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ÏLê�¦)2Â��5Å½��§, �©é1f¬N1n¥�ëYÌ��fÐ¼y�?1ïÄ. |^���
'ªÇ©E1Æm' (X-FROG) Eâ, *ÿ¿P¹
�ëYÌ÷X1n�Ý�üz, ���fÐ¼���L§. ïÄ
uy: �÷v� ��^��, �f���fË�Åu)oÅ·ª, �)�Ð¼ÅªÌ�X�fù£Åì7£; O
\Ä$õÇ, �f�Ð¼Å��^Or. ��N��áóÀÚ�ëYÌïÄJønØ�â.
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PACS: 42.25.Bs, 42.65.Sf, 42.65.Tg, 42.65.Ky

1 Ú ó

g l 2000 c Ranka � < | ^ 1 f ¬ N 1
n (PCF) *	��ëYÌ [1] ±5, 'u PCF �
�ëYÌ�nØ [2,3]!¢� [4−6] 9A^ [7] �ï
ÄÉ�4��'5. NõïÄL² [3]: �A��
Az��¦óÀ3 PCF �"ÚÑ:NCÄ$, g
� N� (SPM) ¦�óÀ�ªÌÐ°, *Ñ��
~ÚÑ«�ªÌÉ��~ÚÑ�K}òN�, �
Ú SPM ��}ò��²ï�¬/¤1�f [8].

Husakou Ú Herrmann[2,9] @�p��f©��Ä�
�f�, 3÷v� ����~ÚÑ«¬)¤�
�fË�Å (NSR), �¡� Cherenkov Ë�. ¦+
�f©�nØÚ¢�(JéÎÜ [9,10], �´|^
���'ªÇ©E1Æm' (X-FROG) Eâ, 3.
ù�f�÷uy½�óÀÅ�, Å�ªÌ?3
�~ÚÑ«. du�fgª£�A [11], .ù�f
¬Åìù£, �~ÚÑ«Ð¼�Å�ªÌÅì7
£ [12,13], ùÒ´�fÐ¼y�. Genty �< [14] |

^��� N� (XPM) )º
Å��7£; Yulin

Ú Skryabin[15,16] nØþ)º: .ù�fë��
oÅ·ª (FWM) ´�)7£Ð¼Å��ý��
Ï. ��3¢�þ [17,18] �y
nØ��(5, �
´ Genty Ú Skryabin �nØÑvkJøÄ��Ô
nÅn5)º�~ÚÑ«�½Å�, �fÐ¼Å
�¯Kÿ�)û. 2007 c Gorbach Ú Skryabin l�
�þ)º
�fÐ¼: ~�$Ä��f¦�ò�Ç
ÛÜCz, �)���^åB�Å�*Ñ, /¤
½�Ð¼Å� [19,20]. ©z [21] é�fÐ¼?1

XÚ�ïÄ, ���fÐ¼õg��nØÚ¢�þ
��y [22−24].

3"ÚÑ:NC½�~ÚÑ«Ä$�, ¤/
¤��ëYÌ�Ì��Ï: g� N�¦�ªÌ
Ð°, ,�3�~ÚÑ«u)�f©�, /¤�.
ù�f�XDÑålØäù£, Ó�3÷v� 
����~ÚÑ«�) NSR. Øäù£�.ù�
f�U¬� NSR ��, Ïd, XÚ�ïÄ.ù�f
� NSR ��p�^, éu`zÚU?�ëYÌk
�~�¿Â. �©é�fÐ¼L§?1ê��[,
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|^ X-FROG Eâ, ïÄ�fÐ¼�DÑålÚõ
ÇUC�üz, Ó�©Û�fÐ¼��Ï9ÙK�,

�`zÚUõ�ëYÌïÄJønØ�â.

2 ê��.

