NPL

National Physical Laboratory

Technical Supporting Document

Optical Atomic Clocks for Space

Patrick Gill

Helen Margolis
Anne Curtis
Hugh Klein
Stephen Lea
Stephen Webster
Peter Whibberley

Version 1.7

November 2008

ESTEC / Contract No. 21641/08/NL/PA

National Physical Laboratory | Hampton Road | Teddington | Middlesex | United Kingdom | TW11 OLW
Switchboard 020 8977 3222 | NPL Helpline 020 8943 6880 | Fax 020 8614 0446 | www.npl.co.uk



O Crown Copyright 2008

Reproduced by Permission of the Controller of HMSO

National Physical Laboratory

Hampton Road, Teddington, Middlesex, TW11 OLW

Approved on behalf of the Director, NPL by

Susan Evans, Director, Industry & Innovation Division‘f‘@@;gust 2008



1

2

5

6

7

CONTENTS

INTRODUGCTION . ...cetttieiittiette ettt e mme et e sttt e e e s e tbe et ee e s abbb et e e e e saaaaeeeesanbbabeeeeesannnneeeeas 1
COLLECTION OF USER REQUIREMENTS ...ttt ieiiiiee ettt 2
2.1 SCIENCE (FUNDAMENTAL PHYSICS) .1ttttttittiiieiieeeeeeaesssisssssssssssssssaesssesessersesaessaeeseessansannnnnns 2
2.1.1 Tests of the Einstein Equivalence PrinCiple .o 3
2.1.2 Exploring large-scale gravity: the Pioneer anomaly.............ccccuuvvriiiiiiiniiiiinieneineeas 9
2.1.3 Tests of POSt-NEWLONIAN GIAVILY ..........eeiimmeemiiiiiiiiiieieeiee e e e e e e e e e e eennne e ee e 11
2.2 EARTH OBSERVATION(GEOSCIENCHE ....tttttttteeiteetaaaaaaaaaaasaaaaaaainsasssbessbessseeeeaaaaaaaaaaaaaasanas 12
2.2.1 Determination of the Earth’s geoid ... 13

2.2.2 CHAMP, GRACE and GOCE mission capabilitieS ....ccccceoocouiiiiiiiiiiiiiiiiieciieeeeeeeeeen 15
2.2.3 Optical clock possibilities for gravity SENSING..........ccccceuvimiiiiiiiiireer e e e e eeeeeeennns 16
2.3 OPTICAL MASTER CLOCK IN SPACE. ... .tttttieetiitiieeeeesattteeeeessssiusteessssssseeeessassssseeeessansnsseesas 18

2.4 GLOBAL NAVIGATION SATELLITE SYSTEMS(GNSS)..cciiiiiiiiiiiiieiiiiiiieee et e 20
2.4.1 GNSS optical clock SIMUIAtIONS..........cceeiceeeeiieeeee e 21
2.5 SUMMARY OF USER REQUIREMENTS ... uutttitieeeiiitieteeeessitteeeeesssnsteeesesnsbseeeessssnntneeeesssnnnnnes 24
REVIEW OF OPTICAL ATOMIC CLOCK TECHNOLOGY .....ccccet eriieveeiiiiieeeee s 26
3.1 OPTICAL LOCAL OSCILLATORS. ...cettttttttuuuunaaaaaaeaaeteessstuanaaaaaaaaaasaaaaateeesssnssannaaaaaaaaseeeesnnes
3.1.1 Principles of operation ................oeo et seee
3.1.2 State-of-the-art performance
3.1.3  Limitations tO PErfOrMEANCE ........cociiiiii ittt ettt e et e e e e e e ee e e e e e e e e e as
3.2 ATOMIC REFERENCE TRAPPED ION OPTICAL CLOCKS . ...tutuuuteeeeeeeieeeeeisiniiaaeaeeeaaeeeneeeneees 33
3.2.1  PrinCiples Of OPEratioN ..........oooiiiiiit ettt ettt e et e e e e e e e e e eesee e aeeeeeeeeeeas 33
3.2.2 Candidate systems and current PerformManCe e ececc.oooeeeicvvviiiiiieeeeeee e e e 35
3.2.3 Systematic frequencCy ShiftS ..........coi i ccemeem e 37
3.2.4 Technology CONSIAEIAtiONS ............coouuee e e e e e e e e e e e s sse s ee e e e eeeeeeeesanannnnnnes 43
3.3 ATOMIC REFERENCE NEUTRAL ATOM OPTICAL LATTICE CLOCKS.....uuvtieeeiiirieeeeeesiiiieeeaaennnns 48
ICTRC 10 N = (ol o] (=T o) 0] o =1 = L1 [ IS 48
3.3.2 Candidate systems and current PerformManCe .. ceciooveeeciviiiiiiiieeeeeeee e e e 49
3.3.3  Systematic frequency ShiftS .........ooo oo
3.3.4 Technology CONSIAEIAtIONS ...........ooiieie e e et e e e e e e e e e e ae s e eannanes
3.4 OPTICAL FREQUENCY COMBS.......cvcvveeiniinnas
3.4.1  PrincCiples Of OPEratioN ..........ooiiiiiiit ettt et e et e e e e e e e e e eeseb e eeeeeeeeeas
3.4.2 Accuracy and Stability TESTS........uiiiiiiiiiaiie e
3.4.3 Technology CONSIAEratiONS ............cocuee e e eeeeeeseessesseene e eeeeeeeeeeesaaannnnnnes
3.5 OPTICAL FREQUENCY COMPARISON.......utttiiieesiiitteeeeeessitteeeeessasieesssssrseeeessssssseeesssannnnees
3.5.1 Satellite frequency transfer teChNIQUES ........ccceveiiiiiiiiii e
3.5.2 Frequency comparison via optical fibres
SELECTION OF OPTICAL ATOMIC CLOCK HARDWARE ......c... i 80
4.1 TECHNOLOGY SELECTION. ... uttttteeeesiuttteteeesssntteeeeeesssntteeasssssbeeeeesssstseeaeesssnssseeeesssnnnees 80.
4.2 TECHNOLOGY DEVELOPMENTS NECESSARY FOR SPACE OPERANO........cccietiiriiiiinnaaaaaaaaanns 85
4.2.1 Sub-unit technology deVEIOPMENTS .........uuiuiiiiieie e 86
4.2.2 Overall technology development gUIdeliNeS ... oo 93
4.3 SUBSYSTEM INTEGRATION. ...ttt eeeeeteeeeittttiiaa s e e s e e e eeeeeeesbesennsssban e s e e aaeaaeeeenssbnnnnnaaeaaaaaaeas 3.9
ENGINEERING MODEL DESIGN AND PLANNING .......cccitt ereeeiiiiiieeee e siiieee e e s ssiraeeea e 95
INFRASTRUCTURE PREPARATION ...ciiiiiiiiiiiiee e s ettt e e e sitvee e e e s s sninaeeeaessnnineeennns 97
6.1 FREQUENCY COMPARISON INFRASTRUCTURE. .....cttetiiuttireeeessintiteeeessansteesssssseeeeesssnsssees 97
6.1.1 Optical fibre reqUIrEMENLS ........civiiiiie e e e e e e e e eesee e reeees 97
6.1.2 Enhanced satellite frequency transfer teChNIQUES. ..c.......uvvvviiiiiieiiiiiiiiieeeeeeeeeee, 101
6.2 INTEGRATION CENTRE ....ctteetittttteeeesittteeeeeesastseeeessansneeessantbeeeeeessanbsseeeeesssssseeeesssnnes 102
MANPOWER ...ttt ee ettt e e e sttt e e s s s bbbt e e e seanee e e e e e nbbeeeeeeeannrees 103
7.1 DETAILED DEVELOPMENT PLAN. ...eettttttttttesiauttteeeeesannstseeeeessannneessasssseeessssnssseessesssnssseees 103



8

9

7.2 IMANPOWER ...ttt ettt sttt e et e e ettt e e e e e tb s e e e et b e e e e etb s e e eennstanaeeeeeenns 105
RECOMMENDATIONS ... 108

SUMMARY OF

REFERENCES



EXECUTIVE SUMMARY

With the overall objective of supporting future missions in theas of Science, Earth
Observation and Navigation, the technology development programmentedsin this
document aims to achieve space deployment of an optical atomic clock by 2020.

Since the development of the first caesium atomic clockl985, microwave frequency
standards and clocks have made an enormous contribution to sciessBarch and
development with substantial benefits to society. A new geparafihigh performance optical
atomic clocks is now emerging. The frequency stability of tlopgeal clocks already exceeds
that of the best caesium microwave clocks for all avagatiimes, and with further development
they are expected to achieve fractional accuracieseal®'® level. This substantial jump in
performance opens up new possibilities for space missions, witabplbcks offering major
measurement advantages for future mission payloads by thiesipnowf highly stable and
accurate on-board frequency references.

Within the area of Science (Fundamental Physics), space-bornal gptimic clocks offer very
significant opportunities to test the limits of our currentderstanding of the universe. They
could be used to search for violations of the Einstein Equival®mceiple by making
measurements of the gravitational redshift with unprecedemedsion, or to discriminate
clearly between different theories of gravity through roesments of the Shapiro time delay of
highly stable optical signals to and from a spacecrafthay pass close by the sun at
conjunction. They would also be a useful addition to missions dektgnesolve the causes of
the Pioneer anomaly. These types of mission scenario could pdydetial to a major scientific
discovery: a breakdown of Einstein’s general theory of retgtos the observation of variations
in fundamental constants could provide the first experimeniderwe to support emerging
theories aimed at unifying gravitation and quantum mechafts.development programme
outlined here thus has a vital role to play in supporting futureni@ogision mission proposals
in the area of fundamental physics by increasing the techoalagiadiness level of the optical
clock technology.

Within the area of Earth Observation, space-borne optical atcotks would open up new
possibilities in geodesy and remote atmospheric sensing. Théisgnef highly stable and
accurate optical clocks means that they can be used fot dieesurement of the earth’s geoid
(gravitational equipotential surface) at the few centimietrel with very high spatial resolution.
Such measurements would have applications in a wide range tfrssemcluding civil
engineering and construction, oil and gas exploration, ordinance saneyeven global
navigation. Long-term measurements of the variability of thel lgiavitational potential will
also be possible, with important perspectives in monitoringpeeaand long-term trends in ice
sheet masses, ocean current transport and overall ocean mass changes.

Within the area of Navigation, optical atomic clocks could fipdligation in future evolutions
of global satellite navigation systems. Using optical clock&adth the ground and the space
segments of a satellite navigation system offers the lplitgsof up to two to three orders of
magnitude improvement in satellite clock prediction accuratys Would lead to far less
reliance on regular updates of the clock parameters and hencgepnoveh higher autonomy in
the space segment of the system. With further progreks imnderstanding of atmospheric and
multi-path effects, improved satellite clocks would also leadnmprovements in position
determination for users of the system.

Finally, an optical master clock in space could be realised misaion scenario offering
advantages to all the above areas. Variations in the loagitagional potential will have an
increasing impact on ground-based optical clocks as theiidinattuncertainties approach the
10 '8 level. To take maximum advantage of this technology it thi#refore be necessary to



operate them in spacecraft orbiting the Earth at relativadi hititudes where spatial and
temporal variations of the Earth’s gravitational field aneoothed out. A future ultra-precise
reference timescale based on space-borne optical clocks, comhihedivwanced inter-satellite
and satellite-ground links, would have significant impact inaage of areas including
calibration of international atomic timescales, geodesy and very @raiggation systems.

With NASA focussing its efforts on space and planetary exporathere is an excellent
opportunity for ESA to take the lead in exploiting opticabckl technology for space
applications. The key challenge to be tackled is the engineenimpgeent required to move
from the laboratory systems of today to space-qualified institarmaintaining the highest
levels of performance.

Our recommendation is that advanced portable prototypes of féenedt optical atomic clocks
should be developed in parallel:

1. A trapped ion optical clock based B8r";

2. A strontium atom optical lattice clock;

3. A quantum-logic-based trapped ion optical clock u$ial';
4. A mercury atom optical lattice clock.

This multiple-clock development approach will allow for the highmerformance specifications
to be achieved during the prototyping phase, whilst at the same time undeliekémgineering
developments necessary to prepare the clocks for spageaiida. It will lead to a number of
different clock options with individual advantages of compactretabjlity or accuracy, from
which the best option for any particular mission scenario caeleeted with a high degree of
confidence and minimum technological risk. Some elements ofdbk @re common to all four
systems, in particular the optical frequency comb and many aspécthe optical local
oscillator. In parallel, it will be necessary to develop amprowed frequency comparison
infrastructure that does not compromise the stability or acgurfthe high performance optical
atomic clocks. Both ground links and ground-satellite links must be addressed.

The proposed programme is a partnership between ESA memtes, steluding the UK,

Germany, France, Austria, Italy and Switzerland. Europe hasaeworld-leading groups in
optical frequency metrology, and our recommendation is that,hegeitth specialised space-
oriented time and frequency companies, they should take thénléhe advanced prototyping
phase. However the need for early inputs on the space integraf#owilirequire consultancy
and outline platform design from leading space integration compasies precursor to the
engineering model development phase. One of these space integtaiald then take on the
prime contractor role for this second phase.

With suitable investment, Europe will be able to acceleftie development of high
performance optical clocks for applications ranging from testandamental physical theories
to geodesy and satellite-based navigation systems, and foous effi achieving the goal of a
space-borne optical clock by 2020.

Vi



1

Introduction

In this document we address the potential opportunities for theopeweht of space-borne
optical atomic clocks for application in a variety of mission areas.

We begin with a survey of user requirements (section 2), degain consultation with key
stakeholders and user groups. Planned and proposed ESA missions sibte gagire
augmentations are reviewed, with the focus on establishing thHeofepeecision that would
accrue from the use of optical clocks in missions within tleasaof Science (Fundamental
Physics), Earth Observation and Navigation.

To lay the foundations for the technology development plan that follee/shen review the
current state of development of optical clock technology intigec3. The main
subcomponents of an optical clock, namely the atomic referenceptical local oscillator
and the optical frequency comb are discussed in detail, togettmemeihods for comparing
remotely located optical clocks.

In section 4, we look at the match between user requiremedtardicipated optical clock
performance. The trade-off between expected system performamteexperimental
complexity for the different atomic reference options are corsidetogether with the
associated implications for development timescales and costsressilt of this analysis, and
bearing in mind the technology that is common to all approaches, recaations are made
as to the number and type of advanced portable prototypes that shod&ldleped in
parallel in order that the best option for any particular imisscenario can be selected with
confidence. Guidelines are provided for mass, volume and power meguais for each
subsystem, and a plan for subsystem integration into advanced portablgpesfmesented.

Guidelines on how to manage the transition from advanced portableypestdd engineering
models are presented in section 5, together with a high-leve¢stimate for the engineering
model development.

In section 6 we consider the extent to which existing Europeantmitage is adequate to
support the optical clock development programme and make recominesdar necessary
enhancements.

A detailed plan for the development of advanced portable ppastg presented in section 7.
This identifies key partners together with the manpower, egpeatid facilities they are able
to bring to the programme. A schedule is given with key nuifest against which progress
may be monitored.

We conclude in section 8 with a summary of the key recommendations made otte re



2 Collection of user requirements

2.1

Optical atomic clocks with fractional stabilities and accigs at the 10" to 10*® level will
provide major benefits across a variety of future spaceangssin this section we present a
review of planned and proposed ESA missions and possible futureeatajions, and
identify those where high-performance optical atomic clochrtelogy offers the potential to
significantly enhance the scientific goals and measuremgabity. This review draws on
the outputs of a previous ESA-supported study [Gill 2008], in additi@momtsultation with
ESA directorate personnel and other expert scientists in acadedriiadastry.

The primary ESA directorates considered likely to benafimf optical atomic clock
technology are Science (Fundamental Physics), Earth Obseraaiil Navigation. The focus
is therefore on establishing the level of precision that waatdue from the use of optical
clocks in missions from these areas.

Science (Fundamental Physics)

Our current understanding of the fundamental laws of physidsssribed by the “Standard
Model” of particle physics and Einstein’s general theory of ikdélat General relativity,
whilst it has been very successful to date in describing cosmological phencsreckssical
theory and hence fundamentally incomplete because it does not igcladgim effects. An
extremely important goal in fundamental physics is thereforel¢lielopment of a quantum
theory of gravity that describes all particle interactions in aathiway (Figure 1).

A new theory of quantum gravity must be fundamentally different fsbamdard general
relativity and quantum theory, and must thus violate one or nidhe @rinciples underlying
these theories. The status of experimental tests of geradativity and the theoretical
frameworks for analysing them were reviewed recently byl Wvill 2006]. General
relativistic effects are typically very small, and heweey challenging to measure with high
precision. The space environment offers a number of advantagasfotests compared to
the terrestrial environment, such as variable gravity paieniarge distances, high velocity
and low acceleration regimes [Turyshev 2007]. Experiments basaspame-borne optical
clocks offer a very significant opportunity to search for nestitions of quantum gravity, as
discussed in the following sections, and could potentially lead to a majoweligc

Grand unified theory?
Y
\ Standard model
Jlconyiol electrom;gr?gtir)(,: iorzteraction U=Eg) Gl stro:g?r?tgrgéﬁon
ravitation weak interaction
g (QED) (QcD)

Figure 1. Theories of gravitation such as generaletativity are fundamentally incomplete
because they do not include quantum effects. A uméd theory of interactions would
combine the theory of gravity with the standard moe! of particle physics.



2.1.1 Tests of the Einstein Equivalence Principle

A key concept in the formulation of gravitational theory is ghréciple of equivalence
(Figure 2). The Einstein equivalence principle (EEP) statgs t

1. The trajectory of a freely falling “test” body (one notegcupon by forces such
as electromagnetism and too small to be affected by tidatagianal forces) is
independent of its internal structure and composition. This is known as the weak
equivalence principle (WEP). In the simplest case of dropping iffeyeht test
bodies in a gravitational field, the WEP states that the bdallesith the same
acceleration. This is known as the Universality of Free Fall.

2. The outcome of any local non-gravitational experiment is indepewnddahe
velocity of the freely falling reference frame in whiiths performed. This is
termed Local Lorentz invariance (LLI).

3. The outcome of any local non-gravitational experiment is indepenfievhere
and when in the universe it is performed. This is referred tooaal Position
Invariance (LPI).

The EEP is the foundation of the idea that space-time is curtedonly theories of gravity
that satisfy the EEP are metric theories of gravitye Guch theory is general relativity (GR),
but there are other examples.

Searches for violations of the EEP are important becaugeatieepredicted by emerging
theories aimed at unifying gravitation and quantum mechanipsicaD clocks have a
particularly significant role to play in tests of LPI, bean also be used for tests of LLI

(Figure 2).
Einstein Equivalence Principle
- . . .
Weak Equivalence Local Lorentz Local Position > Metric Theories of Gravity
Principle Invariance Invariance
\ 4 Y
A 4 \ 4 A 4 General Other metric
Universality Time dilation Universality of Relativity theories
of free fall . gravitational redshift
Isotropy of speed of light _
Invariance of
Independence of fundamental constants Y
speed of light )
on velocity of source Pioneer anomaly

Deflection of light
Shapiro time delay

Perihelion advance

Figure 2. Foundations of the theory of gravity, shaing the relation between general
relativity and the Einstein equivalence principle,and indicating the experiments that can
be carried out to test certain aspects of the thegr Experiments that can be performed
using optical clocks are highlighted in red.



2.1.1.1 Tests of Local Position Invariance

One important consequence of the principle of LPI is the tsaveedshift of clocks when
subject to a gravitational potential. The principle can tloeeebe tested by gravitational
redshift experiments.

Absolute gravitational redshift experiments

An absolute gravitational redshift experiment measures thgidrey shiftZ between two

identical frequency standards (clocks) placed at rest fi¢ratit heights in a static
gravitational field. Clocks run more slowly the closer they tar a massive body. If LPI is
valid, then the structure of the clock plays no role and the result is a fogcgleft

=== (1)

whereDU is the difference in the Newtonian gravitational potenteiMeen the two clocks
andc is the speed of light in vacuum. If LPI were not valid, ttiea formula for the shift
would be modified to

z:@+m%;, 2

where the parametér would depend on the internal structure of the particulakaoldwose
shift is being measured.

The most accurate measurement of the gravitational redsisftperformed in 1976 by the
Gravity Probe A experiment [Vessot 1980]. This compared tlguérecy of two hydrogen
masers, one on the ground and one on board a spacecraft launchedergealjywpwards

to an altitude of 10 000 km. By observing the frequency variatioms lavel of precision

consistent with the maser stability- 1° 10 for 100 s averaging time), a limit of
|b| < 7 10° was deduced.

An improvement by a factor of 35 is expected from the ACES (Atddhick Ensemble in
Space) mission, which is planned for launch in 2014 [Cacciapuoti 20CBSAwill install a

cold atom caesium clock (PHARAO) and a space hydrogen mabi)(8n board the
International Space Station (ISS). Rather than modulating étishift by changing the
altitude of the satellite as in the Gravity Probe A experit (a measurement approach that
relies on clock stability), ACES will use the high () accuracy of PHARAO and of
ground-based clocks (16 or better) to make an absolute measurement of the frequency
difference. For the ISS orbit, the gravitational redshii approximately 4.5 10** (Figure

3) and so with clock accuracy of 1Da measurement precision of 20 ° could be achieved.

Optical clocks could give very significant further gaingrecision. The accuracy achievable
depends both on the accuracy of the clocks used and on the graaitpbtential difference
DU between them.



SpaceTime mission
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3)
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Figure 3. Solar gravitational redshift as a functim of distance from the sun. Also shown
at 1 AU are the gravitational redshift changes exp&nced in the Gravity Probe A, ACES

and EGE missions (blue circles), where the dominargontribution to the redshift comes

from the earth’s gravitational potential, as well & the variation in redshift experienced
on the surface of the earth due to its daily rotatin and orbit around the Sun (red circles).
(Figure adapted from [Prestage 2004].)

One proposed mission whose primary task is to measure the toaataredshift with
unprecedented precision is the Einstein Gravity Explorer (EGE}iom [Schiller 2007].
Several different measurement approaches are proposed withimission, which uses a
highly elliptical Earth orbit (Figure 4). The first is to kearepeated measurements of the
satellite clock frequency variation between apogee and pdrigeemparison with a ground
clock. The ground-satellite clock comparison would be carried ong) @si enhanced version
of the microwave link developed for the ACES mission. The lamygation in DU/c? of
approximately 4 x 18° (Figure 3) enhances the sensitivity of the test, which reliethe
high stability of the optical clock on board the satellite on tinedcale of the visibility of the
clock at perigee (approximately 1000 s) and at apogee (approxim&t@@0 s). Systematic
shifts, as long as they are uncorrelated with the orbital motienex@ected to average out,
giving a sensitivity gain of up th*? whereN is the number of orbits. For an optical clock
stability of 3 x 10" at 1000 s (already achieved in the laboratory) &hd 1000, a
measurement of the gravitational redshift with 2.5 % ¥factional uncertainty would be
achievable. With anticipated future improvements in optical cle@bility, a reduced
uncertainty of 8 x 18 could be achieved, limited by the projected link stabibityL0® at
1000 s. Improvements beyond this level would require improved grounditesdtetjuency
transfer techniques. The second measurement approach propo#iesl EGE mission is to
make an absolute measurement of the frequency difference hetheeground and the
satellite clocks when the satellite is at apogee. Hleeeterrestrial gravitational potential



difference is maximumU/c? ~ 6.5 x 10'% and the link inaccuracy is smaller because of the
longer averaging time, although the measurement does not takeagvaf the repetitive
nature of the orbit. However this measurement approach is coewti@m to the first
method, because it relies on the accuracy rather than tiystaf the optical clock, and for

a clock accuracy of 2 x 1Y it is expected to provide a measurement of the gravitational
redshift with 3 x 10 relative uncertainty. Once again this uncertainty witluee as the
accuracy of optical clocks improves, up to the point whereitkeinaccuracy becomes the
limit.

In both the above approaches, the dominant contribution to the reddndinighe earth’s
gravitational potential. A third approach, which instead addéedhe solar gravitational
frequency shift, is to compare terrestrial clocks wigatellite clock in a geostationary orbit.
The gravitational potential difference between a geostatiomdejlite and the earth’s surface
is modulated with solar day period and amplitude with a peakéak-pariation ofDU/c* of
about 5 x 10" (Figure 3). Although this is significantly lower than for gHy elliptical
orbit, it is approximately six times higher than the daily maihafor the comparison of
ground-based clocks via a satellite transponder, and the meastireniess affected by
potential variations induced by geophysical effects. The teales{pace clock comparison
could also be technically simpler for a geostationary orbitamspared to a highly elliptic
orbit, thus avoiding potential systematic errors in the comparison.

The SAGAS (Search for Anomalous Gravitation using Atomic Sehsuission proposal,
which is directed at flying highly sensitive atomic sengarsoptical clock and a cold atom
accelerometer) on a Solar System escape trajectory, dfferprospect of a very high
accuracy measurement of the solar gravitational red$tdtf 2007]. For this trajectory, the
change in gravitational potential BJ/c> ~ 10° (Figure 3), with the dominant contribution
arising in the first few years after launch. For an optidack of 10" accuracy, the
gravitational redshift can therefore be tested with fidctional uncertainty. An optical link
is proposed for ranging, frequency comparison and communication. As bdifiere,
uncertainty in the gravitational redshift measurement reiluce as the accuracy of optical
clocks improves, assuming that the link to ground is sufficiently aecurat

EGE

microwave
Cs clock v, 7

vilv, R\)A/\x /
3 - optical

- \ vl |Clock v, /
- J"l“«;;

';g“a\\“@\e‘:

v

Atomic clock v, .

Atomic clock v, ,

Figure 4. General concept of the EGE mission, repduced from [Schiller 2007].



“Null” redshift tests

A “null” redshift experiment tests whether the relative saté two different clocks depends
on position. Local position invariance implies that the frequengieand i of two atomic
clocks of different structure should suffer identical refistdas they move together through a
changing gravitational potentiddJ. This is termed the universality of the gravitational
redshift (UGR). If LPI were violated, the change in thetfaamal frequency ratio between the
clocks would be

D(7,/175)
(7111¢)

D
= (b,- b)) 3)

¢z’

Such a violation may be described phenomenologically by a dependewnce or more
fundamental constants on the gravitational potential. Such dependemeedicted by a
number of theories aiming to unify gravitation with other intBoms and is usually
associated with the effect of massless (or very light) scalds fiElambaum 2007].

