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Abstract:  Intermittent scanning for continuous-wave quantum cascade
lasers is proposed along with a custom-built laser driver optimized for such
operation. This approach lowers the overall heat dissipation of the laser by
dropping its drive current to zero between individual scans and holding
a longer pause between scans. This allows packaging cw-QCLs in TO-3
housings with built-in collimating optics, thus reducing cost and footprint
of the device. The fully integrated, largely analog, yet flexible laser driver
eliminates the need for any external electronics for current modulation,
lowers the demands on power supply performance, and allows shaping of
the tuning current in a wide range. Optimized ramp shape selection leads
to large and nearly linear frequency tuning (> 1.5 cm™!). Experimental
characterization of the proposed scheme with a QCL emitting at 7.7 pm
gave a frequency stability of 3.2 x 107> cm™! for the laser emission, while
a temperature dependence of 2.3 x 10~*cm~! /K was observed when the
driver electronics was exposed to sudden temperature changes. We show
that these characteristics make the driver suitable for high precision trace
gas measurements by analyzing methane absorption lines in the respective
spectral region.
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1.

Introduction

Recent advances in mid-infrared (MIR) laser technology have triggered an impressive progress
in instrumental developments. These analytical tools are increasingly employed in a broad area
of applications ranging from environmental science to industrial process control as well as med-
ical diagnostics [1, and references therein]. With the advent of room-temperature, high power,
and continuous-wave (cw) quantum cascade (QC) distributed feedback (DFB) lasers a large
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variety of measurement techniques have been proposed, successfully demonstrated and even
brought to commercial products (see review by [2, and references therein]). Despite the many
different detection schemes, there is one common property that emerges: the ultimate quest
for compact, easy-to-use, reliable, and low-cost optical analyzers for high precision, multi-
species measurements. The high output power of cw-QCLs allows using thermoelectrically
cooled (TEC) small footprint IR-detectors which, combined with novel absorption cells, is an
important step towards ultra-compact optical designs [22]. However, there are still major ob-
stacles in further reducing the overall instrumental size. At present, most of the QCL devices
require high current (several hundred of mA) for their cw-operation and thus have high power
dissipation [4]. Thus, driver development for this type of lasers is highly demanding with re-
spect to temperature stability and noise level [5]. Furthermore, the significant heat dissipation
of the QCLs requires bulky heat-management and temperature control systems, especially for
low operating temperatures. In addition to these issues, the beam emitted by QCLs, similar to
other semiconductor laser, inherently exhibits a large divergence angle (up to 60°) due to the
strong diffraction at the chip facet caused by the tightly confined waveguide. Thus, an additional
collimating element is needed to shape and couple the laser beam into the rest of the optical
system. Currently, instrument manufacturers are mainly relying on three different packages for
QC laser sources: the benchtop laboratory laser housing (LLH) with a volume of 174 cm?, the
high heat load (HHL) housing (20 cm?), and TO-3 cans (5 cm?) with pulsed QCL. Considering
size, cost and complexity, the TO-3 packaging, preferentially with integrated fast optics for
collimation, would clearly be the industry’s choice if they were available also with cw-QCL.
However, the heat dissipation capacity of TO-3 packages with integrated Peltier element is
only <0.5W when the laser chip needs to be cooled by 25°C compared to 8 and 22 W for
the HHL and LLH, respectively. Therefore, most of the QCLs cannot be mounted into such
housings and alternative approaches are required. There are ongoing developments in the de-
sign of lasers and the optimization of the fabrication processes and QCLs with threshold power
dissipation down to 1 W were demonstrated [6, 7, 8]. Regardless of the wall-plug efficiency of
the deployed laser, the intermittent driving of cw-QCLs proposed in this work allows to consid-
erably (<90%) reduce the power dissipation of the devices, opening the way to very compact
and portable sensors based on QCLs.

