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Isotopic enrichment of Zn particles by laser ablation
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Abstract The use of Zn in nuclear reactors reduces the
amount of ®°Co generated as a consequence of the natural
activation of Co. On the other hand, isotopically enriched
Zn can be used as a tracer in biological systems. At the
present, the enrichment of Zn is obtained using gaseous
compounds of the metal by centrifugal force. In this paper,
we present a method based on laser ablation of metallic
targets of Zn with a Nd—YAG nanosecond laser to produce
isotopically enriched Zn particles. Also, the effect of the
wavelength irradiation laser on the enrichment factor was
studied and a procedure is proposed to collect the different
enrichment fractions yield.

1 Introduction

Zinc reduces the amount of radioactive ®°°Co formed as a
consequence of the activation of natural Co in the con-
struction materials of the reactor. ®°Co is a major contrib-
utor to radiation build-up in the cooling systems, and
therefore, also causes elevated dose rates of maintenance
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personnel. If natural Zn is injected, ®*Zn forms the
radioactive ®>Zn which negates the beneficial reduction of
0Co level. If the ®*Zn isotope is removed prior to injection
in the cooling system, full advantage can be taken from the
®Co level reduction and the average dose rates are sub-
stantially reduced. On the other hand, the ubiquitous
presence of Zn in the environment limits the ability to
study its bioaccumulation dynamics upon short time
exposures to environmentally realistic concentrations [1].
However, these limitations can be overcome using
stable isotope labeled nanoparticles. Gulson et al. [2]
suggested that stable isotopes tracing may prove valuable
for monitoring nanoparticles in the field and addressing
emerging research questions. Dybowska et al. [3] demon-
strated that it is possible to synthesize isotopically modified
ZnO nanoparticles that are suitable as biological/environ-
mental nanotoxicity tracer. These, among other reasons, are
the basis for developing a process of separation of zinc
isotopes. Current centrifugal isotopic separation systems
require the use of these elements in a gaseous form like
diethyl Zn, which is toxic and flammable. Another tech-
nology that could be used is the isotopic separation induced
by laser ablation [4, 5].

The modern techniques of pulsed laser deposition (PLD)
are based on the interaction of laser light with the surface
of a material, leading to a detachment of electrons, ions,
molecules and even small pieces of the material of that
surface. The objective of this work is the characterization
on the measurement of the diameter and the elemental
isotope ratio of particles deposited on the surfaces target.
According to experiments carried out on different metals
[6], the spatial distribution of the particles leaking from the
ablation, continue a relationship trigonometric powers,
whose expression is:
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f=fo x cos"0 (1)

where f is the flow of cone ablation, 0 the angle respect to
the normal irradiated surface, f; is the flow of particles
ejected from the normal surface and n, an experimental
factor whose value has not yet been able to be clarified how
it relates to different parameters of the setup [7]. The
particles deposited on the surface have morphology and
dimensions that depend on the energy of the beam, the heat
capacity of the ablated material and its Debye temperature
[8]. Also, the isotopic separation was observed during
ablation of standard copper samples by a nanosecond Nd—
YAG laser and a femtosecond Ti; sapphire laser at 266 nm
[9] and a mechanism based on the electric field interactions
between the electrons and ions is proposed to explain the
separation of isotopes in the plume. On the other hand, a
highly efficient isotope enrichment process is observed
directly in laser ablation plumes generated from ultrafast
laser pulses focused on a solid surface and a plasma cen-
trifuge mechanism is proposed as a reasonable explanation
of the results [10]. Taking into account this latest tech-
nology, this work carried out a study of the conditions
necessary for the production of isotopically enriched Zn
particles.

2 Experimental setup

An image of the experimental setup is shown in Fig. 1. It
consists of a laser, a vacuum chamber with a motorized
stage. Two different Nd-YAG lasers were used for irra-
diating the samples; one laser delivered a 9-ns pulse of
450 mJ at 1064 nm at the repetition rate of 10 Hz and
another one laser delivered a 9-ns pulse of 125 mJ at

Fig. 1 Image of the experimental setup. / Nd:YAG pulsed laser, 2
plane mirror, 3 focal lens, 4 support to fix the A.C., and 5 ablation
chamber (AC)

@ Springer

266 nm at the same repetition rate. The laser beam was
focused to a 1-mm diameter spot on the target surface using
a 75 mm focal length lens. Under these experimental
conditions, the laser energy was maintained constant in the
range of 100-125 mJ. The sample was a piece of Zn (ACS
reagent, reag. ISO, reag. Ph. Eur., Purity > 99.9%) that
was fixed to a target axis in a vacuum chamber at
0.016 Torr of total pressure.

