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Abstract
The biocompatibility and resorption characteristics of β-tricalcium phosphate (β-TCP, Ca3(PO4)2) have made it a coveted alternative for bone grafts. 
However, the underlying mechanisms governing the biological interactions between β-tricalcium phosphate and osteoclasts remain elusive. It has 
been speculated that the composition at grain boundaries might vary and affect β-TCP resorption properties. Atom probe tomography (APT) offers 
a quantitative approach to assess the composition of the grain boundaries, and thus advance our comprehension of the biological responses 
within the microstructure and chemical composition at the nanoscale. The precise quantitative analysis of chemical composition remains a 
notable challenge in APT, primarily due to the influence of measurement conditions on compositional accuracy. In this study, we investigated 
the impact of laser pulse energy on the composition of β-TCP using APT, aiming for the most precise Ca:P ratio and consistent results across 
multiple analyses performed with different sets of analysis conditions and on two different instruments.
Key words: atom probe tomography, β-tricalcium phosphate (Ca3(PO4)2, β-TCP), chemical composition

Graphical Abstract

In laser-assisted APT, compositional analysis of β-tricalcium phosphate (β-TCP) is dependent on the balance between thermal tails, which is influenced by 
numerous experimental parameters, and the electrostatic field, which can be assessed through the use of a charge-state ratio. We provide the optimum 
APT analysis conditions for the most precise and chemical distributions of Ca and P in β-TCP.
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Introduction
Bone loss is often associated to osteoarthritis, osteoporosis, 
and bone tumors resulting in locomotor disability, severe 
pain, morbidity, and loss of quality of life for the already aging 
global population (Zhang et al., 2022). Various alternatives 
exist to repair bone defects. Autologous bone grafts (e.g., self- 
derived), commonly called “autografts”, require secondary 
surgical procedures and provoke complications, including do
nor site injury, morbidity, deformity, and scarring (Haugen 
et al., 2019). Hydroxyapatite (HA), β-tricalcium phosphate 
(Ca3(PO4)2, β-TCP), HA-β-TCP biphasic mixtures, calcium- 
phosphate cements, and glass ceramics have been widely re
searched and applied as alternatives to autologous bone grafts 
because of their bone regenerative properties (Dimitriou et al., 
2011). This study focused on β-TCP, a highly sought material 
for its excellent osteoclast-mediated resorptive and osteoin
ductive (Dimitriou et al., 2011; Le Gars Santoni et al., 2022, 
2023; Humbert et al., 2024).

Even though β-TCP ability to resorb is well-established, 
contradictory statements are made regarding the rate of 
β-TCP resorption and the involved mechanism, i.e., chemical 
dissolution or osteoclast-mediated resorption. Small varia
tions in the content of phase, chemical, and surface impurities 
have led to significant changes in in vitro osteoclastic resorp
tion (Le Gars Santoni, 2022, 2023). Additionally, osteoclastic 
resorption leads to a needlelike structure suggesting bulk het
erogeneities (Gallo et al., 2019; Bohner et al., 2020), in ac
cordance with recent X-ray diffraction (XRD) results (Le 
Gars Santoni, 2020) and atomistic simulations (Sblendorio 
et al., 2023). Accordingly, it has been speculated that grain 
boundaries may play an important but still unexplored role 
(Bohner et al., 2020). Unfortunately, in-depth studies investi
gating the biological response beyond the macro- and 
micron-scale have been limited.

Atom probe tomography (APT) is an analytical technique in 
which individual atoms are removed in the form of ions from 
the surface of needle-shaped specimens by the application of 
an intense electrostatic field. This process is called field evap
oration and is thermally activated. Time control over field 
evaporation is achieved by using high-voltage or laser pulses 
superimposed on a DC voltage. In laser pulsing mode, field 
evaporation is triggered by a thermal pulse arising from heat 
generated at the apex of the needle from absorption of the la
ser light (Miller, 1994). The respective ions’ time-of-flight and 
impact position on a single-particle detector are used to recon
struct their 3D distribution, allowing compositional mapping 
on the nanoscale. By analyzing the distribution of species 
across a reconstructed dataset of β-TCP along with possible 
impurities, APT has the potential for advancing the under
standing of the driving force behind the biological responses 
between β-TCP and osteoclasts, particularly in relation to 
the underlying microstructure of the consolidated material 
and its complex network of grain boundaries. The non
uniform dissolution of β-TCP microstructure by osteoclast us
ing APT will be a topic of future research.

