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Abstract: Recent scientific and technological advances in atomic, molecular, and optical physics
(AMOP) have produced new generation of high-precision instruments such as advanced atomic
clocks and atomic quantum inertial sensors. Unique performance of these instruments allows
addressing many challenging questions related to our understanding of the universe and of the
physical laws of Nature. Although remarkably precise, the performance of these instruments is
often limited by terrestrial conditions. On the other hand, space offers superior experimental
conditions and a wide range of unique scientific opportunities. In particular, AMOP technologies
are expected to bring about a new generation of high-accuracy tests of Einstein’s general theory
of relativity, to improve sensitivities of future gravitational wave observatories, to offer unique
methods of probing the physics beyond the Standard Model, etc. In addition, cold-atom-based
atomic clocks and quantum inertial sensors are naturally suited for precision investigations in
many areas of astronomy and astrophysics. We describe the new AMOP-based technologies,
their benefits for space research and the rational for dedicated support of their development, size
and power reduction, and space qualification efforts in the next decade. Programs in fundamental
physics will be a unique opportunity to consolidate this new technology and prepare key instru-
ments for future space missions. A well-defined program with modest investments on the order
of $70M will beget new capabilities that could enable major scientific advances in fundamental
physics, astronomy and astrophysics. We emphasizes that the development of the AMOP-based
technologies will bring about outstanding scientific results and mature space-proved technology
within a plausible time frame of 5 to 10 years. Additional benefits include more robust and ad-
vanced ground-based experiments that will further advance the art of measurement science.
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1 AMOP-based technologies to addresses the challenges in gravitational physics

Today physics stands at the threshold of major discoveries. Growing observational evidence
points to the need for new physics. Efforts to discover new fundamental symmetries, investiga-
tions of the limits of established symmetries, tests of the general theory of relativity, searches for
gravitational waves, and attempts to understand the nature of dark matter were among the topics
at the focus of scientific research at the end of the last century. These efforts intensified with the
unexpected discovery of the accelerated expansion of the universe (i.e., “dark energy”) made in
the late 1990s, triggering many new activities aimed at answering important questions related to
the most fundamental laws of Nature (Turyshev et al., 2009).

The fundamental physical laws of Nature are currently described by the Standard Model and
Einstein’s general theory of relativity. However, there are important reasons to question the va-
lidity of this description. Despite the beauty and simplicity of general relativity and the success
of the Standard Model, our present understanding of the fundamental laws of physics has several
shortcomings. In particular, if gravity is to be quantized, general relativity will have to be mod-
ified; however, the search for a realistic theory of quantum gravity remains a challenge. This
continued inability to merge gravity with quantum mechanics together with the challenges posed
by the discovery of dark energy indicates that the pure tensor gravity of general relativity needs
modification or augmentation. It is believed that new physics is needed to resolve this issue.

Theoretical models of the kinds of new physics that can solve the problems above typically in-
volve new physical interactions, some of which could manifest themselves as violations of the
Equivalence Principle, variation of fundamental constants, modification of the inverse square
law of gravity at various distances, Lorentz-symmetry breaking, large-scale gravitational pheno-
mena, and introduce corrections to the current model of spacetime around massive bodies. Each
of these manifestations offers an opportunity for experiment and could lead to a major discovery.

Space is one of the most likely places where these manifestations may be investigated. While
providing access to greater variation of gravitational potentials, greater velocities, and full orien-
tation coverage, space also extends the well-understood and controlled laboratory environments.

Ground-based laboratories have seen spectacular developments in Atomic, Molecular and Opti-
cal Physics (AMOP) to access measurement regimes with unprecedented sensitivity and accura-
cy. Progress has led to new instruments and technologies including more accurate atomic clocks,
atom-wave interferometers, and femto-second laser combs. Today’s new generation of high per-
formance atomic quantum sensors (accelerometers, gyroscopes, gravimeters, gravity gradiome-
ters) is surpassing previous state-of-the-art instruments with novel experimental techniques based
on engineered atomic systems. Atomic clocks and quantum inertial sensors represent key tech-
nologies for precise measurements of time, frequency, displacement, acceleration, and rotation.

