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1 General introduction 17 

Atom probe tomography (APT) has been rising in prominence since its inception. APT grew 18 

from field-ion microscopy (FIM)[1,2], which was the first technique to allow for directly 19 

imaging individual atoms on a surface, as early as the 1950s[3]. In FIM, a high voltage is 20 

applied to a specimen shaped as a sharp needle, with an end radius in the range of below 100 21 

nm. This results in an intense electrostatic field which enables two distinct phenomena, field 22 

ionisation, which refers to the ionisation of atoms in the vicinity of the specimen’s surface, 23 

and field evaporation, whereby the atoms from the surface itself self-detach from the surface, 24 

desorb and ionise. Following the formation of the ion near the specimen’s surface, the ions 25 

are projected away from the highly curved surface, and, to paraphrase the inventor of the 26 

technique E.W. Müller, the specimen acts as the main projection optic of the entire 27 

microscope, which requires no additional lensing system. Müller also pioneered the first 28 

design of the so-called atom probe.  It combined a FIM with a time-of-flight mass 29 

spectrometer[4], which provided the FIM with some capabilities to determine the elemental 30 

nature of the imaged atoms on the surface. Early implementations had a small field-of-view, 31 

allowing to image and select less than a only a handful of atoms on the surface and analyse 32 

them, and through field evaporation of successive layers, compositional depth profiling could 33 

be achieved[5].  34 

The implementation of position-sensitive detectors by Cerezo et al. or Blavette et al. in the 35 

mid-to-late 1980s[6,7] led to the real breakthrough in instrument design[8,9], providing 36 

“three-dimensional” capabilities to atom probes – for historical perspectives, please refer to 37 

the thorough reviews in Ref. [10,11]. These new instruments would provide the three-38 

dimensional distribution of each species in a small volume of material, typically of (10 x 10 x 39 

50) nm3, and used the term “tomographic” even though the analysis is performed point-by-40 

point and not strictly speaking layer-by-layer. Miller in 2000 coined the term atom probe 41 

tomography, which is now commonly used – even if there are still remnants across the recent 42 

literature of older terms such as three-dimensional atom probe (3DAP), tomographic atom 43 

probe(TAP), or even three-dimensional atom probe tomograph (3DAPT).  44 

Today, APT provides compositional mapping with sub-nanometre spatial resolution[12] 45 

across a range of mass that spans hydrogen to the heaviest elements [4]. Through successive 46 

instrument[13–15] and detector developments [16,17], the analysed volume has been 47 

increasing by several orders of magnitude, and, thanks to the implementation of laser-pulsing  48 

capabilities [14,18], the range of materials that can be analysed has widened[19]. These novel 49 

applications of APT would not have been possible without the development of protocols for 50 

the preparation of specimens by using the focused-ion beam (FIB) often in a dual-beam 51 

instrument with a scanning-electron microscope (SEM). All these aspects will be detailed in 52 

the following sections of this chapter. Information gained from APT is then used to relate the 53 

elemental distribution to physical properties, whether to better design novel materials, 54 

understand failure, or predict service lifetime.  55 

Thanks to the wider range of materials amenable to APT analysis, the availability of FIBs for 56 

specimen preparation, and the higher throughput, the field has expanded. Over 100 57 

commercial instruments have been sold in less than 20 years, and tens of academic and 58 

industry research groups are equipped or with direct access to an instrument in one of the 59 

several shared use facilities [20]. APT is hence now increasingly being used to provide 60 

complementary insights to maybe more conventional materials characterization techniques, 61 
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such as scanning- and transmission-electron microscopies (SEM, TEM, and STEM) and their 62 

derivative including diffraction-based approaches – e.g. selected-area diffraction (SAED), 63 

electron backscattered diffraction (EBSD) or transmission Kikuchi diffraction (TKD). On 64 

average, APT provides a more precise measurement of the composition than X-ray energy-65 

dispersive spectroscopy (EDS) and is more sensitive – i.e. can detect elements in lower 66 

concentration.  Its intrinsically three-dimensional nature makes it perfectly suited for the 67 

analysis of nanostructured materials, complex semiconductor devices, as well as for the 68 

analysis of nanoscale microstructures that would otherwise go undetected by techniques 69 

analysing signals based on volume average as secondary-ion mass spectrometry (SIMS) or 70 

EDS.  71 

 72 

Figure 1: Detection range, i.e. chemical sensitivity, and typical resolvable feature size for selected materials characterization 73 
techniques often combined with APT. Note that these are typically electron- or ion-based techniques, as denoted by the 74 

different colours. The acronyms correspond to scanning-electron microscopy (SEM), energy-dispersive spectroscopy (EDS), 75 
electron backscattered diffraction (EBSD), transmission-Kikuchi diffraction (TKD), (scanning) transmission-electron 76 

microscopy ((S)TEM), electron-energy loss spectroscopy (EELS), secondary-ion mass spectrometry (SIMS). 77 

 78 

These considerations and complementarities are schematically shown in Figure 1. Although 79 

sometimes considered a microscopy technique, APT should likely be considered a spatially 80 

resolved mass-spectrometry technique. Conversely to S/TEM for example, the imaging 81 

process in APT is only moderately related to the instrument used. The ion optic is the 82 

specimen itself, which makes the performance limits both difficult to assess and varying from 83 

specimen to specimen, and even over the course of a single experiment. For instance, the 84 
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spatial resolution is directly related to the distribution of the electric field across length scales 85 

ranging from the near-atomic scale to tens of microns or even millimetres, which combined 86 

with complex aspects of the field evaporation process that remain still poorly understood, to 87 

modify the ion trajectories in unpredictable ways. There are hence no known ways to 88 

implement optical devices that may correct or compensate for the aberrations in the ion 89 

trajectories that limit APT’s spatial resolution.  90 

These aspects will be discussed in detail below in this Chapter. First, let us introduce the 91 

instrument itself, the conventional protocols used for the preparation of suitable specimen 92 

from a range of materials, discuss the main data reconstruction and extraction approaches, 93 

progress in the simulation of the imaging process, and, finally, we will discuss the 94 

performance limits and intrinsic limitations of APT. Note that because of the relatively limited 95 

progress strictly speaking in the theory of field evaporation, we refer the interested reader to 96 

existing review articles [21–23] and textbooks [24–27]. We detail some novel insights into the 97 

theoretical aspects in the extensive simulation section below.   98 
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2 Instrumentation 99 

2.1 Basic elements 100 

An atom probe microscope is minimally comprised of the following parts: the main 101 

experimental chamber, specimen stage (including cryogenic and electronic components), 102 

remote electrode, detector, and sets of primary- and turbo- or ion- pumps [4,8,13,28]. FIM 103 

microscopes will additionally have a manifold for introduction of the imaging gas [2]. With 104 

regards to field-ion microscopes, early designs included a dedicated phosphor screen [2,29], 105 

which was later fitted with microchannel plates for amplification [30,31]. FIM can also be 106 

performed using the APT detector and recalculated [32–34]. Some instruments are fitted with 107 

additional ion-optics, including electrostatic lenses and reflectrons[35–38]. Laser optics are 108 

now most often housed inside the main chamber, but in some cases may be placed outside 109 

[14,19,39]. Ancillary chambers are often used in order to keep the main chamber as clean as 110 

possible and facilitate sample loading, transfer, and storage as well as environmental 111 

exposure or reactive atmospheres [40–45]. Recently, various inert atmosphere and cryogenic 112 

transfer schemes have been developed in order to facilitate specimen loading and transfer 113 

from controlled atmosphere glove boxes, plunge freezing, or cryo-FIB [46–48].  114 

While the exact details of the numerous different configurations of APT and FIM instruments 115 

can vary, one thing that they all have in common is that the main experimental chamber 116 

housing the specimen is designed to operate under ultrahigh vacuum (UHV) conditions, 117 

typically with a base pressure less than 10-8 Pa. During FIM operation, the use of an imaging 118 

gas increases the pressure to around 10-3 Pa - 10-5 Pa; the exact pressure depends on whether 119 

a phosphor screen or digital particle detector is used. UHV pressures must be maintained 120 

during APT experiments to reduce noise in the mass spectral data that comes from 121 

unintentional field ionization of residual chamber gas. Since the ionization is due to the static 122 

DC standing voltage, it is uncorrelated with the transient voltage or laser trigger pulse and 123 

therefore contributes to the time-independent background noise signal. Residual chamber 124 

gas and gas adsorbed onto the detector itself can also contribute to noise through ion 125 

feedback mechanisms. Finally, another reason that UHV conditions are maintained in the 126 

chamber housing the specimen is that since the specimen is held at cryogenic temperatures 127 

(typically 25 K to 150 K), it can act as a getter for residual gas and other chamber 128 

contaminants. These contaminate the sample, can cause spurious peaks in the mass 129 

spectrum, or even potentially change the energetic landscape of the atomic-scale specimen 130 

surface. 131 

2.2 Single-particle detectors 132 

The current generation of atom probes uses sophisticated position-sensitive single particle 133 

delay line detector (DLD) to simultaneously provide 2D position and TOF information [49,50]. 134 

A DLD typically consists of a multi-channel plate (MCP) assembly combined with impedance-135 

matched serpentine delay line anodes (DLA) mounted orthogonal to each other.  136 

An MCP is a charge-to-electron conversion system that is made from a thin insulating plate 137 

perforated with a close packed array of small (~ 10 um diameter) tubular microchannels 138 

whose inner surface has a high secondary electron yield. MCPs are effectively insensitive to 139 

the type or chemical identity of the of incoming particle long as the energy is above ~ 1 keV 140 

to 2 keV. In this case, the electron conversion efficiency is dependent only on the bias 141 

between the two faces of the MCP plate. Two MCPs mounted back-to-back in a chevron 142 
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configuration are used in order to increase the signal pulse. Ions hit the active area (the 143 

microchannels, or pores) of the MCP and initiate a secondary electron cascade signal pulse 144 

on the order of 106 electrons/ion with a ~ 5 ns duration. The electron cascade reaches the 145 

DLA, and the x,y position of the “hit” can be triangulated based on the propagation time of 146 

the signal to the ends of the delay line(s). The signal from the DLA is captured by constant 147 

fraction discriminators and digitized. This is sometimes also referred to as a CDL detector or 148 

crossed delay line detector. Often, a third wire is mounted at a 60° or 45° angle; three anodes 149 

are used for redundancy and to improve multiple hit performance [50]. 150 

The detection efficiency of the MCP array is limited primarily by the open pore area and the 151 

angle of incidence. The active area on a commercial straight flight path instrument is 152 

nominally 75 mm, and the detector efficiency is in the range of ~ 50 % to ~ 80 %. Instruments 153 

equipped with electrostatic energy compensation devices (e.g. reflectrons) have a limited 154 

acceptance angle due to the field-defining mesh at the entrance/exit to the energy-155 

compensating reflectron lens and the detector has a smaller active area of nominally 37 mm. 156 

These instruments reach up to about 50 % detector efficiency.    157 

The performance of the detector (and hence, the atom probe itself) can be described in terms 158 

of its time and spatial resolution, both of which derive from the ability of the DLD to extract 159 

precise timing information from an analog signal. Spatial resolution is generally very good due 160 

to the inherent “center of gravity” averaging of the electron cascade signal pulse created in 161 

the MCP stack as well as the fine winding of the anode wires. Position resolution below 50 162 

µm (on the detector itself) has been reported [50]. Time resolution is typically under 50 ps. 163 

With magnifications of the point projection on the order of 106, the spatial resolution 164 

achievable in an atom probe reconstruction 3D image is therefore in the sub-nm range in x,y.  165 

There are some drawbacks to DLD detectors, particularly for the quantification of multiple 166 

hits and resolving isobaric overlaps. A DLD will have an electronic deadtime due to the 167 

inability to deconvolute overlapping signals on the delay lines [49]. The electronic deadtime 168 

depends on the exact details of the detector and is on the order of 3 ns with partial loss of 169 

information extending slightly beyond that [51,52]. This means that during this dead time 170 

window after an ion hit, additional ion impacts cannot be registered if they arrive at the same 171 

location. However, the signal can be recovered if the second ion hit is sufficiently separated 172 

in distance on the detector. The dead time is better described as a dead zone. Within the 173 

detector dead zone, additional ions cannot be detected within the dead time. Thus, the signal 174 

from multiple hits can often be recovered as long as the ions do not arrive at the same 175 

position and at the same time.  176 

Another drawback to the DLD detector is the inability to measure the kinetic energy of an ion, 177 

which would allow for the discrimination of isobaric overlaps. Isobaric overlaps (e.g. 54Fe+ and 178 
54Cr, 28Si2+ and 14N+, 16O+ and 16O2

2+) occur when two ions have nearly or exactly the same 179 

mass-to-charge-state ratio. In the case of 54Fe+ and 54Cr almost two orders of magnitude 180 

increase in mass resolution would be required to resolve the peaks, which is not physically 181 

possible without sacrificing efficiency or field of view (FOV) [53]. In some cases, isotopic ratios 182 

can be used to infer the relative contribution of the species. However, this method must be 183 

used with care. In elements that tend to multi-hit (e.g. B, C), or under experimental conditions 184 

where multiple counts are high, the most common isotope of an element can be significantly 185 

undercounted [51] and the method may lead to error in measured composition. There are 186 
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some cases, like 28Si2+ and 14N+, where isotopic ratios cannot be used because neither element 187 

has isotopes in sufficient number to enable a robust deconvolution.  188 

Kinetic-Energy discriminating position sensitive single particle detectors would in principle 189 

solve some isobaric overlap problems [54]. Besides being able to distinguish ions with isobaric 190 

overlap, they would also allow filtering of ions that evaporate with the voltage pulse versus 191 

those that evaporate from the DC standing voltage or random field ionization.  Ions such as 192 
16O+ and 16O2

2+, which overlap at 16 Da, could be distinguished based on their kinetic energy. 193 

Several potential detector technologies were suggested in 2011 including alternative 194 

electron-multipliers and superconducting delay line detectors [54,55]. This is currently an 195 

active area of research and the first proof of concept experimental results on a position-196 

energy sensitive detector based on a carbon foil ion-induced secondary electron emission 197 

mechanism have been demonstrated [56].   198 

2.3 Counter-electrodes 199 

The most common commercial atom probe microscope as of this writing uses a ~ 40 µm 200 

diameter conical-shaped counter electrode (CE) placed within about one aperture diameter 201 

of the specimen apex. While in principle the detector itself could serve as the cathode, in 202 

practice this is never done. This design concept was introduced by Nishikawa et al. [57], and 203 

further developed by Cerezo et al. [58], before being commercialised as the local-electrode 204 

atom probe under the leadership of Kelly et al. [13].  205 

This “local electrode” serves several purposes. First, it significantly enhances the field at the 206 

specimen apex thereby decreasing the voltage required to achieve the surface field necessary 207 

to trigger field ion evaporation by approximately half as compared to traditional FIM or 3DAP 208 

instruments [27]. Both the accelerating distance and accelerating time of the ion are 209 

significantly shorter in the presence of an LE, thus reducing dynamic contributions due to the 210 

time varying field in voltage mode [59]. The LE also allows for the use of shorter, larger radius 211 

specimens and multiple specimen arrays as compared to a remote, planar electrode. Thus, 212 

the FOV is greatly increased. The specimen array is mounted on a stage, and if an individual 213 

specimen fractures, one can simply translate quickly over to the next one rather than having 214 

to load a new sample. In voltage pulsing mode, the specimen remains at ground potential and 215 

a negative electrical pulse is applied to the LE to trigger ion emission. In laser pulsing mode, 216 

the LE is held at ground potential relative to a positively biased specimen. There is also an 217 

additional post-acceleration voltage applied between the grounded LE and the detector in 218 

laser pulsed instruments and the overall applied voltage is the sum of these two [60]. The 219 

newest commercial atom probe instruments use a planar electrode with an aperture placed 220 

close to the specimen apex. They help contribute to a wider FOV, but the downside is that 221 

only single specimen needles can be used.  222 

2.4 Pulsing modes  223 

Field evaporation can be triggered by voltage pulsing, laser pulsing, or by combining the two. 224 

Voltage pulsing works by modulating (increasing) the applied surface field, which decreases 225 

the activation energy barrier to field ion emission. The sample must be of sufficient 226 

conductivity to transmit the field to the specimen apex and in practice this limits its use to 227 

metals and some semiconductors. In a voltage pulsing experiment, the sample is held at a 228 

constant standing (DC) voltage, and a high voltage pulse is superimposed at a frequency 229 

between 25 kHz and 200 kHz. The pulse fraction, defined as the percent increase above the 230 

DC standing voltage, is typically in the range of 10 % to 30 %. High amplitude solid state pulse 231 
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generators are used to ensure a rise time of less than 1 ns and a very narrow pulse width [60], 232 

which minimizes energy deficits and the increases mass resolving power of the instrument.  233 

Laser pulsing, at least in the visible and near ultraviolet (NUV) regimes, is generally accepted 234 

to work through a bulk heating mechanism. It can be applied successfully to a wide variety of 235 

materials including metals, semiconductors, insulators, organic and biological materials, and 236 

even water ice. Early attempts (1976-1984) at integrating pulsed lasers into FIM and atom 237 

probe instruments were met with limited success [61–63] due to the reliability and cost of 238 

the pulsed lasers available at the time. In the early 2000s, the technology had improved and 239 

several groups again pursued the idea of laser pulsing for atom probe [14,18,64,65]. Initially 240 

pulsed lasers with fundamental frequencies in the near infrared (NIR; 1064 nm < l < 780 nm) 241 

were used. These were then frequency doubled and tripled into the visible (515 nm < l < 532 242 

nm) and near ultraviolet range (343 nm < l < 355 nm), as it was observed that the variety of 243 

materials to be analysed, the quality of APT data, and the specimen survivability increased as 244 

the wavelength decreased. The newest commercial atom probe instruments use the 4th 245 

harmonic of a 1028 nm fundamental and operate in the deep ultraviolet regime (l = 257 nm) 246 

[66].  247 

 248 

While the near ultraviolet instruments are currently the most numerous and deep ultraviolet 249 

are steadily increasing in number, several groups have developed instruments operating well 250 

outside this range. In 2019 a wavelength-tuneable femtosecond pulsed coherent extreme 251 

ultraviolet (EUV) microscope was developed [67,68]. The mechanism for generation of the 252 

EUV pulse is through high harmonic generation in a noble gas-filled capillary [69]. This atom 253 

probe operates with < 10 fs pulse duration and wavelengths discretely tuneable in the range 254 

of ~ 28 nm < l < ~ 50 nm. Wavelengths in this range ensure higher and more uniform 255 

absorption across the periodic table and open the potential to photoionization-based ion 256 

emission mechanisms.  257 

 258 

A terahertz-driven atom probe [70] was recently developed. In this microscope, ultrashort 259 

terahertz pulses generated from a two-colour air plasma are focused on metallic samples and 260 

trigger field ion emission through the generation of extremely localized, high-intensity electric 261 

fields at the specimen apex. A NIR (800 nm, 45 fs) pulse can be combined with the terahertz 262 

pulse and colinearly focused on the sample with a variable time delay in order to probe the 263 

dynamics and mechanism. This dual-frequency excitation provided experimental evidence 264 

that field ion emission the terahertz regime proceeds through an athermal ionization and 265 

desorption mechanism.  266 

 267 

2.5 Ion optics 268 

Although an atom probe microscope is a point-projection microscope where the specimen 269 

itself serves as the main ion optic, additional lenses or optics are sometimes used to enhance 270 

the performance in various ways. The most widely used ion optic in APT is the reflectron 271 

