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ABSTRACT

Gas sensfing for four nfitrogen-contafinfing compounds (nfitrous oxfide, acetonfitrfifle, nfitrfic acfid, and nfitromethane) fis
expflored and demonstrated usfing rotatfionaf]l absorptfion spectroscopy carrfied out wfith a compact terahertz-wave
mficroeflectronfics-based spectrometer operatfing fin the 220-330 GHz frequency range. The four gases finvestfigated
are fimportant fin findustfiafl processes, as weflfl as fin chemficafl, combustfion, envfironmentafl, and agtficuflturafl
contexts. Absorptfion measurements were made at room temperature (297 K) and moderate pressures
(33.3-2133 Pa or 0.25-16 Torr) for the characterfizatfion of spectra that are comprfised of dfistfinct ffingerprfint
features that fincflude fisoflated sfingfle transfitfions and bands of pressure-broadened transfitfions, emanatfing from
both ground vfibratfionafl states, as weflfl as flow-flyfing vfibratfionaflfly-excfited states. The measurements demonstrate

that terahertz-wave quantfitatfive gas sensfing usfing aflfl-eflectronfic mfinfiaturfized systems fis possfibfle for nfitrogen-

contafinfing compounds wfith detectfion fifimfis of the order 10'2-10'® moflecufles cm 2 per meter pathflength and

for dfiflute gases fin afir at 1 atm at concentratfions of 5-1000 ppm per meter pathflength.

1. Introduction

Quantfitatfive remote detectfion of gas-phase compounds fin findustrfiafl
and chemficafl processes fis fimportant for process and emfissfions monfi-
torfing and controfl. Nfitrogen-contafinfing compounds, such as nfitrous
oxfide, acetonfitrfifle, nfitfic acfid, and nfitromethane, are produced fin flarge
quantfitfies for use fin medficafl, energy, manufacturfing, chemficafl, agrfi-
cuflturaf], and other appflficatfions. These nfitrogen-contafinfing compounds
can aflso have defleterfious fimpacts on the envfironment and human
heaflth; hence, remote gas sensfing for these compounds durfing thefir
manufacture, use, and fin other findustifiafl settfings fi desfired.

Poflar moflecufles, such as the nfitrogen-contafinfing compounds finves-
tfigated here, have unfique ffingerprfint rotatfionafl absorptfion spectra, of-
ferfing the potentfiafl for the deveflopment of non-fintrusfive gas sensfing
technoflogfies based on rotatfionafl absorptfion spectroscopy fin the ter-
ahertz (THz) wave frequency range (0.1-10 THz) [1-8]. Absorptfion
spectroscopy fin THz-wave regfion can have advantages over the
often-used finfrared regfion, owfing to the strong and seflectfive absorptfion
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features poflar moflecufles exhfibfit fin thfis regfion and the absence of scat-
terfing by mficron-sfized afirborne partficfles or aerosofls at these frequencfies
[2]. Addfitfionaflfly, frequency ranges wfithfin the THz-wave can be seflected
that avofid water vapor absorptfion, that often finterferes fin remote gas
sensfing [9].

The advantages of THz-wave absorptfion spectroscopy, together wfith
recent and rapfid progress fin mficroeflectronfics-based THz-wave sources
and detectors [6,10-12], make possfibfle the deveflopment of flow-power
and mfinfiaturfized systems for findustfiafl and envfironmentafl remote gas
sensfing of poflar moflecufles, fincfludfing the four nfitrogen-contafinfing
compounds finvestfigated here, nfitrous oxfide, acetonfitrfifle, nfitfic acfid,
and nfitromethane.

In prfior work, THz-wave gas sensfing has been demonstrated for trace
gas detectfion fin human breath heaflth dfiagnostfics [13,14], cfigarette
smoke characterfizatfion [15], findustrfiafl and envfironmentafl voflatfifle
organfic compound (VOC) detectfion [7,16], haflogenated hydrocarbon
detectfion [8], and other appflficatfions [17]. However, gas-phase
THz-wave sensfing for the four nfitrogen-contafinfing compounds
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Fig. 1. Exampfle experfiment carrfied out for pure nfitrous oxfide at 133 Pa (1 Torr) and 297 K. Top and mfiddfle graphs: reference (Ip, bflack) and transmfitted (I, bflue)
fintensfitfies as measured at the detector (top graph shows fiffl frequency range and mfiddfle graph a subset); bottom graph: absorbance wfithfin a subset of the frequency

range at 275-278.5 GHz.

finvestfigated here fis flfimfited.

