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Matter-wave interference experiments provide a direct confir-
mation of the quantum superposition principle, a hallmark of 
quantum theory, and thereby constrain possible modifications 
to quantum mechanics1. By increasing the mass of the inter-
fering particles and the macroscopicity of the superposition2, 
more stringent bounds can be placed on modified quantum 
theories such as objective collapse models3. Here, we report 
interference of a molecular library of functionalized oligopor-
phyrins4 with masses beyond 25,000 Da and consisting of up 
to 2,000 atoms, by far the heaviest objects shown to exhibit 
matter-wave interference to date. We demonstrate quantum 
superposition of these massive particles by measuring inter-
ference fringes in a new 2-m-long Talbot–Lau interferometer 
that permits access to a wide range of particle masses with 
a large variety of internal states. The molecules in our study 
have de Broglie wavelengths down to 53 fm, five orders of 
magnitude smaller than the diameter of the molecules them-
selves. Our results show excellent agreement with quantum 
theory and cannot be explained classically. The interference 
fringes reach more than 90% of the expected visibility and the 
resulting macroscopicity value of 14.1 represents an order of 
magnitude increase over previous experiments2.

In recent years there has been a growing experimental effort 
to create highly macroscopic quantum states in a range of sys-
tems, including superconducting quantum interference devices5, 
Bose–Einstein condensates (BECs)6, optomechanical systems7 and 
matter-wave interferometers8,9. Such systems probe the universality 
of quantum mechanics by showing that their dynamics cannot be 
understood without quantum theory.

To demonstrate the wave nature of a new class of massive 
particles we built the Long-Baseline Universal Matter-Wave 
Interferometer (LUMI), a three-grating Talbot–Lau interferometer  
with a baseline of 2 m, the longest macromolecular interferometer 
to date. LUMI can be operated with either three mechanical grat-
ings or two mechanical grating and one optical grating. The lat-
ter scheme, which is the one used in these experiments, is known 
as a Kapitza–Dirac–Talbot–Lau interferometer (KDTLI)10, and 
relies on diffraction at a thin optical grating via the optical dipole 
force11. The essential physics is similar in both schemes: the first 
grating acts as an array of narrow collimation slits to prepare a 
coherent illumination of the second grating, resulting in a near-
field self-imaging phenomenon known as the Talbot–Lau effect. A 
third grating further downstream is transversely scanned to detect 
the presence of the interference fringes, which are collected by an 
integrating detector.

In the case of a KDTLI, coherent self-imaging of a monochro-
matic molecular beam occurs when the gratings are spaced by 
half-integer multiples of the Talbot length, LT = d2/λdB. Here, d is the 
grating period (266 nm) and λdB = h/mv is the de Broglie wavelength, 
with m and v being the molecular mass and velocity. Observing 
coherent imaging with large masses therefore requires a long inter-
ferometer baseline and/or a small longitudinal beam velocity. The 
2 m length of LUMI thus allows us to access de Broglie wavelengths 
as small as 35 fm with readily available molecular beam techniques. 
It should also be noted that the Talbot condition does not have to 
be exactly satisfied to maintain high interference visibility in the 
KDTLI scheme, nor does the molecular beam require a high degree 
of initial spatial coherence12.

A schematic of the experiment is shown in Fig. 1. A molecular 
beam is formed by pulsed laser desorption from a coated glass slide. 
The beam is collimated by slits (500 µm horizontal, 400 µm vertical) 
and modulated by a chopper disc with a pseudorandom sequence 
of openings for time-of-flight (TOF) measurements13. The mole-
cules we use are tailored derivatives of oligo-tetraphenylporphyrins 
enriched by a library of up to 60 fluoroalkylsulfanyl chains4 (see 
Methods for details). A differential pumping stage separates the 
source chamber from the interferometer chamber, which houses 
the three gratings and their translation and rotation stages. After 
traversing the interferometer, the molecules are ionized by electron 
impact, mass-selected in a quadrupole and counted. Interference 
fringes are then detected by shifting the final mechanical grat-
ing transversely in small steps while monitoring the transmitted 
molecular flux.

