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1 Ú ó

Û:1Æ�ïÄé�®lIþ|í2�¥þ
|. 3¥þÛ:1Æ¥,  �Û:´���ïÄ
é� [1−14]. Äu �Û:/¤� Stokes ÿ �â,
3æ��âf�C/Ú £°(ÿþ±9)·�
ÆïÄ¥��A^ [15,16]. Berry Ú Dennis[4,5] ï
Ä
�¶¥þ| �Û:�AÛ(�Ú/�, O
�
 �Û:��Ý, ò �Û:)º�1fg
^;,. Ï~, >|Ú^|� �Û:´ØÓ�.
Hajnal[2] ÏL¢�ïÄ
�Å3gd�mDÑL§
¥�n�>|� �Û:±9n�^|� �Û
:. Berry[10] é�¶¥þÅ�î�| (��) ±9n
�>|Ú^| �Û:�
'�ïÄ. �©±pd
µ^1å�~, ïÄ
µ^1å3gd�mDÑL
§¥, 1å�Ì'!å�'±9l¶ëêÚDÑå
l�Czé��Ún�>|!^|¥� �Û:
�K�, ¤�(JkÏu�\@£>|Ú^| �
Û:3gd�m¥�Cz5Æ.

2 nØí�

�3²¡ z = 0 ?k�pd�µ1�l¶ 

�Û:1å [17]

Ex(x0, y0, 0) =E0x(x0 − a + iy0)

× exp
[
− (x0 − a)2 + y2

0

w2
0x

]
, (1a)

Ey(x0, y0, 0) =E0y(x0 − a + iy0)

× exp
[
− (x0 − a)2 + y2

0

w2
0y

]
. (1b)

Ù¥, E0x, E0y, w0x, w0y ©O´ Ex Ú Ey ��Ì
~þÚå�°Ý, a �1µ^3 x ���l¶þ.

�â¥þ/ª��r�û�È©úª, 1å3
gd�m�¶DÑL§¥k

Ex(x, y, z)

=
e ikz

λzi

∫∫
∞

Ex(x0, y0, 0) exp
{ ik

2z
[(x − x0)2

+ (y − y0)2]
}

dx0dy0, (2a)

Ey(x, y, z)

=
e ikz

λzi

∫∫
∞

Ey(x0, y0, 0) exp
{ ik

2z
[(x − x0)2

+ (y − y0)2]
}

dx0dy0. (2b)
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Ù¥, k = 2π/λ �Åê, λ �Å�. ò (1) ª�\ (2)
ª, È©�

Ex(x, y, z) =
2E0x[kπw4

0x(x + iy − a) − 4iaπzw2
0x]

λ(kw2
0x + 2iz)2

× exp
{

ik
(
z +

i(x2 + y2)
kw2

0x + 2iz

)}
, (3a)

Ey(x, y, z) =
2E0y[kπw4

0y(x + iy − a) − 4iaπzw2
0y]

λ(kw2
0y + 2iz)2

× exp
{

ik
(
z +

i(x2 + y2)
kw2

0y + 2iz

)}
. (3b)

U©z [10], �¶Cqe�p�|©þ�dÑÝ�
§^î�|©þL«�

Ez ≈ i
k
∇t · Et,

Bz ≈ i
k
∇t · Bt, (4)

ª¥,

∇t =
{ ∂

∂x
,

∂

∂y

}
, Et = {Ex, Ey},

Bt = {Bx, By},

�k

Bx(x, y, z) =
1
c

{
− Ey − 1

2k2

[(
∂2

∂x2
− ∂2

∂y2

)
Ey

− 2
∂2

∂x∂y
Ex

]}
, (5a)

By(x, y, z) =
1
c

{
Ex − 1

2k2

[(
∂2

∂x2
− ∂2

∂y2

)
Ex

+ 2
∂2

∂x∂y
Ey

]}
, (5b)

Ù¥, c �ý�¥�1�.

3 � �Û: (c Ú C :)

éu¥þ E = {Et, Ez} Ú B = {Bt, Bz}, é
� �Û:�½Âk [10]

Et · Et = 0 (cE �), (6a)

Bt · Bt = 0 (cB �), (6b)

E · E = 0 (CE �), (6c)

B · B = 0 (CB �), (6d)

3�þ �ý���¶Úá¶��¿Ø(½. e
�Ä3 z �½?�� �Û:, =3 xy ²¡þ÷
vª (6a)—(6d) �:K©O� cE :!cB :!CE

:Ú CB :. d (3)—(6) ª��, pdµ^1å3

gd�m�¶DÑL§¥, ��>|Ú^| (Et

Ú Bt) ± 9 n � > | Ú ^ | (E Ú B) ¥ �  
�Û:�1å�Ì' η = E02/E01!å�°Ý
' δ = w0y/w0x!l¶þ a ±9DÑål z �C
z.

