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Ä�1»�]�A5K�
üp���1n-1ì�­½5. JÑ�«|^�lf]��A, ÏLé�\1�
\¯�ªÇN�ÿþÄ�1»]���Ì�#�{. ÿþ
�5(�Ä�1»�]���Ì, ïÄ
5\1õÇ�
à¡��ÇéÄ�1»�AA5�K�. (JL², 3 m ����1n/¤�Ä�1»��°� 30 MHz, �­�n
Ø�ÎÜ�Ð. 1»]���Ç�éCz�5\1õÇO\Úà¡��ÇO\
~�, 3�5\õÇ½$à¡��
Ç�, �����Ç�éCz��� 4%. 1»ïá�m�5\1õÇO\
~�, �5\1õÇ�u 4 ��ÚõÇ
�, ïá�m�u 1 ms. ¦^VÅ·ªL§�)ºù�¢�5Æ.

'�c: Ä�1», VÅ·ª, 1n-1ì, a�

PACS: 42.79.Dj, 42.50.Md, 42.62.–b, 42.55.Wd

1 Ú ó

üå��DÑ��Z13�,1n¥Z�/
¤7Å|, ÏL�m���A÷1np�/¤âf
ê1», §3�N�ÈÅì [1−6]!üp�1n-
1ì [7−10]!g·AZ�¤ [11,12]!©ÙªDa [13]

�+�äk­�A^då. Ä�1»�]�A5é
�'XÚ�5Uäk��K�. AO3üp�-1
ì¥, 3n�¤£�1ª�ò��£Ä, ù�Ä�
y�ò�z�ÚÄ�1»���ÌA5, ?
ü$
-1ì��ª­½5 [14], ÏdéªÇËÄ^�e
Ä�1»�]���ÌA5?1ïÄäk­�¿
Â. 8c®kõ«�Y�^uÿþÄ�1»���
A5, Ì��©�üa. �a�oÅ·ª (four-wave

mixing, FWM) (� (“�\-&ÿ” (�)[1−3,6,13], =
3r�Ì�\1�	Ú\,�å��Z1½ª£
1��&ÿ&Ò, ¦^ªÌ¤Ö���1�ûª©
þ½æ^£�EâJ�f&ÿ1rÝ. ,�a�V
Å·ª (two-wave mixing, TWM) (� [11,12,15], =
��éë�/¤1»��å1�\� N�, ÏL

ÿþüª:��1�]��A5¼�1»�Ì!
/¤�m�ëê. cö�UÿþÄ�1»3­��
���ÌA5, �ö�U3ü�ª:?ÿþ��Ç
�Ä�Cz, þÃ{��]���Ç�Ì&E.

�©JÑ�«ÿþÄ�1»��Ì]�A5
�#�{, ��B/*ÿ�ªÇ¤£é��Ì�K
�. ù��{��:3u|^þU?OÃâf�]
��A, �1ªu)¯�Cz�, þU?OÃlf
��m©ÙÃ{]���1|�Cz. �-1ª
Ç¯� lâfê1»�Ù.�ªÇ�, 1|�Ì
3ù�L§¥�1»N�, l
��1»���Ç
&E.

2 nØ�â

�âþU?�lf�Ä�A5, �����c
ªÇØÓ�7Å|/¤�, ®k�âfê�m©
ÙÃ{=���ù�Cz, 
I��ãA½�A�
�m τg �¤ù�L§. 1»/¤�m τg �ûuÛ
Ü²þ1r, ù�ëê�lþU?�=âf�Ç�
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§�Ñ [16]:

∂N2

∂t
=

P

Ahν

[
α − N2

N0
(α + g)

]
− N2

τ0
, (1)

ùp A ����|¡È, N0 ´k
âf�o�,
ßÝ, P ´Ì��1õÇ, hν ´1fUþ, α Ú g ©
O´áÂXêÚu�Xê, τ0 �æ­�âfÆ·.

(1) ª���

∂N2

∂t
= − 1

τg

[
N2 −

N0

2
α

α + g

P/Psat

1 + P/Psat

]
, (2)

ùp τg ÷v

1
τg

=
1
τ0

(1 + P/Psat) , (3)

Psat ´A��ÚáÂrÝ

Psat =
hνAN0

τ0 (α + g)
. (4)

� ï Ä � B, ± e þ æ ^ 8 � z õ Ç Pnor =

P/Psat.

