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Proposal for a Bose–Einstein Condensate Based Test of
Born’s Rule Using Light–Pulse Atom Interferometry
Simon Kanthak,* Julia Pahl, Daniel Reiche, and Markus Krutzik

Light-pulse atom interferometry with ultra-cold quantum gases is proposed
and numerically benchmarked as a platform to test the modulo-square
hypothesis of Born’s rule. The interferometric protocol is based on a
combination of double Bragg and single Raman diffraction to induce
multipath interference in Bose–Einstein condensates (BECs) and block
selected interferometer paths, respectively. In contrast to previous tests
employing macroscopic material slits and blocking masks, optical diffraction
lattices provide a high degree of control and avoid possible systematic errors
like geometrical inaccuracies from manufacturing processes. In addition,
sub-recoil expansion rates of delta-kick collimated BECs allow to prepare,
distinguish and selectively address the external momentum states of the
atoms. This further displays in close-to-unity diffraction fidelities favorable for
both high-contrast interferometry and high extinction of the blocking masks.
In return, non-linear phase shifts caused by repulsive atom-atom interactions
need to be taken into account, which we fully reflect in our numerical
simulations of the multipath interferometer. Assuming that the
modulo-square rule holds, the impact of experimental uncertainties is
examined in accordance with conventional BEC interferometer to provide an
upper bound of 5.7 × 10−3

(
1.8 × 10−3

)
on the statistical deviation of

100 (1000) iterations for a hypothetical third-order interference term.

1. Introduction

It is the abstract beauty of modern theories in physics that the
deterministic dynamics of fields is computed on a hidden, often
linear layer, while the actual observables can only be derived us-
ing squares or products of such fields. The translation between
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the “abstract mathematical world of the first
layer [and] the concretemechanical world of
the second layer”[1] is made by predefined
rules. Such rules can usually not be derived
from first principles and are hence deeply
connected to interpretations of the underly-
ing theory. This is perhaps most famously
represented by the Born rule in quantum
mechanics: It relates the measurement
probabilities to the square moduli of the
wave function’s scalar product.[2] On the
one hand, testing the Born rule touches
the fundamental core of quantum theory
(see, e.g., refs. [3–6] for a recent discus-
sion) and, in particular, the collapse of the
wave function during the measurement
process.[7,8] On the other hand, Born’s rule
describes the mechanism of interference
phenomena of quantum waves and there-
fore plays a crucial role in the development
of modern quantum technologies.[9–12]

It may hence be no surprise that address-
ing the Born rule experimentally on a mul-
titude of platforms has attracted substan-
tial attention in the past decades.[12,13] To
name only a few examples, single-particle
interference was tested in a three-slit

setup using photons,[14] large molecules,[15] or metastable he-
lium atoms diffracted by an array of slits.[16] Alternatively, there
are interference experiments with many particles and multiple
slits,[17,18] setups using half-spin registers in liquid state nu-
clear magnetic resonance,[19] and proposals to test Born’s rule by
means of a quantum computer with superconducting qubits.[20]

So far, without finding any significant deviation from the theoret-
ical expectation.
Yet another, more practical, translation issue occurs when the

concrete experimental reality is mapped to the theoretical model.
Deviations from Born’s rule can be rigorously defined using a so-
called Sorkin-like parameter 𝜖[21] on the level of quantum states
which should vanish, if Born’s rule holds. However, a one-to-
one correspondence of such states with experimental setups can
be misleading. For instance, in the conventional three-slit ex-
periment (see, e.g., ref. [14]), it has been shown that diffraction
and light-matter interactions,[22–24] the inclusion of non-classical
paths[25] or an incorrect adjusting of photon numbers in the com-
parison of different setups[26] can lead to a non-zero Sorkin pa-
rameter. This does not indicate a violation of Born’s rule, but
rather an incomplete theoretical description.
A not yet considered platform suited for interferometric mea-

surements is cold atoms,[27,28] which constitute a high-sensitivity
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matter wave source for atom interferometry. While pioneering
works employed material slits[29] and gratings,[30] optical lat-
tices have proven to be the most promising technique due to
the high degree of control and coherence of the diffraction
process.[31,32] Three-path atom interferometers have already been
employed, i.e. as a magnetometer[33] or to measure the fine-
structure constant.[34] In this proposal, such a three-path inter-
ferometer is studied for a new type of Born rule test. For this,
quantum degenerate gases are of particular interest due to their
global phase coherence, however suffer from repulsive interac-
tion which cause the phase distribution to evolve non-linear.[35]

