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We report on the use of parametric excitation to coherently manipulate the collective spin state of an
atomic vapor at room temperature. Signatures of the parametric excitation are detected in the ground-state
spin evolution. These include the excitation spectrum of the atomic coherences, which contains resonances
at frequencies characteristic of the parametric process. The amplitudes of the signal quadratures show
amplification and attenuation, and their noise distribution is characterized by a strong asymmetry, similar to
those observed in mechanical oscillators. The parametric excitation is produced by periodic modulation of
the pumping beam, exploiting a Bell-Bloom-like technique widely used in atomic magnetometry. Notably,
we find that the noise squeezing obtained by this technique enhances the signal-to-noise ratio of the
measurements up to a factor of 10, and improves the performance of a Bell-Bloom magnetometer by a

factor of 3.

DOI: 10.1103/PhysRevLett.123.033601

Introduction.—Parametric excitation provides an excel-
lent tool for gaining control over signal amplitude and
noise in oscillating systems. As it is a coherent process with
phase-sensitive character, it can be used to generate
squeezed states that are crucial for technological develop-
ments, including implementations of quantum technology.
Proof-of-principle demonstrations of this effect have been
achieved in a variety of different systems ranging from
mechanical oscillators [1-5], to optical modes [6] and
ultracold atoms [7]. Parametric excitation of an oscillator is
obtained by periodically modulating one of the system
parameters, such as the oscillator natural frequency w, or
the damping rate, at frequencies that are submultiples of
2w, [8]. The excitation occurs because of a distortion of
the system orbits in the phase space, without involving
any direct perturbation of the equilibrium position of the
oscillator. As a result, the dynamic response of the system
at w is enhanced. It also shows a characteristic phase
dependence: while the quadrature of the motion in phase
with the parametric modulation is amplified, the orthogonal
(out-of-phase) quadrature is attenuated. Likewise, fluctua-
tions of the two quadratures are modified. This technique
can be exploited to reduce the uncertainty in the determi-
nation of the frequency of an oscillator [2], and to achieve
noise reduction below classical (e.g., thermal or technical)
[1] and standard quantum limits [7,9].

Here we demonstrate parametric amplification and noise
squeezing in the collective atomic spin system realized by
an ensemble of optically pumped room temperature atoms,
which is a widely exploited platform for magnetometry
[10], quantum information processing [11], and rotation
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sensing [12]. We show that by using such parametric
squeezing we can enhance the signal-to-noise ratio in a
Bell-Bloom magnetometer by up to a factor of 10. To
understand the working principle of our parametric effect,
let us consider a collective atomic spin precessing around a
dc magnetic field B = BX with natural (Larmor) frequency
w; = gB, where g is the gyromagnetic ratio of the atoms.
This system can be mapped onto an harmonic oscillator
with frequency w, = w;, where the components of the
oscillating spin F , and F, take the place of position X and

momentum P of a mechanical oscillator [13]. Parametric
amplification and squeezing might be achieved in atomic
spin systems by periodic modulation of either w;, via
modulation of the magnetic field amplitude, or the damping
rate y of the Larmor precession. In this Letter, we inves-
tigate this latter case by modulating the damping rate via
the intensity modulation of the pump beam in a Bell-Bloom
magnetometer [14].

In contrast to the standard Bell-Bloom scheme, in the
present work we use a relatively strong pump resonantly
coupled to one of the atomic ground states of cesium atoms,
as shown in Fig. 1. The pump term, in this case, can be
written in the density matrix formalism as [15]

L(t) = =Lp{WW".p} + 2LgWp, W' + (.),,
ST, T, (n
where W = —Ey(1)I1d - e*T1, (W' = Ey(1)I1,d - eIl), with

Ey(7) and e the amplitude and polarization versor of the
laser field, respectively, and d the induced atomic dipole

© 2019 American Physical Society
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Pump Probe

FIG. 1. Schematics of the apparatus: a circularly polarized
amplitude-modulated pump beam creates atomic coherences in
the ground states of the Cs atoms by resonant (F = 3) and
indirect pumping (F = 4). The generated collective atomic spin
precesses orthogonally to the applied static magnetic field. A
linearly polarized probe beam is used to extract information on
the atomic precession via Faraday-like, nondestructive measure-
ments.

