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Dispersive measurement of spin shot noise in a Bose-Einstein condensate
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We report dispersive spin shot noise measurement of a Bose-Einstein condensate (BEC). While dispersive
probing has been used for quantum spin noise measurement of thermal and cold gases for decades, confirmative
measurement of shot noise of real spin, i.e., the linear dependence of the spin variance on the number of atoms
in a BEC, has been lacking. Here, we demonstrate precise spin noise measurement of a BEC of rubidium
atoms at the spin shot noise level by polarization rotation using a two-color probe at optimal detunings, with
power balance stabilization to suppress probe-induced excess spin noise. This work opens the possibility for the
unexplored study of quantum spin fluctuations in multicomponent or spinor BECs and offers an approach to
improve spin measurement precision, which is relevant to atomic spin-based sensors.
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I. INTRODUCTION

Spin, an inherently quantum mechanical quantity, now
plays an important role in cutting-edge applications, including
quantum information processing and quantum computation
[1-4]. It can also serve as a high-precision quantum sensor
[5]. For example, atomic vapor is one of the most sensitive
magnetometers with a sensitivity down to sub-fT/+/Hz [6,7].
A cold atomic gas, especially a Bose-Einstein condensate
(BEC), is a good candidate for a spatially resolved magne-
tometer [8—11]. It has been pointed out that a tightly confined
single-domain BEC can achieve an energy resolution, which
is a measure of the magnetic field sensitivity obtainable with
a given measurement volume, of better than 7 [12], exceeding
the limit for superconducting quantum interference devices
[13,14].

Precise spin measurement is a key ingredient for the afore-
mentioned applications. A challenge in spin measurement is
to achieve sensitivity at the standard quantum limit (SQL), the
minimum sensitivity attainable with quantum-mechanically
uncorrelated probes (atoms in the context here) [15-17]. As
the SQL is proportional to 1/ +/N, where N is the number of
probes [18], it can be easily hindered by technical noise, par-
ticularly for a large system. Nevertheless, the spin shot noise
for atomic gases has been measured and even entanglement
or spin squeezing induced by measurement has been reported
for hot [19-22] and cold [23-27] gases. Spin squeezing by
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cavity-aided measurements [28,29] demonstrated remarkable
achievements, including a practical metrological enhancement
[30-32]. Squeezing of a pseudospin consisting of two hy-
perfine sublevels (atom number squeezing) of a BEC has
been observed with an absorptive atom number measurement
[33-35]. However, confirmative evidence of successful shot
noise measurement of real spin, i.e., the linear increase of the
spin variance with respect to the atom number, has not been
observed for a BEC.

Spin measurement of a BEC at the SQL level will open
an avenue in the study of multicomponent or spinor BECs
[36], in addition to the pursuit of the best measurement preci-
sion. The observation of quantum spin fluctuations will help
to experimentally explore the fundamental aspects of BECs,
as did precise atom number measurements at the shot noise
level [37], where a sudden increase of fluctuations at the
critical temperature [38,39] was observed. For example, spin
squeezing in the spatially extended field [40] may be explored.
Dispersive spin probing is superior to absorptive probing,
which is more common in cold atom experiments, in that it
allows in situ and consecutive spin measurement, offering the
possibility to track the spin dynamics. While entanglement
structure in a spinor BEC was detected by sophisticated ab-
sorption imaging [41], the dispersive spin probing may reveal
the evolution of such structure.

Polarization rotation detection, one of the most popular
dispersive spin probing techniques, is also attractive in the
context of quantum nondemolition (QND) spin measurement
[42,43]. Traditionally, measurement-induced spin squeezing
of a cold gas has been demonstrated with the use of a cigar-
shaped gas in an elongated optical trap [23,25-27], which is
advantageous for significant squeezing [44,45]. For a BEC,
a large atom-field interaction may be achieved without a
cigar-shaped configuration due to its high atomic density.
Therefore, dispersive spin BEC measurement may enable
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quantum-enhanced sensing in a small volume. Improving the
sensitivity of spin measurement will lead to breaking of the
conventional magnetic field sensitivity limit in the microme-
ter scale and shed light on the open question of the energy
resolution limit [46].

We report the measurement of spin noise of a BEC
by polarization rotation. A two-color probe with stabilized
power balance was used to suppress the nonlinear ac Stark
shift, which can be a dominant technical noise source in
spin shot noise measurements of BECs with a relatively
small number of atoms. The frequencies of two probe fields
were optimized to reduce atom loss due to light-assisted
collisions, which tends to be significant in probing BECs
due to their high atomic density. A charged-coupled device
(CCD) camera was used in the spin noise measurements
to observe the polarization rotation instead of a balanced
photodiode detector, which has often been used to achieve
shot-noise-level sensitivity [47,48]. The camera naturally of-
fers the ability to perform spatially resolved measurements
and will enable the exploration of the spatial properties of
the spin noise distribution, while the spatial resolution is
not fully utilized in this work. The camera also offers the
advantage of good effective spatial mode matching between
atoms and probes when combined with postselection of the
region of interest. We observed a linear increase in the
variance of the polarization rotation angle with respect to
atom number, indicating successful observation of spin shot
noise and realization of precise spin noise measurement at
the SQL.

