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Abstract.  We report recent results on the development of an optical 
frequency standard based on the quadrupole transition in a single 
171Yb+ ion. The probe laser frequency is simultaneously stabilised 
to the transmission peak of a Fabry – Perot reference cavity and 
the central resonance of the quadrupole transition of the ion with 
a linewidth of 30 Hz. With the experimentally obtained spectral 
characteristics of the probe laser and optical reference, a daily fre-
quency stability on the order of 10–17 is demonstrated for the 171Yb+ 
standard. 

Keywords: quadrupole trap, laser cooling, spectroscopy, frequency 
stabilisation, optical frequency standard.

1. Introduction 

The urgency of the research and developments aimed at 
designing optical frequency standards with a long-term sta-
bility no worse than 10–17 is due to the extraordinary high 
demand for these standards in modern science (verification 
of fundamental physical theories, testing of the hypothetical 
drift of fundamental constants, justification of cosmological 
models, etc. [1 – 3]), as well as their wide practical applica-
tion (plotting of exact maps of orthometric heights, naviga-
tion in physical fields, detection of geological voids and 
deposits of mineral resources, etc. [4 – 6]). In addition, sig-
nificant progress in the frequency measurement methods 
opens a possibility of improving essentially the accuracy of 
determining other physical values allowing for conversion 
into frequency measurements (for example, gravitational 
potential, magnetic field, electric field, etc.). Practical imple-
mentation of the above-stated purposes opens new pros-
pects in information technologies, physical measurements, 
and life sciences. 

In the last decade, great progress has been made in 
improving the stability and accuracy of optical frequency 
standards using atoms and ions that are spatially localised 
and cooled to ultralow temperatures. Currently, these sys-
tems demonstrate the best frequency stability (to 10–18) for 
long observation times [7 –9]. The key advantage of these 
standards is that the atom or ion with a forbidden ultranar-
row transition (used as an optical frequency standard) in the 

energy-level structure is in a well-controlled environment, iso-
lated to a great extent from external effects. 

In this paper, we report the results of the studies performed 
at the Institute of Laser Physics of the Siberian Branch of the 
Russian Academy of Sciences (ILP SB RAS) that were aimed 
at developing an optical frequency standard based on the 
quadrupole transition in a single 171Yb ion, with a relative 
uncertainty and long-term frequency instability less than 10–17. 

2. Ion trapping and cooling 

Figure 1 shows a schematic of the optical frequency standard 
with a single 171Yb ion, developed at the ILP SB RAS. The 
ion trapping and confinement are performed by a miniature 
RF Paul trap with endcap electrodes [10, 11]. An ac voltage 
with an amplitude of 600 V and a frequency of 14 MHz is 
used to form a 3D confining potential. The potential-well 
depth is 18  eV, and the trap secular frequencies are nz = 2nr = 
1.2  MHz. To increase the ion localisation time, the trap is 
placed in a vacuum chamber with a residual gas pressure less 
than 5 ´ 10–10 Torr, due to which the ion loss caused by colli-
sions with gas molecules can be minimised. 

Doppler cooling and detection of ion state are performed 
using frequency-modulated radiation of a diode laser with a 
wavelength l = 369.5 nm [12, 13]. Modulation is carried out 
by an electro-optic modulator (EOM) at a frequency of 
14.75 GHz in order to generate the spectral component excit-
ing the hyperfine component of the cooling transition 2S1/2 
(F = 0) ® 2P1/2 (F = 1), which is not excited by the resonance 
cooling radiation. The 2D3/2 and 2F7/2 levels are depopulated 
using radiation of pump diode lasers with wavelengths of 935 
and 760 nm, respectively. 

The ion fluorescence, induced by the cooling laser, is pro-
jected (using a multilens objective) onto a photoelectron mul-
tiplier tube (PMT) and a CCD camera. The camera image is 
used to determine the number of trapped particles and moni-
tor the ion position in the trap. The PMT signal serves to 
determine the total fluorescence rate with a high temporal 
resolution. 

