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ABSTRACT

The suitability of Ill-V single-mode cw diode lasers for difference-frequency generation of tunable infrared
radiation has been explored by mixing a red single-mode diode laser with a tunable single-mode cw Ti:Al2O laser in
AgGaS. More than 1 iW of cw tunable, infrared (A,=5 j.tm), narrow band coherent radiation has been generated by
using type I noncritical phase-matching. The feasibility of a more compact, solid-state cw laser source based on the
mixing of two single-mode diode lasers (808 and 690 nm) as pump sources in AgGaS has also been demonstrated
(infrared pow& generated 3 nW).

Techniques to increase the infrared difference-frequency output power level such as the use of a high-power
optical semiconductor amplifier or an external buildup cavity for the nonlinear mixing crystal have been investigated.
As much as 47 tW of cw infrared radiation and 89 .tW of pulsed infrared radiation, tunable around 4.3 un have been
generated by mixing the outputs of a high-power tapered semiconductor amplifier at 858 nm and a Ti:A12O laser at
715 nm in AgGaS. The GaA1As tapered traveling-wave amplifier delivered up to 1.5 W of diffraction-limited cw
power into the nonlinear crystal. Recent progress in generating cw infrared radiation near 3.2 im by mixing the
outputs of an extended cavity diode laser near 800 nm (pump wave) and a compact diode-pumped Nd:YAG laser at
1064 nm (signal wave) in AgGaS with an external enhancement cavity to resonate the signal wave inside the
nonlinear mixing crystal is also described.

I. INTRODUCTION

Recent advances in the development of nonlinear optical materials, such as AgGaS and AgGaSe, now offer a
convenient technique of generating cw tunable infrared narrow-band coherent radiation over a wide wavelength range
(3 to 18 jim) by means of difference-frequency generation (DFG) at room temperawret2. The use of semiconductor
diode lasers as pump sources in the nonlinear DFG mixing process is particularly attractive as their compact size and
ease of operation allow the construction of a portable and robust mid-infrared laser source especially suitable for
environmental remote sensing, pollution detection, chemical analysis, and medical research.

In this paper we describe our recent progress towards the development of such a compact diode-laser based widely
tunable cw DFG source with AgGaS as the nonlinear optical material.

2. DFG WITH SINGLE-MODE LOW-POWER DIODE LASERS

In a first step3 a cw tunable Ti:Al203 ring laser (Coherent 899-29) operating in the wavelength range from 690
to 840 nm and a single-mode diode laser polarized for 90° type I (e—÷o-o) phase-matching in AgGaS were spatially
overlapped with a polarizing beam splitter (figure 1). The visible beams were focused into the 45 mm long AgGaS
crystal to a beam waist of about 40 tm by using a 10-cm-focal-length lens (as the diode laser beam is not a
Gaussian beam, we define its "waist" as the half-width where the beam intensity is down by lie2).The infrared
radiation generated in the mixing crystal was collimated with a 5-cm-focal-length CaF2 lens and detected after the
germanium filter with a liquid-N cooled photoconductive HgCdTe detector followed by a lock-in amplifier.
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The three diode lasers used in this experiment were unmodified commercial devices operating at 671 nm, 690
nm, and 808 nm. Their spectral linewidths were measured to be 120 MHz, 30 MHz, and90 MHz, respectively.Each
was operated in a single longitudinal mode, so that both spontaneous background and extraneous modes were down
by more than 25 dB from the dominant spectral mode. By varying the temperature and the current of the diodes, their
emission wavelength could be tuned over about 2 nm. The collimated diode laser beam (Optima 3364027
collimating lens) with a rectangular beam shape of 1 x 5 mm2 cross-section was converted to a square-shaped beam
with a beam dimension of approximately 5 mm by using an anamorphic prism pair. A 3: 1 telescope transformed the
diode laser beam size to a dimension comparable to that of the Ti:A1203 laser. The spatial mode quality of each
diode laser was characterized by passing it through an aperture and measuring the transmitted power. For each diode,
approximately 20% of the light was found to be transmitted through an aperture whose diameter was equal to twice
the focused laser beam waist. A ThMiyj Gaussian beam would result in 95% transmission. The diode laser output
had a polarization ratio of —100:1; the appropriate polarization direction for type I phase-matching was chosen by
proper mowiting of the diodes

COMPUTER Fig.1: DFO setup using a low-
power single-mode diode laser
and a Ti:A12O3 laser as the
pump sources and AgOaS as
the nonlinear material.

