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Atom probe tomography (APT) is routinely used for analyzing property-enhancing particles in the nanometer-size range and below, and plays a prominent role in the analysis of solute clusters. However, the question of how well these small particles are measured has never been addressed because of a lack of a reliable benchmark. Here, to address this critical gap, we use an approach that allows direct comparison of APT and small-angle (X-Ray) scattering (SA(X)S) performed on the same material. We introduce the notion of an effective spatial resolution for the analysis of particles, which, importantly in this context, is very different than the technique's inherent spatial resolution. This effective resolution is highly specific to the system being considered, as well as the analysis conditions. There is no hard limit below which the technique will fail, but particles with a radius of order of 2σ = 1 nm, i.e. 250 atoms cannot be accurately measured, even though the particles are detected. This thorough metrological assessment of APT in the analysis of particles allows us to discuss the pulse spread function of the technique and the physics underpinning its limits. We conclude that great care should be taken when analysing solute clusters by APT, in particular when reporting particle size and composition.

Introduction

Atom probe tomography (APT) has progressively become prominent as a tool for analyzing the composition of microstructural features, i.e. precipitates, in the nanometer-size range and below [START_REF] Marquis | On the current role of atom probe tomography in materials characterization and materials science[END_REF][START_REF] Devaraj | Three-dimensional nanoscale characterisation of materials by atom probe tomography[END_REF]. This is particularly true for solute clusters [START_REF] Dumitraschkewitz | Clustering in Age-Hardenable Aluminum Alloys[END_REF]. The detailed analysis of the composition of these precipitates and clusters is of high relevance to studies of the early stages of nucleation of new phases, which control both the physical properties of materials and the further evolution of the microstructure. If APT is often presented as a microscopy and microanalysis technique, it is primarily a mass spectrometry technique [START_REF] Panitz | Atom-Probe Field Ion Microscope[END_REF] with a capacity to map the composition in three-dimensions in a volume of solid material in the range of 100 × 100 × 500 nm [START_REF] Blavette | The tomographic atom-probe -a quantitative 3-dimensional nanoanalytical instrument on an atomic-scale[END_REF].

There is a significant gap in the literature regarding the size of the smallest microstructural object that can be precisely analysed. In a sense, this size could be seen as an effective spatial resolution, below which individual objects cannot neither be accurately nor precisely characterized. Yet this concept is difficult to define because: (i) it is likely highly dependent on the system being studied; (ii) the nature of the very small microstructural objects or particles, i.e. solute clusters, is ill-defined at the atomic scale. There are still debates as to how to define a solute cluster and whether it is possible to distinguish between a random fluctuation and a "real" cluster.

Email addresses: frederic.de-geuser@simap.grenoble-inp.fr (Frédéric De Geuser), b.gault@mpie.de (Baptiste Gault) The presence of such clusters is usually assessed by comparing the experimental data to an equivalent dataset in which the mass-to-charge ratio has been randomly swapped between all the atoms present in a reconstruction [START_REF] Moody | Contingency table techniques for three dimensional atom probe tomography[END_REF][START_REF] Stephenson | New techniques for the analysis of fine-scaled clustering phenomena within atom probe tomography (APT) data[END_REF] or a statistically random distribution [START_REF] Moody | Quantitative binomial distribution analyses of nanoscale like-solute atom clustering and segregation in atom probe tomography data[END_REF]. The comparison to a random distribution is necessary to characterise a population of clusters [START_REF] Stephenson | New techniques for the analysis of fine-scaled clustering phenomena within atom probe tomography (APT) data[END_REF][START_REF] Cerezo | Aspects of the observation of clusters in the 3-dimensional atom probe[END_REF], but may not be sufficient. Cluster-finding techniques typically rely on a fixed distance threshold, often referred to as d max , below which atoms are considered to belong to a cluster [START_REF] Dumitraschkewitz | Clustering in Age-Hardenable Aluminum Alloys[END_REF][START_REF] Marquis | Applications of atom-probe tomography to the characterisation of solute behaviours[END_REF]. Various criteria have been proposed to define d max based on the comparison to random [START_REF] Hyde | A sensitivity analysis of the maximum separation method for the characterisation of solute clusters[END_REF], yet there is no widely spread approach that has been shown to lead to consistent results across the community [START_REF] Marquis | A Round Robin Experiment: Analysis of Solute Clustering from Atom Probe Tomography Data[END_REF][START_REF] Dong | Atom Probe Tomography Interlaboratory Study on Clustering Analysis in Experimental Data Using the Maximum Separation Distance Approach[END_REF]. Alternatives have been proposed, using radial distribution functions [START_REF] Marquis | Microstructural Evolution and Strengthening Mechanisms in Al-Sc and Al-Mg-Sc Alloys[END_REF][START_REF] Geuser | 3D atom probe study of solute atoms clustering during natural ageing and pre-ageing of an Al-Mg-Si alloy[END_REF], and their quantitative analysis [START_REF] Couturier | Direct Comparison of Fe-Cr Unmixing Characterization by Atom Probe Tomography and Small Angle Scattering[END_REF][START_REF] Zhao | Parameter free quantitative analysis of atom probe data by correlation functions: Application to the precipitation in Al-Zn-Mg-Cu[END_REF].

How to define APT's effective spatial resolution? For a microscope, an infinitely small point source observed in the image plane through the entire imaging system usually appears distorted. The shape and size of the image of the point source can be assumed to be the response of the microscope to an impulse, and is referred to as the point spread function (PSF). The PSF can be seen as the base unit of an image and it imposes a size limit: an object smaller than its size will appear having the size of the PSF.

Importantly, the PSF is not the technique's inherent spatial resolution or resolution limit. These two have only been assessed based on the analysis of known crystallographic parameters of the sampled material and in the case of pure materials [START_REF] Vurpillot | Structural analyses in three-dimensional atom probe: A Fourier transform approach[END_REF][START_REF] Gault | Spatial Resolution in Atom Probe Tomography[END_REF][START_REF] Kelly | Practical Determination of Spatial Resolution in Atom Probe Tomography[END_REF][START_REF] Geiser | Spatial Distribution Maps for Atom Probe Tomography[END_REF]. The spatial resolution is known to be non-isotropic, and better in depth than laterally.

