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Abstract— We report comparative studies of  current and frequency characterization measurements performed with a 
distributed feedback, pulsed and continuous wave quantum cascade lasers  centered at 957 cm-1 and 1760  cm-1  
respectively. The frequency tuning rates were measured at different current ramp and modulation frequencies and 
amplitudes. The frequency tuning rate depends both on the frequencies and amplitudes of the applied current ramp and the 
sine modulation. We also present open path wavelength modulation spectroscopic studies with these two lasers and compare 
our results.  Similar noise equivalent detection limits were demonstrated with both the lasers when combined with 
wavelength modulation spectroscopy for open path measurements.  
 
Index Terms—About Four Key Words Or Phrases In Alphabetical Order, Separated By Commas.   
  
I.  INTRODUCTION  
 
Quantum cascade (QC) lasers [1], both in continuous 
wave (cw) and pulsed mode have been used in 
numerous spectroscopic applications [2-13].  
However, implementation of these methods into an 
open-path configuration for practical, field-useable 
devices has limitations. Open-path spectroscopy is 
important since it can provide integrated absorption 
measurements over long distances and can be used 
for atmospheric monitoring of trace gas molecules. 
The difficulty to obtain a proper background signal 
with the aforementioned measurement techniques in 
open-path configuration greatly limits the sensitivity. 
Wavelength modulation spectroscopy (WMS) is a 
background-free technique and is commonly used in 
sensitive open-path gas sensing applications in 
combination with continuous wave (cw) lasers.  
Valuable discussions of the underlying principles of 
WMS can be found in several publications, for 
example, in references 18 to 25. Briefly, an external 
modulation is applied to the laser that is slowly tuned 
through an absorption feature of the species of 
interest and this leads to the generation of signals at 
different harmonics of the modulation frequency. 
Thus, the signal can be detected coherently with 
frequency- and phase-sensitive detection electronics. 
Also, higher harmonic detection allows the 
elimination of noise contributions that are out of the 
detection frequency band.  
A systematic study of current and frequency 
characteristics of the laser under WMS conditions is 
therefore important to improve sensitivity and sensor 
performance. We present a study performed on 
distributed feedback  
(DFB)  pulsed and cw QC lasers centered at 957 cm-1 
and 1760 cm-1 respectively, for use in open-path 
wavelength modulation spectroscopy. First, we 
discuss the tuning characterization measurements, 
both for the current ramp and the sine wave 

modulation. Then, we report the measurements of 
gaseous ammonia detection using these lasers in 
combination with wavelength modulation 
spectroscopy and compare the results. A noise 
equivalent sensitivity of  ~10-5  in absorption units  is 
obtained with these lasers for open path trace gas 
sensing applications.  
  
II. EXPERIMETAL SETUP  
 
The layout of the experimental set-up is illustrated in 
Figure 1. The pulsed infrared radiation source is a 
thermoelectrically cooled distributed feedback (DFB) 
QC laser (Alpes Lasers) designed for pulsed 
operation near 957 cm-1. The laser is mounted in an 
airtight housing supplied with a Peltier cooler, which 
can be used to set the laser heat-sink temperature in 
the range between +50 ºC and-54 ºC. This laser is 
capable of providing single frequency emission with 
an average output power >5 mW at a pulse repetition 
rate of 400 kHz and laser substrate temperature of 0 
ºC. The laser is collimated with an antireflection 
coated aspheric ZnSe lens and is directed on to a 
retro-reflector placed at a desired distance from the 
laser source. The light is reflected back to the detector 
placed on the same side as the laser source. The 
detector is a LN2 cooled MCT type with an active 
area of 0.25 mm2 and an amplifier electrical 
bandwidth of 100 MHz. A lens with a 25.4 mm 
diameter and a focal length of 38 mm is used to focus 
the light onto the active area of the detector. For 
WMS, 5-10 ns current pulses were used with a pulse 
repetition rate (PRR) in the 300- 800 kHz range. A 
linear sub-threshold current ramp at 100Hz was 
added to the excitation pulse train for frequency 
tuning. We then combine the ramp with a sine 
modulation at higher frequencies in the range from 
5kHz-100kHz, which adds a second high frequency 
temperature modulation resulting in wavelength 
modulation (WM).  Demodulation electronics was 
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used to capture envelop of the modulation, thus 
getting rid of the high frequency pulses. This 
approach avoids the use of a fast digitizer or gated 
integrators. The output from the demodulator is then 
sent through a LabView based lockin detector for 
second harmonic detection.  The data is typically 
averaged over 20 waveforms.    
The cw laser source is a LN2-cooled DFB-QC laser 
centered at 1760 cm-1(Alpes Lasers). A specially 
designed liquid N2 dewar (Cryo Industries of 
America, DVT-2090-LMN) with a thermal link with 
which the N2 flow can be controlled, was used. A 
detailed description of the Dewar and QCL mount is 
described in previous publications [26, 27]. The laser 
covers a total frequency range from 1760 cm-1 
(110K) to 1766 cm-1 (80K). Temperature stability in 
the .01-.02 K range was achieved with the above 
design. The laser temperature was controlled by a 
Lakeshore temperature controller (LS340) and a 
current driver (LDX-3232) from ILX Lightwave 
Corporation. The average output power was in the 
few mW range. An aspheric lens with a focusing 
length of 11.2 mm was employed to collimate the 
laser beam. The laser is then directed on to the retro-
reflector for open-path measurements as previously 
described for the pulsed QC laser. The reflected light 
is focussed onto a LN2 cooled MCT-detector using a 
CaF2 focussing lens. The data is then analysed using 
LabView software.  
  
