PHYSICAL REVIEW APPLIED 26, 014104 (2026)

In situ magnetic-field stabilization for quantum-gas experiments

E. Gvozdiovas ,1’2’3’* A. Valdés—Curiel,z"* Q.-Y. Liang ,2’4’5 E.D. Mercado—Gutierrez,2’3 A. M. Pifieiro ,2’3 J. Tao,z’6

D. Trypogeorgos .,/ M. Zhao®,” and 1. B. Spielman 2
'nstitute of Theoretical Physics and Astronomy, Vilnius University,
Saulétekio 3, LT-10257 Vilnius, Lithuania
2Joint Quantum Institute, University of Maryland, College Park, Maryland 20742, USA
*National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA
4Department of Physics and Astronomy, Purdue University, West Lafayette, Indiana 47907, USA
>Purdue Quantum Science and Engineering Institute, Purdue University,
West Lafayette, Indiana 47907, USA
6Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
"CNR Nanotec, Institute of Nanotechnology, via Monteroni, 73100, Lecce, Italy

® (Received 4 March 2026; revised 12 May 2026; accepted 24 June 2026; published 31 July 2026)

We demonstrate a minimally destructive in sifu technique for measuring and stabilizing slowly drifting
magnetic fields in ultracold-atom experiments. While conventional magnetic-field sensors such as Hall,
giant magnetoresistive, or fluxgate-based devices are broadly used, their accuracy, precision, and dynamic
range can be limited. In addition, these sensors are typically positioned at least several centimeters away
from the in-vacuum atomic system, as their operation creates perturbing magnetic fields, and their
placement is limited by geometric constraints imposed by the vacuum system. We overcome these issues
by using the atomic system itself as a built-in magnetometer. To that end, we employ a pair of weak
measurements to determine the Zeeman splitting—and thereby the magnetic field—of a magnetically
sensitive atomic transition. We provide closed-form expressions quantifying the trade-offs among
measurement noise, dynamic range, and atom loss. This procedure is demonstrated with ultracold
87Rb, weakly measured using partial-transfer absorption imaging. We then incorporate a Kalman filter to
stabilize the magnetic field; this eliminated long-term drift in the ambient field (as high as approximately

70 nT/hr) in exchange for a modest increase in shot-to-shot variability from 1.8(2) to 2.0(2) nT.

DOI: 10.1103/vpnl-xpj7

L. INTRODUCTION

The control of magnetic fields is foundational for
today’s ultracold-atom quantum simulators and computers
[1,2], for example, facilitating coherent control via
precise tuning of Zeeman splittings, optimizing matrix
elements via the natural quantization axis, and controlling
interactions via Feshbach resonances [3]. These require-
ments have motivated substantial hardware development
for precise, accurate, and fast magnetic-field control and
stabilization [4—7]. Despite these advances, determining—
and keeping steady—the field at the atoms’ position
remains challenging in practice. Environmental noise
sources can shift atomic levels and drive unwanted
transitions between them. Such noise leads to dephasing
in neutral-atom digital and analog quantum simulators and
computers, decreasing their reliability [8,9], and limits the
performance of atomic clocks and sensors [10,11]. We
focus on the particularly vexing case of magnetic-field
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noise, which couples to internal atomic degrees of freedom
via the Zeeman effect and to external (motional) degrees
of freedom through spatial gradients. In limited cases,
magnetic-field sensitivity can be reduced by using
magnetic-field-insensitive “clock transitions,” either native
to the atom under study or engineered via dynamical
decoupling [12,13]. These are not available in most
experiments, and so the field itself must be stabilized.
Stable magnetic fields can be created using a variety of
approaches. For example, passive shielding (nested layers
of p-metal) can reduce typical laboratory ambient mag-
netic fields from the pT scale to the nT regime [14].
While passive shielding is ideal for many very low-field
applications, it can impede optical access and limit the
intentional application of large fields. At higher fields,
u-metals can become magnetized, leading to uncontrolled
magnetic-field offsets. In cold-atom settings such as ours,
where shielding is impractical, external magnetic fields
must be deliberately eliminated. Cold-atom experiments
rely on electromagnets driven by low-noise current
sources to create dynamic magnetic fields; the required

© 2026 American Physical Society
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(a) Two-pulse scheme for the measurement of detuning from resonance A. Two fixed oscillators @; and @, centered on w,

promote atoms from |g) to |e). (b) Typical differential in sifu partial transfer absorption images from which the feedback signal is
obtained at positive, zero, and negative A. (c) Experimental magnetic-field drift 6B with (gray) and without (brown) the feedback-

locking scheme enabled for By = 80 pT.

specifications—high bandwidth (210 kHz), low noise
(part-per-million level), and often high current (up to
1 kA)—are not available simultaneously from commercial
sources, necessitating custom designs [15—18]. Magnetic-
field noise can be further reduced by feed-forward com-
pensation [19], which eliminates deterministic “noise”
sources, and feedback stabilization, which relies on
real-time measurements from external sensors [20].

