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We report the first realization of large momentum transfer (LMT) clock atom interferometry.
Using single-photon interactions on the strontium *Sp -* P; transition, we demonstrate Mach-Zehnder
interferometers with state-of-the-art momentum separation of up to 141 ik and gradiometers of up to
81 hk. Moreover, we circumvent excited state decay limitations and extend the gradiometer duration
to 50 times the excited state lifetime. Due to the broad velocity acceptance of the interferometry
pulses, all experiments are performed with laser-cooled atoms at a temperature of 3 uK. This work
has applications in high-precision inertial sensing and paves the way for LMT-enhanced clock atom
interferometry on even narrower transitions, a key ingredient in proposals for gravitational wave

detection and dark matter searches.

Atom interferometry (AI) is a versatile and power-
ful tool in inertial sensing[1-4] and precision measure-
ments [5—7]. Light-pulse atom interferometers split, redi-
rect, and recombine matter-waves by imparting photon
momenta [8, 9]. Their sensitivity to inertial forces can be
improved with large momentum transfer (LMT) tech-
niques that use additional light pulses to increase the
space-time area of the interferometer [10]. Conventional
light-pulse atom interferometry uses two-photon interac-
tions, implemented by a pair of laser beams far-detuned
from a strong optical line. However, some of the most
demanding applications, such as ultralight dark matter
searches[11, 12] and gravitational wave detection [13—
18], can benefit from the use of single-photon transitions
like the ultra-narrow lines typically employed in optical
lattice clocks[19-21]. LMT-enhanced clock atom inter-
ferometry, based on a sequence of single-photon transi-
tions, was recently proposed [22] as a method to reach the
required sensitivity while retaining the necessary level
of laser noise suppression [23]. Proof-of-principle clock
atom interferometry without enhanced momentum sep-
aration has been performed on the 'Sy-3P, strontium
clock transition [24, 25]. Here we demonstrate the first
realization of LMT-enhanced clock atom interferometry
using the 1Sy -3P; intercombination line in ®8Sr.

State-of-the-art LMT atom interferometers employ
Raman transitions [26, 27], Bragg transitions[28, 29|,
and Bloch oscillations in optical lattices [30-33] to scale
up the momentum transfer. While optical lattices can
generate large momentum separation, the confining po-
tential can cause unwanted systematic effects |34, 35].
In free-space atom interferometry, a total momentum
transfer of 112 hk has recently been achieved via sequen-
tial Bragg transitions in 17*Yb [36], improving upon the
previous record of 102k in 8" Rb[37]. One important
constraint on further improvements of two-photon LMT
techniques is spontaneous emission loss via the short-
lived excited state, requiring sizable detunings and laser
intensities [38].

In contrast to conventional Raman or Bragg atom op-
tics, clock atom interferometry uses narrow-linewidth
transitions that are driven resonantly by a single laser
beam. For clock transitions to metastable states such as
the strontium 'Sy -3 P, transition, the spontaneous emis-
sion loss from excited state decay can be negligible due
to the 150s lifetime [39]. Furthermore, for this transi-
tion spontaneous scattering from other off-resonant lines
is suppressed by terahertz detunings such that it can in
principle support many thousands of consecutive pulses.
However, for efficient interferometry pulses the laser
must be frequency stabilized to an optical cavity to re-
duce its linewidth below the target Rabi frequency.

We show that moderately narrow transitions such
as the 7.4kHz strontium 'Sy -3P; intercombination line
support single-photon Rabi frequencies in the mega-
hertz range, easing the technical requirements for laser
linewidth reduction. This high Rabi frequency stems in
part from the fact that the single-photon Rabi frequency
) is much larger than the two-photon Rabi frequency
for the same transition, which is suppressed by a factor
of Q/A <« 1, where A is the detuning from the excited
state. The short pulse durations we achieve with this
transition allow for hundreds of consecutive pulses de-
spite the 21.6 us excited state lifetime. Additionally, the
high pulse bandwidth renders the transitions insensitive
to Doppler detunings, for example from velocity offsets
due to gravity or from momentum separation between
the interferometer arms. While previous two-photon in-
terferometers with state-of-the-art momentum transfer
have generally relied on ultracold and quantum degener-
ate atoms [40], we show that this new type of interferom-
eter accepts microkelvin temperature ensembles from a
magneto-optical trap (MOT) without reducing the pulse
efficiency. Since no additional cooling or velocity selec-
tion techniques are required, this has the potential to
increase the number of atoms in LMT interferometers
by orders of magnitude, further improving the sensitiv-
ity of shot-noise-limited sensors.



