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Reducing Number Fluctuations in an Ultracold Atomic Sample Using Faraday
Rotation and Iterative Feedback
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We demonstrate a method to reduce number fluctuations in an ultracold atomic sample using real-time
feedback. By measuring the Faraday rotation of an off-resonant probe laser beam with a pair of avalanche
photodetectors in a polarimetric setup, we produce a proxy for the number of atoms in the sample. We
iteratively remove a fraction of the excess atoms from the sample to converge on a target proxy value in
a way that is insensitive to environmental perturbations and robust to errors in light polarization. Using
absorption imaging for out-of-loop verification, we demonstrate a reduction in the number fluctuations
from 3% to 0.45% for samples at a temperature of 16.4 μK over the time scale of several hours, which is
limited by temperature fluctuations, beam-pointing noise, and photon shot noise.
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I. INTRODUCTION

The ability to isolate, trap, and cool samples of atoms to
ultralow temperatures (approximately 1 μK) has allowed
for the exploration of many questions in fundamental
quantum science as well as the development of novel sen-
sors with unprecedented precision and accuracy. Ultracold
atomic systems have been used to study soliton dynamics
[1,2], phase separation [3,4], super- and subradiance [5,6],
magnetic order [7], quantum phase transitions [8–10], and
fundamental chemistry [11–13]. Ultracold atoms are also
the basis of the next generation of optical clocks [14], iner-
tial sensors [15–18], and other metrological devices [19],
some of which can take advantage of mesoscopic quantum
entanglement to enhance their precision [20,21].

For many of these systems, both the number of atoms
in an ultracold sample and the sample density are key
parameters that strongly affect their dynamics. For exam-
ple, in Bose-Einstein condensates, the mean-field energy
is determined by the total number of atoms in a conden-
sate and in Fermi gases, the Fermi energy is similarly
determined by atom number. In experiments that probe
scattering dynamics, the number of atoms scattered per
unit time is a function of both the density and the total
number of atoms [22–24] and in many other studies, rang-
ing from subradiance [5] to quantum droplets [25,26], the
number and/or density of atoms affects phase transitions.
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Thus, the precision that can be achieved in such experi-
ments is ultimately dependent on the stability of both the
atomic density and number.

The preparation of an ultracold atomic cloud with a
fixed number of atoms is a task that remains experi-
mentally challenging due to the inherent complexity of
the apparatus, which hybridizes several different technolo-
gies from optical, microwave, vacuum, electronic, and
mechanical engineering [27,28]. The starting point for an
ultracold sample is atoms captured in a magneto-optical
trap. These atoms are then typically laser cooled in a sub-
Doppler scheme and transferred to a magnetic trap, an
optical dipole trap, or a combination of both. There is an
inevitable stochastic element to this step and when, finally,
this trapped sample is evaporatively cooled to the ultracold
domain, atom-number fluctuations on the percent level are
to be expected even for an optimized experimental cycle.

In principle, all inputs to an experiment can be made
arbitrarily stable, but in the final accounting external mag-
netic fields will drift, laser powers will have some noise
and laboratory temperatures will change [29]. At some
point, rather than attempting to stabilize an experimen-
tal input (a laser power, for instance) in order to stabilize
the output (the number of atoms), it becomes more prac-
tical to stabilize the output directly. For this to work, we
need methods for nondestructively measuring the num-
ber of atoms and removing excess atoms in real time. An
early example [30] has shown that frequency-modulation
spectroscopy of the scalar light shift [31] provides a non-
destructive measurement that can allow for the selection
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of experimental cycles where the initial number of atoms
is in an acceptable range. Subsequently, Gajdacz et al. [32]
have used the vector light shift to demonstrate that atomic
samples of N ∼ 106 atoms can be produced with fluctu-
ations below the atomic shot noise limit of Var(N ) = N .
In later works [33,34], the authors have used the same
technique to probe number fluctuations in the number of
Bose-condensed atoms near the critical temperature. In
the latter three experiments, an image of the atomic cloud
was taken using dark-field Faraday imaging [35], which
allowed the authors to compute a proxy for the number of
atoms in the sample. Excess atoms were removed by apply-
ing a series of radio-frequency (rf) pulses, each of which
removed a small fraction of the remaining atoms. These
experiments have all used a far off-resonant laser field to
minimize inelastically and off-axis scattered photons and
hence heating of the atoms.

