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Hybrid method of generating spin-squeezed states for quantum-enhanced atom interferometry
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We introduce a spin-squeezing technique that is a hybrid of two well-established spin-squeezing techniques,
quantum nondemolition measurement (QND), and one-axis twisting (OAT). This hybrid method aims to improve
spin-squeezing over what is currently achievable using QND and OAT. In practical situations, the strength of
both the QND and OAT interactions is limited. We find that, in these situations, the hybrid scheme performed
considerably better than either OAT or QND used in isolation. As QND and OAT have both been realized
experimentally, this technique could be implemented in current atom interferometry setups with only minor
modifications to the experiment.
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I. INTRODUCTION

Atom interferometry is capable of providing state-of-the-
art measurements of gravitational fields [1–7], gravitational
gradients [8–13], and magnetic fields [14], with future appli-
cations such as minerals exploration [15,16], hydrology [17],
inertial navigation [18–20], and possible tests of candidate
theories of quantum gravity [21–23]. There is considerable
recent interest in the use of quantum entanglement in atom
interferometry [24–26], which would improve the precision,
measurement rate, and reduce the overall size of these devices
[25]. Two of the most promising routes to generating useful
entanglement are spin squeezing via one-axis twisting (OAT)
[27–30], or via quantum nondeomolition (QND) measure-
ments [31–37]. These methods have been used in proof of
principle experiments [38,39], but have not yet found utility
in a state-of-the-art inertial sensors. In particular, typical atom
interferometry experiments with ultra-cold atoms have only
modest optical densities, and permit only modest levels of
squeezing via QND [40]. While the use of an optical cavity
can significantly improve the amount of achievable squeezing
[35,36,38,39], this adds considerable experimental overhead,
increasing the size, weight, and complexity of the experiment
[19].

A recent proposal showed that, in a freely expanding Bose-
Einstein condensate (BEC), strong atom-atom interactions
can generate substantial spin squeezing via OAT between two
momentum modes without degrading mode overlap or caus-
ing significant phase diffusion, and could potentially allow
for a high precision, spin-squeezed gravimetry measurement
[41]. However, only a modest level of OAT interactions are
achievable via this method, as the interactions are quickly
reduced due to the expansion of the atomic clouds. Here, we
present a hybrid scheme that utilizes both QND and OAT. In
particular, by combining both schemes, we can achieve levels
of squeezing significantly higher than either scheme on their
own. When restricting ourselves to the small levels of QND
interaction that free-space QND permits and the weak OAT
interaction that would be generated via the scheme presented
in Szigeti et al. [41], we show that combining these schemes

can give significantly better levels of squeezing than either in
isolation. Furthermore, these schemes are entirely compatible
and can be implemented together without compromising the
performance of either one.

II. COMBINING QND AND OAT TO IMPROVE
SPIN SQUEEZING

We will begin by describing the hybrid scheme and then
going into the details of each element, specifically, the QND
and OAT interactions. Assuming a BEC of N atoms with
two hyperfine states |1〉 and |2〉, we introduce the pseudospin
operators Ĵk = 1

2 (â†
1 â†

2)σk (â1 â2)T , where σk is the kth Pauli
matrix and â1 and â2 are the annihilation operators for atomic
states |1〉 and |2〉, respectively. These two states may also carry
an associated momentum difference, such as is the case in an
atom interferometer used to measure gravity. When used as
the input to a Mach-Zehnder interferometer, the achievable
phase-sensitivity is

�φ = ξ√
N

, (1)

where

ξ =
√

N

√
Var(Ĵz )

|〈Ĵx〉|
, (2)

