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æ ^ � 1 ² 
 � § B ¥ 5 e � f (½ e ©
f) ®²�A^�ée�f9ÀÚ - OÏd"v
à (BEC) N�É����! �FÝe%�§B
�ÄåÆ!Raman e%Úý9e%!þfDÑÚ
���A� [1−6] �ïÄ¥, AO´31Æ¬�!
þf&E?n�ïÄ¥äk�©��¿Â [7−14],

®¤�e�fÔnÚ�f1Æ+�¥�ïÄ9:
��. <�®²JÑ
õ«�)1²
���Y,

^-17ÅZ��)1²
�´�@�JÑ��
Y, �7Å1²
��1rFÝØ�, ØU/¤k
b�¸�1r©Ù. 2002 c, Dumke �<JÑæ^
�ßº
�à�ù��pd1å¢yL¡�1²

���Y, ¿¢y
é¥5�f��1²
�§
B [15], ·�3 2006 c�Q²JÑ
^ Dammann

1»�)1²�
��Y [16], ù
1²
�ÑU


�)kb�¸�1r©Ù, kép�1rFÝ
Ú1ó4³, ��ßº
�Ú Dammann 1»��
�ó²�¦Ñ'�p. Cc5, <�JÑ
õ«
^�¬�m1N�ì (LC–SLM) ��û�1Æ�
� (DOEs) ÚO�Å�Eã (CGH) �)1²
�
��Y [17−23]. LC–SLM �wÍ�`:´U
é�
B/N!� , �â�¬�>1A5, ^O�Å§
S��\3z���þ>Ø&Ò, �±é�B/
�� CGH ½ DOEs. Ó�, �¬���3�½�Û
�5, ùÌ�´�¬�����k�, � Uì�
Ý�?Cz, Ó��k>��A, ��
 LC–SLM

�©EÇÚ� N�Uå. Ïd, LC–SLM '�·
¨��� ©Ù{ü!©EÇ�¦Øp� DOEs.

Dammann 1»3��±ÏS©�õ��ø, � 
��ü�, �ø°Ý�����é�, k�²Lé
��°Ý, � l 0 a�� π(½l π a�� 0).

X©åê� 11 � Dammann 1», �±Ï� 1 mm

�, ���ø°�k 7.5 µm, �u�����º
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� (8c�k?� LC–SLM ������ 8 µm,

I�¡È�� 20 mm × 20 mm), =¦r±Ï*�
� 5 mm(3 20 mm × 20 mm �¡Èþ©� 4 �±
Ï), ���ø°�Øv 5 ���, �¬�>��A
¬é1»�� ©Ù�5î�K�. X^ LC–

SLM ��� .�r�û��ßº
�, ßº�
�»���� 100 µm, ^u�)1²
��, 1²
m�ålK�u 200 µm. ÄK, >��A�¬é
� ©Ù�5î�K�. �����k�Ú>
��A´ LC–SLM J±�Ñ�"�, ·�3ØU
C LC–SLM M�ëê���¹e, JÑ
�«#�
1»�O�{, ^ LC–SLM ���)1²
��
#.1». ù«�{QU¿©|^Úu÷ LC–SLM

��?, Ó�qU�Ð/£;Ù¤�3�"�. �
©1�Ü©ò0�#1»��O�{; 1nÜ©,

�âyk LC–SLM �k'ëê�Oü«1», �[
O�1»�)1²
��1r©Ù; 1oÜ©, {
ü?Ø1²
��d3A^.

2 ^S�O�{`z�O� 1»

·�r1»�z�±Ï©� p ^�°Ý�
ø¿, z^øS�� ��Ó, p ^ø�� �g
� ϕl = αlπ, l = 1, 2, · · · , p, �1»��Ìß�Ç
¼ê� g(x0), 1»�±Ï� T , 3��±ÏS�ß
�Ç¼êL«�

gT (x0) =
p∑

l=1

rect
[
x − (l − 1/2)T/p

T/p

]
× exp(iαlπ), (1)

r1»�°ÝÀ�Ã��, g(x0) �Ðm�Fp
�?ê

g(x0) =
∞∑

n=−∞
an exp

(
i2πn

x0

T

)
, (2)

