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Evaluation of the systematic shifts of a single-**Ca*-ion frequency standard
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Progress on the evaluation of systematic frequency shifts is described in the development of the optical
frequency standard based on single-trapped “°Ca™ with a “clock” transition at 729 nm. The overall systematic un-
certainty of the 4s 25 »-3d ?Ds clock resonance has been characterized to be 7.8 x 107!%. This uncertainty is ata
level similar to the Cs fountain primary standard, while the potential stability for the “*Ca* clock exceeds that of Cs.
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I. INTRODUCTION

Optical frequency standards have recently been signifi-
cantly developed thanks to the invention of optical frequency
comb technology [1] and ultranarrow-linewidth lasers. The
optical transitions have large line quality factors (Q) [2,3],
thus optical frequency standards based on optical transitions
are expected to replace the microwave standard in Cs, as in the
definition of the SI second, in the near future. Recently, the
optical clock based on a single trapped Hg™ ion has surpassed
Cs fountain clocks [4,5] in terms of accuracy, with clock
systematic uncertainty reduced to 7 x 1077 [6]. At the same
time, the uncertainty of a Sr optical lattice clock has reached
the 1 x 107'6 fractional level [7] and the Yb optical lattice
clock just reached 3.4 x 107'¢ [8]. The best evaluation of the
frequency inaccuracy reported so far would be ~8.6 x 1078
with Al [9]. Other high-accuracy optical standards based on
a single ion have been developed, with an inaccuracy on the
order of 10~" in Sr* [10], Yb* [11], and Cat [12]. The
inaccuracy of the standards above is mainly limited by the
electric quadrupole shift, the ac Stark shift, and the blackbody
radiation shift.

A single Ca®t ion has been proposed to be one of the
candidates for the future frequency standards [13,14]. An
optical frequency standard based on Cat is being developed
by the Quantum Optics and Spectroscopy Group in Innsbruck,
Austria, the National Institute of Information and Communi-
cations in Japan (NICT), and University of Provence in France.
In Innsbruck, the ion is trapped in a linear Paul trap and cooled
by both Doppler cooling and sideband cooling. A magnetic
field of 3.087(2) G is used to split the Zeeman transitions.
The uncertainty of the absolute frequency measurement was
evaluated to be 2.4 x 10~!3 referenced to the transportable Cs
atomic fountain clock of LNE-SYRTE [12] and a measurement
with a 10~'# uncertainty level was reported with the Paul trap
and Doppler cooling by NICT [15].
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In this paper, we report a detailed study of the systematic
uncertainty with the **Ca®™ 4s S;,-3d 2Ds), transition
frequency of 7.8 x 107!, This result shows that the *°Ca*
optical clock can reach an uncertainty level close to Cs
fountains, while the potential stability for the system is far
greater. Meanwhile, an Allan deviation of below the 1074
level at 10 000 s is obtained from the comparison between
the °Ca* optical frequency standard and a H maser using a
femtosecond laser frequency comb.

II. EXPERIMENTAL SETUP

The “°Cat has a simple energy-level scheme (Fig. 1)
which has good potential accuracy and low systematic shifts.
The “clock™ transition is the electric quadrupole 4s 25 >-3d
2Ds /2 transition at 729 nm, which has a natural linewidth
of 0.2 Hz [16]. Full details of the laser cooling, trapping
detecting, and probing system used in this work are reported
in previous works [17,18]. Briefly, loaded by ionizing at a
neutral Ca atom beam with electron bombardment, a single
ion of °Ca* is trapped and cooled in a miniature Paul ring
trap with two endcaps and one ring, with an endcap-to-center
distance of zp &~ 0.7 mm and a center-to-ring electrode distance
of ro~ 0.8 mm. Two other electrodes perpendicular to each
other are set in the ring plane to compensate for the ion’s
excess micromotion. A trapping rf of 630 V,_, is applied to
the ring at a frequency of 9.8 MHz. Based on measurements
of the ion motion sideband spectra, the secular frequencies of
the trap were to be w, ~ w, ~700 kHz and o, ~ 1.5 MHz,
respectively. Typically, ~10 uW of the 397-nm laser power is
focused on the single ion with a spot size of ~40 um, 600 uW
of power with 60 um size for the 866-nm laser, 150 uW of
power with 60 pum size for the 854-nm laser, and 40 nW of
power with 100 um size for the 729-nm laser, respectively.
Both the 397- and 866-nm lasers are stabilized to the 729-nm
laser using transfer cavities. The clock laser at 729 nm
is locked to a high-finesse cavity (Zerodur material) using
the Pound-Drever-Hall technique [19]. A typical linewidth
(FWHM) of 20 Hz was measured from the heterodyne beat
note with another laser system at a time scale of ~300 ms.
The long-term drift of the laser is measured to be ~3 Hz/s,
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FIG. 1. (Color online) Partial energy-level diagram of *’Ca*
showing the principal transitions used in cooling, repumping, and
probing of the reference 729-nm transition.

