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¢�uy, �¦-1�\ó1n�n�, ü�ý9�n�¶�¿Ø��R�, �¡��²191n�n Mach-

Zehnder Z�¤Ñy1§��Å�O��5~�!�no�Ñ�Å�O�¥4~Cz��~y�. éd, JÑ�
²191n�n Mach-Zehnder Z�¤#�.¿ÐÚïá
©ÛnØ, æ^#�.9©ÛnØé#.�nZ�¤A
5?1
ïÄ. ê�©Û
�n.�!�Ý�ëêéÌ¸Å� ��K�, nØïÄ
�n�1ÅDÑ�Ñ!áÂ
�Ñ!�\�Ñ!á�ù	áÂ�Ñ±9éZ�^«é'Ý�K�, nØ©Û�¢�(J�Î. ¢�¼�YM�Z
�^«é'Ýp� 35 dB ��²191n�n Mach-Zehnder Z�¤, ò#.1n�nZ�¤^u6NDa, Ùø0
YM�ò�ÇDa(¯Ýp� –12937.31 nm/RIU.

'�c: 1n Mach-Zehnder Z�¤, �²191n�n, �¦-1�\ó, 6NDa

PACS: 07.60.Vg, 07.07.Df, 07.60.Ly, 06.60.Jn

1 Ú ó

1nDaì±Ù(�{ü!©EÇp!ÿþ
°Ýp!NÈ�!ØÉ>^Z6�Ãõ`³�
2�A^uÔnþDa!)ÔzÆuÿ9�¸i
ÿ. Ù¥, 1nêâ - Q��Z�¤ (Mach-Zehnder

interferometer, 1n MZI) ´�a5U`û�äk
2,A^cµ�#.1nDaì. 8c, ®���
1n MZI «a�õ, Ù(�5K��.z, 3§
Ý!AC!Øå!�!ò�Ç�°�ÿþ¥w
yÑ²w�`³. �â���ª�ØÓ, ~��1
n MZI Ì�küa: Ù¥�a´3ü�1nþÚ\
ü� “"�«” �¤� MZI, cöòn�¥DÑ�Ü
©1ÅÍÜ���¥, �öK¦��¥DÑ�1Å
2ÍÜ£n�, ¦Ù��{3n�¥D��1Åu

)Z�. du1|3��¥DÑ´É1n±��¸
�K�, Ïd�±?1�«Ônþ�Daÿþ, Ù
;.(�X�±Ï1n1»é [1−3]!CO2 -1Í
1 [4]!1n.I [5−7]!Photonic Crystal Fiber (PCF)

���í�¥� [8] �; ,�a´Äu1nL�E
â�¤� MZI, �)ØÓa.1nÚÓa.1n�
L��� L�, X PCF �mZ�¤ [8]!Single-

Mode Fiber (SMF) �   L � [9]!SMF-Twin-Core

Fiber-SMF |Ü [10]!SMF-Two-Mode Fiber-SMF |
Ü [11] Ú SMF-Hollow Optical Fiber-SMF |Ü [12]

�, ÙZ�y���)þ�8(�1Å31n¥�
©å�ÜåL§.
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ï<
?1
Rk¤��&¢. |^�¦-1�
\ó�¡�1n MZI ���{{B, E5Ð, k
"¢y1þ)�; ÏÙ�(|.�1n(��Fp
§, ��3���¸e¦^. 2010 c, Wang � [13]

|^�¦-1Eâ, ÏL1ný¡���¢y
(
¯Ý� –9730 nm/RIU �ò�ÇDa; 2011 c, Zhao

� [14] |^�¦-1Eâ, 31ný¡��Ñ^«
é'Ý�u 25 dB � U /3�. MZI, ù
&¢5
�ïÄ�1n MZI ��OÚï�Jø
#�¢y
�ªÚå».

