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FORMATION OF Al2O3 AND AlN NANOPOWDERS 
BY EXPOSING ALUMINUM TO A SERIES 
OF DOUBLE LASER PULSES IN AIR

Kh. Bazzal,a N. A. Alekseenko,b E. S. Voropay,a  UDC 533.9.082.5;621.373.826;621.793.79
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The effects of the interpulse interval and the number of double laser pulses on the component and charge composition 
of the laser plasma formed intentionally by these pulses acting on an AD1 aluminum alloy target (LSS-1 spectrometer) 
were studied. It was shown that the concentration of Al ions and the products of their interaction with atmospheric 
oxygen and nitrogen increased by several orders of magnitude if an interpulse interval of 7–16 μs rather than a 
zero interval was used. The AlO suboxide and AlN molecule band intensities were highest for 40–50 sequential 
double pulses in a series and decreased if the number of pulses in a series increased because of poorer interaction of 
Al atoms and ions with air molecules and atoms at the outlet from the micronozzle as the microchannel depth 
and shape changed. The temperature in the region of plasma with the maximum content of Al III was estimated at 
~22,000–30,000 K. The intensity ratio of AlO bands at 486.9/484.12 nm was used to determine the temperature in 
the AlO formation region. An expression was obtained for determining the temperature of the region corresponding 
to the maxima of AlO formation. The established temperature range of 4700–7000 K was slightly higher than the 
optimal AlO dissociation temperature (4400 K). A closed glass cell containing an Al target was used to obtain Al 
aerosols and products formed during interaction of Al ions with atmospheric oxygen and nitrogen. The size of Al2O3 
primary particles obtained at a pulse energy of 53 mJ was estimated as 30–40 nm using high-resolution electron 
microscopy. The particles were assembled into agglomerates. The possibility of practical production of activated 
Al2O3 nanopowders by irradiating a target with successive series of 50 double pulses per point for 10 min in a 
closed bottle was considered. Raman spectroscopy was used to show that active forms of aluminum oxides and their 
interaction products with atmospheric oxygen and nitrogen in a laser plasma could be deposited on a glass surface 
in a closed cell.

Keywords: oxidized Al and Al2O3 nanopowders, AlO suboxides, pulsed laser evaporation, laser plasma, laser spark 
spectrometry, multi-charged ions, double laser pulses.

Introduction. Nanopowder (NP) technologies are currently some of the most common directions in nanotechnology. 
NPs obtained using them have applications in electronics, medicine, biology, chemical catalysis, etc. NP technologies are 
also used to construct bulk items. Therefore, the development of synthetic methods for nanoparticles (NPc) with the required 
properties, the main ones of which are size, shape, chemical composition, structure, and degree of NPc agglomeration, is 
an important practical problem [1–3].

The main problem with nanomaterial technologies is the retention of structural elements with chemical compositions 
and sizes that allow them to be considered nanostructures. Undesired chemical transformations, aggregation, and growth 
of structural elements beyond nanosized limits can occur when NPc interact with the environment. This leads to a loss of 
their unique properties.

Special properties such as signifi cantly lowered sintering temperatures and melting points than ordinary disperse 
materials and enhanced chemical reactivity in oxidation processes make metal NPs useful as reagents, components, and 
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sintering additives for producing ceramics [1–3]. The diffusion mechanism of sintering in which Al NPs that do not react 
upon heating exhibit increased diffusion mobility and disperse reinforcement of sintered samples due to an increased mass 
fraction of Al oxides added with Al NPs is responsible for this effect.

The main requirement for fabricating ceramics of various functionalities is the production of a material with a 
given structure and the optimal physicomechanical properties. Several potential materials-science problems arising during 
the development of such materials can be identifi ed. For example, the production of exhaust gas oxidation catalysts for 
internal combustion engines requires the creation of an active surface layer of metastable Al2O3 modifi cations that can 
operate at temperatures <900oC [4]. The use of nanocrystalline ceramic powders instead of large crystalline powders opens 
fundamentally new opportunities for fabricating catalysts because of a latent excess of surface energy as compared to large 
crystalline powders that can alter the temperature ranges of phase transitions [5–7].

An Al2O3 ceramic that is attracting special interest among a variety of ceramic oxides because of its high wear 
resistance, density, hardness, fl exural strength, and resistance to chemically aggressive media and corrosion is used to 
manufacture various items (from abrasive tools to body armor and biomaterials).

Another important application of Al2O3 materials is the creation of various catalytically active complexes based on 
hollow Al2O3 NPc for science, medicine, and ecology. Hollow NPc are a unique platform for creating drug delivery systems 
for particular cells [1–3].

