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Adaptive cold-atom magnetometry mitigating the
trade-off between sensitivity and dynamic range
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Cold-atom magnetometers can achieve an exceptional combination of superior sensitivity and high spatial reso-
lution. One key challenge that these quantum sensors face is improving the sensitivity within a given timeframe
while preserving a high dynamic range. Here, we experimentally demonstrate an adaptive entanglement-free
cold-atom magnetometry with both superior sensitivity and high dynamic range. Using a tailored adaptive Bayesian
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quantum estimation algorithm designed for Ramsey interferometry using coherent population trapping (CPT),
cold-atom magnetometry facilitates adaptive high-precision detection of a dc magnetic field with high dynamic
range. Through implementing a sequence of correlated CPT-Ramsey interferometry, the sensitivity significantly
surpasses the standard quantum limit with respect to total interrogation time. We yield a sensitivity of 6.8 + 0.1
picotesla per square root of hertz over a range of 145.6 nanotesla, exceeding the conventional frequentist proto-
col by 3.3 + 0.1 decibels. Our study opens avenues for the next generation of adaptive cold-atom quantum sen-
sors, wherein real-time measurement history is leveraged to improve their performance.

INTRODUCTION

Atomic magnetometers, known for their ultrahigh sensitivity, user-
friendly operation, and compact design, have been used in a wide
range of fields, from fundamental research (1-7) to practical appli-
cations (8-11). Extreme sensitivity (less than femtotesla per square
root of hertz) can generally be achieved using large atomic ensem-
bles, such as thermal atomic samples in vapor cells (12). However,
these setups are limited by their inherently low spatial resolution,
typically at effective linear dimensions of several millimeters (13),
making them unsuitable for high-spatial resolution magnetic field
sensing. In contrast, cold-atom magnetometers offer superior spa-
tial resolution and long coherence time, making them particularly
appealing for precise magnetometry applications (14-19).

However, cold-atom magnetometers encounter a great challenge in
overcoming the trade-off between sensitivity and dynamic range. To
detect a dc magnetic field, these quantum sensors generally operate on
the basis of the Ramsey interferometry of two magnetic-sensitive
states. Due to the dc magnetic field B, a Zeeman shift f; = AmyB
appears between the two states, where y is the gyromagnetic ratio and
Amyg is the difference of magnetic quantum numbers. In a Ramsey in-
terferometry, the first & / 2 pulse prepares a superposition state, which
will accumulate a phase ¢ = 2nf; Ty from the magnetic field B during
an interrogation time T, and the second x / 2 pulse transforms the in-
formation of ¢ into the final population. The measurement uncertainty
AB generally obeys the standard quantum limit (SQL), which scales as

ABx1/ <275 | Ampy |/ TRTN ) with respect to the total interrogation

time T (which is the sum of interrogation times across all experimental
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cycles) and the total particle number N. That is, a long interrogation
time T}, corresponds to a high sensitivity. However, due to phase ambi-
guities (20-22), long interrogation time Ty will reduce the dynamic
range B, = 1/(2| Ampy | Ty ) High-spatial resolution magnetome-
try with Bose-condensed atoms has achieved a high sensitivity of
5.0 pT/ \/E, but the corresponding dynamic range is very low
(Bunax = 1/(2] Ampy | Tg) = 238.1 pT with T, = 300 ms] (19). Up
to date, it remains a dilemma to improve the dynamic range of cold-
atom magnetometry without compromising its sensitivity.

In addition to the correlations between particles, the correlations
between interrogation times can be used to enhance the sensitivity
of cold-atom magnetometry. In quantum metrology, multiparticle
quantum entanglement (a typical quantum correlation) has been ex-
tensively used to improve the sensitivity with respect to the total par-
ticle number N from SQL (ex N~%) to sub-SQL scaling (o< N~* with
0.5 < a0 < 1) (23-28). Although multiparticle quantum entanglement
may improve sensitivity scaling, the challenge of preparing large-
particle-number entangled states and the fragility of those entangle-
ment in realistic environments limits the attainable measurement
precision, often preventing it from exceeding that of entanglement-
free systems (28). Alternatively, Bayesian quantum parameter estima-
tion, the cooperation of quantum parameter estimation and Bayesian
statistics, offers a unique opportunity to improve the sensitivity with
respect to the total interrogation time T from SQL (x T~%) to sub-
SQL scaling (ex T™* with 0.5 < a < 1) (20, 21, 29-36). In Bayesian
quantum parameter estimation with single-particle systems, the like-
lihood function is usually a periodic cosine function, and the mea-
surement outcome is binary data. Using an ensemble of identical
atoms, one can yield a signal-to-noise ratio (SNR) that is higher than
that given by single-particle systems. However, it requires tailoring
and updating the likelihood function and posterior probability based
on the signals provided by an ensemble of atoms rather than a single-
particle system. Up to now, it has not yet been demonstrated how to
enhance cold-atom magnetometry through Bayesian quantum pa-
rameter estimation.

