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Nondestructive microwave detection of a coherent
quantum dynamics in cold atoms

William Dubosclard!, Seungjin Kim' & Carlos L. Garrido Alzar@® 1™

Cold atom quantum sensors based on atom interferometry are among the most accurate
instruments used in fundamental physics, metrology, and foreseen for autonomous inertial
navigation. However, they typically have optically complex, cumbersome, and low-bandwidth
atom detection systems, limiting their practical applications. Here, we demonstrate an
enabling technology for high-bandwidth, compact, and nondestructive detection of cold
atoms, using microwave radiation. We measure the reflected microwave signal to coherently
and distinctly detect the population of single quantum states with a bandwidth close to 30
kHz and a design destructivity that we set to 0.04%. We use a horn antenna and free-falling
molasses cooled atoms in order to demonstrate the feasibility of this technique in conven-
tional cold atom interferometers. This technology, combined with coplanar waveguides used
as microwave sources, provides a basic design building block for detection in future atom
chip-based compact quantum inertial sensors.

TSYRTE, Observatoire de Paris, Université PSL, CNRS, Sorbonne Université, LNE, Paris, France. ®email: carlos.garrido@obspm.fr

COMMUNICATIONS PHYSICS | (2021)4:35 | https://doi.org/10.1038/s42005-021-00541-3 | www.nature.com/commsphys 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-021-00541-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-021-00541-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-021-00541-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-021-00541-3&domain=pdf
http://orcid.org/0000-0003-3616-1845
http://orcid.org/0000-0003-3616-1845
http://orcid.org/0000-0003-3616-1845
http://orcid.org/0000-0003-3616-1845
http://orcid.org/0000-0003-3616-1845
mailto:carlos.garrido@obspm.fr
www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-021-00541-3

atom quantum sensor is the detection. It amounts to the

determination of the number of atoms in a given quantum
state. From this information, one can compute the occupation
probability of the relevant atomic states, which directly depends
on the effect of the observable of interest sensed by the instru-
ment. For instance, in atom interferometers such as state-of-the-
art gyrometers' and gravimeters/accelerometers>3, the phase of
the interference fringes encodes the inertial forces acting upon the
device. This phase is extracted from the above-mentioned occu-
pation probability and the most widely used cold atom detection
techniques to do it are destructive. Namely, resonant absorption*
or fluorescence imaging®. Although in terms of noise these
techniques can be pushed to the shot-noise level limit and single-
atom resolution®, they have serious drawbacks when considering
the realization of practical and compact cold atom sensors.
Indeed, after every detection event, we must produce a new cold
atomic sample in a process that, in the best case, takes a few
hundreds of milliseconds. As a consequence, conventional cold
atom quantum sensors have a non-negligible dead-time which in
turn translates into a reduced bandwidth (typically below 1 Hz)
and reduced stability (far from the theoretical limit) due to the
Dick effect’”. These facts make them poorly competitive when
compared to classical high bandwidth sensors.

Cold atoms in a given quantum state can also be detected
nondestructively using, for example, phase-contrast imaging®-10,
diffraction-contrast imaging!!, nondestructive Faraday ima-
ging!?, or implementing a light-matter quantum interface!3. In
particular, the latter allows one to create quantum correlations
between the atoms in the samplel and spin squeezed states!®
which improve the sensor sensitivity. It also allows one to observe
real-time coherent quantum dynamics!® such as Rabi oscillations.
From a practical standpoint, a nondestructive detection also
offers the possibility to increase the measurement bandwidth,
perform multiple interrogations on the same atomic sample,
reduce the sensor dead-time, and improve the sensor precision
and stability. However, the above-mentioned nondestructive
methods require complex optical systems and experimental set-
ups, including in some cases optical cavities, to efficiently detect
the light after interaction with the atoms!7-1°. These are impor-
tant limitations for the realization of practical compact cold atom
quantum sensors having, for example, an atom chip as the main
component of their physics package?. To mitigate these limita-
tions one possible solution is to detect the atoms nondestructively
using microwave instead of light.

In typical cold atom sensors, microwave radiation is used to
manipulate and modify the internal state of atoms. For instance, in
microwave atomic clocks a local oscillator drives transitions
between two well-defined atomic states, the clock states?!. Using a
Ramsey interrogation sequence??, the atoms initially prepared in
one given clock state are transferred to the other one with a
probability that depends on the difference between the microwave
local oscillator frequency and the atomic frequency of the clock
transition. Thus, as in other classes of cold atom interferometers
such as, for example, accelerometers, gravimeters, and gyrometers,
microwave radiation is used to control the population of the rele-
vant atomic states. However, in these devices, and in general, the
back-action of the atoms on the field is always ignored.

