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Abstract
Ultracold collisions of Bose–Einstein condensates can be used to generate a large number of counter-
propagating pairs of entangled atoms, which collectively form a thin spherical shell inmomentum
space, called a scattering halo.Herewe generate a scattering halo initially composed of pairs in a
symmetric entangled state in spin, and observe a coherent oscillationwith an anti-symmetric state
during their separation, due to the presence of an inhomogeneousmagnetic field.We demonstrate a
novelmethod ofmagnetic gradiometry based on the evolution of pairwise correlation, which is
insensitive to common-mode fluctuations of themagneticfield. Furthermore, the highlymultimode
nature and narrow radial width of scattering halos enable a 3D reconstruction of the interrogated field.
Based on this, we apply Ramsey interferometry to realise a 3D spatial reconstruction of themagnetic
fieldwithout the need for a scanning probe.

Introduction

Quantumcorrelations such as entanglement or squeezing can enablemeasurement sensitivities that outperform
the standard quantum limit (SQL) of classically correlated systems [1–3], and even the realisations of classically-
forbidden tasks [4]. In squeezing, the improvement in sensing is due to the suppression of quantumfluctuations
of a variable below that of a classical state at the cost of amplified uncertainty in the complementary variable [5].
Striking nonclassical features such as nonlocality exist in other forms of strongly entangled systems such as the

Bell states ∣ (∣ ∣ )Y ñ = ñ  ñ 1

2
, which are central to quantum technologies like quantum computing and

cryptography [4]. Utilising quantum correlations can therefore enable novel types of experimental techniques
[6] andmeasurements [7, 8], as well as ametrological performance reaching the fundamental limit of precision
known as theHeisenberg-limit [1].

Diverse areas in physics harness quantum correlations to improve, for example, the sensing of gravitational
waves [9], time [10], and electromagnetic fields [11]. Among these applications, quantum-assisted
magnetometry is an active area for a variety of platforms, including superconducting circuits [12], nuclei in
molecules [13], nitrogen-vacancy centres in diamond [14], optomechanicalmicrocavities [15], trapped ions [8],
atomic vapours [11], and ultracold atoms [16, 17]. Excellent wide-fieldmeasurements ofmagnetic fields have
been investigated in nitrogen-vacancy centres in diamond [14] and ultracold atomic systems [18]. These
magneticmicroscopes showpromising applications inmedical andmaterial science, where a precisemapping of
themagneticfield is desired, requiring the combination ofmicroscopic spatial resolution and highmeasurement
precision [19]. Ultracold atommicroscopes rely on reconstruction of themagnetic field via imaging density
modulations in elongated trapped ensembles [18, 20], or in-trap atom interferometry [16], while scanning the
trapped cloud over the interrogation area, or equivalently by scanning the source of themagnetic field. So far,
demonstrations of suchwidefield-of-viewmagnetic imaging has been limited to 2D, and quantum correlations
are yet to be exploited in such applications. A 3Dmagnetic fieldmicroscopemay allownovel kinds of
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applications over the current state-of-the-art 2Ddevices, which are for instance limited in reconstruction of
current distribution to 2D structures [21].

Here we report on a proof-of-principle demonstration of an entanglement-based 3Dmagnetic gradiometry
(EBMG) usingmaximally entangled pairs of atoms created from a collision of Bose–Einstein condensates
(BECs) [22].Measuring the phase evolution of entangled pairs as they oscillate between the symmetric and anti-
symmetric Bell states, ∣Y ñ respectively, allows an intrinsically differentialmeasurement of themagneticfield
along the paths traversed by the atoms. In addition, we achieve a 3D tomography of themagnetic field gradient,
as well as the absolutemagnetic field by Ramsey interferometry, with amicroscopic spatial resolution, limited in
this demonstration by the size of the BECs to∼(35 μm)3. Belowwe explain the experimentalmethods and
outline the results in separate sections for eachmetrological task.

