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�©|^ Richards-Wolf ¥þû�È©�.é -2 � 4 ���l�.¥þ1å²pê��»à���²¡?�
1r©Ù?1
nØ�ýÚA5ïÄ, ¿é¥þ1å�à�|3ý�eÐ¼Àæ�¥�FÝå©Ù?1
�ý. (
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1 Ú ó

¥þ1å´�« ��3�mUA½5Æ�
þ!©Ù�1å, ¶é¡¥þ1å ({¡¥þ1å)

´Ù¥���A~, §3�Ì9 ��©Ùþþ
äk¶é¡5, ´8cIS	ÆöïÄ�õ�¥þ
1å. Ù¥, »� �1å ( �ÿÀê� 1) ´ 
��U»�©Ù�¶é¡¥þ1å, ù«1å²p
ê��»ßºà���à�1���Lû�4�,

�äkér�p�>| [1,2], ¿�±�)�r��
é5K�FÝå©Ù, ù
AÏ�5�¦Ù3�B
1Æ+�, AO´1ÆÐ¼�¡äk­��A^c
µ [3,4], ÏdCc5éu»� �1åà�A5�
nØ9¢�A^ïÄ®�Æö��þ��� [5−7],

�éup��¥þ1å²pê��»ßºà��
��¹�ïÄ�����, Ù¥ Rashid, Huang �<
Äkép�¥þ1å�à�A5?1
ïÄ [8,9].

�©3o(c<é¥þ1åà�A5ïÄ�Ä:
þ, ��
à�|�²º1å�ê��»� � 
=��'X­�, ±9p�¥þ1å�à�|©þ
©���ê��ê�éA'Xª, ¿©Û
Ùà�
��FÝå©Ù. 'up�¥þ1å� �©Ù9
Ù©a, ©z [10] ¥®k�[0�, �©Ø2Kã.

2 ¥þ1å�pê��»à�A5

2.1 nnnØØØ���...

¶é¡¥þ1å�à�|�±L«�

E(r, φ, z) = Erer + Eφeφ + Ezez, (1)

ª¥ er, eφ Ú ez ©O�»�!��Úp��ü 
¥þ, Er, Eφ Ú Ez K©O�n�������Ì.

éu p �¶é¡¥þ1å, ßº�Ì�uCq
^�, |^ Richards-Wolf ¥þû�È©�., ��
Ùà�|�L�ª� [8,9]

Er =Aip−1 cos[φ0 + (p − 1)φ]

×
∫ α

0

sin θ
√

cos θPp(θ) e ikz cos θ

× [cos θ(Jp(kr sin θ) − Jp−2(kr sin θ))

+ Jp(kr sin θ) + Jp−2(kr sin θ)]dθ, (2)

Eφ =Aip−1 sin[φ0 + (p − 1)φ]

×
∫ α

0

sin θ
√

cos θPp(θ) e ikz cos θ

× [cos θ(Jp(kr sin θ) + Jp−2(kr sin θ))

+ Jp(kr sin θ) − Jp−2(kr sin θ)]dθ, (3)

Ez =2Aip cos[φ0 + (p − 1)φ] e ikz cos θ
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×
∫ α

0

sin2 θ
√

cos θPp(θ)

× Jp−1(kr sin θ)dθ. (4)

· � � � ² ¡ ? z = 0 ² ¡ ? 1 ï Ä, Ï
d (2)—(4) ª¥ e ikz cos θ = 1; A ��Ì~ê, ·
�� A = 1; φ0 ´¥þ1å� � =�, φ0 = 0
��»� �1å, φ0 = π/2 ���� �1å; α

�1å���¬à�, α = arcsin(NA/n), Ù¥ NA

�ßº�ê��», ·�� NA = 0.9, n �ò�Ç,

� n = 1; k �Åê, k = 2π/λ, λ = 632.8 nm; P (θ)
�\�1|�©Ù¼ê, ·�é�l�.¥þ1å
?1ïÄ, p ��l� - pd1å3 z = 0 ²¡þ|
'u θ �©Ù¼ê�

P (θ) = exp
[
− β2

0

( sin θ

sinα

)2
]
Jp

(
2β0

sin θ

sinα

)
, (5)

Ù¥ β0 �ÑÒ�»�å��»�', ·�� β0 =
3/2. ò (2)—(4) ª�\ (1) ª=�¦�o1|r
Ý E, ?
¦�o1r I .

2.2 ���ýýý(((JJJ

3 p = 1 ��¹e, =��¥þ1å, � φ0 = 0
��»� �1å, Ù3 z = 0 �²¡þ�à�|

Xã 1(a)—(d) ¤«. lã 1(a) ¥�±w�, »�
 �1å3pê��»à�eÙ1|���©þ
� 0, =1|�î�©þ�X»� ���; »�
©þ3�:¥%NC� 0; 1|rÝ�p�©þ�
'î�©þr. ê��»� 0.9 �o1|��¸�
° (FWHM) � 1.35 λ. »�1|Uþ�p�1|U
þ�'�� 1.44:1.17.

