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Absolute frequency measurement of the 674-nm88Sr¿ clock transition using a femtosecond optical
frequency comb
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The frequency of the 5s 2S1/2–4d 2D5/2 electric quadrupole transition at 674 nm in a single, trapped, laser-
cooled88Sr1 ion has been measured with respect to the Syste`me International~SI! second using a femtosecond
laser optical frequency comb. The measured frequency of 444 779 044 095.52 kHz, with an estimated standard
uncertainty of 0.10 kHz, is more accurate than, and in agreement with, the value previously measured using a
conventional frequency chain.
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I. INTRODUCTION

Highly stable and reproducible atomic frequency sta
dards play a key role in the realization of the basic Syste`me
International~SI! units @1#, tests of physical theories, and th
measurement of fundamental physical constants@2,3#. It has
long been recognized that lasers stabilized to narrow op
transitions in atomic systems offer the prospect of improv
stability and accuracy compared to microwave standards
to the higherQ factors of the transitions involved. A forbid
den transition in a single ion stored in a rf quadrupole trap
a promising reference for an optical frequency standard.
laser cooling, the ion can be confined in the Lamb-Dic
regime@4#, eliminating the first-order Doppler effect. Caref
control of the micromotion of the ion allows the secon
order Doppler shift to be greatly reduced and the ion to
confined to the trap center where electric field perturbati
are minimized @5#. Operating the trap under ultrahig
vacuum conditions ensures that collisional effects are ne
gible. Finally, the reference transition can be observed w
high efficiency and signal-to-noise ratio using the quant
jump technique@6#.

Over recent years there has been considerable prog
toward the use of such references as optical frequency s
dards@7#, with Fourier-transform limited linewidths as na
row as 6.7 Hz having been reported@8#. The measurement o
optical frequencies has traditionally been a complex task
ing frequency chains designed specifically to link a particu
optical frequency to the cesium primary standard at 9.2 G
@9,10#. However, such measurements have been greatly
plified by the development of frequency comb generat
based on Kerr-lens mode-locked femtosecond lasers@11#,
and it is now possible for the link between the optical and
microwave to be made in a single step@12#. Here we report
the application of these methods to the measurement of
frequency of the 5s 2S1/2–4d 2D5/2 electric quadrupole tran
sition in 88Sr1 at 445 THz~674 nm!. A preliminary value for
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this transition frequency with a standard uncertainty of 3
Hz was reported previously@13#; here we present furthe
measurements which lead to an improved result with a s
dard uncertainty of 100 Hz.

II. 88Sr¿ OPTICAL FREQUENCY STANDARD

A partial term diagram for88Sr1 is shown in Fig. 1. The
5s 2S1/2–4d 2D5/2 electric quadrupole transition has a natu
linewidth of approximately 0.4 Hz, and was the first tran
tion in a single trapped ion to be adopted by the Com´
International des Poids et Mesures~CIPM! as a recom-
mended radiation for the practical realization of the me
@1#.

The National Physical Laboratory~NPL! strontium ion
standard is based on a single trapped88Sr1 ion confined in a
miniature rf Paul trap which has a radius of approximat
0.5 mm@14#. An 844-nm diode laser is frequency doubled
422 nm to laser cool the ion into the Lamb-Dicke regime
one dimension, and a distributed Bragg reflector~DBR! laser
at 1092 nm is used to prevent optical pumping into t
4d 2D3/2 state. The 5s 2S1/2–4d 2D5/2 transition at 674 nm is

FIG. 1. Partial term diagram of88Sr1, showing the transitions
used to cool and probe the trapped ion.
©2003 The American Physical Society01-1
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probed using an optically narrowed AlGaInP diode la
which is locked to a highly stable ultra-low expansion~ULE!
high finesse cavity@15#. The linewidth of this laser source i
about 200 Hz@16#. To bridge the frequency interval of abou
740 MHz between the strontium transition frequency and
nearest mode of the cavity, the laser output is shifted b
double-passed acousto-optic modulator~AOM!, as shown in
Fig. 2.

In a dc magnetic field, the 5s 2S1/2–4d 2D5/2 transition is
split into ten Zeeman components. To reduce the effec
ambient laboratory magnetic fields, the ion trap is hou
inside am-metal shield. Three pairs of coils mounted insi
this shield are used to further reduce the magnetic field
about 4mT at the trap center, which is sufficient to resol
the Zeeman components.

