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A new Rb fountain clock was built at the National Institute of Metrology with the aim to realize robustness and excellent long-term instability for time keeping. While some basic designs have been adopted from our Cs fountain clocks, new features have been included for improved performance. A double-metal interrogation microwave cavity with a thermal expansion self-compensating mechanism was used to reduce the clock sensitivity to temperature fluctuations for the first time, to our knowledge. Moreover, a compact optical system was developed to ensure robustness. These features dramatically increased the ambient temperature range. The developed Rb fountain clock achieved a typical fractional frequency instability of [image: image]within 10 days of continuous operation without any intervention, demonstrating the potential for time keeping.
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1 INTRODUCTION
The quantum era in time and frequency metrology began when the SI unit second was redefined from an astronomical one to the hyper-fine transition frequency of Cs atoms [1]. Nowadays, Cs fountain clocks are employed as the primary frequency standards to realize the definition of the second [2, 3], and they have achieved the Type B uncertainties of a few parts in 1016 with instability ranging from a few parts in 1015 to several parts in 1016 in a day [4–16]. Furthermore, they are playing important roles in generating Coordinated Universal Time (UTC) [17] and providing accurate absolute frequency measurements for different atomic transitions [18]. For a Cs fountain clock, the detection of abundant atoms is highly desirable to increase the signal-to-noise ratio (SNR) for low instability. However, more atoms will result in a larger collisional frequency shift [19]. Thus, a compromise needs to be achieved between these two requirements during the clock operation. The collisional frequency shift of 87Rb is about 50 times lower than that of 133Cs; consequently, an 87Rb fountain clock can operate with a higher atomic density than a133Cs clock, thereby reducing the frequency uncertainty [20, 21]. Furthermore, the laser sources used for trapping and cooling 87Rb atoms are more stable than those for trapping and cooling Cs atoms, which improves the operation robustness of fountain clocks. Thus, 87Rb fountain clocks have attracted significant interest and have been used as secondary frequency standards and time-keeping clocks [21–25]. For a commercial clock, it is important to release the operating requirements. One of the requirements is ambient temperature. Both Ramsey cavity and optical system are sensitive to it. A Ramsey cavity composed of oxygen-free copper (OFC) is sensitive to ambient temperature variations and its typical thermal coefficient of resonance frequency reaches up to 150 kHz/°C [24], which results in these fountain clocks only operating at the preset temperature with a narrow range.
Herein, a Rb fountain clock for time-keeping that was built at the National Institute of Metrology (NIM) is reported. Notably, it has a low-temperature sensitive Ramsey cavity that is based on a double-metal thermal expansion self-compensating mechanism, which has been used for the first time to reduce the clock temperature sensitivity. This cavity functions as both a microwave resonator and a part of the vacuum chamber, making the clock physical package more compact. Additionally, a compact and robust laser system with a laser frequency auto-locking technology is employed to enable continuous operation for months without intervention.
Section 2 presents a detailed description of the NIM Rb fountain clock apparatus, focusing on the new designs. In Section 3, the deterioration of the clock frequency instability in relation to the Ramsey cavity is analyzed. Finally, the experimental results are presented, and the clock instability is evaluated and analyzed.
2 RB FOUNTAIN CLOCK APPARATUS
Similar to our Cs fountain clocks, the Rb fountain clock comprises four systems: physical package, optical bench, microwave rack, and control rack. Each system is connected with cables or fibers, and it is transportable and easy to reassemble for operation.
