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Quantum Sensing in Tweezer Arrays: Optical Magnetometry on an
Individual-Atom Sensor Grid

Dominik Schiffner,! Tobias Schreiber®,! Fabian Lenz,' Malte Schlosser®,! and Gerhard Birkl® 2"

" Technische Universitiit Darmstadt, Institut fiir Angewandte Physik, Schlossgartenstrafie 7, 64289 Darmstadlt,
Germany
> Helmholtz F orschungsakademie Hessen fiir FAIR, Campus Darmstadt, Schlossgartenstrafse 2, 64289 Darmstadt,
Germany

™ (Received 16 July 2023; revised 27 November 2023; accepted 3 January 2024; published 26 January 2024)

We implement a scalable platform for quantum sensing comprising hundreds of sites capable of hold-
ing individual laser-cooled atoms and demonstrate the applicability of this single-quantum-system sensor
array to magnetic field mapping on a two-dimensional grid. With each atom being confined in an optical
tweezer within an area of 0.5 wm? at mutual separations of 7.0(2) jLm, we obtain micrometer-scale spatial
resolution and highly parallelized operation. An additional steerable optical tweezer allows rearrangement
of atoms within the grid and enables single-atom scanning microscopy with submicron resolution. This
individual-atom sensor platform finds an immediate application in mapping an externally applied dc gradi-
ent magnetic field. In a Ramsey-type measurement, we obtain a field resolution of 98(29) nT. We estimate

the sensitivity to be 25 WT/+/Hz.
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I. INTRODUCTION

The paradigm of exploiting quantum properties of phys-
ical systems for sensing purposes has paved the way to
devices with unprecedented sensitivity that outshine their
classical counterparts [1,2]. The fact that energy levels of
quantum systems in general are susceptible to their envi-
ronment allows the measuring of, for example, external
electric or magnetic fields. In this context, devices based
on superconducting circuits [3—6], nitrogen-vacancy cen-
ters [7—11], and optically pumped atomic magnetometers
[12—14] have been developed to highly sensitive sys-
tems for magnetic field sensing. Each approach exhibits
a specific set of advantages and limitations due to its
characteristics derived from the physical properties when
benchmarked with respect to sensitivity, spatial resolution,
field of view, or ambient conditions—to name only a few
crucial parameters.

In recent years, this technological toolbox has been
enriched by methods based on ultracold-neutral-atom
quantum systems. Localized atom clouds represent
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well-controllable  sensors combining high-precision
measurements with micrometer-scale spatial resolution
and millimeter-scale measurement regions. Building on
miniaturized magnetic traps, ultracold-atom magnetic
field microscopy renders the simultaneous observation
of microscopic and macroscopic effects possible [15,16].
Optical dipole traps establish a basis for sensors that are
detached from any perturbing surface, thereby facilitating
high-precision all-optical magnetometers [17-20] whose
sensitivity has been further amplified by entanglement-
enhanced measurements [21,22]. In addition to magnetic
field mapping, further applications include the rectification
of the magnetic field environment for neutral-atom quan-
tum science. This has been demonstrated by counteracting
on global fluctuations in Bose-Einstein condensates [19]
and error mitigation in quantum simulation and computing
[20,23].

In particular, optical tweezer arrays [24] facilitate spa-
tially configurable quantum sensing devices of inherently
identical single quantum systems that are candidates for
surpassing the energy resolution limit [2]. Because of the
free-space realization of fully isolated single-spin systems
far away from any surface, this sensor platform avoids
detrimental effects of surface noise, interaction-induced
energy shifts, and depolarization effects [25]. In addition,
building on the technology of cold-atom frequency stan-
dards and optical array clocks [26,27], and being further
fostered by the exploitation of tailored quantum states
and the application of elaborate quantum gate sequences
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[23,28-31], this platform has the potential of reaching the
ultimate limit in resolution and accuracy and defining the
frontier of optimal quantum sensing [32]. Together with
the prospect of transferring the atoms into Rydberg states
with additional susceptibility to external fields [29-31],
this platform exhibits excellent prospects for massively
parallelized two-dimensional (2D) and three-dimensional
(3D) [33-35] sensing of magnetic, electric, and radio-
frequency fields.

We report on the realization of an individual-atom
magnetic field sensor grid in a highly scalable architec-
ture. Individual neutral atoms are loaded into microlens-
generated tweezers [36,37] with micrometer-sized pitch
for the measurement of the ambient magnetic field. We
use this sensor array to map an externally applied mag-
netic gradient field. An auxiliary transport tweezer is used
to increase the duty cycle by maintaining a high atom num-
ber within a subarray for local measurements. In addition,
this steerable tweezer increases the spatial resolution as
an individual probe decoupled from the array grid. While
already providing hundreds of sensor pixels in two dimen-
sions in this work, our platform is intrinsically scalable to
3D arrays with thousands of sensor atoms as presented in
Ref. [35].

