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INERTIAL NAVIGATION SENSORS BASED ON ATOM 

INTERFEROMETRY 

MARK KASEVICH 

Physics and Applied Physics, Stanford University, Stanford, CA 94305

Recent advances in the field of atom interferometry have opened the possibility of a new 
class of precise and accurate inertial force sensors. We have built laboratory prototypes of 
accelerometers, gravity gradiometers and gyroscopes based on atom interference 
principles which now perform at levels which compare favorably with other state-of-the-
art sensors. These instruments, and their applications in science and technology, will be 
presented. Applications range from new measurements of G and tests of General 
Relativity to the development of next generation inertial navigation systems.  We will 
assess the possible impact of Bose-Einstein condensed atomic sources and cavity-assisted 
spin squeezing on these sensors. 
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A STRONTIUM ION OPTICAL FREQUENCY STANDARD
WITH HZ-LEVEL UNCERTAINTY ∗

H. S. MARGOLIS, G. P. BARWOOD, G. HUANG, H. A. KLEIN, S. N. LEA,

K. SZYMANIEC AND P. GILL

National Physical Laboratory,
Teddington, Middlesex TW11 0LW, UK

E-mail: helen.margolis@npl.co.uk

The 5s 2S1/2–4d 2D5/2 electric quadrupole transition at 674 nm in 88Sr+

is an excellent choice for an optical frequency standard because of its narrow
natural linewidth of 0.4 Hz. In the NPL strontium ion standard, a single
strontium ion is trapped in an endcap trap with an electrode separation
of ∼ 0.6 mm. The ion is laser-cooled to a temperature of a few mK on the
5s 2S1/2–5p 2P1/2 transition at 422 nm, with an additional laser at 1092 nm
to prevent optical pumping into the metastable 4d 2D3/2 state. The optical
clock transition at 674 nm is probed using an extended-cavity diode laser
stabilized to a high-finesse ultra-low-expansion (ULE) cavity. The centre
frequency of the 5s 2S1/2–4d 2D5/2 Zeeman structure is determined by using
a four-point servo scheme to probe a pair of Zeeman components which are
symmetrically placed around line centre.

The largest source of systematic frequency uncertainty for the 88Sr+

optical frequency standard arises from the electric quadrupole shift of the
reference transition. This is due to the interaction between the electric
quadrupole moment of the 2D5/2 state and any residual electric field gradi-
ent present at the position of the trapped ion, and can easily be several Hz
or more. By deliberately applying and varying an electric field gradient
to the trap, we have made an accurate measurement of the quadrupole
moment of the the 2D5/2 level, yielding a result of 2.6(3)ea2

0 [1].
The residual dc electric field gradient in the trap can be determined from

measurements of the trap secular frequencies and minimized by adjusting
the dc voltages applied to the outer electrodes of the endcap trap. In this

∗Work supported by the UK Department of Trade and Industry under the National

Measurement System Length programme, contract no. LE02/A01.
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way we have reduced the quadrupole shift to the level of a few Hz. However,
by using one of two different techniques to null the quadrupole shift, the
uncertainty in this shift can be reduced to a substantially lower level.

Absolute frequency measurements of the 5s 2S1/2–4d 2D5/2 transition in
88Sr+ were carried out on 11 separate days in 2004, using a femtosecond
optical frequency comb referenced to the NPL caesium fountain primary
frequency standard. On the first six days the quadrupole shift was nulled
by selecting a particular pair of Zeeman components and carrying out fre-
quency measurements for three mutually orthogonal orientations of the
applied dc magnetic field. The average quadrupole shift for these three
measurements is zero [2]. On the remaining five days, an alternative tech-
nique was used to null the quadrupole shift. This involved making frequency
measurements for three different pairs of Zeeman components correspond-
ing to transitions with |mj | = 1/2, 3/2 and 5/2, where mj is the magnetic
quantum number of the 4d 2D5/2 level. The average quadrupole shift is
again zero, independent of the magnetic field direction [3]. The mean fre-
quency values for the 674 nm clock transition obtained by each method and
corrected for systematic frequency shifts differ by only 0.5 Hz with 1σ un-
certainties of 1.9 Hz and 1.6 Hz respectively. Combining these mean values
gives a value of 444 779 044 095 484.6 (1.5) Hz for the frequency of the
clock transition, with a fractional uncertainty of 3.4 × 10−15 [4].