Generally, for trace gas absorption measurements, the cw emission frequency of a DFB QCL
is repeatedly scanned over a molecular absorption profile upon the thermal tuning of the re-
fractive index of the waveguide. A fast and periodic change in the temperature of the DFB
laser’s active region is achieved via resistive Joule heating by using an externally modulated
DC power supply, capable of delivering high currents (up to 1 A). The small cross section of
the QCLs active region allows temperature modulation on the order of several hundreds of kHz,
mainly limited by the thermal dynamics of the device [9]. However, such modulation scheme
would require high-speed detection and data acquisition electronics. Therefore, the rate of the
current sweep is typically in the order of few kHz that can be realized by relatively slow and
cost-effective devices.

Pulsed operation schemes have extensively been investigated, especially before the devel-
opment of cw-QCLs. They feature reduced average power consumption compared to the cw-
operation, but at the cost of lower signal-to-noise ratio (SNR), broader line width and generally
more complex driving electronics. Two major concepts were proposed: the inter-pulse [10] and
intra-pulse [11] strategy. For inter-pulse operation, usually short (5 - 10 ns) current pulses are
used with a repetition rate of up to MHz. A few kHz sub-threshold current ramp is superim-
posed to the excitation pulse train for laser frequency tuning and thus an absorption spectrum
is built-up from a few hundred to thousands points, corresponding to individual current pulses
[12]. Nevertheless, pulsed operation puts stringent requirements on the detectors (speed and
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Fig. 1. Laser modulation schemes: a) Standard modulation used for spectroscopy. A saw
tooth waveform modulates the laser current in a narrow range around a fixed set-point above
the threshold (top). For a sufficiently slow modulation the emission wavelength follows the
current (bottom). b) Intermittent modulation with reduced duty cycle. The enhanced tem-
perature chirp at the beginning of the scan causes a large tuning and the emission frequency
is slightly blue shifted, even though the temperature of the laser heat sink is the same.

sensitivity) and pulse-to-pulse variations can seriously limit the achievable SNR by introducing
amplitude noise. In addition, the rapid changes of current that occur with such a short pulse
excitation inherently lead to strong frequency chirping and to significant increase in laser line
width (~ 400 MHz), reducing the spectral resolution of the analyzer [13]. In the case of intra-
pulse measurements, the laser is typically driven by current pulses with 200 ns to 1 ps duration
and relies on the linear frequency down-chirp effect. This method allows to acquire the full
spectral information during a single laser pulse without any additional sub-threshold current
ramp modulation. Also a wider tuning range is accessible with a more linear function of the
scan time. Although, the resolution limitations of both the inter-pulse and the intra-pulse meth-
ods are set by the transform limit of the pulse or the bandwidth-time-duration product of the
signal detected by the detection system [14], the latter approach avoids the limitations associ-
ated to increased effective line width, but has a severe requirement on the bandwidth (~ 1 GHz)
of the detection system.

An alternative approach, which combines the advantage of pulsed and cw-operations, was
proposed by [15] for liquid nitrogen cooled cw-QCLs. The laser was operated in a quasi-cw
mode by applying current in rectangular pulses of 120-235 us duration at about 1 kHz repeti-
tion rate. This reduced the duty cycle, but did not adversely affect the frequency resolution. A
frequency scan of about 2 cm~! was demonstrated. This strategy was primarily aimed to elim-
inate fast boiling of the LN2 in the laser Dewar that caused unwanted temperature drift effects
seriously restricting the data acquisition time.