For ground-based clocks the dominant contribution to changes in the ampzemational
potential is due to the annual elliptical orbit of the Eaatiout the Sun. This leads to
variations inU/c® of 3.3" 10'° (Figure 3). Current bounds abw| 4| are at the few parts in
10° level. For example, a seven year comparison of caesium foumtanary frequency
standards and hydrogen masers showed that pcd < 1.4" 10° [Ashby 2007] whilst an
analysis of the frequency ratio between tfi#lg" optical clock and a caesium fountain
primary frequency standard over a period of 6 years showed dfjat 4cd < 3.5 10 6
[Fortier 2007].

Although some improvement in these limits can be anticipatedramdibased clocks
improve in accuracy, much more sensitive tests can be cawuieith space because of the
larger values ofDU/c* that can be achieved (Figure 3). Null redshift experimere
technically simpler than absolute gravitational redshift measunsrbecause there is no need
for a highly accurate knowledge of the gravitational potérgilong the orbit and the
measurement does not depend on a link to ground clocks.

For this type of mission the sensitivity of the clock titamis frequency to changes in the
fundamental constants is important. Comparisons between opticks depend mainly on
the fine structure constaat Relativistic many-body calculations have been performed for the
transitions of interest as optical frequency standards riumber of atomic species [Dzuba
1999, Dzuba 2003, Angstmann 2004], using a range of valuea for determine their
sensitivity to changes in this fundamental constant. Defiaisgnsitivity coefficienA such

that a fractional changea leads to a fractional shifs\(da) in the frequency of the clock
transition, the results are shown in Table 1. For a null ritdebkt, the most sensitive test
would be obtained by comparing two species with very different senssitdichanges ia.

If we consider for example a mission to the outer solaesygsuch as SAGAS) the change
in U/c? is approximately 16. With clocks of 10' fractional accuracy, a LPI test at a level of
10 could therefore be performed. Similar accuracy could be \shien a mission to
Mercury, because the change in gravitational potentiaim#iasi Even more stringent tests
could be performed with a clock ensemble on a single close fof-thye sun, such as in the
SpaceTime mission proposal [Maleki 2004]. With a minimum distaof 6 solar radii, a
maximum value ofU/c® of 3.5° 107 was to be attained in this experiment (Figure 3).
Replacing the original microwave clocks with optical ckak 10 fractional accuracy
would thus enable a LPI test at a level 6f B0 '*to be performed.



lon or atom | Clock transition | A Reference

Sr' °Sy/» —“Dspo 0.43 | [Dzuba 1999]

Yb* °Sy/p —°Dsp 0.88 | [Dzuba 2003]

Yb' “Syz — “Faro -5.30 | [Dzuba 2003]

Hg" *Sy2 —“Dsia -3.19 | [Dzuba 1999]

In* 'S =P 0.18 [ [Angstmann 2004]
Al 'S, %Py 0.008 | [Angstmann 2004]
Ca 'S, —°P, 0.02 | [Angstmann 2004]
Sr 'S, —°Py 0.06 | [Angstmann 2004]
Yb 'S =P 0.31 [ [Angstmann 2004]
Hg 'S =P 0.81 | [Angstmann 2004]

Table 1. Sensitivity factor A to variation in a of the clock transition frequency in a
number of different optical frequency standards. (Mte that the calculations are not
isotope-specific.)

2.1.1.2 Tests of Local Lorentz Invariance

Space missions including optical clocks in their payloads dfeo @ number of possibilities
for testing special relativity, and hence local Lorentz invariance

Ives-Stilwell experiments

The frequency difference between a space-borne clock ancestii@t clock will in general
contain a term that depends on the coordinate velocities of theldwsks in addition to the
gravitational redshift. A precise measurement of this temmounts to a test of time dilation
(Ives-Stilwell experiment). Considering the SAGAS missioaragxample, this term is about
4” 10° towards the end of the mission duration, and hence with the projoskaccuracy
of 10" could be measured with a relative uncertainty of approximately®® [Wolf 2007].
The best current limit set by this type of experiment is 212 ’ [Saathoff 2003] and so this
would represent an improvement by approximately a factor of 70.

Kennedy-Thorndike experiments

Space-borne optical clocks can also be used to testdbpandence of the speed of light on
the velocity of the laboratory (Kennedy-Thorndike experimentdapparing the frequency

of a stable optical resonator with the frequency of an indem¢rogptical frequency standard,
a technique introduced by Hils and Hall [Hils 1990].

According to the Mansouri-Sexl test theory, a possible depead#ribe speed of light on
the magnituder of the laboratory velocity relative to a hypothetical pmefé reference frame
S and on the anglg between the propagation direction of the light and the direofiercan
be parameterized as

2 2
cv.g) _ 1+ AV—2 + Bv—zsinzq (4)

CO 0 0

wherec, is the constant speed of light in the preferred fr&mEhe natural candidate f&is
the cosmic microwave background. If local Lorentz invariance holdsilaewB are zero.



For a terrestrial experiment the laboratory veloefty is modulated daily by the rotation of
the Earth about its axis (amplitue€800 m &', depending on latitude) and annually by the
Earth’s orbital motion around the Sun (amplitud®0 km s%). Since the resonance frequency
of the optical cavity is proportional w(v), the frequency difference between the frequency
standard and the cavity will be modulated in a correspondingifwagrentz invariance is
violated. Stringent limits oB have been set by Michelson-Morley experiments, with the most
precise leading to a limit oB]< 8.1 10 [Stanwix 2006], so that Kennedy-Thorndike
experiments test mainly the parameeiThe most sensitive terrestrial experiment to date set
a limit of JA| < 2.1° 10° [Braxmaier 2002].

Space experiments have the advantage of high orbital vebouitystrongly reduced cavity
deformation in the microgravity environment [Lammerzahl 200Inmmé@rzahl 2004]. For
example, for the elliptic orbit of the proposed EGE mission, #iecity v of the laboratory
varies between + 4 km'sand — 4 km's over approximately one hour. This variation is an
order of magnitude larger than the change of velocity of the 'Eatinface. The variation
also occurs over a shorter timescale, which is benefiaighfe type of experiment because
the drift of the optical resonator is more predictable @marter timescales. With averaging
over a number of orbits, an improvement of a factor of 20 comparduk theist terrestrial
experiments is expected [Schiller 2007]. More generally, in arssiom whose payload
involves an optical clock, the difference between the atoefierence frequency and the
frequency of the cavity used in the optical local oscillatitirtve monitored continuously and
can therefore be analysed within this framework for violations of lipiemariance.

2.1.2 Exploring large-scale gravity: the Pioneer anomaly

Although experimental tests of gravity have so far shown goodeagnt with General
Relativity over scales ranging from millimetres (lakiorg experiments) to the size of
planetary orbits (space experiments), most attempts to devejopraum theory of gravity
predict modifications at smaller and/or larger length scales.

There are already several phenomena that cannot be explaihedti standard theory of
general relativity [LAmmerzahl 2006]. One is the anomaly @ksein the rotation curves of
galaxies, where the outermost stars rotate faster than woulkpmeted based on the
gravitational field given by the visible stars in the cerdf the galaxy. This phenomenon is
usually ascribed to dark matter, the nature of which remainsowrk but could also be a
consequence of a modification of general relativity at galamti cosmological scales. A
second anomaly appears in two-way Doppler tracking data fronPitthreeer 10 and 11
spacecraft at distances greater than 20 astronomical ukl}sfri@m the Sun. Analysis of this
data indicates the presence of a small, anomalous, Dopplerrioyqdieft (Figure 5), which
can be interpreted as a constant excess acceleration tahvarsisn o, = 8.5 % 10" ms?
[Anderson 1998]. This signal is known as the Pioneer anomaly aratigisas currently
remain unexplained. Further tests of the laws of gravithedrgest possible distances are
therefore extremely important.
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Figure 5. Two-way Doppler residuals (Doppler veloty minus model Doppler velocity)
observed for the Pioneer 10 spacecraft as a functicof time. (Figure reproduced from
[Anderson 1998].)

Optical clocks have been proposed as a useful addition to futeseons designed to resolve
the causes of the Pioneer anomaly [Dittus 2006], with thengzleing to compare a stable
clock on board the spacecraft with a reference clockddcan earth. The clock comparison
measures the difference in gravitational potential and thus ptobegavitational field at the
satellite location. A Pioneer anomaly mission would be flown 8olar System escape orbit
to probe large distance scales at greater than 20 AU frorSuhgand hence the on-board
clock must exhibit extremely good long term stability over soades of 10 years. If the
anomalous acceleration arises from a gravitational potéhtiakthen dUpn/dr = - apa, and the
anomalous satellite clock frequency shift as it moves between distar@ndr, from the Sun

is given by

%: UPA(rl)' UPA(rZ) :irszPA :irz

n c? c? ) c?

- A dr = - A5 27, (5)

1

For a travel distance of about 70 AU, this fractional frequeshify is- 1 x 103, An optical
clock would be able to measure anomalous accelerations signifitehbhw as, and would
therefore be a good choice for such a mission.

One such mission that aims to study the Pioneer anomaly is SA@HAere the payload
includes not only an optical clock but also an absolute accelegorbased on atom
interferometry and a laser link for ranging, frequency comparad communications. This
integrated package of complementary instruments provides a higtdatile payload that
will allow the Pioneer anomaly to be explored through the difteedfects of gravity on
clocks, light and the free fall of test bodies, and hence toimisate between the different
hypotheses that have been put forward to explain the anomaly [Wolf 2007].
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2.1.3 Tests of post-Newtonian gravity

In the weak-field, low-velocity limit, which is sufficientlycaurate to describe most solar
system tests that can be performed in the foreseeable fileoeies of gravity are classified
using the parameterised post-Newtonian (PPN) formalism [R80I6]. In the most general
form, ten different parameters are required to charaeterimetric theory. However in the
simplest case, in which it is assumed that the universetiopic and that conservation laws
for total momentum and angular momentum are satisfied, thiseedache two Eddington-
Robertson-Schiff parameter$, and g both of which have the value of unity in general
relativity (GR). Accurate measurements of these parameger thus help to distinguish GR
from other metric theories of gravity.

Optical clocks are mainly of interest for improved measurgsnef the parameteg which
characterizes the amount of space-time curvature producenitoyest mass. This parameter
was first determined by measuring the apparent change in thiaampgsition of nearly
occulted stars during the 1919 solar eclipse [Dyson 1920]. However anouveate studies
have been performed with interplanetary spacecraft by megsiine time delay (Shapiro
delay) of radio signals to and from the spacecraft as theychmgsby the sun at conjunction.
The gravitational field of the Sun causes an incr&age the time taken for electromagnetic
radiation to travel the round trip between the ground antenna and the afiaga@n by

GMq In arr,
c? b?

Dt = 2(1+9) , (6)

whereG is the Newtonian constant of gravitatids is the mass of the suajs the speed of
light, r; andr, are the respective distances of the ground antenna and therafydomm the
Sun, andb is the impact parameter. The most accurate experinemtate do not measure
this delay directly but rather measure the fractional frequeshift Drin of the radiation,
which is the time derivative of the relativistic delaty

Dn _ d(Dt) GM, db
== s —
0

(@)

For a spacecraft much further away from the Sun than the Bafthjs approximately equal
to the orbital velocity of the Earth (30 krif)sand at grazing incidende» 7~ 10° m. The
maximum size of this effect for a two-way signal is tfene 1.7~ 10° and for a one-way
signal it is half this.

The most stringent limit oy to date comes from Doppler ranging to the Cassini mission
during solar occultation, and yields a regplt 1 + (2.1+ 2.3)" 10°, in agreement with the
predictions of GR [Bertotti 2003]. The Mercury Orbiter Radiesce Experiment (MORE)
on BepiColombo, which is scheduled for launch in 2013, aims to megswith ten times
higher accuracy [BepiColombo 2000], but optical clocks offer the pcbspesubstantial
further improvements.

One example is the proposed SAGAS mission, whose payload includgspadtiion optical
clock with 10" fractional accuracy. This would carry out measurements airil the
Cassini mission, during one or several solar conjunctions (depeadidgtailed trajectory)
but with significantly improved sensitivity and at optical etthan radio frequencies, which
significantly minimises effects from the solar corona andBhgh’s ionosphere. Assuming
only one occultation over the complete mission duration, a somewssiiigic estimate of
the uncertainty achievable suggests that SAGAS will be eibimeasurgy with a relative

11



2.2

uncertainty of about 10 However it is more likely that uncertainty in the @ 10° region
will be achievable by modelling the non-gravitational accétamna of the spacecraft over the
short timescales of the occultation [Wolf 2007].

ASTROD | (Astrodynamical Space Test of Relativity usingi€gptDevices ) is another
mission concept that uses lasers rather than radio waveanging a spacecraft close to
occultation [Appourchaux 2008]. This single spacecraft mission andgtermineg with a
relative uncertainty of about 10 and uses a caesium microwave clock to provide timing
information for two-way pulse laser ranging between Earth badspacecraft. However a
second mission, ASTROD Il is envisaged as a three-spacatssion that would tesfy to
10°, and for this the much higher stability and accuracy of aitaptlock would be
required.

Another interesting proposal aims to measure the gravitatiomaldelay between two drag-
free spacecraft [Ashby 2008]. This mission consists of two dedisptazkcraft, one near the
Lagrange point L1, and another that passes behind the Sunitheseduring the mission
lifetime. The proposal is for the ranging to be done using er et is modulated at a
microwave frequency provided by an ultrastable clock on board thephtecraft. The
second spacecraft would contain a laser transponder to detect théngpn¢aser modulation
and send it back to the L1 spacecraft, where its phase wouldebsurad in order to
determine the time delay. Using a cold atom microwave clodkhefPHARAO type, the
estimated uncertainty ig would be 10°. However there is clear potential to further improve
the precision using an optical clock and optical time delay measurements.

The parametel is affected by most types of modifications of GR, with sarhéhese
theories predicting deviations from unity (the GR value) in16ié to 10° range [Damour
2002a, Damour 2002b]. Its measurement to the accuracy promised by olatiéal would
therefore make it possible to discriminate clearly between difféineories of gravity.

Earth observation (geoscience)

As discussed in the previous section, it is clear thagphee environment offers a number of
advantages for high precision tests of fundamental physicali¢betbrough the availability
of reduced seismic noise, large gravitational field changes, largacistand high velocities.
It also provides an excellent medium for Earth observation and gaos¢i offering
opportunities to examine and characterize atmospheric and climaperies, surface
topologies and vegetation, and Earth gravity changes and plairi¢sobn the global scale.
A relatively straightforward example of an earlier ESAsion proposal is WALES (Water
vapour lidar experiment in space), which sought to examine from $pac&ater vapour
content in the atmosphere. This type of idea led on to the A-SCOPE (Advanced Space Carb
and Climate Observation of Planet Earth) proposal for mongortarbon dioxide
concentrations by satellite. This remote atmospheric sensisgtbilite relies primarily on
laser induced differential absorption measurement (LIDAR) byitaring reflection signals
on and off particular absorption species such as water or cartxadediThe use of filtered
optical frequency combs to accurately monitor the absorptioneisfone idea that has been
suggested for this task [Gill 2008]. In addition to atmospherioratien studies, and
arguably of greater significance, is a larger amount of germse and technology that derives
from Earth gravity effects. This includes the dynamicstled planetary interior (plate
tectonics, earthquakes and oil stratification), the dynaofiegater flow on and atmospheric
currents above the Earth’s surface (see, for example, [Zo2008]), and the orbitology of
satellite systems.
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Determination of the Earth’s geoid

The acceleration due to gravity is not constant over the suodfatiee Earth, varying by
several tenths of a percent. This is primarily due to ttation of the Earth causing a
flattening at the poles with a resulting increase in grathgre compared to the equator.
Additional local variation is caused by the influence of high monmtnges and deep ocean
trenches, and of non-uniform mass and material distributions withifEarth’s mantle such
as rock, oil and water deposits. These influences also chétigéme, for example through
earthquakes, volcanic activity, tectonic plate movement andheet movements. In order to
take account of these spatial and temporal variations intgifaiid, the concept of the geoid
has been introduced to define a surface of equal gravitapobehtial, which corresponds to
an ocean surface at rest, and is critical for exampledicating the direction of water flow.
Thus the geoid can provide a means to monitor sea-level changeglohah scale and
provide an absolute global height reference system.

.1 Oceanography

Oceanography has a direct effect on global climate dynamicsygiirthe oceans’ heat
capacity, convection and evaporative interchange with the atmospberkined with direct
solar radiation effects. Understanding of these processeshdiedfects the precision of
predictive weather forecasting on the global scale. Whigtllige altimetry allows the
measurement of sea-surface height with high spatial resoluti@r global distances,
providing direct input into ocean climate models, it does not prodde absolute
measurement of the ocean dynamical topography and resultaniatine. This requires a
reference to the ocean mass at rest as typified by the géuidrtainties in the geoid value
on the metre scale limit the precision with which climateutation models can be applied.
This is significant for several reasons. Firstly, ilésirable to be able to correlate actual and
theoretical oceanographic data at a sufficiently small apegsolution by combining both
altimetric and gravitational data, in order to better understarehacmass and heat transport
properties in the presence of local eddy current perturbations. This iniluead/to a better
understanding of the influence on ocean circulation of jet sgeard weather fronts at high
spatial resolution, as well as heat transport budgets anertamties. Finally, dynamic
altimetric — geoid difference data with sufficient spatedalution will also provide insights
into the variation of ocean transport as a function of depth.

2.2.1.2 Geodesy

Geodesy is primarily concerned with the mapping of the Eartldpeshboth globally and
locally. It provides a data set that feeds directly into mafigrdnt branches of Earth science,
civil engineering and construction, oil and gas exploration, ordenano/ey, and even global
navigation. In this latter respect, the determination of positiothe earth’s surface is made
on the basis of a geometric ellipsoidal reference, whicHfattehas no absolute reference
frame. To define a gravitational potential surface or rmearface level (for example
identifying the unambiguous direction of water flow) that can haieg across the globe,
reference to the geoid is necessary. This geoid will be dutgievariations over time and
spatial location due to the changing gravitational potential, wiihaejuent need for routine
mapping of the geoid on a regular basis as well as with seteaccuracy and improved
spatial resolution. Seasonal variations in geoid levels ofoappately 10 mm are not
uncommon [Tapley 2004], with fluctuations of up to 20 cm in some c&egpner 2006].
Typical uncertainties for geoid determination, via extendedgerof combined terrestrial
gravity and satellite mapping over many years, are at the36m level [Svehla 2005]. The
difference between the geoid and ellipsoid can be as large\asal tens of metres in
mountainous regions due to the granularity of the mass distributionqEguee 6).
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Figure 6. The height difference between the ellipgh and the geoid varies over the surface
of the Earth. Optical clocks offer the prospect ofunifying these two different reference
frames. (Figure reproduced from [Svehla 2008].)

Unified height systems

Traditional methodologies for geoid determination make use of a patini of geodetic
levelling (by ground-based triangulation and survey) and gravimetgeveloped countries,
this is achieved by reference to a series of gravitytpeiith measured high accuracy values,
and use of subsidiary levelling survey. Whilst this can provadallgeoid height information
at the sub-cm level in some cases, it is a laborious proesgsring long and inefficient
measurement survey times, and is targeted on specific Addisonally, there is often little
correspondence between data maintained within different coyrgsigscially where they are
located on landmasses separated by seas or oceans. Even withia, Biases of ~ 50 cm
between national height reference systems are not uncommon. AppBoahere this can be
significant include pipeline control across continents, and rkoittunnels and bridges such
as that between Sweden and Denmark.

Survey and levelling with GNSS

A specific case of height determination is concerned with llagefor civil engineering
purposes, particularly for projects involving water flow. Aeies in the sub-centimetre
range, and distributed over baselines up to several kilognetisme cases, remain the target
for civil engineering applications. The ability to use GNSS8egated height data for this
could offer a very significant improvement in levelling andveyrtime, provided the data is
accurate enough. Here, the key requirement is to be able ® GNES height data, which is
referenced to the GNSS-adopted ellipsoid, to the geoid. As alreanyssksl, this requires
accurate knowledge of the difference between the geoid and ffso®lli GNSS receivers for
field use capable of this level of accuracy are not availas yet. However, the ability to
convert from GNSS height data to levelled height data by acating the ellipsoid — geoid
difference on baselines that are short enough to be relevantgartteilar project remains a
highly desirable goal on grounds of increased efficiency amhdceal cost. The extent of the
contributions to these targets that should be met by geoidniestions following the
forthcoming GOCE mission is discussed in section 2.2.2, whileeurdpportunities for
optical clock-based measurements are described in section 2.2.3.

14



Inertial navigation and orbit determination

Inertial navigation relies on the use of accelerometers wmdcppes on board the vehicle or
moving platform to monitor acceleration and orientation resgeyg, with double integration
of the measured acceleration leading to position data. Theseesleatie commonplace in
aircraft, missiles, submarines and some land-based vehiclegllaaswin oil drilling and
pipeline control and maintenance. One difficulty, however, istti@imeasured acceleration
consists of contributions from both vehicle and gravitationalelacation. The latter
contribution tends to be computed using an approximated ellipsoidatygfield that is
devoid of local field knowledge. With the advantage of geoid detetiminmsacomplete with
local field perturbations added in with high spatial resolution, a raoceirate sensing of
vehicle acceleration data can be achieved, with a corresponuingase in positional
accuracy.

This type of approach can also contribute to improved orbit deteioniraf satellites. Here a
variety of perturbing accelerations can arise, including thise to the gravity field,
atmospheric drag, solar radiation, ocean tides and Earth platenmotv/eT his is particularly
true of low Earth orbits, such as those used for altimsttidies ¢.g GEOSAT, Envisat).
Improved geoid measurements with higher spatial resolution carichetduce gravity-based
radial orbit errors for these altimetric satellites, als contribute to the reduction of satellite
flight and orthogonal direction errors, leading to better orbit ptiedi in close-to-real time
processing. This is especially useful for oceanographic and atmizspgtedies using
satellites with on-board GNSS receivers.

2.2.2 CHAMP, GRACE and GOCE mission capabilities

To date, there have been two Earth gravity monitoring spacéongsshe German CHAMP
(Challenging Minisatellite Payload) mission, launched in 2000, taedNASA GRACE

(Gravity Recovery and Climate Experiment) mission, launched002. The latest gravity
field mapping mission GOCE (Gravity field and steady-statea@c¢&irculation Explorer) is
due for launch in September 2008. The planned synergies betweenthfessamissions
involve a sequential improvement in our knowledge of the Earth’s graudy fie

The CHAMP mission [Reigber 2000] comprised a 3-axis acceleronugfether with a GPS
receiver for satellite-to-satellite tracking, togethdthva sensitive fluxgate magnetometer for
magnetic field tracking. The GPS receiver enabled orluking of the CHAMP spacecraft to
1 mm accuracy, leading to a factor of 100 improvement in longiemgth gravity field
measurements. This served as a starting point for the GRA€&on data analysis. The
GRACE concept [Tapley 2004] centred on two spacecraft, one follothiegother at a
separation of approximately 220 km and at an altitude of a few hundred kilometite s KA
receivers and 3-axis accelerometers to provide positionarerefing, an additional
microwave ranging system allowed for the accurate monitoringhahges in the inter-
satellite separation. These changes in separation result frerdifferential gravity field
experienced by the leading craft relative to the followimg, and allow improvements in
medium wavelength gravity field mapping sensitivity by a factor ofdemhundred.

Data from the GRACE mission provides the basis for the B@fission to improve gravity
field measurement accuracy on the high resolution short-wavkleogte. The single GOCE
spacecraft will orbit at an altitude of approximately 250 &ng houses a 3-axis gradiometer
comprising 3 pairs of 3-axis accelerometers with each pparated by 0.5 m, a geodetic-
quality GPS receiver, and a laser retro-reflector to aljpeund-based laser tracking. The
primary mission objectives are to determine gravity fietibraalies to an accuracy of
10° ms?, to determine the geoid to an accuracy-d &m, and to achieve these goals with a
spatial resolution of better than 100 km. Data gathering over di&hs is planned. The
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specific GOCE mission targets in respect of time-avera@atic) gravity field for the
different application areas are itemised in Table 2 [Koop 2008, Ru20d&], where the
Earth strata applications are sub-divided into the lithospleia (crust and upper mantle),
hydrosphere and asthenosphere (molten rock layer beneath the lithpsphere

Application Geoid Gravity Spatial resolution
accuracy (cm) | accuracy (half-wavelength)
(10°ms? (km)
Solid Earth lithosphere:
Upper mantle density 1-2 100
Continental plate motions
i) sedimentary basins 1-2 50- 100
ii) rifts 1-2 20- 100
iii) tectonic motions 1-2 100- 500
Seismic hazards 1 100
Ocean lithosphere/ asthenosphere 0.5-1 100- 200
Oceanography:
Short scale 1-2 100
Basin scale ~0.1 1000
Ice sheets:
Rock basement 1-5 50- 100
Ice vertical movements 2 100- 1000
Geodesy:
GNSS levelling 1 100- 1000
Unification of height references 1 100- 20 000
Inertial navigation ~1-5 100- 1000
Orbit determination ~1-3 100- 1000

Table 2. Scientific requirements for the GOCE misgin [Koop 2008, Rummel 2005].

Improved measurements of the time-varying gravity fielduseful for monitoring seasonal
and long-term trends in ice sheet masses, ocean current traasgooiverall ocean mass
changes. Here the effects are best quantified in terms s ol@anges (expressed as the
thickness of a layer of water over the Earth’s surfala) tause the gravity changes. The
most significant examples of the value of time-varyiravgy field data are the estimated ice
mass losses in Greenland and Antarctica derived from GRAE&Surements [Velicogna
2006, Chen 2006].

2.2.3 Optical clock possibilities for gravity sensing

Before considering possibilities for future gravity-sensing immssthat might include optical
clock technology to sense Earth gravitational field changés instructive to briefly review

the range of existing and developing technologies available fritgisensing missions
[Bruinsma 2008]. This includes inter-spacecraft ranging by micrewaterferometry, laser

interferometry (both by dual master-slave laser arrangement$ by single laser plus
retroreflector arrangements), and gradiometry (using eletic devices, drag-free inertial
sensing such as that being developed within the LISA Pathfingesiom, or cold atom

interferometric gradiometers).
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A K-band microwave ranging system between spacecraft isimslbed GRACE mission. The
precision of the range-rate measurements is®.%". This instrument is sufficiently precise
for a GRACE follow-on mission that would primarily serve asoatinuation of the current
capabilities.

