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Atomic frequency standards project started to build a Strontium (Sr) optical lattice clock in
2006. We have recently trapped laser cooled Sr atoms in a 1D optical lattice potential and carried
out spectroscopy of the clock transition with the linewidth of 45 Hz. We have also stabilized the
clock laser frequency to the clock transition. The stability of our lattice clock compared with our
hydrogen maser is limited by the stability of the hydrogen maser, which means that our lattice
clock is much more stable than the hydrogen maser.
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1 Introduction

Frequency standards not only play a promi-
nent part in social life in general, including
GPS, but also as an essential part of studies in
fundamental physics. At present, the atomic
clock using cesium atoms serves the role of the
primary standard for defining one second. As
an optical frequency standard capable of real-
izing accuracy and stability far beyond this,
Katori proposed the idea of the “optical lattice
clock” in 2001(11(2). In this report we will first
provide a brief introduction of the principle of
optical lattice clocks and then describe our ex-
periments.

1.1 Principle of optical lattice clock
Researches of optical frequency standards
aim for precise measurement of the unper-
turbed resonance frequency of the forbidden
atomic transition (clock transition) through la-
ser spectroscopy. The natural linewidth of the
clock transition is normally 1 to 10 mHz. When
conducting precise spectroscopy of the clock
transition, Doppler broadening becomes the
first issue. Even if atoms moving in free space
can be cooled to as far as 1 uK, a typical tem-

perature attainable by laser cooling, a Doppler
broadening of tens of kHz remains. In order to
suppress the Doppler broadening, it is neces-
sary to tightly confine atoms in a trap and pre-
vent them from moving to the probe laser as
little as possible. It is known that if atoms are
confined in the spatial region whose scale is
smaller than the wavelength of the probe laser,
Doppler broadening can be eliminated (Lamb-
Dicke confinement)(31(41. This condition can be
quantitatively expressed by the Lamb-Dicke
parameter 7, which is defined as follows(5:

_ 270
’7 - j.clock (1)

In this equation, x, stands for the width of
spatial distribution of atoms in the trap, and
A cock for the wavelength of the probe laser.
Therefore, how much the Lamb-Dicke con-
finement is realized can be quantitatively ex-
pressed by how much x, is smaller than 4 ciock o1
how much # is smaller than 1.

The optical lattice clock achieves the
Lamb-Dicke confinement by trapping atoms in
an optical lattice potential which is a periodic
potential generated by standing waves of laser
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light. Consider Strontium (Sr) atoms used for
the experiment described in this paper as an ex-
ample. The wavelength of the probe laser is
(A4 cox=) 698 nm. For the optical lattice poten-
tial, meanwhile, a laser with the wavelength of
813 nm is used for the reason to be mentioned
below. Atoms are strongly confined at the anti-
node of standing waves which are lining up at
an interval of 407 nm, i.e. half the wavelength
of optical lattice laser. As the result, x, is ap-
proximately 30 nm. Therefore, the Lamb-
Dicke parameter # becomes 0.3 (< 1) and the
Lamb-Dicke confinement is achieved.

The next issue is the Stark shift due to the
trap laser. When atoms are trapped in an optical
lattice potential, each energy level of the atoms
shifts depending on the wavelength and inten-
sity of the trap laser (Stark shift). In general,
the Stark shift of the ground state is different
from that of the excited state, which leads to
the shift of the resonance frequency of the
clock transition. However, if a particular wave-
length is selected, the Stark shifts due to the
trap laser become exactly the same between the
ground and excited states(s]. In other words,
the resonance frequency of the clock transition
does not shift even though atoms are trapped in
an optical lattice potential. This wavelength is
called the magic wavelength, which has been
experimentally measured to be 813.428 nm in
case of Sr(2]. Therefore, if atoms are trapped in
the optical lattice potential at the magic wave-
length, we can eliminate the Doppler broaden-
ing by the Lamb-Dicke confinement without
affecting the clock transition. Furthermore, the
optical lattice clock can trap multiple atoms
(approximately 10°-10%) at a time. A significant
improvement of S/N ratio is hence promising
compared with the ion trap that continues to
observe a single ion, and it is supposedly pos-
sible to create an ultrahigh-precision frequency
standard whose stability reaches 107'® at an av-
eraging time of one second.