Apart from the uncertainty arising from the caesium standard, the dom-
inant sources of uncertainty in this measurement are an ac Stark shift aris-
ing from the cooling laser radiation and servo errors in the lock of the
674 nm probe laser to the clock transition frequency. Improvements to the
extinction ratio of the cooling laser radiation during the probe laser periods
and reductions in the probe laser linewidth and ULE cavity drift rate will
reduce these sources of uncertainty. A second endcap trap has also been
developed to enable a more detailed investigation of systematic errors by
means of two-trap comparisons. With these improvements, we anticipate a
frequency measurement that is limited by accuracy of the caesium fountain.
Progress towards this goal will be reported at the conference.
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OPTICAL LATTICE CLOCK

HIDETOSHI KATORI1, MASAO TAKAMOTO1, RYOICHI HIGASHI1 AND

FENG-LEI HONG2

1Department of Applied Physics, Graduate School of Engineering,
The University of Tokyo,

Hongo, Bunkyo-ku, Tokyo 113-8656, Japan,
2National Metrology Institute of Japan / National Institute of Advanced

Industrial Science and Technology (NMIJ/AIST),
Tsukuba, Ibaraki 305-8563, Japan
E-mail: katori@amo.t.u-tokyo.ac.jp

Careful elimination of perturbations on electronic states and of motional

e ects has been considered as a prerequisite for realizing atom frequency

standards. A single ion trapped in an RF quadrupole field is one of the

ideal systems that satisfy these requirements, as the trap prepares a quan-

tum absorber completely at rest in free space for an extended time and its

electric field vanishes at the center of the trap1. Employing this scheme,

quantum projection noise (QPN) limited spectroscopy has been performed2

with a projected accuracy of 10 18, whereas the stability of the single-ion

based optical clock is severely limited by QPN and long averaging time is

required to meet its ultimate accuracy. One may think of increasing the

number of quantum absorbers N as employed in neutral atom based opti-

cal standards. In this case, however, the atom-laser interaction time sets

upper bounds for the e ective transition line Q-factor3, which is two orders

of magnitude smaller than that for ion clocks2, since an atom cloud in free

space expands with finite velocity and is strongly accelerated by the gravity

during the measurement. Furthermore, the residual Doppler shifts arising

from imperfect wavefronts of the probe beams and atom-atom collisions

during the measurement may a ect its ultimate accuracy4.

In this presentation, we discuss the feasibility of an “optical lattice

clock5,” which utilizes millions of neutral atoms prepared in an optical lat-

tice. Sub-wavelength localization of atoms in each lattice site suppresses the

first order Doppler shift as well as the collisional frequency shifts; therefore

the scheme simulates millions of single-ion clocks operated simultaneously.
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In striking contrast with conventional approaches toward frequency stan-

dards, this lattice clock scheme interrogates atoms while they are strongly

perturbed by an external field. We have shown that this perturbation can

be cancelled out to below 10 17 precision level5 by designing the light shift

trap so as to adjust dipole polarizabilities for the probed electronic states.

By applying the scheme to the 5s2 1S0(F = 9/2) 5s5p 3P0(F = 9/2) clock

transition of 87Sr atoms5,6, our recent experiment resolved the clock tran-

sition with a linewidth of 27 Hz, which is one order of magnitude narrower

than that observed for atomic clocks in free fall3,4, and the clock stability

is estimated to be comparable to that of single ion clocks2. The transition

frequency for the Sr lattice clock is measured to be 429,228,004,229,952(15)

Hz by an optical frequency comb referenced to the SI second.

Figure 1. Absolute frequency measurement of the 1S0
3
P0 transition of

87Sr atoms

trapped in an 1D optical lattice. The inset shows the typical clock transition resolving a

Fourier limited linewidth of 27 Hz. The resonance frequency was measured by an optical

frequency comb generator referenced to a commercial Cs clock. A systematic correction

of 45.7 Hz was applied to the data shown in the figure to obtain the final result.
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MICROFABRICATED ATOMIC CLOCKS AND 

MAGNETOMETERS

S. KNAPPE1, P.D.D. SCHWINDT, V. GERGINOV2, V. SHAH1, H.G. ROBINSON,

 L. HOLLBERG, AND  J. KITCHING 

Time and Frequency Division, National Institute of Standards and Technology

Boulder, CO 80305, USA 

The possibility of using micro electro-mechanical systems (MEMS) 

techniques for instruments based on atomic spectroscopy has led to a new 

generation of atomic clocks and atomic magnetometers. These methods not only

allow for smaller sizes and more robust setups, but at the same time open the

possibility of lower power consumptions, making the devices attractive for

portable applications.  Furthermore, wafer-level fabrication and integration

could substantially reduce fabrication costs. At the same time, scaling devices to

smaller sizes does not necessarily degrade their performance substantially.

