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Clock transition for a future optical frequency standard with trapped atoms

Irène Courtillot, Audrey Quessada, Richard P. Kovacich, Anders Brusch, Dmitri Kolker, Jean-Jacques Zondy,
Giovanni D. Rovera, and Pierre Lemonde*
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~Received 5 March 2003; published 9 September 2003!

We report direct excitation of the strongly forbidden 5s2 1S0-5s5p 3P0 transition in 87Sr. Its frequency is
429 228 004 235~20! kHz. A resonant laser creates a small leak in a magneto-optical trap~MOT!: atoms build
up to the metastable3P0 state and escape the trapping process, leading to a detectable decrease in the MOT
fluorescence. This line has a natural width of 1023 Hz and can be used for a new generation of optical
frequency standards using atoms trapped in a light-shift-free dipole trap.
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In addition to being at the heart of the international s
tem of units, extreme frequency metrology finds a wi
range of applications throughout physics. As an exam
tests of the stability of fundamental constants are perform
by comparing the frequencies of different atomic transitio
@1,2#. These laboratory tests are already competitive w
those performed at the cosmological scale@3,4# and improve
with the accuracy of the atomic transitions frequency m
surements. Microwave frequency standards such as ato
fountains now have relative accuracies better than 10215

with potential improvements down to 10216 @5#. Going fur-
ther, however, seems extremely difficult due to the limit
quality factor of the atomic resonance in these devi
(;1010). Optical frequency standards exhibit much high
line-Q, up to 1014 as recently demonstrated in Ref.@6#.
These devices reach fractional frequency instabilities be
10214 over 1 s@7#, almost one order of magnitude better th
fountains@5#. Their current accuracy lies near 1 part in 1014

with anticipated large room for improvement@2,8–11#.
Two different approaches are commonly used to deve

optical frequency standards@12#. The first one is based o
the spectroscopy of a single trapped ion, the second on
spectroscopy of a large ensemble of free falling neutral
oms. It is a commonly shared opinion that the ion appro
may lead to a better ultimate frequency accuracy due to
‘‘perfect’’ control of the ion motion, while the atomic ap
proach should lead to a better frequency stability thanks
the numerous quantum references contributing to the sig
Recently Katori proposed a scheme that combines the ad
tages of both approaches@13#. The idea is to trap neutra
atoms in the Lamb-Dicke regime in an optical lattice oper
ing at a wavelength where the light shift of the clock tran
tion vanishes.

Katori proposed to use 87Sr probed on the
5s2 1S0-5s5p 3P0 line at 698 nm, which indeed seems a
ideal system for the realization of this scheme. ThisJ50
2J50 resonance is only slightly allowed by hyperfine co
pling and its metrological properties are exquisite. A natu
linewidth of;1 mHz can be derived from the hyperfine da
found in Ref. @14#. It has a high insensitivity to externa
electromagnetic fields. The light-shift cancellation is e
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pected to occur near 800 nm, a wavelength far from a
atomic resonance and for which powerful and practical la
sources are readily available. Apart from a residual effect
to hyperfine structure, the light-shift cancellation is indepe
dent on polarization. Finally, higher-order effects due to
trapping field are expected to be extremely small on t
particular line@15#. We report here the direct excitation an
frequency measurement of this transition, the most forbid
optical transition of a neutral atom ever directly detected

The experiment is performed on a sample of cold ato
collected in a magneto-optical trap~MOT!. An atomic beam
is decelerated in a Zeeman slower and captured at the c
ing point of three retroreflected beams tuned 40 MHz to
red of the 1S0-1P1(F59/2) transition~Fig. 1!. The setup is
described in details in Ref.@16#. For this particular experi-
ment 33106 87Sr atoms are trapped at steady state at a t
perature of 2 mK. The atomic cloud has a 1/e2 diameter of 2
mm. To probe the 698-nm line, a 14-mW laser beam pas
four times through the atomic cloud in a standing wave c
figuration. The probe beam waist radius is 1.3 mm. Gener
speaking, the detection of extremely forbidden transitions
an experimental challenge, and at first sight it seems a
perate task with our system: the resonance is expected t
Doppler broadened to 1.5 MHz@full width at half-maximum
~FWHM!# more than three orders of magnitude higher th
the Rabi frequency~0.8 kHz!. Thus only 103 atoms are ex-

FIG. 1. Energy diagram of87Sr with wavelength and decay rat
(s21) of the transitions involved in the experiment. For clarity, t
hyperfine structure is not represented (I 59/2).
©2003 The American Physical Society01-1
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pected to be resonant with the laser at a time. In addition
efficient fluorescence detection of atoms in the3P0 state is
made difficult by the absence of cycling transition from th
state. Finally the energy of the3P0 state is known from
databases to within a few hundred megahertz only.