ã 1 τg �5\1õÇ'X (a) τg �8�z5\1õÇCz;

(b) ØÓ5\1õÇe��A�mÌ

l (3) ª��, 8�z�\1õÇ�p, Ä�1
»/¤�¯. ·�O�
ØÓ8�z5\õÇe
Ä�1»�/¤�m, Xã 1(a) ¤« (O�¥ τg =

10 ms). AO´�1õÇ�u 10 ��Ú1õÇ�,

;.� τg 3 ms þ?, éA��AªÇ� kHz þ?.

5¿�3��1n (EDF) ¥, áÂXê�u�Xê
éØÓÅ�äkØÓ��, KØÓ�Å�éAØÓ
��Ú1õÇ, ù¦�Å���� τg �äkØÓ
��, Xã 1(b) ¤«. lã 1(a) ¥��uy­�e
ü�Ç3 4—5 ��ÚõÇ�c�p, 
3Ù��
eü�Ç~�. ù�5Æ��3ã 1(b) ¥��, �
A�mÌ3�&Ò5\��Neü²w, 
3põ
Ç��NCzØ�.

3ù«�¹e, ��¯�N��-1ªÇ34
á�m T (T ¿ τg) SòØ¬K�âfê1». ù�
ªÇ×£-1�rÝò�]�1»¤N�, ÏL'
�Ñ\ÑÑ&Ò, =�����Ì&E.

3 ¢�C�

ÿþ(�Xã 2 ¤«. ¢�¥¦^üp�ü 
���N-1ì (RIOTM LD, ó�Å� 1550.48 nm,

�° ∼ 5 kHz, � ÑÑ) ��1
, ÙÑÑ1|k
ÏL� ��1n��ì (PMEDFA) ��½P
~ (ÏLN!Ä$õÇ), �²d 3 dB � ÍÜì
©å, �Ü©��?\1>&ÿì 2 =��>&Ò,

,�Ü©ÏL� �/ì5\ 3 m ��� ��
1n (1550.84 nm ? Psat ∼ 0.23 mW) ���\1.

� ��1n"àL���ã��,ü�1n, ¿
3Ù"àÛþp��à¡ (��Ç� 85%). 5\
1�à¡���, ��1�5\13��1n¥Z
�/¤1r�p��mN�, ÚåOÃâf��m
N�, l
/¤�Ñ1». ��1l�/ì 3 à�
ÑÑ�?\1>&ÿì 1 =z�>&Ò. Ñ\1�
ÑÑ1éA�>&Ò� AD æ�Ñ\O�Å?1
'�, ���cªÇ?���Ç. é-1ì��à
�\âC�n�Å½öóÀ&Ò¦-1ìÑÑ1
ªu)¯�Cz, =�ÿþØÓªÇ?�]��
�Ç. ù�¯�×£L§�´é¢S-1ì¥n
�6Ä��ªÇ¤£��[. n�Å½óÀ�°
ÝL��uþU?âf�¡E�m, ±Bu×£
�1»�]�Cz; ü�&Ò�m�I��uþ
U?âf�¡E�m. ¯�×£��]�1»é
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1r�N�ÌÝ�� (mV þ?), I���m²
þ±³�D(. ��N-1ìÏLN!5\>6
5N!1|ªÇ, ùÃ�;���N\�rÝN

�. �,Ñ\ÑÑ&Ò��Ø$�ò���Ñ�
Cz�¹, �ù�¬éÿþ���ÌA5E¤�
½K�.

ã 2 ÿþC�«¿ã

4 ¢�(J

4.1 nnn���ÅÅÅNNN���

Äké LD �\ªÇ� 3 kHz �ü±Ïn�Å
&Ò, ¦-1ì¥%ªÇ¯� lOÃâf1»�
Ù.�Å�, ªÇN���>Ø�Ì� 3 V. ÿ��
�©&ÒÚ�Ø&ÒXã 3 ¤«, ã¥Nª�5�
N\NÌ¦��©&Òþ1»�AØ²w, �Ñ\
�ÑÑ�Ø���²w/*	�1»��3
�
����ÇN�. ¢�*	��XªÇ £1rO
\. Ï~3­��du�ÚáÂ�A, 5\1õÇ
�rÙ�ÑA��$, éA��ÇA��p. �3
]�ÿþ¥, duÄ�1»��3, ¥%ªÇ l
1»Ù.�ªÇ�, 1»��Ç×�ü$, Ù�Ñ
y�X����Å«, ���Ç©ª$uªÇ�u
) £���. ·�ò��ÇeüÌÝP� ∆R, ­
���ÇP� Rmax, ½Â�é��ÇCz���
� Rre = ∆Rmax/Rmax.