Recently, the first physics packages for chip-scale atomic clocks [1,2] and 

magnetometers [3] have been demonstrated (see Fig. 1). These physics packages

consist of a vertical-cavity surface-emitting laser (VCSEL), a micro-optics

assembly, a vapor cell that contains the alkali atoms [4], and a photodetector.

Coherent population trapping (CPT) resonances were excited by the laser light

resonant with one of the optical D-line transitions, and frequency modulated at

half the ground-state hyperfine splitting frequency. The modulation frequency

was then locked to the atomic ground state splitting using the signal from the 

light transmitted through the vapor cell. 

The chip-scale atomic clocks were probing the mF = 0 ground-state Zeeman

components, which are magnetically insensitive to first order. Such a chip-scale 

physics package based on the D1 transition in 87Rb reached fractional frequency 

instabilities below 4  10-11/ 1/2 [5]. The same physics package has been run as a

chip-scale magnetometer probing the magnetically sensitive transitions coupling 

the mF = -1 ground-state Zeeman components [3].

We anticipate that a chip-scale atomic clock physics package will be integrated

with a miniature local oscillator and miniature control electronics into a package

1 Also with: University of Colorado, Boulder, CO 80309 
2 Also with: University of Notre Dame, Notre Dame, IN 46556 
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of volume less than 10 cm3, in the near future. Further miniaturization to

packages of 1 cm3 with power consumptions below 50 mW seems feasible.

Figure 1. (a) Schematic (a) and photograph of the chip-scale physics package.  The components are:

1-VCSEL, 2-micro-optics, 3-87Rb vapor cell, 4-photodiode.  It can be run as a frequency reference as 

well as a magnetometer.

First experiments using advanced atomic spectroscopy methods based on 

optical pumping and multiple beams [6-8] in small vapor cells indicate

substantial improvements of the chip-scale atomic clocks and magnetometers,

when integrated into miniature setups. 
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ATTOSECOND PHYSICS: CONTROLLING AND
TRACKING ELECTRON DYNAMICS ON AN

ATTOSECOND TIME SCALE

F. KRAUSZ

Max-Planck-Institut für Quantenoptik and
Ludwig-Maximilians-Universität München

85748 Garching, Germany
E-mail: ferenc.krausz@mpq.mpg.de

The fundamental processes in chemistry, biology and materials science
are triggered or mediated by the motion of electrons inside or between
atoms. Electronic dynamics on atomic length scales occur on a time scale
of attoseconds (1 attosecond [as] = 10−18 s). Recent breakthroughs in
laser science are now opening the door to watching and controlling these
hitherto inaccessible microscopic dynamics. The new attosecond probes
and techniques enable us to study the way in which electronic processes
affect phenomena as fundamental as the photosynthesis, vision, or radiation
damage in bioimaging and to pave the way towards molecular electronics by
steering molecular currents and towards hyperfast optical computing and
communication by exploring novel ultrafast nonlinear optical effects.

The key to accessing the attosecond time domain is the control of the
electric field of (visible) light, which varies its strength and direction within
less than a femtosecond (1 femtosecond = 1000 attoseconds). Atoms ex-
posed to a few oscillations cycles of intense laser light are able to emit
a single X-ray burst lasting less than one femtosecond.1,2 Full control of
the evolution of the electromagnetic field in laser pulses comprising a few
wave cycles3 have recently allowed the reproducible generation and mea-
surement of 250-attosecond soft-X-ray bursts.4 These X-ray bursts con-
stitute the shortest man-made events to date. Along with the intense,
waveform-controlled few-cycle laser pulses used for their generation they
offer an attosecond-resolution chronoscope (“time microscope”) for both