�â (6a)—(6d) ª, Ù¢ÜÚJÜ��:=
� cE : !cB : ± 9 CE : !CB :. ã 1(a)—
(d) ¥, ¢ � Ú J � © O � L (6a)—(6d) ª � ¢
ÜÚJÜ���, ëê� w0x = 50λ, δ = 1.2,
η = 1, a = 2λ, z = 1000λ. d ã � �, 3 �
� {1.5 6 x/λ 6 2.5, 0 6 y/λ 6 0.4} S©Ok
ü� cE :!cB :±9 CE :!CB :, ü� cE :
 �©O� cE1 (1.96398, 0.21543) Ú cE2 (2.04201,
0.21537) ; ü � cB :   � © O � cB1 (1.96395,
0.21537) Ú cB2 (2.04201, 0.21537); ü� CE : 
�©O� CE1 (1.89160, 0.11009) Ú CE2 (2.11433,
0.3268) ; ü � CB :   � © O � CB1 (2.11533,
0.11101) Ú CB2 (1.89062, 0.31976). �±y², 3
î��¶Cqe, = (5) ª¥

1
k2

���Ñ�, ��
>|Ú^|�� �Û:��Ü. �n�>|Ú
^|¥�éA�� �Û:����.

ã 2 � Ñ 
 ã 1 ¥ Û : é � å l � å �
' δ �Cz, “•” �L cE :é cE1 Ú cE2, “¥” �
L CE :é CE1 Ú CE2. dã��, >|�� 
�Û:é�ål�å�'�CzCz. ~X,
é δ = 1.15 Ú 0.85 �, cE1 Ú cE2 m�ål©
O� 0.062λ, 0.098λ; CE1 Ú CE2 m�ål©O
� 0.309λ, 0.335λ. � δ < 1 �, ��>|�� 
�Û:� δ �~�ålO�; � δ > 1 �, ��
>|�� �Û:� δ �O�ålO�; n�>
|�� �Û:� δ �O�~�. ��^|��
 �Û:é�kaq�Cz5Æ. ��5¿�´,
� δ = 1 �, cE1 Ú cE2 Ü3�å. �â©z [2]
½Â��>|k

ER =
Ex + iEy√

2
,

EL =
Ex − iEy√

2
, (7)

K ER = 0, éA�^ cE :; EL = 0, éAm^ cE

:. �âª (3a) Ú (3b) �±��� δ = 1(= w0x =
w0y = w0) �

x = a, (8a)

y =
2az

kw2
0

, (8b)
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ã 1 (6a)—(6d) ª¢ÜÚJÜ���©Ùã. w0x = 50λ, δ = 1.2, η = 1, a = 2λ, z = 1000λ

ã 2 Û:é�ål�å�' δ �Cz, —•— cE :é cE1

Ú cE2 (½ cB :é cB1 Ú cB2), –¥– CE :é CE1 Ú CE2

(½ CB :é CB1 Ú CB2)

Ó�÷v ER = 0 Ú EL = 0, `²ü�^5
���� �:Ü3�å (½ö` cE1 Ú cE2 -
E3�å), d�3T:ØU2¡�����^�
 �:½m^� �:, Ñy�� V :, T:� 
��´Ø(½� [12]. é��^|¥/¤� V :�

^�´�Ó�, Ïd, δ = 1 �, ��>|Ú^|�
^Úm^� �Û:î�Ü, ��¤ V :, Ù 
�� x �I=d1µ^3 x ���l¶þ a û½,
Ù y �IKdå�°Ý w0!l¶þ a ±9DÑå
l z û½.

e´UC�Ì'±9DÑål�, �¬k±þ
aq�Cz5Æ, �Ñ�.

4 � �Û: (l �Ú L :)

éu¥þ E = {Et, Ez} Ú B = {Bt, Bz}, é
� �Û:�½Âk [10]

ImE∗
t × Et = 0, (lE¡) (9a)

ImB∗
t × Bt = 0, (lB¡) (9b)

ImE∗ × E = 0, (LE�) (9c)

ImB∗ × B = 0, (LB�) (9d)

d� ��òz�� �, Ù^�5Ø(½.
e�Ä3 z �½?�� �Û:, =3 xy ²¡
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þ�¤÷vª (9a)—(9d) � lE �!lB �!LE :
Ú LB :. ���¹e, é>|Ú^|¥� l �÷v
^�

|ER|2 − |EL|2 = 0, (lE �) (10a)

|BR|2 − |BL|2 = 0. (lB �) (10b)

n��¹e, é>|Ú^|¥� L :÷v^�

Re(E∗
t ∇t · Et) = 0, (LE :) (11a)

Re(B∗
t ∇t · Bt) = 0. (LB :) (11b)

