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Optical frequency standards based on narrow linewidth transitions in trapped ions have been studied for accuracy 

and stability higher than microwave standards. Some prototypes using 199Hg+, 171Yb+, 115In+, and 88Sr+ ions have been 

developed and their uncertainties have been estimated. Each species has its own advantages, and the total performance 

is determined not only by the inherent properties but also experimental advantages. NICT Atomic Frequency Standard 

Group is on procedure to develop an optical frequency standard as well as Cs microwave standard [1], The optical 

standard is based on the 43Ca+ (2S1/2 F = 4 m = 0) - (2D5/2 F = 6 m = 0) transition. Lifetime of the 2D5/2 state is 1.2 s, 

that gives a very high line-Q value.  It has the advantage of the development, that is, laser cooling (397 nm), 

repumping (866 nm) and probing (729 nm) can be performed by using only fundamental waves of compact laser diode. 

Although the natural abundance of this odd isotope is low (0.13 %), a recent report demonstrated generation of pure 

single 43Ca+ ion from natural sample by using resonant photo-ionization with two violet diode lasers [2]. On this optical 

standard, we will introduce the following points that we have performed; (1) estimation of the frequency shifts, (2) 

analysis of laser cooling efficiency, (3) construction of the ion trap apparatus, and (4) development of the laser systems. 

 

Estimation of Frequency shifts 

The electric quadrupole shift coefficient is calculated to be 0.82 Hz mm2/V. This shift is corrected by measuring 

the quadrupole transition frequencies for each of three mutually orthogonal orientations of a quantizing magnetic field 

of constant magnitude. This correction reduces the uncertainty of frequency shift to less than 0.1 Hz [3]. The quadratic 

Zeeman shift coefficient is calculated to be -89.9 kHz/G2, which is much larger than that for 199Hg+ and 171Yb+ ions. 

However, the quadratic Zeeman shift can be calibrated as follows. If the 20 ±→=m  transition frequencies are 

measured within the accuracy of 300 Hz, the uncertainty of the magnetic field is less than 0.2 mG. When the magnetic 

field is 10 mG, the uncertainty of the quadratic Zeeman shift is 0.36 Hz. The shift caused by the black body radiation is 

estimated to be 0.4 Hz when the temperature of the chamber is 300 K. The shifts caused by the second order Doppler 

effect, and the second order Stark shift etc. are expected to be less than 1 mHz. In such a case, the uncertainty of the 

clock transition frequency would be reduced to less than 10-15. 

 

Analysis of laser cooling efficiency 

It is necessary to reduce the ionic secular motion energy low enough for the ion to be confined within a region much 

narrower than the probe laser wavelength (λ = 729 nm). The amplitude of secular motion is lower than λ/10 when the 

secular motion energy is 722 µK and the secular motion frequency is 1.15 MHz. Using only Doppler cooling, the 



secular motion energy can be reduced to 550 µK [3,4]. To avoid the dark state, the laser cooling should be performed by 

using three lasers as shown in Fig. 1. The frequencies of two of them are near resonant to the (2S1/2 F = 4) - (2P1/2 F = 4) 

transition. The polarization of one of them (laser 1) is parallel to the magnetic field and another (laser 2) is 

perpendicular. The third laser (laser 3) is set near resonant to the (2S1/2 F = 3) - (2P1/2 F = 4) transition.                              

  

Fig. 1   Laser systems at cooling stage 

 

Actual cooling procedure was numerically analyzed. Figure 2 shows the result on the period to cool the ion from 

110 mK down to 700 µK as a function of the frequency detuing of laser 2, taking the frequency detunings of laser 1 and 

3 to be 17.25 and 11.5 MHz, respectively. The power densities of lasers 1 and 3 are 23.4 mW/cm², and that for laser 2 is 

30.4 mW/cm². The frequency detunings of three lasers should be different by more than 2 MHz. After the cooling, laser 

2 should be turned off so that the ion is pumped to the (2S1/2 F = 4 m = 0) state. This pumping is performed within much 

shorter time than the cooling period and the ionic secular motion energy does not change also during the pumping stage 

[3,4].  

