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Abstract  
Quantitative detection of HCN behind incident and reflected shock waves is demonstrated using a sensitive single-
tone mid-infrared frequency modulation (mid-IR-FM) detection scheme. The temperature-dependent pressure 
broadening of the P(26) line in the fundamental CH stretch vibration band was investigated in the temperature range 
670 K  T  1460 K, yielding a pressure broadening coefficient for argon of = (0.093 ± 0.007) cm-1 atm-1 and 
a temperature exponent of nAr = 0.67 ± 0.07. The sensitivity of the detection scheme was characterized by means of 
an Allan analysis, showing that HCN detection on the ppm mixing ratio level is possible at typical shock wave 
conditions. In order to demonstrate the capability of mid-IR-FM spectroscopy for future high temperature reaction 
kinetic studies, we also report a first successful measurement of a reactive HCN decay profile induced by its reaction 
with oxygen atoms. 
 
Introduction 

HCN is a key intermediate for modeling nitrogen 
chemistry in combustion, in particular prompt-NO 
formation [1, 2]. Initiated by NCN formation in the 
reaction CH + N2 NCN + H [3], the fate of the NCN 
radical is largely determined by the branching ratio of the 
subsequent NCN + H reaction with two dominating 
reaction channels:  

CH + N2  NCN + H  

Whereas the reverse association/rearrangement 
channel to CH + N2 exhibits a slightly negative 
temperature dependence, the forward channel yielding 
the Fenimore products HCN + N on the route to NO is an 
activation controlled reaction with an activation energy 
of about 23 kJ/mol [4-6]. As a result, the branching 
becomes highly temperature dependent and switches 
from the CH + N2 channel at low temperatures to the 
NCN + H channel at high temperatures. Although there 
is general agreement about the importance of this 
branching fraction for prompt-NO modeling, significant 
disagreement between experiment and flame modeling 
studies on the one hand and theoretical rate constant 
predictions on the other hand remains. For example, at a 
typical flame temperature of 2000 K, experimental data 
and flame modeling results [1, 5] are consistent with a 
forward branching fraction of about 70%, but theory 
[4, 6] predicts a value of about 20%. In order to resolve 
this issue, measurements of the branching ratio by 
monitoring HCN concentration-time profiles as a direct 
product of the reaction NCN + H in experiments similar 
to the shock tube experiments of Faßheber et al. [5] are 
required.  

High-temperature HCN detection is difficult and 
reported detection schemes are sparse. Ex-situ detection 
of absolute HCN concentrations in low-pressure flames 
using near-infrared cavity ring down spectroscopy has 
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been performed by Lamoureux et al. [7, 8]. For in-situ 
shock tube applications, measurements in the mid-
infrared (mid-IR) spectral region are preferable, since the 
absorption line strengths in the fundamental band of the 
CH stretch vibration enables considerably higher 
sensitivity. Early studies performed in the Stanford shock 
tube laboratory investigated the pressure broadening of 
several rovibrational transitions of HCN in the 1 band at 
room temperature and of the P(10) line behind shock 
waves using tunable diode laser spectroscopy [9, 10]. In 
particular for species detection in the mid-IR, pressure 
broadening often becomes comparable to Doppler 
broadening at typical shock wave conditions such that 
the determination of accurate pressure broadening co-
efficients is crucial for quantitative HCN detection. To 
the best of our knowledge, due to the limited sensitivity 
of conventional detection schemes, kinetic profiles of 
HCN have not been measured behind shock waves so far. 

Frequency modulation (FM) spectroscopy offers high 
sensitivity and μs time resolution even under harsh 
experimental conditions [11]. FM detection schemes for 
shock tube applications have been successfully 
implemented for shock tube experiments targeting the 
detection of NH2 [12], 1CH2 [13], HCO [14], and OH [15] 
on electronic transitions in the VIS and UV spectral 
range. Very recently, we established single-tone 
frequency modulation spectroscopy in the mid-IR [16] 
aiming at sensitive detection of various species on their 
fundamental rovibrational transitions in future shock tube 
experiments. 

