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Abstract

This thesis includes two parts: Development and application of a continuous-wave
quantum cascade laser (CW-QCL) based instrument for measurements and study of nitrous
acid (HONO) and a broadly tunable mid-infrared laser system based on difference frequency
generation (DFG) in periodically poled lithium niobate (PPLN) for trace gas ( HCI, CH»O,
HONO) monitoring.

The OH radical is one of the key species in photochemical cycles responsible for ozone
formation, which can lead to the so-called "photochemical smog" pollution. The hydroxyl
radical also drives the oxidation of hydrocarbons in the atmosphere. Gaseous nitrous acid
(HONO) is a major source of the OH radical in the early morning and daytime. So HONO
directly affects the oxidative capacity of the atmosphere and indirectly contributes to
secondary pollutants which are products of that oxidation. High accurate and precise
concentration measurement of the atmospheric HONO requires high sensitivity and stability,
good temporal and spatial resolution. One part of this thesis has been firstly devoted to the
design of an optical instrument based on a continuous-wave (CW) quantum cascade laser
(QCL) operating at 8 pm (~1255 cm™) for HONO detection. The sensitivity and specificity
of the instrument were evaluated and described using HONO sample generated by chemical
reaction of H,SO, and NaNO,. The generated HONO concentration was quantified by
means of a denuder system associated with a conventional NOx analyzer. Moreover, within
the limits of the QCL frequency, only 5 absorption line intensities of HONO can be found
from the reference, so we measured the relative frequencies and line intensities of the
remaining absorption lines especially the one which was used to do trace gas measurement.
Line strengths of 19 stronger absorption lines observed are found to be around (3-90)x102'
cm. Direct absorption spectroscopy technique combined with a 125 m multi-pass cell was
applied to develop trace gas detection of HONO. In order to improve the sensitivity,
wavelength modulation technique was applied, the minimum detectable HONO
concentration resulting in a noise-equivalent signal was found to be about 400 ppt in 1
second integration time and fit for field measurements. HONO losses resulted from the
optical cell wall was experimentally investigated. The rate constant of HONO determined in
the present work might be helpful for field measurements of HONO, especially the

measurements using absorption cell. Finally, the QCL-based instrument developed in the

present work has been evaluated with in-door simultaneous measurements of HONO and



CH,4. The concentration of the two species obtained in the laboratory were 116 ppb and 1.5
ppm, and the corresponding 1 ¢ minimum detectable concentrations (MDC) in 1-second
integration time are 396 ppt and 6 ppb for HONO and CHy, respectively.

The other part of this thesis is focused on highly sensitive trace gas detection employing
a room-temperature, broadly tunable and narrow linewidth mid-infrared difference
frequency generation laser source. The mid-infrared laser system is based on
quasi-phase-matched (QPM) and DFG with a multi-grating temperature-controlled
periodically poled LiNbO; (PPLN) crystal employing two near-infrared diode lasers as
pump sources. The mid-infrared coherent radiation is tunable from 3.2 pm to 3.7 pum.
Detection of HCI, CH,O has been carried out. According to the absorption band (3590 cm™)
of HONO from references, another DFG laser sources employing a Ti: Sapphire laser and an
Yb fiber laser as pump sources was developed, and the output frequency calibration was
carried out using pure CO; gas. HONO measurement in this wavelength range will be

performed in the next work.

Key words: Quantum cascade laser, nitrous acid, difference frequency generation, mid-infrared, trace gas
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1. Introduction

Nitrous acid is an atmospheric pollutant gas, when it is sunny, nitrogen dioxide from
thermal power plants and automobile emissions will react with a wet organic ingredient to
form nitrous acid gas, make the bottom ozone in the atmosphere increase. The top ozone of
the atmosphere has the function to filter the sun's ultraviolet, while the bottom ozone of the
atmosphere is an important polluting gas, it will lead to smoke over the city, and irritate the
human eye and respiratory tract.

Since Perner and Platt!! for the first time clearly detected HONO in the atmosphere,
people realized HONO photolysis can produce OH radicals and thus significantly improved
the photo-oxidation process in the early morning, while other OH sources such as photolysis

%31 30% OH radicals in the morning from the photolysis

of ozone and formaldehyde is few
of HONO which accumulation at night, HONO decomposition can produce OH radicals
under UV irradiation which wavelength is less than 400 nm:
HONO + hv (300 nm < A < 400 nm) — OH + NO (1.1)
Usually considered that close to noon, HONO due to strong photolysis reaction can not
be accumulated, thus its contribution to OH radicals can be ignored. A lot of recent field
researches show that HONO is not only the most important OH radical sources early in the
morning, but also the main sources of daytime OH radical ). The OH radical is a key
species in photochemical cycles responsible for ozone formation leading to the so-called
"photochemical smog" pollution. The hydroxyl radical also governs the oxidation and
removal of most pollutants from the atmosphere. Therefore, HONO directly affects the
oxidative capacity of the atmosphere and indirectly contributes to production of secondary
pollutants (from the oxidation). HONO concentration in the city atmosphere is between
0.1-10 ppb.
Apart from its important role in tropospheric chemistry, HONO is also an important

indoor air pollutant and suspected to be a precursor of carcinogens (nitrosamines) under

atmospheric conditions:
R,NH + HONO —> R,NNO + H,0 (1.2)

Knowledge of the sources and sinks of HONO is very important for precise estimation
of the OH radical budget and hence prediction of the impact on climate and air quality.
Despite the large amount of research, the sources of HONO are not well identified ™. It is

usually considered that there are four possible HONO sources: (1) homogenous reaction in



particular during the night (its significance during the day is currently unknown) '*'"); (2)

heterogeneous conversion of NO, to HONO, for instance, on the ground and other surfaces

[7.14,15 8,11]

I (3) direct emission (i.e. by traffic) ™', and (4) formation on soot (which appears to
play a minor role in HONO formation) !'*"*!. To date, the mechanisms of the HONO
formation in the atmosphere are still not well understood.

The direct emissions of HONO mainly from combustion processes, such as fossil fuels
combustion processes, vehicle exhaust emissions etc. Winer et al. /') directly gives evidence
of the direct emissions of HONO: In the autumn of 1987, Los Angeles, between six hours
from sunrise to noon, HONO concentration and concentrations of nitrogen dioxide or the
square of the concentration does not show correlativity, however, during this period, HONO
concentration shows good correlativity with the concentration of CO, NO. CO, NO is also a
combustion emissions, which can deduce the amount of HONO from the combustion
emissions, derived results show that the total nitrogen oxides, about 0.8% is HONO. In the
surrounding atmosphere close to the exhaust pipe has a relatively high concentration of
nitrogen oxides and nitrogen oxides will go through rapid conversion reaction to form
HONO, so direct measurement of HONO emissions is more difficult. In addition to direct
emissions from motor vehicles, gas heating, biomass burning process will also produce
HONO. Direct emissions can only partly explain the HONO concentration in the
atmosphere, through the tunnel study, the reported average HONO/NOx ratio are 0.3%
(USA) """and 0.8% (Europe) "), are significantly 2-10% " lower than the typical values of
the atmospheremeasured in the evening. At present, the international community generally
considered that HONO is mainly from heterogeneous process, that is, the heterogeneous
reaction of NO; in the wet surface, but the exact mechanism is still in the discussion.
Heterogeneous reaction of NO, with water was originally proposed on the basis of smog
chamber experiments >,

2NO; + H;O— HONO + HNO; (1.3)
Recent studies show that NO; reactions in the black carbon aerosols surface is also very

important in the atmospheric conditions .

NO+HC, ,,—>HONO+HC (1.4)

The other two heterogeneous reactions (1.5) and (1.6) have also been used to explain

the correlation of atmospheric HONO and NO which was observed in the nighttime:
NO + NO, (or N,0,)+ H,0 — 2HONO (1.5)

HNOy ) + NO,,) — HONO + NO, (1.6)



However, two recent experimental studies have proved that these two reactions are not

22,23

important under atmospheric conditions ****. This is also consistent with the fact that there

is still HONO formation in the absence of NO, which is often observed at night ***),

The most important sinks for HONO are photolysis. Despite the HONO heterogeneous
reaction has been studied in the laboratory using high concentrations of HONO, the role it
played in the atmosphere is not great.

Contrary to monitoring of long-lived species such as greenhouse gases, accurate and
precise direct concentration assessments of reactive short-lived species represent a real
challenge because of their very short lifetime (1 to 100 s) and very low concentration in the
atmosphere (down to 10°® molecules/cm’, corresponding to 0.1 pptv at standard temperature
and pressure). Good understanding of HONO sources and sinks requires instruments capable
of performing high sensitivity (high precision) and selectivity (interference-free), high
spatial resolution and fast in sifu measurements for use to identify missing sources of HONO
as well as to monitor air quality. Though various instruments have been developed and field
established for HONO detections, accurate HONO detection remains challenging . In
particular, its reactivity and solubility combined with the photolysis process make it prone to
sampling losses and artifacts. As it is unstable, no certified gas reference is available for
instrument validation and concentration measurement calibration.

Laser absorption spectroscopic detection technique has been developed as an attractive
alternative for HONO quantitative assessments. In 2008, Li and co-worker *”) reported the
measurement of gaseous nitrous acid using laser absorption spectroscopy near 1713.511
cm™. The detection limit of better than 200 pptv was achieved for 1-second integration time
by use of a multi-pass cell with 153 m folded path length. B.H. Lee et al. ™ developed a
dual continuous-wave quantum cascade laser (QCL) spectrometer for simultaneous
measurements of ambient HONO (1660 cm™) and NO, (1604 cm™). By direct absorption in
a 210-m long multi-pass cell, they achieved one-second detection limits down to 300 ppt
and 30 ppt for HONO and NO,, respectively. An instrument based on a cw-QCL operating
near 1275 cm™ (~7.8 pm) was recently developed to detect HONO in commercial aircraft
exhaust at the alternative aviation fuel experiment with a detection limit of 450 ppt in one

second 7,



2. Spectroscopic Instrumental Platform

2.1. QCL instrument set-up

The instrumental approach is shown in Figure 1. It is based on a cw room temperature
distributed feedback (DFB) quantum cascade laser (DQ7-M776H, Maxion Technologies,
Inc.) emitting single mode laser power of up to 35 mW. Wavelength tuning of ~5 cm™
around 1254 cm™ might be performed by ramping injection voltage or temperature to the
QCL. The pre-collimated laser beam from the QCL was first coupled to a beam splitter
(with 90% transmission and 10% reflection). The transmitted light was directed to a
multi-pass cell with a folded path length of 125 m. The emerging absorption signal from the
multi-pass cell was focused onto a thermoelectrically cooled (TEC) room temperature
photovoltaic VIGO detector (detector 1: PVI-4TE-10.6) by a lens with a focal length of 5
cm. The reflected beam was directed to a Fabry-Perot etalon with a free spectral range of
0.03 cm™. The optical fringe signal was recorded with a 2nd TEC VIGO detector (detector 2:
PVMI-10.6) for relative wavelength metrology. The pressure in the multi-pass cell was
measured with a calibrated pressure transducer (Pfeiffer Vacuum, CMR 361). Temperature
of the multi-pass cell was maintained at 30 °C within £0.1°C in order to avoid the deposit of
aqueous nitrous acid on the sampling cell wall (especially on the cell mirrors) and to avoid

any artifact production due to heterogeneous reaction inside the cell.

lens 2 Detector 1

—

-
L — — —
Mirror ‘ I pressure |
— l transducer l

Iris lens 1

Detector 2

QCL

Beam splitter

Figure 1 Schematic diagram of the experimental setup.



2.2. Instrument specifications

Frequency tuning of the QCL can be performed by variations of the laser temperature
(0.25 cm™'/°C) and voltage (4 cm™/V). At T=20 °C, the system exhibits +2 cm™ tuning range
around 1254.7 cm™. Figure 2 shows a portion of direct absorption spectrum of CHy (a) from
experimental investigation, in comparison with a HITRAN database simulation (b).

Conversion of the number of the acquired data point into a frequency scale was realized
with the help of optical interferences fringes resulting from the Fabry-Perot etalon. The
absorption line positions of CHy4 (from the HITRAN2004 database) and HONO from Ref. "

served as absolute frequency reference for the spectral range 1254-1257 cm™.

Exp. data

Intensity (a.u.)

(a)

1 Pure CH‘1 simulation spectrum: L=67 m at P=7.3 mbar & T=273 K

Transmission
[ [—] [—] -
D o - =
wn [—] o [—]
1 L 1 1

0.00(b)

X T Y T - T X T .
1254.8 1255.0 1255.2 1255.4 1255.6 1255.8

Wave number (cm'1)

Figure 2 QCL tuning investigation using CH, spectrum. (a): Exp. Data; (b): The HITRAN-based

simulation.

Knowledge of the QCL emission linewidth is very important for accurate concentration
retrieval based on spectroscopic lineshape fit. The QCL linewidth was evaluated using
spectra of CHy at different pressures. Evolution of the CH4 absorption linewidths broadened
at different pressures was measured near 1253.8 cm™. From the plot of the CHy linewidths
versus pressures (Fig. 4), a linewidth (HWHM) of the used QCL of 3.37*10* cm™ (~10
MHz) was deduced at P=0 mbar. Compared to typical Doppler induced linewidth (HWHM)
of about 1.13*107 cm™ for HONO, this laser linewidth should be certainly taken into

account in spectral lineshape fit.
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Figure 3 (a): Transmission fringes from a Fabry-Perot etalon used for relative frequency metrology; (b):
polynomial fit (blue) to the fringe peak positions (dots), used to calibrate the laser frequency relative to
the number of the acquired data point; (c): the CH4 absorption line positions provided by the
HITRAN2004 database used for absolute frequency calibration.

2.50x10°
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Figure 4 Evolution of CH, absorption linewidths broadened at different pressures near 1253.8 cm™. (a):
From the plot of the CH,4 linewidths versus pressures; (b): a linewidth (HWHM) of the used QCL of
3.37x10* cm’ (~10 MHz) was deduced at P=0 mbar.

In multi-pass cell based absorption spectroscopy, the critical parameter affecting the
concentration measurement accuracy is the absolute effective absorption path length inside

the mutli-pass cell. In the present work, the effective path length was first determined by

6



counting the light spots on mirror of the cell with a red light source. An effective optical
path length of 124.8 m was deduced by multiply the number of passes of 156 by the cell
base length (0.8 m). This value was further checked using CH4 sample with known
concentration. Pure CH4 absorption spectra were recorded at different pressures (Fig. 5(a)).
Based on a plot of the integrated absorbance of CH4 vs. the gas pressure, an effective path
length of 125 m was derived from the slope of the linear fit (Fig. 5(b)) to the integrated
absorbance. The discrepancy between two methods was only 0.16%. In the following work,

the value of 125 m is used as effective absorption path length of the multi-pass cell.

0.005

(@)

0.004

Absorbance
@

0.003 1255 38 1265.40 1255 47

Frequencyicm’

0.002

0.001

Integrated absorbance

(b)
0.000 T T ¥ T y T T T T T x T T
0.0 0.2 0.4 0.6 0.3 1.0 1.2 1.4

Pressure / Torr

Figure 5 Determination of the effective absorption path length of the used multi-pass cell using CHy4
absorption spectra (near 1255.4 cm™) with known concentration at different pressures. (a): Plot of the
integrated absorbance of CHy vs. gas pressure; (b): linear fit to the integrated absorbance to deduce the

effective path length of the multi-pass cell based on Eq. (1).



3. Spectroscopic Consideration

The trans-HONO absorption lines near 1255 cm™ from Ref.”” in combination with CH,
and NO; data from the HITRAN 2004 database were used as reference for study of potential
spectral interferences of atmospheric CHs and NO, with HONO, as well as selection of

HONO line used for trace detection in the present work.

3.1. Line selection

The main criteria in line selection are line intensity and potential spectral interference
with other important species present in measurement environment, which might affect
strongly the measurement accuracy, precision and specificity. Figure 6(a) shows a spectral
overview of HONO in the presence of NO, recorded using a FTIR spectrometer
(Perkin-Elmer System 2000 FTIR). As can be seen, the trans-HONO band near 8 pm is
interference-free from NO, absorption. The line positions and intensities of HONO given by
Ref. " (Fig. 6(b)) were used for absolute wavelength calibration and spectroscopic

determination of HONO concentration.

1204 FT-IR spectrum of a HONO sample
(Resolution: 1 cm™ and scan number: 10) 100
100+ HONO 08
c .
o 5
& 804 g %1
g .a u w
E 60+ 5 *
= ; 5 om * .
404 ¢ *
3 *
090 1
201 = (a) 1+ 2 (b)
; . . . L L L , "
500 1000 1500 2000 2500 3000 12542 1254 4 12546 12548 12550 12552
Wave number / cm’ wavenumber [c]

Figure 6 (a): FTIR spectrum of HONO in the presence of NO; in a 15 cm long single pass cell. As shown
in the figure, the trans-HONO absorption band near 8§ um is interference-free from NO,. (b): HONO

30]

spectrum from % with known line intensities indicated by asterisks. The lines numbered 1-3 were

involved in the present work

The line strengths of HONO in the infrared around 8 pm are in the range of (0.7-1.2) x
10 ecm”.molecule”.cm™ and thus very favourable for high sensitivity spectroscopic trace

detection.
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Figure 7 Line selection for interference-free HONO trace detection. (a): simulation spectra of HONO,
CH4 and NOy; (b): experimental spectrum of HONO-CH4 mixture showing that the HONO absorption
lines numbered 1-3 are free of interference from important atmospheric CHy. Suitable for simultaneous

measurements of ambient HONO and CH using its line at ~1255 cm™.

Given that their low line intensities (10'23 and 10° cm®molecule!.cm™ for NO, and
CO; respectively) and low concentration (from ppt upto several hundred ppb for NO, and
~450 ppm for CO,) in the atmosphere, there is no any spectral interferences from NO, and
CO; in the relevant wavelength region. The potential molecular candidat for spectral
interference is CH, because of its stronger line intensity (2.08x10° cm*molecule™.cm™ at
~1255.000 cm™) combined with a relatively high concentration (~1.7 ppm). Simulation
spectra of HONO, CH4 and NO; are shown in figure 7(a). High concentrations are used for
NO, and HONO for visual clarity. According to the experimentally recorded spectrum of
HONO-CH4 mixture shown in Fig. 7(b), detection of HONO using the lines numbered 1-3

shall be interference-free from atmospheric CHy4 absorption.

3.2. Concentration measurements by absorption spectroscopy

Trace concentration retrieval from absorption spectroscopy measurement is based on the
Beer Lambert law. In the present work, species concentration in ppb (part per billion) was
retrieved from integrated absorbance measured at temperature T and pressure P:
_ART % 10°

Clppb] =
Lepb] N,PT,LS

(3.1)

Where N, =2.6868x10" mol/cm’, the Loschmidt number at 7, =273.15K and P, = 760

Torr. L is the optical absorption path length in [cm] and S the molecule absorption line



intensity in [cm”.molecule”.cm™]. The integrated absorbance A in [cm™'] is expressed as:
4, =[A(vyv =[n(1,/1(v)dv = NL| (v )dv = NLS (3.2)
with /(v) and [ the laser power reaching detector with and without gas sample, respectively.
According to Eq. (1), the measurement accuracy is mainly limited by the uncertainties

in S, L, P, T and A used for concentration retrieval. In general, calibration using sample with

known concentration should be performed to valid the measurement accuracy.

3.3. Production of HONO sample

Unlike long-lived stable molecules such as greenhouse gases (CH4, CO,, etc), there is
no certified gas reference for reactive short-lived species like HONO, while appropriate gas
sample is indispensable for spectroscopic identification, instrumental validation and
concentration measurements calibration. There are mainly three methods for practical

3191 through the following chemical reactions:

production of nitrous acid gas in laboratory !

(1) Gas phase reaction NO,+ NO + H,O < 2HONO: the advantages of the gas phase
reaction method are the ability of producing nearly pure HONO which only needs the use of
equilibrium equation for concentration calibration without any instruments. But it may yield
by-products such as HNO;3; and NO. If there is no problem of spectral interference of NO to
be taken into account, one can add excessive NO to minimize the amount of HNO;3 and thus
maximize the quantity of HONO %77,

(2) Gas and liquid phase reaction HCI + NaNO,; — HONO + NaCl: though this method
has the advantage of generating very pure HONO (> 99.5%), the reaction only occurs on the
surface and can not continue for a long time. Moreover, if the HCI flow is not kept moist,
the HONO vyield quickly reduces to low levels. In respect of calibration, one method is
converting HONO into NO with a heated molybdenum catalyst and quantified NO using a
spectrometer calibrated against a traceable NO standard **. Another method is to dissociate

the sample into NO,", H" and NO5’, then analyse these ions using ion chromatography *%*"

33, 38]

(3) Liquid phase reaction NaNO, + H,SO4= NaHSO,+ HONO : which can give the
maximum mixing ratio of [HONO] / ([NO] + [NO;]). The production process is very easy to
control and the materials are easily available. The absolute concentration of HONO can be
determined by chemiluminescence analyzer, ion chromatography or a denuder system

10,27, 40, 41]

associated with NOx analyzer [ .

Although the above methods can generate unavoidable artifacts, such as NO,, NO,

10



HNO;, N,O3;, N,O4, the amount of these artifacts can be minimized by some feasible

methods. Moreover a small quantity of these artifacts has no influence on the measurement

of HONO in most cases. In the present work, gas-phase samples of HONO were prepared
through liquid phase reaction by slowly dripping NaNO, solution into H,SOy4 solution (3.3):
NaNO, + H,SO4= NaHSO4+ HONO (3.3)

2HONO < NO + NO, + H,O (3.4)

ice and water mixtur

Motor

Figure 8 Apparatus for HONO production via reaction (R2) by slowly dripping dilute NaNO, solution
into a diluted H,SO, solution.

