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ÄuoÅ·ª��d÷�dC�, �2�A^uáÅË�p©EÇ¤�±9��-u©f�>f�[��¡.

�
¢y�\p���d÷�dC�, |^¥%Å�� 810 nmóÀ°Ý� 120 fs�v7�� (Ti: sapphire)�¦-

1ì��Ä$1, 3�Ý� 0.5 mÚ 3 m �1f¬N1n¥©O¢y
p��ÚÄ��{¿oÅ·ª. ¢�¥, æ

^�1f¬N1n�"ÚÑÅ�3 820 nmNC. 3Ä�� ��^�e, 3 560 nmNC¢y
p�/�d÷�d

&Ò��), �d÷�d&Ò�í{Ä$&Ò���õÇ'� 33 : 1; �d÷�d&ÒÚd÷�d&Ò���õÇ

' 25 : 1; �d÷�d&Ò��õÇ=��ÇPa/Pp0 � 34%. Ä$Å�l 790 nmÅìO\� 810 nmL§¥, 3�

� 3 m �1f¬N1n¥� lØ��G�=z�p����G��, 2=z�Ä���G�. ÏL¢�ïÄ�Ñ


� ��§Ý�Ä$õÇ!Å�Ú1n�Ý�Cz5Æ, Ó�©Û
E¤nØO��¢�(J�3�É�Ì�

Ï�. �©�ïÄ31f¬N1nÄ�¥¢y� ��Ú�)p��d÷�d&ÒJø
nØÚ¢��â.

'�c: 1f¬N1n (PCF),�d÷�d&Ò, oÅ·ª (FWM)

PACS: 42.65.−k, 42.65.Ky, 42.70.Qs, 78.47.nj

1 Ú ó

d u 1 f ¬ N 1 n (photonic crystal fiber,

PCF)[1−3] (��O(¹, U
k�/��ÚN!

1f¬N1n¥���51ÆL§ [4−7], ¦�A

^ PCF?1��5ïÄÅì¤�9:. 31f¬

N1n¥, �±ÏLO�����íW¿Ç5O

�1nn�ò�ÇÚ��k�ò�Ç��, U


ò1|Uþ�k�/��3n�, l4�/J

p1Æ��5�^��Ç, ?�±|^ëY½ö

óÀ1¢yoÅ·ª (FWM)[8,9] Ú� ���

Å�C� [10]. �u�¦-1ìp�¸�õÇÚ°

�ªÌ, ¢�¥²~¦^�¦-1ì5¢yp��

ªÇC� [11−13]
!�ëYÌ [14]

!1�f�A [15]

�. {¿ FWM ´dªÇ©O� ωp, ωs �Ä$Ú

d÷�dÅ, �)��ªÇ� 2ωp − ωs ��d÷

�dÅ [16]. éu{¿ FWM L§, � ��^�

� ∆κ = 0, = ∆κ = 2β(ωp) − β(ωa) − β(ωs), Ù

¥ β(ωp), β(ωa) Ú β(ωs) ©O´Ä$!�d÷�d

Úd÷�dÅ�DÂ~ê, ∆κ �� ·�Ïf. ù

«^ FWM ¢y�p��d÷�dC��2�A

^uáÅË�p©EÇ¤�!��-u©f�>

f�[±9õ1f>l [17] ��.