The strontium ion is interrogated using a comput
controlled sequence of operations in which the ion is al
nately cooled and then probed@17#. The number of quantum
jumps to the 4d 2D5/2 state at a given probe laser frequen
is counted for a particular number of interrogation cyc
~typically 40!. After each set of interrogation cycles the las
frequency is stepped. The probe laser frequency is locke
the center frequency of the Zeeman structure by a four-p
locking scheme which uses the twoDm50 Zeeman compo-
nents symmetrically placed around the line center@16#. Typi-
cally, for the measurements presented here, the trans
width was power broadened to 1–2 kHz, and the synthes
was stepped by 0.7–1.0 kHz in order to sample the re
nance curve on either side of a particular Zeeman com
nent. The step correction frequency for the center freque
was typically 50 Hz.

III. FEMTOSECOND OPTICAL FREQUENCY COMB

The frequency measurements were carried out usin
maser-referenced octave-span optical frequency co
@11,12#. This comb was generated by a Kerr-lens mod
locked Ti:sapphire laser with external spectral broadening
a microstructure fiber~see Fig. 3!. The femtosecond Ti:sap
phire laser has a linear cavity design with intracavity pris
for control of the group velocity dispersion@18#, and is

FIG. 2. Schematic of the probe laser system used to interro
the 5s 2S1/2–4d 2D5/2 transition in 88Sr1 at 674 nm.~APD, ava-
lanche photodiode; PBS, polarizing beam splitter; PZT, piezoe
tric transducer; FM, frequency modulation!.
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pumped with 4.5 W of single-frequency radiation at 532 n
The pulse repetition rate, determined by the cavity length
about 87 MHz, with fine control provided by translation of
piezo-mounted cavity fold mirror. The pulse duration is typ
cally 10–15 fs and the average ouput power of the lase
about 600 mW. In the frequency domain, the output of
laser is a comb of modes, spaced by the repetition rate of
laser. This comb is centered at around 810 nm, and cove
spectral range of around 30–35 nm full width at half ma
mum. To broaden the frequency comb to span a full opti
octave, about 30 mW of the laser output is coupled into
short length of microstructure fiber@19#. For the measure-
ments reported here fibers of lengths between 11 cm an
cm were used.

The frequency of themth mode of the comb is given by

f m5m frep1 f 0 , ~1!

where f rep is the repetition rate of the laser andf 0 is the
frequency offset of the whole comb with respect to the f
quency origin. The frequencyf rep is determined by splitting
off a small portion of the laser output and detecting the
termode beat spectrum using an avalanche photodiode.
intermode beat signal at the tenth harmonic off rep is fre-
quency down-converted by mixing with the output of a Ma
coni 2024 rf synthesizer at frequencyf s and filtered to gen-
erate a signal at 9.8 MHz. This signal is used for tw
purposes. First, by mixing it with a reference 9.8-MHz sign
from an IFR 2023A rf synthesizer in an analog phase co
parator, it is used to generate an error signal which is
back to the piezo-mounted fold mirror in the laser to stabil
the repetition rate. Secondly, it is mixed with a 10-MHz re
erence signal to produce a 200-kHz signal which is used
phase-lock a 200-MHz voltage-controlled oscillator~VCO!
by means of a frequency divider with a division ratio
1000. The output of this VCO is counted using a HP5313
frequency counter. From this counted frequencyf c and the
synthesizer frequencyf s, the repetition rate of the laser ca
be determined:

f rep5
1

10F f s210 MHz1
f c

1000G . ~2!

te

c-

FIG. 3. The femtosecond comb setup used to measure the a
lute frequency of the88Sr1 standard.~APD, avalanche photodiode
TO, tracking oscillator; KTP, potassium titanyl phosphate crysta!
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ABSOLUTE FREQUENCY MEASUREMENT OF THE 674- . . . PHYSICAL REVIEW A 67, 032501 ~2003!
The offset frequencyf 0 is determined using the self
referencing technique@20,21#. Comb modes in a bandwidt
of a few nanometers around 1060 nm are frequency dou
in a single pass through a KTP crystal, and recombined w
modes in an equivalent bandwidth around 530 nm. The
sultant beat frequencyf 0 is detected using an avalanche ph
todiode after spectral filtering by a diffraction grating. Th
signal-to-noise ratio of this beat is insufficient for dire
counting~around 20–25 dB in 100-kHz bandwidth!, so it is
filtered and amplified using an analog tracking oscillator
obtain a countable signal. The offset frequency can be c
trolled by adjusting the tilt of the end mirror in the las
cavity using a piezoelectric stack; however, it is not servo
but simply adjusted to setf 0 within the range of the tracking
oscillator.