where ξ is the Wineland spin-squeezing parameter [42], with
ξ < 1 indicating spin squeezing. The hybrid scheme involves
first applying the QND interaction and then using the OAT
interaction to further enhance the squeezing (see Fig. 1 ).
Specifically, we initially prepare our system with all atoms in
state |1〉 (maximum Ĵz eigenstate), before applying a beam-
splitter pulse which puts each atom in an equal coherent
superposition of |1〉 and |2〉. This is a rotation about the
Ĵy axis by π/2, creating a coherent spin-state (CSS) on the
equator of the Bloch sphere, or a maximal Ĵx eigenstate.
The QND interaction reduces the uncertainty in the Ĵz axis,
while increasing fluctuations in the Ĵy axis. The state is then
rotated by an angle θQND about the Ĵx axis, before the OAT
interaction is applied, which causes a nonlinear “shearing”
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FIG. 1. (a) Hybrid method schematic. The model is a modification to the current OAT state-preparation sequence. The output state from
the hybrid model is used as the initial state for the interferometer sequence. (b) Bloch sphere representation of OAT (top row) and the proposed
hybrid method (bottom row) for an initial CSS. In OAT, the initial CSS (i) undergoes nonlinear shearing creating a state with reduced variance
in some direction (ii). This state is then rotated about the Jx axis by an amount θOAT to create a state with reduced variance in the Jz axis (iii).
In the hybrid method, the initial state first undergoes QND squeezing, creating a state with reduced variance in the Jz axis (iv). This state is
then rotated about the Jx axis by an amount θQND (v), such that it undergoes more rapid shearing under OAT dynamics (vi). This state is then
rotated by amount θOAT to reduce the variance in the Jz direction. When the degree of OAT or QND interaction is limited, the hybrid scheme
can produce better spin squeezing than either OAT or QND used in isolation.

of the state. Rotating the QND state before the OAT inter-
action increases the variance in Ĵz, which causes the state to
shear faster under the OAT interaction, ultimately increasing
the amount of spin squeezing achievable. The value of θQND

that optimizes the spin-squeezing parameter depends on both
the amount of QND interaction before, and OAT interaction
after the rotation. The QND interaction is achieved via an
optical coupling, and can occur on timescales much faster than
the atomic dynamics, while the OAT interaction is achieved
via utilization of the interatomic interactions, and typically
takes several milliseconds to achieve significant shearing. As
these two interactions utilize different resources, they are en-
tirely compatible and can be applied sequentially as described
above. As QND and OAT have both been realized experimen-
tally, this technique could be implemented in current atom
interferometry setups with only minor modifications to the
experiment. Specifically, as described in [41], OAT can be
achieved by replacing the free-expansion time with two ad-
ditional beamsplitter pulses, implemented via the same laser
system as the interferometric pulses. QND is achieved by
using an off-resonant laser (or a pair of lasers, one for each
hyperfine state) to perform state-dependent number estimation
of the sample after an initial additional beamsplitter pulse.

We will describe the dynamics of this scheme quantita-
tively in Sec. III. We will now briefly review the principles and

performance of the OAT and QND interactions individually,
before assessing the performance of the hybrid scheme.

A. QND Squeezing

By illuminating the atomic sample with a laser detuned
from some excited state |e〉, the population in each of the
hyperfine states |a1〉 and |a2〉 is imprinted on the phase of
the light. Consequently, a measurement of the phase allows
one to infer information about the population difference, col-
lapsing the atomic state into a spin-squeezed state (SSS), with
reduced variance in Ĵz [24,43]. As the collapse is random,
feedback (via a rotation around the Ĵy axis of magnitude
proportional to the measurement result) is used to recenter the
state on the equator, such that 〈Ĵz〉 = 0. The amount of spin
squeezing depends on the strength of the atom-light entangle-
ment. QND can be achieved using monochromatic (one-color)
[44], or dichromatic (two-color) laser light [40,45]. One-color
QND is susceptible to dephasing of the atoms due to the
inhomogeneous spatial profile of the laser, which degrades
spin squeezing [46]. Two-color QND rectifies this issue and
suppresses experimental noise, such as vibrations in mirror
positions, to first order. Assuming the laser is spatially homo-
geneous, both methods can be shown to have the same spin
squeezing. For simplicity, we will therefore proceed with a
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FIG. 2. (a) Energy-level diagram of quantum nondemolition
measurements. The atoms are illuminated by a laser (annihilation
operator b̂) equally detuned from the two atomic levels, |a1〉 and |a2〉,
to an excited state |e〉. This imprints the difference in the number
of atoms in each state Ĵz into the phase of the laser. (b) Schematic
of experimental quantum nondemolition measurement in free space.
After the laser passes through the atoms, the phase is measured by a
homodyne detector, allowing for an inference of Ĵz to be made. Such
an inference reduces the variance in Ĵz and thus creates a SSS

one-color QND model without loss of generality, although a
two-color scheme may be favorable for experimental imple-
mentation.