In this paper we propose a similar laser driving concept, which we call intermittent scanning,
with the aim of reducing the heat dissipation of room-temperature cw-QCLs such that these can
be mounted into a TO-3 package. Reducing the power consumption of the laser by one order
of magnitude is of prime importance, because it is directly linked to less demanding cooling,
temperature control and current sources. Furthermore, we describe a custom developed laser
driver based on the intermittent scanning method. This driver eliminates the need for any ex-
ternal electronics for current modulation or costly, ultra-low noise power supplies. Moreover,
it allows for an easy control of the duty cycle, current pulses ranging from rectangular shape
to pulses featuring different ramp profiles, and pulse duration. Finally, we present methane ab-
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Fig. 2. Schematics of the experimental setup (more details in text).

sorption measurements using the intermittent scanning concept in combination with the custom
developed driver to demonstrate its suitability for trace gas spectroscopy.

2. Intermittent scanning mode

The most frequently used cw-QCL driving and tuning scheme is the current modulation above
threshold at a few kHz. The modulation is usually small and corresponds to less than 10% of
the total driving current as schematically shown by Fig. 1(a). However, there is no fundamental
reason to continuously apply a DC current to the laser. In principle, the QCL can be turned
completely off before the next spectral scan. This is illustrated in Fig. 1(b). The resulting lower
duty cycle also means a reduction of average current flowing through the device, so that even-
tually the heat load remains within the specification of a TO-3. In practice, however, a few
questions arise: i) how good is the reproducibility of the heating during a strongly modulated
current pulse ii) can we still have a control on the laser tuning characteristics, and iii) would
this cycling operation reduce the life-time of the device?

Thermal chirp is the dominating effect which determines the laser current tuning within a
current pulse on short time scale ([16, and references therein]). A comparably large current,
combined with a small active region volume, leads to high density of power dissipation (tens
of kW/cm?) and to very intense heating within the active region. In steady state, the active
region and the grating temperature is significantly higher than that of the heat-sink. For a typical
device the temperature difference between the active region and the heat-sink is typically 30 to
60°C. This has far reaching consequences for the intermittent scanning operation, since the
temperature of the active region is modulated between the heat-sink temperature 7y and the
temperature Ty,,c(I) achieved in steady state with current / applied to the QCL. Therefore, the
intermittent scanning operation also extends the continuous frequency tuning range of the QCL
compared to usual current modulation above threshold. This effect is basically the same as the
thermal chirp observed in intra-pulse spectroscopy using pulsed QCLs, but on the longer time
scale permitted by cw-QCL.

First, to address the concerns about the repeatability and tuning characteristics of the QCL
in intermittent scanning mode, we perform time-resolved spectral measurements of the laser
chirp using a research grade FTIR (Vertex 80, Bruker) in step scan mode. The experimental
setup is schematically shown by Fig. 2. The main elements of the experimental setup consist
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Fig. 3. Time-resolved step-scan measurements of a QCL operated in intermittent scanning
mode in a TO-3 package with square pulse modulation. Recorded with 0.1 cm~! spectral
and 6 us temporal resolution. The periodical ripples around the pulse trace are FT artifacts
due to the box-car function, which was selected to obtain the highest resolution.

of a QC laser mounted on a three axis kinematic stage, a frequency analyzer (etalon or FTIR),
signal detection and acquisition. A flat mirror (M), mounted on a magnetic kinematic base,
can be swapped so that the collimated beam can be coupled either to the FTIR spectrometer
or directed across the Ge-etalon. In the preliminary (proof-of-principle) phase, the laser was
driven by a low noise current source (QCL1000, Wavelength Electronics). The external current
modulation was achieved by a function generator (ArbStudio 1102, LeCroy). This configuration
was later replaced by the custom developed laser driver. In both cases the detector signal was
recorded with a sampling rate of up to 125 MS/s by an USB scope (PicoScope-4227, Pico
Technologies).

