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We study the effect of optical polarization squeezing on the performance of a sensitive, quantum-noise-
limited optically pumped magnetometer. We use Bell-Bloom (BB) optical pumping to excite a 3’Rb vapor

3

containing 8.2 x 10'? atoms/cm? and Faraday rotation to detect spin precession. The sub-pT/v/Hz
sensitivity is limited by spin projection noise (photon shot noise) at low (high) frequencies. Probe
polarization squeezing both improves high-frequency sensitivity and increases measurement bandwidth,
with no loss of sensitivity at any frequency, a direct demonstration of the evasion of measurement
backaction noise. We provide a model for the quantum noise dynamics of the BB magnetometer, including
spin projection noise, probe polarization noise, and measurement backaction effects. The theory shows how
polarization squeezing reduces optical noise, while measurement backaction due to the accompanying
ellipticity antisqueezing is shunted into the unmeasured spin component. The method is compatible with
high-density and multipass techniques that reach extreme sensitivity.
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Optically pumped magnetometers (OPMs) [1], in which
an atomic spin ensemble is optically pumped [2] and its
spin dynamics optically detected, are a paradigmatic
quantum sensing technology with applications ranging
from geophysics [3] to medical diagnosis [4] to searches
for physics beyond the standard model [5]. OPMs are also a
useful proving ground to test sensitivity enhancement
techniques that may some day be applied to atomic clocks
[6], gyroscopes [7], and co-magnetometers [8,9]. In these
sensors two quantum systems—atoms and light—interact
to produce the signal. Understanding and controlling the
quantum noise in this interacting system is an outstanding
challenge [10-13].

At high atomic densities that give high OPM sensitivity,
quantum noise of both atoms and light is important [1].
Measurement backaction, including the effect of probe
quantum noise on the spin system, becomes important in
such conditions [14], making it unclear whether squeezing
of the probe light [15-18], which reduces noise in one
optical component while increasing it in another, can
reduce total noise in a high-sensitivity OPM. In contrast
to squeezed-light enhancement in low-density OPMs [19],
high-density squeezed-light OPMs [20] have to date shown
a trade-off of sensitivity vs quantum noise reduction
[21,22], and a worsening of sensitivity due to probe
squeezing [12].

To show that squeezing can indeed benefit a high-
sensitivity OPM, we study a backaction evading measure-
ment scheme based on Bell-Bloom (BB) optical pumping
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[23] and off-resonance probing. We model the quantum
noise dynamics, including optical and spin quantum noise,
and their interaction. We find that measurement backaction
noise is shunted into a spin component that does not
contribute to the signal. In this way the scheme almost fully
evades measurement backaction noise, including that
associated with squeezing. We predict and experimentally
demonstrate that squeezing improves the sensitivity
of the OPM above the response bandwidth of the magne-
tometer, without significantly increasing noise in any
part of the spectrum. Squeezing is also observed to improve
the measurement bandwidth [24], i.e., the frequency
range over which the sensitivity is within 3 dB of its best
value.

Our sensor achieves sub-pT/v/Hz sensitivity to low-
frequency finite fields, comparable to that of the best scalar
OPMs implemented with mm-sized [25] vapor cells and far
better than previous squeezed-light enhanced OPMs
[12,19,20]. The backaction evasion scheme is compatible
with sub-fT/+/Hz methods including high-density [3] and
multipass [26] techniques, as well as with pulsed gradi-
ometry [27,28] and closed-loop [29] techniques for oper-
ation at Earth’s field [30] and in unshielded environments
[31]. The BB technique also gives a clear view of the
relationships among different noise sources. The results
provide experimental input to the much-discussed question
of whether squeezing techniques can, in practice, improve
the performance of atomic sensors [10-12,22,32].
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FIG. 1. Squeezed-light Bell-Bloom OPM. (a) Experimental setup. Tapered amplified second harmonic generator (TA-SHG); optical
parametric oscillator (OPO); PPKTP, Nonlinear crystal; local oscillator (LO); polarizing beam splitter (PBS); quarter wave-plate (QWP);
vapor cell (VC); beam stopper (BSt); half wave plate (HWP); photodiode (PD); differential transimpedance amplifier (DTIA); data
acquisition (DAQ); function generator (FG); noise lock electronics (NLE). Bell-Bloom inset: Because of the magnetic field B, atomic
spins precess at the Larmor frequency @; in the transverse plane. Synchronously modulated optical pumping maintains the atomic spin
polarization. A linearly polarized cw probe undergoes paramagnetic Faraday rotation. Squeezer inset: Vertically polarized squeezed
vacuum is combined with horizontally polarized LO on a polarizing beam splitter to generate a polarization squeezed probe. (b) Power
spectral density (PSD). Power spectrum of the BB signal for coherent and squeezed light around the Larmor frequency. The spectra are
averages of 100 measurements, each one with duration of 0.5 sec. (c) Polarimeter signal (Top): Signal S, [Eq. (2)] for fixed pumping
modulation frequency while scanning the magnetic field around resonance. OPM signal (bottom):—Ilock-in quadrature output (v) whose
slope, calculated from the linear fit of the dispersive curve around the resonant field value, is used for the calibration of the magnetic

