An efficient acousto-optic mode-locker with low insertion loss

Edison P. Maldonado, Gessé E. Nogueira and Nilson D. Vieira Jr.

Instituto de Pesquisas Energéticas e Nucleares - CNEN/SP Supervisão de Materiais Optoeletrônicos - MMO Caixa Postal 11049 - CEP 05422-970 - São Paulo/SP - Brasil Fax. (55) (11) 212.3546 - Phone (55) (11) 816.9301

Recebido em 22 de março, 1996

The requirements imposed on an for acousto-optic standing-wave modulator to perform as a laser mode-locker are discussed. A home-made acousto-optic mode-locker was built, with low both active and passive losses. The obtained modulation parameter (δ ∼= 0.4) is comparable with the typical, standard modulators, commercially available. Nevertheless, even for this moderate value of modulation depth, the low losses of the developed modulator allow the generation of very short pulses by active mode-locking, as demonstrated in a Nd:YLF laser. Pulses with ∼50 ps duration, with good short and long term stability, were obtained.

As características necessárias para moduladores acusto-ópticos de onda estacionária utilizados para o acoplamento de modos de lasers são discutidas. Um modulador acusto-óptico desse tipo foi desenvolvido, com a principal característica de possuir baixas perdas, tanto passiva como ativa. O parâmetro de modulação obtido (δ ∼= 0.4) é comparável àquele encontrado em moduladores comerciais. Apesar desse valor moderado de profundidade de modulação, as baixas perdas do modulador desenvolvido permitiram a geração eficiente de pulsos ultracurtos em um laser de Nd:YLF. Pulsos com duração temporal de 50 ps foram obtidos, com boa estabilidade de longo e curto termo.

Acousto-optic active modulation of the net gain in c.w. Lasers is a conventional technique to obtain short optical pulses. Three main techniques are commonly used to this aim: Q-switching, cavity dumping, and mode-locking, each one providing different final pulse characteristics. The active mode-locking is based in the modulation of either the laser amplitude (AM) or the phase (FM), synchronously with the cavity round-trip time, leading to the generation, and phase coupling, of a large number of longitudinal modes. The time characteristics of the laser field are given by the Fourier transform of these laser modes complex amplitudes, that, due to the phase coupling, lead to the generation of an optical pulse train with typical pulsewidths within the range of hundreds of ps down to tens of fs. In turn, the Q-switching technique consists in prevent the laser action, such that the population inversion reaches a value far in excess of the threshold population. By a sudden opening of the modulator transmission, the laser will have a gain that greatly exceeds the losses, and the stored energy will be released as a short and intense light pulse. Normally, this procedure is performed repetitively, and a pulse train, with pulsewidths of nanoseconds and peak powers of the order of megawatts, is obtained. Besides, the cavity dumping technique allows the energy contained in the steady-state laser field to be coupled out the cavity in a time equal to the cavity round-trip time. In particular, when used combined with the mode-locking technique, the repetitive cavity dumping allows one to obtain a train of ultrashort laser pulses of much lower repetition rate and much higher peak power than those obtained by ordinary mode-locking.

In the case of active mode-locking, the final pulse characteristics have a critical dependence with the modulator maximum of transmission. As it is well known, from the Kuizenga and Siegman model of this regime^{[1]}, the final pulsewidth is given by:

τ_P =

p√_{2 · ln 2} π · q_{√L/δ} √ Δν_C · Δν_L (1) where δ is the modulation parameter, as will be discussed later, Δν_C is the cavity’s longitudinal modes frequency separation, Δν_L is the gain linewidth, and L is the total cavity loss at maximum modulator transmission. The value of this last parameter must be minimized in order to obtain the minimum pulsewidth. L is a sum of different contributions, as given by:

L = L_L + L_{Mod} + L_{AO} (2)

where L_L is the double-pass linear cavity loss (scattering, absorption, output mirror transmission, etc.), L_{Mod} is the (double-pass) insertion loss of the acoustooptic modulator (purely passive), and L_{AO} is the (double-pass) residual acousto-optic loss at the modulator maximum transmission.

In this paper, we describe the development of an acousto-optic modulator with minimal losses, and significant modulation depth. With this home-made modulator, we demonstrate the efficient mode-locked operation of a longitudinally pumped Nd:YLF laser.

Basic description of acousto-optic mode-lockers

Acousto-optic amplitude modulators are based in the diffraction effect caused by the periodic perturbation of the refraction index, that is created by an acoustic wave^{[2}�^{4]}. The diffracted light intensity has a dependence on four main factors:^{[5,6]} (1) the photo-elastic tensor, (2) the acoustic power, (3) the operation regime, and (4) the optical wavelength. In the case of a traveling acoustic wave, the switching time is limited mainly by the sound velocity and by the optical beam diameter. For fast modulation, in the nanosecond scale (the laser round-trip time), it is normally used standing acoustic wave modulators. In these devices, the modulation velocity is given only by the acoustic frequency.

