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Abstract

We report measured line intensities and temperature-dependent broadening coefficients of NH3 

with Ar, N2, O2, CO2, H2O, and NH3 for nine sQ(J,K) transitions in the ν2 fundamental band in 

the frequency range 961.5–967.5 cm−1. This spectral region was chosen due to the strong NH3 

absorption strength and lack of spectral interference from H2O and CO2 for laser-based sensing 

applications. Spectroscopic parameters were determined by multi-line fitting using Voigt 

lineshapes of absorption spectra measured with two quantum cascade lasers in 

thermodynamically-controlled optical cells. The temperature dependence of broadening was 

measured over a range of temperatures between 300 and 600 K. These measurements aid the 

development of mid-infrared NH3 sensors for a broad range of gas mixtures and at elevated 

temperatures.
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1. Introduction

Spectroscopic sensors for gaseous ammonia are important for a number of applications, 

ranging from environmental monitoring [1,2], industrial process control [2], clinical analysis 

of human breath [3–6], and the recycling of bio-waste water [7]. Trace detection at ppb to 

ppm levels is often required [7–10]. Laser absorption techniques have been implemented in 

various forms for trace NH3 detection, e.g., rapid-scan direct absorption [11,12], 

wavelength-modulation spectroscopy (WMS) [4,13], frequency-modulation spectroscopy 

(FMS) [14], cavity ring-down spectroscopy [6,15], and photoacoustic spectroscopy (PAS) 

[3,9,16], all using different types of near-infrared or mid-infrared distributed-feedback 

(DFB) lasers [9,11,13,14,17], vertical cavity surface-emitting lasers (VCSEL) [12], or 

quantum cascade lasers (QCL) [4,6,15]. The appropriate wavelength for spectroscopic 
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detection generally depends on relative spectral strength and isolation from other 

components in the gas mixture.

Fig. 1(a) shows the simulated rovibrational absorption spectrum of 10 ppm NH3 in air at 308 

K (typical human breath temperature, 35 °C), 1 atm for an optical path length of 1 m. 

Ammonia (NH3) has six vibrational modes – symmetric stretch (ν1), symmetric bend (ν2), 

doubly-degenerate asymmetric stretch (ν3), and doubly-degenerate asymmetric bend (ν4). 

Moreover, ammonia is a symmetric top molecule with two rotational quantum numbers, J 
and K, where J represents the total angular momentum and K represents the angular 

momentum about the primary axis of symmetry. The near-infrared wavelength range of 1–

2.5 μm, composed of combination bands and overtones, is the most widely used spectral 

region for detection of ammonia, primarily for atmospheric sensing and combustion slip 

measurements [11,14]. However, as can be seen from Fig. 1(a), the NH3 ν2 fundamental 

absorption band is the strongest of all the IR bands with nearly 50–100X larger absorption 

strength than the NIR bands, and provides a possibility for more sensitive detection. The 

recent availability of compact and coherent light sources in the mid-infrared has led to the 

development of highly sensitive and low-interference diagnostics for ammonia utilizing NH3 

transitions near 965.35 cm−1[1], 967.35 cm−1 [5,6,18,19], 1046.4 cm−1 [3,16] and 1103.4 

cm−1 [4,20], with applications in the atmosphere and exhaled human breath. For laser 

absorption measurements to be accurate and calibration-free, a comprehensive 

characterization of the fundamental spectroscopy is required in the wavelength domain of 

interest.

Several studies on ammonia spectroscopy have been reported in the literature. The HITRAN 

2000 database lists several NH3 lines as reported by Kleiner et al. [21]. In the ν2 

rovibrational band of ammonia, line intensities and broadening parameters due to various 

different collision partners including NH3, N2, O2, H2, CO2 and H2O were measured with 

FTIR spectrometers [22–26] and QCL-based spectroscopic techniques [27]. All these studies 

are restricted to the sP(J,K) and sR(J,K) manifolds. In addition, line intensities and 

broadening parameters due to multiple collision partners (e.g. self, N2, O2, CO2, H2, Ar and 

air) have been measured and calculated in the ν4 [28–30] and ν1 [31–33] NH3 rovibrational 

bands. The effect of water vapor broadening on ammonia transitions near 1.51 μm has also 

been studied by Schilt [34]. However, the sQ(J,K) manifold of the ν2 band including the 

lines near 962.17 cm−1, 965.35 cm−1 and 967.35 cm−1 are not well-characterized despite the 

common selection of these wavelengths for gas sensing [1,5,6,18,19] and a high demand for 

mid-infrared experimental NH3 data noted in the literature [35,36]. This motivates the 

current high-resolution spectroscopic study of the Q-branch of the ν2 fundamental 

rovibrational band of NH3.

