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用于中红外甲烷检测的压强测量与补偿

刘志伟,李梓文,李亚飞,郑文雪,郑传涛,王一丁
(集成光电子学国家重点联合实验室吉林大学实验区,吉林大学 电子科学与工程学院,长春130012)

摘 要:利用一个波长为3.291μm的室温连续、带间级联激光器和一个有效光程长为54.6m的多通

池,研究了用于中红外甲烷检测的压强测量及补偿技术。通过对测得的甲烷直接吸收光谱信号进行洛

伦兹吸收线型拟合,测量了吸收池内气体压强并补偿了压强变化对甲烷浓度的影响。利用浓度为2.1×
10-6的甲烷气体样品,在1.33×104~10.64×104Pa的范围内进行了压强标定;对压强为9.31×104Pa、
浓度为2.1×10-6甲烷气体样品的压强测量结果进行阿仑方差分析,结果表明,当积分时间为2.2s时,压

强的测量精度约为219.5Pa。在1.33×104、3.99×104和6.65×104Pa三种不同压强条件下,对浓度分

别为1.0×10-6、1.2×10-6、1.4×10-6、1.6×10-6、2.1×10-6甲烷气体样品的浓度和压强做了15组测

量,验证了所给出的压强测量和补偿技术的可行性。
关键词:传感器技术;气体传感器;红外光谱;甲烷检测;气体吸收;吸收光谱;激光光谱;红外激光器
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PressureMeasurementandCompensationforMid-infraredMethaneDetection

LIUZhi-wei,LIZi-wen,LIYa-fei,ZHENGWen-xue,ZHENGChuan-tao,WANGYi-ding
(StateKeyLaboratoryonIntegratedOptoelectronics,CollegeofElectronicScienceandEngineering,JilinUniversity,

Changchun130012,China)

Abstract:Apressuremeasurementandcompensationtechniquewasstudiedbyemployinga3.291μm
ContinuousWave(CW)InterbandCascadeLaser(ICL)andadense-patterned MultipassGasCell
(MPGC)withaneffectiveopticalpathlengthof54.6m.ThepressureinsidetheMPGCwasmeasured
basedondirectLorentzianabsorptionlinefittingonthemeasuredabsorptionspectralsignalofCH4,and
thenpressurecompensationwasmadeonthemasuredCH4concentration.Pressurecalibrationwas
performedfrom1.33×104Pato10.64×104Pausinga2.1×10-6 CH4sample.AnAllandeviation
analysisofthemeasuredpressureofa2.1×10-6CH4at9.31×104Papressureindicatesameasurement
precisionof ~219.5Pa witha2.2saveragingtime.Fiveteengroupsofpressure/concentration
measurementsof1.0×10-6,1.2×10-6,1.4×10-6,1.6×10-6and2.1×10-6CH4samplesatdifferent
pressuresof1.33×104,3.99×104and6.65×104 Pawereperformed,andtheresultsprovedthe
feasibilityoftheproposedpressuremeasurementandcompensationtechnique.
Keywords:Sensortechnology;Gassensor;Infraredspectroscopy;Methanedetection;GasAbsorption;
Absorptionspectroscopy;Laserspectroscopy;Infraredlaser
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0 Introduction
Methane(CH4)withanatmosphericconcentrationlevelof~1.8×10-6intheatmosphere,isthe

secondmostabundantconstituentresponsibleforclimaticforcingaftercarbondioxide (CO2)[1-4].In
comparisonwith massspectrometryorgaschromatography,opticalmethodsbasedoninfraredlaser
spectroscopy[5-9]areadvantageousforCH4sensingintermsofsize,timeresolutionandcost.Tunable
infraredLaserAbsorptionSpectroscopy(TLAS)[10-14]enablesnon-contactmeasurementsandhasprovento
beanexcellenttoolfortracegasdetectioninvariousapplications.InterbandCascadeLasers(ICLs)provide
ContinuousWave(CW)radiationbetween3.0μmand6.0μmatroomtemperature,whichinitiatedanew
pathwayformid-infraredsensing.Bothsingle-modeandmulti-modeICLshavebeenadoptedingasinfrared
absorptionspectroscopyinrecentyears[15-17].InatraditionalCH4sensorsystem,ahigh-costpressure
controllerisrequiredformakingthepressureinsidethegascelltobeconstant.Alternatively,people
usuallycompensatepressurevariationsonCH4sensingsignalthroughsoftware,butthisrequiresa
pressuremeter,whichwillmakethesensorsystemmorecomplexforpracticalapplication.