Ù¥ an �Fp�Xê,

an =
1
T

∫ T

0

gT (x0) exp
(
− i2πn

x0

T

)
dx0. (3)

e^ã 1 ¤«1´, =^Å�� λ �ü �Ì
�²¡1Åì�1», 1»��3à�ßº L �c
�¡, ßº��å� f , ÑÑ²¡3ßº���¡
þ, 3�¶Cq^�e (Ñ�éO�1rÃK��
� Ïf), �²¡þÑÑ�1�Ä�

Uf (x, y, f) =
1

λf

∫ +∞

−∞

∫ +∞

−∞
g(x0)

× exp
[
− i

k

f
(xx0 + yy0)

]
dx0dy0

=
1

λf

∫ +∞

−∞

∫ +∞

−∞

∞∑
n=−∞

an

× exp
(

i2πn
x0

T

)
× exp

[
− i

k

f
(xx0 + yy0)

]
dx0dy0

=
∞∑

n=−∞
anδ

(
x − n

λf

T
, y

)
, (4)

Ù¥ k = 2π/λ, 1 n ?û�Å´÷� � θx =

arctan−1 nλ

T
��DÂ�²¡Å, 1r In = |an|2.

à�3ÑÑ²¡þ x = n
λf

T
?. ·��8I´�

�rÝ�C��� N �û�1Å (N ¡�©åê),

Ó��¦k�p�û��ÇÚ�Ðþ!Ý, 3ÑÑ
²¡þ/¤±"?û��¥%!þ!©Ù� N �
1² (�A�û�?¡� “k^û�?”). ½Âû�
�Ç η Úþ!Ý Uni ©O�

η =
∑
n∈n′

In =
∑
n∈n′

|an|2 (5)

Ú

Uni = 1 − max(In′) − min(In′)
max(In′) + min(In′)

, (6)

Ù¥, n′ ´k^û�?�?g, max(In′), min(In′)

©O´k^û�?���Ú��¸�1r.

ã 1 �)1²
��1´ã (BE �*åì; G �1»; L

�ßº; P �ÑÑ²¡)

�
¢y·��8I, I�éÑ1»���±
ÏS p ^ø¿��Z� �, À½1�^ø��
  ϕ1 = 0, ±d�ë�, ^S�O�{`zO��
e� (p − 1) �� �. ·��O��{ë�
 GS

S�Ú AA[24−26] S��{, Ó�qéùü«�{
�
U?, S�O�{6§Xã 2. 3O�¥, 1»
±Ï�� 1, ÙÌ�Ú½Xe:

1) À ½ Ð © �   ϕ0l = α0,lπ, � ¤ S �
$ � � Ð © ¼ ê gT,0(x0), ? 1 ? ê Ð m, � �
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Xê an,0.

2) òc�gS�O����Xê an,m ©�ü
Ü©, = −(N −1)/2 � (N −1)/2 ?�k^û�?,

Ù¦?g�D(û�?. �k^û�?Xê an,m

�� Ü©ÚF"����Ì A0 =
√

η/N |Ü
�¤#Xê a′

n,m = A0 exp(iargan,m); D(?�X
ê� a′

n,m = εan,m, 0 < ε < 1.

3) Ú\·Ü¼ê

Gm(x0) =
(N−1)/2∑

n=−(N−1)/2

A0 exp(i arg an,m)

× exp(i2πnx0)

+
−S∑

n=−(N+1)/2

εan,m exp(i2πnx0)

+
S∑

n=(N+1)/2

εan,m exp(i2πnx0). (7)

4) �ïe�gS��Ñ\¼ê

gT,m+1(x0) =
p∑

l=1

rect
[
x − (l − 1/2)T/p

T/p

]
× exp(iπαm+1,l), (8)

παm+1,l ´1 l ^ø�� , �

αm+1,l =
{

arg
[
Gm

(2l + 1
2p

)]
− arg

[
Gm

( 1
2p

)]}
/π, (9)

arg
[
Gm

(
2l+1
2p

)]
´ Gm(x) 31 l ^ø¥%�� ,

arg
[
Gm

(
1
2p

)]
´ Gm(x) 31 1 ^ø¥%�� ,

(9) ª¦�1 1 ^ø��  αm+1,0 ©ª� 0.

5) E±þÚ½�����½��â�I η

Ú Uni.

