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Abstract – Weak transitions in single cold trapped ions are highly reproducible as optical frequency standards on account of the high quality factors and stabilities achievable. In recent years, there has been a quickening pace in the development of these optical frequency standards, particularly due to the emergence of femtosecond laser combs for relating the optical frequency directly to the Cs standard. This paper reports progress on optical frequency standards based on the quadrupole transition in a single cold ion of 88Sr+ and the octupole transition in a single cold ion of 171Yb+.

Keywords - Laser stability, optical frequency standards, laser cooling.

1.  Introduction

Laser-cooled single trapped ions offer significant opportunities for future optical frequency standards on account of the ability to confine an isolated ion in a small volume under UHV conditions and without serious electromagnetic and collisional perturbation. Under these conditions it is possible to observe weak optical absorptions such as quadrupole transitions, where the theoretical natural linewidth is ~ 1 Hz. These transitions are the basis of highly reproducible optical frequency standards with quality factors (Q) approaching 1015. Already, experimental cold ion linewidths in the range of a few Hz to a few hundred Hz have been observed for such clock transitions.  Research is underway at a number of laboratories worldwide to investigate the stability and accuracy of different trapped ion optical frequency standards, including those based on single cold ions of 199Hg+ [1], 115In+ [2], 171Yb+ [3,4] and 88Sr+ [5,6]. This paper discusses, in particular, progress at UK National Physical Laboratory (NPL) in the study of the 2S1/2 – 2D5/2 quadrupole clock transition in a single 88Sr+ ion and the ultra-weak 171Yb+ 2S1/2 – 2F7/2 octupole clock transition. There is also work at NPL on the odd isotope 87Sr+ 674 nm quadrupole transition [7]. This is not discussed here, but has shown that the first order Zeeman insensitive transition with the smallest second order Zeeman shift is based on the 2S1/2 (F = 5, mF = 0) – 2D5/2 (F' = 7, mF' = 0) component.

2.   End-cap trap

Single ions are created by electron beam ionization of a weak atomic beam and confined to a small region of space by means of an electromagnetic trap. The experiments decribed here use an end-cap trap [8,9]. A schematic of the trap is shown in fig. 1. The separation between end-caps is ~ 0.6 mm. The ion can be cooled in three non co-planar directions. Micromotion can be reduced in three dimensions by applying a set of three compensation voltages to maintain the ion at trap centre. This is achieved in the axial direction by means of small dc voltages V1, V2 applied to the outer electrodes, and in the horizontal plane by voltages applied to 2 additional electrodes (not shown).  
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Fig. 1: Schematic of the NPL end cap trap

2.  88Sr+ 2S1/2 - 2D5/2 674 nm clock transition

The weak 88Sr+ 2S1/2 - 2D5/2 674 nm quadrupole transition is an excellent choice for an optical frequency standard on account of its natural linewidth of 0.4 Hz. Figure 2 gives a partial term scheme for 88Sr+, where the 674 nm clock transition and the necessary 422 nm cooling and 1092 nm repumper transitions are shown.

The cooling laser source at 422 nm is a frequency-doubled diode laser at 844 nm. The 1092-nm radiation, driving the ion out of the 2D3/2 level, is produced by a custom-made distributed Bragg reflector laser. The optical frequency standard is the quadrupole 2S1/2 – 2D5/2 transition at 674 nm. This wavelength is generated directly by an extended cavity laser and is described in the next section 
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Fig. 2: Partial term scheme for 88Sr+.

2.1.   674 nm probe laser system

An overall schematic of the 674 nm probe laser system is shown in fig. 3.
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Fig 3: Overall schematic of the probe laser system