[Mamyrin Sov. Phys. JETP 37 1973, Drachsel J Phys Colloques 50 C8 1989, Cerezo Rev Sci Inst 272 

69 1998, Payani UK Patent 050963.8 US 60/682,863]. In voltage mode, the reflectron is used 273 

to compensate for the facts that the voltage pulse is not a perfect delta function and ion 274 

emission is a probabilistic process. Ions depart the surface at slightly different times and 275 
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therefore have small differences in their kinetic energy. This leads to so-called tails in the 276 

mass spectrum histogram that are the result of the initial energy spread and manifest on the 277 

high m/q side of a mass peak. These degrade the mass resolving power of the instrument.  278 

 279 

The reflectron is an electrostatic device that acts as a spherical mirror for ions and works by 280 

focusing the ions in time. It is comprised of two concentric spherical electrodes defined by a 281 

high-transparency mesh at the entrance and exit that serve as electrostatic ground. Ions with 282 

a given m/q entering the reflectron see an increasing field and are initially retarded, reflected, 283 

and then accelerated out again. Less energetic ions are deflected first, experience a shorter 284 

total flight path, and exit first. More energetic ions penetrate further into the field before 285 

deflection. Their flight path is effectively lengthened, and the result is that both ions arrive at 286 

the detector at the same time. This curved spherical electrode design also compensates for 287 

so-called chromatic aberration. Ions entering the reflectron with the same angle but slight 288 

differences in energy are focused spatially on the detector. In laser-pulsed mode the energy 289 

spread of the ions is governed by the energy spread intrinsic to the complex field evaporation 290 

process and not by the thermal energy of the emitted ions [Larson book]. However, by 291 

significantly increasing the length of the flight path the reflectron also increases the mass 292 

resolving power in this mode as well. There are trade-offs, however, as instruments with a 293 

reflectron have a more complicated reconstruction process and decreased detection 294 

efficiency due to the presence of the high-transparency mesh. Another drawback is that 295 

correlation histograms cannot be used to study molecular dissociations since any energy 296 

discrepancies between daughter ions would be compensated by the change in flight path 297 

length [Saxey Ultramicroscopy 111 2011].  298 

 299 

Another ion optic employed in atom probe tomography is the Einzel lens. It is an electrostatic 300 

lens that focuses charged particles without changing their energy. Three individual 301 

electrostatic elements make up a “single” Einzel lens, with a geometry consisting of either a 302 

series of three coaxial cylinders or concentric apertures. The first and last electrode are 303 

typically held at the same potential and focusing is achieved by varying the potential of the 304 

center electrode. Electrostatic Einzel lenses have been historically used in APT to time- and 305 

spatially-focus ions in both straight flight path and toroidal sector energy compensated 1-D 306 

instruments [Cerezo Surf Sci 246 1991]. In the straight flight path case several geometrical 307 

designs of a single Einzel lens were evaluated resulting in varying degrees of focusing power 308 

depending on how far the lens was placed from the specimen object. For instruments with 309 

toroidal energy compensation, the Einzel lens improved the time focusing of a sub-optimally 310 

aligned toroidal sector, but the spatial focusing was degraded. For a well aligned energy 311 

compensator, time resolution was degraded.  312 

 313 

Recently, the Einzel lens has made a resurgence, and the newest commercial 3D instruments 314 

employ advanced ion optics including multiple Einzel lenses that increase the FOV 315 

substantially over previous instruments [Y. Chen et al. Microsc Microanal 29 S1 2023]. For an 316 

Al 6062 alloy tip the FOV was increased from approximately 60° to nominally 90° as measured 317 

using the Al crystallographic poles present in the field of view [Tegg Ultramicroscopy 253 318 

2023]. When this alloy specimen was run sequentially in a conventional straight flight path 319 

instrument and then transferred via vacuum to an instrument with advanced ion optics, the 320 
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diameter of the specimen in the FOV increased by a factor of two and the cross-sectional area 321 

increased by a factor of 4. The increased FOV does come at a price, however. Spatial 322 

distortions resulting from chromatic aberration altered the shape of the b” precipitates in Al 323 

2026 and were primarily observed on the outer edges of the reconstruction with the wider 324 

FOV.  325 

2.6 And beyond…  326 

As emphasized in Figure 1, the capabilities of APT overlap in spatial resolution and analytical 327 

sensitivity with other nanoscale characterization techniques while offering many unique 328 

benefits. Combining these techniques into a single instrument would provide many 329 

advantages. One benefit is the possibility of achieving the lofty goal of so-called atomic scale 330 

analytical tomography [71,72] which is where the chemical (indeed, isotopic) identity and 331 

spatial location of every atom in a specimen is known with a high degree of certainty.  332 

A combined APT/spherical aberration-corrected scanning transmission electron microscope 333 

(STEM) was designed and is expected to be installed at the Ernst Ruska Centre in Jülich in 334 

2025 [73,74]. The STEM provides pm spatial resolution, diffraction/crystallographic 335 

information, access to bonding information through electron energy loss, accurate 336 

measurement of the specimen apex radius and shape over time, and direct mapping of the 337 

electrostatic field surrounding the specimen apex through use of electron holography or 338 

differential phase contrast methods. The APT will provide unrivalled spatially resolved 339 

analytical sensitivity to every isotope in the periodic table.  340 

In another example of functional integration, a modular APT-FIB/SEM has been developed 341 

[75] that provides fast and direct specimen transfer with capability for flexible chamber 342 

component design. Such an instrument enables new specimen geometry configurations as 343 

well as the capability for direct transfer of cryo-FIB prepared specimens, negating the need 344 

for expensive proprietary ancillary vacuum/cryo transfer equipment on both the FIB/SEM and 345 

APT. It also facilitates the preparation and examination of air-sensitive samples such as 346 

battery materials.  347 

There are also a flurry of other singular instruments, with e.g. spectroscopic capabilities [76], 348 

or chambers made of Ti-based materials targeting analysis of hydrogen [77] along with those 349 

with deposition or gas-charging capabilities [41,78,79]. And we invite the interested reader 350 

to consult these articles directly.   351 



 11 

3 Specimen preparation 352 

As for most microscopy techniques, the first step in performing APT is the preparation of 353 

specimens suitable for examination. The primary requirement for a specimen is that it must 354 

be shaped as a sharp needle with a circular cross-section. How sharp depends on the material 355 

and the instrument. With the evaporation field of most species in the range of 10 V·nm-1–60 356 

V·nm-1, and power supplies on atom probes limited to 12 kV–15 kV, the specimen’s end radius 357 

must typically be in the range of 20 nm–100 nm. During the analysis, the specimen is eroded, 358 

and hence the end of the specimen progressively blunts – i.e. the radius of curvature 359 

increases. To compensate for this, the high voltage is increased at a rate that depends on the 360 

shank angle. Ideally, the shank angle should be low – approximately 5˚ or less. However, in 361 

laser-pulsing mode, the shank angle also influences heat transfer and therefore the 362 

achievable mass resolution. For this reason, it may need to be maintained higher (above 15˚). 363 

The surface along the shank should be as smooth as possible. Asperities can lead to stress 364 

concentration and increased fragility. Finally, the preparation protocol should not lead to 365 

additional undesired or uncontrolled microstructural modification or introduction of foreign 366 

species and should leave the specimens in a state suitable for being introduced in the ultra-367 

high vacuum chamber of the atom probe. These considerations are illustrated in the image of 368 

a pure-Al specimen, prepared by electrochemical polishing, and imaged by transmission-369 

electron microscopy, displayed in Figure 2a. It should be kept in mind that the field-of-view 370 

(FOV) of the resulting APT data varies with the specimen radius through the 371 

magnification[80,81] and depends on the diameter of the active area of the detector, the 372 

effective specimen-to-detector distance, and the trajectories of the ions.  373 

Specimens for APT have historically been prepared by using electrochemical polishing, using 374 

a range of solutions or molten salts depending on the material of interest. These will be 375 

discussed in the following. Electrochemical polishing works very well for metals and is still 376 

routinely being used for APT specimen preparation of bulk specimens. However, SEMs 377 

equipped with a FIB have proved more versatile even for metals, where particular 378 

microstructural features or phases can be intentionally targeted. These microscopes are also 379 

superior for the preparation of non-metallic samples and are routinely used for the 380 

preparation of specimens from a wide range of materials systems. Alternative approaches 381 

involving for instance a broad ion beam, laser,  or mechanical polishing have also been 382 

proposed, and will be briefly discussed in the following. The most recent developments in the 383 

preparation of specimens at low temperature will also be discussed. Finally, we will discuss 384 

complete specimen preparation and imaging workflows, involving multiple microscopy 385 

techniques correlated together.  386 

3.1 From bulk materials 387 

3.1.1 Electrochemical polishing 388 

There have been many extensive reviews and book chapters on the preparation of APT 389 

specimens by electrochemical polishing, and we will herein simply brush over the main 390 

principles. We invite the interested reader to refer to the books by Miller et al. for 391 

instance[27,82], and will only provide here some general aspects of the methodology.   392 

First, for preparing specimens from bulk metallic materials, a small match-stick-shaped blank 393 

is first cut with electric-discharge machining (EDM) or a saw. The dimensions are typically  400 394 

µm–600 µm in length with a square cross section. If the material is already available in wire 395 

form, this step can be skipped. To turn the blank into a needle as required to perform atom 396 
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probe, it is dipped into a beaker containing a counter electrode and an electrochemical 397 

etching solution. It is repeatedly dipped either manually or via a lift stand until it gets 398 

sufficiently sharp – in the range of a micron or so at the apex. The solution and voltage applied 399 

between the blank and the counter-electrode located in the solution depends on the material 400 

to be electropolished. The use of various alkaline or acidic solutions have been reported 401 

[82,83]. To obtain two separate needles from a single blank, a heavy and inert solvent was 402 

sometimes placed at the bottom of the beaker and the active solution was placed on top – 403 

this approach is called the double layer. For noble metals, molten salts at higher temperature 404 

were used [82].  405 

 406 

Figure 2: a Transmission-electron (TEM) micrographs of a single, electropolished pure-Al  specimen at two magnifications 407 
highlighting the smooth exterior surface, the low shank angle, and the small radius of curvature. b and c are schematics of 408 

the rough and fine electropolishing rigs, respectively. 409 

To finalise the specimen, the roughly sharpened blank is typically moved through a thin layer 410 

of a solution (often similar but with a different concentration of the active components) held 411 

by a loop located under an optical or a binocular microscope. The loop acts as counter 412 

electrode. The solution voltage applied depends on the considered material. There are 413 

multiple approaches, depending on the material: either by a progressive thinning of the 414 

specimen’s the cross section until it is sufficiently sharp, or the creation of a neck as a certain 415 

distance from the apex i.e. by having the tip of the needle through the entire droplet and 416 

electropolishing along the shank of the needle. By thinning down this neck to the point of 417 

rupture, a single needle can be made typically with dimensions in the required range. The 418 

length of the neck and the rate at which the electropolishing is performed can help control 419 

the specimen’s shank angle. 420 

Using electrochemical polishing for the preparation of APT specimens suffer from a range of 421 

limitations: materials containing multiple phases can be subject to preferential polishing of 422 

one or more of these phases, leading to uneven surfaces and specimen shapes that will lead 423 

to reduced yield; there is a need for the material to be electroconductive, limiting the 424 

application of the approach for the preparation of e.g. semiconductors or insulators; the 425 
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analysis of specific microstructural features, e.g. a grain or a phase boundary requires that it 426 

is placed within the first 100 nm form the tip of the needle-shaped specimen, which remains 427 

challenging by electrochemical polishing and often requires sequential use of TEM and pulsed 428 

electrochemical polishing [84–86]; finally, the analysis of thin films deposited on a flat 429 

substrate is extremely challenging through electrochemical polishing.  430 

3.1.2 Focused-ion beam milling 431 

These limitations have been addressed – at least for the most part – by the use of dual-beam 432 

SEM/FIB systems for the preparation of APT specimens. FIBs most often include a liquid metal 433 

gallium source, with an increase in the availability of plasma-based sources in recent years 434 

[87–90]. With the preparation taking place inside an SEM, complementary microstructural 435 

information about the sample can be gathered by using electron imaging, including 436 

backscattered imaging or electron-channelling contrast imaging (ECCI) [91] along with 437 

electron backscattered diffraction (EBSD) [92,93]. This allows for the preparation of 438 

specimens from selected regions-of-interest. Following the pioneering work of Larson et al. 439 

[94,95], various workflows have been introduced over the past 20 years for the preparation 440 

of individual or series of specimens [96–98], with the protocol detailed by Thompson et al. 441 

having become a de facto prevailing route for specimen preparation [99]. This protocol is 442 

schematically depicted in Figure 3:  (1) a wedge-shaped cantilever is first cut from three sides, 443 

it is 15 µm–20 µm long and 3 µm wide; (2) the micromanipulator is inserted and brought in 444 

contact with the end of the cantilever, and the gas-injection system (GIS) is used to weld, in 445 

situ, the micromanipulator to the cantilever by depositing a metal-carbon composite; the 446 

cantilever is subsequently cut free and the stage is lowered; (3) the cantilever is brought in 447 

contact with a support, welded with the same metal-carbon composite from the GIS, and 448 

sliced; (4) lastly, the slice is subjected to annular milling to turn it into a sharp needle suitable 449 

for APT analysis. The final specimen milling is performed with ions a low acceleration voltage 450 

of 2 kV–5 kV, which helps remove the subsurface regions of the specimen that have been 451 

severely damaged by the incoming high-energy ions [99]. 452 

Note that the composite deposited by the GIS is most often Pt-based but can also sometimes 453 

be W-based. It is believed that the deposition occurs primarily from the secondary electrons 454 

emitted by the surface that break the metal-containing organic precursor [100]. Deposition 455 

can hence be done by using either the electron beam or the ion beam, with the former leading 456 

to denser metal deposits. This metal-composite is also often deposited on the region of 457 

interest before the lift-out is performed in order to protect the surface from the incoming 458 

beam of energetic ions that are known to cause structural damage from the implantation of 459 

heavy ions  [100]. Computation through e.g. the Stopping Range of Ions in Matter (SRIM) [101] 460 

can provide indication of the depth of material affects. The nature damage will depend on 461 

the target material as well the nature and energy of the incoming ions. Xe-PFIBs are 462 

sometimes expected to cause damage more confined to the surface than Ga, but gas-bubbles 463 

can be observed to form [87]. Ga is a reactive metal that is known to embrittle several metallic 464 

materials and particularly aluminium and its alloys [102]. Xe is inert and has enabled site 465 

specific preparation of specimens from several Al-alloys [103–105]. 466 
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 467 

Figure 3: FIB-lift-out specimen preparation: a Four-step protocol for FIB lift-out based specimen preparation deposited on a 468 
support. b Protocol adapted for in-plane lift-out of targeted features to facilitate correlative analysis by transmission electron 469 
microscopy.  470 

3.1.3 Alternative approaches 471 

There have been attempts in the past decade to explore alternative routes for specimen 472 

preparation. For instance, Halpin et al. [90] made use of the higher currents offered by Xe-473 

PFIBs to revisit the possibility of using a moat approach [97], whereby a large volume of 474 

material is removed around a pillar that is finally turned into a sharp needle. This has 475 

successfully been used for analysing Ti-alloys as well as Al-alloys, including for site-specific 476 

analysis [106].  477 

The use of FIBs has a number of drawbacks, in particular the unavoidable damage from the 478 

ion beam and the reactivity of the Ga. For instance, there have been reports of using broad 479 

Ar+-beam milling and using beads or masks to locally change the sputter yield and leave tips 480 

standing out [107,108]. Laser-beams for ablation of the surface have also been used, primarily 481 

to prepare pre-shapes that will accelerate the fabrication of specimens by FIB afterwards 482 

either in a standalone laser-instrument [109] or as part of three-beam systems. In a three-483 

beam system, a laser is attached to a SEM/FIB for ablating large material volume [110] and 484 

can facilitate the preparation of multiple specimens from a flat substrate akin to the microtip 485 

coupons used for lift out support [111,112]. These could facilitate high throughput specimen 486 

preparation, provided that the heat-affected zone is not interfering with the region of interest 487 

targeted for the analysis. Finally, high-precision mechanical polishing has also been proposed 488 
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as an alternative method [113], but the limited reports on this approach hinders establishing 489 

an accurate perspective on its usefulness.  490 

3.2 From nanostructures 491 

Since the early days of the atom probe there has been a vivid interest in using it to probe the 492 

chemistry of reactive surfaces, in particular catalysts, since the end of the specimen could be 493 

considered as an individual nanoparticle [114].  Beyond these applications, using APT to 494 

analyse active nanoparticles or other nanoscale materials such as nanosheets or nanowires 495 

has required targeted strategies for specimen preparation [115].  For instance, nanoparticles 496 

have been deposited onto sharp needles through electrophoresis in solution[116,117], but 497 

the uneven coverage and relatively weak strength of the bond to the substrate limits the yield. 498 

Single or agglomerated nanoparticles or nanowires can be picked and deposited directly onto 499 

the support using a micromanipulator or a microgripper [118–120].  500 

Drop casting nanoparticles on a substrate and then covering them by a thin layer of metal or 501 

metal-carbon composite in the FIB [115,120] allows for subsequently using a standard FIB lift-502 

out protocol. The protective metal film (e.g. Cr, Pt) assists with the adhesion of the articles 503 

during preparation and analysis[118,121] and helps prevent damage from the incoming Ga-504 

ion beam.  505 

Kim et al. proposed to embed nanoparticles in an electrodeposited metallic matrix and then 506 

prepare specimens by FIB lift-out [122]. This approach was successfully used to analyse a 507 

range of nanoparticles, nano aerogels, nanowires, and nanosheets [123–129]. This 508 

methodology avoids issues with films from sputtering or electron-beam deposition that are 509 

non-conformal and often contain voids at the nanoparticle-substrate interface that lead to 510 

trajectory aberrations [130] and limit the yield. Larson et al.[130] achieved similar results by 511 

using atomic layer deposition (ALD) to produce a void-free and highly conformal coating over 512 

assemblies of nanoparticles from which a lift-out was performed to prepare specimens. This 513 

alleviates possible issues with the solution and potentials used for electrodeposition, which 514 

can react with the nanoparticles’ surface or cause corrosion. An added benefit is that the 515 

composition of the metallic matrix is often simple, leading to fewer peaks in the analysis of 516 

the matrix itself compared to most oxides. The solution and film composition can also be 517 

adjusted to have an evaporation field close to that of the particles of interest to limit 518 

aberrations in the data.  519 

3.3 Correlative approaches 520 

The main differences between the workflows in Figure 3 a and 3b is the support, which is 521 

either a commercial microtip coupon [131] or a pre-sharpened half TEM-grid [132,133]. For 522 

this latter case, a specific microstructural feature identified by SEM was marked by using the 523 