Here, we present adaptive measurements of dc magnetic fields
that achieve both high sensitivity and high dynamic range, using a
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cold-atom magnetometer based on *’Rb atoms in coherent popula-
tion trapping (CPT). Unlike conventional frequentist measurements,
whose interrogation times are fixed, our adaptive Bayesian quantum
estimation uses a sequence of correlated CPT-Ramsey interferometry
with exponentially increasing interrogation times and adaptively up-
dated auxiliary phases. We experimentally demonstrate that the mea-
surement sensitivity with respect to the total interrogation time
significantly exceeds the SQL. Consequently, our Bayesian cold-atom

CPT magnetometer achieves a sensitivity of 6.8 + 0.1 pT /+/Hz with

a dynamic range of 145.6 nT. This represents a 3.3 + 0.1 dB improve-
ment in sensitivity and 14.6-dB increase in dynamic range compared

to the best sensitivity of14.7 + 0.4 pT/ \/E and a dynamic range of
5.0 nT in the corresponding frequentist protocol using Tp = T«
Bayesian quantum estimation leverages real-time measurement his-
tory to achieve both high dynamic range and high sensitivity, enabling

the next generation of adaptive cold-atom quantum sensors.

RESULTS

Experimental setup

We combine cold atoms and CPT to implement spatially re-
solved magnetometry via CPT-Ramsey interferometry (37). We
use a bichromatic light field to couple the ground-state Zeeman
levels |F =1,mp =—1) and |F =2, m = —1) to the excited state
|F' =2, m, = —2) in the D1 line of Rb (inset of Fig. 1A). On the
basis of our first-generation experimental apparatus (38-41), we
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build a more compact experimental apparatus with magnetic shield-
ing, as shown in Fig. 1A. ¥Rb atoms are initially captured in a
magneto-optical trap (MOT) for 50 ms and are then further cooled
using polarization gradient cooling (PGC). To suppress the influ-
ence of magnetic field relaxation caused by the MOT, we reduce the
coil current in segments and implement magnetic field relaxation
within 10 ms (see details in section S1). Consequently, the PGC is
achieved in this 10-ms period. After PGC, we obtain about 3 x 10’
cold atoms with a temperature around 13 pK. The atoms then fall
freely and are interrogated by the left-circularly polarized CPT
beams aligned with the bias magnetic field B. The bichromatic light
field is generated from a laser modulated by a fiber-coupled electro-
optic modulator, which is driven by a microwave (MW) synthesizer
with a frequency f approximately equal to the ¥Rb ground-state
hyperfine splitting frequency. An acousto-optic modulator is used
to generate the CPT beam pulses.

We use a timing diagram consisting of a 300-us CPT preparation
pulse 7,, followed by an interrogation time Ty and a 50-pis detection
pulse 7, for each experimental cycle. The CPT beam is separated
into transmitted and reflected beams by a beam splitter with a 70:30
ratio. The reflected beam is detected by one receiver of the balanced
photodetector (PD) as Sy. The transmission beam passes through a
quarter-wave plate and is converted into left-handed circularly po-
larized light. Then, this circularly polarized light interrogates the
cold atoms by propagating through the vacuum chamber and re-
flecting back by a mirror. The spacing between the retroreflecting
mirror and the atoms is an integer multiple of the half-wavelength of
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Fig. 1. Experimental setup of cold-atom CPT magnetometry. (A) The CPT beam is generated and manipulated by an EOM, an AOM, and a polarizer. To enhance the
robustness of the signal against power noise, the CPT beam is separated into transmitted and reflected beams using a BS with a 70:30 split ratio. The 6~ — ¢~ configuration
of the CPT beam is achieved by using a quarter-wave plate, and the CPT beam is aligned with the applied bias magnetic field. The inset shows a typical three-level A sys-
tem of ¥Rb used in our experiment. The two magnetic-sensitive states (| 1)=|F=1,mg=-1)and |2)=|F=2,m;=-1 )) are coupled through the excited state
(| 3)=|F'=2,mg= —2)). AOM, acousto-optic modulator; EOM, electro-optic modulator; BS, beam splitter; PBS, polarization beam splitter; PD, photodetector; A /2, half-
wave plate; A /4, quarter-wave plate. (B) Time-domain CPT-Ramsey fringes as a function of T, under fixed B and detuning Af. The red line represents the fitting of the
fringes to obtain the coherence time T, ~ 10.0 ms (see Materials and Methods for details). Inset: The absorption imaging of atomic cloud at release times of 0 and 7.1 ms.
We determine the spatial resolution by measuring the space occupied by the falling process of the atom cloud, which is approximated as a cylinder.
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the MW to keep the CPT signal amplitude maximal. The beam
reaches the beam splitter again and is reflected in another receiver of
the balanced PD as S;. The corresponding signals (Syg) are propor-
tional to the difference in photocurrent between two receivers of the
balanced PD, which can reduce the effect of intensity noise on the
CPT-Ramsey signals.

We perform the CPT-Ramsey interferometry in time domain to
acquire the coherence time T, between these two ground-state Zeeman
levels. By setting the detuning Af = f — f. = —95,300 Hz, the cor-
responding CPT-Ramsey fringes are shown in Fig. 1B, indicating
a Gaussian coherence decay as T, = 10.0 ms (see Materials and
Methods for details). Here, f, is the clock transition frequency of
F=1mz=0) >|F=2,mp=0) and f, ~ 6.83 GHz for 87Rb. In
our magnetometry experiment, the maximal interrogation time Ty =
7.1 ms corresponds to the optimal sensitivity of the conventional
frequentist protocol (see details in section S2). Within an interroga-
tion time of 7.1 ms, the free-fall distance of the atomic cloud is 0.24 mm.
The corresponding radius of the atomic clouds at the release time of
0 and 7.1 ms after PGC is 0.40 and 0.47 mm, respectively (see the
inset of Fig. 1B). We determined that the spatial resolution of our
cold-atom CPT magnetometry is nearly 0.77 mms3, based on the
space occupied by the falling process of the atom cloud.