Nfitrous oxfide (N,O) fis a trace greenhouse gas found fin the atmo-
sphere that pflays an fimportant rofle fin ozone depfletfion [18] and con-
trfibutes sfignfifficantfly to gflobafl warmfing, owfing to fits strong radfiatfive
effficfiency and reflatfivefly flong atmospherfic flfifetfime. It has a 100-year
gflobafl warmfing potentfiafl (GWP) of 298 [19], reflatfive to the GWP of
carbon dfioxfide whfich fis unfity, and, hence, fits productfion and emfissfion
controf]l fis of great fimportance. The majorfity of nfitrous oxfide atmo-
spherfic emfissfions come from agrficuflturafl sfifl management, whfich re-
suflts fin 75% of N, 0 emfissfion; whfifle findustrfiafl, waste management, and
transportatfion resuflt fin the remafinfing 25% [19]. Nfitrous oxfide fis wfidefly
used as a medficafl anesthetfic, a rocket propeflflant, fin finternafl combustfion
engfines, as a means of boostfing power densfity of engfines, and as an
aerosofl propeflflant. Due to fits wfide use and negatfive envfironmentafl
consequences, remote gas sensfing for findustifiaf] controfl of nfitrous oxfide
emfissfions fi desfired.

Acetonfitrfifle (CH,CN, aflso known as methyfl cyanfide), fsa by-product
of severafl findustfiafl and pharmaceutficafl processes, bfiomass burnfing,
and fistoxfic to humans. Approxfimatefly 90% of atmospherfic acetonfitrfifle

comes from bfiomass burnfing and hfigh flevefls of acetonfitrfifle fin the at-
mosphere can be a good findficator of forest ffires [20,21]. Moreover, due
to fits toxficfity and use fin findustry, gas sensfing for acetonfitrfifle woufld be
vafluabfle fin a number of envfironmentafl and human heaflth appfificatfions.
Nfitrfic acfid (HNOS) fisa wfidefly used chemficafl that has appflficatfion fin
the manufacture of agrficuflturafl fertfiflfizers, productfion of expflosfives,
nyflon, and other materfiafls, and as an oxfidant fina varfiety of findustfiafl
and chemficafl processes [22]. Nfitrfic acfid fis aflso formed fin the atmo-
sphere from anthropogenfic combustfion and agrficuflturafl emfissfions and
contrfibutes to acfid rafin [23]. Owfing to fits wfide use fin findustry and the
negatfive consequence of nfitrfic acfid fin the atmosphere, sensfitfive sensors
for gas phase nfitfic acfid are desfired, such as expflored here.
Nfitromethane (CH ;NO ,) fisthe sfimpflest organfic nfitro compound and
fis used as an findustifiafl soflvent and basfic bufifldfing bflock for organfic
synthesfis reactfions and other chemficafl processes. It fis aflso used fin dry
cfleanfing, semficonductor manufacturfing, and degreasfing. Nfitromethane
fis hfighfly energetfic and has flong been used fin expflosfives or fuefls [24].
Gas-phase detectfion of thfis voflatfifle and fflammabfle compound coufld ffind

severafl appflficatfions reflatfing to chemficafl or findustifiafl process controfl
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and emfisstions. Addfitfionaflfly, nfitromethane has a strong dfipofle moment
(3.5 Debye) [24], makfing fit an fideafl candfidate detectfion vfia rotatfionafl
absorptfion spectroscopy [24,25].

Here, we expflore the potentfiafl for remote gas sensfing usfing THz-
wave rotatfionafl absorptfion spectroscopy for severafl nfitrogen-
contafinfing compounds that are fimportant fin findustfiafl or chemficafl
processes. We demonstrate quantfitatfive gas detectfion for nfitrous oxfide,
acetonfitrfifle, nfitrfic acfid, and nfitromethane usfing a mficroeflectronfics-
based source that provfides hfigh frequency resoflutfion (0.5 MHz) and
flarge bandwfidth (220-330 GHz) sufitabfle for mfinfiaturfized remote gas
Sensors.