The laser interferometer, using the master-slave concepta hiesnonstrated precision of
1 nm s and the potential to measure spacecraft-relative attitvideseam alignment with

100 nrad HZ" noise. It requires low-power lasers (LB0 mW), which are already flight

qualified, with a very high level of frequency stabilizatimot space qualified yet, but under
development for the LISA mission). Overall, this is a compl@a@ution, but could benefit

from the LISA technology development.

The single laser plus retro-reflector concept, compared towvalaser master-slave
arrangement, has the disadvantage of requiring a largealoptiwer for the master laser for
a given operating distance, though approximately 100 mW is suffifdor an inter-satellite

distance of 10 km. The short inter-satellite distance pmafibit monitoring of the very long

wavelength temporal variations. The primary advantages of ppi®ach are simplicity (one

laser, one interferometer and phase meters), robustness @setad-reflector removes any
need for active pointing on the second satellite), and retialilo simultaneous operation of
multiple lasers and interferometers).

The GOCE gradiometer uses six 3-axis electrostatic acosdters, the sensitive axes of
which have a sensitivity of 2102 ms?Hz*? (compared to 16°ms?Hz > for the
GRACE instruments) in a given measurement bandwidth. The tapaeiadout has a noise
level of about 6 pm HZ2. Attitude control, thermal control and the stiffness of matersed
to construct and mount the instrument are extremely demanding, lyuatdecritical for

enhanced instrument sensitivity.

Technology developed for LISA Pathfinder (to be launched in 2010) irgladdrag-free
system with inertial sensors around thé'4ns?level and a local interferometric test mass
readout with 10 pm HZ? noise, but designed for a very low perturbation orbit environment.
Both of these instrument noise levels are about a factb®@flower than would be needed
for a drag-free two-spacecraft GRACE-type mission. One nadivantage of drag-free
operation is being able to fly a two-spacecraft mission atvarl altitude, as for GOCE. The
other is the reduction of stability requirements associatéu accelerometers. A problem
may be the associated shorter mission lifetime due to the lower altitude.

A quantum interferometer gravity gradiometer uses atoms thésaecooled to a fewK as
free-fall test masses. Its building blocks are atom-intemfieter-based accelerometers. The
projected achievable precision is comparable to that of the E5@@diometer, but the
measurement bandwidth of such an instrument is not yet known (foEG@Cbandwidth is

5 mHz to 0.1 Hz).

Given the sensitivity of high precision clocks to their tamawithin a gravitational potential,
the opportunities for space-clock-based gravimetry should be ex@andpcal clocks offer
the possibility to determine the difference in gravitatiopakential between different
locations and therefore of establishing a unified global heilgtim (Figure 6). Such a
system is required for several geodetic applications agahe global height synchronization
of tide gauges for global sea level monitoring. This approachtheasdvantage of being
independent of satellite acceleration. However, a height charfgerofat the Earth’s surface
results in a clock frequency gravitational redshift of*40Currently, the best stabilities and
accuracies achieved with optical clocks on the ground approachafi@r averaging for
several hours, though it is expected that these will improvieetd®'® level during the next
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decade. A redshift magnitude of ¥0corresponds to an orbit altitude uncertainty of 1 cm and
40 cm respectively for satellites in LEO and geostationarytsprehowing a much reduced
sensitivity in the geostationary case. Nevertheless, thadedeaveraging necessary for ‘0
accuracy needed to sense geoid changes at the 1 cnmsléoellong (days) at present to be
useful for direct sensing of the surface gravitational mi@k difference from LEO or
geostationary orbits. A methodology that could be useful, howeves, dpdrate with high
accuracy optical clocks at fixed locations on the ground and/or orlemmhtforms such as
aircraft or low Earth orbit satellites, all of which would k@erenced to a “master” clock
operating in a medium earth or geostationary ¢fbgure 3. The ground clocks and airborne
clocks could provide averaging capability over extended inteatdiged points, or with high
spatial resolutiong.g 10 km or less) respectively, leading to high sensitivity lotapping.
The LEO satellites would have lower spatial resolutiograund level €.g 10 — 50 km) with
adequate gravitational sensitivity being built up over many orbiis could provide more
global coverage along tightly-defined orbital trajectoriegshwsiepped trajectory changes at
appropriate intervals allowing gravitational mapping to be coastd. Monitored frequency
differences between geostationary (and/or MEO master ¢l@cid fixed ground reference
clocks would allow the global height referencing datum to be lesiald at the centimetre
level.

Master
clock .

Satellite

e

Figure 7. An optical “master” clock on board a satdlite could be used as a reference
for measurements of the geopotential on the Earth’'ssurface, for frequency
distribution to other spacecraft, or as a transponér for clock comparisons. (Figure
reproduced from [Gill 2008].)

Optical master clock in space

The master clock in space concept offers wider opportuniitées just gravitational mapping
(Figure 7). With the advent of the high performance optitatks capable of achieving
accuracies in the 18 to 10 range on the ground in fixed laboratory environments, there
arises the increasingly challenging problem of comparing sudksltmcated in distant
laboratories. This is necessary to provide the means to gddiar from the highest
performance clocks to create the international atomic tirmke,sand to provide confirmation
that clock systems in any particular location are consistitht other remote clocks at the
level of locally claimed uncertainties. Traditionally, global intenparisons between caesium
microwave atomic clocks has been achieved using satelliegtfieejuency and time transfer
techniques between standards laboratories and other estituth as the BIPM and USNO.
The lowest instabilities for frequency comparisons are obtaineg tisp-way satellite time
and frequency transfer (TWSTFT) or GPS-based carrier pleabaiques (section 3.5.1).
Although these comparison techniques are well matched to ésaupafountain microwave
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clock performance in respect of the frequency transferlisyadond accuracy achievable, they
are inadequate for high stability optical clocks performing at th€ 200" level.

There are a number of potential approaches to solving the pralblesmote comparison of
high-accuracy optical clocks. One possibility would be the @is&sportable optical clocks
travelling between standards laboratories. At this juncigireen the local environmental
control conditions necessary to push the laboratory optical clo¢krmence to the 16
level, trade-off between performance and transportabilificedy to preclude the routine use
of transportable systems for a number of years. The n&gjoe iwith this approach would of
course be the need to separate out the varying gravityefiglerienced by the transportable
system between the remote locations, and here, the input from modeperavitational field
determinations outlined in section 2.2.3 would be necessary.

One possibility for improved frequency comparisons via satalliteuld be demonstrated by
an improved satellite to ground microwave link (MWL) being deped for the ACES
mission, scheduled for operation on the international space statetiorfsg.5.1.2). This is
expected to improve on current techniques by a factor of 20, alloiwtegcontinental
frequency comparison accuracies at thé'’l@evel after one week of averaging time
[Cacciapuoti 2007]. This could be enhanced by the use of an optical dlieclly in a
geostationary orbit. With optical “master” clock performancéoard the satellite providing
stabilities in the 18" — 108 range for averaging times of one to a few days, direct ute of
optical comb microwave outputs to generate the MWL frequenaggther with other
enhancements, should further improve the MWL operation, allowing fnegusomparison
between remote clocks at the foevel.

A more direct way to compare remote optical clocks is by ddilwa transfer of an optical
carrier frequency related to the ground source clock, as dedcim section 3.5.2.2. This
method of optical-optical frequency comparison has been shown to giygeficy transfer
instabilities below 10° for 100 s averaging times over fibre lengths of up to approgignat
250 km, for a mixture of installed and spooled fibre [Newbury 2007b]. Fof2skm link
consisting entirely of installed dark fibre, a frequency transtability of 10'® has been
achieved for an averaging time of 2000 s [Jiang 2008]. Transfergogater distances with
intermediate phase-maintaining optical amplifier repeatdpstais considered feasible, with
some experimental demonstrations soon to be attempted. The obvicudtgliffith this
approach is the requirement for dark fibre linkage between timbplocks. Whilst proving
experiments have been carried out using local networks, negotiatintelecommunications
providers for routine access to dark fibre, for example éetwEuropean standards
laboratories such NPL, LNE-SYRTE and PTB is logistically endifficult. However, the
opportunity to compare remote clocks in certain national measaoténsitutes both using
optical fibre frequency transfer techniques and via sateflitrowave links represents a
powerful validation process for both techniques, underpinning estimatlency
comparison accuracies for remote ground clock comparison by sateflitevave link where
no fibre routing exists.

Another potential remote clock comparison technique is that of tlabfrequency transfer
(section 3.5.1.3). Here, a ground-to-satellite link for time transfyelaser link (T2L2) has
been installed as an auxiliary payload on board the Jason-2 misgioohed in June 2008
[Guillemot 2006], and is currently undergoing initial tests. That fii-directional satellite-to-
satellite optical communication linkage was demonstrated in 20@febe the ESA Artemis
and Japanese OICETS satellites [Fujiwara 2007].

These opportunities for remote ground clock comparison by satelitewave link, coupled
with optical fibre frequency transfer between certain locatipast to the desirability for an
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2.4

optical “master clock” in space scenario as an additionaiombjective for a gravitational-
based fundamental physics and/or geoscience mission incorporatiegogiaal clocks. The
preferred arrangement from this point of view would be an optieaster clock in
geostationary orbit, for ease of accurate orbit determinatieduction of tracking
requirements and continuous common-view over certain Eartbngfbill 2008]. In such an
orbit, altitude determination to 40 cm uncertainty would be negessdake account of the
master clock gravitational red shift at the *fdevel. This can be achieved using laser
ranging. For intercontinental comparisons, more than one optical rnst& would be
needed, with satellite-to-satellite microwave links. Altéiredy, a single optical master clock
in an appropriate medium earth orbit (MEO) that accessed tfwg graund clock locations
could be used, although at the expense of continual satellite-in-view operation.

Global Navigation Satellite Systems (GNSS)

The evolution of the US global positioning system (GPS) frammilitary satellite-based
location system to a navigation system that is widely usedviliaes has taken place over
the last two decades, generating an explosion in location-basedatippb in air, sea and
land transport sectors as well as people and object traekiddocation. It is based on a
constellation of some thirty satellites in a number of ME®iter A smaller GLONASS
system (24 satellites) optimised primarily for the Russian sectocevapleted in 1995. More
recently, the first satellites for the Galileo Europearlbt navigation system have been
launched, and another 30-strong satellite constellation will ibecteed and brought into
service for the Galileo system over the next threesyéaalileo is a purely civil system, with
funding planned to be a joint undertaking between the EU, ESA aratgemnterprise. There
are also planned global satellite navigation systems for China and India.

The navigation system satellites house microwave atomi&lde the case of GPS, these
are commercial caesium and rubidium clocks. For Galileo, trelisatpayload includes
rubidium and passive hydrogen maser clocks. The GPS ground cogtrargein Colorado
uses microwave master clocks (caesium and hydrogen masttrdack-up links to USNO,
who are also developing rubidium fountain clocks to provide additiogh stability input to
the timescale. Galileo has two equivalent control centestéd in Germany and Italy, both
of which will house primary timing facilities containing foumesium clocks and two
hydrogen masers. Both GNSS systems have several worldwide monitoriogsstati

The overall error budget for position determination using GNSIi8des contributions from
satellite orbit determination and signal propagation from lIgatelo ground receiver
(including atmospheric propagation errors associated with the ionosplerewsphere and
multi-path effects), as well as clock uncertainties. Total tiaicgies using the standard code
transmission arrangement are in the region of a few mérepagation limitations mean that
these uncertainties are not greatly reduced by substitutingaoplicks for the microwave
systems. The situation is better with satellite signalrier phase transmission, with
improvements to approximately 2 m for standard microwave cloekisicing to around 1 m
with optical clock substitution and a factor of four improvementrisit determination. The
analysis described below demonstrates the improvements in sfrsiguency stability by
substituting optical clocks for the microwave clocks in ghace segment and / or the ground
segment. Further improvements in propagation analysis are needd® tolt advantage of
the significant improvements shown in these simulations. Howaslditional benefits would
also accrue with the deployment of optical clocks into both segnmesigdting in a greater
degree of autonomy in the space segment due to improved orbittiprecand on-board
clock prediction. These considerations are important for critszety of life” applications.
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GNSS optical clock simulations

A recent ESA study [Gill 2007] considered the potential enhancenerd GNSS system
offered by optical clocks in particular in relation to the Galileo systeno. tfpes of on-board
microwave clocks are currently planned for the Galilgstesn: rubidium and passive
hydrogen masers, while an active hydrogen maser will be usdbeoground as a master
clock in the Precise Timing Facility (PTF) to maintain i@al System Time (GST). Errors in
satellite clocks translate into position determination emarshe ground of the order of 1 m
per 3 ns due to the speed of electromagnetic radiation, so atmtkacy is critical for
optimum performance

The ESA study referred to above presented simulated offsetsdpeindividual satellite
clocks and GST, for both the planned Galileo microwave clocks andofir scenarios
employing optical clocks. For the planned Galileo system, rubidilooks onboard the
satellites are used in one scenario, and in the second iscpassive hydrogen masers are
assumed. These two scenarios are referred to as Galileo | and Il §J.able

Scenario Satellite Time System Time
Galileo | rubidium clock active hydrogen maser
Galileo Il passive hydrogen maser,  active hydrogen maser

Table 3: Clocks used in simulations of different Gleo system scenarios.

Each scenario was simulated ten times for a time intefvahe year with a sampling period
of =10 minutes. The underlying stochastic model of the atomic cleckedcribed by a
combination of different frequency noise types: white, flicker eamtlom walk. Figure 8
presents the Allan deviation of Galileo | and 1l offset simake. The curves are dominated
by the Allan deviation of the corresponding satellite clocks.

10— — —
""" Galileo | ]
[ Galileo |l |]
4 40"
a
10'14 : it O e — e 1

10° 10°

Tau, s

10°

Figure 8. Allan deviation for Galileo | and Il scerarios of simulated offsets between
satellite clocks and Galileo system time (GST).
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The simulated use of optical clocks in a GNSS involved thedifiarent scenarios listed in
Table 4. Scenarios | and Il generate system time using araloptark and implement
satellite time using rubidium and passive hydrogen maser clessectively. The third
scenario considers an optical clock onboard the satelliteanitfictive hydrogen maser used
for GST. The final scenario investigates the combination ofdptical clocks, one on board
the satellite and the other on the ground for system time.

Scenario | Satellite Time System Time

I rubidium clock optical clock

Il passive hydrogen maser optical clock

Il optical clock active hydrogen maser
Y optical clock optical clock

Table 4: Clocks used in the simulations of GNSS scenarios incladi optical clocks.

As in the simulations of Galileo | and I, each optical scengrisimulated ten times, for a
time interval of one year and with a sampling periodt &f 10 minutes. The optical clock
performance level assumed is white frequency noise of Hb one second and flicker
frequency noise of 1#.

Since the stability of optical clocks is better than that of rubidand passive hydrogen maser
clocks, the microwave clock noise dominates the Allan deviatodnscenarios | and Il.
Figure 9 shows how scenario | reaches a flicker frequency floiseof about 5 10",
which is equal to the flicker floor of the rubidium cloclceBario Il shows a flicker floor of
about 10". The Allan deviation of the satellite clocks thus dominates stadility of
scenarios | and II.

i ADEVs of scenariol, land Il

—_—r—— e
: scenariol [
scenario |l {1
scenario il |
scenario |V ||

ADEV
=)

Figure 9. Allan deviation of the simulated offset btween satellite clocks and system time
for four scenarios employing optical clocks (see Tde 4).
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Scenario lll, which assumes an optical clock onboard the satfidean active hydrogen
maser on the ground, is characterised by the noise of the hgtivegen maser. The Allan
deviation is dominated by flicker frequency noise faalues from 19s to about 2 10 s
(Figure 9). At longer averaging times, the random walk frequernige is apparent. The
Allan deviation figure of scenario IV is dominated by white freraey noise for values up to
about 2 10" s and by flicker frequency noise at longer averaging times.

Using the data from the simulations the predicted size w@liga clock errors can be
estimated. Figure 10 shows prediction errors for both 2 hour and 24 hour peafieds
synchronisation. It can be seen that the potential improvementsdfigroptical clocks are
significant.

I e

Prediction error, ns

RAFS- SPHM- RAFS- SPHM- Opt-Opt Opt-
AHM  AHM Opt Opt AHM

Figure 10. Satellite clock prediction errors for 2hour and 24 hour synchronisation
periods. (RAFS: rubidium atomic frequency standard; SPHM: space passive hydrogen
maser; AHM: active hydrogen maser; Opt: optical clek.)

Despite the simplifications in these first simulations, & ba&en shown that optical clocks
could provide a considerable improvement in terms of predictimnseover time. The use of
such clocks would therefore permit one to have less frequentespafathe clock parameters,
easing the operations of the satellite system and providingethigutonomy in the space
segment of the system. It is important to note that the dsiimudapresented above are limited
since crucial error sources such as the frequency drift ohtiic clocks, measurement
noise and noise of the time facilities, as well as the nosa bnboard satellite equipment
have not been considered. Furthermore, position determination orothdqusing GNSS is
not only limited by clock errors: multi-path and atmospheric &fece also significant and
contribute a substantial part of the user range error in ¢usystems. These issues would
need to be addressed in the coming years in order to take maxachwantage of clock
performance upgrades.
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2.5

In summary,optical clocks offer the possibility of up to two to three ordarsnagnitude

improvement in GNSS satellite clock prediction accuracy. hisrn would lead to far less
reliance on regular uplinks, which could be important for copint amy malfunction in the
ground segment. Assuming that multi-pass and atmospheric effedie cealt with, better
satellite clocks will lead to corresponding improvements in positicermé@tation for users.

As discussed in section 2.3, fluctuations in the height of thel denie an increasing impact
on ground clocks as their fractional uncertainties approactiGtiglevel [Kleppner 2006].
The resulting potential for a number of master clocks in espamuld be of significant
importance for very precise navigation and position determinafiomecent suggestion
[Svehla 2008] pointed to optical master clocks in GEO with aptic microwave links to a
MEO satellite constellation as a possible Galileo Il navigatioresyst

Summary of user requirements

As discussed in the preceding sections of this document, futuseomicenarios that would
benefit from optical atomic clock technology range from experismmtest the fundamental
laws of physics to applications with direct benefits to society.

Within the area oscience (Fundamental Physicskpace-borne optical atomic clocks offer
very significant opportunities to test the limits of our current undedstg of the universe.

Optical clocks could be used to search for violations oEihetein Equivalence Principle by
making measurements of the gravitational redshift with uepleded precision, or to
discriminate clearly between different theories of ggautirough measurements of the
Shapiro time delay of highly stable optical signals to and fix@pacecraft as they pass close
by the sun at conjunction. They would also be a useful addition toomssdesigned to
resolve the causes of the Pioneer anomaly.

These types of mission scenario could potentially lead to jar rsaientific discovery: a

breakdown of Einstein's general theory of relativity or thHesesvation of variations in
fundamental constants could provide the first experimental evidiensepport emerging
theories aimed at unifying gravitation and quantum mechanicsd@yedopment programme
outlined here thus has a vital role to play in supporting futuwen@ Vision mission

proposals in the area of fundamental physics by increasingtheological readiness level
of the optical clock technology.

Within the area oEarth Observation, space-borne optical atomic clocks would open up new
possibilities in geodesy and remote atmospheric sensing.

The sensitivity of highly stable and accurate optical clooksins that they can be used for
direct measurement of the earth’s geopotential at theclawimetre level with very high
spatial resolution. Such measurements would have applicatiomsvide range of sectors,
including civil engineering and construction, oil and gas exploratindinance survey and
even global navigation. Long-term measurements of the vatyabilthe local gravitational
potential will also be possible, with important perspectivasiamitoring seasonal and long-
term trends in ice sheet masses, ocean current transporteradl ogean mass changes. The
International Panel on Climate Change has stressed the needHatata as critical input to
models used to study and forecast the effects of climate change.

Additional opportunities arise from the sub-components of the optiaat.df@r example, the
optical frequency comb could be used for accurate monitoring of ilwsormprofiles in
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satellite-based LIDAR experiments, leading to further bendfitshe characterisation of
atmospheric properties such as carbon dioxide concentrations.

Within the area ofNavigation, optical atomic clocks could find application in future
evolutions of global satellite navigation systems.

Using optical clocks in both the ground and the space segmentsabéliites navigation
system offers the possibility of up to two to three orders afmitude improvement in
satellite clock prediction accuracy. This would lead toldas reliance on regular updates of
the clock parameters and hence provide much higher autonomy in teesggpnent of the
system. With further progress in the understanding of atmosphaediomulti-path effects,
improved satellite clocks would also lead to improvements in pagitetermination for users
of the system.

Finally, anoptical master clock in spacecould be realised in a mission scenario offering
advantages to all the above areas.

Variations in the local gravitational potential will have arré@asing impact on ground-based
optical clocks as their fractional uncertainties approaci @& level. To take full advantage
of this technology it will therefore be necessary to opeftaden in spacecraft orbiting the
Earth at relatively high altitudes where spatial and tenmpeasiations of the Earth’s
gravitational field are smoothed out.

A future ultra-precise reference timescale based on space-borne opt&al combined with
advanced inter-satellite and satellite-ground links, would beyréficant impact in a range of
areas including calibration of international atomic timésssageodesy and very precise
navigation systems.
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3 Review of optical atomic clock technology

Any optical atomic clock consists of three main elements: &ma-siable probe laser, a
suitably narrow atomic reference to which the laser ibilstad, and an optical frequency
comb that provides the means to transfer the frequency stalfilihe reference to other
spectral regions. Candidates for the atomic reference cagrduped into two classes:
transitions in single laser-cooled trapped ions and transitiongold atoms. These
technologies are rather different and are thereformusé®ed separately. The relation between
the three elements of the clock for the illustrative ads@n ion-based frequency standard is

shown in Figure 11.

To set the scene for the technology development plan laid out in thwifall sections of this
report, the current state of development of the individualystdsis of an optical clock are

reviewed in turn, followed by methods for comparing remotely located bphozks.
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Figure 11: Elements of an optical atomic clock, anthe relationship between them. (This
illustration is for the case of a trapped ion optial clock, but a similar relation exists
between the subcomponents of a clock based on caleutral atoms.)
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3.1  Optical local oscillators

The atomic transitions used as reference frequencies irlogticks typically hav€-factors

in the region of 18, corresponding to linewidths of order 1 Hz or less. To probe suchanarro
transitions without degrading the potential stability achievéiola the standard requires an
optical local oscillator that has similar or narrower linewidtchniques for achieving such a
narrow linewidth are described in this section, together witieview of state-of-the-art
performance. The fundamental limits to the achievable linewidthstatdlity of the local
oscillator are also discussed.

3.1.1 Principles of operation

Readily available solid-state and semiconductor diode ldsmrs linewidths ranging from
tens of kHz to tens of MHz, far larger than the spectradluésn required for probing the
reference transitions of optical clocks. Reduction of the lasewidth to the necessary level
is most commonly achieved by using the frequency modulation (Fidbaidi stabilisation

(or Pound-Drever-Hall) technique [Drever 1983] to lock the optamal oscillator to a high

finesse ultra-stable optical cavity (Figure 12).

A typical reference cavity used for such an ultrastalptiéical local oscillator is shown in
Figure 13, and consists of two concave mirrors that are optimatifacted onto each end of a
cylindrical spacer. Both the spacer and the mirror substaategsually made from ultra-low
expansion (ULE) glass, which is a titania-doped silicate glasgned to have a coefficient
of thermal expansion of 3 x 10%°C over a temperature range of 85°C, with a zero
crossing close to room temperature. With high reflectivitytinga on super-polished mirror
substrates with an absorption and scatter loss of a few ppnsdinakies in the region of
10°- 10 are achievable [Rempe 1992]. Typical cavities used for optical oscillators are
around 10 cm long with finesse values in the region of 200 000, pon@isg to cavity
resonance linewidths in the range- 30 kHz. The characteristics of the frequency
discriminant obtained using the Pound-Drever-Hall locking teghenimean that a very tight
lock to this cavity resonance can be achieved, yet with a comparativscapture range.

Pound-Drever-Hall <

lock
APD ULE high-
finesse etalon
. | phase fibre link | 14 A
DT modulator @ =7 A A
PBS
| /4 plate

vibration isolation
platform

Figure 12. Schematic diagram of a ULE-cavity-stabised laser. (APD: avalanche
photodiode; PBS: polarizing beamsplittertl /4: quarter-wave plate.)
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Figure 13. Ultra-low expansion cavity of the type sied in many ultrastable optical oscillators.

Assuming that the lock fidelity is sufficiently high, theduency stability of the optical local
oscillator is limited not by the noise of the laser source but rather biattiktg of the optical
cavity resonance. Since changes in the cavity length iezetld related to changes in its
resonance frequency, isolation of the cavity from sources ddtidbris critically important.
The ULE cavity is therefore housed in an evacuated enclosure aradeapat a temperature
where the coefficient of thermal expansion is close to it® z@ossing. Under these
conditions, the thermal drift rate of the ULE cavity can lieimized, ideally leaving just the
isothermal creep of around 30 mHz §he vacuum chamber housing the ULE cavity and the
optics for the Pound-Drever-Hall lock are usually supported wdhbration-isolation platform
(either active or passive), and in many cases are also ediclothin an acoustic isolation
housing. ULE cavities are not tunable, and in general there wilidbeavity resonance
coincident with the frequency of the atomic reference transitsed in the optical clock. An
acousto-optic modulator (AOM) is therefore normally used to brithg difference. A feed-
forward arrangement can be used to control the AOM drive frequency so as to ctempens
the first-order residual drift of the ULE cavity.

3.1.2 State-of-the-art performance

The benchmark performance for optical local oscillators is aha ULE-cavity-stabilized
dye laser at NIST, which has demonstrated a linewidth of 0.1&Hz fractional frequency
instability of 3" 10 at 1s [Young 1999a, Young 1999b]. However dye lasers are
cumbersome and require frequent user intervention, making them unsuitalpleliataon in

a space-borne optical clock.

