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ã 1 �"e%�.«¿ã

e.

o�M�îþd 3 Ü©�¤:

H = Hsys + Hbath + Hint, (1)

Ù¥É-1�^�lf�M�îþ� (~ = 1)[9]:

Hsys =νTa+a−∆L|e〉 〈e| −
1
2
Ω(eikeff z̃ |e〉 〈g|+H.c.),

(2)

Ù¥ a+, a ´lf�%$ÄéA�(f��)!�
«�Î, νT ´(f�ªÇ, |e〉 Ú |g〉 ´lf�ü�
S�, ∆L=ωL − ωeg �-1�éu�fS��[ª
Ç���þ, keff z̃ = η(a + a+)sinχ, η � Lamb-Dick

ëê, Ω � Rabi ªÇ.

�âXÚ��n(�, ��Ë�|�>|©þ
�L«�º��ª E(+)

m Ú�µ�ª E(+)
b �Ú

E(+) = E(+)
m + E(+)

b . (3)

º��ª�|�f£ã�

E(+)
m = i

∫ ∞

0

dωαωesin [k(ω)(L + z̃)] b+
m(ω),

Ù¥� αω ´� ω k'�8�zÏf, 3ªÇCz
Ø���¹e�Cq�~þ. e �>|¥þ, k(ω)

�Å¥, b+
m(ω) ´º��ª¥ªÇ� ω �1f��

)�f. �µ�ª�±a'�Ñ.

·��±�Ñ Bath M�îþ�

Hbath = Hm + Hb, (4)

Ù¥
Hm =

∫
dωωb+

m(ω)bm(ω),

Hb =
∫

dωωb+
b (ω)bb(ω).

¥�lf�p�^M�îþ�

Hint = −d
(

E(+)
m (z̃) + Eb(+)(z̃)

)
σ− + H.c., (5)

d L«ó4Ý
�, σ− =|g〉 〈e| ´�fS�� Dirac

�Î.

3*ÑCqe(f�÷v�üz�§� [9]

dρc (t) = [L0dt +
√

γ

2
dW (t)Hm]ρc(t), (6)

Ù¥

L0ρc (t) ≡ −i
[
νTa+a, ρc (t)

]
+ Lbρc (t)

+γD[cm(z̃)ρc(t),

Lbρc (t) = A−D [a] ρc (t) + A+D[a+]ρc(t),

A±=η2 Ω2

4
Γb

(
sin2χ

(∆L ∓ νT)2+Γ 2/4
+

α

∆2
L + Γ 2/4

)
,

D [c] ρ ≡ cρc+ − (c+cρ + ρc+c)/2,

cm(z̃) ≈
(

1 + η(a + a+) − 1
2
η2(a + a+)2

)
/
√

2,

Hmρc(t) = 2η [z̃ρc(t) + ρc(t)z̃ − 2〈z̃〉c(t)ρc(t)] .

L0 ��f£ã
lf�-1±9guË��^
�üz, α ´ó4�[ëê, 〈z̃〉c (t) ´&ÿ�A�
mS�lf²þ £, (6) ª¥�1�� dW (t) =

ξ(t)dt,ξ(t) � Gauss xD(�.

3Â8&E�L§¥æ^"û&ÿ{, ·��
±��1>6� [9,11]

Ic (t) = γη 〈z̃〉c (t) +
√

γ

2
ξ(t), (7)

Ù¥

γ = εΓ
Ω2

4(∆2
L + Γ 2

4 )
.

γ ´º��ª�1Ä$Ç, ε ´Úº��ª�F1
&ÒÂ8Çk'�ëê, (7) ª¥1��¥ 〈z̃〉c (t)

�N
lf�$Ä&E, 1��´�ÅD(�)�.

· � I � J � Ñ 1 > 6 ¥ k ^ � & E �
��">6, �{ ´ò1>6����.��
þ (ω0 ≈ νT) ·Ü¿��� φ �£, ÏL�ÏÈ
ÅÈ�pª���, ��2��.��þ·Ü��.