A schematic of the atom-light interaction is shown in
Fig. 2. A single laser is detuned from resonance by an amount
(−)� for the |a1(2)〉 → |e〉 transition. Adiabatically eliminat-
ing the excited state [43] |e〉 gives the effective Hamiltonian

ĤQND = −h̄χQNDĴzb̂
†b̂, (3)

where b̂ is the annihilation operator for a pulse of light of
duration tp and χQND is the atom-light interaction strength,
which for the detuning � shown in Fig. 2 is

χQND = 2σ0	

A�tp
. (4)

Here, σ0 is the resonant scattering cross section, 	 is the tran-
sition spontaneous emission rate, and A is the cross-sectional
area of the laser incident on the atomic sample.

The degree of spin squeezing is well characterized by the
resonant optical depth d and the inelastic scattering rate inte-
grated over the pulse duration η, which can be written in terms
of the system parameters as

d = σ0N

A
, (5)

and η = 2σ0

A

(
	

�

)2

Np, (6)

where Np is the total photon number. Due to the narrow
momentum linewidth of the Bose-Einstein condensate, any
spontaneous emissions causes the atom to be scattered into a
distinguishable momentum state, and is therefore lost from the
interference measurement [40]. We treat these spontaneous
emission events by coupling vacuum noise fluctuations into
the atomic operators [47].

For a fixed resonant optical depth, there is a trade-off be-
tween the amount of information inferred about the population
difference and information lost due to spontaneous emission,
as seen in the inset of Fig. 3. Optimizing over the loss fraction
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FIG. 3. Optimum spin-squeezing parameter ξopt from QND on
the D1 line of a system of 105 87Rb atoms, calculated via truncated
Wigner (black stars), compared to analytic scaling ξopt = d−1/4 (red
solid line). Inset figure: Scaling of the spin-squeezing parameter ξ

with the loss fraction η for a fixed resonant optical depth. Outer
figure: The optimal spin-squeezing parameter as a function of optical
depth, found by minimization of ξ with respect to η, for d = d1 = 75
(blue solid line) and d = d2 = 387 (green dashed line). ξopt scales as
d−1/4.

gives [31,45,48] an optimum squeezing of

ξopt ≈ d−1/4. (7)

For Bose-condensed atoms, the atomic density is limited by
three-body recombination, which ultimately limits the achiev-
able optical depth. For fixed atomic density, adjusting the
aspect ratio of the BEC to a cigar-shaped cloud with the long-
axis aligned with the tightly focused probe beam increases the
optical density. In this geometry, the limiting factor now be-
comes the Rayleigh length of the beam. Confining the atoms
to a cylinder of diameter equal to the beam waste and length
equal to the Rayleigh length, and optimizing the size of the
beam waist gives a maximum optical depth of

d � σ0

√
Nρ

λ
, (8)

where ρ is the atomic density and λ is the optical wavelength.
For a N = 105 87Rb BEC using the D1 line, optimizing the
optical depth for a fixed atomic density of 1014/cm3, gives
an optical depth of d = 387, and ξopt ≈ 0.23. To further im-
prove the achievable squeezing, the effective optical depth,
and therefore the achievable level of QND squeezing further,
a high finesse optical cavity could be employed.

B. One-axis twisting

One-axis twisting (OAT) dynamics is caused by a Hamil-
tonian of the form

ĤOAT = h̄χOAT(t )Ĵ2
z , (9)

and leads to correlations between the relative number differ-
ence and relative phase degrees of freedom [27]. This results
in a “shearing” of the quantum state on the Bloch sphere, and
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FIG. 4. (a) Evolution of the Wigner quasiprobability distribution
for an initial coherent spin state of 100 atoms under OAT dynamics,
for (i) λOAT = 0, (ii) λOAT = 0.025, (iii) λOAT = 0.05, (iv) λOAT =
0.05, with an additional rotation around the Ĵx axis applied to convert
the squeezing into the Ĵz direction. (b) Spin-squeezing parameter as
a function of λOAT.

