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4ŋƧ¹5 

¼�9a87ƤŸ�5ŸŻ5UXiwVqw�b6dŸ�Ĥö0-ŷƜJŵŦ

&37d1$95 ƤĢâĂ¶Ƣ!Ă¶ƣ9Ƅä " :yÒ5(d1Ÿ9Ÿ�:Ŵ

Ƌ # 9ŴĬ5&ƤŴƋ967ŸŻ5ŴƋ967UXiwVqw7acý9bHƤ

{|Ă¶Ƣ$Ă¶ƣ79@ù§&37d1UXiwVqw:Ƥ;8Òÿ % 5ħŨ

�ÿ & JC11-.&Ƥƛěĳô7�"dŸ�9ŷƜ�b9ơ%: ℎ( 46d1

ŷƜ:ĜæĤĳ46cƤ+9ơ%J ) sin(2/ !/1) 5(d1?-ƤŸŻ:ŷƜ�

bƙH67C95&ƤÉ %:ĭū4 d5(d1 

 

ÊB7ƤħŨ�ÿ & �©¡7Ú%7ÅµJŜ9d1 

�� ħŨ�ÿ & �ĭū4 d5&ƤŸ�9ƎĿĂ¶9�ś $(3) 7Ɠ(dƅ§Ă

ņåJ #Ƥ%Ƥ)Ƥℎ(Ƥ3Ƥ4 = 2/"/1 J�03Ņ*1$$4Ƥ3 :ŖƆąƒ4

6d1 

�� ¹ �9ƅ§Ăņå4ůſ%HdŸ�9şĺù§9½ĉù§ÿJå4Ņ*1 

�� ŵŦƑÊìƤ©¡7ąƒJŖ3Òàù§ĳô760-5 Ƥ¹ � 9Ăņå9

ŭJ #Ƥ%Ƥ)Ƥℎ(Ƥ3Ƥ4 J�03Ņ*1$95 ƤI)�9ħŨ7acŸ

�9şĺù§:±?0-5Ŝ9d1$$4Ƥ�ó9Çÿ 6 JĹ73ƤŸ�9

{|Ă¶9§ J $(3) = 6 sin43 + ℎ( 5�73@d5a71 

	� Ÿ��ùĳô76dƄäJå4Ņ&Ƥ+9��ľ6�Jĉ¦ÿÍ � đ4ģB

a1$$4Ƥ´drmx\9�:�|5(d1 

# = 200	kgƤ% = 4000	kg ∙ s–?Ƥ) = 40	mmƤ1 = 8.0	mƤ" = 50	km ∙ h–E 

 

Ě7ƤħŨ�ÿ & �ĭū4 67ÅµJŜ9d1 


� Ÿ�9ƎĿĂ¶9�ś $(3) 7Ɠ(dƅ§ĂņåJ #Ƥ%Ƥ)Ƥ&Ƥℎ(Ƥ3Ƥ4 J

�03Ņ*1  

(� ŵŦƑÊìƤ©¡7ąƒJŖ3Òàù§ĳô760-5 Ƥ¹ 
 9Ăņå9
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ŭJ #Ƥ%Ƥ)Ƥ&Ƥℎ(Ƥ3Ƥ4 J�03Ņ*1$$4Ƥ�ó9Çÿ FƤ6ƤGEƤ

