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Abstract
Reconstructions in atom probe tomography (APT) are biased by image distortions arising from
dynamic changes of the specimen geometry that controls image projection. Despite the strong
efforts to build realistic models for understanding and reproducing image artifacts, the current
models are too slow or not adapted to be routinely used in image correction approaches. To
understand the APT imaging process for real size samples submitted to realistic experimental
conditions of electric field and temperature, we propose an alternative simulation tool based on
a coarse-grained model of the sample surface. The surface electric field on a meshed surface is
calculated by using continuous models describing field evaporation. The dynamic evolution of
the sample surface and the image projection are predicted using materials properties. We show
that the interplay between temperature and electric field is an important ingredient in predicting
the ion projection, in pure metals and in more complex materials. This fast approach accurately
reproduces the well-known local magnification and trajectory overlaps effects in the evaporation
of small particles. By combining prior knowledge about the sample structure and properties, the
model could be used to improve the reconstruction approaches for complex sample geometries.

Keywords: field evaporation, simulation, atom probe tomography

(Some figures may appear in colour only in the online journal)

1. Introduction

Atom probe tomography (APT) is a powerful technique to
analyze materials in three dimensions (3D) at the atomic scale

∗
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ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

[1–3]. The main physical principle is the field evaporation
(FE) of atoms which are located at the material surface. FE is
the transition, in the presence of a sufficiently strong electric
field, of a material directly from the solid phase to the plasma
phase without passing through sublimation. For most mater-
ials, the critical field giving rise to FE without any thermal
activation is in the range 10–60 V nm−1. This intense elec-
tric field is easily achieved at the surface of a material using
the classical electrostatic point effect. The material is prepared
as a sharp needle with an end radius R in the range of 10–
100 nm and is submitted to a high voltage V (a few kV) to
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achieve the required electric field. When FE is carefully con-
trolled (by tuning V), atoms are liberated one by one from
the surface, ionized, and projected in the diverging electro-
static field existing close to the tip surface. The sample acts
itself as an electrostatic lens, projecting ions in a determin-
istic way. By collecting ions on a position sensitive detector
placed in front of the sample, the initial positions of all atoms
may be in turn be retrieved. In a single-phase material, FE
is smooth and regular, and the ion projection is straightfor-
ward. APT tomographic reconstructions of these materials
achieve excellent metrological performances [4]. However, in
materials composed of several phases of different chemical
composition, image reconstruction is often plagued by severe
distortions.

Themajor cause of distortion is the complex, dynamic evol-
ution of samples by FE. This complexity is linked to the inter-
play between the structural and chemical composition of the
materials, and the intensity of the electric field on the sample
surface that is governed by the 3D geometry of the sample sur-
face, i.e. the atomic arrangement. We may note that the tem-
perature of the sample surface can also be non-homogenous
giving rise to additional distortions. Appropriate reverse pro-
jection algorithms must be developed with a correct under-
standing of the dynamic evolution of the FE at the sample sur-
face. As a result, the evaporation process has to be understood,
in order to become fully quantify and thus to enable a possib-
ility to systematic accounting for and correcting of as many of
the artifacts inherent in the current reconstruction protocols as
possible [5].

A common approach is to use numerical models, which
have proven to be useful to understand some known issues.
These simple approaches using analytical sample shape are
clearly insufficient [6]. Atomic scale approaches to FE were
developed in the early 2000s [7, 8]. These kinds of models
were sufficient to give an overview of the experimental short-
comings, such as improving the understanding and providing
correction methods for trajectory overlaps during evaporation
of small precipitates. For instance, in [8], the artifacts that
occur during FE of nano-oxides embedded in a metallic matrix
were quantified and corrected with this model. More recently,
the artifacts observed in the APT analysis of nanometric voids
induced by irradiation in metallic materials were successfully
explored. Simulated APT experiments demonstrate the local
density variations near voids are controlled by the unique ring
structures as the volume of voids gets exposed and the differ-
ent evaporation fields of the surrounding atoms [9].

Atomic scale models for FE model have shown their value
for understanding imaging artifacts. The basic principle is the
description of the emitter geometry at the atomic scale via an
adaptively, refined mesh. This discretization is used to solve
the electrostatic Laplace equation to obtain the 3D distribu-
tion of the voltage and the electric field. The atom exhibit-
ing the highest field is selected to be field evaporated [10].
The mesh is also useful to compute trajectories of desorbed
ions towards a virtual detector. Since then, a lot of improve-
ments have been introduced by different groups in the APT

community to model emitter structures quite comparable with
real samples [11–13]. Main modifications of FE models were
mesh refinements which enabled computations on more real-
istic specimen shape structure and external boundary condi-
tions for the electrostatic field and chamber [14]. Recently, a
new model was developed by Rolland et al [15] disregarding
the mesh structure. This model is based on a direct evaluation
of the charge distribution over the conducting emitter surface
as a solution of the electrostatic Robin’s equation [16, 17].
In practice, this is equivalent to solving an N-body problem
(where N is the number of atoms at the emitter surface). An
approximation for handling long-range interactions was intro-
duced by Rolland et al [15], developed by Barnes and Hut
[18], in order to reduce sequentially the time complexity for
solving the Robin’s equation from O

(
N2

)
to O (Nlog(N))).

Recently, FE simulations are no longer only used to understand
the evaporation process, but also used to perform tomographic
reconstruction [19].

The ultimate dream of using FE models to calculate reverse
projection, atom by atomwas proposed by several authors [19,
20]. However, atomic models are still far away from giving
perfect knowledge of the FE process. For instance, zone line
artifacts, linked partly to rolling-up of atoms in the first steps
of flight are not fully treated by current models [21]. The prob-
lem is that atomistic models, so far developed [14, 15], do not
take into account some complex atomic scale phenomena such
as molecular dissociation [22], field induced surface diffusion
[23], or rolling-up motion [21]. To achieve a better descrip-
tion, modeling at a sub-atomic scale is required, which can
be done either by density functional theory (DFT [24, 25]),
or by molecular dynamics simulations [26–29]. Attempting
to incorporate sub-atomic physics in current models drastic-
ally increases computational complexity, resulting in a reduc-
tion of model sizes that can be physically simulated. On the
other hand, some necessary approximations are also used at
the macroscopic scale, so that atom probe chamber details
and limitations of the position-sensitive detector limitations
are often ignored in models. We note several limitations in
APT experimental conditions, such as detection efficiency
and detector spatial precision (detection efficiency between
30%–70%, multi-hit capability, field-of-view ±20–30◦, spa-
tial resolution ∼0.2 mm). As a result, the exact comparison
of atomic scale FE model and experimental data is clearly not
feasible.