The key element of our detection method is precisely this back-
action. It plays an essential role in cavity quantum electro-
dynamics experiments realized in the regime of strong coupling
between a cavity microwave field and single atoms?>. In these
experiments, one can find and prepare the state of the cavity field
by measuring the state of the atoms after interacting with the
field. Complementarily, here we determine and track the quan-
tum state of cold atoms by looking at the microwave field.

The very last step in the measurement sequence of any cold

Here, we demonstrate the nondestructive microwave detection
of the quantum state of cold 87Rb atoms in free fall. Our detection
solution is based on the fact that the microwave power radiated
by an antenna into a medium depends on the radiation impe-
dance of the medium. We first obtain the microwave spectral
response of the atoms prepared in the lower |[F=1,m; =0)
clock state (state 1 hereafter) by measuring the reflected micro-
wave power as a function of the detuning to the clock transition.
The obtained result is corroborated by both absorption imaging
and a fit to the experimental data using the two-level atom model.
We then demonstrate the nondestructive nature of our micro-
wave detection by observing Rabi oscillations stroboscopically.
We use two antennas for this measurement, alternating their
interaction with the atoms. With one antenna we tilt the mean
collective pseudospin by an angle of 7/4 and immediately after,
with the other antenna (the detection one), we find the rotation
angle of the pseudospin in terms of the fractional occupation of
the |[F = 2,m} = 0) clock state (state 2 hereafter). Thus and so,
this microwave detection technique allows us to observe Rabi
oscillations on the same atomic ensemble with 0.04% of
destructivity. This degree of destructivity, that tells us the per-
centage of population transferred to the initially unoccupied state,
is estimated from the fit to the spectrum of the reflected micro-
wave power and the 5 kHz red detuning chosen for the detection
antenna.

Results

State-sensitive microwave detection. The experimental config-
uration and the generic timing sequence used to demonstrate our
detection technique are presented in Fig. la. The output of a
microwave source (OSC) is sent to a horn antenna via the
through port of a bidirectional coupler (CPL). We then measure
the reflected wave at the reverse coupled port, which is connected
to a detector (D) (see Supplementary Information, Fig. S5). In this
study, we used a spectrum analyzer as a power detector. However,
the use of the bidirectional coupler together with a vector network
analyzer allows one to get the full information, amplitude, and
phase, of the reflected wave.

We start the experimental sequence shown in Fig. la by
loading a mirror magneto-optical trap (MOT) of 87Rb atoms in
an atom chip. This cooling stage is followed by a molasses cooling
step after which we optically pump the atoms to the hyperfine
ground state |[F = 1) (Fig. 1b). We prepare typically 10° atoms at
~3uK with this procedure. Thereafter, we employ different
measurement protocols in the stage labeled “Microwave” in
Fig. 1a, depending on the experiment to be carried out on free-
falling atoms (see “Methods”). Finally, we determine the state of
the atoms by absorption imaging in order to verify the outcome
of the microwave state-dependent detection.

The relevant quantity that we consider in this investigation is
the effective atomic reflection coefficient I's. It is defined by the
expression

P, —P,

r ,
AT P +P,

(1)

where P, and P, are respectively the reflected wave powers in the
presence and absence of the cold atomic ensemble. The reflected
power P, is determined by the radiation impedance seen by the
antenna and originated from the atoms (see Methods). Following
the definition of T in Eq. (1), the knowledge of the absolute power
is not needed, and therefore the calibration of the detector D is not
required either. In Fig. 1c we show the fractional atomic population
of the state 2 (’F =2,mp = 0>) as a function of the horn antenna
detuning. This experimental data is extracted from the reflected
microwave power and it carries the spectral signature of the
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Fig. 1 Key elements of the experimental setup, timing sequence, level scheme, and level occupation probability. a Schematic of the experimental setup
and generic timing sequence used in the measurements. The microwave generator (OSC) drives the horn antenna, used to excite and sense the atoms as
represented here, through a bidirectional coupler (CPL). The atoms are detected via a modification of the antenna’s radiation impedance caused by their
presence. This modification is observed in the reflected microwave power picked-up at the CPL reverse coupled port and measured with a detector (D),
here a spectrum analyzer in zero span mode. The step “Microwave” in the sequence corresponds to driving and/or detection of the atomic populations.
b Relevant energy levels of the hyperfine ground states of 8/Rb atoms under a quantization field of 2 Gauss. The microwave at a frequency @ couples to the
clock transition with an adjustable detuning. ¢ Fractional state 2 population as a function of the horn detuning observed via the reflected wave power.
d Spectrum of the fractional state 2 population as measured by absorption imaging. The blue solid lines are fits to the spectra using the two-level atom
excited state population equation (see Supplementary Note 2). The error bars correspond to the standard deviation of repeated measurements.