Figure 2 shows an image of a single 171Yb ion in the RF 
trap and the resonance fluorescence signal on the cooling 
transition. The signal full width at half maximum (FWHM) is 
~20 MHz, which indicates the absence of Doppler broaden-
ing and, therefore, demonstrates efficient ion cooling. 

3. Minimisation of ion excess micromotion 

An ion localised in a trap, being displaced from the region of 
the zero confinement potential, may be affected by the ac RF 
electric field. The field-induced vibrational motion of the ion 
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at the field frequency (the so-called micromotion) leads to an 
increase in its temperature and spectral broadening of the 
clock transition due to the Doppler effect. The ion displace-
ment from the trap centre is mainly due to the action of 
uncompensated spurious static electric fields. 

In this study, to detect and compensate for the ion excess 
micromotion in a trap, we applied the cross-correlation 
method [14], in which the ion fluorescence modulation related 
to the first-order Doppler shift correlates with the phase of 
the electric field formed by the trap electrodes. 
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Figure 1.  Schematic of the optical frequency standard with a single ytterbium ion. 
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Figure 2.  (a) Image of a trapped single 171Yb ion and (b) a resonance fluorescence signal from a cooled single ion, obtained by scanning cooling 
laser frequency. The solid line is the Lorentzian approximation of spectral line. 
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The cross-correlation signal is obtained using a counter, 
for which the starting pulse is the PMT signal, generated 
when recording a photon from the ion fluorescing in the cool-
ing cycle. The count is stopped when the sinusoidal signal of 
the electric field crosses ‘0’ in the negative direction. Then the 
number of photons arrived for the certain time of change in 
the trap field phase is counted. 

Figure 3 shows the cross-correlation signals for an ion dis-
placed from the trap centre, before and after correcting its 
position by applying a dc voltage to the compensation elec-
trodes. The error in compensating for the ion displacement by 
this method turned out to be ~15 nm, which is smaller than 
the Lamb – Dicke parameter (d < l/p » 118 nm) and suffi-
cient to minimise the Doppler effect. Important advantages of 
this method for detecting and compensating for ion displace-
ments in a trap according to the conventional technique with 
application of highly sensitive (and expensive) CCD cameras 
are the higher sensitivity and accuracy of positioning. In addi-
tion, the use of noncoplanar cooling beams, having nonzero 
projections on all trap axes, allows one to detect and compen-
sate for the ion micromotion in all coordinates. 

4. Detection of quadrupole transition 

The quadrupole clock transition 2S1/2 (F = 0) ® 2D3/2 (F = 2) 
is excited by the second-harmonic radiation of an external-
cavity diode (clock) laser at a wavelength of 871 nm [11]. To 
reduce the spectral linewidth of the laser to ~1 Hz, its fre-
quency is stabilised to a Fabry – Perot reference cavity, made 
of glass with a low thermal-expansion coefficient (ULE glass, 
Corning). To suppress mechanical vibrations, the vacuum 
chamber with the cavity was installed on a passive vibration-
isolation plate. In addition, the cavity was mounted in the 
chamber using a system of suspensions, reducing its sensitiv-
ity to vibrations [15]. The influence of the ambient tempera-
ture on the position of cavity resonances was significantly 
reduced by stabilising temperature near the ‘zero’ point, char-
acterised by close-to-zero thermal-expansion coefficient of 
the cavity base material. 

The principle of observation of resonances in single ions is 
based on the method of detecting a quantum jump (transition 
of the ion from one energy state to another) by fixing the 
onset of fluorescence on the cooling transition (electron shelv-
ing [16 – 18]). The preparation and inquiry of ion energy states 
are performed using a specially chosen sequence of laser 

pulses [11]. If the fluorescence signal is absent for some time 
(several milliseconds in the case of the quadrupole transition) 
after switching off the probe laser and switching on the cool-
ing cycle, the ion exists with a high probability in the excited 
state 2D3/2, and the excitation cycle is considered as successful. 
The sequence of cooling, excitation, and detection cycles is 
repeated several times for one probe laser frequency, and the 
probability of exciting the 2D3/2 level (F = 2, mF = 0) is 
recorded as a frequency function. The detected excitation 
spectrum of the quadrupole transition consists of several res-
onances, which contain information about the state of the 
ion, its motion in the trap, and its interaction with the envi-
ronment. 

