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We demonstrate a matter-wave velocimeter which probes the free-induction decay of an atomic
lattice formed by interaction with an optical standing wave in the reference frame of the laser-cooled
sample. During the drop time of the atoms in a gravitational field, we ensure lattice formation by
changing the relative detuning of counter-propagating components of the standing wave. The con-
trast of the lattice, which is sensitive to the first order Doppler shift, is measured by backscattering
a near-resonant travelling wave electric field. We infer the center-of-mass velocity by determining
the line-center of the backscattered spectrum. By varying the drop time, we also measure the gravi-
tational acceleration of the falling lattice. We find that the spectrum can be considerably narrowed
by imprinting a Ramsey fringe using two time-separated excitation pulses. We demonstrate these
ideas using a sample of rubidium atoms with a temperature of ∼ 10 µK, achieving a precision of
600 µm/s for measurements of velocity and 2 mm/s2 for determinations of gravity. Since the pri-
mary limitation in precision relates to the thermal coherence length of the sample, we show that the
most precise atomic velocimeter can be realized by applying these techniques to a typical Bose gas.

The transition to quantum metrology is well underway
and atoms have become the basis for a new generation of
motional and intertial sensors. The realization of atom
interferometers to measure gravitational acceleration (g)
[1–3], gravity gradients [4, 5], and rotations [6–8], in-
cluding multi-axis inertial sensing [9, 10], has paved the
way for compact and portable sensors [11–16]. In ad-
dition, large-scale interferometers that are designed to
allow atoms to fall through long drop distances [17–19],
have also been developed to test fundamental interactions
[20–25]. These breath-taking experiments implicitly rely
upon the phase stability of an inertial reference frame
which must be maintained over the timescale of the ex-
periment [26]. To overcome this challenge, accelerome-
ters that are based on velocimetry have gained interest
due to their potential insensitivity to mechanical vibra-
tions and the possibility of avoiding phase monitoring
and post-correction [27, 28].

Such velocimeters derive their precision either by mon-
itoring the optical phase of a probe beam interacting with
a moving sample such as in the investigations of electro-
magnetically induced transparency [29, 30] or from the
observation of the Doppler shift of a narrow transition
between two ground states as in velocity selection ex-
periments in reference [31]. This latter technique is an
integral step in Raman atom interferometery [1] and pre-
cise frequency domain velocimetry [32, 33]. Separately,
a class of time domain atom interferometer experiments
have also realized measurements of velocity by observing
the linearly incrementing phase of light scattered from a
falling atomic lattice [34, 35].

In this letter, we describe particularly simple ideas for
velocimetry which rely on measuring the contrast of an
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atomic lattice, formed due to matter-wave interference
between momentum states following a standing wave ex-
citation of the sample [36, 37]. The contrast of such a
lattice can be probed by backscattering a traveling wave
read-out pulse and measuring the free-induction decay
(FID) from the phased array of radiating atoms. The
decay of the lattice is therefore governed by the time it
takes a typical atom to move one period of the lattice
spacing. While the transient nature of this lattice has
been exploited in echo experiments [35, 36, 38–43], we
find that the time constant of the FID is sufficiently long
for imprinting and extracting specific variations in the
lattice contrast.
By creating the standing wave using counter-

propagating laser pulses with identical frequencies in
the reference frame of the atomic sample, the lattice
forms in a single hyperfine ground state, as shown in
Figure 1a. The velocity sensitivity of the lattice con-
trast arises from the differential detuning of counter-
propagating laser pulses experienced by a moving atomic
sample. As the sample falls, the two-photon resonance
can be maintained by changing the relative detuning of
counter-propagating components of the standing wave.
For excitation laser pulses detuned far from excited

state resonances of the sample, the contrast of the ensu-
ing lattice can be expressed as

C(τ,∆0) ∝
(
sin∆0τ

∆0τ

)2

, (1)

where τ is the excitation pulse width, ∆0 = ν2(1+v/c)−
ν1(1 − v/c) is the difference in frequency between the
counter-propagating laser pulses in the frame of reference
of the sample, and c is the speed of light. This is the well-
known spectral response of a two-level atom exposed to a
laser field, which, in this work, is imprinted on the lattice
formed in the atomic ground state.
The lattice contrast can then be inferred by measuring
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the intensity of backscattered light from a traveling wave
read-out pulse, as shown in Figure 1.

In this case, the center-of-mass (c.m.) velocity of the
sample can be extracted from the expression for the cen-
tral maximum of the contrast spectrum

v =

(
−∆

ν2 + ν1

)
c, (2)

where ∆ = ν2 − ν1 is the relative frequency difference in
the laboratory frame and ∆0 = ∆+ v

c (ν1 + ν2).
Therefore a single-pulse c.m. velocimeter can be real-

ized on the basis of Equations 1 and 2, by determining
the line-center of the lattice contrast as a function of the
lab-frame detuning. By measuring the velocity as a func-
tion of the time spent falling in the gravitational field or
drop time td (see Figure 1b), it is also possible to infer
the value of g.