Entanglement-based 3Dmagnetic gradiometry

Methods
Our experiment starts with a BECofmetastable helium (He*) in the 2 3S1 state,magnetically trapped in the
mJ=+1Zeeman sublevel [23]. After the trap switch-off, a nearly uniformDCmagnetic field

(ˆ ˆ)» +B x z0.5 2 G (seefigure 1 for the coordinate system) is actively stabilised to attenuate stray ACfields
by over 100 fold, and shot-to-shot variations to less than 0.1mG, by independently controlling three orthogonal
sets ofHelmholtz coils surrounding the experimental chamber [24].

The atomic ensemble used in both schemes is an s-wave scattering halo created in a collision of twoBECs,
which has been theoretically investigated for applications to quantummetrology in [25], and pairwise
entanglement was recently experimentally verified [22]. Using a stimulated Raman transition to impart a
coherentmomentumkick, we split the BEC into two daughter condensates, which are initially overlapped then
separate at velocities ˆ -z60 mm s 1 in the centre ofmass frame (seefigure 1(a)). Binary atomic collisions then
scatter atoms by counter-propagating pairs (anti-correlated inmomentum)with uniformprobability amplitude

Figure 1.Experimental schematic. (a)Entanglement-based 3Dmagnetic gradiometry. Raman beams (wavy arrows) induce a collision
between ∣ ∣ñ ñ-polarised (blue/red)BECs. Pairs of atoms (purple) scatter back-to-back as ∣Y ñ+ and form a scattering halo (grey
sphere). Each atomundergoes Larmor precession based on its localmagneticfield. The phase evolution of the entangled pairs depends
only on the difference in themagneticfield across the atoms, and can be estimated from the pairwise spin correlation properties after a
π/2-pulse. A Stern–Gerlach sequence spatially separates the Zeeman sublevels, after which individual atoms’ spin and 3Dposition are
detected in the far-field. (b)Experimental sequence for EBMG. (c)Experimental sequence for a 3Dmagnetic field tomography. See
main text for details.
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in all directions, such that themomentumdistribution of the scattering halo resembles a thin spherical shell. The
pairs can be prepared in the symmetric spin Bell state ∣Y ñ+ by inducing a spin-flip via the Raman transition, and
thus oppositely spin polarising the colliding condensates. The atomic spin states in ourwork aremJ={+1, 0},
whichwe denote by the eigenstates of the ŝz Pauli operator {∣ ∣ }ñ ñ, , respectively.

Approximately 416 ms after trap switch-off, the 3Dposition andmJ of individual atoms aremeasured (see
figure 1(a)) using a combination of a Stern–Gerlach (SG) sequence and a single-atom sensitive detector1. This
far-field distribution of atoms can be used to reconstruct the spatial distribution at an intermediate point in its
trajectory using a simple geometric argument (see footnote 1).Wefind that the reconstructed field-of-view of
the interrogated region corresponds to the volume of the scattering halo (thin spherical shell) at that point of
expansion, while the spatial resolution is ultimately limited by the correspondingwidth of the collision source in
each dimension (see footnote 1 for details on the reconstruction).

For EBMGwebeginwith a collision between ∣ñand ∣ñ states to scatter pairs entangled in spins and
generate ∣Y ñ+ [22, 25]. The scatteredmode, in reality, is a superposition of the unoccupied vacuum, a single
entangled pair, as well as higher numbers of the pairs [25], analogous to the two-mode squeezed vacuum in
quantumoptics. Two-body correlations in the scattering halowere experimentally determined [22], and
theoretically investigated [25] for applications to quantummetrology, and an agreement between the theory and
experiments to higher order correlationswas found in [26], although therewas no spin degree of freedom in the
latter.We note that sensitivity beyond SQLhas been demonstrated by directly utilising such number
fluctuations in twin Fock states of atomic ensembles [27], but this effect is negligible to the scattering halowhich
generally operate in the spontaneous regimewith averagemode occupancy below unity.