1
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characterizing the X-ray burst4 and the light wave5 and capturing the mo-
tion of electrons in atoms and molecules for the first time.6
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QUANTUM CONTROL 

P. H. BUCKSBAUM, B.J. PEARSON, AND J.L. WHITE 

FOCUS Center, Physics Department, University of Michgian 
Ann Arbor, MI 48109-1120 

New techniques in optical coherent control have driven recent advances in laser 
technology, particularly for ultrafast lasers. Carrier-envelope stabilization, single-cycle 
optical pulses, petawatt lasers, high harmonics generation, and attosecond pulses are 
examples.  This same exquisite control of laser frequency, phase, wave-front and 
intensity can also induce new quantum dynamics, and several examples of this now exist.  
I will review recent results and discuss the prospects for progress in this new field known 
as “Quantum Control.”    

1.   What is Quantum Control? 

Quantum control research employs amplified and programmably shaped 
ultrafast (femtosecond-scale) and/or high field (up to several volts per 
Angstrom) coherent radiation pulses to control quantum dynamics in matter.  
The tools of quantum control include large bandwidth coherent light sources of 
all types, and methods for altering the shape of the pulses.  The objective is to 
produce a desired reaction or achieve a desired quantum state of the material 
system. This new state or process could be a chemical change, a phase 
transition, a special kind of light, or a coherent excitation with special 
properties, such as a wave packet.  

2.   Learning Control 

A special technique employed in quantum control research is the learning 
feedback algorithm, a protocol for designing control fields.  In learning 
feedback control, the quantum system under study actually runs the experiment 
itself! The apparatus interrogates the atom or molecule, which provides direct 
feedback to the laser pulse control knobs1.  The laser system and the quantum 
system work together through an evolutionary trial-and-error approach search 
for the laser pulse that can produce the desired dynamics. A typical search could 
contain more than ten thousand different trial pulses. This approach has found 
non-intuitive pulse shapes that can enhance normally suppressed molecular 
processes such as selective photo-induced isomerization, leading to new insights 

2

in molecular dynamics.  Learning control holds promise for several coherent 
control applications, from new methods for quantum information science, to 
more effective ways to produce and control x-rays.  

Learning feedback control experiments contain much information about  
the connection between different physical attributes of the laser pulse and the 
molecular dynamics.  New data analysis techniques have been developed 
recently to use the search process to understand better the forces controlling 
quantum dynamics in atomic and chemical physics.  One example is “Principal 
Control Analysis” (PCA), which uses measured correlations in the learning 
control search path to gain information about the control of quantum processes2.
For example we can use PCA to determine the number and nature of 
independent degrees of freedom in the control Hamiltonian.  

3.   Quantum Control in Molecular Systems 

Molecular systems often exhibit rapid decoherence, either through 
intramolecular couplings of the different modes of the system, or collisions 
between molecules.  The ultrafast time scales employed in quantum control 
experiments can be faster than decoherence times, so that quantum control 
becomes possible even in the presence of decoherence.  Strong fields from 
lasers can also overwhelm thermally induced forces, so that control is possible 
even in room temperature liquids.  We have studied quantum control in room 
temperature molecular systems using learning control and PCA. Our current 
experiments concentrate on two types of systems:  control of C-H vibrational 
excitation in alcohols3; and photoexcitation and photo-isomerization in simple 
organic molecules.  These molecules have a level of complexity that is beyond 
our ability to predict control solutions, but they are simple enough for learning 
control techniques to reveal the main features of the dynamics under study.   
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PHOTONIC ENGINEERING FOR QUANTUM
INFORMATION PROCESSING

IAN A. WALMSLEY, LIJIAN ZHANG, ALFRED B. U’REN,∗CHRISTINE

SILBERHORN,†KONRAD BANASZEK ‡

Department of Physics, University of Oxford
Clarendon Laboratory, Parks Rd.

Oxford, OX1 3PU
E-mail: walmsley@physics.ox.ac.uk

Quantum technologies based on optics often rely on photon bunching and mea-

surement with feedforward to achieve an effective nonlinear interaction between
otherwise mutually transparent particles. The efficacy of this strategy for imple-

menting nonlinear interactions relies upon pure state single photon wave packets

with a reasonable modal structure. These, however, are not so easy to come by,
since individual photons have a rich structure associated with their continuous de-

grees of freedom. Recent work by several groups on the preparation of pure states
suggests that the concatenation of sources of conditionally prepared single photons

is feasible.