A simple technique for narrowing the spectral feature
to attain better precision involves increasing the dura-
tion of the excitation pulses τ . However, as shown in
reference [42], excitation pulses cannot be extended in-
definitely because motional effects due to channeling in
the standing wave potential begin to dominate.

Another method of narrowing the spectral response
of the lattice contrast relies on the application of Ram-
sey’s method of time separated oscillatory fields (TSOF)
[44, 45]. This technique has inspired efforts to improve
the precision of atomic clocks that manipulate atoms be-
tween two hyperfine ground states using laser and mi-
crowave excitation [46, 47].

The Ramsey technique is also the basis for Raman in-
terferometry [1, 48]. This class of experiments, widely
used for inertial sensing and measurements of atomic re-
coil, involves manipulating atoms between multiple hy-
perfine ground states [2, 49] but has also been adapted
for interferometry involving a single ground state [50, 51].

Here, we realize an improved TSOF c.m. velocimeter
by exposing the atomic sample to two excitation pulses,
each of duration τ , separated by a time interval T . As in
the case of the single-pulse velocimeter, both excitation
pulses consist of detuned counter-propagating laser fields.

In this manner it is possible to imprint a Ramsey fringe
onto the lattice contrast as given by:

C(τ,∆0, T ) ∝
(
sin∆0τ

∆0τ

)2

(
A+ 2D

(
cos

(∆0Teff

2
+ ϕl

)2 − 1
))

, (3)

where Teff = T + τ is the time between the centers of the
two excitation pulses, and A is a proportionality con-
stant. The unitless parameter D describes the Ramsey
fringe contrast and represents the Gaussian FID of the
atomic lattice. The cosine dependence of the lattice con-
trast allows the fringe width to be decreased without in-
creasing the interaction time τ . We also incorporate a
phase shift ϕl, to account for phase differences between
the two excitation pulses.

FIG. 1. (a) Schematic of the experimental setup for the
matter-wave velocimeter. The excitation beams (k1 and k2)
and read-out beam (kRO), shown by transparent red arrows,
are aligned along the vertical (z) direction. The backscat-
tered field (S) is shown by solid maroon arrows reflecting
from the atomic lattice (purple). PBS: Polarizing beam split-
ter. λ/4: Quarter waveplate. Inset: Lattice formation arising
from matter-wave interference of a single ground-state |1, ppp⟩.
Counter-propagating components of the excitation have fre-
quencies ν1 and ν2 in the laboratory frame, both far detuned
from the ground-excited state resonance. (b) Optical pulse
sequence for the single-pulse (solid lines) and TSOF (dashed
lines) configurations of the velocimeter at a drop time td,
where the cold sample is released at t = 0. (c) Time evolution
of the back-scattered signal in the single-pulse velocimeter,
showing the FID of the lattice with time constant τcoh.

As with the single-pulse velocimeter, we infer the lat-
tice contrast of the TSOF velocimeter by recording the
backscattered intensity of a traveling wave read-out field,
as shown in Figure 1b. Accordingly, it is possible to
achieve an improvement in precision of the c.m. velocity
based on a careful measurement of the narrowed line-
center. Similarly, a determination of g is also possible if
the Ramsey fringe is imprinted at multiple drop times by
delaying the onset of the velocimeter pulse sequence.
We demonstrate these ideas using a sample of laser-

cooled rubidium atoms confined in a long glass tube
in a magnetically isolated environment. The appara-
tus, which is described in references [42, 43, 52, 53],
ensures efficient polarization gradient cooling [54] and
results in samples containing ∼ 109 85Rb atoms at a
temperature of ∼ 10 µK. Laser excitation is achieved
using counter-propagating pulses along the vertical (see
Figure 1a). The excitation beams are circularly po-
larized (σ+ − σ+) and detuned ≈ 400 MHz above the
(5S1/2) F = 3 → (5P3/2) F ′ = 4′ resonance in 85Rb.
The relative detuning between these pulses is controlled
using a homebuilt radio-frequency synthesizer with an ac-
curacy of 1 Hz, stabilized by a 10-MHz rubidium atomic
clock with an Allan deviation floor value of 3× 10−13 at
1 h.
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FIG. 2. (a) Lattice contrast spectra for the single-pulse
velocimeter with pulse durations of 1 µs (yellow), 1.25 µs
(green), and 2.5 µs (blue). The solid lines show fits to Equa-
tion 1 for data collected across several days from samples with
slightly different c.m. velocities at td ≈ 0 ms. (b) Width of
the contrast lineshape (σs) as a function of pulse duration
with a 1/τ trendline. (c) Single-pulse velocimeter contrast
spectra using τ = 2.5 µs, for samples interrogated at vari-
ous drop times (embedded labels). The solid lines show fits
to Equation 1. Inset: Velocity extracted from line-centers
using Equation 2. Each velocity determination has an error
of ≈ 1.4 mm/s, which is smaller than the size of the points.
These data are fit to a line which gives a determination of g
with an uncertainty of ≈ 4.5× 10−4g.