Figure 4 shows the results of detecting the excitation spec-
trum of the quadrupole transition 2S1/2 (F = 0) ® 2D3/2 (F = 2) 
in the 171Yb ion [11]. The spectrum of the magnetic sublevels 
of the transition (Fig. 4a) consists of five components, corre-
sponding to DmF = 0, ±1, and ±2. It can be seen that the 
magnetic splitting of the sublevels is ~50 kHz, which corre-
sponds to a residual magnetic field |B| » 6 mT in the trap. The 
spectrum of the central component DmF = 0 of the quadru-
pole transition is shown in Fig. 4b. In this case, a 30-ms pulse 
of the clock laser was used to excite the resonance. The 
FWHM value for the recorded resonance on the transition 
central frequency is about 30 Hz at an excitation probability 
of ~0.5. 

5. Stabilisation of the probe laser frequency  
to the quadrupole transition frequency

A high short-term stability of the standard frequency is 
attained by stabilising the frequency of the diffracted beam of 
the probe clock laser at the output of acousto-optic modula-
tor АОМ1 (see Fig. 1) to the reflection resonances of a high-Q 
Fabry – Perot interferometer by the Pound – Drever – Hall 
(PDH) method using an automatic frequency control (PDH-
AFC) system. The long-term stability of the system is obtained 
by tuning the АОМ1 frequency so as to make the frequency 
of the probe laser second harmonic coincide with the fre-
quency corresponding to the maximum of excitation proba-
bility signal for the clock transition in the RF-trapped single 
ion. A digital AFC system (based on a computer) corrects the 
АОМ1 frequency for characteristic times providing the cor-
responding signal-to-noise ratio to achieve the desired stabil-
ity (in the case of single ions, the characteristic times are gen-
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Figure 3.  Cross-correlation signals (a) at ion displacement with respect to the trap centre (in the presence of uncompensated spurious fields) and (b) 
after correcting the ion position (with fields compensated). Approximation by a sine function.
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erally no shorter than 100 s). The error signal for determining 
the position of the probe-laser second-harmonic frequency 
relative to the transition centre is the difference in the excita-
tion probability at detunings to both sides from the resonance 
centre by its halfwidth, which are implemented by tuning the 
probe frequency using an АОМ2. Thus, the standard fre-
quency stability for short times (less than 100 s) is determined 
by the properties of the Fabry – Perot interferometer, whereas 
the characteristics of the long-term stability and accuracy of 
the standard are determined by the parameters of the reso-
nance on the ultranarrow (forbidden in the dipole approxi-
mation) optical transition. 

In accordance with the above-described technique we per-
formed simultaneous stabilisation of the probe laser fre-
quency to the transmission peak of the Fabry – Perot refer-
ence cavity and the central-resonance frequency of the Yb-ion 
quadrupole transition. 

Before stabilising the laser frequency to the atomic-transi-
tion resonance frequency n0, the resonance excitation spec-
trum is recorded, and the laser frequency is set to be close to 
the resonance centre. In the resonance recording regime the 
laser frequency is tuned discretely relative to the reference 
interferometer mode. The initial detuning, the final detuning, 
the detuning step, and the direction of frequency change are 
set in the dialogue window of the specially developed experi-
ment control program. In addition, the choice of the genera-
tor resonance, controlled during recording, makes it possible 
to choose an AOM providing necessary probe frequency tun-
ing. When recording the resonance, the fluorescence signal 
from PMT is synchronised with the signals forming a tempo-

ral sequence of clock transition excitation and detection 
events. After tuning the probe frequency, several (generally, 
10 – 20) elementary inquiry cycles are performed, which give 
as a result either 0 or 1. Another possible version is the exclu-
sion of the result of a given or next cycle from consideration 
(‘poor’ cycle). To this end, in each ~100-ms-long cycle, the 
correspondence of the fluorescence signal from PMT in speci-
fied time intervals (determined by the time sequence of clock 
transition excitation and detection) to the user-specified crite-
ria is verified, on the basis of which one determines is the per-
formed inquiry cycle should be considered as ‘reliable’ or 
‘poor’. If the cycle is ‘reliable’, one determines if the ion exci-
tation from the ground state occurred or not. The number of 
‘successful’ cycles at a given detuning is increased by unity if 
the transition occurred and by zero in the opposite case.