We prepare typical samples of 107 strontium atoms
via a dual-stage MOT on the blue 461 nm transition, fol-
lowed by the red 689nm transition [41]. The red MOT
light is generated by an external cavity diode laser that
is cavity stabilized to a linewidth of ~ 1kHz. Two in-
dependent interferometry beams are derived from this
same laser source, which is amplified by a tapered am-
plifier to allow for 100mW of optical power per beam.
Each beam is focused through a pinhole to clean its spa-
tial mode and has a 1.5 mm waist at the location of the
atoms, approximately ten times larger than the typical
rms radius of the atom ensembles of 160 pm. Polarizers
ensure that the polarization of the horizontal interferom-
etry beams is aligned parallel to a vertical magnetic bias
field to resonantly drive 1Sy -2P; (m=0) transitions (see
Fig. la). We use a bias field amplitude of 10G to fur-
ther suppress unwanted excitations to m = +1 Zeeman
sub-levels.

The interferometry pulse shapes and amplitudes are
produced by a nanosecond programmable pulse gen-
erator, fast RF switches, and independent single-pass
acousto-optical modulators (AOM) for each of the two
beams. We achieve a typical m-pulse duration of 161 ns
and Rabi frequency of 3.11 MHz. Thanks to the high
pulse bandwidth, the laser frequency is held constant
throughout the interferometry sequence, even as the
atom velocity changes. Despite the significant rms
Doppler width of 24 kHz at an ensemble temperature of
3 uK, we reach m-pulse efficiencies of (98.9 + 0.2)%, in-
ferred from the exponential decay of the Rabi oscillation
amplitude (see Fig.1b). Note that the observed peak
normalized excited state population is reduced because
some excited state atoms decay during the Tpush = 2 Us
push pulse at the end of the sequence. This pulse, from a
laser beam resonant with the 461 nm transition, imparts
momentum to atoms in the ground state, which leads
to a vertical separation of the states after 5ms time-
of-flight prior to detection. By the time the atoms are
illuminated for fluorescence imaging on that same transi-
tion, all excited state atoms have decayed to the ground
state. Images are formed on a CMOS camera using a 1:1
imaging system in the horizontal plane, at an angle of
45° relative to the interferometry beams.

The LMT clock atom interferometry sequences are
structured as follows (see Fig.1c). After an initial 7/2
beamsplitter pulse, successive m-pulses are applied from
alternating directions, using one interferometry beam at
a time[22]. Due to the high Rabi frequency, each 7-
pulse interacts with both interferometer arms, toggling
the atomic state in each arm and increasing the mo-
mentum separation by a net 2 hk. After the maximum
momentum separation is reached, a second set of alter-
nating m-pulses reverses the relative velocity between the
arms. A third set of m-pulses decelerates the atoms such
that a final 7/2-pulse can close the interferometer. Thus,
an N hk interferometer consists of 2IN—1 m-pulses, where
N is the LMT order. We use a pulse spacing of 275 ns,
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FIG. 1. a) Experimental setup. Two independent, horizon-
tal interferometry beams (dark gray and light gray) interact
with the atoms one at a time, from alternating directions.
The beams are linearly polarized parallel to the applied mag-
netic bias field B. A vertical push beam (blue) separates the
atomic states for fluorescence imaging (inset). b) A typical
Rabi oscillation of the normalized 3P; excited state popula-
tion, with a Rabi frequency of 3.11 MHz and a mw-pulse effi-
ciency of 98.9%. c¢) Example LMT interferometer space-time
diagram (top) and associated pulse sequence (bottom). The
alternating pulses from the left beam (dark gray) and the
right beam (light gray) interact with both arms of the inter-
ferometer, transferring momentum and toggling the atom be-
tween the ground (blue) and excited (red) states. The pulses
are distributed over three zones, separated by the interroga-
tion time 7', in between which the direction of momentum
transfer is reversed. A push pulse occurs at the end of the
sequence.

limited by the pulse generator.

