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Ü© �1DÂ��1rÚ ��Cz�¹'�E,, cÙ´��ê��»¤��, 1å� ���¬K�¤
��þ. �©JÑ�«^u©ÛÜ© �1UþD4Ú ���1�ý��{, æ^1�ý�U\��{5©Û1
å3��Ó5�þ!0�¥DÑ�UþÚ ���Cz�¹, Ó��*5Ð, O�þ�. Ø©��, é�ê��»!
p���à²ßºXÚ?Ø
\�Ã �1�Uþ! ��Cz, ±9 ��A¯K. (JL², �ê��»¦¤
�1å¥ TM  �1rÝ�éO\, K�¤�é'Ý; Jp��0��ò�Ç, ¬Uõd« ��A¯K.
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1 Ú ó

31Æ�O��ý¥, ©Û\�1�UþD4
´��Ä�I¦, 
ØÓ ���1�Uþ�O�
�{´Ø���. ,���, �� �1��Ä�
�Ú�Ì��, ÙUþO��é{ü. 
Ã �1
ÚÜ© �1, 3�Ä¡ (R�u1DÂ���²
¡) S�?¿��Ñ�3�Ä. Ã �1����
��Ì��, Ü© �1������ÌØ���,
§��UþO��éE,. 3�
äkép���
¦�1ÆXÚ¥, JpÔº�ê��»�±÷vé
p©EÇ�I¦ [1,2]. �´�Xê��»�ØäO
�, Äu �5�¥þû��Aé���K�¬�
5�²w, AO´�ê��»�u 0.5 ±�,  ��
A¯KC�âÑ, î­K�¤��þ [3]. Ïd3é
õXÚ¥,  �¤���®¤�1Æ.�5�­À
�ïÄ�� [4−10].

yk�1 ��©Û�{Ì�kn«, Jones
¥þ{!Stokes ¥þ{ÚAÛL«{. Jones ¥þ

{ØU£ãÜ© �1; Stokes ¥þ{´�~^�
��{, §�±l)Ûªþ£ãÜ© �1, �´
"y�*5, 
� Stokes ¥þk 4 �ëê, L�1
Æ¡.� Mueller Ý
�´k 16 �ëê, O�þ�
� [11]; AÛL«{�,�*, �´I�ò1� �
�©¤Ã �Ú�� �©O?n.

3±c�ïÄ¥, ·�JÑ^� �15£ã
Ü© �1��{ [12]. Ü© �13Ù�Ä¡S
?¿��Ñ�3�Ä, z��Ä�±w¤�å� 
�1, @o, Ü© �1B´Ãêå� �1�|
Ü. Ïd, 3�Ä¡Sé�Ä÷�±þ!m���,
z��Ä�L�å� �1. XJ��ê N v

�, ù
��� �1�|Ü�J�±�OÜ© 
�1. ~X, Xã 1(a) ¤«, ��ê N = 60, Ã �
1w¤ 60 å� �1�|Ü. Ã �1²,�1
ÆXÚ���¡��UþÚ ��, �±w¤ù 60
å� �1���¡��Uþ�²þÚ ���
|Ü, Xã 1(b) ¤«.

ã 1(b) ¥, ý�¥%ÚÓ+� 60 ^ë�, ��
�� 60 å� �1éA. ë���Ý�L1å�
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Uþ��, �ÝÑ�u 1, L«� �1²L1Æ
XÚ�Uþk��. éuÑ�15`, ÙUþ�Ò
´ 60 åÑ�� �1Uþ�²þ�, Ù ��Ò
´ 60 åÑ�� �1 ���|Ü. lã 1(b) ¥
�±wÑ, d�1åC�Ü© �1. d�{U

�*
O(/£ãÜ© �1�UþÚ ��, �
´I������êâU÷v�p�°Ý, Ïd�
3O�þ��":.