As shown by the shaded box in Fig. 1(b), the Q-branch lies in a region with minimal 

interference from H2O and CO2, the two common interfering species in atmospheric, 

combustion and clinical breath-sensing applications. Also, as mentioned in the HITRAN 

2012 article [35], the spectral parameters were found to deviate very significantly from the 

values calculated using measured P-branch parameters to predict values in the R manifold. 

The sQ(J,K) manifold is particularly difficult to study with FTIR spectrometers because of 

the close proximity of the lines with associated blending effects. The current study uses two 
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narrow-linewidth quantum cascade lasers and an approach similar to Owen et al. [27] at low 

pressure to obtain accurate values of line intensities and broadening parameters in the 

sQ(J,K) manifold.

1.1. Theory

Although the fundamental basis of absorption spectroscopy is well known, a short review 

provides definition of symbols and units used here. The transmission coefficient (τ) of a 

monochromatic light beam at frequency V is governed by the Beer–Lambert relation:

(1)

where I0 is the incident beam intensity, I is the transmitted beam intensity and α is the 

spectral absorbance for a pressure P, path length L, mole fraction of the absorbing species χ, 

transition linestrength S and lineshape function ϕ(ν), as defined by the expression

(2)

The above expression assumes uniform gas composition and temperature along the laser line 

of sight. For a single isolated transition, the total area under the absorbance curve is given 

by:

The lineshape function ϕ(ν) is approximated by a Voigt function ( ) 

characterized by the collision-broadened full-width at half-maximum (FWHM), ΔνC [cm−1] 

and the Doppler FWHM, Δνd [cm−1]. ΔνC relates to the transition-specific broadening 

coefficients (γNH3 –Y) of the absorbing species i.e. NH3 in this case, unique to each 

collision-partner (Y) as

(3)

The dependence of the collision-broadening coefficient on temperature can be modeled as a 

power law expression:

(4)

where γ0,(NH3 –Y) is the broadening coefficient at the reference temperature, T0 (=296 K) 

and n(NH3 –Y) is the temperature-dependence exponent of NH3 with the collision partner Y. 
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In this article, we report the measured values of S(296 K), γ0,(NH3 –Y) and n(NH3 –Y) for nine 

transitions in the sQ(J,K) manifold of the ν2 rovibrational band of NH3.

2. Experimental details

The schematic shown in Fig. 2 illustrates the experimental apparatus used for these 

experiments. It consisted of a gas cell with two wedged BaF2 windows, inlet gas manifold 

for mixing the gases, outlet line to the vacuum pump to facilitate a flowing gas 

configuration, a distributed feedback QCL (swapped with a second QCL for a different 

wavelength range) and a detector. To enable accurate measurements of the spectral 

parameters, use of two slightly different setups with different path lengths was optimal as 

discussed below:

i. Line intensity measurements—The experiments for determination of line intensities 

of NH3 necessitate the analysis of laser absorption through a gas sample with a known 

concentration of NH3. This was found to be difficult due to the following reasons:

1. Sticky nature of NH3. Ammonia mixture composition in the cell was found to be 

inconsistent with the certified bottle concentration due to the surface adsorption 

of ammonia to the walls. Even with a flow arrangement, the steady-state 

concentration did not accurately reflect the bottle composition and hence could 

not be used for line strength measurements.

2. Possible stratification of NH3 in the mixture. Resultant absorbance was found to 

be dependent on the flow rate suggesting possible stratification in the mixture 

composition further magnified due to the adsorption effect.

Therefore, line intensity measurements were performed at 296 K in a short (3.36 mm) cell 

with flowing 99.99% pure anhydrous NH3 (Praxair) at sub-atmospheric pressure (<35 Torr). 

