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In this paper, we describe a method to synthesize beryllium (Be) nanoparticles (NPs) by laser ablation of a solid 
target immersed in a liquid medium. Beryllium dust was successfully synthesized following the irradiation of a Be 
bulk target, which was immersed in water, acetone or heavy water, respectively, using the first and second 
harmonic (1064 and 532 nm) of a Nd: YAG laser source providing ns pulses, with a repetition rate of 10 Hz. The 
laser fluences used for Be target ablation were 8 and 15 J/cm2. In order to argue the successful obtaining of Be 
dust, scanning electron microscopy (SEM) was used for surface analysis. Colloidal solutions analysis by dynamic 
light scattering (DLS) supports the SEM analysis in terms of NPs size, whereas chemical analysis by X-ray 
photoelectron spectroscopy (XPS) was used in order to investigate the chemical composition. Moreover, thermal 
desorption spectroscopy (TDS) was performed on Be dust synthesized in heavy water to study the retention of 
deuterium (D). The key parameters for obtaining much sharper and regular size distribution were identified as 
being the liquid medium, laser fluence, and wavelength.

Introduction

A problem arising in tokamak-based nuclear fusion reactors is that 
even if the fusion plasma is magnetically confined, some of the particles 
escape from the magnetic trap and interact with the walls of the reactor 
chamber resulting in its erosion. The sputtered material may give rise to 
deposits and dust. As a consequence, a marked deterioration of plasma 
facing components (PFCs) is expected, as well as the likely contamina
tion of the fusion plasma itself [1,2] that can lead to major unwanted 
events as disruption. In the divertor part of the future nuclear fusion 
reactor (ITER), the plasma facing material (PFM) will be made from 
tungsten (W) and will be submitted to high heat loads (up to 10-15 MW/ 
m2). The other part (the blanket), which is submitted to reduced heat 
loads, is planned to be constructed with 440 panels, which will be coated 
with an 8-10 mm layer of Be [3]. The decision to use Be on most of the 
surface exposed to the fusion plasma was made, taking into account its 
low degree of erosion by chemical and physical interaction, small mass

number, which improves the reactor tolerance to higher concentrations 
of Be impurities in plasma, as opposed to high-Z counterparts such as W 
[4], high thermal conductivity, and low retention rate of hydrogen 
isotopes compared to the other materials used in tokamak [5].

One of the main disadvantages of Be is that in the form of particles, in 
the case of inhalation, is toxic [6]. Another disadvantage is the low 
melting temperature (1560 K), compared to other potential materials to 
be used in the reactor chamber, such as W. While W and C have been 
extensively studied, the knowledge on Be dust creation processes in a 
plasma environment is more limited [7].

Beryllium particles can be expelled from the First Plasma Wall (FPW) 
during plasma operation due to ELMs (Edge-Localized Modes) [8] and 
imperfect plasma confinement. These Be particles can pose serious 
problems as a result of their redeposition in remote areas, changing the 
inner wall properties, but also due to their negative impact on diagnostic 
equipment. The hydrogen isotopes, deuterium and tritium, used as fuels 
for a fusion reactor, can be implanted into Be first wall [9] due to their
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escaping from the main fusion plasma. Some studies [9,10] explored the 
effect of Be impurities in deuterium plasma as a consequence of erosion 
after plasma-materials interaction. Thus, the study of the interaction 
between Be and hydrogen isotopes, and the removal of the retained 
isotopes are a priority for the proper functioning of future fusion 
reactors.

The main information about Be used in fusion technology were 
provided by the Joint European Torus (JET) experimental reactor. It was 
found that using Be as material for the first wall, both in the form of bulk 
as well as in the form of thin layers, led to an improvement of plasma 
parameters [11] manifested by increasing the density of deuterium ions, 
the ion temperature, and the confinement time.

In this study, we used the pulsed laser ablation (PLA) method in a 
liquid medium to synthesize Be NPs from a solid Be target immersed in 
different liquids. Beside multiple similarities between the pulsed laser 
ablation in gas and liquid, an important difference is that the liquid 
strongly confines the plasma plume onto the ablation area. This 
confinement slows down the cooling rate at the interface between the 
ablated material and the target. The hot ablated material can provide 
thermal energy to the underlying target and a larger portion of the target 
reaches the energy threshold for detachment [12]. Thus, the ablation 
yield in liquid is higher than in gas. This method is based on a simple 
experimental setup through we have the possibility to obtain NPs from a 
wide range of materials (metals, polymers etc.). We chose the liquid 
phase because Be dust is deemed toxic for the human body and the 
environment, whereas the confinement of oxide NPs to a colloidal 
environment eliminates the risk of inhalation of toxic substances. As 
compared to dry NPs, colloids are easier and safer to handle [13].