In the case of step scan by FTIR, the measurement needs to be repeated at every step and the
signal time evolution is recorded in slices. However, the measurement time is rapidly increasing
with required resolution, which is given by the scanning length. Up to 30 min are required
to record high-resolution spectra with A f = 0.08 cm™!without apodization. Figure 3 shows
a time-resolved measurement of a QCL emitting at 8.3 pm wavelength mounted in a TO-3
package running in intermittent scanning mode. The pulse width is 200 us, the repetition is
1 kHz, which corresponds to a duty cycle of 20%. This was sufficient to reduce the average heat
dissipation and provide a reliable operation. As expected, there is a rapid frequency tuning at
the onset of the pulse in the first 20 us, whereas in the last 150 ps it is considerably slower. The
measurement indicates low pulse to pulse variations, because otherwise a jitter in the emission
frequency would result, due to the averaged intensity at each mirror position in the step scan,
in a broadening of the emission line width of the QCL.

For further characterization of the transient tuning behavior, an alternative setup with bet-
ter temporal and frequency resolution was installed, based on a solid germanium etalon. In
this case, the laser beam is directed through the Ge-etalon and then focused, using an off-
axis parabolic mirror (OAP), onto a thermoelectrically cooled photovoltaic MCT detector
(PVI-4TE-10.6, Vigo Systems). The detector signal is coupled to a high speed (3dB cut-
off frequency 500 MHz) transimpedance preamplifier (VPAC-1000F, Vigo Systems). The de-
tector records the modulated laser amplitude (etalon-fringes) during the laser down-chirp. The
spacing of the fringes is given by the free spectral range of the etalon, which is defined as
FSR=1/(2n(A,T)L), where n(A,T) is the refractive index, estimated using the parametriza-
tion from [17], and L (= 2") is the length of the Ge-etalon. The main advantage of this measure-
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Fig. 4. Frequency chirp measurement of a cw QCL during intermittent scanning with a
square current pulse. The current pulse (a) injected to the laser leads to a shift in the laser
emission frequency that is revealed by the interference fringes of the Ge-etalon (b). The
overall frequency tuning (2.5 cm™! in this case) is then calculated based on the free spectral
range (FSR =~ 0.02455 cm™!) of the Ge-etalon (c).

ment is the speed and the frequency resolution, i.e., a single scan measured with a fast detector
allows us to reconstruct the complete frequency chirp. This requires, however, that the source
emission is narrow band and single mode, which is verified by the FTIR measurements. In
addition, the etalon measurements are inherently relative in frequency. Nevertheless, the com-
bination of both techniques in one setup, as shown in Fig. 2, allows us to make very fast chirp
measurements using the etalon, while the absolute frequency is determined with the FTIR in
rapid scan mode. Since the translation of the mirror in rapid scan mode is not synchronized
with the laser modulation, we require that the modulation frequency is much higher than the
duration of a scan. This is easily fulfilled with the modulation frequencies above 1 kHz and
scanning frequency of 10 Hz and longer.

The laser thermal chirp measurement for a representative device is shown in Fig. 4. A current
pulse generated by the laser driver is presented in the top panel, with the optical response shown
in the middle graph. From this optical response it is possible to reconstruct the frequency tuning
caused by the chirp as function of time by counting individual fringes. The thermal chirp causes
very fast frequency tuning at the beginning of the pulse. This tuning becomes slower as the
laser temperature gets closer to the temperature 7, that corresponds to the temperature of the
active region at constant current /. The actual settling time depends on many factors, besides
others on laser geometry and on pulse shape. Moreover, it is this property, which determines the
length of pulses best suited for spectroscopy. Short pulses lead to very fast tuning representing
a challenge for data recording, while long pulses result in a lower repetition rate, less averaged
samples and thus, to decreased signal-to-noise ratio. A typical MIR laser requires between 40—
80 us for the heating rate/chirp to slow down sufficiently to be easily recorded with standard,
cost-efficient data acquisition boards having 2 to 5 MS /s acquisition rate. For such devices, the
strong nonlinearity at the beginning of the chirp as function of the scanning time is undesirable.
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Fig. 5. Schematics of the analog driver developed for intermittent scanning of cw-QCLs.
The main parts are: i) loading capacitance (Cjy,q) Which can be decoupled from the external
power supply during pulse generation, ii) alternative pathways for laser current realized by
RC-elements defining the shape of the current pulse that is injected to the laser, iii) addi-
tional resistor in series with the laser giving the possibility to change the voltage drop across
the laser and also to fine tune the ramp profile, and iv) a microprocessor unit, which allows
digital communication with a computer via USB-port. Additionally, the driver delivers a
trigger signal (TTL) and offers a laser current monitoring port.

