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Ú\OÃ¿�´³�üª1n��ì¥É-Ùp�Ñ� (SBS) �k��ª. 3üª1n��ì�Ä:þ, í�

£ãOÃ¿�VÅ���üª�QV��1n��ì���Ç�§|, ïá
OÃ¿�VÅ���üª1n
��ì�nØ�.; |^ïá�nØ�.�[©Û
&Ò1Å�m�!&Ò1«fõÇ'!Ä$�ªÚOÃ1n
�Ý�Ï�é��ì�üª-1ÑÑ�Ç±9 SBS ³��J�K�.

'�c: 1n��ì, üª-1, VÅ�, É-Ùp�Ñ�³�

PACS: 42.55.Wd, 42.60.By, 42.60.Lh

1 Ú ó

üª1n-13ªÇ=�!1å�ZÜ¤Ú
-1X��+�kX��A^ [1−3], ,É�u
1n¥�É-Ùp�Ñ� (SBS) �A, üª1n-
1ì��pÑÑõÇ8ck����k 511 W[4].

�,�±|^1n-1�ZÜ¤?�ÚJ,üª
-1�õÇ, �É�cÜ¤��Eâ���, �Z
Ü¤�Ü¤´êk� [5], ¢yõÇ�J,E�Äu
üó´-1õÇ��ÌÝJ,. Ïd, ³� SBS ®
¤�üª1n-1õÇ?�ÚJ,�'�.

8c, Ì�$^§Ý|ÚAå|©Ù [6,7]!|
^ ��A [8]!æ^��|¡È1n [9]!UC1
n�,Ô¤©Ú©Ù [10]!|^Ù.�1»���
�Ñ�1 [11] ±9|^äkÙp�ª£©Ù�1
n [12] �5¢yé SBS �³�. Cc5, |^õÅ
���³� SBS ��{�JÑ¿��
nØ�[
Ú¢��y [13−21]. T�{ÏL31n��ì¥Ó
���ØÓÅ��-15¢yé SBS �³�, �±
�cã�« SBS ³��{k�(Ü¿���1n
-1��ì(�kéÐ�oN5. 3õÅ���1
n��ì¥, ÄuüªÚ°�°&Ò1OÃ¿��
VÅ���üª��ì3³� SBS!Jpüª1

ÑÑõÇ�¡äkö�{ü!¤�$�`:. ã 1

�OÃ¿�VÅ���üª1n��ì�;.(
�, °�°-1 (Å��á) Úüª-1 (Å���)

ÏLÅ©E^ì (WDM) Üå�?\1n��ì,

3��ìcà°�°-1Äk��k���, 3�
�ì�à, �,lfáÂ°�°&Ò1�, /¤â
fê�=, �üª&Ò1JøOÃ, �ª/¤põ
Çüª-1ÑÑ. �c, õÇ�p� 203 W �1n
üª-1��ì=´ÄuT�{¢y� [20]. OÃ
¿�VÅ���üª1n��ìäkûÐ�A^
cµ, �8cISþÿÃ���nØïÄ�øë
�. �©édaüª1n��ìïá
���nØ
�., ?1
�[�nØïÄ, ½þ©Û
&Ò1
Å�m�!&Ò1«fõÇ'!Ä$�ªÚOÃ
1n�Ý�Ï�é��ì�üª-1ÑÑ�Ç±
9 SBS ³��J�K�.

ã 1 OÃ¿�VÅ���üª1n��ì
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2 nØ�.

