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Abstract. Nitrogen, oxygen, air and self-broadening coefficients have been measured in direct absorption
for six transitions in the ν1+ν3 combination band of ammonia at room temperature using a DFB diode laser
operating at 1.51 µm. Absorption cross-sections for these strong lines, suitable for detection purposes, have
been determined. Using 2f wavelength modulation spectroscopy we demonstrate a minimum detectable
concentration of 500 ppb in a 75 cm path in 1 s at atmospheric pressure and present a simple method for
measurement of broadening coefficients.

PACS. 33.20.Ea Infrared spectra – 33.20.Vq Vibration-rotation analysis – 33.70.Jg Line and band widths,
shapes, and shifts

1 Introduction

Both environmental monitoring and industrial applica-
tions require the sensitive and selective detection of trace
gases. Ammonia is widely used in industrial processing
where compact real-time detectors are employed to moni-
tor emissions of this gas. For example, in noncatalytic NOx

reduction processes, ammonia is present in the flue gases
at well below 5 ppm [1], and its concentration must be con-
trolled to optimise consumption of the gas while reducing
corrosion and environmental impact. Legislation concern-
ing the emission of atmospheric pollutant gases has lead to
the search for inexpensive methods of detection, and diode
lasers have been successful in meeting this challenge [2].

In the near IR, where semiconductor diode lasers have
been developed for use in the telecommunications indus-
try, ammonia has a rich spectrum in the ν1 + ν3 and 2ν3

bands (from ∼6400−6900 cm−1) [3]. Regions of this spec-
trum free from interference from other absorbers have
been identified [4], and portable diode-laser based sensors
developed [1,5–10], using a variety of spectroscopic detec-
tion techniques including long-path direct absorption [5],
wavelength modulation [6], optoacoustic detection [7],
two-tone frequency modulation [8], cavity-enhanced ab-
sorption [9] and cavity-ringdown spectroscopy [10]. The
absorptions due to ammonia in these regions of interest
must be accurately quantified if they are to be applicable
under a range of conditions, and this requires knowledge
of the integrated absorption cross-sections and pressure
broadening coefficients of the transitions.
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In this study we use direct absorption to measure
integrated absorption cross-sections and pressure broad-
ening coefficients on isolated lines in the ν1 + ν3 combi-
nation band of ammonia near 1.51 µm for nitrogen, oxy-
gen, air and ammonia itself as broadening partners. Many
studies have been undertaken to determine the pressure
broadening coefficients for these gases in the ν1 [11,12],
ν2 [13–16], and ν4 [16,17] fundamental bands using both
FTIR and direct absorption techniques, but there have
been relatively few studies undertaken on the overtone or
combination bands. Pressure broadening coefficients have
been measured in the 4ν1 and 2ν1 + 2ν3 [18], and ν1 + ν3

bands [8,9] using direct absorption methods. Because of
the weaker absorption cross-sections in these regions, com-
pared with those of the fundamental bands, more sensitive
techniques such as modulation spectroscopy (wavelength
modulation or two-tone frequency modulation) [18] or cav-
ity enhanced absorption spectroscopy [9] have been pro-
posed for detection purposes.

Wavelength modulation spectroscopy (WMS) has
greater detection sensitivity than direct absorption. In this
technique, modulation of the diode laser’s injection cur-
rent at frequency f and subsequent nth harmonic detec-
tion gives nf signals that are qualitatively similar to the
nth derivative of the absorption spectrum. Known concen-
trations of absorbing species may then be used to calibrate
the WMS signal [19] for quantitative trace gas detection.
Here we demonstrate the use of 2f WMS for the sensitive
detection of ammonia.

Under the modulation regimes where maximum sensi-
tivity is achieved [20] the lineshapes exhibit modulation
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Fig. 1. Experimental arrangement. The current driver for the
laser diode receives a triangular wave signal from the ramp
generator, monitored on the oscilloscope, and for WMS also
receives a sinusoidal signal from the internal reference of the
lock-in amplifier. The signal received from the photodiode is
monitored directly using the oscilloscope, or demodulated by
the lock-in amplifier to give the 2f WMS trace.

broadening, such that integration of the observed signals
recovers absorption profiles wider than the true profile.
More complex analysis of the WMS lineshape is there-
fore required if pressure-broadening data are to be re-
covered. Yelleswarapu and Sharma used the variation in
WMS peak height to find the self-broadening coefficients
of acetylene [21], while for ammonia Lucchesini et al. fitted
the entire WMS lineshape in the derivative limit [22,23].
However, the former method requires knowledge of the ab-
sorber concentration, while the latter is complex for the
maximum sensitivity regimes, where the lineshape is not
given by the derivative. Here we present a simple method
for the determination of pressure induced broadening us-
ing 2f WMS which does not require prior knowledge of the
ammonia concentration, provided that the concentration
is sufficiently low that self-broadening may be neglected,
a condition which is most easily satisfied in the high sen-
sitivity regimes of WMS.