Based on high toxicity and environmental problems raised, the sci- 
entific literature on Be and Be oxides (BeO) particles synthesis is limited. 
The traditional methods for BeO NPs synthesis used chemical processes 
which include sol-gel route [14-16]. Using this method, BeO was syn- 
thesized in the form of nano powder with small particle diameters, under 
50 nm, partially agglomerated. Additional step which includes calci
nations is required in order to accomplished a uniform morphology and 
size distribution [16]. These studies point out the ease of execution and 
the versatility of the laser ablation process in liquid in relation with 
traditional methods used for Be NPs synthesis. This aspect represents 
another reason for our choice to use PLA method in a liquid environment 
for Be particles synthesis.

The processes that govern NPs formation using PLA method in a 
liquid medium can be summarized as follows [17-19]: 1) the laser beam 
is focused on the target surface, which is immersed into the liquid, 
producing the photoionization; 2) after the ionization process, some 
material from the surface target will detach by plasma formation, 
thermal or a thermal mechanism, shock waves, etc. The energy released 
by the plasma plume in the liquid leads to the formation of bubbles; 3) 
NPs are generated due to the ejected material from the target surface 
captured by the bubbles and released into the liquid after the bubbles 
break.

Metal NPs have already been synthesized by laser ablation in various 
liquids (water, ethanol, isopropyl alcohol etc.) [20], but there are few 
studies on the obtaining of Be NPs by this method. Barmina et al. [21] 
showed in their work the successful obtaining of Be NPs by PLA, for 
application regarding gamma activity decreasing. Sukhov et al. [22] 
studied the hydrogen generation by laser irradiation of iron and beryl- 
lium colloids in water. They synthesized beryllium and iron particles by 
ablation of solid targets in liquid using an ytterbium-doped laser 
(1060-1070 nm), with 8 ns laser pulse duration and 200 kHz pulse 
repetition rate. The pulse energy was 0.1 mJ and the exposure time was 
about 2 min. The Be NPs have average sizes of about 35 nm, but they also 
found particles with sizes of about 450 nm. For the same condition, iron 
NPs have average sizes of about 20 nm to 50 nm. Stokker-Cheregi et al. 
[23] studied the feasibility of the laser ablation of metallic W and Al 
targets immersed in acetone and water, as a technique for producing NPs 
using the second harmonic of a Nd: YAG laser at 532 nm, with a pulse of

7 ns, and a frequency of 10 Hz, at exposure time of 30 min (18.000 
pulses). The average of W and Al NPs sizes obtained by this method 
varied between 50 and 70 nm.

The scope of our work relates to the broader study of chemical and 
physical properties of Be dust, particularly in view of their future 
practical implications in the functioning of tokamak nuclear fusion re- 
actors, as material used in the inner wall. Our approach of using PLA in 
liquid medium in order to synthesize NPs has several advantages: i) it is 
safe and easier to handle compared to dry NPs [13]; ii) it has low/ 
moderate cost; iii) it is easy to implement in order to expand current 
research in this relatively unknown area; iv) a higher ablation yield than 
in gas due to the fact that a larger surface of the target reaches the energy 
threshold for detaching [12]. These criteria are interlocked when 
considering a particular approach and design decision, and this will 
always involve trade-offs between the considered aspects in order to 
achieve a feasible solution for the production of Be dust by laser ablation 
in liquids. Moreover, the study of D retention in Be dust synthesized by 
PLA in heavy water was also investigated by TDS analysis. Compared to 
other experimental methods which incorporate D by bombarding the 
bulk Be target with monoenergetic ion beams in UHV conditions 
[24,25], our approach is a new method which allows both the synthesis 
of Be NPs and the incorporation of D into Be dust in a single step.