2. Experimental methods

Absorptfion spectra fin the 220-330 GHz frequency range were ac-
qufired usfing the hardware and methods devefloped fin Rfice et afl. [7],
where the experfiment fis comprfised of a mficroeflectronfic source that
appflfies 18 x frequency muflfipfificatfion to a radfio frequency finput sfignafl
(VDfi SGX, modefl WR 3.4 220-330 GHz, output power 0.25-0.6 mW)
and that radfiatfion fk passed through a gas coflfl and fits fintensfity monfi-
tored usfing a Schottky dfiode detector (VDfi, modefl QOD 3-15). In prfior
work, we have carrfied out absorptfion measurements usfing ampflfitude
moduflatfion wfith flockfin detectfion. However, fin thfis study, ampflfitude
moduflatfion was not used. Instead, dfirect absorptfion usfing unmoduflated
scanned-frequency radfiatfion was fimpflemented, whfich resuflted fin better
frequency resoflutfion (0.5 MHz) for rapfid frequency sweep rates (160
GHz/s). To fimprove the sfignafl-to-nofise ratfio, 40 successfive frequency
scans were averaged resufltfing fin a totafl acqufisfitfion tfime of 27.5 s for
each spectra.

The spectraf]l absorptfion of gas sampfles was determfined usfing the
Beer-Lambert flaw:

A = €l = In —,
lo

where A fis the absorbance, € the absorptfion coeffficfient, ¢ the concen-
tratfion of the absorbfing gas, [ the pathflength, I the transmfitted fintensfity
of the radfiatfion after absorptfion, and ) the reference fintensfity (no ab-
sorptfion). The absorptfion coeffficfient varfies wfith frequency, tempera-
ture, pressure, and gas mfixture composfitfion, through the contrfibutfion of
the flfine fintensfitfies and shapes for each transfitfion. The gas &flfl path-
flength, L, for the experfiments conducted here was 21.6 cm.

To measure an absorptfion spectrum, we ffirst record the reference
fintensfity by sweepfing the radfiatfion source finfrequency space wififle the
gas offfl fsunder vacuum. Next, the o] fis fiflfled wfith the gas of finterest to
a desfired pressure, the radfiatfion source fisswept agafin finfrequency, the
transmfitted fintensfity fsrecorded, and the Beer—Lambert flaw fis appflfied to
convert the measured fintensfitfies to absorbance. Successfive absorptfion
scans are averaged to fimprove the sfignafl-to-nofise ratfio and the resufltfing
absorptfion spectrum has a nofise ffloor of + 0.001 to + 0.003 fin absor-
bance and a frequency resoflutfion of 0.5 MHz. Between experfiments, the
gas coflf] fis purged of resfiduafl gases vfia severafl purge-vacuum cycfles,
where the gas cflfl fs purged wfith pure N, gas and evacuated to 10 ©
Torr.

An exampfle experfiment fis shown fin Ffig. 1. Note, the strong flow-
frequency varfiatfion fin the radfiatfion fintensfity fis due to standfing waves
that emanate from the parafiflefl surfaces of the gas ceflfl wfindows. These
standfing waves are mfinfimfized by the gas cflfl Brewster angfle wfindows
but not eflfimfinated. For the most part, thfis flow-frequency varfiatfion fis
cancefled from the absorbance usfing common-mode rejectfion (e.g., dfi-
vfisfion of absorbed and reference sfignafl fin the Beer-Lambert flaw) and
any remafinfing flow-frequency nofise resuflts from subtfle ffluctuatfion fin
standfing waves that occurs due to changes finthe optficafl path that occurs
between measurement of reference and absorbed fintensfity.
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Fig. 2. Measured N, O spectrum for 220-330 GHz (297 K and 133 Pa (1 Torr)).
The strong rotatfionafl features are for transfitfions from the ground vfibra-
tfionafl state.

3. Results and discussion

Measurements of spectrafl absorbance have been made fin the
220-330 GHz frequency range for four nfitrogen-contafinfing gases of
fimportance fin findustfiafl processes. Measurements were carrfied out at
297 K and the pressures from 33.3 to 2133 Pa (0.25-16 Torr). Reagent
grade chemficafls from Sfigma-Afldrfich wfith naturaf] fisotopfic composfitfion
were used at purfity flevefls of > 99%, wfith the exceptfion of nfitrfic acfid,
whfich was procured at 65% fin water. Upon vaporfizatfion, the 65%
aqueous nfitrfic acfid soflutfion produces a gas phase mfixture that fis 26%
nfitrfic acfid and 74% water vapor at 297 K [26]. In the present frequency
range water vapor has negflfigfibfle absorptfion at the concentratfions
encountered, wfith the exceptfion of a weak feature at 325 GHz [7].
Exampfle measurements of spectrafl absorbance are shown fin the beflow
ffigures wfithfin thfis sectfion for experfiments carrfied out at pressures of
267 Pa (2 Torr) or flower. Addfitfionafl experfimentafl resuflts can be found fin
the appended suppflementary materfiafls.