sensitivity.

The experimental setup and coordinate system are shown
in Fig. 1(a). Isotopically enriched 3’Rb vapor and 100 Torr
of N, buffer gas are contained in a cell with interior length
3 cm. The cell, within a ceramic oven, is maintained by
intermittent Joule heating at 105 °C to create a 8’Rb density
of 8.2 x 10'? atoms/cm? and an optical transmission of
about 70% for probe light blue detuned by 20 GHz from the
D, line. The cell and heater sit at the center of four layers of
cylindrical mu-metal shielding with cylindrical coils to
control the bias field components B, and gradients 0B,/0_,
a€ {x,y,z}. A 500 uW pump beam from a distributed
Bragg reflector (DBR) laser, circularly polarized and
current tunable within the D; line at 795 nm, propagates
through the cell at a small angle from the z axis. An
extended cavity diode laser at 795 nm is stabilized 20 GHz
to the blue from the 8’Rb D, line with a fiber interferometer
[33] and frequency doubled to produce violet light at
397.4 nm (Toptica TA-SHG 110). The violet light is mode
cleaned in a polarization-maintaining fiber and then pumps
a subthreshold optical parametric oscillator to produce
vertically polarized squeezed vacuum at the laser funda-
mental frequency, as described in Ref. [34]. The squeezed
vacuum is combined on a polarizing beam splitter with a

mode-matched, horizontally polarized “local oscillator”
(LO) laser beam at 795 nm to produce the polarization-
squeezed probe. The relative phase between LO and
squeezed vacuum is controlled by a piezoelectric actuator
and active feedback using the broadband noise level of the
signal as the system variable [34]. In both coherent and
squeezed-light probing, a 400 uW beam is detected with a
shot-noise-limited balanced polarimeter after the cell.
The system is operated as a BB OPM at a finite field
B = 4.3 uT by applying a low-noise current through the
coils (current source Twinleaf CSUA300); gradients and
other bias components are nulled. The DBR laser’s current
is square modulated with a duty cycle of 10% at angular
frequency Q = w; ~ 2z x 30 kHz, equal to the angular
Larmor frequency ;. The effect of the current modulation
is to bring the laser frequency into optical resonance with
the F=1— F' =1, 2 transitions once per modulation
cycle. In each measurement cycle, the modulated pumping
is maintained for 0.5 s. The resulting spin dynamics are
observed as paramagnetic Faraday rotation of the probe
beam. Under continuous, modulated pumping, the polar-
imeter signal oscillates with frequency €2, and shows noise
from both spin projection noise and photon shot noise [35].
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The role of quantum noise can be qualitatively understood
from a Bloch equation model described in detail in the
Supplemental Material [36]. The spins evolve according to
the stochastic differential equation dF/dt = V + N, where
F is the collective atomic spin vector, N is a Langevin noise
term and

V = —yBt x F=TF + P(3F,,, — F) (1)

is the drift rate [36]. Here y is the gyromagnetic ratio of
8Rb, I' = 1/T, is the transverse relaxation rate, P is the
optical pumping rate, F,,, = N F is the maximum pos-
sible polarization, and N4 is the atom number. Equation (1)
describes a spin oscillator with resonant frequency
w, =yB =y(BY + BM), where B is the time average
of B and |BY| < [BY)].

In the small-angle approximation appropriate here, the
Faraday rotation signal can be written as [37]

SZZGS1F2+NSZ7 (2)

where S,, a € {1,2,3} indicate Stokes parameters at the
output of the cell, G is a coupling constant, and N, is the
polarization noise of the detected Stokes component, a
manifestation of quantum vacuum fluctuations [15].

