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Abstract 

Experimental determination of NO and H2O production during hydrogen combustion applying laser 
absorption spectroscopy has been performed in the High Enthalpy Shock Tunnel Göttingen of the Ger- 

man Aerospace Center. The combustion process forming these species within the propulsion unit of a 
small scale wind tunnel model was experimentally studied. A novel experimental approach to obtain 

absorption spectra in the infrared region within µ-seconds is reported. This technique is based on the 

use of quantum cascade lasers generated frequency combs and enables multi-species measurements 
at high acquisition rates. The generated frequency combs are within the 1740±20 cm−1 wavenumber 

region which features strong NO and H2O spectral lines allowing for the spectral characterization of 
these species. The technique and its underlying physics, the application in short duration ground testing 

and the needed calibration work is discussed. 

Keywords: hypersonic flow, shock tunnel experiments, laser absorption, hydrogen combustion, dual 

comb frequency quantum cascade laser, High Enthalpy Shock Tunnel Göttingen, HEG, EU Stratofly 

Nomenclature

ℎ  – specific enthalpy 

𝑙   – absorption path length 

𝑀𝑎  – Mach number 

𝑚𝑂2  – mass flow rate of oxygen 

𝑛  – mole fraction/ concentration 

𝜌  – flow density 

𝑝  – pressure 

𝑝0  – reservoir pressure 

𝑝𝑡2  – Pitot pressure 

𝑞𝑡2  – stagnation point heat flux 

𝑅𝑒  – Reynolds number 

𝑇  – temperature 

Δ𝑡stab   – stabilisation time 

𝑢  – free-stream velocity 

U  – voltage 
RF  – radio frequency 

QCL  – quantum cascade laser 

1. Introduction 

Sustainability is one of the main driving factors in current research on civil aviation. While the 
environmental dimension requires new aviation concepts to consider CO2 emissions, there is also the 

desire for performance improvement by reducing the transfer time of long-range flights from an 

economic point of view. In this context, various concepts for high-speed vehicles are developed. The 
use of hydrogen combustion-based scramjets as propulsion units to drive hypersonic passenger 

transport is part of the ongoing investigations. Although hydrogen-fuelled vehicles prevent CO2 emission, 
the formation of NO and H2O as emission gases during the combustion process may have other 

environmental effects. Therefore, the experimental determination of NO and H2O production in hydrogen 

combustion is of interest and is part of the study in the High Enthalpy Shock Tunnel Göttingen (HEG), 
one of the major European hypersonic test facilities. The test time for experiments in HEG lies typically 
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in the ms range, which requires measurements techniques with high acquisition rates and high precision. 
The applicability of the heterodyne dual frequency comb-based absorption spectroscopy with quantum 

cascade lasers (QCLs) in the infrared region within μ-second range has been demonstrated at the High 
Enthalpy Shock Tunnel Göttingen, HEG, of the German Aerospace Center, DLR [1]. Since the first 

application at HEG, the technique has been developed further and new measurement modes are 

implemented. These modes enable higher resolution measurements by modulating the laser current and 
temperature to change the spectral point spacing of the spectrometer. One of the main goals of the 

calibration study discussed, is to identify whether the use of optical fibers in the experimental setup lead 
to influences in signal and how the measurement results are affected by that. Calibration measurements 

are performed in a laboratory set-up to evaluate the accuracy and quality of the different measurement 
modes. The paper describes the experimental prerequisites for the measurements, and demonstrates 

the resulting comparison for the measurement modes.  

2. Quasi Heterodyne Dual Comb Laser Absorption Spectroscopy 

Good spectral resolution and wide coverage or high signal-to-noise ratio with short measurement times 

are rarely easily combined for different spectroscopic techniques: single wavelength spectrometers only 
allow one narrow band measurement with high resolution, while Fourier transform spectroscopy (FTIR) 

measures broadband with rather low resolution. Often FTIR systems includes the handling of moving 

parts [3]. High-resolution molecular spectroscopy is important for many different fields of applications, 
including combustion diagnostics where the challenge is to observe multiple species on short time scales. 

