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�% Bragg 1n�2�^uíNDa, ��¦§�DÑÏ�?u¥ù	Åã, ±B��ÿíN�ÄªáÂ¸�
�. �©JÑ
�% Bragg 1nDÑÏ���«�O�{�Å���ó², �±¢yDÑÏ�3 2.5—12 µm S?
¿Å���% Bragg 1n���. ¢���Ñ��DÑÏ�©O3 10.6 µm Ú 3.3 µm �1n�¬, |^�ä{ÿ
þÑÙ��DÑÏ��Ñ©O� 5.9 dB/m Ú 8.8 dB/m. |^3DÑÏ�3 3.3 µm ��¬¥5\ÚüÑ`�/�í
·ÜíN, *	�
1n�¬ß�Ì�5\íNßÝ�Cz, ¿^�êDº{ÐÚÿþ
TXÚ�ßÝ&ÿ4��
� 26 ppm, �y
T1nA^uíNDa��15.

'�c: �% Bragg 1n, ¥ù	DÑ, ��1f¬N, íNDa

PACS: 42.81.Bm, 42.81.Pa, 42.70.Qs

1 Ú ó

íNDa3�¸iÿ!¶ìS�!<Nèx
iÿ��¡kX2��A^ [1−3]. íNDa��
�­��{´1ÌáÂ{, ÙÄ��n´|^�
ÿíNéA½Å�1�áÂ5&ÿíN�ßÝ. �
â Beer-Lambert ½n, íN�1��p�^ål�
�, Ùé1�áÂ�r, &ÿXÚ�(¯Ý�p. Ï
dO\íN�¬¿�1§�±k�JpíNDa
(¯Ý. DÚ��{´3í¿S|^��ºé1?
1õg��5O\1§, ù«�{I�°(/N�
��º, Ù(�E,, NÁ(J, ­½5�. Ød

	, |^1n�1n�P�Eâ [4,5](ring-down) �
´��~^��{, T�{´ò1&Òõg�EÏ
Lí¿, ,�|^íNáÂ/¤�P~­���m
~ê5uÿíN�ßÝ [6], ù«�{�±ØÉ1

1õÇÅÄ�K�. Cc5, ���«�#�í¿,
�%�Y1n [7−14] Úå<��ÊH'5. |^�
%�Y1n5JpíN&ÿ(¯Ý, �I�{ü�
ò�1n�Ý=�¢y, 
�1nU
�7, ¦�

íNDa&Þ�\;n. du§��%�«�»é
� (z��þ?), ��±4�~�íNDa¥�¬
�^þ. 8c�%�Y1nõ��=á��¤, 

�=á�3¥ù	Åãkr��áÂ, Ã{|^í
N©f u¥ù	Åã�ÄªáÂ¸. Cc5uÐ
å5�¥ù	�% Bragg 1n [15−17] , æ^kÅà
ÜÔ (à�zæX, PEI) Ú¥ù	ß²�1zÔÀ
æ (Ýz� As2Se3) �á�, |^��¥��±Ï
(��1f�Y (photonic bandgap, PBG) 5¢y¥
ù	�%�1, �1níNDaEâ�¥ù	Åã
ÿÐJø
#å».

¥ù	�% Bragg 1nA^uíNDa�'
�, ´�¦1n�DÑÅãCX�ÿíNáÂ¸.
�éù�¯K, �©Äk0�
¥ù	�% Bragg
1n�DÑÏ��O�{, ?
JÑ¿¢�Øy

|±DÑÅãÅ����1n��ó², ��ÑD
ÑÏ�©O3 10.6 µm Ú 3.3 µm ��% Bragg 1
n�¬. ¢�*	�
DÑÏ�3 3.3 µm �1n
�¬¥Ï\`�/�í·ÜíN�1nß�Ì�C
z, ¿^�êDº{ÿþ
T¢�XÚ`�ßÝ�
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&ÿ4�, Øy
¥ù	�% Bragg 1n3íND
aþ�A^då.