Regarding the lateral resolution, local variations of the electrostatic field cause deflections in the ions trajectories in the early stage of their flight [START_REF] Vurpillot | Modeling Atom Probe Tomography: A review[END_REF]. This combines with the possibility that atoms have a rolling motion on their nearest neighbours at the surface before departure to cause a strong uncertainty on the atomic positions upon reconstruction [START_REF] Suchorski | Comparative studies on field ionization at surface sites of Rh, Ag and Au-differences in local electric field enhancement[END_REF]. Both aspects have a random component and are driven by the local arrangement of the atoms at the surface and are hence nearly impossible to predict and correct. The lateral resolution was shown to vary with the respective atomic packing on the terraces corresponding to various sets of crystallographic planes intersecting the specimen's surface [START_REF] Gault | Spatial Resolution in Atom Probe Tomography[END_REF].

Regarding the depth resolution, it is limited in part by the same aberrations but also by the reconstruction protocols. The current algorithm used to build the tomographic reconstruction makes use of the sequence in which the ions are collected by the position-sensitive detector to assign a depth coordinate to each reconstructed ion [START_REF] Vurpillot | Reconstructing atom probe data: A review[END_REF]. The depth resolution varies significantly across the field of view of a specimen, based on the relative field evaporation behaviour of different crystallographic facets, as well as with the experimental conditions and the material under investigation [START_REF] Gault | Spatial Resolution in Atom Probe Tomography[END_REF][START_REF] Cadel | Depth resolution function of the laser assisted tomographic atom probe in the investigation of semiconductors[END_REF][START_REF] Gault | Influence of the wavelength on the spatial resolution of pulsedlaser atom probe[END_REF]. Besides, the concept of depth resolution itself is ambiguous since it relates to a direction normal to the surface of the specimen, rather than to a fixed direction with respect to the reconstructed volume [START_REF] Gault | Spatial Resolution in Atom Probe Tomography[END_REF]. The high value of the depth resolution can only be reached within a sub-volume with a cross-section of only 2 × 2 nm to 5 × 5 nm positioned close to crystallographic poles [START_REF] Gault | Spatial Resolution in Atom Probe Tomography[END_REF], and varies from pole to pole.

The question of the spatial resolution has thus been essentially addressed for near-ideal cases and in subvolumes where the resolutions is best, i.e. close to poles where one or more sets of atomic planes were imaged. This can be ascribed to the fact that, first, atomic planes were the only reliable benchmarks that were available, with the notable exception of [START_REF] Shimizu | Depth and lateral resolution of laser-assisted atom probe microscopy of silicon revealed by isotopic heterostructures[END_REF] who used isotopic multilayers, and, second, that the community was in search of a ultimate spatial resolution value.

These studies were performed mostly on pure materials and leave unanswered the critical question of the accuracy of the technique in the analysis of actual property-enhancing microstructural features that exhibit a different composition, and potentially structure, compared to the surrounding matrix. In the case of secondary phases, examples are sparse but revealing. Araullo-Peter studied T 1 precipitates in an Al-matrix. For a single microstructural feature of interest, they showed that the decrease in spatial resolution caused by local changes in the field evaporation process can conceal obvious interfacial segregation [START_REF] Araullo-Peters | Microstructural evolution during ageing of Al-Cu-Li-x alloys[END_REF]. This work disproved previous claims by Gault et al. [START_REF] Gault | Atom probe tomography and transmission electron microscopy characterisation of precipitation in an Al-Cu-Li-Mg-Ag alloy[END_REF].

To our knowledge, the question of the effective spatial resolution for APT in the analysis of particles has never been addressed. This effective spatial resolution, which relates directly to the PSF, results from a combination of lateral and in-depth resolution applied to the study of clusters or precipitates, and relevant to the entire data set.

Here, we discuss an approach to estimate this effective spa-tial resolution in the analysis of particles with size below 10 nm, including solute clusters. We exploit a framework which allows direct comparison of APT and small-angle scattering (SAS).

We report results with X-Rays (SAXS) performed on the same material as the APT analysis. SAXS allows to detect compositional fluctuations on the smallest scale and does not suffer from the same artefacts as APT. Comparing between techniques for a range of Al-alloys and steels, we quantify the range of feature size, i.e. radius of a spherical particle, for which APT fails to register the features of interest with relevant accuracy, and discuss the reasons underpinning why APT does not seem able to report sizes of particles with a radius below 1 nm. To put our results into a broader perspective, we compare them to values from the recent literature, including studies that combined small-angle neutron scattering (SANS) or SAXS together with APT, highlighting the general character of our observations.

Framework for APT / SAXS comparison

The approach we propose here makes use of radial distribution functions (RDF) calculated from within the reconstructed APT data [START_REF] Marquis | Microstructural Evolution and Strengthening Mechanisms in Al-Sc and Al-Mg-Sc Alloys[END_REF][START_REF] Sudbrack | Direct observations of nucleation in a nondilute multicomponent alloy[END_REF][START_REF] Haley | Influence of field evaporation on Radial Distribution Functions in Atom Probe Tomography[END_REF]. The neighborhood of each ion of a specific species is interrogated, and an average composition of each species as a function of the radial distance to each ion is established. De Geuser and co-workers described how to process RDF from atom probe data using the formalism typically used to process small-angle scattering data [START_REF] Couturier | Direct Comparison of Fe-Cr Unmixing Characterization by Atom Probe Tomography and Small Angle Scattering[END_REF][START_REF] Zhao | Parameter free quantitative analysis of atom probe data by correlation functions: Application to the precipitation in Al-Zn-Mg-Cu[END_REF]. They introduced an ij pair correlation function (PCF) [START_REF] Geuser | 3D atom probe study of solute atoms clustering during natural ageing and pre-ageing of an Al-Mg-Si alloy[END_REF], γ i-j (r), between element i and element j by normalization and scaling of the RDF:

γ i-j (r) = C i C i-j (r) -C i C j (1) 
where C i-j (r) is the average local composition of j at a distance r of atoms of element i, as typically obtained from any RDF computation software. C i and C j are respectively the average composition of element i and j in the considered volume. In particular, when i = j, we have:

γ i-i (r) = C i C i-i (r) -C 2 i ( 2 
)
Within this definition, the value of the pair correlation function becomes 0 at large r and its value at r = 0 corresponds to the mean square fluctuation which, in a two-phase system, i.e. precipitates and matrix, can be written:

γ i-i (0) = ∆C 2 i = (C p -C)(C -C m ) (3) 
where we have dropped the i indices for the right part of the equation, and where C, C m and C p are the average composition, the matrix composition and the precipitates composition respectively.

A cartoon-view of a typical PCF is shown in Fig. 1. Its typical features are highlighted, namely starting from the mean square fluctuation (C p -C)(C -C m ) and decreasing to zero, with a characteristic correlation length, which is related to the size of the compositional fluctuations, and hence of possible precipitates. Using the same formalism to process the PCF from APT and the intensity from SAXS allows for directly, and consistently, comparing data from both techniques for characterizing precipitate size, volume fraction, number density for instance.