Wang�^ 200 fs�v7�� (Ti: sapphire)�

¦-1ì��Ä$1, 3�Ý� 0.7 m �V"

ÚÑ PCF ¥¢y
����p��d÷�dC

� [12], ¢y
3ÑÑÌ¥�d÷�d&ÒõÇÚ

Ä$õÇ��'�� 1.03. Óp����d÷�

dC��', apd�Ä��d÷�dC�äk

éõ�`:, X1Ì�þ�Ð�. Yuan �^²þ

õÇl 80 � 320 mW��áóÀ, 3�Ý 0.45 m

� PCFÄ�¥, ¢y
p���d÷�dC� [13].
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3 535 nm?�)��d÷�d&Ò��Uþ�

í3Ä$õÇ'� 12 : 1, Ä$é�d÷�d&Ò

�=��Ç�� 42%. Wang�3 PCF�ÝÚÄ$

õÇØC��¹eUCÄ$Å�¢y
����

�d÷�dC�, Yuan�3 PCF�ÝÚÄ$Å�

ØC��¹eUCÄ$õÇ¢y
Ä��d÷�

dC�. PCF�Ý!Ä$õÇÚÅ�Ñ´¢yp�

�d÷�dC���Ï�, ,Ó��ÄÄ$Å

�!õÇÚ PCF�Ýnöé¢yp��d÷�d

C��K��vk¢�ïÄ. Ïd, nÜ�Ä±þ

n�Ï�?¿��Cz�é¢yp��d÷�d

C�K��ïÄ�´k7��.

�
¢y�\p���d÷�d&Ò=�

�Ç, ��3Ä$õÇ!Ä$Å�±9 PCF �

ÝCz�¢y{¿ FWM �5Æ, �©Äk^1

åDÑ{ (beam propagation method, BPM)[18] �[

O�
¢�¤^ PCF �ÚÑ�, ,�|^ó

À°Ý 120 fs!²þõÇ�� 600 mW�v7�

� (Ti:sapphire)�¦-1ì3±en«^�e¢y

{¿� FWM: 1) �½Ä$Å�� 810 nmÚ PCF�

�Ý 3 m,UCÄ$õÇl 200 mWO�� 600 mW;

2) �½Ä$õÇ� 500 mWÚ PCF ��Ý 3 m,

ÏLN�Ä$Å�l 790—810 nm; 3)�½Ä$

õÇ 600 mW!Ä$Å� 810 nm,UC PCF�Ý

� 0.5 mÚ 3 m¢y{¿� FWM. Ù¥3Ä$Å�

� 810 nm!Ä$õÇ 600 mWÚ PCF�Ý� 3 m

�, 3 PCFÄ�¥, ¢yp��d÷�dC�, �

d÷�d&ÒÚí{Ä$&Ò���õÇ'�

� 33 : 1. nØO����õÇ=��Ç Pa/Pp0 �

� 48%,¢�¥������Å�C��Ç Pa/Pp0

�� 34%,¿�'�
Ä$õÇ!Å�±91n�

Ýé¢y{¿ FWM Ú�)p��d÷�d&Ò

�K�, ©Û
nØO�Ú¢�(J±9ØÓ^�

e¢�(Jk�O��Ï, Ó�o(
�d÷�d

&Ò�Ä$õÇ!Å�±91n�ÝCz�5Æ.

�ïÄ3 PCFÄ�¥¢y� ��Ú�)p��

d÷�d&ÒJø
nØÚ¢��â.

2 ê��[Ú¢�L§

BPM ´©Û1f¬N1n�ª��«'�¤

Ù��{. 1n+�ÝÚÑ D �L�ª�

D = −
2πcβ2

λ2
, (1)

Ù¥, c �ý�¥�1�, λ ´DÑ�Å�, β2 ´

DÂ~ê����ê, 1�DÑ{ÏL (1) ª�

±O�Ñ¢�æ^� PCF�"ÚÑ:3 820 nm

�m, á�ÚÑ�±ÏL Sellmeyer�§¦Ñ, ¢

�æ^� PCFî�¡ãXã 1(a) ¤«, �í�m

å Λ ≈ 2.5 µm, �í��» d ≈ 1.99µm,d/Λ ≈ 0.8,

�â (1) ª$^ BPM �±�Ñ PCF�+�ÝÚ

ÑDÚÅ��'X. �ý(JXã 1(b)¤«.

