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Abstract

Microwave Ramsey interrogation with ultracold atoms is an important tool for coherent manipulation and
precision measurement. Its frequency resolution improves with increasing free evolution time. However, in a
compact geometry the usable Ramsey time is limited by the available trajectory length of the atomic motion.
Here we combine Bloch oscillations in a moving optical lattice with microwave Ramsey interrogation of ultracold
8"Rb atoms and demonstrate a single-fold trajectory folding scheme. In this sequence, the moving optical
lattice is applied between two microwave 7/2 pulses and provides upward momentum compensation to the
falling ultracold atoms, directing them back to the microwave interaction region for the second Ramsey pulse.
Ramsey spectra recorded without and with lattice-assisted trajectory control show that the moving lattice
can be incorporated into the Ramsey sequence while maintaining a reproducible Ramsey interference signal.
With single-fold trajectory folding, the free evolution time is extended to 151 ms, and a Ramsey linewidth of
3.12 + 0.07 Hz is obtained, comparable to the linewidth scale set by the inverse of the Ramsey time. These
results demonstrate actively controlled trajectory folding for microwave Ramsey interrogation of ultracold atoms

and provide a possible route for long coherent evolution in a limited spatial volume.
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1. Introduction

Microwave Ramsey interrogation is a key technique for
coherent manipulation and precision measurement with
ultracold atoms [1]. In a Ramsey sequence, the fre-
quency resolution is primarily determined by the free
evolution time T between two microwave /2 pulses,
with the central fringe linewidth approximately follow-
ing Av ~ 1/(2T) [1-5]. Extending T is a direct way to
narrow the Ramsey fringes and improve frequency dis-
crimination. In compact ultracold-atom systems, how-
ever, the attainable interrogation time is limited by the
available space for atomic motion [6-12]. This makes
trajectory management an important issue for long-time
Ramsey interrogation in a limited spatial volume.

A natural way to increase the interrogation time in a
limited volume is to fold the atomic trajectory. Conven-
tional fountain geometries can be regarded as a passive
form of trajectory folding, in which atoms are launched
upward and return under gravity after a single ballistic
turning point [3,4]. This approach is well established,
but the trajectory is fixed by the launch condition and
gravity; for a given apparatus size, the Ramsey time is
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therefore set by the ballistic geometry, and the single
turning point cannot naturally provide repeated trajec-
tory folds. An alternative route is to actively control the
atomic motion during the Ramsey interval. Bloch oscil-
lations in a moving optical lattice provide coherent mo-
mentum transfer and have been widely used in atom in-
terferometry, large-momentum-transfer beam splitting,
and atomic transport [13-24]. Related fieldable atom-
interferometric schemes and Raman-based matter-wave
interferometers provide a broader context for trajectory
and phase control with ultracold atoms [25-29]. Our
previous studies have established key techniques related
to spatially correlated lattice interferometry, atomic
Bloch oscillations, accelerated and moving optical lat-
tices, optical-lattice loading, optical-lattice Ramsey in-
terferometry, and Bloch-state control [30-37]. These
works show that optical lattices can provide precise con-
trol of the external motion and motional quantum states
of ultracold atoms. However, to our knowledge, Bloch-
oscillation-based trajectory folding using a moving op-
tical lattice has not yet been integrated with microwave
Ramsey interrogation, where internal-state coherence



must be preserved while the lattice controls the external
atomic motion within the same experimental sequence.

Here, using ultracold 3Rb atoms, we combine
Bloch-oscillation-based trajectory control with mi-
crowave Ramsey interrogation and experimentally
demonstrate a single-fold trajectory folding scheme.
A moving optical lattice is inserted between two mi-
crowave Ramsey pulses to provide upward momentum
compensation and direct the falling ultracold atoms
back to the microwave interaction region. The exper-
iment is designed to establish three points: first, the
moving optical lattice can redirect the atomic trajec-
tory within a centimeter-scale region; second, the lattice
operation can be incorporated into the microwave Ram-
sey sequence while maintaining a reproducible Ramsey
fringe; and third, the same single-fold trajectory control
sequence can extend the Ramsey free evolution time
beyond the practical free-fall boundary of the present
apparatus. The measured Ramsey linewidth reaches
3.12+0.07 Hz at T = 151 ms. The emphasis of this work
is not to outperform a conventional fountain at the same
Ramsey time, but to show that a purely ballistic Ram-
sey trajectory can be replaced by an actively controlled
one that can be further extended toward multiple-fold
operation.

