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Quantum measurement is a combination of a read-out and a perturbation of the quantum system. We
explore the nonlinear spin dynamics generated by a linearly polarized probe beam in a continuous
measurement of the collective spin state in a thermal alkali-metal atomic sample. We demonstrate that the
probe-beam-driven perturbation leads, in the presence of indirect pumping, to complete polarization of the
sample and macroscopic coherent spin oscillations. As a consequence of the former we report observation
of spectral profiles free from collisional broadening. Nonlinear dynamics is studied through exploring its
effect on radio frequency as well as spin noise spectra.
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Introduction.—It is generally recognized that a probe
introduces perturbations into a quantum system it monitors
[1]. Mostly this has a detrimental effect on the performance
of the quantum measurement and a number of probe
(backaction) perturbation-evasion schemes have been
proposed and demonstrated [2–4].
This Letter explores the probe perturbation in experi-

ments with thermal alkali-metal atomic samples [5].
Thermal samples of alkali-metal atoms are extensively
explored in the context of atomic sensors [4,6,7] and
quantum-information processing [8]. Traditionally in this
type of experiment, the atomic collective spin state is read-
out by an off-resonant linearly polarized probe beam.
Figure 1 shows such a spin state, with spin operator,
F̂ ¼ P

N
i¼1 f̂

ðiÞ, where N is the number of atoms and f̂ðiÞ is
the total angular momentum operator of the ith atom [9,10].
Interrogation is realized by Faraday-type rotation of light
polarization measurements [11]. The linearly polarized
light (~Ep) couples to the atomic ground state through the
tensor ac polarizability α2 [thus a single-spin Hamiltonian,
without the scalar part of the tensor light shift HTLS ¼
α2ð~Ep · F̂Þ2], therefore collective atomic spin dynamics
will in general exhibit a nonlinear character [12].
In this Letter we demonstrate probe-laser-beam gener-

ated nonlinear spin dynamics through its effects on radio
frequency [13] as well as spin-noise spectra [14]. We
present two novel phenomena that are observed in different
probe-beam-power regimes. In the low-power regime we
show that the nonlinear perturbation can increase the
observed coherence relaxation time. The decoherence
of the ground-state coherences in alkali-metal atomic
samples is determined by spin-exchange collisions (SEC)
between atoms, collisions of the atoms with cell walls,
and inhomogeneity of the magnetic and optical (probe)
fields. Standard methods to reduce relaxation rely on
antirelaxation coating of the cell walls [15], coherence
transfer [16,17], and optical pumping into the stretched
state [18,19], i.e., the state with maximum or minimum

quantum number m. We show that the combination of
probe perturbation with indirect pumping [20] can effec-
tively build up atomic collective spin, in particular,
dynamically trap the entire atomic population in the
stretched state [creating maximum imbalance, known as
orientation, in population distribution among Zeeman
sublevels, Fig. 1(a)]. Consequently, we report observation
of a spectral profile free from collisional broadening with
relaxation times up to 10 sec. In the high-probe-beam-
power regime the tensor interaction with atoms in the
stretched state creates a torque that tilts atomic collective
spin [Fig. 1(b)] and leads to precession, analogous to that
observed in a spin maser [21,22]. In this way the very same
perturbation mechanism that contributes to the spin
buildup, also generates the system evolution (coherence
oscillation). That is, it creates a pumping and rephasing
mechanism. Consequently, we demonstrate macroscopic
oscillation of the atomic spin, with an extremely long
lifetime that extends beyond the standard limit [23].
This arises from the nonlinear spin dynamics that drives

(a)

z y

x

B

(b)

z y

x

B

FIG. 1 (color online). Atomic collective spin (red arrow):
component along the direction of the magnetic field, quantization
axis, (marked with a black arrow) is set by the population
imbalance among the Zeeman sublevels of the ground state, while
the components orthogonal to the magnetic field represent ground
state coherences [9]. An indirect pumping orients atomic spins
along the z axis. (a) Mean value of Fx; Fy spin components is
equal to zero. Instantaneous fluctuations of Fx; Fy are represented
by the yellow circle. (b) Probe-beam nonlinear perturbation
creates the torque that tilts the atomic collective spin (nonzero
mean value of Fx; Fy). As a result, spin precession around the
magnetic field is observed.
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pumping and rephasing processes and is in contrast to the
standard optical pumping, which extends the lifetime of the
coherence through orientation buildup as well as contrib-
utes to its shortening (dephasing) [24]. Finally, the same
tensor interaction that generates spin precession when
acting on an atom in the stretched state can lead also to
one atom spin squeezing [25–27]. In our system, we verify
the presence of the coherence (alignment) oscillations that
can produce the squeezing within a single atom.
Experimental setup.—The experimental investigations