GIS, in order to keep track of its location over the entire specimen preparation process and 524 

ensure that it is present in the final specimen [91]. The key interest of using a TEM-type grid 525 

as support is that it facilitates observations of the specimen in the TEM prior to APT analysis. 526 

Ever since the early days of FIM and APT, the compatibility and complimentary nature of TEM 527 

has been highlighted and exploited [134]; APT samples are usually small (thin) enough to be 528 

electron transparent for most materials at commonly used accelerating voltages. Even if some 529 

partial crystallographic information can sometimes be extracted and exploited [135], the 530 

spatial resolution of APT [12,136,137] does not generally allow for studying the crystal 531 

structure or orientation. This information is accessible through TEM.  532 
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Figure 4, from the perspective article by Herbig [138], showcases various electron imaging 533 

modes along with the use of energy-dispersive X-ray spectroscopy (EDS) directly on APT 534 

specimens. This  reveals grain structures, various precipitates and defects, and the atomic 535 

organisation at atomic-column resolution. This form of correlative electron microscopy with 536 

APT provides a comprehensive set of microstructural information including structure and 537 

composition from the same region-of-interest. Over the past decade, numerous examples of 538 

application of this TEM-APT approach have been reported in metallic systems [139–143], 539 

semiconductors [144,145], and oxides [146]. Note that during electron imaging, particularly 540 

in STEM because of the highly focused beam, carbon-containing species normally deposit on 541 

the specimen’s surface and prior to APT analysis the surface must be cleaned: either in the 542 

FIB by using low acceleration (2 kV – 5 kV) ion milling or by using the a low-energy, broad ion 543 

milling system [147]. This cleaning step was reported to increase the success rate and data 544 

quality.   545 

 546 

 547 

Figure 4: TEM micrographs of APT specimens. (a) Bright-field STEM of a martensitic/austenitic steel. (b) Annular dark-field 548 
STEM of a network of dislocations (bright lines) in martensitic steel. (c) High angle annular dark-field STEM of shear bands in 549 
a plastically deformed metallic glass. (d) Dark-field conventional TEM of sheared kappa carbides in austenitic steel. (e) STEM 550 
energy-dispersive X-ray spectroscopy of martensitic steel with Mn-rich precipitates. (f) High-resolution high angle annular 551 
dark-field STEM of a kappa carbide in austenite. (From [138]) 552 

Beyond TEM, there have been efforts to make the use of TKD during or at the end of the 553 

specimen preparation process in order to characterise the crystallographic orientation [148–554 
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150]. TKD provides details on the misorientation between grains for and can ensure that a 555 

grain boundary of interest is located inside the specimen itself. There have been recent 556 

reports of possible damage [151] induced by implantation of surface species accelerated 557 

under the electron beam [100].  There have been also attempts at correlating with optical 558 

spectroscopy [152] in situ. Another approach employs ex-situ experiments using X-Rays or 559 

electron spectroscopy[153,154] often on similar, representative samples but sometimes also 560 

directly performed on the specimen itself.  561 

3.4 Cryogenic specimen preparations by FIB 562 

The latest developments in vacuum and cryogenic transfers [42] have triggered a lot of 563 

interest in the recent past, in part motivated by the study of hydrogen in metals [155] but 564 

also by liquid-solid interfaces [156–158] and frozen liquids [159]. These have required 565 

dedicated and targeted specimen preparation approaches. Without the need for a full 566 

cryogenic chain, using a cryogenic stage for sharpening specimens has been reported to lead 567 

to improved yield and data quality for the analysis of organic-inorganic perovskite [160], a 568 

reduction in the Ga-induced fracture of Al-specimens [161], and a dramatic reduction in the 569 

ingress of H and the formation of spurious hydrides in the preparation of specimens from Ti- 570 

and Zr-alloys [162,163].  571 

El-Zoka et al. [157] adapted the "moat“ approach proposed by Halpin et al. [90] using a PFIB 572 

equipped with a cryogenic stage, allowing for the preparation of APT from flat films of frozen 573 

aqueous solutions [157], liquid metals [164] and organic electrolytes [158]. Schwarz et al. 574 

used a Ga-FIB to reduce a larger droplet (tens of µm) held onto the rough surface of a cryo-575 

fractured W-wire into individual needles [159]. This same approach was employed for pure 576 

water and various aqueous solutions [165,166].  577 

 578 

Figure 5: Cryogenic APT specimen preparation procedure for a 0.1 M arginine HCl solution in type I ultrapure water on 579 
nanoporous Cu. (a) FIB view, mounting ice on brass on Si microtip. (b) SEM view of mounted ice sample. (c) FIB cross-section 580 
view of ice APT specimen (figure and caption from Woods et al. [167]). 581 

In 2018, Schreiber et al. demonstrated an extension of the lift-out protocol at cryogenic 582 

temperature  [168]. This was based on the use of redeposition to weld the lifted-out 583 

cantilever instead of the deposited metal-carbon composite. This was necessary because the 584 

cold specimen, manipulator, and sample stage gettered the metal-carbon gas and prevented 585 

its deposition only in the intended area. The ion beam is used to form a series of thin lines 586 
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across the interface between the support and the lifted out sample, in Figure 5a, causing 587 

intermixing between the two materials, thereby creating a weld. Similar approaches are 588 

commonly used for TEM lamella preparation, yet the strength and conductivity requirements 589 

for APT specimens are more stringent. Douglas et al. [169] proposed to strengthen this 590 

interface by depositing metal locally. They achieved this by rastering the ion beam onto the 591 

end of the W-micromanipulator placed into a gap made on the side of the sample where the 592 

ejected sputtered metallic atoms fill this gap. This process was then adapted by Woods et al. 593 

for other metals than W [167], as indicated in Figure 5d.  This approach for specimen 594 

preparation allows for complete workflows for site-specific analysis at cryogenic temperature 595 

and was used for e.g. metallic materials, ceramics, and frozen liquids.  596 

3.5 Specimen capping 597 

Capping APT specimens has long been reported to lead to improvement on several aspects of 598 

APT performance, particularly the mass resolution and yield [170,171]. The latter is  599 

attributed to the filling of pores that can act as stress concentrator[121,172,173]. Capping has 600 

so far been performed by taking pre-shaped specimens into a separate preparation chamber. 601 

They are then exposed to ambient atmosphere, and capped using sputtering[171,174] (Taylor 602 

et al., 2018), physical- and chemical-vapor deposition  [175,176], or atomic-layer deposition 603 

[130,177]. Graphene conductive coatings have also been reported to facilitate analysis from 604 

poor conductors and to allow for encapsulation of small volumes of liquid [178,179].  605 

 606 

Figure 6: Comparison of the structure of the Cr layer produced with a Xe+ and Ga+ FIB. In (A) the Xe clusters with an iso-607 
surface concentration of 4 at. % and in (B) the Ga distribution with an iso-surface concentration of 5 at. % are visualised. 608 

The idea of using redeposition to coat specimens from a metal target placed inside the SEM-609 

FIB was introduced by Kölling et al. [180] in 2009. This method allows for precise control over 610 

the region that is coated, the thickness of the deposited film, is versatile with respect to the 611 

metal to be deposited and can be used also on flat substrates, including at cryogenic 612 

temperature [167].  This was revisited by  Schwarz et al. [181] who used a semi-circular cut 613 

inside a metal target held by the micromanipulator to form a conformal coating on a range of 614 



 19 

different materials. They showcased improved yield from better mechanical stability, 615 

improved mass resolution from better thermal conductivity, and how the increase in the 616 

specimen’s radius helps enhance the field-of-view of APT and allows for analysis of the outer 617 

surface of the initial specimen. For specimens prepared by FIB, this method requires no 618 

transfer into a separate chamber. Capping was demonstrated with Cr, Co, Mg, and a range of 619 

other metals, using with a Ga or Xe ion beam, at room temperature under cryogenic 620 

conditions. In all cases the coating was conformal and acts as a capping layer over the length 621 

of the APT specimen, Figure 6.  622 

3.6 Remaining challenges 623 

Over the past 20 years progress in the preparation of specimens for APT has been 624 

tremendous, primarily driven by the availability of FIBs and the development of capabilities 625 

for cryo-vacuum transfer. However, there remain some challenges that should not be 626 

overlooked. The structural damage caused by illumination from the electron- or ion-beam 627 

may not always be visible in APT, especially since the spatial resolution is insufficient to 628 

resolve point defects in the lattice, and extend beyond the region where Ga or Xe 629 

implantation can be measured [87,99]. This is well reported in the radiation damage 630 

community and can be, to a first approximation, modelled by using the stopping range of ions 631 

in matter [101].  As part of efforts for charging specimens with hydrogen, there have been 632 

recent reports of damage more extensive than maybe expected arising from the use of Ga-633 

FIB. This includes simply during the deposition of the Pt-C composite as well from exposure 634 

to the convergent electron beam, especially during TKD analysis over the course of the 635 

preparation of specimen [151,182]. For the analysis of light and mobile species, i.e. H or Li, 636 

APT has a critical role to play. These species cannot typically be resolved by other techniques 637 

at the length scales accessible by APT, yet these interact strongly with structural defects and 638 

their distribution can easily be affected by such structural damage. 639 

Li-containing materials have been notoriously challenging to investigate by APT. Beyond 640 

possible challenges associated with specimen preparation and handling(i.e. they are reactive 641 

and cannot be exposed to air [183]), Li de-intercalation can be caused by the intense 642 

electrostatic field [184,185]. Kim et al. [176] proposed that metallic coatings prevent the 643 

penetration of the field [186] and offer a means to mitigate these issues an facilitate routine 644 

analysis of Li-containing oxides. This was recently demonstrated for NMC811 [187].  645 

Specimen capping is poised to play a critical role in the analysis of such materials. It can also 646 

potentially prevent outward diffusion of H from specimens or offer vast improvement in yield 647 

and data quality for e.g. frozen liquids or other biomaterials. For soft matter in general, 648 

specimen preparation remains extremely challenging since they tend to be highly sensitive to 649 

exposure to the beam. Frozen biological materials are sensitive to the freezing rate in order 650 

to avoid the formation of crystalline ice that is accompanied by a volume change that can 651 

damage the structure of interest [188]. There is currently no easy path for  performing APT 652 

from these samples.  653 

 654 

 655 
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4 APT from data acquisition to processing and reconstruction 656 

Following specimen preparation and introduction into the instrument, the data is collected 657 

by field evaporating the specimen. The main parameters that are adjusted prior to the start 658 

or over the course of the analysis are the base temperature, the pulsing mode (HV vs. laser), 659 

the relative pulse amplitude or laser pulse energy, and the detection rate set as an average 660 

number of ions detected per pulse. These parameters all have some degree of influence on 661 

the analytical performance, which will be discussed in the following section. The raw data 662 

from the atom probe is a sequence of times-of-flight, one recorded for each detected ion, 663 

along with the coordinates of the ion impact position on the detector. These two will be used 664 

to perform mass spectrometry and to build the reconstructed tomogram in the form of a 3D 665 

point cloud, from which compositional information can be extracted and related to the 666 

specimen’s microstructure.  This section reviews the key aspects of APT data processing and 667 

reconstruction.  668 

4.1 Mass spectrometry 669 

4.1.1 General considerations 670 

APT is sometimes referred to as a microscopy technique; the atom probe was originally 671 

developed as a mass spectrometer to complement the imaging capabilities of FIM [4]. The 672 

concept is that at a given acceleration voltage, the ion’s potential energy is converted into 673 

kinetic energy. This will be proportional to its charge, since a doubly charged ion has twice 674 

the potential energy of a singly-charge ion. Its terminal velocity and hence the time it takes 675 

the ion to fly from the specimen to the detector will also be proportional to its mass, since a 676 

light ion travels faster than a heavier ion.  Over the course of a typical APT experiment, ions 677 

are emitted and collected by the position-sensitive detector, and their time of flight measured 678 

by assuming that they departed at the top of the last emitted pulse. This latter hypothesis has 679 

a number of consequences on the performance of APT as a mass spectrometer, which will be 680 

discussed in Section 6. Following some simple calibration [189], along with a correction of the 681 

flight distance based on the impact position (a “bowl” correction, i.e. an ion detected on the 682 

edge of the planar detector has flown a longer distance than an ion striking the centre of the 683 

detector), each time-of-flight is converted into a mass-to-charge-state ratio.  684 

The mass-to-charge data is typically represented as a histogram and referred to as a mass 685 

spectrum. Figure 7 a–b shows examples for a steel in which each individual peak, or series of 686 

peaks, can be related to a specific atomic or molecular ion with a given charge state. The 687 

charge states are most often 1+ or 2+, but depending on the considered element’s ionisation 688 

energies and electrostatic field conditions during the experiment, higher charge states can 689 

also appear [190]. For metals, molecular or cluster ions may be uncommon [191], but as 690 

shown they are most common in the analysis of alloys containing C or N. Figure 7a contains 691 
12C2

2+ and 56Fe14N+ cluster ions for instance, in which are also common in the analysis of oxides 692 

[192,193], nitrides [194] or carbides [195]. 693 

4.1.2 Ranging 694 

The association of a peak to a certain ionic and/or isotopic identity is referred to as ‘ranging’, 695 

which consists in defining the lower and higher bounds of series of a range of mass-to-charge 696 

ratios, which are recorded into a so-called range file. Each range can be associated with a 697 

single or a combination of elements (due to peak overlaps) [196]. At this stage, and despite 698 

efforts in this direction, there are no agreed upon standard method for ranging a mass 699 



 21 

spectrum, making the accuracy of the process rather user-dependent [196–198]. Each 700 

defined species is also attributed an “atomic volume” that will be used during the 3D 701 

reconstruction process.  702 

From the definition of ranges, for the entire dataset or a defined region-of-interest, the 703 

composition can be reported – i.e. as the ratio of ions of each individual species over the total 704 

number of ions ranged. In the case where molecular or cluster ions are detected, the 705 

composition can also be reported by separating into their atomic constituents. Up to now, 706 

the definition of ranges does not usually include information on the charge state or on the 707 

isotopic identity of the considered ion, despite APT’s spectral resolution often sufficient to 708 

separate peaks of individual isotopes of each element, Figure 7 a–b. Analysis of isotopic ratios 709 

can help with identifying specific ions, especially where overlaps exist, but can also be used 710 

to date geological materials[199] or better understand radiation-induced transmutations in 711 

nuclear reactors [200,201].  712 

 713 

Figure 7 –a-b Mass spectrum from the APT analysis of a 17-4PH steel sample (data courtesy of G. Yeli, University of Oxford), 714 
in which ranges have been defined and are highlighted in colour for the different species considered. c Simplified schematic 715 
of the ion projection from the specimen to detector in a straight flight path atom probe instrument. d Comparison between 716 
projection models on an experimental pure Al dataset. e Simple schematic of procedure to reconstruct real-space depth, i.e., 717 
z-coordinate, from top to bottom: the ion detected is assumed to be projected from a hemispherical surface, and for each 718 



 22 

subsequently detected ion an additional increment is added to the z-coordinate calculation to account for all preceding ions 719 
(modified from Ref. [202]). 720 

Complexities can arise in the identification of the peaks when there are isobars for different 721 

isotopes of different elements,  e.g. 54Fe and 54Cr,  but also because of the limited precision 722 

in the measurement of the time-of-flight.  For example, APT does not allow for distinguishing 723 

between 14N+ from 28Si2+ both of which will have a mass-to-charge ratio of 14 Da. In Figure 7, 724 

the corresponding peak at 14 Da could hence be assigned to either of these two species, 725 

however Si has a different isotopic distribution (with peaks at 14.5 Da and 15 Da respectively 726 

for 29Si2+ and 30Si2+), with amplitudes that correspond to their natural isotopic abundances. 727 

This isotopic fingerprinting can help with accurately ranging peaks, allows for correction of 728 

the composition [203,204], and has been used to help with automatically identifying peaks 729 

[198,205] in the mass spectrum.  730 

4.2 Three-dimensional reconstruction 731 

On modern instruments, the flight distance between the specimen and the detector is in the 732 

range 80 mm–200 mm for straight flight path instruments and 400 mm–500 mm for reflectron 733 

fitted instruments. Here we will focus on the reconstruction process for the former case. The 734 

3D point cloud is built point-by-point by assuming a simple reverse-projection from the 735 

detector impact position onto a ‘virtual’ emitting surface located at the end of an APT 736 

specimen. With a specimen radius below 100 nm the projected image of the surface on the 737 

detector, Figure 7c, has a magnification that is in the range of 106. This arises from the highly 738 

curved surface of the specimen, since the ions fly near-radially initially. The trajectory 739 

progressively curves towards the detector forming a highly compressed imaged on the 740 

surface on the detector. Bas et al [81] proposed to simply  'de-magnify' the detector 741 

coordinates (XD
i,YD

i) into the real-space location of each ion within the specimen (xi,yi,zi) by 742 

dividing by a magnification estimated based on an assumed specimen geometry in the form 743 

of a spherical cap on a truncated cone using a simple back projection law [80,206].  744 

Although the real trajectories of the ions are determined by the distribution of the 745 

electrostatic field, making them independent on the ion’s charge and mass, and of the applied 746 

voltage[207], the projection laws used ignore the complexities of the actual trajectories to 747 

establish a bijective relationship between a point on the emitting surface and a point on the 748 

detector. Multiple other projections models have been proposed [206,208,209], with the 749 

most commonly implemented is a quasi-stereographic point-projection [81,210,211], Figure 750 

7d, leading to slight distortions at higher angles. The angular compression of the trajectory is 751 

typically between 1.4 and 2 [80,81,212,213], and depends on the specimen geometry, i.e. 752 

radius of curvature and shank angle. Hence, it varies over the course of the analysis [214,215].  753 

The reverse-projection of each ion on the emitting spherical cap provides a set of x,y 754 

coordinates. As each ion is processed, this emitting surface will be moved down by an 755 

increment ∆!" , meant to account for the progressive erosion of the specimen, as depicted in 756 

Figure 7e. This increment is proportional to the volume assigned to each ion during the 757 

ranging process discussed in Section 4.1.2. Ultimately, the reconstructed nth ion’s z-758 

coordinate is the sum of the z-position from the reverse-projection and the sum of the 759 

successive depth increments ∑∆!
"#$	&'	(.  760 

Finally, the assumptions in this reconstruction paradigm require knowledge of the specimen’s 761 

radius to determine both the magnification and the reconstructed position. Since it is not 762 

measured directly in the atom probe, it is indirectly estimated: from the measurement of the 763 



 23 

voltage, assuming a simple proportionality between the two [81], or imposed based on an 764 

expected geometry of the specimen (e.g. from an electron microscopy image)[210]. Both 765 

approaches suffer from limitations. Other ways to calibrate the reconstruction have been 766 

proposed and will be discussed in Section 4.3.2. Despite its simplicity, this method leads to 767 

impressive results, allowing for the reconstruction of atomic planes in the analysis of many 768 

materials [81,135,137]. It provides insights into the microstructure on the nanoscale as 769 

illustrated in Figure 8. The intrinsic limitations of the reconstruction protocol will be discussed 770 

in Section 6.4. 771 

 772 

 773 

Figure 8: Point cloud showing the elemental distribution in the analysis of a nanocrystalline Al alloy. Segregation of solutes 774 
to the grain boundaries is readily visible (for more details on the materials & analysis, please refer to [216]), with a close up 775 
on a single precipitate and different families of atomic planes. Two projections of the same volume where individual grains 776 
are highlighted by isodensity surfaces are also displayed and coloured according to their orientation relative to the z-axis of 777 
the tomogram. 778 