We describe a minimally invasive technique to over-
come these limitations by leveraging magnetic-field-
sensitive transitions in the ultracold-atom system itself,
yielding an in sitfu magnetometer that provides a feedback
signal for magnetic-field stabilization. Our approach of
using the cold-atom system itself as a magnetometer
demands simple hardware, offers very low noise, maxi-
mum sensitivity at the desired setpoint, dynamic range
matched to external noise sources, and sensing co-located
with the atoms. As detailed below, the primary drawbacks
are bandwidth limits and Dick sampling errors [21].

The vast majority of cold-atom experiments operate
in a cyclic manner. First, cooling down from room
temperature (or above) to the ultracold regime is per-
formed on timescales ranging from just 10 s of milli-
seconds for simple laser cooling to many 10 s of seconds
for creating large quantum gases. Subsequently, the
desired experiment is performed on the atomic ensemble
before it is obliterated by measurement, after which the
cycle repeats. Our approach adds a magnetometry stage
near the end of this cycle, prior to performing the desired
experiment [22-24].

The basic operational principle of this stage is sche-
matically illustrated in Fig. 1(a), beginning with the atomic
ensemble prepared in a long-lived internal state |g). An
oscillatory control field of fixed amplitude and duration,
with angular frequency w, transfers a small fraction of the
ensemble to an excited state |e), after which the transferred
atoms are measured. The same process is then repeated

using a second frequency w,. Intuitively, the closer-to-
resonance pulse transfers a larger fraction of atoms; as a
result, their difference signals the detuning from reso-
nance. Three such differences are visualized in Fig. 1(b),
ranging from red-detuned (top), resonant (middle), to blue-
detuned (bottom). This fractional difference provides an
error signal that is fed back to stabilize the magnetic field.
Panel (c) shows the excursion of the magnetic field from
resonance over the course of a few hours with (gray) and
without (brown) feedback. The unlocked data exhibit slow
drift (up to approximately 70 nT/hr), whereas the locked
data are stable at the individual nT scale.

This technique is particularly powerful because the
detuning is probed at the exact location of the atomic
ensemble and temporally just prior to the target experi-
ment. Still, the in-principle response time is limited by the
combined duration of the transfer pulses. This duration,
up to a few milliseconds in our experiments, is not the
practical limiting factor; the 10 s of milliseconds image
acquisition time provides a hardware-level response-
time limit.

In our experiments, the uncertainty in the field from a
single observation (approximately 0.8 nT) is comparable
to the short-time magnetic-field noise in the lab (approx-
imately 2 nT), thereby necessitating an additional low-pass
filter to avoid adding noise. In this demonstration, we
therefore only compensate for long-term magnetic-field
drift on timescales much slower than the experimental
cycle time. Because the magnetic field occasionally under-
goes unexpected large excursions (for example, from
moving nearby magnetized objects), we implemented a
reset mechanism to automatically adjust the time constant
of the low-pass filter.

The remainder of the manuscript proceeds as follows.
Section II develops a two-level model for a magnetically
sensitive transition, paying particular attention to the limit
of small pulse area (the more general case is treated in
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Appendix B); derives closed-form expressions for a two-
pulse scheme with trade-offs between sensitivity and
dynamic range; then defines the differential error signal
and controller gain. Section III then describes the oper-
ation of the closed loop using either Proportional-Integral
(PI) or Kalman filter stabilization. Section IV implements
the scheme for ’Rb using a microwave hyperfine tran-
sition and benchmarks its locking performance via Ramsey
interferometry with a discrete-time Kalman filter. The
main text concludes with an outlook and discussion in
Sec. V. Appendixes A and B compile Breit-Rabi sensi-
tivities and quantify the systematics of ensemble depletion.

II. PARTIAL TRANSFER MAGNETOMETRY

We obtain the magnetic field by probing the Zeeman
shift of a magnetically sensitive state from a reference
resonance condition. This section describes how to use the
basic properties of two-level systems to obtain an opti-
mized detuning signal.

Here, we focus on an effective two-level system, in
practice consisting of a pair of hyperfine ground states of
the ®Rb atom (with |g) and |e) in the F =1 and F = 2
manifold, respectively), coupled by a microwave source at
a known frequency. The population in |e) is selectively
imaged using a probe laser tuned to the F =2 to F' =3
transition [25-27], a technique known as partial transfer
absorption imaging (PTAI). See Sec. IV for further
experimental details.

A. Two-level system

We begin by reviewing a two-level atom subject to an
oscillatory coupling field with angular frequency @ and
strength Q; this configuration is described by the rotating
wave approximation Hamiltonian

H = hAle)(e| + hQ/2|g){e| + H.c. (1)

with detuning A = w,, — @ dependent on the energy
gap hw,, between the ground |g) and excited |e) states.
Since our focus is on magnetic field-sensitive transitions,
w,, = ,,(B) and therefore A(B) are understood as func-
tions of the magnitude B of the applied magnetic field B.

