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Quantum frequency standards are crucial for time measurement, satellite navigation, telecommunication, and other essential applications. Beijing Institute of Radio Metrology and Measurement (BIRMM) has been working on quantum frequency standards and their applications for tens of years. This paper introduces the latest progress on quantum frequency standards at BIRMM, including a calcium optical clock, an active hydrogen maser, and a mercury ion microwave clock. Based on the 1S0-3P1 transition of calcium atoms, a transportable optical clock prototype is built with a stability of 8 × 10–15 at 1 s. A compact active hydrogen maser has been developed for the Chinese space station. It will be used for scientific research such as examining Einstein’s theory of general relativity and has just been lunched. The preliminary frequency stability of the maser is 1.27 × 10–15 at 10000 s. Additionally, a prototype mercury ion microwave clock is developed using the hyperfine transition between 62S1/2, F = 0 and 62S1/2, F = 1. The trapped Hg+ ions are pumped by mercury discharge lamps and cooled by Helium gas. The measured clock transition linewidth is about 1 Hz, and frequency stability of 4 × 10–13 at 1 s and 4 × 10–14 at 1000 s is achieved.
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INTRODUCTION
In the international system of units (SI), time is the most accurately measured fundamental physical quantity. Before the mid-20th century, the definition and measurement of time mainly depended on observing the sun, stars, or related celestial bodies. A more precise method of measuring and defining time is made possible by the development of atomic spectroscopy and quantum mechanics; specifically, the time unit “second” is defined and measured by stimulating and amplifying the radiation emission of cesiums’ atomic transition to generate standard frequency. The invention of the quantum frequency standard has promoted the revolution in the time and frequency metrology field. In the past 70 years, the development of quantum frequency standard technology has improved the accuracy of time measurement from 10–11 to 10–18 or even better, almost one order of magnitude improvement every 10 years [1].
Quantum frequency standard plays a vital role in precision measurement, satellite navigation, communication network, and scientific research. The progress of quantum frequency standard technology accelerates the development of time measurement and dramatically improves the measurement accuracy of other physical quantities. The resolution of the SI units adopted by the 26th General Conference on Weights and Measures [2] in 2018 demonstrates that other fundamental physical quantities’ measurement accuracy will be improved or has already been improved by switching to time or frequency measurement. The quantum frequency standard is also the base for satellite navigation. Due to the high speed of the electromagnetic wave, the accuracy of time measurement is required to be in the order of nanoseconds or more accurate. Quantum frequency standard is also used in communication, electric power grid, transportation, and other fields to provide accurate synchronous time and frequency signals.
Beijing Institute of Radio Metrology and measurement (BIRMM) is an institution that has been researching on time measurement and quantum frequency standards for tens of years. It has established the atomic time scale UTC (BIRM) and participated in the International time and frequency coordination. The institute tries to build time-keeping clocks to give precise frequency standards and time standards. This paper introduces the latest researches on quantum frequency standards at BIRMM, mainly including a calcium atom beam optical clock [3, 4], an active hydrogen maser for the Chinese space station [5], and a mercury ion microwave clock [6–8]. All these clocks can be used as time-keeping clocks and be applied to fields such as time scale, satellite navigation and space exploration.
CA ATOMIC BEAM OPTICAL CLOCK
Utilizing an optical clock to keep the time directly seems more realizable since the laser and quantum systems have become robust. Many techniques have been developed to build compact, transportable and robust optical clocks. Groups in PTB developed a transportable Sr clock in 2017 [9], which verified the relativistic gravitational redshift. A compact commercial Yb+ ion clock is developed to operate in lab conditions [10]. The research group at Skolkovo Institute of Science and Technology developed a compact transportable 171Yb+ single-ion clock [11].