Combined with access to large spatial and gravitational variations, these new tools enable more
precise experiments in a search for physics beyond the Standard Model and in tests of the general
theory of relativity. The questions that can be addressed by space experiments are: “Does gravi-
ty behave as Einstein predicted?”’; “What will be the nature of a theory of quantum gravity?”;
“Where and how will the Standard Model fail?”’; “Are the fundamental constants of nature truly
constant?”’; “What is the nature of dark matter and dark energy?”

Many projects in fundamental physics would greatly benefit from having access to measurement
precisions that have already been demonstrated by atomic quantum sensors based on cold atom
physics. Today, atomic clocks approach a precision of few parts in 10" in the measurement of
time and frequency; on the ground, atom interferometers promise sensitivities of 10 m/s*/Hz"?
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for acceleration measurements and of 10° rad/s/Hz"* for the detection of tiny rotations. These
accuracies are already surpassing the performances of instruments presently in use. However,
putting these instruments in space can further improve their already remarkable precision by ad-
ditional orders of magnitude, thus enabling new classes of fundamental physics investigations.

A new generation of high-precision fundamental physics experiments requires ultra-high accura-
cy metrology of distance, accelerations, rotations, and time. For instance, the present generation
of ground-based torsion-balance tests of gravitational inverse-square law (ISL) operates at dis-
tances of tens of microns limited by the terrestrial conditions. At the same time, many modern
fundamental physics theories predict violations of the ISL at shorter distances, typically below 1
micron. New technologies are needed to access such short ranges. Similarly, future space-based
gravitational wave observatories will have to control proof mass acceleration noise below the
level of 107 m/s*/Hz"? at very low frequency, currently a significant challenge. On the other
hand, instruments in space relying on cold-atom-based technologies with truly drag-free atoms as
proof masses offer an unmatched potential in resolving these challenges.

Among the promising new AMOP-based technologies are highly stable and accurate frequency
standards and clocks, atomic quantum sensors, and octave-spanning femtosecond laser combs.
Space is a unique environment for improving the performances of these new devices and pushing
to the limits the experiments testing the fundamental laws of physics. Space can ensure infinitely
long and unperturbed “free fall” conditions, long interaction times, quiet environmental condi-
tions and absence of seismic noise, absence of atmosphere, large free-propagation distances and
variations in altitude, large velocities, and large variations of the gravitational potential.

In this white paper we discuss these new AMOP-based technologies, including their current sta-
tus, anticipated performance, challenges of space deployment, and science benefits from their
use in space-based research. We also argue for dedicated support for their development, miniatu-
rization, and space qualification efforts in the next decade.

2 Emerging Technologies: frequency standards and atomic quantum sensors

The field of AMOP has had an incredibly productive decade marked by Nobel Prizes awarded
for discoveries in laser cooling (1997), Bose-Einstein condensation and atom lasers (2001), and
laser-based precision spectroscopy and the optical frequency comb technique (2005). The field is
now mature both from the point of view of the understanding of the basic physics underlying la-
ser cooling and laser manipulation of atoms and for the development of a solid technology for
the experimental implementation of new quantum devices. Below we present the details.

2.1 Highly-accurate optical clocks
2.1.1 The nature of technology innovation

For many years microwave transitions have served as the basis for highly accurate and ultra-
stable atomic clock systems. Laser cooling and trapping of ions and neutral atoms achieve ex-
tremely low temperatures where systems of confined atoms can be well controlled. New ultra-
stable optical reference cavities achieve laser stabilization to one part in 10" in 1 sec. A new
type of clocks based on optical atomic transitions promises dramatic improvements. In an optical
atomic clock, a laser in the visible region of the electromagnetic s;aectrum is used to induce a
forbidden atomic transition. By using optical frequencies (vo ~ 10" Hz) rather than microwave
frequencies (vo ~ 10'° Hz), an optical clock operates with a much smaller unit of time. This leads
to an enormous improvement in stability and also to a higher accuracy since several key frequen-
cy shifts are fractionally much smaller in the optical domain.