,, ·�3¢�¥uy, �¦-1�\ó1
n�n�, �¡�1n�nüý9�n�¶�¿Ø
��R�, =1n�n MZI �üý9�)
�½�
��. �\©ÛL², ��9��)�ÏÌ�k: �
´�¦-1�ß²á��p�^äk(½�K�
A5, �k�\�-1rÝ�Lá��úK��â
U¢yá��k��Ø; �¦-1�1r÷�m©
ÙØþ! (Cq�pd.), 1r�DÑålO\
~f, ���¡��n°Ý÷�m©ÙØþ!, ù
3¢S\óL§¥éJ;�. �´3¢�L§¥1
n.�§Ý!-11�C/!XÚ1´N��Ï
��¬K��ný9����Ý. éuý9��,

`zXÚ�\óëê�3�½§Ýþ\±��, õ
g¢�uy: -1õÇ��, �ný9���Ý�
�; à�w�Ôºê��»��, Ù���Ý��.

�¦-1�\ó��²191n�n MZI, Ñy1
§��Å�O��5~�!�no�Ñ�Å�
O�4~��~y�. 3©z [13, 14] ¥, Ù¢S
���1n�nw«��²19(�, �nØ©Û
Eæ^DÚ�²1n MZI nØ. �&¢¿�º·�
uy�#y�, �©JÑ�²191n�n MZI �
.¿ïá
�A�©ÛnØ. æ^#�.9©Ûn
Ø, ïÄ¿�º
ù«#.1n�nZ�¤�A5
9ÙK�Ï�, nØ©Û�¢�(J�Î. A^ï
ÄL²: #.1n�n MZI äk4p�ò�ÇD
a(¯Ý, 3zÆ!)Ôuÿ9�¸iÿ¥äkû
Ð�A^d�.

2 ¢�ëê�Z�¤(�

¢ � ë ê À � X e: � ¦ - 1 ¥ % Å �

� 800 nm, óÀ°Ý� 35 fs, EªÇ� 1 kHz,

��ÑÑ²þõÇ� 3.5 W, ¢�¥¦^õ�P
~¡±ü$-1Uþ; IO� SMF-28 >&1n
^u�n��, n��»� 8.2 µm, n�Ä�k�
ò�Ç� 1.4682, Ä��|�»� 10.4 ± 0.5 µm

(@1550 nm); 10× w�Ôº (NA = 0.25) ^u-1
1åà�, �N°Ý� 2.5 µm �n��Ä²�¦-
1à�u1nL¡, x11R�-1\����
�±¦1n��¿©ì², |^ CCD ¢�iÿ1
n�n��L§.

¢�uy, �\��¦-1Uþ�L�=Àæ
�úK��, á�\ó«�/¤p§pØ�lfN
�	�u��Ø. ¢��, Äkò�¦-1õÇ
N� 2—5 mW «m, æ�d��L¡�1nn�
©��\�ª?1\ó, ÙL§d CCD ¢�iÿ;

Ùg, N���ëê, ¦1n�ne.¡�C1n
n� �, �E¢�\ó, /¤1n�n MZI; ��,

^ßÝ� 5%� HF �M�@¡�n, Ïmò1n�
nüà©O��°�1Ú1Ì¤ë�?1i�,

��Z�^«é'Ý��¢��¦���. ¢�¼
��1n�n MZI 9Ùß�ÌXã 1 ¤«, �nü
ý9Ø²1.

ã 1(c) ¥1n�n�ß�ÌLy��Å�O
�¥yþ�ª³, ù�©z [13—15] �����.

Ty�Ì�Ï�¦-1é7Àæ�^�3á�L
¡/¤I/�(�Úå. äNLy�: Äk, éu
L¡\ó«���\ó«�, cöé 1.1—2.5 µm

ù	Åã�áÂÇwÍO���1Å��~¼
ê [16], 7L¡\ó«��ù	áÂA5KÏ�
(�/m�ØÓØÓ [17]; Ùg, I/�(�º�
���þ?, �1Å���, 1ÏLL¡\ó«�
�òu)�¼Ñ�, qdu�n�mn�üý9�
	��, �Ü©Ñ�1òÃ{2ÍÜ£n�SDÑ.

