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Magneto-optical trap performance for high-bandwidth applications
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We study the dynamics of a magneto-optical trap (MOT) operating at high bandwidth. We find the absolute
importance of high recapture efficiency between cycles to maintain a practical atom number. We develop a
simple one-dimensional model accounting for MOT trapping forces and pressure-induced collisions and verify
with experimental data using 87Rb. This is then applied to quantum sensing, predicting a shot noise limited
sensitivity of 1×10−7 g√

Hz
for a gravimeter at 100 Hz operation. The results are useful for understanding MOT

operation at high bandwidth, particularly in the context of developing mobile high-bandwidth quantum inertial
sensors targeting dynamic environments and navigation applications.
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I. INTRODUCTION

The magneto-optical trap (MOT) has been the workhorse
of cold atomic and molecular physics since its first demon-
stration [1,2]. It efficiently cools and traps target species to a
submillikelvin temperature and is indispensable to the gener-
ation of quantum gases, i.e., Bose-Einstein condensate (BEC)
and degenerate Fermi gas [3,4]. The exploration of these fields
has resulted in numerous applications in fundamental research
and increasingly real-world scenarios such as metrology [5],
sensing [6], quantum simulation [7,8], quantum information
processing [9,10], and so on. Despite the remarkable progress
in cold-atom physics over the past few decades, most exper-
iments are still conducted in laboratory settings due to the
optical, radio frequency, and vacuum requirements for gener-
ating and manipulating cold atoms. However, the potential of
cold-atom technology has been increasingly recognized, with
efforts made to move experiments out of the laboratory for
real-world benefits.

Notably, this trend is evident in the area of quantum gravity
sensing, with various demonstrator systems performing trials
in different application environments [11–14]. Promising ap-
plication areas include geophysics, space, civil engineering,
and oil and mineral prospecting. The potential of the tech-
nology is based on its inherent and unparalleled sensitivity,
along with the capability of providing drift-free measure-
ments compared to classical approaches. Inertial navigation
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presents another promising application area for this technol-
ogy. However, its practical implementation is hindered by
the low sampling rate or bandwidth of quantum sensors,
making them less suited to highly dynamic environments.
This limitation primarily arises from the time required for
atomic sample preparation, which mainly involves loading the
atomic trap, also known as the MOT loading time. As a result,
bandwidth is typically limited to roughly 1 Hz. To increase
bandwidth, there are various approaches available. One such
method is to perform interleaved measurements, starting the
next measurement while the previous one is still underway.
This approach has demonstrated sampling rates of 3.75 Hz
with a measurement time of 801 ms, but it relies on a long
drop distance, resulting in a large form factor [15]. While sen-
sitive, this implementation competes with the goal of creating
small, robust, deployable devices and does not significantly
increase bandwidth. Another approach involves using sequen-
tial measurements with a considerably reduced cycle time.
This method has the potential to increase measurement band-
width while minimizing dead time due to replenishing trapped
atoms between cycles. This approach trades bandwidth for
reduced sensitivity and system demands. However, achieving
100 Hz operation restricts the cycle time to 10 ms, leaving
only a few milliseconds for loading. Consequently, this ap-
proach utilizes a short drop distance to maintain a high atom
number. This smaller displacement ensures that most atoms
can be recaptured between cycles, leading to a significant
bandwidth increase. Alternatively, one could consider a short
loading time with a long measurement time and adopt a two-
dimensional (2D) MOT or Zeeman slower to enhance the
loading rate [16,17]. However, this approach will also conflict
with the desire for simpler, compact deployable systems.

Quantum sensing is not widely explored at high bandwidth,
although some atom interferometry has been performed,
achieving sensitivities at the ∼ g√

Hz
level [18–21]. This raises

the question of how MOT dynamics and bandwidth are
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FIG. 1. Two counterpropagating laser beams of frequency ω less
than the atomic resonance frequency ω0 illustrating 1D optical mo-
lasses. Atom propagates with velocity vz towards the rightmost beam.

fundamentally connected and the implications for quantum
sensing. In this paper, we explore high-bandwidth MOT dy-
namics in detail, making connections between MOT theory
and experimental observations. We build a simple one-
dimensional (1D) model and validate with experimental data
before discussing the critical nature of efficient recapture;
optimum parameters and limitations of the mechanism are
also explored. The results are then applied to quantum
sensing, exploring the sensitivity performance limits of a
high-bandwidth atom interferometer. This work highlights the
utility of simple MOT physics in predicting the feasibility
of MOT generation for a given bandwidth, duty cycle, trap
size, and other cloud properties. Study is performed with
the 87Rb D2 (5 2S1/2 → 5 2P3/2) transition. However, general
findings apply to a broader range of cold-atom experiments
targeting higher bandwidth operation.