4.3 Data visualisation, segmentation and analysis 779 

One of the appeals of APT is its capabilities for 3D visualisation of microstructural features in 780 

complex materials. This may also be one of its curses as quantitative analyses or limitations 781 

arising from limited resolution are not well understood by the lay user. Beyond the possibility 782 

to display the spatial distribution of each individual species, as defined during the ranging 783 

process (Section 4.1.2), Figure 8, there are numerous methods that have been developed for 784 

the visualisation and quantitative analysis of APT data. For instance, regions-of-interest of 785 

various shapes (cuboidal, cylindrical, spheroidal) can be defined, and the local composition 786 

can be measured within them. Profiles revealing the evolution of the composition along a 787 

specific axis of the region-of-interest can be calculated. In addition, there are numerous 788 

methods involving the calculations inter-atomic distances inside the point cloud or coarse 789 

graining, i.e. voxelization, to facilitate visualisation or analysis.  790 

Some of these methods were deployed on a single dataset from the analysis of a corroded Ni-791 

alloy, as shown in Figure 9.In Figure 9(a) the point cloud is displayed, and superimposed are 792 

isosurfaces built upon sets of (1x1x1) nm3 voxels delineating regions within the point cloud 793 
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containing above a certain threshold of an ionic of atomic species. In Figure 9(b) is a region of 794 

interest extracted from within one of the closed isosurfaces that was used to segment the 795 

data and allows for localised analysis. Figure 9(c) is a distribution of the distance to the first 796 

nearest neighbour of the same atomic-species – here Cr – Cr. Finally in Figure 9(d) is the 797 

variation of the composition as a function of the distance to an isosurface (in this case the 798 

one marked by the orange box), which allows for quantifying the distribution of species inside 799 

the selected particle and its surroundings. This approach is known as a proximity histogram 800 

or proxigram [217]. Below, these different tools are discussed in more detail.  801 

 802 

Figure 9: Visualisation and analysis of an APT dataset obtained from an oxidised Ni-based alloy (for details, refer to [218]).  803 
(a) Point-cloud and isoconcentration surfaces highlighting the internal oxidation process coming from the surface as well as 804 
small oxide islands in the bulk of the sample. (b) An individual cluster isolated from within the data using a cluster-805 
identification method, highlighted with the yellow cube in (a). (c) First nearest-neighbour distribution for Cr showing a slight 806 
clustering tendency. (d) Composition profile in the form of a proximity histogram from the isoconcentration surface within 807 
the yellow cube in (a) (from Ref. [219]).  808 

4.3.1 Interatomic-distance-based methods 809 

A first set of methods for processing APT data is based on calculating distances between 810 

points of the same or different species.  811 

The simplest is commonly referred to as Kth nearest neighbour (NN) analysis [220,221]. This 812 

method plots the distribution of distances between an atom and its successive shells of 813 

nearest neighbours, i.e. 1st, 2nd , … Kth. It is in the form of a histogram that can then be 814 

compared to a random distribution of points, allowing for assessing tendencies for clustering. 815 

The parts of the 1NN distribution at larger distances have been used to extract information 816 

regarding the composition of the matrix [222,223]. KNN analyses are now categorised as an 817 

unsupervised machine-leaning method, like most cluster-finding approaches. These also 818 

involve the measurement of interatomic distances, which are then used based on an array of 819 

criteria to segment the data between “clusters” and “matrix”. The most common criterion 820 
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used is a maximum separation distance(dmax) between solute atoms that belong to a cluster, 821 

either to the first or higher-order NN [224,225].  822 

The initial set of clustered atoms excludes the solvent atoms – so as to focus exclusively on 823 

the solutes. In a second step, atoms from the solvent are incorporated into clusters through 824 

approaches knows as 'enveloping'. These add a shell of atoms around each solute within the 825 

cluster, followed by an 'erosion' step where atoms at a certain distance from the shell of the 826 

solute cluster are removed [225,226]. Other flavours of similar approaches have been 827 

proposed [227,228], using e.g. higher-order nearest neighbour distances [220,221,229] or 828 

Gaussian mixture models[230]. In the end, each technique has strengths and weaknesses that 829 

have been discussed in extensive review articles [227,228].  830 

Following cluster identification, their distribution can be assessed with respect to their 831 

composition, aspect ratio, shape, or size either in terms of number of atoms or their radius 832 

[231,232]. These can then be compared to what would be expected from random 833 

distributions of solutes inside of a matrix to gauge the physical meaning of the distribution, 834 

i.e. a tendency for cluster formation. The most employed approach is known as randomly-835 

labelling, whereby the reconstructed positions of the atoms inside the dataset are 836 

maintained, but the list of mass-to-charge ratio is randomly swapped, and with this the 837 

elemental identities.  838 

Clustering tendencies can also be assessed by using radial distribution functions, which 839 

compute the composition in successive shells of a set thickness but with increasing radius 840 

around each atom of a certain species or set of species within the reconstruction [233–235]. 841 

The data can then be reduced into a 1D-distribution, which can then be processed to quantify 842 

the volume fraction or number density of clusters [104] based on a model similar to what is 843 

used to process data from small-angle scattering experiments [12].  844 

Some challenges may arise in that solute clusters may not be well-defined microstructural 845 

objects with an abrupt interface. This is compounded with the aberrations in ion trajectories 846 

arising in the early stages of their flight that limit the spatial resolution of APT [12,236]. 847 

Following field evaporation and reconstructions, two neighbouring atoms at the surface of 848 

the specimen are unlikely to be first nearest neighbours in the tomographic reconstruction 849 

[33]. There are also missing atoms within the reconstruction because of the limited detector 850 

efficiency combined with losses from grids used for ion optics on the path of the ions (35 %–851 

90 % depending on the instrument used). APT reconstructions are hence imperfect and 852 

incomplete, which makes the objective definition of what is a cluster and what is a matrix 853 

inherently incompatible with the results of cluster-finding algorithms that often only offer a 854 

binary classification. These algorithms have a number of input parameters, and their  855 

selection has a significant influence on the result of the segmentation [237]. Despite proposed 856 

heuristics for parameter selection[238–240], none have yet become widely adopted. 857 

4.3.2 Structural analysis 858 

Methods have been developed to calculate the three-dimensional distribution of atoms 859 

surrounding each atom in a dataset, which is similar to the 3D calculation of the radial 860 

distribution function [234]. These help provide an average view of each atoms neighbourhood 861 

[241], which can then be split into a 2D distribution of neighbours within the plane containing 862 

the atom and a 1D plot of the average density of atoms as a function of the distance normal 863 

to that plane. This approach is referred to as spatial distribution maps (SDMs) [242,243]. 864 

SDMs can be used to quantify the distance between the atomic planes, as often imaged by 865 
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APT, Figure 8, [135]. This partial crystallographic information had also been characterised by 866 

Fourier Transforms[244] and Hough Transforms[245]. These approaches have played a critical 867 

role in facilitating the calibration of the reconstruction – i.e. the adjustment of the free 868 

parameters used in the reconstruction paradigm described above in order to obtain the 869 

interplanar spacing or angles expected from the crystallography of the material of interest 870 

[246].  871 

4.3.3 Coarse-graining methods 872 

Another set of methods for data processing is based on coarse graining the data by dividing 873 

it into blocks of fixed number of atoms or into blocks of fixed volume, i.e. voxels. The 874 

composition is calculated in each block or voxel and used as a basis for filtering or performing 875 

statistical analysis. With blocks, the distribution of composition of given species can be 876 

compared to random distributions [247,248] based on e.g. a binomial distribution or 877 

randomly-labelled data. The “randomness” is then typically assessed by using a χ2 approach 878 

or a Pearson coefficient that varies from 0 for a distribution compatible with a random 879 

distribution to 1 for a fully separated system [248].  880 

Voxel-based methods are more commonly used. The 3D composition map from the voxelated 881 

APT data is often subjected to Gaussian smoothing through application of a “delocalisation” 882 

function meant to reflect the lack of precision arising from the limited spatial resolution of 883 

the technique [249]. Among these, isosurfaces facilitate visualisation of regions of different 884 

composition joining adjacent voxels that contain above or below a threshold of composition 885 

or a number density of atoms of one or more species, Figure 9a. The threshold is somewhat 886 

arbitrary and selected by the user, with some limited efforts at defining heuristics for 887 

threshold selection [250]. 888 

From these isosurfaces, composition profiles can be calculated as a function of the distance 889 

to the selected surface based on the local normal to the isosurface. These are referred to as 890 

proximity histogram aka proxigrams [217,251]. A proxigram is plotted for an individual 891 

particle in Figure 9d. Proxigrams are very commonly used but have some limitations that are 892 

sometimes overlooked [252], particularly for regions exhibiting a complex shape. Finally, 893 

voxels of a fixed size can be replaced by meshing, upon which the composition can be 894 

calculated and mapped[253,254]. This allows for revealing local patterns associated to the 895 

topography of the interface of interface [255].  896 

4.4 Analysis of additional hit information 897 

There has been an increased interest in exploiting information beyond the conventional 898 

spatial coordinate and mass-to-charge ratio. For instance, the impact coordinates are all 899 

stored, enabling the calculations of detector hitmaps that can facilitate identification of 900 

features helping to characterise the crystallography of the sample, as in Figure 7c. Amongst 901 

the information stored for every ion is the multiplicity, i.e. how many other ions were 902 

detected that were emitted by the same pulse. It was noticed that the number of multiple 903 

events was far higher than what would be expected for a random distribution because of 904 

correlated field evaporation [256], i.e. the departure of an atom leads to neighbouring atoms 905 

to leave on the same pulse or shortly afterwards. This is likely related to the dynamic 906 

rearrangement of charges at the specimen’s surface that cause a redistribution of the electric 907 

field putting some atoms suddenly under much higher fields [257]. Further filtering based on 908 

distance between impacts for ions detected as part of multiple hits can also be performed 909 

and reveal important aspects of the physics of the fragmentation of cluster ions [258].  910 
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 911 

In general, field evaporation at higher fields also leads to increased rates of multiple events. 912 

Mass spectra can be filtered based on hit multiplicity. The multiple event mass spectrum 913 

reveals a lower level of background (background comes primarily from low field evaporation 914 

and hence on single events), thereby making  high-field species easier to measure more 915 

accurately [259]. This improves quantification for some challenging species such as C and B 916 

[17,260]. 917 

In 2011, Saxey introduced to APT an approach used in other mass spectrometry techniques, 918 

that plots a two-dimensional histogram of the number of pairs of ions with specific 919 

combinations of mass-to-charge arriving on multiple hits [261]. These have since been used 920 

to study specific patterns of dissociations of cluster or molecular ions for instance, particularly 921 

pertaining to the analysis oxides [262], nitrides[261], hydrides[263] and carbides [264], and 922 

more recently water[159]. These have been instrumental in revealing oxygen loss 923 

mechanisms [265] along with some important aspects of the dynamic of molecular ions under 924 

intense fields and the mechanisms of fragmentation [266].  925 

 926 

 927 

 928 

 929 

  930 
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5 Modelling 931 

The final output data provided by APT is a representation of the analysed material as a 3D 932 

point cloud reconstructed with high spatial precision and relatively good accuracy. As such, 933 

APT is the only microscopy and microanalysis technique routinely offering analytical imaging 934 

in 3D across almost all solid-state materials at the sub-nanometre scale. APT’s elementally 935 

resolved point cloud is similar to datasets produced by atomic simulation, facilitating direct 936 

comparison of experiments and atomistic modelling. Before extrapolating material or 937 

physical information from APT data comes the ultimate question: “How real is what I 938 

observe?”. The answer to this question is not obvious. First, because there is often no other 939 

technique that provides similarly-resolved information for direct comparison, and second, 940 

because the metrological performances of APT are only known for selected measurement 941 

standards such as pure metals and well-defined structures or alloys  [267–269].  942 

Modelling the imaging process is necessary to assess the validity of the measurement. As 943 

discussed previously, the reconstruction process to transform experimental raw detector 944 

data into a 3D map of atomic position is relatively simple and has evolved relatively little since 945 

its introduction in the early 1990s. The reconstructed atomic positions are deduced from the 946 

list of the impact coordinates of the ions on the position sensitive detector resulting from 947 

field evaporation of the specimen’s surface atoms. The properties of the ion projection are 948 

directly determined by the specimen itself, since as the specimen is progressively eroded the 949 

field evaporating surface evolves in a complex manner. Understanding how the image is 950 

reconstructed in 3D thus requires a fine understanding of the APT imaging process. The 951 

magnification is APT is produced by the specimen itself, and the quality of the reconstruction 952 

is hence strongly dependent on the evolving morphology of the specimen surface during the 953 

analysis. This makes APT different from conventional microscopy for which the specimen and 954 

optics are independent and the performance limits depend on the quality of the optical 955 

system.  956 

The need for modelling tools was expressed very early after the development of first APT 957 

prototypes in the 1990s [25,82], and built on preliminary efforts for field-ion microscopy 958 

[270–272]. We may note that the development of numerical modelling tool to reproduce the 959 

imaging process these last 30 years confirmed the validity of the empirical developed 960 

reconstruction recipes[236,273–276]. These models are moreover able to predict potential 961 

reconstruction artefacts inherent to the physics of ion emission at the surface of the studied 962 

specimen [236,274,277,278]. They are therefore a key tool to validate experimental 963 

observations. In addition, a strong effort was recently made to produce a more accurate 964 

reconstruction algorithm through leveraging the tight interplay between experiment and 965 

simulations. This approach is in its infancy since it relies on the development of artificial 966 

intelligence methodologies that necessitate feeding the algorithms with vast amounts of 967 

known information. In this section we will cover the main aspects of the imaging process, the 968 

methods used to build tomographic reconstructions, atom probe tomography modelling 969 

methods, and the intrinsic metrological limitations of APT. We will also explore the current 970 

approaches to understand limitations in the reconstruction process as well as future potential 971 

directions to improve the integrity of 3D images. 972 

 973 

 974 
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 976 

5.1 Electrodynamical approach of the imaging process in APT 977 

The imaging process in APT is uniquely controlled by the behaviour of ion trajectories 978 

between the emitter’s surface and the detector, which makes understanding of the physical 979 

process relatively straightforward. Since the specimen is in vacuum, at cryogenic 980 

temperature, and the process involves mostly of the non-time correlated ion emission (no 981 

ionic charge space effects), the trajectory is entirely defined by Newton’s equations of 982 

movements applied to a single ion starting with negligible initial velocity. If r is the vector-983 

position of an ion in the instrument, the trajectory follows the classical equation:  984 

 985 
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 987 

where ne is the electric charge, m the mass, and 𝑭(𝒓, 𝑡) is the vector electric field in space 988 

that can be time varying when voltage pulses are applied.  989 

𝑭(𝒓, 𝑡) can be derived from the electric potential distribution 𝑭(𝒓, 𝑡) = −𝛁𝑽(𝒓, 𝑡). It can also 990 

be derived from the distribution of charge existing on the surfaces of the electrodes 991 

surrounding the ion considering that any surface dS with a surface charge s produces an 992 

additive electric field 𝒅𝑭 = $
)*+!

𝒓
→
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 995 

Figure 10 (a) Field evaporation assuming a quantum model of atoms. The application of a voltage on the sample changes the 996 
electronic density from the blue curve with no voltage to the red curve with an applied voltage. Electronic density is slightly 997 
shifted inside the materials, which gives rise to a positive effective charge localized on the surface atom (in green) and the 998 
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local electric field F (in purple). This mechanism is modelled through (b) simple approximations of the Laplace equation, or (c) 999 
the Robin equation. These enable (d) determination of the ion trajectories from the resolution of the Newton equations.  1000 

The 3D distribution of the electric field is a classical problem that can be answered by solving 1001 

the Laplace equation (electrostatic approximation) using a known geometry (figure 10). 1002 

Conditions of constant voltage are used on metallic surfaces. In older models applied to an 1003 

arbitrary emitter shape, determining this field was difficult because of the nine or ten orders 1004 

of magnitude variation in length scale going from the specimen (defined at the nanometre 1005 

scale) to the surrounding electrodes (defined on the microscale) to the detector (defined at 1006 

nearly the meter scale). For certain smooth, symmetrical emitter shapes, the problem is 1007 

easier to solve analytically. A number of mathematical models of emitter shape have been 1008 

used and some have an exact solution to Laplace’s equation for the electrostatic potential 1009 

[279,280]. The specimen can be described as a hyperboloid or paraboloid of revolution. 1010 

Currently, the electrostatic field is more often calculated using boundary element methods 1011 

(BEM), where the distribution of surface charge on electrodes can be calculated in 3D without 1012 

the need to mesh the 3D space entirely [59,213]. Using this approach, it is possible to use a 1013 

fine mesh to define the specimen (sub-nm) and a much coarser mesh for electrode of 1014 

macroscopic dimensions. Both models (Laplace computation or BEM computation) are 1015 

equivalent, since they both assume that the density of charges are located on the surface 1016 

with a penetration depth smaller than the size of a single atom.  1017 

 1018 

In all models, the distribution of the electrostatic field in free space is defined by 𝑭(𝒓, 𝑡) =1019 

𝐹.(𝒓, 𝑡),  which is a dimensionless vector distribution function. For a material defined by a 1020 

single field evaporation constant F0 [281,282], the specimen field evaporates to reach a steady 1021 

state shape with a smooth geometry. An example is shown in figure 11a. F0 is the highest 1022 

electric field in the system. It was found using different models that this constraint imposes a 1023 

shape very close to a surface of constant curvature radius R, at least close to the specimen 1024 

axis. To a first approximation, the electric field F0 was found to follow then classical expression 1025 

𝐹( =
)
*"+

       (Eq 6.2) 1026 

where V is the voltage applied to the specimen, and 𝑘,  a dimensionless semi-constant, i.e. 1027 

that is slowly varying as the specimen is field evaporated.  𝑘,  is in the range of 2–10, and 1028 

depends primarily on the specimen’s shank angle and end radius [213,214,283]. For a smooth 1029 

emitter, the hemispherical approximation ±45° about the specimen’s main axis is a good 1030 

approximation of the morphology of the specimen’s tip. However, when approaching the 1031 

outer edge of the end apex, the steady state radius of curvature tends to decrease, which 1032 

makes the specimen surface more elliptical.  1033 

When integrating equation 6.1, it is useful to replace t by a dimensionless time unit t’ and 1034 

