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High-resolution terahertz-driven atom

probe tomography

Angela Vella'?*, Jonathan Houard’, Laurent Arnoldi', Mincheng Tang', Matthias Boudant’,
Anas Ayoub’, Antoine Normand', Gerald Da Costa', Ammar Hideur®

Ultrafast control of matter by a strong electromagnetic field on the atomic scale is essential for future investigations
and manipulations of ionization dynamics and excitation in solids. Coupling picosecond duration terahertz pulses
to metallic nanostructures allows the generation of extremely localized and intense electric fields. Here, using
single-cycle terahertz pulses, we demonstrate control over field ion emission from metallic nanotips. The tera-
hertz near field is shown to induce an athermal ultrafast evaporation of surface atoms as ions on the subpicosecond
time scale, with the tip acting as a field amplifier. The ultrafast terahertz-ion interaction offers unprecedented
control over ultrashort free-ion pulses for imaging, analyzing, and manipulating matter at atomic scales. Here, we
demonstrate terahertz atom probe microscopy as a new platform for microscopy with atomic spatial resolution

and ultimate chemical resolution.

INTRODUCTION
Coupling electromagnetic fields to solid-state nanostructures to
control the basic properties of matter at the nanoscale is attracting
increasing interest for various applications such as chemistry and
catalysis, nanopatterning or nanolithography, gas sensing, as well as
ultrafast electron microscopy and imaging (I1-5). In the context of
matter analysis, field emission of positive ions from a sharp tip (also
referred to as field evaporation) is the basic principle of atom probe
tomography (APT), which is an imaging technique based on con-
trolled field evaporation of atoms from a nanometric needle-shaped
sample under a strong electric field (6). The attraction of APT lies in
its capability to provide subnanometer spatial resolution in the three
dimensions of space, with high chemical sensitivity across the whole
periodic elements and their isotopes (7). Initially, APT was restricted
to conductive materials because of the use of high-voltage pulses to
trigger ion evaporation (8). The development of the laser-assisted
APT (La-APT) (9) has enabled the APT analysis of semiconducting
and dielectric materials (10). In La-APT, the sample is evaporated
atom by atom by the combined actions of a high DC field and an
ultrashort laser pulse (11, 12). However, this La-APT usually suffers
from low spatial and chemical resolutions due to the thermal heat-
ing arising from laser light absorption (11, 13). Recent advances in
electrons field emission show that ultrashort terahertz pulses (14)
coupled to metallic nanostructures provide a unique route for the
control (15-20) of electron dynamics at the nanoscale due to their
large ponderomotive energy and low photon energy. The potential
for terahertz-based APT to perform high-resolution imaging is thus
very promising, but it is essential that we acquire a deeper under-
standing of the physics underlying terahertz-pulse-matter interac-
tion within the APT operation environment.

Here, we show that the enhancement of terahertz fields in posi-
tively biased nanotips allows triggering the emission of positively
charged ions from the nanostructure surface. On the basis of this
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effect, we demonstrate a high chemical and spatial resolution terahertz-
assisted APT instrument.

RESULTS

The experiment representing the Tera-APT microscope is sketched
in Fig. 1A. A single-cycle strong terahertz field generated from two-
color air plasma is focused on an aluminum tip biased at several kilo-
volts. A near-infrared (NIR) pulse (800-nm wavelength and 45-fs
pulse duration) can be combined with the terahertz pulse and col-
linearly focused on the sample, with a variable time delay between
the two pulses. The atoms at the surface of the aluminum tip are
field-evaporated as ions by the combined action of the static field
and the terahertz (or NIR) pulse that triggers the evaporation pro-
cess. Ions are projected on a time- and position-sensitive detector
(PSD). From the time-of-flight measurements, we retrieve the mass/
charge ratio, and from the impact position on the detector system,
we reconstruct the evaporated volume, using a reverse projection
law (see Figs. 1D and movie S1) (21).

