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We report on a diode-pumped vertical external-cavity surface-emitting laser emitting around 852 nm for Cesium atomic clocks experiments. We have designed a 7quantum-well semiconductor structure optimized for low laser threshold. An output power of 330 mW was achieved for 1.1 W of incident pump power. Furthermore a compact setup was built for low-power single-frequency emission. We obtained an output power of 17 mW in a single longitudinal mode, exhibiting both broad (9 nm) and continuous (14 GHz) tunability around the Cesium D 2 line. The laser frequency has been stabilized on an atomic transition with residual frequency fluctuations ~ 300 kHz. Through a beatnote experiment the -3 dB laser linewidth has been measured to < 500 kHz over 10 ms.

relatively high optical gain. We have made a diode-pumped VECSEL emitting 330 mW in a transverse singlemode operation with a semiconductor active device on a GaAs substrate. Finally, in a very simple and compact cavity setup, we studied the coarse and fine tunability of the single frequency emission around the Cesium D 2 line. The frequency stabilization on an atomic line has been performed, and the laser linewidth has been characterized through a beat note with a reference laser.

Description of the semiconductor structure

The active region of the semiconductor structure has been specifically designed for laser emission around 852 nm. It is optically pumped in the quantum-well barriers, which prescribes a pump wavelength below 720 nm. Since red laser sources are neither as efficient nor as powerful in that spectral range than in the infrared, the active structure need to be carefully designed with the aim to reach a low laser threshold while keeping the highest gain achievable. We have especially optimized the number of quantum wells (QWs) and their position in the active region. The pump intensity at threshold I th is expressed as a function of the roundtrip losses L :
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where L QW and N QW are respectively the thickness and the number of QWs, Γ = 2 is the longitudinal confinement factor and I inc the incident pump intensity [START_REF] Coldren | Diode Lasers and Photonic Integrated Circuits[END_REF]. From the experimental characterization of I th as a function of intracavity losses at different device temperature T [START_REF] Cocquelin | Proc. SPIE[END_REF], a linear gain per well g 0 = 1000 cm -1 and an incident pump intensity at transparency per quantum well I tr =105 W/cm 2 have been considered at T = 10°C, and g 0 = 830 cm -1 and I tr =105 W/cm 2 at T = 40°C. According to Figure 1, seven QWs correspond to an optimum which minimizes the pump intensity at threshold for roundtrip losses (including output coupler transmission) about a few percents, even at high temperature. Further increase of the QWs number would result in a larger threshold intensity.

The semiconductor chip (so-called ½-VCSEL) has been grown by metal-organic chemical-vapor deposition on a 350-µm thick GaAs substrate. It contains a multilayer Distributed Bragg Reflector (DBR) and an active region (Figure 2). The DBR bottom mirror consists of 32.5 pairs of AlAs/Al 0.225 Ga 0.775 As quarter-wave layers resulting in a 99.95 %-reflectivity 70-nm-wide stop-band centered on 852 nm. Grown on the top of the Bragg mirror is the 29 λ/4-thick anti-resonant cavity; seven 8-nm thick GaAs QWs, embedded between Al 0.225 Ga 0.775 As barriers, are distributed among the optical standing-wave antinodes positions, with a repartition 1-1-1-1-0-1-0-1-0-0-1 (from the top surface) which has been calculated in order that the excited carrier density remains constant in all QWs and about 14% of the total photogenerated electron-hole pairs. The pump absorption in the barriers is evaluated to 90% in single-pass for wavelengths around 680 nm. Finally, two 30 nm-thick Al 0.39 Ga 0.61 As layers produces a potential barrier at the Bragg mirror/active region interface and at the top surface for carrier confinement, and the structure has been protected by a 20 nm-thick In 0.48 Ga 0.52 P capping layer against oxidation of the Al-rich barrier layers. This cap layer is requisite to improve the operating lifetime of the structure; no degradation nor failure have been observed within months of laser operation under high power pumping. In the end the wafer is antireflection coated at 852 nm with a λ/4 Si 3 N 4 layer to increase the transmission of the incident pump laser and to reduce any intracavity etalon effect at the laser wavelength.