Evaporation by laser radiation and electron beams is most versatile for producing NPs with the minimal contamination 
from universal target materials (large powders and their mixtures, metals and alloys, mixtures of metals and nonmetals). 
Laser ablation of solids by nanosecond pulses of moderate intensity is used in many scientifi c and practical applications. 
Simultaneous high-sensitivity spectral analysis, monitoring of the concentrations of excited and charged particles in plasma, 
and control of the composition of the obtained NPs are possible if double-pulse laser irradiation systems and methods are 
used at various incident angles on the target and plasma [8, 9].

The goal of the present work was to demonstrate the possibility and determine the conditions for using ablation by 
series of double laser pulses on Al targets in air to produce Al nanoclusters and Al compounds such as Al2O3 and AlN that 
can be used in the production technologies of Al oxide and nitride NPs.

Results and Discussion. An LSS-1 laser multi-channel atomic emission spectrometer (CP LOTIS TII, Minsk) was 
used as the source for ablation and excitation of surface plasma and included a dual-pulse Nd laser (model LS2131 DM). 
The laser could operate at pulse repetition rates up to 10 Hz at λ = 1064 nm and had extensive options for controlling both 
the pulse energy (up to 80 mJ) and the time interval between double emission pulses (0–100 μs). The pulse length was 
~15 ns. The time between double pulses could be varied from 0 to 100 μs in steps of 1 μs. The laser radiation was focused 
on the sample using an achromatic condenser with focal length 104 mm. The size of the focused spot was ~50 μm.

The AD1 Al alloy target was placed in a rectangular glass cuvette (40 × 20 × 30 mm) that was closed with a cap. 
A MIRA3 high-resolution scanning electron microscope (SEM) with an EDX X-Max x-ray spectral microanalyzer was 
used to analyze products that settled on the surfaces of Si plates set outside the propagation zone of the laser plume (on the 
bottom and one side of the cuvette).

The action of the laser radiation on the target generated a plasma plume in the working gas. This formed a vapor of 
the target material and also sputtered clusters and droplets of target material from it. Ions of the metal and surrounding gas 
formed in the laser plume if double laser pulses were used.

Targeted changes of the component, charge, and energy distributions of the laser plume could be analyzed using 
the action on the primary plasma of the additional laser radiation. The temperature of the laser plasma reached tens of 
thousands of degrees and determined the presence in it of ions, electrons, radicals, and neutral particles in the excited state. 
The presence of such particles led to high interaction rates and fast reactions (10–3–10–8 s). The high temperature ensured 
that practically all starting substances transitioned into the gaseous state and subsequently reacted. Then, the products 
condensed. The plasma emission spectrum consisted of lines for the ions Al+, Al2+, and O+; atoms Al and O; molecules AlO 
and AlN; and the gas medium.

The laser vapor deposition could be separated into two steps, i.e., the evaporation of the target under the infl uence 
of the laser radiation to create the laser plasma containing metal vapors as a source of the synthesized material and the 
synthesis of ultradisperse powder from the vapor phase and activated gas. Metal vapors formed compounds with ionized 
chemical elements of the gases contained in the plasma (nitrides and oxides). Ultradisperse powders and very thin fi lms 
could be expected by varying the evaporation conditions.
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The formation kinetics of the reaction products of Al atoms and ions with O (AlO) and N radicals (AlN) were 
studied using emission spectra of these molecules during the action of series of double laser pulses on the Al target. The 
strongest vibronic bands in the emission spectra were at 484.21 nm for AlO and at 507.8 nm for AlN with lines for the ions 
Al II (466.3), Al III (452.92), and N II (399.5).

Figure 1a shows dependences of the intensities of lines for Al, N, and O ions and bands for AlN nanoclusters and 
AlO radicals on the interpulse interval using 50 pulses per point and pulse energy 52 mJ. It was found during the experiments 
that the lines of ions and bands of molecules were strongest for an interpulse interval of 7–16 μs [10, 11]. An interpulse 
interval of 10 μs was used in all further experiments. Figure 1b shows the formation of Al, N, and O ions; AlN nanoclusters; 
and AlO radicals as functions of pulse energy using 50 pulses per point. Series of 120 sequential double pulses were used to 
evaluate the infl uence of the number of sequential double laser pulses on formation of AlN and AlO and to reveal features 
of plasma formation in the resulting microchannel. Figure 1c shows the results obtained using a pulse energy of 52 mJ and 
120 pulses in a series. The total number was the sum resulting from ten sequential pulses.

