓ¸é®×�Ö¼ÙÚÓ Ù â�ÝßÙÚõºÝÞâÅÛôÍß×ñæ é®×ñÖ âÅÛô×ñàòä
RíÍßÛ¼ÑºÍÞæòâêëºÍÞäÊÛ�â�æºÙÜÓ

rc
×�éóÛôÑºÓÜä¼Ó ÙÚ×ñÖËæºÓÚÖËä ×ñÖ ÓÚë÷çñÓÚä¸ÌÆæº×ÅÛôÓÒÛôÑºÓ ëîâ�äËÑºÓÚëãÙÚÍÞÖËÙÚÝßÓÒ×ñæòÛ¼ÑºÓíÛô×ñÔòÓÚëºç�Ó ×�é

� Î ÍÞæìö�×ñÝßö�ÓÚä ÛôÑ÷×ñä¼ÓêâÅÛ¼×ñàòä ÛôÑºâÅÛÒÝÞÍßÓ¸â¬Û ÛôÑºÓ!A ×�ÛËÛô×ñà ÓÚëºç�Óá×�é�Aó× û @ RíÑºÍÞÙ�Ñ ë÷õºÓáÛô× T�J � ä â�Ýßä¼×
ÝÞÍßÓ ÍÞæKA × û � þ � ×ÅÛôÓ ÛôÑºâÅÛ ä¼õºÙ�Ñðâ�æòâ�æºä¼âÅÛ �ÒÍßä öÅâ�ÝÞÍßë�×ñæºÝ�è3RíÑºÓÜæðÓ·öÅâ�ÝÞõîâ¬ÛôÍÞæ÷çáÔºÑìè�ä¼ÍÞÙÚâ�Ý G õîâ�æìÛôÍ�ÛôÍßÓÚä
RíÍßÛ¼Ñ ÝÞ×�Ù â�Ý ÙÚ×ñÖËÖ¼ÓÜÝïâÅÛ¼ÍÞ×ñæºäÜþ (áæºÝ�èðúîõ÷ÙÜÛôõºâÅÛôÍß×ñæºä Û¼ÑîâÅÛÒÑîâ ö�Ó â R â öñÓÜÝÞÓÜæºç�ÛôÑüæº×�Û çñÖ¼ÓÚâÅÛôÓÜÖ ÛôÑîâÅæÐÛôÑºÓ
ä¼ÍßæºçñÝÞÓ6A ×Âû ä¼Í��ÚÓ Ù â�æKA Ó äËÍÞà�õºÝÞâÅÛôÓÜë þ � â�Ö¼Ó à õºäËÛ â�ÝÞäË×%A Ó Û�â�LÅÓÚæ�Û¼× â öñ×ñÍßë�ä¼Ôºõ÷Ö¼ÍÞ×�õºäýÙÜ×ñÖ¼ÖËÓÚÝïâ¬ÛôÍÞ×�æºä
ÛôÑîâ¬Û�Ù âÅæ ÙÚÖ¼ÓÜÓÚÔ Íßæ ëºõºÓðÛô× â�äËä¼õºàòÓÚë Ô ÓÚÖËÍÞ×�ëºÍÞÙÜÍßÛùè ×ÅéÒÛôÑºÓÐäÊè�äËÛôÓÜà â�æ÷ë Ù â�ÖËÓÐà�õºäÊÛNA ÓãÛ�âVL�ÓÚæ
ÛôÑîâ¬Û

rc < Lx,y/2
þ

(¸Û¼ÑºÓÚÖ A ×ñõºæ÷ëîâ�ÖËèãÙÚ×ñæ÷ëºÍßÛ¼ÍÞ×ñæºä ÛôÑîâ¬ÛÒÙ â�æ A Ó õºäËÓÚëüâ�Ö¼Ó �·é®Ö¼ÓÜÓ �¸×ñÖ �·×ñÔóÓÜæ �%A ×ñõºæºëîâÅÖËèÐÙÜ×ñæºëºÍ '
ÛôÍß×ñæºä RíÑºÍÞÙ�ÑòÙ âÅæ A Óíõºä¼ÓÜë RíÑºÓÜæãä¼Íßà�õºÝÞâÅÛôÍßæºçêâ ä¼àðâ�ÝÞÝºÙÜ×ñÝÞÝßÓÚÙ·ÛôÍÞ×�æ ×�é â¬Ûô×ñàòä ×ñÖ â ÝÞ×ñæºçêàò×ñÝÞÓÜÙÚõºÝßÓ
RíÑºÍÞÙ�Ñ�Íßäýõºæ A ×ñõºæºëºÓÜë þ øùæ ÛôÑ÷ÍÞä-L¤Íßæºë ×�é<A ×ñõºæºëîâÅÖËè ÙÚ×ñæºë÷ÍßÛôÍß×ñæ å¬ÛôÑºÓ é®×�Ö¼ÙÚÓ Ù â�ÝßÙÚõºÝÞâÅÛôÍß×ñæ ÍßäýÙ âÅÖ¼Ö¼ÍßÓÚë
×ñõ÷Û ×Âö�ÓÚÖ Ó·û¦ÍßäËÛôÍßæºç âÅÛ¼×ñàòä�RíÍ�ÛôÑºÍßæ

rc
RíÍßÛ¼Ñº×ñõ÷Û â�æìè ÖËÓÚÔºÝßÍÞÙ â¬ÛôÍÞ×�æ ×�é A × û÷ÓÜäÚþ�F�õºÙ�Ñ Aó×ñõ÷æºëîâ�ÖÊè ÙÜ×ñæA'
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ëºÍßÛ¼ÍÞ×ñæºäÒÙÚâ�æ âÅÝÞä¼× A Ó õ÷ä¼ÓÚë Ûô×òä¼ÍÞà õºÝïâÅÛ¼Ó ä¼õºÖÊéÆâ�ÙÚÓÜäERíÑºÓÜÖ¼Ó æº×ðÖËÓÚÔºÝßÍÞÙÚâÅÛôÍß×ñæ ÍÞäíÙ âÅÖ¼Ö¼ÍßÓÚëü×ñõ÷Û¸â�ÝÞ×�æºç
ÛôÑºÓíëºÍßÖ¼ÓÚÙ·ÛôÍß×ñæ æº×ñÖËàãâ�Ý�Ûô× ÛôÑ÷ÓÒä¼õºÖÊéÆâ�ÙÚÓÅå Ì®äôâ è

Z
å RíÍ�ÛôÑ ÛôÑºÓÒäËõºÖËéÆâÅÙÚÓ Ýßè�ÍÞæºçáâÅÛ

Z = 0
Î²þ T�J � ä â�Ö¼Ó

ÍÞàòÔºÝÞÓÜàðÓÜæ¤Û¼ÓÚë�â�Ýß×ñæºç¸Û¼ÑºÓíÔºÝïâÅæºÓÕÌÆä¼âÂè
X−Y ÎýÍßæNRíÑºÍÞÙ�Ñ�ÛôÑºÓíäËõºÖËéÆâ�ÙÜÓíÓ·û�ÛôÓÜæºëºäÚþ @ Û −Lz å RíÑºÓÜÖ¼Ó

Lz
ÍÞä ÛôÑ÷Óòë÷ÍÞàòÓÚæºäËÍÞ×ñæ ×�é ÛôÑºÓ�äÊè¦äÊÛôÓÜà âÅÝÞ×ñæºç��ýå Û¼ÑºÓCAó×�ÛËÛô×ñàòàò×ñäËÛêâ¬Ûô×ñàòä Ù â�æ A ÓòÑ÷ÓÚÝÞë1H÷û¦ÓÚë

RíÍßÛôÑ âÅÛô×�àðäêÝßè�Íßæºç RíÍ�ÛôÑºÍßæ
rc

×�é Û¼ÑºÓÚäËÓÐâÅÛ¼×ñàðäÕâ�äËä¼ÍßçñæºÓÚë âüÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼ÓòÓ G õîâ�Ý Ûô×üÛôÑºÓCAºõºÝIL
ÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓ¸ÌÆâ�ä¼äËÍÞçñæ÷ÍÞæºçíâÒÛôÓÜàðÔ ÓÚÖ¼âÅÛôõºÖËÓ ÍÞä ëºÍßä¼ÙÚõ÷ä¼ä¼ÓÜë õºæ÷ëºÓÚÖ ÛôÑºÓ Û¼×ñÔºÍÞÙ���� �0� � ��� � ��� ��� ���-�0�
��� �����,� � � � � A ÓÚÝÞ× R Î²þ � ×�Û¼Ó�Û¼ÑîâÅÛêäË×ñàðÓ Ô ×�Û¼ÓÚæìÛôÍÞâ�ÝÞä%H÷Û¼ÛôÓÜë é®×�Ö àð×�ëºÓÚÝßÍÞæºç AºõºÝWL ÔºÑºÓÜæº×ñàòÓÚæîâ
àãâ è�æº×�Û A Ó¸ä¼õ÷ÍßÛ�âVAºÝÞÓíé®×ñÖ àð×�ëºÓÚÝßÍÞæºç äËõºÖËéÆâÅÙÚÓÚä ÙÚ×ñÖËÖ¼ÓÚÙ·ÛôÝ�èñþ � õºÖËÛ¼ÑºÓÚÖËàð×�Ö¼ÓíÍÞæòÛôÑºÓ ä¼Ô ÓÚÙÚÍÞâ�Ý Ù â�äËÓá×�é
ä¼ÍÞà õºÝïâÅÛ¼ÍÞæºçíÍßæ¤Û¼ÓÚÖ¼â�ÙÜÛ¼ÍÞ×ñæºäÈ×�éºéÆâ�äÊÛ ÔîâÅÖËÛôÍßÙÚÝßÓÚäRíÍ�ÛôÑ â¸ä¼õºÖÊéÆâ�ÙÚÓÅåìä¼Ô ÓÚÙÜÍïâ�Ý�ÙÚ×ñæ÷ä¼ÍÞë÷ÓÚÖôâ¬ÛôÍÞ×�æºäýÑîâ ö�Ó Ûô×5A Ó
àãâ�ë÷Ó�é®×�ÖêÛ¼ÑºÓ ÛôÍßàðÓ äÊÛôÓÚÔ å â�æºë A ×ñõºæºëîâÅÖËè ÙÚ×�æºëºÍßÛ¼ÍÞ×ñæ÷ä Ù â�ÝßÝÞÓÚë �ÜäËÝïâ�A � Aó×�õºæºëîâ�ÖÊè ��ÙÚ×ñæ÷ëºÍßÛ¼ÍÞ×ñæºä��
â�Ö¼Ó âÅÔºÔºÝÞÍßÓÚë þ¸øùæ ÛôÑºÍßäáÙ â�äËÓ�å Û¼ÑºÓ âÅÛ¼×ñàðä Ýßè�ÍÞæ÷çÐâÅÛáÛ¼ÑºÓ éÆâ�ÙÜÓÚä!A ×ñõºæºë÷ÍÞæºçãÛ¼ÑºÓ�äÊè¦äÊÛôÓÜà ÍÞæ Û¼ÑºÓ

Xâ�æºë
Y

ëºÍÞÖËÓÚÙ·ÛôÍÞ×�æºä¸âÅÖ¼ÓÕÑºÓÚÝßë H÷û¦ÓÚë âÅæºë âÅÛ¼×ñàðäíÝ�è¦Íßæºç RíÍßÛôÑ÷ÍÞæ âòëºÍÞäÊÛ�â�æ÷ÙÚÓ
rc

é®Ö¼×ñà Û¼ÑºÓÚäËÓ éÆâ�ÙÜÓÚä
â�Ö¼Óíâ�äËä¼ÍßçñæºÓÚëòâ¸Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÒÓ G õºâ�Ý÷Ûô× Û¼ÑºÓ8AºõºÝILÕÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÅþ ÏÒÑºÓÒäËè�äÊÛôÓÚà äËÍ
�ÜÓíâ�æºë�ÍÞàòÔîâ�Ù·Û
Ôó×ñäËÍßÛ¼ÍÞ×ñæ ×�é Û¼ÑºÓòéÆâÅäËÛ�Ôºâ�ÖËÛ¼ÍÞÙÚÝßÓ�à�õºäËÛ2AóÓòÙ�Ñº×ñäËÓÚæ äËõºÙ�Ñ ÛôÑîâ¬Û ÛôÑ÷ÓðÙÜ×ñÝÞÝßÍÞä¼Íß×ñæ Ù â�äËÙ â�ë÷ÓÐëº×�ÓÚäÕæº×�Û
Ó·û�ÛôÓÜæºë Û¼×�Û¼ÑºÓ ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõºÖËÓ ÙÚ×ñæìÛ¼Ö¼×ñÝßÝÞÓÚë ÖËÓÚçñÍß×ñæºäÚþ

	 � � �0������� � �	� ��� ����#� � � ������� ��� � �
F�Û�âÅÛ¼ÍÞäÊÛôÍÞÙÚâ�ÝìàòÓÚÙ�Ñîâ�æ÷ÍÞÙÚäÈÔºÖ¼×Âö�ÍÞë÷ÓÚä â ÝÞÍßæ L!AóÓ·Û R ÓÜÓÚæ�Û¼ÑºÓ àðâ�ÙÚÖË×ñä¼ÙÜ×ñÔºÍßÙ ÔºÖË×ñÔ ÓÚÖËÛ¼ÍÞÓÜäÈ×�éºàãâÅÛËÛôÓÜÖ Ì®ÝÞÍWLÅÓ
ÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓ�å ÔºÖ¼ÓÜä¼ä¼õ÷Ö¼Ó�å�Ó·ÛôÙÅþ¢Î âÅæºë ÛôÑ÷Ó àòÍÞÙÚÖË×ñä¼ÙÜ×ñÔºÍßÙÕÔ÷Ö¼×ñÔ ÓÚÖÊÛôÍÞÓÜä Ì®ÝÞÍWLÅÓ Ô ×ñäËÍßÛôÍß×ñæºäÜå ö�ÓÚÝß×¦ÙÜÍßÛôÍßÓÚäÜå
ÍÞæºëºÍ�ö�ÍÞëºõîâÅÝ6L¤ÍßæºÓÜÛ¼ÍÞÙÐâÅæºë Ôó×ÅÛôÓÚæìÛ¼Íïâ�Ý ÓÚæºÓÜÖ¼çñÍßÓÚäôÎ ×�é âÅÛô×�àðä â�æºë àò×ñÝÞÓÜÙÚõºÝßÓÚä Û¼ÑîâÅÛ ÙÚ×ñæºäÊÛôÍ�Ûôõ÷Û¼ÓÐÍßÛÚþ
ÏÒÑºÓÚäËÓòàðâ�ÙÜÖ¼×ñäËÙÚ×ñÔºÍßÙ�ÔºÖË×ñÔóÓÜÖËÛ¼ÍÞÓÚä¸Ö¼ÓÜúºÓÚÙÜÛêÛ¼ÑºÓ�ÛôÍßàðÓ âÂö�ÓÚÖ¼â�çñÓ AóÓÜÑîâ ö�ÍÞ×ñÖá×Åé Û¼ÑºÓ�âÅÛ¼×ñàðäáâÅÛ Ó G õºÍ 'ÝÞÍWA÷Ö¼ÍÞõ÷à ÌÆÍ´þÄÓÕÍÞæ ×ñæºÓ ×Åé ÛôÑºÓ àãâ�æìèüÔ ×ñä¼äËÍWAºÝßÓ ëºÓÜçñÓÚæ÷ÓÚÖôâ¬ÛôÓ�àòÍÞæºÍßà�õºà ÓÚæºÓÜÖ¼ç�è äËÛôâÅÛôÓÜä â�ÙÚÙÜÓÚäËä¼ÍWA÷ÝÞÓ
Ûô×�ÛôÑ÷Ó äËè�äËÛ¼ÓÚàãÎ·þ �¸ÓÜÛôâ�ÍÞÝßä ×�é ÛôÑ÷ÍÞäÒâ�ÖËÓ â öÅâ�ÍÞÝÞâ�AºÝÞÓ ÍÞæ âÅæ¤è Aó×�× Lò×ñæ � � �"&
�÷å�U	&¤å�U.U $�â�æºë ÍÞä æº×�Û
Ö¼ÓÚÔ÷Ö¼×�ëºõºÙÚÓÜë ÍÞæãÛ¼ÑºÍÞä ÛôÑºÓÜä¼Íßä RíÑºÓÜÖ¼Ó � � Íßä ×ñæ÷Ýßè�ÛôÑºÓEHîÖ¼äÊÛÒäËÛ¼ÓÚÔ ÍÞæãâ à�õºÝ�ÛôÍ ��ä¼ÙÚâ�ÝÞÓ ��àð×�ëºÓÜÝ°þ  ÓÜÖ¼Ó×ñæºÝßèðÛôÑºÓ=AîâÅä¼ÍÞÙáÛ¼ÓÚÙ�Ñºæ÷ÍÞÙ âÅÝ ÛôÓÚÖËàðäíÍßæ Û¼ÑºÓ � � ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæãâ�Ö¼ÓÕâ�ë÷ëºÖ¼ÓÜä¼ä¼ÓÜë þ
J ÓÜé®×ñÖËÓ ë÷×ñÍÞæºçáÛ¼ÑºÓ � � äËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæ ×ñæºÓíÍÞä éÆâ�ÙÜÓÚë RíÍßÛ¼Ñ�Û¼ÑºÓÒÛ�â�ä L�×�éóÍÞæºÍ�ÛôÍÞâ�ÝÞÍ��ÚÍÞæ÷çíÛ¼ÑºÓ âÅÛô×�àðÍßÙ

Ôó×ñäËÍßÛ¼ÍÞ×ñæºä â�æ÷ë öñÓÜÝÞ×�ÙÚÍßÛ¼ÍÞÓÜäÚþíøùæ ÛôÑºÓ Ù â�äËÓ ×�é ÙÜÖËè�äËÛôâ�ÝÞÝßÍÞæºÓêäË×ñÝÞÍßëºä Û¼ÑºÓ äÊÛ�â�ÖÊÛôÍßæºçãÔ ×ñä¼Í�ÛôÍß×ñæºä RíÍÞÝÞÝ4A Ó
ëºÓ(Hîæ÷ÓÚë Aìè ÛôÑ÷Ó ÙÜÖËè�äËÛôâ�ÝíäËè�àðàòÓÜÛ¼ÖËè â�æ÷ë Ô ×ñä¼Í�ÛôÍÞ×�æºä ×�é â¬Ûô×ñàòäNRíÍßÛ¼ÑºÍÞæ ÛôÑºÓüõºæºÍ�ÛòÙÚÓÚÝßÝÒ×�é¸Û¼ÑºÓ
ÙÚÖËè�äÊÛ�â�Ý´þ ÏÒÑºÓÕõºæºÍ�Û ÙÚÓÚÝßÝ�ÍÞäÒÛôÑ÷ÓÚæ ÖËÓÚÔ Ó âÅÛ¼ÓÚë Ûô× HîÝÞÝ�õ÷ÔüÛ¼ÑºÓ ë÷ÓÚä¼ÍßÖ¼ÓÜë ëºÍßàðÓÜæºä¼Íß×ñæºäÒ×�éÈÛôÑºÓêäËè�äÊÛôÓÚàüþ
B ÓÚâ�ÝÞÍßäËÛôÍßÙêâÅÛô×�àðÍßÙ ëºÍÞäËÔºÝïâ�ÙÜÓÚàòÓÚæìÛôäíé®Ö¼×�à ÙÚÖËè�äÊÛ�â�ÝÈÝïâÅÛËÛôÍÞÙÜÓ ä¼Í�ÛôÓÚä Ù â�æ â�ÝÞäË× A Ó ë÷ÓÚÖ¼Í�öñÓÜë õºä¼ÍßæºçðÛ¼ÑºÓ
�¸Ó�AìèñÓ àò×�ëºÓÚÝ �-&A# $�Ì�*�ÓÚÙ·ÛôõºÖËÓ !¦å Ôîâ�çñÓ,#�!ñÎ·þ � ×ñÖòâ�àò×ñÖ¼Ô÷Ñº×ñõºäòä¼×ñÝßÍÞëºä�ÛôÑ÷Ó Ôîâ�ÖÊÛôÍßÙÚÝÞÓÜä�Ù â�æ A Ó
Öôâ�æºë÷×ñàðÝ�è ëºÍÞäÊÛôÖ¼ÍIAºõ÷Û¼ÓÚëQRíÍ�ÛôÑºÍßæ ÛôÑºÓ ë÷ÓÚä¼ÍßÖ¼ÓÜë ë÷ÍÞàòÓÚæºäËÍÞ×ñæºä àãâVL�Íßæºç äËõºÖ¼ÓÐÛ¼ÑîâÅÛ�Û¼ÑºÓÚÖËÓ Ó·û¦ÍÞäÊÛôä�â
àðÍßæºÍÞà�õ÷à ëºÍßäËÛ�âÅæºÙÚÓCAóÓ·Û R ÓÜÓÚæ Û¼ÑºÓãâ¬Ûô×ñàòäêä¼× Û¼ÑîâÅÛÕäËÛ¼Ö¼×ñæºç ÝÞ×�Ù â�Ý é®×�Ö¼ÙÚÓÜä ëº× æº×�ÛÕÓ·û¦ÍßäËÛ�Íßæ Û¼ÑºÓ
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äËè�äËÛ¼ÓÚàüþ
ÏÒÑ÷Ó ÍÞæ÷ÍßÛôÍÞâ�Ý öñÓÜÝÞ×�ÙÚÍ�ÛôÍÞÓÜäãâÅÖ¼Ó äËÓÜÛ A¤è â�äËä¼õºàòÍÞæºç â � â¬û R ÓÚÝßÝ ' J ×ñÝßÛ �Úàðâ�æºæ ëºÍÞäÊÛôÖ¼ÍIAºõ÷Û¼ÍÞ×ñæ é®×ñÖ

öñÓÜÝÞ×�ÙÚÍßÛ¼ÍÞÓÜäÒâ�ÝÞ×�æºç ÛôÑ÷ÓáÛôÑºÖËÓÚÓêëºÍÞàòÓÚæ÷ä¼ÍÞ×�æºäÚþ ÏÒÑ÷ÍÞäÒÍÞä ëº×ñæºÓ!Aìè õºäËÍÞæºç �êâ�õºäËä¼ÍÞâ�æ ëºÍÞäÊÛôÖËÍWAºõ÷Û¼ÓÚë Ö¼â�æA'
ëº×ñà æ�õ÷àNAóÓÜÖ¼ä à õºÝßÛ¼ÍÞÔºÝßÍÞÓÚëCAìè â�àòÓ â�æ ä G õîâ�Ö¼Óáö�ÓÚÝß×¦ÙÜÍßÛùèðçñÍßö�ÓÚæ Aìè √

2kBT/m
ÍÞæ ÓÚâ�Ù�Ñ ×�é�ÛôÑºÓ

ÛôÑºÖËÓÚÓ�ë÷ÍÞÖ¼ÓÜÙÜÛ¼ÍÞ×ñæºä â�æºë àãâ�L¤ÍßæºçðäËõºÖ¼ÓÕÛôÑîâ¬Û¸ÛôÑ÷Ó äËè�äÊÛôÓÚà Ñîâ�ä Ûô×�Ûôâ�Ý àð×ñàòÓÚæìÛ¼õºà Ó G õîâ�Ý Ûô× �ÚÓÚÖË×ºþ
�êÓÜæºÓÚÖ¼â�ÝÞÝ�è äËÔóÓÚâ�L¤ÍÞæºçºå�Í�é äËÓÚæºäËÍWAºÝßÓ Ì®Û�âÅÍÞÝÞ×�Ö¼ÓÚë Ûô× âÂö�×ñÍÞë ÝÞâ�Ö¼çñÓ ÍßàðÔ÷õºÝÞäËÍßöñÓ é®×ñÖ¼ÙÜÓÚä�ÎáÔ ×ñä¼Í�ÛôÍß×ñæ â�æºë
öñÓÜÝÞ×�ÙÚÍßÛùè ëºÍÞäÊÛôÖËÍWAºõ÷Û¼ÍÞ×ñæ÷äáâ�ÖËÓ�Ù�Ñº×ñäËÓÚæ å Ôîâ�ÖÊÛôÍßÙÚÝÞÓ Ôó×ñäËÍßÛ¼ÍÞ×ñæºä¸âÅÛ Ó G õ÷ÍÞÝÞÍIAºÖ¼Íßõºà Ö¼ÓÜÝïâ¬û Ûô× ×ñäËÙÚÍßÝÞÝïâ¬ÛôÍÞæ÷ç
â�Ö¼×�õºæºë ÛôÑºÓ àòÍÞæ÷ÍÞà�õºà ÓÜæºÓÚÖËç�è Ýß×¦ÙÚâÅÛôÍß×ñæºä ×�é ÛôÑºÓ Ô ×�ÛôÓÜæìÛôÍïâÅÝ

Φ
þ @ � â¬û R ÓÜÝÞÝßÍïâ�æ ëºÍßäËÛ¼Ö¼ÍWA÷õ÷ÛôÍß×ñæ

×�é öñÓÚÝß×¦ÙÜÍßÛ¼ÍÞÓÚäÒÍßäÒæîâÅÛ¼õºÖôâ�ÝßÝßèð× A÷Ûôâ�ÍÞæºÓÜë ÍÞæÐÛôÑ÷ÓÕäËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæ þ
ÏÒÑ÷ÓÚÖ¼Ó·é®×ñÖ¼ÓðÛôÑºÓÐÍßæºÍßÛ¼Íïâ�Ý Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÐâ�æºë Û¼×�Û�â�Ý ÓÚæ÷ÓÚÖ¼çÅè ×�éÒÛ¼ÑºÓÐäËè�äÊÛôÓÚà Ñîâ�äNA ÓÚÓÜæ H÷û¦ÓÚë þ

ÏÒÑºÓ Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÕÍÞä H÷û¦ÓÚë A¤è Û¼ÑºÓ ö�ÓÚÝÞ×�ÙÚÍ�Ûùè ëºÍÞäÊÛôÖËÍWAºõ÷Û¼ÍÞ×ñæ þ ÏÒÑºÓÕÛô×�Ûôâ�Ý�ÓÚæºÓÜÖ¼ç�èü×�éýÛôÑºÓ äËè�äËÛ¼ÓÚà
ÍÞäÒçñÍ�öñÓÜæ Aìè

Etot = KEtot + PEtot
Ì !¦þ-/ìÎ

RíÑºÓÚÖËÓ
KEtot

ÍÞä ÛôÑ÷ÓêÛ¼×�Û�âÅÝ�L¤ÍÞæºÓ·ÛôÍÞÙ ÓÜæºÓÚÖËç�è ÍÞæÐÛ¼ÑºÓêäËè�äËÛ¼ÓÚà çñÍ�öñÓÚæ Aìè

KEtot =

N∑

i=1

1

2
m (v2

x,i + v2
y,i + v2

z,i)
Ì !¦þ Q¤Î

â�æºë
PEtot

ÍÞä Û¼ÑºÓ Ûô×�Ûôâ�Ý Ô ×�ÛôÓÜæ¤Û¼Íïâ�Ý ÓÚæºÓÜÖ¼ç�è ×�é ÛôÑ÷ÓÕäÊè�äËÛôÓÜà çñÍßö�ÓÚæ Aìè

PEtot =

N∑

i=1

Φi(ri)
Ì !¦þ"&ñÎ

RíÍßÛ¼Ñ
vx,y,z

AóÓÜÍÞæºç ÛôÑºÓ öñÓÜÝÞ×�ÙÚÍßÛ¼ÍÞÓÜäÚå
r
A ÓÚÍßæºç Û¼ÑºÓ Ô ×ñäËÍßÛôÍß×ñæºä ×�é âÅÛô×ñàòäÚå â�æºë

i
A ÓÚÍßæºç Û¼ÑºÓ ÍßæA'

ëºÓ·û Û¼ÑîâÅÛ ä¼õºàòä ×Âö�ÓÚÖ�âÅÝÞÝýÛ¼ÑºÓÐâÅÛ¼×ñàòä
N

Íßæ Û¼ÑºÓðäÊè�äËÛôÓÜà þ
Φi(ri)

ÍÞä Û¼ÑºÓðÔ ×�Û¼ÓÚæìÛôÍÞâ�Ý ÓÚæºÓÜÖ¼ç�è ×�é
ÛôÑºÓ

ith
â¬Ûô×ñà ëºõºÓ�âÅÝÞÝ ×�ÛôÑºÓÜÖêâÅÛô×�àðä ÍÞæ Û¼ÑºÓ äËè�äËÛ¼ÓÚàüþ øùæ âã×�Ô÷ÛôÍßàðÍ��ÚÓÚë � � ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ å<RíÍ�ÛôÑ

ÛôÖËõºæºÙ â¬ÛôÓÚë ��ä¼ÑºÍ�é¨ÛôÓÜëðÔ ×�ÛôÓÜæìÛôÍïâÅÝÞäÚå
Φi(ri)

ÍÞä ÙÚâ�ÝÞÙÜõºÝïâÅÛ¼ÓÚëKAìè äËõºàðàòÍÞæ÷çá×ÂöñÓÚÖ ÛôÑ÷ÓÒÔó×�Û¼ÓÚæìÛôÍÞâ�ÝºÓÜæºÓÚÖËç�è
âÅÛ
ri

ë÷õºÓÕÛ¼×ðÛ¼ÑºÓ â¬Ûô×ñàòäíÍÞæ ÛôÑºÓÕæºÓÚÍßçñÑ Aó×�Ö ÝßÍÞäËÛ âÅæºë â�ë÷ëºÍÞæºç�ÛôÖËõºæºÙÚâÅÛôÍß×ñæ âÅæºë äËÑºÍßé¨Û¼ÍÞæºç�ÙÚ×�Ö¼Ö¼ÓÜÙ '
ÛôÍß×ñæºäÚþ

ÏÒÑ÷ÓãÖ¼ÓÜÙÚÍßÔóÓðõºä¼ÓÜë Ûô× H÷û Û¼ÑºÓãÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼Óðâ�Aó×Âö�ÓÐÙ â�æ÷æº×�ÛNA Óãõ÷ä¼ÓÚë â¬Û�ÓÜö�ÓÚÖÊè Û¼ÍÞàòÓðäÊÛôÓÚÔ
ä¼ÍßæºÙÚÓ ÛôÑ÷ÍÞä H÷û¦ÓÚä ÛôÑºÓ Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼Ó Ö¼ÍßçñÍÞë÷Ýßèñþ ÏÒÑºÍÞäüâ�Ýßä¼× ëºÓÜäËÛôÖË×Âè¦äüÛôÑºÓ Ôºõ÷Ö¼Ô ×ñä¼Ó ×�é ä¼×ñÝ�ö¦Íßæºç
D G æ þ !¦þ #ñåîäËÍÞæºÙÜÓ â¬Ûô×ñàòäÒâ�ÖËÓ âÅä¼ä¼ÍßçñæºÓÜë ö�ÓÚÝß×¦ÙÜÍßÛôÍßÓÚä Ö¼â�æºëº×�àðÝ�èÐâÅÛíÓÚâ�Ù�Ñ ÛôÍÞàòÓáäÊÛôÓÚÔ þ � ×ñÖ¼àðâ�Ý Û¼ÓÚà '
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� � � �(�������0�#� � � ���)� �������
ÔóÓÜÖôâÅÛ¼õºÖ¼Ó úîõºÙÜÛ¼õîâÅÛ¼ÍÞ×ñæºä â�Ö¼Ó ä¼õºÔ÷ÔºÖ¼ÓÜä¼ä¼ÓÜë þ ÏÒÑºÓÚÖËÓ â�Ö¼Ó àãâÅæ¤è�àòÓÜÛ¼Ñº×�ëºä Û¼× ÙÚ×�æ¤Û¼Ö¼×ñÝ ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼Ó
â�æºëüÔºÖ¼ÓÜä¼ä¼õ÷Ö¼Ó � U	V¤å�U 9÷å�U 	�$°þ (áõºÖ � � äËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæºä ÍÞàòÔºÝÞÓÜàðÓÜæìÛ ÛôÑºÓ3J ÓÜÖ¼ÓÚæ÷ëºä¼ÓÜæ ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼Ó
â�æºëüÔºÖ¼ÓÜä¼ä¼õ÷Ö¼ÓÕÙÚ×ñæìÛôÖË×ñÝ6� U 	 $ â�æ÷ë ×ñæ÷ÝßèãÛ¼ÑºÍÞäÒÍßäÒëºÓÚäËÙÚÖËÍWA ÓÚë AóÓÜÝÞ× Rêþ

øùæÐÛ¼ÑºÓ!J ÓÜÖ¼ÓÜæºëºä¼ÓÜæüÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼Ó ÙÚ×ñæìÛ¼Ö¼×ñÝóä¼Ù�ÑºÓÜàðÓÅåîâ�ÝÞÝîö�ÓÚÝÞ×�ÙÚÍ�ÛôÍßÓÚä âÅÖ¼Ó¸äËÙ â�ÝßÓÚë âÅÛ Ó â�Ù�Ñ Û¼ÍÞàòÓ
äËÛôÓÜÔ Aìèüâ�éÆâ�Ù·Ûô×ñÖ

λ
ç�ÍßöñÓÜæ Aìè

λ =

√
1 +

∆t

τT

(
To
T
− 1

) Ì�!¦þ-UìÎ
RíÑºÓÚÖËÓ�å

∆t
ÍÞä ÛôÑºÓ Û¼ÍÞàòÓ äÊÛôÓÜÔ ×�é ÛôÑºÓ ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ å

τT
ÍÞä ÛôÑºÓ ÛôÍÞàòÓÕÙÚ×ñæºäÊÛ�â�æìÛ é®×ñÖíÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼Ó

ÙÚ×ñæìÛôÖË×ñÝÈâ�æºë Ñºâ�ä Û¼× A Ó çñÖËÓ âÅÛ¼ÓÚÖíÛôÑîâ�æ
100∆t

å
To

ÍÞäíÛôÑºÓ ëºÓÚäËÍÞÖËÓÚë Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼Ó â�æºë
T

Íßä Û¼ÑºÓ
ÙÚõºÖËÖ¼ÓÚæìÛáÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÅþ ÏÒÑ÷ÓKJ ÓÚÖËÓÚæºë÷ä¼ÓÚæ ÔºÖËÓÚäËä¼õºÖËÓ�ÙÚ×ñæìÛ¼Ö¼×ñÝ ÍÞä ÍÞàòÔºÝÞÓÜàðÓÜæ¤Û¼ÓÚë Aìè Ù�ÑîâÅæºçñÍÞæ÷çÐâ�ÝßÝ
âÅÛô×ñà Ô ×ñä¼Í�ÛôÍÞ×�æºäÚå÷â�æºëÐÛôÑ÷Ó äËè�äËÛ¼ÓÚà ä¼Í��ÚÓ Íßä ä¼ÙÚâ�ÝÞÓÜë â¬ÛÒÓ â�Ù�Ñ ÛôÍßàðÓ äËÛ¼ÓÚÔ Aìè â éÆâ�ÙÜÛ¼×ñÖ

µ
çñÍ�öñÓÚæ Aìè U

µ =

[
1 − β∆t

τP
(Po − P )

] 1
3 Ì�!¦þ"VñÎ

RíÑºÓÚÖËÓ
τP

ÍÞäêÛôÑºÓòÛôÍßàðÓ�ÙÚ×�æºäËÛôâ�æìÛ é®×ñÖÕÔºÖ¼ÓÜä¼äËõºÖ¼ÓÐÙÜ×ñæìÛôÖË×ñÝ6RíÑ÷ÍÞÙ�Ñ äËÑº×ñõºÝßëQA ÓðÛùè�ÔºÍÞÙÚâ�ÝÞÝ�è çñÖËÓ âÅÛ¼ÓÚÖ
ÛôÑîâ�æ

100∆t
å
Po

ÍÞä ÛôÑºÓ ëºÓÚäËÍÞÖ¼ÓÜë�ÔºÖËÓÚä¼äËõºÖ¼Ó â�æºë
P

Íßä Û¼ÑºÓ ÙÜõºÖ¼ÖËÓÚæìÛ ÔºÖËÓÚäËä¼õºÖËÓ�þ
β
Íßä Û¼ÑºÓ Íßä¼×�Û¼ÑºÓÚÖËàãâÅÝ

ÙÚ×ñàòÔºÖ¼ÓÜä¼äËÍWAºÍßÝÞÍßÛùèê×ÅéîÛôÑºÓÒäÊè¦äÊÛôÓÜà þ ÏÒÑ÷ÍÞäýÛùè�Ô ÓÒ×�é ÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓÒâ�æºë ÔºÖËÓÚäËä¼õºÖËÓ äËÙ â�ÝßÍÞæºç çñÍßö�ÓÚä ÖËÓ â�Ý '
ÍÞäËÛ¼ÍÞÙ úîõ÷ÙÜÛôõºâÅÛôÍß×ñæºä ÍÞæ ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼Ó â�æºëÕÔºÖ¼ÓÜä¼äËõºÖ¼Ó6RíÑºÓÚæ Ýïâ�ÖËçñÓ öÅâ�ÝÞõºÓÜä ×�é

τT
â�æ÷ë

τP
â�ÖËÓ Ù�Ñº×ñä¼ÓÜæ þ

� � �(� ����4�.��� ���#��� ��
 � ����� � ���
F¦×ñÝßö�ÍßæºçND G æ þ"!¦þ # ç�ÍßöñÓÜä ÛôÑ÷ÓáÔîâ�ÖÊÛôÍÞÙÜÝÞÓ Ôó×�ä¼ÍßÛ¼ÍÞ×ñæ÷ä â�æºëðöñÓÚÝß×¦ÙÜÍßÛ¼ÍÞÓÚä âÅÛ ÓÚâ�Ù�ÑÐÛôÍßàðÓ äËÛ¼ÓÚÔ þ ÏÒÑºÓáÛ¼×�Û�âÅÝ
L�ÍßæºÓÜÛ¼ÍÞÙ ÓÜæºÓÚÖËç�èñå¤Ô ×�ÛôÓÜæìÛôÍïâÅÝ÷ÓÚæ÷ÓÚÖ¼çÅè�â�æºë Ûô×ÅÛ�â�ÝºÓÜæºÓÚÖËç�è ÙÚâ�æòâ�ÝÞäË×!AóÓÒ×ñõ¦ÛôÔºõ÷Û õ÷ä¼ÍÞæ÷ç=D G æºäÜþ !�þ-Qºå"!¦þ"&¦å
!¦þ"/¦åîâ öñÓÚÖ¼â�çñÓÜë ×ÂöñÓÜÖ â ÙÜÓÚÖËÛôâ�ÍÞæ æ¤õºàNA ÓÚÖí×�é�H÷û¦ÓÚëüÛôÍßàðÓáäÊÛôÓÜÔºäÚþ �¸ÓÚÔ ÓÚæ÷ëºÍÞæºçò×ñæ ÛôÑ÷ÓêÛùè�Ô Óê×�éýÓÜæA'
ä¼ÓÚà2AºÝÞÓêä¼Íßà�õºÝÞâÅÛôÓÜë å÷öÅâ�Ö¼Íß×ñõºäíàðâ�ÙÚÖË×ñä¼ÙÜ×ñÔºÍÞÙ Ôºâ�Öôâ�àòÓÜÛ¼ÓÚÖËä ×ÅéýÛôÑ÷Ó äËÍÞà�õºÝÞâÅÛôÍß×ñæÐÝßÍWL�ÓáÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÅå
ÔºÖ¼ÓÜä¼ä¼õ÷Ö¼Ó�å ä¼Ô ÓÚÙÚÍ:HîÙ Ñ÷Ó âÅÛáâÅÛ¸ÙÜ×ñæºäÊÛ�â�æìÛáÔ÷Ö¼ÓÚäËä¼õºÖËÓ ×ñÖ âÅÛ¸ÙÜ×ñæºäÊÛ�â�æìÛáö�×ñÝÞõºàòÓ�å Ó·ÛôÙ ÙÚâ�æ A Ó ×ñõ¦ÛôÔºõ÷ÛÚþ

� â�Ö¼Íß×ñõºä Û¼Öôâ�æºäËÔó×�ÖËÛíÙÚ×�Ó(OòÙÜÍÞÓÚæìÛ¼ä âÅÖ¼ÓêÖ¼ÓÜÝïâÅÛ¼ÓÚëÐÛô× Û¼ÍÞàòÓáÙÚ×ñÖËÖ¼ÓÜÝïâÅÛ¼ÍÞ×ñæãé®õ÷æºÙÜÛ¼ÍÞ×ñæºäÒ×ÅéÈöÅâ�ÖËÍÞ×ñõºä àðÓÚâ '
ä¼õºÖ¼â�AºÝÞÓ G õºâ�æìÛôÍßÛ¼ÍÞÓÜä ÍÞæÐâ � � ä¼Íßà�õºÝïâ¬ÛôÍÞ×�æãâ�ä çñÍßö�ÓÚæ AìèðÛ¼ÑºÓ � Ö¼ÓÜÓÚæA' � õ÷Ö A × Ö¼ÓÚÝÞâÅÛôÍß×ñæºäÜþ F¦ÓÜÓ �"&���$
Ì$F¦ÓÜÙÜÛôÍß×ñæ Q÷þ-Qºþ #áâÅæºë @ Ô÷ÔóÓÜæºëºÍ�û �ÒÎ é®×ñÖ ë÷ÓÜÛ�âÅÍÞÝÞäÜþ � Ó¸ÙÚâ�Ö¼ÖÊèð×�õ÷Û � � Ûô× äÊÛôõºë¦èðÛ¼ÑºÓ¸ëºÍ:S õ÷ä¼ÍÞ×�æã×�é
Ñ¤è�ëºÖË×ñçñÓÜæÐÍÞäË×�Ûô×ñÔ ÓíÍÞæòÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍßæºÓíçñÖôâ�Ô÷ÑºÍßÛ¼Ó âÅæºëðÛ¼ÑºÓÚÖËÓÜé®×ñÖËÓER Ó¸ëºÍßä¼ÙÚõ÷ä¼ä ×�æºÝßè�Û¼ÑºÍÞä â�äËÔóÓÜÙÜÛ ÑºÓÚÖËÓ�þ
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� Ó × A÷Ûôâ�ÍÞæ Û¼ÑºÓêëºÍISóõºä¼Íß×ñæ ÙÚ×�Ó(OòÙÜÍÞÓÚæìÛ õºäËÍÞæºç�ÛôÑºÓ=D ÍßæºäËÛ¼ÓÚÍÞæüÖ¼ÓÜÝïâÅÛ¼ÍÞ×ñæ U

D = lim
t→∞

1

2dt
[r(t)− r(o)]2 Ì !¦þ 9ìÎ

RíÑºÓÚÖËÓ
D

Íßä ÛôÑ÷Ó¸ëºÍ:S õºäËÍÞ×ñæðÙÚ×�Ó(OòÙÚÍßÓÚæìÛ å
d
ÍÞä ÛôÑºÓ¸ëºÍÞàòÓÚæºäËÍÞ×ñæºâ�ÝÞÍ�Ûùè�×�é Û¼ÑºÓáäÊè¦äÊÛôÓÜà â�æºë

< r(t) >ÍÞäêÛôÑºÓðÔó×�ä¼ÍßÛ¼ÍÞ×ñæ ×�é ÛôÑºÓðâÅÛô×�à âÅÛ Û¼ÍÞàòÓ
t
þ ÏÒÑºÍÞä ÍÞäêÔºÖ¼×�Ôó×ñÖÊÛôÍß×ñæîâ�Ý Û¼×üÛ¼ÑºÓãäËÝÞ×ñÔ Óð×Åé ÛôÑ÷ÓãàòÓ â�æ

ä G õîâ�ÖËÓêëºÍÞäËÔºÝïâ�ÙÜÓÚàòÓÚæìÛí×�éÈâ ä¼ÍßæºçñÝÞÓ¸Ôîâ�ÖËÛ¼ÍÞÙÜÝÞÓ¸õ÷æºëºÓÚÖËçñ×ñÍßæºçCJ Ö¼× RíæºÍÞâ�æ àð×ÅÛôÍÞ×�æ âÅÛÒÛôÑ÷Ó ÝÞ×ñæºç�Û¼ÍÞàòÓ
ÝÞÍßàðÍ�Û â�æ÷ë Íßäíâ�ÝÞäË×CL¤æº× Ríæ â�äÒÛôÑºÓ �·Û¼Öôâ�ÙÜÓÚÖíëºÍ:S õºäËÍÞ×ñæ ÙÜ×¦Ó'OòÙÚÍÞÓÜæìÛ � �"V���$°þ

����� � � M�'(���NM��QR � V ���
� �%� � � 	#��� V �
�6" V � R �WT
'(� �$��� ���)�����
��� TQR � (�"$��	�'

� Ó¸õºä¼ÓáÛ¼ÑºÓ  � Týâ�ÖËÙ â�äÒÙÜ×¦ëºÓ Ûô×�äÊÛôõºë÷èãÑìè¦ë÷Ö¼×ñçñÓÜæ ÍÞä¼×ÅÛô×ñÔ Ó ë÷ÍISóõºä¼Íß×ñæãÍßæÐÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍßæºÓ ç�Öôâ�ÔºÑ÷ÍßÛôÓÅþ
ÏÒÑºÓ ÙÜ×¦ë÷Ó�å�RíÑºÍÞÙ�Ñ ÍÞä4RíÖ¼Í�Û¼ÛôÓÜæ âÅæºë àðâ�ÍÞæìÛôâ�ÍÞæºÓÜë!Aìè � âÅÍ � ×ñÖËëºÝÞõºæ÷ë åÅõ÷ä¼ÓÚä ÛôÑºÓ J ÖËÓÚæºæºÓÜÖÈÔ ×�Û¼ÓÚæìÛôÍÞâ�Ý
�-U0/R$ RíÍ�ÛôÑÐÛôÑ÷Ó � ×ñÖËëºÝÞõ÷æºë ÝÞ×ñæ÷ç�Öôâ�æ÷çñÓáÍÞæìÛ¼ÓÚÖôâÅÙÜÛôÍß×ñæãÛ¼ÓÚÖ¼à � U0Q0$ Û¼× ä¼Íßà�õºÝïâ¬ÛôÓ â�çñÖôâ�Ô÷ÑºÍßÛ¼ÓáÙÚÖÊè¦äÊÛ�â�Ý´þ
ÏÒÑºÓÒä¼Íßà�õºÝÞâÅÛôÍß×ñæºä ÙÚ×ñæ÷ä¼ÍÞäÊÛ ×�é âáäËÍÞæºçñÝßÓ  ÍÞä¼×ÅÛô×ñÔ Ó ëºÍ:S õ÷ä¼ÍÞæ÷ç¸ÍÞæ�âáçñÖôâ�Ô÷ÑºÍßÛ¼Ó ÙÜÖËè�äËÛôâ�ÝºÙÚ×�æºä¼ÍßäËÛôÍßæºçá×�é
	.U � âÅÛ¼×ñàòäÚþ @ J ÓÚÖËÓÚæºëºäËÓÚæ	� ä ÛôÑºÓÜÖ¼àò×ñäËÛôâÅÛ� U 	 $ R â�ä õºäËÓÚë Ûô× àðâ�Íßæ¤Ûôâ�ÍÞæÕÛôÑºÓ Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼Ó ×�é ÛôÑºÓ
ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍ�ÛôÓÚäÜþ F�ÍÞà�õºÝÞâÅÛôÍß×ñæºä4R ÓÚÖ¼Ó Ù â�ÖËÖ¼ÍÞÓÜë�×ñõ÷Û âÅÛ #�&�� � å./�� � � å Q3&�� � åRU � � � å0V.&�� � â�æ÷ë 	 � �

� þ T ÓÚÖ¼Íß×¦ë÷ÍÞÙ=Aó×�õºæºëîâ�ÖÊèüÙÚ×ñæºë÷ÍßÛôÍß×ñæºä â�ÖËÓ�â�ÔºÔ÷ÝÞÍÞÓÜë âÅÝÞ×ñæºç�� å�� â�æºë�� Íßæ â�ÝßÝ ÛôÑºÓ ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ÷ä
ëºÓÚäËÙÚÖËÍWA ÓÚë A ÓÚÝß×�Rêþ��
	�� ÍÞä ÛôÑ÷ÓðÔºÝÞâ�æºÓò×�é Û¼ÑºÓòçñÖôâ�Ô÷ÑºÓÚæºÓòÝïâ è�ÓÚÖÚåÈâ�æºë�� ÍßäêÔóÓÜÖ¼Ô ÓÚæºëºÍßÙÚõºÝÞâ�Ö Ûô×
ÛôÑºÓ ç�Öôâ�ÔºÑ÷ÓÚæºÓáÝÞâ èñÓÚÖËäÚþ ÏÒÑºÓáäËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæºä�R ÓÚÖ¼Ó ÙÚâ�Ö¼ÖËÍÞÓÜë ×ñõ÷Û é®×�Ö # � � Ô÷ÍÞÙÚ×�ä¼ÓÚÙÜ×ñæºëºä RíÍ�ÛôÑ â Û¼ÍÞàòÓ
äËÛ¼ÓÚÔ ×ÅéýÝßÓÚä¼äÒÛ¼Ñîâ�æüâ�é®ÓÚà Û¼×ñä¼ÓÜÙÚ×ñæºë þ
* 5 * 5 4 � LM?3?1=CD . �<H ? 2<L N�= 4 �<G F ?A=CB6D
ÏÒÑºÓ�çñÖôâÅÔºÑºÍßÛ¼Ó ÙÚÖÊè¦äÊÛ�â�Ý ä¼â�àòÔºÝÞÓÜäêâ�Ö¼Ó ÔºÖËÓÚÔîâÅÖ¼ÓÚë Aìè äËÛôâ�ÖËÛ¼ÍÞæºç RíÍ�ÛôÑ 	.U � ÙÚâ�Ö A ×ñæ âÅÛô×�àðä â¬Û ÛôÑºÓ
çñÖôâÅÔºÑºÍßÛ¼Ó¸ÙÜÖËè�äËÛôâ�Ý Ýß×¦ÙÚâÅÛôÍß×ñæºäÚþ ÏÒÑºÓáÙÜÖËè�äËÛôâ�Ý ÙÜ×ñæºä¼ÍßäËÛ¼ÓÚëÐ×�é6# � õºæºÍ�Û ÙÜÓÚÝÞÝßä â�Ýß×ñæºçêÛôÑºÓ� ëºÍÞÖËÓÚÙÜÛ¼ÍÞ×ñæ å
#�!òõ÷æºÍßÛ ÙÚÓÜÝÞÝÞä â�Ýß×ñæºç�ÛôÑºÓ�� ëºÍßÖ¼ÓÜÙÜÛôÍß×ñæ âÅæºë !�õºæºÍßÛ ÙÜÓÚÝÞÝßä Íßæ Û¼ÑºÓ�� ëºÍÞÖËÓÚÙ·ÛôÍÞ×�æ þ ÏÒÑºÍßä¸Ö¼ÓÜä¼õºÝ�Ûôä ÍÞæ
Q çñÖ¼â�ÔºÑºÓÜæºÓÐÝïâ è�ÓÚÖ¼ä�â�ä äËÑº× Ríæ ÍÞæ � Íßç !�þ !¦þ øùæ ÛôÑºÓCHîçñõºÖËÓ�å â�ÝßÝ Ù â�Ö Aó×ñæ âÅÛô×ñàòä AóÓÜÝÞ×ñæºç�ÍÞæºç Ûô×
âðçñÖ¼â�ÔºÑºÓÜæºÓÕÝïâ èñÓÜÖ¸â�ÖËÓ âÅä¼ä¼ÍßçñæºÓÜë ÛôÑºÓÕäôâÅàðÓÕÙÚ×ñÝß×ñÖ RíÍßÛ¼Ñ ÓÚâ�Ù�Ñ çñÖ¼â�ÔºÑºÓÜæºÓ ÝÞâ èñÓÚÖ7A ÓÚÍÞæ÷çãâ�äËä¼ÍßçñæºÓÚë
â ëºÍ:S ÓÜÖ¼ÓÜæ¤Û ÙÚ×�ÝÞ×ñÖÜþÐÏÒÑºÓãÍßæìÛôÓÚÖËäËÛ¼ÍßÛôÍÞâ�Ý Ñìè�ëºÖ¼×ñç�ÓÚæ Íßä¼×�Û¼×ñÔóÓ�Íßä ÙÜÖ¼Ó â¬ÛôÓÚëQA¤è Ö¼â�æºëº×ñàòÝßè ÔºÍÞÙ"L¤Íßæºç â
Ôó×�ä¼ÍßÛ¼ÍÞ×ñæ A ÓÜÛ R ÓÚÓÚæ Û¼ÑºÓ Û R × çñÖôâÅÔºÑºÓÚæ÷Ó Ýïâ è�ÓÚÖ¼äãÍÞæ Û¼ÑºÓ ÙÜÓÚæìÛôÓÜÖÐ×�é Û¼ÑºÓ çñÖ¼â�ÔºÑºÍ�ÛôÓüÙÚÖÊè¦äÊÛ�â�Ý¸â�æºë
àãâVL�Íßæºç ä¼õºÖËÓüÛ¼ÑîâÅÛ�Í�Û�ÍÞä�àð×�Ö¼ÓÐÛôÑºâ�æ

1.5
� é®Ö¼×ñà â�æìè ×�é ÛôÑºÓüÙ â�Ö Aó×�æ âÅÛ¼×ñàòä ÙÚ×ñæºäÊÛôÍ�Ûôõ÷Û¼ÍÞæºç

ÛôÑºÓ çñÖôâ�Ô÷ÑºÍßÛ¼Ó ÝÞâÅÛ¼Û¼ÍÞÙÚÓÅþ ø Û¸ÍÞä çñÍßö�ÓÚæ �ÜÓÚÖ¼× ÍßæºÍßÛ¼Íïâ�ÝóöñÓÚÝß×¦ÙÜÍßÛùè�þáÏÒÑºÓ�Íßæ¤Û¼ÓÚÖËäËÛôÍ�ÛôÍÞâ�Ý ÛôÖ¼âÉØËÓÚÙ·Ûô×ñÖÊè Íßäáâ�Ýßä¼×
ö�ÍÞä¼ÍIAºÝÞÓ¸ÍÞæ � Íßçºþ !�þ ! âÅäíâ èñÓÚÝßÝÞ× R RíÖ¼ÍÞç�çñÝÞÍßæºç ÝßÍÞæºÓÅþ ÏÒÑºÓêâÅÛ¼×ñàðä â�Ö¼ÓáÛ¼ÑºÓÚæ â�ÝÞÝß× R ÓÜëÐÛô× Ó G õºÍßÝÞÍIAºÖôâÅÛ¼Ó
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����������� �¤  �¤£�� �& ÇÉ³¢½Ê±·§ �·¯ ±²Ç��¬³ °»ý½Ê¯#&Â«Æ°±²§¤½��¬µÜ«´»Ê¶í¹ µÜ¯ ÁÂµ·³©¶�� #�¬» ��� «´³ � ªÉ§©±²´³©µ·¶
õºä¼Íßæºç J ÓÚÖ¼ÓÜæºëºäËÓÚæ	� ä ÔºÖ¼ÓÜä¼äËõºÖ¼Ó�ÙÜ×ñæìÛôÖË×ñÝ â�ÝÞ×ñæ÷ç�� â�æºë � õºæìÛôÍßÝ Û¼ÑºÓÜè ÖËÓ â�Ù�Ñ âðÝÞ× R ÓÚäÊÛ¸Ô ×�ÛôÓÜæìÛôÍïâÅÝ
ÓÚæºÓÜÖ¼ç�è äÊÛ�âÅÛ¼ÓÕâ�æºë ÛôÑºÓêÔºÖËÓÚä¼äËõºÖ¼ÓÕ×ñäËÙÚÍÞÝßÝïâÅÛ¼ÓÚäÒâÅÖ¼×ñõºæ÷ë �ÜÓÚÖ¼×÷þ

*%5+* 5 * � LON �<G ?AN;F6D>: F6D>F6G��%N�= N
� � � � � �1� ������� �
� ÓÐ×�Aºä¼ÓÜÖËöñÓÐÛ¼ÑîâÅÛ ÛôÑºÓðÍÞæìÛôÓÜÖ¼äËÛ¼ÍßÛ¼Íïâ�Ý ëº×�ÓÚä æº×�Û äËÑº× R âÅæ¤è ÙÚÖË×ñä¼ä çñÖôâ�Ô÷ÑºÓÚæºÓãÝïâ èñÓÜÖ�ëºÍISóõºäËÍÞ×ñæ âÅÛ
â�æìè ×Åé ÛôÑºÓ çñÖôâÅÔºÑºÍßÛ¼ÓÕÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÜä¸äËÍÞà�õºÝÞâÅÛôÓÜë þÒÏÒÑºÓ�Ô ×ñäËÍßÛôÍß×ñæ ×�é Û¼ÑºÓ Íßæ¤Û¼ÓÚÖËäËÛôÍ�ÛôÍÞâ�Ý�ÍÞä ×ñõ÷Û¼Ôºõ÷Û
âÅÛ ÓÜöñÓÜÖËè�ÛôÍßàðÓÒäÊÛôÓÜÔã×�éóÛôÑºÓ � � ÙÜ×¦ë÷Ó¸â�æ÷ëðÛôÑ÷ÓíÛ¼ÖôâÉØËÓÜÙÜÛ¼×ñÖËè�Íßä âÅæîâ�Ýßè �ÜÓÚëðÛ¼×Õö�ÓÚÖËÍßé¨è�Û¼ÑºÓ ë÷ÍISóõºä¼Í�öñÓ
æîâÅÛôõ÷Ö¼Ó�×�é Û¼ÑºÓòÑ¤è�ëºÖË×ñçñÓÜæ ÍÞäË×�Ûô×�ÔóÓ�Û¼Öôâ�æºäËÔó×�ÖËÛ þ � ÍÞç÷þ !¦þ-/Ðä¼Ñ÷×�Ríä Ñìè¦ë÷Ö¼×ñçñÓÜæ Íßæ¤Û¼ÓÚÖËäËÛôÍ�ÛôÍÞâ�ÝÈÛ¼ÖôâÉØËÓÜÙ '
Ûô×ñÖËÍÞÓÚä�ÌÆÍßæ èñÓÜÝÞÝß×�R Î âÅÛáë÷ÍISóÓÚÖ¼ÓÜæìÛáÛôÓÜàðÔ ÓÚÖ¼âÅÛôõºÖËÓÚäá×Åé ÛôÑºÓ çñÖôâ�Ô÷ÑºÍßÛ¼Ó ÙÚÖÊè�äËÛ�âÅÝ°þáÏÒÑºÓ ö¦ÍßÓ(R ÍÞä¸â�ÝÞ×�æºç
ÛôÑºÓ � â¬û¦ÍÞä�â�æ÷ë âÅÝÞÝ â¬Ûô×ñàòä Ñîâ ö�ÍÞæºç ÛôÑ÷Óüä¼â�àòÓ ÙÚ×ñÝß×ñÖ â�ÖËÓüÙÚâ�Ö A ×ñæ âÅÛ¼×ñàðä2AóÓÜÝÞ×ñæºç�ÍÞæºç Û¼× Û¼ÑºÓ
äôâ�àòÓ çñÖôâÅÔºÑºÓÚæ÷ÓòÝÞâ èñÓÚÖÜþ ( æ÷ÓòÙÚâ�æ Ó â�äËÍÞÝßè ÍÞë÷ÓÚæìÛôÍ�é¨è ÛôÑ÷ÓòÑ÷Ó·û÷â�çñ×ñæºâ�Ý äËÛ¼Ö¼õºÙ·ÛôõºÖËÓÚäêÛùè¦Ô÷ÍÞÙ âÅÝ ×�é Û¼ÑºÓ
çñÖôâ�Ô÷ÑºÓÚæºÓ Ýïâ è�ÓÚÖÚþ �¸ÍISóõºä¼Íß×ñæ RíÍßÛôÑðâêä¼Ñº×ñÖÊÛ äÊÛôÓÜÔA'ùäËÍ
�ÚÓ ÍÞä äËÓÚÓÚæÐâÅÛ â�ÝÞÝ÷Ûôâ�Ö¼ç�ÓÜÛ ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõºÖËÓÚäÜå RíÍ�ÛôÑ
â¸ÝÞ×ñæ÷ç¸äËÛ¼ÓÚÔA' ä¼Í��ÚÓ ëºÍ:S õ÷ä¼ÍÞ×�æ àðâ�L¤ÍÞæºç ÍßÛôäýâ�ÔºÔ Ó â�Ö¼â�æºÙÜÓ âÅÛýÑºÍÞçñÑ÷ÓÚÖÈÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÜäíÌ ≥ 450K

Î²þÈÏÒÑ÷Ó
 ÍÞä¼×ÅÛô×ñÔ Ó�Ó G õºÍßÝÞÍIAºÖôâÅÛ¼ÓÚä%RíÍ�ÛôÑ ÛôÑ÷Óòç�Öôâ�ÔºÑ÷ÍßÛôÓ ÙÚÖËè�äÊÛ�â�Ý Íßæ â ÙÜ×ñõºÔºÝßÓ ×�é ÔºÍÞÙÜ×ñä¼ÓÜÙÚ×ñæºë÷äÚþ ø Ûêàò×Éö�ÓÚä
â�Ö¼×ñõ÷æºëðÍßæòÛ¼ÑºÓ Ôó×�Û¼ÓÚæìÛôÍÞâ�Ý R ÓÚÝßÝ ×Åé ÛôÑ÷Ó ö�ÍWA÷ÖôâÅÛ¼ÍÞæºçêÙ âÅÖ A ×ñæãâ¬Ûô×ñàòä â�æºëðàãâ�LÅÓÚä â ØËõ÷àðÔ�é®Ö¼×ñà ×ñæºÓ
Ôó×�Û¼ÓÚæìÛôÍÞâ�Ý�R ÓÚÝÞÝ�Û¼×Ðâ�æº×ÅÛôÑºÓÜÖ ëºÓÜÔóÓÜæºëºÍßæºçã×ñæüÛôÑºÓ àðÍßçñÖôâ¬ÛôÍÞ×�æÐÓÚæºÓÜÖ¼ç�è AîâÅÖ¼Ö¼ÍßÓÚÖ â�æºëüÛôÑºÓÕçñÖôâÅÔºÑºÍßÛ¼Ó
ÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓ�þ ø ÛÒÍßä ä¼ÓÜÓÚæ ÛôÑîâ¬Û Ûùè�ÔºÍÞÙÚâ�ÝÞÝ�èT# � � äËõºÙ�Ñ ØËõ÷àðÔÐÓ·öñÓÜæ¤Û¼ä ×�ÙÚÙÜõºÖ ëºõ÷Ö¼ÍÞæ÷ç ÛôÑºÓ ÙÜ×ñõºÖËä¼Ó ×�é
â�# � �òÔºÍÞÙÜ×ñä¼ÓÜÙÚ×ñæºë äËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæüâÅÛ

150K
â�æºë àò×ñÖ¼ÓêÛôÑºâ�æ Q � �áØËõºàòÔºä¸×�ÙÚÙÜõºÖ âÅÛ

900K
þ ÏÒÑºÍßä
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� � � �(�������0�#� � � ���)� �������
ÍÞäáäËõ OòÙÚÍÞÓÜæìÛÕÛ¼× ÔºÖ¼×Âö�ÍÞë÷Ó Ó G õºÍÞÝßÍWAºÖ¼âÅÛôÍß×ñæ âÅæºë äËÛ�â¬ÛôÍÞäÊÛôÍßÙÚä¸Û¼× âÅæîâ�Ýßè �ÜÓ ÛôÑºÓ�Íßæ¤Û¼ÓÚÖËäËÛôÍ�ÛôÍÞâ�Ý ëºÍISóõºä¼Íß×ñæ
ÍÞæ ÛôÑºÓêçñÖ¼â�ÔºÑºÍ�ÛôÓáÙÜÖËè�äËÛôâ�Ý°þ

� � ��� � �����
F¦ÔóÓÜÙÚÍ:HîÙ â�ÝßÝßè RíÑºâÅÛ Íßä æ÷ÓÚÓÚë÷ÓÚë é®×ñÖÕä¼ÙÚâ�ÝÞÍßæºç õºÔ ÍÞäêÛô× Ù�Ñîâ�Ö¼â�ÙÜÛ¼ÓÚÖ¼Í��ÚÓ�ÛôÑºÓðëºÍISóõºäËÍÞ×ñæ ÍÞæ ÛôÓÚÖËàðäÕ×�é
ÛôÑºÓ ØËõºàòÔüâÅÛ¼Û¼ÓÚàòÔ÷ÛÒé®Ö¼Ó G õ÷ÓÚæºÙ·è ωo åºÛôÑºÓêàòÍÞçñÖ¼âÅÛôÍß×ñæãÓÜæºÓÚÖËç�è

Em
å âÅæºëüÛ¼ÑºÓ ØËõºàòÔüë÷ÍÞäËÛôâ�æºÙÜÓ

Li
þ

ω = ωo e
−Em
kbT

Ì�!¦þ 	ìÎ
RíÑºÓÚÖËÓ�å

ω
ÍÞä�ÛôÑºÓ�ØËõºàðÔ é®Ö¼Ó G õ÷ÓÚæºÙ·è Ì®Û¼ÑºÓ é®ÖËÓ G õºÓÚæ÷ÙÜè RíÍ�ÛôÑ RíÑºÍÞÙ�Ñ Û¼ÑºÓ Íßæ¤Û¼ÓÚÖËäËÛôÍ�ÛôÍÞâ�ÝýØËõºàðÔ÷äÐâ

ëºÍÞäÊÛ�â�æºÙÜÓ
Lj

ÍÞæãâ ä¼Ô ÓÚÙÜÍIHîÓÜëÐëºÍÞÖËÓÚÙ·ÛôÍÞ×�æ Î·å�â�æºë
kB

Íßä Û¼ÑºÓ5J ×ñÝßÛ �Úàðâ�æºæ	� ä ÙÜ×ñæºäÊÛ�â�æìÛ þ6F�õºÙ�Ñ â Ù�ÑîâÅÖ '
â�ÙÜÛ¼ÓÚÖ¼Í�� âÅÛ¼ÍÞ×ñæãâ�ä¼äËõºàòÓÚä ÛôÑºâÅÛ Û¼ÑºÓáëºÍ:S õºäËÍÞ×ñæãÍÞä @ Ö¼ÖËÑºÓÚæºÍßõºä ÝßÍWL�ÓÅþ � ÍßÛ¼ÑÐä¼õºÙ�Ñüâ Ù�Ñºâ�Öôâ�Ù·ÛôÓÜÖ¼Í
�ÚâÅÛôÍß×ñæ
×ñæºÓ¸ÙÚâ�æãõ÷ä¼Ó � ÍÞæ÷ÓÜÛôÍßÙ � ×ñæìÛôÓ � â�Ö¼Ýß×ÐÌ � � �ÒÎ<�-VA#�$ Ûô× ä¼ÍÞà õºÝïâÅÛ¼ÓíëºÍISóõºä¼Íß×ñæò×�é�àðâ�æìèãâ¬Ûô×ñàòä ×Éö�ÓÚÖ
à�õºÙ�ÑüÝïâ�ÖËçñÓÚÖÒÝßÓÚæºç�Û¼Ñ äËÙ â�ÝßÓÚä8RíÍßÛ¼ÑüÛ¼ÑºÓêäôâ�àòÓêÙÚ×ñàòÔºõ÷Û¼ÍÞæºç�ÖËÓÚä¼×�õºÖ¼ÙÜÓÚäÚþ @ A÷Ö¼ÍÞÓ·éýÍßæìÛôÖ¼×�ëºõºÙ·ÛôÍß×ñæ Ûô×
� � � â�æºë Ñº× R R Óðä¼ÙÚâ�ÝÞÓòõºÔ Û¼×üÛ¼ÑºÓòæºÓ·û�Û�ÝßÓÜö�ÓÚÝ ÍÞäÕëºÓÚäËÙÚÖËÍWA ÓÚë Íßæ Û¼ÑºÓòæºÓ·û�Û�Ù�Ñºâ�Ô÷ÛôÓÜÖ ×Åé ÛôÑºÍßä
ÛôÑºÓÜä¼ÍÞäÜþ

ø ÛêÍßä¸ÓÜä¼ä¼ÓÜæìÛôÍïâÅÝ Ûô× L�ÓÜÓÚÔ ÍÞæ àòÍÞæ÷ë ÛôÑîâ¬ÛáÛôÑºÓ � � Û¼ÍÞàòÓ äÊÛôÓÚÔ Íßäáä¼Ñº×�ÖËÛêÓÚæ÷×ñõºçñÑ äË× Û¼ÑîâÅÛáÛ¼ÑºÓ
ÍÞæìÛôÓÜÖ¼äËÛ¼ÍßÛ¼Íïâ�Ý�Ó²û÷Ô ÓÚÖËÍÞÓÜæºÙÚÓÜä ×ñæºÝßèüâòé®Öôâ�Ù·ÛôÍÞ×�æîâ�Ý�Ù�Ñîâ�æ÷çñÓ�ÍÞæ Ôó×�Û¼ÓÚæìÛôÍÞâ�Ý ÓÚæºÓÜÖ¼ç�èüé®×ñÖ æ¤õºàðÓÜÖ¼ÍßÙ â�Ý äËÛôâ '
AºÍÞÝßÍßÛùè RíÑºÓÚæ ä¼×ñÝ�ö�ÍÞæºçÐé®×ñÖáÛ¼ÑºÓ é®×ñÖ¼ÙÜÓ�Ó G õîâÅÛ¼ÍÞ×ñæ þ ÏÒÑ÷ÓÚÖ¼Ó·é®×ñÖ¼Ó�×ñæ÷ÓòÙÚâ�æ Ó·û¦ÔóÓÜÙÜÛÕÛôÑºÓ ë÷ÍÞÖ¼ÓÜÙÜÛ¼ÍÞ×ñæ ×�é
ÛôÑºÓÒÍßæ¤Û¼ÓÚÖËäËÛôÍ�ÛôÍÞâ�Ý�Û¼×=AóÓÒÖ¼â�æºëº×ñàòÍ
�ÜÓÚë ×ñæ÷Ýßè âÅé¨ÛôÓÜÖ ä¼ÓÜö�ÓÚÖ¼â�Ý � � ÛôÍÞàòÓ äÊÛôÓÜÔºäÚå�×ñÖ Ó G õ÷ÍßöÅâ�ÝÞÓÜæìÛôÝßè�âÅé¨ÛôÓÜÖ
×ñæºÝßèÐâ ÙÚÓÚÖÊÛ�â�Íßæ ÝÞÓÚæ÷ç�ÛôÑ

dr
þ � ×ñÖíâ Öôâ�æºë÷×ñà R â�ÝWL RíÍßÛôÑ Ó G õºâ�Ý�ÔºÖ¼×�Aîâ�AºÍßÝÞÍßÛùèò×�éîØËõºàòÔºÍÞæ÷ç ÍÞæüâ�æìè

ëºÍÞÖËÓÚÙÜÛ¼ÍÞ×ñæ ÛôÑ÷Ó Ó²û÷Ô ÓÚÙ·Û�âÅÛ¼ÍÞ×ñæüöÅâ�ÝÞõºÓÕ×�é Û¼ÑºÓÕàðÓÚâ�æ ä G õºâ�Ö¼Ó ëºÍÞäËÔºÝïâ�ÙÜÓÚàòÓÚæìÛ ÍÞä
N × dr2

å<RíÑºÓÚÖËÓ �ÍÞä Û¼ÑºÓáæ¤õºàNA ÓÚÖÒ×�éºØËõºàòÔºäÜþ øùæÐÛôÑºÓ äËÍÞà�õºÝÞâÅÛôÍß×ñæ åìÛôÑ÷Óáä¼Íßà�õºÝïâ¬ÛôÍÞ×�æðÛôÍßàðÓ ÍÞä6H÷û¦ÓÚë âÅÛ+# � � ÔºÍÞÙÜ×ñä¼ÓÜÙ '
×ñæºëºäÜþ ÏÒÑ÷ÓÚÖ¼Ó·é®×ñÖ¼ÓÅå â�ä

dr
Íßä ÍÞæ÷ÙÚÖ¼ÓÚâ�ä¼ÓÜë å÷Û¼ÑºÓêæ�õ÷àNAóÓÜÖÒ×�éºØËõºàòÔºä

N
ÌÆë÷Ó(HîæºÓÜë âÅä ÛôÑºÓ æ¤õºàNA ÓÚÖÒ×Åé

ÛôÍÞàòÓÚä Û¼ÑºÓ ÍÞæìÛ¼ÓÚÖ¼äÊÛôÍ�ÛôÍïâÅÝ ëºÍßä¼ÔºÝÞâ�ÙÚÓÜä7Aìè â ëºÍßäËÛôâ�æºÙÚÓ
dr

