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1 Experiment

1.1 Details of the setup
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Suppl. Fig. 1: (a) Cluster beam apparatus and laser system. The D, are apertures for differential
pumping, G; are the diffraction gratings. H and V are horizontal and vertical delimiters for alignment. The
second harmonic (SHG) of the green DPSS laser light is shaped by a cylindrical telescope and focused by three
cylindrical lenses to achieve a small waist (20 um) in the direction of the cluster beam. (b) Schematic of
the aligned degrees of freedom. The grating angle ® (grating yaw) is aligned with respect to the incident
molecular beam, while the angle ¥ (grating roll) is aligned with respect to gravity and relative to the other
gratings. The angle © (grating pitch) does not require critical alignment. The spacing between gratings L is
set to be equal. The nanoparticle geometry in panel (b) was generated in Blender using the “FCC nanoparticle
generator” asset by Ryo Mizuta Graphics.

In Suppl. Figure 1 we show details of the experimental setup, including vacuum chambers, differential
pumping stages, laser system, and alignment degrees of freedom: Sodium atoms are evaporated in an effusive
source with aperture (A1) and aggregate to large clusters in the cryogenic noble gas chamber. They exit through a
thin aperture (A2) of 5mm diameter into the source chamber at 4.8 x 10~2 mbar and pass another 5 mm diameter
aperture (A3) into two differential pumping stages, each separated from the next by a vertical 1 x 20 mm? slit,
D1 and D2. These stages are pumped to 4.3 x 10~7 mbar and 5.0 x 10~® mbar, respectively. When the cluster
beam is on, the interferometer chamber reaches a pressure of 8.5 x 10~? mbar. The detector chamber, separated
by D3, is held at 8.5 x 10~® mbar. A pair of horizontal slits, H1 and H2, collimates the cluster beam and allows
us to align it to each mirror yaw angle with a precision of 200 prad. A pair of vertical collimation slits, V1 and
V2, restricts the height of the cluster beam to keep it smaller than the vertical waist of the UV gratings. This
allows treating the laser beam profile as homogeneous and to minimize the sensitivity to misalignment with
respect to Earth’s gravity [62].

The frequency-doubled DPSS laser beam at 266 nm is divided into three parts using polarization optics. To
suppress back reflections into the laser, the standing light wave is circularly polarized. The helicity of the light
field does not influence the diffraction phase, as the clusters do not have any specific direction or helicity, and
they come with random orientation. All gratings are mounted on motorized horizontal translation stages. Go
and the cylindrical focusing lens, 100 mm in front of it, can additionally be vertically shifted, with nanometer
resolution and over up to 1 cm in height, to compensate for the gravitational free fall of nanoparticles in different
velocity classes.
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Suppl. Fig. 2: Velocity distributions: (a) Raw (red) and denoised (green) time-of-flight data for 100k Th
clusters. We show the Gaussian drift time (orange) and the convoluted fit to the data (blue). (b) Velocity
distribution extracted from panel (a).

1.2 Velocity distribution

The cluster velocity is measured in a time-of-flight setting, where the start signal is given by the interruption
of an ionizing UV photodepletion beam and the stop signal is the arrival time at the detector. In Suppl.
Figure 2a, we show a typical time-of-flight curve, while panel (b) shows the velocity that is derived from it by
transforming f(¢t)dt — f(v)dv. We also account for the slight acceleration of the ions within the quadrupole
mass spectrometer, which modifies the total transit time.

L, L
vo U2 +2qU/m

Here, L = (2.74£0.03) m is the neutral drift length in the interferometer, Lg = (0.30 £ 0.05) m is the length of
the mass filter, and U ~ 9V the acceleration voltage in the filter. The finite opening time of the photodepletion
laser is accounted for by fitting a convolution of the opening function and a Gaussian time distribution to the
unsmoothed data. The maximum of the data after denoising is used as an initial guess for the fit. In several
different runs, we find a mean velocity around 160 m/s, and a full width at half maximum (FWHM) of typically
10m/s, see Suppl. Figure 2. In every run, the velocity is reconfirmed.