To overcome these problems we have first determined
resonance frequency with an accuracy of 110 kHz by m
suring the frequency of the1S0-3P1 line at 689 nm and of
the frequency difference between the3P1-3S1 and 3P0-3S1
transitions at 688 nm and 679 nm, respectively~see Fig. 1!
@17#. Second, to amplify the fraction of cold atoms tran
ferred to the3P0 state by direct excitation, we have take
advantage of the fact that the lifetime of the MOT is 40 tim
larger than the Rabi oscillation period. A laser tuned to re
nance induces a leak in the MOT leading to a detecta
decrease in the number of trapped atoms of 1%.

The experimental setup used for all frequency meas
ments is described in Fig. 2. An extended cavity laser di
~ECLD1! is locked to a high finesse cavity using the Poun
Drever-Hall method@18# with performances reported in Re
@19#. Its frequency is continuously measured vs a hydrog
maser with a scheme based on a self-referenced femtose
Ti:sapphire laser@20,21#. The relative resolution of this mea
surement is typically 3310213 for a 1-s averaging time. A
second laser~ECLD2! is offset-phase locked to ECLD1. Th
beat note between both lasers is mixed with the output
radio-frequency synthesizer to generate the offset-phase
error signal. The bandwidth of the servo control is 2 MH
With this scheme the light of ECLD2, which is sent to th
atoms, can be tuned to any frequency between two mode
the cavity of free spectral range 1.5 GHz by actuating th
synthesizer. Two sets of lasers are used. One can be t
from 675 to 685 nm, the other from 685 to 698 nm.

FIG. 2. Experimental setup used for frequency measureme
An extended cavity laser diode~ECLD1! is locked to a high finesse
Fabry-Pe´rot cavity (F527 000). 100mW are sent to a frequenc
chain based on a femtosecond laser for absolute frequency mea
ment. A second laser~ECLD2! which is used to probe the strontium
atoms is offset-phase locked to ECDL1. The beat note collecte
an avalanche photodiode~APD! is mixed with a radio-frequency
reference. Noise and frequency offsets introduced by optical fi
are negligible in this experiment. EOM: electro-optical modulat
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The frequency of the1S0-3P1(F59/2) transition is mea-
sured with an atomic beam, which appeared to be sim
than with the cold atom setup. The obtained frequency
434 829 342 950~100! kHz, with an uncertainty mainly domi-
nated by statistical noise and imperfect knowledge of
magnetic field.

The determination of the fine-structure splitting betwe
3P0 and 3P1 is performed with the cold atoms. Whil
trapped and cycling on the1S0-1P1 transition, atoms even
tually emit a spontaneous photon which brings them to
1D2 state~Fig. 1!. This state has two main decay channe
to the 3P1 and 3P2 states. Atoms in the3P1 state decay back
to the ground state and are kept in the trap while atoms in
metastable3P2 state are lost. This process limits the lifetim
of the MOT to some 50 ms. We make the fine-structure m
surement by modifying this escape process. If a laser re
nant to one of the hyperfine components of the3P1-3S1 tran-
sition is added to the trap, atoms in the corresponding3P1
state are pumped to the3P2 and 3P0 metastable states. The
escape the trap instead of decaying back to the ground s
This decreases the trapped atom number. Figure 3~a! shows
the fluorescence of the MOT as a function of the 688-
laser detuning from the3P1 ,F59/22 3S1 ,F511/2 reso-
nance.

A direct detection of the3P0-3S1 transition by the same
technique is not possible because3P0 is not populated in the
MOT. Instead, a first signal is obtained by detecting the lig
shift of the 3P1-3S1 transition induced by a 679-nm lase
close to the 3P0-3S1 resonance. With an intensity o
1.8 mW/mm2, a shift of 100 kHz is observed for a detunin
of 100 MHz. For a 679-nm detuning smaller than the wid
of the 688-nm resonance, a dip appears in the resona
profile due to coherent population trapping~CPT!: when the
frequency difference between both lasers matches the ato
fine structure, there exists a coherent superposition of3P1
and 3P0 states which is not coupled to3S1 @22#. Atoms in
this dark state are not pumped to3P2 but decay back to the
ground state in a few 10ms due to the3P1 instability. They
are kept in the MOT. When the CPT dip is centered on
688-nm resonance, the 679-nm laser is tuned to resona
The observed signal in this configuration is shown in F
3~b!. The fine-structure measurement is performed lig
shift-free with both lasers locked on resonance. We measu
a frequency of 5 601 338 650~50! kHz with an uncertainty
mainly due to the magnetic field gradient of the MOT. A
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y
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FIG. 3. Relative MOT fluorescence signals obtained when
688-nm laser is swept around the3P1 ,F59/2-3S1 ,F511/2 transi-
tion. ~a! 688-nm laser only;~b! with an additional 679-nm lase
tuned to the3P0 ,F59/2-3S1 ,F511/2 resonance. In this case th
CPT dip is observed. Intensities of the 688-nm and 679-nm la
are 5mW/mm2 and 2 mW/mm2, respectively.
1-2
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cording to these measurements, the1S0-3P0 transition is ex-
pected to have a frequency of 429 228 004 300~110! kHz.