II. EXPERIMENTAL METHOD

A. Preparation of atoms

We measured the spin noise for a BEC in a crossed optical
dipole trap. Atoms were loaded into the trap from a magnetic
trap and evaporatively cooled to produce an almost pure BEC
in the |f =2, m, = 42) state of up to 3 x 10° atoms, where
the quantized axis z is defined by the direction of the bias
magnetic field B [see Fig. 1(a)]. The typical radial and axial
trap frequencies of the optical trap after the final stage of
the evaporation were 113(2) and 34(2) Hz, respectively. The
bias magnetic field was set to 29.5 uT during the spin noise
measurements. The bias field was sufficiently larger than the
drift of the environmental magnetic field along the x axis (typ-
ically 20 nT over a night), suppressing the variation in the spin
direction due to the fluctuation of B, during data acquisition.
We also performed spin cleaning with a microwave transition
and hyperfine-state-selective blast light to ensure an initial
spin polarization.

B. Laser system

The probe consists of two (main and compensation) beams
near the D1 line at 795 nm [49], as described below. The
main beam frequency was stabilized using the modulation
transfer spectroscopy signal of a magnetically shielded rubid-
ium cell with detuning from atomic resonance produced by
acousto-optic modulators (AOMs). The compensation beam
was frequency-offset locked to the main beam for flexible
detuning. The two beams were combined and coupled into
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FIG. 1. Experimental setup. (a) Spin detection system. The po-

larization rotation for the two-color probe linearly polarized along
the z axis is detected by the CCD camera. (b) Relevant energy
levels of ¥Rb and probe beam frequencies. (c) Time sequence of the
probing pulses. (d) Images of orthogonal polarization components
for a BEC with a spin direction along the x axis. The measured
intensity / normalized against the reference intensity I is shown.
The white ellipse represents the boundary of the region of interest.
The lengths of the major and minor axes of the ellipse are 17 and 9
um, respectively.
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a common single-mode optical fiber for spatial beam mode
matching. They also passed through a common AOM for
pulsing beams. The probe passed through a polarizer and a
quarter wave plate (QWP) for compensation of polarization
ellipticity before the atom cell.

C. Spin detection

We estimated the collective spin component, F;, from the
polarization rotation of the probe light. The polarization rota-
tion angle was measured by a polarimeter consisting of a half
wave plate, a Nomarski prism, and a CCD camera capable
of kinetic imaging (PIXIS1024BR, Princeton Instruments).
The polarization rotation was analyzed within an elliptic re-
gion that covers the atoms sufficiently. In order to observe
the spin shot noise without being hindered by photon shot
noise, it was important to set the analysis region as small as
possible.

The rotation angle of polarization plane was given by an
angle 6 = gF,, where g is the coupling strength determined
by the atomic optical density and the probe frequency, due to
the paramagnetic Faraday rotation effect. The variance of the
polarization angle is given by

Var(0) = aN + bN? + Var(6),, (1)

where Var(6), is the variance in the absence of atoms, includ-
ing the variance due to photon shot noise, given by 1/(4N,),
with N, being the number of probe photons, and the readout
noise. The first and second terms on the right-hand side of
Eqg. (1) denote the spin shot noise and the technical noise, re-
spectively, with different dependences on the atom number N.
Because we probed atoms in the coherent spin state, the spin
shot noise term should be g* f| (Ne(fzf)) |/2, where Néfzf) represents
the effective atom number determined by the geometry of the
atoms and the probe [45].
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D. Probe parameter optimization

Probe-induced spin change is one of the dominant types
of technical noise sources in spin measurements. This is par-
ticularly true in our spin shot noise measurements of a BEC.
Measuring spin shot noise for a small number of atoms re-
quires a large probe photon number to reduce uncertainties
due to photon shot noise in polarization rotation measure-
ments, thus increasing probe-induced spin changes. For a
quantitative discussion, we introduce the ratio of the spin shot
noise of the coherent spin state (without consideration of the
detection geometry [45]) to the photon shot noise resolution
in the polarization rotation measurement [50], £ = 4g2NNp.
A larger & is better for spin shot noise measurements. As the
coupling strength g scales to (A8)~', where A is the measure-
ment cross section and § is the detuning from the resonance
(a two-level model is assumed here for simplicity), £ can be
written as

£ =40
A AS?

where g is the normalized coupling strength, independent of
A and §. Spin shot noise measurements of an atom cloud of
small column atom density (N/A) require a large N,/ (A8?),
which causes large photoinduced atom loss, photon scatter-
ing, and light shift. Spin-dependent light shift due to vector
and tensor atom-field interaction is harmful for precise spin
measurement, as explained below. The column atom density
is not high in our measurement configuration where a BEC
is probed along its radial direction, while the configuration is
compatible with spatially resolved magnetometry [11]. There-
fore, we make efforts to reduce the spin-dependent light shift.

