A Cold Atom Radio-Frequency Magnetometer
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We propose and demonstrate a radio-frequency atomic magnetometer with sub-Doppler laser cooled
rubidium-87. With a simple and compact design, our system demonstrates a sensitivity of 330pT/ VHz
in an unshielded environment, thus matching or surpassing previously reported cold atoms designs. By
merging the multiple uses and robustness of radio-frequency atomic magnetometers with the detailed con-
trol of laser cooling, our cold atom radio-frequency magnetometer has the potential to move applications of
atomic magnetometry to high spatial resolution. Direct impact in metrology for applied sciences, materials
characterization, and nanotechnology can be anticipated.

Magnetometry is at the core of many fundamental
and applied sciences, with uses spanning from metrology
to navigation. In this context, atomic magnetometers
(AMs) play an increasingly important role, mostly be-
cause of their sensitivity — challenging superconduct-
ing quantum interference devices (SQUIDs)”, without
the need of cryogenics or, in some cases, magnetic
shielding”™’. This, paired with the relative simplicity
of AMs , triggered a rapid development of a wealth
of instruments and applications with atomic samples at
room temperature or above (thermal AMs)”

Although capable of great performance, thermal
atomic magnetometers suffer from lack of control on
atomic motion. Atomic spins are interrogated only as
an ensemble spread across the interaction volume. This
poses limitations in terms of the achievable spatial res-
olution, as well as on the proximity to the field source
to be measured. More recently, Nitrogen-Vacancy (NV
centers) magnetometers have improved the space and po-
sition performance””°°, but the sensitivities of AMs re-
main unmatched.

On the contrary, cold or ultra-cold atoms systems
are ideal candidates for high spatial resolution measure-
ments. This is due to the fine control on the atomic
degrees of freedom — namely the suppression of thermal
diffusion and collisions™"

Observations of Faraday rotation and demonstra-
tions of magnetic field measurements”’>""-°" with cold
atoms have recently been achieved with a number of
approaches. These were limited to nT sensitivities and
above. Sensitivities in the 10pT range were only ob-
tained with a spinor Bose-Einstein condensate”” and
spin-squeezing Similar sensitivities have also been
predicted with spin-orbit-coupled atom interferometry
These experiments require complex setups, and compli-
cated protocols relying on the imaging of the atomic
cloud. In addition, the measured sensitivities do not
match those of thermal AMs, and/or the magnetic field
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measurement is only indirect. For these reasons, the
practical use of cold AMs has been limited.

In this Letter, we propose, demonstrate, and charac-
terize a cold atom radio-frequency (RF) AM"”’ using
87Rb at 20pK. After laser cooling, a stretched state
sensitive to magnetic fields is created via optical pump-
ing. An RF pulse excites atomic spin precession, which
is probed by a low-intensity laser pulse. Faraday rota-
tion of the probe beam’s polarization plane allows read
out of the spins motion and hence the measurement of
a DC or AC field. Interrogation times exceeding 20 ms
and a sensing volume between < 1mm? to 350 mm? can
be obtained. Compared to other cold atoms implemen-
tations, our system is more compact and robust. We
achieve a sensitivity”’’ of 6B = 330pT/vHz in an un-
shielded environment. This surpasses the sensitivities of
cold magnetometers reported thus far in non-degenerate,
non-squeezed gases. Our results pave the way to robust
DC and AC magnetometry at the sub-mm scale, with
potential for quick application in emerging fields such
as high-resolution electromagnetic induction imaging' ™
and characterization of surfaces and materials

