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An approach using physical vapor deposition technology to produce nanoparticles (NPs) containing
radioactive atoms and the methodology to transfer them in pure water is investigated. NPs are synthesized by
magnetron sputtering at high pressure and radioactive atoms are loaded on magnetron cathodes prior to
sputtering. The technique was tested for gold cathode loaded with

57/58
Co and

195/196
Au. Linked to biological

vector molecules, the nanoparticles can be used to enhance diagnostic sensitivity in medical imaging or to
treat cancer.
Sizes and morphologies of the NPs were analyzed by electron microscopy, UV-Visible spectroscopy and
atomic absorption spectroscopy. Results show well dispersed NPs with sizes varying between 5 and 10 nm.
Activities of these NPs were measured with a CAPINTEC well counter and a High Purity Germanium detector
system. Centrifugation analyses also demonstrate that the choice of the activated metal which can be alloyed
with NPs plays an important role in the synthesis. This was confirmed by the Au–Co phase diagram that shows
that cobalt cannot be included efficiently in the gold NPs conversely to gold.
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1. Introduction

We recently investigated the possibility to synthesize sub 10 nm
NPs by magnetron sputtering. This technique, based on aggregation
and growth in gas phase can be used to produce non-agglomerated
metallic NPs with a narrow size distribution [1–5].

The technique was proposed for the first time by Takagi in 1972 to
produce high quality films by ionized cluster beam (ICB) deposition
[3]. Their idea was to generate a cluster beam formed by inert gas
condensation (IGC) after evaporation of film materials. A few years
later, Haberland et al. decided to vaporize the film material by
magnetron sputtering rather than by evaporation [6]. Magnetron
sputtering has the advantage to produce atomic vapor from a wide
variety of solid materials or composites. Sputtering allows for the
deposition of films having the same composition as target source, and
when used in co-sputtering mode, one can vary the coating
concentration over a large range.

In this study,we investigated thepossibility to synthesize sub-10 nm
Au–Co nanoparticles with a large amount of Co by magnetron
sputtering. One special feature of the work is that we used radioactive
Co and Au as a main investigation tool to control and to assess the
production yield of NPs.

This method using radioactivity as a tool for detection is far more
straightforward with respect to the traditional ones such as XPS or
EDX (Energy Dispersive X-ray Analyis).

The strategy involved the synthesis and immobilization of NPs on a
soluble substrate (NaCl) that is later dissolved in water. Activity
evaluation of the solution and the NPs were performed after
centrifugation by measuring the amount of radiation emitted either
by the supernatant or the solid phase. By doing so, it is possible to
evaluate if Co atoms aremixedwith those of Au in the solid NPs and to
examine if bulk phase diagrams of bimetallic materials are still valid
for NPs as a large fraction of atoms resides on the surfaces [7]. For
example, surface segregation of bimetallic NPs has already been
observed in which chemical composition at surface differs from that
in bulk [8–11]. Therefore, the properties of miscibility of individual
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Table 1
Main characteristics and production routes of the Co and Au radioisotopes used in this
study.

Radioisotope Half life
(days)

Production route Main γ-radiations
(keV)

57Co 272 1 - 59Co(p,p2n)57Co 122 and 136
2 - decay of 57Ni (produced
by 59Co(p,3n)57Ni)

58Co 71 59Co(p,pn)58Co 811
195Au 186 1 - 197Au(p,p2n)195Au 99

2 - decay of 195Hg (produced
by 197Au(p,3n)195Hg)

196Au 6 197Au(p,pn)196Au 356 and 333
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elements in bimetallic NPs are questionable and change in miscibility
may help to design novel alloyed NPs possessing unique properties
that may not be obtained as bulk materials.

In order to ensure that NPs, when put in water solution, act as
separate entities and do not aggregate together, in-situ post-synthesis
functionalization with a Plasma Polymer Allylamine (PPAA) layer was
performed. This treatment insures that NPs are monodispersed and
stay as such for at least two weeks in the solution [5]. This delay is
convenient for appropriate manipulation and measurements of
radioactive solutions.