medium in which the antenna is radiating. In our experiment, such
a signature only comes from 87Rb atoms. This is confirmed by the
maximum signal change located at the mp = 0 < m} = 0 clock
hyperfine transition frequency (Ag=0) driven by the horn. The
state-sensitive atom detection method here introduced is funda-
mentally based on the observation of this spectral response in the
reflected wave power.

Indeed, in typical microwave reflection measurements, the
modification of the radiation resistance of an antenna by
the presence of a physical system emerges as a level change in
the amplitude or relative phase of the reflected wave. Specifically,
when the physical system is an ensemble of cold atoms, these level
modifications are weak to invisible and scale as y3 /71, being yp the
Bohr’s magneton. Nevertheless, the existence of microwave atomic
transitions allows one to clearly detect level variations in the weak
reflected signal, as it can be seen when we scan the frequency of
the applied microwave field across an atomic resonance.

To obtain the spectrum of I'y, the duration of the stage
“Microwave” in the timing sequence (Fig. 1a) was taken equal to

that of a 7 pulse, which corresponds to the total transfer of the
atoms from one hyperfine ground state to the other. This
duration, taken equal to 980 ps, was determined from Rabi
oscillations by measuring the atomic populations with the
standard technique of absorption imaging (see Methods and
Supplementary Information, Fig. S2). The spectrum in Fig. 1c was
measured in a sub-optimal configuration because we excited and
detected the atoms with the same horn antenna. For if we think of
the atomic pseudospin as a realization of a qubit that will be used
in a subsequent operation, then it is undesirable to modify it
while it is being detected. However, it illustrates the proof-of-
principle of our microwave detection technique in its simplest
implementation.

Right after the application of the microwave detection pulse,
we applied an absorption imaging pulse (stage “7img in the
timing sequence in Fig. la). Using this imaging pulse, we
determine the atom number in state 2 and verify in this way the
outcome of the microwave detection pulse. The result is presented
in Fig. 1d. It shows that the data from absorption imaging is well
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Fig. 2 Nondestructively measured Rabi oscillations. a, b Show respectively the timing sequences for the single-shot (horn used to drive and detect) and
the stroboscopic (antenna used to drive and horn to detect) Rabi oscillation measurements. In these panels, 7y\p represents the duration of the microwave
detection pulse done with the horn antenna. In the stroboscopic protocol in panel (b), 7 is the duration of the driving pulse of the dipole antenna. The
duration of the absorption imaging pulse is represented by 7img. Panels ¢ and d display respectively the single-shot and the stroboscopic Rabi oscillations
measured with the same initial conditions (initial atomic state). In panel (¢), zy corresponds to 7yp in panel (a). The stroboscopic time was varied in steps
of 30 us for both, excitation and detection (see “Methods"). The error bars correspond to the standard deviation of repeated measurements.

correlated with the data from the microwave reflection measure-
ment, validating this latter as a cold atom detection technique.

Nondestructive tracking of Rabi oscillations. In addition to the
observed spectral sensitivity, Fig. 1lc indicates that an off-
resonant detection of a given atomic state population is possible
with a relatively high signal-to-noise ratio. Consequently, the
nondestructivity of this atom detection method is a relevant
question to address. Here, we tackled this question by observing
Rabi oscillations using two different measurement protocols
(see “Methods”). We use two different antennas orthogonally
positioned with respect to each other to implement them. In the
first protocol, hereafter called single-shot, we observe Rabi
oscillations by resonantly driving and simultaneously detecting
the atoms with the horn antenna. The horn pulse duration 7y is
increased from one shot to the next one, and at the end of every
shot we detect the atomic population in the hyperfine ground
state |F =2,mj =0) by absorption imaging (see Fig. 2a).
Therefore, this first protocol requires the preparation of a new
cold sample every time we change the pulse duration. In the
second protocol, hereafter called stroboscopic, we prepare a
single cold atom sample. Then, by toggling between the driving
pulse of a dipole antenna and the detection pulse of the horn
(see Fig. 2b), we observe Rabi oscillations stroboscopically on
the same atomic ensemble.