However, it does not mean that a simulation tool cannot
be used to improve the reconstruction algorithm significantly.
Most of the image projection is governed by the sample shape,
thus an accurate understanding of this shape would enable
reconstructionswith less distortion. The value of incorporating
atomic details is unclear, since a lot of subtle physical artifacts
may disturb ion trajectories in a non-deterministic way at this
scale. For this reason, but also for the sake of saving computing
time, FE models at the mesoscopic scale have been recently
developed. Mesoscopic models assume an evolving sample
surface with a defined curvature (tensor) field whose evolution
is simulated as a function of time. Numerically analyzable in
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seconds or minutes on a laptop compared to days and months
on cluster computers makes mesoscopic models useful tools
for research on new methods of reconstruction [19].

Mesoscopic FE models were first developed by Haley and
co-workers using level set approaches. First attempts using 2D
approximations were found promising [30], and 3D extrapola-
tion is in progress [31–33]. We propose in this paper an altern-
ative approach to simulate FE at a mesoscopic scale (nm to µm
scale). The model discretizes the evolving sample surface as a
triangulated surface mesh. The evaporation sequence is simu-
lated by estimating the evaporation rate of all the mesh primit-
ives (vertices and facets of the triangles supporting the mesh).
Note that the physical process of the FE is injected using a
continuous model of FE, that is parameterized to handle the
local nature of the material (FE constants, as a function of the
specimen structure and composition), but also the local tem-
peratures. Results of this modeling are presented for micro-
structures commonly encountered performing APT analysis.
Results from this simulation are compared to experimental
ones, demonstrating the validity and the relevance of this FE
model at the mesoscopic scale.

2. Basic principles of the FE modeling

2.1. Three-dimensional geometry of the field emitter

The first step of the modeling process is to define the shape
and the dimensions of the field emitter in 3D. As mentioned in
the introduction, an APT sample is prepared as a thin needle
with an initial radius of curvature at the apex in the range
10–100 nm. This allows, through application of an electrical
potential (in the range of kV), the generation of a sufficiently
intense electric field (few tens of V nm−1) to ionize and then to
evaporate the atoms located at the apex surface. Whereas the
definition of the sample was previously done with the coordin-
ates of each atom of the emitter [13, 15], the emitter surface
in this approach is geometrically triangulated. The mesh size
defines the minimum scale of features to be modeled as com-
pared to an atomically refined approach. With this model, the
sample information (and computing) is reduced to vertices of
triangles of the surface mesh which discretizes the field emit-
ter surface. For comparison, atomistic models need to store
the information of atomic positions of the entire volume, to
finally extract only surface atom positions [15]. The meso-
scopic approach presents a true advantage in terms of memory
allocated for calculations. At the atomic scale, the allocated
memory is in the range of GB (at least) [8, 13, 15] while here
it is, at best, one hundred times smaller (10–50 MB). For the
initial emitter surface (i.e. before evaporation), the coordinates
of the vertices are defined, such as after meshing the surface,
with a triangulation, each mesh has the same and the expec-
ted area (Sat) [34]. Figure 1 represents such an emitter with an
initial radius of curvature (Rc) of 20 nm, a shank angle (γ) of
10◦, a length (L) of 100 nm and a mesh element area (Sat) of
4 N m2 per triangle.

To characterize a surface and its evolution during evapora-
tion (presented in the next section), the radius of curvature is

Figure 1. Triangulated APT sample (Rc = 20 nm, L = 100 nm,
g = 10◦ and Sat = 4 nm2).

commonly used. Indeed, the correlation between the electric
field F and the radius of curvature Rc is often considered using
the standard expression [35]:

F=
V
kfRc

(1)

with kf the field factor (linked to the specimen morphology
[4, 6]) and V the applied potential to the emitter. The radius
of curvature is the reciprocal of the curvature, which is
determined here using the approach of S. Rusinkiewicz [36].
Curvature quantification is done generally by calculating the
mean curvature (average of the principal curvatures) or the
Gaussian curvature (product of the principal curvatures). In
this study, the mean curvature of each mesh is computed (as
done by [36]) to estimate its associated radius of curvature
(figure 2(a)). The values thus obtained (figure 2(b)) agree with
the simulation input parameters (figure 1). Indeed, the radius
of curvature distribution is a bimodal distribution with one
mode centered to the set apex radius of curvature (i.e. 20 nm
in figure 1) and the other mode with higher radius of curvature
(>40 nm) corresponding to the shank (due to the shank angle,
this last curvature radius continuously increases as a function
of distance to the tip apex).

2.2. FE

The FE process of this simulated system is based on the local
FE rate at the surface of a material submitted to an electric
field F. Assuming that the atoms evaporate from a surface at a
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Figure 2. (a) Radius of curvature (nm) associated with each mesh mesh that composed the surface defined in figure 1. (b) Radius of
curvature distribution (%) from the tip in figure 2(a).

defined rate, the surface center will move downward along its
normal direction. From the evaporation rate equation, assigned
to each primitive of the surface mesh (figure 1), the volume
variation can be estimated. Using geometrical considerations,
it is then possible to estimate the displacement vector associ-
ated with each vertex. A new surface is thus obtained. This
operation is iterated until a specified end condition is reached
(commonly an a priori defined evaporation depth).

Experimentally, the evaporation process is triggered using
pulses (electric or laser). Regardless of the pulsing mode, the
evaporation rate (K) for a single atom is described empiric-
ally by an Arrhenius-type law. Extrapolating to our triangu-
lated system, the evaporation rate of a mesh j (Kj) is then
expressed as:

Kj ∝ exp

(
−
Q(Fj)
kBTj

)
(2)

with the activation energy barrier Q (since this process is usu-
ally considered thermally assisted),Q(Fj) is the energy barrier
considering an external electric field (Fj), kB the Boltzmann
constant and Tj is the temperature. A linear approximation can
be used to describe the dependence of the energy barrier and
the electric field [37]:

Q(Fj) = Cj

(
1−

Fj
FEV,j

)
(3)

with Cj as an energetic constant and FEV,j the evaporation
field. The evaporation field is the value of the field at which
the energy barrier is reduced to zero. Note that more refined
equations defining Q(F) can be injected in the model without
major modifications of the algorithm [1, 38].