®k�ïÄy²: �¼Ñ�1r�Cz�1Å� λ

�$�g¤�', = I ∝ 1/λn(n = 1, 2, 3), n ��
��ûuÑ�âfº��� [18]. dd��, þãü
�Ï��Ó��1n�n MZI �ß��Ñ�Å�
O�Åì~�. d	, ÏL1n�n�1ÅUþ
�Ñ��u3n�¥1ÅUþ��Ñ, Ïd�¼�
pé'Ý�Z�^«, 7L�y1nn��ØÜ©
��Ý�un��».
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ã 1 �¦-1�¡�1n�nZ�¤ (a) ýÀã; (b) :Àã; (c) ß�Ì

3 nØï�

3.1 nnnØØØïïï���

ã 2(a) ��²191n�n MZI (�«¿ã.

Ù¥, θ1, θ2 �L�nüý9���. Xã¤«, n
�¥DÑ1| I 3�n�9©�üå, Iin1 ?\�
nSDÑ, �{�1 Iin2 33n�SUYDÑ. l
�nm9Ñ��1P� Iout1 Ú Iout2, ��u)Z
�, §�©OéAu\�1 Iin1 Ú Iin2. ã 2(b) ¥
¢���Ln�î�¡, R �n��», H �n�
�£ØÜ©�pÝ, -1\ó«� (ÒKÜ©) P
� S; J���L1nÄ��|, w0 ��|�».

ã 2(c) �|^1�1Æïá��n�., �n/G
Cq��F/. 1�g��mY²��\�, n�

¥%¶���n�ý9��:�����IX�
":, �âAÛ'X, 1�\��o´��� θ1 �
�. du�ný9��, �nSÜ1��DÑ�Ì
ü«ØÓ5Æ. {²�Ø���5, ã¥�Ñùü
«5Æ¥;.1��1´ã, ©O�1��Ú1�
�. 3�n�ÝÚ�ne.¡�Ý�½��¹e,

��ný9���u�½�Ý�, 1�²�ý9 y1

ß�?\�n����lmý9 y2 þ� A :Ñ�
1n, 1´Xã¥ùÚ��¤«; ��ný9�
����, 1�²�ý9 y′

1 ò�?\�n��ò
�����, d�1�î lY²��, ØU�
���mý9 y′

2 k���ne.¡��u A′,

���2lmý9 y′
2 � B′ :Ñ�1n, 1´Xã

¥ÉÚ��¤«, �d�éA�¤këþ, Ùmþ
�þkþI “′” ±««O.

ã 2 1n�nêâ - Q��Z�¤ (a) Z�¤(�«¿ã; (b) n�î�¡; (c) 1n�nnØ�.
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²1n MZI �1§� δ = nL, L ´ MZI �n
�, �½�, � δ =�Å��¼ê, �²191n
�n MZI �1§��Å�!ý9��Ú�n�Ý
þk'. ��½�nëê�, üZ�1å�1§� δ

�|^þãïá��n�.O���. ã 3 �Ñ

 1310 nm Ú 1550 nm Å�1�1§� δ ��n
ý9���Ý�Cz�¹ (b� θ1 = θ2), 3���
Ý� 0◦ � 4◦ �m, 1§����O�¥�54~
ª³, 5◦ � 40◦ �m, 1§����O�¥k~�
�O�ª³, ��ÇÅìO�. �Ñya�´Ï
��nSÜ1��DÑ�âý9���ÝØÓ
�Ìü«ØÓ�5Æ. ã 4 �1n�n MZI �1§
� δ �Å� λ �Cz�, Ï δ � λ Cq¤�',

��|^�5[Ü�{L� δ �1Å��O�¥
�5~��5Æ, = δ = kλ + f (θ1, θ2, D), Ù¥�
Ç k �~ê, �å f ��n�.� θ1!m.� θ2

±9�n�Ý D �¼ê, [Ü�5Ý� 0.99997.

