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Abstract. A broadly, continuously and rapidly tunable cw specific practical drawbacks. Current developments on dis-
laser spectrometer based on difference-frequency generatitnbuted feedback quantum cascade lasers [10] or solid-state
in bulk LiINbOs3 is reported. Using an external cavity diode lasers likeDy:BaYhbyFg [11] are promising, but still do not
laser, tunable from 795 t825 nm and a cw diode-pumped meet all of the above-mentioned requirements and are not yet
Nd:YAG ring laser at1064 nm we produced narrowband commercially available.

mid-ir laser light between 3.16 an8.67u.m. This broad For real-time, true multi-component capability of a DFG
tuning range of440cnT?! can be critically phase-matched laser-based gas sensor a substantial continuous DFG laser
by changing the external crystal angle within a range otuning range is required with rapid scan and control possibil-
only 0.4°. Even for a fixed crystal angle broadband phaseity. Pine [12], who first reported on DFG for high-resolution
matching ove230 cnt! was achieved. No realignment was spectroscopy, achieved a broad tuning range from 2.2 to
required when tuning the laser over the whole wavelengtid.2 um by temperature tuning of &iNbOj crystal. How-
range, which enabled the use of a com@@im multipass ever, this is a rather slow tuning scheme. Simon et al. [2]
cell as gas chamber. The conversion efficiency could be imapplied critical phase-matching AgGa$S, cut for90° type-|
proved by almost a factor of 3 by applying noncollinearphase-matching, using an external cavity diode laser (ECDL)
instead of collinear phase-matching, resulting3tinW of  near795nmand a diode-pumpelNd:YAG laser (frequency
idler power with good beam quality. Spectra of methane weréxed at1064 nn). To cover a wavelength range from 3.155
recorded in laboratory air, which demonstrate the rapid antb 3.423um the internal phase-matching angle was varied be-
continuous broad tunability at high sensitivity, enabling subtween90° and75°, which yielded an external angle range of
ppmdetection. Finally, wavelength modulation spectroscopy88°. Recently, quasi-phase-matched DFG laser spectrometers
at high resolution was applied as a promising tool for furtheihave been developed that use periodically poled lithium nio-

inproving the performance of this laser spectrometer. bate (PPLN) [3, 4]. Thus the largest nonlinear coefficat
in LINbO3 can be used. Goldberg et al. [13] achieved a con-
PACS: 42.65.Ky; 42.62.Fi tinuous wavelength tuning range between 3.0 drtum