indicated both by the comb measurements and the observation
of the ion transitions.

The clock transition is observed by the electron-shelving
method [20]. A pulse-light sequence is introduced to observe
the clock transition spectrum in order to avoid ac Stark shift
caused by the 397-, 866-, and 854-nm radiations. The 729-nm
radiation is incident for ~10 ms, which induces a Fourier
limited linewidth of ~100 Hz, while the other radiations
are blocked. Then the state of the ion is interrogated using
the cooling lasers. If the count rate is smaller than a fixed
threshold, the clock transition has taken place. After that, the
ionisinitialized again using the 854-nm radiation. The 729-nm
laser is locked to the clock transition by the “four points
locking scheme” [21,22] using a double-passed acousto-optic
modulator (AOM) which shifts the laser frequency to match
the transition [23]. The required AOM frequencies are updated
every 40 cycles of pulses, which takes ~1.5 s. The 729-nm
laser is locked to six chosen Zeeman transitions to do the mea-
surements: M; ==+1/2, M; ==+3/2 and M; =+£5/2 for the
Ds ; level one after another to null the electric quadrupole shift,
i.e., the laser is locked to the innermost components, the second
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innermost components, and then the inner pair of AM; =42
components; each pair takes 6 s. The probe laser frequency is
measured by averaging sets of the comb frequency readings
of the beat note of the mode-locked fs laser and the probe
laser every 1 s. Both the repetition frequency and the offset
frequency of the comb (FC8004, MenloSystems) are locked to
two individual synthesizers, which are referenced to a 10 MHz
signal provided by an active hydrogen maser (CH1-75A).

The excess micromotion is minimized before each
measurement with the observation by the rf-photon
correlation method [24] by adjusting the endcap and
compensation electrode voltages. After the optimization of
the electrode voltages, the ion can stay in the trap without
any laser for up to 30 h. Double-layer magnetic shields have
been mounted around the ion trap vacuum chamber, and a
shielding factor of ~1/200 is measured in a dc magnetic field
of ~1 G. A dc magnetic field of ~430 nT is applied after
compensating the residual field in the trap by three pairs of
coils perpendicular to each other with three individual current
sources. With this small magnetic field, the splitting for ten
Zeeman transitions is ~35 kHz [Fig. 2(a)]. An electro-optic
modulator (EOM) is used for modulating the polarization of
the repumping laser with frequency ~10 MHz to avoid the
Hanle effect. One of the AM; = 0 components is observed
to be ~100 Hz linewidth with a Lorentzian fit [Fig. 2(b)].

III. ESTIMATION OF THE CLOCK TRANSITION SHIFTS

There are a variety of potential sources of systematic shift
which might be associated with the quadrupole 729-nm 4s
2S12-3d *Ds 5 clock transition in a laser-cooled trapped **Ca™
ion as follows.