In the case of pulsed evaporation, the expressions (2)
and (3) are time dependent, since bothF or Tmay be time vary-
ing. If the evaporation process is triggered by electrical pulses,
then the base temperature of the sample can be considered as
a constant. Therefore, the temperature of each mesh (Tj) is set
as a constant, defined by the user according to its APT ana-
lysis conditions (figure 4(a) with a constant temperature equal
to 50 K). Most of the evaporation occurs at the top of electrical
pulses. We can then model the evaporation rate per pulse by:

ϕF ∼ τFexp

(
− C
kBTj

(
1−

Fj
FEV,j

))
. (4)

With τF being a fraction of the voltage pulse applied to the
sample [1], and Fj being the peak electric field induced by
VDC +Vp.

However, if the analysis is triggered by laser pulses, the
temperature can no longer be considered as a constant [39, 40].
Indeed, the interaction of the laser with a nanometric needle
induces local enhancement of the temperature, which in turn
triggers different local probabilities for the FE. During the
pulse, each triangle is submitted to its own temporal evolution
of temperature, with a temperature maximum Tmax reached in
less than a nanosecond in the general case, followed by a tem-
perature decay that can vary slightly on the surface. Assuming
a simple shape of transient temperature pulse of width τT
(close to the decay time constant of a few ns), the atom flux
ϕT can be approximated by [41]:

ϕT ∼

 kBTmax

C
(
1− Fj

FEV,j

)
× τTexp

(
− C
kBTmax

(
1−

Fj
FEV,j

))
.

(5)
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Figure 3. Schematic description of a vertex i and its connected
triangle fan (CMi). It is also reported for a mesh j that is a CMi, its
evaporation rate (Kj) and its associated normal direction (−→nj ).

Since the prefactor of the flux equation is linearly depend-
ent of Tmax, or F, the exponential term is the main source of
flux variation as a function of F or T. In a first approach, the
use of a constant prefactor τ ′

T = ( kBTmax

C(1−
Fj

FEV,j
)
)× τT of about 1 ns

is a fair approximation.
The displacement vector of a defined vertex i (

−→
Di) results

then from the evaporation rate of all the mesh (Kj) that are
connected to it ( j ∈ CMi in figure 3), considering their outward
normal direction (−→nj ), since the electric field at the surface (Fj)
is collinear to the latter:

−→
Di =−ε×

 ∑
j∈CMi

Kj
−→nj

 . (6)

A constant parameter (ε) set by the user is added in the
expression determining the vector displacement. Thus, it is
considered that at each pulse (i.e. here each evaporation simu-
lation iteration), the sample is evaporated by a certain amount.
In order to be closest to the experiment, this quantity must be
small (ε < 0.1 nm). This quantity is in fact the time step of
the numerical scheme. Since the maximum evaporation rate is
fixed, the displacement in depth is proportional to the time step
between two iterations. The stability of the scheme, of first
order in this simple approach, is strongly dependent on this
quantity. Systematic tests were performed on different geo-
metries to evaluate the propagation of errors of this approach
for nanometer-size meshes with ε < 0.1 nm found experiment-
ally as a good compromise between scheme stability and effi-
ciency of the method.

Thus, at each iteration, it is necessary to determine four
parameters for each triangle mesh j, in order to estimate the FE
process of the sample, these are: Tj, Cj, Fj and FEV,j. In fact,
only three parameters are here considered, since the energetic
constant (Cj) will be fixed as a constant for each mesh. This
constant, as documented in [3, 42] was only determined for
very few materials, with values in the range 0.5–3 eV. It has to

be set by the user in the range of tenth to few eV to correspond
to experimental measurements [37, 43–46].

2.3. Temperature and phase

In laser assisted atom probe, the maximum temperature is
asymmetric on the tip apex, inducing then schematically an
illuminated so-called laser side and a shadow side. The tem-
perature distribution along the apex due to the laser inter-
action can be accurately reproduced with advanced mod-
els, such as proposed by Houard et al [47] (but also exhib-
iting in return a huge time computing). In this study,
however, an analytical model is preferred, with a poly-
nomial description of the distribution of peak temperat-
ure on the sample (expression (7)). This expression can
reproduce the asymmetric distribution of the temperature
(figure 4(b)),

T(Xi,Yi) = T0

(
1+α(Xi,Yi)

β
)
. (7)

With Xi and Yi the coordinates of the vertex i, α and β are
parameters defined by the user to introduce different temper-
ature evolution trend and T0 the base temperature also the tem-
perature in the shadow side of the sample. This last expression
provides the temperature that is assigned to each vertex. The
temperature that is associated to each triangle (Tj) is the aver-
age temperature of its vertices.

The different phases in a material are distinguished by their
evaporation fields. In the case of a single-phase material, the
evaporation field of all the mesh (FEV,j) can be then considered
as a constant (in the range of tens V nm−1). However, in mul-
tiphase materials, before each evaporation iteration, the evap-
oration field associated to each vertex needs to be defined. To
evaluate these evaporation fields, at each evaporation step, the
position of each vertex is compared to the position inside a 3D
volume that defines the phases of interest. This volume con-
tains the information of shapes, sizes, (particles, layers, …)
and elemental nature (evaporation field) that are used as input
data.

