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A plasma column ejected directly from solid copper by localized microwaves is studied. The effect
stems from an induced hotspot that melts and emits ionized copper vapors as a confined fire column.
Nanoparticles of ⬃20– 120 nm size were revealed in the ejected column by in situ small-angle
x-ray scattering. Optical spectroscopy confirmed the dominance of copper particles in the plasma
column originating directly from the copper substrate. Nano- and macroparticles of copper were
verified also by ex situ scanning electron microscopy. The direct conversion of solid metals to
nanoparticles is demonstrated and various applications are proposed. © 2009 American Institute of
Physics. 关doi:10.1063/1.3259781兴
The phenomenon of fireball ejection to the atmosphere
from solid dielectrics irradiated by localized microwaves has
been presented recently.1 Further studies showed that similar
plasma balls can be generated from a wide range of solid or
liquid substrate materials, such as silicon, germanium, ceramics, as well as pure and salty water.2 Optical spectral
measurements have revealed the dominance of the substrate
materials in the light emitted from these fireballs 共e.g., sodium light at 589 nm emitted from a fireball generated from
a NaCl solution3兲. The small-angle x-ray scattering 共SAXS兲
method, using synchrotron radiation, has been applied to
study fireballs of this type. The first SAXS study of
atmospheric-like fireballs4 presented analyses of the particle
size distribution, density, and decay rate of fireballs made
from borosilicate glass substrates. The results showed that
these fireballs contained particles with diameters of ⬃50 nm
and average number densities of ⬃5 ⫻ 109 cm−3. Hence, it
was suggested that these fireballs can be considered as a
form of dusty plasma5 consisting of ensembles of charged
nanoparticles in the plasma volume.
The present study applies the same localized microwave
experimental technique6 to metallic, rather than dielectric,
substrates. It is shown here that the molten hotspot induced
in the solid copper substrate by the localized microwaves
emits a confined plasma in the form of a fire column, and
that this plasma contains copper nanoparticles. The experimental analyses employed in this study include in situ SAXS
and optical spectroscopy of the ejected plasma column, and
ex situ scanning electron microscopy of the collected particles in order to identify the composition and size of the
nanoparticles created.
Copper nanoparticles feature useful physical properties7
and biomedical compatibility. They have been studied in
various aspects8 and for different applications.9–13 Copper
and copper-oxide nanoparticles can be produced by various
means including plasmas.14–18 Microwaves or radioa兲
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frequency generated plasmas have been used indirectly by
employing other gases or reducing agents for the copper
nanoparticles synthesis.19 Microwave plasmas were used to
synthesize nanopowders of silver,20 vanadium pentoxide, and
zinc oxide21 from powder and granular precursors. Direct
conversion of solid aluminum to nanoparticles and carbon
nanotube synthesis were demonstrated in vacuum by femtosecond pulsed lasers.22,23
The experimental microwave setup used here for plasma
ejection and direct conversion of solid metals to nanoparticles is depicted in Fig. 1. It consists of a rectangular waveguide 共96⫻ 46 mm2 inner cross section兲 with windows
made of metallic vanes under cutoff to enable a direct view
into the fire column 共for observation, optical spectroscopy
and x-ray scattering兲. The microwave cavity is energized by
a 2.45 GHz magnetron providing an adjustable input power
in the range of 0–1 kW. The movable inner electrode, made
of copper or tungsten, enables the intentional excitation of a
hotspot when brought in contact with the upper edge of a
metal plate 共the emitter兲, hence stimulating the fire column to
be emitted in a controlled fashion. The emitter is made of
99.9% pure copper plate. Its dimensions are 20⫻ 10
⫻ 1 mm3 in the orientation shown in Fig. 1.
A stable plasma column, ejected from the upper edge of
the copper emitter plate placed vertically on the floor of the

FIG. 1. 共Color online兲 The experimental scheme of the microwavegenerated copper plasma 共right兲 and the plasma column ejected from the
copper emitter to the collector in the microwave cavity 共left兲.
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FIG. 2. 共Color online兲 The optical spectrum of the copper plasma column.
The inset shows the spectrum of the plasma column in the near-UV range.