a narrowing of the spin distribution along one axis (Fig. 4). In
a two-component BEC, OAT dynamics naturally arises from
the interatomic interactions [28,49–54]. Introducing the usual
Bosonic field operators for hyperfine state | j〉, ψ̂ j (r), which
obey the usual commutation relations

[ψ̂i(r), ψ̂†
j (r′)] = δi jδ(r − r′), (10)

the Hamiltonian term describing interatomic interactions is

Ĥint =
∑
i, j

Ui j

2

∫
ψ̂

†
i (r)ψ̂†

j (r)ψ̂i(r)ψ̂ j (r) d3r. (11)

Making a single-mode approximation as in [53], ψ̂i(r, t ) ≈
âiui(r, t ) and ignoring terms linear in Ĵz, we recover Eq. (9),
with χ (t ) = 4[χ11(t ) + χ22(t ) − 2χ12(t )], with

χi j (t ) = Ui j

2h̄

∫
|ui(r, t )|2|u j (r, t )|2 d3r. (12)

The total effective OAT interaction is then given by the uni-
tary ÛOAT = exp(−iλOATĴ2

z ), where λOAT = ∫ T
0 χ (t )dt , and T

is the duration of the state preparation time. In the recent
proposal by Szigeti et al. [41], it was shown that spin squeez-
ing could be created by inducing significant OAT dynamics
by spatially separating the two clouds during the usual pre-
expansion phase that usually proceeds atom interferometry.
This sets χ12 → 0, significantly increasing χ . As the clouds
then expand, the magnitude of χ decreases to zero, causing
λOAT to plateau. Benchmark calculations place the maximum
interaction strength currently achievable at λ1 = 6.5 × 10−5

for a system of N = 105 atoms [41], which is considerably
less than the optimum value for this number of atoms (λopt ≈
53 × 10−5). However, our recent calculations indicate that
interaction strengths of up to λ2 = 9.8 × 10−5 are possible
by instantaneously applying an inwards focusing potential

immediately before expansion, in a similar method to that
proposed by the authors of [55]. This value of λOAT is based
on modeling the delta-kick scheme proposed by the authors
of [55] using the same simulation technique as in [41]. These
results are currently being prepared for publication. We use
these values as references throughout our discussion.

III. SIMULATING THE HYBRID METHOD

To simulate the combination of QND and OAT dynamics,
we cannot simply rely on simple models that give the spin-
squeezing parameter for QND dynamics. This is because we
need to know the form of the full quantum state to perform
the subsequent OAT dynamics. In particular, the magnitude
of the antisqueezing in the conjugate (Ĵy) axis will have a
significant effect on the subsequent OAT evolution. The trun-
cated Wigner (TW) method [56] has been successfully used to
simulate BEC dynamics [57–60]. Importantly, the TW method
can be used to model the production of nonclassical correla-
tions within the condensate [61–64] including those generated
OAT [41,52,53,65] and atom-light interactions [40,66]. The
TW method also works well for large numbers of atoms
and can easily incorporate loss due to spontaneous emis-
sion. The derivation of the TW method has been described
in detail elsewhere [57,67,68]. Briefly, the equation of mo-
tion for the Wigner function for the system can be found
from the von Neumann equation by using correspondences
between differential operators on the Wigner function and
the original quantum operators [69]. By truncating third- and
higher-order derivatives (the TW approximation), a Fokker-
Planck equation (FPE) is obtained. The FPE is then mapped
to a set of stochastic differential equations for complex vari-
ables {α1(t ), α2(t ), β(t )}, which loosely correspond to the
annihilation operators of the system {â1(t ), â2(t ), b̂(t )}, with
initial conditions stochastically sampled from the appropriate
Wigner distribution [68,70]. Moments of observables are then
calculated via the mapping 〈{ f (â1, â†

1, â2, â†
2, b̂, b̂†)}sym〉 →

f (α1, α
∗
1 , α2, α

∗
2 , β, β∗), where “sym” denotes symmetric or-

dering and the overline denotes the mean over many stochastic
trajectories.