� φ0 = 90◦ �, =�� �1å�à�|X
ã 1(e), (f) ¤«. lã 1(e) ¥�±w�, �� �1
å3pê��»à�eÙ1|�»�©þÚp�
©þþ� 0, =1|�kî�©þ��X�� �
��; ��©þ3�:¥%NC� 0, Ïdà�1�
�¥�.

¥þ1å� � =� φ0 �±ÏLü�²
1��� 1/2 Å¡5?¿N! [11], d (2)—(4) ª
��, �:NC�1|©Ù´Ó φ0 ;��'�,

ÏLN! φ0 �±N�»�!��9p�©þ�
'~'X, l
�âØÓ�A^I����A�
1r©Ù. Xã 1(g), 3·�¤�½��ý^�e,

� φ0 = 20◦ �Ùà�|�/¤²º1å. Xã 2 ¤
«, ·�ÏL­�[Ü�Ñ
A½^�eØÓ�ê
��»éA/¤²º1åI�� � =��'
X[Ü­�.

ã 1 ��¶é¡¥þ1å3�²¡þ�rÝ©Ù (a) � φ0 = 0◦ ����©Ù; (b) � φ0 = 0◦ � E2
r �rÝ©Ù; (c)

� φ0 = 0◦ � E2
z �rÝ©Ù; (d) � φ0 = 0◦ � E2 �rÝ©Ù; (e) � φ0 = 90◦ � E2

φ ���©Ù; (f ) � φ0 = 90◦ � E2

�rÝ©Ù; (g) � φ0 = 20◦ �/¤�²º1å
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ã 2 ØÓê��»éA/¤²º1åI�� � =�

p�¥þ1å�î�¡þ� ���¤¶é
¡©Ù, Ù �ÿÀê� p > 1 ½ p < 0 ��ê.

� p = 2 �, =��¥þ1å, Ùà�|X
ã 3(a)—(d) ¤«. lã 3(d) ¥�±w�, 3�Ó^
�e��¥þ1å�à�1��'���; ¿�à
�|¥% �¿Ø´¢%�; 1|�î�©þ�p
�©þ�Uþ'� 3.1:1.1.

� p = 3 �, =n�¥þ1å, Ùà�|X
ã 3(e)—(h) ¤«. lã 3(h) ¥�±w�, 3�Ó^
�en�¥þ1å�à�1��'����; ¿�
à�|¥% ����%; 1|�î�©þ�p�
©þ�Uþ'� 3.5:1.4.

� p = 4 �, =o�¥þ1å, Ùà�|X
ã 3(i)—(l) ¤«. lã 3(l) ¥�±w�, o�¥þ1
å�à�|¥% ����%; 1|�î�©þ�
p�©þ�Uþ'� 2.7:1.2.

� p = −1 �, =K��¥þ1å, §´»�
 �1åÏL�� 0 Ý����Å¡����.

K��¥þ1å�à�|Xã 3(m)—(p) ¤«. l
ã 3(p) ¥�±w�, K��¥þ1å�à�|�
�n�¥þ1å�à�|k�q�?, ¥% �´
���%�; 1|�î�©þ�p�©þ�Uþ'
� 17.2:1.7

� p = −2 �, =K��¥þ1å, Ùà�|X
ã 3(q)—(t) ¤«. lã 3(t) ¥�±w�, K��¥
þ1å�à�|��o�¥þ1å�à�|k�
q�?, ¥% �´���%�; 1|�î�©þ
�p�©þ�Uþ'� 29.9:5.7.

lã 3 ¥·��±wÑ�
5Æ, Xã 3(a),

(e), (i), (m), (q) ©OéAX 2, 3, 4, −1, −2 �¥þ1
å�»�1r©þ, §�©���ê� |2(p − 1)|,

ÏdnØþ�±ÏL��»�u ìò¥þ1å
à�|�»�©þÈÑl
©EÙ�ê.

3 ¥þ1å²pê��»à���F
Ýå©Ù

1Åé�â��^ål�Jþ�©�üa, �
a´��ÚáÂ�\��â�Ñ�å, §o´÷X
1���ò�âí�; ,�a´du1r��mØ
þ!©Ù/¤�FÝå, §��^´r�â.�1
å¥�,:?¦�âåP3T:NC
�Ð¼, Ï
d-1Ð¼�âÌ�´��1�FÝå. Cc5|
^1FÝå¢yé�ân�ö��1p½1Æ�
Ã®¤�<�ïÄ�9: [12,13].