In fact, since the Sorkin parameter is traditionally formulated for
linear dynamics, such as the one-particle Schrödinger equation,
deviations naturally occur when multi-particle and non-linear in-
teractions are considered.[36,37] A non-zero Sorkin parameter is
not sufficient to disprove Born’s rule. It is instead the parameter
that needs to be adjusted to account for nonlinearities of the sys-
tem.
In the present manuscript, we propose an experimental pro-

tocol for testing the modulo-square-rule via light-pulse atom in-
terferometry using Bose–Einstein condensates (BECs). At suffi-
ciently low temperatures, the atomic ensembles can effectively be
described by a single wave function under the influence of non-
linear self-interaction, i.e., the Gross–Pitaevskii equation.[38–41]

The square modulus of the wave function then corresponds to
the spatial density distribution of the condensate which is di-
rectly experimentally accessible, e.g., by absorption or fluores-
cence imaging techniques. In this way, our proposal avoids com-
mon pitfalls of photon-based measurements, i.e., diffraction of
light at mask interfaces, non-classical paths as well as cross-talks
between interferometer paths or detector dark counts.[42] In con-
trast, we fully appreciate the nonlinearities in the evolution of
the BEC and compute a general (non-zero) Sorkin parameter for
a specific experimental implementation under the assumption
that the modulo-square rule holds. This implicitly and indirectly
assumes also the Born rule to be applicable, such that any ex-
perimental deviation from our computed Sorkin parameter could
hint towards a dynamics that goes beyond standard quantumme-
chanics.

2. Experimental Protocol

The proposed experimental protocol is sketched in Figure 1 with
the corresponding numerical evolution of the atomic density dis-
tribution shown in Figure 2. We mimic the three-slit interfero-
metric setup from the optical experiment[14] for matter waves,
where certain paths can be blocked. The interferometer geometry
consists of an Open-Ramsey like interferometer employing dou-
ble Bragg diffraction for symmetric beam splitting and recom-
bination of the matter-wave packets. Interposed, single Raman
pulses serve as momentum selective blocking masks to form var-
ious slit configurations.
Initially, a ground-state BEC is generated inside and subse-

quently released from a harmonic potential. In practice, this can
be realized by magnetic or optical fields. After freely expanding
for t = texp, the BEC is re-exposed to the same potential for a short
duration of 𝜏dkc to narrow its momentum distribution via delta-
kick collimation (DKC).[43] The BEC then continues to expand

Figure 1. Experimental protocol for a BEC based test of Born’s rule us-
ing light-pulse atom interferometry. The interferometric geometry consists
of an Open-Ramsey like interferometer employing double Bragg diffrac-
tion to symmetrically split and superimpose matter waves. Single Raman
pulses are interposed between the two Bragg pulses and serve as momen-
tum selective blocking masks to form various slit configurations .
Interference patterns form in three interferometer outputs, which are
recorded for each of these configurations.

freely for t = tdel in its zero-momentum state (|p⟩ = |p0⟩), which
serves as the interferometer input port.
We apply two consecutive light pulses for double Bragg

diffraction at t = texp + tdel and t = texp + tdel + tint
[44–46] to con-

struct an Open-Ramsey interferometer. The duration and inten-
sity of the pulses are chosen such that the wave packet at zero
momentum is first split into three distinct momentum states