The Rabi oscillations observed in the single-shot configuration
are presented in Fig. 2c where the fractional population data are
fitted using the two-level atom model (see Supplementary Note 2).
The 7 pulse duration obtained from the fit equals 970 s, in
agreement with the pulse duration resulting from the absorption
imaging measurement (cf. Supplementary Information, Fig. S2). We
show in Fig. 2d the Rabi oscillations data obtained in the
stroboscopic configuration. In this case, we used a detuning of
5 kHz for the horn detection pulse and adjusted its duration to

realize an equivalent 7 pulse (maximum probability for population
transfer). The fit to the stroboscopic data in Fig. 2d reveals a 7 pulse
duration of 120 us, in agreement with the value measured by
absorption imaging using the single-shot protocol done this time
with the dipole antenna.

To observe the stroboscopic Rabi oscillations, the mean
collective pseudospin was driven in steps of 7/4 by the dipole
antenna. As can be seen in Fig. 2d, the two Rabi fringes present
the same contrast within the error bars. This fact indicates that no
decoherence is introduced in this measurement by our detection
technique.

Discussion

We have demonstrated in this work a state-sensitive detection
technique based on the reflected power of microwave radiation in
the presence of cold atoms. The core of this technique is its
spectral sensitivity, shown by the effective atomic reflection
coefficient of the cold atom sample. Without this spectral
response, it would have not been possible to detect the atoms,
contrary to other physical systems with relatively large magnetic
polarizabilities or in different electromagnetic conditions?4-27,
Indeed, the radiation impedance of an atomic ensemble is rela-
tively small since it is determined by the magnetic polarizability
which depends on the ratio y2/h?8. In addition to being state-
sensitive, here we demonstrated that this microwave detection
technique can be nondestructive. This fact is confirmed by our
stroboscopic observation of Rabi oscillations between the 87Rb
clock states when the microwave detection frequency is chosen
off-resonant from this transition. In this way, we looked at the
coherent evolution of the mean collective pseudospin passing
through superpositions of the two clock states. Since these
superpositions are quantum by nature, then this detection tech-
nique allowed us the observation of a coherent quantum
dynamics, which was confirmed by the fact that no contrast decay
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was observed in the Rabi fringes obtained stroboscopically. Fur-
thermore, via these stroboscopic measurements we demonstrated
a detection bandwidth of 30 kHz, limited essentially by the
available microwave power and the tolerable destructivity.

The nondestructive nature of the microwave detection here
demonstrated opens a question on its application for continuous
operation of cold atom interferometers!-2-3! and quantum state
engineering!>~1° by quantum non-demolition measurements (see
Supplementary Note 3). Indeed, as shown by the stroboscopic
Rabi oscillation measurement in Fig. 2, with this technique is
possible to measure a superposition of quantum states without
destroying it. This result suggests that, for instance, one can
measure the output of a trapped atom clock or a guided atom
inertial sensor, and immediately after lunch a new measurement
cycle using a well-known quantum state. And, more importantly,
without preparing a new cold atom sample. The direct con-
sequence of such an operation is a reduction or suppression of the
device dead-time leading to better sensor sensitivity, which in the
long term translates into better sensor stability when comparing
to a conventional cold atom sensor for the same integration time.
We can therefore foresee, for example, inertial sensors based on
complex multi-butterfly configurations and continuous clock
operation.

We decided to demonstrate our detection technique using free-
falling atoms because the majority of conventional cold atom
interferometers work in this configuration. Besides, the use of a
commercial horn antenna for detection also goes in this direction.
However, its optimal realization is via coplanar waveguides in
atom chips since it then provides an integrated, local, non-
destructive, high-bandwidth detection of cold atoms using near
field microwave radiation2. A promising solution for atom chip-
based future compact cold atom quantum sensors.