@

1. Polarization optimization

The vector light shift or “fictitious magnetic field” acts in
the same manner as a magnetic field along the probe propa-
gation axis and causes instantaneous spin rotation during the
probe pulse. It increases technical noise in a spin measurement
when combined with shot-to-shot fluctuations of the probe
intensity and magnetic field. We suppress the vector light
shift by reducing the ellipticity of the probe. Such a reduction
is often optimized by spectroscopy with atoms themselves
[51,52]. Spectroscopy is, however, less sensitive here because
the fictitious field is orthogonal to the bias magnetic field.
We instead directly measured the spin change due to three
probe pulses of 1 us with an interval of the Larmor precession
using spin-resolved absorption imaging [53], from which we
measured the magnetization along the z axis. A m/2 pulse
was applied after probe irradiation to maximize the sensitivity
to the spin rotation due to the vector shift around the total
magnetic field almost along the z axis. We adjusted the QWP
angle to minimize the magnetization change before obtaining
the experimental data presented below.

2. Two-color probe

The linearly polarized probe caused spin evolution by non-
linear light shift (proportional to the square of the magnetic
quantum number) due to the tensor term of the atom-field
interaction. Several techniques have been developed to reduce
nonlinear spin evolution, such as magic angle probing of
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FIG. 2. Loss by the compensation beam. (a) Loss dependence
on the detuning. We applied five pulses with 1 us width and peak
power of 180 uW. (b) Loss rate measurement results. The blue
diamonds and red squares represent the remaining atom number after
irradiating by compensation beam pulses of A/(27) = +500 and
+610 MHz, respectively. The pulse width is 1 us. The peak power is
180 uW. The solid lines are exponential fits to the data.

rotating spin [54], alternating polarization probe for a 8’Rb
thermal gas in the F' = 1 state [55], and two-color probing for
Csof F =4 [27].

If the probe polarization vector perfectly coincided with
the atomic spin polarization, it would only induce a phase
shift on a single magnetic sublevel (|F =2,m, = +2) in
our case) and cause no nonlinear spin evolution. In practice,
however, it is difficult to sufficiently eliminate the nonlinear
spin evolution by this polarization matching strategy. For
example, fluctuation of the direction of the bias magnetic
field defining the spin quantization axis and slow change of
light polarization increase the polarization rotation variance.
Inhomogeneity of the light polarization over the atom cloud
may limit the suppression of the nonlinear evolution.

We adopted a two-color probe to sufficiently suppress
nonlinear spin evolution. We combined a beam with red de-
tuning from the F = 2 — F’ = 1 transition (main beam) and
another beam with its frequency betweenthe F =2 — F’ = 1
and F =2 — F' = 2 transitions (compensation beam) [see
Fig. 1(b)]. The total nonlinear shift caused by these beams
can be canceled by adjusting the beam power balance [49].
The power ratio of the main and compensation beams was
stabilized to yield an instability of less than 0.01.

Before performing measurements with the two-color
probe, we performed loss spectroscopy with the compensa-
tion beam to find its optimal detuning. We found several
frequencies with smaller atom loss rates, as shown in Fig. 2(a).
Figure 2(b) shows the loss rates at certain frequencies. The
atoms in the F = 1 state were removed by a beam resonant
to the F = 1 — F’ =0 D, transition after each probe pulse
in these measurements. We observed the loss rate reduction
by the F = 1 removal, which is attributed to the suppression
of hyperfine Raman superradiant scattering [9]. The atom
number after n pulses was fitted by N = N© exp(—yn),
where N is the initial atom number. The loss rates y by
the beams of A/(27) = 4500 and +610 MHz were 0.009(2)
and 0.036(2), respectively. We set the compensation beam
detuning to 4500 MHz in the following experiments.
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FIG. 3. Spin noise measurement. (a) Variance of 6 vs the atom number for the measurement with the two-color probe. The blue solid line
is a linear fit to the measurement data (blue circles). The dotted line represents the estimation from the coupling strength g (see the main text).
(b) Variance of # without the compensation beam. The red solid line is a quadratic fit to the measurement data (red squares). The reference
noise level with the same slope as panel (a) is also plotted (blue dashed line). The offset of the reference is adjusted to that of the red solid
line. The error bars represent the statistical uncertainties of the variance. The inset shows the polarization rotation angle with (blue circles) and

without (red squares) the compensation beam.