We realize Mach-Zehnder interferometers with a mo-
mentum separation varying from 1 %k to 141 hk, without
added interrogation time 7. The overall phase of the in-
terferometer signal can be scanned by independently ad-
justing the phase of the first beamsplitter pulse, leading
to a sinusoidal response of the normalized excited state
population (see Fig.2a). To analyze the interferometer
signal, we produce a histogram of the normalized excited
state population by marginalizing over the phase. We
then extract the contrast and the offset (center) by fit-
ting the histogram to the expected arcsine distribution,
convolved with a normal distribution to include offset
and amplitude noise [42]. Using these fit parameters as
constraints, the complete interferometer signal is then fit
to a sinusoid to determine the interferometer phase and
its uncertainty. We find that the observed phase noise
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FIG. 2. a) Normalized excited state population of the interferometer versus the interferometer phase, for a momentum

separation of 1 hk (blue) and 51 hk (orange). The contrast is determined by fitting the population histogram (right), while the
phase noise is estimated from the uncertainty of a sinusoidal fit (solid). The shaded bands correspond to one standard deviation
of phase uncertainty. b) Contrast versus momentum separation (and interferometer duration) for an N ik interferometer (green
dots). The dashed green line is a model of the expected contrast decay from excited state lifetime loss and the measured
m-pulse efficiency, with no free parameters. The shaded band represents one standard deviation of model uncertainty. For
comparison, the gray dots show the contrast of a 1 hk interferometer with total duration equal to the associated N hk sequence,
and the dashed gray line is the expected contrast decay due to lifetime losses alone. Reducing the size of the atom ensemble
allows for higher momentum separation (purple dots), with resolvable contrast up to 141 ik (inset).

increases monotonically with the number of pulses, in-
creasing approximately as v/N with an rms phase noise
per pulse of (50 £ 2) mrad. Due to the short duration of
these proof-of-concept interferometers, this noise is likely
dominated by intrinsic laser phase noise rather than in-
ertial effects or vibrations.

We observe a decay in contrast with increasing mo-
mentum separation that is consistent with a combina-
tion of excited state lifetime losses and the measured
m-pulse efficiency (see Fig.2b). To illustrate the contri-
bution of lifetime losses alone, we study 1 ik interferom-
eters with variable interrogation time 7T such that the
total duration matches those of the LMT interferome-
ters. Contrast decay due to the limited pulse efficiency
likely stems from laser intensity inhomogeneity over the
size of the atom ensemble. In fact, we observe increased
contrast at higher LMT orders when we reduce the rms
radius of the ensemble to 130 pm (see inset).

To demonstrate how laser phase noise in the inter-
ferometers can be suppressed in a differential measure-
ment, we realize LMT-enhanced clock gradiometers by
splitting the atom ensemble with an LMT beamsplitter
prior to the interferometry sequence (see Fig. 3). A time
delay Ty,is, ensures that all excited state atoms have de-
cayed so that both interferometers start off in the ground
state. The relative velocity Av = Npg hik/m between
the interferometers gives rise to a differential Doppler
shift, where Npgg is the beamsplitter LMT order. Due to
the high Rabi frequency, each pulse still interacts with
both arms of both interferometers. While the individual
interferometers are subject to laser phase noise, their
phases are highly correlated and the normalized popu-
lations trace out an ellipse (see Fig. 4a). We control the

differential phase in the gradiometer by delaying the fi-
nal 7/2-pulse by AT. This leads to a relative phase shift
between the interferometers of A¢ = w, AT Av/c, where
Tww,, is the atomic energy splitting of the transition [22].
We implement LMT gradiometers with a relative veloc-
ity corresponding to Ngg = 51 and vary the momentum
separation of the interferometer from 1%k to 81 hk, for
a selection of differential phases A¢ and without added
interrogation time 7'.