are completed based on radio frequency (rf) spectroscopy,
in which a scan of the rf magnetic-field frequency yields the
center frequencies, widths, and amplitudes of the Zeeman
coherences, and spin-noise spectroscopy, where precession
of Fx; Fy collective spin components in the offset magnetic
field is monitored (Fig. 2). The measurement instrumenta-
tion is described in detail in Ref. [20]; here only the key
elements of the setup are introduced. The Cs vapor is
housed in an antirelaxation-coated glass cell. The ambient
magnetic field is suppressed by the use of five layers of mu
metal (shielding factor of 106). An offset static magnetic
field of 1.5 μT (corresponding to Larmor frequency,
νL ¼ 5.3 kHz) is created by two axial solenoids. The
atomic vapor is optically pumped by a circularly polarized
laser beam, 20 mm in diameter, frequency locked close
to the F ¼ 3 → F0 ¼ 2 of the cesium D2 line (Fig. 2).
A second, 16 mm in diameter, probe beam is linearly
polarized and is frequency stabilized to the F¼ 4→F0 ¼ 5
transition, and then frequency shifted by a set of acousto-
optic modulators to 960 MHz blue detuned (Fig. 2). The
rf field is created by a set of coils and oscillates along the
y direction. The probe light transmitted through the cell is
analyzed by a polarimeter, and the resulting signal is
processed by a lock-in amplifier and signal analyzer.
Indirect pumping.—The pumping within the F ¼ 4

ground-state Zeeman sublevels is achieved as a conse-
quence of a direct pumping within the F ¼ 3 manifold,

off-resonant pumping from F ¼ 3 to F ¼ 4 and SEC state
selective relaxation [20]. Pumping to the stretched state
reduces SEC relaxation (light narrowing), since SEC
between atoms in such states do not introduce relaxation,
as the total angular momentum must be conserved in this
process [18,19]. For the stretched states, this leaves no
opportunity for the colliding atoms to move to any other
states. Implementation of indirect optical pumping ensures
that the observed linewidths are not affected by pump laser
power broadening [9].
Nonlinear spin dynamics.—Atomic polarization evolu-

tion in the presence of a magnetic field Bz and an electric
field Ep [Hint ¼ HB þHTLS ¼ gFμBBoffF̂z þ α2ð~Ep · F̂Þ2]
has been the subject of a number of theoretical [25] and
experimental [12,28,29] studies. To summarize, atomic
polarization exposed to a static magnetic and off-resonant
ac electric field will oscillate (e.g., alignment-orientation
conversion) with the period of the oscillations equal to
ð2π=ΔνTLSÞ ¼ ½3=2ℏð2F − 1Þ�α2jEpj2, ΔνTLS equal to line
separation generated by the tensor light shift [25]. For
ΔνTLS smaller than the coherence relaxation rate, the latter
will determine the atomic spin dynamics (low-probe-beam-
power regime) while for ΔνTLS bigger than the coherence
relaxation rate (high-probe-beam-power regime), nonlinear
perturbation will dominante the system dynamic [12].
Low-power regime: light narrowing.—For ΔνTLS

smaller than the coherence relaxation rate, SEC and indirect
pumping dominate system dynamics and pumping into the
stretched state [Fig. 1(a)] is enhanced by the nonlinear
perturbation process. The signature of this enhancement is
light narrowing of the spectral profile linewidth [18,19]. In
order to demonstrate variation of the linewidth across a
wide range of probe-beam powers the following section
presents analysis of the rf spectral profile linewidth. As a
consequence of the fluctuation-dissipation theorem the
general character of rf spectroscopy and spin-noise spec-
troscopy signals is the same, and indeed we have observed
the effect of line narrowing in rf as well as spin-noise
spectra. Figure 3 shows the dependence of the rf spectral
linewidth (full width at half maximum, Δν) on probe-beam
power recorded with an atomic density 1.2 × 1011 cm−3