The long baseline of LUMI renders it sensitive to global exter-
nal forces, such as gravity and rotation, smaller than 10−26 N. The 
intrinsic sensitivity of molecular interferometry has shown its util-
ity in measuring properties such as polarizabilities, dipole moments 
and absorption cross-sections14–17, but the enhanced sensitivity of 
LUMI also introduces challenges. In particular, vibration isolation, 
compensation of the Coriolis effect, and beam intensity and stability 
become significant hurdles.

The interferometer is built on a 160 kg Invar bar for high ther-
mal and mechanical stability. It is suspended by a pendulum and 
damped with magnetic eddy-current brakes for vibration isolation. 
The stability of the interferometer was thoroughly characterized 
using accelerometers and optical interferometers, as discussed in 
the Methods.

The effect of the Earth’s rotation plays a significant role in our 
experiment, since the Coriolis force is velocity-dependent and our 
molecular beam contains a broad spread of velocities. Given the 
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Earth’s angular velocity ΩE, each velocity class is transversely shifted 
by an amount proportional to Ω ∕L vE

2 , resulting in blurred interfer-
ence fringes. Owing to the 1 m grating separation L, the Coriolis 
shift is significant compared to the grating period. We compensate 
this shift with the velocity-dependent phase shift caused by gravity. 
The gravitational shift is proportional to θ ∕g L vsin( ) 2 2, where θ is 
a common roll of the grating bars relative to gravity. Time-resolved 
measurements of fullerene interference confirm that the Coriolis 
effect was more than 95% compensated for the parameters of the 
interference measurements described here (see Methods for details).

An intense neutral beam of intact molecules is a prerequisite for 
our experiments, but soft neutral volatilization and post-ionization 
of complex molecules is an outstanding technical challenge. While 
matrix-assisted laser desorption and electrospray ionization are 
useful tools for molecular analysis, the charged beams they pro-
duce are incompatible with the stringent dephasing requirements 
of interferometry. Continuous effusive thermal beams, on the other 
hand, suffer from thermal fragmentation for masses beyond a few 
kilodaltons. This can be overcome via fluoroalkyl-functionalization 
of the molecules, which adds mass, reduces the polarizability-to-
mass ratio and increases volatility4.

Here we use matrix-free nanosecond pulsed laser desorption of 
a tailor-made library of functionalized oligoporphyrins (see Fig. 1 
and Methods). The molecules are coated on a glass slide that is con-
tinuously translated to expose a fresh molecular layer to the high-
repetition-rate desorption laser beam. Instability of the molecular 
flux, probably due to inhomogeneity of the molecular coating, is 
compensated by mechanically chopping the optical grating during 
an interference scan. The data are then divided into laser-on and 
laser-off bins, where the laser-off bins constitute control measure-
ments in which interference cannot occur. This technique is highly 
robust to the varying source intensity, as discussed in the Methods.

We verify the quantum nature of the observed fringes by mea-
suring their sinusoidal visibility as a function of the diffraction laser 
power. This enables us to rule out classical phase-space trajectories 
as the mechanism behind the observed fringes. The theoretical 
expectation of such a measurement is calculated by propagating the 
Wigner function through the interferometer, yielding the sinusoidal 
visibility V of the interference curves
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The exact form of the Talbot coefficients Bqm,cl can be found in the 
literature12. The effect of the first and third mechanical gratings 
are described by the sinc terms, which depend on the respective 
grating open fractions of the mechanical gratings, f1,3. The optical 
grating is described by the B coefficients, which can be modelled 
using the complete quantum mechanical treatment (Bqm) or using 
classical dynamics (Bcl) in which classical phase-space trajectories 
can also create sinusoidal fringes under certain conditions. The 
B coefficients contain the combined effects of photon absorption 
and phase modulation of the matter wave and depend on the laser 
power of the optical grating. The different dependence of Bqm and 
Bcl on laser power allows us to clearly differentiate quantum from 
classical dynamics.