We consider a system of N atoms initially prepared in
|g), which experiences the coupling field for a pulse of
duration #; during this time, all parameters are held
constant. The time-dependent Schrédinger equation pre-
dicts that the fraction of atoms

N, QL (t 5
fe = W = msll‘l2 <§ QZ + A2> (2)

transferred to |e) is an oscillatory function of time, with

generalized Rabi frequency vQ? + A% To simplify our
analytic treatment, we focus on the case of small pulse area

(1Q <« 1), for which Eq. (2) reduces to the standard
Fourier-limited sinc [28] expression

Q. [(tA\]?
for {7 sinc <7>} 3)

with maximum transferred fraction f,, = (1©/2) (see
Appendix B results valid for finite f.y)-

Since our aim is to extract the detuning, we now find
the conditions where Eq. (3) is most sensitive to A by
maximizing |df,/0A|. This occurs when 0*f,/dA% = 0,
giving a transcendental equation

6 + [(tA4)? — 6] cos (1A,) — 4tAysin (1A,) =0,  (4)
with global maxima in sensitivity at
|tAy| ~2.61. )

Given that this is very close to the half-width at half-
maximum (at tAgwpm & 2.78), it is unsurprising that the
corresponding transferred fraction is &0.55 X f .-

The small-transfer limit introduced above is also the
most experimentally relevant, since the disturbance of
the system is an increasing function of f, independent of
the measurement strategy. We therefore express our con-
trol parameters in terms of the peak transferred fraction
Jfmax» along with the detuning A and pulse time 7. Because
Eq. (2) depends on A, a single observation of f, (with all
other parameters fixed) provides some information regard-
ing detuning. The sensitivity |0f,/0A| has an overall
scaling ¢f ,..; thus increasing the pulse duration increases
the sensitivity to changes in A. At the same time, the
overall width of f,(A) is proportional to =1, so increasing
t correspondingly decreases the dynamic range. In other
words, ¢ is optimal when it is long enough to detect
excursions in A with adequate sensitivity, yet short enough
to prevent signal loss due to large excursions.

There are two added limitations associated with deter-
mining A from f,. First, the sign of A cannot be
determined because f, is an even function with respect
to detuning. Second, because Eq. (2) is an oscillatory
function of A, there is a wide range of parameters for
which f,(A) does not have a unique inverse.

B. Two-pulse scheme

Both of these issues can be resolved by measuring N,
twice with two different oscillator frequencies [Fig. 2(a)]:
more of the ensemble is transferred by the pulse that is
closer to resonance; thus, A can be obtained from the
relative difference between the two observations. This
two-pulse scheme employs the oscillator frequencies

w; =wy+ow and w, = wy— ow, (6)
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FIG. 2. Two-pulse PTAI magnetometry. (a) Atom number N, ,
transferred by each pulse (red, blue) and their sum N7 (black),
(b) the error signal ¢ vs detuning A. Here f..~0.02 and
0w = A, (dashed lines). Each data point was averaged from
three experimental measurements with = 90 ps. The slope
(black dashed line) is the dimensionless responsivity R/f.
Solid lines are obtained from the two-level model, including
finite f,,,.- The shaded area indicates the uncertainty e given by
Eq. (8) for 6N/N, = 0.01.

giving detunings A; = w,, — w; for i = 1,2; each pulse
correspondingly excites an atom number N; as given by
Eq. (2). We define the two-pulse error signal

e=1— N2 (7)
Ny

as their difference, normalized to the total transferred
number Ny = Ny + N,. The error signal € is independent
of the initial ensemble size N and primarily driven by
A =Aj=w,, — wp; thus, the latter can be extracted by
inverting Eq. (7) near A~ 0, where the response to
detuning is monotonic and single valued.

The basic features of this two-pulse scheme in the small-
transfer limit are illustrated in Fig. 2, with 6w = A set for
maximum sensitivity. In each panel, the predictions of the
two-level model (solid curves) are in good agreement with
experimental data (markers, with detuning scanned by
adjusting B). First, panel (a) plots the number of atoms N,
excited by each microwave pulse N; (red), N, (blue),
along with the total number transferred N, (black). Here,
each N, is plotted as a fraction of the number transferred at
zero detuning Ny = N7(A = 0); this is a good proxy for
the overall number of atoms sacrificed when the detuning
is stabilized, with A =~ 0. We also introduce f, = Ny/N as
the fractional transfer at zero detuning. The PTAI data
(circles) are in good agreement with predictions from the
two-level system model (curves).

Next, Fig. 2(b) shows the error signal is approximately
linear until |A|~ 6w (dashed lines), and the oscillatory
nature of the sinc functions contribute zero crossings at
larger A. The colored band is obtained by error propagat-
ing Eq. (7), which yields

-5 0 5 A/2w (kHz)
12549 14 o
100 9 « o4
CR
E:/ 75 N 1/(27R)
504 T
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0 T T T
0 50 100 150 200
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FIG. 3. Responsivity R as a function of pulse duration ¢ with
experimental data (markers) plotted along with our model
prediction (curve) for f,.. — 0. These data were taken with
ow = Ay, ie., tdw~2.61. Inset: R is the linear component
(dashed line) of a fifth-order polynomial fit (solid curve visible
under the data points) to measurements of € taken as a function
of A. The reported uncertainties from the fit are used to generate
the error bars in the main panel.

