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JÑÚuÐ
�«Äu�ê��»�/1Iì²��|�©E1Æw�¤�#�{, æ^òu1�4+ (LED)

¡1
!Ä�È1Ú�/1Iì²�(Ü�A«ì²�ª, ¢y�©Ew�¤�. ïá
�ê��»�/1Iì²
¤��Ôn�., �âIþû�nØ, 3ØÓ�/1Iì²�, í�Ñ1Æw�XÚ�¡û��1r©Ù�nØO
�úª; ÏL Matlab ¦)Ú±ã, ��û��1r�©Ùã�, lnØþy²ù�¤��{�±k�Jp1Æw�
º�©EÇ; ïá
�A�w�¤�XÚ, ÏL¢��y
T�{�k�Uõw�º�¤��þ, wÍJp©EÇ;

3¥%Å� 450 nm!�/1Iê��» 1.125—1.25 �, ¢�¼��©EÇ��`u 150 nm, �nØïÄ(J�Î
Ü, l
y²
ù��{��15.

'�c: 1Æw�, �©E, �/1I, Ä�È1

PACS: 42.79.Ci, 42.40.Lx, 42.25.Fx, 87.64.M−

1 Ú ó

�|1Æw�º�3g,�¸eé�¬¢
y ¢ � Ã × £ � ¯ � ¤ �, ù ´ × £ > f w �
º (SEM)!×£��w�º (STM)!�fåw�
º (AFM) Ú×£C|1Æw�º (SNOM) � [1−4]

Ã{¢y�. �´, du�31Æû�4�, ~5�
|1Æw�º��p©EÇ=U����1��
Å�êþ?, �� 200 nm, J±÷v�æ���B
�þ?D�©fY²�w�*ÿ¤� [5−7]. Ïd,

XÛ?�ÚJp�|1Æw�º�©EÇ{5´
��­�Ú½��¯K.

Cc5, Hell �< [8,9] u²
É-u��Ñw
�º (STED), Ù©EÇ�`u 100 nm. ØLî�

ó, ù´�aÄuF19Ù�KEâ�1Æw�º,

�I�Å:×£, âU¢yã��­ï; Zhuang �
< [10] |^ü©fu1EâïuÑ�Å1Æ­ïw
�º (STORM), k¼�ü©fF1ã�, 2ò¤Z
þ��ü©fã�U\3�å, �ª¼��©EÇ

�ã�, Ó�, ù�EâEIF1IPÚÅ:×£.

þãïÄó�´¢y�|�©E1Æw�¤
��¤õ~y. ØL, Ø
I�Å:×£�	, ù

Eâ��3d�[B!ö�E,!Ã{¢y¢�
¤��Û�5. �d, �©JÑÚuÐ
�«Äu
�ê��»�/1Iì²��|�©E1Æw�
¤�#�{. T�{æ^òu1�4+ (LED) ¡1

!Ä�È1Ú�/1Iì²�(Ü�A«ì²
�ª, Uõw�º�¤��þ, Jp©EÇ. nØÚ
¢�ïÄL², |^ù��{ïá��|1Æw�
ºXÚ, �¼���`u 150 nm �©EÇ.

2 �n��{

ã 1(a) ¤«�~5�|1Æw�XÚ���
»ì²¤�«¿ã. �~5w�XÚØÓ�´, �
©JÑÚuÐ�#.�|�©E1Æw�¤��
{, ±�ê��»��/�%1Iì², 1�ßL
�¬��k εN.A.—N.A. ��ê��» (
Ø´�
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�») ��S�Ü©?\Ôº¤�, Ù¥ ε ��
/1Iî�¡�S»Ú	»�', ÙÔn�.X
ã 1(b) � (c) ¤«, ã¥ β ��½ê��»Ôº�

���Â�, β1 � β2 �ØÓ�/�%1Iì²�
Ôº�¢S�Â�, 3�©¥éA� ε �©O� 0.6

(N.A. = 0.75—1.25) Ú 0.9(N.A. = 1.125—1.25).

