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We report a doubly-resonant enhancement cavity (DREC) 
that can realize a simultaneous enhancement of two 
incoming laser beams at different wavelengths and 
different temporal structures. The double-resonance 
condition is theoretically analyzed and different DREC 
locking methods are experimentally investigated. 
Simultaneous locking of a Fabry-Perot cavity to both an 
infrared (IR, 1064 nm) and its frequency tripled 
ultraviolet (UV, 355 nm) pulses has been demonstrated 
by controlling the frequency difference between the two 
beams with a fiber optic frequency shifter. The DREC 
technique opens a new paradigm in the applications of 
optical cavities to power enhancement of burst-mode 
lasers with arbitrary macropulse width and repetition 
rate. © 2015 Optical Society of America 

OCIS codes: (140.4780) Optical resonators; (260.5740) Resonance; 
(260.7190) Ultraviolet; (140.7090) Ultrafast lasers.  
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External optical cavities have frequently been used to recycle the power from a light source through the process of coherent addition. The intra-cavity power can build up and exceed the input power by several orders of magnitude when the circulating beam experiences low power loss and phase distortion within the cavity. Recently, enhancement cavities have been widely employed in high harmonic generation in noble gases [1-3], THz generation in nonlinear crystals [4], cavity-enhanced particle manipulation [5, 6], x-/γ-ray generations via inverse-Compton scattering from relativistic electrons [7-10], and laser stripping of hydrogen ion beam [11, 12]. Enhancement cavities are often applied in conjunction with single-frequency lasers, but can also be used with mode-locked lasers where all lines in the laser spectrum can be simultaneously resonant in a single cavity.  Simultaneous enhancement of two or multiple incoming laser beams within a single cavity, on the other hand, belongs to a completely different category. Even in the simplest case, where two or multiple beams are originated from the same laser source (i.e. the same frequency and a constant phase relationship), each beam will experience a different path in the cavity, which makes simultaneous 

resonance on all incoming beams impossible to achieve without precise phase control of the individual beams. Achieving cavity resonance at two (or more) incoming beams has potential impacts in many applications. For example, doubly-resonant cavities are frequently used in wave mixing and optical parametric oscillators [13-16]. In cavity enhanced spectroscopic systems [17, 18], multiple resonances can increase measurement sensitivity while reducing the ambiguity. Another important application field is the power enhancement of burst-mode laser pulses. In laser-particle interaction experiments such as the  inverse Compton scattering based x-/γ-ray generations [7-10] and laser stripping of hydrogen ion beam [11, 12], light sources are often operating in a burst-mode to match the temporal structure of the particle beam. As the small cross-section in the laser-particle interaction process results in negligible laser power loss, it is desirable to make the interaction inside an optical cavity to recycle the laser power. Meanwhile, conventional cavity locking techniques, even with a re-locking scheme such as in Ref. [19], will not work since the burst normally has very small duty factor and low repetition rate and it is impossible to generate an effective error signal. A doubly-resonant cavity scheme is very useful in this case since an auxiliary beam that is phase-locked to the burst-mode beam can be used to lock the cavity. In this Letter, we report on the development of a doubly-resonant enhancement cavity (DREC) that enables a simultaneous resonance of two laser beams with distant spectra. After briefly discussing two different DREC locking approaches, we describe in detail how a Fabry-Perot cavity based DREC can be locked simultaneously to an infrared (IR, 1064 nm) and its third-harmonic ultraviolet (UV, 355 nm) picosecond pulses using a frequency shift method. We further demonstrate that such a cavity can be used to enhance burst-mode UV laser pulses with arbitrary burst lengths and repetition rates. While the experiments have been conducted only on double-resonance, the proposed locking technique can be applied to achieve power enhancement of multiple beams. A schematic of the DREC is shown in Fig. 1. Two incident beams A and B can have either the same or different wavelengths. Three possible temporal structures, (i) continuous-wave, (ii) mode-locked and (iii) burst-mode pulses, are shown as typical examples. Beam A can have waveforms of either (i) or (ii) while beam B is related to beam A through amplification and/or harmonic generation processes and can have any waveform (i) - (iii). The resonance of an optical cavity to 



