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0�
ÄuCb	u1�4+ LED (¥%Å�� 372 nm, �p° 13 nm) 1���Z°�nOráÂ1ÌE
â, Ó�^u&ÿèþíN HONO Ú NO2. LED Ñ�1²O��ÍÜ?\�Ý� 70 cm, dü¬p��Çº¡|¤
�p°�1ÆnS. ©Oÿþ
�í�1ÌÚ±í�1Ì, ÏLüöa|Ñ��¡��ÉÚå1ÌrÝ�Cz5
I½º¡��Ç. 3 360—390 nm �üÅãS, º¡��Ç3 390 nm ?���� 0.99962, éAÿþ NO2/HONO ·
ÜÔ����1§� 1.71 km, ¿|^���¦[Ü�üÑ
 HONO Ú NO2 �ßÝ�. �1Ìæ8�m� 1000 s

�, HONO Ú NO2 �&ÿ(¯Ý (1σ) ©O� 0.6 ppbv Ú 1.9 ppbv. ¢�(JL², TEâ�¢y�íèþíN�p
(¯Ý3�iÿJø
,�«�U�å».

'�c: �í1Æ, ��Z°�nOráÂ1ÌEâ, Cb	u1�4+, HONO &ÿ

PACS: 07.88.+y, 07.60.Rd, 42.60.Da

1 Ú ó

OH gdÄ´�«�z54r�Ô�, §3
é6��z�A¥åX���^ [1],  HONO
3 300—400 nm ÅãS�1)´xU�) OH gd
Ä����5 [2,3]. � HONO �5¯K8c
ÿØ�Ù, Æâ.ÊH@�ÙÌ�5´� NO2 �
'�zÆ�A [4−6], X NO2 ÚY�í�A 2NO2 +
H2O ↔HONO + HNO3, ½ NOx �Y�í�A NO2

+ NO + H2O ↔2HONO. HONO �� OH gdÄ�
5, q� NO2 �'�zÆ�A;��'. Ïd, Ó
�iÿ HONO Ú NO2 éu?�Ú
)é6�zÆ
CzL§äk�¿Â.

�í¥ HONO �ßÝÏ~3A�� pptv �
A � ppbv � � S [7−12], é u � © á Â 1 Ì E
â (DOAS)[13] 5`, ¼�p&ÿ(¯Ý����

{´O\ÿþ1§, X�1§ DOAS[14] �ÿþ
1§��Aúp�A�úp, Ù&ÿ(¯ÝU�
� pptv þ? [7,8,12]. ,�1§ DOAS ¿Ø·Ü
u�«���S�ÿþ, ÿþC��éE,. C
c5uÐå5�Äup°�1Æn�ÿþEâ,
XnP�1ÌEâ (CRDS)[15,16] ½nOráÂ1
ÌEâ (CEAS)[17,18], 3&ÿ(¯ÝþU��1
§ DOAS �|{, �¢�C�(�{ü!;n.
Wang Ú Zhang[19] æ^ CRDS Eâÿþ
 HONO
3 354.2 nm ?�áÂ, 3 15 s æ8�mS&ÿ
(¯Ý� 5 ppbv; Kasyutich � [20] æ^�¯l¶
ª CEAS Eâiÿ
¢�¿�í¥� NO2, 3£
���ì�m~ê 1 s ��¹e, NO2 �&ÿ(¯
Ý� 1—2 ppbv. Cc5, Äu�l�Úu1�4
+ (LED) ���Z1�°�nOráÂ1ÌE
â (IBBCEAS) ��UÑy, ¿¤õA^u�íè
þíNÚ NO3 gdÄ�ÿþ [21−27]. IBBCEAS ´
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|^\�13nS/¤õg��5O\1§l
Jp&ÿ�(¯Ý. �©±Cb	 LED (¥%Å�
� 372 nm) ��1, ïá
�@ IBBCEAS ¢�
C�, ÿþ
 NO2/HONO ·ÜÔ, 3 1000 s 1Ìæ
8�mS, HONO Ú NO2 �&ÿ(¯Ý (1σ) ©O
��
 0.6 ppbv Ú 1.9 ppbv.

