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&&&ÿÿÿXXXÚÚÚïïïÄÄÄ*

�B�† ´ù² éÉÅ �[ !ã Ü�d p¡²

( ¥I�Æ�S 1Æ°�Å�ïÄ¤�¸1ÌÆïÄ¿, Ü� 230031 )

( 2011 c 10 � 9 FÂ�; 2011 c 11 � 2 FÂ�?Uv )

|^�=Ñ�Or.1ÌEâ (QEPAS) (ÜÄu Lab-VIEW �O�êiªÇ£½Eâïá
�@íN¢�&
ÿXÚ, T�Y¦^ 3f &Ò��Ø��"&Ò, ò-1ì£½3�ÿíNáÂ¸�¥% �, �y
��mÿþ�
O(Ý¿�Jp
&ÿ�Ç. ¢�¥æ^¥%Å� u 1.396 µm � DFB ��N-1ì��1
, ÀJ~Øe�í
¥�Yð��ïÄé�, éXÚ5U?1
ÿÁ, ¿éK�K�XÚ&ÿ(¯Ý�Ì�Ï�?1
©Û. ¢�(J
L², TXÚ�±ò-1ì­½3 ±0.001 cm−1 ��S, é-1ì��mó���Å�¤£å�
éÐ�³��^,

XÚ�uÿ��� 1 ppm, T�Y�±��A^uó�íiÿ!èþÀ/Ô¢�ÿþ�+�.

'�c: �=Ñ�Or.áÂ1Ì (QEPAS), Å�N�, ^�êi£�, êi PID

PACS: 07.01.Df, 07.05.Fb, 33.20.Ea, 42.55.Px

1 Ú ó

DÚ�1(1ÌEâ [1−4] ��ÏL¦^(
Æ��né(&Ò?1���^p(¯�ð�º
?1ÿþ, Äuð�º�1(XÚ�,&ÿ(¯
Ýp, �´duð�º��AªÇé°, ¤±éN
´É±�(Å�K�, Ïd��
1(1ÌEâ
�2�A^, cÙ´3	|�A^. 2002 c. Tittel

Ú Anatoliy JÑ
�«|^��ªÇ� 32.768 kHz

��=Ñ�5&ÿ1(&Ò�#Eâ, ¡��=Ñ
�Or.1(1ÌEâ (QEPAS)[5], TEâäkN
È�!�k�³�$ªÚ±��¸D(�`:. C
c5 QEPAS uÐ×� [6−11], Ø=¢y
�Ü©�
©f�p(¯Ý&ÿX CO2, CO, NH3, CH4, C2H4

�, �¢y
éÍ|[��©f�&ÿ. Anatoliy �
<��O
õ|©¢�&ÿXÚ, ¿¤õA^u�
áíN�ä�+�, ÙØ%��Ü©�¦^M��
O� CEU(control electrics unit).

�©Ì�0�|^ Lab-VIEW ¢y����
¬(Ü QEPAS ïá�¢�&ÿXÚ, Äu Lab-

VIEW ¢y����¬, äk´¢y!Bu£�9
?U�`:. ¢�¥±~Øe�í¥�Yð��ï
Äé�, ¦^ë�1´�ng�Å&Ò��Ø��
"&Ò, ò-1ì£½3YðáÂ¸�¥% �,

¿ÏL£���ì¢�)NÑ1(&Ò�üÑí
NßÝ, Ó��éK�XÚ5U�Ì�Ï�?1

©Û. ¢�(JL², 3�u 40 h �¢�ÿþL§
¥, -1ì�ó�ªÇ©ª�£½3 ±0.001 cm−1

��S, éÐ�³�
-1ìÏ	.�¸Cz
Ú
å�¤£, XÚuÿ��� 1 ppm.