Our investigations of frequency chirp behavior under various driving conditions revealed that
the influence of the ramp, superimposed on the top of a square current pulse, is negligible during
the period of fast tuning (approx. 20 us). After this short period, however, the added ramp led to
an almost linear tuning through the rest of the pulse, similar to the standard cw-ramping scheme,
with the obvious advantage of a larger tuning range. Thus, applying a ramp on the intermittent
scanning seemed to be a promising solution to achieve reliable and spectroscopically useful
operation regime for cw-QCLs in TO-3.

3. Analog driver for intermittent scanning operation
3.1. Concept and Design

The intermittent scanning mode creates additional options in the design of a laser driver. Given
that the laser is off for most of the time (~ 90%) and the pulses applied to the QCL are relatively
long (tens to hundreds of us), it becomes possible to decouple the driver from the power supply
during the duration of the pulse using simple passive electronic elements. This represents a clear
advantage, because it significantly weakens the demands on the quality (noise and stability) of
the power supply. Furthermore, we have opted for a series of capacitors and resistances that
define the current ramp. Most laser drivers require a fast and high resolution control signal,
usually generated by a digital-to-analog converter (DAC), which is often costly, prone to create
ground loop issues, and will always be limited with respect to digital resolution. Alternatively,
we propose a series of RC elements that can be combined to create smooth, analog current
ramps of a large variety of shapes.

Figure 5 shows the schematics of the driver electronics, while a detailed description will be
covered by another paper. Here we briefly present the operation principle of the driver. The
basic idea is to charge a large capacitor (10 mF) through an external power supply during the
time when the laser is off. This external power supply is then disconnected through a MOSFET-
switch when the laser is turned on. Thus, the QCL is solely driven by the energy stored on the
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Fig. 6. a) Current ramp profiles measured for different RC-elements activated and b) the
corresponding tuning behavior of the QCL in TO-3 package driven with the custom devel-
oped analog driver. We found the same pattern for all the seven QCLs (covering the 4.5, 6
and 8 umrange) tested in this work.

capacitor, which assures a floating output and thereby reducing potential problems related to
grounding loops. This approach offers very low noise performance, even when powered by low
quality power supplies.

Apart from selecting different voltages on the external power supply, the driver has three
built-in load (shunt) resistors R;, which can individually be switched into series with the QCL
for controlling the current that flows through it. As previously mentioned, one key factor for
the intermittent operation is the generation of a ramp on top of the current pulse to control the
tuning rate. This is achieved through four individual RC elements, connected in parallel to the
QCL, which can be independently switched in any combination, leading to 16 (2*) possible
configurations. The capacitance of each RC element is 14 pF. To generate pulse shapes with
varying time-constants, the resistors of the individual RC elements are different (R = 22 Q,
Ry =12Q, R3 =7.5Q, Ry =4 Q). All switches, RC elements and load-resistors are controlled
through a microcontroller connected via USB to a PC. The same microcontroller is used to gen-
erate a trigger signal (TTL) synchronized with the laser pulses. Using this driver, it is therefore
possible to generate a wide variety of pulses with the same analog electronics.