(N15N2)2+<N25N1)2N2(5_N>2 ®)
N Ny

This expression is computed under the assumption that
detector noise (i.e., photoelectron shot noise) is the leading
contributor to the uncertainties 6N and 6N, corresponding
to each measurement. The right-hand side approximates
N, =N, = Ny/2 and 6N = 6N, = 6N,. The uncertainty
o€ increases at large A because of the overall reduction in
the detected atom number, Ny.

Equation (8) only describes the statistical uncertainty;
systematic errors are also possible. For example, a per-
sistent offset in the measured atom number N;, can
significantly alter the error signal e¢ (and thus the lock
point). In the following, we assume systematic errors are
negligible.

(6€)> = 4

C. Parameter selection

The character of the error signal € depends strongly on
the choice of the oscillator spacing dw. Here, we pay
particular attention to the behavior relevant for magnetic
field locking: near A = 0, with sacrificed atom number N,
held constant. In this case, the magnetometer can be
characterized by its responsivity, defined by R = de/dA
(larger is better), and the uncertainty de determined by
noise in Ny, (smaller is better).

As shown in the inset to Fig. 3, we experimentally
obtain R by measuring the slope of € versus A near A = 0;
in practice, we focus on the monotonic regime (markers)
and identify R as the linear part (dashed line) of a fifth-
order polynomial fit (solid curve). Figure 3 plots the
responsivity obtained in this way (markers) with pulse
spacing 6w = A, [recall from Eq. (5) that A, « 7'];
these measurements are in good agreement with the
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FIG. 4. TImpact of pulse spacing tdw in the small-transfer limit

for various féw. (a) Total number transferred Ny as a fraction of
the zero-detuning transfer N,. (b) Error signal €. (c) The inverse
of the error signal’s uncertainty de as a fraction of its zero-
detuning value S¢(0). The vertical dashed lines indicate the pulse
frequency spacing +éw/(2x).

small-transfer model’s prediction of
R~ 3.1t/(2x) 9)

as shown by the solid curve, with responsivity improving
in proportion to pulse duration. In what follows, we
remove this overall effect by employing the dimensionless
ratio R/t; similarly, the impact of pulse spacing is best
quantified by the dimensionless product tdw.

Figure 4 shows the overall impact of pulse spacing 0w
ranging from 0 to z, starting with the normalized number
of sacrificed atoms N;/N, as a function of detuning (a).
For small éw (left), the sinc? peaks from each individual
pulse overlap and sum to a single sharp peak; by contrast,
for large enough dw (right), the underlying sinc? functions
are well resolved, yielding a pair of peaks in Ny. The
optimal pulse spacing rA, is intermediate between these
and yields a broadened single peak. Next, Fig. 4(b) shows
example error functions (solid curves) along with the
small-A linear approximation (bold dashed lines). The
dimensionless responsivity R/t, given by the slope of
these lines, increases with téw. Finally, Fig. 4(c) plots the
inverse uncertainty of the error signal 1/8e normalized to
the zero-detuning value 1/8¢(0). Equation (8) shows that
5¢(0) depends on pulse duration only via the sacrificed
number N, which, as noted above, is held constant.
Similarly to N7, 1/8e exhibits a peak at zero detuning
that widens with increasing dw.

In addition to these general observations, the specific
values of tdw in Fig. 4 are particularly noteworthy,
suggesting different regimes of closed-loop operation.

Linearity—The pulse splitting 5w/ (27) ~ 0.204 (left)
was selected so that d*¢/dA® =0 at A =0 (the error
signal is strictly odd around A = 0 in the small-transfer
limit), making the error function exceptionally linear near
A = 0. This improves the performance of standard feed-
back loops—such as Proportional-Integral-Derivative
(PID)—which achieve optimal performance for error
signals that depend linearly on the control signal (here,
causing a change in detuning).

Continuity—When téw/(27) = 0.5 (right), the zeros of
the underlying sinc functions coincide, making € a con-
tinuous function that always yields an error signal of the
correct sign. In this case, feedback can always direct the
system in the direction of resonance, mitigating out-of-
lock issues.

Number stability—By construction, setting dw = A,
(center) makes N7 drop only as « A* near A = 0. This
choice minimizes the change in remaining atom number
after the measurement process. In order to maximize the
number stability of our final Bose-Einstein condensates
(BECs) in closed-loop operation, we select this operating
condition.

The preceding discussion assumes the typical operating
conditions where f,.x < 1; the weak dependence of all
relevant quantities on f,,, is explored in Appendix B.

III. CLOSED LOOP OPERATION

Having identified optimal parameters for sensing, we
turn to the task of employing this information to stabilize
the error signal near zero, i.e., keeping A~ 0 for an
extended duration. As discussed in the Introduction, our
cold-atom experiment operates in a cyclic manner with a
210 s period, where the jth experimental cycle produces a
single observation of the error signal €;. The feedback
protocol described below uses this information to adjust
the detuning (i.e., magnetic field) in cycle j + 1.