Figure 2 shows a typical interference scan, as well as the observed 
visibilities of such scans as a function of laser power along with the 
classical and quantum predictions. A number of parameters enter 
the calculation of visibility, including the molecules’ polarizability 
and absorption cross-section, as well as the open fractions of the 
mechanical gratings (see Methods). We also take into account the 
experimental Gaussian velocity distribution (vo = 261 ± 9 m s−1, 
σ = 52 ± 7 m s−1) and the mass distribution of the molecular library. 
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Fig. 1 | experimental schematic and molecule details. a, The molecular beam is created via nanosecond laser desorption (532 nm, 1 kHz, 
I ≈ 1 × 108 W cm−2), followed by collimation and TOF encoding via a pseudo-random chopper. The beam then enters the interferometer chamber, passing 
two SiN gratings G1 and G3 (266 nm period, 43% open fraction, 160 nm thick) and the optical grating G2 (λ = 532 nm, vertical beam waist 690 µm), spaced 
by L = 0.98 m. The third grating shifts transversely across the molecular beam to detect the presence of quantum interference fringes that manifest as a 
molecular density pattern of period d. The molecules are then ionized by electron impact and are mass-selected and counted in a customized quadrupole 
mass spectrometer that can resolve masses beyond 1 MDa. b, The molecules in this study consist of a tetraphenylmethane core with four zinc-coordinated 
porphyrin branches. Each branch contains up to 15 fluoroalkylsulfanyl chains. c, The MALDI-TOF spectrum of the molecular library after matrix-free 
desorption. The mass resolution in LUMI during interference experiments was lower to maximize transmission, as discussed in the Methods.
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The latter plays a role because during typical operation the quadru-
pole in LUMI transmits the entire mass library shown in Fig. 1, as 
discussed in the Methods.

The measurement uncertainty of the velocity distribution yields 
a spread in the calculated visibility for a given power, which is repre-
sented by the shaded area of the theory curves. The data show good 
agreement with the quantum prediction, yielding up to 30% vis-
ibility in a power range where negligible visibility is expected from 
purely classical dynamics. We thus find that classical dynamics are 
strongly ruled out. A vertical scale factor for the theory curves of 
0.93 gives the best agreement with the data, which may be attributed 
to slight grating misalignment due to grating drift and residual vis-
ibility loss due to the Coriolis effect and the effective open fractions 
of the mechanical gratings (see Methods). The last two effects are 
estimated to each contribute less than 5% visibility reduction, but 
combined with a roll misalignment of order 100 µrad around the 
longitudinal axis could readily explain the observed 7% visibility 
reduction. Estimates show that collisional and thermal decoherence 
do not yet play a major role in reducing the observed visibility, given 
a typical vacuum pressure of 2 × 10−8 mbar and molecular tempera-
tures below 1,000 K (ref. 18).

