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We demonstrate the construction of the optical system in the atomic clock-beyond atomic fountain based on 87Rb atom. The optical system includes a high-stability laser system and an optical lattice. The high-stability laser system with the new scheme of frequency locking and shift is introduced in detail, which is an important laser source for laser cooling. The optimized frequency and intensity stability are achieved to 4 × 10–14[image: image] ([image: image] is the averaging time) and 4 × 10–5[image: image], respectively, which are highly stable. On the basis of the conventional atomic fountain clock, the optical lattice is specially investigated along the direction of gravity and its characteristics are studied systematically. For the optimized and novel exploration, we predict the achievable stability of [image: image] and it has the potential to be improved to [image: image]. The realizability of the construction due to the stabilized laser and optical lattice makes the beyond fountain promising candidate for the next-generation high performance microwave atomic clock.
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1 INTRODUCTION
Laser cooling can produce the cold atoms with low temperature and high density, which has been widely used in different fields, such as atomic clocks [1–5], atomic interferometer [6–8], atomic optics [9], Bose-Einstein condensate (BEC) [10, 11], quantum computing [12], quantum communication [13], etc. The atomic clocks can provide the unprecedented precision in the determination of time and the SI second is experimentally determined by measuring the 133Cs hyperfine transition with atomic fountain clocks [14]. However, due to the gravity, the usual coherent interrogation time of the atomic fountain clock reaches around one second. The more longer coherent interrogation time in the atomic fountain clock on Earth seems impractical. However, the cold atoms trapped in the optical traps can be stored with a long lifetime even up to hundreds of seconds with negligible optical scattering and minimal laser-noise-induced heating [15, 16]. Using this method, the optical trapping without affecting the internal energy-level of the atoms is desirable, which is attractive particularly in the atomic fountain clock. Some authors have proposed a novel microwave atomic clock, combining the atomic fountain clock and optical lattice configurations [17, 18]. Compared with the conventional atomic fountain clock, the new microwave atomic clock with higher frequency stability and accuracy can be achieved. This new microwave atomic clock is called beyond atomic fountain clock, which is abbreviated to the “beyond fountain” [17]. In the beyond fountain, not only the coherent interrogation time is increased to improve the frequency stability of 10–15 at one second, but also the frequency accuracy of 10–15 to 10–17 is feasible, due to the dramatic elimination or suppress of the cavity related shifts, the collision shift and the Doppler effect [18]. They have proven that we can attempt to overcome the limitation of coherent interrogation time, when the cold atoms are trapped in the optical lattice. This microwave atomic clock provides an easy way to improve the atomic fountain clock performance by adding a trapping laser beam in the conventional atomic fountain clock without any further complicated modifications. It is still feasible to achieve the microwave atomic clock for 87Rb or 133Cs cold atoms with a high accuracy even though no magic wavelength exists [18], in contrast to the optical lattice clocks employing a dipole trap at a magic wavelength to suppress the differential light shift. Besides, based on the proposal of the beyond fountain, several approaches have been predicted to further suppress the differential light shift, such as magic wavelengths on microwave transitions for Al and Ga [19], the laser traps of particular polarization combined with a specific magnetic field [20, 21] and the cancellation at the expense of a small magnetic-field sensitivity [22].
The beyond fountain has attracted much attention and it is of great practical significance to develop to broaden the field of microwave atomic clock. However, in the beyond fountain, the preparation of cold atoms is primary to provide the atomic medium and the optical lattice is utilized to trap the cold atoms for long coherent interrogation time. On the basis of conventional atomic fountain clock, the beyond fountain can prepare the cold atoms in the magneto-optical trap (MOT) zone directly and the optical lattice can be specially designed with the upward movement of cold atoms. For the cold atoms, the quality of laser frequency locking and the fluctuation of cold atoms number caused by the laser intensity are still problems, because they seriously determine the hyperfine transition of laser cooling and the stability of cold atom number. For the optical lattice, it should be investigated to optically load and trap atoms along the gravity, which coincides with the atomic trajectory from the conventional atomic fountain clock. It is obtained that the construction of the optical system including a high-stability laser system and an optical lattice is very necessary in the beyond fountain, which will meet the laser cooling and optical trapping requirements of cold atoms.