2.1 ÄÄÄ������§§§

2Â��5Å½��§ (GNLSE) 3ú�äC
q��¹eí�, ¿�IþCqk�. ¦+Xd, N
õ¢�y²|^�§

∂A

∂z
+

α

2
A −

∑
n62

in+1

n!
βn

∂nA

∂Tn

=iγ
(

1 + iτshock
∂

∂T

)(
A(z, t)

∫ +∞

−∞
R(T ′)

× |A(z, T − T ′)|2dT ′
)
, (1)

�[�ëYÌ��¤õ [3,8]. (1) ª¥, A �óÀ
�äE�Ì, z �óÀDÑål, α ��ÑXê, βn

� n ��ÚÑXê, T �Ä$¥%Å��+�Ý
�ë�X��mëþ, γ ���5Xê, τshock �1
ÆÀÂëê [3], R(T ) = (1 − fR)δ(T ) + fRhR(T )

���5�A¼ê. fR = 0.18 �.ù�A�z
ëê, hR(T ) �.ù�A¼ê, ©¥¤æ^� hR

´¢�.ùOÃÌ [25] �[Ü¼ê, äNL�ª
�©z [26].

2.2 êêê���OOO������{{{999 X-FROG EEEâââ

�©|^©ÚFp�{é GNLSE ?1O�.

¦+k�p�Ç�U?Fp��{ [27,28], ��
g ï Ä �  : Ø ´ ê � � { � � Ç ¯ K,  ´
3ê��.�°Ý¯K. ¯¤±�u)�ëYÌ
�, 31óÀDÑ�cAf�S, óÀ®²4�/
Ð° [3], ù´����5CzL§. Ïd�[�
ëYÌ���J:´�§ (1) �Òm>� (��
5�). �
�yv
�°Ý, �©|^o�9�
¥©ê�È© [29] 5O���5�; Ó� hR(T )

� O � ´ � � ' �, � � K � . ù � f � ª £
§Ý. ��yO���fª£�¢�ÎÜ, �©
� hR(T ) æ^¢�êâ�[Ü¼ê [26]. hR(T ) k
Fp�C��ª�?1O� (Ó��)¢ÜÚJ
Ü), ,�Fp��C����. �Ñ�Ñ�, ÏL
�V?êÐmÚÑëþ��� (n = 10) 5O�Ú

Ñ�.

�
?�ÚïÄ�áóÀ�ª�Ú��A5,

~^� X-FROG Eâ, X-FROG ´ÏL��5¬N
�ÚªL§5¢yë�óÀÚÑÑóÀ�p�',

�ª��ªÌ��m�üzã [8]. pd/óÀ��
ë�óÀ, óÀ�p�'deª�Ñ:

S(z, T, ω) =
∫ +∞

−∞
e−iωT ′

e−(T ′−T )2/T 2
g

× A(z, T ′)dT ′, (2)

�©æ^ó° Tg = 100 fs �pdóÀ��ë�
óÀ. 1|rÝ I = |A|2, X-FROG ãw«�1|
rÝ IX = |S|2. ©¥¤k1|rÝÑæ^8�z,

± 10 �.�éêL«.

3 (JÚ©Û

�©æ^û^ PCF[30](SC−5.0−1040) ?1�
[, 1n�Ý L = 2 m, "ÚÑÅ� λ0 = 1.03 µm,

γ = 0.01066 W−1m−1, τshock = 0.55 fs. � �
Ú Ñ X ê �: β2 = −7.1 × 10−1 ps2/km, β3 =

6.9×10−2 ps3/km, β4 = −1.02×10−4 ps4/km, β5 =

2.7×10−7 ps5/km, β6 = −8.3×10−10 ps6/km, β7 =

3.0×10−12 ps7/km, β8 = −1.2×10−14 ps8/km, β9 =

6.5 × 10−17 ps9/km, β10 = −3.2 × 10−20 ps10/km.

Ñ\óÀ�Ã}ò�V��/, ¥%Å� λp =

1.035 µm, óÀ°Ý TFWHM = 1.763T0 = 50 fs, �
f�ê N = T0

√
γP0/|β2|.