2. Principle and experimental method

2.1. Ramsey linewidth and the compact-space
limitation

For a microwave Ramsey sequence, two separate /2

pulses convert the phase accumulated during the free

evolution time T into a population difference. The

linewidth of the central Ramsey fringe approximately

follows
1

Thus, increasing 7' is the most direct way to narrow the
Ramsey fringe. Equation (1) characterizes the linewidth
scale, but extending the usable Ramsey time also re-
quires that the fringe modulation and phase remain
sufficiently well defined. We therefore quantify the
linewidth, fringe modulation depth, and measurement
scatter in the experimental results below.

In a compact apparatus, the Ramsey time cannot
be extended indefinitely in passive ballistic motion. A
fountain trajectory provides a single gravity-induced
turning point and its usable interrogation time is set
by the available spatial scale. The present approach in-
stead redirects the atoms during the Ramsey interval,
providing an actively controlled trajectory fold within
the same confined region.

2.2. Moving optical lattice trajectory folding

This active folding operation is implemented by apply-
ing a moving optical lattice between two microwave /2
pulses. After the first Ramsey pulse, the atoms begin
to fall under gravity. The optical lattice then transfers
upward momentum through Bloch oscillations, redirects
the atomic motion, and brings the atoms back toward

the microwave interaction region for the second Ram-
sey pulse. The basic idea of active trajectory folding
is illustrated in Fig. 1. The horizontal axis represents
time, and the vertical axis represents the atomic posi-
tion along the direction of gravity. In the upper panel,
the black trajectory illustrates a representative passive
fountain geometry. The two yellow vertical regions de-
note the two microwave 7 /2 pulses, and the purple re-
gion denotes the probe-light detection window. In this
passive case, a Ramsey time of about 7' = 0.5 s requires
a vertical trajectory scale of about 30 cm, as indicated
on the right side of the figure.
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Fig. 1. Concept of actively controlled trajectory folding
for microwave Ramsey interrogation. The horizontal axis
denotes time and the vertical axis denotes the atomic po-
sition along gravity. Yellow vertical regions represent the
microwave 7/2 pulses, purple regions represent probe-light
detection windows, black curves represent atomic trajecto-
ries, and blue wavy structures represent moving optical lat-
tice pulses. The upper panel shows a representative passive
fountain trajectory, where a Ramsey time of 7" =~ 0.5 s cor-
responds to a vertical scale of about 30 cm. The lower panel
shows the moving optical lattice trajectory folding scheme, in
which Bloch oscillations redirect the falling ultracold atoms
and guide them back to the microwave interaction region
within a vertical scale of about 3 cm. The present exper-
iment demonstrates one trajectory folding cycle, while the
repeated lattice pulses schematically indicate the possible
extension to multiple-fold.

The lower panel shows the active trajectory folding
scheme. After the first microwave 7/2 pulse, the ultra-
cold atoms fall under gravity. The blue wavy structures
denote the moving optical lattice. During the Ramsey
interval, the moving lattice transfers upward momen-
tum to the atoms by Bloch oscillations. As a result,
the atomic trajectory is redirected and folded within a
much smaller vertical scale of only about 3 cm, so that
the atoms return to the microwave interaction region
for the second 7/2 pulse. The present experiment real-
izes one folding cycle, while the repeated lattice pulses
in the schematic indicate a possible extension toward
multiple-fold operation.