Significant work has centred on stabilization of semiconductor demdksolid-state lasers
(Table 5). The best results have been obtained with Nd:YAG raoraiplring oscillators
stabilized to a ULE cavity, for which linewidths of 0.4 Hz andbdities of 10™ from
1- 20 s have been achieved (with linear drift compensated) [Wek3dda, Notcutt 2005,
Webster 2008]. The main problem with these systems is theirlingitgd tunability. This
means that they are unable to access and probe most opticaltrelnskions directly,
although if a femtosecond comb is locked to the stable Nd:YAG, ltse stability can in
principle be transferred to any other frequency within the bandvatithe comb (section
3.4.2.1). Local oscillators used to probe optical clock transitiomsiswally tunable sources
such as laser diodes or Ti:sapphire lasers. For semiconductorlaseds, linewidths in the
range 0.4 1 Hz and fractional frequency instabilities of arourid 0 *° for averaging times
of a few seconds have been reported by a number of laboratowesii 2006, Barwood
2007, Ludlow 2007, Alnis 2008]. At NPL, the ULE-cavity-stabilized Ti:sapplaser that is
used as the optical local oscillator for the ytterbium ioncaptirequency standard has
demonstrated linewidths of 5 Hz at an averaging time of 1 s, brivad® 20 Hz over 100 s
[Margolis 2006].
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Laser type | Linewidth Fractional stability Reference

Dye 0.6Hz,r<32s | <5 10 0.3s< <100s | [Young 1999a]
0.16 Hz,t<20s | <5 10 0.3s< <100s | [Young 1999b]

Nd:YAG |0.46Hzt=4s |~1" 10" 1s<t<20s [Webster 2004a]
05Hz,t=4s — [Notcutt 2005]
— <2” 10" 0.5s< <100s | [Webster 2008]

Diode 15Hz,t=4s <2 10 05s< <20s | [Stoehr 2006]
1.4Hz,t=3s <25 10" 1s<t<10s |[Barwood 2007]
0.4Hz,t=4s ~1° 10" 0.2s< <20s | [Ludlow 2007]
05Hz,t=4s <2 10 0.1s< <10s | [Alnis 2008]

Ti:sapphire | 5 Hz,t=1s; — [Margolis 2006]
20 Hz,t =100 s

Table 5. State-of-the-art performance of optical loal oscillators for different averaging
times#, with linear drift compensated.

3.1.3 Limitations to performance

A number of effects can potentially limit the stabilityaof optical local oscillator used as the
reference for an optical clock. These are discussed in the fofjosections, together with
methods used to reduce or eliminate the effects.

3.1.3.1 Optical and electronic effects

The accuracy of the Pound-Drever-Hall frequency lock isicatly dependent on the
detection of the relative phase of the carrier and the immidetdands in the reflected signal
from the high finesse ULE cavity. Parasitic etalons can eotgplthe high finesse cavity,
causing this phase to become dependent on the optical path lengthnbiieveavity and the
back-reflecting (scattering) surface that is the sourcth@fetalon. Noise on the lock can
therefore arise from air currents in the beam path, which cduasees in optical path length
and hence fluctuations in the lock point. This leads to characteastdom walk frequency
noise and can be significant on timescales fred000 s. Detection noise, on the other hand,
shows up as white frequency noise, and can be significant for frequermieslfbHz.

3.1.3.2 Vibrations

The most serious fluctuations of the ULE cavity length atsea by low-frequency (below
100 Hz) seismic and acoustic vibrations that couple through thty cangport structure and
lead to forces that deform the cavity. In the most commonly ussigndevhere a reference
cavity is supported from below with its symmetry axis horizotial ¢oupling typically leads
to sensitivities to acceleration of order 100 kHz/@ndmprovements to performance levels
have recently been sought by designing cavities and their suppotusts so as to greatly
reduce the sensitivity to vibrations.

In this design process, it is assumed that the optical mode ahthiy coincides with its

symmetry axis and has a small diameter at the mirror surfatative to the cavity

dimensions. To achieve vibration insensitivity, it is necessargnsure that the distance
between the two points at the centres of the mirror surfaceains invariant when a force is
applied to the support. This may be achieved in a simplebyagymmetrical mounting: a

force applied through the mount will cause one half of the ca&wigpntract whilst the other
half expands, with the result that there is no net change in the cavity length.
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One approach to realizing a high degree of symmetry is to moerdaity vertically with
the support at the geometrical mid-plane, as shown in Figure Tisloase it can intuitively
be seen that the vibration sensitivities for the top and bottbreshaf the cavity will tend to
cancel each other out to first order, with the top section cesapg under gravity while the
bottom section expands by a similar amount. This approach has $ultgebgen
demonstrated for both Nd:YAG oscillators [Notcutt 2005] and diode Ifisedsow 2007]. In
the first case a simple cylindrical cavity was used, winilthe second case the cavity was
wider in the middle and tapered at the ends, a design that givesearigid construction
without introducing excess material. Measured vibration seitigiivwere in the range
5- 30 kHz/(ms?).

Alternative schemes have also been developed for reducing bhatiom-sensitivity of
horizontally mounted ULE cavities, based on concepts attributed t®dsknband at NIST.
A cavity mounted with its axis horizontal sags asymmetricalhger its own weight.
However, through optimization of the support positions (achieved atlébign stage by
means of finite element analysis), the distance betweerethiges of the two mirrors can be
made invariant, even though the cavity still deforms on thacapipin of a vertical force. In
one variant of this technique, PTB have shown that with fgmnsetrical horizontal support
points located just below the cavity horizontal mid-plane, Yidma sensitivities of
1.5 kHz/(ms? and 14 kHz/(m$) in the vertical and horizontal planes can be achieved
[Nazarova 2006]. Work at NPL has resulted in an alternateésegd in which material is
symmetrically cut out from a cylindrical cavity spacer altimg complete horizontal length in
the lower quadrants (Figure 14), and the position of four syrnualyr placed supports is
varied so as to minimize the vibration sensitivity. Thisitgaglesign has shown vertical and
horizontal sensitivities to vibration of < 0.1 kHz/(Msand 3.7 kHz/(m$) respectively
[Webster 2007]. This represents a thousand-fold reduction in thstigdy to vertical
vibrations, with the horizontal response being reduced by around a factor of 30.

These type of schemes are only effective for a fixed t@iiem of the cavity with respect to
gravity, and are not generally portable because the cavity simpdyoregts supports under its
own weight. For portability, the cavity must either be cladhjpetransit [Alnis 2008] or the
cavity mounting must be rigid to some extent. However to achiewvémum vibration
sensitivity, the forces acting on the cavity must be symméthis can be achieved to a good
degree with elastic supports [Webster 2007] but presents aubtertchallenge for rigid
supports. A variety of routes to portable reference cavatiescurrently being explored at
NPL.

Figure 14. Two different designs of vibration-insenritive cavity. Left: vertical cavity
design developed at JILA (reproduced from [Ludlow D07]. Right: cut-out cavity design
developed at NPL [Webster 2007].

30



3.1.3.3 Thermal noise

With good temperature control at the zero thermal expansion paintveah the effects of
vibrations suppressed, the frequency stability of an optical localadscivill become limited
by dimensional changes due to thermal fluctuation of the mirrotratds and their coatings
[Numata 2004].

The fluctuation dissipation theorem [Callen 1952] relates pleetsum of random motion to
the mechanical loss in a system, and has been used to develapedidchlemodel of the
effects of thermal noise in a rigid optical reference tgafilumata 2004]. This model was
based on measured mechanical quality fadfpbof typical cavity materials and a numerical
solution of the mechanical equation of motion with the direct agpbic of the fluctuation
dissipation theorem to obtain the thermal noise spectrum. The powéabdeasityG(f) of
mirror thermal noise displacement, which typically dominates tve spacer contribution
(Table 6), is given by the following function of frequericy

2 (1_ 2‘S‘)fcoat d

AT 1 52)
=2 Y Es)

== 2 Uy,
2 \pEw, >

(8)

wherek is the Boltzmann constant, is the temperatures is Poisson’s ratiok is Young’s
modulus,wy is the beam radiug, (=1/Q) is the loss of the substrate or coating (as indicated
by the subscript), and is the thickness of the mirror coating. The term in fronthaf
brackets is the contribution of the substrate, whilst the fdogide the brackets gives the
modification due to the coating. Thisf Ioise in power spectral density gives rise to a
fractional frequency stability (Allan deviation) that is ipdedent of averaging time. Using
this model, Numatat al. have shown that thermal noise sets a fundamental limit for the
frequency stability achieved with a rigid reference catlityt is very similar to the state-of-
the-art performance achieved. A systematic and detailed meeal confirmation of this
thermal noise model has been carried out at JILA, where a campdras been made of the
frequency noise of lasers locked to a variety of rigidregfee cavities of differing lengths
and mirror substrate materials [Notcutt 2006].

Cavity component Root spectral power density | % contribution
thermal noise&s,” / f 2 mHz

Spacer 10.7 5.5

Mirrors (substrate only) 157 81.3

Mirrors (substrates + coatings 192 99.5

Total 193 100

Table 6. Breakdown of contributions to thermal noig in the cavity used by Websteet al,
in which both the spacer and the mirrors are made rbm ULE [Webster 2008]. The
thermal noise is observed to be dominated by the mor substrates, with the contribution
from the coatings being approximately 20%.
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Figure 15. Allan deviation of the beat note betweetwo Nd:YAG lasers that are stabilized
to two independent vibration-insensitive ULE cavites [Webster 2008]. A calculation of
the thermal noise limit is also shown.

Currently ULE is used for optical reference cavities beeat has zero expansivity close to
room temperature. A significant reduction in the thermal noiskl dmuobtained by changing
to silica, which has a much lower mechanical loss. The thenomle would then be
dominated by the coating, which is at a lower level. Howeveacasilas a relatively large
thermal expansivity and so very good control of the temperatondd be required. An
alternative would be to use a ULE spacer, which contributeslitiée to the thermal noise,
and a silica substrate [Notcutt 2006].

The mirror coatings are alternating layers of silica (p#nd tantala (Ts), with the tantala
layers contributing most to the thermal noise [Penn 2003]. figigni work is underway in
the gravitational-wave-detection community to develop lower ¢asgings, and a factor of
two reduction has been achieved by doping the tantala layers with titany [H&dry 2007].

Cooling the cavity itself would also reduce the thermal noise, liscales as the square root
of the temperature. However in the case of ULE this would mearating far from the zero
thermal expansion point and so may lead to unacceptably lafgeats. Silicon, which has
a zero in expansivity at 114 K [Okada 1984], has been proposed aeraatale material.
The problem of the noise in the coating remains, however, aodwmdtely this gets worse
at low temperature since the mechanical loss coefficietargala has a resonance at 70 K
[Rowan 2008]. In addition, silicon is only transparent for wavelengthseab@pum, and so a
frequency comb would have to be used to transfer the frequeabilitgtof the local
oscillator to the frequency required for the clock transition (se&tih2.1).

Further reductions in thermal noise are possible by altehiagcavity geometry so as to
increase the spot size on the mirrors, which could be achieved using mitolarger radius
of curvature. However there may be some trade-off between Heanmeter and pointing
stability. The fractional effect of the thermal noise cam de reduced by increasing the
cavity length (which can be achieved without adversely afigdhe vibration insensitivity
[Webster 2007]). This is the reason why the fractional frecuarstability of the NIST dye
laser, which is stabilized to a longer than usual (24 cmjyasilower than the other systems
listed in Table 5.

By a judicious choice of cavity geometry and materialscewe thus expect that the thermal
noise in optical local oscillators may in future be reduced to thé [&9el.
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3.2  Atomic reference: trapped ion optical clocks

The ability to confine a single isolated ion in a small regiorpate under ultra-high-vacuum
conditions with minimal electromagnetic and collisional pedtidn makes forbidden optical
transitions in such systems very promising as highly accurate frggsemdards.

3.2.1 Principles of operation

3.2.1.1 Trapping and cooling a single ion

Trapped ion optical frequency standards use radio-frequency &typation traps [Paul
1990], in which a time-varying quadrupolar potential of the form

£(r.zt) = At)r? - 222) ©

is used to create a dynamic pseudopotential well between thelddmdes. For a given ion
mass and charge, and for given trap dimensions, the ion motiachnasfield will only be
stable for certain ranges of the applied voltage amplitnddraquency. Within these regions
of stability, the ion motion can be separated into two partsvardoscillatory motion at the
trap drive frequency (micromotion) and a slower motion associsitidthe time-averaged
confining potential (secular motion).

Conventional Paul traps employ hyperbolic electrodes, which give the besxiaggiion to a
harmonic potential over a large volume, but optical access to auwstructure is relatively
poor. Fortunately, when carrying out experiments on a single dasézd ion, the potential
need only be harmonic close to the centre of the trap, and s@sigitrode structures can
be used. Variants of the Paul trap commonly used for trapped ticaldpequency standards
include Paul-Straubel traps [Schrama 1993, Yu 1995], endcap trapani®c1993, Sinclair
2001] and linear Paul traps [Rosenband 2007]. Examples of theseofyjpas are shown in
Figure 16.

Figure 16. Examples of ion traps used for opticalréquency standards. Left: Paul-
Straubel trap used at PTB for a'’*Yb* optical frequency standard. Centre: Endcap trap
used for a®Sr* optical frequency standard at NPL. Right: Linear ion trap developed in
Innsbruck for trapping “°Ca’ ions.
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Using laser cooling techniques, it is possible to confine thetdoa region of space with
dimensions less than the wavelength of the light used to probeféinence transition for the
optical clock. Under these circumstances, known as the Lamie-Dégime, the absorption
spectrum of the clock transition will be free of the fostler Doppler effect, exhibiting an
unshifted narrow carrier with weak sidebands at the secular nfatigmency away from the
carrier [Dicke 1953]. Micromotion of the ion leads to amplitumedulation of the cooling
laser fluorescence, via the Doppler effect, at the trape drequency. The micromotion can
thus be monitored using rf photon correlation techniques [Berkeland 1998], and minimized by
applying small dc voltages to additional compensation electrodehisliway the second-
order Doppler shift can be greatly reduced and the ion confinedettrap centre where
electric field perturbations are minimized. Operating thep tunder ultrahigh vacuum
conditions ensures that collisional effects are negligible.

lons are often loaded into the trap by electron bombardment afihatdams. However the
atomic flux required causes patch potentials to form on theiretke surfaces and static
charge also tends to accumulate on insulating surfaces niar ttapping region, modifying
the trap potential and necessitating frequent adjustments ofditeges applied to the
compensation electrodes. An alternative approach is to use photb@nitechniques
[Kjaergaard 2000, Gulde 2001, Brownnutt 2007], which lead to signifrealuictions in both
the atomic flux required to load the trap and the fluctuatiortkeofapplied voltages used to
minimize the ion micromotion.

3.2.1.2 Probing the reference transition

Although a single trapped ion possesses the intrinsic advaribgeearly isolated quantum
system, detecting the absorption of individual photons at the frequeintlge narrow
reference transition poses a challenge. Direct detectiomafeicence or absorption by the
reference transition is not feasible because the transdtionrinsically weak and the typical
fluorescence detection efficiency is low. The solution isge the electron shelving technique
[Dehmelt 1975, Nagourney 1986], which involves observing quantum jumps irtroimg s
cooling laser fluorescence from the single ion when the ion igtedxinto the upper
metastable level of the clock transition (Figure 17). This lesathe narrow reference
transition to be detected with nearly 100% efficiency.

Figure 17. In a trapped ion optical frequency standrd the ion is laser-cooled using a
strong transition to a short-lived excited state, ad the ion is detected by monitoring the
fluorescence from this transition. When the probe dser induces the weak reference
transition the ion is shelved in the long-lived st@ and the fluorescence disappears until
the ion decays back to the ground state.
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The line profile of the clock transition can be built up from stettistics of the number of
quantum jumps observed for a fixed number of probe laser interrogatieespas the
frequency of the laser is scanned across the transition. ©he [aser can be stabilised to the
clock transition by repeatedly stepping back and forth betweemredtimated half-intensity
points and monitoring the quantum jump rate imbalance between thespoints. This
imbalance serves as the frequency discriminant from whichatiiecting steer to the probe
laser is derived. The optimization of such interrogation andlisitimn schemes is discussed
in references [Riis 2004] and [Peik 2006].

3.2.2 Candidate systems and current performance

Research is underway at a number of laboratories worldwide éstigate the stability and
accuracy of different trapped ion optical frequency standardisiding those based on single
cold ions of Af [Rosenband 2008], C#&Champenois 2004, Matsubara 2008, Chwalla 2008],
Sr* [Margolis 2004, Dubé 2005], Irfvon Zanthier 2000], Yb[Tamm 2007, Hosaka 2005]
and Hd [Oskay 2006]. Some of the key features of each of these siandmmely the
wavelength and theoretical linewidth of the clock transitioa,campared in Table 7, which
also lists the laboratories in which each system is being studied.

The optical frequency standards listed in Table 7 fall iwitm categories. In the first category
are those that are based on ions with alkali-like or quasi-dikalatomic structure, including
Cad', S, Yb* and Hd. In these ions, the lowest excitél states lie below the lowed? states
in energy and so are metastable, decaying t6Sfeground state via an electric quadrupole
transition. The natural linewidths of these quadrupole transitierie the range 0.2—-3 Hz,
making it relatively straightforward to drive the weglkck transition. The highe®) factor
achieved experimentally to date is for tHéHg" ion, where the Fourier-transform-limited
cold ion linewidth of 6.7 Hz corresponds tdQefactor of 1.6 10" [Rafac 2000], although
Q-factors approaching this value have been observed for seikeal systems [Peik 2004,
Barwood 2007]. Thé"*Yb* ion also has a low-lying, state that has an exceptionally long
lifetime of around 6 years [Roberts 2000], and which can onlyydegan electric octupole
transition to the ground state. Although this transition is sicamfly harder to drive than the
electric quadrupole transition, it offers the potential advanthdenger interrogation times
limited by the probe laser coherence time rather than theahatecay of the upper level of
the clock transition. It therefore offers potentially higliesquency stability, albeit at the
expense of somewhat increased experimental complexity.

lon Clock transition | / / nm | D,/ Hz | Laboratory

AT | '5=-°P, 267 8 10% | NIST

04Ca | 2S,0—"Dss 729 0.14 Innsbruck, NICT, Marseilles
¥ | 2Sy—"Dspy 674 0.4 NPL, NRC

Bt | 15-°P, 237 0.8 MPQ, Erlangen

b | %S),—Dsp, 436 3.1 PTB, NPL

Np* | 28— Fqpp 467 ~10° NPL, PTB

“Hg* | °S;,— Dsp2 282 1.8 NIST

Table 7. Properties of trapped ion optical frequeng standards currently under
development, including the spectroscopic designatioof the clock transitions, their
wavelengthg/ and natural linewidths Dr,5.
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The second category of standards includes those ions that hat@aa structure similar to
that of the alkaline earth elements, with two valenceteles. The reference transition in
these systems is the strongly spin-forbidd&s- °P, transition, which has a natural linewidth
of 0.8 Hz for™n* and approximately 8 mHz f&fAl*. These systems have advantages with
respect to certain systematic frequency shifts; in particulae teeo electric quadrupole shift
of the clock transition frequency and the UV clock transitioguescies result in a small
blackbody Stark shift (section 3.2.3). However the constructionsef Isources at the deep
UV wavelengths required for cooling and probing the ion presentpdicant experimental
challenge. Thé’Al* ion has a particularly inaccessible cooling wavelength afratd67 nm.
To overcome this difficulty, th&’Al* ion is trapped together with an auxilidi§e” ion that
can be cooled at the more convenient wavelength of 313 nm. The @oimbenaction
couples the two ions, leading to sympathetic cooling o’ tAE ion. The normal electron
shelving scheme cannot be used to probe the Wadkclock transition because there is no
cooling fluorescence from this ion. Instead, techniques originallgldped for quantum
information processing experiments are used to map the clodditiva information back to
the®Be” ion for readout [Schmidt 2005].

The fractional uncertainty with which the various trapped iomcaptlock transitions have
been measured relative to the Sl second is shown in Table 8unCleetainty of the best
absolute frequency measurement, that1#g" [Oskay 2006, Stalnaker 2007], is dominated
by the uncertainty of the caesium microwave primary frequetaydard and the associated
measurement statistics, and the measurement&Sibr{Margolis 2004, Margolis 2006] and
the'"*Yb* quadrupole transition [Tamm 2007] are also approaching this li$ points to
the need for direct comparison of optical frequency standaitt®ut an intermediate
microwave frequency reference. This task may be accomplishieg a femtosecond optical
frequency comb that is phase-locked to the frequency of one slatwatetermine the
frequency ratio of the two standards. A comparison of Yfg* and?’Al* standards carried
out in this way has led to the frequency ratio of their clock transitiang betermined with a
relative uncertainty of 5.2 x 1§ [Rosenband 2008], which means that the absolute
frequency of thé’Al™ clock transition is known with essentially the same nedatiequency
uncertainty as that of tH&®Hg" clock transition.

lon | Clock transition | / /nm | (dn/r)/10*° | Reference
S 267 0.65 [Rosenband 2008]
“Ca | ’S;,— D, 729 2.4 [Chwalla 2008]
¥Sr | °S,,— Dsp2 674 3.8 [Margolis 2004, Margolis 2006]
It | 15-P, 237 180 [von Zanthier 2000]
260 * [Wang 2007]
Yb* | °Sy,—“Dsp 436 3.2 [Tamm 2007]
b | °S,,— ) 467 11 Not yet published
"Hg" | °S.,— D52 282 0.65 [Oskay 2006, Stalnaker 2007]

Table 8. The fractional uncertainty dn/n with which the clock transitions in trapped ion
optical frequency standards have been measured. (MEre is a discrepancy of 1.3 kHz
between these two independent measurements of th& — 3P, transition in **In*, the
reason for which has not yet been established.)
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Figure 18. Theoretical quantum-limited instability for trapped ion optical frequency
standards. These calculations assume an interrogati time equal to the natural linewidth
of the upper state of the clock transition, excepior the *"*Yb* electric octupole transition
and the’Al* clock transition, for which a 5 s interrogation time has been used.

In terms of frequency stability, the best results repodedhte are for the comparison of the
1%%g" and*’Al* standards, where a combined fractional frequency instability df@*°t 2

has been demonstrated for averaging times up to 2000 s, rejog@senupper limit to the
instability of each standard [Rosenband 2008]. For ‘théb* quadrupole standard a
frequency stability of approximately’910*°t 2 has been observed in the comparison of
two similar systems [Peik 2006]. In both cases this is gréhain the theoretical quantum-
limited instability of the standards (Figure 18), because the clock toanssitave not yet been
interrogated at their natural linewidth.

It is clear from the results above that the performancehefhest trapped ion optical
frequency standards now exceeds that of the best caesium miergweary frequency
standards. These developments have led to the introduction ddllet-csecondary
representations of the second by the international time and fi@guoestrology community,
which is seen as a way to assist in the characterizatittresé highly reproducible standards
[Gill 2006]. Three trapped ion standards, based on the electrdrupge transitions in
¥Hg", ¥sr" and'"*Yb* were ratified as approved secondary representations ettioad at
the 2006 meeting of the International Committee for Weights and MedSURdd).

3.2.3 Systematic frequency shifts

Systematic frequency shifts that must be considered to detertiné overall uncertainty
budget for a trapped ion optical frequency standard include Zeenfts die to external
magnetic fields, the electric quadrupole shift, second-order Dogiplés, Stark shifts due to
thermal motion and micromotion of the ion or due to applied figlds, and shifts due to the
blackbody radiation field. As for any frequency standard, therealgh be a gravitational
redshift, which means that to achieve *iGractional accuracy the height of the standard
above the geoid needs to be known to 1 cm.
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There are several methods by which systematic shifts magtumed experimentally.
Absolute frequency measurements may be carried out relativmidrowave standards
[Barwood 2004, Margolis 2004], or frequency shifts may be measuretiveeta a high
stability optical cavity [Oskay 2005]. However a more dethitharacterisation of systematic
frequency shifts and evaluation of system reproducibility reguiirect comparison between
two or more nominally similar systems [Barwood 2001, Schneider 2008].b&ht results
reported to date are for the comparison of the frequencies ofSthe D3, reference
transition in*"*Yb* for two single ions stored in two independent traps [Schneider].2Q05
mean fractional frequency difference of 3.8(6.1) ¥1@as observed, comparable to the
agreement found in the most accurate comparisons between caegiamny grequency
standards.

3.2.3.1 Zeeman shifts

In general, the interaction between the magnetic moment ofiagiates and an external
magnetic field leads to a linear Zeeman shift of a transftequency. However for clock
transitions in the odd isotopes of alkali-like ions, which hha#-integral nuclear spin,

me= 0 —me= 0 clock transitions exist that are field-independent to fid¢orThis is the case
for the '*Hg" and'™Yb" ions, which have nuclear spire 1/2 and hence relatively simple
hyperfine structure. The second-order Zeeman shift remains (Jpdbeit with operation in

low magnetic fields of around 1 uT it should be possible to redwcérdctional uncertainty

in this shift to the 187 to 108 level or lower, depending on the particular ion species.