While imaging provides a wealth of spatial information,
the addition of a camera adds significant complications to
real-time data acquisition and processing. Since the total
number of atoms in a sample can be related to the inte-
grated signal in the dark-field technique, in principle one
can replace the camera with a sufficiently low-noise pho-
todetector. This replacement has three main advantages.
First, readout and processing of a voltage signal is both
simpler and faster than readout and processing of camera
pixel counts. Second, the increased speed at which data can
be acquired and processed opens up the possibility of sta-
bilizing the number of atoms by an iterative scheme using
multiple stages of measurement and feedback rather than
the previously demonstrated single-stage method [32–34].
A multistage method can be less sensitive to changes in
the environment and the experimental parameters, making
it a potentially more robust stabilization scheme. Multi-
ple stages of feedback can also eliminate the noise floor
imposed on the atom number by the stochastic manner in
which atoms are removed [32]. Finally, photodetectors are
significantly smaller, lighter, and consume less power than
a camera, which may be important for mobile or space-
based cold-atom devices, where size, weight, and power
(SWaP) are important [17,36].

In this paper, we demonstrate a simplified method for
stabilizing the number of atoms in an ultracold atomic sam-
ple. By combining the polarimetric signals resulting from
two probe lasers with different frequencies that interact
with the atoms and impinge on two low-noise photode-
tectors, we obtain a measure of the number of atoms
that is insensitive to changes in optical power and pho-
todetector gain. We use the processed signal to inform a
multistage feedback protocol that iteratively converges on
a target signal, and we demonstrate a reduction in both
short and long-term fluctuations in the number of atoms
to a relative cycle-to-cycle stability of 0.45%, which is
limited by temperature fluctuations, photon shot noise, and
beam-pointing fluctuations.

II. IMPLEMENTATION

Generally, feedback to control a system parameter
requires three components: a measurement of the param-
eter of interest, an actuator that affects the parameter, and
a controller that can compute the actuator level from the
measurement at speeds faster than the fluctuations that one
wishes to remove. Our system comprises a prolate sample
of 87Rb atoms in the |F = 2, mF = 2〉 hyperfine state con-
fined in a Ioffe-Pritchard (IP) magnetic trap with a radial
trapping frequency of ωr = 2π × 160 Hz and a 10:1 aspect
ratio. We use Faraday rotation [35,37,38] of off-resonant
linearly polarized laser fields propagating along the long
axis of the IP trap to generate a signal that is a proxy for
the number of atoms in our sample at a fixed temperature.

To describe the effect of Faraday rotation, we start by
considering an optical field with wave number k propagat-
ing in the z direction. We write the laser polarization after
the field has passed through the atoms in terms of the left-
and right-circularly polarized components ê±

E = E+eiφ+ ê++E−eiφ− ê−, (1)

with amplitudes E± and phases φ± that, in general, are
functions of the coordinates transverse to the direction of
propagation of the light (x, y). Faraday rotation in atomic
systems is caused by a difference in the electric susceptibil-
ity for the right- and left-circularly polarized components
due to differences in the transition dipole-matrix elements.
If the detuning of the field from resonance, �, is much
larger than the natural line width of the optical transition,
�, we can neglect absorption of the field and write the
phase shifts imparted by a gas of transverse density ρ(x, y)

as

φ±(x, y) =
(

k
2ε0�

∑
b

|dab|2
� + �b

)
ρ(x, y) = ξ±ρ(x, y),

(2)

where dab is the dipole-matrix element connecting ground
state a to excited state b and �b is the additional detuning
associated with excited state b due, for instance, to hyper-
fine splitting of the excited-state levels. Equations (1) and
(2) are valid in the regime where we collect all light in
the incident and scattered fields and where we can neglect
diffraction of light during propagation through the sample
[39]. We use a dual-port measurement scheme as presented
in Fig. 1 for measuring the rotation angle. Defining

r0 = 2|E+||E−|
|E+|2 + |E−|2 (3)

as the degree of linear polarization, the power in the x
(horizontal) and y (vertical) polarization components is

Px = P
2
[
1 + r0sa cos α + r0ca sin α

]
, (4a)
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Py = P
2
[
1 − r0sa cos α − r0ca sin α

]
, (4b)

with total optical power P, and

sa = 2
πw2

∫
e−2(x2+y2)/w2

sin φa(x, y)dxdy, (5a)

ca = 2
πw2

∫
e−2(x2+y2)/w2

cos φa(x, y)dxdy, (5b)

with Gaussian beam waist w and φ+ − φ− = π/2 +
α + φa. Here, φa(x, y) = (ξ+ − ξ−)ρ(x, y) = ξρ(x, y) is
the differential phase shift solely due to the atomic sample
and π/2 + α is the differential phase shift from all other
sources. With these definitions of r0 and α, linearly polar-
ized light at 45◦ has r0 = 1 and α = 0. We convert the
optical power into voltages using two avalanche photode-
tectors (APDs) and then digitize the results using the two
analog-to-digital convertors (ADCs) on a Red Pitaya (RP)
STEMlab 125-14 development board to produce signals Sx
and Sy , which are linearly related to the optical powers Px
and Py via Sx = gxPx and Sy = gyPy . The gains gx and gy
include the APD gains, the ADC conversion gains, and any
inefficiencies in coupling the light onto the photodetectors.