½ÂC� U ≡ exp(−iω0a
+at), ���">6

3^=�IC�e�L�ª [9]

Ifb,c (t) = g

[
γη 〈Xφ〉Ic (t) +

√
γ

2
Ξ (t)

]
cos (ω0t) ,

(8)

Xφ ≡ aeiφ + a+e−iφ,

Ξ (t) ≡
∫ t

−∞
dτcos(ω0τ + φ)Z̃(t − τ)ξ(τ),

g ���ëê, Z̃(t) ´ÈÅ¼ê� Fourier _C�.

·�w�Ø
���Å� Ξ(t) �	, �">6�
'u Xφ �²þ�, 
 Xφ �lf�$ÄG���
�', �ûu φ ���. � φ = −π/2 �, Xφ �L

lf�Äþ.
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�â�"�n, ·�F"U
|^1>6¥�
lf$Ä�&E�"�XÚ5?1e%. �©Ì�
ïÄ�é�´æ^ Doppler e%�{. e¡{�0
�I�^�� Doppler e%��'�£.

�U?�f�-1�p�^�guË�å£
ã� [12]

F = kΓρee, (9)

Ù¥

ρee =
Ω2

Γ 2 + 4(∆L − kv)2
.

k ´-1�Å¥, v ´�f�$Ä�Ý. d?b½Å
¥Ú�f�Ý��.

òË�å F 3 v = 0 NC��5Cq·��
�

F = F0 +
dF

dv
|v=0v, (10)

Ù¥

F0 = kΓ
Ω2

Γ 2 + 4∆2
L

,

dF

dv
|v=0 = F0

8k∆L

Γ 2 + 4∆2
L

.

ÏLþ¡�©Û, ·�w� (9) ª¥ Doppler e
%¥å�{Z�^�å���´Ú (∆L − kv) k'
�, ù���ýé���, Doppler e%��J�Ð.

Ïd·��g´Ò´, ÏLæ81>6&E¼�l
f²¥lf�$Ä&E, l
¦ (∆L − kv) ��±
�����Y², ��Jp Doppler e%�Ç�8
�.

�élf²¥�lf÷$Ä�(f��., �
�Ä�Ý���Å¥������¹, =�ÝÎÒ
ØC. -

x (t) = Asin (νTt) ,

v (t) = AνTcos (νTt) , t ∈ [−π/2, π/2], (11)

A L«lf$Ä���,M �lf��þ,n �(f
ê.

duå F0 3e%L§¥²þ�J�", ·�
��Ä

dF

dv
|v=0v �. |^å�³U�'X5¦��

��"³U

Hfb =
dF

dv
|v=0 ∫v (t) dx (t)

= F0
8k∆L

Γ 2 + 4∆2
L

νT(x
√

A2 − x2

−A2arcsin(x/A))/2. (12)

dþ¡�(J|^é x/A � Taylor Ðm��

Hfb ≈ −F0
8k∆L

Γ 2 + 4∆2
L

νT

3A
x3. (13)

Ó��Ä ∆L ≈ kv ¿ Γ , ·�������"M�
îþ�

Hfb = CIfb,c(t − τ)z̃3
I (t), (14)

C =
4πk3Ω2

3gγηΓ 3M2A
√

2MνT

.

u´�A����"Ì�§� [9]

ρ̇ = L̃ρ +
G

4
γηK(Xφρ + ρXφ) +

G2

16
γK2ρ, (15)

Ù¥

L̃ρ = Lbρ + γD[cm(ẑ)]ρ − i[δa+a, ρ],

Kρ = −i[z̃3
I (t), ρ].

z̃I(t) ´3�p�^±µ¥�L�ª, δ ´N�ªÇ
Ú²ªÇ��, G ≡ Cg. (15) ª¥m>1��´�
©-1e%� Liouville 3^=�IC�e�L«;

1��´�"�^�L«, �·�ÀJ·��ëê,

�) δ Ú φ �, �±�e%lfu��^; ���
�´*Ñ�. (15) ªÒ´�" Doppler e%elf
(f��Ý�f�üz�§.

3 �ýO�

e¡�é δ = 0 Ú φ = −π/2 ��¹?1�ý
O�ïÄ. �ý�.·��â¢�þæ^� 397 nm

-1élf²¥� 40Ca+ lf?1e%�Y~.