Î ëºÓÚÙÜÖ¼ÓÚâ�ä¼ÓÜäÚþ
ÏÒÑ÷ÓÚÖ¼Ó·é®×ñÖ¼Ó Û¼×üë÷ÓÜÛôÓÜÖ¼àòÍÞæºÓ�âÅÛ!RíÑîâÅÛ öÅâ�ÝßõºÓ�×�é

dr
Û¼ÑºÓ�ÛôÖ¼âÉØËÓÚÙ·Ûô×ñÖÊè ÍÞäáÖ¼â�æºëº×�àðÍ��ÚÓÚë å R Ó�ÔºÝß×�Û

N×dr2
â�ä â¸é®õºæºÙ·ÛôÍÞ×�æ ×�é

dr
é®×ñÖ Ñìè�ëºÖ¼×�çñÓÚæ å¤ëºÓÜõ÷ÛôÓÜÖ¼Íßõºà â�æ÷ë�ÛôÖ¼Í�ÛôÍßõºà Ì � Íßçºþ !�þ-Q¤Î²þÈÏÒÑ÷ÓíöÅâ�ÝßõºÓ ×�é

dr
é®×�Ö�RíÑ÷ÍÞÙ�Ñ

N × dr2
çñÓ·Ûôä äôâÅÛ¼õºÖôâÅÛ¼ÓÚëÐÍßä Ûôâ�L�ÓÜæ â�ä

Lj
â�æ÷ëðÛôÑ÷Ó¸ÙÚ×�Ö¼Ö¼ÓÜä¼Ô ×ñæºëºÍßæºç öÅâ�ÝßõºÓ ×�é

N
ÍÞä

õºä¼ÓÜë Û¼× Ù â�ÝßÙÚõºÝÞâÅÛôÓ
ω
þ ÏÒÑºÍÞä â�æîâ�Ý�è¦äËÍÞä Íßä Ù âÅÖ¼Ö¼ÍßÓÚë ×ñõ¦Û é®×ñÖ ÍßæìÛôÓÚÖËäËÛ¼ÍßÛôÍÞâ�Ý ÛôÖôâÂØËÓÚÙÜÛ¼×ñÖ¼ÍßÓÚäÒâ¬ÛÒëºÍISóÓÚÖËÓÚæìÛ

ÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓÚäíâ�æºë D G æ þ"!¦þ 	�ÍÞä õºä¼ÓÜëüÛ¼× H÷ÛÒÛôÑºÓ ëîâ¬Û�â�Ûô×�× A÷Ûôâ�ÍÞæ
ωo

âÅæºë
Em

þ � ÓêäËÓÚÓ ÛôÑîâ¬Û âÅÛ
ÝÞ× R ÓÜÖ ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼ÓÚä Ì ≤ 450K

Î â�ä¼âÅÛôõ÷ÖôâÅÛ¼ÍÞ×ñæÐ×Åé
N × dr2

ÍÞä ä¼ÓÜÓÚæüâÅÛ
dr = 2.5

� þ @ ÛÒÑºÍÞç�ÑºÓÚÖ
ÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓÚäÚå ÛôÑºÓòäôâ¬ÛôõºÖ¼âÅÛôÍß×ñæ ×�ÙÚÙÜõºÖ¼ä âÅÛÕÝïâ�ÖËçñÓÚÖ öÅâ�ÝßõºÓÚäÕ×�é

dr
þ � ×�ÛôÓ�ÛôÑîâ¬Û Û¼ÑºÓðä¼âÅÛôõ÷ÖôâÅÛ¼ÍÞ×ñæ
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ÌÆÍïÎ  ÍÞæìÛôÓÜÖ¼äËÛ¼ÍßÛ¼Íïâ�Ýßä
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600K
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dr
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750K
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ÌÆÍïÎ � Íßæ¤Û¼ÓÚÖËäËÛôÍ�ÛôÍÞâ�ÝÞä
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dr
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N dr
2

ÌÆÍïÎ Ï ÍÞæìÛ¼ÓÚÖ¼äÊÛôÍ�ÛôÍïâÅÝÞä

150 K
300 K

450 K

600 K900K

750 K

 0  5  10  15  20  25
dr
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N dr

2

���ß�Å�¦��� �ì ���£�� ±²¯°³¢±�´³©µ·¶ µ²¹
N dr2 ��³Ä#� ÁÂ¯�¹ µÜ¯�) ³ + ��&ÂÁÂ¯°µ'�Ü»Ê¶ � )�³Ä³ + ÁÂ»ÊªÉ´»Ê¯°³©ª�� ±·¶¬Á3)�³Ä³©³ + ´¯°³ °³Äª	�

ÛôÑºÖËÓÚäËÑº×ñÝÞë ÍÞäíÝÞ× R ÓÚÖíé®×ñÖíÛôÑºÓ V.&�� � Ù âÅä¼Ó�âÅä ÙÜ×ñàðÔºâ�Ö¼ÓÜë Ûô×�ÛôÑ÷Ó U ��� � ÙÚâ�ä¼ÓÅþÒÏÒÑºÓ 	 ��� � ÙÚâ�ä¼Ó
ëº×�ÓÚä æ÷×�Û ä¼âÅÛôõ÷ÖôâÅÛ¼ÓãâÅÛ â�ÝßÝ°þãÏÒÑ÷ÍÞä ÍßæºëºÍßÙ âÅÛ¼ÓÚä ÛôÑîâ¬Û Û¼ÑºÓÚÖËÓÐâ�ÖËÓðÔºÖË× Aîâ�A÷Ýßè Û R × ëºÍISóÓÚÖËÓÚæìÛ ÝÞÓÚæ÷ç�ÛôÑ
ä¼ÙÚâ�ÝÞÓÜäíé®×�Ö ÛôÑºÓ ØËõºàòÔºäÚþ

ÏÒÑ÷Óáö�âÅÖ¼ÍÞ×�õºä Ô ×ñä¼äËÍWAºÝßÓ ØËõºàòÔ ÔîâÅÛôÑ÷ä ×ÅéýâÅæ ÍÞæìÛôÓÜÖ¼äËÛ¼ÍßÛ¼Íïâ�Ý Ñìè¦ë÷Ö¼×ñçñÓÜæ Íßæ â çñÖôâ�Ô÷ÑºÍßÛ¼Ó¸ÙÚÖÊè�äËÛ�âÅÝ�ÍÞä
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� � � �(�������0�#� � � ���)� �������
ÍÞÝÞÝßõºäËÛ¼ÖôâÅÛ¼ÓÚë ÍÞæ � Íßçºþ !�þ &¦þ ÏÒÑºÓÒä G õºâ�Ö¼ÓÜä âÅæºë�ÙÚÍÞÖËÙÚÝßÓÚä ÖËÓÚÔºÖËÓÚä¼ÓÜæìÛ ÙÚâ�Ö A ×ñæòâÅÛ¼×ñàðäÈÝßè�ÍÞæ÷çá×ñæ�ä¼ÓÜÔîâ�Öôâ¬ÛôÓ

HB

HA (HB + HAB)

HAB

�������¦�ô� �¤ ¢¡¤£�� ±²¯°³ÄµÜª¬« ÇÅµÚ«´«´³�,É³Ä§©³Ä´³©»Ë« ¹ µ·¯�³©¶Ú´»Ë¯°«Æ´³Ä´³¢±²§��®ª�� Ç¬« ³Ä¶á± �·¯ ±²Ç	�É³ °»ý½Ê¯#&Â«Æ°±·§
çñÖôâ�Ô÷ÑºÓÚæºÓðÝïâ èñÓÜÖ¼ä=RíÑºÍÞÙ�Ñ äôâ�æºë RíÍÞÙ�Ñ Û¼ÑºÓðÍßæìÛôÓÚÖËäËÛ¼ÍßÛôÍÞâ�Ý Ñìè�ëºÖ¼×ñç�ÓÚæ âÅÛ¼×ñàüþãÏÒÑºÓðÑ¤è�ëºÖË×ñçñÓÜæ âÅÛô×ñà
×¦ÙÜÙÚõºÔºÍßÓÚäÕÛôÑºÓðÝïâ�ÖËçñÓ�çìâ�ÔQA ÓÜÛ R ÓÚÓÜæ ÛôÑºÓðçñÖôâ�Ô÷ÑºÓÚæºÓðÝïâ èñÓÜÖ¼ä â�æºë ÙÚâ�æºæº×�Û ä G õºÓÜÓ �ÜÓÐÛôÑºÖË×ñõºçñÑ Û¼ÑºÓ
çñÖôâ�Ô÷ÑºÓÚæºÓüÝïâ è�ÓÚÖÚþ ÏÒÑºÓ Ýß×�R ÓÚäÊÛãÓÜæºÓÚÖËç�è äËÛôâÅÛôÓ é®×ñÖ ÛôÑºÓüÍÞæìÛ¼ÓÚÖ ' ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍ�ÛôÓÐäËÓÚÓÚàòäðÛ¼× ÝßÍÞÓ A ÓÚÝß×�R
ÛôÑºÓ ÙÚÓÚæìÛ¼ÓÚÖ ×Åé ÛôÑºÓ ÑºÓ·û÷â�ç�×ñæºä Û¼ÑîâÅÛ ÙÚ×ñæºäÊÛôÍ�Ûôõ÷Û¼Ó Û¼ÑºÓ¸çñÖ¼â�ÔºÑºÓÜæºÓ¸ÝÞâ èñÓÚÖÜþ ÏÒÑºÓ¸ÓÚâ�ä¼ÍßÓÚäÊÛ ÔîâÅÛ¼Ñ R â èòé®×ñÖ
ëºÍISóõºä¼Íß×ñæ�ÍßäÈé®Ö¼×�à*A ÓÚÝß×�R Û¼ÑºÓ ÙÚÓÜæìÛôÓÚÖ ×�é ×�æºÓÒÑºÓ·û÷â�ç�×ñæ�Ûô×êâ�A ×ÂöñÓ Û¼ÑºÓ ÙÚÓÜæìÛôÓÚÖ ×�éîÛ¼ÑºÓÒæºÓÜÍÞçñÑ A ×ñÖ¼Íßæºç
ÑºÓ·û÷â�çñ×�æ Ýßè�Íßæºç ×�æ ÛôÑ÷Óð×ñÔ÷Ôó×ñäËÍßÛ¼Óòç�Öôâ�ÔºÑ÷ÓÚæºÓðÝïâ èñÓÜÖÐÌ®ëºÓÚæº×ÅÛôÓÚëQA¤è � � ÍÞæ � Íßçºþ !�þ &ñÎ²þ @ æº×�ÛôÑ÷ÓÚÖ
Ôó×ñäËä¼ÍIAºÍÞÝßÍßÛùè ÍÞäÐÛ¼ÑºÓðØËõºàòÔ é®ÖË×ñà A ÓÚÝß× R Û¼ÑºÓ ÙÚÓÜæ¤Û¼ÓÚÖü×�éÕ×ñæºÓ ÑºÓ²ûºâÅçñ×ñæ Ûô× ÛôÑ÷Ó ÙÜÓÚæìÛôÓÜÖ ×�é Û¼ÑºÓ
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æºÓÚÍßçñÑ Aó×�Ö¼ÍÞæ÷ç ÑºÓ·û÷â�çñ×�æ ×�æ Û¼ÑºÓ çñÖ¼â�ÔºÑºÓÜæºÓ�Ýïâ èñÓÜÖòÌÆëºÓÜæº×�ÛôÓÜëMAìè � � ÍÞæ � Íßçºþ�!�þ &ñÎ²þ � ×�ÛôÓ�Û¼ÑîâÅÛ
×ñæºÓ � � ØËõºàòÔ ÍÞä¸â�Ù�ÑºÍßÓÜöñÓÜëPRíÍßÛôÑ Ûô×ãÛ R × ÙÚ×ñæ÷ä¼ÓÚÙÜõ÷ÛôÍ�öñÓ � � ØËõºàðÔ÷äÚþ2(¸ÛôÑ÷ÓÚÖáÔ ×ñä¼äËÍWAºÍßÝÞÍ�ÛôÍÞÓÜä é®×ñÖ
ëºÍISóõºäËÍÞ×ñæ ÔîâÅÛôÑ R â è¦äERíÑºÍÞÙ�Ñ ÑºâÂö�Ó�ÝÞ×�æºçñÓÚÖíäÊÛôÓÚÔ ÝßÓÚæºçÅÛôÑºä â�Ö¼Ó�� � � â�æºë ÙÜ×ñàNAºÍßæîâÅÛ¼ÍÞ×ñæºäí×�éýÛôÑºÓ
� ��� � � � Ûùè�ÔóÓÜäÚþ � Ö¼×ñà ×ñõºÖ�ä¼Íßà�õºÝïâ¬ÛôÍÞ×�æºä3R Ó Hºæºë Û¼ÑîâÅÛ � � â�æ÷ë � � ØËõºàòÔºäòâ�ÖËÓÐÛôÑºÓ
àãâÅÍÞæ�ëºÍISóõºäËÍÞ×ñæ�ÔîâÅÛ¼Ñ R â è�ä âÅÛ Ýß×�R ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõºÖËÓÚä¸Ì � Íßçºþ3!¦þ-/ìÎ A ÓÚÝÞ× R Q3&�� � â�æºëòÛôÑîâ¬Û�ØËõ÷àðÔºä ×�é
ÛôÑºÓÕÛùè�ÔóÓ�� � � â�æ÷ë � ��� � � � äËÛôâ�ÖËÛ ÙÚ×ñæìÛ¼Ö¼ÍWA÷õ÷ÛôÍßæºçòÛ¼×ðÛ¼ÑºÓ ëºÍ:S õ÷ä¼ÍÞ×�æ ÙÚ×�Ó(OòÙÜÍÞÓÚæìÛáâÅÛ Û¼ÓÚà '
ÔóÓÜÖôâÅÛ¼õºÖ¼ÓÜä â�Aó×Âö�Ó%Q3&�� � Ì � Íßçºþ !�þ"/ìÎ²þÈÏÒÑ÷ÓÚä¼ÓíÑº× R ÓÜö�ÓÚÖ ëº× æº×�Û Ó²û÷Ô÷Ýïâ�Íßæ ÛôÑºÓÒÝß×ñæºç ØËõºàòÔºä ×Åé

10
� þ

� � ������� ��� � � ��� �#���
� Ö¼×ñà ÛôÑºÓ�âÅæîâ�Ýßè�äËÍÞä â�A ×ÂöñÓNR Ó�Ñîâ öñÓ × A÷Ûôâ�ÍÞæ÷ÓÚë ÛôÑ÷Ó ØËõºàðÔ é®ÖËÓ G õºÓÜæºÙÜè�å ω å�âÅæºë Ûùè�ÔºÍÞÙÚâ�ÝýöÅâ�ÝÞõ÷ÓÚä
×�é ØËõ÷àðÔüä¼Í��ÚÓÚäÜå

L
þ � ÓÕæº×�Û¼ÓÕÛ¼ÑºÓêÓ·û¦ÍÞäÊÛôÓÜæºÙÚÓ ×�éýÛ R ×ãëºÍ:S ÓÜÖ¼ÓÜæ¤Û ØËõºàòÔ ÝÞÓÚæ÷ç�ÛôÑºäÜå ×ñæºÓ â�Ö¼×ñõ÷æºë

2.5�
3.5

� âÅæºë ÛôÑºÓ ×�Û¼ÑºÓÚÖêâÅÖ¼×ñõºæ÷ë
10

� þ � Ó�â�ÝÞäË× æº×�Û¼Ó�ÛôÑîâÅÛêÑìè�ëºÖË×ñçñÓÚæ Ñîâ�ä ÓÜæºÑîâ�æ÷ÙÚÓÚë ëºÍISóõA'
ä¼Íß×ñæãâ¬Û

600K
Ì � Íßçºþ !�þ-QR'²ÌÆÍïÎ¼ÎÈâÅæºëãëºÓÜõ÷ÛôÓÜÖ¼Íßõºà â�æºëòÛôÖ¼Í�ÛôÍßõºà Ñîâ ö�Ó¸ÓÚæ÷Ñîâ�æºÙÜÓÚëÐëºÍ:S õ÷ä¼ÍÞ×�æãâÅÛ

750KÌ � ÍßçñäÚþ"!¦þ QR'·Ì®ÍÞÍïÎ¸â�æºë !�þ-QR'²ÌÆÍßÍÞÍ¨ÎËÎ·þðÏÒÑºÓÚäËÓ × Aºä¼ÓÜÖËöÅâÅÛ¼ÍÞ×ñæºä Ñîâ öñÓãÛ¼× A Óãàðâ�ëºÓðÙÚ×ñæºäËÍÞäÊÛôÓÚæìÛ3RíÍßÛôÑ ×ñõºÖ
æºÓÚÓÜë Ûô× ä¼ÙÚâ�ÝÞÓ õºÔKAîâ�äËÓÚë�×ñæ D G æ þ !�þ 	÷þýø Û ÍÞä äËÓÚÓÜæ�Û¼ÑîâÅÛ âáäËÍÞàòÔºÝÞÓ @ ÖËÖ¼ÑºÓÜæºÍÞõ÷ä-HºÛ ëº×�ÓÚä æ÷×�Û àðâÅÛôÙ�Ñ
×ñõºÖ � � äËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæºä âÅÛ ëºÍISóÓÚÖËÓÚæìÛ ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼ÓÚäÜþ � ×�Û¼Ó â�Ýßä¼× Û¼ÑºÓáÓ·û¦ÍßäËÛôÓÜæºÙÚÓ ×Åé Û R × ëºÍ:S ÓÜÖ¼ÓÚæìÛ
ä¼Ýß×ñÔóÓÜäãÍßæ � Íßçºþ !�þ"U÷þ Ï R × ä¼Ýß×ñÔóÓÜäãàðâ è æº×�Û A ÓüÍÞàòàðÓÜëºÍïâÅÛ¼ÓÚÝ�è × Aìö�ÍÞ×ñõ÷äðé®Ö¼×�à ÛôÑºÓ ëîâÅÛ�â¦å Aºõ÷Û
RíÑºÓÚæ ×ñæºÓ Û�â�LÅÓÚä ÍÞæìÛô×òâ�ÙÜÙÚ×ñõºæìÛ ÛôÑîâ¬Û Û¼ÑºÓÕëîâÅÛ�âòâÅÛ

600K
Ñîâ�ä ÓÚæºÑîâÅæºÙÚÓÜë ëºÍISóõºäËÍÞ×ñæ é®×ñÖÒÑìè�ëºÖ¼× '

çñÓÚæÐâ�æºëãÛ¼ÑºÓ¸ëîâ¬Û�â â¬Û
750K

Ñºâ�ä ÓÜæºÑîâ�æºÙÜÓÚë ëºÍ:S õ÷ä¼ÍÞ×�æòé®×ñÖ ëºÓÚõ¦ÛôÓÚÖËÍÞõºà âÅæºëãÛôÖËÍßÛ¼ÍÞõºàüåñÛôÑºÓ Ó(SóÓÚÙ·Û
AóÓÜÙÚ×ñàòÓÚäÈÙÚÝßÓ â�ÖÜþ � Ó Û¼ÑºÓÚÖËÓÜé®×ñÖËÓ ÙÚ×ñæ÷ÙÚÝÞõ÷ëºÓ Û¼ÑîâÅÛ ÛôÑºÓÜÖ¼Ó Ó²û¦ÍÞäËÛ¼äýÛ R ×áëºÍISóÓÚÖËÓÚæìÛ àòÍÞç�ÖôâÅÛ¼ÍÞ×ñæ ÓÜæºÓÚÖËçñÍÞÓÜäÚþ

ÏÒÑ÷ÓÚÖ¼Ó·é®×ñÖ¼ÓÒé®×ñÖ Û¼ÑºÓÒæ¤õºàòÓÚÖ¼ÍßÙ â�Ý HºÛ¼Û¼ÍÞæºç5R Ó¸âÅä¼ä¼õ÷àðÓíâ ä¼õ÷à ×�é Û R ×ÕëºÍISóõºäËÍßöñÓíÔºÖË×¦ÙÜÓÚäËä¼ÓÚäÜå RíÍ�ÛôÑ
ëºÍISóÓÚÖËÓÚæìÛ ØËõºàòÔ âÅÛËÛôÓÜàðÔ÷Û é®Ö¼Ó G õ÷ÓÚæºÙÜÍÞÓÚä ωo å ëºÍISóÓÚÖËÓÚæìÛ àòÍÞçñÖ¼âÅÛôÍß×ñæ ÓÚæºÓÜÖ¼çñÍßÓÚä

Em
âÅæºë ëºÍ:S ÓÜÖ¼ÓÚæìÛ

ØËõºàòÔ�ä¼Í��ÚÓÚä
L
þýÏÒÑºÓÚÖËÓÜé®×ñÖËÓ é®×ñõºÖýÔºâ�Öôâ�àòÓÜÛ¼ÓÚÖËäÚå

ωlo
å
ωho

å
El
m

â�æ÷ë
Eh
m

åñÑîâ öñÓ Û¼×5A Ó HºÛ-RíÍ�ÛôÑ U¸ëºâÅÛ�â
Ôó×�ÍÞæìÛôä ×ÅéîØËõ÷àðÔºä ÔóÓÜÖÒä¼ÓÜÙÚ×ñæºë ×�é

ω
× A÷ä¼ÓÚÖÊöñÓÜëüé®ÖË×ñà ×�õºÖ ä¼Íßà�õºÝÞâÅÛôÍß×ñæºä âÅÛ

150K
å
300K

å
450K

å
600K

å
750K

âÅæºë
900K

þ � ÍÞçºþ !�þ"Uòä¼Ñº× RíäáÛôÑ÷Ó3HºÛ¼äERíÍßÛ¼Ñ ÛôÑ÷Ó öÅâ�ÝÞõ÷ÓÚäíé®×ñÖ Û¼ÑºÓ3HºÛ¸Ôîâ�Ö¼â�àðÓ·ÛôÓÜÖ¼ä
çñÍßö�ÓÚæüÍÞæ ÏÈâ�AºÝÞÓÅþ !�þ !¦þ

� ×�Û¼Ó ÛôÑîâ¬Û
ωlo

öÅâ�ÖËÍÞÓÚäÐâ�äüâ é®õ÷æºÙÜÛ¼ÍÞ×ñæ ×�é √
m
å7RíÑºÓÚÖËÓ à ÍÞäãÛ¼ÑºÓ àãâÅä¼ä ×�éÕÛôÑºÓ ÍßæìÛôÓÚÖËäËÛ¼ÍßÛôÍÞâ�Ý°þ

ωho
ÍÞäÕÍÞæ÷ëºÓÚÔ ÓÚæºë÷ÓÚæìÛ ×�é Û¼ÑºÓãàðâ�äËä â�æ÷ë AóÓÜÙÚ×ñàòÓÚä ä¼ÍßçñæºÍIHºÙ â�æìÛ ×ñæºÝßè â¬Û Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÜä çñÖËÓ âÅÛ¼ÓÚÖ

ÛôÑîâÅæ
450K

þ � ÑºÓÜæ àò×Âö�ÍÞÓÚä ×�éíÛôÑºÓ äËÍÞà�õºÝÞâÅÛôÍß×ñæ â�Ö¼Ó àðâ�ëºÓ R Ó â�Ýßä¼× × AºäËÓÚÖÊöñÓ ÛôÑîâ¬Û ÔºÑº×ñæ÷×ñæ
ö�ÍWAºÖ¼âÅÛôÍß×ñæºä ×�é�ÛôÑºÓ¸çñÖôâ�Ô÷ÑºÓÚæºÓ¸Ýïâ èñÓÜÖ¼ä äËÑº× R â Ýïâ�ÖËçñÓ¸âÅàðÔºÝßÍßÛ¼õºëºÓ âÅÛ Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÜä çñÖËÓ âÅÛ¼ÓÚÖ Û¼Ñîâ�æ
450K

Ì � ÍÞç÷þ !¦þ"VñÎ²þ ÏÒÑºÍßä â�ÝÞÝß× RíäãÛôÑºÓ ÍßæìÛôÓÚÖËäËÛ¼ÍßÛôÍÞâ�ÝÞäòÛô× ä¼æ÷Ó â�L Û¼ÑºÖ¼×�õºçñÑ ÛôÑºÓ ÝÞâ�Ö¼ç�ÓÚÖÐ×ñÔ ÓÚæ÷ÍÞæºçñä



� �
� ��� � � ��� � � � � � �)� �#�	� �����1��� � ����� ���3� 
 ���4
���� ��� � ����� � ��� � 
����6������� � �0�

� � � �(�������0�#� � � ���)� �������

 1e+12

 1e+13

N (s   )−1

MD T

Fit TFit D

MD D

Fit H

MD H

 0.001  0.002  0.003  0.004  0.005  0.006  0.007

1/T (K   )
−1

 5e+12

���ß�Å�¦��� �ì  �¤£ � ª�� µ²¹���óµ � ¯´¯$�É»Ê¶¬³Äª¬« §Ä³�.·»�½¾ª¬¯´¿Ü»Ë« >É °µý#�É» ¶ ª�� ,Å»Ë¯îµ²¹ ��& ÁÉ¯´µ(�·»Ê¶ ³¢«Æµ·´µ·Ç�» ³Ä¶Ú°»Ê¯ «®°³ °³©±·§��®ª�� Ç¬«Ç�»Ê¯ «´»Ë½Êµ·¶¬Á¸±·« µ(,¬«´»Ê¯°¿·»ËÁí¹ ¯´µ(���-/ =î±·¯°½Ë±·«�«´³ � ªÉ§©±²´³©µ·¶¬«
AóÓ·Û R ÓÜÓÚæ ÛôÑ÷ÓãçñÖ¼â�ÔºÑºÓÜæºÓãÝÞâÂè�ÓÚÖËä�â�æºë âÅÛÕÛôÍÞàòÓÚäÕâ�Ýßä¼×üä¼õºÖÊéí×ñæ Û¼ÑºÓãÔ÷Ñº×ñæº×ñæ åÈÛôÑ÷ÓÚÖ¼Ó(Aìè â�ÝßÝÞ× RíÍÞæ÷ç
ÝÞ×ñæºç ØËõºàòÔºä

Lh
þ � ÓòÛ¼ÑºÓÚÖËÓÜé®×ñÖËÓ�ä¼Ô ÓÚÙÚõ÷ÝïâÅÛ¼ÓòÛ¼ÑîâÅÛêÛôÑºÍßä=AºÖôâ�æ÷Ù�Ñ ×�é ëºÍISóõºä¼Íß×ñæ Ì

ωho
å
Eh
m

å
Lh

Î Íßä
ëºõºÓ Û¼×ÐÔºÑº×ñæ÷×ñæ ö�ÍWAºÖ¼âÅÛôÍß×ñæºä ÍÞæ çñÖ¼â�ÔºÑºÍ�ÛôÓ=RíÑºÓÚÖËÓÚÍßæ ÛôÑºÓ�Ö¼â�æºëº×�àðÝ�è àð×Âö�ÍÞæºçãÔîâ�ÖËÛ¼ÍÞÙÜÝÞÓÕÙ â�æ Ôºâ�ä¼ä
ÛôÑºÖË×ñõºçñÑ Ô ×�Û¼ÓÚæìÛôÍÞâ�Ý6R ÓÚÝßÝ çìâÅÔºä�ÙÚÖËÓ âÅÛ¼ÓÚë Aìè Û¼ÑºÓÐÝÞâ�Ö¼çñÓãâ�àòÔºÝÞÍ�ÛôõºëºÓòÔºÑº×�æº×ñæ ö�ÍWAºÖ¼âÅÛôÍß×ñæºäÜþ ÏÒÑºÓ
ÓÚæºÑîâÅæºÙÚÓÜë ëºÍISóõºäËÍÞ×ñæ ×�éýÑ¤è�ëºÖË×ñçñÓÜæ âÅÛ

600K
âÅæºë ×Åé ëºÓÜõ÷ÛôÓÜÖ¼ÍÞõ÷à â�æºë ÛôÖ¼Í�ÛôÍßõºà âÅÛ

750K
ÙÜ×ñõºÝßë

AóÓðëºõºÓðÛ¼× äËè�æºÓÜÖ¼çñÍßäËÛ¼ÍÞÙãÍßæìÛôÓÚÖ¼â�ÙÜÛ¼ÍÞ×ñæ÷ä ×�é ÛôÑºÓðÍÞæìÛôÓÜÖ¼äËÛ¼ÍßÛ¼Íïâ�Ýßä5RíÍßÛôÑ ÔºÑº×ñæº×�æºäÚþ  × R ÓÜöñÓÜÖÚå ÛôÑ÷ÍÞä Íßä
ä¼Ô ÓÚÙÚõ÷ÝïâÅÛ¼ÍÞ×ñæ â�æ÷ëüé®õºÖÊÛôÑºÓÜÖ â�æîâ�Ý�è¦äËÍÞäÒÍßäÒÖ¼Ó G õºÍßÖ¼ÓÜë þ

���LK �1��� � �QR V

� Ó Ñîâ öñÓ äËÛ¼õºëºÍÞÓÜëðÛ¼ÑºÓ ë÷ÍISóõºä¼Íß×ñæ�×�é Ñìè�ëºÖ¼×�çñÓÚæÐÍßä¼×�Û¼×ñÔ ÓÚä ÍÞæòÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍßæºÓÒçñÖôâÅÔºÑºÍßÛ¼Ó�þ � Ó ä¼ÓÜÓ ÛôÑºâÅÛ
ÛôÑºÓÜÖ¼ÓüÓ·û¦ÍÞäÊÛðÛ R × Ù�Ñîâ�æ÷æºÓÚÝßäòé®×ñÖòëºÍ:S õºäËÍÞ×ñæ â�æ÷ë Ö¼ÓÜÔºÖ¼ÓÜä¼ÓÜæ¤Û¼ÓÚë Û¼ÑºÓÚäËÓ â�ä�ÛôÖ¼â�ÔºÔºÍßæºç���ëºÓ·ÛôÖ¼â�ÔºÔºÍßæºç
ÔºÖ¼×�ÙÚÓÜä¼ä¼ÓÜä RíÍ�ÛôÑ Ù�Ñîâ�Ö¼â�ÙÜÛ¼ÓÚÖËÍÞäËÛ¼ÍÞÙ ØËõºàòÔ âÅÛ¼Û¼ÓÚàòÔ÷Û é®Ö¼Ó G õºÓÚæºÙÜÍÞÓÜäÚå àðÍßçñÖôâÅÛ¼ÍÞ×ñæ ÓÚæºÓÜÖ¼çñÍßÓÚäêâ�æ÷ë ØËõºàòÔ
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øùä¼×�Û¼×ñÔ Ó

El
m ωlo Eh

m ωhoÌÆÓ � Î Ì
1012s−1

Î ÌÆÓ � Î Ì
1013s−1

Î
Ñìè¦ë÷Ö¼×ñçñÓÜæ �÷þ �1# Q3V U÷þ 9 �÷þ"!0U 	 !¦þ"V
ëºÓÜõ÷ÛôÓÜÖ¼Íßõºà �÷þ �1# Q3V Qºþ"V �÷þ"!0U 	 !¦þ"V
Û¼Ö¼ÍßÛ¼ÍÞõºà �÷þ �1# Q3V !¦þ 9 �÷þ"!0U 	 !¦þ"V

ÝÞÓÜæºç�ÛôÑ÷äÚþ � ÓòäËÓÚÓ�ÛôÑîâ¬Û ÛôÑºÓ�ÍÞäË×�Ûô×�ÔóÓÜä ëº× æº×�ÛÕëºÍISóõºäËÓ�â�ÙÚÖË×ñä¼ä ÛôÑ÷Óòç�Öôâ�ÔºÑ÷ÓÚæºÓ�Ýïâ è�ÓÚÖ¼äÕâ�æ÷ë Û¼ÑîâÅÛ
ÛôÑºÓêëºÍ:S õ÷ä¼ÍÞ×�æüÍßäÒÍÞäË×�ÛôÖË×ñÔºÍÞÙ¸ÍÞæÐÛôÑ÷ÓÕÔ÷Ýïâ�æºÓ ×ÅéýÛôÑ÷ÓÕç�Öôâ�ÔºÑ÷ÓÚæºÓêÝïâ è�ÓÚÖÚþ
(¸Û¼ÑºÓÚÖÒÍßæ¤Û¼ÓÚÖËÓÚäËÛ¼ÍÞæºç�äÊÛôõºëºÍßÓÚä7AóÓ·èñ×ñæ÷ëüÛ¼ÑºÓêä¼ÙÚ×�ÔóÓê×�éÈÛôÑºÍßä ÛôÑºÓÜä¼ÍÞä â�ÖËÓ�U
• F÷â¬ÛôõºÖ¼âÅÛôÓÜë Ñìè�ëºÖ¼×�çñÓÚæüÍÞäË×�Ûô×ñÔ Ó ëºÍ:S õºäËÍÞ×ñæ Íßæ ÙÚÖËè�äÊÛ�â�Ý çñÖ¼â�ÔºÑºÍ�ÛôÓ�å
• Ï Öôâ�ÙÜÓÕâ�æºëüäôâÅÛ¼õºÖôâÅÛ¼ÓÚëüÑìè¦ë÷Ö¼×ñçñÓÜæ Íßä¼×�Û¼×ñÔóÓ¸ëºÍISóõºä¼Íß×ñæ ÍÞæ ëîâÅàãâ�ç�ÓÚë ÙÚÖÊè¦äÊÛ�â�Ý çñÖ¼â�ÔºÑºÍ�ÛôÓÅå
• ÏÒÑºÓ â�A ×Éö�Ó Û R × L¤ÍÞæºë÷ä¸×�é ë÷ÍISóõºä¼Íß×ñæ Íßæ ÙÜÖËè�äËÛôâ�ÝÈç�Öôâ�ÔºÑ÷ÍßÛôÓ!RíÍ�ÛôÑ ×�ÔóÓÜæ Aó×�õºæºëîâ�ÖÊèüÙÚ×ñæºë÷Í '
ÛôÍß×ñæºäÜå

• øùæüÖ¼ÓÚâ�ÝÞÍ�ÛùèãÛôÑ÷ÓÕÓÜëºçñÓÜä ×�é ÛôÑ÷ÓÕÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼ÓÚäÒàðâÂèãÙÚ×ñæìÛôâ�ÍÞæ ×ñÔ ÓÚæ Aó×�æºëºäí×ñÖEF TE!�'�F TE/ àòÍ�û3'
Ûôõ÷Ö¼ÓÚäò×�éEAó×�æºëºäÚþ ÏÒÑºÍßä�Ù â�æ A ÓüÍßæìöñÓÚäÊÛôÍßçìâÅÛôÓÜë âÅæºë Ñìè�ëºÖË×ñçñÓÚæ ÍÞäË×�Ûô×�ÔóÓÐÛ¼Öôâ�æºäËÔó×�ÖËÛðâ�æºë
ÛôÖ¼â�ÔºÔºÍßæºç�ÔºÖ¼×�Aîâ�AºÍßÝÞÍßÛ¼ÍÞÓÜä âÅÛÒÛ¼ÑºÓêÓÚëºç�ÓÚä ×�éýäËõºÙ�Ñ ÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼ÓÚä ÙÚâ�æ A ÓêäËÛ¼õºëºÍÞÓÜë þ

ÏÒÑºÓÚäËÓ�äËÛôõ÷ëºÍÞÓÜä Ö¼Ó G õºÍßÖ¼Ó àðâÉØË×ñÖ àð×�ëºÓÚÝßÍÞæºçðÓ(Só×ñÖËÛ â�æºë RíÍÞÝßÝA ×ñç õºä ë÷×�Ríæ âÅÛáÝÞÓÚæ÷ç�ÛôÑ äËÙ â�ÝßÓÚä ×�é
æîâ�æº×�àðÓ·ÛôÓÚÖËäÒâ�æºëðÛôÍÞàòÓ ä¼Ù âÅÝÞÓÚä ×�é â é®Ó(R Ñ¤õºæºë÷Ö¼ÓÚë Ô÷ÍÞÙÚ×�ä¼ÓÚÙÜ×ñæºëºäÜþ ÏÒÑºÓ àãâÅÍÞæðâ�ÍÞà ×�é Û¼ÑºÍÞä äËÛ¼õºë÷è
ÍÞä Û¼× ëºÓÜö�ÓÚÝÞ×�Ô â çñÓÜæºÓÚÖ¼â�Ý à�õºÝ�ÛôÍ ��ä¼ÙÚâ�ÝÞÓ ÙÚ×�ëºÓ!Aìè ÍÞëºÓÜæìÛôÍßé¨è�Íßæºç Ôîâ�Ö¼â�àðÓ·ÛôÓÜÖ¼äíâÅÛÒÝß× R ÓÜÖÒä¼Ù âÅÝÞÓÚäÒÛ¼ÑîâÅÛ
Ù â�æ AóÓ�õ÷ä¼ÓÚë Û¼×Ðàò×¦ëºÓÜÝ�ÛôÑºÓ ÔºÖ¼× A÷ÝÞÓÚà âÅÛ¸ÑºÍÞç�ÑºÓÚÖ ä¼ÙÚâ�ÝÞÓÜäÚþáÏÒÑºÍßäERíÍßÝÞÝ4A Ó�ëºÓÚàò×ñæºäÊÛôÖ¼âÅÛôÓÜë ÍÞæüÛôÑºÓ
æºÓ·û�ÛÒÙ�Ñºâ�Ô÷ÛôÓÜÖ é®×ñÖ Ñìè�ëºÖË×ñçñÓÚæ Íßä¼×�Û¼×ñÔ Ó¸ëºÍ:S õºäËÍÞ×ñæðÍÞæðÙÚÖËè�äÊÛ�â�ÝßÝÞÍÞæ÷Ó çñÖ¼â�ÔºÑºÍ�ÛôÓÅåºâ�æºëãÍÞä â ÙÚ×ñæìÛôÍßæ¤õº×ñõºä
ÔºÖ¼×�ÙÚÓÜä¼äíÛôÑîâ¬ÛíçñÓÜÛ¼ä ÖËÓÚÔ Ó âÅÛ¼ÓÚë é®×ñÖÒëºÍ:S ÓÜÖ¼ÓÚæìÛ Ôîâ�Ö¼â�àòÓÜÛôÓÜÖ¼ä âÅÛÒÛ¼ÑºÓêëºÍISóÓÚÖËÓÚæìÛíä¼ÙÚâ�ÝÞÓÜäÚþ
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ÏÒÑºÓÚÖËÓ�Ó·û¦ÍßäËÛ¸öÅâ�ÖËÍÞ×ñõ÷ä àòÓÜÛ¼Ñº×¦ë÷ä Û¼×Ð×ÂöñÓÚÖËÙÚ×ñàòÓ Û¼ÑºÓ ÝßÍÞàòÍßÛôâÅÛôÍß×ñæºä ×�é � � ÌÆäËÓÚÓ �-V.! $ é®×ñÖ¸âðÖËÓÜö�ÍÞÓ'R
×�é Û¼ÑºÓÚäËÓãàòÓÜÛ¼Ñº×¦ë÷ä�Î·þ � ×ñÝßÓÚÙÚõ÷Ýïâ�Ö ë÷è�æîâÅàðÍßÙÚäêçñÍßö�ÓÚä âüàòÍÞÙÜÖ¼×ñäËÙÚ×ñÔ÷ÍÞÙ ÍÞæ÷ä¼ÍÞç�Ñ¤ÛêÍßæìÛô× ÛôÑºÓòÔºÑìè�ä¼ÍÞÙÚâ�Ý
ÔºÖ¼×�ÙÚÓÜä¼ä ×�é ëºÍ:S õ÷ä¼ÍÞ×�æ ×�é â Ñìè�ëºÖ¼×ñç�ÓÚæ ÍÞä¼×ÅÛô×ñÔ ÓãÍßæ ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍßæºÓãçñÖ¼â�ÔºÑºÍ�ÛôÓãâ�ä2R ÓüÑºâÂö�Ó ä¼ÓÜÓÚæ ÍÞæ
ÛôÑºÓ Ô÷Ö¼ÓÜö�Íß×ñõºäÒÙ�Ñîâ�Ô¦ÛôÓÚÖÜþ ÏÒÑºÓ Ñìè¦ë÷Ö¼×ñçñÓÜæ Íßä¼×�Û¼×ñÔ Ó ö�ÍWAºÖ¼âÅÛôÓÜäÒÍÞæ â�Ô ×�ÛôÓÜæìÛôÍïâÅÝ�R ÓÚÝÞÝ é®×ñÖ¼àòÓÚë AìèðÛôÑºÓ
ö�ÍWAºÖ¼âÅÛôÍßæºçêÙ â�Ö Aó×ñæðâÅÛ¼×ñàðä â�æ÷ëCR â�æºëºÓÜÖ¼ä ÍÞæ�ÛôÑºÓ � � ÔºÝÞâ�æºÓ8RíÑºÍÞÙ�ÑðÍÞä ÛôÑ÷Ó ÔºÝÞâ�æºÓíÔîâ�Ö¼â�ÝÞÝßÓÚÝ�Ûô×êÛôÑºÓ
çñÖôâÅÔºÑºÓÚæ÷ÓÒÝïâ èñÓÜÖ¼ä Ì � ÍÞçºþ"!¦þ-/ìÎ·þ �¸õºÖËÍÞæºçáÛ¼ÑºÓ ö�ÍWAºÖ¼âÅÛôÍß×ñæºäÈÍßÛ Ó²û¦Ù�Ñîâ�æºçñÓÜä ÓÜæºÓÚÖËç�è2RíÍ�ÛôÑ�Û¼ÑºÓ ö�ÍWAºÖ¼âÅÛôÍßæºç
Ù â�Ö Aó×�æ âÅÛô×�àðä¸â�Ö¼×ñõ÷æºë ÍßÛÚþ @ Û¸ä¼×ñàòÓ Ô ×ñÍßæ¤Û¸ÍÞæüÛôÑºÓ�äËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæ åîë÷õºÓ Ûô×ðÍÞæìÛôÓÜÖôâ�Ù·ÛôÍß×ñæ RíÍ�ÛôÑ Í�Ûôä
æºÓÚÍßçñÑ Aó×�Ö¼ÍÞæ÷çáâÅÛ¼×ñàðäÜåñÍßÛýçìâ�ÍßæºäýÓÜæº×ñõºçñÑ ÓÜæºÓÚÖËç�èÕÛô× Ó·û¦Í�ÛýÛôÑ÷ÓÒÔó×�Û¼ÓÚæìÛôÍÞâ�Ý R ÓÜÝÞÝ÷Í�ÛýÍßäýÛôÖ¼â�ÔºÔ ÓÚë Íßæ â�æºë
ÓÚæìÛôÓÜÖ¼ä¸â�æ÷Ó(R Ô ×�ÛôÓÜæìÛôÍïâÅÝ�R ÓÜÝÞÝ âÅÛ â æºÓ(R ÝÞ×�Ù âÅÛ¼ÍÞ×ñæ RíÍ�ÛôÑºÍßæ Û¼ÑºÓêçñÖôâÅÔºÑºÍßÛ¼Ó ÙÚÖÊè¦äÊÛ�â�Ý´þ � ×ñäËÛ ×�é ÛôÑºÓä¼Íßà�õºÝïâ¬ÛôÍÞ×�æ ÛôÍßàðÓ Íßä ä¼Ô ÓÚæìÛ Íßæ ÛôÑºÓÜä¼Óíö¦ÍIAºÖôâ¬ÛôÍÞ×�æºä ÍÞæòâêÔó×ÅÛôÓÚæìÛ¼Íïâ�Ý R ÓÚÝßÝ°þ � ×�Û¼ÓíÛ¼ÑîâÅÛ Û¼ÑºÓ Ñìè�ëºÖË×ñçñÓÚæÍÞäË×�Ûô×ñÔ Ó â�Ýßä¼× Ýß×ñä¼ÓÜä ÍÞæ÷é®×�Ö¼àðâÅÛôÍß×ñæÐâ�A ×ñõ÷Û ÍßÛôä ÓÚæìÛôÖÊè ÔîâÅÛ¼Ñ R â è ÍÞæìÛ¼×�ÛôÑºÓ Ô ×�ÛôÓÜæìÛôÍïâÅÝ�R ÓÚÝÞÝ RíÍßÛ¼ÑºÍÞæ â
é®Ó(R ö�ÍIAºÖôâÅÛ¼ÍÞ×ñæ÷äÚþ ø Û¼ä Ó²û¦ÍßÛ Ö¼×ñõ¦ÛôÓêé®Ö¼×ñà Û¼ÑºÓÕÔó×�Û¼ÓÚæìÛôÍÞâ�Ý R ÓÚÝßÝ ÍßäíÍÞæºëºÓÜÔóÓÜæºëºÓÜæ¤Û¸×�é Í�ÛôäíÓÚæìÛ¼ÖËè ÔîâÅÛ¼Ñ þ
ÏÒÑºÍÞä ÍßàðÔºÝßÍÞÓÜäýÛôÑîâ¬Û ÓÚâ�Ù�ÑòÙÚ×ñæºäËÓÚÙÜõ÷ÛôÍ�öñÓ ØËõ÷àðÔ�ÍÞä ÍßæºëºÓÚÔ ÓÚæ÷ëºÓÚæìÛ ×�é Í�Ûôä Ôîâ�äÊÛ ÑºÍÞäÊÛô×ñÖÊèñþ ÏÒÑºÓÜÖ¼Ó·é®×ñÖ¼Ó Íßé
R ÓÕÙ âÅæ ÖËÓÜé®×ñÖËà�õºÝïâ¬ÛôÓáÛôÑ÷Ó âVAó×ÂöñÓÕëºÍ:S õºäËÍÞ×ñæ ÔºÑ÷ÓÚæº×ñàòÓÚæºâðâ�äíÔºÖË× Aîâ�A÷ÍÞÝÞÍ�ÛôÍßÓÚä é®×�Ö ØËõ÷àðÔºÍßæºç ×ñõ÷Û ×�é
ÛôÑºÓÒÔ ×�Û¼ÓÚæìÛôÍÞâ�Ý�Û¼Öôâ�Ô÷äÚå RíÍßÛ¼Ñ�ÔºÖË× Aîâ�AºÝßÓ ÝÞÓÜæºç�Û¼Ñºä â�æºë ë÷ÍÞÖ¼ÓÜÙÜÛ¼ÍÞ×ñæºä é®×ñÖýÛ¼ÑºÓ ØËõºàòÔºäÚå R ÓÒÙ âÅæ ä¼Ù âÅÝÞÓ õºÔ
âòÝß×�ÛíÍÞæ ÛôÑ÷ÓÕÛ¼ÍÞàòÓêâ�æºëüÍÞæ ÛôÑºÓÕæ¤õºàNA ÓÚÖ ×�é Ôºâ�ÖËÛ¼ÍÞÙÚÝßÓÚäÒäËÍÞà�õºÝÞâÅÛôÓÜë õºä¼Íßæºç � ÍßæºÓÜÛ¼ÍÞÙ � ×ñæìÛ¼Ó � � â�ÖËÝÞ×
Ì � � �ÒÎ+�-VA#�$´þ

øùæüÛôÑºÓÕæºÓ²û¦Û¸ä¼ÓÜÙÜÛôÍß×ñæ ÛôÑºÓ ÍÞëºÓÚâ�ä AóÓÜÑºÍÞæºë � � � â�ÖËÓ ÔºÖËÓÚäËÓÚæìÛôÓÜë â�ÝÞ×ñæ÷ç RíÍ�ÛôÑüÛôÑºÓ â�ÝÞç�×ñÖ¼Í�ÛôÑºà
R Ó õ÷ä¼Ó;�-V0/R$´þ � � � õºä¼ÓÜäÐÛôÑºÓ Íßæºä¼ÍßçñÑìÛôäðçìâ�ÍÞæ÷ÓÚë é®ÖË×ñà � � â�æºë ëº×�ÓÚäãæº×�Û Ñîâ ö�Ó ÛôÑºÓ ÝßÍÞàòÍ '
Û�âÅÛ¼ÍÞ×ñæ÷ä�×ñæ ÛôÑ÷Ó æ�õ÷àNAóÓÜÖ ×�éíÔîâ�ÖÊÛôÍßÙÚÝÞÓÜä�×ñÖ�×�æ ÛôÑºÓÐÛ¼ÍÞàòÓðÛôÑºâÅÛ Ù âÅæ A Ó ä¼Íßà�õºÝÞâÅÛôÓÜë â�ä Íßæ � � þ



� � � �0� � � �#� � � ����� 	 � � �R��� �����1� ��� � �0� ��� � � ������� � �	���	� ����� � ��
 � �

ÏÒÑºÓãÔîâÅÖôâ�àòÓÜÛ¼Ö¼Í
�ÚâÅÛôÍß×ñæ ×�é ÛôÑºÓ � � ÖËÓÚä¼õ÷ÝßÛôä=RíÍßÛ¼ÑºÍÞæ ÛôÑ÷Ó � � � àò×¦ë÷ÓÚÝ ÍÞäêëºÓÜä¼ÙÜÖ¼ÍWA ÓÚë â�æºë Û¼ÑºÓ
Ö¼ÓÚäËõºÝßÛ¼ä â�ÖËÓ ÙÚ×�àðÔîâÅÖ¼ÓÚë þ � Íßæîâ�ÝÞÝ�è âãäËÍÞàòÔºÝÞÓêàò×¦ëºÓÜÝ é®×�Ö ÛôÑ÷Ó ëºÍ:S õºäËÍÞ×ñæ ×�é Ñìè�ëºÖ¼×ñç�ÓÚæ ÍÞäË×�Ûô×ñÔ ÓÕÍÞæ
ÙÚÖËè�äÊÛ�â�ÝßÝÞÍÞæ÷ÓáçñÖôâÅÔºÑºÍßÛ¼Ó ÍÞäÒÔºÖËÓÚäËÓÚæìÛôÓÜë RíÑºÍÞÙ�ÑüàðâÅÛôÙ�ÑºÓÜäÒÛôÑºÓ � � � âÅæºë ÛôÑºÓ � � Ö¼ÓÚäËõºÝßÛ¼äÚþ
K ��� -�R ��' � ��� 	SR ������� 	������ 	�� � �%�$'�	���� � ��� 	�' O�� � R M�� ����� � .

M�� 	��������

� è�æîâ�àòÍÞÙÚä ×�é â � Aó×�ë÷è ÔºÖ¼× A÷ÝÞÓÚà Ù âÅæ A ÓÐäËÍÞà�õºÝÞâÅÛôÓÜë Aìè Û¼Öôâ�æºäËÍßÛ¼ÍÞæºç Û¼ÑºÖ¼×�õºçñÑ ÛôÑ÷ÓÐö�âÅÖ¼ÍÞ×�õºä
ä¼õºÙÜÙÚÓÚäËä¼Í�öñÓ�äÊÛ�âÅÛ¼ÓÚä¸×ÅéýÛôÑ÷Ó äÊè¦äÊÛôÓÜà å ëºÓÜæº×�ÛôÓÜë Aìè

σ
þ
σ
ÍÞäíÙ�Ñîâ�Ö¼â�ÙÜÛ¼ÓÚÖËÍ
�ÚÓÜë Aìè ÛôÑºÓÕÔ ×ñä¼Í�ÛôÍÞ×�æºäíâ�æºë

öñÓÚÝß×¦ÙÜÍßÛ¼ÍÞÓÚä ×�é Û¼ÑºÓáÍßæºëºÍßö�Íßëºõîâ�ÝîÔîâÅÖËÛôÍßÙÚÝßÓÚä ÛôÑîâÅÛ ÙÚ×ñæ÷äËÛôÍ�Ûôõ÷Û¼Ó Û¼ÑºÓ¸äÊè¦äÊÛôÓÜà þ ÏÒÑºÍßä ÛôÖ¼â�æºäËÍßÛôÍß×ñæòÙ â�æ A Ó
Ö¼ÓÚÔ÷Ö¼ÓÚäËÓÚæìÛôÓÜë AìèÐÛôÑ÷ÓÕÓ G õîâÅÛôÍß×ñæ Ì�RíÍÞë÷ÓÚÝßè L¤æº× Ríæ â�äÒÛ¼ÑºÓ � â�äËÛ¼ÓÚÖíÓ G õîâ¬ÛôÍÞ×�æ Î

∂P (σ, t)

∂t
=
∑

σ′

W (σ′ → σ) P (σ′, t)−
∑

σ′

W (σ → σ′) P (σ, t)
Ì�/÷þ #ÉÎ

RíÑºÓÚÖËÓ
σ
â�æºë

σ′
â�ÖËÓ äËõºÙÚÙÜÓÚäËä¼Íßö�Ó�äËÛ�â¬ÛôÓÚä¸×�é ÛôÑ÷Ó äËè�äÊÛôÓÚàüå

P (σ, t)
ÍÞäíÛôÑºÓ�Ô÷Ö¼× AîâVAºÍÞÝßÍßÛùèãÛ¼ÑîâÅÛ ÛôÑºÓ

äËè�äËÛ¼ÓÚà ÍÞäêÍÞæ äËÛôâÅÛôÓ
σ

â¬ÛÕÛ¼ÍÞàòÓ
t
åýâÅæºë

W (σ′ → σ)
ÍßäêÛ¼ÑºÓòÔºÖ¼× Aºâ�AºÍÞÝßÍßÛùè ÔóÓÜÖ õºæ÷ÍßÛ ÛôÍßàðÓ Û¼ÑîâÅÛ

ÛôÑºÓòäËè�äËÛ¼ÓÚà RíÍÞÝßÝ õºæºë÷ÓÚÖ¼ç�× â ÛôÖôâÅæºä¼Í�ÛôÍÞ×�æ é®ÖË×ñà äÊÛ�âÅÛ¼Ó
σ′

Ûô×üäËÛôâÅÛôÓ
σ
þ	� ä¼õºâ�ÝÞÝ�èñå � ×ñæìÛôÓ � � â�ÖËÝÞ×

àðÓ·ÛôÑº×�ëºä â�ÖËÓ�ÓÚàòÔºÝß×Éè�ÓÚë Û¼× Ó·û¦ÔºÝÞ×�Ö¼Ó Û¼ÑºÓ öÅâ�Ö¼Íß×ñõºä äËÛ�â¬ÛôÓÚä ×Åé äËõºÙ�Ñ âÐäËè�äËÛ¼ÓÚà Íßæ ×ñÖËëºÓÚÖ¸Û¼× Hîæºë
ÛôÑºÓêàò×ñäËÛíÔºÖË× Aîâ�A÷ÝÞÓ àòÍÞæºÍßà�õºà ÓÚæºÓÜÖ¼ç�è äÊÛ�âÅÛ¼ÓÕâÅÛ Ó G õºÍÞÝßÍWAºÖËÍÞõºàüþ ÏÒÑºÍÞäíÙ âÅæ A Óêëº×ñæºÓ=Aìè ä¼Ó·Û¼ÛôÍßæºç
ÛôÑºÓ *  F ×Åé D G æ þ-/÷þ #�Û¼× �ÚÓÜÖ¼×üâ�æºë Ó²û÷Ô÷ÝÞ×ñÖËÍÞæºçãöÅâ�ÖËÍÞ×ñõ÷äáäËÛôâÅÛôÓÜä ×�é ÛôÑºÓ äÊè¦äÊÛôÓÜà RíÍßÛ¼Ñº×ñõ÷Û ÖËÓ â�ÝßÝßè
Aó×�Û¼ÑºÓÚÖËÍÞæºçêâVAó×ñõ¦Û ÛôÑºÓíë÷è�æîâ�àòÍÞÙÚâ�Ý¦Û¼Öôâ�æ÷ä¼ÍßÛ¼ÍÞ×ñæ é®Ö¼×ñà ×ñæºÓíäËÛôâÅÛôÓ Û¼× âÅæº×�ÛôÑ÷ÓÚÖÚþ  × R Ó·öñÓÜÖÚå÷Íßæ ×ñÖ¼ë÷ÓÚÖ
Ûô×ãç�ÍßöñÓ â�ë÷è�æîâ�àòÍÞÙ âÅÝ ÍßæìÛôÓÚÖËÔºÖ¼Ó·Û�âÅÛ¼ÍÞ×ñæ é®×ñÖÒÛôÑ÷Ó ÛôÖ¼â�æºäËÍßÛôÍß×ñæºäÜåîÙÚÖ¼Í�ÛôÓÜÖ¼Íïâ�é®×ñÖíÛôÑ÷ÓÕÛ¼Öôâ�æºäËÍßÛ¼ÍÞ×ñæüÔºÖ¼×�AA'
â�AºÍÞÝßÍßÛ¼ÍÞÓÚä â�ÖËÓÕæ÷ÓÚÙÚÓÜä¼ä¼â�ÖËè�þ

8 5 46574 
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� ÍÞÙ�ÑìÛôÑ÷×ñÖ¼æ âÅæºë � ÓÚÍÞæ A ÓÚÖËç �"VA# $ ÓÜäËÛ�âVAºÝÞÍßä¼ÑºÓÜëãÛôÑîâ¬Û � ×ñæìÛ¼Ó � � â�ÖËÝÞ×�äËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæºä ÙÚâ�æ AóÓ õºä¼ÓÜë Ûô×
ä¼ÍÞà õºÝïâÅÛ¼Ó¸ÛôÑ÷ÓÕë¦è¦æºâ�àðÍßÙÚäÒ×�éýâ TÈ×ñÍßä¼äË×ñæ ÝßÍWLÅÓ ÔºÖ¼×�ÙÚÓÜä¼ä Íßé
• Ï Öôâ�æºäËÍßÛ¼ÍÞ×ñæ�ÔºÖË× Aîâ�AºÍßÝÞÍ�ÛôÍÞÓÜä â�ÖËÓíÙÚÖ¼ÓÚâÅÛôÓÜëãäËõºÙ�ÑðÛ¼ÑîâÅÛ âÕë¦è¦æºâ�àðÍßÙ â�Ý÷ÑºÍÞÓÜÖôâ�ÖËÙ�Ñ¤è�×Åé ÛôÖ¼â�æºäËÍßÛôÍß×ñæ

ÖôâÅÛ¼ÓÚä Û¼×�ÙÚ×�Ö¼Ö¼ÓÜÙÜÛ¼Ýßèðàð×�ëºÓÚÝ ÛôÑ÷ÓáàðÍßÙÚÖË×ñä¼ÙÜ×ñÔºÍÞÙ7Aîâ�ÖËÖ¼ÍßÓÚÖ ÙÚÖ¼×�ä¼ä¼ÍßæºçñäêÌ®ÓÜö�ÓÚæìÛôäôÎÒÍßä ÓÜäËÛ�âVAºÝÞÍßä¼ÑºÓÜë��
• �¸Ó·Û�â�ÍßÝÞÓÚë Aîâ�ÝÞâ�æºÙÚÓ ÍÞäðäôâÅÛ¼ÍÞä HºÓÚë âÅÛãÓ G õºÍÞÝßÍWAºÖËÍÞõºàüå RíÑ÷ÍÞÙ�Ñ àòÓ â�æ÷äãÛôÑîâ¬Û â�ÝßÝíÛ¼ÑºÓ Ó G õºâ�ÝÞÝ�èÔºÖ¼×�Aîâ�AºÝßÓ ÓÚÍßçñÓÚæ äËÛ�â¬ÛôÓÚä¸×�é âãäËè�äÊÛôÓÚà âÅÛáÓ G õ÷ÍÞÝÞÍIAºÖ¼Íßõºà ÙÚâ�æPAóÓ�â�ÙÚÙÜÓÚä¼äËÓÚëPRíÍßÛ¼Ñ ÛôÑºÓ äôâ�àòÓ

ÔºÖ¼×�Aîâ�AºÍßÝÞÍßÛùè��
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• ÏÒÑºÓêöÅâ�Ö¼Íß×ñõºä Ó·öñÓÜæ¤Û¼äáâ�ÖËÓêÍÞæºëºÓÜÔóÓÜæºëºÓÜæ¤ÛÚå â�æºë
• ÏÒÍßàðÓ ÍßæºÙÚÖËÓÚàòÓÚæìÛôä â�ÖËÓ Ù â�ÝßÙÚõºÝÞâÅÛôÓÜë âÅÔºÔºÖ¼×�ÔºÖ¼ÍÞâÅÛôÓÜÝßèãâ�äíëºÓ(Hîæ÷ÓÚë AìèS�-VA#�$´þ

∆t = − ln(U)∑
i niri

Ì�/÷þ"!ñÎ
RíÑºÓÚÖËÓ�å

ni
Íßä ÛôÑ÷Ó æ¤õºàNA ÓÚÖ ×�é âÅÛô×�àðä Ù â�Ôºâ�AºÝÞÓÕ×�é õºæ÷ëºÓÚÖËçñ×ñÍÞæ÷çÐâòÛ¼Öôâ�æ÷ä¼ÍßÛ¼ÍÞ×ñæ Ýïâ�A ÓÚÝßÓÚë

i
å
U

Íßäáâ
õºæºÍ�é®×ñÖ¼à Öôâ�æºë÷×ñà æ¤õºàNA ÓÚÖ8A ÓÜÛ R ÓÚÓÜæ �ÚÓÜÖ¼×ðâ�æºëü×ñæºÓ�åºâ�æºë

ri
ÛôÑºÓ ÛôÖ¼â�æºäËÍßÛôÍß×ñæÐÖ¼âÅÛôÓÅþ

ÏÒÑ÷Ó�â�Aó×Âö�ÓòÙÜÖ¼Í�ÛôÓÚÖËÍïâ A ÓÚÙÜ×ñàòÓÚä ÙÚÝßÓ â�ÖERíÑºÓÚæ â�ÔºÔ÷ÝÞÍÞÓÜë Ûô× ×ñõ÷Ö ÔºÖ¼× A÷ÝÞÓÚàüþ3F¦õºÔºÔ ×ñäËÓ R Ó Ñîâ öñÓ
N

Ñ¤è�ëºÖË×ñçñÓÜæ ÍÞæìÛ¼ÓÚÖ¼äÊÛôÍ�ÛôÍïâÅÝÞä�ëºÍßäËÛ¼Ö¼ÍWA÷õ÷ÛôÓÜë Íßæºä¼ÍßëºÓÐöÅâ�Ö¼Íß×ñõºä ÙÚÖÊè�äËÛ�âÅÝÞÝÞÍ�ÛôÓÜä ×�é â çñÖôâÅÔºÑºÍßÛ¼Ó äôâ�àòÔºÝßÓ�þ
� Ó3L¤æº× R é®ÖË×ñà ×ñõºÖ � � ä¼Íßà�õºÝÞâÅÛôÍß×ñæºäÒÛôÑîâ¬Û Û¼ÑºÓÚäËÓ�Ù â�æ ëºÍISóõºä¼Ó ÍÞæ Û¼ÑºÓ ÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼ÓÚä8RíÍßÛ¼Ñ Û R ×
ëºÍISóÓÚÖËÓÚæìÛ3L�ÍßæºëºäÕ×�é ØËõ÷àðÔºäÕëºÓÜä¼ÙÚÖËÍWA ÓÚëMA¤è Û¼ÑºÓÚÍßÖ ØËõ÷àðÔ é®Ö¼Ó G õ÷ÓÚæºÙÜÍÞÓÚäÜå àòÍÞçñÖ¼âÅÛôÍß×ñæ ÓÚæ÷ÓÚÖ¼ç�ÍÞÓÚä â�æºë
ØËõºàòÔ ëºÍÞäÊÛ�â�æ÷ÙÚÓÚä

(ωl,ho , E
l,h
m , Ll,h)

þ ÏÒÑºÓÚÖËÓÜé®×ñÖËÓãÛôÑ÷ÓÚÖ¼ÓÐâ�Ö¼Ó
2N

Û¼Öôâ�æºäËÍßÛ¼ÍÞ×ñæºäêÔ ×ñä¼äËÍWAºÝßÓÐâ�æ÷ë ÛôÑºÓ
ÛôÖ¼â�æºä¼Í�ÛôÍß×ñæÐÖôâ¬ÛôÓÚä Ñîâ öñÓ Ûô× ×�ÙÚÙÜõºÖ ä¼õ÷Ù�ÑüÛ¼ÑîâÅÛ Û¼ÑºÓáàòÍÞÙÚÖË×ñä¼ÙÜ×ñÔºÍßÙ%Aîâ�ÖËÖ¼ÍßÓÚÖ ÙÜÖ¼×ñäËä¼ÍÞæ÷çñäÒâ�ÖËÓáÙÚ×ñÖËÖ¼ÓÜÙÜÛôÝ�è
ÍÞàòÔºÝÞÓÜàðÓÜæìÛôÓÚë ÙÜ×ñæºäËÍÞäËÛ¼ÓÚæìÛCRíÍßÛôÑ Û¼ÑºÓ ÔºÖ¼× Aºâ�AºÍÞÝßÍßÛ¼ÍÞÓÚä ×�é ö�âÅÖ¼ÍÞ×�õºä ØËõºàòÔ ÓÜöñÓÜæìÛôäÚþ ÏÒÑºÍÞä�Íßä ëº×ñæºÓ
õºä¼Íßæºç ÛôÑºÓ7J � * â�ÝÞçñ×�Ö¼ÍßÛ¼Ñºà �"V0/�$ ëºÓÚäËÙÚÖËÍWA ÓÚëòÍÞæ ÛôÑºÓÒæ÷Ó·û�Û Ôºâ�Öôâ�ç�Öôâ�ÔºÑ þ �¸Ó·Û�â�ÍßÝÞÓÚë AîâÅÝïâ�æºÙÜÓ R ×�õºÝÞë
àðÓÚâ�æêÛôÑîâÅÛ Í�é R Ó ÍßæºÍßÛ¼Íïâ�ÝßÝßè â�äËä¼ÍÞç�æ â �ÕâÅõºä¼äËÍïâ�æÕëºÍÞäÊÛôÖËÍWAºõ÷Û¼ÍÞ×ñæáé®×�Ö Û¼ÑºÓ âÅÛô×ñàòäÚå¬âÅÛ Ó G õ÷ÍÞÝÞÍIAºÖ¼Íßõºà ÛôÑºÓ
ÍÞæìÛôÓÜÖ¼äÊÛôÍßÛ¼Íïâ�Ýßä RíÍÞÝßÝ AóÓ õºæºÍßé®×�Ö¼àòÝßè�ë÷ÍÞäËÛ¼Ö¼ÍIAºõ÷ÛôÓÜëãÍ�é Ô ÓÚÖ¼Íß×¦ë÷ÍÞÙ Aó×�õºæºëîâ�ÖÊèòÙÚ×ñæºë÷ÍßÛôÍß×ñæºä â�ÖËÓ¸ä¼Ô ÓÚÙÜÍIHîÓÜë þ
� Ó Ñîâ öñÓ äËÓÚÓÚæ é®ÖË×ñà ×ñõºÖ � � ä¼Íßà�õºÝÞâÅÛôÍß×ñæºä�ÛôÑºâÅÛ â Ôîâ�ÖËÛ¼ÍÞÙÜÝÞÓ�ØËõºàðÔ÷ÍÞæºç ×ñõ÷Ûð×�éÕâ Ô ×�Û¼ÓÚæìÛôÍÞâ�Ý
R ÓÜÝÞÝ Ñîâ�ä ÝÞ×ñäÊÛ â�ÝÞÝ L¤æº× RíÝÞÓÜëºçñÓ ×�é�RíÑºÓÜÖ¼Ó ÍßÛ ÓÚæìÛôÓÜÖ¼ÓÜëãÛôÑºÓ Ô ×�ÛôÓÜæ¤Û¼Íïâ�Ý R ÓÚÝßÝ°þýÏÒÑ÷ÍÞä ÍÞàòÔºÝÞÍßÓÚä ÛôÑºâÅÛ ÛôÑºÓ
ØËõºàòÔºäýâÅÖ¼Ó ÍÞæºëºÓÜÔóÓÜæºëºÓÜæ¤ÛÚþ � Íßæîâ�ÝÞÝ�è Û¼ÑºÓ Û¼ÍÞàòÓ äËÛ¼ÓÚÔ âÅé¨Û¼ÓÚÖ Ó â�Ù�Ñ ÛôÖôâÅæºä¼Í�ÛôÍÞ×�æÕà õºäËÛAóÓ ÍÞæ÷ÙÚÖ¼ÓÜàðÓÜæìÛôÓÚë
â�ä Ô ÓÚÖ D G æ þ-/÷þ !�þ øùæ Û¼ÑºÍÞä Ù â�äËÓáÛôÑºÓÜÖ¼Óêâ�ÖËÓ¸Û R ×�Û¼Öôâ�æ÷ä¼ÍßÛ¼ÍÞ×ñæ÷ä Ô ×ñä¼äËÍWAºÝßÓ¸é®×ñÖ Ó â�Ù�Ñ ×�é ÛôÑ÷Ó � âÅÛ¼×ñàðäÜå
ÓÚÍ�ÛôÑºÓÜÖáâðÝß× R é®Ö¼Ó G õ÷ÓÚæºÙ·è�ØËõºàòÔ ×�Ö¸âãÑ÷ÍÞçñÑ é®Ö¼Ó G õ÷ÓÚæºÙ·èòØËõºàòÔ RíÍ�ÛôÑ Û¼ÑºÓ Û¼Öôâ�æ÷ä¼ÍßÛ¼ÍÞ×ñæüÖôâ¬ÛôÓÚä çñÍ�öñÓÚæ
Aìè D G æ þ"!¦þ 	÷þ ÏÒÑºÓÚÖËÓÜé®×ñÖËÓ ∆t

ÍÞæ ÛôÑ÷ÍÞäÒÙ âÅä¼Ó=RíÍÞÝÞÝ�AóÓ −ln(U)
2N(ωl+ωh)

þ
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AºÖ¼ÍßÓÜúºèÐõºä¼Íßæºç ÛôÑºÓÕâ�A ×ÂöñÓêÓ·û÷â�àòÔºÝÞÓ ×Åé

N
Íßæ¤Û¼ÓÚÖËäËÛôÍ�ÛôÍÞâ�ÝÞä Íßæ ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍßæºÓ çñÖôâÅÔºÑºÍßÛ¼Ó�þ
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@ � � � ÙÜ×¦ë÷Ó Ì � Í�� é®×ñÖ �¸Í:S õºäËÍÞ×ñæüÍÞæ � Öôâ�ÔºÑ÷ÍßÛôÓ Î R â�ä ëºÓÜö�ÓÚÝß×ñÔóÓÜë Ûô×òäËÛ¼õºë÷èüÛôÑºÓÕëºÍ:S õºäËÍÞ×ñæü×�é
ÍÞæìÛôÓÜÖ¼äËÛ¼ÍßÛ¼Íïâ�Ýßä ÍÞæ ç�Öôâ�ÔºÑ÷ÍßÛôÓÅþ ø Û Íßä3RíÖ¼Í�Û¼Û¼ÓÚæ Íßæ âüàð×�ëºõºÝÞâ�Ö éÆâ�ä¼ÑºÍß×ñæ Ûô× àðâ�L�Óðâ�ëºë÷ÍßÛôÍß×ñæ ×�éÒæºÓ'R
ä¼Ô ÓÚÙÚÍßÓÚäÜå¦æºÓ'R ÍÞæìÛ¼ÓÚÖôâÅÙÜÛôÍß×ñæºäÜå�Ó·ÛôÙÅþßå�Ó â�äÊèñþ ÏÒÑºÓíöÅâ�ÝÞõ÷ÓÚä ×�é
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å
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m
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× A÷Ûôâ�ÍÞæ÷ÓÚë
é®Ö¼×ñà ÛôÑºÓ � � äËÍÞà�õºÝÞâÅÛôÍß×ñæºä�R ÓÜÖ¼Óíõºä¼ÓÜëòÛ¼×êäËÛôõ÷ë÷è�ÛôÑ÷ÓÒëºÍISóõºä¼Íß×ñæ ×�é Ñìè�ëºÖ¼×ñç�ÓÚæòÍÞä¼×ÅÛô×ñÔ ÓÚä Íßæ�ÔºõºÖ¼ÓÅå
ÙÚÖËè�äÊÛ�â�ÝßÝÞÍÞæ÷ÓáçñÖôâÅÔºÑºÍßÛ¼Ó�þ
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@ çñÖôâ�Ô÷ÑºÍßÛ¼Ó ÙÚÖËè�äÊÛ�â�Ý ×�é ä¼Í��ÚÓ
500 × 500 × 500