2.4. Electric field

It remains now the most important point, which is the calcu-
lation of the electric field for each mesh (Fj). In this study,
the electric field is obtained from the estimation of the charge
distribution on the emitter surface. This model, as is the one
developed by Rolland et al [15], is based on the direct eval-
uation of the charge distribution over the emitter conducting
surface, as a solution of the electrostatic Robin’s equation [16,
17]. As demonstrated by Rolland and collaborators, and extra-
polated in this modeling approach, the charge qj (a positive
non-integral partial charge) on a defined mesh j having an area
(Sat,j estimated at each evaporation iteration using the Heron
formula) can be written as:
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Figure 4. Temperature associated to each mesh that composed the surface defined in figure 1, if the temperature is set as (a) constant
(T = 50 K) and as (b) polynomial evolution along X direction.

qj
Sat,j

=
1
2π

N∑
k=1,k ̸=j

qk
−→nj .−→rj,k
−−−→
∥rj,k∥

3 . (8)

With−→nj is the outward normal direction to the mesh j (as in
expression (6)), −→rj,k the vector between the mass center of the
mesh j and k, and N the number of meshes at the emitter sur-
face. The mass center of each mesh is easily estimated from its
vertex coordinates. It is then possible to construct a sequence
qj,n for each mesh j to find the charge distribution over the field
emitter surface:

qj,n+1

Sat,j
=

1
2π

N∑
k=1,k ̸=j

qk,n
−→nj .−→rj,k
−−−→
∥rj,k∥

3 . (9)

With qj,0 being an arbitrary positive number. It has been
proven that this sequence tends toward the charge distribu-
tion at the equilibrium [48]. Moreover, this sequence has
the advantage to converge very rapidly to the equilibrium
(figure 5), even when starting from a random distribution of
charge. Indeed, in the present case (figure 1), less than 15 iter-
ations are required to reach the equilibrium (figure 5).

As expected, the highest charges are located at the apex of
the emitter which is also in those regions where the electric
field is the highest (electric field amounts to qj/Sat,jε0 or σ/ε0
with σ = qj/Sat,j in accordance with basic electrostatic laws).
We assumed that the equilibrium charge distribution is reached
through equation (9), if the average relative deviation of the
charge distribution between two iterations (⟨δqj,n+1⟩) is lower
than 10−5% with

⟨δqj,n+1⟩=
1
N

N∑
j=1

∣∣∣∣qj,n+1 − qj,n
qj,n+1

∣∣∣∣ . (10)

Figure 5. Charge density distribution (q/Sat in a.u.) at the emitter
surface.

It must be pointed out that the total charge carried by the
conductor remains the same throughout the iterative process.
To ensure the same behavior for the expression (9), qj,n/Sat,j
will be computed, at each iteration, such that:

N∑
j

qj,n+1 =
N∑
j

qj,n. (11)
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Figure 6. (a) Velocity V (nm s−1) and velocity deviation (∆V) for an ion as a function of its distance to sample apex (nm). (b) ICF (ξ)
distribution calculated with equation (11) (%) according to the compression coefficient λ.

2.5. Trajectory computation

Up to now, the model describes the evolution of the emit-
ter morphology (and the electrical field which derives from
the charge distribution), which is an important piece of data
to understand APT analyses. By solving Newton’s equation
of motion for ions from vertices up to a planar detector situ-
ated a few centimeters in front of the sample for each step
of the FE process, the dynamic and evolving projection APT
law can be deduced. A numeric integration of this equation
is conventionally done with an embedded fourth order Runge
Kutta (RK4) method (at least for the last updated models
[12, 13, 15]) or even a Leap Frog (LF) method for the old-
est model [8]). For each method, there are pros and cons. In
order to get the best compromise between speed and accur-
acy, the Verlet method was chosen in this model [49]. The
Verlet method combines a good spatial accuracy (comparable
to the RK4 method) and a low computation time (comparable
to the LF method). Moreover, as it is conventionally done in
FE modeling an adaptive time step calculation in solving the
motion equation is introduced, since the emitter is at nano-
metric scale (≈100 nm) and the detector is located at metric
scale from the emitter (≈0.1 m). Such adaptive time scale (dt)
is determined using the velocity (V) deviation between two
iterations:

dt(n+1) = t0.∆V= t0.
V(n)

V(n) −V(n−1)
. (12)

With t0 the initial time calculation (⩽10−16 for an accurate
computation of the trajectory). The velocity deviation provides
a more adaptive time step calculation than the velocity itself.
Indeed, up to a certain distance from the emitter apex (few
times the radius of curvature, figure 6(a)), the ion velocity
increases drastically and then the velocity stabilizes (very low

increase), while the velocity deviation (∆V) evolves continu-
ously up to the detector.With the adaptive approach, it requires
less than 100 iterations to calculate the trajectory up to a
detector located at 10 cm from the emitter apex. In this way,
most of the iterations are used to compute the trajectory close
to the sample apex, where they are most prone to lead to tra-
jectory estimation imprecision related to surface topography
and the rest of the iterations are used for trajectory computa-
tion far away for the sample, where they are almost straight
lines [1, 2].

Experimentally, it is well known that due to the samplemor-
phology and the analysis chamber setup (in particular an elec-
trode, on which the electrical pulses are applied), the ion tra-
jectories are not straight lines, but become compressed [50].
This compression is defined and quantified by a parameter,
the so-called, image compression factor (ICF or ξ ). The para-
meter is expressed for each meshes j, considering small angle
approximations:

ξ j =
L
Rc,j

×

√
Sat,j
SD,j

(13)

with L the flight length (distance between the sample and the
detector), Rc,j the radius of curvature of the mesh j and SD,j
the mesh area on the detector. The experimental value of ξ
is in the range of 1.3−1.6. Assuming an emitter of reduced
dimensions (less than a micron in depth), the calculated ICF
with the model is naturally reduced as compared to experi-
mental values (blue histogram on the figure 6(b)). To achieve
the exact experimental ICF value, it would be necessary to
model the full geometry of the sample (needle on its coupon or
capillary, local electrode atom probe (LEAP) sample holder,
and local electrode ahead). We observed that increasing the
length of the simulated sample, increases the average ICF,
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which corroborates this. Obviously, increasing the length of
the tip, also increases the number of meshes and therefore
the time computing. In order to maintain a reasonable com-
putation time (sample length around hundreds of nanomet-
ers) and to have an ICF equivalent to the experimental one,
we performed a post analytical compression of the traject-
ories, using an ad hoc coefficient λ. After a certain distance
from the sample (in the range of few µm corresponding to
the distance to an electrode and where the trajectories are
straight lines), the trajectory calculation is stopped, and the
position on the detector is obtained by a projection, using the
velocity at this step, considering a compression of its polar
angle, by θ = λθ ′ (with θ and θ ′ respectively the polar angle
of the velocity where the calculation is stopped and on the
detector), while its azimuthal angle remains unchanged φ =
φ ′ (with φ and φ ′ respectively the azimuthal angle of the
velocity at the same step as polar angle), as experimentally
observed [1]. Using this approach with a coefficient λ equal
to 1.5 (red histogram on the figure 6(b)), the average ICF (i.e.
1.53) is then comparable to experiment value. This coefficient
is adjustable by the user in order to best adjust to the real
analysis.