This probe laser is an extended cavity laser based on an anti-reflection coated laser diode, using an 1800 grooves/mm grating in the Littrow configuration, and replaced an earlier system, based on resonant optical feedback [10]. The extended cavity laser has a linewidth of a few hundred kHz. This is then locked to a high finesse (F ( 2 x 105) ultra-low-expansion (ULE) etalon using a Pound-Drever-Hall lock, reducing the linewidth to less than 100 Hz in one step. In order to achieve this, the laser is phase-modulated at approximately 15 MHz. The fast servo feeds directly back onto the laser current, via the diode controller. The slow servo feeds back onto the piezoelectric, on which the grating is mounted. The ULE etalon is non-tunable, and the frequency interval between the ULE cavity resonance and strontium transition frequency is bridged with a double-passed 370 MHz acousto-optic modulator. With two extended cavity lasers and two ULE cavities, there are a number of options to monitor various aspects of laser stability. This include monitoring the beat between the free-running lasers, between the two lasers locked to the same cavity but one mode (1500 MHz) apart, or between the two lasers locked to two independent cavities. The two cavities are separately mounted on two vibration isolation platforms from MinusK [11]. Both cavities are mounted within temperature-controlled vacuum enclosures. One of the cavities has a second layer of temperature control installed and the observed cavity drift rate of this cavity is (0.1 Hz/s. The second cavity has drift rates in the region of 0.5 – 1.0 Hz/s. As expected, the free-running laser linewidth is measured to be a few hundred kHz from the beat between the two systems. With two lasers locked to the same cavity, the beat linewidth is close to the spectrum analyzer resolution of 10 Hz (fig. 4).
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Fig. 4: Beat frequency between two 674 nm lasers locked to adjacent modes of the same ULE cavity. The spectrum analyzer bandwidth is 10 Hz.

The small sidebands observed in figure 4 may be due to vibrating mirror mounts causing a phase modulation of the beat. Eventually, it will be necessary to introduce phase noise cancellation [12]. However, phase noise introduced in transmitting the light from the cavity to the trap is not thought to be limiting the measured transition linewidth at present. With the two lasers locked to two independent cavities, the beat width is
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Fig. 5:  Quantum-jump built lineshape for the 88Sr+ 674 nm quadrupole transition (m = 0 component ( the scan shown has not been corrected for the ULE cavity drift, opposite to the scan direction. With this correction, the observed linewidth broadens to ~ 70 Hz 

around 100 Hz, suggesting that the individual laser linewidths are around 50 Hz. One of the two lasers has been used to observe the two (m = 0 Zeeman components of the 88Sr+ 2S1/2 – 2D5/2 quadrupole clock transition at 674 nm. This transition suffers from a linear Zeeman shift and is slightly broadened due to imperfect shielding of AC magnetic fields arising from nearby electronics. The 50 Hz laser linewidth is not sufficiently narrow to fully resolve the Zeeman sideband arising from the UK mains frequency of 50 Hz. At present, the narrowest Zeeman component ((m = 0) linewidth observed (fig. 5) is less than 100 Hz; the (m = (2 component linewidths are several hundred Hz.

2.3 88Sr+ frequency stability and reproducibility

The short-term stability of our strontium ion optical frequency standard, out to around 30 s, is determined by the stability of the ULE cavity. This is because, for reasonable probe laser sampling periods, it takes ~ 15 – 20 s to make a statistically-valid frequency correction which reduces the quantum jump imbalance on either side of a pair of Zeeman components [5,6]. Fig. 6 shows the frequency stability of the beat between two 674 nm lasers, locked to two independent ULE cavities. The open circles in the figure are the stability of the beat between two lasers locked to two independent ULE cavities, divided by (2. Although the cavity with a secondary layer of temperature control has a drift rate of (0.1 Hz/s, the results are dominated by the second cavity.  The data for times longer than 30 s represent a drift of about 1 Hz/s. The 0.1 Hz/s drift of the more stable cavity is also drawn in fig. 6.
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Fig. 6: Frequency stability of a 674 nm optical frequency standards, derived from the beat between two similar systems, divided by (2. An explanation of the different lines and data-sets is given in the text.

The short-term stability is limited by the laser linewidth. The observed results are for a laser linewidth of 50 Hz, around 100 times the natural linewidth of 0.4 Hz for the transition. The observed results are about 10 times worse that this theoretical limit, as expected. When the two 674 nm frequencies are referenced to two different strontium ions, the difference frequency stability is limited by the servo “step size”. This is the frequency change to the controlling acousto-optic modulator that the servo makes each time it finds a difference in the quantum jump rate when stepping either side of a Zeeman component [6]. The difference frequency stability data for two ring traps when referenced to two different ions (solid squares in fig. 6) were taken with a 10 Hz step size. In the region of 100 s, the frequency stability does not depend strongly on averaging time. However, we should expect this to reduce over longer timescales.