2 �% Bragg 1n��

2.1 DDDÑÑÑÏÏÏ������OOO

éu��»�% Bragg 1n, �±òÙ��C
q�²���1f¬N (Xã 1 ¥�ã¤«), ¿Ï
L PBG ©Û(½1n�DÑÏ� [16]. e��1f
¬N¥ü«á��ò�ÇÚþÝ'(½, PBG �=
(½. ã 1 �Ñ
;.²���1f¬N�8�
z1f�Yã, O�¥ As2Se3 �Ú PEI �þÝ'
� 3:7, ò�Ç©O� 2.74 Ú 1.62. ã¥mý«�
éA TE �ª�U�, �ý«�éA TM �ª�U
�, ¥m�xÚ«�=´ PBG. J�´�í1I>
.. ��»�% Bragg 1n´õ��Y1n, $�
��ÚÑ­�bC�í1I>.. �Ä� TM �ª
��YÊH�u TE �ª, Ïd�±^ TM �ª�
Y>.��í1I>.��:��(½�% Bragg
1n�õ�DÑÏ�. �â1f¬N�ºÝC�A
5 [16], |^Xã 1 �8�zU�ã, �â8IíN
�ÌáÂªÇ, �L5O� Bragg 1n�����
1I¬N±Ï.

~Xdã 1 �±�� TM ����Y¥%8
�zªÇ��

ωΛ/(2πc) = Λ/λ = 0.3. (1)

`�íN� υ3 áÂ¸Å��� 3.3 µm, d (1) ª�
�¤I�1n����1f¬N±Ï�

Λ = λ × 0.3 = 3.3 × 0.3 = 0.99 µm. (2)

ã 1 ��1f¬N;.1f�Y(�ã Ù¥xÚ«��
1f�Y

2.2 óóó²²²¢¢¢yyy���{{{

3�¤�O��, XÛ�y�O�(�ëê�
O(¢y´1n���'�. Ù��ó²6§Xe:
1�Ú��, æ^ý�9�Û��{, 3 PEI ��
þ�Û�� As2Se3; 1�Ú��, Äkò�ÛÐ�
V��ò73Àæ�þ/¤��±Ï(�, ,�3
	¡ò7þvk�Û As2Se3 � PEI ����Å�
| �, ¿òT��\ý�¬¥�(¤�N, ��
^�Í� (HF) @¡K¥%�Àæ�, /¤äk�
�±Ï(����¥�ý��; 1nÚ.j, |^
1n.j��òý��.�¤�% Bragg 1n.

ã 2 1n��DÑÏ��.j'Cz�¹

l±þó²6§�±wÑ, nØþ�ÏL��
.j�ÝUC1n.j' (ý���»�1n�
»�'�), ?
UC1n��¥��1f¬N�
±Ï, l
¢yDÑÏ��N!. ,
3.�1n
L§¥, .j'�­½5�ý��º�!.j¬§
Ý!e��ÝÚ.j�Ý�'�ó²ëê���
'. éuA½�.j©, ��ëêL3�½`z�
�SâU(�.jL§­½^�. Lp½L$�.
j�ÝÑ¬¦.jL§C�Ø­½, î­K�1n
��þ. �é�©¤¦^�.j©, Ù�N��.
j'���� 10—20. Ïd, üXUC.j�Ý�
�.j'éDÑÏ��N�´k��, J±CX�
�¥ù	Åã.

�d, ·�òUC1ný�����±Ï Λ0,
¿�1n.j'�Ü¢y1n�DÑÏ���.
8c·�U
��Ñn«5��ý��, Λ0 ©O
� 60 µm, 30 µm Ú 15 µm. ã 2 ´3ØÓ.j'
e, n«5��1ný��.�Ñ�1nDÑÏ�
�O�(J. ��, éuz«5��ý��, .�Ñ
�1n�DÑÏ��.j'�5O�. 3�Ó�.
j'e, ±Ï���ý��éADÑÏ��$, �
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�½,. n«5��ý���Ü 10—20 �1n.
j', �Ä�á��Ñ�K�, �±¢yDÑÏ�
3 2.5 µm—12 µm ��S?¿Å���% Bragg 1
n��.