·�ÿþ
ªÇN�>ØÌÝéÿþ(J�
K�, (JXã 4 ¤«. �X×£�Ý�O\, ��
ÇN�^«�ê8���O\. 3£§>Ø�K�
e, ��ÇN��Ý��~f, ­����ªC, �
3Ù.�ªÇNC�Í�§Ý��~$, ù�N

×£&Òé]�1»�»��^. 3¢S�üª
-1ì¥, ���/né	.6Ä4�¯a, 3k
6Ä�¸e, n��¯�N�ò��1ª�¯�N

�, ¦�Ä�1»��ÇN��Ýü$, l
O�
a�VÇ.

ã 3 ªÇ×£>Ø&Ò!Ä�1»�Ñ\ÚÑÑ&Ò±9§
��'�

ã 4 ØÓªÇN�>ØÌÝeÑÑ�Ñ\&Ò�'�
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��O(�ÿþÌ�A, òü´&ÒÑ\ AD

æ8kÑ\O�Å?n. 3]un�Å&Ò°Äe
ÿ� LD �ªÇ/>ØN�Xê� 73 MHz/V. |^
ù�Xê½I�����Ç­�Xã 5 ¤«, ��
N�ÌÝ�O\=O\N�­�þ^«�ê8, ¿
ØK�":�°Ú>�³�'. �
�nØ�'�,

|^��1n���5ÍÜÅ�§ê�¦)
Ó
�ëêeÄ�1»3­�����Ì­� [4,10], X
ã 5 ¥�ã¤«. ��¢ÿ Rre ¤éA�ªÇ�n
Ø�ÎÜ�Ð, � Rre �k���É, ­�enØ
���Çeü� 48.64%, ¢�¥T�eü� 0.86%.

·�@�ÌÝþ�ã��É�A
Ä�1»­�
�Ä��A�ØÓ, 3?Ø¥òX­©Ûù��O
�)��Ï.

ã 5 �ý�¢ÿÄ�1»��Ì

4.2 ÝÝÝ///óóóÀÀÀNNN���

5\1õÇû½
�,1n¥þU?âfê
ßÝ, l
K�Ä�1»� τg Ú Rre �]��A
ëê. �?�ÚïÄ�\1ëêéÄ�1»A5�
K�, ·�¦^Ý/óÀªÇN�&Ò°Ä LD, N
�ÌÝ���1ªTÐaC���4��?. LD

-1ì�ÑÑ&ÒÏL� ��1n��ì25
\Ä�1»¥, ,�N! PMEDFA �Ä$õÇ±
���UC5\õÇ, ¿ÿþ�A�óÀ�A&Ò.

ã 6 l (a) � (c) �ØÓ5\1õÇ�, ]��A
&Ò�Cz�¹, Ly��5\1õÇO\, �é
��ÇCzÌÝeü, Ä�1»ïá�m á. ã
¥J��3�ÅóÀ��&ÒeÑÑ�õÇ&Ò,

¢��Ä�1»]���Ç�éCz (8�z��
��). du LD ªÇN����XrÝN�, ��

�&Ò>Ød$�paC�, LD -1ìÑÑ1ª
Çü$, õÇþ,; ��, LD ÑÑ1ªÇþ,, õÇ
eü. 3ªÇaC�]m, ÿ��Ä�1»��Ç
3 10 µs �mS×�ü$, 3 ms þ?�mS�ú¡
E�½�nØ¤ýÿ�­��. 3óÀN�&Ò�
þ,÷Úeü÷, Ä�1»��A�[!ÑkØÓ.

3eü÷, ��&Ò$>ØéA�p�1ªÚ�f
�1õÇ, ­��Ly��f1�^eÑ$���
Ç. 3þ,÷, ��&Òp>ØéA�$�1ª, Ù

ã 6 ØÓ5\1õÇ�Ä�1»Ñ\&Ò98�z]���
Ç (a) Pnor = 1.1; (b) Pnor = 3.7; (c) Pnor = 10.5
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­��Ly��r1�^e�p���Ç. cÙ´
5\1õÇ�$�ù�y�AO²w, Xã 6(a) ¤
«. 5¿�3$5\õÇ�Ñ\&Òþ,÷ò�,

±93p5\õÇ�Ñ\&ÒÑy�LÀ, ù5

u PMEDF 3N\NÌÑ\&Òe�]��A. �
ù�&Ò²LÄ�1»�, ¯��rÝ]�CzØ
¬��ÚáÂN�A, 
$õÇ�úCrÝ&Ò¬
Ñ�K�Ä�1»ïá�m�ÿþ�.