 

 
Figure 1: Experimental setup for open path WMS with a 

pulsed and cw QC lasers. 
   
III COMPARISON OF CHARACTERIZATION 
MEASUREMENTS   
 
A.   Laser current ramp characterization  
Laser current ramp calibration was performed with 
Ge etalons with a free spectral range (FSR) of ~0.049 
cm-1 and ~0.016 cm-1. Figure 2(a) shows the 
detector response as a current ramp is applied to the 
pulsed  laser. The laser pulse amplitude decreases 
near linearly with the applied current ramp. The 
resulting fringe pattern, after the laser beam passes 
through the Ge etalon, is shown in Figure  2(b). At 
the operating parameters of the laser used for these 
measurements, a typical frequency scan is ~2.3 cm-1 
wide.   

Similar plots are shown for cw QC laser. A sawtooth 
current ramp was applied to the laser. The laser 
power follows current ramp as shown in Fig 3 (a). Fig 
3(b) shows the same plot with a Ge etalon in the path 
of the laser beam. Total frequency scan is ~0.75 cm-1 
wide at a current ramp frequency of 100Hz and a 
laser current of 455mA. Next, the frequency tuning 
range was measured for both at different current ramp 
frequencies in the range from 10 Hz to  10 kHz, and 
the results are plotted in Figures 4 and 5. The plots in 
Figure 6 show that the total frequency tuning 
achieved with the applied current ramp is higher at 
low ramp frequencies and  decreases  in a quadratic 
manner with increasing frequency.  The frequency 
dependence of the tuning rate is a thermally induced 
phenomenon as also described by Tao et al. [28]. This 
thermal effect is a slow process and is related to the 
thermal properties of QCLs. It induces  greater  
frequency change  at  lower current ramp frequencies. 
Further, analysis of the temporal separation of the 
etalon fringes shows  that  in case of  the  pulsed 
laser, tuning rate is not constant  but rather exhibits  a 
quadratic behavior through the scan, as shown in 
Figure 7, but is near constant for the cw laser.  
 

 
Figure  2(a):  Laser response to the current ramp (after 

demodulation) for the pulsed QC laser. (b): Waveform with 
optical fringes after the laser beam passes through a Ge etalon. 
  

 
Figure  3(a):  Laser response to the current ramp  for the cw 

QC laser.    (b): Waveform with optical fringes after  the laser 
beam passes through a Ge etalon. 
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Figure  4:  Current ramp waveform with optical fringes after 
the laser beam passes through the Ge etalon (FSR: 0.016  cm-1) 
at ramp frequencies of 100 Hz, 600 Hz, and 1 kHz, respectively. 
  
 

 
Figure 5:  Current ramp waveform with optical fringes after 

the laser beam passes through the Ge etalon (FSR: 0.049   cm-
1) at ramp frequencies of 10 Hz, 1kHz, and 100 kHz, 

respectively. 
  

 
Figure 6: Wavelength tuning range as function of current 

ramp frequency. 
  
  
B.   Sine wave modulation characterization  
A 3  inch long Ge etalon with a free spectral range of 
0.016 cm-1 was used as a frequency reference for 
these measurements. The modulation depth was 
measured at different sine modulation voltages for 
both the pulsed and cw QC laser. The current ramp 
frequency and sine modulation frequencies were set 
to 100 Hz and the 10 kHz respectively. For the pulsed 
QC laser, the modulation depth changes linearly from 
0.025 cm-1  to 0.25 cm-1  as the sine modulation 
voltage is increased from 0.05 to 1.6 V. Similarly for 
the cw  laser,  the modulation depth changes linearly 
from 0.012 cm-1 to 0.24 cm-1 as the sine modulation 
voltage is increased from 0.02  to  .4  V.  These plots 
are shown in Figure 8 along with a linear fit to the 

experimental data. Next, the frequency tuning rate 
was measured at different sine modulation 
frequencies. The current ramp frequency was set to 
20 Hz, and the sine modulation frequency was varied 
in the 5-100 kHz range. The modulation index was 
set to ~2.2 corresponding to 10 kHz, which is the 
typical sine modulation frequency used for most of 
the open path gas absorption measurements discussed 
later. The results are plotted in Figure  9, which 
shows that the frequency tuning  decreases in a 
quadratic fashion with the sine modulation  
frequency. For example, the frequency tuning at 5 
kHz sine wave modulation was measured to be 
~0.144 cm-1 but it decreases to ~ 0.08 cm-1 at 50 
kHz, for the pulsed laser. Similar behavior  is seen in 
cw laser, where,  frequency tuning at a sine 
modulation frequency of 100 kHz is ~0.01  cm-1 and 
increases to ~0.14 cm-1 at 5kHz.This frequency 
dependent tuning is caused by the thermal behaviour 
of the QC laser, which induces a greater frequency 
change with decreasing modulation frequency. This 
change of frequency  tuning rate with sine wave 
modulation frequency in cw QC lasers has been  
reported earlier [28, 29]. Another interesting behavior 
only seen in pulsed QC  laser modulation frequency 
tuning is the variation of tuning rate during the 
current ramp. For example, the tuning rate at a sine 
wave modulation   
 

 
Figure 7: Laser response to the current ramp for the cw QC 

laser.  (b): Waveform with optical fringes after  the laser beam  
passes through a Ge etalon. 