ÄuAÛ1Æ�n, �©ïá
�«#�©Û
Ü© �1UþÚ ����{, Ú\1�ý�5
£ãÜ© �1�UþÚ ��, ¿æ^1�ý�
U\��{5©Û1å3²��Ó5�þ!0�
.¡��UþÚ ���Cz�¹, 3�±éÐ�
�*5�Ó�, O�þ��~�.� � � � � �� � �

� � � � � �� � �
ã 1 ùp Po-So ¶L«�²¡´R�uDÂ���1�Ä¡,
Po ¶ u\�¡S, So ¶R�u\�¡ (a) Ã �1w¤ 60
å� �1�|Ü; (b) \�1���¡��UþÚ ��©Ù

2 Ü© �1�UþÚ ��^1�
ý�5L«

2.1 ÚÚÚ\\\111���ýýý���

ÏLé�þ1ÆXÚ��ØÓ�Ð©^��

�ý(J©Ûuy, Ã �1²1ÆL¡�� �
�Ó+Cq��ý�, Xã 1(b) ¥¤«. Ïd, 1å
�UþÚ ��©Ù�±^��ý�5Cq/£
ã. ý�þ�:�ý��%�ë���Ý²þ�L
«1å�Uþ, ý���á¶9���N1å� 
���©Ù. ù�ý�·�¡��1�ý�. Tý
�d��¶ a!�á¶ b Ú�¶�����(½,
l
��d1å�UþÚ ��©Ù.

2.2 æææ^̂̂111���ýýý���UUU\\\������{{{555£££ãããÜÜÜ©©©
   ���111���UUUþþþÚÚÚ   ���������CCCzzz���¹¹¹

3ã 2 ¥, ±1å3��Ó5þ!0�L¡�
���¹�~, �¶÷ o-y1 ���Cqý� (�I
Oý�, �/Gaqý�) L«1Æ.¡���Ç
�1å�Ä� � α �©Ù, P�Cqý� 1. ,
���¶���ý�´L«\�1�UþÚ �
��1�ý�, P�ý� 2. ���¹e, Cqý
� 1 ��¶Úý� 2 ��¶�3�½Y� β, 
�
Y� β �±ÏL1�J,O���.

y

y

x

x
α

β

r1↼α↽

r2↼α↽

o

ã 2 üCqý�U\. o-x1 ¶ u\�¡S, o-y1 ¶R�
u\�¡

Cqý� 1 þ�:�ý��%�ë� r1(α),
L«d.¡é�Ä� �� α �\�1å���
Ç��; ý� 2 þ�:�ý��%�ë� r2(α),
L«\�1å3÷� � α ��þ��Ä�U
þ��. Ïd, �^�Ä� �� α �\��
 �1��T1Æ.¡�, ��� �1Uþ
´ Er(α) = r 2(α) × r1(α); ��� �1��Ä�
 � α′ �±ÏL1�J,�� [13,14].

�Ä\�1´Ü© �1��¹, Ü© �1
�w�Ãêå�Ä� �÷?¿���� �1
�oÚ. éz�^� �1^±þ�{�����
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 �1�UþÚ ��©Ù�, ·�^¤kù
�
�� �1�Uþ�²þ�, L«Ü© �1��
��Uþ; ^¤k��� �1� ���|Ü,
L«Ü© �1���� ��. �
{z�.,
����AÏ�¹3dØ?Ø, X���!Ù°d
A���. ·�± Er(α) �4�», α l 0 � 2πC
z, �ã����1�UþÚ ��©Ùã, Xã 3
¤«.

y

x

α

Er↼α↽

o

ã 3 ��1�UþÚ ��©Ùã

lã 3 ��±wÑ, ��1�UþÚ ��©
ÙãCq��ý�. 1åß��, �äkd«y�.
Ïd, 3°Ý�¦Ø´�~î���¹e, �±^
1�ý�5�OdCqý�, L«��1�UþÚ
 ��. ±eò?Øý����¶ a!�á¶ b Ú
�¶���XÛ�N1åUþÚ ���©Ù.

3 1�ý��¼��{

3.1 111���ýýý������ááá¶¶¶���111åååUUUþþþ���'''XXX

ri

b

↩b

↩a a

ã 4 L«1åUþÚ ���1�ý�

1�ý�þ�:�ý��%�ë� ri, �L�
�����Ä. ri ��ÝL«���Ä�Uþ Ei.
1å�Uþ��u¤k���Ä�Uþ��²þ
�, ¤±1åUþ:

E =
N∑

i=1

Ei

N
=

N∑
i=1

ri

N
= r,

(Ù¥ N ´��ê). (1)

�âý�5���²þ� r �ý��á¶�
'X�:

r =
√

ab. (2)

d (1), (2) ª, ��1�ý���á¶�1å�Uþ
��'X:

E =
√

ab. (3)

3.2 111���JJJ,,,¥¥¥, 111åååUUUþþþ���OOO������{{{

3��Ó5þ!0�L¡?, \� �1©)
¤�pR��ü�©þ s 1Ú p 1. |^>^|�
>�'X����r�úª�Ñ
 s 1Ú p 13
.¡?UþD4'X. �\�1��Ä� �� α

�, \�1���' ρα = ρs sin2 α + ρp cos2 α [15]

(ρs, ρp ©O´ s 1Ú p 1���'). �\�1
�Ã �1�, é¤k�U�� � α (0 → 2π)
¤éA���'�²þ, ��Ã �1���
'�: ρ = (ρs + ρp)/2. �âUþÅð, 1�ß�
' τ = (1 − ρ) e−αd, Ù¥ α ´áÂXê, d �13
0�¥ÏL�´§. ùp�Ä��Ó50�, áÂ
XêØ� ��
UC. 1Æá��[Ï~�ÑÏ
1ÌãSlÑÅ�DÂ�½ål��ßLÇ. éu
ß�¤��1ÆXÚ, b�\�1�Uþ�� 1, 1
å²L n �1ÆL¡ß��, 1å�Uþ�C�:

E = τ1τ2 · · · τn, (4)

d (3), (4) ª, 1å�Uþ�L«�:

E = τ1τ2 · · · τn =
√

ab, (5)

Ù¥ß�' τ1τ2 · · · τn 31�J,¥�±��, Ï
d, ��¦Ñ1�ý����¶ a 9Ù��, �á
¶ b �±ÏL (5) ª��, l
£ãÜ© �1U
þÚ ���1�ý�B(½.

3.3 ýýý������¶¶¶999ÙÙÙ���������(((½½½���{{{

±� ρs = 0.6, ρp = 0.5 �~, α l 0 � 2π
Cz, 3���IX¥©OxÑ¼ê r1 (α), r2 (α)
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Ú Er(α) ­�, Ù¥, r1 (α), r2 (α) ©OL«ã 2 ¥
Cqý� 1 Úý� 2 þ�:�§��%�ë��
�Ý�, Xã 5 ¤«.

.

.

.

.

.

.

.

    
α/(°)

    
α/(°)

    
α/(°)

α α

E
r
↼α
↽

r

↼α
↽

r

↼α
↽

ã 5 r1 (α), r2 (α) Ú Er (α) ¼ê3 α1 → α2 «mS
Ïé Er (α) ���:

¼ê r1 (α), r2 (α) Ú Er(α) ­�Ñaqun
�¼ê­�. ¦ý����¶ a ÚÙ���¯K=
z�¦ Er(α) ����¯K. *	ã 2, Ï�éuz
��Ä� � α, k Er(α) = r2(α) × r1(α), ��
� Er(α)max ATÑy3Cqý� 1 �¶Úý� 2
�¶�m, =� β ��S. Cqý� 1 ��¶éA
ã 5 ¥ r1 (α) �1�����: α = α2 = π/2;
ý� 2 ��¶éAã 5 ¥ r2 (α) �1�����
: α = α1. Ïd, Er (α) ���:ATÑy3 α1

Ú α2 �m.
3 α1 → α2 «mS, ¼ê r1 (α) Ú r2 (α) Ñ´

üN¼ê, �üN5��. ~X3ã 5 ~f¥, r1 (α)
3T«mS´üN4O�, 
 r2 (α) ´üN4~�.

·��Ñ Er (α) �L�ª:

Er (α) =
ab(ρs sin2 α + ρp cos2 α)√

b2 cos2 (α − β) + a2 sin2 (α − β)
,

(β´ý� 1 �¶�ý� 2 �¶�Y�). (6)

?Ø¼ê Er(α) 3«m α1 → α2 S�üN5, u
y Er(α) �õ�3��4�:, ùé·�¦ Er(α)
����:ék�Ï. /ÏêÆ�{, ¦����
:Ú���, ���éA1�ý���¶, ���
:éA�¶�� �. 1�ý���¶9Ù���
�±�, d (5) ª2¦�1�ý��á¶, £ãÜ©
 �1UþÚ ���1�ý��B��
.