2 Experimental

The apparatus used for these experiments is shown in Fig-
ure 1. The 1.51 µm DFB diode laser (Bookham Technol-
ogy, quoted bandwidth 1.34 MHz) is mounted on a brass
block, thermally stabilised and collimated using a stan-
dard anti-reflection-coated lens. The laser operates with-
out external feedback and can be tuned mode hop free
over 6 nm using both temperature and current. For the
frequencies of interest, the diode is operated in the ranges
38–45 ◦C and 180–220 mA, giving powers between 19 and
22 mW. Application of a triangular wave ramp voltage
to the diode injection current allows the frequency to be
scanned. The scanning range depends on the frequency of
the ramp and peak-to-peak voltage applied (in the range
6–15 V), but is typically around 10 GHz, as observed us-
ing a spectrum analyser (Melles Griot, free spectral range
10 GHz) and confirmed by the known separation of the
observed peaks [3].

The laser radiation passes through a 75 cm long cell
containing the sample gases and is focussed onto an am-
plified photodiode (New Focus 1611-AC). For the direct
absorption studies, the current is ramped at 12 Hz and
the signal averaged over 100 scans. For the WMS stud-
ies, the current is ramped at 8 mHz while simultaneously
being modulated by a 10 kHz sine wave from the inter-
nal reference of a lock-in amplifier (Perkin Elmer 7265).
The signal from the photodiode is demodulated at twice
the modulation frequency to give the 2f signal. The ef-
fect of the sinusoidal modulation is observed using the
spectrum analyser and is found to give a modulation am-
plitude of 0.8–0.85 GHz, depending on the frequency re-
gion scanned by the laser. This value is confirmed by the
observed width of a 2f WMS signal from the Gaussian
absorption due to a low pressure ammonia sample. Am-
monia is introduced at pressures of a few hundred mTorr,
and the pressure allowed to stabilise over 30 minutes. The
initial pressure is seen to fall over this time, as ammonia
is adsorbed onto the cell walls. The first measurement is
then recorded and the broadening gas added. Ten min-
utes were allowed between each measurement to ensure
pressure stability for foreign gas broadening, and twenty
minutes for self-broadening. All experiments were carried
out at room temperature (295 K).

3 Results and analysis

Three regions (A–C: see Fig. 2) of the ammonia ab-
sorption spectrum accessible with our DFB laser have
been considered, each containing a pair of strong lines:
(A1) at 6600.182 cm−1 and (A2) at 6599.893 cm−1, (B1)
at 6595.923 cm−1and (B2) at 6595.616 cm−1, (C1) at
6595.241 cm−1 and (C2) at 6595.063 cm−1 [3]. These cor-
respond to some of the strongest absorption cross-sections
in this spectral region. Regions (A) and (B) are free
from water absorption lines, while (C) contains only very
weak water absorption features [24]. Lines (A1) and (A2)
are unassigned, but they lie in what has been identified
as a useful region for emissions monitoring [4]. The re-
maining 4 lines have been assigned by Lundsberg-Nielsen
et al. [3] as (B1) = RQ(4, 1) (a), (B2) = QP (10, 6) (s),
(C1) = RQ(5, 1) (s) and (C2) = RQ(5, 1) (a) respectively,
where the notation gives ∆K∆J(J ′′, K ′′) and (s) and (a)
correspond to symmetric and asymmetric inversion sym-
metry for the ν1 + ν3 rovibrational band. Wavenumbers
and assignments are given in Table 1.

3.1 Direct absorption

Figure 2 shows the low pressure profiles observed in direct
absorption for the three regions, (A–C). The six strong
lines listed in Table 1 are readily identified: the weaker
features in regions (A) and (B) are caused by ammonia ab-
sorption, but remain unassigned. The background inten-
sity variation of the diode laser output has been removed
by fitting to a polynomial and the frequency calibration
was obtained from the separation of the known lines.
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Fig. 2. Direct absorption traces for pure ammonia at pressures
of 215, 820 and 612 mTorr for regions (A) upper panel, (B)
middle panel and (C) lower panel, respectively, in the 75 cm
single pass cell. Assigned lines are listed in Table 1.