𝑭(𝒓, 𝑡) = 𝐹.(𝒓, 𝑡),   which is a dimensionless vector distribution function where F0 is the initial 1035 

electric field at the moment of departure from the surface. This means that  𝑑𝑡′ = 3(/0!
1
dt 1036 

and the solution trajectories follow the following equation,   1037 

 1038 
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where 𝒗′𝟎 = 𝒗𝟎3
(/0!
1

 with v0 being the initial velocity and r0 the initial position.     1041 

 1042 

As pointed out by Smith and Walls [207], it can be seen from equation 6.2 that ion paths are 1043 

independent of the mass, charge, amplitude of applied voltage, or the field provided that the 1044 

initial velocity is null. The field distribution is then only dependent on the specimen’s shape 1045 

and the geometry of the electrodes. We can add that the emitter’s shape is the strongest 1046 

contribution to the high magnification of the instrument. Indeed, the field distribution is 1047 

produced by the application of a high voltage to the pointed needle and surface charges are 1048 

highly concentrated at the tip of the specimen. This makes the electric field strongly diverging 1049 

and produces an intense acceleration in the first steps of the ionic flight (figure 10a). Any ion 1050 

starting from the surface of the specimen with a position (R,q,j), with the specimen described 1051 

as a hemispherical cap of radius R, is seen to almost radially leave the surface. Only a second 1052 

order bending of the trajectory induces compression of the trajectory towards the specimen’s 1053 

main axis. The microscope was then modelled as projection microscope with a projection 1054 

point P located on that axis, at a certain distance mR(with m a constant in the range 0.6-1) 1055 

from the centre O of the hemispherical cap. In this empirical projection model is referred to 1056 

as a “quasi-stereographic projection”; a stereographic projection is defined by m=1 [80]. 1057 

 1058 

 1059 

Figure 11 : Visualisation of different length scales in the modelling process of APT applied to different atom probe setups. (a) 1060 
Atomic scale visualisation of the electric field distribution at the specimen surface when applying a positive kV voltage onto 1061 
a pointed needle with an end radius of few tens of nanometers. The inset shows the departure of an ion in the field distribution 1062 
(for details, refer to [284]). (b to d) Electric field and voltage distribution around the sample at the mesoscopic scale. In (d) 1063 
the edge of a local electrode polarized at ground voltage appears. (e) The size of the local electrode is defined geometrically 1064 
(common size D~40 microns). (f) Once ions are emitted, they enter into different electrostatic environments including either 1065 
a straight flight path, energy-compensating reflectron, or an atom probe equipped with multiple complex electrostatic lenses. 1066 
These latter devices enable collecting a larger field of View [36,285].     1067 

We may note also that, even for the simplest approximation regarding specimen and chamber 1068 

geometries, analytical solutions to Equation 6.2 do not exist, and numerical schemes must be 1069 
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employed to precisely calculate the final trajectories. These calculations were performed as 1070 

early at the beginning of the 1980s in the context of the FIM and showed the strong impact 1071 

of the specimen geometry on the magnification of the instrument (figure 10b, c and d). Using 1072 

FIM, the best empirical model to predict the image projection is a simple proportionality 1073 

between the radial position L on the detector and the tilt angle q of the initial position (L=kqq 1074 

relationship) [206,208] that corresponds to a so-called equidistant azimuthal projection [286]. 1075 

However, the complete trajectory builds up all along the ion’s path, integrating the impact of 1076 

the presence of electrodes and ion optics in the instrument. In the 1990s, the local electrode 1077 

atom probe [13,287,288] was introduced. This instrument uses conical electrodes with a 1078 

central hole of a few tens of microns and placed approx. 50 microns from the specimen’s 1079 

apex. This microscope geometry allows for using specimens standing out only a few hundreds 1080 

of microns above a planar substrate, Figure 11e. Using this geometry, the impact of the 1081 

presence of the substrate (or a large cone angle) for the specimen could be minimized by the 1082 

influence of the local electrode. In this case, the projection point is closer to the centre of the 1083 

hemispherical apex (m~0.3-0.5) [213]. We may note that to the first order, the image is simply 1084 

angularly compressed. The image compression factor (ICF~m+1) is one of the main 1085 

parameters in reconstruction algorithms [81,210,211,289].  1086 

A second key parameter is the field factor kF. The field factor, when the evaporation field F0 1087 

is known, enables one to estimate R. Similarly, the ICF associated with the impact position of 1088 

ions enables one to find the initial angles (q, j) onto the specimen. Simple geometrical 1089 

relationships are used to perform point cloud data reconstructions. The use of local electrode 1090 

atom probes and specimens prepared by focused-ion beam have reduced the variability of 1091 

the field factor and ICFs. Commercial software programs typically propose constant, defined 1092 

values that correspond to some “average” specimen geometry and maybe be derived from 1093 

simulations. When performing a reconstruction, these parameters are held constant. This has 1094 

been demonstrated by different authors [214,215,283,290] to inadequately reflect reality. 1095 

Studies have revealed substantial variations in kF and ICF with both depth and angular position 1096 

across the field-of-view.  This suggests that instead of being held constant, these parameters 1097 

should be dynamically adjusted throughout the reconstruction [214,215,283,290]. Recent 1098 

advances in electrostatic solvers have overcome the sheer complexity of the microscope 1099 

chamber and have enabled better approximate solutions to the variation of kF and ICF. As 1100 

result, a new methodology for reconstruction, referred to as “dynamic reconstruction”, has 1101 

enabled improved reconstruction in the analysis of single-phase materials [214,215].   1102 

Since the 2000s, several new concepts of atom probes were developed to significantly 1103 

increase the field of view of the instrument without sacrificing the time-of flight performance 1104 

(figure 10f). This is accomplished by adding electrostatic devices to compress the trajectories 1105 

along the path of ions. Electrostatic models were used to calculate ion trajectories considering 1106 

the geometries of electrodes for electrostatic curved mirrors or for various designs of Einzel 1107 

lenses. Since these devices are macroscopic and situated well after the voltage space varying 1108 

region induced by the specimen and the local electrode, the impact on ion trajectories is 1109 

found constant for an ion with a given acceleration voltage. The transfer function of the 1110 

electrostatic device is calculated and integrated in the reconstruction software.       1111 

5.2 Time varying and velocity influence  1112 

As pointed previously, the strength of APT as a nano-analysis 3D microscope is the strong 1113 

achromaticity of the imaging process: the ion trajectories are theoretically independent of 1114 
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the mass, charge and voltage applied to the specimen in the electrostatic approximation, and 1115 

assuming no initial velocity.   1116 

This last statement is not strictly speaking true when considering the thermal velocity of ions 1117 

in the first steps of field evaporation. Transverse thermal energy is in the range Ec~kBT~1 meV 1118 

–10 meV at cryogenic temperature and can reach 100 meV in laser pulsing mode and is in fact 1119 

amplified by the divergent trajectory of the ion. Using calculations from de Castilho and 1120 

Kingham, the transverse kinetic energy induces lateral noise in the range 0.1nm -0.3 nm in 1121 

voltage mode [291]. It can reach the nm range in laser pulsing mode which explains partly 1122 

loss of spatial precision when using laser pulsing mode [292,293].  1123 

The impact of additional kinetic energy coming from chemical reaction is also to be 1124 

considered when trying to understand the imaging properties of the APT in the analysis of 1125 

non-metallic alloys. APT experiments often incorporate the detection of molecular ions 1126 

emitted from the specimen, in particular for the case of covalently or ionically bonded 1127 

materials. These molecular ions are metastable and can dissociate in the high electric field 1128 

surrounding the specimen [262,265,294]. The dissociation products are then subjected to 1129 

Coulomb repulsion, which is the effect that is generally exploited in Coulomb explosion 1130 

imaging [295]. In the atom probe geometry, such repulsion can be expected to induce 1131 

complex effects on both the ion trajectories and kinetic energies as schematically depicted in 1132 

Figure 11. The impact of such dissociations was studied by modelling the ion trajectories in 1133 

the field distribution from the specimen to the detector using phenomenological or ab-initio 1134 

description of the dissociation process of molecules in high electric field [264,266].  This 1135 

process was observed in numerous materials, giving rise to a degradation first to the mass 1136 

spectrometry, molecular fragments presenting kinetic energy deficits or excess induced by 1137 

the non-standard ion trajectory, and second to degradation of the positioning capability of 1138 

the instrument. In ZnO analysed by APT, field evaporation of Zn2O2
2+ molecules and their 1139 

dissociation into ZnO + ions in the high field region in the vicinity of the specimen surface was 1140 

observed [266]. Coulomb repulsion between the resulting ZnO+ ions has a significant effect 1141 

on both their trajectories and times of flight with measured release of kinetic energy up to 1142 

3.2 eV. This release degrades the spatial resolution for events resulting from the dissociation 1143 

of molecular ions by several nanometres. We may note that the impact of these dissociations 1144 

can also be worse in APT equipped with additional electrostatic devices. In the APT analysis 1145 

of InP [296], a material producing a large amount of Pn
+ cationic molecules, the formation and 1146 

subsequent dissociation of phosphorous cations during their flight toward the detector are 1147 

observed. A thorough analysis of the data shows that delayed dissociations occur in 1148 

correspondence to low field regions, far from the field emitter surface.  1149 

In an atom probe equipped with a reflectron lens, the difference in kinetic energy and kinetic 1150 

energy spread can be in part compensated, resulting in only partial molecular dissociation 1151 

signals in mass spectra. When the dissociation is fast and takes place close to the tip, the 1152 

energy deficit/excess of both daughter ions is small and well compensated by the device (for 1153 

excess in energy <5 %). When the excess in energy is higher than ∼5 % (Figure 6b), the ion 1154 

with excess energy hits the back-electrode and the ion signal is lost. When the dissociation 1155 

takes place in the reflectron or after the reflectron, with a delay large enough to avoid filtering 1156 

the ion in energy excess (Figure 6c), the dissociation is then very delayed (>100 ns) and partial 1157 

compensation of kinetic energy occurs. In all cases, the presence of the reflectron complicates 1158 

the interpretation of dissociation tracks in correlation histograms [52,297]. 1159 
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 1160 

Figure 12: Modelling the impact of in-flight dissociation in APT.  Some cationic molecules are not stable during the flight and 1161 
dissociate in the region of high field. Models are used to understand the impact of Coulomb repulsion between dissociation 1162 
products and to study ions trajectories that can be expected before and after dissociation as a result of ion/ion and 1163 
ion/specimen interactions. The different parameters of the dissociation that are studied are the dissociation distance, angle 1164 
and energy.  1165 

The same conclusion can be extended to the case of instruments with additional electrostatic 1166 

lens. Electrostatic lenses modulate the ion trajectories and act as an energy dispersion filter. 1167 

The electrostatic lens used to deflect and compress ion trajectories are equivalent to an 1168 

electrostatic voltage barrier. In this case, dissociation tracks will be deformed by the 1169 

deceleration/acceleration zones existing in the path of ions and generally electrostatic lenses 1170 

amplify the positioning errors induced by dissociation [298]. The use of a straight flight path 1171 

tomographic atom probe instruments is therefore recommended to study dissociation 1172 

processes [261]. 1173 
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 1175 

Figure 13: Schematic illustration of the difference in expected trajectory for a neutral and charged fragment in APT. (a) The 1176 
molecular ion is emitted from the surface, (b) the ion reaches the point of dissociation, (c) the charged fragment (pink) follows 1177 
a curved trajectory while the neutral fragment (purple) keeps flying straight;,(d) perspective on a full-scale microscope 1178 
(images from [265]). 1179 

The imaging properties of APT are even more perturbed in the case of dissociations that 1180 

produce neutral species.  This was reported in some cases and only through indirect proofs. 1181 

In reference [265], neutral emission of HO2 from iron oxide was discussed. By using 1182 

simulations of ions trajectories within a full-size atom probe microscope, it was found that 1183 

emission of neutral species after dissociation could lead to a wide spread of incoming position 1184 

on the detector, depending on the lifetime of the initial molecular parent (FeO2H+). This can 1185 

be explained by the fact that ions follow well-defined trajectories that are dictated by the 1186 

static field distribution. It is expected that two charged fragments approximately follow the 1187 

same path since they originate from the same location at the specimen surface. In contrast, 1188 

the respective trajectories followed by a charged and neutral fragment pair resulting from the 1189 

same dissociation event should diverge significantly. Momentum is initially acquired by the 1190 

neutral fragment while it belongs to the parent ion. At the point of dissociation, it can be 1191 

assumed that it follows a straight trajectory that is the local tangent to the instantaneous 1192 

trajectory of the parent ion. In contrast, the trajectory of the charged fragment is defined by 1193 

the static field distribution. These scenarios are depicted schematically in Figure 13. 1194 
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Dissociation and in particular dissociation producing neutral species has a clear effect on APT 1195 

data quality. The spatial dispersion induced by field dissociation was for instance fully 1196 

simulated in the case of SiO2+, where the dynamics were simulated from the sample surface 1197 

to a virtual detector located at 10 cm. Molecules in different electronic states were placed at 1198 

the surface of the sample with a surface electric field of ~11 V/nm sufficient to easily 1199 

dissociate ground state SiO2+. Two dissociation cases and four different fragments are found 1200 

possible (SiO2+→ Si2+ + O; SiO2+→ Si+ + O+). The calculated distance between impacts accounts 1201 

for several millimeters on the detector, in good agreement with experiments. This distance is 1202 

equivalent to a spatial precision on the tip of 1 nm –2 nm for Si+/O+ pairs and 1 nm–5 nm for 1203 

Si2+/O pairs. It is worth noting that dispersion is larger for Si2+/O dissociation, since conversely 1204 

to Si2+, the O neutral fragment is not accelerated by the remaining electric field in vacuum 1205 

that amplifies the distance between impacts on the detector. 1206 

Another factor that needs to be considered in APT is the effect of pulsed voltages on the ion 1207 

trajectories. Equation 6.2 assumes that the field distribution remains constant with time. This 1208 

was considered in the first designs of atom probes, but the theoretical consequence of time 1209 

varying effects was not experimentally investigated at this stage. It was found that the final 1210 

kinetic energy of the ions and the resulting change of magnification could be corrected, but 1211 

since most of the ions are field evaporated close to the top of voltage pulse, the effects are 1212 

in fact compensated during the instrumental calibration of the instrument.  1213 

 1214 

Figure 14 : Schematic representation of chromatic aberration of a virtual precipitate composed of Fe (magenta) and H (green), 1215 
based on electrodynamic modelling results of a local electrode atom probe in voltage pulse mode. The circle represents the 1216 
virtual detector of the microscope. The ideal positions are in solid line, the calculated projected precipitate is dashed. The 1217 
magnification is larger for H+ compared to Fe2+ showing the impact of dynamic effects.  1218 

Recently, the impact of dynamic effects was studied in a straight flight path local electrode 1219 

atom probe using a full-size atom probe simulation that incorporates a realistic time varying 1220 

pulse voltage (electrodynamic simulations with Lorentz 2E), for a wide ion mass scale. This 1221 

enables the investigation of light elements (e.g., H+) to heavy elements (e.g., W2+). It was 1222 

found that dynamic effects could degrade the performances of AP (mass spectrometry 1223 
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performances and imaging performances). The dependence on the voltage amplitude is 1224 

strongly visible when the pulse is applied on the counter electrode for ion masses less than 1225 

10 Da, in agreement with experiments.  Dynamic effects cause some trajectory deviations 1226 

amplified by the pulse fraction, the angle of departure of the ions, and the ion mass. Again, 1227 

light ions are sensitive to the pulse amplitude and the pulse waveform. For a standard voltage, 1228 

the magnification on H+ is ~5 % larger than Fe2+, which can cause chromatic effects in the 1229 

reconstruction. However, it is worth noting that by quantifying the variation of the 1230 

compression factor as function of the mass, it is possible to correct the position of the 1231 

detector impact. This is not routinely implemented yet. 1232 

5.3 From the microscale to the mesoscale  1233 

The strong magnification in APT is achieved through the high curvature of the specimen’s tip, 1234 

where the electric field is strongly enhanced. Due to the near-radial distribution of the field, 1235 

the ions (evaporated atoms) fly initially radially from the specimen’s surface towards the 1236 

detector. However, the local electric field is non-uniformly distributed across the specimen’s 1237 

surface, including between two neighbouring atoms, and this leads to trajectory aberrations 1238 

[236,299,300]. Any deviation in trajectories very close to the surface will be strongly 1239 

magnified at the detector, and the distance between the impacts of ions that were initially 1240 

neighbouring atoms on the surface increases proportionally to the flight distance. In principle, 1241 

the trajectory of each ion is deterministic, and follows a path imposed by the distribution of 1242 

surrounding atoms that builds the local field distribution. In the future, reconstruction models 1243 

will have to integrate the distribution of the electric field in the first steps of flight in order to 1244 

reduce the aberrations [236,274,301,302]. Let us walk through a few aspects that would need 1245 

to be accounted for to improve APT reconstructions. 1246 

Blade-shaped specimen are not uncommon, either when electropolishing a blank that does 1247 

not have a perfectly square cross-section or during FIB preparation of materials composed of 1248 

phases with strong differences in sputter yield [303]. Figure 15 evidences the difference in 1249 

the ion projection between a specimen with and without cylindrical symmetry, demonstrating 1250 

that the most-commonly used reconstruction protocol will fail to reproduce a correct image 1251 

for blade-shaped specimens.  1252 

 1253 
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 1254 

Figure 15 Comparison between the image projection calculated for a specimen with rotational symmetry along the needle 1255 
axis (top), and a specimen with a blade shape (bottom). In both cases the azimuthal angle f around the specimen axis of the 1256 
initial of an atom the surface and the position of its corresponding ion hit on the detector was drawn. In the latter case the 1257 
conventional inverse projection law used to reconstruct atom probe dataset fails and must be corrected.       1258 

 1259 

 1260 

Several authors have proposed usable solutions for advanced models to calculate the reverse 1261 

projection [73,302]. The first issue that must be tackled by these new approaches is the 1262 

variations of reconstruction parameters arising from the gradual change of the emitter’s 1263 

shape over the course of the analysis. The most striking example of artefacts that are 1264 

theoretically possible to correct is the variation in magnification that occurs when analysing 1265 

a material composed of phases with different evaporation fields. Phases with low evaporation 1266 

field exhibit a lower magnification, which induces a significant variation in impact density 1267 

between phases. This ‘local magnification’ effect is particularly evident when analysing small 1268 

precipitates embedded in a matrix [236,304].  1269 

 1270 
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 1271 

Figure 16 Example of a dynamic reconstruction procedure applied to a specimen composed of different layers of materials 1272 
having significant differences in field evaporation constants. (a) Experimental voltage curve evolution during the analysis of 1273 
the specimen. (b) The system was modelled by a simplified field evaporation model assuming rotational symmetry. The 1274 
simulated voltage curve was compared to the experimental one to assess the evolving field factor and ICF during the analysis. 1275 
(c) The dynamic reconstruction is compared to standards reconstruction procedures. The dimensions eSi and eSiGe were 1276 
significantly improved by the dynamic reconstruction algorithm.  1277 

Most of the image projection is governed by the specimen’s end shape, thus an accurate 1278 

understanding of this shape can enable reconstructions with less distortion. Having the 1279 

capability to rapidly model the image transfer function of the instrument as a function of the 1280 

presence of phases or materials is mandatory in this approach. By expanding previous 1281 

approaches for homogeneous materials, Hatzoglou et al. showed that it was possible to 1282 
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estimate the evolution of the reconstruction parameters throughout the APT specimen field 1283 

evaporation for multi-layered structures using simplified field evaporation simulations [215]. 1284 