Near-terahertz field characterization and calibration

The temporal traces of the generated terahertz pulses are reported
in Fig. 2B, for two inverted field directions (polarities) measured by
electro-optic (EO) sampling outside the atom probe chamber. The
terahertz field at the apex of the sample (near terahertz field) was
measured using this field to drive electron emission from the nega-
tively biased aluminum tip (22, 23). First, we measured the electron
emission properties of the aluminum tip (70-nm apex radius) under
NIR illumination at Ing = 2.3 GW/cm? as a function of the negative
bias, which shows that the tip acts as an ultrafast rectifying diode
(Fig. 2A). Then, for the two incident terahertz transients of opposite
polarities of Fig. 2B, we recorded the emission current as a function
of the delay between the terahertz and the NIR laser pulses (Fig. 2C).
Owing to the results of Fig. 2A, a correspondence between the bias
(Vpc) and the emission current (flux) can be established and used
to convert the measured flux of electrons into equivalent rectified
potential (Vrry,). We have thus reconstructed the rectified terahertz
pulse at the nanotip apex, taking into account the fact that, chang-
ing the polarity from positive to negative, the terahertz field was
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Fig. 1. lon field evaporation triggered by terahertz in a tomographic atom probe. (A) Ultrashort terahertz (red) pulses are focused onto a metallic nanotip inside a
high vacuum chamber. The high voltage applied to the metallic tip translates into an intense electric field at the specimen apex. The evaporated ions are projected toward
a time-sensitive detector and a PSD located at 10 cm from the nanotip. A NIR pulse (blue) can be combined to the terahertz pulse with a variable delay to probe the inter-
action mechanisms. ToF, time of flight. (B) Isosurface plots of the three-dimensional (3D) field distributions calculated numerically for the excitation frequency of 2 THz
and for different values of the field enhancement factor. (C) Mass spectrum as measured from a terahertz-assisted atom probe analysis of a pure aluminum specimen. The
datasets consist of around 10° ions collected at a bias voltage Vpc = 8.7 KV and an evaporation rate of 0.01 ion per pulse at T= 50 K. (D) 3D reconstruction of a pure alumi-
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Fig. 2. Rectified terahertz voltage at the tip apex. (A) Current-voltage character-
istic of electron emission obtained from an aluminum tip (apex radius of 70 nm)
under laser illumination at lyg = 2.3 GW/cm?. (B) Two terahertz transients with in-
verted field directions (polarity) measured by EO sampling outside the atom probe
chamber. (C) Photocurrent modulation for the terahertz waveforms corresponding
to the EO traces of (B) at Vpc =—300 V and Iyr = 2.3 GW/cm?. (D) Rectified terahertz
pulse reconstructed from (A) and (C).

attenuated of a factor 2 (see Fig. 2D). We observed same deviation
from the incident terahertz pulse, due to the antenna response of
the tip (23, 24).

We converted the measured rectified terahertz voltage into the
near field using the relation F{%HZ = Vru./ (kR), with k as a geomet-
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rical factor ranging from 4 to 9 and R as the apex radius. To measure
the k factor, we field-evaporated the sample biased to 9 kV using only
NIR laser pulses of Inr = 2.3 GW/ cm?. Following the Kingham the-
ory (25), from the ratio of the AI"/AI*" peaks in the collected spec-
trum reported in Fig. 3A, we calculated the surface field at 17 V/nm
leading to a geometric factor value of k = 7.6. The amplitude of the
terahertz pulse in Fig. 2D is therefore 2.72 V/nm, about 2000 times
higher than the incident terahertz field of Fig. 2B.

We computed the field enhancement factor by solving Maxwell
equations in three dimensions using a finite-difference time domain
commercial software (Lumerical), allowing to take into account the
tip geometry (26). In this simulation, the tip is modeled as a cone
terminated by a hemispheric cap (see Fig. 1B). It is placed in the
simulated space and surrounded by a perfectly matched layer avoiding
any field reflection. For 2 THz, corresponding to the central fre-
quency of incident terahertz signal of Fig. 2D, the material proper-
ties are taken into account through the dielectric constant considering
the value given in (27). In Fig. 1B four field isosurfaces are rep-
resented, corresponding to field enhancement factor values ranging
from 800 to 2000. For the field enhancement value of 2000, the iso-
surface corresponds to the surface of the simulated volume. Because
the field enhancement is highly frequency dependent with a typical
1/frequency behavior (23) and because the excitation spectrum of
the incident terahertz pulse centered at 2 THz has a full width at half
maximum of about 1 THz, the value of the field enhancement will
range between 4000 and 1300. The experimental value of 2000 can
be considered as the mean value of the enhancement factor on the
range of the excitation frequencies.