·Ü¼ê Gm(x0) ¥�¹
D(û�?�&
E, ù´Ï� (7) ªm>1��¦Ú�¥^8I�
Ì A0 �O
 |an,m|, �  arg an,m ´gd�, X
J Gm(x) �kù��¦Ú�, Gm(x0) � g(x0) �
mé�UØ�3)Û'X, S�O�¬?\kÌ
�, Ú\
D(?, = (7) ªm>1�!1n�¦
Ú, O\
�ÌgdÝ, �";�?\kÌ�. du
D(?��Ì�?g�,p~�, Gm(x0) ¥�
ä
p?gD(, �±~�O�þ, (7) ª¥Ú\

Xê ε, �XS�gê�O\�±Åì~�D(?
�K�, ε ���K�S�O��Âñ�Ý. 3¢

SS�O�¥uy, � S ∼ 1.5p, ε = 0.6—0.8 '
�Ü·.

ã 2 S�Fp�?êO�{6§ã

^±þS�O�{, ·�O�
A«ØÓ p

Ú N ��¹, ���(JXL 1.

$^ù«�O�{, 1»¥z^ø�°Ýþ
� T/p, ¢S��1»���U
�� T/p ��u
�¬ SLM ���°Ý, >��Aé� ©Ù�K
�Ò¬é�, ��ÑØO; ��1»�k p �ØÓ
�� �, � ©Ù{ü, �,L 1 ¥�� ��
3
Ê �ê, 3e�!��[O�¥, ·�ò¬
uy, �â 256 ��Ý�??�� �, Ø¬é1
²
�1r©Ù�þ!5�5¢�5�K�.

3 1²
�1r©Ù��[O�¢~

3±þ`zO�¥, ·�Qb�1»�°Ý�
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Ã¡�, L 1 ¥�� °Ýép, ù==´�«n
���¹, ¢S1N�ì�I�¡È´k��, ¿
�´U�Ý�?N�� . 8c½¡þ�È� LC–

SLM ©� 256 ��Ý�?, 3��1ÚCù	«
�, U
¢y 0—2 π ��S�� N�. 3¢S�

�1»�, AU SLM I�º�Ú�����y©
1»�±Ï, Uì�Ý�?éL 1 ¥�� �?
1?�?n. ·��ý�[�O
��Ú��1
», ^ TEM00 �ª�pd1Åì², O�û�1r
©Ù.

L 1 �� SLM 1»� ©Ù�ê�)

p N αl = ϕl/π η Uni

2 3 0.639093 0.87 0.99

4 5 −0.3404076, 0.737191, −0.3404076 0.84 0.99

6 7 0.6672942, 0.8627946, 0.6672942, 0, −0.9052850 0.82 0.97

8 9 0.212969, −0.682754, −0.289005, 0.786487, −0.289005, −0.682754, 0.212969 0.81 0.98

10 11 0.95224, 0.10551, 0.14040, −0.43723, 0.34727, −0.0262, 0.37046, −0.670219, −0.76207 0.81 0.98

11 13 0.64748, −0.28188, 0.63826, 0.23047, −0.46670, 0.73294, 0.85296, 0.37365, 0.85966, −0.28855, 0.10616 0.8 0.97

3.1 ������111»»»���)))111²²²


���

� 1 » ± Ï T = 4.8 mm(600 � � �), ©
å ê K = 11, z � ± Ï © � 10 ^ � ø, ø
° 480 µm(60 ���), 1»�o±Ïê M = 4,

ø��Ý� 19.2 mm, ¢S|^ SLM �I�¡È
� 19.2mm × 19.2 mm. U 256 ��Ý�?é 10 ^
�ø� �?1?n, z^ø�� �g?�� 0,

0.953 π, 0.102 π, 0.141 π, 1.563 π, 0.344 π, 1.976 π,

0.375 π, 1.328 π, 1.234 π, ��±ÏS�� ©ÙX
ã 3 ¤«. ì²1�Å�� λl = 540 nm(�Q1n
-1�Å�), õÇ P = 2 W, ^-1*åXÚ, ò1
å�å��»*�� w0 = 10 mm, ¿¦-1å�
å�31»²¡þ, Ñ\1�Å¼ê�

ul(x0, y0) =

√
2P/π

w0
exp

[
− x2

0 + y2
0

w2
0

]
. (10)

1»��3ßºc�¡þ, ^ f = 48 mm �á�å
w�Ôºà�. �â�r�û�È©úª, 3ßº
�ÑÑ1�Ä�

U1(r, z) =
1

λf

∫∫
∞

g(x0)ul(x0, y0)W (x0, y0)

× exp
{

i
k

2f

[(
z

f
− 1

)
(x2

0 + y2
0)