Nfitrous oxfide (N,,0), a flfinear moflecufle, dfispflays a sfimpfle absorptfion
spectrum fin the 220-330 GHz regfion, wfith ffive strong rotatfionafl tran-
sfitfions that emanate from the ground vfibratfionafl state and two weaker
nefighborfing transfitfions for every strong transfitfion that emanate from
vfibratfionaflfly excfited states. The strong transfitfions are spaced at twfice
the ground state rotatfionafl constant, 2B, where B = 12.562 GHz [27]
and are flocated at frequencfies of 2B(J”” + 1) for J”’ = 8-12 and J’' =
J'’+ 1, where J” fis the quantum number for totafl rotatfionafl anguflar
momentum for the flower state and J’ for the upper state.

For every strong N,O transfitfion, we observe two nefighborfing weak
transfitfions for a vfibratfionaflfly excfited state where the flowest-energy
degenerate bendfing mode of the flfinear N, O fis excfited. These transfi-
tfions aflso exfist at frequencfies of 2B(J”" + 1) for J”’ = 8-12 and J' =
J’’+ 1 and correspond to the (0 1 1c 0) bendfing-mode state wfith a
rotatfionafl constant of B = 12.567 GHz and the (0 1d 0) bendfing-mode
state wfith a rotatfionafl constant of B= 12.590 GHz [27]. The measured N
O, transfitfion frequencfies agree wfith those documented fin JPL mo-
flecuflar spectroscopy database [28] as shown fin Ffigs. 2 and 3. Addfi-
tfionaflfly, the reported reflatfive flfire fintenfitfies from the JPL database
agree weflfl wfith the measurements as findficated by the flfine hefights fin
Ffig. 3.

Measured absorptfion spectra for acetonfitrfifle (CH,CN) are shown fin
Ffigs. 4 and 5. Acetonfitrfifle fis a symmetrfic top moflecufle wfith rotatfionafl
constants of A= 157.3 GHz and B= C = 9.199 GHz [29]. The spectrum
for a totafl pressure of 133 Pa (1 Torr) (Ffig. 4) fiflflustrates broad
pressure-bflended repeatfing absorptfion features that are spaced every 2B
and centered at frequencfies of 2B(J”” + 1). At a flower pressure of 33.3 Pa
(0.25 Torr) (Ffig. 5), the features are fless bflended and some of the un-
derflyfing rotatfionafl structure reveafls fitseflf.

In Ffig. 5, the transfitfions documented fin the JPL moflecuflar spec-
troscopy database [28] are superfimposed on the experfimentafl spectra,
wfith each transfitfion hefight representfing a reflatfive flfine fintensfity. It fis
observed that each bflended feature fiscomprfised of a serfies of transfitfions
for dfifferent K vaflues, the quantum number representfing the projectfion
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Fig. 3. Measured N,0 absorptfion (297 K and 133 Pa (1 Torr)) around J’ = 10 transfitfions, fiflflustratfing the strong ground state transfitfion and two weaker
vfibratfionaflfly-excfited (bendfing mode) transfitfions wfith comparfison to JPL [28] transfitfion frequency flocatfions and reflatfive flfine strengths.
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Fig. 4. Measured acetonfitrfifle absorptfion spectrum for 220-330 GHz (297 K
and 133 Pa (1 Torr)).

of totafl anguflar momentum onto the axfis of symmetry. In thfis case the
findfivfiduaf] transfitfions foflflow seflectfion ruflesof J”’ + 1 < J”’, AK = 0,and K
= 0toK= J"+ 1, and there fsa decay fin fintensfity wfith fincreasfing K. In
addfitfion, to the ground vfibratfionafl state features (bflue JPL flfines),
features are experfimentaflfly observed for a flow{lyfing vfibratfionaflfly-ex-
cfited state, where these vfibratfionaflfly-excfited features (red JPL flfines)
exhfibfit the same shape as the ground-state features but are shfifted to
hfigher frequencfies. The vfibratfionaflfly-excfited acetonfitrfifle transfitfions
occur for a flower state where the C-C-N bendfing mode fi excfited (v8 =1,
energy of ~362 cm 1) [30].