To perform ion field emission using terahertz pulses, we increased
the amplitude of the terahertz field to its maximum of 5.5 V/um.

20of7


http://advances.sciencemag.org/

A|+ —— THz A

2] —— Laser 800 nm
g 80
=
o 60
0]
N H*
g 407

+
& ool |12+
= A

0 5 10 15 20 25 30 35 40 45 50
Mass/charge (Da)

100 100
[} *
S ) Al C
=3 H H,*
3 ‘ H,'
N 10 ¢
©
E 10
<]
z

I | |

1 2 3 26.5 27.0 275 28.0 28.5
Mass/charge (Da) Mass/charge (Da)

Fig. 3. Analyzing aluminum nanotip in terahertz-assisted APT. (A) Mass spectra
as measured from a terahertz-assisted atom probe analysis (black) and a NIR laser-
assisted atom probe analysis (red) of a pure aluminum specimen. The datasets con-
sist of around 10° ions collected at a bias voltage Upias =9 kV, NIR laser intensity
InrR=2.3 GW/cmZ, and an evaporation rate of 0.01 ion per pulse at T=50K. (B) Zoom
on H*, Hj, and Hj mass peaks using semilog scale. (C) Zoom on Al* mass peak us-
ing semilog scale.

Taking into account the value of the enhancement factor (2000), the
amplitude of the terahertz near field was about 10.5 V/nm. We ex-
perimentally checked this value of the terahertz near field by elec-
tron energy filtering. The maximum terahertz field, with negative
polarity, was focused on the sample biased at the positive voltage of
about 3 kV. The bias voltage was then slowly decreased, and no elec-
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tron emission was detected up to a bias of 1.4 kV. Because electrons
escape the enhanced near terahertz field within a small fraction of
the oscillation period, the corresponding yielding electron energy is
Ernz = e [ Frug(r, to)dr, where t; is the time of emission (17). We de-
scribe the terahertz by its field strength at the tip apex surface FJ,;, and
a dipolar spatial decay of length R, equal to the tip radius. It follows
that Ety, = 2e F‘%HZR. The electron energy loss due to the positive
bias is Epc = eVpc. The energy of the electrons detected at Vpc =1.4kV
is almost equal to zero; therefore, Etyy, = Epc and the terahertz field
strength at the tip apex surface is FOThZ = % = 10 V/nm, in good
agreement with the value calculated using the enhancement factor
of 2000.

Analyzing aluminum nanotip in terahertz-assisted APT
To perform ion field evaporation by terahertz pulses, we positively
biased the aluminum tip (70-nm apex radius) at 9 kV and set the
terahertz pulse with positive polarity (Fig. 2B) to its maximum am-
plitude of 5.5 V/um, which corresponds to a near field of 10.5 V/nm.
In Fig. 3A, we have presented the mass spectra obtained at the same
bias using terahertz and NIR laser pulses. Same species are detected
from both spectra; however, the width of the peaks [A(mass/charge)
at 50, 10, or 1% of the maximum peak height] is much larger when
NIR pulses are used, as shown in Fig. 3, B and C. The mass/charge
resolving power and thus the chemical resolution of the atom probe
are related to the width of peaks identified on the mass spectrum
through the relation (mass/charge)/A(mass/charge) (11). For the
Al" peak, the mass resolving powers of 380, 180, and 60 are obtained
at 50, 10, and 1% of the maximum peak height, respectively. These
values at 10 and 1% are four times larger than those obtained using
NIR pulses.

The spatial distribution of the Al" ions on the detector is reported
in Fig. 4A. When the sample is crystalline, such as aluminum, the
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Fig. 4. Analyzing aluminum nanotip in terahertz-assisted APT. (A) Spatial distribution of Al* ions on the detector for the terahertz-assisted atom probe analysis. (B) 3D
images resulting from the terahertz-assisted atom probe analysis showing Al atomic planes along the <002>, <113>, and < 224> crystallographic directions; black dotted