Due to the highly toxic nature of pure NH3, these studies were performed inside a fume 

hood.

ii. Broadening parameter measurements—Measurements of broadening parameters 

were performed in a heated optical cell of 101 cm path. The cell temperature non-uniformity 

at the hottest setting of 600 K was found to be less than ±4 K, and progressively less at 

lower temperatures. In this setup, a differential flow configuration of 1.3% NH3 in Ar 

(Praxair certified gas mixture) and the pure bath gas (denoted generically as Y) ensured a 

highly dilute mixture of NH3 with about 96% bath gas Y and 4% Ar. This enabled the 

creation of desirable final mixture composition with about 4:100 ratio of flow rates, easily 

accomplished by the flow controllers FC1 and FC2. The sample pressure was controlled 

using micrometer valves V1 and V2 and measured using MKS 627D capacitance 

manometers with 100 and 1000 Torr full-scale pressure ranges (uncertainty: 0.12% of 

reading). Experiments were performed over typical pressure ranges of 0–30 Torr and 0–300 

Torr for line intensity and collision broadening parameter measurements, respectively. The 

dilution was taken into account while processing the broadening data. The flow 

configuration ensured a constant ammonia concentration in the cell despite the significant 
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adsorption of NH3 on the walls of the optical cell and the connected Teflon/stainless steel 

tubing.

For water broadening measurements, the gas Y line was replaced by a degassed water flask 

in a water bath (which maintained the flask temperature to counter the heat loss due to 

evaporation). At 296 K the vapor pressure of water is 21 Torr, leading to a slow and 

ambiguous water flow rate. In response, the flow rate of the NH3 – Ar mixture had to be 

kept to a very low value using a micrometer valve, and the water concentration 

independently verified. In this configuration, the mixture composition was inferred by 

simultaneously measuring the mixture water concentration with a near IR TDLAS water 

sensor utilizing a water transition centered at 7185.6 cm−1. The mixture water mole fraction 

was found to be about 70% for most cases, and the rest was assumed to be Ar and NH3 for 

broadening calculation purposes.

The current study of highly resolved spectroscopy of NH3 in the Q-branch was made 

possible by the availability of narrow linewidth (typically<10 MHz) quantum cascade lasers 

(QCLs) from Alpes Lasers SA (Neuchâtel, Switzerland; www.alpeslasers.ch/) and Adtech 

Optics (www.atoptics.com/) at the specified wavelength range of interest. Both QCLs have 

distributed feedback (DFB) architecture and were collimated in high-heat-load (HHL) 

packages and mounted on water-cooled aluminum plates for effective temperature control. 

The water temperature was maintained at approximately 18 °C by a Thermocube water 

chiller. The two QCLs (Alpes QCL and Adtech QCL) were tunable over the ranges 960.8–

965.8 cm−1 and 963.4–968.9 cm−1, respectively, by tuning the laser temperature and 

injection current. The temperature was regulated using Alpes Lasers TC-3 and Arroyo 5305 

temperature controllers, while the current was controlled using a ILX Lightwave LDX 3232 

high compliance laser diode driver and an Arroyo 4300 laser source. The laser was scanned 

over the necessary wavelength range by providing a sawtooth voltage input signal to the 

current controller by the data acquisition (DAQ) system. The DAQ system consisted of a 

National Instruments PXIe-6124 card (16-bit analog I/O, up to 2.5 Ms/s) mounted on an 

external chassis NI PXIe-1073. The output laser beam is collected on a Vigo PVM-2TE-10.6 

thermoelectrically cooled multijunction, optically immersed photovoltaic detector. The 

generated signal voltage from the detector was recorded by the DAQ. The relative laser 

frequency during the laser scan was determined by recording the scan with a germanium 

etalon of free spectral range (FSR) of 0.0163 cm−1 placed along the path of the laser.

