
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 8 (2012) 080509

±±±������������fff³³³²²²¥¥¥���üüüâââfff���óóó������
þþþfff999ÅÅÅ555UUU©©©ÛÛÛ*

�ï�† =V� ÛL³ 4ô7

( H��ÆÔnX, H� 330031 )

( 2011 c 7 � 8 FÂ�; 2011 c 12 � 27 FÂ�?Uv )

ïá
±����f³²¥�üâf�ó��þf9Å�.. �³²9°ÝÚâf�þf��úUC�, T9
Åaqu²;kì9Åé	�õ. b�³²9£Ä�Ý�~�ú¿��Ä9¦, í�Ñþf9ÅÌ��ÑÑõÇÚ
�Ç�­�5Uëê���L�ª. ÏL`z©Û, ¼�
9ÅÌ�¥�Ì�5Uëê��Z`z�Ú`z«m.

'�c: þf9Å, ����f³², ��ÑÑõÇ, 5Uëê

PACS: 05.70.–a, 03.65.–w

1 Ú ó

g l Scovil Ú Schulz-Dubois[1] Ú \ þ f 9
ÅVg±5, þf9Å�ïÄ��
2��'
5 [2−17]. þf9Å´y�9åÆ�ïÄ9:�
�, ÙÌ�ïÄé�´�«þfXÚ�ó��9
åÆÌ��5U. ¤^ó���kþfíN!g
^XÚ!��fXÚ [7−10]!�U?½õU?X
Ú [4,11,12,16,17]!�nþfXÚ [6,13] �. ïÄþf
9åÆÌ�ÚïÄ²;9åÆÌ���¹aq, =
(½8I¼ê (ÑÑõ½õÇ!�Ç!�eþ½�
eÇ�) ¿éÙ?1`z©Û, î8��®²��

�þ­��(Ø [11,14,16,17−24].

Bender � [4] 3 2000 cJÑ
±?3��Ã
��³²¥üâf�ó���U?9Å�.. �³
²9�ú£Ä�, 9Å²{ü�XÚUþ (½¡þ
f “�§”, {¡�§) L§Úüþfý9L§�

�¤�Ì�¿�é	ÑÑõ, Ó���T9Å��
Ç�kì�Ç, �´òXÚ�M�îþÏ"��O
§Ý
®. �C, Abe [14] ��
T9Å�.3��
õÇe��Ç� ηmP = 0.57398, T�Ú9Å�ë
ê (X³²A��Ý����Ú���) Ã', =T

�Ç�éuT9Å�.´Ê·�.
�©òïá±§Bu����f³²¥�ü

âf�ó���U?þf9ÅÌ��., TÌ��
.´dü��Uþ (½¡�§) L§Úü�ý9L
§|¤. b�Ì�L§¥³²9£Ä�ú¿�£Ä
�Ýð½, ��
�39¦�¹eþf9Å�ÑÑ
õÇ!�Ç�5Uëê�L�ª, l
©Û
T9
ÅÌ�5Uëê��Z`z�Ú`z«m. ��,
3Ã9¦�¹e¦Ñ
T9ÅÌ��.���Ñ
ÑõÇe�Ê·�Ç� ηmP = 0.5507, T�Ú��
Ã��³²¥�üâf�ó��9ÅéA��Ç
�ØÓ. ïÄL², ±§B3��³²¥�üâf
�ó���U?þf9Å, Ù��ÑÑõÇe��
Ç��6u³²�äN/ª.

2 þf9Å�.9Ù�ÇL�ª

�âþfnØ, �±òNX�G�Å¼ê ψ ^
�Î F̂ ���¼ê φ Ðm (F̂ φn = λnφn,F̂ φλ =
λφλ), ��Å¼ê�L�ª� [25]

ψ (x) =
∞∑

n=0

anφn (x), (1)
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Xê an÷v8�z^�

∞∑
n=0

|an|2 = 1. (2)

§Bu����f³²¥�üâfUÌ�L«�

εn =
(

n +
1
2

)
~ω (n = 0, 1, 2, · · · ), (3)

Ù¥ ω ���f³²�ªÇ. ��f³²�A�

�Ý� [26]L =

√
~

mω
(m �âf�þ), =�ª

Ç ω =
~

mL2
. -

A ≡ ~2

m
,

��

εn =
(

n +
1
2

)
A

L2
. (4)

¤±, XÚUþ E(L) �L«�

E(L) =
∞∑

n=0

|an|2
(

n +
1
2

)
A

L2
. (5)

�â½Â, 2Âå�L«�

Yn = −dW

dyn
,

Ù¥ yn ´2Âå Yn éA�2Â�I. Ïd, ³²
93£ÄL§¥¤É�å

F = −∂E

∂L
,

=

F (L) =
∞∑

n=0

|an|2
(

n +
1
2

)
2A

L3
. (6)