Although transitions that are independent of magnetic fieldrs$d drder can be identified in
8Sr" [Barwood 2003] and”Ca [Kajita 2005], these systems have rather complicated
hyperfine structure due to their large nuclear spm /2 for®’Sr" andl = 7/2 for**ca). It is
therefore preferable to use the even isotope {815 and“*°Ca’, and to eliminate the first-
order Zeeman shift by repeatedly and sequentially probing twmaleeomponents that are
symmetrically placed about the centroid of the Zeeman mefitjBlernard 1998]. Thés, —

®p, transitions in*3n* and?’Al* also have a linear dependence on magnetic field, which is
eliminated in a similar way [Rosenband 2007]. The second-order Zegiftareimains, but is
negligible compared to other sources of uncertainty for thgnetic field strengths typically

employed.
lon Clock transition | | / nm | Quadratic Zeeman shift / mHz [T
A EE 267 —-0.0072 ni =5/2 | [Rosenband 2007,
“Ca’ | °Sy,— Dy 729 0.026 ni| = 1/2 | [Chwalla 2008],
0.017 M| =3/2 | [Madej2004]
0 | = 5/2
¥Sr* | °S),— "Dsp2 674 0.0056 n| = 1/2 | [Madej 2004]
0.0037 M| =3/2
0 | =5/2
Bt | Is,-p, 237 Not yet determined
Yb* | °S;,— D 436 60 [Peik 2004]
b | ?S—Fap 467 -1.72 [Hosaka 2005]
"Hg" | °S;,—Dsp2 282 -19 [Oskay 2006]

Table 9. Quadratic Zeeman shift coefficients for tk different trapped ion optical
frequency standards.
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3.2.3.2 Electric quadrupole shift

The electric quadrupole shift is due to the interaction betwhenetectric quadrupole
moments of the atomic states with any residual electric field grggiiesent at the position of
the trapped ion. The magnitude of this effect depends on thepamies. For théS,— 3P,
transitions in**In* and *’Al* there is no quadrupole shift because both the upper and the
lower levels of the clock transition have zero angular momemtndhhence no quadrupole
moment. For the other systems being studied as optical freqetaegards, the electric
quadrupole shift is due entirely to the shift of the upper lefi¢he clock transition because
the spherically symmetritS,;, state has no quadrupole moment. Experimental measurements
of quadrupole moments have been carried out foflhe states in*°Sr" [Barwood 2004],
19%g* [Oskay 2005] and’Ca’ [Roos 2006] and for th&D,, state in*”*Yb* [Tamm 2007],

and are in reasonable agreement with theoretical calculdttanse 2006, Sur 2006]. The
results are summarized in Table 10.

lon Clock | /nm | Electric quadrupole momene&’
transition Experiment Theory

AER 267 — 0

ca | ?S,,—Dsp | 729 1.83(1) [Roos 2006] 1.917 | [ltano 2006]
1.916 | [Sur 2006]

¥ | %S,,—-Dsp, | 674 2.6(3) [Barwood 2004]  3.048 | [Itano 2006]
2.94 [Sur 2006]

o 237 — 0

"b* | °S,,— D3, | 436 2.08(11) | [Tamm 2007] 2.174 [Itano 2006]

bt | °Sy—Fy, | 467 — -0.22 [Webster 2004b]

™Hg" | ’Sy,— D5, | 282 | -0.510(18) | [Oskay 2005] | —0.56374 [itano 2006]

Table 10. Comparison of electric quadrupole momentsf the upper state of the clock transition
for trapped ion optical frequency standards.

Even with low flux ion loading techniques and good 3D micromotion compensgidyal
field gradients within the trap can easily lead to quadrupufés sof several hertz or more.
Fortunately there are several ways of nulling this shifstlyi if measurements are carried
out for three mutually perpendicular orientations of the applied magnétictfie quadrupole
shift averages to zero [Itano 2000]. The level of cancellatibiesable using this technique
depends on the accuracy in setting the three magnetic fielctidivs, and has already been
demonstrated to approximately 5 parts in’1for **Hg* [Oskay 2006]. An alternative
scheme, which does not rely on an accurate knowledge of the moafjelet direction,
involves taking the average of measurements for sevéimlatit Zeeman components [Dubé
2005]. Taking the example of tA&r* ion, if measurements are carried out for three different
pairs of Zeeman components that correspond to transitions foh wie magnitude of the
magnetic quantum numbey of the upper level is 1/2, 3/2 and 5/2 respectively, the average
quadrupole shift is zero, independent of the magnetic field directihis nulling technique
has been demonstrated to give good agreement with the firstes@iianyolis 2004], but has
the advantage that the direction of the magnetic field doeseed to be determined (it need
only remain stable over the period of the measurement). Alglodated scheme that has
been proposed for nulling the quadrupole shift involves averagingsaé over levels with
different magnetic quantum numbers [Roos 2006].
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3.2.3.3 Second-order Doppler shifts

Second-order Doppler shifts arise from residual thermal motiormacrdmotion of the ion
within the trap.

The second-order Doppler shift due to the thermal (secular) motiobecastimated from the
equation [Madej 2004]

Dn
Doppler - 3kT2 , (10)
n 2Mc

thermal

wherek is the Boltzmann constari,is the ion temperatur®] is the mass of the ion aieds
the speed of light in vacuum. As long as the ion is cooled ¢ttodee Doppler cooling limit
[Wineland 1979]

-9

T =<, 11
min 2k ( )

whereg is the natural linewidth of the cooling transition, then thetimaal frequency shift
due to the secular motion will approach thé'd@evel (Table 11). The effect can be further
reduced by cooling the ion to the ground state of its motion wiklarirap,e.g by resolved
sideband cooling [Diedrich 1989]. As can be seen from equation (@O)sirhilar ion
temperatures the second-order Doppler shift due to the seculmmnmtsmallest for the
heaviest clock ions.

The second-order Doppler shift due to the micromotion can be much moificaig, with
careful minimisation of the micromotion in three dimensions beaagssary to reduce this to
better than the part in 10evel. The size of the micromotion can be determined by measuring
the effects of the first-order Doppler shift on an optical trarsitvith natural linewidthg
[Berkeland 1998], and minimised by adjusting the dc voltages apfiecbmpensation
electrodes within the trap.

lon Clock | /nm | (g2p) / MHz Tmin/ | Fractional 2°-order
transition mK Doppler shift
(secular motion)
“Ca | °Sy,—Dsp | 729 22 [Jin 1993] 054 [-1.9" 1018
8BS |1 °5,,— Dy, | 674 22 [Gallagher 1967]] 0.52 | -8.2" 10%°
Bt | 's-R, 237 0.36 | [Peik 1994] 0.009 -1.0" 10%°
yp* | %S,,—°Ds, | 436 20 [Berends 1993] 0.47 | -3.8" 10*°
Yo" | %S,,—%F, | 467 20 [Berends 1993] 0.47 | -3.8" 10"°
“Hg" | ’S,,— D5, | 282 69 [Bergquist 1986]| 1.7 |-1.2" 10

Table 11. Fractional second-order Doppler shift dugo the secular motion, assuming that the
ion is cooled to the Doppler cooling limit. The natral linewidths g of the cooling transitions

and the Doppler cooling limit T, are also shown. Thé’Al* standard is not included since in
this case the ion is sympathetically cooled by adar-cooled beryllium ion and secular mode
heating causes the ion to be heated above the Dogptooling limit. In the current state of

development of the”’Al* standard, the second-order Doppler shift due to t& secular motion

is (—1.620.8)" 10 [Rosenband 2008].
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In the case where the angular frequency of the trapping\iield g, the micromotion can be
monitored by measuring the ratio between the scatterindrraten the laser is tuned to the
first micromotion sideband and the scattering Rytevhen it is tuned to the carrier. In the low
intensity limit the micromotion contribution to the second-order Dopplerishifien given by

2

D/7 Doppler W Rl

» -

n wcosf R,

micromotion

(12)

wherewis the angular frequency of the transition &nd the angle between the probe laser
beam and the direction of the micromotion. In this case the optaadition used would
typically be the clock transition.

In the case wher#/<< g, the rf photon correlation technique can be used to monitor the
modulation of the cooling laser fluorescence from the ion due torgtefder Doppler shift.

In this case
2
D/”Doppler » - 1 g DRd (13)
n micromotion 4 WCOQ’ Rmax

where DRy is the amplitude of the detected fluorescence signal synchrevitushe trap
drive frequency an®.is the signal when the laser is tuned to line centre.

It can be seen from equations (12) and (13) that the micromotiornbeian to the second-
order Doppler shift scales quadratically with the wavelength ofltioé transition.

3.2.3.4 Stark shifts

Stark shifts of the clock transition frequency can aiisea number of ways, including
motionally-induced exposure of the ion to electric fields, intevastiwith the blackbody
radiation field, and exposure to the various light fields requvesbol and probe the trapped
ion [Itano 2000, Madej 2004].

Considering first the motionally-induced Stark shift, the microaménd the thermal motion
of the ion cause it to experience a non-zero rms value dl¢otric fieldE, the magnitude
and constancy of which can be affected by stray charge witeintrép. With careful
micromotion compensation, it should be possible to reduce the micoomintiuced Stark
shift [Berkeland 1998] to a few parts in*$0As for the micromotion-induced second-order
Doppler shift, the micromotion-induced Stark shift scales qtiadhy with the wavelength
of the clock transition. The thermal motion contribution to the Starkistgiven by

3MWAKT
(D/7 Stark)thermal »Sg T , (14)

wheress is the Stark shift coefficienf[/f[(E?)) of the clock transitionM is the mass of the
ion andq is its charge. For an ion cooled to the Doppler cooling limit, gbisular motion
contribution to the Stark shift is likely to be substantiddiwer than the contribution from
micromotion.

There will also be a blackbody Stark shift because the ion expes a spectrum of

blackbody radiation due to the temperatliref the surrounding apparatus. For a trap that is
operated at room temperature, the associated blackbody Siftrireferenced to absolute
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zero) is typically in the region of 100 — 500 mHz, depending on ther gualkisabilities for
the levels concerned (Table 12). The shift is relativelyeldrgt reasonably constant, with a
temperature variation of 1 K leading to a change of typicallyjnbH2 in the blackbody Stark
shift. The uncertainty in the absolute value of the cdoectowever, is determined by the
typical 30% uncertainties in the Stark shift coefficientsnohgst the room temperature
systems being investigated as optical frequency standards, th&P, transition in?’Al* has
the lowest fractional blackbody Stark shift-&(3) parts in 18 for a temperature of 300 K
[Rosenband 2006]. The blackbody Stark shift scale¥*a3his means that for thE°Hg"
standard, which is operated in a liquid helium cryostat, thekbbdy Stark shift is seven
orders of magnitude lower than at room temperature, and hence negligible.

lon Clock transition | | / nm | Fractional blackbody Stark shift at
300 K (x 169

e 267 —0.08(3) [Rosenband 2006

“Ca | ’S;,— D, 729 9.3(2) [Arora 2007]

¥Sr | °S;,—Dsp 674 7.4(2) [Lea 2006]

Bt | 15-R, 237 0.38 [Wang 2006]

yb* | 2S,,— D3, 436 —5.4(7) [Tamm 2007

b* | °Sy—Fsp 467 —2.4(1.1) | [Lea 2006]

Table 12. Fractional blackbody Stark shifts at 30K for systems being studies as trapped
ion optical frequency standards. Where no uncertaint is given, it is unknown. The**Hg*
optical clock transition is not included in the table because this standard is operated at
4.2 K and so the shift is negligible.

Ac Stark shifts can arise due to the interaction of thetic field of the probe laser with the
light-field-induced electric dipole moment in the ion. The ovesitt is primarily due to the
off-resonant interaction of the light with transitions out oé ttwo levels of the clock
transition, and therefore depends on the light intensity. For typichépaser intensities used
to drive the clock transition, the associated shifts ang small. The exception is the 467 nm
electric octupole transition in"*Yb*. At current probe laser linewidths, significant light
intensity is required to drive this very weak transit@na reasonable rate, and so the
transition frequency is measured as a function of laser pamkextrapolated to zero power
to determine the unshifted value [Hosaka 2005]. However, asrtie paser linewidth is
improved towards the 0.1 Hz level, the power needed to maintain tle&raspiatensity
necessary to drive the transition at the same rate witkdeced in proportion, and the ac
Stark shift will cease to dominate the uncertainty budget.

Ac Stark shifts can also arise from the cooling or repumpbatran, and so it is important
that these beams are properly extinguished during the probe lasergatien periods.

3.2.3.5 Other effects

The potential existence of other, more technical, frequendsg shifst also be considered. To
take just one example, recent studies of'tfdg" and?’Al* standards at NIST investigated
potential residual first-order Doppler shifts, which may occuhéf ion trap moves in a way
that is correlated with the clock laser pulses [Rosenband 2008].list of systematic
frequency shifts considered here is therefore not exhaustive giechéral shifts that were not
previously accounted for can become significant as the accwhaptical frequency
standards continues to improve.
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3.2.4 Technology considerations

The laser wavelengths required for cooling and probing theustrapped ion species used
as optical clocks are shown in Table 13, along with other techn&dmtyrs that affect the
feasibility of constructing an optical clock for space applcet Technology aspects of the
different systems are discussed in more detail in the following subsection

lon Cooling laser wavelengt | Clock laser | Other technology considerations
wavelength

A Sympathetically cooled | 267 nm Quantum logic techniques required;
using®Be" ion that is lasel state readout requires second laser
cooled at 313 nm at 267 nm

ca” | 397 nm 729 nm Clearout laser @ 854 nm desirable
(+ 866 nm repumper)

®Sr | 422 nm 674 nm Clearout laser @ 1033 nm desirable
(+ 1092 nm repumper)

Bt | 231 nm 237 nm

yp* | 369 nm 436 nm Clearout laser @ 638 nm essential
(+ 935 nm repumper)

p* | 369 nm 467 nm Clearout laser @ 638 nm essentigal
(+ 935 nm repumper)

“Hg* | 194 nm 282 nm Cryogenic (liquid helium) operatjon

Table 13. Laser wavelengths required to cool and pbe different trapped ion species.

3.2.4.1 ZAl

Although impressive performance has been demonstrated féfAifieoptical clock by the
NIST group [Rosenband 2008], it is technically more complex tharotier systems being
studied. As discussed in section 3.2.2, the lack of a suitablesistem to access the deep
UV cooling transition at 167 nm necessitates the use of a sémospecies such dBe" to
sympathetically cool the ion and quantum logic spectroscopy [Scti@th] to map the
information about the clock state of tA&I* ion to the®Be" ion for readout. Although
99.94% detection fidelity of the clock state has been demonstatehis system at NIST
[Hume 2007], the quantum logic techniques lead to additional compiettye algorithm for
observation of the clock transition.

The laser wavelengths required are also challenging (Fig)rdrithe NIST arrangement,
the 313 nm beams required to drive the Doppler-cooling, stimulaeaethR and repumping
transitions in°Be" are derived from three frequency-doubled dye lasers [Monroe 1895],
fourth frequency-doubled dye laser at 267.0 nm is used to driV&e; transition in®’Al*
(used for optical pumping and quantum state transfer) [Schmidt 2005jectbtk laser is a
frequency-quadrupled fibre laser at 267.4 nm [Rosenband 2007]. One possibitity
investigated at NIST is to change the sympathetic coolingraan B€ to Mg’, which uses a
simpler (fibre-based) cooling laser at 280 nm.
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Figure 19. Partial term diagrams for the?’Al* and °Be* ions (not to scale), showing the
313 nm transitions used for Doppler and Raman coatiy of the °Be’ ion, the inaccessible
cooling transition at 167 nm in>’Al* and the clock transition at 267.4 nm. The additioal
transition at 267.0 nm is required for the proces®f quantum state transfer between the
Z'Al* and °Be" ions [Rosenband 2007].

Since there is a linear Zeeman shiftiAl*, it is necessary to probe two Zeeman components
symmetrically placed around line centre in order to cancedhifeto first order [Rosenband
2007]. Magnetic shielding is therefore essential to preventugitions of the linear Zeeman
shift from limiting the stability of the standard. One furtiesue for a space-borne clock may
be the ion storage time; in the present arrangement thpaioris typically destroyed after
several hours by a chemical reaction with background gas atoms [Rosenband 2007].

3.2.4.2%°Ca"

The*Cd’ optical clock has the advantage that all wavelengths ragess laser cooling and
probing the trapped ion (Figure 20), including those required for mimtaition, can be
generated by commercially available laser diodes.

2
PS/ 2

854 nm
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Figure 20. Partial term diagram for “°Ca* (not to scale), showing the laser wavelengths
required for operation of an optical clock based orthe °Sy;,~?Ds, transition at 729 nm.
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The cooling wavelength for tH&Ca" standard is 397 nm. One possibility is to use a UV diode
laser to obtain this wavelength directly [Matsubara 2008]. HeweyV diodes have
significantly reduced tuning range compared to those in thelesiaid near-infrared, and
obtaining diodes close to the 397 nm transition is becoming increadiffibult as the
industry standard moves closer to 405 nm. An alternative is to ajenére cooling
wavelength by frequency doubling of 794 nm radiation. Since taperediampéxist at this
wavelength relatively simple single pass doubling in a perdgliqgoled crystal should
generate sufficient power at 397 nm for the three cooling $eaquired to provide
micromotion control in three dimensions. Diode lasers are alsdable at the clock
transition wavelength of 729 nm, the repumper wavelength of 866 nm ancletreut
wavelength of 854 nm [Matsubara 2008]. As ftkl”, there is a linear Zeeman shift of the
clock transition frequency and so magnetic shielding is necessary.

3.2.4.3%g*

The®sr* optical clock, like*Ca’, has the technical advantage that all wavelengths necessary
for laser cooling and probing the trapped ion (Figure 21), inclutige required for
photoionization [Brownnutt 2007], can be generated by commercially avd#aklediodes.

The laser cooling wavelength is 422 nm, and single pass doubling of an 84ddentedier in
periodically poled KTP can readily provide enough power at 422 nm fothtke cooling
beams required to provide micromotion control in three dimenskwrsthe clock transition,
extended cavity diode lasers at 674 nm are readily avaikatdeDFB lasers are available at
the repumper wavelength of 1092 nm and the clearout wavelengti3®nbd As for’’Al*
and “°Cd’, there is a linear Zeeman shift of the clock transiti@gdency in®®Sr", and so
magnetic shielding is essential to avoid degrading the stabilihecftandard.
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Figure 21. Partial term diagram for ®Sr* (not to scale), showing the laser wavelengths
needed to cool and probe the trapped ion.

3.2.4.4"9n*

The ™n* optical clock is technically challenging because it requif¥sradiation both to

cool the ion and to probe the clock transition (Figure 22). Althoughltok transition has a
useful coincidence with the fourth harmonic of a Nd:YAG lage946 nm, the two doubling
stages required mean that efficient power build-up must be airadtin two enhancement
cavities [Hollemann 1995]. TH&%n" ion is cooled on the 58S, — 5s5p°P; intercombination

line at 230.6 nm, which is significantly weaker than the codiiagsitions in other systems,
meaning that higher power levels and bichromatic sideband cookilg IP99] are required.
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In early experiments a frequency-doubled dye laser was used tatgetiex cooling laser
radiation, but in more recent work this has been replaced by a-lobede laser system in
which an amplified laser at 922 nm is frequency quadrupled using seguential
enhancement cavities [Eichenseer 2003].

236.5 nm
clock transition
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Figure 22. Partial term diagram for *In* (not to scale), showing the laser wavelengths
required for operation of an optical clock based orthe 'S, — °P, transition at 236.5 nm.

3.2.45yp?

The *Yb* quadrupole standard requires frequency-doubling stages to produce both the
cooling and the clock transition wavelengths (369 nm and 436 nm riespgctDiode lasers

can be used in both cases [Tamm 2000], although the fundamental waveleng8 nm for

the cooling transition represents a slightly difficulyion from the point of view of diode

laser availability. Since the extremely long-livéfé,, state is populated at a rate of up to

1 hour® [Tamm 2000], a clearout laser at 638 nm is necessary in additithe trepumper

laser at 935 nm. Diode lasers are readily available htthese wavelengths. Since tfiérb”*
standard is based on an odd isotope, the energy level stricctomplicated by hyperfine
structure (Figure 23), meaning that modulated or stepped watledefoy even two separate
wavelengths) are required at the cooling, repumper and clearoutirassi

F=2——1
= D[5/2]
3D[3/2] 4, EZ‘IZA_H_ = T .

clearout
2 F=1
Py A 935 nm 638 nm laser

F=0 — 1
repumper F=2——2py
F=3—— 92
2 F=2
cooling Darz -
F=4 2
transition 69 "M 3 F2
clock transition
2 F=1 467 nm octupole
Sz clock transition
F=0—

Figure 23. Low-lying levels of'*Yb* (not to scale), showing the laser wavelengths
necessary for operation of an optical clock basedhahe 23, ,— ?Dyy, transition at 436 nm
or the S~ °F,, transition at 467 nm.
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The *Yb* octupole transition is a more challenging option for a space-bormlogibck.
Although the 467 nm radiation needed to probe this clock transitiongzan lbe produced
using a frequency-doubled diode laser, the probe laser beam has to bedfgengsightly to
ensure that a spectral intensity sufficient to drive theemely weak clock transition at a
reasonable rate is achieved. Although the narrow natural litteveif the clock transition
means that longer interrogation times can in principle be achievguhcedto other systems,
this results in longer servo correction times and hence plgreader constraints on the
thermal noise of the ULE cavity used to stabilize the proler.l8hese factors combine to
make stand-along operation for long periods very challenging.

3.2.4.6 Hg"

The **Hg" optical clock is a relatively complex system compared to nediilie other ions
being studied. One technical challenge is the need to generate deep UV coefinadiasion

at 194 nm (Figure 24). In the NIST system this is achieved byfgequency generation of
792 nm and 257 nm radiation, with the 257 nm light being generatedduefrey doubling

the light from a single-frequency argon-ion laser and the 792ighmh being produced by
either an amplified diode laser [Berkeland 1997] or an tigedocked Ti:sapphire laser
[Tanaka 2003]. As fot’*Yb", the energy level structure is complicated by hyperfine structure,
and so an additional offset-locked 194 nm beam is required to av@k eféeresonant
pumping into the= = 0 ground state. The clock laser radiation at 282 nm is produced by a
frequency-doubled diode laser [Young 1999a], but an alternative woultb hese a
frequency-quadrupled fibre laser.

50°6p °P P
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Figure 24. Partial term diagram for ***Hg* (not to scale), showing the laser wavelengths
needed to cool and probe the trapped ion.

Another technical challenge is the need for cryogenic coolindgpefidn trap apparatus to
prevent loss of the Hgion, which at room temperature can result from collisionth wi
background neutral mercury and hydrogen in which"tdg HgH' ions are formed [Tanaka
2003]. The existing clock apparatus at NIST uses liquid helium codiunga closed-cycle

refrigerator could in principle be used instead, and cryogmubting with sorption coolers is
an established space technology.
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3.3

3.3.1

Atomic reference: neutral atom optical lattice clocks

The alternative technology for developing optical frequency stdads based on ensembles
of cold atoms. The potential advantage of these standards@bltingprovement in stability
offered by ensembles df atoms within a cloud, an optical lattice, or a continuous beam.

Principles of operation

Although neutral atom optical frequency standards have better ipbtability than optical
clocks based on single ions due to the increased signal-toratisevailable from a large
number of atoms, until recently they suffered from largestesyatic errors. This was
primarily due to the fact that the atoms could not be heldpé&@ during the clock
measurement because of induced ac-Stark or magnetic-fielderedhifts of the atomic
energy levels. Instead they were studied in atomic beamsh as in high-resolution
spectroscopy of the two-photon 1S — 2S transition in atomic hydrogemngN2000, Hansch
2005], or were released from a magneto-optical trap (MOTypared ballistically during the
measurement of the clock transition frequency, as in the ex¢dnsitudied calcium optical
frequency standard based on tBg— P, intercombination line at 657 nm in atomic calcium
[Degenhardt 2005, Wilpers 2006, Wilpers 2007]. The ballistic expansion atdahéc cloud
under gravity limits the maximum interaction time that canabbieved, restricting clock
operation to the relatively brod&, — *P; transition (natural linewidth 400 Hz in Ca). The
ballistic expansion also gives rise to residual first-order Dopplésshi

Single ions, in contrast, are held in traps that do not strqregtyrb the energy levels of the
ion, reducing the effects of systematic frequency shifts in tiek cheasurement. A paradigm
shift occurred when it was postulated that neutral atoms couteélden a far-detuned lattice
dipole trap (Figure 25) during the clock interrogation cycle, provided that ttpeeiney of the
lattice laser was chosen such that it shifted both the grounéaniteéd states of the clock
transition by precisely the same amount [Katori 2002, Katori RODI3e phrase “optical
lattice clock” was coined to describe such a clock systemchmott spectroscopy of Sr
atoms held in an optical lattice at the “magic” zero-shiftelangth was demonstrated for the
first time in 2003 [Takamoto 2003].
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Figure 25. A 1D optical lattice trap formed by theinterference pattern generated when
light is retroreflected back on itself.
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3.3.2 Candidate systems and current performance

At present, there are a number of groups around the world workihgeutral atom optical
frequency standards, and although some of the ballistic neutrabataal standards are still
in use, the majority of laboratories actively developing frequestandards have begun
programmes in optical lattice clocks. Due to the long coherdms tinherent in lattice
trapping clocks as well as advances in the stabilizati@xtoémely narrow linewidth lasers,
lattice clocks are able to exploit the much narrower hypeifiduced'S, — °P, transitions
found in the fermionic (odd) isotopes of alkaline-earth elemeuth as Be, Mg, Ca and Sr.
Similar transitions are also found in the group llb transition hed¢anents such as zn, Cd
and Hg, in rare-gas atoms and in Yb in the lanthanide seriedinBwédths of these clock
transitions range from around 100 mHz to less than 1 mHz (Tdplard it was thé&s, —°P,
transition in®’Sr that was described as the first potential candidaterfaptical lattice clock
[Katori 2003].

Atom | | / [ nm Dot/ mHz

*Mg |5/2 | 457 0.44 [Porsev 20044
®Ca |7/2 | 659 2.2 | [Porsev 2004a
'Sy 9/2 | 698 7.6 | [Porsev 2004a
yp [1/2 | 578 43.5 | [Porsev 2004a
"Yp |5/2 | 578 38.6 | [Porsev 2004a
“Hg |12 | 266 ~100 [Bigeon 1967]
“Hg |[3/2 | 266 ~100 [Bigeon 1967]

Table 14. Properties of fermionic neutral atom optial frequency standards currently
under development, including the nuclear spinl and the wavelengthy/ and natural
linewidth Dn,, of the clock transition.

However there have also been a number of ideas raised for usihigtheforbidden'S, —
3P, transition in the bosonic (even) isotopes of these atoms, whiclspactroscopically
simpler because there is no hyperfine structure. Schemes treatbban proposed include
methods based on multi-photon excitation [Hong 2005], electromagneiitdiliged
transparency (EIT) [Santra 2005], and state mixing induced byneXteapplied magnetic
[Taichenachev 2006] or electric (circularly-polarized laftiields [Ovsiannikov 2007]. The
only technique that has been explored experimentally to ddkte iapplication of a small
magnetic field to mix théP, and the’P, states so that th&, —3P, transition becomes
allowed. The first observation of th&, — °P, clock transition in'"*Yb [Barber 2006]
followed quickly from the original proposal, and the first accyreealuation of an optical
lattice clock based on th&, — *P, transition in®Sr has recently been reported [Baillard
2007]. One unique feature of this method is that the linewidtth@fclock transition is
tunable, so that it may be chosen to yield optimum clock performance.