Page 2 of 10



An Astro2010 Technology White Paper:
AMOP-based Technologies for Fundamental Physics Experiments in Space

The measurement of optical frequencies has recently been made practical by the advent of the
self-referencing (octave spanning) optical frequency combs (OFC) of femtosecond lasers. With
OFC it is possible to phase-coherently link optical frequencies to microwave frequencies, so that
lasers can be used to count seconds and can be compared to traditional microwave clocks. Com-
bined with narrow linewidth lasers, this has made possible the first generation of optical atomic
frequency standards and clocks based on cold trapped neutral atoms and ions.

2.1.2 Present state of the art

Present-day liter-sized trag)ped-ion microwave space clocks have demonstrated fractional fre-
quency stability of 3x107! 7"% and are capable of reaching the 10™" level over a few hours of
integration time (Prestage & Weaver, 2007). Cold atom microwave clocks with similar perfor-
mance are operating in metrology labs and a version is being space qualified for the International
Space Station (ISS) (Laurent et al. 2007). The current accuracy of fountain clocks is at better
than the 4x107'° level, while ground-based trapped-ion clocks have demonstrated fractional fre-
quency stability of 2x10™* 17", capable of reaching the low 10™'° level over a few hours of inte-

gration time.

Short-term performances of microwave clocks are mostly limited by the available ultra-stable
quartz oscillators at the 10" level, though more complicated cryogenically cooled sapphire os-
cillators can achieve stabilities at the 107 level. Highly stabilized lasers as optical oscillators
have already routinely achieved the 10™"° t™"% level, limited by the thermal noise of the reference
cavity (Ludlow et al. 2007). When referenced to suitable optical transitions of atoms in ion traps
or optical lattices, an experiment of trapped ion clocks has already demonstrated fractional fre-
quency stability of a just over 10'” in several 10° seconds (Rosenband et al., 2008). At the same
time, the strontium optical lattice clock has now reached 107" accuracy (Ludlow et al., 2008),
limited at this time by blackbody radiation induced uncertainty. Accuracies better than 10™'" are
expected in the near future.

2.1.3 Scientific benefits of new technology

Clock comparison is a major method for probing the special theory of relativity and Lorentz in-
variance. Access to space enables better clock performance and allows to fully benefit from the
larger variations of the background gravitational environment. Specifically, clocks made with
different atoms or different kinds of transitions (electronic, hyperfine, vibrational for molecules),
when moved together can search for violations of the Equivalence Principle (EP). Monitored
over time, they look for variations of the fundamental constants. Identical clocks moved relative
to each other can be used to perform tests of special and general relativity tests, etc.

As direct consequence of the EP, general relativity and other metric theories of gravitation forbid
any time variation of non-gravitational constants. Today, optical clocks offer the possibility to
test time variations of fundamental constants at a high accuracy level. Such measurements com-
plement the tests of the local Lorentz invariance and of the universality of the free fall to experi-
mentally establish the validity of the EP. Furthermore, clocks of 10™'® or better accuracy and as-
sociated ability of time transfer can be used for geodesy through gravitational redshift. Ancillary
Earth sciences will greatly benefit from the use of these improved clocks including studies of
Earth rotation, climate research, ocean research, earthquakes, tsunamis, etc.