As the entangled pairs separate, they oscillate coherently between the Bell states ∣Y ñ+ and ∣Y ñ- at the
difference in Larmor frequencies of each atom δω=γδB, where g » -2.8 MHz G 1 is the gyromagnetic ratio of
He*, and δB is the difference inB between the entangled atoms’ locations. Therefore the pair’s dynamics are
independent of any symmetric perturbation to the system, but only to the asymmetric component, such as the
difference inmagnetic field experienced by each atom in the pair.We characterise the pair by the Bell phaseΦ,
such that after some time τ following the collision the pair is given by

∣ ( ) ( )∣ ( )∣ ( )t t tY ñ = F Y ñ + F Y ñ+ -cos i sin . 1

The Bell phase then evolves according to ( ) ( )òt g d t tF = ¢ ¢
t

B2 d
0

. Therefore, pairs scattered along different

directions will undergo different time evolution, such that the entire scattering halo interrogates the spatial
variation in themagnetic field.

For a pair of atoms in a superposition of Bell states as in (1),Φ can be estimated by the correlation of their
spins projected in a complementary basis to ŝz , such as ŝx . In our experiment the change in basis is effected by a
π/2-pulse using separate Raman beams, which act independently on each atom’s spin according to
∣ (∣ ∣ )ñ  ñ + ñ 2 , and ∣ ( ∣ ∣ )ñ  - ñ + ñ 2 . The co-propagating Raman beam geometry used for
the spin rotation ensures that the atoms’momenta are unaffected by the two-photon recoil [22]. Under theπ/2-
pulse, the singlet is invariant ∣ (∣ ∣ )Y ñ  ñ - ñ- 2 and remains perfectly anti-correlated, whereas the
triplet becomes ∣ (∣ ∣ )Y ñ  ñ - ñ+ 2 and thus perfectly correlated in spin.Observe that the rotated Bell
states are then distinguished by the spin correlator ( ˆ ˆ )∣ ( )∣s sÄ Y ñ =  Y ñp p

 1z z 2 2, where the subscript
indicates that aπ/2-pulse has been applied to the state. The pairwise correlator on the state (1) after theπ/2-
pulse therefore reveals the Bell phase, given by

ˆ ˆ · ·
( )

s sá Ä ñ = + F - F
= F

p 1 cos 1 sin

cos 2 . 2
z z 2

2 2

Note that ourmeasurement incorporates all atomnumberfluctuations by determining the above idealised pair
correlation from generalised correlations in the collective spin projections (difference in the number of atoms
with spin ∣ñand ∣ñ) between the counter-propagatingmodes (see footnote 1).

Results
Figure 2(a) shows the observed time-evolution of the pairwise correlation at representative locations on the
scattering halo (using bins of half-cone angle» 20 ), and clearly shows the large range of dynamics along
different scattering angles (see footnote 1 for details on the correlation analysis). The earliest timewe have
applied theπ/2-pulse to the entangled halo is 0.8 ms after the collision sequence (see figure 1(b)), which
provides sufficient time for the BECs to fully separate, ensuring that nomore pairs are scattered into the halo
after theπ/2-pulse (see footnote 1). The pairs remain close to ∣Y ñ+ for short times after the collision (t  1 ms)
regardless of their scattering angle, since there is insufficient spatial separation between the pairs, and thus
relatively small differences inmagnetic field. As the halo expands further, we begin to observe a gradually

1
See supplementalmaterial, which is available online at stacks.iop.org/NJP/22/013002/mmedia, for details
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increasing scattering angle-dependent evolution of the Bell states, such that at t = 1.7 ms the halo
simultaneously contains regions of almost stationary ∣Y ñ+ states (◦-marker), as well as thosewhich have almost
fully evolved to the orthogonal state ∣Y ñ- (×-marker).