This value was needed to obtain a long ablation plume
for the spatial distribution. A schematic view of the abla-
tion chamber is shown in Fig. 2.

The distance between the ablation target and the set of
concentric discs (M1, M2, and M3) can be described with a
conical geometry whose angles are related as it is shown in
Fig. 3. The values for the angles obtained by these rings are
A0, = 8.1°, A0, = 8.1° and A0; = 10.4°.

The laser emission of different wavelengths (1064, 532
and 266 nm) was focused on a surface target of Zn during
10 min at 10 Hz and particles ejected from the substrate
were collected on the concentric discs to determine the
different particle sizes and their different isotopic compo-
sition. To perform SEM and TIM analyzes, depositions
were made on Teflon discs and stainless steel discs under
the same experimental conditions. After the deposition of
the particles, they were extracted and stored in three small
individual boxes for transport to a SEM microscope
(stainless steel discs) and performing analysis of corre-
sponding isotopic composition (Teflon discs). Table 1
shows the results obtained for the different ablation
wavelengths with their corresponding o (enrichment factor)
and Fig. 4 show a SEM image with a typical particle size
distribution for 266 nm laser irradiation wavelength.

Laser beam

KF-25 coupling

“\(CF-40 coupling

Rings holder

Sample holder

Fig. 2 Detail of the ablation chamber. The red arrow indicates the
direction of the laser beam. a Target sample (inside the “sample
holder”), b Rings for collecting the ablation products (inside the
“rings holder™)
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Fig. 3 Rings collector system.
a Lateral schematic view

b isometric schematic view.
Observe the differences angular
collection given by the

geometry of the system A

A6, 2

A8, /l\/,

Table 1 Ring zone angle deposition, laser wavelength irradiation,
the ratio of Zn isotopes and degree of enrichment of deposited
ablation plume

Ring zone A (nm) Isotope Isotopic ratio Alpha
(o)

M3(A05) 266 64/66 1.789 % 0.005 1.0205
66/68 1.524 £+ 0.001 1.0073

532 64/66 1.764 £+ 0.005 1.0063

66/68 1.504 £+ 0.001 0.9940

1064 64/66 1.747 £+ 0.005 0.9966

66/68 1.495 £+ 0.001 0.9881

M2(A6,) 266 64/66 1.778 £ 0.005 1.0247
66/68 1.515 £+ 0.001 1.0013

532 64/66 1.777 £ 0.005 1.0240

66/68 1.504 + 0.001 0.9940

1064 64/66 1.747 + 0.005 1.0069

66/68 1.492 + 0.001 0.9861

MI(A0y) 266 64/66 1.774 + 0.005 1.0120
66/68 1.513 £+ 0.001 1.0000

532 64/66 1.761 % 0.005 1.0045

66/68 1.502 + 0.001 0.9930

1064 64/66 1.743 £+ 0.005 0.9943

66/68 1.486 £+ 0.001 0.9821

3 Results and discussions
3.1 Isotopic analysis

Thermal ionization mass spectrometry (TIMS) is the ref-
erence technique to validate isotopic composition of metals
in solid samples. The instrument has a magnetic analyzer
that provides flat peaks and simultaneous collection (mul-
ticollector) of different beams of all isotopes of the element
ions, avoiding fluctuations due to signal instability. Both
features contribute to being the most precise and accurate
mass spectrometry technique [11-13]. Despite increased
analysis time and the particular sample pre-treatment, it has
an expanded relative uncertainty of 0.05-0.5% for

measurements of isotopic ratios of Zn. The ability to see a
noticeable natural isotopic fractionation of Zn depends
critically on the accuracy of measurements. Zinc is a rel-
atively volatile metal in thermal processes. Its first ion-
ization potential is (9.39 eV) and its melting point is
relatively low (419.58 °C). Its efficient ionization is com-
plicated; the addition of a suspension of silica gel and
deposited on rhenium filaments where the sample, dis-
solved in phosphoric acid, produces a glassy emitter,
generating a more stable and reproducible signal. Metal Zn
samples coming from laser-pulsed deposition on PTFE
rings, were dissolved in about 10 mL of 3 M HNOj; by
heating under boiling point and then evaporated to a min-
imum volume of about 0.5 mL. 5 pL of the solution was
deposited on a rhenium filament (double filament config-
uration) and dried electrically. Then, a drop of silica sus-
pension is added on sample deposit and dried again.
Finally, a drop of concentrated orthophosphoric acid fol-
lowed by electrical drying is added also to the sample with
silica. In this way, the sample is now ready to enter the
TIMS for isotopic analysis [14]. The results obtained by
this procedure are shown in Table 1.

