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1 Ú ó

�%1å3�f1Æ¥kXd3�A^d�,
4�/áÚ
<��ïÄ,� [1−4]. 3nØþ, ®
²JÑ
A«�.5£ã�%1å, ~Xk TEM0l

1å [5]!p��l�1å [6]!�%pd1å [7,8]

��.. Ù¥�%pd1å�.´��'�n�

q{'��.. |^�mÈÅ, Liu � [9] JÑ
�
«�)�%pd1å��{. <�ïÄ
�%pd
1å�©êFp�C� [10]!à� [11−13]!¥þ(
� [14−16] ±9õ«�¹�DÑA5 [17−19]. ù
ï
Äõê��9�M1<�û��^. Ø
M1<,
�¬-��
^1<û��¯K. duk� ¡�
�3¬¦1åÛÜ�)��N\�£, �±^5U
Cpd1å�rÝ©Ù [20]. Zhou[21] ïÄ
���
 ¡û��pd1å�¥þ(�A�. �%pd1
åØ´��ü�1å, §�pd1åDÑA5ké
���É, ¤±�©ò?�ÚïÄ��� ¡û�
��%pd1å��|¥þ(�A�.

2 U6©Ù�¥þ(�

3���IX¥, �1å�DÂ��� z ¶,
1å�¥%¶� z ¶­Ü, � z = 0 �²¡�
²
¡, �3
²¡þ�%pd1å�Ð©©Ù�

 Ex(ρ0, 0)

Ey(ρ0, 0)

 =


(

ρ2
0

w2
0

)n

exp
(
− ρ2

0

w2
0

)
0

 , (1)

Ù¥ ρ0 = (x2
0 + y2

0)
1/2, n ��%pd1å��

ê, w0 �pd1å�å��». 3 (1) ª¥�mÏ
f e−iωt ��Ñ. ò�¬�»� R!N\�£� β

��/�� ¡��u
²¡, ¥%��I�:­
Ü. 3� ¡�¡1å©Ù�

 Ex(ρ0, 0)

Ey(ρ0, 0)

 =


(

ρ2
0

w2
0

)n

exp
(
− ρ2

0

w2
0

)
0


× circ(ζ), (2)
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Ù¥ ζ = ρ0/R,

circ(ζ) =

 exp(−iβ), 0 6 ζ 6 1,

1, ζ > 1.
(3)

�â¥þ�ÌL«�{, 3 z > 0 ��m, >|
rÝ�±L«�

E(ρ, z) =
∫ ∞

−∞

∫ ∞

−∞
A(p, q)

× exp[ik(px + qy + γz)]dpdq, (4)

Ù¥ ρ = (x2 + y2)1/2, k = 2π/λ�Å¥ (λ�1å
�Å�), γ = (1− p2 − q2)1/2, A(p, q)��Ì, �±
�¤Xe/ª

A(p, q) = Ax(p, q)i + Ay(p, q)j

+ Az(p, q)k, (5)

ª ¥ i, j, k © O� x, y, z � � � ü ¥ þ,
Ax(p, q), Ay(p, q), Az(p, q) ©O��Ì3 x, y, z

���©þ, Ax(p, q) � Ay(p, q) �±©OL«�

Ax(p, q) =
1
λ2

∫ ∞

−∞

∫ ∞

−∞
Ex(x0, y0, 0)

× exp[ik(px0 + qy0)]dx0dy0, (6a)

Ay(p, q) =
1
λ2

∫ ∞

−∞

∫ ∞

−∞
Ey(x0, y0, 0)

× exp[ik(px0 + qy0)]dx0dy0. (6b)

�â1å�Ð©©Ù, ²O���

Ax(p, q) =
zr

λ
n! exp(−iβ) exp

(
− b2

4f2

)
Ln

(
b2

4f2

)
+ [1 − exp(−iβ)]

k

λ

∫ ∞

R

[
ρ2
0

w2
0

]n

× exp
(
− ρ2

0

w2
0

)
J0(kρ0b)ρ0dρ0, (7a)

Ay(p, q) = 0, (7b)

Ù ¥ zr = kw2
0/2 �a | � Ý, b2 = p2 + q2,

f = 1/(kw0) ¡� f ë ê, Ln(·) �. X � õ
� ª, J0(·) �1 � a " � � l � ¼ ê. d ' X
ª pAx(p, q) + qAy(p, q) + γAz(p, q) = 0, �±¦�

Az(p, q) = −pAx(p, q)/γ. (7c)

�â>^|�¥þ(�nØ [22,23], DÑ>^
|�±L«� TE �Ú TM ��Ú

E(ρ, z) = ETE(ρ, z) + ETM(ρ, z), (8)

H(ρ, z) = HTE(ρ, z) + HTM(ρ, z), (9)

Ù¥

ETE(ρ, z) =
∫ ∞

−∞

∫ ∞

−∞
[A(p, q) · e1]e1

× exp[ik(px + qy + γz)]dpdq, (10)

ETM(ρ, z) =
∫ ∞

−∞

∫ ∞

−∞
[A(p, q) · e2]e2

× exp[ik(px + qy + γz)]dpdq, (11)

HTE(ρ, z) = η

∫ ∞

−∞

∫ ∞

−∞
[A(p, q) · e1]e2

× exp[ik(px + qy + γz)]dpdq, (12)

HTM(ρ, z) = η

∫ ∞

−∞

∫ ∞

−∞
[A(p, q) · e2]e1

× exp[ik(px + qy + γz)]dpdq, (13)

ùp η = (ε0/µ0)1/2, ε0 Ú µ0 ©O�ý�¥�0>
~êÚ^�Ç, e1, e2�ü ¥þ, ©O½Â�

e1 =
q

b
i − p

b
j, (14a)

e2 =
pγ

b
i +

qγ

b
j − bk. (14b)

d (7a) ª�±wÑ, �Ì©þdü��Ú|¤,
r§�\ (10)—(13) ªO�, K�A�>^|��
±©�ü�, =

ETE(ρ, z) = ETE1(ρ, z) + ETE2(ρ, z), (15)

ETM(ρ, z) = ETM1(ρ, z) + ETM2(ρ, z), (16)

HTE(ρ, z) = HTE1(ρ, z) + HTE2(ρ, z), (17)

HTM(ρ, z) = HTM1(ρ, z) + HTM2(ρ, z). (18)

�e5, ÄkO� ETE(ρ, z). r (7) ª� (14) ª�
\ (10) ª, ²O����

ETE1(ρ, z) =
zr

λ
n! exp(−iβ)

∫ ∞

−∞

∫ ∞

−∞

q

b2

× exp
(
− b2

4f2

)
Ln

(
b2

4f2

)
(qi − pj)

× exp[ik(px + qy + γz)]dpdq, (19)

ETE2(ρ, z) = [1 − exp(−iβ)]
k

λ

∫ ∞

R

(
ρ2
0

w2
0

)n

× exp
(
− ρ2

0

w2
0

)
T (ρ0, ρ, z)ρ0dρ0,

(20)

Ù¥

T (ρ0, ρ, z) =
∫ ∞

−∞

∫ ∞

−∞
b−2qJ0(kρ0b)(qi − pj)

× exp[ik(px + qy + γz)]dpdq. (21)
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3�|«� k(ρ2 + z2)1/2 → ∞ ¤á, ¤±�±^
­�{?n (19) � (21) ª¥�È©. d (19) ªÈ
©��

ETE1(ρ, z) = − izrz

ρ2r2
yn! exp(ikr − iβ)

× exp
(
− ρ2

4f2r2

)
× Ln

(
ρ2

4f2r2

)
(yi − xj), (22)

Ù¥ r = (ρ2 + z2)1/2. d (21) ªÈ©��

T (ρ0, ρ, z) = − iλz

ρ2r2
y exp(ikr)

J0(kρ0ρ/r)(yi − xj). (23)

�
¼� ETE2(ρ, z) �)ÛL�ª, �±r1�a
"��l�¼êÐm�Xe/ª

J0(kρ0ρ/r) =
∞∑

m=0

(−1)m(kρρ0)2m

22m(m!)2r2m
. (24)

r (23) ª� (24) ª�\ (20) ªÈ©�

ETE2(ρ, z) = −izrzy[1 − exp(−iβ)]

× exp(ikr)(yi − xj)

×
∞∑

m=0

(−1)mρ2m−2Γ(1 + m + n, δ2)
22m(m!)2r2m+2f2m

,

(25)

Ù¥ δ = R/w0 ��äëê, Γ(1 + m + n, δ2)�Ø
�� Gamma ¼ê, äN/ª�

Γ(1 + m + n, δ2) =
∫ ∞

δ2
exp(−t)tm+ndt. (26)

aq/, �±O�Ñ>^|�Ù¦��þ��
|)ÛL�ª, äN(JXe:

ETM1 = − izr

ρ2r2
xn!