In this work, we report the first FM detection of HCN 
behind shock waves. As a prerequisite for quantitative 
HCN detection to measure the branching fraction of the 
reaction NCN + H outlined above, the high-temperature 
pressure broadening coefficient of argon was determined. 
The spectroscopically isolated and high-J P(26) 
absorption line at 3228.049 cm-1 in the 1 CH stretch 
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vibration band was selected to ensure high sensitivity 
under high-temperature conditions. Moreover, to 
demonstrate the capability of s time-resolved detection 
behind shock waves, first kinetic profiles of HCN during 
its oxidation by oxygen atoms were recorded as well.  

 
Experimental 

The cw-OPO-laser based FM spectrometer with 
external modulation of the laser beam using a single-
frequency electro-optic modulator and analog demod-
ulation electronics has been described in Ref. [16]. 
Compared to the earlier version of the setup, by now we 
have implemented several modifications to further 
enhance the spectrometer performance; these will be 
described in more detail elsewhere. Briefly, a new 
temperature-stabilized electro-optic modulator (EO-
500T3-MWIR1, Qubig) with a resonance frequency of 
489 MHz was used to modulate the laser beam in double-
pass configuration, yielding a high modulation index of 
M = 1.0. Reduction of thermal noise contributions was 
achieved by a photodetector with two additional thermo-
electric cooling stages (PVI-4TE-5, Vigo System), 
increasing the specific detectivity of the photodetector by 
~70% to D* = 1.4 1011 cm Hz-0.5 W-1. Finally, the analog 
demodulation electronics have been replaced by an all-
digital 600 MHz lock-in amplifier (UHFLI, Zurich 
Instruments) that also served as the modulation 
frequency source. The low-pass of the demodulated 
signal was set to a bandwidth of 790 kHz, equivalent to a 
10%-to-90% signal rise time of about 500 ns.  

The pressure-driven stainless steel Kiel shock tube 
with an inner diameter of 81 mm has been described in 
detail elsewhere [17]. The following gases were used as 
supplied (Air Liquide): HCN (calibrated mixture of 
969 ppm ± 29 ppm in N2), argon as the main buffer 
gas (99.999 %) to dilute the HCN stock mixture using 
mass flow controllers, variable mixtures of H2/N2 as 
driver gas (both 99.999 %), and N2O (99.999 %) as high 
temperature source for oxygen atoms.  
 
Results and Discussion 

The P(26) transition at 3228.049 cm-1 in the 1 CH 
stretch band of HCN was selected for sensitive HCN 
detection. The curves in Fig. 1 illustrate the temperature 
dependent linestrengths of selected rovibrational 
transitions with different rotational quantum number J as 
calculated using the parameters included in the HITRAN 
database [18]. While at temperatures below 1100 K some 
HCN lines, including the P(8), P(15), and P(19) 
transitions shown in Fig. 1, offer somewhat higher 
intensities than the selected P(26) line, due to several hot 
band transitions located close to the respective line 
centers, they are not fully spectroscopically isolated. In 
fact, selecting the high-J P(26) line represents a 
compromise between a high linestrength at high 
temperatures and spectroscopic isolation to ensure that 
the recorded FM signal originates only from the 
absorption line of interest.  