2.1 Physical package
Figure 1 displays the schematic of the physical package of the Rb fountain clock. It comprises four main functional units: the magneto-optical trap (MOT), state-selection unit, interrogation unit, and detection unit. The novel feature of this system is the double-metal Ramsey cavity. This cavity is a typical TE011 cylindrical microwave resonator, but the cylindrical tube is composed of titanium (Ti) and the two caps are composed of OFC. Thus, the changes of the cavity resonance frequency to temperature can be self-compensated due to the different thermal expansions of the two metals [26], and the system becomes insensitive to the temperature variations. This cavity design enables the resonance frequency to remain stable during the operation, leading to a highly stable Ramsey pulse amplitude and reduced frequency shift, such as cavity pulling. This design also ensures that the clock operates in a wide operating-temperature range and realizes the tolerance of the clock to ambient temperature changes. Furthermore, the two microwave-coupling holes on the cylindrical tube of the cavity are sealed with a ceramic window, as shown in Figure 1. Thus, the cavity itself can function as both a microwave resonator and a part of the vacuum chamber of the physical package. The Ramsey cavity is directly connected to the detection chamber and the flight tube via indium wires for vacuum seals. The rigid copper microwave coaxial cables are totally out of the vacuum. Compared to a traditional design of atomic fountain clocks with a Ramsey cavity inside the vacuum [9, 15, 16], the physical package in the proposed design is smaller and lighter, has less microwave leakage to the interrogation regime, and is much easier to assemble. Additionally, the resonance frequency of the cavity can be fine-tuned after vacuum baking. A detailed description of our constructed Ramsey cavity can be found in [26]. The Ti tube inner surface is coated with a copper layer and a thin gold layer to maintain a suitable [image: image]-factor of about 11,500. Additionally, the sensitivity of its resonance frequency to the temperature variation is measured to be 16.3 kHz/°C, which is about seven times better than that of a traditional OFC cavity with the same size.
[image: Figure 1]FIGURE 1 | (A) Schematic of the Rb fountain clock physical package. (B) The cavities and detection system (XY TM: XY translation mount, PBS: polarization beam splitter, RW: rectangular window, BS: non-polarization beam splitter, and WP: waveplate).
Above the flight tube, a complex pump is attached to maintain a pressure of 7 × 10–8 Pa in the flight tube. Two ion pumps are attached at the lower part of the vacuum system, and each of them is shielded with soft iron to maintain a pressure of 3 × 10–7 Pa in the MOT chamber. They are placed in opposite directions to balance the magnetic field produced by them. A tube reservoir connected to the MOT chamber holds an ampule of rubidium at room temperature, providing rubidium vapor. The Rb atoms are cooled and trapped in the MOT chamber, which has a design similar to that of the NIM5 Cs fountain clock [9]. Seven beam expanding and collimating modules (BECMs) are directly mounted on the MOT chamber, providing seven laser beams (diameter 24 mm, 1/e2 level): one for repumping atoms and six for cooling atoms. The adjustments of these modules for beam collimation, polarization, and angle are performed offline. A cylindrical state-selection cavity composed of aluminum with a [image: image]factor of about 3,200 is mounted between the MOT and detection chambers. The detection chamber is mounted above the MOT chamber; it is mainly used for pushing away the residual atoms in the [image: image] state during the ascending and for detecting atoms in [image: image] and [image: image] clock states during the descending.
The detection system of the developed Rb fountain clock has a novel design that differs from that of our Cs fountain clocks. As shown in Figure 1, to shorten the optical path and improve the reliability, the detection system, comprising two 30-mm cage systems in a parallel layout, is directly mounted on the detection chamber using a homemade adapter. The lights for atomic detection and repumping are input from two polarization-maintaining (PM) fibers and are then shaped by the cage systems to yield two rectangular parallel standing wave beams with a spacing of 50 mm in the vertical direction. A fiber is connected to the fiber adapter mounted on the XY translation mount of the upper cage system to transport the detection light, and then, the light is collimated by a lens with a focal length of 100 mm. Thereafter, a 16 × 8 mm2 rectangular detection light beam is cut out by a rectangular window (RW) and is incident on to a non-polarization beam splitter (BS) with a splitting ratio of 50T:50R. The transmission light through the BS is used as the detection light that interacts with the [image: image] state atoms, and the reflection light is incident on to a BS with a splitting ratio of 10T:90R in the lower cage system. The reflection light of BS (10T:90R) is used for the detection of atoms in the [image: image] state. Both the detection lights are retroreflected by mirrors on the opposite side of the detection chamber, yielding counterpropagating standing waves. A small part of the upper detection light at the bottom is blocked in front of the mirror, yielding the traveling wave for pushing away the [image: image] atoms. The repumping light transmitted by the fiber is collimated by another lens with the same focal length in the lower cage system, is shaped by RW, and is incident on to the BS (10T:90R). The transmission part, only 10% of the incident repumping light, is retroreflected and used to repump the atoms in the [image: image] state to the [image: image] state. Since the two cage systems are quite near the two microwave cavities and along the quantum axis for the atom–microwave interactions, the posts for the cages and the fastening bolts for the optical mounts are composed of titanium and brass, respectively, to avoid unwanted magnetic fields.