The feedback controller employs the discrete-time PI
[29] expression

J
Cj+1 :P€j+IZ€J/ :Cj+[P(€j_€j—l)+I€j}’
7=0
(10)

where P, I are the proportional and integrator constants,
which determine the control signal C;; for use in the next
cycle. As discussed in Sec. IIC, near A =0, the lock
signal is approximately linear with A ~ R~'e. Therefore,
when P =0 and I = —R~!, the second expression in
Eq. (10) reduces to the ideal correction required to bring
the system back to resonance.
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A. Kalman filter

We now add to our discussion the unavoidable impact of
measurement noise. In reality, the measured error signal €;
has uncertainty Je; from a statistically uncorrelated com-
()
J
5e'@. For example, the ideal correction with P = 0 and
I =—R7! can be seen to directly write noise into the
feedback signal C;, ;. In this limit, reducing I decreases
the injected noise in exchange for only partly correcting
the detuning error. In the remainder of this section, we
introduce a Kalman-like feedback loop [30] that max-
imizes feedback bandwidth while minimizing added noise.

The essential idea of any Kalman filter is to maintain a
running model of the expected signal m; and uncertainty
om; based on the past history of measurements and
knowledge of the system dynamics. Here the only deter-
ministic system dynamics result from the feedback oper-
ation itself. Therefore, an update of the model (and
analogously the uncertainty) from time step j to j+ 1
proceeds as follows: (A) the model begins with an estimate
of the system state m;; (B) this is revised to m’] based on

bination of measurement noise d¢; ' and detuning noise

the measurement result ¢;; finally (C) the model predicts
m; using Eq. (10) and the responsivity R. For example,
when P =0, the last step predicts m;,; = (1 + I;R)m,
and selecting /; = —R~! leads to mj,; =0 after every
feedback operation. That is to say, like many scientists, the
model believes itself to be perfect.

Given this overview, we now expand on each of these
steps. At time step j, we incorporate the information
provided by the new measurement using the average

,_ (6ej)%e; + (6my)~*m;

weighted by the inverse variances; the model’s expected
variance is itself updated via

Neff5€]2- + (€J — m])z
(Negr + 1)

2

omj,, =

(12)

with an effective number of measurements N =
[6¢;/6m;])*. Updating the model’s variance in this way
provides a reset mechanism when a measurement outcome
is very far from the model’s expectation.

In principle, the feedback coefficient could be opti-
mized by

(@)
I; = —R~" x min <\/E5€— 1) (13)

5mj

so that the noise from feedback only increases the detuning
noise variance by no more than a user-defined fraction f.
For large noise or small f, this bounds 7 o which would

otherwise add excess noise. However, for small noise
or large enough f, the ideal gain adds fractionally less
noise than f and therefore becomes the default option.
In our demonstration below, we opt for simplicity with
I j = —R71 .

We initialize this algorithm at j = 1 by setting m; = ¢,
and 6m; = de;. Altogether, this realizes a moving average
that reduces the influence of measurement noise as more
data are accumulated, while remaining robust to disturb-
ances thanks to the built-in reset.

In practice, we use a two-step process to lock the
magnetic field. We start with the simple PI approach
[Eqg. (10)] to benefit from its fast response time; once the
lock is established (e ~ 0), we switch to the Kalman filter.

IV. EXPERIMENTAL REALIZATION

The following outlines the aspects of our experimental
time sequence as it pertains to the project at hand (see
Ref. [31] for further information). Following 10.4 s of laser
cooling and evaporative cooling, our story begins with
8Rb atoms in the hyperfine |F = 1,m; = —1) ground
state, confined in a crossed optical dipole trap formed
by a pair of 1064 nm laser beams. A bias magnetic field
(B =~ 80 pT) in the direction of gravity e, lifts the ground
state degeneracy between m sublevels: the ideal setting
for our magnetometry scheme. Even the low-baseline
magnetic-field noise (~2 nT) present in our lab environ-
ment can benefit from field stabilization (as shown
in Fig. 1).

Magnetometry operates best in the monotonic regime
of the error function €, so dw must be selected to exceed
the largest plausible shot-to-shot change in detuning;
for our lab environment, this motivates the selection
ow = 2x x 4.6 kHz. Assuming the default pulse spacing
with 6w = Ay, Eq. (5) determines the pulse time to be
t = 90 ps (during which time both A and Q are essentially
constant), and Eq. (9) yields the controller gain |I| =
R™' ~ 27 x 3.6 kHz. The PTAI-magnetometry microwave
pulses were both calibrated to transfer f,,.. = 0.02 of
the ensemble to |2,—2) (for the given initial state and
magnetic field B, this is the transition with the largest
magnetic moment difference yielding the highest sensi-
tivity; see Appendix A). After each microwave pulse, we
image the atoms transferred to F =2 (30 ps exposure
time) with resonant absorption imaging on a CMOS
camera. The imaged atoms are ejected from the trap
due to the radiation pressure from the probe beam; the
remaining atoms in F = 1 are undisturbed. The timing of
the delay between the two measurements is selected so
they occur at the same phase of the 60 Hz mains frequency
(each sequence is synchronized to the mains, so this phase
is stable between repetitions).

