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variety of materials32,33. Here, we prepare sodium clusters consisting 
of 5,000–10,000 atoms, in a helium–argon mixture at 77 K. They travel 
at velocities around 160 m s−1 with de Broglie wavelengths between 
10 fm and 22 fm.

The short de Broglie wavelength makes far-field diffraction chal-
lenging even for grating periods on the 100 nm scale: it would require 
beam collimation to below 200 nrad. However, in 1997, John Clauser 
proposed using near-field interferometry for grating-based coherent 
self-imaging of ‘small rocks and live viruses’34, noting that this approach 
is compact, tolerates initially incoherent beams and offers high spatial 
resolution. This has been demonstrated with atoms35,36, X-rays37, posi-
trons38, as well as organic and tailored macromolecules7,9. Here, we use 
it to open a window to matter-wave research with a whole new class of 
quantum objects, namely, massive metal nanoparticles.

A Talbot–Lau interferometer is built from three gratings with period 
d and spacing close to the Talbot distance LT = d 2/λdB (ref. 39). The first 
and third gratings act as periodic spatial filters to prepare matter-wave 
coherence in G1 and to resolve the interference fringes that emerge at 
G3. The second grating G2 modulates the amplitude and phase of the 
cluster matter wave. Standing light waves are favoured over nanome-
chanical diffraction gratings because their period is precisely defined, 
and their transmission amplitude can be modified in situ.

In contrast to atom interferometry, where optical beam splitters are 
commonly tailored to specific electronic transitions40,41, ionization 
and phase gratings are compatible with a large variety of materials 
and particle sizes. Ultraviolet light serves well as an amplitude or 
photodepletion grating when the clusters in the antinodes are ion-
ized and discarded. The standing light field additionally induces an 
oscillating dipole moment in the transmitted clusters, in propor-
tion to their optical polarizability. Thus, it also imprints a spatially 

periodic phase shift onto the de Broglie wave associated with each 
nanoparticle.

The light for the three gratings is derived from a single-line green 
laser beam, which is frequency doubled in an external cavity to pro-
duce up to 1 W of power at 266 nm. It is split into three partial beams, 
which are retro-reflected to form three standing light waves, separated 
by 0.983 m. Neutral clusters transmitted by the interferometer are 
photo-ionized and counted by a quadrupole mass spectrometer using 
a conversion dynode and electron multiplier.

We sample the interference patterns by scanning G3 across the clus-
ter beam while counting the number of transmitted clusters as a func-
tion of the G3 position. The resulting fringes are phase stable to within 
3–5 nm over several hours and can be fitted with a sinusoid to determine 
the visibility V S S S S= ( − )/( + )max min max min , where Smax and Smin are the 
maximum and minimum of the fit, respectively.

Interference scans
In Fig. 2a, we show two representative interference fringes of sodium 
clusters with a diameter around 8 nm and masses ranging from 143 kDa 
to 197 kDa. We have measured a fringe visibility of up to V = 0.10 ± 0.01, 
which is limited by the finite photodepletion efficiency in the first and 
third gratings.

The observation of fringes in the cluster density distribution alone 
does not provide sufficient evidence for wave-like quantum propaga-
tion. They could also be explained by models in which the particles 
follow classical trajectories. In the presence of three nanomechanical 
gratings, classical flight paths would produce moiré-like shadow pat-
terns. A similar classical picture is conceivable for sinusoidal transmis-
sion gratings in G1 and G3 and a phase grating in G2, in which the latter 
acts as an array of microlenses because of the optical dipole force.
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Fig. 1 | Experimental overview. a, Photo-ionizing gratings as beam splitters. 
Clusters passing through the antinodes of the optical grating are ionized and 
removed, whereas those passing through the nodes remain neutral. This confines 
particles to a spatial region within the grating nodes, resulting in a momentum 
uncertainty. The light field also induces a dipole moment, imprinting a position- 
dependent phase onto the clusters. b, Schematic of an optical Talbot–Lau 
interferometer. Starting with incoherent matter waves, the first grating (G1) 
prepares coherence by spatially confining the particles, as described in a. 
Transverse coherence grows towards G2, behind which a Talbot–Lau carpet 
emerges in the near field. Finally, a third grating acts as a position-resolving 
detection mask scanned across the interference pattern. c, Schematic of  
the multiscale cluster interference setup. An effusive sodium source in an 
aggregation chamber generates the cluster beam. The beam is transmitted 