Figure 2. Numerical simulation of the Open-Ramsey interferometer with
blocking mask. Temporal evolution of the condensate’s density distribu-
tion in position (left) and momentum space (right). A BEC expands freely
after a) release from the initial trap before being b) delta-kick collimated.
Two subsequent double Bragg pulses c) split and e) redistribute the wave
packets among three momentum states, which then form an interference
pattern in f) the interferometer output ports. d) The three-slit mask
is indicated in momentum space.
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|p⟩ = {|p0 − 2ℏk⟩, |p0⟩, |p0 + 2ℏk⟩} of equal population, where k
is the wave vector of the light fields. Those are the interferome-
ter paths which will be either open ( ) or blocked ( ).
The second pulse redistributes each of the wave packets among
the three momentum states. These are the interferometer output
ports, which become resolvable at t = texp + tdel + tint + tsep. The
pulse separation of the interferometer tint is chosen such that the
three wave packets in each of the ports spatially overlap and, due
to their displacement of tint ⋅ 2ℏk∕m and non-vanishing momen-
tum width 𝜎p, form an interference pattern. Here,m denotes the
atomic mass. We remark that the number of visible interference
fringes and their spacing depends on the momentum distribu-
tion and proper timing of the sequence.[47]

Additionally, a combination of single Raman pulses at
t = texp + tdel + tint∕2 is applied between the double Bragg pulses.
In addition to a change of the external momentum state, the
Raman pulses may address the internal state of the wave
packets.[32,48] The duration and intensity are adjusted for a 𝜋-
pulse such that the population is completely transferred between
two long-lived states called |g1⟩ and |g2⟩, i.e. a ground-state
manifold. The individual Doppler-shifts of the three momentum
states allow to selectively address the wave packets in the interfer-
ometer paths. Since the detection of the interferometer output will
only be sensitive to one internal state, the Raman pulses thus
serve as momentum selective blocking masks. We utilize these
to block certain paths in 3! + 1 experimental iterations - similarly
to the optical counterpart of the experiment.[14]

At t = texp + tdel + tint + tsep, we determine the spatial distri-
bution of the atomic density 𝜌 = |𝜓x|2 in the lower-energetic
state of the ensemble for each configuration and define a Sorkin
parameter[21]

(1)

which in our protocol is an atomic density itself (see Appendix A
for details). The Sorkin parameter 𝜖 measures the validity of the
modulo-square rule.[21] If the atomic gas can be assumed to be
sufficiently dilute, self-interaction of the BEC is negligible and
𝜖 = 0 at all times, provided the modulo-square rule holds. How-
ever, a parameter 𝜖 ≠ 0 does not necessarily denote a violation of
the rule (in contrast to pure quantum states[17,21,49]), since already
emerging self-interaction will naturally lead to a non-vanishing
𝜖. Further, experimental uncertainties (i.e., imperfect interfer-
ometer pulses, limited detection sensitivity) may increase the
value of 𝜖.
In order to benchmark our protocol, we want to put the sys-

tematics of an experimental realization on a scale for an unex-
pected deviation from Born’s rule. For scale invariance (in e.g.,
the atomic flux), we use a normalized variant of the Sorkin pa-
rameter as defined in ref. [14]

𝜅 = 𝜖

𝛿
, (2)

where

(3)

denotes the sum over the absolute values of two-path interfer-
ences (see Appendix A for details). The unitless quantity 𝜅 can be
understood as the ratio of an unexpected third-order interference
term to the expected second-order interference term. 𝜅 is inde-
pendent of the specific experimental implementation, and thus
allows for comparison with previously published works.[14–16,42]

3. Bragg Beamsplitter and Raman Blocking Masks

We manipulate the external and internal degrees of the
atoms using 2-photon transitions mediated by an interme-
diate state. For example, for the hyperfine structure of the
87Rb D2 line, the ground-state manifold |g1⟩ = |52S1∕2, F = 1⟩
and |g2⟩ = |52S1∕2, F = 2⟩ is coupled via the excited state |e⟩ =
|52P3∕2, F = 1⟩. The single-photon frequencies are detuned from
resonance by a global detuning Δ to prevent population transfer
into the intermediate state and thus decoherence due to sponta-
neous emission. The relative frequency detuning of the two light
fields is set relative to the resonance condition

𝜔1 − 𝜔2 =

Bragg
⏞⏞⏞
𝜔rec + 𝜔hfs + 𝜔d
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Raman

