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interrelationships between diet, microbiota, and
many facets of host physiology can be explored in
detail in these “personalized” gnotobiotic mouse
models. These models may be useful for devel-
oping new and more effective approaches for
treatment and/or prevention. In addition, studies
of other forms of malnutrition that take an ap-
proach analogous to that described here could
also provide insights about the contribution of
the gut microbiome to this global health problem.
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A Clock Directly Linking Time
to a Particle’s Mass

Shau-Yu Lan,* Pei-Chen Kuan," Brian Estey,® Damon English," Justin M. Brown,*

Michael A. Hohensee," Holger Miiller*?

Historically, time measurements have been based on oscillation frequencies in systems of particles,
from the motion of celestial bodies to atomic transitions. Relativity and quantum mechanics show that
even a single particle of mass m determines a Compton frequency wo = mc?/A, where c is the speed of
light and 7 is Planck’s constant h divided by 2r. A clock referenced to m, would enable high-precision
mass measurements and a fundamental definition of the second. We demonstrate such a clock using
an optical frequency comb to self-reference a Ramsey-Bordé atom interferometer and synchronize an
oscillator at a subharmonic of wg_ This directly demonstrates the connection between time and mass.
It allows measurement of microscopic masses with 4 x 1077 accuracy in the proposed revision to
Sl units. Together with the Avogadro project, it yields calibrated kilograms.

particle with mass-energy E = mc” is
represented by a wave oscillating at the
Compton frequency o, = mc*/h in the
particle’s rest frame, where c is the speed of light

and 7 is Planck’s constant / divided by 2 (7).
This is the basis of de Broglie’s theory of matter
waves (2) and underpins modern quantum me-
chanics and field theory: The time evolution of

states is given by wave equations whose plane-
wave solutions are proportional to

€™ = exp(—ip,x*/h) = exp(-imyt) (1)

where p, = (—my, myv) and x* are the momen-
tum and position four-vector, T = #/y is the proper
time, v is the Lorentz factor, and v and ¢ are the
laboratory-frame velocity and time. Much has
been theorized about the physical reality of quan-
tum states as “oscillators” (3—7), but surprisingly
few experiments have been proposed to address
this topic (8). Here, we directly address a conse-
quence of Eq. 1 that has deep physical and per-
haps even cosmological implications: Because
the oscillations of a wave packet accumulate
phase oot just like a clock following the same
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trajectory, it has been suggested that the passage
of time is observable as soon as the universe
contains massive particles (/). It ought to be pos-
sible to build a Compton clock: a clock refer-
enced to the mass of a single particle.

Advances in timekeeping (9-72) have fol-
lowed the use of references with higher frequency,
increased quality factor O, and lowered instability
from systematic influences. The Compton fre-
quency of a stable particle is high (0y/2n =3 x
10%° Hz for a cesium atom), has virtually infinite
quality factor O = wo/I", where 1/I" is the par-
ticle’s 1/e lifetime, and is one of the most stable
quantities in nature. In principle, a Compton-
frequency clock could be built by annihilating
a particle-antiparticle pair and counting the fre-
quencies of the generated photons. However,
this frequency is far beyond modern counting
techniques; to access it, we require a method of
dividing it into a technically accessible range.

Here, we present a Compton clock by com-
bining an atom interferometer with an optical
frequency comb. In a Ramsey-Bordé atom inter-
ferometer (Fig. 1) (7, 13), a quantum wave pack-
et initially at rest interacts with a pulse of two
counterpropagating laser beams having laboratory-
frame frequencies of @, and wavenumbers of
k., respectively. The wave packet absorbs n pho-
tons from the first beam while being stimulated
to emit n photons into the second beam, without
modifying its internal state through multiphoton
Bragg diffraction (/4, 15). By appropriate choice
of the laser intensity and pulse duration, the pro-
cess occurs with a probability of 50%, splitting
the wave packet. While the first partial wave pack-
et remains at rest, the second moves away with
a laboratory-frame momentum p = nfi(k,. + k_).
It is convenient to introduce a rapidity parameter
p so that p = mesinh(p) and the Lorentz factor y =
[1=v%/c*]"% = cosh(p). Energy-momentum con-
servation (the Bragg condition) provides the relation

@
where o = 0gsinh(p/2)/n. [In the nonrelativistic
limit, o = (04 + ©_)/2 = kc and . = o (1 = nik/

mc).] Interaction with four laser pulses (Fig. 1)
brings the wave packets together for interference.