through several differential pumping stages into the interferometer chamber 
kept at ultrahigh vacuum conditions (about 9 × 10−9 mbar). The cluster beam 
overlaps with three perpendicular standing light waves equally spaced at a 
distance of L = 0.983 m, forming optical gratings with a period of d = 133 nm. 
The intensities of the first and third gratings are chosen such that they act  
as absorptive gratings, whereas the second grating is operated at lower laser 
intensity, realizing an optical phase grating. After passing through the 
interferometer, the remaining neutral clusters are photo-ionized using a 
425 nm laser diode and mass-filtered. The third grating is scanned transversely 
across the molecular beam. The integrated signal is then recorded as a function 
of the displacement of the grating. The nanoparticle and optical components 
in a and c were rendered in Blender using assets by Ryo Mizuta Graphics.
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To obtain clear evidence for the wave nature of the observed fringes, 
their visibility is analysed as a function of the laser power P2 of the sec-
ond grating, shown by the solid circles in Fig. 2b. We compare this to 
the contrast predicted by both the classical (blue dotted line) and the 
quantum model (solid red line). The quantum model is obtained by 
describing the matter-wave dynamics in phase space using the Wigner–
Weyl formalism42. It accounts for all coherent and incoherent grating 
interactions and enables a direct comparison with the prediction of 
classical mechanics (Methods).

We account for the experimental constraints on velocity, ioniza-
tion cross-section, mass distribution and polarizability by the shaded 
areas along the theory curves. Interferometer misalignment, gravi-
tational and rotational phase averaging, mechanical vibrations and 
the scattering of gas particles and thermal radiation can reduce the 
predicted contrast (Supplementary Information). We take this into 
account by a global scale factor of 0.78, which is equally applied 
to the quantum and the classical prediction in this figure. With 
this single experimental factor included, our experiments are well 
described by the quantum model and clearly distinct from the classical  
prediction.

Our assumptions regarding the mass, size and velocity distribu-
tions of the clusters, as well as the mass dependence of their ionization 

cross-section, are independently supported by the measured transmis-
sion probability as a function of the laser power in G2 (dashed black 
curve). The model reproduces the experimental data (black crosses) 
very well, without any additional scaling factor.

For substantially more massive clusters, with masses between 
400 kDa and 1 MDa, we observe even higher fringe visibilities of 
V = 0.66 ± 0.09 (Supplementary Information). Although this may 
seem counterintuitive, it becomes plausible when we consider that 
the ionization cross-section increases and the transmissive regions 
in each grating become narrower with increasing size of the cluster.

However, the de Broglie wavelength in this mass range (λdB ≱ 3 fm)  
is too short to distinguish quantum from classical predictions, for our 
interferometer configuration (Fig. 3). For L ≤ LT, near-field matter-wave 
dynamics gradually transitions to geometrical optics, in agreement 
with Bohr’s correspondence principle43.

Figure 3 shows how the predicted visibilities from quantum (Fig. 3a) 
and classical theory (Fig. 3b) converge at high cluster masses. At the 
same time, it highlights a clear discrepancy between quantum and clas-
sical predictions in the mass range below 200 kDa (Fig. 2b). In Fig. 3c, 
we show that it will become possible to unambiguously demonstrate 
the quantum wave nature of clusters in the MDa range if their velocities 
can be reduced to about 25 m s−1.
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Fig. 2 | Interference results. a, Interference fringes of sodium clusters with a 
mean mass of 172 kDa. The experimental data of two independent measurement 
runs (purple and green dots) are fitted by a sine function (purple and green line) 
with a visibility of V = 0.10 ± 0.01 and V = 0.08 ± 0.01, for grating laser powers 
P1 = (62 ± 2) mW, P2 = (15.2 ± 0.3) mW and P3 = (68 ± 2) mW. b, Fringe visibility 
versus grating laser power of G2. Each data point shows the weighted mean 
visibility per power bin from multiple independent interference scans of sodium 
clusters with masses centred around 172 kDa. Visibilities and error bars are 