The differential phase is the output signal of the gra-
diometer measurement. Its extraction is limited by three
primary noise sources: differential phase noise, ampli-
tude noise, and offset noise[43]. We analyze each el-
lipse using maximum likelihood estimation (MLE) with
a model including offset noise for each individual inter-
ferometer as well as differential phase noise. We find
that our LMT-enhanced gradiometers are dominated by
offset noise with an average magnitude of 1%, leading to
homogeneous broadening of the ellipse. We infer the dif-
ferential phase with an average uncertainty of 60 mrad
per shot, limited primarily by this offset noise. This
bounds our ability to measure any residual differential
phase noise to the same level. The offset noise likely
stems from residual atoms in unresolved, neighboring
velocity classes in each interferometer port as a result
of the finite pulse efficiency.

The LMT gradiometer features the same contrast de-
cay observed in the individual Mach-Zehnder interfer-
ometers (see Fig. 2b). However, the total duration of the
gradiometer can be extended far beyond the excited state
lifetime by storing the atoms in the ground state during
the interrogation time. This requires selectively induc-
ing transitions in only one arm of each interferometer
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FIG. 3. Example LMT gradiometer space-time diagram (top)
and pulse sequence (bottom). An LMT beamsplitter and an
LMT Mach-Zehnder interferometer are separated by a time
Tarige many times the excited state (red) lifetime, such that
both the upper and the lower interferometer start off with all
atoms in the ground state (blue). Despite the large relative
velocity of the interferometers, every pulse interacts with all
interferometer arms due to the high Rabi frequency. Indi-
vidual arms can be addressed using longer, lower intensity
pulses (dashed, 7*) with reduced Doppler bandwidth. The
excited state population can then be stored in the ground
state during the interrogation time T to avoid spontaneous
emission loss. An example fluorescence image of the upper
and lower interferometer ports is shown as an inset.

at a time, which we accomplish with velocity-selective
pulses using a lower Rabi frequency (see Fig.3). The
duration of these pulses is carefully chosen to act as a
m-pulse for one arm and a 2w-pulse for the other [44]. To
address both interferometers simultaneously and main-
tain common-mode laser noise suppression, the velocity-
selective pulses are generated with two separate RF sig-
nals applied to the same AOM, with the frequencies
separated by the relative Doppler shift of the inter-
ferometers. We use a relative velocity corresponding
to Ngs = 81 and an interferometer momentum sepa-
ration of 31 Ak, with a Rabi frequency of 500kHz for
the velocity-selective pulses. With these parameters,
we extend the total interferometer duration to 1.12ms
(T = 0.55 ms) without any additional loss of contrast in
the gradiometer (see Fig.4b). In our setup, the inter-
rogation time is limited by the atoms falling out of the
horizontal interferometry beams, which can be avoided
with a vertical beam geometry.

While we demonstrate how to circumvent interroga-
tion time limitations posed by the excited state lifetime,
further extending the LMT order requires reducing the
contrast decay. Imperfect pulse efficiency due to inho-
mogeneous broadening can be suppressed with improved
spatial filtering and by increasing the laser beam diam-
eter. Losses due to the finite excited state lifetime can
be minimized by using shorter pulse durations. Both
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FIG. 4. a) Normalized excited state populations for LMT-
enhanced gradiometers from 1Ak to 81hk, at an applied differ-
ential phase of approximately 90 degrees (left) and 45 degrees
(right). The gradiometer contrast is reduced at larger mo-
mentum separation, consistent with the LMT interferometer
results (see Fig. 2b). b) Gradiometer contrast versus interfer-
ometer duration, using velocity-selective pulses to store the
excited state population in the ground state during the inter-
rogation time. The solid line represents the expected lifetime
decay without velocity-selective pulses. We extend the inter-
ferometer duration to over 50 times the 21.6 us excited state
lifetime without any additional loss of contrast.