lines are guides to the eye.
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regular crystal structure is intercepted by the hemispherical shape
of the tip, and it creates regular structures of concentric atomic rings
known as poles. The rings are visible on the evaporation (movie S1).
The center of the <hkI> pole is the position where the atomic planes
(hkl) are tangent to the hemispherical surface. At the center of the
pole, the local field is lower than on its border; therefore, the num-
ber of the evaporated atoms will be lower at the center. It follows
that poles can be associated with the regions of lower number of
impacts on the map in Fig. 4A. The three-dimensional (3D) recon-
struction of the evaporated volume shows well-resolved atomic planes
for three crystallographic directions, as shown in Fig. 4B, which are
indiscernible in the case of NIR analysis (for more details about the
atomic spacing measurement, see the Supplementary Materials).
Because the image reconstruction in APT is obtained by field ero-
sion, which governs the in-depth (longitudinal) dimension, and the
ion projection, which gives rise to the lateral dimensions, the longi-
tudinal resolution of the image is different from its lateral one. The
two values of the spatial resolution of the 3D images of Fig. 4B were
calculated using the Fourier transform approach (28, 29). The mea-
sured longitudinal and lateral resolutions are (0.07 + 0.01) nm and
(1.3 £ 0.1) nm, respectively. The in-depth resolution is limited by
the perturbation of the well-ordered sequence of the evaporation of
atoms from the surface. The lateral resolution is mainly limited by
surface diffusion before field evaporation (trajectory aberrations in
the first steps of flight, for example).

Dual-frequency excitation of the aluminum nanotip

Using dual-frequency excitation of the aluminum nanotip, we have
recorded the evaporation rate as a function of the delay between the
terahertz and the NIR laser pulses (Fig. 5C). For large negative delay
(< — 1 ps) that is a situation in which the terahertz pulse precedes
the NIR pulse, the evaporation rate is stable and its value is equal to
that obtained only by terahertz pulses; therefore, it is unaffected by
the NIR laser excitation. For negative delays in the range of tempo-
ral overlap between the NIR and the terahertz pulse (-1 < delay < 0 ps),
the evaporation rate remains unchanged. When the delay becomes
positive and the NIR pulse precedes the terahertz pulse, the evapo-
ration rate increases up to its maximum in less than 0.5 ps. For longer
positive delay, it stays stable to its maximum value. Because the
evaporation rate is a function of the lattice temperature by this dual-
frequency excitation, we are following NIR laser heating in the nano-
tip apex via terahertz field emission, as will be discussed in the next
section.

DISCUSSION

lon trajectory calculation

The improvement in the chemical and spatial resolution of the atom
probe assisted by terahertz pulses compared to NIR pulses is due to
the change in the underlying physical evaporation mechanism. In
the case of NIR illumination, the field ion evaporation is triggered
by intermediate thermal pulses generated by the NIR laser-sample
interaction (30). The typical duration of this thermal pulse is of
hundreds of picoseconds in the case of aluminum (31). This long
thermal pulse is at the origin of the evaporation of ions long after
the arrival of the laser pulse. This effect is visible in the time-of-flight
spectrum of Al" ions, which exhibits an exponential decay curve with
about 2.5-ns decay time, in Fig. 6B. For terahertz illumination, the
time-of-flight Al" peak shows also an asymmetrical shape, compared
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Fig. 5. Following NIR laser heating in the nanotip apex via terahertz field emission.
(A) Normalized evaporation rate calculated considering a thermal (black) or ather-
mal (red) evaporation mechanism for the terahertz pulse and a thermal mechanism
for the NIR laser pulse as a function of the delay between these two pulses as
sketched in Fig. 1A. (B) Electronic and lattice temperatures computed in a two-
temperature model for parameters of the measurement in (C). (C) Transient terahertz
field evaporation (black squares) as a function of the delay between the NIR and
the terahertz pulses. The datasets consist of around 10° ions per step collected at
Voc=8.9 kV, NIR laser intensity /ygr=0.5 GW/cm? and an evaporation rate of 0.01
ion per pulse using only terahertz pulses and 0.001 ion per pulse using only NIR
laser pulses, at T=50K.

to the Gaussian profile represented in green in Fig. 6B. However, in
this case, decay time is very short compared to NIR illumination.
Numerical modeling of the time-of-flight spectrum allows for a com-
prehensive description of the ion flight to the detector. We have
calculated the Al" ion trajectories taking into account both the lo-
cally enhanced terahertz and the constant electric field to compute
the ion trajectories for different evaporation times t; (departure time)
relative to the terahertz pulse (32). For simplicity, we consider a 1D
propagation. We model the static field as a superposition of a ho-
mogeneous long range component and a more confined component
with a near-field dipole decay length equal to the tip apex-radius R (32)

3

d
Fstat(x) = F(s)tatm + Fhom

with F* = 15.75 V/nm, Fyom = 6.93 x 107 V/nm, and d = X~ a
rescaled parameter. The variables for the static electric field arécon-
strained to satisfy the total energy eVpc gained by the bias voltage.