The moving optical

lattice is generated by



two counter-propagating Bloch beams with a time-
dependent frequency difference. In the accelerated lat-
tice frame, atoms adiabatically follow the lattice poten-
tial and acquire momentum by Bloch oscillations. For
N Bloch oscillations, the total momentum and velocity
changes are

Ap = 2NHk, (2)

_
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where k = 27/ is the wave number of the Bloch light,
m is the atomic mass, and v, is the single-photon recoil
velocity. By choosing the sweep range, sweep duration,
and lattice depth, the upward velocity compensation
can be matched to the free-fall trajectory between the
two Ramsey pulses.
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Fig. 2. Experimental realization of microwave Ramsey interrogation with optical-lattice trajectory control. (a) Schematic
of the apparatus. Raman beams and clean light are used for state preparation, the microwave horn provides the Ramsey
/2 pulses, Lattice 1 and Lattice 2 form the vertical moving optical lattice for Bloch-oscillation momentum transfer, and
probe light together with the photodetector is used for state-selective detection. (b) Experimental timing sequence including
magneto-optical trap (MOT) loading, molasses cooling, evaporative cooling, state preparation, microwave Ramsey interro-
gation, optical-lattice operation, and final detection. The lower insets show, from left to right, a representative absorption
image of the ultracold 8"Rb sample, the microwave transition between the F = 1 and F = 2 ground-state hyperfine levels,
and representative state-selective detection signals for the two hyperfine states.

2.3. Experimental setup and sequence

The experiment was implemented by adapting an ex-
isting Bloch-oscillation-based atom gravimeter platform
for microwave Ramsey interrogation. The original plat-
form provides efficient preparation of ultracold 3"Rb
atoms and well-controlled optical lattice momentum
transfer, while the added microwave system provides
the two Ramsey m/2 pulses used in the present trajec-
tory folding sequence. Since the present experiment fo-
cuses on combining microwave Ramsey coherent evolu-
tion with optical lattice trajectory control rather than
realizing an optimized clock package, the microwave
field is delivered by direct radiation from a microwave
horn instead of a cavity. The experimental apparatus
is summarized in Fig. 2. The ultracold 3"Rb sample is
first prepared in the optical dipole trap. Raman beams
and clean light are used for state preparation and the re-
moval of unwanted atomic populations. The microwave
horn provides the two Ramsey 7/2 pulses. Two counter-
propagating lattice beams, labeled Lattice 1 and Lattice

2, form the vertical moving optical lattice for momen-
tum transfer through Bloch oscillations. After the Ram-
sey sequence, probe light and a photodetector are used
for state detection.

The atomic sample is prepared by standard laser-
cooling, evaporative-cooling, and optical-trapping tech-
niques [38-42]. Typical samples contain about 2 x 10°
atoms at a temperature of approximately 51 nK. The
temperature is extracted from the absorption images by
fitting the expanded atomic density distribution. State
preparation is performed using optical pumping, Ra-
man light, and clean light, preparing the atoms for mi-
crowave interrogation on the magnetically insensitive
|5251/2,F = 1,mp = 0) & |525’1/2,F =2,mp = 0)
ground-state hyperfine transition near 6.834 GHz, as
illustrated in Fig. 2(b). State-selective detection is per-
formed using fluorescence detection. The probe light is
resonant with the 525’1/2,F =2 — 52P3/2,F' = 3 cy-
cling transition, while the repump light addresses the
52512, F =1 — 5%Py)5, F' = 2 transition. The tran-
sition probability used throughout this work is defined



as
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where N; and N> denote the detected atom numbers
in the F' = 1 and F = 2 ground-state hyperfine levels,
respectively.

The timing sequence in Fig. 2(b) shows how the
moving optical lattice is incorporated into the Ramsey
interrogation. After MOT loading, molasses cooling,
evaporative cooling, and state preparation, the first mi-
crowave /2 pulse creates a coherent superposition of
the two clock states. In the lattice-assisted sequence,
a moving-optical-lattice pulse is inserted during the
Ramsey free-evolution time to compensate the down-
ward velocity acquired under gravity. As described by
Egs. (2) and (3), the moving lattice provides Bloch-
oscillation-based momentum transfer, and the result-
ing velocity change provides the upward momentum
compensation required to redirect the falling atoms to-
ward the microwave-interaction region. The second mi-
crowave 7/2 pulse then converts the accumulated phase
into a population difference, which is measured after a
detection delay Tp. In the free-fall reference sequence,
the same microwave and detection procedures are used,
but the optical-lattice pulse is omitted.

