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±�»� 30 µm �� Yb3+ V��1n�OÃ0�, |^��5 �^=Eâ±91» - ��(�|¤�1Ì
ÈÅìJøk���ÌN�, ¢y
½���ÚÑÑÑ�f£�$=. -1ì��ÑÑEªÇ� 76.6 MHz!²
þõÇ� 6.3 W ��áóÀ, üóÀUþ�� 82 nJ. ��ÑÑóÀ°Ý� 1.33 ps, ²n	Ø ��°Ý� 377 fs. Ï
LN!1»�Ý�¢y
ÑÑóÀ¥%Å�3 1025—1078 nm ��S�N�.

'�c: �¯-1, V��1n, ��5 �^=, ÑÑ�f£�

PACS: 42.65.Re, 42.81.Dp, 42.55.Wd

1 Ú ó

£�1n-1ìduäk(�;n!¤�$
í!Ñ9�JÐ±9ÑÑ1å�þp�`ûA5,
Cc5Úå
ïÄö�4�'5¿¼�
×��
uÐ. �X1nEâ±9£�Eâ�ØäuÐ�?
Ú, 1n-1ìÑÑ�áóÀ�5U�Ü©ëê®
²��$��LDÚ��N�¦-1ì [1], k"¤
��¯-1A^��«Ê9zn�1. +�ÝÚ
Ñ (GVD) �5�´K�£�1n-1ì���'
�Ï�, �-1ìó�3KÚÑ«�, nS�KÚ
Ñ���5�£�m��p�^�±�)½�
�fóÀ, ��ÚáÂN3Ù¥=å�éÄ£�Ú
½�f��^ [2]. ,ùa£�1n-1ìI�
��5�KÚÑ�m�î�²ï, ÙÑÑóÀUþ
Û�3A�� pJ þ?, JpóÀUþ¬�»ù«
²ï¿E¤�fóÀ�©� [3]. ÏLÚÑ+n�
ªN!nS GVD �©Ù, ¦À� GVD �Cu"½

äk����ÚÑ�, �±¦-1ì¢y�á�f
£� [4,5] ½g�q£� [6]. ù«nSÚÑ+n(
�¦óÀ3��þ�)±Ï5��á�A, �±~
���5�£�È\, ¦ÊÏü�1n£�-1ì
ÑÑüóÀUþJp� 10 nJ ±þ. �þ�ïÄL
², ÃI?ÛKÚÑÖ�, ��ÚÑ�nS�¸�
�±¼�½�£�ÑÑ [7−11]. ù«£�-1ì
Ï~æ^��N��ÚáÂº (SESAM) ½��5
 �^= (NPE) Eâ¢y£�géÄ, duvkK
ÚÑÖ�Ån, óÀ3�ÚÑÚg� N� (SPM)
�^e�Ð°¤}ò°óÀ, 1ÌÈÅ�AÏLé
}òóÀ>÷�LÈ�)�ÌN�, å�ÄzóÀ
��^, Ïd1ÌÈÅ�A3��ÚÑ£�¥é
½£�±9óÀ�¤.u���^ [12,13]. �
�ÚÑ£�-1ì¥du�31ÌÈÅ�ÑÑL
§, /¤�óÀq�¡�ÑÑ�f, nS�ÚÑÐ
°óÀü$
��5rÝ, ¦�ÑÑ�f£�-1
ì�±|±���óÀUþ [14]. ,�^O�1n
-1ìÑÑõÇÚUþ�å»´U?1nEâ, Ù
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¥��Ä$Eâ¦1n-1ì�±|^íd�õ
���N-1ì (LD) ��Ä$, wÍ/Jp

Ä$�ÇÚÑÑõÇ. A^ù«V��1n, nS
ÚÑ+n [15,16] ±9��ÚÑ(� [17] �U¼�
pUþ��áóÀÑÑ. Ù¥ Kieu �<|^n�
�»� 10 µm �V��� Yb3+ 1n, 3nS�\
ÈÅ¡Jø�ÌN�, ¢y
��ÚÑÑÑ�f£
�, ÑÑõÇ� 2.2 W, üóÀUþ� 31 nJ[18]. Cc
5,å�1f¬N1n (PCF) EâÏLJpn�
��|¡È±ü$1n¥�1õÇ�Ý, lü$
��5È\±|±���õÇÚóÀUþ [19−23],
��¡È PCF ��ÚÑ£�ÑÑóÀUþ��
� 265 nJ[20], ���²þõÇ�L 10 W[22,23].

