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We have carried out concurrent optical frequency measurements of the (6s2) 1S0 −
(6s6p) 3P1 (F = 3

2 ) and (6s2) 1S0 − (6s6p) 3P0 transitions in 171Yb, and in so doing have
determined the frequency separation between the 3P0 (F = 1

2 ) and 3P1 (F = 3
2 ) levels with

an uncertainty in the ppb range. The knowledge of this frequency interval will aid experi-
ments relying on the 1S0 − 3P0 line in 171Yb and 173Yb without access to highly accurate
frequency standards.

PACS numbers: 42.62.Eh; 42.62.Fi; 32.30.Jc

1. Introduction

Neutral ytterbium is used heavily in cold and ultra-cold atomic and molecular investigations [1–3]. Increas-
ingly the spin-and-dipole forbidden transition [(4f146s2) 1S0 − (4f146s6p) 3P0] in the composite fermionic
Yb isotopes is being exploited; from applications in atomic clocks [4–10] to explorations in quantum many
body interactions [11–15]. Optical lattice clocks based on ytterbium are becoming more common as their
performance continues to improve, whether it be accuracy [5–8], stability [4,8], or reproducibility [5–8]. How-
ever, before an atomic clock can become a versatile frequency reference, it is helpful if the transition can
be easily instituted without relying upon substantial infrastructure, such as Cs primary frequency standards
or hydrogen masers. Since the ensemble of Yb 1S0 − 3P1 isotopic lines provides a relatively easy means of
access, a comparison between the 1S0 − 3P1 and the 1S0 − 3P0 lines of 171Yb affords a convenient means
of compressing the search space when exploring for the clock transition. Here we report on the frequency
difference between the 1S0 (F = 1

2 ) − 3P1 (F = 3
2 ) and 1S0 (F = 1

2 ) − 3P0 (F = 1
2 ) transitions in 171Yb

with a 1 − σ uncertainty below a part in 108. Our measurements will also assist those searching for the
1S0− 3P0 line(s) in 173Yb, given the previously reported value for its transition frequency [16]. Furthermore,
the absolute optical frequencies of the other 1S0− 3P1 isotopic lines can be inferred from previously reported
measurements [17–19].

The 1S0 − 3P0 line in fermonic Yb is finding a purpose in many applications. Apart from clocks, it is
being used to explore quantum many body interactions [11–15], and has been proposed for use in quantum
simulation studies [20–22] and gravitational inverse-square-law tests at micron scales [23]. The natural line-
width of the clock (1S0 − 3P0) transition is extremely narrow, approximately 8 mHz. The line-width can of
course be intensity broadened by the probe light, though, this is more easily carried out through the use
of ground state broadening; for example, by coupling light to the 1S0 − 1P1 or 1S0 − 3P1 transitions. This
method can produce line-widths of a few MHz, but fractionally this is still only a few ppb. Hence, finding
the spectroscopic line without access to an accurate frequency reference can pose a challenge. The above
experiments using Yb can be greatly simplified if the expensive and/or intricate frequency standard becomes
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inessential. With the 3P0 − 3P1 or 1S0 − 3P1 frequencies reported here, a wave-meter with sufficiently high
resolution (and ≤ 10−6 level accuracy) should be the only frequency measuring device needed to find the
1S0 − 3P0 lines in 171Yb or 173Yb. There are two hyperfine levels in the 3P1 state of 171Yb with F = 1

2

and F = 3
2 . Our measurements focus on the 1S0 (F = 1

2 )− 3P1 (F = 3
2 ) transition, which is commonly used

for laser cooling; henceforth, denoted with 1S0 − 3P1. Based on an absolute frequency measurement of the
1S0− 3P1 transition in 176Yb and the relevant isotopic shift [19], a previous estimate for the 1S0 − 3P1 (F = 3

2 )
transition frequency is 539 390 366 ± 10 MHz. We find the frequency to be offset from this by nearly four
standard deviations.