For the direct observation, we induce in the MOT a le
to the 3P0 state with a laser tuned to resonance. The lifeti
of the trap is two orders of magnitude longer than the du
tion of a p pulse on the forbidden transition with the las
parameters given above. This leads to a buildup by the s
factor of the fraction of atoms escaping the MOT if the tran
fer rate to3P0 is constant and if the atoms, once in the3P0
state, actually escape the trapping process. The trapped
number should then decrease by several perecent. One
to fulfill the transfer rate condition could consist in using t
MOT to rethermalize atoms to fill the dip in the veloci
distribution created by excitation to3P0. For the escape con
dition, one could think of optical pumping to3P2 with a
laser tuned to3P0-3S1. In our experiment however, the Dop
pler effect induced by gravity is sufficient to fulfill both con
ditions. The experiment is operated sequentially: by me
of acousto-optic modulators we alternate a capture and c
ing phase with the blue lasers and a probe phase with
698-nm laser. During the probe phases atoms are free fa
both in the ground and exciting states. The frequency sw
caused by acceleration amounts to several times the
frequency per millisecond with the 45° angle formed by t
698-nm probe beam and vertical. Atoms transferred to
3P0 state and the corresponding dip in the velocity distrib
tion of the ground state are then rapidly detuned from
excitation laser. The pulsed operation also avoids any l
shift of the forbidden transition by the trap beams. The op
mization of the time sequence results from a trade-off
tween the capture efficiency of the MOT, the ballistic expa
sion of the atomic cloud during probe phases, and
efficiency of excitation to3P0. With phases of capture of 3
ms duration and probe phases of 1 ms duration, we hav
3106 atoms at steady state in the MOT and the contras
the resonance is 1%. In Fig. 4 is shown the fluorescenc
the trapped atoms vs the 698-nm laser detuning from re
nance. A narrow sub-Doppler structure is expected at
center of the resonance due to the standing-wave config

FIG. 4. Direct observation of1S0-3P0 transition. The line is
broadened by the Doppler effect due to the finite temperature o
atoms to 1.4 MHz~FWHM!.
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tion. With the present signal-to-noise ratio, we are not able
detect it.

We have locked the laser to the1S0-3P0 resonance for the
determination of its frequency. Measurements on both si
of the resonance are alternated with a 140 ms duration.
resulting error signal is integrated and fed back to the s
thesizer driving the offset-phase lock of ECLD2. The av
age frequency is 429 228 004 235 kHz with a residual sta
tical uncertainty of 20 kHz after 2 h of integration. At that
level, the systematic effects are negligible. The first-or
Doppler effect vanishes due to the standing-wave configu
tion. The Zeeman effect induced by the MOT field gradie
is less than 1 kHz, since the Lande´ factors of the1S0 and
3P0 levels are of the order of 1024. The light shift which
would result from imperfect extinction of the blue light
also estimated below 1 kHz. Table I summarizes the indir
and direct measurements and confirms the good agree
between both methods.

The technique used for the direct detection of this line c
be extended to other atomic species. As an example, Yb
the same level scheme as Sr with several isotopes ha
nonzero nuclear spin. With Yb atoms trapped on the1S0-3P1
transition of natural width 200 kHz, the lifetime of the MO
can be much longer than the blue Sr MOT, up to seve
seconds in Ref.@24#. The contrast of the forbidden line
would then be close to 100%.

The observation of the1S0-3P0 transition is a first step
towards the realization of an optical frequency standard
ing trapped neutral atoms. Clearly the next step is the m
surement of the wavelength of the dipole trap beam wh
light-shift cancellation occurs. This measurement requi
better frequency resolution than achieved here, i.e., hig
laser intensity at 698 nm and/or colder atoms.

In this type of optical frequency standards a line-Q as
high as 1015 is achievable if the spontaneous emission rate
the optical trap is less than one per second. With a la
intensity of 83107 W/m2, the trap oscillation frequency ca
be 50 kHz and the spontaneous emission rate 0.4 s21. With a
line-Q of 1015 and a reasonable trapped atom number of
order of 106, ultimate performances are orders of magnitu
better than existing devices. The frequency noise of the la
used to probe the atoms will then be of decisive importa
@19#. State-of-the-art ultrastable lasers use macroscopic r
nators as a reference and exhibit 1/f frequency noise at Fou
rier frequencies below a few Hertz@23#. We propose to cir-
cumvent this problem with a first stage servo control to
atomic transition with a separate setup fully optimized
frequency stability: large number of atoms, favorable du

e

TABLE I. Measured frequencies of87Sr transitions (F59/2 for
all atomic states!.

Transition Frequency~kHz!

5s2 1S0-5s5p 3P1 4348293429506100
5s5p 3P0-5s5p 3P1 5601338650650
5s2 1S0-5s5p 3P0

Indirect measurement 4292280043006110
Direct measurement 429228004235620
1-3
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cycle, etc. At the price of an increase of the experimen
width of the atomic resonance the response time of the
vocontrol can be as fast as desired. With this additional
gree of freedom, the optimization of ultrastable lasers sho
lead to a large improvement of their performances. O
could then approach the demanding requirements of the
tical standard using trapped neutral atoms.
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