Especially the mid-IR spectral domain is of interest since fundamental vibrational excitations are located 
in this range. The High-resolution molecular spectroscopy was revolutionized by the advent of frequency 

combs whose generation is enabled by high-power quantum cascade lasers (QCLs). Frequency combs 

were first introduced to improve the precision of frequency measurements [4]. A single frequency comb 
is characterized by a finite number of sharp spectral lines that are distanced by a repetition frequency 

𝑓rep at a given offset frequency 𝑓ceo [5]: 

𝑓𝑛 = 𝑛 ⋅ 𝑓rep + 𝑓ceo. 

Importantly, the line-spacing (or 𝑓rep) of frequency combs is extremely well defined, making them useful 

for spectroscopy.  If two frequency combs with slightly different repetition frequencies 𝑓rep,1  and 𝑓rep,2 

are combined, a heterodyne beating with a difference frequency of Δ𝑓rep = 𝑓rep,2 − 𝑓rep,1 is created [6]. 

Since this set-up directly links the frequency comb from an optical domain to the radio frequencies, RF, 
it is possible to take measurements using conventional frequency counters [5]. The difference 

frequencies lie in our case in the RF range that falls within the detector’s limits (< 10 GHz). 

 

Fig. 1 The left figure illustrates two frequency combs with slightly different repetition frequencies, 

generated by the QCLs. The figure on the right gives an exemplary resulting heterodyne beating, where 
the sample beam is affected by an absorption feature, while the reference beam reaches the detector 

without attenuation. 

This use of two frequency combs with the multi-heterodyne detection, so-called dual-comb 

spectroscopy, enables Fourier transform spectroscopy with high resolution, high sensitivity, and no 
moving parts. By tuning a frequency comb via current or temperature, the comb’s repetition frequency 
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is changed, resulting in heterodyne with slightly changed difference frequency which allows 
measurements at diverse spectral points. As this sweeping procedure reduces the spectral point spacing, 

a spectrum has a higher resolution. In the HEG, combustion experiments are conducted; during 
hydrogen combustion, NO and H2O are the main species that are investigated. Fig. 2 (left) presents a 

broad NO and H2O absorption spectra for a typical hydrogen combustion flow case 

(p = 4.2 bar, T = 2300 K) in a scramjet small-scale experiment in HEG [1]. Fig. 2 (right) shows features 
of the absorption spectra in the emission region of the QCLs used. The absorption lines of both species 

to be inspected (H2O and NO) can be separated and the reconstruction of the state of both species can 

be performed within one measurement. 

 

Fig. 2  Broad (left) and narrow (right) absorption spectra of NO and H2O for a hydrogen combustion 

flow case in HEG (p = 4200 mbar, T = 2300 K, l = 6.6 cm, nH2O = 0.08, nNO = 0.03) simulated with 

HITRAN database [8]. 

 

3. Spectrometer 

The commercially available dual-frequency-comb spectrometer IRis-F1 (IRsweep AG, Switzerland) uses 

two closely matched QCL frequency comb sources emitting at a center frequency of 1740 cm-1 with a 

span of 40 cm-1 and a standard repetition rate of 0.25 cm-1. A schematic of the spectrometer is shown 
in Fig. 3. The spectrometer is operated in amplitude sensitive configuration, which means the beams 

from both QCLs are combined through a beam splitter in the laser module and pass together through 
the sample before being detected on a thermoelectrically cooled detector. The reference beam reaches 

the detector without disturbances. 

 

Fig. 3 Left: Beam path inside the spectrometer. The QCLs generate two frequency combs that are 

combined with a beam splitter. Sample (solid) and reference (dotted) are aligned on detectors D1 and 

D2, respectively. Right: Experimental set-up with internal Herriott cell. 