In this paper, the construction of the optical system in the beyond fountain based on 87Rb atom is proposed. The high-stability laser system with the new scheme of frequency locking and shift is introduced in detail, which is an important laser source for laser cooling. In the high-stability laser system, we have built the diode laser with narrow linewidth and measured the optimized frequency and intensity stability. Together with the MOT, the laser system is expected to capture the cold atoms with μK temperature by Doppler and sub-Doppler cooling mechanism. These cold atoms are prepared to be loaded into the optical lattice. On the basis of the conventional atomic fountain clock, the optical lattice is specially investigated along the direction of gravity, which is located above the Ramsey microwave cavity. This engineered scheme can realize the optical lattice and the performance for trapping can be observed directly. It is predicted that the cold atoms can be loaded into the optical lattice by an appropriate time sequence successfully. Thus, the investigation on the construction of the optical system will effectively promote the development of the beyond fountain.
2 PRINCIPLE
2.1 Physical package of beyond fountain
As shown in Figure 1, we consider an experimental scheme of 1D optical lattice in the physical package of the beyond fountain, which is the combination of atomic fountain clock and optical lattice configurations. In contrast to the complexity of 2D and 3D optical lattices [23], the 1D optical lattice is formed by two counter-propagating laser beams [24–26], which is uncomplicated and can be integrated with the atomic fountain clock along the direction of gravity by the standing wave. Compared with the optical dipole trap (ODT) formed by a traveling wave, the potential well depth at the laser beam waist of the 1D optical lattice is four times larger than the ODT, with the identical laser intensity. The 1D optical lattice can cause the more attractive force for the cold atoms than the ODT, which will contribute the more tightly confining cold atoms. So the 1D optical lattice is chosen over the ODT. To facilitate the integration, the optical lattice laser is injected above the vacuum tube of the atomic fountain clock by an optical cage structure and reflected by the mirror at the bottom of MOT zone. Using the 1D standing wave, the optical lattice can be produced above the Ramsey microwave cavity. The launching cold atoms from the MOT zone can be loaded into the 1D optical lattice and trapped for a long time before releasing. The 1D optical lattice is designed to minimize any structure distortion, which hardly affects the vacuum environment and microwave oscillation. Two optical windows are established at the top of the vacuum tube and the bottom of the MOT zone for the injection and reflection of laser. Several windows are established at the sides of the vacuum tube for the injection of probe laser and the observation of fluorescence from cold atoms in the optical lattice. These optical windows are vacuum sealed and nonmagnetic. An electronic multiple charge coupled device (EMCCD) needs to be installed outside of the vacuum tube to observe the fluorescence from the cold atoms.
[image: Figure 1]FIGURE 1 | The experimental scheme of 1D optical lattice in the physical package of the beyond fountain.
In order to load the cold atoms into the optical lattice as much as possible, the potential well depth is predicted to tens of microkelvin temperature and the cold atoms should be cooled to several microkelvin temperature in MOT zone. In addition, we assume that the velocity of cold atoms is almost zero, when the cold atoms reach to the position of optical lattice. That means the cold atoms are loaded under static condition and then trapped in the ultra-high vacuum environment. It is worth noting that the cold atoms launching from the MOT zone should have a good stability to ensure the uniformity of trapped cold atoms in every duty cycle. The coherent interrogation time are mainly determined by the optical lattice depth, the beam waist and the vacuum environment.
2.2 The high-stability laser system
2.2.1 Scheme of laser system
In the MOT zone, the laser system including the cooling and repumping light [3, 27, 28] is used in the cold atom experiments. These lights interact with the hyperfine energy level of atoms, so the linewidth of them should be reduced preferably to hundreds of kHz or tens of kHz. The stability of cold atom number are determined by the stability of cooling light, so the cooling light requires the sufficient stability of laser wavelength, single mode and intensity. The factors affecting the laser stability can be divided into the external and internal factors. The external factors include mechanical vibration, temperature, pressure, magnetic field, etc. The internal factors include spontaneous emission, power supply circuit, aging, etc. Therefore, it is very important to reduce the linewidth and improve the laser stability by the locking technology. There are many frequency locking schemes, such as dichroic atomic vapour laser lock (DAVLL) [29], polarization spectroscopy [30], frequency modulation spectroscopy [31], Pound-Drever-Hall (PDH) [32], saturation absorption spectroscopy (SAS) [33] and modulation transfer spectroscopy (MTS) [34]. Among them, the usual SAS modulates the laser frequency by current and the laser frequency is locked by the negative feedback loop, in which the additional laser noise will be introduced to the output laser. Compared with the widely used SAS, the MTS with the external modulation can avoid the modulation disturbance to the output laser. Here, we develop the MTS technology to achieve the frequency stabilization. This technology does not modulate the frequency of the output laser, so it will not bring the additional noise. Besides, the slope of the error signal is large and the background noise is small, which is beneficial for the frequency locking. For the stabilization of laser intensity, in order to achieve the desired performance, it is necessary to select an appropriate device as the feedback actuator and an acousto-optic modulator (AOM) will be suitable.
