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Subkilohertz absolute-frequency measurement of the 467-nm electric octupole
transition in 171Yb¿
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The 2S1/2(F50)→2F7/2(F53,mF50) transition at 467 nm in a single trapped, laser-cooled ion of171Yb1

has been measured to bef Yb15642 121 496 771.26(23) kHz using a femtosecond laser frequency comb gen-
erator. The measurement is limited by measurement statistics and by the ac Stark shift, both related to the 4.5
kHz linewidth of the probe laser at the time. The systematic shifts of the transition, including ac Stark,
second-order Zeeman, quadrupole, and blackbody shifts, have been evaluated.
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I. INTRODUCTION

A forbidden optical transition in a single, cold, trappe
atomic ion makes an excellent frequency reference due t
high Q (;1015 for a 1-Hz linewidth transition! and the low-
perturbation environment offered by an ion trap. There ar
number of ions with electric quadrupole transitions with lin
width around 1 Hz being developed as optical frequen
standards, including mercury@1#, strontium@2,3#, and ytter-
bium @4#. Intercombination transitions in group IIIA ion
such as indium@5# are also being developed.

The 171Yb1 ion is unique among candidate species
frequency standards in that the lowest-lying excited stat
the 2F7/2 state, which decays to the2S1/2 ground state via an
electric octupole (E3) transition with a lifetime on the orde
of 6 yr @6#. Hence the natural linewidth of this transition
extremely narrow~nanohertz! and will never be a limit on
the performance of the standard, which will be set by
interaction of the ion with external fields, including the pro
laser.

In this paper we describe a measurement of the abso
frequency of the 467 nm electric octupole transition
171Yb1 using a femtosecond laser frequency comb gener
@7–9#. Such devices have revolutionized optical frequen
metrology by providing highly accurate comparisons of m
crowave and optical frequencies@4,10#, enabling direct mea-
surements of optical frequencies relative to the SI secon
be made, and opening up the possibility of an ‘‘optic
clock’’ @11#.

II. EXPERIMENTAL ARRANGEMENT

The ion is trapped in a radio-frequency Paul trap, of
endcap type@12#, with tantalum electrodes and an endc
spacing of 0.56 mm@13#. Single-ion confinement times of u
to one month have been observed.

The energy levels of171Yb1 are shown in Fig. 1. In this
experiment, a magnetic field of 310mT was applied perpen
dicular to the trap axis, lifting themF degeneracy of the
levels shown. The field is necessary to avoid a fluoresce
null that occurs for low magnetic fields on theS-P transition.
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The ion is laser cooled using light at 369 nm~from a
frequency-doubled Ti:sapphire laser! on the 2S1/2(F51)
→2P1/2(F50) transition. Microwaves at 12.6 GHz are fe
into the trap by an external waveguide to prevent pump
into theF50 ground state via off-resonant excitation of th
2P1/2(F51) level. From the upper state of the cooling tra
sition, the ion can also decay with a branching ratio
731023 @14# to the 2D3/2(F51) level, which is metastable
with a lifetime of 50 ms@15#. Diode laser light at 935 nm
continuously illuminates the ion to pump the ion back to t
ground state via the fast-decaying3D@3/2#1/2(F50) level. If
the ion is excited to the2P1/2(F51) state, it can decay to th
2D3/2(F52) state, which is only very weakly coupled by th
935 nm light. This leads to a dark time in the ion’s fluore
cence, so it is necessary to monitor the fluorescence si
for a sufficient time to distinguish these dark times fro
those caused by the ion being in the2F7/2 state.

The ion is excited to theF state in order to perform spec
troscopy, but will not return to the ground state for a lo
time, so diode laser light at 638 nm is used to pump the
back to the ground state via the1D@5/2#5/2 levels.

The 467-nm transition is driven by another frequenc
doubled Ti:sapphire laser, locked by the Pound-Drever-H
technique@16# to a high-finesse (F5250 000) optical cavity

FIG. 1. Energy levels of171Yb1.
©2003 The American Physical Society01-1
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constructed from ultralow expansivity~ULE! glass~Fig. 2!.
The cavity is held inside a temperature-controlled cylind
inside a vacuum chamber, the outer wall of which is a
temperature controlled. The frequency drift of the cavity
typically below 1 Hz s21. As the octupole transition is ver
weak, and the probe light linewidth large@4.5 kHz full width
at half maximum~FWHM!#, compared to the Fourier-limited
transition linewidth, a high-intensity beam is required to s
a reasonable rate of quantum jumps. To achieve this,
probe laser is focused to a waist of'5 mm at the ion.