Laser Characterization and Optimization

In order to evaluate the laser performance of our structure, the 7-QW ½-VCSEL was placed in a three-mirror cavity, and optically pumped with a laser diode module from Brightpower emitting up to 5 W at λ p = 690 nm on a 100 µm-diameter-core fibre. The laser cavity consists of a R C = 100-mm concave mirror with a high reflectivity (R>99.97 %) at λ l = 852 nm, and a plane output coupler (Figure 3). The semiconductor structure was simply fixed on a copper heatsink which temperature T sub was controlled by a Peltier cooler. We optimized the pump beam radius and the transmission of the output coupler to obtain the highest output power [START_REF] Cocquelin | Proc. SPIE[END_REF]. With a 40-µm pump spot radius on the semiconductor structure we achieved a maximum output power of 330 mW for a pump power of 1.1 W and a T=1.1%-output coupler, at a substrate temperature T sub = 0°C (Figure 4). The slope efficiency hext reached 35 %, and the overall optical-to-optical efficiency was 30% with regard to the incident pump power (35% with absorbed pump power). The laser threshold was as low as 158 mW, corresponding to a pump intensity of 3 kW/cm 2 in good agreement with the predictions from Figure 1. The laser line was 2-nm broad; the central wavelength shifted from 848 nm at the laser threshold to 855 nm at the maximum output power because of the pump-induced heating of the QWs.

The laser output power was limited by a strong thermal roll-over at 1.1-W incident pump power, induced by the high thermal resistance of the active device. Actually the 350-µm thick GaAs substrate, which has not been removed in this work, contributes to more than 75% of the total heating of the ½-VCSEL, with a thermal resistance ! R th = dT QW dP inc (T QW : QWs temperature, P inc : incident power) evaluated to ~ 145 K/W out of 190 K/W for the whole structure. Nevertheless the maximum output power, one of the highest ever reported without any thermal management in that spectral range, demonstrates the well-thought design of the active structure, as well as its growth quality.

Single-frequency operation in a compact prototype

Description

With the aim to develop a low-power single-frequency source dedicated to the detection of Caesium atoms, a compact monolithic external cavity with improved thermal and mechanical stability has been designed. We chose a single-transverse-mode laser diode as the pump source in order to limit intensity noise transfer from the pump to the laser emission [START_REF] Baili | [END_REF]. The pump was thus a commercial Mitsubishi red laser diode delivering up to 150 mW at 658 nm for an operating current of 245 mA. The pump beam was focused on a 20 µm radius spot with a pair of aspheric lenses (f' =4.5 mm / f' = 12.7 mm), at the incidence angle of 70° relatively to the structure, which circularizes the elliptic shape of the incident pump beam on the semiconductor chip. The external cavity was formed by a 12 mm-concave mirror R = 99 % at 852 nm mounted on a piezo-electric transducer (PZT) (see Figure 5). The laser cavity length was carefully adjusted in order to optimize the overlap between the cavity mode and the pump one. The active structure is directly fixed on a thermoelectric (TE) cooler with thermal heatpaste, which allows to control its temperature with a precision better than 10 -3 K. The temperature of the whole laser external cavity was separately stabilized with another TE element close to room temperature in the following. The pump system, the semiconductor chip and the external mirror have been integrated on the same mount. The overall setup fitted within a 52×52×58 mm 3 cube, and was protected by acoustic isolating covers to improve both its thermal and acoustic isolation. Then the laser remains running for weeks without needs for realignment.

Laser operation without any intracavity frequency-selective element

In this compact prototype, the laser output power is limited by the available pump power to 17 mW (Figure 6) at a substrate temperature of 10° C. The threshold was reached for an incident pump power of 52 mW, and the slope efficiency was 17% (with regard to incident pump power) without any evidence of thermal roll-over up to the maximum 150-mW pump power. The emission was linearly polarized, and the beam was diffraction-limited with a quality factor M 2 < 1.1. The emitted wavelength shifted from 850.5 nm at threshold to 852.2 nm at maximum pump power.