The model assumes a three-dimensional geometry with rotational symmetry. Accounting for 1285 

the evolution of these factors in the reconstruction protocol significantly improves the 1286 

reconstruction accuracy, Figure 16. This work demonstrates that the evolution of 1287 

reconstruction parameters can be predicted by field evaporation simulation, provided prior 1288 

knowledge of the analysed microstructure (for example the layer thickness). Application of 1289 

dynamic reconstruction protocols to experimental data leads to better reconstructed shape, 1290 

interface, and thickness in comparison with current reconstruction protocols. The results 1291 

represent an important step towards a more precise APT analysis of multilayered systems 1292 

which is important to understand their complex physics and emergent interface phenomena. 1293 

Note that the interfaces between layers must be perpendicular to the specimen’s main axis. 1294 

This dynamic reconstruction is not adapted to tilted layers [305]. To improve the method, the 1295 

full 3D morphology of the specimen must be considered. For this reason, but also for the sake 1296 

of saving computing time, 3D models with mean field definition of the specimen surface were 1297 

developed (mesoscopic scale). Mesoscopic models assume an evolving sample surface with a 1298 

defined curvature whose evolution is simulated as a function of time. Mesoscopic FE models 1299 

were first developed by Haley and co-workers using level set approaches, and over time 1300 

improved to incorporate the realistic impact of the surface electric field [278,302,306]. 1301 

Alternative approaches using specimen surface meshing were proposed. For instance, 1302 

Hatzoglou et al. proposed an approach to simulate FE at a mesoscopic scale (nm to μm) by 1303 

discretizing the evolving sample surface as a triangulated surface mesh [307]. The 1304 

evaporation sequence is simulated by estimating the evaporation rate of all the mesh 1305 

primitives (vertices and facets of the triangles supporting the mesh). The physical process of 1306 

the FE is injected using a continuous model of FE, that is parameterized to handle the local 1307 

composition and structure of the material and the local temperature.  1308 

Results of these simulations are presented for microstructures commonly analysed by APT 1309 

and compared to experiments, as in Figure 17 with a precipitate embedded in a homogeneous 1310 

matrix. This broadly demonstrates the validity and the relevance of this FE model at the 1311 

mesoscopic scale. The model accurately solves the electric field at the surface and the ion 1312 

trajectory from the specimen to the detector. Given its performance in computing time and 1313 

memory allocation, this model could be more generally used as a basis for a 3D reconstruction 1314 

algorithm [276,307].  1315 
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 1316 

Figure 17 : Modeling the field evaporation of the surface of a specimen with the presence of two phases with different field 1317 
evaporation constants. (from top to bottom) Electric field (V nm−1), radius of curvature (nm) at the sample surface ( top view), 1318 
impact density on the detector (number of impact per grid unit area), trajectories from the particle, and the 3D reconstruction 1319 
(V = 10 nm × 2nm × 17 nm; atoms of matrix in blue and those of the particles in orange), according to its evaporation field 1320 
FEv,B. (a) FEv,B > FEv,A, (b) FEv,A > FEv,B ⩾ 0.8 × FEv,A and (c) FEv,B < 0.8 × FEv,A with FEv,A the evaporation field of the 1321 
matrix. 1322 

 1323 

 1324 
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 1325 

   1326 

Figure 18 a) TEM image of a SiO2/Si/SiO2 trilayer parallel to the specimen axis, analysed in a laser assisted APT. The field 1327 
evaporation is observed to be highly inhomogeneous, with the Si layer being preferentially field evaporated. A variation of 1328 
the curvature radius is also observed between the laser illuminated side and the shadow side. b) Mesoscopic modelling of the 1329 
field evaporation of the same structure assuming a temperature gradient represented in c) between the illuminated side and 1330 
the shadow side, and a difference of field evaporation of 30 % between Si and SiO2.   1331 

Routine access to such mesoscopic modelling tool is of practical interest for APT analysis of 1332 

complex microstructures with phases exhibiting drastically different evaporation fields, 1333 

and/or absorption of the pulsed laser excitation. Figure 18 is an example of a multilayer 1334 

microstructure composed of SiO2 and Si aligned with the specimen’s main axis and analysed 1335 

in laser-pulsed APT. Following the analysis, TEM confirms an asymmetrical and complex 1336 

specimen end shape, Figure 18a. This complex end shape is successfully reproduced by the 1337 

mesoscopic model assuming strong differences in evaporation fields between phases and a 1338 

strong inhomogeneous absorption of the laser beam, Figure 18b. The illuminated side reaches 1339 

a higher peak temperature compared to the shadow side, Figure 18c, as also discussed 1340 

extensively in the literature [308,309]. Note that 3D modelling is required for specimens 1341 

without cylindrical symmetry.  1342 

5.4 Atomic scale approaches 1343 

Approaches described above reach their limits when the scale of objects of interest are close 1344 

to the atomic scale. The atomic roughness on this scale generates a complex landscape of 1345 

electric field in the vicinity of the surface that causes deviations of trajectories in the early 1346 

stages of the flight. These are rapidly amplified by the diverging electric field as discussed 1347 

above. This atomic scale roughness and the resulting electric field distribution at a distance 1348 

of a few tenths of a nanometre from the surface creates contrast in field ion micrographs of 1349 

metals [310]. These electric field conditions are comparable to those in APT, with some 1350 

additional complexities arising as the atom departs from the surface [272]. Nevertheless, it 1351 

was shown that a good approximation of the electric field distribution could be derived from 1352 

a geometric consideration of the surface composed of an assembly of atoms [271].  1353 

A quasi-conductive material may be considered as a continuous medium down to the atomic 1354 

scale, Figure 19a. When the specimen is subjected to a voltage, charges are found to be 1355 

concentrated on surface atoms. Below the surface, classical solid-state physics states that the 1356 

electric field rapidly decays within a distance smaller than the size of an atom; the Thomas-1357 



 43 

Fermi screening distance is smaller than 0.1 nm in most metals. Only residual oscillatory 1358 

contributions arise in a few subsequent layers with the application of strong surface electric 1359 

field. This result is confirmed by quantum calculations. Density functional theory (DFT) 1360 

predicts that the most protruding atoms concentrate the strongest surface charge [311–313], 1361 

and are therefore the locations of the highest external field as showcased in Figure 10a [311].  1362 

This result justifies the use of calculations or modelling approaches that approximate the 1363 

atoms constituting the surface by a subatomic scale polyhedral representation, Figure 10b, 1364 

since the surface charge distributed within a polyhedron produces a field that is strongly 1365 

dependent on the local surface curvature. Each atom produces its own protrusion above the 1366 

surface, and so the local field differs strongly from the average field at the surface. Surface 1367 

atoms may be considered as individual geometrical volumes, which can be as simple as cubes, 1368 

with charges present on the external facets of these volumes. The field distribution in free 1369 

space may be calculated assuming the external morphology of the assembly of atoms and 1370 

solving the Laplace equation by assuming a constant voltage V on the surface. A 3D mesh of 1371 

voltage nodes fined-grained close to the specimen’s surface, and coarse-grained at larger 1372 

distances, can be used to estimate the entire electric field distribution with good precision. 1373 

This mesh is used to compute individual ion trajectories travelling from the initial tip surface 1374 

to the detector. Different mesh symmetries, mesh geometries, boundary approximations, 1375 

and computational optimizations were developed by different authors for this purpose, and 1376 

were used to understand the image formation in APT. We refer the reader to Ref. [275] for 1377 

an overview of the evolution of modelling approaches. 1378 

An alternative approach for calculating the electric field distribution in APT uses the 1379 

electrostatic Robin’s equation to directly calculate the charge distribution over the 1380 

conducting surface of the tip, requiring no knowledge of the surrounding electric field, Figure 1381 

10c [284]. The partial ionization state of the surface atoms is at the core of the method. The 1382 

surface charge is assumed here to be discrete and spread on the positions of every surface 1383 

atom. The field distribution is retrieved using Coulomb’s law, based on the distribution of 1384 

point charges, without the need for a supporting mesh. The only requirement is a fine scale 1385 

definition of surface atom positions and the normal direction to the surface at each of these 1386 

points. The computational efficiency is ensured by an adapted version of the Barnes-Hut N-1387 

body problem algorithm. More technical details about the method are in Ref. [284]. 1388 

Both approaches assume atoms are fixed on a defined 3D structure (which can be a crystal 1389 

lattice or an amorphous structure) and the impact of physical parameters such as specimen 1390 

temperature or the presence of species with different evaporation fields strengths can be 1391 

evaluated. The distribution of the surface electric field, Figure 19a, can be used to evaluate 1392 

the impact of the atomic structure of the material of interest on the image formation in FIM,  1393 

Figure 19b, for instance.  1394 
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 1395 

Figure 19 (a) Surface charge (local electric field) of a virtual specimen with an FCC structure with a spherical diamond structure 1396 
inclusion (field evaporation 20 % higher than the matrix atoms) close to the tip centre. (b) Simulated FIM image, assuming 1397 
the tunnelling probability and the critical distance of ionization of gas atom. Difference in contrast between phases is uniquely 1398 
linked to the calculated surface field. (c) Simulated APT hitmap for the evaporation of 3 atomic monolayers on the detectors. 1399 
Trajectory aberrations of field evaporated atoms are strongly influenced by the charge distribution around evaporated atoms 1400 
in the first steps of flight (generating zone lines contrast). 1401 

 1402 

Once the potential (or the distribution of surface charges for the initial input structure) has 1403 

been obtained, the dynamic desorption of atoms is simulated by repetitive execution of three 1404 

basic steps. First, the algorithm looks for the surface cell which is exposed to the maximum 1405 

field strength and removes it, i.e. that cell becomes a “vacuum” cell. Different field 1406 

evaporation thresholds for desorption are considered by appropriate scaling of the surface 1407 

field. The sequence of evaporation is then deduced by assuming some simple physical law 1408 

describing the order of evaporation. The simplest one assumes that the sequence is fully 1409 

deterministic, and the atom under the highest field being the first to be removed. Note that 1410 

some models use the highest electrostatic force rather than the highest electric field criteria 1411 

[314].  1412 

Second, the potential is recalculated for the new configuration. And third, the ion-trajectory 1413 

starting from the origin of the removed atom is computed by integration of Newton´s 1414 

equation of motion. Each evaporated atom produces an impact position on a virtual detector 1415 

that is recorded. This procedure is applied sequentially, which results in a dataset comparable 1416 

to an experimental dataset that can be processed and reconstructed using similar protocols 1417 

for direct comparison.  1418 

Most of the artefacts observed experimentally in reconstructed APT datasets are well 1419 

reproduced using models that assume the electric field distribution with electrostatic 1420 

approximations on a field emitter [236,290,315]. To understand how the electric field may 1421 

affect the surface atoms, and the way the specimen is eroded during an APT analysis, it is 1422 

important to determine how the electric field is generated locally. Therefore, the exact 1423 

relationship between the curvature at the atomic scale and this field (which results simply 1424 

from the distribution of surface charges) must be evaluated. This distribution is a key 1425 

parameter to understand the regularity of the surface erosion by field evaporation of atoms. 1426 
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 1427 

Figure 20 Field evaporation simulation of a nanocavity in a metallic alloy. The simulation reproduces the APT analysis of a 1428 
NiCrAl medium-entropy alloy containing nano-sized He bubbles. The sample used for this study was the NiCoCr medium-1429 
entropy alloy containing nano-sized He bubbles surrounded by a shell enriched in Co and Ni. a) Snapshot of the tip surface 1430 
with representation of the local surface electric field with a color map (red: highest electric field blue: low electric field). b) 1431 
Simulation of a FIM image of the surface with the presence in the bottom right of a blurring feature induced by the focusing 1432 
effects of the nanovoid intercepting the tip surface. c) Simulated reconstruction of the distribution of Co, Ni and Cr (Co in 1433 
green, Ni in red, Cr in blue) including a shell with low evaporation field compared to the matrix. 1434 

The compromise of these models is to consider the sample being un-deformed, and non-1435 

perturbed between the removals of two successive surface atoms. This hypothesis is 1436 

supported by the conditions used experimentally during an APT experiment. The specimen is 1437 

held at a temperature in the range 20 K–80 K. From a classical point of view, atoms are 1438 

‘frozen’, and atomic movements are limited.  1439 

An example of a simulation provided to understand image artefacts in the analysis of 1440 

nanovoids is presented in Figure 20. The simulation reproduces the APT analysis of a NiCoCr 1441 

medium-entropy alloy containing nano-sized He bubbles [316]. These bubbles were first 1442 

identified by STEM performed on the APT specimen. Based on high angle annular dark field 1443 

images taken at different rotation angles, the size and coordinates of the bubbles were 1444 

accurately determined. Point density differences within the reconstructed APT data could be 1445 

directly correlated to the He bubbles found in the STEM images. The simulation gives access 1446 

to the morphology evolution of the sample as the specimen’s surface is field evaporated, as 1447 

well as the deformation in image projection even in the case of nanoscale features. In the 1448 

example, the shell of the nanovoids is enriched in Co and Ni and is focused on the core of the 1449 

void position, giving rise to artificial enhancement of the local point density in the 1450 

reconstructed APT datasets.   1451 

 1452 
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The model was used successfully in various systems. Thus, the correct input of the field 1453 

distribution after each evaporated atom should improve APT reconstructions. The access to 1454 

the atomic level is thus of fundamental interest to keep pushing the spatial precision of APT 1455 

measurements. APT is known for its excellent reconstruction performance in depth (z), which 1456 

is linked to the regular and controlled field evaporation sequence of the specimen. The 1457 

influence of an ‘ideal’ order of field evaporation, as it may be expected in APT image 1458 

reconstruction, was demonstrated using a purely geometrical model with atoms with the 1459 

same evaporation field [136,267]. In the model, the surface is seen to be eroded atom after 1460 

atom assuming the chosen atom to be field evaporated is always the most protruding atom 1461 

of the surface. Any protrusion at the surface enhances the local field, and electrostatics 1462 

predicts that the field increases proportionally to the degree of protrusion [317]. Degradation 1463 

of the depth precision occurs when this ideal order is perturbated. This is the case when 1464 

higher base or laser pulse temperatures are used [318].  These are even more critical as the 1465 

relatively recent extension of APT to non-metallic materials mostly employs laser pulsing [19]. 1466 

There are additional aspects that further increase the complexity of mechanisms that must 1467 

be considered to understand the image formation [319]. This was experimentally and 1468 

theoretically demonstrated by different authors [12,311,320,321].  1469 

Increases in temperature make the choice of the atom to be field evaporated less field 1470 

dependent and more stochastic [318]. The variation of local binding energy may also influence 1471 

the evaporation of surface atoms during the imaging process. This was pointed out by Gault 1472 

and co-workers when they measured a dependency of the depth resolution as a function of 1473 

the crystallographic direction [137]. The evaporation field may vary from place to place across 1474 

the surface even for pure materials [322], thus changing the evaporation order. In alloys, and 1475 

especially disordered alloys, the presence of elements with different evaporation fields along 1476 

with the presence atomic defects modify the perfect sequence of field evaporation and the 1477 

depth precision of reconstruction.  1478 

An example is presented in Figure 21 when a small quantity of Re is inserted in a matrix of 1479 

heavily deformed Ni with a large quantity of dislocations and vacancies. The simulation 1480 

demonstrated that the final reconstruction is perturbed, inducing spatial deviations of several 1481 

fractions of a nanometer. Models must describe how the atomic surface evolves under the 1482 

presence of a high electric field, which depends on the local roughness at the atomic scale 1483 

and between the successive evaporation of two atoms. We may note that assuming atoms 1484 

remain at rigid positions on the surface is sufficient only if spontaneous field evaporation of 1485 

atoms is involved. Nevertheless, the impact of the local arrangement of atoms, underpinning 1486 

the local electric field, and the influence of the stochastic nature of the field evaporation 1487 

process are important aspects of the most recent models developed to mimic the erosion of 1488 

alloys.  1489 

  1490 
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 1491 

Figure 21 Simulation cell with Re segregated to atomic defects (stacking faults) in the Nickel lattice. (b) Thin slice though the 1492 
reconstructed simulated data showing the in-depth degradation of the spatial precision after field evaporation.  (c) D-1NN 1493 
(distance to the first nearest neighbors in the same plane) and dz-1NN (distance to the nearest neighbors out of plane) for Re 1494 
atoms initially on the same plane in the input data in orange and in the simulated and reconstructed data in blue. 1495 

Understanding the degradation of spatial precision in the analysis of alloys by APT is of 1496 

fundamental importance, since local short or medium range order of atoms in complex alloys 1497 

can enhance mechanical properties. The deterioration of the spatial accuracy in alloys 1498 

composed of multiple species, each with an individual evaporation field (such as high entropy 1499 

alloys [300]) make quantifying short range order parameters from APT extremely challenging. 1500 

Recent studies highlight these difficulties using even the most favourable experimental 1501 

conditions in metals (e.g. low temperature analyse, voltage pulse, reduced evaporation rate) 1502 

[234,323,324]. This difficulty is inherent to the physics of field evaporation of complex 1503 

multicomponent systems, as it was demonstrated by simulation. For instance, simulating the 1504 

field evaporation of alloys composed of 4 different atoms having ranges of field evaporation 1505 

constants ±5 %, ±10 %, and ±20 % between elements, the spatial precision in atom positioning 1506 

was found to be degraded both in depth and laterally. The FWHM of the in-depth 1507 

reconstruction changes substantially, increasing from approximately 0.04 nm to 0.075 nm 1508 

whereas the lateral positioning precision is degraded up  0.1 nm to 1.2 nm, as the range of 1509 

evaporation field increases [325]. The precision of the measurement worsens with the 1510 

compositional complexity, with a clear mixing of nearest-neighbour positions. Notably, the 1511 

depth resolution is also affected [136], but remains more robust against a spread in 1512 

evaporation fields, thereby enabling the opportunity to quantify short-range ordering in 1513 

compositionally complex alloys along the z direction [326,327]. 1514 

5.5 Molecular dynamics approaches 1515 

Previous atomic-scale field evaporation simulations intrinsically assume that atoms are fixed 1516 

onto their crystallographic lattice inside the specimen until the electrostatic field reaches the 1517 

critical value for field evaporation. Nevertheless, a few experimental cases have shown that 1518 

some atomic species could move prior to observed field evaporation. For example, it was 1519 

found in a FeSi alloy with Si in solid solution that Si atoms may migrate short distances on the 1520 

surface following receding step edges on low index (011) planes [328]. This was also observed 1521 
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in more detail by Gault and co-workers in steels containing a low amount of non-metallic 1522 

solutes (e.g. C,N,P and Si) [329]. This movement was found to be weakly dependent on the 1523 

analysis temperature. A thermally activated migration process is possible, as observed in FIM 1524 

operating at high temperature [330], but it was supposed to be driven by a chemical or 1525 

relaxation process occurring when a significant difference in field evaporation exists between 1526 

matrix atoms and solute atoms. It was suggested by Gault and co-worker that this 1527 

phenomenon is field gradient triggered, as solutes migrate toward high electric field regions 1528 

on the specimen surface. These solutes often form homo- or hetero- species molecular ions 1529 

to facilitate their departure from the surface.  1530 

To integrate these movements that occur between successive evaporation, several molecular 1531 

dynamics model (MD) were developed concurrently. The “athermal” movement of atoms 1532 

implies integration of the relaxation of the atomic surface under the high stress that induces 1533 

spontaneous displacement of atoms, with a very low to null energy barrier. The relaxation is 1534 

induced here by the electrostatic forces existing between partially charged atoms on the 1535 

surface. These must hence be included in models. Note that correct models should consider 1536 