Space
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/ Path2 Outp ut2
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Fig. 1. Paths of the matter waves in a Ramsey-
Bordé interferometer versus time; red arrows de-
note laser beams. Additional paths that do not
interfere are not shown. The diagram is drawn in a
freely falling inertial frame, and does not show the
free fall of the atoms.
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The probability of detecting the particle at the
outputs (Fig. 1) is given by cos’(A@/2), where A@
is the relative phase of the wave packets. In a
relativistic, semiclassical treatment, Eq. 1 shows
that the wave packets acquire a relative phase
of A@ree = 0p[1" = 1P] = 2w, T(y ' = 1) (non-
relativistically, A@ gee = — 4P hiPT) /m) during their
free evolution between the laser pulses (3), where
1 are the proper times on paths 1 and 2. Their
difference 1 — 1@ is related to the laboratory-
frame time by a factor y ' — 1, which is determined
by the laser frequencies by Eq. 2 and can be used
to divide the Compton frequency into a techni-
cally accessible range. Synchronizing an oscillator
to the divided Compton frequency is accom-
plished as follows: In the experiment, this oscil-
lator sets the frequency difference o, = 0+ — @_
between the counterpropagating laser beams.
‘Whenever the particle absorbs a photon, the phase
of'the photon is added to the wave packet’s phase
and subtracted for stimulated emission. It can be
shown (/6) that the sum A, of these phases
(eq. S2) cancels the free evolution phase A@ gee
exactly if, and only if, . satisfy Eq. 2, so that

2
_ 2nm;

Om (3)

o

The phase cancellation A@ = AQjager T+ AQgee =0
is verified by observing the interference fringes of
the particle at the interferometer output and main-
tained by feedback to the oscillator.
Ramsey-Bordé interferometers are routinely
used to measure //m (17), but such measurements
of ii/m are not themselves clocks because they
are reliant upon an external frequency reference
to measure o . We use an optical frequency comb

REPORTS

to set p = N, eliminating the laser frequency as
a free parameter. Combined with Eq. 3, we obtain

(4)

o

Om = 20N

which is an exact result in this relativistic and
semiclassical picture, showing that ,, is deter-
mined solely by the Compton frequency. Correc-
tions from nonclassical paths are negligible here.
We are free to choose any value for n and N and
lock the oscillator directly to the Compton fre-
quency or a subharmonic without changing the
underlying physics. For example, n =2 and N=
1/2 yields @ = o, =20 and 0. = o (1 + \/E)il.
In practice, N is chosen so that @ and o, are
accessible to existing technologies. The experi-
ment is a Compton clock by virtue of the fact that
it self-references the laser frequency through the
optical frequency comb, which ensures that the
output frequency o, is fully determined by
the Compton frequency and known ratios. It is
independent of any external standards. The self-
referenced atom interferometer serves as a clock-
work that links the frequency of our master
oscillator to the Compton frequency of the mat-
ter wave packets.

Our experiment uses cesium-133 atoms be-
cause they are amenable to the techniques of
atom optics and are electrically neutral, which
reduces systematic effects. Because their inter-
nal structure is not relevant to ®,,, the atoms ap-
proximate noninteracting point masses. Our atom
interferometer has been described in detail else-
where (15). The clock’s operation is illustrated in
Fig. 2. A voltage-controlled 10-MHz crystal oscilla-
tor O1 [FTS 1050A (Symmetricom, Beverly, MA)]
with frequency @y is the master oscillator for all

VCO Counter | X9 XSEQ
x12.165 l l W,/
Y y
w
| Aom +

:r ————— » Laser " Network ¢

| z -

E q=1758678 ALy vy M
~| i |
O, ] ]
© 1 1
o I 1
-c 1
! 1 h
& e

: Y : >t

A4
: Feedback lA(p Phase
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cyst O1

Fig. 2. Schematic. Oscillator O1 is the frequency reference for all signal generators and the optical
frequency comb. The laser used to address the atom interferometer is phase-locked to the comb. Shown
in the diagram is the freely falling atomic trajectories versus time for the simultaneous conjugate
interferometers (the lower of which being shown in Fig. 1) used to cancel the gravity-induced phase.
The phase measurement from the atom interferometer provides an error signal to O1 in order to close