By means of a 3-neck flask (Fig. 8), a dilute NaNO, solution (0.1%) contained in a
dropping funnel that was installed in a neck of the flask was added slowly to a dilute H,SO4
solution (0.5%) in the 3-neck flask. The flask was cooled using an ice-water bath and a
magnetic stirrer was used to keep the NaNO,-H,SO, solution well-mixed and make the
chemical reaction efficient. Dry air or nitrogen flow was introduced into the flask through a
2" neck to flush the gaseous products (containing gaseous HONO) from the solution surface
to a dark bag through the 3" neck of the flask at a rate of 0.16 L/min. HONO synthesis was
carried out in the dark to avoid photolysis of HONO. Although this synthesis produced not
only HONO (3.3), but also NO, NO;, and H,O by self-reactions (3.4), these gaseous
by-products do not affect HONO measurements since there is no any spectral interference of
such components with HONO in the relevant laser wavelength range. By controlling the

solution concentration of NaNO, and H,SO,, some tens of ppm HONO could be produced.

11



4. Results and Discussions

4.1. HONO concentration calibration

Denuder technique has been implemented in the present work in association with a
conventional NOx analyzer to determine the concentration of the synthesized HONO

f. * coated with alkali

samples. The used denuder was similar to that reported in Re
(potassium sodium carbonate: K,CO3/Na,CO; in the present work). Gaseous sample
(containing HONO, NO,, NO) flows from HONO production flask were directed to a NOx
analyzer (Hartmann & Braun) by alternately passing through a sodium carbonate denuder
channel (traping HONO species) and a non-denuder channel (in this case, HONO is detected
by the NOx analyzer like NO,) prior to entering the NOx analyzer (Fig. 9(a)). HONO
concentrations were obtained as the difference in the NOx signals from the two channels

(Fig. 9(b)) ** 27!,

Denuder channel

430 Without denuder

£
NO, NO; S L AN -
J,—P— Na,CO, P b=
_g 4804
Gas v NOx g s [HONO]
stream A‘ analyzer § 4704 =27 ppm
-]
T x ““Vith alkaline -
s R e fs} ith alkaline
3 NO, NO5, HONO Z 4504coated denuder
’ r T T T T T T
» M A A L3 A M A
(a) Non denuder channe! b T L
Y &3y e &y

Timels

Figure 9 Absolute HONO concentration determination (b) using a denuder in combination with a NOx
analyzer (a). HONO concentration can be deduced from the difference in the chemiluminescence signal

from the NOx analyzer without and with the carbonate denuder in the sampling line.

As the denuder method relies on removing acidic species by alkalic component (like
Na,CO:s3), the capacity of the denuder hence HONO concentration measurement accuracy
truely depends on HONO concentration and the alkalic coating. Correct HONO
concentration could be deduced only when the sodium carbonate denuder could trap 100%
HONO and without any residual of HONO reaching the NOx analyzer after the denuder
filtering. The efficiency of the denuder used in the present work was carefully checked using

absorption spectroscopy measurements. Figure 10 shows absorption spectra of gas sampled

12



after the denuder. As can be seen, the spectrum of ~70 ppm HONO sampled after the
denuder channel exhibits still absorption peaks, while the sample of 40 ppm HONO didn’t
present any absorption feature after filtered by the present denuder system, which valided

our denuder system allowing correct determination of HONO concentration below 40 ppm.

Residual absorption of HONO o 0044 | =100 ppm
s - 0.02-
; o 0.00
oo 2 . - . El
2 R g . & 0021 |——70ppm
= 2 o
E E 0.00
£ E 0.0
i 0.04 o | === 40 ppm
¥ e —— 100 ppm HONO i
P ) ——70 ppm HONO . P i -
~ —— 40 ppm HONO 0o UM\ . N W e A
1 1
1000 200 %00 1000 1500 2000 2500 3000 3500 4000
(a) Data points (b) Data points

Figure 10 (a): HONO absorptions at different concentrations, sampled after the alkalic denuder. (b):
Corresponding absorbances showing that HONO sample with concentration lower than 40 ppm might be

totally trapped by the used denuder in the present work.
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Figure 11 (a) Direct absorption spectrum of the trans-HONO v; band in the range of 1254.8-1255.1cm™
(Av = 210 with a scan rate of 2.5 kHz recorded at 18.68 mbar in a 125 m long absorption cell) used for
revision of the line intensities reported in Ref. 139 and estimation of the detection sensitivity in terms of

minimum detectable concentration. (b) Fit residual.
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With concentration determined by the present denuder, the line intensities reported in
Ref. "' were revised. The HONO concentration determined using the line strength from Ref.
1391 resulted in a concentration of 25.6 ppm while the denuder system provided a HONO
concentration of 22 ppm. The discrepancy between two measurement methods was about
14% which indicated that further revision of HONO line intensity in laboratory is highly

desirable.

4.2. Allan variance analysis

Spectrum averaging is usually a very efficient approach for improving the detection
sensitivity. In the common case of white noise, averaging N spectra allows one to reduce the
noise by a factor of VN, until the limits of the spectrometer stability are reached. In order to
determine the optimum averaging time, the overall system stability was studied by an Allan

. . 14
variance analy51s[ 3

using CH4 sample in order to keep a constant concentration during the
time series measurements. A second stage **! Allan plot (black curve) is presented in Fig. 12
for time series measurements of pure CH,. The associated kt 'slope (blue line) indicates a
white noise behavior of the instrument. As can be seen, the stability time of the present QCL
instrument allowed signal averaging up to 100 s, which is mainly limited by the temperature

and current stability of the current QCL controller.

100

=
o
1l

Allan variance (a.u.)

-
pual

T T — T T T r —r T T
1 10 100

Integration time / s

Figure 12 Second stage Allan deviation plot (black) for time series measurements of pure CH4 associated

with a ~1/t slope (blue) indicating a white noise behavior of the instrument.
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4.3. Wavelength modulation

Continuous wave quantum cascade lasers are becoming increasingly popular sources for
high resolution molecular spectroscopy owing to their availability of high optical powers

(from tens of mW to several Watts) [+ *°!

, Toom temperature operation, and intrinsic narrow
line-width ). These advantages make QCL fit very well for high sensitivity spectroscopy
measurements in the mid-infrared spectral range. This region, in fact, represents a first
choice for high sensitivity detection of many gas molecules, since their fundamental
ro-vibrational transitions lay there. It is well known that the sensitivity of absorption
measurements can be enhanced by using modulation techniques. For the purpose of
improving the signal-to-noise ratio, and making the detection limit of HONO down to
sub-ppb level, so that we can apply the QCL instrument to do trace measurement in the
field.

In this part, we discuss in detail the application of such a commercially available
DFB-QCL system in high resolution spectroscopy detection employing wavelength
modulation (WM) spectroscopy. Wavelength-modulation spectroscopy is similar to direct
absorption spectroscopy, except that the laser wavelength is additionally modulated with a

rapid sinusoid (at frequency f) wave % *

. We performed wavelength modulation
spectroscopy by directly modulating the injection voltage of the laser with a rapid sinusoidal
modulation at a modulation frequency of 40 Hz (Figure 13). WM Spectroscopy was
conducted at 18 kHz with modulation amplitude 38 mV and time constant 100 us. A
function generator was used to provide a current ramp to tune the frequency. A sinusoidal
modulation signal form a lock-in amplifier (Stanford Research Systems, SR830 DSP) was
added to the current ramp for wavelength modulation ", Figure 14 shows the results of
direct absorption, 1f and 2f WM spectrum after wavelength modulation, the SNR was
improved about 4 and 8 times respectively. The SNR at different modulation frequencies
was compared, which is displayed in Figure 13 (d). When the modulation frequency is 18
kHz, the SNR is the best. The corresponding 16 minimum detectable concentration (MDC)

172

is found to be ~ 400 ppt/Hz '~ after 1f WM spectroscopy, and is suitable for ambient HONO

measurements.
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Figure 14 (a): direct absorption signal of HONO (b) 1f absorption signal (c): 2f absorption signal
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4.4. HONO losses in a closed absorption cell

HONO is a kind of unstable gas. Its reactivity and solubility combined with the
photolyzed capacity make it subject to sampling induced artifacts and losses. Even if the
experiments were carried out in dark conditions, HONO absorption signals were not
constant and decreased with the time (Fig. 15). In our work the cell was heated at about
30 °C to avoid the deposit of aqueous nitrous acid on the sampling cell wall and any artifact
production due to heterogeneous reaction inside the cell. Wall effects on HONO losses in a
closed absorption cell, made of borosilicate glass, were investigated. HONO concentration
measurements have been carried out in statics state using the HONO line centered at
1254.6838 cm’. In order to avoid any “sampling” loss induced inaccuracy in the

concentration measurements, high frequency scan at a rate of 2.5 kHz was employed.
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Figure 15 Plots of HONO absorption intensity vs. time. (a) in the dark conditions (b) in the light
conditions. Plots of In (C,/C) vs. time (c) in the dark conditions (d) in the light conditions

A mean lifetime for the exponential decay of HONO concentration was about 318 s. In
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order to minimize the wall surface effect, all concentration measurements were performed
within a few seconds in the present work so that this relatively long decay time didn’t affect
our measurement accuracy.

HONO absorption spectra in the frequency range 1254.6-1256.4 cm-1 is recorded with
the room temperature continuous wave quantum cascade laser, and is shown in Figure 16.
The experimental conditions of the absorption spectra are: temperature is 303 K and
pressure is 1.4 Torr. In order to minimize absorption lines overlap, thereby maintain a high
signal to noise ratio and selectivity, experiment is conducted in the conditions of
low-pressure 1.4 Torr.

The main error in the determination of HONO St was the concentration calculation, and
the concentration calculation is finished using the line intensities of a few absorption lines (1,
3, 4,5, 6) in Figure 16. The integral areas of these lines was obtained through linetype

fitting, and calculated the relative concentrations of these lines, then got the average of these

concentrations.
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Figure 16 Trans-HONO absorption spectra. Experimental conditions: Scanning frequency 2.5 kHz,
pressure 1.4 Torr, absorption path length 125 m, av= 50. The number indicates HONO absorption lines

for which line strengths were measured.

According to the average concentration, the remaining dozen absorption lines intensities
was obtained, here the error of the concentration calculation is about 11%, including the
integral absorption area Ay (less than 1%), the optical absorption path length (0.16%), the

gas pressure from pressure gauge (less than 1% ).
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The laser line width (3.37*10cm™) will introduce a systematic error of 1% to the peak
absorption measurements. In summary, the total error in line intensity measurement is about
14%. Calculated 19 strong absorption lines intensities of HONO in the frequency range
1254.6-1256.4 cm™ is shown in Table 4-1.

Table 4-1 Calculated HONO absorption line strengths in the wavenumber range 1254.6-1256.4 cm™

No. Wavenumber (cm™) St (10" cm)
1 1254.6838 11.87+0.7
2 1254.7288 85.8+7
3 1254.8489 9.1£0.6
4 1255.0255 11.4+09
5 1255.0474 73+0.5
6 1255.2025 7+£0.9
7 1255.2793 542+0.5
8 1255.3114 7.01 £0.6
9 1255.3306 7.82+0.5
10 1255.5019 11.1£0.7
11 1255.5092 7.7+0.6
12 1255.5458 37+£04
13 1255.665 8.67+0.6
14 1255.8439 6.46+£0.5
15 1255.8531 6.24+0.4
16 1256.019 6.19+0.5
17 1256.0762 84+0.7
18 1256.275 7.27+0.6
19 1256.3004 9.83+ 0.7

4.5. Simultaneous in-door measurement of HONO and CH4 in ambient air

Simultaneous in-door measurement of ambient HONO and CHy4 was performed in an air

conditioned laboratory. The cell was heated at 303 K.
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Figure 17 Direct absorption spectrum (Av=1) of HONO and CHy in ambient air, recorded at 36.68 mbar
in a multi-pass cell with 125 m folded path length.

The concentration of HONO and CHy4 in our laboratory is about 400 ppb and 1.5 ppm
respectively. The concentration of HONO is high, maybe there are several reasons, one is
the gas in the laboratory is contaminated, because we do the HONO experiments for several
successive days, the bags we use for collecting gas there are tiny leak. The second is there is
some errors in calculating the line-strength, but it is very small, in comparison with the leak.

Figure 17 shows the performance of the developed QCL instrument for use in
simultaneous detection of HONO and CHj4 in ambient air. Based on this experimental
measurement, spectroscopic detection sensitivities (1 o) in 1 second time intervals were
found to be 396 pptv and 4 ppb for HONO and CH4 respectively. The detection limit could
be further improved by using a longer integration time in combination with implementation

of a longer absorption cell.
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5. Difference Frequency Generation

Nonlinear optical frequency conversion method broadens the coverage of the existing
laser wavelength, provides a new wave band of coherent light, fills in the absence of
continuous-wave tunable laser active materials which works at room temperature in the
mid-infrared spectral region and is tunable in a wide range, offers an effective complement
to the existing infrared tunable laser technology. In recent years, with the development of
new nonlinear optical materials, phase-matching technology and near-infrared
semiconductor laser technology, continuous -wave coherent infrared radiation sources based
on nonlinear difference frequency generation have become possible. By difference
frequency mixing visible and near-infrared laser in a nonlinear optical crystal, 3 to 20 pm
continuous wave mid-infrared coherent radiation sources can be obtained, and is applied in

high-sensitivity trace gas detection with a variety of purposes.
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Figure 18 Schematic diagram of the DFG output system

This thesis presents a mid-infrared spectral detection system based on the nonlinear
optical parametric methods, using two near-infrared semiconductor laser which works at
room temperature as nonlinear difference frequency pumped seed light sources: a widely

tunable external cavity diode laser as the signal source, while another high-power DFB
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semiconductor laser as the pump source of the nonlinear conversion, the continuous wave
mid-infrared coherent radiation from 3.2 to 3.7 um has been generated. HCI and the CH,O
gas detection was carried out using this system, and illustrated the value and potential of this
system in the laser infrared spectroscopy detection technique. According to another HONO
absorption band 3590 cm™ from references, another DFG system with the titanium sapphire
laser and a Yb-doped fiber laser as the pump sources was designed (Figure 18), difference
frequency output frequency calibration was finished using CO, gas, the next step will be

used for HONO measurements (Figure 19).

— i A latlior L=S0 m P=2 mbarC=100% , T=
m— g Aperim e rtaldata

[
i
[

Transtmission

0.0

T T T T T T T T T T T T
25820.0 25802 25804 25206 2580.8 25000 2S500.2 2500.4
frequencyfcm-1

Figure 19 absorption signals obtained in the experiments (red) and the absporption lines simulation from

labview software (black)
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6. Conclusions

The innovation points of this thesis can be summarized as follows: First, a complete
HONO measurement system based on the 8 pm (~ 1255 cm ') quantum cascade laser is
designed and built, the system includes HONO gas generation part, HONO concentration
calibration part and HONO spectra measurement part. The generated HONO concentration
was quantified by means of a denuder system associated with a conventional NOx analyzer.
Second, in order to improve the sensitivity, wavelength modulation technique is carried out,
obtaining the minimum detection limit of HONO in 1 s integration time is 400 ppt, is
suitable for field measurements. Third, the wall loss effect of HONO due to the optical cell
surface is studied and gets the reaction rate constants, the constants may contribute to
HONO field measurements, especially the measurements using the absorption cell. Fourth,
HONO and CHy4 in the air are measured at the same time using this set of QCL devices,
getting their indoor concentration are 116 ppb and 1.5 ppm, respectively, corresponding 1o
detection limit in 1 s integration time are 396 ppt and 6 ppb, respectively. Fifth, according to
another HONO absorption band 3590 cm™ from references, another set of difference
frequency laser source is designed and used to detect HONO, and CO, gas is used to do
frequency calibration.

In both works, although we obtained some expected results, there is still some work need to
be further improved, so we expect to develop the following work:

(1) data acquisition and analysis software of HONO gas measurement system based on
the quantum cascade laser will be further improved, then the system will be applied to the
field measurements;

(2) improving the control accuracy of the quantum cascade laser temperature controller
module, thereby enhancing the stability of the spectrum measurement system, obtaining
longer the average time to get higher detection sensitivity;

(3) measurements of several gases with strong absorption features in the atmosphere
using the quantum cascade laser in the laser band: H,O, N,O, H,S;

(4) HONO measurements in the 3590 cm™ band using difference frequency generation

laser source.
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Abstract

Research of trace gases detection methods based on

mid-infrared modern photonic instruments

Xiaojuan CUI (Optics)

Directed by Prof. Wenqing LIU and Prof. Weidong CHEN

Abstract

This thesis includes two parts: Development and application of a
continuous-wave quantum cascade laser (CW-QCL) based instrument for
measurements and study of nitrous acid and a broadly tunable mid-infrared laser
system based on difference frequency generation (DFG) in periodically poled lithium
niobate for trace gas (HCI, CH,O, HONO) monitoring.

The OH radical is one of the key species in photochemical cycles responsible
for ozone formation, which can lead to the so-called "photochemical smog" pollution.
The hydroxyl radical also drives the oxidation of hydrocarbons in the atmosphere.
Gaseous nitrous acid (HONO) is a major source of the OH radical in the early
morning and daytime. So HONO directly affects the oxidative capacity of the
atmosphere and indirectly contributes to secondary pollutants which are products of
that oxidation. High accurate and precise concentration measurement of the
atmospheric HONO requires high sensitivity and stability, good temporal and spatial
resolution. One part of this thesis has been firstly devoted to the design of an optical
instrument based on a continuous-wave (CW) quantum cascade laser (QCL) operating
at 8 um (~1255 cm™) for HONO detection. The sensitivity and specificity of the
instrument were evaluated and described using HONO sample generated by chemical
reaction of H,SO4 and NaNQO,. The generated HONO concentration was quantified by
means of a denuder system associated with a conventional NOx analyzer. Moreover,
within the limits of the QCL frequency, only 5 absorption line intensities of HONO
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can be found from the reference, so we measured the relative frequencies and line
intensities of the remaining absorption lines especially the one which was used to do
trace gas measurement. Line strengths of 19 stronger absorption lines observed are
found to be around (3-90)x10' cm. Direct absorption spectroscopy technique
combined with a 125 m multi-pass cell was applied to do trace gas detection of
HONO. In order to improve the sensitivity, wavelength modulation technique was
applied, the minimum detectable HONO concentration resulting in a noise-equivalent
signal was found to be about 400 ppt in 1 second integration time and fit for field
measurements. HONO losses resulted from the optical cell wall was experimentally
investigated. The rate constant of HONO determined in the present work might be
helpful for field measurements of HONO, especially the measurements using
absorption cell. Finally, the QCL-based instrument developed in the present work has
been evaluated with in-door simultaneous measurements of HONO and CHas. The
concentration of the two species obtained in the laboratory were 116 ppb and 1.5 ppm,
and the corresponding 1 ¢ minimum detectable concentrations (MDC) in 1-second
integration time are 396 ppt and 6 ppb for HONO and CHa, respectively.

The other part of this thesis is focused on highly sensitive trace gas detection
employing a room-temperature, broadly tunable and narrow linewidth mid-infrared
difference frequency generation laser source. The mid-infrared laser system is based
on quasi-phase-matched (QPM) and DFG with a multi-grating temperature-controlled
periodically poled LiNbO3; (PPLN) crystal employing two near-infrared diode lasers
as pump sources. The mid-infrared coherent radiation is tunable from 3.2 pm to 3.7
um. Detection of HCI, CH,O has been carried out. According to the absorption band
(3590 cm™) of HONO from references, another DFG laser sources employing a Ti:
Sapphire laser and a Yb fiber laser as pump sources was developed, and the output
frequency calibration was carried out using pure CO, gas. HONO measurement in this

wavelength range will be performed in the next work.

Key words: Quantum cascade laser, nitrous acid, difference frequency generation, mid-infrared,

trace gas
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Oy B R AR, ACEE SR T TR A ELAE i e A S g, TR T 4
G Z2HAEHEN LR FRANZR T, BT B PR T
(RZ AR R A TARK I o 431 2 BT LARE SRS i R SR i, 2 Ak 43 rh
() L AEA R R Tz 2, [ 1 B S R TR AL AE S A A R 2l Al
Heh) M E T, T A RIS SRS S BT . 9 TAEANERER
Z AR BRAT LR s AR S TR ARk, sIE R T 20 7okl 7 1ot s
G T LML Bl oy 7 P R T TR R B R0 4 A R R R AR R
oy PG R oy 7 NI BN a4, R 7 7O T LA E o 1 I i
BN 21 R B LCONTBRE iR DL Ky 1 B RE SV 22 PR, AT AT HEI 231 )
ik S FIZE) AR TS, A G I, o R AP A
3 LL L 7y 1 N BT IIE 3, 7 TRISBER E,,, TR e XIS sh g
A,

Etotal = Eel +Ev +Er +Et (17)
XVE,, E, E, EZnHiRKHETRE. IR3IGe. Hamer-rahne. k1 Fahie

AR =T AL, FR R T e I RE S, A, h Ot e =R
M BFEIE . PRGN TG . 5ok LT REGR] AR R Y R A


http://baike.baidu.com/view/110433.htm
http://baike.baidu.com/view/110433.htm
http://baike.baidu.com/view/135371.htm
http://baike.baidu.com/view/1716729.htm
http://baike.baidu.com/view/2150177.htm
http://baike.baidu.com/view/25255.htm
http://baike.baidu.com/view/21855.htm
http://baike.baidu.com/view/3476.htm
http://baike.baidu.com/view/2386366.htm
http://baike.baidu.com/view/1977182.htm
http://www.hudong.com/wiki/%E7%94%B5%E5%AD%90%E5%85%89%E8%B0%B1
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Tk, Holk ity AL A5, I8 R I PEAT R A AR Ak, D45 38 18 4t TR K 40 4544
5 F— P Re S AR ) Be R RT R (K2 R B il . 51— HFReds. [W—
PRBBE N (P AS [R5 20 e 2 IR BRI A DGS I 1) 2 3 206 1 55 1) — F 1 REAS 1
AN )R I R ) B A AT XS I (1) A 2 i o

Or TOGIBZ R AT LU T (E1.2)
HL 6. AN S ILIX IS, Ee, Ev, EtIRANE (BEE: 1~20ev) ;
WEEiE: A AXER, Ev, Bt RKAEMZ(RERE: 0.05~1ev);
R AN RO X IR, BtRAMAE(REE: 107~0.05 ev).

