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Yb Fiber Laser Pumped Mid-IR Source Based on Difference Frequency Generation
and Its Application to Ammonia Detection
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A Yb fiber laser pumped cw narrow-linewidth tunable mid-IR source based on a difference frequency generation (DFG) in
a periodically poled LiNb®@ (PPLN) crystal for trace gas detection was demonstrated. A high power Yb fiber laser and a
distributed feedback (DFB) laser diode were used as DFG pump sources. This source generates mjid¥i Rvih 2 power

of ~2.5uW and a spectral linewidth of less than 30 MHz. A frequency tuning range of 300 GHz (10 eras obtained by
varying the current and temperature of the DFB laser diode. A high-resolutigralN$brption Doppler-broadened spectrum

at 3295.4cm? (3.0345.m) was obtained at a cell pressure of 27 Pa from which a detection sensitivity of 2dppas
estimated.

KEYWORDS: difference frequency generation, cw mid infrared source, Yb fiber laser, PPLN crystal, NH3 detection, laser spec-
troscopy

1. Introduction to daté=® including external cavity diode laser (ECDL) by

oldberg. et al.?) and Cg:LiSrAIFg laser by Parhagt al.'®)

Tunable cw narrow linewidth mid-IR sources are usequ .
: ) : ecently, compact tunable telecommunications DFB laser
spectroscopic tools for trace gas detection since numerous dgs

. L oo . . O0des have become commercially available in a standard-
species exhibit fundamental ro-vibrational absorption lines

with high absorption strengths in the mid-IR spectral re|_zed ITU (International Telecommunication Union) 50 GHz

gion such as ammonia (3.0m), methane (3.2m), formalde- spaced frequency grid in a range of 1492—-1530 nm (S band),

. ~1530-1570 nm (C band) and 1570-1612 nm (L band).
hyde. (3.5m), and carbo.n d|0_X|de (4,4,'Br_n). The spectro .. In this work, we utilize a compact Yb fiber laser as one
scopic source reported in this paper is based on the dgf the pump sources for DFG in a PPLN crystal. The fiber
E;i?ceu:;eq:ﬁﬂfgeginir?tzg &i‘j?)er\:\éh?ﬁi;&o tgeagr:z_ laser can be designed to operate at any specified wavelength
% IRp _a » 72 1/ q glk . % within the range from 1035 to 1120nm corresponding to
ate mid-IR s = (1/41 — 1/42) ) in a bulk quasi-p as)e— Yb doped fiber amplifier gain regiof:?® Hence the mid-
matched (QPM) periodically poled LINGQPPLN) grysta1 IR range from 2.9%m to 4.5um becomes readily accessi-
in a single-pass geometry. The.DF(.; spectros_coplc source cﬁﬁé by selecting a Yb pump wavelength together with the ap-
erates at room temperature with single spatial mode, single” = L .

: . %oroprlate ITU telecommunications DFB laser diode. For the
frequency and continuously tunable over a wide frequen neration of~3um in PPLN. we use a 1038 nm Yb fiber
region? % Compact DFG-source based gas sensors capalge K ' o .

. . ; aser and a 1577 nm telecommunication DFB laser diode as
of sensitive real-time gas detection have been demonstratg@ecﬁve DEG pumbp sources. To improve the ruaaedness
for field use®1% Furthermore, such sources offer an intrinsicof the DEG souprce ?or field abplicatior? the use ofngi%er de-
spectrql resolution of Ies;_ thgn 0.00; "(f'fT(SO MHz) with- livery from pump source to the crystal was introduced by
out active frequ.ency stabilization, which is better than aty Petrovet al.?!) The fiber and diode lasers used in this work
ical FTIRl(Founer Transfqrm Infrared) spectrometer with o e fiber-coupled (without any free space optics), combined
N%%r?grr cvsgn(ig—Tz{rics)ﬁgrté%T.sources include lead salt, anty 2 fiber wavelength division muiti-plexer (WDM) and im-
monv based diode laséfand more recentlv guantum ;:as_aged into the PPLN crystal with a microscope lens. Such an

y ) . . ya . all-fiber-based DFG pump architecture realizes a permanently
cade laser$? but all require cryogenic cooling. Cw opti- _ . :
. . aligned and robust optical module.

cal parametric os_cnlators (OP@ have b_een c_;lemonstrated, This DFG source is applied to Ntdetection which is of in-
but they require improvements in effective single frequen?{erest in various applications such as in combustion, in chem-
control and scanning. To enhance the DFG conversion effl- : ) ) L