Material and methods

General principles and design of the experimental setup

Beryllium particles were synthesized by laser ablation of a Be bulk 
target in different aqueous media, such as acetone, bi-distilled water, 
and heavy water. The experimental setup used for this application is 
presented in Fig. 1 and includes a Q-switched high-power Nd: YAG laser 
(Quantel) used as energy source providing ns laser pulses, operating at 
10 Hz pulse repetition rate, which was tuned to work at wavelengths of 
1064 and 532 nm. A dichroic mirror used to deflect the laser beam 
vertically is mounted on a computer-controlled stage providing X-Y 
scanning of the laser beam across the surface of the target. The laser 
beam was focused using an objective (fused silica lens with focal dis
tance f = 30 cm) onto the surface of the target. The Be target having 2- 
inch diameter and 99.0 % purity is placed at the bottom of a tall vessel, 
which has a height of 15 cm and a diameter of 7 cm, on a Teflon holder 
immersed in liquid. The vessel is mounted on a rotating stage ensuring a 
homogeneous ablation of the target across an area about 2 cm in 
diameter. That being said, there will be a compromise due to the fact 
that Be erosion in fusion tokamak reactors is expected to evolve in non- 
equilibrium plasma and the fact that the experimental system must be 
safe for our approach.

In general, the energy of the laser pulses can be attenuated by 
directly adjusting the laser operating parameters of the laser source 
(flash-lamp voltage, Q-switch delay, etc.), or by passive optical com- 
ponents, such as filters. An important priority for the safe operation of 
high-power lasers is the removal of reflections produced by additional 
optical components. These reflections are extremely damaging for the 
optical components and for the laser source, and not at least for the 
operators of the experimental setup. Therefore, in our experimental 
approach, the attenuation of the laser beam intensity was based on the 
adjustments of the Q-switch delay, which eliminated the need for filters 
and their associated risks. Another important priority is to avoid the 
contamination of users with the Be dust due to the fact that the vessel in 
which the solid target was placed is open. For this top priority, we have 
performed preliminary experiments using an aluminum target to 
observe at which wavelengths, fluences, and liquid parameters the 
ablation procedure can be carried out without any contamination from 
ejected droplets of colloids. The correspondences between laser Q- 
switch delay and pulse energy for 1064 nm and 532 nm operating 
wavelengths used to ablate Be bulk target in liquid are presented in 
Table 1.
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a)

Nd:YAGlaser^3 
1064/532 nm, 10 Hz Dichroicmirror

Glass vessel

rotât ing stage

b)

Fig. 1. a) Experimental setup and b) image of the Be bulk target ablated in liquid medium.

Table 1
Laser pulse parameters used for Be target ablation in liquid.

Laser wavelength (nm) Q-switch delay (ps) Pulse energy (mJ)

532 200 47
175 83

1064 210 41
185 79

It should be noted that high-power lasers have pulse-to-pulse energy 
fluctuations of around 5 % when operating in optimal conditions. These 
fluctuations can increase to around 10 % when the Q-switch delay is 
adjusted for tuning the pulse energy.

The laser fluence for a pulse energy of 45 mJ is around 8 J/cm2, 
whereas for a pulse energy of 80 mJ is around 15 J/cm2. For the laser 
fluence of 8 J/cm2, the target needs to be immersed in 80 mL of liquid, 
and for a laser fluence of 15 J/cm2 in 100 mL of liquid, in order to 
prevent the ejection from the glass vessel of the toxic droplets, thus 
ensuring a safe operation of the experiment. These parameters were 
established, in order to avoid any contamination of the uses, during a 
preliminary experiment, performed on an Al target.

We have chosen the ablation time based on preliminary tests per
formed with Al targets in conditions similar to those used for Be. Thus, 
we performed the ablation experiments in acetone and bi-distilled water 
and we identified that after 10 min, the NPs are difficult to be observed, 
while after 30 min, the NPs were already synthesized. Accordingly, we 
established a reasonable ablation time of 20 min in acetone and bi- 
distilled water. Moreover, with respect to the experiments which 
involve in one step both synthesis of Be NPs and deuterium incorpora
tion, we established a longer ablation time of 80 min, to be sure that we 
collect enough deuterated material for analyses.

The experimental conditions for the Be NPs synthesized by PLA are 
presented in Table 2.

Liquid medium

The liquid media used for laser ablation of Be bulk target were bi- 
distilled water, acetone (C3H6O), and heavy water (D2O), selected due 
to the fact that these liquids can form stable nanoparticles colloids for a 
long time with small agglomerates in solution [26]. The solvents can 
influence the particle size distributions and the stabilization by anion 
adsorption (in acetone), surface oxidation or by hydroxide shells formed 
(in water) [26].

Material characterization

The surface of the NPs was analyzed by an FEI Inspect S Scanning 
Electron Microscope using thermal emission filament. The electron ac- 
celeration voltage varied between 0 and 15 kV on a working distance in 
the range of 0 - 30 mm under high vacuum conditions.