2.6. Algorithmic optimization

One of the crucial points of any simulation model for practical
application are computing time and memory consumption. In
this section, we show some solutions added to the model to
address this. We are not benchmarking the performance of
them, as done in [51], but just give a brief overview of the
improvements, in term of computing time (table 1).

As it was mentioned previously, the electrical field is estim-
ated by solving the Robin’s equation with anO

(
N2

)
complex-

ity (with N the number of meshes). Thus, the first introduced
optimization, is a parallelized computation (table 1). Observe
that in equation (9), step n+1 is uniquely dependent on fixed
values at step n, with demand for an exchange of pieces of
information for each point of charge, parallelization is strongly
efficient with a scaling close to the number of cores (Using
C# parallel loop). The second improvement, as Rolland et al
[15] at atomic scale, is a long range interaction approxima-
tion, developed by Barnes and Hut [18], in order to drastic-
ally reduce the computing time required for solving Robin’s
equation solving by reducing the complexity to O (Nlog(N)).
The time computing is directly linked to the number of meshes
N, so we also introduced logically a reduction of this number
(table 1). Regarding the electrical field distribution (figure 5),
the evaporation will mainly occur at the sample apex. During
the whole process of FE, the model consists in moving the
meshes as a function of the evaporation rate (the latter of which
is field dependent). Obviously, a refined mesh at the bottom
of sample is unnecessary as the electric field on these regions
is much lower than the electric field on the apex. An average
charge on these meshes is also sufficient to describe the long-
range interaction for ion trajectory calculations. As a result, we
introduced an evolving mesh area that depends on the sample

Table 1. Time computing (second) to perform ten field evaporation
iterations (≈0.3–0.6 nm depth erosion in this case) as a function of
the number of cores used (the computation time is estimated using a
quad core processor). All the sample have a radius of curvature of
30 nm, a length of 100 nm and the meshes at the apex have an area
of 2 N m2. The computation is done considering if the meshes area
is constant (i.e. α = 0 and β = 0) or evolving according to the
equation (7) (which defines the coefficients α and β).

Single core All cores

α = 0 and β = 0 400 139
α = 10 and β = 2 50 18
α = 50 and β = 2 12 5

depth, using a polynomial law (as for the temperature (7) but
this time with a depth dependency) (figure 7(a)). With this
approach, a small mesh area at the apex is defined, so that an
accurate estimation of the electrical field is achieved, where
the evaporation process prevails, and a large mesh area is
imposed on the shank, where the evaporation rate is very low,
regarding the charge distribution (figure 7(b)). This approach
significantly reduces the number of meshes and therefore the
computation load.

The input of all these optimizations makes it possible to
simulate the evaporation over a depth of 100 nm on a realistic
description of an APT sample keeping a fine scale description
of the sample apex (with a mesh area at the apex of 2 N m2)
with computation time at the hour scale, on a standard com-
puter. The same result on atomistic models takes days [8, 15]
or weeks [12, 13].

2.7. Comparison with experimental results

The advantage of atomic models [8, 12, 15] is the possibility
to directly compare the results with the experimental ones. To
perform such comparison with our model, we must transform
meshes into ‘atoms’. Between two iterations, we associate to
each mesh an evaporated volume (Vev), which corresponds
then to a number of evaporated atoms Nev (Vev = NevVat/Q
with Vat the atomic volume and Q the detection efficiency).
Then, we randomly place this number of atoms Nev in the
regions where the meshes impact the detector. Some examples
of this transformation will be shown in the next section.

3. Results

3.1. Single phase

Figure 8 represents results of the simulation of FE of a single-
phase emitter. The initial morphology (before evaporation)
was defined with an initial apex radius of curvature of 20 nm,
a length of 100 nm and a shank angle of 10◦. The mesh ele-
ments area at the apex were set to 4 N m2 with the evolving
mesh method (see section 2.6). From this model, 20 nm has
been evaporated to test the simulation. More than considering
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Figure 7. (a) Triangulated APT sample (Rc = 20 nm, L = 100 nm, g = 10◦ and with evolving meshing Sat,0 = 4 N m2) and (b) the
associated charge density distribution (q/Sat in a.u.) at the emitter surface.

only a constant temperature (figure 8(a), T = 50 K), also non-
homogeneous temperature has been tested to check the ability
to reproduce laser assisted FE (figure 8(b)). A gradient of tem-
perature was imposed along the X axis of the tip following a
polynomial law (expression (7) with β = 2). The peak temper-
ature on the side of the tip was set to 200 K (α = 3).

At a constant temperature (T = 50, figure 8(a)), model pre-
dictions agree with those from classical experimental obser-
vations. During the evaporation process, the tip apex main-
tains its quasi-hemispherical shape, with an increase of the
radius of curvature (initially 20 nm and at the end 27 ± 2 nm,
figure 8(c)), due to a non-null shank angle as a function of
depth erosion. The meshes, that impact the detector (R= 4 cm,
at 11 cm from the tip, with λ equal to 1.6), are coming from a
small spherical region from the apex (R = 10 nm) and a num-
ber of impacts distribute centrally around it.

The introduction of a gradient of temperature on the apex
temperature, in order to reproduce the laser assisted evapora-
tion, modifies the evaporation sequence (figure 8(b)) and thus
reproduces some experimental observations. The evaporation
rate is obviously locally increased by the local high temper-
ature (expression (2)), thus the tip shape gradually becomes
asymmetric, as observed experimentally by [52]. The impact
distribution on the detector is no more centered (highest dens-
ity of impact is shifted to the direction of the laser side). By
back projecting the detector onto the tip surface, it is interest-
ing to note that the meshes impacting the detector are located
on the tip on a deformed elliptical region shifted to the shadow
side of the sample. This kind of image projection deforma-
tions are experimentally ignored. Considering the dimension
of this last region (X ∈ [−15,5 nm]), the variation of radius
of curvature on either side of the sample, which therefore
impacts the detector, is equal to 5 nm (from 22.5 to 27.5 nm,

figure 8(c)) and the electric field variation is equal to 5 V nm−1

(from 35 to 30 V nm−1, figure 8(d)). In experiment, this sur-
face electric field variation generates variations in the post ion-
ization of the emitted ions. In turn, this results in an evolu-
tion of the charge state ratio from the laser to the shadow side
[53–55]. It is important to note that this asymmetry (and the
effects resulting from it) become even more pronounced when
the temperature gradient increases (figures 8(c) and (d)).