) . . ) |C&1I analysis and in environmental trace gas monitoring. The
ciency in PPLN, a waveguide structure has been implemente

in PPLN by other groups (Hofmarenal.), !4 (Petrovet al )5 spectra}I characteristics of DFG output, such as linewidth and
. : tunability are evaluated from a Doppler-broadened;Npkec-
but at a cost of DFG pumping complexity. : SN
: : . trum obtained at a reduced-pressure. The detection limit of
The mid-IR wavelength range by DFG is determined by th o .
. o . . H3 concentration is inferred from the experiment for future
commercial availability of single frequency cw high power

as sensor development. To the best of our knowledge, this
laser pump sources and the transparency range of the non-

linear optical material. Novel nonlinear QPM materials havWork reports the first demonstration of a fiber laser pumped

DFG based mid-IR source for trace gas sensing, and the first
been applied such as LiNB@ransparency range: 0.445n) . . N . - .
by Fejer & al.,) MgO-doped LINbQ by Saito et al.10 detection of NH line at~3 um with a high-resolution DFG

and RbKTIOAsQ by Frandkin-Kashiet al.1 For a pump based spectroscopic source using a PPLN crystal.
source, various solid state and diode lasers have been used
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Fig. 1. Schematic of a mid-IR 3m spectroscopic DFG source configured for\d#s detection.

2. Experimental Details width is ~20 cnT! (600 GHz)? The generated mid-IR DFG
radiation is collimated by a CaHens (f = 50mm). The

The schematic of the m'd'.IR /am DFG. spectro.sco.plc unconverted residual pump-beams are blocked by a Ge filter.
source and trace Nbas detection system is shown in Fig. 1. . .
NH3z gas detection was performed in order to evaluate

One of the DFG pump sources is a frequency-fixed Yb f'b%e performance of the DFG spectroscopic source by us-

laser, consisting of two stages: a fiber grating controlled seed i . ) X
laser oscillator and a double cladding Yb fiber amplifier stag('—:‘r.].g a 10.2cm-long absorption glass cell fitted with gaF

The fiber laser operates at 1038 nm with an output power é‘gﬂdgg;azzzgr%ug%y :I thleir?Fglrsrgﬁftr;o;dc&gltcizors]ogfrce
520 mW and a linewidth ok1 MHz. The other DFG pump ) y appying

source is a frequency-tunable 1577 nm DFB laser diode (LD 0 mA at a~370Hz scan-rate to the DFB LD, provided by

with an output power of 15mW and a linewidth of 1 MHz.Wi;uerlfgr?negggg?:gr l\j\éhr:(éh t'jn?npatr:]gggg IES tif”lr\:e(ra.ralt:l?rre
The LD frequency can be varied by0.02 cntt/mA with cur- 9 9 y 9 b

rent and~0.35 cnT /K with temperature. Both pump sources. varied from 3C to 35C in ~1°C increments (correspond-

1 "
are fiber-coupled and these beams are combined by WD ?graotr?eo.sasscgllIigcggwei:?;sg.bThaenDo'?f?agirsbzgeba:)rlri]ce::;[:?gr
The fiber connection between laser sources and the WD 9 y P

. ; = 50mm) and focused onto a thermoelectrically cooled
causes a power loss due to a WDM insertion los8.6 dB) di—!eCdTe detector with 1 mfractive area. The detected signal

and a loss associated with mis-match in the mode field o . ; ;
. . ..1s amplified and acquired by laptop computer with a 16 bit
ameter of each fiber. The multiplexed beams are emitte - : .
/D data acquisition card. The sampling frequency is set at

to free space from the APC (angled polished coupler) fib : :
end. The emitted beams have a Gaussian spatial profile an(c)jo kHz and the signal data is averaged over 500 sweeps. The

. . signal data is analyzed using LabVIEW software (National
are focused to a diameter of about;a into the center of Instrument). A beam stop is placed after the Ge filter to block

the PPLN crystal by an imaging (microscope objective) Ien?e beam to determine a reference dark voltage. An absorp-
i

(f = 10mm). Polarization controllers are inserted after eacf. : ) X
) . : .. tion spectrum is obtained by subtracting the reference data
pumping source to match the nonlinear optical polanzanp . ; : S
; : . rom the signal data and applying a third order polynomial fit
state of each source to be linearly and vertically polarized tto ;
e . . . . . 0 the detector baseline.
optimize the nonlinear interaction of the 4 e — " DFG
mixing process in the PPLN cryst&). 3
The PPLN crystal used in this experiment is 20.5 mm long;,’
0.5mm thick and with 10 channels of grating period rang- In a preliminary experiment, the polarization characteris-
ing from 29.60Qum to 30.50um in increments of 0.m and tics of the fiber laser are investigated (see Fig. 2) in order
0.88 mm wide for each channel, which provides flexibility tato determine whether any polarization effects might lead to
phase-match with the available wavelength selection of pungower fluctuations of DFG spectroscopic source. For this in-
laser sources. The PPLN crystal temperature is controlled bgstigation, a polarizer (Nicol prism) is placed between the
placing it on a Peltier thermo-electric element. The phasdiber laser and a Ge detector. After adjusting the polariza-
match condition,ng/A3 = ni/A1 — ny/A; — A (Where A tion to be linear using one of the polarization controllers, the
is the grating period and; (i = 1-3) is the extraordinary relative power is measured as a function of the polarizer an-
refractive index calculated from Sellmeier's equafdy is  gle. The measurement is conducted at thirty minutes intervals
achieved with the 30.10m PPLN grating period at 2€. after starting fiber laser operation and after one restart. The
Both surfaces of the PPLN crystal are anti-reflection-coatag@sult shows that the polarization of the fiber laser remains
for the two pump wavelengths (pump and signa.5%) and  stable for an extended period of time and after a restart.
output wavelength (idler: 3.5%). The phase matching band-

