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1. ¢ƀ/Ī�9�/ſĄÆŶ,ŎÇa ?.�Ķ�éŶa/ľ�=$`ü.ě/

Ů�<š�/(�*ŀ�<
��+ſMſr?"=#=ě0ŗŧſ�Í,�ſ
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5$ſě,éŶ,0ŴĀãäpæ?µſ�ãäpæ?µ’,�<
éŶ/Ć'*

b��?xŜ0āë�ſ�=,¦Ħb��?yŜ0āë�,�ſě0 śŜ�
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(2) ě�éŶa?Ē: /ś�;Ņ&<$70ŎÇa 0õi?MſrſIſµ?

Ğ�*Ī!
 

(3) ě�éŶa?Ē;.�:ś�;Ņ&<ª�ſědÑ0xë�0�ŞÇ?ą
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(4) ��éŶa/ľ�=$ŗŧMſ�Í rſ�� t0`ü.|ö�ſ śŜ?
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|ö,(1)0ě,
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2. ¢Ɓ/Ī�9�/ſÆŶÓ�ĘÕ/�<`ü.ņöó/v�Ó�/(�*ŀ
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hb0��/ĳ�9
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�ſ34ſℎ1"=#=U\LW^µæſT[^Gµæ?Ī�
5$ſ6 = (348):#ſ

ℏ = ℎ/(2>),�<
��+ſT1ĎÇ?Ī�
 

 
1. ĎÇT0ĖĐ,ß�*ÆŉĘÕ/�<ſmĮV,ĵ±æN�`µ0ķ/(�*

ŀ¹�<
�0ķ�iġĥ0ÐōĤĘÕ/�<ĩĚ?@1ſ 

?@ =
exp(−6E@)

F
� � � � � i 

+c�:=<
$%�ſ	E@1�0ĘÕ0ķ0CQ\F_,�<
��+Z1ſ

�ťŮæ,92=ſ 

F =Gexp(−6E@)
@

� � � � � � 

+µĿ�=<
$%�ſ�1�4*0�Ł.ÐōĤĘÕ/>$'*,<80

,�<
hb0��/ĳ�9
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H = −
I
I6

lnF� � � � � �	 

,.<�,?Ī!
 

(2) µĮĖ·ŧCV�ſ 

LM = 346$
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I6$
lnF� � � � � �	
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2.  mr0�ĭ�±�:.<Ļï£m/(�*ŀ¹�<
��±1ſÆŉkľ0

�;+ƂÿwĤ/Þ��<
�0ķ�ſĲ��£ñŎÞ�æw ?8'$3Nr

0ęİ�$ƀÿwŔ�Þ�±0ű5;,6.!<80,�<
£ñŎÞ�æ

w0ƀ(0ƀÿwŔ�Þ�±0CQ\F_1ſ 

OP = QR +
1
2
TℏU								(R = 0,1,2,… )� � � � � � 

+c�:=<
��+ſn1�Ř�=*�<SDR^0æŽ�Řæž+�<


jġĥ0Ŕ�Þ�±0�Řæ?RX,��,ſ�0ķ0ÐōĤĘÕ13Nr0�Ř

æ(R#, R$, … , RX,… , RYZ)+Ýµ+�<
�0ķ�ĎÇT0ĖĐ,ß�*ÆŉĘÕ

/�<,�ſhb0��/ĳ�9
 

(1) �ťŮæ Z�ſ 

F = [Gexp(−6O@)
\
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exp(−6ℏU/2)

1 − exp(−6ℏU)
a
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(2) {ŤCQ\F_U,µĮĖ·ŧCV�ſ 

H = 3NℏU Q
1
2
+

1
exp(6ℏU) − 1

T � � � � � � 

LM = 3N34(6ℏU)$
exp(6ℏU)

(exp(6ℏU) − 1)$
	� � � � � � 

,.<�,?Ī!
 

(3) 8 ≫ ℏω/34.<żĎ¨+LM = 3N34,.<�,?Ī!
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(4) ¢ƀ/AuſAgſCu0� =�0ėŗ/(�*ſ¶Ż/9'*Ï:=$1 g

Ê$;0µĮĖ·ŧŽµĮĂĖž0ĎÇo³Ô?Ī�
-0ėŗ0¶ŻĻ

ø�ſĜğ,,8/ĳ�9
ÒŌ/Ó�*hb0s?Ğ�*9�
 

Cu0�±ŧƆ63.5ſAg0�±ŧƆ108ſAu0�±ŧƆ197ſAUEP]µ

æƆ6.02 × 10$Y	mol:#ſ34 = 1.38 × 10:$Y	J ⋅ K:# 
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Ɓ(0�ĭŖŽÃžEJ�±��±�Í/Ă4*��/ţ�ŚŲ R Ų=*�<