If the gains gx and gy are known, then one can form
linear combinations of the x and y signals, S± = gySx ±
gxSy , and the ratio R = S−/S+ depends only on the light
polarization and the atomic phase shift:

R = r0 (sa cos α + ca sin α) . (6)

However, small errors in the gain coefficients used in cross
multiplication will lead to small offsets in R which, if time
dependent, will degrade the precision of the inferred atom-
number proxy. We use temperature-compensated APDs
(Thorlabs APD430A), which have gain stabilities on the
order of 1% at ambient temperatures. Additionally, our
laser field propagates along a 2-m path and although we
use lenses to focus the laser onto the APDs, beam-pointing
instabilities still lead to changes in the optical power that
reaches the detectors, which mimic changes in the pho-
todetector gains. Together, these changes can lead to varia-
tions on the order of several percent in our Faraday signal,
which, if applied in a feedback loop, ultimately limits the
atom-number stability to the same level.

Fluctuations in the laser power, laser pointing, and pho-
todetector gains can be circumvented by using two laser
frequencies in a differential measurement. As shown in
Fig. 1, we combine two laser fields L and L′ using a fiber
beam splitter and interleave pulses from the two lasers. As
long as the time between pulses from L and L′ is much
shorter than the typical time scale for variations in pho-
todetector gain and beam-pointing fluctuations, we can
assume that the effective gains for each laser field are the
same. By choosing the frequencies of L and L′ to be on

opposite sides of the resonance, the difference in phase
shifts from the two fields leads to an enhanced signal. We
combine the signals from lasers L and L′ to form the ratio

R = SxS′
y − S′

xSy

SxS′
y + S′

xSy
, (7)

which can be expressed in terms of the physical system as

R = r0
[
(sa − s′

a) cos α + (ca − c′
a) sin α

]
1 − r2

0(ca sin α + sa cos α)(c′
a sin α + s′

a cos α)
, (8)

where s′
a and c′

a are the weighted atomic phase differences
for laser L′ and we assume that the polarizations of L and
L′ are the same. R is insensitive to changes in the optical
powers of either L or L′, drift in the gains of the photode-
tectors, and, by sharing a common path and spatial mode, R
is also insensitive to small changes in the beam alignment
onto the APDs. If we have a Gaussian density profile with
N atoms and spatial standard deviation κ = √

kBT/mω2
r

with temperature T and mass m and we operate in a regime
where the phase shifts are small, corresponding to large
laser detunings and/or low-density atomic samples, R can
be approximated as

R ≈ 2(ξ − ξ ′)N
π(w2 + 4κ2)

r0 cos α − (ξ 2 − ξ ′2)N 2

4π2κ2(w2 + 2κ2)
r0 sin α.

(9)

Ideally, α = 0 and r0 = 1, corresponding to linearly polar-
ized light at 45◦, although small deviations from these
values only lead to either a reduced signal strength or
a weak second-order dependence on the peak differential
phase shift. We set the polarization at the final polarizing
beam splitter in the absence of atoms by first adjusting the
last two wave plates to minimize the amount of light on
one APD and then setting the final half-wave plate such
that output of the APD is half of its maximum value. This
method allows us to compensate for any birefringence in
the vacuum windows or the dielectric coated optics, as
polarization changes that occur after the atoms can always
be reversed. An important feature of our technique is that
the performance of feedback is insensitive to small errors
in the polarization as long as those errors are independent
of time, since the computation of R from measurements
makes no assumption about the polarization of the light.

As seen in Eq. (9), the waist of the laser field is an
important parameter for feedback. When the waist is much
smaller than the size of the sample, R is a sensitive probe
of the central density of the sample and attains its maxi-
mum signal strength. When w � κ , however, R measures
the atom number N directly with minimal dependence on
sample size but with a reduced signal strength. Our probe
beam waist of w ≈ 60 μm is approximately the same as
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FIG. 1. A simplified diagram of the experiment. Two lasers, routed through two acousto-optic modulators (AOMs), are combined
using a fiber beam combiner. The polarization of the two lasers is set by a Glan-Thompson prism (GT) and then rotated to the desired
polarization with a half-wave plate. The combined fields are focused onto the atoms in the science cell using a lens and the light is
collected by another lens after the light has propagated through approximately 1 m of vacuum system, including an aperture between
high- and ultrahigh-vacuum sections. A quarter- and half-wave plate correct the polarization and set it to +45◦ before the light passes
through a polarizing beam-splitting cube. The two polarization components impinge on two avalanche photodetectors (APDs) and the
two voltage signals are digitized using a Red Pitaya (RP) development board, which controls the light pulses and the microwave state.

the radial size of the atomic sample at the temperature we
investigate as a compromise between signal-to-noise ratio
and our ability to collect the light at the far end of our
vacuum system.

