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!""! #$%&'()* Planck+,-!

! ./01234567)*#$89:;%&<=>?@AB'C1DE'F

GHIJKLMN?O1PQR* Planck +,->S1DE'TUVWNX1Y

5?Planck 1Z[\]5XS4^>W[_*`RabU?cdef1ghYW

i/CTU1c/1jk5lmTX Einstein>?#$%&<=5S1DE'[_

XYnoUpDE`!

!

11-1) #$%&CO1%&qrstHuv1+,wx!

! yz{5|Y)}z~����5��~'�?��5���1��>R*`

��TX}z~1g��������?O1��YW~1��5���CQ?

~1�v>��YSEY��'��Q�*C�E`��c1��?c1 ¡

! 

" = c /#?8¢�?c1£¤x

! 

";'(¥TU¦>§^*`¨©U?��YWª�

'nN*%&c1¦C~1�v>(¥TU«*�CYW?%&c1¦YW?~

1�v5¬*�C>Q�*`:5®TU¯�C?°±'²�c4?MW'³

�')*C´®µ)*�C�?´¶s·¸5¹º»H¼HQ½®TX¾¿>R

NÀÁPÂÃ*QRÄE`ÅÆ½v5Ç)%&c1 ¡

! 

"
m

= c /#
m
?8¢�?c1

£¤x

! 

"
m
;>�NÀ?ON5ÈÂTU«*É:1ÊË�v>�*`�1ÌB1

�'?gÍQ�?Î�1cÏ�vÐ>ÑÒMNU«*>?O1ÓÔ�?��Q

ÕÖ*#$89:;%&1qrstHuv'w)* Planck+,-QR*`!

! R*×Ø�v1ÙQÚ3NX~1��#Û'�?ÜÝ^ ¡8£¤x;1c

8%&;>ÞßTUà4?�NW1c1 ¡'w)*+,?á�?c1£¤x

'w)*+,�?Ù1�v'(¥TU®B'â4�©X×Ø1ãäC^©U«
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*`Kirchhoff81860;�?ÜÝ^ ¡8£¤x;1c>O1�vQåØMN*+

,æ'¨©UçÍT?O1%&cqrstH1+,-?èé?c1êë£¤x

ìÛíX4?êë:îí41qrstH5Ê)wx?

! 

u(",T )�?ï(�v ð1p

'ñ4?Ù1òóÉô'�ñçT^«�C50õTX`O10õ1ö÷�®ø

Ï1±ùúæQR©X`Kirchhoff �?ûü1ý=1þØ>±ùÿ!"#w1$

%'&')*�C5ÇTX1QR*`X(T)O1+,-O1n1�?® øÏ

1±ùúæ(*YW��W^«`+Ø,¿>-.QR*`OTU?O1�vQ

åØMN*ÜÝ^ ¡8£¤x;1%&c1+,->,/�S1DE^n1Q

R*Y�?+Ø,¿0H1YW°±'2WY'MNU«©X`!

! "3 456)78·�y9:1×Æ;<=C^4>>R©X`}z~1%&c

'w?)*��Bw<'@_WNU?#$%&1<=>ABMNU¯��C'

^*`CD#w1E2'23*F:Gý�?'fCTU?®øÏ5Hp?IÏ

Gý5J�K�TX`O1LM1;<�8tNºQR©X`OP×451Q1

"3 456?78·'RSTXy9:>?°1IÏGý?./0?5HT�C'

^*`#$%&1<=>O1234QR©X`!

! !

11-2)! %&qrstHuv1+,wx

! 

u(",T )'w)*U6 !

!

! 

u(",T )�?%&qrstHuv1+,wxCVÀN*`O1°W�)Xqrs

tHYZ[X:îYX£¤xY\QR*�C'U6TDE`£¤x>

! 

"C

! 

(" + d" )1Û'

]*%&c1êë:îí41qrstH�

! 

u(",T)d"Q?

! 

u(",T)d"1°W�[!Xq

rstHYZ!X:îY\!QR*`^U1£¤x5[_X_1êë:îí41^%&

qrstH�?

! 

u(",T)d"5^£¤x1`Ú'a©UbT�abX Xî+TXn
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1c!

! dêë:îí41^%&qrstHe!

! ! ! fd^%&qrstH1#Ûuvef!

! 

u(",T)d"
" = 0

#

$ ! ! ! (2-1)!

QR*`!

!

! 

u(",T )1°WYW�*DE'?duveC«E�g>)dêë:îí4e567

)*d8#Û;uveC?dêë£¤xìÛíX4e567)*d8£¤x1;u

ve1ù>167Qh_'iaNU«*`j�52k'ìlT^«C?TÀT

Àmn)*`

! 

u(",T )5[_*/'�?o'?£¤xìÛ?!

! 

d" = (" + d" ) #"?5

pq'r�?

! 

u(",T)d"5[_*DE')NÀmn5st)*�C>Q�*`!

! £¤xQ�^�? ¡5u«X%&qrstHuv1+,wx?