In our experiment, the clock transition interaction is carried out with 171Yb atoms held in a magneto-
optical trap, while the 1S0− 3P1 transition is addressed via saturation absorption spectroscopy on a thermal
beam. In the following we present details about (i) the optical cavity used to stabilise the laser light that
is needed to probe the clock transition, (ii) the spectroscopic methods for producing the 1S0 − 3P1 and
1S0− 3P0 lines, (iii) the frequency measurement scheme, (iv) and a discussion of results including systematic
frequency shifts.

2. Experimental setup

Ytterbium atoms are maintained in a 3D magneto-optical trap fed with a zero-B-field crossing Zeeman
slower [24]. Laser light at 398.9 nm, for the MOT and Zeeman slower, is generated via resonant frequency
doubling of 797.8 nm light sourced from a Ti:sapphire laser. The approximate wavelengths of the 1S0 − 3P1

and 1S0 − 3P0 transitions are 555.8 nm and 578.4 nm, respectively. Separate laser schemes have been put
in place to address the two transitions; both make use of near-infrared lasers that are resonantly frequency
doubled. The principal components and layout for the clock transition interaction and measurement are
shown in Fig. 1. To probe the 1S0 − 3P0 we commence with a semiconductor laser in an extended cavity at
1157 nm (Time-Base GmbH) and resonantly frequency double the light with a periodically poled potassium
titanyl phosphate (PPKTP) crystal as the nonlinear element. The poling period of the crystal is 11.6µm
and its temperature is maintained at 51.8 ◦C. We use the same set of optics for the resonant cavity as those
used for the 1112 nm frequency doubling [25]. The mode-matching of the 1157 nm light into the cavity has
been partly optimised; sufficient to generate 3 mW of 578.4 nm light with 17 mW of IR light incident. To
avoid modulation of the 578.4 nm light, but still maintain laser locking to the centre of a frequency doubling
cavity resonance, we employ the Hänsch-Couillaud frequency stabilisation scheme [26].

2.A. Optical cavity and frequency comb

To stabilise the frequency of the 1157 nm light we use an optical cavity with a spacer composed of ultra-low
expansion (ULE) glass and fused silica mirror substrates (Stable Lasers Systems and Advanced Thin Films).
The finesse at 1157 nm is 400(20) × 103, based upon an average of cavity ring-down measurements. One
mirror is planar and the second has a radius of curvature of 500 mm, the former we use as the input coupler.
The spacer is cylindrical, where both the length and diameter of the spacer are 100 mm in dimension. Two
notches, cut either side, run the length of the cylinder, providing a support plane 3.6 mm below the mid
plane. Four symmetrically arranged Viton pads separate the ULE spacer from a Zerodur base. The Zerodur
mounted optical cavity is enclosed by a gold-coated aluminium shield and placed inside a vacuum enclosure.
Surrounding the vacuum housing are two nickel coated aluminium shells, 9 mm thick, with space for thermal
insulation between each. The vacuum chamber is actively temperature stabilised, while the outer shells
provide passive stabilisation (there is also the option to stabilise the inner aluminium shell, but this is not
used at present). The complete ensemble is placed on an active vibration platform and inside an acoustic-
damping enclosure. The thermal time constant between the temperature control stage and the optical cavity
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is ∼20 hours, and that between the outer shell and thermal control stage is 16 hours. The pressure in the
vacuum chamber is maintained at ∼1.0× 10−7 mbar.

We employ the Pound-Drever-Hall scheme to stabilise the 1157 nm laser to the optical cavity. For phase
modulation we use a resonant electro-optic modulator driven at 20 MHz with a modulation depth of 5-10 %.
Approximately 110µW of light is sent to the cavity with 75-80 % coupled into the lowest order Gaussian-
spherical mode. The correction signal is fed back to current modulation on the 1157 nm ECDL, and is
integrated, producing slower feed-back to a piezo transducer controlling the length of the laser cavity. The
servo bandwidth on the current modulation is ∼320 kHz [27].
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Fig. 1. Experimental arrangement for the 1S0− 3P0 line spectroscopy in 171Yb. In some measurements the

chopper wheel is used to shutter the 398.9 nm MOT light, in others, the two AOMs are used in combination

with each other. AOM, acousto-optic modulator; CNTR, frequency counter; ECDL, extended cavity diode

laser; f-comb, frequency comb (in the near-IR); H-m, hydrogen maser; I, current modulation port; ISO,

optical isolator; LPF, long-wavelength pass filter; MOT, magneto-optical trap; PMC, photo-multiplier cell;