II. EXPERIMENTAL DETAILS

We realize magnetic field sensing in the neutral-atom
platform described in detail in Refs. [37,38] and schemat-
ically illustrated in Fig. 1(a). Created by microfabricated
optical elements, this setup constitutes a two-dimensional
focused-beam optical dipole trap array, i.e., tweezer array,
for the parallelized, site-resolved control of single-atom
quantum systems. The tweezer spacing is 7.0(2) wm and
the tweezer waist is 1.45(10) wm. Throughout this arti-
cle, uncertainties are given as lo statistical uncertainties.
The tweezers are loaded with laser-cooled ®*Rb atoms.
Because of light-assisted collisions, each site is either
empty or occupied by one atom at most (see Refs. [24,39]
and references therein), resulting in a typical loading effi-
ciency of 50%. From the known values of potential depth
(U =kp x 0.2 mK) and temperature (52 wK), we infer a
2D spatial localization of each atom of 0.5 um?. Cov-
ering an area of 18 x 15 sites (119 wm x 98 wm), this
configuration serves as planar sensor grid for magnetic
field mapping. Our setup includes an additional mov-
able optical tweezer with a waist of 2.0(1) wm that can
be used to arrange the randomly loaded atoms in pre-
defined geometries. Site-resolved fluorescence detection
of the atoms is realized through excitation at the rubid-
ium D2 line and imaging of the atom plane onto an
electron-multiplying charge-coupled device camera within
an exposure time of 60 ms. Figure 1(b) shows an aver-
aged fluorescence image of atoms in the full sensor region,
while in Fig. 1(c) the enhanced atom occupationina3 x 3
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FIG. 1. Micro-optical tweezer array for cold-atom magnetom-
etry. (a) Experimental setup. A 270-site register of individual
rubidium atoms at a wavelength of 797 nm is generated by a
microlens array whose focal plane is reimaged into the vacuum
chamber. Two-photon Ramsey spectroscopy is used to char-
acterize the magnetic gradient test field induced by the two
anti-Helmholtz coils with counterpropagating current ;. A pair
of coils in the Helmholtz configuration provides a well-defined
quantization axis via a homogeneous field generated by a current
I;. (b) Averaged fluorescence of atoms in the 18 x 15 tweezer
array. (c) Enhanced atom occupation in a predefined substructure
with use of a steerable optical tweezer for atom transport. (d)
With use solely of the steerable tweezer, atoms can be positioned
independently of the array grid.

predefined target structure after rearrangement is depicted.
Figure 1(d) shows the fluorescence of single atoms loaded
into the steerable optical tweezer.

The spectroscopy beam in Fig. 1(a) drives a two-
photon transition between the long-lived hyperfine
ground states |1) = |5S1,2,F =3,mp = —1) and ||) =
[581)2,FF = 2,mp = —1). This necessitates two phase-
coherent frequency components, which are provided by a
system of two phase-locked diode lasers [40]. The laser
fields are detuned by —27 x 9 GHz relative to the single-
photon transition to |5P3/,,f = 4), while the frequency
difference A, of the two components can be precisely set
in the vicinity of the field-dependent transition frequency
Ay by a stable radio-frequency source. Figure 2(a)
shows the magnetic field dependence of the energy dif-
ference hA |4y ;) between both hyperfine states. Note that
light shifts of the tweezer array and the spectroscopy beam
modify Ay [41]. The effective two-photon detuning
is given by def = A2 — Ajpy)yy. For a beam radius w of
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170(20) wm (1/e? waist) at the location of the array, we
measure an on-resonance Rabi frequency (. = 0) Qr of
2 x 0.6(1) MHz over the 18 x 15 sites.

Figures 1(a) and 2(b) depict the magnetic field geome-
try used for optical magnetometry in our individual-atom
sensor grid. We apply a static homogeneous magnetic
quantization field ]Bq| = 283(1) nT induced by a pair of
coils in the Helmholtz configuration along the x axis. This
lifts the degeneracy of the magnetic hyperfine states and
creates a well-defined quantization axis. Additionally, a
pair of coils in the anti-Helmholtz configuration allows the
creation of a test gradient field B;.