! 

u(",T )?5u

«UhÜ1v0>ÂÃ*`O1���)

! 

u(",T )�XqrstHYZ[X:îYX ¡Y\

1°W5w>>?

! 

u(",T)d"Q[_*C?

! 

u(",T)d"1°W�[!XqrstHYZ!X:

îY\!QR4

! 

u(",T)d"Chx°WQR*`!

! jyx1z{y|1/'�?!

! ! ! ! ! ! ! ! ! ! ! !

! 

u(",T) d" = u(#,T) d# ! ! ! ! ! ! ! ! ! ! ! (2-2)!

C}rTU?

! 

" = c /#YW1~x*��?!

! ! ! ! ! ! ! ! ! ! ! ! !

! 

d" = #(c /$ 2)d$ ! ! ! ! ! ! ! ! ! ! ! ! (2-3)!

5h_'[�)*-.>R*` X���Y1�x��(YW?X���Y'ï(�5u«

*8!16-3;̀ ! ð 5 ¤8c;1��C)*C)�� x��)!

! ! ! ! ! ! ! ! ! !

! 

" = 2# /T = 2#$ (= 2#c /%)!!!!!!!!!!!!!! ! ! ! !(2-4)!

C^*>?�� x�C£¤x

! 

" 1z{y|1��nhÜ'[_*`
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! 

u(",T)d" = u(#,T)d#C}rT?

! 

d" = 2#d$5h_'[_*`!

! �1DE^}rw��?Êgú��©Un?<='TU«*%&c1êë:

îí41qrstH�h×QR*�C'ñ*`!!

!!

11-3)  Stefan-Boltzmannæ?Wien1yëæYW Planck1+,-�!

! Boltzmann81884;�?#$%&c1qrstHuv1+,wx?

! 

u(",T )5£

¤x

! 

"Qî+TX'f�?!

! ! ! ! ! ! ! ! !

! 

u(",T )d"
" = 0

#

$ %T
4
?! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-1)!

C^4?ï(�v1��'��)*�C5?�Fº��s1d� 1Á0C®

øÏYWÇTX`�1'f�?,¿0H1'Ó��?Stefan81879;>�'lK

TU«Xn1Q?�+'f5���g)*-QR©X`gÍQ�?

Stefan-BoltzmannæCVÀNU«* ×̀�?Wien�?#$1�®yµ5[_*�

C'D©U?qrstHuv1+,wx>?°1DE^wx�5n>�C5�

«X�!

! ! ! ! ! ! ! !

! 

u(",T )#"
3
$ f (" /T )`! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-2)!

Wien1yëæCVÀN* ï̀(�v TCqrstHuv>ÅÆC^* ¡8!�;

1î>ØxC^*`ð""Z!�567TU«*` ¡1�« ¡«c �? ¡1

¡« ²«c 5E)*É:D4³�QR*�C567)*`¢1£#' ¡

´� ¤�¥N�º�) ²� c*¦§st¨HºD4nÊË�v�³«`!

! OTU?Wien(1896)�?#$%&c1qrstHuv+,1+Ø'f5u«U?

#$%&1qrstHuv+,wxCTU?°1DE^©:Bwx�5lªT

X`!!
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! ! ! ! ! ! ! ! !

! 

u(",T ) = b"
3
# exp($a" /T )`! ! ! ! ! ! ! ! ! ! !(3-3)!

×�?Rayleigh (1900)�c! qrstH}+«5[_*C?!

! ! ! ! ! ! ! ! ! !

! 

u(",T )#"
2
T?! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-4)!

QR*�C5U6TX`�1'f�c!Rayleigh-Jeans 1¬-CVÀNU«*`T

YT?(3-4)5£¤xQî+)*C®ÆC^4?%&1^qrstHuv�

®ÆC^©UT3E`³£¤x1� ¡c1+,+Ø�>^�k2Q�^«`

Stefan-BoltzmannæCn¯°)*  ̀Rayleigh-Jeans1±² R*«�? ³ª´1

±² CVÀN*`qrstH}+«æ>óµT^«1QR*`¶·øÏ?¶

·d�DÏYW�?}z~1E)*c1¦>k2Q�^«1QR*`D4S�

Ä'ÂÃ*Á0�®øÏTY^«�C'^*¸¸¸¸¸¸`! !

! Wien1-'Ó�«U?#$%&C®øÏ±ùúæ1<=5[_UÃX Planck

�?Maxwell1d�D1ÓÔ�]-YWÂETU?®øÏ±ùúæC¯°T^«

'f>_WN*1Y¹C<E1QR©X T̀YT?Lummer and Pringsheim (1900),!

Rubens and Kurlbaum (1900)!^S1ºX^,¿'fYW)*C?(3-3)>×»B¼

í½5nX^«'�C>�©UÃX`TYT)�1¾¿�?À£¤xÁÂQ�

(3-4)'ÃÄ)*DE'? (3-3)5ÅÆ)*�CQPÇÂÃ*�C>�©X`ù>

1-1ÈÉÊ'f CTU?!