3.1 ***ÿÿÿ���ëëëYYYÌÌÌ;;;,,,

ã 1 � N = 10 �, óÀ÷1n�ÝªÌÚ�
m�üz. ã 1 ¤«: z = 0.1 m �cªÌ�é¡
üz, ùÌ�´ SPM ��ªÌÐ°; z = 0.2 m �
mp�ÚÑÚ.ùaA���f©�, /¤��
.ù�f, Ó�3�~ÚÑ« 0.9—0.95 µm ?Ñ
y NSR; z = 0.2 m ��du.ùaAª� (RIFS)

¦�.ù�fù£, Åì�l"ÚÑ:, Ó�+�
Ý�ÅìC�; �-<5¿�´ z = 1.5 m ?, .
ù�f��÷Ñy°[(� (ã 1(b)), Ó� NSR ª
Ì7£ (ã 1(a)). �)�°[(��¡��fÐ¼
Å [21]. ¦+ã 1 éÐ/L«
óÀ�üz, �´ù
«ª�Ú��©mw«�/ª, ØUL�óÀªÌ
��müC.

124203-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 124203

| ^ X-FROG � ± � � Ù / w � Ð ¼ Å.

ã 2(b) ´^ X-FROG �[O����ªÌ;,,

·�róÀª�Ú��Ó�L«3Ó��ã¥,

�±��óÀªÌ��müzL§. ã 2 w«
3 z = 2.0 m ?, |^ (2) ªO��ªÌ;,, ã 2(a)

´óÀ����ä, 3.ù�f�÷k����Ð
¼Å; ã 2(c) ´óÀ�ªÌrÝ, �±w�Ð¼Å
�ªÌ u NSR �áÅ?. Ð¼Å´3÷v�
 ���^�e, �f� NSR � FWM �)�#
ªÌ [16].

� � � � � �� � � ��	 
�	 
 � � � 
	��

ã 1 N = 10, TFWHM = 50 fs V��/óÀ3 1.035 µm Ä$ (a) ªÌrÝ� z üz; (b) ��rÝ� z üz

ã 2 z = 2.0 m ? N = 10, TFWHM = 50 fs V��/óÀ3 1.035 µm Ä$ (a) ���ärÝ; (b) ªÌrÝ; (c) X-FROG

�[O��ªÌrÝ Ix ;,
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3.2 ���fffÐÐÐ¼¼¼LLL§§§

�
*	�fÐ¼���L§, �½Ä$óÀ
¸�õÇ P0 = 8.28 kW Úó° TFWHM = 50 fs,

¦� N = 10 ØC��¹e, À�ØÓ�DÑå
l z = 0.5 m, 1.0 m, 1.5 m, 2.0 m 5P¹éA�ª
ÌrÝ IX. ã 1 ¤«, ��f©�, /¤�.ù�
f3 RIFS �A�^eªÌØäù£, Ó�Ù+�
Ýü$. ��3 z = 1.5 m, T = 2.6 ps ?.ù�f
��÷ÑyÐ¼Å, �lã 1 ØU�Ù�(½�f
� NSR ���m, �Ã{¼��fªÌÚÐ¼Å
ªÌ��p�^'X.

lã 3(b) w�3 z = 1.0 m �m, �f� NSR

��, ¤�)�Ð¼ÅªÌ u NSR �áÅ?.

�f�¥%Å� λs = 1.18 µm, �)�Ð¼Å¥
%Å� λtrap = 0.9 µm. z = 1.5 m ? (ã 3(c)),

λs = 1.2 µm, λtrap = 0.89 µm. z = 2.0 m

? (ã 3(d)), λs = 1.22 µm, λtrap = 0.88 µm. �
±�Ùw��X�fù£, Ð¼ÅÅì7£; Ó�

Ð¼ÅªÌ�5�°, L²Ð¼Å3��/¤��
�5�Ä�óÀ�ä. Ð¼óÀªÌ3�~ÚÑ
«, ·���óÀ3�~ÚÑ«Ó�É� SPM Ú
ÚÑ��}òN�, ¦�óÀ����äØäÐ°,

ØU/¤½�óÀ�ä [8]. XJrÐ¼Å��
��óÀ?n, |^ XPM �±)ºÐ¼Å�ªÌ
7£, �´ XPM ´ïá3��cJ�þ: �~Ú
Ñ«�Ð¼Å�±��½�óÀ?n. ��5
ù, 3�~ÚÑ«Ø�U�3½�óÀ�ä, ¤
±|^ XPM 5)ºÐ¼Å´ïá3��b��
þ, vkJø��Ä��ÔnÅn. �� Gorbach

Ú Skryabin @��fÐ¼��Ï´: RIFS �A¦
��fØäù£, Ó�du Kerr �A, �fóÀ
¦���5ò�ÇÛÜCz, ��f3~�$Ä
�, ¬�)��ÛÜ�³|, ù�³|é1fk�
��^å, ¦�1fà83ù�³|S [20]. ù�
Ò��
Ônþ�Ä�)º, Ø�nØþ)º

Ð¼Å, �nØ�[êâ�¢�êâ [17,18] Ä�
ÎÜ.