The two counter-propagating Bloch beams operate
at 780 nm. The lattice depth and frequency-sweep wave-
form are experimentally optimized to provide efficient
Bloch momentum transfer while limiting lattice-induced
decoherence. In the optimized narrow-linewidth mea-
surements, the lattice depth is reduced relative to the
earlier trajectory-manipulation condition in order to
suppress differential light shifts and additional phase
accumulation induced by the lattice.

3. Results

The measurements are presented in the order in which
the trajectory folding operation is established experi-
mentally. We first characterize the free-fall Ramsey
response of the modified apparatus and determine its
practical linewidth boundary. We then apply the mov-
ing optical lattice at " = 50 ms, where the free-fall Ram-
sey reference remains reliably measurable, and compare
the Ramsey spectra without and with lattice-assisted
trajectory control. Finally, we increase the free evo-
lution time using the single-fold trajectory control se-
quence and analyze the resulting linewidth narrowing.

P

3.1. Free-fall reference and practical linewidth
boundary

We first characterize the usable Ramsey-time range
without optical-lattice trajectory control. At relatively
short free-evolution times, the atomic cloud remains
within the effective microwave-interaction region, so
that the two Ramsey pulses can be applied under com-
parable conditions. At T = 50 ms, a clear Ramsey
fringe is obtained with a fitted linewidth of 10.16 +0.27
Hz, providing a reliable free-fall reference for compari-
son with the lattice-assisted sequence.

When the free-evolution time is increased toward the
nominal 5-Hz linewidth regime, however, no reliable fit-
ted linewidth can be extracted from the free-fall config-
uration under the same experimental and fitting proce-
dure. We therefore take the vicinity of this regime as the
practical free-fall boundary of the present compact ap-
paratus. This boundary provides the experimental mo-
tivation for active trajectory folding: the moving lattice
should redirect the atoms so that the second Ramsey
pulse can still be applied effectively at longer T

3.2. Lattice-assisted 10 Hz Ramsey fringes

We next compare Ramsey fringes at T' = 50 ms, corre-
sponding to a nominal 10-Hz linewidth, with and with-
out the moving optical lattice. At this Ramsey time, the
free-fall reference remains reliably measurable, allowing
the influence of the lattice-assisted trajectory-control
operation to be evaluated under otherwise similar state-
preparation and detection conditions. The point-to-fit
scatter is examined here because extending the usable
Ramsey interrogation requires not only a measurable
fringe modulation but also a sufficiently well-defined in-
terference pattern for reliable extraction of the spectral
parameters.

Fig. 3 summarizes the comparison. Figs. 3(a) and
3(b) show the transition probability as a function of
microwave detuning for the free-fall and lattice-assisted
sequences, respectively. Each point represents one indi-
vidual experimental measurement at the corresponding
detuning, and the solid curves are Ramsey-fringe fits.
The fitted linewidths are 10.16 + 0.27 Hz without the
lattice and 10.07 £ 0.08 Hz with the lattice.

To quantify the fringe modulation, we define the
peak-to-peak modulation depth as

AP =24, (5)

where A is the sinusoidal amplitude obtained from the
Ramsey-fringe fit. The scatter of the individual mea-
surements about the fitted fringe is quantified by the
root-mean-square (RMS) residual

ORMS = %Z [P; — Pt (5:))°, (6)

where P; is the measured transition probability at de-
tuning &;, Pt (d;) is the corresponding fitted value, and
N is the number of data points included in the fit.

For the free-fall measurement, the fitted modulation
depth is AP = 0.586 + 0.054, and the RMS residual is
0.112, with R? = 0.77. With the moving lattice applied
at the same free-evolution time, the modulation depth
decreases to AP = 0.375 + 0.011, whereas the RMS
residual decreases to 0.0233 and the coefficient of deter-
mination increases to B2 = 0.97. The two quantities
describe different aspects of the measured fringe: the
smaller modulation depth indicates reduced Ramsey-
fringe modulation associated with the lattice-assisted



operation, whereas the smaller RMS residual indicates
reduced point-to-fit scatter and better agreement with
the fitted Ramsey-fringe model.