 
Pressure Broadening Coefficient 

Three sets of shock tube experiments were conducted 
to derive the temperature-dependent pressure broadening 
coefficient Ar for argon. For each set with HCN mole 
fractions of 200 ppm, 350 ppm, and 500 ppm, 
respectively, the pressure and temperature behind the 
incident or reflected wave were kept approximately 
constant ( p/p = 3.0% and T/T = 3.0%). In order to 
measure the complete FM profile of the absorption line 
under the respective conditions, several shock tube 
experiments at different fixed wavelengths around 
the line center were performed. The linewidth of the 
single-frequency OPO laser system is about 2 10-6 cm-1, 
much below the Doppler width (0.014 cm-1 FWHM at 
T = 1000 K). Therefore, the resulting FM profile can be 
derived from a purely Doppler and pressure broadened 
Voigt lineshape, since a convolution with the laser 
lineshape function is not necessary. An example trace of 
HCN absorption during a shock tube experiment is 
shown in Fig. 2. Following the arrival of the incident and 
reflected shock wave, the signal exhibits step-like 
features reflecting the temperature and pressure 
dependent absorption cross section and the change of 
total density.  The stable plateau signals indicate that 
HCN is thermally stable under the experimental 
conditions. Note that for this experiment, pre-shock 
absorption is observed as well and needs to be properly 
taken into account to correctly set the baseline of the 
signal. In contrast, due to the much narrower linewidth at 
pre-shock conditions, for measurements in the outer 
wings of the absorption line no such baseline correction 
was necessary. 

By combining the absorption values of all HCN traces 
in each set, the FM line profiles for incident and reflected 
wave conditions were fitted by a Voigt lineshape using 
the Lorentzian width  as the sole adjustable 
parameter. For the experiments performed at 200 ppm, 

Figure 1: Temperature-dependent linestrengths S for several
rovibrational transitions in the P-branch of the 1 band of HCN.
HITRAN database [18] predictions (curves) are compared to 
experimental data obtained for the P(26) transition (symbols). 
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the measured FM signals behind the reflected wave were 
too weak to yield reliable lineshape data, leaving five 
distinct FM profiles for a given pressure/temperature 
combination to determine the pressure broadening by 
argon. Figure 3 shows the measured FM profiles for 
350 ppm under incident and reflected wave conditions as 
well as the corresponding simulated derivate-like FM 
(solid curves) and the underlying conventional Voigt 
absorption line profiles (dashed curves). The significant 
broadening of the absorption line, predominantly due to 
the higher pressure behind the reflected wave, is clearly 
visible. The errors for the individual points were 
estimated from the uncertainties of pressure and 
temperature as well as from the FM signal noise. All data 
in this figure are shown in terms of f as 
defined in Ref. [11]: 

IFM = I0 / 2  f   c l  G  (1) 

Here, I0 and IFM correspond to the measured signal 
levels of the total laser intensity and the demodulated FM 
intensity, respectively. l is the absorption length and G an 
electronic gain factor accounting for the amplification 
and losses of  the FM signal in the demodulation 
circuitry. Briefly, t f can be understood as 
the relative FM signal measured at a given detection 
wavelength, normalized to the conventional narrow 
bandwidth absorption coefficient c at the line center. Its 
actual value depends on the modulation index M, the ratio 
of the modulation frequency m and absorption line 
width, and on the demodulation phase angle. The latter 
was set to a value corresponding to a pure absorption 
signal in our case. As it is outlined in more detail in 
Ref. [11], for a given laser frequency  and a known 
modulation index M, the FM factor can be directly 
calculated from the corresponding absorption line profile 
in a straightforward manner. In the limiting case M  1 

it simply represents the difference in absorption 
measured at the first order sidebands at (  + m) and 
(   m), which explains the derivative nature of the 
observed FM profile. For higher M, contribution from 
higher sidebands have to be included as well.  