Here, we explored the influence of laser pulse energy (LPE) 
on the compositional analysis of β-TCP by APT to determine 
the most accurate and consistent compositions. APT is often 
thought to be a calibration-free quantitative technique; how
ever, a strong sensitivity of the compositional measurement 
to the measurement conditions has been reported across 
almost all classes of materials amenable to APT analysis 

(Amouyal & Seidman, 2012; Mancini et al., 2014; La Fontaine 
et al., 2015). We discuss the descriptors used to compare 
data across multiple datasets. We finally report on the use of 
a new in situ coating approach, directly inside a focused-ion 
beam microscope (FIB), to prepare specimens for APT. The 
coating facilitates the rapid dissipation of heat from the apex 
of the needle and strengthens thin needles that would other
wise prematurely fracture due to thermal stress. The use of 
optimized APT parameters and an in situ FIB coating method 
provided a more accurate and precise understanding of the 
chemical heterogeneities potentially present in β-TCP.

Materials and Methods
Scanning Electron Microscopy and Focused-Ion 
Beam Sample Preparation
A layer of 20 nm carbon coating was sputtered onto cylinders 
of either 0.1 wt% Cu-doped β-TCP sintered in a standard at
mosphere or pure β-TCP sintered in a monetite-rich atmos
phere. Both were fabricated at the RMS Foundation, 
Switzerland, as described in Le Gars Santoni (2020). A 
2.5 µm × 20 µm region of the β-TCP cylinder was coated 
with 0.5 µm of platinum carbon (Pt-C) using a gas-injection 
system inside a dual-beam scanning electron microscope/ 
focused-ion beam (SEM/Ga FIB) (FEI Helios Nano-Lab 600i) 
(FEI Company, Hillsboro, OR, USA) at 3.0 kV and 1.4 nA. 
A trench was milled using a voltage of 30 kV and a current 
of 2.5 nA on each side of the Pt-C-coated lamella. Next, 
3 µm × 3 µm of the lamella edge was milled at 30 kV and 
0.79 nA to attach the 2.5 µm × 20 µm lamella to the 
OmniProbe 200 Nanomanipulator (Oxford Instruments, 
Abingdon, UK) with Pt-C. Lamella (2.5 µm × 2 µm) was 
mounted onto Presharpened Microtip™ Coupons (PSM 
M36) (CAMECA Instruments, Madison, WI, USA) and sharp
ened into needlelike shapes with a diameter of 30–100 nm. 
One of the sharpened specimens was coated with Cr using 
the in situ FIB coating method. For more details of the in situ 
FIB coating method, refer to Singh et al. (2023). The Cr sputter
ing was conducted at 30 kV and 40 pA for 20 s for each of the 
four sides by rotating the specimen 90°, 180°, and 90° after 
each pass.

Atom Probe Tomography
The Cu-doped specimens were analyzed using the laser pulsing 
mode in a local electrode atom probe, LEAP™ 5000 XS, and 
the nondoped specimens were analyzed in a LEAP 5000 XR. 
The LEAP™ 5000 XS has a straight flight path of 100 mm, 
a detection efficiency of approximately 80% and a 355 nm 
wavelength (ultraviolet) pulsed laser, focused onto a spot 
size below 5 µm with a 10 ps pulse duration. The data were 
collected using a range of LPEs from 50 to 400 pJ, a base tem
perature of 40 K, a repetition rate of 125 kHz and a fixed de
tection rate of 5 ions detected per 1,000 pulses on average. The 
Cu-doped β-TCP is analyzed in the atom probe with straight 
flight path because it has the potential to show the ion dissoci
ation tracks unlike the atom probe fitted with a reflectron. 
This was to help better understand the mechanisms respon
sible for compositional biases.

The nondoped β-TCP is analyzed in the atom probe with a 
reflectron to explore possible analytical performance gains of
fered by using this instrument. The LEAP™ 5000 XR is fitted 
with a reflectron, has a flight path of 382 mm, a detection 
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Fig. 1. The mass spectra of a β-TCP specimen at 50, 100, 200, and 400 pJ laser pulse energy along with a series of peaks at mass-to-charge ratios 
corresponding to atomic and molecular ions for (a) all events, (b) single event, and (c) double events.