The diode laser wavelengths were determined to within 0.5 nm by using an optical multi-channel analyzer
consisting of a 0.32 m Czerny-Turner configuration monochromator with a photodiode array (EG&G Reticon
R2512G) attached to the output slit plane of the monochromator. For a signal and pump wavelength of 808.3 nm
(Ti:A1203 laser) and 690.3 nm (Toshiba TOLD 9140(s) diode laser), respectively, an idler wavelength of 4.73 jim
was detected. For I W of Ti:Al203 laser power and 12.1 mW of diode laser power a DFG power of up to 1.4 piW
were measured. The phase-matching bandwidth of the diodefTi:Al2O pump laser configuration was observed to be
as large as 600 0Hz. This is much larger than the phase-matching bandwidth of about 30 0Hz observed for the
dyefFi:AlO3 pump laser configuration12. Apparently poor spatial coherence of the diode laser beam results in
reduced power, but extended phase-matching range. The high resolution capability of this novel spectroscopic sowce
was demonstrated by obtaining a Doppler-limited CO absorption spectrum around 21 19 cm1 using a 20 cm
absorption cell and about 10 Torr of CO pressure (figure 2). In this case the diode laser wavelength was fixed and the
infrared wavelength was tuned by tuning the Ti:A12O3 laser. The detector's NEP is 3.7.1010 W. However, the
dominant source of noise in the spectrum were fluctuations of the generated infrared power level resulting from
changes of the relative spatial overlap of the visible beam waists in the AgGaS crystal due to mechanical
instabilities of the experimental set-up.

A laser diode (Toshiba TOLD 9215(s)) emitting up to 9 mW in a single mode at 671.4 nm was phase-matched
with the Ti:A12O3 laser at 772.8 nm. For 5.2 mW diode laser power and 1.15 W Ti:A1203 laser power the infrared
power at 1963 cm1 was 1.2 jiW. In order to investigate the effect of the non-Gaussian diode laser beam on the
DFG conversion efficiency, the experiment was repeated using the DCM dye laser set to the same wavelength and
power level as the diode laser. The infrared output of the dyefTi:A12O3 laser combination, like the diodelFi:A1203
laser combination, showed a linear dependence of JR power upon the input signal power but the slope was a factor of
three greater. Thus, as might be expected, the non-Gaussian diode laser mode does not mix as effectively with the
pure TEM4yJ Gaussian mode of the Ti:A12O3 signal source as does the pure TEMoo Gaussian mode from the dye
laser.
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The feasibility of mixing two single-mode diode lasers in AgGaS to generate tunable infrared radiation was also
demonstrated. The radiation from each diode laser was collimated and then converted to a square-shaped beam using
anamorphic prism pairs. After being spatially overlapped with a polarizing beam splitter the beams traversed a 3:1
telescope and were focused into the AgOaS nonlinear crystal. Using a Toshiba TOLD 9140(s) diode laser and a
Sharp LTO1OMD diode lasers emitting at 690 nm and 808 nm with power levels of 10.1 mW and 1.93 mW,
respectively, we were able to generate up to 3.3 nW of infrared radiation around 2115 cm.

Using KTP as the nonlinear optical DFG material, Wang and Oh:su4 recently generated as much as 300 nW
near 1.6 jim from two diode lasers (50 mW each). Accounting for the different experimental conditions such as input
power levels, input wavelengths, crystal size, and effective nonlinear coefficient the nonlinear conversion efficiencies
of both all-diode-DFG experiments is on the same order of magnitude.

Fig. 2: CO absorption spectrum near 2119 cm1
using a 20 cm absorption cell and about 10 Torr of
CO pressure.