PPKTP, periodically poled potassium titanyl phosphate; PZT, piezo transducer; SPF, short-wavelength

pass filter; VCO, voltage controlled oscillator.

The optical cavity’s frequency dependence on temperature has been examined by comparing the frequency
of the cavity-stabilised 1157 nm laser against a hydrogen-maser, via a frequency comb. To generate the
frequency comb light at 1157 nm (and 1112 nm), we amplified the output of a 1.55µm mode-locked fibre
oscillator with an Er-doped fibre amplifier, before coupling into 90 cm of highly non-linear fibre (OFS Fitel).
One metre of Er single mode fibre is used in the amplifier, which has 30 dB m−1 absorption at 1530 nm, and
the nonlinear coefficient of the highly nonlinear fibre (HNLF) is 11.5 W−1 km−1 with a dispersion parameter,
D, of +3 ps nm−1 km−1 [28]. Dispersion management with dispersion compensated fibre and single mode fibre
(SMF28) is used between the Er-doped fibre amplifier and the HNLF. Direct splicing between the SMF28
and the HNLF produced a loss of ∼0.6 dB.

The mode-spacing of the frequency comb is stabilised with a dielectric resonant oscillator, which is phase
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referenced to a hydrogen-maser (Kvarz CH1-75A). Heterodyning the 1157 nm light and an adjacent comb
element on a photodiode provides an RF beat signal for frequency counting. This beat frequency is measured
for different cavity temperatures once equilibrium is reached (i.e. after at least 3 days), and to assess the
temperature, recordings are taken from points on the vacuum enclosure. We have determined the temperature
at which the coefficient of thermal expansion is zero (TCTE=0) to be 29.4 ± 0.7 ◦C, and the second order
thermal expansion coefficient is ∼1.2 × 10−9 K−2. Having the cavity temperature set to within 0.9 ◦C of
TCTE = 0 should be sufficient to have the frequency instability of the locked laser limited by the thermo-
elastic noise of the fused silica mirror substrates [29, 30]. We estimate the temperature variations to be
.100 nK at 1 s at the cavity based on temperature measurements of the vacuum can and passive low pass
filtering between the shield and the cavity.

We measure the rate of frequency drift between the H-maser and the optical cavity via the frequency comb
by tracking the measured beat frequency from day to day. These measurements are shown in Fig. 2(a). We
observe a very slow decline in the drift rate over a monthly time scale, which has now reached ∼150 mHz s−1

(6× 10−16 s−1). The reason for the monotonic drift is not completely certain. One may posit that it is due
to creep in the ULE spacer; however, other optical cavities have shown that this effect is nearly an order of
magnitude smaller [31]. The frequency drift of the cavity-stabilised-laser with respect to the 1S0 − 3P0 line
can also be monitored and is discussed below.