Fig. 2. The correlation histogram of multiples (a) with the dissociation tracks highlighted (b) using 50 pJ laser pulse energy (c) using 400 pJ laser pulse 
energy.
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efficiency of 52%, and a 355 nm wavelength (ultraviolet) 
pulsed laser, focused onto a spot size below 5 µm with a 
10 ps pulse duration. The data were collected using a LPE of 
150 pJ, a base temperature of 60 K, a repetition rate of 
200 kHz, and the detection rate was fixed at 5 ions detected 
per 1,000 pulses on average. The processing and reconstruction 
of the datasets were performed in CAMECA Instruments 
APSUITE (version 6.3.0.90), and the data exported in APT 
format were further analyzed using MathWorks MATLAB 
(R2023b).

Results
The mass spectra of the single β-TCP specimens obtained at 
50, 100, 200, and 400 pJ LPEs show similar peak shapes, as 
shown in Figure 1a. The only marked difference is after the 
Ca2+ peak, where the background intensity increases substan
tially with increasing LPE. Multiple detection events for a sin
gle laser pulse are common for APT. Yao et al. (2010)
suggested that plotting the mass spectra for single and multiple 
events separately can reduce the background and provide in
formation on the field evaporation behavior of specific species. 
Here, the mass spectra for single and multiple events using 50 

and 400 pJ LPEs are plotted in Figures 1b and 1c, respectively. 
The influence of the LPE is mostly visible for single events, 
with a relatively greater reduction in the background level 
with increasing LPE, which, in turn, leads to longer thermal 
tails of the mass peaks. The tails of the mass peaks are due 
to field evaporation occurring as the specimen cools down fol
lowing heating by the laser pulse. This is particularly true for 
the thermal tail of the Ca2+ peak at 19.96 Da, which subsides 
quickly at lower LPEs but still extends over a very long range 
of mass-to-charge ratios.

The identification of unknown complex ions was facilitated 
by correlation histograms. The first dissociation track starts at 
the parent ion, PO2

2+, corresponding to 31.5 Da, and ends at 

Fig. 3. The measurements of (a) PO3 
2+/PO3  

+ charge-state ratio (%) plotted as a function of laser pulse energy (b) background noise plotted as a function of 
PO3 

2+/PO3  
+ charge-state ratio (%).

Fig. 4. The mass spectrum analysis of β-TCP along with a series of peaks at mass-to-charge ratios corresponding to (a) atomic and molecular ions, and (b) 
atomic and molecular ions including additional Ca2+ peaks from background presumed to be composed of mainly Ca ions.

Table 1. Bulk Composition Determined in the Experiment of Figure 4.

Atom Type

Ca O P Na H Mg
Ca:P 
Ratio

A 23.7% 56.4% 19.5% 0.02% 0.38% 0.01% 1.21
B 26.5% 54.2% 18.8% 0.02% 0.36% 0.01% 1.41

Selase Torkornoo et al.                                                                                                                                                                                   1077
D

ow
nloaded from

 https://academ
ic.oup.com

/m
am

/article/30/6/1074/7745966 by guest on 16 February 2026



the daughter ions O+ and PO+, corresponding to 15.99 and 
46.96 Da, respectively. The consecutive dissociation tracks 
are shown in Figure 2a. The intensity along the vertical line 
is highest and does not decrease for Ca2+ and PO2

2+ ions, cor
responding to 19.96 and 62.95 Da, respectively. This indicates 
that Ca2+ and PO2

2+ ions are continuously generated, particu
larly in regions that correspond to the generation of other 
ionic species. Last, the overall intensity seen in Figure 2b is 
greater than that in Figure 2c. There are fewer hits at higher 
LPEs than at lower LPEs, indicating that some fragmentation 
is driven by the electrostatic field (Müller et al., 2011; 
Kirchhofer et al., 2013; Zanuttini et al., 2017).