The spectrometer allows for different measurement modes shown in  
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Fig. 4. The modes LongTerm and TimeResolved use a fixed spatial resolution, while the measurement 
time can be varied. In LongTerm mode, a single spectrum is obtained from averaging multiple number 

of measurements; in TimeResolved mode, multiple measurements are taken, yielding a spectrum for 
each time instant. Both these modes leave the lasers current and temperature constant throughout the 

acquisition allowing time resolutions at 4 μs and a spectral point spacing of 0.25 cm−1 [5]. The tuning 

of the QCLs frequency comb emission frequencies via temperature and current reduces the gaps 
between adjacent lines to be observed. By alternately and stepwise increasing the current of both lasers 

in StepSweeping mode, the gaps between points are closed without moving the multiheterodyne beat 
note to frequencies outside the detection bandwidth [7]. To prevent possible QCL mode switches during 

operation or the generation of subcombs due to a too large current tuning range, it is necessary to 
define a suitable current ramp consisting of stepwise tuning of the currents. By sweeping through this 

ramp at different temperatures, the gap is filled. After every current or temperature step, the lasers wait 
for a given stabilization time Δ𝑡stab  before continuing the acquisition. The standard stabilization times 

for current and temperature steps are  
Δ𝑡stab = 0.7 s and 60 s, respectively. This method decreases the spectral point spacing to 10-3 cm-1 ( 

Fig. 4). In FastSweeping mode, only the current of the lasers is periodically modulated in a saw-tooth 

wave at a rate of 5 mA/V, by a wave generator. The temperature is constant and the current modulation 
does not include stabilization times. Each ramp is set to increase from U = 0 V to approximately U = 6 V 

and takes about 1 ms to sweep through. The ramps are recorded and thus, the frequency changes can 
be precisely coordinated in the post-processing. This method decreases the time resolution of the 

measurements, but increases the spectral resolution by a factor of almost 250 (theoretical value when 

sampling with 4 μs during 1 ms).  

During operation, the spectrometer is continuously purged with N2. Before starting a measurement, 

transfer functions are taken with the lasers light blocked. These functions eliminate the electronic 
background signals of the system itself. To investigate the accuracy of the different measurement 

modes, experiments with exactly known conditions are carried out and compared with the reference 

spectra simulated with the HITRAN database [8].  

4. Calibration 

By reflecting a beam multiple times in a circular shaped cell with a series of curved Au coated mirror 
segments on the wall, a Herriott cell achieves a long path length (here: 4 m) within a compact volume 

und hence is practical for precise absorption measurements. The cell is placed inside the spectrometer’s 
sample compartment and filled with either N2O or ambient air containing water (8500 ppm). The water 

content was determined by measuring temperature and relative humidity of the surrounding air. 

 

Fig. 4 Overview of the two basic measurement modes used for the laser absorption technique. On the 
left-hand side constant spatial resolution (LongTerm, TimeResolved) and on the right-hand side tuned 

operation with varying spatial resolution (StepSweeping, FastSweeping). 

The species NO was not selected as a calibration test gas since it is only weakly absorbing at room 

temperature and is thus not optimal for the purpose of this calibration work. Prior to the sample 
measurements, the cell is in vacuum and a background measurement is taken. The comparison between 

spectra before and after gas inlet allows observing the gas content. Measurements are taken varying 

the measurement modes and pressures p (100, 300, 500, 700 and 900 mbar). As the FastSweeping 
mode modulated the laser current on a millisecond scale without any laser stabilization time, while for 

StepSweeping we let the lasers stabilize, the current stabilization time is varied in the StepSweeping 
measurements between Δ𝑡stab  = 0.7 and Δ𝑡stab  = 0.00001 s to understand this influence. Results 
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obtained in LongTerm mode are given in Fig. 5 for H2O and N2O at p = 500 mbar. The data at the 
measured spectral positions align well with the simulated HITRAN reference spectrum. But it has to be 

noted that not all absorption features are fully resolved. As inferred from a detailed closer view on 
specific features (Fig. 5, right plot), it is obvious that the spectral distance is too large between adjacent 

spectral points. This issue may, if needed be overcome by using the StepSweeping mode.  