Our experiment tests quantum mechanics in a new regime and it 
is interesting to put this into a wider perspective. Various measures 
of macroscopicity have been proposed as a means of comparing 
matter-wave interference experiments19,20. Here we use the macro-
scopicity measure μ introduced by Nimmrichter and Hornberger 
in 20132, which quantifies the extent to which minimal nonlin-
ear modifications to quantum mechanics are ruled out by a given 
experiment. The macroscopicity value of our superposition by this 
measure is given by
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with the coherence time τ = 7.5 ms and me being the electron mass. 
We have used the lower bound of the fitted scale factor (0.93 ± 0.06) 
as the fidelity η, and 26,777 Da for the mass m, the most abundant 
mass in the molecular library. This value of μ represents an order 
of magnitude improvement over previous interferometric experi-
ments, as shown by the circled red diamond in Fig. 3.
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Fig. 2 | interference data. a, Counts as a function of the transverse 
position of the third grating with a sine-fit (solid black line) yielding a 
visibility of 25 ± 3%. The optical grating power was 1.2 W for this  
single scan. Counts are dark-rate-corrected and normalized to the 
control measurements. b, Visibility as a function of diffraction laser 
power. The solid blue line indicates the quantum mechanical model and 
the dashed red line is a classical model, both scaled vertically by a factor 
of 0.93. The shaded areas on the curves represent uncertainty in  
the model parameters, and the dotted lines indicate unscaled theory 
curves. Each data point includes two or more individual sine curves,  
and error bars are 68% confidence intervals of the sine fit amplitudes 
added in quadrature. The grey shaded area is the noise floor of  
the measurements.
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Fig. 3 | Macroscopicity and cSL bounds. a, Selected macroscopicity values of matter-wave interference experiments as a function of year of 
publication2,8,9. The circled red diamond is for our current work, and the other symbols are for experiments with atoms (purple squares), neutrons (blue 
cross), BECs (red plus) and molecules (green circles). b, Bounds on the CSL model for the relevant parameters of correlation length rc and rate λ, assuming 
a 50% reduction in visibility is ruled out in the shaded regions. The upper bound (blue, dashed) is the previous interferometric bound in this region of 
parameter space31, and the green lower bound is from the current experiment. Note that the bound is an approximation that breaks down for rc < rmolec 
(ref. 23); that is, outside the range displayed here. The error bars correspond to values proposed by Adler21.
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As an example of a modified quantum theory, we consider the 
well-studied continuous spontaneous localization (CSL) model3. CSL 
adds a stochastic nonlinear term to the Schrödinger equation that 
effectively destroys macroscopic superpositions over time. The rate 
λ and the correlation length rc determine the frequency and length 
scale of the wavefunction collapse. By experimentally demonstrat-
ing macroscopic superposition states, we exclude regions of the CSL 
parameter space. In Fig. 3 we show the bounds we place on CSL with 
the current experiments. The interference experiments presented 
here begin to significantly restrict the CSL parameters proposed by 
Adler21. Although stronger bounds are imposed by non-interfero-
metric methods that exclude spontaneous heating effects22, interfero-
metric bounds are more robust to a wider range of modified collapse 
models, such as CSL with coloured noise and dissipation23. The next 
generation of matter-wave experiments that will push the mass by an 
order of magnitude24 will directly test the remainder of the Adler val-
ues and become competitive with non-interferometric bounds.

The delocalized molecules in our experiment are each roughly 
the mass of the green fluorescent protein25 (27 kDa) or a small BEC, 
while exceeding the temperature of a BEC by more than nine orders 
of magnitude. High-contrast quantum interference persists despite 
the thousands of excited vibrational levels and billions of structural 
and conformational isomers present in the molecular beam. This is 
because we probe the centre-of-mass motion, and can thus discount 
internal degrees of freedom as long as the internal temperature is 
kept at a level where thermal radiation does not provide which-path 
information18. With advances in beam sources for biomolecules 
and metal clusters26,27, techniques to cool the particles below 80 K 
(refs. 28,29), and refined grating26 and imaging technologies30, our 
experiment is scalable and will push matter-wave interference and 
macroscopicity tests by another order of magnitude24.
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Methods
Molecule synthesis and characterization. The molecules used in the interference 
experiments are members of a library based on a tetrahedral arrangement of 
four zinc‐coordinated porphyrins around a tetraphenylmethane core. The target 
library of perfluorothioalkyl-substituted porphyrin tetramers was synthesized 
in two steps as illustrated in Supplementary Fig. 1. A fourfold Suzuki–Miyaura 
cross-coupling reaction of [5-bromo-10,15,20-tris(perfluorophenyl)porphyrinato] 
zinc(ii) (ref. 32) and (methanetetrayltetrakis(benzene-4,1-diyl))tetraboronic acid33 
in a four-to-one ratio yielded the tetrameric porphyrin intermediate with an 
87% yield. Treatment of a mixture of this compound and dry Cs2CO3 in dry and 
degassed N,N-dimethylformamide with commercially available 1H,1H,2H,2H-
perfluorodecanethiol gave access to the target library. The resulting library was 
characterized using matrix-assisted-laser desorption/ionization (MALDI) and TOF 
mass spectrometry, as shown in Fig. 1. See Supplementary Information for further 
synthesis details.

Beam formation and detection. The fragility and high mass of the oligoporphyrin 
library necessitated a specialized source and detector for compatibility with LUMI. 
The molecules were dissolved in Fluorinert FC-72, coated on a 50 × 50 mm2 glass 
slide and then desorbed in high vacuum using sub-10 ns, 532 nm laser pulses at 
a 1 kHz repetition rate. The pulse energy was measured as 1.8 mJ and focused to 
about 0.15 mm2. The coated plate was scanned in a raster pattern, but counts were 
always collected in the same direction of travel.