! ! ! ! ! ! !

! 

u(",T) =
8#" 2

c
3

h"

exp(h" /k
B
T) $1

! ! ! ! ! ! ! ! ! ! ! ! (3-5)!

1 Planck 1 + , - ' Ë4Ì«X`kY'?

! 

(h" /k
B
T)# 0 Q �!

! 

exp(h" /k
B
T) # 1+ (h" /k

B
T) + $ $!QR*YW?(3-4)C^*`3X?

! 

(h" /k
B
T) >> 1Q

�?

! 

exp(h" /k
B
T) #1 $ exp(h" /k

B
T)! (YW!(3-3)C^*`TYT)�1-(3-5)�
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×:Í567TU«*1QRÄEY¹!

!

11-4)! ¶·01±Î5st)*Ï !

! Planck 1[_XÏÐ5nEÑTÒÓ'XS©UpDE`#$��'çÍ)*

d� 1+,5d�D'w)* Maxwell �]-YW��C?S1DE^'f>

VWN*Y5[_*`ÔÆËYW�1<=5P�'�?x-1Õ«>¡�^*

1Q?�ÖBQ�R*>?×ØÙsX"33"Y'R*DE'ÚÛ;?#$'çÍTE*

dØÍ ?Øo CTU1d� e1Üx5x_*�CQ<=5[_DE`!

! 3Ý?×°W1#$'à**Þ 1ØÍ 1Üx N 5[_*`#$1¡M>

ß? ¡>àQR*C)*C?ØÍ �?á ¡8àZ�;1âxãTXn1>ä

v ß '^*n1QR*`ÅÆ ¡�?àf�ß?Å� ¡5àf�ßZå C)*C?

 ¡>?

! 

" = (2L),  (2L /2),  (2L /3), # # # #,  (2L /n)!QR* å Ü1ØÍ >çÍ)*�

C'^*`(YW)^ØÍ 1Üx5 æC)*C?N=nQR4?!

! ! ! ! ! ! ! ! ! !!!!!!!

! 

N = L /(" /2) = 2L /" !!!!!!!!!!!!!!!!!!!!!!!(4-1)!

Q^*NÀ^W^«`�1Þ 5c'çpè_U?

! 

" = c /# ! 5iEC?

! ! ! ! ! ! ! ! !

! 

N = 2L" /c !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(4-2)!

C^*`!

! °'?×°W1#$1jé5>^«(sHL5[_*`jé5hxãä')

*��8��Bêë��;5ßX)Xì'�) ¡à1âxã>í©X4C¡

M L '×î)*-.>R*`TYT?sHLC^©X1Q?ïMN* �sH

L5ðñQ�*Øo QR*` 1ðñ�ò�ù�ò[_WN*1Q?'²?

(4-1)?(4-2)Chx'f'^*`��Bêë��'>«U�?óôõ'��ÒT
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�k2TX1Qö÷MNX«`!

! øv�?×ù1¡M> LQR*DE^µ�:1#$5[_?ú?û?ü1ý�ò

Q��Bêë��5þ)` 1ÿ!�ò5åØ)*Xì'?O1 1 x"F

#s  

! 

(
! 

k )5Øì*` x"F#s1�ò�? 1ÿ!�ò'×îT?O1Æ�M

�?!

!!!!!!!!!!!!!!!!!!
  

! 

! 

k = 2"# /c = 2" /$!!!!!!!!!!!!!!!!!!!!!!!!!!!(4-3)!

CØ$)*8̀ x"F#s���Bêë��'w)*��ÒT«k2�óôõ

'%_X1Qö÷1�C ;̀! ú?û?ü 1ý�òQ��Bêë��5ßX)Øo

 �)µ�:1Úù'&E�òQ?í©X4CâxÜ(*Q'3W(À^W^

«`O1DE^Øo 1 x"F#só+�?°1��5ßb)*`!

!!!!!!!!!

! 

kx = 2" # nx /L,     ky = 2" # ny /L,     kz = 2" # nz /L!!!!!!!!!!!!!(4-4)!

! 

(nx,  ny,  nz )�?Æ�1âxQRNÀD«`�N�)!(4-3)C(4-4)YW?!

!!!!!!!!
  

! 

! 

k 
2

= kx

2
+ ky

2
+ kz

2
= (2"# /c)2 = (2" /L)2(nx

2
+ ny

2
+ nz

2
)!

C^*1Q?°1w�>óµTU«*�C567)*`!

!!!!!!!

! 

(nx
2

+ ny
2

+ nz
2
) = (L" /c)2 = (L /#)2 $ m2

!!!!!!!!!!!!!!!!!!!!(4-5)!

×Ø1 L>%_WNU«*1Q?

! 

"8á�à;> m5Çì*�C'^* 8̀ú?û?

ü;1)*+Q?^U1

! 

