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Abstract This paper provides a detailed description of
the *°Ca™ optical frequency standard uncertainty evalua-
tion and the absolute frequency measurement of the clock
transition, as a summary and supplement for the published
papers of Yao Huang et al. (Phys Rev A 84:053841, 1) and
Huang et al. (Phys Rev A 85:030503, 2). The calculation of
systematic frequency shifts, expected for a single trapped
Ca™ ion optical frequency standard with a “clock” tran-
sition at 729 nm is described. There are several possible
causes of systematic frequency shifts that need to be con-
sidered. In general, the frequency was measured with an
uncertainty of 10™'> level, and the overall systematic shift
uncertainty was reduced to below a part in 10™"°. Several
frequency shifts were calculated for the Ca™ ion optical
frequency standard, including the trap design, optical and
electromagnetic fields geometry and laboratory conditions,
including the temperature condition and the altitude of the
Ca" ion. And we measured the absolute frequency of the
729-nm clock transition at the 10~"> level. An fs comb is
referenced to a hydrogen maser, which is calibrated to the
SI-second through the Global Positioning System (GPS).
Using the GPS satellites as a link, we can calculate the
frequency difference of the two hydrogen masers with a
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long distance, one in WIPM (Wuhan) and the other in
National Institute of Metrology (NIM, Beijing). The fre-
quency difference of the hydrogen maser in NIM (Beijing)
and the SI-second calculated by BIPM is published on the
BIPM web site every 1 month, with a time interval of
every 5 days. By analyzing the experimental data obtained
within 32 days of a total averaging time of >2 x 10° s, the
absolute frequency of the Ocat 45 251/2—3d 2D5/2 clock
transition is measured as 411 042 129 776 393.0 (1.6) Hz
with a fractional uncertainty of 3.9 x 107",

1 Introduction

Optical frequency standards have been rapidly developed
thanks to recent techniques for cold atoms, optical fre-
quency combs [3, 4] and ultra-narrow-linewidth lasers.
Optical frequency standards referenced to high-Q reference
transitions coupled with long interrogation times and low
systematic frequency shifts are expected to take the place
of the Cs primary microwave standard as the definition of
the SI-second in the near future. Optical frequency stan-
dards based on ultracold neutral atoms and single ions have
been developed rapidly in recent years [5—20]. Uncertain-
ties on the order of 10™'7 or even smaller were reported
with AlT, HgﬁL and Sr™ [8, 15, 20]. The clock transition
frequency had been measured by using an fs comb refer-
enced to a Cs fountain and using Global Positioning Sys-
tem (GPS) as a link to the SI-second without a primary
standard for direct calibration [6, 7, 9, 11-20]. As there are
commercially available lasers for photo ionization, cooling,
manipulation and detection, a single Ca™ ion is of several
technological advantages for building a practical optical
clock, which has been proposed as an alternative candidate
for the next definition of the SI-second[21]. The optical
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frequency standard based on a single Ca™ ion is also being
developed by the Quantum Optics and Spectroscopy Group
in Innsbruck [11], the National Institute of Information and
Communications (NICT) in Japan [22-24] and the Phy-
sique des Interactions Ioniques et Molecularies in France
[25].

We report on the measurements of the Ocat 4 2S1 Jo—
3d *Ds, transition frequency with an uncertainty level of
107" using an optical frequency comb referenced to a
hydrogen maser, which is calibrated through GPS as a link
to the Sl-second. This report presents some sources of
systematic shifts which might be associated with the fre-
quency standard and discusses future plans to optimize
them. Second-order Doppler shifts, Zeeman shifts, Stark
effects and the effect of gravitational potential differences
between the source and the observer are all considered.

2 Experimental setup

In our experiment, a single “°Ca™ ion is produced and
trapped in a miniature Paul trap within a vacuum chamber
with a pressure of 1072 Pa level. Then, it is laser cooled to
few mK. After that, the fluorescence of the 4ca* ion is
collected by an imaging system, accumulated by a PMT
and displayed by a photon counter. To probe the high-Q
optical clock transitions, a probe laser with Hz-level line-
width is necessary. Besides, a computer-controlled laser
pulses is introduced to avoid AC Stark shifts.