The contrast of the lattice is optically probed with a
σ+ polarized read-out pulse tuned ≈ 20 MHz below the
same atomic resonance and traveling upward along the
same path as the excitation beam [43]. The backscat-
tered light intensity is captured by a photomultiplier tube
(PMT) that is gated immediately before the onset of the
read-out pulse as in references [42, 43]. The PMT sig-
nal, which is averaged over 4 repetitions, has a charac-
teristic decay time constant τcoh = 1/(ku) as shown in
Figure 1c, where k is the wavevector of the excitation
and u =

√
2kBT /M is the most probable thermal speed.

Here, kB is Boltzmann’s constant, M is the atomic mass,
and T is the temperature of the sample.

Figure 2a shows the lattice contrast spectrum of the
single-pulse velocimeter as a function of ∆, the relative
frequency difference between the two components of the
excitation pulse in the lab frame. We find that this data
is well modeled by Equation 1 and that the width of
the spectral feature scales inversely with τ , as shown by
Figure 2b. Here, we limit the pulse duration to avoid any
channeling effects [42].

Figure 2c shows multiple contrast spectra recorded at
different drop times, where the first order Doppler shift
is manifested as a shift in the position of the line-center.
We find that the c.m. velocity can be extracted from the
center of each spectrum using Equation 2 with a preci-
sion of ≈ 1.4 mm/s. The inset to Figure 2c shows the
determination of g that can be made by fitting to the lin-

ear dependence of the velocity as a function of drop time.
Using this technique, we find that g can be measured to
≈ 500 parts per million (ppm) with the single-pulse ve-
locimeter. The precision of these v and g determinations
is primarily limited by the width of the spectral feature.

Figure 3a shows a comparison of contrast spectra for
the single-pulse and TSOF velocimeters. Both spectra
were obtained using identical pulse durations of τ =
2.5 µs. The data is well-modeled by Equations 1 and
3, and the decrease in the width of the TSOF spectrum
is readily evident. The value of ϕl for these curves is
0.18π which arises from a phase-shifting delay line in the
radio frequency network for the second excitation pulse.

We investigate the behavior of the Ramsey fringe pat-
tern by increasing the pulse separation T . As expected,
the fringe width exhibits a 1/Teff dependence as shown
in Figure 3b. The limitation on the TSOF velocimeter is
determined by the coherence time of the sample. To ob-
serve this limitation, we plot the Ramsey fringe contrast
(D) as function of the time separation between pulses
in Figure 3c. Since D is determined by the FID of the
lattice, it is expected that the contrast of the Ramsey
fringe will decrease as the pulse separation is increased.
From the Gaussian fit, we find the coherence time to be
≈ 4 µs which implies a sample temperature of ∼ 5 µK,
consistent with independent time-of-flight measurements
using a CCD camera [52, 55].

Figure 3 also highlights a desirable feature of the tech-
nique, that it is not necessary to convolve the atomic
response in Equations 1 and 3 with the velocity distribu-
tion of the sample if T < τcoh. Since the Ramsey signal
can only be realized within the coherence time of the
sample, this condition is guaranteed in the TSOF con-
figuration. Accordingly, a narrow TSOF lineshape could
also be used for probing other spectral shifts, such as
those arising from electric and magnetic fields, in addi-
tion to gravitational fields.

Figure 4 shows TSOF velocimeter contrast spectra
recorded at different drop times with accompanying fits
to Equation 3. As expected, the value of ϕl remains
constant for these spectra, since it arises from the rel-
ative phase difference of the excitation beams and not
the c.m. velocity of the sample. In comparison with the
single-pulse velocimeter, we find an improved sensitivity
to c.m. velocity of ≈ 600 µm/s due to the narrowed
TSOF spectra. Similarly, the inset shows an improved
measurement of g with a precision of ≈ 200 ppm using
the TSOF velocimeter. As in the case of the single-pulse
velocimeter, the value of g is determined from a linear fit
to nine velocity measurements obtained with drop times
ranging up to 160 ms.