2.B. Spectroscopy methods

We perform spectroscopy on the 1S0 − 3P0 transition with the Yb atoms maintained in a magneto-optical
trap that uses the 1S0− 1P1 line at 398.9 nm. A description of the MOT is found in Refs. [24,25]. Initially, the
search for the clock line was carried out by locking the 1157 nm laser to an adjacent mode of the frequency
comb and scanning the mode spacing (i.e. repetition rate of the mode-locked laser that seeds the comb
generation). To determine the approximate frequency of the 1157 nm light prior to the detection of the
clock transition we used the H-maser-steered frequency comb. An estimation of the comb element number,
N (in the IR), was made by stepping the mode spacing by 950 Hz and observing the frequency step in the
optical domain. A measurement of the stepped beat note frequency over ∼30 minutes led to an N value of
1036592 ± 1. Repeated measurements over several days reduced the uncertainty to 0.8. This approach was
necessary, since we were unaware of any 8-digit precision measurements of any of the 1S0 − 3P1 lines in the
Yb isotopes. Alignment between the 578.4 nm probe beam and the atoms was afforded through the use of a
tracer beam tuned to the 1S0− 3P1 transition (the tracer beam produced depletion of atoms from the MOT,
signalling overlap). Detection of the ground-state atoms is made by collecting 398.9 nm fluorescence that is
spatially filtered to minimise scattered light from the MOT beams. Within the imaging scheme there is one
long-wavelength pass filter below the chamber and two short-wavelength pass filters before a photo-multiplier
cell (PMC). The cut-off wavelengths in each case are ∼505 nm, which this gives access to the 555.8 nm and
578.4 nm beams after they pass through the chamber.

After the first detection of the 1S0 − 3P0 line a change in the method for tuning the 578.4 nm light
frequency was made, where instead of locking the 1157 nm laser to the comb, it was locked directly to the
optical cavity. The comb enabled a broad frequency tuning range, but poses a limit on spectral resolution
set by the multiplied noise of the dielectric resonant oscillator. For frequency tuning, the 578.4 nm light is
passed through an acousto-optic modulator (AOM) with an RF drive frequency at ∼273 MHz, negatively
shifted with respect to the optical cavity mode. The drive frequency is heterodyned with a 270 MHz signal,
referenced to the H-maser, and the frequency difference counted.

The 1S0− 3P0 transition is detected by three different means. The simplest approach uses rapid switching of
the 398.9 nm MOT beams by use of an optical chopper wheel, while the 578 nm light remains on continuously.
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Fig. 2. (a) The fractional frequency drift rate between the optical-cavity-stabilised 1157 nm laser and a

hydrogen maser. (b) The frequency difference between the cavity stabilised 578.4 nm laser (stabilised at

1157 nm) and the 1S0 − 3P0 transition. The frequency shown is that driving an acousto-optic modulator

used to bridge the frequency difference (offset by 273.0 MHz).

The photomultiplier signal is sent to a locking amplifier (LIA) that uses the chopper frequency as its reference
signal, and the demodulated output of the LIA provides the spectroscopic signal. This method leaves the
atoms prone to a light shift since the trapping and probe light are on simultaneously for half the time. A
second approach uses interleaving of the 398.9 nm and 578.4 nm light using respective AOMs, where the on
and off periods are equal and 400µs in duration. By comparing the two methods, the line-centre frequency
shifts upward fractionally by ∼3×10−10 in the case of modulating the 398.9 nm light only. A third approach
has also been used that further quantifies the light shift (described below).

3. Results

The majority of the clock-line spectroscopy was performed by chopping the 398.9 nm MOT beams at 2.2 kHz,
while leaving the 578.4 nm probing acting continuously [32]. The probe excites the atoms to the metastable
3P0 level, causing a depletion from the ground-state, and hence a reduction in fluorescence reaching the
photomultiplier cell. With the modulated MOT beams, the temperature is not as cold as can be achieved with
an optimised cyclic sequence. However, for the purposes of measuring the 3P0 − 3P1 frequency separation,
the approach is adequate, since the accuracy is limited by the spectroscopy on the 1S0 − 3P1 line. The LIA
output signal and the AOM frequency are logged simultaneously. An example of the clock-line spectrum is
shown in Fig. 3(a), where the level of atom number depletion reaches ∼40 %. A discussion relating to the
line-width appears below.