� Ä � ü & Ò 1 � m � � � Å � m � (�
u 10 nm), 1n¥�oÅ·ª (FWM) �A�±
�Ñ. 3&Ò1��¿©���^�e, é£ãü
ª1n��ì&Ò1!c�9��Ä$1Úd÷
�d1õÇ���Ç�§| [22−27] ?1ÿÐ, �
��£ãOÃ¿�VÅ���üª�QV��1
n��ì���Ç�§|�

dPs1

dz
=N0Γs1Ps1

[N2

N0
(σe

s1 + σa
s1) − σa

s1

]
− Ps1

∑
i

gSBSiPSBSi/Aeff

− αs1Ps1, (1)

dPs2

dz
=N0Γs2Ps2

[N2

N0
(σe

s2 + σa
s2) − σa

s2

]
− αs2Ps2, (2)

dP f
p

dz
=N0ΓpP f

p

[N2

N0
(σe

p + σa
p) − σa

p

]
− αpP f

p, (3)

dP b
p

dz
= − N0ΓpP b

p

[N2

N0
(σe

p + σa
p) − σa

p

]
+ αpP b

p , (4)

dPSBSi

dz
= − N0Γs1PSBSi

[N2

N0
(σe

s1 + σa
s1) − σa

s1

]
− gSBSiPs1PSBSi/Aeff + αs1PSBSi, (5)

N2 =N0

∑
j=1,2

Γsjσ
a
sjPsjλsj + Γpσa

pPλp + Γs1

∑
i

σa
s1PSBSiλSBSi

∑
j=1,2

Γsj(σa
sj + σe

sj)Psjλsj + Γp(σa
p + σe

p)Pλp + Γs1

∑
i

(σa
s1 + σe

s1)PSBSiλSBSi +
hcAeff

τ

, (6)

Ù¥, Ps1, Ps2 �&Ò1õÇ, P f
p, P b

p ©O�c�Ú
��Ä$1õÇ, Pp = P f

p + P b
p , PSBSi Ú gSBSi ©

O�ªÇ� νSBSi �d÷�d1�õÇÚOÃX
ê. z �÷1n� ��I. σy

x ��¡¡È, þI a

�LáÂ, e �Lu�; eI s �L&Ò1, p �L
Ä$1. Aeff �n�k��¡, Γs Ú Γp ©O�&
Ò1ÚÄ$11|�ª�Qlf�,«��U
Ïf, αs Ú αp ©O�&Ò1ÚÄ$1��µ�Ñ.

N0 �Qlf��,ßÝ, N2 �þU?lfßÝ. τ

�QlfþU?Æ·. I�`²�´, 3þã�§
|¥, du°�°&Ò1�°���uüª&Ò1,

Ù SBS �±�ÑØO.

�Ä§ÝéÙp�OÃÌ�K� [28], Ùp�
OÃXê�±L«�

gSBSi =gB
1

1 + ∆ν/Γ0
· Γ0

2(F0 − Fc)

×
[

tan−1

(
F0 − νSBSi + Tc · CT

Γ0/2

)
− tan−1

(
Fc − νSBSi + Tc · CT

Γ0/2

)]
, (7)

Ù¥, gB ��1ná�k'�Ùp�¸�OÃ, ∆ν

�&Ò1Ì�°Ý, Γ0 �Ùp�OÃÌ��4�
�°Ý (FWHM). Tc �n�§Ý, CT �§Ý�ÇX

ê. Fc Ú F0 �d÷�dª£, �L«�

Fc =2n · v/λs, (8)

F0 =2n · v[1 − (NA/n)2]1/2/λs, (9)

Ù¥, n �n�ò�Ç, v �1n¥�(�, NA �
n�ê��», λs �U
Úå SBS �&Ò1Å�.

3OÃ1n¥, �áÂ�Ä$1¥k��Ü©
=z�9, ¦�1n§Ýþ,. ïÄL²n�§Ý
3»�CzØ�, ��n�«��§Ý�dn�¥
%�§Ý�O, 3�Ñ	.�¸§Ý±9��Äg
,Ñ9��¹en�§Ý�±L«� [29,30]

∆T (z) =
αηPp(z)

4πk

(
1 + 2 ln

b

a
+

2k

Hb

)
, (10)

Ù¥, a, b ©O�n�ÚS���», H ��9X
ê, k ��9Xê, α �Ä$1áÂXê, η �þf
º�, �L
Ä$1=C�9�'~, 3VÅ��
���±CqL«�

η =
(λs1 − λp)/λs1 + (λs2 − λp)/λs2

2
. (11)

(1)—(11) ª�¤
£ãOÃ¿�VÅ���üª
1n��ì�nØ�§|.