ã 1 ��»9�/�%1Iì²¤��Ôn�. (a) ��»¤� ε = 0; (b) °�/1I¤� ε = 0.6; (c) Ä�/1I¤
� ε = 0.9

�Ôº�» (\Ò) ��»� a, \�1ßL
�¬��Ôº\Ò¡, ò/¤��.¡	�»
� a!S�»� εa ��/�á�%1I. æ^
p�Ý� LED ��1
, ÏL¥%Å� 450 nm!
�° 10 nm �Ä�È1¡È1, ¢y�/��»�
%1Iì². d�, :Ô (u1:) 3w�¤�XÚ
�¡þ�û���±ÏL���ÅFÙ¤û�O
� [11−14]. �âIþû�nØ [15,16], �¡þ�1|
©Ù U1 (x1, y1), �L«�

U1(x1, y1) =
∫ ∫ +∞

−∞
U(x, y)

× exp
[
− j

2π(xx1 + yy1)
λr

]
×dxdy, (1)

Ù ¥ r L « \ Ò ¡ (x, y) � � ¡ (x1, y1) � å
l, λ L«ì²1¥%Å�, U (x, y) L«\Ò¼
ê, � ρ �\Ò¡4�I�», � εa 6 ρ 6 a

�, U(x, y) = C(~ê); � ρ < εa ½ ρ > a �,

U(x, y) = 0, È©H9��\Ò¡, ��

U1(ρ1) = 2πC

∫ a

εa

J0

(2πNρ1ρ

λa

)
ρdρ, (2)

ª¥ ρ1 L«�¡4�I�», N L«Ôºê��
», = N.A., J0(x) L«"��l�¼ê. éVÔ:

ó, Ù�¡1|©Ù�dn'r�nL«�

Ud(ρ1) = U0 − U1(ρ1). (3)

Ïd, VÔ:3w�¤�XÚ�¡þ�û��

1r©Ù�

I(ρ1) =
∣∣∣∣U0

(
1 − U1(ρ1)

U0

)∣∣∣∣2, (4)

Ù¥ U0 �~ê, L«vkÔ:��¡�1|©Ù.

dd�±��w�¤�XÚ�¡þû�����
Ú��©Ù, �âû�����, �?�Ú(½X
Ú�©EÇ.

3 Matlab O��©Û

3þãÔn�.ÚnØí��Ä:þ, �ì²
1Å� λ � 450 nm, Ôºê��» N.A. � 1.25 �,

ÏL Matlab ?§é��»9�/�%1Iì²w
�¤�XÚ�©EÇ?1
O�Ú©Û, (JX
ã 2 ¤«.

� �, ± � / � % 1 I ì ² ¤ � (ε = 0.6

½ 0.9) �, û � 1 � � � » ' � � » ì ² ¤
� (ε = 0) �²w �, l¡�Jp©EÇ; 

�, �X ε �O�, û�1�¬?�Ú �, =©E
Ç?�ÚJp. ��»ì²�, �âa|�â��
�©EÇ� 220 nm. du�/�%1Iì²¤�¤
�)�û��®Ø´DÚ¿Âþ�Mp�, ÏdØ
U^a|�â5¦�Ù©EÇ, 
´±û��1r
©Ù��¸�° (FWHM) ���O�â. ddO�
��ã 2(b) Ú (c) ¤éA�©EÇ©O� 158 nm,

136 nm. Ïd, �~5���»w�¤��', æ^
Ä�/�%1Iì²¤� (ε = 0.9), 1Æw�º�
©EÇJp
� 1.62 � (220 nm/136 nm), l
¢
y�©Ew�¤�.
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ã 2 VÔ:3w�¤�XÚ�¡û���8�z1r©Ùã (a) ��»¤� ε = 0; (b) °�/1I¤� ε = 0.6; (c) Ä�/
1I¤� ε = 0.9

ã 3 �» 0.8—1.0 µm à�¯L�¥�w�ã (a) SEM ì¡; (b) ��»¤� ε = 0; (c) °�/1I¤� ε = 0.6; (d) Ä�/
1I¤� ε = 0.9
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4 ¢�9(J

�ânØïÄÚ Matlab O�©Û(J, ïá

�A�w�¤�XÚ, ¿mÐ
~5w�¤�9�
/�%1Iì²w�¤�¢�. ¢�¥æ^ê��
» N.A. � 1.25 � 100× hEÔº, ÀJ 3 W p�
Ý�¡u1 LED ��1
, ¿±þã�ª?1Ä
�È1. w�ã�² CCD �Â, ÏLã�æ8kÑ
\�O�Å?1¢�w«.