The dynamic light scattering studies were carried out for size dis
tribution analysis using Horiba Scientific SZ-100, Malvern Instruments 
equipment. Measurements were performed on colloidal samples result- 
ing from laser ablation experiments performed only in bi-distilled water. 
Three measurements were acquired for each sample and all measure- 
ments were done at 25 °C. We did not performe DLS measurements in 
acetone because the available containers, in which the colloidal solution 
was stored, chemically react with this liquid medium.

The chemical composition was determined by XPS analysis using a K- 
Alpha Thermo Scientific (ESCALAB™ XI) spectrometer. XPS spectra 
were acquired using a monochromatic Al Ka X-ray source (1486.68 eV) 
and a X-ray spot of 900 pm diameter. An electron flood gun has been 
used for charging effect compensation of the Be NPs surface. For the 
correction of charging effects during acquisition, all spectra were cali- 
brated using the C 1 s peak at 284.8 eV. A pass energy of 50 eV was 
employed for the survey spectrum, while 20 eV and 50 scans were used 
for the C1s, O1s, and Be1s narrow spectra. An energy step size of 0.1 and

Table 2
Experimental conditions of the Be NPs synthesized by PLA.

Liquid type Laser wavelength (nm) Pulse energy (mJ) Fluence (J/cm2) Volume (mL) Treatment time (min)

Be dust production
Acetone (C3H6O) 532 47 8 80 20

83 15 100
Bi-distilled water 532 47 8 80

83 15 100

1064 41 8 80
79 15 100

Retention of deuterium in Be dust
Heavy water (D2O) 1064 79 15 100 80
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1.0 eV for high resolution and survey spectra were used, respectively. 
Both recording and processing, low and high resolution XPS spectra, 
were performed using advanced Avantage software (Thermo Avantage v 
5.976, Thermo Fisher Scientific, East Grinstead, UK).

Investigation of D retention and inventory was performed through 
TDS measurements. The Be dust was loaded in a quartz tube connected 
to a quadrupole mass spectrometer (QMS) and a turbo molecular vac
uum system, in order to achieve a working base pressure of 10-6 Pa. 
Afterwards, samples were individually transported to the measurement 
area of the quartz tube and heated by means of a temperature-controlled 
oven, adjusted to maintain a stable 10 K/min until reaching the final 
programmed temperature of 1050 °C.

Results and discussion

SEM analysis reveals that Be NPs were not obtained when acetone is 
the liquid medium for laser ablation method. We noticed a modification 
of the Be surface in the region irradiated by the laser pulses (Fig. 2a-e), 
which indicates the formation of a carbon layer on the top of the target 
(Fig. 2b), whereas neither NPs nor colloidal solution were observed in 
liquid by DLS. The presence of the carbon layer is explained by the 
dissociation process of the acetone molecules in the generated plasma 
plume and redeposition of the fragments on the target surface [23,27]. 
The results were similar for both considered laser fluences used in the 
experiments (8 and 15 J/cm2). These results were also supported by the 
target mass, which increases after 20 min of laser ablation. In accor
dance with the target mass and the problems encountered during DLS 
measurements, we consider that acetone is not suitable for this study, 
and further experiments have focused on bi-distilled water and heavy 
water.

In the case of using bi-distilled water as a liquid medium, after 20 
min (~12000 laser pulses) of Be target ablation, we noticed the for
mation of a clearly discernible colloidal solution (Fig. 2e). The estima
tion of the ablation rate was performed by weighing the Be target after 
each experiment. For laser ablation in bi-distilled water for 20 min at 
laser fluence of 15 J/cm2, 1 mg of lost material is obtained. In other 
words, the ablation rate is approximately 8.33 x 10-5 mg/pulse in bi- 
distilled water.

Laser parameters modified NPs sizes

To identify the size of the NPs, a small amount of colloid was taken 
and cast on silicon substrates. Before SEM analysis the liquid must be 
evaporated. The analysis shows that in the case of laser ablation of a 
target in bi-distilled water, carried out using laser wavelengths of 532

and 1064 nm as well as laser fluences of 8 and 15 J/cm2, the majority of 
the Be NPs have sizes between 50 and 100 nm (Fig. 3).

The NPs size distribution and the average size were estimated by 
ImageJ (image processing program [28]). Fig. 4 illustrates the frequency 
of particles number as a function of particles size in order to determine 
the average size and the distribution functions. The shapes of the dis
tribution curves indicate that the number of particles of the order of tens 
of nanometers is limited, and not only nanoparticles are formed, but 
larger particles as well.