The oscillating spins and signal can be described in terms
of slowly varying quadratures p, o, u, v via F (1) =
pcosQt + osinQr and (1) = ucos Qr + vsinQz. The
in-phase (#) and quadrature (v) components are obtained
by digital lock-in detection of the signal S,. We set
Q = yB to maximize u, at which point v is linear in
B, Small changes in B produce a linear change in the
phase of the S, oscillation, such that #(w) = R(w)B(w),
where a tilde indicates a Fourier amplitude,

Koy =2 e

is the magnetic response, (i) = GSim) (p) is the signal
amplitude, (p) is the equilibrium spin polarization, and
Aw =T + P is the response bandwidth, where P is the
cycle average of P. We compute the single-sided power
spectral density of this signal, as S, (w) = | F[N,]|?, where
F is the discrete Fourier transform implemented with a
Hann window.
The spin noise is

N = NF + GS32 X F, (4)

where N accounts for the noise introduced by pumping
and relaxation, as required by the fluctuation-dissipation
theorem [36], GS3Z is the effective field produced by
ac-Stark shifts [38] due to the probe, and is effec-
tively white.

The three quantum noise sources affect differently the
measurement. The azimuthal projection of Ny contributes
directly to the spin angle 6, just as would a magnetic field,
and thus with efficiency o R(w). In contrast, N, is white
noise, unrelated to the atomic response. Spectra of these
two noise sources are shown in Fig. 2(a) along with the
experimentally measured magnetic response for compari-
son. The weak noise term GS3Z competes with the stronger
|B|% in directing the spin precession, such that only its Q-
resonant component has a first-order effect. Said effect only
alters the F', component, which has no first order effect on
the signal S,. As a result, this BB magnetometer is
backaction evading [24,39,40]. Most importantly for the
use of squeezed light, there is no deleterious effect from
using squeezing to reduce the noise in S,. While this
necessarily increases the noise in S3, said increase has no
effect on the signal. Two potential benefits of optical
squeezing are thus clear: it will reduce the noise for higher
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FIG. 2. Polarization rotation noise after demodulation. (a) Spin
noise for unpolarized atoms. We fit the spectrum (black) with a
model function of Eq. (S45) to estimate the response bandwidth,
the photon shot noise (dashed green line) and the low frequency
spin projection noise. Subtracting the constant shot noise con-
tribution from the fitted combined noise (yellow) we infer the
spin projection noise curve in the unpolarized state probed
(dashed cyan). These noise levels define the spin projection
noise (cyan) and photon shot noise (green) limited areas and the
intermediate transition region (white). Purple dots and curve
show, on the right axis, the measured normalized frequency
response |R(w)|? to an applied B, modulation, and its fit with
Eq. (3) with best fit parameter Aw = 170 Hz. (b) Magnetometer
noise for polarized atoms. With 500 yW of pump power, the
noise spectrum of the magnetometer shows a very similar
behaviour to the unpolarized spectrum and apart from the
technical noise peaks at the power-line frequency and harmonics,
quantum noise is dominant. At high frequencies, the noise level is
reduced by 1.9 dB for squeezed-light (green), with respect to the
coherent (blue) probing. The dashed lines and the red dots depict
estimates of photon shot noise level and cross-over frequencies
when the squeezer is on and off, respectively.
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frequencies, and increase the frequency at which the noise
S,(w) transitions from spin-noise dominated to photon
shot-noise dominated. As we describe below, this improves
both high-frequency sensitivity and measurement band-
width of this quantum-noise-limited sensor.

The calculation of magnetic sensitivity requires the
above noise contributions to be normalized by the mag-
netic response. The latter is shown experimentally in
Fig. 2(a), and via the BB noise model [36] to have a
characteristic roll-off described by a Lorentzian L(w) =
(Aw)?/ (@ + (Aw)?) [24]. The magnetic noise density is
then

Sp(w) = S,(@)|R(a)[7?