One of our laser fields is sourced from a laser that
is offset locked −3 GHz from the 87Rb F = 2 → F ′ =
3 transition (L) and the other field is sourced from our
magneto-optical trap (MOT) repump laser, which is locked
to the F = 1 → F ′ = 2 transition (L′). The power incident
on the uncoated glass surface of our vacuum window is
2.5 μW for laser L and 5.0 μW for laser L′. If we assume
4% loss of optical power per surface from Fresnel reflec-
tion, we can expect to pump atoms to other hyperfine states
at a fractional rate of 4.8 × 10−5 μs−1 and to heat the
sample at a rate of 24 pKμs−1. These rates should be inter-
preted as upper limits, as we measure a 35% loss of optical
power through the entire vacuum system comprising four
glass surfaces and the distribution of this loss across the
four windows is unknown. We lose an additional 39% of
optical power between the exit vacuum window and the
APDs, for a total loss of 60%. Figure 2 shows how the
measured value of R changes when the number of atoms
at a fixed trap depth as measured by absorption imaging is
varied by changing the number of atoms loaded into our IP
trap. Due to changes in evaporative cooling efficiency and
thermalization rates with the number of atoms loaded into
the IP trap, the temperature of the sample varies with the
number of atoms from 29 μK for the lowest number of
atoms to 16.2 μK for the highest number of atoms. We
obtain good agreement with the theoretical prediction of

Eq. (8) if we multiply the measured number of atoms by
1.073, indicating that our absorption images undercount
the number of atoms. A systematic error of this size can
arise from a number of different sources related to absorp-
tion imaging, such as errors in calibrating the magnetic
field direction during imaging, effective camera gain, or
image magnification, with the most likely cause being an
error in calibrating the magnetic field direction, as we use
an ambient field to define our quantization axis relative to
the imaging light polarization. An accounting of the statis-
tical uncertainty in absorption imaging is provided later in
the paper.

For our actuator, we use microwave pulses resonant with
the |2, 2〉 → |1, 1〉 transition at approximately 6.8 GHz. We
follow previous work [32,33] and use many short pulses
to remove atoms from the sample by transferring small
fractions to the antitrapped |1, 1〉 state where atoms are
expelled from the trap. We use 25-μs-long pulses, each
of which transfers approximately f ≈ 10−3 of the atoms
in the |2, 2〉 state to the |1, 1〉 state, and the microwave
pulses are spaced by 50 μs. For sufficiently small trans-
fer fraction per pulse, we can approximate the number of
pulses needed to remove a given fraction of atoms as a lin-
ear function of f −1. This choice of many short pulses, as
opposed to a single longer pulse, simplifies the calculation
of the actuator value and avoids transferring a large frac-
tion of atoms to the |1, 1〉 state, where the L′ laser is close
to resonance and thus would be more strongly affected
by the antitrapped atoms than the trapped atoms. As our
sample is magnetically trapped and the natural line width
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Number of atoms ×106

FIG. 2. The measured value of R (blue circles, left axis) and
the sample temperature (purple squares, right axis) as a function
of the number of atoms N at a detuning of −3 GHz for L and 6.8
GHz for L′. Due to the manner in which the number of atoms is
changed, the temperature of the sample also changes. The solid
red line is the prediction from Eq. (8) with N scaled by 1.073.

of the microwave transition is negligible, the microwave
field only addresses atoms in a narrow energy range, the
width of which is defined by the temporal width and Rabi
frequency of the pulse. Therefore, the number of atoms
removed as a function of the microwave frequency will
reflect the potential energy distribution of the atoms, as
shown in Fig. 3. An important consequence of this energy
selectivity is that the microwave pulses will heat (cool)
the sample when the microwave frequency is set too low
(high). Theoretically, the microwave frequency should be
set to be resonant with the mean energy of the sample
[33]; in practice, we experimentally determine the opti-
mum frequency by measuring the change in temperature
of the sample as a function of the microwave frequency as
in Fig. 3.