To achieve the narrow linewidth and improve the stability of laser frequency, the laser system for laser cooling is optimized. As shown in Figure 2, the new scheme of laser frequency locking and shift is proposed. In the scheme, an external cavity diode laser (ECDL) and a distribution feedback Bragg (DFB) laser allow us to minimize the number of laser source and simplify the laser frequency shift processes. The frequency of the ECDL is locked to the 87Rb D2 line F = 2→F’ = 3 by MTS and then shifted to form the frequency of the cooling and probe lights simultaneously. One basic light resonant with D2 line F = 2→F’ = 2 is formed by the negative frequency shift from the locked frequency of the ECDL. The cooling light (red-detuning of D2 line F = 2→F’ = 3) is formed by the positive frequency shift from the basic light. The probe light (near resonance of D2 line F = 2→F’ = 3) is also formed by the positive frequency shift from the basic light. The DFB laser offers the repumping light, whose frequency is locked to the D2 line F = 1→F’ = 1&2 by SAS. The repumping light is formed by the positive frequency shift from the DFB laser, because its frequency is resonant with D2 line F = 1→F’ = 2. The scheme of the optical path with four laser frequency shift processes will be realized by the acoustic-optical modulators (AOMs). In the above process, the expected characteristics of lights in the laser system is shown in Table 1. It is worth noting that the cooling light has different detuning and power in the different laser cooling stage.
[image: Figure 2]FIGURE 2 | The scheme of laser frequency locking and shift for 87Rb.
TABLE 1 | The requirement of laser beams in the laser system with87Rb.
[image: Table 1]2.2.2 IF-ECDL
In the laser system, an interference-filter-type ECDL (IF-ECDL) offers an ultra-narrow interference filter to replace the alignment-sensitive diffraction grating in the conventional Litman-Metcalf-type and Littrow-type [35, 36]. It is easier to achieve the narrow linewidth and the sufficient stability of laser frequency, due to the insensitivity to the pressure, mechanical, thermal strain, etc. As shown in Figure 3, instead of the diffraction grating, a narrow bandwidth interference filter and a cat’s eye mirror are placed for wavelength selection and optical feedback, respectively. The emitted light from the laser diode is collimated using an aspheric lens and the collimated beam passes through an interference filter. The collimated beam is then focused on the surface of the cat’s eye mirror by an aspheric lens. The piezoactuator having external threads on one side is attached to the cat’s eye mirror with a threaded cap. Finally, the output laser is collimated by an additional aspheric lens. All the optical components are integrated and the length of the external cavity is about 73 mm. The output single mode and the laser wavelength are fine-tuned by the voltage applied to the piezoactuator. Not only the output laser with the wavelength 780 nm, the frequency no-hopping range 5–20 GHz and the linear polarization has been obtained, but also the laser linewidth well below 100 kHz has been achieved successfully.
[image: Figure 3]FIGURE 3 | The scheme of IF-ECDL.
2.2.3 Frequency stabilization
To stabilize the laser frequency of the IF-ECDL, the MTS is applied. Figure 4 shows the experimental set-up for the frequency stabilization by MTS. This modulation transfer is described as an example of four-wave mixing, which only takes place when the sub-Doppler resonance condition is satisfied. This leads to the flat, zero background signal and the position of the zero-crossing always falls on the centre of the sub-Doppler resonance. The IF-ECDL is used to provide the laser at 780 nm with an optical isolator to prevent the laser being reflected back into the IF-ECDL. Two counter-propagating laser beams can be referred as the pumping and probe lights as in SAS [37], and two polarizing beam splitters (PBSs) are utilized to split and then overlap the two lights. A free-space electro-optic modulator (EOM) is driven by an oscillator at the modulation frequency ωm and applied as the phase modulator to provide the sideband-offset for pumping light. The transmission of the EOM is greater than 98% and its aperture is 3 × 3 mm for easy alignment. The transmitted phase-modulated pumping light can be represented in terms of the carrier and sidebands frequency separated by the modulation frequency ωm. The phase modulated pumping light and the counter-propagating, unmodulated probe light are aligned through an 87Rb vapour cell. If the interaction of the pumping and probe lights with the atomic vapour are sufficiently nonlinear, the modulation will appear on the unmodulated probe light. After passing through the vapour cell, the probe light is incident on a photo-detector (PD). The sidebands frequency of the probe light generated in the vapour beats with the carried frequency of the probe light to produce an alternating signal at the modulation frequency ωm. This alternating signal is mixed with the RF signal to generate the MTS signal, and the MTS signal can be used to feedback the IF-ECDL. The size of optical components in Figure 4 has been miniaturized and the optical simplification of the experimental setup is convenient for the integration with the IF-ECDL to be locked.
