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Single-ion clocks yield new limits on how much the proton-to-electron mass ratio and the fine structure constant change over time.
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Theories aimed at unifying gravity with the three other
fundamental forces (electromagnetic, weak, and strong)
predict that certain fundamental constants could change
in an expanding Universe [1]. Support for this possibility is mixed: Absorption spectra of interstellar matter
have led to claims both for and against variations of the
fine structure constant, α = e2 /h̄c, and the proton-toelectron mass ratio, µ = mp /me [1–3]). In 2011, a large
study of atomic transitions from distant quasars, combined with earlier observations, suggested α was higher
or lower depending on where one looked in the sky, with a
significance of 4.2 standard deviations [2]. Evidence that
fundamental constants vary over time and space would
imply that the laws of physics aren’t the same in all parts
of the Universe, or at all times, an incredible possibility
that needs to be tested with different experimental approaches. Now, two independent research groups, led by
Patrick Gill at the National Physical Laboratory (NPL),
UK, and Ekkehard Peik at the Physikalisch-Technische
Bundesanstalt (PTB), Germany’s national metrology institute, have put new constraints on the possible time
variation of the fine structure constant and the protonelectron mass ratio using high-precision atomic clocks
based on a single ytterbium ion, 171 Yb+ [4, 5]. Their
work also lays the groundwork for using 171 Yb+ as an
optical frequency standard that could potentially replace
the current cesium frequency standard.
The frequencies of all atomic transition lines depend
on some functional form of the fine structure constant.
For example, relativistic corrections are proportional to
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Z 2 α2 , where Z is the nuclear charge. The sensitivity to
the proton-to-electron mass ratio is found in specific transitions between hyperfine states of atoms. These transitions, which typically lie in the microwave, depend on
the ratio of the electron (µB ) and nuclear (µN ) magnetic
moments and, therefore, µ. Since µ doesn’t contribute to
the ratio of two optical transitions, comparing different
optical transitions provides the cleanest measurement of
α variation. (Moreover, such comparisons eliminate the
need to reference the cesium standard, a microwave transition with a relative uncertainty of order 10−16 .) But a
measurement of µ variation, from comparing an optical
transition to a microwave one, is necessarily always entangled with α variation.
Astrophysical observations determine shifts in α and
µ by comparing the spectra of light from 3 to 10 billion
years ago to that from current laboratory measurements.
In contrast, in an atom clock measurement of α or µ shifts
the frequencies of two atomic transition lines—either on
the same atom or on different atoms—are compared over
time. So far, the most precise laboratory test of α comes
from NIST [6]. In these experiments, scientists measured
the ratio of optical frequencies from Al+ and Hg+ ions,
providing a limit on the time variation in α to −1.6 ±
2.3 × 10−17 per year.
171 Yb+

is a unique candidate for new tests of fundamental constants because it possesses two stable transition lines that can be measured from the same single ion and compared to each other, thus eliminating
some systematic uncertainties that are common to both
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transitions. One transition on 171 Yb+ , called E3, is an
electric-octupole transition at 467 nanometers from the
ground state to the first excited state, 2 S1/2 to 2 F7/2 ,
The other, called E2, is an electric-quadrupole transition
from the ground state to the second excited state, 2 S1/2
to 2 D3/2 . The E3 transition is particularly attractive as
a frequency standard because quantum-mechanical selection rules prohibit all other faster transitions from the
2F
7/2 state to the ground state. The excited state can
live on the order of years, giving the transition an extremely narrow linewidth that can be measured with high
precision.
Theoretical calculations can predict how a particular
transition frequency depends on α. And the more sensitive a certain transition is to α variation, the better the
limit that can be set with a precise measure of the transition frequency. For the purposes of measuring shifts
in the fine structure constant, Yb+ has two advantages.
First, it has a large nuclear charge (Z = 70), which enhances the relativistic effects that depend on α. Second,
the frequencies of the E2 and E3 transitions should shift
in opposite directions for a given shift in α, which enhances the net effect of the shift. (The 2 F7/2 and 2 D3/2
excited states have very different electronic configurations, which gives them a different α dependence.)
Both the NPL [4] and PTB [5] groups devised their
experiments to make systematic uncertainties (i.e., those
coming from experimental error) in the measurement of
the Yb+ E2 and E3 frequencies as small as possible, and
both have significantly improved the precision of the E3
standard. The NPL researchers report the E3 transition has a frequency 642121496772644.91 with a relative
uncertainty of 6 × 10−16 ; the PTB researchers report a
value 642121496772645.36 with a slightly lower relative
uncertainty of 3.9 × 10−16 . By comparing their measured
values of the E3 transition in Yb+ to the cesium frequency standard, they extracted limits on the time variation of α and µ, which, when combined with other measurements, yielded new constraints of −0.7 ± 2.1 × 10−17
per year and 0.2 ± 1.1 × 10−16 per year (NPL) and
−0.20 ± 20 × 10−16 per year and −0.5 ± 1.6 × 10−16 per
year (PTB). In particular, they improved constraints on
the time variation of µ by a factor of 2 and 3 (Ref. [4] and
Ref. [5], respectively) over the previous best constraint,
which was measured with a rubidium microwave clock [7].
These constraints are about a factor of 10 tighter than astrophysical measurements of a time-varying α, and they
are consistent with astrophysical measurements of the
time variation of µ, which indicate any variation is less
than 0.21 × 10−16 per year [3].
In addition to providing new constraints on the fundamental constants, the NPL group [4] carried out a direct
measurement of the frequency ratio of E2 and E3 optical clock transitions in the same 171 Yb+ ion—the first
time that two such transitions have been compared on
the same ion. The scheme of this measurement is given
in Fig. 1. Two clock transitions were measured simultaneously, which reduces systematic effects common to
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FIG. 1: Schematic experimental arrangement for measuring
the “E2” and “E3” clock frequencies of a single 171 Yb+ ion.
The E3/E2 frequency ratio was determined by stabilizing
one laser to the E3 transition and the other laser to the E2
transition and measuring the ratio between the laser frequencies with an optical frequency comb. (For experimental reasons, the researchers used infrared lasers that have to be frequency doubled to excite the E2 and E3 optical transitions.)
(APS/Alan Stonebraker)

both transitions. The researchers stabilized one laser
to the E3 transition and one laser to the E2 transition and used an optical frequency comb to read out,
extremely precisely, the frequency on each laser. In the
future, direct, repeated measurements of the E3/E2 optical frequency ratio, free from the additional uncertainties that come from comparisons to the cesium standard,
are expected to yield an even tighter constraint on the
time variation of α. Moreover, these transitions could
be the basis of new, more precise frequency standards,
which are essential for new tests of fundamental physics,
very-long-baseline interferometry for telescope array synchronization, and the development of extremely sensitive
quantum-based tools for geodesy, hydrology, tracking of
deep-space probes, and other applications [8].
A measurement that showed a fundamental constant varies in time would be a clear signature of new
physics—an exciting possibility. However, a null result,
such as that reported by the NPL and PTB groups, is
also of crucial importance: it gives us confidence that our
measurement devices don’t depend on space or time—at
least within the accuracy of current experiments. Moreover, the new system of units will be based on fundamental constants [9] so it is important to know if, and by how
much, they could vary.
This research is published inPhysical Review Letters.
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