derived from per-measurement 1σ confidence intervals of nonlinear least 
square sine fits (Methods). G1,3 powers as above. The continuous red and the 
dashed blue lines show the expected interference contrast according to the 
quantum and the classical model, respectively. The shaded areas show the 
uncertainties of the theory curve, based on the experimental 1σ limits of the 
molecular velocity, mass distribution, absorption cross-section and optical 
polarizability. In this plot, both theory curves were scaled by the same global 
factor of 0.78.
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Fig. 3 | Predicted fringe visibility as a function of cluster mass and G2 laser 
power. a,b, Results are shown for the quantum model (a) and the classical 
model (b), which both include the effects of ionization and of the dipole force in 
the grating interaction. Both calculations assume a mean velocity of 160 m s−1, a 
Gaussian velocity spread of 10 m s−1 and grating powers of P1 = P3 = 100 mW. The 
solid line marks the mass at which the Talbot length equals the interferometer 

length, whereas the dashed line indicates the mass for which half the Talbot 
length coincides with the interferometer length. The colour scale indicates 
fringe visibility V. For masses beyond the Talbot condition, the quantum and 
classical models converge. c, Slowing the particles to approximately 25 m s−1 
will enable our setup to reliably distinguish quantum from classical dynamics 
for masses exceeding 1 MDa.
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Discussion
While Schrödinger speculated about the possibility of a cat being ‘dead 
and alive’ in the same quantum state—something clearly impossible to 
observe in our macroscopic world—early experiments with trapped 
ions44 and cavity fields45 already showed that such superpositions can 
exist in microscopic systems. Here, we took this idea to a much more 
massive scale: a nanometer-sized piece of metal being ‘here and there’ 
in the same quantum state with a 133 nm separation between the two 
locations, more than an order of magnitude greater than the particle 
itself. What would seem impossible in a classical worldview becomes 
here an experimental fact of quantum physics.

Observing matter-wave interference of the most massive objects to 
date reveals no breakdown of the quantum superposition principle 
related to mass or size alone. Moreover, this work establishes a new plat-
form for metal nanoparticles, a material class previously inaccessible 
to such tests, and it suggests the feasibility of quantum-interference 
experiments with complex nanobiological objects which cover a similar 
mass range.

To put our experiment into context with other demonstrations of 
quantum superposition states, we evaluate the macroscopicity meas-
ure μ as defined in refs. 10,31. This value quantifies to what extent a 
given quantum experiment probes the validity of quantum mechanics 
and how well it can exclude minimal modifications of the Schrödinger 

equation, which would break the quantum superposition principle at 
some macroscopic scale.

Every successful demonstration of quantum interference falsifies 
a generic class of minimally invasive, macrorealistic modifications of 
quantum theory. To obtain the macroscopicity μ, all raw experimental 
data are used to narrow down the parameter space of these models by 
Bayesian updating, as explained in ref. 31. This requires a quantitative 
model for the outcome probabilities in the presence of macrorealistic 
modifications46. Any experimental imperfection and all decoherence 
processes are attributed to the macrorealistic modification and will 
therefore only decrease the macroscopicity (Methods). From our data, 
we obtain the value μ = 15.5, which surpasses the previous record11 by 
an order of magnitude, as shown in Fig. 4a.

The main motivation for this line of research is to explore the 
quantum-classical interface bottom-up, systematically, and with all 
parameters under control. Our interferometer is unique in that it can 
accept various metals and also dielectric nanoparticles with different 
mass densities in the same machine. An additional factor of 100 in mass 
and in coherence time is conceivable in a vertical interferometer47. This 
additional factor would boost the attainable macroscopicity by six 
orders of magnitude in a ground-based experiment, which may open 
new opportunities to test the weak equivalence principle with vastly 
different types of matter.

On the applied side, coherent self-imaging creates a cluster den-
sity pattern in free flight, which can be shifted by external forces or 
directed momentum kicks. Particle-like properties, such as electric 
or magnetic susceptibility, can then be measured on clusters while 
they are propagating as delocalized waves. These measurements 
are complementary to explorations in physical chemistry48–50 and  
promise high force resolution.

The mass of our sodium clusters (170 kDa) already surpasses that of a 
coconut cadang-cadang viroid (CCCVd, 81 kDa; refs. 51,52), or a protein 
such as immunoglobulin G (IgG, 150 kDa; ref. 53). In the next generation 
of experiments, it is anticipated to approach the MDa mass range of small 
viruses, such as the satellite tobacco necrosis virus, shown in Fig. 4b.