To unite our measurement with our actuator and close
the feedback loop, we use programmable logic on a 14-bit
RP development board. Our feedback protocol proceeds
as follows. First, the RP pulses on L then L′ for a pro-
grammable duration with the L′ pulse delayed relative to
the L pulse and the resulting APD voltages are captured by
the two ADCs on the RP. The signal values Sx,y and S′

x,y
are calculated as the difference between the mean APD
voltages when the pulses are on and when the pulses are
off, to account for any offset voltages on the ADCs. The
ratio Rj −1 is then calculated from the integrated signals
as in Eq. (7) to 16 bits of precision. Rj −1 is compared
with a target value, Rtarget, and we calculate the number
of microwave pulses nj to apply for the current feedback

N
um

be
r o

f a
to

m
s 
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FIG. 3. The effect of microwave pulses on a sample of atoms
at an initial temperature of 16 μK for 1000 microwave pulses that
are 25 μs wide and spaced by 50 μs. Detuning is relative to the
microwave frequency at zero magnetic field. The left axis (blue
circles) shows the remaining number of atoms while the right
axis (red squares) shows the change in the temperature as a func-
tion of the microwave frequency. The gray dashed line shows
the approximate microwave frequency at which the change in
temperature is zero.

round j as

nj =
⌊

bf −1
(

Rj −1 − Rtarget

Rj −1

)⌋
, (10)

where b is the fraction of excess atoms to remove in a given
round j and R0 is the initial value of R. After j rounds of
feedback, the measured ratio will be

Rj = Rtarget + (R0 − Rtarget)(1 − b)j . (11)

The feedback protocol described by Ref. [32] effectively
implements Eq. (11) with b = 1, where all the excess
atoms are removed after a single measurement. If, how-
ever, the fraction of atoms removed with each microwave
pulse changes or is not well known, then a single round
of feedback will not necessarily produce a sample with the
target number of atoms. Additionally, the stochastic nature
of removing atoms leads to an uncertainty in the final
number of atoms that increases with the number of atoms
removed [32,40]. Both of these effects result in the final
fluctuations in the number of atoms depending on the num-
ber of atoms removed relative to the target value in the last
feedback round. Therefore, we use b = 0.25 to b = 0.5 and
we terminate feedback when Rj < (1 + tol)Rtarget, where
tol is a fractional tolerance value that we set to 1 × 10−3.
Example decay curves of R are shown in Fig. 4 for b ≈ 0.4,
corresponding to f ≈ 1.5 × 10−3, and Rtarget = 0.24. The
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FIG. 4. Example data showing the decay of the value of R dur-
ing feedback. Each set is a different run of the experiment with
different initial numbers of atoms at fixed temperatures. The tar-
get value is set to Rtarget = 0.24 with a tolerance of 10−3. The
value of b for these curves is b ≈ 0.4.

number of atoms to remove in the last round relative to the
target is then bounded from above by

Rj −1 − Rtarget

Rtarget
≤ tol

1 − b
, (12)

which is 1.7 × 10−3 for the parameters given above. Rel-
ative fluctuations in the final number of atoms caused by
relative fluctuations in f are further reduced by a factor of
b, resulting in a suppression factor of 6.7 × 10−4. Fluctua-
tions in the final number caused by the stochastic removal
of atoms are reduced below the shot noise level by the
square root of this factor, or 2.6 × 10−2, regardless of the
initial number of atoms.

III. RESULTS

Figure 5 shows the effect of our iterative feedback
scheme on a sample of 87Rb atoms held in our IP trap
at a temperature of 16.3 μK, where we set Rtarget = 0.24
corresponding to Ntarget = 25.7 × 106 atoms. Each round
of feedback comprises a measurement of R using pulses
from L and L′ that are 50 μs long with the pulses from
L′ delayed by 1.5 ms, followed by application of a vari-
able number of microwave pulses. Each pair of pulses,
which define the start of a feedback round, are separated
in time by 20 ms, this being chosen to allow enough time
for all possible microwave pulses to be applied. The num-
ber of microwave pulses is calculated by the RP using
Eq. (10), with bf −1 = 250 defining the maximum number
of microwave pulses that can be applied. The exact value
for the maximum number of microwave pulses is unim-
portant, except that a larger value leads to fewer feedback
rounds at the cost of greater sensitivity to fluctuations in f .