ã 3 1§� δ ����Ý�Cz

ã 4 1§� δ �Å��5Cz

�\ïÄL²: 1n�n MZI Z�^«é'
Ý�Ì�K�Ï�Xe:

1) \�1å Iin1 Ú Iin2 �é��: Ù��Ï
LÈ©O�ã 2(b) n� S «�S1rÓÄ�o1
r I �z©' γ ��;

2) 1Å3�n¥�DÑ�Ñ: =1n�nSp
d1å30�¥�DÑ�Ñ (1 − t);

3) �nÚn��1ÅáÂ�Ñ: �)�nS0
�é1�áÂ�Ñ α Ú��-1\óL¡��n
üý9Ú\�á����ù	áÂ�Ñ;

4) 1n�nüý9��¼Ñ�: Iin1 ÏL1n
�n-1\óL¡�(��u)��¼Ñ�.

1nÏ�n�Ú\»�
Å�(��é¡
5, l¦1n¥-uÑ�p��ª����³,

Ù¥�k�êA��ªU
2ÍÜ£n�¿u)
k�Z�. �©òù«�Ñ¡��D��ª�Ñ,

Ù�ÑXê^ η L� (0 < η < 1). Ò1n�n MZI

1ÌA5ó, η �û½
1n�n�\�Ñ�
��. u´, �²191n�n MZI ü:Ñ\1
r Iin1, Iin2 ÚÑÑ1r Iout1 Ú Iout2, ±9ÑÑo
1r Iout �deãX�'XªO���:

Iin1 = γI, (1)

Iin2 = (1 − γ) I, (2)

Iout1 = Iin1t1tt2 (1 − α) (1 − η)

× (1 − 1/λn) · g (λ) , (3)

Iout2 = Iin2 (1 − η) · g (λ) , (4)

Iout = Iout1 + Iout2

+2
√

Iout1Iout2 cos (2πδ/λ + ϕ) , (5)

ª¥ t1, t2 ©O��nüý9�1rßLÇ, ϕ

� Iout1 � Iout2 �ÍÜ� Cz, g (λ) ´�©�
)ºã 1(c) Z�Ìþ�CzÚ\�ù	áÂA
�¼ê.

31Æ©Û¥, ¼��Z1��{��k©Å
¡Ú©�Ìü«�{. cöò1Å�Å¡©¤eZ
Ü©, dù
Ü©uÑ�1Å2g���K�)Z
�; �ö�;.¢~�²1²��V1åÚõ1å
Z�. dã 2(a) ��, d?V1åZ��8a�©
Å¡{V1åZ�, =üåZ�1�Ð©� � ϕ0

ð�". I��Ñ�´, �©é (5) ªnØO�y
², Ù¥�ÍÜ� Cz ϕ ¿Ø�". �â�ª
nØ?1©Û, 1|lgd�mÍÜ£1n¥�Í
Ü�£�� [19], ÿØv±)º ϕ �¤Ï. nÜùü
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«Ï�, �� ϕ Ø�"�äk'ÍÜ�£���,

ïÄL²ù�pd1å3�ný9L¡�(�þ
u)Ñ�Úå�� Czk'.

du��.ü�1nÄ� LP01 ��©Ù/G
aqupd©Ù [20], Ïd�^pd¼êé1nÄ
�|©Ù?1Cq. u´, n�î�¡S�|�Ì
©Ù�^eªL«:

E (r, z) = E0
w0

w (z)
exp

(
− r2

w2 (z)

)
, (6)

w (z) = w0

√
1 +

(
zλ

nπw2
0

)2

, (7)

ª¥ r �|:�n�¶��ål; z �1Å?\�
n��DÑål; w(z) ��nS1|3 z ?��|
�», =pd1å�1��». �â (6) ª, \�1
r'~Xê γ Ú�nSpd1åDÑß�Ç t �
æ^Xe�{O�:

γ =
Iin1

I
=

∫∫
S

exp
(
−2r2

w2
0

)
rdrdθ

2π∫
0

w0∫
0

exp
(
−2r2

w2
0

)
rdrdθ

, (8)

t =

∫
S

(
w0

w (z)

)2

exp

(
− 2r2

w (z)2

)
rdr

∫
S

(
w0

w0

)2

exp
(
−2r2

w2
0

)
rdr

. (9)