1.2 Current situation of the optical
lattice clock
The performance of the optical lattice clock
using St atoms has been greatly investigated in

a past several years(71-[9]. The fermionic iso-
tope ¥’Sr has some advantages due to: its weak-
ly allowed transition which is essentially for-
bidden can be used as the clock transition[10],
and interatomic collisions with the same spin
component are forbidden from statistical prop-
erties at an ultralow temperature, which leads
to suppression of collisional shifts. The optical
lattice clock using polarized fermionic isotopes
was realized by the University of Tokyo, the
NIST (USA), the SYRTE (France); the abso-
lute frequencies from these three institutes
were confirmed to be equal within the range of
error. In 2006, the resonance frequency of the
clock transition in the fermionic isotope ’Sr
was listed as a secondary representation of the
second.

2 Laser cooling of strontium
atoms

The potential depth of an optical lattice po-
tential is approximately 15 xK in terms of tem-
perature. We thus have to cool Sr atoms down
to a temperature lower than the potential depth
to trap them in the optical lattice potential.

Strontium is an alkaline-earth metal with
atomic number 38. It has two valence electrons
in the outermost shell (so-called two-electron
system), and there exist the spin singlet and
triplet states on the energy levels. Figure 1
shows energy levels relating to our experiment.
'S, denotes the ground state. The 'S—'P, transi-
tion (wavelength: 461 nm, natural linewidth:
32 MHz, Doppler limit temperature: 720 xK) is
the strongest transition from the ground state,
and used as the transition for deceleration of

2nd cooling

'IF)1

1st cooling
Wavelentgh: 461 nm
Natural linewidth:
32 MHz
(Tp=T720pK)

180

Wavelength: 688 nm
Natural linewidth: 7 kHz
(Ty=180nK )

Clock transition

Wavelength: 698 nm
Natural linewidth:
~ 10 mHz

Energy levels of Sr atoms
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atomic beams and the 1st stage magneto-opti-
cal trap (MOT). MOT is a method for cooling
and trapping atoms spatially by laser irradia-
tion from six directions to atoms in the mag-
netic gradient. The narrower the natural line-
width of the optical transition for use is, the
lower the attainable temperature (Doppler limit
temperature) becomes. Therefore, we first de-
celerated atoms, cooled and trapped as many
atoms as possible by using a large radiation
pressure of the strong transition (!S—'P,). Hav-
ing then switched to MOT using the transition
with a narrower natural linewidth ('S—P,), we
cooled atoms down to the temperature which is
well lower than the trap depth of the optical lat-
tice potential.

Here, we describe the experimental proce-
dure (ref. Fig. 2). First, we vaporize Sr atoms in
an oven at 600 °C to generate an atomic beam.
Next, we irradiate this atomic beam with the
laser, whose frequency is slightly lower than
the strong 'S—'P, transition, from the opposite
direction to decelerate the atomic beam by its
strong radiation force. The slight lowering of
frequency is intended to compensate for the
Doppler shift. Additionally, by the magnetic
field gradient from the oven to the trap cham-
ber, we compensate with the Zeeman shift for
changes in the Doppler shift owing to decel-
eration so that the deceleration laser can al-
ways resonate with atoms (Zeeman slowing
technique). The atoms reach the center of the
trap chamber and are trapped by MOT. In our
experiment, the atoms are first trapped in MOT
using the strong 'S~'P, transition, and approxi-
mately 107 atoms are cooled down to 2 mK. In
order to further cool these atoms, they are trans-
ferred to MOT using the weak 'S,—°P, transi-
tion (wavelength: 689 nm, natural linewidth:
7 kHz, Doppler limit temperature: 180 nK).
The atoms are then cooled down to 3 uK(111.
By overlapping the optical lattice laser with a
trap depth of 15 xK onto this atomic cloud, the
atoms are trapped in the optical lattice potential
(see Fig. 3). According to the above described
procedure, our experiment has succeeded in
trapping approximately 10* ¥’Sr atoms in the
optical lattice potential.