The experimental procedure can be divided in two dis-
tinct phases: preparation of cold atoms, and magnetom-
etry. The design of the cold atoms section is derived from
previous realizations’’; a brief overview is provided here.
An 8"Rb 3D Magneto-Optical Trap (MOT) is loaded in a
glass chamber of 30 mm x 30 mm x 100 mm, from a Low-
Velocity Intense Source (LVIS) . A quadrupole mag-
netic field (4-pole in Fig. 1) produces a linear gradient of
32G/cm at the trapping region. Three pairs of compen-
sation coils, in the ideal Helmholtz configuration, allow
zeroing of the background field at the position of the
atoms. The coils’ supports are realized in PVC and 3D
printed PLA to prevent spurious contributions from eddy
currents. The cooling laser (supplied by a MOGLabs
MSAO003 system) is tuned —1I" to the red of the 87Rb
552812F = 2 — 5p*P3;nF’ = 3 transition, where
I' = 27 - 6.066 MHz is the natural linewidth. It has an
average intensity of 7.5mW cm ™2 per MOT beam. The
repumper laser (supplied by a MOGLabs CEL002 laser)
is locked to the ®8"Rb 55251/2F =1- 5p2P3/2F/ =2
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transition, with an average intensity of 1.4 mW cm ™2 per
MOT beam. Computer-controlled acousto-optic modula-
tors (AOMs) allow fast switching of the different lasers.
Real-time fluorescence imaging and destructive absorp-
tion imaging are used for monitoring and characterizing
the atomic trap.

The magnetometer phase relies on similar components
to its thermal counterpart””’. The core of this section
of the experimental setup is sketched in Fig. 1(a).
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FIG. 1. (a) Sketch of the cold RF AM experimental setup.

Bgias is the DC magnetic field for optical pumping. Brr is the
AC magnetic field pulse driving the atomic precession. The
blue line along the —Z direction indicates the optical path of
the ¢ pump beam. The green line along 4 represents the
7 polarized probe beam. (b) Overview of the experimental
protocol. Details are in the main text.

A pair of circular Helmholtz coils (diameter 80 mm)
provides a homogeneous DC magnetic field along —2
(Bpias in Fig. 1(a)). This field sets the Zeeman split-
ting for optical pumping. Population transfer is pro-
duced by a pulse of o™ polarized light, tuned to the
8"Rb 53251/2F =2 = 582P3/2F’ = 3 transition and
propagating along —2z. The pump pulse — controlled
by a dedicated AOM — has an intensity of 60 pW cm 2
A single RF coil (square cross-section, 35mm side, 20
turns, @ = 0.5mm Cu wire, placed 40 mm away from
the center of the trapping region) is used to generate an
AC magnetic field pulse along +§ (Brr in Fig. 1(a)).
Atoms are probed by a 7 polarized beam along Z, gen-
erated by a RadiantDyes NarrowDiode laser, tuned to
85Rb 55251 o F = 3 — 5% P35 F' = 3/4 cross-over tran-
sition, thus 1.1 GHz to the blue of the pump laser. The
typical intensity of the probe beam is 257 pW cm ™2, ac-
tively stabilized by a dedicated AOM. The polarization
of the probe beam is monitored by a polarimeter (formed
by a polarizing beam splitter and a balanced photodiode
— See Fig. 1(a)). Its output is fed to a digital oscillo-

scope (Tektronix DPO2014) and to a lock-in amplifier
(AMETEK 7230 DSP), referenced to its internal local
oscillator, which powers the RF coil. All instruments are
connected to a computer-controlled acquisition system.
In this way, the direct output of the cold RF AM, its
Fast Fourier Transform (FFT), and the lock-in amplifier
output are acquired, displayed, and stored.