After traversing the interferometer, the molecules were ionized by electron 
impact ionization at 35 eV, focused by electrostatic lenses through a quadrupole 
mass filter (QMF200, Oxford Applied Research) and accelerated to a conversion 
dynode held at −10 kV to ground. The resulting electrons were counted by 
a continuous secondary electron multiplier (Detech 402 A-H). This system 
can detect molecules beyond 25 kDa with 2% mass resolution. In practice, the 
resolution was reduced to Δm/m = 30% to increase the transmission of the mass 
filter. This resolution transmitted the entire mass library shown in Fig. 1, which 
was reflected in the theory visibility curves of Fig. 2.

The centre of the transmitted mass distribution shifts to lower masses as the 
resolution of the quadrupole mass filter is decreased (by decreasing the ratio of 
d.c. to radiofrequency voltage at a fixed radiofrequency), such that the maximal 
counts were detected below 25 kDa for the 30% resolution used in the experiments. 
We verified that the detected molecules represent the expected high-mass 
molecular library in two ways. First, we collected mass spectra as a function of 
resolution, which shows that the true distribution is shifted to higher mass as the 
resolution is improved (Supplementary Fig. 2). Second, we compared MALDI-
TOF spectra of the original synthesized molecules with desorbed and recollected 
material (Supplementary Fig. 3) to confirm that the masses of the detected library 
of molecules remained largely the same after volatilization in the LUMI laser 
desorption source. The secondary mass peak visible at 15 kDa at higher resolutions 
of the LUMI mass spectrometer is probably due to electron-impact-induced 
fragmentation, as shown in Supplementary Fig. 2.

Parameters of the visibility calculation. The visibility calculation in equation (1) 
is key to interpreting the data in Fig. 2 and to our claim that the quantum model 
is confirmed while the classical one is ruled out. The Talbot coefficients, Bqm,cl, 
depend on the accumulated phase of the matter wave in the optical grating and the 
number of absorbed photons. These depend on the molecular absorption σabs and 
optical polarizability at the grating wavelength α532 nm, as well as on the molecular 
beam velocity and the laser beam waist. Furthermore, the sinc functions contain 
a dependence on the open fractions (the ratio of the grating opening width to 
the period) of the first and third gratings. Below we discuss the measurement/
estimation of each of these parameters.

The molecular velocity distribution is measured by modulating the beam in a 
pseudo-random sequence with a customized chopper disc and then deconvolving 
the measured TOF signal with that same sequence as measured by a photodiode13. 
The uncertainty is estimated by the standard deviation of seven velocity 
measurements taken over the course of the experiments.

The optical grating beam waist is measured using a beam profiler (Coherent 
BeamMaster) and is cross-checked by calibrating the set-up with C60. Since the 
C60 optical polarizability and absorption cross-section at 532 nm are well known, 
the only free parameter in the visibility is the laser beam waist. This calibration 
revealed a slightly larger 1/e2 beam waist than the profilometry (690 µm versus 
570 µm), which is consistent with the assumption that the effective power of the 
optical grating is less than the value we measure outside the vacuum chamber. 
We attribute this to two effects: a measured systematic offset of about 200 µm in 
the vertical positioning of the optical grating with respect to the molecular beam 
(which accounts for nearly half of the beam waist discrepancy), along with some 
power loss due to in-vacuum optics.

The absorption cross-section of the molecule at 532 nm is estimated as 
σabs = 1.6 × 10−20 m2. This was determined by scaling the UV/visible spectrum of the 
oligoporphyrins in solution to agree with four times the zinc tetraphenylporphyrin 
value34 at the Soret band, as shown in Supplementary Fig. 4. The UV/VIS spectrum 
of the oligoporphyrins in solution was compared to a spectrum of dry material to 
confirm that there was no significant solvent-induced line shift.