2. Experimental set up

Depositions were performed by high pressure magnetron
discharge. Radioactive targetry was elaborated by depositing
radioactive metallic disks (0.8 cm diameter, 100 μm thick) on a
non-radioactive Au target. The radioisotopes of Co (

57/58
Co) and Au

(
195/196

Au) used in this work were produced at the cyclotron of the
Joint Research Centre, European Commission (Ispra, Italy). The
cyclotron is a ScanditronixMC 40model (K=40) able to accelerate 4
different particles (p, d, α and 3He2+) at variable energies.

57
Co and

58
Co radioisotopes are simultaneously produced by proton beam

bombardment of disks of pure Co.
57
Co is produced via the nuclear

reactions
59
Co(p,p2n)

57
Co and by decay of

57
Ni radioisotope which is

activated by the nuclear reaction
59
Co(p,3n)

57
Ni while

58
Co is mainly
Fig. 1. Schematic design of water cooled targe
produced by the reaction
59
Co(p,pn)58Co. In the case of 196Au and

195Au, they are activated through proton beam bombarding disks of
pure Au. 195Au is activated via the reaction 197Au(p,p2n)195Au and by
decay of 195Hg which is simultaneously produced through the
reaction 197Au(p,3n)195Hg. 196Au is produced via the single nuclear
reaction channel 197Au(p,pn)196Au.

These radioisotopes have been chosen for their suitable half life
which allow us to perform relatively long term (without significant
radioactive decay) experiments of stability of the produced radioac-
tive NPs. They are also chosen for their γ− radiation which can be
detected with high precision and accuracy. Table 1 presents the main
characteristics of these radioisotopes including the nuclear reactions
cyclotron production routes.

In both Co and Au cyclotron irradiations, several disks were
prepared and irradiated in a single cyclotron irradiation run of several
hours. Considering the optima cross sections of thementioned nuclear
reactions for high radioisotope production yields, proton beam
energies of 32 and 30 MeV were used for Co and Au targets
respectively. The Co and Au disks respectively were put in an Al
capsulewhichwas inserted into a target holder equippedwith awater
cooling system to avoid over heating of the disks during the cyclotron
irradiations. Fig. 1 presents a schematic design of the water cooled
target system.

During the irradiations, the beam intensity was monitored via a
Faraday cup on which the target was mounted. After the end of each
irradiation, several days of radioactive decay were necessary to allow
the dose rate to reduce somewhat and allow handling of the activated
samples at minimum radiation exposure to the workers. Considering
the cross-section and the energy loss, the disks were activated
homogeneously all over their thicknesses.

The disks were then shipped to Belgium and inserted into the
deposition equipment that is presented in Fig. 2. A turbomolecular
pump is used to obtain a base pressure of 10−4 Pa. The chamber is
equipped with a magnetron sputtering source and a thermal
evaporation source. The latter consists of a tantalum evaporation
boat source filled with NaCl grain (99.9% purity) and maintained
between 2 clamps connected to AC current (i≅80A and V≅3 V). A
Quartz Crystal Monitor (QCM) is mounted near the sample on the
substrate holder for monitoring the amount of NaCl deposit. The Au
t system used to perform disk activation.



Fig. 2. Schema of the experimental setup and the gold target used to synthesize PPAA-coated Au NPs.
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NPs are generated by sputtering with Argon gas a 99.99% gold target
(2”, 0.0625” thickness) mounted on the magnetron deposition gun
and eventually loaded with the radioactive disks placed in the race
track. A pressure of 24 Pa and an argon gas flow of 20 SCCM in the
vacuum chamber, controlled by a mass flow controller and a VAT
adaptive valve were used. The power supply was set at 75 W and the
deposition time at 2 s.