We may note that the empirical relationship F∼ V/R is
not verified through this simple simulation which may be sur-
prising. However, this empirical expression is generally given
for a sample of cylindrical symmetry, which is not the case
here. Our model could be then used to understand composi-
tion measurement fluctuations, induced by the laser assisted
evaporation [56] or even to estimate the temperature rise at
the sample apex induced by its interaction with the laser [57],
introducing an accurate evolution [41, 47].

3.2. Multiphase FE: planar layers

The first layer case that we studied with our model is a hori-
zontal layer (figure 9(a)), which is also the most studied case
with FE simulations [30–32, 58–63]. A key advantage of our
model is its ability to model samples with dimensions com-
parable with experimental ones. Thus, we simulate FE for a
sample with a radius of curvature of 50 nm, a length of 200 nm
and a shank angle of 5◦, on which we introduce a layer with a
thickness of 30 nm. The mesh elements area is set to 4 N m2

at the apex, using the evolving mesh method along the shank.
The simulations assume constant sample temperature of 50 K.
Two evaporation field values for the layer (FEv,B) have been
studied: 0.7 and 1.4 times the matrix one (FEv,A). Wewill focus
on describing the first case (FEv,B = 0.7×FEv,A) as the second
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Figure 8. Cross section of the sample during evaporation (charge density in color, a.u.), the impact density on the detector (number of
impact per grid unit area) and the meshes that impact the detector, according to the applied temperature (T): (a) T is constant and equal to
50 K and (b) evolving temperature modeled with a polynomial law, corresponding to an evolution from 50 to 200 K along the X axis
(expression (6) with α = 3 and β = 2). (c) Radius of curvature (nm) and (d) electric field (V nm−1) along the X axis, as function of the
applied temperature: constant (T = 50 K), evolving with β = 2 and α = 2 (T = 50–150 K) or α = 3 (T = 50–200 K).

case is similar, except for the observation that the evaporation
sequence is reversed, as we will be discussed later.

Regarding the evolution of the field at the surface during
the evaporation (figure 9(b)), we define two regions of interest
(ROIs): the interface A/B (figure 9(c), ROI 1) and the interface
B/A (figure 9(d), ROI 2). During the evaporation of the inter-
face A/B, we observe an increase of the field on the A phase,
due to its protruding position. This expands the magnification
locally and decreases the field of view (figure 10(a)) since only

a limited region of the tip apex is collected on the finite size
detector, (here detector radius is R = 4 cm, at 11 cm from the
tip, with λ equal to 1.6). At this step, we also observe a slight
increase of the electric field at the interface B/A, induced by a
local decrease of the radius of curvature, because the evapora-
tion rate of A phase is lower than the B phase. During the evap-
oration of interface B/A, the reverse phenomenon is observed.
The B phase becomes flatter (high radius and low field), due
to its higher evaporation rate compared to the phase A below,
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Figure 9. (a) Initial sample morphology. (b) Evolution of the charge density (according to the phase: A or B, in a.u.), the simulated potential
(V), the one if there is no B phase (reported as reference), as the function of the number of evaporated atoms. Morphology, radius of
curvature (nm), and electric field (V nm−1) at two different steps defined on the (b): (c) interface A/B defined as ROI 1 (region of interest)
and (d) interface B/A defined as ROI 2.

Figure 10. Perfect 3D reconstruction if the evaporation field of the layer is equal to (a) 0.7 or (b) 1.4 times the matrix one. Reconstructions
were performed by extracting tip shape every 3–4 nm.
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inducing then a drop of the magnification and an increase of
the field of view (figure 10(a)). The radius of curvature of
phase A decreases regarding its high evaporation field.

For the second case (i.e.FEv,B= 1.4×FEv,A), the situation is
the exact opposite. The evaporation of the interfaceA/B corres-
ponds to the evaporation of the previous B/A, and reciprocally
for the B/A interface. We obtain then an increase of the field of
view at the A/B interface and the opposite at the B/A interface
(figure 10(b)).

Note that these results and observations agree with those
which have already been obtained in the literature, but they
have been obtained (i) on a real size tip and this (ii) with a rel-
atively short computation time (2 h for each evaporation field).

3.3. Nanoparticles

The FE process of second-phase particles has been widely
studied with atomic modeling [8, 10, 13, 64, 65], for almost
20 years now [7]. APT reconstruction particles are known
in the literature to be strongly biased by artifacts named
local magnification effects and trajectory overlaps [8, 66, 67].
Models enabled to obtain better quantitative understanding of
these phenomena at least in idealized geometries. However,
the cumbersome nature of atomic scale simulations often lim-
ited the result to a small range of particle size, or FE properties.

Local magnification occurs when different phases with
individually different evaporation properties and fields are
evaporated at the same time. Those phases (for example A and
B) will develop locally different radii of curvature, (respect-
ively RC,A and RC,B), governed by their individual evaporation
field and evaporation properties, which leads then to differ-
ent local magnification (respectivelyMA andMB). In a simple
approximation, the following expression correlates their mag-
nification, according to the local radius of curvature:

MB =MA×
RC,A

RC,B
. (14)

This leads to trajectory aberrations. These are respons-
ible for morphological distortions and in the worst case cause
trajectory overlaps (when trajectories from different phases
impact the detector at the same place), inducing then chemical
biases. Those aberrations lead then to erroneous reconstructed
atomic densities as was demonstrated analytically in [5, 64].