The intensities of molecular bands were close to zero for a zero interval. Figure 1b shows that the formation of AlO 
radicals and AlN NPc increased with increasing pulse energy up to 35–40 mJ and then decreased slightly. It was restored to 
the values obtained at 35–40 mJ for pulse energies of 50–60 mJ. An analogous nonlinear dependence on the number of pulses 
was observed. The intensities of molecular bands increased with increasing number of pulses up to 30 and then decreased 
considerably. The presence of such a sharp time threshold for the formation rate of AlO radicals and NPc indicated that the 
reason for the observed phenomena must be sought in the plasma-formation features within the rather deep microchannel.

Pulses of energy 52 mJ and interval 10 μs were used to evaluate the potential for practical production of Al2O3 
NPs. The irradiation used series of 50 double pulses per point for 10 min. The obtained products that settled on the silicon 
plate surfaces set outside the propagation zone of the laser plume (on the bottom and one side of the glass cuvette) were 
analyzed using an MIRA3 SEM with an EDX X-Max microanalyzer. Figure 2 shows images of NPc and NPc agglomerates 

Fig. 1. Dependences of line intensities of Al II (466.3 nm), Al III (452.92), N II (399.5), 
and O II ions (407.8) and AlO (484.22) and AlN bands (507.8) on interval (a), pulse 
energy (b), and total number (c).
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synthesized by the action of double laser pulses on an AD1 Al alloy target. The size of the primary particles was predominantly 
30–40 nm. The particles had a crystalline structure and spherical shape and were assembled into agglomerates.

The spherical shape of the NPc obtained under extreme conditions indicated that they were liquifi ed for a certain 
time during cooling and experienced signifi cant pressures because of Laplace compression. Pores, cavities, and the like in 
this state were expressed onto the particle surface. The only type of defects in NPc formed under extreme conditions were 
atomic shifts relative to the equilibrium positions. The observed agglomeration was due primarily to the thermodynamic 
instability of the metal NPc. The most important problem related to the size dependence of the surface tension was reported 
to be the thermodynamic stability of the NPc [12, 13].

 The chemical reaction products, formation of particles of variable composition, complicated particle morphology, 
and inevitable diffusion of components in the condensed phase had complicated effects on the particle shape distribution. 
If two conditions, i.e., rather high temperature [usually >(2/3)Ts, where Ts is the melting point of bulk material] and strong 
interaction between particles, were simultaneously met, then the process called coalescence could occur. The particles 
coalesced during the time of interparticle interaction, lost their initial shape, and formed a single particle of a more equilibrium 
confi guration. The coalescence of solid NPs occurred rather quickly at even higher temperatures, was reminiscent of the 
fusion of two liquid drops, and was called liquid-like coalescence. If the NPc had a nonequilibrium shape and a very rough 
surface, then each particle was stretched and rounded, acquiring a more equilibrium shape because of diffusion processes 
induced by surface-tension forces. This process was called autocoalescence.

Particles that settled on the walls often stuck to each other, forming convoluted chains. The agglomerated chains 
were very diffi cult and sometimes practically impossible to separate. The particle surface was so active and clean that small 
particles could be sintered at temperatures below the melting point of the starting material. This meant that there was a low 
temperature limit to the production of very fi ne particles of the material. Thus, the actual fi nest particle that could be used 
in practice should always have a protective coating and/or be kept at lower temperatures.

The thermodynamic parameters of the Al2O3 agglomerates were diffi cult to obtain because they did not exist in 
the gas phase. According to the main models of homogeneous condensation from supersaturated vapor [14], the state 
parameters of both the condensed and gaseous phases must be known. Oxide clusters formed via coalescence of various 
oxides. Therefore, the substances from which the Al2O3 clusters formed and the composition of the saturated mixture in 
equilibrium and nonequilibrium states had to be known for an accurate determination of their thermodynamic parameters.

The difference in the partial pressures in the equilibrium and nonequilibrium states led to the conclusion that 
the principal mass fl ow for the formation of Al2O3 clusters and their growth came from the following two reactions that 
contributed most:
 2AlO + O ↔ Al2O3 ,    (1)

 Al2O + O2 ↔ Al2O3 .    (2)

Fig. 2. Images of nanoparticles and agglomerates deposited on the bottom (a) and side (b).
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The differences in the partial pressures of the remaining components such as AlO2, Al2O2, etc., were insignifi cant 
so that the mass increase of the total oxide due to them was undetectable [15].