2.1 Ion-trapping and laser-cooling systems

Our experiment is implemented with a single *’Ca™ ion
trapped and laser cooled in a miniature Paul trap (Fig. 1).
The trap has an endcap-to-center distance of zp ~ 0.6 mm
with a center-to-ring electrode distance rp ~ 0.8 mm. Two
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Fig. 1 A schematic drawing of the Paul trap used in our experi-
ments (not in scale)
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electrodes perpendicular to each other are set in the ring
plane to compensate the ion’s excess micromotion. A
trapping rf voltage of ~ 580 V,_, is applied to the ring at a
frequency of 9.8 MHz. The excess micromotion is nulled
by applying different dc bias voltages on the endcap
electrodes and the compensation electrodes. The miniature
structure makes for confining a single ion in the Lamb—
Dicke regime to eliminate the first-order Doppler shift; the
nonstandard configuration compared with the classical Paul
trap can reduce background noise.

Previously, the calcium ions were loaded by ionizing the
neutral Ca-atom beam with electron bombardment.
Recently, photon ionization instead of electron bombard-
ment is used with a highly efficient loading scheme using a
two-step photoionization scheme on a weak thermal beam
of neutral atomic calcium [26]. The method avoids any
charging of the nearby surroundings since no electron gun
is used. Also, due to its extremely high efficiency, the
atomic beam density can be greatly decreased, which
allows one to reduce calcium deposited onto the trap
electrodes from the oven.

To realize the optical frequency standard, effective
trapping and cooling a single Ca™ ion steadily in a Paul
trap is an important precondition. Two lasers are needed in
the process of laser cooling on Ca*. One is the 397-nm
cooling laser, and the other one is the 866-nm repumping
laser. The both 397- and 866-nm lasers are stabilized to the
729-nm laser using transfer cavities. The finesses of both
cavities are more than 50 for the wavelengths of the diode
lasers and the probe laser (729 nm). The 729-nm laser is
locked to a Zerodur cavity, which has a very low drift rate,
the diode lasers are coupled into two transfer cavities,
respectively, together with the 729-nm laser. By scanning a
PZT with a scanning frequency of 100 Hz, the transmission
light of the cavities are detected by two photo diodes. By
comparing the transmission fringes of the two lasers with
different wavelengths, we can calculate the relative drift
rate of the diode laser referenced to the 729-nm laser, and
then the error signal is fed back to the diode laser to sta-
bilize the laser frequency.

2.2 Ultra-narrow probe laser system

To observe the high-Q optical clock transition with a natural
linewidth of 0.2 Hz, the probe laser’s linewidth is expected
to be at Hz level, or even sub-Hz level. A probe laser system
based on a commercial Ti: sapphire laser (MBR-110,
Coherent) was developed. The Ti: sapphire laser was locked
to two temperature-controlled high-finesse Zerodur material
Fabry—Perot cavities using Pound-Drever-Hall technique
separately. The laser beam was spitted into two and locked
to two individual cavities using two AOMs as actuators.
Both cavities were placed on active isolated platforms
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(TS-140, Table stable). A linewidth of less than 10 Hz was
measured from the heterodyne beat note of the two lasers
(Fig. 2). The long-term drift of the laser when locked to the
cavity is ~3 Hz s~ ' using fs optical frequency comb ref-
erenced to a hydrogen maser (H-maser). An AOM
(80 MHz, Brimrose) driven by a sweeping function gener-
ator (2023A, IFR) is used to compensate the long-term drift,
the compensation rate is changed every 300 s to compen-
sate the nonlinear drift. After the compensation, we got a
nonlinear drift of below 0.1 Hz s™'.

2.3 The detection of the ion spectroscopy and the probe
laser locked to the clock transitions

A PMT (EMI, 9893Q/100B) collects the weak fluorescence
emitted by laser-cooled “’Ca™ ion. The signal is amplified
by a preamplifier (ORETEC, DC-200 MHz) and counted
by a photon counter (Stanford Research System, SR400).
The experiment processes are controlled by a personal
computer program (LabVIEW 6.0). After ions are loaded
in the trap, the 397-nm laser’s frequency is slowly scanned
across the resonance of 4251/2—42P1,2 dipole transition,
while the 866-nm laser stays at the resonance to prevent
optical pumping to the 3°Ds,, level. Fluorescence profile of
the ion is obtained.

The clock transition is observed by the electron-shelving
method [27]. A pulse-light sequence is introduced to
observe the clock transition spectrum in order to avoid AC
Stark shift by the 397-, 866- and 854-nm radiations
(Fig. 3). The pulse of the 729-nm light is about 12 ms,
which induced a Fourier limit of a spectrum linewidth of
~ 100 Hz. In the meantime, the 397-, 866-, and 854-nm
lights are blocked. Then, the state of the ion is interrogated
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Fig. 2 3-Hz linewidth beat note of the Ti: sapphire laser locked to the
two individual Zerodur cavities was measured using a photon detector
and a spectrum analyzer (Agilent E4405B) with a resolution
bandwidth of 3 Hz

using the cooling laser. If the count rate is smaller than a
fixed threshold, the clock transition takes place. After the
interrogation, the ion is initialized again using the 854-nm
laser.