Although a significant level of research is still required i®ldyan improved knowledge of
the magnitude of various frequency shifts (section 3.3.3) under agiaedting conditions,

the development of lattice clocks has proceeded rapidly. Hirolted resonance linewidths

of 1.8 Hz have recently been achieved for'te- °P, clock transition irf’Sr, corresponding

to aQ-factor of 2.4 10" the highest obtained for any coherent spectral feature [Boyd 2006].
Furthermore, high accuracy frequency measurements of thigivarnsave been reported by
three separate groups (JILA, LNE-SYRTE and Tokyo), with ageeémt the 1 part in 16

level [Takamoto 2006, Baillard 2008, Campbell 2008], and this systasnascepted as a
secondary representation of the second [Gill 2006] at the 2086ngef the International
Committee for Weights and Measures (CIPM). The best absbkgeency measurement
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reported to date has an uncertainty of 0.37 Hz, corresponding totiarfehaincertainty of
8.6" 10 ' [Campbell 2008], and is limited mainly by the performance of tliedgen maser
used to compare th&Sr standard to the NIST-F1 caesium fountain primary frequency
standard. By comparison with a calcium optical atomic cloitk high short-term stability,
the systematic fractional frequency uncertainty has beenagstino be 1.5 10 *°, with the
largest contribution arising from the blackbody Stark shiftt{se 3.3.3.2). The stability of
the strontium-calcium comparison was approximatelyld **t “*2. To date there is only a
single high accuracy measurement of the frequency ofShe *P, clock transition inf®Sr,
with an fractional uncertainty of 710" [Baillard 2007]. In addition to the experiments
discussed above, neutral strontium lattice clocks areusider development at a number of
other laboratories worldwide, including NPL, PTB, LENS and NRC.

Lattice clocks based on tH&, — °P, transitions in'*Yb, *®Yb or *"*Yb are being actively
studied at NIST [Barber 2006] and KRISS [Park 2003], with additiexgeriments being set

up at the University of Dusseldorf, INRIM and NMIJ/AIST. WtST, work has concentrated

on the bosonic isotop€*b, in which magnetically-induced spectroscopy has been used to
observe théS, — °P, transition with a width of 5 Hz, limited by the spectmsic probe time
[Barber 2007]. The absolute frequency of the clock transitionbleas measured with a
fractional uncertainty of 1.710% and a stability of better than 5.5.0%°t *?2
demonstrated by comparison with the NI§*¥g" optical clock [Poli 2008].

Alternatives to the strontium and ytterbium lattice cloclkes @ocks based on tHs, — 3P,
transitions in mercury, which is being studied at LNE-SYRTE thedUniversity of Tokyo,
and in magnesium, which is being investigated at the Unives§ityjannover. These are of
interest because of their relatively low sensitivity tockbdy radiation (section 3.3.3.2).
Due to the technological challenges associated with the deefaséy sources required
(section 3.3.4), magneto-optical trapping of mercury isotopes hbs repently been
demonstrated [Hachisu 2008], but was shortly followed by the firsttdobservation of the
'S, —3P, clock transition in thé*Hg and®'Hg isotopes [Petersen 2008]. The clock transition
frequencies were determined with a fractional uncertaingppfoximately 5 10 *2 Laser-
cooling of magnesium also presents technical challenges, arsd dhly recently that
temperatures below the Doppler cooling limit of 1.9 K have beported [Mehlstaubler
2008]. However only th&s, —*P; clock transition has been studied to date [Friebe 2007].

3.3.3 Systematic frequency shifts

Since the atoms are held in the optical lattice duringsfieetroscopy of the clock transition,
many of the systematic shifts that arise from the motion hef atoms through the
spectroscopy laser in the beam or ballistic standards ansated. In particular, for atoms
that have been cooled to the Lamb-Dicke regime [Dicke 1953] inattiee, Doppler and
recoil effects become insignificant.

The systematics relevant to an optical lattice clock depandhether a fermionic (odd) or
bosonic (even) isotope is used, and according to the spectroscdpadme the following
sections we consider Zeeman shifts arising from external riagfelds, Stark shifts
(including the effects of blackbody radiation) and collisional shifts.

3.3.3.1 Zeeman shifts

Although the'S, and P, states in odd isotopes of alkaline-earth atoms are magteti
insensitive to lowest order, the hyperfine-induced state mitid renders the clock
transition observable also leads to differengidhctors between the clock states. This effect
results in a linear Zeeman shift of & — *P, transition (Table 15). FSYSr, the differential
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g-factor has been measured accurately [Boyd 2007a] and is in goeshramt with theory.
The linear Zeeman shift can cause undesirable effects is tdrbroadening of the transition,
as well as line centre shifts due to asymmetric digtiolh of atomic population between the
magnetic sublevels. However in practice, the linear Zeemédh cdm be eliminated by
carrying out experiments on resolved sublevels and averaging eeffféct by alternating
between measurements of levels with equal magnitude but oppgseieo$ them: quantum
number, for example using atoms that are spin polarized to theretchsd states witim: =
+9/2 in ¥'Sr [Takamoto 2006, Boyd 2007a]. This greatly reduces the otherwingest
requirements on the control and size of the magnetic fieldscémabe present during the
clock measurement.

Atom Linear Zeeman shift (fqo-polarized
transitions) / Hz pT

sy —1.088(4jne [Boyd 2007a]

yp —4.1me [Porsev 2004b]

Yb +1.1me [Porsev 2004b]

Hg +6.6 M [Hachisu 2008]

“Hg —2.5m [Hachisu 2008]

Table 15. Linear Zeeman shift of the'S, — *P, clock transition (p-polarized transitions) in
neutral atom optical frequency standards based ondu isotopes. The shifts for the odd
isotopes of Mg and Ca have not yet been determined.

In the case of the even isotopes, the linear Zeeman shift dbthetansition is zero because
the g-factors of the ground and excited states are essentiallydalehtowever there remains
a second-order Zeeman shift (Table 16).

Atom | Quadratic Zeeman shift / Hz nfT Fractional shift for a field of 1 mT
Mg |-217 [Taichenachev 2006]| —3.3" 10
Ca -83.5 [Taichenachev 2006]| —-1.8" 10
Sr —24.9(1.7) | [Baillard 2008] -5.8" 10
Yb —6.12(10) | [Poli 2008] -1.2" 10"
Hg —24.4 [Hachisu 2008] —2.2" 10

Table 16. Quadratic Zeeman shift of thé'S, — °P, clock transition in neutral atom optical
frequency standards.

3.3.3.2 Stark shifts

Stark shifts of the clock transition frequency can arise feoqposure to the light fields
required to trap and probe the atoms, and from interactions with the blackbiadipnafield.

Ac Stark shifts scale linearly with laser intensity (qadidelly with electric field). The ac
Stark shift due to the laser used to probe the clock transitidne mainly to the off-resonant
coupling of the’P, state with théS, state. In principle this shift is zero in even isotopes, but is
rendered non-zero by the magnetic field-induced state mixing thased to make the
transition observable. For either the even or the odd isotopeshifthienust be explored
experimentally because the shift depends strongly on the atomermtiore and trap
parameters, which are hard to measure precisely in ne&. tHowever the shift is
straightforward to investigate experimentally by interrogatthg clock transition with
varying probe laser intensities. For normal experimental peteamin®’Sr, the shift is of
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order 10 — 100 mHz [Boyd 2007b, Baillard 2008], but the lowest shift so far deatedsfor

a bosonic system is around 7 Hz t6tyb, with 0.2 Hz uncertainty [Poli 2008]. This can,
however, be expected to reduce as the linewidth of the tamsii reduced in future
experiments. Shifts due to the lasers used for cooling and idateein be eliminated by
switching them off during the clock transition interrogation usingpmbination of acousto-
optic modulators and mechanical shutters.

Lattice clock operation with low systematic frequency unagtaof course relies very
strongly on the ability to operate at the “magic” wavelengtiere the ac Stark shifts of the
lower and upper levels of the clock transition due to thedathser are equal to first order
(Table 17). This means that it is important to consider theilplitysof second- or higher-
order effects. The clock transition frequency in a latticevell depthU, can be written in
terms of the unperturbed frequengyplus first and higher-order shift terms:

2
n=nytn, o0 n, 20 (15)
0 1 E 0 E ’

r r

wherekE, is the absorption recoil energy andis zero at the magic wavelength. However the
higher order terms do not vanish and may be enhanced by nearby two-phot@amces. For
example, irf’Sr, the 5s5pP, — 5s7p'P, and the 5s5fP, — 5s4f°F, two-photon transitions at
813.36 nm and 818.57 nm lie very close to the 813.428 nm magic wavelengtiorimbe
transition is only 30 GHz away from the magic wavelength, dfdrbidden to leading order,
whilst the latter is further away but fully allowed. Theoreticdtwations of the contributions
from these two-photon transitions indicate that they should be imitrehertz range under
typical operating conditions [Katori 2003], in line with experiméptadence [Brusch 2006].
The effect of two-photon resonances on the magic wavelengthdoalesn investigated for
"yb [Barber 2008], and is not expected to limit the accuracy aftieé clock at the 18
level. The magnitude of higher-order light shifts in a merdatiice clock remains to be
explored experimentally.

Experimentally, the overall ac Stark shift of the clock dition frequency in®’Sr as a
function of lattice detuning from the magic wavelength has been foandcale as

2 mHz / MHz [Ludlow 2006]. In the most precise studies of*fBe lattice clock reported to
date, typical operating parameters result in an ac 3fhifk due to the lattice laser of
6.5(5)" 10'® compared to zero intensity [Ludlow 2008a]. In bosonic isotopes, lattice
polarization effects occur in the presence of the magnelils fieat are needed to observe the
clock transition [Taichenachev 2007]; however experimental ge@mwmdtave been identified
that can be used to reduce or potentially eliminate these effects calgnplet

Atom | Magic wavelength / nn | Reference

Mg 432 [Ovsiannikov 2007]
Ca 680 [Ovsiannikov 2007]
87sy 813.428(1) [Brusch 2006]
b | 759.35374(7) [Barber 2008]

Hg 360 [Hachisu 2008]

Table 17. “Magic” wavelengths at which the ac Starlshifts of the'S, and P, levels of the
clock transition due to the lattice laser are exaty equal. The values fo?’Sr and **vb are
experimental; the remainder are calculated valuegAll wavelengths are vacuum values.)
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There will also be a blackbody Stark shift because the atoenbathed in a spectrum of
blackbody radiation due to the temperatiiref their surroundings. Calculated values of the
fractional blackbody Stark shift at 300 K are shown in Table 18, andtitit scales as".
The shift is smallest for Hg, and relatively large fog two most commonly studied systems,
Sr and Yb. A temperature change of 1 K leads to a change of 30mthiz blackbody Stark
shift for Sr, corresponding to a fractional frequency shift ofdbek transition of 7 10"
Experimentally, significant work therefore still needs to benedao fully quantify the
blackbody Stark shift for this and other systems at the l@#ssary to reach uncertainties at
the 10" level or below. In particular uncertainties in the blackbodylSshift coefficients
need to be reduced and the distribution of ambient temperaturel¢e.go the operation of
magnetic field coils and any line of sight to the hot oven) neadsful consideration. The
next generation of laboratory experiments is being built with this in mind.

Atom | Fractional blackbody Stark shift at 300 K 10"
Mg -3.94(11) [Porsev 2006]

Ca - 25.8(4) [Porsev 2006]

Sr -54.9(7) [Porsev 2006]

Yb - 26(3) [Porsev 2006]

Hg -1.6 [Hachisu 2008]

Table 18. Blackbody Stark shift at 300 K for the'Sy,- *P, clock transitions in neutral
atom optical frequency standards. Where known, the ncertainty is also given.

3.3.3.3 Collisional shift

Another potentially important frequency shift that must be corsitie optical lattice clocks
is the cold collisional shift resulting from the strength tbé resonant dipole-dipole
interactions between the atoms trapped in the lattice Jikes.shift is proportional to the
atomic density and to the ground-state scattering length. Theer8ta cross section is
difficult to calculate and so it is important to measure thikswnal shift experimentally. For
most experiments performed to date, in which the density of tiheiasample is typically of
order 10" cni®, the measured collisional shift has been consistent with taevdthin the
experimental uncertainty, regardless of whether the atomicplsams spin-polarized
[Takamoto 2005, Boyd 2007b, Baillard 2008, Poli 2008]. However the renprdvement in
sensitivity obtained from optical-to-optical comparisons has lettiadirst observation of a
non-zero collisional shift for a spin-polarized samplé’sf atoms [Ludlow 2008a]. The shift
depends on a number of experimental parameters, such as the ssp@atraexcitation
fraction and the nuclear spin state. For a sample at a dengity afii ®, spin-polarized to
the mg =+9/2 states and with an excitation fraction of approximai&%o, the fractional
frequency shift was measured to-89(8)" 10 *°.

At sufficiently low temperatures, the collision of two pelgs can be described by their
dominant S-wave interaction because higher-order partial wavsiamdl are suppressed by
their centrifugal barrier. If spin-polarized ensembles of atamsused, then this can greatly
reduce the scattering rate due to Pauli-blocking [Gupta 2003]. Ndégsthen the most
precise®’Sr experiments carried out to date, a density-dependent frequency shift was@bse
even when atoms are polarized to a single spin state. Thiattsisited to possible P-wave
interactions or loss of indistinguishability due to inhomogenesegation [Ludlow 2008a].
However, by choosing the spectroscopic excitation fraction apptely;i it was possible to
reduce the collisional shift to a value consistent with Zecmllow 2008b]. Alternatively,
there are various lattice configurations, especially in thiisensions, that can be used to
greatly reduce the collisional frequency shift [Chang 2004{imdtely the intention is to
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move to 3D lattice configurations such that the lattice sibetd be loaded with an efficiency
of less than one atom per site, eliminating the collisional frexyushift altogether [Katori

2002]. Methods envisaged to achieve single atom occupancy ate $it include driving a

photoassociative loss process until one atom remains in eacbrsiteking use of a Mott
insulator transition [Greiner 2002], whereby a Bose-Einstein cone(BEC) is gradually

lowered into the lattice to achieve the single occupancy.

In addition to the effects discussed above, collisions can aise dme-pulling effects in
optical lattice standards that use Ramsay spectroscopy. Aeddtaoretical analysis can be
found in [Band 2006].

3.3.3.4 Other effects

As for trapped ion optical frequency standards, the potential eséstef other, more
technical frequency shifts must be considered in addition to teetetiscussed above, and
may become significant as the accuracy of the opticatdattiocks continues to improve.
Finally, as for any frequency standard, there will also bgtaetational redshift of the clock
transition frequency, which means that to achievé®I¥actional accuracy the height of the
standard above the geoid needs to be known to 1 cm.

3.3.4 Technology considerations

In order to efficiently load an optical lattice trap whilstintaining parameters conducive to
making a good clock, the temperature of the atoms must béndgss@nK. An ideal way to
achieve this is to first cool and trap clock atoms using anetagpptical trap (MOT). For
experiments on alkali atoms, MOTs are usually loaded frorslthve tail of an atomic vapour
released in the vacuum chamber. Unfortunately for the alkeért-and alkaline-earth-like
atoms of interest for optical clocks, the vapour pressure deéate efficient loading
necessitates heating the entire chamber to high tempergttogsl 1998]. This greatly
increases the blackbody frequency shift (section 3.3.3.2), which iseptable for an optical
clock. The alternative is to load the MOT from an atomic bganduced from an oven,
which is usually fitted with some type of collimation nozzlo increase the loading
efficiency from the beam, Ca and Yb experiments have used atteredelaser beam
propagating against the flow of atoms to increase the numbepiwis avhose velocity is
within the trapping range of the MOT [Wilpers 2006, Hoyt 2005]. Addimga Zeeman
slower [Phillips 1982], which creates a specific magnegid fprofile that keeps more of the
atoms in resonance with the far-detuned beam as they are slowexhses experimental
complexity, but also increases the number of trapped atoms bgsata factor of ten, which
can be expected to improve the potential stability of thekc Historically Zeeman slowers
were built using a wire-wrapped conical former, needing laaeger supplies to provide a
sufficiently strong magnetic field and water cooling to takey the heat produced. More
recently a novel Zeeman slower based on permanent magnets hagebemped at NPL,
which eliminates the need for (and the noise of) the power sgpphd water cooling
[Ovchinnikov 2007]. This type of Zeeman slower has not yet be&dtegperimentally, but
could be used for all atomic species.

For most of the atoms of interest for optical clocks, cooling oShe P, transition yields
Doppler-limited temperatures of a few millikelvin. For Mg, Ga,and Yb, a second stage of
cooling on the narroWS, — P, transition is therefore necessary to be able to coolttiesa
down to the microkelvin temperatures needed for efficient loaafinige lattice trap. Ca and
Mg require an additional quenching (or repumping) laser tditéde the cooling, as the
transition is otherwise too long lived to cool effectivelyufs 2003, Rehbein 2007]. For
cooling using broadéfs, — *P; transitions, the usual practice is to initially further loierathe
line by frequency modulating the laser beam in order to coobarlaelocity class of atoms

54



in a short time, and then to follow this with a single frequermmficg stage to produce the
lowest temperatures. This second-stage cooling can either be dbimetiie MOT, which is
then used to load ultracold atoms into the lattice, or whdeatoms are being loaded into the
lattice trap.

Mercury differs from the other atomic systems being studsedpdical clocks in that atoms
can be loaded into a MOT from a vapour cell operated slightipwbebom temperature
[Petersen 2008]. There is therefore no need for an oven, an atomicdrea@eeman slower
of any type. Cooling is achieved using ti& — °P, transition alone, which is sufficiently
broad (1.3 MHz linewidth) to obtain fast and efficient cooling, tarrow enough to achieve
a Doppler-limited temperature of approximately 30 pK, which isblé for direct loading of
the atoms into the optical lattice for clock spectroscopy.

The laser wavelengths required for cooling, trapping and probingttimes that are actively
being pursued as optical lattice clocks are shown in Table Etetihnological challenges
associated with producing these wavelengths are discussed in thenglémetions.

Atom | First-stage cooling | Second-stage coolil | Lattice laser | Clock transition
| /nm | /nm | /nm | /nm

Sr 461 689 813 698

Yb 399 556 759 578

Hg 254 Not required 360 266

Table 19. Laser wavelengths required to cool, tragnd probe neutral atoms that are
being studied as optical lattice clocks.

3.3.4.1 Strontium

The first-stage cooling for the strontium atom requires taiat 461 nm (Figure 26), which
may be produced by frequency doubling the output from a high power masiéatas

power amplifier (MOPA) diode system. The second-stage cooliaeglength is 689 nm,
which is also accessible using diode lasers. The magic watteltargthe optical lattice is
813 nm, which may be produced using a MOPA system. The clock imans#évelength is

698 nm and can also be produced using a diode laser. Thus the laser Bystieenstrontium

lattice clock are relatively straightforward, with only one frequency diogilstage required.

5s5p ‘P, ————
3P2
°P, 5sbp
1%-stage nd P
cooling ch;zﬁ%e °
(461 nm) (689 nm)
clock
transition
(698 nm)
55* 'S, —

Figure 26. Partial term diagram for neutral strontium (not to scale), showing the laser
wavelengths required to cool the atom and to probéhe 'S,-*P, optical clock transition.
The hyperfine structure for the 8’Sr isotope (nuclear spinl = 9/2) is not shown.
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3.3.4.2 Ytterbium

The primary cooling wavelength required for neutral ytterbium is rB89(Figure 27),
reachable with InGaN diode lasers [Park 2003, Hoyt 2005], wiikstsecondary cooling
wavelength is 556 nm, which may be obtained using a frequency doubtedldser at
1112 nm [Hoyt 2005]. The magic wavelength for the optical latticé5& nm, which in
current experiments is produced using a Ti:sapphire laser [B20Dér Poli 2008], but which
could also be generated using a MOPA system. For the clogklemgth of 578 nm,
experiments have used either dye lasers [Hoyt 2005, Barber 2Q08joor recently, sum
frequency generation of a Nd:YAG laser at 1319 nm and a Yb-fdmer lat 1030 nm in a
MgO-doped periodically-poled lithium niobate waveguide [Barber 2007, Poli8]200
However there are now both diode lasers and fibre lasers camlyeavailable at 1156 nm.
So far these exhibit low power, and so the power avaikdide second harmonic generation
will be limited, but is estimated to be sufficient to indulee ¢€lock transition. Thus, with the
present state of technology, the ytterbium lattice clocklightly more complex than the
strontium lattice clock in that it requires one additional frequencylohgustage.

6s6p P, ——
3P2
— °p, 6s6p
1%-stage — p
cooling °
(399 nm)
6s’'S, —

Figure 27. Energy levels of atomic ytterbium (notd scale), showing the wavelengths of
the cooling and clock transitions. The hyperfine sticture of the *"*Yb (nuclear spin
| = 1/2) and'®Yb (nuclear spin| = 5/2) isotopes is not shown.

3.3.4.3 Mercury

Optical lattice clocks based on Hg offer the prospect of Mev systematic uncertainties, but
are considered challenging for space operation because oé¢peld)/ cooling and clock
transitions (Figure 28). TH&, — P, transition, used for first stage cooling in the other atomi
systems, is at the inaccessible wavelength of 185 nm, butsessdged above, fast and
efficient cooling is possible using tH&, —>P; transition alone. This has the advantage of
reducing the number of lasers required. The cooling transition 254thm, and can be
accessed using either a frequency-quadrupled Yb:YAG thin disk [Retersen 2008] or a
frequency-quadrupled amplified diode laser [Hachisu 2008]. The ttaokition at 266 nm
has been probed using a frequency-quadrupled DFB laser that t®mjecked to an ultra-
stable laser source consisting of a Yb-doped DFB fibre Istsdilized to a ULE cavity
[Petersen 2008]. The wavelength required for the opticaldattiepproximately 360 nm, and
could be produced using a frequency-tripled fibre laser.
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Figure 28. Energy levels of atomic mercury (not tescale), showing the laser wavelengths
required for the cooling and clock transitions. The hyperfine structure of the **Hg
(nuclear spin| = 1/2) and®®Hg (nuclear spinl = 3/2) isotopes is not shown.

3.4 Optical frequency combs

Since the development of octave-spanning femtosecond optical frggemmobs in the late
1990s, they have become indispensable tools for optical frequencylaggt making it
possible to compare optical frequency standards in a fastfficidrg way as well as to link
the optical and microwave regions of the spectrum in a sitgpe She development and use
of these combs has been the subject of a number of comprehengive adicles [Cundiff
2003, Hollberg 2005, Hall 2006, Hansch 2006].

3.4.1 Principles of operation

A femtosecond optical frequency comb is based on a mode-locked feardskaser that
emits a periodic train of ultrashort pulses. The spectrunhisfemission corresponds to a
comb of phase-coherent frequency modes whose spacing is equatepdtigon ratef,., at
which pulses are emitted from the mode-locked laser. The pulsespiuhse shifdf of the
optical carrier wave with respect to the peak of the pulselepe, which arises due to the
difference between the group and phase velocities within the dasgy, causes the comb
modes to be offset from integer harmonics fgf by an amountfy =fe,(Df /2p). The
frequency of the™ mode of the comb is thus given by

f,=nf,+ f,. (16)

n re

The frequency, is generally referred to as the carrier-envelope offset frequency

To determine the absolute frequency of each mode in the comb teardaires an accurate
knowledge of both the repetition rafg, and the offset frequencf. It is relatively
straightforward to determine the pulse repetition fatefrom the beat signal between
adjacent comb modes or between modes that are separatelsabyanic of the repetition
rate, although there are stringent demands on the noise prop#riiess measurement.
Measurement of, is a more involved task, and a number of schemes of varyggete of
complexity have been proposed [Telle 1999].
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Figure 29. Thef — X self-referencing scheme for determining the carrieenvelope offset
frequency fo.

The simplest and most commonly employed method to deterpiregjuires a comb that
spans a complete optical octaite, a factor of two in frequency (Figure 29). In this case the
measurement df can be accomplished by frequency doubling a portion of the low freguenc
end of the comb and then comparing this with the high frequency etk @omb [Jones
2000, Holzwarth 2000]. The beats between the comb nfgdes f¢, + fo and the frequency
doubled modes & = 2n f,+ 2f, with m = 2n yield a signal at the frequen&y This is known

as thef — X self-referencing scheme.

A femtosecond optical frequency comb can be stabilized irdtff@rent ways. One mode of
operation is to stabilize the comb to a microwave referencénamce generate precise and
stable optical frequencies [Holzwarth 2000]. An optical clocksutbe second mode of
operation, in which the comb is stabilized to an optical frequestandard (atomic reference)
and used to transfer the stability of this standard to othecabdtiequencies or into the
microwave region of the spectrum, as shown in Figure 30 [Diddams 2001].

microwave output

i f =f/ (M+a+h)
(and harmonics)

PLL foca
. PD

rep

(& spectral broadening)
t

PD
Femtosecond laser — ‘

\ 4 PD A 4
[t.=nf,+f [—]x2 f,=2nf, +f,

f,
i
PLL
f,=bf,,

Figure 30. Schematic diagram of an all-optical atom clock, showing how microwave
frequencies can be synthesized by locking a femtesamd comb to an optical frequency
standard. (PD: photodiodes; PLL: phase-locked loop.
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3.4.2 Accuracy and stability tests

3.4.2.1 Tests in the optical domain

A variety of experiments have been carried out to testdhdity of equation (16). The first
tests compared the frequency comb from a mode-locked Ti:sapabére(both before and
after broadening in microstructure fibre) with an optical freqye interval divider,
confirming that the modes of the frequency comb were equallyedpsx within the
experimental uncertainty of 3 x 1§ [Udem 1999, Holzwarth 2001b]. However to test that
the absolute frequencies of the comb modes can be controlled lvidli a better test is to
compare several independent systems.

In one category of tests, the femtosecond comb is refereneethicrowave standard. In an
early test a comparison was made between absolute frequensyremants made using a
femtosecond optical frequency comb at JILA and a traditionahdwic frequency synthesis
chain at the National Research Council (NRC) of Canada [Ye 2000khis case the
measurement accuracy of 1.60 2 was limited by the stability of the transportable iodine-
stabilized HeNe laser used as a flywheel reference. Tminelie this uncertainty,
simultaneous frequency measurements must be carried out using the two indegevides.
For example in a comparison between a self-referenced frequenay and a 3f5— 4f
frequency chain, an uncertainty limit of 5.0*° was derived [Holzwarth 2000], whilst
agreement at the 1.210" level was demonstrated in a comparison between three maser-
referenced frequency combs [Ma 2004a]. All these tests pafermed using Ti:sapphire-
based combs; however absolute frequency measurements carrigsingutwo fibre-based
combs were also shown to agree at thel® *° level [Kubina 2005].