for a fixed grating period in PPLN. However, this arrange-

ment requires a large angle rangebsf for grating rotation,
The atmospheric windows from 3 fgum and 8 tol4pumare  which makes fast and accurate tuning across a broad wave-
the preferred spectral regions for trace gas detection withilength range rather difficult. Furthermore, compensation for
the mid-infrared wavelength range between 2 &Wdum, maintaining the beam direction would be necessary. In the
where many molecules of interest show strong fundamentahnge of4.3—4.6 um, Goldberg et al. [14] performed wide-
rovibrational absorptions. Difference-frequency generatiotvand phase-matching for a fixed phase-matching angle, which
(DFG) in nonlinear crystals, pumped by commercial singlepermits fast and stable wavelength tuning within this range.
frequency diode lasers aff diode-pumped solid-state Topfer et al. [5] used a multigrating chip of PPLN with eight
lasers in the visible or near infrared, has proven to be a usetripes of different domain grating periods resulting in ideal
ful technique for high-resolution infrared spectroscopy [1-7]phase-matching for eight narrow wavelength regions. Re-
These DFG sources offer the benefits of reliability, compacteently, developments have been reported on single-frequency
ness, no need of cryogenic cooling, low cost and low powecw optical parametric oscillators using such a multigrating
consumption in combination with good amplitude and fre-PPLN chip as a nonlinear optical crystal and a diode-pumped
quency stability. In these respects, they are superior to oth&td: YAG ring laser as a pump source [15]. Up 140 mW
tunable mid-ir laser sources, such as color-center lasers, leaof idler power in the mid-ir range were reported with a fre-
salt diode lasers [8] or sources based on sideband generatiquency stability of less thahO MHz/min, making this laser
by CO andCGO;, lasers [9], which all suffer from their own source interesting for spectroscopic applications. However,
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broad tuning had to be performed by changing the crystadnd signal sources for the mixing process: an external cav-
periods and then adapting the temperature of the crystal béy diode laser (ECDL) with an output power between 25
tween 110 and50°C. A small, mode-hop-free continuous and 30 mW at wavelengths tunable fro95 nmto 825 nm
tuning range o GHzwas achieved by varying the pump fre- (EOSI, Model 2010), and a cw diode-pumped monolithic
quency through temperature control of the laser crystal. Nd:YAG laser emitting up tol W in a single longitudinal
The purpose of this work was to develop a compactmode at1064 nm(Laserzentrum Hannover e.V., InnoLight
rapidly tunable DFG laser spectrometer by employing a cwcmbH). These lasers have linewidths of a few MHz (ECDL)
diode-pumped\d:YAG laser at1064 nmand an external and ~ 1kHz (Nd:YAG) resulting in a narrowband mid-ir
cavity diode laser (ECDL, tunable from 795 85nm) as laser source. The polarization of the Nd:YAG laser beam
pump sources as well as a multipass cell as a gas charns- changed from elliptical to linear by inserting a quarter-
ber. The mid-ir radiation is continuously tunable in the rangevave plate. A vertically polarized beam is then obtained by
from 3.16 t03.67um, where at least 60 of the 189 “haz- a half-wave plate, allowing type-I phase-matchingliNbO3
ardous air pollutants” (HAPs), which have been defined irin combination with the horizontally polarized ECDL. The
the US Clean Air Act Amendments of 1990 [16], exhibit pump and the signal beam are overlapped by a polarizing
absorptions. At atmospheric pressure, many of these conbeamsplitter after spatial mode-matching (lensgslls and
pounds (methanol, ethanol, benzene, toluene, etc.) show sinti;) and focused by the lenses, I(f =200 mn) and Ls
lar quasi-continuous absorption spectra. To analyze multicf = 150 mn), respectively. In an antireflection-coated (AR-
component mixtures of such molecules, a broad continuousated)’ mmx 7 mmx 25 mm LiNbG; crystal (Fujian Casix
tuning range must be available [17]. We apply critical phaseLlaser, Inc.), cut at6.5°, critical phase-matching is applied
matching in bulkLiNbO3; with the advantage of an ultra- by rotating the crystal in the horizontal plane. The radiation
narrow range of the external angle, sufficient for achievingf the pump and signal waves is removed by an AR-coated
phase-matching over the whole tuning range. This results iGermanium filter and the generated idler beam is collimated
a very stable beam direction of the generated idler wavdyy the lens lg (f =200 mnj. After deflection by the mir-
a crucial feature when a compact multipass cell is employedors My and M, the idler beam is slightly focused by the lens
A main drawback of critical phase-matching, however, is the_; (f =380 mn) into the center of the multipass cell (type
walk-off between the pump and signal beams in the birefrinHeriott). The transmitted radiation is detected by a liquid-
gent crystal, resulting in an order-of-magnitude lower con-itrogen-coolednSbdetector.
version efficiency than for noncritical phase-matching [18]. The phase-matching curve ItiNbO3 for the employed
Therefore, we investigated noncollinear phase-matching fgpump and signal lasers is depicted in Fig. 2. The measured ex-
walk-off compensation in view of power boosting by simul- ternal crystal angle was recorded relative to phase-matching
taneously maintaining beam quality. We report on the desigat a pump wavelength 0810 nm by counting the steps
and performance of this compact gas sensor with regard to ga$ the computer-controlled, motorized rotation stage (Owis,
analysis over broad spectral regions by monitoring samples @MT40). A comparison with calculated data taken from well-
methane and natural laboratory air. Furthermore, we presekhown Sellmeier equations [19] is also shown. When the
spectra of methane with high resolution by applying direcECDL was tuned from 795 t825 nm the wavelength region
absorption as well as wavelength modulation spectroscopy. between 3.16 an8.67 um was covered by varying the exter-
nal angle within a range of onl@.4°. A characteristic fea-
ture and main advantage of critically phase-matched DFG in
1 Diode-pumped, continuously tunable DFG source LiNbOg3 is the broad minimum around a pump wavelength of
815 nm This fact allows wideband phase-matching of several
Our experimental setup is illustrated by the schematic dihundred wavenumbers, since an angular acceptance band-
agram in Fig. 1. Two compact lasers are used as pumywidth (FWHM) of greater tha©.06> was measured. Figure 3
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) . ) ) pump walk-off. The wave vectors of the pump and signal beams propagate
Fig. 2. Type-I phase-matching curvéeft ordinate for bulk LiINbOs, cutat ¢ 2 2° (walk-off angle) with respect to each other inside the crystppér
an angle of46.5° with respect to the optic axis. The broad minimum in gjagranj. As a result, the Poynting vectof, of the pump ands; of the
this curve results in an ultranarrow angular range of dW, which is  sjgnal beams coincide within the crystal, whereas the Poynting v&ctr