2 ÿþ9©Û�n

2.1 QEPAS EEEâââ

�DÚ1(ÿþXÚ�ØÓ, QEPAS ¦^�
= Ñ � � Oð� º 5 & ÿ 1 ( & Ò. � 8 c �
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� QEPAS Ì�k 2 «�O, ©O�Xã 1 (a) V
��+�O9ã 1(b) l¶ü��+�O (¥mm
k��), V��+�Od Anatoliy JÑ [13], ´A
^�ÊH��«�O, l¶��+�Od Liu �
JÑ [12], dul¶�O¥(Å�ÍÜ�Ç�$u
V��+�O, ¤±¢�¥·�æ^�´V��
+�O.

¦ ^ QEPAS & ÿ � � 1 ( & Ò � ±
L«� [13]

S(P ) = KIαQ(P )ε(P ), (1)

Ù¥ K �XÚ~ê, I �-1ì1õÇ, α ��ÿ
íN�áÂXê (��ÿíNáÂ�¡9ßÝk'
�þ), ε(P ) �(1=��Ç, Q(P ) �Ñ��¬�
Ïê�N
�ÄUþ��Ñ½�ÄÉ��{Z�
�� (��
ó�� Q ���� 104 þ?).

ã 1 8c 2 «~^� QEPAS �O

du�=Ñ�äkép� Q �, Ïd QEPAS

UJø�p�&ÿ(¯Ý. ,
1(�A�)�
1(&Òk��A:, Ò´(&Ò����N�

ªÇ¤�''X, ¤±DÚ�1(1Ì��rN
�ªÇ�3 1—4 kHz ��, 
�=Ñ�3ªÇp
� 32.76 kHz ?ó�, ù���~
1(&Ò. 3
�=Ñ�üà\þ��+�±k��Jp1(&
Ò, �
���Z���+º�, ·�éØÓS»
ÚØÓ�Ý���+?1
ÿÁ, ã 2 �Ñ
¦
^ü���+��ÿþ(J, éuÓ�S»�+
Ù��Ý÷vâÔ[Cz5Æ, dãØJ��S
»� 5 mm �+äk�Z��A�°, ¿��Ý�
� 4.5 mm �&Ò�����, ¤±¢�¥·�À
JS»� 5 mm �Ý� 4.5 mm ���+?1ÿþ.

ã 2 1(&Ò�+�S»9�Ý�Cz

ÄuÑ��1(ÿþEâ�`³3uÑ��
pª�A (32.768 kHz NC) 9éÄ�ªÇ�A�
° (A� Hz), ÏdéÑ��ªÇ�AA5?1ïÄ
�'­�. ã 3(a) ����íØe��=Ñ��-
1ìN�ªÇ��A­�, ÿþ(JL², �=Ñ
���A¼ê÷vâÔ[�. [14], �^eª£ã:

S(f) =
Awf√

(f − f0)2 + (wf)2
, (2)

Ù ¥, f0 � � = Ñ � � � � ªÇ, w � � A
� ° (FWHM), ½ Â � & Ò Ì � e ü � � � �
� 1/

√
2 ��ªÇ°Ý, =ÙõÇÌeü���

������ªÇ°Ý. Ù���Ä{Zk', Ø
ÓØåäkØÓ��°. du3¢�¥´|^Å�
N�� 2f &Ò?1ßÝ�ü�, ¤±N�ªÇ�
Ñ���ªÇ� 1/2. lã 3(b) �Ñ
1(&Ò�
��uÅN��Ì�Czª³.

QEPAS «OuDÚ1Ì�,��A:´1(
�A�)�(ÅUþÈ\¥ì��Ä�Ñ�þ, 

�È\3(Æ��ìS. QEPAS È\(U��m�

120701-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 120701

±L«�

t =
Q

f
, (3)

Ù¥ Q �Ñ��¬�Ïê, f ���ªÇ, Ïd~
Øe�=Ñ�È\(U¤I���m�� 0.3 s(~
Øe Q �± 104 O, ��ªÇ� 32.768 kHz), Ó�
ù�´ QEPAS XÚ����A�m, �$uT�
m�XÚÿ���­½. ±d�O, ¢�¥·�æ
^�æ��mm�� 0.5 s.

