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The trapping and laser cooling of *°Ca™ ion on the way toward optical frequency standards have

been developed. A single “°Ca™ ion is trapped in the miniature Paul trap and laser cooled by two

frequency-stabilized diode lasers.

A commercial Ti:Sapphire laser system at 729 nm is referenced

to a high-finesse cavity to meet the requirements of ultra narrow linewidth of the 4s2S; /273d2D5 /2

electric quadrupole transition. Its center frequency is preliminarily measured to be 411 042 129 686.1

(2.6) kHz. The attempt to finally lock the 729-nm laser system to atomic transition is made. Further

work to improve the accuracy of measurement and the stabilization of system locking is in consideration

and preparation.
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1 Introduction

The technical realization of laser cooling for neutral
atoms and ions, ultra narrow linewidth laser system, and
the wide bandwidth femtosecond comb bring the effort
to improve atom and molecular precision spectroscopy
successfully. In particular, direct measurements of fre-
quencies in optical region result in rapid progress on

optical frequency standard. The appearance of optical
frequency standard based on single laser-cooled ion and
neutral atoms is a breakthrough in timekeeping domain
[1]. The optical frequency standard based on trapped
ion was proposed by Dehmelt, and the predicted uncer-
tainly of 10~'® level was 4-5 order of magnitudes better
than microwave frequency standards [2]. Therefore, the
frequency standards based on cold atoms have been con-
sidered to be the most potential candidates for the new
definition of second and also for tests of the fundamental
constants in physics. They could have applications such
as geodesy.

Along with the evolution of the ion trap technique,
single-ion frequency standard research is underway at a
number of laboratories worldwide, including those based
on Hg* [3, 4], Yb™ [5, 6], In™ [7], St [8], AIT[9], Ca™T
[10], and Ba* [11]. The Hg™ and Al" ion optical clocks
as the best frequency standards nowadays have reached
the uncertainty of 1.9x107'7 and 2.3x107'7, respec-
tively [12]. Measurements with the uncertainty in the
order of 1071° were reported with Sr* and Yb*. On the
other hand, precision frequency measurements and com-
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parison of the AlT and Hg™ clock transitions contribute
to searching for the possible temporal variation of the
fine-structure constant « of &¢/a = (—=1.6 £ 2.3) x 10717
/year [12].

The optical frequency standard on the 4°Ca™ was also
proposed [13, 14]. The technological advantage is that all
necessary laser systems could be generated by commer-
cially available and easy-to-handle solid-state lasers, and
the odd isotope of 43Ca™ ion that could be used as an
optical frequency standard is immune to the first-order
Zeeman frequency shift. The 4°Ca™ is also popular in
atomic physics and quantum information [15], and nu-
merous researches on °Ca™t were accomplished both in
theory and experiment; the absolute frequency of the
45?81 /5-3d?D5 5 transition was just measured at 1074
on the Paul trap [10] and 1075 on the liner Paul trap
[16].

The trapping and laser cooling of 4°Ca™ ions that
have been carried out in the Wuhan Institute of Physics
and Mathematics, Chinese Academy of Sciences, are on
the way toward optical frequency standard. This arti-
cle briefly summarizes and reports the research progress
recently.

2 Spectroscopy

2.1 Ton trap and laser systems

The ion trap used in the experiments for trapping single
40Ca™ ion is a miniature Paul trap (Fig. 1) [17, 18]. The
trap is made up of a 1.6-mm diameter ring and two end-
cap electrodes 1.4 mm apart, which are made of 0.5-mm
radius stainless steel wire. Two electrodes perpendicu-
lar to each other are set in the ring plane to compen-
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sate the ion’s excess micromotion. The miniature struc-
ture makes for confining a single ion in the Lamb-Dick
regime to eliminate the first-order Doppler effect of the
729-nm clock transition; the nonstandard configuration
compared with the classical Paul trap can decrease back-
ground noise in the laser experiment.

Fig. 1

Ion trap experimental setup.

An RF drive voltage of 400 V,,_,, at frequency of 10
MHz is applied to the ring as the electric trapping field.
The fluorescence detection during the laser cooling pro-
cess is achieved by photomultiplier tube (PMT) and pho-
tocount electrical equipments, which are controlled by
computer with Lab VIEW programs. The trap is en-
closed in a chamber that is evacuated to a pressure of
less than 10719 Torr.

To realize Doppler cooling, the 4281/2742P1/2 transi-
tion at 397 nm is chosen according to the level scheme of
10Ca™ (Fig. 2). Because of the ion at 4*Pq /5 level decay-
ing with a probability of 6% to the metastable 32Dy,
level, a repumping laser at 866 nm is required. The laser
at 397 and 866 nm are both the commercial Littrow-type
extended-cavity diode laser (Toptica DL-100).