II. 1D MODEL

To simulate MOT dynamics we adopt the low-intensity the-
ory of optical molasses for a two-level atom in 1D governed
by Eq. (1a) and illustrated in Fig. 1 [22]. This framework can
be extended to obtain an expression for the MOT restoring
force: δ = ω − ω0 corresponds to the detuning from reso-
nance, μ′ is the effective magnetic moment for the transition,
B is the magnetic field strength and A its gradient, the ±
subscript accounts for the different detunings of the right
and left directed beams, s denotes the saturation parame-
ter, and � is the natural linewidth of the transition. This
force is numerically integrated to simulate atomic trajectories.
Figure 2 demonstrates the MOT restoring force acting on
individual 87Rb atoms with different initial velocities. This

FIG. 2. Numerical simulation of single atom trajectories for 87Rb
atoms with variable initial velocities illustrating underdamped mo-
tion occurring for s = 1, δ = −3�, and A = 16 G/cm. Initial velocity
v0 ( m s−1): 0.5 (green dashed), 0.2 (orange dash-dotted), and 0.1
(blue solid).

FIG. 3. Single atom trajectories in a 100-Hz 87Rb MOT for
variable intensity. s = 1 (blue solid), 3 (yellow dotted), 5 (green
dash-dot), and 10 (red dashed). δ = −3�, duty cycle = 0.75, A =
16 G/cm. The white and gray regions correspond to the drop and
recapture phases, respectively.

work concerns the 87Rb D2 (5 2S1/2 → 5 2P3/2) transition for
which � = 2π×6.065(9) MHz and λ = 780.241 nm.

FMOT = h̄k
�

2

[
s

1 + s + ( 2δ+
�

)2 − s

1 + s + ( 2δ−
�

)2

]
, (1a)

δ± = δ∓�k · �v ± μ′B/h̄. (1b)

III. RECAPTURE DYNAMICS

For modeling purposes, a simulation cycle is split into
two distinct regimes, drop and recapture. For lower band-
width applications, requirements on MOT loading time are
less stringent and so after dropping atoms, loading from back-
ground vapor is standard. The timescale for this is pressure
dependent but typically takes a few 100 ms. Consequently,
efficient recapture of atoms between cycles is essential for
high-bandwidth operation. The recapture efficiency will not
be 100%, but the atom number does not decay to zero as atoms
are loaded from the background vapor during recapture. There
are two main mechanisms inhibiting recapture: the finite MOT
restoring time and collisions between atoms in the MOT and
the background vapor.

A. Intensity dependence

We start by considering the finite restoration time. During
free fall atoms move primarily along the vertical and so tra-
jectories are modeled in one dimension. For high-bandwidth
applications the drop time (Tdrop) will be ∼5 ms, leading to an
atom falling 0.13 mm. Given a typical trap radius of ∼5 mm,
an atom will not fall far from the trap center. However, despite
this short distance, the recapture time is still finite, limited by
the restoring force towards the MOT center. Figure 3 shows a
numerical simulation of single atom trajectories over multiple
cycles, highlighting that for insufficient power the restoring
force is too weak and the atom will not be recaptured. This
can be seen in the loss of periodicity for the s = 1 trajectory.
Therefore, to maximize bandwidth in experiments, an inten-
sity significantly above the saturation intensity is required to
minimize recapture time.
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FIG. 4. Simulating restored atom fraction for a cloud of 87Rb
atoms in a 100-Hz MOT for variable duty cycle and cloud tempera-
ture. TMOT: 10 µK (blue solid), 100 µK (orange dashed), and 1000 µK
(green dash-dot).

