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1 Introduction

Our current understanding of physics is based
on the standard model of particle physics. Al-
though this model has proven to be valid in
many aspects, it is widely believed that it will be
replaced by a more complete theory. Such a
theory would need to be a quantum theory uni-
fying all four fundamental forces. Some of the
candidates for such a “theory of everything”
allow for a variation of fundamental constants.
The idea of changing physical constants was
first conceived by Dirac who related in his
“Large Number Hypothesis” the ratio between
the strength of electro-magnetic and gravitatio-
nal interaction with the age of the universe. As
the universe continues to age, one of the funda-
mental constants describing electromagnetism
and gravitation must change as well, according
to the hypothesis. In the meantime many exten-
sions and variations of this hypothesis have been
postulated. Observing such a temporal variation
of fundamental constants would revolutionize
our current understanding of physics. Even
restricting the rate for a possible variation to
smaller and smaller values could aid to test pre-
dictions of theories beyond the standard model.
It is convenient to consider only dimensionless
constants, since one would otherwise not be able
to distinguish between a change in its value or
its dimension. Possible experimentally accessible
candidates for a time variation (among others)
are the fine-structure constant «, describing the
strength of electro-magnetic interactions, and the
electron-to-proton mass ratio me/mID [1].

In 2001 the discussion about a change in the
fine-structure constant was spurred by a publi-
cation of Webb and coworkers [2] who claimed
to have observed a change in & on cosmological
timescales. For their analysis, they recorded
spectra of light emitted by quasars. The spectra
show absorption lines of atoms and molecules
found in interstellar clouds that have been im-
printed onto the light as it passed through these
clouds on its way to earth. A comparison with
present-day laboratory spectra indicated that
around 10" years ago, a may have had a value

(5.4+1.2)-10° smaller than today. Similar inve-
stigations by other collaborations could not con-
firm this result [3, 4], leaving the outcome of the
dispute open. Currently, one of the limitations of
the analysis is the precision with which laborato-
ry spectra are known [5]. An approach to study
the possible variation of fundamental constants
on laboratory time scales consists of a long-term
highly accurate frequency comparison of atomic
or molecular transitions that depend differently
on a change in the constant. An example is the
recently performed comparison of the single-
ion mercury and aluminum optical clocks [6].
Over the course of almost a year, frequency ratio
measurements between the clock transitions of
these two ions have been performed that yielded
an upper bound for a relative change in a of
(-1.6+2.3)-10"/year.

In the following, we will describe two pro-
jects that are currently being set up at the
QUEST Institute for Experimental Quantum
Metrology with the goal of helping to solve the
question of a possible time variation of funda-
mental constants.

2 Quantum logic and precision
spectroscopy

Common to both projects is the use of quantum
logic techniques developed for quantum infor-
mation processing with trapped ions. The idea
is to use a string of trapped ions in a linear Paul
trap that are strongly coupled via their mutual
Coulomb repulsion. The external motion of the
ions is most conveniently described in a normal-
mode picture, involving motion of all ions.
Using laser pulses of appropriate frequency and
duration, it is possible to change not only the
internal electronic state of the ions, but also their
motional state in the trap. Cirac and Zoller pro-
posed to use such laser pulses to entangle ions
and perform quantum logic gates using the nor-
mal modes in the trap as a “quantum bus” [7].
Shortly after this seminal idea, a controlled-
NOT (C-NOT) gate between a trapped atomic
ion and its motional mode in the trap was de-
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monstrated in a pioneering experiment [8]. After
this demonstration of exquisite coherent control
over the internal and external degrees of free-
dom in an atomic system, quantum information
processing with trapped ions has flourished

and impressive results, such as teleportation,
error-correction and the implementation of

the Deutsch-Jozsa and semi-classical fourier
transformation algorithms have been achieved.
Current state of the art is the manipulation of up
to eight qubits [9, 10] and two-ion gate fidelities
exceeding 99.3% [11]. These accomplishments
were only possible through efficient decoupling
of the internal and external atomic degrees of
freedom from the decoherence-inducing envi-
ronment and manipulation of the internal states
with highly coherent light fields. The same re-
quirements hold true for precision spectroscopy,

where a frequency measurement of an unspoiled
atomic or molecular transition is performed. In
fact, the two fields have a lot in common and
already a number of quantum logic techniques
beneficial for precision spectroscopy have been
proposed [12, 13] and demonstrated [14, 15].
Precision spectroscopy is typically performed
by laser cooling of an atomic sample to reduce
Doppler shifts and increase interrogation times.
Then, the transition of interest is probed with a
frequency stabilized laser. The excitation proba-
bility is detected via either direct fluorescence
or the electron shelving technique involving a
third atomic level. In both cases a cycling transi-
tion is required to collect a sufficient number of
photons for state discrimination. This severely
restricts the number of accessible species for
high precision spectroscopy. Dave Wineland
suggested in 2001 the use of quantum logic tech-
niques to overcome this limitation [12]. In his

proposal, a spectroscopy ion is trapped simul-
taneously with a logic ion in the same potential
well of a linear Paul trap (see Figure 1).