After finishing data collection at a given detuning, the 
probability of ion excitation is calculated as the ratio of the 
number of ‘successful’ cycles to the number of ‘reliable’ cycles. 
The ratio of the number of ‘successful’ inquiries to the total 
number of performed cycles can also be considered as a result; 
however, because of the inevitable presence of ‘poor’ cycles, 
the maximum attainable probability is lower in this case. 

Many methods have been developed to stabilise laser fre-
quency using digital algorithms (see, for example, [19]). For 
the symmetric resonance, observed on transitions in single 
particles, the simplest is the two-point stabilisation technique, 
where the role of frequency discriminator is played by the dif-
ference in the resonance amplitudes at equal detunings on the 
left and on the right from the resonance centre; i.e., the dis-
criminator slope is k = (A+ – A–)/d, where A+ and A– are the 
values of recorded signal at positive and negative detunings d, 
respectively. The recorded signal is the quadrupole transition 
excitation probability, which is detected when carrying out a 
specified number of above-described elementary cycles of ion 
inquiry. After determining the quadrupole transition excita-
tion probability at specified positive and negative detunings 
(Р+ and Р–) with allowance for the specified resonance slope, 
the current detuning of the laser frequency from the reso-
nance centre, D = (Р+ – Р–)/k, is calculated. A standard PI 
controller in the form of u = P + I, where P = kPD and I = 
kIåD, is used to form a stable digital feedback circuit. The 
factors related to the proportional (kP) and integral (kI) units 
of the PI controller, along with the detuning d and discrimina-
tor slope k, are set in the dialogue window of the control pro-
gram. The dynamics of the PI controller functioning is opti-
mised during stabilisation by fitting the factors kP and kI, 
proceeding from the criterion of minimising the temporal 
fluctuations of stabilised-laser frequency. 

6. Estimation of optical standard  
frequency instability

The instability of frequency is determined by the degree 
of its deviation from the nominal value for the measure-
ment time. The most widespread criterion of instability 
for frequency standards is the Allan variance sy

2(t). 
However, the Allan parameter (or deviation) sy(t) is often 
used in practice. For a set of frequency values N, with a 
duration t of each measurement, the Allan parameter can 
be written as 
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Figure 4.  Excitation spectra of the quadrupole transition 2S1/2 (F = 0) ® 
2D3/2 (F = 2) in the 171Yb ion: (a) spectrum of the magnetic sublevels of 
the transition and (b) spectrum of the central component DmF = 0 at 
probe frequency scan rates of (a) 500 and (b) 10 Hz s–1.
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where yn is the average beat frequency (difference of laser fre-
quencies) for the averaging time t, divided by the nominal 
frequency, n is the measurement number, and N is the total 
number of measurements. 

To characterise the frequency properties of the 171Yb+ 
standard, we measured the frequency instabilities for the beat 
signal of probe laser frequency at l = 871 nm and the compo-
nent of emission spectrum frequency of femtosecond genera-
tor Menlo Systems FC1500-250-WG, stabilised to the fre-
quency of the Yb :YAG/I2 standard. The beat frequency 
instability was determined as the Allan parameter (1). The 
measurement results are presented in Fig. 5. The values of the 
Allan parameter for averaging times t < 100 s are determined 
by the frequency characteristics of the Yb :YAG/I2 standard 
[20]; furthermore, when the system of stabilisation of the 
probe laser frequency to the optical reference is switched on, 
they decrease according to /1 2

! t- . The Allan parameter for 
the beat signal was measured to be ~3 ´ 10–15  at an integra-
tion time of 103 s. 