moment. IT and II, are the projectors on the ground and
excited state (labeled with the letter e) that are connected by
the pump, and Ly depends on the natural linewidth of the
transition. The first term in Eq. (1) accounts for depopu-
lation of the ground-state, while the second and third refer
to repopulation due to stimulated and spontaneous emis-
sion. In the dynamics of the macroscopic spin, the power
broadening due to the pump beam contributes with a
parametric term I",, while the depopulation and repopula-
tion due to stimulated and spontaneous emission are taken
into account by an additive term I',,. The light shift induced
by the pump is neglected in the condition of resonant
pumping. We can write the evolution of the spin compo-
nents of interest as

d*F dF

dtZZ + [J’ + FP(Z)] dl‘z + a)in - wLFa( ) =0,

dF

dty - _wLsz (2)

where y = (1/T,) is the rate of spin coherence relaxation
due to spin-exchange collisions, and the pump is applied
along the 7 axis. Note that Eq. (2) describes the dynamics
for the atoms in the directly pumped ground state.
However, polarization and coherence generated by the
pumping process in this state are also transferred to the
other ground state primarily by spin-exchange interactions
[15,16] and, secondarily, by off-resonant pumping. In our
experiment, the delay in the dynamics of the two states due
to the indirect pumping is smaller than the spin coherence
relaxation time. Hence Eq. (2) is valid also for the atomic
dynamics in the indirectly pumped ground state. This
simplification of the model allows us to easily extract

useful information on the dynamical evolution of the
atomic system.

From the equations above, it follows that in the presence
of a modulated additive pump (I', <) coherent oscil-
lation at the Larmor frequency has a transient character,
while coherent oscillation at the modulation frequency w,,
takes over in the stationary regime [17]. In other words, the
pump acts on the collective spin system like a forcing term
on a damped harmonic oscillator. For a relatively strong
pump (I',, 2 y), while these features remain generally valid,
we have already observed that the coherence spectrum
becomes more complex [15].

Experimental setup.—Details of the experimental con-
figuration are described in Ref. [18] and here we only recall
the key elements. As shown in Fig. 1, a cesium vapor is
held in a paraffin coated, cross-shaped glass cell, placed
within five layers of mu-metal shields. All measurements
are performed with an atomic density of 0.33 x 10'! cm™3,
at room temperature. The pumping is done by using a
circularly polarized laser beam, frequency locked to the
cesium 6%S ), F = 3 — 6%P3, F/ = 2 transition. The pump
beam intensity is periodically switched on and off follow-
ing a square modulation function. The signal produced by
the F' = 4 ground-state atomic coherences is read out by a
probe beam propagating along a direction orthogonal to the
pump beam, frequency locked to the 625}, F = 4 — 6P,
F' =5 transition, and subsequently frequency shifted by
960 MHz to the blue side. Probing the F = 4 ground state
allows us to decouple the effects of the pump and probe
beams, while still capturing features of the atomic polariza-
tion dynamics of the directly pumped state. For our exper-
imental parameters, the coherence from the F = 4 atoms,
following indirect pumping, is detectable already few tens ms
after switching on the pump beam, with a peak amplitude
around 80 ms [16]. These timescales are shorter than the
coherence relaxation time, 7, ~ 300 ms. This is due to the
coherence transfer hampering the SEC-induced decoherence
process for degenerate Zeeman sublevel splitting [19] and,
to a smaller extent, to off-resonant pumping to the F/ =3
state (Doppler broadening is about 230 MHz).

A pair of Helmholtz coils produces a magnetic field
orthogonal to the pump and probe beams. In this configu-
ration, the continuous Faraday-type polarization rotation
measurements provide information on the component of
the collective spin parallel to the probe beam S(t) =
k(F(t)), where k depends on the atomic transition used
for probing and on the geometry of the magnetometer [20].
The probe light transmitted through the cell is analyzed by
a polarimeter and processed by a signal analyzer or by a
lock-in amplifier. This latter allows the extraction of (s, s;)
the spin projections in a frame rotating at frequency wy,
which have slow fluctuations, i.e., S(¢) = s.(t) cos(w, 1) +
s,(t) sin(wy 1).

Excitation spectrum.—Figure 2(a) shows the excitation
spectrum of the component at @), in our configuration,
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FIG. 2. Amplitude dependence of the F' = 4 atomic coherences
oscillating at (a) wy,, and (b) w; on the pump beam amplitude
modulation frequency @y, recorded with a pump beam intensity
of 61 W /cm?. All measurements were made with a probe beam
power of 20 W /cm?, and w; /2z = 270 Hz. The solid red line
represents the signal obtained by numerically solving Eq. (2).
In the inset the amplitude of a parametric peak (wy, = 2/3w, ) is
shown as a function of the pump beam intensity.

which reveals the typical response of a harmonic oscillator
driven by pulsed excitation. Since the amplitude of the
pump beam is modulated with a square pulsed waveform,
the spectrum of the optical excitation consists of a series of
harmonics [17,18,21]. Up to this point, our system shows no
difference with respect to a standard Bell-Bloom scheme.