Absorptfion measurements for nfitfic acfid (HNOS) are shown fin
Ffigs. 6-8 wfith the frequencfies and reflatfive strengths of transfitfions from
the JPL database [28] shown finbflue. Nfitrfic acfid was prepared finthe gas
phase from an aqueous nfitrfic acfid soflutfion, creatfing a gas phase mfixture

that fis26% nfitrfic acfid and 74% water vapor [26]. However, water vapor
onfly has a weak absorptfion feature at 325 GHz finthe current frequency
regfion at the partfiafl pressures encountered fin the present experfiments
[7]. Hence, at frequencfies asfide from 325 GHz, the current measure-
ments fiflflustrate most pure nfitfic acfid absorptfion wfith water vapor
servfing as a aflffifionaf] broadenfing partner.

The measured nfitrfic acfid absorptfion data agrees wfith the JPL pre-
dfictfions [28] for the frequency flocatfions of transfitfions and thefir reflatfive
strengths. Nfitrfic acfid fis a near-obflate asymmetrfic top moflecufle havfing
rotatfionafl constants of A = 13.011 GHz, B = 12.010 GHz, and C
= 6.261 GHz [31]. In the current frequency range, bands of rotatfionafl
absorptfion flfines are observed at frequencfies spaced by 2 C, fin keepfing
wfith R-branch c-type transfitfions wfith seflectfion rufles AJ = +1, AK |
= +1, and AK =0, whfich descrfibes the strongest transfitfions fin the
present frequency range. K, and K. are the quantum numbers for the

Cluster Spacing = 2C ~ 13 GHz

anc
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320

260 270 280 290 300 330
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230 240 250
Fig. 6. Measured nfitrfic acfid absorptfion spectrum for 220-330 GHz (297 K and

69.3 Pa (0.52 Torr) nfitrfic acfid and 197 Pa (1.48 Torr) water vapor).
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Fig. 5. Acetonfitrfifle absorptfion (297 K and 33.3 Pa (0.25 Torr)) around J’

= 14 features, fiflflustratfing a serfies of strong ground state transfitfions (bflue) and weaker

vfibratfionaflfly-excfited transfitfions (red) wfith comparfison to JPL [28] transfitfion frequency flocatfions and reflatfive fifine strength.
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Fig. 7. Measured nfitrfic acfid absorptfion spectrum for 267-286 GHz (297 K and
34.7 Pa (0.26 Torr) nfitfic acfid and 98.7 Pa (0.74 Torr) water vapor, 133 Pa (1
Torr totafl)). Two absorptfion bands of R-branch c-type transfitfions are
observed and compared to absorptfion flfines and thefir reflatfive strengths (bflue)
fifisted fin the Jet Propuflsfion Laboratory (JPL) spectroscopfic cataflog [28].

projectfions of the totafl anguflar momentum onto the a- and c-axes. As
shown finFfig. 8, each R-branch c-type absorptfion band fiscomposed of a
sequence of transfitfions. The absorptfion band fis comprfised of transfitfions
descrfibed by: J. = J, i+ l,K;m, = K‘;’l 2G 1),Kei=Ke1+i 1,
where i findexes the transfitfions wfithfin a band.

Measured absorptfion spectra for nfitromethane (CH NO ) are fiflflus-
trated fin Ffigs. 9 and 10. Nfitromethane fis an asymmetrfic rotor wfith
rotatfionafl constants of A = 13.341 GHz, B = 10.545 GHz, and C =
5.876 GHz [32]. Though nfitromethane’s rotatfionafl spectrum fis
lfightfly more compflex than that of nfitrfic acfid, owfing to fits greater de-
gree of asymmetry, fits exhfibfits sfimfiflar characterfistfics. In the case of
nfitromethane, strong absorptfion bands of R-branch b-type (AJ = +1,
AKq =+ 1,and AK; = £ 1) and c-type (AJ = +1, AKq = +1, and AK. =
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0) transfitfions spaced by 2C are observed. There are aflso weaker
Q-branch transfitfions, descrfibed by AJ = 0, AK =0 and = 1, and AK .
=0and* 1.