The second-order Doppler shift is caused by the rela-
tivistic Doppler effect, due to the ion motion relative to the
laboratory frame, with either the thermal kinetic energy or
the micromotion. For our ring trap, after the minimization
of the micromotion, the ion temperature is estimated from
the intensity of the secular sidebands relative to the carrier
(normally ~0.3-0.8), yielding a mean temperature of 4(2) mK
[25]. With the ion temperature estimated, the second Doppler
shift caused by thermal kinetic energy is calculated to be
—0.006(0.003) Hz [26]. As for the second Doppler shift
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FIG. 2. (Color online) (a) Ten components of the Zeeman profile 4s 25, 12-3d D5 /2 clock transition with the whole separation of 34 kHz in
the magnetic field of ~0.43 uT; (b) one of the AM,; = 0 components which was achieved with the 729-nm scanning step of 6 Hz; the fitted

curve is the Lorentzian fit and yields a linewidth of 114(11) Hz.
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caused by micromotion, it can be estimated by observing
the intensity of the micromotion sidebands relative to the
carrier or observing the cross-correlation signal [24]. From
the correlation signal observed, typically with a modulation
amplitude ratio of 0.2(0.1), and considering the direction of
the micromotion is not well known, the shift is estimated to be
—-0.02(0.02) Hz.

Thermal secular motion and excess micromotion can push
the ion into nonzero mean-square electric fields from the
trap, which introduce a Stark shift. The Stark shift due to
micromotion can be calculated from the ion temperature
above that for the three pair of transitions [24,27,28]; our total
averaged Stark shift due to micromotion should be <1 mHz.
For the Stark shift due to thermal motion, for the three pairs of
components as above, we can calculate the total average shift
is also <1 mHz from the correlation signal [26,28]. There
is also a Stark shift arising from blackbody radiation. At a
room temperature of 293 K, assuming the real temperature
fluctuation would be 2 K, the shift would be 0.35(0.02) Hz [28].

The radiation used to cool and probe the trapped ion can
cause ac Stark shifts of the clock transition frequency. For
the 397-nm laser, a shutter and an AOM are used to switch
off the laser beam. The frequency difference between the
states with AOM always on and with AOM off when doing
the interrogations with the 729-nm laser is measured to be
<10 Hz. Therefore, with an attenuation of better than 40 dB
for the AOM which switches off the 397-nm radiation when
the measurements are made, the shift is <1 mHz. For the
laser at 866 nm, a shutter is used to switch off the light; the
frequency difference of <30 Hz between having the shutter
always on and having it off when doing the interrogations with
the 729-nm laser was measured. Therefore, with an attenuation
of better than 70 dB for the shutter which switches off the
866-nm radiation when the measurements are made, the shift
is <1 mHz. For the 854-nm laser beam, two individual shutters
are used to block the light. The frequency difference between
having the 854-nm laser off and having only one shutter off
when doing the interrogations with 729-nm laser is measured
to be <20 Hz. Therefore, with an attenuation of better than
70 dB for the other shutter which switches off the 854-nm
radiation when the measurements are made, the shift should
be <1 mHz. The ac Stark shift caused by the 729-nm laser
is measured by doing measurements at different probe laser
intensities. From the experiment results, we obtain a linear fit
slope of 0.04(0.06) Hz/ I, where I is the typical intensity we
used for measurements.

The linear Zeeman effect can be effectively canceled
out by locking to a pair of Zeeman components which are
symmetrically placed around the line center. However, there
may be ac broadening of the components and the fast changes
of the dc magnetic field could cause a locking problem. As for
the long-term dc magnetic field drift as well as the probe laser
cavity drift, we can estimate the shifts using the servo error
signal. In our case, the servo error would be 0.11(0.03) Hz.
Slower field drift, especially from 0.05 to 0.2 Hz, could cause
a linear Zeeman shift. We measured the slow magnetic field
drift, mainly slower than 0.3 Hz. From the measurement of
the different Zeeman components, which split proportional
to the field, we can evaluate the stability of the field. From
the calculation, the statistical error of the linear Zeeman shift
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FIG. 3. (Color online) A histogram of the measurement frequency
data of the center frequency difference for the M, =41/2 and
M; ==£3/2 components. The blue line shows a Gaussian fit of
44.2(0.5) Hz standard deviation. The error for the center is 0.23 Hz.

was 0.24 Hz. As for the second-order Zeeman shift, it can be
calculated using second-order perturbation theory [29]. For our
system, the average magnetic field during the measurements is
430 nT and the fluctuation of the field we measured is ~3 nT.
This leads to a second Zeeman shift of <1 mHz, which is
negligible.