� ·�Ïf κ �±��

κ = ∆kM + ∆kW + ∆kNL, (2)

ª¥, ∆κM, ∆κW Ú ∆κNL ©O�Ldá�ÚÑ!

Å�ÚÑÚ��5�Aé� ����zÜ© [19].

éu{¿� FWM, (2) ª�±��

κ = β(ωS) + β(ωa) − 2β(ωP) +
2n2ωPPP

cAeff
, (3)

ª¥, β(ωp), β(ωa) Ú β(ωs) ©O´Ä$!�d÷

�dÚd÷�dÅ�DÂ~ê; n2, ωp, PP Ú Aeff

©O���5ò�ÇXê, Ä$Å�ªÇÚ1r,

1n�k��|¡È.
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ã 1 (a)1f¬N1n�î�¡ã d ≈ 1.99 µm, Λ ≈ 2.5 µm,

d/Λ ≈ 0.8; (b) +�ÝÚÑDÚÅ��'Xã

�Ä$¥%Å�3 810 nm�, ∆κM 3��

z7¥�±�� 408 cm−1. 31f¬N1n¥d

u��Ún��±�)���ò�Ç��±9
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Ù(¹�(�, ¤± ∆κM �)�� ��, �±

d ∆κW Ú ∆κNL 5Ö�, ¢y� ��. éu{¿

� FWM, �ªÇ� ωp �rÄ$?\1n, Ò¬�

)ªÇ� ωs �d÷�d&ÒÚªÇ� ωa ��d

÷�d&Ò. �4Ä$�Uþp�/=£�&Òþ

Ò�¦ (3) ª¥� κ = 0, K&ÒÚÄ$�ªÇ'X

� [20]

ωs,a = ωP ∓
√

−β(2)(ωP)/
[

12β(4)(ωP)
]

, (4)

ª ¥, β(ω) ´ � ªÇ� ω � 1 | � D Â ~ ê,

β(2)(ωP) Ú β(4)(ωP) ©O� β(ω) 3 ωp NC, é ω

���!o��ê, β(ω) 3 ωp NC, é ω ��ê

�ØÓ��, � ��^��ØÓ.

�±�â©z [21] ¥�O�úªnØO��

d÷�d&Òéd÷�d&Ò�õÇ'�

γeff =
2πn2

√
λaλsAeff

, (5)

g =
√

(γeffPP)2 − (k/2)2, (6)

η =
λs

λa

(

γeffPP

g

)2

sinh2(gL), (7)

ª¥ λa �d÷�dÅ�, λs ´d÷�dÅ�, λP ´

Ä$Å�, κ ´� ·�Ïf. 3©z [21] ¥ λP =

810 nm,λa = 550 nm,λs = 1540 nm,Pp = 1168 W,

n2 = 3 × 10−20 m2/W, Aeff ≈ 5µm2, L = 1.4 cm,

κ = 0 �, �±�Ñ�d÷�d&Ò��õÇ Pa �

d÷�d&Ò��õÇ Ps �'�� 148%. l (7)

ª¥�±wÑ, õÇ'��'u sinh2(gL), 3�

©¥, Ï� L = 3 m, λP = 810 nm, λa = 562 nm,

Pp = 14 kW, n2 = 3 × 10−20 m2/W, Aeff ≈ 4µm2,

L ��u 1.4 cm,¤±O��Ñ��d÷�d&Ò

�õÇ�d÷�d&ÒõÇ�'��'©z [21]

¥���ÐA�êþ?. ¢S¢�(J�'©

z [21] ��Ð. � ���§Ý!n2 �����

OÚp���ÍÜÚÑ�Ñ´nØO��¢�k

�O��Ï. d©z [19,21,22]½Â���õÇ=

��Ç Pa/PP0, nØO�Ñ3Ä$ÃP~�n�

�¹e, Ä$²þõÇ� 600 mW�, ��õÇ=

��Ç�� 48%,¢�¥�� 34%. E¤¢�Ú

nØk�O��Ï´Ä$Ú�d÷�d&Ò�m

�rly�!� ���§Ý!�ªU!ÍÜ

ÚÑ�±9DÑ��Ñ, �k¢S.�L§¥�Ø

þ!5�.