sufficient for achieving phase-matching over the whole idler tuning rangehe generated idler beam walks off at an angl@oflower diagran). The
between 3.15 an8.7 um (right ordinatg. The measured data points agree crystal used had a length @ mmand a width of7 mm
well with the calculatedsolid line based on Sellmeier equations

12 ' ' ' ' each other, walk-off is fully compensated, which is deduced
phase-matched wavelength from the fact that the signal and pump beams enter and leave
10l v the crystal at the same spots on the front and back facet of the
crystal. To realize this “strong” noncollinear phase-matching,
T osl the polarizing beamsplitter (Fig. 1) was replaced by a mirror
o deflecting the signal beam so much that it entered the crys-
& o6l tal at an angle otx = 5° with respect to the pump beam,
§_ ' which itself was not affected by the mirror. In this config-
5 o4 uration the phase-matching anglesLiiNbO3z were shifted
T towards higher values arourid® to the optic axis. A four-
times-higher conversion efficiency was achieved for this fully
02r walk-off compensated, noncollinearly phase-matched DFG
00 compared with collinear phase-matching. The generated idler

330 3.40 350 360 370  beam propagated, however, atan anglé ef 9° with respect
to the overlapping pump and signal waves inside the crystal.

Fig.3. Tuni d rating wideband oh chi IThis resulted in a larger diameter of the idler beam (Fig. 4)
ig. 3. Tuning curve demonstrating wideband phase-matching over near ; ; o ;
300 nmin the mid-ir without any crystal rotation. Thisurvewas recorded and a still lower conversion efficiency than would be obtained

at a fixed phase-matching angle optimized for a pump wavelength ofOr Noncritical ©C0°) phase-matching. In order to calculate the
810 nmas indicated conversion efficiency for noncollinearly phase-matched DFG,
the physical crystal length has to be substituted by an ef-
fective lengthL e [20]:
shows a tuning curve for a fixed phase-matched wavelength L
covering an idler range from 3.35 @63um without any < Lw )2

idler wavelength [um]