Although realizing quantum superpositions with these massive 
bio-nanomaterials still demands marked advancements in beam prepa-
ration, coherent manipulation and detection technologies, recent 
progress in the generation54,55, in tools for coherent photodepletion56 
and in detection of beams of massive biomolecules57 suggests that 
these challenges will also be solved.
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Methods

Quantum and classical model
The theory of Talbot–Lau interference is best formulated in phase 
space using the Wigner–Weyl representation of quantum mechanics42. 
This framework can account for incoherent particle sources, phase 
and absorption gratings, and all laser-induced photophysical effects, 
as well as any relevant decoherence process. It also allows for a direct 
comparison between the predictions of quantum and classical mechan-
ics within the same formalism and set of assumptions.

For a cluster with mass m and longitudinal velocity vz, the probability 
of being detected behind the interferometer can be written as a Fourier 
series in the transverse position x3 of G3:

∑S x S
ℓ

d
x( ) = exp i
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d, the Fourier coefficients are
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where the Talbot–Lau coefficients Bℓ
j( ) of order ℓ for the jth grating still 

need to be determined as a function of the Talbot length LT = mvzd2/h.
We assume that every absorbed grating photon results in the ioni-

zation of the sodium cluster. The transmission of the particle beam 
through a standing wave of incident laser power P, wavelength λL and 
Gaussian beam waist wy is then characterized by the mean number of 
ionizing photons absorbed in each grating antinode
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as well as by the phase shift induced by the optical dipole potential
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The values of the UV polarizability α266 and ionization cross-section 
σion,266 are mass-dependent and determined further below. We can then 
express the Talbot–Lau coefficients as58
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where the coherent phase shift and the ionization depletion are 
described by

ζ ξ ϕ ξ( ) = sin(π ) (6)coh 0
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n
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For short de Broglie wavelengths, as ξ ≡ L/LT → 0, the latter turn asymp-
totically into the expressions

ζ ξ ϕ ξ( ) = π (8)coh
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which appear in the classical description. It yields the same expression 
(equations (2)–(5)) for the signal, except that equations (6) and (7) are 
replaced by equations (8) and (9).

In our setup, both the quantum and the classical signal are well 
approximated by a sinusoidal with fringe visibility V = 2|S1|/S0. We aver-
age the predicted signal over the measured velocity and mass distribu-
tions, accounting for the mass dependence of both the polarizability 
and the ionization cross-section.

Macroscopicity assessment
To assess the macroscopicity of the demonstrated quantum superposi-
tion, it is necessary to calculate how the predicted interference signal 
is affected by the class of minimal macrorealist modifications (MMM) 
of quantum mechanics10. These are parameterized by the classicaliza-
tion time scale τe, and by the momentum spread σq and spatial spread 
σs of a phase space distribution. The greater the value of τe, the larger 
the scales at which the quantum superposition principle still holds.

For our symmetric Talbot–Lau setup, the impact of an MMM is 
accounted for by multiplying the Fourier coefficients (equation (2)) by
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with Rcl the radius of the spherical clusters, me the electron mass, j1 a 
spherical Bessel function and f(x) = 1 − Si(x)/x involving the sine inte-
gral10. The dependence on σs can be neglected for this setup. The mean 
count rate is unaffected by MMM since R0 = 1.

The macroscopicity is obtained by using the raw experimental data 
C  (cluster counts at given grating shift x3 and grating powers) for a 
Bayesian test of the hypothesis that MMM holds with a classicalization 
time no greater than τe (ref. 31). Bayesian updating yields the posterior 
probability distribution ∣p τ σ( , )e qC  of the classicalization time τe, start-
ing from Jeffreys’ prior, by using the likelihoods obtained by incorpo-
rating equation (10) in the detection probability S(x3) (ref. 46). The 
lowest 5% quantile τm(σq) of the posterior distribution then determines 
the macroscopicity as μ τ σ= max(log ( ( )/1s))

σ 10 m q
q

.

In our case, a total number of 3,895 data points yield a distribution very 
well approximated by a Gaussian (Kullback–Leibler divergence 1.27 × 10−3) 
whose 5% quantile τm = 2.84 × 1015 s (maximized at ħ/σq = 10  nm) remains 
constant to three decimal places after 3,280 data points. This indicates 
that sufficient data were recorded and that the distribution is independ-
ent of the prior. The resulting macroscopicity is μ = 15.45.