The terahertz transient is reported in Fig. 6A, as function of time.
Its spatial dependence follows the near-field dipole decay (24)

B
Fri,(x,1) = FThz(t)m
where the maximum of the function Fry,(t) is F OThZ =10.5 V/nm.
Ton trajectories are calculated solving the differential equation

mx = ne(Fa(x) +Frn (.t + 1)) (1)
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Fig. 6. Experimental measurement and numerical simulation of the spectral
shape of the terahertz-assisted APT. (A) Terahertz transient used for the calculation
of ion trajectories. (B) Al* time-of-flight peak as measured from a terahertz-assisted
atom probe analysis (black squares) and a NIR laser-assisted atom probe analysis
(red line) of a pure aluminum specimen. Best fit of the terahertz Al* time-of-flight
peak using a Gaussian function (dashed green line) underlines the asymmetry of
the Al* peak for both the terahertz and NIR laser-assisted atom probe analyses. The
calculated shape of the Al* time-of-flight peak (blue line), solving the ion propagation
equation under the combined actions of the terahertz and static fields. The exper-
imental conditions are the same as those of Fig.2. (C) Normalized evaporation
probability (black) calculated for ions emitted at different times t, relative to the
terahertz pulse as a function of the associated time of flight. The detector response
function (red) corresponding to a Gaussian function of 150 ps in width.

where m is the mass and ne is the charge. The initial conditions are
x(0) =0and x(0)=0.

For each t,, we have calculated the time of flight and the evapo-
ration probability ¢. For electric fields close to the evaporation field
threshold of the material, the evaporation probability (or rate)
is given by ¢, o< exp (— %ﬁ—?), where the activation energy Q(F)=

7 — 1) with Qy=0.04€V, Feyap = 20 V/nm, kp is the Boltzmann
constant, and T is the lattice temperature. For electric fields higher
than the value of the evaporation field, the evaporation probability
was set to 1 (12). We represent the normalized evaporation proba-
bility of ions emitted at y as a function of the associated time of
flight in Fig. 6C. Because of their large mass, compared to electrons,
Al" jons cannot escape the enhanced terahertz field within a frac-
tion of the terahertz oscillation period, resulting in the ion momen-
tum governed by the temporal integral over the total field along
the individual trajectories x(t): P = ef,o F(t,x(t)) dt. Because trajec-
tories depend on the emission time (see the Supplementary Materi-
als), the momentum is different from the temporal integral of the
terahertz field. We also convolute the evaporation probability with
the response function of the detector, a Gaussian of 150 ps in width
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(33). This simple model reproduces quite well the experimental shape
of the Al" spectral peak (Fig. 6B). Concerning the hydrogen peaks
(H* and H3), a larger dispersion is calculated because of their lower
mass compared to Al* ions. However, because of the low number of
detected hydrogen ions, these predictions cannot be confirmed by
the experimental measurements.

Determination of the evaporation mechanism

The results of the dual-frequency excitation of the aluminum nano-
tip constitute the experimental proof of the athermal ion evapora-
tion by terahertz pulses. We know that the evaporation rate is a
function of the lattice temperature and of the activation energy that
decreases when the surface field increases. Moreover, we know that
the NIR pulse acts on the evaporation rate increasing the lattice tem-
perature in a time scale of less than 1 ps (31). Instead, we suppose
that the terahertz pulse acts only on the surface field by reducing the
activation barrier (34). Therefore, if the NIR laser pulse illuminates
the sample at ¢ = 0 s, then the sample temperature will increase as
follows