To track the amplitude of the field across datasets and pos
sibly instruments, we selected the PO3

2+/PO3
+ charge-state ratio, 

which gradually decreased with increasing LPE, as shown in 
Figure 3a. This is consistent with the expected trend from 
post-ionization theory (Kingham, 1982). Accordingly, there 
is an increase in the background with increasing electrostatic 
field, as shown in Figure 3b. The background level measure
ments are acquired by ion counts per Da between 6 and 
10 Da, a region in the mass spectrum presumed to be free of 
peaks. The standard errors of the charge-state ratio and back
ground measurements were estimated based on the standard 
deviations of the statistical fluctuations, but they are smaller 
than the sizes of the symbols used in the graph. This can be ex
plained by the large datasets sampled for this study. The back
ground is related to the field evaporation of ions at DC voltage 
between laser pulses (Mancini et al., 2014). Laser pulses are 
used to trigger the time-of-flight measurement, which is used 
to determine the mass-to-charge ratio. Because field evapor
ation is not correlated with a pulse, the number of times of 
flight is not directly related to the mass-to-charge ratio of the 
ion, which hinders identification. At higher LPEs, the ampli
tude of the thermal pulse and the electrostatic field required 
to reach the set flux of ions are relatively lower, resulting in 
low rates of field evaporation between pulses. On the other 
hand, when using a lower LPE, a relatively high standing elec
trostatic field is sufficient to produce continuous field evapor
ation between pulses.

The Ca:P molar ratio according to the mass spectrum 
in Figure 4a is approximately 1.21, which is lower than the 

expected 1.5 Ca:P molar ratio acquired by XRD (Le Gars 
Santoni, 2020). Based on the correlation histograms, Ca2+ 

ions are continuously evaporated by the standing electrostatic 
field between pulses. All ions, including Ca2+ ions, detected be
tween pulses are considered to be background noise. The Ca:P 
molar ratio increases to approximately 1.41 with the inclusion 
of additional Ca2+ peaks from the background, which we pre
sume to be composed of mainly Ca2+ ions, as illustrated in 
Figure 4b. Table 1 summarizes the comparison of Ca:P molar 
ratios resulting in the inclusion of the Ca ions previously lost in 
the background of the mass spectrum. This analysis validates 
our hypothesis that the decrease in the Ca:P molar ratio is due 
to the exclusion of Ca ions from the background.

The application of a Cr coating on the specimen using the in 
situ FIB method introduced in Schwarz et al. (2024) reduces 
the background noise and specimen heating, as shown in 
Figure 5. The mass peak shape is indeed different, and the ther
mal tails of the major peaks (between 20 and 50 Da) of the 
coated specimen are indeed greater—i.e., the base of the peaks 

Fig. 5. The measurements of ions count plotted as a function of mass-to-charge ratio before and after coating along with a series of peaks at 
mass-to-charge ratios corresponding to atomic and molecular ions.

Fig. 6. The correlation of Ca:P molar ratio plotted as a function of 
PO3 

2+/PO3  
+ charge-state ratio (%).
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is wider—but with a steeper downward slope that indicates a 
faster return to the base temperature compared to the uncoat
ed specimen. The mass spectrum of the coated specimen shows 
a significant reduction in the Ca2+ mass peak thermal tails 
caused by heating. This can be explained by the faster heat dis
sipation through the coated material. In Figure 6, the Ca:P mo
lar ratio is plotted as a function of the PO3

2+/PO3
+ ratio from 

data analyses performed on different specimens of the same 
material, with and without Cr coating, and the standard error 
is smaller than the size of the symbols used. The Ca:P molar 
ratio is the quotient of Ca and P. The Ca atom counts do 
not include the additional Ca2+ peaks from the background, 
which we presume to be composed of mainly Ca2+ ions. The 
PO3

2+/PO3
+ charge-state ratios, which are indicative of the 

effect of the electrostatic field, were obtained using a 40 ×  
40 × 40 nm cylinder containing an equal volume of atoms. 
There is a correlation between the electrostatic field and the 
Ca:P molar ratio. All the measured Ca:P molar ratios fall 
below the expected ratio of 1.5 but improve with increasing 
electrostatic field, particularly when a Cr coating is used.