3. Results and discussions

The line intensities and temperature-dependent broadening coefficients of NH3 with Ar, O2, 

N2, CO2, H2O and NH3 of nine spectral transitions were studied between 961.5 and 967.5 

cm−1. These transitions in the Q-branch of the ν2 fundamental band of NH3 near 10.4 μm 

are designated by numbers 1–9 in Fig. 3 and listed in Table 1. Some of these lines (5 and 7) 

have previously been used for room temperature sensing [1,5,18,19] as discussed earlier, and 

line 3 is ideally suited for sensing at elevated temperatures. The remaining lines (1,2,4,6,8,9) 

can influence the spectral characteristics of the three primary lines (3,5,7) at elevated 

pressures, and require characterization for quantitative sensing over a broad range of 

conditions. In contrast to their utility, none of these lines have been studied experimentally 
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with regards to their fundamental spectroscopic parameters, and previous sensing 

applications have relied on calibration methods. The HITRAN database provides computed 

spectroscopic parameters based on models anchored to data in the R and P branches of the 

ν2 band [25,36]. The results of this study aim to provide improved certainty in parameters 

found in the HITRAN database (S, γself, γair) and to provide additional parameters for 

broadening and its temperature dependence for other collision partners (CO2, H2O, Ar) 

common to many important gas mixtures (e.g. atmosphere, breath, combustion exhaust). An 

attempt was made to characterize the pressure shift, however, due to the slow drift in the 

laser output frequency, the absolute frequency of the spectral features could not be resolved 

with a high degree of confidence and hence these values are not reported here.

3.1. Line intensities

The absorbance was determined from the experimentally obtained I and I0 (Eq. (1)) after 

correcting for the detector offset (including emission and dark current noise), which was 

collected for every scan by tuning the laser current below the lasing threshold. Empirical 

background measurements enabled the extraction of non-absorbed laser intensity (I0) with 

high fidelity. The absorbance profile was then fit with multiple Voigt profiles positioned at 

the line centers of each transition with the integrated area (SPχL) and collision broadening 

FWHM as the free parameters in the measured frequency range (e.g. Fig. 4(a), (b), and (c)) 

using the Levenberg–Marquardt optimization algorithm. Sample experimental Voigt 

lineshape fits for the lines 2–9 are shown in Fig. 4(a), (b) and (c). The sample fit for line 1 

was not shown in the figure for better clarity of the other fits. In all the reported cases, the 

errors in the fits were better than 2% of the absorbance at line center. Due to the small 

residual error of the Voigt fit (typically ~1% max), other lineshape functions were not 

considered. The current study was conducted below ambient pressure and therefore the 

absorbance lineshapes at higher pressures must be experimentally validated to check for 

line-mixing phenomena as observed in the same band [37,38]. Similarly, discrepancies due 

to collision narrowing effects for the temperature range investigated in this study (<600 K) 

were found to be negligible. Collision narrowing effects should be reconsidered at higher 

temperatures, however, if a greater deviation is observed from the current spectral models.

The integrated area under each lineshape, A can be related to the line intensity, S as A = 

SPχL, where χ is the mole fraction of NH3. For pure ammonia measurements, χ=1. 

Corresponding to every pressure, the fitted Voigt lineshape resulted in different values of the 

integrated area, A. These values are plotted versus pressure along with the best-fitted straight 

line in Fig. 5. The slopes of the best fitted straight lines after being divided by the absorption 

path length yielded the line intensities of each transition at the measurement temperature, 

296 K. The values of line intensities and comparison with the values from the literature are 

listed in Table 2. It can be seen that all the reported values of line intensities lie within the 

uncertainty bounds of those in the HITRAN’12 database (<20% for all lines). The fitted 

Voigt lineshapes also provided the NH3 self-broadening parameters at 296 K as listed in 

Table 3.

It can be seen from Fig. 6, that for a particular quantum number, J, the measured line 

intensities (denoted by markers) of the transitions follow the trends predicted by 

Sur et al. Page 6

J Quant Spectrosc Radiat Transf. Author manuscript; available in PMC 2017 December 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HITRAN’12 (dashed lines for a particular K). Further, due to nuclear spin effects of C3ν 
group symmetry (σ=3), the degeneracy is doubled if the quantum number K is divisible by 

3. Though our data set is relatively sparse, this effect of nuclear spin can be observed in Fig. 

6, where the line intensities of transitions with K divisible by 3 are stronger due to larger 

statistical weight [39].