(4)

where 𝜔rec ≈ 2ℏk2∕m is the 2-photon recoil frequency, 𝜔hfs is
the hyperfine splitting and 𝜔d denotes the Doppler detuning.
In the case of Bragg pulses, the internal state is conserved and
the detuning is given only by the recoil equal to the kinetic en-
ergy gained through the momentum transfer. For the Raman
pulses, we include a detuning equal to the energy difference of
the two states |g1⟩ and |g2⟩. In addition, we allow for a Doppler
detuning of 𝜔d = {0,±𝜔rec} which depends on the momentum
|p⟩ = {|p0⟩, |p0 ± 2ℏk⟩} of the interferometer paths being
addressed. The sub-recoil momentum distribution of the delta-
kick collimated BEC (𝜎p ≪ 2ℏk) enables close-to-unity diffrac-
tion fidelities and an exquisite momentum selectivity. These are
favorable for our experimental protocol to achieve high extinc-
tions of the blocking masks and diminished cross-talk with off-
resonant paths.
Figure 3a depicts the blocking masks for 3! configurations

omitting the trivial case of (see Figure 2 instead). For the
three-slit mask, no Raman pulse is applied such that all wave
packets remain in the internal state |g1⟩. For the other slit con-
figuration, we illustrate the energy-momentum parabola for the
internal states |g1⟩, |g2⟩, |e⟩ and indicate the involved 2-photon
Raman transitions to emulate the corresponding blockingmasks.
The double-slit configurations , and are re-

alized using a single Raman pulse to transfer population of one
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Figure 3. Slit configurations with Raman pulses emulating blocking masks. a) Dispersion relation for a 3-level system with ground-state manifold |g1⟩,|g2⟩ and excited state |e⟩. Arrows indicate 2-photon Raman transitions utilized for momentum selective transfers of population from the lower (green)
to the higher energetic states (grey). These Raman pulses serve as blocking masks, since the detection of the interferometer output will only be sensitive
to one internal state. Single Raman pulses are applied to realize the double-slit masks and such that one of the interferometer paths
is blocked. To prevent a spatial asymmetry of the Sorkin parameter due to mask , we use a linear combination of two masks with transitions of
opposite momentum transfer (solid and dashed arrows). The single-slit masks , and are generated using two sequential Raman
pulses such that two interferometer paths are blocked. The trivial three-slit mask is omitted, where no Raman pulse is applied (see Figure 2
instead). The corresponding atomic density distributions are shown in b) momentum and c) position space with green and grey lines referring to the
population in |g1⟩ and |g2⟩, respectively. The zoom insets in indicate an imperfect extinction of the blocking mask. Momentum selectivity leads
to an incomplete transfer which causes a high-frequency interference pattern in the spatial density distribution of the lower energetic state (see text for
details).

of the interferometer paths from |g1⟩ into |g2⟩ under an additional
momentum transfer of ±2ℏk. Controlling the sign of the wave
vectors, we choose the direction of transfer towards higher mo-
menta to diminish off-resonant coupling to unwanted paths. In
the case of , the momentum transfer can be directed ei-
ther way. To prevent a spatial asymmetry of the Sorkin parame-
ter, we use a linear combination of two masks with transitions of
opposite momentum transfer. We consider these masks in Equa-
tions (1)–(3) with weighting factors of 1/2.
The single-slit configurations , and are gen-

erated by applying two sequential Raman pulses, such that only
a single wave packet remains in the initial state |g1⟩. In case of

and , the temporal order of the transitions is chosen
such that the Raman pulses address wave packets starting from
higher to lower initial momenta.

4. Numerical Simulation

We model the protocol explained above for a self-interacting
BEC of 87Rb atoms and simulate the dynamics given by the
Gross–Pitaevskii equation[50,51] using a Python implementation
of the Split-step Fourier method.[52] We choose realistic pa-
rameters based on the BEC interferometer experiment as re-
ported in refs. [53, 54]. The simulations are performed on a one-
dimensional grid (see Appendix B for details), where we use an
effective interaction Hamiltonian int = g1d|𝜓x|2 to match the
asymptotic expansion rate of the BEC in the simulation with

the experiment.[39] The interaction strength g1d = 5 × 108 ∕m2 ⋅
4𝜋ℏ2asN∕m is defined by the atom number N and s-wave scat-
tering length, which we set to hundred Bohr radii as = 100a0.