The larger point-to-fit scatter in the free-fall data
may arise, at least in part, from trajectory-dependent
sampling of the spatially nonuniform microwave field. In
the free-fall sequence, the atoms continue to move down-
ward before the second microwave 7/2 pulse. Small ex-
perimental variations in the atomic position and veloc-
ity distribution can therefore translate into variations in
the position at which the second microwave interaction
occurs and, because the microwave field is delivered by a
horn, in the microwave amplitude and phase sampled by
the atoms. In the lattice-assisted sequence, trajectory
redirection guides the atoms back to the microwave-
interaction region and can make the conditions of the
second microwave interaction more reproducible from
one experimental realization to another. This provides
a plausible contribution to the smaller RMS residual
observed with the lattice. Other technical fluctuations,
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including slow changes in the magnetic field, microwave
source amplitude or phase, and state-preparation or de-
tection conditions, may also contribute to the observed
difference. However, we emphasize that the free-fall and
lattice-assisted spectra were acquired in independent
scans rather than as an interleaved noise comparison.
The present data therefore do not establish a unique
origin of the difference in scatter or a quantitative noise
budget.

The trajectory difference is illustrated in Figs. 3(al)
and 3(bl). In the free-fall case, the atoms continue
to move downward between the two microwave pulses.
In the lattice-assisted case, the blue vertical region de-
notes the optical-lattice operation, which redirects the
atomic motion before the second microwave pulse. Fig.
3(c) shows repeated lattice-assisted measurements over
eight experimental runs. The fitted linewidth and initial
phase exhibit only small run-to-run variations, demon-
strating the reproducibility of the lattice-assisted Ram-
sey signal at the 10-Hz level.
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Comparison of 10 Hz Ramsey fringes without and with lattice-assisted trajectory folding.

Measurement run #

(a) Ramsey fringe

obtained without the optical lattice for a free evolution time of T = 50 ms. (b) Ramsey fringe obtained with the moving
optical lattice inserted between the two microwave pulses at the same free evolution time. In (a) and (b), each dot represents
one individual experimental measurement at the corresponding detuning, and the solid curves are Ramsey-fringe fits. (al)
Schematic trajectory without the optical lattice, where the atoms continue to fall between the two microwave pulses. (bl)
Schematic trajectory with the optical lattice, where the blue region indicates lattice-assisted momentum compensation and
trajectory folding. (c) Repeated lattice-assisted measurements over eight experimental runs. Blue squares represent the fitted
linewidth Av, red triangles represent the fitted initial phase ¢o, and horizontal lines indicate the corresponding mean values.

3.3. Extension of Ramsey time by single-fold
trajectory control

After obtaining reproducible lattice-assisted Ramsey
fringes at the 10-Hz level, we increase the free-evolution

time toward and beyond the practical free-fall bound-
ary. At T' = 100 ms, corresponding to a nominal 5-Hz
linewidth, the free-fall configuration does not yield a re-
liable fitted linewidth under the same fitting procedure.



With the moving optical lattice applied, the atoms are
redirected toward the microwave-interaction region and
a clear Ramsey fringe is obtained. The corresponding
spectrum is shown in the left inset of Fig. 4, with a fit-
ted linewidth of Av = 4.58+0.09 Hz and a peak-to-peak
modulation depth of AP = 0.320 + 0.022.

The trajectory-control sequence is then further op-
timized for a longer Ramsey time. The lattice depth is
reduced relative to the earlier trajectory-manipulation
condition to mitigate differential AC Stark shifts and
lattice-induced phase accumulation. The lattice load-
ing and frequency-sweep parameters are experimentally
adjusted to improve Bloch momentum transfer and tra-
jectory control, and the state-preparation sequence is
refined to reduce residual populations in unwanted mag-
netic sublevels. With these optimized trajectory-control
settings, the free-evolution time is extended to T = 151
ms.