�ÄXe�«{ü��¹: Å¼ê�kü�
���, =üG��þfkìÌ�. Xã 1 ¤«,
3 1 → 2 → 3 → 4 → 1 Ì�¥, 1, 2, 3 Ú 4 ©O
�Ì���L§�m�©.:, L1, L2, L3 Ú L4 ©
O�©.: 1, 2, 3 Ú 4 ¤éA�³²A��Ý. �
�Ì��) 2 → 3, 4 → 1 üý9L§Ú 1 → 2,
3 → 4 ü�§L§. þf�§L§�±@�XÚÚ
	.ÏLÑ\½ÑÑUþ (~X|^-1� [4]) �
�ª5¢yXÚ�Uþð½.

ã 1 þfkì9ÅÌ�L§«¿ã

3¢S�¹¥, �9Å� “p§9
” Ú “$§
9
” �>�,“9
” v
��ü “9
” SÜUþ
µþ�r. Ïd, 3 “p§9
” Ú “$§9
” ¥�
39¦ Qr

[17]. e¡é9ÅÌ�L§�{�Qã.
11Ú ·�b½³²9�§)ä, XÚ�±

M�îþÏ"�ØC. Ïd, 3�§)äL§¥, â
fG���$üUþ��G���5|Ü, =

ψ (x) = a0 (L) φ0 (x) + a1 (L) φ1 (x) . (7)

m©�³²°� L1 �XÚ?uÄ�, ¿b½³²
°Ý£Äéú,÷vý9½n [25].

�â (2) ª��, |a0|2 + |a1|2 = 1. d (5) ª�
�d�§L§¥XÚM�îþÏ"��

Eh =
A

2L2

(
3 − 2 |a0|2

)
=

A

2L2
1

. (8)

Ïd, 3�§)äL§¥ a1 = 1 � L �����
� L2 =

√
3L1. Ó�, 5¿� L = L2 âf?u-u

�. 3�§)äL§¥d (6) ª��³²9¤É�
å�

F1 (L) = |a0|2
A

L3
+

(
1 − |a0|2

) 3A

L3

=
A

L2
1L

. (9)

12Ú XÚl L = L2 ý9)ä� L = L3.
3ý9)äÏm, âf��?3-u�. �â9å
Æ1�½Æ

dE = dW + dQ, (10)

ý9L§XÚé	.ØáÂÚº�Uþ, = dQ =
0. Ïd, dL§XÚé	.�õ W23 �uSU�C
z, =

W23 = Eh − El, (11)
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Ù¥ El L«1 3 Ú¥XÚ�M�îþÏ"�.

13Ú XÚ L = L3 �§Ø � L = L4. 3
Ø Ïm, 7Lº�Uþ, ±B¦M�îþÏ"�
�±ØC. TL§âfd-u�£8�Ä�. Ón
��, L4 =

1√
3
L3. 3$§Ø ÏmM�îþÏ"

� El �L«�

El =
3A

2L2
3

. (12)

aqu1�Ú, �¦��^å

F3 (L) =
3A

L2
3L

. (13)

d (9) Ú (13) ª � �, ü � § L § ¥ LF1(L)
Ú LF3 (L) þ�~þ. ù�´�§L§e²;G
��§ PV = C �þfa'.

14Ú ³²9 L = L4 ý9Ø �å: L =
L1. �â9åÆ1�½Æ, dL§XÚé	.�
õ W41 �uXÚSU�Cz, =

W41 = El − Eh. (14)

�Ä�9ÅÑÑõ W = W12 + W23 + W34 + W41,
¿�â (9), (11), (13) Ú (14) ª, ��9ÅÑÑõ

W =
∫ √

3L1

L1

dLF1 (L) + W23

+
∫ L3/

√
3

L3

dLF3 (L) + W41

= A

(
1
L2

1

− 3
L2

3

)
ln
√

3. (15)

3�§)äL§¥XÚáÂ�9þ

Qh =
∫ √

3L1

L1

dLF1 (L)

=
A

L2
1

ln
√

3. (16)

�
?�Ú©Û9Å�ÑÑõÇ��Ç�m
�'X,- v (t) Ú τ ©OL«³²°Ý L �UC
�ÝÚÌ�±Ï [14]. 3z�Ì�¥o£Äþ Ltotal

�L«�

Ltotal = (L2 − L1) + (L3 − L2)

+ (L3 − L4) + (L4 − L1)

= 2 (L3 − L1)

=
∫ τ

0

dtv (t)

= v̄τ, (17)

Ù¥ v̄ L«²þ�Ý. 5¿� v̄ ATé�±�yý
9L§k�. 9ÅÌ�±Ï

τ =
2
v̄

(L3 − L1) . (18)