Following our earlier femtosecond comb frequency measurements of the 674 nm quadrupole transition in a ring trap [13], preliminary analysis of recent femtosecond measurement data taken with the end-cap trap indicates a result consistent with our earlier measurement, where the standard uncertainty was 100 Hz. One concern arising from the ring trap measurements was uncertainty over a possible transverse Doppler frequency shift associated with motion of the ion transverse to the direction of the cooling and probe beams, as we were unable to monitor this motion in the ring trap. Motions of the ion along the direction of, and transverse to, the cooling and probe beams are both monitored in the end-cap trap, using both the observed linewidth of the cooling transition and RF photon correlation techniques [14]. 

3.  171Yb+ 2S1/2 - 2F7/2 467 nm octupole clock transition

The ultra-weak 2S1/2 - 2F7/2 octupole transition at 467 nm in 171Yb+ (figure 7) has significance as a high stability optical frequency standard on account of its extremely long-lived low-lying metastable 2F7/2 level. It has a lifetime ~ 6 years [15], with corresponding natural linwidth in the nanohertz region. This linewidth will not be a limitation as probe times are increased in any optical clock arrangement in the way that applies to shorter lifetime quadrupole transitions. Rather, the technical linewidth associated with the probe laser interrogation time will dominate. As a result, probe times well in excess of  limiting quadrupole lifetimes should allow higher stabilities to be reached in shorter times for this particular clock transition, enabling higher accuracies in the longer term. In addition, the octupole transition in the 171Yb+ odd isotope is preferred over the more abundant 172Yb+ even isotope, since the choice of an odd isotope with a low nuclear spin of I = ½ allows the use of a mF = 0 ( mF = 0 Zeeman component which has no first order Zeeman effect, and is located at line centre.
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Fig 7. Partial term scheme of 171Yb+
The long lifetime creates additional complexity for the cooling and probing arrangements, in that it is necessary to quickly recover the ion from the F-state once the ion is shelved there. Thus in addition to the standard cooling, 2D3/2 clear-out and probe lasers, lasers are necessary to clear out the 2F7/2 level. The downside of the odd isotope is that the spectrum has hyperfine structure and all the cooling and clear-out transitions require either two lasers, or lasers modulated at high frequencies, in order to cope with the hyperfine levels in the S, P, D and F states. The low nuclear spin of ½ for 171Yb+ ensures a relatively simple hyperfine spectrum in this case.
Cooling of the ion is achieved with a 738 nm cw Ti:sapphire laser, frequency doubled to 369 nm in an LBO crystal in an external resonant enhancement cavity. Additional radiation at 369 nm or microwave radiation at 12.6 GHz, is needed to prevent the ion being optically pumped into the F = 1 hyperfine ground state. Further, for operation at low magnetic fields, components of the cooling radiation in two directions need to be polarisation-spun in order to prevent pumping to dark levels in the ground state. In the upper 2P½ level of the cooling transition, the ion can decay to the 2D3/2 level with a branching ratio of ~ 1/150, and 935 nm diode laser light in an extended cavity is used to pump the ion back into the cooling cycle. This light clears both 2D3/2 hyperfine levels by resonant and off-resonant pumping  of the respective levels. Finally, once the octupole  transition is driven another frequency-modulated extended cavity diode laser at 638 nm is used in order to empty the F =3 and 4 levels.
The 467 nm probe laser light is obtained from a cw Ti:sapphire laser at 934 nm, which is frequency doubled in KNbO3 within a resonant enhancement cavity. The fundamental laser light is linewidth narrowed to ~ 90 Hz using FM sideband locking to a ULE high finesse etalon (F ~ 2x105) situated on a vibration-isolation platform within an acoustically isolating box. Critical alignment of the 467 nm octupole probe light through the trap is necessary, needing to be focused on the ion with a waist ~ few (m in order to achieve adequate spectral densities with the current linewidths available.

Octupole cold ion linewidths of ~ 180 Hz  have recently been achieved using the narrow linewidth probe laser described above. An example of the linewidth built from the quantum jump statistics as a function of probe laser frequency is shown in figure 8. Further, the absolute frequency of the 180-Hz wide octupole mF = 0 ( mF  = 0 Zeeman component has been measured using the self-referenced femtosecond comb, with an uncertainty of a few hundred Hz. This measurement was obtained using frequency scans of the probe across the octupole component.