ã 3 ~ØeYð�1(&Ò�ªÇÚ�Ì�Cz

éu QEPAS 
ó, XJ>´�OûÐ�vk
Ú\>fD(�{, XÚD(�Ì�5
�Ñ��
9D(, =�XÚD(�u�=Ñ��9D(�,

�±@�XÚ®���Z5U, �=Ñ��9D(
deª�Ñ:√

〈V 2
N〉 =

√
∆fRg

√
4kBT

R
, (4)

Ù¥
√
〈V 2

N〉 ´D(>Ø��þ�, ∆f ´&ÿ�
°, T �§Ý, kB �À�[ù~ê, Rg �>´¥�
OÃ>{, R ��=Ñ���>´�{|. �=Ñ
��9D(´Ã{�Ø�, ´ QEPAS Eâ�&ÿ
4��, Ïdù�´�½XÚ´ÄN!Ð�IO
��.

2.2 êêêiiiªªªÇÇÇ£££½½½EEEâââ

3-1ì­ªL§¥, Ï~|^Ûg�Å�L
":A5 [15] ò l�-1Å�£½3áÂ�¥%

 �, du�g�Å&Ò3áÂ�¥% �k £
¿�É1rK�, ¤±¢�¥æ^ng�Å&Ò�
��ª&Ò, ã 4 �Ñ
|^ Lab-VIEW �O�ê
i£�)NÑ��í¥YðáÂ&Ò��!ng
�Å (�Å&ÿ�¡�nØúª�±ë�©z [16],

3 d Ø 2 K ã), Ù ¥ µ S I 5 � « m � £ ½
«m.

ã 4 �í¥Yð��!ng�Å&Ò

¢�¥·�æ^ Lab-VIEW �O� PID ��
�{5¢yªÇ£½, ¦^ng�Å���½
� (set point) ����Ø�&Ò, dTØ�&Ò
�'~!È©�5|ÜO�Ñ-1ì�ó�>6,

|^ GPIB (General-Purpose Interface Bus) ��§
Ý>6��ì (LDC-3724) ?1�"��. êi PID

��ì´d�[ PID ��ìuÐ
5�, ·Ü^O
�Å5¢y, äkN�(¹!�Ï���`:. �
æ�±Ïv
��, Ù��L§���[���©
�C.

3 ¢�C�9�O

¢�C�Xã 5 ¤«, 1
æ^¥%Å� 
u 1.396 µm ?��4+-1ì (NTT, electronics

corporation), -1ì�°� 2 MHz, d LDC-3724

§Ý>6��ì (ILXLightwave Inc) ��, ¼êu
)ì�)�AªÇÚÌ���uÅé-1ì?
1N�. ÑÑ-1d1n©åì©¤ 99:1 ��å
1, 1%�1ÏL§�� 10 cm �ë�³�d&ÿ
ì (New Focus Inc. 2011FC-M) &ÿ, 99%�1²1
n�lìÚà�ßº�ÍÜ���+¥, ¦�1
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ÏLÑ�¥%�lÑ�þL¡ 0.8 mm ? (&Ò
4�� �, �ë�©z [6]), 1(&Ò�)�(
Å-u�=Ñ���, du�=Ñ�äkØ>�
A, �=Ñ����ò�)Ø>>6. �=Ñ�
�)�Ø>>6^��g��!�">{� 2 M

�$�>´?1��¿=��>Ø&Ò, ,�2
^&Ò��ì (EG&G, Model 5113) é&Ò?12

g��ÚÈÅ. ²&Ò��ì����&Ò^£
���ì (Stanford Research Systems, Model SR 830

DSP, TC 1S, Filter Slope18db/oct) ?1 2f )N, =
�� QEPAS &Ò. £�)N�� QEPAS &ÒÏL
SCkêâæ8k�>M?1æ8Ú?n, Ù¥£
�Ú-1��ìd>MÏL GPIB k?1gÄ�
�, ¼êu)ìd USB-RS 232 ?1��.