2 IBBCEAS ¢�C��ÿþ�n

2.1 IBBCEAS ¢¢¢���CCC���

IBBCEAS ¢ � C � X ã 1 ¤ «, Ì � �
) LED 1!p°�1Æ��n!�¥¡º!
1 < ! È 1 ¡ ! 1 n ! 1 Ì ¤ ! & ÿ ì Ú O
� Å �. LED 1  (LZ1-00U605, LedEngin) ¥
% Å � � 372 nm, � p ° 13 nm, u 1 � ¡ º
� 1 mm×1 mm, 1õÇ 130 mW, SC3Ñ9ì
þ. LED uÑ�1²�¥¡º f1 (�» 45 mm,
�å 32 mm) O��ÍÜ?\dü¬p��Çº
¡ M1, M2 (CRD Optics) |¤�nNS. M1, M2 þ
�²]º, Ç�»� 1 m, �»� 25 mm. M1
� M2 �m�k�må�� 70 cm, 3 360—385 nm
ÅãS�[I½º¡��Ç�u 0.9999. nNdØ
Cgá���, S»� 21 mm, nS9Ûk Teflon,
±d~�9�Aéÿþ(J�5�K�. �
~�
,Ñ1Ú�½\�à��ºþ�1���, 3\
�àº¡ M1 c¡��1<. Ó�, �Ä�3�ü
Åã±	 M1 Ú M2 k�p�ß�Ç, �
³��
üÅã�	�Ñ�1éÿþ(J�K�, 3�¥¡
º f1 � LED �m����ÏÈ1¡ (ZWB2). l
º¡ M2 ß�Ñ��1²,���¥¡º f2 (�
» 45 mm, �å 32 mm) à8�1n (�» 400 µm,
NA = 0.22) �\�à¡. Ñ�1ÏL1nÍÜ�
1Ì¤ (QE65000, Ocean Optics) �\�d¿, ²1
Ì¤©1�ì�� CCD a1¡þ, CCD &ÿìÏ
L USB ��ò=���1ÌêâÑÑ� PC O�
Å, øÙ©Û?n. � �� �� � � � � � 	 
 	 ��  � � � � � � � � � �

ã 1 IBBCEAS ¢�C�«¿ã

2.2 ÿÿÿþþþ���nnn

nOráÂ1ÌEâ´Äuÿþ1²1Æ
nSkÃáÂíN��1rCz5�ü�ÿí
N�ßÝ, l1ÆnÑ�àß�Ñ��1r I �
L«� [21]

I = Iin · T 2(1 − L)
1 − R2(1 − L)2

, (1)

ª¥ Iin �1ÍÜ?1ÆnS�1r, R �º
¡ � � Ç, T � º ¡ ß L Ç (T ≈ 1 − R, ¢ S
þ T < 1 − R, Ï�º¡�á��áÂ�Ü©1
r), L �13nSü§DÑ���Ñ. �Ñ L �)
üÜ©, �´�ÿíN�áÂ�Ñ La, ,��´5
gíN©f Reyleigh Ñ�Ú�âÔ Mie Ñ��Ó
�¤��µ�Ñ Lb. �Ñ L �L«� [28]

L = La + Lb + LaLb ≈ La + Lb. (2)

3�m�n�°�nOráÂ1ÌEâA^
¥, ~æ^ZH��í½"�í���µ. e´é
�í¥�èþíN?1ëYiÿ�, Ï~3í´¥
�O\LÈC�5È�íM�ÚYð [22,23]. �Ò
´`, �µ�Ñ Lb ¥� Mie Ñ�Ü©�±�ÑØ
O. b�13nSzgDÑ�Ñ�Ì Lambert-Beer
½Æ, K��:

1 − L = e−(αd+αRayd), (3)

ª¥ α �¤káÂíNo��1Xê, � α =∑
i

σici (σi Ú ci ©O�1 i «íN�áÂ�¡Úß

Ý), αRay � Reyleigh Ñ��1Xê, d �k�n�.
ernSkÃáÂíN��Ñ�1r©OL«� I

Ú I0 (I0 éA α = 0), K�â (1) Ú (3) ª���:

α =
1
d

∣∣∣∣∣∣ln
 1

2R2

√
4R2 +

(
I0[1 − (Re−αRayd)2]

Ie−αRayd

)2

+
I0[(Re−αRayd)2 − 1]

Ie−αRayd

))∣∣∣∣ . (4)

�º¡��Ç R → 1, e−αRayd → 1, éufáÂ5
` (L → 0), (4) ª�CqL«�

α =
1
d

(
I0

I
− 1

)
(1 − R) . (5)