× exp(ikr − iβ) exp
(
− ρ2

4f2r2

)
× Ln

(
ρ2

4f2r2

)
× (xzi + yzj − ρ2k), (27)

ETM2 = −izrx[1 − exp(−iβ)]

× exp(ikr)(xzi + yzj − ρ2k)

×
∞∑

m=0

(−1)mρ2m−2Γ(1 + m + n, δ2)
22m(m!)2r2m+2f2m

,

(28)

HTE1 = −η
izrz

ρ2r3
yn! exp(ikr − iβ)

× exp
(
− ρ2

4f2r2

)
Ln

(
ρ2

4f2r2

)
× (xzi + yzj − ρ2k), (29)

HTE2 = −iηzrzy[1 − exp(−iβ)]

× exp(ikr)(xzi + yzj − ρ2k)

×
∞∑

m=0

(−1)mρ2m−2Γ(1 + m + n, δ2)
22m(m!)2r2m+3f2m

,

(30)

HTM1 = η
izr

ρ2r
xn! exp(ikr − iβ)

× exp
(
− ρ2

4f2r2

)
Ln

(
ρ2

4f2r2

)
× (yi − xj), (31)

HTM2 = iηzrx[1 − exp(−iβ)]

× exp(ikr)(yi − xj)

×
∞∑

m=0

(−1)mρ2m−2Γ(1 + m + n, δ2)
22m(m!)2r2m+1f2m

.

(32)

þ¡ª¥>|rÝ!^|rÝ±9�¡J��U
6Ñ´'u x, y, z �¼ê, �
¦ªf�{', �
±�Ñ.

��, �â®²���>|rÝ�^|rÝ�
±�Ñ��� ¡û���%pd1å3�|«
��U6�Ý©Ù, ��±©� TE �Ú TM �

〈S〉TE =
1
2
Re[ETE × H∗

TE]

= 〈S〉TE0 + 〈S〉TE1 , (33)

〈S〉TM =
1
2
Re[ETM × H∗

TM]

= 〈S〉TM0 + 〈S〉TM1 , (34)

Ù¥k)ÒL«é�m�²þ, Re L«�¢Ü, (
ÒL«�E�Ý, ²O� 〈S〉TE0, 〈S〉TE1, 〈S〉TM0,
〈S〉TM1 �±©OL«�

〈S〉TE0

=
ηz2

r z2

2ρ2r5
y2(n!)2

× exp
(
− ρ2

2f2r2

)
Ln

(
ρ2

4f2r2

)2

r, (35)

〈S〉TE1

=
ηz2

r z2

r5
y2(1 − cos β)
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×

ρ2

( ∞∑
m=0

(−1)mρ2m−2Γ(1 + m + n, δ2)
22m(m!)2r2mf2m

)2

− n! exp
(
− ρ2

4f2r2

)
Ln

(
ρ2

4f2r2

)
×

∞∑
m=0

(−1)mρ2m−2Γ(1 + m + n, δ2)
22m(m!)2r2mf2m

]
r, (36)

〈S〉TM0

=
ηz2

r

2ρ2r3
x2(n!)2

× exp
(
− ρ2

2f2r2

)
Ln

(
ρ2

4f2r2

)2

r, (37)

〈S〉TM1

=
ηz2

r

r3
x2(1 − cos β)

×

ρ2

( ∞∑
m=0

(−1)mρ2m−2Γ(1 + m + n, δ2)
22m(m!)2r2mf2m

)2

−n! exp
(
− ρ2

4f2r2

)
Ln

(
ρ2

4f2r2

)
×

∞∑
m=0

(−1)mρ2m−2Γ(1 + m + n, δ2)
22m(m!)2r2mf2m

]
r, (38)

Ù¥ r = xi + yj + zk, oU6�Ý�±L«� TE
Ú TM ü��Ú

〈S〉 = 〈S〉TE + 〈S〉TM = 〈S〉0 + 〈S〉1 , (39)

Ù¥ 〈S〉0 ¡�gd�U6, L«�%pd1å3g
d�mDÑ���|U6©Ù; 〈S〉1 ¡�N\�U
6, ���N� ¡é�|U6©Ù�K�. 〈S〉0
� 〈S〉1 ��±©OL«� TE �� TM ��Ú