The right inset of Fig. 4 shows the corresponding
Ramsey spectrum at 7' = 151 ms. A fitted linewidth
of Av = 3.12 + 0.07 Hz is obtained, comparable to
the inverse-time reference scale 1/(27") = 3.31 Hz.
The corresponding peak-to-peak modulation depth is
AP = 0.199 + 0.017. Together with the value AP =
0.375 £ 0.011 at T = 50 ms, these results show that
the Ramsey linewidth continues to narrow as the con-
trolled interrogation time is extended, while the fringe
modulation depth progressively decreases.

3.4. Linewidth scaling with free evolution time

Fig. 4 summarizes the linewidth narrowing obtained
in the experiment. The horizontal axis is the Ramsey
free evolution time 7', and the vertical axis is the fitted
Ramsey linewidth Av. The black solid curve represents
the inverse-time reference scaling Av = 1/(2T") and is
used to guide the expected linewidth narrowing with in-
creasing Ramsey time. The open black squares denote
free-fall Ramsey measurements without optical lattice
trajectory control, while the blue squares denote mea-
surements with the moving optical lattice. The blue
circles in the two insets are the measured Ramsey spec-
tra at longer T', and the blue solid curves are the corre-
sponding fits. The gray dashed lines serve as guides con-
necting the main linewidth points to the spectra shown
in the insets.
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Fig. 4. Ramsey linewidth narrowing enabled by moving op-
tical lattice trajectory control. The black solid curve repre-
sents the inverse-time reference scaling Av = 1/(2T"). Open
black squares denote measurements without optical lattice
control, and blue squares indicate lattice-assisted measure-
ments. The insets show representative Ramsey spectra at
longer free evolution times; blue circles are experimental
data and blue solid curves are fits. The final lattice-assisted
measurement at T' = 151 ms yields Av = 3.12 + 0.07 Hz.

Without lattice control, stable fitted fringes are ob-
tained only in the relatively short-T" range. As T ap-
proaches the nominal 5 Hz linewidth region, the free-
fall configuration reaches the practical boundary of the
present compact apparatus. With trajectory control
provided by the moving lattice, Ramsey fringes are
obtained at longer free evolution times. The lattice-
assisted data follow the expected inverse-time narrowing
trend with increasing T, indicating that the linewidth
narrowing mainly results from the extended Ramsey
evolution time. The final data point at 7' = 151 ms cor-
responds to the single-fold trajectory control sequence
and gives a linewidth of 3.12 + 0.07 Hz.

4. Discussion

4.1. Role of actively controlled trajectory
folding

The results above demonstrate that momentum transfer
based on Bloch oscillations can be integrated with mi-
crowave Ramsey coherent evolution to realize actively
controlled trajectory folding. The measured Ramsey
linewidth of 3.12 £ 0.07 Hz shows that the trajectory-
control operation extends the effective free-evolution
time of the compact apparatus while retaining a clearly
resolvable Ramsey interference signal.

It is important to note that the present experiment
demonstrates only a single trajectory folding cycle. A
conventional fountain trajectory also contains a single
ballistic turning point, and therefore the achieved in-
terrogation time and linewidth are comparable to those
obtainable in a fountain geometry with a similar free
evolution time. The significance of the present method
does not lie in surpassing fountain performance at the
single-fold stage, but in replacing a purely ballistic tra-
jectory with an actively controlled one.



This distinction is essential for future extensions.
In a ballistic fountain, the trajectory is determined by
the initial launch velocity and gravity. In the present
scheme, the atomic motion is modified during the Ram-
sey interval by momentum transfer from the optical lat-
tice. This active controllability provides the physical
basis for future multiple-fold trajectory cycles within a
confined spatial region, provided that the associated de-
coherence mechanisms can be sufficiently suppressed.