Conventional cold-atom CPT magnetometry

Under weak magnetic fields, the transition frequency between the
two ground-state Zeeman levels can be written as f, = f. + f. We
directly measure f, by stabilizing the MW synthesizer frequency fto
the central fringe of CPT-Ramsey interference in the frequency do-
main. This is achieved by alternately probing the sides of central
CPT-Ramsey fringe via modulating the MW synthesizer frequency.
The frequency of the MW synthesizer is alternated between the values
of f,—1/4Ty and f, +1/4Ty from cycle to cycle, where 1 /2Ty
is the width of the central Ramsey fringe. The magnetic field is
then acquired by the relationship of B = (j?7 —f.)/ (Amgy), where
Amy = —2 and the *Rb gyromagnetic ratio y ~ 7 Hz/nT.

To obtain f,, two CPT-Ramsey interferometry measurements are
carried out. Hence, the averaging time t = 2MT, with M indepen-
dent measurements of f,. The sensitivity of frequentist measurement
Neuu fOr averaging time 7 is given as (see Materials and Methods for

details)
VT Binax

X
nlAmFY|TRVNeﬂ VNeﬂ

Here, N is the effective particle number determined by the SNR
and T, = T + T, is a fixed cycle period in our experiment, with T
being the dead time needed to prepare, initialize, and readout the
quantum states. In our experiment, each CPT-Ramsey cycle takes
T. =73 ms, the effective particle number decreases according to

2
Ng= Ae~(T/T) with A = 10755 + 2101, and we obtain an optimal

sensitivity Npyp = 14.7 £ 0.4 pT/ \/H_z with Ty = 7.1 ms (see de-
tails in section S2). According to Eq. 1, one may choose the optimal
Ty to achieve the highest sensitivity. However, the corresponding dy-
namic range B, ,, would become very small due to phase ambigui-
ties. Then, a trade-off should be balanced between dynamic range
and sensitivity (42). Ignoring the dead time, i.e., Ty = 0, the sensitiv-
ity gy With respect to the total interrogation time T = 2M Ty, (the

(1)

Nevm =
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sum of interrogation times across all the measurement cycles) can be
given as

1
Nemm = 2
| Ampy | A/ Tr\/Neg @

Obviously, the sensitivity ngyn with respect to the total interro-
gation time is independent of T. We show this scaling for Ty =
0.245 ms and Tr = 7.1 ms (see Fig. 2C). The experimental results are
well consistent with this scaling for a short total interrogation time,
but the low-frequency noise deteriorates sensitivity when the total
interrogation time increases (see the noise spectrum density in sec-
tion S3). The sensitivity versus the total interrogation time T'is given

by Nevm = ABFMMﬁ (20, 21, 35), which implies that the uncer-
tainty of frequentist measurements can be expressed as

1
ABpyy = 3
| Ampy [ \/Neg/ TR T ®)

It suggests that the uncertainty versus the total interrogation
time obeys the SQL: ABgyp & T3, as shown in Fig. 2B.

Bayesian cold-atom CPT magnetometry
To achieve high sensitivity without sacrificing dynamic range, we de-
velop an adaptive Bayesian cold-atom CPT magnetometry. Unlike
frequentist measurements, we use a sequence of correlated phase-
domain CPT-Ramsey interferometry to implement Bayesian quantum
estimation. As the shape and period of the phase-domain CPT-Ramsey
fringes are invariant for different interrogation times, we can normal-
ize the interference signal to reduce the influence of contrast changes
caused by decoherence. Normalization is implemented by preliminary
measurement of the maximum ST (T ) and minimum ST (T, ) of
Ramsey fringes in the phase domain. We obtain the normalized signal
p=[Srs(Tx) —Smin(Ty)]/[Sm(Ty) — S™i(Ty)]. The normalized
phase-domain Ramsey signals of the atoms that occupy the magnetic
sensitive state |F = 2, m, = —1) with respect to ¢ can be given as
p. = %{1 —cos [Zn(Af —f3) Tx+ (bc]} (43-45). Here, ¢, is an auxiliary
phase controlled by adjusting the phase difference between the two
pulses of the CPT-Ramsey sequence (see details in section S4).
Generally, a Bayesian quantum estimation procedure consists of a
sequence of quantum interferometry of varying interrogation phases
or interrogation times. In our experiment, we implement a sequence
of CPT-Ramsey interferometry that exponentially increases the in-
terrogation time T and adaptively updates the auxiliary phase ¢..
The schematic of our Bayesian cold-atom CPT magnetometry is
shown in Fig. 2A. For convenience, we denote the interrogation time,
effective population number, and auxiliary phase in the ith Bayesian
update as Tg) =T, Ne(g =N, = Ae‘z(Tf/Tx)z, and c|>’C Because there
is no prior knowledge at the beginning, our Bayesian iterations
start with a uniform prior distribution given by p,(B) =| Ampy| T;.
After each phase-domain CPT-Ramsey interferometry, the condi-
tional probability distribution p; (B |p, L, Ty, N; ) is updated accord-
ing to the Bayes rule: p;(B|pi, ¢, T;,N;) = N'L;(p! | B,§., T;, N;)
pi (B |pi_1,¢lc_1, T,_1,N;_1) (46, 47), where N is a normalization
factor and £z‘(PZ | B, cbi, T, N;) is the likelihood function that gives
the probability of the atoms occupying the state |F = 2, m = —1) for
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Fig. 2. Adaptive Bayesian cold-atom CPT magnetometry. (A) Schematic of adaptive Bayesian cold-atom CPT magnetometry. The initial prior distribution can be given
as a uniform distribution. The optimal auxiliary phase ¢, that maximizes the Utilize function (see Eq. 4) can be obtained adaptively. The likelihood function is obtained by
measuring population probability with ith interrogation time and optimal auxiliary phase ¢, in phase-domain CPT-Ramsey interferometry. The posterior distribution is
updated through Bayes’ formula and then replaces the prior function in each subsequent update until i = M,. (B) Uncertainty AB versus total interrogation time T. Blue
(green) dashed lines denote the numerical calculation of ABgy, for T, = T, (T = T,,,,) according to the noise power spectral density (see Eq. 3). The red dash-dotted line
is a fit of the Bayesian data with increasing T, showing sub-SQL scaling T-085£001 3nd the red dashed line is the numerical calculation of AB,; (see Eq. 5). (C) Sensitivity
n= ABﬁ (pT/ \/E) versus total interrogation time T. The numerical calculations are plotted with dashed lines for frequentist measurement according to the noise
power spectral density (see Eq. 2) and Bayesian measurement (see Eq. 6), respectively. The red dash-dotted line is a fit of the Bayesian data with increasing T, showing