The traces were fitted well by Gaussian profiles of
295 MHz half-width half-maximum (HWHM), in keeping
with a room temperature (295 K) Doppler broadened sam-
ple. Integrated absorption cross-sections were obtained
from a plot of integrated absorbance versus pressure for
a series of direct absorption traces in pure ammonia and
are shown in Table 1. These may be compared with those

Fig. 3. Direct absorption traces as in Figure 2 but with
100 Torr added N2.

previously determined using an FTIR spectrometer by
Lundsberg-Nielsen et al. [3] and in diode laser studies by
Webber et al. [4].

Examples of pressure broadened traces, in this case
with 100 Torr of nitrogen present, are shown in Figure 3,
again with the background removed. These were fitted us-
ing a Voigt profile, with the Gaussian width fixed to that
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Table 1. Integrated absorption cross-sections for the six ammonia lines together with their wavenumbers and assignments (for
notation see Sect. 3). Errors are estimated from the fit to the plots of integrated absorbance against pressure, the error in the
sample length and potential systematic error in the pressure. The results are compared with previous measurements quoted in
references [3,4] as explained in the text.

Integrated absorption cross-section / 10−22 cm2 cm−1

Line Frequency / cm−1 Assignments Our results Ref. [3] Ref. [4]

A1 6600.182 — 11.98 ± 0.67 11.58 ± 0.08 12.50 ± 0.38

A2 6599.893 — 12.92 ± 0.72 12.20 ± 0.08 13.31 ± 0.40

B1 6595.923 RQ(4, 1) (a) 6.35 ± 0.35 6.36 ± 0.07 —

B2 6595.616 QP (10, 6) (s) 2.14 ± 0.12 2.07 ± 0.06 —

C1 6595.241 RQ(5, 1) (s) 3.32 ± 0.18 3.35 ± 0.06 —

C2 6595.063 RQ(5, 1) (a) 6.52 ± 0.35 6.25 ± 0.06 —

observed at low pressures:

δ (ν, wL) =

A
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where wG, wL are the Gaussian and Lorentzian HWHM,
A is a constant, ν is the frequency, and νC is the line-
centre frequency. Where the scan shows another ammonia
absorption that begins to overlap with the absorption fea-
ture of interest, such as in scans (A) and (B), the Voigt
fitted was weighted away from this region. Using a Galatry
function to fit the direct absorption data did not improve
the quality of the fit, indicating that Dicke narrowing is
not significant for our studies [25].

For pure ammonia the returned Lorentzian width was
found to be a linear function of pressure, and was mea-
sured in the range up to 15 Torr. For the gas mixtures, the
Lorentzian component was first corrected for broadening
by ammonia, the effect of which was largest at the small-
est added gas pressure, and was typically of the order of
10 MHz. The resultant broadening was again found to be
proportional to the pressure of added gas, and a plot of
the returned Lorentzian HWHM against pressure gives a
straight line with gradient γ, the pressure broadening co-
efficient. An example of the plots obtained in this way is
shown in Figure 4 for the strongest absorption line, (A2)
at 6599.893 cm−1, and the values of γ are given in Ta-
ble 2. The errors on the individual points for the direct
absorption data in Figure 4 are a combination of those
from the Voigt fit and an estimate of the reproducibility
of the data (the dominant effect) and are seen to be small.
Overall errors in γ are calculated by combining these with
a possible systematic error in the pressure reading (taken
to be 5%).

3.2 Wavelength modulation

In WMS, modulation of the diode laser injection current
results in an instantaneous laser frequency given by:

ν (t) = ν0 + W sin (2πνmt) (2)

where ν0 is the carrier optical frequency (the unperturbed
laser frequency), W is the modulation amplitude of the
laser frequency and νm is the modulation frequency (here
10 kHz). The laser frequency, ν0, is ramped across the ab-
sorption lines whilst being simultaneously modulated at
frequency νm. The harmonic component at twice the mod-
ulation frequency, which is measured by the photodetector
and subsequently demodulated by the lock-in amplifier, is
given by:

K2 (ν, wL) = B

π∫
0

δ (ν + W cos θ, wL) cos 2θ dθ (3)

where B is a constant and δ(ν, wL) is the absorbance of the
sample. This expression assumes that there is no variation
in intensity of the incident light, which can be a problem
in some WMS experiments [22]. However, in our case, over
1.7 GHz (corresponding to 2W , the maximum excursion
of the laser frequency for a given ν0), the variation in inci-
dent intensity is less than 1.5%, and this approximation is
valid. Weak absorption is also assumed with δ(ν, wL) � 1.
Typical examples of the observed 2f WMS traces for a low
pressure ammonia sample are given in Figure 5.