Space experiments have been proposed for free flyer spacecraft and for onboard the ISS (Tury-
shev et al., 2007). As optical clocks have shown potential for greater precision than microwave
clocks, missions using optical clocks have already been proposed under the European Space
Agency (ESA) Cosmic Vision program. Clock experiments in space can also help to answer the
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intriguing question of time variations in the fundamental constants. The proposed SpaceTime
mission was an atomic-clock mission designed to search for a variation of the fine-structure con-
stant with a spacecraft that flies to within six solar radii of the sun (Prestage & Maleki, 2004).

Optical metrology technologies can also benefit other astrophysics and astronomy missions. For
instance, microwave oscillators at only the 107" level are used on the Cassini spacecraft for ra-
dio science experiments. An advanced optical technology at the 10" level would greatly im-
prove the measurement sensitivity. Future optical ranging in deep space will require a laser at the
1x107"° 772 level, and highly stabilized lasers will improve space laser interferometry similar to
LISA and planetary search missions using very long based line interferometry and formation
flight.

Measurements of the constancy and isotropy of the speed of light can be performed by conti-
nuously comparing a space clock to a ground clock. Tests based on this technique have already
been performed in 1996 by comparing clocks on-board GPS satellites to a hydrogen maser. Opti-
cal clocks orbiting around the Earth combined to a time and frequency transfer link not degrad-
ing the clock performances can improve present results by about four orders of magnitude. Opti-
cal clocks could measure the gravitational red-shift with a relative uncertainty of few parts in
10%, demonstrating a new efficient way of mapping the Earth gravity field and define the shape
of the geoid at the cm level. At the same time, the comparison of two optical clocks based on ap-
propriately chosen transitions during free flight in a varying gravitational potential can test the
universality of the gravitational red-shift at the same accuracy level.

2.1.4 Benefits and challenges of space deployment

In space, where weightlessness and the extremely quiet environment ensure the ideal conditions
for laboratory experiments, the clock performances can be improved even further. Clocks in
space represent unique tools to test fundamental laws of physics at an unprecedented level of ac-
curacy and to develop applications in time and frequency metrology, universal time scales, glob-
al positioning and navigation, and geodesy.

The absence of a strong gravity bias also benefits operation of an atom trap. A much weaker trap
and therefore lower atom cloud temperatures can be achieved in microgravity. Thus, a released-
atom or slow-beam clock could benefit from colder temperatures. In addition, reduced vibration
in space will also be very beneficial for optical clocks.

Space deployment puts stringent requirements on size, mass, power, and autonomy of an instru-
ment. A small trapped Hg+ clock for deep space missions is presently being developed and is
near NASA Technology Readiness Level (see, TRL) of 5 with a volume of ~2 liters, 2 kg mass,
and requires 20W of electrical power.

While that clock uses no lasers, optical clocks extensively rely on stabilized lasers. This is one of
the major challenges in developing space optical clocks and metrology. For a space-qualified
optical clock, lasers must be small and reliable with long lifetimes while working under harsh
space radiation environment. High-power lasers (~1W) are required for many neutral atom cool-
ing and trapping techniques, ultra-stabilized lasers (~1x10™"> t~""?) for clock transitions, and fem-
tosecond lasers (one octave frequency span) for optical frequency comb generation and self-
referencing.

In addition, ultra-high vacuum systems with good optical access are required for housing trapped
atoms. The vacuum chambers should ideally be completely sealed enclosures without the active
pumps typically used in laboratories. All corresponding precision microwave and laser control
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electronics need to be specifically developed for the space instrument. All systematic effects
must be extremely well controlled.

2.1.5 Objectives, milestones and costs

Both laser cooled microwave clocks and optical clocks are viable for space operations. Currently
demonstrated optical clocks are either based on trapped ions or neutral atoms. Cold-atom-based
microwave clocks are a more mature technology and have synergistic technology areas in laser
cooling and trapping. Large performance gains are expected by increasing the clock frequency
from microwaves regime to the optical. Although small space-qualifiable optical clocks have not
been studied in detail, several groups in the US operate optical clocks at TRL 3 (lab demonstra-
tion). A program can be established to further advance the advanced atomic clocks for space ap-
plications. The program will support an initial development of several advanced clock technolo-
gies and common component technologies. It will then focus on one approach for a specific
science experiment concept. For optical clocks, TRL 6 could be achievable within a decade with
sufficient investment.