3.2. Collision broadening

Ammonia absorption features consisting of blended Q-branch transitions can be drastically 

altered by pressure-dependent collisional line broadening. Moreover, the Lorentzian 

broadening effect has a strong dependence on collision partner (i.e. bath gas composition). 

Fig. 7 shows absorption measurements for 500 ppm NH3 near 962.17 cm−1 at 150 Torr in 

the presence of 4% Ar (see experimental details) and different balance gases, Y (Ar, O2, N2 

or CO2). The dramatic change in lineshape motivated the accurate characterization of the 

collision broadening coefficient, γNH3 –Y of these lines with various broadening partners 

common to gas mixtures in sensing applications. The collision broadening coefficient, γA–B 

relates to the optical collision diameter, dAB and the reduced mass, μ as γA–B ~(dAB
4/μ)1/2 

[39]. Ar has a lower optical diameter than N2 and O2 and is significantly heavier than both, 

leading to a lower collisional broadening with NH3. Both NH3 and H2O are light molecules 

with large optical collision diameters, resulting in large collisional broadening, whereas 

CO2, being a heavier molecule contributes to lesser extent to broadening but is significantly 

higher than N2, O2 and Ar. These trends can be noted in Fig. 7 and Fig. 8 (a) and also found 

to be consistent with Owen et al. [27]. The collision broadening coefficient also has a strong 

dependence on temperature. Very few studies, with the exception of Nemtchinov et al. [25], 

have been devoted to the study of the temperature dependence of the broadening parameters 

in this band.

To characterize the broadening coefficients, absorption spectra were collected at several 

pressures, while switching the bath gas between Ar, O2, N2, CO2 and H2O. The absorption 

spectra when fit with Voigt lineshapes yield the collision broadening halfwidth (FWHM), 

Δνc.

Fig. 8 illustrates the dependence of Δνc on pressure for (a) different collision partners at a 

fixed temperature (435 K) and (b) temperatures for CO2 as a collision partner for the sQ(9,9) 

transition. From Eq. (3), it can be stated that the slopes of the fitted straight lines are equal to 

twice the sum of the mole-fraction-weighted collision broadening coefficients γNH3 –Y at the 

corresponding temperatures. The linear fit eliminates the effect of any small offset that the 

pressure measurements may have. The broadening experiments done with various bath gases 

contained about 4% additional Ar. Hence, the fits containing additional Ar dilution was 

corrected for the contribution of γNH3 –Ar. Moreover, it was ensured that any error 

propagated towards γNH3 –Y due to the uncertainty in γNH3 –Ar was kept to a minimum by 

creating a highly diluted sample composed primarily of the bath gas (~96%).

The broadening coefficient obtained for each collision partner Y was then obtained for a 

range of temperatures. The broadening coefficients obeyed the usual power law form (Eq. 

(4)). Therefore the plot of ln(γ(NH3–Y)) vs ln(T) had a linear slope that provided the value of 

n(NH3 –Y). Fig. 9 shows a plot of the broadening coefficient versus temperature for the 
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sQ(9,9) transition, confirming the power-law behavior (linear in ln-ln scale) of these fits. In 

addition, it was found that the broadening coefficients and their temperature dependence 

exponents vary significantly with collision partner.

The values of the measured broadening coefficients (HWHM/atm) at 296 K (γ0) and the 

temperature-dependence exponent (n) of broadening are tabulated in Table 3. The 

parameters of transitions 1–4 were studied in the temperature range of 296–600 K, while the 

rest were studied from 296–425 K. The lines 1–4 were examined more thoroughly at higher 

temperatures, because of their greater applicability in high temperature environments, e.g. in 

combustion exhaust, whereas the other lines generally find greater relevance in lower 

temperature applications such as atmospheric monitoring and breath sensing. The water 

broadening temperature-dependence exponents were not measured for lines 5–9 for the same 

reason. The temperature exponent of NH3-self broadening could not be measured because 

the 3.36 mm cell was an unheated optical cell.