The application of the technique is showcased in Fig. 2 across the ageing of a model Al-Zn-Mg-Cu alloy [START_REF] Zhao | Segregation assisted grain boundary precipitation in a model Al-Zn-Mg-Cu alloy[END_REF]. This same alloy was used to introduce the protocol for APT data [START_REF] Zhao | Parameter free quantitative analysis of atom probe data by correlation functions: Application to the precipitation in Al-Zn-Mg-Cu[END_REF]. In Fig. 2a are the Zn-Zn PCF for different ageing states from as-quenched to overaged, along with the fitted lines coming from the model. In this case, the model was a distribution of spheres. The correlation function of a sphere of radius R is given by [START_REF] Porod | General Theory[END_REF]:

γ sphere 0 (r) = 1 - 3r 4R + r 3 16R ( 4 
)
when r < 2R and 0 elsewhere. The size distribution can be integrated numerically. Here we used a lognormal distribution with a 20% dispersity [START_REF] Zhao | Parameter free quantitative analysis of atom probe data by correlation functions: Application to the precipitation in Al-Zn-Mg-Cu[END_REF].

The results indicate an increase of both the value at r = 0 and the correlation length. The amplitude increase can be related to an increase of volume fraction and/or composition of the precipitates (eq. 3). The correlation length increase shows the growth of the precipitates.

In Fig. 2b is the evolution of the radius of precipitates derived from the PCF compared to a SAXS experiment during which the sample was heat-treated in-situ at 120 • C for 24 h, after which the temperature is raised to 180 • C, in order to create the overaged state. The dashed vertical line marks the change in the temperature of the heat treatment. In this case, the match in the particles' radius between the two techniques is particular good, with the notable exception of the last APT point in the overaged state for which APT size is smaller. This may be explained as the η precipitates are low-evaporation-field particles, and local magnifications make them appear denser and somewhat compressed [START_REF] Vurpillot | Trajectory overlaps and local magni-fication in three-dimensional atom probe[END_REF].

Results and discussion

Precipitate size

We have then deployed this approach to a range of different materials, revisiting data where SAXS and APT had been performed on the same alloys, which includes Al 3 Li precipitation in Al-Mg-Li alloys [START_REF] Deschamps | Experimental and modelling assessment of precipitation kinetics in an Al-Li-Mg alloy[END_REF][START_REF] Gault | Atom probe tomography investigation of Mg site occupancy within delta' precipitates in an Al-Mg-Li alloy[END_REF][START_REF] Geuser | Complementarity of atom probe, small angle scattering and differential scanning calorimetry for the study of precipitation in aluminium alloys[END_REF], Cr decomposition in 15-5PH steels [START_REF] Couturier | Direct Comparison of Fe-Cr Unmixing Characterization by Atom Probe Tomography and Small Angle Scattering[END_REF] and clustering in an Al-Li-Cu-Mg alloy and an Al-Cu-Mg alloy [START_REF] Ivanov | A combined characterization of clusters in naturally aged Al-Cu-(Li, Mg) alloys using small-angle neutron and X-ray scattering and atom probe tomography[END_REF]. In figure 3, we have represented the radius obtained by APT as a function of the radius obtained by SAXS for these data, along with the results presented in Fig. 2 for the Al-Zn-Mg-Cu alloy. The remarkable agreement in the case of Al-Zn-Mg-Cu was already shown in Fig. 2b and that for Al-Mg-Li had been discussed in an earlier effort [START_REF] Geuser | Complementarity of atom probe, small angle scattering and differential scanning calorimetry for the study of precipitation in aluminium alloys[END_REF]. The decomposition of Cr in the matrix in 15-5PH steel is however deviating, with the radii obtained from APT about twice larger than those obtained by SAXS.

The disagreement is even larger for both the Al-Li-Cu-Mg and Al-Cu-Mg alloys where we expect very small clusters. For these two data sets, a single size is reported from SAXS, while 3 distinct sizes have been reported on Fig. 3. These correspond The different composition, and potentially crystal structure, of the particles compared to the matrix leads to differences in the electric field necessary to provoke field evaporation, which is termed evaporation field. It is known that a difference in the evaporation field leads to the development of a local radius of curvature at the specimen's surface and hence in the projection's magnification [START_REF] Miller | The effects of local magnification and trajectory aberrations on atom probe analysis[END_REF]. In addition to a non-homogeneous magnification, these effects also cause trajectory aberrations and overlaps, leading to the loss of the expected one-to-one mapping between the detector and the specimen's surface. Mathematically, this is called the bijectivity. The significant additional uncertainty as to from which position at the specimen's surface does an ion originate is well documented in the literature [START_REF] Miller | The effects of local magnification and trajectory aberrations on atom probe analysis[END_REF][START_REF] Krishnaswamy | Aiming performance of the atom probe[END_REF], complemented by results from simulations [START_REF] Vurpillot | A model to predict image formation in Atom probeTomography[END_REF][START_REF] Larson | Atom probe tomography spatial reconstruction: Status and directions[END_REF]. It is important to bear in mind that the atoms that belong to these particles are detected with a similar efficiency as the atoms from the matrix. This independence of the efficiency against the mass-to-charge-state ratio of the incoming ion is a key strength of APT.

However, trajectory overlaps will lead to either atoms from the precipitate being imaged within the matrix or vice versa, atoms from the matrix being imaged inside the precipitate. This loss of bijectivity caused by trajectory overlaps is, in many ways, much more problematic than a local change in the magnification in the sense that it involves a stochastic "blurring" of the positions of the atoms. This is highly relevant for precipitates with radii in the range investigated here, i.e. below 10 nm.

The net effect of this loss of bijectivity is a blurring of the objects so that they appear larger or smaller than they really are, making the data points in Fig. 3 deviate from towards larger apparent size. This can be understood as if they were subjected to an effective spatial resolution convoluted with these objects within the volume. This effective spatial resolution does not define the smallest detectable object, but the smallest apparent size of an object.