The output impedance of the device is mainly determined by the resistors in series with the
laser and the active RC elements. Therefore, depending on the selected configuration, it may
vary between 0.6 and 8 Q. Also the power consumption of the driver strongly depends on the
operating condition. Simulation (LTspice, Linear Technology) of a typical configuration, i.e., a
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Fig. 7. Tuning behavior as a function of duty cycle at constant pulse length.

pulse length of 400 ps, 10% duty cycle, 9.2 V supply voltage, R,C switched on, and an equiv-
alent shunt resistor of 4 Q, resulted in average dissipated power of 0.3 W. This corresponds
to 14% of the dissipated power in an equivalent cw operation regime. The average power of
the driving circuit was in this case 0.4 W. The additional glue logic (mainly microprocessor),
which is not optimized for low power, consumes another 0.9 W. Compared to typical cw-QCL
driving setups involving DC power supply, laser driver, function generator, and laser heat-sink
temperature controller, the overall power consumption of our driver is easily lower by one or
two orders of magnitude.

3.2.  Driver Characterization

A simple absorption experiment allows us to quantify the frequency stability of a laser oper-
ated in intermittent regime and assess the suitability of the intermittent scanning approach for
spectroscopic measurements. Therefore, we extended our experimental setup (Fig. 2) with a
single pass absorption cell, 14 cm long, filled with 1% methane in nitrogen at 80 hPa. The light
source is a DFB QCL, mounted in a TO-3 housing with collimating optics, emitting around
1295 cm ™. This spectral region covers strong methane absorption lines and it is almost free of
water absorption. The laser was driven with our custom developed driver in intermittent regime
up to 20% duty cycle, powered by a programmable DC-power supply (HMP4040, HAMEG
Instruments). The repetition rates were varied between 250 Hz and 1 kHz.

Our first aim was to characterize the frequency down-chirp as function of different current
ramp profiles that can be generated with our custom driver. Figure 6(a) shows a set of different
ramp configurations. The square pulse is generated when all RC elements are turned off, while
the two scans with medium rates are generated with one RC element switched on (either R;C
or R,C), and the fourth scan is achieved with three different RC elements switched on (R;_3C).
The QCL temperature is maintained at 15°C. The pulse is 400 us long with a duty cycle of
10%. Figure 6(b) shows the corresponding frequency tunings achieved with different current
ramps. The maximal frequency range covered within a scan spans ~2.5 cm™~!. The square
pulse leads to pronounced nonlinear behavior at the beginning of the pulse. The pulse shaping
with three RC elements results in a more linear tuning behavior over the entire tuning range
at the expense of a slightly reduced tuning range of 1.8 cm~!. These results demonstrate that
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Fig. 8. Determination of the frequency stability of the intermittent scanning with the
custom-developed driver. The position of a methane absorption line is recorded over two
hours (top) and the corresponding Allan variance plot as a function of integration time is
calculated (bottom).

using RC elements for pulse shaping is a good solution for generating a wide variety of current
ramps, some of which feature large linear tuning ranges. For comparison, the widely used
current modulation approach for cw-QCL tuning can achieve up to 1 cm~! spectral coverage,
but a spectral range of 0.5 cm™! is more typical. However, the possibility of a larger tuning,
as in the case of intermittent scanning, opens new opportunities for multi-species gas detection
applications.

Another evident question is the tuning behavior as a function of duty cycle. The load and un-
load cycles of the capacitor in the custom made driver might result in strongly varying currents
that flow through our device, thus changing the chirp characteristics of the laser. Furthermore,
the duty cycle has an effect on the laser temperature and thus on its frequency. Therefore, we
investigated the influence of changing duty cycle between 1 and 20% by varying the repetition
rate of the current pulse, while keeping the pulse length and shape the same. The results (see
Fig. 7) show that there is only a small and very consistent effect of the duty cycle on the laser
frequency. This property is very convenient, because the frequency and tuning behavior for any
duty cycle can be well anticipated based on any single measurement. Moreover, this property
can be used to compensate slight thermal-drifts of the QCL by simply adjusting its duty-cycle.
This approach represents a clear advantage over the heat-sink temperature correction method,
because it has an immediate, direct and smooth effect. In some particular situations it may even
make the laser TEC obsolete.