Xã 2 ¤«, (fê�X�müzÅì~�,

e%�Ç�X(fê~�Åì~f. �3¢S��
"e%L§¥¿ØU��¢���", Ù¥�3X
Úò´±9m�ª��"±Jp�Ç�¯K.

ã 2 ²þ(fê��m�üz G = 1, ε = 0.01
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O�L§¥·�ë�äN�¢�XÚ, �½
z 5 ms ��g�"N�, Ù¥�Ä�
XÚò´,

±9¢S¢�¥æ^-1óÀélf?1e%�
�{. �±lã¥w�, du�"�3m��m±
9XÚ�ò´, 3 5 ms ���S, e%��Ç¬�
X Doppler ª£þ l-1���þ
Åì~�.

�2�g��"�5�, e%��Çq¬��Jp.

ã 3 �e%L§¥lf²¥§Blf�(f
êCz. ©O�Ã�"� G = 0 Úk�"� G = 1.

·�w�Ú\�"�{kÏu�Ð�Jpe%�
Ç. �
?�ÚïÄ��ëê G ÚF1æ8Ç ε é
�"e%�K�, ·��\ØÓ��?1�ýO�.

ã 4 ¥p¶L«l�Ð(fê n = 20 �e%
� n = 11 ¤I���m. �XF1æ8Ç�Jp,

e%lf¤I��m�3 á. �´� ε = 0.003 �
�ÿ,G O���½§Ý��mk¤O\. Ïd·
�I�>&�N��"���Xê.

ã 3 k�"�Ã�"�é'

ã 4 G Ú ε ée%�Ç�K�

G Ú E é�ª�e%�J�äkK�. lã 5

·��±w�À�·�� ε Ú G �±���$�

lf§Ý. �´du��þE,|^
 Doppler e
%��n, Ïd��lf�§ÝÃ{â» Doppler

e%4�§Ý.

ã 5 G Ú E é�ªe%�J�K�

4 ( Ø

òþf�"A^ulf² Doppler e%, Äk
í�
�"éA�M�îþ, ¿��
�"Ì�
§. ,�ê�O�
lf�²þ(fê��m�
Cz. O�(JL², �"�{�Ú\kÏu�Ð
�Jp Doppler e%��Ç. �©Û
�"�{¥
­�ëêé�.�K�, uyO�F1æ8Ç, ¿
ÀJ·����XêkÏu\¯e%�Ç±9ü
$lf§Ý. ÙÔn�Ï´, Doppler e%�'�¤
3´e%-1�ªÇÚlf�[ªÇ±9lf$
Ä Doppler ª£�m���'X. XJU
°(�
�, Klfò±�¯��Çe%. ����Äk�
¼�lf��Ý&E. �©��"L§Ò´kJ�
ù�&E, 2N�-1ªÇ, �����8�. �
��Ñ�´, nØþd (15) ª·��±����]
��lf�%$Ä�(fê, �du&ÿì�3�
A�m, ¢Sÿ��(fê´�ã�m�²þ(f
ê. ,	, �"�´I��m�, �Ä�&ÿì��
AAO´�">´!ì��(¯5, �©��"m
��m� 5 ms, ù��m���ulf��Z�
m (�Z�m´¦þ?), qUk¿©��m�¤�
"ö�.

N!e%-1ªÇ��"e%�Y3¢�þ
äk�½��15. �Äu Doppler e%��"
�{EØUâ» Doppler e%4�, �U�Ð�%
C Doppler 4�.
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Abstract

Basing on the theory of quantum feedback by Steixner and his coworkers, we develop the master equation of Doppler cooling with

feedback in an ion trap. The result of simulation shows the property of speedup the cooling,besides the influences of those arguments

and whether we could realize it in experiment.

Keywords: ion trap, Doppler cooling, quantum feedback

PACS: 42.50.–p, 37.10.Rs, 42.62.–b

* Project supported by the National Natural Science Foundation of China (Grant No.11174370).

† E-mail: 396968776@qq.com

014209-5


