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Abstract We apply a newly developed 2-pm distrib-
uted Bragg reflector (DBR) laser to CO, spectroscopy. We
achieve mode-hop free wavelength tuning over 4 nm by
sweeping the DBR current and phase control current, simul-
taneously. The sensitivity of this laser spectroscopy system
is better than 5 X 1073, which is the noise level, and means
that a CO, concentration of 400 ppm can be detected with
a path length of 1 m. We confirm that the DBR laser in the
2-pm region maintains a wide tunability of 4 nm even when
rapidly swept at a scan rate of 10 kHz.

1 Introduction

Tunable diode lasers with a narrow linewidth are advanta-
geous for gas spectroscopy because they make it possible to
obtain fast and absolute measurements of species concentra-
tions and flow parameters. In addition, these lasers are very
attractive for practical applications owing to their compact-
ness, reasonable cost, robustness and relative ease of use,
and have been successfully applied to many gas species
including NO, N, 0, CO, CO,, O0,, CH;Cl, CH,, H,0, and
NH; in a variety of environments [1-4]. Telecom-qualified
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distributed feedback (DFB) lasers operating at 1.3—1.8 pm
are especially useful because they provide low-noise and
mode-hop free tuning characteristics, which are require-
ments for concentration measurements. Another advantage
of these DFB-LDs is that light can be delivered through a
fiber. They offer greater flexibility in terms of sensor design,
which allows the realization of a remote gas sensor that oper-
ates under harsh environmental conditions.

The higher order overtones or combination bands of many
gas species are probed using laser gas spectroscopy in this
window. On the other hand, the absorbance of some mol-
ecules in the 2.0-pm region is much stronger than that in the
1.5-pm region. For example, the band strength of the CO,
band near 2.01 pm is approximately a factor of 73 larger
than the band near 1.58 pm [5]. As a result, laser absorption
measurements near 2.0 pm improve the detection sensitivity
of species concentration measurements without losing the
benefit of fiber delivery.

The tunable wavelength range of DFB-LDs is limited to
around a nanometer because wavelength tuning is achieved
by a current-induced temperature change in the active
region. The temperature response of the active layer also
limits the current sweep speed of a DFB-LD to less than a
few tens of kHz while maintaining the same wavelength tun-
ing range [6]. On the other hand, distributed Bragg reflector
(DBR) lasers enable wide and rapid wavelength tuning via
current modulation. A DBR laser has an active region that
provides optical gain and a DBR region whose refractive
index can be changed by controlling the injection current. A
wide wavelength tuning range of 5—10 nm is realized by con-
trolling the injection current of the DBR region. DBR lasers
operating in the 1.5-pm [7-10], 640-nm [11], 670-nm [12],
800-nm [13, 14], 860 and 990-nm [15] bands have already
been developed and applied to laser sensing for various
molecules [16, 17]. Recently, we successfully developed a
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tunable DBR laser operating in the 2-um region and reported
continuous wavelength tuning of 5.6 nm along with a side
mode suppression ratio (SMSR) of larger than 30 dB [18].

The aim of the present work is to extend the diode-laser
sensor system to the sensitive measurement of CO, near
2.0 pm using a novel DBR laser. Spectroscopic measure-
ments and sensors using many semiconductor lasers have
already been developed [4, 19-23], but there has been no
measurement using DBR in the 2 pm region. In this study,
the injection current condition for continuous wavelength
tuning of 4 nm is investigated, and the characteristics of a
rapid scan at 10 kHz while maintaining a wide sweep range
are described. We also measured CO, spectra from 2.012 to
2.016 pm (4959-4970 cm™') and compared the results with
the HITRAN2012 database. The detection sensitivity of the
sensor system is also determined.
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Fig. 1 Schematic diagram of 2-pm DBR laser cross-section. SOA:
semiconductor optical amplifier region, front DBR: front DBR
region, Act: active region, PC: phase control region, rear DBR: rear
DBR region

2 2-pm DBR laser

Figure 1 shows a schematic drawing of the structure of
our newly developed 2-pum DBR laser. This laser consists
of a semiconductor optical amplifier (SOA) region, a front
DBR region, an active region, a phase control (PC) region
and a rear DBR region. Strained InGaAs multi-quantum
wells (MQWs) are used in the active and SOA regions, and
InGaAs is used for the passive layers of the DBR and PC
region. The passive layers (the DBR and PC regions) were
selectively regrown and butt-jointed to the active and SOA
regions on an n-InP substrate. The design parameters are
described in detail in Ref. [18].