“pre-evaporation” effects such as atomic surface diffusion and global specimen deformation 1537 

induced by electrostatic pressure [331,332] as well as “post-evaporation” effects such as 1538 

atomic relaxation. For instance, it was observed by Tsong & Walco [333] that an electric field 1539 

gradient may generate a directional random walk by reducing the energy barrier for surface 1540 

diffusion. Short diffusional jumps are thus also influenced by local electric fields and local 1541 

polarisation effects.  1542 

These processes can be simulated by molecular dynamics (MD). In addition to the standard 1543 

interatomic interactions, the interaction between charged surface atoms and the electric field 1544 

must be included, as well as the Coulomb interaction between the partially charged atoms. 1545 

In this approach, the surface charge and field are calculated via solution of the Laplace 1546 

equation around the surface features and utilizing Gauss' law to calculate a corresponding 1547 

partial charge on each atom exposed to the electric field.  Parviainen et al. proposed models 1548 

combining molecular dynamic approaches with field evaporation models [334], and then at a 1549 

later stage combined with the Robin-Rolland model described above to account for the 1550 

surface charges [335]. By dynamically calculating the induced charge on surface atoms 1551 

(corresponding to a given applied external electric field), the force resulting from the 1552 

interaction between the electric field and the charged atom is then added to the classical 1553 

interatomic interactions included in classical molecular dynamics. Thus, it is possible to use 1554 

the technique to simulate any metallic sample for which a suitable MD interatomic potential 1555 

exists. 1556 

This extension of MD enables the study of the effects outlined above. For instance It was 1557 

shown that adatom migration of W on W is modified in the presence of an electric field, in 1558 

good agreement with experimental observations [336]. Results show that in the presence of 1559 

an external electric field, adatom migration can be enhanced by almost an order of magnitude 1560 

on a W sample. The electric field indeed pulls the migrating atom away from the surface, 1561 

weakening the interaction with the other surface atoms, and allowing it to move more freely 1562 

on the surface. The calculated surface diffusion coefficient increases with increasing field, 1563 

Figure 22A. However, once the field is sufficiently strong, it will trigger field evaporation 1564 

instead of migration. It was also observed how the removal of one or more surface atoms 1565 

alters the local electric field, making it difficult to interpret experimental sequences of FIM 1566 

images, Figure 22B [257]. It was also shown that the diffusion coefficient increases with time, 1567 
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as the migrating atoms drift towards edges where the local electric field is enhanced due to 1568 

geometric effects. The presence of an adatom will further increase the field enhancement 1569 

near a ledge, raising the probability of atoms from a lower plane climbing up the ledge, or 1570 

triggering the evaporation of the ad-atom and nearby atoms, Figure 22C. 1571 

 1572 

Figure 22: A) Simulated migration path of a W atom on a W sample surface under a high electric field. Due to geometric field 1573 
enhancement the field is higher at the edge, leading to a directed migration. B) Calculated change in the local electric field 1574 
when one atom is removed from a W {111} surface. The change in the direction is several degrees, which affects the 1575 
trajectories of any evaporating atoms. C) A migrating W atom enables another W atom to climb up a ledge an a simulated 1576 
W sample (Figure and caption from [336]). 1577 

To provide some perspective, with this enhanced MD it is possible to model accurately and 1578 

efficiently and the dynamic evolution of the specimen shape as well as the distribution of the 1579 

electric field at atomic resolution.  The shape and local field are tightly coupled together, 1580 

forming almost a feedback loop: an increase in the specimen local curvature can locally 1581 

increase the electric field, which in turn affects the shape of the tip via additional forces 1582 

exerted by the field at the surface that can facilitate surface diffusion. Such an 1583 

implementation of MD is needed to understand the morphological changes that may occur 1584 

and that affect the obtained tomographic data.  1585 

In addition to modelling dynamic processes, molecular dynamics also has another advantage 1586 

in that while integrating the atomic trajectories, information about the binding energy of each 1587 

atom also becomes available. This binding energy can be used to estimate the evaporation 1588 

probability for individual atoms more accurately than simply looking at the local electric field 1589 

strength and comparing them with pre-tabulated critical evaporation field values. This 1590 

approach is more flexible, as it makes no assumptions about the crystal structure, number of 1591 

neighboring atoms, or other factors that affect the critical evaporation field. It is also possible 1592 

to estimate the critical evaporation field directly by observing the value of the local electric 1593 

field that is sufficient to break the bonds between an atom and the rest of the surface. 1594 

Such simulations are also necessary to interpret the apparent in-depth displacement of some 1595 

specific species in pure matrix (the simulated case in this last reference was Cu in Al). Some 1596 

experimental evidences of retention of B atoms in Si over several atomic layers were observed 1597 

in laser assisted field evaporation of B-doped Si [337], and similar observations were reported 1598 

in Fe-based materials [338]. Such large-scale movements imply physical retention/surface 1599 

diffusion mechanisms at the tip surface that take place at high laser pulse energies.  1600 

Finally, in non-metallic alloys the problem can be even more complex, since electric charges 1601 

redistribute in a complex way depending on the chemical nature of the atoms. For instance, 1602 

the field evaporated surface of stochiometric MgO was observed to be more rough than the 1603 

same surface before running APT in laser mode at low intensity illumination [339]. This 1604 

phenomenon was also attributed to photoionization effect, when the absorption of a photon 1605 
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by surface atoms may cause direct field evaporation, and therefore less driven by the 1606 

electrostatic field. In semiconductors or insulators, field evaporation assisted by laser pulses 1607 

appear to be more complex than classical field evaporation in metals. In oxidized Fe and Zr, 1608 

the presence of unexpected layers of oxides is interpreted by field induced in-depth diffusion 1609 

and oxidation at the nanoscale [340]. It was also pointed out that residual internal electric 1610 

field could be the source of field driven diffusion during the field evaporation process of 1611 

species with high ionic conduction such as Li-doped silicate and borate glasses [341] or oxides 1612 

for Li-ion battery cathodes [176]. Under measurement conditions in laser-pulsed APT, the 1613 

mobile Li ions are redistributed in response to high electric fields. As a consequence, the direct 1614 

interpretation of the Li-distribution is significantly uncertain. Understanding and modeling 1615 

these processes will enable improvement in APT’s analytical performance for such challenging 1616 

materials.  1617 

5.6 Density Functional Theory approaches  1618 

The charge redistribution associated with thermal or athermal relaxation of the surface 1619 

structure is obviously out of the reach of conventional MD approaches since the chemical and 1620 

the collective nature of the electrons at the specimen surface must be considered. Most 1621 

advanced treatments use density functional theory (DFT) to calculate at the atomic scale how 1622 

electron density redistributes when a sheet of materials is biased to a constant voltage 1623 

[312,342]. These models, which reproduce the atomistic surface of the material, ought to give 1624 

reliable results in both metals and non-metals. To simplify the problem, several ways of 1625 

computation have been pursued.  1626 

The very first models used a 1D approximation for the substrate using a jellium structure 1627 

[313]. The effects of a strong positive electric field on the surface geometry of a smooth metal 1628 

single crystal surface were presented in the early eighties. The results were  explained in 1629 

terms of a simple analytical model depicting field evaporation differently from the established 1630 

empirical models [343]. With this approach, it was pointed out the possible role of field 1631 

induced reconstruction, in particular for determining the critical field for stripping the surface 1632 

layer of atoms. The field evaporation was considered for a full atomic layer of atoms in 1D. 1633 

However, this model was too crude to be compared with realistic experimental data because 1634 

of the real atom-by-atom nature of the process and because of the three-dimensional nature 1635 

of the atomic surface.  1636 

Field evaporation simulations based on quantum mechanical calculations including real three-1637 

dimensional nature of the surface were later introduced [281,344–357]. 3D field evaporation 1638 

simulations were reported on different pure materials (e.g. Al, Si, Mo, W) under three-1639 

dimensional periodic boundary conditions, or on small clusters of atoms for some compounds 1640 

(e.g. AlSc, ZnO, MgO…). More recent approaches take into account the local reconstruction 1641 

of the  surface under the electrostatic stress during the field evaporation process [358–360]. 1642 

In these recent studies using different numerical models, the local interaction of an atom with 1643 

its neighbors and the collective behavior of surface atoms during field evaporation was shown 1644 

to play a great role in the energetics of the process. This is especially true under the relatively 1645 

low electric field conditions relevant to laser-pulsed excitation or low evaporation rate in 1646 

voltage mode. An example is the atom of interest rolling up above the surface atoms before 1647 

departure, which involves a local displacement and provides transverse velocity [347]. This 1648 

roll-up perturbates the atom trajectory in the first step of flight and influences the energetics 1649 

of the field evaporation process [281,355,357].   1650 
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As an example shown by Ashton et al. [357], Figure 22, the field dependence of the activation 1651 

energy for evaporation events for W, in agreement with experimental measurements, do not 1652 

follow the behavior predicted by earlier theoretical models. These models  generally assume 1653 

an ideal straight-line departure of the ion from the surface [21,23]. The field evaporation 1654 

mechanism is effectively a two-stage process: first a roll-up event, followed by the actual 1655 

departure from the surface. Each of the two stages has its own respective energy barrier. The 1656 

roll-up can be understood as a competition between the force of the evaporating atom’s 1657 

nearest neighbor bonds and the force of the field tugging on the ion. Classical models predict 1658 

unphysically high barriers with fields lower than the evaporation field [361].  1659 

 1660 

Figure 23 Energetic barriers as a function of applied electric field for a W atom on top of a W slab. To mimic a step-like 1661 
structure, the slab is oriented in the <10 8 1> direction, and one kink atom was considered. The barrier to the initial rollover 1662 
motion (blue) and the barrier to evaporation from the adatom site (red) are plotted separately. Experimental data previously 1663 
reported for tungsten are shown in black [361]. Image from Ashton et al. [359] 1664 

5.7 Perspective 1665 

These recent models highlight the necessity to simultaneously describe the charge 1666 

redistribution at the specimen’s surface, the local arrangement of atoms around the atom of 1667 

interest, and the collective motion of atoms in the process of field evaporation. These three 1668 

aspects are all necessary to correctly capture the physical parameters for each atom including 1669 

the threshold electrostatic field to trigger field evaporation, the sensitivity to this field, the 1670 

initial position, the kinetic energy of the expelled ion, and the reconstruction of the surface 1671 

after the process. Note that the collective nature of the process and the persistent interaction 1672 

between the evaporating atom and its nearest neighbors is likely responsible for the 1673 
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substantial number of spatially correlated co-evaporation events experimentally observed 1674 

[256].  1675 

The atomic-scale field evaporation mechanism is therefore an important piece of the theory 1676 

of APT. The success of DFT to provide a realistic picture of the field evaporation process, 1677 

compared to former phenomenological descriptions, offers us a new way to guide the 1678 

interpretation and design new experiments. The evidence provided in these studies is 1679 

essential for accurately controlling and interpreting APT on various systems and pushing 1680 

performance of the instrument to its ultimate boundaries. However, since DFT can only be 1681 

applied on system composed of a up to a few tens or hundreds of atoms, it alone is unable to 1682 

provide a complete picture of an APT specimen. Multiscale simulations integrating from DFT 1683 

to MD to FEM/BEM models must be developed to provide a full description of APT in the 1684 

future.    1685 

6 Analytical performance 1686 

For many aspects of APT, there are no standard ways to assess the elemental or spatial 1687 

resolution, even if some attempts have been reported across the literature. In the following, 1688 

we focus on the main concepts that limit the performance, both from in terms of 1689 

compositional and spatial analyses. It is important to state once again that many of the 1690 

limitations arise from the physics of the field evaporation process and only moderately from 1691 

the instrument itself – if we exclude the detector efficiency.  1692 

6.1 Compositional analysis 1693 

Conventional mass spectrometry techniques, including SIMS, analyse billions and billions of 1694 

ions. In comparison, APT analyses contain tens to hundreds of millions of ions. This can limit 1695 

the sensitivity of APT and the precision of the composition reported. In recent years, some 1696 

metrics have been proposed to quantify its sensitivity [26], yet once again, there is no wide 1697 

community adoption. The mass resolution of APT used to be defined by measuring the full 1698 

width at half or tenth maximum of a peak within the mass spectrum. In most cases using 1699 

modern instruments, peaks are sufficiently narrow to avoid overlaps at half-maximum and 1700 

even at tenth maximum. The width of mass peaks can be related to the precision of voltage 1701 

and the flight distance measurements, as well as that of the time-of-flight. This is rarely a 1702 

relevant information to assess the compositional sensitivity of the technique. What limits the 1703 

accuracy of the compositional analysis is more often the presence of background, the relative 1704 

signal-to-background ratio, and whether the difference between peaks and background is 1705 

statistically significant.  1706 

6.1.1 Origins of the background 1707 

There are two main sources of background. First, the MCPs that are used on the entry face of 1708 

the particle-detector to convert an ionic impact into a detectable electron signal have a “dark 1709 

current”, i.e. a discharge that can be related to asperities on their surface or ionisation of 1710 

residual gases in their vicinity. This leads to a few counts per second per square centimetre 1711 

of the MCPs. The second source of background is the detection of ions that depart in between 1712 

pulses, and whose time-of-flight cannot be recorded appropriately as a consequence. These 1713 

can be either from field ionisation of residual gases from the chamber or from the field 1714 

desorption of surface species, i.e. adsorbed atoms or molecules from the residual gas or the 1715 
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field evaporation of surface atoms because the amplitude of the DC field is sufficient to cause 1716 

their departure.  1717 

At this point, let us go back to some considerations regarding the probability of field 1718 

evaporation. The field evaporation rate follows an Arrhenius-type law, whereby the electric 1719 

field lowers an activation barrier and atoms field evaporate through a thermally-assisted 1720 

process [23]. To a first approximation, at field close to the field evaporation threshold, one 1721 

can consider that the field necessary to reach a certain evaporation rate φ varies linearly with 1722 

the temperature at which the field evaporation occurs [362]. This variation is schematically 1723 

depicted in Figure 24a. The region shaded in orange is a network of curves for a range of 1724 

evaporation rates. Experimentally, the field can be adjusted via the voltage, and the base 1725 

temperature can be selected as one of the data acquisition parameters. To maximise the level 1726 

of control over the field evaporation process, conditions should be selected that correspond 1727 

to the blue circle: without pulsing the field (i.e. voltage pulsing) or the temperature (i.e. laser 1728 

pulsing), no significant field evaporation takes place. This will limit the measured background 1729 

level.  1730 

Under conditions indicated by the crossing of the dashed grey curves, a measurable rate of 1731 

field evaporated ions will be generated. Indeed, the field evaporation of an atom uncorrelated 1732 

to a pulse does not allow for a measurement of the time-of-flight, and field evaporation at 1733 

the DC field can take place at any time leading to a level of “white” noise across the mass 1734 

spectrum. The conversion of the time-of-flight into a mass-to-charge ratio is defined by a 1735 

quadratic relationship, making this random time-independent background appear as a slow 1736 

decaying signal with increasing mass-to-charge ratio in the mass spectrum.  These are 1737 

indicated by the regions shaded in green (low background) and red (high background) in 1738 

Figure 24b.  1739 

Importantly, because the evaporation field varies with the considered species, both the 1740 

position and slope of this network of curves depends on the considered species. This is shown 1741 

in Figure 10a as a second network of curves in blue. Controlling the conditions can then 1742 

become much more complex, as too high a DC field can lead to the so-called “preferential” 1743 

field evaporation of the species with the lowest evaporation field or the retention on the 1744 

surface of the species of the highest evaporation field [328]. Either way, this can have 1745 

consequences on the analysis, with the former being more problematic from a compositional 1746 

standpoint as it leads to the loss of the species with the lowest evaporation field. Much 1747 

remains unknown as to how to estimate evaporation fields for each species in an alloys, since 1748 

variation from local atomic neighbourhoods can be expected [363] including for a single 1749 

species across two different phases for instance [364].  1750 
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 1751 

Figure 24: (a) Networks of curves of the variations of the electric field necessary to cause field evaporation at different rates 1752 
as a function of the specimen’s base temperature. The pulsing modes are indicated by arrows, along with possible sets of 1753 
analysis conditions, and for two different elements. (b) cartoon view of a section of a mass spectrum, showing two levels of 1754 
background in red and green, (modified from [202]).  1755 

6.1.2 Origins of the peak shape 1756 

The shape of the peaks is related to the distribution of the times-of-flight for ions of a given 1757 

mass-to-charge. In voltage pulsing mode, there is a distribution in the energy of the emitted 1758 

ions with the appearance of so-called energy-deficits associated with the fact that not all ions 1759 

are emitted strictly on the top of the pulse. Hence, some are not accelerated by the exact 1760 

same potential. This leads to a spread in the ions’ energy and numerous ions with longer 1761 

times-of-flight that form the tail of the mass peaks.  1762 

In laser pulsing mode, all ions are accelerated by the same DC voltage, and they hence have 1763 

the same energy. However, there can be a delay in the emission of the ions caused by the 1764 

duration of the thermal pulse that depends on the material’s thermal diffusivity as well as on 1765 

the geometry of the specimen [365,366]. These lead to potentially long tails of the mass peaks 1766 

that can overlap to form a higher level of background locally. Possible differences are 1767 

indicated in the schematic in Figure 24b, with the yellow mass peak showing a slower decay 1768 

than the peak for the same species in blue.  1769 

The presence of these tails, notwithstanding their origins, can affect the accuracy of the 1770 

measured mass and create overlap with peaks pertaining to other isotopes or elements. On 1771 

average, the use of reflectron-fitted instruments will help reduce these tails. This occurs in  1772 

high-voltage pulsing mode by focusing the ions “in time”, meaning that the reflectron equates 1773 

the time-of-flight of ions with the same mass-to-charge but different kinetic energies by 1774 

making ions with more energy travel over a longer path. It works in laser pulsing mode by 1775 

increasing the flight distance and hence time-of-flight making the relative measurement error 1776 

relatively smaller.  1777 

6.2 Role of the detector 1778 

There are several factors related to the detector itself that can limit the detection of a species. 1779 

The biases used on the MCPs are selected to make them insensitive to the energy of the 1780 

incoming ions – at least above a certain threshold (typically 2 kV). The amplitude of the 1781 

electronic signal generated should be the same for light and heavy ions regardless of the 1782 

charge state. Data acquired at too low voltages, may however have species-specific losses.  1783 
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Additional losses can originate from the dissociation of molecular ions that lead to the 1784 

formation of low-energy ions or neutral atoms or molecules. Depending on where along the 1785 

ion flight the dissociative event occurs, the daughter ions may not have been accelerated 1786 

sufficiently to trigger a detectable signal[265]. During dissociation, daughter ions may not 1787 

acquire the energy that is necessary to make the time-of-flight of these ions close enough to 1788 

other ions from the same species, making it impossible to associate them to a specific range. 1789 

These aspects are typically revealed by using Saxey’s approach of a correlation 1790 

histogram[261]. 1791 

For data acquired at higher voltages, the main issue is the capacity for the detector to process 1792 

multiple ions emitted by a single pulse striking the detector. If ions are separated by a 1793 

sufficient distance or a sufficient time, there is normally no issue. The critical distance and 1794 

time depend on the specific detector, its configuration, and the processing of the signals 1795 