An optical clock based on an atomic beam has the potential to become a compact clock with good stability due to its simple structure and high signal-to-noise ratio (SNR). The calcium atomic beam clock [12] is one promising scheme for its minimal number of lasers and the availability of the lasers. This atomic beam clock operates with many atoms, and the fluorescent transition can be detected continuously, thus providing a high signal-to-noise ratio. A good frequency stability can be achieved. Many efforts have been made based on different interrogating and detecting schemes [13–15], achieving excellent results. The National Institute of Standards and Technology (NIST) group realized an stability of 6 × 10–15 at 1 s with the Ramsey method on the Ca beam in 2012 [16], and then an stability smaller than 6 × 10–16 at 1 s and 2 × 10–16 at 1000 s was achieved in 2019 [4]. The group at Peking University realized an stability of about 5 × 10–14 at 1 s in 2017 [3, 15].The clock transition of calcium is 1S0-3P1, as shown in Figure 1, with the frequency 455 986 240 494 140 (8) Hz and wavelength 657 459 439.291 683 (12) femtometer [17]. The clock transition can be read out by a 423 nm or a 431 nm laser. The former one resonates with the 1S0-1P1 transition, the linewidth of which is about 35 MHz. Its operation is simple, and only a 423 nm external cavity diode laser (ECDL) locking to the 1S0-1P1 transition is needed. It also has some defects. The linewidth of 423 nm transition is quite larger than that of 657 nm transition, which means for all the atoms that read out by the 423 nm laser, only the well collimated beam can interact with the 657 nm clock laser. Thus the contrast of 657 nm fluorescence signal is limited. The (4s4p)3P1-(4p2)3P0 cycle transition may solve this problem since the 431 nm laser can only detect the atoms at the (4s4p)3P1 state. The frequency stabilization of the 431 nm laser poses a problem since it cannot be locked to the atomic transition directly. A hollow cathode lamp or a wavemeter may solve this locking problem. The NIST’s group utilizes an 862 nm ECDL locking to a cavity to solve the problem, and then the frequency is doubled to 431 nm to detect the atoms.
[image: Figure 1]FIGURE 1 | Related calcium energy levels. The 1S0-3P1 is the clock transition.
BIRMM is also working on the Ca atomic beam scheme, trying to build a compact, transportable clock with a long continuous operating time. The proposed system uses a two-laser scheme [18], including a 657 nm interrogation laser and a 423 nm readout laser. Figure 2 shows the clock setup. The system contains three locking loops. The 423 nm laser is first locked to the 1S0-1P1 transition. The 657 nm ECDL is locked to a ULE cavity through the Pound-Drever-Hall (PDH) method. Then the cavity stabilized 657 nm laser is locked to the 1S0-3P1 transition by feedback to the AOM2. For now, the saturated absorption spectrum is used to stabilize the clock laser, to keep the system simple and robust. Some methods such as Ramsey spectrum, cooled atomic beams, transverse cooling can further improve the clock stability.
[image: Figure 2]FIGURE 2 | Scheme of the calcium beam frequency standard. The 423 nm ECDL is locked to 1S0-1P1 transition and used as a readout laser. The 657 nm laser is first locked to a cavity. Then the laser frequency is shifted and locked to 1S0-3P1 transition through two AOMs.
The Ca atomic beam frequency standard consists of four parts, a 657 nm PDH laser frequency stabilization unit, a Ca atomic beam tube, a frequency shift and detection optics units, and control electronics. A customized base is designed on which all the optics and the Ca beam vacuum are installed. Transporting or shaking the base does not affect the optics significantly, but the vibration can affect the locking. Thus, the vibration has to be isolated. The 657 nm PDH, the frequency shift, and detection optics are mounted on an active vibration isolation table. An enclosure is used to suppress the influence of airflow and temperature fluctuation. The total size of the optics and physics parts is about 0.9 m3. The 657 nm clock laser stability is about (5–7) × 10–15 at 1–10 s.
A Ca atomic beam vacuum tube is designed and manufactured as Figure 3 shows. The oven contains about 3 g calcium and support about 1 year operation (for experiment, not 7 × 24 hours at 600°C). The life span mainly determined by the size of the nozzle and temperature. By using a combination of small tubes as the nozzle, we achieved a very high atomic flux with small divergence. The resonant atomic flux is about 4 × 1012 per second at 600°C and 1 × 1013 per second at 650°C. The divergence is smaller than 30 mrad [19]. The nozzle aperture is 3 mm × 6.8 mm (horizontal × vertical). The saturated absorption spectrum is detected as shown in Figure 3. The right top curve is the saturated absorption spectrum. The linewidth of the spectrum is about 450 kHz. The right bottom curve is the error signal, which is utilized to lock the clock laser.