To take a closer look at the dynamical response of the
system, we extract the amplitude of the coherence signal
oscillating at w; from the FFT of the whole magneto-
optical rotation signal. This amplitude is shown for differ-
ent modulation frequencies in Fig. 2(b). We observe that,
besides the usual Bell-Bloom resonances, a series of
resonant features are visible at the characteristic frequen-
cies of parametric amplification, i.e., nwy; = 2@, . On the
basis of the above observations, these correspond to an
enhancement of the detected signal oscillating at @w; that is
not induced by pumping synchronization with the spin
free evolution. The parametric peaks are visible for pump
intensities above 15 yW/cm?, and their amplitude pro-
gressively increases for higher values of the pump, as
shown in the inset of Fig. 2(b). We have also verified that
they do not depend on the relative orientation of the probe
beam and magnetic field for subtended angles between 45°
and 90° [22].

We find good agreement between the experimental data
and numerical simulations performed by solving Eq. (2),
where I', /T" is kept as a free parameter, and y, @, , and the
time-averaged I',, are measured experimentally; see Fig. 2(b).
We observe that the amplitude of the signal at modulation
frequencies 2/(2n + 1)w, is smaller than that at submulti-
ples of w; . This is due to the parametric amplification being
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FIG. 3. (a) Amplitude of the in-phase (open squares) and out-

of-phase (filled dots) components of the magneto-optical rotation
signal oscillating at frequency w; as a function of the pump beam
intensity, with w,; =2®; and probe beam intensity of
24 ;W /cm?. Solid lines are numerically calculated for the same
parameters of Fig. 2(b). (b) Variance of the quadrature amplitudes
over 350 measurements for the in-phase (open squares) and out-
of-phase (filled dots) components as a function of the pump beam
intensity. For comparison, the variance measured with a modu-
lation frequency of 4w, is also reported (open triangles and gray
diamonds).

effective only during the initial transient of the oscillation at
@y, when the system is not in an established autooscillating
regime.

Parametric amplification and squeezing at w,; = 2w;.—
First, we concentrate our analysis on the behavior of the
peak that appears in the spectrum for w,; = 2w;. On the
one hand, this allows us to address a characteristic para-
metric feature of the spectrum, on the other it allows us to
single out the purely parametric effect as the natural
frequency of the oscillation and the modulation frequency
do not overlap. The amplitudes of the quadrature compo-
nents (s, s,) in and out of phase with respect to the external
modulation are extracted from the excitation spectrum
measured 130 ms after the beginning of the pumping
process, see Fig. 3(a). The lock-in amplifier used in these
measurements is referenced to %a)M, while the Larmor
frequency is scanned across the resonance w; :%wM.
Figure 3(a) shows the dependence of the amplitude of
the two signal quadratures on the pump beam intensity.
Unlike nonparametric excitation, for which increasing the
pump beam intensity below saturation leads to enhance-
ment of overall polarization of the atomic system with the
two quadratures growing by the same amount, here we
observe that the in-phase and out-of-phase components
grow at very different rates. In particular, the out-of-phase
(in-phase) signal component is attenuated (amplified) by
the parametric excitation with respect to the overall
polarization growth. This can be understood by analytically
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FIG. 4. (a) Signal-to-noise ratio of the signal quadratures

measured for wy; =2m; as a function of the pump beam
intensity. The out-of-phase quadrature (closed dots) shows an
improved SNR with respect to the in-phase quadrature (open
squares), and to the case of no modulation (gray diamonds).
(b) Corresponding noise scaling with signal amplitude.

solving the dynamics for the quadrature components for
a simple sinusoidal modulation of the pump. One obtains
s5(1) = soe=/Die=T/Ntand  s,(1) = sge= /21 e/,
where s is the maximum atomic polarization amplitude,
also a function of the pump beam intensity. Comparison
with numerical solutions of Eq. (2) provides good agree-
ment for pump intensities up to roughly 55 gW/cm?
In fact, our simple model does not take into account
contributions that become more important for higher pump
intensities, such as those from Stark-shift and saturation
effects of the pump. Among the latter, we mention that off-
resonant pumping can drive a net transfer of atoms from
F =3 to F =4 which, by depleting the directly pumped
level, hampers the indirect pumping process. For the
highest pump beam intensities used, we observed this
happening on the longer timescales of the steady state
dynamics (few seconds from starting of the pump).

The effect of the parametric amplification on the two
quadratures is also reflected in the behavior of the relative
noise components. We observe that with increasing pump
intensities, the noise is strongly squeezed along the
attenuated quadrature and expanded along the other, see
Fig. 3(b), leading to an asymmetric noise distribution.
For comparison, in Fig. 3(b) we also show the measurement
of the quadratures’ noise for the nonparametric w,; = 4wy,
One can see that in the latter case the noise is equally
distributed between the two quadratures.