T(z):TM%(l—erf(t;"’)) )

with Ty =50 K, Tyse = 60 K, £5 = 0.3 ps, and . = 0.25 ps, correspond-
ing to the electron-phonon coupling time. The temporal shape of the
terahertz pulse close to its maximum can be approximated by the
Gaussian function

Fgrint)= Fiyy, exp ( - <t_0.t? “>2)

where ty,.x = 0.77 ps corresponds to the time position of the terahertz
pulse peak of Fig. 6A. Because the activation barrier decreases pro-
portionally to the electric field strength, we assume that, when the
terahertz pulse is almost at its maximum value, the barrier evolves
following the Gaussian shape of the terahertz pulse, as follows

Qg(t) = Opc — AQexp ( - (%)2)

with Qpc = 0.11 eV and AQ = 0.7 eV. The value of AQ was fixed
considering that close to the maximum of the terahertz pulse, the
barrier is of 0.04 eV. The value of Qpc was estimated from the ex-
perimental value of the detected flux under only NIR illumination.
The evaporation rate follows a Boltzmann law as a function of the
sample temperature and the activation barrier: ¢ o< exp (- Q/kgT).

Therefore, integrating on the acquisition time, the evaporation
rate as a function of the delay t between the terahertz and NIR pulses
becomes

o) [y exp (— %) dt ©)

We represent the evolution of ¢ as function of the delay in Fig. 5A
(labeled “calculated athermal flux”), and it well describes the exper-
imental behavior of Fig. 5C. On the contrary, if we assume that the
terahertz pulse acts as a thermal pulse and we use Eq. 2 to model the
temperature evolution after the terahertz illumination, then the evo-
lution of ¢ as a function of the delay is constant on the range of delays
explored experimentally, as shown in Fig. 5A, with black curve labeled

50f7


http://advances.sciencemag.org/

“calculated thermal flux.” Therefore, this curve does not reproduce
the experimental behavior of Fig. 5C. We can conclude that the as-
sumption of a terahertz-induced thermal pulse is false (more details
on the calculation are in the Supplementary Materials).

The temporal increase in the evaporation rate at positive delays
of Fig. 5C measures the heating of the lattice due to the relaxation of
the electronic temperature after the NIR laser excitation (31). To
describe this heating process, we have regarded electron-phonon
coupling as the exclusive cooling channel in the first few picoseconds
following the electron excitation. We have modeled this behavior by
calculating the electronic (T.) and lattice (T}) temperatures in a two-
temperature model (35) (Fig. 5B). We have used the experimental
excitation parameters and the material constants for bulk alumi-
num but, because of the nanoscale carrier confinement, not ballistic
or diffusive spatial energy transport. The electron-phonon coupling
constant of bulk is expected to be unaffected by the nanoscopic ge-
ometry (36). The temporal evolution of the electronic and lattice
temperature is represented in Fig. 5B. We note that, 1 ps after the
NIR excitation, the two thermodynamic systems (electrons and lat-
tice) are at the equilibrium at 130 K.

For the calculated values of the lattice temperature (T7), we evaluate
the terahertz-induced evaporation rate (¢ o< exp ( — Q/kgTy)) for the
activation energy barrier of Q = 0.04 eV (12). This calculated flux is
reported in Fig. 5C. This simplified model accurately reproduces the
experimental increase in the evaporation rate at positive delay (Fig. 5C).

In conclusion, we demonstrate ultrafast, nonthermal field evap-
oration of surface atoms as ions by tip-enhanced single-cycle terahertz
pulses. Essentially, the results represent the implementation of
an ultrafast field-assisted atom probe triggered by terahertz pulses,
thus paving the path for material analysis with ultimate spatial and
chemical resolutions. The approach has notable potential for atom
probe analysis of biological materials where thermal heating consti-
tutes a strong limitation. The field evaporation assisted by terahertz
pulses will also enable time-resolved chemistry in high electric field,
opening the way for new degrees of freedom in the control of field-
induced chemistry. The narrow energy spread of the field-evaporated
ions by single-cycle terahertz pulses opens the way to their use as
charged particle beams to image, analyze, and modify matter from
the microscale to the nanoscale.