B MOT laser for 2nd MOT (1= 689nm)

)

B VOT laser for 15t MOT (1= 461nm)]

Focusin g lens
for the lattice laser

Optical lattice laser

Experiment system for laser cooling of Sr
atoms

Atoms trapped in
optical lattice potentials

Optical lattice laser

Untrapped atoms
falling due to the gravity

CCD Image of é’Sr atoms trapped in the
optical lattice potential

Here, we provide a brief description of each
laser source that is used for laser cooling. The
laser (461 nm) for deceleration of the atomic
beam and for the 1st MOT is obtained by am-
plifying the laser diode (LD) output (922 nm)
with the tapered amplifier and converting
wavelength with nonlinear crystal KNbO,. We
carry out the saturated absorption spectroscopy
of the 'S~'P, transition of %Sr atoms (bosonic
isotope with the highest natural abundance) in
a galvanic cell and generate error signals via
the FM spectroscopy for frequency stabiliza-
tion. Laser power is 30 mW for MOT (prior to
dividing into three axes) and 25 mW for Zee-
man slowing. The beam radius and detuning of
MOT light are 1 cm and 40 MHz respectively,
and the MOT magnetic gradient is 65 Gauss/cm
(in the direction of the central axis of coil). The
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detuning of Zeeman slowing light is 760 MHz.
LD is used for the 2nd MOT (689 nm). First,
we stabilize the master laser frequency to the
cavity with a fineness of 150,000. Next, we
combine the saturated absorption spectroscopy
with the FM spectroscopy to stabilize the laser
frequency to the 'SP, transition (m = 0) of
88Sr atoms. For MOT, we use 5 mW (prior to
dividing into three axes) from the slave laser
whose frequency is phase-locked to the master
laser. The MOT magnetic gradient is 8 Gauss/
cm (in the direction of the central axis of coil).
As the optical lattice laser, the Ti: sapphire la-
ser with a magic wavelength of 813.428 nm is
used with the 320 mW power and a beam ra-
dius of 30 um at the position of atomic cloud.

3 Clock laser

Next, we give an explanation of the laser
for excitation of the clock transition (clock la-
ser). The wavelength of the clock transition
IS;—P, in Sr atoms is 698 nm, which can be
generated by LD. Figure 4 shows the overview
of the system for the clock laser stabilization
developed in our experiment.

The LD frequency is first stabilized to the
prestabilization cavity (F=5,200) by the Pound-
Drever-Hall technique(12]1. The prestabilization

el

cavity is composed of a 10 cm cylinder made
from super invar, and a PZT and a mirror at-
tached to the both sides of the cylinder. The laser
frequency is then stabilized to the high finesse
cavity (£=200,000) made of the ultralow ex-
pansion (ULE) glass by the Pound-Drever-Hall
technique. The ULE cavity is a cylinder with
10 cm length and 5 cm diameter and laid down
being supported by four points that are insensi-
tive to vibration from the floor. The bandwidth
of the locking circuit is 2 MHz for the presta-
bilization cavity and 90 kHz for the stabiliza-
tion to the ULE cavity. Temperature of the ULE
cavity is precisely controlled and its fluctuation
is suppressed to be £500 uK or less per day. As
a result, frequency drift of the laser stabilized
to the ULE cavity is kept below 0.1 Hz/s. The
ULE cavity is put in the vacuum chamber to
suppress the frequency fluctuations due to the
air flow. The vacuum chamber is placed on the
high-performance vibration-free platform to
suppress the effect of vibrations from the floor
(Minus-K Technology, Inc., 150 MB-1, 0.5 Hz
resonance frequency). Furthermore, the whole
device is put in the soundproof box to avoid
the impact of acoustic noise. For spectroscopy
of the clock transition, we deliver the light to
the trap chamber and to the optical frequency
comb through optical fibers. Optical fibers of
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Laser diode (698 nm)
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40 m and 10 m each are thereby used; in order
to prevent the clock laser frequency from con-
taining noise by using these optical fibers, the
fiber noise cancellation schemes are introduced
to each (FNC in Fig. 4).