Three pairs of Helmholtz coils with a mutually orthogonal layout are used to compensate for the magnetic field around the MOT chamber and the state-selection unit. A pair of anti-Helmholtz coils set along the axis of one pair of light modules is used to afford the MOT magnetic field. A vertical magnetic field of approximately 130 nT is applied in the flight tube using a double wound solenoid coil (called C-field coil) with a length of approximately 1 m surrounded by three layers of μ-metal magnetic shields, with the aim to provide a quantum axis and lift the degeneracy of the Zeeman sublevels. To obtain a uniform magnetic field, two additional coils are wound at both ends of the C-field coil.
2.2 Optical bench
Figure 2 displays the optical schematic of the Rb fountain clock. The master laser is a commercial second harmonic generation fiber laser with an output power of more than 1 W at a wavelength of 780.24 nm. The repump laser is a customized fiber-coupled-output distributed feedback laser with an output power of more than 10 mW. The frequencies of the master and repump lasers are locked to the[image: image] →[image: image] and the [image: image]→[image: image] transitions, respectively, of the 87Rb atomic D2 line by their built-in frequency stabilization modules. Their frequency-stabilized lights are transmitted to a 400 × 600 mm2 optical bench via two PM fibers and then collimated into free-space light beams (diameter 1 mm, 1/e2 level) by fiber collimators, shown as F1 and F2. In this optical bench, the length of the longest path decreases to 1.275 m, which is about half as long as the longest path in the optical system used for the NIM6 Cs fountain clock.
[image: Figure 2]FIGURE 2 | Optical schematic of Rb fountain clock (F: Fiber coupler, A: AOM).
The collimated repump light from F1 is frequency-shifted by A1, a +1-order single-pass AOM working at 78 MHz, and is split into two branches. Each branch is coupled into fibers via F3 and F4, forming the cooling and detection repumping light, respectively. The master laser light collimated by F2 is split into three branches: the detection light, upward and downward cooling lights. Each of them is modulated by a +1-order double-pass AOM, labeled as A2, A3, and A4, driving at 106, 98, and 98 MHz, respectively. The detection light through A2 is directly coupled into a fiber via coupler F5. The upward and downward cooling lights are both divided into three branches with equal powers and coupled into six PM fibers via couplers F6–F11. These fibers transfer the cooling light to the BECMs mounted on the MOT chamber. The cooling light power output from each BECM is greater than 50 mW. According to the diameter of the beams output from the fiber-free space modules, the cooling light density is considerably bigger than the saturation intensity (1.669 mW/cm2) for cooling and detecting Rb atoms. To minimize the noise induced by fibers, which are easily affected by ambient temperature and air pressure, a half-waveplate (WP) and a quarter-WP placed in front of the fiber are used to align the polarization direction of the input light with the slow axis of the PM fiber.
Furthermore, some special designs are incorporated in the optical bench to ensure its functionality, stability, and compactness. First, the optical path is maximally shortened using small optical elements and by optimizing their layout, and the optical height is minimized to 27 mm above the breadboard surface plane. Next, we aim to decrease the number of adjustable mounts using a spring mechanism. Since the optical path and height are preassigned according the layout of the optical elements, the adjustable range requirements of the mounts for polarization beam splitter (PBS) and AOM are small. In this optical bench, these optical elements are adjusted without any springs. Here, a synthesized module, wherein a half-WP and a PBS are mounted on two rotary adjusting frames fixed on the same pedestal, is proposed to accomplish the functions of light reflection, power splitting, and polarization rotation. The incident light at the 27 mm height level can be power-split via the PBS by rotating the half-WP. While the transmission light of the PBS maintains the same direction and height as the incident light, the deflection light can be modified to be perpendicular to the incident light while maintaining the height by properly rotating the pedestal and mount of PBS. Moreover, the commonly used multi-axis mount for AOM is simplified to an L-shape adapter with a long arm that is used to vertically fix the AOM and a short arm to fix the adapter on the breadboard. To optimize the modulation efficiency, AOM can be adjusted with two freedoms by rotating it vertically and rotating the adapter horizontally. The first-pass +1-order light of AOM will shift from the plane at the fixed optical height of 27 mm, but it will be retro-reflected since the double-pass scheme is applied. As shown in Figure 2, A2, A3, and A4 are mounted on this kind of L-shape adapter. Note that there is an exception for A1, which functions with a single-pass scheme and has to sit on a different horizontal adapter.