1. Summary

The process of parametric downconversion (PDC) enables the preparation
of single photons by heralding; the detection of one photon from the ran-
dom generation of a pair of photons. 1,2,3. In contrast, on-demand sources
generate photons deterministically, but imperfect matching of emission to
detection modes results in a random selection of collected photons. Her-
alded single photons from PDC are generally in mixed states, 7 because of
quantum correlations present in the photon pairs.4

The conditional preparation of pure-state single photons therefore re-
quires the ability to engineer two-photon states so as to eliminate signal-

∗present address: department of optics, centro de investigacion cientifica y educacion

superior de ensenada, cicese, baja california, 22860, mexico
†present address: max-planck-forschungsgruppe für optik, information und photonik,
günther-scharowsky str.1 / bau 24, 91058 erlangen, germany
‡present address: institute of physics, nicolaus copernicus university, ul. grudziadzka

5,pl-87-100 torun, poland
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idler correlations in all degrees of freedom. In waveguided PDC1, the spatial
correlations between signal and idler k-vectors are suppressed with the re-
sult that the attainable single photon purity is limited only by spectral
correlations. Thus, the combination of waveguiding technology with the
engineering of spectrally uncorrelated states is expected to lead to nearly
ideal conditional single photon sources.

The generation of broadband, spectrally uncorrelated PDC photon pairs
necessitates the use of a pulsed pump. In this case, the spectral correlations
of PDC photon pairs is determined by crystal dispersion, in particular by
group velocity mismatch between the pump pulse and the signal and idler
photons5,6. A number of methods have been put forward for controlling
group velocity mismatch for the suppression of spectral correlations. We
have shown that a viable direct method is the examination of available
χ(2) materials and spectral ranges locating regimes where group velocity
matching occurs naturally.

In view of the restrictive nature of naturally-occurring group velocity
matching, it is desirable to develop alternate tools to attain spectral uncor-
relation at arbitrary wavelengths while employing materials exhibiting large
χ(2) nonlinearities. One possibility is the use of a segmented crystal ap-
proach, where a sequence of χ(2) thin crystal segments is interspersed with
linear birefringent compensators for group velocity mismatch control7,8,
leading to an additional superlattice-like contribution to the phase match-
ing function.

The ability to control the entanglement present in the continuous vari-
able degrees of freedom of single photons is indeed an important enabling
step in the continued progress of quantum information processing in the
photonic realm.
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Circular Rydberg atoms are almost perfect tools for the exploration of fundamental

matter-radiation coupling effects. We present the progresses made at ENS in two

complementary directions. On the one hand, circular atoms are used to manipulate

mesoscopic fields in superconducting cavities, for fundamental decoherence studies. On 

the other hand, we have proposed a coherence-preserving trap for circular atoms,

realizing a scalable architecture for quantum information processing.

1.   Circular Rydberg atoms and superconducting cavities 

The long lifetimes of circular Rydberg atoms and their strong coupling to

millimetre-wave fields make it possible to manipulate at will mesoscopic

coherent states stored in high quality superconducting cavities.

The resonant interaction of a single atom with a few tens of photons results

in the efficient preparation of a mesoscopic quantum state superposition,

involving two coherent components with different classical phases. We have 

monitored the gradual splitting of the field’s phase distribution 1 and checked 

the overall coherence of the process by inducing `revivals’ of the Rabi

oscillation 2. This generation of a large `Schrödinger cat state’, at the border

between the classical and quantum worlds, opens the way to detailed studies of 

the decoherence process, using, for instance, a direct measurement of the cavity 

field Wigner function with circular `probe’ atoms 3.

The non-resonant, dispersive atom-field interaction also produces a field

phase shift. The field phase gets entangled with the atomic state. This situation

leads also to the production of cat states. On the other hand, the atom-field

interaction results in an `amplification’ of the atomic state, which is coded onto

the phase of a many photons field. We have used this process to realize a 

quantum non-demolition high-efficiency detection of the circular states 4.