The frequency difference between the probe laser and
the clock transition line center of the ion is canceled by an
AOM. The required AOM frequencies are updated every
40 cycles of pulses, which cost about 1.5s. By the
“4-points locking scheme” [28, 29], three pairs of the
Zeeman transitions (Mj = £1/2, Mj;= 43/2 and
Mj = +£5/2) are interrogated to cancel the electric quad-
rupole shift [30, 31], and the offset frequency Af(i) between
the probe laser and the “clock” transition could be
obtained every 13 s. In order to get a perfect lock, the
probability of the Zeeman components which we choose
are required to be equal. In practice, the magnetic field is
firstly compensated to be smaller than 10 nT, which means
the ten components of the Zeeman profile in all are sepa-
rated by less than 800 Hz. Then, the proper angle between
the direction of propagation of the laser and the direction of
B field is achieved by changing the current of the three
pairs of coils. Finally, the polarization of the 729-nm laser
beam is adjusted to get a best profile of the transitions
(Fig. 4). Typically, ~ 150 uW of the 854-nm laser power
is focused on the single ion with a spot size of ~200 pum,
with a typical linewidth of 10 MHz; for the 729-nm laser,
40 nW of power with the waist of ~200 pm.

3 Evaluation of systematic shifts

There are a variety of potential sources of systematic shift
which might be associated with the “clock” transition in a
laser-cooled trapped Ca*t ion. A detailed study of the
systematic offsets expected for the NIST Hg™ trap has been
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Fig. 3 The pulse-light sequence when observing the clock transition
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Fig. 4 Ten components of the Zeeman profile when scanning the
probe laser

published [32]. A list of expected systematic offsets for Sr*
was included in the description of the NRC frequency
measurements [20, 31]. An evaluation of the systematic
shifts of a **Ca™ single-ion frequency standard was also
made by Université de Provence [25]. And detailed reports
on systematic shifts of the calcium ions had been published
in our recent publications [1, 2].
Systematic effects to consider include:

e Second-order Doppler shift and Stark shift due to
thermal motion

e Second-order Doppler shift and Stark shift due to

micromotion

Blackbody Stark shift

AC Stark shift

Zeeman fields

Electric quadrupole shift

Gravitational potential

In this report, we make an estimate of the above effects
that are expected to give rise to frequency shifts. Under
carefully controlled conditions, it should be possible to
reduce all these systematic shifts to below a part in 107",
that is, the sub-Hz level.

3.1 Second-order Doppler shift and Stark shift due
to thermal motion

The second-order Doppler shift is caused by the relativistic
Doppler effect, due to the ion motion relative to the labo-
ratory frame, with bothering by the thermal kinetic energy
and the micromotion. First of all, the micromotion should
be minimized for achieving lower temperature and could
be measured by rf-photon correlation method. After the
minimization of the micromotion, we can do the
measurements.

@ Springer
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Fig. 5 Typical secular motion sidebands and the carrier

To understand how well the ion is been laser cooled, we
should estimate the ion temperature first. For our Paul trap,
we measure the ion temperature by observing the intensity
of secular sidebands (Fig. 5). We did measure the proba-
bility ratio for many times, and by averaging, we obtain the
ratio of first sideband to carrier strength to be 0.2 (0.1).

For a single trapped ion, we can calculate the ion tem-
perature by solving the equations [31]:

2= (1 5r) ne 1)

2h \ (ksT 1
“= <4n2mv,-) (hvi B E) (2)

Thus, we obtain ion temperature of 3 (3) mK by
calculation.

With the temperature estimated, we can calculate the
second-order Doppler shift caused by the thermal motion
using the equation [31]:

AVD2 __ 3kBT (3)
v therm 2m62

in our case, the shift is calculated to be —4 (3) mHz.