Discussion
The study of β-TCP by APT appears challenging and requires a 
robust approach to achieve accurate results. Here, we aimed to 
find optimum experimental parameters for quantitative ana
lysis, assessed based on the Ca:P molar ratio. There is an added 
level of complexity in evaluating the characteristics of insulat
ing ceramic materials such as β-TCP by laser-assisted APT. 
The analytical performance of APT is dependent on the bal
ance between the electrostatic field, which can be assessed 
through the use of a charge-state ratio, and the characteristics 
of the thermal pulse, which is known to be influenced by nu
merous experimental parameters (Bunton et al., 2007; Kelly 
et al., 2014). These properties are not easily tunable by APT 

operator-controlled parameters such as the LPE, laser pulse 
frequency, and specimen geometry.

In laser pulsing experiments where the LPE is systemically 
varied, a higher LPE generates a substantially higher back
ground level after the Ca2+ peak compared to a lower LPE 
at first glance. This rise in background level is mainly from 
Ca2+ peak broadening at 19.96 Da, which is an outcome of 
the enlargement of the thermal tail shown in Figure 7. The 
mass spectra are similar to those previously reported in biomin
eral studies (Gordon et al., 2012; Pérez-Huerta et al., 2019; 
Schwarz et al., 2024). Peak broadening is caused by local thermal 
heating at the tip as the LPE increases (La Fontaine et al., 2016). 
The long thermal tails in the mass spectrum are due to the high 
specimen temperature necessary to facilitate field evaporation 
under the applied fields at higher LPEs and the low thermal dif
fusivity of oxides (Kirchhofer et al., 2013). The Ca2+ thermal tail 
subsides quickly at low LPEs, but still extends over a very long 
range of mass-to-charge state ratios according to the correlation 
histogram of multiples. Additionally, an increasing relative num
ber of complex ions are undetectable at lower laser energies. 
Because the time-of-flight for heavy molecular ions is longer 
than the detection window, a slow pulsing rate is recommended 
to ensure that the majority of complex ions are detected as shown 
in Supplementary Figure S1. However, this has the undesirable 
side effect of increasing background noise.

Cr coating has the potential to improve Ca2+ mass peak 
resolution. The thermal tail at the Ca2+ mass peak, which ori
ginally extends over a very long range of mass-to-charge ratios, is 
reduced by approximately three times after the application of the 
Cr coating. The coated regions can quickly cool more than the 
uncoated regions. Although the new in situ FIB coating method 
reduces the Ca2+ thermal tail, revealing new peaks, the mass spec
trum continues to show evidence of thermal tails caused by heat
ing. The residual heating arises from the bottom half of the 5 µm 
long specimen tip, which is not adequately coated due to the spe
cimen length as shown in Supplementary Figure S2. This 

Fig. 7. Illustration of the effect of specimen tip heating on mass spectrum.
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highlights the importance of ensuring a conformal coating and 
optimizing specimen geometry for heat evacuation. The duration 
of the thermal pulse and the slope of the decay are primarily re
lated to the specimen geometry (Bunton et al., 2007; Kelly et al., 
2014). FIB preparation provides a way to control the specimen’s 
end radius, shank angle and length.

By analyzing the ion counts utilizing high LPE, we deter
mined a Ca:P molar ratio of approximately 1.21. The source 
of Ca depletion can be traced back to the thermal tail starting 
at 19.96 Da. Ca ions are ionized simultaneously as multiple 
complex ions containing phosphorus and between peaks ac
cording to the correlation histogram. Two or more ions that 
hit the detector simultaneously cannot be identified as two 
unique events and will result in a loss of detection of one of 
the ions (Peng et al., 2018). Ca ions are then not properly iden
tified by the detector when multiple ions arrive at the same 
time. The molar ratio is then depreciated because the Ca 
ions detected simultaneously with other ions and between 
pulses are not included in the bulk composition analysis.

Further analysis of the mass spectrum revealed the electro
static field as a variable impacting the accuracy of the bulk 
compositional analysis. The Ca:P molar ratios measured at 
relatively higher electrostatic fields appear to be more accurate 
than those measured at lower electrostatic fields. The molar 
fractions of P, Ca, and O are also a function of field, not 
LPE (see Supplementary Fig. S3). The stoichiometry of the ox
ide deviates from known values due to varying evaporation 
rates of Ca, P, and O ions during measurements. The energy 
required to remove atoms from a surface is different for each 
ion type, which can be explained by Müller’s evaporation-field 
formula. Müller defines the energy, Qo, required to ionize an 
atom before an electric field is applied to the tip as