(1)

tqg =

1.3 Photo-ionization and mass selection

Sodium has a low work function (W = 2.75eV) [63], which allows for sequential photon absorption and stepwise

ionization. This process continues until the ionization energy of the cluster in charge state z exceeds the photon

energy FE, = hv:

e(a+ 2)
dmegr

The correction factor a ~ 3/8 accounts for surface effects [64].

Clusters of lower density p have a larger radius r and higher charge numbers can be attained. Sodium clusters
with p = 980kgm ™2 and 200kDa can therefore be ionized manifold for A = 266 nm. This does not affect the
function of our photo-depletion gratings, as every ion is removed from the beam, independent of its charge state.
However, it must be avoided in the detection process to avoid charge mixing.

Additionally, the detected signal S is influenced by the dependence of the work function on temperature T¢
and surface purity. To account for such effects, we have measured the cluster work function W under conditions
identical to those prevailing in the interference experiments, using wavelengths between 430 — 504nm and
Fowler’s law to analyze the data [65] :

[ 5] = m o (250)]. 0

cl
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Suppl. Fig. 3: (a) Na-Cluster ion signal as function of the photon energy. Clusters with a diameter
of d ~ 8 nm were ionized by the light of an optical parametric oscillator (Ekspla OPO, 100Hz, 5ns, E ~
200 — 400 1J) The data (blue circles) are analyzed using a Fowler fit, shown as a solid red line. We fit W =
(2.440.1)eV. (b) Mass spectra of sodium clusters. The cluster beam is photo-ionized with 425 nm light at
15mW (blue area) and 650 mW (red area). At low laser power, the clusters are only singly ionized, while they
dominate in the 2+ state at high laser power. For interference experiments we use the left flank of the high-
power spectrum. A model based on a log-normal size distribution (red and blue solid line) and size-dependent
ionization probability reproduces the experimental data very well (dashed line). The spectrum corresponds to
the interference scans in the main text, with the center mass marked as a dark vertical stripe at m/z = 85 kTh.

Here, B is a material-specific fit constant, and the polylogarithmic function is

Liy(z) = /0 Mdt for |2 < 1. (4)

Suppl. Figure 3a shows the experimental data along with a Fowler fit. Assuming the cluster temperature to
be in equilibrium with the collisional bath in the source, the fit yields a work function of W = (2.4 + 0.1)eV.
This low value of W is consistent with some oxygen contamination. Based on this value, we expect to find at
most doubly charged clusters when using a detection laser wavelength of A = 425 nm.

To verify this, we have first recorded a mass spectrum at low laser power P, = 15 mW. This avoids double
ionization across the entire accessible mass range and allows us to identify the smallest and the highest masses
in the spectrum, see Suppl. Figure 3b. To increase the signal, we then switch to P, = 650 mW, where double
ionization dominates while triple ionization remains energetically inaccessible. In the low-power spectrum (blue)
of panel (b), singly ionized clusters with masses below 100 kDa are essentially absent. Therefore, the left flank
must be due to doubly ionized clusters. This allows us to assign m/z < 100kTh in the high-power spectrum
(red) to be confidently assigned to twice the measured m/z value. The dashed line in the same panel shows a
modeled high-power spectrum with a maximum charge state of 42, based on the assumption that the low-power
spectrum is singly charged. It aligns well with our observed high-power spectrum.

1.4 High-mass fringes and ultraviolet polarizability

The grating separation of our Talbot-Lau interferometer, L = 0.983m > Ly = d?/\qp defines the smallest
usable de Broglie wavelength and thus the greatest cluster mass for the given velocity of 160m/s. For shorter
wavelengths, wave mechanics transitions into geometric optics. In this limit the interaction with grating Go is
then fully determined by the quantities (see Methods)

Ccoh(f) =~ ¢07T£' (5)

Cion = 77,0/2 (6)
which coincides with the classical prediction. The value of ng can be determined by the grating transmission,
leaving only ¢( as a free parameter. It depends only on the product of laser power divided by velocity, the total
cluster polarizability, and £ = L/Ly « 1/m. This means that (.on(§) becomes effectively independent of mass
if the total polarizability scales linearly with m and the velocity is independent of it.
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Suppl. Fig. 4: (a) Fringe pattern of high-mass sodium clusters. The contributing masses range between
0.4 MDa and 1.0 MDa. The grating laser powers are P; = P3 = (60+5) mW and P, = (6.24+0.5) mW. Sinusoidal
fits to the experimental data (circles) identify a visibility of V' = 0.66 & 0.09 (green line) and V' = 0.56 £+ 0.10
(red line). (b) Fringe visibility as a function of the grating laser power in Go.