〈S〉0 = 〈S〉TE0 + 〈S〉TM0 , (40)

〈S〉1 = 〈S〉TE1 + 〈S〉TM1 . (41)

3 ©Û�?Ø

3�|«� z À x, y, ¤±î�U6��up
�U6. � δ → ∞ �, (36) ª� (38) ª¥�¦ÚÜ
©ª�u", =N\�U6ªu", ¤±� ¡é
�|U6©Ù�K���Ñ. � ò´Ïf β ±X
ê/ªÑy3ª¥, � β UC�, Ø¬UCN\�
U6©Ù�/G, �¬UCÙ��. N\�U6�
�� β �Cz¥±Ï5, ±Ï� 2π, � β = π �,
Ù���.

f ëêØÓ��%pd1å3�|�p�U6
©Ù�¹Xã 1 �ã 2 ¤«. ã¥ëê�: z = 20zr,
δ = 1.5, n = 3, β = π. ã 1 ¥ f ëê� 0.05; ã 2
¥� f ëê� 1, éAå�é��4à�¹. lã
¥�±wÑU6� TE �Ú TM �3�|«�´�
��. ÏLéã 2 �ã 1 �'��±wÑ, f ëêO
��oU6©Ù�Ó+/Gu)
UC, d�/C
¤
ý�/, Ø2¥�G©Ù, 
´¥ëY©Ù. o
U6u1¶¥%?��, 
3
²¡��%1å©
Ù¥%�V:, ¤±U63DÑL§¥u)
é�
UC. ù´du�%pd1å´õ�1å, 3DÑ
L§¥õ�û�U\/¤
ù��(J. N\�U
6¥%��K, 	���, `² �¡��3¬�
f�%pd1å�|U6©Ù�¥%U6, 
¦	
�U6O�.

8�z��%pd1åp�oU6©Ù��
äëê δ �Cz'XXã 3 ¤«. ã¥ëê���:
z = 20zr, n = 3, f = 0.05, β = π. ¢�\¢n�
/!��!Ê�(!�:!��/!�n�/©
OéAu δ = 0.00, 0.80, 1.80, 1.92, 2.10, 3.00. l
ã 3 ¥�±wÑ, ��äëêO��, ¥%U6k~
��" (éA δ = 1.92) 2O���; ��äëêª
�u" (~ δ < 0.8) ½öª�uÃ¡� (~ δ > 3.0)
�, � ¡é1åU6©Ù�K��±�ÑØO.

8�z��%pd1åp�oU6©Ù�N
\�£ β �Cz'XXã 4 ¤«. ã 4 ¥ëê�:
z = 20zr, n = 3, f = 0.05, δ = 1.5. ã¥�¢
�!J�!:�!J:�©OéAu β = 0, π/4,
π/2, π. dã 4 �±wÑ, �Ù¦^�ØC�, oU
6©Ù¬� β �Cz
u)UC. β d"O��
π �L§¥, U6©Ù�	��é��±O�,
`²� ¡�û��J¦U6�î�¡©Ùª
� u © Ñ. ©z [21] @�N \ � £ � U C Ø
¬K�U6��é©Ù. ùpI�Ñ, ©z [21]
¥ � (34) ª Ú (36) ª L « ´ k �Ø�, A
T´duO�U6�Ý�vké^|rÝ�E
�Ý���. ã 3 �(JL², �k3 δ ��½�
��N\�£�UCéU6©Ù�K�â�±�
ÑØO.

3�|«�, î�U6©Ù'u1¶´�é¡
�, ¤±©Ûî�U6���Ñ
÷ x ¶�U6©
Ùã. 3ã 5 ¥, �Ñ
�|î�U6÷ x ¶�©
Ù, ã¥ëê�: z = 20zr, n = 3, f = 0.05, δ = 1.5.
ã¥�:�!J�!¢�©OéAu 〈Sx〉0, 〈Sx〉1,
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〈Sx〉. 〈Sx〉1 ���±�K, K�L«î�U6 S
6, =÷X x ¶l	�1¶��6. lã¥�±w
Ñ, � ¡��3�±¦î�oU6~�. î�U

6��3¬��p�U6î�¡�©Ù�UC, î
�U6~��±¦p�U6î�¡�©Ù3DÑ
L§¥�­½�
.