Fig. 2 Level scheme of 49°Cat.
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For the sake of optimizing the laser cooling effect, the
linewidths of the cooling laser at 397 nm and repumping
laser at 866 nm should be narrower than 1 MHz; also,
the long drift should be controlled within 1 MHz per
hour. The two diode lasers are frequency stabilized to
the transmission peaks of commercial Fabry—Perot (F-
P) cavities and further locked to the optogalvanic (OG)
signal of calcium ions to improve the long-term drift per-
formance. The linewidths (full width at half maximum
(FWHM)) is 3-4 MHz, dithering about 2-3 MHz and
with a long-term drift of 50 MHz in approximately 15
minutes (Fig. 3) [19].

For further decreasing of the linewidth and restraining
the long-term drifts of the diode lasers, a transfer cavity
is introduced into the cooling laser stabilization system
[20, 21]. Using the ultra stable clock transition laser sys-
tem at 729 nm as a reference, the laser at 397 nm is
locked to the commercial F—P cavity, which is referenced
to the clock transition laser by the home-made transfer
cavity and computer programs (Fig. 4).

The repumping laser at 866 nm is stabilized in the
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same way as the 397-nm laser but without the prestable
commercial F-P cavity. The error signal from the trans-
fer cavity is directly fed back to the 866-nm ECDL’s
Piezo transformer (PZT), which controls the grating an-
gle of diffraction.

Compared with about 50 MHz per hour of long drift
before, the lasers at 397 and 866 nm are approximately
optimized to 400 and 100 kHz per hour of long-term drift,
respectively (Figs. 5, 6). Their linewidths are improved
at the same time.

As to “°Ca’t ion optical frequency standard, the
45?8 j5-3d*Dj 5 electric quadrupole transition as clock
transition has a natural linewidth of 0.16 Hz. So the
probe laser at 729 nm need to reach the Hertz level sta-
bilization. It is the sticking point in optical frequency
standards.

The commercial Ti:sapphire laser used in 729-nm sys-
tem is Coherent MBR-110, and its linewidth is worse
than 50 kHz. The Pound-Drever—Hall (PDH) method is
adopted to stabilize the 729-nm Ti:Sapphire laser with a
super cavity (Fig. 7).
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Fig. 3 (a) OG frequency stabilization scheme of the diode laser. The 397-nm laser is locked to a confocal F-P
cavity, which is referenced to an OG signal of calcium ions; (b) OG signals before and after the cavity locking.
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Fig. 4 Frequency stabilization scheme of the diode laser at 397 nm. ECDL: Extended cavity diode laser; Amp:
Anmplifier; PBS: Polarizing beam splitter; PD: Photo diode; Ref. cavity: Reference transfer cavity.
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Fig. 7 Frequency stabilization scheme of the Ti:Sapphire laser at 729 nm.
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Fig. 8 The signal of MBR-110 stabilized to the super cavity. (a) The TEMgo mode; (b) The error signal (black)

and the signal reflected by the cavity (blue).

The super cavity is made of Zerodur material with ul-
tralow thermo-expanding coefficient. The spacer of the
cavity is 200 mm long and 100 mm in diameter, enclosed
in a chamber evacuated to 10~8 Torr. The finesse of the
cavity is 350 000, measured by observing the intensity
of the light field decaying out of the high-finesse cavity.
The 729-nm laser’s TEM g mode is coupled into the su-
per cavity with an efficiency of 30%. The system was
locked as the probe laser to drive the optical transition
(Fig. 8).

Vibration isolation and double-layer temperature con-
trol are finished to improve system performance. Cav-
ity’s temperature drift is controlled within 10 mK. The
resonance frequency drifts at the rate of 0.7 Hz per sec-
ond in the best condition.

2.2 Spectroscopy

2.2.1 Ion trapping and micromotion compensation

First, the 397-nm laser frequency is red detuned about
600 MHz, and the 866-nm laser is set on the resonance.
The 4°Ca™ ions are loaded by heating the atom oven
through 3.5 A DC current to about 600°C, and 3 A DC
current is applied on the filament for half a minute; the