3 ê��[9?Ø

þã�nØ�§|Akã 2 ¤«�>.^�,
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=3 z = 0 ?, ®�Ñ\�&Ò1«fõÇ Ps1,

Ps2 Ú��Ä$1õÇ P f
p0; 3 z = L ?, ®��

�Ä$1õÇ P b
pL Ú SBS 1õÇ PSBSi = PN ,

PN �guÙp�Ñ�1f3ÙÆ·S�²þ
õÇ, PN = 2hνSBSi∆νSBSi

[25], Ù¥ ∆νSBSi �ª
Ç νSBSi N C � Ñ � � °, ¤ k � ∆νSBSi ë �
å5Ò|¤
 SBS �OÃÌ. |^?��µþ
{ [22−24,26,27] =�¦)þã�V>.�©�§|.

|^ïá�nØ�.éOÃ¿�VÅ���
üª1n��ì¥ SBS �³��n?1ïÄ, Ó�
é&Ò1Å�m�!&Ò1«fõÇ' (�©½Â
�áÅ�«fõÇ/�Å�«fõÇ)!Ä$�ªÚ

OÃ1n�Ý�Ï�é��ì�üª-1ÑÑ�
Ç±9 SBS ³��J�K�?1�[©Û. �[¥
¦^��ëê�eL.

3.1 SBS ³³³������nnn©©©ÛÛÛ

?1 1064 nm üª!1040 nm °�°VÅ��
��[. OÃ1n�Ý� 12 m, 1064 Ú 1040 nm «
f1Ñ\õÇ©O� 0.01 Ú 0.1 W, æ^ 3.6 W c
�Ä$. ã 3 ¤«�&Ò1Ú SBS 1õÇ31nS
�©Ù. ±«fõÇ 0.1 W � 1064 nm üÅ���
c�Ú��Ä$�é', Ä$õÇþ� 3.6 W.