(nx,  ny,  nz )âx,5LGK#)*CÚ°W1-/>Q�

*`.âx1,>?Ú°W-/1-//'^©U«*`�1DEÚ°W1-/

1)*0/X1c1c1Y';<>R*á2fmQR*354�C?�13Ëû'ër

)*

! 

(nx,  ny,  nz )âx,1/>X5�6Y5ßX)`(4-5)��á2 m131�]-(Y

WQR*`!!
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! O�Q?£¤x>

! 

"D4�M«^U1Øo 1Üx5

! 

N(")C)*C?(4-5)Y

W?�1

! 

N(")�?á2 m 13:��'ër)*^U1

! 

(nx,  ny,  nz )âx,1/1

ÜxQR*�C>�*`

! 

m = L" /c = L /# >>1!QRNÀ?3ËÄ71/>��'

^*1Y?ONCn?ª�'^*1Y�?8.^<='^W^« 9̀')

! 

N(")�

á2 m 131:î'}T«`X(T?m 1°W�°WQR4?Ú°W-/1

)*êë�âxQR*YW?�131:î1°WnÈ°W QR*�C'U

6`,/1µ�:#$1:î� V=L3QR*YW?!

! ! ! !

! 

N(") = (4# /3)m3
= (4# /3)(L" /c)3 = (4# /3)(" /c)3V !!!!!!!!!(4-6)!

C^*`�1'f�?

! 

m = L" /c = L /# >>1!QRNÀ?#$1�'DW^«`!

! TYT?d� 1���)

! 

N(")5ùãTU[_*-.>R*`d� �: 

QR*YW?ÿ!�ò';�^Ë5[_X_?�1Ë�'R©Uz{';�^

ù�ò'+<TX 5[_E*YWQR* 9̀'?£¤x>

! 

"D4�M«^U1

ØÍd� 1Üx

! 

N(")�?!

! ! ! !

! 

N(") = (8# /3)(" /c)3V ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (4-7)!

C^*`êë:îí41Üx'�)'�?(4-7)1jù5 V Q=NÀ�«`�N

5MW'?êë£¤xìÛíX41Üx'�)'�?

! 

N(") /V = (8# /3)(" /c)35

! 

"Q

>+)NÀ�«`�1'f5

! 

n(")C?�C?!

!!!!!!!!!!!

! 

n(") =
8#" 2

c
3
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(4-8)!

C^*`

! 

n(")�?êë£¤xìÛíX4?êë:îí41d� 1ÜxQR*`

! 

d" = (" + d" ) #"1£¤xìÛ5[_X��?!

!!!!!!!!!!!

! 

n(")d" =
8#" 2

c
3
d" ! ! ! ! ! ! ! ! ! ! ! ! ! ! !! ! (4-9)!
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>?êë:îí41d� 1Üx5%_*`qrstHuv'�)'�?¶·

01qrstH}+«5u«*C?.Øo ' kBT1qrstH>=4£WN*

YW?�N5

! 

n(")'@*NÀ�«�C'^4?!

! ! ! ! ! ! !

! 

u(",T) =
8#" 2

c
3
k
B
T !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(4-10)!

>VWN*`TYT?�N�!(3-4)'üTX Rayleigh-Jeans 1¬-QR*`(4-8)

CqrstH}+«5'A>**C?,¿B,�k2Q�^«`(YW?l1

Ï5CÀ(À^W^«`!

!

! 

k
B
T�®DE'R*8¶·0B;FG£¤/1DHqrstHQR*` !I¤

qrstHCJ§K¥LsqrstH'ONMN XkBT/2Y>+«MNUà4?�

.�

! 

k
B
TC^*X!1N5Y`(YWc g,1£¤/ 1DHqrstH5

! 

U C?«

U?(4-10)Q1 kBT C]Nè_Up*`OTU c! qrstHuv1+,wx

! 

u(",T)>

! 

U 5%_*�'�TUp*C?!

! ! ! ! ! ! !

! 

U =
c
3

8"# 2
u(#,T) =

u(#,T)

n(# )
! ! ! ! !!!!!!!!!!!! ! ! (4-11)!

C^*`OPÌ1}-YWQù167�2k'^*`QùQ�?êë£¤xì

ÛíX4?êë:îí41d� 1rrstH5?êë£¤xìÛíX4?ê

ë:îí41d� 1ÜxQ=©U«*`�N�3M'?d� 8c;1D H

qrstHQR*`!

! ×�?Rù�!Èg,1£¤/ 1DHqrstH

! 

U C[_U«*>?�N�

Í567)*1(ÄEY¹! #$1Ù5£¤S1DE^n1C[_?£¤SQ

ÂÃXT�'ÈD: 5ßXTXãU5[_* È̀D: >£¤)NÀ?Ù1£

¤SnhxDE'£¤)*(ÄE`3XV')£¤S1Ù>£¤)NÀ�N>
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ÈD: 1£¤C^*`j��z{'qrstH5�4W4TÈXY TR«

^>WÈ£¤8®I¤; TU«*`®I¤1ZTM��vXTY>ÇìU«*`

�1ãä�O?Kirchhoff81860;>Ù1òóÉô'ñçT^«�C50õTXÈÉ

ôCd� 8c;1®DEãä Q�^«Y`¨©U)

! 