The measured values of the broadening parameters and linestrengths generally agreed within 

10% of those in HITRAN’12, and the ratio of the measured values (Zmeas) to those in the 

HITRAN’12 [35] database (ZHT’12) are shown in Fig. 10. The filled bars represent the 

measured values (ranging in the vertical direction by their respective measurement 

uncertainties) divided by the corresponding magnitudes reported in [35]. The unfilled bars 

denote the range of uncertainty specified in [35]. It can be noted that γself and some values 

of γair do not have corresponding unfilled bars. This is because [35] only specifies an 

“average or estimate” uncertainty estimate instead of a numerical one. Some general trends 

could be observed in the measured values of γ0 with (J,K) quantum numbers. But since only 

a few transitions with sequential (J,K) values were studied and differences between 

broadening coefficients of adjacent J values were mostly comparable to the associated 

errors, no clear trend could be established. But in cases where the errors were small 

compared to the differences between the broadening values, trends consistent with Owen et 

al. [27] were observed. For example, for J=3, γ0,H2O decreases with K=1–3, while for J=3, 

γ0, self and γ0,CO2 increase with K=1–3.

3.3. Uncertainty analysis

For a given line parameter, U, which is a function of measured variables, εi, the uncertainty 

in U, (σU) is expressed by the following equation:

where σεi is the uncertainty associated with the variable εi. Fig. 11 shows the factors 

considered for the uncertainty analysis and their impact on the measurement uncertainties 

for the sQ(10,7) transition as an illustrative example. The different factors that influenced 

the measurement of the measured quantities are explained in details as follows:

3.3.1. Line intensity—The most significant sources of error in the measurement of the 

line intensities are:
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I. Path length, L: The measurements were performed in the short path length cell. 

Therefore it was crucial to determine the path length precisely, which was done 

by measuring the integrated area of the absorption profile of pure CO2 in the cell 

using a pre-characterized CO2 transition centered at 2384.186 cm−1 with an 

uncertainty of less than 1%.

II. Pressure, P: The manufacturer (MKS instruments) has specified the pressure 

measurement uncertainty to be 0.12% of the reading and this translates to 0.12% 

in line intensity as they are inversely proportional.

III. Integrated area, A: The residual of each fit Voigt profile introduces uncertainty in 

the inferred integrated area of about 1% due to 2% RMS error at the peak of the 

profile.

IV. Slope of the integrated area vs P, δA/δP: The standard error in the slope of the 

fitted line on the A vs P plot is taken into account by this factor.

V. Mole fraction of the gas, χ: Since 99.99% pure anhydrous NH3 was used to 

measure the line intensity, the mole fraction only leads to a 0.01% uncertainty.

VI. Temperature of the sample, T: The thermocouple temperature had 0.2% 

uncertainty in the recorded values. The line intensities of the presented lines have 

a dependence on T that is primarily a function of the lower state energy of the 

transition, E″.

3.3.2. Broadening coefficient—Key factors influencing the uncertainty in the estimation 

of the broadening coefficients are:

i. Pressure, P: The broadening halfwidths are directly proportional to pressure. 

Hence, the error has an 1:1 correlation to uncertainty in P.

ii. Collision FWHM, ΔνC: The residual of each fitted Voigt profile from the 

absorbance data can be attributed to some uncertainty in the collision FWHM. 

This correlates to about 1% uncertainty due to 1% RMS error at the peak.

iii. Slope of the FWHM vs P, δΔνC/δP: The standard error in the slope of the fitted 

line on the ΔνC vs P plot is taken into account by this factor.

iv. Slope of ln(γ) vs ln(T), δln(γ)/δln(T): The linearity of this plot was essential to 

obtaining a power-law behavior expression in γ. This factor captures the effect of 

the inaccuracy of the power-law model.

v. Mole fraction of the gas, χ: Presence of 4% Ar in the mixture with bath gas 

resulted in an associated uncertainty in the corrected broadening coefficient for a 

specific bath gas Y. This amounts to less than 0.2% uncertainty in γ0,NH3 –Y for 

Y≠Ar.

vi. Temperature of the sample, T: The temperature non-uniformity in the cell (±4 

K), especially at higher temperatures led to an additional uncertainty of 2%.
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The errors in the temperature dependence exponents (n) were estimated in a method similar 

to Nemtchinov et al. [25]. Lines 1–4 show a better uncertainty in n since the value was 

obtained over a broader temperature range with additional temperature samples.

