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Abstract—Frequency stability is one of the most critical 

metrics for time-keeping atomic clocks. This paper analyses the 

effects of various noises on the short-term frequency stability 

of the time-keeping 87Rb fountain clock developed by the 

National Time Service Center, Chinese Academy of Sciences, 

identifies the main noise sources, and gives suggestions for 

improvement. 
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I. INTRODUCTION  

Due to their excellent frequency stability, time-keeping 
87Rb fountain clocks are key devices in modern time-

keeping systems [1,2,3]. Its short-term frequency stability is 

mainly determined by quantum projection noise (QPN) [4], 

electronic detection noise (EDN), laser detection noise 

(LDN) [5], and local oscillator (LO) phase noise [6].  

This paper evaluates the effects of these noises on the 

short-term frequency stability of a time-keeping 87Rb 

fountain clock developed by the National Time Service 

Centre (NTSC), Chinese Academy of Sciences, identifies 

the main sources of noise, and suggests improvements. 

II. ANALYSIS AND ESTIMATION 

According to [7], the formula for the short-term 

frequency stability (SFS) of the clock is 

 
2

2 2

2

det det

21 1 1
( ) P c N c

y laser LO

at at

T T

Q P Q N N

δ δσ σσ τ γ γ
π τ π τ

 
= = + + + 

 
 (1) 

where Qat represents the quality factor of the atomic 

discriminant curve, Pδσ  represents atomic transition 

probability fluctuation variance (ATPFV), P equal to 1/2, 
cT  

represents one clock cycle, τ  represents integration time, 

detN represents atomic number arriving at detection zone, 

det
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 represents EDN, 2

laserγ  represents 

LDN, 2

LOγ  represents the effect of the LO phase noise 

through the Dick effect. (2) can be obtained from (1). 
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Fig. 1. Variation in APTFV with atomic number. 

By measuring the atomic transition probability at 

different atomic number, a curve of ATPFV as a function of 

the atomic number is fitted to (2). Based on the relevant 

parameters of the curve, the effects of the above-mentioned 

noises on ATPFV can be obtained respectively, and then the 

effect of each noise on the SFS is estimated according to (1). 

The different atomic number is achieved by changing the 

input power of the state-selection cavity. The ATPFV is 

calculated from the atomic transition probability of 400 

measurements at the center frequency of the Ramsey fringe 

deviating from 0.5 Hz. Fig. 1 shows ATPFV for different 

atomic numbers. 

We use the function y=0.25×(a/x + b/x2 + c) to perform 

curve fitting on the above values, and obtain 

a=(1.56±0.84)×10-6,b=(0.34±0.058)×10-6,c=(3.68±2.54)×10-

6. 

With parameter a, the maximum atomic number reaching 

the detection zone can be estimated from equation (3), 
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where K is the proportional coefficient between the relative 

and the actual atomic number, and K=1.56×10-6, and Ndet= 

3.33×105 (a relative value of 0.52). The effect of QPN on 

our clock SFS is 1.39×10-13τ-1/2, that of EDN is estimated to 

be 9.02×10-14τ-1/2 using parameter b. With parameter c, the 

effect of the LO phase noise on is estimated to be 1.54×10-

13τ-1/2. Since the effect of LDN is much smaller than that of  
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LO phase noise, the parameter c is used to estimate the 

effect of the LO phase noise. 

The effect of LDN estimation process is as follows: 
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where 2

-P LDNδσ represents LDN-induced ATPFV ，

( )S fδγ represents the power spectral density of the 

spontaneous emission rate fluctuation,  ( )H f  represents the 

equivalent filter function of the detection system [8].  
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where ( )yS f  and ( )
I I

S fδ  represent the relative frequency 

noise and intensity noise of detection laser, respectively, and 

laserω is the wavelength of detection laser. 
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where wt  represents the half-width (1/e) of the time of flight 

(TOF) signal generated by detecting the atomic number at 
2

1/ 25 , 2, 0FS F m= =  or 
2

1/25 , 1, 0FS F m= = , and ∆t represents 

the time interval between TOF signals. 

Based on the relative frequency and intensity noise of 

the detection laser measured in Fig. 2 and Fig. 3 and the  
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Fig. 2. Relative frequency noise of detection laser.  
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Fig. 3. Relative intensity noise of detection laser.  
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Fig. 4. Filter function.  
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Fig. 5. Variation of the clock frequency stability (1s) with atomic number. 

2
( )H f for our clock in the Fig. 4, the effect of LDN on our 

clock SFS was calculated using (4)-(6) as 2.03×10-14τ-1/2. 

III. DISCUSSION 

Calculated and measured SFS with different atomic 

number, and fitted parameters a, b, c, the effect of the 

different noise terms  on the 1 s stability of the clock is 

obtained as shown in Fig. 5. 

As can be seen in Fig. 5, the SFS of the clock decreases 

with the increase of the number of atoms. When the atomic 

number is less than 1.3×105, the noise sources affecting the 

SFS of the clock are QPN and EDN, and when the number of 

atoms is greater than 1.3×105, QPN and LO phase noise 

gradually dominate as the number of atoms increases. 

The effect of QPN can be suppressed by increasing the 

number of captured atoms in the MOT zone, for example by 

using the 2D-MOT technique [9]. In addition to shortening 

the “dead time”, the effect of LO phase noise can be reduced 

by applying a lower phase noise oscillator, such as a 

cryogenic sapphire oscillator (CSO) [10] or a optically 

stabilization microwave oscillator (OSMO) [11]. 

IV. CONCLUSIONS 

This article describes the SFS analysis of the time-

keeping 87Rb fountain clock developed by the NTSC, the 

effect of QPN on the SFS of the clock is 1.39×10-13τ-1/2, that 

of LO phase noise through the Dick effect is 1.53×10-13τ-1/2, 

that of EDN is 9.04×10-14τ-1/2, and that of LDN is 2.03×10-

14τ-1/2. The SFS (1s) of the clock is currently 1.71×10-13, and 

the main source of noise is the QPN and the LO phase noise, 
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and the subsequent technical solutions to improve the short-

term frequency stability of the clock. 
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