(blue dots) [30]. Values of ΔνTLS are plotted with purple
solid line [31]. The linewidth of the profile does not change
with probe-beam power in the power range 0.1–10 μW (we
refer to that linewidth value as Δν0). This particular value
of Δν0 results from indirect pumping and coherence
transfer between pairs of Zeeman sublevels of the F ¼ 4
ground state [17]. It is important to stress that Δν0 (3 Hz)
reflects the reduced value (from 5.6 Hz) caused by the high
population (80% of atoms) of the stretched state. Above
10 μW Δν gradually decreases until it reaches a minimum
around 0.67 mW (where ΔνTLS ∼ Δν0). The dashed
(orange) line in Fig. 3 shows the linewidth value defined
by collisions with the cell walls (1.1 Hz). The fact that the
recorded linewidths reach that value indicates that the light
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FIG. 2 (color online). Geometry of the experiment. Circularly
polarized laser beam (solid arrow in level scheme) pumps cesium
atoms along the offset magnetic field Boff . Magnetic sublevels
(in rf spectroscopy measurements) are coupled by the resonant
rf field oscillating in the y direction. The collective spin state is
detected by analyzing the polarization state of the off-resonant
probe beam propagating along the y axis (dashed arrow in level
scheme).
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narrowing mechanism eliminates SEC relaxation. When
ΔνTLS >

ffiffiffi
2

p
Δν0 (probe light powers bigger than 2 mW) an

increase of the linewidth is observed resulting from the
splitting of the line into eight components.
In order to verify that the minimum linewidth recorded in

our measurement represents spin-exchange-free relaxation
we have repeated the measurement with the atomic sample
at a higher density. Figure 3 (red diamonds) shows the
dependence of rf signal linewidth on probe-beam power
recorded at atomic density 2.4 × 1011 cm−3. It is worth
pointing out that the Δνð2.4 × 1011 cm−3Þ has same
generic dependence as Δνð1.2 × 1011 cm−3Þ on probe-
beam power: the minimum is reached for ΔνTLS¼
Δν0ð2.4×1011 cm−3Þ¼7.2Hz; while Δνð2.4×1011 cm−3Þ
starts to increase whenΔνTLS >

ffiffiffi
2

p
Δν0ð2.4 × 1011 cm−3Þ).

Described observations prove that the relaxation dynam-
ics of the system is governed by the difference between
nonlinear perturbation (ΔνTLS) and relaxation rates (Δν0).
Although Δν0ð2.4 × 1011 cm−3Þ is more than twice of
Δν0ð1.2 × 1011 cm−3Þ, the minimum value for both cases
is the same.
Resolution of the linewidth shown (Fig. 3) is limited by

the measurement bandwidth and the minimum value of Δν
shown in Fig. 3 does not reflect intrinsic coherence times.
The decoherence rate manifests itself in relaxation as well
as in buildup of the signal. In order to demonstrate atomic
coherence times for ΔνTLS ∼ Δν0 we have recorded the
buildup of the atomic spin signal (the rf field is turned off)
after the probe light is turned on. Figure 4 shows the
temporal evolution of the polarization-rotation signal gen-
erated by the atomic spin components orthogonal to the
offset magnetic field after turning on the probe light. The

rise time of the signal on the order of 10 sec was observed
for the probe light powers around 0.7 mW, while above that
power a gradual decrease in rise time has been detected
(See Supplemental Material at [32] for FFT spectrum of the
spin oscillations).
The strength of the probe-beam coupling to the atomic

ground state (α2) decreases with the square of the laser
frequency detuning from the resonance [12]. We have
verified that the effect has resonant character by performing
measurements with the probe laser tuned 11 GHz away
from resonances involving F ¼ 4 ground-state Zeeman
sublevels (green triangles in Fig. 3). We have verified
the essential character of the probe-beam profile homo-
geneity across the entire cell aperture by observation
of the linewidth probe-power dependence for a beam
with lower diameter, which showed the reduced effect of
narrowing [33].
High-power regime: spin maser.—For the ΔνTLS ∼ Δν0