A Rough Order of Magnitude (ROM) cost estimate for this program is $30M with milestones:

2010-13: stand-alone tabletop breadboard system demonstrations at TRL 4;
2010-13: concurrent component technology development;

2014-16: a compact prototype with advanced laser and optics components at TRL 5;
2016-19: integrated brassboard prototype, TRL 6.

2.2 Atomic quantum inertia sensors
2.2.1 The nature of innovation

Atomic quantum inertial sensors exploit the particle-wave duality of atomic particles for ultra-
sensitive interferometric measurements similar to laser interferometers. Because the rest energy
of the atomic particles is on the order of 10'! higher than the energy of a laser photon, atom inter-
ferometers can be intrinsically much more sensitive to inertia forces.

Recent developments in AMOP for laser control and manipulation of atoms have led to atom op-
tics for atom interferometers. The most successfully used atom optics methods for beam splitting
and combining are laser interactions, including simulated Raman transitions, optical grating scat-
tering, and Bloch oscillations in optical lattices.

2.2.2 Present day state of the art

Laboratory atom interferometers have achieved da ~ 10°® m/s*/Hz"? (Peters et al., 1999) as acce-
lerometers and 6w ~ 6x10'° rad/s/Hz"* (Gustavson et al., 2000) as gyroscopes, already surpass-
ing the state of the art in traditional sensors. Significant advances have been made more recently
in the sensor performances and the technology maturity. Various transportable systems are being
developed around the world including gravimeters, gradiometers, and gyroscopes.

Major advances are still being made today in laboratories. For example, a large momentum-
transfer for atom-wave splitting has been demonstrated with a high fringe contrast (Miiller et al.,
2008). A larger momentum transfer results in a larger effective interferometer area and therefore
higher sensitivity for a rotation-sensing interferometer. In addition, the use of coherent quantum
matter waves offers potential of further improvement to overcome standard atom projection
noise by exploiting quantum entanglement and non-classical states.
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2.2.3 Scientific benefits of new technology

Atomic quantum inertia sensors can become a key-technology for ultra-precise measurements of
accelerations and rotations. Their space deployment can be used to support new classes of expe-
riments such as tests of the gravitational inverse-square law at distances of a few microns, the
universality of freefall, and new tests of the EP using atoms, as well as measurements of the rela-
tivistic frame-dragging precession (Tino et al., 2007). It also provides new experiment possibili-
ties for gravitational wave detections (Dimopoulos et al., 2008). In addition, new generation of
instruments that are using these novel technologies, such as precision gyroscopes, can support
precision spacecraft attitude controls for future space telescopes and x-ray observatories.

When used as sensitive accelerometers, cold atoms in space as truly drag-free proof-masses pro-
vide excellent candidates for tests of the universality of free fall. By measuring the differential
acceleration of two co-located matter-wave interferometers with different atomic species, atom
interferometers in space can be used to perform highly accurate searches for a violation of the
EP, potentially reaching ultimate accuracies in these experiments. The EP is at the foundation of
the general theory of relativity and other metric theories of gravity. Such fundamental principle
should be tested to its utter most precision. Many modern theories of physics beyond the Stan-
dard Model predict a violation of the EP at different levels. The current limits of 1x10™" on the
EP violations are set by ground-based torsion balance experiments (Turyshev et al., 2007, 2009)
Atom interferometers in space could be used to reach accuracies beyond these current limits.
Thus, the original goal of the Quantum Interferometry Test of Equivalence (QulTE) experiment
was to achieve 1x107'® (Kasevich & Maleki, 2004). More recent advances in the field of matter-
wave interferometry suggest that even better measurement precisions should be achievable.