(5) ª¥� I0, I Ú R Ñ´Å��¼ê. ��, |
^���¦[Ü��{ÒUlÿþ���áÂX
ê α ¥�üÑ�ÿíN�ßÝ� ci.
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3 ¢�(J�?Ø

3.1 ººº¡¡¡������ÇÇÇ���III½½½

d (5) ª��, e�láÂXê α ¥�üÑ�
ÿíN�ßÝ�, Ø
ÿþ¼� I0, I �	, �7L
(½1Æn¤^�p��Çº¡���Ç R �.
3 CRDS Eâ¥, º¡��ÇÏLÿþ�n�P�
�m5(½. 3 IBBCEAS Eâ¥, ��æ^ù«
�{5I½º¡��Ç [29,30]. Ød�	, ��é
ßÝ®��áÂíN?1ÿþ5I½ R[23−25], e
3�üÅã�k O2-O2 �áÂ, �ÏLÿþ O2-O2

�áÂ?�Ú`z¤I½� R � [25,31], ½��¦
^ O2-O2 �áÂ5I½ R[32]. ,	, �k�«�{

Ò´|^ØÓíN©f Reyleigh �1��É55
I½ R. Washenfelder � [22,33] Ò´|^±íÚ"
�í½�íüö Reyleigh �1k����É5I
½º¡��Ç�, ù«º¡��Ç�I½�{{ü,
�·^ub	Ú��1?ÛÅã. �©�æ^ù«
�{5I½º¡��Ç. e¡�Ñ�´��Ç R �
L�ª, äN�í�L§�ë�©z [22] N¹ A.

R(λ) = 1 −

IN2(λ)
IHe(λ)

· αN2
Ray(λ)d − αHe

Ray(λ)d

1 − IN2(λ)
IHe(λ)

, (6)

ª¥ IN2(λ) Ú IHe(λ) ©O�nS¿\�íÚ±í
��Ñ�1ÌrÝ, αN2

Ray(λ) Ú αHe
Ray(λ) ©O��

íÚ±í� Reyleigh Ñ��1Xê.

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

� ��� �� � ! "#$ %&�� ���� �'( ) * +) , +) - +) . +/ 0 1
�

ã 2 º¡��Ç�I½ (a) ¢�´ IBBCEAS ±íÌ, :�´ IBBCEAS �íÌ; (b) ±í Rayleigh Ñ��¡; (c) �í Rayleigh
Ñ��¡; (d) I½Ñ�º¡��Ç

ã 2(a) �Ñ�´¢�ÿ�� IBBCEAS �í
ÌÚ±íÌ (�íÚ±í�XÝþ�� 99.99%),
du±í� Reyleigh Ñ��1�u�í, ¤±±í
Ì � 1 r p u � í Ì. � 
 � � αN2

Ray(λ) Ú
αHe

Ray(λ), �7L��üö� Reyleigh Ñ��¡.
� © � â © z [34] � Ñ � � í Ú ± í 3 Å �
363.8 nm ? � Reyleigh Ñ � � ¡ (© O �
2.382×10−26cm2·molecule−1 Ú 3.5×10−28cm2

·molecule−1) ±9�¡� λ−4 �mCq¤�5�'

X [35], ��üö3 360—390 nm ÅãS� Reyleigh
Ñ��¡©O�ã 2(b) Ú (c). ã 2(d) �Ñ�´�
ªI½Ñ�º¡��Ç, ���� 0.99962 (390 nm
?). ¢Sþ, º¡�����Ç (0.99965) Ñy
3 400 nm NC, �du LED 1�¥%Å�3
� 372 nm ?, ��yÿþXÚ�&D', ¿�ÀJ
º¡��Ç���«����üÅã. du¢�L
§¥º¡¬k�½§Ý�À/, ,	�[�Ñ�º
¡��ÇI¡�Ñpu¢S� (Ï~�[´ÿþß
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LÇ T , �â R = 1 − T �� R, ¿vk�Äº¡
á��á1), l��º¡��Ç¢ÿ�Ñ�u
�[I¡�, �©z [22,33] ¥�º¡��ÇI½
(J�¹�Î.