The experimental cycle then moves on with 2.5 s
of evaporative cooling, yielding N3 x 10° atom
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BECs at T <60 nK with harmonic trap frequencies
(wy, 0y, ®,)/27 ~ (31,103, 155) Hz.

We diagnose the performance of our field locking using
Ramsey interferometry consisting of a pair of z/2 micro-
wave pulses (also on the |1,—2) to |2,—2) transition)
spaced by a 100 ps free evolution time. The microwave
oscillator frequency is blue-detuned by 1.35 kHz to yield
near-equal final populations in F =1 and F =2 at the
target resonance condition. After the second microwave
pulse, we remove the trapping potential to initiate a 20 ms
time of flight (TOF), during which a magnetic-field
gradient spatially separates my sublevels according to
their magnetic moment via the Stern-Gerlach effect.
The final spatial distribution is then measured by resonant
absorption imaging; a transverse repump beam transfers
any population in F =1 to F = 2 for imaging.

Once each experimental run is complete, N, and N, are
obtained from the PTAI data; we rapidly compute ¢ and
obtain the control value C as described in Sec. III A. The
hardware instructions setting the bias field are then
updated for the next shot, which begins immediately. A
reference implementation of our complete magnetometry
and feedback loop for the Python-based Labscript control
system [32] is available as Supplemental Material [33].

A. Analysis and calibration

The number of atoms transferred by each pulse is
obtained from absorption images of the 2D column density
pap(x,y) (for simplicity, we omit the spatial variables in
what follows). This density can be obtained [34,35] from
the optical depth

oD = _m(M), (14)

p_lb

which quantifies the attenuation of the probing optical
field by the atoms in terms of the intensity with no atoms
present [, that with atoms present /,, and the background
intensity without the probe beam /;,. The column density is
computed by

1 I
P> = — [OD + —pe_OD] , (15)
0

sat

where 6y = 342/(2x) is the resonant absorption cross
section; 4=~ 780 nm is the probe laser wavelength; and
I, is the saturation intensity. We generally operate with
OD <1, and select a high intensity of I, ~ 3/l to
optimize the signal to noise ratio [36]. Furthermore, we
employ principal component analysis (PCA) based probe
reconstruction [37-39] to reduce noise from imaging
artifacts as well as photoelectron shot noise.

We then obtain N; and N, by integrating the corre-
sponding column densities in the region where atoms are
expected. While not performed in this work, a second layer

of PCA filtering could be used on the column densities to
further reduce noise.

The Kalman filter lock [Egs. (11) and (12)] requires
an estimate of the uncertainty e of the error signal;
this uncertainty derives from the intrinsic number uncer-
tainties 0N, via Eq. (8). These can be estimated by
measuring N , using our shortest available pulse duration
of =12 ps to minimize the effects of magnetic-field
noise, leaving only imaging noise and fluctuations in the
overall atom number noise as significant noise sources.
The error signal e is immune to the latter because it
is normalized to Ny;. We empirically measured oe =
11 x 1073 when N = 10.9 x 103, f,.x = 0.02 and A = 0;
Eq. (8) then yielded ON;,~ 170. Surprisingly, 6N
exceeded the atom shot noise limit of /N ~ 105 by a
factor of only 1.6.

In addition, the required calibration between current (A)
and detuning (Hz) was obtained by scanning the micro-
wave oscillator frequency wy/(2x) over a range of 30 kHz,
and finding the current that yields the A =0 resonant
condition.

B. Benchmark: Ramsey interferometry

We now quantify the closed-loop performance of our
field lock by cross-checking against TOF Ramsey inter-
ferometry measurements. Figure 5(a) compares the detun-
ing A; measured with PTAI magnetometry used for
locking (top, gray symbols) against the detuning Ag

Shot index, j
0 100 200 300 400

—-500 5 —-500 5 —-500 5
Delay, 67 Delay, 67 Delay, 67

FIG. 5. Lock performance. (a) Detuning A measured with the
lock active. Top: A; from PTAI magnetometry [also shown in
Fig. 1(c)]; bottom: Ap from TOF Ramsey interferometry.
Markers are experimental data, and the solid curve is low-pass
filtered. (b) Autocorrelation and cross-correlation functions of
the data presented in (a).
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measured via Ramsey interferometry (bottom, violet
symbols). In both cases, we apply a low-pass filter (solid
curves) to highlight long-term drift. As one would expect,
the feedback loop’s error signal A; simply fluctuates about
zero; however, the Ramsey signal Ay exhibits long-term
drift with =20 Hz standard deviation and is offset from
zero by =100 Hz. The latter is repeatable between mea-
surements, so when both accuracy and precision are
desired, it can be directly compensated for. While we
have identified no concrete explanation for either effect,
the 2.5 s time delay between the measurement of A; and
Ay provides ample time for the magnetic field to drift.