O3 G T RIS RS IR U o 1 RE A (R BT 2 s R S —
SEMRER, R —EIRVIRDG T IWRBORUR IR, B AT T2 [ 1R 96 22396 AL R A
I

AE = E-E"= hv (1.8)
AR WAL EME 7 AR IR S A RE B
— MEV
B ] =
BT AETRT |'5FFI*JFE.¥HE[ e shig P ENERTE E?&EHE
. |RE &9
it 4 m{ woh | 2 | a
O i B
\1-:le ]
F e '%Hﬁﬁﬁﬁ
2EIUnn qulJnm SDUm 2 SHm § |J. lm 5m
18 A -

Bl1.2 G IX f R i BT AR DG ]

A. 73T ¥

Ty VECEN LA GIE AU T L0461 0 1 R s AR AR R (AR HAE ] B 3ot

W e e AR TR, TR
B. 7Tk

AT A B R AN, AT BN E RS o HRB 5 A AR
A A~ 2R

a. MR EHY BRI S R RE 2 (AL, B R R AAS G B (15 1.3)


http://www.hudong.com/wiki/%E7%94%B5%E5%AD%90%E5%85%89%E8%B0%B1
http://www.hudong.com/wiki/%E6%8C%AF%E5%8A%A8%E5%85%89%E8%B0%B1
http://www.hudong.com/wiki/%E8%BD%AC%E5%8A%A8%E5%85%89%E8%B0%B1
http://www.hudong.com/wiki/%E6%8C%AF%E8%BD%AC%E5%85%89%E8%B0%B1

B 8lE

TREEdR=h
R T 69 % FR B

Kl 1.3 i EdRs)
b. BHh: WABEZ AP AL . A DURRRALA (K 1.4): $E35). B5Y). 3
SFHE o

Z fHiwzh Mear
fo M 5
FHESD FHEEIL) JEF mHiEEh I EiH¥E

K 1.4 2 Hhdzh
1.2.2 204N FIRIMOEE

o IkshRE R LA S RE K, SR IR BESURIENS, AN n] 3kt S PR
A R B RE I ERAT, P LGVE I B AR (ks e i, iy R RERS 2170 7 ¥
BN-HeBNEHE, IXPOETERR N LLAMBIBO S . 2 i 3 BIMR SR IR £ 51
JCHN IR, 2 WM T LS IR AR O i ksl sl shiz 3 5 [ Al AR
A Al, 772 00 7 IR S AN e 51 e 9 I 2 B AR IR R A 3K 281
AT DX SR PR32 S DI B P R S o I SREL A1 1 7032 4 EE 5 AR 1 Ok 2R il 2k
FIRSETIEAR] S 7

LLANETE SR B 73 T RSN WOk 52 B IR ZL A T AR i o f s
IR BT R 2L A0 56 R A B kT A 2 B 2 g B ORI R A P i FF) Dt 9 5
i, MR T 2 T I SRR o X L ARG i Ak A 5 A 1) PR
WAk LLAMEREAE o T ARG T 0 T a5 A s Al 2 4 s (ot
To MR T X LLAM RO 15 2 R IO AL B L R TRAR LA R
AR SREDIRESFE IR R T LU E 2> 1 ISR AL, SR A7 (1 )
R BB . MO 2T IR A R 2 A Ry AL BT i F R A
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Wr 23 AR AR e — S A B, A IR S A AT 38 1 2 A U R 1 2
b, RETTRA T S T A S R, AR AT R REAE IR AT R Y 5 T SO R A
WYy A B AT 58 B A3 AT

ZLAMGE AR T WG R G X 2 18], BEATEHIZ9 8 0.78 ~ 1000 pm, R
P F AR A, WSO LIAMEX 2 = AN X 40 AMEX(0.78 ~
2.5 um), PLANEX(2.5~25 um ), LLAMEX (25 ~ 1000 um).

U LL AN G IX RO 2L R R R . S AUR TR O—H.,
N—H. C—H)M4as) if P i & = A2 1) .

R SR B AR HHIRAE T 2LAMEIX o TR 2y 2 20 0 it
WAL e R IR AR 57 R AR ] S R 93— P 38 BT 3R AT 114 5 e B 7 A % 7 4
RE) 7 T PRIRFAE 6] AR 5 285 KA R 23 2 B 1) 45 il R b 88, B @
B IR RSN = R o T LU X & T AT AT 1 s R Ay
Bro HELAMETRE X RIRR D LLAMG T

TCLLAN G DR Ry 32 B2 B AR S P Al B ERAT L 3 -F B BRAT
SRR [ s o B AR A AR Bl . SRR M PR R AR B L A A )
IR o TSR B4R BN AR R B S Wt 25 R84, e DK St
TR T . BLAh, R TS B AN EY (WIRZED) . FH.
W B IR S IR T o A TG B 59, BRAR & AKX T8 A B G 1 4
BTy, — AR RE Y TRl AT 20 #T

LLA G A R AR R B rh B AT AR AR A A S BT B
AR B E B 2R R D . PRk, BR T SRR T A% 2> T4l Ney He
Oxv Hy %2240, LTI A NG YRGS AR B2 5wl
R, HLeE A TR SR A A S TR E AN E R G, L2
HAGMA R HANEY), — @A A ARG . 85 20N
(I A B WAl (B RE SO T o T A e B R, A AR SR A E R
SN (¥ 45 R 20 P o oAk 2 BE AT i RS sty (0 MR S 5 5 20 A A
RIS AT, W DT E B B A 5 . T 2086l 40 BT s
AEPESR, AR WAL EAARERETIE, JFRA D, ST, A

10
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BAAE R IORT e DI, ZEAMERA AN S eV 2 M —#F, REREAT
SEVERE BT, i HAZ320E 3 @ e 5 A 73 1 & i i AL —
PR LA MRRLIR) 2 A
(1) 38T BA AR R AR ERAT I 75 X BRI e R AT 455
(2) Fa SR AT R SR

1.3 ALAEE SRR L g [RIE

AR SRR BOE R (TDLAS) MAS 54 7 vk 43 g ELRel
WA BIA P TR LA A R AP AT PRI B, IS B B YRl o
Joi T BRI BRI T 1%, 3L RS S AR G E ARG AR 2, JFH LY
U TGS RO 25 5 75 280 5 ey A I R MU

1.3.1 HERBOLE

1. BET H B o i

W) IR IR AL 1 3 O R AR 52 B TR S RO HEAT TS
BIR A (Pierre Bouguer) F274 - K B4 BA{1 (Johann Heinrich Lambert)
S AE 1729 41 1760 4718 B 1 490 J5nt >l 1) W0 J5 R0 Wi A o 52 5 22 T 11
KZFR; 1852 FFE B M th /K (August Beer) ¢ H G HIWR SRR B R Y 4
JIA AL H A RBIOC TR, B9 45 A R a1 30 OB B A 8 ——Aii
1% — B — EeRE A, FTRR HL 2R — BAMA e 1R

LU 2R - B R SRR S A e e, 3 T BT 11 F R S R T T W
ST, FER B Wk T PRI T HOR-BIE AR RO
JEL S g A A i LG (kR e B A

L

Io I

K1.5 te/R-BA e E K

11


http://baike.baidu.com/view/2717778.htm
http://baike.baidu.com/view/2717778.htm
http://baike.baidu.com/view/2717778.htm
http://baike.baidu.com/view/2717778.htm
http://baike.baidu.com/view/2717778.htm
http://zh.wikipedia.org/wiki/%E5%85%89
http://zh.wikipedia.org/wiki/%E7%94%B5%E7%A3%81%E8%BE%90%E5%B0%84
http://zh.wikipedia.org/w/index.php?title=%E5%90%B8%E5%85%89&action=edit&redlink=1
http://zh.wikipedia.org/w/index.php?title=%E5%90%B8%E5%85%89&action=edit&redlink=1
http://zh.wikipedia.org/w/index.php?title=%E5%90%B8%E5%85%89%E5%85%89%E5%BA%A6%E6%B3%95&action=edit&redlink=1
http://zh.wikipedia.org/w/index.php?title=%E5%90%B8%E5%85%89%E5%85%89%E5%BA%A6%E6%B3%95&action=edit&redlink=1
http://zh.wikipedia.org/w/index.php?title=%E6%AF%94%E8%89%B2%E5%88%86%E6%9E%90%E6%B3%95&action=edit&redlink=1
http://zh.wikipedia.org/w/index.php?title=%E5%85%89%E7%94%B5%E6%AF%94%E8%89%B2%E6%B3%95&action=edit&redlink=1

BT P AN IAO G AES IRV T B ST

— RO IS T — Wl Bk, AR B LA FUS, BT
JRWRC T —EB oy RE, EROCIN SRR E RS (B 1.5) o W KR
Ko SRR, DGR s @2, HOCRA:

I(V):IO(V)exp(—O'(v)NL) (1.9)

Hrf o(v) R 1 IO, N b7 T30 R ARG T (a(v)L<<1 ),
WA TSR G5 (R e AT AR AL R R 7 A
AI(v) = I,(v)o(v)NL (1.10)
BRI AT I A WA O St o IR IROREIE BE TSR R B
FETHOR-BIA e, AR FAEAR v I E BRI A(v) R LRIR A :

A(v):ln(l/](v)j:NO'(v)L (1.11)
Horp To(v) W ASDGHIRIE, 1v) A& AE, N O 7 780 $hn2
[molecules/cm’], o (v) 42 5 45K A 5 MRS B i [cm®/molecule], L WU
K em]s BRI 4, [em™ TRT AR IR N -
A, = j A(W)dv = j In(Z,(v)/I(v)dv = NL j ocw)ydv=NLS  (1.12)
Wb s =[ow)dv, o FIRIKE R cm ! /(moleculexem™?)]
W o1 BE (ppb) mI H R vk

Clppb]=-x10" =2 q00
N, N,PT,LS

For ppb s U HIARRIR L, AR R & B 07 K IR RSP & A 75 B A
BT 7 K s(ml/m* )RR, IR 32 ppm, 011 ppm=1 377 Ji
K /3L J7K=10°. B ppm 4, &AT ppb 1 ppt, ppb=10"*ppm=10" ,
ppt=10"*ppm=10"% ., N =2.6868x10" molecules/cm® K & i % 45 %

(1.13)

(Loschmidtnumber) , &% To=273.15K, J&JJ P=760 Torr.
lo &/l DRI P BE Coin [ppb]HH R R


http://zh.wikipedia.org/wiki/%E5%96%AE%E8%89%B2%E5%85%89

B 8lE

Crin [ppb] = C [ppb] / SNR (1.14)
LERE BRSO 7R (IR 5% 5545 s 3 ' 35 (IBBCEAS) R B i A
S R OA-ICOS)) 5 AR5 K (K ) T4 N AJ LU R 4,

N = I_R(ﬂ)(%(’”—ll (1.15)

a(A)xd\ I(A)
Horp R B TR, d B2 R R
TS IERE (CRDS) H1, N Ll RW,

1 11
N:ca(;t){?_r_oJ (1.16)
FEIXFIOGTE T, R t R RN ] © R o $RE 1, © F1 1o 20 il s i A
BEAT WA T Hs) F 5 il ) ]
R, HZ2 R EWGREP M A 0PE, a7l & o i
0 P s LR 53T REA T WSO AR TR R AT 2B T A R
EEILS T, SREE ATy, ARV A0, WK AL G, 7
B A5 R oL, W TO)AEL R, WA

T = (lijv = exp(— j k, (x)dxj (1.17)

0

e F K, 75 K MR URM S AN T, T N ERHE.

k=P X3S, (1), (1.18)

PO Ty, Xy TR IR (BE R0 B0, 7K § IR 7 1 REGUERAT: 1 IR
W2 2 BN 2 Y . 2 s il B R PR, 2 S I AT K. 2 1 IR B e i )
DAUHIHERRHEIRLE To R IWAFHIZ0R S(To)krs, Wl S8 T %R ] L
FA R 1 2 R T4,

S(T) _O(T,) [1-exp(=c,v, / T)] exp(~c,E, /T)
S(T,)  O(T) [1-exp(—c,v, /Ty exp(~c,E, / T)

(1.19)

HfTo=296 K, v o W AEIRBE SN BEA L A RIT IR, ot 2 — IR
U H = he/k = 1.4388 cm K, ¢, h, kI3 il A LA OG5 B O K 2%
2R QEBERDY T REREL B A TRRESI AR . nl LU R 1h 2 55
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XIUEFFH:
O(T)=a+bT +cT* +dT’ (1.20)

3 FIBO 1 2  FZR AL AEAE 2 B8 A 491 MR ALl R S R 16 i A
Kﬂz%wﬁbﬁ—fmﬁéﬂﬁ B0 o A W e 0 23 e Aids Dol g8 SR sk

AR, D3Ry, =22 B O, WL 6T, FRv, WL 0 B8
I(v) AR IR AL, FESREE R BRI, s NI RE Av = |v, —v, [ B
WL IR A YR 00 T, (TR 2 2 9 Bl 21 98 (FWHMD o B0 2 O B v,
Ly« LRBRPES. AR (v—v, ), MRS AR ATR v AL I WO Ty
o(v)=S-f(v-v,) (1.21)
ERREOHAIA—51E [ f(v=vy)dv =15 NiTS=["o(v)v.

1lo

ViooVo V2 oy
KI1.6 Wlltdde it kv s il

AR B AR B g TNl . AEHB IR SR, 20 T
IR F L AR k. 2R PR SE R E 1. RIS
T e 73 HE G T () 26 2 B30 v P R 5 e 2 A 24 DA R G S
(1) #462%(Lorentz) 2k 7Y

B EBMM T LTy, Bk, FEEMRNGE, L&A hEitZ%
A, UL LN AR

(1.22)

m(v>=<a<vo>1+4(+%J

2y,

14
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Horbr o, (v ) FETRBCI LR IV 16 2% AT

S(1
q(vo)—z(;} (1.23)
F A R(1.23) 0 NIBIE 2 BR R, AR (1.22) T AR 4 :
S 7L
-2 _ 1.24
GL(V) ps (V—V0)2+7/2 ( )

Hrp, oy, AR ZE S HWHM), v iSO,  y, bk PARE LTIV

AL MALAL, =3 Z AL R KOS R -

Pt
“:”{EJ'% (1.25)

by, 72y, FEARHEIRBL0°C, 1atm)  I{E(To, Po)o

(2) £ #)(Doppler)Zk !

URFE R T BRARI, R TETF LRI/ e R 0ok 31 LA 2 B 22 35 J
o AT R A IR RS 1 I F 3 A1 75 S Maxwell-Boltzmann 73 A %2, i
#aDoppler RNV, AN FIH FE-FEON R R 2 B 8P % s [m) I W R —AN 401
RPN A, XPE O N B 2B i Gauss BRI EER R,

op (V) = i[(ln 2%}% exp{—%} (1.26)

Horbry, B2 H#E58 (HWHMD -

v. [2RT (2 L [T ]
”)ZZ? ———Ezi—2=3581xu)f Vo (em™) (1.27)

T M 73 BRI 7> 7 i, o Jedl. mttnl i, Jeildi 2 H iR S
YOI PP TR AE L, 5 5 AP RS s b, (RIS B ) BAF H 22 i 2k
T B8 R K B B E LR R

B T3 (1.26) A8~ 98 ERoR 1 m 2 A, UL IKIEAT H 235 )
SR8 ERIR MR, R A R

4(v-v,)’ In2
o0 () =22 up{%] (128)
D D

15
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Hhw, =2y, 22 E W25,

REZHOF T IR LB 10 Torr i g LA R HA N & 2 B2 i . 23 8

B SR Z AT e rh O STR RR
(3) HEKEE (Voigt) £k7Y

X T TDLAS KA, eid 5 IR KA s ) 43 I 12 R 0L (7 i [ 1 S 2 F ik
PEME (AR T S5 ) (0 — N7 v 2% 18« 5 4 22 2 5 0 22 25 ) 48 6 AH 2 (— MR 10~
50 ZEEL). FEIXFE )0 B A 4R 20k v & 25 R AN 2 35 ) R KRR, TR
WS (Voig) ZeAIM™. mylrg AURE LR Iy h R X WU 5, (HWII R Bk, i
AR 2L WA B, e R e (Y B T AR IZ . Voigt 2k BT i s N )
LorentzianZi i (x =1), M7EMRE N4 T GaussZE R (x = 0), 2GR 1 —RIE
Lo WELTH7R A UL EBTR = Rh e Y (1) 1% 2k

FafcrR Ik P
y exp(—tz)
o(x,y)=A— | ————dt=ARe| W (x, 1.29
(1) =42 [ R S ARl ()] 129
. 4o _t2 3
ﬁﬂpw(x,y)zijmd,, SN2 2, w2l
T ox+iy—t 70\/; 7p 7

Hy, 53 500 223 302 Se A 202 38 (em ™), SNERSR(em™), v, W i o
?)fiifi(cm'l)o

H TR Rk R (1.29) TS AR S 4%, 38 48] i Whiting® RIS 1Y, BE R
Brassington" 23k 25 & (48 4K RF LT AL ik 5

o(v)=o, (VO){(I—x)exp(—0.693y2)+ 1+"y2 +(A)} (1.30)

EF(A)= 0.016(1—x)x[exp(—o.osmyz-m)_W} , x= % ,
: D

a4 _ S voigthdE, i FHINA
Y y, 7 or(%) 27 (1.065+0.447x+0.058x) ol “

AR

1
7, =0.5346y, +(0.21667, + 7,/ )5 (1.31)

16
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X oy, (v, ) Btk L g eiom,  rTRLH R SRR

S
i 1.32
o (%) 2y (1.065+0.447x+0.058x" ) (=

— A 2

- T M

R E oh o H2 f R
K17 34022 e NTAR AR Rr Be 2 LU R
FEWRMO R I e, IR AR I Bl B R ik, — R AN R
RS bR e, R PR W LR B e R AT LA, W EHITRANM k2
GEIS AP A vh % 120 35 I e S 8. TR X R 2 10 73, R TRI ¥ LG
IR-BIME G R 30T DU SR A ok Y.