4. Conclusions

Line intensities and temperature-dependent broadening coefficients of select lines in the 

ammonia ν2 fundamental sQ(J,K) manifold are reported. A Voigt profile fitting algorithm 

was used to fit empirical absorption lineshapes and determine collision broadening FWHMs 

and integrated areas. The line intensity and self-broadening measurements were performed 

in a 3.36 mm cell with 99.99% pure NH3 at 296 K. The reported values were found to be 

mostly within the uncertainty bounds of the HITRAN’12 database. The broadening 

coefficients were measured with Ar, O2, N2, CO2 and H2O as collision partners in dilute 

mixtures within the temperature range of 296–600 K in a 101 cm cell. The measurements 

indicate a strong dependence on the collision partner. The power-law temperature-

dependence exponent was also reported for each species, with the exception of NH3 self-

broadening. The uncertainties in the experimental results represent an improvement over 

computed or estimated parameters in the current literature, where comparable values are 

available. More notably, the comprehensive set of spectroscopic parameters determined in 

this study provides a basis for sensitive and quantitative ammonia sensing over a broad range 

of gas conditions and mixture compositions for relevant applications.
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Fig. 1. 
(a) Simulation of NH3 bands in the infrared at 308 K (35 °C) from HITRAN’12, (b) Close-

up of the region studied in relation to the interfering species in this region.
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Fig. 2. 
Experimental setup for performing spectroscopic measurements of NH3.
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Fig. 3. 
Simulated absorption spectrum of 10 ppm NH3 in air using spectral parameters from 

HITRAN’12 at 296 K and 50 Torr over a 100 cm absorption path length indicating the 

studied transitions.
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Fig. 4. 
Sample spectral fits and residuals for measured absorbances of pure anhydrous ammonia at 

296 K in a 3.36 mm optical cell near (a) 962.17 cm−1, (b) 965.35 cm−1 and (c) 967.35 cm−1.
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Fig. 5. 
Measured integrated area vs pressure at 296 K for the NH3 ν2 transitions sQ(3,3), sQ(6,6), 

sQ(9,9) and sQ(9,8).
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Fig. 6. 
Variation of NH3 line intensities with J and K quantum numbers for NH3 ν2 transitions, 

sQ(J,K). The dashed lines indicate the values listed in HITRAN’12 database, while the 

markers indicate the measured values of line intensities.
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Fig. 7. 
Dependence of absorption lineshape on collision partner Y as revealed by the measured 

spectrum of 500 ppm NH3, 4% Ar and Y (Ar, O2, N2 or CO2) gas balance.
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Fig. 8. 
Sample plots of collision broadening FWHM vs pressure for sQ(9,9) for various (a) collision 

partners at constant temperature and (b) temperatures with CO2 as a collision partner.
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Fig. 9. 
Temperature-dependent broadening coefficients (γ(T)) for the NH3 ν2 sQ(9,9) transition for 

various collision partners, Y displaying power-law behavior in the form of linearity in the ln-

ln scale.
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Fig. 10. 
Comparison of measured line intensities, self- and air-broadening coefficients with 

HITRAN’12 database. The unfilled bars indicate the uncertainties specified in HITRAN’12 

database (H12). The transitions with missing H12 bars indicate “average or estimate” 

uncertainty estimate in HITRAN’12.
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Fig. 11. 
Example uncertainty analysis for sQ(10,7): line intensity, S(296 K) and N2 broadening 

coefficient, γ0,NH3 –N2.

Sur et al. Page 23

J Quant Spectrosc Radiat Transf. Author manuscript; available in PMC 2017 December 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Sur et al. Page 24

Table 1

Studied transitions and their numerical designation in this article.

Line Transition Center frequency [cm−1]