ã 2 OÃ¿�VÅ���1n��ì��Ç�§|>.^�

L 1 OÃ¿�VÅ���üª1n��ì�[¤^ëê

ëê¶¡ ê� ëê¶¡ ê�

�¸§Ý/◦C 20 Ä$1Å�/nm 976

1064 nm 1áÂ�¡/m2 5.52004 × 10−27 1064 nm 1u��¡/m2 3.27279 × 10−25

1040 nm 1áÂ�¡/m2 2.47197 × 10−26 1040 nm 1u��¡/m2 5.15509 × 10−25

1053 nm 1áÂ�¡/m2 1.01246 × 10−26 1053 nm 1u��¡/m2 3.77322 × 10−25

Ä$1áÂ�¡/m2 2.42539 × 10−24 Ä$1u��¡/m2 2.42539 × 10−24

Ä$áÂXê/dB·m−1 1.7 n�ê��» 0.06

n��»/µm 2.5 S���»/µm 65

�9Xê/W·m−1·K−1 1.38 �,ßÝ/m−3 6.94 × 1025

Ä$1�µ�Ñ/m−1 0.003 &Ò1�µ�Ñ/m−1 0.005

&Ò1UÏf 0.88 Ä$1UÏf 0.0025

þU?Æ·/ms 0.8 ¸�OÃ/m·W−1 2.4 × 10−11

SBS �°/MHz 58 n�ò�Ç 1.45

1n¥(�/km·s−1 5.96 §ÝXê/MHz·K−1 2.25

�9Xê/W·cm−2·K−1 3 × 10−3 1064 nm 1�°/Hz 2 × 104
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dã 3(a) ��, 1064, 1040 nm VÅ�c�Ä
$��¥, 31n�cà 1040 nm &Ò1du�
p�Ñ\õÇÚ���u��¡Äk¼�
�
Ü©�OÃ, ¢y
õÇ�¯�O�, d�du
Ä$õÇ�eüÙOÃÅì~�, ¿31n¥�
,�ã� 4 m ?õÇ��
���. d�duÙ
�Ñ�uOÃ, õÇÅìeü. �dÓ�, �Qâ
fáÂ
 1040 nm &Ò1�, /¤âfê�=, �
� 1064 nm üª&Ò1JøOÃ, ù� 1040 nm &
Ò1Ú 976 nm Ä$1�å¿� 1064 nm &Ò1
�Ä$1, ¦Ù��k�OÃ, ¢yõÇ�¯�O
�. n��¹e, 31n"à 1040 nm 1�õÇ
ò�Ü=£� 1064 nm 1¥�. �äkA��Ó
� 1064 nm ÑÑõÇ�üÅ�c�Ä$���',

3VÅ���¥ 1064 nm &Ò1�õÇ3��1
n¥Ñ�'üÅ���¥�$. &Ò1õÇ�ü$
7,Úå SBS k�OÃ�eü, ù�Xã 3(b) ¤
«, VÅ�c�Ä$��3��1n¥� SBS õÇ
'üÅ�c�Ä$��¥�$. Ïd, �±@�O
Ã¿�VÅ���´ÏL~�põÇ&Ò131
n¥�©Ù«�5ü$1n¥ SBS k�OÃ, ?
¢yé SBS �³�, Ù�n�üÅ���Ä$��
aq. dã 3 ���, ùü«�¹�üÅ�c�Ä
$��Ñ��
ûÐ� SBS ³��J. �3¢SA
^¥, 1n��ìc�Ä$�'��Ä$�S�,

3Eâþ��´¢y, ��üÅ�c�9��Ä$
���', OÃ¿�VÅ�c�Ä$��3¢SA
^¥äk���`³.

ã 3 VÅ�c�Ä$ÚüÅ�c�9��Ä$�&Ò1Ú SBS 131nS�©Ù (a) &Ò1õÇ; (b)SBS 1õÇ

3.2 «««fffÅÅÅ���mmm���éééüüüªªª---111ÑÑÑÑÑÑ���ÇÇÇ
999 SBS ³³³������KKK���

ã 4 � 1064 nm üªÚ 1053 nm °�°VÅ
����&Ò131nS�©Ù�¹. OÃ1n
�Ý� 12 m, æ^ 3.6 W c�Ä$, 1064 nm «f
õÇ� 0.01 W, 1053 nm «f1õÇ� 0.1 W. d�
[(J��, 1064, 1053 nm VÅ����duü
&Ò1�mu��¡�OØ�, ¦�üö31n¥
ØU/¤�å���OÃ¿�, 1053 nm &Ò13
1n"à�¼�
k�OÃ, ��ÑÑ1¥k�þ
� 1053 nm 1, ùÃ¦ü$
1n��ìÑÑüª
-1��Ç. �,�±ÏLO\OÃ1n��Ý5
¢y 1053 nm 1é 1064 nm 1�õ�õÇ=£, �
1n�Ý�O\ò¬ü$1n��ì� SBS K�,

ù3e¡éOÃ1n�ÝK���[©Û¥�±
��Ny. �OÃ¿�VÅ���¥, ��5`«
f1�m�Å�m��v
�, ±�yu��¡�
m�k��å, ¦üö�mU
/¤k��OÃ¿
�. �Xã 5 ¤«, du�Q1n¥u��¡��
5�6u-1Å�, Ïd�ü&Ò1�m�Å�m
�L��, �¬¦°�°&Ò1�u��¡ØU
k��uüª«f1u��¡, ��OÃ¿�Cf,

SBS ØU��k�³�, ¤±«fÅ�m��ÀJ
�½�·¥.