The most correct estimation of frequency standard stabil-
ity is obtained when comparing two identical systems. 
Currently, the second standard on 171Yb+ ion is being devel-
oped at the ILP SB RAS. To estimate the long-term stability 
of the 171Yb+ standard, we modelled the Allan parameter 
based on the obtained experimental values of the linewidth 
and drift rate of probe laser frequency, resonance width, and 
quadrupole transition excitation probability (Fig. 6). 

To analyse the frequency instability in the case of a single 
ion, where the main noise source is the quantum projection 
noise, it is pertinent to use the model implying single-pulse 
excitation and inquiry of resonances (Rabi excitation) [21]. In 
this case, the Allan parameter is reduced to the form 
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is the dimensionless stability parameter. The profile FWHM 
Dw0 is determined by the resonance detuning at which the 
central resonance excitation probability рmax decreases to 
рmax /2. The first factor in (3) describes the quantum fluctua-
tions (projection noise) at the detuning frequency to a half 
linewidth, and the second factor is inversely proportional to 
the error signal slope. The last factor describes the time tc 
spent on one excitation cycle; tc = t + td, where t is the probe 
time and td is the ‘dead’ time, which is necessary for determin-
ing the ion state, laser cooling, and preparing the next inquiry 
cycle. The excited state lifetime t0  is a scaling parameter for 
time and frequency. 

The following data were used to calculate the Allan devia-
tion (2): the central resonance frequency of the quadrupole 
transition, n0 =  = 688.358974 THz; the excited state lifetime 
t0 = 1/(2pn0) = 50 ms; the central resonance excitation prob-
ability pmax = 0.5; the FWHM value for the central resonance, 
Dw0 /2p = 30 Hz; the probe pulse width t = 30 ms; the excita-
tion cycle duration tc = 100 ms; and the probe frequency lin-
ear drift equal to 0.04 Hz/s. 

The short-term instability of a frequency standard is 
mainly determined by the linewidth of the probe laser, stabi-
lised to the reference cavity. As a result of the probe frequency 
drift, the quantity sy(y) becomes maximum at t » 80tc (or t » 
1.5tservo) and then, after switching on the system of laser fre-
quency stabilisation to resonance, decreases as t–1/2 for t > 
100tc (Fig. 6). With correctly chosen feedback loop coeffi-
cients, the long-term stability is mainly limited by quantum 
fluctuations and is independent of the laser frequency noise 
[21]. With allowance for the observed dependence sy(t) ~ 
t–1/2, the daily frequency stability of the developed frequency 
standard was estimated to be ~10–17 (see Fig. 6). 

7. Conclusions

In this paper, we have reported the results of current studies 
aimed at developing an optical frequency standard based on 
the quadrupole transition of a single 171Yb ion. 
The ion trapping and confinement are performed using a min-
iature RF trap with endcap electrodes. Laser cooling of the 
ion and detection of its state are implemented on the quasicy-
clic dipole transition with a wavelength of 370 nm. The quad-
rupole transition is excited by a narrowband probe laser with 
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Figure 5.  Allan deviation for the beat signal of the clock laser frequency 
and the spectral component of a femtosecond generator stabilised to the 
frequency of Yb :YAG/I2 standard. 
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l = 436 nm. The preparation and inquiry of ion energy states 
are performed using a specially chosen sequence of laser 
pulses. The width of the recorded resonance at the central 
transition frequency is 30 Hz. 

Simultaneous stabilisation of the probe laser frequency to 
the transmission peak of the Fabry – Perot reference cavity 
and the central resonance frequency of the quadrupole transi-
tion of ytterbium ion was performed. 

The frequency instability of the beat signal of the probe 
laser frequency at l = 871 nm and the spectral component of 
the femtosecond generator, stabilised to the frequency of the 
Yb :YAG/I2 standard, was measured to characterise the fre-
quency properties of the 171Yb+ standard. The Allan param-
eter for the beat signal was measured to be ~3 ´ 10–15 at an 
integration time of 103 s. 

To estimate the long-term stability of the 171Yb+ standard, 
we modelled the Allan parameter based on the obtained 
experimental values of the linewidth and drift rate of the 
probe laser frequency, resonance width, and quadrupole tran-
sition excitation probability. The daily frequency stability of 
the developed standard was estimated to be ~10–17. 
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