2.3 Microwave rack and control rack
To facilitate transportation, all instruments for microwave, vacuum, and laser involved in the fountain clock operation are integrated into two standard racks with the same sizes. The microwave rack comprises a 100 MHz distribution amplifier, two microwave sources for state selection and Ramsey interrogation, a DC power supply for the required DC voltages, three drivers of the vacuum maintenance system, and a precise current source for the C-field. The 100 MHz distribution amplifier is used to split the input signal from the H maser into multiple outputs, with minimal degradation of the input signal. A commercially available microwave source whose frequency can be changed by a computer-controlled program was employed for state selection. The interrogation microwave source is homemade, mainly comprising a 6.8 GHz DRO (dielectric resonator oscillator) and a 34 MHz DDS (direct digital synthesizer), both of which directly reference to the 100 MHz signal output from the H maser. The frequency of the 34 MHz DDS can also be precisely varied using the program. The microwave power can be turned on/off by a TTL (transistor-transistor logic) control microwave switch, which is located between two DC blocks interlinked by the feeding cables. The DC blocks are used to isolate the ground connection while avoiding unexpected perturbation. The control rack includes a display screen, a computer with commercial multifunctional IO cards, an I/O interface chassis, a multichannel signal generator for the AOM driver system, and two laser control systems. Using the control program coded by LabVIEW, the computer with the commercial multifunctional I/O cards can generate digital and analog time sequences, acquire the analog signal from the fluorescent detector at the detection zone, and realize the close-loop control of the frequency of the interrogation microwave source. Since the optical system has been compacted into a small-sized optical breadboard, it can be placed at the bottom of the control rack, but it is currently placed on a single support frame.
2.4 Operation time sequence
In addition to the new hardware designs, some new processes are adopted in the operation time sequence. To improve the short-term instability of the fountain clock, the duration of the operation time sequence is set to 1.2 s, which is similar to that of our cesium fountain clocks. This facilitates the comparison between them. The MOT loading time is 340 ms, and the cold atoms are accelerated upward in steps of 1 ms by modifying the frequency of the cooling beams. Thereafter, the power and frequency of the cooling beams are strictly synchronously changed in steps of 1.2 ms for the polarization gradient cooling. Then the cold atoms exhibit a ballistic trajectory, wherein the atoms experience in series Rabi interactions in the selection cavity, pushing the [image: image] state ones away by the detecting light, Ramsey interactions in the interrogation cavity and drift tube, and state detection in the detection chamber. To avoid the cross-talk between the selection and interrogation microwave, they are alternatively shuttered with approximately 60 dB attenuation when they are not in use, and the frequency of the selection microwave is set as −30 Hz detuning from the resonance frequency. Since no interference switch is present in the interrogation microwave source, the microwave for interrogation is open while the atoms are in the Ramey interrogation.
3 INSTABILITY DETERIORATION RELATED TO RAMSEY CAVITY AND ATOMIC NUMBER
The fractional frequency instability of a fountain clock is well known to be [27, 28].
[image: image]
where τ is the averaging time, Tc is the duration of one fountain cycle, Qat = ν0/Δν is the quality factor of the atomic clock transition, ν0is the central frequency of the clock transition, Δν isthe line width of the center Ramsey fringe, and SNR is the signal-to-noise ratio. In the parentheses, the first term denotes the limitation of the quantum projection noise andNat is the total number of detected atom; the second term denotes the photon scattering noise, nph is the average scattering photons for each atom, andεc is the coefficient of fluorescent collection; the third term represents the contribution of the detection system and σδN is the noise for detection; and the last term represents the phase noise of the local oscillator. Clearly, to achieve lower instability, the interrogation time could be increased, the atom collecting time could be reduced, or the SNR could be improved.