About 100mW of the ULE-stabilized 674 nm radiatio
from the ion trap laboratory was transferred to the freque
comb laboratory using a single-mode fiber. The beat
quencyf beatbetween this light and the comb was detected
an avalanche photodiode after spectral filtering using a g
ing in a similar manner to the offset frequencyf 0. The
signal-to-noise ratio in this beat is about 20 dB in 100-k
bandwidth, so again a tracking oscillator is locked to the b
to obtain a countable signal. To bring the beat frequencyf beat
into the range of the tracking oscillator, the repetition rate
the laser is adjusted by altering the synthesizer frequencyf s.

The frequencyf s is recorded and the frequenciesf c , f 0,
and f beat are counted by HP53132A frequency counte
which are synchronously gated and read by PC-based
ware via a GPIB interface. The rf synthesizers and freque
counters are all referenced to the 10-MHz output of a hyd
gen maser which forms part of the clock ensemble use
generate the time scale UTC~NPL!, which is the U.K.’s
realization of Coordinated Universal Time. During the peri
of the measurements reported here, the maser reference
vided traceability to the SI second to 2.5 parts in 1014. The
10-MHz signal from the maser is transmitted to the fem
second laser laboratory by 250 m of RG213 coaxial ca
which is mainly underground. The round trip delay tim
measured using the 1 pulse per second output of the m
showed a maximum relative diurnal sinusoidal variation
about 0.4 ns peak-to-peak amplitude, superimposed o
longer-term drift. Both these effects were strongly correla
to external temperature and were consequently largest fo
measurements taken during the summer, when the temp
ture changes were largest. The maximum rate of chang
the delay implies a frequency pulling of 8310215, and for
most of the data is significantly less than this, because
temperature changes were smaller or because data
taken close to a turning point. This frequency pulling effe
is therefore negligible compared to the other sources of
certainty in the present measurement.

The frequencyf Sr of the 5s 2S1/2–4d 2D5/2 transition in
88Sr1 is given by

f Sr5m frep6 f 06 f beat1 f offset ~3!

where f offset is the frequency offset between the ULE cav
frequency and the trapped ion transition frequency. It
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straightforward to determine the mode numberm and the
signs of the beats in this case, because the transition
quency is already known with an uncertainty of far bet
than 1 MHz@10,22#. The synthesizer used to drive the AOM
is referenced to an off-air frequency standard~a tracking re-
ceiver which is locked to the 198-kHz Droitwich radio tran
mitter signal!. The accuracy of this standard is better than
part in 109, and the frequencyf offset/2, which is periodically
stepped, is recorded by the ion trap software. The transi
frequency is determined by summing the mean value of
ULE cavity frequency as measured using the femtosec
comb and the mean value off offset recorded over the sam
time interval.

IV. RESULTS OF FREQUENCY MEASUREMENTS

Frequency measurements of the 5s 2S1/2–4d 2D5/2 transi-
tion in 88Sr1 were made on 11 separate days, and includ
measurements on two ion traps of similar design. Each d
set shown in Fig. 4 is the mean of typically around 300 1
measurements, and the error bar shown is the standard
of the mean of the data set. For the early measurements
standard deviation of a set of 1-s measurements of the U
cavity-stabilized laser was typically about 1 kHz, while f
the later measurements this was reduced to around 400
The Allan deviation of the measured frequency at 1 s was
therefore~1–2)310212. Between successive data sets t
sign of one or both of the beatsf 0 or f beat was changed, to
check that the tracking oscillators were not introducing a

FIG. 4. The frequency of the88Sr1 5s 2S1/2–4d 2D5/2 transition,
measured in two ion traps of similar design. The dashed lines
resent the average measured value for each trap.
1-3
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TABLE I. Systematic frequency shifts in the frequency measurements and their estimated uncer
~in Hz!.

Trap 1 Trap 2
Source Correction Uncertainty Correction Uncertainty

Reproducibility 152 104
422 nm ac Stark shift 248 60 0 0
1092 nm ac Stark shift 0 ,3 0 ,3
Servo errors 23 3 212 12
Other frequency shifts 0 ,1 0 ,1
Maser frequency 0 11 0 11
Total uncertainty for each trap 164 105
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significant offset. The synthesizer frequencyf s was also ad-
justed between most measurement periods, to compen
for a long-term mechanical drift of the femtosecond la
cavity length.