For the WMS studies, W is chosen to be more than
twice the expected HWHM in order to maximise the de-
tection sensitivity [20]. The bandwidth reduced minimum
detectable absorption due to ammonia at 6595.923 cm−1

is 3.6×10−5 Hz−1/2 in direct absorption, while using WMS
improves this value to 1.0×10−5 Hz−1/2. We attribute the
high comparable sensitivity of the direct absorption mea-
surement to the intrinsic stability of the DFB diode laser,
and note that the relative improvement in sensitivity af-
forded by WMS would be greater under detection condi-
tions where there are higher levels of low frequency noise,
or at higher modulation frequencies.

The choice of W to maximise sensitivity also means
that the observed traces are significantly broadened by the
modulation. Clearly, measurements taken directly from
the integrated lineshape would overestimate the width and
lead to systematic errors in the pressure broadening co-
efficients. In order to use WMS in pressure broadening
studies, it is necessary to understand how the modulation
broadened lineshape changes as the absorption is pressure
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N2

O2

Air

direct WMS
Fig. 4. Plots of Lorentzian component (HWHM) of the pressure broadening for the (A2) line of ammonia at 6599.893 cm−1 as
a function of added N2, O2 and air. The left hand figures show the direct measurements, the right hand figures are for WMS.
Error bars are calculated as explained in the text. The slope of the lines yields the broadening coefficients γ listed in Table 2.
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Table 2. Pressure induced broadening coefficients γ for the
six absorption features found by using direct absorption and
WMS, all referring to HWHM values. The differences between
direct and WMS values are also given as a percentage of the
direct values. Errors are calculated as explained in the text.

Line Frequency Direct WMS Difference

(cm−1) (%)

γ(N2) / MHz Torr−1

A1 6600.182 3.56 ± 0.18 3.54 ± 0.38 −0.7

A2 6599.893 3.53 ± 0.18 3.47 ± 0.38 −1.6

B1 6595.923 3.63 ± 0.19 3.65 ± 0.69 +0.5

B2 6595.616 2.74 ± 0.15 2.33 ± 0.65 −14.9

C1 6595.241 2.97 ± 0.16 3.20 ± 0.39 +7.7

C2 6595.063 3.39 ± 0.18 3.26 ± 0.43 −3.8

γ(O2) / MHz Torr−1

A1 6600.182 2.09 ± 0.11 2.16 ± 0.20 +3.1

A2 6599.893 1.91 ± 0.10 2.07 ± 0.20 +8.3

B1 6595.923 1.93 ± 0.10 2.18 ± 0.20 +13.0

B2 6595.616 1.48 ± 0.10 1.74 ± 0.18 +17.8

C1 6595.241 1.73 ± 0.08 1.97 ± 0.19 +13.9

C2 6595.063 1.69 ± 0.09 2.00 ± 0.20 +18.2

γ(air) / MHz Torr−1

A1 6600.182 3.14 ± 0.17 3.41 ± 0.41 +8.5

A2 6599.893 3.04 ± 0.16 2.93 ± 0.39 −3.6

B1 6595.923 3.22 ± 0.17 3.48 ± 0.42 +8.1

B2 6595.616 2.46 ± 0.14 3.05 ± 0.40 +23.9

C1 6595.241 2.90 ± 0.15 3.09 ± 0.33 +6.6

C2 6595.063 2.81 ± 0.15 2.99 ± 0.40 +6.6

γ(NH3) / MHz Torr−1

A1 6600.182 23.56 ± 1.23

A2 6599.893 23.11 ± 1.21

B1 6595.923 15.67 ± 0.86

B2 6595.616 11.27 ± 0.69

C1 6595.241 10.99 ± 0.69

C2 6595.063 12.58 ± 0.75

broadened. Where the concentration of the absorber is
known, the variation of peak height of the 2f WMS signal
with pressure may be used to determine γ [21]. However,
where the concentration of the absorber is not accurately
known, as may well be the case in studies where the con-
centration is too low to allow direct absorption to be used
as a calibrant, a consideration of the whole lineshape be-
comes necessary in order to extract values of γ.