ã 5 ¢�C�«¿ã

XÚ�^��O6§Xã 6 «, Ì��)>
6!ªÇ9Ì�×£�¬!êi PID ���¬!
^�êi£��¬!Kalman ¢�ÈÅ�¬±9
½�ì�¬. ×£�¬Ì�ÏL PC ���¤ì
¢y, l
��XÚ�Zó�ëê, ¿�Ñ£½«
m (locking range); êi£��¬Ì�KIÓÚ)N
ë�³�ng�Å&Ò, ¿�Ñë�³� DC &Ò,

^u�ØÿþL§¥-1ì¥%1r�Cz, T�
¬��O�nXã 7 ¤«, dæ8kæ8 PD �Ñ
Ñ&Ò9¼êu)ì�ë�ÑÑ&Ò, |^ PLL �
¬Jlë�&Ò�ªÇ9� &E¿)¤ n �ª
&Ò, � PD ÑÑ�®N�&Ò?1¦{$�, ,�
ÏL�Å«$Ï FIRÈÅì, éÈÅ�(J�²þ
���c n g�Å�; êi PID ���¬KIò¢
�ng�Å&Ò=�>6��&Ò, |^ GPIB �
� LDC-3724 ¢yé-1ì��"l
¢y-1ì
ªÇ�£½, ¢�¥¦^nÁ{�� P 9 I ëê,

©O� 1(eü÷��!þ,÷�K) Ú 0.01, �m
~ê� 0.5 s. KalmanÈÅ�¬Ì�KIéêâ?
1¢�ÈÅ [17], ¿�T�¬�km'. �Ä�Ñ�

���ªÇ�U¬É�±��¸�K�, ·�3§
S¥\\
½�ì�¬, ½ÏéÑ����ªÇ?
1��, ¢�¥ÀJ��mm�� 1 h.

4 ÿþ(J9©Û

¢�¥, ·�ÀJ
Åê�7161.4101 cm−1�
YðáÂ�é-1ì?1£½9ßÝ�ü, ~§e
(296 K) Ù�r� 1.174 × 10−20 cm−1/(mol·cm−2),

¿�±�Ù¦©fXCH4, C2H2�du¹þ�$
9 � r � f � ± �ÑØ O. ã 8 � Ñ
7158—

7169 cm−1 ��S�í¥©f�áÂG¹�[,

ùµI5��¤ÀÌ�. Ó��
��Ï§ÝUC

Úå��rCz, ·�é¤ÀÌ���r�§Ý
�Cz?1
�[, ¿�êâ¥?1
'�Xã 9,

3XÚ¥\\§ÝDaì�B�éÿþ(J?1
¢���.

ã 10 �Ñ
êi PID �£½L§, 3�u 40 h

��mS, 8�z� 3f &Ò�©ª���3 ±0.01

S, ¦^½IúªéÙÅê�?1�í, �±(
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½êi PID ò- 1ì£½3� � ±0.001 cm−1

���S, UéÐ�÷v·�éu��m¢�&
ÿ��¦. ã 11 �Ñ�´-1ìgd$=9¦
^êi PID ���'�, lã¥�±²wwÑ,

gd$=�-1ì�ªÇÅÄ�� 0.01 cm−1,

\ \ PID � � ± � y - 1 ì � � m ­ ½ ó �
3 ±0.001 cm−1 ±S, ÏdT�{éÐ/³�


-1ìÅ��¤£. XJ�?�ÚJp-1ì­
½Ý, �±ÀJ Doppler \°�áÂ&Ò���
ª&Ò, ­½Ý�3dÄ:þJpC 1 �þ?, �
´éu��miÿ
ó, £½«mL�¬��X
Ú�£, ¿�ÙáÂ� ���3Øå £¯K,

¤±¢�¥·�æ^
~Øe�áÂ&Ò?1
£½.