− 2(xx0 + yy0)
]}

dx0dy0, (11)

Ù¥ W (x0, y0) ´1»I�¼ê. (11) ªO��
��1r©ÙXã 4, ã 4(a) ´1²
�3�²

¡þ��1r©Ù�Ýã, ã 4(b) ´�²¡þ 11

�1²÷ x ¶�� (y = 0) �1r©Ù, ã 4(c)

´�²¡þ��1²�1r©Ù, ã 4(d) ´1²
3 xoz ²¡þ�1r©Ù. �â1²
��1r©
Ù, ·��±�B/O�Ñ1²�k'ëê, �)
1rFÝ�n�©þ

∂I

∂x
,
∂I

∂y
,
∂I

∂z
Ú1²�AÛº

� (n��I¶ x, y, z ���°Ý)∆x1/e2 , ∆y1/e2 ,

∆z1/e2(±¸�1r� 1/e2 �>.) ±91²m

�ål ∆l �, Ù¥,
∂I

∂x
≈ ∂I

∂y
, ∆x1/e2 ≈ ∆y1/e2 ,

O�(J�uL 2. O�Ú©Ûuy: 1²�¸
�1r ∼ (β/λl)2P (Ù¥ β ´ßº��é�»,

β = f/(MT/2)), ∆x1/e2 ∼ λl/β, ∆l = fλl/T . �
âI�, UC1ÆXÚ��ëê�±UC1²
�
�1r©Ù.

ã 3 1»��±ÏS�� ©Ù
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3.2 ������111»»»���)))111²²²


���

ü��Ó�� 1», ø¿����U, �
¤��1», U
^u�)��1²
�. òì²
-1�õÇO�� P = 5 W, 1»± Ï (Tx = Ty =

T )!à�ßº�åÚì²1Å��þ�þã��

�¹�Ó, y ���©� 4 �±Ï, Ó�A^ (11) ª
?1O�, ���1r©ÙXã 5, ã 5(a) ´ 11×11

1²
�3�²¡þ��1r©Ù�Ýã, ã 5(a)

¥��1²3�²¡þÚ z ¶���1r©ÙX
ã 5(b) Ú (c), Ù¦1²�1r©Ù�d�C. 1²
�k'ëê���1²
��¿�uL 2.

ã 4 ��1²
�1r©Ù (a) �²¡��1r©Ù�Ýã; (b) x ����1r©Ù; (c) �²¡þü�1²�1r©Ù; (d)

xoz ²¡þü�1²�1r©Ù

ã 5 ��1²
�1r©Ù (a) �²¡��1r©Ù�Ýã; (b) �²¡þü�1²�1r©Ù; (c) z ��þ���1r©Ù
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4 3�f1Æ¥�d3A^

±þ¤JÑ�ü«1²
���U
^u§
Be�f, ���f1Æ¬�, �â©z [27] Jø
�k'úª, ·�O�
ü«1²
�§B 88Sr

Ú 40Ca e�f���1Æó4³ UD!�f�1
|�^�ó4å FD ±931|¥1fguË�
Ñ��Ç Ssc �, O�(J�uL 3. lL 2 ÚL
3 �±wÑ, /Ï·��O�1», ^���-1
õÇ�)1²
�, Ù1Æó4³� mK þ?, �
f31|¥¤É��Úå��u�f�å. ù
v±`²·�JÑ�1²
���U
^u§B
e�f.

ã 5 ¤«�1²
�3�m�¤±Ï51Æ
³|, re�f (½e©f) C1�1²
�¥, Ò
/¤
e�f (½e©f) 1Æ¬�, ù«1²

�' CO2 1²
��äk`³. ·�ÏLã 6 5
'�ü«1²
�m��É, ã 6(a), (b) ´^ 4 å
üü��DÂ� CO2 -1/¤���7Å1²

��¡ä, zåì²-1�1r� 1.44 GW·m−2,

1²
����¸�1r 11.5 GW·m−2; ã 6(c),

(d) ´lã 5 ¤«�1²
� (õÇ� 5 W!Å�
� λl = 540 nm �üå-1ì², f = 48 mm �ß
ºà�, 1²���¸�1r 11.45 GWm−2) ¥�
Ñ��¡ä; ü«1²
����¸�1r�C�
�. ã 6(a), (c) ´ü«1²
����1r©Ù,