Thermal secular motion can push the ion out of saddle
point of the trap, which introduces a Stark shift. In other
words, the electric field in the ion trap has some effect
changing the state energy. The Stark shift due to thermal
motion can be calculated as [31]:

3mQ%kyT
q2

(AVS)therm% Vs (4)

In the above equations, a1 /0y is the probability ratio of
the first-order secular motion sideband and the carrier; A is
the Planck constant; kp is the Boltzmann constant; 7 is the
ion temperature; v; is the secular motion frequencys; ; is the
projection of the probe laser wave vector on the i direction;
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m is the mass of the ion; I, (1) is the nth order modified
Bessel function.
The Stark shift rate can be calculated as:

Yy = 5v/5E2
1

:_{—oco —%a2(3c0529— 1)

[3m —J(J +1)]
; Sy

J(2J - 1)
(5)

in our case, for a single trapped *°Ca™,we are measuring
the frequency by averaging the frequencies of three pairs of
transitions for my = 1/2, 3/2 and 5/2. Thus, the tensor part
of Stark shift will be canceled. So, we only consider the
scalar part by calculation [33], with the polarization rate o
(3d)is 31.8 (3) ag, and the polarization rate o (4 s) is 76.1
(1.1) ag,where ag is the Bohr radius, ap ~ 0.052918 nm,
the Stark shift due to thermal motion is less than 1 mHz.

3.2 Second-order Doppler shift and Stark shift due
to micromotion

Another relativistic effect is caused by excess micromo-
tion. It can shift the transition line center by the relativistic
Doppler effect. This shift is produced due to the ion motion
relative to the laboratory frame. To estimate how much the
micromotion is, we use the rf-photon correlation technique
[30]. For the second-order Doppler shift caused by mi-
cromotion, it can be estimated by observing the intensity of
the micromotion sidebands relative to the carrier or
observing the cross-correlation signal [30]:

2
AVDZ — 1 Y ARd (6)
ck cos 0, Rmax

v 4
where k is the wave vector, AR /Raxis the amplitude ratio
of the micromotion, c is the speed of light, and 0, is the
angle between micromotion direction and the wave vector.

From the correlation signal observed, typically with a
modulation amplitude ratio of 0.2 (0.1), considering the
direction of the micromotion is not well known, the shift is
estimated to be -0.02 (0.02) Hz.

The excess micromotion can push the ion out of saddle
point of the trap, which introduces a Stark shift. The Stark
shift due to micromotion can also be calculated from the
cross-correlation signal [30]:

myQ ARd>

1
A s . = —9 T
( v )mtcro 2 Vs (qk coSs H,uk Rinax

(7)

where k is the wave vector, AR;/Rmaxis the amplitude ratio
of the micromotion, ¢ is the quantity of the electric charge,
and 0, is the angle between micromotion direction and the
wave vector.

By calculation, our total averaged Stark shift due to
micromotion is less than 1 mHz.

3.3 Blackbody Stark shift

There is also a Stark shift arising from blackbody radiation.
The largest uncertainty in the error budget, however, stems
from the AC Stark shift induced by blackbody radiation.
The ion is exposed to thermal fields emanating from the
surrounding vacuum vessel at room temperature. The mean-
square of the frequency-dependent electric field emitted by
a black body at temperature T is given by [34-36]:

AVBB = *%(8319‘//}”)2 <€%E)I§()> (d()(?)d) — 0{0(45‘))

(3)

where the o (3d) and oy (4 s) represent the scalar polari-
zation rates for upper state and ground state, respectively.
The two polarization rates have been calculated by some
previous works, which can be found in Ref. [33], as
described in Sect. 3.1.

In our case, at a room temperature of 293 K, assuming
the real temperature fluctuation is 2 K, the shift is 0.35
(0.02) Hz.

3.4 AC Stark shifts

The radiations used to cool and probe the trapped ion can
cause AC Stark shifts of the clock transition frequency. In
our experiment, during the interrogation time, all the laser
beams are switched off by mechanical shutter and AOM
except for the 729-nm laser. Since this cannot be done
perfectly, the residual light fields coming from stray light
and incompletely switched off are expected to cause AC
Stark shifts. We have measured the real efficiency of the
shutter and the AOM, the shutter is better than 70 dB of the
attenuation and for the AOM is better than 40 dB.

The AC Stark shift due to the laser light can be pre-
sented as [31]:

(AVS)ac: KIO (9)

From the equation, we can see the AC Stark shift due to
the laser light is on proportion to the laser intensity on to
the ion.