sub-SQL scaling o« T~035%%01 The error bars represent performance within 68.3% percentile range.

a given B. The next update is implemented by inheriting the cur-
rent posterior distribution as the next prior distribution p;(B) = p;_,
(Blpi=', ¢, Ti_;,N;_; ). The auxiliary phase ¢! in the ith itera-
tion is determined by the previous posterior distribution Pi-1
(B | pi‘l, d)i_l, Ti_y» N,-,l) at each iteration accordingly. Last, the esti-
mated value after M, iterations is given by the mean B, = [ Bp M,
(B | piwb, d)jcwb, Ty,» N, )dB over the posterior distribution, with un-

certainty AB. = \/I szMb (B |Piwb’¢?4b, TMb)NMb>dB - (Best)z'

To achieve high sensitivity in a wide dynamic range, the interro-
gation times exponentially increase according to T; = T, /@™
(1 <i<j) before T, reaches T, and then are fixed as T; = T,,,,
(j<i<M,). Here, a>1 and j=10g,(Tpux/Tmin) + 1. In our
Bayesian estimation procedure, the dynamic range is determined by
the minimum interrogation time T’ ; . In our experiment, the avail-
able minimum interrogation time can be taken as T, > 0.2 ms,
which corresponds to a dynamic range B,,,, <0.15pT.

In addition to a sequence of correlated interferometry with vary-

ing interrogation times, a crucial aspect of our adaptive estimation

Ma et al., Sci. Adv. 11, eadt3938 (2025) 28 February 2025

procedure is the selection of optimal auxiliary phase d)’c for each in-
terferometry. This selection is determined by previous measure-
ments, allowing for a reduction in uncertainty when estimating the
magnetic field (48). To give c])i, we use the expected gain in Shannon
information of the posterior distribution (49)

1
Uy, = L dpeJ U, ¢ Li(pe| B b Ti N; ) p,(B)dB (4)

where U;E,q,E:JPi(B | pe> bcs T Ni)In [p; (Bl pes b Tio N; ) | dB = [ p;
(B)In|p;(B)| dB denotes the expected gain in Shannon information of
the posterior distribution with respect to the prior function after a
hypothetical measurement, and £;(p, | B, ¢, T, N;) is the likelihood
function. The ideal auxiliary phase for an upcoming measurement is
one that maximizes the expected gain in Shannon information, i.e.,
c])i = argmax,, [U;c ] Given the known result of the prior distribu-

tion, we introduce the auxiliary phase to ensure that the measurement
slope is consistently close to its maximum. This approach minimizes
the uncertainty associated with each individual measurement.
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Compared to the frequentist scheme, our Bayesian scheme improves
the scaling of sensitivity versus total interrogation time T' = Zf\ibl T;toa
sub-SQL scaling. Attribute to the Bayesian update, the uncertainty
can be given as AB,, ~ C/4/ Zf\i”l N,T? with C =1/ (2x| Ampy|)
(see details in section S4). The uncertainty follows a sub-SQL scaling
AB,, o« T78+00when i < jand gradually converges to the SQL scal-
ing AB,, o« T~%° when i > j; see Fig. 2B. When i > j, the SQL scaling
of our Bayesian scheme can be analytically given as

C

estz Y —
\/ I\JijaxT

Consequently, the sensitivity with respect to the total interroga-
tion time T is given as

AB o« T7%%,i>j

©)

=AB Tr ,i>j
nest est NT ! .] (6)

j * max

The sensitivity follows a scaling 1, o« T-0-35%0.01

converges to a fixed value when i > j; see Fig. 2C.

when i < j and

Sensitivity and dynamic range

In a Bayesian quantum estimation, the dynamic range preserves
the highest value imposed by the first interferometry of the mini-
mum interrogation time, while the sensitivity is gradually im-
proved via Bayesian updates. As a sensor always has a dead time,
the sensitivity with respect to the averaging time 7 can truly reflect
its performance. In our Bayesian quantum magnetometry, the sen-
sitivity versus the averaging time T = M, T, obeys 1., = ABest\/;
and the dynamic range is given as B ,, =1 /(2 | Ampy | T, ) We ex-
perimentally demonstrate how to improve the sensitivity and dy-
namic range of our cold-atom CPT magnetometer via Bayesian
quantum estimation. For comparison, the highest dynamic range
(T = T,) and the highest sensitivity (Ty = T,,,,) associated with
frequentist measurements are also presented (see Fig. 3).