4.2. Present limiting factors

The quantitative fringe analysis reveals a clear trade-off
associated with lattice-assisted trajectory control. At
T = 50 ms, introducing the moving lattice reduces the
peak-to-peak modulation depth from 0.586 + 0.054 to
0.375 + 0.011, while the RMS residual decreases from
0.112 to 0.0233. As the lattice-assisted Ramsey time
is extended, the modulation depth further decreases to
0.32040.022 at T' = 100 ms and 0.19940.017 at T' = 151
ms. These observations show that trajectory folding
removes the immediate spatial limitation of the free-
fall configuration, whereas preservation of the Ramsey-
fringe modulation becomes increasingly important for
longer controlled trajectories. A quantitative separa-
tion of the underlying decoherence mechanisms is not
available in the present experiment, but several contri-
butions are relevant.

First, the moving optical lattice can introduce both
lattice-induced dephasing and a shift of the Ramsey
fringe. The differential AC Stark shift between the two
clock states produces an additional phase during the
lattice interaction,

ty
Play = 271'/ Avac (t) dt,
t.

i

where Awvpc(t) is the instantaneous differential AC
Stark shift. In an ideal Ramsey description, the fringe
can be written as

P(6) = Py + Acos[2m0T + ¢ref + Prat] ,

where § is the microwave detuning and ¢,.s denotes the
Ramsey phase accumulated in the absence of the lattice-
induced contribution. A spatially and temporally uni-
form lattice-induced phase therefore appears as a hori-
zontal displacement of the Ramsey fringe, correspond-
ing to

¢1at

2rT’

up to the sign convention used for the Ramsey phase.
Thus, a common lattice-induced phase can shift the fit-
ted fringe position without reducing the fringe modula-
tion. In contrast, spatial variations of the lattice inten-
sity and differences in the atomic trajectories and lattice
interaction can produce an inhomogeneous accumulated
phase across the ensemble, which reduces the Ramsey-
fringe modulation and may also distort the fitted fringe.

A(slat = -

In the present experiment, the free-fall and lattice-
assisted spectra were acquired in independent scans us-
ing the same microwave source, rather than in an inter-
leaved differential measurement designed to isolate the
lattice-induced contribution. Differences between the
fitted fringe positions or phases of the two independent
scans may therefore reflect a combination of the lattice-
induced contribution and slow changes in the magnetic
field, microwave-interaction conditions, and other ex-
perimental parameters. Consequently, the observed dif-
ference cannot be uniquely identified with ¢4, and no
absolute lattice-induced phase or frequency shift is ex-
tracted from the present data. The repeated lattice-
assisted measurements in Fig. 3(c) show that the fit-
ted initial phase is reproducible under the fixed lattice-
assisted operating condition, but they do not provide an
interleaved free-fall reference with which to isolate the
lattice-induced phase. A quantitative determination of
the lattice-induced shift would require, for example, in-
terleaved measurements with and without the lattice
under otherwise common experimental conditions.

This situation differs from that in conventional op-
tical lattice clocks, where the trapping lattice is typi-
cally operated near a magic condition to suppress the
differential AC Stark shift of the clock transition dur-
ing long-duration trapping and interrogation [43-46]. In
the present experiment, the 780-nm moving lattice in-
stead acts as a transient momentum-transfer element
during the Bloch-acceleration stage and is not operated
at a magic condition. The present scheme is therefore
optimized for active trajectory control rather than state-
insensitive trapping. The relevant lattice-induced phase
is accumulated only during the finite lattice-interaction
stage and can in principle be reduced through optimiza-
tion of the lattice depth, interaction sequence, and ap-
propriate compensation techniques.

Second, the spatially nonuniform microwave field
can affect both the run-to-run reproducibility and the
equivalence of the two Ramsey interactions. As dis-
cussed in Sec. 3.2, redirecting the atoms toward the
microwave-interaction region can make the conditions
of the second microwave interaction more reproducible
from one experimental realization to another, providing
a plausible contribution to the smaller point-to-fit scat-
ter in the lattice-assisted data. However, this does not
imply that the first and second microwave interactions
within a given Ramsey sequence are identical. Because
the microwave radiation is delivered by a horn rather
than a highly uniform cavity, the atomic position and
velocity distributions at the second pulse can differ from
those at the first pulse. The atoms can therefore sample
different microwave amplitudes and phases at the two
Ramsey interactions, producing differences in the effec-
tive pulse area, Ramsey phase, and fringe modulation.