U CTXn1�)Éô

1®£¤qrstH5ÊTU«*1(`!

! X(T?[í�?#$�Ô#QR©Un�«1Q?��Q1ÈD: �\]

1D:Q�^«`d� 8c;C«EÈc/¹º ^1(>¸¸¸¸ 8̧Èc/

¹º '>«U�?!11-6C!16Q�0)*;̀ !

!!

11-5)!È^A^A 1qrstH��./01234 !

!!Planck �Ù1Éô5�1DE^È£¤/ C[_?�1 £¤/ 1qrs

tH5MW'[_)* !̀!È£¤/ 1DHqrstH1Êg-5`ì*�'?

Y>U Boltzmann!>�©XDE'?È£¤/ 1qrstH5°1DE'^A^

A1�'TU?�1^A1� #8fh!;5i©U?È£¤/ 1DHqrstH

5`ì?Q'#abC)NÀ?'fCTU?qrstH�^A^A1�'�^W

^«�ÝQRÄEC Planck�[_*`!

!

! 

"
0

= 0,                 "
1

= ",                 "
2

= 2",  # # # ##,               "
n

= n",  # # #!!!!!!!! (5-1)!

 

! 

P
0

= e
("# 0 / k

B
T )

/Z,  P
1

= e
("#1 / k

B
T )

/Z,  P
2

= e
("# 2 / k

B
T )

/Z,  $ $ $ $$,  P
n

= e
("#

n
/ k

B
T )

/Z,$ $ $! !(5-2)!

X6�"Y!�qrstH1^A1��¬c#Xfd!Y1xeCTU[_U«*`!fQ

v0TXDE'?X6��Y� Boltzmann+,'D*.qrstHãä1çÍkgQc!!

!! ! ! !

! 

P
n

= e
("#

n
/ k

B
T )
/ e

("#
n
/ k

B
T )$ = e

("#
n
/ k

B
T )
/Z ! ! ! ! ! ! !       !7-2) (16)!

Q%_WN*`!

! 

Z " e
(#$

n
/ k

B
T )% >+h'gN*1�?

! 

P
n

=1" 5ßbT^*NÀ
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^W^«�C'D*`.0/�SNY1qrstHãä'R*�C�Û�«^

«YWQR*`(5-2)YW)kY'

! 

P
n

=1" C^*�C�)�'�*`!

! (5-1)!C(5-2)YW?È£¤/ 1DHqrstH

! 

(U )�?�i�CTU`ìNÀ

�«YW?°1DE'?**`!

! ! !

! 

U = P
n
" #

n

n= 0

$ =
#

n
" e(%# n / kBT )$
e
(%# n / kBT )$

=
#

exp(# /k
B
T) %1

=
h&

exp(h& /k
B
T) %1

! ! (5-3)!

C^*`±ù1}-1+h�}�jxQR*YW? exp(k#lkBT)fx CTU?!!!!!

åa$Q x(n+1)ab! QR*YW)!

! ! !

! 

e
("# n / kT )$ = e

("# j / kT )

j= 0

n

$ = x
j

j= 0

n

$ =1+ x + x
2

+ % % %xn =
1" xn+1

1" x
= (1" x)"1!

C^*`+/1G�?��mnTU?�C!

!!!!

! 

"
n
# e($" n / kT )% = " n # xn% = "(x n # xn$1% ) = "{x (

d

dx
x
n
)% } = "{x(

d

dx
x
n
)% }!

!!!!!!!!!!!!!!!

! 

= "{
x

(1# x)
2
}!

C^4?'²?!

! ! ! ! ! !

! 

"
n
# e($" n / kBT )%
e
($"

n
/ k

B
T )%

=
"x

(1$ x)
=

"

1/ x $1
=

"

exp(" /k
B
T) $1

!

QR* Ò1'f?ÅQ'#fd!!5o])NÀ?(5-3)1ÅQ1Êg>VWN*`! !

È£¤/ 1DHqrstH

! 

(U )>(5-3)1-Q`ìWNX1Q?�NCqrst

Huv+,-1w�-?(4-11)5iEC?øv�)qrstHuv+,->VW

N*`! !

! ! ! ! ! ! !

! 

u(",T) =
8#" 2

c
3

U = (
8#" 2

c
3
)

h"

exp(h" /k
B
T) $1

! ! ! ! ! ! ! !X5-4Y!

�N> Planck 1+,-X3-5YQR*pd^A1�8#fd!;5QQ#abC)NÀ?

'fCTU??qB^qrstHQ#$%&[_*�C>Q�*eC Planck �



 

 307 

[_X1QR*>?O1DE^rs585-4;Q[_*C?qrstH}+«5

[_X Rayleigh (1900)1'0Chx^4?Í1<=PÇ'^W^«`!