ã 1 f ëê� 0.05 ��%pd1å��|p�U6©Ù, ëê��� z = 20zr, δ = 1.5, n = 3, β = π (a) 〈Sz〉TE0;
(b) 〈Sz〉TM0; (c) 〈Sz〉0; (d) 〈Sz〉TE1; (e) 〈Sz〉TM1; (f) 〈Sz〉1; (g) 〈Sz〉TE; (h) 〈Sz〉TM; (i) 〈Sz〉

ã 2 f ëê� 1 ��%pd1å��|p�U6©Ù, ëê��� z = 20zr, δ = 1.5, n = 3, β = π (a) 〈Sz〉TE0;
(b) 〈Sz〉TM0; (c) 〈Sz〉0; (d) 〈Sz〉TE1; (e) 〈Sz〉TM1; (f) 〈Sz〉1; (g) 〈Sz〉TE; (h) 〈Sz〉TM; (i) 〈Sz〉
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ã 3 8�z�p�oU6��äëê�Cz'X, ëê��
� z = 20zr, n = 3, f = 0.05, β = π

ã 4 8�z�p�oU6�N\�£�Cz'X, ëê��
� z = 20zr, n = 3, f = 0.05, δ = 1.5

ã 5 �|î�U6©Ù, ëê��� z = 20zr, n = 3,
f = 0.05, δ = 1.5, β = π

î�oU6�1åDÑål�Cz'XXã 6
¤«. ëê���: n = 3, f = 0.05, δ = 1.5, β = π.
î�oU63DÑL§¥´Ä�Cz�, �XDÑ
ål�O�, î�U6�érÝ~�, �N�	�
£Ä, ¬��1�3DÑL§¥*�.

ã 6 î�oU6�DÑål�Cz'X, ëê��� n = 3,
f = 0.05, δ = 1.5, β = π

4 ( Ø

Äuð�d��§|)�¥þ�ÌLã�­
�{, 3=k�|Cq�^�e, ��
��� 
¡û���%pd1å�)Û¥þ(�. 1åo
U6�±L«�gd�U6�N\�U6�Ú. �
�U6q�©)� TE �Ú TM �, 3�| TE �
� TM �´���. d(J·^u1å��¶DÑ
��¹. ©Û
 f = 0.05 � f = 1 �ü«ØÓ�
¹e1å�DÑ5�, üök����É, `²�
%pd1å��¶DÑ���¶DÑA5´ØÓ
�. � f = 1 �éAå�'Å����4à�¹,
� f = 0.05 ��¹�', �|p�oU6©Ù�Ó
+/Gu)
UC, d�/C¤
ý�/. ?Ø

�äëê�N\�£é1åp�U6©Ù�K�.
uy δ � β ©OüÕCz�, 1å�p�oU6©
Ù¬É�ÙK�. ,	©Û
î�U6�©Ù�¹,
3�|î�U6���up�U6, î�U6��
^Ì�´UCp�U6�î�¡©Ù. ���¹e,
<�Ø¬­Àéî�U6�©Û, ,
, î�U6
�¬���
k��y�, ~Xk1Æê�ãd�
A [24] Ú1Æg^¿��A [25] �. ·�ò3dÄ
:þ?�ÚïÄµ^1å�ê�ãd�A�g^
¿��A. ù�ïÄ´L
é�%pd1å�@£,
Ø=�«
Ù¥þ(�A5, �kÏu
)
� 
¡é1åDÑ�K�.
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in the far field∗

Lu Shi-Zhuan† You Kai-Ming Chen Lie-Zun Wang You-Wen

Yang Hui Dai Zhi-Ping

( Department of Physics and Electronic Information Science, Hengyang Normal University, Hengyang 421008, China )

( Received 19 January 2012; revised manuscript received 2 May 2012 )

Abstract

Based on the vector angular spectrum representation of the Maxwell equations and the method of stationary phase, only with

the far field approximation, the analytical expressions of energy flux density of a hollow Gaussian beam diffracted by a circular phase

aperture is presented. It is shown that the total energy flux of the beam can be expressed as the sum of the unapertured term and the

additional term, where the additional term is the effect of the phase aperture on the beam; the total energy flux, the unapertured one and

the additional one each can be expressed as the sum of TE term and TM term. The distributions of the total energy flux, the unapertuered

one, the additional one, and their TE terms and TM terms are depicted in the far field. The influences of truncation parameter δ and the

phase delay β on the longitudinal total energy flux distributions are discussed.
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