[55]

The selected interferometer times align with the available free-
fall duration and result in two resolvable interference fringes for
a meaningful phase read-out. The related separation of the wave
packets is smaller than the condensate’s coherence length re-
quired for interferometric contrast.[56]

Intermediate steps of our simulation are depicted in Figure 2.
In particular, we generate a BEC of N = 3 × 104 atoms inside a
harmonically shaped trapping potential of angular trap frequency
𝜔x = 2𝜋 ⋅ 340Hz and obtain its ground state via the method of
imaginary time evolution.[57] At t = 0, the BEC is released from
the trap to propagate freely. Driven by the conversion of interac-
tion into kinetic energy, the condensate expands from its initial
size 𝜎x = 1 μm to 𝜎x = 29 μm within texp = 20ms of expansion
time. At this point, the initial trap potential is re-applied for a
short duration of 𝜏dkc = 50 μs causing a reduction in momentum
width from 𝜎p = 0.24ℏk to 𝜎p = 0.01ℏk via DKC. Here, the size
and momentum width of the condensate are given as root-mean-
square deviation of the respective density distributions.
After tdel = 2ms, we apply the first double Bragg pulse of the

interferometer. All light fields are detuned from resonance by
Δ = 1GHz. The 2-photon Rabi frequency is ΩB = 2𝜋 ⋅ 500Hz
and we set the pulse duration to 𝜏B ≈ 430 μs to achieve an equal
population in all three desired interferometer paths . The
light fields aremodeled as Gaussian beams of waist w0 = 3.1mm

Adv. Quantum Technol. 2025, 8, 2400436 2400436 (4 of 9) © 2025 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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such that the Rayleigh range kw2
0∕2≫ 𝜎x. The wave packets then

separate for tint = 2ms, before we redistribute them among the
three interferometer output ports via the second identical double
Bragg pulse.
Symmetrically centered between the two Bragg pulses, we ap-

ply the blocking masks via the respective single Raman pulses
with ΩR = 2𝜋 ⋅ 2 kHz and 𝜏R = 250 μs adjusted for a complete
population transfer. Doppler-detuning and sign of wave vec-
tors are chosen according to the selected interferometer paths
and direction of momentum transfers. To account for the ad-
ditional time passing during the Raman pulses, we include a
free evolution of 2𝜏R for the three-slit mask (no pulse) and 𝜏R
for the double-slit masks (one pulse). This is done to keep the
total evolution time the same as for the single-slit masks (two
pulses). Figure 3 shows the atomic density distributions of the
ground-state manifold |g1⟩ (green lines) and |g2⟩ (grey lines)
in b) momentum and c) position space. Shortly after the Ra-
man pulses, the wave packets of the interferometer paths spa-
tially overlap, which leads to high-frequency interference of dif-
ferent momentum components within the same internal state.
The zoom insets in indicate an imperfect extinction of
the respective blocking masks. An incomplete population trans-
fer, i.e., due to momentum selectivity of the Raman pulses
imposed by the limited Fourier width of the light pulses in
combination with a non-vanishing expansion of the atomic en-
semble, leads to the interference visible in the lower energetic
state.
After a separation of tsep = 18ms, we directly access the

interference pattern in the spatial density distribution from the
interferometer output ports of each slit configuration. From these,
the Sorkin parameter 𝜖, expected two-path interference 𝛿 and
normalized Sorkin parameter 𝜅 are determined according to
Equations (1)–(3). We include an offset to
account for inevitable detector noise and background signals
assuming a signal-to-noise ratio of SNR = 100.
Figure 4a shows the interference pattern for various slit con-

figurations together with the detector offset (colored lines). The
Sorkin parameter of Equation (1), the two-path interference and
the normalized Sorkin parameter of Equation (2) are shown in
Figure 4b–d. We compare the outcome for the scenarios of no
interaction (light grey), ideal blocking masks (dark grey) and Ra-
man pulses as blocking masks (black). In the case of the ideal
masks, we block a momentum state |p⟩ in momentum space
by simply setting the wave function between p ± ℏk to zero. The
non-interacting case employs ideal masks with g1d = 0.
As expected for the absence of interaction, 𝜖 basically van-