85-4;-5$%)*�C�c'²cÉô1qrstHãä5 d!5êëCTU^A

^A'[_U?Y>?Boltzmann+,5t*]N*�C^1QR*`!1900u 10

v?Planck �wû1[_'xTX`^A^A1qrstHãä5$%)*./

01234QR*`!Planck!1+,-'�?./0567)*LyKFØx h?

d�DÏ1czv c?®øÏ8{ÐøÏ;1¸s·�KØx kB?1ý>1Øx>

gN*`�N�?dPlanck +,->?./0?d�DÏ?®øÏ5|�TX

|>1'f eQR*�C5Ç}TU«*Ú�;`!

! qrstH� h!5êëCTU^A^A1�'^©U«*1Q?£¤x>§^

NÀ?O1êë1qrstHn§^*`Xd!Z~�ðY��" QRNÀ)ÙÉô�³«q

rstHãä3QçÍQ�?X5-2Y'DNÀ).qrstHãä�Ä�B'}T

«,gkg5n>`�N>qrstH}+«æóµ1��QR*�C>aY*`

TYT)Xd!Z~�ðY��" 1_�)³«qrstH1�Kãä�[_WN^« X̀5-2Y

'DNÀ)×PÀ«qrstHãäQR*Ó�ãä1,gkg1p>|'Ä�)

�1�KqrstHãä1,gkg��o'�M«`S1DE^qrstHã

änhxDE'�,gT^«`�1DE^��> Wien1+,æQÄ�MN* !̀

! �1'0'xTX_?Planck� 5�� ·̀�B^í_1ÉÁÏ�CTU1 Planck

'C©U?Boltzmann+,n?d!5êëC)*^A^A1qrstHn?<�B

'�t*]N¿«`TYT),¿'fnÁ0B[_'fn�N5½.)*`X

C_ t*]N¿«ï�B^'f QR©Un?�N5%ì(À^W^«` n

T%ì^«^W?��1÷4�QR*®øÏ1úæ>�wQ�^«¸¸¸`!
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85-3;-C?!7(29)1./0Q1FG£¤/1DHqrstH-?!

!!!!!!!!!!!!!

! 

U = (h" /2) +
h"

exp(h" /k
B
T) #1

                  ! !7(29)!

5�Ö*C?Planck 1X5-3Y-�?�G/qrstH1�%QR*8d!Z�;5

�TX'f'×îTU«*`Éô'()*./0Q1FG£¤/�?+/¹º

�:1®£¤5üÕ)*ÓÔQR4?+/¹º�:1�®>�v'ñçT

Uyµ)*�C5k2)*`�G/qrstH1�%8h!/2;��Q�^«`

qrstH�ë�?!6k2k1! 'üTXDE'? 

! !
  

! 

E
n

= (
1

2
+ n)!",    n = 0, 1, 2, 3, . .                  !6k2k1 (12) 

  

! 

!" = (h /2# )" = h$ ! QR*YW? 

! !

! 

E
n

= (
1

2
+ n)h",    n = 0, 1, 2, 3, . .                   !6k2k1 (12’) 

QR*` 

 TYT?d� 1FG£¤/��G/qrstH8h!/2;5wX^«`d� 

1FG£¤/1qrstH�ë�?Planck>�+TXDE'? 

! ! !

! 

E
n

= nh",    n = 0, 1, 2, 3, . .  

Q?£¤x!QR* nÜ1Èc/(photon) '(¥TU«*  ̀Èc/(photon) 1

[_�?°�Q��)*DE'?Einstein(1905)>cdef'()*[_YWl

KTXn1QR*`�1 Einstein 1[_�YW Planck 1-167>�'2k'

^©X`!
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11-6)!!Einstein!"# Planck$%&'()*+,-./0(-.!

! 12345678'9:;<=>?@ABCDEFGHIJK7HIJKL

<=6MN6-.EOPG7QRST34UVE12W!X4Y#Z['"\

]^_`a>bcdJKG712W'QRS/8'9:;'e!?fg>hi

Y#/jkLl>mnZEinstein(1905)6oUQpq!rY#jstuov=/w

G'UoxyoU=(photon)z{E|}wLZEinstein ~!��Y#/712W6

U='��5��wG�c7U=��>12W/8'9:;<='e5�k�

�c�cJK7�'�q7U=��/8'9:;56?fg>hiwGn#/

jk#Z[K> Einstein!"#1234'��5�#Z!

! Bohr '"\!U#<=Ejk#/78E��#<=TE�hY#Q=���

GV67����5634U6��]n>7�#����tu"c��]�'

����!-.Y#�!67QRSTUVEX)w7�'QRSTUV'� 

¡

! 

"67Planck�¡ hEanG7!

! ! ! ! ! ! ! ! ! ! ! ! !

! 

h" = E
1
# E

2
o! ! ! ! ! ! ! ! ! ! ! ! ! ¢6-1£!