[image: Figure 3]FIGURE 3 | Design of the atomic beam vacuum tube and the clock transition spectrum. (A) Design of the atomic beam vacuum tube. Two fluorescence detection windows are set to test the beam collimation. The 657 nm clock laser incident at the middle of the side window. (B) The clock transition spectrum. The blue curve is the saturated absorption spectrum. The linewidth of the spectrum is about 450 kHz. The red curve is the error signal.
For the control electronics, a mode-hop monitoring and controlling algorithm is developed. A wave meter is used to monitor the wavelength of the single longitudinal mode. When the laser mode hops, the software program automatically sweeps the laser PZT and current to find another appropriate setting. Then the software program tunes the laser wavelength to the target value and relocks to the atoms or cavity. The 423 nm readout laser is locked to 1S0-1P1 transition peak through 5 kHz frequency modulation. The 657 nm clock laser is locked through 2 kHz frequency modulation.
A fully automatic running algorithm is developed to keep the three loops locked. The 423 nm fluorescence amplitude signal is used to check if the 423 nm laser loses lock. The transmitted signal from the 657 nm cavity checks if the PDH loses lock. The cavity stabilized laser’s ability to maintain lock to the atoms is tested using the error signal voltage and AOM feedback frequency. Any time one of these loops loses lock, the relock process is triggered. The above program will automatically tune the laser frequency if a laser mode hops. Currently, the calcium frequency standard system can be locked independently in the lab for approximately 1 day. The deterioration of the ECDLs’ modes is the main cause of those lock losses. The automatically running algorithm allows a losing lock to relock within 10 min.
A calcium beam frequency standard prototype is built. The output stability of the frequency standard is not yet measured. The clock laser is locked to the atoms through an AOM. The frequency feedback to the AOM is recorded. Since we only have one setup, we use this feedback frequency to evaluate the short-term stability roughly. It shows a stability of 8 × 10–15 at 1 s and 2 × 10–14 at 10 s. We deduce that the atoms, detection optics and locking electronics worsen the stability. Since we use the 423 nm fluorescence amplitude signal to lock the 423 nm laser and the clock laser, the stability of the 423 nm fluorescence affects the clock stability directly. A significant fluctuation of the 423 nm voltage has been observed. It may result from the power fluctuation of the 423 nm laser, temperature fluctuation of the atomic oven, and the spontaneous emission noise of the 423 nm single mode laser. In the subsequent studies, the authors intend to increase the fluorescence stability and develop a second calcium frequency standard to measure the stability.
ACTIVE HYDROGEN MASER FOR SPACE STATION
The active hydrogen maser is the quantum frequency standard which holds nearly the best short-term and medium-term frequency stability at microwave frequency up to 105 s. A full-size active hydrogen maser having a cavity with an intrinsic quality factor bigger than the oscillation threshold value can be operated actively. Rarely is the use of a full-size active hydrogen maser in space reported due to the volume and weight. In 2011, the Vremya-CH firm in Russia created the first full-scale active hydrogen maser operating in space design with frequency stability of 3 × 10–13 at 1 s and 3 × 10–15 at 1000 s, 60 kg, and size 460 mm × 729 mm.
A space active hydrogen maser (SAHM) is being constructed with funding from China’s scientific space program. It is used to verify some physical effects in outer space under a microgravity environment. For example, the study of the Sun’s gravitational field distribution, the verification of Einstein’s “Theory of relativity”, the detection of gravitational waves, measurement of the fine structure constants, lunar exploration, etc [20, 21]. A SAHM is constructed to be disciplined to a cold microwave clock and an optical clock, which can create more accurate and stable frequency signals [5].