In terms of particles size, in addition to the SEM analysis, DLS 
measurements were performed. It is observed that Be NPs, synthesized 
by laser ablation in a liquid medium, show a tendency to agglomerate. 
This behavior is characterized by the hydrodynamic diameter, which 
reaches a minimum value of 1958.3 ± 524 nm, in the case of the sample 
obtained after laser ablation at 1064 nm with a fluence of 15 J/cm2. The 
other samples, obtained at low laser wavelength and low fluence, 
respectively, present a much higher hydrodynamic diameter (Fig. 5, 
black line).

The polydispersity index (PDI) (Fig. 5, red line), which is the measure 
of the heterogeneity (diversity) of NPs based on size, follows the same 
tendency as the hydrodynamic diameter and thus, we can claim that the 
samples resulting from the laser interaction with Be target, when a low 
wavelength and low fluences are used, are characterized by an 
extremely polydisperse suspension. The polydispersity index that rea- 
ches values even higher than three is translated into the fact that there 
are multiple populations in the sample with different particle sizes and 
these samples are not suitable for DLS characterization. This index 
reaches the minimum value of 0.847 ± 0.1054 in the case of the sample 
obtained at high wavelength and high energy/pulse. Even if this value 
indicates that the sample is still characterized by a broad size distribu
tion, the sample is suitable for DLS characterization.

By comparing DLS and SEM data, the aggregation state of NPs can be 
easily determined. It was observed that the diameter of particles 
measured by DLS is larger than SEM size analysis. Therefore, the 
colloidal solutions obtained after laser interaction with Be target, in bi- 
distilled water are in aggregated form.

Summarizing the obtained results, we noticed that the process of NPs 
synthesis in liquid by laser ablation is influenced by the properties of the 
liquid medium and the laser parameters. First, we evidenced that that 
acetone is not useful for this type of process. We observed also that the 
higher laser fluence leads to larger nanoparticles. The laser fluence af
fects the thermodynamics of the plasma formed after laser-target 
interaction and the dynamics of the cavitation bubbles. When the laser 
fluence is high, the plasma plume has a higher pressure and tempera- 
ture, and the bubbles are lasting for a longer time before collapsing [27].

a)

c)

b)

Be particles

Fig. 2. Images of Be target ablated in acetone (a, b) and in bi-distilled water (c, d), and e) image of a deposit obtained after the sedimentation of Be particles obtained 
in bi-distilled water.
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Fig. 3. SEM images of Be NPs synthesized by laser ablation in bi-distilled water at wavelengths and laser fluences of a) 532 nm and 8 J/cm2, b) 532 nm and 15 J/cm2, 
c) 1064 nm and 8 J/cm2, d) 1064 nm and 15 J/cm2,

Fig. 4. Size distributions of Be NPs synthesized in bi-distilled water at wavelengths and laser fluences of a) 532 nm and 8 J/cm2, b) 532 nm and 15 J/cm2, c) 1064 nm 
and 8 J/cm2, d) 1064 nm and 15 J/cm2,

These conditions favor the particle‘s coalescence. Another factor that 
can affect the size of the Be NPs, by decreasing it, is the laser-induced 
fragmentation [27]. of the already formed particles by absorption of 
the laser energy of the next pulses. However, the results indicate that in 
the present conditions the fragmentation is enough important to coun- 
terbalance the effect of fluence. Laser wavelengths can also influence the 
particles size [29], due to Bremsstrahlung absorption [30] or optical 
absorption [31]. In our case, the differences between the NPs size 
formed at 532 nm and at 1064 nm are very small and can be neglected. 
Taking into account all these observations, both laser wavelengths and 
laser fluences are suitable for particles production by laser ablation in bi- 
distilled water.

Nevertheless, at higher fluence and wavelength, the agglomeration 
tendency is not so accentuated, as indicated by the DLS measurements. 
Given the purpose of the experiment and taking into account the results 
obtained using SEM and DLS techniques, we went further by selecting 
just a series of experimental parameters (1064 nm, 15 J/cm2). We

continued the experiment using heavy water as liquid medium in order 
to incorporate deuterium atoms in synthesized nanoparticles.