Asweknow,aspectroscopictransitionoftheCH4 moleculeisassociatedwithaspecificamountof
energy.Whenthisenergyismeasuredbymeansofaspectroscopictechnique,thespectroscopiclinehasa
particularlineshape.Numerousfactorscancontributetothebroadeningofspectrallines.Theprincipal
sourcesofbroadeningare:lifetimebroadening,Dopplerbroadeningandpressurebroadening.For
moleculesinthegasphase,theprincipaleffectsareDopplerandpressurebroadening,whichapplyto
rotationalspectroscopy,rotational-vibrationalspectroscopyandvibronicspectroscopy.Inthispaper,the
pressurebroadeningeffect,whichyieldsaLorentzianprofile,wasutilized.WhenCH4 moleculesabsorb
infraredlightgeneratedwithspecificwavelength,thepressurevariationswillinfluencetheshapeof
Lorentzianprofile,whichcanbedescribedbytheFullWidthattheHalfMaximum (FWHM)ofthe
absorptionline.Thismechanismwasutilizedforthepressuremeasurementwithhighsensitivityinthis
paper,andasensorsystemwitha54.6-mlongMulti-PassGasCell(MPGC)wasdevelopedforLorentzian
absorptionfittingandpressurecalibration.CH4 measurementsunderdifferentpressuresweremadeto
validatethenormaloperationofthistechnique.

1 Sensorstructure
  The atmospheric pressure measurement
sensorsystemusingmid-infraredCH4absorption
spectroscopyisshowninFig.1,whichconsistsof
an optical and an electrical sub-system. A
3291nmCW,Thermo-ElectricCooler (TEC),
DistributedFeedback(DFB)ICLwasusedasthe
infrared sourcein the opticalsub-system for
targetingthe3038.5cm-1 CH4absorptionline.
Thelinestrengthis2.195cm-2/atm,andtheair-
andself-broadeningcoefficientsare0.0645cm-1/
atmand0.081cm-1/atm,respectively.Thelaser
beamwascoupledintoamodematchinglens(L),
reflectedbytwoplanemirrors(M1andM2),and
enteredthe MPGC witha54.6 m opticalpath
length.After435reflections,theoutputbeamwas

Fig.1 Schematicofamid-infraredCH4sensorwithouta
pressurecontrollerbasedonaCW,TECICL

focusedontoaTECMercury-Cadmium-Telluride(MCT)photodetector(VIGOSystem,modelPVI-4TE-
4)usingaParabolicMirror(PM).

Theelectricalpartofthesensorsystemconsistsofalaptop(Dell,model# PP04X),aDAQcard
(NationalInstrument,modelUSB-6356),acustomboard-levellasercurrentdriverandatemperature
controller.Thelaserdriverandtemperaturecontrollerbothhaveacompactsizeof<5×5cmandasupply
voltageof+12V.Thetemperaturecontrolleriscapableofoperatingwithanaccuracyof<±0.001℃
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withastabletemperaturedrivecurrent.Theratiobetweeninputvoltageandoutputcurrentwasadjusted
to2.14 mA/V.AlaserdirectabsorptionspectroscopytechniquewasusedinCH4 absorptionline
measurements,whichonlyrequiresasawtoothscansignaltodrivetheICL.Thisscansignalwas
generatedbyaLabVIEW-controlledDAQcard.TheMCTdetectorsignalwassenttotheDAQcardfor
dataacquisition,triggeredbyasignalgenerationmodule.AcompactDCpump(KNFNeubergerInc.,
modelUN85.3KNDC)wasusedtopumpthetargetgasintotheMPGC.

ALabVIEWbasedlaptopplatformwasdevelopedandusedtoprocessCH4absorptionsignals.There
arethreemainfunctionsofthisplatform:signalgeneration(SG),SignalAcquisition(SA)andabsorption
fitting&processing.FortheSGsub-system,ascansignalarraywasgeneratedandsuppliedtoaDigital-
to-AnalogConverter(DAC)module.ThedrivesignalwasappliedtotheICLviatheDAQcard.Forthe
SA,viatheuseofanAnalog-to-DigitalConverter(ADC),theoutputsignalfromtheMCTdetectorwas
sampledatthesamesamplingratewiththeDAC.Nframesofspectraweresampledperloop.Thesampled
Nframeswerethenaveragedinordertosuppressrandomnoisebasedonabsorptionfittingandprocessing.
Thebackgroundsignalwasobtainedviaafifth-orderpolynomialfittingusingthespectraldatawithout
CH4absorption(i.e.excludingtheabsorptionregion).Followingnormalizationontheabsorptionsignal,a
LorentzianAbsorptionFitting(LAF)wasperformed,andtheFWHMoftheabsorptionlinewasderived.
ThepressurewasdeterminedbasedontheFWHM.ThefunctiondiagramoftheLabVIEWbasedlaptop
platformisshowninFig.2.