3. DFG WITH HIGH-POWER SEMICONDUCTOR OPTICAL AMPLIFIERS

One way to increase the DFG output power to a level that is useful for spectroscopic applications is the use of
optical semiconductor amplifiers to boost the power output of the single-mode diode lasers. Significant progress has
been made in obtaining diffraction-limited coherent radiation from high-power broad-area and array laser diodes5' 6,
and more recently, traveling-wave (TW) amplifiers7. When seeded by a single-stripe low-power master diode laser,
the semiconductor amplifier has been demonstrated to generate near diffraction-limited, single-longitudinal mode
emission required for applications such as nonlinear frequency conversion through second harmonic generation8 or
sum-frequency mixing9. Under pulsed operation 11.6 W of peak power was generated by a broad-area amplifier seeded
by a laser diode7. High-power cw amplifier operation, required for many applications has been considerably more
difficult to ahieve. Recently, however, 5.25 W of cw emission1° was obtained from a tapered stripe7' GaA1AS

amplifier seeded with a Ti:Al2O laser.
We demonstrated difference-frequency mixing of a high-power GaA1As tapered traveling-wave semiconductor

amplifier12 with a cw Ti:A12O3 laser in a 45 mm long AgGaS crystal cut for type I noncritical phase-matching at
room temperature. The experimental setup used in this work is shown in figure 3. The master laser was an index-
guided diode laser (SDL Inc. Model SDL541OC) emitting up to 130 mW in a single-longitudinal mode around 860
nm with a less than 20 MHz linewidth. By changing the temperature, the laser wavelength was tunable over —1-2
nm. The amplifier chip was bonded active side down on a heatsink which in turn was attached to a water cooled
fixture and allowed unobstructed optical access to both facets. After collimation by a f=2.0 mm lens (0.5 NA), the
master laser power passed through a Faraday isolator, and a 3x beam expander. Final coupling of the injected signal
into the amplifier was accomplished by a combination of a closely spaced f=15 cm cylindrical lens and a high
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numerical aperture f=7.7 mm lens. The cylindrical lens served to move the focused point of the input beam to several
hundred p.m in front of the facet in the junction plane, while allowing it to coincide with the facet in the
perpendicular plane7. This highly astigmatic input resulted in a Gaussian input beam width of approximately 150
jnn in the junction plane and 1 im in the perpendicular plane. With 100 mW of master laser power incident on the
amplifier, 38 mW was coupled into the amplifier. The GaA1As tapered amplifier used in this work was characterized
by a 250 tm input width, 500 j.Lm output width, 1.5 mm length, and a single quantum well separate confinement
heterosiructure active region. At high currents the amplifier had a peak gain near 860 nm. The facets of the amplifier
were antireflection coated (R 10) at 860 nm for singlepass travelingwave operation. A second f=7.7 mm lens
was used to collimate the amplifier emission, perpendicular to the junction. In the junction plane, the emission was
brought to a focus by the f=7.7 mm lens, and collimated by a f=10 cm cylindrical lens.

Ge glass lnSb
filter filter detecor

Fig. 3: DFG using of a high-power GaA1As tapered traveling-wave semiconductor amplifier with
a cw Ti:Al203 laser in a 45 mm long AgGaS crystal cut for type I noncritical phase-matching
at room temperature.

The pump wave was provided by a Ti:A1203 ring laser operated at 715 nm, close to its short-wavelength
operation limit. In order to maximize the power output, the laser was operated multi-longitudinal-mode without
intracavity etalons, resulting in a linewidth of 1 GHz. Pump and signal wave polarizations were chosen
perpendicular to each other for 90° type I phase-matching in AgGaS. Both beams were overlapped using a
polarizing beam splitter and focused into the 45 mm long AgGaS crystal using a 30-cm-focal-length lens. A three-
lens telescope design in the pump laser beam path allowed matching of beam waist widths and focal points for the
two beams at the location corresponding to the center of the crystal. The beamwaists were set to — 33 pm in both
vertical and horizontal planes, close to optimum focusing'. As measured with a scanning slit beam profiler, the
spatial distribution of pump and signal beams was near-Gaussian, where in the case of the signal wave (amplifier)
approximately 20% of the focused light was in sidelobes outside the main Gaussian envelope.

The amplifier output power incident on the nonlinear crystal was measured with an integrating sphere detector as
a function of the amplifier current. A maximum signal wave power of 1.5 W was obtained under cw operation, and
3.2 W under pulsed operation with 50 ms long pulses and 0. 1 % duty cycle. After correcting for the 75% capture
efficiency of the f=7.7 mm lens and transmission losses of the beamsplitter and other optical components, the actual
amplifier output at the maximum cw current of 6 A was 2.5 W. The maximum operating currents for the amplifier
were arbitrarily chosen and do not represent a fundamental operating limit of the amplifier.