As sensitive rotation sensor, cold atom interferometers can provide opportunities for mapping the
Lense-Thirring precession. A feasibility study of the Hyper-precision cold atom interferometry in
space (HYPER) (see HYPER website) that relies on an atom gyroscope orbiting the Earth was
recently performed by ESA. Hyper-like missions would be able to investigate two of the funda-
mental forces of nature: gravity and electromagnetism. For its gravitational investigation, Hyper
will precisely map the fabric of the spacetime around the Earth. For its investigation of the elec-
tromagnetic force, Hyper will precisely measure the value of the fine structure constant a.

A direct detection of gravitational waves is one of the most important modern physics experi-
ments. It also offers an invaluable observational tool to probe our universe in astrophysics and
cosmology. The detection of gravitational waves requires extremely sensitive detectors and atom
interferometers could be used for this purpose. Although it is yet unclear whether there is a sig-
nificant fundamental advantage of a direct use of atom waves for gravitational wave detection,
the use of cold atoms as perfect drag-free proof masses may provide promising technological ad-
vantages in reducing acceleration noises to proof masses. Preliminary study indicates that cold-
atom-based gravitational wave detector can complement LISA and LIGO detectors in providing
the coverage for the entire spectrum of gravitational waves (Dimopoulos et al., 2008).

2.2.4 Benefits and challenges of space deployment

A flight experiment in microgravity will greatly enhance the performance of atomic sensors be-
cause of the long interaction times achievable in a freely falling environment. The much better
vibration isolation available in space is also a benefit—the stability of the gratings or light fields
that do the beamsplitting affects the phase stability of the atom interferometer, so less vibration is
very important. Thus, if used as accelerometers, atom interferometers could potentially reach the
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level of 6a ~ 10~ m/s*/Hz"? or better (Yu et al., 2006, Dimopoulos et al., 2008), and if used as
gyroscopes 6w ~ 10! rad/s/Hz"? (see, HYPER).

Light-pulse atom interferometer inertial sensors rely on direct laser manipulation of atoms and
require lasers similar to those for laser-cooled atomic clocks. Small and reliable space qualified
lasers (~1 W) with long lifetimes and precise frequency, phase, and intensity control are required.

Performance testing and relevant technology validation in the microgravity environment will be
challenging. Microgravity validations may be performed in a drop tower, 0-g plane, ISS, or tech-
nology demonstration satellite missions.

2.2.5 Objectives, milestones and costs

While most of the atomic sensor system developments to date are for terrestrial use, several ef-
forts developing space-based atomic sensors (e.g. QuITE and HYPER), have been undertaken.
NASA Earth Science and Technology office has funded an atom interferometer gravity gradi-
ometer development to be used for global gravity mapping in space, now at TRL 4.

Maturation of these types of measurement systems for space requires further development of la-
ser and optics systems, optically accessible vacuum systems, high flux atom sources, and low
noise atom detection techniques. The potential systematics of atomic quantum sensor based
measurement systems will also need carefully studies. In addition, investment should be made to
continue basic atom interferometer research activities in laboratories to better understand these
inertial sensors, their error sources, and generate new capabilities.

A dedicated program for developing atom interferometer based technology for space will en-
compass a multi-year multi-million dollar effort from universities, research laboratories, and in-
dustry. A ROM cost for the program is $30M. A notional schedule for developing a cold atom
accelerometer suitable for experiments using cold atoms as drag-free proof masses is given be-
low.

2011-10: instrument concept formulation and design study;

2012-14: key system development to TRLS5 including physics package, laser & optics system
for cold atoms, interferometer laser system, microwave & control electronics;

2015-17: TRL 6 package development;

2018-19: system integration and microgravity tests.