ã 3 �Ñ
ØÓ η ��� �Û:, (a) η = 1,
(b) η = 0.01, Ù{ëêÓã 1(a). dã��, z �½
�, ¤�Ä��Sk lE � (±¢�L«) Ú lB � (±
J�L«) ��^. �±y², �X η �Cz, lE �
ØC. �â (10a) �±�����L�ª

(x − A)2 + (y − B)2 = R2, (12)

Ù¥,

A =
a[−16z4 + 3k4w8

0xδ4 + 4k2w4
0xz2(1 + δ4)]

4k2w4
0xδ2(4z2 + k2w4

0xδ2)
,

(13a)

B =
az(1 + δ2)

kw2
0xδ2

, (13b)

R =
a(4z2 + k2w4

0x)(4z2 + k2w4
0xδ4)

4k2w4
0xδ2(4z2 + k2w4

0xδ2)
. (13c)

d (12) Ú (13) ª��, lE ���%3 (A,B), �»
� R ��, §¿Ø� η �CzUC, Ù�%Ú�
»då�°Ý, DÑål�û½. ê�O�L², lB

�¬�X η �CzUC, � η = 1 �, lE �Ú lB

�Ä�þÜ, � (5) ª¥� 1/(2k2) ��Ñ��
ö��Ü. �X η �Cz, lE �Ú lB �©m²
w (~Xã 3(b)), � η = 0.01 �, lB �?u lE �	
ý; �Ø+ η XÛCz, lE �Ú lB �� �'X÷
v©z [10] ¥� (24) ª.

¤�Ä��Sk�� LE : (± “N” L«) Ú�
� LB : (± “M” L«). �X η �Cz, LE :Ú LB

:� �u)Cz, ~X, η = 1 Ú 0.01 � LE :�
 �©O� (1.491, 0.722) , (2.001, 0.187); LB :�
 �©O� (1.114,0.550), (1.186,−0.186). �Ø+
No�, LE :©ª?u lE �þ, LB :©ª?u lB

�þ, lúª (9) Ú (10) ��±wÑù�A: [10].
aq/, eUC1åå�°Ý'±9DÑål�,
�¬kþãCz5Æ.

ã 3 ØÓ η ��� �Û: (a) η = 1; (b) η = 0.01

5 ( Ø

� © l ¥ þ / ª � � r � û � È © ú ª
Ú Maxwell ÑÝ�§Ñu, í�Ñpdµ^1å
3gd�mDÑL§¥>|©þÚ^|©þ�)
ÛL�ª, ^±ïÄÙ3gd�m¥��� �
Û: cE, lE, cB Ú lB Û:Ún�|� CE, LE, CB

Ú LB Û:�å�°Ý'!�Ì'±9DÑål�
�Cz, ±9 �Û:m� �'X. pdµ^1
å3gd�mDÑL§¥, �3�� �Û: cE,
lE, cB Ú lB Û:Ún�|� CE, LE, CB Ú LB Û
:, ��Xå�°Ý'!�Ì'!l¶þ±9DÑ
ål�Cz, �Û:þ¬u)£Ä. éu��>|
Ú^|¥�éA�� �Û: �A�´Ü�;
n�>|Ú^|¥�éA�� �Û: ��
���. ��>|½^|¥, ü�^5���� 
�Û:Ü3�å (½ö`-E3�å), /¤V :,
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T : �   � � ´ Ø ( ½ �. / ¤ V : � ^ �
´ δ = 1, >|Ú^|� V :´Ü�, Ù �
dl¶þ a, å�°Ý w0 ±9DÑål z û½. �
�L§¥, �,� �Û:¬�å�°Ý'!�Ì
'!l¶þ±9DÑål��Czk¤£Ä, �
��Ì'Cz�, lE �©ª��, §¿Ø� η �C

zUC, Ù�%Ú�»då�°Ý, DÑål�
û½. d	, LE :©ª?u lE �þ, LB :©ª?
u lB �þ. �©�(J�z
épdµ^1å3
gd�mDÑ¥>|Ú^|� �Û:Cz5Æ
�@£.
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The electric and magnetic polarization singularities of
Gaussian vortex beam in the free-space propagation∗
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Abstract
Using the Fresnel vector diffraction integral and taking the Gaussian vortex beam as an example, the analytical expressions for the

electric and magnetic components of Gaussian vortex beam propagating in the free-space are derived, and used to study the variations
of electric and magnetic polarization singularities in free space. It is found that there exist two-dimensional (2D) and three-dimensional
(3D) electric and magnetic polarization singularities in the free-space, which do not coincide in general. By varying waist width ratio,
amplitude ratio, and propagation distance, the motion of polarization singularities takes place. In the 2D and the 3D electric and
magnetic fields, the V -point may appear under a certain condition.
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