Each data point shown in Fig. 4 has been corrected
allow for small offsets of the locked frequency from the a
tual center of the Zeeman pattern, which result from drifts
the ULE cavity frequency@23#. The drift rate was up to
'1 Hz s21 for the periods when frequency measureme
were made. The corrections were estimated from the
pected relationship between the offset and the mean quan
jump imbalance; the mean correction applied to the data
trap 1 was23 Hz, and for the trap 2 data it was212 Hz.
The data points for trap 1 have also been corrected to a
for an ac Stark shift arising from the 422 nm cooling ligh
This must be switched off during the periods when the ion
probed using the 674-nm laser to avoid broadening and s
ing of the reference transitions. In the earlier measureme
this switching was performed using only an AOM, leading
a small amount of 422-nm leakage to the trap when
beam was nominally switched off. In the later measureme
a combination of a mechanical shutter and the AOM w
used. By deliberately increasing the amount of leaka
through the AOM during some of the measurements on
2, the 422-nm ac Stark shift was measured. Applying
appropriately scaled correction to the results for trap 1 led
a mean correction of248(60) Hz. For trap 2, only data se
for which the mechanical shutter was used are included
Fig. 4.

The reduced scatter observed in the later measuremen
due to improvements in the femtosecond comb performa
resulting in an increase in the signal-to-noise ratio in the b
signals. However, the points are not randomly distribut
for example, on the 1st and 2nd of May the measured
quency of trap 1 showed slow variations over a total range
about 400 Hz. There is also a slight asymmetry~biased to
lower frequency! in the distribution of the frequency value
about the mean for either trap, which is suspected to be
result of transverse second-order Doppler shifts. Stray
electric fields can cause the ion to be displaced from the
center, leading to both a second-order Doppler effect fr
residual motion of the ion and a smaller dc Stark shift@24#.
The size of these effects can be estimated from the inten
of the rf and secular motion sidebands@5#. For the observed
modulation index ofb,1 in the case of micromotion alon
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the direction of the laser propagation, we calculate a lon
tudinal second-order Doppler shift of less than 0.1 Hz, co
parable with previous estimates@10#. However, there is cur-
rently no diagnostic on the NPL strontium traps f
monitoring micromotion transverse to the laser propagat
direction, and so larger transverse second-order Dop
shifts could easily be present. These shifts are hard to e
mate, but will always shift the reference transition to low
frequency, and are therefore a likely explanation for t
slight asymmetry observed in the frequency distribution.

Further contributions to the observed frequency variatio
could be the electric quadrupole shift of the 4d 2D5/2 level
and servo errors due to slowly varying magnetic fields. A
other frequency shift that arises is due to the presence of
1092-nm laser, which in the earlier measurements was
switched off during the probe periods. This can cause a sm
ac Stark shift which for our system is estimated to be
more than 3 Hz. Other effects, for example due to the bla
body ac Stark shift and background gas collisions, are e
mated to cause frequency shifts of less than 1 Hz.

Since successive results, particularly in trap 1, appear
related, it is not appropriate to use normal statistics and
sume that the standard uncertainty scales asN21/2, for N data
sets. As already discussed, the most likely causes for
quency shifts in our traps are servo errors caused by m
netic fields or varying transverse second-order Dopp
shifts. A straightforward statistical approach to dealing w
these effects is to assume that for each trap they give ris
a rectangular distribution of frequency values@25#. In this
case the standard uncertainty is given by the semirang
the frequency spread divided byA3. For trap 1, the data
points from the first day are ignored in determining the f
quency spread, because the larger spread observed on
day was due mainly to poor signal-to-noise ratio in the b
signals for the earliest measurements. The other source
uncertainty are summarized in Table I. The frequency val
obtained for the 674-nm reference transition in the two tra
are f Sr5444 779 044 095.54(16) kHz for trap 1 andf Sr
5444 779 044 095.49(11) kHz for trap 2. To obtain the fin
value of the measured frequency we take the unweigh
mean of these two values, which givesf Sr
5444 779 044 095.52(10) kHz. The difference between
measured frequencies for the two traps is 60~190! Hz, con-
sistent with previous reproducibility measurements on th
similar traps@15#.
1-4
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V. CONCLUSION

The 5s 2S1/2–4d 2D5/2 electric quadrupole transition in
88Sr1 is determined to be 444 779 044 095.52~10! kHz. This
value is a factor of 2 more accurate than, and in good ag
ment with, the best previous measurement of this freque
which was performed using a conventional frequency ch
@10#. The good agreement between these two measurem
carried out using ion traps in different laboratories and us
different methods, provides evidence for both the accur
of the femtosecond laser comb approach to optical freque
measurement and the reproducibility of ion trap standard
the 5 parts in 1013 level. The current reproducibility of ou
measurements is believed to be limited by transverse sec
order Doppler shifts of the strontium ion transition. Furth
reduction in the uncertainty will require the use of techniqu
ar
,

on
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for minimizing the micromotion of the ion in three dimen
sions, and with additional improvements it is expected tha
should be possible to reduce all trap systematics to belo
part in 1015.
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