1

2

Finally, we have theoretically investigated an interesting situation involving 

two mesoscopic fields stored in two separate cavities 5. A single atom prepares a 

state superposition presenting the non-local character of an EPR pair. The 

violation of a Bell-type inequality could be evidenced by a single probe atom 

measuring the joint Wigner function of the two fields. Studying the gradual 

blurring of the non-local properties under the action of decoherence is a 

fascinating perspective. 

2.   A superconducting atom chip for circular atoms 

We have proposed a coherence-preserving trap architecture for Rydberg atoms, 

using superconducting atom chips 6. Based on Stark effect, the deep and flexible 

trap provides spontaneous emission inhibition. In principle, Rydberg states 

could be stored and manipulated in this trap for time intervals in the minute 

range. Atomic guides or conveyor belts can be realized by elaborating on the 

same principle. A proper microwave dressing of the atoms equalizes the Stark 

polarisability of two adjacent circular states. A qubit coded as a superposition of 

these levels is then made insensitive to the trapping field and could be preserved 

for many seconds. Entanglement between atoms could be generated by direct 

atom-atom interaction of by the common coupling of two atoms to a strip-line 

resonator on the chip itself. This trapping mechanism thus realizes a scalable 

architecture for quantum information processing with Rydberg atoms. 

Moreover, it opens promising perspectives for the detailed study of atom/surface 

interactions or for the coupling of Rydberg atoms with mesoscopic 

superconducting circuits. 
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Single Ca+ ions and crystals of Ca+ ions are confined in a linear Paul trap and are 
investigated for quantum information processing. We here report on recent experimental 
advancements towards realizing basic building blocks for quantum information 
processing with such a system.. 

Laser-cooled trapped ions are ideally suited systems for the investigation 
and implementation of quantum information processing as one can gain almost 
complete control over their internal and external degrees of freedom. The 
combination of a Paul type ion trap with laser cooling leads to unique properties 
of trapped cold ions, such as control of the motional state down to the zero-point 
of the trapping potential, a high degree of isolation from the environment and 
thus a very long time available for manipulations and interactions at the 
quantum level. The very same properties make single trapped atoms and ions 
well suited for storing quantum information in long-lived internal states. 

Recently we have achieved the implementation of simple algorithms with 
up to 3 qubits on an ion-trap quantum computer. We will report on methods to 
implement single qubit rotations, the realization of a two-qubit universal 
quantum gate (Cirac-Zoller CNOT-gate) [1], the deterministic generation of 
two-ion entangled states (Bell states) [2] and three-ion entangled states (GHZ- 

* Present address: Naturwissenschaftlich-Technische Fakultät II, Universität des Saarlandes, 
D-66041 Saarbrücken, Germany; e-mail: christoph.becher@uibk.ac.at

† Present address: Abteilung Quanten-Informationsverarbeitung, Universität Ulm, Albert Einstein 
Allee 11, D-89069 Ulm, Germany 
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and W-states) [3], the realization of a quantum register, the full tomographic 
reconstruction of the density matrix of such entangled states, the realization of 
deterministic quantum teleportation [4], quantum process tomography of this 
teleportation protocol and the encoding of quantum information in decoherence-
free subspaces with decoherence times on a ten-second-timescale. 

The transport of quantum information over large distances via photons 
requires an interface between atoms and photons. Such an interface is based on 
the deterministic coupling of a single atom or ion to a high finesse optical cavity 
[5]. As a step towards realizing an atom-photon interface we investigated the 
interaction of a single Ca+ ion and a cavity vacuum field by measuring the 
modification of the spontaneous emission rate (Purcell effect) from the 
metastable D5/2 level at various positions in the cavity-enhanced vacuum field 
[6]. The next experimental step will be the deterministic generation of single 
photons in a well-defined spatial and spectral mode of the radiation field. Here, 
we plan to combine the advantages of stimulated Raman emission schemes and 
laser-cooled trapped ions, stationary coupled to the mode of a high finesse 
optical cavity [7].
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The system of trapped atomic ions, incorporating methods of coherent quantum
control, has demonstrated the elements of quantum information processing. The
basic requirements for a quantum computer have been demonstrated separately
and ion trappers as a group can now also contemplate how a large-scale processor
might be constructed. As with any possible physical implementation of a quantum
computer, difficult technical problems must be solved, which will take many years.
In the meantime, the ideas of quantum information processing can already help in
metrology, for example, to improve spectroscopy and the performance of atomic
clocks.
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