The long-term stability of the driver was assessed by tracking one of the absorption lines
of methane over an extended period of time, assuming that the performance is limited mainly
by the driver. Figure 8 shows the time evolution of the measured peak position and the corre-
sponding Allan variance plot [18]. The laser was operated with 100 ps long pulses at 10% duty
cycle. A number of 400 individual absorption spectra, recorded at a sampling rate of 62.5 MS/s,
were co-added in the oscilloscope’s buffer memory and transferred to the PC at a rate of 1 Hz.
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Fig. 9. Influence of varying temperature on the output current of the custom-made driver.
The drift in the absorption line position (gray circles) tightly correlates with the average
temperature (black line) measured by two thermistors (gray lines) monitoring the driver
and the surrounding air temperature, respectively.

The peak position shows a ~ 1 x 107*cm™! (16) scan-to-scan variation over the full record,
while the Allan-variance has a minimum after 10 s, corresponding to a frequency stability of
3.2x 1073 cm~!. An even better (10x) stability performance is observed when considering
the drifts in the relative frequency difference of two neighboring absorption lines. This indi-
cates that the measurements may be influenced by other factors like the PID-control of the
QCL’s heat-sink or temporal instabilities of the trigger signal (£ 2 ns jitter). Nonetheless, the
observed frequency stability is comparable with typical laser line widths (850 kHz at 0.3 s ob-
servation time) reported for free-running DFB-QCLSs based on frequency noise power spectral
density (PSD) measurements [19]. Our high-end instruments (see e.g. [22]) using cw operation
for similar QCLs in LLH with water cooled heat-sink and ultra-low noise (few nA/ Hz!/?) laser
drivers can reach frequency stabilities of 1.6 x 1075 cm~!. This is about a factor two better than
what we found for the intermittent scanning, but on the expense of much more elaborated hard-
ware for temperature and injection current stability. For most gas sensing applications a value
of 10~*cm™! is largely enough, considering the absorption line widths of about 102 cm™! at
full width half maximum (FWHM) in the mid-infrared at gas pressures < 100 hPa.

An important factor that usually influences the long-term stability of a spectrometer is the
temperature dependence of the driving electronics. To quantify this effect, we placed our custom
made driver into an insulated box in which we could cycle the temperature on demand via
Peltier elements. Two thermistors were used to monitor the temperature of the driver electronics
and the air inside the box, respectively. The box temperature was then cycled from 18 °C to
38 °C and back. The external DC power supply was at constant laboratory temperature. Again,
we tracked the peak position of a CHy absorption line. As shown in Fig. 9, the drift in the
line position closely correlates with the mean temperature of the two temperature sensors. The
derived temperature dependence for our driver is 2.3 x 10~ cm~! /K. Considering the typical
laser dynamic response, this would translate into a temperature coefficient of about 10 ppm/K
that is comparable to the values found for commercial laser drivers.

#204582 - $15.00 USD  Received 10 Jan 2014; revised 23 Feb 2014; accepted 23 Feb 2014; published 18 Mar 2014
(C) 2014 OSA 24 March 2014 | Vol. 22, No. 6 | DOI:10.1364/0E.22.007014 | OPTICS EXPRESS 7025



1.0 Y

0.9 —

0.8 -

= Resx10®

=3

j

Transmittance

0.7
0.95 —

0.6 0.90

1295.60 1295.70 1295.80

0.5 T T T T T T T T T T T T T T T T T T T T T T T
1294.4 1294.6 1294.8 1295.0 1295.2 1295.4 1295.6 1295.8 1296.0
Wavelength (cm’')

Fig. 10. Measured transmission spectrum of 1% methane at 80 hPa in a single pass 14
cm long gas cell measured in intermittent scanning mode with a spectral resolution of
3.4 x 10~% cm~!. The laser is operated in a TO-3 package and is driven by the custom
made driver. The inset graph shows a close-up view of a spectral range with isotopologues
of CHy fitted to Voigt profiles with the associated fit-residuals.