A ‘; T T T
107 £ 9@ Frequentist (77)
$®  Frequentist (Tax)

fi  Bayesian
@ ‘E\____,__L_._i_j__;_I_
\
R 3
P s i }

Averaging time (s)

In frequentist measurements, the sensitivity Ny & Bimax / V/ Nest
becomes worse when the dynamic range B, ,, increases. The best

sensitivity of 14.7 + 0.4 pT/ \/H_z at an averaging time of 0.146 s is
achieved with the interrogation time Ty = T,,,, = 7.1 ms, corre-
sponding to the lowest dynamic range of 5.0 nT. The highest dy-
namic range of 145.6 nT is obtained with the minimum interrogation

time Ty = T; = 0.245 ms, corresponding to the worst sensitivity of

256.8 +10.1 pT/ \/H_z at an averaging time of 0.292 s. As the effec-
tive particle number N4 is influenced by the SNR that decreases
with Th, the sensitivity Ny is not a linear function of B, ,, but ex-
hibits an optimal point (see Fig. 3B).

In Bayesian measurements, the dynamic range is determined by the
first interrogation time, which is also the minimum interrogation time
in the interferometry sequence. By choosing a =14, T, ,, = 7.1 ms
and the first interrogation time T} = 0.245 ms, the corresponding dy-
namic range is 145.6 nT. Meanwhile, when i > j, the sensitivity 1,
gradually converges to a fixed value C \/Tc /( Nijax) (see details
in section S5). The Bayesian scheme achieves a sensitivity of 6.8 +

0.1 pT/ \/ﬁ at an averaging time of T = 18.031 s by M, = 247 itera-
tions; see Fig. 3A. For frequentist measurements taken with T = T,
the dynamic range is the same and the optimal sensitivity 256.8 +
10.1 pT/ \/H_z is achieved at an averaging time of T = 0.292 s, our
Bayesian scheme gives an enhancement of 15.8 + 0.2 dB in sensitivi-

ty; see Table 1. For the frequentist measurement taken with Ty, = T,

the optimal sensitivity 14.7 + 0.4 pT/ \/H_z is achieved at an aver-
aging time of T = 0.146 s, our Bayesian scheme still has an en-
hancement of 3.3 + 0.1 dB in sensitivity, while the dynamic
range is improved by 14.6 dB; see Table 1. The sensitivity gain

o maN )
Q = Npavint / Mest = o comes from two aspects. On the one
hand, Tz 4/N,4 increases monotonically between T; and T, ,, until
reaching its maximum value at T, ,,. Consequently, compared to the

frequentist measurements taken with N4 = N, and Ty = T (see

Eq. 1), the optimal gain of Q = 2Tmax\/ﬁj/ (TM/N1> =154dBis

achieved. On the other hand, the determination of f, requires two

B 1o} : .
$  Frequentist
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~ -
T I/‘I
2 3.7
107 F o« 3
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10°
Bmax (pT)

Fig. 3. Sensitivity and dynamic range. (A) Sensitivity n = AB\/; for frequentist measurements (blue and green circles) and Bayesian measurements (red squares). The
averaging time t includes interrogation time and dead time. The blue and green dashed lines denote the results from noise power spectral density for frequentist mea-
surements with T, = T;and T, = T,,..,, respectively. The red dashed line corresponds to the numerical results for Bayesian measurements, which gradually converges to a
fixed value C\/T_(/ (\/Wijax )- (B) Sensitivity = AB\/? versus dynamic range B,,,. The gray-shaded area indicates the gain in dynamic range and sensitivity of Bayesian
measurements compared to frequentist measurements. The blue dashed curve represents the numerical results for frequentist measurements with different T according

toEq. 1.
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individual CPT-Ramsey interferometry in frequentist measure-
ments; therefore, Bayesian measurements still yield a two-fold improve-
ment in sensitivity, i.e., Q = 3 dB, over the frequentist measurements
taken with Nz = N; and Ty = T, (see Eq. 1). We experimentally
demonstrate that the sensitivity is independent of the dynamic
range, by choosing different T, to perform Bayesian measurements
(see Fig. 3B).

Magnetic-field tracking

In realistic systems, the magnetic field may vary with time. To verify
the tracking capability of time-varying magnetic fields, we increase
the field strength by 20 nT at 18.031-s intervals, performing two in-
crements in total. This was followed by a restoration of the magnetic
field with a step change of 40 nT. For frequentist measurements, the
dynamic range and sensitivity are inversely proportional. Higher
sensitivity means a smaller detectable magnetic field change. There-
fore, the frequentist measurements taken with Ty = T, ,,, which has
a dynamic range of 5.0 nT, cannot respond to the change of 20 nT
(see the green line in Fig. 4). If the interrogation time is fixed as
Tr =T,, then the frequentist measurement can respond to the
change of 20 nT but has low sensitivity (see the blue-shaded area
in Fig. 4).