The drift of the optical cavity frequency can also be determined by tracking the change in the AOM
frequency that is used to tune the 578.4 nm light to the 1S0− 3P0 transition (the AOM bridges the frequency
interval between 2f1157nm and the clock transition, where f1157nm is the frequency of the 1157 nm laser locked
to the optical cavity). In one measurement run the 578.4 nm light is swept across the clock transition in both
directions multiple times with a total duration of ∼4 min. A Lorenztian line-shape is fit to the signal versus
frequency data, from which the centre frequency is determined. This scheme is repeated at least five times
and an ensemble average of the centre frequencies is made for each day’s measurement. The centre frequencies
(that of the AOM) are shown in Fig. 2(b). The mean drift rate over the last 20 days is 6.4 × 10−16 s−1, in
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close correspondence with the drift rate determined via the comparison with the H-maser. In principle, a
difference between these two drift rates should show the residual drift of the H-maser frequency (not yet
sensitive to).

The 171Yb 1S0 − 3P1 line was generated through saturation absorption spectroscopy (SAS) [33] on a
thermal beam with ∼50 mrad angular divergence. Approximately 280µW of 555.8 nm light passes through
the atomic beam (the same thermal beam that leads to a Zeeman slower and the magneto-optical trap)
at right angles, and is retro-reflected with a cat’s eye that uses a lens-mirror combination (focal length
=75 mm). The 555.8 nm beam shape is elliptical with the major axis aligned with the flow of the atoms.
The corresponding single-beam saturation parameter is s0 ≈ 14 (intensity broadening is evident, but the
added intensity assists with the SNR). We apply a vertical bias magnetic field to compensate for the Earth’s
B-field so that the magnetic sub-states of the 1S0 (F = 1

2 ) and 3P1 (F = 3
2 ) levels remain degenerate. The

polarisation of the light is linear (and vertical), so that ∆mF = 0. Note, this SAS setup can provide a means
of 555.8 nm light stabilisation for additional laser cooling without the need for a dedicated optical cavity or
separate thermal cell.

Prior to reaching the atoms the light is positively frequency shifted by ∼110 MHz with an acousto-optic
modulator. Frequency modulation spectroscopy is carried out by modulating the AOM-shifted light at 33 kHz,
sourced from another lock-in amplifier. A second photomultiplier cell collects the 555.8 nm fluorescence,
producing an input signal for the LIA. Two examples of the discriminator signal produced by the LIA
demodulation (third harmonic) are shown in Figs. 3(b) and 3( c). The former shows two dispersive lines
corresponding to 171Yb (F = 1

2 →
3
2 ) and 173Yb (F = 5

2 →
3
2 ), while Fig. 3(c) is that for 172Yb showing

a saturated absorption spectrum under the same field conditions. The close proximity of the 171Yb and
173Yb lines prevents symmetric line-shapes from forming; however, we have established that the upper
(lower frequency) slope corresponds to that of 171Yb. Most of the width (∼3 MHz) is caused by intensity
broadening, with a small contribution from transit-time broadening (∼40 kHz) and the natural line-width
(184 kHz [34]). The 555.8 nm laser light is frequency stabilised by using the discriminator as a correction
signal and feeding back to the 1112 nm master laser via a piezo transducer with a ∼1 Hz bandwidth. For
line-centre measurements, the third harmonic from the lock-in amplifier is used to minimise the influence of
the Doppler background.

To perform the frequency evaluation for the 171Yb 1S0− 3P1 line we again create a heterodyne-beat in the
near IR, this time mixing 1112 nm single frequency light with a portion of the frequency comb. Approximately
2 mW of cw light is split from the master laser and sent for comb mixing, leaving more than 2 mW available
for the slave injection locking (the injection locking remains robust for injected power levels above 100µW).
A beat signal-to-noise ratio (SNR) of 20 dB in a resolution bandwidth of 500 kHz is sufficient for frequency
counting. A bandpass filter with 10 MHz FWHM and centred at 30 MHz is applied to the beat signal. The
comb element number is evaluated by use of a wave-meter with an accuracy of ∼4×10−6. Frequency counting
of the 1112 nm beat signal (with the comb) is carried out while the master laser is locked to the centre of the
saturation dip. Measurements have also been carried out by creating an error signal involving the 555.8 nm
light and the cold ytterbium atoms. Similar frequency values are found; however, the additional laser cooling
of the 555.8 nm light distorts the spectral line creating sizeable frequency shifts [25].