For the 397-nm laser, a shutter and an AOM are used
to switch off the laser beam. The frequency difference
between with AOM always on and with AOM off when
doing the interrogations with the 729-nm laser is mea-
sured to be less than 10 Hz. Therefore, with an attenua-
tion of better than 40 dB for the AOM which switches off
the 397-nm radiation when the measurements are made,
the shift is less than 1 mHz. For the laser at 866 nm, a
shutter is used to switch off the light; the frequency dif-
ference of less than 30 Hz between with shutter always on
and with shutter off when doing the interrogations with
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Fig. 6 Measurement of the AC
Stark shift caused by the
729-nm laser
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Fig. 7 Histogram graph of the 729-nm AC Stark shift

the 729-nm laser is measured. Therefore, with an attenu-
ation of better than 70 dB for the shutter which switches
off the 866-nm radiation when the measurements are
made, the shift is less than 1 mHz. For the 854-nm laser
beam, two individual shutters are used to block the light.
A frequency difference between with 854-nm laser off
and with only one shutter off when doing the interroga-
tions with 729-nm laser is measured to be less than 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 less
than 1 mHz.

The AC Stark shift caused by the 729-nm laser is
measured by doing measurements at different probe laser
intensities. For the AC Stark shift due to the laser light is
on proportion to the laser intensity on to the ion, we simply
did a linear fit and calculate the slope. We did this kind of
measurements for ~2,300 times as in Fig. 6.

We draw a histogram graph and find that the distribution
is Gaussian (Fig. 7).
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From the experiment results, we obtain a linear fit slope
of 0.04 (0.06) Hz/I, where I is the typical intensity used for
the measurements.

3.5 Zeeman shift

The total nuclear magnetic moment of Ca™ is zero, so there
is no hyperfine structure. The two 4 s S, ground, as well
as the six 3d Ds,, excited states, is shifted by the Zeeman
effect in the presence of an external magnetic field. The
linear frequency shift can be calculated by the following
equation:

AViip, = myg; % (10)

The level shift of adjacent Zeeman levels is 28 Hz/nT
for the ground state and 17 Hz/nT for the excited state.
There is also a small quadratic contribution from coupling
of the D5/, sublevels with Imp | < 3/2 to the D53/, level but
it is rather small due to the fine structure splitting of 1.819
THz. The average shift over all six levels is ~ 1.9 pHz/nT
in our case for ~400 nT of magnetic field by calculation
using second-order perturbation theory. The shift is given
by the equation [31]:

1pB?
h*vpp

AVZ2 =K (1 1 )
which is also called the second-order Zeeman shift. Where,
vpp is the fine structure splitting and /4 the Planck constant

and K a constant depending on the magnetic sublevel given
by [31]:

K=Lim =z
25T,
4 3
4 3 12
K 257mJ :l:z ( )
K—O'm—:i:§
— Y J — )
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For a transition frequency measurement at the 10~ '
level, it is necessary to have control over the Zeeman
effect. By averaging the transitions 1-6, the linear
dependence on the magnetic field completely cancels
because they are symmetric with respect to the line center.
The error is limited by the number of measurements only.
In order to calculate the statistical error for the data, the
individual AOM frequencies and the respective frequency
deviations were used. The laser was locked to the ion by
the method described above, and its frequency can be
regarded as constant over time. By statistical calculation,
the linear Zeeman shift in May 2011 was 0 (0.19)Hz,and in
June 2011, the shift was (0.26) Hz.

As for the second-order Zeeman shift, for our system,
the average magnetic field during the measurements is
430 nT, and the fluctuation of the field we measured is
about 3 nT. This leads to a second Zeeman shift of
<1 mHz.

3.6 Electric quadrupole shift

The electric quadrupole moment of the D5/, levels couples
to static electric field gradients caused by either the DC-
trapping fields or possible spurious field gradients of patch
potentials. There will be an electric quadrupole shift due to
the presence of electric field gradients, which interact with
the electric quadrupole moment of the ion. However, by
averaging the center frequency of the three pairs of the
components, we can null the quadrupole shift [9, 31]. By
averaging the difference of center frequency for different
components, with statistics, Gaussian distributions are
obtained (Fig. 8).

From the above figures, we can see the distribution is
Gaussian, and thus, we use the Gaussian fit. By calculation,
we obtain in May 2011, the shift was 0 (0.030) Hz, and in
June 2011, the shift is 0 (0.021) Hz.

3.7 Gravitational shift

A gravitational potential difference between two clocks
gives rise to a frequency difference due to general rela-
tivity effect. For earth-based clocks, the relative frequency
shift is approximately given by the height difference
Ah and the gravitational acceleration g provided the clocks
are almost at the same height [37]:

of gAh

fo &
We measured the altitude of our ion trap referenced to

the sea level using GPS. The measured results were 35.2

(1.0) m, thus the gravitational shift for the clock is
estimated to be 1.583 (0.045) Hz.