of these technical limitations can be mitigated by using
more laser power. We estimate that increasing the power
per beam from 100 mW to 3 W would enable a 1000 ik in-
terferometer at approximately 10 % contrast. Moreover,
this work serves as a proof-of-principle for future LMT-
enhanced clock atom interferometry on narrower spec-
tral lines such as the 1.Sy-3Py clock transition in 37Sr,
where lifetime losses can be negligible and the resulting
pulse efficiency can support many thousands of consec-
utive pulses. The long lifetime is required to mitigate
spontaneous emission loss due to the light propagation
delay over long baselines. Therefore, such a transition
can address the ambitious LMT requirements for grav-
itational wave detection and dark matter searches with
atomic sensors[23]. Finally, an alternative implemen-
tation could employ both spectral lines in a two-color
clock atom interferometer, where the Sy -3P; transition
is used for fast and efficient momentum transfer, and
the 1Sy-2P, transition for velocity-selective pulses and
extended interrogation times.

Although our interferometry laser is frequency stabi-
lized to an optical cavity, this is not generally required
since neither the linewidth of the laser nor the temper-
ature of the atoms affect the pulse efficiency in the high
Rabi frequency limit. The resulting Doppler insensitivity
makes clock atom interferometry on the 689 nm transi-
tion promising for applications in gravimetry and mobile



inertial sensing. For instance, an accelerometer with sen-
sitivity below 10~%¢g/v/Hz (1 uGal/v/Hz) can be realized
with 100k atom optics, 1mrad/v/Hz read noise [45],
and T = 10ms interrogation time, allowing for a rep-
etition rate of over 10 Hz. Such a sensor could be im-
plemented using a broadband strontium red MOT at a
temperature of around 100 puK [46] without the need for
cavity linewidth reduction and would only require mini-
mal magnetic shielding compared to alkali atoms [47, 48]
commonly used in mobile atomic sensors [49-52].

This work was supported by the Office of Naval Re-
search Grant No. N00014-17-1-2247 and by the U.S. De-
partment of Energy, Office of Basic Energy Sciences un-
der Award DE-SC0019174. TW is supported by the Na-
tional Defense Science and Engineering Graduate Fellow-
ship. We thank Mark Kasevich for helpful discussions.

* jan.rudolph@stanford.edu
t hogan@stanford.edu

[1] A. D. Cronin, J. Schmiedmayer, and D. E. Pritchard,
Rev. Mod. Phys. 81, 1051 (2009).

[2] A. Peters, K. Y. Chung, and S. Chu, Metrologia 38, 25
(2001).

[3] J. M. McGuirk, G. T. Foster, J. B. Fixler, M. J. Snadden,
and M. A. Kasevich, Phys. Rev. A 65, 033608 (2002).

[4] D. S. Durfee, Y. K. Shaham, and M. A. Kasevich, Phys.
Rev. Lett. 97, 240801 (2006).

[5] R. H. Parker, C. Yu, W. Zhong, B. Estey, and H. Miiller,
Science 360, 191 (2018).

[6] J. B. Fixler, G. T. Foster, J. M. McGuirk, and M. A.
Kasevich, Science 315, 74 (2007).

[7] G. Rosi, F. Sorrentino, L. Cacciapuoti, M. Prevedelli,
and G. M. Tino, Nature 510, 518 (2014).

[8] M. A. Kasevich and S. Chu, Phys. Rev. Lett. 67, 181
(1991).

[9] D. M. Giltner, R. W. McGowan, and S. A. Lee, Phys.
Rev. Lett. 75, 2638 (1995).

[10] J. M. McGuirk, M. J. Snadden, and M. A. Kasevich,
Phys. Rev. Lett. 85, 4498 (2000).

[11] A. Arvanitaki, P. W. Graham, J. M. Hogan, S. Rajen-
dran, and K. Van Tilburg, Phys. Rev. D 97, 075020
(2018).

[12] A. Bertoldi, K. Bongs, P. Bouyer, O. Buchmueller,
B. Canuel, L.-I. Caramete, M. L. Chiofalo, J. Coleman,
A. De Roeck, J. Ellis, et al., (2019), arXiv:1908.00802.