combination of the tensor interactions and indirect pump-
ing traps, the atomic population is in a polarized (oriented)
state [Fig. 1(a)]. For ΔνTLS > Δν0 nonlinear perturbation
dominates the system dynamics. It initiates the transfer
from orientation to alignment [25]. In the first stage of that
process probe light couples every other Zeeman sublevel of
the ground state, which corresponds to atomic coherences
oscillating at 2νL. Figure 5 shows the dependence of
the amplitude of the spin-noise spectroscopy signal on
probe-beam power. It confirms the presence of the spin
signal oscillating at 2νL in the probe-beam-power range
800–2000 μW (light-blue squares in Fig. 5). Generation of
that coherence (the component of the spin orthogonal to
the magnetic field direction) is equivalent to the torque that
tilts the atomic spin [Fig. 1(b)] and initiates the precession
of the collective spin around the magnetic field direction.
The blue dots (red diamonds) in Fig. 5 represent probe-
beam-power dependence of the amplitudes of the spin
spectra recorded at νL ¼ 5.3 kHz with atomic density
1.2 × 1011ð2.4 × 1011Þ cm−3. In both cases we observed
a dramatic change of spin amplitude for probe power above
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FIG. 3 (color online). Linewidth of the rf signal dependence on
probe-beam power recorded at two atomic densities 1.2 ×
1011 cm−3 (blue dots) and 2.4 × 1011 cm−3 (red diamonds).
The probe beam is tuned 960 MHz away from resonance. The
solid (purple) line shows the line separation produced by the
tensor light shift measured with the well-resolved spectra at
Larmor frequency 520 kHz. Green triangles represent the rf
signal linewidth power dependence recorded at atomic density
1.2 × 1011 cm−3 with the probe beam tuned 11 GHz away from
resonance. Dashed (orange) line shows the linewidth value
defined by collisions with the cell walls.
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FIG. 4 (color online). Spin oscillation signal (νL ¼ 5.3 kHz)
after the probe-beam light is turned on recorded at atomic density
1.2 × 1011 cm−3, probe power around 0.7 mW.
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a value corresponding to complete polarization of the
atomic sample (ΔνTLS ∼ Δν0) [34]. The observed increase
of the spin spectrum amplitude results from transition
between the cases a and b in Fig. 1, i.e., start-up of the
oscillation of the atomic spin initiated by nonlinear probe
perturbation. The effect is analogous to the spin maser in
noble gas samples, where the magnetic field from a pick-up
coil (probe) tilts the sample magnetization with respect to
the direction of the magnetic field [21,22]. The magnetic
field from the pick-up coil initiates and reinforces the
oscillation of the magnetization. Analogously, the non-
linear spin dynamics initiates (through tilt) and reinforces
(through the spin build-up mechanism) the oscillation of
the coherence. In other words, pumping mechanism is
synchronized with coherence generation and provides a
rephasing mechanism for spin oscillation, which enables
observation of a coherence lifetime longer than for the case
of standard optical pumping [23]. Additionally, it confirms
that nonlinear spin dynamics leads to a buildup of the
atomic collective spin regardless of its direction with
respect to the static magnetic field. In particular, spin
oriented along the magnetic field [low-power regime,
Fig. 1(a)] and also the precessing spin [high-power regime,
Fig. 1(b)] both benefit from the mechanism. An abrupt
decrease of the amplitude at higher probe powers in Fig. 5
is due to tensor light shift that causes coherences, coupling
different pairs of Zeeman sublevels, to oscillate at different
frequencies. To verify the essential role of tensor interaction
we recorded probe-beam-power dependence of the spin-
spectra amplitude with the probe-beam frequency detuned
11 GHz away from resonance (green triangles in Fig. 5,
atomic density 1.2 × 1011 cm−3). The data set shows no
amplitude changes present in other data sets in Fig. 5.
Comparison of the amplitudes recorded at two densities

(within the same power range, i.e., 1028–1327 μW, spec-
tral profiles have same linewidth) confirms the nonlinear
character of the spin dynamics (scales with the square of the
atomic density).
Entanglement.—It has been pointed out that the non-

linear coupling, ½∼α2ð~Ep · F̂Þ2�, is equivalent to single axis
twisting and can produce spin squeezing [35]. The meas-
urement reported in [27] demonstrated that the protocol,
involving transfer of the entire atomic population into a
stretched state and generation of atomic coherences oscil-
lating at 2νL, produces indeed spin squeezing within
individual atoms. Results presented in Fig. 3 (the entire
population in the stretched state) and Fig. 5 (spin oscillation
at 2νL) demonstrate a presence of these two key compo-
nents in our system.
Conclusions.—The long lifetime of the atomic ground-

state coherences is an essential factor in practical imple-
mentations of quantum-enhanced metrology such as atomic
clocks [36,37], magnetometers [38], gyroscopes [39],
quantum memory [40], as well as spin squeezing [4],
quantum nondemolition measurements [41], precision
measurements of fundamental symmetries [42], and cos-
mology (search for domain walls formed by axionlike
fields [43]). Significant progress has been achieved in
the design and implementation of various protocols that
prolong that time [44,45]. This Letter has presented an
approach based on the combination of the probe-beam
generated perturbation with indirect pumping. The unique-
ness of the presented technique is in (i) the novel pumping
method, (ii) the degree of linewidth narrowing, and
(iii) the wide range of experimental conditions in which
it is applicable. Implementation of probe-beam driven spin
oscillation in an atomic magnetometer could potentially
provide us with a tool for electric-dipole-moment mea-
surements [46], as well as dc alkali-metal magnetometers
operating in a nonzero magnetic field environment [47].
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