2.3 Femtosecond laser combs in space
2.3.1 The nature of technology innovation

Mode-locked femtosecond lasers generate highly accurate combs of frequency markers in the
optical region of the spectrum, these being the Fourier frequency components of the emitted
pulse trains. Two dramatic developments in recent years have revolutionized the use of these
frequency combs. First, the comb lines have demonstrated phase coherence to one part per 10"°.
Second, a self-referencing technique stabilizes the carrier-envelope phase offset across a comb
span of greater than one octave. By relating optical and microwave frequencies in a phase cohe-
rent way these technologies make precision optical clocks possible. They also offer the possibili-
ty of revolutionizing the practice of laser ranging in both frequency and time domains.

2.3.2 Present state of the art

Optical frequency combs (OFC) enable a phase coherent link between the microwave frequen-
cies of atomic clocks (~10'° Hz) with optical frequencies (~10"° Hz); a comparison at 107 level
has been demonstrated (Rosenband et al., 2008) with the residual uncertainty of <10™"°.
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Femtosecond Ti:Sapphire mode-locked lasers or fiber mode-locked lasers are presently commer-
cially available and tabletop stabilized combs are implemented in laboratories using highly non-
linear fibers. The best performing OFC systems today are laboratory instruments with mHz level
linewidths and multi-Watt outputs that cover an optical table and mass many kilograms with
hundreds of Watts of power dissipation and much support equipment (Martin et al. 2009).

Frequency combs have also been demonstrated in low power micro-whispering gallery mode re-
sonators. This latter development may provide a path to much more compact comb systems, al-
though their temporal behavior needs to be studied in more detail.

2.3.3 Scientific benefits of new technology

OFC aids the development of better optical clocks, as discussed before and enables the use of
microwave clock technology in optical science applications. In the space environment im-
provements can be made in the traditional optical-cavity-based speed-of-light tests. For instance,
instead of using two orthogonally-oriented cavities to test the angle-dependent (Michelson-
Morely) and angle-independent (Kennedy-Thorndike, velocity-dependent) terms, these tests can
be done with one cavity, using the clock itself as the absolute reference.

The highly coherent light associated with OFC would allow interferometry, supplemented by
pulse delay ranging (Ye, 2004; Salvade et al., 2008), aiding fundamental gravitation studies as
well as astrometry, geodesy, geophysics, and planetology. For example, proposed gravitation
studies using laser ranging of spacecraft to detect the deflection of light passing near the sun (Tu-
ryshev et al., 2007) would also be improved by such ranging techniques, as would deep-space
navigation in general. In particular, with a frequency comb in space, time-keeping and distance-
ranging become a single unified activity, significantly simplifying the payloads. In such applica-
tions OFC will be anchored to a stable reference of either an atom or a stable cavity.

A different science benefit from the optical comb technique is a nearly ideal wavelength calibra-
tion source, or Astrocomb (Li et al., 2008), for precision spectroscopic observations. These in-
clude resolving small optical frequency shifts arising from the object motion and other physical
phenomena. Examples of applications include searches for Earth mass extra-solar planets via the
radial velocity method (< 10 cm/s), cosmological variations in fundamental constants and mea-
surement of the universe’s accelerated expansion by observing the quasar absorption spectra
(with sensitivities of < 1 cm/s), and improved precision measurements of the proton-to-electron
mass ratio.

2.3.4 Challenges of space deployment

The primary challenge is to engineer an OFC system for performance equivalent to the best la-
boratory state of the art performance and qualify it for space operations with extended duration.
Both Ti:Sapphire lasers and fiber lasers have been successfully used for femto-second comb
generations. While fiber laser based systems are maturing rapidly, with low power consumption
and more robustness and compact size, the intolerance of fibers to radiation will be a more chal-
lenging issue.