The excellent agreement between APT and SAXS appears for the larger particles, but also in cases where they require a lower evaporation field compared to the matrix. This leads to a compression of the trajectories, which, in the case of large particles, leads to an underestimation of the particle size. This compression is more markedly visible in the overaged state of the Al-Zn-Mg-Cu alloy, as seen in 2b. In the case of small particles, this compression of the trajectories most likely partly compensates the effect of the trajectory overlaps, leading to the excellent agreement of the other data points for Al-Zn-Mg-Cu alloy. This is in stark contrast with the results obtained for particles with a higher evaporation field than the matrix [START_REF] Vurpillot | Trajectory overlaps and local magni-fication in three-dimensional atom probe[END_REF][START_REF] Miller | The effects of local magnification and trajectory aberrations on atom probe analysis[END_REF]. For instance here, the Cr-rich particles in the 15-5 PH steel or the Cu-rich clusters in the Al-Cu-Mg or Al-Li-Cu-Mg alloys exhibit radius from APT two-to three times larger than those measured by SAXS, with a large scatter in the radius derived from APT across different data sets. This lack in accuracy and precision of the measurement and the discrepancy with SAS will be further discussed below.

A similar element-specific compression of the trajectories also explains why the sizes obtained on the partial PCFs calculated for same population of clusters are not equal. This is the case for the Cu-Cu, Cu-Mg and Mg-Mg PCF from data sets of Al-Cu-Mg and Al-Cu-Li-Mg alloys for instance. This observation stresses the fact that the effective spatial resolution of APT should be considered to be element and phase specific, as already pointed out by other authors [START_REF] Marquis | Chromatic aberrations in the field evaporation behavior of small precipitates[END_REF].

Influence of the instrument

Our results point to some of the key limitations in detecting small particles by APT. The data used in Fig. 3 were acquired on a range of different instruments, some with a straight flight path, some fitted with a reflectron, and with different detection efficiencies (see section 3.5 for comparisons with even more experimental configurations). While many authors discuss the detrimental effect of a limited detection efficiency in the context of clustering studies, based on present findings, we believe that effective spatial resolution is really the first order limiting factor. Even in articles claiming otherwise using simulated data (see [START_REF] Ceguerra | Short-range order in multicomponent materials[END_REF] for instance), the influence of the detection efficiency appears minimal.

In addition, the data was sometimes acquired with voltage or laser pulsing at various base-temperatures. The influence of the base temperature on the precipitate size measurement was shown to be limited [START_REF] Gasnier | Influence of experimental parameters on the composition of precipitates in metallic alloys[END_REF], but issues associated to the asymmetrical specimen shapes or variations in the end-radius over the course of the analysis [START_REF] Gault | Impact of laser pulsing on the reconstruction in an atom probe tomography[END_REF] are not accounted for in the reconstruction protocol implemented in the commercial software used to process the data [START_REF] Geiser | Wide-Field-of-View Atom Probe Reconstruction[END_REF]. These aspects may introduce additional uncertainties are introduced by the experimental conditions, however these have a rather limited effect on the closeneighborhood of each atom [START_REF] Gault | Advances in the calibration of atom probe tomographic reconstruction[END_REF], and their influence on the detection and size of clusters is hence expected to be limited. The reflectron may be more critical as it introduces systematic biases in the point density across the field-of-view due to the curvature of the ion trajectories. Some are corrected by the analysis software, but how much is difficult to assess. All these effects contribute to a worsening of the effective resolution and to the scatter observed in the data in Fig. 6.

The use of a fixed distance threshold used in the clusterfinding algorithms will lead to cluster detection biases across the field-of-view, i.e. clusters may appear smaller or larger depending on where they are detected because of the reflectron. This systematic bias has not been discussed as such. The use of an RDF-based technique, which does not use a fixed threshold, allows for circumventing such issues and provides a better average view of the distribution of clusters within the reconstructed volume.

The strongest limitations is the influence of the trajectory aberrations, which are mostly independent on the design of the instrument, and underpinned by the physics of the field evaporation process.

Influence of molecular ion detection

Since the effective spatial resolution is dictated by the field evaporation process, an aspect to consider is the possibility that molecular ions can be detected, as is often the case in the analysis of carbon and nitrogen in steels [START_REF] Sha | Some aspects of atom-probe analysis of Fe-C and Fe-N systems[END_REF]. Molecular ions are often detected in APT. Since ion trajectories are directly related to the distribution of the electrostatic potential and are independent on the voltage and the ion's mass and charge [START_REF] Smith | Ion trajectories in field-ion microscope[END_REF], to a first approximation, molecular ions should follow the same trajectories as their atomic counterparts emitted from the same position at the surface of the APT specimen. An added complexity, however, is that molecular ions are often metastable and can dissociate during the flight. Müller et al. reported that such dissociations leads to a difference in the average distance between detector impacts [START_REF] Müller | Some aspects of the field evaporation behaviour of GaSb[END_REF], which are indicative of additional trajectory aberrations during the ion flight. Further work confirmed these trends in the analysis of oxides and nitrides and carbides [START_REF] Blum | Dissociation dynamics of molecular ions in high DC electric field[END_REF][START_REF] Zanuttini | Simulation of field-induced molecular dissociation in atom-probe tomography: Identification of a neutral emission channel[END_REF][START_REF] Gault | Behavior of molecules and molecular ions near a field emitter[END_REF][START_REF] Peng | Unraveling the Metastability of Cn2+ (n = 2-4) Clusters[END_REF]. Depending on the energetic path during these dissociative processes, the possible exchange of energy between the charged fragments that leads to additional aberrations in the ion trajectories that would lead to a further deterioration of the effective spatial resolution [START_REF] Blum | Dissociation dynamics of molecular ions in high DC electric field[END_REF][START_REF] Peng | Unraveling the Metastability of Cn2+ (n = 2-4) Clusters[END_REF].

Influence of a limited spatial resolution on the RDF

The spatial resolution in APT is non-isotropic, with the depth resolution expected to be better the lateral spatial resolution [START_REF] Vurpillot | Structural analyses in three-dimensional atom probe: A Fourier transform approach[END_REF][START_REF] Gault | Spatial Resolution in Atom Probe Tomography[END_REF]. However, the spatial resolution varies systematically across the field-of-view, by a factor of 5 or more across in depth and two or more laterally [START_REF] Gault | Origin of the spatial resolution in atom probe microscopy[END_REF]. Changes in resolution with i.e. the base temperature previously reported also mean that during a single analysis in laser pulsing mode, the spatial resolution will also change. Defining an effective resolution that reflects an average resolution is hence a more practical but also more honest way to depict the true performance of the technique.