�
3
R â�äêõºä¼ÓÜëMRíÍ�ÛôÑ ÔóÓÜÖ¼Íß×¦ëºÍßÙNA ×ñõºæºëîâÅÖËè ÙÜ×ñæA'

ëºÍßÛ¼ÍÞ×ñæ÷äÚþ
1000

âÅÛ¼×ñàðäê×�é ÛôÑºÓðÍÞæìÛôÓÜÖ¼äÊÛôÍßÛ¼Íïâ�Ýýä¼Ô ÓÚÙÚÍßÓÚä=R ÓÜÖ¼ÓðõºæºÍßé®×�Ö¼àòÝßè ë÷ÍÞäËÛ¼Ö¼ÍIAºõ÷ÛôÓÜë RíÍ�ÛôÑºÍßæ Û¼ÑºÍÞä
öñ×ñÝßõºàòÓ�þ ÏÒÑºÓ äËÍÞà�õºÝÞâÅÛôÍß×ñæQR â�äòÙ â�ÖËÖ¼ÍÞÓÜë ×�õ÷Û�é®×ñÖ

100000 � � � äÊÛôÓÚÔ÷äCRíÑºÍßÙ�Ñ ÍßàðÔºÝßÍÞÓÜä ÛôÑîâ¬Û
Ó â�Ù�Ñ Ôîâ�ÖÊÛôÍÞÙÜÝÞÓ�Ñºâ�äê×ñæ â ö�ÓÚÖôâÅçñÓðõ÷æºëºÓÚÖËçñ×ñæºÓ

100
ØËõºàòÔºäÚþ�ÏÒÑºÓòëºÍISóõºäËÍÞ×ñæ ÙÜ×¦Ó'OðÙÜÍÞÓÜæ¤ÛÕÍßæ Û¼ÑºÓÚäËÓ

Ù â�äËÓÚäÕÍÞä âÅçìâ�ÍÞæ ÙÚâ�ÝÞÙÜõºÝïâ¬ÛôÓÚë õ÷ä¼ÍÞæ÷ç D G æ þ"!¦þ 9 â öñÓÜÖôâ�ç�ÓÚë ×Éö�ÓÚÖ ÛôÑ÷ÓòàòÓ âÅæ ä G õîâ�ÖËÓðëºÍßä¼ÔºÝÞâ�ÙÚÓÜàðÓÜæìÛôä
×�é ÛôÑ÷Ó

1000
Ôºâ�ÖËÛ¼ÍÞÙÚÝßÓÚäÜþ ÏÒÑºÓ ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ Íßä¸Ö¼ÓÜÔóÓÚâÅÛôÓÜë

100
ÛôÍßàðÓÜä Û¼×Ðä¼ÓÜÓ ÛôÑ÷Ó öÅâ�Ö¼ÍÞâ�æºÙÜÓ ×�é Û¼ÑºÓ

Ù â�ÝßÙÚõºÝÞâÅÛôÓÜë Ö¼ÓÚäËõºÝßÛ8RíÑ÷ÍÞÙ�Ñ R â�ä â�Ý:R â è�äíÝÞÓÚäËäÒÛôÑîâ�æ
0.01

þ
ÏÒÑ÷Ó ÍÞæºÔºõ¦ÛôäáÛô×ÐÛ¼ÑºÓ�ÙÚ×�ëºÓ�â�ÖËÓ�× A÷Ûôâ�ÍÞæºÓÜë é®Ö¼×ñà HºÛôäáÛ¼× ×ñõºÖ � � ä¼Íßà�õºÝÞâÅÛôÍß×ñæºä ÌÆÏÈâ�AºÝÞÓÅþ !�þ !ñÎ²þ

Ï�R × Ûùè�Ô ÓÚä ×�é äËÍÞà�õºÝÞâÅÛôÍß×ñæ R ÓÚÖ¼ÓðÙ â�ÖËÖ¼ÍßÓÚë ×ñõ÷Û å ×ñæºÓ RíÍßÛ¼Ñ â ÙÚ×�æºäËÛôâ�æìÛíØËõºàòÔ ä¼Í
�ÜÓ
Ll

â�æ÷ë
Lh

å
â�æºë ÛôÑºÓ�×�Û¼ÑºÓÚÖ=RíÍßÛ¼Ñ â öÅâ�ÖËè�ÍÞæ÷ç�ØËõ÷àðÔ ä¼Í��ÚÓ Ûô×üàð×�ëºÓÜÝ ÛôÑºÓòÓÚæºÑºâ�æºÙÚÓÜë ëºÍ:S õºäËÍÞ×ñæ äËÓÚÓÚæ âÅÛ

600
� Ì

1/T = 0.0017 � −1
ÎÒÍÞæ ÛôÑºÓ Ù â�äËÓ ×�é Ñ¤è�ëºÖË×ñçñÓÜæ Ì � Íßçºþ"!¦þ-Q '·ÌÆÍïÎ¼Î â�æºë

750 � Ì
1/T = 0.0013

� −1
ÎêÍßæ ÛôÑºÓòÙ â�äËÓð×Åé ëºÓÜõ÷ÛôÓÜÖ¼ÍÞõ÷à â�æºë ÛôÖ¼Í�ÛôÍßõºà Ì � ÍÞçºþ"!¦þ QR'·Ì®ÍÞÍïÎ·å � ÍÞçºþ"!¦þ QR'·Ì®ÍÞÍßÍ¨Î¼Î²þ ÏÒÑºÓòëºÍßÖ¼ÓÚÙ·ÛôÍß×ñæºä

×�é Û¼ÑºÓ¸ØËõºàòÔºä!R ÓÜÖ¼ÓòÙ�Ñº×ñä¼ÓÜæ â�äËä¼õºàòÍÞæºç Ó G õºâ�Ý ÔºÖ¼× Aºâ�AºÍÞÝßÍßÛùè ÍÞæ ÛôÑ÷Ó ! � ÔºÝÞâ�æºÓ Ôîâ�Ö¼â�ÝÞÝßÓÚÝýÛ¼× ÛôÑºÓ
çñÖôâÅÔºÑºÓÚæ÷ÓÕÝÞâ èñÓÚÖËäÚþ

85 * 5+* � LON �<G@?1N

øùæ � ÍÞçºþA/÷þ #5R ÓêÙÜ×ñàðÔºâ�Ö¼Ó¸Û¼ÑºÓáöÅâ�ÝÞõ÷ÓÚä é®×ñÖ ÛôÑºÓ ëºÍ:S õ÷ä¼ÍÞ×�æÐÙÚ×�Ó(OòÙÚÍßÓÚæìÛ × A÷Ûôâ�ÍÞæºÓÜëãé®Ö¼×�à ×ñõºÖ � � �ä¼Íßà�õºÝïâ¬ÛôÍÞ×�æºäüÌÆõºäËÍÞæºç � � � ÎNRíÍ�ÛôÑ ÛôÑºÓüö�âÅÝÞõºÓÜäð× A¦Û�â�ÍßæºÓÚë é®Ö¼×ñà Û¼ÑºÓ � � ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ÷äüÌÆõºäËÍÞæºç
� � � � �	�.��� Î é®×�Ö Ñ¤è�ëºÖË×ñçñÓÜæãëºÍ:S õºäËÍÞ×ñæ�ÍßæòÔ÷õºÖ¼ÓíÙÚÖÊè�äËÛ�âÅÝÞÝÞÍßæºÓÒçñÖ¼â�ÔºÑºÍ�ÛôÓ�þ � ×ñÖ ÛôÑºÓíÙÜ×ñæºäËÛôâ�æìÛ ØËõ÷àðÔ
ä¼Í��ÚÓ�ä¼Íßà�õºÝïâ¬ÛôÍÞ×�æºä%R ÓCHîæ÷ë Û¼ÑîâÅÛ

3.8
� é®×�Ö

Ll
âÅæºë

10
� é®×�Ö

Lh
ç�ÍßöñÓÜä ÛôÑºÓ A ÓÚäËÛ Ö¼ÓÜä¼õºÝ�ÛôäÜþòøùæ

ÛôÑºÓáöÅâ�ÖÊè�ÍÞæºç ØËõºàòÔ ä¼Í��ÚÓ äËÍÞà�õºÝÞâÅÛôÍß×ñæºäÜå¤Û¼ÑºÓ ØËõºàòÔ ä¼Í��ÚÓÚä R ÓÚÖËÓÕâ�ÝÞäË× â�ë¬ØËõºäÊÛôÓÜë âÅÛ ×�ÛôÑºÓÜÖ çñÖ¼â�ÔºÑºÍ�ÛôÓ
ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõºÖËÓÚä¸Û¼× àãâ¬ÛôÙ�Ñ Û¼ÑºÓ � � Ö¼ÓÜä¼õºÝ�Ûôä5A ÓÜÛËÛôÓÜÖáÍÞæ âÅÙÚÙÚ×�Ö¼ëîâ�æ÷ÙÚÓNRíÍßÛ¼Ñ ÛôÑºÓ � � â�æîâ�Ý�è�ä¼ÍÞä ÍÞæ
� Ñîâ�Ô÷Û¼ÓÚÖÜþ !¦þ ÏÒÑºÍßäíçñÍßö�ÓÚäíõºä â çñ×¦×�ë Ôîâ�Ö¼â�àðÓ·ÛôÓÜÖÒä¼ÓÜÛ Íßæ Ì

ωl,ho , E
l,h
m , Ll,h

Î RíÑºÓÚæ R ÓêäËÙ â�ÝßÓÕõ÷Ô þ
� ÍÞçºþ-/÷þ"!�ÔºÝß×�Ûôä ÛôÑºÓ�ë÷ÍISóõºä¼Íß×ñæ ÙÜ×¦Ó'OðÙÜÍÞÓÜæ¤Û¼ä ×�é Ñìè�ëºÖ¼×ñç�ÓÚæ Ì

DH

Î·å ëºÓÜõ÷ÛôÓÜÖ¼Íßõºà Ì
DD

Î â�æ÷ë ÛôÖ¼Í '
ÛôÍßõºà Ì

DT

Î â�ä × A÷Ûôâ�ÍÞæ÷ÓÚë�é®Ö¼×ñà Û¼ÑºÓ � � � ä¼Íßà�õºÝïâ¬ÛôÍÞ×�æºä â�ä â é®õºæºÙÜÛ¼ÍÞ×ñæ�×�é ÍÞæìöñÓÜÖ¼äËÓ ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼Ó
Ì
1/T

Î·þáÏÒÑºÓÜä¼Ó äËÍÞà�õºÝÞâÅÛôÍß×ñæºä A ÓÚÝÞ×�æºçãÛô×ðÛôÑºÓ öÅâ�ÖÊè�ÍÞæºçÕØËõ÷àðÔ äËÍ
�ÜÓ�Ù âÅÛ¼ÓÚçñ×�ÖËè â�æºë Û¼ÑºÓÚÖËÓÜé®×ñÖËÓ ÛôÑºÓ
ÓÚæºÑºâ�æºÙÚÓÜë ëºÍ:S õ÷ä¼ÍÞ×�æ âÅÛ

600 � é®×ñÖÒÑìè�ëºÖ¼×ñç�ÓÚæ â�æºë
750 � é®×ñÖÒëºÓÚõ¦ÛôÓÚÖËÍÞõºà â�æºë ÛôÖËÍßÛôÍßõºà ä¼Ñº× Ríä

õºÔüÍÞæ ÛôÑºÓ!Hîç�õºÖ¼ÓÅþ
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HCParcas
DiG (fixed step-size)

DiG (varying step-size)
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� �2/ ��³Ä#� ���
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TQR � (�"$��	�'

� ÖË×ñà ÛôÑºÓ â�A ×ÂöñÓíÖ¼ÓÜä¼õºÝ�Ûôä ÍßÛ ÍÞä ÙÚÝßÓ â�ÖÈÛôÑîâÅÛ ×�õºÖ Ôîâ�Ö¼â�àðÓ·ÛôÖËÍ
� â¬ÛôÍÞ×�æ�×�é ÛôÑºÓ � � ÍÞä G õ÷ÍÞÓÜÛ ç�×¦×�ë�â�æºë
×ñõºÖ â�ä¼äËõºàðÔ¦ÛôÍÞ×�æ ×�éýÍÞäË×�ÛôÖË×ñÔºÍÞÙ ØËõ÷àðÔºä ÍÞæ ÛôÑ÷Ó�! � çñÖôâÅÔºÑºÓÚæ÷Ó ÔºÝÞâ�æºÓ â�ÝÞäË×ðÑ÷×ñÝÞëºäÜþ ÏÒÑºÓÜÖ¼Ó·é®×ñÖ¼Ó R Ó
Ñîâ öñÓêâ ! � Ö¼â�æºëº×�à R â�ÝWLKRíÍ�ÛôÑ L¤æº× Ríæ ÔºÖ¼×�Aîâ�AºÍßÝÞÍßÛ¼ÍÞÓÜä é®×�Ö Û R × ëºÍISóÓÚÖËÓÚæìÛ8L¤ÍÞæºë÷ä ×�é÷ØËõºàòÔºäÚþ � Ó
Ù â�æ â�ÝÞäË×ðâÅä¼ä¼Íßçñæ âòÔºÖË× Aîâ�A÷ÝÞÓ ÛôÍßàðÓáé®×ñÖíÓÚâ�Ù�Ñ�ØËõºàòÔ þ � Ó â�ÖËÓÕÛ¼ÑºÓÚÖËÓÜé®×ñÖËÓÕÓÜæºÙÚ×�õºÖôâ�ç�ÓÚë Û¼×ðÙÜÖ¼Ó â¬ÛôÓ
ÛôÑºÓ é®×ñÝßÝÞ× RíÍÞæºç�â�æîâ�Ý�è�Û¼ÍÞÙÚâ�Ý àò×¦ë÷ÓÚÝ�AîâÅä¼ÓÚëü×ñæ ÛôÑ÷Ó âVAó×ÂöñÓ â�äËä¼õºàòÔ÷ÛôÍß×ñæºäíâ�æ÷ë ÔîâÅÖôâ�àòÓÜÛ¼ÓÚÖ¼äÜþ
@ Ôîâ�ÖÊÛôÍßÙÚÝÞÓêçñÓ·ÛôäíÛôÖ¼â�ÔºÔ ÓÚë RíÍ�ÛôÑ Û R ×ÐÔ ×ñäËä¼ÍWA÷ÝÞÓ ÛôÖ¼â�Ô ÓÜæºÓÚÖËçñÍÞÓÜä

El
M

â�æºë
Eh
M

þÒÏÒÑºÓ ÔîâÅÖËÛôÍßÙÚÝßÓ
âÅÛ¼Û¼ÓÚàòÔ÷Ûôä�Û¼×ÐØËõ÷àðÔ ×ñõ÷Ûò×�é ÛôÑ÷ÓÐÛôÖôâÅÔºäKRíÍßÛôÑ é®ÖËÓ G õºÓÚæ÷ÙÚÍÞÓÜä ωlo â�æºë

ωho
þ @ ä¼ä¼õ÷àðÍßæºç ÛôÑîâÅÛ Û¼ÑºÓ

ØËõºàðÔ÷ä â�Ö¼Óíâ TÈ×ñÍßä¼äË×ñæ�ÝÞÍWLÅÓÒÔºÖ¼×�ÙÚÓÜä¼äÜå�Û¼ÑºÓ Û R ×êÛùè�ÔóÓÜä ×Åé¤ØËõºàòÔºä ×�ÙÚÙÜõºÖ RíÍßÛôÑòâáÛùè�ÔºÍÞÙÚâ�Ý÷é®ÖËÓ G õºÓÚæ÷ÙÜè×�é
ωl,h = ωl,ho e

−El,hm
kB T

Ì�/÷þ-/ìÎ
ÏÒÑºÓêÔºÖ¼× Aºâ�AºÍÞÝßÍßÛùèð×�éýâ¸ØËõ÷àðÔ ×�é Ûùè�ÔóÓãÌ

l
å
h
Î ×¦ÙÜÙÚõºÖËÖ¼ÍÞæ÷çòÍßäÒçñÍßö�ÓÚæ Aìè

P l,h(Ll,h) =
ωl,h

ωl + ωh
Ì�/÷þ Q¤Î
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m
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1/T (K-1)

DH

DD

DT

���ß�Å�¦��� ��  �¤£</óµ'� Ç¬±²¯°³¢«ÆµÜ¶ µ²¹ ÁÂ³ÄÃ�ªÅ«Æ³©µ·¶ã½¾µ »��í½¾³©»Ê¶Ú « µ·¹ ��&ÂÁÂ¯°µ'�Ü»Ê¶ ³¢«Æµ·´µÜÇÅ»¼« ³©¶�ÇÉªÉ¯°» ½Ê¯#&Â«Æ°±·§Ä§©³Ä¶¬»7�·¯ ±²Ç	�É³ °»��µ(,Â°±·³Ä¶É»¼Áí¹ ¯°µ'� #�É»�� �2/ «´³ � ªÉ§©±²´³©µ·¶¬«
RíÑºÓÚÖËÓ

Ll,h
Íßä Û¼ÑºÓ ÝßÓÚæºç�Û¼Ñ ×�é â ØËõºàðÔüé®×ñÖáâ

l,h
Ûùè�Ô Ó�×�é ØËõºàòÔ þ @ ä¼äËõºàòÍÞæºçãâãä¼ÍßàðÔºÝßÓ Ö¼â�æºëº×�à

R âÅÝWL Íßæ ! � ÌÆÍßæA' A ÓÜÛ R ÓÚÓÜæ Û¼ÑºÓ çñÖ¼â�ÔºÑºÓÜæºÓ�ÔºÝïâ�æ÷ÓÚä�Î²å ÛôÑ÷ÓòàòÓ âÅæ ä G õîâ�ÖËÓòë÷ÍÞä¼Ô÷Ýïâ�ÙÜÓÚàòÓÚæìÛêâÅé¨Û¼ÓÚÖ
NäËÛ¼ÓÚÔºä ÍÞä

< (R(t)−R(0))2 > = N [P l (Ll)2 + P h (Lh)2]
Ì�/÷þ"&ñÎ

ÏÒÑºÓêÛôÍÞàòÓáÍßæºÙÚÖËÓÚàòÓÚæìÛÒé®×ñÖÒÓ âÅÙ�Ñ�ØËõºàòÔ ÓÜöñÓÜæìÛ¸ÍßäÒçñÍßö�ÓÚæ A¤è �"VA# $

∆t = − ln(U)

ωl + ωh
Ì�/÷þ-UìÎ

RíÑºÓÚÖËÓ
U

ÍÞäíâ õºæºÍ�é®×ñÖ¼à Öôâ�æºë÷×ñà æ¤õºàNA ÓÚÖ A ÓÜÛ R ÓÚÓÚæ �ðâÅæºëS#ñþ
� ä¼ÍßæºçKD G æºäÚþ-/÷þ"&�âÅæºë /÷þ-U�â�æºë D ÍÞæ÷äËÛôÓÜÍÞæ	� ä ÖËÓÚÝïâ¬ÛôÍÞ×�æ Ì0D G æ þ"!¦þ 9ìÎ·å R Ó çñÓ·Û Û¼ÑºÓ ëºÍISóõºäËÍÞ×ñæðÙÚ×�ÓÜé '

HîÙÚÍßÓÚæìÛ ×�éÈÑ¤è�ëºÖË×ñçñÓÜæ ÍÞäË×�Ûô×�ÔóÓ Íßæ ÙÚÖËè�äÊÛ�â�ÝßÝÞÍÞæ÷Ó çñÖôâ�Ô÷ÑºÍßÛ¼Ó â�ä

D =
1

2 d

< (R(t)− R(0))2 >

∆t

Ì�/÷þ"VñÎ

=
N

4

ωlo e
−ElM
kB T (Ll)2 + ωho e

−EhM
kB T (Lh)2

∑N
i (− ln(Ui))



� � � �0� � � �#� � � ����� 	 � � �R��� �����1� ��� � �0� ��� � � ������� � �	���	� ����� � ��
 � �

K �&% � ����������������� ��� R '(���NM�	#�

@ äËÍÞàòÔºÝÞÓ ÔºÖ¼×ñç�Öôâ�à R â�ä=RíÖ¼Í�Û¼ÛôÓÜæ Ûô×üÍÞàòÔºÝÞÓÜàðÓÜæ¤Û!D G æ þ-/÷þ"V¦þòÏÒÑºÓðÍßæºÔºõ÷ÛÕÔîâÅÖôâ�àòÓÜÛ¼ÓÚÖ¼äáé®×�Ö
ωl,hoâ�æºë

El,h
M

R ÓÜÖ¼Ó ÛôÑºÓ ä¼â�àòÓ�â�äáÛôÑº×�ä¼Ó õºäËÓÚë ÍÞæ ÛôÑ÷Ó � � � äËÍÞà�õºÝÞâÅÛôÍß×ñæºäÜþ @ öÅâ�ÝßõºÓ�×�é
10

�*R â�ä
õºä¼ÓÜë é®×ñÖ

Lh
åîâ�æ÷ë â�öÅâ�ÝÞõ÷Ó ×�é

3.8
� R â�ä õ÷ä¼ÓÚë é®×ñÖ

Ll
Ó·û¦ÙÜÓÚÔ÷Û é®×ñÖ

• 600 � é®×ñÖÒÑìè�ëºÖ¼×ñç�ÓÚæ RíÑ÷ÓÚÖ¼Ó
Ll = 4.8

� å
• 600 � â�æºë

750 � é®×ñÖÒëºÓÜõ÷ÛôÓÜÖ¼ÍÞõ÷à RíÑºÓÚÖËÓ
Ll = 5.0

� å
• 600 � RíÑºÓÚÖËÓ Ll = 4.5

� â�æ÷ë
750 � RíÑºÓÜÖ¼Ó Ll = 5.0

� é®×ñÖ Û¼Ö¼Í�ÛôÍÞõ÷à þ
ÏÒÑºÓ ëºÍISóõºä¼Íß×ñæ ÙÚ×�Ó(OòÙÜÍÞÓÚæìÛ¼ä × A¦Û�â�ÍßæºÓÚë é®Ö¼×�à  � TÈâ�Ö¼ÙÚâ�äÚå �¸Í�� âÅæºë ÛôÑºÓ ä¼ÍßàðÔ÷ÝÞÓ àò×¦ë÷ÓÚÝáâÅÖ¼Ó
ä¼Ñº× RíæãÍßæ � ÍÞçºþ-/÷þ-/¸é®×ñÖ Ñ¤è�ëºÖË×ñçñÓÜæ å¦ë÷ÓÚõ÷Û¼ÓÚÖ¼Íßõºà â�æºë�ÛôÖËÍßÛ¼ÍÞõºàüþÈø Û Íßä äËÓÚÓÜæãÛôÑîâ¬Û Û¼ÑºÓíä¼ÍßàðÔºÝßÓÒàð×�ëºÓÜÝ
Ö¼ÓÚÔ÷Ö¼×�ëºõºÙÚÓÜäÕÛ¼ÑºÓ�Ö¼ÓÜä¼õºÝ�Ûôä é®×ñÖêÑìè¦ë÷Ö¼×ñçñÓÜæ Íßä¼×�Û¼×ñÔóÓ ë÷ÍISóõºä¼Íß×ñæ G õîâ�ÝÞÍ�Û�âÅÛ¼Íßö�ÓÚÝßè â�æºë G õîâ�æìÛôÍ�Û�âÅÛ¼Íßö�ÓÚÝßèÌÆõºÔ Ûô× â éÆâ�Ù·Ûô×ñÖ ×Åé !�Î ÍÞæ ÛôÑ÷ÓÐÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓ Öôâ�æºç�ÓÐäËÛ¼õºëºÍÞÓÜë å ëºÓÚàò×ñæºäÊÛôÖôâ¬ÛôÍÞæ÷ç ÛôÑîâÅÛ ÛôÑºÓ L�Ó·è
ÓÚÝÞÓÜàðÓÜæìÛôäÒé®×ñÖ ÛôÑ÷ÍÞäÒÔºÖË×¦ÙÜÓÚä¼ä ÍÞäÒõ÷æºëºÓÚÖËäËÛ¼×¦×�ë þ

K ��� � "��QR ��� 	�' R ��� ��	������ �
� 	#"$'�� ��� ( 	SR ��� '(� 	��WR ��'(�

øùæ Û¼ÑºÓêâ�æîâÅÝßè�ä¼Íßä ×�é ÛôÑ÷Ó � � ÛôÖôâÂØËÓÚÙÜÛ¼×ñÖ¼ÍßÓÚäÒÍßæÐÛôÑºÓ ÔºÖËÓÜö�ÍÞ×�õºä Ù�Ñîâ�Ô¦ÛôÓÚÖ8R Ó ä¼ÓÜÓêÛ¼ÑîâÅÛ Û¼ÑºÓ ÔºÖË×¦ëºõ÷ÙÜÛ
N × dr2

ë÷×¦ÓÜäÒæº×�ÛÒä¼âÅÛôõºÖ¼âÅÛôÓ é®×ñÖ Û¼ÑºÓ
900 � ÙÚâ�ä¼Ó é®×ñÖ Ñìè�ëºÖ¼×ñç�ÓÚæ ÍÞæìÛôÓÜÖ¼äÊÛôÍßÛ¼Íïâ�ÝÈÌ � ÍÞçºþ"!¦þ QR'·Ì®Í¨ÎËÎ·åñé®×ñÖÛôÑºÓ

750 � âÅæºë
900 � Ù â�äËÓÚäýé®×ñÖÈëºÓÚõ¦ÛôÓÚÖËÍÞõºà Íßæ¤Û¼ÓÚÖËäËÛôÍ�ÛôÍÞâ�ÝóÌ � Íßçºþ !�þ-QR'²ÌÆÍßÍ¨Î¼Î²åÂâ�æºë é®×ñÖÈÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÜä

â�Aó×Âö�Ó
450K

é®×ñÖêÛôÑºÓãÛ¼Ö¼Í�ÛôÍÞõ÷à ÍÞæìÛôÓÜÖ¼äËÛ¼ÍßÛ¼Íïâ�Ý Ì � ÍÞçºþ"!¦þ QR'·Ì®ÍÞÍßÍ¨Î¼ÎíëºÍISóõºäËÍÞ×ñæ þüÏÒÑºÍßä�àðÓÚâ�æºäÕÛôÑîâÅÛ ÛôÑºÓ
ÛôÖôâÂØËÓÚÙÜÛ¼×ñÖËèÐÖ¼ÓÚÔ÷Ö¼ÓÚäËÓÚæìÛôÓÜë â�ä â Öôâ�æ÷ëº×ñà R â�ÝWLðÍÞäÒæº×ÅÛ Ó²û÷â�ÙÜÛ¼Ýßè ëºÍ:S õ÷ä¼Íßö�Ó�þ

øùæ â Ôîâ�Ô ÓÚÖ Û¼ÍßÛ¼ÝÞÓÚë å ��J Ó·èñ×ñæ÷ë J Ö¼× RíæºÍÞâ�æ àò×�ÛôÍß×ñæ � �"VRQR$°å	�÷þ � ÝïâÅé¨Û¼ÓÚÖÕÓÜÛ þ â�Ý°þ Û�â�ÝIL â�Aó×�õ÷Û
Öôâ�æºë÷×ñà R âÅÝWL�ÔºÖË×¦ÙÜÓÚäËä¼ÓÚä ÛôÑîâÅÛ â�ÖËÓ�
��������� ����
������ Ì�RíÑ÷ÓÚÖ¼ÓÜÍÞæòÛôÑºÓíÛôÖ¼âÉØËÓÚÙ·Ûô×ñÖÊè�Ö¼ÓÚäËõºÝßÛ¼ä ÍßæãâÕàðÓÚâ�æ
ä G õîâ�ÖËÓÚë ëºÍßä¼ÔºÝÞâ�ÙÚÓÜàðÓÜæìÛòÛ¼ÑîâÅÛòä¼Ñ÷×�Ríäãä¼ÝÞ× R ÓÚÖ �¤ÛôÑîâÅæ ��ÝÞÍßæºÓ âÅÖ çñÖ¼× RÒÛôÑ RíÍßÛ¼Ñ Û¼ÍÞàòÓÂÎ·å â�æºë�
����������
��� ����
������ Ì RíÑºÓÚÖËÓÚÍßæÐÛôÑºÓ¸Û¼ÖôâÉØËÓÜÙÜÛ¼×ñÖËèðä¼Ñº× Ríä éÆâ�äÊÛôÓÜÖ �¤Û¼Ñîâ�æ ��ÝßÍÞæºÓÚâ�Ö çñÖ¼× RÒÛôÑã×�é�ÛôÑºÓ¸àðÓÚâ�æÐä G õîâÅÖ¼ÓÚëëºÍÞäËÔºÝïâ�ÙÜÓÚàòÓÚæìÛNRíÍ�ÛôÑ ÛôÍßàðÓ Î·þ ÏÒÑºÓ·è çñÍßö�ÓãÛôÑ÷Ó Ó·û÷â�àòÔºÝÞÓÐ×Åé¸âS!�' � Öôâ�æ÷ëº×ñà R â�ÝILMRíÑºÓÜÖ¼Ó äÊÛôÓÚÔ
ÝÞÓÚæ÷ç�ÛôÑºä ×Åé äËÍ
�ÜÓ

1
å
b
å
b2
åíþßþ�þßþ â�æºë ä¼× ×ñæ â�ÖËÓ â�ÝÞÝß× R ÓÜë RíÍßÛôÑ Û¼ÑºÓ ÝÞ×�æºçñÓÚÖíØËõºàðÔ÷ä Ñîâ ö¦Íßæºç â�æ

×ñÖ¼ëºÓÜÖ ×Åé àðâ�çñæºÍ�ÛôõºëºÓòÌ®ÍÞæ
λ
ÎÒÝÞÓÜä¼ä ÔºÖ¼×�Aîâ�AºÍßÝÞÍßÛùèð×�é ×�ÙÚÙÜõºÖ¼ÖËÍÞæºç÷å RíÍßÛôÑ

b > λ > 1
þ8F¦õ÷Ù�Ñ Öôâ�æ÷ëº×ñà

R â�ÝIL¤ä¸â�ÖËÓêÙ â�ÝßÝÞÓÚë *! Üö¤è úîÍßçñÑìÛôä â�æºëüÙ â�æ ä¼Ñº× R äËõºÔóÓÜÖ ��ë÷ÍISóõºä¼Í�öñÓ AóÓÜÑîâ ö¦Íß×ñÖ8RíÍßÛ¼Ñ ÍÞæ HîæºÍßÛ¼ÓáöÅâ�Ö¼Í '
â�æºÙÚÓ ÌÆÖ¼ÓÚâ�ëÐàòÓ â�æãä G õîâ�ÖËÓ ëºÍÞäËÔºÝïâ�ÙÜÓÚàòÓÚæìÛ²Î â�æºëÐÛ¼ÑºÓÚÍßÖ Û¼ÖôâÉØËÓÜÙÜÛô×�Ö¼ÍÞÓÜä äËÑº× R äËÓÚÝßé äËÍÞàòÍÞÝÞâ�Ö ÔîâÅÛËÛôÓÚÖËæºä
Ù�Ñîâ�ÖôâÅÙÜÛôÓÜÖ¼ÍßäËÛôÍßÙ¸×�é é®Ö¼â�ÙÜÛôâ�ÝÞäáÌ®é®×ñÖ Ó·û÷â�àòÔºÝÞÓÅå Hîçñõ÷Ö¼Ó�#á×Åé �-VRQ $¨Î âÅæºë ä¼õºÙ�Ñ ÔºÑ÷ÓÚæº×ñàòÓÚæºâ�Ñîâ öñÓ=AóÓÜÓÚæ
æº×�ÛôÍßÙÚÓÜëòÍßæ�ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ÷äý×�é â�ëºäË×ñÖ A ÓÚëòçñ×ñÝßë æîâ�æº×�ÙÚÝßõºäËÛ¼ÓÚÖ¼ä ×�æòÛ¼ÑºÓ Aîâ�äôâÅÝºÔºÝïâÅæºÓÒ×�éóçñÖôâ�Ô÷ÑºÍßÛ¼Ó2�"V.&�$
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â�æºë ÍßæÐâ2RíÍÞë÷Ó¸ÖôâÅæºçñÓ¸×Åé ÔºÑìè¦äËÍÞÙÜäÒÍÞä¼äËõºÓÚäÕÌ �"V QR$�âÅæºëÐÖ¼Ó·é®ÓÚÖËÓÚæºÙÜÓÚäÒÛôÑºÓÜÖ¼ÓÜÍÞæ Î²þ øùæ ÔºÑìè�ä¼ÍÞÙÚâ�Ý äÊè�äËÛôÓÜàðä
ÛôÑºÓÜÖ¼Ó�ë÷×Ðæº×�Û¸Ó·û¦ÍÞäÊÛáÍÞæ HîæºÍßÛ¼Ó æ¤õºà2AóÓÜÖá×�é ÝßÓÚæºç�Û¼Ñ ä¼ÙÚâ�ÝÞÓÜä é®×ñÖ ØËõºàòÔºäáâ�æ÷ë âãÙÚÝÞâ�ä¼ä ×�é äÊÛô×�Ù�Ñîâ�äËÛ¼ÍÞÙ
ÔºÖ¼×�ÙÚÓÜä¼äËÓÚäáÙÚâ�ÝÞÝßÓÚë ÛôÖËõºæºÙ â¬ÛôÓÚë�*! Üö¤è úîÍÞç�Ñ¤Û¼ä ÌÆÏ* � Îíâ�Ö¼ÓêëºÓ'HîæºÓÚë å RíÑºÓÜÖ¼ÓÜÍÞæ Û¼ÑºÓÕâ�Ö A÷ÍßÛôÖ¼â�ÖËèÐÝïâ�ÖËçñÓ
äËÛ¼ÓÚÔºä ×�éýâI*! ·ö�è úºÍÞçñÑìÛ â�ÖËÓÕÓÜÝÞÍßàðÍßæîâÅÛôÓÜë �-V0UR$´þ
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øùæ ×�õºÖ Ö¼â�æºëº×�à R â�ÝILòÔ÷Ö¼× AºÝßÓÚà â�A ×ÂöñÓ%R Óáä¼ÓÜÓ¸Û R × ëºÍISóÓÚÖËÓÚæìÛ äËÙ â�ÝßÓ¸ÝÞÓÜæºç�Û¼Ñºä é®×ñÖ ÛôÑ÷Ó ØËõºàòÔºä
Ll

â�æºë
Lh

å ×�ÙÚÙÜõºÖ¼ÖËÍÞæºç RíÍ�ÛôÑ ÔºÖ¼×�Aîâ�AºÍßÝÞÍßÛ¼ÍÞÓÜä
P l,h

çñÍ�öñÓÚæ1Aìè D G æ þ"/¦þ-Q â�æºë ÔºÝß×�Û¼Û¼ÓÚë ÍÞæ � Íßçºþ"/¦þ-Qºþ
 × R Ó·öñÓÜÖ ÍÞæü×ñõºÖ � � ä¼Íßà�õºÝïâ¬ÛôÍÞ×�æºä ÛôÑºÓÜÖ¼Ó Ó·û¦ÍÞäÊÛ Û¼ÑºÖ¼ÓÜÓ ÝÞÓÜæºç�Û¼Ñ ä¼ÙÚâ�ÝÞÓÜä é®×ñÖíÛôÑ÷Ó ÍÞæìÛ¼ÓÚÖ¼äÊÛôÍ�ÛôÍïâÅÝ ÛôÖ¼â '
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¹ µ·¯
��&ÂÁÂ¯°µ'�Ü»Ê¶ ³¢«´µ²´µÜÇÅ»¼« ³Ä¶á½¾¯$&Â«® ±²§©§Ä³©¶É» �·¯ ±²Ç	�É³ °»
ØËÓÚÙÜÛ¼×ñÖËè U
• ÏÒÑºÓ äËàãâ�ÝßÝÞÓÜäËÛðÝÞÓÚæ÷ç�ÛôÑ äËÙ â�ÝßÓ AóÓÜÍÞæºç ÛôÑºÓ âÅàðÔºÝßÍßÛ¼õºëºÓü×�éêÛôÑºÓ Ö¼â�æºëº×�à ö�ÍWA÷ÖôâÅÛ¼ÍÞ×ñæºäðÍÞæ â

Ôó×ÅÛôÓÚæìÛ¼Íïâ�Ý R ÓÚÝßÝ RíÑºÍßÙ�Ñ Íßä ∼ � þ
• ÏÒÑºÓêæºÓ²û¦Û ÑºÍßçñÑºÓÚÖÒÝßÓÚæºçÅÛôÑ ä¼ÙÚâ�ÝÞÓ!A ÓÚÍßæºç ÛôÑºÓêä¼Ñ÷×ñÖËÛ ØËõºàòÔºäÒëºÓ'HîæºÓÚë Aìè

Ll
þ

• ÏÒÑºÓ ÝÞâ�Ö¼çñÓÜäËÛãÝÞÓÚæ÷ç�ÛôÑ äËÙ â�ÝßÓÚä â�ÖËÓ ÛôÑ÷Ó ÝÞ×ñæ÷çüØËõºàòÔºä
> Lh

× A÷ä¼ÓÚÖÊöñÓÜë âÅÛãÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓÚä
çñÖ¼ÓÚâÅÛôÓÜÖ ÛôÑîâÅæ

450K
þ

ÏÒÑºÓ Ó G õºÍßöÅâ�ÝßÓÚæìÛ � � � ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ å âÅæºë ×ñõ÷ÖüäËÍÞàòÔºÝÞÓ àò×�ëºÓÚÝ´å¸ëº× æº×�ÛüÑîâ öñÓ ÛôÑºÓ ä¼àðâ�ÝÞÝßÓÚäÊÛ
ÝÞÓÚæ÷ç�ÛôÑ ä¼ÙÚâ�ÝÞÓÜäÚþ � Óðâ�ÝÞäË×üäËÓÚÓòä¼õºÔ ÓÚÖ ��ëºÍ:S õºäËÍÞ×ñæ ÝÞÍIL�Ó�Ù�Ñîâ�Ö¼â�ÙÜÛ¼ÓÚÖËÍÞäËÛ¼ÍÞÙÜäãÌ � ÍÞç÷þ !¦þ QR'²ÌÆÍ¨Î²å � Íßçºþ !�þ-QR'²ÌÆÍßÍ¨Î
â�æºë � ÍÞçºþ"!¦þ QR'·Ì®ÍÞÍÞÍïÎ¼Î âÅÛ ä¼×�àðÓêÑºÍßçñÑºÓÚÖÒÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÜä7RíÑºÓÜÖ¼Ó ÍßÛíÍÞäíÔ ×ñä¼äËÍWAºÝßÓ Ûô×òÑîâ öñÓ�â é®Ó(R Ýïâ�ÖËçñÓ
ä¼Ù âÅÝÞÓóØËõºàòÔºä4RíÍßÛ¼ÑºÍÞæáÛ¼ÑºÓ ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ ÛôÍßàðÓÅþ � ÖË×ñà Û¼ÑºÓ â�A ×Éö�Ó ÙÜ×ñæºäËÍÞëºÓÜÖôâÅÛ¼ÍÞ×ñæºä â�æºëêé®Ö¼×ñà � ÍÞçºþ-/÷þ QÍßÛÒÍßäÒÔó×ñäËä¼ÍIAºÝÞÓáÛ¼ÑîâÅÛíÛôÑºÓêÑìè�ëºÖ¼×�çñÓÚæüÍÞäË×�Ûô×ñÔ ÓáÛôÖ¼âÉØËÓÚÙ·Ûô×ñÖËÍÞÓÜä ÑºâÂö�Ó *  ·ö¤è úîÍÞçñÑìÛíÙ�ÑîâÅÖôâ�Ù·ÛôÓÚÖËÍÞäÊÛôÍÞÙÜäÚþ
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ρ
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õºä¼Íßæºç � � � â�æ÷ë â�ä�â ä¼ÍÞàòÔºÝßÓ !�' � Ö¼â�æºëº×ñà R â�ÝWL õ÷ä¼ÍÞæ÷ç ÛôÑºÓðÍÞæ÷é®×�Ö¼àðâÅÛôÍß×ñæ Ì
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Î
× A÷Ûôâ�ÍÞæºÓÜëðé®ÖË×ñà � � þ÷ÏÒÑ÷ÍÞä Íßä âÅÝÞÖ¼ÓÚâ�ë÷èðâ äËÙ â�ÝßÍÞæºç õºÔÐäËÍÞæºÙÜÓ¸×ñõºÖ � � � àð×�ëºÓÜÝ Û¼Ö¼ÓÚâÅÛôä Û¼ÑºÓ¸ë÷ÍISóõA'
ä¼Íß×ñæ ×�é Û¼Ñº×ñõºä¼â�æºëºä ×�é ÔîâÅÖËÛôÍßÙÚÝßÓÚä Ì�RíÍßÛ¼ÑºÍÞæüÛôÑºÓÕÛôÖ¼â�ÙÚÓ Ôîâ�ÖËÛ¼ÍÞÙÜÝÞÓêëºÍISóõºäËÍÞ×ñæ â�ÔºÔºÖË× û÷Íßàãâ¬ÛôÍÞ×�æ Î ×Éö�ÓÚÖ
â�æìè Ö¼ÓÚâ�ÝÞÍßäËÛ¼ÍÞÙ ä¼Í
�ÜÓ ×�é ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍßæºÓáçñÖ¼â�ÔºÑºÍ�ÛôÓ¸ÙÜ×ñæìÛ�â�ÍßæºÍÞæ÷ç àðÍßÝÞÝÞÍß×ñæºä ×�éÈÙ âÅÖ A ×ñæ âÅÛô×�àðäÜþ � Ó äËÑº× R
ÛôÑîâ¬ÛÕÛ¼ÑºÓ�ÍÞäË×�Ûô×ñÔ Ó�ÛôÖ¼âÉØËÓÚÙ·Ûô×ñÖËÍÞÓÜä ÍÞæ ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍßæºÓ�çñÖ¼â�ÔºÑºÍ�ÛôÓ Ñîâ öñÓðâ é®Öôâ�Ù·ÛôÍÞ×�æîâ�Ýýë÷ÍÞàòÓÚæºäËÍÞ×ñæ Ý�è¦Íßæºç
AóÓ·Û R ÓÜÓÚæ #�þ"/�â�æºë #ñþ-U÷þ

ÏÒÑ÷Ó àð×�ëºÓÚÝ ëºÓ·öñÓÚÝß×ñÔ ÓÚë ÍÞæãÛ¼ÑºÍÞä Ù�Ñîâ�Ô÷Û¼ÓÚÖÒÍÞä ä¼Ù âÅÝïâ�AºÝßÓ Û¼× àãâ�ÙÜÖ¼×ñäËÙÚ×ñÔ÷ÍÞÙ¸äÊè�äËÛôÓÜà ä¼Í��ÚÓÜäÚþ  × R '
ÓÜö�ÓÚÖÚåÒÍßæ ÖËÓ â�ÝßÍßÛùè çñÖôâ�Ô÷ÑºÍßÛ¼Ó àðÍßÙÚÖ¼×���ÙÚÖÊè¦äÊÛ�â�Ýßä Ñîâ öñÓ â Ûùè�ÔºÍßÙ â�Ýíä¼Í��ÚÓü×�é

50 − 100
� ÍÞæ T � � äÜþ
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@ ëºëºÍßÛ¼ÍÞ×ñæºâ�Ý ÔºÑìè�ä¼ÍßÙÚä¸àòÓÚÙ�Ñºâ�æºÍÞäËàðäíÝßÍWL�ÓáÛ¼Öôâ�Ô÷ÔºÍÞæºç �ÅëºÓÜÛ¼Öôâ�Ô÷ÔºÍÞæºçòâÅÛíÛ¼Öôâ�ÔºäÜåîÖ¼ÓÜÙÚ×ñàNA÷ÍÞæîâÅÛ¼ÍÞ×ñæ åºëºÍÞäC'
ä¼×�ÙÚÍïâ¬ÛôÍÞ×�æ å ÓÜÛôÙ ×�é ÛôÑ÷Ó�Ñìè¦ë÷Ö¼×ñçñÓÜæ ÍÞäË×�Ûô×ñÔ ÓÚä à�õºäÊÛ!A Ó�â�ëºë÷ÓÚë þáøùæ ×ñÖ¼ëºÓÜÖ Û¼×Ðä¼ÙÚâ�ÝÞÓ õºÔ å�R Ó�à�õ÷äËÛ
æº× R ÍßæºÙÚÝßõºëºÓ ÛôÑºÓáÖËÓ â�ÝßÍÞäÊÛôÍÞÙíäÊÛôÖ¼õ÷ÙÜÛôõ÷Ö¼Ó ×�é Ô ×ñÖ¼×�õºä çñÖ¼â�ÔºÑºÍ�ÛôÓ�þýøùæãÛôÑºÓ¸æºÓ·û�ÛíÙ�Ñîâ�Ô¦ÛôÓÚÖ R Ó ëºÓÜä¼ÙÜÖ¼ÍWA Ó
â�æ âÅÝÞçñ×ñÖËÍßÛ¼Ñºà Ûô×òçñÓÚæºÓÜÖôâÅÛ¼ÓÕâòÔ ×ñÖ¼×�õºäíçñÖôâ�Ô÷ÑºÍßÛ¼Ó äËÛôÖËõºÙÜÛ¼õºÖ¼Ó=RíÍßÛ¼Ñ çñÖôâ�æ¤õºÝßÓÚäÜåºöñ×ñÍßëºäÚåîÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛôÓÜä
â�æºë�àòÍÞÙÜÖ¼×Âöñ×ñÍßëºäÈâ�æºë�Ó²û¦Û¼ÓÚæºë Û¼ÑºÓ àò×¦ë÷ÓÚÝ¤Ûô×¸äËÍÞà�õ÷ÝïâÅÛ¼Ó Û¼Öôâ�æºä ��çñÖ¼â�æ¤õºÝïâ�Ö ��ëºÍ:S õ÷ä¼ÍÞ×�æ ×�éîÑìè�ëºÖË×ñçñÓÚæ
ÍÞä¼×ÅÛô×ñÔ ÓÚäÜþ
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øùæ Û¼ÑºÍÞä äËÓÚÙÜÛ¼ÍÞ×ñæ1R ÓCHîÖËäËÛ ëºÓÚäËÙÚÖËÍWA ÓòÑ÷×�R R Óòä¼ÙÚâ�ÝÞÓ�õºÔ Ûô× äËÛ¼õºë÷è Ñìè�ëºÖ¼×ñç�ÓÚæ Íßä¼×�Û¼×ñÔ Ó ëºÍISóõºä¼Íß×ñæ
â�ÙÚÖË×ñä¼ä�â çñÖôâ�æ¤õºÝßÓã×�éíç�Öôâ�ÔºÑ÷ÍßÛôÓCRíÑºÍÞÙ�Ñ Íßä â é®Ó'R àòÍÞÙÜÖ¼×ñæ÷ä ÍÞæ ä¼Í
�ÜÓ�þ @ ä�ëºÓÚäËÙÚÖËÍWA ÓÚë ÍÞæ Û¼ÑºÓÐÍßæA'
ÛôÖË×¦ëºõ÷ÙÜÛôÍß×ñæü×�éÈÛ¼ÑºÓêÛôÑºÓÜä¼ÍÞäÜå çñÖôâ�Ô÷ÑºÍßÛ¼ÓÕÙÜ×ñæºäËÍÞäËÛ¼ä ×Åé àòÍÞÙÚÖË×ñæ ä¼Í��ÚÓÚë çñÖôâÅæ�õ÷ÝÞÓÚäíäËÓÚÔîâ�Ö¼âÅÛôÓÜë Aìè öñ×�ÍÞëºä
RíÑºÍÞÙ�Ñ â�Ö¼Ó â é®Öôâ�Ù·ÛôÍÞ×�æ ×�é âòàòÍÞÙÜÖ¼×ñæ þ @ çñÖôâÅæ�õ÷ÝÞÓÕÙÚ×ñæºäËÍÞäÊÛôä ×�é çñÖ¼â�ÔºÑºÍ�ÛôÓêÙÚÖÊè�äËÛ�âÅÝÞÝÞÍ�ÛôÓÜä RíÑºÍÞÙ�Ñ âÅÖ¼Ó
â é®Ó(R æîâ�æ÷×ñàðÓ·ÛôÓÜÖ¼ä ÍßæÐä¼Í��ÚÓá×ñÖËÍÞÓÜæ¤Û¼ÓÚë Ö¼â�æºëº×ñàòÝßè�å¦äËÓÚÔîâÅÖôâÅÛ¼ÓÚë AìèÐàòÍÞÙÜÖ¼×Âöñ×ñÍßëºä RíÑ÷ÍÞÙ�Ñ â�ÖËÓ â é®ÖôâÅÙ '
ÛôÍß×ñæ ×�é âêæºâ�æº×ñàòÓÜÛ¼ÓÚÖ ÍßæòäËÍ
�ÜÓ�þ ÏÒÑºÓÜÖ¼Ó·é®×ñÖ¼ÓÅå�Ó²û¦ÙÚÓÚÔ¦Û é®×ñÖÈÛôÑºÓí×ñÖËÍÞÓÚæìÛôâÅÛôÍß×ñæ�×�é ÛôÑºÓÒÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼ÓÚäÚåÅÛôÑºÓ
çñÓÚæ÷ÓÚÖôâÅÝ÷äËÛ¼Ö¼õºÙ·ÛôõºÖËÓÒÍÞä ÛôÑºÓ ä¼â�àòÓ âÅÛýëºÍISóÓÚÖËÓÚæìÛ ä¼ÙÚâ�ÝÞÓÜäÚþÈøùæ�ÛôÑºÍßäýÙ�Ñîâ�Ô¦ÛôÓÚÖ â�æ�â�ÝÞç�×ñÖ¼Í�ÛôÑºà é®×�Öýä¼Ó·Û¼Û¼ÍÞæºç
õºÔ â�çñÓÜæºÓÚÖ¼â�Ý°å Ô ×ñÖ¼×ñõ÷ä ç�ÓÚ×ñàòÓÜÛ¼ÖËè ÍÞæ / � ÍÞäíëºÓÜä¼ÙÚÖËÍWA ÓÚë þ @ àò×¦ë÷ÓÚÝ é®×ñÖíÑìè�ëºÖ¼×ñç�ÓÚæ Û¼Öôâ�æºäËÔó×�ÖËÛ ÍÞæ
âüç�Öôâ�æ¤õºÝßÓ ÍÞäêÔºÖ¼×�Ôó×ñäËÓÚë â�æºë ÛôÑºÓ � � � ÙÜ×¦ë÷Ó �¸Í � ÍÞä Ó²û�ÛôÓÚæ÷ëºÓÚë Û¼× àò×�ëºÓÚÝýÛ¼Öôâ�æ÷ä ��çñÖ¼â�æ¤õºÝïâÅÖ �
ëºÍISóõºäËÍÞ×ñæ Ì®Ï � �áÎ·þ ÏÒÑºÓ ÖËÓÚäËõºÝßÛ¼äÐé®×ñÖãÑìè�ëºÖ¼×�çñÓÚæ ÍÞäË×�Ûô×ñÔ Ó ë÷ÍISóõºä¼Íß×ñæ ÍÞæ â Ûùè�ÔºÍßÙ â�Ý çñÖôâÅæ�õ÷ÝÞÓ ×�é
çñÖôâÅÔºÑºÍßÛ¼Ó âÅÖ¼Ó Ô÷Ö¼ÓÚäËÓÚæìÛôÓÜë â�æºë ÙÜ×ñàòÔîâ�Ö¼ÓÜë RíÍßÛ¼Ñ Û¼ÑºÓ ÖËÓÚä¼õ÷ÝßÛôä é®Ö¼×ñà Ó²û÷Ô ÓÚÖËÍÞàòÓÚæìÛôä �-/.&�$´þ � Íßæîâ�ÝßÝßèñå
â äËÍÞàòÔºÝÞÓ�àò×¦ëºÓÜÝ ÍÞäÕÔºÖ¼ÓÜä¼ÓÚæìÛ¼ÓÚë RíÑºÍßÙ�Ñ ÍÞæºÙÜ×ñÖ¼Ô ×ñÖ¼âÅÛôÓÜäÕÛ¼ÑºÓãÓÜä¼ä¼ÓÜæìÛôÍïâÅÝ ÔºÑìè�ä¼ÍßÙÚä âÅæºë ÖËÓÚÔºÖË×¦ëºõ÷ÙÚÓÚä
ÛôÑºÓêÖËÓÚä¼õ÷ÝßÛôäÜþ
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@ æ â�Ýßçñ×ñÖËÍßÛôÑ÷à Ûô× çñÓÚæºÓÜÖôâÅÛ¼Ó â / ' � Ö¼ÓÜÙÜÛ¼ÍÞÝÞÍßæºÓ âÅÖÕÔºâ�Öôâ�ÝßÝÞÓÜÝÞÓÚÔ÷ÍÞÔ ÓÚë1RíÍßÛôÑ â ä¼Ô ÓÚÙÜÍIHîÓÜë öñ×ñÍßë é®ÖôâÅÙ '
ÛôÍß×ñæ â�æºë ä¼õ A ��äËÛ¼Ö¼õºÙ·ÛôõºÖËÓÚäÕÑîâ ö¦Íßæºç Öôâ�æ÷ëº×ñà äËÑîâ�Ô ÓÚäêä¼ÓÜÔîâ�Öôâ¬ÛôÓÚë Aìè çìâ�Ô÷äãÌ¨öñ×ñÍßëºä �¬àðÍßÙÚÖ¼×Âö�×ñÍÞëºäôÎ
ÍÞä�ÔºÖËÓÚä¼ÓÜæìÛôÓÚë þ ø ÛãâÅÝÞä¼× â�ÝßÝÞ× Ríä�é®×ñÖ�ÖôâÅæºëº×ñà ×�Ö¼ÍÞÓÜæìÛ�âÅÛ¼ÍÞ×ñæ ×�é ÛôÑºÓüä¼õ A ��äËÛ¼Ö¼õºÙ·ÛôõºÖËÓÚä Ì®Ûô× àò×¦ëºÓÜÝ



� � � � � ��� � � � � ����� � ��� � � �6� ��������� � �.���#�0��� � � � � �Q�#� ��� ���

ÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼ÓÚäôÎ·þ ÏÒÑºÓ â ö�ÓÚÖôâÅçñÓ äËÍ
�ÚÓê×�éÈÛôÑºÓÕä¼õ A ��äËÛ¼Ö¼õºÙ·ÛôõºÖËÓÚä âÅæºëüÛ¼ÑºÓÚÍßÖíä¼àò×¦×�Û¼ÑºæºÓÜä¼ä Ù â�æ â�ÝÞäË×CA Ó
ö�âÅÖ¼ÍÞÓÜë þ
� 5 46574 � D>:<L J)G��%=CD7. H72>=CGCBEN�B H32 �
ÏÒÑºÓ ÍßëºÓ âKA ÓÚÑºÍßæºë ÛôÑºÓ â�ÝÞç�×ñÖ¼Í�ÛôÑºà ÍÞä Û¼ÑºÓ ×�æºÓêÔºÖ¼ÓÜä¼ÓÚæìÛ¼ÓÚë Aìè � Öôâ �ÜÍïâ�æºÍ � Q 	 $�é®×ñÖíÙÚÖ¼ÓÚâÅÛôÍßæºç�àðÍ û3'
ÛôõºÖËÓÚä ×Åéíâ�ÝÞÝß×Âè¦äÜþ � ×ñÖ âüçñÍßö�ÓÚæ öñ×ñÝßõºàðÓÅå â TÈ×ñÍßä¼ä¼×�æ ëºÍÞäÊÛôÖËÍWAºõ÷Û¼ÍÞ×ñæ Íßä õºäËÓÚë Û¼× ä¼Ô ÓÚÙÜÍßé¨è â äËõ A �
äËÛôÖËõºÙÜÛ¼õºÖ¼Ó ��� ��� ������ÛôÑîâ¬Û Ñîâ�ä âáÖ¼â�æºëº×�à ä¼Ñºâ�ÔóÓ â�æºëòâáàðÓÚâ�æNRíÍÞë¦ÛôÑ ëºÓÜæº×�ÛôÓÜë A¤è ��� ��� ����� � 
��
	 �·þ
� � ��� ������
áâ�Ö¼ÓòÙÚÖËÓ âÅÛ¼ÓÚëQAìè Ô ×ñÔºõºÝÞâÅÛôÍßæºç Aîâ�äËÍÞÙ AºÝß×¦Ù"L¤äêÙ â�ÝßÝÞÓÜë� ����� 
·þòÏÒÑºÓòä¼àò×¦×ÅÛôÑºæºÓÜä¼äÕ×�é Û¼ÑºÓ
��� ��� ����� ëºÓÚÔ ÓÚæ÷ëºä¸×ñæ ÛôÑ÷Ó�� ����� � 
��
	 �·þ ø éýÛ¼ÑºÓêä¼õ A ��äËÛ¼Ö¼õºÙ·ÛôõºÖËÓÚä â�ÖËÓêÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼ÓÚäÜåºÖôâ�æ÷ëº×ñà ×ñÖËÍÞÓÜæA'
Û�âÅÛ¼ÍÞ×ñæºä â�Ö¼Ó â�Ýßä¼× ä¼Ô ÓÚÙÜÍIHîÓÜë þ @ é¨Û¼ÓÚÖ Ó âÅÙ�ÑðäËõºÙ�ÑãÔ ×ñÔºõºÝÞâÅÛôÍßæºçáÓ·öñÓÚæìÛ ÛôÑºÓíÖËÓÚàðâ�ÍÞæºÍßæºç¸ö�×ñÍÞë�é®Öôâ�Ù·ÛôÍß×ñæ
ÍÞäÒÙ�ÑºÓÜÙ"L�ÓÚë þ ÏÒÑºÓÕÔºÖ¼×�ÙÚÓÜä¼ä ÍÞäÒÖËÓÚÔ Ó âÅÛ¼ÓÚëüÍßé ÛôÑºÓ ö�×ñÍÞë é®Öôâ�Ù·ÛôÍß×ñæ ÍÞäÒçñÖËÓ âÅÛ¼ÓÚÖÒÛôÑºâ�æ Ö¼Ó G õºÍßÖ¼ÓÜë þ
� 5 465 * 9 G .6B J)=@?5234 �<NALO:
ÏÒÑºÓÕâ�ÝÞçñ×�Ö¼ÍßÛ¼Ñºà õºä¼ÓÜë ÍßäÒëºÓÚäËÙÚÖ¼ÍIAóÓÜë A ÓÚÝß×�R=U
Ì®Í¨Î�� �3� 
��#��� �#� �#� �� ��� þáÏÒÑºÓ � ×ñÍßë é®ÖôâÅÙÜÛôÍß×ñæ Ì � ×ñÍÞë � Ö¼â�ÙÂÎ²å ÝßÓÚæºçÅÛôÑ ×�é Û¼ÑºÓ�äÊè¦äÊÛôÓÜà â�ÝÞ×�æºç

��å � å �ýåóÌ�* ûóå"* èñå-* �ÂÎ²å¦àòÓ â�æòëºÍßàðÓÜæºä¼Íß×ñæºä ×�é Û¼ÑºÓ¸äËõ AA' äËÛôÖËõºÙÜÛ¼õºÖ¼Ó�Ì#D6* ûóå D6* èñå D6*�� Î·å Aîâ�äËÍÞÙ
ÙÚÓÜÝÞÝ ä¼Í��ÚÓ Ì � ÓÚÝßÝ F¦Í��ÚÓ²û å � ÓÜÝÞÝ F�Í
�ÚÓ·èñå � ÓÚÝßÝ F¦Í��ÚÓ �ÂÎ â�æºëòÛôÑºÓ ä¼àò×¦×ÅÛôÑºæºÓÜä¼ä ×�é Û¼ÑºÓ¸äËõ AA'ùäÊÛôÖËõºÙÜÛ¼õºÖ¼Ó
Ì$F¦àò×�×�ÛôÑ���å F¦àò×�×�ÛôÑ ��Î²å÷Ï è�ÔºÍÞÙÚâ�Ý�ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍ�ÛôÓ¸×�Ö¼ÍÞÓÜæìÛ�âÅÛ¼ÍÞ×ñæºäÕÌ0D õºÝÞÓÜÖíâ�æºçñÝßÓÚä2�-V 9 $ Ì®ÏÒÑºÓÜÛôâ÷å
T ÑºÍ°å<T ä¼ÍïÎ¼ÎÒâ�æºë öÅâ�Ö¼ÍÞâÅÛôÍß×ñæ RíÍßÛ¼ÑºÍÞæ Û¼ÑºÍÞäÒÛùè�ÔºÍÞÙÚâ�Ý�×ñÖËÍÞÓÚæìÛôâÅÛôÍß×ñæ ÌÆëºÏÒÑºÓ·Û�â÷å ë T ÑºÍ´åîë T ä¼ÍïÎíâÅÖ¼Ó
ÍÞæºÔ÷õ÷Û þ

ÌÆÍÞÍïÎ ����� �����)�#��� �#��� �)� �	����� � � � ������� ��� � � �#� ��� � �����1��� � ����� � þ ÏÒÑºÓ æ¤õºàNA ÓÚÖð×�é ÙÜÓÚÝÞÝßä
â�ÝÞ×�æºç � Ì®æ¦ûºÎ·å � Ì®æ¤è÷Î â�æºë � ÌÆæ � Î·å¤ÛôÑºÓíÛô×ÅÛ�â�Ýîæ¤õºàNA ÓÚÖ ×�é�ÙÜÓÚÝßÝÞä ÌÆÏ ×�Û�âÅÝ�� ÓÚÝßÝÞäôÎ·åñÛôÑ÷Ó æ¤õºà '
AóÓÜÖ ×�é ÙÜÓÚÝÞÝßä ×¦ÙÜÙÚõºÔ÷ÍÞÓÚë Ì � õºà (áÙÜÙÚõºÔºÍßÓÚë����ìÎ²å¤â�æºëòÛôÑºÓ<(áÙÚÙÜõºÔºÍÞÓÜëðé®Ö¼â�ÙÜÛ¼ÍÞ×ñæ Ì (áÙÜÙ � Öôâ�Ù����ìÎ
â�æºë ú â�çüÍÞæºë÷ÍÞÙ â¬ÛôÍÞæ÷ç RíÑºÓÜÛ¼ÑºÓÚÖ âüÙÜÓÚÝßÝ ÍÞä ×�ÙÚÙÚõ÷ÔºÍÞÓÜë ×ñÖ æº×ÅÛÐÌ�(áÙÚÙ � Ýïâ�ç���#�×ñÖ �ìÎáâ�ÖËÓ�ÍÞæºÍ '
ÛôÍÞâ�ÝÞÍ��ÚÓÚë þ � ÓÜàð×ñÖÊè â�ÝßÝÞ×�Ù âÅÛ¼ÍÞ×ñæðÍÞäÒÙ âÅÖ¼Ö¼ÍßÓÚë ×ñõ÷ÛÚþ

ÌÆÍßÍÞÍïÎ � �0��4�#��� � � � ��� ��
�� � � � �0��� � � �����#� � � � � � �'����� � � � ������ � ��� þ � æºÍßé®×�Ö¼àòÝßè
ëºÍÞäÊÛôÖËÍWAºõ÷Û¼ÓÚë Öôâ�æ÷ëº×ñà æ¤õºàNA ÓÚÖ¼ä â�Ö¼ÓòõºäËÓÚë Ûô×üÔºÍßÙ"L õ÷Ô â Ö¼â�æºëº×ñà Ô ×ñÍßæ¤ÛãÌ0T ûóå T è�å T �ÂÎ
RíÍßÛ¼ÑºÍÞæÐÛ¼ÑºÓêÖ¼ÓÚÙ·ÛôÍßÝÞÍÞæ÷Ó â�Ö Ôºâ�Öôâ�ÝßÝÞÓÜÝÞÓÚÔ÷ÍÞÔ ÓÚë þ

Ì®Íßö÷Î � ��� �(� �	�������0� � ��� � ��� � 	 �(� �	���� ������� þ @ T ×ñÍÞäËä¼×ñæ Ö¼â�æºëº×�à æ¤õºà2AóÓÜÖðëºÍßäËÛ¼Ö¼ÍWA÷õ÷ÛôÍß×ñæ
RíÍßÛ¼Ñ�â¸àòÓ â�æ ÙÚ×ñÖËÖ¼ÓÚäËÔó×�æºëºÍÞæ÷ç Ûô× ÛôÑºÓ ä¼õ AA' äËÛ¼Ö¼õºÙ·ÛôõºÖËÓÒëºÍÞàòÓÚæºäËÍÞ×ñæ÷äýâ�Ýß×ñæºç RíÍßÛ¼Ñ â¸ä¼ÓÜÝÞÓÜÙÜÛôÍß×ñæ
ÔºÖ¼×�ÙÚÓÜä¼ä Û¼×áàãâÅÍÞæìÛ�â�ÍßæÕÛ¼ÑºÓ ÖËÓ G õºÍÞÖËÓÚë äËàð×�×�ÛôÑ÷æºÓÚäËä ÍÞäÈÓÚàòÔºÝÞ×ÂèñÓÜë�â�Ö¼×�õºæºë�ÛôÑ÷Ó Ôó×�ÍÞæìÛ T Ì#Týûóå
T èñå<T �ÂÎ²þ ÏÒÑ÷Ó â�Ýßçñ×ñÖËÍßÛôÑ÷à é®×�ÖÒëº×ñÍÞæ÷ç�ÛôÑºÍßä Íßä�U
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• � �.� ����0� �S��� ���(� �	����������� �)�0� ��� � 
 �� þ �êÓÜæºÓÚÖ¼âÅÛôÓ â Ö¼â�æºëº×ñà æ¤õºà2AóÓÜÖ é®×ñÝßÝÞ× R '
ÍÞæ÷çÐÛôÑºÓ T ×ñÍÞäËä¼×ñæ ÔºÖ¼×�Aîâ�AºÍßÝÞÍßÛùèüëºÍßäËÛ¼Ö¼ÍWA÷õ÷ÛôÍß×ñæ RíÍßÛ¼Ñ â àòÓ âÅæ ÙÚ×ñÖËÖ¼ÓÚäËÔó×�æºëºÍÞæ÷ç Û¼× ÛôÑºÓ
ä¼õ AA'ùäÊÛôÖ¼õ÷ÙÜÛôõ÷Ö¼ÓÕä¼Í
�ÜÓÕâ�ÝÞ×ñæ÷ç � ÌÆÍÞÓÜÝ¨Î²þ

• � �.� ����0� � �������(� �	���� ����� ����� � � � 
 � ��� ���� � � ��� ��� � ���0� � �.������� ����� � � � þ
*�×¦×�Ô ×ÂöñÓÜÖ Týû�' �÷þ"&��ÉÍÞÓÜÝ Û¼× Týû����÷þ &��ÉÍÞÓÜÝ çñÓÜæºÓÚÖ¼âÅÛôÓ â Öôâ�æ÷ëº×ñà æ¤õºàNA ÓÚÖðé®×�ÝÞÝÞ× RíÍßæºç
ÛôÑ÷Ó=TÈ×ñÍßä¼ä¼×�æ ÔºÖË× Aîâ�A÷ÍÞÝÞÍ�ÛùèòëºÍÞäÊÛôÖ¼ÍIAºõ÷Û¼ÍÞ×ñæ RíÍ�ÛôÑüâ àðÓÚâ�æ ÙÚ×ñÖËÖ¼ÓÜä¼Ô ×ñæºëºÍßæºç Ûô× ÛôÑºÓ äËõ AA'
äËÛ¼Ö¼õºÙ·ÛôõºÖËÓãäËÍ
�ÚÓòâ�Ýß×ñæºç � Ì¢ØËÓÚÝïÎ·å âÅÛ Ó â�Ù�Ñ ÍÞæºÙÜÖ¼ÓÜàðÓÜæ¤Û â�Ýß×ñæºç ��þ ø é Û¼ÑºÓ�ö�âÅÝÞõºÓ�×�é ØËÓÚÝ
ÍÞä RíÍ�ÛôÑºÍßæ ÛôÑºÓ ä¼àò×¦×ÅÛôÑºæºÓÜä¼ä Ô ÓÚÖ¼ÙÜÓÚæìÛ�âÅçñÓ äËÔóÓÜÙÚÍIHºÓÚë Ì#F¦àò×¦×�Û¼Ñ��ÕÎðâ�ÙÚÙÜÓÚÔ÷Û ÍßÛÚå¸ÓÚÝßä¼Ó
Ö¼ÓÜçñÓÚæ÷ÓÚÖôâ¬ÛôÓ ØËÓÚÝ´þ

• � �.� ����0� � ��� ���(� �	����������� �)�0� ��� � 
 � � � ����� � � ��� � � �R���#��� �.������� ��������� � þ
*�×¦×�Ô ×ÂöñÓÜÖ T è	' �÷þ"&��¼ØËÓÜÝ Û¼× T è�� �¦þ &��ËØËÓÚÝ çñÓÚæºÓÜÖôâÅÛ¼Ó â Öôâ�æºë÷×ñà æ¤õºàNA ÓÚÖðé®×�ÝÞÝÞ× RíÍßæºç
ÛôÑ÷Ó=TÈ×ñÍßä¼ä¼×�æ ÔºÖË× Aîâ�A÷ÍÞÝÞÍ�ÛùèòëºÍÞäÊÛôÖ¼ÍIAºõ÷Û¼ÍÞ×ñæ RíÍ�ÛôÑüâ àðÓÚâ�æ ÙÚ×ñÖËÖ¼ÓÜä¼Ô ×ñæºëºÍßæºç Ûô× ÛôÑºÓ äËõ AA'
äËÛ¼Ö¼õºÙ·ÛôõºÖËÓ äËÍ
�ÚÓ â�Ýß×ñæºç � Ì�L�ÓÚÝïÎ·åêâÅÛüÓÚâ�Ù�Ñ ÍÞæ÷ÙÚÖ¼ÓÜàðÓÜæìÛ âÅÝÞ×ñæºç ��þ ø é ÛôÑºÓ öÅâ�ÝÞõºÓ ×�é
L�ÓÜÝ ÍÞä8RíÍßÛ¼ÑºÍÞæ ÛôÑ÷ÓÕäËàð×�×�Û¼ÑºæºÓÚäËä Ô ÓÚÖËÙÚÓÜæ¤Ûôâ�çñÓÕä¼Ô ÓÚÙÜÍIHîÓÜë Ì$F�àð×�×�ÛôÑ ��Î â�ÙÚÙÜÓÚÔ÷Û ÍßÛÚåºÓÚÝßä¼Ó
Ö¼ÓÜçñÓÚæ÷ÓÚÖôâ¬ÛôÓ=L�ÓÜÝ°þ

• � � ���'� �	������0��� ��� � ��� ���(� �	����������� þ @ ÛÒÓÚâ�Ù�Ñ ÙÚÓÜÝÞÝ ë÷Ó(HîæºÓÜë Aìè ÌÆÍ´å ØÜå L¦Î Ù�ÑºÓÜÙ"Lã×�Ù '
ÙÚõ÷Ôîâ�æºÙ·èñþ ø é�æº×ÅÛ Í�Û ÍÞä æº×�Û ×�ÙÚÙÚõ÷ÔºÍÞÓÜë å¤×¦ÙÜÙÚõºÔìèòÍßÛ¸Ì (áÙÜÙ � ÝÞâ�ç � #ÉÎ â�æºëãâ�ÝÞäË×ÕÔ÷Ö¼×Âö�ÍÞëºÓ
â�æ�×�Ö¼ÍÞÓÜæìÛ�âÅÛ¼ÍÞ×ñæãÌÆÍ�éºÍÞæ÷Ôºõ÷Ûýúîâ�çáä¼×¸ëºÍÞÙ·Û�âÅÛ¼ÓÚä�Î â�æºëNLÅÓÚÓÜÔ�ÛôÖôâÅÙ"L ×�é÷ÛôÑºÓ æ¤õºà2AóÓÜÖý×�éîÙÜÓÚÝßÝÞä
×�ÙÚÙÚõ÷ÔºÍÞÓÜë Ì®ÍÞæºÙÜÖ¼ÓÜàðÓÜæ¤Û � õºà (áÙÚÙÚõ÷ÔºÍÞÓÜë Î·þ Û¼ÑºÓ ëºÓ·ö¦ÍÞâÅÛôÍß×ñæ é®Ö¼×�à ÛôÑ÷Ó ×ñÖ¼ÍßÓÚæìÛ�âÅÛ¼ÍÞ×ñæ ÍÞä
ä¼Ô ÓÚÙÜÍIHîÓÜë âÅçìâ�ÍÞæ Aìèüâ TÈ×�ÍÞä¼äË×ñæüëºÍÞäÊÛôÖ¼ÍIAºõ÷Û¼ÍÞ×ñæ þ