A typical measurement cycle is visualized in Fig. 2(c).
First, the occupation of atoms in the sensor grid is imaged.
After activation of the quantization field By (pink), the
state of the atoms is prepared in the measurement basis
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FIG. 2. Experimental details of individual-atom magnetome-
try. (a) Energy splitting A4y, of the two states [1) and |{)
used for magnetic field sensing as a function of the magnetic field
strength. For a fixed differential two-photon energy AA; of the
spectroscopy beam (dashed horizontal line), the effective detun-
ing 8. depends on the magnetic field experienced by the atom.
(b) The inhomogeneous magnetic field B; generated by a pair of
coils in the anti-Helmholtz configuration is used as a position-
dependent test field. A homogeneous magnetic field B, defines
the quantization axis. (c) A typical measurement cycle (see the
main text for details; the time axis is not to scale). During the
Ramsey sequence, consisting of state preparation, a 7 /2 pulse,
free precession, a 77/2 pulse, and state projection and selection,
the trap depth Uis kg x 0.2 mK, whereas for initial atom loading
and the two imaging sequences U = kg x 1 mK.

{I1),14)}. Without state preparation, we find almost all
of the atoms in the state |5S1,,, F* = 3, mr = —3), which
is not accessible to our Ramsey sequence with Amp =
0 due to the direction and the polarization of the spec-
troscopy beam and the orientation of the quantization axis.
Via interrupted optical pumping using w-polarized laser
light at the |5Si,2, F = 3) — |5P3,, F = 3) transition in
combination with repumping light at the |55 5, FF = 2) —
|5P3,2, FF = 3) transition, we can transfer about 30% of the
atoms to |1). After state preparation, no atoms remain in
|[{) or other states of the |55;,, /" = 2) manifold. Next,
a Ramsey sequence with a /2 pulse of duration 7./, =
0.42 ps followed by a variable time 7 of free precession
is initiated. After the second 7 /2 pulse, atoms in |1) or
any other states of the |55, /" = 3) manifold are removed
from the tweezer array and the magnetic field is switched
off again. Finally, the remaining atoms in || ) are detected
by fluorescence imaging.

III. MAGNETIC FIELD MAPPING

In a sequence of measurement cycles, the periodic Ram-
sey signal is recorded for 55 equidistant values of 7" within
the interval of 2 pus < 7 < 110 us for a fixed differen-
tial two-photon energy hA |, of the Ramsey spectroscopy
beam [dashed horizontal line in Fig. 2(a)]. A typical sig-
nal obtained for one of the central sensor grid positions is
displayed in Fig. 3(a). We fit the data with an oscillatory
function that includes dephasing-induced damping (red
curve). Analyzing all sensor grid positions, we observe a
mean time constant for e~! amplitude damping of T =
118(33) ws. The extracted Ramsey frequency wg, given
as 2z divided by the period of the Ramsey oscillations,
directly corresponds to the effective detuning Sop = Ay —
Ay = wr. Accordingly, the differential shift of the basis
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FIG. 3. (a) Ramsey signal for one of the central sensor grid

positions and (b) Allan deviation for a measurement of the
quantization field By. The solid dots represent the mean value
for the central 3 x 3 grid positions, the dashed line represents
the inverse-square-root dependence expected for a shot-noise-
limited measurement, and the triangle corresponds to the mag-
netic field resolution 6B for the total averaging time (see the main
text for details).
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states at the position of a sensor atom is revealed and can
be translated into the magnetic field strength with use of
the magnetic field dependence of the effective detuning of
00efr/0B = 2w x 9.2777(3) kHz/nT.

In a first application, we use the 2D sensor grid to map
the applied gradient test field B; depicted in Figs. 1(a), 2(b),
and 2(c) (dashed line). For in situ calibration and reduction
of long-term drifts, we apply a differential measurement
technique: While the quantization field By is activated in
every cycle, we switch between cycles with an activated
and a deactivated test field B;. The data are collected
in a pseudorandom way. Throughout this measurement
series, on average 360(100) atoms contribute to the Ram-
sey signal at every sensor pixel for each of these two
field configurations [see, e.g., Fig. 3(a)]. Figure 3(b) (solid
dots) displays the Allan deviation (mean value for cen-
tral 3 x 3 grid positions) for the measurement of By as
a function of the averaging time following the analysis
described in Ref. [42]. The data point at 3.2 x 10* s has
been derived by dividing the total available dataset into
two bins and hence corresponds to half of the averaging
time used for determining the resolution and sensitivity
analyzed below. For averaging times less than 3.2 x 10* s
(shaded region), we observe a large variation of the Allan
deviation due to the low number of atoms (less than
approximately one on average) detected for each free-
precession time step 7. For averaging times of 3.2 x 10* s
and greater, the Allan deviation is significantly reduced and
follows the inverse-square-root dependence as a function
of averaging time expected for shot-noise-limited mea-
surements (dashed line). This behavior is confirmed by
adding datasets for shorter averaging times (open circles),
including only values for magnetic field measurements
lying within a 30 confidence interval of the value for long
averaging times, and the magnetic field resolution §B (tri-
angle) determined for an averaging time of 6.4 x 10* s (see
below).