ã 7 1»�A�m�5\1õÇ�Cz

ã 7 �¡E�m�5\1õÇCz5Æ, Ùª
³�nØýÿ��. 5\1õÇ�p, ¡E�¯, �
5\1õÇ�u 4 ��ÚõÇ�, τg �u 1 ms. �
ÿ��¢�­��N�unØ­�, ¿�3$õÇ
«�O��, 
põÇ«�O��. �Ä�¢S¦
^��,1n��, 1õÇ30�¥DÑ�U�ê
5ÆP~, 
Uì (3) ª�O τg �%@Ñ\õÇ P

�~ê, ù�3�¡0��â¤á. ,��¡, ¢
�¥�\1aC�#�1ª�, ¿Ø´Ã¥)k/
�)�#�âfê©Ù, 
´é®k�âfê1»
?1?�. du#�7Å|�Î�âfê1»�
 ���Ý�5O\, ¿�¤k ��âfêÑI
�Uì (3) ª�A, ¯¢þ, �C��º¡?�â
fê©Ù�#�1|¬Ü§Ý�p, ØI��ÌC
z, Ïd¢�­�ò'nØ­��¯�¡E. Ïd,

���¢�á�¥�þ!�1|©Ù´E¤ã 7

¥nØ�¢��O��Ï, O(£ãù�L§I�
�E,�nØí�, ù®�Ñ�©�ïÄ��, �
ã 7 �«�5Æ®�`²�©¤æ^�{��1
5. ã 8 ����é��ÇCz Rre �5\1õÇ
Cz�¹, �� Rre ����3 1.5 ��ÚõÇ?,

,��5\1õÇO�
~�. �5\1õÇO�
� 15 ��ÚõÇ?, �éOÌCz�u 1%, �5

\1õÇ�� 25 ��ÚõÇ�, Rre =� 0.6%. �
�p�5\1õÇ´±þÿþ��é��ÇCz
�=� 0.86%��Ï��. Ø�\1õÇ	, �(
�¥��º���Ç�¬K�Ä�1»�]�L
§. ã 9 �º¡��ÇéÄ�1»ëê�K�, ·
�¦^ü�|��� a� (APC ë�Þ) ­#ë
���1n���à¡, ÏLUCa�à¡må±
UC��1��Ñ. ¢��{=�¥%\ò�Ç�
��±?�Ú³�à¡��. ÿþ��½5\1õ
Ç� Pnor = 10.5, (JXã 9 ¤«, �� Rre �à
¡��ÇO\
~�. ���ÇO�� 30%� Rre

Ò®²ü$� 1%. ���Ç�u 30%�, duæ
^a�måÚ\��Ñ¿Ø­½, ÿþ�J±æ^
��m²þü$D(, ��ÿþ� �, �¦ Rre

�X��Ç?�ÚO\
P~¿Ø²w, �·�E
��âÿþª³íä���Ç?�ÚO\� Rre

�¬?�Úeü. dd�±ä½, p��\1õÇ
Ú 85%�à¡��Ç´�� 4.1 !¥ÿ��Ä�1
»]���Ì��eü�=� 0.86%�Ì��Ï.

ã 8 ���é��Ç�5\1õÇ�Cz

ã 9 ���é��Ç�à¡��Ç�Cz
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5 ? Ø

±þÿ��Ä�1»]�ªÌA53�°þ
�­�nØ�ÎÜ�Ð, �3>�³�'þ�­�
���ã�. ·�@�ù��ONy
3/¤Ån
þÄ�1»]�ªÌ�­�ªÌ�ØÓ. 8cÄ�
1»3­��¹e�ªÌA5®²��¿©ïÄ,

ÙL§�^��5ÍÜ��§£ã. 3ù�Ån¥,

Ì�\1õÇÓýé`³, 
>ª�©�f. �C
q@�zéªÇ�Ó���DÑ>ª1åÏL�
�1n��ÚáÂ�AüÕ�Ì�\1u)��
5�^, 
ØÉÙ¦>ª�K�, =u)oÅ·ª
L§ (FWM). �>ª1��\1ªÇ�OO���
 ���î­�, r�Ì�\Å���­��Ñ�
ÚÅn�k����Ñ, 
�f�>ªÌ�3Z�
^«Å�«�3, ²{
����&Ò�Ñ, ùO
�
oÅ·ª(�e�>�³�'. �©�¢�¥
¿Ø�3 FWM (�, Ì�\1ªu)]�£Ä

Ä�1»�5Ø9���, Ä�1»��u�½�
âfê1», Ì�\1ªÇ lù�âfê1»�
Ù.�ªÇ, ��1|�]�Z��ª�âfê�
mN�m�)�£, ¦���DÑ��Z1|u)
VÅ·ª�^ (TWM). 3ù�Å�¥, ]��  
£Úå�Ì�Ly�1|Uþ]�=£��lf,

¦Ù�[�æ­�, ��3�A�mS¡E�Ä�.