3 1n�¬�ÑÿÁ

�
�yþã��ó²éDÑÏ����k
�5, ·��O��
ü�1n�¬.

3.1 ������DDDÑÑÑÏÏÏ���333 10.6 µm NNNCCC������
%%% Bragg 111nnn

¢�¥À^±Ï Λ0 � 60 µm �1ný��,
PEI ��þÝÚ As2Se3 �ÛþÝ©O� 50 µm
Ú 10 µm, 1n.j'�� 15. ã 3 ´1n�¬
�î�¡×£>fw�º (SEM) ì¡. ���3
à¡?n��%�«�¥, 1n�¬��î3�
�ä�¥.

ã 3 10.6 µm Åã�% Bragg 1nî�¡×£>fw�ºì¡ (a), (b), (c) Iº©O� 500 µm, 20 µm Ú 5 µm

ã 4 10.6 µm Åã��% Bragg 1n�¬DÑA5 (a) ù	 Fourier C�Ì¤ÿþ�1n�¬DÑÌ; (b) ��DÑÏ�
¥ 939 cm−1 ?�DÑ�Ñÿþ¢�(J; (c) ��DÑÏ�¥ 2009 cm−1 ?�DÑ�Ñÿþ¢�(J
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ã 3(a) ´1n�¬îä¡��m. 1n�¬	
» 908 µm, S» 479 µm, ���þÝ�� 34 µm.
ã 3(b) Ú (c) ´��1f¬N����ã, Ù¥�
xÚ^«� As2Se3 �, ��Ú^«� PEI �. l
ã 3(b) ¥�±�Ù/w���¥�¹ 10 �±Ï.
lã 3(c) ¥�±wÑ, Ù±ÏþÝ�� 3.35 µm,
PEI �� As2Se3 ��þÝ'�� 5:1, �±
ý�
��k�þÝ'. ,��¡, 1n�¬���±Ï
�ý�����±Ï�'��� 18, �u1n.j
', �Ï3u1n.�L§¥ÏL3¥%�Ï\�
í��¥%�¥ , E¤1n�¬S	»'~�ý
��ÑkØÓ, ¦�DÑÏ��Å�Ñáuã 2 �
nØ(J.

ã 4(a) ´ ^ ù 	 Fourier C � Ì ¤ (FTIR)
ÿ þ � 1 n � ¬ D Ñ 1 Ì A 5. � ±
w � 3 943 cm−1(∼10.6 µm) N C � 3 �
� Ï �, � p � ° � � 78 cm−1(0.85 µm);
3 2041 cm−1(∼4.9 µm) NC�3,�Ï�, �p
�°�� 34 cm−1(0.3 µm). §�©OéA��
1f¬N�����Ú���Y. Ó��±w�
3 3000 cm−1, 4000 cm−1 Ú 5000 cm−1 �3Xõ
�fDÑÏ�, §�éA��1f¬N���p
�1f�Y. |^�ä{ÿþ
�ã 1.9 m ��

1n�¬�DÑ�Ñ. ã 4(b) Ú (c) ©O´1n
�¬���DÑÏ�Ú��DÑÏ��ÿþ(
J, �5[ÜO�üöDÑ�Ñ©O� 5.90 dB/m
Ú 6.12 dB/m.

3.2 ��� ��� DDD ÑÑÑ ÏÏÏ ��� 333 3.3 µm NNN CCC ��� ���
%%% Bragg 111nnn

�é`� υ3 áÂ¸, ·�À^±Ï� 15 µm
�ý����
��DÑÏ�3 3.3 µm NC��
% Bragg 1n, Ù¥ PEI �� As2Se3 ��þÝ©O
� 10 µm Ú 5 µm, 1n.j'�� 15. ã 5 �T1
n�¬�î�¡ SEM ì¡.