We have simulated the FE of a spherical particle, with a
radius of 4 nm that is embedded in a sample with a radius of
curvature of 20 nm, a length of 100 nm and a shank angle of
10◦ (figure 1). The meshes area is equal to 1 N m2 at the apex,
with an evolution along the shank. The simulations operate
at a constant temperature equal to 50 K. Different evapora-
tion fields of the particles (FEv,B) have been studied, from 0.4
to 1.4 times the matrix one (FEv,A) (by step of 0.1). After a
transformation of meshes into atoms, associating an elemental
nature corresponding to the phase from which they originate,
a 3D reconstruction is performed, from their positions onto
the detector, using standard reconstruction protocol [68, 69].
Concentration profiles were computed: one cutting through the
particle along the evaporation direction and another one point-
ing in a direction perpendicular to the latter. Whatever is the

evaporation field of the particle, the size of the particle (Z),
along the evaporation direction is found almost constant and
equal to the expected one (i.e. a radius of 4 nm). This observa-
tionmatches previous observations from atomicmodeling [13,
67]. For each profile in the perpendicular direction, we calcu-
lated the reduced density profile (ρ, atomic density normalized
by the matrix one), a measurement of the average core concen-
tration in atoms of the particle, and a calculation of the shape
factor (S, square of the dimension along the perpendicular dir-
ection (i.e. X) divided by the Z dimension, i.e. (X/Z)2). The
shape factor is a descriptor for the morphological distortion
[5]. All those measurements are reported in the figure 11.

As expected, no local magnification, no concentration
bias, and no morphological distortion occur when the two
phases have the same evaporation fields (FEv,B = FEv,A,
XB = 100 at.%, ρ= 1, S= 1) (figure 9). Otherwise, as the res-
ults show, we can distinguish three different principal cases,
according to the evaporation field of the particle. The origins
and the interpretations of these three behaviors will be based
on the simulation results reported in the figure 12.

• FEv,B > FEv,A.

This case is referred in the literature as a high field particle
case, the particle has a higher evaporation field than its sur-
rounding matrix. Those particles exhibit no chemical bias in
the core (XB = 100 at.%), but a shape dilatation (S > 1) sur-
plus atomic density fluctuation, with an higher one specifically
located at the interface (ρ > 1) and a lower in the core (ρ < 1)
(figure 11). Those observations have already beenmade exper-
imentally for MgO particles in a Au matrix [70], nitride dis-
persion strengthened steel particles [71] or even Al3(Zr1−xTix)
particles in an α-Al matrix [72]. When this kind of particle
merges at the surface, its evaporation rate is lower than the
matrix. Consequently, the particle is protruding (with a small
radius of curvature and so a high electric field compare to the
matrix) and the matrix at the interface is exhibiting a very
high radius of curvature. This interface can also have negative
radii of curvature, since the concavity can be modified, when
the evaporation field difference is very important. This surface
topography induces divergent trajectories from the particle, as
well as of the matrix at the interface, but to a lower extent.
In effect, a size expansion of the particle is observed due to
trajectory aberrations of the core (then a low atomic density
of impact on the detector) and a trajectory overlap between
atoms located at the interface (matrix and particle with then a
high atomic density).

• FEv,A > FEv,B ⩾ 0.8 ×FEv,A.

This case is referred to in the literature as the low field particle
case. Those particles exhibit no chemical bias in the core
(XB = 100 at.%), but a shape compression (S < 1) and a high
atomic density (ρ > 1) (figure 11). Those observations have
already been done experimentally for an α’ particle in FeCr
[73, 74]. Their evaporation rate is higher than the matrix. In
effect, the matrix at the interface is then becoming protruding
and the particle develops a convex interface (negative radii)

12



J. Phys. D: Appl. Phys. 56 (2023) 375301 C Hatzoglou et al

Figure 11. Reduced atomic density, measured through the particle (with an initial radius of 4 nm) in the direction perpendicular to the
evaporation direction, according the distance from the particle core (nm), average core concentration in particle atoms (at.%) and the shape
factor, as a function of the evaporation field ratio of the particle with the surrounding matrix (from 0.4 to 1.4 by 0.1). The dash lines in the
reduced atomic density map represents the interface between the particle and the matrix, define at half height of the concentration in the
particle core and the one in the matrix.

and a ‘flat’ core (high radii), thus a low electric field. This
topography induces on the one hand convergent trajectories
from the particle and on the other hand divergent trajectories
from the matrix at the interface. This divergence is not enough
to overlap with the trajectories for ions originating from the
particle (so no chemical bias [75]). In this simulated case, it
should be noted that the difference in topography within the
particle, between the core and the interface, causes a vari-
ation in the atomic density, both exhibiting an over atomic
density, but a higher one at the interface (especially visible
for FEv,B = 0.9 × FEv,A). In both cases, the observed high
atomic density is thus only induced by the morphological
compression.

• FEv,B < 0.8 × FEv,A.

This latter case is not very widespread in the literature
[1], since it is difficult to probe in experiment. Indeed,
there is a chemical composition bias (XB < 100 at.%), an
over atomic density (ρ > 1) and a morphological vari-
ation depending of the evaporation field: compression if
0.5× FEv,A < FEv,B < 0.8× FEv,A (S< 1) and a dilation other-
wise (S> 1). The common point in this evaporation field range
is the particle trajectories crossing-over due to an intense con-
vergence, caused by an entire convex particle (negative radii).
Up to now, this phenomena has been observed experimentally
in oxide dispersion strenghtened (ODS) steel particles by [64]
and in SiGe layer embedded in SiO2 [76]. In all these cases,
the matrix interface divergence (induced by it protruding) is
enough to overlap with particle trajectories (resulting in chem-
ical bias [5]). If FEv,B > 0.5 × FEv,A, the cross-over occurs far
from the tip. Consequently, the defocusing which is induced
by the crossover is insufficient to compensate for the initial

focusing. This results in a compressed particle (S < 1). This
is the case of Cu particles in Fe [77]. As the FE decreases, the
cross-over occurs closer to the tip leading to an apparent diver-
gence of the trajectories (S < 1) which increases the overlap
(so the chemical bias).

Our model allows to reproduce not only experimental
observations but also results that were obtained by atomic
simulation [1]. With our model, we observe that ion cross-over
occurs for particle evaporation field lower than 0.7–0.8×FEv,A

(figure 11). With an atomic model, Vurpillot observes that this
phenomena occurs for particle evaporation field values lower
than 0.5–0.7 × FEv,A [1]. It is obvious that the particle size
ratio with the tip size [5, 64] is correlated with the evapor-
ation field at which this crossing over occurs. In this case,
our model presents the following advantages: (i) The model
reproduces experimental and atomic scale simulation results
in reasonable computing hour (less than one hour per case)
and (ii) to simulate real sample dimension (with a radius
of 50 nm), also in a reasonable time computing but mainly
without any memory allocation issue (200 MB compared to
30 GB in atomic model [12]). The investigation of the size
effect (of the particles and the tip) will be the subject of a future
study.