 

 
Figure 8:  Modulation depth versus sine wave modulation 

amplitude. 
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Figure 9:  Sine modulation tuning at different sine wave 

modulation frequencies. 
  

 
Figure  10: Sine modulation frequency (10 kHz) tuning rate 
along the applied current ramp (20 Hz)  for the pulsed QC 

laser. 
 

 
Figure  11:  Intensity modulation amplitude measured for the 

pulsed and cw QC laser. 
  
frequency of 10 kHz at the start of the current ramp is 
about 0.04  cm-1 and increases to about 0.14  cm-1  
towards the end of the scan (see Figure 10). For 
WMS it implies that the modulation index varies 
during the  applied current ramp. This is not a great 

concern for molecules with relatively narrow 
absorption lines, but these non-linear variations have 
to be accounted for in the case of larger molecules 
with greater line-widths. For cw laser this change is 
found to be negligible over the measurement range. 
Another interesting thing is related to the amplitude 
of intensity modulation experienced by these lasers. 
Fig 11 shows plots of % intensity modulation seen in 
the pulsed and cw QC laser when a 10 kHz sine 
modulation is applied in addition to a 100Hz current 
ramp. The change in intensity modulation for cw 
laser is relatively higher than that seen with pulsed 
laser. For e.g. in order to achieve modulation depths  
in the range between 0 and 0.2 cm-1, intensity 
modulation for a cw laser ranges between 0 and 30%, 
whereas for pulsed QC laser, this  change  is in the 0-
10% range.  For WMS applications, higher intensity 
modulations are undesirable as they can lead to 
various issues including asymmetries in the measured 
2f signal [30].  
Next, the IM-FM (intensity modulation-frequency 
modulation)  phase shift was measured at different 
modulation frequencies in the 5-100 kHz range  
(figure 13). For the pulsed laser, the current ramp 
frequency used for frequency tuning of the laser was 
kept constant at  100 Hz and the pulse repetition rate 
of the laser was maintained in the 400-800 kHz range. 
The IM-FM phase shift is seen to decrease in a 
quadratic fashion with the applied sine modulation 
frequency  as shown in  figure  12. This is different 
from the results published earlier on DFB lasers [28, 
29]. We have done similar measurements with a cw 
QC laser (figure 12) and have found that the IM-FM 
phase shift increases with the sine modulation 
frequency similar to what is demonstrated by Tao et 
al. [28]  in a recent publication.  The plots for cw  
laser are shown in figure 14This behaviour has been 
attributed  to the complex thermal and current 
response of the laser under modulation conditions, 
which induces this frequency dependence of the 
phase shift.  

Figure 12: IM-FM phase shift vs. sine modulation frequency 
measured for pulsed and cw QC lasers along with quadratic 

fits. 
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Figure  13(a):  IM-FM signals measured at sine modulation 
frequencies of 5 kHz where  ϕ  is the IM-FM phase shift  for 
the pulsed QC laser. The dotted line corresponds to intensity 

modulation and the solid line represents frequency modulation 
measured by introducing an etalon into the path of the laser 
beam. (b): Similar plots for sine modulation frequency of 50 

kHz. 
    

Figure 14(a):  IM-FM signals measured at sine modulation 
frequencies of 5 kHz where ϕ is the IM-FM phase shift for the 

cw QC laser. The dotted line corresponds to intensity 
modulation and the solid line represents frequency modulation 

measured by introducing an etalon into the path of the laser 
beam.  (b), (c): Similar plots for sine modulation frequency of 

20 kHz and 40 kHz respectively. 
  
 CONCLUSION  
 
We have characterized current and frequency tuning 
of a pulsed and cw QC laser to evaluate the utility of 
WMS spectroscopy in combination with these lasers 
and compared their performances. The wavelength 
tuning width associated with the applied laser current 
ramp tends to decrease with increasing ramp 
frequency for the pulsed laser but for the cw laser the 

trend is just opposite. Also, the frequency tuning rate 
along the current ramp is found to follow a quadratic 
behavior  for the pulsed laser but is near constant for 
the cw laser.  For both,  sine modulation frequency 
characterization shows that the frequency tuning 
associated with the modulation frequency decreases 
with higher sine modulation frequencies. IM-FM 
phase shifts were also measured.  Intensity 
modulation associated with sine modulation is 
relatively higher for cw laser.                                         
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