Owing to the strong motional coupling
between ions, laser cooling of the logic ion sym-
pathetically cools the spectroscopy ion. Using
quanum logic protocols, the internal state in-
formation of the spectroscopy ion after probing
the transition can be faithfully transferred to the
logic ion, where it is detected with near unit effi-
ciency (Figure 2).

Furthermore, the internal state of a spectro-
scopy ion within the spectroscopy manifold of
states can be deterministically prepared using
this technique [14]. Therefore, quantum logic
techniques allow us to fulfill all requirements
to perform precision spectroscopy on ions that
would otherwise be inaccessible due to the lack

of a cycling transition. This spectroscopy tech-
nique is particularly promising for ions with
cycling transitions in the vacuum ultraviolet
spectral range where no laser source is currently
available, and for atomic and molecular ions
with a complex internal level structure with
many possible decay channels from the excited
state. The described protocol works best for
excited states with a long lifetime, such that
spontaneous decay during the state transfer step
is negligible. In a variation of the scheme, quan-
tum logic spectroscopy can also be performed
on transitions with a short excited state lifetime.
Possible applications of this new technique are
manifold. It opens up the possibility for unpre-
cedented high resolution spectroscopy on a wide
range of sympathetically cooled atomic and
molecular species with special spectroscopic pro-
perties, such as an improved sensitivity to a va-
riation of fundamental physics constants [16, 17]
or atomic clocks [14].

Figure 1:

Two ions trapped in a li-
near Paul trap. Left: lons
are trapped via radio-fre-
quency (orange) and DC
(yellow and grey) fields
applied to electrodes.
Right: The resulting
potential is harmonic in
three dimensions. The
motion of the ions is
strongly coupled via the
Coulomb repulsion.

Figure 2:

Schematic description of
quantum logic spectro-
scopy. Left: The transi-
tion of the spectroscopy
ion (blue) is probed with
a laser. Middle: The state
information is mapped to
the logic ion (red). Right:
Efficient state discrimi-
nation using electron
shelving on the logic ion.
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3 Direct frequency comb spectroscopy spectral output of the comb. Direct frequency
using quantum logic comb spetroscopy has been implemented in a
Many atomic and molecular species with in- variety of flavors: (i) a single comb tooth inter-
teresting spectroscopic features have a very acts with a single transition [19]; (ii) the comb as
complex level structure. As described above a whole is used to drive two-photon transitions,
quantum logic techniques can be employed to possibly enhanced by near-resonant coupling to
prepare and probe the ion within the spectro- an intermediate level [20, 21]; and (iii) the comb
scopy manifold. Nevertheless, if too many levels ~ '* use(.il asa broa(%band source t}'1a‘1t s1rr.1u1tane—
are involved, initial state preparation can be ously interacts with many transitions in the ato-
. . challenging. Conventional spectrosco ical- mic or molecular species [22].
Figure 3: &8 P Py 4P We are currently setting up an experiment in

Experimental setup.

(a) Construction drawing
of the vacuum chamber.
(b) Detail of the ion trap

and a string of magnesi-
um ions observed in the
trap (false-color image).

Mg' k

Fluorescence

ly circumvents this issue by probing very many
atoms in a beam or gas cell, thus severely com-
promising the accurracy of the measurement due
to level shifting and broadening effects. Another
solution is the use of optical pumping to repump
the atom from metastable states back into the
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spectroscopy manifold. For this, light at many
different colors is needed to access all transi-
tions. One such light source with a very large
spectral bandwidth is an optical frequency
comb [18]. Its invention by T.W. Hansch and
J.L.Hall has been awarded with the Nobel Prize
in Physics in 2005. Today, two major frequency
comb technologies have been established: Ti:Sa-
based systems with repetition rates ranging from
80 MHz to up to 10 GHz and a spectral emission
between 600 and 1200 nm, and fiber-laser based
systems with repetition rates ranging from 100
to 200 MHz and a spectral emission between
900 nm and 2 pm. External frequency doubling
and tripling in nonlinear crystals, and high-har-
monic generation in gas jets allows to shift the
output of the lasers to different spectral regions.
The evenly spaced spectral comb emitted by
these systems is phase and frequency stabilized
to provide a fixed ruler in frequency space, ac-
ting as an array of thousands of phase-locked
weak continuous-wave lasers. This makes
frequency combs not only ideal instruments to
count optical frequencies [18], but also to directly
perform precision spectroscopy with the broad

which we plan to perform direct frequency comb
spectroscopy on metal ions, such as Ca*, Ti* and
Fe*, using quantum logic for state preparation
and detection. Depending on the ion species,

we will either use the comb to drive two-photon

(b)

transitions (Ca*), or use it as a broadband source
of light, interacting with many transitions simul-
taneously (Ti*, Fe*). Optical transitions in these
ions are used in the analysis of quasar absorp-
tion spectra and are currently known only to an
accuracy ranging between a few 10 MHz to a
few GHz [23]. To improve the analysis for a pos-
sible time variation of fundamental constants,
accuracies on the order of 1 MHz are required
[5].