Ì¨öºÎ�� � � ��4�0� � 
��<� ��� � � � �#
 
���� ������� � � �
 �(� ������0� � ��� �,����� � ����� þ�� ÑºÓÜÙ"L ÍßéýÛôÑºÓ
é®ÖôâÅÙÜÛôÍß×ñæã×Åé�öñ×ñÍßëºä Íßä çñÖËÓ âÅÛ¼ÓÚÖ Û¼Ñîâ�æãÛ¼ÑºÓáäËÔóÓÜÙÚÍIHºÓÚëÐöñ×�ÍÞëãé®Ö¼â�ÙÜÛ¼ÍÞ×ñæ þýø é�èñÓÚäÜåºÔºÍßÙ"Lãâ Ö¼â�æºëº×�à
Ô ×ñÍÞæìÛ RíÍ�ÛôÑºÍßæãÛôÑºÓ äÊè�äËÛôÓÜà åîÙ�Ñ÷ÓÚÙ"LÐÛôÑºâÅÛÒÍßÛ ÍÞä õºæ÷×¦ÙÜÙÚõºÔºÍßÓÚëüâ�æºë A÷õºÍÞÝßë â�ä¼õ AºäÊÛôÖËõºÙÜÛ¼õºÖ¼ÓÕâ�ä
ÍÞæ Ô ×ñÍÞæìÛ Ì®Íßö÷Î â�A ×ÂöñÓ�þ ø éÈæº×�Û äËÛ¼×ñÖ¼Ó ÛôÑ÷Ó äËÛôÖËõºÙÜÛ¼õºÖ¼ÓÕÍÞæüâ�ÖËÖôâ è�äí×ñÖÒÍÞæüâNHîÝÞÓÕâ�æ÷ëüÓ²û¦ÍßÛ þ

� ÍÞç÷þ-Qºþ # äËÑº× Ríä â Ôó×�Ö¼×ñõºäðçñÖôâÅÔºÑºÍßÛ¼Ó äÊÛôÖ¼õ÷ÙÜÛôõ÷Ö¼Ó ×�éÕâ àòÍÞÙÜÖ¼×ñæ ä¼Í
�ÜÓÚë ÙÜõ AóÓ ÙÚÖ¼ÓÚâÅÛôÓÜë RíÍßÛôÑ ÛôÑºÓ
â�A ×Éö�Ó â�Ýßçñ×ñÖ¼Í�ÛôÑºà õºä¼Íßæºç âÅæ àðÓÚâ�æ ��� ��� ����� � 
��
	 � ×Åé

10−7
àðÓ·ÛôÓÚÖËä�â�æ÷ë â àòÓ â�æ � ����� � 
��
	 � ×�é

10−8
àðÓ·ÛôÓÜÖ¼äÚþ

%���� � "�' 	SR ����� O TWR �����NM%� R O��$� � ���)��� � � ���$'UM

� Ó Ñîâ öñÓ ä¼ÓÜÓÚæ ÍÞæ ÛôÑºÓ ÔºÖ¼Ó·ö¦Íß×ñõºäáÙ�Ñºâ�Ô÷ÛôÓÜÖáÛôÑîâ¬Û¸ÛôÑ÷Ó�ëºÍISóõºäËÍÞ×ñæ ×�é Ñìè¦ë÷Ö¼×ñçñÓÜæ ÍÞä¼×ÅÛô×ñÔ ÓÚä ÍÞæ ÙÜÖËè�ä '
Û�â�ÝßÝÞÍßæºÓ çñÖ¼â�ÔºÑºÍ�ÛôÓÒÙ âÅæ A ÓíÖ¼ÓÚÔ÷Ö¼ÓÚäËÓÚæìÛôÓÜë Aìè ÛôÑºÓíÔîâÅÖôâ�àòÓÜÛ¼ÓÚÖ ä¼Ó·Û Ì

ωl,ho , E
l,h
m , Ll,h

Î-RíÍßÛôÑ÷ÍÞæ�â � � �ä¼Ù�ÑºÓÜàðÓÅþáøùæ ×ñõ÷Ö¸Ï �	� àð×�ëºÓÜÝ Ì � ÍÞçºþ Qºþ"!ñÎ·å R Ó�õºäËÓ ÛôÑ÷ÓÚä¼Ó Ôîâ�ÖôâÅàðÓ·ÛôÓÚÖËä Û¼×ãàò×¦ëºÓÜÝ Û¼Öôâ�æ÷ä¼Ô ×ñÖËÛ ÍÞæ
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ÛôÑºÓ�ÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼ÓÚäÚþ ÏÒÑ÷Ó ÛôÖ¼â�æºä¼Ô ×ñÖÊÛ ÍÞæ Û¼ÑºÓ àòÍÞÙÚÖË×Âöñ×ñÍßëºä Íßäáàò×¦ëºÓÜÝÞÓÜë Aìè äËÔóÓÜÙÚÍßé¨è�Íßæºç âðÛôÖ¼â�ÔºÔºÍßæºç
ÔºÖ¼× Aºâ�AºÍÞÝßÍßÛùèòé®×ñÖíÛôÑºÓÕÍÞæìÛôÓÜÖ¼äÊÛôÍßÛ¼Íïâ�Ý â�ä ÍßÛ Ôîâ�äËä¼ÓÚä é®Ö¼×ñà Û¼ÑºÓÕÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼Ó Ö¼ÓÜçñÍÞ×ñæ Û¼×ðÛôÑ÷Ó àòÍÞÙÜÖ¼×Âöñ×ñÍßë
Ö¼ÓÚç�ÍÞ×ñæ þ ÏÒÑºÓÚäËÓ âÅÛô×�àðäÕçñÓÜÛ ëºÓÜÛ¼Öôâ�Ô÷ÔóÓÜë RíÍßÛôÑ÷ÍÞæ Û¼ÑºÓ � � � ä¼Ù�Ñ÷ÓÚàòÓ RíÍßÛôÑ â ëºÓ·ÛôÖôâÅÔ âÅÛ¼Û¼ÓÚàòÔ÷Û
é®Ö¼Ó G õºÓÜæºÙÜè ∼ 1×1013 s−1

RíÑºÍßÙ�ÑãÍßä â Ûùè�ÔºÍÞÙÚâ�Ý ÔºÑº×ñæº×�æðé®Ö¼Ó G õºÓÚæºÙ·èñå÷â�æºëÐâêëºÓ·ÛôÖôâÅÔºÔºÍÞæ÷ç ÓÜæºÓÚÖËç�è
Ì0A ÓÜÛ R ÓÚÓÚæ !¦þ-U â�æºë Qºþ-/áÓ � ÎÈÛ�âVL�ÓÚæ é®ÖË×ñà ÝßÍßÛôÓÜÖôâÅÛ¼õºÖ¼Ó>�-/.& $°þÈÏÒÑºÓíëºÓÜÛ¼Öôâ�Ô÷ÔóÓÜëðâ¬Ûô×ñàòä ÍÞæ÷ÍßÛôÍÞâ�ÝÞÝ�èáÛ�âVL�Ó
âòÖ¼â�æºëº×ñà / � äÊÛôÓÚÔ þÒø éýÛôÑ÷ÍÞäíäËÛ¼ÓÚÔ Ûôâ�L�ÓÜä Í�Û ÍßæìÛô×ðâòàòÍÞÙÜÖ¼×Âöñ×ñÍßë åºÍ�Û ÙÜ×ñæìÛôÍßæ�õ÷ÓÚä ÍßÛôäÒúîÍßçñÑìÛ õºæìÛôÍÞÝ�Í�Û
ÙÚ×ñàòÓÚä ÍÞæãÙÜ×ñæìÛ�â�Ù·Û RíÍßÛ¼ÑÐâ ÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼Ó7RíÑºÓÜÖ¼ÓáÍ�Û âÅçìâ�ÍÞæòÑîâ�ä â ÔºÖ¼×�Aîâ�AºÍßÝÞÍßÛùè ×�é çñÓ·Û¼ÛôÍßæºç Û¼Öôâ�Ô÷ÔóÓÜë þ
ø é Û¼ÑºÓ äËÛôÓÜÔ Ûôâ�L�ÓÜäðÍ�Û ÍÞæìÛ¼× â ÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼ÓÐÍßÛ�Û¼ÑºÓÚæ ëºÍ:S õºäËÓÚä�ÍÞæìÛ¼× Û¼ÑºÓ çñÖ¼â�ÔºÑºÓÜæºÓ ÔºÝïâ�æ÷Ó ×�é Û¼ÑºÓ
ÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼Ó�þ � ÓêÝÞ×�× Lò×ñæºÝßèÐâÅÛÒÛôÑ÷ÓÕÖËÓÚçñÍßàðÓERíÑºÓÚÖËÓÕÛ¼ÑºÓêçñÖôâ�Ô÷ÑºÍßÛ¼Ó çñÖôâ�æ¤õºÝßÓ ÍÞäÒõºæ÷äôâÅÛ¼õºÖôâÅÛ¼ÓÚë â�æºë
ÛôÑºÓêëºÍ:S õºäËÍÞ×ñæ ÍßäÒÝÞÍßàðÍ�ÛôÓÚë A¤èãÛôÑºÓ ÛôÖ¼â�ÔºÔºÍßæºçòâ�æºë ëºÓ·ÛôÖôâÅÔºÔºÍÞæ÷çðâ¬Û àòÍÞÙÜÖ¼×Âöñ×�ÍÞëºäÜþ
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Crystallite diffusion

Trapping at crystallite
 microvoid  interface

microvoids

Crystallites

���ß�Å�¦��� ��  �ì£ 9¦¯°±·¶¬«�� �ý¯°±·¶ ªÉ§©±·¯ ��� ³ÄÃñª¬«Æ³©µ·¶8� µÂÁÂ»Ë§�«´½��¬»��Ò±�°³©½
%��LK � ����' �
��� ($	#� 	��������

ÏÒÑºÓãàðâ�Íßæ âÅëºëºÍßÛ¼ÍÞ×ñæPR â�ä ÍßæºÙÚÝßõºä¼Íß×ñæ ×�é Û¼ÑºÓòÔó×ñÖË×ñõºäêÛôÖ¼â�æºä �¤çñÖôâ�æ¤õºÝßÓ�çñÓÚ×ñàòÓÜÛ¼ÖËè õºäËÍÞæºç ÛôÑ÷Óãâ�Ý '
çñ×ñÖËÍßÛôÑ÷à ëºÓÚäËÙÚÖ¼ÍIAóÓÜë ÍÞæ ä¼ÓÜÙÜÛôÍß×ñæ Qºþ #ñþ"!¦þíÏÒÑºÓ â�A ×ÂöñÓ àð×�ëºÓÚÝ ÍßæºÙÚÝßõºëºÓÚä¸âðæºÓ'R ÖôâÅÛ¼ÓÐÌ®ëºÓÜÛ¼Öôâ�ÔºÔ÷ÍÞæºç
âÅÛÕÙÚÖÊè¦äÊÛ�â�Ý ��àòÍÞÙÚÖË×Âöñ×ñÍßë ÍßæìÛôÓÚÖÊéÆâ�ÙÚÓ Î%RíÑºÍÞÙ�Ñ Ñîâ�äêÛô× AóÓ�ÍßæºÙÚ×ñÖËÔó×�ÖôâÅÛ¼ÓÚë ÍÞæ ÛôÑºÓ � � � â�Ýßçñ×ñÖËÍßÛôÑ÷à þ
� õºæºÙÜÛ¼ÍÞ×ñæ÷ä Û¼×ðÛôÖ¼â�æºäÊé®×ñÖ¼à Û¼×Ðâ�æºë é®Ö¼×ñà Û¼ÑºÓ äËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæüâ¬û¦ÓÚä Ûô×ðÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼Óê×ñÖ¼ÍßÓÚæìÛ�âÅÛ¼ÍÞ×ñæ÷äÒõºä '
ÍÞæºç D õ÷ÝÞÓÚÖ�Û¼Öôâ�æ÷äËé®×ñÖËàãâÅÛ¼ÍÞ×ñæ÷ä �-V 9R$ â�Ö¼Ó âÅëºëºÓÚë äË× âÅä Ûô× ÙÚâ�Ö¼ÖÊè ×ñõ÷Û�ëºÍISóõºä¼Íß×ñæ ÔîâÅÖôâ�ÝßÝÞÓÚÝ Û¼× ÛôÑºÓ
çñÖôâÅÔºÑºÓÚæ÷ÓÕÝÞâ èñÓÚÖËäÚþ
� ÖË×ñà ÛôÑºÓ ÔºÖË×ñçñÖ¼â�àðàòÍÞæ÷çãâ�äËÔóÓÜÙÜÛêÔîâÅÖËÛôÍßÙÚÝßÓ Ô ×ñä¼Í�ÛôÍÞ×�æºä¸âÅÖ¼ÓKL�ÓÜÔ÷Û ÛôÖ¼â�Ù"L ×Åé6RíÍ�ÛôÑ ÖËÓÚä¼Ô ÓÚÙ·Û Ûô×

ÛôÑºÓ Ôó×�Ö¼×ñõºä äËÛ¼Ö¼õºÙ·ÛôõºÖËÓáâ�æ÷ë â�ÔºÔºÖË×ñÔºÖËÍïâÅÛ¼ÓíÛ¼Öôâ�æ÷ä¼Ô ×ñÖËÛ àð×�ëºÓÜÝÞä ÍÞàòÔºÝÞÓÜàðÓÜæìÛôÓÚëòëºÓÜÔóÓÜæºëºÍÞæ÷ç ×ñæòÛôÑºÓ
Ö¼ÓÜçñÍÞ×ñæ Ì®ÙÚÖÊè¦äÊÛ�â�Ý�×�Ö àðÍßÙÚÖË×Éö�×ñÍÞëîÎ ÛôÑ÷Ó Ôîâ�ÖËÛ¼ÍÞÙÜÝÞÓáÝßÍÞÓ¸Íßæ þ Ï Öôâ�æºäËÍßÛ¼ÍÞ×ñæºä AóÓ·Û R ÓÜÓÚæ Ö¼ÓÚç�ÍÞ×ñæºä â�Ö¼Ó æº×ÅÛôÓÚë
â�æºë ÛôÖ¼â�ÔºÔºÍßæºç ÔºÖ¼×�Aîâ�AºÍßÝÞÍßÛ¼ÍÞÓÜä â�ÖËÓÕÍßàðÔ÷ÝÞÓÚàòÓÚæìÛ¼ÓÚë âÅÛÒÛ¼ÑºÓêÍÞæìÛôÓÜÖËéÆâ�ÙÜÓÚäÚþ
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� 5 � 574 �0D<H �?AN F6D<: N�LM?3?1=CD . �<H ? 2<L N�= 4 �<GCF ?A=CB6D
F¦ÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæºä�R ÓÜÖ¼Óíëº×ñæ÷Ó â¬Û

750K
å
1000K

å
1250K

å
1500K

â�æºë
1750K

þÈÏÒÑºÓ Ôó×ñÖË×ñõºä äÊÛôÖ¼õ÷Ù '
ÛôõºÖËÓ R â�ä çñÓÚæºÓÜÖôâÅÛ¼ÓÚë�é®×ñÖ âÕÙÜõ A Ó ×�é ä¼Í��ÚÓ

5×10−8m
å RíÍßÛôÑðâ�æ ��� ��� ����� � 
��
	 �ýÙÚ×�Ö¼Ö¼ÓÜä¼Ô ×ñæºëºÍßæºçêÛô×

Ûùè¦Ô÷ÍÞÙ âÅÝ÷ÙÚÖÊè�äËÛ�âÅÝÞÝÞÍ�ÛôÓ ä¼Í
�ÜÓÚä Íßæ�çñÖôâÅÔºÑºÍßÛ¼Ó ×�é
5×10−9m

â�æºë�âáàòÍÞæºÍßà�õºà � ����� � 
��
	 � ×�é
5×10−10m

å
RíÍßÛôÑ Û R ×�ëºÍISóÓÚÖËÓÚæìÛÒöñ×ñÍßë é®Öôâ�Ù·ÛôÍÞ×�æºä

10%
â�æºë

20%
þ ÏÒÑ÷ÓÕÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼Ó¸×ñÖËÍÞÓÚæìÛôâÅÛôÍß×ñæºä R ÓÚÖËÓ=H¦û÷ÓÜë

A¤èüÛôÑ÷ÓKD õºÝÞÓÜÖáâ�æºç�ÝÞÓÚä
Φ = 30◦

å
Θ = 45◦

âÅæºë
Ψ = 20◦

þ @ ä¼àò×¦×�Û¼ÑºæºÓÜä¼äáÔ ÓÚÖËÙÚÓÚæìÛôâ�çñÓ�×�é
5%ÍÞäáäËÔóÓÜÙÚÍIHºÓÚë é®×ñÖ Û¼ÑºÓ äËÛ¼Ö¼õºÙ·ÛôõºÖËÓ�þ ÏÒÑºÓ ×ñÖ¼ÍßÓÚæìÛ�â¬ÛôÍÞ×�æºäER ÓÚÖËÓ�â�ÝÞÝß×�R ÓÚë Û¼×ÐöÅâ�ÖËè Aìè âÐàòÓ â�æ öÅâ�ÝßõºÓ

×�é
2◦
þ � ×�Û¼Ó Û¼ÑîâÅÛ¸Û¼ÑºÓÚäËÓ�Ôîâ�Ö¼â�àòÓÜÛôÓÜÖ¸Ù�Ñº×�ÍÞÙÚÓÜäáâ�ÝßÝÞ× R é®×ñÖ Ö¼ÓÜä¼×ñÝßõ÷ÛôÍß×ñæ ×Åé ëºÓÜÛôâ�ÍÞÝßä ×Åé ÛôÑºÓ çñÖôâ�æ¤õºÝßÓ

àðÍßÙÚÖ¼×���äËÛ¼Ö¼õºÙ·ÛôõºÖËÓ ÝßÍWLÅÓÒàðÍßÙÚÖ¼×��¤öñ×ñÍßëºä â�æºëòÙÚÖÊè�äËÛ�âÅÝÞÝÞÍ�ÛôÓÜä â�æºëãÖËÓÚäËõºÝßÛ¼ä ÍßæãâêäôâÅàðÔºÝßÓÒ×�é Û¼ÑºÓ çñÖôâ�æ¤õºÝßÓ
ÙÚ×ñæºäËÍÞäÊÛôÍÞæ÷ç ×�é # � � � ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍ�ÛôÓÚäÜþ TÈÓÜÖ¼ÍÞ×�ëºÍßÙCA ×ñõºæ÷ëîâ�ÖËè ÙÜ×ñæºëºÍ�ÛôÍÞ×�æºäÕâ�Ö¼Óðâ�ÔºÔºÝßÍÞÓÜë Íßæ â�ÝßÝ ÛôÑºÖËÓÚÓ
ëºÍÞÖËÓÚÙÜÛ¼ÍÞ×ñæ÷äÚå÷Û¼ÑºÓÚÖËÓ�Aìè Ó(SóÓÚÙ·ÛôÍßö�ÓÚÝ�è ä¼Íßà�õºÝïâ¬ÛôÍÞæ÷ç â�æ ÍÞæ HºæºÍßÛ¼Ó ä¼×ñÝßÍÞë þ
� ×ñÖ ÍßæìÛôÓÚÖËäËÛ¼ÍßÛôÍÞâ�Ý ÛôÖôâÅæºä¼Ô ×ñÖËÛêÍßæ ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍ�ÛôÓÚäÜå ÛôÑºÓ�ÔîâÅÖôâ�àòÓÜÛ¼ÓÚÖáäËÓÜÛÕ× A÷Ûôâ�ÍÞæºÓÜë é®Ö¼×ñà ÛôÑºÓ � �ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ÷ä Ì

ωl.ho , E
l,h
m , Ll,h

ÎÈé®×ñÖ Ñìè�ëºÖ¼×ñç�ÓÚæðâ�æºë�ëºÓÚõ¦ÛôÓÚÖËÍÞõºà ÍÞä õºäËÓÚë þ Ï ÖôâÅÔºÔºÍÞæ÷ç ÔºÖ¼× Aºâ�AºÍÞÝßÍßÛ¼ÍÞÓÚä
âÅÛ ÛôÑºÓ ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍ�ÛôÓ �¤àðÍßÙÚÖ¼×Âö�×ñÍÞë ÍßæìÛôÓÚÖÊéÆâ�ÙÚÓÜä Íßä Û�â�LÅÓÚæ Û¼× A Ó

1
þ ÏÒÑ÷Ó Û¼Öôâ�ÔºÔ÷ÍÞæºç ÓÚæºÓÜÖ¼çñÍßÓÚä

EtR ÓÜÖ¼Ó Ûôâ�L�ÓÜæ é®ÖË×ñà ÝÞÍ�ÛôÓÜÖôâÅÛ¼õºÖ¼ÓI� /	&�$ Ûô×òÝÞÍßÓ!AóÓ·Û R ÓÜÓÚæ
2.6eV

Û¼×
4.3eV

â�æºë ÛôÑ÷Ó ëºÓ·ÛôÖ¼â�Ô âÅÛËÛôÓÜàðÔ÷Û
é®Ö¼Ó G õºÓÜæºÙÜè R âÅäðÛ�âVL�ÓÚæ âÅä

ωto = 1 × 1013 s−1
å RíÑºÍßÙ�Ñ ÙÚ×ñÖËÖ¼ÓÜä¼Ô ×ñæºëºäãÛ¼× â Ûùè¦Ô÷ÍÞÙ âÅÝ ÔºÑ÷×ñæº×ñæ

é®Ö¼Ó G õºÓÜæºÙÜèüÍßæüç�Öôâ�ÔºÑ÷ÍßÛôÓI� / 	 $´þ ÏÒÑºÓ äËÍÞà�õºÝÞâÅÛôÍß×ñæ R â�ä Ù â�ÖËÖ¼ÍÞÓÜë ×ñõ÷Ûíé®×ñÖ
100

Ôºâ�ÖËÛ¼ÍÞÙÚÝßÓÚäíõºæºÍ�é®×ñÖ¼àòÝßè
ëºÍÞäÊÛôÖ¼ÍIAºõ÷Û¼ÓÚë ÍÞæáÛ¼ÑºÓ äôâ�àòÔºÝßÓ�å é®×ñÖ

100000
J � *�äËÛôÓÜÔºäÈâ�æºëêÖ¼ÓÜÔóÓÚâÅÛôÓÜëêé®×�Ö

100
Û¼Ö¼ÍÞâ�ÝÞäÜþ�F¦ÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæºä

RíÍßÛôÑ â ÝÞâ�Ö¼çñÓÜÖáæ¤õºàNA ÓÚÖ ×�é J � * äËÛôÓÜÔºäðÌ
106

ÎER ÓÜÖ¼Ó�Ù âÅÖ¼Ö¼ÍßÓÚë ×ñõ¦Û é®×ñÖêâãé®Ó(R Ù â�äËÓÚä Ûô× Ù�ÑºÓÜÙ"L Íßé
ÛôÑºÓÜÖ¼ÓêÍÞäíâ�æìè Ù�Ñºâ�æºçñÓÕÍÞæ ÛôÑ÷ÓÕÖËÓÚäËõºÝßÛ¼ä é®×ñÖ ÛôÑºÓêëºÍ:S õ÷ä¼ÍÞ×�æüÙÜ×¦Ó'OòÙÚÍÞÓÜæìÛ þ
� 5 � 5 * � LON �<G ?AN;F ?;?52>L 4 LON�B6NAK�B H =CK GCLOD . ?52 J)F6D7.6L
� Óá×�Aºä¼ÓÜÖËöñÓ Û¼ÑîâÅÛ Û¼ÑºÓ ëºÍISóõºäËÍÞ×ñæÐÍßæãÛôÑ÷Ó ÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼Ó Íßä éÆâ�äÊÛÒÙÚ×ñàòÔîâ�ÖËÓÚëÐÛ¼×�ÛôÑºÓáë÷ÍISóõºä¼Íß×ñæÐÍÞæÐÛ¼ÑºÓ
çñÖôâ�æ¤õºÝßÓ â�ä â RíÑ÷×ñÝÞÓÅþÈÏÒÑºÍßä�ÍÞä àðâ�ÍÞæºÝ�è7AóÓÜÙ â�õºäËÓ ×Åé÷ÛôÑ÷Ó Ýß× R öÅâ�ÝßõºÓÚä ×�é

Eh
m

â�æºë
El
m

é®×ñÖ�ÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼Ó
ëºÍISóõºä¼Íß×ñæ ÙÚ×�àðÔîâÅÖ¼ÓÚë Û¼× ÛôÑºÓ ëºÓ·ÛôÖôâÅÔºÔºÍÞæ÷ç ÓÚæºÓÜÖ¼çñÍßÓÚä Ì ∼ 2.6 − 4.3

Ó � ÎÐ×�éêÛôÑºÓ ÍÞæìÛ¼ÓÚÖ¼äÊÛôÍ�ÛôÍïâÅÝÞä
ÛôÖôâÅÔºÔóÓÜë âÅÛêÛ¼ÑºÓãÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛôÓ ��àòÍÞÙÚÖË×Âöñ×ñÍßë ÍÞæìÛôÓÜÖËéÆâ�ÙÜÓÚäÜþ ÏÒÑºÍÞäÜåýÙÚ×�õºÔºÝÞÓÜëMRíÍ�ÛôÑ ÛôÑºÓòéÆâ�ÙÜÛêÛôÑºâÅÛ Û¼ÑºÓ
ÍÞæìÛôÓÜÖ¼äËÛ¼ÍßÛ¼Íïâ�Ýßä çñÓ·ÛÒÛôÖôâÅÔºÔóÓÜë Ó·öñÓÜÖËè ÛôÍßàðÓ ÛôÑºÓ·è ÙÚÖË×ñä¼ä ×ÂöñÓÚÖÒÛ¼ÑºÓêÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼Ó ��àòÍÞÙÜÖ¼×Âöñ×�ÍÞëãÍßæìÛôÓÚÖÊéÆâ�ÙÚÓÅå
àãâ�LÅÓðÛ¼ÑºÓãäËÍÞà�õºÝÞâÅÛôÍß×ñæºä éÆâ�ÝßÝ Íßæ Û¼ÑºÓãÛôÖ¼â�ÔºÔºÍßæºç �Åë÷ÓÜÛôÖ¼â�ÔºÔºÍßæºçüÝÞÍÞàòÍßÛ¼ÓÚë Ö¼ÓÜçñÍÞàòÓò×�éÒëºÍ:S õºäËÍÞ×ñæ þ øùæ
ÛôÑºÍßäýÝÞÍßàðÍ�Û�ÛôÑºÓÒë÷ÍISóõºä¼Íß×ñæ ÙÜ×¦Ó'OðÙÜÍÞÓÜæ¤Û¼ä ×�éîÛôÑ÷Ó ëºÍISóÓÚÖËÓÚæìÛ Ñìè�ëºÖ¼×�çñÓÚæ�ÍÞäË×�Ûô×�ÔóÓÜä â�ÖËÓ ä¼ÍßàðÍßÝïâ�ÖÜþ�ÏÒÑºÍÞä Íßä
AóÓÜÙ â�õºäËÓ ÛôÑºÓáë÷ÓÜÛôÖ¼â�ÔºÔºÍßæºç ÓÚæ÷ÓÚÖ¼çÅè â�æºëÐÛ¼ÑºÓ ÔºÑº×ñæ÷×ñæÐé®Ö¼Ó G õ÷ÓÚæºÙÜÍÞÓÚäí×�é çñÖ¼â�ÔºÑºÍ�ÛôÓ¸â�Ö¼Ó õºæ÷Ù�Ñîâ�æºçñÓÜë þÏÒÑºÓðë÷ÍISóõºä¼Íß×ñæ ÙÜ×¦Ó'OòÙÚÍÞÓÜæìÛôä3R Óò× A÷Û�âÅÍÞæºÓÜë ÝßÍÞÓ ÍÞæ ÛôÑ÷ÓðÓ²û÷Ô ÓÚÖËÍÞàòÓÚæìÛ�âÅÝ Ö¼â�æºçñÓ Ì � ÍÞçºþT#�/ü×�é+� /	&�$ïÎ



� � � � � � ����� � � � ������� � � �
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 1e-13
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 1e-09
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D
 (

cm
2  s

-1
)

1000/T (K-1)

Elleman
Saeki
Malka

Rohrig
Causey
Tanabe

DiG 10% void
DiG 20% void

DiG-Causey
DiG-Tanabe

���ß�Å�¦��� �¦ ���£</óµ'� Ç¬±²¯°³¢«ÆµÜ¶ µ²¹ 9 � � ½¾µ »��í½Ê³Ä»Ë¶Ü «÷¹ ¯´µ(� #�¬»ó$�É» � �3/�«Æ³�� ªÉ§¢±�°³ÄµÜ¶¬« ��³ $� »��ÂÇÅ»Ë¯´³�� »Ê¶Ú°±·§ ¿ô±·§Äª¬»Ë«¹ µÜ¯ #�É» ÁÂ³ÄÃñª¬«Æ³©µ·¶ ½ÊµÚ» �í½¾³©»Ê¶Ú
� Ó â�ÝÞäË×ðäËÓÚÓ Û¼ÑîâÅÛEAìè ÍßæºÙÚÖËÓ â�äËÍÞæºç�ÛôÑ÷ÓÕö�×ñÍÞëüé®Öôâ�Ù·ÛôÍÞ×�æüÛ¼ÑºÓ ë÷ÍISóõºä¼Íß×ñæ ÙÜ×¦Ó'OòÙÚÍÞÓÜæìÛ¸ëºÓÜÙÚÖËÓ â�äËÓÚäÚþ

ÏÒÑºÍÞä ÍÞä=A ÓÚÙ âÅõºä¼Ó R Ó LÅÓÚÔ÷Û ÛôÑºÓðÓÚÝÞÓÜàðÓÜæìÛ äËÍ
�ÚÓòÙÚ×�æºäËÛôâ�æìÛ2RíÑºÓÜæ ÙÚÖ¼ÓÚâÅÛôÍßæºç ÛôÑºÓðÔó×ñÖË×ñõºäÕçñÖôâÅæ�õ÷ÝÞÓ
äËÛ¼Ö¼õºÙ·ÛôõºÖËÓ�þ ÏÒÑºÓÜÖ¼ÓÜé®×�Ö¼ÓKR Ó�Ñîâ ö�ÓòäËÍÞàòÍÞÝÞâ�Ö äËÍ
�ÜÓÚë ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍ�ÛôÓÚäáâ�æºë àðÍßÙÚÖË×Éö�×ñÍÞë÷äÚå�Aºõ¦Û ÛôÑºÓ ÔîâÅÖËÛôÍ '
ÙÚÝßÓòÙÜ×ÂöñÓÚÖËä äËÑº×ñÖËÛ¼ÓÚÖêëºÍßäËÛ�âÅæºÙÚÓÜä A ÓÜé®×�Ö¼Ó�ÍßÛêçñÓ·Ûôä ÛôÖ¼â�ÔºÔ ÓÚë ÍÞæ ÛôÑ÷ÓðçñÖ¼â�æ¤õºÝÞÓÜä!RíÍßÛôÑ â ÑºÍÞç�ÑºÓÚÖáö�×ñÍÞë
é®Öôâ�Ù·ÛôÍß×ñæ þÐÏÒÑºÍßä ÍßäêÓ â�äËÍÞÝßè õºæºëºÓÜÖ¼äËÛ¼×¦×�ë é®ÖË×ñà � Íßçºþ-Q÷þ-QºþCRíÑºÓÚÖËÓ � ÍÞÝÞÝßõºäËÛ¼ÖôâÅÛ¼ÓÚäÕâ�æ × A�ØËÓÜÙÜÛ2RíÍ�ÛôÑ
∼ 10%

öñ×ñÍßëºäêâ�æºë � â�æºë � ÍÞÝÞÝßõºäËÛ¼ÖôâÅÛ¼ÓÚä¸â�æ × A�ØËÓÜÙÜÛ=RíÍßÛ¼Ñ ∼ 20%
ö�×ñÍÞë÷äÚþ øùæ ÙÚâ�ä¼Ó � âÐÔîâ�ÖC'

ÛôÍßÙÚÝÞÓ7R ×�õºÝÞëÐÛ¼Öôâ öñÓÜÝ ä¼Ñº×�ÖËÛôÓÜÖ ëºÍßäËÛ�âÅæºÙÚÓÜä AóÓ·é®×ñÖ¼Ó¸çñÓÜÛËÛôÍÞæ÷ç ÛôÖ¼â�ÔºÔ ÓÚë âÅÛ Û¼ÑºÓáàòÍÞÙÜÖ¼×Âöñ×ñÍßë ��ÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛôÓ
ÍÞæìÛôÓÜÖËéÆâ�ÙÜÓÚäíâ�äÒÙÜ×ñàòÔîâ�Ö¼ÓÜëÐÛô× ÙÚâ�ä¼Ó � þ¦øùæ � âÅä¼Ó � Û¼ÑºÓ Ôîâ�ÖÊÛôÍßÙÚÝÞÓ7R ×�õºÝÞëÐÛ¼Öôâ öñÓÜÝ�Ýïâ�ÖËçñÓÚÖ ëºÍÞäÊÛ�â�æºÙÜÓÚä
AóÓ·é®×ñÖ¼Ó çñÓÜÛËÛôÍßæºçðÛ¼Öôâ�ÔºÔ ÓÚë âÅÛáâòàðÍßÙÚÖË×Éö�×ñÍÞë ��ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍ�ÛôÓ ÍÞæìÛ¼ÓÚÖËéÆâÅÙÚÓ�þ ø é Û¼ÑºÓ Û¼Öôâ öñÓÜÝÈÛôÍßàðÓêÍßä¸æºÓÜçñÝÞÍ '
çñÍWA÷ÝÞÓ ÙÚ×�àðÔîâÅÖ¼ÓÚë Ûô×üÛôÑºÓ�ÛôÍßàðÓ äËÔóÓÜæìÛ Íßæ Û¼ÑºÓòÛ¼Öôâ�Ô åÈÍ�Û Íßäêä¼ÓÚÓÜæ Û¼ÑîâÅÛÕÛôÑºÓòëºÍISóõºäËÍÞ×ñæ ÙÚ×�Ó(OòÙÜÍÞÓÚæìÛ
×�é � â�æºë ×�é � ÍÞäêÑºÍßçñÑºÓÚÖáÛ¼Ñîâ�æ ÛôÑîâ¬Û ×Åé � þ�ÏÒÑºÓÜÖ¼Ó·é®×ñÖ¼Ó�ÛôÑºÓòÍÞæ÷æºÓÚÖ Ô ×ñÖ¼×�õºäêäËÛôÖËõºÙÜÛ¼õºÖ¼Óð×�é ÛôÑºÓ
çñÖôâÅÔºÑºÍßÛ¼Ó Íßä¸ÍßàðÔ ×ñÖËÛôâ�æìÛ â�æºë æº×ÅÛ ØËõºäÊÛ¸ÛôÑ÷Ó öñ×ñÍßë �¤é®Ö¼â�ÙÜÛ¼ÍÞ×ñæ þ @ àãâ�Íßæ ÙÚâ�õºä¼Ó é®×ñÖ Û¼ÑºÓ�äËÙ âÅÛËÛôÓÚÖ ÍÞæ
ÛôÑºÓ ë÷ÍISóõºä¼Íß×ñæ ÙÚ×�Ó(OòÙÜÍÞÓÚæìÛÕëîâÅÛôâÐÙÚ×ñõ÷ÝÞëPA Ó�ëºõºÓ�Û¼× Û¼ÑºÓ ëºÍ:S ÓÜÖ¼ÓÚæ÷ÙÚÓÚä Íßæ çñÖôâÅÔºÑºÍßÛ¼Ó Ô ×ñÖ¼×�ä¼ÍßÛùè â�æºë



� � � � � ��� � � � � ����� � ��� � � �6� ��������� � �.���#�0��� � � � � �Q�#� ��� ���

(A) (B) (C)
���ß�Å�¦��� �¦  �¦£¦¥¨§©§ÄªÅ«®°¯°±²´³©µ·¶í°µÒ»��ÂÇÉ§¢±²³©¶ $�É» ÁÂ»ËÇÅ»Ë¶¬ÁÂ»Ê¶Å½¾» µ²¹îÁÂ³ÄÃ�ªÅ«Æ³©µ·¶á½¾µ »��í½Ê³Ä»Ë¶Ü µÜ¶ $�É» ¿·µÜ³©Á �Ü¹ ¯ ±·½ù°³ÄµÜ¶

öñ×ñÍßë ä¼Í��ÚÓÜäÚþ ÏÒÑºÍÞä äËÛ�â¬ÛôÓÚàòÓÚæìÛ%AóÓÜÙÚ×ñàòÓÚä àð×ñÖËÓÕâ�ÔºÔîâ�ÖËÓÚæìÛáÍßæ Û¼ÑºÓ é®×ñÝßÝÞ× RíÍÞæ÷çòÔºâ�Öôâ�ç�Öôâ�ÔºÑ÷ä7RíÑºÓÜÖ¼Ó
â�ÍßæìÛôÓÚÖËÔºÖ¼Ó·ÛôÍ�öñÓêàð×�ëºÓ ×�éÈÖ¼õ÷æºæºÍÞæ÷ç�Û¼ÑºÓêä¼Íßà�õºÝïâ¬ÛôÍÞ×�æãÍÞäíÓ²û÷Ô÷Ýïâ�ÍßæºÓÚë þ

� ÍISóõºä¼Íß×ñæ ÙÚ×�Ó(OòÙÚÍßÓÚæìÛôä â�ÖËÓÕõ÷ä¼õîâ�ÝßÝßèãÔºõ AºÝßÍÞä¼Ñ÷ÓÚë �"V
	÷å�/	& $ ÍßæÐÛôÑºÓ é®×ñÖËà
D = Do e
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Ì Qºþ #ÉÎ
RíÍßÛôÑ õ÷æºÍßÛ¼ä ×�é

length2/second
å
D

ÍÞä ÛôÑºÓÐë÷ÍISóõºä¼Íß×ñæ ÙÚ×�Ó(OòÙÜÍÞÓÚæìÛòâ�æ÷ë
Do

ÍÞä Ù â�ÝßÝÞÓÚë ÛôÑºÓÐÛ¼ÑºÓ
ÔºÖ¼Ó �¤éÆâ�ÙÜÛ¼×ñÖ ×�é ÛôÑ÷ÓÒëºÍISóõºä¼Íß×ñæ�ÙÜ×¦Ó'OðÙÜÍÞÓÜæ¤ÛÚþ � ÍßÛ¼ÑºÍÞæ�Û¼ÑºÓ ÛôÖ¼â�ÔºÔºÍßæºçR' ëºÓÜÛ¼Öôâ�ÔºÔ÷ÍÞæºçáÝßÍÞàòÍßÛ¼ÓÚëÕëºÍISóõºä¼Íß×ñæ
Ö¼ÓÚç�ÍÞàòÓ�å¦Û¼ÑºÍÞäÒÙÚâ�æ AóÓêÍÞæìÛ¼ÓÚÖ¼Ô÷Ö¼ÓÜÛ¼ÓÚë â�ä

D = ωo L
2 e

−Em
kB T .

Ì Qºþ"!ñÎ
ÏÒÑºÓêÔºÑìè¦äËÍÞÙÚâ�Ý�àðÓÚâ�æºÍßæºç ×�é

Do

Íßä × Aìö�ÍÞ×ñõºäÒé®ÖË×ñà D G æ þ Qºþ # â�æºë D G æ þ Qºþ !�þ ø Û Íßä ÛôÑºÓ ÔºÖË×¦ë÷õºÙÜÛ ×�éÛôÑºÓêæ¤õºàNA ÓÚÖÒ×�éîØËõºàòÔüâÅÛ¼Û¼ÓÚàòÔ÷Ûôä Û¼×òë÷ÓÜÛôÖ¼â�Ô å
ωo

å â�æºë ÛôÑºÓêä G õºâ�Ö¼Óê×�é ÛôÑºÓêÝßÓÚæºç�Û¼Ñ ØËõºàòÔóÓÜë å
L2

å
âÅé¨ÛôÓÜÖ¸âòëºÓÜÛ¼Öôâ�ÔºÔ÷ÍÞæºçòÓÜö�ÓÚæìÛ þ5F¦ÍÞæºÙÜÓ ×�õºÖ � � � ÙÜ×¦ë÷ÓÐÌÆâ�æºë Û¼ÑºÓ äËÍÞàòÔºÝÞÓêàò×¦ë÷ÓÚÝ�ëºÓÜä¼ÙÚÖËÍWA ÓÚë ÝÞâÅÛôÓÜÖ
ÍÞæ ÛôÑ÷Ó�Ù�Ñîâ�Ô÷Û¼ÓÚÖôÎ õ÷ä¼ÓÚä Û¼ÑºÓ Û R ×üÔºâ�Öôâ�àòÓÜÛ¼ÓÚÖËä

ωo
â�æºë

L2
âÅä ÍÞæºÔºõ¦ÛôäÚåóÛôÑºÓÜä¼Ó�Ù â�æPA Ó Ö¼õ÷æ Íßæ â�æ

ÍÞæìÛôÓÜÖ¼ÔºÖËÓÜÛôÍ�öñÓòàð×�ëºÓüÌ RíÑºÍÞÙ�Ñ àðÓÚâ�æºäêëº×ñÍßæºç â Ôîâ�Ö¼â�àòÓÜÛôÓÜÖêä¼Ù âÅæ ÍÞæ
L
ÎáÛô×üä¼ÓÚÓãâÅÛ=RíÑîâÅÛêöÅâ�ÝÞõ÷ÓÚä

×�é
L
ëº×�ÓÚäÒÛôÑ÷Ó ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæðàãâ¬ÛôÙ�ÑÐÛôÑ÷Ó Ó·û¦ÔóÓÜÖ¼ÍßàðÓÜæ¤Ûôâ�Ý ÖËÓÚä¼õ÷ÝßÛôäÜþ ÏÒÑºÓÕâ�ä¼äËõºàðÔ¦ÛôÍÞ×�æ ÑºÓÚÖËÓ ÍÞä ÛôÑºâÅÛ

ωo
ÍßäÒä¼ÍßàðÍßÝïâ�Ö ÍÞæÐÛôÑ÷ÓêöÅâ�ÖËÍÞ×ñõ÷äÒÓ·û¦ÔóÓÜÖ¼ÍßàðÓÜæ¤Û¼ä â�æºëüÙÚ×ñÖËÖ¼ÓÚäËÔó×�æºëºäÒÛô× ÛôÑ÷Óêö�ÍIAºÖôâÅÛ¼ÍÞ×ñæÐé®ÖËÓ G õºÓÜæºÙÜèü×�é

ÔºÑº×ñæº×�æºäíÍÞæ ÛôÑºÓêçñÖ¼â�ÔºÑºÍ�ÛôÓ ÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛôÓÜäÒâ�æºëüÍÞäÒ×ÅéÈÛ¼ÑºÓê×ñÖ¼ëºÓÜÖ ∼ 1013sec−1
� / 	 $´þ

� Óíõºä¼ÓÒÛ¼ÑºÓ � � � ÙÚ×�ëºÓ � � � Íßæ�â�æòÍÞæìÛôÓÜÖ¼ÔºÖËÓÜÛôÍ�öñÓÒàò×¦ë÷Ó Ûô×êàãâ¬ÛôÙ�Ñ ÛôÑºÓÒÛ R × Ó²û¦ÔóÓÜÖ¼ÍÞàòÓÚæìÛôâ�Ý
Ö¼ÓÚäËõºÝßÛ¼ä Û¼ÑîâÅÛáÝßÍÞÓêéÆâ�ÖËÛ¼ÑºÓÚäÊÛ¸é®ÖË×ñà ×ñõºÖ¸äËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæºäíÖËÓÚä¼õ÷ÝßÛôäÜå æîâÅàðÓÜÝßè ÛôÑ÷Ó�Ó·û¦Ô ÓÚÖ¼ÍßàðÓÜæìÛ�â�Ý Ö¼ÓÜä¼õºÝ�Ûôä
×�é � â�õ÷ä¼ÓÜè â�æ÷ë ÛôÑ÷Óðä¼âÅÛôõºÖ¼âÅÛôÓÜë Ñìè�ëºÖ¼×�çñÓÚæ ëºÍISóõºä¼Íß×ñæ Ó·û¦Ô ÓÚÖ¼ÍßàðÓÜæìÛôäÕ×�é ÏÈâ�æîâ�A Ó�åÈÓÜÛÚþÐâ�Ý´þ � /	&�$´þ
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� Ó æº×�Û¼ÓÒÛôÑîâÅÛ6Aìèòâ�ÖÊÛôÍIHºÙÚÍïâÅÝÞÝßèÕÍßæºÙÚÖËÓ â�äËÍÞæºçêÛôÑºÓíäÊÛôÓÚÔãä¼Í
�ÜÓíÙÚ×ñÖËÖ¼ÓÚäËÔó×�æºëºÍÞæ÷çÕÛ¼×ÕÛ¼Öôâ�æºäËÔó×�ÖËÛ ÍÞæ öñ×�ÍÞëºä
Ì´â�äÕ×ñÔºÔ ×ñäËÓÚë Û¼×üÛ¼Öôâ�æ÷ä¼Ô ×ñÖËÛ ÍÞæ ÛôÑºÓòàòÍÞÙÚÖË×Âöñ×ñÍßëºä�Î²å R ÓãÙÚâ�æ àãâÅÛ¼Ù�Ñ Û¼ÑºÓòöÅâ�ÖËÍÞ×ñõ÷äÕÓ²û¦ÔóÓÜÖ¼ÍÞàòÓÚæìÛôâ�Ý
Ö¼ÓÜä¼õºÝ�Ûôä é®×�ÖEAºõ÷ÝWL ëºÍ:S õºäËÍÞ×ñæüÍÞæüçñÖ¼â�ÔºÑºÍ�ÛôÓãÌ®é®×ñÖ Ó·û÷â�àòÔºÝÞÓ

L = 1.0e− 7m,ωo = 1.0e13s−1
R â�ä

õºä¼ÓÜë é®×ñÖ � Í��>' � â�õºäËÓÜè ÍÞæ � ÍÞçºþ<Qºþ-/ìÎ·þ ÏÒÑºÍÞä ÍÞä¸ë÷ÓÚä¼Ô÷ÍßÛôÓ ÛôÑºÓ éÆâÅÙÜÛ¸Û¼ÑîâÅÛER Ó âÅÖ¼Ó àò×�ëºÓÚÝßÍÞæºçò×ñæºÝ�è
ÛôÑºÓ àðÓÜä¼×ñäËÙÚ×ñÔ÷ÍÞÙÕÝÞÓÚæ÷ç�ÛôÑüä¼ÙÚâ�ÝÞÓÜäÚþ @ Ô ×ñäËä¼ÍWA÷ÝÞÓêÓ·û¦ÔºÝÞâ�æîâÅÛ¼ÍÞ×ñæüÍÞäíÛôÑîâ¬ÛáâÅÛ7A ×�ÛôÑ àãâÅÙÚÖ¼×�ä¼ÙÚ×�ÔºÍÞÙ â�æºë
àðÓÜä¼×ñäËÙÚ×ñÔ÷ÍÞÙ ÝÞÓÜæºç�Û¼Ñ ä¼Ù âÅÝÞÓÚäÜå ÛôÑºÓ�Û¼Öôâ�Ô÷ÔºÍÞæºç âÅæºë ëºÓÜÛ¼Öôâ�ÔºÔ÷ÍÞæºç àòÓÚÙ�ÑîâÅæºÍÞäËàðä âÅÖ¼Ó�ÛôÑ÷Ó äôâ�àòÓ�â�æºë
ÛôÑºÓÕëºÓ·ÛôÖôâÅÔºÔºÍÞæ÷çòÓÜæºÓÚÖËçñÍÞÓÜä ë÷ÓÜÛôÓÜÖ¼àòÍÞæºÓáÛ¼ÑºÓêÛôÍÞàòÓ ä¼ÙÚâ�ÝÞÓê×�é ÛôÖ¼â�æºäËÔó×ñÖÊÛ þ ÏÒÑºÍÞäÜåîÙÚ×ñõ÷ÔºÝÞÓÜë RíÍßÛ¼Ñ ÛôÑºÓ
ØËõºàòÔ ÝÞÓÚæ÷ç�ÛôÑ âÅÛ�Ó â�Ù�Ñ ëºÓ·ÛôÖôâÅÔ Ó·öñÓÜæ¤ÛòëºÓ·ÛôÓÜÖ¼àòÍÞæºÓÜä ÛôÑºÓ ë÷ÍISóõºä¼Íß×ñæ ÙÚ×�Ó(OòÙÜÍÞÓÚæìÛÚþ ÏÒÑºÓÜÖ¼Ó·é®×ñÖ¼Ó Aìè
ÍÞæìÛôÖË×¦ë÷õºÙÚÍßæºç ÍÞäË×�ÛôÖË×ñÔºÍßÙÐëºÍISóõºäËÍÞ×ñæQRíÍ�ÛôÑºÍßæ ÛôÑºÓ ç�Öôâ�æ¤õºÝßÓÚäÚå â�æ÷ë ØËõºàðÔ äËÍ
�ÜÓÚä�ÙÚ×ñÖËÖ¼ÓÜä¼Ô ×ñæºëºÍßæºç Ûô×
öñ×ñÍßëºäÚå âNHîÖËäËÛ àðâ�ÙÚÖË×ñä¼ÙÜ×ñÔºÍÞÙ àò×�ëºÓÚÝ é®×�ÖÒëºÍISóõºä¼Íß×ñæ Ù âÅæ A Óêä¼ÓÜÛ õºÔ þ

ø Û ÍÞä âÅÝÞä¼× × AºäËÓÚÖËö�ÓÚë ÛôÑîâ¬Û�ÛôÑºÓÜÖ¼ÓÐÍßä�â ÝÞâ�Ö¼çñÓòëºÍ:S ÓÜÖ¼ÓÚæ÷ÙÚÓ ÍÞæ ëºÍISóõºä¼Íß×ñæ ÙÜ×¦Ó'OòÙÚÍÞÓÜæìÛôä�é®×ñÖÕÛôÑºÓ
Ñìè¦ë÷Ö¼×ñçñÓÜæ ä¼âÅÛôõºÖ¼âÅÛôÓÜë ç�Öôâ�ÔºÑ÷ÍßÛôÓ Ó²û¦ÔóÓÜÖ¼ÍÞàòÓÚæìÛ¼ä ×Åé ÏÈâ�æîâ�A Ó�å RíÑºÓÜÖ¼ÓêÛôÑºÓêÔºÖËÓ �¤éÆâÅÙÜÛô×�Ö

Do = 2.1×
10−12cm2s−1

äËõºçñçñÓÜäËÛ¼ä ÛôÑºâÅÛÒÛôÑºÓ ØËõºàòÔ âÅÛ¼Û¼ÓÚàòÔ÷ÛÒé®Ö¼Ó G õ÷ÓÚæºÙ·èüé®×�ÖÒëºÓÜÛ¼Öôâ�ÔºÔ÷ÍÞæºçòà�õºäÊÛEA Óê×�é ÛôÑºÓ
×ñÖ¼ë÷ÓÚÖ ×�é

105s−1
â�äËä¼õºàòÍÞæ÷ç âÐÝÞ× R ØËõºàðÔ äÊÛôÓÜÔ äËÍ
�ÚÓ ×Åé<# � þ � Ó àãâÅÛ¼Ù�Ñ ÛôÑºÓÜä¼Ó�Ö¼ÓÜä¼õºÝ�ÛôäòÌ �¸Í��>'

ÏýâÅæîâ�A Ó Íßæ � Íßçºþ Q÷þ"/ìÎ�õºäËÍÞæºç
ωdetrapo = 1 × 105s−1

â�æºë â äËÛ¼ÓÚÔ äËÍ
�ÜÓ
1
� þ ÏÒÑºÓüÖ¼ÓÜÔó×ñÖÊÛôÓÜë

àðÍßçñÖôâ¬ÛôÍÞ×�æ ÓÚæºÓÜÖ¼ç�è Ì
0.45

Ó � ÎáÍÞäÕâ�Ýßä¼× à�õºÙ�Ñ ÝÞ× R ÓÚÖ ÛôÑîâÅæ Ó²û÷Ô ÓÚÙ·ÛôÓÜë é®×ñÖêÙÚ×ÂöÅâ�ÝÞÓÜæìÛ3A ×ñæºë÷ä â�æ÷ë
ä¼ÓÜÓÚàòä Ûô× A ÓãÙÜÝÞ×ñäËÓÚÖÕÛô× Û¼ÑºÓãöÅâ�ÝÞõ÷ÓÚä äËÓÚÓÜæ ÍÞæ Ñìè�ëºÖ¼×�çñÓÚæ A ×ñæºëºäÜþ1F¦õºÙ�Ñ Ýß× R ö�âÅÝÞõºÓÜä ×�é

ωo
âÅÖ¼Ó

× AºäËÓÚÖËö�ÓÚëÐÍßæãâÅÙÜÛôÍ�öÅâÅÛôÓÜë G õîâÅæ¤Û¼õºà Ûôõºæ÷æºÓÚÝßÍÞæºçêäËÛ¼õºëºÍßÓÚä ×�é Ñìè�ëºÖË×ñçñÓÚæð×ñæòàðÓ·Û�â�ÝîäËõºÖËéÆâ�ÙÜÓÚä âÅÛ öñÓÜÖËè
ÝÞ× R ÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓÚä Ì

< 100K
Î � 9 ��$°þ

%���� ����� ( M�' � �1�$'UM ���WR 	SR �
��� . TWR �
�1�NM��QR . �$� � ���������
ÏÈ× õ÷æºëºÓÚÖËäËÛôâ�æºë AóÓ·Û¼Û¼ÓÚÖ Û¼ÑºÓÐÔºÑìè�ä¼ÍßÙÚäNR Ó â�çìâ�Íßæ ëºÓ·öñÓÜÝÞ×ñÔ â äËÍÞàòÔºÝÞÍ:HîÓÚë àð×�ëºÓÜÝ AîâÅä¼ÓÚë ×ñæ ÛôÑºÓ
â�A ×Éö�Ó ÖËÓÚäËõºÝßÛ¼äÒ×�éýÛ¼ÑºÓêä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ÷ä RíÍßÛ¼Ñ ÛôÑºÓ é®×ñÝßÝÞ× RíÍÞæºç ÓÚÝßÓÚàòÓÚæìÛôä(U
Ì®Í¨ÎãÛôÑ÷Ó�ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍ�ÛôÓÕëºÍISóõºä¼Íß×ñæ Û¼ÍÞàòÓÚä â�æºë ö�×ñÍÞë Û¼Öôâ�æ÷ä¼ÍßÛ¼ÍÞ×ñæüÛôÍßàðÓÜä¸â�ÖËÓ�æºÓÜçñÝÞÍßçñÍWAºÝßÓ ÙÚ×ñàòÔîâ�ÖËÓÚë

Ûô× Û¼ÑºÓ ÛôÍÞàòÓáäËÔóÓÜæ¤Û ÍÞæ A ÓÚÍßæºç ÛôÖôâÅÔºÔóÓÜëüâÅÛ àðÍßÙÚÖ¼×Âö�×ñÍÞë �¤ÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼Ó ÍßæìÛôÓÚÖÊéÆâ�ÙÚÓÜäÚå
ÌÆÍßÍ¨ÎãÍÞäË×�ÛôÖË×ñÔºÍßÙ /�ë ë÷ÍISóõºä¼Íß×ñæ å ä¼ÍÞæ÷ÙÚÓüâ�ä�ÛôÑºÓ Ôîâ�ÖÊÛôÍßÙÚÝÞÓÐÛ¼Öôâ öñÓÜÖ¼äËÓÚäðÛ¼ÑºÓüçñÖôâ�æ¤õºÝßÓ ÍßÛ�ÓÚæ÷ÙÚ×ñõºæìÛ¼ÓÚÖ¼ä

ÙÚÖÊè�äËÛ�âÅÝÞÝÞÍ�ÛôÓÜä Ñîâ ö¦Íßæºçüâ Öôâ�æºë÷×ñà ×ñÖËÍÞÓÚæìÛôâÅÛôÍß×ñæ â�æºë â�Ýßä¼× ÛôÑºÓ�àòÍÞÙÜÖ¼×Âöñ×ñÍßë ëºÍISóõºäËÍÞ×ñæ Ôîâ¬ÛôÑºä
×ñÖ Û¼ÑºÓêçñÖôâ�Íßæ ëºÍISóõºäËÍÞ×ñæ ÍÞæ�' A ÓÜÛ R ÓÚÓÚæ ÛôÑ÷ÓÕÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼ÓÚäíâ�ÝßÝÞ× Ríä%/�ë ÖôâÅæºëº×ñà àò×�Û¼ÍÞ×ñæ þ

� äËÍÞæºç ÛôÑ÷ÓÚä¼Ó â�äËä¼õºàòÔ÷ÛôÍß×ñæºä R Ó ç�ÓÜÛíÛôÑºÓ Ï �	� ÙÚ×�Ó(OòÙÚÍßÓÚæìÛ Û¼× AóÓ

DTGD =
N

6

(
P void(Lvoid)2 + P cryst(Lcryst)2

∑N
i=1(−ln(Ui))

)
ωdetrap,

Ì�Qºþ-/ìÎ
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RíÑºÓÚÖËÓ
N

ÍßäíÛ¼ÑºÓêæ¤õºàNA ÓÚÖ ×�éýäÊÛôÓÜÔºä ÍßæüÛ¼ÑºÓêÖôâ�æ÷ëº×ñà R â�ÝWL å â�æ÷ë
Lvoid

â�æºë
Lcryst

âÅÖ¼Ó ÛôÑºÓêäÊÛôÓÚÔ
ä¼Í
�ÜÓÚä ×�é ÛôÑºÓÕÖôâ�æ÷ëº×ñà R â�ÝWLãÍÞæüâ�ö�×ñÍÞëüâ�æ÷ë ÍßæüÛ¼ÑºÓêÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼ÓáÖ¼ÓÜä¼Ô ÓÚÙ·ÛôÍßö�ÓÚÝ�èñþ

P void
âÅæºë

P crystâ�Ö¼Ó ÛôÑ÷Ó ÔºÖË× Aîâ�A÷ÍÞÝÞÍ�ÛôÍßÓÚä ×ÅéýÛôÑ÷Ó ëºÓ·ÛôÖ¼â�ÔºÔ ÓÚë Ôºâ�ÖËÛ¼ÍÞÙÚÝßÓ çñÓÜÛËÛôÍßæºç�ÍÞæìÛô×ðâ�ö�×ñÍÞëü×ñÖíÍÞæìÛ¼×ãâ�ÙÚÖÊè¦äÊÛ�â�ÝßÝÞÍ�ÛôÓ�þ
ωdetrap

ÍÞä ÛôÑºÓ ëºÓÜÛ¼Öôâ�Ô÷ÔºÍÞæºçÕé®Ö¼Ó G õ÷ÓÚæºÙ·èãçñÍ�öñÓÜæ Aìè
ωdetrapo e

−Edetrapm
kBT

å RíÑºÓÜÖ¼Ó
ωdetrapo

ÍÞä ÛôÑºÓ ëºÓÜÛ¼Öôâ�Ô
âÅÛ¼Û¼ÓÚàòÔ÷ÛÒé®Ö¼Ó G õ÷ÓÚæºÙ·èñå Edetrap

m

ÍÞä ÛôÑ÷ÓÕë÷ÓÜÛôÖ¼â�ÔºÔºÍßæºç�ÓÚæºÓÜÖ¼ç�èüâÅæºë
T

ÍÞä Û¼ÑºÓ Û�â�ÖËçñÓÜÛÒÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÅþ

� Í�ÛôÑ ÛôÑºÍßä äËÍÞàòÔºÝÞÓ àò×�ëºÓÚÝ�R Ó�â�ÖËÓÕâ�AºÝÞÓ Û¼×ãÖ¼ÓÜÔºÖ¼×�ëºõºÙÜÓÕÛ¼ÑºÓ â�Aó×Âö�Ó Ö¼ÓÜä¼õºÝ�Ûôäíé®Ö¼×ñà ×ñõºÖ Ï � �
àð×�ëºÓÚÝßÍÞæºç Ì � ÍÞçºþ Qºþ"&ñÎ+� 91# $°å RíÑºÍÞÙ�Ñ àðâÅÛôÙ�Ñ÷ÓÚä¸Û¼ÑºÓ Ó²û÷Ô ÓÚÖËÍÞàòÓÚæìÛ�âÅÝýÖ¼ÓÜä¼õºÝ�Ûôä �-/	&�$°þ � ×ñÖ ÙÚ×ñàòÔîâ�ÖËÍÞäË×ñæ
RíÍßÛôÑ ÛôÑºÓ äËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæ ×�éêÓ·û¦Ô ÓÚÖËÍÞàòÓÚæìÛôä Ì � � �

�

� � � � � � â�æºë � ���
�

� � ��� � � Î·åÒöÅâ�ÝÞõºÓÜäÐ×�é
Edetrap
m

é®Ö¼×ñà ÛôÑ÷Ó Ó·û¦ÔóÓÜÖ¼ÍßàðÓÜæ¤Û¼ä R ÓÚÖ¼ÓêõºäËÓÚë þ ÏÒÑºÓ ç�Öôâ�ÔºÑ÷ÍßÛôÓ äËÛ¼Ö¼õºÙ·ÛôõºÖËÓ ÔºÖ¼×ñÔ ÓÚÖÊÛôÍßÓÚä õºäËÓÚëüÍÞæãÛ¼ÑºÓ
� � � ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ÷ä R ÓÚÖËÓ�õºäËÓÚë ÍÞæ ÛôÑºÓ ä¼ÍÞàòÔºÝßÓ àò×¦ë÷ÓÚÝ°þíÏÒÑºÓÜÖ¼Ó·é®×ñÖ¼Ó Û¼ÑºÓ äËÍÞàòÔºÝÞÓÕàò×¦ëºÓÜÝ Ù â�æ A Ó
õºä¼ÓÜë�Û¼×¸öÅâ�ÖËèÕÛôÑ÷Ó çñÖôâÅÔºÑºÍßÛ¼Ó äÊÛôÖ¼õ÷ÙÜÛôõ÷Ö¼ÓÒÔºÖË×ñÔóÓÜÖËÛ¼ÍÞÓÚäýÝÞÍWLÅÓ ö�×ñÍÞë�äËÍ
�ÜÓÚä â�æºë ÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼Ó Ì®×ñÖýçñÖ¼â�æ¤õºÝÞÓ Î
ä¼Í
�ÜÓÚä Û¼× àãâÅÛ¼Ù�Ñ Ó·û¦Ô ÓÚÖ¼ÍßàðÓÜæìÛ�â�Ý ÖËÓÚäËõºÝßÛ¼äÒ×ñæ ëºÍISóõºäËÍÞ×ñæÐÙÜ×¦Ó'OòÙÚÍÞÓÜæìÛíÍÞæ ×ñÖËëºÓÚÖ Û¼× çñÓÜÛíâ G õºÍßÙ"LãÍÞë÷Ó â
×�éÈÛ¼ÑºÓÚäËÓ äÊÛôÖËõºÙÜÛ¼õºÖôâ�Ý�Ô÷Ö¼×ñÔ ÓÚÖÊÛôÍÞÓÜäÚþ

−1

D
 (

cm
   

se
c 

   
)

2
−

1

1000 / T ( K     )

 1e−20

 1e−18

 1e−16

 1e−14

 1e−12

 1e−10

 1e−08

 0.5  0.6  0.7  0.8  0.9  1  1.1  1.2  1.3  1.4

SM−Tanabe

DiG

Simple Model (SM)

DiG−Tanabe

SM−Causey

DiG−Causey

���ß�Å�¦��� ��  ¡ì£</óµ'� Ç¬±·¯´³¢«ÆµÜ¶ µ·¹
DTGD
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ÏÒÑºÓ¸àò×�ëºÓÚÝîÑîâÅä A ÓÚÓÜæãÓ·û�Û¼ÓÚæºëºÓÜëÐé®Ö¼×ñà æîâ�æº×ñäËÙ â�ÝßÓÚä Ûô× àðÓÜä¼×���äËÙ â�ÝßÓÚäÜþ @ RíÍßëºÓíÖôâ�æ÷çñÓ ×Åé Ó·û¦Ô ÓÚÖËÍ '
àðÓÜæìÛ�â�Ý¦Ö¼ÓÚäËõºÝßÛ¼ä é®×ñÖ Ñìè�ëºÖ¼×�çñÓÚæ�ëºÍ:S õºäËÍÞ×ñæ ÍÞæ Ô ×ñÖ¼×ñõ÷ä çñÖôâÅÔºÑºÍßÛ¼Ó Ñîâ�ä A ÓÚÓÜæ�àãâÅÛ¼Ù�ÑºÓÚëKAìè ÍßæºÙÚÝßõºëºÍßæºç
ëºÓÜÛôâ�ÍÞÝßÓÚë äÊÛôÖ¼õ÷ÙÜÛôõ÷Öôâ�Ý Ó'S ÓÜÙÜÛ¼äòÍßæ ×ñõºÖ àò×¦ë÷ÓÚÝ°þ @ äËÍÞàòÔºÝÞÓÐàò×�ëºÓÚÝ Ñîâ�äKA ÓÚÓÚæ ëºÓ·öñÓÜÝÞ×ñÔ ÓÚë RíÑºÍÞÙ�Ñ
Û�â�LÅÓÚäíÍÞæìÛ¼× ÙÚ×ñæºäËÍÞëºÓÜÖôâÅÛ¼ÍÞ×ñæÐÛ¼ÑºÓ äËÛ¼Ö¼õºÙ·ÛôõºÖ¼â�Ý�Ó(SóÓÚÙ·ÛôäÒÛô×�ëºÓÜä¼ÙÜÖ¼ÍWA Ó Ñìè�ëºÖ¼×ñç�ÓÚæüëºÍISóõºä¼Íß×ñæ ÍÞæ Ô ×ñÖË×ñõºä
çñÖôâÅÔºÑºÍßÛ¼Ó�þ ÏÒÑ÷Ó ä¼ÍÞàòÔºÝßÓ àò×¦ë÷ÓÚÝ àðâÅÛ¼Ù�ÑºÓÚä Û¼ÑºÓáäËÍÞà�õºÝÞâÅÛôÍß×ñæòÖ¼ÓÚäËõºÝßÛ¼äÚþ ø ÛÒÍßä ä¼ÓÜÓÚæ ÛôÑºâÅÛ ÛôÑ÷ÓáÍÞäË×�Ûô×ñÔ Ó
àãâÅä¼ä�ÑîâÅä�â�ÝÞàò×ñäËÛ æº× Ó(SóÓÚÙ·Û�×ñæ ÛôÑ÷ÓÐÛôÖôâÅæºä ��ç�Öôâ�æ¤õºÝÞâ�Ö ��ë÷ÍISóõºä¼Íß×ñæ ÙÜ×¦Ó'OðÙÜÍÞÓÜæ¤ÛÚþ ÏÒÑ÷ÓüÙÜ×¦ë÷ÓÐÑîâ�ä
AóÓÜÓÚæ Ó²û¦Û¼ÓÚæºë÷ÓÚëPRíÍßÛ¼Ñ ÛôÑ÷Ó�â�ëºë÷ÍßÛôÍß×ñæü×�é æºÓ(R é®õºæ÷ÙÜÛôÍß×ñæºäíÛô×ÐÙÚâ�Ö¼ÖÊèü×ñõ÷ÛáÑìè�ëºÖË×ñçñÓÚæ Û¼Öôâ�æ÷ä¼Ô ×ñÖËÛ ÍÞæ
Öôâ�æ÷ëº×ñàòÝßè ×ñÖËÍÞÓÜæ¤Û¼ÓÚë ÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼ÓÚäÚåÈâ�æºë Ûô× ÙÚâ�Ö¼ÖÊè ×ñõ÷Û â¬Ûô×ñàòÍÞÙ�ÍÞæìÛ¼ÓÚÖôâÅÙÜÛôÍß×ñæºäêÍÞæìÛ¼ÓÚÖôâÅÙÜÛôÍß×ñæºäÕÝÞÍIL�Ó
Ö¼ÓÜÙÚ×ñàNA÷ÍÞæîâÅÛ¼ÍÞ×ñæ åìëºÍÞäËä¼×�ÙÚÍïâ¬ÛôÍÞ×�æ åìëºÓÜÛ¼Öôâ�Ô÷ÔºÍÞæºç÷å¦Ó·ÛôÙ¸ÍßæÐâÕçñÓÚæºÓÜÖôâ�Ý<R âÂè�Û¼× àðâ�L�Ó¸â�ëîâ�Ô÷ÛôâÅÛôÍß×ñæòÓ â�äÊèñþ
� Ó�à�õ÷äËÛ æº× R àðâ�L�Ó�õ÷ä¼Ó�×�é Û¼ÑºÓ�ÍÞæ÷ä¼ÍÞç�Ñ¤Û¼ä¸çìâÅÍÞæºÓÜë ÍÞæ Û¼Öôâ�æ÷ä ��çñÖ¼â�æ¤õºÝïâÅÖ ��ëºÍ:S õ÷ä¼ÍÞ×�æüÛ¼× ä¼Ù âÅÝÞÓ

õºÔ Û¼×ãÛôÑºÓ æºÓ·û�Û¸ÝÞÓÜö�ÓÚÝ�RíÑºÓÚÖËÓ2R Ó àð×�ëºÓÜÝ Ñìè�ëºÖË×ñçñÓÚæ Û¼Öôâ�æ÷ä¼Ô ×ñÖËÛ ÍÞæ çñÖôâ�æ¤õºÝßÓÚä¸â�æºë ö�×ñÍÞëºä¸âÅÛ ÛôÑºÓ
ÙÚÓÜæ¤Û¼ÍÞàòÓÜÛ¼ÓÚÖ äËÙ â�ÝßÓÚäÜþ ÏÒÑºÓÐÓ'S ÓÜÙÜÛôä ×�éÒÛôÑºÓãçñÖôâ�æ¤õºÝßÓðàòÍÞÙÜÖ¼×��¤äËÛôÖËõºÙÜÛ¼õºÖ¼Óð×ñæ Ñìè�ëºÖ¼×�çñÓÚæ Û¼Öôâ�æºäËÔó×�ÖËÛ
ÍÞæ çñÖôâ�æ¤õºÝßÓÚäÕÖ¼ÓÜÔºÖ¼ÓÜä¼ÓÚæìÛ¼ÓÚë Aìè