To measure the frequency difference between the 3P1 and 3P0 levels we carry out separate measurements
of the 1S0 − 3P0 and 1S0 − 3P1 transition frequencies and take the difference. The frequency determination
is a two part process. (i) The near-IR frequencies of the lasers are determined using the frequency comb
equation fNIR = nfr ± fo ± fb, where n is the number of the comb element accounting for the optical beat
signal, fr is the mode spacing, fo is the offset frequency and fb is the beat frequency. The signs of fb and fo
are easily determined by the usual means. For the measurements of both transitions fo = −20.0 MHz. (ii)
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Fig. 3. (a) A spectrum of the 1S0 − 3P0 transition through detection of 398.9 nm fluorescence. Here

the 398.9 nm MOT beams were switched on and off at 2.2 kHz with a rotating chopper wheel, while the

578.4 nm probe beam was maintained continuously. (b) The derivative spectrum produced from thermal

beam saturated absorption on the adjacent lines of 1S0 − 3P1 (F = 1
2
→ 3

2
) in 171Yb and 1S0 − 3P1 (F =

5
2
→ 3

2
) in 173Yb at zero magnetic field. (c) As for (b) but with 172Yb, showing the expected line shape for

SAS.

The second part involves the spectroscopy, where the line-centre frequency, fAOM C, is determined with the
use of an AOM (either by locking to the line and frequency counting, or by sweeping across the transition,
then averaging and lineshape fitting). Thus the resultant optical frequency is fOpt = 2fNIR ± fAOM C.
For the 1S0 − 3P1 and 1S0 − 3P0 lines the AOM frequency shift is positive and negative, respectively.
The measurements of the 1S0 − 3P1 and 1S0 − 3P0 transition frequencies are shown in Fig. 4(a) and
Fig. 4(b), respectively. For clarity we have offset the frequencies by νINT = 539 390 403 400 kHz in Fig. 4(a)
and νC = 518 295 836 590.865 kHz [5] in Fig. 4(b). Measurements for the clock transition agree with previously
reported values to within 8×10−11, and the remaining scatter is mostly attributed to the uncertainties related
to the 398.9 nm light shift [35]. These variations are small compared to the uncertainties of the 1S0 − 3P1

line-centre measurements, so do not impact the 3P0 − 3P1 frequency measurements greatly. The error bars
on the 1S0− 3P0 line frequencies are 1-σ statistical uncertainties arising from the line-fitting procedure. The
systematic shifts will be discussed shortly.

For the 1S0 − 3P1 transition the statistical uncertainty of any particular day’s measurement is below
10 kHz, but over the duration of several weeks we see a greater variation. Because it is saturated absorption
spectroscopy and we use third harmonic detection with the lock-in amplifier, the first order Doppler shifts
should be negligible. There remains a second order Doppler shift, but this is below the 10−14 level (with a
50 mrad atom beam divergence and vmp ∼ 320 m s−1). The main reason for the variations is that saturated
absorption spectroscopy is wavefront curvature sensitive [36,37]. To estimate a related systematic uncertainty
we measured the line-centre frequency versus the cat’s eye mirror position. Over a 300µm displacement
in the beam propagation direction, the shift is found to be less that 20 kHz. A more significant shift is
observed for lateral displacements of the cat’s eye lens. Here the evaluation of the optimum alignment leaves
a 1 − σ uncertainty of about 180 kHz, where we compare beam size and overlap of the incident and return
beams at 1 m from the atoms. We note that the symmetry of the derivative spectrum in Fig. 3(b) is high,
implying that a systematic frequency shift due to wavefront curvature should be small in comparison to the
line-width [37]. A shift could also occur if there is a difference in intensity for the two beams (together with
curved wavefronts) [37], but the windows and lenses are antireflection coated and the mirror has a reflectivity
of 99.5 % to minimise related shifts.
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Fig. 4. Frequency measurements versus modified Julian day for the (a) 1S0 − 3P1 and (b) 1S0 −
3P0 transitions in 171Yb. The frequencies are offset by νINT = 539 390 403 400 kHz and νC =

518 295 836 590.865 kHz [5], respectively. The dotted line in (a) represents the statistical mean equal to

νINT + 66 kHz and the error bars represent the estimated systematic uncertainty (for all the data points).