ÊÏV��ü�n��»��� 4—7 µm, �
u�n��»U
|±���¸�õÇ, �¢�
ïÄy¢ü�n��»� 35 µm ���¡ÈV�
�1n�±|±½���ÚÑ£� [24]. �©æ
^n��»� 30 µm �� Yb3+ V��1n, |
^ NPE (�������ÚáÂN, ¿æ^1» -
��(�Ú\nS1ÌÈÅ�A, 3vk?ÛÚ
ÑÖ��^�e, ¢y
��»V��1n��
�ÚÑÑÑ�f£�. -1ì��ÑÑ²þõÇ
� 6.3 W, üóÀUþ�� 82 nJ, ²n	Ø ��
°Ý� 377 fs. ÏLN!1»�¢y
ÑÑóÀ¥
%Å�l 1025 nm � 1078 nm Åã��N�.

2 ¢�C�

��ÚÑÑÑ�f£�1n-1ìæ^�/
n(�, ¢�C�Xã 1 ¤«. OÃ0��� Yb3+

��»V��1n (LIEKKI Yb1200-30/250DC), n
��»� 30 µm, ê��»� 0.07, ����»�±
k�/ü$��5�A, O�-1ì|±�õÇÚ
Uþ. ���»� 250 µm, ê��»�� 0.46, k
|u¼��p�Ä$1ÍÜ�Ç. V���(��
O¦�ù«1näkp� 15.5 dB/m(@976 nm) �
Ä$1áÂXê. OÃ1n��Ý� 1.5 m, ��
»� 6 cm ±³�õ�, �;�1nà¡�"/¤
M)��, à¡þ?1 8◦ ���. -1ìæ^1n
ÍÜÑÑ�õÇ 976 nm LD ��Ä$, ²�¥¡
ºO��à��OÃ1n, DM1, DM2 �VÚº, ^
u©lÄ$1Ú&Ò1. λ/2 Å¡, λ/4 Å¡� �
©åì (PBS) |Ü�¤ NPE (�, ��u��Úá
Â��, Ó� PBS ��ÑÑà�, �ÏL^=Å¡

N!nSóÀUþÚÑÑ. 3-1Å� 1040 nm N
C, 1.5 m �OÃ1noÚÑ�� 0.033 ps2, nSv
kÚÑÖ���, -1ìó�3��ÚÑ�. nS
�\��1�lì�y-1���ü�DÑ, 1�
lì�Ï1�»� 2.8 mm, ��1<�1»�å�
¤��1ÌÈÅì, �¢yÈÅ�N�õU.

ã 1 ¢�C�«¿ã (DM1, DM2, VÚº; HWP, �Å
¡; QWP, o©��Å¡; PBS,  �©åì; L1—L3, �¥
¡ßº)

3 ¢�(J�nØ©Û

T-1ìd NPE �A¢y£�géÄ, ÅÚO
�Ä$1õÇ¿^=Å¡N!nS-1 �G�
ÚõÇ��, �Ä$õÇ�� 14 W �, -1ìm©
½£�, ÑÑ²þõÇ� 1.38 W. ã 2 �«Åì
*ÿ�£�óÀS�, EªÇ� 76.6 MHz, óÀ
m�� 13 ns, � 3.9 m �n��ÎÜ, üØ
�Å
£�E¤�õóÀG�. £�ÑÑ²þõÇ�Ä$
1õÇO�O�, �Ä$õÇO\� 29 W �, Ñ
ÑõÇ�� 6.3 W, üóÀUþ� 82 nJ, ��n�
� 10 µm �1n [18], 30 µm ��»|±���õ
ÇÚóÀUþ. 3Ä$õÇO�L§¥, «Åìw
«-1ì¬k���N Q y�½õóÀ£�, ·�
N!Å¡�¦Ù#ó�3½G�.

ã 3 ´T-1ì½£���ÑÑ1Ì, ¥
%Å�3 1048 nm, 1Ì�4��°Ý (FWHM)
� 5 nm. 1Ì/GäkÍ��>÷, �3üà©Ù
Xk¸(� (©z [18] ¥¡�� “cat ears”), ù´
��ÚÑÑÑ�f£�ÑÑ1Ì�;.A�. Ï
Lg�'ìÿþÑÑóÀ���A�, 3g�'
� 100 ps ×£��SvkuyõóÀy�. �
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�ÑÑóÀg�'�Xã 4(a) ¤«, Ù FWHM
°Ý� 1.33 ps(b��pd/GóÀ), óÀ�°�
äké���}ò. ²n	1»éØ ��óÀ
°Ý� 377 fs, �m�°È�� 0.515, �CFp�
C�4�ó°, Ä.w«Ùäk��Ö����
5}ò.