ã 6 ^��O6§ã

ã 7 ^�êi£��n«¿ã

ã 8 7163 cm−1 NC�í¥©f�áÂG¹
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ã 9 ¤ÀÌ���r��§Ý�Cz

ã 10 PID ��L§

ã 11 -1ìgd$=9mé PID � 3f &Ò�é'

éuªÇ­½��XÚ, Ø
-1ìÚ&ÿ
ì���D(��	, K�Ù&ÿ(¯ÝÌ�Ï
��-1ìÑÑ1r�ËÄ, 3¢�ÿþL§¥,

�±^£���ì)NÑ�1(¢�&Ò�Ø±
ë�&Ò� DC �±�Ø-1ìÑÑ1õÇ�Ë
Ä. ¢�L§¥�
O(�üÑYð�ßÝ�, ·
�éØÓßÝ�Yð?1
ÿþ, ¦^��áÂ

&Ò5I½1(&Ò. Äkò-1ìN!��ÿ
áÂ¸NC, ¦^>6×£(½áÂ«m, |^ê
i PID òÙ£½3áÂ¸þ, ¿�Ñ�c®�Ø1
r�1(&Ò�, ,�ò�uN�&ÒO��ªÇ
� 50 Hz!Ì�� 2 V �Ã¥% ��n�Å, é
Ù��áÂ&Ò?1ÿþ, ã 12(d) �Ñ
ØÓß
Ý��1(&Ò�éA��áÂ�m��5'X
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ã. �
ÿÁXÚ5U, ·�é¢�¿S�Yð?
1
�u 40 h �ëYiÿ, ã 12(a) �Ñ�� 3f �
ª&Ò�¢�(J, 3ÿþL§¥�±wÑ 3f �
"&Ò©ª3 ±0.01 ��S, =-1ì©ª�£½
3 7161.4101± 0.001 cm−1 ���S. ã 12(c) �Ñ

YðëYiÿ(J, dul 3 � 12 FeÌm©
e�, ��¢�¿SYðßÝ±Yþ,, ßÝCz

��� 0.51%—1.15%, �¢SG¹�Î (�§�O
'�). ã 12(b) �Ñ�´üg×£��1(&Ò,

ÏLêâ©Û·��±��1(&Ò�9D(Y
² (vkáÂ��&ÿ(J, ùµI5«�), 2 ö�
Ø��&D'�� 8400, ¦^��áÂI½�ßÝ
�� 0.85%, ±&D'� 1 ��&ÿ(J��&ÿ
4�, K�±�ÑXÚ�&ÿ4��� 1 ppm.

ã 12 (a) � 3f ¢�(J; (b) �Å:×£���1(&Ò; (c) �Yð¢�ÿþ(J; (d) ���áÂO��ßÝ�1(&Ò�
�5'X

5 ( Ø

�©Ì�0�
 QEPAS Eâ9 Lab-VIEW �
O�êiªÇ£½Eâ3íN¢�&ÿ¥A^, T
�YäkNÈ�!&ÿ�Çp!�Ï­½�`:.

ÏL¦^ë�³�¬�ng�Å&Ò9êi PID

Eâò-1ªÇ£½3©fáÂ¸ �þ, ªÇ­
½Ý�� ±0.001 cm−1, k�³�
-1ì�ªÇ
¤£. ¦^ QEPAS Eâ?1ßÝ�ü, XÚ��

�p�&ÿ(¯Ý (XÚuÿ��� 1 ppm). TE
â�±��A^uó�í¢�iÿ!èþÀ/Ô
3�©Û [18−20] �+�, äk2,�A^��.
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Research on the real-time measurement system
based on QEPAS∗

Wang Gui-Shi† Yi Hong-Ming Cai Ting-Dong Wang Lei Tan Tu
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( Laboratory of Environmental Spectroscopy, Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, Hefei 230031, China )
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Abstract

A real-time measurement of gases based on QEPAS is introduced. For eliminating fluctuation of laser, a simple method, in which

a digital PID algorithm and a software lock-in amplifier designed by using Lab-VIEW are employed, is utilized to lock the laser to

the center of the absorption line. In order to test the system, an absorption line of water vapor near 1.396 µm is chosen by using

a fiber-coupled distributed feedback (DFB) diode laser. An over-40-hours continuous measurement is implemented, and the relevant

results are presented and discussed. The detection limit of the system is 1 ppm. This method can also be used to measure the trace

gases and monitor the industry gases.

Keywords: quartz enhanced photo-acoustic absorption spectroscopy (QEPAS), wavelength modulation spec-
troscopy (WMS), software lock-in amplifier, digital PID
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