Without any frequency-selective intracavity element, we observed a stable single-frequency operation within a large range of operating conditions of the substrate temperature and pump current, with a side-mode suppression ratio higher than 30 dB (measurement-limited). This was checked with a high finesse (F=130) scanning Fabry Perot (Figure 6) with a free-spectral range (FSR) of 37.5 GHz larger than the FSR of the laser cavity. This is attributed to the nearly-ideal gain homogeneity of VECSELs sources which has been extensively studied in [START_REF] Garnache | [END_REF]. Actually the characteristic time needed for the laser spectrum to collapse to a single-mode is about 1 ms in our experimental conditions, faster than acoustic and thermal fluctuations in our laser set-up.

Concerning the wavelength tunability, the laser line shifts towards longer wavelengths, as the QWs gain does, either with the substrate temperature or the incident pump power. A broad tunability over 6 nm is thus obtained from 850 nm to 856 nm by changing the substrate temperature from 7°C to 20°C, with a rate of 0.24 nm/K which is typical for these AlGaAs-based materials. Furthermore the laser wavelength moves with the incident pump power at 17 pm/mW (with regard to the incident pump power).

Operation with an intracavity Fabry-Perot etalon

To force the laser wavelength independently of the operating conditions, we chose to insert a 26-µm thick uncoated silica etalon inside the cavity. The laser wavelength is then only set by the etalon orientation over 9 nm, and does not change with either the temperature (over ∆T = 30°C) or the available pump power. In the meantime the output power and the efficiency decreased respectively to 8 mW at the maximum available pump power and 12% with respect to the incident pump power; the threshold increased to 85 mW due to the extra losses introduced by the etalon. By tuning the external-cavity length with the piezoelectric transducer, we achieved a continuous tunability over 14 GHz (0.03 nm) without any mode hop. It is worth noticing that this large continuous tunability of the laser frequency, owing to our short-length cavity, is favourable in atomic physics experiments; actually it makes it possible to scan continuously the optical transitions of interest, distant from 9.192 GHz, corresponding to the hyperfine levels ( 62 S 1/2 , F = 3) and ( 62 S 1/2 , F = 4) of the 133 Cs-atom ground state. A Doppler-free saturated-absorption spectrum of the ( 62 S 1/2 , F = 4) → (6 2 P 3/2 , F') transitions obtained in a Cs gas cell is shown in Figure 7. The ~5-MHz wide hyperfine lines are clearly resolved.

Evaluation of the spectral properties

With the etalon inside the cavity, the laser frequency has been locked at the side of a Doppler-free transition of the D 2 line, through a low-frequency (f < 2 kHz) 2-integration-stage servo loop on the piezoelectric transducer. The root-mean-square (RMS) frequency error signal, which is an evaluation of the global frequency fluctuations of the OP-VECSEL relatively to the atomic reference, is assessed at 300 kHz over 10 s and above (inset in Figure 7). We have checked that the intensity noise (RIN) remains negligible and do not contribute significantly to these measurements. The power spectral density of the frequency noise, measured from the error signal with a Fast Fourier Transform analyser, reveals that the main contributions to the laser frequency noise are below 4/15/ 100 kHz, and are attributed to residual electronic and acoustic instabilities of the set-up (Figure 8). A strong correction of the frequency fluctuations is obtained below 1 kHz. In the high frequency range, the white noise floor of the frequency noise spectrum reached ~13 Hz 2 /Hz, which would correspond to a Schawlow-Townes fundamental linewidth of 40 Hz [START_REF] Petermann | Laser Diode Modulation and Noise[END_REF]; this value is within the order of magnitude of the theoretical limit for a 10 mm-long external-cavity semiconductor laser.