ishes and is only shifted from zero by the detector offset .
Self-interaction then leads to a non-vanishing 𝜖 including resid-
ual interference from non-linear phase shifts visible in 𝛿. Fur-
ther deviations from zero then occur due to imperfect Ra-
man pulses caused by incomplete population transfers and cou-
pling to off-resonant paths. For all scenarios, 𝜖 and 𝛿 approach

and for vanishing atomic densities. This is re-
flected in 𝜅 as an overall offset of −1∕3, in accordance with
Equations (1)–(3).
The obtained values of 𝜖 and 𝜅 are estimates of the expected

outcome of the Born rule test for the given experimental protocol
and parameter set and will serve as reference for the following
noise examinations.

Figure 4. Light-induced multipath interference in a BEC. a) Spatial inter-
ference pattern for the 3! + 1 slit configurations together with the detector
offset. b) Sorkin parameter, c) expected two-path interference and d) nor-
malized Sorkin parameter deduced from Equations (1)–(3), respectively.
We compare the results obtained with Raman pulses (black) and ideal
blocking masks for an interacting (dark grey) and non-interacting (light
grey) BEC. All three data sets share the same experimental parameters
(see text for details). Detector offset, self-interaction and imperfect inter-
ferometer pulses lead to a non-vanishing Sorkin parameter.

5. Noise Analysis

We examine the impact of experimental uncertainties on the out-
come of our experimental protocol. Selected parameters cover
the atom source, light pulses and interferometer itself, which
we subject to random noise following a normal distribution.
We assume slowly varying parameters meaning that a param-
eter is kept constant for a complete set of masks before being
changed for the next measurement run. For the atom source,
we focus on the variation of the BEC’s momentum distribu-
tion, which is imposed by the angular trap frequency 𝜔x of the
DKC potential, and fluctuations in the number of atoms N. The
light pulses of the interferometer are subjected to a variation in
Rabi frequencies ΩR and ΩB, i.e., imposed by intensity drifts of
the generating light fields. Additionally, we include a timing jit-
ter 𝛿t to the interferometer time tint. Table 1 shows the mean
values 𝜉 and standard deviations 𝜎𝜉 of the parameters under
examination.
For comparison of the individual noise contributions, we sim-

ulate the experimental protocol as stated in the previous sec-
tion for n = 100 iterations with a single parameter being varied,
while the others are fixed to their respective mean value. In the
case of the timing jitter, we add an extra 𝛿t = 10 μs to the inter-
ferometer time. For the benchmark of our experimental protocol,
we run the simulation n = 100 times with all parameters being

Adv. Quantum Technol. 2025, 8, 2400436 2400436 (5 of 9) © 2025 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH

 25119044, 2025, 6, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/qute.202400436, W

iley O
nline L

ibrary on [15/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advquantumtech.com


www.advancedsciencenews.com www.advquantumtech.com

Table 1. Contribution of the experimental uncertainties to the statistical
deviation 𝜎𝜅 of the Sorkin parameter 𝜅.

Parameter 𝜉 𝜉 ± 𝜎𝜉 𝜎𝜅 (100 runs)

trap frequency 𝜔x 2𝜋 ⋅ (340 ± 10)Hz‡ 5 × 10−2

atom number N (3.0 ± 0.5) × 104 1 × 10−2

Rabi frequency ΩR 2𝜋 ⋅ (2.0 ± 0.2) kHz 3 × 10−2

Rabi frequency ΩB 2𝜋 ⋅ (500 ± 50)Hz 7 × 10−2

timing jitter 𝛿t (104 ± 5) ns 1 × 10−2

all of the above 6 × 10−2

‡ The corresponding momentum width is 𝜎p = (0.013−0.008+0.013)ℏk.

changed simultaneously using the same seed for the randomly
generated values.
Figure 5a shows the mean value of the Sorkin parameter 𝜅