Qo = Λ +
􏽘n

i

Ii − Φe, (1) 

where Λ is the sublimation energy, Ii is the ith ionization en
ergy, and Φe is the work function of the surface emitting the 

ion. In the presence of an applied electric field, the energy bar
rier, Q(F), is written as

Q(F) = Qo −

�������

n3e3

4πεo
F

􏽳

, (2) 

where εo is the dielectric permittivity of the vacuum and F is 
the electric field. For field evaporation, Fevap, the field at which 
the energy barrier is zero, is expressed as

Fevap =
4πεo
n3e3 (Qo)2. (3) 

When the applied electric field is near the field evaporation, 
Eq. (2) can be rewritten as

Q(F) = Qo − Qo

������
F

Fevap

􏽳

≈ Qo 1 −
F

Fevap

􏼒 􏼓

. (4) 

The rate of field evaporation is expressed as

Φevap = v0 exp −
Q(F)
kBT

􏼒 􏼓

, (5) 

where v0 is the atomic vibrational frequency of the 
field-adsorbed atom, kB is the Boltzmann constant, and T is 
the absolute temperature. The relationship between the elec
tric field and field of evaporation can be shown as a function 
of temperature,

F
Fevap

≈ 1 + 2ln
Φevap

v0

􏼒 􏼓2kBT
Qo

. (6) 

This further explains the result of specimen heating in the field 
of evaporation observed experimentally in this study, e.g., by 
Marquis & Gault (2008).

The ionization energy also varies greatly for the various 
elemental species, and further analysis is needed to understand 
the tradeoffs. Per Tsong, a simplified expression for the field of 

Fig. 8. Visualization of grain boundary interface; (a) side view of grain boundary surface, (b) top view of grain boundary surface, and (c) mass spectrum of 
the grain boundary interface with a higher fraction of P2+ ions.
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evaporation for an ion is proportional to e −I3
eF

( 􏼁

. Ca has first 
and second ionization energies of 6 and 12 eV, respectively, 
while the first and second ionization energies of P are 10 and 
20 eV, respectively (Tsong, 1978). Using first ionization ener
gies as a proxy for the evaporation field, the field of evapor
ation for Ca is greater than that for P. Consequently, the 
evaporation rate of Ca is suppressed at low electrostatic fields 
with respect to P. Several studies have shown that the stoichi
ometry of the oxide deviates from known values when the 
background noise level is low at high LPEs (Kirchhofer 
et al., 2013) and that the expected ratio is consistent when us
ing moderate laser energy (10–100 pJ) (Valderrama et al., 
2015). This is also consistent with the observations in this 
study.

With the completion of this groundwork, our goal was to 
perform further analyses of β-TCP, particularly at grain 
boundaries. These can be difficult to target during specimen 
preparation due to charging and a lack of contrast during 
the last stages of FIB-based specimen preparation. Figure 8 dis
plays APT data from a pure β-TCP prepared in a monetite-rich 
atmosphere. Within this longer dataset, we can observe a 
change in the distribution of the charge states locally, particu
larly the appearance of a peak of P2+ that is segregated along a 
planar feature. This localized change in the field can be attrib
uted to the presence of a grain boundary (Oberdorfer et al., 
2013; Wei et al., 2019). A composition profile through this 
interface reveals the same composition on either side and no 
specific segregation of any other elements. The Ca:P ratio ap
pears to be maintained across this specific grain boundary.

Conclusion
To further understand the osteoclastic resorption properties of 
β-TCP, the chemical distribution of calcium and impurities in 
β-TCP need to be closely examined. Although preliminary ef
forts to obtain accurate chemical distributions of Ca and P in 
β-TCP have thus far proven to be unattainable using APT, fur
ther optimization of APT parameters will provide a more pre
cise understanding of the chemical distribution within β-TCP, 
in particular at grain boundaries. 

• The measured molar ratio is consistent with known values 
obtained using low laser energy (i.e., 10–100 pJ).

• A lower pulsing rate (i.e., 125 kHz) increases the likeli
hood of detecting complex ions containing phosphorus, 
thereby improving the accuracy of the molar ratio.

• The source of Ca depletion can be traced back to the ther
mal tail starting at 20 Da.

• The in situ FIB coating method highlights the importance 
of coatings or other means for specimen heat removal.
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