5�#Z

! 

h" = E
1
# E

2
6�Lt�v='"\!¤¥¦§5�c�cJKGn#Z

wtw7:¨>©ª5�#v=/wG'U=!67

! 

"!«¬JK#"\!7S 

/wG':>®�¯c�nGn#Zv=5�#/°±!S 5��#Z['

²³´]µ¶TdualityV>7¨=·'¸¹!�#[/Eº�»#EF]nZ[

'µ¶'¼½6[K/wGº�#[/!Y#¾]nTU=��!�nG67

¿DÀÁÂ!"cÃÄÅ 5Æ·Y#VZ!

! ¢6-1£57ÇÄ6Èn@ABCD'����T¥É!6HI��o!excited statesV7

ÇÊ 6"cËn@ABCD'����E�¯YZ¥ÌËn@ABCD'����
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!"#$%&'(ground state)()*+,-./0 .12.30 .4(56(276-18!!

! ! ! ! ! ! ! ! ! ! ! ! !

! 

h" = Ee # Eg! ! ! ! ! ! ! ! ! ! ! ! 76-28!

(9,-):;<=>?@A275-18(75-28<BC!DEFC-!

! GHIJKLMNC,(2OPQ<RSJ$%&'(ground state)(TU&'

Vexcited statesW#@,XYZ[!\+]+^_?2̀ a<b!cd<e#f,-

g+!hi<fj# Boltzmannkl(MNmn+NC,-op2!

! ! ! ! !

! 

g1 exp("E1 /kBT)

g2 exp("E2 /kBT)
=
g1

g2
exp{"(E1 " E2) /kBT}2!!!!!!!!!!!!!76-38!

JKLq,-rsM2

! 

g1,  g2!\+]+<tuvwxyz<{|}~[0�q- 

g<`a<XYZ[J��#�X��#^_?@,r�#!2!.�<&'#!

!

!

!

!

!

 

!

!

!

!

@,RS� ��( .�<&'#@,RS�� �3J\+]+^_?@,��J@,-

\<r�#!2./!�!.3!<H����(\<�< .3!�!./!<H����J2�

A��NC,��J@,-\+]+<��Z[0��M9�+*9n9C-�

 

 

h! 

E12g� 

� 11-1�! ����(� ��#f,¡¢V��W2¢<£

¤#f,TU-

! 

g1,  g2!\+]+<tuvwxyz<{|

}~[0�q!

���� � �� £¤TU 

h! h! 

E22g� 
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!"#$%&'()*+,-./0!

! 1,2/"Einstein (1917)3"45647,89:3"1);<=>?@ABC: h!

,;<=DEFG*HIDJKspontaneous emissionLKM 55N5 ,OPLQ"2)!h!

,RST,UVWXY'.Z[ h!,;<=DEFG*\]DJK induced 

emissionLKM 55N5 ,^_L,`a'bc@d0efg:h*-./"i,-.

/()ABQ Planck jk=lmGABnm:o*01@["HIDJ,pqr

sKt<uvwx"yz+{wx/Y*pq|L3}%&~�:3u�: �57:

ox"u�"\]DJ,pqrs3";<=>?e*iQnm B12 u(!, T):o*

Q@d0��";,������!,jk>|

! 

u(",T )Q�| B12,�/��e*

Q()*0��["yz+{�/ 45647,pq'Yie%�t<|3"!

! ! ! ! ! ! !

! 

N
1
"{A

12
+ B

12
" u(#,T)}! ! ! ! ! ! ! ! ! ! ! ! ! (6-4)!

:o*Q()*0u�"47645 ,pq3 h!,;<,UV/-�[��*Q()

*KM 55N5 ,�P,��L0;<=>?@[B*,:"\]DJ,pqrsQ

��/"UVXY,pqrsKt<uvwxyz+{wx/Y*pq|L3! !

B21 u(!, T)Q��0yz+{�/ 4�64�,pq'Yie%�t<|3"!

! ! ! ! ! ! !

! 

N
2
"{B

21
" u(#,T )}! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (6-5)!

:o*0�/"yz+{�/`a,��,pq'Yie%�t<|=�x�.

Q3"!

! ! ! ! ! ! !

! 

N
1
" {A

12
+ B

12
" u(#,T )} = N

2
B
21
" u(#,T )! ! ! ! ! ! (6-6)!

= ¡e*iQ:o*0(6-3)3!

! ! ! ! !

! 

g1 exp("E1 /kBT)

g2 exp("E2 /kBT)
=
g1

g2
exp{"(E1 " E2) /kBT}!
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! ! ! ! ! ! ! ! ! ! ! !

! 

=
N
1
/(N

1
+ N

2
)

N
2
/(N

1
+ N

2
)

=
N
1

N
2

! ! ! ! ! ! ! ! (6-7)!

!"#$%&'()*+,+-#./0&#)!

! ! ! ! !

! 