(solid line, right axis) and its uncertainty 𝜎𝜅 (shaded area, left axis)
for n = 100 iterations under variation of individual parameters
(colors) and with all parameters varied simultaneously (black).
The uncertainty is taken as the standard deviation divided by
the square root of the number of measurements.[16] We consider
each grid point as a separate experiment and determine an up-
per bound of 𝜎𝜅 as the maximum uncertainty in position space
(dashed horizontal lines). The statistical deviations determined
in this way are given in Table 1 as 𝜎𝜅 (100 runs).
Figure 5b displays the overlapping Allan deviation 𝜎𝜅 averaged

over the number of iterations ranging from 1 to 1000. The shaded
areas indicate the confidence intervals under simultaneous vari-
ation of all parameters (black) and with single varying parame-
ters (colors, with same color code as in Figure 5a and Table 1).
Fits of the form 𝜎𝜅 = constant ∕

√
n reflect the expected scaling

of the standard deviation with the square root of runs (dashed
lines), interpolating the datasets of n = 100 iterations. In addi-
tion, we show our numerical results in comparison with previ-
ously published Born rule tests (data points) employing various

interferometer sourceswithmacroscopicmaterial slits and block-
ing masks.[14–16,42]

6. Discussion

We have proposed light-pulse atom interferometry with BECs
as an indirect test of Born’s rule. Assuming that the modulo-
square rule holds, we compute a non-zero Sorkin parame-
ter with an upper bound of 𝜎𝜅 (100 runs) = 5.7 × 10−3 and
𝜎𝜅 (1000 runs) = 1.8 × 10−3 on its statistical deviation for a
realistic experimental configuration. In an experimental im-
plementation of our specific protocol with its key parameters
controlled as stated in Table 1, any deviation beyond this bound
could hint towards a violation of Born’s rule.
For the selected parameter set, the deviation from the non-zero

Sorkin parameter indicated in Figure 5a mainly results from
unsteady population transfers of the Raman pulses due to the
fluctuations in momentum width 𝜎p = (0.013−0.008+0.013)ℏk and Rabi
frequency. For example, for the mask, the fidelities of
the Raman pulses vary by 5% and 3%, respectively. Non-linear
contributions stemming from self-interaction of the BEC are
imposed by the atomic density and its distribution among the in-
terferometer paths via the Bragg pulses. These are prominently
suppressed by one order magnitude given by the extended
expansion times (linear regime). The assumed timing jitter
introduced in the interferometer is typical for state-of-the-art
pulse generators, but has only a minor impact on the deviation
for the selected interferometer times.
As displayed in the benchmark in Figure 5b, our method is

competitive with previous Born rule tests. Collecting the neces-
sary experimental data seems feasible with recent progress in
rapid BEC production,[58,59] bringing a Born rule test with exper-
imental cycle times of smaller than 10 s in reach. Using optical
diffraction lattices instead of material slits and blocking masks
avoids possible systematic errors due to geometrical inaccuracies
from themanufacturing process and allows to flexibly control the

Figure 5. Noise analysis. We study the impact of experimental uncertainties on the outcome of our experimental protocol. a) Selected experimental
parameters are subjected to random noise following a normal distribution (see Table 1 for details). The panels show the mean value of the Sorkin
parameter 𝜅 (solid line, right axis) and its uncertainty 𝜎𝜅 (shaded area, left axis) for n = 100 iterations under variation of individual parameters (colors)
and with all parameters varied simultaneously (black). We consider each grid point as a separate experiment and determine an upper bound of 𝜎𝜅 as the
maximum uncertainty in position space (dashed horizontal lines). b) Overlapping Allan deviation 𝜎𝜅 averaged over iterations ranging from 1 to 1000.
The shaded areas indicate the confidence intervals with the same color code as in a). Fits interpolate the datasets of n = 100 iterations (dashed lines),
see text for details. We show our numerical results of the light-pulse atom interferometer in comparison to Born rule tests in literature employing various
interferometer sources with macroscopic material slits and blocking masks.[14–16,42]
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parameter set of the multipath interferometer. In addition, im-
perfection of our Raman blocking masks are accessible via detec-
tion of the higher energetic state |g2⟩, which could be utilized in
a post-correction of the Sorkin parameter.
Our simulations are not restricted to one dimension and could

in principle be extended to a more realistic experiment including
light-field distortions[38,60] as well as temporal envelopes and fre-
quency chirps of the optical pulses. In fact, it has been shown that
adiabatic-rapid passages in combination with diffraction pulses
are more robust against fluctuations of the pulse intensity and
detuning[61] and could ease the requirements on the stability of
the experimental parameters. We further anticipate optimization
of the parameter sets by means of a machine-learning algorithm
to make the Bragg beamsplitters and Raman pulses less suscep-
tible to experimental noise.[62]