B. Temperature dependence

To extend this, the dynamics of an atomic cloud are ex-
plored by simulating 1000 atoms with numerical trajectories
similar to those in Fig. 3. The atomic positions and velocities
are normally distributed with σMOT and σv, respectively. σMOT

is the cloud radius describing the initial spread of atoms about
the MOT center. σv = √

kBT MOT/matom is the cloud’s velocity
spread, where TMOT is the cloud temperature and matom is the
mass of a single atom. To quantify capture, we define capture
criteria xc = 0.1 mm. An atom is considered trapped if its final
position satisfies |xf | < xc from the trap center and its final
speed is |vf | < σv Doppler, where σv Doppler is the Doppler veloc-
ity. For cooling on the 87Rb D2 line, the Doppler cooling limit
TD = 140 µK, giving σv Doppler = 0.12 m s−1 [22]. These cri-
teria are chosen deliberately to ensure unambiguous trapping
at the end of simulations. The fraction of atoms satisfying the
capture criteria at the end of the cycle is the restored fraction,
Prestored. Unless stated, we fix our bandwidth at 100 Hz, giving
a cycle length of 10 ms. Increasing duty cycle increases the
drop time and reduces the recapture time. When the recapture
time is <3 ms, there is insufficient time to restore atoms to
the MOT center and the recapture efficiency declines. The
restored fraction tends to a finite value for short recapture
times (∼0.05), see Fig. 4. This results from the spatial extent
of the MOT with respect to the capture region. For short
recapture times, a fraction of atoms have not left the capture
criteria region and are considered recaptured. Furthermore,
our simple model applies a Gaussian intensity profile across
the 1D trap, and so for higher temperatures and longer drop
times atoms move further away from the central, most intense
region and experience weaker restoring forces. In general,
low temperature is critical for cold-atom experiments, with
our simulations highlighting why this can aid recapture and
bandwidth.

C. Pressure dependence

During an operational cycle, atoms in the cloud can also be
lost through collisions with atoms in the background vapor.
The probability of this not occurring for an atom during a

FIG. 5. Pno collision (red solid) and mean free time (blue dashed)
for variable pressure for Tcycle = 10 ms [23].

cycle is given by Pno collision in Eq. (2). τ is the mean free
collision time and Tcycle is the time for a complete cycle
(drop and recapture), as atoms can be lost from background
collisions throughout an entire cycle.

Pno collision = e− Tcycle
τ . (2)

For recapture times > 3 ms, restoration losses are typically
negligible (Prestored = 1) and so Eq. (2) effectively represents
the recaptured atom fraction for a single shot. Unless stated,
we use MOT parameters of s = 3, δ = −3�, A = 14 G/cm,
TMOT = 300 µK, σMOT = 0.5 mm, 4σr = 20 mm (1/e2) di-
ameter, vapor pressure = 2.9×10−7 mbar, R = 4.5×109 s−1,
L = 16.0 s−1, σ0 = 1×10−13 cm2, and Cv = 21 m s−1. σr de-
fines the trap or laser size, Cv is the capture velocity, and R
and L define the MOT loading and loss rates, respectively.
A defines the trap field gradient and σ0 defines the collision
cross section. More explicit details on these parameters will
be given in the subsequent section. Figure 5 shows the re-
sults of computing Pno collision and the mean free time over
the 10−9–10−6 mbar range. For pressures approaching 10−6

mbar, the collision timescale is comparable to the cycle time,
reducing the recaptured fraction significantly. Note, modeling
only considers background collisions with 87Rb atoms and
assumes the absence of other species.

IV. EXPERIMENTAL VERIFICATION OF THE MODEL

In this section our simple 1D model is validated with
data from our experimental setup. Full details concerning
the experiment can be found in Ref. [21]. To compare
effectively, we modify the MOT loading theory for high-
bandwidth operation. We assess the contribution of recaptured
and background-loaded atoms to the steady-state atom count.
Measurements are performed using fluorescence detection
with a photodiode. Uncertainties in atom count and recapture
efficiency are small compared to the marker size and so are
not depicted.

A. MOT loading

The rate of change of atoms in the MOT is given by the
balance between loading and loss of atoms, and integrating
this gives the number of atoms after loading for a period of
time t in Eq. (3a). R and L are the loading and loss rate of the

063111-3



ADAMS, KINGE, BONGS, AND LIEN PHYSICAL REVIEW A 108, 063111 (2023)

FIG. 6. Experimental MOT performance, experimental data (red
dots), and fit (blue dashed). The following parameters are extracted:
R = 4.5×109 s−1, L = 16.0 s−1, and a 87Rb vapor pressure of
2.9×10−7 mbar.