Py 3 and the masses are like in panel (a). The experimental data (purple circles) are equally well described by
the quantum (red solid line) and the classical (blue dashed line) prediction. The shaded areas represent the
effect of known uncertainties in the cluster velocity in the model. We extract the polarizability per atom from
a fit to the model and find aggs/atom = —4mey x (4.5 4 0.5) A3,

A fit of the model to the measured fringe visibilities therefore provides a robust method for extracting the
optical polarizability per atom without the need to know the precise mass distribution and without needing to
distinguish between quantum and classical effects.

We find a fringe visibility of V' ~ 0.66 + 0.09 for clusters within 0.4 — 1.0 MDa and use the Gy power
dependence V(P;) to extract the polarizability asgs/atom = —4meg x (4.5 £ 0.5) A®. This value is applied to
model the interference scans of all clusters, both quantum mechanically and using classical theory.

2 Phase averaging and decoherence

2.1 Gravity and the rotation of the Earth

The interference fringes are shifted in the presence of the Earth’s gravity and rotation. For an appropriate choice
of the grating roll angles, both accelerations cancel to first order [66]. We estimate a contrast reduction factor
R > 0.99 from these effects for the velocity distribution in our experiment.

2.2 Interferometer vibrations

Grating vibrations can reduce the fringe visibility by
Ry = |(exp [i2m(Azy — 2Az5 + Axs)/d])], (7)

where (-) indicates the ensemble average over all grating shifts.

When sinusoidal vibrations across a broad frequency spectrum add randomly varying amplitudes and fre-
quencies, one can model the displacements Az;, (i = 1,2,3) as a stochastic variable with normal distribution.
If the root mean squared amplitude Axzgys is the same in all three gratings, the contrast reduction factor is

Ry = |exp (=87 Aafys/d?)] . (8)

In order to minimize vibrations, all gratings are mounted on motorized stages on a single 160 kg Invar bar
that is suspended by four piano wires from an aluminum gallows supported by four springs. Additionally, Teflon
balls between stacks of steel and eddy current brakes contribute to isolation and damping. The entire vacuum
chamber is mounted on an optical table (resonance frequency 2 Hz) which floats on pneumatic feet [66].

We monitor the vibrations using a tri-axial accelerometer (PCB 356M98) on the Invar bar and find the
vibration amplitude to lie below the accelerometer noise floor. This level of isolation is compatible with the



observed fringe visibility: An average grating vibration as small as Azgrys =~ 7nm could by itself explain the
observed total contrast reduction factor — even in the absence of any other decoherence or phase averaging
mechanism.

2.3 Collisional decoherence

The interferometer chamber is pumped by four turbo molecular pumps (Pfeiffer Hi-Pace 700), two combined ion
getter and titanium sublimation pumps (Varian Vaclon Plus 300 Combination) as well as two non-evaporable
getter pumps (SAES Capacitorr Z1000). It is separated from the source and detection chamber by three dif-
ferential pumping stages. This ensures a base pressure of 4 x 1072 mbar and below 9 x 10~ mbar during the
operation of the cluster source.

Collisions can decohere the interference contrast if the clusters remain within the detection angle. We then
expect a reduction factor R, = exp (—2T'.T') that scales with the time in the interferometer, 27", and the collision
rate I';, which is dominated by van der Waals interactions [67, 68]:

N\ 1/5
Do~ S0 (G0 (9)
% kT, \ 2 '

Here py, Ty, and v4 are the pressure, temperature, and most probable velocity of the background gas, respectively.
The coefficient Cg can be estimated using the Slater-Kirkwood formula [68].