[image: Figure 4]FIGURE 4 | The experimental set-up for the frequency stabilization by MTS.
2.2.4 Power stabilization
To stabilize the laser power of the IF-ECDL, an AOM can be used with an electrical drive signal [38]. It is based on the acousto-optic effect, i.e., the modification of the refractive index of the crystal material by the oscillating mechanical strain of a sound wave. A piezoelectric transducer attached to the crystal obtains a strong oscillating electrical signal from a RF driver and is used to excite a sound wave. The sound wave generates a traveling strain wave in the crystal material. The photo-elastic effect leads to a traveling refractive index grating, at which the light can experience the Bragg diffraction. The angle of Bragg diffraction [image: image] can be expressed as
[image: image]
where [image: image] is the wavelength of laser,[image: image] is the velocity of sound wave and [image: image] is the frequency of sound wave. The Bragg first-order diffraction efficiency [image: image] is
[image: image]
where [image: image] is the intensity of the first-order diffracted light, [image: image] is the intensity of the incident light, [image: image] is the length of the acousto-optic interaction, [image: image] is the quality factor of the acousto-optic materials, [image: image] is the power of the sound wave and [image: image] is the height of the acousto-optic interaction. It is obtained that the first-order diffraction efficiency [image: image] changes with the power of sound wave [image: image], that is, as the power of the applied RF signal is varied, the amount of diffracted light varies proportionally. So the AOM can be used as a feedback device, and the intensity of the first-order diffracted light can be controlled by the external signal acting on the RF drive.
2.3 Optical lattice
2.3.1 Loading
The optical lattice is the periodic dipole trap formed by the opposite laser beams, which is located above the Ramsey microwave cavity. The space-time atomic trajectory for loading is shown in Figure 5. The 87Rb atoms are laser-cooled to about 2 μK, prepared in the D2 line F = 2 state, and then launched into the free fall. After the launch, the atomic trajectory includes the upper half part of MOT zone, selection microwave cavity, detection zone and Ramsey microwave cavity. The launched cold atoms reach the apex after 400 ms of free fall time (corresponding to height from the center of MOT zone to the optical lattice Δh≈800 mm). At the apex, the counter-propagating laser beams are turned on and the cold atoms are loaded into the optical lattice. Then the cold atoms will be stored for a time τL. If the cold atoms with kinetic energy lower than the potential well depth, they will be trapped for a long time. Upon turning off the counter-propagating laser beams, the optical lattice will disappear and the cold atoms will be released into the free fall, due to the gravity.
[image: Figure 5]FIGURE 5 | Space-time atomic trajectory for loading.
2.3.2 Trapping
Let us consider the two counter-propagating laser beams of linear polarization and of the same wavelength. The potential well depth experienced by the cold atoms [image: image] is
[image: image]
where P is the laser power, [image: image] is the atomic polarizability, [image: image] is the permittivity of vacuum, c is the speed of light and [image: image] is the beam waist. The potential well depth can also be written as
[image: image]
where [image: image] is the temperature and [image: image] is the Boltzmann constant. Here, the temperature of cold atoms is about 2 μK, and the potential depth [image: image] will be expected to be about 20 μK, similar to the 87Sr optical lattice clock [26]. It is easy to obtain that [image: image] and Figure 6 shows the required laser power [image: image] versus the beam waist [image: image] in case of potential well depth [image: image] = 20 μK. It can be seen that the condition of [image: image] needs the laser power [image: image] [image: image]1 W, and the condition of [image: image] needs the laser power [image: image] [image: image]10 W, in which the laser power are in high Watt-range for diode laser. In this paper, the condition of [image: image] is easier to achieve, which will be shown in the next section.
[image: Figure 6]FIGURE 6 | The required power versus the beam waist in case of potential well depth [image: image] = 20 μK.