bias voltage of the filament is set to be —30 V. The Ca
atoms are ionized in the trap center by the electron beam.
The whole loading procedure lasts for about 2 minutes.
Then, scanning cooling laser from red detuning to the
resonance center, we can get the fluorescence spectrum.
We can load a single “°Ca™ ion at a probability of 50%
of the trial. If more than one ion is loaded in the trap,
we keep scanning the 397-nm laser from red detuning to
blue detuning until we get one ion.
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Fig. 9 Alterations of atomic transition line shape. The gray
profile is the 397-nm laser OGN signal intensity.
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Fig. 10 (a) The photo-RF correlation experiment scheme. TAC: Time-to-Amplitude Converters, MCB: Multi-
channel buffers. (b) The photo-RF correlation results with one of the endcap voltages different as El = —5.444,
—4.999, and —4.512 V. The minimal micromotion in cooling laser direction is shown in the middle.
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Except for stabilizing two cooling diode lasers, a single
ion suffers the excess micromotion [22]. The amplitude
of ion micromotion strongly depends on RF electric trap-
ping field power and additional static electric field. Two
methods of detecting ion micromotion are demonstrated.
One relies on the alterations of atomic transition line
shape (Fig. 9); the other depends on the photo-RF corre-
lation technique (Fig. 10). The static voltages are added
on the pair of endcaps, and compensation electrodes
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are adjusted slightly to minimize the excess micromo-
tion.

The single ion fluorescence line shape and quantum
jump signal are optimized by patients and repeated ex-
periments step by step in recent years [17, 18]. The new
results are better than ever before, a typical counting
rate of 7000 s~! was observed for the single cold 4°Ca*
ion (Fig. 11). Single ion can be trapped for more than
6 hours.
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Fig. 11 (a) The line width of single ion fluorescence signal is about 14.9 MHz, and photo count rate is up to 7
kHz; (b) Single ion quantum jump signal with a signal-to-noise ratio better than 50 in 200 ms.
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Fig. 12 The fluorescence signal vanishes when the magnetic fields that are perpendicular to the 866-nm laser’s
polarization direction are compensated to zero along three directions. The RF power supply is —400 V, 397 nm and
866 nm laser power into the trap is 30 pW and 200 uW respectively. (a) The magnetic field direction of vertical;
(b) The magnetic field direction of laser beam; and (¢) The magnetic field direction of PMT.
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Fig. 13 The theory and experiment results of the single °Cat ion’s 45281/273d2D5/2 optical clock transition
Zeeman profile. (a) The scan step of the 729-nm laser is 2 MHz; the brief double peak structure of the profile is
shown by the experiment result obviously. (b) The difference from (a) is the scan step of the 729-nm laser; the
shorter scan step (1 MHz per step) shows the more elaborate profile structure.

2.2.2 Quadrupole transition measurement

The milestone to single “°Cat ion optical frequency stan-
dard is the observation of the Zeeman components for the
4528, /273d2D5 /2 clock transition after accomplishing the
ultra stable clock laser system. The magnetic field at
the position of the ion trap center needs to be controlled
well. The three magnet coil pairs aligned along three
perpendicular directions (PMT, laser beam, and verti-
cal) are set to generate an arbitrary magnetic field of up
to 3 Gauss. The ambient magnetic field in the center of
the trap is measured according to Hanle effect [23] (Fig.
12) (Table 1), which would give a Zeeman splitting of
the 729-nm transition of about 12.35 MHz in theory for
all 10 Zeeman components.

The quadrupole transition spectrum can be obtained
by counting the number of the quantum jumps observed
in a fixed period. The frequency region of clock transi-
tion should be found approximately in the ambient mag-
netic field with the 729-nm laser continuously running.
The Zeeman profile is observed both in theory and ex-
perimentally (Fig. 13).

Table 1 The ambient magnetic field in the center of the trap.

Directions Current add on Ambient
the coils/mA magnetic field /G
Laser beam 104+2 0.58840.011
Vertical —233+£2 —1.137£0.010
PMT 235+2 0.920+0.008

The relative intensities of the components depend on
the orientation of the polarization, the direction of prop-
agation of the 729-nm laser, and the direction of the
magnetic field [24]. When the 729-nm laser is chosen

horizontal polarization along the direction of PMT, the
perpendicular high magnetic field is generated by the ver-
tical coil pair, and the transverse components are com-
pensated by other coils; the clock transition only with
AMj; = £2 can be driven selectively. Frequency dis-
tances between two pairs of components are only deter-
mined by the magnitude of the vertical magnetic field
(Fig. 14). It should be clear that every peak is made
up of corresponding Zeeman component and its secu-
lar motion sidebands approximately at 1 MHz, whose
linewidths are strongly broadened because of the 397-nm
cooling laser. The micromotion sidebands at 10 MHz,
which is the RF trap frequency, are distinguished obvi-
ously.