In the above tests the measurement uncertainty was limitetiebghort-term instability
imposed by the microwave reference, which means that long awgriges are required.
Significantly improved short-term stability can be obtainednrvthe femtosecond comb is
referenced to an optical standard (“optical clock” mode of operatin an early test of this
sort, two octave-spanning Ti:sapphire-based combs were locked clmamenon optical
reference in such a way that the two combs had the same vdlyeoat different values of
fo. By measuring and analysing the heterodyne beat between the tvis dordifferent
spectral regions (Figure 31), the intrinsic fractional fremyenoise of the comb modes was
shown to be less than 6.310 *° for an averaging time of 1 s and the absolute frequencies of
the modes of the two combs were found to agree tdl@'’ across the entire octave
[Diddams 2002]. Similar experiments demonstrated that the ¢thdiVicomponents of a
femtosecond comb can exhibit instrument-limited, sub-hertz linesviddiative to an
ultrastable reference laser [Bartels 2004, Swann 2006].

filter
% foeat 10 COUNter

Figure 31. Experimental arrangement for optical heérodyne comparison of two optically
referenced femtosecond optical frequency combs.
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Later this type of experiment was extended to comparisons betfeern different
Ti:sapphire-based frequency comb systems, two of which wes/esspanning combs
generated by spectral broadening in microstructure fibre and twhioh directly emitted a
broadband spectrum from the laser that was sufficient filirederencing by 2 — &
comparison. The reproducibility demonstrated in these experimetabligsed that the
relative frequency uncertainty introduced by the femtosecond caasbless than 8 10%°
[Ma 2004b, Ma 2007]. High accuracy results have also been obtaiiregl the “transfer
oscillator” scheme [Telle 2002] in which a deliberate cbatfrequency mixing processes is
employed to eliminate the noise of the femtosecond laser whertausethpare two different
frequencies, so that it is not necessary for the femtosecond toine tightly stabilized.
Applying this method with a Ti:sapphire-based comb, the frequeatly between the
fundamental and second harmonic frequencies of a Nd:YAG lasbebagneasured with an
accuracy of 7 10'° [Stenger 2002]. More recent experiments in which two fibre-based
femtosecond optical frequency combs were compared showed thatariséert oscillator
scheme may be used to synthesize arbitrary optical frequeneigsafsfer stability around
the optical region of the spectrum) with an accuracy of18 '® [Grosche 2008]. Similar
experiments performed at NIST with tightly phase locked combswéiidthe addition of
short (a few hundred metres) optical fibre links between thébsdmve demonstrated the
transfer of frequency stability around the optical region ef shectrum with a fractional
accuracy of 5 10 and a fractional instability of approximately 6.0 *"t ~2 [Coddington
2007].

This level of performance in the optical domain is more thdficgnt to support the high
accuracy local comparison of optical frequency standards,thigt most accurate comparison
reported to date being a measurement of the frequency ratie BAI" and'**Hg" trapped

ion standards at NIST [Rosenband 2008]. The total fractional untgrtaithis frequency
ratio was 5.2 10", of which 3.0° 10" was systematic uncertainty in the two standards and
4.3" 10" was statistical measurement uncertainty, dominated by tability of the
trapped ion standards.

3.4.2.2 Microwave synthesis from an optically referenced femtosecondmb

To determine how well the femtosecond comb can transfer theitgtadfilan optical
frequency standard into the optical domain, two independent femtos&egunéncy combs
can be locked to a common optical reference and their @mggpglse trains compared. This
comparison can be carried out in two different ways [Bartels 2003].

The first method is to use optical nonlinear cross-correlatiotobopare the optical pulse
train outputs (Figure 32 (a)). Here the optical pulse tram® the two separate combs are
crossed in a nonlinear crystal, and when pulses from each laser at the crystal
simultaneously, the sum frequency signal is generated in aidlirgbft bisects the angle
between the two crossed pulse trains. The repetition rate of theagueificy pulse train will

be equal to the difference in the repetition rates betweetwtheombs, and can be detected
using a photomultiplier tube and measured using a frequency counter. This methadllgssent
measures relative fluctuations in the arrival times of tleedptically referenced pulse trains.

The second method is to use high speed photodetection of the individsmlt@ins to

produce two signals, which are compared using an electronic niiguré 32 (b)). In

addition to providing a signal at the fundamental repetition frgtethe signal from the
photodiodes also provides a comb of frequencies at harmonigg, @xtending out to the
bandwidth of the photodiodes used, and so the comparison may leel cartriat any of these
harmonics.
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Figure 32. Two methods for comparing the repetitionrates of two optically
referenced femtosecond optical frequency combs: (apptical nonlinear cross-
correlation; (b) photodetection of the individual pulse trains. (SFG: sum frequency
generation; PMT: photomultiplier tube.)

Although optical heterodyne comparisons between two optically refedefemtosecond
combs can exhibit a fractional instability of 10at 1 s, averaging down to the frange in
a few thousand seconds (Figure 33 (d)), this performance hastnotgre matched in the
microwave domain [Ma 2007]. The Allan deviation for nonlinear crassetation
measurements exhibits a simitat behaviour, but with instability approximately two orders
of magnitude higher (Figure 33 (c)). In this measurement apprdecintensity of the sum-
frequency signal, and hence the counting of this signal, demendlse power in the two
frequency combs. This means that amplitude fluctuations camabsldted into apparent
phase or timing noise, and so the results could potentially fx@¥wed by stabilization of the
optical power in the two combs. Nonetheless, this comparison demamisttate a
femtosecond comb can transfer the accuracy of an optical slandae femtosecond optical
pulse train with a relative frequency uncertainty of 110 *®,

However, microwave signals extracted by photodetection of theabplidse trains exhibit
significantly greater instability (Figure 33 (a) and (b)howing that excess noise is
introduced in the photodetection process. There are a number of téemdcandamental
noise sources that can affect the stability of the microvggeals synthesized from the
comb, including the performance of the optical phase locked loges, $aort noise, phase
noise introduced by microwave amplifiers, amplitude-to-phase nmswersion in the
photodetectors used to extract the microwave signal, and basen pointing fluctuations
[lvanov 2003]. Efforts to reduce a number of these noise sources hawdrgatovements in
performance, with the result that 10 GHz signals have beghesjzed with an instability of
6.5" 10'°at 1 s introduced by the femtosecond comb [Bartels 2005], althougkieiaging
times longer than 1 s the instability does not improve asThe best reported phase noise
from such a system is —100 dBc/Hz at 1 Hz offset from the 10 cakier [McFerran 2005,
Ivanov 2007].
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Figure 33. Instability observed in different typesof comparisons between optically
referenced femtosecond combs. (a) Comparison of thepetition rates by free space
photodetection atf, = 1 GHz. (b) Comparison of the repetition rates byibre-coupled

photodetection at 10f,, = 10 GHz. (c) Comparison of the pulse trains by djcal

nonlinear cross-correlation. (d) Optical heterodynecomparison. (Figure reproduced
from [Ma 2007].)

The above studies of the excess noise associated with the phctiodepeocess were all
carried out using Ti:sapphire-based femtosecond combs. Howeveatheaso a few reports

of the use of fibre-based combs for low noise microwave systhesihe only experiment to
report direct measurements of frequency stability [Hartl 200, stability of a 10 GHz
signal derived from an integrated fibre comb was compared widstablished high stability
frequency comb based on a mode-locked Ti:sapphire laser. Both aceenbdocked to a
common optical reference with an established stability of around®' at 1 s. Excellent
short-term stability of 2 10** at 0.1 s was achieved, a result comparable to that achieved in
comparisons between Ti:sapphire-based combs. However the steiilig remained fairly

flat at approximately the 1% level out to timescales of 10 s. The cause of the observed
instability at longer averaging times remains to be ideuatifhowever this work is at a rather
preliminary stage and it is likely that significant improwts in performance will be
achieved in future.

One promising way to circumvent amplitude-to-phase noise converstbe photodetectors
and the microwave mixers is to carry out the phase detectiectlgiin the optical domain
using a balanced optical-microwave phase detector as demedsinatKim et al [Kim
20064a]. In this scheme phase detection is based on electro-optic samifiliagdifferentially
biased Sagnac loop, and is potentially less sensitive to powehamdal drifts. Using this
technique, 12.8 fs relative timing jitter integrated from 10tbl 10 MHz and a timing drift
below 48 fs in 1 hour has been demonstrated between two 10 GHz dapikald to the
44 MHz pulse train from a passively mode-locked fibre lasen[RO073a]. In this experiment
the long term drift was limited mainly by the drift of theacacterization system itself, whilst
the short term jitter was limited by excess technicalex@®y identifying and removing some
of these noise sources, and by using a balanced optical-microwave @étestor for
monitoring the out-of-loop timing jitter as well as for synchratian of the optical and
microwave signals, performance has been improved to demonstrate rén8 fintegrated
timing jitter in 1 MHz bandwidth integrated over 10 hours [Kim 200Btom this
measurement a relative stability of 1.90'° for an averaging time of 10 hours can be
inferred, although no direct measurements of frequency stability have yet baden ma
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3.4.3 Technology considerations

A femtosecond optical frequency comb as implemented in an optiat ctinsists of a
femtosecond laser system, usually with some form of additipeatrsl broadening, together
with a nonlinear interferometer for self-referencing, opfiicsbeat detection, and electronics
to stabilize the comb and to derive a microwave output sign#is section we focus on the
first two elements of the frequency comb, since the spaddicption of these is considered
to present the most challenging task.

3.4.3.1 Laser technology

A variety of different laser sources have been usedefotdsecond optical frequency combs,
and so it is important to consider the factors that will infleetie selection of the optimum
femtosecond laser technology for a future space-borne optical clock.

Obvious requirements are that the comb should be compact, light, relgastist
environmental disturbances and capable of long-term relial®@eatopn. The electrical to
optical efficiency is also extremely important for space iapfibns, where power
consumption and heat dissipation are vital considerations. In th@eat a relevant
consideration is the difference between the pump wavelength and the fdsemae/elength,
which indicates how much energy per photon is dissipated in ordenérage a photon at the
laser wavelength (quantum defect).

Another factor to consider is the repetition rate of the lasercs. Higher repetition rates
correspond to smaller cavity lengths and hence offer intrihgisalaller system footprints.
For a given output power from the laser, a high repetition ratersyalso yields higher
power per comb mode, which is advantageous because it leads to a higher signaratimoise
in the heterodyne beat between a cw laser and an individual mdue afrhb. However for
higher repetition rate lasers the power per pulse decreasesnfag the same average output
power) and so the efficiency of spectral broadening decreadtéwugh the spectral
broadening can be enhanced by using as short a pulse as pobsiblegximum useful
repetition rate is probably no higher than a few GHz. Reduced pmeaé&r can also be an
issue for maintaining Kerr-lens mode-locking within the laser gavit

The wavelength coverage of the laser source and resultopgefrey comb are also important
considerations because they determine the range of overlathwitbcal oscillators used to
probe the clock transitions used in optical frequency standams, of which lie in the
500- 1100 nm range. Combs that emit further into the infrared can alsaosée in
conjunction with the standards but this necessitates an exitimenar frequency conversion
stage, which increases system complexity and reduces the effisncy. A femtosecond
source that emits an octave-spanning spectrum directly @s aalsantageous in that it
eliminates the need for alignment-sensitive microstructuree. fib

Finally, the residual noise of the optical frequency comb islglgdal to the performance of
the optical clock. In this context it is important to recogniz,tdue to its highly nonlinear
nature, microstructured fibre can significantly amplify noise the input light [Newbury
2003, Corwin 2003], and so careful attention has to be paid to minintlamgffect in the

laser design.

In the following subsections of this report we discuss thenexte which different laser
sources used for femtosecond combs meet these requirements.
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Ti:sapphire

Kerr-lens mode-locked femtosecond Ti:sapphire lasers [Spence We®d]the first to be
used for optical frequency metrology and the reliability and tmise of this technology
means that it continues to be used in many laboratories. Am angdium, Ti:sapphire has a
number of advantages, since it has a large cross section,lgwothlt properties and a broad
gain bandwidth that supports ultrashort pulses of 5 fs durationgiMor2001]. In some
cavity designs [Asaki 1993] the dispersion compensation necessggoduce ultrashort
pulses is achieved through the use of a pair of intracavigyngriFork 1984], whilst other
lasers [Stingl 1994, Bartels 1999] employ dispersion-compensatimgrrapatings [Szipocs
1994, Kartner 1997]. The octave-spanning spectrum requiretl fo# self-referencing is
usually generated by using a short length of microstructuree fikenka 2000] or photonic
crystal fibre [Knight 1996] outside the laser cavity, in evhiadditional comb modes are
generated by self-phase modulation or four-wave mixing. Howeves #ne now Ti:sapphire
lasers based on chirped mirror technology that can provideesspanning combs directly
without additional spectral broadening in nonlinear fibres [Ep2D03, Matos 2004, Micke
2005, Fortier 2006].

Octave spanning Ti:sapphire femtosecond combs have been repithtedpetition rates up
to 5 GHz [Bartels 2007], resulting in a small system footpAstdiscussed in the preceding
section, this type of comb has also demonstrated impressive té\abbility and accuracy.
However when considering space applications Ti:sapphire las#es fnom the serious
drawback that they are typically pumped by high power (5-8 Wgquency-doubled
Nd:YVO, lasers and generally require regular optical adjustmBetsently, a low-threshold
self-referenced Ti:sapphire optical frequency comb has been deateddhat requires only
1 W of pump power [Kirchner 2006], which represents a significéep $orward for
applications that require portability and efficiency. The low pyower used in this system
also reduces undesirable thermal effects with the rdmllthe free-running offset frequency
beat is significantly more stable than in higher power Ti:sapphsterss.

Erbium-doped fibre

Another option is to use a frequency comb based on a mode-locked erbiunfidbopdaser
(Figure 34). Compared to Ti:sapphire lasers, erbium-doped fiserd have a number of
advantages in that they can be efficiently pumped by laser diatide the light guiding in
the fibre means that they are insensitive to thermal eff@cexternal disturbances, require
less alignment and can be very compact. Centred around 1550 nm,afbre fenerate
octave-spanning combs covering the 1000—-2000 nm range [Tauser 2003, Washburn 2004,
Kubina 2005], and the spectral coverage can be extended by nonlewpericy conversion
[Hong 2003]. These systems are very flexible in that paraleplifier branches can be
independently configured for self-referencing and frequency measntenn a particular
spectral region [Adler 2004]. The intrinsic stability of there laser designs allows for
continuous operation, and all-fibore collinear self-referencinghictures can be
implemented [Schibli 2004, Hartl 2005]. Furthermore mode-locked ertnped fibre lasers
are largely based on optical telecommunications components, whielbbam developed for
reliable long-term operation and are relatively cheap and readilplalea

However, although femtosecond erbium-doped fibre lasers can be muehcompact,
robust, lighter and power-efficient than a bulk optic solidestaser system, the highest
repetition rates of fundamentally mode-locked systems are aro&G@dMHz. Higher
repetition rates are hard to achieve because the overall fibre legngtihh has to accommodate
both the active and the passive functional fibre-optic elemants.erbium-doped fibre is a
relatively low gain material.
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Figure 34. Commercial femtosecond optical frequencgomb based on a mode-locked
erbium-doped fibre laser.

Optical frequency combs generated by erbium-doped femtosecondailers klso typically
exhibit significantly more high frequency noise than Ti:sappbaged systems. This causes
broad optical linewidths, particularly in the wings of the boamd on the carrier-envelope
offset frequency beat signal [Hundertmark 2004, Washburn 2004, McF206]. This
noise, which has been the subject of detailed investigationshiien 2005, Newbury
2007a], is primarily a result of white amplitude noise on the pumgediawvhich, when
coupled with the sensitivity of the laser to pump fluctuations, causes hibgeaiotion of the
comb about a central fixed frequency. Due to the long fluoresdidatime of erbium, the
pump power provides only a slow mechanism for stabilizationeobffset frequency, and so
phase advance circuitry is required to increase the bandwidth and henmeduce the
linewidth to below 1 Hz [McFerran 2007].

Ytterbium-doped fibre

Femtosecond fibre lasers based on ytterbium-doped fibres aresiimg because they can be
diode-pumped with high efficiency at several wavelengths andrteel gain bandwidth has
been shown to support pulses as short as 36 fs [llday 2003]. The queptrus of these
lasers is centred in a region between Ti:sapphire and erbium-fibpedasers. The high
possible doping concentration of the*Yipbns in silica fibres leads to high gain and enables
shorter cavities, and hence higher repetition rates, to beeg@aompared to erbium-doped
fibre lasers. However, all conventional silica fibres havemabrdispersion at the emission
wavelength of ytterbium-doped fibres and so dispersion compensa&quires the
incorporation of additional free space elements or photonic crystas filito the cavity.

The technologies of cladding pumping and chirped pulse amplificati@ntigese systems
excellent power scalability [Hartl 2007] and recently an dfiepli ytterbium-doped
femtosecond fibre laser has been used to generate an otgragricy comb with more than
10 W average output power that is passively more stable thapravipusly reported comb
systems [Schibli 2008]. When stabilized to an ultrastable csv lstem and compared with
a Ti:sapphire-based comb, this system demonstrated submillinertz bp&eadiths.
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Yb:KYW

Ytterbium-doped potassium yttrium tungstate (Yb:KY(WWr more commonly Ybh:KYW)
is a promising material for the development of highly effitiand compact frequency comb
sources. This material has a strong absorption band that candadypumped by common
high-brightness InGaAs laser diodes at 980 nm. It emits in the 1080 nm spectral range,
meaning that the quantum defect is low. This leads to highegities and low thermal loads
on the crystal. Repetition rates up to 300 MHz have been demoddwaté€err-lens mode-
locked Yb:KYW lasers with an optical — optical conversioricedficy of 53% [Lagatsky
2004], and higher repetition rates should be achievable. Its iemidgmndwidth is
significantly lower than that of Ti:sapphire, but it has bsleown to be capable of supporting
sub-100 fs pulses [Liu 2001].

An octave-spanning frequency comb based on a Yb:KYW femtosecondhlseecently
been reported [Meyer 2008]. The femtosecond oscillator, whigiunisped by two fibre-
coupled 600 mW laser diodes, is mode-locked using a semiconductomkatalbaorber
(SESAM) and produces 290 fs pulses at a repetition rate of 160viitH 240 mW average
output power. The output from the oscillator is amplified usingglesmode Yb-doped fibre
amplifier, which leads to some spectral broadening, and then telypoalpressed to 80 fs
before being launched into a one metre length of microstructuredviitin a zero dispersion
wavelength of 945 nm and a core diameter of 3.2 um. This produspécum spanning
from 650-1450 nm with strong peaks at around 680 nm and 1360 nm that airearsed X
nonlinear interferometer to detect and stabilize the carricelepe offset frequency via
feedback to the pump laser current. It was also possible tonoataioctave-spanning
spectrum without any amplification of the oscillator output wiie® cavity length was
extended to give a repetition rate of 91 MHz, which leads tofwignily shorter (160 fs)
pulses. Although in these initial experiments the phase-locked offseefregwas less stable
than in the more mature Ti:sapphire-based combs, further improwemenanticipated in
future. In particular the unlocked offset frequency was observdthte a relatively clean
spectrum without the high frequency noise commonly observed in fibegtamtosecond
combs.

Cr:LiSAF

Chromium-doped LiSrAlf (Cr.LiSAF) has broadly similar laser characteristits
Ti:sapphire, but with a strong absorption band between 550 and 750agne[P989], which
means that it can be pumped using commercially available GalARGainP laser diodes
around 670 nm, and so has the potential for developing compacsdasees. Cr:LiSAF has
a broad emission spectrum of almost 400 nm, meaning thatapable of supporting very
short pulses, and it has a better emission-cross section — ugiieelifstime product than
Ti:sapphire, ensuring low operational thresholds [Agate 2002]. Howitvbas certain
disadvantages in that it is mechanically soft, its thémoaductivity is about an order of
magnitude less than that of Ti:sapphire and at a crystal tatopeabove 50 — 60 °C thermal
quenching substantially lowers the gain. The nonlinearity of tp&tat is also 5 — 10 times
lower than for Ti:sapphire, meaning that to achieve Kerr-leadentocked operation it is
necessary to focus very tightly into the laser cavity.

The poor beam quality of the high-power red laser diodes thauamntly available reduces
the soft-aperturing effect on which many self-mode-locked lasérsas well as reducing the
achievable power density in the gain medium. However despite tifficulties Kerr-lens
mode-locking of a diode-pumped Cr:LiSAF laser was first redoirie1993 [French 1993]
and other reasonably compact systems have since been demoifiBlyatett 1994, Uemura
1999]. Diode-pumped self-mode-locked Cr:LiSAF lasers have demaatstoatput powers
up to 1.1 W [Kopf 1994], repetition rates up to 1 GHz [Kemp 2001] anskprations as
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short as 10 fs [Uemura 2000]. Of particular relevance to spapdécations is the
development of highly compact and efficient resonator designs lgrale at the University

of St Andrews [Hopkins 2002, Agate 2002]. For example by using narrow;stiipge

spatial mode laser diodes to achieve compact pump states and athpee of available

pump power, and methods of prismless dispersion and SESAM-based mode-locking to reduce
the cavity component count, the group have demonstrated a portabley-pattered
Cr:LiSAF laser with a footprint of just 22 cm x 28 cm, an optimaloptical conversion
efficiency of over 20% and an electrical to optical efficiency of apprateiy 4%.

The only report of frequency comb generation from a mode-locked @fLI&ser comes
from the group at the Max-Planck Institute for Quantum OpticS&amching [Holzwarth
2001a]. This Kerr-lens mode-locked laser uses two battery-powerechB5@ump diodes
and has a linear cavity design with several bounces off a pair of chirpedsrireach cavity
arm, leading to a compact laser but with a relatively lopetidon rate of 93 MHz. In the
reported experiments the laser was operated with 115 mW output powaercantral
wavelength of 894 nm and with a spectral width of 24 hm FWHM. droeae an octave-
spanning frequency comb the uncompressed pulses (duration 57 fsdtianfof the output
beam (42 mW) were launched into a 20 cm length of photonic crystelthat had a core
diameter of 1 pum and zero group velocity dispersion near 580 nm. The spégttum from
the fibre exhibited peaks near 530 nm and 1060 nm, enabling an offsételgeancy signal
fo with a signal-to-noise ratio exceeding 40 dB in 100 kHz resolutionwidtid to be
obtained. This is sufficient to enalfleto be phase-locked and therefore such a system offers
the prospect of a compact and efficient system for optiegluEncy metrology. Higher
repetition rates would, however, be desirable.

Cr:forsterite

Operating at 1.3 pm, Erforsterite (MgSiO,) has attracted interest as a femtosecond source
in the near infrared. Cr:forsterite has a broad absorption banddd pum, which is a good
match to a number of commercially available pump sourcefyding compact diode-
pumped Yb fibre laser sources and InGaAs diode lasers operating around 970 nm.

Kerr-lens mode-locking of Cr:forsterite was first demortsttan 1992 [Seas 1992], and since
then substantial progress has been made in generating ghages. By using specially
designed and fabricated double-chirped mirrors in combination wgh-ihdex PBH71
prisms to compensate for higher-order dispersion in the Ceftestaser cavity, Chudolet

al. have produced 14 fs pulses with 80 mW average power at #iogpedte of 100 MHz
[Chudoba 2001].

A femtosecond comb based on a Cr:forsterite femtosecond laskedrasleveloped at NIST
[Thomann 2003, Corwin 2004]. This laser, which is pumped by a 10 W Ybléibee, uses
dispersion-compensating mirrors in a ring cavity geometry tergee 35 fs pulses at a
repetition rate of 433 MHz with approximately 500 mW of average powWwkee output
spectrum is centred at around 1.26 um and has a FWHM of approxirG@taty. Various
fibres have been used for spectral broadening. In early expésittiee broadening achieved
fell short of the complete optical octave required for X self referencing and so an
alternative stabilization scheme was employed whereby ottee @omb modes was locked to
an optical frequency reference whilst the repetition wate locked to a microwave reference
[Corwin 2004]. However in later experiments the use of anorga dispersion-flattened
highly nonlinear fibre (HNLF) for spectral broadening produced aaveespanning comb
from 1.0 um to 2.2 um, which enabled the carrier-envelope offsgtdney to be detected
and stabilized using a nonlinear & interferometer [Kim 2005]. Significant enhancement of
the beat between the frequency-doubled comb and a cw laser at 657 nm was reported by using
a 2 m long piece of dispersion-flattened HNLF containing a fiblegy@ grating to enhance
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the continuum around 1314 nm [Kim 2006b]. Comparisons between thisstarite based

comb and a well characterized Ti:sapphire comb with both comlyedot the optical

reference at 657 nm demonstrated agreement at the 7:1"sei@l [Kim 2006b]. The noise

on the Cr:forsterite comb has been studied by looking at heteragbjival beat notes with
cw lasers at different wavelengths [Kim 2007b]. Strong cdrogis of the frequency noise
were observed between different spectral components of the celaiver to a fixed point

close to the 1.3 um carrier of the Cr:forsterite laser, ané ¥oemd to be due to amplitude
noise on the pump laser. The amplitude of this frequency noisebsasved to be amplified
in the process of spectral broadening, with the amplificatiolofatepending on the type of
nonlinear fibre used.

Cr:YAG

Another option for a femtosecond source in the near infrared*isY@(, which operates
around 1.5 um. Like Cr:forsterite, Cr:YAG has a broad absorptiad bsound 1 um, so it
can be pumped using a Yb fibre laser or an InGaAs diode laser at 970 nm.