·�éý�¥��¥þ1å² NA = 0.9 �p
ê��»ßºà���\3Àæ�¥þ�FÝå
©Ù?1ïÄ. ®kïÄL², �'uÙ¦/ª�
1å, ^»� �1åÐ¼>0��â�¼��p
�n�Ð¼�Ç [14−17]. 3dÄ:þ, ·�ép�
¥þ1åà���FÝå©Ù?1nØïÄ. 1å
�FÝå�L«Xe [18]:

Fgrad =
n2

br3
m

2

( n2
m

n2
b

− 1

n2
m

n2
b

+ 2

)
∇|E(r)|2. (6)

(6) ª¥ nb ´±�0��ò�Ç; nm ´�Ð¼�
â�ò�Ç; rm ´�Ð¼�â��». 3�âò�
Ç�u±�0���¹e, FÝå Fgrad ��1r
4�?. ·�é��¥þ1å3ý�¥Ð¼�»
� 1 µm �Àæ�¥�)�FÝå?1nØ�ý,

nb = 1, nm = 1.5, rm = 1µm.
·�é��¥þ1å�FÝå©Ù��ý(

JXã 4(a)—(c) ¤«. du·�b���âò�
Ç�u±�0�, Ïdéu»� �1åÙFÝ
å��d	�S, Xã 4(a), Ù�:¥%Ñy��
�/1�², ��FÝå� 1.0832 × 10−15 N; é
u φ0 = 45◦ ���¥þ1å, Xã 4(b), Ù�:¥
%	�Ñy���.1�², ÙS�FÝå��÷
�»��	, 
	�FÝå��÷�»��S, �
�FÝå� 7.6556 × 10−16 N; éu�� �1å,

Xã 4(c), Ù�:¥%	��Ñy���.1�²,

�S�FÝåru	�FÝå, ÙS�FÝå��
÷�»��	, 
	�FÝå��÷�»��S,

��FÝå� 1.3053 × 10−15 N.
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ã 3 p�¶é¡¥þ1å3�²¡þ�rÝ©Ù (a)—(d) ��¥þ1å E2
r , E2

φ, E2
z , E2 3�²¡þ�rÝ©Ù; (e)—(h) n

�¥þ1å E2
r , E2

φ, E2
z , E2 3�²¡þ�rÝ©Ù; (i)—(l) o�¥þ1å E2

r , E2
φ, E2

z , E2 3�²¡þ�rÝ©Ù; (m)—(p)
K��¥þ1å E2

r , E2
φ, E2

z , E2 3�²¡þ�rÝ©Ù; (q)—(t) K��¥þ1å E2
r , E2

φ, E2
z , E2 3�²¡þ�rÝ©Ù

��o�¥þ1å�FÝå©Ù��ý(J
Xã 4(d)—(f) ¤«, K�!K��¥þ1å�FÝ
å©Ù��ý(JXã 4(g), (h) ¤«. §��FÝ
å|©Ù��Ñäk��¥%1�²Ú���.
1�², Ù/G��êCz
�Ø�Ó, S�FÝ

å��þ÷�»��	, 
	�FÝå��þ÷�
»��S, ��FÝå©O� 2.6823 × 10−16 N(�
�), 3.4392 × 10−17 N(n�), 3.9339 × 10−18 N(o
�), 1.1648×10−15 N(K��), 2.6467×10−16 N(K
��).
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ã 4 ¥þ1å�)�FÝå3�²¡?�©Ùã (a) »� �1å�FÝå©Ù; (b) φ0 = 45◦ ���¥þ1å�FÝå©
Ù; (c) �� �1å�FÝå©Ù; (d) ��¥þ1å�FÝå©Ù; (e) n�¥þ1å�FÝå©Ù; (f) o�¥þ1å�FÝå
©Ù; (g) K��¥þ1å�FÝå©Ù; (h) K��¥þ1å�FÝå©Ù

4 ( Ø

·�|^ Richards-Wolf ¥þû�È©�., �
�
?¿�¶é¡¥þ1å²pê��»ßºà
��1|L�ª, ¿|^ matlab ^��[
�²¡
?��¥þ1å1|�rÝ©Ù9FÝå©Ù. é
1r��ý(JL², »� �1å3pê��»
à�^�e3�:?¬�)�Lû�4��4�
1�, ¿�äkér�p�|©þ; ò��¥þ1
å� � =�^=�A½�Ý�, �±��²º
1å; �X¥þ1å�ê�,p, Ù�²¡?1|

¡Èk¤O�, p�©þ¤Ó'~k¤~�, Ùà
�1|ÅìC¤�%�/Gu)Cz. éFÝå©
Ù�nØ�ý(JL², »�!�� �1å±9
K��¥þ1å�FÝå|�r, AO´�� �
1å�FÝå|¥%äk��ºÝ�~��1�
², l
äk2��¢SA^, Xâf�Ð¼!�
ÚÚp�^=!¿�1Æ�Ã±9-1�<Úá
�\ó�+��A^. d	, 1|FÝå©Ù/G
�¥þ1å��êk��'X, ¿�äk�½5Æ,

U
/¤õ«ØÓ/GÚºÝ�1�², �·^u
éØÓ/GâfÐ¼�1pXÚ.
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Focusing properties of the high order vector beam by
a high numerical aperture lens
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Abstract

The intensity distributions of the -2 to 4-order vector Bessel beams in the focal planes of a high numerical aperture lens are

simulated based on the Richards-Wolf’s vector diffraction integral model, and the distribution of gradient force capturing a glass ball

in vacuum is also simulated. The simulated results show that the patterns, the areas of the focused light field and the variation of

components are closely related to the order of the vector beams. Additionally, the distribution of the focused light field gradient force

is closely related to the order of the vector beams, which can form optical traps with different shapes and scales.

Keywords: vector beams, high numerical-aperture, focus, gradient force
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