The largest source of systematic frequency shift for the
optical frequency standard arises from the electric quadrupole
shift of the reference transition [30] due to the presence
of electric field gradients, which interact with the electric
quadrupole moment of the ion. However, the quadrupole
shift can be nulled by using several techniques, and the
uncertainty in this shift can be reduced to a substantially
lower level. The clock laser is locked to the six different
chosen Zeeman transitions one after another. By averaging the
center frequency of the three pairs of the components, we can
null the quadrupole shift [9]. According to the magnetic field
drift rate we measured, normally <1 nT per hour, the 6 s of

TABLE I. The systematic frequency shifts and their associated
errors in Hz; the fractional uncertainty is in units of 101,

Shift  Error Fractional error
Effect (Hz) (Hz) (x1071)
Second-order Doppler shift -0.006 0.003 0.01
due to thermal motion
Second-order Doppler shift -0.02 0.02 0.05
due to micromotion
Stark shift due to thermal motion 0 <0.001 <0.001
Stark shift due to micromotion 0 <0.001 <0.001
ac Stark shift due to 397 nm 0 <0.001 <0.001
ac Stark shift due to 866 nm 0 <0.001 <0.001
ac Stark shift due to 854 nm 0 <0.001 <0.001
ac Stark shift due to 729 nm 0.04 0.06 0.15
Blackbody radiation shift 0.35 0.02 0.05
Servo error and shift 0.11 0.03 0.07
Linear Zeeman shift 0 0.24 0.58
Second-order Zeeman shift 0 <0.001 <0.001
Electric quadrupole shift 0 0.21 0.51
Total shift 0.47 0.32 0.78
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FIG. 4. (Color online) Allan deviations of both the comparison
instabilities of the probe laser vs the H maser (black line and symbol)
and the **Ca* optical clock vs the H maser (blue line and symbol).

measuring time difference can induce a shift error of <0.02 Hz.
By averaging the difference of center frequency for different
components, an error of 0.23 Hz was obtained (Fig. 3).

Table I shows the total summary of the frequency shifts
considered above. Considering all of them, we get a total shift
of 0.47 Hz with an error of 0.32 Hz, which is 7.8 x 1071¢ of
a fractional error.

IV. ESTIMATION OF THE FREQUENCY STABILITY

Frequency instability comparison for both the probe laser
vs the H maser and the *°Ca* optical clock vs the H maser are
obtained with 40 h of measurements, and the Allan deviation
is calculated. As shown in Fig. 4, the Allan deviation for the
ion is much better than the probe laser, and goes below the
10~14 level at 10 000 s. A fit with z=!/2 is also shown in
the figure; we calculated the trend of the Allan deviation would
be 3.71(0.15) x 10713 x t=1/2,
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V. CONCLUSION

From the systematic shift errors considered above, it
appears that detailed experiments with *°Ca* optical frequency
could lead to an uncertainty of better than 10~!'®. The electric
quadrupole shift and the ac Stark shift due to 729-nm laser
are dominating the uncertainty budget. The uncertainty of the
electric quadrupole shift is large, mainly due to the large
statistical error, which is caused by the servo system not
being fast enough to follow the ion transition induced by
the nonlinear drift of the probe laser and the instability of
the dc magnetic field. The “°Ca* optical clock vs H maser
comparison instability was limited by the stability of the H
maser and the transfer cable noise. Our probe laser needs to be
improved, especially on the nonlinear drift and the linewidth,
which could be done by improving the environment: both the
stability of the room temperature and the vibration control. We
plan to set up another *°Ca* optical clock to do the comparison
of the two traps to achieve a better Allan deviation. In the near
future we will calibrate the H maser with Cs fountain clock for
the measurement of the absolute frequency of the 4s 25| 2-3d
2Ds /2 transition.
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