We measure the number of atoms and the temperature
at the end of a cycle using standard absorption imaging
resonant with the F = 2 → F ′ = 3 transition along one of
the radial axes after releasing the atoms from the IP trap
and waiting for 15 ms. This serves as an important inde-
pendent measure of the number of atoms, as feedback in
general suppresses fluctuations in the measurement (R) but
not necessarily in the system state (N ) [41]. Our absorp-
tion imaging light is turned on for 250 μs at an intensity of
67 μW cm−2. The quantum efficiency of the camera sen-
sor at our imaging wavelength is 0.8 and the photon shot
noise dominates over the readout noise with our effective
pixel size of 11 μm × 11 μm. From these parameters, we
attribute relative fluctuations on the number of atoms of
0.014% from photon shot noise. A much larger contribu-
tion comes from inhomogeneity in the imaging fields, such
as fringes caused by the relatively long separation between
pairs of images of 18 ms, which we estimate from Monte
Carlo simulations of the fitting process and images to be
0.4%.

The data in Fig. 5 comprise 425 experimental cycles
over the course of 10 h, where we randomly choose to
enable or disable feedback with 50% probability. When
feedback is disabled, we do not apply any optical pulses
in order to measure the free-running distribution of atom
numbers and temperatures. As can be seen in Figs.
5(a)–5(d), our experiment shows significant cycle-to-cycle
variations in the number of atoms in addition to long-
term drift over the course of a day, while the temperature
remains nearly constant. We set Rtarget such that the desired
number of atoms is close to the initial number of atoms at
the start of the day. Early in the series, feedback engages
sporadically as R0 < Rtarget; however, these cases are eas-
ily detected in postprocessing, as only one feedback round
is attempted. As a result, in experiments where the free-
running number of atoms shows no drift, the number can
be stabilized to the mean free-running value with only a
50% reduction in the experimental duty cycle. This will
be advantageous when the variance in the free-running
number of atoms is more than twice the variance in the
stabilized number of atoms, as the decreased variance will
more than compensate for the increased cycle time.

In the latter half of the time series of Fig. 5, the free-
running number of atoms almost always exceeds the target
value and thus feedback is almost always applied. The
result is that the cycle-to-cycle fluctuations and the drift
in the number of atoms are significantly reduced. Figures
5(c) and 5(d) show that the temperature of the sample
under feedback tends to be slightly lower than the tempera-
ture absent feedback. This change in temperature is caused
by setting the microwave frequency slightly too high rel-
ative to the mean energy of the atoms. The change in
temperature is equivalent to approximately −2 nK/pulse
and this change is noticeable in the latter part of the time
series because more microwave pulses are required to
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(a) (b)

(e) (f)

(c) (d)

N ×106

N
 ×

10
6

FIG. 5. The effect of feedback on a sample of atoms. The red
squares and bars indicate cycles when feedback is disabled, blue
circles and bars indicate when feedback is applied, and yellow
diamonds indicate when feedback is enabled but R0 < Rtarget and
feedback is not applied. (a),(b) The number of atoms in the sam-
ple as measured by absorption imaging. (c),(d) The temperature
of the sample. (e),(f) The initial and final values of R when feed-
back is applied. The blue circles and bars indicate the final value
of R and the red squares and bars indicate the initial value R0.

remove enough atoms to reach the target value. This effect
dominates over the expected heating rate from the optical
pulses, which is approximately 1.3 nK per feedback round.

To quantify the variation in the number of atoms, we use
the overlapped estimator of the Allan variance [42],

σ 2
x (τ ) = 1

2(M − 2τ)τ 2

×
M−2τ−1∑

k=0

⎡
⎣2τ+k−1∑

j =τ+k

xj −
τ+k−1∑

j =k

xj

⎤
⎦

2

, (13)

where M is the number of samples in a data set {xj } and
τ is the offset at which to calculate the Allan variance
σ 2(τ ). We plot the relative Allan deviation

√
σ 2

x (τ )/〈x〉

in Fig. 6 for the number of atoms measured with and
without feedback (filled markers), labeled Nfree and Nstab,
respectively, and the initial (R0) and final (Rf ) values of
R when feedback is applied (open markers). The cycle-to-
cycle variations of Nfree and R0 when feedback is disabled
are about 3.5% and both show significant drift over the
course of a day. In contrast, the cycle-to-cycle variations
in the controlled values of Nstab and Rf show relative fluc-
tuations of 0.65% and 0.32%, respectively. To assess the
“true” performance of our method, we estimate the number
of atoms from Rf and our measurements of the temperature
T using Eq. (9) and we plot the relative Allan deviation
of this quantity as Nest in Fig. 6 as the solid green line.
The cycle-to-cycle variations in Nest amount to 0.45% and
when added in quadrature with the estimated uncertainty
from absorption imaging, agree well with the short-term
measured variations in Nstab as seen by the dashed green
line in Fig. 6. In the longer term, there is more variation in
Nstab than in Nest, which is likely due to changes in the cal-
ibration between the true number of atoms and the number
of atoms measured by absorption imaging. While a num-
ber of different factors that contribute to the absorption
imaging calibration may vary with time, in our experi-
ment the most likely candidate is a change in the imaging
magnetic field strength and direction. For long averaging
times, Nest starts to show some drift, as evidenced by the
upward trajectory of the relative Allan deviation in Fig. 6.
This is caused by the change in temperature when feed-
back is enabled, as seen in Fig. 5(c), and could be reduced
by a more careful calibration of the microwave frequency
or use of a larger probe beam size at the expense of a lower
signal-to-noise ratio.