crystal rotation. The minimum in the center of this curve atleff sin® (1)
3.48um corresponds to the minimum in the phase-matching
curve of Fig. 2 at a pump wavelength né&lr'5 nm A very  wherew represents the diameter of the pump and signal beam
interesting, broad spectral range for trace gas analyses cand @ the walk-off angle of the idler beam. We have em-
thus be accessed, and fast scans can be performed at a §imyed an uncoates)-mm-longLiNbO3 crystal and obtained
ble direction of the generated mid-ir beam. By adapting the 1.4-times-higher conversion efficiency than for tiemm-
phase-matched wavelength, the tuning curve of Fig. 3 can Heng crystal as predicted by (1). The dependencégfon
shifted towards shorter or longer wavelengths, which changes and¢ illustrates that the introduced decreasing overlap be-
the shape and hence the width of the curve. tween the idler and pump waves (idler walk-off) limits the
These advantages of critical phase-matchingidbO3;  possible gain in the generated output power. When the pump
are achieved at the expense of a poor conversion efficien@nd signal beams were focused to a spot radius of approxi-
caused by Poynting vector walk-off & 2.2°) between the mately100pum into the middle of the crystal, the maximum
extraordinary pump and the ordinary signal waves inside thiller power was obtained at an anglex 4.1° as a trade-off
crystal. In order to compensate for this walk-off, we investi-between idler walk-off and pump walk-off. We investigated
gated noncollinear phase-matched DFG in view of a mid-ithe influence of these two effects by further decreasing the
laser source useable for spectroscopy. Figure 4 shows tlamglex between the incident pump and signal beam. Figure 5
wave vectors and Poynting vectors of the three interactinghows the dependence of the obtained conversion efficiency
waves in the crystal. When the wave vectors of the pump andn «. The measured points far > 1° (strong noncollinear
signal waves propagate at an angledf 2.2° with respectto  regime) have been recorded in the configuration using the



354

external angle a between pump and signal beam []

— oP2 |
5 08} ! .
s, i | oP1
> 1
2 !
Qo 06 ® |
K] *
k5 o :
c L4 !
.g 041 !
5 . ! improved idler beam quality
g : D
3 o029 |
i
0.0 | L L L L
0.0 1.0 2.0 3.0 4.0 5.0

6.0
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Fig. 6. Transmission spectrum &00 ppmmethane buffered in air at at-
mospheric pressure in &m two-pass absorption cell. The single scan

(normalized to 1.0 at operation point OP 1). An anglexct 5° between ! ) .
pump and signal beams outside the crystal fully compensates pump Wa"g_emonstrates the broad and rapid continuous tunability of our DFG laser

off. Maximum conversion efficiency is achieved @t=4.1° (OP 1). For  Source. Data were recorded by iSh detector located after the absorption
« =08 (OP2) an almost three times higher conversion efficiency is ob-C€ll and read out via a lock-in amplifier (bandwidi# H2). A scan rate of
tained compared with collinear phase-matchiag=(0°) at still good beam 0.2nmyswas applied to the ECDL

quality. The configuration at OP 2 was used for sensitive absorption spec-

troscopy in combination with th86-m multipass cell

mirror instead of the beamsplitter (Fig. 1). Angles< 1°  (rovibrational transitions) of the asymmetric stretch mogle
(weak noncollinear regime) were achieved by slightly rotattecorded by a liquid-nitrogen-coolédSb detector in com-
ing the beamsplitter in the initial setup according to Fig. 1 bination with a lock-in amplifier at a chopper frequency of
Since the pump walk-off played a more important role in1.3kHz (see Fig. 1). A single sweep was performed by ap-
the weak regime than in the strong noncollinear regime, thelying a scan rate 00.2 nm/s to the ECDL at start and
beams were focused to a larger spot size of approximatetop wavelengths of 804 ar@ll4 nm respectively. A spec-
300pm for @ < 1°, compared with100pum for « > 1°. We  tral range from 3.30 t8.45um in the mid-ir was covered by
have selected two operating points, denoted as OP 1 arakingle scan id5 sat a fixed crystal angle, demonstrating the
OP2 in Fig. 5, at which to perform spectroscopic studiesbroad continuous tunability. The single lines within the Q and
On the one hand, we have used the maximum output powé?t branches are clearly resolved.
ata = 4.1° (OP 1). With ideally coated optics, an estimated In order to increase the sensitivity of our laser spectrom-
power of 150 nW could be achieved iBO0 mW of signal eter, we substituted th&-m absorption cell by a compact
and27 mW of pump power were incident onZ0-mm-long  multipass cell (New Focus, Model 5611). The two astigmatic
AR-coated crystal. In practice, only approximate$nW  mirrors of this cell are separated B9 cmin a cell volume of
were obtained due to nonideally coated optics and the us200 cn?. After 182 passes, the incident beam leaves the cell
of an uncoated crystal. It should be noted, however, that thiarough the same hole (@5 mmdiameter, yielding 86-m
idler beam quality at OP 1 is rather poor and was thus onlyptical path length). Therefore, ir radiation of good beam
used in combination with &m two-pass absorption cell. On quality and stable beam direction is crucial. For this reason,
the other hand, we have chosen an anglpist below1®  we operated our DFG laser source in the weak noncollinear
(OP2) as a trade-off between idler power and beam quategime at OP 2 (Fig. 5) with a power of 30 nW. After col-
ity. Although the conversion efficiency, and thus the idlerlimation of the idler beam (lensglwith f =200 mm Fig. 1)
power, at OP 2 is lower than at OP 1, it is still three timesan almost circular beam shape was obtained with a diameter
higher than the collinear phase-matched DFG (see Fig. 5pf approximately3 mm, which could easily be focused into
With 750 mW of signal and22 mW of pump power incident the center of the multipass cell by ILf = 380 mm Fig. 1).
on a25mmlong AR-coated crystal, more tha80 nW of = The measured throughput of the cell ov&#4 um was ap-
idler power could be generated. In contrast to the situation giroximately 14% after 181 reflections by the cell mirrors.
OP1, a good beam quality is now obtained, comparable tdhus, several nanowatts were still available for recording
that of collinear phase-matched DFG. Hence, 3®mm multi-  the absorption spectra with tHaSb detector with a noise
pass cell could be employed to record absorption spectra witbquivalent power of severdl0 pwW/HzY?, supplying suffi-
high sensitivity. cient signal-to-noise ratio.