The optical polarizability at 532 nm can be estimated by summing the 
contributions of the static polarizability of the four porphyrin branches with  
their respective fluoroalkylsulfanyl chains. The static polarizability was 
calculated in Gaussian16 for several conformations, yielding an average of 
α ε= π × ±4 1, 321 180

3. The static and optical polarizabilities should be in 
reasonable agreement since the UV/VIS spectrum confirms that the molecule is 
not near a resonance at 532 nm.

The final open parameters in the visibility are the open fractions of the 
mechanical gratings. The geometric open fraction of the mechanical gratings was 
measured as 43% after their fabrication. However, this value can be effectively 
reduced in two ways: first, by coating the first grating with molecules; and second, 
via van der Waals interactions that deflect molecules near the grating walls out of 
the beam35. By again comparing to C60 reference measurements and taking into 
account the relative polarizability-to-mass ratios, the visibility of the functionalized 
oligoporphyrins should still reach about 95% of the theoretical contrast expected 
for a purely geometric open fraction24,36. Due to the smallness of the effect 
and uncertainty in the model parameters, this 5% factor is not included in the 
scaling of the visibility, although its inclusion would boost the fidelity η and the 
macroscopicity value.

Coriolis compensation. Compensation of the Coriolis effect is critical to obtaining 
high-visibility interference fringes in LUMI. By tilting the gratings, we introduce a 
gravitational deflection that opposes the Coriolis shift
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2
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2
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where L is the interferometer length and ΩE is the angular velocity of the Earth 
at the position of the interferometer. Choosing the appropriate roll angle θroll 
allows us to compensate at a desired velocity, vp.

The level of Coriolis compensation can be determined experimentally by 
taking a time-resolved measurement of the interference pattern and extracting the 
phase as a function of velocity. The system was calibrated with C60 immediately 
after the series of experiments with the functionalized oligoporphyrins. A small 
uncertainty remains due to a realignment of the gratings on the level of 300 µrad 
that was necessary for the C60 calibration, but we estimate greater than 95% 
compensation during the interference experiments with the high-mass particles. As 
with the effective open-fraction estimate, we do not include this small factor in the 
scaling of the data in Fig. 2 in an effort to keep the fidelity estimate conservative.

Vibrational isolation. Vibrations present another concern for long-baseline 
interferometry. We consider three grating motions: independent, common and 
torsional. Independent, or phase-uncorrelated motion of the gratings, should not 
exceed an amplitude of 5 nm at all frequencies to retain 98% of full interference 
visibility. Common-mode motion of the gratings is less critical; a sinusoidal motion 
of 10 nm amplitude at 50 Hz still allows for 97% visibility. Torsional motion around 
the centre grating has similar bounds as common-mode motion. The formulae 
used are adapted from those in Stibor et al.37, and all numbers are calculated for the 
empirical velocity distribution of the oligoporphyrins.

Experimentally we took care to mechanically isolate and characterize our 
system. The interferometer is suspended inside the vacuum chamber by a 28 cm 
pendulum with magnetic eddy current brakes to provide damping. Metal springs 
are used both at the pendulum pivot point and at the support points of the 
interferometer bar. The vibrational spectrum of the system was characterized using 
accelerometers inside and outside the vacuum chamber (PCB 356M98 and 393B12 
respectively), Michelson interferometers (SmarAct PicoScale) reflecting off the 
grating mounts, and an optical Mach–Zehnder interferometer mounted in parallel 
with the gratings. The last of these was particularly useful for characterizing 
independent motion of the gratings. The observed vibrational levels were sufficient 
for full interference visibility, which was experimentally confirmed by obtaining 
full visibility in the set-up with fullerenes.

Reference measurement procedure. The instability of the source occasionally 
modulated the count rate with periodic fluctuations correlated to the scanning 
motion of the plate rather than real interference effects. This motivated us to 
introduce a mechanical chopper to modulate the diffraction laser at 2 Hz, such that 
over the typical integration time of 10 s per scan position, there were 5 s with laser 
exposure and 5 s without. By properly binning the counts, any source-related count 
modulation is readily compensated, as shown in Supplementary Fig. 5.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author on request.
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