G? JĹ73Ƥ{|Ă¶9§ J $(3) = GE sin43 + G? cos43 + ℎ( 5� ƤGE, 

G? JģB3�bƤ$(3) = 6 sin(43 − F) + ℎ( 9ê4Ņ(5a71 

)� ¹ (9ĳô9Ÿ�9{|Ă¶9ù§9ùá:ƤŷƜ9ùá ) 9��76d�

å4Ņ&Ƥ��ľ6�Jĉ¦ÿÍ � đ4ģBa1?-Ƥ$9ù§9ùá:Ƥ

¹�9Åµ9ù§9ùá7×&��76d�ĉ¦ÿÍ�đ4ģBa1$$4Ƥ

´drmx\9�:�|5(d1 

# = 200	kgƤ% = 4000	kg ∙ s–?Ƥ) = 40	mmƤ1 = 8.0	mƤ" = 50	km ∙ h–EƤ 

& = 4.0	MN ∙ s ∙ m–E 
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4ŋƨ¹5 

¼�9a87Ƥ!Ź7ÁĿ7ƒƖ M 4Ɖś%H-�Ď9Ñ�Ù��b6dâŦ

âčƚĔ9ƒ7ƤűƚĴ N = NON(Ƣ NO :ĠűƚĴƤN( :Łň9űƚĴƣ9ű

ƚ��:%?H-PĂ¶=ĭƔ7Ɛ7�ƀŘŷ�JƤPĂ¶=�ü(d�ĦƚĦ

9ùdŠ7JŜ9a81ƚĔ:$Ă¶7©¡7ã!Ŋ9¦ď:ĭū4 d5&Ƥ

PĂ¶7�ü(dƚĦ: $ 7ab675(d1ƚÅhSat Q(R, 3)ƤńČÖä

hSat T(R, 3) :7)HC�ƚĔƒ79@Î¿&Ƥ+Hb9Põ¡:7)HC

05@6*dC95(d1$$4ƤR :�śhSatƤ3 :ąƒ46d1ƚĔJ

PŹĂ¶7�ü(dƚĦƢ$Ă¶9«�Ɛ%6-cƣ:Ƥ! = 07ś�H-ƚĔ�4 

UE(R, 3) = VWX( cos(%P − 43)Ƥ! = M7ś�H-ƚĔ�4 U?(R, 3) = −VWX( cos(%P −

43) 5~9bHd5�Ò&a81$$4ƤVW :PĂ¶9«�hSatƤ% :Ĥÿ

hSat9É %Ƥ4 :Ŭù§ÿ46d1$$49ƚńÅ:�|9kSXMN

tĂņå 

 Y ∙ Q =
Z

N
 ���  

 Y ∙ T = 0 ��� �

 Y × Q = −
\T

\3
 ��. �

 Y × T = ](^ + N](
\Q

\3
 ��� �

7í81$$4ƤZ :ƚŢÖäƤ^ :ƚĦÖäƤ]( :Łň9ƂńĴ46d1 

 

�� kSXMNtĂņå5hSatñŌå Y ∙ (Y × _) = 0Ƣ_	:�ó9hSatƣ

JĹ73�|9å�� �õcŉ1$5JŅ*1 

 Y ∙ ^ +
\Z

\3
= 0 �� �



	�
 

?-Ƥå�� 9Ň¡êJŅ&-894Ƥ+9ıķľ6ó¸J
�Íņä4ŲĄ*

a1 

 

�� å�� JĹ73ƚĔ�{9ƚŢƜÖä È(P, 3) �a<ƚĔ�{9ƚŢƜÖä

?̀(P, 3) JģBa1 

 

�� kSXMNtĂņå��� 5��� JĹ73Ƥ0 < ! < M 7�"dƚÅhSat 

Q(R, 3) 5ńČÖähSat T(R, 3) JģBa1 

 

	� ¹�4îbH- Q(R, 3) 5 T(R, 3) 7å��. JƇĹ(d$57a03Ƥ% 5 4	

9Ɠ�JÙ *a1$9�ƀŘŷJ�ü(d�ĦƚĦ9ƄäJģBƤŁň�

9�Ƅ5Ġź*a1+9ıķľ6ó¸J
�Íņä4ŲĄ*a1 
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4ŋƩ¹5 
�� �|9å�� 4~9bHd�Ě�9Vpux`KwQxĂņå7í7Ƥ!Ă¶9

@7ƅ§4 dƤObtRx b(ƤŴƋ # 9őÌJŜ9d1 

 c−
ℏ?

2#

M?

M!?
+ e(!)fg(!) = b(g(!) �� �

$$4Ƥg(!) :őÌ9Ĥ§ƓÿƤe(!) :j_wVotƤℏ = ℎ/2/Ƣℎ:gr

wSÒÿƣ46d1�|9å�� 4ŧ%Hd¼�7Ņ(a86ƥĚ�ƕĞÂj

_wVot7¶�03Ý�bőÌ��Ø(d1 

 e(!) = h
0 (! ≤ 0)

e( (! > 0)
 �� �

$$4Ƥ e( > 0 46d1 

 

¼ ��

 

ƞÃ IƢ! ≤ 0ƣ7�"dőÌ9Ĥ§Ɠÿ gk :Ƥ�|9å�� 9a87Ĉ!$

5�4 d1 

 gk = 6 exp(o%!) + G exp(−o%!) �� �

$$4Ƥå�� 9³ż9ŋ �Ɲ5ŋ �Ɲ:+H,HőÌ9�Ø5°ØJŧ&3

�cƤ% = p
?qrs

ℏt
Ƥ	o :ťÿ«�46d1�|9¹77ō9a1 

!"