1)

= exp[— (S x g(v,vy,Av,,Av,)x N x L)] (1.33)
I,(v)

o g(v,ve, Avy, Av, )W Y, Gl A 2 AR ZAr B v, » 2 3R
JTIINTELETE Av, « Av, AR Voigt 285 .
(4) s/l dE 2
KR IEAEVoigt B EEAL b, 25 18 T 73 1 (| ik 7 B0 4 B IR A 7
(M) Dicke RN o F3 18] A A sl CRIEHEE e o)+ A /N BRSNS TN 55l di
CRIEA J5 70 73 B AR RE Y GO0, Al 5 70 13 2 70 30l 75 5 Maxwel LI Brown
BEMTH . Rautian N1 Sobel’man’™ 2 Galatry™ & Ji& 1 357 f1 45 LKt Dicke 8 745 %%
2% L8 T R o SR RIS AR [i] I 25 8 3] 2217 ) J)E 5 . Dicke 38 7% AIE 1 72 0
Rautian #5200 N TRl AR 53 1128 LU 73 1 BRI BR300, BT DA
R VERERE A7 (Hard Collision Model), %45 % Af DLk JB7,

17
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W(x,y+Z)
"y 1.34
GR(x’y’Z’ ) Re|:1—\/;Zw(x’y+Z):| ( |

AW, A, x, v,y p, B SRR RS0, z=mﬂ/ . B LR
ZH, HAHAR I EDicke N . Dicke X B Dopplersi s 14 5 1 ok /) o

1M Galatry #5856k N =Rl 77326 BE OB SR 7 - 3 R B BR A 00, KA )
BRI 8 A BEAE RIS AA 133 R A W 25 AR Ak, BT DL SRR by B Al A 70 (S oft
Collision Model)"™, Hn] A& Ay

aG(A,x,y,z)zﬁR{J. exp(—ixt—yt—%]dt} (1.35)

—00

A, x,y,z W€ X [FRautian A4,

B. TDLAS H WM IOL 1%

METDLAS R G HALWMOEHE, AR T — R0t sk
[P 7 7RSO PR L WA B AR MR TR D' IR 5 8« Sy b —Ff T 2
BSCRHOG H T ANS A Fi g A Wl 2, OF HLAE A5 5P 80 2 i 4 2R
BEAT SR IN8Y, IS B — 450 4. AEBIR b, 25— P vA ReRE 13 1) 0 w1 R
JE, BOATES E R Se N, Ean it T KR 9 s BB OSEm R 1, HIX R 1%
B 5 5 BV BESAT R FEM , AR SO R I, WAL PR R Lo AR T REARE
AR, SRR IE R I R 2

S PR A AL, DA R A SRR I A, 1 e AR T AR T A
(VI 2, IXAEREE T 4 R B2 A7 AR TP el e b H AR 4055 o al nd Hicths ab
5L RE W 0 e ] 72 W R A oHE DARE G PR 28 48 2200 I 8 P S o I B R ZE A4 T
PRAE RS E0, BEAG I TR) 5O T 7 A R kA R AP HL A B PR W AT 2 1) 5 ) 45

A0 L7 e RBEAT R 7y, W ARG 38 S bk B 3RO 1 1 B i

Jl=m(r()) b= szX, (x)dx (136)

Jj=1 i=1

Hh T AIBE A, PHETS, XS R B (R340, i, jlem atm ™ HI
D, [em] 735 R IR 73 1 RERIT N (R 2k 2 s AN AL o KRR IGOL T
S IR PR e IR RROR s, I8 BRI s IR REZ AR A, 225

18
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(1.36) nJ LAfaj4E A -
I[_IH(T(V))]di - jPXj (x) S (x)dx (1.37)

RO UK § B 2 X AT DA I P T(v)#521.
1.8y S AR [ B Sl B 5 VA R e
Wi

U}l—————\———- SR - - |l

I itk A
IR AL :
A1 @ Rk

B 1.8 FHARMR I &y s E

S () RO 0 A il R A « S B A e O 8% RTE N LR
XHHOE & I WA BEAT I, O > AR 73 B o, e — SR H R I (17
PRI, BRI ARl 38 xS e b BT AR XA T 22 U, a)
LIS LA AG OGS, HX DA 5 RES 13 2 BE I TR) AR AL IO o (H A
2~ (1.36) wRlL, EEREARRRE, T B HEO R e B, DR 53 4k
WO AR MER, LR (K1.9) , FRvE R R — IR W] R R
BE G — A, B BRI B i 2 I (FSR) P71 BRIk, A
LR S N T SO IR PR 5 IR TR 5C2R S ) FIOM 9 3 mT AR FE 45 1) 43
s, AR A RORRE Le (18 1.10), AR HIBEE BRI BRI 2 B 53X 451G 46
AR S 15 2SRk OOl

,,
=
o
T
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144 ——CH, absorption lines
——etalon
1.2
c
i)
@ 1.0
2 04
1)
c
]
— 0.84
0.6
0.4

0 1000 2000 3000 4000 5000 6000
Data points

1.9 PSHOL S B LA T RRAE LR A

0.304 ——Raw data
1 Voigt fitting
0.25 4
o 0.20
3] |
3
o 0.154
o 4
2 0.104
< . -
0.05 4
0.00 4
'005 T T T T T T T T T
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ZE), BTEL, SCHRARBxt ZE (8 AT ISEMAARK, 3 Bl 45 R A e L AR, R
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B 8lE

RN

N T BREAL GO BOR R IZ LS B IE , d5 5% 0 M IS 19 0 A o g MR AL
HeRE, i Whiteith 'Y, Herriotith '™ U gt Jh T 30— 2B e i
BRI B A RO AR R, — SR KD G BRI AR, B 5 5 06 1%
FARN, s BRI T KOG I P RO TS 2 AR rh D
TPRAE . BEAh, RGN R S M AR LERUIE LR R, b R8¢
FoMe Pt BBy RS R o O T oD RGEe s, — Iy, AT n] DLIE Rk
FEREUE, GENESABOR A, D ICa AR, 5y —Jr il AT mr LA i i il
EB N

1.3.2 PR

A 752 BB GRS R SRR 75 (5, A T $E A
MR, KT WEDCIERAR . SAHPIAN TR, e E A SRE
AR B U A T TANMG AL GO & 7 VRIRRE, fE RIS 5 b
I/ ARAY o IXFEJRAD TARAGE 7S, v AR B o 53 4h, RIS T]
DS IR WO e S 45 R AR S RTINS 5 o HETYETDLAS REH A PR
FAREIBA : PR AHDEREWMS) FE A DR (FMS). FMS H 1§
B — R AE500 MHz 2y, TIWMS B SIS 7E50 KHz /ity XS A
Sy ESRAE, A IX PR 5 12 SE B Al S R0t s BB K O - ) BEA T I ) o
FEEANE L FMS R FIP0 A A5 T 0 R TR 4 5, TTWMS IR il 5
FELIT /N T LB . WMS 2 E e H, HEIERZHRGNIRRH . &2
HARNMEM RS EFE E, FMS (R BUEELEWMS & AR,
A ESERy, AR CAESE b, WOGAS M ] LB AN T . (HEFMS R
SR EELLWMS R0 2, B A s 2, PRI AR A A 22
LA 2% K
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BT P AN IAO G AES IRV T B ST

s S Wt 8 it PR 5

DU BORER

i Bl

o O

LT b i 2

PRyt K SR, MO B8 I — MR 50 ez 080G
1S Kz FTESXHL 5 VR, S OO 22 55 0 AR I 5 LI
%, R BUTHOA B ST AR, 71 LIBT3 5 10— VO ...
5 AN R SRt T B A A DRI AT 15 % S I
Ko ARG TE AT B I RO v 5 s 16 2540 D
CHWHM) F: v, ="y, o Pudcl e, Il o
AR — 52 A V70 24 6 A L 8,

D] U\;:]E/\ 7“ H
Va,)z ( 1 A 1 ( j (1'E S)

X T UGN, B A IR 2.2, — RGO, T AR e ) R U
U s 52 A8 A 8 DA BT IX S B A L o (E AT T/ — A R AR S I, 3
ST AT LU R R TEE ATk S 78 BRI (KW e 4R PR T3

1.3.3 B PSRN R

E FLARWOE G TR AR TR BOAR T AR i3y R 48 R B o AR P
HTERI T VA TDLAS RGN 1127, nl R - S AR BO e AR fan A4 i LIRS 5
L PAATHARF I TR T I, OGS A ) IIOGLE 70 3R 70 P AR
AR BT ERRA, EAZEE T, A HGR AR A IRRUR 1
VEN RIS T 5 AE EFATHI0 Y T RD 0 A5 5 BEAT AR 2], R 5 AT v
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BEIRTIOR, R S5 S IO B R SR o A5 5 A1 R A H Az, AP 92 i it
RS S HWRE 5 0 ZEE, MHEEHTTBOR, 328005 BRI 5, K5
FRRE R B 1 ) ZE (05 5 R AR 5, IR R iy 1 RS SO B 1O 5%
M o

AR

F41.12 TDLAS V- fhir #8300 Ji # P
B 1352 FRATTA) B P 000 5 ARG B IR B (5 5 5 B AS 25
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BT P AN IAO G AES IRV T B ST

7B (DFG) 2N G Y6 IR

AT 0 SO R SRR R T OB . SR
FF R AR 1 2T SO 38, ELZWTAIE 3~ 30 pmil K5 s 177 o 3
WOt HPbTe, PbSefIPbSLL A X 444kl 5SnSe, SnTe, CASLAKLILEMEHRES
W2 T b . B O 58 7 S5 SRR 1 R SR TR R T
GG REAE, YR R OWOEE K . 7T LU I OB PO R A
B4 273 4 B P S 7D TP 7 6 K AR 7D K PO 38 . Y O i 3 J
FPRSWORIG 464, HEL 19 2 IO IR BRI B, — St R i &
HIL 2 B .

0 B L5008 o TR T PO B T 6600 8 P LA R
TP ) I A KA, A5 (O 28 T 1 — 2 [ P P
FCIRME Ly DT 15 % , IR R T 0 PR LB R 1 8 1 65009
e H AT AR 760.8-3.65 umifIZTAMIEL, HA I T M Ak B LR LY,
B € DO B T ZEVF 2 W, 01 M0 60 O B A T8 PGSR AR
RARIOG. AREYEE T LI

2 B RAR AR U BB SRR 2T AN BOR Y. OPOJE AT AR —
I 2 LR, T 2 5 2 BRI — AN SR AS e 2 SRS A 19 52
LRI SR TR, 528 R A —RE . JRTT, 1 T 2R 1,
W) T SRS T L DR T 7 23 R Y i R PR AT A R 1)
I

FERRAEAR S SR R — PR P R BB K IORR W 15 5 Yoo,
S o T 1 LD B 2T A KB N IR 15 5 e ATV FL A
PRI S omop-odfI AW, £ T DEGHIh 2 SNEOL L2020 704 At .25
S, FFAE20HEAL90FEATF 413 2 2 N o 5 UL ErR LA EIEAH L, X RO
JELELAT SR VR E S S U S ST, B 452 T AL
AL M 7 S BT ST I R, T DFGI TP 2T SO SR G, T
A S BT P LTSO8 1 R A 2 0,

BT GOS8 — R T it MO R 1 T S T8 T AT
B S PO e e KA T S T o B 0 K el B 1 S (R
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B 8lE

WAt ) o SERE R IR A A B e, T — 37 B ] T o 1 5 5 DX R 1 )
FESZIL . 19944, BellSZ % 1. Faist A0 F IR AMEH AR 5 Rty TREARSE
BB —AN LlInGaAs/InAlAs b A X & TR EEEOEE . HEr, XMEARC
ZAT T BRI, IT B 2L AN ARG R N Hh 1K 20U . QCLAT ki Al
WA IE A, WS = R AR, Be R K T E as
ANKRAE D, HurEps b OwrEH QCLM B K Y 43.4-19 pum. &I
PRSI ERAE, FE20024F g LAHGETC™, I FLAE20064F i T4 K< )
NOPSI s il 48 1 S i P OB BRI B, D78 4IRS IRe 3R R 6 i X
A AT PR DR At T B v 1 T S R B A R i o B i [ T 6 Se VA P A b A
LEANER I B EAT SR P AR o A% 2 T ] LU SRS a2 SR 8 1 RS0
B, JF BT LASEGF (R X 500 H AR A 5 B 1 300 o kA 1) 2 7 a0k
FAOREE T B — 28t Al BkePEOERS,  H Tl AR SEAR, T AR SEAE R (1
LT IR S s FORA F K, T ) BEARO G A R AR A o 5 Ak S = m] LA 25
TS A BRI 1 R S T A PRSI o 2 P 38 4 801 A I 1 5 £
rI: e .

1.4 KXHRAS

ANV SCIH Ge A A S i1 RO C A% D FE (1025 L 1 AT LA YA 1R
PRI, RS B8 E 2 A ZLAMNEO G R GENHIR B UA(HCL, CH,0)
RIS B ARZEAT T ST

AW NSE, AR T TARR SIS stAEsshbl, %8
ST KT HONOKIH ZE 1, HONOM YA H 1 i F A 77 ik . SR )5 L2
IRt TR A SR BOCROETE P, IR PRI T EREBOETE, PR
P RN R T /N)EE P iR S s ARl SEAW Y Glew b8

FES R PR A T SR AR S T RO AR AT HONO U4 A
Mg KRB, ZAREUTE AR TR R RS, WAHIR TR A RGN A
MRAMAHERGE . TR ARG LLRIEAT T VR4

=AY E PR A T S LA SR T IO A I WA R AR
A5, IR B = N TR RN R e SR EAT T R0

SLEA AT 22 A ) B K AT E R R A 1 5 D8 R R £ A 22 0
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BT P AN IAO G AES IRV T B ST

FEAE YR R GRS ARHCIAICHO R o IR 8 STk 44 21 I HONO /Y o5 —
AFWCAE3590 em™, Wit T 5 — B 2EAOCIE AT B i% 0k B 2= Sk o6, JFH
COY NS 280 AR BEAT RS HE

FNFESE RS NS

26



O R U0 LA WA IR AR I S R e

FTE ERs TRIKHOLSRLAER SN LN R %Rt

DA 1A 3 S R ZRUBRIOE A Sk 10 S AT PR =M 2 6 2 4
2157, MRS MUEERG T INIhRE, T LB RS0 4 =Nk

B EB R AR N B R Sy, RS AR AR SR T PR O
W AN HEEREE 0.03 om IFSEE, — ANRROEFRE A 125 mif) 2 Ot
i, A PRHA I Vigoillds, DU — M HIRREER I [T Lecroy Wavesurferzis
PERAE o

B R IR ARG, RS A =S R TR A
P PR AR e AT S P AR TV R s I A2 1 o

FH=r R AR HER S, TR B REME, NOxa#r{, LA
ST RAE AL B T S LA

AR P RIF DR RGNS BEATIE .

TRk

Denuder without
| HoNo

| eeneration
: system

Denuder with
alkalic coating

NOx analyzer

=5

=

2 HOND concentration calibration system

|

i detector2

w

w

o

2

e etalon

a =
lensl
detectorl ens
M4 W

/ ME}&‘
B \
e sr_il:?:':]:ler‘f : —‘D QCL
HOND measuremenl system A
12.1 HONO &Kl S 56 5 Gt 41 b

2.1 HONO SxMNE &%

M T PURFOEES R IE E Jotle —MEILA90%, S A 10% 170 H 7 70
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BT P AN A IR R U T i ST

PRy o B E  E HEGE N — AN 16 LA 2 it (Infrared
Analysis, Inc., Model 107-V), M Z KSR EDCE IS —AMERES emf)iE 8
Jei s B A RA I LD AN 28U (Vigo detector, PVMI-10.6). 3 4h—H %
S B R [ G T 4 0.03 em™ [ Fabry-Perothr v I SRAAAR X
o 22l A (SR ) B — AN 19 s g T (Preiffer Vacuum) St il £ R4 il .
5 5 KRB 5 GSample/s, 1 GHzT % 12077~ 45 (LeCroy Wavesurfer1 04Xs-A)
T u(E12.2).

lens 2 Detector 1

55555 8

;o

I — — —

Mirror | I
pressure

¢ I transducer I

= ms lens 1 - 0
Y =
Detector 2
\» : QcL

Beam splitter
2.2 HONO A R 48
2.1.1 FiRTAEELLR B T RBBOLR IR

8o N 1 a0 (0 ZEAMBO SR IR AR e, B AL S B e i AR 1Y)
B, R B LR AR AT

(D FLLTE, — BRI IOEIE 2 58 2w /N1 2 W B e 58 K (17 1 Ik
58, DLIRAFRE R .

(2) 58 AV L, DA S el N P ol A BV T, By RS T a2 2 4
oy er I ) 5 2

(3) AL IOE A DA, 00 I 1 9 B 1] WO A-ICOS K B2 AR F 2K
D BAR (R E A U G, 3 AT RENS g A DRI (K A T I H AT 1 Fr)
P, PRI RN, PLASARBOCH TR . R DR R It DY R i, ISR
BT GURBOEE AL moE R R A I DR, 2298, =ilRiE, Pridim
DRI K e AR flve, AFRIR G, I H O N FIRE RN, e 215

N i [83]
e AR SRR
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O E R RIRBOLE WANIR TR I S5 R gl

71 1ZHONOWI & R e, KA IMHOE G I & % iR E 2Lk & 1 RO L3
Wi o %6 YR 4 35 [ Maxion Technologies 2 ] 42 7 ({1 DQ7-M776H 73 A7 [ 1t
(DFB) - IBRHMOGA IR, JF i FIFEH B 1% # fIModel 800WUL 2 il #5 >k
BEAT U P AR R 5 (B12.3) o S FH M SEA I 2 20k A e 2 Lk
JEREART N T 5 SR M = ANRER, A IS O AR, T HEO
RS POH T M AT I AR, R 40 Hz-30 kHz. 534b, HONOTE 1%
P BE(1255 em™ A EGAEE R ARFAE IR

i
=

K23 - UBIOt A el K L i A

1. BT RO LS RDQT-M776H
LR T GO 2% 25 B B AR — AN S R A R AR A v
A, WAMRECERE, DL — AN e I Maxion HHLALEEHL, Ok
A Maxion Model 800 WOGTSHIZRAATHAE . R L, HHLH K

YL S FITHHLL PR30 252 bl 79 A S (g 000 28 43 5ol
DQ7-M776HBO G2 A2 s Hh ¥ 73 A0 B st i1 SRBE O G H% . I KT 436
mW, FAEERELELS °C-30 °CZ[a], 7520 °CHE, %08 Al LLE FF O i 1254.7
om’ BT IE ST AN B SRR (A Ak, AR R AE, SR S
R oC R ML 2.4 R2-15H T HOL A I — LU AR AR
o b | v Cras
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ST LN TG R R I R 5T

K2.4 P IRBOCAR MR (2) SR HRFIE KOG R G
(b) DR EHEHIRKRR ()R HRERRAR

#*2-1 DQ7-M776H CW-QCLIAERF M (CWERBAT R IREY], Pra{HAE(E25 °C

(RS ERD)
BRI FrERS B BT PR
ES 1K R(RT) 2.4 kQ RT 222 °CH} (A4
o R T 25 oC
{1 L 1, 231+5 mA
BEAEHLI I, 380 mA
L (EEN Vor 9.735 Volts | 7 =380 mA
14043 ¥ BE R, 82£0.5 Q =1, > 1,
CW%&E% I)cw 36i2 l'l’lW Iop :380 mA
Wk Ay AL | 7:9720.001 um | [ =350 mA

S F A F B SO i RO A 1 — SRR AT TS, E SRR
HAZIOE B HOTE ISR 23 R 0.25 em™/°C Fl 4 em'/V, SR ] 52 HL R AT R, T8
I AR VI 15.5-30 °C SRATHEHOLAS, 7532 e 2 an & 2.5, il
55 P R AT R L, 1 O R G B R 12541257 ems
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e Exp. data
5
g
2
@
c
[
E FW\
(a)
™ Pure CH ; simulation spectrum: L=67 m at P=7.3 mbar & T=273 K
§
7 0754
9
£0.504
[0}
5025+
[=
a00(b)

T T T T ; T s T '
12548 12550 125.2 12554 125.6 1255.8

Wave number (cm’1)

2.5 PG AV R 79 20 A FGE 2k A L Hitran 2005 A D LA ) R e
IS ey
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2.25x10° .~

1

2.00x10% 4"

1.75x10°4
1.50%x10° 4

1.25%10°

Lorentzian linewidth / cm

1.00x10°

7.50x10™ 1

Y =6.74071E-4+2.81887E-4 X
5.00x10™ . 7 . ¥ . T . T . T
0 1 2 3 4 5

2.6 AR ZELE B b R ) AR A A

WO'G 2 T R R I 0 ST DR Bt s, T 118 it o DRSS v, O 4 B AR A
2 FEWOC A 3 25 5 O R 2 B8 I FEE A PR R 25 A BRI 1 R SRS R Y
R S B IO A T AT %5 Tl 2 v e SE R, A IRO6 2 58— OR A B L B AR
PR o PRSI0 R T, BRATT I AN R 1 F B
ek, JT RV 24RO I R BEAT 40, 13RI AC 22 e e, e B %
R, BE HENZ % A, (R R Eob R AR G s, A1 i
& ES5SE MU G HEHLITAL R A (K26, X RN
Y=6.74071E-4+2.81887X, M Iifi 15 ¥ t & £k 56 (HWHM) K £ 4 3.37x10™* cm’
(~10 MHz).
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2. Maxion Model 800 345 il 4%

R T IO 2% i Maxion Model 800 3802l s #4742, 1%l A Xt
WO BYSA FR (T DUR — AN B, B R B, —AN ik
7Y, BE BRI K] 2.3 g T HOES RIS IE T, 7R s
A = ANERRSL, — DMARERSMNT A, — NEREOL AL,
B Ja— AMIERD RS A r DR A R Es . R TR TR L 43 )
4 8.6-9.7V, 315-387mA, 15°C-30°C, iJEsHlksE A +0.1°C,

2.1.2 TRk

H TR 5 B IE LT 06 S RIO UM ELAE F IR B, R 22 Ut i
et T LA R 3G 5 A5 5 (1 — oy e RO 5 BAT DU R 1 — AN B 2 AL -

1) D627 S5 BE S SRAF AL IO REFN R IO RE I G

2) B RIFMESAR RS

3) FLA R IR B U1 3 PRV o 1 il 8 e M R0 3 50 1 DA S MU AR
.