SAHM Design
Although a full-size active hydrogen maser has an excellent performance in medium-term frequency stability, the volume and weight limit its application in space. For Chinese space station, the active hydrogen maser should be lighter than 40 kg and smaller than 370 mm × 460 mm × 600 mm. Since the microwave cavity takes three-quarters of the total active hydrogen maser volume, it is conducive to reduce the size of the microwave cavity for the miniaturization of the maser. The microwave cavity is filled with dielectrics having large permittivity and low loss, such as sapphire. However, the sapphire that filled the cavity significantly deteriorates the stability of the cavity resonant frequency due to the high frequency-temperature coefficient. Currently, the frequency-temperature coefficient of the sapphire microwave cavity of the active hydrogen masers [22] is −65 kHz/°C, which is too sensitive to optimize the long-term frequency stability. The authors have tried to reduce the microwave cavity temperature coefficient and volume to overcome the above technical bottleneck with a new NMT (magnesium tantalate microwave ceramic) dielectric as the loading material. The dielectric loss (Qf) of NMT is 2.4 × 105, almost similar to sapphire’s 3 × 105, which can ensure the cavity’s quality factor bigger than the oscillation threshold value. Moreover, the frequency-temperature coefficient of NMT is 0∼± 2 ppm/K, much better than sapphire’s −50 ppm/K. Performances of these two dielectric materials are shown in Table 1. This newly designed dielectric-loaded microwave cavity has a Q value of 40,000 and a temperature coefficient of −10 kHz/°C, with a storage bulb of about 0.9 L. The diameter is remarkably reduced from 200 to 140 mm. Figure 4 compares NMT-loaded and sapphire-loaded cavities.
TABLE 1 | Comparison of material performance.
[image: Table 1][image: Figure 4]FIGURE 4 | Comparison of NMT-loaded and sapphire-loaded cavities (Left: NMT, right: sapphire).
Based on the NMT-cavity, the physics package is designed with four magnetic shielding layers. The design is shown in Figure 5. There are two getter pumps in the physics package. The getter pump, combined with the ion pump maintains the vacuum in the hydrogen atomic beam formation system. The other one on the top of the vacuum tank creates a vacuum in the RF cavity. The overall size of the physics package is Φ220 mm × 500 mm.
[image: Figure 5]FIGURE 5 | Physics design based on NMT-loaded cavity. Physics package has four magnetic shielding layers and two getter pumps combined with the ion pump maintains the vacuum in the hydrogen atomic beam formation system and vacuum in the RF cavity.
The electronics package combines the techniques of heterodyne receiving and frequency synthesis. The maser signal at −100 dBm is sent through a ferrite isolator to isolate the electronics and physics packages. The 1420.405751 MHz preamplifier has very low noise (noise factor 1.5 dB), which is necessary to minimize the white phase noise added by the receiver. The local signal (1400 MHz, 20 MHz) and 1420.405751 MHz output from the maser are mixed to give a beat output of 0.405751 MHz, amplified by the intermediate-frequency amplifiers having a narrow bandwidth and phase detected with a synthesized signal of 405.751 kHz. The output of the physics package is accurately related to the quartz oscillator using a phase-locked loop. The electronics are shown in Figure 6. The DDS1 outputs two frequencies alternately to detect the transition probability at both sides of the atomic resonant peak.
[image: Figure 6]FIGURE 6 | Electronics package of the active hydrogen maser. The local signal (1400 MHz) and 1420.405751 MHz output from the maser are mixed to give a beat output of 20.405751 MHz, phase detected with a synthesized signal of 405.751 kHz. The output of the physics package is accurately related to the quartz oscillator using phase-locked loop. The DDS1 outputs two frequencies alternately to detect the transition.
Performance verification
The SAHM was subjected to shock, sinusoidal, and random vibration tests to ensure it comply China’s space station reliability requirement. Figure 7 shows the complete SAHM unit, which is covered by thermal insulation. After the mechanical test, the frequency stability and phase noise of SHAM are measured, as shown in Figures 8, 9. In Figure 8, the reference is a full-size active hydrogen maser designed and developed by BIRMM. There are no significant changes in the SAHM before and after. Phase noise, temperature sensitivity, and other parameters of the SAHM are shown in Table 2.
[image: Figure 7]FIGURE 7 | SAHM covered by thermal insulation material.
[image: Figure 8]FIGURE 8 | Frequency stability measurement results after the mechanical test (the frequency reference is a full-size active hydrogen maser).