Figure 5 shows the results of comparison in
frequency stabilities between the clock laser
used in our experiment (698 nm) and CSO
(Cryogenic Sapphire Oscillator). CSO is an os-
cillator with superior short-term frequency sta-
bility. The black circles in Fig. 5 stand for the
stability of CSO itself, and the red squares de-
scribe the stability between CSO and the clock
laser which was measured via a frequency
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comb. Beat frequency was measured by a fre-
quency counter (Agilent Technologies, Inc.,
53181A). The fractional stability reached
4x107" at an averaging time of 20 seconds,
which indicates that the present stability en-
ables measurements of the clock transition fre-
quency on the Hz level. However, the thermal
noise of mirrors that is considered to determine
the limit of the clock laser stability is at the
level of 107!, Therefore, we are still improving
the device aiming at further improvement of
stability.

4 Spectroscopy of clock transition

In the above, we described ¥Sr atoms
trapped in the optical lattice potential and the
stable clock laser to observe its clock transi-
tion. In the following, we discuss the spectros-
copy for the 'S;—P, clock transition of ¥’Sr at-
oms.

4.1 Normalization of the number of
excited atoms

In our experiment, we normalize the number
of excited atoms to evaluate the excitation ef-
ficiency of the clock transition. Figure 6 shows
its outline.

(Step 1) First, we irradiate ¥’Sr atoms in the
optical lattice potential with the clock laser. If

3
Step1 —S Fluorescence
1P1 . imaging
SPD
Probe pulse
Excitation
(698 nm)
1So
Excitation
Step 3 s, (698 nm)
Repump
lp1
3p, Excitation ratio
N,
K = P
NS + Np
1Sy Ns : Number of unexcited atoms

Np : Number of excited atoms

F[:/:] Evaluation method for excitation efficiency through standardization of the number of atoms
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the clock laser frequency is resonant with the
clock transition, some atoms are excited. We
can consider that once excited, atoms will re-
main in the excited state since the lifetime of
the exited state is 150s while Steps 1—4 end in
100 ms or shorter.

(Step 2) Next, we irradiate atoms with the
laser which is resonant with the strong 'S—'P,
transition and then observe the emission inten-
sity with a CCD camera. From this emission
intensity, we can evaluate the number of atoms
remaining unexcited (Ns). Through this opera-
tion, the atoms remaining in the ground state
are heated and blown away from the optical lat-
tice potential.

(Step 3) We return the atoms that have been
excited in Step 1 to the ground state with the
repump laser.

(Step 4) Again, we irradiate atoms with the
laser which is resonant with the strong 'S—'P,
transition. From the emission intensity at this
time, we can evaluate the number of atoms ex-
cited in Step 1 (Np).

From the above procedure, we are able to
calculate the excitation efficiency of the clock
transition: ¥ = Np/(Ns+Np). The advantage of
this method is that the excitation efficiency x
can be evaluated without being affected by
fluctuations of the initial atom number (Ns+Np).
It is also possible to observe the clock transi-
tion by seeing the change of emission intensity

in only Step 2 as changing the clock laser fre-
quency. In this case, however, it is indistin-
guishable whether the reduction of emission
intensity is caused by the reduction of initial
atom number or by the clock transition, which
eventually leads to the degradation of S/N ra-
tio.