DTGD

RíÍßÝÞÝ A ÓãõºäËÓÚë Û¼× àò×¦ëºÓÜÝ ÛôÑºÓòÛôÖôâÅæºä¼Ô ×ñÖËÛ ÍÞæ çñÖôâÅæ�õ÷ÝÞÓÚä â�ä
ëºÍÞäËÙÚõºäËä¼ÓÜë ÍÞæ Û¼ÑºÓêæºÓ·û�Û Ù�Ñîâ�Ô÷Û¼ÓÚÖÚþ
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øùæ ÛôÑºÍßä¸äËÓÚÙÜÛ¼ÍÞ×ñæ R Ó�äËÙ â�ÝßÓ õºÔ Û¼×ÐàãâÅÙÚÖ¼×���ä¼ÙÚâ�ÝÞÓ Ó(SóÓÚÙÜÛ¼äáÍÞæ çñÖôâ�Ô÷ÑºÍßÛ¼ÓÚäERíÑ÷ÍÞÙ�Ñ Ñîâ öñÓ�âòÛôÑºÍßÙ"L�æ÷ÓÚä¼ä
×�é â�é®Ó(R ÙÜÓÚæìÛôÍßàðÓ·ÛôÓÜÖ¼äÚþ ÏÒÑºÍÞä ÍÞäÒÛôÑ÷Ó Ûùè�ÔºÍÞÙÚâ�Ý�RíÍÞë¦ÛôÑ ×Åé çñÖ¼â�ÔºÑºÍ�ÛôÓÚäíõºäËÓÚë âÅä7HîÖËäËÛ7R âÅÝÞÝ�àðâÅÛôÓÜÖ¼ÍïâÅÝ
ÍÞæ é®õºäËÍÞ×ñæ ëºÓ·ö¦ÍßÙÚÓÜäÚþ øùæ ÛôÑºÓPHîÖËäËÛüä¼ÓÜÙÜÛôÍß×ñæ â AºÖ¼ÍßÓÜé Ö¼ÓÜö�ÍßÓ(R ×�é Û¼ÑºÓ Ö¼ÓÜÝÞÓÜöÅâ�æìÛ ÔºÖË×¦ÙÜÓÚäËä¼ÓÚä â�æºë
Ôîâ�Ö¼â�àðÓ·ÛôÓÜÖ¼ä ×�é ÍÞæìÛôÓÜÖ¼ÓÜäËÛÕÍÞä ÔºÖËÓÚäËÓÚæìÛôÓÜë þðÏÒÑ÷Óòæ÷Ó·û�ÛÕä¼ÓÚÙ·ÛôÍß×ñæ ë÷ÓÚä¼ÙÜÖ¼ÍIAóÓÜäêÛ¼ÑºÓ�àð×�ëºÓÜÝ°þ ÏÒÑ÷ÓÚæ ÛôÑºÓ
Ù�Ñîâ�æºç�ÓÚä æºÓÚÓÜëºÓÚë Û¼×�ÍÞàòÔºÝÞÓÜàðÓÜæ¤Û ÛôÑºÓêàò×¦ëºÓÜÝ ÍÞæ � ��� ÍÞäíÔºÖ¼ÓÜä¼ÓÜæ¤Û¼ÓÚë þ � ÍÞæºâ�ÝÞÝ�èãâ�ëºÓÜä¼ÙÚÖËÍÞÔ÷Û¼ÍÞ×ñæ ×�é
ÛôÑºÓêäËÍÞà�õºÝÞâÅÛôÍß×ñæ â�æ÷ëüÍßæºÍßÛ¼Íïâ�Ý Ö¼ÓÜä¼õºÝ�ÛôäÒé®×ñÖ8Aºõ÷ÝWLãÛ¼Öôâ�æºäËÔó×�ÖËÛí×�éÈÑìè¦ë÷Ö¼×ñçñÓÜæ ÍßäÒÔºÖ¼ÓÜä¼ÓÚæìÛ¼ÓÚë þ
����� � 'UM�'���
� 	 (NR �1� '(�#�)'(� 	��&� �1�$'UM�� ��� ��� ( �QR ����� TWR � (�"$��	�'

@ äêÓ·û¦ÔºÝÞâ�ÍÞæ÷ÓÚë ÍÞæ ÛôÑºÓ�Íßæ¤Û¼Ö¼×�ëºõºÙ·ÛôÍÞ×�æ Ûô× ÛôÑºÓ�ÛôÑ÷ÓÚä¼ÍßäÚå çñÖ¼â�ÔºÑºÍ�ÛôÓ õºäËÓÚë âÅä=HºÖ¼äËÛ=R â�ÝÞÝýàãâÅÛ¼ÓÚÖËÍïâ�ÝÈÍÞä
Ôó×�Ö¼×ñõºäÕâ�æ÷ë ÙÚ×�æºä¼ÍßäËÛôäÕ×�é çñÖôâ�æ¤õºÝßÓÚäÕâ�æºë öñ×�ÍÞëºäÜþãÏÒÑºÓÜÖ¼ÓãÓ²û¦ÍÞäËÛ¼ä â ÝïâÅÖ¼çñÓ Íßæ¤Û¼ÓÚÖËæîâ�Ý ä¼õ÷ÖËéÆâ�ÙÜÓãâ�ÖËÓ â
Aó×�õºæºëºÍßæºç Û¼ÑºÓ çñÖ¼â�æ¤õºÝÞÓÜäýâÅæºë â�Ýßä¼×ERíÍ�ÛôÑºÍßæÕÛ¼ÑºÓ ç�Öôâ�æ¤õºÝßÓÚä-A ×ñõºæ÷ëºÍÞæºçíÛôÑ÷Ó ÙÚÖÊè�äËÛ�âÅÝÞÝÞÍ�ÛôÓÜäÚþ � ×ñÖ¼ÓÜ×ÂöñÓÚÖ
ÛôÑºÓÜÖ¼ÓÕÓ·û¦ÍÞäÊÛôä ÛôÖôâÅÔ äËÍßÛôÓÜäíÍÞæ ÛôÑºÓÕçñÖôâÅÔºÑºÍßÛ¼Ó=AºõºÝWL RíÍßÛôÑüÓÚäÊÛôÍßàãâÅÛ¼ÓÚëüÙÚ×ñæ÷ÙÚÓÚæìÛ¼ÖôâÅÛ¼ÍÞ×ñæºä ×�éÈÛôÑºÓê×ñÖËëºÓÚÖ
10−3−10−5

Ô ÓÚÖ � âÅÛô×�à � 9	!�å�V�	�$°þ��êÖ¼â�ÔºÑºÍ�ÛôÓ äËõºÖËéÆâ�ÙÜÓÚä Ó·û¦Ô ×ñä¼ÓÜëðÛô× é®õºäËÍÞ×ñæ ÓÜëºçñÓíÔºÝÞâ�ä¼àðâ�ä â�Ýßä¼×
çñÓÜÛ ëîâ�àðâ�çñÓÜë A¤è�Û¼ÑºÓ ÍßæºÙÚÍßëºÓÚæìÛ ÓÚæ÷ÓÚÖ¼ç�ÓÜÛôÍßÙíÍÞ×ñæºä â�æ÷ëãæºÓÜõ÷ÛôÖ¼â�ÝÞä é®Ö¼×�à ÛôÑºÓ ÔºÝÞâ�ä¼àðâ Ö¼ÓÚäËõºÝßÛ¼ÍÞæºçêÍßæãâ
ÑºÍÞç�Ñüë÷ÓÚæºäËÍßÛùè ×�é ÛôÖ¼â�Ôüä¼ÍßÛ¼ÓÚä RíÍ�ÛôÑºÍßæ Û¼ÑºÓêÖôâ�æ÷çñÓ ×�éÈÔóÓÜæºÓÜÛ¼ÖôâÅÛ¼ÍÞ×ñæ ×�é ÛôÑºÓêÍßæºÙÚÍßëºÓÚæìÛíÍÞ×�æºäÕÌ7� / 	¦å 9.! $
â�æºë ÖËÓÜé®ÓÚÖËÓÚæºÙÜÓÚä ÛôÑ÷ÓÚÖ¼ÓÜÍÞæ Î²þáÏÒÑºÓÜÖ¼ÓÜé®×�Ö¼Ó�ÛôÑ÷Ó�ÍÞæºÙÜÍÞëºÓÜæìÛáÑìè�ëºÖ¼×ñç�ÓÚæ ÍÞ×ñæ÷äáâ�æºë æ÷ÓÚõ÷Û¼Öôâ�ÝßäERíÑºÍßÙ�Ñ âÅÖ¼Ó
æº×�Û ÖËÓÜúîÓÜÙÜÛôÓÜëÐâÅÛ Û¼ÑºÓíä¼õºÖÊéÆâ�ÙÚÓ â�ÖËÓÒëºÓÚÔ ×ñäËÍßÛôÓÜë�ÍÞæ ÛôÑºÓÒç�Öôâ�ÔºÑ÷ÍßÛôÓÅþýÏÒÑºÓÜÖ¼Óíé®×ñÝÞÝß× Ríä â5RíÍÞëºÓÒÖ¼â�æºçñÓÒ×�é
Ôó×�ä¼ä¼ÍIAºÍÞÝßÍßÛ¼ÍÞÓÚä é®×�Ö Û¼ÑºÓÚÍßÖ Û¼Öôâ�æ÷ä¼Ô ×ñÖËÛ â�æºëÐÍßæìöñÓÚæìÛ¼×ñÖËèðâ�ä Ö¼ÓÜö�ÍßÓ(R ÓÚë ÍÞæ � # 9÷å�/ 9÷å�/ 	÷å3Q)# $ âÅæºë AºÖËÍÞÓ·úºè
ëºÓÚäËÙÚÖËÍWA ÓÚë ÍÞæ � Ñîâ�Ô÷Û¼ÓÚÖÚþ #ñþ ÏÒÑºÓ ëºÓÚÔ ×ñä¼Í�ÛôÓÜë ÍÞ×ñæºä æºÓÚõ¦ÛôÖôâÅÝÞÍ
�ÜÓ â¬Û¸ÛôÑ÷Ó�çñÖôâÅÔºÑºÍßÛ¼Ó Ûôâ�Ö¼çñÓ·Û â�æ÷ë Ù â�æ
ÓÚÍ�ÛôÑºÓÜÖ
Ì®Í¨ÎÐçñÓ·Û Û¼Öôâ�Ô÷ÔóÓÜëüÍßæ ÛôÑºÓêÖ¼ÓÜçñÍÞ×�æ RíÍ�ÛôÑüâ ÑºÍÞç�Ñüë÷ÓÚæºäËÍßÛùè ×�é ÛôÖ¼â�ÔºäÜåî×ñÖÒÍÞæ ÛôÑ÷Ó A÷õºÝWL âÅæºë

• A ÓÚÙÜ×ñàðÓ ë÷ÓÜÛôÖ¼â�ÔºÔ ÓÚë ÌÆäË×ñÝÞõ÷Û¼ÓÂÎ²å
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• õºæ÷ëºÓÚÖËçñ×ðÙ�Ñ÷ÓÚàòÍÞÙ âÅÝ Ö¼ÓÚâ�ÙÜÛ¼ÍÞ×ñæºäÒÛ¼×�é®×�Ö¼à Ñìè�ëºÖË×¦ÙÚâ�Ö A ×ñæºä ×ñÖÒÑìè�ëºÖ¼×ñç�ÓÚæüàð×ñÝßÓÚÙÜõºÝÞÓÜäÚå
×ñÖ

ÌÆÍÞÍïÎ AóÓêäË×ñÝÞõ÷Û¼Óêâ�æºë
• A ÓÚÙÜ×ñàðÓ Û¼Öôâ�ÔºÔ ÓÚë å
• ÖËÓÚÙÚ×�àNAºÍÞæ÷Ó Ûô×áé®×ñÖËà àò×ñÝÞÓÜÙÚõºÝßÓÚä âÅÛýÛôÑºÓíÙÚÖÊè�äËÛ�âÅÝÞÝÞÍ�ÛôÓ ä¼õºÖÊéÆâ�ÙÚÓÜä¸Ì®×ñÖ çñÖ¼â�æ¤õºÝÞÓ äËõºÖËéÆâÅÙÚÓÚäôÎ·å

øùæ ÓÜÍßÛôÑ÷ÓÚÖ Ù âÅä¼Ó�åáÛ¼ÑºÓ ä¼×ñÝßõ÷ÛôÓ âÅÛ¼×ñàòä â�æºë àð×�ÝÞÓÚÙÜõºÝÞÓÜä ëºÍISóõºäËÓ âÅÝÞ×ñæºç Û¼ÑºÓ öñ×ñÍßëºäüâ�æºë àðÍßÙÚÖË×��
öñ×ñÍßëºä RíÍßÛôÑòâêÔºÖ¼×�Aîâ�AºÍßÝÞÍßÛùè ×�é â�çìâ�ÍßæKAóÓÜÍÞæºç Û¼Öôâ�ÔºÔ ÓÚë å�ë÷ÍÞä¼äË×¦ÙÜÍïâÅÛ¼ÓÚë å¤×ñÖ é®×�Ö¼àòÍÞæºç æºÓ'R àò×ñÝÞÓÜÙÚõºÝßÓÚäÜþ
ÏÒÑºÓÚÖËÓ â�ÝÞäË× Ó·û¦ÍßäËÛôä3HîæºÍßÛ¼ÓãÔºÖË× Aîâ�A÷ÍÞÝÞÍ�Ûùè ×�éÒÛ¼ÑºÓÚà Ö¼Ó ��ÓÚæìÛôÓÜÖ¼Íßæºç ÛôÑ÷Ó AºõºÝIL ç�Öôâ�æ¤õºÝßÓÚä�×ñÖ ÙÚÖÊè¦äÊÛ�â�Ý '
ÝÞÍßÛ¼ÓÚäÜþ � Íßæîâ�ÝÞÝ�èñå�RíÑºÓÚæòÛôÑºÓíÑìè�ëºÖ¼×�çñÓÚæãâÅÛô×ñà ×ñÖ àò×ñÝÞÓÜÙÚõºÝßÓ Ö¼ÓÚâ�Ù�ÑºÓÚä ÛôÑºÓíäËõºÖËéÆâ�ÙÜÓ�å¤ÍßÛ ÙÚâ�æCAóÓÒÓÜÍßÛôÑ÷ÓÚÖ
ÛôÑºÓÜÖ¼àðâ�ÝÞÝ�èðë÷ÓÚä¼×�Ö A ÓÚë ×�Ö8L�æ÷×¦Ù"LÅÓÚë ×ñõ¦Û A¤è Û¼ÑºÓêÍÞæºÙÜÍÞëºÓÜæìÛíÍÞ×ñæºäÜþ

ÏÒÑ÷ÓÚÖ¼Ó·é®×ñÖ¼ÓÅåÅÛ¼ÑºÓ Ö¼ÓÚÝßÓÜöÅâ�æìÛ ÔºÖ¼×�ÙÚÓÜä¼äËÓÚäÈÛ¼× àò×�ëºÓÚÝñÑìè�ëºÖË×ñçñÓÚæ ÍÞäË×�Ûô×ñÔ Ó ÛôÖ¼â�æºäËÔó×ñÖÊÛÈâÅÛ�ÛôÑºÓ àðâ�ÙÚÖË×��
ä¼Ù âÅÝÞÓÚä â�ÖËÓ�U
Ì®Í¨ÎÐøùæºÙÚÍßëºÓÚæìÛ Ñìè�ëºÖ¼×ñç�ÓÚæ Íßä¼×�Û¼×ñÔ ÓáëºÓÚÔ ×ñäËÍßÛôÍß×ñæ ÔºÖ¼×VHîÝÞÓÅå
ÌÆÍÞÍïÎ �áâ�àðâ�çñÓ ÔºÖË×�HîÝßÓ�å
ÌÆÍßÍÞÍïÎðÏÈÖ¼â�æºä � �êÖ¼â�æ¤õºÝïâÅÖ � �¸Í:S õ÷ä¼ÍÞ×�æ å
Ì®Íßö÷Î �¸ÍISóõºäËÍÞ×ñæ â�Ýß×ñæºç�ö�×ñÍÞëºäÜå
Ì®ö÷Î ÏÈÖ¼â�ÔºÔºÍßæºç���ë÷ÓÜÛôÖ¼â�ÔºÔºÍßæºçºå
Ì¨ö�Í¨Î B ÓÜÙÚ×ñà2AºÍÞæîâ¬ÛôÍÞ×�æ å¦ë÷ÍÞä¼äË×¦ÙÜÍïâÅÛ¼ÍÞ×ñæ âÅæºë àð×ñÝßÓÚÙÜõºÝÞÓ¸é®×�Ö¼àðâÅÛôÍß×ñæ å
Ì®ö�ÍßÍ¨Î �¸ÓÚäË×ñÖ¼Ô¦ÛôÍÞ×�æ é®ÖË×ñà çñÖ¼â�ÔºÑºÍ�ÛôÓáäËõºÖËéÆâÅÙÚÓ�þ

����� � ����'UM ���QR " V � R �WT
'(� 	SR ������( �QR 	 � 	 	#"$' � '(� 	���� '�	�' R
�����QM�'(�

@ äËÙ�ÑºÓÚàðâÅÛ¼ÍÞÙêé®×ñÖ AºõºÝWLãëºÍISóõºä¼Íß×ñæ ÍÞæüÔó×�Ö¼×ñõºäíçñÖ¼â�ÔºÑºÍ�ÛôÓ Íßä äËÑº× Ríæ ÍÞæ � Íßçºþ &�þ #ñþ � ä¼ÍÞæ÷çòÛ¼ÑºÓÕâ�ÝÞçñ× '
Ö¼ÍßÛ¼Ñºà ëºÓÚäËÙÚÖ¼ÍIAóÓÜë ÍÞæ1F¦ÓÜÙÜÛ¼ÍÞ×ñæ þ Qºþ #ñþ"!¦å�âãÛùè�ÔºÍÞÙÚâ�Ý-A÷õºÝWL çñÖôâ�Ô÷ÑºÍßÛ¼Ó äËÛ¼Ö¼õºÙ·ÛôõºÖËÓ�ÙÚ×ñæºäËÍÞäÊÛôÍÞæ÷çÐ×�é çñÖôâÅæA'
õºÝÞÓÜäÒâ�æºëÐö�×ñÍÞëºä ÍÞä çñÓÜæºÓÚÖ¼âÅÛôÓÜë þ ÏÒÑºÓ ×ñÖËÍÞÓÚæìÛôâÅÛôÍß×ñæºä ×�é ÛôÑºÓáÓÜÝÞÓÜàðÓÜæ¤Û¼äÕÌ������������	�
� � â�æºë��	
���Î âÅÖ¼Ó
ä RíÍßÛ¼Ù�ÑºÓÚë ×�S Ûô×íçñÓÜæºÓÚÖ¼âÅÛôÓ ÛôÑ÷ÍÞä�äËÛ¼Ö¼õºÙ·ÛôõºÖËÓ äËÍÞæºÙÜÓ ×�õºÖ�ÛôÖôâÅæºä ��ç�Öôâ�æ¤õºÝÞâ�Ö ��äËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæºäýÌ � Ñºâ�Ô÷ÛôÓÜÖÚþ Q¤Î
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voids

granules

X
Y

Z

R

����������� ¡¤ ���£ 9��¬» � ªÉ§�. «´³�� ªÉ§¢±�°³ÄµÜ¶E� µÂÁÂ»Ê§¤«°½��É» � ±²´³¢½
ä¼Ñº× R ÛôÑîâ¬Û ÛôÑºÓ¸ëºÍISóõºä¼Íß×ñæÐÍßæÐçñÖôâÅæ�õ÷ÝÞÓÚä ÍÞä Íßä¼×�Û¼Ö¼×ñÔºÍßÙ�þÈÏÒÑºÓ ÍÞæºÙÜÍÞëºÓÜæìÛÒÑìè¦ë÷Ö¼×ñçñÓÜæ ëºÓÚÔ ×ñä¼Í�ÛôÍß×ñæãÔºÖË×R'
HîÝÞÓÅå¤ëîâ�àðâ�çñÓÒÔºÖË×�HîÝÞÓÅå¤ÓÜÛôÙÅþßå�Ù âÅæ A Óí× A÷Û�âÅÍÞæºÓÜëòé®ÖË×ñà � � � � � � � � ����� � 9./÷å 90QR$ ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ÷ä
RíÑºÍÞÙ�Ñòä¼Íßà�õºÝÞâÅÛôÓ Û¼ÑºÓíàð×ñàòÓÚæìÛ¼õºà Û¼Öôâ�æºäÊé®ÓÚÖ ÔºÖË×¦ÙÜÓÚä¼äËÓÚä ÍÞæòâêÍÞä¼×ÅÛôÖ¼×�ÔºÍÞÙ äË×ñÝÞÍßë þ @ Û Û¼ÑºÓ ÓÚæºëò×�é ÛôÑºÓ
� � � � â�æ÷ë � � � ����� ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ÷äÚå ÛôÑ÷Ó ÍßæºÙÚÍßëºÓÚæìÛÈâÅÛô×�àðä ÝÞ×�ä¼Ó ÛôÑºÓÜÍÞÖ ÓÚæ÷ÓÚÖ¼çÅè âÅæºëÕÛ¼ÑºÓÚÖËàãâÅÝÞÍ
�ÜÓ
RíÍßÛ¼Ñ Û¼ÑºÓ Û�â�ÖËçñÓÜÛÚþI(áõºÖêä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ÷ä¸äËÛôâ�ÖËÛ é®ÖË×ñà Û¼ÑºÓ�Ôó×�ÍÞæìÛ!RíÑºÓÚÖËÓ ÛôÑºÓ � � � � å � � � �����ä¼Íßà�õºÝïâ¬ÛôÍÞ×�æºä ÓÜæºë þ ÏÒÑºÓãÛ¼ÑºÓÚÖËàãâÅÝÞÍ
�ÜÓÚë Ñìè�ëºÖË×ñçñÓÚæ â¬Ûô×ñà Ôó×�ä¼ÍßÛ¼ÍÞ×ñæ÷ä â�ÖËÓÐÍÞæ÷ÍßÛôÍÞâ�ÝÞÍ��ÚÓÜë Û¼× Ñîâ öñÓ â
õºæºÍ�é®×ñÖ¼à ë÷ÍÞäËÛ¼Ö¼ÍIAºõ÷ÛôÍß×ñæ�â�Ýß×ñæºç � â�æ÷ë�� þ @ ÝÞ×ñæºç � å¦â �êâ�õºä¼äËÍïâ�æòëºÍßäËÛôÖËÍWAºõ¦ÛôÍÞ×�æNRíÍßÛôÑðâêä¼Ô ÓÚÙÚÍ:HîÓÚë
äËÛôâ�æºëîâ�ÖËë ëºÓ·ö�ÍïâÅÛ¼ÍÞ×ñæ å�ÙÜÓÚæìÛôÓÜÖ¼ÓÜë âÅÛÕâ ëºÓÚÔ÷Û¼Ñ

R
ÍÞäêõºäËÓÚë Û¼× ëºÍÞäÊÛôÖ¼ÍIAºõ÷Û¼Ó�Û¼ÑºÓ�Ñìè¦ë÷Ö¼×ñçñÓÜæ âÅÛ¼×ñàòäÚþ

ÏÒÑºÍÞä Íßä âêÔ÷Ö¼ÓÜÛËÛùè çñ×�×¦ë ÖËÓÚÔºÖËÓÚäËÓÚæìÛ�âÅÛ¼ÍÞ×ñæò×�é ÛôÑºÓ  âÅÛ¼×ñà ëºÓÜÔó×�ä¼ÍßÛ¼ÍÞ×ñæ Ô÷Ö¼×�HîÝßÓ�þÈÏÒÑºÓíÔîâ�ÖËÛ¼ÍÞÙÜÝÞÓÚä âÅÖ¼Ó
ÛôÑºÓÜæ ÙÜÝïâ�äËä¼Í:HîÓÚë â�ä!A ÓÚÝß×ñæºçñÍßæºçÐÓÚÍ�ÛôÑºÓÜÖáÛô×üâÐöñ×ñÍßë ��çñÖ¼â�æ¤õºÝÞÓ ä¼õºÖÊéÆâ�ÙÚÓ�×ñÖ5A ÓÚÝß×ñæºçñÍßæºçãÛ¼× Û¼ÑºÓ AºõºÝIL
×�é ÛôÑºÓêçñÖ¼â�æ¤õºÝÞÓÅåºëºÓÚÔ ÓÚæ÷ëºÍÞæºçò×ñæ ÛôÑºÓÜÍÞÖÒÝß×¦ÙÚâÅÛôÍß×ñæºä RíÍ�ÛôÑºÍßæ ÛôÑºÓêçñÖ¼â�ÔºÑºÍ�ÛôÓáäÊÛôÖ¼õ÷ÙÜÛôõ÷Ö¼Ó�þ

ÏÒÑ÷Ó âÅÝÞçñ×ñÖËÍßÛ¼Ñºà é®×ñÖ Ñìè�ëºÖ¼×ñç�ÓÚæ ÛôÖôâÅæºä¼Ô ×ñÖËÛíÍßäÒä¼Ñº× RíæüÍÞæ � Íßçºþ &�þ !¦þÈÏÒÑºÓÕâÅÛô×�àðäíâÅÛÒÛ¼ÑºÓáöñ×�ÍÞë �
çñÖôâÅæ�õ÷ÝÞÓÒÍÞæìÛ¼ÓÚÖËéÆâÅÙÚÓ â�æºë RíÍßÛ¼ÑºÍÞæ�Û¼ÑºÓ ö�×ñÍÞë÷ä âÅÖ¼Ó ÛôÖ¼â�æºäËÔó×ñÖÊÛôÓÜëðõºäËÍÞæºç � � �¸å RíÑºÍßÙ�Ñãâ�Ýßä¼×êÔºÖË×Éö�ÍßëºÓÚä
ÛôÑºÓ ÛôÍßàðÓ äËÛ¼ÓÚÔ

∆ t
é®×ñÖ ÛôÑºÓ ä¼Íßà�õºÝïâ¬ÛôÍÞ×�æ þ Týâ�ÖÊÛôÍßÙÚÝÞÓÜäÈÖËÓ â�Ù�Ñ÷ÍÞæºç¸Û¼ÑºÓ äËõºÖËéÆâÅÙÚÓ ÑºâÂö�ÓÒâ Ô÷Ö¼× AîâVAºÍÞÝßÍßÛùè ×�é

AóÓÜÍÞæºçêëºÓÜä¼×ñÖ AóÓÜë þ ÏÒÑºÍßä Íßä â�ÝÞäË×ÕÑºâ�æºëºÝßÓÚëKRíÍßÛ¼ÑºÍÞæ ÛôÑ÷Ó � � � â�ÝÞçñ×�Ö¼ÍßÛ¼Ñºàüþ @ � ×ñæìÛôÓ � â�Ö¼Ýß×Õë÷ÍISóõA'
ä¼Íß×ñæ âÅÝÞçñ×ñÖËÍßÛ¼Ñºà � 9	& $ Ì�AºÖ¼ÍßÓÜúºè ëºÓÜä¼ÙÜÖ¼ÍWA ÓÚë ÍÞæ F¦ÓÚÙ·ÛôÍÞ×�æ þ &�þ !¦þ #ÉÎ ÍÞäíÍßàðÔºÝßÓÚàòÓÚæìÛôÓÜë é®×ñÖ Û¼Ö¼ÓÚâÅÛôÍßæºç ÛôÑºÓ
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ÛôÖôâÅæºä ��ç�Öôâ�æ¤õºÝÞâ�Ö ��ë÷ÍISóõºä¼Íß×ñæ ÌÆÏ �	� Î²þ ÏÒÑºÓ ë÷ÍISóõºä¼Íß×ñæ ÙÚ×�Ó(OòÙÚÍßÓÚæìÛ�é®×ñÖ�Ï � � å
DTGD

å × A÷Ûôâ�ÍÞæ÷ÓÚë

−Initialise porous geometry
−Initialise particles
−Loop over time

*Segregate particles (voids/granules)

*MCD in granules
−Postprocessing

*KMC in voids (get      t)∆

�������¦�ô� ¡ì  �ì£ 9��É» � ªÉ§ .¸«Æ³�� ª¬§©±²´³©µ·¶%� µÂÁÂ»Ë§¤±²§��·µÜ¯´³Ä#���
é®Ö¼×ñà Û¼ÑºÓãäËÍÞà�õºÝÞâÅÛôÍß×ñæºä ×�é Ï � � â¬Û Û¼ÑºÓãàòÓÚäË×���ä¼ÙÚâ�ÝÞÓÜä Íßä õºäËÓÚë â�äÕÍÞæ÷Ôºõ÷ÛÕÛô× Û¼ÑºÓ � � � â�ÝÞçñ× '
Ö¼ÍßÛ¼Ñºàüþ ÏÒÑºÍÞäÒÍßäÒâ�æº×ÅÛôÑºÓÜÖ Ó²û÷â�àðÔ÷ÝÞÓá×�éÈÑº× R Ö¼ÓÚäËõºÝßÛ¼äÒé®Ö¼×ñà àðÍßÙÚÖ¼×�ä¼ÙÚ×�ÔºÍÞÙ äËÛôõ÷ëºÍÞÓÜä â¬ÛÒÛôÑºÓ äËàãâ�ÝßÝÞÓÜÖ
ä¼Ù âÅÝÞÓÚäíÍßäÒõºä¼ÓÜë Ûô×�àò×¦ë÷ÓÚÝ Û¼Öôâ�æºäËÔó×�ÖËÛ âÅÛÒÛ¼ÑºÓêÝïâ�ÖËçñÓÚÖ äËÙ â�ÝßÓÚäÜþ
@ äáÛôÑºÓ Ñ¤è�ëºÖË×ñçñÓÜæ â¬Ûô×ñàòä¸ëºÍ:S õ÷ä¼Ó â�Ýß×ñæºçòÛôÑºÓ ö�×ñÍÞë äËõºÖËéÆâÅÙÚÓÚäÜå�Íßé Û¼ÑºÓÜè ÙÚ×ñàòÓ�ÙÜÝÞ×ñäËÓÚÖ¸Û¼Ñîâ�æ â

ä¼Ô ÓÚÙÚÍ:HîÓÚë àðÍßæºÍÞà�õ÷à ëºÍßäËÛôâ�æºÙÚÓ Ûô× Ó â�Ù�Ñ�×ÅÛôÑºÓÜÖÚåÅÛ¼ÑºÓÜèêÖËÓÚÙÜ×ñàNAºÍßæºÓ Û¼× é®×ñÖËà â Ñìè�ëºÖ¼×�çñÓÚæ�àò×ñÝßÓÚÙÚõ÷ÝÞÓ�þ
F¦ÍÞàòÍÞÝÞâ�Ö¼Ý�èñå÷Í�é ÛôÑ÷Ó âÅÛô×�àðä ÙÚ×ñàòÓÕÙÚÝÞ×�ä¼ÓÚÖ ÛôÑîâÅæ âãçñÍ�öñÓÚæ ëºÍÞäÊÛ�â�æºÙÜÓ Û¼× âðÛôÖ¼â�Ô å ÛôÑºÓ·è âÅÖ¼Ó Û¼Öôâ�Ô÷ÔóÓÜë þ
ÏÒÑºÓÚäËÓÒàðÍßæºÍÞà�õ÷à ëºÍÞäÊÛ�â�æ÷ÙÚÓÚäýÙ â�æNA Ó ÙÚâ�ÝÞÙÜõºÝïâÅÛ¼ÓÚëÕé®Ö¼×ñà âÅÛ¼×ñàðÍßäËÛ¼ÍÞÙ ä¼Íßà�õºÝïâ¬ÛôÍÞ×�æºä ×ñÖýÓ²û÷Ô ÓÚÖËÍÞàòÓÚæìÛôäÜþ
�¸ÍÞäËä¼×�ÙÚÍïâ¬ÛôÍÞ×�æ â�æºë ÛôÖ¼â�æºä¼Ô ×ñÖÊÛð×Åé¸Ñìè�ëºÖ¼×�çñÓÚæ àð×�ÝÞÓÚÙÜõºÝÞÓÜäNRíÍßÛ¼ÑºÍÞæ ö�×ñÍÞëºäòâ�æ÷ë ×ñæ ö�×ñÍÞë �¤çñÖôâ�æ¤õºÝßÓ
ä¼õºÖÊéÆâ�ÙÚÓÜä âÅÖ¼Ó ÍÞæ÷ÙÚÝÞõ÷ëºÓÚë ÍÞæÐÛ¼ÑºÓ � � � âÅÝÞçñ×ñÖËÍßÛ¼Ñºà þBíÓÚÙÚ×�àNAºÍÞæºâÅÛôÍß×ñæ å÷ë÷ÍÞä¼äË×¦ÙÜÍïâÅÛ¼ÍÞ×ñæ å¦Ó·ÛôÙ�þ�åîÍÞæÐÛ¼ÑºÓ
çñÖôâ�æ¤õºÝßÓEA÷õºÝWL ÙÚâ�æ â�Ýßä¼×2A Ó¸ÓÚâ�ä¼ÍßÝßè�ÍßæºÙÚÝßõºëºÓÚëCRíÍßÛ¼ÑºÍÞæðâ � � � âÅÝÞçñ×ñÖËÍßÛ¼Ñºà þ ÏÒÑºÓÜÖ¼ÓÜé®×�Ö¼Ó¸Ñìè�ëºÖË×ñçñÓÚæ
ÛôÖôâÅæºä¼Ô ×ñÖËÛÚåÈÖËÓÚÙÜ×ñàNAºÍßæîâÅÛôÍß×ñæ å ëºÍßä¼ä¼×�ÙÚÍÞâÅÛôÍß×ñæ â�æºë ëºÓÚäË×ñÖ¼Ô÷Û¼ÍÞ×ñæ Ù â�æ â�ÝÞÝ A ÓòäËÛôõ÷ëºÍÞÓÜë ÍÞæ âüÔ ×ñÖË×ñõºä
/ � ç�ÓÚ×ñàòÓÜÛ¼ÖËè RíÍ�ÛôÑºÍßæÐÛôÑºÓÕâ�A ×ÂöñÓÕàð×�ëºÓÜÝ°þ
�%5+* 574 �SJ)=CL)0 =CD ?�J)B%: �<K ?A=CB6D ?AB � B6D ?AL��
 F J1G B � � =�� �<NA=CB6D N�= 4 �>GCF ?1=CB6D
@ æìè ÔºÑìè�ä¼ÍßÙ â�Ý�äËÍßÛôõºâÅÛôÍß×ñæÐÛôÑîâ¬ÛíÙ â�æ AóÓáö�ÍßÓ(R ÓÚë âÅäíâ�äÊÛ�âÅÛ¼ÍÞäÊÛôÍÞÙÚâ�Ý ×ñõ¦ÛôÙÚ×�àðÓ ×�é äË×ñàðÓ=AîâÅä¼ÍÞÙ äËõ A �
ÔºÖ¼×�ÙÚÓÜä¼ä¼ÓÜäÚåáÙÚâ�æ AóÓ äËÍÞà�õ÷ÝïâÅÛ¼ÓÚë õºäËÍÞæºç ÔºäËÓÚõºë÷× Ö¼â�æºëº×�à æ¤õºàNA ÓÚÖËä âÅæºë ÍÞä Ù�ÑîâÅÖôâ�Ù·ÛôÓÚÖËÍ
�ÜÓÚë â�ä
â � ×�æ¤Û¼Ó � âÅÖ¼ÝÞ× Ì � �ÒÎ àòÓÜÛ¼Ñº×�ë þ � � àòÓÜÛôÑ÷×¦ëºäüâ�ÖËÓ Ó(OòÙÚÍßÓÚæìÛ RíÑ÷ÓÚæ â ÝïâÅÖ¼çñÓ æ¤õºàNA ÓÚÖü×�é
ëºÍÞàòÓÚæºäËÍÞ×ñæ÷ä¸×ñÖ ÙÜ×ñàðÔ÷ÝÞÓ·û çñÓÜ×ñàðÓ·ÛôÖËÍÞÓÚä¸â�Ö¼Ó Íßæìöñ×ñÝ�öñÓÚë þ ÏÒÑºÓ·è â�Ö¼Ó ÓÜä¼Ô ÓÚÙÜÍïâ�ÝßÝßèüä¼õºÍ�Û�â�A÷ÝÞÓ Û¼× ä¼×ñÝ�öñÓ
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ëºÍISóõºäËÍÞ×ñæ�×�é âÕÝÞâ�Ö¼çñÓíæ¤õºàNA ÓÚÖ ×�é Ôîâ�ÖÊÛôÍÞÙÜÝÞÓÜä ÍßæòâÕÙÜ×ñàðÔ÷ÝÞÓ·û çñÓÚ×ñàòÓÜÛ¼ÖËèNRíÍ�ÛôÑòÍÞæºë÷ÓÚÔ ÓÚæºëºÓÜæìÛ ØËõºàòÔºä
ÙÚÝÞâ�ä¼äËÍIHîÓÜë â�ä â 
�� � � � ��� ��� � ��� ��� � ��� � � 
 
¸ÍÞæ ÝÞÍ�ÛôÓÜÖôâÅÛ¼õºÖ¼Ó � 9	& $´þãÏÒÑ÷ÓðÏ �	� Ì�� Ñîâ�Ô÷Û¼ÓÚÖÜþ-Q¤Î ÍÞäÕâ
çñ×�×¦ë Ó·û÷â�àòÔºÝßÓ ×�éýäËõºÙ�Ñ â ÔºÖË×¦ÙÜÓÚäËäÚþ

ÏÒÑ÷Ó � A ×¦ë¦èñåºëºÍ:S õ÷ä¼ÍÞ×�æ Ó G õîâÅÛ¼ÍÞ×ñæüÍÞäÒçñÍ�öñÓÜæ Aìè
∂n

∂t
= ∇(D∇n) + S

Ì &�þ #ÉÎ
RíÑºÓÚÖËÓ

n
ÍÞäòÛôÑºÓ ëºÓÚæºäËÍßÛùè�å

D
ÍßäãÛôÑ÷Ó ëºÍISóõºäËÍÞ×ñæ ÙÚ×�Ó(OòÙÚÍßÓÚæìÛ ×�éêÛôÑ÷Ó Ôîâ�ÖÊÛôÍÞÙÜÝÞÓÜäÚå

t
ÍÞäòÛôÑºÓ Û¼ÍÞàòÓ

öÅâ�Ö¼ÍÞâ�AºÝÞÓÅå FÐÍßä ÛôÑºÓ äË×ñõºÖ¼ÙÜÓÚäí×ñÖÒäËÍÞæ L¤äÒÍÞæÐÛ¼ÑºÓêäËè�äËÛ¼ÓÚà ë÷õºÖ¼Íßæºç�ÛôÑºÓêëºÍ:S õ÷ä¼ÍÞ×�æ åºâ�æ÷ë ∇ äËÛ�âÅæºëºäÒé®×ñÖ
ÛôÑºÓÒç�Öôâ�ëºÍßÓÚæìÛ Íßæ /áëºÍÞàòÓÚæºäËÍÞ×ñæ÷äÚþ

n
Íßä ëºÓ·ÛôÓÚÖËàðÍßæºÓÚëKAìè�Û¼ÑºÓÒëºÍßäËÛôÖËÍWAºõ¦ÛôÍÞ×�æ ×�é ÛôÑ÷Ó

N
âÅÛô×ñàòäýÍßæ�ÛôÑºÓ

ä¼Íßà�õºÝïâ¬ÛôÍÞ×�æòö�×ñÝÞõºàòÓ�þýÏÒÑºÓ ëºÍISóõºäËÍÞ×ñæÐÙÚâ�æ Ö¼ÓÜÔºÖ¼ÓÜä¼ÓÜæ¤Û¼ÓÚë â�äÒâ Ö¼â�æºëº×�à R â�ÝWLò×�é�Û¼ÑºÓ
N

Ôºâ�ÖËÛ¼ÍÞÙÚÝßÓÚä
RíÍßÛ¼Ñ Û¼ÑºÓ ØËõºàòÔüäËÍ
�ÜÓÕç�ÍßöñÓÜæ Aìè

∆r =
√

2 D ∆t ζ
Ì &¦þ"!ñÎ

RíÑºÓÚÖËÓ
∆t

Íßä ÛôÑºÓêÛôÍßàðÓ äÊÛôÓÜÔ â�æ÷ë
ζ
ÍÞäÒäôâÅàðÔºÝßÓÚë é®Ö¼×�à âòÖ¼â�æºëº×�à æ¤õºàNA ÓÚÖíëºÍÞäÊÛôÖËÍWAºõ÷Û¼ÍÞ×ñæ ä¼âÅÛôÍßä '

é¨è�ÍÞæºç
< ζ > = 0

â�æºë
< ζ2 > = 1

þ ÏÒÑºÍßäáÖ¼ÓÜÔºÖ¼ÓÜä¼ÓÚæìÛôâÅÛôÍß×ñæ ÍÞä öÅâ�ÝßÍÞëüé®×ñÖ
D
∇D >>

√
2 D ∆t

þ
øùæìÛôÓÚÖ¼â�ÙÜÛ¼ÍÞ×ñæ÷ä Ù â�æ1A Ó Ó â�äËÍÞÝßèüÍßæºÙÚÝßõºëºÓÚë Íßæ ÛôÑºÓ äËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæ A¤è ÍÞæºÙÜÖ¼ÓÚâ�ä¼Íßæºç ×ñÖáëºÓÜÙÚÖËÓ â�äËÍÞæºç ÌÆë÷Ó '
ÔóÓÜæºëºÍßæºçã×ñæ RíÑºÓ·ÛôÑºÓÜÖ¸ÛôÑºÓÕÍÞæìÛ¼ÓÚÖôâÅÙÜÛôÍß×ñæºä â�ÖËÓ äË×ñõºÖ¼ÙÜÓÚä ×ñÖ äËÍÞæ L¤äôÎÒÛ¼ÑºÓ æ¤õºà2AóÓÜÖ¸×�éýÔîâ�ÖËÛ¼ÍÞÙÜÝÞÓÚäíëºÍ�é '
é®õºä¼ÍßæºçêâÅÛýÓ â�Ù�Ñ ÛôÍßàðÓ äËÛ¼ÓÚÔKAìè

e−
∆t
τ

RíÑ÷ÓÚÖ¼Ó
τ
ÍÞäýÛ¼ÑºÓ Ù�Ñîâ�Ö¼â�ÙÜÛ¼ÓÚÖËÍÞäËÛ¼ÍÞÙ Û¼ÍÞàòÓ é®×�ÖýÛôÑºÓ ÍÞæìÛôÓÜÖôâ�Ù·ÛôÍÞ×�æ Ûô×

×¦ÙÜÙÚõºÖÜþ � ×�Û¼ÓáÛôÑîâÅÛ8D G æ þ"&¦þ"!òâ¬Û HîÖ¼äÊÛíçñÝïâÅæºÙÚÓ Ýß×¦× L¤ä ÝßÍWLÅÓ â�Ö¼Ó'RíÖ¼ÍßÛËÛôÓÜæ é®×�Ö¼à ×�é D G æ þ"!¦þ 9÷þ øùæ éÆâÅÙÜÛ
ÍßÛêÍßäÕë÷ÓÚÖ¼Í�öñÓÜë õºäËÍÞæºç ÛôÑ÷Óòë÷ÍISóÓÚÖ¼ÓÜæìÛôÍïâÅÝ Ù â�ÝßÙÚõºÝßõºäê×�é äËÛô×�Ù�Ñîâ�äÊÛôÍßÙòÔ÷Ö¼×�ÙÚÓÚäËä¼ÓÜä Ù âÅÝÞÝÞÓÜë

Itô calculus� 9.& $°þ F�õºÙ�Ñ â ÛôÖËÓ âÅÛ¼àðÓÜæìÛ�ÍÞä æºÓÜÙÚÓÚäËäôâ�ÖÊè AóÓÜÙ â�õºäËÓ ÛôÑºÓ Ô ×ñä¼Í�ÛôÍÞ×�æ ö�âÅÖ¼ÍïâVAºÝÞÓ
r(t)

ÍÞæ D G æ þ !�þ 9 ÍÞä× A÷Ûôâ�ÍÞæºÓÜë A¤èüâ äÊÛô×�Ù�Ñîâ�äËÛ¼ÍÞÙêÔºÖË×¦ÙÜÓÚä¼ä Ì®Öôâ�æºë÷×ñà R â�ÝWL¦Î·þ
Ï × ä¼Íßà�õºÝÞâÅÛôÓ Ï �	� ×�é Ñìè¦ë÷Ö¼×ñçñÓÜæãâ¬Ûô×ñàòä ÍÞæ ç�Öôâ�æ¤õºÝßÓÚäÚå D G æ þ"&¦þ"! Íßä õºä¼ÓÜë þ ÏÒÑºÓÒÛ¼ÍÞàòÓ äËÛ¼ÓÚÔ

∆tÍÞä ëºÓÚÙÜÍÞëºÓÜë RíÍßÛôÑ÷ÍÞæ Û¼ÑºÓ � � � äËÙ�ÑºÓÚàòÓ â�æºë
DTGD

Íßä¸× A¦Û�â�ÍßæºÓÚëüé®Ö¼×ñà ÛôÑ÷Ó�Ï � � ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ÷ä
ëºÓÚäËÙÚÖËÍWA ÓÚë ÍÞæ � ÑîâÅÔ÷ÛôÓÜÖÚþ Qºþ @ �êâ�õºäËä¼ÍïâÅæ Ôºä¼ÓÜõºëº×��¤Öôâ�æºë÷×ñà æ¤õºàNA ÓÚÖ çñÓÜæºÓÚÖ¼âÅÛô×�ÖáÍÞäáõ÷ä¼ÓÚë Ûô× äËÓÜÛ
ζ
Íßæü×�õºÖÒä¼Íßà�õºÝïâ¬ÛôÍÞ×�æºäÚþ

���LK � ����' �
��� ($	#� 	��������

ÏÒÑºÓ àðâ�ÍÞæ âÅëºëºÍßÛ¼ÍÞ×ñæüÛô× � ��� ÍÞä ÛôÑºÓ � ×ñæìÛôÓ � � â�Ö¼Ýß×�� �¸Í:S õºäËÍÞ×ñæ àð×�ëºõºÝßÓ�þ @ Ýß×ñæºç RíÍ�ÛôÑ Û¼ÑºÍÞäáÍ�Û
ÍÞä æºÓÚÙÜÓÚäËäôâ�ÖÊè Û¼×ãä¼ÓÜçñÖ¼ÓÜçìâÅÛ¼ÓÕÛ¼ÑºÓ ÔîâÅÖËÛôÍßÙÚÝßÓÚäíëºÓÚÔ ÓÚæ÷ëºÍÞæºçð×ñæ RíÑ÷ÓÜÛôÑ÷ÓÚÖ Û¼ÑºÓÜè â�ÖËÓ Íßæ ö�×ñÍÞëºä Ì®Û¼Öôâ�æ÷ä '
Ôó×�ÖËÛôÓÜë Aìè Û¼ÑºÓ � � � àð×�ëºõºÝßÓÂÎ ×ñÖ3RíÍ�ÛôÑºÍßæ ÛôÑºÓãçñÖôâ�æ¤õºÝßÓ Ì¨ÛôÖôâÅæºä¼Ô ×ñÖËÛ¼ÓÚë Aìè ÛôÑºÓ � � � àò×�ëA'
õºÝÞÓ Î·þ @ äËõºÖËéÆâ�ÙÜÓüé®ÖË×ñà RíÑºÍßÙ�Ñ ëºÓÜä¼×ñÖËÔ÷ÛôÍß×ñæ ×�ÙÚÙÜõºÖ¼äòÑîâ�ë Ûô× AóÓüÍÞæìÛ¼Ö¼×�ëºõºÙÚÓÜë þ � õºæºÙ·ÛôÍß×ñæºä é®×ñÖ



� � � �.���0�#���Q� � � �Q�.� � �����,� � � � �

ÛôÖôâÅÔºÔºÍÞæ÷çºåîëºÓÜÛ¼Öôâ�Ô÷ÔºÍÞæºç÷å ÖËÓÚÙÜ×ñàNAºÍßæîâÅÛôÍß×ñæ åºë÷ÓÚä¼×�Ö¼Ô÷Û¼ÍÞ×ñæ å ëºÍßä¼äË×¦ÙÜÍïâÅÛ¼ÍÞ×ñæüâ�æºë é®×ñÖíöÅâ�Ö¼Íß×ñõºäÒÛùè�ÔóÓÜä¸×�é
ØËõºàðÔ�Ó·öñÓÚæìÛ¼ä Ñîâ ö�ÓEA ÓÚÓÜæðÍßæ¤Û¼Ö¼×�ëºõºÙÜÓÚë þ @ ä R âÅä Û¼ÑºÓíÙ â�äËÓ8RíÍßÛôÑ�ÓÚâ�Ö¼ÝßÍÞÓÚÖýõºÔºçñÖ¼â�ëºÓÚäÜå¤Ù â�ÖËÓ ÍßäýÛ�âVL�ÓÚæ
Ûô× éÆâ�ÙÚÍßÝÞÍ�Û�âÅÛ¼Ó¸Ó âÅäËè â�ë÷ëºÍßÛ¼ÍÞ×ñæ ×�éÈæºÓ'R ä¼Ô ÓÚÙÜÍÞÓÚä â�æ÷ë Íßæ¤Û¼ÓÚÖ¼â�ÙÜÛ¼ÍÞ×ñæºäÜþ

���&% � V �NR �WT�'(� 	SR �
����( �QR 	 ����� �NM%��	������ ��	 � �
� R � O �#� �WM�'(�

�%5 � 574 �0D<H �?AN F6D<: N�LM?3?1=CD . �<H ? 2<L N�= 4 �<GCF ?A=CB6D
@ ÙÚõ AºÍßÙ çñÖôâ�æ¤õºÝÞâ�Ö�äÊÛôÖ¼õ÷ÙÜÛôõ÷Ö¼Óü×�é¸ÝßÓÚæºçÅÛôÑ

5 × 10−5m
Íßä ÙÚÖ¼ÓÚâÅÛôÓÜë Ì � ÍÞç÷þ &¦þ-/ìÎ²þ ÏÒÑºÍßä�Ûùè�ÔºÍßÙ â�ÝßÝßè
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Plasma  on  this  side
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����������� ¡¤ ���£ 9��¬» � ªÉ§�. «´³�� ªÉ§¢±�°³ÄµÜ¶E� µÂÁÂ»Ê§ �Ü»Êµ(� »Ê´¯$&
â�ÙÚÙÜ×ñàðàò×�ëîâÅÛôÓÜä�9 � ���ÐçñÖôâ�æ¤õºÝßÓÚä õºäËÍÞæºç â ��� ��� ����� � � ����� � �ð×�é

2.5 × 10−6m
þ�ÏÒÑ÷Ó � ����� � � ����� � �

Ù�Ñº×ñä¼ÓÜæ ÍÞä
5 × 10−7m

þ ÏÒÑºÓÜä¼Ó öÅâ�ÝÞõºÓÜä é®×ñÖ ��� ��� ����� � � ����� � �üâ�æ÷ë � ����� � � ����� � � ÙÚ×ñÖËÖ¼ÓÚäËÔó×�æºë Ûô×
Ö¼Ó âÅÝÞÍÞäÊÛôÍßÙ çñÖ¼â�æ¤õºÝÞÓ â�æºë àòÍÞÙÜÖ¼×Âöñ×ñÍßë äËÍ
�ÚÓÜäÚþ TÈÓÜÖ¼Íß×¦ëºÍßÙ2A ×ñõºæºëºâ�ÖËè ÙÚ×ñæ÷ëºÍßÛ¼ÍÞ×ñæºä â�ÖËÓ â�ÔºÔºÝßÍÞÓÜë â�ÝÞ×�æºç
ÛôÑºÓ � âÅæºë � ëºÍßÖ¼ÓÚÙ·ÛôÍß×ñæºäÚå	RíÑºÍÞÙ�Ñ�âÅÖ¼Ó Û¼ÑºÓ ëºÍßÖ¼ÓÚÙ·ÛôÍß×ñæºä Ôîâ�ÖôâÅÝÞÝÞÓÜÝìÛô×¸Û¼ÑºÓ çñÖ¼â�ÔºÑºÍ�ÛôÓ äËõºÖËéÆâÅÙÚÓ�þ @ Ýß×ñæºç
ÛôÑºÓ � ëºÍßÖ¼ÓÚÙ·ÛôÍß×ñæ å RíÑºÍÞÙ�ÑðÝÞÍßÓÚä ÔóÓÜÖ¼Ô ÓÚæºëºÍßÙÚõºÝÞâ�Ö Ûô×ÕÛôÑºÓ çñÖôâ�Ô÷ÑºÍßÛ¼Ó äËõºÖËéÆâ�ÙÜÓ�å�ÛôÑºÓ äËÛôÖËõºÙÜÛ¼õºÖ¼Ó ÍÞä Ö¼ÓÜÔºÝÞÍ '



� � � � � 
 ������� � � ��� � ��� �<� � �����1� ��� � �0� �;� � ��� � ���1�O���.������� � �

Ù âÅÛ¼ÓÚë é®×ñÖ
Z > 0

þ ÏÒÑºÓ�çñÖ¼â�ÔºÑºÍ�ÛôÓ�äËõºÖËéÆâ�ÙÜÓ�ÝÞÍÞÓÜä âÅÛ
Z = 0

âÅæºë éÆâ�ÙÚÓÜäáÛôÑºÓ�ÔºÝÞâ�ä¼àðâãÝÞ×�Ù â¬ÛôÓÚë Íßæ
ÛôÑºÓêæºÓÜçìâÅÛ¼ÍßöñÓ � ëºÍßÖ¼ÓÚÙ·ÛôÍß×ñæ þ
# � � �  âÅÛ¼×ñàòä âÅÖ¼Ó õºæºÍßé®×�Ö¼àòÝßè�ë÷ÍÞäËÛ¼Ö¼ÍIAºõ÷ÛôÓÜëðÍßæòÛ¼ÑºÓ � ' � ÔºÝÞâ�æºÓ�þýÏÒÑºÓáâÅÛ¼×ñàòä ÑºâÂö�Óáâ �Õâ�õ÷ä '

ä¼ÍÞâ�æðë÷ÍÞäËÛ¼Ö¼ÍIAºõ÷ÛôÍß×ñæ�â�Ýß×ñæºç ÛôÑºÓ �üâ¬û¦ÍÞäÚå¤ÙÜÓÚæìÛôÓÜÖ¼ÓÚëÐâÅÛ âêë÷ÓÚÔ÷Û¼Ñã×�é
100

� é®Ö¼×ñà ÛôÑºÓíä¼õ÷ÖËéÆâ�ÙÜÓ7RíÍ�ÛôÑðâ
RíÍÞë÷Û¼Ñ

10
� þ÷ÏÒÑ÷Ó¸öñ×ñÍßëÐé®Öôâ�Ù·ÛôÍß×ñæ R â�ä Ù�Ñº×�ä¼ÓÚæ Û¼×NAóÓ

0.1
â�æºëÐÛ¼ÑºÓÚÖËÓÜé®×ñÖËÓáàð×�äËÛ ×Åé�ÛôÑºÓ Ôîâ�ÖËÛ¼ÍÞÙÜÝÞÓÚä

ÓÚæºë õºÔ Íßæºä¼ÍßëºÓ�çñÖôâ�æ¤õºÝßÓÚäÜþ ÏÒÑºÓãÖËÓÚäËÛ ×�é ÛôÑºÓðÔîâ�ÖËÛ¼ÍÞÙÜÝÞÓÚäÕâ�ÖËÓãâÅä¼ä¼õ÷àðÓÜë Ûô× AóÓòä¼×�ÝÞõ÷Û¼Ó  ×ñæ ÛôÑºÓ
öñ×ñÍßë ��çñÖ¼â�æ¤õºÝÞÓêÍßæ¤Û¼ÓÚÖÊéÆâ�ÙÚÓÅþ �¸õºÓ Û¼×òÛ¼ÑºÓÕÝÞ× R ÙÚ×�æºÙÚÓÜæ¤Û¼ÖôâÅÛ¼ÍÞ×ñæ ×�é  âÅÛ¼×ñàðäÜå Ñ¤è�ëºÖË×ñçñÓÜæ àð×�ÝÞÓÚÙÜõºÝÞÓÜä
â�Ö¼ÓÕæº×�Û é®×ñÖËàðÓÜë þ ÏÒÑºÓ Ö¼ÓÜä¼õºÝ�Ûôä â�Ö¼Ó â�ÔºÔºÝßÍÞÙÚâ�AºÝÞÓáÛ¼×ãâ�öñÓÜÖËèüÝÞ× R ÙÜ×ñæºÙÜÓÚæìÛôÖ¼âÅÛôÍß×ñæ ÙÚâ�ä¼ÓÅþ  × R Ó·öñÓÜÖ
ÛôÑºÍßäêÙ â�ÝßÙÚõºÝÞâÅÛôÍß×ñæ çñÍßö�ÓÚäÕâ�æ ÍÞëºÓÚâ ×Åé Ô ×ñä¼äËÍWAºÝßÓ�ÛôÖôâÅæºä¼Ô ×ñÖËÛÕÔºÖËÓÜé®ÓÜÖ¼ÓÚæ÷ÙÚÓÚä3RíÍßÛôÑ÷ÍÞæ ÛôÑºÓ öÅâ�ÖËÍÞ×ñõºäêÖËÓ '
çñÍÞ×�æºäÚåºÍ´þÄÓÅþ öñ×ñÍßëºäÚåîç�Öôâ�æ¤õºÝßÓÚäíâ�æºëü×ñõ÷Ûí×ÅéýÛôÑ÷Ó ä¼õºÖÊéÆâ�ÙÚÓãÌÆÖËÓÚÙÜè�ÙÜÝÞÍÞæ÷ç¤Î·þ

ÏÒÑ÷ÓãÍÞæ÷Ôºõ÷ÛôäêÛô×üÛôÑºÓðÙÚ×�ëºÓÐâÅÖ¼Ó�é®Ö¼×ñà âüàðÍ û¦Û¼õºÖ¼Óò×�éÒÓ²û¦ÔóÓÜÖ¼ÍÞàòÓÚæìÛôâ�Ý Ö¼ÓÚäËõºÝßÛ¼ä�â�æ÷ë � � äËÍÞà '
õºÝïâ¬ÛôÍÞ×�æºäÚþüÏÒÑºÓ â�Ù·ÛôÍ�ö�â¬ÛôÍÞ×�æ ÓÜæºÓÚÖËç�è é®×ñÖ Û¼Öôâ�ÔºÔ÷ÍÞæºç��¤ëºÓÜÛ¼Öôâ�ÔºÔ÷ÍÞæºç RíÍßÛ¼ÑºÍÞæ ÛôÑºÓÐç�Öôâ�æ¤õºÝßÓðÍßä Û�âVL�ÓÚæ
Ûô× A Ó !�þ VÐÓ � ä¼ÍßæºÙÚÓ Û¼ÑºÓ�Ï � � ëºÍ:S õºäËÍÞ×ñæ ÙÜ×¦Ó'OòÙÚÍÞÓÜæìÛ ×�A÷Û�â�ÍßæºÓÚë é®ÖË×ñà ×ñõ÷Ö ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ÷ä¸õºäËÍÞæºç
ÛôÑºÍßä¸öÅâ�ÝÞõ÷Ó ÝÞÍßÓÚä æºÍÞÙÜÓÚÝ�è Íßæ ÛôÑºÓ àðÍßëºëºÝÞÓÕ×�é Û¼ÑºÓ�ÖôâÅæºçñÓ�ÖËÓÚÔ ×ñÖËÛ¼ÓÚë ÍÞæ Ó·û¦ÔóÓÜÖ¼ÍßàðÓÜæ¤Û¼ä � /	& $´þ � ÍßÛôÑ÷ÍÞæ
ÛôÑºÓ � � � â�Ýßçñ×ñÖ¼Í�ÛôÑºàüåîÛôÑºÓ�âÅÙÜÛôÍ�öÅâÅÛôÍß×ñæ ÓÜæºÓÚÖËç�è é®×ñÖ ëºÓÚäË×ñÖ¼Ô÷Û¼ÍÞ×ñæ Íßä¸Û�â�LÅÓÚæ Ûô× A Ó #ñþ 	1# Ó � � 9.U $´þÏÒÑºÓÕâ�ÙÜÛ¼ÍßöÅâÅÛ¼ÍÞ×ñæÐÓÜæºÓÚÖËç�èãé®×�ÖÒä¼õºÖÊéÆâ�ÙÚÓ ëºÍ:S õ÷ä¼ÍÞ×�æ ÍÞä Ûôâ�L�ÓÜæüÛ¼×CA Ó �÷þ 	�Ó � å RíÍ�ÛôÑüâ ØËõºàòÔ âÅÛ¼Û¼ÓÚàòÔ÷Û
é®Ö¼Ó G õ÷ÓÚæºÙ·è ×�é

1013
ä −1

â�æºë âíØËõ÷àðÔÐäÊÛôÓÜÔ ÝÞÓÚæ÷ç�ÛôÑÐ×Åé
34.64

� Ûô×�àðâÅÛôÙ�ÑðÛôÑºÓáäËõºÖËéÆâÅÙÚÓ ëºÍ:S õºäËÍÞ×ñæ
ÙÚ×�Ó(OòÙÚÍßÓÚæìÛ Ö¼ÓÚÔ ×ñÖÊÛôÓÚë ÍÞæ �-V�	 $´þ @ Ù·ÛôÍßöÅâÅÛ¼ÍÞ×ñæ ÓÜæºÓÚÖËç�è é®×ñÖ ÓÚæìÛ¼ÓÚÖ¼Íßæºç Û¼ÑºÓ�ä¼õºÖÊéÆâ�ÙÚÓ�é®×ñÖÕâ ä¼×ñÝßõ÷ÛôÓ âÅÛô×�à ÍÞä äôâ�àòÓ â�ä�Û¼ÑºÓ â�ÙÜÛ¼ÍßöÅâÅÛ¼ÍÞ×ñæ ÓÚæºÓÜÖ¼ç�è é®×�Ö�Ï � � þ ÏÒÑºÓ ä¼Íßà�õºÝïâ¬ÛôÍÞ×�æºä âÅÖ¼ÓÐÙÚâ�Ö¼ÖËÍÞÓÚë ×ñõ¦Û�âÅÛ
Û�â�ÖËçñÓÜÛ ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõºÖËÓÚä3AóÓ·Û R ÓÜÓÚæ

300 � â�æºë
1500 � ÍÞæ ÍÞæìÛôÓÜÖËöÅâ�ÝÞäÕ×�é

300 � þ ÏÒÑºÓãÔîâÅÖËÛôÍßÙÚÝßÓÚä
R ÓÜÖ¼Óêé®×ñÝÞÝß× R ÓÜë é®×�Ö

106
äËÛ¼ÓÚÔºäÜþ

� 5 � 5+* � = J)N	? J)LON �>G@?AN B/0 4 F6K J)B � NAK�FEGCL N�= 4 �>GCF ?1=CB6D>N
ÏÒÑºÓ HîæîâÅÝ æ¤õºàNA ÓÚÖ ×�éíÔîâ�ÖÊÛôÍÞÙÜÝÞÓÜä ÍÞæ ëºÍISóÓÚÖËÓÚæìÛ ÖËÓÚçñÍß×ñæºä�âÅÖ¼ÓãÔ÷ÝÞ×�ÛËÛôÓÚë â�ä â é®õºæ÷ÙÜÛôÍß×ñæ ×�éÒÛôâ�Ö¼ç�ÓÜÛ
ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõºÖËÓüÌ � Íßçºþ"&¦þ-QìÎ·þ øùæ Û¼ÑºÍÞä ÔºÝß×�Û

N
äÊÛ�â�æºë÷äêé®×�ÖáÛôÑºÓ æ¤õºàNA ÓÚÖê×�é Ôîâ�ÖÊÛôÍßÙÚÝÞÓÜäáÍÞæ âÐÖËÓÚçñÍß×ñæ å

â�æºë Û¼ÑºÓ ÖËÓÚçñÍß×ñæ ÍßäãçñÍ�öñÓÚæ â�ä â äËõ Aºä¼ÙÜÖ¼ÍßÔ÷Û þ � Ó äËÓÚÓ Û¼ÑîâÅÛòÛôÑºÓÜÖ¼Ó ÍßäÐâ�Ýßàð×ñäÊÛãæ÷× ÛôÖ¼â�æºäËé®ÓÜÖã×�é
Ôîâ�ÖÊÛôÍÞÙÜÝÞÓÜäÕé®ÖË×ñà ×ñæºÓòÖ¼ÓÜçñÍÞ×ñæ Ûô× â�æº×�Û¼ÑºÓÚÖ A ÓÚÝÞ× R

900K
AóÓÜÙ â�õºäËÓãÛôÑ÷Óãâ�Ù·ÛôÍ�ö�â¬ÛôÍÞ×�æ ÓÜæºÓÚÖËçñÍÞÓÜä é®×ñÖ

AºõºÝIL ëºÍ:S õ÷ä¼ÍÞ×�æ â�æºë ëºÓÜä¼×ñÖËÔ÷ÛôÍß×ñæ�â�ÖËÓ Ûô×�×áÑºÍßçñÑ þ � ×ñäËÛ ×Åé Û¼ÑºÓ ÛôÖ¼â�æºäËÔó×ñÖÊÛ Íßä Aìè�ä¼õ÷ÖËéÆâ�ÙÜÓÒëºÍISóõºä¼Íß×ñæ
×�é ÛôÑºÓÒäË×ñÝÞõ÷Û¼ÓíâÅÛô×�àðäÜþ-TÈâ�ÖËÛ¼ÍÞÙÚÝßÓÚä äÊÛ�â�ÖÊÛ çñÓÜÛËÛôÍÞæ÷ç ÍÞæìÛô×áÛ¼ÑºÓ8AºõºÝIL�â�æºë é®ÖË×ñà Û¼ÑºÓ AºõºÝILÕÛ¼×êÛ¼ÑºÓ öñ×�ÍÞëºä
ÍÞæ ×ñõºÖêä¼Íßà�õºÝÞâÅÛôÍß×ñæºä âÅÛ

1200 � â�æ÷ë ÛôÑ÷ÍÞäêÍÞä àò×ñÖ¼Ó�ÔºÖË×ñæº×ñõ÷æºÙÚÓÜë âÅÛ
1500 � þ�ø ÛÕÍßä âÅÝÞä¼× äËÓÚÓÚæ

ÛôÑîâ¬Û ëºÓÚäË×ñÖ¼Ô¦ÛôÍÞ×�æ ×�é Ñ¤è�ëºÖË×ñçñÓÜæ âÅÛ¼×ñàòä é®Ö¼×�à Û¼ÑºÓ ä¼õºÖÊéÆâ�ÙÚÓ Ì®ëºÓÚæ÷×�ÛôÓÜë Aìè
Nrecycle

ÍÞæ � Íßçºþ"&¦þ-QìÎ
äËÛôâ�ÖËÛ¼ä ×�S ä¼×�àðÓ'RíÑºÓÚÖËÓ AóÓ·Û R ÓÜÓÚæ

900 � â�æºë
1200 � þ�F¦õºÙ�Ñ A ÓÚÑîâ ö�ÍÞ×ñÖ é®×ñÖ�Ñìè�ëºÖ¼×ñç�ÓÚæ âÅÛô×ñà
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ëºÓÚäË×ñÖ¼Ô÷Û¼ÍÞ×ñæ ÍßäÒ× Aºä¼ÓÜÖËö�ÓÚë ÍßæüÓ²û¦ÔóÓÜÖ¼ÍÞàòÓÚæìÛ¼äP�-V�	�å 9	V�$´þ
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�����������Õ¡¤  �¦£ � ª��6,�»Ê¯�µ·¹÷ÇÅ±²¯´´³¢½¾§©»Ë« ³©¶áÁÉ³ Ãñ»Ê¯°»Ê¶Ú�¯´» �·³©µ·¶¬« ±²�#�É» »Ê¶ÅÁ µ·¹º± � ³©§Ä§©³ÄµÜ¶ � �3/ «Æ´»ËÇ¬«
� ×�ÛôÓÐÛ¼ÑîâÅÛ

106
Û¼ÍÞàòÓÐäËÛ¼ÓÚÔºä�ÙÜ×ñÖ¼ÖËÓÚä¼Ô ×ñæºë Ûô× ëºÍ:S ÓÜÖ¼ÓÜæ¤Û Û¼ÍÞàòÓÚä�×Åé äËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæ âÅÛ�ëºÍISóÓÚÖËÓÚæìÛ

çñÖôâ�Ô÷ÑºÍßÛ¼Ó�ÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓÚäêä¼ÍßæºÙÚÓ ÛôÑ÷Ó�Û¼ÍÞàòÓ�äËÛ¼ÓÚÔ ÍÞäêëºÓ·ÛôÓÚÖËàðÍßæºÓÚë1Aìè ÛôÑ÷Ó � � � â�ÝÞç�×ñÖ¼Í�ÛôÑºà ÌÆäËÓÚÓ
D G æ þ-/÷þ"!ñÎ·þ @ ÔºÝß×�ÛÒ×�é ÛôÑºÓ!Hîæºâ�Ý�Ñìè¦ë÷Ö¼×ñçñÓÜæ â¬Ûô×ñà Ô ×ñäËÍßÛôÍß×ñæºäÒâÅÖ¼Ó ä¼Ñ÷×�Ríæ ÍÞæ � Íßçºþ &�þ & é®×ñÖ
Ì®Í¨Î / � � � RíÑ÷ÓÚÖ¼Ó 106

äÊÛôÓÚÔ÷ä ÙÜ×ñÖ¼ÖËÓÚä¼Ô ×ñæºë Ûô×
1.38× 106s

å
ÌÆÍÞÍïÎ 	 � � � RíÑ÷ÓÚÖ¼Ó 106

äÊÛôÓÚÔ÷ä ÙÜ×ñÖ¼ÖËÓÚä¼Ô ×ñæºë Ûô×
1.15× 10−4s

åºâ�æºë
ÌÆÍßÍÞÍïÎ #�&�� � � RíÑºÓÚÖËÓ 106

äÊÛôÓÜÔºä ÙÜ×ñÖ¼ÖËÓÚäËÔó×ñæ÷ëüÛ¼×
9.25× 10−7s

þ
ÏÒÑºÓ ÔºÝÞ×ÅÛ�ÍÞä â ÔºÖ¼×ÉØËÓÚÙÜÛ¼ÍÞ×ñæ ×Åé Û¼ÑºÓ âÅÛ¼×ñàòÍÞÙòÔó×ñäËÍßÛ¼ÍÞ×ñæºä ×ñæ ÛôÑ÷Ó � 	�� Ô÷Ýïâ�æºÓÅå RíÍßÛ¼Ñ ÛôÑºÓ � âÉû÷Íßä
äËÛôÖËÓÜÛ¼Ù�ÑºÓÚë þüÏÒÑºÍßä äËÛ¼Ö¼Ó·ÛôÙ�ÑºÍßæºç ÙÚÖËÓ âÅÛ¼ÓÚäÕÛôÑºÓðÓ(SóÓÚÙÜÛ ×�éÒâ¬Ûô×ñàòä àò×Âö�ÍÞæºçüÔºÖ¼Ó·é®ÓÚÖËÓÚæìÛôÍÞâ�ÝÞÝ�è â�ÝÞ×�æºç�� å
RíÑºÍÞÙ�Ñ Íßäáæº×�Û ÛôÑºÓ ÙÚâ�ä¼ÓÅþÕÏÒÑ÷ÓKAºÖ¼× Ríæ ÙÚ×�ÝÞ×ñÖ ÍÞäáõºäËÓÚë é®×ñÖ¸âÅÛô×ñàòäERíÑ÷ÍÞÙ�Ñ â�ÖËÓ�ä¼Í�ÛôõîâÅÛ¼ÓÚë Íßæ öñ×ñÍßëºä
â�æºë ÙÜèñâ�æ ÙÚ×ñÝß×ñÖáÍÞä¸õºä¼ÓÜë é®×ñÖáâÅÛô×ñàòä¸äËÍßÛ¼õîâÅÛôÓÜë ÍÞæ çñÖ¼â�æ¤õºÝÞÓÜäÚþÕø ÛêÍÞäáäËÓÚÓÚæ ÛôÑºâÅÛ Ôîâ�ÖÊÛôÍßÙÚÝÞÓÜäáÍÞæ Û¼ÑºÓ
öñ×ñÍßëºä¸âÅæºë öñ×�ÍÞëA' çñÖôâ�æ¤õºÝßÓ ä¼õºÖÊéÆâ�ÙÚÓ ëºÍISóõºäËÓ à�õºÙ�ÑüéÆâ�äËÛ¼ÓÚÖ ëºõºÓ Û¼×òÛ¼ÑºÓ Ýß× R àðÍßçñÖôâ¬ÛôÍÞ×�æ ÓÚæºÓÜÖ¼ç�èü×�é



� ��� � � � ��� � � � ��
 � � ������� � ���

ä¼õºÖÊéÆâ�ÙÚÓüëºÍ:S õºäËÍÞ×ñæ â�æºë çñÓ·ÛãëºÓÜÓÚÔ ÍÞæìÛô× ÛôÑºÓüä¼õ÷ÖËéÆâ�ÙÜÓ Íßæ Û¼ÑºÓüâ�Aºä¼ÓÜæºÙÚÓ ×�éá×�ÔóÓÜæ ÛôÖ¼â�Ô ä¼ÍßÛ¼ÓÚäðâÅÛ
â�ÝÞÝ Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÜäÚþíø ÛáÍßä äËÓÚÓÜæ ÛôÑîâ¬Û Û¼ÑºÓÚÖËÓ ÍÞä â�Ýßàð×ñäÊÛ æº×ãëºÍ:S õ÷ä¼ÍÞ×�æ RíÍ�ÛôÑºÍßæüÛ¼ÑºÓ çñÖ¼â�æ¤õºÝÞÓãÌÆÙ·èìâ�æ
ÙÚ×ñÝß×ñÖ¼ÓÜë â¬Ûô×ñàòä�Î âÅÛêÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼ÓÚä ≤ 900 � RíÑºÓÚÖËÓòÛ¼ÑºÓðàòÍÞç�ÖôâÅÛ¼ÍÞ×ñæ ÓÜæºÓÚÖËç�è é®×ñÖêëºÍISóõºäËÍÞ×ñæ ÍÞä
Ûô×�× ÑºÍßçñÑ ∼ 2.7eV