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Period for cooling ion from 110 mK down to 700 �K as functions of frequency detuning of Laser 2 

 

Experimental procedure 

We are preliminary performing the experiment with 40Ca+ ion. A Paul trap consisting of a ring electrode with an 
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innter radius 1mm and a pair of electrodes is used for the trapping. Another pair of electrodes is used to compensate the 

stray electric field. An rf-voltage of 280 V at 18 MHz is applied to the ring electrode. Irradiating the cooling (397 nm) 

and repumping (866 nm) lasers to the trapped ion, the fluorescence signal caused by the S – P cycling transition is 

observed. However, when the clock laser resonant with the 2S1/2 – 2D5/2 transition is irradiated, the ion can be also 

transformed to the 2D5/2 state where the lifetime is rather long (1.2 s). Then the fluorescence signal is not observed while 

the ion is in the 2D5/2 state ( quantum jump). Figure 3 shows the quantum jump signal observed with the trapped single 
40Ca+ ion. 
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     Fig.3 Quantum jump signal with trapped single 40Ca+ ion 

 

The frequency stabilization of cooling and repumping lasers are performed simultaneously by using a single He-Ne 

laser and transfer cavities [5]. The cavity length is changed with a constant rate for every 1 ms and the cavity becomes 

resonant with each laser periodically. Stabilizing this periodicity for each laser, we can stabilize the frequencies of 

several lasers. This system simplifies the experimental apparatus, where several lasers are necessary. The frequency 

stabilities of these lasers are 1× 10-10 for 103 sec. averaging time. 

A narrow line and tunable clock laser system has been developed by locking the laser to an ultrahigh-finesse 

ultralow expansion glass (ULE) reference cavity put on a vibration isolation platform. The frequency stability of the 

clock laser has been improved to SNT
UWV 10-13 for a 32 s averaging time. Figure 4 shows its power density spectrum. 

From this figure, the linewidth of the clock laser is estimated to be 53 Hz. The clock laser frequency can be tuned with 

the whole free spectral range of ± 500 MHz. The absolute frequency of clock laser is measured by employing a 

femtosecond laser frequency comb system (Optical frequency synthesizer FC8003, Menlo System GmbH). Its repetition 

frequency and offset frequency are capable of linking a 10-MHz radio-frequency, supplied by a hydrogen maser 

standard which links with TAI (International Atomic Time). 



 

 

        Fig. 4 (a) Power spectral density of the stabilized master laser derived from recording the error signal for a closed 

servo loop with an FFT spectrum analyzer. (b) The profile of the field spectrum calculated with the data of the (a). 

 

Conclusion 

The 43Ca+ (2S1/2 F = 4 m = 0) - (2D5/2 F = 6 m = 0) transition can be a good candidate for the optical frequency 

standard, if the uncertainty of the quadratic Zeeman shift is reduced enough (< 0.4 Hz) calibrating the magnetic field 

from the 20 ±→=m  transition frequency. The frequency uncertainty is expected to be less than 10-15. Three cooling 

lasers, whose frequency detunings are different more than 2 MHz, are necessary to perform the laser cooling with high 

efficiency.  Transfer cavity system was developed to stabilize cooling and repumping lasers simultaneously. 

The frequency stability of the clock laser was improved up to SNT
UWV 10-13 for a 32 s averaging time. Its linewidth 

was estimated to be 53 Hz. 

We are planning to construct the photo ionization system, which makes it possible to ionize the 43-isotope 

selectively. The magnetic field will be well controlled so that the uncertainty of the quadratic Zeeman shift and the 

electric quadrupole shift are reduced. The clock laser is planned to reduce its linewidth aiming on the order of 1 Hz, 

using an ULE with higher fineness.    
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