MOT and are given by Eqs. (3b) and (3c), respectively. As is
the trap surface area (4πσ 2

r ), and the capture velocity Cv is
assumed to be 21 ms−1—see the Appendix for details. nb is
the number density of particles in the background vapor, σ0

is the collision cross section, and vth is the average thermal
velocity of the background gas. The number density of the
particles is calculated from the ideal gas equation nb = P

kT
with the vapor pressure obtained from the model in Ref. [24].

N (t ) = R

L
(1 − e−Lt ), (3a)

R = 2AsC4
v nb

π2v3
th

, (3b)

L = 1

τ
= nbσ0vth. (3c)

The rate equation sometimes includes an additional loss for
inelastic collisions between atoms in the MOT. This changes
the loss rate to L → L + βn̄, where n̄ is the mean cloud den-
sity and β is a constant characterizing this mechanism. This
implies that two-body collisions can be neglected if βn̄ � L.
β ∼ 1×10−11 cm3 s−1 has been reported for a laser detuning
of δ = −� and an intensity of s ≈ 10, which are fairly typical
operating parameters [25].

Assuming a MOT of around 108 atoms with a radius
of 1 mm gives a number density of n̄ ∼ 1×1010 cm−3. For
typical pressure L ∼ 1–10 s−1, which is one to two orders
higher than the two-body loss term. This justifies why this
term can be neglected in our simulations. For 100 Hz op-
eration the MOT loading time is only a few milliseconds.
Even for relatively high pressures in the low 10−7 mbar range
the loading rate is a few 109/s. This means at most ∼107

atoms can be loaded from the background vapor after a few
milliseconds, a small fraction of the steady-state population
reached in the experimental data in Fig. 6. This highlights
how efficient recapture of atoms between cycles is essential
for high-bandwidth operation. In this regime MOT composi-
tion is recapture dominated, with a small contribution from
background loading. Consider a high-bandwidth MOT con-
taining 107 atoms with a recapture period of ∼1 ms. Assuming
recapture is 90% efficient with a MOT loading rate of

FIG. 7. Traditional nondynamic MOT loading (solid) and
100-Hz high-bandwidth MOT loading simulation at a duty cycle of
0.65 (dashed).

R ∼ 109 s−1, the atom number will remain steady. By con-
sidering losses from the finite restoration time and collisions
independently, an iterative equation is formed describing the
shot to shot atom number.

Ni+1 = NiPno collisionPrestored + R

L
(1 − e−LTReload ). (4)

Ni denotes the atom number in the ith cycle. The first
term describes the contribution from recaptured atoms, with
Pno collisionPrestored representing the constant shot to shot recap-
ture fraction. The second term describes background loading
and is the MOT loading equation with terms as defined in
Eq. (3a). The time for loading and recapture is given by
Treload. Iterating until Ni+1 = Ni gives the operational steady-
state atom number for the MOT. To compute the recaptured
atoms, the steady-state atom number is measured. From this
the contribution from background loading is subtracted using
the MOT loading data (Fig. 6). From this the recapture ef-
ficiency can be determined. For higher pressure the loading
rate is larger, so more atoms are loaded from the background
but fewer atoms are recaptured due to more background
collisions, and vice versa for lower pressure. Steady state
corresponds to the point at which the number of atoms lost
due to inefficient recapture is perfectly balanced by the atoms
loaded from the background vapor.

In Fig. 7 the behavior of a traditional MOT is simulated
and contrasted with a high-bandwidth MOT with a duty cycle
of 0.65. In this configuration there are about 20% the number
of atoms when compared with a MOT fully loaded from back-
ground vapor. Even with our relatively high pressure, without
recapture it would take ten times longer to load this many
atoms. This limits bandwidth to at most 30 Hz, showing the
importance of recapture in maximizing bandwidth.

B. Duty cycle

A key parameter determining MOT operation is the duty
cycle describing the useful fraction of the experimental cycle.
In this context it denotes the free-fall time. The remain-
ing portion constitutes time for recapturing and loading
atoms back into the trap for the next cycle. Optimizing duty
cycle is important for experimental applications, as increas-
ing measurement time will compromise time available for
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FIG. 8. Pressure-induced collision model, theoretical model
(line), and experimental data (points).

reloading atoms into the MOT. Naturally, some balance must
be achieved within a cycle. To investigate this we vary the
parameter experimentally and compare with our simple dy-
namics model. Figure 9(a) presents data at 100-Hz bandwidth,

FIG. 9. MOT performance for variable duty cycle. Steady-
state MOT atom number (red solid) and recapture efficiency
Pno collisionPrestored (blue dashed). Experimental data points are scat-
tered. (a) 100 Hz MOT, (b) 50 Hz MOT.