3.3 ««« fff õõõ ÇÇÇ ''' ééé üüü ªªª --- 111 ÑÑÑ ÑÑÑ ��� ÇÇÇ
999 SBS ³³³������KKK���

OÃ¿�VÅ����«fõÇ'é1n
��ì¥ SBS �³�Ú��ì�üª1ÑÑ�
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ÇÑk��K�. ã 6 �«fõÇ'©O÷
v P1040/P1064 = 0.01 W/0.01 W Ú P1040/P1064 =

0.8 W/0.01 W �1nS&Ò1�©Ù�¹.

ã 4 1064, 1053 nm VÅ���&Ò1õÇ31nS�©Ù

ã 5 �Q1náÂ!u��¡

�«fõÇ'�p�, 1040 nm &Ò1�±3
1n¥���Ü©�±�p�OÃ, �±�p�
õÇ, é 1064 nm 1�õÇ=£u)� ��¬�
��, ùÃ¦k|u SBS �³�. �«fõÇ'�
ØU�p, Xã 6(b) ¤«, Lp�«fõÇ'ò¬
¦ 1040 nm 1��L����, ��Ù31nÑÑ
à�ØU�¤é 1064 nm &Ò1��ÜõÇ=£,

ù�Ò¬ü$��ìüª-1�ÑÑ�Ç, K��
�ì�A^. éd�±ÏLO\OÃ1n��Ý5
�Ñ. ã 7 �Ù{^��±ØC, =òOÃ1n�
ÝO� 13 m �&Ò131nS�©Ù�¹, ÑÑ
1¥ 1040 nm 1¤Ó'~��~�, A���¢y

é 1064 nm 1�õÇ=£, �d�%��Ä1n
�ÝO\é SBS K��ü$�5�Ø|K�.

ã 6 ØÓ«fõÇ'�VÅ���&Ò131nS�©
Ù (a) P1040/P1064 = 0.01 W/0.01 W; (b) P1040/P1064 =

0.8 W/0.01 W

ã 7 OÃ1n� 13 m �VÅ���&Ò131nS�©Ù

3.4 ÄÄÄ$$$���ªªªéééüüüªªª---111ÑÑÑÑÑÑ���ÇÇÇ999 SBS
³³³������KKK���

dcã�[©Û��, 3 SBS ³��¡, üÅ
���Ä$�Ð, VÅ�c�Ä$g�, üÅ�c
�Ä$��. e¡ÏL�['�VÅ���Ä$
ÚüÅ���Ä$3³� SBS �¡�`�. OÃ
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1n�Ý� 12 m, üÅ���æ^ 3.6 W ��Ä
$1�� 0.1 W � 1064 nm üª&Ò1, VÅ��
�æ^ 3.6 W ��Ä$1�� 0.1 W � 1040 nm

&Ò1Ú 0.01 W � 1064 nm &Ò1. ã 8(a) �ü
«�¹e&Ò131nS�©Ù, VÅ���Ä$
¥ 1040 nm &Ò131ncã¿vk���©k
��OÃ, ØUé 1064 nm &Ò1/¤k��OÃ
¿�. �üÅ���Ä$���', üª 1064 nm

&Ò131nSkXA��Ó�õÇ©Ù. ã 8(b)

�ü«�¹e SBS õÇ�©Ù, üö�A��Ó.

±þ(J¿©`²VÅ���Ä$¿ØU��'
üÅ���Ä$�Ð� SBS ³��J.