For longer controlled trajectories, magnetic-field in-
homogeneity can provide an additional source of phase
variation. The use of the mp = 0 clock states suppresses



the first-order Zeeman shift, but the second-order Zee-
man shift remains sensitive to the magnetic-field mag-
nitude. When the atoms sample a larger spatial region
along the folded trajectory, magnetic-field gradients and
bias-field fluctuations can therefore produce additional
phase variations and reduce the Ramsey-fringe modula-
tion.

4.3. Toward multiple-fold trajectory control

The single-fold demonstration presented here represents
a first step toward multiple-fold trajectory control. In
principle, repeated optical lattice momentum compen-
sation could allow atoms to remain within a confined
spatial region while accumulating a longer Ramsey evo-
lution time. Such a multiple-fold configuration would
distinguish the present active control approach from a
simple ballistic fountain trajectory.

Realizing multiple-fold operation requires improve-
ments in three directions. First, the microwave interac-
tion region should be made more homogeneous, for ex-
ample by using a stable microwave cavity, to reduce the
mismatch between repeated Ramsey interactions. Sec-
ond, the optical-lattice sequence should be optimized by
minimizing the interaction time and improving the load-
ing, sweep, and unloading waveforms to reduce differen-
tial light shifts and nonadiabatic losses. For microwave
hyperfine transitions, engineered magic or near-magic
trapping conditions provide one possible route to re-
ducing differential lattice shifts [47,48]. Related multi-
frequency compensation approaches have also been con-
sidered and implemented in atom interferometry, where
additional optical frequency components can be used
to compensate AC Stark shifts [49]. Adapting such
a compensation scheme to the present moving-lattice
configuration may provide a possible route to reduc-
ing lattice-induced phase shifts while retaining efficient
Bloch momentum transfer. Third, magnetic shielding,
bias-field stabilization, and magnetic-gradient compen-
sation should be improved to suppress phase changes
induced by second-order Zeeman shifts. These improve-
ments may allow multiple-fold Ramsey trajectories to
support longer interrogation times in compact ultracold-
atom systems.

5. Conclusion

We have demonstrated a single-fold trajectory folding
scheme for microwave Ramsey interrogation of ultra-
cold 8"Rb atoms by combining a moving optical lattice
with momentum transfer based on Bloch oscillations.
In this scheme, the moving lattice provides upward mo-
mentum compensation after the first microwave pulse
and redirects the falling ultracold atoms back toward
the microwave interaction region for the second pulse.
The observed Ramsey fringes show that optical lattice
trajectory control can be incorporated into microwave
Ramsey coherent evolution while maintaining a repro-
ducible Ramsey response.

In the present compact apparatus, the free-fall
Ramsey configuration cannot provide a reliable fitted

linewidth near the 5 Hz level, whereas the lattice-
assisted configuration extends the interrogation time to
T = 151 ms and yields a Ramsey linewidth of 3.12 +
0.07 Hz, following the expected inverse-time narrowing
trend. The quantitative fringe analysis further shows
that extending the controlled Ramsey time is accom-
panied by a reduction in the fringe modulation depth,
identifying coherence preservation as a key challenge for
future multiple-fold trajectory control. Although the
present work is limited to a single-fold demonstration,
it establishes an experimental framework for replacing
a purely ballistic Ramsey trajectory with an actively
controlled one. Since the folding process is governed by
electronically controlled optical lattice parameters, the
Ramsey evolution time can be continuously adjusted
without changing the mechanical structure of the appa-
ratus. This tunability provides greater flexibility than
a fixed ballistic fountain trajectory for parameter op-
timization and scenario-dependent adaptation in com-
pact ultracold-atom systems. The approach therefore
offers a technical route toward multiple-fold trajectory
control and may be useful for atom-based precision mea-
surements requiring long coherent evolution in limited
spatial volumes.
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