[16,49,50]. For modern commercial instruments when an ion strikes the detector it creates a 1796 

“dead area” over a certain duration, typically a few ns, which then propagates over time over 1797 

the entire surface of the detector [51]. A second ion striking the detector during that time or 1798 

in that region has a higher chance of being lost, which is referred to as the pile-up effect [367]. 1799 

The shape of the dead area, once again, depends on the detector itself and can be 1800 

characterised by looking at materials such as carbides with high rates of multiple events [52]. 1801 

Species-specific losses arising from such mechanisms have been reported in the case of C 1802 

[52,368,369] and B[51,370]. 1803 

6.3 Performance and optimisation 1804 

Sensitivities as low as 10 atomic parts-per-million have been quoted in the past [37,371]. This 1805 

is not universal for any element in any specimen. The actual sensitivity in a given experiment 1806 

depends on the specimen, material, and element of interest as well as the local background, 1807 

both time dependent and time independent. For instance, at a given level of background 1808 

more atoms of an element with multiple isotopes (say, Sn) will be required  to be detected 1809 

compared to monoisotopic elements (say, Al or Co). In addition, due to the varying level of 1810 

background vs. mass-to-charge, but also the wider peaks and hence worse mass resolution at 1811 

higher mass-to-charge, quoting a single number for the performance of APT is nearly 1812 

impossible and, to be perfectly honest, meaningless.  1813 

There is a significant sensitivity of the analytical performance based on the selection of 1814 

experimental parameters, particularly the balance between the base temperature and the 1815 

electric field. The latter can be adjusted via the target detection rate. One should aim to 1816 

maximise the electric field while minimising the level of background. A higher background can 1817 

hinder the detection of peaks from minor elements, whereas a higher field normally offers 1818 

better control over the sequence of field evaporation. Higher fields yield higher spatial 1819 

resolution yet can facilitate preferential evaporation and lead to species-specific 1820 

losses[328,372,373] as well as an increase in the number of multiple events, and hence 1821 

possible losses from detector pile-up. Optimising parameters will help with balancing these 1822 

antagonistic aspects, but the “perfect” data does not exist.  1823 

6.4 Spatial performance 1824 

APT data representation being based on a point cloud gives a misleading impression of infinite 1825 

precision in the reconstructed atomic positions. Errors on the measured distances or size are 1826 

rarely considered or displayed on composition profiles, in contrast with statistical error 1827 

estimations on the measured composition. This section provides perspective on the spatial 1828 
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precision achievable by APT. Ultimately, it should be noted that the problem of the resolution 1829 

of APT is not so much that an object below the quoted resolution cannot be imaged, i.e. the 1830 

atoms constituting that particle will be ionised and detected with the same probability as 1831 

those form the surrounding matrix. The key issue is that the measurement of its composition 1832 

will be inaccurate since mixed with atoms from the matrix. 1833 

6.4.1 For single phase materials 1834 

Conversely to most conventional microscopy techniques where the optical system and the 1835 

source are decoupled, in APT the main projection optic is the emitting specimen itself. This 1836 

makes the resolution dependent the individual specimen and strictly speaking not even 1837 

constant over the course of a single analysis. The resolution limit arises from trajectory 1838 

aberrations associated with the distribution of the electrostatic field at the near-atomic scale, 1839 

which depends on the local atomic organisation on the surface [374]. This has been 1840 

extensively studied by finite-element simulations [275] that have shown how the local 1841 

distribution of the field can push the departing atom sideways compared to what would be 1842 

expected from a straight projection. In addition, local gradients in field can drive migration of 1843 

the partially charged atom onto its neighbours on the surface, prior to departure. These 1844 

motions are referred to as roll-up and have been studied experimentally [272,347,362]. In 1845 

recent years, insights from density-functional theory calculations have come in support to 1846 

these processes [351,357]. These roll-ups push the departure position away from the 1847 

original’s atom position inside the material, further degrading the spatial resolution. For the 1848 

most part, these effects are related to the high fields that are necessary to perform APT 1849 

analysis and cannot be avoided.  1850 

Following departure from the surface ions follow trajectories that depend on the distribution 1851 

of the electrostatic potential inside the microscope, and depend on the specimen’s curvature 1852 

and global shape [207,213]. Ultimately, notwithstanding the actual trajectories, the ion’s 1853 

projection can be well described by a range of projection laws [208,209,375] (provided that 1854 

the parameters are adjusted for each specimen) [212], and to some extent, the analysis 1855 

conditions [376]. Unfortunately, these parameters also change during the course of an 1856 

experiment since the specimen is being eroded and the radius progressively increases, as 1857 

supported by measurements [214]. There are still debates as to what projection model to use 1858 

[209]. These projection models assume cylindrical symmetry and an isotropic magnification, 1859 

and as such reflect the main features of the projection but cannot account for the details of 1860 

the trajectory of each individual ion.  1861 

These effects all combine to offset the positions of the atoms in the reconstructed data, 1862 

resulting in a limited spatial resolution that depends on the species considered. It is important 1863 

to note that these aberrations primarily affect the lateral position of the atoms, more so than 1864 

the depth since that is calculated based on the sequence of detection of the ions primarily. 1865 

Most attempts to quantify the spatial resolution were on pure metals. For the depth 1866 

resolution, the spacing of the reconstructed atomic planes was considered the appropriate 1867 

metric, and was measured using spatial distribution maps or Fourier transforms 1868 

[137,268,377,378] This method leads to depth resolutions reported down to 20 pm[379] for 1869 

Al and 60 pm[268] for W. Lateral resolutions in the range of 200 pm were reported by 1870 

analysing the evolution of the depth resolution from Fourier transforms spatial distribution 1871 

maps as the analysis volume is tilted [137,268,269]. The elephant in the room in this latter 1872 

case is evidenced in Figure 25: in (a), the map obtained for {002} planes in pure-Al has the 1873 

expected distribution of neighbour atoms along the plane, but a profile through the map 1874 
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along the dashed orange line and plotted in (b) shows that if some atoms are where they are 1875 

expected in these peaks, a majority of the atoms are not and contribute to a high level of 1876 

background. This means that most of the neighbourhood relationships are lost due to the 1877 

offset induced by trajectory aberrations.  1878 

 1879 

Figure 25: (a) 2D spatial distribution map for {002} planes in pure Al; and (b) amplitude of the distribution calculated along 1880 
the dashed orange line in (a). The dashed red line in (b) gives an estimate of the background and in black is the background-1881 
reduced distribution (modified from [243]). 1882 

Recent work attempted to quantify the offset in the case of compositionally-complex alloys 1883 

containing 5 elements in an equimolar mixture using finite-element simulations [284]. This 1884 

analysis considered as input data pairs of neighbour atoms sitting on the same horizontal 1885 

plane versus how far they are from each other in the reconstructed data within a horizontal 1886 

plane and in depth, as plotted in Figure 26. Three ranges of evaporation field across the five 1887 

species were considered: ±5 %, ±10 %, and ± 20 % variation around an average in (a), (b), and 1888 

(c), respectively. This analysis shows that as the spread in evaporation field increases, the 1889 

likelihood that atoms remain first neighbours drops substantially, with the offset in the z-1890 

direction being smaller by an order of magnitude on average. The relative robustness of the 1891 

z-resolution has been used to study site occupation relationships in intermetallics 1892 

[241,380,381] and recently also to investigate possible short-range ordering reactions [382]. 1893 

 1894 

Figure 26: Results from finite-element simulations of the field evaporation of 5-element equimolar materials, considering 1895 
atoms initially nearest neighbours and located at the same depth in the input data, the distributions of the distance to the 1st 1896 
nearest neighbour within the same plane (D-1NN) and in the depth (dz-1NN) after field evaporation simulation and data 1897 

(a) (b)
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reconstruction are plotted for three ranges of evaporation fields FE (a) ± 5 %, (b) ±10 %, and (c) ± 20 %  around an average 1898 
field (from [325]).  1899 

For single phase materials, there are reports in the literature of possible surface migration 1900 

prior to the departure of the atoms from the specimen’s surface [329,330]. These are 1901 

assumed to be due to the retention of atoms of species requiring a very high field to trigger 1902 

their evaporation on the surface, for instance C in Fe. During the time they are on the exposed 1903 

surface, they can hop from one site to another driven by local field gradients [330]. This leads 1904 

to their field evaporation from where the last atomic planes collapse, i.e. at the centre of 1905 

poles and on zone lines where the build-up of the field can be very high. There have also been 1906 

reports of apparent increase in composition of certain species along crystallographic poles. 1907 

These are most likely related to “chromatic aberrations”, i.e. whereby the evaporation field 1908 

of atoms of a certain species at the pole makes them more susceptible to trajectory 1909 

aberrations than others [364]. This is often visible in Al-alloys but also in numerous alloys 1910 

(FeCr, compositionally-complex alloys etc.) and should not be mistaken for the signature of a 1911 

different microstructural feature [325,383].  1912 

6.4.2 For materials with multiple phases 1913 

 1914 

Figure 27: Distribution of the electrostatic field around a simulated shape for ε = 0.5. For clarity, a schematic view of the 1915 
cylindrical precipitate in the core of the specimen has been superimposed (yellow). (b) Similar distribution for ε = 2.0. For 1916 
clarity, a schematic view of the cylindrical precipitate in the core of the specimen has been superimposed (yellow). (c) Impact 1917 
position on the detector as a function of the radial position at the specimen surface for cylindrical precipitate with rp ∼ 3 nm 1918 
and ε = 2.0 (cyan and pink rp ∼ 16 nm and ε = 0.55 (red and blue) and rp ∼ 3 nm and ε = 0.55 (purple and green). Schematic 1919 
views shown in the insets (from [384])  . 1920 

Additional issues arise when the curvature of the specimen’s surface has heterogeneities, i.e. 1921 

a locally higher or lower curvature, as this causes local changes in magnification [317] that 1922 

lead to additional trajectory aberrations [304]. In Figure 27 are results from 2D simulations 1923 

for two configurations of a cylinder in the core of a specimen forming a trough in (a) or a 1924 

protrusion in (b) [384], and the result of projection of ions placed at different locations on the 1925 

specimen surface on a virtual detector in (c). The interest here is to visualise that in all cases, 1926 

some positions on the detector have ions originating from two different points on the 1927 

emitting surface. There can be a “negative magnification” whereby ions originating from one 1928 

side of the specimen land on the other side of the detector (green & purple). These curvature 1929 

heterogeneities can arise from local changes in composition, i.e. secondary phases or 1930 

precipitates [236], or crystalline defects [385]. The effect of these trajectory aberrations can 1931 
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be traced within the reconstructed data as variations in the point density [236], which can in 1932 

turn be used to correct the reported composition of particles [386–388].  1933 

A recent article by De Geuser et al. reviewed the literature reporting particle size measured 1934 

by APT and small-angle X-ray or neutron scattering (SAXS/SANS) for precipitate-strengthened 1935 

alloys[12]. A cut-off was revealed for particles below approximately 1 nm as measured by 1936 

APT. Once again, this only means that their size and composition measurement will be 1937 

inaccurate, not that they are not imaged. This does not remove the fact that APT is uniquely 1938 

positioned to provide extremely valuable insights, simply that care should be taken when 1939 

reporting and interpreting the results. 1940 

6.5 Hydrogen 1941 

Spatially resolved characterization of hydrogen has been a long-standing frontier in 1942 

microscopy and microanalysis and is an area where atom probe can provide unique insights. 1943 

Hydrogen is known to embrittle and cause catastrophic failure for many materials [389,390]. 1944 

However, its 3D spatial distribution within material structures at the atomic scale is difficult 1945 

to determine using spectroscopic techniques and it is impossible to image directly. Hydrogen 1946 

is readily detected in APT, but it is challenging to establish whether it originates from the 1947 

specimen itself or from residual hydrogen from within the vacuum chamber. Isotopic labelling 1948 

has been proposed as an approach to circumvent this issue [78,391,392]. Samples are charged 1949 

with deuterium, which can serve as a marker for hydrogen from within the sample itself. This 1950 

has been shown to successfully allow for the detection of hydrogen trapping [392,393], 1951 

although quantification is not straightforward [394] and will depend on the analysis 1952 

conditions [263,395]. In order to minimise diffusion of hydrogen out of the specimen, it is also 1953 

necessary to keep the sample cold between charging and analysis. The study of hydrogen by 1954 

APT has hence been facilitated in the past few years by developments in specimen transfer 1955 

under cryogenic conditions. It has been shown that hydrogen can be trapped at grain 1956 

boundaries, phase boundaries, and dislocations [155,396–398], and there have been several 1957 

studies reporting the analysis of hydrides and their growth mechanisms[399,400]. A  1958 

7 Outlook  1959 

APT has remained a niche technique for several decades, but the past 20 years have seen 1960 

both novel developments and ventures into new fields that make the outlook for the 1961 

technique rather bright. There are efforts in multiple directions, some of which we will discuss 1962 

below: 1963 

(1) Through direct integration of an atom probe into a TEM, there are opportunities to 1964 

potentially achieve true “atomic-scale tomography” [71], which has been a 1965 

longstanding goal for the community. The TOMO instrument at Forschung Zentrum 1966 

Jülich is to be delivered before the end of 2024 and should start operation relatively 1967 

soon after [74]. What may seem like the ultimate atomic-scale analytical instrument 1968 

will not lead to miracles and will require dedicated and targeted developments in 1969 

terms of specimen preparation, data acquisition, reconstruction, and processing in 1970 

order to deliver its full potential. Amongst key limitations will be the limited efficiency 1971 

of the single particle detectors – i.e. even if we could image that an atom has departed 1972 

the surface of the specimen by electron microscopy, it may still go undetected. This 1973 

may be overcome by advances in detector technology, as proposed by Kelly and Hunt 1974 

[401]. If the design is similar to other delay-line detectors [402], the physical principle 1975 
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is different and allows for avoiding the use of microchannel plates with their limited 1976 

opened area leading to ion losses. There is also need to better understand the 1977 

probabilistic nature of trajectory aberrations, revealed in more details by recent work 1978 

using density-functional theory [357,403], and to combine these with modelling 1979 

efforts [275,307] to better define the initial atom’s position.  1980 

 1981 

 1982 

Figure 28: Diagram of the difference between the trajectories of a population of imaging gas ions, in blue, leading to the 1983 
formation of an individual spot on a field-ion micrograph, and, in red, for an individual field evaporated ion leading to a single 1984 
detector impact in atom probe tomography. From [325] 1985 

 1986 

(2) Along similar lines, there have been efforts at combining atom probe and field-ion 1987 

microscopy [33,34]. In these experiments APT is performed with a higher pressure of 1988 

an imaging gas that allows for forming a field-ion image at the DC voltage in between 1989 

pulses, while atoms from the specimen itself are field evaporated by the pulses. The 1990 

issue of the high level of background from the time-independent field ionisation can 1991 

be overcome through data mining and filtering. FIM allows for imaging the precise, 1992 

actual atomic positions before the atom has been field evaporated, so in principle has 1993 

full atomic resolution – at least on some of the imaged atomic planes. In combination 1994 

with the analytical capabilities of APT and  contrast interpretation by density-1995 

functional theory, this has enabled precise imaging of interaction between structural 1996 

defects and specific solutes in simple alloys [31,33,404]. Energy-sensitive detectors, 1997 

such as those recently proposed by Bacchi et al. [405] could further help with data 1998 

filtering.  These could be combined with novel instrumentation developments for FIM 1999 

[406], along with new method developments [407–409] to push the boundaries of 2000 

analytical field-ion microscopy. 2001 

(3) In terms of developments on the instrument side, the use of increasing photon energy 2002 

in pulsed-laser atom probe may lead to potentially exciting new physics [39,67]. These 2003 

novel, complex instruments may also offer additional mechanisms to better control 2004 
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the field evaporation from materials that have not so far been amenable to APT 2005 

analysis – including organics and soft matter.  2006 

(4) With respects to efforts in this latter space, soft matter, there have been several 2007 

articles pointing to a possible role of APT in addressing fundamental questions in 2008 

biology[410]. Until now most applications have been on biominerals [411–414] and 2009 

not on soft tissues or even simple biomacromolecules such as proteins. These 2010 

molecules are most often made of combinations of C, H, O, N and sometimes other 2011 

elements in small quantity. This raises questions as to the potential role of APT as a 2012 

compositional mapping tool, in particular because of the complex field evaporation 2013 

behaviour of organic materials [57,415–420]. Before data could even be acquired, 2014 

there was a need to develop paths for preparing samples from soft, often wet material 2015 

systems. As discussed above, the availability of integrated suite of instruments for 2016 

cryogenic handling, preparation, and transfer [41,47,75,159] is already making it 2017 

easier to prepare specimens from frozen solutions or wet systems [167,168] as well 2018 

as from environmentally-sensitive samples. This includes most materials for 2019 

application in batteries, or catalysts. Recently developed approaches for capping APT 2020 

specimens [181] (see Section 3.5) directly inside the FIB with no exposure to ambient 2021 

atmosphere may also be generalised and help protect the reactive surface and 2022 

increase yield. They may also maybe prevent unwanted effects of the field on the 2023 

migration of e.g. Li [187] or maybe H.  2024 

(5) Early results reported for wet and soft materials have highlighted new levels of 2025 

complexity in the way the data needs to be acquired and processed 2026 

[157,165,166,421]. These frontier applications point to limits in the understanding of 2027 

the physics of the field evaporation process in general, and more particularly for non-2028 

metallic or molecular materials. Ab initio calculations and atomistic simulations have 2029 

been used for simulating the field evaporation process in the past [312,351,422,423], 2030 

including for molecular materials [416]. These approaches are being revisited for 2031 

metals [357,403] and to support contrast interpretation in field-ion microscopy 2032 

[33,424], but also to rationalise the field evaporation of water [159] and the 2033 

mechanisms of fragmentation of molecular ions [166,264–266]. There is still a strong 2034 

need to push the development of these methods and advance the understanding of 2035 

the details of the processes at play during an APT experiment to better interpret the 2036 

data and avoid pitfalls and artefacts.  2037 

(6) The complexity of modern APT data arising from the analyses of an increasingly large 2038 

array of materials, along with the ever-larger size of the datasets mean that extracting 2039 

information reliably, reproducibly, and routinely requires the development of 2040 

dedicated data processing techniques. The field has a long history of “data mining” 2041 

[425], and there is a recent surge of interest in deploying machine-learning techniques 2042 

to push these aspects even further. These include unsupervised and supervised 2043 

learning approaches for cluster identification [230,426,427], but also data 2044 

segmentation [428–430] and peak identification or quantification in the mass 2045 

spectrum [205,260,431].  There will be a need in the future to make the APT data 2046 

processing workflow more transparent, better documented, and compliant with FAIR 2047 

principles[432] that are quickly moving toward becoming international standards.  2048 

Research into how machine-learning can help with other areas is needed, including 2049 

data reconstruction. This should involve advanced simulations to better account for 2050 
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local magnification [236] and methods should be derived that go beyond the 2051 

hypotheses that underpin current state-of-the-art algorithms [384]. 2052 

This list is not exhaustive but gives a flavour for aspects that deserve new developments 2053 

and that are being or will soon be subject of studies across the community.  2054 

  2055 
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