1n�¬	» 943 µm, S» 500 µm. ��
1f¬NþÝ�� 10 µm, ±Ïê� 10, ±Ï�
� 0.95 µm. PEI �Ú As2Se3 ��þÝ'� 2:1.

ã 6(a) ´|^ FTIR ÿþ� 3.3 µm Åã1
n � ¬ � ß � 1 Ì, Ù D Ñ Ï � ¥ % Å � �
3 3088 cm−1(3.24 µm) ?, CX
`�íN� υ3

áÂ¸, Ù�p�°� 403 cm−1(0.424 µm). ã 6(b)
´é�� 1.5 m ��1n�¬¦^�ä{ÿþD
Ñ�Ñ�¢�(J, �5[ÜO���Ù��DÑ
¸ (3018 cm−1) �DÑ�Ñ� 8.8 dB/m.

ã 5 3.3 µm Åã�% Bragg 1nî�¡×£>fw�ºì¡ (a), (b) Iº©O� 500 µm, 10 µm

¢�(JL², |^ØÓ(�ëê�1ný�
��Ü·��.j', �±��ÑDÑÏ�3¥ù
	Åã�?¿Å���% Bragg 1n. �3�¯K
´1n�¬�Ñ�punØ�, �U��Ïk: 1)
8c¦^� PEI ���ó�^á�, �Ñ��; 2)
��Ñ�1n�¬Ù±Ïê�k 10 �m, �ê�

¦��³�Ñ�; 3) 3.�L§¥1n�¬�	
»� 7%�m�ÅÄ, ¦�1n��Y�X	»�
ÅÄ
Cz, l
¦1n�DÑÏ�CÄ, �ÑA
5�z [18]. Ïd, ?�ÚJ,1nDÑ�þ�å
»�)U^1Æ?�àÜÔ��á�, U?ý��
Ûó², O\��¥���±Ïê±9U?.j�
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�, ~�1n	»ÅÄ�, �'�ó²U?�3?
1¥.

ã 6 3.3 µm Åã��% Bragg 1n�¬DÑA5 (a) ù
	 Fourier C�Ì¤ÿþ�1n�¬DÑÌ; (b) ��DÑÏ
�¥ 3018 cm−1 ?�DÑ�Ñÿþ¢�(J

4 íNDa¢�

íNDa¢�C�Xã 7 ¤«. ¢�XÚ
Ä u FTIR, 1 n � Ý � 1 m, FTIR © E Ç � �
� 2 cm−1, ¢�(JXã 8 Úã 9 ¤«.

ã 8 ¥�J�´5\X�í�1n�¬�ß
�Ì. ��1n�¬5\`�/�í·ÜíN (`�
ßÝ� 0.5%(NÈ')) �, 1n�¬ß�ÌþÑy

�~r��`�áÂ¸, Xã 8 ¥�¢�¤«.
­#5\�í, 1n�ß�Ì£E�ã 8 ¥J�¤
«G�.

��æ^�êDº{ [19] ÐÚÿþ
TíND
aXÚ�`�ßÝ&ÿ4�. ÙÄ�Ú½�: kò
�êDº´9�%1n¿÷`�/�í·ÜíN, �
���êDº´¥±�½6�¿\Dº^X�í,
�XDº�mO\, `�íNßÝ± (3) ª¤«�
ê~�, Ù¥ C0 �Ð©ßÝ, β ��Dºí6��

�'�~ê, t ��m.