S ANRFAECRAIE T80 BN 55 W AC Ry 0 5, AR A PR Jok FEE A B
AR o PRRE Y (White) 2 0SSR RS0 R AL X AN 2K, Bl 1O TR
PN T 1) AT 22 IR SO AR A B RO RE s w7 {68 (1 i o o 1 s ok
PR B T ANRRIE AT LAGRUE SRAGAS R BERUAN R B8R AR RE e TR T
DUORAELE I e o b SO B ORI S A A5 i (R M) A s R AR AR . B8 =
ANRFAERT T 58 731 WS 10 s FEE MR 3R B2 b B o R AR A Rt P42 2 L
B, AEANIR R 53 B T AN ) (9 IR oR e 7 ORI AR A s il o
RESESRAT R A I P e 2 R A 42 7 =5 [0 IR byl PR 2 ) 5 RS 10 PA) 8 D 2 45
FE RS BERE N TR B R E

W IC 2 ORI White . Herriott 71, 185 157 (Astigmatic) . &
AT 256 A ) 22 Yk S i /& White 7 (Infrared Analysis, Inc.Model 107-V)Z2 %
ST (E 2.7).
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Kl 2.8 PRRRIG 45

2.8 4 FATAL I IR PR PR B AR 25 ), A2 300 5 A (R MR A 3 o PRARE
Yt (White) R FH A (10— BB HRL R 10 (11 10 S B, AR S 3 %8 K 1-99%, Horp—
P23 —(E2.8 " KIBHIC), BICH AT LL2p il 7T, ARG MAGILGHEN,
FEABE AR TN PR B R = AN A S . T BRICEE, A& sk
BEAT B, T LA SRR L% AR R BB ni e DUEE AR 42 K 0.8
cm. T IR AM A B AN P T e e Bt R AR 20 AN O & i B & it 7o iith
AR E — MK 90 em R AERR Bh B S AT 4, AR 215 om, WP ABUK
295216 Lo EAZWMIBINEL T RA LA ML, B )b, HiA
W o2 28R BUR P, AT AR P ANTRAN I e e i T . o —
AN BRZ 1% — AN T B W T B IO, IR AR L AR IR R L
Febo TIHMEA—AH JJ IR AR A —A Fe RS0 o Y88 2 S P P B RH AR A
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FH 2 2 FL AP A I o

SRR IR 2 YR St & Herriott/} £ 3. Herriott® A4 T-19644F
FEHh 22 WS By A A AR AR B T R 2 . B v Z IR IR EE B A d, il
TER AT BT — DS NL, BOtE NI RS 2SO A 1)
(K2.9a) o 7EBE T ZIAREI S —E B2 Ja, IWAHIE R NFL A, 3 3 s
Bi v [ R PR B SO A B v R AERE SO s A o HURE RS S R TR B, DK
WA S, LR, & T 0.

T A R B 2T 2 TA) AT B4 B 22 16 SO0 IR, MeManus %5 A
(5501 995 AF it 77 MR AT Tth by 7 5 85 1550 PO 11 T B 2L R PR Vo B8 AR IEAT (5 Tl AT
AR 2242 o SO FR T TR ) R /NSNS 2RO (B12.9b) . T
B IRMETEG B EIRCEEE BiLissajous &’ %8 . FHIXFh vk, X THK <1
KBRSt 22 IR S S (R ROSORE K REIA 21250 mo B IR 2238 OGB4 Al Lty
A, AL, (AR R R, WA SR &L, Wk
B S§=F RN

2.9 (a) Herriott 5 A BEil 2 it (b) McManus %5 A\ #1111 £ il it

DB A R A SO N IR o BRI, BT T AR T
o HEAR IO o FEREAT IR R, e AT i — ik ) UK Ay
BRI RE . fE— SRR 034, A SEBr KRR SR IR, B A
T RAREMYE, SRR K S 52i5 g, RO FRBEAC, SRR BN R
J S 3l F — B 1) J5 75 B Ve, BT, R

AR IAT R T A TR P4 s 199 8 R s 3 9 06 1 e R R A R MR b I R 3k
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O E R RIRBOLE WANIR TR I S5 R gl

KR, JLEORELA R,
2.1.3 PLLAMRR AR AR G 7= AT

' FELPR I 8 AR AR R Ji BT A3 A 0 3 RO R 8 AT AR AL Fa el 25
DG 2R HIARI 25 2 51016 3 8OSEHRE (R RN A4 1 6 AR TR 245 2 ) FH 2
SAPNEE G AEREFRONY LG F I, REAPNL AU R LR
FRATFARLL,  JGAR BRI LA SR (1 o 12 38 8 A0 5 v PR R0 R R

YT R 16 LRI 2% k5 >4 Vigo 23 7] (K] PVI-4TE-10.6 L F PVMI-10.6
R ZLAMEARGEI RS . ] 2.10 45 T 3K BRI 35 1) SE RISk s i . e
AN 2% 38 K i 5 PR T LU 2,11 45 30 e85 B w2500 LR 2-2
F12-3 345

a

2.10 BB R (a)PVI-4TE-10.6  (b)PVMI-10.6

PVHTES

IE+2 S e HOE) 12 S
= Y PVIHITES - — )
% 1 r_va.nE;s 3 \
[E#11 - SR\ pyrares E PYMI-10.6
sl L S~
I’ ! “ l\ \ PVI4TES Q_~ .
1E+10 — 1,00E+08 <
' = — e _____E‘:’HTE-W.G —
] \ T |
149 EEEEEE%EEEQ‘E
1E+§ \I T T T T T T T T T A’ Hm' 1.0090? A? Im"|

203 45 6 T 8 00N 2 1 4 5 6 7 8 9 oM

K 2.11 PVI-4TE-10.6 1 PVMI-10.6 545000 5% [t 35 4 g |3 il 2%

2% 2-2  PVMI-10.6 745 HL R 28 0w Y. 2 45
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A

" pm 8 10,6
Detectivity *:
ath, cmHz2/W >610¢ 22:10°
ath | 2310° 25107
Responsivity = Width Product at Aw Vimm/W 23 0.5
Response time ns <7 1
Resistance Q 15 to 300 10 to 150
Operating temperature K 300
Acceptance angle, F# deg 35, 1.65
# 2-3 PVI-4TE-10.6 M rL 00 2 i )3 2 5K
kY
CHARACTERISTICS UNITS | PVI4TE-3 | PVI4TE-34 | PVI4TES | PVI4TES | PVI4TEG | PVI4TES [PVIATE-106

he ym 3 34 4 5 i § 108
Dedecivity":
ot A emHzW | s1d0? | SBDT | SB[ SIA0M | sExA0® | S5 | kiR
at A I 1 IS T O 5
Responsivity AW =03 =08 | k) 15 »15 7
Time constant ns <15 <15 20 <0 <10 1 g
Paralle] resistance-optical area product eemt | >30000 =200 =800 =4 =3 .06 =005
(Operating temperature K 195
Acceptance angle, Fi#é deg, - ¥, 162

T SRR YR, R GE R B TA B ORI 75 A BR (shot-noise  limit)
SEARMESZIAI . R (1) 32 Bk AR AR OGS, TRIES, DGRk R bR AE R 4 S

Al
=F

>

(1) POt E M 75 (Laser Excess Noise)

PO TR A T 2R I 2 8 R 2 R O o 7 o R — T R TG A
G B TERE, WL BB AESE, S — T TR 2 B B A
SR AR T IR B O A AR IR AR S, RO AR R AT R 4
Ul A2 Ve A A R A%, X LB 7[R A S 0 i ) KOO G AR T A,
HH R LS Tk SR R SV P v 1 B A R BRATTIIQCLSR T DA Y B g k3 42 o
R ET I 107 CIMO e A K LS . 5340, thotis shoe %88 1 s 2 ¥k
B BENBOCE AP, DO BOGE 1% A5 5 34T T4, m sl —.
— R T LA FH Y B 5 28 S DR UE SO AR S ) A5, B IR L IR R AR . 7T
PRMZEAL, BT oG Id e s 7= AR (R W i) 7 SRR (e i, A -
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O R U0 LA WA IR AR I S R e

AN

Hr B S 5 AFAN R BOC L # A, Yo h0.8%1.5. hvad b T hERE, ni
PRSI R T RO%, DA TR, PRI 98 . Peoi XA Hz N1
TR0, Per TPUELL THOGRER, 5 —HE WA AAOC, W5 AN
HRAEAK, NTAFEMRE, Per MEZIRK, RGBT
LUKE Pex BRAGIZEBOCHERPII10 2107 R SR, BOBHANGE 5551
R 567 OC, W0 R b SR AR AR DG, Sl I 5 5 384 DI 4% AT
BT INEO G # A g
(2) R #5ME 7S (Detector Noise)

R — TR 10 O B SR e (R GG i) N7 L, o R R, U g S
K, B RGED", =R, W, 5% % NEP(noise equivalent
power), HRMICHFIATR), BRI S . B RBED F5E o

D' = VAN (2.2)

NEP
Hh AR RO R, AL Eem®, APEHIN AR 5E, 47 2£Hz, NEP
AT 2 Wattso B2 PRI ST HH 15 M LA TIFR ST RE R, DRIIMNEP & BRI PR .
PRIAE I (0 L em = JHz /W, DRI, R0 R T
— S, DGRBS A S, AR (Johnson noise) 5 shotl
P, U
Shoth 75 A& 't RLRIN &5 FO R 4r 1, 2 i TAE RGO AR T T, BEA L A2
HLT, 8O S BDCHINARR, Ot H 7 BEHLI A F B AR T3 H % It A e
IR AR . X TG HERMZ, shoth i & L F 2L fi 2 —, Jf HB AR AT
I RS R, S AT S0, 1 HLAE EE TR0 21 53010 Th A AR I s 5 101 5 A o
i :(2e-epl-AfJ% (2.3)
hv
e MHFHAT, nRENSSHE TSR, PREANIDIE, vEGTRE,

i 71 o
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Johson M 753 9 Bl A PR PR B Nyquist MBS . g T H ATl FE AL
() LB TR (3 3, ARG HL T o A B RN 48 1 B JBOK o IR R 2 188
FELE T AT R IS B ) . RIS 1A RS FLRA -

i, = (%TA%)% »

KL K RRPRL DR, T RIS, ACRIIIATE, R I RS .
] A P AR P RIS 5, BRSO RO R B, 7T LGB 4 2
YR S b H 75

R T 1 WP SUROM AT 7, Bk B 5k S I 3%
BB B A, FUW S IO DD AN SRR L o AR I, 2 R 1
FEMEFE L, AR KT, TN TR S 1 H 75 R ORIE 75 . 17
7 LA I8 00 ik 5L 0,

mf(%ff[ifJ 25)

X C BT, a F1 b AR T 1 K 4.

H 3 = R PRI 5 1t 7 AR e M AR PRI 7 08, DA T A e R g ok 2>
RN 98 m] A B0 P b o FEBLIR b, A IR A S A T LA/ T shot 7S
BUARNS DU R, B2 PRI RORE HH shot W 7= R 5E o
(3) ArRUERSRLL

TERAETC B S A B S AR IS, AT A8 A58 215 2 ) £ 5 Bl 1K
AT A A S S R AR, X R S S SR TDLAS R 48 bR E B A gl i . —
JyThr, ] DAIE DR GRG0 A R, AT AT R L 4 30 7 X
T, 53—, Hbe R S GO A AR LU AR e, DAL T ARG 1
sl T, RBEHER TS 505 5 I RS DI (1) R S R

XFRCE IR RS, AT LA T S5 SAE U R R b R A, £
AT /G R ORI SET, RJE AR R AR R ST A
Lo RPOETHIIE, BT, wT AU R R S GO R R R
EP=IVE ot DRNHEES e S ) oce 2B L LT U= e e SR o e e ey ]
ISR, FETIESRESRAET W, NI TR Sz,
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2.2 HONO S&F=4% &4

WEAHR(HONO) & KRR K —F, e 0 K UHOH B H1JE (R 2

HE B8 T G . RO EIATE M, A% R NS PER R & dr, AR
KT SR il 5 AR CH,, CO2%%), I H R A 118 A EIHONO SUAFE i 6
FPEHONO ™ A= FIM ¥ SCHR, HONOWI A5 b S A K 3 F 2 =ik, 43
TSR, AHRAH RN, SO Yo
(1) SR NO@NO+H,0<> 2HONO, H,0+0,+NO«> 2HONO

XM AL AR HONO MR B L, ASF BN Kb AT IR i
e, FUBTRR AR -y AR A ) AT S H A () HONO [ o [ RS-y A2,

NO + NO, + H,0 «> 2HONO (2.6)
2NO, <> N,O4 (2.7)

NO + NO, <> N,0; (2.8)
3NO, + H,0 <> 2HNO; + NO (2.9)

XM TR AU 274 HNOs o BT LA SRAE B ide £ 1) 220 5 1) HONO MR i
Al BB NO Wy, B NO Wiy 1R 59, mILAZE ™42 HONO i, #ish A
HHE NO, Ki/Mb NO, #1 H,O HI%E, Mz /ME HNOs [1) 5, ik HONO 1]
SR SIAMERSG RS R R, ZRRUE H0, ARG NO, fEsk
NO, (FFF AR FEN =R, RSk NO, F1 HoO 1 SV o
(2) M RN HCl +NaNO,—HONO+NaCl
KA AL 77 AR HONO 2H AR 131>99.5% . ik fife: 1% N HIFRE
PRI AN AR K, I HCL AR NaNO, My A U R s N, 52— B A4
FEAE I HCL AU, —H HCL ARSI, 721 HONO (15t 25 Pkt
BRI, 17 FLIE AT ] BE A NaNO, K i D4 o5 7 — )2 NaClHB &4l 7 42 [ HONO
Ry AR PR B AIC
(3) ¥AH RN NaNOy+H,S04—>NaHSO,+HNO,
XFITVERAE 1976 il Walter H. Chan 25 NBGAIERE, ABATT24H 220 T =
Pl i, — 240 HoSO4 I A NaNO, ¥, — & AR BRI [ 2 NaNO,,
=23 NaNO VBN HoSO4 V. 45 R 56 =R e M 2 s it 1, B mI B
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é%tB[HONO]/ (INO] + [NOz)fiEc KL, ff NO,, NO & e/ Mb X R 7 v
o SRR 320 HAEE, FEAA 24 HNOs, FerERt R by B A 7256
Bl fF HONO WK ERHE L Eb i i %

B TS AH [ Y. NO+NO+H,0 2HONO Kt , FeUE 7 v e M HE R T R UE

SEHT TS, ARV S T=296K 41 R &mh:

_ [HONOYT
' [NOI[NO,][H,0]
) __[NO] =0.59atm™
[NO]J[NO,]
_ [N204]
> INO,T
MXTH,0+0+NOK U, U] DUARHE T THI 1)~V 5 FE Sk v X Aoy vk 7= 2R 1)

HONOMIMKE, WJE300 KT P-4 5 FEP294,

-1

=1.36atm

=8.latm™

NO +NO,+H,0 <> 2HONO K= 1.42*%107 Torr (2.10)
NO +NO, < N,05 K= 6.43 ¥10™* Torr™ (2.11)
NO, + NO, < N0, K= 7.39 *107 Torr™ (2.12)

ATV SN, A #E 5 12 2 Tl FH AR HEAL KA HONO #4604 NO, i1t
AL NO KT HONO 4 2 . 574t HONO iliid —Mhkef7 NaOH
VNI 2% 4%, 10 HONO Bk H i NOy , AR5 i i 25 1~ (il SOk o3 b Ul
[95-10110

VBRSSP L 228 TR 7 Vi A LA 27 8 6 A A R 25 - B A 4 Sl
NO. NO,, LI NOx [f&# K15 HONO [f)f, i FH#ihas denuder Ji
NOx Z3 AR 0100,

L5 IR LR T VA AN ] T St 2577 R B HONO A1 — 26 H Al <544, 1%
NO,, NO, HNOs, N,O3, NoOy %625, W] LIGE ik — 28 i 47 ) JpiklH 1O b i e
AR AR I R M, T HLR 2 B LR IR BT R AN LR HONO (10
FEA B R

ARG S 06 =5 LU AL o R B2 S5O AN ES , HONO MR A & 4%
A S N 7 VR T H 46 0 o 125 0 380 ) A — A IR — A e
BaA(E 2.12), KFECHEILE ) NaNO, ¥ I L F b (1) —AN i 2 1e 15 A 2 e
H) HoSO4 T, (A KBk Hibeii . A A RS — M 20
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L/h i s il v BE N B 58 —ANME, AR5 B P B v R T,
FEA R HONO AR LA K FEAth 2% ot — AL RN B E A 35 = /NS0T 1) 2B A%
B G (R R ARAN A o T TR 4 24 FH R T b R e 20T 5 O It e Ik
HONO [l D6 Z0 AT 86 I R I5E 3R AT, LA 1 HONO DGR . 53 Ah PRI ot
NaNO; fll HySO, I W 485 T HONO, HONO [ [ 5 & N Al th =4 7
NO, NO; and HyO, {HZIZXF AT R BIT A B m, A L8 AR
HONO HEATI R K9 BOFA AT, PRI E 5 DU = AT
NaNO, +H,S0, = NaHSO, + HONO (2.13)
HONO < NO + NO, + H,0 (2.14)

2 .12 HONO il £ P43 a3 7 =t A sy 1]
2.3 HONO S{x & ERYE

TEHDEHRZER H HONO [MARRNREEJS , #5200 A2 149 31 HONO )26 %)
WP, DADRAIEN B 25 e Ik o SEse (A T — 3 i 3s (denuder) REENN
- NOx 73 #rf% (Hartmann&Braun) >K#k5E 4= 1f) HONO FZaxlile iz, & 2.13
62 TR A oh e R B . 72421 HONO SR e Sl il 3, SR )5 &it
—A> NOx 7 A (& 2.14), HTHEMURFEER A 8, AR5 F A >k 204
LA E o >R I HONO 7= A= 58 (1) RAY: U8 1 e 1 A 6 e P bl g 9 /- FE A 5 R A
[FIMAETE (30 cm* 1.1 emid), oG —MEATMEENEE, 55 NOx R
HRk BEAIE B PR S , R S5 A — N o — 2 2 (KoCOs Ml NayCOs (91
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EYkErXE HONO) W TE, Hy# s 10 Lh, HTHEALC A N TR 1
B, RGO AT B, 1531 HONO [¥) 45k ok AN T8 10 SARIR P 1K) 2 4H

[102,106-107]
o

Denuder channel
NO, NO,

r’- Na,CO;
Gas v NOx
stream t P analyzer

NO, NO,, HONO
Non denuder channel

Kl 2.13 denuder &5~ K

K] 2.14 NOx 434X
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=im TRESR 8 TR R AR SR A R

[1]
ok

%\-

AR A — BRI R, AERDETE A, F) L PSRRI =44
R 5 MRE AT HUS o A RO, T AR IR A, KR IR R A 2
KR T SR AA R A IR PR AN R ThRe, 1 K UR A RAE P
TR, B BE B IS, RIS AR G LU IPIRGE

AR ) 32 BN AR PEAN A 4112 QC LA B HONO Y 1 (140 A ik 4 96 JiE
RAEA BRI, S8 5 T Allan 7 ZE5F R GERGE PEA T WT9T,  fJa TSI R il ¢
AP ARG RBUE

3.1 HONO FiZaym=

1. PR HE

— P S SR TR T R N KB R, R T O s O R AR,
T4 T — A Fabry-Perothriftk B o Ayl FL 2 (10 0 — e (2 2 R 1% P 125 76 ' 27 Ak
e AVEE, WU FRER T B IS ZVEE(FSR). B, ARuEH k2 ) T
WOt R 55 P 5 B0 A R) (R OC AR, R X0 OC F n] ARG B G 4 25U, 453
BT g £, SRS R ES EIIRITE M AR Ak, staei A 211
PRI o B3R T bR L 130 45 S0 LA RORH B A4 (1)K B A 100% 1) R
WL, T8 I T 4 SO R AR B Bl iU e X R IR R, SRS F A Hitran
e A 31 1) R MR AL TR S AR ) R R
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CH, spectrum || 0.6
Frings
=~ 0.5
P
_ =
5 o4 B
€ | 1254.3691cm” 3
§ T 0.3 :_I;.‘
= L 0.
5 E
= Loz 3
~
1254.5981cm’” =
| L o1 S
(b) (@
T 1254.4887cm”’ 121 eT2em - 0.0

¥ T ¥ T T T v T T
0 1000 2000 3000 4000 5000
Data point numbers

KI3.1 (a) ok BARHER T4 S0 SRABRH R S A v

(b) TS ARG B 55 AN I3 m 2 TR 2 T A, RERIR RO G iR

(c) MHitran$3s A5 2 (¥ F G2 (o7 B I AR R AR A e
2. K

DT RS SR B, R AR R 1) Y WSO P A RO R A, S
T R E SRV BRI B AR B . — RO AT O (4006 Sk QCL 1
JGER ARG, SRS ARSI TPk ] SR 20k, 8 20 P 7R RO A T ) e A
KT ST 20 e AE Wit ke [ B R s (B 3.2) , IRofAc i g R AT i 4% K st
LT R B W A B ) e AR, Wz S R ke, A2 156 i 0.8 m
SRR, ORI R 125 mo RJEEHEANFESE FRHE Y
1255.39727 em™ [I4E 1 FGE RO RS SR b5 30 X AME IR IE AT, 8 S A
[A] SO AR R e WS 25 R AR M IR AR AU R R (B 3.3) , 193RI
B EA 125 mo X TVEZ IR ZEIR AN, HAT 0.16%, DRI 2 it 111
KR 125 m,

3.2 Wit B T B 2006 s
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0.005

0.004

At ibance

0.003

0.002

Integrated absorbance

0.001

(&)
0‘000 L) T L) L) L) T
00 02 04 06 08 10 12 14

Pressure / Torr

K 3.3 (@) AN AU BB, (b) A3 2 AR 73 R T AR AN U R 5K &
3. HONO W fieay il &=

FHAH J7 25 4 HONO ik J5, WA #i% A 0.5 em™ [ FTIR
(Perkin-Elmer System 2000 FT-IR)7E % B & 1000-2000 cm™ P4 %} HONO “{ A& HEA T
I, 3200045 Rl 3.4 Fiow, o LUE SI7E 1260 em™ B BT LLEHR) HONO
va ey o [ INRAS 2T NO, F1 HoO (IR, 1 H HONO Wi AN 52 NO»
A1 H,O ey T4

144 resolution: 0.5 o’
scan number: 123

0.8 HONO HTO
F
0.6 MO,
| "4
o
0.2 T T T T T T T T T

1000 1200 1400 1600 1800 2000

045+ -1
Freguency/cm

HOMNOw,_ band

Transmission

Transrmission

oan T T T T
1220 1240 1260 1280 1200 1220

Frequencyfem '

3.4 F§ FTIR $14%753 2| Y] HONO v3 Wy
4. HONO Jtift % 5

FE M e 3k F 1) T2 SRR UE L 2 sl oM — B8 0] BEAF AR ) £ 2R A T
P, I AT RESS SRR AR A o S0 HE A 8 (¥ MR B2 R SRk L P R
2ot (1 3.5a H KR Pl 2 ), w) U BI95- 21 1 HONO W2k 5 Sk BL I
searhE, LA 2 LK 3.1,
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ST Bl

0.8+

096

0.7+
094

Transmission

0.6

transmission
»
L 3
-

0.5+

0% 0.4
*
) ) 0.3 : : T
1254.6 1254.8 1255.0 1255.2
184213544 186 148 150 1562

\ Frequency/cm-1
wavenumber [en1”|

3.5 (a) Y 0.5 Torr (L=136 m)HONO WO 1%
(b) A3 QCL #E L 12 mbar (L=125 m)HONO v, #5 IR0 %

R 3.1 TR A ) L4 HONO Wik gk, * & =4 ARE7 M R 1

T

wavenumber [cm™] S+ [102'em]
1254.2282 8.7+ 0.7
1254.3609 8.1 £ 0.6
1254.4604 6.4 £0.6
1254.5027 7.6 £ 0.5
1254.6838 11.8 + 0.8
1254.8489 9.6 + 0.6
1255.0256" 11.3 £ 0.9
1255.0473 7.2 +0.5
1255.2025 7.1 £ 09

5. HONO itk il &

— AU N 1254.8-1255.1 em™, Ak 49 18.68 mbar(ftrans-HONO(# TDL
WKE: W S PR T HONOSUAIR S, WLRIS.6. MR AI(1.13), #HHER
S5t il rF HONO VK J& 425.6 ppm,  Jé) 4 63 (AR YE 7 22 42,57 X107 em™ .
HONO /)N i AR (R S 43.5 ppb, I 2 T4 7 FTHONO (7R 17
HONOM & — 5 40.1-10 ppb).
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C=256 ppm

0184
I
(&)
| —
[ua
=
z
o 0.09
=

0.00
W™ 0.0 T r r r
=
= 0004 ——r_——%_—
@ b
0" _o.o1

T T T T T T T T
12647 12564.3 1254.8 1266.0 12681
Frequencyfcm™

3.6 trans-HONO vs iy LSO % (Av=210, 4l 2.5 kHz,
Sk 18.68 mbar), fUA 73 H HONO FISEIMEE N 25.6 ppm, F4
SR brAE T %0 3.66 X107 em'™!