Although the precision of the TSOF velocimeter
(600 µm/s) is about an order of magnitude less sensi-
tive than that of the best cold atoms based velocimeter
[32] (≈ 70 µm/s), these experiments highlight a partic-
ularly attractive feature, namely that the phase of the
laser excitation only needs to be maintained over the time
interval T . In other cold atom sensors, such as atom in-
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FIG. 3. (a) Contrast spectra for the single-pulse and TSOF
velocimeters. τ = 2.5 µs for all excitation pulses and T = 3 µs
in the TSOF method. The solid lines are fits to Equations 1
and 3. (b) The period of the Ramsey fringe (σT ) as a function
of Teff , showing a 1/Teff trendline. (c) Measurements of D
showing the decay of the Ramsey fringe contrast as a function
of the time separation T . The solid line shows a Gaussian fit

D(T ) = e−(T/τcoh)
2

, where τcoh gives T ∼ 5 µK.
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FIG. 4. Contrast spectra for the TSOF velocimeter with τ =
2.5 µs and T = 3 µs. Signals correspond to a single Ramsey
fringe collected for samples interrogated at various drop times
(embedded labels). Solid lines represent fits to Equation 3.
Inset: The extracted velocities as a function of drop time.
Each determination has a precision of ≈ 600 µm/s leading
to a measurement of g (linear trendline) with a precision of
≈ 2× 10−4 g.

terferometers [15, 32], phase stability is required over the
entire drop interval, imposing the need for phase moni-
toring and correction since pulse separations on the order
of many milliseconds are strongly affected by mechanical
vibrations.

A compelling aspect of this work is the potential
for achieving vastly improved results by employing the
TSOF velocimeter in a different class of atomic samples,
namely Bose-Einstein condensates (BECs) and Fermi
gases. Since the primary limitation of the TSOF ve-
locimeter arises from the narrowest fringe width that
can be attained within the coherence time of the sample,
the precision can be substantially improved by operating
with BECs and Fermi gases, which are now widely used.
For example, references [56, 57] use coherent backscat-
tering from BEC to observe matter-wave fringes, while
reference [58] spatially resolves Ramsey fringes imprinted

FIG. 5. Simulation of contrast spectra for a single-pulse ve-
locimeter (light blue, τ = 2.5 µs), a short-timescale TSOF ve-
locimeter (dark blue, τ = 2.5 µs and T = 2.5 µs), and a TSOF
velocimeter with a large pulse separation (green, τ = 2.5 µs
and T = 250 µs), using a sample with T ≈ 1 nK. Inset:
Zoomed in image where simulated data is fit to Equation 3
(solid lines), giving a velocity uncertainty of ≈ 5 µm/s for the
long-timescale TSOF velocimeter.

using Bragg pulses in a Fermi gas.
To estimate the ultimate sensitivity of the TSOF ve-

locimeter, we consider a Bose gas with a coherence time
of ∼ 300 µs and simulate the contrast spectra shown in
Figure 5, incorporating a similar level of noise as in the
experiments presented in this letter. Using a moderate
pulse separation of T = 250 µs, which is readily achiev-
able in BEC experiments, we project a c.m. velocity
determination with a precision of ≈ 5 µm/s, and observe
that the contrast remains well above the noise floor of
our experiment. These results surpass the performance
of cold atom velocimeters by almost an order of magni-
tude and rival the most precise atomic velocimeter [30].
Despite the linear T -dependent improvement in pre-

cision of velocimetric measurements, compared to the
T 2 scaling of conventional accelerometers, the simula-
tions also suggest that g can be determined with a preci-
sion of 1 ppm using a tabletop TSOF velocimeter, with
T = 250 µs and a 200 ms drop time. However, since BEC
interferometers have reported maintaining spatial coher-
ence over timescales of several milliseconds [56, 57] and
drop towers are designed for ∼ 1 s drop times [17, 18, 23]
it becomes realistic to consider extending both of these
timescales.

In such experiments, with large values of T where g
causes the sample velocity to change in between excita-
tion pulses, the central fringe can be identified by chirp-
ing the frequency difference of the excitation components
during the pulse separation to maintain the two-photon
resonance. The TSOF pattern, shown by the green curve
in the inset to Figure 5, can be recovered as a function
of the chirp rate for each value of T . In this manner,
measurements at a variety of T separations can be com-
bined to remove the ambiguity in the central fringe, a
technique widely used in Raman interferometry [15]. In
addition, the measurement protocol will need to be mod-
ified since the backscattered signal will be modulated by
atomic recoil on timescales of T larger than the recoil
period [36, 56, 57].

Under these conditions, the combination of a ∼ 1 s
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drop time and a pulse separation of ∼ 10 ms in the TSOF
velocimeter should allow for measurements of v precise
at the level of 1 µm/s and determinations of g with an
uncertainty of less than 10 parts per billion. Here again,
despite the long drop time, since the TSOF velocimeter
relies on the matter-wave interference effect responsible
for FID, it will only require phase stability over the pulse
separation of ∼ 10 ms rather than the extraordinarily
long drop time of order 1 s possible in a large tower.
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