[image: Figure 9]FIGURE 9 | Simplified energy levels of 199Hg+. (A) The hyperfine structure of 199Hg+ ions. The 62S1/2 (F = 0) and 62S1/2 (F = 1) hyperfine ground states are the upper and lower clock states. (B) The 194 nm light emitted by the 202Hg+ ions.
TABLE 2 | Parameters of the SAHM.
[image: Table 2]In conclusion, a new compact active hydrogen maser is introduced. Because of the reduced volume of the microwave cavity, overall size and weight have significantly reduced. Therefore, it is more suitable for portable or space-born applications. The latest stability of this SAHM maser developed by BIRMM is 1.79 × 10–13 at 1 s and 1.71 × 10–15 at 1 day.
MERCURY ION MICROWAVE CLOCK
In order to meet the needs of the next generation satellite navigation system, the mercury ion microwave clock has been studied at BIRMM. The mercury trapped ion clocks have many advantages for miniaturization and performance [23, 24]. The 40.5 GHz hyperfine transition (62S1/2, F = 0–62S1/2, F = 1) frequency is the highest among the existing microwave clocks, which provides a high-quality factor for short-term performance. The trapped 199Hg+ can be pumped by mercury discharge lamps and cooled by Helium gas. Thus, this ion clock is relatively easy to be miniaturized. The ions are trapped by four short rods forming a linear trap. The first-order Doppler Effect can be ignored according to the Lamb-Dicke effect. A getter pump is enough to maintain the vacuum pressure without an ion pump. These advantages make the mercury-trapped ion clocks a potential candidate for satellite navigation and deep space exploration [25, 26]. The mercury-ion Deep Space Atomic Clock at NASA was launched into low earth orbit in 2019 [27]. This first-generation mercury ion clock for deep space demonstration has a volume, mass, and power of 17 L, 16 kg, and 47 W, respectively. Clock performances with fractional frequency stability of 3 × 10–15 at 1 day and 3 × 10–15 at 23 days [27] have been measured on orbit (no drift removed). Several institutions in China are engaged in the research of mercury ion clocks. The representative institutes mainly include BIRMM and The Innovation Academy for Precision Measurement Science and Technology (APM) of the Chinese Academy of Sciences (CAS). The two groups have rapidly progressed and preliminarily completed closed loop locking [28, 29].
A202Hg+ discharge lamp optically pumps the trapped 199Hg+ ions. The 202Hg+ 194 nm transition is fortuitously resonant with the transition of 199Hg+ 62S1/2 (F = 1) − 62P1/2 as shown in Figure 9. The ions decay from the 62P1/2 state to the two hyperfine states (62S1/2, F = 0 and 62S1/2, F = 1). The 194 nm continues illumination populates the 199Hg+ ions to the lower hyperfine state (62S1/2, F = 0). Applying resonance radiation at the hyperfine frequency of 40.5 GHz restores the population of the upper state (62S1/2, F = 1).
A mercury-trapped ion clock consists of four parts: a mercury lamp, an ion trap vacuum, a 40.5 GHz microwave source, and related control electronics. The basic scheme is shown in Figure 10. Mercury atoms are generated from a mercury oven when heated to 280°C, and mercury ions are achieved via electron bombardment produced by an electron gun. An 1800-V peak-to-peak voltage at 1 MHz is generally applied to two diagonal trap rods, and the remaining two rods are grounded. A 20 V DC voltage is loaded on the end cap electrodes. A getter pump maintains the vacuum of the ion trap. A 194 nm mercury discharge lamp completes mercury ions’ pumping and state preparation. A 40.5 GHz microwave generated by the microwave frequency synthesizer is used to stimulate the clock transition. The trapped 199Hg+ ions emit a 194 nm fluorescence signal. The signal is detected by a photomultiplier, and then the data is obtained by a photon counting module. The local quartz oscillator is locked to the clock transition of the trapped 199Hg+ ions by the servo system to output a stable 10 MHz standard frequency signal.
[image: Figure 10]FIGURE 10 | The basic scheme of the mercury ion microwave clock. The mercury ions are trapped by the linear ion trap inside a vacuum tube. A 40.5 GHz microwave source is used to excite the ions from the lower clock state to the upper clock state. The servo-locked loop locks the oscillator to the 199Hg+ clock transition.