The experimental sequence proceeds as sketched in
Fig. 1(b). Firstly, atoms are loaded for up to 7s in the
MOT. The atomic cloud is then compressed by ramping
up the quadrupole field (up to a gradient of 59 G/cm)
and detuning the cooling laser to -2I" in 12ms (com-
pressed MOT, ¢-MOT). 7ms of polarization gradient
cooling (PGC) bring the atoms’ temperature down to

=(19 £ 4) pK, and to a density of 10'° cm ™3, while the
cooling laser is further detuned to -4I', and its inten-
sity decreased to around 3mW cm~2. Up to 108 atoms
are trapped in the PGC phase. Bpgias is then switched on
and the optical pumping laser pulse irradiates the atomic
sample for 0.8ms. This phase prepares the stretched
state |F' = 2,mp = +2) suitable for atomic magnetom-
etry. Larmor precession is driven by a 10ms RF pulse,
triggered at the end of the optical pumping (OP) phase.
At the same time, the probe pulse is fired, to monitor the
Larmor precession. After the probing phase, the atomic
cloud is dispersed or imaged with a resonant beam and
a CCD camera for diagnostics. The repetition rate (ap-
proximately 0.13 Hz) is limited by the MOT loading time.

The typical response of the cold RF AM is shown in
Fig. 2(a), where the polarimeter output during the prob-
ing phase is continuously acquired and plotted against
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FIG. 2. Typical response of the cold RF AM. (a) Polarime-
ter output. The signal — downsampled for clarity — is fitted
with an exponentially decaying sine function (in light green,
overlapped to data points). Data obtained at w = 34.5kHz
(value from fit: wgy = (34.49 &+ 0.01) kHz) with RF pulse of
Brr = 220T (Vims = 4.6mV). (b) Examples of the polarime-
ter output’s amplitude versus interrogation time. The dashed
line is the exponential fit, obtained from the total signal.



Spins are coherently driven by the 10ms RF pulse.
Larmor precession around Bg;a.s is produced, as a conse-
quence of the Zeeman transitions |F = 2,mp) — |F =
2,mp41) excited by Brp. This process is mapped to
the rotation of the polarization plane of the probe beam
(Faraday rotation). The response is a sine wave oscil-
lating at the Larmor frequency. At longer interrogation
times, an exponential decay of the signal is observed, with
a decay constant 7 = (8.4 + 0.3) ms (Fig. 2(b)).

The decay of the amplitude of the Faraday rotation sig-
nal is due to the progressive reduction of the atomic spins
involved in the Larmor precession. We measured that the
cold atoms’ trap lifetime exceeds 10> ms. Depolarizing
collisions with background atoms can be excluded given
the small residual pressure in the experimental chamber
(P~ 10~ mbar). Therefore, the decay is attributed to
the finite lifetime 7 of the coherent precession, due to
noise-induced spin dephasing.

Figure 3(a) presents the resonance profile of the cold
RF-AM at 46.5kHz (Bpijas = 66.4mG), measured with
the lock-in amplifier. A Lorentzian response is observed
in-phase with the RF driving. The quadrature compo-
nent exhibits the typical dispersive behavior across the
resonance.
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FIG. 3. Response of the cold RF AM. (a) Typical RF res-
onance, measured with the lock-in amplifier. Blue crosses:
in-phase component (X). Red squares: quadrature compo-
nent (Y). The linewidth is 230 Hz. Data were obtained with:
N=1.1 x 10® atoms, and Brr = 11nT (Vims = 2.3mV). (b)
Typical FFT of the cold RF AM output, and technical noise
level. Signal-to-noise ratio, SNR=33.

Figure 3(b) shows a typical FFT amplitude spectrum,
as well as the total noise (measured in resonant conditions
without the RF pulse). This is used to calculate the ratio
between the signal and the noise (SNR)”’. We obtain an
SNR of 33. After calibration of the SNR with Brr =
11nT, we measure a cold RF AM sensitivity”** of:

0B = i = 330pT/VHz . (1)

which surpasses recent realizations of cold atoms mag-

netometers by a factor >10. Results from Eq. 1 are
consistent’” with those obtained with the alternative fig-
ure of merit’® §By = ﬁﬁ. Here, pp is the Bohr’s
magneton, gr the Landé factor, and I' the linewidth of
the RF resonance. This demonstrates the feasibility of a
cold RF AM, with competitive performance, in a simpler
setup with easier operation.