� â Platt � [36] � Ñ � k � 1 § L �
ª Leff(λ) =

d

1 − R(λ) + αRay(λ)d + α(λ)d
(L �

ª¥�Cþ¹Â�þã��), O�
�n!nS¿
\�í!nS¹k 10 ppbv NO2 + 10 ppbv HONO
ÚnS¹k 100 ppbv NO2 + 100 ppbv HONO o«
�¹e�k�1§ Leff , Xã 3 ¤«. lã 3 ¥
�±wÑ: Ø�n	, Ù¦n«�¹e�k�1
§ (� 1.71 km) �Oé� (< 1%), ù´Ï� NO2

Ú HONO �áÂ�1�º¡��ÇÚ Reyleigh Ñ
��1�', �±�ÑØO. XJæ^�p��Ç
�º¡ (X R = 0.99996), d�áÂíN��13
é�§Ýþò¬û½k�1§���.

� � � � � � � � � � � �� � �� � 	� � �� � �� � � 
 � � �  � � � � 
 � � �  � � � � �
 � � � �  � � � � 
 � � � �  � � � � �� � ��� �
ã 3 IBBCEAS �k�1§

3.2 NO2 ÚÚÚ HONO ���ßßßÝÝÝ���üüü

¢�¥� HONO �d±eü«�A�) [4,5]:

NO2 + NO + H2O ↔ 2HONO, (7)

2NO2 + H2O ↔ HONO + HNO3. (8)

¢��, k�nS¿\� 10 ppm � NO2, ,�^¹
Yþ� 0.6%��í?1Dº, ��æ8áÂ1Ì.
du NO ´ NO2/N2 ·ÜÔ�k�,�, Ïd, �A
ª (7) Ú (8) é HONO ��)þk�z, �éJ
«©.

d¢��ÿ�� NO2/HONO ·ÜÔáÂ1Ì,
¿�â (9) ª|^���¦[Ü�©�¡��©á
ÂXê, B��� NO2 Ú HONO �ßÝ�.

∆α(λ) = ∆σNO2(λ)cNO2 + ∆σHONO(λ)cHONO,

(9)

ª ¥ ∆α (λ) � � © á Â X ê, ∆σNO2 (λ)
Ú ∆σHONO (λ) ©O� NO2 Ú HONO ��©á
Â�¡, cNO2 Ú cHONO ©O� NO2 Ú HONO �
�ü�ßÝ�. NO2 Ú HONO �áÂ�¡ σNO2

(λ)!σHONO (λ) © O d © z [37, 38] ¥ � p ©
E Ç � ¡ � ¤ ì ¼ ê ò È � � �. é á Â
X ê α(λ)!NO2 � ¡ σNO2 (λ) ± 9 HONO �
¡ σHONO(λ) ©O?1õ�ª[Ü. b�nö[Ü
�õ�ª©O´ Pα(λ)!PσNO2 (λ) Ú PσHONO

(λ), K ∆α(λ)!∆σNO2(λ) Ú ∆σHONO(λ) � Ï
L (10) ª¦�:

∆α(λ = α(λ) − Pα(λ),

∆σNO2(λ) = σNO2(λ) − PσNO2(λ), (10)

∆σHONO(λ) = σHONO(λ) − PσHONO(λ).

ã 4(a) �Ñ�´ NO2/HONO ·ÜÔ��©á
ÂÌÚ[Ü(J, 1Ìæ8�m� 1000 s. ã 4(b)
Ú (c) ©O�Ñ
 NO2 Ú HONO �[Ü(J, é
A�ßÝ (NÈ·Ü') ©O� 11.94 ± 0.55 ppbv,
14.08 ± 0.23 ppbv. I�`²�´, üößÝ[Ü
(J¥�Ø� (4.6%Ú 1.6%) ==�L���¦[
Ü�Ø(½5, ¿Ø�)áÂXê α(λ) �ÿþØ
�. �â (5) ª, α(λ) �ÿþØ�Ì�d (1 − R)(Ø
�� 15%, Ì�5u±íÚ�í� Reyleigh Ñ
� � ¡ ÿ þ Ø �)!d(Ø � � 1%) Ú (I0/I − 1)
(Ø�� 0.5%) n�ÏfÚ\, �O α(λ) �ÿþ
Ø�� 15%. (Ü NO2 Ú HONO áÂ�¡�Ø
� (� 5%), �âØ�D4¼ê (∆ =

√∑
i

∆i) �

O NO2 Ú HONO ßÝ�ü�Ø�3 16%�m.