A. QND simulation

We begin by simulating the QND dynamics of a series of
light pulses, each of duration tp, interacting with the BEC se-
quentially. In the absence of loss due to spontaneous emission,
mapping Eq. (3) to the TW method, we find

i
d

dt
α1 = χQND

2
|β j |2α1, (13a)

i
d

dt
α2 = χQND

2
|β j |2α2, (13b)

i
d

dt
β j = χQNDJzβ j, (13c)

where Jz = 1
2 (|α1|2 − |α2|2) and β j is the TW variable asso-

ciated with the jth pulse. By assuming our pulses are short
compared to the relevant atomic timescales, we can take the
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continuum limit by introducing the parameter

β(t ) = 1√
tp

∑
j

� j (t )β j, (14)

where

� j (t ) =
{

1 if jtp < t � ( j + 1)tp,

0 otherwise.
(15)

By taking the limit tp → 0, these equations can be solved
analytically to give

α1(t ) = exp

(
−i

λQND

2
Np(t )

)
α1(0), (16a)

α2(t ) = exp

(
i
λQND

2
Np(t )

)
α2(0), (16b)

β(t ) = exp (−iλQNDJz )β(0), (16c)

where Np(t ) = ∫ t
0 |β(t ′)|2dt ,

λQND = χQNDtp = 2σ0	

A�
, (17)

and the initial condition are given by

α1(0) =
√

Nt

2
+ ν1, (18a)

α2(0) =
√

Nt

2
+ ν2, (18b)

βin(t ) = β0 + w(t ), (18c)

where ν j is complex Gaussian noise satisfying ν∗
i ν j = δi j

2 , and
w∗(t )w(t ′) = 1

2δ(t − t ′).
We introduce the effect of spontaneous emission by noting

that the fraction of atoms lost from each component in the
duration of one pulse is f = 1 − e−η(t ), where

η(t ) = 2σ0

A

(
	

�

)2

|β0|2t . (19)

By treating loss from the atomic system as an introduction of
vacuum noise in the standard way [40], we obtain

α1(t ) = exp

(
−i

λQND

2
Np(t )

)
α1(0)

√
1 − f (t )

+
√

f (t )v1(0), (20a)

α2(t ) = exp

(
i
λQND

2
Np(t )

)
α2(0)

√
1 − f (t )

+
√

f (t )v2(0), (20b)

βout (t ) = exp[−iλQNDJz(t )]βin(t ), (20c)

where v j (0) is complex Gaussian noise satisfying v∗
i v j = δi j

2 .
Here, we define βout (t ) as the light exiting the BEC after
interacting with the atoms, and βin(t ) as the input light.

Equations (20) create correlations between the relative
population imbalance of the atoms and the phase of the light.
To convert this into spin squeezing, the population imbalance
is inferred from the phase quadrature of the light, which is
obtained via homodyne measurement, and is represented by

the quantity

Y = 1√
T

∫ T

0
i[βout (t ) − β∗

out (t )]dt . (21)

This information is then used to implement the feedback step
by rotating the atomic state around the Ĵy axis by an angle θy

proportional to the result of a measurement on the quadrature
of the light. Specifically, we perform the transformation

α1 → cos
θy

2
α1 + sin

θy

2
α2, (22a)

α2 → cos
θy

2
α2 − sin

θy

2
α1, (22b)

where

θy = sin−1

(
Y

λQNDNtβ0T

)
. (23)

The spin-squeezing parameter calculated via this method is
shown in Fig. 3 and shows excellent agreement with the ana-
lytic solution.

B. Combining OAT and QND

To simulate the hybrid scheme, we take the solution of
equations [20], perform a rotation by an amount θQND, and
use this as the initial condition for the OAT dynamics. OAT
dynamics is simulated in TW via mapping Eq. (9) to the set of
ODEs for the TW variables

i
d

dt
α1 = χ (t )

2
(|α1|2 − |α2|2)α1, (24a)

i
d

dt
α2 = −χ (t )

2
(|α1|2 − |α2|2)α2, (24b)

which has the simple analytic solution

α1(t ) = exp

(
−i

λOAT(t )

2
(|α1|2 − |α2|2)

)
α1(0), (25a)

α2(t ) = exp

(
i
λOAT(t )

2
(|α1|2 − |α2|2

)
)α2(0). (25b)

After these dynamics, the state is rotated around the Jx axis by
an angle θOAT to minimize the variance in Jz.