Figure 7 shows a measured spectrum of natural laboratory
air at atmospheric pressure between 3011 3024 cnt?,
A scan rate 00.1 nm/s was applied to the ECDL, yielding
10 sfor a single sweep. With a bandwidth @ Hz, set at the
A 50-cm-long gas cell (2 passes) was filled with500 ppm  lock-in amplifier, the spectrum was obtained by averaging 20
methane buffered in natural air of atmospheric pressure tsweeps. To normalize the spectrum n8@20 cnt!, where
perform spectroscopic measurements using the walk-off conmo absorptions occurred, the baseline was recorded by reflect-
pensated noncollinearly phase-matched DFG source (OP 1ing the mid-ir radiation onto the same detector via a flipper
Fig. 5). Figure 6 shows the spectrum of the Q and P branchesirror, which was located just in front of the multipass cell.

2 Spectroscopic studies
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Fig. 7. A 20-sweep average over the spectrum of natural laboratory air at time [s]

atmospheric pressure. Lock-in bandwidth wi#sHz A single sweep was  jg g Comparison of direct absorptiongper trac, 1f- (cente) and 2f-
recorded in10s The water lines W1-W4, were used for wavenumber  gjgna| pottom trace of 100 ppmmethane buffered i60 mbarair. The three
calibration. The other absorption lines belong to the Q branch ofvthe  gjgnals are offset vertically for clarity including tizero linesof each trace.

asymmetric stretch vibration of methane. The measured spectrum agregge spectra were recorded as an average of 20 sweeps over approximately
well with a computed spectrum (Hitran database [21]L.Gfppmmethane 15 GHzby applying a triangle voltage to the PZT. Lock-in bandwidth was

and0.773% water vapor in air, as illustrated by theset 10 Hz Modulation frequencyf and amplitude for wavelength modulation
(1f, 2f) were1.2 kHz and0.75 GHz respectively