In contrast, Bayesian measurements operate with exponentially
growing interrogation times, which ensure superior sensitivity
while maintaining high dynamic range. We compare the Bayesian
quantum magnetometry (a = 1.4, M, = 247) with the frequentist

measurements that achieve the maximum dynamic range using
Ty = T, or the maximum sensitivity using T, = T,,,,,. The estimated
values for a static dc magnetic field are consistent with each other.
The uncertainty AB, obtained by Bayesian protocol is the smallest
among the three protocols. Furthermore, when we suddenly change
B, the estimated values of the Bayesian protocol can converge to the
corresponding value after ~20 iterations. The experimental data
clearly show that, in comparison to the conventional frequentist
protocol, our Bayesian cold-atom CPT magnetometry has the abil-
ity to track time-varying magnetic fields with larger dynamic range
while maintaining higher sensitivity.

DISCUSSION

We have experimentally demonstrated an adaptive high-precision
measurement of the dc magnetic field with a CPT magnetometer of
cold ¥Rb atoms. By implementing a sequence of correlated CPT-
Ramsey interferometry guided by our algorithm, the measurement
sensitivity achieves a sub-SQL scaling with respect to the total inter-
rogation time as o 770352091, We obtain a measurement sensitivity
of 6.8+ 0.1 pT/ \/E at an averaging time of 18.031 s with a dy-
namic range of 145.6 nT. Compared to the frequentist measurement
taken with the longest individual interrogation time Ty =T,
which gives a sensitivity of 14.7 + 0.4 pT/ \/E and a dynamic
range of 5.0 nT, our results represent an improvement of 3.3 + 0.1dB
in sensitivity and 14.6 dB in dynamic range. Our study opens

Table 1. Comparison between frequentist and Bayesian measurements. The achievable sensitivities and dynamic ranges are presented for both frequentist
and Bayesian measurements. The sensitivities of ideal frequentist measurements should be independent of the averaging time; see blue and green dashed lines
in Fig. 3A. In realistic experiments, because of low-frequency noises, the sensitivity may deteriorate when the averaging time increases. Therefore, the optimal
sensitivity for frequentist measurements is obtained at short averaging times, where the sensitivities are also coincident with the noise power spectral density.
Meanwhile, long averaging time allows the sensitivity of Bayesian measurements to approach the theoretical limit C\/i/ (\/ﬁijaX).

Optimal sensitivity n (pT/ VHz)

DynamicrangeB,,,,, (nT)

Frequentist measurements with T, 256.8 +£10.1 145.6
Frequentist measurements with ;... 14.7 £ 0.4 5.0
Bayesian measurements 6.8+0.1 145.6

Frequentist (77)
Frequentist (Tpax)
Bayesian

— ]

-

60 T

0.8
? ol 0.6 {\kvmv&
- 0.4
<\1 1 5 10 15
+ 20F
Q

0
0 20 40

60

Averaging time (s)

Fig. 4. Magnetic-field tracking. Magnetic-field tracking when the value of B is stepped by 20 nT at 18.031-s intervals. The solid red line represents typical performances
of Bayesian measurements with a = 1.4, M, = 247. For comparison, two frequentist measurements with interrogation time 7, = T, (blue line) and T, = T, ., (greenline) are
presented. The shaded area indicates the uncertainty. The inset shows the enlarged region of magnetic field tracking from 1 to 18.031 s to compare the uncertainties of

three different tracking curves.
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avenues for the next generation of adaptive cold-atom quantum sen-
sors, wherein real-time measurement history is leveraged to im-
prove their performance.

In contrast to conventional cold-atom magnetometry, which
offers high sensitivity but limited dynamic range (19), our adaptive
cold-atom CPT magnetometry not only maintains superior sensi-
tivity and high spatial resolution but also achieves a significantly
improved dynamic range. In our experiments, the sensitivity and
spatial resolution are constrained by the free-fall motion of the at-
oms and the decoherence during the CPT-Ramsey interference pro-
cess. On the one hand, using atoms trapped in optical traps to
facilitate in situ CPT-Ramsey interference would improve the spatial
resolution. On the other hand, trapping atoms at magic wavelength
and magic intensity (50-52) could extend their coherence time, fur-
ther improving the sensitivity. If the longest interrogation time of
our adaptive cold-atom CPT magnetometry is extended to 300 ms,
then the sensitivity can be improved to 513 fT/ \/H_z without com-
promising the dynamic range.

MATERIALS AND METHODS

Evaluation of the coherence time

At beginning, the atoms are prepared into the dark state by applying
a CPT pulse. The state evolves over time T and the CPT-Ramsey
fringe could be obtained by detecting the transmission signal during
another CPT pulse. When the excited-state decay rate I" is large
compared to all other decay rates, we can apply an adiabatic approx-
imation to the time evolution of the excited-state | 3) based on a
three-level CPT system. The transmitted signal S;¢ containing the
ground-state coherence is given by the expression

Spg I [1 - p33(r)] dr (7)

where p,;(r) is the population in the excited state | 3), and it can be
written as (43, 44)

—a(r)I't,

ps3(r) =a(r)e
{1-[1=e7®"% ]| sec(dpy, ) Icos[2m( Af — f5) T — by }

Here, a = Q(r)*/ (F2 +3Q(r)* +4Af? ), Q(r) is the average Rabi
frequency, fz = AmgyBis the Larmor frequency, and ¢, denotes the
phase shift. The phase shift ¢, can be ignored when t, completely
prepares the atoms into the dark state (44). According to Eq. 8, time-
domain CPT-Ramsey interference is obtained by scanning the inter-
rogation time Tp. In cold-atom CPT-Ramsey interferometry, the
amplitude of time-domain CPT-Ramsey interference varies due to
the Rabi frequencies Q(r) changes when the atomic cloud falls due
to the gravity. By assuming the laser intensity varies parabolically in
the short distance that the atomic cloud crosses the center of the la-
ser beam, the Rabi frequency versus the position z can be given as