ª�/v�ħgnĞ?ŀ�<
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ø/9'*á:�+�<
�0Ęć?ſ¢ƀ/Ī�9�/�`0xŜa/³¤�
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EP = QR +
1
2
TℏUh h h h h j 

�%=*�7�d/w^(u)�I��[=*�7�d/w#(u)�¬����6�'k

v��'l��u���q 

w^(u) = L^ exp x−
NpU
2ℏ

u$y h h h h h k 

w#(u) = z
2NpU
ℏ

u	w^(u)h h h h h l 

��|¬L^�U3�"/�r�q 

 

(1) L^�@s�����G��WK��q 

⟨w#|u|w^⟩ = ~ w#
∗(u)

\

:\
u	w^(u)	tu 

��|ſw#
∗(u)�w#(u)�TM�(�S~q��ſın�ŘĘÕ0ĉ�ŮæwP(u)

,ım�ŘĘÕ�7�d/wZ(u)����'�9�~q 

⟨wP|wZ⟩ = ~ wP∗(u)
\

:\
	wZ(u)	tu = ÄPZ 

(2) ¢ƀd0ſāųńƀ,āųńƁſŕųńƀ,ŕųńƁſāųńƀ,ŕųńƁſ
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	$ −
ℏ$

2Np
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1
2
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	$h h h h h m 
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�ŘĘÕ�7�d/wP(u)�G�|�'n��t�"O{�p'o��¦©��ª�

«0F'�9�~q 

ÖZP(u#, u$) = wZ(u#)wP(u$)h h h h h n 
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(5) -�£�ª�¥¨V���CQ\F_­�ΔE1ſhb0É+c�:=<80,
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ΔE =
|⟨Ö##|Å|Ö^^⟩|$
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A-Bfwķ�Ũ/��<ħ�ŲŢĬ/(�*ŀ�<
¢ƀ0a¢1ĎÇ TƇT1/

��<ķ0 1 molÊ$;0Č�0ŃğCQ\F_Ž∆âZž0ĺØo³Ô?Ī�ſ

b¢1ĘÕ¢?Ī�*�<
¢d0ä#ſä$1ſĺØ1Ģ.<���Ļïûş?8

(£đm+�<
�0,�ſČ�/9<mĮ­�1Ð¼+�;ſĕō+�<80

,�<
5$ſB0ēÇŽY\�Ěž? c,�ſ∆âZ�É�09�/Ŋ!<,�

*ſhb0���/ĳ�9
 

∆âZ(ã) = Ωã(1 − ã) + É8{(1 − ã) ln(1 − ã) + ã ln ã}   �� 

$%�ſΩ: ħgnĞµæ (Ω > 0)ſR : ămµæ,�<
 

 

(1) É��c = 0.5/Ů�*ºī+�<�,?ŀ×�*ſĎÇT /��<ä#/º�

<B0£đůca?ą79
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(2) ĎÇT=T1/��*B0ēÇcb0¥`£đm/> �.ēÇ­��ĝ�<,ſ
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ĳ�9
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(3) �0fwķ�Ũ�ħ�Ų?Ř��łĠĎÇTc?ą79
 

 

(4) (2)0ēÇĴ¡h®0fħz³Ź¨/��*Ţź�£đm�ħ�Ų?Ř��

ª�ſ-09�/ħ�Ų�Šň�<�ſ100²ĬÇ+ĳ�9
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aŝ(2)09�.ħ�ŲŢĬ�ŃģĤ/Šň�*��,ſ¾ÙĤ.ēÇ�ť/,

8.�CQ\F_0aì�ĕō+�.�.;ſ"0�ø?ŀ×�.�=2.:

.�
¢Ɓ/þÉĤ/Ī�9�/ſuë�/Æ¥ēÇc0�:Ð¼.ēÇá:�  

ã − ã^ = è^ cos 6u�ģĝ�$,�<
��+ſ61ĉæſè^1µæ,�<
�0
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âíìí'î = ∫ ôö(ã) + ï x
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M
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(5) hb0É��Ø;İ(,�ſĉæ6?8(ēÇá:�/9'*ķ0ŃğCQ

\F_�lb�<�,?Ī!
 

6 < ù−
#

$û
x
ñü†(ó)

ñóü
y
ó]ó°
� � �� 

$%�ſhb0É��93É��Ø;İ(80,�<
 

ö(ã) = ö(ã^) + (ã − ã^) x
ñ†(ó)

ñó
y
ó]ó°

+
#

$
(ã − ã^)$ x

ñü†(ó)

ñóü
y
ó]ó°

    �� 

∫(ã − ã^)tÅ = 0     �� 

 

(6) ēÇá:��ÛåëĬÉ/�$�'*îŭ,,8/Øū�<ŢĬ?ŀ�<


"0�ò/��*ēÇ­�ŧã − ã^1îŭ?t,�<,ſhb0É	�93É


09�/»�+�<80,�<
 

ã − ã^ = è exp(¢(6)£)cos6u   �	 

¢(6) = −Qx
ñü†(ó)

