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Abstract—Based on the current initiative to redefine the SI 
“second”, the optical clock has been demonstrated by many 
laboratories as a favorable candidate due to its excellent 
performance indicators. We describe the evaluation of 
uncertainty and optimization of stability in an aluminum-ion 
optical clock system based on quantum logic spectroscopy. The 
uncertainty evaluation of the current optical clock system is 1.6 × 
10-18. The frequency stability of a single system has been 
improved from 3.9 × 10-15/√τ to 2.6 × 10-15/√τ by using the servo-
controlled self-comparison locking method.  
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I. INTRODUCTION  

As one of the most accurate measuring devices, optical 
frequency standards have extensive application prospects in 
testing relativity effect, measuring fundamental physical 
constants, and satellite navigation. With the continuous 
improvement of optical frequency standards demonstrated by 
various laboratories, the discussion on redefinition of the SI 
"second" has been put on the agenda, and the corresponding 
requirements are stipulated in published roadmap. 

Due to its insensitivity to external electromagnetic field 
fluctuations, the fractional frequency uncertainty of the 27Al+ 
ion optical clock developed by the National Institute of 
Standards and Technology (NIST) reaches 9.4 × 10−19 [1]. In 
2021, the International Committee for Weights and Measures 
(CIPM) endorsed the conversion of 27Al+ clock to a secondary 
representation of the "second" definition with a relative 
standard uncertainty of 1.9 × 10−16 [3]. However, the 27Al+ ion 
optical clock is a relatively complex system, it involves more 
restrictions. Currently, only NIST meets the uncertainty 
requirements, with several other groups are also at an active 
stage of development [2][4][5][6][7]. It is of great significance 
to establish 27Al+ ion optical clocks that meet the new 
definition of the "second" in various laboratories. 

In this report, we describe the evaluation of uncertainty and 
optimization of stability in an aluminum-ion optical clock 
system based on quantum logic spectroscopy. Compared with 

the previous result [7] , the improvements mainly include the 
drift suppression of the biased magnetic field, the optimization 
of Raman sideband cooling, the signal-to-noise ratio 
improvement of the quantum logic spectrum, and the additional 
beam propagation noise compensation of the clock laser. The 
uncertainty evaluation [8] of the current optical clock system is 
1.6 × 10-18. After a period of closed-loop locking operation, the 
stability of the system is obtained. The Full Width at Half 
Maximum (FWHM) of the clock transition spectrum is 
observed to be 5.4(4) Hz within a detection time of 160 ms in 
the experiment. The frequency stability of a single system has 
been im-proved from 3.9 × 10-15/√τ to 2.6 × 10-15/√τ by using 
the servo-controlled self-comparison locking method. 

II. EXPERIMENTAL SETUP 

Considering that the primary source of the uncertainty 
budget is the second-order Zeeman effect, the bias magnetic 
field is reduced to suppress the shift and its uncertainty. In 
addition, the drift compensation device is applied to provide 
feedback control to avoid the long-term magnetic field drift. 
The magnetic field fluctuation [9] experienced by ions is 
evaluated to be 35 μG, as shown in Fig. 1. 

 
Fig. 1. Magnetic field noise perceived by ions after magnetic field 
compensation. 
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For 27Al+ ion optical clocks, the detection of the quantum 
logic based clock transition has strong dependences on ions’ 
vibrational states. The three-dimensional Raman sideband 
cooling technology is introduced to cool the ion pair to the 
vibrational ground state before detection. The quantum logic 
spectrum with high signal-to-noise ratio is shown in Fig. 2, 
which is mainly limited by the off-resonance transition of 
25Mg+ ion. 

In addition, the clock laser at 1070 nm transmits through 
more than 30-meters-long optical fiber before frequency 
quadrupling to 267 nm, and the ultraviolet laser passes through 
several meters long free space optical beam path before 
illuminating the ion. The pick-up additional noise during 
transmission has influence on the stability of the clock laser 
and it is measured and suppressed experimentally. The LPSD 
(Linear Power Spectral Density) of the clock laser and the 
beam propagation noise are shown in Fig. 3. 

III. RESULTS 

We achieved a clock transition signal with a relatively 
narrow linewidth and a high signal-to-noise ratio through 
optimization. The average dead time of each clock cycle in the 
experiment [8] is about 300 ms, corresponding to the collection 

time of each data point, is about 4.6 s. The FWHM of the clock 
transition spectrum was measured to be 5.4(4) Hz with a 
detection time of 160 ms, as shown in Fig. 4. 

IV. CONCLUSIONS 

Finally, we evaluated the optimized uncertainty [8] of the 
current optical clock system to be 1.6 × 10-18, as shown 
inTABLE  I. The frequency stability [8] of a single system has 
been evaluated to 2.6 × 10-15/√τ by using the servo-controlled 
self-comparison locking method. 

Since the current system stability is primarily limited by the 
quantum projection noise, our next step will concentrate on 
further improving the closed-loop locking period and the 
automatic operation of the system to increase the system's 
uptime operation rate. In addition, we will measure the 
absolute clock transition frequency and compare frequencies 
between two optical clocks to assess the long-term stability of 
our optical clock. 

 

 

 

Fig. 3. LPSD of the clock laser and the beam propagation noise. 

 

Fig. 2. |1S0>→|3P1> quantum logical spectrum of 27Al+ ion. 

 
Fig. 4. The |1S0>→|3P0> transition spectrum of 27Al+ ion. 

 
Fig. 5. Stability results of 27Al+ ion optical clock system under closed 
loop locking. 
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TABLE  I. RELATIVE FREQUENCY SHIFT AND UNCERTAINTY 
EVALUATION OF CURRENT 27AL+ ION OPTICAL CLOCK. 

Contribution 
Correction 

(10-18) 
Uncertainty 

(10-18) 

Excess micromotion -7.4 0.8 

Secular motion -1.3 0.4 

Quadratic Zeeman -3285.1 1.2 

Frist-order Doppler 0 0.1 

AOM phase chirp 0 0.1 

Blackbody radiation -3.3 0.5 

Laser Stack 0 ＜0.1 

Background gas collisions 0 ＜0.1 

Electric quadrupole 0 ＜0.1 

Total -3297.1 1.6 
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