�Ä�9Å�39¦¿�9¦�96 Q̇r ��~
ê, �±��3�§)äÚ�§Ø L§¥9Å¢
SáÂÚº��9þ©O�

Q′
h = Qh + Q̇rτ, (19)

Q′
l = Ql + Q̇rτ. (20)

¢SÑÑõ W ′ = Q′
h−Q′

l = Qh−Ql, = W ′ = W .
Ïd, 9¦é9ÅÑÑõvkK�. ò (15), (16)
Ú (19) ª�\�Çúª

η =
W

Q′
h

,

��

η =
A ln

√
3

(
1
L2

1

− 3
L2

3

)
A ln

√
3

L2
1

+ Q̇rτ

=
A ln

√
3

(
1
L2

1

− 3
L2

3

)
A ln

√
3

L2
1

+ Q̇r
2 (L3 − L1)

v̄

. (21)

Ï� Q̇r 6= 0 �õÇ P ′
(

P ′ =
W ′

τ

)
�n�G

�e Q̇r = 0 �õÇ P

(
P =

W

τ

)
�Ó, ¤±ÃØ

9Å´Ä�39¦, ·�þæ^ P L«9Å�ÑÑ
õÇ.-

r ≡ L3

L1
, (22)

�â (15), (18) Ú (22) ª, ���ÑÑõÇ

P =
v̄A ln

√
3

2L3
1

r2 − 3
r2 (r − 1)

. (23)

-ÃþjÑÑõÇ

P ∗ ≡ P

v̄A ln
√

3
2L2

1

,

Ó�b�³²9�£Ä²þ�Ý v̄ Ú3Ì��å
©: “1” �³²9�A��Ý L1 ®(½ [14], K P ∗

�L«�

P ∗ =
r2 − 3

r2 (r − 1)
. (24)

éì P Ú Q̇r �þj©Û, �b�

Q̇r = CA
v̄

L3
1

, (25)
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Ù¥ C �~þ. ò (22) Ú (25) ª�\ (21) ª��

η =

A ln
√

3
L2

1

(
1 − 3

r2

)
A ln

√
3

L2
1

+ CA
v̄

L3
1

2L1 (r − 1)
v̄

=

A ln
√

3
L2

1

(
1 − 3

r2

)
A ln

√
3

L2
1

+ CA
2 (r − 1)

L2
1

. (26)

²w/, �ÇL�ª (26) �{z�

η =
1 − 3

r2

1 + D (r − 1)
. (27)

Ù¥ D �~þ,

D =
2C

ln
√

3
.

�(��Ç η > 0, 7L÷v r >
√

3.

3 9ÅÌ�5Uëê`z

�â (24) Ú (27) ª, � D �½�, �xÑÃþ
jÑÑõÇ P ∗ ��Ç η �'X­�, (JXã 2
¤«.

ã 2 � D = 0.22, 0.12, 0.02, 0.002 �, ÃþjÑÑõÇ P ∗

��Ç η �'X­�

ã 2 L², ��39¦ (= D 6= 0) �, ÑÑõ
Ç��Ç�'X­���/. ± D = 0.02 �­�
�~?1©Û. éu�Ó�ÃþjÑÑõÇ P ∗, �
Ç ηmP (��ÑÑõÇeéA��Ç) �m>«�
'Ù�>«��`; éu�Ó��Ç η, ÃþjÑÑ
õÇ P ∗

mη (���ÇeéA�ÃþjÑÑõÇ) �
þ�«��`. nþ��, 9ÅÌ��`z«m�

ηmP 6 η 6 ηmax, (28)

½öL«�
Pmη 6 P 6 Pmax. (29)

÷v (28) ½ (29) ª�âU¦þf9Åó�3`z
G�. �9Åäk��ÑÑõÇ�, d4�^�(

∂P ∗

∂r

)
r=rmP

= 0

��
r3
mP − 9rmP + 6 = 0. (30)

3÷v r >
√

3 � ^ � e, (30) ª � ê � )
� rmP = 2.5842. I�rN�´, ÃþjÑÑõ
Ç P ∗ �9¦ Qr Ã', ¤± rmP �9¦ Qr Ã'.

�9Åäk���Ç�, d4�^�(
∂η

∂r

)
r=rmη

= 0

��
D

(
r3
mη − 9rmη + 6

)
− 6 = 0. (31)

÷v (31) ª�ê�)�6uëê D ���, XL 1
¤�. d (27) ª��, η � r �üN4O¼ê, (
Ü (28) ª��, ³²°Ý���������' r

7L÷v
2.8542 6 r 6 rmη. (32)

Ïd, 3©.: 3 �©.: 1 �³²A��Ý�
' r÷v (32) ª�9Åó�3`zG�. A�2g
rN�´, L 1 Úã 2 L²: ��ÃþjÑÑõÇ
e rmP ØÉ9¦ Qr �K�, �9¦ Qr é���
Ç ηmax!`z�Ç ηmP Ú���Çe rmη �K�
�~²w.