ñóü
y
ó]ó°

+ 2ï6$T§6$� �
 

��+ſèſM1ēÇ/9:.�µæ,�<
�0,�ſēÇá:��îŭ,

,8/«Å�<$70õi?Ī�ſ¢(6)?ð¯/�<ĉæ6Z?ą79
5$ſ

(5)0Ļø,�>!*ſ�09�.ħ�Ų0�òŢĬ/��*ſÐ¼.ēÇá

:��-09�/Øū�<0�100²ĬÇ+œí!9
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óè0żĸÇ�Ĉ0ƀ(/~£î0t÷?�Ğ�<ÚĈ��;ſżĸÇSi0ŋş

.-/Ğ�:=*�<
óè0~£/Ů�<hb0��/ĳ�9
 

 

1. Ð¼ēÇX00B?�ñ�<A-B�Ũ?ſ¥`ċmĘÕ�:}��*~£�<

T]KJ?ŀ�<
A-Bķ0Ť�ĘÕ¢?¢ƀ/Ī�
A0ŇĔ1TMſēÇ

X00B?�ñ�<A-B�Ũ0£ħĽĎÇ1T1+�<
 

 

(1) �0�Ũ0~£Ŭ°ĦÎ0£ħdB0ēÇ?ſX0?Ğ�*Ī!
 

h

(2) �0�Ũ0~£ŢĬ/*£ħ�93ċħd+Ø�0Ûå���/Ş�

ª�ŽÆŉ~£žſ~£�$£ħ0���fs0,�0£ħdB0ēÇ?ſ

X0,fs?Ğ�*Ī!
 

h

(3) �0�Ũ�Æŉ~£�<ŰſT1 < T < TM/��<ċħ0��?T , TM , T1

?Ğ�*Ī!
5$ſą7$ċħ0��0ſĎÇ/º�<H[S0úË

?Ī!
 

 

(4) �0�Ũ0~£ŢĬ/��*£ħd+0Ø�0Ûå1ĕō+�ſċħd

+0Ø�0Ûå1��/Ş�ª�ſ~£�$£ħ0���fs0,�0£

ċĠŶ/��<£ħdB0ēÇ?ſX0,fs?Ğ�*Ī!
 

 



13 
 

 

¢ƀ� A-BfwķŤ�ĘÕ¢ 

 

2. ��.¬�?Ü(Ū§d+0ŨÀ0`ë�~£/(�*ŀ�<
Ū§¬,Ũ

À,0ĠŶŽŪ§{¬Ŷž9;��Ų=$Ū§¬d+0ĎÇ?8 = 8̂ 	(K)+

`µ,�<
Ū§¬0Ėj»Ç�ŨÀ/Ă4*��/¼��ª�/ſ¢Ɓ/

Ī�9�/ŨÀ0£ħ,ċħ0ĎÇ�`ü/ŇĔTM (K)/q$=ſŪ§¬d

0ĎÇ�Â1î�t (s)/��*É�09�/.<
 

� � 8 = 8̂ + (8• − 8̂ )	¶1 − erf	(
!

$√©™
)´    � 

��+ſerf1ŒÁŮæſx (m)1Ū§{¬Ŷ�:0ŚŲſα (m2·s-1)1Ū§¬0

ĖÛåĚ+�<
Ū§¬0¸Ç,ĂĖ1"=#= ρ (kg·m-3)ſc (J·kg-1·K-1)+

�;ſŨÀ0Y\ŇŏĖ,ŨÀ0£m0Y\mĮ1"=#= LM (J·mol-1)ſVM 

(m3·mol-1)+�<
α, ρ, c0ĎÇo³Ô1ĕō+�<80,�<
5$ŒÁŮ

æ/Ů�*1hb0É��Øİ�<
 

� �
t
t¨
erf	(¨) = 2

√>
exp	(−¨2)      � 

 

(1) É��ſƀÿw0ŵµÄĖj»ëĬÉ?ď$��,?Ī!
 

 

(2) Ū§{¬Ŷ/��*Ū§¬/Ċx�<ĖĊôq (J·m-2·s-1)0¯��?ſTM, 

T0, t, α, ρ, c, LM, VM 0�&ÒŌ.80?Ğ�*Ī!
 

TM

T1

X0 B��

�
�

, T

4X00

��
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(3) ������s$:��8Agx�®��#�E�~��y¬�����?}

�;<x_�w�Ū§{¬Ŷ�^}�b����.�{���~�qŪ§{

¬Ŷ�:0£ċĠŶ0ŚŲ?ſTM, T0, t, α, ρ, c, LM, VM 0�&ÒŌ.80

?Ğ�*Ī!
 

 

 

 
�  

 

¢Ɓ� t (s) /��<Ū§êŶ0ĎÇ�Â 
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