The usual structure of acousto-optic modulators and deflectors consists of a piezoelectric transducer, excited by a radio-frequency (RF) wave, coupled to an interaction medium, in which it irradiates energy in the form of acoustic waves. Usually, this acoustic wave is in the longitudinal mode of propagation. There are two important regimes of operation, the Raman-Nath^{[7,8]} and the Bragg^{[9]}. This last one occurs for the following condition: (K^2d)/k ≫ 1, where K and k are the acoustic and optical wavenumbers, respectively, and d is the interaction length. The Raman-Nath regime is established for: (K^2d)/k ≪ 1. For the case of a standingwave Bragg modulator, the amplitude transmission is given by^{[10,11]}

a(t) = cos[δ · sen(Ωt)] (3)

where δ is the modulation parameter and Ω is the frequency of the acoustic wave. It can be readily verified that the amplitude modulation frequency is twice the frequency of the acoustic wave. The modulation parameter dependence on the optical wavelength is given by^{[12]}: δ(λ_2) = [λ_1/λ_2]δ(λ_1). For the use as modelockers for c.w. lasers, the usual required operation conditions are:

i. The acousto-optic medium must be highly transparent at the used wavelength, stress-free, polarization preserving, and with good thermal characteristics. The optical surfaces must be at Brewster angle or have anti-reflection coatings.

ii. The modulation depth, given by δ, must be maximized. This can be accomplished by using materials with high acousto-optical figures of merit, maximizing the acoustic power or optimizing the modulator design.

As in any standing-wave device, a fraction of the circulating acoustic power is non-stationary (traveling wave). This acoustic component must be minimized, as it corresponds to a constant loss (c.w.) for the laser in the mode-locking regime (L_{AO}).

Modulator development

We have developed an standing-wave acoustooptical modulator operating in a regime between the Bragg and the Raman-Nath (in the present case, K^2d/k ∼= 3). Although the most efficient regime, regarding the modulation depth for a specified RF power, is the Bragg one, the Raman-Nath regime allows the fastest modulations when operating at high levels of acoustic power^{[11]} (for low signal, the behavior is analogous to the Bragg case). In fact, the shortest pulses of an actively mode-locked Nd:YLF laser were obtained by using a Raman-Nath modulator^{[13]}.

The details and techniques used in the construction of the modulator follow closely those described in Ref.14. An analogous description can also be found in Ref.15 . The modulator is formed by a fused silica rectangular prism, with six faces of approximately 1×1 cm^2, being the (two) optical faces at Brewster angle. The acoustic faces have high degree of parallelism, thus giving a high Q to the acoustic resonator. The used transducer is a ∼ (5 × 7)mm^2, 200μm-thick, plate of LiNbO_3 in the 36ffiY-cut orientation. This transducer is resonant at the fundamental frequency f_0 ∼= 18.3 MHz (3^{rd} harmonic in f_0 ∼= 55 MHz). The piezoelectric plate was bonded to the acousto-optic block, by using an epoxy resin, as shown in the general scheme of Figure 1. An impedance transformer inductor was used to match the impedance of the device and the RF driver (50Ω).

Figure 1: General design of the developed modulator. θB is the Brewster angle. Only two orders of diffraction are shown, but several orders can be generated.

The performance of the modulator, as a function of the RF frequency, was determined by measuring its temporal transmission at 1047 nm, outside the laser resonator, at an exciting RF power of 2W. The maximum transmission and the ratio of the peak to valley of the modulation are shown in Figure 2. The active continuous loss is given by: L_{AO} = 1 − T_{max}.

The modulation parameter, as a function of the RF power, for the optimum excitation frequency (55.1 MHz), is shown in Figure 3. The modulator was mounted in a very compact mechanical assembly, specially designed to have high mechanical and thermal stability, besides minimum RF irradiation to the environment. Two metallic blocks are in contact with the lateral surfaces (non-optical, non-acoustic) of the acousto-optic prism, to dissipate the heat. These blocks are also water-cooled. In Figure 4 it is shown a picture of the modulator in its mechanical assembly.

Figure 2: Peak transmission, Tmax, and normalized minimum transmission, Tmin/Tmax of the developed modulator, as functions of the excitation frequency, and for a RF power of 2 W. The points correspond to experimental measurements. The solid lines are just a guide to the eye.

Figure 3: Modulation parameter of the developed modulator, as a function of the excitation power. The amplitude transmission is, for the present range of acoustic power, approximately given by: T ¸= cos^2[δ.sen(Ωt)].

Figure 4: Picture of the developed acousto-optic modulator in its mechanical assembly.

Mode-locking of a Nd: YLF laser

The modulator was inserted into the cavity of an argon laser pumped Nd:YLF laser^{[16]}, close to the output mirror, and excited with 2 W of RF power, near f=55.1 MHz. The laser cavity is formed by a concave end mirror (M_1), with radius of 5 cm, a concave folding mirror (M_3), with radius of 1 m, and a plane end mirror (M_2), with an output transmission of 2%, as shown in Figure 5. Due to the Brewster-angle geometry, and because the acousto-optic medium is isotropic, with minimum absorption and scattering losses, and without any mechanical stress (that can cause optical birefringence), the insertion of the modulator in the laser cavity does not affect the average output power. The estimated loss is approximately 1%, per double-pass.