In the case of a particle in a matrix, a limited resolution results in an interfacial mixing. Let us consider the case of the Al-Mg-Li alloy. High-resolution electron microscopy studies of L1 2 ordered precipitates in an Al-matrix, such as the δ precipitates in the Al-Mg-Li alloy investigated here, suggest an abrupt interface between precipitate and matrix [START_REF] Schmitz | High resolution electron microscopy of the early decomposition stage of Al-Li alloys[END_REF]. Yet, APT data most often shows a diffuse interface [START_REF] Gault | Atom probe tomography investigation of Mg site occupancy within delta' precipitates in an Al-Mg-Li alloy[END_REF], which can be, at least partly, attributed to the limited spatial resolution of the technique. Other issues could arise from processing of the data itself [START_REF] Martin | Insights into microstructural interfaces in aerospace alloys characterised by atom probe tomography[END_REF], but they are likely a second order aspect. The sharpness of the interface might thus be a first benchmark of the effective spatial resolution.

A limited resolution can be modelled by convoluting the data with a resolution function. Since we describe the objects by their pair correlation function (PCF), let us model the effect of the resolution on the shape of the PCF. We can assume the spatial resolution as being a Gaussian function with a standard deviation σ. Numerically convoluting a PCF shape by the resolution function leads to a resolution-affected PCF, keeping in mind that the convolution should be performed on γ • r, since we are in spherical coordinates, see e.g. [START_REF] Egami | Underneath the Bragg Peaks: Structural Analysis of Complex Materials[END_REF]. The convolution of this Gaussian function with a typical PCF from a precipitate is shown schematically on Fig. 4a.

An initial important consideration is that the use of a Gaussian function to describe the spatial resolution allows us to quantify the smallest apparent radius that can be measured, i.e. 2σ, since the resulting convoluted PCF will have at least this width. Besides a widening of the PCFs, i.e. of the correlation length, the convolution also causes a drop of their amplitude, i.e. of the apparent composition of the particle, which will be discussed further below. Another distinctive effect of the convolution with a resolution function is that it tends to flatten the initial slope of the PCF towards zero. A sharp interface between precipitates and matrix should give rise to a non-zero initial slope in the correlation function. A zero initial slope thus corresponds to an apparent diffuse interface, as is visible in Fig. 4a. This is the real space version of what is known in the scattering community as the Porod law [START_REF] Porod | General Theory[END_REF], whereby the initial slope of the correlation function is related to the specific surface, i.e. the inverse of the particle size for spheres.

Let us consider an experimental case. As discussed above, the δ Al 3 (Mg,Li) precipitates can be assumed to possess a reasonably sharp interface. Yet, the Li-Li experimental PCF shown in Fig. 4b shows a distinctive initial slope characteristic of a diffuse interface. Here, we were able to reproduce this feature by convoluting the PCF obtained for a sphere by a Gaussian function with a standard deviation of σ exp = 0.66 nm to account for the spatial resolution. This value of σ exp is extracted from a best fit to the experimental data. This effective spatial resolution is relative to the analysis of this particular set of particles and is compatible with the set of observations in Fig. 3 where APT seems to hit a limit in apparent size at about 2σ = 1 nm.

Beside the effect on the apparent size and on the apparent sharpness of the interface, we can now evaluate the effect of this spatial resolution of the apparent composition of the particles detected by APT. To better illustrate this influence, we generated a series of virtual data sets containing a spherical particle with a composition of 100% of solute in a matrix devoid of solutes. The radius of the precipitate was varied in the range of 0.5-8 nm. To simulate finite spatial resolution, a Gaussian noise with σ = 0.5 nm is used to randomly shift the position of each atom. We plot radial composition profiles obtained on each virtual data set in Fig. 5a. A radial composition profile is an ideal situation in that the particles are isotropic by construction and we know the position of their centre. This emulates the effect of the resolution as measured by a 1D profile or a proxigram, suppressing any smoothing effects due to the data processing itself [START_REF] Martin | Insights into microstructural interfaces in aerospace alloys characterised by atom probe tomography[END_REF][START_REF] Hellman | Efficient sampling for three-dimensional atom probe microscopy data[END_REF].

For larger precipitates, only an intermixing of the particle and the matrix appears near the interface. Below 2 nm, however, the limited resolution causes a significant drop in the composition of the particle even at the core of the particle. The apparent composition drops from 100% down to 25% for the smallest precipitate size.

While this gives an estimate of the effect of a spatial resolution on one-dimensional profiles, it is also interesting to assess how it would affect cluster identification method results on the precipitate contents. Let us assume an optimized cluster identification methods which correctly identifies all solutes atoms belonging to the precipitates. The average composition of the detected cluster could then computed from the profiles in Fig. 5a, where the average is weighted by the number of atoms in each class. The results are shown in figure 5b, where the average composition of each simulated precipitate is represented by the colored circles. The grayed area corresponds to the range covered by the function for values of σ ranging from 0.2-1.5 nm.

The solid line in Fig 5b has been obtained by convoluting an analytical PCF with a Gaussian function and plotting the drop in amplitude, confirming that the PCF formalism is affected by the same bias than the average composition. We can see that the mean composition is always significantly below 100%, even for [START_REF] Gault | Atom probe tomography investigation of Mg site occupancy within delta' precipitates in an Al-Mg-Li alloy[END_REF][START_REF] Geuser | Complementarity of atom probe, small angle scattering and differential scanning calorimetry for the study of precipitation in aluminium alloys[END_REF] showing a zero initial slope, consistent with the convolution of a sharp interface with a 0.66 nm spatial resolution.

(a) (b) Figure 5: (a) Radial composition profiles obtained on simulated data sets containing spherical precipitates of various sizes, with a random noise reproducing a Gaussian spatial resolution of σ = 0.5 nm. For smaller sizes, even the core composition is affected. (b) Mean composition of the precipitates above, showing that a cluster identification will significantly underestimate the solute content of precipitates, even for relatively large sizes. The solid line was obtained separately by computing the drop in amplitude of an analytical spherical PCF due to convolution with a Gaussian of σ = 0.5 nm, confirming that the PCf formalism is affected the same way. The grayed area is bounded by the curves obtained for σ = 0.2 nm and σ = 1.25 nm.

precipitates as large as 8 nm in radius. It even drops below 10% for the 0.5 nm particle. It is counter-intuitive that even larger particles are so much affected, since blurring should affect only the interfacial area. The reason for this is that, most of the atoms are, in fact, within the interfacial region.