The radius of cold atom cloud in the MOT zone[image: image] at time [image: image] is assumed to be 1 mm and the total cold atom number is assumed to 1×107, so the density of cold atoms in MOT zone [image: image] is estimated to 2.4×106/mm3. After launching, the cold atom cloud is expanding gradually at the free fall and its radius [image: image] can be expressed as
[image: image]
where [image: image] is time at the free fall and [image: image] is the velocity of cold atoms ([image: image] = 14 mm/s corresponding the temperature of cold atoms about 2 μK). Once the cold atoms reach to the apex at time [image: image], the radius [image: image] is increased to 5.7 mm and the density of cold atoms [image: image] is decreased to 1.3×104/mm3. Some cold atoms will be loaded into the optical lattice at this density. The volume for trapping [image: image] is determined by the cross volume of the cold atoms and optical lattice at the apex. Therefore, it is necessary to compare the radius of cold atom cloud at the apex [image: image] and the Rayleigh length [image: image]. It is calculated that the Rayleigh length is larger than [image: image], once the beam waist [image: image] is increased to 40 μm. Here, it is expected that the beam waist is at the hundreds of micrometers, so the volume for trapping [image: image] is determined by the radius of cold atom cloud at the apex [image: image], not the Rayleigh length [image: image]. Then the volume for trapping [image: image] is approximately expressed as
[image: image]
and the number of trapped cold atom will take the form
[image: image]
As shown in Figure 7, the larger beam waist leads to the more number of trapped cold atom. However, a large number of cold atom trapped will require much more laser power. Therefore, it is necessary to take the appropriate beam waist and laser power for the optical lattice in the experiment. Under our experimental conditions, it would be proper to take the laser power about [image: image] = 1 W, the beam waist about [image: image] = 100 μm and the number of cold atoms will be [image: image]4,650.
[image: Figure 7]FIGURE 7 | The number of trapped cold atom versus the beam waist of the optical lattice.
3 EXPERIMENTAL SET-UP
3.1 Optical path for laser system
3.1.1 Optical path for laser cooling
Figure 8 shows the schematic diagram of the optical path for laser cooling. Details on the energy level and the specifications of the IF-ECDL have been described in Section 2.2. For the experimental set-up, an IF-ECDL and a DFB laser at the same wavelength 780 nm are applied, whose frequencies are locked to D2 line F = 2→F’ = 3 by MTS and D2 line F = 1→F’ = 1&2 by SAS, respectively. The power IF-ECDL is about 100 mW, which is necessary to be amplified to provide the cooling and probe lights. Considering the difficulty of optical tuning, the power is amplified sufficiently to 3 W and a single-mode polarization-maintaining fiber is applied to introduce the laser beam to the optical bench. After the fiber, the laser beam is collimated and beam diameter is about 1 mm. This laser beam is then shifted to F = 2→F’ = 2 by an AOM, which is divided into three lights: one cooling light in the upward direction at the bottom half of MOT zone, one cooling light in the downward direction at the upper half of MOT zone, and one probe light for fluorescence detection. These lights require the different RF frequency and power driving on AOMs for the control of their detuning. In addition, these AOMs allow the laser frequency to be tuned without optical path changing. The repumping light is achieved by the DFB laser and an AOM, which is the usual approach in the atomic fountain clock. Some fiber beam splitters will be applied to introduce these lights to the MOT or detection zone to interact with atoms in the vacuum. All lasers can be continuously monitored by the PD and two mechanical shutters are installed for the time sequence.
[image: Figure 8]FIGURE 8 | The schematic diagram of the optical path for laser cooling.
3.1.2 Stabilizing laser power
The laser power of IF-ECDL for laser cooling is strongly dependent on the diffraction of AOM, so the AOM is selected as a feedback device for the control of laser power. Figure 9 shows the scheme of stabilizing the laser power with an AOM. The first-order diffraction beam is picked up by a 0° mirror and turned back for the second pass-through of the AOM. Some of them are reflected by a PBS and monitored by the PD in the in-loop. The in-loop signal of the PD is compared to a reference voltage issued from a voltage reference with low noise and low drift. After the comparison, the error signal shows the difference between the PD signal and the voltage reference and it will be applied to the diffraction efficiency of the AOM. Due to this procedure, the fluctuation of laser power can be decreased.
[image: Figure 9]FIGURE 9 | The scheme of stabilizing the laser power with an AOM.