Five experiments were performed with different total activities of
58Co: 39, 95, 1200, 2170 and 2890 MBq. A last test of this method was
performedwith activated gold disks; 196Au (95%) and 195Au (5%) with
a total activity of 1390 MBq. Typical concentration of radioactive atom
per disk is 1 ppm. Substrates used to collect NaCl and Au NPs are
stainless steel disks with a total deposition surface of 61.5 cm².
Substrates are mounted in a substrate holder which was electrically
isolated from the chamber and connected to a radiofrequency (RF)
power supply (13.56 MHz). The distance between the substrate
holder and the sputtering or thermal sources is 9.0 cm. Au NPs were
post-functionalized with PPAA by injecting allylamine vapor inside
the vacuum chamber and by applying a RF power of 10 W to the
substrate holder. The monomer allylamine (98%, purchased from
Sigma-Aldrich) used for the functionalization of these Au NPs is
introduced in a glass vacuum flask connected to the vacuum chamber.
A flow control valve is placed between the flask and the chamber in
order to maintain a constant pressure of 8 Pa inside the vacuum
chamber during the experiment. More details concerning the PPAA
coating can be found in previous papers [5,12].

Four different steps are required to produce radioactive NPs
suspended in solution. The process starts with a NaCl deposition of
100 nm thick on the substrate by evaporation. This step is followed by
the synthesis of radioactive Au NPs by magnetron sputtering. By
working at high pressure, free atoms released from the radioactive
thin circular films of Co or Au aggregate with the free atoms sputtered
from the gold target to form small radioactive NPs in gas phase. Also
called cluster beam deposition, it has the advantage to produce non-
agglomerated NPs with a narrow size distribution onto any desired
substrate as NaCl [5,13]. The sputtering rates under our operating
conditions were assessed experimentally with a QCM to 4.8 Å/s for
gold and 1.0 Å/s for cobalt, meaning that about five times more gold
atoms are sputtered from the target than cobalt atoms. The third step
is the functionalization of these Au NPs with Plasma Polymerized
Allylamine (PPAA). Surface functionalization with polymeric macro-
molecules is essential to stabilize these Au NPs in aqueous solution
against aggregation [5]. When the synthesis and the functionalization
are completed, the last step of production consists of collecting the
radioactive Au NPs by dissolving the NaCl in 12 ml of pure water. After
ultrasonication for 15 min, the solution becomes red which is the
characteristic color of monodispersed small Au NPs in solution.

Activity of substrates and solutions were measured using a
CAPINTEC well counter or a High Purity Germanium (HPGe) detector
system. Due the low activity of some samples, these measurements
were performed under a low surrounding radiation background to
ensure high accuracy and sensitivity of measurements (see next
section). Sizes, morphologies and dispersion of these radioactive NPs
in solution were analyzed by Transmission Electron Microscopy (TEM),
by CPS disk centrifuge and by using UV-Visible spectrophotometer.

3. Results and discussion

Three different types of analyses have been used to control the
synthesis process by physical vapor deposition as well as the stability
of the produced monodispersed radioactive Au NPs. The first one is
the characterization of these Au NPs in solution by different
methodologies to measure their sizes, their dispersion and their
stability in solution. The second analysis concerns the activity
measurements. In this section, activities of the samples before and
after their transfer in 12 ml of pure water were measured, as well as
the activity transfers between target-substrate and substrate solution
that confirm that the radioactive atoms are well embedded in the Au
NPs.

3.1. Characterization of PPAA-coated Au NPs in solution

For the characterisation of our radioactive Au NPs in solution,
samples of AuNPs doped with 58Co or 196Au and functionalized with
PPAA were prepared and transferred into 12 ml of pure water. UV-Vis
spectrophotometry, CPS measurements, and TEM images provide
crucial information on the morphology, the sizes and the stability of
these NPs in aqueous solution.

The different solutions were mainly analyzed by CPS disk
centrifuge. The mean diameter for Au NPs doped with 196Au is 6±
1 nm. With a radius of 5±3 nm, the same mean size is observed for
Au NPs mixed with 58Co. The latter is calculated by making the
average of values obtained from the five different experiments with
initial activities varying between 39 and 2890 MBq on the target

image of Fig.�2


Table 2
Evolution of the maximum absorption (λmax), the peak intensity and the FWHM of
plasmon bands obtained with the UV-Vis spectrophotometer for Au NPs doped with
58Co. First measurements of the samples (T0) were performed just after their
production and the second set of data were obtained 2 weeks after their production.
The last line of this table also gives the time evolution of their mean diameter resulting
from the CPS disk centrifuge.