MATERIALS AND METHODS

Laser-assisted APT

Experiments were performed inside a home-made ultrahigh-vacuum
atom probe chamber with a base pressure of 5 x 10 mbar and a
close loop cryostat cooling of the sample to 50 K. The aluminum
tip was electrochemically etched from a 0.25-mm-diameter aluminum
wire. The tip was cleaned inside the chamber using NIR laser evap-
oration. The tip is polarized with a positive applied DC bias Vpc,
yielding an intense field at the tip apex. Field ion evaporation is trig-
gered by a femtosecond NIR laser pulse (800 nm in wavelength) with
tunable energy up to 3.5 pJ. Surface atoms may ionize and leave the
surface, flying toward a detector sensitive to the impact position of
the ion and to its time of flight. The time of flight of the ions allows
for the identification of their mass/charge ratio, i.e., (with some lim-
itations) of their chemical identity. Furthermore, the impact posi-
tion on the detector makes it possible to reconstruct the original
position of each ion on the tip through a back-projection algorithm.
It becomes thus possible to retrieve multidimensional information,
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such as 2D surface maps of emitted species or the 3D reconstruction
of the chemical composition of a given volume.

The PSD used in this study is a delay line detector with improved
multihit capabilities. It consists of a conventional 8-cm Roentdek
delay line detector following a pair of microchannel plates (MCPs)
in chevron configuration. Signal output from each end of the two
wire pairs are digitized by means of fast digitizer boards PXI DC 271
(or Keysight U1051A Acgqiris). Ion flight time signals are taken as
output from the MCP, and the positioning is calculated using sig-
nals provided by the delay line outputs. A deconvolution algorithm
is used to improve the multihit capabilities of the PSD. The 3D re-
construction of the evaporated volume has been obtained by apply-
ing the cone angle/initial tip radius protocol (21).

Ultrafast laser source and terahertz optics

The laser system is a Spitfire model from Spectra Physics delivering
a 45-fs pulse in the infrared at 800-nm wavelength with a repetition
rate of 1 kHz and a maximum energy of 4 m]. It consists of a pas-
sively mode-locked titanium-sapphire (Ti:Sa) oscillator delivering
sub—45-fs pulses at a 80-MHz repetition rate. The pulses from the
oscillator are down-picked to a 1-KHz repetition rate and amplified
in a chirped-pulse Ti:Sa amplifier chain. The output beam is a TEM00
Gaussian beam with a diameter of 8 mm. The beam is split in two
parts (90/10 in energy); the highest-energy beam is used for terahertz
generation, and it is mechanically chopped at 145 Hz. The low-energy
beam is used either as probe for the temporal characterization of the
terahertz pulses in an EO sampling setup based on a GaP crystal or
as trigger for ion emission in a NIR laser-assisted atom probe. The
terahertz pulse is generated by a two-color plasma generation process
(37). The NIR laser beam is focused in air by a 40-cm focal lens and passes
through a beta barium borate (BBO) crystal placed before the focal
plane, to generate the second harmonic wave (SHW) at 400 nm. The
focused bichromatic femtosecond laser pulses consisting of the fun-
damental wave (FW) at 800-nm wavelength and its SHW generate a
plasma filament, which emits terahertz radiation with very high field
strengths. The amplitude and polarity of the emitted terahertz pulses
can be controlled by rotating the BBO crystal around its optical axis.
The terahertz signal is collimated by a gold-coated parabolic mirror,
and the residual FW and SHW components are filtered by a silicon
window. The terahertz radiation can be alternatively focused on the
EO system or on the nanotip inside the atom probe chamber. The
EO detection system is composed by a 100-um-thick GaP crystal, a
Wollaston prism, and two balanced photodiodes connected to a
lock-in amplifier (7265 Dual Phase from Ametek). The pulse polar-
ity is controlled by acting on the phase difference between the NIR
wave and its SHW as reported in (17).

For field emission analysis, the terahertz beam is sent into the anal-
ysis chamber through a transparent window, having a transmission
of 70% in the low-terahertz frequency range between 0.1 and 10 THz.
The beam is focalized on the biased nanotip by a spherical mirror
placed inside the vacuum chamber. The actual beam spot size onto
the specimen cannot be measured. It is estimated from simplified
Gaussian beam propagation formula assuming focalization through
a thin lens. The estimated beam waist values are 30 um and 6 mm
for the NIR and terahertz beams, respectively.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/7/eabd7259/DC1
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