þ ÏÒÑºÓÚÖËÓÜé®×ñÖËÓÐÍßÛ Ù â�æ A ÓÐÓ²û÷Ô ÓÚÙ·ÛôÓÜë Û¼ÑîâÅÛ�Íßæ ÛôÑ÷ÓÐÔºÖ¼ÓÜä¼ÓÜæºÙÚÓ ×�éí×ñÔ ÓÚæ Û¼Öôâ�Ô÷ä
Ì�RíÑºÍßÙ�Ñ Ûùè�ÔºÍßÙ â�ÝßÝßè Ñîâ öñÓðâ A÷ÍÞæºëºÍßæºç ÓÚæºÓÜÖ¼ç�è ×Åé ∼ 2.7eV

Î²å Û¼ÑºÓðâÅÛô×ñàòä5RíÍÞÝßÝýæº×ÅÛ Ô ÓÚæ÷ÓÜÛôÖ¼âÅÛôÓ Û¼×
ä¼õºÙ�Ñ ë÷ÓÚÔ÷Û¼Ñºä âÅÛÕÛôÑºÓÜä¼ÓòÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓÚäÚþ  ×�R ÓÜö�ÓÚÖÜå â¬Û Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÜä ≥ 1200 � å ÛôÑ÷ÓãâÅÛ¼×ñàòä
ÍÞæ ÛôÑºÓòçñÖ¼â�æ¤õºÝÞÓÜäêÛ¼×¦× ÌÆÙ·èìâ�æ ÙÚ×ñÝß×ñÖ¼ÓÜë � ÍÞçºþ"&¦þ"&�'ùÍßÍÞÍ¨Î äËÑº× R â ö�ÍÞäËÍWAºÝßÓ ëºÍISóõºäËÍÞ×ñæ AºÖ¼×ñâ�ëºÓÚæ÷ÍÞæºç â�æºë
ÔóÓÜæºÓÜÛ¼ÖôâÅÛ¼ÓêÍÞæìÛô× ÛôÑ÷ÓÕÔ ×ñÖË×ñõºäíçñÖôâÅÔºÑºÍßÛ¼Ó�þ

����� �1��� � �QR V ����� ��� 	 M�� ���

@ àò×¦ë÷ÓÚÝ é®×ñÖ AºõºÝWL ëºÍ:S õ÷ä¼ÍÞ×�æ Íßæ Ô ×ñÖ¼×ñõ÷ä çñÖ¼â�ÔºÑºÍ�ÛôÓ ÍÞäüëºÓÜö�ÓÚÝÞ×�ÔóÓÜë þ ø Û ÙÚ×ñæºäËÍÞäÊÛôä ×Åé ÛôÖôâÅæºä �
çñÖôâÅæ�õ÷Ýïâ�Ö ��ëºÍISóõºäËÍÞ×ñæ å ëºÍ:S õºäËÍÞ×ñæ ÍÞæ ö�×ñÍÞë÷ä�â�æºë âÅÝÞ×ñæºç öñ×�ÍÞë ��ç�Öôâ�æ¤õºÝßÓãä¼õ÷ÖËéÆâ�ÙÜÓÚäÚþ øùæ÷ÍßÛôÍÞâ�Ý Ö¼ÓÜä¼õºÝ�Ûôä
é®Ö¼×ñà Û¼ÑºÓáàò×¦ëºÓÜÝ âÅÖ¼ÓáÍßæãÝÞÍßæºÓ RíÍßÛôÑãÓ·û¦ÔóÓÜÖ¼ÍßàðÓÜæ¤Ûôâ�Ý ×�Aºä¼ÓÜÖËöÅâÅÛôÍß×ñæºä ×�é ëºÓÚäË×ñÖ¼Ô¦ÛôÍÞ×�æ â�æºëÐÛ¼Öôâ�æºäËÔó×�ÖËÛ
ÍÞæìÛô×%AºõºÝWLÕçñÖ¼â�ÔºÑºÍ�ÛôÓ�þ ÏÒÑºÓÒàò×¦ë÷ÓÚÝ�â�ÝÞÝß× Ríäýàò×ñÝÞÓÜÙÚõºÝßÓ é®×ñÖËàãâ¬ÛôÍÞ×�æ â�æ÷ë�ÛôÖôâÅæºä¼Ô ×ñÖËÛ â�æºë ÙÚâ�æ Ñîâ�æºë÷ÝÞÓ
Ö¼ÓÜÙÚ×ñàNA÷ÍÞæîâÅÛ¼ÍÞ×ñæ åóëºÍßä¼äË×¦ÙÜÍïâÅÛ¼ÍÞ×ñæ â�æºë Û¼Öôâ�ÔºÔ÷ÍÞæºçºþ¸ÏÒÑºÓ�àðâ�ÍÞæ â�ÍÞà ×�é Û¼ÑºÍÞä ÛôÑºÓÜä¼ÍÞäÜå RíÑºÍßÙ�Ñ R â�ä ���
� ����� ��� ��
������,�3�2�<� � � � �(����
 � �1��� ��� � ���.��� � � ��� � ��� �<� � ��
 ��� 
���� ��� � ����� � ��� ��� �0�
�,� �<��� ��� �<���)� ��� ��� �0� ��� �(� �	����������� Ñîâ�ä8A ÓÚÓÚæ â�Ù�ÑºÍßÓÜöñÓÜë þ

� ä¼Íßæºç Û¼ÑºÍÞä�àðâ�ÙÚÖË×ñä¼ÙÜ×ñÔºÍßÙüàò×�ëºÓÚÝ R Ó âÅÖ¼Óüæº× R â�AºÝßÓ Û¼× äËÍÞà�õ÷ÝïâÅÛ¼Ó ÙÚ×ñÖËÖ¼ÓÚÙ·ÛôÝ�è ÛôÑºÓüâÅÛ¼×ñàðÍßÙ
Ñìè¦ë÷Ö¼×ñçñÓÜæ ëºÓÚäË×ñÖ¼Ô÷Û¼ÍÞ×ñæ é®Ö¼×ñà çñÖ¼â�ÔºÑºÍ�ÛôÓ�â¬Û¸ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼ÓÚäáâ�Aó×Âö�Ó

900 � å Û¼ÑºÓ�ëºÍ:S õºäËÍÞ×ñæ ×�é Ñìè	'
ëºÖ¼×�çñÓÚæ â�Ýß×ñæºçãö�×ñÍÞë ä¼õ÷ÖËéÆâ�ÙÜÓÚä ÍÞæìÛ¼× ëºÓÚÔ÷Û¼Ñºäê×�é âÐé®Ó(R àðÍßÙÚÖ¼×�æºäÚå�âÅæºë ÛôÑºÓ ë÷ÍISóÓÚÖ¼ÓÜæìÛêÖ¼ÓÚç�ÍÞàòÓÚäá×�é
Ñìè¦ë÷Ö¼×ñçñÓÜæ�ëºÍISóõºä¼Íß×ñæ�Íßæ�çñÖôâÅÔºÑºÍßÛ¼Ó�þ ÏÒÑºÓÒÙÚ×�ëºÓ ÍßàðÔ÷ÝÞÓÚàòÓÚæìÛ¼ÍÞæºçíÛôÑºÓ à�õºÝßÛ¼Í ��äËÙ â�ÝßÓ àð×�ëºÓÚÝ � � � Ñîâ�ä
â àð×�ëºõºÝÞâ�Ö äËÛ¼Ö¼õºÙ·ÛôõºÖËÓ â�æºëòæºÓ(R ä¼Ô ÓÚÙÚÍßÓÚä â�æºëòÍÞæìÛ¼ÓÚÖôâÅÙÜÛôÍß×ñæºä ÙÚâ�æ AóÓíÓ âÅä¼ÍÞÝ�è â�ë÷ëºÓÚë þ @ ÔºÔºÝßÍÞÙÚâÅÛôÍß×ñæ
×�é ÛôÑºÓêÙÚ×�ëºÓ Ûô×òâ�ÙÚ×ñõ÷ÔºÝÞÓ ×�éÈÔºÖË× AºÝÞÓÜàðäÒ×ÅéýÍßæ¤Û¼ÓÚÖËÓÚäËÛ â�ÖËÓ ëºÓÚäËÙÚÖËÍWA ÓÚë Íßæ ÛôÑºÓ æºÓ²û�Û¸Ù�ÑîâÅÔ÷ÛôÓÜÖÚþ
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ÌÆÍ¨Î / � � � Ì
1.38× 106s

Î

ÌÆÍÞÍïÎ 	 ��� � Ì
1.15× 10−4s

Î

ÌÆÍÞÍßÍ¨Î#�&�� � � Ì
9.25× 10−7s

Î
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ÏÒÑºÓ�à�õºÝ�ÛôÍ �¤ä¼Ù âÅÝÞÓÕàð×�ëºÓÚÝÈëºÓÜö�ÓÚÝß×ñÔóÓÜë Íßæ ÛôÑºÓ Ô÷Ö¼ÓÜö�Íß×ñõºä Ù�Ñîâ�Ô¦ÛôÓÚÖËäê×�é Û¼ÑºÍÞä ÛôÑºÓÜä¼ÍÞä Íßä â�ÔºÔ÷ÝÞÍÞÓÜë Ûô×
äËÛ¼õºë÷è U
•  è¦ë÷Ö¼×ñçñÓÜæüÛ¼Öôâ�æ÷ä¼Ô ×ñÖËÛ ÍÞæ ç�Öôâ�ÔºÑ÷ÍßÛôÓÜä8RíÍßÛôÑ ÙÜÝÞ×ñäËÓÚë Ôó×�Ö¼ÓÚäÜþ
• �¸Í:S õ÷ä¼ÍÞ×�æüÙÜ×¦Ó'OòÙÚÍÞÓÜæìÛ ×ÅéýÑìè�ëºÖ¼×�çñÓÚæ ÍÞæ Ô ×ñÖ¼×ñõ÷ä ç�Öôâ�ÔºÑ÷ÍßÛôÓÅþ

@ ÔºÔ÷ÝÞÍÞÙÚâÅÛôÍß×ñæºäá×Åé Û¼ÑºÓ�àð×�ëºÓÚÝRíÍÞÝÞÝýçñÍßö�Ó õºäêÍÞàòÔºÖ¼×ÂöñÓÜë Íßæºä¼ÍßçñÑìÛêÍÞæìÛô×ÐÛ¼ÑºÓÚäËÓðÔ÷Ö¼× AºÝßÓÚàòäêâ�æºë1RíÍÞÝßÝ
ÔºÖ¼×Âö�ÓÕÛ¼ÑºÓ ö�âÅÖ¼ÍÞ×�õºä���Ô ×ñä¼äËÍWAºÍßÝÞÍ�ÛôÍÞÓÜä é®×ñÖíâÅÔºÔºÝÞÍßÙ âÅÛ¼ÍÞ×ñæ÷ä ×�é ÛôÑºÓêëºÓ·öñÓÜÝÞ×ñÔ ÓÚë àð×�ëºÓÚÝ´þ

� ��� � V �NR �WT�'(� 	SR ������( �WR#	 �%� TQR � (�"���	�'(���&��	#" � M�����'(� ( �QR '(�

ÏÈÖ¼â�æºäËÔó×ñÖÊÛ â�æ÷ë Ö¼Ó·ÛôÓÜæ¤Û¼ÍÞ×ñæ ÍÞæ çñÖôâ�Ô÷ÑºÍßÛ¼Ó�RíÍ�ÛôÑ ÙÚÝÞ×�ä¼ÓÚë Ôó×ñÖËÓÚä ÍÞä ×�éîÍßæ¤Û¼ÓÚÖËÓÚäËÛ â�ä Ôîâ�ÖËÛÈ×�éî×�Ô÷ÛôÍßàðÍ��ÚÍÞæ÷ç
ÛôÑºÓ�çñÖ¼â�ÔºÑºÍ�ÛôÓÜä¸Ûô× àðâ�L�Ó�Û¼ÑºÓÚà äËõºÍßÛôâ�AºÝßÓ â�ä5HîÖËäËÛÕàãâ¬ÛôÓÚÖËÍïâ�Ýßä Íßæ é®õºä¼Íß×ñæ ëºÓÜö�ÍßÙÚÓÚäÜþ � ÝÞ×ñäËÓÚë Ôó×�Ö¼Ó
çñÖôâÅÔºÑºÍßÛ¼ÓÚä âÅÖ¼Ó ÙÚÖËÓ âÅÛ¼ÓÚë1Aìè ÍßæºÙÚÖËÓ â�äËÍÞæºçÐÛ¼ÑºÓ�çñÖ¼â�ÔºÑºÍ�ÛôÍ
�ÚâÅÛôÍß×ñæ Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼Ó ×�é ëº×ñÔ ÓÚë çñÖ¼â�ÔºÑºÍ�ÛôÓ
ëºõºÖËÍÞæºçáÛ¼ÑºÓíÔºÖ¼×�ëºõºÙ·ÛôÍÞ×�æ ÔºÖ¼×�ÙÚÓÜä¼ä ×�é çñÖôâÅÔºÑºÍßÛ¼Ó+� 9 9÷å 9 	 $°þ � ÝÞ×ñäËÓÚë�Ôó×�Ö¼ÓÚä ÙÚâ�æ�Ö¼ÓÚë÷õºÙÚÓÒÛôÑ÷Óíâ�ÙÚÙÜÓÚä¼äËÍ '
AºÍÞÝßÍßÛùè�×�é ÍßæìÛôÓÚÖËæîâ�Ýóä¼õºÖÊéÆâ�ÙÚÓ âÅÖ¼Ó âÅä RíÍßÛ¼ÑºÍÞæãÛ¼ÑºÓáçñÖ¼â�ÔºÑºÍ�ÛôÓÅå�Û¼ÑºÓÚÖËÓ�Aìè Ö¼ÓÜëºõºÙÜÍÞæºç�Û¼ÑºÓ â�ÖËÓ â�â öÅâ�ÍÞÝÞâ�AºÝßÓ
é®×ñÖ Ñìè¦ë÷Ö¼×�Ù â�Ö Aó×ñæ�é®×ñÖËàãâÅÛ¼ÍÞ×ñæ�â�æºëòÑ¤è�ëºÖË×ñçñÓÜæãÍÞäË×�Ûô×�ÔóÓÒÖËÓÜÛôÓÜæìÛôÍÞ×�æ þ ÏÒÑºÍßä ÙÚâ�æòÑîâ öñÓ ÍÞàòÔºÝÞÍßÙ âÅÛ¼ÍÞ×ñæºä
é®×ñÖÒÙ�ÑºÓÜàðÍßÙ â�Ý�ÓÜÖ¼×ñäËÍÞ×ñæüâ�æºëüÑìè�ëºÖ¼×ñç�ÓÚæüÍÞä¼×ÅÛô×ñÔ Ó ÍÞæìöñÓÜæìÛô×ñÖÊè ÍÞæ çñÖôâÅÔºÑºÍßÛ¼ÓÚäÜþ � ÓêäËÛ¼õºë÷è ÛôÑ÷ÓÕÓ'S ÓÜÙÜÛ
×�éÈÙÚÝÞ×�ä¼ÓÚëüÔ ×ñÖ¼ÓÜä7Aìè âÅÖËÛôÍ:HîÙÚÍÞâ�ÝÞÝ�èCL�ÓÚÓÜÔºÍÞæ÷çòÛ¼ÑºÓêä¼õºÖÊéÆâ�ÙÚÓêÙÚÓÜÝÞÝßäÕÌÆÙÚõ AóÓÜä ×�éÈä¼Í��ÚÓ

5× 10−7m
ÎÒ×�ÙÚÙÜõA'

ÔºÍÞÓÜë þ ÏÒÑºÍßä ÍÞàòÔºÝßÍÞÓÚä Û¼ÑîâÅÛ Û¼ÑºÓÚÖËÓ â�ÖËÓ¸æº×�×�ÔóÓÜæÐöñ×ñÍßëºä ÝßÓ â�ëºÍßæºç ×�õ÷Û é®ÖË×ñà â ëºÓÚÔ¦ÛôÑ ×�é
5× 10−7mÍÞæºäËÍÞëºÓ�ÛôÑ÷ÓÐçñÖôâÅÔºÑºÍßÛ¼Ó�äôâ�àòÔºÝÞÓ�Ûô× ÛôÑºÓðä¼õºÖÊéÆâ�ÙÚÓÅå ÛôÑº×ñõ÷çñÑ ö�×ñÍÞëºä àãâ è Ó·û¦ÍßäËÛ âÅä õºäËõîâ�Ý â�ÝÞ×ñæ÷ç â�ÝßÝ

×�ÛôÑ÷ÓÚÖ ëºÍÞÖËÓÚÙÜÛ¼ÍÞ×ñæ÷äÚþ ÏÒÑºÓ Ñìè�ëºÖË×ñçñÓÚæ âÅÛô×�àðäíâ�ÖËÓêÍÞæºÍ�ÛôÍïâÅÝÞÍ
�ÜÓÚë âÅÖ¼×ñõºæ÷ë
6× 10−7m

RíÍßÛ¼Ñ â�ä¼ÔºÖËÓ â�ë
×�é

1 × 10−9m
å âÅæºë â�Ö¼Óãâ�ÝÞÝß× R ÓÜë Ûô× ë÷ÍISóõºä¼ÓÐÍßæ Û¼ÑºÓÐäôâÅàðÔºÝßÓ LÅÓÚÔ÷Û�â¬Û�ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõºÖËÓÚä ×�é

300
� å

600 � å
900 � å

1200 � â�æ÷ë
1500 � þîÏÒÑ÷Ó ä¼Íßà�õºÝÞâÅÛôÍß×ñæ ÍÞäíÖ¼ÓÜÔóÓÚâÅÛôÓÜë RíÍßÛ¼Ñº×ñõ÷Û ÙÜÝÞ×ñäËÍÞæºç ÛôÑ÷Ó
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Ôó×ñÖËÓÚäÒé®×ñÖÒÙÜ×ñàðÔºâ�Ö¼Íßä¼×ñæ â�æ÷ëüÛ¼ÑºÓêÖ¼ÓÚäËõºÝßÛ¼ä â�Ö¼Ó ÔºÖËÓÚäËÓÚæìÛôÓÜë AóÓÜÝÞ× Rêþ
ÏÒÑ÷Ó Ôîâ�ÖËÛ¼ÍÞÙÜÝÞÓ Ô ×ñäËÍßÛôÍß×ñæºä¸âÅÛáÛôÑ÷Ó ÓÚæºë ×�é

106
äÊÛôÓÜÔºäêÍÞäáâ¬Û

300 � å
900 � â�æºë

1500 � å é®×ñÖ
Aó×�Û¼Ñ åºÙÜÝÞ×ñäËÓÚë Ôó×�Ö¼ÓÚä â�æ÷ëü×�ÔóÓÜæüÔ ×ñÖËÓÚäíÍÞä äËÑº× Ríæ Íßæ � ÍÞçºþ-U÷þ #ñþ ÏÒÑºÍßäÒÔºÝÞ×ÅÛÒÍÞäíâ�ÔºÖË×¬ØËÓÚÙ·ÛôÍß×ñæ ×�éÈÛ¼ÑºÓ
Ì´âìÎ / ��� � (áÔóÓÜæ Ô ×ñÖ¼ÓÜä Ì�A Î%/ � � � � Ýß×ñä¼ÓÜë Ô ×ñÖËÓÚä

ÌÆÙÂÎ 	 ��� � (áÔóÓÜæ Ô ×ñÖ¼ÓÜä Ì®ë Î 	 � � � � Ýß×ñä¼ÓÜë Ô ×ñÖËÓÚä

ÌÆÓÂÎ #�&
� � � ( Ô ÓÚæüÔ ×ñÖ¼ÓÜä Ì¨é�Î #�&���� � � Ýß×ñä¼ÓÜë Ô ×ñÖËÓÚä

���ß�Å�¦��� �� ���£ � ±²´µ(� Ç�µÜ«´³ °³ÄµÜ¶¬« ±� $�É»í»Ë¶¬Á µ²¹
106 «Æ´»ËÇ¬« ¹ µÜ¯ ÁÂ³ÄÃ�»Ë¯´»Ë¶Ü �·¯ ±²Ç��É³Ä´» °»�� ÇÅ»Ë¯°±²´ªÉ¯°»Ë« ¹ µ·¯ µ·Ç�»Ê¶±·¶¬Á¸½¾§©µÜ«´»ËÁ ÇÅµÜ¯´» ½Ê±Ü«Æ»¼«

âÅÛô×ñàòÍÞÙ Ô ×ñäËÍßÛôÍß×ñæºäê×ñæ Û¼ÑºÓ � 	�� ÔºÝïâ�æ÷Ó�åRíÍ�ÛôÑ ÛôÑºÓ � â¬û¦Íßä äÊÛôÖ¼Ó·ÛôÙ�ÑºÓÜë ÌÆÝßÍWL�ÓòÍÞæ � Íßçºþ &�þ &ñÎ²þÐÏÒÑºÓ



� ��� � ���6� ���0� � � � ��� � � � � � ��
 ��� 
 ������� � �0� � �<����� � � ���)� ������� �M�

AºÖ¼× Ríæ ÙÜ×ñÝÞ×�Ö ÍÞäêõºä¼ÓÜë é®×ñÖÕâÅÛ¼×ñàðä!RíÑºÍßÙ�Ñ â�ÖËÓðäËÍßÛ¼õîâÅÛôÓÜë Íßæ ö�×ñÍÞë÷ä â�æ÷ë ÙÜèñâ�æ ÙÜ×ñÝÞ×ñÖ Íßäêõºä¼ÓÜë é®×ñÖ
âÅÛô×�àðä ä¼Í�ÛôõîâÅÛ¼ÓÚë ÍÞæ ç�Öôâ�æ¤õºÝßÓÚäÚþíÏÒÑºÓ çñÖôâ�Ô÷ÑºÍßÛ¼ÓÕäËõºÖËéÆâÅÙÚÓ Íßä äËÍßÛ¼õîâÅÛôÓÜë âÅÛ

Z = 0
þíø Û¸Íßä äËÓÚÓÚæ Û¼ÑîâÅÛ

àð×�äËÛá×Åé ÛôÑºÓ ëºÍISóõºä¼Íß×ñæ A÷Ö¼×ìâ�ë÷ÓÚæºÍßæºçÐÍÞä ëºõºÓ Û¼×Ðä¼õ÷ÖËéÆâ�ÙÜÓ�ëºÍISóõºäËÍÞ×ñæ ×�é âÅÛô×�àðä ÍÞæ Û¼ÑºÓ ö�×ñÍÞë÷äÚþ @ Û
1500 � ÛôÑ÷Óðâ¬Ûô×ñàòäáÍÞæ Û¼ÑºÓ�çñÖôâ�æ¤õºÝßÓÚäáÛ¼×¦× ä¼Ñ÷×�R ä¼×ñàòÓ ëºÍ:S õºäËÍÞ×ñæ1AºÖË×ìâ�ëºÓÜæºÍÞæ÷ç ÍÞæ1Aó×ÅÛôÑ Ù â�äËÓÚäÜþ
� ×�Û¼Ó Û¼ÑîâÅÛ¸Û¼ÑºÓÚÖËÓ Íßä¸æº×Ðë÷ÍISóõºä¼Íß×ñæ ÍßæìÛô×ãÙÜÝÞ×ñäËÓÚë Ô ×ñÖËÓ Ö¼ÓÜçñÍÞ×�æ Ì � ≤ 5 × 10−7m

Îíé®×ñÖíÛôÑ÷Ó
900 �â�æºë

300K
��� � 
 ��� � � � � 
 Ù â�äËÓÚäÜþ øùæ Û¼ÑºÓ

1500 � ��� � 
 ��� � � � � 
áÙÚâ�ä¼Ó�Û¼ÑºÓÚÖËÓ�ÍÞäáäË×ñàðÓ ë÷ÍISóõºä¼Íß×ñæ
ÍÞæìÛô× Û¼ÑºÓêÙÚÝÞ×�ä¼ÓÚëüÔ ×ñÖ¼ÓÜä ÖËÓÚçñÍß×ñæ þ ÏÒÑºÍßäíÍÞäÒÍÞæ ÙÜ×ñæìÛôÖôâÅäËÛíÛô× ÛôÑ÷Ó � ����� � � � � 
 Ù â�äËÓÚä RíÑºÓÚÖËÓÕÛ¼ÑºÓÚÖËÓêÍÞä
â æº×ñÖ¼àðâ�Ý ë÷ÍISóõºä¼Íß×ñæ ÍÞæüâ�ÝßÝ ëºÍÞÖËÓÚÙ·ÛôÍÞ×�æºäÚþ

ÏÒÑ÷Ó âVAó×ÂöñÓÕÍÞë÷Ó â�ÝßÍ
�ÚÓÜë Ó·û÷â�àòÔºÝÞÓ äËõºçñçñÓÜäËÛôä ÛôÑîâ¬Û8RíÑºÓÚæ ÙÚÝÞ×�ä¼ÓÚë Ôó×�Ö¼ÓêçñÖôâÅÔºÑºÍßÛ¼ÓÚäíâ�ÖËÓêõºä¼ÓÜë â�ä
ÔºÝïâÅä¼àðâ éÆâ�ÙÚÍßæºçáàðâÅÛôÓÜÖ¼ÍÞâ�ÝÞäÜå¬Û¼ÑºÓ ëºÍ:S õºäËÍÞ×ñæ ÍÞæìÛô×¸Û¼ÑºÓ8AºõºÝIL ×ÅéîÛôÑºÓÒçñÖ¼â�ÔºÑºÍ�ÛôÓ6RíÍÞÝÞÝ A Ó ÑºÍÞæ÷ëºÓÚÖËÓÚëòâ�æºë
ÛôÑºÓ¸Ñ¤è�ëºÖË×ñçñÓÜæüÍßä¼×�Û¼×ñÔ Ó¸ÍÞæìö�ÓÚæìÛô×ñÖÊè RíÍ�ÛôÑºÍßæãÛôÑºÓ¸çñÖôâ�Ô÷ÑºÍßÛ¼Ó%AºõºÝILðÍßæÐä¼õ÷Ù�ÑüÙÚâ�ä¼ÓÜä8RíÍÞÝÞÝ<A ÓáÖ¼ÓÜëºõºÙÜÓÚë þ
� ��� � � � ���)����� � ��'�� � ��'(� 	 ���1" V � R � T
'(� ��� ( �WR ����� TQR � (�"���	�'

ÏÒÑºÓÚÖËÓ Ó²û¦ÍÞäËÛ àðâ�æìèÐÙ�ÑîâÅæºæºÓÚÝßä é®×�ÖÒÑ¤è�ëºÖË×ñçñÓÜæ ëºÍ:S õ÷ä¼ÍÞ×�æüÍßæ Ôó×�Ö¼×ñõºäíçñÖ¼â�ÔºÑºÍ�ÛôÓVU
• �¸Í:S õ÷ä¼ÍÞ×�æ ÍÞæÐÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛôÓÜäÚå RíÍßÛôÑÐÛ R × Ù�Ñîâ�æ÷æºÓÚÝßä ×Åé ëºÍISóõºä¼Íß×ñæ å¦ÙÚ×ñæºäËÍÞëºÓÜÖ¼ÓÜëüÍßæ � Ñîâ�Ô÷Û¼ÓÚÖËäÚþ"!

â�æºë /÷þ
• Ï Öôâ�æ÷ä ��çñÖ¼â�æ¤õºÝïâÅÖ ��ëºÍ:S õ÷ä¼ÍÞ×�æ Ì®Ï � �áÎ·å RíÑºÍÞÙ�Ñ ÙÚ×ñæ÷ä¼ÍÞäÊÛôäð×�é¸Û¼ÑºÓ ë÷ÍISóõºä¼Íß×ñæ Íßæ ÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼ÓÚä
ÔºÝßõºä ÛôÑºÓíÔ ×ñä¼äËÍWAºÍßÝÞÍ�Ûùè ×ÅéóÛ¼Öôâ�ÔºÔ÷ÍÞæºç��¤ëºÓÜÛ¼Öôâ�ÔºÔ÷ÍÞæºçêâÅÛýÛôÑºÓíÙÚÖÊè�äËÛ�âÅÝÞÝÞÍ�ÛôÓ ��àðÍßÙÚÖË×Éö�×ñÍÞë ÍÞæìÛôÓÜÖËéÆâ�ÙÜÓÚä
â�äíëºÍßä¼ÙÚõ÷ä¼ä¼ÓÜë Íßæ � Ñºâ�Ô÷ÛôÓÜÖÚþ Qºþ

• �¸Í:S õ÷ä¼ÍÞ×�æüÍßæüö�×ñÍÞë÷äÚåîÙÚ×�æºä¼ÍßäËÛôÍßæºçò×�é äËõºÖËéÆâ�ÙÜÓ ë÷ÍISóõºä¼Íß×ñæ åîâòâ�ëºäË×ñÖ¼Ô÷Û¼ÍÞ×ñæ ��ëºÓÚäË×ñÖ¼Ô¦ÛôÍÞ×�æ Aºâ�ä¼ÓÜë
àòÓÚÙ�Ñîâ�æ÷ÍÞä¼à â�æºë â Û¼Öôâ�Ô÷ÔºÍÞæºç���ëºÓÜÛ¼Öôâ�Ô÷ÔºÍÞæºç àðÓÜÙ�Ñîâ�æºÍßä¼à ×ñæ ÛôÑ÷ÓÐöñ×ñÍßë ��çñÖ¼â�æ¤õºÝÞÓðä¼õºÖÊéÆâ�ÙÚÓ
â�äíëºÓÜä¼ÙÚÖËÍWA ÓÚëüÍÞæ � Ñîâ�Ô¦ÛôÓÚÖÜþ &�þ

� ÍßÛ¼ÑºÍÞæü×ñõºÖ7AºõºÝILÐÛôÖôâÅæºä¼Ô ×ñÖËÛ àò×¦ëºÓÜÝ ÔºÖ¼ÓÜä¼ÓÚæìÛ¼ÓÚë ÍÞæ � Ñîâ�Ô÷Û¼ÓÚÖÜþ &¦å ÛôÑ÷Ó ëºÍ:S õºäËÍÞ×ñæüÍÞæ ÛôÑ÷Ó ÙÚÖÊè�äËÛ�âÅÝ '
ÝÞÍ�ÛôÓÚä�â�æºë Ï � � ÓÚæìÛ¼ÓÚÖ ÛôÑºÓ äËÍÞà�õºÝÞâÅÛôÍß×ñæ âÅä�â Û¼Öôâ�æ÷ä ��çñÖ¼â�æ¤õºÝïâÅÖ ��ëºÍ:S õ÷ä¼ÍÞ×�æ ÙÚ×�Ó(OòÙÜÍÞÓÚæìÛÚå

DTGD

þ
� ÓêÑîâ ö�ÓÕäËÓÚÓÜæ ÛôÑºâÅÛÒÛôÑºÓáÛ¼Öôâ�æ÷ä¼Ô ×ñÖËÛíëºõ÷ÓêÛ¼×

DTGD

ÌÆÍ´þÄÓÅþýÛôÑ÷ÓêÛ¼Öôâ�æ÷ä¼Ô ×ñÖËÛíÍßæ çñÖôâ�æ¤õºÝßÓÚäôÎ ÍÞäÒà�õºÙ�Ñ
ä¼àðâ�ÝÞÝßÓÚÖ¸Û¼Ñîâ�æ ÛôÑ÷Ó�Û¼Öôâ�æ÷ä¼Ô ×ñÖËÛêÍßæ Û¼ÑºÓ öñ×ñÍßëºäÕâ�æºë öñ×�ÍÞë ��ç�Öôâ�æ¤õºÝßÓ ä¼õºÖÊéÆâ�ÙÚÓÜäÚþòø ÛêÍÞä ×ñæºÝ�è âÅÛêÑ÷ÍÞçñÑ
çñÖôâÅÔºÑºÍßÛ¼ÓáÛôÓÜàðÔ ÓÚÖ¼âÅÛôõºÖËÓÚäÕÌ ∼ 1500 � Î Û¼ÑîâÅÛíÏ �	� äËÑº× Ríä õ÷Ô Ì � ÍÞçºþ-U÷þ # ��ÓÅå éôÎ·þÈøùæ � ÑîâÅÔ÷ÛôÓÜÖÚþ QCR Ó
ëºÍÞäËÙÚõºäËäíÑº× R AìèÐâ�ÖËÛ¼ÍIHîÙÜÍïâ�ÝßÝßè ÍßæºÙÚÖËÓ â�äËÍÞæºç Û¼ÑºÓ äËÛ¼ÓÚÔ ä¼Í��ÚÓáÙÜ×ñÖ¼ÖËÓÚäËÔó×ñæ÷ëºÍÞæºç�Û¼×�ÛôÖ¼â�æºä¼Ô ×ñÖÊÛÒÍÞæãö�×ñÍÞë÷äÚå
â çñ×¦×�ë�àãâ¬ÛôÙ�ÑKRíÍßÛ¼Ñ�Û¼ÑºÓíÓ·û¦Ô ÓÚÖ¼ÍßàðÓÜæìÛ�â�ÝîÖËÓÚä¼õ÷ÝßÛôä � /	&�$ ×Åé ëºÍ:S õ÷ä¼ÍÞ×�æ ÙÚ×�Ó(OòÙÚÍßÓÚæìÛ ÍÞæ AºõºÝIL çñÖ¼â�ÔºÑºÍ�ÛôÓ
ÍÞä�×�A÷Û�â�ÍßæºÓÚë þ ø Û�ÍÞä�ëºÓÜä¼ÍßÖôâ�AºÝßÓãÛô× âÅÔºÔºÝßè Û¼ÑºÓ AºõºÝIL ëºÍ:S õ÷ä¼ÍÞ×�æ àð×�ëºÓÜÝ Ûô× äÊÛôõºë¦è ÛôÑ÷Ó ëºÍISóõºä¼Íß×ñæ
ÙÚ×�Ó(OòÙÚÍßÓÚæìÛ öÅâ�ÖËÍïâÅÛ¼ÍÞ×ñæºä RíÍ�ÛôÑÐçñÖ¼â�ÔºÑºÍ�ÛôÓ ÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓáâ�æºëðÛô×�ÙÜ×ñàðÔºâ�Ö¼Ó ÛôÑºÓáäËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæ�Ö¼ÓÜä¼õºÝ�Ûôä
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RíÍßÛôÑ Ó²û÷Ô ÓÚÖËÍÞàòÓÚæìÛôäÜþ
� ä¼Íßæºç ÛôÑºÓ�ÍÞæ÷Ôºõ÷ÛôäÕâ�ä ë÷ÓÚä¼ÙÜÖ¼ÍIAóÓÜë ÍÞæMF¦ÓÜÙÜÛ¼ÍÞ×ñæ þ"&¦þ Qºþ #ñå4AºõºÝIL ä¼Íßà�õºÝÞâÅÛôÍß×ñæºäáâ¬Û

300 � å
600 � å

900 � å
1200 � å

1500 � â�æºë
1800 � âÅÖ¼ÓíÙ â�ÖËÖ¼ÍßÓÚë�×ñõ÷ÛÚþ ÏÒÑºÓíëºÍISóõºäËÍÞ×ñæ�ÙÚ×�Ó(OòÙÜÍÞÓÚæìÛ¼ä âÅÖ¼ÓíÙ â�ÝßÙÚõA'

ÝïâÅÛ¼ÓÚë õºäËÍÞæºç D G æ þ"!¦þ 9¦þ ÏÒÑ÷ÓÕë÷ÍISóõºä¼Íß×ñæÐÙÚ×�Ó(OòÙÜÍÞÓÚæìÛ¼ä ×�A÷Û�â�ÍßæºÓÚë âÅÖ¼Ó ÔºÝß×�Û¼Û¼ÓÚë ×ñæ â ÝÞ×�ç���ä¼ÙÚâ�ÝÞÓ¸â�äíâ
é®õºæºÙÜÛ¼ÍÞ×ñæ�×�é

1000/T K−1
Íßæ � ÍÞçºþ-U÷þ"! ÌÆÝÞâ�AóÓÜÝÞÓÜë � ��� Î²þ � Óíä¼ÓÚÓíÛôÑºâÅÛ ÛôÑºÓíëºÍ:S õ÷ä¼ÍÞ×�æ ÙÚ×�Ó(OòÙÚÍßÓÚæìÛôä

 1e-16

 1e-14

 1e-12

 1e-10

 1e-08

 1e-06

 0.0001

 0.01

 1

 0.5  1  1.5  2  2.5  3  3.5

D
 (

cm
2 /s

)

1000/T (K-1)

DiG
Simple estimate

Causey

���ß�Å�¦��� �¤  �ì£ �È³ Ãñª¬«´³ÄµÜ¶�½Êµ »��í½¾³©»Ê¶Ú ¹ µ·¯ ��&ÂÁÂ¯°µ'�·»Ë¶Õ³©¶ Ç�µ·¯°µ·ªÅ«�Ü¯°±·Ç��É³Ä´»Ò½¾µ(� Ç¬±²¯°»ËÁ ��³ $� ±á«´³ � ÇÉ§©»Ò»Ë«Æ´³��Ò±�´»«´³�� ³©§¢±²¯Ò°µ #�É»Õ��óµC.Ú³©¶¬ÁÉ« µ²¹��®ª�� Ç¬«E� µ ÁÉ»Ê§ Ç¬¯´»¼«Æ»Ë¶Ü°»ËÁÐ³©¶ � »Ë½¾´³©µ·¶ � ��� � ±²¶ÅÁ / ±²ª¬«´»�&�� «Ò¯°»Ë«´ªÉ§  ¹ µ·¯ «´ªÉ¯´¹�±·½¾»ÁÉ³ Ãñª¬«´³ÄµÜ¶¸³©¶%�·¯ ±²Ç��É³Ä´»�� � ���
â�Ö¼Ó à�õ÷Ù�Ñ ÝÞâ�Ö¼ç�ÓÚÖ¸Û¼Ñîâ�æ ÛôÑºÓ ÖËÓÚÔ ×ñÖËÛ¼ÓÚë öÅâ�ÝÞõºÓÜä � /	& $ é®×ñÖ%AºõºÝWL ëºÍISóõºäËÍÞ×ñæ Íßæ çñÖôâ�Ô÷ÑºÍßÛ¼Ó�þ � Ó�â�Ýßä¼×
ä¼ÓÚÓíÛôÑºâÅÛ ÛôÑºÓÜÖ¼Ó Ó·û¦ÍÞäÊÛôä Û R × ëºÍ:S ÓÜÖ¼ÓÚæìÛ Ù�ÑîâÅæºæºÓÚÝßä é®×�Ö ëºÍISóõºä¼Íß×ñæ Aìè�ÛôÑºÓÒÛ R × ëºÍ:S ÓÜÖ¼ÓÜæ¤Û äËÝÞ×ñÔ ÓÚä ÛôÑºâÅÛ
â�Ö¼ÓÕä¼ÓÜÓÚæ ÍÞæ � Íßçºþ"U¦þ !¦þ ÏÒÑºÍÞä ÍÞä7AóÓÜÙ â�õºäËÓ Û¼ÑºÓ ëºÍ:S õ÷ä¼ÍÞ×�æ Íßä ëº×�àðÍßæîâÅÛôÓÜë Aìèüä¼õ÷ÖËéÆâ�ÙÜÓ ëºÍ:S õºäËÍÞ×ñæü×ñæ
ÛôÑºÓíöñ×ñÍßë ��çñÖ¼â�æ¤õºÝÞÓíäËõºÖËéÆâ�ÙÜÓáâ�æ÷ëðÛôÑ÷Óáâ�ëºäË×ñÖ¼Ô¦ÛôÍÞ×�æ ��ëºÓÜä¼×ñÖËÔ÷ÛôÍß×ñæ�ëºÍISóõºä¼Íß×ñæòàðÓÜÙ�Ñîâ�æºÍßä¼àòä Íßæòö�×ñÍÞëºäÜþ
ÏÒÑºÓÚäËÓ àðÓÜÙ�Ñîâ�æºÍßä¼àòäáÑîâ öñÓ à�õ÷Ù�Ñ ä¼àðâ�ÝÞÝßÓÚÖ àðÍßçñÖôâÅÛ¼ÍÞ×ñæ ÓÜæºÓÚÖËçñÍÞÓÜäòÌ

0.9eV
â�æºë

1.91eV
Î ÖËÓÚäËÔóÓÜÙ '

ÛôÍßö�ÓÚÝ�èñåñÙÜ×ñàðÔºâ�Ö¼ÓÜë�Ûô×áÛôÑ÷Ó ÛôÖ¼â�ÔºÔºÍßæºç���ëºÓ·ÛôÖ¼â�ÔºÔºÍßæºçáàòÓÚÙ�Ñîâ�æ÷ÍÞä¼àòä âÅÛýÛôÖôâÅÔ ä¼ÍßÛ¼ÓÚäíÌ�AóÓ·Û R ÓÜÓÚæ
2.65eVÛô×

4.3eV
�-/.& $¨Î²þ � Ó â�ÝÞäË×�ÔºÝÞ×�Û â äËÍÞàòÔºÝÞÓ ÓÜäËÛôÍßàãâ¬ÛôÓ ×�é ÛôÑºÓÕëºÍ:S õºäËÍÞ×ñæ ÙÜ×¦Ó'OðÙÜÍÞÓÜæ¤Û7Aìè õºäËÍÞæºç�ÛôÑºÓ

��� �	� ��� � 
 ��
� � ����
 àò×¦ë÷ÓÚÝ ÔºÖËÓÚäËÓÚæìÛôÓÜë ÍÞæ F�ÓÚÙÜÛ¼ÍÞ×ñæ þ"/÷þ-/�é®×ñÖ ØËõºàòÔ Ôîâ�Ö¼â�àðÓ·ÛôÓÜÖ¼ä ÙÜ×ñÖ¼ÖËÓÚä¼Ô ×ñæºë÷ÍÞæºç
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Ûô×ðä¼õºÖÊéÆâ�ÙÚÓÕëºÍISóõºäËÍÞ×ñæ â�æºë â�ëºä¼×�Ö¼Ô÷Û¼ÍÞ×ñæ �¤ëºÓÚäË×ñÖ¼Ô÷Û¼ÍÞ×ñæ Íßæüö�×ñÍÞëºäÜþ B ÓÜÔó×�ÖËÛôÓÜë��-V�	R$ öÅâ�ÝßõºÓÚäí×�é ë÷ÍISóõA'
ä¼Íß×ñæðÙÜ×¦Ó'OòÙÚÍÞÓÜæìÛ é®×ñÖ äËõºÖËéÆâÅÙÚÓ ëºÍISóõºä¼Íß×ñæ Ì

1.2 e
−0.9
kBT

Î Íßä â�ÝÞäË× Ô÷ÝÞ×�ÛËÛôÓÚë�Íßæ � Íßçºþ-U÷þ ! é®×�Ö ÙÜ×ñàòÔîâ�Ö¼Íßä¼×ñæ þ
ø Û�ÍÞä äËÓÚÓÚæ ÛôÑºâÅÛòâÅÛ�Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÜä

< 1200 � Û¼ÑºÓ ä¼õºÖÊéÆâ�ÙÚÓ ëºÍ:S õ÷ä¼ÍÞ×�æ ëº×ñàòÍÞæîâÅÛ¼ÓÚäÜå�RíÍ�ÛôÑ Û¼ÑºÓ
â�ëºäË×ñÖ¼Ô÷Û¼ÍÞ×ñæ ��ëºÓÚäË×ñÖ¼Ô¦ÛôÍÞ×�æüÙ�Ñºâ�æºæºÓÜÝ�ëº×ñàòÍÞæîâÅÛ¼ÍÞæºç�âÅÛÒÛôÓÜàðÔ ÓÚÖ¼âÅÛôõºÖËÓÚä ≥ 1200 � þ

ÏÒÑ÷ÓÚÖ¼Ó ÍßäêâÐëºÍISóÓÚÖËÓÚæºÙÜÓ ×�é â�ÝÞàò×ñäÊÛ â�æ ×ñÖËëºÓÚÖ ×�é àðâ�çñæºÍ�Ûôõºë÷Ó ÍÞæ Û¼ÑºÓ�öÅâ�ÝÞõ÷ÓÚä ×�é ÛôÑ÷Ó ä¼õºÖÊéÆâ�ÙÚÓ
ëºÍISóõºäËÍÞ×ñæòÙÚ×�Ó(OòÙÚÍßÓÚæìÛ × A÷Û�âÅÍÞæºÓÜë�é®ÖË×ñà ×ñõºÖ äËÍÞà�õºÝÞâÅÛôÍß×ñæ�â�æºë �-V�	R$´þ ÏÒÑºÍÞä ÍÞä Íßæºä¼ÔºÍ�ÛôÓÒ×�éóÛôÑºÓ Ù�Ñº×ñÍßÙÚÓ
×�éÈäËÛôÓÜÔ ä¼Í
�ÜÓê×�é ä¼õºÖÊéÆâ�ÙÚÓêëºÍ:S õºäËÍÞ×ñæ A ÓÚÍßæºçKAîâ�äËÓÚëü×ñæÐÛôÑ÷ÍÞäÒÓ·û¦Ô ÓÚÖËÍÞàòÓÚæìÛ�â�Ý Ö¼ÓÚäËõºÝßÛÚþ ÏÒÑºÍÞäÒÙÜ×ñõºÝßë AóÓ
ëºõºÓ Ûô×�Û¼ÑºÓáéÆâ�Ù·ÛÒÛôÑîâÅÛÒÛ¼ÑºÓ ëºÍ:S õºäËÍÞ×ñæ Íßä ×�ÙÚÙÚõ÷Ö¼Ö¼Íßæºç ÍÞæ â ÙÜ×ñàðÔ÷ÝÞÓ·ûãçñÓÜ×ñàðÓ·ÛôÖÊèñåîâ�æ÷ëü×�õºÖ àòÓÜÛôÑ÷×¦ë
×�é Ó·öÅâ�ÝÞõîâ¬ÛôÍÞæ÷ç Û¼ÑºÓ�ëºÍISóõºäËÍÞ×ñæ ÙÚ×�Ó(OòÙÜÍÞÓÚæìÛÐÌ

D = limt→∞
1

2dt
[r(t) − r(o)]2

Î²å â�ä¼äËõºàðÍßæºç âüëºÍ '
àðÓÜæºä¼Íß×ñæîâ�ÝßÍßÛùèü×�é / ÍÞä æîâ�Í�öñÓÅþCF¦ÔóÓÜÙÚÍÞâ�ÝýÛôÓÜÙ�ÑºæºÍ G õ÷ÓÚäÕà�õºäËÛ=A Ó�õºä¼ÓÜë Û¼× ÓÜöÅâ�ÝÞõºâÅÛôÓ�Û¼ÑºÓ�ëºÍISóõºä¼Íß×ñæ
ÙÚ×�Ó(OòÙÚÍßÓÚæìÛôä ÍÞæ âðÔ ×ñÖ¼×ñõ÷ä ëºÍßä¼×ñÖËëºÓÚÖËÓÚë ç�ÓÚ×ñàòÓÜÛ¼ÖËè � 	 � $´þ<( æ÷Ó ÙÚâ�æ õºæºë÷ÓÚÖ¼äÊÛ�â�æ÷ë ÛôÑºÍßä Ýß×¦×�L�ÍßæºçòâÅÛ
HîçñõºÖËÓ � ÍÞç÷þ"U÷þ-/3RíÑºÍßÙ�Ñ ÍÞäÒâ�äËÙ�ÑºÓÚàðâÅÛôÍßÙòÌÆæº×ÅÛ Ûô× äËÙ â�ÝßÓÂÎ ×�é Û¼ÑºÓ ÔºÖ¼×ÉØËÓÚÙÜÛ¼ÍÞ×ñæ ×�éÈâ�çñÖ¼â�æ¤õºÝÞÓ¸ä¼õºÖÊéÆâ�ÙÚÓ
×ñæ â ! � � ÔºÝïâ�æ÷Ó�þ ø Û Íßä ÙÚÝßÓ â�Ö ÛôÑîâ¬Û ÛôÑºÓ¸àðÓÚâ�æÐä G õîâÅÖ¼Ó ëºÓ·ö¦ÍÞâÅÛôÍß×ñæÐÙÚâ�ÝÞÙÜõºÝïâÅÛ¼ÓÚëðõºä¼Íßæºç

r(t)− r(o)

(r(t)−r(0))2

�������¦�ô�=�� ���£÷¥¨§Ä§©ª¬«Æ´¯ ±�´³©µ·¶¸µ²¹÷#�¬» ½¾µ'� ÇÉ§©»��¸ÁÂ³ Ãñª¬«´³ÄµÜ¶¸«´ªÉ¯´¹�±·½Ê» ±Ü« µ·ÇÉÇ�µÜ«´»ËÁ ´µ $�É» ±Ò«0� µ µ²$�¸«´ªÉ¯´¹�±·½Ê»
×�é â�Ôîâ�ÖÊÛôÍßÙÚÝÞÓ õ÷æºëºÓÚÖËçñ×ñÍßæºçòâòÖ¼â�æºëº×ñà R â�ÝIL RíÍßÛ¼Ñ â�õºæºÍ�é®×ñÖ¼à äËÛôÓÜÔ äËÍ
�ÚÓÕ×ñæ ÛôÑºÓÕÖ¼×�õºçñÑüä¼õºÖÊéÆâ�ÙÚÓ
ÌÆëîâÅä¼ÑºÓÜë ÝßÍÞæºÓ Î ÍÞäÒÝßÓÚä¼äËÓÚÖ Û¼Ñîâ�æ ÛôÑîâ¬ÛíÍßé ÍßÛ R ÓÚÖËÓ õ÷æºëºÓÚÖËçñ×ñÍßæºç�ÛôÑºÓêÖ¼â�æºëº×ñà R âÅÝWLã×�æ Û¼ÑºÓêä¼àò×¦×ÅÛôÑ
ä¼õºÖÊéÆâ�ÙÚÓÅþíÏÒÑºÍÞä ä¼Ñº×�õºÝÞë AóÓ ÙÚ×ñæºäËÍÞëºÓÜÖ¼ÓÜë RíÑºÓÚæ ä¼ÓÜÛËÛôÍßæºçðÛ¼ÑºÓ äÊÛôÓÜÔ ä¼Í��ÚÓ ÍßæüÛ¼ÑºÓÕä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ AîâÅä¼ÓÚë
×ñæüÖ¼ÓÚÔ ×ñÖÊÛôÓÚë Ó²û÷Ô ÓÚÖËÍÞàòÓÚæìÛ�âÅÝ�Ö¼ÓÚäËõºÝßÛ¼äÚþ
� Ó ÛôÑ÷ÓÚæêÙ â�ÖËÖËè¸×ñõ÷Û ä¼Íßà�õºÝÞâÅÛôÍß×ñæºä A¤è¸ä RíÍ�ÛôÙ�ÑºÍßæºçí×�S Û¼ÑºÓ ä¼õºÖÊéÆâ�ÙÚÓ ëºÍ:S õ÷ä¼ÍÞ×�æ â�æºë ÛôÑ÷Ó â�ëºä¼×�Ö¼Ô÷Û¼ÍÞ×ñæ �

ëºÓÚäË×ñÖ¼Ô¦ÛôÍÞ×�æ àòÓÚÙ�ÑîâÅæºÍÞäËàðäÜå L�ÓÚÓÜÔºÍÞæ÷çã×ñæºÝ�èÐÛôÑ÷ÓÕÛ¼Öôâ�ÔºÔ÷ÍÞæºç��¤ëºÓÜÛ¼Öôâ�ÔºÔ÷ÍÞæºç àòÓÚÙ�ÑîâÅæºÍÞäËà RíÍßÛ¼Ñ
4.3eVÛôÖ¼â�Ô ÓÚæºÓÜÖ¼çñÍßÓÚäÚþ ÏÒÑºÓ ä¼Íßà�õºÝïâ¬ÛôÍÞ×�æ R â�ä ×ñæ â ÑºÍÞçñÑ÷Ýßè Ö¼ÓÚäË×ñÝßö�ÓÚë äËÛ¼Ö¼õºÙ·ÛôõºÖËÓ õ÷ä¼ÍÞæ÷ç â ÙÜÓÚÝßÝ¸ä¼Í��ÚÓ



� � � �����#�0�.� ����� ���N��
8��� � �����1��� � ����� �

1 × 10−8m
RíÑ÷ÍÞÙ�Ñ Ö¼Ó G õ÷ÍÞÖ¼ÓÜë âÅÖ¼×ñõºæ÷ë

1/2
�=J ×�é B @ � þ ÏÒÑºÓCB @ � Ö¼Ó G õ÷ÍÞÖ¼ÓÜàðÓÜæìÛ äËÙ â�ÝßÓÚäêâ�ä

(L/CellSize)3
ä¼ÍßæºÙÚÓ Û¼ÑºÓ ç�ÓÚ×ñàòÓÜÛ¼ÖËè ëºÓÜÛôâ�ÍÞÝßäðÑºâÂö�Ó Ûô× A Ó äÊÛô×ñÖËÓÚë é®×ñÖ G õºÍÞÙ"L â�ÙÚÙÜÓÚäËäÐÍÞæ Û¼ÑºÓ

B @ � å�RíÑºÓÚÖËÓ
L

ÍÞä ÛôÑºÓ�ÝßÓÚæºç�Û¼Ñ äËÙ â�ÝßÓ�×�é Û¼ÑºÓ�ä¼Íßà�õºÝïâ¬ÛôÍÞ×�æ öñ×ñÝßõºàòÓðâÅæºë
CellSize

ÍÞä ÛôÑºÓ�äËÍ
�ÚÓ
×�é â ÙÚÓÜÝÞÝ´þ � ×�ÛôÓêÛôÑºâÅÛ

L
à�õºäÊÛEA ÓÕÝïâ�ÖËçñÓ ÓÚæº×�õºçñÑ Ûô×ðâÅÛ ÝÞÓ âÅäËÛíÙÚ×�æ¤Ûôâ�ÍÞæ â é®Ó(R ç�Öôâ�æ¤õºÝßÓÚä ÌÆ×�éýä¼Í��ÚÓ

∼ 1micron
Î Ûô×�ÖËÓ â�ÝßÍÞäËÛ¼ÍÞÙÚâ�ÝÞÝ�è ä¼Íßà�õºÝïâ¬ÛôÓ5Aºõ÷ÝWLãë÷ÍISóõºä¼Íß×ñæ þ � Ó Ù�Ñº×ñäËÓ

L
Ûô× AóÓ

5 microns
ä¼×òâ�ä

Ûô× AóÓ â�AºÝßÓíÛ¼×�â�ÙÜÙÚ×ñàòàò×¦ëîâ¬ÛôÓíâÅÛ ÝÞÓÚâ�äËÛ &Õç�Öôâ�æ¤õºÝßÓÚäÚå RíÑºÍßÙ�Ñ R ×ñõºÝßëãàòÓ â�æðâ�Ö¼×�õºæºë�#�!.&êç�Öôâ�æ¤õºÝßÓÚä
ÍÞæ Û¼ÑºÓ3RíÑ÷×ñÝÞÓÕä¼Íßà�õºÝïâ¬ÛôÍÞ×�æ ö�×ñÝÞõ÷àðÓÅþ ÏÒÑ÷Ó ä¼Íßà�õºÝÞâÅÛôÍß×ñæºä R ÓÚÖ¼Ó Ù â�ÖËÖ¼ÍÞÓÜë ×ñõ¦Û âÅÛ

1200 � å
1500 �â�æºë

1800 � Ûô×ðÙÚ×ñàòÔîâ�ÖËÓ RíÍ�ÛôÑüÛôÑºÓ Ö¼ÓÚäËõºÝßÛ¼ä é®×�ÖEAºõ÷ÝWL ëºÍ:S õºäËÍÞ×ñæ Aìè � â�õºä¼Ó·è Ó·Û þ â�Ý´þ Ö¼ÓÜÔó×ñÖÊÛôÓÜë
ÍÞæ � /	& $´þ ÏÒÑºÓ�Ö¼ÓÜä¼õºÝ�Ûôä ×�é Û¼ÑºÓÚäËÓòäËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæºä â�ÖËÓ ÔºÖ¼ÓÜä¼ÓÚæìÛ¼ÓÚë Íßæ � ÍÞç÷þ"U÷þ QºþÕÏÒÑºÓ ëºÍ:S õºäËÍÞ×ñæ ÙÜ×¦Ó·é '

 1e-16

 1e-15

 1e-14

 1e-13

 1e-12

 1e-11

 1e-10

 1e-09

 1e-08

 1e-07

 0.55  0.6  0.65  0.7  0.75  0.8  0.85

D
 (

cm
2 /s

)

1000/T (k-1)

DiG
Simple estimate

Causey

���ß�Å�¦��� ��  �¦£ � ³ÄÃ�ªÅ«Æ³©µ·¶ ½¾µ »��í½Ê³Ä»Ë¶Ü ¹ µ·¯ ��&ÂÁÂ¯°µ'�·»Ë¶ ³Ä¶ Ç�µ·¯°µ·ª¬« �·¯ ±²Ç��¬³ °» ��³Ä#� «ÆªÉ¯´¹�±·½Ê» ÁÂ³ÄÃñª¬«Æ³©µ·¶ ±²¶ÅÁ±ÜÁÉ«´µ·¯°ÇÂ´³©µ·¶ �ÂÁÂ»Ë«´µ·¯°ÇÂ°³ÄµÜ¶�� »Ë½��¬±·¶É³©«#�Ò«ºµ·¶ ¿·µÜ³©Á «´ªÉ¯Æ¹�±Ü½¾»¼«î«0��³Ä°½��É»¼Á µ²Ã � 9��É³¢«î³¢« ½¾µ(� Ç¬±²¯°»ËÁ ��³ $� ��³ $�í±ý«´³�� Ç¬§Ä»»¼«®°³ �Ò±²´» ,¬±·«´»ËÁ µ·¶ ±�� ��� ¯°±·¶¬ÁÂµ(� � ±·§ . ±·¶¬Á=/ ±²ª¬«´»�&�� « ¯´»¼«ÆªÉ§Ä ¹ µ·¯4,Éª¬§ .¸ÁÂ³ Ãñª¬«´³ÄµÜ¶á³Ä¶5�·¯ ±²Ç	�É³ °» � � � �
HîÙÚÍßÓÚæìÛ¸×�A÷Û�â�ÍßæºÓÚëüÝÞÍßÓÚäíÍÞæ ÛôÑ÷Ó Ö¼â�æºçñÓÕ×�é ÖËÓÚÔ ×ñÖËÛ¼ÓÚë Ó·û¦ÔóÓÜÖ¼ÍßàðÓÜæ¤Ûôâ�Ý Ö¼ÓÜä¼õºÝ�Ûôäíé®×ñÖ AºõºÝWLãëºÍISóõºä¼Íß×ñæüÍÞæ
çñÖôâ�Ô÷ÑºÍßÛ¼Ó�þãø ÛÕëºÍ:S ÓÜÖ¼ä Aìè â�ÝÞàò×ñäËÛ Û R × ×�Ö¼ëºÓÜÖ¼äÕ×�é àðâ�çñæºÍ�Ûôõºë÷ÓðâÅäÕÙÜ×ñàòÔîâ�Ö¼ÓÜëMRíÍ�ÛôÑ ÛôÑºÓòÖ¼ÓÜä¼õºÝ�Ûôä
A¤è � â�õºä¼Ó·è ÓÜÛÚþ âÅÝ°þ ÏÒÑºÓêàðâ�ÍÞæ ÖËÓ â�äË×ñæ ÍÞä Û¼ÑºÓêçñÖôâ�æ¤õºÝßÓ ä¼Í��ÚÓòÌ´âÅæºë ÛôÑºÓÜÖ¼ÓÜé®×�Ö¼Ó ÛôÑºÓ ö�×ñÍÞë ä¼Í��ÚÓ Î R Ó
Ù�Ñº×¦×�ä¼Ó ÍÞä

1/10th
ÛôÑºÓáöÅâ�ÝßõºÓ¸ÖËÓÚÔ ×ñÖËÛ¼ÓÚë ÍÞæ � â�õºä¼Ó·è �ÄäíÓ·û¦Ô ÓÚÖËÍÞàòÓÚæìÛÒëºõºÓáÛ¼×KB @ � ÝÞÍßàðÍ�Û�âÅÛ¼ÍÞ×ñæºäýÍÞæ

×ñõºÖíä¼Íßà�õºÝïâ¬ÛôÍÞ×�æ þ F¦ÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæÐ×Åé â�Ö¼Ó âÅÝÞÍÞäÊÛôÍßÙ!AºõºÝWLãäËÛôÖËõºÙÜÛ¼õºÖ¼Ó RíÍÞÝßÝ Ö¼Ó G õ÷ÍÞÖ¼Ó â�ÖË×ñõºæºë�&�� � � J ×�é
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�

B @ � þ  × R ÓÜöñÓÜÖÚå õ÷ä¼ÍÞæ÷çüÛ¼ÑºÓðÖËÓÚäËõºÝßÛ¼ä ×�é ÛôÑºÍßäêä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ ÍÞæ âüäËÍÞàòÔºÝÞÓ ÓÜäËÛôÍßàãâ¬ÛôÓ ÍÞæ÷ÙÚÝÞõ÷ëºÍÞæºçüâ
àð×�ëºÍ:HîÓÚë öñ×�ÍÞë äËÍ
�ÜÓCRíÑºÍßÙ�Ñ ÍßäêÛùè�ÔºÍßÙ â�ÝßÝßè

10
ÛôÍÞàòÓÚäêçñÖËÓ âÅÛ¼ÓÚÖ ÛôÑºâ�æ Íßæ Û¼ÑºÓðäËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæ å�R Óãâ�Ö¼Ó

â�AºÝßÓ�Û¼× ÖËÓÚÔºÖË×¦ë÷õºÙÚÓ�ÛôÑºÓòÓ·û¦Ô ÓÚÖËÍÞàòÓÚæìÛ�â�Ý ÖËÓÚäËõºÝßÛ=RíÍßÛ¼ÑºÍÞæ â éÆâ�ÙÜÛ¼×ñÖê×�é
2
þðÏÒÑ÷ÓãÖ¼ÓÜä¼õºÝ�Ûôä é®Ö¼×�à ÛôÑºÓ

ä¼ÍßàðÔºÝßÓáÓÚäÊÛôÍßàãâÅÛ¼Óêâ�Ö¼ÓêâÅÝÞä¼×�ÍßæºÙÚÝßõºëºÓÚë Íßæ � ÍÞçºþ-U÷þ Qºþ
� �LK �1��� � �QR V ����� ��� 	 M�� ���

øùæ ÛôÑºÍßäÐÙ�Ñîâ�Ô¦ÛôÓÚÖ R Ó â�Ô÷ÔºÝÞÍßÓÚë Û¼ÑºÓ à�õºÝ�ÛôÍ ��ä¼ÙÚâ�ÝÞÓ àò×¦ëºÓÜÝ Û¼× öÅâ�Ö¼Íß×ñõºäãÔ÷Ö¼× AºÝßÓÚàòäãçìâÅÍÞæºÓÜë ä¼×ñàòÓ
ÍÞæºäËÍÞçñÑìÛ¼äíâ�æºëüëºÍÞÖËÓÚÙÜÛ¼ÍÞ×ñæ÷ä é®×ñÖ é®õ÷Ûôõ÷Ö¼Ó!R ×�Ö LÐÝßÍWL�ÓÅå
• � Ýß×ñä¼ÓÜëüÔ ×ñÖËÓ çñÖôâ�Ô÷ÑºÍßÛ¼ÓÚä ÙÚâ�æ ÔºÖ¼Ó·öñÓÚæìÛ ëºÍ:S õºäËÍÞ×ñæ âÅÝÞ×ñæºç ÍÞæìÛôÓÜÖ¼æîâ�Ý ä¼õºÖÊéÆâ�ÙÚÓÜä ë÷ÓÚÓÚÔ Íßæ¤Û¼×�ÛôÑºÓ
çñÖ¼â�ÔºÑºÍ�ÛôÓ AºõºÝIL â�æºëMRíÍßÝÞÝ àòÍÞæ÷ÍÞàòÍ
�ÚÓ ÛôÑºÓòÓ(SóÓÚÙ·ÛôÍßö�ÓãäËõºÖËéÆâ�ÙÜÓÐâ öÅâ�ÍÞÝÞâ�AºÝßÓ é®×ñÖêÑìè¦ë÷Ö¼×�Ù â�Ö Aó×ñæ
é®×ñÖËàãâÅÛ¼ÍÞ×ñæÐâ�æºëüÑ¤è�ëºÖË×ñçñÓÜæ ÖËÓÜÛôÓÜæìÛôÍÞ×�æ þ

• F¦õ÷ÖËéÆâ�ÙÜÓ ë÷ÍISóõºä¼Íß×ñæ ëº×ñàòÍÞæîâ¬ÛôÓÚä  ÛôÖôâÅæºä¼Ô ×ñÖËÛ Íßæ AºõºÝWL çñÖôâÅÔºÑºÍßÛ¼ÓíâÅÛ Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÜä
< 1200

� A ÓÜè�×ñæºë RíÑºÍÞÙ�Ñòâ�ë÷ä¼×ñÖËÔ÷ÛôÍß×ñæ ��ëºÓÜä¼×ñÖËÔ÷ÛôÍß×ñæ ëºÍ:S õºäËÍÞ×ñæKA ÓÚç�ÍÞæºäýÛ¼×êëº×ñàòÍÞæîâÅÛ¼Ó Íßæºä¼ÔºÍ�ÛôÓÒ×�é Í�Ûôä
ÝïâÅÖ¼çñÓÜÖ àòÍÞç�ÖôâÅÛ¼ÍÞ×ñæ ÓÜæºÓÚÖËçñÍÞÓÜäÚþÒÏÒÑºÍßä Íßä ëºõ÷Ó Ûô×ðÝïâ�ÖËçñÓÚÖÒÔ ×ñäËä¼ÍWA÷ÝÞÓÕäËÛôÓÜÔ ä¼Í��ÚÓÜä ëºÓÜÔóÓÜæºëºÍßæºçÐ×ñæ
ÛôÑ÷Óêö�×ñÍÞë äËÍ
�ÚÓÜäÚþ

• �¸Í:S õ÷ä¼ÍÞ×�æ ÙÜ×¦Ó'OðÙÜÍÞÓÜæ¤Û¼ä�Ñîâ öñÓòÛô× AóÓòÍÞæìÛôÓÜÖ¼ÔºÖËÓÜÛ¼ÓÚë Ûôâ�L¤ÍÞæºçüÍÞæìÛô× â�ÙÚÙÜ×ñõºæìÛ Û¼ÑºÓòëºÍÞäË×ñÖ¼ëºÓÜÖ¼ÓÜë
ÍÞæìÛ¼ÓÚÖ¼æºâ�Ý ä¼õºÖÊéÆâ�ÙÚÓÜäÚå æ÷×�Û¸×�æºÝßè Íßæ äËÍÞà�õºÝÞâÅÛôÍß×ñæºäÜå Aºõ÷Û¸â�ÝÞäË×CRíÑºÓÜæ Ö¼ÓÜÔó×ñÖÊÛôÍßæºçðÓ²û¦ÔóÓÜÖ¼ÍÞàòÓÚæìÛôâ�Ý
Ö¼ÓÜä¼õºÝ�ÛôäÜþ
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T Ýïâ�äËàãâ¸äËõºÖËéÆâÅÙÚÓ Íßæ¤Û¼ÓÚÖ¼â�ÙÜÛ¼ÍÞ×ñæºä Ì#T6F¦øÊÎýâÅÖ¼ÓÒâ�æ ÍÞàòÔó×ñÖÊÛ�â�æìÛýâ�ä¼Ô ÓÚÙ·Û ×�é àò×¦ëºÓÜÝÞÍßæºç Û¼ÑºÓ ÓÜëºçñÓ ÔºÝÞâ�ä¼àðâ
â�æºë ëºÓÜä¼ÍÞç�æºÍÞæºç ÔºÝïâ�äËàãâÕéÆâ�ÙÚÍßæºç�àðâÅÛôÓÜÖ¼ÍïâÅÝÞä¸Ì#T � � Î é®×ñÖ é®õºä¼Íß×ñæ ëºÓ·ö¦ÍßÙÚÓÜäÚþ �êÖ¼â�ÔºÑºÍ�ÛôÓáÍßä Û¼ÑºÓ àð×�äËÛ
RíÍÞëºÓÜÝßè õºäËÓÚë T � � Íßæ ÛôÑ÷ÓãöÅâ�Ö¼Íß×ñõºäÕÓ·û¦ÔóÓÜÖ¼ÍßàðÓÜæ¤Ûôâ�Ý ëºÓÜö�ÍÞÙÜÓÚä�õ÷ä¼ÓÚë Û¼× äËÛ¼õºë÷è é®õºä¼Íß×ñæ ÔºÝÞâ�ä¼àðâ�äÜå
ëºõºÓ Ûô× Í�Ûôäáçñ×�×�ë ÛôÑºÓÜÖ¼àðâ�Ý ÙÚ×�æºëºõºÙ·ÛôÍßö�Í�Ûùèñå�ÝÞ× R âÅÛô×�àðÍßÙ æ¤õºàNA ÓÚÖÜå Ó·ÛôÙÅþ  × R ÓÜöñÓÜÖ�â�äáÛ¼ÑºÓ äËÛôâ�çñÓ
ä¼Ó·Ûôä¸é®×ñÖ øùÏ D�BÕå âðÓ·û¦Ô ÓÚÖËÍÞàòÓÚæìÛ�â�Ý é®õºäËÍÞ×ñæ ÖËÓ â�Ù·Ûô×ñÖÜåóäË×ñàòÓ�â�äËÔóÓÜÙÜÛôä ×Åé Ñìè¦ë÷Ö¼×ñçñÓÜæ ÍÞäË×�Ûô×ñÔ ÓÕÍÞæìÛôÓÜÖ '
â�ÙÜÛ¼ÍÞ×ñæ÷ä RíÍ�ÛôÑ çñÖ¼â�ÔºÑºÍ�ÛôÓòÝÞÍIL�Ó�ÛôÖ¼Í�ÛôÍßõºà ÍÞæìö�ÓÚæìÛô×ñÖÊèñåýúºõ¦û ë÷ÓÚÔ ÓÚæºëºÓÜæºÙÚÓ ×ÅéÒÙ�ÑºÓÚàòÍÞÙÚâ�Ý ä¼Ôºõ÷ÛËÛôÓÜÖ¼ÍÞæ÷çºå
ÑºÍÞç�ÑºÓÚÖ Ñìè�ëºÖË×¦ÙÚâ�Ö A ×ñæ é®×ñÖ¼àðâÅÛôÍß×ñæÐâÅæºë Ö¼ÓÚÝßÓ â�äËÓ�åºÓ·ÛôÙÅþßåîæºÓÜÓÚë Ûô×KA Ó õºæºëºÓÜÖ¼äÊÛô×�×¦ë þ ÏÒÑ÷ÍÞä RíÍÞÝßÝ ÑºÓÜÝÞÔ
ÍÞæ õºæºë÷ÓÚÖ¼äÊÛ�â�æ÷ëºÍÞæºç�ÛôÑ÷ÓÕÝßÍÞàòÍßÛôâÅÛôÍß×ñæºä ×�éÈçñÖôâ�Ô÷ÑºÍßÛ¼Ó â�ä â T � � â�æ÷ë âÅÝÞä¼×�ÔºÖË× Aîâ�A÷ÝßèÐÍßæ ëºÓÚäËÍÞçñæºÍßæºç
æºÓ(R Ûùè¦Ô ÓÚä ×�éÈçñÖôâÅÔºÑºÍßÛ¼Ó%RíÑºÍßÙ�Ñ ÙÚâ�æ A Óêõºä¼ÓÜë â�ä T � � äÚþ