Previous reports suggest that the 1S0 (F = 1
2 )− 3P1 (F = 3

2 ) transition in 171Yb should be ∼2 MHz away
from the 1S0 (F = 5

2 ) − 3P1 (F = 3
2 ) transition in 173Yb at zero B-field [17,19]. However, in these cases

the lines were not resolved at zero B-field. We are able to resolve these lines and find the separation to be
approximately 6 MHz at zero B-field, with the 173Yb (F = 5

2 →
3
2 ) line at a higher frequency. We distinguish

the lines by their Zeeman separation rates, where 171Yb (F = 1
2 →

3
2 ) splits more rapidly into its magnetic

substates. The presence of the 173Yb line does create some additional uncertainty about the line centre of
171Yb (F = 1

2 →
3
2 ), for which we include an uncertainty of 60 kHz. We used multiple methods to null

the (vertical) magnetic field at the atoms, including examining the behaviour of other isotopic lines, where
line mixing is not an issue. Note, any residual B-field will broaden the line symmetrically and the linearly
polarised light produces equal Zeeman sub-level excitations.

From the data in Fig. 4(a) the mean frequency for the 1S0 (F = 1
2 ) − 3P1 (F = 3

2 ) transition is
539 390 403 470 kHz with a statistical uncertainty of 16 kHz (compare with the transition’s natural line-width
of 183.8 kHz [34]). The overall uncertainty is dominated by the rms systematic uncertainty of 190 kHz. An
absolute frequency for this transition can be determined from a previous measurement of the 1S0− 3P1 tran-
sition in 176Yb and the relevant isotopic shift [19]. The frequency is predicted to be 539 390 366 ± 10 MHz.
We measure a frequency that is 37.5 MHz above this value. To check for possible sign errors we briefly carried
out absolute frequency measurements of the 1S0 − 3P1 transition in 172Yb, 173Yb (F = 5

2 →
5
2 ) and 174Yb,

and find the frequency separations to be compatible with previously reported isotopic shifts [40].
Several tests were performed in relation to Stark shifts on the 1S0− 3P0 transition due to the 398.9 nm light.

Further assessment of the light shift has been made by probing the atoms with different levels of 398.9 nm
MOT light. We use a cyclic scheme, where the MOT is loaded for ∼0.5 s at full intensity, then the intensity
is quickly ramped down and maintained at a set intensity for a 75 ms, during which the 578.4 nm probe
is applied. Immediately after the probe, the atom-fluorescence level is measured. Scanning the transition
multiple times and curve fitting for different 398.9 nm levels produces the centre-frequency versus intensity
data, an example of the data is presented in Fig. 5(a). There is a clear linear dependence with intensity,
exhibiting a slope of 0.79 MHz per unit s0 (across seven measurements the mean slope is 0.75 ± 0.11 MHz
per unit s0). Also shown by the horizontal line is the same day’s measurement of the centre frequency using
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Fig. 5. (a) 1S0 − 3P0 line-centre frequency versus the 398.9 nm MOT light intensity during a probe time

of 75 ms. The frequency is offset by νC. The horizontal line is the frequency measured by use of chopping

the 398.9 nm MOT light at 2.2 kHz and having the 578.4 nm light on continuously. (b) 1S0 − 3P0 line-

width (full-width half-maximum) versus 398.9 nm intensity. The saturation parameter s0 = I/Isat, where

Isat = 595 W m−2.

the chopped MOT-beam approach. A light shift of ∼160 kHz is apparent for this method. By repeating this
process (across separate days), we find that the average light shift for the MOT-beam chopping method is
150±30 kHz. This is applied to the clock line frequency measurements, where this approach has been used
(the 398.9 nm intensity has varied by less than 20 % across the recording period of the measurements). The
last two data points of Fig. 4(b) were measured using the interleaved 398.9 nm and 578.4 nm light pulses [38].
We also see the 1S0 − 3P0 line-width dependence on the MOT beam intensity in Fig. 5(b). Interpolating to
zero intensity [39] the line-width is ∼610 kHz. The corresponding temperature for a Doppler broadened line
is 460µK. This is consistent with 171Yb atom-cloud temperature measurements made by our group by other
means [24].