    

Fig. 5 Absorption spectra obtained for ambient H2O (left) and zoom of the data to the right. The data 

were obtained used the LongTerm measurement mode of the spectrometer. 

 

Fig. 6 Absorption spectra obtained in StepSweeping mode for H2O at p = 500 mbar shown on the left 

with a detailed view on the right. The data confirms that the StepSweeping mode reduces the large 
spectral point distance successfully and thus all absorption features are resolved better as compared to 

the spectral data obtain in Fig. 5. 
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Fig. 7 Measurements with different current stabilization times align. Red arrows indicate that gaps are 

not completely filled for shorter stabilization time. 

For a stabilization time of the current applied of Δ𝑡stab = 0.1 s, the obtained spectra for p = 500 mbar 

are given Fig. 6. The left side graph shows the spectra obtained for complete measurement range, the 
right side graph shows a more detailed part of it.  If Fig. 5 and Fig. 6 are compared directly, the increased 

spectral resolution results in a complete detection of all absorption features. As the current stabilization 
time was varied for different measurements, the absorption spectra are compared with regard to 

possible changes in the accuracy or shape of peaks. The comparison for two different stabilization times 
of the current, namely Δ𝑡stabI = 0.1 s and Δ𝑡stab = 0.00001 s, is given in Fig. 7. On first view, the spectra 

are quite similar by eye; nevertheless, it has to be noted that a shorter stabilization time results in gaps 

in the absorption spectrum as exemplary highlighted with the red arrows in Fig. 7. This can be explained 

by the fact that the lasers do not have much time to stabilize completely, they don’t completely adapt 
to the pre-defined currents and thus the defined current range is not fully exploited as for measurements 

with longer stabilization time. A qualitative comparison of all the measured data for the different 
pressures and stabilization times is done based on the RMS. The RMS was calculated for deviations of 

experimentally measured amplitudes to the reference HITRAN amplitudes for all spectral measurement 

points. This results in an average of two measurement series with same conditions in each case and the 
data is presented in Fig. 8. For a decreasing stabilization time, the RMS tends to slightly rise. Over the 

entire stabilization time range, the observed maximum increase is plus 3% (for H2O at p = 100 mbar), 
while the RMS on average over all measurements increases by around 1% between Δ𝑡stab = 0.7 s and 

Δ𝑡stab, I = 0.00001 s, so it does not change significantly. Considering that the current stabilization time 

is reduced over almost five orders of magnitude, the deviation is negligible. The current stabilization 

time is, in first order, equal to the acquisition rate which can be achieved. 

 

 

Fig. 8 The calculated RMS for H2O (top) and N2O (bottom) for different stabilization times and pressures, 

averaged over two measurements. The measurements are obtained with the internal Herriot cell. Please 



HiSST: International Conference on High-Speed Vehicle Science Technology 

HiSST-2024-0102 Page | 7 
Heterodyne Dual Frequency Comb Laser Absorption Spectroscopy in Supersonic Combustion Copyright © 2024 by author(s) 

note that the stabilisation time Δ𝑡stab, I of the current applied to the laser heads spans five orders of 

magnitude.  

An experimental calibration of the measurement modes of dual-comb spectrometer was performed. The 

StepSweeping mode allows high spectral resolution and hence enables high precision spectroscopic 

measurement in good consistency with theoretical data. A variation of the stabilization time showed a 
negligible effect on the accuracy of the measurement, thus promising good results for the use of 

FastSweeping mode. 

 

Fig. 9 The calculated RMS for H2O and N2O in dependence of different stabilization times. The results 
for the varying pressures are all averaged. The measurements are obtained with the Herriot cell placed 

internally into the spectrometer and externally with the laser light couples by fibres into the Herriot cell.  