N § eh Og0l
2 e ne0 \Jag N, + \/aIN

The expected contrast reduction at our measured pressure py = 9 x 10~ mbar and T, = 300K then depends
on the partial pressure in the chamber at the time of the measurement. While we did not have a calibrated
rest gas analyzer inside the interferometer chamber, a model distribution composed of 4.6 x 10~ mbar (H20),
1.4x 1079 mbar (He) and 3x 10~ mbar (Hz) [69] for our unbaked chamber is sufficient to explain an experimental
visibility reduction factor of R. = 0.79. Because of its high velocity, Hy is the most detrimental and was
estimated to have a larger contribution here to give a lower bound for R..

Cs

(10)

For this estimate we use the static polarizability of bulk sodium &/Natoms = 4meg X 9.4 AS and one valence
electron per atom N = Nutoms. The rest gas polarizabilities and valence numbers are &, = 4meg x 0.8 As, Ny =2
for Hy, &g = 4meg x 1.5A3, Ny =8 for HyO and &y = 4mep % O.QAS, N, = 2 for He [70].

2.4 Thermal and optical decoherence

In general, absorption, scattering, and emission of thermal radiation can reduce the cluster interference contrast
[71]. However, for the internal temperature (ca. 80 K) of our clusters, we do not expect any observable effect
related to emission [72]. Similarly, Rayleigh scattering at the optical gratings and evaporation of individual
sodium atoms can be neglected [73].

3 Quantitative analysis

3.1 Unscaled visibilities

In Suppl. Figure 5, we present the unscaled visibilities as a function of the G5 grating laser power, comparing the
results to predictions from both the classical and quantum models. The visibilities were derived from sinusoidal
fits of the raw interference scans, as described in the Methods.

3.2 Macroscopicity

In Suppl. Figure 6 we provide the final posterior of the classicalization time distribution (blue line), which
determines the macroscopicity reached in the experiment (arrow). Jeffreys’ prior (dashed line) and intermediate
posteriors (black lines) are shown as well.

In Figure 4a of the main text, we compare macroscopicity values for a selection of quantum experiments.
They were provided by [74-77] or estimated in the original works, as summarized in Suppl. Table 1.
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Suppl. Fig. 5: We show the measured raw visibilities for individual measurements (purple crosses) and averaged
for individual laser powers (open black circles) together with the unscaled classical (blue dashed line) and

quantum fringe visibility (red line) as a function of laser power in Gy for mg = 172kDa.
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Suppl. Fig. 6: Probability distributions p(7.) of the classicalization time. The dashed line gives
Jeffreys’ prior, which is taken as a starting point. Bayesian updating yields posterior distributions from the
recorded particle counts by means of the MMM likelihoods, calculated for the different lateral positions x3 and
grating powers P, with /o, = 10nm. The grey lines give intermediate posterior distributions after 123 counts
(left) and 410 counts (right), corresponding to 4 and 10 grating scans. The blue line gives the final posterior
distribution after 95 scans (3895 data points). The shaded areas indicate the 5% quantiles, finally located at
7. = 2.84 x 101° s (arrow). This value remains constant to three decimals as the last 15 scans are included.

3.3 Continuous Spontaneous Localization

The theory of Continuous Spontaneous Localization (CSL) is a well-studied stochastic-collapse modification of
quantum dynamics [93], which was proposed to explain why macroscopic superpositions are not observed, and
to resolve the measurement problem of quantum mechanics. The theory introduces a nonlinear stochastic term
in the Schrédinger equation that describes the collapse of a delocalized wave function to a small Gaussian region,
whose width is given by the localization length scale r.. The collapse rate scales quadratically with the mass m
of the particle (for superpositions exceeding the particle size), and is governed by the rate parameter A. Adler
proposed that A ~ 108¥! Hz and r, ~ 100 nm for CSL to be a viable solution to the measurement problem [94].

The values proposed by Adler have been largely ruled out by non-interferometric measurements [95]. In par-
ticular, the search for spontaneous photon emission induced by collapse models at the Gran Sasso underground
laboratory yielded the strong bound A < 5 x 10713 Hz at r. = 100nm [96]. Still, it is useful to see to what extent
matter-wave interference experiments constrain the CSL parameters, because only those experiments probe the

quantum state of delocalized particles.