ã 2 -1ì£�óÀS�

ã 3 -1ìÑÑ1Ì

Xã 1 ¥¢�C�¤«, T-1ìnS�\

��1», §�1�lìÏ1��å�¤1ÌÈ
Åì, ùéu¼�½���ÚÑ£�ÑÑå�
���^. ^ 45◦ ��º�O1», N! λ/2 Å¡
Ú λ/4 Å¡, «Åìþ�U*	�N Q £�y�,
Ã{¼�½�£�óÀS�, L²3Xã 1 ¤«
�-1ì(�¥==�� NPE �A�Ã{Jøv

r��ÌN�±|±½���ÚÑ£�. Ïd,
��ÚÑ1n-1ì¥, Ï~3nS�\��1Ì
ÈÅì [8,12,14] ½ö��-1OÃ0�±9 ��

��k��°¢yÈÅ�^, 1ÌÈÅÏL��}
òóÀ�$ªÚpª>÷òª�þ�Äz=z�
��þ�Äz�A, JøN\��ÌN�±|±
½�ÑÑ�f£�. ÏLnØO��±�\�\/
©Û�Ï�3£�¥��^, óÀ3nS�üzL
§�d Ginzburg-Landau �§£ã [12,13]:

∂A

∂z
=

g

2
A − i

2

(
β2 +

ig
Ω2

)
∂2A

∂t2
+ iγ|A|2A, (1)

ª ¥ A � ó À ú C � ä � Ì, t � � m þ Ý, z

� D Ñ � � � I, β2 ´ + � Ý ò ´, Ω Ú γ ©
O � 0 � O Ã � ° Ú � � 5 X ê, g ´ O Ã X
ê, �Ä NPE �����ÚáÂ�^, g �L«
� g = g0/1 + Ep/Esat), Ù¥ g0 ´�&ÒOÃX
ê, Ep Ú Esat ©O�óÀ=�UþÚOÃ�ÚU
þ. æ^©ÚFp�C��{é�§ (1) ?1ê�
¦), ÏL�[O�óÀ3nSÌ��±�üz
L§, ���3nSØÓ ��óÀ°Ý�Cz,
Xã 5 ¤«. du1n�ÚÑ±9 SPM �A��
^, óÀ3���ª�þþ�Ð°, /¤3��þ
äk}òA5�°óÀ, �óÀ°Ý�OÃ1n
�ÝüNO�. �¢y½�£�óÀ, -1nS
I�óÀØ Ån±²ïóÀ3OÃ0�¥�Ð
°, 3�f£�-1ì¥´ÏLÚ\Ü·�KÚÑ
¢yù�õU, 3��ÚÑ£�-1ì¥, K´Ï
L NPE �1ÌÈÅ�A��ÌN��^¢yóÀ
�Äz. Xã 5 ¤«, nØ�[�L², 3²L NPE
�1ÌÈÅ�^�, óÀ°Ý��
ØÓ§Ý�
Ø , üö�Ó�^|±½���ÚÑ£�, �
1ÌÈÅ�AéóÀ�Äz�A�\²w, L²
3ù«��¡È1n¥, ��5�f��¹e, 1
ÌÈÅ�AÚå�óÀÄz�@�3óÀ¤.¥
åÌ��^ [18,22]. ù��f½ÚÑ+n�f£�
-1ì¥, Ì��6unSKÚÑ���5�m�
�p�^�óÀ¤.Ånk���ØÓ. ïÄ©Û
����ÚÑÑÑ�f£�L§¥�3n«Ä�
²ï: óÀ31n¥��5Ð°1Ì�ÈÅ�A
�m/¤ª�þ�²ï; 3��þ, d NPE Ú1
ÌÈÅ�AéóÀ�Äz�A, ²ï
�ÚÑ0�
éóÀ�Ð°; ,	, ÑÑ�fóÀ3/¤¥²{
ÑÑL§Øä�ÑUþ, óÀI�±YØä�Uþ
ø�âU½�3 [25], Ïd��ÚÑÑÑ�f1
n£�-1ì¥Ó���3�fÑÑ�OÃ�
½²ï.
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ã 4 óÀg�'� (a) ��ÑÑ; (b) n	Ø �

ã 5 óÀ°Ý3nSØÓ ��üz

� Yb3+ 1näké��OÃ�°, æ^N�
ì��3ÙOÃÌ��S¼�Å��N���á
óÀ-1ì, ùéuI�ØÓ¥%Å���¯-
1�A^kX��¿Â. |^nSVò�ÈÅ
�A, 3� Er3+ 1n¥�±¢yÅ��� 1570—
1600 nm ��N�ÑÑ�f-1ì [26]. �©���

ÑÑ�f-1ìæ^1»���|¤1ÌÈÅì,
Ø
äkÈÅ�^�	, N!1»�Ý, UCÏL
�lìÏ1���Å�, ù«ÈÅì��±?1£
�Å��N�. ã 6 ´¢�*ÿ��-1ìÑÑ1
Ì, £�¥%Å�CX 1025 nm � 1078 nm �Å�
��. 3N�L§¥, duOÃ±9��5�^�
�Cz, Å�UC¦£�?uØ½G�, ù�I
�`znS^�, Ì�ÏL^=Å¡�±#ïá
½�üóÀ£�. l 1048 nm �üàN��, Ñ
ÑõÇ¬�N���O�ü$, 3>�?ü��
põÇ� 60%�m, g�'�w«, óÀ°Ý�
k¤\°, 3 1025 nm Ú 1065 nm ���ÑÑóÀ
°Ý©O� 1.37 ps Ú 1.34 ps. ù«d1»Ú��
|¤�1ÌÈÅìoäN�õU, Å�N!ö��
B, ´u¢y, �N!Å���¼�½£�EI
#`znS(�ëê, ÙN��ëY5�½5
�I�38��ïÄó�¥?�Ú��õÚU?.

ã 6 �N�1ÌÑÑ

4 ( Ø

¢�ïÄ
� Yb3+ V��1n���ÚÑ
ÑÑ�f£�. æ^n��»� 30 µm ���|
¡ÈV��1n, 'ÊÏV��1n|±�p�õ
ÇÚüóÀUþ, �p£�ÑÑõÇ� 6.3 W, ü
óÀUþ� 82 nJ. -1ìÏL NPE �AÚ1ÌÈ
Å�A¢yóÀ�ÄzÚ¤., ±Ö�óÀ3�Ú
Ñ0�¥�Ð°�A. NPE Eâ�A^k�/;�

 SESAM �úK�$�"�, �¼��p�£�
õÇME
^�. d1»Ú�lì�»�¤�1Ì
ÈÅì��±?1£�-1�N�, ¼�
¥%Å
�l 1025—1078 nm ��S��N��áóÀ. 3
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�5�ïÄó�¥�±ÏL`z(�ëê, U?È
Å(�, ?�Ú�õÅ�N�õU, ½æ^���
|¡È�1n, O\n�, ?�ÚJ,ÙÑÑ5U.
ù«��ÚÑÑÑ�f£�1n-1ìduÑÑ

õÇp!óÀUþ��(�;n, Ü©5U®�±
�DÚ��N�¦-1ì�'[, 3�¯Eâ+�
kXã��A^d�.
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Hideur A 2007 Opt. Express 15 10725
[21] Song Y J, Hu M L, Zhang C, Chai L, Wang Q Y 2008 Chin. Sci.

Bull. 53 1511 (in Chinese) [ykï, �²�, Üµ, �´, ���
2008 �ÆÏ� 53 1511]

[22] Lefrancois S, Kieu K, Deng Y, Kafka J D, Wise F W 2010 Opt.
Lett. 35 1569

[23] Zhang D P, Hu M L, Xie C, Chai L, Wang Q Y 2012 Acta Phys.
Sin. 61 044206 (in Chinese) [Ü�+, �²�, ��, �´, ��
� 2012 ÔnÆ� 61 044206]

[24] Song Y J, Hu M L, Liu Q W, Li J Y, Chen W, Chai L, Wang Q Y
2008 Acta Phys. Sin. 57 5045 (in Chinese) [ykï, �²�, 4
�©, o?ò, ��, �´, ��� 2008 ÔnÆ� 57 5045]

[25] Chang W, Ankiewicz A, Soto-Crespo J M Akhmediev N 2008
Phys. Rev. A 78 023830

[26] Zhang H, Tang D, Knize R J, Zhao L, Bao Q, Loh K P 2010 Appl.
Phys. Lett. 96 111112

154210-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 15 (2012) 154210

High power all-normal-dispersion mode-locked
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Abstract

A stable all-normal-dispersion dissipative-soliton mode-locked laser is demonstrated with a Yb3+-doped large-mode-area double-

clad gain fiber, and nonlinear polarization evolution and spectral filtering composed of a grating and an aperture are exploited to produce

sufficient amplitude modulation to shape pulses of this laser. The laser generates chirped pulses at a 76.6 MHz repetition rate, with an

average power of 6.3 W, and a single pulse energy of 82 nJ. Pulse duration of the direct output pulse is 1.33 ps and it can be dechirped

to 377 fs after externally compressed. By adjusting the grating, the central wavelength of the output pulses can also be tuned from

1025 nm to 1078 nm.

Keywords: ultrafast laser, double-clad fiber, nonlinear polarization evolution, dissipative soliton mode-locking
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