The approximate method we propose here has the ad-
vantage that it neither requires the concentration of the
absorbing species to be known, provided that it is suf-
ficiently small for self-broadening to be negligible, nor
requires a fit to the whole WMS lineshape in order to
determine pressure-broadening coefficients. It relies on a
calibration curve relating the peak-to-peak separation ∆

Fig. 5. 2f WMS traces in regions (A–C) for pure ammonia
present at pressures of 100, 700 and 300 mTorr respectively.

of the outer turning points of the 2f WMS lineshape to
the width of the Lorentzian component of the broadened
line, and is similar to the method proposed by Minguzzi
and DiLieto for the analysis of Voigt profiles [26]. Fig-
ure 6 illustrates the definition of ∆ and shows the calibra-
tion curve calculated from WMS profiles given by equa-
tion (3) for a single isolated ammonia absorption feature
with a Doppler width appropriate to 295 K and with
our experimentally determined value of W = 850 MHz.
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Fig. 6. Calibration curve relating the calculated separation
∆ of the outer turning points of the 2f WMS trace to the
Lorentzian HWHM of the added gas broadening for an ammo-
nia transition at 295 K. The inset shows the definition of ∆.

This calibration curve is used to convert the values of ∆
measured from the experimental 2f traces to the corre-
sponding Lorentzian HWHM resulting from added gas
broadening. The Lorentzian contributions are then plot-
ted against pressure as for the direct studies. Examples of
this are shown in Figure 4, and the resulting γ given in
Table 2.

The errors on the individual points are those estimated
in the measurement of ∆ from the observed traces, and are
propagated through equation (3) and the calibration curve
(Fig. 6): these errors could be reduced by a complete line
fitting procedure, but this is not the purpose of this study
— instead we are interested if this simple measurement
procedure is able to determine values of γ. We note that
larger errors will be introduced at low pressures, where
modulation broadening is a significant contributor to the
observed linewidth. The total error in γ includes the sta-
tistical error from the least squares fit, an estimate of the
error caused by a 50 MHz uncertainty in W and possible
systematic error in the pressure (taken to be 5% as before).
The physically unreasonable small negative intercepts in
some of the WMS data of Figure 4 reflect these sources
of error. Nevertheless it can be seen from Table 2 that
with the exception of the (B2) feature at 6595.616 cm−1

the WMS and direct data are in good agreement for N2

and air, and WMS are on average some 12% higher for
added O2.

Within regions (A) and (B) there are other ammo-
nia peaks with lower absorption cross-sections and the
lineshapes due to these features are seen to broaden and
overlap with the absorptions under study. In general di-
rect broadening measurements were made under condi-
tions where this effect was minimal or could be allowed
for. Moving to nth harmonic WMS detection allows the
different absorption lines to be more clearly seen because
of the increased number of turning points seen in the spec-
tra with increasing n [27]. However, the sensitivity of the

peak-to-peak separation of the WMS lineshape for each
individual absorption line to the Lorentzian HWHM de-
creases with n. As a result, 2f WMS proves to be the
most appropriate technique for our measurements, allow-
ing some resolution of overlapping lineshapes in (A) and
(B), while still being sensitive to the increase in Lorentzian
width. It should be noted however that the largest discrep-
ancy between direct and WMS measurements occurs for
line (B2) at 6595.616 cm−1 where the effect of overlap is
largest: for the more isolated and strongest absorbing line
(A2) at 6599.893 cm−1 the two techniques are in very good
agreement. We conclude that the simple WMS method of
obtaining values of γ will yield acceptable results provid-
ing there is no marked influence from neighbouring fea-
tures, and could be of value where direct measurements
are too insensitive.

4 Discussion of the results

The integrated absorption cross-sections for 6 absorption
lines of ammonia around 1.51 µm have been measured.
In order to allow comparison with previous peak cross-
sections found by Lundsberg-Nielsen et al. [3] the latter
results were converted into an integrated absorption cross-
section, using our self-broadening coefficients. It can be
seen that our values are in good agreement with both those
found in [3] for all 6 lines and those for lines (A1) and (A2)
reported by Webber et al. [4].