¢ � C � ã X ã 2(a) ¤ «: v 7 �

� (Ti:sapphire)�¦-1ì¥%Å�´ 810 nm,

óÀ°Ý� 120 fs, EªÇ 80 MHz. ^P~

ìN�Ñ\õÇ, ^�lì�l1n����

� F 1. ^ 40 � ß º (ê � � » � 0.65) J p

Ñ\ÑÑ�õÇ. CCD1 Ú CCD2 ©O^5*ÿ

Ñ\1n�ÍÜG�ÚÑÑ��ª. ÏLN�

ßºÚ1n\�à�ålÚ�Ý, �±¦-u

� � 1 n � Ä �. 1 Ï L 1 � � © å º, � Ü

©ÍÜ?\õÇO, ,�Ü©ÍÜ?\�Ý� 3

m � PCF ¥. dÿþ���l 200 � 1100 nm,

©EÇ� 0.1 nm�1Ì©Û¤ÿþÙ1ÌA5.

ã 2(b) Ú (c) ©O�d CCD2 iÿ�1f¬N1n

ÑÑ�É1Úù1��|apdÄ�.

40×

40×

40×

40×
CCD1

CCD2

 

(a)

(b)

(c)

ã 2 (a)¢�C�ã; (b)É1��|apd�; (c) ù1��|

apd�
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3 ¢�(JÚ?Ø

ÏL PCF��1ÌãXã 3(a) ¤«, Ù¥Ä

$Å�� 810 nm,�d÷�d&Ò uÄ$Å�m

ý, Ä$�ý��)�d÷�d&Ò. ã 3(b) ��

d÷�d&ÒÓÅ�ÚÄ$õÇ�'X. lã 3(b)

¥�±wÑ3 560 nmNC�)Ñp���d÷�

d&Ò, ã 3(c)�Ä$Ú�)�d÷�d&Ò.
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ã 3 (a)²þõÇCz�, 1nÑÑ�ªÌã; (b) ²þõÇCz

�, �d÷�d&ÒÑÑªÌÚÅ��'X; (c) ²þõÇCz

�, d÷�d&ÒÑÑªÌÚÅ��'X

duÄ$¥%Å�� 810 nm,1n�"Ú

ÑÅ�?u 820 nm�m, �Ä$?u1n��~

ÚÑ«, �'��C PCF�"ÚÑÅ�, ¤±�

�ÚÑ β2 ≈ 0, ù�p�ÚÑé FWM �K�'�

�. �óÀ-1m©ÍÜ?1n�, Ì�´g� 

N� (SPM)¦ªÌÐ°. 3�C1f¬N1n"Ú

ÑªÇNC�Ð°ªÌ¥, ªÇ{¿�1f�±�

�� �� FWM ¥�Ä$1f. ù
1frg�

�Uþ=£��~ÚÑ« (< 820 nm) Ú�~ÚÑ

« (> 820 nm). ��� N� (XPM) ¦ªÌØé¡

Ð°, óÀSÜ�.ùÑ� (IRS)!p�ÚÑÚg

CÍ�A�¬E¤ªÌ�Øé¡©Ù. Xã 3(a)¤

«, 3 560 nmNC�)
ér�d÷�d&Ò. �

óÀ�²þõÇl 200 mWO�� 600mW�, �

d÷�d&ÒÑÑ�UþJp
 3 �, 3Ä$õÇ

� 600mW�, �d÷�d&ÒÚí{Ä$&Ò�

��õÇ'�C 33 : 1. '�ã 3(b)Ú (c) �d÷�

d&ÒÚd÷�d&Ò���, õÇ'�� 25 : 1.
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ã 4 Ä$Å�Cz�, 1n�ÑÑªÌã