Comparison with experimental reports from the literature

Regarding considerations of particle size, we plotted in Fig. 6 the apparent size of the particles as a function of their real size as reported by experimental studies using both SAXS or SANS and APT. The crosses correspond to data from recent literature [START_REF] Shu | Multitechnique characterization of the precipitates in thermally aged and neutron irradiated Fe-Cu and Fe-Cu-Mn model alloys: Atom probe tomography reconstruction implications[END_REF][START_REF] Ahlawat | Revisiting Temporal Evolution of Cu-Rich Precipitates in Fe-Cu Alloy: Correlative Small Angle Neutron Scattering and Atom-Probe Tomography Studies[END_REF][START_REF] Ioannidou | Interaction of precipitation with austenite-to-ferrite phase transformation in vanadium micro-alloyed steels[END_REF][START_REF] Massey | Multiscale investigations of nanoprecipitate nucleation, growth, and coarsening in annealed low-Cr oxide dispersion strengthened FeCrAl powder[END_REF][START_REF] Dhara | Precipitation and clustering in a Ti-Mo steel investigated using atom probe tomography and small-angle neutron scattering[END_REF][START_REF] Tissot | Comparison between SANS and APT measurements in a thermally aged Fe-19 at.%Cr alloy[END_REF][START_REF] Chauhan | Microstructure characterization and strengthening mechanisms of oxide dispersion strengthened (ODS) Fe-9%Cr and Fe-14%Cr extruded bars[END_REF][START_REF] Simm | A SANS and APT study of precipitate evolution and strengthening in a maraging steel[END_REF][START_REF] Sun | G phase precipitation and strengthening in ultra-high strength ferritic steels: Towards lean 'maraging' metallurgy[END_REF][START_REF] Aruga | Formation and reversion of clusters during natural aging and subsequent artificial aging in an Al-Mg-Si alloy[END_REF][START_REF] Torsaeter | The influence of composition and natural aging on clustering during preaging in Al-Mg-Si alloys[END_REF] covering a range of alloy systems, including maraging steels, Fe-Cu alloys, ODS-steels, Al-based alloys. We simply plot the values reported in tables or graphs. Please note that the values of the size in SAS were obtained through different data processing routines. The other symbols correspond to data already discussed above. The data points to the left of the yaxis are for Al-Mg-Si alloys for which SAXS does not yield satisfactory signal, and only APT data is available (see below).

Superimposed as a black line is the result of the convolution of an analytical PCF with a Gaussian function, and the resulting apparent size obtained for σ = 0.5 nm. The grayed area is bound by the curves corresponding to σ = 1.25 nm and σ = 0.2 nm. Figure 6 confirms that experimental sizes obtained by APT are compatible with an effective size resolution in the range σ = 0.5 nm, which does not allow an apparent size below 2σ, i.e. below 1 nm.

This limit does not correspond to the smallest detectable objects, but to the precision limit, i.e. the smallest apparent size APT is able to report. This corresponds to the point spread function of the instrument, i.e. its response to a sub-resolution object. It is crucial to remember that this might be specific to an alloy system, its microstructure and the analysis condition, as can be inferred from the scatter of the data which is reasonably captured by the grayed area.

3.6. Comparison with spatial resolutions considered in the literature These values of σ are much broader than spatial resolution values usually reported for APT in the literature. For better comparison, it is important to keep in mind that σ is here the standard deviation of an isotropic Gaussian resolution function. The literature often quote the resolution as 2σ or FWHM (2.35σ) which, for the values of σ reported here, would put the resolution around 1 nm with a minimum of 0.5 nm and values as high as 3 nm in many cases.

In addition, the effective spatial resolution should be considered as a rotational average of the resolution in all directions. Since APT resolution is considered anisotropic, some APT resolution estimations report separated values for depth resolution σ z and lateral resolution σ xy . In this case, the average effective resolution can be expressed as

σ eff = 2σ 2 xy + σ 2 z 3 (5) 
Figure 6: Radius of objects obtained by APT as a function of the radius obtained by small-angle scattering (SANS or SAXS). The solid line is the modeled effect of a Gaussian resolution function with σ = 0.5 nm, along with a grayed area bound by the σ = 1.25 nm and σ = 0.2 nm curves. In addition to the data points from Fig. 3, we have extracted data from recent literature as crosses [START_REF] Shu | Multitechnique characterization of the precipitates in thermally aged and neutron irradiated Fe-Cu and Fe-Cu-Mn model alloys: Atom probe tomography reconstruction implications[END_REF][START_REF] Ahlawat | Revisiting Temporal Evolution of Cu-Rich Precipitates in Fe-Cu Alloy: Correlative Small Angle Neutron Scattering and Atom-Probe Tomography Studies[END_REF][START_REF] Ioannidou | Interaction of precipitation with austenite-to-ferrite phase transformation in vanadium micro-alloyed steels[END_REF][START_REF] Massey | Multiscale investigations of nanoprecipitate nucleation, growth, and coarsening in annealed low-Cr oxide dispersion strengthened FeCrAl powder[END_REF][START_REF] Dhara | Precipitation and clustering in a Ti-Mo steel investigated using atom probe tomography and small-angle neutron scattering[END_REF][START_REF] Tissot | Comparison between SANS and APT measurements in a thermally aged Fe-19 at.%Cr alloy[END_REF][START_REF] Chauhan | Microstructure characterization and strengthening mechanisms of oxide dispersion strengthened (ODS) Fe-9%Cr and Fe-14%Cr extruded bars[END_REF][START_REF] Simm | A SANS and APT study of precipitate evolution and strengthening in a maraging steel[END_REF][START_REF] Sun | G phase precipitation and strengthening in ultra-high strength ferritic steels: Towards lean 'maraging' metallurgy[END_REF][START_REF] Aruga | Formation and reversion of clusters during natural aging and subsequent artificial aging in an Al-Mg-Si alloy[END_REF][START_REF] Torsaeter | The influence of composition and natural aging on clustering during preaging in Al-Mg-Si alloys[END_REF]. The symbols outside the axis correspond to clusters in Al-Mg-Si alloys where SAS sizes are unavailable. Clusters in these alloys are expected to be very small.

Several spatial resolution values for APT can be found in the literature (e.g. [START_REF] Vurpillot | Structural analyses in three-dimensional atom probe: A Fourier transform approach[END_REF][START_REF] Gault | Spatial Resolution in Atom Probe Tomography[END_REF][START_REF] Geiser | Spatial Distribution Maps for Atom Probe Tomography[END_REF][START_REF] Cadel | Depth resolution function of the laser assisted tomographic atom probe in the investigation of semiconductors[END_REF][START_REF] Haley | Influence of field evaporation on Radial Distribution Functions in Atom Probe Tomography[END_REF]) which, for 2σ, are in the range 0.05 nm in depth and about 0.2 nm laterally in the worse cases. This corresponds to an effective σ of 0.08 nm where what we report is up to 15 times this value. This should clearly be attributed to the fact that spatial resolution of APT has traditionally been estimated in ideal situations with little practical interests.