3.2 Optical path for optical lattice
The optical lattice employs the large red-detuning from resonance to achieve the long trapping time, in which the cold atoms are trapped at antinodes. In our experiment, an amplified tunable diode laser with high power up to 3 W is applied, whose wavelength is 852 nm. After the fiber coupling, the laser power is estimated to be 1 W. We can build the optical lattice with this power value. From Figure 6 and Figure 7, it is obtained that the beam waist is about 100 μm and the number of trapped cold atom is about 4,650. Although the number of trapped cold atom is not large enough for the clock signal, it is still beneficial for loading and observing the cold atoms in the optical lattice. If the diode laser with higher power is offered, the more cold atoms will be trapped. Figure 10 shows the optical path for trapping in the optical lattice built by the available laser. According to Figure 1, it is difficult to focus at the apex of the free fall with the usual lens, because of the long distance between the center of MOT zone and the Ramsey microwave cavity. Therefore, the lens is specially customized with the diameter of D = 25.4 mm and focal length f = 900 mm, which is designed to meet the beam diameter for two counter-propagating laser beams. For the lens, if the radius of curvature is much greater than the focal length, the beam waist [image: image] can be expressed as
[image: image]
where [image: image] is the wavelength of optical lattice laser, and [image: image] is the radius of beam on the lens. In our experiment, the [image: image]100 μm leads to the [image: image]2.4 mm, which means the laser beam from the single-mode polarization-maintaining fiber should be collimated and its beam diameter is about 4.8 mm for focusing.
[image: Figure 10]FIGURE 10 | The schematic diagram of optical path for optical lattice.
Once the optical lattice is home-built successfully, the centers of the optical lattice and cold atom cloud should coincide as much as possible. It is necessary to be carefully adjusted in the experiment. The atomic transition in optical lattice is excited by the probe light, and we observe the fluorescence image of cold atoms from the EMCCD to evaluate the coincidence. When the fluorescence image of the trapped cold atom cloud reaches to the brightest, and the width of the cold atom cloud is close to the beam waist, it can be considered that the centers of the optical lattice and cold atom cloud accurately coincide [39]. For the coarse adjustment, the center of the optical lattice can be moved by the two lenses along the direction of gravity. When the coarse adjustment is completed, more fine adjustment and calibration on the angle of the incident light are required. Recently, we have built a miniaturized vacuum system with about 2 × 10−7Pa for 133Cs shown in Figure 11. Although it is not for 87Rb, it can also be used for laser cooling and applied as an apparatus to optically trap cold atoms by the optical lattice.
[image: Figure 11]FIGURE 11 | The miniaturized vacuum system.
3.3 Time sequence
As shown in Figure 12, the time sequence for the preparation and loading of cold atoms is proposed from the atomic fountain clock, which is used for the experiments of cold atoms. The atoms are laser-cooled to about 10 μK at the MOT and Molasses cooling stage, and launched into the free fall. At the beginning of the free fall, the post-cooling further reduces the temperature of atoms to about 2 μK. Then at the free fall, the cold atoms will travel through the upper half part of MOT zone, selection microwave cavity, detection zone and Ramsey microwave cavity. At the apex of the free fall, the cold atoms just pass the Ramsey microwave cavity and are loaded into the optical lattice. The cold atoms will be trapped into the optical potential well for a long time. This trapping time is the desired parameter to evaluate the performance the optical lattice. Then the cold atoms trapped in the optical lattice are detected by the pulsed probe light (near resonance of D2 line F = 2→F’ = 3). At the same time, in order to observe the fluorescence image from optical lattice, an EMCCD is placed outside of the vacuum tube. The experimental detuning and power parameters of probe light can be optimized by observing the fluorescence image. In this time sequence, the mechanical shutters are turned on and off for the time control.
[image: Figure 12]FIGURE 12 | Time sequence for the preparation and loading of cold atoms for optical lattice.
4 RESULTS AND DISCUSSION
4.1 Highly stable laser
4.1.1 Stable laser frequency
The laser frequency of the IF-ECDL depends on the temperature and diode current. The temperature has an impact on the length of the external cavity, which is actively monitored by a negative temperature coefficient (NTC) thermistor and controlled by a thermo electric cooler (TEC). This active temperature control will be combined with the external cavity length feedback to stabilize the laser frequency. As shown in Figure 13A, the output laser power of the IF-ECDL versus the diode current has been measured. Once the current is higher than the specific threshold 25 mA, the output laser power is almost linear to the diode current and can be over 100 mW. During operation, the diode current should be set above the threshold and well below the nominal maximum. Besides, we must effectively narrow the laser linewidth to avoid mode hopping and drift, because the laser cooling require the laser with low noise and high frequency stability. As shown in Figure 13B, the frequency beat-note signal of our laser with another IF-ECDL shows that the laser frequency noise is suppressed effectively, and the linewidth of about 75 kHz is achieved. A master oscillator power amplifier (MOPA) is applied to amplify the output laser of the IF-ECDL, which is used as the seed laser. The power of the seed laser between 10 and 30 mW can be amplified up to nearly diffraction limited power values in the Watt-range. Here, the temperature of the MOPA is lower than the room temperature and the difference between them should be as small as possible, which is beneficial to avoid the condensation on the surface of the MOPA.