(13)
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Fig. 8 Histogram of the frequency difference of two pairs of Zeeman
transitions in May 2011 a M; = 1/2and M; = 3/2, b M, = 3/2and
M;=5/2,¢ My =5/2and M; = 1/2

3.8 Summary of the various effects

We list all significant frequency shifts in Table 1. Taking
into account all of them; we get a total fractional shift of
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Table 1 The systematic frequency shifts and their uncertainties of
the evaluation of the clock. Shifts and uncertainties given are in
fractional frequency units (Av/v)

Effect Measurements in May Measurements in June
Shift Uncertainty  Shift Uncertainty
(1071 (107" (1079 (107"
Second order —-0.10 0.10 —-0.10 0.10
Doppler shift due
to thermal motion
Second-order —-049 049 —-049 049

Doppler shift due
to micromotion
Stark shift due to 0 0.04 0 0.04
thermal motion
and micromotion

AC Stark shift due 0 0.04 0 0.04
to 397 nm,
866 nm and
854 nm

AC Stark shift due 0.97 1.46 0.97 146
to 729 nm

Blackbody 8.51 027 851 027
radiation shift

Linear Zeeman 0 4.52 0 6.23
shift

2nd Order Zeeman 0 0.01 0 0.01
shift

Electric quadrupole 0 0.72 0 0.51
shift

Gravitational shift 38.44 1.10 38.44 1.10

Total shift 474 5.0 474 6.5

4.74 x 10~ with a fractional uncertainty of 5.0 x 107'¢
from the data obtained in May 2011 and a total fractional
shift of 4.74 x 107'5 with a fractional uncertainty of
6.5 x 107'° for the data obtained in June 2011. We find
that the uncertainty of linear Zeeman shift is in fact lim-
iting the final systematic uncertainty. The linear Zeeman
effect uncertainty is mainly caused by the fluctuation of the
magnetic field, which was measured by calculating the
variance of the Zeeman splitting of the Zeeman transitions.
According to the variance of the Zeeman splitting, the
uncertainty was calculated from statistics. To reduce the
systematic uncertainties in the future, one has to increase
the stability of the magnetic field.

4 Measurement of the absolute frequency
of the 729-nm clock transition

To measure the clock transition frequency, a fs comb was
used referenced to a hydrogen maser. A commercial Ti:
sapphire-based optical frequency comb (FC 8004, Menlo
Systems) is used to measure the 729-nm laser frequency.

@ Springer

A mode-locked Ti: sapphire laser pumped by 6 W laser at
532 nm (Verdi V-6, Coherent) produce fs pulses (nor-
mally 30 fs) at a repetition rate of approximately
200 MHz. The frequency of the n-th comb component can
be expressed as f, = n X fiep + fceo [3, 4], where fie, is
the repetition rate of the laser pulses and fcgo is the
carrier-envelope offset frequency. The output is focused
into two Photon Crystal Fibers (PCFs), one for the
observation of the offset frequency detection and another
for the probe laser measurement. The spectrum is nor-
mally broadened to over an octave after the fiber, from
approximately 500-1,100 nm. A self-referencing system
with an f-to-2f interferometer is introduced for the offset
frequency detection. The infrared part of the broadened
comb beam is separated with a dichroic mirror and fre-
quency doubled with the SHG using a 5-mm-long KNbO3
crystal and then overlapped with the green part of the
broadened beam using a polarized beam splitter (PBS).
The signal-to-noise ratio (S/N) of the carrier-envelope
beat frequency is 40 dB at a resolution bandwidth of
300 kHz. Both the repetition frequency and the offset
frequency are locked to two individual synthesizers, which
are referenced to a 10 MHz signal provided by an active
H-maser (CH1-75A) with an isolated splitter and a 60-m-
long standard 50-Ohm coaxial cable (RG-213). The output
of the comb laser from the other PCF (with frequency of
fu) is overlapped with the probe laser at 729 nm (with
frequency of f.) using a PBS. The beat frequency f, = |
fe — fa | between the probe laser and the nth comb com-
ponent at 729 nm is measured by two individual fre-
quency counters referenced to the H-maser. Normally, the
S/N of the beat frequency is 30 dB at a resolution band-
width of 300 kHz. However, sometimes the S/N of the
frequency dropped to less than 28 dB during the mea-
surement so that the readings are not reliable. We use two
individual counters measuring the beat frequency simul-
taneously, if the difference of the readings of the two
counters are more than 1 Hz, we believe the measurement
is not reliable and the measurement is not taken into
count. The probe laser frequency is measured every 1 s.