FIG. 10. Time to load 108 atoms for variable drop time (red
solid), and recapture efficiency Pno collisionPrestored (blue dashed). Ex-
perimental data points are scattered.

and as drop time tends to 0 ms the atom number tends to-
wards the value in Fig. 7 for nondynamic MOT operation. For
increasing drop times up to 6 ms the atom number decays
gradually as less cycle time is devoted to reloading. In this
regime, the recapture efficiency stays constant as the restora-
tion force is sufficient to recapture atoms for reloading time
> 3.5 ms (Prestored = 1). The imperfect recapture efficiency
comes from the pressure-induced collisions with the back-
ground vapor, Pno collision = 85% at 100 Hz. For drop times
> 6.5 ms the recapture mechanism fails and the atom number
declines dramatically, with a good fit between model and
experimental data. This fit is slightly poorer at 50 Hz but still
quite reasonable. The 1D model performs well, with notable
agreement with experimental data; its simplicity was a key
motivator balancing tractability, accuracy, and computational
efficiency. However, remaining discrepancies could be linked
to the 3D nature of the light field, magnetic field, and polar-
ization profiles.

To validate our collision model we perform duty cycle
scans with fixed cycle times of 2.5, 5, 10, and 20 ms. Using
this data we extract the Pno collision value as drop time tends to
0 ms and plot against Eq. (2) for our operating pressure of
2.9×10−7 mbar. Figure 8 presents this data showing a strong
fit, validating our collision model. To further highlight the
importance of recapture we simulate longer drop times with
a short reloading time. To model this, the reloading time is
fixed, the drop time is incremented, and the steady-state atom
number is computed. After falling 2σr = 10 mm, an atom
will fall out of the trap center in ∼45 ms, as reflected in the
decline in Fig. 11. For drop times � 45 ms the dynamics are
recapture dominated as atoms do not fall out of the trapping
region. For drop times > 45 ms the MOT is no longer in the
trapping region and so recapture is not viable. Consequently,
the MOT consists entirely of atoms loaded from the back-
ground vapor. For longer loading times the drop-off is less
pronounced, highlighting the need for a significant increase in
reloading time when leaving the recapture-dominated regime.
Our model is further validated by calculating and measuring
the reloading time for a steady-state MOT of 108 atoms. As
anticipated, the recapture efficiency experiences a decline to
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FIG. 11. Steady-state atom number for variable drop time with a
fixed loading time: 4.0 ms (blue solid), 10 ms (orange dashed), and
50 ms (green dash-dot).

zero at 45 ms of drop time. For small drop times the loading
time required tends to the MOT restoration time for a 87Rb
atom (∼3 ms) in this regime. When recapture fails, the time
required is determined entirely by background loading and
is given by 1×108

4.5×109 s−1 ∼ 25 ms. For lower pressures (∼10−8

mbar) this time will be significantly longer due to the re-
duced loading rate. In summary, Fig. 9 highlights the finite
restoration time of the MOT, which is of the order of a few
milliseconds for short drop times (i.e., 50–100 Hz), whereas
Fig. 10 highlights how for increasing drop time the atoms
eventually fall out of the trapping region and can no longer
be recaptured. This provides realistic expectations for trap
reloading for different drop times. Overall, a good fit is ob-
served between the model and experiment. For experiments
care is required to ensure sufficient loading time such that
recapture is not compromised. Equally, excess time should
be avoided to promote measurement bandwidth. To optimize
this in different systems, analysis similar to Fig. 9 could be
performed by increasing the duty cycle until a sharp drop-off
in atomic signal is observed. This reflects the point at which
the recapture mechanism fails, determining the necessary trap
loading time.