To investigate the wavelength tuning characteris-
tics of this laser diode, the DBR and phase sections
were current-tuned in the 0 mA < Ipgg < 20 mA and
0 mA < [, < 20 mA ranges at T = 25 °C, where Ipgg
and I, represent the currents injected into the DBR and
the phase regions, respectively. Figure 2 shows a contour
graph of the lasing emission wavelength monitored with an
optical spectrum analyzer as a function of the DBR-section
and phase-section currents. Here, the active section current
I,.. and the SOA section current Iy, were fixed at 80 mA.
The wavelength tuning range of the laser was found to be
over 7 nm. The contours illustrated in Fig. 2 clearly show
the boundaries at which discontinuities, i.e., mode hoppings
occur. These repeated mode hoppings are observed approxi-
mately every 1 nm for the fabricated laser, so we understand

Fig. 2 Emission wavelength
of the DBR laser as a function
of the DBR and phase tuning
currents, Ipgg and Iy, With
a fixed active layer current

1, = 80 mA and SOA layer
current /g5, = 80 mA. The
right bar is in nanometer units.
An arrow shows the condition
where the DBR and PC cur-
rents are swept synchronously
(Fig. 6b)
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Fig. 3 Output power charac- (a) (b)
teristic of the DBR laser as a [ [ [ [
function of the currents injected 3.5
into the active and SOA layers.
Here, Ippg and I, are fixed at 20
0 mA. a shows the active layer 30+ _
current dependence when the )
SOA current was a constant
50 mA. b shows the SOA layer
current dependence when the 15k 25 I
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that a continuous molecular spectrum of, for example CO,,
N,O, or NH;, cannot be obtained when the DBR layer cur-
rent or the phase layer current is tuned independently. On
the other hand, we found that synchronous tuning of both the

Signal (arb. unit)
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Fig. 4 Intensity versus frequency analysis of the DBR laser with a
scanning Fabry—Perot etalon. The measurement was carried out
with Ingg = 0 mA, I, = 0 mA, I, = 80 mA and I, = 80 mA.
The inset is the left resonance expanded. The observed resonance
linewidth is 10 MHz

SOA layer current (mA)

DBR layer and the phase layer currents enables continuous
wavelength tuning without mode hopping. By repeating this
DBR vs phase current tuning measurement, we observed a
continuous wavelength tuning access condition of ~ 4 nm as
mentioned in section I'V.

Next, we checked the continuous wave (CW) opera-
tion characteristics of the DBR laser. Here, Ipgg and /.
were fixed at 0 mA and the temperature was controlled at
25 °C. Figure 3a shows the active layer current dependence
of the output power when the SOA layer current was fixed
at 50 mA. We found that there was marked output power
saturation for an active layer current of over 60 mA. By
contrast, we observed the linear SOA current dependence of
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Generator [_ ~ ~| Current |
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T T T

o Col. Lens :
M !

bR | @ ] ]

Laser L J
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Fig. 5 Experimental setup. Col.: collimator lens, InGaAs: extended
InGaAs detector. Dotted lines indicate electrical cables
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Fig. 6 Fine structure of the combination band v, + 2v, + v; of
CO,. a Spectrum when only changing the DBR current from 3.6 to
20.4 mA with 50 Hz up-sweep. The discontinuities correspond to the
boundaries in Fig. 2. b Spectrum when sweeping the DBR and PC
currents synchronously. The lasing wavelength was changed from
2012 to 2016 nm. The DBR current varied from 3.6 to 20.4 mA and
the phase current varied from 0.3 to 29.0 mA. Seven strong lines
were clearly obtained and these absorption lines correspond to P(22)
to P(10). Eight scans of spectra were averaged. Additionally, a thick
blue line shows the spectrum without the absorption cell

the output power up to 100 mA when the active layer current
was fixed at 50 mA (Fig. 3b). An output power of 3.7 mW
was obtained with active and SOA layer currents of 100 mA.

The spectral linewidth of the DBR laser was meas-
ured using a piezo-electric transducer (PZT) scanning
Fabry—Perot interferometer. The free spectral range (FSR)
and finesse of the interferometer were 1 GHz and over 200,
respectively. Figure 4 shows the transmitted intensity when

@ Springer
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Fig.7 Normalized (a) and calculated (b) spectra for CO,
V| + 2v, + v; band: a is measured at room temperature; b is simulated
using “SpectraPlot” under condition of partial pressures of 80 Torr
for CO, and 110 Torr for air, and an absorption length of 20 cm at
300 K [24, 25]

the cavity was tuned over one FSR. The inset in Fig. 4 is
an enlarged view of the left resonance line. The appar-
ent linewidth (full-width at half-maximum, FWHM) was
observed to be about 10 MHz when both the I and the
Lhase Were set at 0 mA. Note that the right resonance is small
because one of mirrors of the Fabry—Perot etalon is mis-
aligned at a position corresponding to the right resonance.