It takes three seconds for one cycle of the
spectroscopy: the 1st MOT — the 2nd MOT —
loading atoms into the optical lattice potential
— excitation of the clock transition — normal-
ization of the number of excited atoms. Repeat-
ing this cycle while changing the clock laser
frequency and observing changes of excitation
efficiency x, we are performing the clock tran-
sition spectroscopy.

4.2 Observation of sideband spectrum

Next, using the clock transition, we experi-
mentally evaluated the confinement of the opti-
cal lattice potential and the temperature of
trapped atoms(s]. Figure 7 shows the results;
the horizontal axis represents the clock laser
frequency (laser detuning), and the vertical
axis the excitation efficiency x of the clock
transition (excitation fraction). The origin of
the horizontal axis corresponds to the reso-
nance frequency of the clock transition. In ad-
dition to the carrier spectrum, two sidebands
(red sideband and blue sideband) are observed.
These two sidebands can be explained in the
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following way.

The optical lattice potential can be well ap-
proximated by the harmonic oscillator poten-
tial. Hence, when the vibrational frequency of
the trap is set as w, energy levels (vibrational
level) are lining at a constant interval of 7w in
ascending order: | g, 0>, |g, 1>, ...|g,n>.In
this expression, the first character denotes the
atomic state (g = ground state, e = excited
state), and the second one the number of vibra-
tional level. 7 denotes the values of Planck con-
stant /4 divided by 2 z. Now, since the optical
lattice laser with magic wavelength is used, the
vibrational frequency of the excited state is the
same @, and the vibrational levels are also lin-
ing at the same interval 7w in ascending order:
le,0>,]e, 1>, ...| e,m >. The trapped atoms
are distributed to vibrational levels of the
ground state, reflecting its temperature (| g, 0
>, | g, 1 >, ..). Probabilities of being excited
from there to the vibrational level of the excit-
ed state can be calculated from the overlap of
the wavefunction, and transition probabilities
to the vibrational level with the same number
become highest. Therefore, what most proba-
bly takes place is the transition: | g, 0 >—] ¢, 0
> g, 1>—|e, 1>, ....Since these transition
frequencies are all the same with use of the
magic wavelength, they are observed as a sharp
peak (carrier) such as near 0 Hz in Fig. 7. The
second-probable transition is one whose vibra-
tional levels shift by one such as: | g, 0 >—| e,
1>, ]g, 1 >>]e,2>...0r | g | >>|e, 0>,
| g, 2 >—]| e, 1 >. The resonance frequency is
shifted from the carrier by /4w (one vibrational
level). Here, the transition with a vibrational
level higher by one level is called the blue side-
band because of its high frequency, and that
with a vibrational level lower by one level the
red sideband because of its low frequency,
which are observed on the both sides of the car-
rier as shown in Fig. 7. The interval between
the carrier and the sidebands reflects the inter-
val of the vibrational levels of the lattice poten-
tial. The vibrational frequency of the optical
lattice potential, therefore, turns out 2 7 X
60 kHz from the spectrum in Fig. 7. Mean-
while, without going into detail, the reason

why the spectral width of the sideband is wider
against the carrier is that we use the one-di-
mensional optical lattice potential in our ex-
periment.

Once vibrational frequency w is evaluated,
the confinement of the optical lattice potential
or the before-mentioned Lamb-Dicke parame-
ter 7 can be evaluated. Using Equation (1) with
a modification, # can be expressed by using the
vibrational frequency of the trap as follows:

=)0

In this expression, w, denotes the recoil
frequency due to the clock laser. Recoil fre-
quency wy is 7k*/(2 m)(k = wavenumber of the
clock laser, m = mass of a strontium atom),
leading to 2 7 x 4.68 kHz for 698 nm. Calcula-
tion from the trap frequency in our experiment
derives # = 0.28, which is sufficiently smaller
than 1. Thus the condition of Lamb-Dicke con-
finement is satisfied.