All 270 sites in the sensor array are evaluated in parallel
and detailed maps of the Ramsey frequencies for cycles
with an activated as well as a deactivated test field are
obtained. Both are presented in Fig. 4. Without the test
field, the whole sensor plane shows only slight variations
due to the site-specific differential light shift of the tweez-
ers. A nearly constant Ramsey frequency is measured with
an average value of wp ref = 27 x 38.7(13) kHz. This cor-
responds to the preset frequency offset in A, chosen
to guarantee an adequate number of Ramsey oscillations
within the measurement interval. The activation of the test
field leads to a frequency map with a positive gradient
along the quantization axis. There is an intersection of the
two planes next to x = 28 wm, indicating almost no addi-
tional contribution of the test field to the transition energy
RA4yyy- A Ramsey frequency wr < wg rer sShows that the
test field reduces the effective magnetic field with respect
to the reference measurement.

u
o
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FIG. 4. Two-dimensional distribution of the Ramsey frequen-
cies in the sensor plane without (gray) and with (color) an
activated magnetic gradient test field B;. A linear variation of
wr along the x direction is observed in the case of an activated
test field, while only fluctuations resulting from the local tweezer
light shift in wg rr occur for a deactivated test field.

On the basis of the difference Awgp = @Wr — WRrer
between the Ramsey frequencies at each sensor pixel,
the shift of the effective magnetic field strength AB =
0B/ X Awg resulting from the test field can be cal-
culated for the whole sensor plane. The resulting field
map is displayed in Fig. 5(a). The mean uncertainty of
the frequency differences Awg over the full area amounts
to 2 x 0.91(27) kHz, which results in a magnetic field
resolution 3B of 98(29) nT. We confirm this value by
control measurements of wg rer for small variations of the
calibrated homogeneous quantization field B in a 3 x 3
site measurement region [Fig. 1(c)]. With increased data
rates achieved by repeated assembly of atoms in this sub-
array [37], we are able to distinguish between magnetic
fields with minimum steps of approximately 100 nT.

Figure 5(b) gives the data along the dashed line (y =
49 pm) in Fig. 5(a) and a linear fit (red) to the data. On the
basis of values ranging from —2.1(1) uT at x = 0 wm to
7.2(1) uT atx = 119 wm, a gradient of 77.3(4) nT/pm is
retrieved. Averaging over the set of gradients determined
for the 15 rows gives a mean gradient of 76.9(7) nT/pum
in the sensor area. Even though the test field exhibits a gra-
dient along the y direction as well, its contribution to the
effective magnetic field strength is below the resolution
limit 6B and therefore is not observed when we compare
measured data along the y direction for constant x. This
is consistent with a calculation based on the vector char-
acteristics of the magnetic field and the measured gradient
along the x direction.
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FIG. 5. Measured shift AB of the effective magnetic field

strength. In the two-dimensional map plotted in (a), the results
of the measurements for each of the 270 pixels equally dis-
tributed over the 119 um x 98 um (18 x 15 pixel) sensor plane
are given. The magnetic field gradient along the x direction is
clearly visible. The data obtained along the dashed line are plot-
ted in (b). From an approximation of a linear function (red) to
these data, a gradient of 77.3(4) nT/pm is determined.

We estimate the sensitivity of the magnetic field mea-
surement following Eq. (15) in Ref. [9]. Specifically, the
overhead time needed for atom preparation and detec-
tion has to be taken into account, and is longer than the
free-precession time by orders of magnitude. With the
total averaging time of 6.4 x 10* s, a relative fraction of
2.3 x 1078 corresponds to the total time of free precession.
This gives a sensitivity of 25 WT/+/Hz.

IV. DISCUSSION

Significant straightforward improvements in sensitivity
are possible in a next-generation experiment: (1) Opti-
mizing the Ramsey sequence by switching to states with
maximum |my| increases the susceptibility to magnetic
fields by a factor of 2.5, which improves the resolution to
8B to 39(12) nT. (2) Increasing 75 will result in a prolon-
gation of the usable Ramsey precession time. A value of

T = 5 ms with optimized laser cooling and larger detun-
ing for trapping and spectroscopy has been achieved in
our setup [43]. (3) The incorporation of state-of-the-art
state preparation will increase the preparation efficiency to
99% or greater [44]. (4) By applying recent advances in
fast nondestructive state detection [45,46], repeated assem-
bly of defect-free atom grids [37], and modular setups for
separating atom preparation from the functional unit for
sensing [39], a perpetual rate of 100 measurement cycles
per second is accessible. With these modifications, a sen-
sitivity of 20 nT/+/Hz is foreseeable in our 2D sensor
grid, which will result in a magnetic field resolution below
0.3 nT after 1 h of averaging time.