Although we found the optimal compensation beam fre-
quency, the optimal compensation beam still induces a larger
atom loss than the optimally red-detuned main beam [11].
This is probably because the light-assisted collisional loss is
not sufficiently suppressed for the compensation beam, the
frequency of which is close to the atomic resonances, and,
more importantly, is blue detuned from the F =2 — F' =1
transition with a continuous loss spectrum [56]. The compen-
sation beam red detuned from the D, line may be used for a
lower loss rate.

II1. SPIN SHOT NOISE MEASUREMENT

We performed repeated measurements of the polarization
rotation of the probe passing the BEC in the optical trap
to deduce the spin noise. To avoid an increase in noise due
to the measured slow polarization rotation angle fluctuation
correlated with the room temperature change, we took refer-
ence images just after probing the atoms [see Fig. 1(c)] and
used a net polarization rotation 6 due to the atoms, calculated
by Oy /atom — Ow/oatom, Where Oy, /a0m represents the estimated
polarization rotation angle for a camera image with atoms
and 6Oy /oatom 18 the average of the estimated angles over the
reference frames, for the noise analysis. The polarization rota-
tion angle was estimated from the vertically and horizontally
polarized probe photon numbers, Ny and Ny, in the region
of interest of the imaging camera shown in Fig. 1(d) as
(Ny — Nu)/2(Ny + Ny).

The variance of 6, Var(6), was measured for a BEC of
several groups of different mean atom numbers with the two-
color probe. The main and compensation beam detunings
were —840 and 4500 MHz in this measurement. The main
probe beam detuning was set to reduce the light-assisted col-
lisional atom loss [11]. Their power ratio was stabilized to
8.57 : 1. The total photoelectron number detected by the cam-
era in the region of interest was 7.8 x 10° per pulse. The atom
number was controlled by changing the final rf frequency for
forced evaporation in the magnetic trap. The measured Var(6)
shown in Fig. 3(a) was fitted by a linear function with a slope
of 4.7(9) x 107!, No significant quadratic increase in the

variance was observed. This result indicates that we measured
the spin noise at the shot-noise-limited level. It should be
noted that Var(6) for each atom number group was obtained
from more than 1000 experimental runs over approximately
11 h. Repeated atom probing in a single experiment cycle
[24,25] was not applied because we observed that a longer
interval between the signal and reference frames increased the
measured photon noise, which was probably due to vibration
of the imaging system. We nevertheless observed no signifi-
cant excess spin noise, implying that the measurement scheme
is robust.

The observed atomic noise level is compared with the
theoretical prediction. The spin shot noise is given by
> riglz-Ne(fzf)/4, where r; is the power ratio of main (i =
1) and compensation (i = 2) beams and g; is the polariza-
tion rotation per effective atom number Néflf). Néflf) and Néfzf)
are effective atom numbers calculated from the probe beam
mode and the atomic density distribution [45]. Approximating
the probe beam mode by a fundamental Gaussian one, we
estimate N} and Ne(fzf) to be 0.69N and 0.51N, respectively.
g1 and g are determined to be 4.2 x 1077 and —2.8 x 107’
from the atom number measured by the absorption imaging
and the polarization rotation angle with the spin directed along
the x axis. Combining these values, the slope is estimated
to be 4.4 x 107'4, in good agreement with the experimental
observation.

We present the polarization measurement results with the
main beam only to clarify the effect of the compensation
beam. To enhance the spin change due to the probe with
limited available power, we used a metapulse consisting of
two pulses with the interval set to the Larmor period, giv-
ing almost twice as many photoelectrons as the usual pulse.
A variance due to atoms larger than that for the two-color
probe was observed. The measured variance was fitted by a
quadratic function poN? + p1N + po. The excess noise was
attributed to the nonlinear polarization rotation. The change
in the rotation angle 6 itself due to atoms was observed,
while 6 for the two-color probe remained constant irrespec-
tive of the atom number, as shown in the inset of Fig. 3(b).
6 ~ 1073 implies that atom number fluctuation or a beam
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power imbalance of 10% would result in an excess variance
of 6 of 10~% rad? and prohibit shot-noise-limited spin mea-
surements without the compensation beam.

IV. CONCLUSIONS

To conclude, we performed spin noise measurements of
a BEC of ¥Rb atoms trapped in an optical dipole trap by
polarization rotation of a two-color probe. Optimization of the
probe frequency and polarization, and beam power balance
stabilization were performed to reduce probe-induced excess
noises in the polarization rotation measurement. We observed
a linear increase in the polarization rotation variance with re-
spect to the atom number, which is characteristic of spin shot
noise. The demonstrated precise spin noise measurements can
be used to experimentally explore the fundamental quantum
properties of multi-spin-component or spinor BECs. Precise

and shot-noise-limited spin measurements are also key to
improving BEC magnetometry.
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