��II

#(%)

%

#"

% = 0
��I
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��  őÌ9ObtRx� b( > e( 9ÅµƤ! = 0 9j_wVotƘÆ4:őÌ

9°Ø5ƂƆ�Ŷ d1ƞÃ IIƢ! > 0ƣ7�"dőÌ9Ĥ§Ɠÿ� gkk =

uE exp(o%E!) 9a87ŧ*d5(d1$95 Ƥ%E J #ƤℏƤb(Ƥe(JĹ

73ŧ*1 

��  ¹ ��� 9őÌ9°ØĴ v = |G|?/|6|? 5ƂƆĴ x = 1 − v J b( ¯< 

e( JĹ73ŧ*1 

��  b( < e( 9őÌJ�Ø&-ÅµƤƞÃ IIƢ! > 0ƣ7�"dőÌ9Ĥ§Ɠÿ

: gkk = u? exp(−%?!) 9a87ŧ*d5(d1$9ą9°ØĴ v Jģ

Ba1Ù ƆņCŅ($51 

 

�� Ě7ƤƌÜŧƜ7ÁĿ7yė6ƚĻèä z	(z > 0) 9ƚĻJ¬¥&3þ %

HdƚÌ9ø§JƤ¼ � 9a86«œ6 � Ě�9zŬj_wVotŽ�JĹ

73ĒŮ(d1zŬj_wVot: 

 e(!) = h
0 (! ≤ 0)

e( − {z! (! > 0)
 �	 �

4ŧ%HƤ	! ≤ 0 :ƌÜƤ! > 0 :Łň7×ï(d1$$4Ƥ e( > 0 Ƥ{ :

ƚġŔƋ46d1!Ă¶9@7ƅ§4 dObtRx	b(ƤŴƋ # 9őÌ�Ý

�b�Ø(d1 

 
¼ � 

b( < e( 9ÅµƤe()) = b( 56d ) 9�ś49ƂƆĴ x| :�|9a87

!(#)

#

!%

# = 0 # = (

)%



)�
 

~9bHd5(d1 

 x| = exp }−2~ �
2#[e(!) − b(]

ℏ?

|

(

M!Ç �
 �

�|9¹77ō9a1 

��  őÌ9ƂƆĴ x| : É(= e( − b() 5 #ƤℏƤ{Ƥz JĹ73Ƥ 

 x| = exp Ñ−
4√2#

3ℏ{z
Éá/?à �( �

56d$5JŅ*1 

��  b( JƌÜ9fNtlObtRx5(d5Ƥ¹ ��� 9 É :��Ɠÿ7×

ï(d1$$4Ƥ��Ɠÿ� 4.45	eV 9\wTX_wŧƜ7ƚĻ z J¬

¥&3ƤƚÌJ²c (ÓƠJŜ9d1å�( JC57ƤƂƆĴ x|  J

6.74 × 10åá 5(d-B9ƚĻ z JģBa1?-Ƥ+9Ɨ9 ) JģBa1

ĉ¦ÿÍ � đ4ŭō*a1-.&ƤƚġŔƋ { = 1.60 × 10åEç	CƤℏ =

1.05 × 10åáè	J∙sƤƚÌ9ŴƋ	# = 9.11 × 10åáE	kg 5(d1?-Ƥln(6.74 ×

10åá) = −5.00 5&3a71 

��  ¹ ��� 9a87őÌ�j_wVotƘÆJƃc÷"dĵųJawbt¦

ď5781awbt¦ď�ïĹ%H37dũś6d7:`cLXJy1

ø#Ƥ+9§�®ķJ 
� Íņä4ŲĄ*a1 
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4ŋ 7 ¹5 
6dĨä x 7�73Ƥğŀβ9�19ŗĆőƢő�5ő�ƣ�1!dőĻ{4α

ŀ9}ÀyĐĸõ�ĸ'dƆņJŜ9dƢ¼�ƣ1αŀ9Đ:uwYêĳ9ŉ�4

6cƤ$9ŉ�:¼�9ªë ï 9Ķ9yƈJ�1ŕ@µI*3Ž�%Hd1uw

Yĳ9ŉ�9ŧƜ5őĻ�6(Ŭ9ŪŬJ ñ	(0 < ñ ≤ 90°) 5(d1Ĩä x 7

�"dαŀ5βŀ9«��Ňé-c9şĺObtRxÞJ Δôö(x)	õ= ôú(x) −

ôù(x)û 5&3Ƥ�|9¹77ō9a1 

 