ã 3 N = 10, TFWHM = 50 fs, X-FROG �[��ØÓDÑål z �ªÌrÝ Ix ;, (a) z = 0.5 m; (b) z = 1.0 m; (c)

z = 1.5 m; (d) z = 2.0 m

124203-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 124203

3.3 êêê���(((JJJ���yyy

��y�©ê�(J��(5, �©�¤^
1nëê���©z [30] ?1'�, 3À^�Ó
�ó° TFWHM = 50 fs, 1n�Ý L = 2.26 m �,

�©�ê�(JÚ Erkintalo[30] �(JC���
�Ó, `²�©�ê��.ÚO�´�(�. 2
� Gorbach �¢�êâ9�[©Û [18] ?1'�,

duæ^ØÓ�1nëêÚÄ$óÀ, ùp�Um
�é'. Ø
�Ñ
gÍ��	, Gorbach �ê�
�.��©Ä��Ó, 3©z [18] ¥ z = 0.15 m

�c SPM ���ªÌé¡üz; z = 0.45 m �
m . ù � f � NSR u ) FWM � ) 
 Ð ¼ Å;

z = 0.45 m ��du RIFS ¦�.ù�fù£,

Ó�Ð¼Å7£. �©� Gorbach �(J©ÛÄ
���, Hill[22] Ú Roy[31] �ó����Ä��
Ó�(Ø. I�5¿3©z [19—21] ¥k
(J
¬�3õ�.ù�f, z�.ù�fÑ¬�)
�ÙéA�Ð¼Å, ù�¯K·�3?Ø¥?1
©Û.

3.4 ÄÄÄ$$$õõõÇÇÇééé���fffÐÐÐ¼¼¼���KKK���

�
*ÿóÀõÇé�fÐ¼�K�, �½D
Ñ�Ý z = 2.0 m, ó° TFWHM = 50 fs, UC¸�
õÇ P0 ¦��f�ê N = 5, 8, 10, 12 �, 5*	
�fÐ¼. lã 4 w� N = 5 (P0 = 2.07 kW) �,

λs = 1.1 µm, 3�~ÚÑ«vk�)Ð¼Å. N = 8

(P0 = 5.3 kW) �, λs = 1.15 µm, λtrap = 0.91 µm.

N = 10 (P0 = 8.28 kW) �, λs = 1.21 µm,

λtrap = 0.88 µm, N = 12 (P0 = 11.92 kW) �,

λs = 1.28 µm, λtrap = 0.85 µm. �âêâ���Ä
$õÇO\, �fgª£Or, ù�DÚ��fn
Ø [8] ´���. Gorbach y²
 [20]: � β3 > 0 �,

�f�Ð¼Å��p�^, ¦��f3vk�p�
^��f$Äë�X¥´\��. ã 4 ¥êâ�±
w�, �õÇO��, �f�¥%ªÇÅì l�
Ô�/�ÚÑ;,, �©z [18,20,21] (Ø��, `
²�f�(3�é\�$Ä. Ó� Gorbach @��
f�Ð¼Å�p�^�, �fgª£Or, �´�
©"�üÕ�fª£�ë�, ���e�Ú�ïÄ
ó�.

� � � ��� �� � � � ��� ��
� � � ��� �� � � � ��� ��

ã 4 z = 2.0 m, TFWHM = 50 fs, X-FROG �[��ØÓ N �ªÌrÝ Ix ;, (a) N = 5; (b) N = 8; (c) N = 10; (d)

N = 12
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4 ? Ø

l±þ©Û��: p��f©��, /¤�.
ù�fªÌ�DÑålù£, � NSR ��f��
�, 3� ���Å�?¬�)Ð¼Å. lã 3 w
����f�ù£, Ð¼Å7£, L²
3)¤�
ëYÌ�, 1n��Ý�ÀJéÅÌ°Ýké�
K�. ·��ÀJ1n(�ÚÄ$óÀ, Ø=�±
��ù	1Ì, ��±��7£�b	1Ì. ùé
�O�ëYÌ1Ú�N��áóÀ [32] k�
�¿Â.