Appendix A: Sorkin Parameter

Born’s rule relates the measurement probability (x, t) to find a particle
at position x and time t to its quantum mechanical wave function 𝜓(x, t)
according to the modulo-square hypothesis[2]

(x, t) = ||𝜓(x, t)||2 = 𝜓†(x, t)𝜓(x, t) (A1)

For an atomic ensemble ofN atoms, the associated measurement observ-
able with this rule is the atomic density 𝜌(x, t), which is a spatial distribu-
tion of the probability to find atoms under the normalization condition

+∞

∫
−∞

𝜌(x, t)dx = N (A2)

Born’s rule should apply for arbitrary wave functions including any super-
position of these, e.g. for twowave packets and originating from
two slits . The position and time arguments are omitted for the sake
of brevity. In this case, the modulo-square rule reads as

(A3)

where and are the atomic densities when slits or are open
whilst the other slit being blocked. is the second-order interference
term for the two slits, which can be written as

(A4)

An analogous term can be derived for a three-slit interferometer with three
wave packets , and originating from slits .
As follows from Born’s rule

(A5)

interference only occurs from pairs of slits with interference terms

(A6)

Similarly, one can define a hypothetic third-order interference term
as the deviation between the outcome of three slits from the sum of single
slits and second-order interference terms[14]

(A7)

Equations (A4) and (A7) are the first terms of an infinite hierarchy of inter-
ference terms[21] and nullification of a certain level in this hierarchy also
rules out higher-order interference terms.[16] In quantum mechanics, the
interference is expected to be non-zero, while the next higher-order
interference should vanish as a direct consequence of the square-
law relation of the Born rule. Any deviation of the third-order interferences
from zero is then denoted by the Sorkin parameter[21]

(A8)

or its normalized variant 𝜅 = 𝜖∕𝛿 with normalization[14]

(A9)

Substituting the definitions of the second- and third-order interference
terms results in the expressions of Equations (1)–(3) presented in the
main text, with the addition of a detector offset .

Appendix B: Numerical Convergence

The simulations are performed on one-dimensional position andmomen-
tum grids of size 216 ranging between [−xmax,+xmax] and [−pmax,+pmax],
respectively. We set the size of the position grid to xmax = 1mm, which
is sufficiently large to accommodate the wave packets at the end of our
experimental protocol. In particular, the separation of the wave packets
in the jth diffraction order is j ⋅ 2ℏk∕m ⋅ (tint + tsep) = j ⋅ 235 μm with a fi-
nal size of 𝜎x = 31 μm. The spatial resolution dx = 31 nm = 4 × 10−2𝜆 is
capable to resolve the atomic dynamics in the optical lattice of wave-
length 𝜆 = 780 nm.[38] The momental resolution dp = 4 × 10−4ℏk is suf-
ficiently small to resolve the momentum width 𝜎p = 1 × 10−2ℏk of the
delta-kick collimated BEC. The computed size of the momentum grid is
pmax = 12.6ℏk, which in principle allows to represent momentum states
up to the 6th diffraction order. However, the grid’s spatial extent sets the
upper limit to the 4th diffraction order with reasonable truncation of the
wave packets during detection. This provides±4ℏk of momenta for our in-
terferometric sequence and an additional ±4ℏk for potential residual pop-
ulations of higher orders during the atom-light interaction.

The typical time scales of the dynamics differ during the experimental
sequence and are set by the respective kinetic energies of the wave pack-
ets and the external potentials applied. To account for this, convergence
studies are carried out to determine the time resolution needed for the in-
termediate steps of our protocol. For example, the time steps during the
interferometer pulses are dt = 𝜏∕100, which is on the order of 1 μs but can
be as large as 10ms for the free evolution prior detection.

Adv. Quantum Technol. 2025, 8, 2400436 2400436 (7 of 9) © 2025 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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