ã 5 �²191n�nêâ - Q��Z�¤ß�ÌnØO�
�¢�(Jé'ã

Äuþãïá��.Ú©ÛnØ, ·�é�²
191n�n MZI A5?1
ïÄ. b�ù	áÂ
A�¼ê g (λ) ¥4Oª�ê¼êCz, =

g (λ) = exp
(∑

Cnλn
)

, (10)

ª¥ Cn ��L¡\ó«�/mk'�ëê. �â
¢�(J, ÏLN� (10) ª¥Xê Cn ����, �
"¼��¢�(J��C�nØ©Û�. ã 5 �
�â (1) ª —(10) ª�nØO��¢�(Jé'
ã. Ù¥, 1n�nüý9���©O� θ1 = 12◦

Ú θ2 = 10◦, �n�Ý D = 63.9 µm, D��ª�Ñ
Xê η = 0.75, �¼Ñ�� n �� 2.

3.2 ééé'''©©©ÛÛÛ

�BunØÚ¢�?1é'©Û, òã 5 ¥�
Å¸ ��Å� �UÅ�l����^S©O
^ λ1, λ2, λ3, λ4, λ5 ?1IP. L 1 ©O�Ñ
¢
�ÚnØ©Û1Ìã¥z�Å��Å¸�Å��.

L 1 ¢�(JÚnØO��Å�/Å¸ �

¸� é'�8 λ1/nm λ2/nm λ3/nm λ4/nm λ5/nm

Å�
¢�(J 1197.8 1265.6 1343.2 1427.2 1520.4

nØ©Û 1197.7 1265.8 1341.9 1427.4 1524.1

Å¸
¢�(J 1236.4 1309.0 1389.2 1479.9 1583.6

nØ©Û 1236.7 1308.2 1389.2 1480.1 1583.4

ã 6 1n�nZ�ÌÅ¸/Å� ��nØ�¢�é'(J
(a) éAÅ��; (b) �éØ�
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dL 1 ��, nØO��¢�(J�Å¸/Å
���²þ�©O� 0.10 nm Ú –0.54 nm, þ��
©O� 0.39 nm Ú 1.67 nm; Ù¥¸���� 
�� 3.7 nm, T�=�éAÅ�� 0.24%. ²'�
��Å¸/Å�mål=gd1Ì��, ����
�²þ�©O� 0.10 nm Ú –0.76 nm, þ��©O
� 0.51 nm Ú 1.68 nm.

ã 6 �Z�ÌÅ¸/Å� ��nØ�¢�é
'(J, ã 7 �Z�Ìgd1Ì���nØ�¢�
é'(J. 3ã 6(a) Úã 7(a) ¥, ¢%Ý/Ú�%
�©O�Å�ÚÅ¸éA�êâ:; î�I´¢�
ÿþ�, p�I�nØO�(J; îp�I¶é�
��J�L«nØ�¢�(J��ÎÜ���¹.

dã 6(a) Úã 7(a) ��, ¤kêâ:þ©Ù3J�
é��NC. 3ã 6(b) Úã 7(b) ¥, ÎGã¤«�
nØ©Û�¢�(J�éØ��Cu", �� �
=� 0.24%, ù?�Ú`²nØ©Û�¢�(J´
�Î�, �©ïá��.Ú©ÛnØéu©Û�²
191n�n MZI ´k��.

ã 7 1n�nZ�Ìgd1Ì���nØ�¢�é'(J
(a) éAgd1Ì���; (b) �éØ�

4 1n�n MZI �6NDaA5

1n�n MZI �� N�.1nDaì, |
^Z�Eâ?1)N, ÏDa(¯Ýp; qdu
�n�m�ª, �^u6NDa, �ò�ÿ6NW
¿��nS�, n�SDÑ1|�����ÿ�
¬u)�p�^, 1|��¬��p�^Xê�,

¤±, d«Z�¤äkp(¯Ý�6NDaA5.