Methods

Cold atom sample preparation. Our cold atom sample preparation starts with 1.5 s
of loading of a standard four-laser beams mirror MOT from a rubidium vapor issue
from an alkali metal dispenser (SAES RB/NF/5.4/25/FT10+4-10). We used a magnetic
field gradient of 12 Gauss cm~1, produced by in-vacuum macroscopic coils fed with
1.3 A of current. The cooling lasers were red-detuned by —1.7 T from the

|F =2) <> |F' = 3) D, line cycling transition, where I' =27 x 6 MHz is the natural
linewidth of 87Rb D, line. The four independent MOT beams, of about 2.5 cm of 1/¢2
diameter, shared a maximum optical power of ~30 mW . After this step, we do a
40 ms transfer of the atoms to an on-chip MOT (U-MOT) by compressing the cloud
with a magnetic field gradient of 20 Gauss cm~!. The U-MOT was created by a
micro-fabricated U-shaped wire carrying 400 mA of current. Its magnetic field
combined with an external bias field of 1.75 Gauss produced a quadrupole trap with
13 Gauss cm™! of magnetic field gradient. We kept the atoms in the U-MOT during
250 ms (—3 T red-detuned cooling lasers) before starting a 10 ms long molasses
cooling step. For the molasses cooling, we red-detuned the cooling lasers by —16 I’
from the cooling transition. The molasses cooling was followed by 2 ms of optical
pumping that prepared a cold atom cloud at 3 yK with ~ 10° atoms in the |F = 1)
hyperfine ground state. This cloud was located 300 ym from the chip surface. During
the optical pumping, we used a quantization field of 2 Gauss in magnitude that we
kept on in all subsequent microwave measurements.

Atomic radiation impedance. Using antenna theory3?, it can be demonstrated
that an antenna emitting in the direction of an atomic sample will see a radiation
impedance Z,(r) given by the equation (cf. Supplementary Note 1)

2
Z,(8) = IRy 5 B (@), 0). )

where Ryag, @, k, Bin(w), and H  (r) are respectively the antenna’s radiation resis-
tance in the absence of the atomic sample, the frequency and wave vector of the
emitted electromagnetic radiation, the magnetic polarizability of the atoms, and the
position-dependent amplitude of the magnetic field radiated per atomic magnetic
dipole in a unit of time. Here, 7 denotes the imaginary unit and r is the radius
vector between the antenna and an atom in the cloud. To arrive at Eq. (2) we have
considered that the magnetic field component of the microwave radiation of the
antenna excites the magnetic dipole of the atoms, which in turn radiates a
microwave field picked up by the antenna.

Atomic magnetic polarizability. The magnetic polarizability, on its part, is
determined by the atomic transitions # with a frequency near to the one radiated
by the antenna. In general, it is a tensor given by the equation?®

ab(n) ba(n)
i i

U Zw(")
By (@) = py=— b

, (3)
2
(@) — @ + gyw

where y is the vacuum magnetic permeability, n identifies a particular transition,
i,j = x, y, z indicate the direction in space, a and b stands for the initial |a) and final
|b) states of the considered transition with matrix element y?h(") in the i direction,
and y is a phenomenological decay constant. For instance, in the case of isotropic

polarizability we will have

1 n

f@=1% 3 . n
noi=xyz
with
ab(n) 2 (1)

: 2

B @) = py ©
(@f) — @ + gye

Atomic microwave reflection coefficient. The atomic reflection coefficient I',(r)
can be defined in terms of the radiation impedance of the atoms as

Zat(r) - Rrad
Zat(r) + Rrad

In our setup, the emitting element of the horn antenna is at r,; = 8.4 cm from
the initial cloud position and therefore, kr,,, = 12> 1. This condition implies that it
is appropriated to use the far-field approximation for H,,(r) to get an order of
magnitude of T,(r) and its dependence on the microwave radiation frequency. In
the far-field situation, the amplitude of the magnetic field radiated per atomic
magnetic dipole per second is given by H,,(r) = wsin(6)/4mc’r, where c has the
usual meaning, 6 is the polar angle and r is the distance between the antenna and
the atomic sample.

Iy(n) = (6)

Time-of-flight atomic impedance of a finite temperature atomic cloud. For an
atom cloud free falling in the y direction, the atomic microwave reflection coeffi-
cient is determined by the time-of-flight atomic impedance Z,ror(t), which is
given by the equation

1 2 (y-gtf)t 2
V4 )=— | &’rZ — =y 07 2, @
alTOF( ) (2710%)3/2 . r at(l‘) exp |: 20? 20% 20,? ’ ( )

where we have considered a Gaussian position probability density function of the
atoms in the cloud, being 62 = 07 + (k; T/M)*#* the cloud size at a time instant .
Here, 0y, kg, T, and M are respectively the initial cloud size, the Boltzmann’s
constant, the cloud temperature, and the mass of a 8’Rb atom. The use of the far-
field approximation for the amplitude of the magnetic field radiated per atomic
magnetic dipole in a unit of time leads to a Gaussian integral of a rational function
in Eq. (7). This integral can be calculated analytically>* and we obtain for the time-
of-flight atomic impedance the result