Fig.2 FunctiondiagramoftheLabVIEWbasedlaptopplatform

2 Pressuremeasurement
Intermsofsignalprocessing,Nframesoftheoutputsignalfromthedetectorur(t)weresampled

duringeachcalculationloopbymeansoftheDAQcardandaveragedas

ur,avr(t)=
1
N ∑i=1~N

ur,i(t)=ur,avr(t)
︸
background

-ur,avr(t)
︸
absorption

(1)

Onceur,avr(t)wasobtained,datafittingbasedonLabVIEWwasusedtoobtainthebackgroundsignal
ur,bac(t)=ur,avr(t)
︸
background

(2)

Furthermore,thefollowingprocessingwasperformedtoeliminatethebackgroundsignal

ur,final(t)=
ur,bac(t)-ur,avr(t)

ur,bac(t)
(3)

Thenanabsorbancevalue,consideringopticallength,gasconcentrationandabsorptioncoefficientunder
certaintemperatureandpressure,isderivedby

αabsorbance(t)=-ln[1-ur,final(t)]=-ln[ur,avr(t)/ur,bac(t)] (4)
Withpressurebroadening,αabsorbance(t)canbefittedbyaLorentziansignalas

αr,Lorentzian(t)=
A

1+4
t-t0
FWHM

æ

è
ç

ö

ø
÷

lorentzianabsorptionfitting
→αabsorbance(t) (5)

whereArepresentstheabsorptionintensity,andt0isthecentralabsorptionpeakposition.
Duringpressurecalibration,thelasertemperaturewassetto30.95℃usingacustomTECdriver.The

laserdrivercurrentwassettocoverfrom38to45mA (correspondingtoawavenumberrangeof1.624
cm-1)toscantheCH4absorptionlineat3038.5cm-1.Thisrequiredarampscansignalwithanamplitude
of3.27Vtobeappliedtothecustomlaserdriver.Datasamplingwastriggeredbytherampsignaltorealize
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acompletesampleperiodofthesensingsignal,whichcontains2000points.N=50framesweresampled
percalculationloop.Allthedatawererecordedbyalaptopforprocessingandpost-analysis.

Forthehighpressurerangeof1.33×104~10.64×104Pa,thecalibrationwascarriedoutbasedon
pressuremeasurementsusingastandard2.1×10-6CH4samplewithpureNitrogen(N2)asbalancegas.
TheFWHMvaluewasrecordedfor~10minforeachgaspressure(at1.33×104Paintervals),asshown
inFig.3(a).TheFWHMvalueforeachpressurewasthenaveragedandplottedasafunctionofthe
pressureasdepictedinFig.3(b).ThesimulatedFWHMvaluesobtainedfromaHITRAN2012simulation
werealsoaddedinFig.3(b)asacomparisonwithexperimentalresults.Twogroupvaluesagreewell
withinthisrange.TherelationshipbetweenthepressureandtheFWHM withinapressurerangeof
1.33×104~10.64×104Pacanberepresentedbyalinearcurveas

P=(6162.97FWHM-38.54)×133, P ∈ [1.33×104,10.64×104Pa) (6)

Fig.3 MeasuredFWHMversuscalibrationtimetandexperimentaldataandfittingcurveofgaspressureversustheaveraged
FWHM

  Thenoiselevelofpressuremeasurementswas
determinedbypassingthe2.1×10-6CH4sample
intothegascellwithacontrolledpressureof
9.31×104 Paandsubsequentmonitoringofthe
FWHM.TheFWHMwastransformedtopressure
basedonthefittingrelationofEq.(6).Apressure
measurementwasperformedoveratimeperiodof
~40 min,asshowninFig.4(a).Anaverage
pressureof92554.7±505.4Pa(1σ)wasmeasured
forthe 40 min observation time.The Allan
deviationwasplottedonalog-logscaleversus
averagingtime,τ,asshowninFig.4(b).Theplot
indicatesameasurementprecisionof219.5Pawith
a2.2saveragingtime.However,theAllan-Werle
plotisflatwithincreasingtheaveragingtime,
thoughitshowsaminimumvalueof131.7Pawith
anaveragingtimeof44s.