Transfer [/cm2] 58Co
196
Au

Target – Substrate 5.28×10−8 2.41×10−7

Target – Solution 3.82×10−8 1.97×10−7

Substrate – Solution 72% 82%

Fig. 4. Surface plasmon absorption spectra of spherical Au NPs doped with 58Co in 12 ml
solution. The solid and dotted lines are obtained just after the production and
two weeks later, respectively.
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before sputtering. Samples of Au NPs dopedwith 58Cowere analyzed a
second time, 2 weeks after their production, to see the evolution of
their mean size with time. As presented in the last line of Table 2,
PPAA-coated Au NPs seem to present a small increase of their mean
diameter with time. This is probably due to the presence of free
polymers macromolecules in water solution which are adsorbed on
the Au NPs after a while. These free polymers macromolecules can
originate from depositions of PPAA between the spaced Au NPs on the
NaCl layer during the functionalization.

For TEM studies, drops of the different solutions containing Au
NPs were placed on 3 mm copper grids covered with carbon films
and analyzed by transmission electron microscopy on a Phillips
TECNAI-10. For each sample, TEM images show Au NPs with
spherical, hexagonal, triangular or square shapes (Fig. 3). Except
for some NPs which stack together, the majority of them are well
dispersed and relatively uniform in sizes. Diameters observed on the
TEM grids have a mean value of 9±2 nm for the experiments with
58Co and 11±3 nm for the experiments with 196Au. They are larger
than those obtained with the CPS disk centrifuge. The difference
between both methods can be explained by the fact that the density
of PPAA-coated Au NPs is difficult to define, and yet this parameter is
essential for the diameter measurements with the CPS disk
centrifuge.

According to the CPS disk centrifuge and TEM images, the mean
sizes of the Au NPs seem smaller than 10 nm. Confirmation was
provided by ultraviolet-visible spectrophotometry (Perkin Elmer
Lambda 20). Fig. 4 gives an example of surface plasmon absorption
spectra for Au NPs dopedwith 58Co solutions sampled just after the Au
NPs synthesis. The same sample was also analyzed 2 weeks later to
study the aging of Au NPs production. Measurements concerning the
maximum, the intensity and the full width at half maximum (FWHM)
for both plasmon peaks are given in Table 2. Just after the Au NPs
synthesis, the curve shows a plasmon absorption band with the
maximum located around 530 nm. The latter is characteristic of non-
Fig. 3. TEM image of Au NPs mixed with 58Co.
agglomerated AuNPs with small particle diameters and is responsible
for the red color of the solution [14,15]. A red-shift of the maximum
plasmon peak from 530 to 550 nm is observed after two weeks. So, as
alreadymentioned after the CPSmeasurements, the Au NPs mean size
seems to increase slightly with time. The peak intensity also decreases
after two weeks, meaning that a part of these Au NPs have aggregated.
Finally, the FWHM of the plasmon peak gives an idea of the size
distribution range.

3.2. Activity measurements

Activity measurements were performed with a coaxial HPGe
detector (Canberra Industries, Inc) with high relative efficiency and
high energy resolution (2.3 at 1332 keV). For lower activity
measurements, background noise (mainly caused by natural radioac-
tivity and cosmic radiation) has to be minimized. The problem was
solved by using a low-level setup for gamma spectroscopy as
described in [16]. For higher activity measurements, a lead brick
between the sample and the detector was placed to reduce the dead
time during data acquisition. Fig. 5 gives an example of γ-ray spectra
for 196Au and 58Co obtained when the HPGe is inside (a,c) and outside
(b) the lead castle. 58Co presents two mains γ rays at 511.00 KeV and
810.76 KeV. Activities of the samples for Au NPs doped with this
radioactive element were estimated from the intensity of the
810.76 KeV γ peak. For 196Au, activities of the substrates and the
solutionswere determined through its main γ-ray peak at 355.76 keV.
The following Eq. (1) allows us to convert the γ peak intensities into
activities:

A0 =
I = τ

exp −μ :x−λ:t½ �:εD
ð1Þ

where I and τ are respectively the net γ peak area in counts and
acquisition times. μ (in cm−1) represents the linear attenuation
coefficient for a specific material. μ is used when a lead brick is placed
between the detector and the samples to limit the acquisition dead
time. Its value was determined by multiplying the photon mass
attenuation coefficient given on the NIST site (http://physics.nist.gov/
PhysRefData/XrayMassCoef/tab3.html) with the absorber mass den-
sity. x (in cm) represents the thickness of the lead brick. λ (in days−1)
is the decay constant for 58Co or 196Au and t (in days) is the elapsed
time between the production of radioactive Au NPs and the activity
measurements by the HPGe. Finally, εD determines the efficiency of
the detector which depends on the detector geometry and, on the
distance between the sample and the germanium crystal. Efficiency of
the detector was evaluated by means of Monte Carlo simulation using
the softwareMCNPX 2.5.0 [17,18]. For the stainless steel substrate, the

http://physics.nist.gov/PhysRefData/XrayMassCoef/tab3.html
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Fig. 5. γ-ray spectra for 58Comeasured with the HPGe detector inside (a) and outside (b) the lead castle. On the second spectra, background has totally disappeared. (c) γ-ray spectra
for 196Au.
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photon source is described by a circular surface with the same
diameter as the one used for the deposition of radioactive Au NPs. For
the radioactive Au NP solutions, the photon source is described by a
cylindrical volume with a height of 9.2 cm and a diameter of 1.6 cm.
The efficiency is calculated directly from the “pulse height tally” (Tally
F8) which gives the distribution of the deposited energy in a detector.
Simulations are performed in mode p–e (transportation of photons
and electrons) for at least 107 source particles providing a statistical
uncertainty on the full-energy peak of less than 0.5%. Activities of the
Au NP solutions were systematically calculated from a CAPINTEC γ
well and are in good agreement with those resulting from the HPGe
detector. This result allows us to verify that the detector efficiency
determined with the Monte Carlo code and the other parameters
introduced in Eq. (1) to calculate the activities are correct.

Fig. 6 presents activities of the substrates, in kBq/cm², as a function
of the five different initial activities (39, 95, 1200, 2170 and
2890 MBq). As shown in Fig. 6, activities deposited on the substrate
increases linearly with the initial activities loaded on the gold target
before sputtering. Activity transfer, by cm² of substrate, for gold
nanoparticles doped with 58Co and 196Au are given in Table 3. Values
are determined for activity transfer between the target and the
substrate before dissolution of the Au NPs and between the target and
Fig. 6. Activity samples versus initial activity put down on the gold cathode before
sputtering.

Table 3
Activity transfers by cm² between target and substrate and between target and solution.

T0 2 weeks

λmax [nm] 530 550
Peak intensity 0.6 0.5
FWHM 77 94
CPS diameter [nm] 5±3 7±4
the solution. As we can see in this table, activity transfer between thin
disks of radioactive gold and substrate are larger by a factor of 4.6 than
the one between thin circular cobalt films and substrate. This value is
identical to the one determined in the experimental part between the
sputtering rate for cobalt and gold. By knowing the sputtering rate of
anymaterial used for the thin circular films, we are now able to define
the activity transfer by simply dividing 2.41×10−7 by the sputtering
rate of this material. This transfer rate can be considered as low. But
two major reasons account for that: 1- only surface atoms are
sputtered from the disks while the transfer rate is being calculated by
taking into account the overall activity of the disks. 2- Backscattering
of the sputtered species by the gas phase is significant as it was
revealed by measuring the activity on the various parts surrounding
the magnetron gun.

Table 3 gives also the percentage of activity transfers between the
substrate and the solution obtained by making the ratio of both
activity transfers target-substrate and target-solution. Results are
higher than 70% showing that the method used to collect the PPAA-
coated Au NPs is practical. The balance was found to remain on the
substrate holder.

3.3. Centrifugation analyses

The objective of this paragraph is to verify that radioactive atoms
are well embedded in the Au NPs. Centrifugation of solutions was
performed and the supernatant was separated from the pellets
constituting the aggregated Au NPs. If a large part of the activity is
found in the supernatant, we can conclude that radioactive atoms are
largely present in the water under an ionic form or as very small NPs.
Fig. 7. Activity of the supernatant and the pellet after solution centrifugation of Au NPs
synthesized with 58Co or 196Au.

image of Fig.�5
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Fig. 8.High-resolution TEM images of a hexagonal (a) and a triangular (b) PPAA-coated Au NPs doped with Co. (c) corresponds to d spacing of numerous Au NPs as observed in Fig. 3.
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Inversely, the radioactive and the corresponding cold atoms are
alloyed with Au if the pellet is more radioactive than the supernatant.