Qr) ~ Qy(1-k2) 9)
where Q;, = 0.18 MHz is the initial average Rabi frequency (the
atomic cloud is initially positioned at the center of the CPT light),
k=1/ (20‘?) is the second-order coeflicients in the Taylor expansion
at the initial position, the width of CPT light 6. = 1.83 mm, and

z=1 /2gT§ with the gravity acceleration g. Assuming that the aver-
age Rabi frequency is independent upon x and y, this expression

(8)
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keeps valid for the 17-ms free fall corresponding to z = 1.4 mm.
Taking decoherence into account, the transmitted signal obeys

Spgox 1 —az)e™ @

{1 _ [1 _ e—(x(Z)rTP] e_(TR/Tx)Z cos I:ZTC(Af _fB) TR]} (10)

According to Eq. 10, we fit the Ramsey fringes and obtain the
coherence time T, = 10.0 ms.

Determination of the effective particle number

Due to the decoherence and z-dependent Rabi frequency, the amplitude
of time-domain CPT-Ramsey fringes decreases with the interrogation
time Ty. In frequency-domain and phase-domain CPT-Ramsey inter-
ferometry, the interrogation time T}, is fixed and so that the influence
of decoherence and z-dependent Rabi frequency is transformed into
the change of SNR. Meanwhile, in both frequentist and Bayesian mea-
surements, it is more convenient to use the normalized signal

1
Pe=5{1_505[2“(Af_fB)TR+¢c]} (11)
instead of Sy
In our experiments, the SNR can be defined as (46)
5
SNR = 2 _ 50T 2py/My/N (12)
c

14

where 8, =5pe #(Tt) is the reduction of the observed probabilityi
0127 =1/ (4D2MN ) is the total readout uncertainty, X ( Ty ) = ( Tr/ TX)
is the phenomenological decoherence function, D < 1describes the re-
duction of the SNR compared to an ideal readout (D = 1), M is the num-
ber of measurements, and N denotes the total population number. To
further specify the SNR, the change in probability 8p is related to
the change in signal 8B as 6p =3B |ap(TR)/aB | =n|Amgy| TR0B
for slope detection. In conventional frequentist measurements,
two CPT-Ramsey cycles are required to complete one measurement;
thus, the uncertainty 62 doubly increases. For a given averaging time
T, the number of measurements is M =t/ [2 ( Tp+T, )] with T, being
the extra dead time needed to prepare, initialize, and read out. Thus,
the SNR can be given as

T
SNR = | Amyy| TRzSBe-X(TR)D\/ﬁL

(13)
VT + T,

The sensitivity is defined as the minimum detectable signal that
yields unit SNR for an averaging time of 1 s

VIR+T,

| Amgy| TRe_X(TR)D\/N

Nevimt = OB pyin = (14)

2
Defining the effective number N4 = [e‘X(TR)D\/IV ] , we have

the sensitivity

VIR+T,
| Ampy | TpA/Neg

ﬁFMM = (15)
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In experiments, one can determine the effective particle number

Te+T, e — .

——L*4__ from the sensitivity N7 derived from the
Ampy| Tenod

(7‘| FYH RNpMvm

noise power spectral density. In our experiments,

N, eff =
N, approximately

2
decreases as N, = (10755+2101 )e 2(Te/T,)" and optimal integration
time corresponding to the best sensitivity is 7.1 ms (see section S2).

Basic procedure of Bayesian cold-atom CPT magnetometry
In a single-particle Ramsey interferometry, the likelihood function reads
L, (ulB, ., Tp)= % {14 (=1)"cos [2n(Af — AmgyB) Ty +(|)E] }, where
u =0 or 1 stands for the particle occupying the magnetic sensitive state
|[F=1,mp = —1)or|F = 2, my = —1), respectively. In CPT-Ramsey in-
terferometry, the signal of each measurement is provided by an ensem-
ble of atoms rather than a single atom. This means that the probability p,
of the atoms occupying the magnetic sensitive state |F = 2, mp = —1)
obeys a binomial distribution, which can be approximated by a Gaussian
distribution when the total particle number is sufficiently large. Below,
we use a Gaussian distribution function as our likelihood function

_ [pe_[’u(llB’ q)c’ TR)]2

262

exp

L(p,|B, P, Tg, Nogr) =

210
(16)

where 62 ~ p,(1=p,) / Neg» Neg = AeXT/T) s effective particle
number, and A is a constant.