For deep space applications, the challenge is to develop a compact system with a sub-10 kilo-
gram laser mass, including control systems, and a “wall-plug” efficiency of 10% or higher. Such
a high-efficiency may only come from a fiber laser based system. For a micro-resonator based
system promising miniature size, the challenge is to generate a wide comb span matching those
generated by high power femtosecond laser systems.
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An ancillary technology for supporting deep space ranging experiments is high efficiency, high
bandwidth, and low timing jitter photon counting detectors. State of the art are superconducting
nanowire detectors operating at 4.2K or lower fabricated from NbN or NbTiN thin films with
single photon detection efficiencies greater than 60% and timing jitter as low as 20 ps. The pre-
ferred detector would have more than 90% efficiency and timing jitter on the order of a single
optical cycle, 5-10 femptoseconds.

2.3.5 Objectives, milestones and costs

Present day TRL level for the high precision OFC is TRL 3-4. As with optical clocks and atomic
inertial sensors, the common system will be stable lasers. To reach TRL 6 for the space environ-
ment focused development efforts will have to include generating advanced packaging concepts,
developing highly integrated optics system and support electronics, and meeting thermal and va-
cuum requirements. Another challenge to future space qualification will be meeting radiation
tolerance requirements for all semiconductor and fiber laser components.

The TRL for the high efficiency photon counting detectors with femtosecond single photon de-
tector jitter is TRL 3. The initial development of high efficiency time to space conversion tech-
niques and associated large arrays of high detection efficiency single photon detectors is re-
quired, followed by development of highly integrated read-out electronics, and finally, space qu-
alification of all components.

The frequency comb development can be incorporated in the optical clock program. An addi-
tional development effort at a ROM cost of $10M is needed for time domain based ranging ap-
plications with a notional development schedule as below:

2010-12: compact breadboard femto-second lasers; demonstrate sub-ps single photon detector
jitter; TRL 4;

2013-14: concurrent component technology development;

2015-16: compact prototype; cross infusion into optical clock; TRL 5;

2017-18: engineering model femto-second laser and space qualification, TRL 6.

3 Recommendations

Recent scientific and technological advances have produced new AMOP-based precision mea-
surement devices that have enabled measurements to unprecedented regimes of sensitivity and
accuracy at which the foundations of modern physics can be tested. We argue that a well-defined
technology program with modest investments could lead to major scientific advances in funda-
mental physics, astronomy and astrophysics by maturing technology for space-based missions
within a plausible time frame of 5 to 10 years.

Many space missions already studied would benefit from hastened maturity of AMOP technolo-
gies. This maturity can be reached via important development of the following crucial elements:

— Suitable laser systems: currently, the lack of efficient space-qualified stable lasers is a major
limitation.

— Atom sources: of high-flux cold atoms and degenerate quantum gases for atom interferome-
ter based instruments.

— Optical benches and high-quality optical interface with vacuum systems

— Component and system volume / mass reduction

— Continued improvement of ground experiments: today, all quantum technologies and tests
experiments are on the edge of knowledge. Ground experiments will be always needed for
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the preparation and support of a space mission and for the improvement of scientific know-
ledge.

To meet the challenges in fundamental physics ten years from now, technology investments are
required today. The most important focus areas are (i) tunable lasers (to cool and manipulate
atoms), (ii) stabilized clock lasers and frequency combs (for laser interferometry and optical
clocks); (ii1) atom interferometry (to measure accelerations, rotations), and (iv) atomic clocks (to
measure time and distance). Challenges of space deployment impose additional requirements on
the reliability of the instruments and put pressure to minimize their mass, volume, and power re-
quirements. This brings about the need for miniaturization and space qualification efforts.

Because of the significant discovery potential offered by the AMOP-based technologies and their
application for space-based laboratory research it will be beneficial to establish dedicated multi-
agency funding to stimulate coordinated research and development efforts. While the state of
technological readiness to tackle the science opportunities discussed in this white paper has
changed markedly in the last decade, there is an enormous gap to bring many of the technologies
into instruments qualified for space operations. In order to advance our exploration of fundamen-
tal physics in space, technology advancement is needed.
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