1 sQ(10,7) 961.7762

2 sQ(10,6) 962.1443

3 sQ(9,9) 962.1714

4 sQ(9,8) 962.3884

5 sQ(6,6) 965.3539

6 sQ(6,5) 965.4994

7 sQ(3,3) 967.3463

8 sQ(3,2) 967.4068

9 sQ(3,1) 967.449
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	i. Line intensity measurements—The experiments for determination of line intensities of NH3 necessitate the analysis of laser absorption through a gas sample with a known concentration of NH3. This was found to be difficult due to the following reasons:1.Sticky nature of NH3. Ammonia mixture composition in the cell was found to be inconsistent with the certified bottle concentration due to the surface adsorption of ammonia to the walls. Even with a flow arrangement, the steady-state concentration did not accurately reflect the bottle composition and hence could not be used for line strength measurements.2.Possible stratification of NH3 in the mixture. Resultant absorbance was found to be dependent on the flow rate suggesting possible stratification in the mixture composition further magnified due to the adsorption effect.Therefore, line intensity measurements were performed at 296 K in a short (3.36 mm) cell with flowing 99.99% pure anhydrous NH3 (Praxair) at sub-atmospheric pressure (<35 Torr). Due to the highly toxic nature of pure NH3, these studies were performed inside a fume hood.ii. Broadening parameter measurements—Measurements of broadening parameters were performed in a heated optical cell of 101 cm path. The cell temperature non-uniformity at the hottest setting of 600 K was found to be less than ±4 K, and progressively less at lower temperatures. In this setup, a differential flow configuration of 1.3% NH3 in Ar (Praxair certified gas mixture) and the pure bath gas (denoted generically as Y) ensured a highly dilute mixture of NH3 with about 96% bath gas Y and 4% Ar. This enabled the creation of desirable final mixture composition with about 4:100 ratio of flow rates, easily accomplished by the flow controllers FC1 and FC2. The sample pressure was controlled using micrometer valves V1 and V2 and measured using MKS 627D capacitance manometers with 100 and 1000 Torr full-scale pressure ranges (uncertainty: 0.12% of reading). Experiments were performed over typical pressure ranges of 0–30 Torr and 0–300 Torr for line intensity and collision broadening parameter measurements, respectively. The dilution was taken into account while processing the broadening data. The flow configuration ensured a constant ammonia concentration in the cell despite the significant adsorption of NH3 on the walls of the optical cell and the connected Teflon/stainless steel tubing.For water broadening measurements, the gas Y line was replaced by a degassed water flask in a water bath (which maintained the flask temperature to counter the heat loss due to evaporation). At 296 K the vapor pressure of water is 21 Torr, leading to a slow and ambiguous water flow rate. In response, the flow rate of the NH3 – Ar mixture had to be kept to a very low value using a micrometer valve, and the water concentration independently verified. In this configuration, the mixture composition was inferred by simultaneously measuring the mixture water concentration with a near IR TDLAS water sensor utilizing a water transition centered at 7185.6 cm−1. The mixture water mole fraction was found to be about 70% for most cases, and the rest was assumed to be Ar and NH3 for broadening calculation purposes.The current study of highly resolved spectroscopy of NH3 in the Q-branch was made possible by the availability of narrow linewidth (typically<10 MHz) quantum cascade lasers (QCLs) from Alpes Lasers SA (Neuchâtel, Switzerland; www.alpeslasers.ch/) and Adtech Optics (www.atoptics.com/) at the specified wavelength range of interest. Both QCLs have distributed feedback (DFB) architecture and were collimated in high-heat-load (HHL) packages and mounted on water-cooled aluminum plates for effective temperature control. The water temperature was maintained at approximately 18 °C by a Thermocube water chiller. The two QCLs (Alpes QCL and Adtech QCL) were tunable over the ranges 960.8–965.8 cm−1 and 963.4–968.9 cm−1, respectively, by tuning the laser temperature and injection current. The temperature was regulated using Alpes Lasers TC-3 and Arroyo 5305 temperature controllers, while the current was controlled using a ILX Lightwave LDX 3232 high compliance laser diode driver and an Arroyo 4300 laser source. The laser was scanned over the necessary wavelength range by providing a sawtooth voltage input signal to the current controller by the data acquisition (DAQ) system. The DAQ system consisted of a National Instruments PXIe-6124 card (16-bit analog I/O, up to 2.5 Ms/s) mounted on an external chassis NI PXIe-1073. The output laser beam is collected on a Vigo PVM-2TE-10.6 thermoelectrically cooled multijunction, optically immersed photovoltaic detector. The generated signal voltage from the detector was recorded by the DAQ. The relative laser frequency during the laser scan was determined by recording the scan with a germanium etalon of free spectral range (FSR) of 0.0163 cm−1 placed along the path of the laser.
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