ÏÒÑ÷ÓðçñÖ¼â�ÔºÑºÍ�ÛôÓÜäÕõ÷ä¼ÓÚë â�ä3T � � ä Íßæ é®õºä¼Íß×ñæ ë÷ÓÜö�ÍÞÙÜÓÚä â�Ö¼ÓòÔó×�Ö¼×ñõºäÕâ�æ÷ë ÙÜ×ñæºä¼ÍßäËÛ ×�é ç�Öôâ�æ¤õºÝßÓÚä
Ì®é®Ó'R àòÍÞÙÚÖË×ñæºäÒÍßæüäËÍ
�ÜÓÂÎ ä¼ÓÜÔîâ�Ö¼âÅÛôÓÜë AìèÐöñ×�ÍÞëºä Ì®é®Ö¼â�ÙÜÛ¼ÍÞ×ñæ ×Åé â�àðÍßÙÚÖË×ñæ ÍÞæ ä¼Í��ÚÓ Î·þ ÏÒÑºÓÜä¼Ó ç�Öôâ�æ¤õºÝßÓÚä
é®õºÖËÛ¼ÑºÓÚÖÈÙÚ×ñæ÷ä¼ÍÞäÊÛ ×�éºÖôâ�æºë÷×ñàðÝ�è ×ñÖËÍÞÓÚæìÛ¼ÓÚë ÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼ÓÚä Ì´â é®Ó'R æîâ�æº×�àðÓ·ÛôÓÚÖËäÈÍßæ äËÍ
�ÚÓ Î äËÓÚÔîâÅÖôâÅÛ¼ÓÚëKAìè
àðÍßÙÚÖË×��¤öñ×�ÍÞëºä Ì´â�é®Ó(R � ÍÞæüä¼Í��ÚÓÂÎ²þíÏÒÑºÓ ÍßæºÙÚÍßëºÓÚæìÛ Ñ¤è�ëºÖË×ñçñÓÜæ ÍÞäË×�Ûô×ñÔ ÓÚäíé®Ö¼×�à ÛôÑºÓ ÔºÝïâ�äËàãâ�Ù âÅõºä¼Ó
ëîâ�àðâ�çñÓ RíÍ�ÛôÑºÍßæ�ÛôÑºÓÜÍÞÖ ÖôâÅæºçñÓÒ×�éóÔóÓÜæºÓÜÛ¼ÖôâÅÛ¼ÍÞ×ñæòâ�æ÷ë�Û¼ÑºÓ âÅÛô×�àðäýÛ¼ÑîâÅÛ ëº×Õæº×�Û ç�ÓÜÛ�Aîâ�Ù"L¤äËÙ âÅÛËÛôÓÚÖËÓÚë å
ÛôÑºÓÜÖ¼àðâ�ÝÞÍ��ÚÓKRíÍßÛ¼Ñ Û¼ÑºÓãÙÚâ�Ö A ×ñæ â¬Ûô×ñàòä RíÍ�ÛôÑºÍßæ Û¼ÑºÓãç�Öôâ�ÔºÑ÷ÍßÛôÓÅþ �¸õºÓòÛô× Û¼ÑºÓãÔ ×ñÖË×ñõºäÕäËÛôÖËõºÙÜÛ¼õºÖ¼Ó
ÛôÑºÓÜÖ¼Ó Ó²û÷ÍßäËÛ ÝÞâ�Ö¼ç�Ó ÍÞæìÛ¼ÓÚÖ¼æºâ�ÝýäËõºÖËéÆâ�ÙÜÓ â�ÖËÓ â�ä5RíÍ�ÛôÑºÍßæ ÛôÑ÷Ó çñÖôâ�Ô÷ÑºÍßÛ¼Ó�þ @ æ âÅÝÞçñ×ñÖËÍßÛ¼Ñºà Ûô×ÐÙÜÖ¼ÓÚâÅÛôÓ�â
Ôó×�Ö¼×ñõºä àòÓÚëºÍßõºà ×�é ä¼Ô ÓÚÙÜÍIHîÓÜëðöñ×�ÍÞë �¤é®Ö¼â�ÙÜÛ¼ÍÞ×ñæ åìÙÚ×ñæºäËÍÞäÊÛôÍÞæ÷ç ×�éóÓÚÝßÓÚàòÓÚæìÛôäÜå�Û¼ÑºÓ ä¼Í
�ÜÓÚä ×�é RíÑ÷ÍÞÙ�ÑÐâÅÖ¼Ó
â�ä¼äËÍÞçñæ÷ÓÚë A¤è â T ×ñÍÞäËä¼×ñæüëºÍÞäÊÛôÖËÍWAºõ÷Û¼ÍÞ×ñæ å¦ÍßäÒëºÓÜö�ÓÚÝÞ×�ÔóÓÜë þ

ÏÒÑ÷Ó Ñ¤è�ëºÖË×ñçñÓÜæ Íßä¼×�Û¼×ñÔóÓÜä Ù âÅæüë÷ÍISóõºä¼Ó âÅÝÞ×ñæºç ÛôÑºÓáö�×ñÍÞëºäíâÅæºë àðÍßÙÚÖ¼×��¤öñ×ñÍßëºäÚå�çñÓ·Û ÛôÖ¼â�ÔºÔ ÓÚëüâÅÛ
ÛôÖ¼â�Ô äËÍßÛôÓÜä Íßæ Û¼ÑºÓòçñÖôâ�Ô÷ÑºÍßÛ¼ÓCA÷õºÝWL ×�Ö â¬Û Û¼ÑºÓðäËõºÖËéÆâÅÙÚÓ RíÑºÓÚÖËÓðÛôÑ÷ÓÚÖ¼ÓðÓ·û¦ÍÞäÊÛôä â ÑºÍßçñÑ ëºÓÚæ÷ä¼ÍßÛùè ×�é
ÛôÖ¼â�Ôºä ëºõºÓÒÛô×ÕÍÞæ÷ÙÚÍÞë÷ÓÚæìÛ ÍÞ×ñæ÷äÚþýÏÒÑ÷ÓÜè�Ù âÅæãâ�Ýßä¼×êÖ¼ÓÜÙÚ×ñà2AºÍÞæºÓ Û¼× é®×ñÖ¼à àò×ñÝßÓÚÙÚõ÷ÝÞÓÚä â�æºëòÖ¼Ó âÅÙÜÛ Ù�ÑºÓÚà '
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ÍÞÙ âÅÝÞÝßè=RíÍ�ÛôÑ ÛôÑºÓíÙÚâ�Ö A ×ñæòâÅÛô×�àðä Íßæòç�Öôâ�ÔºÑ÷ÍßÛôÓ Ûô×êé®×ñÖ¼à Ñ¤è�ëºÖË×¦ÙÚâ�Ö A ×ñæºäÜþ øùæò×ñÖ¼ëºÓÜÖ Ûô×êõºæºëºÓÜÖ¼äÊÛ�â�æºë
Ñº× R Û¼ÑºÓ�àòÍÞÙÜÖ¼×ñäËÙÚ×ñÔºÍßÙ Ô÷Ö¼×�ÙÚÓÚäËä¼ÓÜä â¬Û¸ÛôÑ÷Ó âÅÛô×�àðÍßäËÛôÍßÙêÝÞÓÜö�ÓÚÝýâVS ÓÜÙÜÛáÛ¼ÑºÓ�àðâ�ÙÚÖË×ñä¼ÙÜ×ñÔºÍßÙ ÛôÖ¼â�æºäËÔó×ñÖÊÛ
â�æºë ÍÞæìöñÓÜæ¤Û¼×ñÖËè ×Åé Ñìè�ëºÖ¼×ñç�ÓÚæ Íßä¼×�Û¼×ñÔ ÓÚäêâ�æºë Ñìè�ëºÖ¼×�Ù â�Ö Aó×�æºäÚåÈàð×�ëºÓÚÝßäá×�é âÅÛô×ñàòÍÞÙ ÍÞæìÛôÓÜÖôâ�Ù·ÛôÍÞ×�æºä
â�æºë ÛôÖ¼â�æºä¼Ô ×ñÖÊÛ âÅÛÒÛôÑºÓêëºÍ:S ÓÜÖ¼ÓÜæ¤Û äËÙ â�ÝßÓÚäíâ�ÖËÓÕÖËÓ G õºÍßÖ¼ÓÚë þ�Týâ�Ö¼â�àðÓ·ÛôÓÜÖ¼äÒÛôÑîâ¬ÛíçñÓÜÛÒÛ¼Öôâ�æºäÊé®ÓÚÖËÖ¼ÓÚë AóÓ '
Û R ÓÜÓÚæ Û¼ÑºÓ àò×�ëºÓÚÝßäíâÅÛ ëºÍISóÓÚÖËÓÚæìÛ¸äËÙ â�ÝßÓÚä Ñîâ öñÓêÛô×CAóÓÕÍÞë÷ÓÚæìÛôÍ:HîÓÚë â�æºë Ù â�æ AóÓÕõºäËÓÚë ÓÜÍßÛ¼ÑºÓÚÖíé®Ö¼×ñà
â�A ��ÍßæºÍßÛ¼ÍÞ×�ÛôÑºÓÜ×ñÖËè ×ñÖ é®ÖË×ñà Ó·û¦ÔóÓÜÖ¼ÍßàðÓÜæ¤Û¼äÚþêÏÒÑºÓ àðâ�ÍÞæ â�ÍÞà ×�é Û¼ÑºÍÞä ÛôÑºÓÜä¼Íßä ÍÞä Û¼×ÐëºÓ·öñÓÚÝß×ñÔ ä¼õºÙ�Ñ
âÐà�õºÝßÛ¼Í ��äËÙ â�ÝßÓêàð×�ëºÓÚÝ é®×ñÖáÑìè�ëºÖË×ñçñÓÚæ Û¼Öôâ�æºäËÔó×�ÖËÛáÍßæ Ô ×ñÖ¼×ñõ÷äáçñÖôâÅÔºÑºÍßÛ¼Ó3RíÑºÍßÙ�Ñ ä¼ÓÚÖÊöñÓÜä âÅä âãÛôÓÜäËÛ
AóÓÜëüé®×ñÖíâÅëºëºÖ¼ÓÜä¼äËÍÞæºçò×�ÛôÑ÷ÓÚÖÒÔºÖË× AºÝÞÓÜàðäÒÙÜ×ñæºÙÜÓÚÖ¼æ÷ÍÞæºçòõºä¼Íßæºç�çñÖôâÅÔºÑºÍßÛ¼Ó ÍÞæÐé®õºäËÍÞ×ñæ ëºÓ·ö�ÍÞÙÚÓÜäÚþ
@ Û Û¼ÑºÓ àðÍßÙÚÖË×ñä¼ÙÜ×ñÔºÍÞÙýä¼Ù âÅÝÞÓÚäÜåÉàð×ñÝßÓÚÙÜõºÝïâ�Öóë÷è�æîâ�àòÍÞÙÜä Ì � � Î Íßä õºä¼ÓÜë Û¼×Òä¼ÍÞà õºÝïâÅÛ¼ÓýÛôÑ÷Ó ëºÍISóõºä¼Íß×ñæ

×�éýÑìè�ëºÖË×ñçñÓÚæ ÍÞäË×�Ûô×ñÔ ÓÚäíÍßæüÙÜÖËè�äËÛôâ�ÝÞÝßÍÞæºÓ ç�Öôâ�ÔºÑ÷ÍßÛôÓÅþ ø Û ÍßäÒä¼ÓÜÓÚæ Û¼ÑîâÅÛíÑìè�ëºÖ¼×ñç�ÓÚæ Íßä¼×�Û¼×ñÔ Ó ëºÍISóõºä¼Íß×ñæ
Ñîâ�ä Û R × Ù�Ñîâ�æ÷æºÓÚÝßäüé®×ñÖ ë÷ÍISóõºä¼Íß×ñæ þ ÏÒÑºÓÜä¼Ó Ù�Ñîâ�æºæºÓÜÝÞä Ù âÅæ A Ó Ö¼ÓÚÔ÷Ö¼ÓÚäËÓÚæìÛôÓÜë â�äüâ ÛôÖôâÅÔºÔºÍÞæ÷ç��
ëºÓÜÛ¼Öôâ�ÔºÔ÷ÍÞæºçüÔºÖ¼×�ÙÚÓÜä¼äÜå�RíÍ�ÛôÑ Ù�Ñîâ�ÖôâÅÙÜÛôÓÜÖ¼ÍßäËÛôÍßÙ¸ØËõºàðÔ âÅÛËÛôÓÜàðÔ÷Ûêé®ÖËÓ G õºÓÚæ÷ÙÚÍÞÓÜäÚåÈàðÍßçñÖôâÅÛ¼ÍÞ×ñæ ÓÚæºÓÜÖ¼çñÍßÓÚä
â�æºë�ØËõ÷àðÔ ÝÞÓÚæ÷ç�ÛôÑºäÜþÒø Û¸Íßä äËÓÚÓÜæ ÛôÑîâÅÛ ÛôÑ÷Ó Ù�ÑîâÅæºæºÓÚÝ�RíÍßÛ¼Ñ â�ÝÞ× R àòÍÞçñÖ¼âÅÛôÍß×ñæ ÓÚæºÓÜÖ¼ç�èüëº×�àðÍßæîâÅÛôÓÜä
ÛôÑºÓòëºÍISóõºäËÍÞ×ñæ â�æºë öÅâ�Ö¼ÍßÓÚäÕâ�äêÛôÑºÓòÍÞæìöñÓÜÖ¼äËÓãä G õîâÅÖ¼ÓãÖË×¦×ÅÛ ×Åé ÛôÑ÷ÓðÍßä¼×�Û¼×ñÔóÓ�àðâ�ä¼äÜþãÏÒÑºÓðÙ�Ñîâ�æºæ÷ÓÚÝ
RíÍßÛôÑ Û¼ÑºÓðÑ÷ÍÞçñÑ àòÍÞçñÖ¼âÅÛôÍß×ñæ ÓÚæ÷ÓÚÖ¼çÅè äËÛ�âÅÖËÛôäêÙÜ×ñæìÛôÖ¼ÍIAºõ÷Û¼ÍÞæºç Ûô× Û¼ÑºÓðë÷ÍISóõºä¼Íß×ñæ â�A ×Éö�Ó

450 � â�æ÷ë
ÍÞäÒÍÞæ÷ëºÓÚÔ ÓÚæºë÷ÓÚæìÛ¸×ÅéýÛôÑ÷ÓÕÍßä¼×�Û¼×ñÔ Ó àãâ�äËäÚþ @ � ÍÞæºÓ·ÛôÍÞÙ � ×ñæìÛôÓ � � â�Ö¼Ýß× Ì � � �ÒÎíäËÍÞà�õ÷ÝïâÅÛ¼ÍÞ×ñæ å¦â�æºë â
ä¼ÍÞàòÔºÝßÓ�â�æîâ�Ý�è�Û¼ÍÞÙÚâ�Ýýàò×¦ë÷ÓÚÝ°å�ÖËÓÚÔºÖË×¦ë÷õºÙÚÓòÛôÑºÓ � � Ö¼ÓÚäËõºÝßÛ¼ä õ÷ä¼ÍÞæ÷çüÛ¼ÑºÓ Û R × Ù�Ñîâ�æºæºÓÜÝ°å ÛôÖôâÅÔºÔºÍÞæ÷ç��
ëºÓÜÛ¼Öôâ�ÔºÔ÷ÍÞæºç�ëºÓÜä¼ÙÚÖËÍÞÔ÷Û¼ÍÞ×ñæ þ
@ Û ÛôÑºÓ àòÓÚä¼×�ä¼ÙÚ×�ÔºÍÞÙ ä¼Ù âÅÝÞÓÚäÜå¦Ñìè�ëºÖË×ñçñÓÚæðÛôÖôâÅæºä¼Ô ×ñÖËÛ ÍÞæðÖôâ�æ÷ëº×ñàòÝßè�×�Ö¼ÍÞÓÜæìÛôÓÚëãÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼ÓÚä ä¼ÓÜÔA'

â�ÖôâÅÛ¼ÓÚë Aìè àòÍÞÙÜÖ¼×Âöñ×�ÍÞëºä�â�ÖËÓ àò×�ëºÓÚÝßÝÞÓÚë õ÷ä¼ÍÞæ÷ç � � �¸þ ÏÒÑºÓüÑ¤è�ëºÖË×ñçñÓÜæ âÅÛô×�àðä�ëºÍ:S õºäËÓ RíÍßÛôÑ÷ÍÞæ
ÛôÑºÓ ÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼ÓÚä â�ä ÔîâÅÖôâ�àòÓÜÛ¼Ö¼Í
�ÜÓÚë é®Ö¼×ñà ÛôÑ÷Ó � � ä¼Íßà�õºÝÞâÅÛôÍß×ñæºä â�æºë ç�ÓÜÛ Û¼Öôâ�Ô÷ÔóÓÜë âÅÛ Û¼ÑºÓ
ÙÚÖËè�äÊÛ�â�ÝßÝÞÍßÛ¼Ó ��àòÍÞÙÜÖ¼×Âöñ×�ÍÞë Íßæ¤Û¼ÓÚÖÊéÆâ�ÙÚÓKRíÍßÛ¼Ñ â ä¼Ô ÓÚÙÜÍIHîÓÜë Û¼Öôâ�ÔºÔ÷ÍÞæºç��¤ëºÓÜÛ¼Öôâ�ÔºÔ÷ÍÞæºç ÔºÖË× Aîâ�AºÍßÝÞÍ�Ûùèñþ ÏÒÑºÓ
ÛôÖôâÅæºä ��ç�Öôâ�æ¤õºÝÞâ�Ö ��ë÷ÍISóõºä¼Íß×ñæ Ì®Ï � �áÎ ÙÚ×�Ó(OòÙÚÍßÓÚæìÛôäÜå

DTGD

å÷àðâÅÛôÙ�Ñ â2RíÍßëºÓáÖ¼â�æºçñÓá×Åé Ó·û¦ÔóÓÜÖ¼ÍßàðÓÜæA'
Û�â�ÝóÖ¼ÓÚäËõºÝßÛ¼äÒé®×ñÖ Ñìè�ëºÖ¼×ñç�ÓÚæüëºÍISóõºä¼Íß×ñæÐÍßæ Ôó×ñÖË×ñõºäÒçñÖ¼â�ÔºÑºÍ�ÛôÓ5AìèãÙ�Ñîâ�æºçñÍßæºç ÛôÑºÓ äÊÛôÖËõºÙÜÛ¼õºÖ¼ÓêÔîâ�Ö¼â�à '
ÓÜÛôÓÜÖ¼ä�Ì®öñ×�ÍÞë äËÍ
�ÚÓÜä�Î²þ ø Û ÍÞä ä¼ÓÚÓÜæ ÛôÑºâÅÛ¸Û¼ÑºÓ Ö¼â�æºëº×ñà ×�Ö¼ÍÞÓÜæìÛ�âÅÛ¼ÍÞ×ñæºä ×�é Û¼ÑºÓ ÙÜÖËè�äËÛôâ�ÝÞÝßÍßÛ¼ÓÚäíàãâVL�Ó Û¼ÑºÓ
ëºÍISóõºä¼Íß×ñæÐÍßä¼×�Û¼Ö¼×ñÔºÍßÙáâ�æ÷ë Û¼ÑîâÅÛ Û¼ÑºÓ ÍÞäË×�Ûô×�ÔóÓáàðâ�äËä Ñîâ�äíâ�Ýßàð×�äËÛ æ÷× Ó(SóÓÚÙÜÛí×�æ

DTGD

RíÍßÛ¼ÑºÍÞæã×ñõºÖ
àð×�ëºÓÚÝ´þ @ ä¼ÍßàðÔ÷ÝÞÓ â�æºâ�Ýßè¤ÛôÍßÙ â�Ýóàð×�ëºÓÜÝ ÍÞäÒëºÓ·öñÓÜÝÞ×ñÔ ÓÚë å RíÑºÍßÙ�Ñ ÍßäÒÙÚ×ñæ÷ä¼ÍÞäÊÛôÓÜæ¤Û RíÍ�ÛôÑ ÛôÑºÓÜä¼ÓÕÖ¼ÓÜä¼õºÝ�ÛôäÚþ
Dýû�ÛôÓÜæºëºÍßæºç ÛôÑºÓáàò×�ëºÓÚÝ Ûô× ÙÚÓÜæìÛôÍÞàòÓÜÛ¼ÓÚÖËäÚå÷Û¼ÑºÓáëºÍ:S õºäËÍÞ×ñæã×�é Ñ¤è�ëºÖË×ñçñÓÜæ RíÍ�ÛôÑºÍßæÐçñÖ¼â�æ¤õºÝÞÓÜäÒâ�æºë

öñ×ñÍßëºäáÍÞä äËÛ¼õºëºÍÞÓÜë þ � â�ÝÞõ÷ÓÚäá×�é
DTGD

é®Ö¼×�à ×�õºÖáàòÓÚä¼×���ä¼ÙÚâ�ÝÞÓ ä¼ÍÞà õºÝïâÅÛ¼ÍÞ×ñæ÷ä¸â�ÖËÓ õºäËÓÚë Ûô× ÍßàðÔ÷ÝÞÓ '
àðÓÜæ¤Û¸ëºÍISóõºäËÍÞ×ñæ Íßæ Û¼ÑºÓ�çñÖ¼â�æ¤õºÝÞÓÜä¸õºäËÍÞæºç â � ×ñæìÛôÓ ' � â�Ö¼Ýß×ãëºÍ:S õ÷ä¼ÍÞ×�æ Ì � � �áÎ¸â�æºä¼âÅÛ �Åþ � � � Íßä
õºä¼ÓÜë Ûô× àò×¦ëºÓÜÝ ÛôÑ÷ÓüÛ¼Öôâ�æºäËÔó×�ÖËÛòÍÞæ öñ×�ÍÞëºäðâ�æºë ×ñæ ÛôÑºÓüçñÖôâÅæ�õ÷ÝÞÓ �ìöñ×ñÍßë ÍßæìÛôÓÚÖÊéÆâ�ÙÚÓÜäÚþ �¸ÍÞäËä¼×�ÙÚÍïâ�'
ÛôÍÞ×�æ åìëºÓÚäË×ñÖ¼Ô¦ÛôÍÞ×�æðé®Ö¼×�à ÛôÑºÓ çñÖôâÅæ�õ÷ÝÞÓ �ìöñ×ñÍßëðÍßæ¤Û¼ÓÚÖÊéÆâ�ÙÚÓÅå�Ó·ÛôÙÅþßå÷â�Ö¼Ó â�ÝÞÝ÷ÍÞæºÙÜÝÞõºëºÓÜë RíÍ�ÛôÑºÍßæ�Û¼ÑºÓ � � �



�)�

â�æºä¼âÅÛ �íõºäËÍÞæºç â�ÔºÔºÖË×ñÔºÖËÍïâÅÛ¼Óíâ�ÙÜÛ¼ÍßöÅâÅÛôÍß×ñæ�ÓÜæºÓÚÖËçñÍÞÓÜä âÅä ÖËÓÚÔ ×ñÖËÛ¼ÓÚëòÍÞæ�Ó·û¦Ô ÓÚÖËÍÞàòÓÚæìÛôäÜþ ÏÒÑºÓ Ñìè�ëºÖË×ñçñÓÚæ
âÅÛô×�àðäíÖ¼ÓÜÙÚ×ñà2AºÍÞæºÓêÍ�éýÛôÑ÷ÓÜè ÙÚ×�àðÓêÙÚÝß×ñä¼ÓÜÖ Û¼Ñîâ�æ âòäËÔóÓÜÙÚÍIHºÓÚë àòÍÞæ÷ÍÞà�õºà ëºÍßäËÛ�âÅæºÙÚÓÅþ � Ó'R ä¼Ô ÓÚÙÚÍßÓÚä
â�æºëüÍÞæìÛôÓÜÖôâ�Ù·ÛôÍß×ñæºäÒÙ âÅæ A ÓÕâ�ëºëºÓÜë ë÷ÓÚÔ ÓÚæºëºÍßæºçò×ñæüÛ¼ÑºÓ ÔºÖË× AºÝÞÓÜà ×�éÈÍÞæìÛôÓÜÖ¼ÓÜäËÛ þ

ÏÒÑ÷ÍÞä à�õºÝßÛ¼Í ��äËÙ â�ÝßÓ àò×¦ëºÓÜÝ ÍÞä õºä¼ÓÜëãÛô× äËÛ¼õºë÷èòÑìè¦ë÷Ö¼×ñçñÓÜæÐëºÓÜä¼×ñÖËÔ÷ÛôÍß×ñæ å¤ÛôÖôâÅæºä¼Ô ×ñÖËÛ ÍÞæòçìâ�Ô÷ÑºÍßÛ¼ÓÚä
RíÍßÛ¼Ñ ÙÚÝÞ×�ä¼ÓÚë Ô ×ñÖËÓÚäÚå âÅæºë ÛôÑºÓðö�âÅÖ¼ÍÞ×�õºä ëºÍ:S õ÷ä¼ÍÞ×�æ Ö¼ÓÜçñÍÞàòÓÚäÕÍÞæ Ô ×ñÖË×ñõºä�çñÖ¼â�ÔºÑºÍ�ÛôÓÅþ ÏÒÑºÓÐàò×¦ëºÓÜÝ
ÙÚ×ñÖËÖ¼ÓÜÙÜÛôÝ�è àãâ¬ÛôÙ�ÑºÓÜä Ó²û÷Ô ÓÚÖËÍÞàòÓÚæìÛ�âÅÝ ÖËÓÚäËõºÝßÛ¼ä é®×ñÖÒÛ¼ÑºÓÕÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÕëºÓÜÔóÓÜæºëºÓÚæ÷ÙÚÓ�×�éýëºÓÚäË×ñÖ¼Ô¦ÛôÍÞ×�æ å
ä¼Ñº× Ríä�Û¼ÑîâÅÛ�ë÷ÍISóõºä¼Íß×ñæ âÅÝÞ×ñæºç ÍÞæìÛôÓÜÖ¼æîâÅÝ äËõºÖËéÆâ�ÙÜÓÚä�Íßä Ñ÷ÍÞæºëºÓÜÖ¼ÓÜë ÍÞæ ÙÜÝÞ×ñäËÓÚë Ô ×ñÖËÓãçñÖ¼â�ÔºÑºÍ�ÛôÓÚä â�æºë
ÝÞÓÜæºëºäíÍÞæºäËÍÞçñÑìÛíÍßæ¤Û¼×�ÛôÑºÓêëºÍ:S ÓÜÖ¼ÓÜæ¤Û Ù�ÑîâÅæºæºÓÚÝßäí×�éýë÷ÍISóõºä¼Íß×ñæ ÍÞæ Ô ×ñÖ¼×ñõ÷ä ç�Öôâ�ÔºÑ÷ÍßÛôÓÅþ

ÏÒÑ÷Ó æºÓ(R à�õºÝ�ÛôÍ �¤ä¼Ù âÅÝÞÓ ÙÚ×�ëºÓ ëºÓ·öñÓÚÝß×ñÔ ÓÚë ÍÞæ Û¼ÑºÍÞäðÛôÑºÓÜä¼ÍÞäÜå � ��� å ÔºÖ¼×Âö�ÍÞë÷ÓÚä æºÓ'R Íßæºä¼ÍßçñÑìÛôä
ÍÞæìÛô× ÛôÑ÷ÓòÛ¼Öôâ�æºäËÔó×�ÖËÛÕÍÞæ Ô ×ñÖ¼×ñõ÷ä çñÖ¼â�ÔºÑºÍ�ÛôÓ�â�æ÷ë ÍÞàòÔºÖË×Éö�ÓÚä ÛôÑ÷ÓðÔºÑìè�ä¼ÍßÙÚä õºæºëºÓÜÖ¼äËÛôâ�æºëºÍßæºçºþðÏÒÑºÍÞä
ä¼Ñº×�õºÝÞë�äÊÛôÍßà�õºÝïâ¬ÛôÓ â�Ýßä¼× Û¼ÑºÓ Ó²û¦ÔóÓÜÖ¼ÍÞàòÓÚæìÛôâ�Ýìö�âÅÝÞÍÞëºâÅÛôÍß×ñæê×�éºÛôÑ÷ÓÚä¼Ó ÔºÖ¼ÓÜëºÍÞÙ·ÛôÍß×ñæºäÚþÈÏÒÑºÍÞä RíÍÞÝßÝì×ñæºÝ�è=AóÓ
Ôó×�ä¼ä¼ÍIAºÝÞÓ A¤è ÙÚÝß×ñä¼ÓÒÍßæ¤Û¼ÓÚÖ¼â�ÙÜÛ¼ÍÞ×ñæ2RíÍ�ÛôÑ Ó²û÷Ô ÓÚÖËÍÞàòÓÚæìÛ�âÅÝ÷çñÖË×ñõºÔºä â�æ÷ëNRíÍÞÝÞÝ�æºÓÜÓÚëðâ¸úîÓ·û¦ÍWA÷ÝÞÓÒâ�ëºâ�Ô÷ÛôÍß×ñæ
Ûô× ÛôÑ÷ÍÞÓÚÖÒæ÷ÓÚÓÚë÷äÚþ ÏÒÑºÍÞäíÍÞäÒÓÚâ�ä¼ÍßÝßèãÔó×ñäËä¼ÍIAºÝÞÓ ëºõ÷ÓêÛ¼× ÛôÑºÓêàò×¦ëºõ÷Ýïâ�Ö äËÛôÖËõºÙÜÛ¼õºÖ¼ÓÕ×�é ÛôÑºÓêÙÜ×¦ëºÓÅþ
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ÏÒÑºÓ à õºÝßÛ¼Í ��äËÙ â�ÝßÓÐàð×�ëºÓÜÝÒëºÓÜö�ÓÚÝÞ×�ÔóÓÜë ÍÞæ ÛôÑºÍßä ÛôÑºÓÜä¼ÍÞäðâ�Íßàðä�Û¼× ÔºÖË×Éö�ÍßëºÓ Hºæîâ�ÝÞÝ�è â AóÓ·Û¼ÛôÓÜÖðë÷Ó '
ä¼ÙÜÖ¼ÍÞÔ¦ÛôÍÞ×�æ ×�éÈÛôÑºÓ3AºõºÝILÐÔºÖ¼×�ÙÚÓÜä¼äËÓÚäáÍßæüÛ¼ÑºÓÕÛôâ�Ö¼ç�ÓÜÛ ëºõºÖ¼ÍßæºçòÔºÝïâ�äËàãâ äËõºÖËéÆâ�ÙÜÓ Íßæ¤Û¼ÓÚÖ¼â�ÙÜÛ¼ÍÞ×ñæºä Ì0T F�øÊÎ·þ
ÏÒÑºÍÞä ÍÞä ëº×�æºÓ%Aìè ÛôÑ÷Ó¸àò×¦ëºÓÜÝÞÍßæºçáÛôÑºÓ õºæºë÷ÓÚÖ¼Ý�è�ÍÞæºçÕÔºÑìè�ä¼ÍÞÙÚâ�Ý ÔºÖ¼×�ÙÚÓÜä¼ä¼ÓÜäÒâÅÛ ëºÍ:S ÓÜÖ¼ÓÚæìÛ ä¼ÙÚâ�ÝÞÓÜäÚþ ÏÒÑºÓ
AóÓ·Û¼Û¼ÓÚÖ ëºÓÚäËÙÚÖ¼ÍßÔ÷ÛôÍß×ñæò× A÷Û�âÅÍÞæºÓÜë åìä¼Ñº×�õºÝÞëòÛôÑºÓÜæ A Ó õ÷ä¼ÓÚëãÍÞæòâÕäËÓÚÝ�é ÙÚ×�æºä¼ÍßäËÛôÓÜæìÛ àò×¦ëºÓÜÝ÷é®×ñÖ6T6F¦øùäÚþ øùæ
ÛôÑºÍßä â�Ô÷ÔóÓÜæºëºÍ�ûãâ äËÍÞàòÔºÝÞÓíàò×¦ë÷ÓÚÝîé®×ñÖ T6F¦ø Íßä ëºÓÜä¼ÙÜÖ¼ÍWA ÓÚë RíÑ÷ÍÞÙ�ÑÐÍßëºÓÚæìÛôÍ:HîÓÚä ÛôÑºÓ öÅâ�Ö¼Íß×ñõºä àò×�ëºõºÝÞÓÜä
ÛôÑîâ¬Û¸âÅÖ¼Ó æºÓÜÙÚÓÚäËäôâ�ÖÊè Ûô×�àð×�ëºÓÜÝ ÔºÝïâÅä¼àðâ�ä¼õºÖÊéÆâ�ÙÚÓêÍÞæìÛ¼ÓÚÖôâÅÙÜÛôÍß×ñæºäÜþ

ÏÒÑ÷ÍÞä äËÍÞàòÔºÝÞÓ àò×¦ëºÓÜÝóÙÚâ�æ A Óáõºä¼ÓÜëüâ�ä ÛôÑ÷Ó!T6F¦ø Ôîâ�ÖËÛ ×�é ÓÚëºç�ÓáÔºÝïâÅä¼àðâ ÙÚ×�ëºÓÜäÒ×ñÖ é®×ñÖ àãâVL�Íßæºç
ÓÚÖË×ñä¼Íß×ñæ å ÍÞàòÔºÝïâ�æìÛôâÅÛôÍß×ñæ å�â�æ÷ë ÖËÓÜúîÓÜÙÜÛôÍß×ñæ ÓÜäËÛ¼ÍÞàðâÅÛôÓÜäêé®×�ÖÕÔ÷Ýïâ�äËàãâÐéÆâ�ÙÜÍÞæºçüä¼õºÖÊéÆâ�ÙÚÓÜäÚþ T õ AºÝßÍÞäËÑºÓÚë
ä¼ÓÜàðÍ 'ùÓÚàòÔºÍßÖ¼ÍÞÙÚâ�Ý�é®×ñÖËà�õºÝÞâ�ä é®×�ÖýÔºÑìè�ä¼ÍßÙ â�Ý¦ä¼Ôºõ÷ÛËÛôÓÜÖ¼ÍÞæ÷ç � 	1# $°å�Ù�ÑºÓÚàòÍÞÙÚâ�Ý¦ÓÜÖ¼×ñäËÍÞ×ñæ � #�V�$°åñÖ¼â�ëºÍÞâÅÛôÍß×ñæ ÓÜæA'
Ñîâ�æºÙÜÓÚëüä¼õ A÷ÝÞÍÞàðâÅÛ¼ÍÞ×ñæ Ì#B7D F÷Î � 		!�$°åºâ�æºë Aîâ�Ù"L¤ä¼ÙÚâÅÛ¼Û¼ÓÚÖËÍÞæºç � 	0/¦å 	0QR$�Ñîâ öñÓ=A ÓÚÓÚæ ÍßàðÔºÝßÓÚàòÓÚæìÛôÓÜë â�ä
� (=BÈÏ B @ � äËõ AºÖ¼×�õ÷ÛôÍßæºÓÚä>�"!A# $°þ äËÓÚÓ @ ÔºÔ ÓÚæºëºÍ ûóþ�J é®×�Ö ë÷ÓÜÛ�âÅÍÞÝÞä ×�éóÛôÑºÓ é®×ñÖ¼à�õ÷Ýïâ�äÜþ @ ä¼õ AºÖË×ñõ÷Û¼ÍÞæºÓ
Ûô×�ÙÚâ�ÝÞÙÜõºÝïâ¬ÛôÓíÛôÑºÓ¸Û¼ÑºÓÚÖËàãâÅÝóÓ·ö�âÅÔó×ñÖ¼âÅÛôÍß×ñæò×�é çñÖôâÅÔºÑºÍßÛ¼ÓERíÑºÍßÙ�ÑÐÍÞä ÍÞàòÔó×�ÖËÛ�âÅæ¤Û âÅÛ ÑºÍÞç�ÑÐÑºÓ â¬Û ÝÞ×ñâ�ëºä
ÍÞä â�Ýßä¼×êÍÞàòÔºÝÞÓÜàðÓÜæìÛôÓÚë þ � Íßæîâ�ÝÞÝ�èñå¬ÛôÑºÓ Ó(SóÓÚÙ·Û ×�éóä¼ÓÜÝßé ÙÚ×ñæºäËÍÞäÊÛôÓÚæìÛ¼Ýßè�ÍÞæ÷ÙÚÝÞõ÷ëºÍÞæºçáÛ¼ÑºÓíÛ�â�ÖËçñÓÜÛ Û¼ÓÚàòÔóÓÜÖ '
âÅÛôõ÷Ö¼Ó Ù âÅÝÞÙÚõ÷ÝïâÅÛ¼ÍÞ×ñæÐÍßæ Ù â�äËÓê×�éÈâ�ç�Öôâ�ÔºÑ÷ÍßÛôÓ Û�â�ÖËçñÓÜÛíÍßä äËÛ¼õºëºÍÞÓÜë Aìè ÍßæºÙÚÝßõºëºÍßæºç ÛôÑ÷ÓÚä¼ÓêäËõ AºÖ¼×�õ÷ÛôÍßæºÓÚä
ÍÞæ ÛôÑ÷ÓÕäËÙÚÖ¼â�ÔóÓê×�S Ýïâ èñÓÜÖ Ô÷Ýïâ�äËàãâ�äËÍÞà�õºÝÞâÅÛôÍß×ñæÐÙÜ×¦ëºÓÅå F)(+* T F	' J%!¦þ"& �"!0!¦å�!0/R$´þ

� ��� � M������ �/. ��� R � �
� ' ��� 	�' R �
� 	������ � ���$'UM
@ æìèòàãâ¬ÛôÓÚÖËÍïâ�Ý÷ä¼õºÖÊéÆâ�ÙÚÓíéÆâ�ÙÚÍßæºç âÕÔºÝÞâ�ä¼àðâ ÍÞä ÙÚ×�æºæºÓÚÙ·ÛôÓÜëÐÛô×êÛôÑºÓ ÔºÝïâÅä¼àðâ=AìèòàòÓ â�æºä ×�é â äËÑºÓ âÅÛ¼Ñ þ
ÏÒÑºÓÕä¼ÑºÓÚâÅÛôÑ ëºÓÚÔ ÓÚæºë÷ä¸×ñæ ÛôÑºÓÕÔºÝÞâ�ä¼àðâ�Ôîâ�Ö¼â�àðÓ·ÛôÓÜÖ¼äíÝÞÍIL�ÓêëºÓÚæ÷ä¼ÍßÛùèüâÅæºëüÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÅå â�àNAºÍßÓÚæìÛ
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àãâ�ç�æºÓÜÛ¼ÍÞÙ HîÓÜÝÞë â�æºë â�ÔºÔºÝßÍÞÓÜë ö�×ñÝßÛôâ�çñÓ Û¼× Û¼ÑºÓ ÔºÝïâ�äËàãâ éÆâ�ÙÜÍÞæºç äËõºÖËéÆâÅÙÚÓ � # �¦å+#.#�å+#�/ $°þ ÏÒÑºÓ
ä¼ÑºÓÚâÅÛôÑ â	S ÓÜÙÜÛôä ÛôÑºÓ ÓÚæ÷ÓÚÖ¼çÅè âÅæºë�â�æ÷çñõºÝïâÅÖ ë÷ÍÞäËÛ¼Ö¼ÍIAºõ÷ÛôÍß×ñæºä ×�é÷ÍÞ×ñæºä ÍÞæ÷ÙÚÍÞë÷ÓÚæìÛ ×ñæ Û¼ÑºÓ ÔºÝÞâ�ä¼àðâ éÆâ�ÙÚÍßæºç
ä¼õºÖÊéÆâ�ÙÚÓÅþ ÏÒÑºÓ ÓÜæºÓÚÖËç�è ëºÓÜÔó×�ä¼ÍßÛ¼ÓÚë Aìè Û¼ÑºÓÐÔºÝÞâ�ä¼àðâ ×ñæ ÛôÑ÷ÓÐä¼õºÖÊéÆâ�ÙÚÓ ë÷ÓÜÛôÓÜÖ¼àòÍÞæºÓÜä�ÛôÑºÓãä¼õºÖÊéÆâ�ÙÚÓ
ÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓ6RíÑºÍßÙ�Ñ�ÍÞäÈâ�æ ÍÞàòÔó×ñÖÊÛ�â�æìÛ Ôîâ�Ö¼â�àòÓÜÛôÓÜÖÈÍßæ G õîâÅæ¤Û¼Íßé¨è�ÍÞæ÷ç ÛôÑ÷Ó Ù�ÑºÓÜàðÍßÙ â�Ý¤ÓÚÖË×ñä¼Íß×ñæ è�ÍßÓÚÝÞë å
BED6FðâÅæºëòÛ¼ÑºÓÚÖËàãâÅÝîÓÜöÅâ�Ô ×ñÖôâÅÛ¼ÍÞ×ñæ�ÙÜ×ñæìÛôÖ¼ÍIAºõ÷Û¼ÍÞ×ñæºä Û¼× ç�Öôâ�ÔºÑ÷ÍßÛôÓíÓÜÖ¼×ñäËÍÞ×ñæ þýÏÒÑºÓÚÖËÓÜé®×ñÖËÓ¸âêàð×�ëºÓÜÝºé®×ñÖ
ÛôÑºÓ äËÑºÓ â¬ÛôÑ å�Û¼ÑºÓ ÍßæºÙÚÍßëºÓÚæìÛ Ñ÷Ó âÅÛ âÅæºë�Ôîâ�ÖÊÛôÍßÙÚÝÞÓ úîõ¦ûóå¤â�æ÷ë â¸ÑºÓÚâÅÛ ÛôÖ¼â�æºäËÔó×ñÖÊÛ àò×¦ë÷ÓÚÝ¤ÍÞæ Û¼ÑºÓ Ûôâ�Ö¼çñÓ·Û
â�Ö¼Ó ÍÞàòÔó×ñÖÊÛ�â�æìÛ Ôîâ�ÖÊÛôä ×Åé�àð×�ëºÓÜÝÞÍÞæ÷ç2T6F¦ø�þ @ �ÚÓÜÖ¼×R' ëºÍÞàòÓÚæ÷ä¼ÍÞ×�æîâ�Ý äËÛ¼Ó â�ë÷è	' äËÛ�â¬ÛôÓáÔîâÅÖËÛôÍßÙÚÝßÓEAîâÅÝïâ�æºÙÜÓ
àð×�ëºÓÚÝ÷âÅÛ ÛôÑ÷ÓíÛôâ�Ö¼ç�ÓÜÛ õºäËÍÞæºç äËÔºõ÷Û¼Û¼ÓÚÖËÍÞæºçêè�ÍÞÓÚÝßëºäÚå�Aîâ�Ù"L¤ä¼ÙÚâÅÛ¼Û¼ÓÚÖ¼ÍßæºçÕÙÚ×�Ó(OòÙÚÍßÓÚæìÛôä â�æºë�ÓÜöÅâ�Ô ×ñÖ¼âÅÛôÍß×ñæ
ÖôâÅÛ¼ÓÚäÚåîÍßäÒõºä¼ÓÜë Û¼×òÙÚâ�ÝÞÙÜõºÝïâ¬ÛôÓ¸Û¼ÑºÓêÓÚÖ¼×�ä¼ÍÞ×�æüÖ¼âÅÛôÓê×�éýâ ÔºÝïâÅä¼àðâ ' éÆâ�ÙÜÍÞæºç ä¼õºÖÊéÆâ�ÙÚÓÅþ
9 57465 4 � 2>LOF ?52
@ ÙÜ×ñÝÞÝßÍÞä¼Íß×ñæ ��ÝßÓÚäËä�# ' � ä¼Ñ÷Ó âÅÛ¼Ñ àð×�ëºÓÜÝ Íßäêõºä¼ÓÜë å Aîâ�äËÓÚë ×�æ Û¼ÑºÓãÖËÓÚä¼õ÷ÝßÛôäÕ×�é öÅâ�ÖËÍÞ×ñõ÷äÕäÊÛôõºë÷ÍÞÓÚäÕ×ñæ
ÛôÑºÓ�ÔºÝÞâ�ä¼àðâ ä¼ÑºÓÚâÅÛôÑ RíÑºÍÞÙ�Ñ Ñîâ öñÓCAóÓÜÓÚæ ÙÚ×ñàòÔºÍÞÝßÓÚëPAìèMF�Ûôâ�æºçñÓ(A¤è � # �R$´þòÏÒÑºÓðÍßæºÙÚÍßëºÓÚæìÛêÓÜæºÓÚÖËç�è
×�éáÍß×ñæºäò×ñæ Û¼ÑºÓ äËõºÖËéÆâÅÙÚÓ Íßä�Ó G õîâ�ÝíÛô× ÛôÑºÓüä¼õºà ×�é ÛôÑºÓ ÓÚæºÓÜÖ¼ç�è RíÍ�ÛôÑ RíÑºÍÞÙ�Ñ Íß×ñæºä�ÓÚæìÛ¼ÓÚÖðÛ¼ÑºÓ
ÔºÖ¼Ó ��ä¼ÑºÓÚâÅÛôÑ å¦ÛôÑ÷Ó¸ÓÚæ÷ÓÚÖ¼çÅèðçñâ�ÍÞæºÓÜëãÍßæòÛ¼ÑºÓ¸ÔºÖËÓ ��äËÑºÓ â¬ÛôÑ â�æ÷ëãÛôÑºÓ ÓÚæ÷ÓÚÖ¼çÅèãçìâÅÍÞæºÓÜëðÍßæðÛôÑ÷Óáâ�äËä¼õºàòÓÚë
ÙÚ×ñÝßÝÞÍÞäËÍÞ×ñæ ��ÝÞÓÜä¼ä äËÑºÓ âÅÛ¼Ñ þ � ×ñÖ âðÔºÝÞâ�ä¼àðâ�ÛôÓÚàòÔ ÓÚÖôâ¬ÛôõºÖËÓ

Ti
Ì¨é®×ñÖíÍÞ×ñæºäôÎ âÅæºë

Te
Ì®é®×ñÖíÓÚÝßÓÚÙ·ÛôÖ¼×�æºä�Î âÅÛ

ÛôÑºÓêÔºÝÞâ�ä¼àðâ 'ùäËÑºÓ â¬ÛôÑ ÍÞæìÛ¼ÓÚÖËéÆâÅÙÚÓ�åºÛ¼ÑºÓÕâ öñÓÚÖ¼â�çñÓêÍÞ×�æüÓÜæºÓÚÖËç�è RíÍßÝÞÝ�A ÓêâòäËõºà ×�é U
Ì®Í¨ÎãÛôÑºÓÕâ öñÓÜÖôâ�ç�ÓÕÓÜæºÓÚÖËç�è Ô ÓÚÖÒÍÞ×�æüÝßÓ â ö�ÍÞæºç�â � â¬û R ÓÚÝßÝÞÍïâÅæ ÔºÝïâ�äËàãâ

(= 2Ti)ÌÆÍÞÍïÎãÓÚæºÓÜÖ¼ç�è çñâ�ÍÞæºÓÜëMAìè â�ÙÜÙÚÓÜÝÞÓÚÖ¼âÅÛôÍß×ñæ ÍÞæ ÛôÑºÓòÔºÖËÓ ��äËÑºÓ âÅÛ¼Ñ åýç�ÍßöñÓÜæMAìè ÛôÑ÷ÓðçñÓÜæºÓÚÖ¼â�Ý æº×ñæ�' �ÚÓÜÖ¼×
Ti
J ×�Ñºà äËÑºÓ âÅÛ¼Ñ ÙÜÖ¼ÍßÛ¼ÓÚÖËÍÞ×ñæS� #�! $

(= Te + γTi)ÌÆÍßÍÞÍïÎðÓÚæºÓÜÖ¼ç�èÐçìâ�ÍÞæ÷ÓÚë Aìèüâ�ÙÚÙÜÓÚÝÞÓÜÖôâÅÛ¼ÍÞ×ñæ Íßæ ÛôÑºÓêä¼Ñ÷Ó âÅÛ¼Ñ Ì �
ZiΦ

Î·þ
� ×�Û¼ÓêÛ¼ÑîâÅÛ

Te
â�æºë

Ti
â�ÖËÓêâ�ÝÞÝ ÍÞæ õºæºÍ�ÛôäÒ×�éýÓ � å

γ
ÍÞä2# é®×ñÖÒÍÞäË×�ÛôÑºÓÜÖ¼àðâ�Ý úî× Rêå & �R/ é®×�Öíâ�ëºÍïâVAîâÅÛôÍßÙ

úî× R RíÍßÛ¼ÑòÍßä¼×�Û¼Ö¼×ñÔ÷ÍÞÙÒÔºÖËÓÚä¼äËõºÖ¼Ó â�æºë / é®×ñÖ â�ëºÍïâVAîâÅÛôÍßÙ úî× R � # �R$ Íßæ ÛôÑºÓ ÔºÖ¼Ó ��ä¼Ñ÷Ó âÅÛ¼Ñ þ ÏÒÑºÓíä¼ÑºÓÚâÅÛôÑ
Ôó×�Û¼ÓÚæìÛôÍÞâ�Ý

φ
ÍßäÒÍÞæ � â�æºë

Zi
ÍßäÒÛôÑºÓêÙ�Ñîâ�ÖËçñÓê×�éÈÍÞæºÙÜÍÞëºÓÜæ¤ÛíÍß×ñæºäÜþ

� ×ñÖíâ�úî×ñâÅÛôÍßæºç ä¼õºÖÊéÆâ�ÙÚÓÅå
Φ

ÍÞäÒç�ÍßöñÓÜæ AìèS� # �R$

Φ = Φfloat =
1

2
Te ln

[(
2π
me

mi

)(
1 +

Ti
Te

)] Ì @ þ #ÉÎ
â�æºë é®×ñÖ â AºÍïâ�äËÓÚë ä¼õ÷ÖËéÆâ�ÙÜÓ�å Û¼ÑºÓ ÔºÝïâÅä¼àðâðÍÞä¸ä¼ÑºÍßÓÚÝÞë÷ÓÚë é®Ö¼×�à Û¼ÑºÓ â�ÔºÔ÷ÝÞÍÞÓÜë öñ×�ÝßÛ�âÅçñÓ

Φapp

Aìè Û¼ÑºÓ
ä¼ÑºÓÚâÅÛôÑ Ô ×�ÛôÓÜæ¤Û¼Íïâ�ÝßäáâÅÛ¸ÛôÑºÓ âÅæº×¦ë÷Ó

Φa

â�æºë â¬ÛáÛôÑºÓ ÙÚâÅÛôÑ÷×¦ëºÓ
Φc

å�ä¼õºÙ�Ñ ÛôÑºâÅÛ
Φapp = Φa − Φc

å
RíÍßÛôÑ

Φa

çñÍ�öñÓÜæ Aìè
Φa = Te ln

[
2eΦfloat/Te

1 + eΦapp/Te

] Ì @ þ"!ñÎ
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� ×�Û¼Ó ÛôÑîâÅÛ8RíÑ÷ÓÚæ
Φapp = 0

å
Φa = Φc = Φfloat

þ ÏÒÑºÓÜÖ¼ÓÜé®×�Ö¼ÓêÛôÑºÓ=A ×ñàNAîâ�ÖËëºÍÞæ÷ç ÍÞ×ñæ ÓÜæºÓÚÖËç�è ÍÞä

Ei = Te + (
3

2
+ γ)Ti + ZiΦc.

Ì @ þ-/ìÎ
ÏÒÑ÷Ó ÍÞæºÙÜÍÞëºÓÜæ¤Û ÍÞ×ñæãúºõ¦û ×ñæÐÛ¼ÑºÓ ä¼õºÖÊéÆâ�ÙÚÓ Íßä ÛôÑ÷Ó äôâ�àòÓ â�ä Û¼ÑºÓ ÍÞ×ñæðúîõ¦û ÓÜæìÛôÓÚÖËÍÞæºç Û¼ÑºÓ ä¼ÑºÓÚâÅÛôÑ

é®Ö¼×ñà ÛôÑºÓêÔºÖËÓ ��äËÑºÓ â¬ÛôÑ
Γs = nsCs

Ì @ þ Q¤Î
RíÑºÓÚÖËÓ

ns(= ne = Zini
ÍÞäÒÛ¼ÑºÓ ÔºÝÞâ�ä¼àðâ ëºÓÚæ÷ä¼ÍßÛùè âÅÛ ÛôÑ÷Ó ÔºÝÞâ�ä¼àðâ ' ä¼ÑºÓÚâÅÛôÑüÍÞæìÛôÓÜÖËéÆâ�ÙÜÓ�å â�æºë

Cs
ÍÞä

ÛôÑºÓêäË×ñõºæºëüä¼Ô ÓÚÓÜë çñÍ�öñÓÚæ Aìè
((Te + γTi)/mi)

1/2
RíÑºÓÚÖËÓ

mi

ÍÞä Û¼ÑºÓêàãâÅä¼äí×�é ÛôÑºÓêÍÞ×�æ þ
ÏÒÑ÷ÓÕÑ÷Ó âÅÛíúîõ¦û ëºÓÚÔ ×ñä¼Í�ÛôÓÜë Aìè Íß×ñæºäÒÍÞäÒç�ÍßöñÓÜæ Aìè

qi = ΓsEi
Ì @ þ"&ñÎ

ÏÒÑºÓÕÑºÓ âÅÛÒúºõ¦ûüëºÓÚÔ ×ñäËÍßÛôÓÜë A¤è ÓÜÝÞÓÜÙÜÛôÖË×ñæºäí×ñæ ÛôÑ÷ÓÕäËõºÖËéÆâÅÙÚÓÕÍÞäÒçñÍ�öñÓÚæ Aìè
qe = 2TeCsnse

Φapp
Te

Ì @ þ-UìÎ
ÏÒÑ÷ÓÚÖ¼Ó·é®×ñÖ¼ÓÅå÷çñÍ�öñÓÜæãÛôÑºÓ¸ÔºÝïâ�äËàãâêÔîâ�Ö¼â�àòÓÜÛôÓÜÖ¼ä ×�é ëºÓÚæ÷ä¼ÍßÛùè

ns
å÷Íß×ñæðÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼Ó

Ti
â�æºëÐÓÜÝÞÓÜÙ '

ÛôÖË×ñæÕÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼Ó
Te

âÅÛ ÛôÑºÓ ÔºÝïâÅä¼àðâ 'ùäËÑºÓ âÅÛ¼ÑêÍÞæìÛôÓÜÖËéÆâ�ÙÜÓ�åÅâ�æºë Û¼ÑºÓ â�ÔºÔºÝßÍÞÓÜëêö�×ñÝßÛôâ�çñÓ
Φapp

åÅõºä¼Ó·é®õºÝ
ÍÞæ÷é®×�Ö¼àðâÅÛôÍß×ñæ é®×ñÖ T6F¦ø ÝÞÍIL�Óòâ öñÓÚÖ¼â�çñÓðÓÚæºÓÜÖ¼ç�è ×�é ÍÞæºÙÜÍÞëºÓÜæºÙÚÓ Ì#D G æ þ @ þ-/ìÎ·å ÛôÑºÓòÍÞæºÙÜÍÞëºÓÜæìÛ Íß×ñæ úºõ¦û
Ì#D G æ þ @ þ Q¤Î â�æ÷ëðÛôÑ÷Ó¸ÑºÓÚâÅÛ úºõ¦ûð×ñæðÛ¼ÑºÓ¸äËõºÖËéÆâ�ÙÜÓ Ì0D G æºäÜþ @ þ &�å @ þ"UìÎ Ù â�æ AóÓíé®×ñõºæºë þ � ×�Û¼Ó Û¼ÑîâÅÛ6R Óëº× æ÷×�Û ÑºâÂö�Ó â�æìèòÍÞæ÷é®×�Ö¼àðâÅÛôÍß×ñæ ×�é Û¼ÑºÓáâÅæºçñõºÝÞâ�Ö ëºÍÞäÊÛôÖ¼ÍIAºõ÷Û¼ÍÞ×ñæ�×�é Û¼ÑºÓ7Aó×ñà2Aîâ�Ö¼ë÷ÍÞæºçÕÍÞ×ñæ÷äÚå RíÑºÍÞÙ�Ñ
Ù â�æ âVSóÓÚÙ·ÛêÔºÑìè¦äËÍÞÙÚâ�Ý ä¼Ôºõ¦Û¼ÛôÓÜÖ¼Íßæºç è¦ÍßÓÚÝßëºäêâ�æºë1Aîâ�Ù"L¤äËÙ âÅÛËÛôÓÚÖËÍÞæºçüÙÚ×�Ó(OòÙÜÍÞÓÚæìÛ¼äÚþ � Ó�â�ä¼äËõºàðÓ Û¼ÑîâÅÛ
ÍÞæ Û¼ÑºÓÐâVAºä¼ÓÜæºÙÚÓ ×�éíÙÜ×ñÝÞÝßÍÞäËÍÞ×ñæºä Íßæ ÛôÑ÷Óãä¼Ñ÷Ó âÅÛ¼Ñ å â�ÝÞÝ ÍÞ×�æºä âÅÖ¼Ó â�ÙÜÙÚÓÜÝÞÓÚÖ¼âÅÛôÓÜë Ûô× öñÓÚÝß×¦ÙÜÍßÛ¼ÍÞÓÚäÕà�õºÙ�Ñ
çñÖ¼ÓÚâÅÛôÓÜÖ Û¼Ñîâ�æ Û¼ÑºÓÚÍßÖÕÛ¼ÑºÓÚÖËàãâÅÝ ö�ÓÚÝß×¦ÙÜÍßÛôÍßÓÚäãÌ®Ûùè�ÔºÍßÙ â�ÝßÝßè √

2Ei/mi

Î âÅæºë Û¼ÑºÓÚÖËÓÜé®×ñÖËÓÐâ�ÖËÓãàò×ñÖ¼Óò×ñÖ
ÝÞÓÜä¼äíæº×ñÖËàãâ�ÝßÝßèòÍÞæ÷ÙÚÍÞë÷ÓÚæìÛí×ñæ ÛôÑºÓêä¼õ÷ÖËéÆâ�ÙÜÓÕÍ�éýÍ�ÛÒÍÞäíâÅä¼ä¼õ÷àðÓÜë ÛôÑºâÅÛÒÛôÑºÓÜÖ¼ÓÕâ�ÖËÓÕæ÷×òàðâ�çñæ÷ÓÜÛôÍßÙ%HîÓÜÝÞëºä
ÔºÖ¼ÓÜä¼ÓÜæ¤ÛÚþ
9 5 4E5+* � LOF ? :>=�� �>N�=CBED
ÏÒÑºÓP/ 'ùë ÑºÓÚâÅÛíëºÍISóõºäËÍÞ×ñæ Ó G õîâ¬ÛôÍÞ×�æüÍßäÒçñÍßö�ÓÚæ AìèS� 	.& $$U

∂

∂x

(
kx
∂T

∂x

)
+

∂

∂y

(
ky
∂T

∂y

)
+

∂

∂z

(
kz
∂T

∂z

)
+ S = ρCp

∂T

∂t

Ì @ þ"VñÎ
RíÑºÓÚÖËÓ

T
ÍÞä Û¼ÑºÓ Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼ÓÅå

(x, y, z)
â�Ö¼ÓíÛôÑ÷Ó / � âÅÖËÛôÓÜä¼ÍÞâ�æãÙÜ×¦×ñÖËëºÍÞæºâÅÛôÓÜäÚå

k
äÊÛ�â�æºë÷ä é®×ñÖ ÑºÓ â¬Û

ÙÚ×ñæ÷ëºõºÙÜÛ¼Íßö�ÍßÛùè�å
S
ÍÞä ÛôÑ÷Óíö�×ñÝÞõ÷àðÓ·ÛôÖ¼ÍßÙÒä¼×ñõ÷Ö¼ÙÚÓÜä ×ñÖ äËÍÞæ L¤ä ×�é Ñ÷Ó âÅÛ Ô ÓÚÖ õºæºÍ�Û Û¼ÍÞàòÓ�å

ρ
ÍÞä Û¼ÑºÓ ë÷ÓÚæºäËÍßÛùè



� � � ���������T�Q�4
 ��� 
��<� � � ��� ��
 � ��� ���#�0� �S� ��� � � � � � � 	 � � � �

×�é�ÛôÑºÓ ä¼õºÖÊéÆâ�ÙÚÓ¸àãâÅÛ¼ÓÚÖËÍïâ�Ý´å
Cp

ÍÞä ÛôÑºÓáäËÔóÓÜÙÚÍ:HîÙáÑºÓÚâÅÛ ×�é�Û¼ÑºÓ¸àðâÅÛ¼ÓÚÖ¼ÍÞâ�Ý âÅÛ ÙÚ×ñæºäÊÛ�â�æìÛÒÔ÷Ö¼ÓÚäËä¼õºÖËÓêâ�æºë
t
ÍÞä Û¼ÑºÓ ÛôÍßàðÓ¸öÅâ�ÖËÍïâ�A÷ÝÞÓ�þ
@ õºæºÍ�é®×ñÖ¼àüå äËÛ¼Ó â�ë÷è äÊÛ�âÅÛ¼ÓðÔºÝÞâ�ä¼àðâ ÍÞäÕâ�ä¼äËõºàòÓÚë Û¼× A ÓðÍßæ ÙÜ×ñæìÛ�â�Ù·Û2RíÍ�ÛôÑ â ä¼õ÷ÖËéÆâ�ÙÜÓ�þ ÏÒÑºÓ

ÑºÓ âÅÛÐëºÍISóõºä¼Íß×ñæ Íßæ¤Û¼× ÛôÑ÷Ó ÔºÝïâ�äËàãâ�' éÆâ�ÙÜÍÞæºç ä¼õºÖÊéÆâ�ÙÚÓ Íßä â�äËä¼õºàòÓÚë Û¼× AóÓ # 'ùëºÍßàðÓÜæºä¼Íß×ñæîâ�Ý´þ ÏÒÑºÓ
ÛôÑºÓÜÖ¼àðâ�Ý ÙÜ×ñæºëºõºÙ·ÛôÍ�ö¦Í�Ûùè ëºÓÜÔóÓÜæºëºÓÜæºÙÚÓü×ñæ ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼Ó Ù âÅæ AóÓ ëºÓÜä¼ÙÜÖ¼ÍWA ÓÚë Aìè

1
aT+b

Íßæ àð×ñäÊÛ
Ù â�äËÓÚä � 	.UR$´þ ø Û�ÍÞä â�Ýßä¼× âÅä¼ä¼õ÷àðÓÜë ÛôÑîâ¬Û ÛôÑ÷ÓÚÖ¼Óãâ�Ö¼Óðæº× A÷õºÝWL ä¼×�õºÖ¼ÙÜÓÚä�×ñÖÕä¼Íßæ L¤ä�×�éÒÑ÷Ó âÅÛÚþ � Í�ÛôÑ
ÛôÑºÓÜä¼Ó â�ä¼äËõºàðÔ¦ÛôÍÞ×�æºä ÛôÑºÓ / ' ë å÷Û¼ÍÞàòÓáëºÓÚÔ ÓÚæ÷ëºÓÚæìÛ ÑºÓ âÅÛ ëºÍ:S õ÷ä¼ÍÞ×�æüÓ G õîâÅÛôÍß×ñæ Ö¼ÓÜëºõºÙÚÓÜä Û¼×

∂

∂x

(
k
∂T

∂x

)
= 0

Ì @ þ 9ìÎ
ÛôÑºÓ äËÛôÓÚâ�ë÷èðäËÛôâÅÛôÓP# 'ùëðÑºÓ âÅÛ ëºÍISóõºäËÍÞ×ñæòÓ G õîâÅÛ¼ÍÞ×ñæ Ì�RíÍ�ÛôÑº×ñõ¦Û Aºõ÷ÝWL öñ×ñÝßõºàòÓÜÛôÖËÍÞÙíä¼×�õºÖ¼ÙÜÓÚä ×ñÖ ä¼Íßæ L¤ä�Î
� 		&�$°þ

ÏÒÑ÷Ó Ñ÷Ó âÅÛ úîõ�û ÍÞæ÷ÙÚÍÞë÷ÓÚæìÛ ×ñæ�ÛôÑ÷ÓÒä¼õºÖÊéÆâ�ÙÚÓíÍÞäýõºä¼ÓÜëòÛ¼× ÍÞàòÔºÝÞÓÜàðÓÜæ¤Û â � ÓÜõºàãâÅæºæ �¤Ûùè�Ô Ó7A ×ñõºæ÷ëA'
â�ÖËè ÙÜ×ñæºëºÍ�ÛôÍß×ñæ âÅÛÒÛôÑ÷ÓÕÔ÷Ýïâ�äËàãâ '°éÆâ�ÙÚÍßæºç ÓÜæºë

(x = 0)

−k(T )
∂T

∂x
= qi + qe

Ì @ þ 	ìÎ
RíÑºÓÚÖËÓ

qi
â�æºë

qe
â�ÖËÓ çñÍßö�ÓÚæPAìè1D G æºäÚþ @ þ"&¦å @ þ-U÷þÕÏÒÑºÓÚÖËÓÜé®×ñÖËÓ�å�ÛôÑ÷Ó ÍÞæºÙÜÍÞëºÓÜæ¤ÛáÑºÓ âÅÛ¸úîõ¦û ×ñæ Û¼ÑºÓ

ä¼õºÖÊéÆâ�ÙÚÓ ÓÜæ¤Û¼ÓÚÖËä�ÛôÑºÓ Ó G õºâÅÛôÍß×ñæºä â�ä�â Aó×ñõ÷æºëîâ�ÖÊè ÙÜ×ñæºëºÍ�ÛôÍÞ×�æMRíÑºÍßÙ�Ñ Íßä�â�æ Ó'S ÓÜÙÜÛ¼ÍßöñÓ Ñ÷Ó âÅÛ�úºõ¦û
ä¼×ñõºÖËÙÚÓ âÅÛÒÛôÑ÷Ó3A ×ñõºæºëºâ�ÖËè äËõºÖËéÆâÅÙÚÓ�þ � ×ÅÛôÓ ÛôÑîâ¬Û ÙÜ×¦×�ÝÞÍÞæ÷ç�×�éýÛ¼ÑºÓêä¼õºÖÊéÆâ�ÙÚÓÕëºõºÓ Û¼×ðÖ¼â�ëºÍïâ¬ÛôÍÞ×�æ â�æºë
ÓÜöÅâ�Ô ×ñÖôâÅÛ¼ÍÞ×ñæ ×ñÖÒäËõ AºÝßÍÞàðâÅÛôÍß×ñæ ÍÞäÒæºÓÜçñÝÞÓÜÙÜÛ¼ÓÚë þ ÏÒÑºÓ âÅëºëºÍßÛ¼ÍÞ×ñæºâ�Ý ÙÚ×�æ¤Û¼Ö¼ÍIAºõ÷ÛôÍß×ñæ Ûô× ÛôÑ÷Ó ëºÓÜÔó×�ä¼ÍßÛ¼ÓÚë
ÑºÓ âÅÛ7Aìè Íß×ñæ Ö¼ÓÚÙÜ×ñàNAºÍßæîâÅÛ¼ÍÞ×ñæÐ×�æüÛ¼ÑºÓ Û�â�ÖËçñÓÜÛíÍßäíâ�ÝÞäË× æºÓÚçñÝßÓÚÙ·ÛôÓÚë þ

ÏÒÑ÷Ó¸ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõºÖËÓ¸â¬Û Û¼ÑºÓ¸ÙÜ×¦×ñÝ ÓÜæºë
(x = L)

ÍÞä ä¼Ô ÓÚÙÚÍ:HîÓÚëðÛô×�ÍßàðÔºÝßÓÚàòÓÚæìÛ â � ÍÞÖ¼ÍßÙ�ÑºÝÞÓ·Û7'°Ûùè¦Ô Ó
Aó×ñõ÷æºëîâ�ÖÊè ÙÚ×ñæ÷ëºÍßÛ¼ÍÞ×ñæ þ

T (L) = TL
Ì @ þ # �ìÎ

� Í�ÛôÑ ÛôÑºÓ â�ä¼äËõºàðÓÜë
1

aT+b

öÅâ�ÖËÍïâÅÛ¼ÍÞ×ñæ ×�é
k
åíâ�æºë äË×ñÝßö�Íßæºç D G æ þ @ þ 9MRíÍßÛ¼Ñ ÛôÑºÓ Aó×�õºæºëîâ�ÖÊè

ÙÚ×ñæºë÷ÍßÛôÍß×ñæºä�ä¼Ô ÓÚÙÜÍIHîÓÜë Aìè D G æ þ @ þ 	 âÅæºë D G æ þ @ þ # � Ö¼ÓÜä¼õºÝ�ÛôäòÍÞæ ÛôÑºÓ ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼Ó
Tp

âÅÛðÛ¼ÑºÓ
ä¼õºÖÊéÆâ�ÙÚÓðÌ´âÅä Íßæ � 	.U�$¨Î çñÍ�öñÓÜæ Aìè U

Tp =

(
TL +

b

a

)
ea(qi+qe)L − b

a

Ì @ þ #0#ÉÎ



� ��� � ��������� 	 ������
@� �.�P�#� ��� � � �����0� � �Q�4
 ��� � �

9 5 4E5�8 � � J 0 F6KML =CD ?AL J)F6K�?1=CB6D
� Ó�ÔºÖËÓÚäËÓÚæìÛ â ��'ùë äËÛ¼Ó â�ë¦è äËÛôâÅÛôÓ ÔîâÅÖËÛôÍßÙÚÝßÓ úîõ¦û1Aºâ�Ýïâ�æ÷ÙÚÓ�Ó G õºâÅÛôÍß×ñæºäáé®×ñÖ äËõºÖËéÆâ�ÙÜÓ ÍÞæìÛôÓÜÖôâ�Ù·ÛôÍß×ñæºä
RíÍßÛ¼Ñ Ñ¤è�ëºÖË×ñçñÓÜæ â�ä ÛôÑºÓ ÔºÝÞâ�ä¼àðâãäËÔóÓÜÙÚÍÞÓÜäêâ�æºë çñÖ¼â�ÔºÑºÍ�ÛôÓ�âÅäáÛôÑºÓ�Ûôâ�Ö¼çñÓ·Û þêø ÛêÍÞä¸ä¼ÍÞàòÍÞÝÞâ�ÖÒÛô×S� 		V�$´å
Aºõ÷Û!RíÍ�ÛôÑ1Aîâ�Ù"L¤ä¼ÙÚâÅÛ¼Û¼ÓÚÖËÍÞæºç ×�é ÛôÑ÷ÓòÖËÓÜÛ¼õºÖ¼æºÍßæºç Ù âÅÖ A ×ñæ úîõ¦û ÙÜ×ñæºäËÍÞëºÓÜÖ¼ÓÚë â�æºë Íßä â�ÝÞäË× Ó·û�ÛôÓÜæºëºÓÜë
Ûô× ÙÚâ�ÝÞÙÜõºÝïâÅÛ¼Óðæ÷ÓÜÛ�ÓÚÖË×ñä¼Íß×ñæ þ ÏÒÑºÓÐâ�ëºëºÍ�ÛôÍÞ×�æ ×�é7Aîâ�Ù"L¤äËÙ âÅÛËÛôÓÚÖËÍÞæºç ×Åé Û¼ÑºÓÐÍßæºÙÚÍßëºÓÚæìÛ�ÙÚâ�Ö A ×ñæ Íß×ñæºä
ÍÞä æºÓÚÙÜÓÚä¼ä¼â�ÖËè ×ñæºÝ�è RíÑ÷ÓÚæ ×ñæºÓ Ù â�æ ë÷ÍISóÓÚÖ¼ÓÜæìÛôÍïâ¬ÛôÓ AóÓ·Û R ÓÜÓÚæ ÛôÑºÓ3Aîâ�Ù"L¤ä¼ÙÚâÅÛ¼Û¼ÓÚÖ¼ÓÜë Ù â�Ö Aó×ñæ âÅÛô×ñàòä
â�æºëðä¼Ôºõ÷ÛËÛôÓÜÖ¼ÓÚëðÙ â�Ö Aó×�æãâÅÛ¼×ñàòäÚþýÏÒÑ÷Ó¸ä¼ÓÜàðÍ 'ùÓÜàðÔºÍßÖ¼ÍßÙ â�Ý¤é®×ñÖ¼à õºÝïâ�äÈé®×ñÖ ä¼Ôºõ÷ÛËÛôÓÜÖ¼ÍÞæ÷çÕè�ÍÞÓÜÝÞë � 	A# $óâ�æºë
Aîâ�Ù"L¤ä¼ÙÚâÅÛ¼Û¼ÓÚÖËÍÞæºç � 	./÷å�	0Q $ÒÍÞàòÔºÝßÍÞÓÚäÕëºÍ:S ÓÜÖ¼ÓÚæìÛ¼ÍïâÅÛ¼ÍÞ×ñæMAóÓ·Û R ÓÜÓÚæ Û¼ÑºÓÐÙÚâ�Ö A ×ñæ ä¼Ôºõ¦Û¼ÛôÓÜÖ¼ÓÜë â�æ÷ë ÛôÑºÓ
Ù â�Ö Aó×�æ AîâÅÙ"L�äËÙ âÅÛËÛôÓÜÖ¼ÓÚë þ