Figure 5(b) continues by plotting the autocorrelation
functions (ACFs) of A; and Ay (ACF; and ACF,
respectively) as well as their cross-correlation function
(CCF), all computed with the low-pass filtered data
subtracted. Using the fact that the ACF evaluated at delay
oj=0,1i.e., ACF© is the noise variance, we find that both
methods show a standard deviation of approximately
53 Hz; this combines the contributions of detuning noise
with measurement noise. Because the measurement noise
present in A; and Ay is statistically independent, CCF(®)
isolates the variance of the detuning noise, yielding a
standard deviation of A ~41(5) Hz or 6B ~2.0(2) nT.
With the lock disabled [brown symbols in Fig. 1(c)],
the correlation analysis yields indistinguishable results at
8B ~ 1.8(2) nT. Together with the reduced variance in
CCFO), this demonstrates that the Kalman filter—as
intended—imprints no detectable noise from the error
signal onto the detuning while still suppressing low-
frequency drift.

Away from j = 0, ACF,, is nearly structureless, with a
hint of a dip between 6j = 0 and 50; ACFy exhibits clear
oscillations; and the CCF again has a visible dip. While
these features could likely be mitigated by changing the
selection of the loop gain I, they are all dwarfed by the
0j = 0 peak and are not relevant in practice. Furthermore,
the asymmetry in the CCF is within its noise, indicating
that our system does not have inductive-like memory
effects (i.e., lag) at the timescale of these observations,
either intrinsically or induced by the locking protocol.

V. CONCLUSION AND OUTLOOK

We described a technique employing an ultracold
atomic gas as an in situ magnetometer, operating on a
timescale much faster than our approximately 15 s exper-
imental cycle time. Because the magnetometer measures
the detuning from an atomic resonance condition, this
method can detect shifts from the ac-Stark and ac-Zeeman
effects or any other physical process that detunes the
targeted transition. The magnetometer provides an error
signal that we employed to stabilize the magnetic field;
owing to technical limitations, our implementation
updated the field once per each approximately 15 s

experimental cycle, therefore allowing us to stabilize only
slow near-dc drifts of the field. Additionally, our method
is compatible with postmagnetometry adjustments to the
magnetic field within the same experimental sequence,
provided that the orientation of the field remains
unchanged.

A straightforward modification of our control system
would enable feedback within the same experimental
cycle. This extension would inherently suffer from Dick
sampling errors due to the cyclic nature of cold-atom
experiments. While these were not pertinent in our
demonstration—because we focused on the detuning only
at the sampled times—it would be present for the detuning
inferred at all intervening times.

Our lock analysis focused only on the linear regime of
the error signal with respect to detuning. Modest excur-
sions outside this regime degrade the lock’s performance,
while large excursions can drive the feedback loop out of
lock. More sophisticated stabilization schemes such as
Bayesian parameter estimation [40—42] may perform well
over a wider range by directly using both measurements
of number N; and N, rather than our aggregated error
signal e. Furthermore, we studied only simple square
pulses; going beyond this, pulse shaping and composite
pulse sequences can tailor the error function [43-45],
potentially optimizing performance over a wider range
of detunings or correcting for technical limitations.
For example, systematic error in the pulse area can be
eliminated by replacing a single pulse with a phase-
engineered sequence of multiple pulses [46]. In addition,
the compromise between sensitivity and dynamic range
can be overcome by repeating the magnetometry sequence
several times in the same shot, with a range of pulse times.

Although our PTAI-based measurement scheme is
minimally destructive, it has several side effects beyond
simply depleting atoms. For example, any spatial struc-
ture in the probe beam briefly applies a (possibly spin-
dependent) potential to the cold atoms via the ac-Stark
effect, thereby exciting the system. Furthermore, when
applied to a BEC, the removal of atoms also reduces the
chemical potential, potentially inducing collective excita-
tions. While our implementation used PTAI, any other
field-sensitive weak measurement should perform simi-
larly; for example, Ref. [47] used Faraday rotation and
further operated at a magic wavelength with carefully
selected polarization to mitigate all ac-Stark shift effects.
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APPENDIX A: MICROWAVE TRANSITIONS
FOR RUBIDIUM-87

For states with J = 1/2 in the ground state manifold of
the D transition, the Zeeman energies E are found
analytically from the Breit-Rabi formula [48]

EB.F —__ b B
(B.F.mp) 2(21+1)+91ﬂBmF
5Ehf 4mpx
+— — 4 x? Al
3 TR (AD)
where the + term is +(—) for F =2(F = 1), Ey; =
A(I+1/2) is the zero-field hyperfine splitting

between F =2 and F =1, Ay is the hyperfine inter-
action, and x = (g; — g;)upB/SEn. For 8Rb (Fig. 6),
OFEn/h =~ 6.8346826109 GHz.
The resonant oscillator frequency for a particular
transition |F, mp) < |F',m};) is
w.4(B) = |E(B,F',m}) — E(B,F,mp)|/h. (A2)
To link the detuning A to the magnetic field shift 6B, we
express the field as B = B + 0B, where B, is fixed, such

that the detuning is

A(By + 6B) = w,,(By + 6B) — w,,(By).  (A3)
FE mp = +2
OI ) B mrp = +1
mprp — O
F=2
mp = —1
O Fne mp = —2
mrp = —1
F=1 mp =0
mp = +1

FIG. 6. Energy diagram of the 3’Rb ground state vs magnetic
field B (not to scale).