- %’; (Sa +ﬁsmz>, (5)

where S, and S Ny, are the noise spectral densities of the

quadrature components of F and N, , respectively, and are
frequency independent. Sg(w) is nearly constant in the
spin projection noise limited region and increases quad-
ratically with frequency to double the low-frequency

value at w34 = Aw, /S(,/SNS2 + 1. This frequency

defines the 3 dB measurement bandwidth and grows with
decreasing S N, -

To demonstrate these advantages, we implement con-
tinuous-wave squeezed-light probing of the quantum-
noise-limited BB OPM by using the experimental setup
shown in Fig. 1(a). As already described, the resulting
optical beam is horizontally polarized with squeezed
fluctuations in the diagonal basis, i.e., squeezed in S,.
For an OPO pump power of 40.6 mW the generated
polarization squeezing is at 2.4 dB before the cell, as
measured from the PSD of the signal from an auxiliary
balanced polarimeter. Because of 30% absorption losses,
1.9 dB of squeezing is observed in the PSD of both the BB
polarimeter signal, shown in Fig. 1(b), and the demodulated
quadrature component, shown in Fig. 2(b).

We compute the experimental sensitivity following prior
work on BB magnetometers [25,41,42], as

s = (55) ©

[R(@)]

where S, (®) is the observed noise in the lock-in quadrature
component v, dv/dB is the slope of the quadrature signal
and |R(w)|> = |[R(w)/R(0)[? is the normalized frequency
response of the spins to a modulation of the field B,, shown
in Figs. 2(b),1(c), and 2(a), respectively. Measurement of
the magnetometer frequency response to a fixed amplitude
sine wave magnetic field modulation in the range of
10 Hz to 2.4 kHz is used to experimentally determine
[R()[> [36].
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FIG. 3. Magnetic sensitivity. Sensitivity spectra for BB
magnetometer probed with coherent (blue) and squeezed
light (green). All data acquired with Ppp. =400 W,
Poump = 500 yW, T =105°C,  n=8.2x 12 atoms/cm’,
By =43 uT, firoa = 30.164 kHz. Polarization squeezing was
2.4 dB before the atomic cell and 1.9 dB at the detectors.

Turning on the squeezer causes Sy , t0 drop to &2 times
its coherent-state value S,S\,?L, where £ is the squeezing
2

parameter [43,44]. The predicted magnetic power spectral
density is then

Sp(w) =

Aw? 52 SQL
S 5 S
_ &SQL 1+ L(w)&?
=Sy (o) X Ll 2 T L)l

where (% = SU/SZSVSZL.

The enhancement due to squeezing is evident in the high
frequency part of the experimental spectrum, shown in
Fig. 3. At the detection frequency of 490 Hz, a polarization
squeezing of 1.9 dB results in a 17% quantum enhancement
of magnetic sensitivity, from 600 fT/ \/E down to
500 fT/+/Hz. As seen in Fig. 3, squeezing does not add
noise to any region of the spectrum. This is a direct
experimental demonstration that the BB technique evades
backaction associated with the antisqueezed S; component.

Squeezed-light probing also increases the 3 dB meas-
urement bandwidth [24]. For the data presented in Fig. 3,
the original measurement bandwidth of 275 Hz is already
higher than the response bandwidth Aw = 170 Hz and it is
further increased to 320 Hz, with about 15% of quantum
enhancement. This result agrees with the predicted
improved 3 dB measurement bandwidth estimated via

/1452672
S SQL
oY = 0355 N (8)
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The quantum advantages demonstrated here are limited by
the squeezing produced by our OPO [34], and by probe
transmission losses. Optical losses for the probe can, in
principle, be made arbitrarily small without altering the
other characteristics of the magnetometer, by increasing
the probe detuning while boosting the probe power to
keep constant the probe power broadening. More recent
OPO designs [45,46] have demonstrated up to 15 dB of
squeezing.

In conclusion, we have demonstrated that a polarization-
squeezed probe can give both higher sensitivity and larger
measurement bandwidth in a sensitive optically pumped
magnetometer. In contrast to squeezed-light probing of
optomechanical sensors such as gravitational wave detec-
tors [47], the sensitivity advantage at high frequencies
comes without the cost of increased backaction noise at low
frequencies. This occurs because QND measurement of a
precessing spin system shunts backaction effects into the
unmeasured spin degree of freedom [39], something not
possible in a canonical system such as a mechanical
oscillator [48]. Squeezed-light probing is compatible with
and complementary to other methods to enhance sensi-
tivity and bandwidth, including spin-exchange relaxation
suppression [49], pulsed geometries [30,31], multipass
geometries [26], Kalman filtering [50] and closed-loop
techniques [29].
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