The initial prior distribution of B is set as a uniform distribution
over the interval [B;, B,| of a width B, =B, — B, =1/ (|Amgy|T}).
To implement our magnetometry protocol, the interval [Bl, B,] should
include the value B to be estimated. From the prior function p;(B), the
posterior function in the ith Bayesian update is calculated through the
Bayes’ formula

Pi(BIpL &L T N;) = N'Ly(pl | B, &L, T;, N; ) pi(B) (17)
where N is a normalization factor. An estimation of B and its
BY, = [ Bp,(B|pi, ¢, T;,N;)dB and

uncertainty can be given as B

AB = \/I B2p,(Blpi, ., T;,N;)dB— [Bi’;] respectively. The next

update is implemented by inheriting the posterior function as the
next prior function, that is, p;,,(B) = p;(B|p’, ¢., T;, N;). Given the
ith interrogation time T}, the corresponding interval is turned into
B0~ 1/ (2lamey 1 T,), B§;>t+ 1/(28mey | T,) |
previous distribution p;(B) is reset according to the estimated value
Bgs)t and the estimated uncertainty AB( ) . given by the previous step.

In the adaptive procedure, the aux111ary phase ¢ for the ith
update is determined by the previous posterior distribution
pist (Bl ¢! Ti_ ), N, ). To give ¢, we use the expected gain in
Shannon information of the previous posterior distribution, which
is expressed by the Utilize function U! (Eq. 4). Here, we calculate
the Utilize function by discretizing the integral over p, (see section
$6). Thus, c]) is chosen as the one that maximizes U‘ Once cb andT,

are given, measurements can be conducted to obtam the probability
p'. After M, iterations, we reset the before the initial distribution
p1(B) =|Ampy| T, to accommodate typical sensing experiments
where the strength of B is not fixed.

The basic workflow of our Bayesian cold-atom CPT magnetom-
etry is implemented according to the following flowchart.

Subsequently, the

Ma et al., Sci. Adv. 11, eadt3938 (2025) 28 February 2025

o Step 1: Determine the values of all input parameters
{Tmm’ Tmax’ T A, a, Mb}

o Step 2: In1t1ahze the magnetic field interval [B,,B ] and the
prior distribution p,(B). The interval should include the value
B to be estimated (i.e., B; < B< B,) and the interval width
B,=B, - B, = 1/(|AmFy|T1). The initial prior distribution is
chosen as the uniform distribution over the interval [B,,B,],
i.e., p1(B) =|Ampy|T,.

o Step 3: Implement the loop. (a) The interrogation time T; is
given by T; = T, /@ if i <j, and T, = T,,, if i > j. Here, a > 1,
i=1,2, ..., My j=108,(Tpax/ Tmin) + 1 is the number that inter-

rogation t1me T, increases from T, to T, ... The effective particle
number N, = Ae2(T/T)) The interval width B,, is updated accord-
ing to [Bi’s)t — 1/(2|AmFy IT;), Bi’s)t + 1/(2|AmFy | Ti)]. The prior dis-
tribution p;(B) is reset according to the estimated value Bgs)t and the

estimated uncertainty ABE,S)t given by the previous step. The auxil-
iary phase (I)i is obtained by maximizing the Utilize function of Eq.
4. (b) Conduct experiment to obtain the population probability p,
with T;and (])'E (c) Perform Bayesian iteration. The likelihood func-
tion is defined by Eq. 16. The probability distribution is updated as a
posterior distribution p; (B | pi,q)i. T;,N;) according to Bayes’ for-
mula of Eq. 17. The estimated value and uncertainty can be obtained
from the posterior distribution. (d) The next update is implemented
by inheriting the posterior distribution as the next prior distribution.

o Step 4: After M, iterations, we reset the prior distribution as the
initial distribution p,(B) =|Amyy |T;.

Repeat execution of steps 2 to 4 for the next measurement.

The algorithm used in our experiment is shown in Algorithm 1.

Algorithm 1: Flowing chart of adaptive Bayesian cold-atom CPT magnetometry

Input  : parameters {7 nin, Trnax, Ty, A, a, My}

Initialize: initial interval [B;, B,|; initial prior distribution py(B) = |Amgy|T};
number of different interrogation times j = log,, (Tnax/Tmin) + 1.

[Bayesian magnetic field measurement Loop]:

for i = 1to M, do

[Updates of parameter];

. o T/, i< §

interrogation time: T; = max LT
€ ! { Thnaxs i>j

effective particle number: NV; = Ae~2T/T)?%,

length of interval: By, = 1/(|Ampy|T});
if i > 1 then
B BY — By /2
By B + B/
. . s bt _ 1 o[ (B=pi)?
reset the prior distribution p;(B) = Ve, OXP [ 2oh)?
ol = ABY
end
adaptive update of auxiliary phase: ¢, = arg maxy, Uj_

], where y; = Bc(iz and

[Experimental measurement];
measuring probability p. using T; and ¢.;

[Bayesian iteration];

Likelihood function: £;(p.| B, ¢, T;, N;) =
ot =p(1—pl) /N

Bayesian update: p;(B|p., ¢., T;, N;) < N L;(p.| B, ¢%, T;, N1)pi(B);
Estimated magnetic field: Bﬁ:t = [ Bpi(B|pi, ¢, T;, N;)dB;
Uncertainty: ABY) = \/] B2p,(B|pi, ¢, T, N, )dB (BY)y2;
Sensitivity with respect to total interrogation time: r/“t = AB&; VT, with

7\/%0 exp 77(“7[“(;5'01'1’))2], where

T=3,T:
Sensitivity with respect to averaging time: ﬁm = ABﬁgf\f with 7 =1 - T( ;
Output : estimated magnetic field BY); uncertainty AB); sensitivity () with

respect to 7'; sensitivity T]gfl with respect to 7.
end

[Reset]: reset the prior distribution to p;(B) = |Ampy|T}.
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This PDF file includes:

Sections S1 to S6

Figs. S1to S4
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