The experiment consists of taking 1 ml of the different solutions
containing Au NPs mixed with 58Co or 196Au. Solutions are placed in
different Eppendorf vials and centrifuged for 2 h at 60,000 rpm. Before
centrifugation, activities and gold concentrations of these solutions
were determined by using the HPGe detector. After centrifugation,
both the supernatant and the gold pellet at the bottomwere collected
in two new flasks to analyze their activity with the HPGe detector and
their gold concentration by Atomic Absorption Spectroscopy Analysis.

For all solutions, the supernatant was slightly pink which means
that a small amount of very small Au NPs is still present in the liquid
after centrifugation. However, a strong difference appears about the
activities between Au NPs mixed with 58Co and Au NPs mixed with
196Au. Indeed, for experiments with 58Co, the percentage of activities
observed after centrifugation in the pellet and the supernatant are
clearly opposed to the one of 196Au experiments as described in Fig. 7.
This result indicates that no or very few radioactive atoms are
incorporated into the Au NPs. Inversely, the 196Au atoms are doping
the non-radioactive NPs since after centrifugation, 83% of the total
activity of the solutions is found in the pellet. The results are in
accordance with the Au–Co phase diagram [7]. Indeed, four
equilibrium phases are found: liquid, Au fcc solid solution with a
maximum solubility of 23% of Co at 996.5 °C, a high T° Co fcc solid
solution with a maximum solubility of 2.5 at.% Au, and a low
temperature cph solid-solution with a limited Au solubility of 0.05%.

According to this phase diagram, no phase made out of Au with a
small amount of Co can be observed below 422 °C. Nevertheless, one
can ask: what about the 15% of the 58Co found in the pellet? Taking
into account the sputter yield, the ratio Co/58Co in the radioactive
disks, the Au/Co atomic ratio in the NP correspond to 20–50%
depending on the nanoparticle size. This large amount of Co should
induce a distortion of the bimetallic lattice parameter when compared
to Au. In order to verify that, a sample was investigated by HRTEM (Cs
corrected TITAN) operated at 200 keV. It has to be noted that no
activity was detectable in the TEM grid. Fig. 8 (a) and (b) exhibit the
lattice fringes of spherical and triangular shapes indicating the
crystalline nature of all these Au NPs [19]. The structure of the non
spherical shaped particles (see Fig. 8(b)) is always seen to be
monocrystalline, whereas the other more spherical particles are
mostly polycrystalline (see Fig. 8(a)). Interplanar spacing of several
particles as measured by taking the Fast Fourier Transform of HRTEM
images is presented in Fig. 8(c). As we can see the spacing
corresponds strictly to the one of Au. No lattice distortions are
observed. Therefore, one can conclude that neither metastable nor
alloyed Au/Co phases were formed. Co atoms are probably embedded
within alylamine that was deposited on NaCl.

4. Conclusion

In this paper, we describe an approach using physical vapor
deposition technology to produce Au NPs potentially doped with
radioactive atoms and functionalized with PPAA. NPs are synthesized
by magnetron sputtering at high pressure and radioactive atoms are
loaded on the magnetron cathode prior to sputtering. The Au NPs are
then transferred into pure water and the solution is stable for more
than a week.

Two types of radioactive atoms were considered. The first one is
58Co, the second one is 196Au. It was found that Co is not soluble in the
Au/Co NPs, and only radioactive 196Au NPs could be produced. TEM
investigations have showed that NPs have a mean diameter varying
between 5 and 10 nm and that they are well dispersed in water
solution. These observations were confirmed by UV-Vis spectroscopy
and CPS disk centrifuge analyses.

Activity measurements also have shown that the transfer of
activity is very low and does not depend on the initial activity loaded
on the cathode before the sputtering. Moreover, activity transfer for
different type of radioactive atoms can be foreseen according to the
sputtering rate of the radioactive atoms.
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