3
Zyror() =1

QW R \akB (@) }ILT}) F(o,), (8)

where the function F(o;) has the form

F(o) = 713/2C1/2{%I‘(71/2,(/2012)

2042 22
gt — 1)
1 A L
+ 40?7
©)
{ 2 Y té)z 2 2
+ @F(—_%/Z,(/Zat) —{ fF(I/Z,(/ZGt) exp({/207).
t
In Eq. (9), I'(.) is the upper incomplete Gamma function and t, is the time
required for an atom to reach the H-plane of the horn antenna, starting from the
initial position y =0 (see Supplementary Methods).

Rabi oscillations observed with absorption imaging. After preparing the atoms
in the |F = 1,my; = 0) state, we applied a microwave pulse using the horn to drive
the {F =1,mp= O> < |F =2,mp = 0> clock transition. We varied the duration
7y of this pulse (stage “Microwave” in the timing sequence in Fig. 1a) and mea-
sured the atom number in the state |F =2,mp = 0> using absorption imaging
(stage “Timg in Fig. 1a). We obtained the Rabi oscillation shown in Supplementary
Information Fig. S2, where every point and its corresponding error bar result from
9 realizations with very similar if not the same experimental conditions. From the
Supplementary Information Fig. S2 we find a duration of the 7 pulse (980 us) used
in all the microwave reflection measurements, except for the stroboscopic Rabi
oscillations.
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Fractional state 2 population. To find the fractional state 2 population, we fit a

Lorentzian to the central region of the effective atomic reflection coefficient

spectrum (see Supplementary Information, Fig. S3). Then, we compute the frac-

tional state 2 population using the peak Iy and the baseline I'4p, values extracted

from this fit. The formula used to do this calculation is
o —Tw

. 10
Fapk = Tab (10)

Single-shot Rabi oscillations observed by microwave reflection. In the single-
shot protocol (Fig. 2a), we prepare a cold atom sample in the initial state

|F = 1,mp = 0) as explained in the main text (see timing sequence in Fig. la).
Then, we apply a resonant microwave pulse of a fixed duration 7y; with a horn
antenna. Finally, we detect the atom number in the state |F = 2, m}, = 0) using
absorption imaging. Starting from the cooling of a new sample, these steps are
repeated increasing the driving pulse duration ;.

Stroboscopic Rabi oscillations observed by microwave reflection. In the stro-
boscopic protocol we use two antennas, a horn and a dipole one. The protocol
starts with the preparation of a cold atom sample in the initial state

|F =1, m; = 0). Then, we apply a driving resonant pulse with the dipole antenna.
This dipole antenna is placed at 90° with respect to the emission direction of the
horn. We chose for this pulse a duration corresponding to a 7/4 pulse. Subse-
quently, using the horn, we apply a microwave off-resonant detection pulse with a
duration corresponding to its 7 pulse. The driving and detection pulses are then
toggled (see Fig. 2b) in order to track the Rabi oscillation on the same cold atom
sample. In this measurement protocol, the polarization of the magnetic field of the
horn is chosen parallel to the homogeneous field setting the quantization axis.
Consequently, during the detection pulse, the horn magnetic field just modulates
the magnitude of the quantization field with a low modulation depth of 0.7 x 10~3
(=1 kHz/1.4 MHz).

Microwave sources. We use two microwave generators (SynthHD PRO:

54 MHz - 13.6 GHz Dual Channel Microwave Generator) from Windfreak
Technologies LLC to drive the horn and the dipole antennas. Despite their
versatility, we must point out that care must be taken when switching on or
pulsing these generators. They have a turn-on power transient (actual power
higher than the setting) that lasts around 90 ps (cf. Supplementary Information,
Fig. S4). After this time interval, the actual power stabilizes to the requested
one. Therefore, when measuring Rabi oscillations by changing the pulse
duration, the data inside this turn-on transient window will correspond to a
higher Rabi frequency than the desired one. We considered this fact

by excluding the data inside this window by properly designing the data
acquisition and data treatment. The schematic diagram of the experimental
setup used to detect the atomic signals is shown in Supplementary Information,
Fig. S5.

Data and materials availability

All data needed to evaluate the conclusions are present in the paper and/or in the
Supplementary Information. Additional data related to this paper may be requested from
the authors.
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