ã 8 ��Ä$üÅ���ÚVÅ����&Ò19 SBS 13
1nS�©Ù (a) &Ò1õÇ; (b) SBS 1õÇ

3.5 OOOÃÃÃ111nnn���ÝÝÝéééüüüªªª---111ÑÑÑÑÑÑ���ÇÇÇ
999 SBS ³³³������KKK���

OÃ1n��1n��ì¢y-1OÃ�0
�, Ù�5Øó�. �©=�[©ÛOÃ1
n�ÝéuOÃ¿�VÅ���üª1n��
ì SBS ³�9üª-1ÑÑ�Ç�K�. ã 9 �O
Ã1n�Ý� 8 m �1n��ìS&Ò1�©Ù
�¹. Ó�æ^ 3.6 W c�Ä$.1064 Ú 1040 nm

«f1õÇ©O� 0.01 Ú 0.1 W. �ã 3(a) ¥ 12 m

O Ã 1 n � V Å � � � � ¹ � ', d � Ñ Ñ 1
¥ 1040 nm 1¤Ó'~O�� 1064 nm 1�Ñ
ÑõÇC�. ã 10 �ü«�¹e1n¥ SBS �é
OÃ�'�, 1n�Ý� 12 m �� SBS �éOÃ
' 8 m ����õ. ���¹e, ���OÃ1n
�±O\éÄ$1�áÂ, Jp1n��ì�üª
-1ÑÑõÇ, �U
¦ 1040 nm 1é 1064 nm 1
�õÇ=£C�¿©, Jpüª-1ÑÑ��Ç,

�´1n�ÝL��¬��ü$ SBS K�, �1n
��ì�5�³. Ïd, 3¢SA^¥�½��â
¢SI�éOÃ1n�Ý?1`z.

ã 9 OÃ1n� 8 m �VÅ���&Ò131nS�©Ù

ã 10 OÃ1n� 8 Ú 12 m �VÅ��� SBS �éOÃ'�

4 ( Ø

ïá
OÃ¿�VÅ���üª1n��ì
�nØ�., |^ïá�nØ�.�[©Û
&Ò
1Å�m�!&Ò1«fõÇ'!Ä$�ªÚO
Ã1n�Ý�Ï�é��ì�üª-1ÑÑ�Ç
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±9 SBS ³��J�K�. ��5`, ���&Ò
1Å�m��±3ØÓ&Ò1�m/¤k��O
Ã¿�, �Ð/³�üª&Ò1� SBS �A, �d
u�Q1n¥u��¡éÅ����5�6, L�
�Å�m�ò~�ü&Ò1�mu��¡��O,

SBS ³��J�¬C�; «fõÇ'A�â¢S
�¹·¥ÀJ, Lp¬ü$üª1�ÑÑ�Ç, L
$KØUk�/³� SBS; éOÃ¿�VÅ���,

nÜ�Ä SBS ³�Ú¢SA^¥�S�5Ú¤�,

æ^c�Ä$Ün�1; OÃ1n�ÝQ�v
�
±¿©áÂÄ$1, Jpüª-1ÑÑ�Ç, q�
��1n�ÝL�é SBS K���ÌÝü$. o
�, &Ò1Å�m�!&Ò1«fõÇ'!Ä$�
ªÚOÃ1n�Ý�Ï�éOÃ¿�VÅ���
üª1n��ì�K�ÑØ´ü��, 3¢SA^
¥A�âI¦nÜ�Ä�«Ï�, ±¢y1n��
ìëê�`z.
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Theoretical study of two-tone single frequency fiber
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Abstract

Introducing the gain competition is an effective way to suppress stimulated Brillouin scattering (SBS) in single frequency fiber

amplifier. Steady rate equation describing two-tone single frequency Yb-doped double cladding fiber amplifier with gain competition

is deduced based on single frequency amplifier. A theoretical model of this kind of amplifier is set up. With this model, simulation is

performed to analyze the influences of wavelength difference between signals, signal power ratio, pump configuration and length of

gain fiber on output efficiency of single frequency laser, and the effect of SBS suppression.

Keywords: fiber amplifier, single frequency laser, two-tone, stimulated Brillouin scattering suppression
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