ã 3 �±wÑ3d÷�dÚ�d÷�d&Ò

?kõ¸Ñy. ù´d±e�ÏE¤�: 1) Ä$�

�
UþÍÜ�
dVò��A�)�Ä��Ù

¦ ��p, 2) �d÷�d&ÒÚd÷�d&Ò

Ä���p���ª�O [23]; 3) n�(����

É5¦�äkØÓ �ÚÚÑA5��ª�m�

p�^, ��31nÑÑà�)#�ªÇ&Ò. ù


#�ªÇ&Ò3ã 3 ¥ÒLy�#�¸�. l

ã 3 ¥��±w�ù
ªÌãÑy
Ø5K�y

�, ù´Ï�óÀS�.ùÑ� (IRS) ÚÉ-.ù

Ñ� (SRS)3 500� 1100 nm��é PCF�� 

��k���K�, ¿�3 PCF��~ÚÑ«, ¬

�)?é�.ù�A!FWM, XPM Úp���5

�A, .ù�A¬�)d÷�dÅÚ�d÷�d

Å, ù
Ñ¬��ªÌãÑyØ5Ky�.
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3÷v� ���{¿ FWM ¥, d÷�dÚ

�d÷�d&ÒATÓ��), �´ã 3(c) ¥d

÷�d&ÒA�vk. ù´du¢�.��1f

¬N1n3d÷�d&ÒÅ�NCk�p�DÑ

�ÑE¤�. Ï��ý(JL², �¢�^�1f

¬N1n3d÷�d&ÒÅ�NCDÑ�Ñp�

� 10 dB/m,éu¢S.��1n, 3dÅã�D

Ñ�Ñ�p. �¢�æ^�1n�� 3 m. �Ä�p

���d÷�d&Ò!PCF��ÝÚ3d÷�d

Å�NC PCFp�DÑ�Ñ, d÷�d&Ò31n

¥DÑ�Ò�P~K
, ù�ÒØJ)º3ã 3(c)

¥d÷�d&ÒA�vk��Ï.

� Ä $ Å � l 1 n"Ú Ñ : Ø Ó �, �  

��^��÷v§Ý�ØÓ, 3Ä$²þõÇ

� 500 mW,Å�©O� 790 nm, 800 nmÚ 810 nm

�, ²L PCF�ÑÑ1ÌXã 4 ¤«.
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ã 5 1n�ÝCz�, 1n�ÑÑªÌã

lã 4 �±wÑ�XÄ$Å�l 790 nmCz

� 810 nm,�d÷�d&Ò�ªÌlA�vk�

õ¸2�ü�¸����L§, Ì�´Ï�Ä$

Å�Cz�, � ��^����Cz. Ä$Å�

� 790 nm�, Ä$l1n"ÚÑ:'��, �J¢

y� ��, ¤±�d÷�d&ÒA�vk, �

du1n3Ä$Å�ÚÚd÷�d&Ò?�Ñé

�, ¤±í3Ä$õÇ�Øp. Ä$Å�� 800 nm

�,÷v� ��^��´p��, Ä$�õÇ�

õ�ÍÜ�p���Ù¦ ��p, �)��d

÷�d&ÒÌ� 2 �Ì¸�ªÌ [12]. 3Ä$Å�

� 810 nm�,÷v� ��^��Ì�´Ä�, ù

��)��d÷�d&ÒÌ�ü�¸�, �p��

��d÷�dC��'apd�Ä��d÷�d

C�äkéõ�`:, X1Ì�þ�Ð�. XJÄ

$Å�UY�áÅ��£Ä, A�ØU÷v� �

�, �d÷�d&ÒÒØU�). Ï��¢�æ^

�£�-1ì3�Å�£��(J��)�õ

Ç'�$, ¤±�©vk¢���Å���¹.