�5\1õÇ�p�, ü �mS?\�1fê�
Ý�uÄ��lfßÝ, =k�þ1f��áÂ,

ù¦�]���Çeü~�. �â©z [15] ��
�aq(�, 3p5\õÇÚpà¡��Ç�¹e,

�Å� N� TWM &Ò��é�Ì=� 1%þ?.

Ó�, 3VÅ·ª¥, ªÇ�Ó�1Å� ���
�Úå��Ñ��uªÇ�� ����Ñ [10],

Ïdª£Úå�&ÒÌÝ����. ù���©¢
��(JÎÜ.

�¢��À��[¢S$1�1n-1ìn

N3É�	5�ÀÂ½�Ä�¦n�u)âC�
��/. �âp�ªÇúª v = qc/(nL) (q �p�
?g, c �ý�¥1�, n �ò�Ç, L �n�), n
�u)âC�1ª�ò��u)âC, ��u�¢
�¥�ªÇN�, ©Ûù��¹eÄ�1»��A
é©Û-1ì�Ä��A�©7�. d�©�¢�
(J��, p5\1õÇÚp���à¡kÏuü
$u)1ªâC�����Ç�eü§Ý, l
O
r|6ÄUå. �3-1ì¥, �I?�Ú�Än
�"�Ú\ÚOÃéXÚ�A�K�, �p�5\
1õÇ¬�z­��ÚáÂN1»�>�³�',

Ú\>�ë��ª¿�L§, ü$-1ì�­½5,

Ïd�InÜ�Ä�Ï�?1`z, ù´·�e�
Ú�ïÄSN.

6 ( Ø

|^¯�1ªÇN��{�¦�\1ªÇ�
âfê1»u)]�� ��, dd�¢yÿþ
Ä�1»�]���Ì, ¿�*	]���Ì�
�müz. (JL², |^T�{��O(�ÿþ
Ä�1»���°, é 3 m ����1n, Ù��
Ì":��� 30 MHz, �­�nØ�ÎÜ�Ð. ÿ
�1»ïá�m�nØýÿ��, �5\1õÇ
O\
~�, �5\õÇ�u 4 ��ÚõÇ� τg

�u 1 ms. 3ªÇN�eÄ�1»�]��A¢
����DÑ�üåÓª1åÏLâfê1»u
) TMW L§, ¦�üå1mu)Uþ�]���.

3�5�Ä�1»¥, üå1rÝ����, ��
Ç�éCzþ�Ò��. �5\1õÇ��½à¡
��Ç���, Rre �� 4%. ù�(JL², �Ä�
1»A^uüp�1n�/-1ì�, �põÇÚ
õÇþï�V1åZ�kÏuJp-1ì�|À
ÂUå.
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Measurements of transient reflectance spectra of
dynamic gratings by optical frequency modulation∗
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Abstract

The characteristics of dynamic gratings greatly affect the linewidth and mode stability of ultra-narrow linewidth erbium-doped

fiber (EDF) lasers. In this paper, we propose a novel method to measure the temporal evolution of the reflectance spectra of the

dynamic gratings recorded in EDF based on the transient effect of the erbium ions by applying optical frequency modulation on the

written light. The transient reflectance spectra of the linear configuration dynamic gratings are measured, and the influences of the

written optical power and the terminal reflectivity on the response characteristics of the gratings are also studied. Experimental results

show that the first order zero point frequency of the gratings formed in a 3-m-long erbium doped fiber is 30 MHz which accords with

the value obtained from the steady state theory. The relative reflectivity change decreases with the increase of input optical power or

terminal reflectivity. The measured maximal changes occur at low input power or terminal reflectivity. The grating building time also

decreases with the increase of optical power, and it is less than 1 ms when input power is larger than 4 times the saturable power. This

phenomenon can be explained by the process of two-wave mixing.

Keywords: dynamical gratings, two wave mixing, fiber laser, mode hopping

PACS: 42.79.Dj, 42.50.Md, 42.62.–b, 42.55.Wd

* Project supported by the National Natural Science Foundation of China (Grant No. 60908004).

† E-mail: hbpanpan@gmail.com

174208-7