{EVHS HONO R JE B (¥ 42 45 22 1 FH R ARG IR OB R R (1%), 221K
SO 2 AR K RV (T C A4, 0.16%, b/, nf L2
ATEY, BARK 22 SO B 2 5(8%) o WO 35 4 55 S LAy IR AR S 30—
M%MRGIRZE . ik, 75 HONO IREHHH I ERZLN 11%.

3.2 HONO iR JE By 8

1. HONO ¥ FEf%

TG RE A AR T PR HONO SRR EE, SEi ok 715 21
HONO [HERfM fE, 75 2O HOR FEREAT I ME . WiTH 2.3 5 2@ 4l s e R
GIMALER, FIFH— B RN NOx - HT 0k v 7= 2E (1) HONO )4t
WRE . WA U5 R F) HONO AUk e & v il 28 RGP Ao g, —A
i 202 (KoCOs I NaxCOs IR G H), Tsh— Atk )2, RE&d
—> NOx 43 #11%(Hartmann&Braun), VAR PRl B, SR )5 70 Hr
HEH, A3 201 HONO 12500 W Ay P A8 T8 1R SR IR FE TR 2508 . i8] 3.7 Poms,
NOx 73 HT /3 2(¥) HONO Bt Mgk, MRAEHE 2.13 MR, 20N
WEAZ, WA 1 ) HONO ¥R 23 ppm, 5 3.1 Tillid eIkt &
13 BIIR LR ZE N 11.3%.

C;= [NOx] + [HONO] + Adsorption losses (3.1)
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C, = [NOx] + Adsorption losses (3.2)

Lan 4

130 4
denuder
without
coating

T3 4

MO concertrationippm

155 4 denuder with
alkaline
450 4 coating

b k., k., b b, b k., bk
AP g P g A e
GG G G G R L

Timess
3.7 HONO ¥ FERHE Hh 2k

DALk i il i D ¥ AR B TR R AL 0y (140 NapyCOs) KR LR Ml
It HONO ¥ JE I & (R HER I 5 77 A2 1K) HONO WK FERIBRIEA 0 ¢ . HEAIT
HONO ¥ Ji&Z A LU 1 A I R R MR 2 /2 15 100% 1922 HONO, 71 £k NOx 73
BT HT A AET HONO AR o h TR 28 R G006 HONO ik BE At
(R Rk, BATHWBOE R Al o BAT150 9007 T =4 [FIHRFE 1) HONO
A, I HH NOx 40 A 43 ke phese FORBE, AR5 A0 A R AR Z i,
F QCL 258 R A I FCWR IS 5 o W I 8 2R G VR A it 2 S 0 A A T8 FH
AT LA D DR O 5 BT R g ik e T DR R P, ] 3.8
A LUE tH7E HONO YK FE 24 100 ppm (1) I 54 AN 5% B L 4k FE 2 70 ppm
[RIHEAT R A — A HONO MRS, 43K 40 ppm (%, QCL %&E #A
7 AT AT RSO i, 58 B AT T (R0 Tl 25 A HE R G AT VR T /N T 40 ppm (RN 21
R, B DI NOx 13 21 /¥ 2= {8 2 HONO FHERfR FE1E -
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.l 0.04-
002
; R - 0004
5 o 0l
= =
o M @
= c
0 T 000
= E i |Lﬂ4 HM"W“ “\hﬂ'l
—100 ppm
14
—70 ppm 0021 [——2 pon]
40 ppm
ida 0004
............. b ° . . . .
0 50 100 130 200 X0 300 0 500 000 1500 2000 500 00
Data points Data paints

K 3.8 it as R G BRI

7E & 3.8 11 100 ppm F1 70 ppm ] HONO W IR, 2 F B4 12
KPR BAATHETR e R AR SRR IEAT W UCRAE, — ORI UE
HEX denuder Z 7T, X4 NOx 4 HT A 27~ ¥ HONO ¥R BEEIA BIAG €, AT IR A2
AR RFE . AR R I B NOX AT X AR iR o — AN 3R A8,
FEARFER AN NOx AT AL SR IR i 267 ANk R . H 2 2 RAE S HE,
NOx 3T AU ST LART I S i, e s e 8 th 26 SO 30 LRI (1] 3.9). 28
TUCKAE R SARHEN denuder 2, 4 NOx AT A AR (10 B B 31— s FE 1
JERE T TR, IXIEAT S T UCKAE, AR R 4 NOx 3 BT A i) UM
ERER A, FEACRAER RN, O R A AR, HE R
SEYE ST, IR I 2 R SR Z AT IE . R FT C A2 11) HONO A4 T
B UCKAEATIR BETHEE, FIR AR — UCRAEAR 2 EAT denuder A7 RCMERT I .
100 ppm F1 70 ppm 73 il 52 F 25— JCRAEAF 2 HONO AR EEAT B0
I A B B A HONO K%
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HONO sample time without denuder

denuder

NOx concentration/ppm

[HONO sample tim e with denud

0 ' 500 "~ 1000 1500
Time/s
K 3.9 S PIUCKAEI) NOx 23 i iid s 1 il 2k
2. RGFQE MDA

YA E M I RGN R ALK — NS, MG & i
PRI REBSE ) — N RO7E . NS B, —ANseserifee kR, ol LUR I JEkR
PP BIRAFAFAE S m RN R U . SR, BT REMATE T, WGy KA
9P VL B PR LS, PR I e 75 LSS 1S A5 55, AT — A SRR R TR
A7 BRI T) Py SR AR 1, WAt AT — A I ), de 34 6] ) o) LA H Allan
T ZERIE -

Allan J7 7 /22012060 44X iDavid W. Allan! "l RF 57 4135 B e P g S
SR IR IS BT 73 3R 25 AR S BB LU AR 7 ) R ) 25 i 220 IR e v
BHATANEU R A RN, Werle 25 AU'119934E 1 VoK JLH T-HfA TDLASHMIAL
IR E .

N TAREBIRGE R P I TR, 7E1% QCL LR R GEH, RGN E P it
AR e Ak Chy 1 AE— 5 N TR A PR R —MRE IR D 5 Allan 75 2273 Bk
PoE . ERSsh, Al TGl N AL CHy SRS 1 1000 AL CH,
WO RS, AW RERE Y 018 s, 4 n ANl WO R E
Ya(n=1,2,3++, 1000)7-/% M 41, RAS K AEEE R, 2855000 M AN
(¥ K AR T8, 56 1 4L K AN B T R IE Ok

X,.(K):%i)’ikm i=0,1,2:*M; M=N/K-1 (3.4)

m=1

TH5AZ CH, WO G (1) M A1 EME 1 Xi (1) Allan AT LA 3R 3k 5K
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1 & 2
1(K)= 557 2 (X (K) - x,(K)) (3.5)

3.10 CGREEIIZD IR T —A LAAl F 2 R0 5 R 51 4 LA 1 B Allan
Jr 22 pgOL AR ke ARER CIELR) R T E N ISR . T
PLFEH, HAT QCL R I (A4S E PR nl ik 21 100 s, X T 2E521% QCL il #s
(3L 3 0 P A e s 1 PR A

100 4

=
o
saal

Allan variance (a.u.)
S

M T T T T T T T  0a
Integration time / s

F3.10 LAZl FBe i )l & 3 90 0 Bt i Allan g Z2 i e CRED LURAHMN 7R
FIREFRFAE A 1 R GEZD, W LUR ARG LR IR R 7134100 s

3.3 AR

ERM ) 7052 B A GRS R SRR S (R, R T iR
IR AU , LEHONO IR P& £ sub-ppb 2% M 11 idE & 1 -T-4M % i . f/EHONO
i SR I i B 5 N R = & 1 R W T W P RS T S e
LR, Her=E— SRR B R G s 5, ARG
RSO 8 5 R, TR ORI 5 BN AR A o KRR T AR R PE, $em T
Rl R o« F3 b, IXFHEAGE Af AR SO0 M P 4 R R S e Al

—

o

FEIX—B5r, PHEXHXAE—AN ) DFB-QCL Z G FH ik KA Hil B A
F PR BT T AN ORISR AL AN A 40 Hz 18 A
PR 55— K BB #% (Stanford Research Systems, SR830 DSP)f
Wiy 18 kHz [ 1E 5% W HIE 5 ik B — AN Ik b, AR5 I AR5 5 1% 2
WA AT AR HEIN s A OR300 D 38 mV, IR IRIH KL 100
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us, MZ IR RO R A5 S 8 — A Vigo BRIES (PVI-4TE-10.6)# W f51%
BB 2SEAT 16 70 26 I AR (& 3.11).

Y
QC laser
i controller

+M

Lock—in
amplifier

Y

1
|
|
O Tomcope - - -

K 3.11 QCL K14 H| JR ¥ ¥ FG: Function generator

= —a=| Detector

'*:::::::::r'"

4 3.12 7353051 T HONO HJE LM (a), 1f (b)F1 2f ()BT HI DG HEAE
T, 2R HARRONT 1f, 26 eI RS A3 2 RS L2 60,470 A1 230 O
T ) P RO A A 5 R LR ARt Jy 22 (R B o T — VSIS R i it 1 761
Joi, AR Ll e T 8 A 4 £ AHN T L IEIER B 3.5 ppb () R ) 4
AN RE, 28 1E WK () g5/ T BRI FEE 2 400 ppt, & & 13547 407l

i

o

SNR=60
0.84 1.04 SNRT0
054
(IR =
o e
- g "
=
g 044 — 5]
2 [}
o C
ks o
02 D 104
-1.584
0.0 z
— 70 b
0 500 1000 1500 2000 2500 3000 3500 4000 0 1000 2000 2000 4000 5000
Data points Deta poirts
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20
1 SNR=230

0.5

0.0+

2f Signal I ntensity

054
1C
— 1 T T ‘' T ' T T T T
0 1000 2000 3000 4000 &000 BODO

Deta points

-1.0

€3.12 (a) HONO HEMHOEHE (b) 1f W5 () 26 Mol
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FME ETEERETRIKHLFA HONO R 258l =

ARFERTIR T PR A 6 25 SOt B 3 101 1T 530 HONO (W BE Y., i 73 Hr
BNAF R —AN ROV, XAE TR B T LUS HONO 137, Rl
2 FEIR b PR o T T 2O R AR ] 1254.6 em™'-1256.4 em™ P TR
AR HONO W e LA K AW e 2 f A 6 At R il 2t #3009 1L
SA5 BRI R 1 2 5 TR K U 7E (3-90)x 107 eme AR PEARIHE T H TR R
[¥] HONO F1 CH, WMk T P01 8, TEWALE MR b, PR 32 3L
AR I35 XS QCL &2 X S5 = A H1 1) HONO H1 CH, [R] I AT
TINE, HRENNENIRESHI4 116 ppb AT 1.5 ppm, AHR Is B2 )
W 1o dwe/Iy T LA I 52 2333l 24 396 ppt A1 6 ppb.

4.1 BEf5is(wall loss)ill 2

HONO & —Fh AT e /AE, BRI R MRt DL O R RE T ik e 5 52
KAERURA R = TP BRI I HONO AR (1 SR #E 886 4 F R kT
HONO WA 5 AT AR A AR (K1 9 FLB I TR 18 I i 959  SEBG A 5E T HONO 7
> P P E O R 5 3 3 o ke 1) 22 A RS T ) S R R . 1 4. 1(a) R (b) 43
2 HONO MRS S AERE G RIDGHE A AT T IS0 AR, () FH(d) 73 il i et A
FEMREAT T IR SN T DGR, 01206 R U7 2R M 400 AT 45 280 s 451 2 5
o ESERI RS, RO — BRI ALERRR RS E TR 30 °C, AT S A
HONO JURRZE MR SO 7 BE T, DL R G 8] Ay =JE B3 AR 5 I 17 7 W St PN 7= AR 2% 0
HONO {1 i 5 Fi 0538 k4 T 1254.6838 e Wl 2645351 Ay T 38 S AT %
FEAUR S BRI BN = AR T, (A T 2.5 kHz @didads .« il HONO
TR P A ok il 2, 75 30 Wt P BT % 5 BT B ' A 4 R 4l 2
0.00258 S F1 0.00206 S, WILLFH, fEHAMELE N HONO Bk [a] k.
T aR/MECBER TS, 8 S S BT 1R S0 R B 00 e S A 7 J LA e i )
PN SE R, AT AN A 6F A PR 308 9 T ) AN S M B AT 52 60 £ 00 s v
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10 055
=i18s
050 e
0z
£ 0.45 4 \
T ]l e
; s g 040 \
2 & 035-
£ £ .
= 04l 2 0a0
S 025 \.\.
g 0.20 .,
015 \.“‘0—0—0—0—._.
wig b
— 71 T T Tt T T T T T T T T T T T T 010 T T T — T T T T T T T
W A0 B0 M0 00 A0 140 18D 1 0 200 400 GO0 800 1000
Tirnefs Timels
28
Y =0 17ERHI 00288 X 204 =085838+0.00206 X
24 o dataparts 1g] © datapoirts
0] — linear fit © | —linearfit
164
— 1B =
< 2 141
8] 8]
£ £ 42
08
10
044
0.8
0o d
T T T T T T DE T T T T
0 20 40 BN 50 100 0 200 400 600
Time's Timef's

Kl 4.1 ()64 T HONO W5 5 M3 0t 2 (b)Yefi# 2/ T HONO Wi
G5 IR FE (o) BEEAAE R IR H L (d) A T I RER R 5 4L

4.2 HONO MR Y2k 2% 520 =

FHWO T A5 H AR FSE PR A 1 =3 S A0 WA AT 4 11 PR i 14 ¥4 f
Vo 0 —Se KA A UA LA S — 28 DR AR AT (T 5 R - CH,, MR
RO ARG IR, I Hoay DUFE— S8 SCHROMIECE 460 G Hitran 2008

FRIXEES A AR HONO Reiid, FLRIA e 2 HARAEAE 23 T A 3R 1 STk 4
ﬂ,ﬁﬂﬁwﬁﬁﬁﬁﬁ@KWK%mT”oﬁﬁ%iﬁﬁwig4z$
1,3,4,5,6 1X JL4% HONO W2k (1) 25, - (7] i i 56t ) A B Az 2 1 42 s A 1

=

Ho

JH 2% 5 R0 SR T IO 33D S [ — A TR [ 1254.6-1256.4 em™ 11
HONO WOk DL 4.2, ZWRIBOG 1 R S50 25 A1 4 i 303 K A1 1.4 Torr,
N T e /MACTR W 2 1) T B AT AR v A e LR BEE, SR AEAIRE 1.4 Torr
ZAF AT . HONO (19 5028 et 3 ik A3 W et pA) 7 N P At R R I A Pk = 2 11
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200 ppm (1)=& HONO <A, SR i QCL (¥ B R X Ok B dE AT 40
FF R I HONO W2k .

FEVIS HONO i b1 2 2 SRk B 85, X LR v S A
2 SRR A AN K 1] 4.2 TR 1,3,4,5,6 JLACWRIER Rk, e o L4k 2k
BEAT AU G B E AR TR, SR S H X LA 20 R ) HONO FRAH XK
B, SRIGHOX JUANREE P E . FRAREEIX AN PR B, XS4 11 LA R
LEMEATER SR, X IR IE IR ZE AN 1%, HR35 Lo IR - WP S A5 21 1R 22 7R
R BB ALCN T 1%), BOBeis B R a2 # ol s 42 K J(0.16%), 5 7)
THERIAARE I CUNT 1%). BOGR L TE(3.37410™ em™ )23 X I IR it 5|
BE—A 1% RG22 48 LA, FEZam I LI SR ZE N 14%. 1254.6-1256.4
e SR A TS 20 HONO U4 W £k I 2k ik L% 4-1,

0.35 4 ;2
i 10

0.30 - 13

0.25 3 4 11 1415 19
§ j 5 o 16
5 020—- . 8 18
2 0.15 1
2 .
<( 4

0.10 - 12

0.05 -

o.oo—NJULm. LL

r T T T T T T T T T T
1254.6 1254.9 1255.2 1255.5 1255.8 1256.1 1256.4

Frequency/cm *

K 4.2 ZEFHEAIE 2.5 kHz, <K 1.4 Torr, W42 125 m,
av =50 SZIG S N2 trans-HONO H Mok .
THIARTE T 1F) HONO W W 28 2% s il =

% 4-1 1254.6-1256.4 con™ B0 Bl 9 115 B 1 trans-HONO ) LA I s B e 26

£ o

No. Wavenumber (cm™) St (107" cm)
1 1254.6838 11.87+ 0.7
2 1254.7288 85.8+7
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3 1254.8489 9.1+0.6
4 1255.0255 11.4+£0.9
5 1255.0474 7.3£0.5
6 1255.2025 7+0.9

7 1255.2793 542+0.5
8 1255.3114 7.01 £0.6
9 1255.3306 7.82+0.5
10 1255.5019 11.1£0.7
11 1255.5092 7.7+0.6
12 1255.5458 3.7£04
13 1255.665 8.67+0.6
14 1255.8439 6.46 = 0.5
15 1255.8531 6.24+0.4
16 1256.019 6.19+0.5
17 1256.0762 8.4+0.7
18 1256.275 7.27+0.6
19 1256.3004 9.83+£ 0.7

LEMR I sz B et R e, )BT AR 5 12548489 em™ [FTHONOWL i £k
WA N IR R A TIRRL, Wk TR AEM2.6 to 67.2 mbar
N IHONOW IO 1 (114.3), 4R J5 FHIRIZR R 40 S BT AT A o X LB 45
Zi B, ARIEEN )N IRERE 58, AR5 FH XSRS 58 RO s ) A e
AR P IX A LR AR S T AN 58 R E0h20.540.12%10 7 em atm™ 73306
JEHTFCHONO H A I 2 R it T — A 2%
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0.9

—1§.T mbar HOH O
=1 §.T mbar HOH O+ 12.6 mbar H,

=——13.T mbar HOH O+ 24.6 mbar H,

0.8

Transmission

0.7

=——13.T mbar HOH O+ 47.9 mbar H,
06 | === 13.T mbar HON O+ 67.2 mbar N,
0.5

T T T T T T T 1
1254.82 1254 .84 1254 .86 1254.88

Freguencyfcm '

Kl 4.3 ANFRESSE R HONO Wik

iy 0.014 4 W data points
= Linear Fit of D ataZ_#

0.012 4
W= 2.06E-43
0.010 -
0.0083 -
0.006 -

0.004

0.002

M, induced braodening linewidth (crri

10 20 30 40 50 60 70
M, -pressure (mbar)

K] 4.4 HONO W2k 55 58 UL IR &R
4.3 {EZ&TFH e

TDLAS J5 i et 73 5 IR W 2 1A T I 1) — Aol g o O E BO ey
i, B, Br T HIERBLZAL, 6T RS IR IR R . B DL PR
PGy TR IR IR P25 18 LA LA 7 1P

PR T 275 L& I A 32 A4 -

Lo O FIRE TR, O T 4 vy RS R RPN sm ol e . oIl

RGE, WRPEAR o 1A ] BE T 2R FE IS Il 2k, LU S AR LM YD o
2. T SHBEOCA N RIEEER A, AR R EIELEN), nRETCIAfE]—

AR E W FITRE B O AR o« BV A BOG 8 T a6 BA7ERA N B

TAEMIRER, BEE I (R 10A1L, BRIt rT RE A AR . IR AESOL 2R 1
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VA N B 2 sm il 2 K Ve B R R Y, DA 2 /b
RERE TRUEA — MRS 2T H

C WRETREIE, ERE A NI I eI AT RN, (HIXA R 4
SHESR, T BTG5 AR A7, AR A LS .