cavity, is shown in the inset of Fig. 1. The plasma column
jets toward the collecting plate installed on the cavity’s ceiling 共the collector). It remains stable and well confined as
long as a microwave effective power in the range of 0.6–1.0
kW is supplied 共typically for ⬎1 min兲. The optical spectrum
of the light emitted from the fire column is associated mostly
with copper. Figure 2 shows a typical spectrogram obtained
using an AvaSpec 3648 spectrometer. The spectral lines of
copper in the visible range, at 578, 522, 511, and 515 nm,
and in the near-UV range, at 327 and 325 nm, are clearly
seen in this spectrogram, indicating the dominance of copper
vapor in the plasma column. The UV range, shown in more
detail in the inset of Fig. 2, also reveals the emission of an
OH-radical spectral emission band around 310 nm. This resembles the spectrum of a fireball generated in a similar
setup from tap or pure water3 instead of the copper emitter.
The form of the OH-radical emission band obtained in the
water-originating plasma experiments serves as an evidence
for the local thermal equilibrium 共LTE兲 condition here.24
Hence, LTE can be speculated also for the copper plasma
with the OH provided by the surrounding air. Under the LTE
assumption, the Boltzmann plot method25 applied to the
spectra measured in this experiment results in electron temperatures of 共⬃3 – 4兲 ⫻ 103 K, depending on the microwave
effective power.
A typical SAXS pattern recorded from a copper fire column is shown in Fig. 3. These measurements were performed at the European Synchrotron Radiation Facility
共ESRF兲, and the data were analyzed using the IRENA SAXS
analysis package.26 As in Ref. 4, the SAXS data was analyzed using the unified scattering function 共USF兲 共Ref. 27兲
which indicated the presence of particles with radii of gyration of about 20 nm and 120 nm The particle volume distribution was obtained by taking the inverse Fourier
transform26 of the scattered x-ray intensity versus the scattering vector, q = 共4 / 兲sin共 / 2兲, where  and  are the scattering angle and the x-ray wavelength, respectively. The resulting particle volume distribution is shown as an inset in
Fig. 3. Three groups of particle size are seen here, around 27,
65, and 110 nm, which indicate the broad distribution of
primary particles formed at different temperature zones
within the fire column, their aggregates and agglomerates,
respectively. The SAXS analysis shows also that the small
particles have a solid surface while the larger particles have
a more fractal structure 共with power law exponents of 4.0
and 2.3, respectively兲 as in the case of flame grown
particles.27 The number densities are in the order of

FIG. 3. 共Color online兲 Typical SAXS intensity from the fire column and
their analysis in terms of USF vs the scattering vector q. The particle size
distribution within the copper fire column, computed by inverse Fourier
transform, is shown in the inset 共with peaks at 27, 65, and 110 nm兲.

⬃108 cm−3 for the small particles and ⬃106 cm−3 for the
aggregated particles.
The surface morphologies of the particles accumulated
on the cavity’s ceiling collector were characterized ex situ by
the FEI Quanta 200FEG environmental scanning electron
microscope 共ESEM兲 operating in high-vacuum mode, using
the Everhart–Thonley secondary electron detector. Several
zones containing particles with different scales, shapes, and
surface morphologies were identified in the collector specimens. Among them are mainly sea-urchin-like spheres
共shown in Fig. 4兲 and sponge-like morphologies, in addition
to nanospheres, nanowires, and nanotube shapes. Similar
structures were also identified on the emitter surface, in addition to molten amorphous copper regions 共similar to cathode spots兲. Circular arrays of particles were observed on the
circumferences of concentric circles in various diameters
ranging from millimeters down to micrometers. Figure 4

FIG. 4. Sea-urchin-like copper clusters and their circular arrangement observed on the collector surface ex situ by an ESEM.
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shows a collector area covered with copper sea-urchin-like
spheres organized on the surface in a circle. Highermagnification images revealed that the sea-urchin-like
spheres shown in the inset of Fig. 4 consist of smaller nanostructures of similar shapes 共a resemblance is noted to the
sea-urchin-like CuO microspheres synthesized in Ref. 17 by
a hydrothermal microwave route in the presence of polyethylene glycol and NH4OH兲. The chemical element composition was analyzed in ESEM by energy dispersive spectroscopy using a Si共Li兲 liquid nitrogen cooled Oxford x-ray
detector. The analysis of different areas of the collector
specimens showed that the sea-urchin-like spheres consist
mainly of copper or copper oxide, with some impurities of
W, Zn, Fe, Cl, and Ca attributed to the tungsten electrode.
Size measurements performed on the various particles in
the different areas of the collector specimens showed that the
outer dimension of the sea-urchin-like particles ranges between 1 and 10 m, but their substructure dimension is of
the order of 0.3 m and even smaller; mostly in the range of
10–50 nm. The sizes of the sponge-like and spherical particles measured with a Molecular Imaging’s PicoSPM atomic
force microscope were found to be in the range of
⬃20– 50 nm. These particle dimensions and structures observed ex situ coincide with the size distributions obtained in
situ by SAXS.
This study shows that copper-vapor plasma can be generated directly and continuously from a solid copper surface
in an air atmosphere using microwave radiation. The dusty
plasma obtained consists of copper nanoparticles that tend to
agglomerate in spherical structures such as the sea-urchinlike shapes shown above. These results may lead to the development of relatively simple techniques for metal plasma
generation and nanoparticles synthesis directly from solid
metals. The main advantage of the proposed approach, compared to other microwave-powered processes for making metallic nanoparticles 共e.g., Refs. 20 and 21兲, is its simplicity
resulting from the direct microwave application to solid metallic bulk rather than to presynthesized powder or metallicsalt solution. Other practical applications of this concept,
such as sputtering, coating, microwave-excited metal-vapor
lasers, and microwave-induced breakdown spectroscopy, can
be conceived as well. The bulk modification effect observed
may also enable microwave-induced variations of roughness
and wettability. Further studies show that similar plasma columns can be ejected by this technique from other solid metals, e.g., aluminum or iron; hence, the phenomenon presented here and its potential applications can be generalized
to microwave interactions with other metals as well.
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