V. APPLICATION TO QUANTUM SENSING

Having validated our simple model for the high-bandwidth
MOT, we will now apply this to optimize an application. Atom
interferometry (AI) was developed in the early 1990s and
offers exceptional sensitivity to rotations and accelerations
[26]. The technique underpins quantum sensing, which shows
huge promise for applications in inertial navigation [21,27].
To explore this we predict the sensitivity performance limit
of an atom interferometer operating at 100 Hz. Sensitivity
is given by δφ

φ
, where δφ denotes phase noise and φ is the

phase signal accumulated over the interrogation period. The
noise on a single measurement δφs is limited by quantum pro-
jection noise NQ = √

NAI, and δφs = ηδφQ = η
NQ

NAI
= η√

NAI
,

where NAI denotes the number of atoms participating in the
interferometer, with η � 1 accounting for excessive detec-
tion noise. The operating bandwidth is given by F = 1

(Ti+Tp ) ,
where Ti = Tdrop is the interrogation (drop) time and Tp is the
sensor preparation time incorporating reloading, cooling, and

FIG. 12. Optimizing sensitivity by optimizing balance between
recapture and interrogation time, sensitivity (red solid) and par-
ticipating atoms (blue dashed). The optimized cycle consists of a
5-ms interrogation, 2-ms recapture, and a set 3 ms of additional
preparation (cooling, state preparation, launching). AI parameters:
F = 100 Hz, η = 1, and NAI = 0.01 NMOT.

detection; ke is the wave vector; and g is gravity. Using these
definitions we derive sensitivity as in Eq. (5):

S = 4η

ke|g|
√

NAI

√
FT 2

i

≈ 2.5×10−8 η√
NAI

√
F 3

(1 − FTp)2
.

(5)

For optimal sensitivity the duty cycle requires optimization to
balance the recapture and interrogation periods. Assuming a
certain bandwidth, duty cycle, and shot noise limited detec-
tion, the only unknown in Eq. (5) is atoms participating in the
interferometer, NAI. To acquire this the recapture simulation is
run for the chosen duty cycle and MOT parameters to obtain
the recapture efficiency. The atom number is then computed
using Eq. (4). A conservative 1% of atoms are assumed to
complete the interferometer, NAI = 0.01 NMOT. To account for
sub-Doppler cooling, state preparation, and launching, a 3-ms
preparation time is allocated within the cycle time. We also
adopt a cloud temperature of 10 µK following sub-Doppler
cooling. Figure 12 shows the sensitivity simulation at 100 Hz
operation for variable duty cycle. For lower duty cycles there
are more atoms, but the sensitivity improvement from in-
creased interrogation time dominates over the reduced atoms.
For reloading times < 2 ms the capture processes are inhibited
and the atom number falls to zero, diminishing sensitivity.
Figure 12 indicates a performance limit of 1×10−7 g√

Hz
at

100 Hz, representing an order of magnitude improvement over
the current state of the art for this bandwidth [19]. Given
the finite recapture time, it is interesting to consider optimal
sensitivity for variable bandwidth. To explore this, the sim-
ulation in Fig. 10 is reprocessed. By adding the drop and
reloading time together and including an additional 3 ms of
preparation time, a certain cycle time and therefore bandwidth
is defined. For this bandwidth 108 atoms are generated, and
so sensitivity can be computed with Eq. (5). For increasing
bandwidth the optimal duty cycle decreases gradually as the
necessary reloading time represents a larger fraction of the
cycle, see Fig. 13. At a certain bandwidth the cycle time
is insufficient to interrogate, recapture, and prepare atoms.
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FIG. 13. Sensitivity projection for variable bandwidth based on
simulation in Fig. 10. For each bandwidth the cycle consists of an
additional 3 ms of preparation.

For short drop time, around 2 ms is required to recapture
atoms, and so with an additional preparation time of 3 ms the
limiting bandwidth is 1

5 ms 
 200 Hz. Given the performance
limits, it is worth summarizing the advantages, disadvan-
tages, and future prospects of the high-bandwidth approach
for quantum sensing. Quantum sensors offer low bias and high
stability, enabling long-term inertial navigation measurements
not currently feasibly with classical sensors. High-bandwidth
quantum sensors would therefore be attractive for navigation
where measurement rates > 100 Hz are needed for oper-
ation on mobile platforms [11]. As highlighted, bandwidth
and sensitivity present a compromise, although the reduced
free-falling distance at high bandwidth makes the approach
compelling for miniaturization, developing devices more ro-
bust to challenging environments [20]. The ∼ g√

Hz
sensitivity

offered at high bandwidth would be useful for inertial nav-
igation, with techniques such as large-momentum transfer
potentially offering a route to clawing back sacrificed sen-
sitivity [28]. Even presently, ship-borne measurements have
demonstrated sensitivities at the ∼g level [13]. Moreover,
hybrid methods have been implemented to increase band-
width using a quantum sensor to correct a classical device
[29]. Further developments could offer potential for absolute
positioning on a meter scale independent of environment with-
out satellite navigation. Moreover, high-bandwidth operation
would also be desirable for faster civil engineering surveys,
providing feedback on the condition of water pipes and iden-
tifying voids and mine shafts.