The calibration work is continued with the Herriott cell being placed externally to investigate the 
influence of optical fibers that guide the sample-beam out and back to the spectrometer. This setup 

demands additional optics for the in- and out-coupling of the beam. It is relevant to understand how 
the signal is affected by this procedure. Challenges here are both the general power loss due to the 

fibers as well as occurring back reflections from the fiber facets, which caused negative optical feedback 

(fringing).  However, with the external Herriott cell, measurements with the same previous parameters 
are repeated and the RMS is only slightly increased compared to the results obtained with internal 

Herriott cell (Fig. 9). We can summarize at this point, that the influence of the fibres is visible in the 
calibration data, but is of small influence on the overall error. The trend that the error is smaller for long 

stabilization times of the QCK heads is identical for internal or external measurements. 

5. Combustion Experiments  

Experiments have been conducted in the High Enthalpy Shock Tunnel (HEG) of the German Aerospace 

Center, DLR. The HEG is designed on the working principle of a free piston driven shock tube (Stalker 
tube [9]) and is one of the major European hypersonic test facilities of this kind. Additional information 

about the working principle of the facility, its capabilities and former use in combustion research can be 
found in Ref. [10–15]. The operating condition that has been used for the experimental campaign is the 

nominal condition H3.3R3.7 (former condition XIII).  Table 1 lists the nominal reservoir conditions for 

the nozzle, the Pitot pressure pt2 and stagnation point heat flux qt2, as well the complete set of free 
stream parameters. The subscript 0 refers to the reservoir conditions and t2 to the total conditions 

behind the normal shock. The other variables p yield pressure, T temperature, h specific enthalpy, 
u velocity, Ma Mach number, Re Reynolds number, ρ density, and mO2 mass flow rate of oxygen. The 

total available test time is approximately 5 ms. Based on the nozzle reservoir conditions, the free stream 

is determined by numerical computation of the nozzle flow [11, 13–15]. 

 

 

p0 [MPa] T0 [K] h0 [MJ/kg] 170
 2740 3.3 

pt2 [kPa] qt2 [MW/m2] 

146.53 3.71 
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Table 1 Operating condition of the High Enthalpy Shock Tunnel for the experiments reported. 

The supersonic hydrogen combustion flow to be studied is generated in the propulsion unit of the SFFE 
wind tunnel model. SSFE stands for small scale flight experiment. This configuration is based on the full 

scale LAPCAT (Long- Term Advanced Propulsion Concepts and Technologies) II Mach 8 MR 2 vehicle 

proposed by ESA-ESTEC as described in Ref. [16]. The MR 2 vehicle is characterized by the combination 
of an aerodynamic efficient wave rider configuration and the dorsal integration of a high performance 

propulsion unit whose cruise and aero-propulsive performance was numerically assessed [17]. The SSFE 
configuration was derived from the MR2 as reported in Ref. [18, 19]. Further details about the model 

design are given in Ref. [20,21]. The combustor layout is shown in Fig. 10. Two semi struts and one full 
strut injector expand the hydrogen into the combustor. The generation of NO in the combustion process 

is visualized by iso surfaces from the numerical rebuilding of the combustor flow. Additionally, the lines 

of sight for the laser absorption spectroscopy measurements are shown. Numerical simulation on the 
test case has been performed and published [22]. The data set have been used to reconstruct the 

absorption spectra for H20 and NO along the lines of sight given in Fig. 10. 

  

Fig. 10 Left: Schematic view of the combustor section of the SSFE. Shown are the lines of sight (LOS) 

of the IR laser path of the absorption spectroscopy system through the combustor, additionally the 
semi- and full strut injectors are shown with iso surfaces of mass fractions of NO. Right: Schematic of 

the SSFE model with the optical couplers installed on the outer part of the model and a photograph 

showing of an optical coupler installed on the model.  