The wavenumber axis was calibrated by using the strong wg©1100112- 00000000) a299932110cnt! with a line in-
ter absorptions (W 1-W 4 in Fig. 7) as references. Apart frontensity ofS= 6.41 x 10-?>cm~1/(molecule cm?), approxi-
these water lines, many methane absorptions, which belongately 50 times weaker than the one2&9906032 cnr?,
to the Q branch of thes asymmetric stretch vibration, could can be clearly distinguished from noise due to the character-
be detected. The inset in Fig. 7 shows the computed spetstic shape of an absorption line in thé Znode.
trum for concentrations of.7 ppmmethane (corresponding
to the natural abundance in air) a@d@75% of water vapor
at atmospheric pressure. This computation is based on H8 Conclusions
tran data [21] and was performed for an optical path length
of 36 m It illustrates the good agreement with the measuredVe have developed a broadly tunable mid-ir laser source that
spectrum. According to the observed signal-to-noise ratigs well suited for spectroscopic applications and uses a com-
(Fig. 7) of greater than 8, we are currently able to detect corpact multipass cell. By using a tunable external cavity diode
centrations of methane in natural air down to the ppm  laser neaB10 nmand a cw diode-pumpedd: YAG ring laser
range & 200 pph). at 1064 nm mid-ir radiation, continuously tunable between
In addition to these spectral studies over broad contind.16 and3.67um, with an output power of- 30 nWis pro-
uous wavelengths ranges, spectral measurements were peuced by difference-frequency generation. The direction of
formed at higher resolution by applying the fine-tuning modethe generated idler beam is kept very stable over the whole
of our ECDL. A continuous tuning range of up # GHz  tuning range by applying critical phase-matching.iNbOs.
can be covered by changing the voltage to the piezo transince no crystal rotation at all is required over a broad range
ducer (PZT). Modulation frequencies up to several kHz camf almost300 nmin the mid-ir, fast and excessive wave-
be applied to the PZT. Wavelength modulation spectroscoplengths scans can be easily performed. Thus, this laser source
(WMS) can thus be performed, which is often advantageoushould be a promising tool for analyses of multicomponent
Figure 8 shows a 20-sweep average over a spectral range canixtures of gases, which often exhibit overlapping absorption
taining three absorption lines 400 ppmmethane buffered spectra at atmospheric pressure.
in 60 mbarof synthetic air nea999 cnt!. The sweep rate The issue of collinear and noncollinear phase-matching
was approximatelyd.6 GHz/s. In order to perform wave- was studied in detail with respect to walk-off effects in the
length modulation spectroscopy (middle and bottom tracebirefringentLiNbOs3 crystal. As a trade-off between power
of Fig. 8) a sine voltage with a frequency déf=1.2kHz and beam quality of the generated idler wave we have cho-
was applied to the PZT in addition to the triangle voltagesen a weak degree of noncollinearity, resulting, nevertheless,
responsible for the wavelength scan. The first and second an idler power almost three times higher than that ob-
derivatives of the absorption profiles were then recorded vigained with exact collinear phase-matching, at still good beam
a lock-in technique by detecting the first and second harguality.
monics, respectively. No chopper was needed in this case. Furthermore we have proven that our compact laser spec-
In order to compare these three signals (direct absorptiorometer is capable of recording spectra with high resolution
1f, 2f) the traces have been offset vertically for clarity, by applying various detection modes, namely direct absorp-
including the zero lines for each trace. The three signalton, 1f- and 2f- spectroscopy. The narrow linewidth com-
were all recorded with the same sensitivity of the lock-bined with the broad tuning range can be exploited for high
in amplifier. The slow baseline slope, which can represerselectivity between different gases in multicomponent mix-
a problem in the direct absorption signal, is completely elimtures. From the extracted signal-to-noise ratio of absorption
inated in the Z-signal. Consequently, the weak transition spectra of natural air we deduced a detection limit for me-
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thane in air in the sub-ppm range, well below its natural 4.
abundance.

Nevertheless, the enhancement of the still rather low >
signal-to-noise ratio is one of the key issues for further im-
proving the detection limit and accuracy of our spectrometer.
Several measures will be taken to achieve this goal. First,7.
a thermoelectrically cooled detector with even lower noise
equivalent power of somgW,/Hz/? will be employed. Fur-
thermore, the output power of the mid-ir laser source can o
be boosted by implementing a build-up cavity around the
LiNbOj crystal, which is resonant for the signal wave. Here, 10.
again advantage can be taken of the ultranarrow angle range
of 0.4° for phase-matching. This makes any realignment of
cavity mirrors or compensation of beam direction unneces,.
sary while tuning the laser. 13.
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