3.4. Vertical layer

Our last studied case is a setup with a vertical layer studied
for laser assisted evaporation. Our objective is to see if the
model is capable of reproducing observations made by Lee
et al [78] as well to confirm their interpretations if possible.
They made TEM observations of a vertical layer Si embedded
in SiO2 (figure 13(a)) and its opposite (SiO2 embedded in Si,
figure 14(a)), after APT analysis.
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Figure 12. (from top to bottom) Electric field (V nm−1), radius of curvature (nm) at the sample surface (in top view), the impact density on
the detector (number of impact per grid unit area), the trajectories from the particle and the 3D reconstruction (V = 10 × 2 × 17 nm3, atoms
of matrix in blue and those of the particles in orange), according to its evaporation field 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 matrix.

In the first case, they observe that the SiO2 layer radius of
curvature on either side is not the same (from 25 nm in the
shadow side to 35 nm in the illuminated side). The authors

attribute this to the laser assisted evaporation, considering that
the laser side develops higher radii [60]. To test this, we simu-
late a vertical layer of Si (thickness of 20 and a sample radius
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Figure 13. (a) TEM observation of Si layer embedded in SiO2 [78] after APT analysis. Simulated sample morphology, considering
constant (T = 50 K) or (b) a gradient of T (in X direction, from 50 to 200 with α = 2 and β = 3). (d) Radius of curvature at the sample
surface (c) in top view. Average radius of curvature (nm) along the X axis in the region, noted in the figure (c) as (d) shadow side or as
(e) laser side. (g) Electric field (V nm−1) at the sample surface (c) in top view. (h) Average electric field profile along the X direction of the
figure (g). On the figures (e), (f) and (h), it is also reported the results obtained for another temperature evolution from 50 to 150 K (with
α = 2 and β = 3). Reprinted from [78], Copyright (2014), with permission from Elsevier.

of 25 nm [78]) with an evaporation field of Si 0.7 times lower
than the surrounding SiO2. The simulations have been per-
formed at constant temperature (T = 50 K, figure 12(a)) and
with an evolutive temperature (from 50 to 200 K, with α = 2
and β = 3, figure 13(b)). Clearly, we note that the temperat-
ure simulation makes it possible to reproduce a surface mor-
phology very similar to that of the experiment, which is not
the case for constant temperature (same radii in both side for
SiO2 layers). We measure a variation of 11 nm in the radii of
curvature on either side of the tip (at X = −20 nm, the radius
is equal to 16 nm, figure 13(e), and at X = 20 nm, the radius
is equal to 27 nm, figure 13(f)), thus confirming the conclu-
sions of Lee et al. We also reproduce the difference of the
evaporation depth for both SiO2 layers (about 3–4 nm). Our
results, however, are not quantitatively similar to the experi-
mental ones. The variation of radii is quite the same (about
10 nm), but the simulated radii are lower (in the shadow side,
16 nm in simulation and 25 nm experimentally). In order to be

quantitative, it will undoubtedly be necessary to increase the
size of the tip, even to modify the evaporation field of the Si
layer, but more fundamentally to model more accurately the
temperature distribution in the tip apex (figures 13(d)–(h)).

For the opposite case (SiO2 in Si, figure 14), we make
similar observations. Indeed, we note that the temperature
simulation (figure 14(c)) makes it possible to reproduce a
surface morphology very similar to that of the experiment
(figure 14(a)), which is not the case for constant temperature
(figure 14(b)). However, in this case, our results are far from
being quantitatively comparable with experiment. They meas-
ure an increase of 10 nm of the SiO2 layer radius (from 35
to 45 nm, figure 14(a)), whereas in simulation, we measure an
increase of 4 nm, in the worst case (i.e. at the highest temperat-
ure in the figure 14(d), for X = −6 and X = 6 nm). Moreover,
we observe a difference in the Si layer top depth (about 3–
4 nm), as experimentally (figure 14(a)), but in the opposite
direction (the uppermost layer is the laser side experimentally
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Figure 14. (a) TEM observation of SiO2 layer embedded in Si [78] after APT analysis. Simulated sample with constant T (T = 50 K) or
(b) assuming a temperature gradient (in X direction, from 50 to 200 with α = 2 and β = 3). (d) Radius of curvature at the sample surface
(c) in top view. (e) Average radius of curvature (nm) along the X axis in the region squared in the figure (d). (f) Electric field (V nm−1) at the
sample surface (c) in top view. (g) Average electric field profile along the X direction of the figure (f). On the figures (e) and (g), it is also
reported the results obtained for another temperature evolution from 50 to 150 K (with α = 2 and β = 3). Reprinted from [78], Copyright
(2014), with permission from Elsevier.

and inversely in simulation). This difference is due to a non-
centered SiO2 layer between the two layers of Si, as observed
by [78] before evaporation, in this case. However, it is obvious
regarding the simulation results that the initial samplemorpho-
logy (and even the evaporation field and temperature) must
be modified to quantitatively correspond with experimental
observation, even if, the main observations are well repro-
duced with the mesoscopic model.

The mesoscopic simulation model allows to reproduce
the evaporation of layers (but also of particles). The model
also reproduces the laser assisted evaporation with a simple
approach (polynomial evolution). The next optimization of
this model will be to introduce a temperature evolution which
can take into account [41, 47] the thermal diffusivity variation
between different phases.

4. Conclusion

A new model of FE was presented. The approach is based
on the classical relationship between electric field (estimated
from the Robin equation) and an evaporation rate formal-
ism that is applied this time on a triangulated surface mesh
of an emitter. The model is compared to predictions from
a previous model at the atomic scale. This model, despite
its simple approach, has many advantages: (1) low memory
allocation requirement (around 100 MB), (2) low computa-
tion time (around 1 h), (3) real sample dimension can be intro-
duced (regarding previous advantages), (4) can simulate vari-
ous microstructural objects (particles, layer, …), with results
comparable to the experiments and (5) also to reproduce laser
assisted evaporation. This last point remains to be optimized
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in order to quantitatively reproduce the laser assisted experi-
mental results.

The model accurately solves the electric field at the sur-
face, and the ion trajectory from the sample to the detector.
Given its performance in computing time and memory alloca-
tion, thismodel could be used as a basis for a 3D reconstruction
algorithm [19, 20].
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