General discussions

With APT being sometimes referred to as a microscopy technique, the question of the resolution very often arises. Existing attempts at estimating the resolution have focused on the highest achievable spatial resolution, obtained on atomic planes in a limited sub-volume along a given crystallographic direction. The value of this optimal spatial resolution is, however, only marginally useful since it corresponds to situations of virtually no practical interest. The results shown here are an attempt to estimate an effective spatial resolution in a practical context, namely the study of clusters/precipitates in a matrix. While many authors discuss the detrimental effect of a limited detection efficiency in the context of clustering studies, based on present findings, we believe that effective spatial resolution is really the first order limiting factor. Even in articles claiming otherwise using simulated data (see [START_REF] Ceguerra | Short-range order in multicomponent materials[END_REF] for instance), the influence of the detection efficiency appears minimal. However, up to now, there was a lack of benchmark against which APT sizes could indeed be measured or estimated. Comparisons with other techniques were reported for features of a size that is large enough to be measured by transmission electron microscopy [START_REF] Gasnier | Influence of experimental parameters on the composition of precipitates in metallic alloys[END_REF] or secondary-ion mass spectrometry have been reported [START_REF] Ronsheim | Impurity measurements in silicon with D-SIMS and atom probe tomography[END_REF]. However, the match was often poor for smaller features like, for e.g., solute clusters, which remain physically ill-defined and for which there are no reference from real-space analytical techniques. Here, we used information gathered from SAS. When the signal is high enough, SAS can provide accurate size measurement for extremely small particles. A lower limit is sometimes reported in the literature (e.g. 1 nm [START_REF] Hyde | Uncertainties and assumptions associated with APT and SANS characterisation of irradiation damage in RPV steels[END_REF] for SANS) but it relates to an instrument-dependent estimation where the signal becomes too low to be detected. For SAS, the key issue is the signal intensity, and not the spatial resolution: if a signal is gathered, it is precise.

However, since SAXS relies on electronic density contrast and SANS on scattering length density, there are cases where SAS is essentially blind to clusters. It is for instance the case of the Al-Mg-Si alloys which have been subject to numerous studies since their mechanical properties of industrial relevance are due to very fine clusters which prove not resolvable by any other technique than APT [START_REF] Edwards | The precipitation sequence in Al-Mg-Si alloys[END_REF].

Since it is a classic system for clustering studies, we have added to Since we have no SAXS results to benchmark the values, and since we expect them to be small, we represented the 12 data points outside the graph, to the left of the ordinate axis. The important result is that they are all about 1 nm in radius. The physical size of the clusters is not often reported in the literature, but when it is, a value of about 1 nm is often found and we have added results from this alloy system as crosses on the left of the axis [START_REF] Aruga | Formation and reversion of clusters during natural aging and subsequent artificial aging in an Al-Mg-Si alloy[END_REF][START_REF] Torsaeter | The influence of composition and natural aging on clustering during preaging in Al-Mg-Si alloys[END_REF]. In many of the AlMgSi clustering studies, a radius of 1 nm is actually the smallest detected size. A sphere of radius 1 nm represents 250 to 300 atoms, depending on the atomic volume, which is a surprisingly high value for a minimal size of detected clusters.

The point spread function of APT can not be considered as a unique feature, as is possibly the case for some microscopy techniques. It is directly related to how trajectory aberrations will affect the measurement, and this is directly dependent on the size and composition of each features of interest. In addition, it is affected by how the measurement itself is performed [START_REF] Miller | An atom probe study of the anomalous field evaporation of alloys containing silicon[END_REF][START_REF] Yao | Optimisation of specimen temperature and pulse fraction in atom probe microscopy experiments on a microalloyed steel[END_REF], by how the raw data is reconstructed [START_REF] Gault | Impact of laser pulsing on the reconstruction in an atom probe tomography[END_REF][START_REF] Gault | Advances in the calibration of atom probe tomographic reconstruction[END_REF] and, in many cases, by the selection of parameters used to extract information from the reconstructed data [START_REF] Marceau | Quantitative atom probe analysis of nanostructure containing clusters and precipitates with multiple length scales[END_REF]. So, again, establishing a single value of the spatial resolution or a unique definition of a point spread function is likely impossible.

Nevertheless, we show here that in the context of clustering/precipitation studies, the effective point spread function is relatively well represented by a Gaussian blur of about 0.5 nm but could possibly be as large as 1.25 nm or more. These values should be compared to typical nearest neighbours distances on a crystalline lattice. They correspond typically to distances above the 5th nearest neighbour distance. The original vicinity and nearest neighbours on the lattice can not be hoped to be retrieved, which should be considered when attempting e.g. lattice rectification [START_REF] Moody | Lattice Rectification in Atom Probe Tomography: Toward True Three-Dimensional Atomic Microscopy[END_REF][START_REF] Gault | A nexus between 3D atomistic data hybrids derived from atom probe microscopy and computational materials science: A new analysis of solute clustering in Al-alloys[END_REF] or when computing short range order parameters from APT data [START_REF] Ceguerra | Short-range order in multicomponent materials[END_REF]. This means simply that, except maybe very locally for very specific cases, all information on the local neighborhood of the atoms is lost and, generally speaking, so is the crystalline nature of the sample. Only traces might remain. In fact, Ceguerra et al. tried to estimate the effect of an imperfect resolution on short range order from APT, but used values which we now know are unrealistically small (σ eff of at most 0.12 nm) [START_REF] Ceguerra | Short-range order in multicomponent materials[END_REF].

Overall, there is a need for the APT community to be more considerate when reporting size and composition of particles with radii below 5-10 nm. The visual aspects of APT are both a blessing and a curse -practitioners want to see a population of clusters and have developed and applied typical clustering algorithms.

In addition, a value of σ = 0.5 nm is typically in the range of the d max distances used as a threshold in cluster identifications techniques (e.g. maximum separation or other related). When affected by trajectory aberrations, the identification of clusters based on a threshold of distance or composition [START_REF] Dumitraschkewitz | Clustering in Age-Hardenable Aluminum Alloys[END_REF] is hence likely to fail to assess which atoms physically belong to clusters. While several studies have investigated the effect of an imperfect reconstruction (by adding random Gaussian noise to a synthetic APT volume) on cluster identification methods, most concluded that it did not yield too strong an effect on the clusters on the basis of a strongly underestimated effective spatial resolution. For instance, Hyde et al. [START_REF] Hyde | A sensitivity analysis of the maximum separation method for the characterisation of solute clusters[END_REF] used what can be computed through eq. 5 as an effective resolution of 0.19 nm, Ghamarian et al. [START_REF] Ghamarian | Hierarchical density-based cluster analysis framework for atom probe tomography data[END_REF] used 0.35 nm and 0.52 nm (and concluded that clusters below 1 nm were not correctly measured), Hatzoglou et al. [START_REF] Hatzoglou | Quantification of APT physical limitations on chemical composition of precipitates in Fe-Cr alloys[END_REF] used 0.16 nm and 0.39 nm (and started their analysis on 1 nm precipitates), Hyde et al. [START_REF] Hyde | Analysis of Radiation Damage in Light Water Reactors: Comparison of Cluster Analysis Methods for the Analysis of Atom Probe Data[END_REF] used 0.25 nm and 0.5 nm and Jägle et al. [START_REF] Jägle | The Maximum Separation Cluster Analysis Algorithm for Atom-Probe Tomography: Parameter Determination and Accuracy[END_REF] used 0.2 nm.