The width of the RF resonance (half-width at half-
maximum, HWHM) is also investigated. Linewidths as
low as HWHM=230 Hz are obtained with Vs = 2.3mV
supplied to the RF coil (Bgrg = 11nT). Power-induced
broadening is observed with higher values of V. In
addition, splitting of the FFT spectrum is found for
Vims > 103 mV. Given its dependence on the RF power,
this is interpreted as a Mollow triplet produced by dress-
ing of the Zeeman states by the intense Brp”®?’. This
effect substantially differs from the RF-induced broaden-
ing of the cold AM resonance measured with the lock-in
amplifier.

Our cold AM is also tunable over a wide band. In
Fig. 4, operation between 16 kHz and 100kHz is shown.
A negligible broadening and a small variation in the sig-
nal’s output are measured. This demonstrates consistent
sub-nT/ VHz sensitivity across more than 85 kHz, limited
on the upper bound by the lock-in amplifier bandwidth.
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FIG. 4. Response at different frequencies (in-phase com-
ponent X, measured via the lock-in amplifier), demonstrat-
ing the tunability of the cold RF AM. Dashed lines are the
best Lorentzian fits of experimental data. Probed frequen-
cies are wrr=15.9, 33.9, 52.0, 76.1, 99.6kHz (22.7, 48.4,
74.3, 142.3 mG, respectively). The width of the resonances —
around 1kHz in this case — does not exhibit relevant changes
in the explored magnetic range.

These results show that the cold RF AM can operate
also as a DC scalar magnetometer, measuring DC fields
along the Z direction. More specifically, in this config-
uration, changes in a DC magnetic field acting as — or
perturbing — Bgjas can be measured. Operation between
22.7mG and 142.3 mG is demonstrated, with no evidence



of dependence of the HWHM — and hence of the spins’
dephasing rate — on Bpgjas. In AC magnetometry, broad
tunability is also an important resource for electromag-
netic induction imaging”**".

The fine control over the atomic system allows addi-
tional parameters — not possible in thermal AMs — to be
explored. An example is shown in Fig. 5, where the num-
ber of atoms after PGC — hence immediately before the
magnetometry phase — is varied. The mean density of the
core of the atomic cloud (around 3 x 10'% cm~3) remains
approximately constant across the explored range.
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FIG. 5. Sensitivity (Eq. 1) of the cold RF AM versus number
of atoms N in the polarization gradient cooling (PGC) phase.
The dashed line is a fit with power N~117.

The measured sensitivity (Eq. 1) scales with the num-
ber of atoms N according to the power law 6B =
aN® where b = —1.17, with a 95% confidence interval
[-1.32, —1.01]p.95. This suggests that the system’s sensi-
tivity is not limited by the spin-projection noise, as it is
inconsistent with the scaling ~N~1/2 predicted and ob-
served in thermal magnetometers’”*'. Although various
mechanisms may be at play”®, we attribute this to resid-
ual magnetic noise and gradients. Their impact could
be reduced by using mu-metal shielding or active field
stabilization®’.

In conclusion, we have demonstrated a cold atom RF
atomic magnetometer based on PGC of 8"Rb, with sen-
sitivity of 330 pT/v/Hz and linewidth of 230 Hz in un-
shielded environments. Our approach relies on a simple
and robust design. Pulsed operation with a repetition
rate of 0.13 Hz was obtained. AC scalar magnetometry
was demonstrated in the spectral region between 16 kHz
and 100kHz. Suitability for DC scalar magnetometry
was also inferred from the presented measurements. The
competitive performance allows one to envisage a future
approach to atomic magnetometry, combining the ease
of use of RF AMs with the high degree of control and
spatial resolution provided by cold atoms. Short-term

applications at the sub-mm scale — from passive magne-
tometry to active characterization of materials via elec-
tromagnetic induction imaging — are anticipated.
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