The difference-frequency long wavelength radiation generated in the AgGaS crystal was collimated with a 5-cm-
focal-length CaF2 lens and focused on a liquid-Na-cooled photovoli.aic InSb detector with a sensitive area element of
4 mm diameter (Graseby Infrared IS-4). An antireflecuon coated germanium filter was used to block pump and signal
waves and pass the difference-frequency radiation. To avoid saturation of the detector-preamplifier combination at the
highest powers obtained under pulsed amplifier operation, a glass filter (T = 2.8% at 4.3 jnn) in front of the detector
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was used to attenuate the detector signal. Phase-matching was found to occur at a wavelength of 714.60 nm and
858.60 nm for pump and signal wave, respectively, corresponding to a generated difference$requency wavelength of
4.26 jim (2350 cm1). The laser wavelengths were determined with a spectral resolution of— 0.1 nm and an absolute
spectral accuracy of 0. 1 nm using a multi.mode probe fiber connected to an optical spectrum analyzer (HP 70951
A Optical Spectrum Analyzer). The phasematching bandwidth was observed to be on the order of the spectral
resolution of the optical spectrum analyzer. Tuning of the infrared wavelength was limited to —25 cm1 by the
limited temperawre tuning range of the master diode laser.

Figure 4 shows the generated infrared DFG power as a function of the diode amplifier output power for cw and
pulsed amplifier operation. Values shown are corrected for the 4.3 jtm transmission loss of the optical components
between the crystal and the detector, but not for the 17% Fresnel reflection at the crystal output facet. For all
measurements the Ti:Al2O laser output was fixed at a cw power of 330 mW, and the diode amplifier output power
was changed by varying the pump current. The doted line indicates the low-power external slope efficiency of 35
LLW/W for the DFG process. Maximum difference4requency powers of 47 W and 89 pW were obtained for the cw
and pulsed operation, respectively. The drop in experimental slope efficiency at high amplifier power levels is
attributed to the degradation in the diode laser beam quality occurring at highest amplifier currents. To evaluate the
contribution of thermal effects in the mixing crystal to the drop in slope efficiency at high amplifier power levels the
absorption loss in the AgGaS crystal was determined at the signal wavelength. From the ratio of transmitted to
reflected signal power we found the absorption in AgGaS at 858 nm to be as low as 0.01 to 0.015 cm1. At high
signal power levels, no decay of the infrared pulse amplitude during the 50 ms pulse was observed, indicating that
thermal lensing did not contribute to the drop in experimental slope efficiency occurring at the highest pulsed
powers. Correction for the Fresnel reflection losses for pump, signal and idler waves at the surfaces of the uncoated
AgGaS C1)PStSJ, the germanium filter and the Cal2 lenses, results in an internal slope efficiency of 65 jiW/W at
330 mW cw Ti:A1203 pump power. No significant improvement in the slope efficiency was observed when
changing the Ti:A1203 laser from multi-mode to single-mode operation by inserting the intracavity etalons into the
ring laser cavity.

Ti:A1203 laser fixed at 330 mW (cw) Fig. 4: Generated infrared DFG power as a100 . —
.... function of the diode amplifier output power for.

.... 0 cw and pulsed amplifier operation. The doted line. 80 . ..... 0 indicates the low-power external slope efficiency', . ..... of- 35 .tw/w for the DFG process.
0
g60.
0.. .,0 ...+U..ou. øg . .+..

•40. 20 . • 0 pulsed operation. + cwoperation
...—-.. tow-power slope efficiency0.
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4. RESONANT ENHANCEMENT CAVITY SCHEME FOR DFG

Alternatively, the DFG conversion efficiency can be increased by making use of the high circulating fields
present inside optical cavities by placing the nonlinear crystal either in an external (passive) enhancement cavity or
in one of the pump laser cavities13.

We are currently investigating the use of an external enhancement cavity built around the nonlinear optical
AgGaS2 crystal to resonate the signal wave thereby increasing the signal power present inside the mixing crystal. As
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As much as 47 jiW of cw and 89 jLW of pulsed infrared radiation around 4.3 jim have been generated by
difference4requency mixing the outputs of an injection-seeded GaA1As tapered semiconductor amplifier and a
Ti:A1203 laser in AgGaS using type I non-critical phasematching. It is anticipated that the use of an external
enhancement cavity for the nonlinear mixing crystal will also result in significantly improved DFO performance.

The developed compt midinfrared source is promising for wide range of applications including chemical
analysis, remote sensing, pollution detection, and medical research.