(N1 /N2) =
B21 " u(#,T)

A12 + B12 " u(#,T)
=
g1

g2
exp{$(E1 $ E2) /kBT}!

#1&2"34 u(!, T)5678!95:;<0#)!

! ! ! ! ! ! !

! 

u(",T) =
A12

B21(g2 /g1)exp(h" /kBT) # B12
)! ! ! ! ! !(6-8)!

=>(3&2""$)!

! ! ! ! ! ! ! !

! 

A
12

=
8"h# 3

c
3

B
12

,           B
12

= (g
2
/g

1
)B

21)! ! ! ! (6-9)!

#0&#)*+,?-@!

!!!!!!!!!!!!!!

! 

u(",T) = (
8#" 2

c
3
)

h"

exp(h" /k
B
T) $1

                (5-4)!

#1A)! Planck BC95DE0&2FG)*+,+-!HI$)

! 

B
12
" u(#,T)!JK

LMN4OP0&#)Wien!(3-3)5DE0&9=>(3&=)PlanckBC9#

@1(172!

! Q RR,R !STUVWQ 11-1!XYZ#JKLMW[\ZWQ RR,R !]^Z@

_`5abG8cA)\d4STGe.f)UV=V"A)g!.f#G8[

\=V&#hi8j72kl4m#n8JKop#qr"#=st&2g!u

vopbw@_`5xG72\!ST5jy8UVz{51ye|d=)[\

0&}~)JKLM@����!|�#1y87&2(6-9)!opuvbw@�

�������bw#q�3)\![\�ST4hi&��#1y87&2!

! !

!



 

 313 

11-7)!!!"#$%&'%()*+,-./01!

! NaCl 234567*89:;<*=>?@A@#B4C<D&EF,%GH

IDJ!Na #BFKLMNDG:;<OP 11-2-1 #QR4SL9T,DJ56

74UV9- NaCl23# NaW4SL9T:EF,%GXYZ<DJ;#%*

[\]<^:NaCl23# NaW*_\M`DJ!

! a./:bO./cdeO:f#./gcde4hi#

! 

h" = Ee # Eg#%*X

Y]Djk:./G$]D%*[\]<^:f#./#\WGM`DJ!"$

%01lmAtomic emission spectrometryn&o^<DJpqrstuv*+,-!

!

!

!

!

!

!

!

!

!

./#\WwxyMNDzP 11-2-2{J./O

! 

h" = Ee # Eg#%*'|9}~Z<

DJ!��#��Q�4ND./#W4��9T

! 

h" = Ee # Eg#%'|G~;Djk:

;#%#'|#��*[\]<^:./#��WG[\M`DJ!"'%01

lzAtomic absorption spectrometry{&o^<DJ!"'%4��T:��#}~

Q�4��-!"Or��4r

! 

h" = Ee # Eg#%*��4$9T:��#��Q�

 

E2 

E1 

h! 

(kBT) 

P �������! !"#��}~&��u

v4�D$%z!"$%{!

h! 
h! 

E2 

E1 

P 11-2-2.! %��4�D%'

|zst'|r!"'%{rf

#$%zst$%r!"�%{!
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!"#$%&'(!)&*+ 11-2-2,-.,+/0',123451(678&

9:'8;<=>&'(?$:@A ,BCDE,FGH;IJ&'(9KL&0

3451MNOPAtomic fluorescence spectrometryQ(R78&0!

! STUVWV)%,XYZ[!6&\]('8!6&^12:_`ab!]

'&cdef?g&0hi:34j1(34512:k8l8:mnjo:m

n^1?gp:

! 

h" = Ee # Eg,1qrsmnjosmn^1(tuvwtu]'

&0!

! 

h" = Ee # Eg,1qr;xyT,zp{t(tu|}(:~h,xyT,z

p{t(tu:mnjo*34j1/smn^1*3451/9�]>&0�

�t�1qr!6p:34j1(3451$���8&,?:���(,��

!��?g&0!

! ! ! 1qr! s! mnjo*34j1/s! mn^1*3451/!

9�V�V,3�?g&'(2�!,��9:34���`,^1�j1�5

1,��2FGMN,B�?g&0!

! XY\]6&^1;��t�FGMN2:���!2:���;��>&�

?�y�� ¡FG)%¢,£�(tu¤¥¦�0§¨ © ª« ;¬FG(tu^

>&®¯()¦�0�°?2:±²³ ST,mn´µ¶_�·¸;XY\][!�

¹&^1MNO(tu:º»g¼½&FG!¾�KL&6}!)¦�0hi:

34j1,FGMN¢,£�2^1��,��6p2¿8�9:ÀFG,±Á

ÂÃÄ_`¶¸;1qr,Å,ÆÇ1[(tu��?È&'(9ÉÊ�8uË

Ì:34j1MNO$FGMNO!ÍÎÏ��8u¹&0!

! ''?,14ST,ÐÑ2(pgÒÓÔÕ>&9:ÖV�×Ø!BÙÈÚ16

?"Ñ>&0!