3 Experimental setup for CO, gas detection

Figure 5 shows the experimental setup for CO, gas detection
using the DBR laser described in section II. A 2-pm output
from the fiber was collimated with a collimating lens and
injected in an absorption cell filled with CO, gas. The partial
pressures of the CO, and air were 10.7 kPa (80 Torr) and
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Fig. 8 Expanded spectrum 1.0
of P(14) in Fig. 7. (Top) The

red line is the measured data

and the blue dots are a fitting 0.9
curve. (Bottom) The difference '
between measured data and

fitting
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14.7 kPa (110 Torr), respectively. The cell was kept at room
temperature. The output beam from the cell was focused
with a lens that had a focal length of 100 mm and detected
by an extended InGaAs detector. The detected signal was
amplified with a trans-impedance amplifier and monitored
by an oscilloscope with a 12-bit vertical resolution. The
total bandwidth of the detection system was 100 MHz. The
spectral absorbance was obtained by dividing the measured
transmitted intensity by the reference intensity, which was
obtained without the absorption cell.

Individual spectrum measurements were recorded by syn-
chronously applying triangular waveforms to the injection
currents of the DBR and phase layers via current drivers.

4 Results

Figure 6 shows the ro-vibrational spectrum of the combina-
tion band v, + 2v, + v; of CO, located at 2.01 pm measured

4966.2 4966.3 4966.4

Wavenumber (cm'1)

with a scan speed of 50 Hz. The spectrum was averaged over
eight times after filtering the signal from the detector with
a low pass filter whose 3 dB cut-off was 80 kHz. Figure 6a
shows the spectrum acquired simply by only changing the
DBR current from 3.6 to 20.4 mA with up-sweep (the phase
current is 0 mA). The observed discontinuities correspond
with the mode hoppings, which are shown as boundaries in
Fig. 2. On the other hand, a wide continuous wavelength
scan was achieved from 2012 to 2016 nm without mode hop-
ping by synchronously sweeping the DBR and PC currents
(Fig. 6b). For this scan, the DBR current was varied from
3.6 to 20.4 mA and the PC current was varied from 0.3 to
29.0 mA as efficient current sweep was achieved. This cor-
responds to an arrow in Fig. 2. We clearly observed seven
strong absorption lines, which are labeled P(22) to P(10).
The wavelength separation between P(22) and P(10) is about
4 nm (12 cm™"). The number inside the parentheses is the
lower-state rotational angular momentum of carbon dioxide.
The inequality of the absorption line separation in Fig. 6b is
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Fig. 9 Expanded spectra of Fig. 7. Normalized (a) and calculated (b)
spectra. The arrows indicate 1*C'°0, absorption lines

caused by the non-linear response of the wavelength tuning
against currents applied to the DBR and the phase layers.
Additionally, a thick blue line shows the spectrum without
the absorption cell.

Figure 7a shows the normalized spectrum of CO,. The
spectrum was obtained by dividing the spectrum in Fig. 6b
by the reference spectrum, which was acquired without the
absorption cell. In this figure, the horizontal axis shows the
lasing wavenumber. We calibrated the non-linearity between
the wavenumber and the time relationship using the least
square fitting method, whose coefficients we obtained from
the observed CO, lines as markers. The fitting function is a 6th
order polynomial and the line center uncertainty is 0.2 GHz.
We carried out the fitting of observed seven absorption peaks
using Lorentzian function. Figure 7b shows the calculated
spectrum of CO, for 300 K based on HITRAN2012. The spec-
trum was calculated with using web-based simulating spectra

@ Springer

Table 1 Spectral data of the isotope CO, lines of the v, + 2v, + v,
vibrational band, taken from the HITRAN2012 database [5]

Intensity [cm™!/(mol-  Rotational state

ecule/cm™2)]

Wavenumber (cm™")

12C1602
4958.97 1.05 x 1072! P(22)
4960.83 1.13 x 1072 P(20)
4962.66 1.17 x 10721 P(18)
4964.47 1.19 x 1072 P(16)
4966.24 1.17 x 1072 P(14)
4967.98 1.11 x 1072 P(12)
4969.70 1.01 x 1072 P(10)