Let us examine qualitatively the obtained results. Plasma formation in air was considerably complicated by 
consequences that were practically unavoidable when the double pulses formed deep holes because of the accumulation of 
ablated microparticles and clusters in the atmosphere of the resulting holes. A subsequent pulse after a short time interval 
led to a low-threshold optical breakdown of air saturated with metal microparticles and the simultaneous appearance of two 
plasma plumes separated in space, one of which was an ordinary laser plasma plume on the ablated surface and the bottom 
of the resulting hole; the other, a plasma-dust cloud that also arose on the laser-beam axis but was displaced from the surface 
by a certain distance. In this instance, the appearance of the plasma-dust cloud separated from the surface by a certain 
distance led, on one hand, to additional shielding and, on the other, to the creation of a high-temperature high-pressure 
plasma cloud that scattered primarily along the hole direction. The latter was apparently more important.

The nonlinear dependences of the AlO and AlN band intensities on energy could be explained as follows. Target 
mass was ejected and a channel was formed during the laser ablation by pulsed-periodic high-intensity laser irradiation at 
one point of the target. The physical pattern of processes associated with channel formation was much more complicated 
than the situation where the laser radiation impinged on a smooth target surface. Concentration of the laser radiation in the 
channel increased absorption of the pulse energy and, correspondingly, the plasma temperature within the channel and the 
effi ciency of forming ions. Also, a suspension or cloud containing target nano- and microparticles (clusters) could develop 
in the channel after the fi rst pulse. Self-action, partial shielding, and problems with delivering radiation energy to the 
channel bottom and, as a result, a change of channel shape developed because of the interaction of the laser radiation of the 
second pulse with this cloud [16–19].

Figure 3 shows dependences of the change of shape and depth of a microchannel on energy and number of pulses. 
The conical microchannel (Fig. 3a) could act as a nozzle through which the target material was more effectively clustered on 
passing through the crater formed by pulsed-periodic laser action on the target as its depth increased. The concentration of 
clusters and their distribution through the nozzle cross section were determined by the nozzle geometry. Not all gas atoms, 
ions, or molecules but only a percentage of them were clustered as the gas fl ow through the nozzle expanded. Figure 3a 
shows that the shape of the channel produced by 30 sequential pulses (pulse energy 37 mJ) was more suited to generation 
of AlO radicals and AlN nanoclusters than that from fewer pulses. Figure 3b shows an SEM image of a hole formed by 
50 pulses of energy 52 mJ.

Results were obtained for an energy density signifi cantly exceeding the shielding threshold. In this instance, the 
channel depth after 10 pulses was insuffi cient for considerable accumulation of particles while the channel diameter was 
comparable to the diameter of the beam waist. The stepped shape of the channel was indicative of the localization of the laser 
plasma in two regions, i.e., the end of the narrow part where only ~10–20% of the incident radiation energy fell according to 

Fig. 3. Dependence of channel shape on the number of pulses: 10 (1), 20 (2), 30 (3), and 
50 (4) (a); SEM image of channel shape (b).
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the obtained data and the end of the thickened part with a transition to the narrow part where the remaining 80–90% of the 
energy in the plasma breakdown was stored and scattered. The regions were separated by ~50–100 μm. Much of the incident 
radiation energy did not reach the bottom because of this shape and was consumed for increasing the channel diameter by 
interacting with the side walls (Fig. 3b). This was especially noticeable if the pulse energy was increased to 52 mJ.

Thus, shielding with air breakdown on the particles was evident only if the aspect ratios of the channel (ratio of 
channel depth to diameter) reached A > 1. This could be related to removal of particles from the crater at smaller A because 
of convective air currents.

The ejection velocity and plasma temperature in the second phase reached 3·106 cm/s and 3·105 K for a typical 
experimental laser pulse intensity q ≈ 5·109 W/cm2 [17, 18]. Considering the ejection velocity and average laser-radiation 
pulse length (15 ns), the one-dimensional expansion of the plasma plume toward the end of this phase was ~0.45 mm, 
which was comparable to the channel length. As a result, the plasma reached the sample surface during the time of the 
second laser pulse. Its further ejection acquired a shape approximating a hemisphere. The plasma region continued to 
expand after the laser pulse ended because of the energy and pressure stored in it. The expansion practically stopped after 
the pressure inside it reached atmospheric. A sharply limited and relatively long-lived region of hot gas formed near the 
irradiated surface.