Ð¼Å�Ä$õÇO\Or. �\�Ä$
õÇ�, �©¿vk�©z [18,20,21] ��Ñyõ
�.ù�f, �U�Ä$ó°Ú1nëêk'. �
\�Ä$õÇ�, �p���f©�, /¤��õ
Ç�p.ù�f. ¤±, �©¥O\Ä$õÇ½O
��f�êéAu���põÇ�.ù�f. Gor-

bach Ú Skryabin ¤Jø�ÔnÅnL²: �põÇ
��f¬/¤���r�³|, é1f��^å�
�, l¦�Ð¼ÅõÇ�p. Ó�, XJ·���

Ä$õÇ, Ø=�±���N��ù£óÀ, ��
±��N��b	1Ì. ØLÙ§��Ï�EI
�Ä, ~XÐ¼Å��Z5�¯K, Ð¼Å��f
Å�Uþ=�¯K�, ÑEI�?�ÚïÄ.

5 ( Ø

|^©ÚFp��{ê��[
 PCF ¥��
fÐ¼y�. Äk, �½¸�õÇÚó°, UCDÑ
ål5*ÿ��fÐ¼���L§. ^ X-FROG �
[O���ØÓål?�ªÌ;,, du RIFS �
A¦��fù£, ��f���fË�Å÷v� 
���u)oÅ·ª, �)Ð¼Å. �X�fªÌ
ù£, Ð¼ÅªÌÅì7£. ,�, �½DÑålÚ
ó°, UC¸�õÇ, uy�X�fõÇO�¦�
�fgª£O\, ���f�Ð¼Å��p�^O
r. Äuê��[�[ïÄ
�fÐ¼�L§, �
`z�N��áóÀÚ�ëYÌ�ïÄJø
n
Ø©ÛÄ:.

[1] Ranka J K, Robert S W, Stentz A J 2000 Opt. Lett. 25 25

[2] Husakou A V, Herrmann J 2002 J. Opt. Soc. Am. B 19 2171

[3] Dudley J M, Genty G, Coen S 2006 Rev. Mod. Phys. 78 1135

[4] Wadsworth W J, Blanch A, Knight J C, Man T M, Russel P 2002

J. Opt. Soc. Am. B 19 2148

[5] Li S G, Ji Y L, Zhou G Y, Hou L T, Wang Q Y, Hu M L, Li Y

F, Wei Z Y, Zhang J, Liu X D 2004 Acta Phys. Sin. 53 478 (in

Chinese) [oÜ1, F�+, ±?�, û7X, ���, �²�, v
ñ¸, ��Â, Ü�, 4¡À 2004 ÔnÆ� 53 478]

[6] Liu W H, Song X Z, Wang Y S, Liu H J , Zhao W, Liu X M, Peng

Q J, Xu Z Y 2008 Acta Phys. Sin. 57 917 (in Chinese) [4¥u,

y�¥, �¶ì, 4ù�, ë¥, 4È², $��, Ny� 2008 Ô
nÆ� 57 917]

[7] Smirnov S V, Ania-Castanon J D, Ellingham T J, Kobtsev S M,

Kukarin S, Turitsyn S K 2005 Opt. Fiber Technol. 12 122

[8] Agrawal G P 2007 Nonlinear Fiber Optics (4th ed) (San Diego:

Calif)

[9] Herrmann J, Griebner U, Zhavoronkov N, Husakou A, Nickel D,

Knight J C, Wadsworth W J, Russell P, Korn G 2002 Phys. Rev.