The graph in the middle of Fig. 10 shows the temperature and pressure distribution along a line of sight 

through the combustor obtained from the numerical data [22]. The mass fractions of both species are 
also given. The resulting absorption spectra from the calculations are given in the right-hand side plot 

in Fig. 10. Two types of post-processing are compared, in the first case, the gas state at the center of 

the combustor has been used together with the integration length of the line of sight to calculate the 

corresponding spectra (solid lines in the right-hand side graph in Fig. 10).  

p [Pa] T [K] ρ [g/m3] u [m/s] 

2398 

  
 

1990    

Ma [-]   Re [1/m] 

7.4 3.7 · 10−6 
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Fig. 11 Schematic of the IR laser beam path inside the spectrometer, the coupling to into the fibers 

and the outcoupling into the model’s combustion chamber.  

The second case, given as the dotted lines in the right-hand side graph in Fig. 10, calculates the spectra 
by integrating through the line of sight considering the changes in pressure, temperature and mass 

fractions along the line of sight. It can be seen, that the latter method is the favorable one. The 

comparison to the numerically obtained spectra was performed with the second approach. During the 
test of SSFE in HEG, the spectrometer has been placed as close as possible to the wind tunnel test 

section, in order to use a setup having a minimal length of the optical fibers. The fibers are feed through 
the wind tunnel wall and are attached to fiber couplers installed on the model. The setup is shown 

schematically in Fig. 11.The final results obtained are summarized in Fig. 12. Here, the experimental 
obtained mass fractions along the various lines of sight at different streamwise positions x in the 

combustion chamber of the SSFE model are given. The left-hand side plot combines the experimental 

and numerical results for the species NO and the right-hand side plot shows the results of H2O. The 

figures compare the measurements without any combustion (fuel-off) and with combustion (fuel-on). 

 

Fig. 12 Results of the mass fraction measurements integrated along the lines of sight of IR laser beam. 

The left graph shows the distribution of the mass fraction of NO and the right-hand side graph shows 

the distribution of H20. Additionally, to the experimental data numerical results are shown.  

It has to be noted, that the NO concentration exhibits already a mass fraction level of 3.2% before any 
combustion takes place. This is due to the fact, that the wind tunnel itself generates NO in the nozzle 

reservoir which arrives in the free stream (see Table 1) and is compressed into the intake and the 
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combustion chamber. This amount of free NO has also been modelled numerically. The combustion 
process reduces the amount of NO to an average mass fraction of about 2.7%. In summary we see a 

fair agreement between the numerical solutions and the experimental obtained species concentrations. 

6. Conclusion 

The work conducted at the German Aerospace Center to setup a laser absorption spectroscopy 

measurement technique has been reported and an extended calibration of the system has been 
described. The calibration focused on the influence of fibers used to guide the laser light into the wind 

tunnel model during the experiences. An experimental campaign in the High Enthalpy Shock Tunnel 
Göttingen has been performed in order to measure NO and H2O production during hydrogen combustion 

and the final results have been reported. This novel experimental approach to obtain absorption spectra 

of both species in the infrared region within µ-second range resulted in good experimental results. The 
technique is based on the use of frequency combs generated with quantum cascade lasers. It has been 

demonstrated that this technique enables multi-species measurements at rapid acquisition rates. The 
pre-analysis of numerical simulations of the supersonic hydrogen combustion flow with respect to the 

absorption spectral distribution lead to the selection of frequency combs within the 1740 ± 20 cm−1 
wavenumber region which contains strong NO and H2O spectral lines. A numerical method to obtain 

integrated line of sight spectral absorption spectra was created and it was demonstrated that it is 

necessary to include the boundary layer gas state in the simulation to allow a more exact comparison. 
A calibration method was reported and its importance was shown with the help of parametric studies of 

the absorption line spectra in a reference Herriot cell. 
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