ò NO2 � © á Â X ê � ¸ - ¸ �
(3.7×10−8 cm−1) Ø±[Üí� (�ã 4(d)) �I
O   � (5.89×10−9 cm−1), � � NO2 ÿ þ & D
' (SNR) �� 6. Ón, �� HONO ÿþ SNR �
� 23. b½ SNR � 1 �, �±l�©áÂÌ¥�
üÑ NO2 Ú HONO �ßÝ�, K NO2 Ú HONO
� & ÿ ( ¯ Ý (1σ) © O 1.9 ppbv Ú 0.6 ppbv.
Ï L U õ LED 1  Í Ü � Ç, ½ O \ æ 8 �
m, ½¦^���1Æn [24], Ñ�±?�ÚJ
pXÚ�&ÿ(¯Ý. ,, ¿Ø¿�X¦^�
p��Ç�º¡½���1ÆnÒ�½U
J
p & ÿ ( ¯ Ý. � Rayleigh Ñ � ¤ E ¤ � 1 r
� Ñ (αRay · d) � u º ¡ � � Ú å � 1 r � Ñ
(1 − R) �, IBBCEAS � k � 1 § Ì � � û u
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Rayleigh Ñ �,  � º ¡ � � � Ç. d �, e ¦
^�p ��Ç�º¡, Ø�é k�1§��z
Ø²w, �¬¦1ÍÜ?nS�1ÌrÝ~
�, ¦� RNS C���, �Ò��XÚ&ÿ(¯

Ý�ü$. cÙ3b	Åã, ©f� Rayleigh Ñ�
� 1 � �,  � LED 1  � 1 õ Ç � é � f.
Ïd, b	Åã� IBBCEAS Ø¨¦^��Çép
�º¡.� � � � � � � �� � � � � � � �� � � � � � � ��� � � � � � � � �	 � � � � � � ��� 	 � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � � �� 	 � � � � � � �� � � � � � � � �� � � � � � � �	 � � � � � � ���


 � � 
 � � 
  � 
 � �


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

� ���� � � �
� � �

ã 4 NO2 Ú HONO �ßÝ�ü (a) ��´¢ÿ� NO2/HONO ·ÜÔ��©áÂÌ, ù�´[ÜÌ; (b) ��´ NO2 ��©
áÂÌ, ù�´[ÜÌ, �üßÝ� 11.94 ppbv; (c) ��´ HONO ��©áÂÌ, ù�´[ÜÌ, �üßÝ� 14.08 ppbv; (d) [
Üí�Ì

4 ( Ø

ÏLé HONO Ú NO2 �áÂÿþ, �y
±
Cb	u1�4+��1���ZnOrá
Â1ÌEâ¢yp(¯Ý&ÿ��15. 3éÿ
þ¤ì�mº��¦'�î��^�e, E�¢
y HONO Ú NO2 �p(¯Ý&ÿ, IBBCEAS ´�
«n��ÀJ, cÙ´¦^ LED �1, ¦� IB-

BCEAS ÿþC��\{'. ¢Sþ, Ø
 HONO
Ú NO2 �	, �kéõ�íèþíN3Cb	Åã
k�ráÂ, X HCHO, SO2, BrO �, IBBCEAS E
âÓ��±^uù
íN�p(¯Ýÿþ. Ó�,
�X LED Eâ�uÐ, �põÇ!���¡º�
b	 LED �Ñy, �ò¬��UõÿþXÚ��
m©EÇ.
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Abstract

An application of incoherent broadband cavity enhanced absorption spectroscopy with a near-ultraviolet LED (λpeak≈ 372 nm

and FWHM is 13 nm) to simultaneously detecting HONO and NO2 is described. The light emitted from the LED is collimated and

then coupled into an 70 cm long high finesse cavity formed with two high reflectivity mirrors. The spectra are respectively recorded

when the cell is filled with He and then N2, and the mirror reflectivity is determined from the change in transmitted intensity due to

the difference in Rayleigh scattering cross-section between He and N2. The maximum of mirror reflectivity is 0.99962 at 390 nm

in a spectral region of 360–390 nm, and corresponding maximum of light path length is about 1.71 km when NO2/HONO mixture is

measured. The concentrations of HONO and NO2 are obtained using least-squares fit. Detection sensitivity (1σ) of 0.6 ppbv for HONO

and 1.9 ppbv for NO2 are achieved using an acquisition time of 1000 s. The experimental results demonstrate the possible application

of this technology to in situ monitoring the trace gases in the atmosphere.

Keywords: atmospheric optics, incoherent broadband cavity enhanced absorption spectroscopy, near-ultraviolet
LED, detection of HONO
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