Our cycle-to-cycle fluctuations in R limit the final sta-
bility of the atom number, since feedback cannot stabilize
a parameter to a higher precision than to which one can
measure that parameter. Based on our applied laser powers
and pulse durations as well as the noise-equivalent powers
of our detectors (140 pWHz−1/2) and the noise floor of the
ADCs of the RP (50 nVHz−1/2), our measurement is dom-
inated by photon shot noise [43] and this imposes a limit
on the cycle-to-cycle stability of 0.15%. Stochastic loss of
atoms to other hyperfine states due to optical pumping can
lead to additional noise [40] but we have estimated this to
contribute relative fluctuations of only 2 × 10−5 based on
the aforementioned loss rates and pulse durations. Addi-
tional pulses applied after feedback has terminated confirm
that our final stability is due to fluctuations from pulse to
pulse, not from cycle to cycle. We attribute the excess noise
on our measurement of R to beam-pointing noise arising
from two different processes. First, beam-pointing noise
onto the atoms causes changes in R as the overlap between
the sample and the laser fields changes. Second, the sample
acts as a lens [39] with different focal lengths for the differ-
ent circular polarization components and a small change in
the beam position on the atoms maps to different final beam
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FIG. 6. The relative Allan deviations of the number of atoms
N and the ratio R. The Allan deviations for the number of atoms
are indicated by filled markers, where blue circles are the Allan
deviation with feedback applied (Nstab) and the red squares are
without feedback (Nfree). The Allan deviations for R when feed-
back is applied are indicated by open markers, where the blue
circles are for the final value of R when feedback terminates (Rf )
and the red squares are the Allan deviation for initial values (R0).
The solid green line is the relative Allan deviation from the esti-
mated number of atoms Nest from Rf , the measured temperature,
and Eq. (9), and the dashed green line is the sum in quadrature of
the Allan deviation of Nest and the estimated imaging noise.

positions for the different polarizations. Effectively, this
leads to pulse-to-pulse changes in r0 and hence R. Reduc-
tion of the beam-pointing noise would require significant
redesign of our apparatus but other apparatuses need not
suffer the same problem and may be able to reach the limit
imposed by photon shot noise.

IV. CONCLUSION

In this paper, we demonstrate a simple method for
reducing the fluctuations in the number of atoms in an
ultracold sample. We use a differential measurement of the
off-resonant Faraday rotation of two laser fields as they
propagate through the sample to compute a proxy for the
number of atoms that is independent of changes in laser
power and photodetector gain and is only weakly sensitive
to alignment. For sufficiently large detunings, this proxy
value is linear in the number of atoms for a fixed tempera-
ture. By using an iterative feedback scheme, we reduce the
need for precalibration of our control system, which makes
it more robust to environmental perturbations. We indepen-
dently measure fluctuations in the number of atoms using

absorption imaging and we demonstrate a reduction in the
cycle-to-cycle number fluctuations down to 0.45%, which
is limited by temperature fluctuations, photon shot noise,
and beam-pointing noise.

Apparatuses with better optical design will likely be able
to eliminate beam pointing as a source of noise, leaving
temperature fluctuations and photon shot noise as the lead-
ing contributions. Sensitivity to temperature changes can
be reduced by using a beam size that is larger than the size
of the sample, at a cost of a reduced signal-to-noise ratio.
Alternatively, feedback could be applied to atoms trapped
in an optical dipole trap, where microwave fields are res-
onant with the entire sample and trapping parameters are
more easily controlled, although the actuator would then
require a dissipative element such as a resonant optical
field. If we suppose that these two sources of noise can be
eliminated, the effect of photon shot noise can be strongly
reduced by using higher optical powers and/or longer pulse
durations. A straightforward calculation shows that with
the incident optical powers used in this study, one can sta-
bilize 26 × 106 atoms to a factor of 2 below the atomic
shot-noise level with pulses that are 4 ms long [40]. A two-
step feedback method [32], where one removes most of the
atoms in the first step and then removes only a small frac-
tion in the second step, may be required in this situation to
minimize heating of the sample and loss to other hyperfine
states.