3.3.  Spectroscopic application

Finally, to assess the suitability of the driver and the intermittent scanning concept for high
resolution laser absorption spectroscopy, we measured methane (1%) with a spectral coverage
of about 1.8 cm™! around 1295 cm™!. The absorption spectrum (Fig. 10), containing 8192 data
points, was recorded at a sampling rate of 15 MS/s and averaged over 2000 scans in the buffer
memory of the oscilloscope. Using a 350 pus long ramp at 10% duty cycle, it resulted in an ef-
fective spectral data acquisition rate of 0.1 Hz. This corresponds to the optimal averaging time
obtained from the Allan variance analysis (Fig. 8). The relative frequency scale was determined
using the etalon fringes as described in Sect. 2, and calibrated from the known frequencies of
the observed transitions by using the HITRAN database [20]. The absorption lines in a nar-
row spectral range were then fitted to a Voigt-profile [21], as shown by the inset in Fig. 10.
The selected spectral window contains absorption lines of both the main isotopologue >CHy
and the 3CHy species. Therefore, we could also assess the possibility of measuring the cor-
responding isotope ratio. Running the measurements continuously over 15 hours, we obtained
a standard deviation (15) of the 3CH4/!2CHy ratio of 4 %o over the whole period. Ratioing
the absorption peaks removed correlated noise terms and allowed for extended averaging. At
the optimal integration time of 280s the measurement precision was 0.45 %o. Scaled to state-
of-the art spectroscopic setups with over 200 m optical path length (see e.g. [23]), this would
correspond to a precision of about 1.5 %o for 1*CH4/!2CH, at atmospheric abundance. Thus,
the present performance of our setup is lower by about one order of magnitude, but we should
note that the measurements were done without any temperature stabilization of the optical setup
(decisive for isotope ratio measurements), nor background substraction or fringe suppression,
and at 10% duty cycle only. Given the relatively low frequency scanning, the spectroscopic
system is mainly dominated by the 1/f noise, thus the penalty due to the reduced duty cycle
scales by v/n, where n is the number of acquired spectra for a given acquisition time. As further
optimizations of the spectroscopic setup are readily possible, we conclude that the proposed
intermittent scanning approach and the described laser driver are highly promising with respect
to performance, compactness and cost efficiency.
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4. Conclusion

In this paper we demonstrate the successful operation of a cw-QCL in a TO-3 packaging with
collimating optics implementing the intermittent modulation concept. This operation scheme
effectively reduces the power consumption and correspondingly the average heat dissipation
of a cw-QCL below 1 W by completely shutting down the driving current after each spectral
scan for long enough time for the laser to cool down. Laboratory investigations of decisive
parameters, involving repeatability and tuning characteristics, revealed stable operation behav-
ior that allows the application of the intermittent scanning approach in molecular absorption
spectroscopy. To fully explore the advantage offered by this concept, we developed a cost ef-
fective, compact, largely analog, yet flexible laser driver with low power consumption (< 1 W)
operating without any external current modulation or high compliance power supplies. Further
built-in flexibilities are the possibility of varying duty cycle and defining current pulses ranging
from rectangular shape to pulses featuring different ramp profiles. The driver assures low-noise
operation, thus a high frequency stability (3.2 x 107> cm™!) of the laser, while selecting opti-
mum ramp shape leads to large and nearly linear frequency tuning (> 1.5 cm™!) of the QCL.
These features largely compensate for potential loss in signal-to-noise ratio due to the reduced
duty-cycle and open the way towards the development of compact, cost and power efficient
gas sensors based on QCLs. The driver was continuously operated for a period of two months
without any indication for degradation in the laser characteristics. The suitability for molecular
spectroscopy was assessed by analyzing methane absorption lines in the 7.7 pm spectral region.
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