The Lorentzian width of the absorption line was  
obtained by fitting the FM profiles. Contributions of N2 
and HCN to the Lorentzian line width were subtracted 
using literature values for their pressure broadening 
coefficients and temperature exponents [19, 20] and 
assuming the usual mole fraction weighted additivity 
rule, . The temperature dependence of 
the full-width  is expressed as 

2 T = 296 K
T

n
  (2) 

In the case of HCN, the unknown temperature 
exponent was assumed to be nHCN = 1, which is 
consistent with results reported for the P(10) line [10]. 
Figure 4 shows a log-log plot of the determined argon 
broadening coefficients. A linear fit of the data 
according to Eq. 2 yields the temperature exponent of 
nAr = 0.67 ± 0.07 from the slope and the full-width 
room-temperature pressure broadening coefficient of 

= (0.093 ± 0.007) cm-1 atm-1 from the intercept. 
These results compare well with values for the 
temperature exponent of the P(10) line (0.63 ± 0.06) and 
the argon broadening coefficients for the lines between 
P(1) (0.162 cm-1 atm-1) and P(18) (0.099 cm-1 atm-1) 
reported in Ref. [9] and [10]. Altogether, these data 
reveal the expected clear trend of lower pressure 
broadening with increasing rotational excitation, which 
is typically ascribed to the lower rotational transition 
probabilities resulting from the more widely spaced 
rotational levels at higher J values [21].  

The calculated integrated linestrengths S for the P(26) 
transition are included in Fig. 1 as symbols. On average, 

Figure 2: Measured HCN trace (black, 350 ppm, 500 ns time
resolution with 20 points moving average,  = 3228.068 cm-1)
and the corresponding pressure profile indicating the arrival of 
the incident and reflected shock wave (blue curve).  

Figure 3: Measured FM line profiles for 350 ppm HCN based
on incident (black circles; T  670 K, p  0.32 bar) and
reflected shock wave data (blue circles; T  1120 K,
p  1.22 bar) in comparison with their respective simulated FM 
profiles (black/blue solid curves) as well as the corresponding
absorption lineshapes (black/blue dashed curves).  
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these data are 17% higher than the values predicted from 
the HITRAN database [18] with the highest deviation 
occurring for the experiments with the largest HCN mole 
fractions of 500 ppm. Note that higher HCN mole 
fractions go along with higher N2 content as well, 
corresponding to a mole fraction of up to 52% N2 in case 
of the 500 ppm HCN experiments. Note that the reason 
for using a HCN/N2 gas mixture instead of an HCN/Ar 
gas mixture was simply due to their limited commercial 
availability. In order to validate the HCN content in the 
gas mixtures, complementary measurements of the 
undiluted HCN/N2 mixture were performed at room 
temperature for five intense lines between P(8) to P(21) 
using standard FTIR spectroscopy (Vertex 80, Bruker). 
On average, the linestrengths derived from the FTIR data 
were 6% higher than the HITRAN values, which, 
however, cannot fully account for the difference between 
our data and the HITRAN prediction. We tentatively 
ascribe the remaining moderate discrepancy to non-
idealities and uncertainties in the calculated shock wave 
parameters. Although non-idealities resulting from 
vibrational relaxation effects of shock-heated N2-
containing gas mixtures should remain small for the 
conditions used in this work [22], the clear trend of 
higher deviations for increasing N2 content is evident.  

 
HCN Detection Limit 

The HCN detection limit of the mid-IR-FM setup can 
be estimated from an Allan analysis of the FM signal 
baseline noise using the overlapping Allan deviation as 
the preferred measure of sensitivity [23]. The calculated 
values for the overlapping Allan deviation as function of 

, corresponding to the time 
resolution of the detection system, were converted to the 
respective absorption values A = c  l using the standard 
FM equation (see Eq. 1). For this, the FM factor f has 

to be known. As shown in Ref. [11], FM factors on the 
order of f  1 correspond to the best sensitivity that can 
be achieved with a FM detection scheme. With f  0.6 
as obtained in this work (see Fig. 3), thanks to the 
combination of high modulation index and high 
modulation frequency, the current version of our FM 
spectrometer already comes close to this optimum. Fig. 5 

f  = 0.6. For an 
effective time resolution  = 500 ns, the minimum 
detectable absorption is Amin = 3 10-4. With increasing 
averaging time, Amin initially decreases with 0.5, 
indicating that statistical noise components such as 
thermal and/or shot noise of the photodetector prevails. 
The lowest detectable absorption of Amin = 3 10-5 is 
achieved at a time response of  = 100 μs. These 
favorable values demonstrate the high detection 
sensitivity of FM spectroscopy even on the short 
timescales, as they are required for experiments behind 
shock waves. Note that the loss of sensitivity for time 

 > 100 μs, which is due to well-known 
residual amplitude modulation (RAM) effects in FM 
spectroscopy [24] and causes baseline undulations in the 
kHz range, are of minor concern for shock tube 
applications. 