Light locked to the ULE cavity at 934 nm is picked o
from the beam path after the cavity offset acousto-op
modulator and sent to the femtosecond comb via a 5
optical fibre. The femtosecond laser is a mode-locked Ti:s
phire laser constructed from a kit supplied by KMLabs@17#,
of a linear cavity design with a repetition ratef R of 87 MHz,
and a pulse length of a few tens of femtoseconds. The ou
of the laser in the frequency domain is a comb of mod
spaced by the repetition rate, and with a span of about 35
FWHM. The comb is then broadened to more than an oct
in optical frequency in a short length of microstructure op
cal fiber@18#. The comb modes are offset from integer mu
tiples of f R by the carrier envelope offset frequencyf ceo,
which is measured by the self-referencing technique@8,9#.
The repetition rate beat~after down-conversion by mixing
with a synthesized frequency referenced to a hydrogen
ser!, carrier envelope offset beat and the beat of the co
with the probe laser (f beat) are counted with frequenc
counters referenced to the 10 MHz output of a hydrog
maser. This forms part of the clock ensemble used to ge
ate the NPL~UTC! time scale, providing traceability to the S
second at the 2.5310214 level. The repetition rate is als
stabilized using the maser as a reference. The frequenc
the light locked to the cavity is then determined by the eq
tion f laser5m fR6 f ceo6 f beat, wherem is the mode number o
the nearest comb mode to the probe laser. The mode num
and the signs of the beats can be determined provided
the frequency of the probe laser is already known to withi
few MHz, as is the case here.

III. EXPERIMENTAL PROCEDURE

To align the 467-nm probe laser on the ion, a tracer be
of 369 nm light, focused to a 5-mm waist, is first aligned on
the ion by monitoring the fluorescence signal. The 467-

FIG. 2. Schematic of the probe laser system. EO, electro-o
modulator; AO, acousto-optic modulator; PD, photodiode, PB
polarising beam splitter.
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beam is then aligned with the tracer using an achrom
doublet lens system.

With the tracer beam aligned along the probe directi
micromotion~the driven motion of the ion when it does no
sit at the center of the trap! is minimized by adjusting the
voltage on two pairs of compensation electrodes. The
photon correlation technique@19# is used to minimize the
micromotion along the probe direction and along the dir
tion used for Doppler cooling. A third beam and compen
tion voltage are available but were not used in th
experiment—the effect of this is discussed in Sec. IV.

To make a measurement of the transition frequen
‘‘quantum jump’’ spectra of the ion are taken. First, a Do
pler cooling pulse is applied, then the microwaves a
switched off 60 ms before the cooling light, in order to pum
into theF50 ground state by off-resonant excitation of th
2P1/2(F51) level. The probe laser then illuminates the io
for 330 ms. The direction of the magnetic field is set
maximize themF50→mF50 transition probability. The
cooling beam and microwaves are then switched back
and the fluorescence signal monitored for 300 ms to de
mine whether a quantum jump has occurred. The efficie
of this detection is very close to unity. Care is taken to ens
that occasional short term fluorescence changes due to e
collisions are not identified as quantum jumps. The resul
this is an essentially background-free quantum jump sp
trum. Most scans were over a range of 20 kHz at 467 nm
100 steps, with five probe-pulse and detection cycles at e
frequency, taking around 10 min to complete.

The femtosecond comb measures the frequency of
light at 934 nm locked to the ULE cavity, which must b
combined with data from the ion spectrum as a function
the offset AOM frequency~see Fig. 3!, in order to perform a
measurement of the transition frequency. The data acqu
tion systems for the ion trap and the femtosecond comb b
record the time as measurements are taken, and the dat
processed afterwards. The comb measurements and th
measurements are not necessarily exactly coincident in t
However, the cavity drift is smooth and predictable, and l
ear interpolation is used between comb measurements to

ic
,

FIG. 3. ~a! Frequency of the octupole transition as a function
probe laser power.~b! The spectrum of a single scan of the octupo
transition, prior to combination with femtosecond comb data.
1-2
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termine the cavity frequency at the time of each quant
jump, with an uncertainty of around 50 Hz. The statistic
uncertainty on an individual comb measurement~typically
300 measurements of 1 s gate time! is about 20 Hz, insig-
nificant compared to the frequency uncertainty of abou
kHz ~from taking a simple mean of the observed jumps! on a
single scan of the octupole transition.

The largest systematic shift in the experiment is the
Stark shift due to the probe light. A measurement of this s
as a function of probe laser power is shown in Fig. 3. T
slope is consistent with the previously measured value
42(12) mHz W21m2 @13#. The diameter of the beam waist
stable to a higher degree of accuracy that can be meas
using a micrometer-mounted knife edge. To avoid introd
ing errors related to measuring the beam waist, the freque
of the transition is measured as a function of probe la
power and extrapolated to zero power. A significant part
the error in this measurement is due to uncertainty in
intensity experienced by the ion. As the focus of the pro
beam is so tight, the light intensity at the ion can chan
significantly as the alignment of optical components drif
The alignment procedure was repeated after around e
four scans of the ion to keep a check on alignment dr
Two-dimensional micromotion compensation was also p
formed at these intervals. The power of the 467-nm be
also drifted over the length of the scan, typically by 5%,
the power was recorded immediately before and after e
scan.