Bi-distilled water versus heavy water as liquid medium

The experiment with heavy water (48000 pulses were used) achieved 
much uniform size distribution (Fig. 6). The average of NPs size is 
around 80 nm, but the distribution curve is much larger than the dis
tribution curves of NPs synthesized in bi-distilled water. This result in- 
dicates that the laser ablation of Be target in heavy water generates a lot 
of particles with sizes below 100 nm, with the majority of particles of the 
order of tens of nanometers.

X-ray Photoelectron Spectroscopy technique was used to determine 
the surface elemental composition and to establish the elemental 
bonding states at the surface of the obtained Be NPs. The spectra will be 
presented below, by comparison, between samples synthesized in bi- 
distilled and in heavy water media. Survey spectra, presented in

5
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Fig. 5. DLS measurements of Be NPs synthesized by laser ablation in bi- 
distilled water.

Fig. 7, revealed on the Be NPs surface, the presence of Be1s and O1s as 
the most prominent lines for both samples synthesized in bi-distilled 
water and heavy water at 1064 nm with fluence of 15 J/cm2. C1s line 
is also present at the Be NPs surface as an impurity originating from the 
adventitious carbon.

The surface relative atomic composition of the samples synthesized 
in bi-distilled water and in heavy water determined from the interpre- 
tation of XPS survey spectra, is reported in Table 3.

The high-resolution spectra for Be1s, recorded for the Be NPs syn- 
thesized in bi-distilled water and in heavy water, which reveal some 
variations with respect to the used liquid medium, are displayed in 
Fig. 8a. Typical deconvolutions of the Be1s high resolution spectra of the 
sample synthesized in bi-distilled water and heavy water are depicted in 
Fig. 8b and Fig. 8c. The spectra were normalized for a better comparison 
of the modifications induced by the liquid media.

The Be1s spectrum recorded for the Be NPs synthesized in bi-distilled 
water present a shoulder towards higher binding energy, which suggests 
some surface contamination. The deconvolution of Be1s spectrum 
recorded for Be NPs dispersed in bi-distilled water was fitted using three 
singlets, and are assigned as follows: an important contribution of 53.37 
% is devoted to metallic Be (111.54 eV), a contribution of 27.94 % is 
assigned to BeO bonds, and a contribution of 18.7 % which is related to 
surface contamination bonds.

The deconvoluted spectrum of Be1s recorded for the Be NPs syn
thesized in heavy water reveals a mixture of metallic Be, with the most 
important contribution of 79.07 %, BeO with a contribution of 20.59 %,

and Be contamination bonds with a very insignificant contribution (0.34 
%). From the chemical bonding states of the synthesized Be NPs, it is 
easily observed that a higher contribution of Be in the metallic state is 
attained for the sample synthesized in heavy water. Thus, we can 
conclude that heavy water plays an important role on the formation of 
Be NPs with higher content of metallic Be and with stable surface 
regarding the contamination. Even if the chemical composition of Be 
NPs obtained by our method is far from the one obtained in tokamak, the

Fig. 7. Survey spectra for samples synthesized in bi-distilled water and 
heavy water.

Table 3
Atomic concentration of the elements present on the Be NPs surface.

60.00
50.00
40.00
30.00
20.00
10.00

u.uu Cls (%) Ois (%) Be ls (%)
■ Bi-distilled water 16.93 34.50 48.56

■ Heavy water 10.41 43.18 46.41

I Bi-distilled water ■ Heavy water

a)
Fig. 6. a) SEM images, and b) size distributions of Be NPs synthesized by laser ablation in heavy water.
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a) b)

Fig. 8. a) High-resolution spectra for Be NPs synthesized in bi-distilled water and heavy water and b) the deconvolutions for Bels energy région recorded for bi- 
distilled water and c) heavy water.

Chemical composition of these NPs is relevant. The Be NPs formed in 
heavy water contain almost 80 % metallic Be (after high-resolution XPS 
spectra deconvolution), which is a promising result for NPs obtained in 
liquid medium.

Deuterium rétention in Be dust NPs

The basic mechanism for Be NPs synthesized by PLA involved laser 
target interaction, plasma generation, the formation of bubbles, and the 
releasing of NPs in solution [32]. Regarding D retention in Be NPs, we 
assume that during the formation of the bubble cavity in heavy water, D 
atoms formed by dissociation processes can be tied to Be atoms expelled 
from the target and captured in bubbles. These being said, the Be NPs 
released in the liquid are deuterated. An important observation is that 
most of the NPs synthesized in liquid media have an excess of electrons 
that prevent the aggregation during the bubble cavity evolution [33]. 
However, the mechanism of NPs released from the bubble cavity into 
solution is not well known, being several theories [34]. Some works 
suggest that the NPs are released during the collapse stage [35] or they 
are formed during the expansion inside the bubble cavity [36].