The emission bandwidth of Cr:YAG extends over the spectral regidh-12600 nm and is
capable of supporting the generation of ultrashort optical puldkdroad spectra and high

peak intensities. Pulses as short as 20 fs with 400 mW aveoag at a repetition rate of

110 MHz have been reported from a Cr:YAG laser that uses dohiofed mirrors for
dispersion compensation [Ripin 2002]. The corresponding pulse spectrpmaked at

1450 nm and has a FWHM that extends from 1310 — 1550 nm. Compact, high-repetition rate
Cr:YAG lasers have also been reported with pulse repetitites rup to 4 GHz [Leburn
2004], although in this case the transform-limited pulse duration is long@rfsit

A 30 nm wide frequency comb direct from a mode-locked Cr:YAG laser with atrepeate
of 130 MHz has been used to measure frequency intervals betargated absorption
transitions in acetylene [Alcock 2005, Madej 2006]. However to ttsee have been no
reports of self-referenced optical frequency combs based on Cr:YAG.laser

Comparison between different laser sources and adaptation to space

A trade-off analysis of the different laser sources deedrabove has, in their present state of
development, led to the conclusion that fibre-based femtosecond combs t&pipe the most
promising implementation for space, and these are now being iratestignder an ESA-
funded GSTP project [ESA 2005]. One particularly critical ésgsl the sensitivity of the
active fibres to radiation damage. Although tests have beerdcaut on a variety of rare-
earth doped fibres, for example to establish radiation-indut¢eduation losses [Henschel
1998, Van Uffelen 2004, Girard 2007, Fox 2008], this does not immediately yield inkmmmat
about the suitability of these fibres for a space-borne fendndeaser. In the ESA-funded
project, the effects of radiation on the mode-locking of ytterbéma erbium mode-locked
femtosecond fibres lasers is being studied directly, alonly migchanisms for radiation-
hardening the fibres.

3.4.3.2 Nonlinear interferometer

The nonlinear interferometer used for self-referencing théoaman be set up in either a two-
arm or a one-arm (collinear) configuration. In the two arm gomndition the octave-spanning
spectrum from the frequency comb is divided up into a long wavélgragt that is frequency
doubled and a short wavelength part that is subsequently overlappethavitrequency

doubled radiation. A delay line in one arm is necessary in ordengore that the pulses
overlap temporally as well as spatially [Jones 2000, Holzwa@®0]2 The one arm

interferometer is a simpler configuration in which the long arutskhavelength parts of the

68



frequency comb propagate collinearly in space. A nonlinear tristased for second
harmonic generation of the long wavelength part, whilst tleet Skequency part is simply
transmitted by the crystal. With appropriate dispersion manageofighe incident octave-
spanning spectrum, temporal overlap of the fundamental and frequencgdlpulses can be
achieved in a compact and robust setup [Schibli 2004, Jiang 2005].

An alternative monolithic scheme for stabilizing the careievelope offset frequency in the
case where the laser emits very shoet gpectrally broad) pulses has been demonstrated by
Fuji et al [Fuji 2005]. This scheme is based on a combination of self phaseatodwnd
second harmonic generation or difference frequency generatiosirigla periodically poled
crystal, and also leads to a compact and robust arrangement.

If the spectrum does not span a full octave, then more compliaai@agements involving
several nonlinear steps are required for self-referencirmydiver 2001, Ramond 2002], a
clear disadvantage when considering the development of a gpalified optical frequency
comb.

3.5  Optical frequency comparison

For most applications of space-borne optical clocks, a high agcaorathod for ground to
satellite clock comparison will be essential, with othereipiilly requiring intersatellite
links in addition. The current state of the art is considéreskction 3.5.1, along with the
prospects for future improvements. During the development phagesgdice-borne optical
clock, methods for high accuracy comparison of remotely located ground-based aptks
will also play an important role. In section 3.5.2 methods for apfrequency comparison
via optical fibre networks are therefore discussed.

In each case, the frequency transfer technique should ideallahmeréormance that matches
or exceeds the performance of the highly stable and accurate ofutroa elocks.

3.5.1 Satellite frequency transfer techniques

In this section techniques for frequency transfer between a gstatich and a satellite, and
between satellites, are discussed. The state of the amhs&dered for both microwave and
optical methods, as well as possible future developments. Beteutechniques are closely
related to the methods used for frequency and time transferdretgrveund timing centres
and significant research is being carried out in these dress® ground-based methods will
also be discussed.

3.5.1.1 Microwave frequency transfer between ground timing centres

Precise frequency and time transfer between timing centreatiogeatomic clocks today

relies predominantly on satellite-based methods. RecemtiestuBauch 2006] have

demonstrated that the lowest instabilities for frequency ioteparisons can be obtained by
either GPS-based carrier phase (GPS CP) observations ewayatellite time and

frequency transfer (TWSTFT). Both of these methods will beudsed, in particular

TWSTFT, which is closely related to space microwave links.

GPS carrier phase frequency transfer between ground iestitibf interest as it provides a
close parallel with microwave code-based frequency transferebatgatellites. For ground-
based frequency transfer, measurements of code and carriergigaals from all tracked
GPS satellites with respect to a local 1 pulse per secd?d) (feference are recorded every
30 s using a dual-frequency carrier-phase GPS receiver. Thardadabsequently processed
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to determine the receiver and satellite clock parameteaking use of additional
determinations of satellite orbits, troposphere delays and Baetitaiion available from the
International GNSS Service (IGS). Frequency comparisons lsy rtidthod have been
demonstrated to have an instability of 10'° over a measurement time of 1 day, and
2 10 over 1 hour [Bauch 2006]. However, it is not at present routinelyl bgethe
metrology community, largely because of the complexity of the datasigmaly

GPS-based time and frequency transfer is feasible not otviede two ground stations, but
also between a ground station and a low Earth orbit (LE@)litat or between two LEO
satellites. The latter has been demonstrated by the GRACE dualeatgiériment, in which
both satellites carry an ultra-stable oscillator and tleedscillators are synchronised to about
150 ps using carrier-only dual-frequency GPS receivers [Bertiger 2003].

The preferred technique used by national timing institutes forcomtgparisons of primary
frequency standards, as well to contribute atomic clock dathdaealisation of Coordinated
Universal Time (UTC), is TWSTFT [Piester 2008]. This methdakised on the simultaneous
exchange of microwave signals (in the-lkand) between two timing centres via a
geostationary satellite. At present, twelve institutesuroge, two in the USA and seven in
the Asia-Pacific region operate TWSTFT stations, althoughdfngight limitations restrict
the number of feasible links. Measurements are carried dweée pairs of stations
according to an agreed schedule. The transmitted signabdslated by a pseudo-random
noise (PRN) code sequence, using binary phase-shift keying, thatesa timing marker
related to the 1 PPS output of the reference clock. The megestation employs a correlator
to reconstitute the 1 PPS marker from the received signdlmeasures its time offset from
the local clock over a specified period, typically at 1 sedatetvals over 2 minutes. The
measurement data are subsequently exchanged and differenced)incaribel signal
propagation times to first order, and additional corrections egtir the Sagnac effect and
known equipment delays.

For time transfer, the accuracy of TWSTFT is limitecatound 1 ns by uncertainties in the
calibration of the absolute delays of the earth station comporfemtdrequency transfer,
however, only the instabilities of the delays are significAmumber of factors contribute to
these instabilities.

1. Environmental factors, in particular laboratory and outdoor teahpes and
relative humidities, have been shown to affect the stability TWISTFT
measurements. Control of these parameters should limit tHeargsnstability to a
time deviation (TDEV) of around 10 ps.

2. The ionospheric delay is generally not the same for thentitied and received
signals due to path asymmetry and geographical variations in the electrent afnt
the ionosphere. This difference can give rise to an indtalali the level of
1- 10 ps TDEV.

3. The diurnal motion of the geostationary satellite givestasa difference in the
path delays of the two signals of up to a few tens of ps.

4. For longer link baselines, the two signals will pass throuffjareint transponders
on the satellite. A significant change in the loading of one ofrresponders can
give rise to an uncompensated change in its delay of up to segefalen when
both signals use the same transponder, an increase in the numbationis s
transmitting simultaneously increases the measurement remseexample, a
change from one pair of stations transmitting to six pairs catinge$requency
transfer instability (Allan deviation, or ADEV) to increase byetér of 1.4.
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Although these satellite-based frequency transfer techniquasasenably well matched to
the performance of current caesium microwave primary frequetasydards, they are not
adequate for comparison of higher performance optical atomi&schaith stabilities and
accuracies at the 10— 10" level

Currently, operational TWSTFT stations in Europe and the USpl@y a modulation rate of
2.5 Mchip/s, limited by the allocated satellite transponder bahldwr his chip rate results in
a relative frequency instability (ADEV) of approximately 20 at 1 day, varying with the
measurement timé according tot™". Increasing the chip rate, to 20 Mchip/s or even
100 Mchip/s, would significantly reduce the measurement noise ande hihne Allan
deviation.

Other means of improving the performance of TWSTFT frequernaysfer are being
researched. One particularly promising method is the measurehém K,-band carrier
phase in addition to the code. Studies and preliminary experirfleontwille 2005] have
indicated that a frequency transfer uncertainty ofi® '* at 1 s should be feasible, although
further work is required. Current work in Japan aims to achievertaintées of around 16

at 1 s and below 1¥ at 1 day.

3.5.1.2 Microwave frequency transfer between ground stations and sdteds

Two-way microwave links between a satellite and ground staliame been in operation for
many years, an example being the PRARE ranging system on bed&&812 Earth sensing
satellite launched by ESA in 1995. Microwave links are oftenaliest even when
alternatives, such as optical links, are also availableusecthey are unaffected by weather
conditions.

The current state of the art for microwave frequency tramsfeveen a satellite and a ground
station is represented by the Microwave Link (MWL) thatrfe part of the ACES payload
that is intended to be installed onboard the International SpéatgorS (ISS). The
requirements of the MWL are optimised for the very low odjitthe ISS, with the link
stability specified for an averaging time of 350 s that corresponds tdf¢lstves time in view
during one pass over a ground station [Uhrich 2000].

The design of the ACES MWL is illustrated in Figure 35. Thstey is based on a bi-
directional K-band link with an additional S-band down-link [Seidel 2007]. Eachefibks

iIs modulated with a PRN sequence, using a high modulation rate of 18pMI@ the case
of the K-band signals. The very fast code modulation provides preciseitbs@nal delay
measurements that allow the cycle ambiguity of thebd&hd carrier to be resolved. The
additional S-band frequency enables the ionospheric delay to é&enietd and cancelled,
including the correction of short-term variations in the ionospfidre.system is designed to
operate in close to real time, processing the carrier amieig@ind ionosphere delay in less
than 20 s.
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Figure 35. Design of the ACES microwave link, reprduced from [Cacciapuoti 2007].

The performance of the MWL will provide a time instabilay 300 s averaging time of
TDEV £ 0.23 ps, corresponding to a relative frequency stability of YABE.9" 10 ™,
comparable to the expected instability of the space hydrogen §&tskt), the clock in the
ACES payload with the highest stability over this periodaAtaveraging time of 1 day, the
specified performance is TDEV5.5 ps, or ADEVE 1.6° 10 ¢, which is again comparable
to or better than the most stable clock in the ACES packsge this averaging time, the
PHARAO cold-atom caesium standard. This assumes that the MMiibits a white
frequency noise behaviour for averaging times longer than 1000wv& #ssume no cycle
slips,i.e. white phase noise behaviour, then intercontinental frequency compadsuracies
at the 10" level should be achievable after one week of averaging [Cacci@f@.

An enhanced version of the ACES microwave link has been sugdestesk in the context
of the EGE mission proposal [Schiller 2007]. This is a twg-thaee-frequency microwave
link, with two bi-directional links operating in 4and and k-band, and a third down-link
operating in S-band (Figure 36). The microwave carrier frequeaciegenerated directly
from the microwave output of the femtosecond optical frequency cortlieadptical clock,
yielding signals in the 10 GHz frequency range with extigrtev close-to-carrier phase
noise (section 3.4.2.2) without the need for intermediate frequenajedivor synthesizer
stages. The use of g-and carrier reduces the noise by a factor of two comparéeé tu-
band, while the use of three bands permits higher-order ionosptarmections to be
determined. Together with several other enhancements, these chamgexpected to
improve the performance of the MWL, making it compatible \tligh expected performance
of optical clocks and allowing frequency comparisons betweemte clocks at the 10
level after only one day of averaging [Schiller 2007].
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Figure 36. EGE-MWL concept and characteristics, repoduced from [Schiller 2007].

3.5.1.3 Optical frequency transfer between ground stations and safiédis

Links at optical frequencies promise even lower instabilityfi@gquency transfer and greater
accuracy for time transfer than microwave links, and progidemplementary method that is
subject to different performance limitations and causes otiistaThe use of laser links for
frequency and time transfer to satellites is well-establls an early example being the
LASSO (laser synchronisation from stationary orbit) timendfer experiment that was
launched on the geostationary Meteosat-P2 satellite in 1988h vd@monstrated time
transfer with an uncertainty of around 100 ps and a frequencyitgtabiaround 10" over
1000 s [Fridelance 1995]. More recent projects incorporating lase and frequency
transfer include NASA’'s Mars Polar Lander, lost during landimd 999, and the Chinese
laser time transfer (LTT) payload that was launched with Gloenpass-M1 navigation
satellite in April 2007.

The basic principle of the method is the emission of timed puldeseflight from a ground
station towards the satellite. At the satellite the pulsesretro-reflected back to the ground
station and their arrival times measured against the omtHobaek. The time of arrival of the
reflected pulses back at the ground station is also measurétingrimth the offset between
the ground and satellite clocks and the range to be determinededtimique requires the use
of a suitable high-powered laser, typically one of the 40 or watedlite laser ranging (SLR)
stations that routinely perform ranging measurements onitestelr the Moon as part of the
International Laser Ranging Service (ILRS). The laserpleyad are typically frequency-
doubled Nd:YAG lasers that emit 532 nm pulses of 10 ps to 500 ps duration.
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The present state of the art in frequency and time transieg laser pulses is demonstrated
by the T2L2 (time transfer by laser link) experiment. Thiggminitially aimed to place a
payload on the Russian space station Mir in 1999 and was subsequently conside@eiSor
but has now been integrated onto the Jason-2 ocean observatiide saa¢ was launched in
June 2008 [Guillemot 2006]. The system is expected to provide gtowsmhce time transfer
with an uncertainty of less than 100 ps, with an ultimate stabditter than 10 ps over 1 day
(1.2° 10) [Weick 2007].

A deep space optical laser link has been proposed in the context of the SAGHKS [isoIf
2007]. This is based on the exchange of continuous two-way laser signalsrb#te/ground
station and the spacecraft, with heterodyne detection sysieragher end to detect the
frequency difference between the local oscillator and the imgpsignal. The scheme allows
for asynchronous operation, which means that measurements takéerahdtimes can be
combined in an optical way to minimise the uncertainties.

3.5.1.4 Inter-satellite frequency transfer

Requirements for frequency transfer between satellitegoaral in two types of scenario:
multi-satellite deep-space missions, and within satellitetetbagons in earth orbit, whether
between LEO, MEO or GEO satellites, or any combination ofethiessmost systems, time
synchronisation is required rather than frequency transfer, andsyiem optimised
accordingly. A range of two-way or reflected microwave amtical techniques can be
employed, as for ground-to-satellite links, and similar leve|seoformance can in general be
achieved.

Data transfer and communication links between satellites gftovide some capability for
time and frequency transfer, an example being NASA’s Tnackind Data Relay Satellite
System (TDRSS), in operation for more than 20 years, which carorperfime
synchronisation although with a limited accuracy of around 100 nsorfi2etl990]. The
optical inter-satellite links (OISLs) that are increagirfuping carried to provide data transfer
at rates of up to 10 Gb/s can also be configured to transfer frequency ogitad carrier.

GNSS satellite signals provide a readily available maaism for frequency or time transfer
between LEO satellites equipped with suitable receiverst ptesious work in this area has
addressed time rather than frequency transfer, demonstratiegdimple synchronisation of
the clocks onboard the two GRACE satellites to within 150 pssélisatellites also have
crosslinks at 24 GHz and 32 GHz for precise ranging by meaplsase measurements, and
the two independent measurements of clock frequency offset have been clagnaetwithin
0.06 ps/s (6x10% [Bertiger 2003]. Future GNSS satellites are expected ve kahanced
cross-links for data exchange. For example, the ESA GNSS+cpi®@med at assessing the
benefits of inter-satellite ranging and communications betw@&aSSsatellites, including the
use of precise satellite clock offset determinations in generatingdtemstime scale.

3.5.2 Frequency comparison via optical fibres

Transmission via optical fibre networks has been identifieth@snost viable alternative to
more traditional satellite-based techniques for the trangfehigh stability frequency
references between remote locations. Although some demonstratioinmexpe have been
performed at other wavelengths, there is a general consersu$oriy-distance remote
frequency comparison will use lasers at around th5telecommunications C-band), where
the attenuation of single mode fibre (SMF) is at its mimimand off-the-shelf components
are readily available at moderate cost. The potential adwmntaigworking at the zero-
dispersion wavelength of SMF, around 118, are offset by the greater attenuation at this
wavelength.
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Three methods of transferring frequency references via abpfibre for timing and
metrological applications have been explored to date:

1. Microwave or radio-frequency transfer by amplitude modulatiom @ntinuous
wave (cw) optical carrier;

2. Direct transfer of the optical carrier;

3. Simultaneous transfer of optical and microwave referenceasahgmission of an
optical frequency comb.

As described in section 3.4.2, a femtosecond comb can be used to ttaasbility of an
optical frequency standard either to a 1.5 um transfer laser ortda¥we microwave or radio
frequency region of the spectrum, depending on the transfer techniquedselecte

In any of these techniques, noise added in propagation through the fibre must bhecctorec
The correction to be applied is determined by comparing the phése @fceived signal.é.
the signal after propagation) with that of the transmitted bidttee signal before
propagation). This comparison can only be done locally, whereaotrextion needs to be
applied to compensate for the phase error at the remoteolacéliis is achieved by returning
the signal from the remote location. The out-and-back signal is cethpdth the transmitted
signal and the phase error assumed to be twice the phase cawanuéated in one-way
transmissionj.e. the correction applied to the transmitted signal is half thecti phase
error. This assumption of reciprocity is inherently flawed twehe non-zero propagation
time of the signal: if the fibre experiences a time-wagyperturbation, the accumulated phase
error on the return trip will be different from that accumulated on theasd trip. The round-
trip propagation timée . limits the servo bandwidth.€. the maximum perturbation frequency
for which a correction can be applied) to pL2). For a 100 km length of standard silica
fibre, the round trip delay is about 1 ms, limiting the bandwidth to approxinmEgelyiz.

The three techniques for frequency transfer have been compared @@k (round trip)
optical fibre link between JILA and NIST (Boulder) [Foreman 200Whilst this work is of
great importance in linking the ensemble of optical frequenaydatds at these laboratories
with the NIST caesium fountain primary frequency standard, the Rgth is too short to
provide a realistic test of the feasibility of fibre dueency transfer at the scale required for
frequency comparison between European laboratories. Longer-disestseover installed
fibre have been performed using an 86 km (round trip) installed ffilkebetween LNE-
SYRTE and LPL in Paris [Lopez 2008, Jiang 2008], on spooled fibre inkibeatary [Marra
2008], or on combinations of installed and spooled fibre [Newbury 2007bjor& detailed
comparison of the three different techniques is presented in the fuji@ections.

3.5.2.1 Microwave / rf transfer by amplitude modulation of an optical carrie

Transmission of an rf or microwave signal over fibre by amgétmodulation (AM) of the
optical carrier is essentially the standard telecommupitsitiechnique for data transmission,
and has been used on the JILA-NIST and LNE-SYRTE-LPL linkgetisas being routinely
used on NASA’s Deep Space Network (DSN) at Goldstone in the Mojave.deser

The DSN has distributed maser reference frequencies at 100dvittzunstabilised fibre
links of up to 30 km since at least the late 1980s, with fibre istatiin being employed from
the early 1990s. The stability requirement for radio science iexpets with the Cassini
spacecraft, 1.5 x I at 100 MHz for averaging times greater tharf s0has required
improved fibre link stabilization with distribution at 1 GHz [@aun 2002]. Stabilisation is
achieved by means of a temperature-controlled fibre spool inserted itittkthe
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In the JILA-NIST work, a 1.3m single-mode DFB laser is the carrier for a maser-referenced
1 GHz signal. A round-trip instability of 2.5 x at 10 s averaging time was obtained,
without phase compensation [Ye 2003]. With fibre length statibn using a fibre stretcher,
the instability has been reduced below'i6or averaging times longer than*[Foreman
2007Db].

The LNE-SYRTE-LPL link consists of a parallel pair of ébrfollowing a 43 km route. Two
continuous lengths of fibre were constructed by fusion splicingnatéas of sections of
unused SMF 28 single mode fibres from France Telecom’'s Paés raetropolitan fibre
network. The carrier wavelength is 1.5%, generated by a DFB laser. Initially, AM at
100 MHz was used without any fibre stabilisation, yielding a roupd®6 km) instability of
7x10™at 1s and 7 x It at 1d s [Amy-Klein 2004]. Two stabilisation schemes were
subsequently demonstrated in parallel, with a 100 MHz signalntitiad over one fibre and
a 1 GHz signal transmitted over the other. Electronic phasgensation was used on the
100 MHz link and optical path length correction on the 1 GHz link, usifigre stretcher
constructed by wrapping fibre around a piezo-electric actuatorcdmpensation of fast
(acoustic) fluctuations and a temperature-controlled fibre sgool slow (thermal)
fluctuations in the fibre length [Daussy 2005]. In both schemes, tienrsignal was
generated by modulating a DFB laser at the remote end abtkeat 100 MHz derived from
the transmitted frequency. Although the outward and return signalsransmitted over the
same fibre, their polarizations differ stochastically, leadngncorrelated phase fluctuations
as a result of polarization mode dispersion (PMD) [Narbonneau 2008].€effect can be
overcome by rapid scrambling of the polarisation. Using this techrigdeconfiguring the
two fibres as a single 86 km link with modulation at 1 GHz, a lirstaibility of 5 x 10" at

1 s has been demonstrated, reaching 2% &b an averaging time of 1 day (Figure 38 (c))
[Lopez 2008]. The advantages of working at higher frequency (relatsmaller phase
fluctuations with fibre length) have recently been demonstratetheé transmission of a
9.2 GHz signal over the same link, with a 5 dB improvement in stability (F&Ri(d)) [Jiang
2008]. At this frequency, the AM has to be applied using an extero@dllator rather than
directly to the DFB laser current.

3.5.2.2 Direct optical frequency transfer

Transmission of an optical frequency standard by optical fibterden remote laboratories
was first demonstrated at 778 nm using a specially installed fdkenlink between LNE-
SYRTE and the Laboratoire Kastler-Brossel (LKB) in Panssupport of spectroscopy of
atomic hydrogen for measurement of the Rydberg constant [de ®@ed@97]. A fractional
frequency uncertainty of 8 x TOwas obtained on this unstabilised link.

The basic principles of phase compensation of fibre-induce@ moigansmission of stable
optical frequencies over optical fibre were demonstrated rharea decade ago by Hall and
co-workers at JILA [Ma 1994]. In this early work a short fitkeagth (25 m) was used and
hence a large servo bandwidth was achievable, with acousto-aptidators (AOMs) being
used for phase correction. This phase-noise cancellation technigigely used for short,
intra-laboratory fibre links, for example between optical frequerstandards and
femtosecond combs (Figure 37). In one such demonstration at NIST e&all dractional
frequency transfer instability of 6 x T0¢ 2 was demonstrated over a coherent network of
750 m optical fibre with several intermediate frequency convessising femtosecond
optical frequency combs [Coddington 2007]. In another example, the JILA dravp
applied this technique to optical frequency transfer at 1064 nmtbee¥ km JILA-NIST
fibre link, obtaining a round-trip instability of 6 x &7 2 for averaging times up to 1000 s
[Foreman 2007a].
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Figure 37. Typical arrangement used for cancellatio of fibre phase noise. A phase-locked
loop is used to control the deflection frequency,om of the AOM so as to suppress the
frequency noisefy that originates in the optical fibre.
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The LNE-SYRTE group have extended this technique to longer distamceinitial
experiments, carried out in collaboration with PTB, light froth% m fibre laser stabilised
via a fibre-based femtosecond comb to an ultrastable la68Batm was transmitted over the
86 km round-trip link, with the return signal used to stabilise thieagihase via an AOM at
the fibre input. The link was extended to 211 km by the additiofiboé spools in the
laboratory. In this configuration an erbium-doped fibre amplifier KEPwas included to
compensate for the 100 dB round-trip attenuation in optical power. litiabof 6 x 10"®
and 2 x 10" respectively were obtained after 8000 s averaging time ¢6eo2007]. In this
configuration, with the fibre pair connected at the LPL end of duéer the “remote” end of
the fibre is located at LNE-SYRTE and is thus accesdinedirect comparison of the
received and transmitted signals. Out-of-loop comparison of thidkethe out-and-back
signal used for compensation will provide a test of the recigyr of the fibre. Further
experiments with this configuration have used an ultrastableni fibre laser. An AOM is
used to offset the return frequency from the transmitted frequency by anfewftemegahertz.
By the addition of further frequency offsets together with EDBAthe “remote” end of the
link, it is possible to recirculate the light twice more arothrelfibre, creating a 172 km link.
In this configuration, the link instability is 4 x Tbat 1 s, reaching 4 x 18 at an averaging
time of 3 x 10's (Figure 38 (e)) [Jiang 2008]. This is the longest distancemtsmation of
optical frequency transfer entirely over installed fibre. Aikir experiment has been
performed over 110 km of an urban installed fibre network betwhBiJ/AIST and
Kashiwa, Japan, with the reported link instability being 1.5%°#0 1 s [Musha 2008].

Superior stability has been demonstrated at NIST on a 251 knntiokporating 76 km of
installed fibre, 175 km of spooled fibre, and four EDFAs. The schesieikar to the LNE-
SYRTE scheme in that the “remote” end of the link is cotkdtavith the transmitter and
hence the received signal can be directly compared. This experirdled an instability of
6 x 10™ at an averaging time of 100 s for the received signal (Ei@& (f)) [Newbury
2007b]. This is higher than the instability of the round-trip signatabse even assuming
perfect cancellation of the noise on the round-trip signal, the gatipa delay through the
link means that the noise cancellation on the one-way link wilinperfect. This is similarly
reflected by a 20 dB increase in the residual phase noise oédbwed (one-way) signal
compared to the round-trip signal within the servo bandwidth. Nevesthethis work along
with the LNE-SYRTE work shows that the use of EDFAs does nat e stability of the
link and also that the effect of PMD is negligible.
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3.5.2.3 Microwave / rf transfer using an optical frequency comb

Transmission of the pulse train from a mode-locked laseerofthe possibility of
simultaneou