� ×�æºä¼ÍßëºÓÚÖòâ�æ ÍÞæ÷ÙÚÍÞë÷ÓÚæìÛ�úîõ¦û ×�é Ñìè¦ë÷Ö¼×ñçñÓÜæ Íß×ñæºä
ΓH

þ ÏÒÑºÍßäòÖËÓÚäËõºÝßÛ¼äòÍßæ â äËÔºõ÷Û¼Û¼ÓÚÖËÓÚë úºõ¦û
×�éÒÙÚâ�Ö A ×ñæ â¬Ûô×ñàòäÚþ F¦×�àðÓò×�é Û¼ÑºÍÞäêúîõ¦û ×�éÒÙÚâ�Ö A ×ñæ âÅÛô×ñàòäêçñÓÜÛ¼ä Íß×ñæºÍ
�ÜÓÚë â�æºë ÖËÓÜÛ¼õºÖ¼æºäÕÛô×üÛôÑºÓ
Û�â�ÖËçñÓÜÛÚþ ÏÒÑºÓ Ö¼Ó·ÛôõºÖËæºÍÞæ÷ç úîõ¦ûÐ×�é Ù â�Ö Aó×ñæ âÅÝÞä¼× Ù â�õºäËÓÚäÒäËÓÚÝßé äËÔºõ÷Û¼Û¼ÓÚÖËÍÞæºç ×�é çñÖ¼â�ÔºÑºÍ�ÛôÓÅþ @ é®ÖôâÅÙÜÛôÍß×ñæ
RN

×�é ÛôÑºÓÕÖ¼Ó·ÛôõºÖËæºÍÞæºç úîõ�ûü×�éýÙÚâ�Ö A ×ñæ âÅÛô×�àðäíâ�Ýßä¼× Aîâ�Ù"L¤äËÙ âÅÛËÛôÓÚÖËä¸é®Ö¼×�à ÛôÑ÷Ó äËõºÖËéÆâ�ÙÜÓ�å RíÍßÛ¼Ñ ÛôÑºÓ
Ö¼ÓÜàãâ�ÍßæºÍÞæ÷çüé®Ö¼â�ÙÜÛ¼ÍÞ×ñæ

(1 − RN)
çñÓ·Û¼Û¼ÍÞæºç Ö¼ÓÚë÷ÓÚÔ ×ñä¼Í�ÛôÓÚë ×ñæ ÛôÑ÷ÓðÛ�âÅÖ¼çñÓ·Û þ øùæ â�ëºëºÍ�ÛôÍÞ×�æ Û¼× ÛôÑ÷ÓÚä¼Ó

ÔºÖ¼×�ÙÚÓÜä¼äËÓÚä ÛôÑºÓÜÖ¼Ó Íßä â�ÝÞäË× âÐäËÛ¼Ó â�ë÷è úîõ¦û ×�é Ù â�Ö Aó×ñæ â¬Ûô×ñàòä¸Ó·ö�âÅÔó×ñÖ¼âÅÛôÓÜë é®Ö¼×ñà ÛôÑ÷Ó ä¼õºÖÊéÆâ�ÙÚÓÅþ @

Γ

Γ

ΓΓΓ

Γ

1( −R1− ) )

f=

Y

Y= Y R

1( f− )

R

Γ
C

C

CC

H

+

++

r

out

out

H H

ret C

N C
Γ

C

C

R
H

N
Γ

H Y
H

Γ
H

Γ Γ
ret

r C

out
C

ret
R

N

C

C
Γ

ret

(
H

N H N

C ret
Γ

C�������������Õ ���£ 
²ÀïÁ¸«Æ´»Ë±ÜÁ & «Æ°±²´» «Æª¬¯Æ¹�±Ü½¾» »Ê¯°µÜ«´³ÄµÜ¶7� µÂÁÂ»Ê§
äËÛ¼Ó â�ë÷èÐäËÛ�â¬ÛôÓáÔºÍßÙÜÛ¼õºÖ¼Ó ×�é âÅÝÞÝóÛ¼ÑºÓáÔºÖË×¦ÙÜÓÚäËä¼ÓÚä ÍÞæìö�×ñÝßö�ÓÚë ÍÞä ä¼Ñº× RíæüÍÞæ � Íßçºþ @ þ #ñþ � Ó ä¼ÓÚÓáé®ÖË×ñà ÛôÑºÓ
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HîçñõºÖËÓ ÛôÑºâÅÛ ÍßæãäÊÛôÓ âÅë÷èòäËÛ�â¬ÛôÓ Û¼ÑºÓ Û¼×�Û�âÅÝ úºõ¦ûð×�é�Ù âÅÖ A ×ñæÐâÅÛ¼×ñàòä çñ×�ÍÞæºç â�R â èòé®Ö¼×ñà Û¼ÑºÓ Ûôâ�Ö¼çñÓ·Û Íßä
ΓoutC = YHΓH + YCΓretC +RC

NΓretC + ΓevapC

Ì @ þ #�!ñÎ
RíÑºÓÚÖËÓ

YHΓH
ÍÞä Û¼ÑºÓ Û¼×�Û�âÅÝîä¼Ôºõ÷ÛËÛôÓÜÖ¼ÓÚëðúîõ¦ûò×�é Ù â�Ö Aó×ñæðâÅÛ¼×ñàðä ëºõ÷Ó Û¼× Ñìè�ëºÖ¼×�çñÓÚæÐÍßæºÙÚÍßëºÓÚæ÷ÙÚÓ â�æºë

YH
ÍÞä â äËõºà ×�é ÛôÑ÷ÓãÔºÑìè�ä¼ÍßÙ â�Ý´åýÙ�ÑºÓÜàðÍßÙ â�Ý â�æºë BED6F è�ÍßÓÚÝÞë ÙÚ×ñæìÛ¼Ö¼ÍWA÷õ÷ÛôÍß×ñæºäÕ×�é  ÍÞæºÙÜÍÞëºÓÜæ¤Û ×ñæ

çñÖôâ�Ô÷ÑºÍßÛ¼Ó�U
YH = Y phy

H + Y chem
H + Y RES

H

Ì @ þ # /ìÎ
â�æºë

YCΓretC
ÍÞä ÛôÑ÷ÓêÛ¼×�Û�âÅÝ ä¼ÓÜÝßé 'ùäËÔºõ÷ÛËÛôÓÚÖËÍÞæºç úîõ�û RíÍßÛ¼Ñ

YC
çñÍßö�ÓÚæ Aìè

YC = Y phy
C + Y RES

C

Ì @ þ #�Q¤Î
RC
NΓretC

ÍÞäýÛ¼ÑºÓ8Aîâ�Ù"L¤ä¼ÙÚâÅÛ¼Û¼ÓÚÖËÓÚëãÙÚâ�Ö A ×ñæ úîõ¦û â�æºë
ΓevapC

ÍßäýÛôÑºÓíÓ·ö�âÅÔó×ñÖ¼âÅÛôÓÜë�úîõ¦û�×ÅéóÙÚâ�Ö A ×ñæ þ
ΓretCÍÞä ÛôÑ÷Óêé®Ö¼â�ÙÜÛ¼ÍÞ×ñæ

fr
×�é

ΓoutC

ÛôÑîâ¬ÛíÖ¼ÓÜÛ¼õºÖ¼æ÷ä Û¼×�Û¼ÑºÓ Û�â�ÖËçñÓÜÛ â¬é¨ÛôÓÚÖÒÍß×ñæºÍ�� âÅÛ¼ÍÞ×ñæÐÍßæ ÛôÑºÓêÔºÝÞâ�ä¼àðâ÷þ
ΓretC = frΓ

out
C

Ì @ þ #�&ñÎ
fr

ÍÞäòâ�æ Ó²û�ÛôÓÚÖËæîâ�Ý Ôîâ�Ö¼â�àðÓ·ÛôÓÜÖCRíÑºÍßÙ�Ñ ÍßäðâÅæ ÍÞæ÷Ôºõ÷ÛòÛô× ÛôÑºÓ àð×�ëºÓÚÝíâÅæºë äËÑº×ñõºÝßë ÙÚ×�àðÓ é®Ö¼×ñà
ÍÞàòÔºõºÖ¼Í�ÛùèðÛ¼Öôâ�æ÷ä¼Ô ×ñÖËÛíÙÚâ�ÝÞÙÜõºÝïâÅÛ¼ÍÞ×ñæ÷äÚþ

ÏÒÑ÷ÓÕúîõ�û ×�éÈÙ â�Ö Aó×ñæüâÅÛ¼×ñàòäÒÝÞ×ñäÊÛÒé®Ö¼×ñà ÛôÑºÓêä¼õ÷ÖËéÆâ�ÙÜÓ Íßä
ΓlossC = ΓoutC −RC

NΓretC

= YHΓH + YCΓretC + ΓevapC

Ì @ þ # UìÎ
â�æºë ÛôÑºÓáúîõ�ûü×�éýÙÚâ�Ö A ×ñæüâÅÛ¼×ñàðäÒÖËÓÚëºÓÜÔó×�ä¼ÍßÛ¼ÓÚë AìèÐÛôÑºÓêÖËÓÜÛôõ÷Ö¼æºÍßæºç�Ù â�Ö Aó×ñæ úîõ¦û ÍÞä

ΓredepC = (1− RC
N)ΓretC

Ì @ þ #�VñÎ
� ÖË×ñà D G æºäÚþ @ þ #�!¦å @ þ #�&KR ÓêçñÓ·Û

ΓretC =
fr(YHΓH + ΓevapC )

1− fr(YC +RC
N )

Ì @ þ # 9ìÎ
ÏÒÑºÓêçñÖ¼×ñäËäíÓ(SóÓÚÙÜÛ¼Íßö�Ó äËÔºõ÷Û¼Û¼ÓÚÖËÍÞæºç è�ÍÞÓÜÝÞë åºë÷Ó(HîæºÓÜë â�ä

ΓlossC /ΓH
åîõºä¼ÍßæºçCD G æºäÜþ @ þ # Uãâ�æºë @ þ # 9�ÍÞä

Y eff
gross =

(YH + ΓevapC /ΓH)(1− frRC
N )

1− fr(YC +RC
N )

Ì @ þ # 	ìÎ
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ÏÒÑºÓ¸æ÷ÓÜÛ Ó'S ÓÜÙÜÛ¼ÍßöñÓ¸ä¼Ôºõ÷ÛËÛôÓÜÖ¼ÍÞæ÷ç è�ÍÞÓÜÝÞë å¤ëºÓ'HîæºÓÚë âÅä
(ΓlossC −ΓredepC )/ΓH

å¦õºä¼ÍßæºçND G æºäÜþ @ þ #�U¦å @ þ #�Vâ�æºë @ þ # 9 ÍÞä
Y eff
net =

(YH + ΓevapC /ΓH)(1− fr)
1− fr(YC +RC

N )

Ì @ þ"!��ìÎ
� Íßö�ÓÚæ âòÛ�âÅÖ¼çñÓ·Û¸ëºÓÜæºä¼Í�Ûùè

ntrg(gm/cm
3)

ÛôÑºÓ çñÖ¼×�ä¼ä¸×�Ö æºÓ·Û¸Û¼ÑºÍÞÙ"L¤æºÓÜä¼äáÓÜÖ¼×�ëºÓÚë Ô ÓÚÖ ä¼ÓÜÙÚ×ñæ÷ë
ÌÆÍ´þÄÓÅþ ÛôÑºÓêçñÖË×ñä¼äí×ñÖÒæºÓ·Û ÓÚÖ¼×�ä¼ÍÞ×�æüÖ¼âÅÛôÓê×�é ÛôÑ÷ÓêÛôâ�Ö¼ç�ÓÜÛ²Î ÍßäÒçñÍßö�ÓÚæ Aìè

G =
Y eff
gross,net ΓH M

ntrg 6.0221× 1023
(cm/sec)

Ì @ þ !A#ÂÎ
RíÑºÓÚÖËÓ � Íßä ÛôÑºÓ àò×ñÝÞÓÜÙÚõºÝÞâ�Ö�R ÓÚÍßçñÑìÛ ×�é�ÛôÑºÓ Ûôâ�Ö¼çñÓ·Û ÍÞæêâ�à õ âÅæºë

ΓH
ÍÞä�çñÍ�öñÓÚæêÍßæ Ôîâ�ÖËÛ¼ÍÞÙÜÝÞÓÚä

/cm2/s
þ

ÏÒÑ÷ÍÞäòàð×�ëºÓÚÝÒÍßä�Ö¼Ó âÅëºÍÞÝ�è Ó·û�ÛôÓÜæºä¼ÍIAºÝÞÓüÛô× â�æ âÅÖ AºÍ�ÛôÖôâÅÖËè Ù�ÑîâÅÖ¼çñÓüäËÛôâÅÛôÓ ëºÍÞäÊÛôÖ¼ÍIAºõ÷Û¼ÍÞ×ñæ ×�é ÛôÑºÓ
ÍÞæºÙÜ×ñàòÍÞæºçÐÍß×ñæºäêâ�æ÷ë ÓÜæºÓÚÖËçñÓÜÛ¼ÍÞÙ�æºÓÜõ÷ÛôÖ¼â�ÝÞäÜå�ÔºÖ¼×Âö�ÍÞëºÓÜë ×�æºÓòâ�ÙÚÙÜ×ñõºæìÛôä é®×ñÖêâ�ÝßÝÈÛ¼ÑºÓ�Ù�Ñîâ�Ö¼ç�ÓòäÊÛ�âÅÛ¼ÓÚä
â�æºë ÛôÑºÓÜÍÞÖÒÖËÓÚä¼Ô ÓÚÙ·ÛôÍ�öñÓÕÍÞæºÙÜÍÞëºÓÜæ¤ÛíÓÜæºÓÚÖËçñÍÞÓÜä â�æºë è¦ÍßÓÚÝßëºäÒä¼ÓÜÔîâ�Öôâ¬ÛôÓÚÝ�èñþ
� ��� � '(���NM�	#�

� äËÍÞæºçÐÛ¼ÑºÓ�ä¼ÍßàðÔ÷ÝÞÓ àò×�ëºÓÚÝ é®×ñÖ!T6F¦ø�å�âÅä¼ä¼õ÷àðÍßæºç
Ti = Te

åóÛôÑºÓ Ûôâ�Ö¼ç�ÓÜÛáÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼Ó Ì � ×ñçºþ @ þ"!ñÎâ�æºë Û¼ÑºÓ ç�Ö¼×ñäËäýÓÚÖË×ñä¼Íß×ñæ�Ö¼âÅÛôÓáÌ � Íßçºþ @ þ"/ñÎ âÅÖ¼Ó Ô÷ÝÞ×�ÛËÛôÓÚëÕé®×ñÖÈâ ÝÞ× R ëºÓÜæºä¼Í�Ûùè
(2.0×1013/cm3/s)

â�æºë
é®×ñÖ â ÑºÍßçñÑ�ëºÓÚæ÷ä¼ÍßÛùè

(8.0×1013/cm3/s)
Ù âÅä¼Ó�þ � ×�ÛôÓíÛôÑºâÅÛ Û¼ÑºÓÚÖËÓ Íßä âÕÖ¼â�æºçñÓ ×�é

Ti
RíÑ÷ÓÚÖ¼ÓÜÍÞæòÛôÑºÓ

çñÖ¼×�ä¼äáÓÜÖ¼×ñäËÍÞ×ñæ ÖôâÅÛ¼Ó�Ñîâ�ä¸âãÝÞ×�Ù â�Ý àðâ¬û¦ÍÞà�õ÷à þíÏÒÑºÓ úîâÅÛ¼Û¼ÓÚæºÍßæºçÐ×�S ×�é Û¼ÑºÓ Û�âÅÖ¼çñÓ·Û¸ÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼Ó
Ì´â�æ÷ë�ÛôÑºÓÜÖ¼ÓÜé®×�Ö¼Ó çñÖË×ñä¼äýÓÚÖ¼×�ä¼ÍÞ×�æ�ÖôâÅÛ¼ÓÂÎÈÍßæ Û¼ÑºÓ ÑºÍßçñÑ�ëºÓÜæºä¼Í�Ûùè�Ù âÅä¼Ó Íßä â�ÖÊÛôÍIHºÙÚÍïâÅÝ A ÓÚÙÚâ�õºäËÓ ÛôÑºÓ Ûôâ�Ö¼ç�ÓÜÛ
ä¼õºÖÊéÆâ�ÙÚÓ Û¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼Ó�ÍÞä æ÷×�ÛÕâ�ÝÞÝß× R ÓÜë Û¼× Öôâ�Íßä¼Ó�â�A ×ÂöñÓI/ � � � � þ � Ö¼×�à � Íßçºþ @ þ !ÐâÅæºë � ÍÞçºþ @ þ Q
R Óòä¼ÓÜÓ ÛôÑîâÅÛêÛ¼ÑºÍÞä ÍßäáÛôÑºÓ�ÖôâÅæºçñÓNRíÑºÓÜÖ¼Ó�ÛôÑºÓ�ä¼õ÷ÖËéÆâ�ÙÜÓòÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼Ó ×�é ÛôÑ÷Ó�Ûôâ�Ö¼ç�ÓÜÛêÍÞä ÍßëºÓ âÅÝýé®×ñÖ
àãâÉû÷Íßà�õºà Ù�ÑºÓÚàòÍÞÙÚâ�Ý�ÓÚÖË×ñä¼Íß×ñæ þ

ÏÒÑ÷Ó ÝÞ×�Ù â�Ý�àðâ¬û¦ÍÞà�õºà äËõºçñçñÓÜäËÛôä Û¼ÑîâÅÛ Û¼ÑºÓÚÖËÓ ÙÚ×�õºÝÞëKA ÓÒâ¸ÔºÝÞâ�ä¼àðâ¸ÔîâÅÖôâ�àòÓÜÛ¼ÓÚÖýÖ¼â�æºçñÓ RíÑºÓÚÖËÓÚÍÞæ
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øùæ Û¼ÑºÍÞäáâ�ÔºÔ ÓÚæºëºÍ û R Ó ÔºÖËÓÚä¼ÓÜæìÛÕÛ¼ÑºÓ�äËÓÚàòÍ ��ÓÜàðÔºÍßÖ¼ÍßÙ â�Ý�é®×ñÖËà�õºÝïâÅä7R Ó Ñîâ öñÓ�ÍÞàòÔºÝßÓÚàòÓÚæìÛôÓÜë â�ä
Ôîâ�ÖÊÛ ×�éºÛ¼ÑºÓ äËÍÞàòÔºÝÞÓ àò×¦ëºÓÜÝìé®×ñÖ T6F¦ø Ì @ ÔºÔ ÓÚæºëºÍ ûóþ @ Î �-!A#�$÷â�æºë�ÍßæºÙÚ×ñÖËÔó×�ÖôâÅÛ¼ÓÚë ÍßæìÛô×!F1(2* T6F3' J%!¦þ"&¦þ
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- �%� � " V �������QM ��( � 	)	�' R �%�NT

ÏÒÑºÓ¸ÔºÑìè�ä¼ÍßÙ â�Ýóä¼Ôºõ¦Û¼ÛôÓÜÖ¼Íßæºç è�ÍÞÓÜÝÞë
Y phy

ÙÚâ�ÝÞÙÜõºÝïâ¬ÛôÍÞ×�æòÍßä Aºâ�ä¼ÓÜë ×ñæðÛ¼ÑºÓ¸ÓÜàðÔºÍßÖ¼ÍßÙ â�Ýºé®×ñÖËà�õºÝÞâ�ä ÙÚ×ñà '
ÔºÍÞÝßÓÚë�Íßæ � 	A# $´þ ÏÒÑºÓ8J ×�Ñºëîâ�æºä Lìè�é®×ñÖ¼à õºÝïâP� # ��	 $ºÍßä õºäËÓÚë Ûô×áë÷ÓÜÛôÓÜÖ¼àòÍÞæºÓ ÛôÑºÓ äËÔºõ÷ÛËÛôÓÚÖËÍÞæºçáè�ÍßÓÚÝÞë é®×ñÖ
æº×ñÖ¼àðâ�Ý ÍÞæºÙÜÍÞëºÓÜæºÙÚÓ¸×�é â�ÔºÖ¼×ÉØËÓÚÙÜÛ¼ÍÞÝßÓ¸×ñæ â Ûôâ�Ö¼çñÓ·ÛÒâ�æ÷ëÐÛôÑºÓ ÔºÖË×¦ÙÜÓÚëºõ÷Ö¼ÓáäËÔóÓÜÙÚÍIHºÓÚë Aìè � â�àðâ�à�õºÖ¼â
� #.# � $ ÍÞäÒõ÷ä¼ÓÚëüÛô×�ä¼Ô ÓÚÙÜÍßé¨èÐÛ¼ÑºÓÕâ�æºçñõ÷Ýïâ�Ö ë÷ÓÚÔ ÓÚæºëºÓÜæºÙÚÓVU

Y phy(E0) = QSn(ε)

[
1−

(
Eth
E0

)2/3
](

1− Eth
E0

)2 Ì0J¸þ #ÉÎ
(cosα)−fexp

(
f
[
1− (cosα)−1

]
cosαopt

)

RíÑºÓÚÖËÓ
Q

â�æ÷ë�ÛôÑºÓ Û¼ÑºÖ¼ÓÜä¼Ñº×ñÝßë ÓÚæºÓÜÖ¼ç�è
Eth

â�ÖËÓ HºÛ¼Û¼ÍÞæºç¸Ôîâ�ÖôâÅàðÓ·ÛôÓÚÖËäÚå
E0

ÍÞäýÛ¼ÑºÓ ÍßæºÙÚÍßëºÓÚæìÛ ÔîâÅÖËÛôÍßÙÚÝßÓ
ÓÚæºÓÜÖ¼ç�è Ì®Ó � Î²å

ε = E0/ETF
Íßä ÛôÑºÓêÖ¼ÓÜëºõºÙÜÓÚë ÓÜæºÓÚÖËç�èñþ

ETF
ÍÞä Û¼ÑºÓêÏÒÑº×ñàðâ�ä ' � ÓÜÖ¼àòÍ ÓÜæºÓÚÖËç�è ÌÆÓ � Î'U

ETF = 30.74
M1 + M2

M2

Z1Z2

(
Z

2/3
1 + Z

2/3
2

)1/2 Ì0J¸þ"!ñÎ
RíÑºÓÚÖËÓ

Z1, Z2, M1, M2

â�Ö¼ÓÕÛôÑºÓ æ�õ÷ÙÚÝÞÓÚâ�ÖáÙ�ÑîâÅÖ¼çñÓ�â�æ÷ë âÅÛô×�àðÍßÙ àðâ�ä¼ä¸×�é ÛôÑºÓ ÔºÖ¼×¬ØËÓÜÙÜÛ¼ÍÞÝÞÓ â�æºë
Û�â�ÖËçñÓÜÛíÖËÓÚä¼Ô ÓÚÙ·ÛôÍ�öñÓÚÝ�èñþ
Sn

ÍÞä Û¼ÑºÓ æ¤õºÙÚÝßÓ â�ÖÒäÊÛô×ñÔ÷ÔºÍÞæºç�ÙÜÖ¼×ñäËä äËÓÚÙ·ÛôÍÞ×�æ Aºâ�ä¼ÓÜëü×�æ Û¼ÑºÓ � Ö ' � Ô ×�ÛôÓÜæìÛôÍïâÅÝ°å RíÑºÍÞÙ�ÑüÍÞäÒâÅÔºÔºÖ¼× û3'
ÍÞàðâÅÛôÓÜë A¤è U

Sn(ε) =
0.5 ln (1 + 1.2288ε)

ε + 0.1728ε1/2 + 0.008ε0.1504

Ì0J¸þ-/ìÎ
Q

â�æºë
Eth

â�Ö¼ÓÕâ�ÖËÓ çñÍßö�ÓÚæ Aìè�U

QE2/3
s = 1.633Z

2/3
1 Z

2/3
2

(
Z

2/3
1 + Z

2/3
2

)1/3 M
5/6
1 M

1/6
2

M1 +M2

0.15 + 0.05M2/M1

1 + 0.05(M2/M1)1.6

Ì0J¸þ Q¤Î

Eth
Es

= 7.0 (M2/M1)−0.54 + 0.15 (M2/M1)1.12 Ì0J¸þ"&ñÎ
RíÑºÓÚÖËÓ

Es
Íßä Û¼ÑºÓ äËõºÖËéÆâÅÙÚÓ2A÷ÍÞæºëºÍßæºçòÓÚæºÓÜÖ¼ç�è ÌÆÑ÷Ó âÅÛ ×�é äËõ AºÝÞÍßàãâ¬ÛôÍÞ×�æ Î·þ

α
Íßä Û¼ÑºÓ â�æºçñÝßÓ àðâ�ëºÓ=Aìè

ÛôÑºÓ ÍßæºÙÚÍßëºÓÚæìÛ ÔºÖË×¬ØËÓÚÙ·ÛôÍßÝÞÓ2RíÍ�ÛôÑ ÛôÑºÓ æ÷×ñÖ¼àðâ�ÝÈÛ¼×ÐÛôÑºÓ�Ûôâ�Ö¼ç�ÓÜÛ äËõºÖËéÆâ�ÙÜÓ�þ � âÅàãâ�à õºÖôâ � ä â�æºâ�Ýßè¤ÛôÍßÙ â�Ý
HºÛíé®×ñÖ¼à�õ÷Ýïâ�ä é®×�Ö é â�æ÷ë

αopt
â�Ö¼ÓVU

f =
√
Es(0.94− 1.33× 10−3M2/M1)

Ì0J¸þ-UìÎ
αopt = π/2− aln−1/3(2ε

√
Es/γEo)

−1/2
Ì0J¸þ"VñÎ
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RíÑºÓÚÖËÓ�å
al

ÍÞä�Û¼ÑºÓT* ÍßæºëºÑîâÅÖ¼ë ä¼ÙÜÖ¼ÓÜÓÚæºÍßæºç ÝßÓÚæºçÅÛôÑ Ì
= 0.4685

√
Z

2/3
1 + Z

2/3
2

Î·å æ Íßä ÛôÑ÷Ó Ûôâ�Ö¼ç�ÓÜÛ
ëºÓÚæ÷ä¼ÍßÛùèÐçñÍßö�ÓÚæ ÍÞæ õºæ÷ÍßÛôä ×�é â¬Ûô×ñàòä �

3
â�æºë

γ
ÍÞä Û¼ÑºÓ àãâÉû÷Íßà�õºà ÓÚæ÷ÓÚÖ¼çÅèÐÛôÖ¼â�æºäËé®ÓÜÖ éÆâ�ÙÜÛ¼×ñÖ çñÍ�öñÓÜæ

Aìè
4M1M2/(M1 +M2)2

þ

- � � � ���$��� 	������ '(��"��
��� '(� ����� M���� � 	������

BED6F ÍÞä × A÷ä¼ÓÚÖÊöñÓÜë ×ñæºÝ�è Íßæ ç�Öôâ�ÔºÑ÷ÍßÛôÓðÛ�â�ÖËçñÓÜÛ¼äðâÅæºë ÛôÑºÓ ÓÚàòÔºÍßÖ¼ÍÞÙÚâ�Ý é®×�Ö¼à�õºÝÞâ ÍÞä ÍßàðÔ÷ÝÞÓÚàòÓÚæìÛ¼ÓÚë
×ñæºÝ�è é®×ñÖ â çñÖ¼â�ÔºÑºÍ�ÛôÓ Ûôâ�Ö¼çñÓ·Û þÈÏÒÑºÓÒé®×ñÖ¼à�õ÷Ýïâ é®×ñÖ Û¼ÑºÓ B7D F�è�ÍÞÓÜÝÞëNR â�ä × A÷Û�âÅÍÞæºÓÜë�é®Ö¼×ñà � 		!�$ RíÑºÍÞÙ�Ñ
äËÛôâÅÛôÓÜä ÛôÑºâÅÛ ÛôÑºÓ ÓÚæºÓÜÖ¼ç�èòëºÓÜÔóÓÜæºëºÓÜæºÙÚÓá×Åé ÔºÑìè�ä¼ÍßÙ â�Ý ä¼Ôºõ¦Û¼ÛôÓÜÖ¼Íßæºç ÙÜ×ñõºÝÞëðâ�Ýßä¼×=AóÓ â�ÔºÔ÷ÝÞÍÞÓÜëòÛ¼×2B7D6Fóå
RíÍßÛ¼Ñ â�àò×¦ëºÍ:HîÓÚëÐöÅâ�ÝßõºÓ ×�é

Q
çñÍ�öñÓÚæ Aìè U

QRES = Q+ 54M1.18
i e

−0.78
T

(
Γ

1016

)−0.1 Ì#J¸þ 9ìÎ
RíÑºÓÚÖËÓ

Mi

� àðâ�ä¼ä ×�é ÍÞæºÙÜÍÞëºÓÜæìÛ Íß×ñæ Ì´â÷þ àüþÄõ þ©Î·å
T

Íßä ÛôÑºÓíÔºÝÞâÅÛôÓÒÛôÓÜàðÔ ÓÚÖ¼âÅÛôõ÷Ö¼Ó ÌÆÓ � Î â�æ÷ë
Γ
Íßä ÛôÑºÓ

ÍÞæºÙÜÍÞëºÓÜæìÛíÍÞ×ñæãúºõ¦û Ì
cm−2s−1

Î·þ
Mi

� #áé®×ñÖ  +
þ ÏÒÑºÓÚæ ÛôÑ÷Ó=BED6Fãè�ÍÞÓÚÝßë ÍÞä ç�ÍßöñÓÜæ A¤è D G æ þ J¸þ #ñå

RíÍßÛ¼Ñ Û¼ÑºÓ öÅâ�ÝÞõºÓ ×Åé � ÖËÓÚÔºÝÞâ�ÙÚÓÜë A¤è D G æ þ J¸þ 9�é®×ñÖ
QRES

þ

- � K � "$'(� �����QM ' R ���)�������

ÏÒÑºÓãÙ�Ñ÷ÓÚàòÍÞÙ âÅÝ ÓÜÖ¼×ñäËÍÞ×ñæ è�ÍÞÓÚÝßëºäêé®×ñÖ¼à�õ÷Ýïâ�äêâ�ÖËÓðë÷ÓÚä¼ÙÜÖ¼ÍIAóÓÜë ÙÚÝßÓ â�ÖËÝßèPAìèMB ×ÅÛôÑ Íßæ Û¼ÑºÓ @ ÔºÔ ÓÚæºëºÍ û
@ ×�é � #�V $°þ � Ñ÷ÓÚàòÍÞÙ âÅÝ ÓÚÖË×ñä¼Íß×ñæ ÙÚ×�æºä¼ÍßäËÛôäí×�é Û R ×�ÙÚ×ñæìÛôÖËÍWAºõ¦ÛôÍÞ×�æºäÚå¦×ñæºÓáÛôÑ÷ÓêÛ¼ÑºÓÚÖËàãâÅÝ Ôîâ�ÖÊÛ

Y thermâ�æºë ÛôÑºÓê×�Û¼ÑºÓÚÖ Û¼ÑºÓêä¼õºÖÊéÆâ�ÙÚÓÕÔîâ�ÖÊÛ
Y surf

þ
Y chem = Y therm (1 + DY dam) + Y surf

Ì#J¸þ 	ìÎ
ÏÒÑºÓ¸Û¼ÑºÓÚÖËàãâ�Ý ÓÜÖ¼×ñäËÍÞ×ñæðÍÞä ÓÚæºÑîâÅæºÙÚÓÜë Aìè�ÛôÑ÷Ó¸ëîâ�àðâ�çñÓ ÔºÖË×¦ëºõ÷ÙÜÛôÍß×ñæãë÷õºÓ Û¼× ÍÞæ÷ÙÚÍÞë÷ÓÚæìÛ Íß×ñæºä

Y dam
þ

� ÍÞä ç�ÍßöñÓÜæ Aìè
250/M1

RíÑºÓÜÖ¼Ó
M1

ÍÞäÕÛôÑºÓ àðâ�äËä�×�éÒÛôÑ÷Ó ÍÞæºÙÜÍÞëºÓÜæ¤Û Ñìè¦ë÷Ö¼×ñçñÓÜæ Íßä¼×�Û¼×ñÔ Ó�þ ÏÒÑºÓ
ÛôÑºÓÜÖ¼àðâ�Ý ÓÜÖ¼×ñäËÍÞ×ñæ ÍÞäÒ×�A÷Û�â�ÍßæºÓÚë Aìè ÛôÑ÷Óêé®×�Ö¼à�õºÝÞâ

Y therm = csp
3 0.033 e

−Etherm
KT

2× 10−32φ+ [1 + 2×1029

φ
e
−Erel
KT ]e

−Etherm
KT

Ì0J¸þ # �ìÎ
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RíÑºÓÚÖËÓ
KT

ÍÞä ÛôÑ÷ÓêÛôâ�Ö¼ç�ÓÜÛíä¼õ÷ÖËéÆâ�ÙÜÓÕÛ¼ÓÚàòÔóÓÜÖôâÅÛ¼õºÖ¼Ó ÍßæüÓ � â�æ÷ë
Csp3 ÍÞäÒç�ÍßöñÓÜæ A¤è U

Csp3

=
C[2× 10−32Φ + e

−Etherm
KT ]

2× 10−32 + [1 + 2×1029

Φ
e
−Erel
KT ]e

−Etherm
KT

Ì0J¸þ #0#ÉÎ
� ÓêÓ G õîâ¬ÛôÓ ÛôÑºÓ öÅâ�ÝßõºÓ ×�é �

C =
1

1 + 3× 107e
−1.4
KT

Ì0J¸þ #�!ñÎ
RíÍßÛôÑ Í�Ûôä öÅâ�ÝÞõºÓ�é®×�Ö ÑºÍÞçñÑ Íß×ñæ úîõ¦û¦ÓÚä RíÑºÓÚÖËÓãâ Ô ×ñä¼äËÍWAºÝßÓòÍßæ÷úîõºÓÜæºÙÚÓ�×�é Ñìè¦ë÷Ö¼×ñçñÓÜæîâÅÛ¼ÍÞ×ñæ ÛôÍßàðÓ Íßä
Û�â�LÅÓÚæüÍÞæìÛô×òâ�ÙÜÙÚ×ñõºæìÛ

C =
1

1 + 3× 10−23Φ

Ì0J¸þ # /ìÎ
ÍÞæ ×ñÖËëºÓÚÖáÛ¼×üàðâ�LÅÓ�â Û¼Öôâ�æ÷ä¼ÍßÛ¼ÍÞ×ñæ é®Ö¼×ñà ÝÞ× R ÍßæºÙÚÍßëºÓÚæìÛ Íß×ñæ úîõ¦û¦ÓÜäÕÛ¼×üÑ÷ÍÞçñÑ ÍßæºÙÚÍßëºÓÚæìÛêÍÞ×�æ úîõ¦û¦ÓÚä
ä¼àò×¦×�Û¼ÑºÝßè�þ

ÏÒÑ÷ÓÕÛ¼ÓÚÖ¼à
Y dam

ë÷õºÓ Ûô×�ëîâ�àðâ�çñÓ ÙÚâ�õºä¼ÓÜë Aìè ÍßæºÙÚÍßëºÓÚæìÛíÍÞ×�æºäÒÍÞäÒçñÍ�öñÓÜæ Aìè U

Y dam(E0) = QSn

[
1−

(
Edam
E0

)2/3
](

1− Edam
E0

)2 Ì0J¸þ #�Q¤Î
ÏÒÑ÷Ó äËõºÖËéÆâ�ÙÜÓêÓÚÖ¼×�ä¼ÍÞ×�æ Û¼ÓÚÖËà ÍÞäÒçñÍ�öñÓÜæ Aìè

Y surf(Eo, T ) = Csp3 Y des(Eo)

[1 + e
Eo−65eV

40 ]

Ì0J¸þ #�&ñÎ
RíÑºÓÚÖËÓ

Y des(E0) = QSn

[
1−

(
Edes
E0

)2/3
](

1− Edes
E0

)2 Ì0J¸þ # UìÎ
ÏÒÑºÓÐöÅâ�ÝÞõºÓÜä Ö¼ÓÜÙÚ×ñàòàðÓÜæºëºÓÜë Íßæ ÏÈâ�AºÝÞÓ # ×Åé � #�V $ ÍÞä�õ÷ä¼ÓÚë é®×ñÖ

Q
å
Edes

â�æºë
Edam

þ � ×ñÖ
ErelÛôÑºÓÐöÅâ�ÝßõºÓãé®×ñÖ�Ô÷õºÖ¼Ó ÙÚâ�Ö A ×ñæ Ì

= 1.8eV
Î Íßä õºä¼ÓÜë þ

Eth
å
ETF

â�æºë
Sn

â�ÖËÓ Ù â�ÝßÙÚõºÝÞâÅÛôÓÜë é®Ö¼×ñà
D G æºäÜþ�J þ &¦å J¸þ"!¦å J¸þ-/÷þ Etherm ÍÞä Ûôâ�L�ÓÜæ â�ä

1.7eV
þ

- � % -6��� �1����� 	)	�' R ��� T � � '�� � ��'(� 	#� �
ÏÒÑºÓ ÓÜàðÔ÷ÍÞÖ¼ÍßÙ â�Ý é®×ñÖ¼à õºÝïâ é®×ñÖ�öÅâ�ÝßõºÓÚä�×�é

M1/M2 ≤ 0.5
â�ÖËÓ Û�â�LÅÓÚæ é®ÖË×ñà � 	./ $ âÅæºë Û¼ÑîâÅÛ�é®×ñÖ

ö�âÅÝÞõºÓÜä ×Åé
M1/M2

õ÷ÔüÛ¼×
4.8

â�ÖËÓêÛôâ�L�ÓÜæüé®ÖË×ñà � 	0Q0$´þ � ×�Öíâ�àò×ñÖËÓÕë÷ÓÜÛ�âÅÍÞÝÞÓÜë ëºÓÚäËÙÚÖËÍÞÔ÷Û¼ÍÞ×ñæü×�é ÛôÑºÓ
ö�âÅÖ¼ÍïâVAºÝÞÓÜä â�æºë Û¼ÑºÓÒÓ·û¦ÔºÖËÓÚä¼äËÍÞ×ñæ÷ä õ÷ä¼ÓÚë å�Ô÷ÝÞÓ âÅä¼ÓÒÙ�ÑºÓÜÙ"L�ÛôÑºÓÜä¼Óí×ñÖ¼ÍßçñÍÞæºâ�Ý¤Ö¼ÓÜé®ÓÜÖ¼ÓÜæºÙÚÓÜäÚþ ÏÒÑºÓÒé®×ñÖËà�õºÝïâÅä
é®×ñÖ Û¼ÑºÓ¸æ¤õºàNA ÓÚÖ Aîâ�Ù"L¤ä¼ÙÚâÅÛ¼Û¼ÓÚÖ¼Íßæºç ÙÚ×�Ó(OòÙÜÍÞÓÚæìÛ

RN

â�æºëðÛôÑºÓáÓÜæºÓÚÖËç�è Aºâ�Ù"L¤ä¼Ù â¬Û¼ÛôÓÜÖ¼Íßæºç ÙÚ×�Ó(OòÙÚÍßÓÚæìÛ
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RE

âÅÖ¼Ó Ö¼ÓÜÝïâÅÛ¼ÓÚëüâ�äÒé®×ñÝßÝÞ× Ríä�U
RN = RE/rE

Ì0J¸þ #�VñÎ
RíÑºÓÚÖËÓ

rE
ÍßäÒçñÍßö�ÓÚæüÍÞæ ÛôÓÜÖ¼àòäÒ×�éÈÛ¼ÑºÓêÖ¼ÓÜëºõºÙÚÓÜë ÓÜæºÓÚÖËç�è

ε = Eo/ETF
ÌÆäËÓÚÓ3D G æ þ J¸þ"!ñÎ'U

rE =
1

1 +
(

ε
0.133

)0.285 +
0.530

1 +
(
ε
85

)−1.46

Ì0J¸þ # 9ìÎ

� ×ñÖ ÛôÑºÓ
M1/M2 ≤ 0.5

ÙÚâ�ä¼ÓÅå
RE

ÍÞäÒçñÍ�öñÓÜæ Aìè U

RE =
0.705/f

1 +
(

ε
0.047

)0.597
+
(

ε
0.619

)1.5

Ì0J¸þ # 	ìÎ
RíÑºÓÚÖËÓ�å

f = Z
2/3
1 M

−1/2
1 α

2ε−3
ε+1

ρa
ρt

Ì0J¸þ"!��ìÎ
RíÑºÓÚÖËÓ

α = 1 + 1
µ

RíÍßÛ¼Ñ
µ
ëºÓ'HîæºÓÜë â�ä

µ = M−2
M1

åîâ�æ÷ë

ρa
ρt

=

2ε
ρn

+
[

1
SL

+ 1
4SB

]−1

Sa

Ì0J¸þ"!A#ÉÎ
RíÍßÛ¼Ñ

ρa =
Γ[0, (C − 1)ln(Bε)] − Γ[0,−2ln(Bε)]

A B

Ì0J¸þ"!.!ñÎ
RíÑºÓÚÖËÓ

A = 0.56258
å
B = 1.1776

å
C = 0.62680

å â�æºë
Γ
ÍÞäÒÛôÑºÓ õºÔºÔ ÓÚÖ ÍÞæºÙÜ×ñàðÔ÷ÝÞÓÜÛ¼Óêçìâ�àòàãâ

é®õºæºÙ·ÛôÍÞ×�æüç�ÍßöñÓÜæ Aìè U
Γ(ν, x) =

∫ ∞

x

e−ttν−1dt
Ì#J¸þ"!0/ìÎ

SL
å
SB

â�æºë
Sa

â�ÖËÓ çñÍßö�ÓÚæ A¤è U

SL = D
α

ζ

3
2
Sa

Ì0J¸þ"!RQ¤Î

SB = 61.47 z1 α µ ζ Z
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3
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ln
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εB
1−β2 + 1 + G
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]
− β2

Io εB
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Sa = 0.0793 Z
2
3
1 µ

√
ε
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RíÑºÓÚÖËÓ
D = 0.2617 (1 + Z

2
3
2 )

3
2 Z−1

2 A1
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A1

Íßä Û¼ÑºÓ¸ÙÜ×R'ùÓ'OðÙÜÍÞÓÜæ¤Û é®×ñÖ ÓÚÝÞÓÜÙÜÛ¼Ö¼×ñæºÍßÙ äÊÛô×ñÔ÷ÔºÍÞæºç ÙÚÖË×ñä¼ä ä¼ÓÚÙ·ÛôÍß×ñæÐÍÞæòÛôÑºÓ ä¼ÓÜàðÍ 'ùÓÚàòÔºÍßÖ¼ÍÞÙÚâ�Ý¦é®×�Ö¼à�õºÝÞâ
×�é @ æºëºÓÜÖ¼ä¼ÓÜæ â�æ÷ë � ÍßÓÚçñÝßÓÚÖ+� #.#.# $°þ

εB =
2me c

2 β2

Z2 Io
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Io = {12+7Z−1

2 (for Z2<13)

9.76+58.5Z−1.19
2 (for Z2≥13)

Ì0J¸þ !
	ìÎ
G = {100Z1/Z2 (for Z1<3)

5 (for Z1≥3)

Ì0J¸þ"/��ìÎ
� ×ñÖíÛôÑ÷Ó

0.5 < M1/M2 ≤ 4.8
Ù âÅä¼Ó�å ÛôÑºÓÕé®×ñÖ¼à õºÝïâ�äÒé®ÖË×ñà � 	RQ0$ âÅÖ¼ÓÕõºä¼ÓÜë â�æºë D G æ þ J¸þ #�VãÍÞä

õºä¼ÓÜë Ûô×�ëºÓ·ÛôÓÜÖ¼àòÍÞæºÓ
RE

þ
RN

ÍÞäÒçñÍ�öñÓÚæ Aìè U

RN =
G(ε)

fN
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G(ε) =
1

1 +
(

ε
0.104

)0.577
+
(

ε
0.730

)1.5
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fN =
Z

2
3
1

M
1
2

1

ρa
ρt

µ2

(1 + µ)2 ψ
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â�æºë

ψ =
1 + 24.1 µ−3.995

µ
(1+µ)( ε

1.84
+1)

+ (1+µ)3ε

µ3(1− 3
2µ

+ 0.9
µ2 + 1

2µ3 )(ε+13.3)
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� ×ñÖãâ ÙÚ×ñàòÔ ×ñõºæºë Ûôâ�Ö¼çñÓ·ÛÐÙÜ×ñæºä¼ÍßäËÛ¼ÍÞæºç ×�éÕâ¬Ûô×ñàòä RíÍ�ÛôÑ ÙÚ×�æºÙÚÓÜæ¤Û¼ÖôâÅÛ¼ÍÞ×ñæ÷ä

ca
å
cb
åêþ�þßþ�þ ÓÜÛôÙÅå

âÅÛô×ñàòÍÞÙ�Ù�ÑîâÅÖ¼çñÓ
Za

å
Zb

å þ�þßþ ÓÜÛ¼Ù â�æºë â¬Ûô×ñàòÍÞÙ�àðâ�ä¼äËÓÚä
Ma

å
M b

å þßþ�þßþ�þ Ó·ÛôÙ�å
Z2

å â�æºë
M2

âÅÖ¼Ó
Ö¼ÓÚÔ÷Ýïâ�ÙÜÓÚë RíÍßÛôÑ

Zc
âÅæºë

Mc

Û¼×òÓ·öÅâ�ÝÞõîâ¬ÛôÓáÛôÑ÷ÓêöÅâ�ÝßõºÓ ×�é
ε
å RíÑºÓÚÖËÓ

Zc =
caZa + caZb + ......

ca + cb + .....
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Mr =

cbMa + cbM b + ......

ca + cb + .....
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� â�ÝÞõºÓÜä ×�é

2ε/ρ
å
SL

å
Sb

â�æºë
Sa

é®×ñÖ ÛôÑ÷ÓÕÙÜ×ñàòÔó×ñõ÷æºëÐÛ�â�ÖËçñÓÜÛÒâ�Ö¼Ó ÙÚâ�ÝÞÙÜõºÝïâÅÛ¼ÓÚë õºäËÍÞæºç�Û¼ÑºÓ=J Ö¼â�çñç
Ö¼õºÝßÓ�þ
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ÏÒÑºÍÞä7R ×�Ö L R ×�õºÝÞë æº×�Û Ñîâ öñÓ2A ÓÚÓÜæ Ô ×ñä¼äËÍWAºÝßÓ RíÍ�ÛôÑº×ñõ¦Û Û¼ÑºÓ äËõºÔºÔ ×ñÖËÛ ×�é à è ÛôÑºÓÜä¼ÍÞä ä¼õºÔ ÓÚÖÊö�ÍÞä¼×�ÖÚå
�¸ÖÚþ2B âÅÝßé F¦Ù�Ñºæ÷ÓÚÍÞë÷ÓÚÖÚå T ÖË×�é¾þ2T þ � þ � â�R âÅæºë �¸ÖÚþNF¦ÑºÍÞäËÑºÍÞÖ �¸ÓÚäËÑºÔîâ�æ÷ëºÓ�þ�øíÛôÑºâ�æ L T ÖË×�é¾þ � ÖÚþ
� � Ö¼ç�ÓÚæ � � Ñ÷Ö¼ÓÚæ A ÓÚÖËç é®×ñÖ çñÍßö�ÍÞæ÷ç àðÓÐâ�æ ×ñÔºÔ ×ñÖËÛ¼õºæºÍßÛùè Ûô× R ×ñÖ L ÍÞæ ÑºÍßä�çñÖË×ñõºÔ âÅÛ�Û¼ÑºÓ � â¬û3'
T Ýïâ�æºÙ"L.' øùæºäËÛ¼ÍßÛôõ¦Û�é � Ö T Ýïâ�äËàãâÅÔºÑìè¦äËÍWL ÌÆø T�T Î·å � Ö¼ÓÜÍßé®ä�R â�Ýßë å � ÓÚÖ¼àðâ�æìèñþ øêÛôÑîâÅæ LQT ÖË×�é¾þQT þ � þ
� â Rêå �¸ÖÚþ6Fóþ TÈþ � ÓÚä¼Ñ÷Ôîâ�æºëºÓ â�æºëÐÛ¼ÑºÓêâ�ÙÚâ�ëºÓÚàòÍÞÙ ÙÚ×ñàòàòÍßÛ¼Û¼ÓÚÓíé®Ö¼×ñà ÛôÑ÷Ó øùæºäËÛ¼ÍßÛôõ¦ÛôÓ¸é®×ñÖ T ÝÞâ�ä¼àðâ
B ÓÜä¼ÓÚâ�Ö¼Ù�Ñ ÌÆø T�B¸Î²å �ÕâÅæºëºÑºÍßæîâ�çìâ�ÖÜå÷øùæºë÷Íïâ÷å÷é®×�ÖÒçñÖôâ�æìÛ¼ÍÞæºç àòÓ ÝÞÓÚâÂö�Ó Ûô×òëº× ÛôÑºÍßäÒäËÛôõ÷ë÷èñþ
B â�Ý�é â�ÝIR â è�ä ä¼Ñº× R ÓÚëòàðÓ ÝÞÍßçñÑìÛ-RíÑºÓÜæòø4R â�ä äÊÛôõºÙ"L�Íßæ â�æìè�Ô÷Ö¼× AºÝßÓÚàüþÈø4R ×ñõºÝßë�ÝÞÍIL�Ó Û¼×¸ÛôÑîâÅæ L

F¦ÑºÍßä¼ÑºÍßÖáé®×ñÖáÛôÑºÓ�ÓÚâ�Ö¼Ý�è ëºÍßä¼ÙÚõ÷ä¼ä¼Íß×ñæºäÕâ�æºë é®×ñÖ ÑºÍßä ëºÍÞäËÙÚ×ñõ÷Ö¼ä¼Ó�×ñæ Ñº× R Û¼× ÙÚ×ñæºë÷õºÙÜÛ â ÝÞÍßÛ¼ÓÚÖ¼âÅÛôõºÖËÓ
ä¼õºÖÊöñÓ·èñþ ÏÒÑ÷ÓÕÙÜ×ñÝÞÝÞâ�A ×ñÖôâÅÛ¼ÍÞ×ñæ RíÍßÛ¼Ñ T ÖË×�é¾þ � â�Í � ×ñÖ¼ëºÝßõºæºëüâ�æºë �¸ÖÜþ6D àòÔºÔºõ F÷â�Ýß×ñæºÓÜæÐé®Ö¼×ñà ÛôÑºÓ
@ ÙÚÙÜÓÚÝÞÓÜÖôâÅÛ¼×ñÖ+* â�A ×ñÖôâ¬Ûô×ñÖÊèñå  ÓÚÝßä¼ÍÞæ L�Í´å � ÍßæºÝïâÅæºë ÑîâÅäáÑºÓÚÝßÔóÓÜë àðÓ ÓÚæº×ñÖËàð×�õºä¼Ý�èñþ ø8R ×�õºÝÞë ÝßÍWL�ÓÕÛô×
ÛôÑîâÅæ L � â�Í é®×ñÖ ÝÞÓ·Û¼Û¼ÍÞæºç àðÓáõ÷ä¼Ó ÑºÍßä àð×�ÝÞÓÚÙÜõºÝïâÅÖ ë÷è�æîâÅàðÍßÙÚä ÙÜ×¦ëºÓ  � Týâ�ÖËÙ â�äíâÅæºë é®×ñÖ Û¼ÑºÓ çñÖ¼ÓÚâÅÛ
æº×�Û¼ÓÚä¸Ñ÷Ó ÔºÖË×Éö�ÍßëºÓÚä âÅÛ ÑºÍÞä Ñº×ñàòÓ Ôºâ�çñÓ�þÒø Ñîâ öñÓ2RíÍßëºÓÚÝ�è õºä¼ÓÜë ÛôÑºÓÜä¼Ó æº×�ÛôÓÜäERíÑºÓÜæ ÍÞæìÛ¼Ö¼×�ëºõºÙÚÍßæºç
� � ä¼Íßà�õºÝïâ¬ÛôÍÞ×�æºä Íßæ ÛôÑ÷ÍÞä Û¼ÑºÓÚäËÍÞä2RíÍ�ÛôÑº×ñõ¦Û ÙÚÍ�Û�âÅÛ¼ÍÞ×ñæ âÅÛ Ó âÅÙ�Ñ ÍßæºäËÛôâ�æºÙÜÓ�þ ÏÒÑîâ�æ L¤ä Ûô× D àòÔºÔºõ
é®×ñÖ ÛôÓÚâ�Ù�ÑºÍßæºç�àðÓ¸Û¼×�õºä¼Ó  � TÈâ�Ö¼ÙÚâ�äÚå â�æ÷ë é®×�ÖÒÑºÍÞäÒÓÜæ¤Û¼Ñ¤õºä¼ÍÞâ�ä¼à RíÑ÷ÍÞÙ�Ñüçñ×�Û Û¼ÑºÍÞæºç�äÒçñ×ñÍÞæ÷çºþ ÏÒÑºÓ
AºÖôâÅÍÞæºäÊÛô×ñÖËàðÍßæºç�ä¼ÓÚäËä¼Íß×ñæºäáâ¬Û  ÓÚÝÞäËÍÞæ L¤Í â�æºë Aìè Ó ��àðâ�ÍÞÝ RíÍ�ÛôÑ Aó×�Û¼Ñ ×Åé ÛôÑºÓÜà R ÓÜÖ¼Ó ö�ÓÚÖÊè õ÷ä¼ÓÜé®õ÷Ý°þ
�¸ÖÚþ � â ö�ÍÞÓÚÖ�J ×ñæºæºÍßæNR â�ä ÍßæºäËÛ¼Ö¼õºàòÓÚæìÛ�âÅÝºÍÞæ ÙÜÝÞÓ âÅæºÍÞæºç õ÷Ô�Û¼ÑºÓÒÔºÝÞâ�ä¼àðâáä¼õºÖÊéÆâ�ÙÚÓíÍßæ¤Û¼ÓÚÖ¼â�ÙÜÛ¼ÍÞ×ñæ�äËõ AA'
Ö¼×ñõ¦ÛôÍÞæ÷ÓÚäêâ�æºë ÍßæºÙÚ×�Ö¼Ô ×ñÖôâÅÛ¼ÍÞæºçòÛôÑºÓÜà ÍÞæ J%!¦þ"&�'�F)(+* T6Fóþ øÒÛôÑºâ�æ L Ñ÷ÍÞà â�æºë �¸ÖÚþ �áâ ö�ÍÞë�� ×ñäËÛ¼ÓÚÖ
é®×ñÖíÛôÑºÓÜÍÞÖíÍÞæìÛôÓÜÖ¼ÓÜäËÛ âÅæºë ÓÜæºÙÚ×ñõ÷Öôâ�çñÓÜàðÓÜæìÛ þÒÏÒÑîâ�æ L�ä Ûô× �¸ÖÚþ @ þ Bíõºæº×Âö é®×ñÖ ÍÞæìÛôÖË×¦ë÷õºÙÚÍßæºç�àðÓêÛô×
� ×ñæìÛôÓ � � â�ÖËÝÞ×òëºÍISóõºä¼Íß×ñæ þ ÏÒÑîâ�æ L�ä Ûô× �¸ÖÜþ � þ � þ � ×�ÝIR â�æ L¬â�Ö â�æºë �¸ÖÚþ BÕþ �êâ�æºÓÜä¼Ñ é®×ñÖíä¼×ñàòÓ
ä¼Ñº×�ÖËÛ å A÷õ÷ÛíöñÓÚÖÊè õºä¼Ó·é®õºÝ�ëºÍßä¼ÙÚõ÷ä¼ä¼Íß×ñæºä ×ñæT*! Üö¤è úîÍÞç�Ñ¤Û¼äíâ�æºë é®Öôâ�Ù·Û�â�Ý ëºÍÞàòÓÚæºäËÍÞ×ñæ÷äÚþ

� è ÙÚ×ñÝßÝÞÓÚâ�çñõºÓÜäíâÅÛÒÛôÑºÓ3F�Û¼ÓÚÝßÝïâ�Ö¼âÅÛô×ñÖÊÛôÑºÓÜ×ñÖ¼ÍßÓ¸ëºÍ�ö�ÍÞä¼Íß×ñæ âÅÛíø T�T R ÓÚÖËÓ ÑºÓÜÝÞÔ÷é®õ÷Ý�ÍÞæ â ö�âÅÖ¼ÍÞÓ·ÛùèÐ×�é
R â è�äÕâ�æºë øÒÛôÑºâ�æ LüÓ â�Ù�Ñ ×�é Û¼ÑºÓÚàüþ F¦Ô ÓÚÙÚÍÞâ�ÝÈÛ¼Ñîâ�æ L¤ä¸Û¼× ��õ÷Û¼Ûôâ �ÕâÅõºçñÑºÓÜÖERíÑº× àðâ�ëºÓ�ë÷ÍIOòÙÚõºÝ�Û
×�OòÙÚÓ ÔºÖË×¦ÙÜÓÚëºõ÷Ö¼ÓÚäÒÝß×¦×�L ä¼ÍÞàòÔºÝßÓ�þ  ÓÚæºÖÊè â�æ÷ë � âÅÛ¼Û¼ÑºÍïâÅä àðâ�ëºÓ¸äÊÛôõ A Aó×ñÖËæ ÙÚ×ñàòÔºÍßÝÞÓÚÖËäÚå¤Ôºõ � �ÚÝßÍÞæºç
æºÓÜÛ R ×ñÖ L�äÜå â�æºë õºæìè¦ÍßÓÚÝßëºÍÞæºçðÙÚ×ñàòÔºõ÷Û¼ÍÞæºçòäËè�äÊÛôÓÚàòäÚå AóÓÜÑîâ öñÓ�äÊè¦æ÷ÓÚÖ¼ç�ÍÞäËÛ¼ÍÞÙÚâ�ÝÞÝ�èñþ � â�æìè ÛôÑîâÅæ L¤ä¸Ûô×
ÛôÑºÓ � âÅÛôÓÜÖ¼ÍÞâ�ÝÞäêÖ¼ÓÜä¼ÓÚâ�Ö¼Ù�Ñ � Ö¼×ñõºÔ âÅÛ�ø T�T �ÕâÅÖ¼Ù�ÑºÍßæºç é®×ñÖÕÑº×ñäÊÛôÍßæºç àòÓðé®×ñÖ â ö�ÓÚÖËè ÔºÖË×¦ëºõ÷ÙÜÛôÍ�öñÓ



R ÓÜÓ�L þ ø8R ×ñõ÷ÝÞë ä¼Ô ÓÚÙÜÍïâ�ÝßÝßèüÝÞÍIL�Ó Û¼× Û¼Ñîâ�æ L D ÝÞÓÚæºâÐëºÓ ��õîâ�æ TýâÅÖ¼ëº× é®×ñÖ¸Û¼ÑºÓ�öÅâ�Ö¼Íß×ñõºäáÖËÓÜé®ÓÜÖ¼ÓÚæ÷ÙÚÓÚä
ä¼ÑºÓ çìâ öñÓ àòÓÕâ�æºëüÛôÑºÓÕëºÍÞäËÙÚõºäËä¼Íß×ñæºäER Ó Ñºâ�ë ëºõ÷Ö¼ÍÞæ÷çòÛ¼ÑºÓ ö�ÍÞäËÍßÛÒÛ¼×ãø T�T ' �êâ�Ö¼Ù�ÑºÍßæºçºþ ÏÒÑ÷Ó øùæìÛôÓÜÖ '
æîâÅÛôÍß×ñæîâ�Ý � âÉû�' T Ýïâ�æºÙ"L B ÓÜä¼ÓÚâ�Ö¼Ù�Ñ F¦Ù�Ñº×�×ñÝ ÌÆø � T�BEFºÎ6R â�äÒÍÞæìÛôÓÜÖ¼ÓÜäËÛôÍßæºç â�æ÷ë õºä¼Ó·é®õºÝ°þ ÏÒÑºâ�æ L¤äÒÛô×
T ÖË×�é¾þ Ï ×ñàãâÅä � ÝßÍÞæºç�ÓÚÖÚå �¸ÖÚþ (áÝïâ¬é � õºÖËÝWL�ÓêâÅæºë � ÖÚþ6B âÅàðÍßæ � â�ëîâÅæºÍ�RíÑº×òàãâ�ë÷Ó ÍßÛíä¼×÷þ � â�æìè
ÛôÑîâ�æ L�äêÛô× �¸Ó·öñÓÚæ÷ëºÖôâ é®×�Ö ÑºÍÞä �Úâ�ë÷ëºÖ¼Ó·é ��ÔîâÅÙ"LÅâÅçñÓKRíÑºÍÞÙ�Ñ äôâ öñÓÜë àðÓòâ ÝÞ×ÅÛê×�é Û¼ÍÞàòÓ�å â�æºë â�Ýßä¼×
é®×ñÖ Ñ÷ÍÞä ÙÚ×�SóÓÚÓÕÛôÍÞàòÓ ëºÍßä¼ÙÚõ÷ä¼ä¼Íß×ñæºäÜþ ø R ×ñõºÝßë ÝßÍWL�ÓêÛô×òÛôÑîâÅæ L � Ö¼â�õ þ7F¦Ù�Ñ÷ÍÞÖ¼àðâ�Ù�ÑºÓÜÖÚå ÛôÑºÓÕÝÞÍIAºÖôâÅÖ¼ÍïâÅæ
×�é�ø T�T � �êÖËÓÚÍ�é®ä R â�ÝÞëòé®×ñÖ Ñ÷ÓÚÖ Ñ÷ÓÚÝÞÔðÍÞæð× A÷Û�âÅÍÞæºÍßæºç æ¤õºàòÓÚÖË×ñõºä Ö¼ÓÜé®ÓÜÖ¼ÓÜæºÙÚÓÜäÒâ�æºë A ×�× L¤äÚþ ÏÒÑºÓÜÖ¼ÓáâÅÖ¼Ó
â ÙÜ×ñõºÔºÝßÓ�×�é ÖËÓÚçñÖËÓÜÛ¼äÕÛ¼×¦×ºå�ÝßÍWLÅÓ�å�æº×�ÛÕÙÜ×ñæìÛôÍÞæ¤õºÍßæºç ÛôÑºÓ�æºÍßÙÚÓ�ÔºÝÞâ�ä¼àðâÐÔºÑìè�ä¼ÍÞÙÜä ë÷ÍÞä¼ÙÜõºä¼äËÍÞ×ñæ÷ä RíÍ�ÛôÑ

� â�ä¼ÍßÝÞÓêâ�æºë F¦Ñìè ØËõ å âÅæºë å æº×�Û ëº×ñÍßæºçðâÅÛ ÝÞÓ âÅäËÛ âðâ�ä¼àðâ�ÝßÝ�ÔºÝïâ�äËàãâ ÍßæºäËÛôâ�AºÍÞÝßÍßÛùèðÔºÖ¼×�AºÝÞÓÜà ÍÞæºäËÔºÍßÛ¼Ó
×�é-A ÓÚÍßæºç�Ôîâ�ÖÊÛí×�é F¤ÛôÓÚÝßÝïâ�Ö¼âÅÛô×�ÖËÛôÑ÷ÓÚ×ñÖËÍÞÓ�þ

ø Ö¼ÓÜàðÓÜàNA ÓÚÖ�F¦Ñºâ�ä¼ÑîâÅæ L ÛôÓÚâ�Ù�ÑºÍßæºçêàðÓ Ñ÷×�R Ûô× çñÓ·Û äËÛôâ�ÖËÛ¼ÓÚë�×ñæòâáÔºÖ¼×�AºÝÞÓÜà éÆâ�äÊÛ å �êâ�æºÓÚäËÑ é®×ñÖ
ÛôÑºÓ àãâÅæ¤èáëºÍÞäËÙÚõºäËä¼ÍÞ×�æºäR Ó Ñºâ�ë ×ÂöñÓÜÖ âíÔóÓÜÖ¼Íß×¦ëÕ×�é÷Û¼ÓÚæÕèñÓ âÅÖ¼äRíÑ÷ÍÞÙ�Ñ ÑºâÂö�Ó æº× ëº×ñõ A÷ÛýÙÜ×ñæìÛôÖËÍWAºõ÷Û¼ÓÚë
Ûô× Û¼ÑºÓER â èãøýëºÍÞëòÛôÑºÍßä äÊÛôõºë÷èãâ�æºë F¦ÑºÍßä¼ÑºÍßÖ é®×ñÖ ÛôÓÚâ�Ù�ÑºÍßæºç àòÓ Ñ÷×�R Û¼× àðâ�L�Ó ä¼ÍßàðÔºÝßÓíàð×�ëºÓÚÝßä é®×ñÖ
ä¼ÓÚÓÜàðÍßæºçñÝ�è ÙÜ×ñàðÔ÷ÝÞÓ·û ÔºÑºÓÜæº×ñàòÓÚæîâ÷þ�ø àðÍßä¼ä¼ÓÜë ÛôÑºÓ ÛôÑ÷Ö¼ÓÚÓ�×�é ÛôÑ÷ÓÚà ëºõ÷Ö¼ÍÞæ÷ç Û¼ÑºÓ�ÙÚ×ñõ÷Ö¼ä¼Óò×�é ÛôÑºÍßä
äËÛôõ÷ë÷èñþCB â�Ýßé�R â�äÕâ�æ â�àãâÅÝÞçìâ�àðâÅÛ¼ÍÞ×ñæü×�é ÛôÑºÓ�Û¼ÑºÖ¼ÓÜÓò×Åé Û¼ÑºÓÚà âÅæºë ø çñõºÓÜä¼äêÛôÑîâ¬ÛêÍÞä5RíÑîâÅÛêä¼â�R
àðÓÒÛôÑ÷Ö¼×ñõºç�ÑðÛôÑ÷ÍÞä R ×�Ö L þ ÏÒÑºÓ æ÷ÍÞæºÓíèñÓÚâ�Ö¼ä ø ä¼Ô ÓÚæìÛÒâ¬Û ø T�B R â�ä àò×ñäËÛ ÑºÓÜÝÞÔ÷é®õ÷ÝóâÅæºëãøýÛ¼Ñîâ�æ L à è
ÛôÓ âÅÙ�ÑºÓÚÖËäÚåýÙÜ×ñÝÞÝßÓ â�ç�õºÓÚäêâ�æ÷ë é®Ö¼ÍßÓÚæºë÷ä=RíÑ÷×üÛôâ�õºçñÑìÛÕàðÓòâ ÝÞ×�Ûê×Åé ÛôÑ÷ÍÞæºçñä æ÷×�ÛÕÖ¼ÓÚäÊÛôÖËÍÞÙÜÛ¼ÓÚë Ûô×ü×ñæºÝßè
ÔºÝïâ�äËàãâ�Ô÷Ñ¤è�äËÍÞÙÚäÜþ

ø6R ×�õºÝÞë ÝÞÍIL�ÓáÛ¼×�Û¼Ñîâ�æ LòÛôÑºÓêëºÓ·öñÓÜÝÞ×ñÔ ÓÚÖËä ×�é *�ÍÞæ¤õ¦ûóå�� � �ÕåºÏÈÓ � �0* â�Ï Ó � é®×ñÖÒàðâ�L¤ÍÞæºç ÙÚ×ñà '
Ôºõ÷ÛôÍßæºç�â�ÔºÝßÓ â�äËõºÖ¼ÓÅå÷ÛôÑºÓ ç�ä¼Ý ëºÓ·öñÓÜÝÞ×ñÔ ÓÚÖËäíé®×�Ö ÛôÑºÓÜÍÞÖ æ÷ÍÞÙÚÓ¸æ�õ÷àðÓÜÖ¼ÍÞÙÚâ�Ý ÝßÍWAºÖ¼â�ÖËèðâ�æ÷ë �¸â�æºÍÞÓÜÝ4F¦Ôºâ�æA'
AóÓÜÖ¼ç é®×ñÖÒÑºÍßä æ÷ÍÞÙÚÓ àò×ñÝßÓÚÙÚõ÷Ýïâ�Ö ë÷è�æîâ�àòÍÞÙÚäÒö�ÍÞÓ'R ÓÜÖÒè¦àò×ñÝ´þ
@ äÒø ä¼õ AºàòÍßÛ ÛôÑºÍßä ÛôÑ÷ÓÚä¼Íßä ø Ö¼ÓÚàòÓÚà2AóÓÜÖ â�Ñº×ñäÊÛÒ×�é é®Ö¼ÍßÓÚæºë÷äÒâ�æºë ÖËÓÚÝïâ¬ÛôÍßö�ÓÚä RíÑ÷× Ñîâ öñÓ!RíÍÞäËÑºÓÚë

àðÓ R ÓÜÝÞÝ âÅæºë ÑºÓÚÝßÔóÓÜë àðÓ�âÅÛ¸öÅâ�ÖËÍÞ×ñõºä ÛôÍßàðÓÜäÚþ ø8R ×�õºÝÞë ÝßÍWL�ÓÕÛô×ãÛ¼Ñîâ�æ L @ A Aºâ�ÍÞÓÜÓ�å @ àãâÅÍÞÓÚÓ â�æºë
J øC* å é®×ñÖ Ñº×ñÝßëºÍÞæºç ÛôÑºÓ é®×ñÖÊÛòâÅÛ�ÙÚÖËõºÙÚÍÞâ�Ý àò×ñàðÓÜæìÛôäÚþ � ÍÞæîâ�ÝßÝßè âPAºÍÞç Û¼Ñîâ�æ L¤ä�Ûô× � â�Íßä¼Ñîâ�ÝßÍ°å à è
ëîâ�õºçñÑìÛ¼ÓÚÖÚå RíÑ÷×ðÔºõ¦Û Û¼ÑºÓ T Ñ þ � ÍÞæ Ô ÓÚÖËä¼Ô ÓÚÙÜÛ¼Íßö�Ó RíÍ�ÛôÑºÍßæÐÛôÑºÓêçñÝß× Aîâ�Ýóä¼Ù�ÑºÓÜàðÓÕ×�éÈÝÞÍßé®ÓÅþ



 ÍÞÓÜÖ¼àòÍßÛ ÓÜÖ L¤Ý��ÅÖ¼Ó ÍÞÙ�Ñ å ëîâ�� ëºÍßÓÚäËÓ @ Ö A ÓÚÍ�Û AºÍÞäËÑºÓÚÖ öñ×�æ àòÍÞÖ R ÓÚëºÓÜÖ âÅæ ëºÓÜÖ
� âÅÛôÑºÓÜàãâ¬ÛôÍÞäËÙ�ÑA' � âÅÛôõ÷Ö RíÍÞäËä¼ÓÜæºä¼Ù�Ñîâ¬é¨ÛôÝÞÍßÙ�ÑºÓÚæ � â�L¤õºÝßÛ��ÅÛ ëºÓÚÖ D Ö¼æºäÊÛ7' � ×ñÖ¼Í�Û � ' @ ÖËæºë÷Û '
� æºÍßö�ÓÚÖËä¼ÍßÛ��ÅÛ � Ö¼ÓÚÍ�é®ä R â�ÝÞë æ÷×¦Ù�ÑòÓÚÍßæºÓÚÖ â�æ÷ëºÓÚÖËÓÚæ RíÍßä¼äËÓÚæºäËÙ�ÑîâÅé¨ÛôÝßÍÞÙ�ÑºÓÜæ D ÍÞæ÷Ö¼ÍÞÙ�ÑìÛ¼õºæºç	�Úõºà
��R ÓÚÙ"LÅÓ ë÷ÓÚÖ7T Ö¼×ñàò×�ÛôÍß×ñæ ÓÚÍßæºçñÓÜÖ¼ÓÚÍßÙ�ÑìÛ7Ríõ÷Ö¼ëºÓÅþ
� ÓÜÖ¼æºÓÜÖÒÓÚÖ L¤Ý���Ö¼ÓêÍÞÙ�Ñ åºëîâ���ÍÞÙ�Ñ ëºÍßÓÚäËÓ @ Ö A ÓÚÍ�Ûíä¼ÓÚÝIAºäËÛ���æºëºÍßç öñÓÚÖÊéÆâ���Û õºæºë L�ÓÜÍÞæºÓÕâ�æ÷ëºÓÚÖËÓÚæ
âÅÝÞä ëºÍßÓêëîâ�Ö¼Íßæ â�æºçñÓÜçñÓ�A ÓÚæ÷ÓÚæ  ÍÞÝ�é®ä¼àòÍßÛ¼Û¼ÓÚÝ<A ÓÚæ¤õ÷Û �·Û¸Ñºâ�AóÓÅþ
� Ö¼ÓÜÍßé®ä�R â�Ýßë å÷Íßà @ õºçñõºäÊÛ !
� �0Q

Ì � âÅæº×¬Ø � â�ÖËÖ¼ÍÞÓÜÖ�Î