A Stark shift could also arise from the Zeeman-slower beam (s0 ≈ 2.5) if it is not sufficiently frequency
detuned from the MOT-bound atoms. For the trapped atoms in the MOT, the frequency detuning is −7 Γ,
where Γ ≈ 182 rad s−1 is the natural line-width of the 1S0 − 1P1 transition. Repeated measurements of the
1S0− 3P1 transition with and without the Zeeman-slower beam showed no evidence of a light shift at 8 kHz
of resolution. With regard to a light shift from the probe light itself, the Rabi frequency of the 578.4 nm
light associated with the 1S0 − 3P0 line is ∼4 kHz. Hence frequency shifts are not expected to be greater
than this. Line-centre frequency measurements recorded for different 578.4 nm intensities confirmed this to
be the case.

By differencing the values measured in Figs. 4(a) and (b) we produce the separation frequencies for
3P0 − 3P1. One could avoid the comparison with the measured 1S0 − 3P0 line data and rely solely on
the H-maser and prior measurements of the clock line frequency. However, by using our own clock line
measurements, we limit against any bias from the H-maser should it be grossly inaccurate. The data scatter
for the 3P0− 3P1 separation is similar to that of Fig. 4(a), since the uncertainty of the systematic shifts of the
1S0 − 3P1 line dominate. We treat the uncertainty of each data point to be the rms sum of the systematic
uncertainty of the 1S0 − 3P1 centre frequency, the light shift uncertainty and the statistical uncertainty
of each 1S0 − 3P0 measurement. Forcing a line fit with zero gradient, the weighted mean frequency is
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21 094 566 870 ± 36 (stat.) ±180 (syst.) kHz with a reduced-χ2 of 0.36, implying that the evaluation of the
systematic uncertainty is overly conservative. However, without more effort to ensure the 555.8 nm beams
have near-flat wavefronts through the atomic beam, justifying a smaller uncertainty seems inappropriate.

4. Conclusions

We have carried out concurrent optical frequency measurements of the 1S0 (F = 1
2 ) − 3P1 (F = 3

2 ) and
1S0 − 3P0 transitions in 171Yb, and in so doing have found the frequency separation between the 3P0 and
3P1 (F = 3

2 ) levels to be 21 094 566 870± 180 kHz. We note that the statistical uncertainty for the 1S0− 3P1

measurements was below 20 kHz; hence, given the reproducibility, it seems plausible that the systematic
uncertainty could be reduced to a similar value. The knowledge of this frequency interval will be useful
for those pursuing experiments with the 171Yb 1S0 − 3P0 line without access to highly accurate frequency
standards, since the 1S0 − 3P1 (F = 3

2 ) transition is relatively easy to make apparent. This also extends
to experiments with 173Yb, given the 1S0 − 3P0 frequency measurement in [16]. With our reported value,
a wave-meter with sub-ppm accuracy should be the sole frequency measuring device required to promptly
find the 171Yb or 173Yb ‘clock’ transitions. We employed a hydrogen maser, but this should no longer be
necessary for setting up clock-line spectroscopy in ytterbium (an alternative means of reference is described
in [32] using an I2 cell). In principle, the accuracy of the 1S0− 3P0 transition frequency measurements could
be improved by using a retro-reflected 578.4 nm beam and producing the recoil doublet [41]. The 578 nm
beam was retro-reflected with a lens-mirror cat’s-eye for some of the later measurements, but the doublet
was not resolvable. Since the majority of the systematic uncertainty for the 3P0 − 3P1 measurements lies
with the 1S0 − 3P1 line, the presence of the recoil doublet is not essential.
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