The laser linewidth of our source has been further validated through the beat note measurement between our OP-VECSEL and an extended-cavity diode laser (ECDL) similar to the one described in [4], which linewidth has been previously evaluated to 130 kHz at -3 dB. In order to suppress low-frequency drifts of the laser frequencies, the OP-VECSEL and the ECDL were locked to distinct sub-Doppler Cs lines. The beat note signal around F 0 = 135 MHz was detected by a fast InGaAs photodiode, then amplified and measured with a radiofrequency spectrum analyzer. The relevant time scale for the evaluation of the laser spectrum is the typical light/atoms interaction duration in atomic physics experiments, in the 10-ms range for atoms detection in Cs clocks. Thus the full width at half maximum of the beat note measured over 10 ms is 500 kHz, which is mainly attributed to the OP-VECSEL (see Figure 9). Actually assuming Gaussian shapes for both laser lines, the VECSEL linewidth is ~ 480 kHz. The FWHM of the Lorentzian fit of the spectrum wings (|ν-ν 0 | > 1 MHz) is 70 kHz -55 kHz imputed to the VECSEL line, which is still larger than our previous evaluation of the ultimate linewidth from the white-noise magnitude; this is regarded as a consequence of the low-frequency extra acoustic, thermal and electrical noise peaks observed in the error signal spectrum (Figure 7) which are unavoidable under normal laboratory environment. Indubitably the laser linewidth could still be reduced with a better control of our environmental conditions and an enlarged servo bandwidth.

Conclusion

By giving extra care to the conception and the fabrication of the semiconductor component, we have demonstrated a diode-pumped VECSEL emitting at 852 nm with a low threshold intensity (I th = 3 kW/cm²). We have obtained a 330-mW laser emission around 852 nm from a structure on a GaAs substrate, without any complex additional thermal management nor post-processing of the wafer.

From a low-power compact prototype we have obtained a pump-limited output power of 17 mW under single-frequency operation on the Caesium D 2 transition. The spectral tunability of the source around the desired optical frequency was at least 14 GHz without mode-hopping. Moreover the laser has been locked to an absolute atomic reference, and complete frequency noise measurements have been performed. The residual frequency fluctuations of the laser line as compared to the atomic transition were about 300 kHz RMS over 10 s. Last but not least an independent evaluation of the laser linewidth through a beat-note experiment has established that the FWHM laser linewidth was below 500 kHz over 10 ms. We believe that this work results in an actual characterization of the frequency noise of a single-frequency VECSEL under single-mode diode pumping.

Finally the potentialities of a diode-pumped VECSEL as an alternative in the optical source architecture of Caesium atomic clocks have been investigated. Our laser performance are already adequate for optical detection of atoms in these setups. The further increase of the output power will require a reduction of the thermal resistance of the semiconductor chip in order to withstand high-power pumping. We could utilize wellestablished solutions as long as they remain compatible with the tunability of the single-frequency emission attempted here, such as substrate removing, bonding to a high-conductivity substrate or intracavity wedged heatspreader technique [START_REF] Maclean | [END_REF].
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 1 Figure 1: Threshold intensity vs. number of quantum wells in the structure for different intracavity losses L : 0.5%, 1% and 2% at T QW =10°C and 40°C, following Equation (1).
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 34 Figure 3: Experimental setup for OP-VECSEL optimizationFigure 4: Laser output power and laser wavelength vs. incident pump power at the substrate temperature T sub = 0°C .
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 5 Figure 5: Photograph of the low-power single-frequency prototype.
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 6 Figure 6: Laser output power vs. incident pump power in single-frequency operation at 7°C; inset: transmission of the scanning 37.5 GHz-FSR Fabry-Perot demonstrating single-frequency operation.
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 7 Figure 7 : Doppler-free Cs absorption spectrum in a vapor cell, from the (6 2 S 1/2 , F = 4) hyperfine ground state; inset : error signal measured at the side of the atomic line.
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 89 Figure 8: Spectral density of the error signal with/without optimized servo gain Figure 9: Beat note measurement between the VECSEL and a known ECLD. The resolution bandwidth is 10 kHz, the sweep time is 20 ms; the signal has been averaged 10 times.
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