 

  

 

 

 

 

 

 

�� αŀ5βŀ9ĻƜObtRxƢ«�ƜŇé-cƣJ `úùƤβŀ9ƒ9őĻObt

RxƢ«�ƜŇé-cƣJ ù̀ù 5(d5 Ƥ¼�7�73 `úùƤ ù̀ù 5 ñ 9

ĩ-(> Ɠ�åJŅ*1-.&Ƥ`úùƤ ù̀ù 9ĽĂð:ĭū4 dC95(

d1 

 

�� ¼�9a87αŀ9ŗĆĐ�ĸõ(d5 9�şĺObtRxÇ¨ ∆b ��

|9å�� 4ŧ%Hd$5JŅ*1-.&Ƥŏ«9-B¼�9αŀ9ŧƜŇ�a

<�ŇJ+H,H †Ƥe 5ŧ&Ƥαŀ9Đĸõ7�8ĝ@ObtRx:ĭū4

 dC95(d1 

 ∆b = eΔôö(x) + †σúù − /ï
?σùùsin

?ñ �� �

�

¼ ��

α�

β� (
1)

β� (
2)
β��
�

θ

�����	�

 
¼Ʀ 

��
�

rθ

�	������
���
�����
����� r�



���
 

�� ćĴªë ï �6dÉ % ï∗ƢŞĻĐ9ćĴªëƣ�{76d5αŀ9Đ:Ð

Ò7õƐ(d1+9ķĺJƤå�� 7Ä273)�Íņä4ŲĄ*a1$$4Ƥ

†Ƥe :+H,H�|9å�� 5å�� 4~9bHd1 

 † = 4/ï?(1 − cos ñ) �� �

 e = 2/ïá(2 + cosñ) (1 − cos ñ)? 3⁄  �� �

 

	� αŀ9ŞĻĐ9ćĴªë ï∗ � ñ 7�b67$5JŅ*1 

 


� αŀ9ŞĻĐ9ĸõObtRxJ Δôö(x)Ƥ`úùƤñ JĹ73ŧ*1 

 

(� αŀ9ĐĸõƄä:2ŞĻĐ9ÿÖä352ŞĻĐ7®Ì��ł(dƟä39

�19ºÌ9Ň7Ġ�(d1$Hb9�ºÌ9Ĩä�Îð7ļó&3Ƥαŀ9

}ÀyĐĸõƄä9Ĩä�Îð9Trf9ĕêJƤβ → αÇôĬ x( �b x( 

acC©¡�7Ĩä?49ĨäŎ»7173¼Ņ*a1-.&Ƥ¼�7 x( J

ĄŅ(d$51 
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4ŋ 8 ¹5 
�� ƏƢCuƣ5ƍƢFeƣ59��ŒµƌJŜ9d1ĳô¼Jęåľ7¼17Ņ(1

1273	K 7�"dCu�9Fe9īŭä: 2.5	at%ƤFeƢγŀƣ�9Cu9īŭä: 

3.5	at%46d1�|9¹77ō9a1´Ű¹7×&3Ù ƆņCŅ($51

ġ�Òÿ v : 8.314	J · molåE · KåE JĹ7a1ĉ¦ÿÍ�đ4ŭō*a1 

 

 

¼1 

 

��  ��ŒßŤī�4:ƤīŴõ¡ �9ţġ¾ ´E �+9nt¡Ĵ !E 7Ġ�

(d5Ŝ9bHd1(6I/ ´E = %!E Ƣ-.& % :Òÿƣ5Ĉ"d1

$9ßŤī�4:ƤīËõ¡ � 9ţġ¾ ´? :+9nt¡Ĵ !? 7ĜĠ

�(d1(6I/ ´? = !?´?
¨ Ƣ-.& ´?¨ :œŐ6õ¡ � 9ţġ¾ƣ5

Ĉ"d1$Hb9īŴõ¡ � �a<īËõ¡ � 9ţġ¾7Ɠ(dŽ�å

J¢Ĺ&3Ƥ1273	K7�"d Cu-Fe ��Œµƌ�9 Fe 9ĥƋJƤFe 9n

t¡Ĵ7×&3ęåľ7û"1 

��  1273	K7�"dƤ1	at%9 Fe J·A Cu-Fe ��Œµƌ�9 Fe 9ĥƋJģ

Ba1 



���
 

 