TABLE L. Resonant oscillator frequency w,,(By) = 6Ey/h +
6w,,(By) and the linear magnetic sensitivity a; of microwave

transitions in 8’Rb for relatively weak magnetic fields. Boldface
denotes the transition used in the present work.

owe,/27,  a;/2r, Ow./2rm,  a/2n,
(MHz) (kHz/pT) (MHz) (kHz/pT)

Transition By =80 pT By=02T
) < ) 1.68 21.02 4780 25.73
)< 2,-2) —-1.68 —-21.01 —3063 —9.14
|1 +1) < |2 +1) 1.12 14.03 3958 23.45
[1,-1) < |2,—-1) —1.12 —14.01 —523 9.73
[1,4+1) < [2, 0) 0.56 7.03 2985 20.63
|1 -1) < \2 0y —0.56 —7.02 739 13.74
0) « ) 0.56 7.00 2979 20.60
0) -1y =056 —6.99 744 13.77
0) < 0y 4E—4 0.01 2006 17.79

We then define the (local) magnetic sensitivity via a
fifth-order polynomial fit to A with B, held constant. The
linear term of this fit a; is listed in Table I for two average
field values: a weak field B, = 80 pT relevant to this work
and a much stronger field By = 0.2 T. In the former case,
the most sensitive to B are the |1,+1) <> ) tran-
sitions. Increasing B, makes |1,+1) <> |2,42) more
sensitive to changes in the field, while the opposite is
true for |1, —1) < |2, -2).

APPENDIX B: ENSEMBLE DEPLETION

Here, we characterize the two-pulse magnetometer
without taking the small-transfer approximation f,, — O.
In that case, the ensemble is depleted by the first pulse,
reducing the second fractional transfer. This can signifi-
cantly modify the error signal ¢, which we investigate in
the following.

The exact relationship between f,,,, and the pulse area
tQ is found by inverting Eq. (2) for A = 0:

1Q = 2 arcsin v/ fax-

The total fraction fo = f, + (1 — f1)f, transferred by
the two-pulse magnetometer for A = 0 and any dw is

(B1)

7) 0+ Funl3 4 08D) g

fO ~ Sfmax Sil’l2 (_ ﬁ4 s

2
with f# = \/4fmax + (tw)?. Here, f, and f, are given by
Eq. (2), each bounded by f,.x as determined by 7.
The error signal given by Eq. (7) is fully described by

N =N, =S
Ny +Ny, fi+(0=f)f>

(B3)
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Given f; =/f5, € >0 and ¢ - 1 with f; - 0 and
f1 — 1, respectively; in practice, the two-pulse magne-
tometry scheme is used in-between these two limits. We
now describe corrections to the quantities of interest
introduced in the main text by taking into account
finite f .-

By minimizing the residual of a linear fit to the error
signal near A = 0, the optimal spacing éw for the linear”
regime (Fig. 4, column 1) is found to be

t6w/27m ~ 0.2043 — £, (0.155 — 0.225 F i — 1.16/2,0).
(B4)

while for the continuous error function regime (Fig. 4,
column 3) we find

16027 % 0.5 + f1a (0.0125 + 0.0067 f ). (BS)

The above expressions
Smax < 0.3.

are highly accurate for

1. Number stability regime

Now, we explore the sensitivity regime 6w = A, (Fig. 4,
column 2, see also Table II) for f ., < 0.5. Equation (5) is
found to be

tA )21 % 0.4147838 — f11.(0.012 + 0.0065f s ). (B6)

while the fraction transferred by a single pulse detuned
by Ad is

Fo(Dyg) & Frnan (0.5477 — 0.0039 f o — 0.0023£2,..).
(B7)

Next, the responsivity R given by Eq. (9) is more
accurately represented by

TABLE II. Examples of optimal control parameters for
t =100 ps and dw = A,.

fo  Q/2z (Hz) Ay/2z (Hz) 1/(2aR) (Hz) Ay,/27 (Hz)

0.001 96.20 4147.73 3226.63 —0.81
0.003 166.72 4147.50 3224.74 —2.42
0.01 304.99 4146.72 3218.12 —8.09
0.03 531.29 4144.44 3199.06 —24.36
0.1 990.58 4135.98 3130.65 —82.40
0.3 1841.48 4106.37 2917.62 —258.13

B de

0A[ug

3.0983 4 finax (0.99 + 0.31 ey + 0.18/3)
- 27/t '

R

(B8)

here the correction becomes significant with finite f,,.
Moreover, the resonant imbalance is found to be

e =€e(A=0)

X fax (02739 + 0.0723 fax + 0.022/2.),  (B9)
On the other hand, the systematic detuning shift
Ays=A(e=0)is

AS S max
e _fT (88.4 — 4.6f max — 7.5f2m) x 1073, (B10)
T

Both quantities tend to 0 with f,,, — 0: for = 100 ps
and f,x = 0.01, ¢y % 0.003 and Ay ~ —27 x 9 Hz. The

most direct way to account for this shift is to adjust
the microwave frequencies by Ag,. Alternatively, the

depletion can be compensated by selecting parameters
that lead to equal transfer at the lock point.
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