ò1n�n MZI ��ØÓßÝ�ø0YM�¥,

Xã 8(a) ¤«, Z�¤3ØÓò�ÇYM�¥�
ß�Ì�YM�ò�Ç�O��áÅ��¤£.

²�5[Ü��ò�ÇDa(¯Ý� –12937.31

± 295.62 nm/RIU, ò�ÇI½Ø�� 0.0003, �
ã 8(b), ùw«Ñ#.1n�n MZI äk4p�ò
�ÇDa(¯Ý.

ã 8 1n�n6NDaA5 (a) ØÓò�Çø0YM�¥
ß�ÌCz�¹; (b) �5[Ü(J

d ã 8(a) � �, 1 n � n � \ � Ñ = � �
A dB, �í¥é'Ý�� 2 dB, 3ø0YM�
¥�é'Ýp� 35 dB. dd��, �nS�ÿ�
¬d�í�¤ø0YM��, Z�^«é'Ýw
ÍO�, ù´Ï��n¥�¬ØÓ�pd1å�D
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Ñ�ÑØÓ. 1ná�7Ä.�ò�Ç�� 1.45,

�YM��C���í����, Ïpd1å
3�í¥�DÑ�Ñ7,�uYM�¥��Ñ,

ddíäÑ�í¥1n�nZ�Ìé'Ý�´Ï
� Iout1 ¿ Iout2, �nS�¬�¤ø0YM�, Iout1

O�¦� Iout1 Ú Iout2 ����, Z�^«é'Ý
wÍC�. A^ïÄL², TZ�¤.Daì·^
u6NDa, cÙ´é�Nò�Ç�ÿþ.

5 ( Ø

Äu�¦-1�¡1n�n¢���~y�,

JÑ�²191n�n MZI #�.¿ÐÚïá

©ÛnØ, éù«#.1n�nZ�¤A59ÙK
�Ï�?1
nØïÄÚ�º. ïÄL²: #.1
n�n MZI ß�ÌLy�o�Ñ�Å�O�Å
ì~�ª³, ù´Ï�3-1\ó«�, á�L¡
\ó«�/¤
I/�(�, á��ù	áÂA5
u)wÍUC, �1ÏL\óL¡�u)
�¼Ñ

�, ¦��Å�Ñ�áÅ�. éK�Z�^«é'
Ý��'Ï�?1
�[©Û. |^�²191n
�n MZI �.O����Z�Ì¸� �9gd
1Ì���nØ�¢���éØ��u 4%, nØ
©Û�¢�(J�Î. ÏLU?1n�n\óë
ê, ¢�¼�
Äu�¦-1ý¡��� HF �@
¡�$�Ñ!pé'Ý!Cq��F/�1n�
n MZI, ¿?1
6NDa¢�, ò�Ç(¯Ýp
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Abstract

It is found that two walls of fiber micro-cavity fabricated by femtosecond laser micromachining are not perpendicular to the fiber

axis. Interference spectrum of the unparallel wall fiber micro-cavity Mach-Zehnder interferometer (MZI) shows abnormal character-

istics, such as optical path difference decreasing linearly with wavelength increasing and the total loss decreasing with wavelength

increasing. In this regard, we propose an unparalleled wall fiber micro-cavity MZI model and establish analytical theory. By using

new models and theories, the new micro-cavity interferometer characteristics are studied, including that the effects of corner and depth

on spectral peak wavelength are numerically analysed and transmission loss, absorption loss, insertion loss, infrared absorption loss

of material as well as how they affect the interference fringe contrast are theoretically studied. Theoretical analyses and experimental

results are in agreement with each other. For fluid sensing, a high-quality unparallel wall fiber micro-cavity MZI is fabricated. The

interference fringe contrast of the fiber micro-cavity reaches up to 35 dB in water. Experimental results show that the sensor exhibits

an ultrahigh RI sensitivities, as high as –12937.31 nm/RIU in aqueous solution of sucrose.

Keywords: fiber Mach-Zehnder interferometer, unparallel wall fiber micro-cavity, femtosecond laser microma-
chining, fluid sensing
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