~



Experiment type | Year | Macroscopicity Ref.
1988 6.8 [78]

1992 9.1 [79]

Atoms 1999 8.3 [80]
2015 10.9 [81]

2017 12.4 82]

2019 11.8 [83]

BECs 1997 8.4 [84]
2013 8.5 [85]

Mech. 2018 7.8 [36]
Resonators 2022 11.2 [87]
1995 7.2 [88]

1999 10.6 [89]

Molecules 2009 10.9 [90]
2013 12.3 [91]

2019 14.0 [92]

Metal Clusters | 2025 15.5 this work

Suppl. Table 1: References for the macroscopicity values of selected quantum experiments values shown in
Figure 4a of the main text.

Our experiment sets new limits on genuine quantum tests of the CSL model, as shown in Figure 7. The pink
area represents the limits of our present work, while the blue area corresponds to KDTLI [97] and LUMI [92]
interferometry using organic molecules. The analysis is based on the the theory in [98] describing the impact
of CSL on Talbot-Lau interferece. Adler’s values [94] of the collapse rate A at localization lengths r. = 100 nm
and r. = 1 um are now largely excluded also in a interferometric test, but still compatible with the error bar.

3.4 Gravitational decoherence

A number of modifications of the Schrédinger equation have been proposed that lead to spatial decoherence of
a delocalized massive particle due to the impact of gravity. Most notably, the Diési model (or Didsi—Penrose
model), which is based on an assumed gravitational self-interaction of the superposition state, adds the
incoherent term [99]
G [ drd3r’

“on W[f(r—f)v[f(rl—j%ﬂ]] (11)
to the von Neumann equation of the center-of-mass dynamics. Here G is the gravitational constant and f(r) =
3mO(r—Ro)/(4mR}) is the mass density of the particle, smeared out over the length scale Ry to avoid unphysical
heating rates.

Other models lead essentially to the same form of gravitational decoherence and can thus be seen as in
independent motivations: (i) The theory of Kafri Taylor, and Milburn model treats gravity as a classical
measurement-and-feedback channel [100] yielding, in a linearized approximation, position decoherence that is
“consistent with Didsi’s model”. (ii) The theory by Oppenheim [101] develops a general framework for hybrid
classical-quantum dynamics, with the aim of keeping the gravitational space-time dynamics classical when cou-
pling it consistently to quantum particles acting as mass sources. In the nonrelativistic limit, and assuming a
Netwonian scaling o« 1/|z —y| of the decoherence kernel one ends up with the form of the Diosi master equation.
(iii) The entropic model of gravity by Carney et al. [102] models gravity as an entropic force produced by medi-
ator qubits, located at a lattice with constant a, whose energies are determined by the particle positions. The
characteristic decoherence rate (66) in [102] has again the same form (up to a factor of order unity) as the
Diési—Penrose rate, with the smearing scale Ry replaced by the lattice constant a. (iv) The Schrodinger-Newton
equation [103], where the wave function contributes energy through a gravitational interaction with its “mass
density” m|y|?, can be made non-signaling by adding stochastic terms, which again yields a master equation of
the form (11) [104].

Lp=
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Suppl. Fig. 7: Experimental constraints on the localization rate A and the localization length r. of the Con-
tinuous Spontaneous Localization model. The pink area represents the parameter set excluded by our present
interferometric work, based on a demonstrated visibility of no less that 78% of the ideal quantum prediction
for sodium clusters of mass m = 172 kDa and velocity of v = 160 m/s. The blue area corresponds to previous
constraints from KDTLI [97] and LUMI [92] interferometry with organic molecules. Adler’s proposed values
[94] are ruled out to a large extent, but remain marginally compatible within their bounds. Stricter constraints
from non-interferometric tests [96] are not shown.

The present experiment does not test the Didsi-Penrose model because the predicted decoherence is too
small. The gravitational decoherence rate predicted by (11) is

roo~ 6Gm? '
hRy

(12)

Given the interference time of about 12ms, one would be sensitive to this gravitational decoherence only for
Ry < 102! m, much smaller than the natural scale, as given by the size of an atomic nucleus. At the same
time, non-interferometric measurements show that the model is empirically consistent only with Ry being more
than ten orders of magnitude greater [96]. To become sensitive to this scale, future experiments will have to
demonstrate the spatial delocalization of a 10® Da particle over ten seconds, or 10° Da over 100 ms.
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