VI. CONCLUSIONS

We show that a simple model simulating 1D atomic trajec-
tories and loss mechanisms performs rather well in explaining
experimental MOT dynamics across a range of bandwidths.
Traditionally bandwidth is not a primary concern, and so
traps are loaded to capacity with no concern for recapturing
atoms, limiting bandwidths to around 1 Hz. In this work we
explore the full bandwidth range. At low bandwidth recapture
efficiency tends to 0 due to background collisions and atoms
falling outside of the trapping region. At high bandwidth the
finite MOT restoring force is critical, limiting the recapture
time to a few milliseconds for 87Rb and imposing a maximum

FIG. 14. Capture velocity investigations. (a) Cv dependence on
detuning for 23Na. The largest Cv is obtained for a detuning of
≈−100 MHz ≈ −10�. Simulation time = 100 ms; (b) Scattering
force against velocity for variable laser detuning for 87Rb, s = 3, δ:
−� (blue solid), −3� (yellow dashed), −5� (green dash-dot), −8�

(dotted); and (c) Cv dependence on simulation time for 87Rb. A = 14
G/cm, σr = 5 mm, s = 3, Simulation time (ms): 4 (blue solid), 10
(orange dotted), 50 (green dash-dot).

bandwidth for MOT generation. We observe that the model
provides a good fit to experimental data across a range of
bandwidths, accounting for pressure, temperature, and spatial
considerations of the trap.

The model is then applied to quantum sensing, projecting a
performance limit of 1×10−7 g√

Hz
at 100 Hz. This is computed

by optimizing the duty cycle for a given bandwidth. Based on
this, it is deemed beneficial to devote cycle time to interroga-
tion, provided recapture is not compromised significantly. In
summary, this work shows the power of a simple MOT physics
model in predicting the feasibility of MOT generation for a

063111-7



ADAMS, KINGE, BONGS, AND LIEN PHYSICAL REVIEW A 108, 063111 (2023)

given bandwidth, duty cycle, and other trap and cloud proper-
ties. More generally, the ubiquitous nature of the MOT means
this work could be applied to a broad range of experiments
using different atomic species, particularly for those targeting
higher bandwidth operation. Moreover, further improvements
in recapture performance might be achievable by considering
alternative MOT geometries or beam alignments [30].
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APPENDIX: CAPTURE VELOCITY

Capture velocity (Cv) is an important parameter determin-
ing the atom number in Eq. (4) [31,32]. Consider an atom
starting at the edge of a trap and incrementing its initial
velocity from 0 m s−1 until trapping criteria are no longer
satisfied. The atom can also never leave the trap radius during
a simulation. The highest velocity for which these conditions
are met is the capture velocity. Figure 14(a) replicates work

for 23Na, providing confidence in modeling with 87Rb [22,33].
A crude estimate for Cv is obtained by considering the work
done in slowing an atom as in Eq. (A1): m is the particle mass,
σr is the trap radius, and Fmax is the maximum scattering force
(h̄k�/2). Choosing appropriate values for the 87Rb D2 line
with σr = 5 mm gives Cv ≈ 50 m s−1. This approach assumes
a constant maximum scattering force, whereas in reality it
carries velocity dependence. Assuming δ = −3� in the range
of 0–30 m s−1, the mean force is ∼Fmax/3, Fig. 14(b). Ac-
counting for this makes Cv ∼ 30 m s−1.

Cv 

√

4Fmaxσr

m
. (A1)

To compute Cv more accurately, we run the capture veloc-
ity simulation at s = 3.

Figure 14(c) highlights that for increasing simulation time
higher velocity atoms can be slowed, meaning the peak shifts
to greater detunings. Eventually, the peak value remains fixed
for increasing simulation time, with the drop-off becoming
less extreme. Given our experimental parameters and the short
timescale dynamics, we adopt Cv = 21 m s−1, as this provides
strong agreement with our MOT loading data and quite good
agreement with the simulation value.
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