- IEPERRI AT IR I IR AR B A T, X TR AT B
R RSB, ] R B H0, COMXEELE R R4 X
SeZH Gy PTRES AL VF 2 D, DRR e ATIAE R o I ZLAM GRS IX #H l, JF B
FUA A i HAR R e 8, RIME R e A 199 il e, m] e 5 BUR
LT

SEER ALK T HONO 1 99.999% 4UJ5 ) CH, Uik, WKl 4.5, 7218l 4.5a th iy

JEFEA 16 mbar 742 ) HONO “U44, #RJ5FEA 0.1 mbar 21 CH, Uk, " LA 3
HIR AR BRI ) CHy A A2 HONO IR T4, [FRE, 7EIE 4.5b g7
A 0.2 mbar ff14 CH, <4k, #RJ5 76\ 16 mbar HONO 44, ] LA £ RAEUR
M) HONO A AN Z FLA AR T4 B4, >k B Al <& NO, M1 CO,
[ FPABSEAAEAEN, DR e AT THE SO 0 B R FE AR /NN O, 107 em,
CO,10%° cm), JLIE 4.6, ifif FLAEZS S I3 5 43 J& NO, M 10 ppt ZIJLTT ppb
F1CO, 370 ppm, 8 HLA Kt e S Bt AT I R A P LVE B, fRi%sE T
IO 25 I8 B AT IX PRI AR IR £, DX ke AN A5 TR Al NO, il
COL JRELRM, X HONO 1 CH, IR EERIA A THu(& 4.6). MIE 4.6,
A LUE AR B REHTIX & QCL 2 E M KA H,O0, HONO, N,O, H»S
Al CHyo

1.2 used to do trace measurement
1.0 4 l
= = 1
o AN o 0.5+
@ LIDARE] = HONO -
g 0.5 HONO @ 1 HONG HONO
@ £ 06 CH4
5 5
i
= 04745 mbar HONG+04 mbar CH, = oiq
C 0.2+
0.2 4 r‘ 1 0.2 mbar CH #16 mbar HOND
a used to do trace measurement 0.04h CH4
0.0 T T T T T T T
12546 12547 1254 .8 125489 1255.0 12551 1254 6 12547 12548 12549

4.5 FHRSUR =R E TS T30 HONO A1 CHy WL I 2R 11 3% 35
(a)CH, W2k (b)HONO Wi £k
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1.01 -
1 L=125 m. P= 40 mbar, T=292K

1.00
0.99 4 qﬁ

0.98 | H,S

— CH4 1.7 ppm 40 mbar
—— NOZ 1 ppm 40 mbar
— CO2Z2 450 ppm 40 mbar
—— S02 10 ppm 40 mbar
—— MN20 310 ppb 40 mbar
— Q3 100 ppb 40 mbar
—— HONO 500 pph 12 mbar

Transmission

0.97 - N,O

Ll % ——H25 10 ppm 40 mbar
1 oH, ——H20 01% 40 mbar
0.95 T T T T T T T 1
1253 1254 1255 1256 1257

Frequency/cm-1

Kl 4.6 R SAAE RSP R, LA BT 1253-1257 cm™ WK
B WA ok s 2
44 BEREHFN=E

FEVFIR T 1% Bl B HONO 1 CHy AN Al SR TS, RO A 21X
PRFPIR S SRR I R B, AR50 3 N S ST I, O T SR F ) 45 2
(RPN 54393 )& HONO FiI CHy( 4.8). AT I F 5256

0.5

air 37 mbar « HON O CH
1 —— 10 mbar 30 ppm HONO o 4

0.4+

0.3 1

0.2+

Absorbance

0.1+

0.0+
T T T T
1254.6 1254.7 1254.8 12549 1255.0 1255.1

Frequency/cm™
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—— 0.3 mbar 100% CH4
=37 mbar air

0
1.64;:..
2 om

@ CHgy position
2 remncyon:
[]
£
2 0.8 1
Q0
<
1 HONO position
0o l AN
T T T T
1254.6 1254.8 1255.0

Frequency/cm™

4.7 = P IE] Y HONO FI CH, WISCER I %
B SEERI A ¥ HONO A1 CHy, 28 )5 737 78 A\ 10 mbar HONO 4441 0.3 mbar
ali CHy UMk, Wil 4.7, 8080 rUE 3 o S, mT LU SIS 1) w5 A
WA, 2392 HONO FI CHy WIS 5, 1 HASSZ oA AR T4

0.030

0.025—- HONO CH4

0.020 A
g i
% 0.015 S
3 i
o 0.010
)
2 0005—-

E 1\ A\ A/\A

0.000 -~ \/ \/

-0.005 S
§ 0.01
8 - / A
g 0007 AN A AT AV AMVANY
X .0.01

1254.6 1254.7 1254.8 1254.9 1255.0 1255.1

Frequency/cm™

4.8 5565 %) 36.68 mbar [f) HONO H1 CHy I ELEEWR SO 1
(Av=1, F1Hli5i% 2.5 kHz)

LIS = 2 A B AR 1254.7288 em™ ) HONO [0 i 2k o

R 4-1 TORH, CHy MR B A2 ] DL Hitran i FEAF 2, 435l
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oA 1255.000369 cm™ 1 2.082*%107! em, Bt Voigt #1473 %] HONO Fl CH, 113k
FE 4351124 116 ppb F1 1.5 ppm([& 4.8), AN 1 s BLAFIITRIPY 1 0 BN m] LRI
I E 73 5 4 396 ppt F1 6 ppbo
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B LA ZER A KO S A

FRE RLSMEMERAIEF N

R 2 AR AR e T VA v T I O 5 G T S TR AT
DB, AN T H ATAEAE TP A X S AR R R o] Y SO R A R
(RIER 2K, STEATLLAMIEBOCEAGR B T AT *h 78 o TL84Pk, B B 4l 2
P ZEM R AR A TCAC A, DL 20 b SARBO BRI & e, SE TR
PR ZE AR A R 34 3 AT 20 AN SRR 248 1A VT R o 8 K ] L RIT 2T A O AE
FELR A2 A P R ZE AR AT 79 2113 ~ 200 RIS P 21 AN TR S, Tk
I 5 Tl H AR IR AR v R AORS  o

RENP T — BT AL S 2 NER T LA SR I R 58, R P
B W TAR ML AN FRBOEVE N R 2 SR 7O — & % &4
R FABOCRAE R OG5 — & S DR DFBAY . SARBOL S E b AE Lk
R R SRR SR Sk AR VEAR T DT A SEBIL T Hh 2040 X 58 R 18 e ak
ZEgitg it . FIHZ R HEAT THCIR CHOSASN, B0 T 7RO L AN s
TUBA P PN R 70 AR SOk 2 HONO) 5y — MR 73590 em ™,
Wl T R —EZEHOGE RS, HHCOSRMAT T 220k h Ak, ~—208
- FHONOJ & .

5.1 ESreEEARE R

LARZ AR AL

JEAEA U A AR R s A2 e 5 W) SO B I R o 36 IR Bl
RERE, AT AR AN 3 IR A JFOG G A Wi S S RN R R S R R . RS R
G HmRN ELNE R R, HOHIR R T e aaiohl, EIXNEEN, e
JoR F 18 A 0 i A AR ST A 1 D B e R 8 T s B s 0 SR OGS DG IR i 2 S AR O
7, MBS TARLNMD A, Sy, JCEN B AR AR IR, A
RIS DG Ta 2 P AR G o AEGBERTR s S B FoRE i HL s A 4 A A
A%, BE 5 AR AR B ARR A (K AR AR R O A R R AR A R S P,
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TR EEAKKIS, AR R P 5 IR EZ TR R E E R AR, JeAES b A%
R ST AR I B2 M B n S B, R T e e s e . AN RIDEAE A B S
I RAL SR P Y HUAE I SR N -

P=¢y E (5.1)
Kef, g, MEE DA R, RN T AL P AL Rk y 50t
W% E T bR
(EAE I L3855 et et i, LA B A 598 B
LRI S, T LS B I R S w5, XA AR A B
NI AR ISR 1 63 T I DGR R h J  ME i 2 U 0%
LIS, JEEA P S R IRE P 56 B RN
P=g,y(E)-E (5.2)
XIS SRR, TR S Bk,
T AR R, SR T B A AR X N SO LU 35
WALSRSE P 503 E (096 R AR REE R 205
P=gy" E+e,y® :EE+¢e,yY EEE +... =P, +Py; (5.3)
AP TR AR M, PR, B ST MR, =k
SRR AR AT, FIPyFoR. (ESE e T, FRAVE R = L B
(7l L R KO T LK 0, SR P B A A b 4 R T DT SRR 5 9, — Ak
PERLAL R T LA 5
P30)= 2,3 E,()E, (¢) (5.4)
A, BB g A, Sl e
2. A
B R ORARBE TS I AR M S 2 O e A TR P AR R 1 3 A
fho HRARZE SRR TR, AL T DU R 2R 2 iy P i«
O°E o°P
? = Hy ? (5.5)
Ul R e S 2 T R M R R . Rk, X

VIE—&,
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E=E +E +E, E « E . E/ZHZEFEH®P)-. H56). FWOEHBERRE. 7

JELR MR R, TR I i, I AN B I R AR Ak, RS AN
JEI T PR EL,  PER a3 AR R A
E(F,t)=Y E,(¥)exp " (5.6)

BB =PI ZI7 W Atedk, MG S P IaL L, ] DS B S R R
BT

dEp _ la) deff EE. e
dz n,-c
E w-d
<d s i eﬁ’E 'Ei e*lAkz
dz n-c 7’ (5.7)
dEi _ i deff -E -Es —i-Ak-z
dz n-c 7

Hrbn, « onovon 02 RM 55 ZROEEM AR I, Ah =3
PRI RE P B R R B, 3 SOA

n n.

Ak = 27z(——7—j) (5.8)

p

Qer 3 AL PE AT A O RCIR LE SRAE, e TR DCIE 2 A
PERT. SRARSAS.7, AT s Ak A

4o’d L
k= 13 — 1 1 71'Pp'Ps'h(ﬂa§Z)'Sincz(A_kL) (5.9)
gyrennn, k= +k, 2

b, L= Ae SRR RS, h(w, &) NBRESEL, fidCR RS
BOE, p NNFHBEREII Cu=k k), E(E=LIb, b=k’ =k’ )EEH
KRS ASHERBES K. ChulfeS T hek B ™ ks &k

¢ ¢
1 I+7,-7
) =5—| = ez, (5.10)
2:84 % I(1l-p 14+u
(g, r)+—| P TH (1)
A\1+u 1-u

hEREON & FIp AR OC R an 5. 1
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0.35 p#=0.7

KIS hekds &L nifIR &
BEHRRR

= L _ocsine” (—— (5.11
=% p] (2) )

H BTG 2], Ak=0 I ZEH0E R A s KA, RN RRR A AL
VCHC. AR AK#0, W% th 22550 % 5 1 BB AT sin’ IR R, S —B
PHE LA G, ZEPOGIIRER T e R AR, AR HOE SO TR

I V4

- 5.12
Y (5.12)

3. HEAHL DL RO

ST A R 2 AR R R, A A L A A 16
U, AR A T LR AR O 5 2 R TR, A B R 2
B, ML R T AT M BT 1, AR Aoty phibt
e 1 €5 AT P 0 R A 5 P P DU 7 AT P A4, 1S R A
S 5 PO A AR A S T BT 7 T A AR, TS 5 B A T A
B B RO RS 1] 5.2 R C T . fEIR I A
PR ATBLRALE Ahh k ok o 3o b, = 220, Fo i KO R IORIGL AL,
SRR (1,2 1 AR O E AR 0 AR I B2 T8 5 P A 1 A b
i, AR RITA I, T L B it A A PR e 2 e i, AR A P
Sl TR UCI(AK=0), el S T L BN, R SO B 7 5 7
R T
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A:ideal PM; B1: QPM; C: no-PM

5.0 A A T AR R B s

FRGERIAT S ARAL LS (BPMD S8 H 2 A HIA RS IT (HTa 5 i

W RR T AT 0), AN BT I A S L R R A,

RIS R RS AR E R B, AT Ak=0, AT SEIUARAZILRC. T
RV 7T U ALYV 7 S D E S O i e AR B I | B2 4 v A= AN
FERLEPATE N NG RARALUL RS, JF H, SGfEf AR5, TR Mae i
KT TRA—80 PR N B W &, AT 8ex M. 5346, BPM H
A RARLNE R F I 867 7] LU A FDEI w7 A 0%, X LR AR K Hh
BT 37 XA S5f AH 37 DG I 2 Y

SCBLARZNE A AL VG G (4 53— AR A J v 0 1) T B HEAAZ DL T,

. L1241 e
HAE 1962 4, Hifs DURYPE2A5 3 N. Bloembergen 25 $2H, A HEFIAL UL

RRAIZ L2 A, AT P28 IUER T, S T e AR ol (0 T A 7R,
LA 58 2 ) T B 2 0 i S DA R IR, (L2410
THEARZAIE, KRB EEMLINTF-B. #) 1992-1993 4F, M. Yamada 5%
N R 510 M 0 o 5 A e P S P A0, 8
EAR S SR W S AR GE DU 2 P o P R e B HL B S 2)
T AR PERC S P S AL, 3T AR DU AR 0 5 {2 M R T #2620
RE.
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ST LN TG R R I R 5T

5.3 JMIRRAL S 1R

VAR 3 TG L AT B P 5 A 1 a7 60 96 25 ] 34
Bl AR I RO S, M 5.3 R, AR A
AE b R AR PRI TR d KRR G ERHOR, LA THT
AT A 0 2 ) — 46 B L AR A B, ML A PR K P 2 R
CE SRR B VT 4K R 2 P o 2K T Bk W, LA i
lo(1, =/ IRFHCHE A I, RS 5 PRI 1 B 1 Tkt 24
BroR, IR RCAE LR PE R oA T — A S 1072 U 6 2, 30
FRORELG L 5 2 2 e 5K PR 3 X 25 0 2 B 1 A2 S 10 [ S 75 B B 38
A e A e e 2.1 i B, .

Y 7 DC R 1 2 50 PR 8 S G 57 (2 W 7 )
dy=d, 'Z_(Z)Gme""""z (5.13)

Hrh(m=1,3,5. ) HHEAMICLIC RN AL k2 BAb IS NI 25, BRI

5L b, =2 S dy =d,y 2 A RBAC: G, =——sin(zmD)
T mii

N ST AR S AL A2 e, D Oy S e it s U AR KL FRARTG O T D=0.5;
R R HEARAL UL, (5.13) 2T itk -

2 g (5.14)
T

d,=d

0 off
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Fld,, (2) RS AW R Q-16) 1 d,, 15

O, _ ia)zde
oz kzc2

EE exp[i(k,—k,~k —k,)z] (5.15)
ﬁﬁwfﬁ%%ﬁﬂﬁMﬁﬁ#§ﬁ§ﬁoMﬁﬁwmﬂﬁm,WQMHEG
o
Keiid, AL RICE A -
Nk =ky—k, —k —k, (5.16)

Rk, AEZM AR, SRR A=0, WA R BR AL PR T /6 AL -

_ 2mm NI
A=y m D (5.17)

FHAH R L =§, A3 A B —FhFIER A =2ml (m HEHEO.

QPMELA & — M N Ky B vt it A4 Jo] 301 45 g LUk B0 2 ARAZ UL RE I S &R, Sk
ZBPMEI AL, QPMEAF DL FL#A:

1. TR A B W B A, n] SR ERAR P AR AR A DU, AR
AR HH 6 1 i A 21 5 B B K

2. AEIEAOEH, XEWRE ALV RECA L AUE A k& oe, s F
FIA U i RAR R E R A, ARt 804 DL 34 i . WILiNDO, &l A 7
AT SR AR DCFC Hh L RER /IS B Al f ok dt sy, 1 HEAR AL DT C ) A
FFHE I KA R 3ds5(e+e—ellLHL), FRLE ML ISR AE — AT AL
PCRC 4 FHem T (2d,, [ dy,)? = 17 £

3. ARMGFANALUCHL, AR BN, XE A A R EEA, AR ELAR g
fig P 1 BRI i A Ao DAL T ) BAE 3R Y it A R D

4. FEARZNE i A BT A RS RV R R B S A, I A W
JEL SR it A it 52 2R B 20 75 P S L DG I B AT, 0 IEDBIX Y
AR WA G B AT ASE BB AR (AR AL UL o

2 QPMEA [ e KA s AR L 1 e 40 280 i, I FLn] DU 28 A5 53 2%
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PN TEIE SR UG FC 14 ey A ATE S 3¢ B A LA S DU R A2 6 figp ok 17 I BPMIXE
LRSI A8, 9098 1 NI B30 1 i 7 5

5.2 ESRRLIMET IR AR GARS

RN A PR AR WA T8 T IO sa v [, St TR T
Pe B, TAh T H ATAEALE T ZLAM G X 4 A RV AT 1 T SO A R
Frgesk, T LLAMBIE SO BAGR 2] TN A e . Lk, Bt B2k
PSS APRRAIAL VLI EAR, AL AN - SR BOCEOR U A e, A AR
FEPNR LRI SPAN T LLAME S C 4N W] B« D nl WAL ZLANBO AR
et AR b ) ZE AR AT 1) T 3~20 pm 1SR P AT AMH AR SR JE R
P25 b B PR R A iy R I o

ARENG T B ARLMOC S B EHUNA M P LA R 58, AP
& i TAERIT LA A0 GAE N AR Lt Z SRR Al b 560 — & w4k
R T ABOL A AT NG 5O, 53— B MR DFBAL A AR BOL AT AR
PR IO KGR AEAR AL VL BC B AR SEBL T R 20 ARG X 56 11 e 3L
ZEMT o 0 ARG ANAL DL RCRF A VL ROy 98 2EAT 1 B 0T

ZEPRP ZLANE T AR GE ML Ll LAYy o 2D A0 22 AR el AR R GRS,

AR AR R G R A0 R G L, ZEBUH TR R PE REAEAR R
EREHERGRIMERE . $& RIS LA R e LA G 2 BEAT 1 R

5.2.1 5N

F 4t 1k 175 [E Toptica A ] Littrow 45 #4) IRIDL 100 78 A1 i 1 5 380 4 1 2 22 4
RIS WO, B AR & XM O A AR s i R D, e,
LR 1 B0 G e A Ve Tl 0 e S 46380 Skt m] LA S IR e K X T
s, g Sl K 630 — 1780 nm. ZR G (45 HELE T I B OGS, 3
JEEFNTO3ENRE, P E A I AR A A P B, SO6A far H 2l e B B A
FEMEAT o, AR R BRI, Ok, HH A 1X3 mm’
WEIEDEGHE o i HH K AT T3 RO 7 ) R KR Uy =X, R s i b
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BEAr SR N BSAR S J7 1h) e H s D 5, S A s R RS A e A H s T
PRSI K M PR A48 . 5.4 Jrzn I DL1003OE A POt Sk K A RS54 o

K]5.4 DL100 HO'tas A6k A 4544

HMETRE O TR ARTR R BKYEE: 1490~1580 nm (F3)) , 0.3
nm (R 5 KABIENZ: <1l kHz; fiHD%: 50 mW@1550 nm; 2598: <3
MHz; LBMEHE: 30 GHzs fWiRIE: >100: 1, EE . ES.5HIS.601R5)
il A Ay ECDLOY 2% () T3 A s FEL 8 4 H AR

55 -
1550.60 =

o
=}
T

1550.55 |-

/ 1550.50 -

1550.45 |-

N
[
T

1550.40 |-

1550.35 |-

Output power/mwW
% 8 & 8

T T T
Wavelength/nm

1550.30 |-

-0.00256nm/V

N
[}
T

1550.25 -

151 1550.20 |
1?480 15‘00 15I20 15I40 15I60 15Iso 155015 (I] zlg 4.0 6.0 8.0 1(I>o 150 1:10 1éo
Wavelength/nm Voltage/V
€15.5 ECDL i th 9 1K %15.6 ECDL H i 1 5k

5.2.2 IR

RGO K R FE 2 4 [E Toptica 2y #) 4277 ()DL 100 — DFB Y 2 5 {4 3%
. WORRE N B HE R, WHEEDEER, BRI X3 mm i
oo WO AT, 298 /NT3 MHz, &K IIEA135 mW@1059 nm, 1
VEHRLE J35~45 C, HirHdkKIEH %1058.1~1060.8 nm, YA ALyt CKT
100: 1) o K577 ADFB - SARMOGA 1 rh it K AN Dy S R . 1515.8
JIT 7 A O3 TR Y R
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1059.2