The values that we report here seem to correspond to the worst case scenario of these studies, when problems start to arise. Possibly, most of the authors expected that the detection efficiency would be the worst offender in terms of cluster identification, while most studies show that is has only marginal effects (see e.g. [START_REF] Jägle | The Maximum Separation Cluster Analysis Algorithm for Atom-Probe Tomography: Parameter Determination and Accuracy[END_REF]). More worryingly, applying such methods could result in the creation of "ghost" clusters, in particular in the case where the matrix contains significant amount of solutes. Further investigations are required on these aspects, supported by field evaporation simulations.

We show that the lack of precision in the measurement and the complexity of the relationship between composition, aberrations and measurement accuracy make RDF-based analyses more robust to characterise a population of particles. When it is difficult do find an unambiguous definition of the limits between the objects and their surrounding, one should abandon the idea of imaging each individual cluster and rather rely on a statistical evaluation of the compositional fluctuations.

The measurement of the composition is obviously made difficult if not impossible by the trajectory overlaps and associated blurring of the positions, as demonstrated by Fig. 5b. Our simulations were performed in an oversimplified case of 100% solute precipitates in a 0% solute matrix. The case of less concentrated and more diffuse clusters in a matrix containing solute is clearly more complex, indicating that this situation might lead to results deviating even more from reality. Multi components system, might particularly suffer from this effect. Even in the case where only the solute content obtained from cluster identification methods is considered, the ratio between the different elements may be more strongly affected than expected if the matrix also contains solutes. Some efforts to offer corrections have been pursued [START_REF] Blavette | A model accounting for the spatial overlap in three dimensional atom probe[END_REF][START_REF] Philippe | Clustering and local magnification effects in atom probe tomography: A statistical approach[END_REF] but are clearly not applicable to particles below 1 nm where defining a local density is not trivial, and might not be able to correct for the influence of aberrations.

We show that composition, volume fraction and sizes are very much affected by the resolution. This can be seen clearly in Fig. 4a where the convolution of the PCF with the resolution is shown to decrease amplitude and increase size. Using the amplitude of the RDF alone, as is sometimes done (see for instance ref. [START_REF] Zhou | Quantitative evaluation of spinodal decomposition in Fe-Cr by atom probe tomography and radial distribution function analysis[END_REF]), is subject to the same bias and will lead to inaccurate compositions since it is very much influenced by the convolution with the spatial resolution. Comparison of the amplitude between microstructural states should only be performed with great care since the resolution varies across data sets. However, the conservation of matter imposes that the integral 4πγr 2 dr be unaffected by the convolution. This integral corresponds to a mean square number of excess solutes, which could be a good alternative measure of the advancement of a clustering reaction, as proposed by Ivanov et al. [START_REF] Ivanov | A combined characterization of clusters in naturally aged Al-Cu-(Li, Mg) alloys using small-angle neutron and X-ray scattering and atom probe tomography[END_REF] in the context of small-angle scattering.

The message of this work is not that small features are not detected by APT. What we have evidenced is that the width of the point spread function might be wider than what most user would expect, so that the image of small features may be vastly deformed when imaged by APT. It is important to acknowledge this, so that the community can work on reliable metrics which are not too dependent on the spatial resolution.

Conclusion

To conclude, we have demonstrated that the effective spatial resolution of APT in the context of the metrology of small object is worse than often reported, which will particularly impact the measurement of solute clusters and small precipitates. The size of the PSF is indeed larger than the usually quoted values corresponding to near-ideal situations. We have discussed the fact that when approaching 1 nm in radius, the measured values of size and composition of particles by APT should be considered highly questionable. This was enabled by comparison of results with SAS performed on the same materials, as well as by the use of a common framework to process the data. Our results demonstrate that, while APT is the only technique capable of analysing clusters of a few atoms, its results should be taken with caution. We also point towards possible routes for more reliable results on very small objects, namely using statistical methods such as RDF based analyses and including the effect of the point spread function in the interpretation of these analyses.
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 1 Figure 1: Schematic view of a correlation function in a binary solution. The value at r = 0 (which should be understood as a limit) is equal to the mean square fluctuation which, in a matrix-precipitates system, equals (C p -C)(C -C m ). The width of the correlation function is a correlation length, which is related to the size of the fluctuations/precipitates.
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 2 Figure 2: (a) Zn-Zn pair correlation functions (PCF) obtained by APT on a model Al-Zn-Mg-Cu alloys for different ageing times (circles) along with the fits from the method in [17]. Both the amplitudes and correlation lengths increase with ageing times. (b) Size of the precipitates obtained by in situ SAXS (blue dots) and ex situ APT (red circles). The agreement is very good.

Figure 3 :

 3 Figure 3: Radius of objects obtained by APT as a function of the radius obtained by SAXS. If we neglect the uncertainty on the size obtained by SAXS, the dashed R APT = R S AXS line should be seen as a reference. The smallest objects all deviate towards larger APT sizes.

Figure 4 :

 4 Figure 4: (a) Illustration of the effect of the convolution of the PCF with a (Gaussian) spatial resolution. The apparent size is larger, the apparent amplitude smaller and the initial slope indicates a diffuse apparent interface. (b) Experimental Li-Li PCF in an Al-Li-Mg alloy[START_REF] Gault | Atom probe tomography investigation of Mg site occupancy within delta' precipitates in an Al-Mg-Li alloy[END_REF][START_REF] Geuser | Complementarity of atom probe, small angle scattering and differential scanning calorimetry for the study of precipitation in aluminium alloys[END_REF] showing a zero initial slope, consistent with the convolution of a sharp interface with a 0.66 nm spatial resolution.

  Fig 6 the size obtained by APT PCF on several Al-Mg-Si-Cu alloys in different states in the course of an unpublished study. In total, they represent 12 different metallurgical states.
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