[image: Figure 13]FIGURE 13 | The characteristic of the IF-ECDL (A) the output laser power versus the diode current (B) the frequency beat-note signal with another IF-ECDL.
According to the scheme of laser frequency locking and shift shown in Figure 2, the frequency of the IF-ECDL should be locked to the 87Rb D2 line F = 2→F’ = 3 by MTS. The scanned MTS signal is shown in Figure 14. After optimization, the slope of the F = 2→F’ = 3 spectral line is very sensitive to the fluctuation of the frequency, which can improve the accuracy of frequency locking. As shown in Figure 15, the laser frequency is stabilized on the 87Rb D2 line F = 2→F’ = 3, and the frequency stability is achieved to 4 × 10–14[image: image] and reaches about 2 × 10–13 at [image: image] = 1 × 104 s by self comparison. The observed experimental results show an excellent frequency stability, which can fully meet the requirement of laser cooling in MOT zone.
[image: Figure 14]FIGURE 14 | The scanned MTS signal of 87Rb D2 line.
[image: Figure 15]FIGURE 15 | The frequency stability of IF-ECDL with MTS.
By positioning a PD to monitor the diffraction light produced by the AOM, the stabilized laser light is achieved. Here the PD is home-built, whose gain is 1.8 × 105V/W and the maximum output voltage is 5 V. Using this PD, the intensity stability of the monitored laser is shown in Figure 16. The intensity stability of 4 × 10–5[image: image] is achieved, which reaches about 3 × 10–6 at [image: image] = 500 s and begins to drift after about 1,000 s. The long term drift is mainly caused by the factors such as environmental temperature, voltage fluctuation of the voltage reference and the position offset of the optical components. The excellent performance shows the stability of output laser with stabilization has been greatly improved, which is over two orders of magnitude better than the stability without stabilization. The cold atom number is nearly proportional to the laser intensity of cooling light in MOT zone, so the fluctuation of cold atom number caused by the laser intensity can also be suppressed effectively about two orders of magnitude. Here, the relative fluctuation of cold atom number is conservatively estimated to 10–4 level due to the laser intensity stabilization.
[image: Figure 16]FIGURE 16 | The intensity stability of the monitored laser with and without stabilization.
4.2 Performance evaluation of trapping
4.2.1 Lifetime
The optical lattice that shifts from the focused laser beam red-detuned about 72 nm below an atomic dipole resonance using the ac Stark, is designed to trap the 87Rb cold atoms. The cold atoms in ground state F = 2 can be trapped when the optical lattice laser is turned on. The lifetime of cold atoms in the trap will be determined by the interactions of the cold atoms with photons, and the collisions with other atoms [40]. During the interaction between the cold atoms with light, an atom will absorb a photon and emits a photon spontaneously. The direction of the emitted photon and the recoil momentum of atoms are random, which will cause the heating rate due to the momentum diffusion. When the accumulated collision between cold atoms and background gas atoms exceeds the potential well depth, the cold atoms will escape from the well and the lifetime will be limited. In addition, the accumulated heating caused by the fluctuation of potential well depth can raise the temperature of the cold atoms. Once the temperature of the cold atoms exceeds the optical depth, the cold atoms will also escape from the well.
4.2.1.1 Momentum diffusion
Although the heating rate due to the momentum diffusion may be small at large detuning, the diffusive heating always introduces an upper limit on the lifetime. As described in Section 3.3, the detuning [image: image] and the Rabi frequency [image: image] = [image: image] are calculated, where [image: image] is the natural linewidth. The calculated data satisfies the conditions [image: image] Under these conditions, the lifetime limited by the momentum diffusion can be expressed as
[image: image]
where [image: image] is the potential well depth, [image: image] = [image: image] is the scattering rate and [image: image] is the recoil energy of 87Rb. The recoil energy [image: image] is expressed as
[image: image]
where [image: image] is the Planck constant, [image: image] is the wave number, [image: image] is the mass of 87Rb atom, and [image: image] is the recoil temperature. It can be seen that the lifetime [image: image] is directly proportional to the ratio of the potential well depth to the scattering rate. However, since the potential well depth [image: image] and the scattering rate [image: image] are directly proportional to the light intensity [16], the lifetime [image: image] is independent of the light intensity and only related to the detuning. In our experimental set-up, the scattering rate [image: image] is 0.33 and the recoil temperature [image: image] is 361 nK, which leads to the lifetime [image: image] estimated to about 230 s.