Lett. 88 173901

[10] Blanch A, Knight J C, Russell P 2002 J. Opt. Soc. Am. B 19 2567

[11] Mitschke F M, Mollenauer L F 1986 Opt. Lett. 11 659

[12] Nishizawa N, Goto T 2002 Opt. Express. 10 1151

[13] Dudley J M, Gu X, Xu L, Coen S, Windeler R S 2002 Opt. Ex-

press. 10 1215

[14] Genty G, Lehtonen M, Ludvigsen H 2004 Opt. Express. 12 4614

[15] Yulin A V, Skryabin D V, Russel P 2004 Opt. Lett. 29 2411

[16] Skryabin D V, Yulin A V 2005 Phys. Rev. E 72 016619

[17] Efimov A, Taylor A J, Omenetto F G, Yulin A V, Joly N Y, Bian-

calana F, Skryabin D V, Knight J C 2004 Opt. Express. 12 6498

[18] Gorbach A V, Skryabin D V, Stone J M, Knight J C 2006 Opt.

Express. 14 9854

[19] Gorbach A V, Skryabin D V 2007 Nature Photon. 1 653

[20] Gorbach A V, Skryabin D V 2007 Phys. Rev. A 76 053803

[21] Skryabin D V, Gorbach A V 2010 Rev. Mod. Phys. 82 1287

[22] Hill S, Kuklewicz C E, Leonhardt U, Konig F 2009 Opt. Express.

17 13588

[23] Nishizawa N, Itoh K 2009 Appl. Phys. Express. 2 062501

[24] Erkintalo M, Genty G, Dudley J M 2010 Opt. Express. 18 13379

[25] Stolen R H, Gordon J P, Tomlinson W J, Haus H A 1989 J. Opt.

Soc. Am. B 6 1159

[26] Hollenbeck D, Cantrell C D 2002 J. Opt. Soc. Am. B 19 2886

[27] Liu X M, Lee B 2003 IEEE Photon. Technol. Lett. 15 1549

[28] Li S G, Zhou G Y, Xing G L, Hou L T, Wang Q Y, Li Y F, Hu M

L 2005 Acta Phys. Sin. 54 1599 (in Chinese) [oÜ1, ±?�, 0
19, û7X, ���, vñ¸, �²� 2005 ÔnÆ� 54 1599]

[29] Cristiani I, Tediosi R, Tartara L, Degiorgio V 2004 Opt. Express.

12 124

[30] Erkintalo M, Genty G, Wetzel B, Dudley J M 2010 Opt. Express.

18 25449

[31] Roy S, Bhadra S K, Saitoh K, Koshiba M, Agrawal G P 2011 Opt.

Express. 19 10443

124203-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 124203

[32] Zhu Q H, Zhou S H, Zhao L, Zeng X M, Hang Z, Zhou K N, Wang

X, Huang X J, Feng G Y 2011 Acta Phys. Sin. 60 084215 (in Chi-

nese) [Áéu, ±Æ�, ë[, Q�², ��, ±pH, �Ç, ��
�, ¾I= 2011 ÔnÆ� 60 084215]

Numerical simulation of soliton trapping of the
supercontinuum in photonic crystal fiber∗

Li Jian-Feng1)† Zhou Gui-Yao1)2)3) Hou Lan-Tian1)2)

1) ( Institute of Infrared Optical Fibers and Sensors, Yanshan University, Qinhuangdao 066004, China )

2) ( State Key Laboratory of Metastable Materials Science and Technology, Yanshan University, Qinhuangdao 066004, China )

3) ( School for Information and Optoelectronic Science and Enginering, South China Normal University, Guangzhou 510006, China )

( Received 14 September 2011; revised manuscript received 25 October 2011 )

Abstract

In this paper, we numerically study the soliton trapping of supercontinuum in photonic crystal fiber by solving generalized

nolinear Schrödinger equation. Using the cross-correlation frequency resolved optical gating (X-FROG) technique, the propagation of

the supercontinuum is recorded along the fiber and the evolution of soliton trapping is observed. When the phase-matching condition is

met, new frequency of the pulse trapping is generated from four-wave mixing of soliton with nonsolitonic radiation, and is continuously

blueshifted while the soliton is redshifted. Higher pump-power shows the strong interaction between soliton and nonsolitonic radiation.

Provided in the paper is a theoretical basis for tunable ultra-short laser pulses and supercontinuum researches.
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