Figure 5: Experimental setup for the active mode-locking of the Nd:YLF laser.

Thus, according with the measured values of Figure 2, we have: L = L_L +L_{Mod} +L_{AO} ∼= 0.05+0.01+0.04 = 0.1. For this RF power, the modulation parameter is: δ ∼= 0.4 (see Figure 3). By using expression (1), and considering Δν_c ∼= 110 MHz and Δν_L ∼= 360 GHz, the expected pulsewidth can be calculated as τ_P ∼= (50 ps) L^{1/4}/δ^{1/2} ∼=45 ps.

The experimentally obtained pulse train was observed by using an electronic sampling system formed by an InGaAs ultra-fast detector (Opto-Electronics model PD50), with response time of 50ps, a highperformance sampling head (Tektronics SD-26 sampling head), with response time of 18 ps and sampling rate of 200 kHz, and a digital scope (Tektronics CSA 803). The total response time of the detection system is approximately 53 ps. The measured laser pulse is shown in Figure 6. The full-width at half maximum (FWHM) of this trace is ∼75 ps, that corresponds to a FWHM of approximately 50 ps for the laser pulses. The pulse train presents an amplitude variation lower than 2%, as observed by using a silicon detector, with response time of 500 ps, and an analog scope (with maximum frequency of 100 MHz).

Figure 6: Oscilloscope trace obtained by using an ultra-fast photodetector and a sampling scope, for the mode-locked pulses of the Nd:YLF laser. The FWHM of this trace is 75ps, corresponding to a FWHM of 53 ps for the laser pulses.

Conclusion

An standing-wave, home-made, acousto-optical modulator was designed and built to perform as a mode-locker. Great care was taken in its construction to minimize either the passive loss as well as the active one. Residual active losses as low as 2%, per single pass, were obtained for a modulation depth of ∼15%. The performance of the modulator was demonstrated in a Nd:YLF laser. In the case of mode-locking with significative contribution of nonlinear modulation of parameters, the system characteristics have a critical dependence on the cavity loss^{[17]}. Thus, the main features of the developed mode-locker are specially important, mostly when used with other modulation mechanisms, as for instance with passive techniques.

Acknowledgments

This work was supported by Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP) under Grant 93/4999-7. The work of E. P. Maldonado was supported by a Ph.D. scholarship from FAPESP, under Grant 91/3968-5.

References

1. D.J. Kuizenga and A.E. Siegman, FM and AM mode locking of the homogeneous laser, IEEE J. Quantum Electron., vol.6, p. 694 (1970).

2. L. Brillouin, Ann. Phys. (Paris), 9th ser., vol.17, 88, (1922).

3. P. Debye e F.W. Sears, On the Scattering of Light by Supersonic Waves, Proc. Nat. Academy of Science (USA), vol.18, p.409, (1932).

4. J.C. Slater, Rev. Mod. Phys., vol. 30, 197 (1958). 5. A. Korpel, Acousto-Optics, in Applied Optics and Optical Engineering R. Kingslake, Ed., vol.VI, p.89, Academic Press (1980).

6. E.L. Gordon, A Review of Acoustooptical Deflection and Modulation Devices, Proc. IEEE, vol.54, (1966)

7. C.V. Raman e N.S.N. Nath, The Diffraction of Light By High Frequency Sound Waves, Proc. Indian Acad. Sci., 2A, 406 (1935); 3A, 75 (1936); 4A, 222 (1937).

8. M. Born e E. Wolf, Principles of Optics, Pergamon Press Inc., N.Y. (1959).

9. R. Adler, Interaction between light and sound:

IEEE Spectrum, (1967), p.42.

10. W. Koechner, Solid State Laser Engineering, (1988) Springer-Verlag, N.Y.

11. L. Turi, Cs. Kuti and F. Krausz, Piezoelectrically induced diffraction modulation of light: IEEE J. Quantum Electron., vol.26, 1234 (1990).

12. N. Uchida e N. Niizeki, Acoustooptic deflection materials and techniques, Proc. IEEE, vol. 61, 1073 (1973).

13. T. Juhasz, S.T. Lai and M.A. Pessot, Optics Lett., vol.15, 1458 (1990).

14. E.P. Maldonado, G.E.C. Nogueira e N.D. Vieira Jr., Rev. Física Aplic. e Instr., vol.8, 93 (1993).

15. K.G. Spears and J. Larsen, Rev. Sci. Instrum., vol.48, 472 (1977).

16. E.P. Maldonado, I.M. Ranieri, N.D. Vieira Jr. and S.P. Morato, Appl. Opt., vol. 34, 4295 (1995).

17. H. Haus, Parameter ranges for CW passive mode locking, IEEE J. Quantum Electron vol. 12, 169 (1976).