Each point in Fig. 3 is derived from a collection of sca
made on a particular day~42 scans were taken over fou
days! at a particular probe laser power. The frequency er
bars are limited by statistics~the laser linewidth and the
number of jumps observed!, while the power error bars ar
the estimated power uncertainties. A weighted straight line
to the ~ungrouped! data gives an intercept off 0
5642 121 496 771.07(23) kHz (1s).

IV. SYSTEMATIC SHIFTS

The dominant systematic shifts for the measurement
shown in Table I. After the ac Stark shift, the second-or

TABLE I. Estimated size of systematic frequency shifts a
their standard uncertainties for this measurement. Blackbody
rections are to 0 K.

Systematic shift
Correction

~Hz!
Uncertainty

~Hz!

Second-order Zeeman 1185 34
Maser frequency 0 16
369 nm ac Stark 20.6 0.3
935 nm ac Stark 10.5 0.1
Quadrupole 60.6 0.6
dc Stark 10.08 0.03
Second-order Doppler 10.05 0.02
Blackbody Stark 10.09 0.03
Blackbody second-order Zeeman 10.013 0.004
Total 1186 38
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Zeeman shift is the largest systematic shift owing to the
plied magnetic field of 310mT. The shift has a measure
coefficient of 1.9(3) mHz(mT)22 @13#. It is possible to re-
duce the size of this systematic shift to well below 1 Hz
‘‘polarization spinning’’ the 369-nm cooling beams@20# and
working in a much smaller magnetic field of a few m
crotesla.

The 369-nm cooling light is switched off using an AOM
but some light leaks through the AOM in its ‘‘off’’ state. A
this is close to resonance on theS-P transition @12.6 GHz
detuned from the2S1/2(F50) level#, this leads to an ac Star
shift, though this is insignificant for the current measu
ment. Further, the 935-nm repumper light is not switched
during the probe periods, leading to a small ac Stark sh
This is small due to the large detuning of this light fro
resonant transitions involving the2S1/2 and 2F7/2 levels, and
again is insignificant in the present arrangement. Both
these shifts can be removed by the use of mechanical shu
on the beams.

The quadrupole shift arises from the interaction of any
component of the quadrupolar trapping field with the elec
quadrupole moment of the2F7/2 state. Following@21#, the
quadrupole shift is 0.6 Hz V21 for the magnetic field perpen
dicular to the trap axis. No additional voltage is being a
plied to the endcaps to equalize the trap frequencies in
radial and axial directions, and it is assumed that the sou
of the stray potential causing the quadrupole shift is on
endcaps of the trap. The magnitude of the quadrupole fiel
not well known, but is unlikely to be larger than61 V. This
gives a maximum quadrupole shift of60.6 Hz. The quad-
rupole shift measured for three mutually perpendicu
magnetic-field directions sums to zero@21# for constant field
strength, and so the quadrupole shift can be measured
eliminated to a high degree of accuracy, limited by the p
cision of the measurement and knowledge of the magnit
and direction of the magnetic field. It may also be possible
reduce the stray quadrupole field in the trap by observing
secular frequencies of the trap and applying compensa
voltages to the endcap electrodes@22#.

The dc Stark and second-order Doppler shifts are b
directly related to the micromotion of the ion. The dc Sta
shift occurs as the ion experiences a nonzero electric fi
away from the center of the trap, while the second-or
Doppler shift is a function of the speed of motion of the io
The corrections shown in the table are calculated from ty
cal measured micromotion amplitudes for the ion during
experiment at intervals of four scans. Minimizing microm
tion more often and in three dimensions would reduce th
shifts substantially.

The blackbody Stark and blackbody second-order Zeem
shifts arise from the interaction of the ion with the elect
and magnetic components of the blackbody radiation fiel

V. CONCLUSION

Combining the measured offset with the systematic sh
gives a value for the absolute frequency of the transition
f Yb15642 121 496 771.26(23) kHz, where the 1s uncer-
tainty corresponds to a relative accuracy of 3.6310213. This

r-
1-3
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is in good agreement with~and four times more accurat
than! the first, preliminary, measurement using the femtos
ond comb off Yb15642 121 496 772.6(1.3) kHz@23# and is
almost 3000 times more accurate than the previous publis
value of f Yb15642 121 498.1(0.8) MHz@6#. By reducing
the probe laser linewidth~which also reduces the power re
quired to drive the transition, and hence the ac Stark shift! to
the 1 Hz level, and by working in a reduced magnetic fie
by using polarization spinning, it should be possible to
crease this accuracy by at least another three orders of m
nitude. To match this improvement in the trapped ion st
dard, improvements to the femtosecond comb will also
d
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necessary, including referencing the comb to the NPL c
sium fountain@24#.
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