So far, spatial resolution has been limited to the geomet-
ric constraints of the array. While it enables parallelized
detection at all sites of the sensing area and allows the
creation of a detailed map of the field distribution at
equidistant points, independent control of the specific posi-
tions is vital to increase spatial resolution. With use of
the movable optical tweezer, the restriction to a periodic
geometry can be surpassed and a single-atom scanning
probe can be placed at any arbitrary position. Benchmark-
ing this scanning probe with the known properties of the
sensor grid, we obtain the same resolution in field strength
and sensitivity. The spatial addressability is below 100 nm,
the spatial localization is less than 1 wm? for a tempera-
ture of 52 WK and trap depth U of kg x 0.2 mK, and the
addressable area is 400 pm x 400 um [38].

The results reported in this article represent differen-
tial measurements that eliminate systematic effects to first
order, resulting in the reported resolution §B of 98(29) nT.
We did not determine the absolute accuracy of the sensor
array. On the basis of the level of control already achieved
for the ground-state hyperfine qubit used [43], the require-
ments for obtaining an absolute accuracy comparable to
the resolution §B = 98(29) nT are moderate and we rule
out any systematic effects larger than this. For a next-
generation experiment, we do not expect major limitations
by systematic effects for absolute field measurements on
the level of 1 pT and a sensitivity of 1 pT/+/Hz follow-
ing the numbers reported in Refs. [2,12,17]. Additional
improvements leveraging the full set of techniques applied
in cold-atom frequency standards will facilitate concurrent
gains in resolution, sensitivity, and absolute accuracy even
beyond this level.

V. SUMMARY AND OUTLOOK

In summary, in this work we have reported on the appli-
cation of a tweezer array of individual atoms to quantum
sensing. We experimentally demonstrated an optical mag-
netometer on the basis of a regular 2D sensor grid with
micrometer-scale spacing that is built on a microlens-
generated scalable optical tweezer architecture. The plat-
form presented was successfully benchmarked through the
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characterization of a magnetic field with a resolution of
98(29) nT, a sensitivity of 25 MT/\/E, and a spatial
resolution better than 1 pm.

Already comprising hundreds of grid sites in this work,
the scalability of the micro-optical approach enables the
near-future implementation of 2D and—based on the Tal-
bot effect—even 3D configurations of thousands of sen-
sor pixels with adaptable geometry [35]. With bias fields
and spectroscopy beams oriented along all three spatial
coordinates, comprehensive mapping of external fields in
a 3D volume can be achieved. The required preserva-
tion of the quantization axis by a dominating bias field,
on the other hand, might impose limits of applicabil-
ity, e.g., for magnetically sensitive subjects of analysis.
Hence, a suitable working regime can be identified by
the maximally allowed bias field strength still excluding
deteriorating effects on the sample.

Applications of this sensor grid platform are not lim-
ited to magnetometry but can be extended to any external
influence on atomic quantum states, e.g., the susceptibility
of Rydberg states to electric fields [47]. The use of micro-
fabricated optical elements [48] facilitates the adaptation
of the presented work to integrated setups, where we envi-
sion field-deployable atom-array quantum sensors. In addi-
tion to single-atom scanning, parallelized individual-atom
scanning microscopy for quantum sensing can be achieved
by dynamic repositioning of the full sensor grid following
the techniques demonstrated in Ref. [43]. Including a high-
NA microscope objective and ground-state laser cooling
has the potential for superresolution imaging [49] of exter-
nal fields with spatial resolution on the order of 100 nm
or less in a parallelized fashion on the macroscopic sen-
sor grid area. A direct extension of the presented work is
the incorporation of techniques that facilitate optical quan-
tum metrology close to the surface of replaceable samples
[16,50], which is feasible for materials that tolerate optical
power on the milliwatt level at the wavelengths used for
trapping and spectroscopy. Finally, since our architecture is
predestined for the implementation of collective quantum
effects [38], next-generation protocols for quantum sensing
exploiting Rydberg cat states [S1], spin squeezing [29—
31], and entanglement [5,52,53] offer enticing prospects
of quantum-enhanced order-of-magnitude improvements,
perhaps at the expense of spatial resolution.
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