In order to observe the D release behavior and to quantify the D 
inventory in the samples, TDS measurements were performed.

Before samples measurements, HD and D2 calibrations were per- 
formed in order to accurately quantify the D inventory. These were 
conducted using two separate gases, molecular hydrogen and deute- 
rium, leaking into the TDS chamber. Their characteristic ion currents are 
measured using a Pfeiffer Vacuum Quadera QMG 220 QMS provided 
with a tungsten filament. The parameters of the quadrupole mass 
spectrometer were the same for both measurements and calibrations 
performed. The leak into the TDS chamber was controlled using a Mass 
Flow Controller with step size of 0.01 sccm. This gas leak system ensures 
good versatility for testing the detection sensibility of the QMS by 
providing a high number of measurement points over a large interval of 
partial pressures. In comparison, to leak standards in this configuration a 
calibration curve was obtained that can support accurate extrapolation 
of the calibration factor.

The desorption chart in Fig. 9 corresponds to the sample synthesized 
in heavy water. As we can observe, D is released as HD and D2 molecules. 
Hydrogen is present bonded within the released D since, D is desorbed 
from the sample mainly in atomic state. It quickly recombines in order to 
reach a steady molecule. The recombination having the highest proba- 
bilities are the ones with H isotopes. Thus, the free D atoms will most 
likely combine with the first H isotopes that they encounter. H is present 
in the TDS device due to many causes. First of all, it is an intrinsic 
element for all materials. Secondly, since it is present everywhere, it 
starts to outgas from all of the TDS device elements during temperature 
rise. Regarding relatively low D content in the samples, we claim that it 
was released mostly in the form of HD molecules. This is a common 
behavior during TDS measurements for low content of D samples. If we

Fig. 9. Deuterium desorption curves (HD, D2 molecules, and calculated D 
atoms) for the Be NPs synthesized in heavy water.

carefully analyze Fig. 9, the low temperature peak (625 °C) due to low D 
content, is released mostly as HD. Rising the temperature, we observe an 
increase of the D amount due to the recombination mechanism 
described above, the D2/HD ratio increases. However, the H amount is 
not to be taken into account when considering the retention/release 
mechanisms.

The D atoms curve is calculated and showed in Fig. 9, taking into 
account the HD and D2 calibration method mentioned above by adding 
the number of HD molecules twice as the D2 molecules corresponding to 
each temperature. Their behavior is characterized by release onset at 
470 °C, one evident broad D peak at 650 °C, followed by an increase of D 
desorption that is not completed up to the maximum temperature that 
was achieved, 1050 °C. This behavior suggests that the D is released in 
two main sequences attributed to separate trapping retention (different 
D release peaks) mechanisms. Unfortunately, there is no literature data 
available on D release behavior in Be dust, but if we extrapolate the well- 
known results for bulk Be [24,25] and Be coated layers [37] we can 
argue that D is trapped in crystallographic (like vacancy) defects and the 
network voids of the Be dust. Also, the total amount of D was calculated 
at 4.87 x 1016 D atoms and represents 0.0025 D:Be ratio. This value is a 
promising result and this experiment represents a first attempt in 
obtaining deuterated Be dust by laser ablation in heavy water. Also, the 
fact that the D desorption is not complete until the maximum temper- 
ature, as seen in the inset of Fig. 9, and also during the 10 min hold, 
demonstrates that the D amount is higher than calculated. D desorption 
decrease after 1000 °C suggests that, although it is still released, its 
provenience is from lower temperatures peaks. In addition, the diffusion 
coefficient of D in Be plays a substantial role in the release curves.
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Fig. 10 présents the water and heavy-water desorption signais for the 
sample synthesized in heavy water obtained by means of TDS. The HDO 
signal (mass 19) has two relatively sharp peaks at low temperatures 
(~170 and 290 °C). This fact, corroborated with the D release behavior 
(absence of 330 °C release peak [24]) suggests that although the laser 
irradiation was performed under heavy water, no D bonds as Be deu- 
teroxide were determined.