Since the interrogation region is small andwell isolated, we approximate themagnetic field tofirst order in
position around the point of collision r0, such that ( ) · ( )= +  + ¢¢ B B B rr r0

2 , where ¢ = -r r r0. Then,
an entangled pair in equation (1) counter-propagating at velocitiesvr in the centre-of-momentum frame
evolves according to ( ) · ( )/ g F =t B tvd d 2 2 r , unaffected by the free-falling frame. In terms of the gradient
ofmagnetic field strength along the scattering axis · ∣ ∣/ =B r B v vd d r r , this gives

( ) ( )t
g

tF =
v B

r2

d

d
. 3r 2

Note that the correlationmeasurement (2) cannot reveal the sign of /B rd d , and all gradientmeasurements
henceforth reported are their absolute value. The abovemodel gives an excellentfit to the observed correlation
dynamics as seen infigure 2(a). The quadratic dependence ofΦ on τ also qualitatively explains the transition
fromalmost stationary states at ∣Y ñ+ regardless of the scattering angle at the start of expansion, to the diverging
behaviour at later times.

Figure2(b) shows the reconstructed spatial distributionof /B rd d obtainedbyfitting the single free parameter
model, in the equirectangular projectionwhere θ (f) is the azimuthal (elevation) angle in the scatteringhalo-centred
coordinate system.Themeasurementuncertainty froman individual binning region is ( ) ( )/D = -B rd d 0.4 1 G m 1,

Figure 2.Entanglement-based 3Dmagnetic gradiometry. (a)Time evolution of pairwise correlation ˆ ˆs sá Ä ñpz z 2 along selected
scattering directions (locations indicated in (b)) andfittedmodels (lines). (b) Spatial distribution of /B rd d reconstructed on the
scattering halo. The regions near BECs (grey) contain uncorrelated atoms, and are ignored in the data analysis. (c)Comparison of
/B rd d between themeasured data from entanglement-based 3Dmagnetic gradiometry (markers) and the fittedmodel of the

magnetic field (line) taken around the equator. All error bars and shaded regions indicate a standard error in themean.
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where theuncertainty indicates the standarddeviationover the spatial distribution.Theobserveduncertainty

fromEBMGis in a reasonable agreement to the theoretical prediction (phaseuncertainty hDF = N n1 2 2 to
equation (3),where ¯ ( )»N 22 8 is the averagenumberof atoms in adouble-cone region, ¯ ( )t » 1.1 2 ms the average
interrogation time, andn=7540 thenumber of experiments) givenby ( ) ( )/D = -B rd d 0.16 8 G m 1. The
reconstructed spatial distribution infigure2(b) is qualitatively consistentwithourmodel of uniformgradient across
thehalowhich gives ∣ ∣/ b=B r Bd d cos ,whereβ is the angle between theprincipal directionof themagneticfield
gradient and the scatteringdirection.Thefittedfirst order approximationof themagneticfield to the reconstructed
data infigure 2(b) gives ( ) ˆ ( ) ˆ ( ) ˆ = + + -B x y z4.5 1 0.2 1 0.4 1 G m 1, up to aflip in the sign (direction)of the
vector.An independent estimationusing a commercialmagnetometer placed ˆ y100 mm around the interrogation
region supports this result yielding ( ) ( ) = -B 0.4 2 G my

1. Theobserveddistributionofmagneticfield gradient is
indeedmaximised along thex-axiswhich agreeswith thedirectionof thefitted gradient vectorB, and steadily
decreases away to a sharpminimumregion around theperpendicular directions, as expected fromthe above cosine
behaviourof gradients in a scalarfieldwithfirst-order non-uniformity. Figure 2(c) clearly shows that the spatial
distributionof /B rd d probedby the entanglement-based scheme is in excellent agreementwith the simplemodel of
an inhomogeneousmagneticfield expanded tofirst order. Theobserved consistency validates the initial
approximationused to estimate /B rd d from the correlationdynamics seen infigure 2(a).

EBMGprovides away tomapfield gradients decoupled from the absolutemagnitude of the field.Higher
orderfield gradients, neglected in our simple proof-of-concept demonstration, can be gradually incorporated by
interrogating the scattering halo atfiner intervals of its expansion, to reduce integration effects. Any field
gradient at an arbitrary location in space could in principle bemeasured by displacing the point of collision
accordingly.