The frequencies of the two peaks can be measured and
taken to give the center frequency. To get the pure ten
Zeeman components of the 4S281/2*3d2D5/2 clock tran-
sition, we decrease the magnetic field so that the Zee-
man splitting range shrinks, which separates the car-
rier from its nearest secular motion sideband. To re-
duce the profile linewidth, the cooling laser and clock
laser must be chopped in antiphase pulse. The optical
time sequence system is home made using the mechani-
cal shutters, acousto-optic modulators (AOM), and the
GPIB equipment (Fig. 15). The full Zeeman profile com-
ponents of the clock transition are achieved successfully
(Fig. 16).

2.2.3 Preliminary measurement of the clock transition

and lock experiment

The two AM; = 0 components are considered to be a
good reference to the atom optical frequency. The ultra
narrow linewidth optical resonator can be stabilized in a
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Fig. 15 The optical time sequence with the 729-nm pulse of
10 ms.

long term to that of two Zeeman components.

The linewidth of each Zeeman component is measured
as 34 kHz, which still has large potential to be opti-
mized (Fig. 17). To improve the result of the 729-nm
clock transition frequency, the linewidth and the scan
step width should be reduced as much as possible.

The center frequency of °Cat4s?S; /5-3d*Ds ;5 opti-

cal clock transition could be measured by recording the
results of 80 MHz AOM’s quantum jump profiles of the
two AMj; = 0 Zeeman components and the super cav-
ity’s resonate frequency that is directly measured by a
femtosecond comb system referenced to a standard RF
10-MHz signal from a hydrogen maser at the same time
[25]. The output of the ULE-stabilized laser beam at
729 nm is divided into two parts. Major portion of the
stabilized laser beam is fed into the frequency comb to
measure the absolute optical frequency of the cavity; the
other part is used to probe the 4s%S;/5-3d*Ds/s clock
transition modulated by a double-passed 80-MHz AOM.
A frequency synthesizer (E4422B Agilent. Inc), which is
also referenced to the 10-MHz RF signal from the hydro-
gen maser, is used to drive the AOM. The clock transi-
tion frequency fca of 4s®S; /5-3d*Ds /5 can be given by

fCa = nfrep + fceo + fb + fAOM
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where faom is the frequency of the frequency synt- ULE cavity frequency to match the clock transition of
hesizer output for AOM, which is used to tune the “°Cat ion.
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Fig. 16 Ten components of the Zeeman profile 48281/273d2D5/2 clock transition with the whole separation of 432 kHz
in the magnetic field of 55 milli-Guass is scanned by the optical time pulse. The solid profile is 5 points S—G smoothing to

bar profile.
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Fig. 17 (a) Quantum jump profile of the two AM; = 0 Zeeman components of the clock transition of a single
40Cat ion. The solid profile is 5 points S—G smoothing to the bar profile. (b) One of the AM; = 0 components,
which was achieved with the 729-nm scanning step of 200 Hz and 400 nW power into the trap. The magnetic field
is 55 milli-Guass in the trap center. The solid profile is Lorentz curve fitting to the bar profile.
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with quantum jump profiles using 80-MHz AOM gained during 120 hours; (b) Final averaged measurement result
of the 729-nm electric quadrupole transition in a single 4°Ca™ ion.
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According to the measurements made 7 times during
120 hours, the mean value of the center frequency is es-
timated to be 411 042 129 686.1 (2.6) kHz (Fig. 18).
In these measurements, the precision of faom is at the
level of kilohertz, which can be improved by upgrading
the 4°Ca™ ion trapping system and overcoming the sys-
tematic frequency shift.

To operate our system as a frequency standard, the
attempt to lock the 729-nm laser system to atomic tran-
sition is made by the “four points locking method” [26,
27]. The lock parameters need to be optimized further.

3 Conclusions

The study of optical frequency standards has been car-
ried out. The ion trapping system, Doppler cooling sys-
tem, and fluorescence detection system are demonstrated
and improved. As the breakthrough to laser stabilization
techniques, laser cooling and long-time confinement of a
single “°Cat ion is achieved. Ion’s laser cooling dynam-
ics is studied in theory and experimentally to compen-
sate for the confinement field and with the purpose of
increasing signal-to-noise ratio.

With the stabilization study about the 729-nm sys-
tem, the clock laser is referenced to a high-finesse ULE
cavity. Preliminary frequency measurement of the elec-
tric quadrupole transition in a single laser-cooled 4°Ca*
ion is achieved at kilohertz level. The attempt to lock
the single-ion optical frequency standard is made.

We shall develop the single-ion optical clock and eval-
uate its capability. Physical and environmental effects
influencing the performance of the frequency standard
should be studied. A magnetic field shield and new
optical time sequence scheme will be tested in further
experiments, with the expectation of reducing Zeeman
profile’s linewidth.
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