�'^�þ��� �15£ãÜ© �1
��{, þã�{�`:²w. §�I�31å�
�0�.¡�, O�Ñ1�ý���¶Ú��, 


ØI��þO����� �1�UþÚ ��.
ù«©Û�{3�±éÐ��*5�Ó�, O�þ
��~�. O�¥1Æá��ò�Ç�âá�¥¥
�ëêÚÚÑúªO�, á�¥¥��)áÂXê.
üÚ1½EÚ1þ�ìd©Û. À�ØÓ�1ÆX
Ú, ©Oæ^þãü«�{é\�1�UþÚ �
�Cz?1©Û. üö�©Û(J����, Uþ
O���ÉØ�L 2.2%,  �Ý�ÉØ�L 1.5%,
`²1�ý��{Ó�äk�p�O(5.

4 A^Þ~

3Nõ1Æ��¥, æ^�ê��»¤�´J
p©EÇ��«~^�{. ��ê��»¤�¬
¦¤�1å�\��C�, d�1å� ��C
z��,  ��Aé¤��þ�K��¬C�²
w [16]. 31�XÚ¥, 1� �5��^ TE  �
1Ú TM  �1ü«�¹5L« (TE  �1!TM
 �1= 3.2 !¥� s 1!p 1). TE  �1�>
|�Ä��R�u\�¡, TM  �1�>|�Ä
��3\�¡S. Xã 6(a) ¤«, � TE  �1¤
��, du¤�1å�>¥þ�Ä��ÑR�u\
�¡, ¤�é'ÝvkÏ�\��Ý�O�
UC.
Xã 6(b) ¤«, � TM  �1¤��, du¤�1
å�>¥þ�Ä��Ø²1,  �¤��é'ÝÉ
¤�1å�\��K�, ¤�1r©ÙÚé'Ý©
OXª (7), (8) ¤«.

ITM [x] =Ex · E∗
x + Ez · E∗

z

=4E2
TM

[
cos2 (θ) cos2 (kxx)

+ sin2 (θ) sin2 (kxx)
]
, (7)

ContrastTM =
ITM max − ITM min

ITM max + ITM min
= cos (2θ) . (8)

é TM  �1¤�, �Xê��»�O�, �
¡þ�¤�1å�\��O�, ¤�1åmY� θ

O�. dª (8) ��, TM  �1¤�é'ÝC�, $
�¬u)é'Ý�=. �� TM  �1¤�é'Ý
�Xê��»�O�
ü$ [17]. Ïd, TE  �1
¤�' TM  �1¤��äk�Ð���. Ã �
1¤��, Q�3 TE  �1, q�3 TM  �1,
3�ê��m¤��^�e, 1å¥ TE  �1¤
©�Ó'�p, 
 TM  �1¤©�Ó'�$, ¬
é¼�Ð����k|.

ã 7 ¤«��ê��» (NA=0.7) �à²ß
ºXÚ (ÃÛ�), Ùé��kép��¦, \�
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1 (λ = 0.55 µm) ´�1¶²1�Ã �1, 1å
3ßº0�SÜDÑ��áÂ�Ñ3�~¥6Ø
�Ä. ·�^�©JÑ�1�ý��©Û�{, ©
ÛØÓê��»e\�1ÏL�1Æ.¡���

¡��UþÚ ��A. ,�ò¤�0�U�ò�
Ç� 1.3343 �YÚ 1.5180 �ò�Çh, Xã 8 ¤
«, 2�Ó��©Û. ©Û�þ��éò�Ç, Ïd
�í�ò�Ç� 1.0000.

x
y

z

x
y

zθ θ

(a) (b)

E1

E2

E1 E2

E1

E1

E2

E2

E
E

ã 6  �1/ª (a) TE  �1; (b) TM  �1

ã 7 ��»XÚ�í¥¤�

lL 1 �±wÑ, 1å\��´Ã �1, �
���þ�ÄrÝ�Ó, 1�ý�´��; 1å�
��¡�ÑC�Ü© �1, ����þ�ÄrÝ
Ø�Ó. duXÚvkÛ�, 1å���¡��k
���Uþ��. ¿�ê��»��, �¡þ1�
ý��A, TE  �11r!TM  �11rÑ~
�, 1åoUþ�~�. ù´duê��»��, ¤
�1å�\����¤E¤�.