ã 6(b), (d) ´÷ x �� (y = 0) ��1r©Ù�,

éA/'�=�wÑ: 1�, 3 SLM 1»1²
�
¥z�1²±��1r�", �,��ü�1²�
mkg?û�1r, �g?4�1r��u1²�
¸�1r; CO2 1²
�¥�1² (1r���Å
¸) �mÑk1r�r�g?Å¸, g?Å¸�1
r´��1r���, 1²�¢Sk�1Æó4³
��Ý==´1²��ó4³���, ù
g?Å
¸¬ée�fk\9�^. 1�, CO2 1²
��
1rU�u¼ê5ÆCz, Cz�ú, 1rFÝ�,

§B�f�Úå��, J±r�fØ 3�å; 3
1»1²
�¥, 1²�°Ý��u¬�~ê, 1
²�1rFÝ��, 1|ée�fk���Úå,

N´re�fØ 3�é8¥��mS, /¤:

(�. O�L²: ã 6(a) ¤«� CO2 1²§B 88Sr

���1Æó4³� 0.070 mK, ¢Sk�1Æó4
³� 0.035 mK, =�ã 6(c) 1²� 1/8; 3 x, y �
����1rFÝ� 3.41 × 1015 Wm−3, ´ã 6(c)

1²� 1/4, 1��f�p�^å=� 1/15. =¦
r CO2 1²�1r*� 8 �, ¦�ü«1²k�Ó
�1Æó4³, 1��fm��^å��k��.

�©¤�OO��1²
��¬�~ê ∆l =

5.4 µm, ü�1²�NÈ ∼ 10−11 cm3 þ?, O�
ßº��é�» (X^p�w�Ôºà�), ��±
¦¬�~êÚ1²NÈC���, �"¢yü�
f§B.

L 2 1²
��k'ëê

1² max(In′ ) min(In′ ) (∂I/∂x)max (∂I/∂z)max ∆l ∆x2
1/e ∆z2

1/e ∆V 2
1/e


� /W·m−2 /W·m−2 Uni/% /W·m−3 /W·m−3 /µm /µm /µm /cm3

�� 6.57 × 1010 6.26 × 1010 97.6 7.59 × 1016 5 × 1015 5.4 2.17 33.36 7.84 × 10−11

�� 11.44 × 109 10.88 × 109 97.5 1.37 × 1016 9.01 × 1015 5.4 2.12 33.28 7.79 × 10−11

L 3 1²
�§Be�f�O�(J

1²
�
UD/mK FD/ �få Ssc/s−1

88Sr 40Ca 7 88Sr 40Ca 88Sr 40Ca

�� 1.67 6.119 2.6 × 104 2.1 × 105 8.08 99.8

�� 0.260 1.0 5.25 × 103 4.23 × 104 1.07 15.8
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ã 6 CO2 1²
�� SLM 1²
�'� (a), (c) CO2 � SLM 1²
���1r©Ù; (b), (d) CO2 � SLM 1²
���1
r©Ù (y = 0)

5 ( Ø

·�JÑ
^ LC–SLM ��� .1», �)
��Ú��1²
��#�Y. 1»�z�±Ï©
�õ^�°Ý�ø¿, ^S�Fp�?Ðm{`z
�OÚO�1»z^øS�� �, ¦�U
^u
�)¸�rÝ���1²
�. ^ù��Y�O1
», QU¿©|^ LC–SLM `:, Ó�qU�ÑÚ
£;Ù¤�3�"�. ·��âyk LC–SLM �ë

ê�[�ý�O1», O�1r©Ù, (JL²: ^
���!�õÇ�-1ì²�, �)�� 11 1²
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Abstract

Liquid crystal spatial light modulator (LC-SLM) can be readily used to fabricate the diffractive optical elements. However, a

disadvantage of the finite resolution always exists in LC-SLM. In this paper, a new scheme of fabricating phase grating with LC-SLM

is proposed to produce one-dimensional (1D) and two-dimensional (2D) array of optical traps. The advantage of the LC-SLM is fully

utilized and the disadvantage is well avoided in our scheme. The phase distribution of the grating is optimized by using iterative Fourier

series expansion. The grating is designed by simulation according to the LC-SLM technique parameters, and the corresponding light

intensity distribution is calculated. The results show that the array has very high peak value intensity and big gradient of intensity by

illuminating the grating with a large detuning and low power laser. The optical dipole potential of trapping cold atoms achieves the

order of mK, and the interaction force between atom and optical field is much greater than the atom gravity.
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