4.2.1.2 Collisions
The optical lattice is performed in a vacuum tube attached to an ion pump. The lifetime of cold atoms in the trap is also limited by the collisions with other atoms. The lifetime limited by the collisions [image: image] depends on the collision cross section [image: image], the density of the residual gas n and the thermal velocity of the background gas [image: image]. The lifetime limited by the collision [image: image] can be expressed as
[image: image]
It is assumed that the collision cross section [image: image] is [image: image], the density [image: image] is [image: image]/cm3 at background gas pressure 2 × 10–7 Pa and the thermal velocity [image: image] is 240 m/s at room temperature. Therefore, the lifetime limited by the collision [image: image] is estimated to about 80 s.
4.2.1.3 Heating due to optical lattice laser
When the cold atoms are trapped in a noisy optical lattice, we have to consider the heating rate caused by the fluctuation of optical lattice laser power and polarization. The fluctuation of potential well depth arises naturally due to the fluctuations of the optical lattice laser, which is time-dependent. The accumulated heating caused by the fluctuation of potential well depth can raise the temperature of the cold atoms. Once the temperature of the cold atoms exceeds the optical depth, the cold atoms will also escape from the well and the lifetime will be limited. The heating process caused by the fluctuation of optical lattice laser power and polarization is related to the noise spectrum and the many-body dynamics. Here, we ignore the lifetime limited by the fluctuations of optical lattice laser, and it will be studied in the future.
4.2.2 Vibration
The potential in the optical lattice can be approximated by the harmonic trap in both the longitudinal and radial dimensions yielding the vibrational frequencies. The theoretical calculation formulas of the longitudinal [image: image] and radial vibrational frequency [image: image] are [image: image] and [image: image], respectively. Under the conditions mentioned in Section 3.3, the two vibrational frequencies can be estimated to 48 kHz and 200 Hz, respectively. Note that the two vibrational frequencies can also be measured unambiguously by modulating the intensity of the optical lattice. The ratio of the trap frequencies [image: image] yields the information about the beam waist without knowledge of laser power or atomic polarizability. This can be very useful for checking the position of the cold atoms relative to minimum waist of the optical lattice.
4.2.3 Contribution for beyond fountain
To determine the stabilized laser system and optical lattice contributions, the frequency stability is calculated by the Ramsey spectroscopy. We present the frequency stability of
[image: image]
where [image: image] = 1 is the contrast, [image: image] is the center frequency, [image: image] = 1/(2[image: image]) is the linewidth of Ramsey fringe, [image: image] is the signal-to-noise, [image: image] is the cycle time, and [image: image] is the integration time. The relative fluctuation of cold atom number has been conservatively suppressed to 10–4 level due to the laser intensity stabilization, so the noise on the Ramsey signal caused by this fluctuation can be ignored. The frequency stability is mainly limited by the quantum project noise, which is related to the [image: image]. So the SNR can be estimated to 68, when the number of cold atoms [image: image] is 4,650. In addition, assuming the coherent interrogation time is [image: image] is 80 s and the cycle time is about 80.5 s, the frequency stability can be improved [image: image]. Furthermore, if the power of the optical lattice is improved to 100 W, the cold atoms trapped will be increased by two orders of magnitude and the SNR will be increased by one order of magnitude. Under this condition, we infer the frequency stability has the potential to be improved to [image: image]. From the above analysis of our exploration, it is predicted that the presented frequency stability will be superior to the stability of the conventional atomic fountain clock.
5 CONCLUSION
In conclusion, the construction of the optical system in the atomic clock-beyond atomic fountain based on 87Rb atom is investigated. By optimizing the laser frequency locking and shift, we demonstrate the stabilized and simple laser system for laser cooling. The frequency and intensity stability are achieved to 4 × 10–14[image: image] and 4 × 10–5[image: image], respectively, which are highly stable. The frequency stability combined with the narrow linewidth is beneficial for laser cooling. The stabilized intensity can reduce the fluctuation of cold atom number effectively. Besides, the engineered scheme of optical lattice along the direction of gravity using the available 852 nm laser is achieved and its characteristics are studied systematically. For the optimized and novel exploration, we predict the achievable stability of [image: image], and it has the potential to be improved to [image: image] in the future. Therefore, the construction of the optical system due to stabilized laser and optical lattice makes the beyond fountain promising candidate for the next-generation high performance microwave atomic clock.
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