Experimental Resultsand Discussion
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Fig. 2. Polarization stability evaluation of the fiber laser. This figure indi- (a)
cates that the polarization is stable for 1.5 hours and after a restart.
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Fig. 4. (a) Experimental Ngispectrum at-3294 cnt? at a cell pressure of
400 Pa and a path length of 10.2 cm. A frequency tuning range of & cm
. . o (300 GHz) is obtained. (b) Simulated Nidpectrum at-3294 cnt® from
Fig. 3. DFG power at &m as a function of the incident pump power prod- 1y TRAN96 database. The solid line shows the Nibsorption lines at a
uct of a fiber laser and a DFB LD using a 20.5mm long PPLN crystal. -asqure of 400 Pa while® absorption lines are shown as a dotted lines
Solid squares are used for varying fiber laser power with fixed DFB LD assuming a pressure of 930 Pa. The path length is 10.2 cm.
power of 9 mW while solid circles are used to indicate varying DFB LD
power with fixed fiber laser power of 410 mW. The slope efficiency is
estimated to be 0.72 mW/&V
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hop. Figure 4(b) shows the expected spectrum3294 cnt?

obtained from the HITRAN96 databa®®.The solid lines
3.1 DFG slope efficiency shows NH absorption lines at the same condition as used

Figure 3 depicts the DFG power output as a function of thm the experiment. The D absorption lines are depicted as

product of incident pump powers from both fiber and the DFRBlotted lines assuming a pressure of 930 Pa.
diode lasers. The pump powers used are the values atthe entrA  high-resolution Doppler-broadened MNH absorp-
facet of the PPLN crystal. First the fiber laser power is varietion spectrum around at 3295.4ckn (3.0345um) at
with constant DFB LD power of 9 mW (solid square dots) ané cell pressure of 27 Pa is obtained as shown with an
subsequently the DFB LD power is varied with constant fibeupper trace in Fig. 5. The two lines are identified as ab-
laser power of 410 mW (solid circle dots). The DFG slopeorption lines at 3295.388 cth (absorption strength =
efficiency is estimated to be 0.72 mWAK0.36 mW/W per  7.99 x 10-2Lcm/molecule) and 3295.426 cth
1cm crystal length). The DFG power of 2/8V from this  (absorption strength = 3.05 x 10-2!cm/molecule) re-
source is obtained for a producteB8700 mW when the fiber spectively, separated by 0.0375chbelonging to thev;
laser power is 410 mW and DFB LD power is 9mW. Theband at 3:m.
theoretically calculated slope efficieritysing an effective ~ The spectrum is fitted by a Gaussian profile. The
nonlinear coefficientleyy = 14 pm/V, a confocal parameter linewidth of the absorption lines is measured to be
b = 0.17 and focusing functioh = 0.35 can be estimated to 0.011 cnt! (330 MHz) (FWHM) and 0.010 cmt (300 MHz),
be~1.5 mW/W? for our experimental condition. The discrep-respectively. Values obtained from the HITRAN96
ancy between theoretical estimation and experimental resulidatabase (0.011 cm (330 MHz)¥® agree within 0.001 crmt
most likely due to such factors as absorption losses in the of80 MHz). This measurement demonstrates that the spectral
tical components and crystal, and non-perfect phase matchiregolution of the DFG source is less than 0.00Ltm
by the PPLN. However, the result is in good agreement with The fit residual is obtained by subtracting the fit profile

the previous experimental work such as in ref. 24. from the data as shown with a lower trace in Fig. 5. The
residual is found to be within 0.15%, which corresponds to
3.2 Spectroscopic performance an absorption sensitivity of .6 x 10~* at a frequency of

Figure 4(a) shows the NHand HO (due to impurities) 3295.388 cm?. This residual is due to a combination of fac-
spectrum at-3294 cnt? obtained by frequency-scanning thetors, such as optical noise in each pump source and optical in-
DFG spectroscopic source at a cell pressure of 400 Pa. Ttesference effects. Another absorption line at 3295.426'cm
frequency tuning range of the DFG spectroscopic source éxhibits better fit value as low as 0.04% probably due to in-
demonstrated to be 10 cnm! (300 GHz). The figure depicts terference free from D absorption. A 40 pprm (parts per
continuously tunable operation without any frequency modaillion per meter) NH detection limit can be estimated in the
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