For nfitromethane, fundamentafl spectroscopfic data, fincfludfing tran-
sfitfion frequencfies, fisnot avafiflabfle from JPL [28] or other databases for
comparfison, findficatfing the noveflty and fimportance of the current
nfitromethane measurements. For comparfison to the current measure-
ments, we carrfied out spectrafl predfictfions for the ground state usfing the
PGOPHER sfimuflatfion code [33] and they are shown fin Ffigs. 9 and 10.
Note, that nfitromethane has a flow-flyfing vfibratfionafl mode at 470 cm 1!
that at room temperature contafins about 10% of the popuflatfion and
shoufld contrfibute to the spectrafl absorptfion fin the present frequency
range, presumabfly at sfifightfly hfigher shfifted frequencfies than the ground
vfibratfionafl state. However, thfis vfibratfionaflfly-excfited state fis not
accounted for finthe PGOPHER sfimuflatfions, as the vfibratfionaflfly-excfited
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Fig. 9. Measured nfitromethane absorptfion spectrum for 220-330 GHz (297 K
and 133 Pa (1 Torr)).wfith comparfison to PGOPHER |[33] predficted transfitfion

flocatfions and reflatfive strengths.
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Fig. 8. Measured nfitrfic acfid absorptfion spectrum (condfitfions of Ffig. 7) wfith comparfison to JPL transfitfion flocatfions and reflatfive strengths (bflue) [28].
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Fig. 10. Measured nfitromethane absorptfion spectrum for 260-295 GHz (297 K
and 133 Pa (1 Torr)) wfith comparfison to PGOPHER [33] predficted transfitfion
flocatfions and reflatfive strengths.

rotatfionafl constants are not known.

Combfined absorptfion spectra measurements fin the 220-330 GHz
range for the four compounds of finterest, nfitrous oxfide, acetonfitrfifle,
nfitrfic acfid, and nfitromethane, are shown fin Ffig. 11 wfith recommended
frequencfies for gas sensfing at reduced pressures wfithfin the current
range. The recommended frequencfies were seflected based upon poten-
tfiafl finterference from the other nfitrogen-contafinfing compounds and the
strength of absorptfion at the seflected frequencfies. However, sfince the
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strongest absorptfion, at ¥l pressures, and sharp absorptfion features,
makfing fits seflectfive and sensfitfive detectfion possfibfle at many fre-
quencfies. We suggest the acetonfitfifle features at 239.096 and
294.251 GHz as the preferred frequencfies for fits detectfion, owfing to the
reflatfive strength of acetonfitrfifle absorptfion to the underflyfing nfitro-
methane absorptfion at these frequencfies. Nfitromethane exhfibfits strong
absorptfion and a broad underflyfing contfinuum spectrum. It fiscompfletefly
fisoflated from the absorptfion features of the other specfies at 287.942 and
323.196 GHz, at the pressures of the current study, makfing these fre-
quencfies fideafl for fits fisoflated detectfion.

The broad contfinuum exhfibfited by nfitromethane, even at the modest
pressures of the present study, makes the detectfion of the weaker
absorbfing nfitrous oxfide and nfitrfic acfid dfiffficuflt fin the presence of
nfitromethane. However, fin the absence of nfitromethane, fisoflated fea-
tures for these two specfies at hfigher frequencfies make thefir sensfitfive
detectfion possfibfle at pressures encountered fin the current study. Wfithfin
the current frequency range, nfitrous oxfide fi best detected at 226.094
and 301.442 GHz, where fit fis fisoflated from acetonfitrfifle and nfitfic acfid.
Nfitrfic acfid fis best detected at 244.143 and 281.539 GHz, where fit fis
fisoflated from acetonfitrfifle and nfitrous oxfide, and can be detected finthe