The mercury lamp used for optical pumping and state detection may limit the ultimate stability of the clock. Many experiments have been done to optimize the lamp. A mercury lamp includes a bulb, an RF circuit, and a temperature control circuit. The bulb’s design includes the material, shape, argon pressure, and mass of mercury. The model of bulb material is JGS1. The shape of the designed bulb is shown in Figure 11 [30].
[image: Figure 11]FIGURE 11 | Photos of the bulb. The difference between them is the position of the cold end. Different bulbs are selected according to different structural designs.
Many efforts have been made based on varied argon pressures to achieve a perfect mercury bulb, and the experiment results shown in Figure 12 show a 194 nm radiation peak at specific argon pressures. The intensity of the 194 nm spectrum is maximum when the argon pressure is 1 Torr. Then an RF excitation circuit and a temperature control circuit are completed. Finally, a compact mercury lamp is achieved, as shown in Figure 13.
[image: Figure 12]FIGURE 12 | The light power of 194 nm (black) and 254 nm (blue) changing with varying argon pressure in a 14 mm diameter bulb. The y-axis’s unit is arbitrary. A calibrated gauge estimates the argon pressure, and a grating-spectrometer analyzes the light intensity.
[image: Figure 13]FIGURE 13 | A photo of the mercury lamp. The lamp shell is a cube with a side length of 8 cm.
The resonance curve is measured directly by frequency scanning, as shown in Figure 14. The frequency is stepped in 0.1 Hz increments. The linewidth of the clock transition is about 1 Hz, corresponding to a Q factor of 4 × 1010. The maximum photon counts reach 45000 when the PMT sampling time is 1s. Stepping the oscillator 0.5 Hz to either side of the difference in fluorescence rates allows the 40.5 GHz oscillator to be locked to the 1 Hz broad resonance line. Finally, the clock with frequency stability of 4 × 10–13 at 1 s and 4 × 10–14 at 1000 s is achieved. A hydrogen maser built in BIRMM provides the reference frequency. Since no magnetic field is applied to the trap, the Allan variance data has not been measured beyond 1000 s in this preliminary test.
[image: Figure 14]FIGURE 14 | The clock microwave resonance signal is measured as ion fluorescence at 194 nm vs. microwave frequency applied to ions in the 4-pole trap. The center frequency is about 40.507348 GHz.
Many issues still need to be addressed to improve the mercury microwave clock. The lamp has a finite lifespan and needs to be enhanced. In order to attain improved clock stability, the SNR must be increased. Additionally, the servo control system requires optimization.
SUMMARY
The quantum frequency standard is the key to time measurement and satellite navigation. This paper established the experimental system of thermal atomic beam optical frequency standard. The miniaturization and practicality of optical frequency standards are being realized by reducing the number of lasers and the system’s complexity. For the construction of China’s space station and related space science research, the world’s first NMT-loaded active hydrogen maser has been developed, with a stability of 1.27 × 10–15 at 10000 s and 1.7 × 10–15 at 100000 s. A mercury ion microwave frequency standard is studied and constructed to meet the time synchronization requirements of deep space exploration and navigation in the future. The stability is 4 × 10–13 at 1 s and 4 × 10–14 at 1000 s. The above technical researches and breakthroughs will further drive the development of quantum frequency standards and quantum precision measurement technology.
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Material Dielectric constant Dielectric loss (Q-f) Frequency-temperature coefficient

Sapphire 94 23 x 105 -50 ppm/K
NMT 24303 224 % 105 0~ %2 ppm/K
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Parameters Value

Phase Noise 1Hz ~100 dBe/Hz
(100 MHz) 10 Hz ~106 dBc/Hz
100 Hz 121 dBe/Hz
1kHz 136 dBe/Hz
10 kHz 141 dBe/Hz
Temperature coefficient 7 x 107%/°C
Relative sensitivity to an external magnetic field 8 x 107%/Gs
Size 340 mm x 340 mm x 540 mm
Weight 35kg

Average power consumption 0W