Cluster beam
Large sodium clusters are generated in a custom-built aggregation 
chamber, inspired by earlier work32,59. The sodium is evaporated at 
650–700 K into a cold mixture of argon and helium at a liquid nitrogen 
temperature of 77 K and pressure of less than 1 mbar. The resulting dis-
tribution covers masses beyond 1 MDa and velocities between 120 m s−1 
and 170 m s−1. The clusters exit through a 5-mm aperture and pass three 
differential pumping stages before they reach the interferometer (Sup-
plementary Information).

Two horizontal collimation slits dH1,H2 = 0.5 mm spaced by 1.8 m 
facilitate the alignment of the grating yaw angles perpendicular to the 
molecular beam with a precision of about 200 μrad. Two vertical col-
limation slits dV1 = 0.5 mm and dV2 = 1 mm, spaced by 2.2 m, confine the 
beam height and ensure good overlap with the standing light wave. This 
also reduces the influence of gravitationally induced phase averaging.

Photophysics
The optical polarizability α266, absorption cross-section σabs,266 and 
ionization potential Ei depend on the size, mass and purity of the cluster. 
They determine transmission, the maximal matter-wave phase shift ϕ0 
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and the mean number of absorbed photons n0 in the antinodes of the 
grating. Photophysics60 and thermodynamics61 of small sodium clusters 
have been extensively studied, and the preparation of particles up to 
1 MDa has been demonstrated before59. However, the mass-selected 
UV polarizability has not been known. Here, we use the high-contrast 
fringe patterns of clusters between 0.4 MDa and 1 MDa to determine it 
in a mass range for which the classical and quantum models predict the 
same visibilities. We derive a value of α266/atom = −4πε0 × (4.5 ± 0.5) Å3 
(Supplementary Information), which is consistent with the experiments 
and the quantum model for m = 100–200 kDa.

The photo-ionization cross-section σion,266 is a product of the absorp-
tion cross-section σabs,266 and the ionization yield. It determines the 
total transmission through the interferometer and influences the 
highest possible interference contrast. By measuring the mass- 
selected transmission of the interferometer for different grating 
powers, we determine an effective cross-section of σion,266 = (0.537 ×  
m [kDa] − 1.5) × 10−20 m2 for our clusters.

Mass selection and detection
After passing all gratings, the cluster beam is photo-ionized using 
425 nm light and the cations are filtered by their m/z ratio using a quad-
rupole mass spectrometer. The mass filter includes guiding ion optics 
(Extrel) and 300 mm long quadrupole rods (Oxford Applied Research) 
with a diameter of 25.4 mm. The mass filter is operated at a resolution of 
Δm/m = 0.32. Interference scans centred on mass m, therefore, involve 
clusters within a mass range of  ±Δm/2, where the transmission function 
is close to rectangular shape and taken into account in our models. The 
mass filter was centred at 170 kDa. The underlying mass distribution, 
convoluted with the trapezoidal transmission, shifts the effective mass 
centre towards 172 kDa.

The selected cluster ions are counted by a channel electron multiplier 
with a conversion dynode at 10 kV. Electronic dark counts range from 
15 to 100  counts s−1.

We must also account for the mixing of multiply charged ions 
with identical m/z ratios. Based on the measured work function of 
W = (2.4 ± 0.1) eV (Supplementary Information), neutral clusters with 
a diameter of dCl ~ 8  nm exhibit an ionization threshold of Ei = 2.53 eV, 
followed by Ei,+1 = 2.88 eV and Ei,+2 = 3.23 eV for subsequent ionization 
processes. The detection laser has a photon energy of Eph = 2.92 eV and 
can generate doubly charged ions, whereas triply charged ions remain 
energetically out of reach.

We have selected doubly charged clusters in the detector and veri-
fied the correct cluster mass by analysing mass spectra at both low 
and high detection laser powers (Supplementary Information). In the 
antinodes of the gratings, the 266 nm light can also lead to multiply 
charged ions. However, this does not affect the interference pattern, 
because every ion is removed from the cluster beam by electrostatic 
deflection, independent of its charge state. Only clusters that remain 
neutral while passing through all gratings contribute to the final inter-
ference pattern.