The values obtained for the pressure broadening coeffi-
cients γ can be compared to the measurements previously
taken in this band [8,9], and to those of similar transitions
in the ν1 fundamental [11], 4ν1 overtone and 2ν1+2ν3 com-
bination band [18,23]. In the fundamental band, similar
values for γN2 and γO2 of around 4 and 2 MHz Torr−1

have been found respectively. The γNH3 values in this
band are in the region of 16–25 MHz Torr−1, somewhat
larger than those returned for our assigned lines, though
comparable with those for the unassigned pair, (A). In
the 2ν1 + 2ν3 combination band [18], γNH3 were found
to be in the region 11–13 MHz Torr−1, while γair was
around 5 MHz Torr−1. For the ten transitions studied by
Lucchesini and Gozzini around 790 nm [23], belonging to
the 4ν3 and 2ν1+2ν3 bands, γair was found to be in the re-
gion 3.2–4.2 MHz Torr−1 and γNH3 11.4–23.1 MHz Torr−1.
The large range of self-broadening parameters is con-
sistent with that found in our study. In the ν1 + ν3

band, where our absorptions lie, Modugno et al. [8] found
γN2 = 3.32 MHz Torr−1 and γNH3 = 19.7 MHz Torr−1

for P P (7, 3) (s) and γN2 = 3.10 MHz Torr−1 and γNH3 =
20.5 MHz Torr−1 for RP (6, 0) (a), while Peeters et al. [9]
found γair = 3 MHz Torr−1 and γNH3

= 10 MHz Torr−1

for the RR(0, 0) (a) transition. The values are within the
range of the present measurements.

The predominant collisional interaction that leads to
broadening of the absorption lineshape by oxygen and ni-
trogen may be assumed to be dipole-quadrupole in char-
acter. The higher value of γN2 compared to γO2 is caused
by the larger quadrupole moment of nitrogen compared to
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oxygen as expected. Calculated average values of γ over
the Boltzmann distribution of the four observed and iden-
tified energy levels yields a ratio of γN2 to γO2 of 1.9 for
the direct measurements, which compares well with sim-
ilar studies on H2O [28], HCl, HF [29] and OH [30] by
other workers, where this value is in the region of 1.7.
We note that capture theory based purely on electrostatic
interactions as employed by Hofzumahaus and Stuhl [31]
predicts a ratio of 1.25. The air pressure induced broad-
ening coefficients may be predicted from an average of the
oxygen and nitrogen values, weighted according to their
relative atmospheric abundance: γair = 0.79γN2 +0.21γO2.
No significant difference is seen between the predicted and
measured values, indicating that the effects of O2 and N2

appear to be additive. For self-broadening, the main in-
teraction is dipole-dipole, and is therefore stronger and
longer range. This results in larger pressure broadening
coefficients than for the foreign perturbers. There is also
an extra contribution to the self-broadening from resonant
energy exchange between colliding NH3 molecules.

We finally comment on the sensitivity of WMS in this
experiment. For the strongest and uncongested transition,
(A2) at 6599.893 cm−1, the observed WMS signal was
first calibrated at higher ammonia pressures against di-
rect absorption, and the resultant signal to noise ratio in-
dicated that a minimum detectable concentration of am-
monia in an air broadened sample at atmospheric pressure
is 500 ppb for a 1 s observation time. This corresponds to
a fractional absorption of 1.25× 10−7 cm−1. For a typical
cavity-enhanced absorption spectroscopy experiment [9]
with a minimum detectable fractional absorption of the
order of 1 × 10−8 cm−1, this same transition would give
a minimum detectable concentration of 40 ppb in 1 s at
atmospheric pressure.

5 Conclusions

Integrated absorption cross-sections and pressure broad-
ening coefficients are reported for six lines in the ν1 + ν3

combination band of ammonia, measured both in direct
absorption and wavelength modulation spectroscopy. The
effect of modulation broadening on the observed 2f WMS
spectra has been quantified, and calibration curves for the
modulation amplitudes have been applied to return the
Lorentzian widths. While WMS used in the high modu-
lation amplitude regime gives a greater detectivity, once
calibrated, than the direct absorption studies, it can be
seen that it provides a less precise method for the deter-
mination of the pressure broadening coefficients: higher
precision can be obtained by WMS when the modulation
amplitude is much less than the linewidth (the deriva-
tive limit) at the expense of sensitivity. However, it can
also be applied to weaker cross-section absorptions and
allows overlapping lineshapes to be easily distinguished.
If the ammonia absorptions described here are to be used
for sensitive trace gas detection, then the application of
WMS is an advantage.
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