 
Fig. 1.  The principle of the DREC locking with AOFS. Three possible temporal structures, (i) continuous-wave, (ii) mode-locked and (iii) burst-mode pulses, are shown as typical examples. AOFS: Acousto-optic frequency shifter, PD: Photo detector, EOM: Electro-optic modulator, OC: Optical circulator, PZT: Piezoelectric transducer, PDH: Pound-Drever-Hall. beam A with wavelength λa is defined by,  
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 where φa is the phase difference accumulated in a single round-trip of the cavity, La is the round-trip optical path length of the cavity, νa is the laser frequency, FSR=c/La  is the free-spectral range of the cavity to beam A, c is the speed of light, and N is an integer. Now a second beam 

B is incident into the same cavity. We assume that the two beams are related to each other by φb = φa + Δφ, νb = Mνa + Δν and Lb = La + ΔL. Here, Δφ is the phase offset between the two beams, M (1, 2, 3,…) corresponds to the harmonic number, Δν corresponds to the frequency difference and ΔL is the round-trip optical path length difference in the cavity including contributions from mirror coating and dispersion (for different wavelengths). The condition M = 1 and Δν = 0 exists when the two beams have the same wavelength. In this work we focus on a case in which two beams are phase locked and, without loss of generality, we assume Δφ = 0. The cavity is referred to as doubly-resonant to beams A and B when mod(φb - φa, 2π) = 0, which gives,  
mod ,1 0

b

L
FSR

ν
λ

 Δ Δ+ =  
 

                                  (2) 
Therefore, the double-resonance of the cavity to beam A and beam B can be realized by one of the following two approaches. (1) Path-length tuning approach: The optical path length difference ΔL between the two beams inside the cavity is adjustable over a range of [0, λb]; (2) Frequency tuning approach: The frequency difference Δν between the two beams is tunable over a range of [0, FSR]. We have experimentally studied both approaches using a Fabry-Perot (FP) cavity. For the path length tuning approach, an optical dispersion element is installed inside the cavity to compensate ΔL between the two beams with wavelengths of 1064 nm and 355 nm, respectively. A pair of N-FK5 crystals (thickness 2.75 mm) were cut at the Brewster angles (56.4° and 123.6°) to maintain very small reflectance (10-3 ~ 10-4) at both wavelengths. ΔL is tuned by varying the crystal temperature to change both the crystal length and the refractive index. Both the numerical calculation and the experiment show that a temperature variation of about 20°C changes ΔL over 355 nm. The double-resonance of the cavity to the 1064 nm and 355 nm beams has been experimentally demonstrated in our previous work [20]. It is also noted that a similar path length tuning approach has been used in the work of doubly-resonant optical parametric oscillators [15, 16, 21, 22]. The temperature based path length tuning scheme is easy to implement and applies no change to the laser system. However, the crystals introduce intra-cavity loss and therefore limit 

the achievable cavity finesse. In addition, this approach requires incoming beams with different wavelengths and the temperature tuning is slow especially in vacuum, which limits its application in some situations. The frequency tuning approach, on the other hand, is not subject to any of these drawbacks. A recently-developed fiber-pigtailed acousto-optic frequency shifter (AOFS) allows a large frequency tuning range with tolerable transmission loss. In the following, we describe the proposed DREC and its locking scheme using the AOFS based frequency tuning approach. Experiments have been conducted using laser pulses with two different temporal structures, mode-locked (continuous pulse) and burst-mode, as depicted in Fig.1. The experimental setup is shown in Fig. 2. The light output from a CW fiber laser (1064.5 nm, linewidth < 5 kHz) is modulated by a high bandwidth intensity electro-optic modulator (EOM) with ~ 80 ps, 402.5 MHz pulses produced from a low phase noise radio-frequency (RF) pulse generator from Picosecond Pulse Lab. The EOM output is then pre-amplified by a polarization-maintaining (PM) ytterbium doped fiber amplifier (YDFA) that provides an average output power of ~ 80 mW [23]. 90% of the YDFA output is used for UV pulse generation while the remaining 10% is injected into the DREC as an auxiliary beam after proper frequency tuning with a fiber AOFS.  