lL 2 �±wÑ, �Xê��»ØäO�, TE
 �1� TM  �11r�'~�. �ê��
» NA � 0.2 �, TE  �1� TM  �11r�C,
'��C�Ã �1� TE  �1Ú TM  �1¤
©'; ��ê��» NA � 0.7 �, TM  �11r
²wru TE  �1, Ü© �C�²w. ��, �
,ê��»O�, ¦©EÇJp
, �´3�¡þ,
¤�1å¥ TM  �1¤©�éC�
, 
 TE  

�1¤©�éC�
. ù�·��¦þO\ TE  
�1¤©, ~� TM  �1¤©�8I��, Ïd
¤�é'Ý¬C�. d�pê��»�5� ��
A¯KòC�²w, ©EÇØ2´�ê��»¤{
ü��''X, ���Ä ��A�U�5�1�
�
¯K [18].

ã 8 ��»XÚò�ÇhS¤�

é'ØÓò�Ç0�S¤�, �ê��»��
�, ¤�1å¥ TE  �1Ú TM  �11r��,
¿�UC¤�0�, é1r�'K�Ø�; �ê�
�»���, O�¤�0��ò�Ç, TE  �1
Ú TM  �11r�'O�. ���ê��»��
�, Jp¤�0��ò�Ç, ¦ TM  �1¤©~
�, TE  �1¤©O�, l
Jp¤�é'Ý. d
	pò�Ç0�é�¡þ���\�1kO��
^, ¦Ù��§Ý~�, ù�¬¦ TM  �1¤�
é'ÝCÐ, 
�O\
��. Ïd, ¦^pò�Ç
�¤�0�, UUõpê��»�5� ��A¯
K.
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L 1 \�1å���¡�UþÚ ��©Ù

L 2 ¤�1å� TE � TM  �11r�': TE/TM

n = 1.0000 n = 1.3343 n = 1.5180

NA=0.2 0.9888 0.9907 0.9907

NA=0.5 0.9327 0.9455 0.9473

NA=0.7 0.8478 0.8839 0.8879

5 ( Ø

31ÆXÚ¥, �éÜ© �1, �©JÑ

�«#�£ã1åUþÚ ����{, �^u©

ÛÜ© �1�ê��»¤��5� ��A¯
K�. T�{�±½5!½þ/£ãÜ© �1U
þÚ ���Cz, �*5r. 
�31�J,�,
�I�¦Ñ1�ý���¶9Ù��, I�O��
ëê�, �{{ü. �'·�±cJÑ�^æ��
 �15£ãÜ© �1��{, ÙO�þ��~
�. ©Ù��, ïá�ê��»!p���à²ß
ºXÚ, ¿¦^d�{©Û
pê��»�5� 
��A¯K. ©Û(JL², ê��»��, é¤�
é'Ý�3K¡K�� TM  �1¤©C�, K�
¤�é'Ý. 
Jp��0��ò�Ç, ~Xò�
�0�U�ò�Çh, ¬Uõd« ��A¯K.
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Ray ellipse method of analyzing the power and
polarization state of partially polarized light∗

Liu Chao1) Cen Zhao-Feng1)† Li Xiao-Tong1) Xu Wei-Cai2)

Shang Hong-Bo2) Neng Fen1) Chen Li1)

1) ( State Key Laboratory of Modern Optical Instrumentation, Zhejiang University, Hangzhou 310027, China )

2) ( State Key Laboratory of Applied Optics, Changchun Institute of Optics, Fine Mechanics and Phisics, Chinese Academy of Sciences,

Changchun 130033, China )

( Received 7 September 2011; revised manuscript received 23 November 2011 )

Abstract
It is difficult to cope with the changes in power and polarization for partially polarized light. The light polarization will also affect

the image quality, especially for imaging with large numerical aperture. A novel method of analyzing the power and the polarization
state of partially polarized light is proposed in this paper. This method has a good intuitiveness and requires much smaller computation.
An aplanatic lens system is simulated. Polarization effect caused is analyzed with this method. The results show that for the imaging
light the intensity of TM polarized light relatively increases because of large numerical aperture, which will influence image contrast.
Imaging in high refractive index medium can be used to improve this problem.

Keywords: partially polarized light, high numerical aperture, light power, polarization effect
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