During the operation of fountain clocks, the change of the ambient temperature induces a shift of the cavity resonance frequency from its original design. Thus, the microwave power building inside the cavity will accordingly change, consequently changing the transition probability. In other words, the SNR gets worse, and consequently, the clock instability becomes worse. From Eq. 1, the instability of a clock can be expressed as the fluctuations of the Ramsey transition probability δP as follows [29]:
[image: image]
where δP is the probability fluctuations at the fountain clock operation frequency ν0±Δν/2. It can be expressed as
[image: image]
where b is proportional to the square root of the microwave power. δ denotes the relative change of bτin with the cavity temperature and it can be expressed as δ = 1 − (pΔT/p0)1/2[image: image]Here, p0 is the optimum power of a π/2 Ramsey pulse interrogation, pΔT is the applied microwave power with varying cavity temperature ΔT. When the cavity temperature varies, the microwave power building inside it accordingly changes. The deteriorating clock frequency instability can be expressed as
[image: image]
where Tp is the time constant when the power changes by (p0 − pΔT)/e because it is a slowly time-varying process; we assume its value to be ∼10,000 s in the real case.
A new double-metal cavity (Ti&OFC cavity) with a Ti tube and two OFC caps is fabricated to reduce the clock’s temperature sensitivity, and the measured temperature sensitivity is −16.3 Hz/°C [26]. Assuming that both the resonance frequencies of the OFC cavity and the Ti&OFC cavity match the Rb clock frequency within 50 kHz, the microwave power inside the cavity will be within 10% from the optimal interrogation power, Tc = 1.2 s, and Δν = 1.2 Hz. The instability deterioration due to the interrogating microwave power variations are evaluated from Eq. 4 and are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Calculated clock instability deterioration due to the temperature variations for two different types of Ramsey cavities. The red line is the instability of an OFC cavity, and the blue dashed line is the instability of a Ti&OFC cavity.
Figure 3 shows that when the temperature increases by 1.0°C within 10,000 s, the corresponding instability deterioration is [image: image]for a traditional OFC cavity. Moreover, the corresponding instability deterioration is only [image: image]for the Ti&OFC cavity[image: image]However, in both cases, the instability is considerably lower than the current best result, which sets an upper limitation for the lab-temperature fluctuations. In other words, owing to the low-temperature sensitivity of the Ramsey cavity, our Rb fountain clock can operate in a relatively wide temperature range. Then, the instability of the clock optical system is a limiting factor that is sensitive to the temperature fluctuations. Thus, we developed a compact and robust optical bench.
4 EXPERIMENTAL RESULTS
4.1 Measurement of sensitivity of optical system to the temperature fluctuations
To measure the sensitivity of the optical system to temperature fluctuations, the entire optical bench was heated to different temperatures, and the output power of light from the fiber was monitored at the same time. The longest optical path with a length of 1.275 m was chosen, which should be the most sensitive to temperature variations. The entire optical bench was enclosed in a layer of foam and the air inside was heated using a resistance heater. The duration of the measurement was about 220 min. The results are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Variations of temperatures and output light powers vs time. At 60 min, the heat was turned off. The blue squares indicate the measured bench temperatures, and the red dots indicate the measured light output from the fiber.
In Figure 4, the blue squares represent the measured temperature of the optical bench, and the red dots represent the measure light output from the fiber. The optical bench was heated for 1 h, and the temperature increased from 23 to 30.4°C. Then, the heat was turned off, and the system was cooled. Since the time constant is too long for the system to cool to room temperature, the foam layer was unwrapped at 189 min. As shown in Figure 4, the peak-to-peak variation of the light output power during the entire temperature variation was less than 5.8 mW, about 10% of the output power. When the system was cooled down, the power recovered within acceptable level. This suggests that the proposed compact optical system is robust and insensitive to temperature variations within 7°C.
Figure 5 displays the typical atomic fluorescent signals in 1 day for the fountain clock working in the PID locking mode. The standard deviation was 3.07 with a mean value of 461.35 in arbitrary units, and the peak-to-peak atom number fluctuation in 1 day was 4.3%.