 
Fig. 2.  Schematic of experimental setup. PBS: Polarized beam splitter, HWP: Half-wave plate, QWP: Quarter-wave plate, BS: Beam splitter, YDFA: Ytterbium doped fiber amplifier, DM: Dichroic mirror, BD: Beam dump, M1, M2: flat mirrors, CM1, CM2: curved mirrors (radius of curvature of 150 mm), CM2 has a dichroic coating with R > 99.5% at 1064 nm and T > 99% at 532 nm. In the first experiment, we conduct a systematic study of the DREC locking using two continuously-pulsed beams at 1064 nm and its third harmonic. For this purpose, the seed laser output is further amplified by a 40 dBm PM-YDFA to provide an average output power of up to 10 W for harmonic generation. The harmonic generation system includes a bowtie cavity enhanced second harmonic generation (SHG) and a single-pass third harmonic generation (THG) in two different Lithium Triborate (LBO) crystals (25-mm long). The bowtie cavity is locked to the incoming IR beam using the Hänsch-Couillaud (HC) technique [24]. At an input IR power of 7.5 W (average), we obtained a maximum 1.7 W of the 532 nm light, which gives an estimated enhancement factor of ~ 20. The green beam from the cavity is then sum-frequency-mixed in a type-II phase matching configuration with the residual IR beam that is reflected back from M1, and produces about 25 mW of the UV beam after the second LBO crystal. Based on our previous pulse characterization technique [25], the pulse width of the UV beam is estimated to be ~ 60 ps. The THG generated UV beam shows a TEM00 



spatial profile (M2x = 1.2, M2y =1.1) with good power and pointing stability.  The DREC consists of a pair of fused silica mirrors (radius of curvature of 3 m) that are dual-wavelength HR coated at 1064 nm and 355 nm. The entire cavity is enclosed in a vacuum chamber (10 mTorr) which is isolated from the optical table with vibration-isolating Viton balls. The AOFS provides continuous frequency tuning over 220 – 370 MHz with a transmission loss varying from 4 to 10 dB. The 150 MHz frequency tuning range in IR corresponds to 450 MHz in the UV beam. According to Eq. (2), such a frequency tuning range well covers the FSR (402.5 MHz) of the cavity and therefore assures the existence of the double-resonance condition. Figs. 3(a) and (b) show typical FP cavity resonance waveforms of the IR and UV beams while the cavity length is being modulated by a ring PZT (bandwidth > 300 kHz) attached to one of the cavity mirrors. The error signal is generated from the reflection signal of the IR beam using the Pound-Drever-Hall (PDH) technique [26]. The cavity finesses are 350 for the UV beam and 70 for the IR beam in this case. The difference between the IR resonance frequency and its nearest UV counterpart in Fig. 3(a) is measured to be 171 MHz for the UV beam or 57 MHz for the IR beam. Using the AOFS to shift the IR beam frequency, we can match the resonance peaks of the IR and UV beams at an accuracy of kHz as shown in Fig. 3(b). When resonance frequencies are properly tuned, we observe a simultaneous and stable locking of the cavity to both the IR and UV beams by properly tuning the PDH locking circuit. Fig. 3(c) shows the transition of the UV signals (both reflected and transmitted) as well as the reflected IR signal when the locking circuit is switched from ON to OFF. The waveforms clearly indicate that most of the IR and UV beam powers are coupled in to the cavity when the cavity is locked. The measurement also shows that the UV signal has more noise than the IR signal when the cavity is locked. We believe that this is because the cavity finesse of the IR beam is much lower than that of the UV beam and the relatively loose cavity lock based on the IR beam is causing fluctuations in the UV signal. Dual-coated cavity mirrors with similar finesses at both wavelengths can be used to improve the UV beam locking stability.  

 
Fig. 3. (a) Reflection signals of the auxiliary IR and UV beams when the cavity length is modulated. The resonance frequencies of the auxiliary IR and UV beams differ by ∆ν = 171 MHz. (b) Auxiliary IR beam frequency has been shifted by the AOFS to establish double resonance. (c) Transition between cavity lock ON and OFF. 