3Dmagneticfield tomography

Methods
The proposed scheme to achieve 3Dmagnetic field tomography is based on the standard Ramsey interferometry
[3], implemented on the scattering halo at different times during its free-expansion (see figure 1(c)), such that
the 3Dmagnetic field distribution is reconstructed in slices of spherical shells of variable radii.

In this demonstration of 3Dmagnetic field tomography, we let a ∣ñ-scattering halo expand freely for 3 ms
after a ∣ñ-polarised collision, at which time the halo diameter isD≈360μm, whenRamsey interferometry—
twoπ/2-pulses with a delay in between (τ)—is applied (see figure 1(c)). During the interrogation period τ, a
relative phase accumulates between the ∣ ∣ñ ñcomponents at the local Larmor frequency. The secondπ/2-
pulsemaps the interferometric phase to the normalised polarisation such that ( ) ( ) g t- + ~   n n n n Bcos ,
where  n is the number of atomswith spin- , respectively.

Results
Figure 3(a) shows the observed Ramsey signal at different locations on the scattering halo corresponding to
where themaximum,minimum, and an intermediate value ofmagnetic fields were observed. 10 shots were
taken at each interrogation time τ uniformly spaced between 2μs and 3.55μs, with a single-shot average of
≈68 atoms scattered into an individual conical bin (half-cone angle of 11°), and≈7200 in the whole scattering
halo, accounting for the detector efficiency. Using the individual spatially-resolved Ramsey signals around the
halo, we reconstruct themagnetic field ( )B r over the scattering halo at the interrogation time. The projected
spherical distribution is shown in figure 3(b), where the corresponding halo diameter is≈360μm. The grey
areas in figure 3(b) correspond to excluded regions of the scattering halo near the BECs (∣ ∣f > 60 ), which
cause the detector to saturate. The averagemeasurement uncertainty at the individual bin (pixel)was
ΔB=3.2(2)mG (uncertainty indicates the standard deviation over the spatial distribution), while the overall
image histogram around the sphere is well described by aGaussian distributionwith amean of 0.532 G and a
standard deviation of≈4.8(9)mG. An independentmeasurement of themagnetic field, based on the Zeeman
shift to the two-photon Raman transition [28], yields ( )0.53 1 G, in good agreement with this result. Since in
this demonstration the observed spatial variation is comparable to themeasurement uncertainty of a single
bin, we conclude that the actively stabilisedmagnetic field inside our vacuum chamber is uniform at the level
of our noise floor. For a comparison to the EBMG result, the Ramsey demonstration yields an uncertainty of
» -10 G m 1, based on the errors propagated in evaluating the finite difference δB/δr. This explains the
nondiscrimination of spatial features predicted by EBMG in figure 3(b), due to the poor signal to noise ratio
of≈1/2.

Some key technical challenges can be addressed to improve themetrological performance demonstrated
here, such as by increasing the atomnumberN, detector efficiency η, and interrogation time τ, based on the SQL
of Larmor precession-basedmagnetometers g tD =B N1 [29], and from amore efficient sampling strategy

5

New J. Phys. 22 (2020) 013002 DKShin et al



of τ [30].We note that the theoretical uncertainty in themagnetic field, corresponding to the SQL phase
uncertainty, fromour experimental parameters for a single pixel isΔB=2.7mG, and is in an excellent
agreementwith the observed uncertainty from the experiment.

Conclusion

Herewe have demonstrated two complementary quantummetrology schemeswith an ultracold atomic
scattering halowhere the free-expansion dynamics of the ensemblewas utilised for the novel 3D spatial
reconstruction of themagnetic field and its gradient. Thismarks the beginning of investigations utilising pairs of
entangled atoms for nonclassical tasks. Our proof-of-principle demonstration ofmagnetic gradiometry with
freely propagating atomic Bell statesmay be extended to useful applications such as for quantum tests of general
relativity [31] and for the demonstration of quantumnonlocality withmassive particles [22, 32].
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