[13] S. Dimopoulos, P. W. Graham, J. M. Hogan, M. A. Kase-
vich, and S. Rajendran, Phys. Rev. D 78, 122002 (2008).

[14] N. Yu and M. Tinto, General Relativity and Gravitation
43, 1943 (2011).

[15] W. Chaibi, R. Geiger, B. Canuel, A. Bertoldi, A. Lan-
dragin, and P. Bouyer, Phys. Rev. D 93, 021101 (2016).

[16] S. Loriani, D. Schlippert, C. Schubert, S. Abend,
H. Ahlers, W. Ertmer, J. Rudolph, J. M. Hogan, M. A.
Kasevich, E. M. Rasel, and N. Gaaloul, New Journal of
Physics 21, 063030 (2019).

[17] M.-S. Zhan, J. Wang, W.-T. Ni, D.-F. Gao, G. Wang, L.-
X. He, R.-B. Li, L. Zhou, X. Chen, J.-Q. Zhong, B. Tang,
Z.-W. Yao, L. Zhu, Z.-Y. Xiong, S.-B. Lu, G.-H. Yu, Q.-
F. Cheng, M. Liu, Y.-R. Liang, P. Xu, X.-D. He, M. Ke,

Z. Tan, and J. Luo, International Journal of Modern
Physics D , 1940005 (2019).

[18] C. Schubert, D. Schlippert, S. Abend, E. Giese,
A. Roura, W. P. Schleich, W. Ertmer, and E. M. Rasel,
(2019), arXiv:1909.01951.

[19] I. Ushijima, M. Takamoto, M. Das, T. Ohkubo, and
H. Katori, Nature Photonics 9, 185 (2015).

[20] B. J. Bloom, T. L. Nicholson, J. R. Williams, S. L.
Campbell, M. Bishof, X. Zhang, W. Zhang, S. L. Brom-
ley, and J. Ye, Nature 506, 71 (2014).

[21] G. E. Marti, R. B. Hutson, A. Goban, S. L. Campbell,
N. Poli, and J. Ye, Phys. Rev. Lett. 120, 103201 (2018).

[22] P. W. Graham, J. M. Hogan, M. A. Kasevich, and S. Ra-
jendran, Phys. Rev. Lett. 110, 171102 (2013).

[23] P. W. Graham, J. M. Hogan, M. A. Kasevich,
S. Rajendran, and R. W. Romani (MAGIS), (2017),
arXiv:1711.02225.

[24] L. Hu, N. Poli, L. Salvi, and G. M. Tino, Phys. Rev.
Lett. 119, 263601 (2017).

[25] L. Hu, E. Wang, L. Salvi, J. N. Tinsley, G. M. Tino, and
N. Poli, (2019), arXiv:1907.10537.

[26] S. M. Dickerson, Long-time atom interferometry for pre-
cision tests of fundamental physics, Ph.D. thesis, Stan-
ford University (2014).

[27] K. Kotru, D. L. Butts, J. M. Kinast, and R. E. Stoner,
Phys. Rev. Lett. 115, 103001 (2015).

[28] H. Miiller, S.-w. Chiow, Q. Long, S. Herrmann, and
S. Chu, Phys. Rev. Lett. 100, 180405 (2008).

[29] H. Ahlers, H. Miintinga, A. Wenzlawski, M. Krutzik,
G. Tackmann, S. Abend, N. Gaaloul, E. Giese, A. Roura,
R. Kuhl, C. Lammerzahl, A. Peters, P. Windpassinger,
K. Sengstock, W. P. Schleich, W. Ertmer, and E. M.
Rasel, Phys. Rev. Lett. 116, 173601 (2016).

[30] P. Cladé, S. Guellati-Khélifa, F. Nez, and F. Biraben,
Phys. Rev. Lett. 102, 240402 (2009).

[31] H. Miiller, S.-w. Chiow, S. Herrmann, and S. Chu, Phys.
Rev. Lett. 102, 240403 (2009).