Moreover, from the spectrum in Fig. 7, the
atomic temperature in the optical lattice poten-
tial can also be evaluated. The lower the tem-
perature of atoms is, the more the number of
atoms on the | g, 0 > vibrational level is. When
atoms are excited from | g, 0 >, there is no
room for decrease in the value of the vibration-
al level because the atoms are already in the
lowest vibrational level. In other words, the at-
oms make no more contribution to the red side-
band. If one sees how much the red sideband is
lower than the blue sideband, they notice how
many atoms are in | g, 0 > or how much atoms
are cooled. Having employed this method, we
evaluated the atomic temperature as 3 uK from
Fig. 7.

4.3 Stabilization of clock laser
frequency to clock transition

The carrier spectrum in Fig. 7 is used for
the clock operation since its frequency does not
change even when atoms are trapped. Figure 8
shows the results for the precision spectrosco-
py of that carrier. The horizontal axis represents
the clock laser frequency (setting the center of
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observed resonance as 0 Hz), and the vertical
axis the excitement efficiency. The observed
spectral linewidth was 45 Hz. We believe that
this width is limited by the Zeeman splitting of
the hyperfine structure of the ground and ex-
cited states in a residual magnetic field.

Next, the clock laser frequency was stabi-
lized to the center of this spectrum by the meth-
od shown in Fig. 9. We monitor the right and
left side of the spectrum in Fig. 8 at its full
width of half maximum and evaluate differ-
ences in its excitation efficiency. From these
differences in excitation efficiency, we can cal-
culate how much the center frequency is shift-
ed. We then adjusted the clock laser frequency
with AOM to correct such shifts. By applying
this feedback continuously, the center frequen-
cy of the clock laser is stabilized to be always
resonant with the clock transition. In our ex-
periment, since it took three seconds for one
cycle, feedback was applied every six seconds.
We compared the clock laser stabilized in this
manner with the hydrogen maser via an optical
frequency comb. Specifically, we measured a
beat signal between the comb stabilized to the
hydrogen maser and the clock laser stabilized
to the Sr clock transition by the zero dead-time
frequency counter (Pendulum Instruments Inc.,
currently Spectracom Corp.). Figure 10 shows
the results. The horizontal axis represents aver-
aging time and the vertical one the Allan devia-
tion. The observed Allan deviation is limited by
the hydrogen maser, and thus the stability of
the optical lattice clock in our experiment was
confirmed to have a higher stability than the
hydrogen maser. We are planning to evaluate
the stability of our optical lattice clock by com-
paring with the calcium ion clock which is un-
der development in our project, with CSO, or
with the Sr lattice clock at the University of
Tokyo via the fiberlink.

5 Summary and future prospects

We succeeded in laser cooling the *Sr and
trapping them in the optical lattice potential.
Also, we developed the clock laser by which
we observed the clock transition in *¥Sr with a
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linewidth of 45 Hz. Moreover, we successfully
stabilized the clock laser frequency to the clock
transition. Comparison between stabilities of
this clock laser and the hydrogen maser using a
frequency comb found that the stability was
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limited by the hydrogen maser. In other words,
it was confirmed that the optical lattice clock in
our experiment far exceeded the hydrogen ma-
ser in stability.

For future prospects, one can expect perfor-
mance advances in the clock laser. In our proj-
ect, we are currently developing the optical
cavity which has a low thermal noise of mirrors
and insensitive to vibrations from the floor(131.
If this delivers the performance as is designed,
the clock laser with the stability at the level of
107! will be realized. Regarding the optical lat-
tice clock, we have considered that the existing
spectrum is affected by the external magnetic
field. To get rid of this difficulty, we plan to
polarize atoms to the two stretched states of
magnetic sublevels by use of the optical pump-
ing technique and average the resonant fre-
quencies of both spectra. Furthermore, in order
to apply feedback to the clock laser frequency
at a higher speed or minimize the cycle time, it
is crucial to trap a higher number of atoms. It is
also significant to attempt a direct comparison
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