the feedback loop.
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frequency sources, pulse generators, and lasers in-
volved in the experiment. The frequency comb sta-
bilizes the laser frequency to Neocrys, Where N, =
35,173,594.165 (16). A direct digital synthesizer
(DDS) generates /2 = Nppg®cryst at ~82 kHz,
and acousto-optical modulators (AOMSs) gener-
ate o, by applying the relation ®; = o + ®/2
(valid in the nonrelativistic limit), where Nppg =
2,326,621,801,616/2*%. The factor N is thus N =
NJ/Npps = 4,255,305,521.31286. Another AOM
shapes the time domain profile of the laser pulses.
Our signal to noise is optimal for Sth-order Bragg
diffraction (n = 5) with a pulse separation time
(Fig. 1) T= 160 ms. The atomic population at the
interferometer output is determined by means of
fluorescence detection and then processed to yield
the interferometer phase A@ = A@jaser T AQfree-
A feedback loop adjusts ocrys S0 as to main-
tain A = 0. Its operation is demonstrated in Fig. 3:
The first 10 data points are taken during normal
operation. At the 11th data point, we briefly dis-
able the feedback, so that oy is free-running,
and the experiment performs a Ramsey-Bordé
photon recoil measurement. The measured signal
is then proportional to o> = (NC(;)Cryst)2 (Eq. 3).

Increasing N, by 100 parts per billion (ppb) in-
creases mp and produces a 200-ppb increase in
A@gee (Fig. 3, shaded area). At the 13th data point,
the feedback is restored. Because the feedback
stablhzes Ocrygt t0 a value inversely proportional
to N.” (Eq. 4), the signal frequency decreases by
400 ppb, equilibrating 200 ppb lower than the
first 10 data points (Fig. 3), which is opposite to
the observed shift for a recoil measurement.

Quantitative agreement is demonstrated by
comparing the rest-mass stabilized frequency
Ocryst With a rubidium frequency standard [SRS
FS725 (Stanford Research Systems, Sunnyvale,
CA)] over 6 hours (Fig. 4A). It averages to
9,999,998.127 Hz with a SD of the mean of
0.015 Hz. A y? test (Fig. 4B) yields a normalized
x> = 1.4. Our statistical uncertainty is 0.015 Hz x
(x*)""?=0.018 Hz, or 1.8 ppb. Using Eq. 4 and
correcting for systematic effects (/6), we obtain
the Compton frequency wo/2r = (2,993,486,252 +
12) x 10'¢ Hz. The deviation from the expected
values (16, 18) is =5.2 + 4.0 ppb and is consist-
ent with zero within 26. The Allan variance
(Fig. 4C) is below 10~*/[t/(1000 s)]"?, where 1
is the integration time.
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Fig. 3. Measured frequency oy, (lower trace; left axis) as well as wn,(2nN?) (upper trace; right axis)
shows the action of the feedback loop. During the shaded interval, the feedback is disabled.
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Although this accuracy is modest, similar to
the first cesium atomic clocks (9), the resolution
and accuracy of atom interferometry is advancing
rapidly (79). Up to 100-fold improvement in res-
olution could be obtained by approaching the
shot noise limit of our interferometer. Use of
higher laser frequencies (which is possible with-
out changing the reference particle), lighter parti-
cles, and/or longer interrogation times can possibly
lead to a Compton clock that can serve as a pri-
mary time standard. The intrinsic stability and Q
factor of a stable particle’s Compton frequency
is unmatched by any other frequency reference.
Mass, frequency, time, and length could all be
derived from one fundamental unit, defined by
a specific particle.

The clock can also be used for the oppo-
site purpose, measuring mass by measuring the
Compton frequency. In 2011, the General Con-
ference on Weights and Measures (CGPM-2011)
considered a revision to the SI units that would
assign an exact value to the Planck constant /
(20). The kilogram would then be referenced to
the second through the defined values of the
Planck constant and the speed of light. Micro-
scopic masses could be related to the fine struc-
ture constant (21, 22) or h/M (17); macroscopic
masses could be measured by using the Watt
balance (23, 24). These methods, however, re-
quire auxiliary measurements and/or intricate
theory (/6). The Compton clock would provide
an absolute measurement of the cesium atom’s
mass to an accuracy of 4.0 ppb, which is com-
petitive with other methods and greater than 10
times more accurate than in the present SI (/8).
Other microscopic masses can be related to the
cesium mass by means of mass spectroscopy.

The link to macroscopic masses can be made
by Avogadro spheres: silicon crystals of accu-
rately measured volume }and lattice constant a
(25). In theory, the number of atoms contained
in such a crystal is N, = 87/a’, where 8 is the
number of atoms in the unit cell. Because binding
energies are negligible, the Compton frequency
of the sphere is wy = [m(Si)/m(***Cs)]N, ocs,
given by the measured Compton frequency of

2E-8
5E-8
e -
5E-9
10 100 1000

Integration time (s)

Fig. 4. Compton clock performance. (A) Frequency minus 10 MHz versus time plotted over ~6 hours. (B) Histogram of data (bin size = 0.025 Hz). (C) Root
Allan variance (RAV) of the data in (A). It is <1078/(1/1000 s)2 between integration times T of ~100 s and ~ 1 hour. The slope between t = 10 and 100 s is
an artifact of the 80-s update cycle of the experiment.
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cesium atoms wcg. This yields its mass as M =
opfilc®. The ratio m(Si)/m(**3Cs) is between
the effective molar mass of the sphere’s mate-
rial and cesium-133. According to (25), present
data yields the spheres’ mass with an overall ac-
curacy of 30 ppb so that they would constitute the
most accurately calibrated macroscopic masses
under the proposed CGPM-2011 redefinition—a
testament to the precision achieved in construct-
ing Avogadro spheres.