Äké�» 0.8—1.0 µm �à�¯L�¥?
1w�*	, (JXã 3 ¤«. ã 3(a) � SEM ã
�, ã 3(b) �~5��»1Æw�ã�, �±wÑ
Ù¥��
�¥ (Xã¥�Þ¤�) Ï���C

Ã{©E; 
æ^�/�%1Iì²�ª�, ¤
��þwÍJp, �¥�Ó+Åì�ß, �¥��
¥�m�±ûÐ©E, Xã 3(c) Ú (d) ¤«; 
�,

�X ε �O�, �¥Ó+C��\�ß, ©EÇ?
�ÚJp.

ã 4 �» 150—200 µm à�¯L�¥�w�ã (a) SEM ì¡; (b) ��»¤� ε = 0; (c) °�/1I¤� ε = 0.6; (d) Ä�
/1I¤� ε = 0.9

ã 4 ¤«��» 150—200 nm �à�¯L�
¥�w�¤�(J. ã 4(a) � SEM ã�, ã 4(b) �
~5��»1Æw�ã�, Ó�, Ù¥��
�¥
Ï�»��9���C
�\Ã{©E, wå5ë
¤�¡ (Xã¥�Þ¤�); �æ^�/�%1Iì
²�ª�, �±uy��ë¤�¡��¥Åì©m,

=U
ûÐ©E, Xã 4(c) Ú (d) ¤«; �X ε �O
�, �¥Ó+C��\�ß. �âù�¢�(J, �
±(½æ^�ê��»�/�%1Iì²�ª�,

w�¤�XÚ�©EÇ��`u 150 nm. ·�@
�, l�mªÇ��Ý
ó, æ^�/�%1Iì
², �±4�õ�pª (�mªÇ) ¤©½[!ÏL
1Æw�XÚ, 
ò$ª¤©È�, l
k�/³
��Ñ, ¢y�©E�w�¤�.

5 ( Ø

�©JÑÚuÐ
�«|^�ê��»�/
1Iì²¢y�|1Æw�º�©E¤��#�
{. ÏLÔn�.©Û!nØí�9 Matlab O�,

��ØÓ�/1Iì²�1Æw�XÚ�¡û�
�1r©Ù�nØO�úª, ¿±�Ñû��1
r�©Ùã�, lnØþy²æ^�/�%1I
ì²�¤�©EÇ�'~5���»w�¤�J
p 1.62 �, =�� λ/3.3. âdïá
�ê��»
�/1Iì²�w�¤�XÚ, ¿mÐ
�A�¢
�ïÄ, ?�Ú�yù�#.w�¤��{9XÚ
�wÍUõw�¤��þ, Jp©EÇ. 3¥%Å
� 450 nm!�/1Iê��» 1.125—1.25 �, ¢
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�¼��©EÇ��`u 150 nm, �nØïÄ(J
�ÎÜ. ù��{���|1Æw�º¢y�©E

¤�Jø�«#�Eâå».
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Super-resolution optical microscopic imaging method
based on annular illumination with high

numerical aperture∗
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Abstract

On the basis of narrow-band filtered annular light-cone illumination with high numerical aperture, a new far-field super-resolution

optical microscopic imaging method is proposed, and its physical model is established. Using the scalar diffraction theory, the formula

of diffraction intensity in the image plane is derived for annular light-cone illumination and imaging under different numerical apertures.

The diffraction patterns are further simulated through the Matlab program, which demonstrates that such a method may significantly

increase the microscopic imaging resolution. Experiments have been carried out on a self-build microscopic system, showing that a

resolution can be achieved to be better than 150 nm under 450 nm light wavelength and 1.125–1.25 annular numerical apertures. The

experimental results are in good agreement with the theoretical predictions, thus proving the feasibility of this microscopic imaging

method.

Keywords: optical microscopy, super-resolution, annular light-cone, narrow-band filter
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