[32] G. D. McDonald, C. C. N. Kuhn, S. Bennetts, J. E.
Debs, K. S. Hardman, M. Johnsson, J. D. Close, and
N. P. Robins, Phys. Rev. A 88, 053620 (2013).

[33] M. Gebbe, S. Abend, J.-N. Siemf, M. Gersemann,
H. Ahlers, H. Miintinga, S. Herrmann, N. Gaaloul,
C. Schubert, K. Hammerer, C. Laémmerzahl, W. Ertmer,
and E. M. Rasel, (2019), arXiv:1907.08416.

[34] D. Gochnauer, K. E. McAlpine, B. Plotkin-Swing, A. O.
Jamison, and S. Gupta, (2019), arXiv:1906.09328.

[35] Z. Pagel, W. Zhong, R. H. Parker, C. T. Olund, N. Y.
Yao, and H. Mueller, (2019), arXiv:1907.05994.

[36] B. Plotkin-Swing, D. Gochnauer, K. E. McAlpine, E. S.
Cooper, A. O. Jamison, and S. Gupta, Phys. Rev. Lett.
121, 133201 (2018).

[37] S.-w. Chiow, T. Kovachy, H.-C. Chien, and M. A. Kase-
vich, Phys. Rev. Lett. 107, 130403 (2011).

[38] T. Kovachy, P. Asenbaum, C. Overstreet, C. A. Donnelly,
S. M. Dickerson, A. Sugarbaker, J. M. Hogan, and M. A.
Kasevich, Nature 528, 530 (2015).

[39] R. Santra, K. V. Christ, and C. H. Greene, Phys. Rev.
A 69, 042510 (2004).

[40] S. S. Szigeti, J. E. Debs, J. J. Hope, N. P. Robins, and
J. D. Close, New Journal of Physics 14, 023009 (2012).

[41] H. Katori, T. Ido, Y. Isoya, and M. Kuwata-Gonokami,
Phys. Rev. Lett. 82, 1116 (1999).

[42] The arcsine distribution has the functional form f(z) =

2
n/y/1— (PCQ/_;”) , with normalization factor n, offset P,



mailto:jan.rudolph@stanford.edu
mailto:hogan@stanford.edu
https://doi.org/10.1103/RevModPhys.81.1051
https://doi.org/10.1088/0026-1394/38/1/4
https://doi.org/10.1088/0026-1394/38/1/4
https://doi.org/10.1103/PhysRevA.65.033608
https://doi.org/10.1103/PhysRevLett.97.240801
https://doi.org/10.1103/PhysRevLett.97.240801
https://doi.org/10.1126/science.aap7706
https://doi.org/10.1126/science.1135459
https://doi.org/10.1038/nature13433
https://doi.org/10.1103/PhysRevLett.67.181
https://doi.org/10.1103/PhysRevLett.67.181
https://doi.org/10.1103/PhysRevLett.75.2638
https://doi.org/10.1103/PhysRevLett.75.2638
https://doi.org/10.1103/PhysRevLett.85.4498
https://doi.org/10.1103/PhysRevD.97.075020
https://doi.org/10.1103/PhysRevD.97.075020
https://arxiv.org/abs/1908.00802
https://doi.org/10.1103/PhysRevD.78.122002
https://doi.org/10.1007/s10714-010-1055-8
https://doi.org/10.1007/s10714-010-1055-8
https://doi.org/10.1103/PhysRevD.93.021101
https://doi.org/10.1088/1367-2630/ab22d0
https://doi.org/10.1088/1367-2630/ab22d0
https://doi.org/10.1142/s0218271819400054
https://doi.org/10.1142/s0218271819400054
https://arxiv.org/abs/1909.01951
https://doi.org/10.1038/nphoton.2015.5
https://doi.org/10.1038/nature12941
https://doi.org/10.1103/PhysRevLett.120.103201
https://doi.org/10.1103/PhysRevLett.110.171102
https://arxiv.org/abs/1711.02225
https://doi.org/10.1103/PhysRevLett.119.263601
https://doi.org/10.1103/PhysRevLett.119.263601
https://arxiv.org/abs/1907.10537
http://web.stanford.edu/group/kasevich/cgi-bin/wordpress/wp-content/uploads/2016/10/DickersonThesis_WebVersion.pdf
https://doi.org/10.1103/PhysRevLett.115.103001
https://doi.org/10.1103/PhysRevLett.100.180405
https://doi.org/10.1103/PhysRevLett.116.173601
https://doi.org/10.1103/PhysRevLett.102.240402
https://doi.org/10.1103/PhysRevLett.102.240403
https://doi.org/10.1103/PhysRevLett.102.240403
https://doi.org/10.1103/PhysRevA.88.053620
https://arxiv.org/abs/1907.08416
https://arxiv.org/abs/1906.09328
https://arxiv.org/abs/1907.05994
https://doi.org/10.1103/PhysRevLett.121.133201
https://doi.org/10.1103/PhysRevLett.121.133201
https://doi.org/10.1103/PhysRevLett.107.130403
https://www.nature.com/articles/nature16155.pdf
https://doi.org/10.1103/PhysRevA.69.042510
https://doi.org/10.1103/PhysRevA.69.042510
https://doi.org/10.1088/1367-2630/14/2/023009
https://doi.org/10.1103/PhysRevLett.82.1116