Velocity distribution
The cluster velocity distribution is determined from a time-of-flight 
measurement, in which we imprint a start time signal onto the cluster 
beam by UV photodepletion close to G1, and we measure the cluster 
arrival time behind the ionizing mass spectrometer. The time-of-flight 
data are corrected for the drift time inside the quadrupole, where it is 
slightly accelerated by the entrance voltage U to v v eU m′ = + 2 / .  
A convolution of a Gaussian drift time distribution and a rectangular 
chopper opening function is then fitted to the corrected unsmoothed 
data. The results are converted to a velocity distribution. We determine 
the average velocity and the width of the distribution from the standard 
deviation of the Gaussian fit.

Small variations of the mean velocity depend on the gas flow and 
the particle mass, and the 1σ width is Δv/v = 5–7%. Time-of-flight and 

velocity spectra for m/z = 100 kTh clusters are shown in the Supple-
mentary Information.

Deep ultraviolet gratings
Up to 4 W of 532 nm light (Coherent Verdi V18) is converted to up to 1 W 
of 266 nm UV light by intracavity second harmonic generation (Sirah 
Wavetrain 2). The UV output is vertically expanded and split into three 
grating beams, using polarizing beam splitters and half-wave plates to 
regulate the power for each grating. Cylindrical lenses (f = 140 mm) 
focus the laser horizontally onto high-reflectivity (R = 99.5%) mirrors 
in vacuum to generate the standing light waves. We have observed 
power losses of up to 60% because of the degradation of optical compo-
nents. The beam waists before the lenses are W1 × H1 = 1,130 × 620 μm2, 
W2 × H2 = 1,020 × 575 μm2 and W3 × H3 = 1,020 × 575 μm2, with 
ΔHi = ΔWi = ±50 μm. Here, Wi represents the 1/e2 waist radii along the 
molecular beam direction and Hi is the vertical waist. At the focus, the 
Gaussian beam waist is 20 μm. This small waist alleviates the alignment 
requirements with regard to the cluster beam tilt angle. The waist is 
still sufficiently large to ensure that the Rayleigh length, zR = 4.7 mm, 
is an order of magnitude larger than the cluster beam width of 500 μm.

Interferometer alignment
The surfaces of all three grating mirrors are aligned parallel to the par-
ticle beam axis, with the standing light wave along the mirror normal. 
The gratings exhibit three angular degrees of freedom: pitch, yaw and 
roll. The yaw angle, between the mirror surface and the particle beam, 
is adjusted to better than 200 μrad. The relative roll of the three mir-
rors, that is, their rotation around the axis parallel to the cluster beam 
is aligned to a difference less than 20 μrad. They are all stabilized with 
respect to the gravitational field of Earth to better than 50 μrad. The 
distances between the gratings are equal within 50 μm.

Interference scans
We obtain the interference scans by measuring the number of transmit-
ted clusters as a function of the transverse displacement of the third 
grating G3, which is moved in steps of Δx = 15 nm. At each position, the 
mass-filtered ion signal is integrated for a time interval of up to four 
seconds. A sinusoidal fit to the data then provides the periodicity, phase 
and amplitude of the fringes. By design of first-order Talbot–Lau inter-
ferometry, the periodicity is equal to the grating period. Each visibility 
Vi results from a nonlinear least-squares sine fit to the raw counts and  
is accompanied by 1σ confidence bounds V V( , )i i,lb ,ub . We define  
side-specific absolute uncertainties V Vσ = −i i i,− ,lb, V Vσ = − ,i i i,+ ,ub  and  
the effective symmetric uncertainty σ σ σ= ( + )/2i i i,− ,+ . Measurements 
are grouped by optical power into bins. For each bin B, we compute the 
inverse-variance weighted mean μ w w= ∑ /∑i i i i i∈ ∈VB B  with w σ=i i

−2,  
and to display mild asymmetry, we also report Bσ σ= ∑μ i i,−

−2
∈ ,−

−2  and 
σ σ= ∑μ i i,+

−2
∈ ,+

−2
B . As a consistency check, we compute the reduced chi-

square χred
2  using the same per-point uncertainties as the weights. For 

overdispersed bins ( χ > 1.5red
2 ), we scale the upper and lower error bars 

of the mean by χred
2 . For visualization, plotted lower bounds are trun-

cated at 0; all weighting and dispersion checks use the untruncated 
values.

Data availability
Data and code supporting the findings of this research are available at 
Zenodo (https://doi.org/10.5281/zenodo.17502163). Additional data or 
materials used in the study can be provided upon request.
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