Fig.4 MeasuredpressureandAllan-Werledeviationplotof
a2.1×10-6CH4samplewithacontrolledpressureof
9.31×104Pa

3 PressurecompensationforCH4measurement
Experimentswereperformedtomeasuretherelationbetweentheabsorbanceandthepressurefora

standard2.1×10-6CH4sample,whichwasusedasthe“calibrationgas”.Thepressureinsidethegascell
wascontrolledatspecificlevelsusingtheMKSpressurecontroller.Forapressurerangeof1.33×104~
10.64×104Pa,themeasuredabsorbanceisshowninFig.5.Therelationcurvecanberepresentedbya
fifth-orderorderpolynomialcurvewithinthepressurerangeof1.33×104~10.64×104Pa,as

α(P,2.1×10-6)=0.05545+4.19623×10-6P-1.97914×10-8P2+4.53829×10-11P3-
5.02701×10-14P4+2.13853×10-17P5 (7)
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  Astheincreaseofpressure,αshouldcontinueincreasingintheory.Thevariationofαinthehigh-
pressurerangemayresultfromtheimperfectLorentzianabsorptionfittingduetothechangeofabsorption
lineshapeandbroadeningmechanism.BasedonFig.5,attheCH4absorbancelineof3038.5cm-1anda
concentrationlevelof2.1×10-6,theabsorbancevalueis0.088~0.102withinapressurerangeof1.33×
104~10.64×104Pa,indicatingatransmissionratioof0.903~0.9158,whichiscalculatedbyI/I0=exp
(-α).Thisabsorbancevaluerangeisappropriatefortheuseddirectabsorptionspectroscopytechnique,
whichusuallyrequiresanabsorbancevalueof0.01~0.1.

ForanunknownconcentrationCinsidethegascell,bothpressurePandabsorbanceα(P,C)canbe
achievedbymeansofLorentzianabsorptionfittingoftheabsorptionpeak.Sinceα(P,C)∝C,wehavethe
followingrelationatapressurePas

α(P,C)
α(P,2.1×10-6)=

C
2.1×10-6

(8)

Therefore,wecanderivetheunknownCH4concentrationwiththecompensationas

Ccom=
α(P,C)

α(P,2.1×10-6)×
(2.1×10-6) (9)

Fig.5 Measuredabsorbanceversuspressurefora2.1×10-6

CH4samplewithinthepressurerangeof1.33×104

~10.64×104Pa

Fig.6 Measuredpressureandconcentrationoffiveconcentration
levelsof1.0×10-6,1.2×10-6,1.4×10-6,1.6×10-6

and2.1×10-6atthreepressuresof1.33×104,3.99×
104and6.65×104Pa

  ThesensorperformancewasfurtherinvestigatedusingfivedilutedCH4sampleswithconcentration
levelsof1.0×10-6,1.2×10-6,1.4×10-6,1.6×10-6and2.1×10-6,bymixingpureN2andthestandard
2.1×10-6CH4sample.Threegroupsofmeasurementswereconductedatpressuresof1.33×104,3.99×
104and6.65×104Pa.Foreachpressure,theCH4concentrationwasincreasedfrom1.0×10-6to2.1×
10-6.ThemeasuredCH4concentrationlevelswith/withoutcompensationwererecordedduringthewhole
monitoringperiodof140min,asshowninFig.6.BasedonFig.5,theabsorbanceat1.33×104Padrops
moreobviouslycomparedto3.99×104and6.65×104Pa,sotheeffectofpressurecompensationisalso
significant.Moreover,sincethewholeexperimentwascarriedoutcontinuouslybyusingapressure
controllerandagasdilutionsystem,variationsofgaspressureandconcentrationintheMPGCexisted
inevitablyduetotheoperationandtime-responseofthetwosystems.Thisleadstothevariationof
compensatedresultsandsomeinconsistencybetweenthe measurementandthetheoreticalresults.
However,ingeneralthecompensated CH4 concentrationagrees wellwiththestandardvalueby
eliminatingtheerrorcausedbypressurevariations.

4 Conclusion
Inconclusion,apressure measurementsystem using mid-infraredICL-based CH4 absorption

spectroscopywasdevelopedforpressurecompensationonCH4detectionwithoutusingahigh-costpressure
controllerorusingadditionalpressuremeter.ThepressureinsidetheMPGCwasmeasuredusingdirect
Lorentzianabsorptionlinefitting.Pressurecalibrationexperimentwasperformedfrom1.33×104to
10.64×104Pausinga2.1×10-6CH4sample.AnAllandeviationanalysisofthemeasuredpressureofa
2.1×10-6CH4at9.31×104Papressureindicatesaprecisionof219.5Pawitha2.2saveragingtime.
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Pressure/concentrationmeasurementsof1.0×10-6,1.2×10-6,1.4×10-6,1.6×10-6and2.1×10-6CH4
samplesatdifferentpressuresof1.33×104,3.99×104and6.65×104Pawereperformed,andtheresults
indicatedthenormalfunctionoftheproposedpressuremeasurementandcompensationtechnique.
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