and contrast C'.
[43] J. K. Stockton, X. Wu, and M. A. Kasevich, Phys. Rev.
A 76, 033613 (2007).

[44] For an Nhk interferometer, this condition is satisfied at

. 5, 2
a Rabi frequency Q2 = % = %NM .

m

[45] To reduce read noise to this level, laser phase noise can
be suppressed as a common-mode by deriving sequen-
tial counter-propagating pulses from a single laser pulse
using a delay line.

[46] T. H. Loftus, T. Ido, M. M. Boyd, A. D. Ludlow, and
J. Ye, Phys. Rev. A 70, 063413 (2004).

[47] G. Ferrari, P. Cancio, R. Drullinger, G. Giusfredi,
N. Poli, M. Prevedelli, C. Toninelli, and G. M. Tino,
Phys. Rev. Lett. 91, 243002 (2003).

[48] R. P. del Aguila, T. Mazzoni, L. Hu, L. Salvi, G. M.
Tino, and N. Poli, New J. Phys. 20, 043002 (2018).

[49] G. W. Biedermann, X. Wu, L. Deslauriers, S. Roy,
C. Mahadeswaraswamy, and M. A. Kasevich, Phys. Rev.
A 91, 033629 (2015).

[50] T. Farah, C. Guerlin, A. Landragin, P. Bouyer, S. Gaffet,
F. Pereira Dos Santos, and S. Merlet, Gyroscopy and
Navigation 5, 266 (2014).

[51] J. Rudolph, W. Herr, C. Grzeschik, T. Sternke, A. Grote,
M. Popp, D. Becker, H. Miintinga, H. Ahlers, A. Peters,
C. Lammerzahl, K. Sengstock, N. Gaaloul, W. Ertmer,
and E. M. Rasel, New J. Phys. 17, 065001 (2015).

[52] C. Freier, M. Hauth, V. Schkolnik, B. Leykauf,
M. Schilling, H. Wziontek, H.-G. Scherneck, J. Miiller,
and A. Peters, Journal of Physics: Conference Series
723, 012050 (2016).


https://doi.org/10.1103/PhysRevA.76.033613
https://doi.org/10.1103/PhysRevA.76.033613
https://doi.org/10.1103/PhysRevA.70.063413
https://doi.org/10.1103/PhysRevLett.91.243002
https://doi.org/10.1088/1367-2630/aab088
https://doi.org/10.1103/PhysRevA.91.033629
https://doi.org/10.1103/PhysRevA.91.033629
https://doi.org/10.1134/S2075108714040051
https://doi.org/10.1134/S2075108714040051
https://doi.org/10.1088/1367-2630/17/6/065001
https://doi.org/10.1088/1742-6596/723/1/012050
https://doi.org/10.1088/1742-6596/723/1/012050

	Large Momentum Transfer Clock Atom Interferometry  on the 689 nm Intercombination Line of Strontium
	Abstract
	References