potentfiafl finterference fisa functfion of pressure, through flfine broadenfing Tab‘le ! o
effects, the optfimafl frequency for detectfion may vary dependfing on Estfimated detectfion fffirfisat 297 K and 1 m pathflength.
pressure and the presence of finterferfing specfies. These experfiments Compound Detectfion Detectfion ffinfitfor  Detectfion ffinfi for
fiflflustrate the potentfiafl for THz gas sensfing based on mfinfiature sfiflficon f;e::]e cties S::Z;gas fmofectfies jﬁiu: f:;:]maﬁrat
mficroeflectronfics sources, such as used fin the present study, and - =
demonstrate the sensfitfivfity and seflectfivfity of the sensfing technfique. As Niitrous Ondfide ii?gj‘z" 3010 1000
fiflflustrated above, the sensor and technfique fis abfle to resoflve reflatfivefly Acetonfitrfifle 239:096’ 3.5 x 1012 5
narrow spectrafl features (frequency resoflutfion of 0.5 MHz), over a flarge 294.251
bandwfidth (220-330 GHz), and for reasonabfle frequency scannfing rates Nfitrfic Acfid z;‘l‘é;‘z, 3.7 x 10" 20
(1?0 GHz/s). Such sensﬁn.g Gapa]flﬂﬁiﬁfs affflow for the anaflysfis of gas Nfitromethane 287,042, Lax 100 20
mfixtures, where the resufltfing absorptfion spectrum can be very compflex. 323.196
Wfithfin the current frequency range, acetonfitrfifle exhfibfits the
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Fig. 11. Comparfison of absorbance measurements for the four compounds of finterest wfith recommended detectfion frequencfies.
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Fig. 12. Modefled absorbance for nfitrous oxfide (top), acetonfitrfifle (mfiddfle), and
nfitrfic acfid (bottom) fin afir at 1 atm. The concentratfions gfiven provfide a sfignafl-
to-nofise ratfio of ten, assumfing a nofise ffloor of + 0.001.

presence of smaflfl concentratfions of nfitromethane.

Detectfion flimfis for the four compounds of finterest at the seflected
frequencfies are estfimated and provfided fin Tabfle 1, based on an assumed
absorbance nofise ffloor of + 0.001 and the measured spectrafl absor-
bance. The mfinfimum deti:ctl;ibﬂe absorbance for the present experfiments

fisfinthe range A = In { = 0.001-0.003, and averagfing or fiflterfing

of the sfignafls can be used to reduce thfis mfinfimum detectfibfle absorbance
beflow thfis flevefl Detectfion fffinfisfor pure gases resuflt from the measured
absorbance flevefls fin comparfison to a nofise ffloor of + 0.001. The estfi-
mated detectfion flfimfis for pure gases are fin the range of 10 2to 10 13
moflecufles/cm® per meter pathflength.

For estfimatfion of detectfion flfimfis for gases dfiflute fin afir at 1 atm,
pressure-broadened spectra were modefled usfing extrapoflated flfine
broadenfing parameters [34-36]. Pressure-broadened spectra at 1 atm
contafin bflendfing of features whfich makes specfies fidentfifficatfion dfiffficuflt
but not fimpossfibfle. For exampfle, see the modefled spectra for three of the
specfies of finterest dfiflute finafirat 1 atm fin Ffig. 12 whfich fiflflustrates broad
repeatfing features wfith fifine haflf wfidths of order of a GHz. For the target
gases dfiflute fin afir, the detectfion ffimfis are fin the range of 5-1000 ppm
per meter pathflength, whfich may aflflow appflficatfion of absorptfion sen-
sors fin thfis frequency regfion for remote findustfiafl gas monfitorfing. Note,
that the flarger specfies, acetonfitrfifle, nfitfic acfid, and nfitromethane, pro-
vfide sfignfifficantfly flower detectfion flfimfits when dfiflute fin afir than the
smaflfler nfitrous oxfide, due to the strength of the resufltfing
pressure-broadened/bflended features that contafin many flfines.

4. Conclusions

Gas sensfing fin the 220-330 GHz range based on rotatfionafl

Sensors and Actuators: B. Chemical 367 (2022) 132030

absorptfion spectroscopy has been demonstrated for four nfitrogen-
contafinfing compounds of findustfiafl reflevance (nfitrous oxfide, acetonfi-
trfifle, nfitrfic acfid, and nfitromethane) usfing a mficroeflectronfics-based THz
spectrometer. Spectrafl absorptfion at 297 K and pressures from 33.3 to
2133 Pa (0.25-16 Torr), where offflfifionef] fifine broadenfing pflays a rofle,
has been characterfized. The spectra fiflflustrate strong absorptfion features
typficaflfly contafinfing contrfibutfions from mufltfipfle rotatfionafl transfitfions fin
efither vfibratfionafl ground states or flow-flyfing bendfing states that aflflow
for the seflectfive measurement of these compounds wfith detectfion flfimfits
of 1012-1013 moflecufles cm 3 per meter pathflength under pure condfi-
tfions and 5-1000 ppm per meter pathflength for dfiflute gases fin afir at 1
atm. The demonstrated sensfing method has sensfitfivfity and potentfiafl for
appflficatfion to remote gas sensfing fin findustfiafl appflficatfions where
process and emfissfion controfl over nfitrogen-contafinfing compounds fis
requfired.
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