We made a comparison of deuterium retention properties between 
the existing studies on bulk and layers materials relevant to fusion nu- 
clear field and Be NPs obtained in the present work. Haasz et al. [38] 
studied the retention of D in Be bulk materials and identified a sharp 
release at ~ 200 °C followed by two small releases around 400 and 
500 °C. The total amount of D retained was 2.7 x 1021 D/m2 and the D: 
Be ratio was 0.39. The authors also studied the retention of D in Mo and 
W bulk materials and identified desorption peaks at around 30 and 
400 °C for Mo, respectively around 300 and 500 ° C for W. The total 
amount of D retained in W was 6 x 1020 D/m2 with D:W ratio of 0.24, 
and up to 1020 D/m2 for Mo. Manhard et al. [39] indicated D release 
peaks at 250 and 400 °C for W bulk material. By applying a thermal 
treatment, the recrystallized W samples present different deuterium 
release spectra. Deuterium inventory was reduced with the increase of 
treatment temperature. The total amount of D retained in non- 
recrystallized samples was about 20 x 1019 D/m2 and in recrystallized 
samples, 10 x 1019 D/m2. De Temmerman et al. [40] studied the 
retention of D in co-deposited Be layers and identified a D:Be ratio of 0.7 
with D release between 30 and 300 °C. Zaloznik et al. [41] observed a 
sharp desorption peak at 230-260 °C for D incorporated in Be co- 
deposits at room temperature. For Be co-deposits at higher tempera- 
ture, D is released at higher temperature (400-500 °C). Reinelt et al. 
[24] studied the implantation of D in Be bulk material and identified two 
desorption regions, at ~ 100-200 ° C and around 400-500 °C. Moreover, 
D desorption is complete above 680 °C and the maximum local D:Be 
ratio is 0.35.

These studies and the fact that, in the present work, D starting to 
release at 470 °C, followed by an evident broad at 650 °C, and still 
release up to the maximum device temperature, indicates that our 
samples liberate D at relatively similar temperatures to bulk or layer 
materials. In terms of the D:Be ratio, our samples incorporate a small 
amount of D compared to the cases discussed above, but considering that 
the desorption is not complete until the maximum temperature, the ratio 
can be higher than 0.0025. An important aspect is related to the fact that 
carbon or oxygen impurities which can affect the retention of hydrogen 
isotopes [42], are only in small amount in our samples. Nevertheless, 
should be outlined, that the mechanisms of deuterium incorporation in 
the above-described situations are very different compared with pulsed 
laser ablation in liquid, being based on temperature [42], ion energy 
[43], and background pressure [44].

Conclusions

In this study, we have explored the approach of obtaining Be NPs by 
laser ablation in different types of liquid media. The importance of our 
results stems from a two-fold interest in this type of material in view of 
its future applications and implications: on one hand, Be dust is expected 
to be produced in large quantities in next-generation tokamak-based 
nuclear fusion reactors, such as ITER. As such, exploring alternative ex- 
situ approaches towards the production of Be NPs opens up new possi- 
bilities to study their properties and functionalities. On the other hand, 
and equally important, Be dust has been classified as toxic, so our 
approach of obtaining Be NPs in a controlled environment in which the 
risk of contamination is eliminated represents a golden opportunity to 
further expand our knowledge of this dust through subsequent 
biocompatibility experiments. In addition, the laser parameters (wave- 
length, pulse duration, fluence, spot diameter, incident angle etc.), the 
target composition and geometry, and the liquid type can be controlled 
in order to favorably adjust NPs formation. Our current research allowed

Fig. 10. TDS water desorption signals (H2O, HDO, and D2O) for the Be syn
thesized in heavy water in logarithmic scale.

to synthesize Be NPs with sizes between several tens and hundreds of nm 
using a versatile and easy-to-use experimental approach that conformed 
to all safety standards, and we also managed to extract an ablation rate 
of approximately 8 x 10-5 mg/pulse at a fluence of 15 J/cm2, for both 
considered laser wavelengths (532 and 1064 nm, respectively). The 
chemical analysis of these NPs reveals that Be is indeed their main 
constituent (over 50 %). The sample obtained in heavy water is distin- 
guished by a high percentage of metallic Be (~80 %), a small contri
bution of oxygen, and carbon. Therefore, heavy water is the most 
promising liquid medium for the synthesis of Be NPs by laser ablation. 
Moreover, heavy water offers the opportunity to incorporate D in ma- 
terial. Thermal desorption measurements were performed on Be dust 
synthesized in heavy water to study the retention of deuterium. The total 
amount of D atoms was higher than 4.87 x 1016 and the D:Be ratio, up to 
2.5:1000. This value is a promising result and this experiment represents 
a first attempt in obtaining D loaded Be dust by laser ablation using 
heavy water.
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