Although any method for measuring micro-
scopic mass can be used, the Compton clock
offers a transparent connection between the sec-
ond and a microscopic mass on the basis of sim-
ple physical principles without requiring auxiliary
measurements. It directly realizes a long-standing
proposal to measure mass in terms of the Compton
frequency (6). The method outlined here offers a
different set of systematic effects as compared
with Watt balances (23, 24), thus serving as an
important test of the overall consistency of the
laws of physics and experimental methods. It is
based on a body’s inertial rather than gravitational
mass. In the context of the present SI, the com-
bination of the Avogadro project and the Compton
clock serves as a measurement of the Planck
constant.

Looking forward, the rapidly developing field
of optomechanics (26) might enable measure-
ments of the single-photon recoil energy of a
nanomechanical mirror. This could result in a
clock referenced to the mass of a mesoscopic
object, or a mesoscopic mass standard. Because
Bragg diffraction of electrons has already been
demonstrated (27), a clock using elementary par-

ticles or even antiparticles is possible. Such clocks
would be useful for testing CPT symmetry or the
Einstein Equivalence Principle for antimatter.

We have demonstrated a clock stabilized to
the rest mass of a particle. It highlights the inti-
mate connection between frequency and mass. It
proves that massive particles can serve as a fre-
quency reference without requiring their mass to
be converted to energy as an explicit illustration
of a key principle of quantum mechanics. Fur-
thermore, we have shown that a single massive
particle is sufficient to measure time.
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Nanoscale Nuclear Magnetic
Resonance with a Nitrogen-Vacancy

Spin Sensor

H. J. Mamin,* M. Kim,™? M. H. Sherwood, C. T. Rettner,* K. Ohno,? D. D. Awschalom,® D. Rugar*

Extension of nuclear magnetic resonance (NMR) to nanoscale samples has been a longstanding
challenge because of the insensitivity of conventional detection methods. We demonstrated the use
of an individual, near-surface nitrogen-vacancy (NV) center in diamond as a sensor to detect
proton NMR in an organic sample located external to the diamond. Using a combination of
electron spin echoes and proton spin manipulation, we showed that the NV center senses the
nanotesla field fluctuations from the protons, enabling both time-domain and spectroscopic NMR

measurements on the nanometer scale.

oth nuclear magnetic resonance (NMR)
spectroscopy and magnetic resonance im-
aging (MRI) have become indispensable
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tools in many diverse fields of research, including
analytical chemistry, materials science, structural
biology, neuroscience, and medicine (/). The one
major deficiency of NMR is the low sensitivity
of the conventional coil-based induction meth-
od of detection, which prevents its application
to samples at the nanometer scale (2). Much im-
proved detection sensitivity has been achieved
with magnetic resonance force microscopy, which
is based on detecting weak magnetic forces in

the presence of a strong field gradient and has
demonstrated nanometer-scale NMR imaging
at cryogenic temperatures (3). Here, we present
an alternative nanoscale detection method that
works in the absence of a magnetic field gradient,
thus preserving spectroscopic information, and
is operable over a wide range of temperatures,
including room temperature. A single near-surface
nitrogen-vacancy (NV) center in diamond is used
as an atomic-size sensor to detect weak mag-
netic fields originating from nuclear spins ex-
ternal to the diamond. In an initial demonstration,
we detected randomly polarized hydrogen nu-
clei (protons) in an organic polymer. Both time
domain and spectroscopic information were ob-
tained by appropriately manipulating the pro-
tons so as to affect the precession phase of the
highly coherent NV electron spin. The results sug-
gest that NV-based NMR detection may provide a
path toward three-dimensional nanoscale mag-
netic resonance imaging (nanoMRI) under ambi-
ent conditions (4, 5).

NV centers are proving to be particularly use-
ful for both quantum information processing and
nanoscale magnetic sensing (6—17). The negative-
ly charged center has a spin state with a long
coherence time, especially in isotopically purified
crystals (12, 13), and an electronic-level structure
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