Preliminary studies of systematic frequency shifts and uncertainties for the octupole transition have been undertaken in conjunction with the femtosecond comb frequency measurements. For laser linewidths at the current level, one of the major systematic shifts is the ac Stark shift arising from the interaction of the intense probe laser light needed to drive the octupole transition with strongly allowed 

Fig. 8: Observed lineprofile of the 171Yb+ mF = 0 ( mF  = 0 Zeeman component  of the 467 nm octupole transition

 (RBW, resolution bandwidth)

transitions coupled to the S and F levels.  The ac Stark shift co-efficient has previously been measured to be + 42 (12) (Hz W-1 m2, in reasonable agreement with the theoretical estimate of +50 (Hz W-1 m2 [16]. For our existing linewidth, this shift has been measured to be    ~ 115 Hz for a laser power of ~ 1 mW  ( ~ 15 (m beam radius and 100 ms probe times), considerably reduced from earlier kHz level shifts observed when probing with linewidths in the low kHz region.  This demonstrates the approximate scaling of ac Stark shift with linewidth, which comes about due to the proportionality of octupole quantum jump rate with probe laser spectral intensity. As the linewidth is reduced, less intensity is needed to drive the transition, with correspondingly reduced ac Stark shift. Projection to state-of-the-art 0.1-Hz probe linewidths with few-second probe times, leads to estimated ac Stark shifts in the tens of mHz range, which renders the shift at a level comparable to others such as the quadrupole shift and blackbody shift.

Although there is no first order Zeeman shift on the mF = 0 ( mF = 0 component, there is a second order Zeeman shift of –1.9(3) mHz ((T)-2 [4]. Until recently comparatively large magnetic fields of ~ 620 (T were applied in order to avoid population trapping in the ground state, resulting in a large second order shift of    – 730 Hz. More recently, operation at a lower field  (~ 188 (T) has been possible, albeit with reduced count rates, giving a second order Zeeman shift of ~ 60 Hz, demonstrating significant reduction. With polarization spinning, magnetic field operation at reduced levels of < 5 (T has been achieved, giving a corresponding shift of < 0.05 Hz. Under these conditions, the shift ceases to be a dominant contribution to the uncertainty budget.  

Assuming the ac Stark and second order Zeeman shifts are adequately controlled, one of the most significant remaining shifts will be the quadrupole shift, which arises due to the interaction of the electric quadrupole moment of the 2F7/2 state with a dc quadrupole component of the external electric field on the ion. As with strontium, this has been calculated using the approach of Itano et al [17], and an estimate of + 0.6 Hz (Blythe et al [16]) derived for the case of stray field potentials ~ +1 V on the electrodes. However, this shift can be averaged to zero, for a measurement of the octupole frequency in three mutually perpendicular directions of the applied magnetic field. Ac Stark shifts due to 369 nm cooling and 935 nm repumping light can be avoided by ensuring these radiations are off during the probe pulse. The second order Doppler shift can be reduced below 1 mHz with good 3-D micromotion compensation. Probably the most significant remaining shift is the black body Stark shift, which will approach 100 mHz relative to an arbitrary reference of zero K, due to the room temperature of the apparatus.

The projections possible with these major systematic frequency shifts indicate that uncertainties approaching 10-17 should be possible with careful control of external field parameters.

4.  Conclusion

Current progress at NPL on the development of narrow linewidth clock transitions for use as optical frequency standards in single laser-cooled ions of 88Sr+ and 171Yb+ has been presented. Cold ion linewidths of ~ 70 Hz and 180 Hz have been observed for the 88Sr+ quadrupole and 171Yb+ octupole transitions respectively. In the case of 88Sr+, experimental results concerning the development of a clock probe laser with a narrow linewidth well below 100 Hz have been presented, including stability and drift data for the probe locked to the cold 88Sr+ ion. For the 171Yb+  octupole transition, the ability to reduce systematic frequency shifts such as the ac Stark shift and second order Zeeman shift to containable levels has been demonstrated. Further improved absolute frequency measurements using femtosecond combs on both these clock transitions, combined with comparisons between independent end-cap trap systems for each ion species will allow full evaluation of the stability and accuracy for these systems in the future. 
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