PCF��ÝØ�¬éõÇ�ÑkK�, �¬é

� ��^��)K�. �Ä$õÇ 600 mW, PCF

�Ý L ©O� 0.5 mÚ 3 m �, ÑÑ PCF�1Ìã

Xã 5 ¤«.

lã 5 �±wÑ� PCF��Ý L = 3 m '�,

� L = 0.5 m �, 1n�ÑÑÌ�)
 2 �Ì¸, 

�3í3Ä$�rÝ'�r. Ì�Ï��Ý L C�

�, 1n��Ñ¬O\, ¦�í3�Ä$�'�r.

�Ï��¢�^� PCF� ��Ã{��, ù�

1n�ÝØÓÒ¬¦�²L1nu)UC� �

��ØÓ, Ò¬¦�3Ó�õÇ�,÷v� ��

^���ªØÓ, Xã 5 ¤«, � L = 3 m �,÷v

� ����1n�Ä�, � L = 0.5 m �,÷v

� ����1n�p��. Ä$�UþÍÜ�p

���Ù¦ ��p, ¤±1ÌãÒ¬�)õ¸y

�. ¢�¥1n�À�k����Å5, �Ð¦^

� 1n, ù� �ù�Ï�Ò�±���Ð��

�.

4 ( Ø

|^ PCFp�/�)
�d÷�d&Ò. d

uÄ$Ú�d÷�d&Ò�m�rly�!�

 ���§Ý!�ªU!ÍÜÚÑ�±9D

Ñ��Ñ, �k¢S.�L§¥�Øþ!5�

E¤
�d÷�d&Ò��õÇ=��ÇnØ

O�� (48%) Ú¢�ÿþ� (34%) ��É. Ï�

p���d÷�d&Ò (¢���õÇ=��

Ç Pa/Pp0 �� 34%), PCF��Ý (�� 3 m) Ú

3d÷�dÅ�NCp�DÑ�Ñ (10 dB/m),¦

�d÷�d&Ò31n¥DÑ�Ò�P~K
,

d÷�d&ÒÒA�vk
. Ï�UCÄ$Å�Ú

1n�ÝÑ¬UC� ��^�, ù�÷v� �

���1np��, Ä$UþÒN´ÍÜ?1n�

Ù¦�ª, ¦��d÷�d&Ò�)õ�¸. ¢�

¥31n�Ä�¥�N´�)p���d÷�d

&ÒÒA�æ^�õÇ�Ä$!Ä$Å���C

"ÚÑ:Ú¦^� 1n. �¢��)�p=��

Ç��d÷�d&Ò, ±9$�í{Ä$Úd÷�
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Abstract

The anti-Stokes frequency conversion based on four-wave mixing (FWM) has been widely used to generate short-wavelength

radiation for high resolution imaging, direct excitation of electronic molecular transitions, and so on. For achieving more effective anti-

Stokes conversion, we use the Ti: sapphire laser with a central wavelength of 810 nm and a pulse width of 120 fs as a pump source, and

the degenerated FWMs of the higher mode and the fundamental mode are achieved respectively in 0.5 m long and 3 m long photonic

crystal fibers (PCFs) with a zero dispersion wavelength of fundamental mode around 820nm in our experiment. The anti-Stokes signals

around 560nm are generated efficiently at the fundamental phase matching. The maximum power ratios of anti-Stokes signal at 562 nm

to the residual pump component and the Stokes signal are above33 : 1 and25 : 1, respectively. The maximum conversion efficiencies

are achieved to be up to 48% and 34% in theory and experiment, respectively. And then the variation laws of the phase matching

and the output spectrum with pump power, wavelength and the fiber length are obtained and the discrepancy between theoretical and

experimental results is analyzed. Moreover, the effects ofmore factors on experimental results are discussed.

Keywords: photonic crystal fiber (PCF), anti-Stokes signal, four-wave mixing
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