To gain some intuition about the hybrid dynamics, we first
simulate the system in the absence of spontaneous emission.
Figure 5 shows how the spin-squeezing parameter evolves
under OAT dynamics from an initially spin-squeezed state,
compared to an initial CSS. Importantly, the role of the pre-
OAT rotation by θQND is clearly illustrated: for angles that
increase the initial value of V (Ĵz ) to larger than a CSS, the
OAT dynamics occurs much faster. When a smaller rotation
angle is used, slightly better spin squeezing is achieved, at the
expense of much slower evolution.

When loss is included in the QND model, the final state
after the QND interaction is no longer a minimum uncertainty
state. The extra antisqueezing in the Jy direction will nega-
tively affect the efficacy of the subsequent OAT dynamics.
Figure 6 shows the spin-squeezing parameter including loss
in the QND calculation, optimized over η and θQND, com-
pared to purely OAT dynamics, for realistic values of λOAT,
i.e., λOAT � 2 × 10−4. We considered three optical depths
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(a)

(b) (c)

FIG. 5. Comparison of OAT and the hybrid scheme in the ab-
sence of loss from QND, for 100 atoms. After QND, the state has
a spin-squeezing parameter of ξ = 0.5. (a) ξ versus λOAT for three
different values of θQND. Large angles increase the rate of spin
squeezing, but a worse optimum. (b) Optimal value of θQND as a
function of λOAT. Once λOAT 	 λopt, the optimum angle reduces to
zero to capitalize on the increased spin squeezing of states with
small initial variance in Jz. (c) Spin-squeezing parameter optimized
over θQND. The hybrid model outperforms OAT over all interaction
strengths.

(a)

(b) (c)

FIG. 6. (a) Squeezing parameter as a function of λOAT for the hy-
brid scheme compared to OAT, for three optical depths d = 50 (red),
387 (blue), and 3500 (green). The hybrid method is optimized over
η and θ . The dashed lines represent the OAT interaction strengths
achievable via the scheme presented in [41], (λOAT = λ1), and using
a delta-kick scheme (λOAT = λ2). The hybrid method significantly
outperforms the OAT scheme at both interaction strengths. (b) Op-
timal measurement strength η versus λOAT. ηopt decreases as λOAT

increases as a consequence of OAT being more efficient for higher
purity states. (c) Optimal rotation angle versus λOAT. The behavior of
the rotation angle qualitatively mimics the lossless results.

FIG. 7. Squeezing parameter scaling against resonant optical
depth of the BEC for only QND (black), and the optimized hy-
brid method for a OAT interaction strength of λ1 (blue) and λ2

(red). Optical depths of d > 387 require a cavity. The dashed lines
represent OAT spin squeezing at λ1 and λ2, respectively. QND at
d = 104 represents the best spin squeezing available in experiments.
The hybrid method exceeds this limit for d > 10 at both interaction
strengths.

corresponding to different exemplary QND laser configura-
tions: d = 50, a poorly focused laser in free space [A =
(1.5mm)2]; d = 387, an optimally focused laser in free space
[A = (0.53 mm)2]; and d = 3500, an optimally focused laser
in a high-finesse optical cavity. with finesse F = 104. The hy-
brid method outperformed OAT over all interaction strengths
for each optical depth. For experimentally realizable interac-
tion strengths λOAT � λ1, the high-finesse cavity achieved the
most spin squeezing by a significant margin. As the interac-
tion strength increases, however, this advantage diminishes.
Specifically, at λ1, the amount of spin squeezing afforded by
the optimal laser in free space was on par with the high-finesse
cavity, being roughly four times the spin-squeezing of OAT
performed in isolation. Furthermore, at λ2, all three optical
depths were comparable, providing roughly 2.5 times the spin
squeezing of OAT.