6. ACKNOWLEDGMENT

This work has been supported by the Robert A. Welch Foundation and the National Science Foundation. The
authors like to thank C. C. Bradley and R. G. Hulet (Rice University, Houston, TX), L. Goldberg (NRL,
Washington, DC), and S. Waliman and L. Hollberg (NIST, Boulder, CO) for significant contributions to sections 2,
3, and 4, respectively. U. Simon gratefully acknowledges the support of the Alexander von Humboldt Foundation by
a Feodor Lynen Fellowship. C. E. Miller thanks the Robert A. Welch Foundation for a post-doctoral fellowship.

7. REFERENCES

1 . P. Canarelli, Z. Benko, R. F. Curl, and F. K. Tittel, "Continuous-wave infrared laser spectrometer based on
difference frequency generation in AgGaS for high-resolution spectroscopy", J. Opt. Soc. Am. B 9, 197
(1992).

2. A. H. Hielscher, C. E. Miller, D. C. Bayard, U. Simon, K. P. Smolka, R. F. Curl, and F. K. Tittel,
"Optimization of a Mid-Infrared High Resolution Difference-Frequency Spectrometer", J. Opt. Soc. Am. B 9,
1962 (1992).

3 . U. Simon, C. E. Miller, C. C. Bradley, R. 0. Hulet, R. F. Curl, and F. K. Tittel, "Difference-frequency
generation in AgGaS by using single-mode diode laser pump sources",Opt. Left. 18, 1062 (1993).

4. W. Wang and M. Ohisu, "Frequency-tunable sum- and difference-frequency generation by using two diode
lasers in a KTP crystal", Opt. Comm. 102, 304 (1993).

5. L. Goldberg and J. F. Weller, "Injection locking and single-mode fiber coupling of a 40-element laser diode
array", Appi. Phys. Leu.. 50, 1713 (1987).

6. L. Goldberg and M. K. Chun, "Injection locking characteristics of a 1 W broad sLripe laser diode", Appl.
Phys. LeU. 53, 1900 (1988).

7. L. Goldberg, D. Mehuys, M. R. Surette, and D. C. Hall, "High-Power, Near-Doffraction-Limited Large-Area
Traveling-Wave Semiconductor Amplifiers", IEEE J. Quantum Electron. QE-29, 2029 (1993).

8. L. Busse, L. Goldberg, and D. Mehuys, Electron. Leu. 29, 77 (1993).
9. L. Goldberg, M. K. Chun, I. N. Duling, III, and T. F. Carruthers, "Blue light generation by nonlinear mixing

of Nd:YAG and GaA1As laser emission in a KNbO- resonant cavity", Appi. Phys. Lett. 56, 2071 (1990).
10. D. Mehuys, L. Goldberg, and D. Welch, "5.25-Watt diffraction-limited, tapered stripe semiconductor optical

amplifier", IEEE Photonics Tech. Lea. (to be published).
1 1. J. N. Walpole, E. S. Kinizer, S. R. Chinn, C. A. Wang, and L. J. Missaggia, "High-power strained-layer

InGaAs/A1GaAs tapered traveling wave amplidier", Appl. Phys. Lett. 61, 740 (1992).
12. F. J. Effenberger and 0. J. Dixon, "2.95 jim Intracavity Difference-frequency Laser", in Digest of Topical

Meeting on Advanced Solid State Lasers (Optical Society of America, Washington, D.C., 1992), pp. 59.
13. U. Simon, F. K. Tittel, and L. Goldberg, "Difference-frequency mixing in AgGaS2 by using a high-power

GaA1As tapered semiconductor amplifier at 860 nm", Opt. Lett. 18, (1993).
14. E. S. Polzik and H. J. Kimble, "Frequency doubling with K.Nb03 in an external cavity", Opt. Lett. 16, 1400

(1991).
15. Z. Y. Ou, S. F. Pereira, E. S. Polzik, and H. J. Kimble, "85% efficiency for cw frequency doubling from

1.08 to 0.54 pin", Opt. Lett. 17, 640 (1992).
16. W. J. Kozlovsky, C. D. Nabors, and R. L. Byer, Efficient Second Harmonic Genartion of a Diode-Laser

Pumped CW Nd:YAG Laser Using Monolithic MgO:LiNbO3 External Resonant Cavities", J. Quantum
Electron. QE-24, 913 (1988).

298 /SP!E Vol. 2145

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 4/23/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