13C1602
4958.90 2.08 x 107 P(36)
4960.93 2.59 x 107 P(34)
4962.93 3.16 x 107 P(32)
4964.91 3.78 x 107 P(30)
4966.87 443 x 107 P(28)
4968.79 5.09 x 107 P(26)

application “SpectraPlot” [24, 25]. The parameters we used
for the calculation were the partial pressures of the CO, of
80 Torr and air of 110 Torr, respectively, and an absorption
length of 20 cm. We found overall agreement between the
experimentally obtained results and the calculated spectrum
shape, although there was a slight difference. Figure 8 shows
an expanded view of the measured and fitted spectra of P(14).
The FWHM of each absorption line was found to be about
1.5 GHz (0.05 cm™"), which was caused by pressure broaden-
ing and Doppler broadening. It is well known from Ref. [26]
that the linewidth of a Voigt function is neither Avp + Ary, nor
(Av2D+ Ayﬁ)” 2 when the Doppler width, Avpy, and the homo-
geneous width, Ay, are present, where A, is considered to be
pressure broadening. However, the linewidth of the Voigt func-
tion approaches (Av+ A1) as Av,/Avy, increases. Under
our experimental condition, calculation using the HITRAN
database showed that the values of 2Av, and 2Ay, are 0.28
and 1.55 GHz, respectively, and the Lorentzian function is ver-
ified for the fitting. We confirmed that the observed linewidth
including uncertainty is consistent with the calculation.

The isotope absorption coefficient of '*CO, is two orders of
magnitude weaker than that for the identical rotation—vibration
transition of 1>CO, because of its natural abundance. Figure 9
shows the expanded spectrum of the baseline. We observed
many weak lines, which included the isotope *C'°0, absorp-
tion lines. Table 1 shows the observable isotope CO, lines
of the v; + 2v, + v; vibrational band referenced from the
HITRAN2012 database [5]. Although six *C'°0, lines are
predicted to be located in this wavelength region, we observed
only four lines, which are indicted with arrows, because two
lines, P(34) and P(36), are overlapped by the strong 12CmO2
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Fig. 10 Rapid current sweeping [
spectrum. This spectrum was 2.0 -
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lines. We observed the absorption line of P(32) of 13Cl(’O2
whose intensity is three orders of magnitude weaker than that
of ?C!®0, lines. We estimate that the noise level is less than
5 x 1073, On the other hand, the baseline has its own fluc-
tuation of 1.4 x 1072, If we assume that the sensitivity of the
optical sensing system is determined by the noise level, this
noise level corresponds to the detection capability of the P(16)
line of '2C'%0, in air whose concentration is 400 ppm with a
pass length of 1 m. This is because a 1 m absorption of P(16)
of 12C1%0, is calculated as 0.6% (6 x 10~%) using approximate

Eq. (1).

c 1 Av

kgT 7 (v - v0)2 + (Av)2

I(v) = I, exp Spcozl (1)

where I, is the incident intensity, ¢ is the speed of light, kg
is the Boltzmann constant, T is temperature, S is the line
intensity in HITRAN, p., is the partial pressure of CO,,
vV, is the resonant frequency of the absorption, Av is the
linewidth of the line, which is the air broadening coefficient
(Av =2.1 GHz) (half width at half maximum, HWHM), and
1 is the absorption length [27].

Finally, we estimate the rapid sweep property of
the DBR laser while maintaining a wide wavelength
range. Figure 10 shows the spectrum when the DBR and
phase currents are synchronously changed with 10 kHz

-10 0 10 20
Time (s)

triangle-waveform current modulation. A wide-band
spectrum of 4 nm, whose bandwidth is the same as in
Fig. 6b, was acquired in only 50 ps. We further investi-
gated the rapid sweep property up to 40 kHz and verified
that there is a mode hopping-free scanning range up to
3 nm. Over 50 kHz, we recognized mode hopping. We
consider the reason is that the boundary in Fig. 2 changes
and the arrow crosses over the boundary accordingly in
the lower current region.

5 Conclusion

In summary, we reported the 2-pm wide and fast swept
spectroscopy of CO, using a DBR laser. We demonstrated
CO, gas detection using the developed spectrometer and
investigated its detection sensitivity. The DBR laser pos-
sesses both a wide tunability, ~ 4 nm, and a rapid sweep
speed, of over 10 kHz. CO, spectra between 2.012 and
2.016 pm (4959-4970 cm™"') were measured and compared
with the HITRAN2012 database. The DBR laser offers
a rapid and wide-range sweep and an estimated detec-
tion sensitivity of < 5 x 107>. With this DBR laser, it
is possible to observe a plurality of absorption lines at
a sweep rate of about 10 kHz while maintaining a wide
tuning range, so that the concentration and temperature
distribution in a high-speed transient phenomenon can be

@ Springer



260 Page 8 of 8

M. Abe et al.

detected. The applications of this 2-pm DBR laser range
from spectroscopy in basic research to the industrial analy-
sis of combustion.
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