The probe laser frequency measured with the comb
fc() could be calculated using the formula f; = n X fiop, £
Jfceo £ fv The integer number n could be calculated using a
wavemeter with an accuracy of less than 100 MHz, and the
ambiguous signs could be removed by observing the sign
of the variation in the beat frequency in the beat frequency
while the repetition frequency or the carrier-envelope off-
set frequency was changed. Figure 9b shows the probe
laser frequency f.(i) measured with the comb referenced to
the H-maser. The observed short-term frequency noise is
mainly contributed by the H-maser through the 60-m-long
cable and the 20-MHz synthesizer that was used in locking
the fp to the H-maser.
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Fig. 9 a Measured AOM offset frequency Af(i). b Measured probe laser frequency f.(i) using the comb referenced to the H-maser. ¢ Frequency
of the clock transition vO(i) calculated from Af{(i) and f.(i). d Histogram of the vo(i) with a Gaussian fitting

Using the two sets of the AOM offset frequency
(Fig. 9a) and the measured probe laser frequency (Fig. 9b),
we calculated the clock transition frequency to be
vo(i) = feG) + Af () for i =1, 2, ..., imax, Where ipax
represents the total measurements number. In the case
showed in Fig. 9, the total measurement number is about
3500. Figure 9c shows the calculated frequency data sets of
vo(i), which gives an averaged value vy =
411042129776490.7 Hz. Histogram of the vy(i) (Fig. 9d)
follows a normal distribution; the standard deviation of the

mean 6 /+/imax is 3.5 Hz.

With the above measurement results, we can do the
measurement of the clock transition frequency refer-
enced to the H-maser and calculate the frequency
instability comparison of the *°Ca™ optical clock versus
the H-maser (Fig. 10a). Figure 10b shows the histogram
of the clock transition frequency measurements refer-
enced to the H-maser on the day MJD 55 726, which
gives an averaged value of 411 042 129 776 490.7 Hz.
The histogram follows a normal distribution and the

standard deviation of the mean is 3.5 Hz. The longest
continuous measurement is up to >50 h. As shown in
Fig. 10a, the Allan deviation for the ion transition ver-
sus the hydrogen maser comparison reaches the 10~ '°
level after >2,000 s of averaging time, which could be
limited by the stability of the H-maser and the stability
of the frequency transfer.

Frequency measurements were taken in 32 individual
days, separated into two parts, one in May 2011 with 15
continuous days and the other in June 2011 with 17 con-
tinuous days (Fig. 11). Each filled circles in Fig. 11 rep-
resents a mean value of vy(i) whose measurement was
based directly on the H-maser. The error bars are given by
the standard deviation of the mean ¢/+/imax. The former
15 days of measurements gives a weighted averaged fre-
quency of 411 042 129 776 489.7 (0.9) Hz, and the later
17 days of measurements gives a weighted averaged fre-
quency of 411 042 129 776 489.1 (0.4) Hz. The mea-
surement described in Fig. 9 corresponds to the
measurement in MJD day 55 726.
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In the first round, the laser locked to the clock transition
in 1 day is about 12 h. More robustly, in the second round,
the laser locked to the clock transition in 1 day is larger
than 22 h. Thus, the clock in second round works for
>90 % of the time, and the statistical uncertainty for 1 day
of the averaging time is expected to be smaller, yet the
results showed opposite. In fact, in the last 10 days, the
Allan deviation only went down to 1 x 10~'* and then it
showed a flicker floor. We think that the larger uncertain-
ties are mainly limited by the H-Maser.

To get the final absolute frequency measurement of the
clock transition, systematic shifts and the calibration of the
reference must be considered and applied to the above
averaged frequency. In our measurement, the largest fre-
quency correction comes from the calibration of the fre-
quency of the H-maser. To calibrate the frequency of the
H-maser, a GPS time and frequency transfer receiver with
an antenna (TTS-4, PikTime Systems) has been used. The
receiver with reference to the 10 MHz and one pulse per
second (pps) signals from the H-maser receives the GPS
signals from 6 ~ 10 GPS satellites on average and

@ Springer

Measurement date (MJD)

generates and records the GPS measurement data. In the
mean time, another receiver with reference to the 10 MHz
and the 1 pps signals of the UTC (NIM) in the National
Institute of Metrology (NIM) of China has done a similar
measurement. Using the two sets of data from the two
institutes, we calculate the frequency difference of the
H-maser from the UTC (NIM). Considering the frequency
difference of UTC (NIM) and Sl-second, the hydrogen
maser we used for frequency measurement can be cali-
brated. Based upon the calculation with the GPS precise
point-positioning (PPP) technique [38], we achieve a fre-
quency transfer uncertainty of ~1x107'* with an aver-
aging time of 1 day. In Fig. 12, we show the time
difference between the H-maser and the UTC (NIM). The
weighted average of the frequency offset between the
hydrogen maser and the UTC (NIM) is then calculated to
be —2.3649 (0.0337) x 10" for the data obtained in May
2011 and —2.3582 (0.0083) x 10~'3 for the data obtained
in June 2011 (Fig. 12).