Although our reported cycle-to-cycle fluctuations in our
feedback measurement are a factor of approximately 5
larger than the state of the art [32,33], our control sys-
tem has a number of advantages. It is both simpler and
less costly in terms of equipment and data processing and
it is also faster, which allows for an iterative scheme to
be used that is more robust to calibration errors. In appli-
cations requiring portable atom-based devices, our system
has significant advantages in terms of SWaP. Finally, by
using microwave pulses instead of rf pulses, our method is
easily adapted to feedback control of the number of atoms
in dual-species experiments.

During preparation of this paper, we have become aware
of recent related work using an optical cavity for disper-
sive real-time tracking of evaporative cooling with cavity-
assisted feedback stabilization of atom number as a future
goal [44].
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and J. J. Arlt, Observation of Microcanonical Atom Num-
ber Fluctuations in a Bose-Einstein Condensate, Phys. Rev.
Lett. 126, 153601 (2021).

[35] M. Gajdacz, P. L. Pedersen, T. Mørch, A. J. Hilliard, J.
Arlt, and J. F. Sherson, Non-destructive Faraday imaging of
dynamically controlled ultracold atoms, Rev. Sci. Instrum.
84, 083105 (2013).

[36] D. C. Aveline, J. R. Williams, E. R. Elliott, C. Dutenhof-
fer, J. R. Kellogg, J. M. Kohel, N. E. Lay, K. Oudrhiri,
R. F. Shotwell, N. Yu, and R. J. Thompson, Observation
of Bose-Einstein condensates in an earth-orbiting research
lab, Nature 582, 193 (2020).

[37] B. Julsgaard, A. Kozhekin, and E. S. Polzik, Experimen-
tal long-lived entanglement of two macroscopic objects,
Nature 413, 400 (2001).

[38] F. Kaminski, N. S. Kampel, M. P. H. Steenstrup, A. Gries-
maier, E. S. Polzik, and J. H. Müller, In-situ dual-port

polarization contrast imaging of Faraday rotation in a high
optical depth ultracold 87Rb atomic ensemble, Eur. Phys. J.
D 66, 227 (2012).

[39] A. B. Deb, J. Chung, and N. Kjærgaard, Dispersive detec-
tion of atomic ensembles in the presence of strong lensing,
New J. Phys. 22, 073017 (2020).

[40] D. B. Hume, I. Stroescu, M. Joos, W. Muessel, H. Stro-
bel, and M. K. Oberthaler, Accurate Atom Counting in
Mesoscopic Ensembles, Phys. Rev. Lett. 111, 253001
(2013).

[41] J. Bechhoefer, Feedback for physicists: A tutorial essay on
control, Rev. Mod. Phys. 77, 783 (2005).

[42] IEEE Standard Definitions of Physical Quantities for Fun-
damental Frequency and Time Metrology-Random Insta-
bilities (2009).

[43] APDs experience excess noise above the photon shot noise,
which is expressed as a multiplicative factor F [46]. We
measure F = 7.6 for our APDs.

[44] J. Zeiher, J. Wolf, J. A. Isaacs, J. Kohler, and D. M.
Stamper-Kurn, Tracking Evaporative Cooling of a Meso-
scopic Atomic Quantum gas in Real Time, Phys. Rev. X
11, 041017 (2021).

[45] R. Thomas, Software and hardware code for atom
number stabilisation via Faraday rotation, https://github.
com/kjaergaard-lab/faraday-number-stabilisation (2021).

[46] R. McIntyre, Multiplication noise in uniform avalanche
diodes, IEEE Trans. Electron Devices ED-13, 164
(1966).

064033-10

https://doi.org/10.1103/PhysRevLett.117.073604
https://doi.org/10.1103/PhysRevLett.122.163601
https://doi.org/10.1103/PhysRevLett.126.153601
https://doi.org/10.1063/1.4818913
https://doi.org/10.1038/s41586-020-2346-1
https://doi.org/10.1038/35096524
https://doi.org/10.1140/epjd/e2012-30038-0
https://doi.org/10.1088/1367-2630/ab9553
https://doi.org/10.1103/PhysRevLett.111.253001
https://doi.org/10.1103/RevModPhys.77.783
https://doi.org/10.1103/PhysRevX.11.041017
https://github.com/kjaergaard-lab/faraday-number-stabilisation
https://doi.org/10.1109/T-ED.1966.15651

	I. INTRODUCTION
	II. IMPLEMENTATION
	III. RESULTS
	IV. CONCLUSION
	ACKNOWLEDGMENTS


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