1059.1 F

1059.0

Wavelength/nm
= [ =
o o o
a a a
© fee} ©
~ [s2] ©
Output power/mw
=
o
o
T

60 |

10586 |
aor T=250C

1058.5

1 1 1 1 1 1 1 1 1 J 20 1 1 1 1 1 1 1 1 1 J

60 80 100 120 140 160 180 200 220 240 260 60 80 100 120 140 160 180 200 220 240 260
Current/mA Current/mA

€15.7 DFBM#O G HLG 1R
DFBIO A K T DA 8 AN [7] 1) A i R b AT 0, e 4y
5l 40.069 nm/°C #10.0037 nm/mA, it G Dy I HIF I £ 25245 0.675 mW/mA.
I 7R R A WL IR b S A A S AT R R PR A . ISR
DFBOY & 1) = M A7 5 KA R

1060.5
1060.0 |
E 1=20 ma
£
ey
‘éa 1059.5
é E“ 105005
= 105901 (E%
?;
10585 1=225mA g 1059.004
1 1 1 1 1 1 1 243 GHz
15 20 25 30 35 40 45 3 ; ; )
1] 10 20 30 40
Temperature/o C Time (s)
15.8 DFBIO Al B I s 1 k5.9 DFB#OGA I H iR PE

5.2.3 PPLN gk

PPLN it 402 H AT B3 V2 ARG R AR AL i Ak . RGEIEH T BV HE
O8] R LA AL 22 SR AL I M O(5 %) 15 2 B PPLN i i . WFFYR W, it
fEPPLN i /A48 N — & 5= (M gOZ% 5T, AU FE B A7 8 AR S A TR sz 1) KN,
111y FL AT FIAN 308 (R340 B RS KR8 s ) AR S0 N REAT iU AR etk
PR A 50 mm, SGHEEYIH28.5~31.5 pm, JEIIEG A K 40.5
pm, L7 SERAGOCHEETE, HWOEALAEA1X 1 mm, HEIE R 0.2 mm. &b A
(RPN TE G TIPS =9 B (1064/1450~1650/2900~4000 nm) HEEHEAR, iEit
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HRT95% o dhARIE E LA A I FAT L, AR VS D == i 3200 °C, i
JEPSHIREE 0.1 "Co B5.10 5PPLN SRR In B sz 4

Output facct FFLH

XJ

X

White Teflon
N

Input facer

[€15.10 PPLN & 4 5 i A
DFGi T 2040 R K FHBOMEM 2 5 MR 154 B4 FTIROG BEAGHAT A

M, e R em™ s G S HULES-1,
#5-1 MR154ZIFTIR)GEEAY 2 51
ZH HE
Him/kg 60
AN RS /mm? 1050 X 650 X 650
i R AR I B fem™! 2000~5000
KA 8] /s 1
AHAR ' 1 b)) 1) B RIFE S's, ELKAE
ISR Jom™! 4
.37 1 /mrad 28

BS. VLETZR A b SR O G S I e T ZE AT h LD AN O ik R G B .
& RO AR IOUE EDC AR, SR 120 B4 D i 9 5 1) e e 21 5 i
WICHISPAT I 5 1), 3 L EPPLN AR 4 (e +e—e BUAHA VL IC DG FR, AT A
PPLN b /R K IR AE 2t R Hdsso PIAROBOGHIH — o WA 5 BT T 5 R, 23R
BB AT X 1490~1580 nmi Kot S/ JBUBE,  STECDLO G W S 4k
1°95%; JiAh— MR 1060 nmAKHTEPENL, XDFBEOGEL R K T90% ., &R
Ja BGR AR R 30 mm T (5 72 BUR A B R & APPLN g4, £ mifr T i A
Hute ZEHAE R =50 mm [{ICaF2iEBIIAE, ARLMEH R R T 4T MR
TS 5 KOG T LA E I A A K O 1.7 ume (D GelB BT Bk, 138
W AE3~S mif LA E L K T-95% . DEGH H (17 BRI F 88 4h by i
FAE AN RTINS 10 em KW OB RO, H 56 B SR LA IR % oK
TEARTRMLZF MCT)HZIE WL O G RE R, 155 281 LR A (R 75 i O A

73



HT PN s R U T B ST

TR J6HE 5 v SHLEAT R AL B . HD/A-R AR 1 8 A A5 5 VE H 3
DFBHOGAS I HLUEE, Y USRS ik A i PR it o 18151217 by 5K
%5 L.

Dichrade FPLY !

’}{ plate

. % £
K 512525 & SE) K]

5.3 DFG A &4 H4F a5

S SR ST T DFG R G8mK A a1, il T30 % ECDL Bot#3
K S0 DFG i K 0 T BB, i A 20 AR AN S ot KR
HI WA1500 B4 (K HHBEATALIN, D670 #8324 0.0001 nm; DFG it tH 414k
NG KA BOMEM 74 7] MR154 %4 FTIR il A TR, 6o #h 1
cm o B 5.13 B b FA FTIR D951 H DFG B 3.3 pm B RS i
MBI EATHT UGS, DFG i K 2GS ) BBy AT, B T 6% 40 %
I KT LB MO 2 5E, BT LR AR A R e S 8. R ]
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LIIER, DFG % th 42 S HGR T A E SO ek, B E & Emgs
Hy BT RICKH T HEAW &R arE (<3 MHz) 1) ECDL I DFB - S448#0
VE R ZEMAME S WO G, MITAEARAR FAORAIE T i H o 204025 PR 1) 48 2
Rk, RO 2 FEOG ISR ) T L

100

50

DFG output intensity/a.u.

0
1 1 1 |
2800 2900 3000 3100 3200

K 5.13  FTIR W52 1) DFG % H KRk
K 5.14 Fros AFIA ECDL 18 75 243 21 10 0 e K R i i LNk K ad
(o ARF R, JEARYE MCT PRI i W 3 R i 3 2k, AU 5T AH
K[ DFG #irth o3, M200E MR 1 uW (3.3 um) o H S5 A
() DFG RS K VEE Ay 3.2~3.7 um, BRI A T LA KA1
DFG it 1550, AR i T30S S WO i K 2R, AT RERS £
il DFG % H A R L

10 |
0.8
2
< 06
[
2
[=]
[=8
Q 04t
[a)
0.2
00 T T T T 1
3.2 33 34 35 3.6 37
Wavelength/um

K 5.14 DFG %t e K yo i A )y %
o $ VR U S IR R DG DR, 245 AR 2 AT 50 R I AR A 2 2200 R Gl
ORI, AR R 152 3 R DR B NP BE SR A58, S5 B (R 8
VURECRA B4 HBAE A Fr 22w, BT URGE LB 7y S o TR 143
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EEL, AT S A 7V R G B VTR BE AT T IR

SEHG I B SRRV S 6K A 1.06 um FiT 1.56 um (DFG % 1: 3.3
um), %EF 30 pm HAEHEETE, 1 PPLN &AL IT L C R 5545 21 (1 e
VLG A 72.5 °Co ZEHLONREEPIIIIEEL T — 4L i AR LARIRAE, JFic AR L 1
DFG 0%, IR E o sinc? (S50 AT THURL, 46 RAIE 5.15 e
H A P2 R GEIE UCRCHE 5 4.7 C, T SR AL ks B 0.1 °C,
XA B8 AL LU RGN 75 2. 5346, eES T A3 B 10 R GEiE R DU e

4 C, SERRAE SR EIREI 1.2 15,

o o o o [y
) > o © =)
T T

Normalized conversion efficiency

o
[S)

1 1 1 1 1 1
60 65 70 75 80 85
Crystal temperature/°’C

K| 5.15 DFG &5 VUEC Y 58
5.4 HC1 #1 H,CO 9 FHI S 5 HE S 46 )

LA TG XA A3 IR AR B R X, 7RIS i X BB A% SE I A4
3 7 v R BOGTS R I o AR R PG AR AR 4 2 SRAT P 2L AT X AR 1)
AT, 5S84 (OPO) FAAER A AME TR th AR, 22 A0 He iy
HH DGR (R AT P ME— AT S N TG IR P e, AT A 2 A H v 4L
HMHFOCIEAMY R T =il Fis e, W R TR AM0 Ot A R
A ITEE . AL MY RAE, S P aAMNEot eI, HES T
TE S 3 FROG G R I T (R o O T A5 DFG RT3 B s il
Rk, X HCL AT CHO AR i 21 A0 i DX AT W CRe 1 EAT T S IR 5T

SRR 10 em ANIRISCE A3 30l 78 AFRHE R 99.99% HCL F1 99.9%
CH,O (1544, 56t T30Mi ECDL Bt %4 9% KAF DFG %t KA 5)
B AL BT, AR5 % DFB - 3RO 4 HHKH DFG it KR 8
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73] CHO Wl gy, ARAGARAT DCHC 4 PG 2R S R KAk . DFG i
AR IR S 28 P 41 R B 6 DFB 30k i 98K P R el 70 S B, 41
KAL) 0.6 em™ . BRI 21 DFG R KA %8 7E 1.06 pm

by 4.4 nm (40 em™), DRI AR KAV Bl Y DFG #45aes i) LA Ay — AN
Ko WPSERHARIAT T AR RS, BRI TVE R Levenberg— Marquardt
AL 5N IR, RIS 13 B 11 HCL AT CHL0 MR ZR 1 i 1= 58 40 il A
0.0724 cm™ f10.108 em™, X5 Hitran $¥ 1245 i1 0.0718 cm™ 1 0.101 cm™
2k TEEHEA—3, RIXE P FABOEEIMNM ZE 0 /M TR R A

IRUF I L SR PE (K 5.16), [RGB T 76306 20 AN GG A i A 1 i A i
¥ 77

50

304
40

304

b
=
|

Absorptiona
Absorpti on®a

=
|

444 4.6 048 2045.0

2310 BB %714
Frequencyfcm-1

Frequency fom

K 5.16 (a) HCI (b) CH,O WA 5 S e 2 e &
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5.5 ETF DFG By HONO i 4& )

FRPESCHR U345 17 3590 em™ ZbtH45 HONO v, i, W& 5-2.
22 5-2 ERHPHRIE Y HONO & st 2RI s A

Vibrational modes and band origins for the cis- and trans-isomers of
nitrous acid.

Mode v(cm™)

cis-HONO trans-HONO
™ a 0-H stretch 3426.218° 3590.77035*
Va a N=—0 stretch 16405172 1699.76015%
Vy a OH bend ~1261% 1263.20712
Va a 0-N stretch 85194317 79011706
Vg a OMNO bend 609.224° 595.62003°
Vs a’ Torsion 639.74320° 543.87971¢°

] 5.17 2 SCHR H RE ¥) HONO (¥ 4 AN JEAR IR 3500 em™, 1700 em™, 1250
cm™, 850 cm™, W LLE FI7E 3590 cm™ 4k HONO A #55 FWIRCAHS o T E 3590 em™
XA, HONO HUl ) LA FH S50 50 S8 = (%), S AR RaR 1K S s PEAD
LU RIS G2 PRI 4 S

3.0 o

2.4 -
= HONO Equitibrium Mixtors
@
a
&
2
= 1.8
s
=]
=
=
=
&
@12
o
=

" M
os 4 "*°
| "0,
N?-D wo, \Eu HMO
M ___M
oo T T T T T T T T
3800 3400 3000 2800 2200 1800 1400 1000 |00

WAVENUMBERS (cm™ ')

Fig. 1. Spectrum of the eguilibrivm mixture in Run 1. See Tahle 1 for the partial pressures of the
COMPONEnis.

£ 5.17 HONO [¥EAR Y
AT RS 3590 em™ 9B HONO vy i WBOGIE,  SE8e #E g ) v 41 7h 22 450k
JERGWE 5.18 Fion. W& MUESERGE T TR, o MHEEEA RG05 h WY
ANy
B SRR Ay . EEAHE—A Verdi-10 Fotas. —ANATRIEER
FAWOEERLL LB Yb ARG . EAME A I IR A SRR 1k

FHE R
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AR R ARG A AT 2y . B PPLN FhAR. SRRSO
AR S 2 T A AT S TR R B R 4

o = HB 7> e Woleit K FE AT o AR B S R RE R BT K SRR A

VYR R HHE R AL R 7y o BARLLAMRI & Bripes . BB &5
Prijeds Pt @R AL 1 THEH LA

N HPRE R GRS A ER o REATIE A

@ chopper PPLN
YDFL 1064 nm x__[)— = —O—J\

Beam splitter

1
1
I LY
1
1

Ti:sapphire :
1

S

Hirror L Multi-—pass cell
lens  =————= 3
1 detector __
Chopper reference] filter
Verdi—10 I
1 Detector
+ 1
- ]
Lock—in } = -—
preamplifier

Kl 5.18 3590 em™ ZEAU HOL RGN

EZEMARGE T, FEMGHEE hH— MAFAROERAE T2, CR-899)#2
PEI o PO G AL T AL = XU EE - (birefringent filter, BRF) TP
A B UE H (etalons within the intercavity assembly) i SEEUFH I (K9 Kk $5 . H
A~ BRF % W& B o AR I e Bt e BRI — M ARUE 1
IS 2 s ok s U2

B AT O R K R T B2 R i . R R = AN B, 4 I B
FEEWE . WK R MIRIETEE ) 680 nm-1080 nm. FEZZEM RS, A
FRRER R A iy I, S50 b e ST IR KR VS Ll 776 nm-871 nm.

TEZIEMRGE T, RFEABOCEEH— Verdi-10 (Coherent) Ot #% 221
[f)o 7€ Verdi-10 SOGE RN IIRA 10 W I, BRE A HOGES 1 2 Btk DR 48
AR TR F) 1.2 W, G250 4 GHZ(0.133 em™); 78I AFRHEFAL T FAfE
BRI, BRI TR KL Z R 60%. FREIZFE I 6L %N T+ 500
KHz, KR T 200 MHz. 7ERKB R CARESL R, RTINS %
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K2 BN FE IR, DGR B K228 5-6 MHz,

S5O B Yb JLTEOE 24 (IPG Laser, YLD-1-1064-LP-SF), Hrpup
BKH 1.06 um, HRHEHIIF 1.2W, BOLHLTE N 0.2 MHz,

FELEVE AL MR G I — AN R4y . XA ARG
f1)72& PPLN fitfA. PPLN fA G 7E BIVEE KA T 0.4-5.0 pm, PIGIRIE &
=4 2.5-5.0 pum [ 204N G

MRS 2 — A 13 ANJe A MIN PPLN #i 4 (Stratophase
Ltd.)o s PR RDGHEE T LA 18 pm I E 21 pm, AHAR M TR R 8 0.25
pm, FEAICHEEIRAN A 0.5%0.5 mm. 75 PPLN gafRAEE, —/MEOLIEHRLL ete
—e (K7 M B AR, IXRERR eI S A 10 B K AR e R 8 (ds5=27 prmy VI,
AR TBCE T AN TERP R, SR AMERL O A S AR BT, B RE O AR AR AL
AR IR RS, PEHIRRE AL T £0.1°C.

15 2% 22 A0S 56 b A ROBCI [R) QCL K 56w A D ) MR WALt (Infrared
Analysis, Inc.Model 107-V)J&— £ (I 2.1.2 1), o A () A 20 AN G 2% 2 ik 2%
Vigo 2 F] ] PVI-4TE-10.6 BN 8%, JLTFAISHAE 2.1.3 1l 7 /v

TERZEMAR G T, A T — AU R T A0 R AT T 1.
B 4 AR H E 1200 Hz Zid7 o B BRI B (K155 i BB BOK 383k
ATIRE, RV 1R 2 2 S 2 B il AR 4 L 11

BB it 145 5 2 8BRS A 065 (CR-899 R %0) 1) Autoscan 27
KA o XA R RGN B U FRA BT, kK== 1 Zxt
KB4 200 MHz. B6Ah, T Autoscan RGEHL S 1 AHMN I AEA- AR AT, PRtk RE
g4 U P I 75 28 AT MR AR o (Y L

Autoscan RIEIE RA L@ M ANIASH S, R En] LS I K4,
s A BRI g .
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Flmvlatlioy L=50m P=2 mbarC=100% ,T=292 F
— g perime ntalidata

Transmission

0.2 4 H
0.0 o

T T T T T T T T T T T T T
3580.0 325802 32580.4 35806 325808 2590.0 3I590.2 3S500.4
frequencyfcm-1

Kl 5.19 OGR4 2] COL WUE 5 15 labview FATHUL&15 2 ik
55
AT BATREAS 21 3590 em™ e BRI 22 400 O, FRATT S8 99.999% 11
CO, S AMRAS Aty IR G . & 5.19 v, SElERME 56K
[t %€ 7E 770 nm F1 1.06 pm , BKF A EOGH KIS 30 GHz, 48] 8
100 s dh AR B2 [ 2 45 212 °C, Wi B2 4 30 °C, i SR K 770 1.95 mbar,
A RPABOEIEA 50 mo ARSI ) H HCh 300 ms. 7] LU 215 21 g o5
(R ] S AR Hitran 08 22 (4 S50 A0S 15 BSOS ZeAH 45
Wh L ]/ 20 ARG B TR AT OGRS B S DR, AN SRR 2k .
—B I TAE XX 2E DFG 25 B 3T R G0k /39T LK HONO A E T4

it
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ERE REERE

AR R TN e R NTIE T G R R NI LU i = R AR )
Bo2~3NEQ U E, R R W] LLIE B ppb~pptE 2, HEINIE A TR E AU
R . BT OB (QC) MOGAS AN ZEM ™ A e H FT e — REAE IR AT
SRS IO A G . ST eI E T AR 2R TR R, AERE
TR RIS . S5 A T ZLAMDGIE X T IR AR IR SRV, A 7
TR S T AR 0BT SO A% RN 2 A AR LT A6 5 (R RO R A
ARULE RGO vy BBk 5 S i W PROs AR 1, ORI AR TR AT 2805 s

AV SCE BRI TAE, TAEZ — R T8 um (~1255 em™ ) ¥ = L%
Lk T B0 GE R, RO IHE T — B EHONO A RS, AR5 H 1%
REHHAT THONO SR IR M AR 5T 0 53— LAESRAEF — & S B A 11 o 1
ZER P A AT ANEOE 3G IIE THCL, CH,OS U . R4 SCik 73 3 THONO)
5 ACAT3590 e, BT 5 DI RGO CO AT T 2 4k
HARRHE, T2 H THONOWI .

AR ZEEMAN A T ZHONOWI & R M2 1, WHRHONOS A 4 &
45, WRERE RGN NR RS . HONO A 4 R4 L A FE— A =8
F—AFEIR A%, FIHSOs Ml NaNOy R A 624 W 1M 77 A T HON O/ A X &
G110 R R AT T A AR o 7= I HONOM IR JE Hh— ANV il s R G0 AN
—/MNOXZ T A AL FTHONO S AL HE R Gk i At o DG i it R et 46 = i 45
W T RIRBO AL, Fabry-perothrifE B, 2 R RAHBFITH 2L 4NN . K
FE A E CH T T it RO AR 1K — LU, 73 B0 58 10
MHz, M8 IEEE N 1254-1257 em™, LI R HUR IR 40 7] 40.25 em™'/°C
A4 em/V,

BTN T R T IO 2 BT ITHONOS U I S AN o 1
S 55 SR AR A A B K AR 2 2 HONO W e 2k, R vF SR B 1)
HONOWE T 4 4 i ISR 4321 SR 5 HI DG J7 1545 2 I HONO UMV B R 1
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Eae e i) o)

REAF BN AR EAH LR, 122 0 11.3%. A RIS (ITHONO AR 9T 1 %
Thas RGERAT b, £ BI7EWR EE /N T-40 ppm KI5, %9 g R G0 AE R B RHE b
AT . A AllanJ7 2015 T iZHONO & R G ke v, 3 801i% R 4810 et
SERII R AIIA100 so ) THEm R, JRRE T & P0G 1A HlH R
WHF, 45 ZIHONOTE 1 sFAy B[R] Py 1) S AR B 400 ppt, & G AT SN0 5
SEDUEE, W T i GBS A% ] A HONOWR TR 1R AF X S 4 12
5, I FHZQCLAE B I & 1 % N 5P IJHONORI CHa R N8 T 1% 2k 4 i) i
DR FH SR S R0 1 HON O MR ML 28 (14 AH e A7 20 AR AL 288 58 AN i ISk v 72 ) 81,
JIT DL 7 22 A0 S R 1243 L N 17 S A HON OWR AU 2 P A G 4315 R 5
13 EI 10 194 B R HONOWR L2k 1) £k 4 7 K 414E(3-90)x 107! em. Hf5¥ THONO
FEBRES G GAR Z5 AT T IR ST AE 103 2R 15 K, %400 2K B H0mT BEXT LUS HONO ) 37l
AW, U OB I X e (R I T S s S R
HONOMICH,, 32 EATH)E NI S3 7] 4100 ppb H11.5 ppm,  AHL. ) 1sA 73 I
8] P9 Lodse /)N AT LABRIN TR B 53 53 41396 pptAll6 ppbe.
BHENAT B TAREMES BINEN R LA GER I R 5, FHAWE
i AR AT DAY SRR A ALt 2300 Sl A 6. — & S5 R A s
P SR CEHE NS 56, 59— 6 s I EDFBAL Y SRR E N AR Stk
BRSSO, R AL VE O R ARSI T P ZLA %X 3.2-3.7 pm B R 18 e
HoEstmt . FIHZRSEHAT THCIH CHO SR, B0 T 7ESOG L0 4t i
A I 5 A 1) S AN D7 o T AR AR SCHR TS 21 (KT HONOIF) &3 — /MR 1y 3590
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