L 1 �ëê D �ØÓ��, ³²A��Ý�' rmP , rmη Ú

9Å�Ç ηmP , ηmax �O��

D rmP rmη ηmP ηmax

0.220 2.5842 3.9812 0.3511 0.4322

0.120 2.5842 4.4879 0.4204 0.5532

0.020 2.5842 7.1418 0.5237 0.8236

0.002 2.5842 14.6305 0.5479 0.9580

0.000 2.5842 ∞ 0.5507 1.0000

4 n�G� (Q̇r = 0 �) 9Å��õÇ
^�e�5Uëê`z

�Ø�Ä9¦ (Q̇r = 0) �, =ëê D = 0, K
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�ÇL�ª (27) �{z�

η = 1 − 3
r2

. (33)

(Ü (8), (12) Ú (22) ª, (33) ª�L«�

η = 1 − El

Eh
, (34)

Ù¥Uþ Eh Ú El ��u²;kìÌ���Çú
ª η = 1 − Tl

Th
¥�§Ý. Ïd, (34) ª�²;kì

9Å�ÇL�ª�þfa'. � D = 0(= Q̇r = 0)
�, �â (24) Ú (33) ª, ÃþjÑÑõÇ P ∗ �L
«��Ç η �¼ê, =

P ∗ =
η√

3
1 − η

− 1
. (35)

|^ (35) ª·�xÑ
ÃþjÑÑõÇ P ∗ �
�Ç η �'X­�, (JXã 3 ¤«. lã 3 �±w
Ñ, �3��ÃþjõÇ P ∗

max ÚéA��Ç ηmP .
� P < P ∗

max �, éAü�ØÓ��Ç�. 3Ãþj
ÑÑõÇ P ∗ �Ó��¹e, 5Uëê3 η > ηmP

��S'3 η < ηmP ��S�`, Ïd�Ç`z«
m (28) ª�L«�

ηmP 6 η < 1, (36)

Ù¥ ηmP = 0.5507, XL 1 ¤�. T��©z [14]
¥ ηmP ��ØÓ. ùL²±§B3��³²�üâ
f�ó���U?þf9Å, �,3(½�³²c
JeÙ��ÑÑõÇ���Ç� ηmP Ø�6uT
9Å�.�ëê, �´ ηmP %�6u§Büâf³
²�äN/ª.

d±þ©Û��, �9ÅØ�39¦�, e¦
9ÅÌ�?3 (36) ª¤L«�`z«mó�, ³²
°Ý��������' r 7L÷v r > 2.5842.

ã 3 9 Å Ø � 3 9¦� Ã þ j Ñ Ñ õÇ P ∗ � �Ç η

�'X­�

5 ( Ø

�©ïá
±§B3����f³²¥�ü
âf�ó��þf9ÅÌ��., T9ÅÌ��¹
ü�§Úüý9L§, ¿���
�39¦�¹e
�õÇÚ�ÇL�ª. b�³²9£Ä�~�ú

��Ýk�, ÏL`z©Û��
9Å�Ç�`z
�Ú`z«m, ù�±�9ÅÌ���OJønØ
��. Ó�©Û
�«n� (Ø�39¦) �9ÅÌ
��., uyÙ�ÇL�ªÚ±��Ã��³²¥
�üâf�ó��þf9Å��ÇL�ª��. Ï
L'���, �,9Å3��ÑÑõÇe��Ç�
éu(½�³²´Ê·� (=Ú³²A��Ý�'
Ã'), ��Ç`z�±9`z«m�6u³²�ä
N/ª. �©���9Å5U`z©Û(J=·^
u±§B3����f³²¥�üâf�ó��
�U?þf9Å�., e�Úò©Û±?3Ù¦/
ª³² [27] (X�nü�|!og³²) ¥�üâf
�ó���U?þf9Å�5U.
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Performance analysis of a quantum heat engine
working with a particle in a one-dimensional

harmonic trap∗

Wang Jian-Hui† Xiong Shuang-Quan He Ji-Zhou Liu Jiang-Tao

( Department of Physics, Nanchang University, Nanchang 330031, China )
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Abstract

A heat engine model of a sing particle confined in a one-dimensional harmonic trap is established. The model, as a quantum-

mechanical analog of the Carnot engine, does work to outside when both the width of the potential and the quantum state change very

slowly. On the assumption that the width of the potential moves at a very slow speed and the heat leakage is included, we derive the

general expressions for several performance parameters, such as work, power output, efficiency, etc. We find the optimally operating

regions and the optimal values of performance parameters of the heat engine cycle.

Keywords: quantum heat engine, one-dimensional harmonic trap, maximum power output, performance
parameters
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