Using the linestrengths from the HITRAN database 
and the argon broadening parameters derived in 
this work, the HCN detection limit at T = 1000 K and 
p = 400 mbar is about 3 ppm for   = 10 μs and single-
pass shock tube detection with l = 81 mm. This dem-
onstrates the high potential of mid-IR-FM spectroscopy 
for quantitative detection of HCN under shock wave 
conditions. However, towards higher temperatures and 
pressures, the rapidly decreasing Boltzmann population 
of individual rotational states (going along with lower 
linestrengths, see Fig. 1) as well as the increasing line-

Figure 4: log-log plot for the temperature dependence of the 
argon Ar. Experimental data (black 
symbols) including errors estimated from the Voigt fits and a 
linear fit according to Eq. 2 (red line). 

Figure 5: Minimum detectable absorption as function of the 
ement conditions

(790 kHz bandwidth, 700 μW light power on the detector, 
f  = 0.6,  = 3228.05 cm-1). 
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widths (see Fig. 3) significantly reduce the attainable 
detection limit. 

Another advantage of the derivative nature of FM 
spectroscopy for shock tube applications stems from the 
fact that typical shock tube induced acoustic and pressure 
induced noise components are significantly reduced, 
resulting in a more stable baseline compared to 
conventional difference amplification laser absorption 
schemes [25]. To further demonstrate this capability of 
mid-IR-FM spectroscopy to enable sensitive kinetic 
studies behind shock waves, first reactive concentration-
time profiles of HCN during the reaction HCN + O were 
recorded. Here, the thermal decomposition of N2O 
according to N2O + M  N2 + O + M served as an 
effective source of O atoms at temperatures T > 1500 K. 
Fig. 6 illustrates, to the best of our knowledge for the first 
time, a kinetic profile of HCN behind shock waves. The 
signal was obtained with a gas mixture of 500 ppm HCN 
and 2.0% N2O in N2/argon at a temperature of 1666 K 
and a pressure of 1.2 bar behind the reflected shock wave. 
The sigmoidal HCN profile with accelerated loss towards 
longer reaction times is due to the ever-increasing O atom 
concentration during the experiment resulting from the 
rather slow N2O decomposition. For this particular 
kinetic HCN profile, the standard deviation of the noise 
behind the reflected wave corresponds to a detection limit 
of about 20-25 ppm, which is not much worse than the 
corresponding baseline noise of about 15 ppm observed 
before the arrival of the incident shock wave. A more 
systematic study targeting the determination of the high 
temperature rate constant of the reaction HCN + O is 
currently underway and will be published elsewhere.  

 
Conclusions 

Single-tone mid-IR-FM spectroscopy has been dem-
onstrated as a suitable and sensitive laser absorption 
method for the detection of HCN in shock tube 
experiments. As a prerequisite for quantitative high 

temperature detection of HCN, we have determined the 
argon pressure broadening parameters for the P(26) line 
in the 1 band of HCN. A detection limit as low as 3 ppm 
at T = 1000 K and p = 400 mbar for single-pass shock 
tube detection (l = 81 mm) was achieved. The outcome 
of this study serves as a basis for future reaction kinetic 
studies of HCN reactions and, in particular, paves the 
way for the determination of the HCN yield and with it 
the temperature-dependent branching ratio of the reaction 
NCN + H, which is key for prompt-NO modeling.  
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