Amplitude fluctuations are important as they affect the
determination of the natural frequency of an oscillator in
the presence of noise, and reduce the precision of magnetic
field measurements. To evaluate this parameter we plot
in Fig. 4(a) the signal-to-noise ratio (SNR) obtained by
processing the polarization rotation signal with the lock-in
amplifier as a function of the pump intensity for modulation
frequency 2w;. The out-of-phase component (filled dots)
shows an increased SNR with respect to the in-phase
component (open squares) and, most importantly, to any
component in the absence of modulation of y (gray dia-
monds). Notably, with respect to this latter case the SNR

Dot
Sml
. A
300;) Pun:F'(J) beam inteilosity (uW/cnr?'g)

FIG.5. Signal-to-noise ratio of a Bell-Bloom magnetometer, as a
function of the pump beam intensity. Similar to the case of
modulation at 2w;, the out-of-phase quadrature (closed dots) is
increased with respect to the in-phase quadrature (open squares)
for intensities larger than roughly 15 yW/cm? Note that, as
expected, the overall magnetization is higher when hitting the Bell-
Bloom resonance with respect to other modulation frequencies.

enhancement is of 10 dB. We further analyze the noise
scaling with the signal amplitude as shown in Fig. 4(b). At
lower signal amplitudes, corresponding to pump intensities
smaller than roughly 50 W /cm?, the noise of the amplified
(attenuated) component scales faster (slower) than linear. A
fit with a function ¢ = as” to the measured data yields b =
1.52(3) and b = 0.44(6), respectively. A linear scaling,
consistent with projection-noise-limited measurements,
appears for higher signal amplitudes, concurrently with
the deviation from the parametric behavior observed in
Fig. 3(a). This suggests that the hampering of the parametric
effect for larger pump beam intensities sets a major limitation
to the maximum achievable squeezing.

Enhanced Bell-Bloom magnetometer.—Having analyzed
the main features of the parametric excitation, we now
show how such excitation improves the performance of a
Bell-Bloom magnetometer beyond atomic projection noise.
To this end, we report in Fig. 5 the SNR measured at o, =
wy, as a function of the pump beam intensity. To isolate the
signal of the coherent oscillation at the Larmor frequency
from the oscillation of the pump, the measurements are
performed during the transient dynamics, when the former
is dominant. We observe that with a pump beam intensity of
36 uW/cm? the SNR of our magnetometer is improved by
a factor of 3. We attribute the reduced enhancement with
respect to the case at 2w, to the presence of residual noise
introduced by the pump which cannot be filtered out in the
FFT of the signal. Nonetheless, our measurements reveal
that the parametric noise squeezing obtained in the attenu-
ated quadrature is a very robust technique for reducing the
noise and improving SNR independently of our system
being limited by atomic projection noise (for the case
wy = 2w, ) or technical noise (for the case wy; = w; ), as
the method is fully classical and does not rely on the
quantum features of the system. Currently, our system’s
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performance in the absence of the parametric effect for
wy = o; and at low frequencies is mostly affected by
Johnson noise of the magnetic shields at a level of

50 fT/ \/(Hz) The presented technique allows an

improvement in atomic noise to roughly 15 fT/ \/(Hz)
By redesigning the magnetic shielding of our experiment,
we estimate that we can reduce technical noise below the

level of 10 T/ \/(Hz), and in this case parametric squeez-
ing could potentially bring the sensitivity below the

1 {T/ \/(Hz) level [23]. We finally note that the continuous
measurement performed on the atomic system has minimal
impact on the noise distribution. At the parametric reso-
nances, we find that the degree of asymmetry in the noise
distribution weakly depends on the probe beam intensity,
and increases by roughly 10% when the power is raised
from 20 to 500 W while the noise axis orientation does
not significantly change in this range.

Conclusions.—In conclusion, signatures of parametric
amplification and noise squeezing have been detected in the
coherences of an optically pumped Cs vapor magnetometer.
We have also shown that the signal-to-noise ratio can be
increased up to a factor of 10 when the modulation
frequency hits a parametric resonance and that the perfor-
mance of a Bell-Bloom magnetometer can be enhanced by
a factor of 3. Moreover, the system can be eventually led
into a self-oscillating regime, which might be used to
increase the measurement interrogation time beyond its
natural decoherence and measurement bandwidth. Finally,
we foresee application for noise control in combination
with nondemolition measurements, as already explored in
mechanical systems, for the “bright” squeezing genera-
tion [5].
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