3.2 SEM analysis

Observing the results given in Table 1, it can be seen that
the greatest enrichment effect is obtained by irradiating
with the laser at 266 nm. For this reason, it was realized a
study of the size of the particles deposited in the central
ring (M1 (A0,)) and in the outer ring (M3 (A 3)). SEM
analysis was performed using FEI SEM Quanta 200. The
images obtained in TIFF format were digitally processed to
eliminate the substrate background effect where the parti-
cles were deposited. The results obtained are shown in
Figs. 4 and 5. From these images and using the image
processing software ImagelJ [15], the particles size distri-
butions were obtained. The distributions for both samples
(M1 and M3) were fitted using the following Gaussian
distribution function:
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Fig. 4 SEM image and particles distribution for the M1 collect ring (Af;) at 266 nm laser ablation wavelength
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"h
where X is the radii of the particle, and o is the spread of
the distribution. The parameters for the distribution func-
tions are shown in Table 2. The fitting results are shown in
Figs. 4 and 5 together with the corresponding SEM image.

The results indicate that in the central ring (Af;) the
particles with an average radius of 800 nm are deposited,
while in the outer ring (A03) the particles have an average
radius of 4.8 pm.

The bibliography shows that shorter wavelengths pro-
vide higher photon energies for bond breaking (molecules)
and the ionization process. Moreover, the mass-ablation
rate varies [16] with excitation wavelength as 7% Hence

@ Springer
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Table 2 Parameters of Gaussian regression for the collector ring
zone particles size distribution

Ring zone Parameter Value (pm)

M3 (A65) Yo 2.8 +0.8
X 4.8 £+ 0.1
w 34+02
A 194 £ 10

M1 (A0y) Yo 172 £ 3.7
X, 0.8 £ 0.0
0} 0.6 £ 0.0
A 99 + 7
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laser—target coupling efficiency will be higher for shorter
wavelength excitation [17]. On the other hand, in the same
work [17] it is shown that the irradiation wavelength pro-
duces ions with wider energy distributions as the wave-
length decreases. This broadening is attributed to the
enhanced three-body recombination in dense shorter
wavelength plasmas. In our case, these results clearly
indicate that the wavelength increases the ion concentration
to 266 nm giving rise to larger particles that deposit in the
outermost zone of the plume (A0;) with a higher 64/66
isotopic ratio. The lighter atom goes towards the outside of
the plume but the smallest particles deposit in the central
zone of the plume (Af,) with a lower ratio 64/66 than in
outer zone (A03) (See Table 1). These results indicate that
the kinetics of particle formation [18-21] is subsequent to
the isotopic enrichment process. This fact implies that a
centrifugal plasma process [22] would be carried out that
changes the ratio of isotopes and later, these atoms are
added forming the particles that are deposited in the dif-
ferent zones. When comparing these results with those
obtained with femtosecond laser ablation at 780 nm [5] the
mechanism seems inverted. In that case, the lighter atom
travels to the center of the ablation plume and the cen-
trifugal plasma process seems to dominate.

From the data obtained that are observed in Table 1,
there are two mechanisms that control the process of iso-
topic enrichment that depend on the wavelength of laser
irradiation. The first, a fluid dynamics control, when per-
forming the laser ablation process at 1064 nm leads to
heavier atoms towards the center of the pen and the
enrichment factor (o) is smaller in the central ring (A6). In
the second case, when ablation is performed at 266 nm the
effect of centrifugal plasma due to the high concentration
of ions leads to the lighter atoms in the central zone of the
pen and the enrichment factor (o) is greater in the central
ring (A0;). On the other hand, in the case of the particles
generation at 266 nm due to the high ion density, the wide
distribution of their velocities and their angular distribu-
tion, the nucleation produces larger particles in the external
part of the plume, as it is shown in Fig. 5. In this way,
larger particles (5 u R) can be obtained, with high
enrichment factor (x) and smaller particles (800 nm R)
with low enrichment factor (o).

4 Conclusions

These results clearly indicate that the shorter wavelength
increases the ion concentration and a centrifugal effect
would increase the isotopic separation effect. See the alpha
(o) enrichment factor on Table 1. The ion concentration is
greater at the shortest wavelength and the kinetics of par-
ticle formation follows the separation process. The method

used in this work allows produces isotopically enriched Zn
particles, controlling the size and the alpha factor. The
enrichment factor is higher than in the diffusion systems
but smaller than the centrifuge considering a cascade sys-
tem. From these results, it is possible to determine that the
system allows the separation of isotopes in degrees of
enrichment variable depending on the area of the ablation
plume used to collect the products. However, it is not
necessary to use the isotopes in a gas state in order to make
the separation process and in this way, it could reduce the
cost of production. For this process, it is possible to use
basically any high power nanosecond laser but different
wavelengths will produce different enrichment factor (o).
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