In the mean while, the frequency difference between the
UTC (NIM) and the SI-second comes from the primary
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Table 2 The absolute frequency measurement budget table

Measurements in Measurements in

May June
Contributor Shift ~ Uncertainty  Shift  Uncertainty
(Hz)  (Hz) (Hz)  (Hz)

Systematic shift 1.95 0.21 095  0.27

(Table 1)
Statistical 0 0.90 0 0.40
Hydrogen maser 97.21 1.39 693 034

reference calibrated

with UTC (NIM)
UTC (NIM) reference -2.3 0.9 2.5 0.9
Total 96.9 1.9 6.4 1.1

The unit of shifts and uncertainties is given in Hz

standard can be calculated from the data reported on the
BIPM web site [39]. We found the computed values of
[UTC-UTC (NIM)] and uncertainties for the 2 months of
our measurements in Circular T no. 281 and no. 282, the
results published for the 2 months were 0.0 (2.1) x 10~
in May and 0.0 (2.1) x 107" in June, respectively. We
also found the estimation of the UTC accuracy by com-
parison of the TAI frequency with that of the given indi-
vidual primary frequency standards (PFS). In these
2 months, the results published in Circular T were 5.5
(0.3) x 107" in May and 6.0 (0.4) x 10" in June. With
the results of the UTC-UTC (NIM) and TAI-PFS, we
calculated the frequency difference between the UTC
(NIM) and the Sl-second was 5.5 (2.1) x 10~ for the
data obtained in May 2011 and 6.0 (2.1) x 10~ for the
data obtained in June 2011.

Based upon the data listed in Table 2, we determine the
total correction for the frequency measurement shown in
Fig. 11 is —96.9 Hz for the data obtained in May 2011 and
—96.4 Hz for the data obtained in June 2011. The com-
bined fractional uncertainty of the absolute frequency
measurement is 4.6 x 10" for the data obtained in May

Year

Fig. 13 Comparison of the *°Ca™ clock transition frequency mea-
sured by University of Innsbruck [11], the NICT [22], [23], [24] and
the results in this paper. The solid circle is the weighted mean of the
data, with error bars determined by the uncertainty on the reference
frequency

2011 and 2.6 x 10~" for the data obtained in June 2011.
The corrected absolute frequency of the Ocat 4528 1
3d *Ds, clock transition is 411 042 129 776 393.3 (1.9) Hz
for the data obtained in May 2011 and 411 042 129 776
392.7 (1.1) Hz for the data obtained in June 2011, the two
measurements agree with each other within their uncer-
tainties. The unweighted mean of the above two values
gives a final results of 411 042 129 776 393.0 (1.6) Hz,
and the final uncertainty is calculated by considering both
statistical and systematical uncertainties. The result is in
agreement with the previous measurements [11, 22, 23]
(Fig. 13) and the recommended frequency value [21]
within their uncertainties. However, the new measurement
of NICT [24] shows that a measurement difference at
107" level. We will discuss the difference and do some
more experiments on the systematic shifts evaluation to
look for the reason.

We measure the absolute frequency of the clock tran-
sition twice: one in May 2011 and the other in June 2011;
thus, we obtain two measurement results: One is 411 042
129 776 393.3 (1.9) Hz, and the other is 411 042 129 776
392.7 (1.1) Hz. The weighted mean of the above two
would be 411 042 129 776 392.9 (1.0) Hz, and the
unweighted mean would be 411,042,129,776,393.0
(1.6) Hz, the difference of two results is much smaller than
the error, thus using any result would be fine.

We also did an evaluation on the stability of the ion
clock. The “lock to ion” curve (red symbol and red line) in
Fig. 14 was obtained by calculating the Allan deviation of
the frequency difference between two symmetric pairs of
components for the same feedback period and then divided
by V6 [40]. This factor corrects for the noise increase
caused by comparing two similar signals and for the
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