��  1	at% 9 Fe J·A Cu-Fe ��Œµƌ�9 Fe �Ƥ1273	K4Ɗ¨&3 FeO

76d|Ɣ9ƊŔ¡¾JģBa1|ů9Ĩä x 7�"dƊ¨°ï9ĘĪ

şĺObtRxÇ¨ ∆ô¨ JĹ7d$51-.&ƤFeO �È9 Fe �a<

Cu 9Ɗ¨ı9ĸõ:ĭū4 dC95(d1 

 Fe	(solid) +
1

2
O?	(gas) = FeO	(solid) �

 ∆ôo = −264889 + 58.79	x J ∙ molåE �

 

�� Q[swOwWw:�7eXaw5Vsw]x�bĖõ%HƤVsw]x�

9ġ�9¾řƤİĮƤŝçƤ�­JŚcž&3eXawJ§�&37d1¼�

7Ņ(a86«œ¨%H-į¤ÏULStƢP^axULStƣ�Ƥyš7

Q[swOwWw9n`t5Ŝ9bH37d1ķòġ�J�ēıŴ5&3V

sw]x7Ù�Ƥú (dķòľ6į¤ÏULStJŜ9d1$9Œ4Ě9

a86ĪƛľgvZXJŦ81 

 

¼2 

(i) gvZX e0aƪyÒĨä x∞ƤyÒ¾¤ ±E 4�Ň eE ?4Vsw]

x�7�ēıŴ�Ù�%Hd1 

(ii) gvZX a0bƪĨä x≤Ƥ�Ň e?Ƥ¾¤ ±? ?4āįľ7¾ř(d1 



���
 

(iii) gvZX b0cƪ�ēıŴ7į�~9bHƤĨä5¾¤:+H,H x≥Ƥ

±á ?4Ńąƒ98/7yÒ�Ň4{ă(d1 

(iv) gvZX c0dƪ�Ň eE ?4āįľ7ŝç&ƤĨä5¾¤:+H,H 

x¥Ƥ±è ?4ħÛ(d1 

(v) gvZX d0aƪyÒ�Ň4Èƈ=į�Ɓ#ƤĨä5¾¤:+H,H 

x∞Ƥ±E ?4ħÛ(d1 

(vi) gvZX a0eƪĨäƤ¾¤yÒ4Vsw]x�b�ēıŴ�Èƈ7ú

 %Hd1 

 

�|9¹77ō9a1´Ű¹7×&3Ù ƆņCŅ($51 

��  µ nt9ķòġ�7�73ƤĚå�� �õcŉ1$5JŅ*1 

 u∂ = u∑ + µv �� �

-.&Ƥu∂ :Ò¾įÔƋƤu∑ :ÒŇįÔƋƤv :ġ�Òÿ46d1 

��  ķòġ�9ĪƛľāįƆņ7�73ƤĚå�� JÙ *a1 

 ±e∏ =yÒ �� �

-.&Ƥ± 5 e :+H,H¾¤5�ŇƤ?- γ = u∂ u∑⁄  5(d1Ù 7

:å�� JĹ73a71 

��  {ůį¤ÏULSt7�73Ƥb0c9gvZX4�ēıŴ7~9bHdį 

πE J x≤Ƥx≥ �a< u∑ JĹ73ŧ*1?-Ƥd0a9gvZX4Èƈ=

þ %Hdį π? J x∞Ƥx¥ �a< u∑ JĹ73ŧ*1 

�	  $9į¤ÏULSt9į¦Ĵ ∫ J x∞ 5 x≤ 9Ɠÿ5&3ģBa1å�� Ƥ

å�� JĹ73a71-.&Ƥį¦Ĵ:�ULSt4į¤ÏULSt�Ŧ8

��JƤ�ULSt4�ēıŴ7~9bHdįƋ4£0-C946d16

�ƤgvZXe0aƤa0e:į¦Ĵ7:Õ~&67$57ļó*a1 

�
  ¹��	 4ģB- ∫ 9å7Ä273Ƥ$9į¤ÏULSt9į¦ĴJ{#

d-B7ƤVsw]x�a<eXawJĖõ(dċĀ5&3Ċ?&7Ĳ

ðJy1ø#Ƥ��Íņä4ķĺ5�7ſ>a1 
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