C = C0 exp(−βt). (3)

�â Beer-Lambert ½n, íNé1�áÂ�ß
Ý~�
~�. (Ü (3) ª, íNáÂ¸?�ÑÑ1
r��mCz�5Æ�^ (4) ªL«:

I = I0 exp[−αC0 exp(−βt)], (4)

Ù¥ I0 �Ð©1r, α ��íN«a�'�~ê.
ã 9 �^�êDº{ÿþ�(J. î�I�D

º¤^�m, �>p�I�`�íNÌáÂ¸?�
1r, m>p�I�íNßÝ. ã¥�Ú�:�`
�íNÌáÂ¸?1r��mCz�(J, �±w
��X`�íNßÝ�Dº�mØäeü, Ùé1
�áÂØä~f, ÌáÂ¸?ÑÑ1rØäO\.
ã 9 ¥�çÚ¢��æ^ (4) ª�â¢�êâ[
Ü�(J, Ù¥ C0 � 5000 ppm, I0 � 78.22. �â
[Ü(J·�O�
íNßÝ��mCz­�, X
ã 9 ¥çÚJ�¤«. 3Dºm©� 175 min �, `
�íN�ÌáÂ¸®~f�Ã{©E, d�íNß
Ý�� 26 ppm, d=TXÚ8c¢�^�eé`�
íN�ßÝ&ÿ4�. ���Ñ�´, ÏL¦^�
p�1Ì©EÇ, Uõ1´ÍÜXÚ, ò�1n�
Ý���, íNßÝ&ÿ4��ké��Uõ�m.

ã 7 �% Bragg 1níN5\ÚDÑÌÿþ�¢�C�ã

ã 8 �í5\ (J�) Ú`�/�í·ÜíN (`�ßÝ
� 0.5%(NÈ')) 5\��% Bragg 1n�¬DÑÌ
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ã 9 �êDº{ÿþ(J

5 ( Ø

�% Bragg 1n�¥ù	�1Uå¦�§U

A^uíNáÂ��r��¥ù	Åã, �%

(�����«[��AÏí¿, O\
�p�^
ål, Ïd�2�^uíNDa+�. 
ù«1n
�nØ�OÚó²��´�æÙDÑÏ���ÿ
íN�ÌáÂ¸���'�. �©JÑ|^��1
f¬N1n��O�{5?1ÙDÑÏ���O,
¿JÑ
�«��.j'5�yÙÏ�Å���
��{. T�{�±^uDÑÏ�3 2.5—12 µm
S?¿Å���% Bragg 1n��. ¢���Ñ

��DÑÏ�©O3 10.6 µm Ú 3.3 µm ��
% Bragg 1n�¬, ^�ä{ÿþ, ÙDÑ�Ñ©
O� 5.9 dB/m Ú 8.8 dB/m. |^DÑÏ�3 3.3 µm
��¬, Ï\ÚüØ`�/�í·ÜíN, ·�*	
�1n�¬ß�Ì�íN5\�Cz, ¿|^�ê
Dº{ÐÚÿþ
TXÚ�&ÿ4��� 26 ppm,
Øy
¥ù	�% Bragg 1n3íNDaþ�A
^då.
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Fabrication of mid-infrared hollow-core Bragg fiber
and it application in gas sensing∗

Shi Li-Chao Zhang Wei† Jin Jie Huang Yi-Dong Peng Jiang-De

( Department of Electronic Engineering, Tsinghua University, Beijing 100084, China )
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Abstract
In its application of gas sensing, the transmission band of the hollow-core Bragg fiber should match the main absorption peak of

the target gas. In this paper, we introduce the design method of the hollow-core Bragg fiber transmission band and develop a fabrication
process supporting its transmission band control. Fiber samples with fundamental transmission bands at 10.6 µm and 3.3 µm are
fabricated, whose transmission losses are 5.9 dB/m and 8.8 dB/m, respectively, measured by the cut-back method. Utilizing the fiber
sample with a transmission band of 3.3 µm, the injection and the expulsion of CH4/N2 gas are realized and observed by the change of
fiber transmission spectrum. The detection limit of the experimental system is measured to be 26 ppm for CH4 by exponential dilution
method, demonstrating the feasibility of hollow-core Bragg fiber in its application of gas sensing.

Keywords: hollow-core Bragg fiber, mid-infrared transmission, one-dimensional photonic crystal, gas sensing

PACS: 42.81.Bm, 42.81.Pa, 42.70.Qs
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