Figure 7 shows the scaling of optimal QND spin squeezing
against different optical depths. For both interaction strengths,
the hybrid model significantly outperformed QND. Specifi-
cally, at d = 387, the hybrid method spin-squeezed five times
(5.8 times) more than optimal QND for total interaction λ1

(λ2). These results are unsurprising, as we expect OAT to
enhance spin-squeezing of a QND SSS. However, the hybrid
method is also seen to outperform QND in an ultra-high-
finesse cavity (d = 104), the current leader in spin-squeezing
demonstrated in proof-of-principle experiments [38]. Specif-
ically, the hybrid method outperformed in-cavity QND for
optical depths of d ≈ 10, meaning there is a large tolerance
for imperfect laser focus. In addition, at the highest free-
space optical depth, d = 387, the hybrid method provides 2.5
times the amount of spin squeezing over in-cavity QND. We
therefore conclude that an experimental implementation of
the hybrid method with modest requirements on size, weight,
and power requirements could significantly increase spin-
squeezing over QND.
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(a) (b)

FIG. 8. (a) Squeezing parameter scaling against an introduced
deviation in photon number (which controls the quantum nondemo-
lition measurement strength) for the hybrid squeezing method. The
parameter changes minimally for a deviation up to 30% of the pho-
ton number. (b) Squeezing parameter scaling against an introduced
variance in rotation angle.

IV. EFFECT OF EXPERIMENTAL IMPERFECTIONS

While laser power may be stable over a single QND
measurement, it may vary over multiple experiments. We
incorporate these effects as fluctuations in the total photon
during a QND measurement while fixing the beamsplitters
before and after OAT is performed. Figure 8(a) shows how
the optimized hybrid method is affected by these changes for
OAT interaction λ1 = 6.5 × 10−5. For fluctuations up to 30%
of the total photon number, there is virtually no change in spin
squeezing. Thus, the hybrid model is robust to fluctuations in
the power of the laser used to perform QND.

We also investigate the effect of fluctuations in the power
of the beamsplitter pulses. These will manifest as stochas-
tic noise in the rotation angle of the state. Assuming only
low-frequency noise, the angle will vary from shot-to-shot,
rather than a single run, so we set the fluctuation in both
beamsplitters to be the same. The impact on the optimized
hybrid model for OAT interaction λ1 is shown in Fig. 8(b).
Fluctuations of 0.05 radians in both beamsplitters is shown to
completely wash out the spin squeezing of the hybrid model
(blue points). However, this is not an issue with the hybrid
model, but rather of the stringent requirements for manipu-
lating entangled states. Indeed, even for OAT performed on
a CSS, much of the benefit is lost with fluctuations in the

second beamsplitter (black asterisks). Furthermore, the hybrid
scheme is seen to be robust to fluctuations in only the first
beamsplitter up to 0.05 radians (red dots), indicating that
the second beamsplitter is responsible for the degradation in
squeezing. The hybrid method therefore has more stringent
stability requirements than OAT and QND, but only due to
complications with manipulating entangled states.

V. CONCLUSION

Our investigation of a hybrid method of QND and OAT
indicates that significant gains to precision can be made with
current state-of-the-art experiments without imposing high
size, weight, and power requirements. We demonstrated that,
by first performing QND followed by OAT, the amount of spin
squeezing that can be achieved is greater than both OAT and
in-cavity QND. As both of the techniques were demonstrated
in proof-of-principle experiments, the hybrid method can be
incorporated with only small modifications to the experimen-
tal apparatus and procedure. Furthermore, we demonstrated
that the hybrid method is robust to fluctuations in laser power
when performing QND calculations, but is still subject to the
stringent requirements of fluctuations in beamsplitter power
for highly entangled states. The discussion in this paper has
been limited to a single-mode model of OAT, which will
need to be extended to a multimode model for more realistic
predictions of spin squeezing.

This work has focussed on atomic interactions to achieve
OAT dynamics. OAT dynamics can also be achieved by atom-
light coupling via cavity feedback [35], and has been used to
create spin-squeezing [36,71,72]. Interaction-based readouts
[73] have also been performed via this method [74]. As it
is possible to smoothly transition between cavity-based OAT
and QND dynamics [75], exploration of the hybrid method in
these systems is an exciting direction for future research.
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