In our experiment, we plan to trap a single
spectroscopy ion together with the logic ion
Mg in a linear Paul trap inside a vacuum cham-
ber. Light from the optical frequency comb is
applied along the symmetry axis of the trap (see
Figure 3).

Our first candidate is Ca*, for which accurate
data on the *S, ,<—=°P, , transition is missing
[24]. Spectroscopy is performed in several steps
(see Figure 5): (i) the ion crystal is cooled to the
ground state of axial motion via Raman side-
band cooling on Mg; (ii) the optical frequency
comb is adjusted in its frequency and applied
for a few hundred milliseconds to the spectro-
scopy ion; and (iii) scattering of photons heats
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the ion crystal to a higher vibrational quantum
number, which can be detected with near unit
efficiency on the Mg* ion. Performing these steps
in a sequence and adjusting the frequency comb
spacing or offset allows the determination of

the global electronic level scheme of the atomic
system [21] by comparison with a theoretical
model [see Fig. 5(c)].

A similar method will be used to perform
spectroscopy on Ti* and Fe*. In principle, it
should be possible to use the same versatile
apparatus to investigate a wide variety of spec-
troscopy ions, provided the spectral range of the
frequency comb covers all involved atomic tran-
sitions. We will collaborate with other QUEST

partners (U. Morgner and LZH) to extend optical
frequency combs into the near ultra-violet spec-
tral regime, relevant to many atomic ion species.
The quantum logic techniques described abo-
ve can be employed not only for precision spec-
troscopy, but also to cool the rotational states
of a molecule [25]. Having ground-state cooled
molecules at our disposal allows us to perform
a large variety of fascinating experiments. One
possibility is to conduct precision measurements
of various electronic and rovibrational transi-
tions using the direct frequency comb spectro-
scopy techniques developed above.
This would be particularly interesting for
the astrophysically important CaH* molecule,
for which no experimental data is available. We
will also explore the possibility of implementing
our scheme with other small molecules inclu-
ding H; and HD*, which are relevant for me/mP
measurements.

4 A single-ion quantum logic optical
clock
Another application of quantum logic spectro-
scopy is the development of next-generation
optical clocks [26]. Up to now, atomic species
considered for optical clocks had to fulfill several
criteria: they needed to provide a proper transiti-
on for laser cooling and detection, and a narrow-
linewidth clock transition with high resilience
to external field perturbations. With quantum
logic spectroscopy, the only requirement is a
suitable clock transition, since all other steps will
be performed via the logic ion. This has been
successfully demonstrated with aluminum and
beryllium as the clock and logic ion species [14].

Figure 4:

In the meantime, the aluminum ion optical clock
has advanced to being one of the most accurate
clocks in the world [6]. The limitations in this ex-
periment are frequency shifts due to micro- and
secular motion of the ion in the trap. Micromo-
tion is most likely introduced by charging of the
electrodes by ultraviolet laser photons. Heating
of the ion crystal during interrogation is respon-
sible for a systematic uncertainty in the ampli-
tude of the secular motion and therefore the
second-order Doppler shift. Both effects can be
significantly reduced in a new setup, featuring a
trap with lower heating rates of the secular mo-
tion and different electrode material, less suscep-
tible to the photo effect. We plan to set up such
an experiment with aluminum as the clock ion
species and a new trap design to overcome the
limitations described above. Having a clock with
such a high accuracy available at PTB will pave
the way not only to establish the single-ion alu-
minum clock as a secondary frequency standard,
but also to perform precision measurements
with unprecedented resolution. One example
for such an experiment would be to compare

the aluminum ion frequency standard to other

Detail of the experimental setup. Photo of the last
frequency-doubling stage to generate the ultraviolet
light used for cooling and detecting magnesium ions.
Four mirrors form a bow-tie resonator for the pump
light at 560 nm which is converted to 280 nm in a non-
linear crystal. Source: Universitat Innsbruck.
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Figure 5:

Direct Frequency Comb
Spectroscopy of Ca*.
(a) Partial level scheme
of Ca* and excitation by
optical frequency comb.
(b) Quantum logic spec-
troscopy sequence.

(c) Density matrix simu-
lation of the number of
scattered photons on
the P, ,—S, , transition
as a function of the
frequency comb’s offset
frequency, scanned
over one repetition rate
(824 MHz).
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frequency standards at PTB over the course of
many years and derive an upper limit for a tem-
poral change in the fine-structure constant on a
laboratory time scale.
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