In the second experiment, we study the locking performance of the DREC to the burst-mode UV beam while using the same auxiliary IR beam as in the first experiment. One of the interesting features of the cavity-enhanced harmonic generation scheme is its capability of generating “burst-mode” pulses through modulation of the cavity length. When the bowtie cavity length is modulated, the majority of time the incoming IR light is rejected from the cavity and very little second-harmonic light is produced. However, when the incoming IR beam resonates with the cavity, cavity-enhanced second harmonic light is generated. The contrast of resonance/non-resonance states is further enhanced in the frequency tripling process. As a result, the cavity-enhanced harmonic generation scheme produces very clean burst-mode UV pulses with an extinction ratio larger than 40 dB. Fig. 4 shows a typical example of the DREC response to the burst-mode UV incoming beam when it is simultaneously resonant with both the IR and UV beams after a proper frequency shift in the IR beam. Fig. 4 (a) shows the reflected IR and UV light intensities when the cavity length is modulated and Fig.4 (b) corresponds to the case when the cavity is locked. The inset in Fig. 4(b) shows the micropulse structure (~ 80 ps at 402.5 MHz) of the reflection signal measured by a fast photodetector. The macropulse width (full-width at half-maximum) is about 100 µs in this case. Compared to Fig. 3, the cavity enhancement performance for burst-mode pulses is similar to that of the continuous pulses. It is further verified that the locking performance of the burst-mode UV pulses does not depend on the macropulse length or repetition rate.  

 
Fig. 4. Reflection signals of the auxiliary IR pulses and burst-mode UV pulses from the DREC. (a) Cavity length is modulated and (b) cavity lock is turned on. Inset shows the micropulse structure of the UV beam measured by a fast photodetector. Overshoots of the pulse waveforms are due to the bandwidth limitation of the photodetector. We have investigated the enhancement performance of the DREC to the UV beam in multiple cavity configurations. Stable locking has been achieved using different sets of cavity mirrors. Fig. 5 shows the frequency tuning curve of the DREC at different cavity settings. The enhancement factor G of the UV beam was measured from the transmitted UV power and plotted as a function of the frequency shift ∆ν (where center frequency is normalized to zero) introduced by the AOFS to the IR beam. The curve is then fit with a theoretical model of the cavity using                         max
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where F is the cavity finesse and Gmax is the maximum enhancement factor determined by F and the cavity mirror transmittance. As seen in Fig. 5, there is an excellent agreement between the theoretical model defined by Eq. (3) and the experimental data. We have extracted the full-width half-maximum (FWHM) of the frequency tuning curve (i.e. 
∆νfwhm) of each cavity configuration. The data indicate that ∆νfwhm is approximately 1.15 ± 0.02 MHz, 2.15 ± 0.03 MHz and 7.61 ± 0.04 MHz and the corresponding UV enhancement factors are 110, 65 and 14, respectively. In the experiment, once the optimum alignment of both beams has been achieved, there is no need to retune the frequency shift ∆ν. This indicates that both beams are stable in frequency and the technique is reliable.  

 
Fig. 5.  Frequency tuning curve of the DREC with different cavity settings. Dots are the experimental data and lines are the calculated results from the theoretical model.   In conclusion, a doubly-resonant optical cavity that can be simultaneously locked to two laser beams with different wavelengths and temporal structures has been proposed, analyzed and demonstrated. Different locking approaches have been discussed and an AOFS based DREC locking technique has been described in detail. In the first experiment, we have studied systematically the simultaneous locking of a Fabry-Perot cavity to a continuously-pulsed 1064 nm beam and its frequency-tripled counterpart. In the second experiment, we have demonstrated the power enhancement of picosecond UV pulses operating in burst-mode with arbitrary burst lengths and repetition rates. The DREC locking technique discussed in this work can also be expanded to the locking of multiple beams to an optical cavity if the frequency tuning is implemented on the individual beams. We are planning to use this technique to achieve power enhancement of burst-mode picosecond UV laser pulses with a MW level peak power and up to millisecond burst length required for the laser assisted hydrogen ion beam stripping experiment at the Spallation Neutron Source.                                 
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