[image: Figure 5]FIGURE 5 | Atomic fluorescent signal in 1 day (Vertical axis is the sum of the atomic fluorescent signal of [image: image] state to [image: image] state with arbitrary units).
Considering that the cavity-pulling frequency shift is proportional to the number of atoms interacting with the microwave in the cavity [30, 31],
[image: image]
Here, [image: image]is the number of atoms, [image: image] is the cavity resonance frequency detuned from the atomic transition frequency [image: image] under the temperature [image: image], [image: image] is the quality factor of the cavity, and [image: image] is an amplitude coefficient whose magnitude depends on the microwave power. According to the cavity parameter adopted in this fountain clock, the resonance frequency of the double-metal Ramsey cavity matches the Rb clock frequency within 49 kHz, and the temperature of the lab was 23[image: image]0.2°C, The fluctuation of the cavity-pulling frequency shift corresponding to the atom number fluctuation was evaluated to be less than 2 × 10–17 when Nat was 1 × 107.
4.2 Frequency shift evaluations
Although Type B uncertainty evaluations are not necessary for a time-keeping clock, they will help eliminate the unexpected frequency shifts as the residual fluctuations of a large frequency shift deteriorate the frequency instability. The light shift and the microwave-power-related frequency shift could be a problem and were thus examined in the developed Rb fountain clock.
Various methods are used to eliminate stray light and reduce the possible light shift, such as covering up all fiber couplers and optical shutters with black aluminum foils and increasing the frequency detuning of AOMs during the interrogation. To verify that no light shift occurs, the Rb fountain clock was alternatively operated in two sequences with different AOM-driven powers for the cooling/detection beams during the interrogation, and the results show that the fractional frequency difference is less than 1 × 10–15. The microwave-power-related frequency shifts were also analyzed by operating the fountain at different interrogation microwave powers. The fractional frequency difference between microwave powers of P0 and 9P0 was 2 × 10–15. All the evaluation results show that regular main frequency shifts, such as the light shift and microwave-power-related shift, are small enough to ensure good instability.
4.3 Long-term instability
The Rb fountain clock with the 100 MHz signal from the H-maser H057 was continuously operated for 10 days from MJD 59693 to MJD 59703. The results are shown in Figure 6. The clock instability was 1.49 × 10–14 and 4.1 × 10–16 for the averaging time of 100 s and 1 day, respectively, as shown in Figure 7.
[image: Figure 6]FIGURE 6 | The frequency data of measurement.
[image: Figure 7]FIGURE 7 | The standard Allan deviation of the Rb fountain clock.
The cycle time of one fountain sequence is 1.2 s, and the frequency can be locked after two fountain cycles. Thus, the shape of the instability figure in the short time range depends on the parameters of proportional-integral (PI) control. The PI setting used in the Rb fountain clock is small, and the actually servo frequency is small. This makes the stability at the smallest averaging time less than that of the third averaging time, where the frequency is already in steady-state locking.
5 CONCLUSION
NIM has been devoted to the research of Cs fountain clocks for decades and has developed two fountain clocks NIM5 and NIM6, achieving Type B frequency uncertainties of 9 × 10–16 and 5.8 × 10–16, respectively. Herein, a novel Rb fountain clock has been built for time keeping by adopting some important features of Cs fountain clocks and some new improvements. One of the most important features of the developed clock is a double-metal Ramsey cavity, which has been used for the first time, to our knowledge, to reduce the clock temperature sensitivity. This cavity functions as both a microwave resonator and a part of the vacuum chamber; consequently, the clock physical package is smaller and lighter, has less microwave leakage to the interrogation regime, and is much easier to assemble. Additionally, the resonance frequency of the cavity can be fine-tuned after vacuum baking. A new compact optical system was also designed and built to ensure stable light power outputs. The temperature dependency of the cavity and optical system were studied. The results show that the Rb fountain clock robustly operates in a large ambient temperature range. During 10 days operation, an instability of [image: image] was achieved, with [image: image]in 1 day averaging time. The Rb fountain clock has been operating continuously without any invention. NIM has initiated the research of two other Rb fountains with the same configuration and is planning to operate a fountain clock ensemble with three Rb fountain clocks to guide UTC(NIM).
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