A plasma plume arose in the working gas because of the laser action. Vapor of the target material formed and settled 
on the substrate. Also, clusters and droplets of target material were sputtered from it. The yield of nanodisperse particles 
could be increased by selecting the sputtering modes. A high degree of supersaturation was needed to start the condensation 
of the vaporized material. Then, the vaporized atoms readily condensed around nucleation sites, usually ions, and formed 
clusters of various sizes. For this reason, clusters in the generators were formed from supersaturated vapor by expanding it 
into a region of low pressure. The vapor temperature fell during the expansion so that it became supersaturated, which led to 
cluster formation and growth. The clusters were generated in two steps. An atomic or molecular vapor (beam) was formed 
in the fi rst step. It transformed into a gas of clusters or a beam of clusters as a result of the cooling in the second step.

The laser plasma formed after the action of the second pulse in the condensation products was more ionized than 
the surface plasma. The intensity of the lines for Al ions that increased by practically an order of magnitude if the number 
of pulses was increased was indicative of this. Naturally, the temperature of the laser plasma was signifi cantly greater than 
that of the surface plasma.

The strictly defi ned range of the thermodynamic parameters, i.e., pressure, temperature, concentration of 
dissociation products in the gas phase, and presence or absence of a condensed phase, limited the formation of Al oxides. 
Al2O3 was practically completely dissociated to oxides AlO and Al2O at T > 4800 K. The degree of Al2O3 dissociation at
T < 3000 K was <1%. It is noteworthy that the suboxides also decomposed into simple ions at high temperatures. For 
example, the boiling point of AlO is 2253 K; decomposition temperature, 4400 K [20], i.e., the range of the laser plasma, 
where T ~ 4400–5500 K, was optimal for forming AlO suboxides. Al2O3 nanodrops formed with further cooling during 
turbulent mixing of suboxide vapor with air at the outlet of the micronozzle.

As a rule, emission spectra of molecules can be observed and analyzed at plasma temperatures 
Tmax ≈ 8000–12,000 K. However, the average temperature of the laser plasma in the Al III region as a function of the pulse 
energy (series of 40 pulses) varied from 30,000–35,000 K for the fi rst pulses in the series up to 20,000–22,000 K after 
15–17 pulses (starting time of microchannel formation) according to estimates made using the Ornstein method based on 
the intensity ratio of Al III spectral lines at 452.9 nm (Ek1 = 20.55 eV) and 360.16 nm (Ek2 = 17.81 eV) (Fig. 3a).

The plasma-dust region expanded and began to mix turbulently at the outlet of the micronozzle. The temperature 
of this region dropped sharply. Because AlO emission appeared upon lowering the temperature to a certain value, it 
was reasonable to assume that the temperature was too high until this moment and all molecules were dissociated (AlO 
decomposition temperature 4400 K). The last effect also explained the increased formation rate of the reaction products of 
Al atoms with air after a rather deep microchannel formed [10–12]. It is noteworthy that the AlN content in the plasma in 
the region being analyzed was very low, apparently because of the lower thermal stability. AlN sublimes without melting 
at 2723 K [1].

The sequence of observed steps could be interpreted as follows. The vaporized target products formed in the fi rst 
step were ionized by the laser radiation. Then, laser radiation of the second pulse was partially absorbed in the ionized layer, 
which was accompanied by increases of the temperature and pressure followed by ejection of the plasma. The initial ejection 
velocity of the plasma leading front of ~30 km/s decreased to zero at a certain distance R. The plasma emission spectrum 
consisted of lines for the ions Al+, Al2+, and O+; atoms Al and O; and molecules, atoms, and ions of the gas medium.
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Emission of target ions was shown to stop within 1 μs after the laser irradiation was fi nished [20]. However, 
emission of medium ions (N II and O II) lasted up to 10 μs; of atoms, up to 30–40 μs. A spherical emission region appeared 
~1.6–1.7 μs after the start of the laser pulse. This emission resulted from AlO molecules in the B2Σ+ → X2Σ+ transition [20]. 
The lifetime of the B2Σ+ level of AlO relative to the emission was ~100 ns [20]. Therefore, the appearance of emission on 
timescales of ~1 μs could be attributed to formation of electronically excited AlO molecules.

The molecular spectrum is more complicated than the atomic spectrum because levels refl ecting the additional 
degrees of freedom of molecular vibrational and rotational modes are added to the energy levels of the electronic state. This 
leads to the appearance of many closely spaced lines and the formation from them of molecular bands. A positive feature 
of this complication is that the molecular lines are not grouped randomly but according to defi nite rules refl ecting the state 
of the additional molecular rotations and vibrations. Another important feature is that heavy particles and free electrons in 
the plasma affect molecular rotation and vibration with different effi ciencies. Therefore, a quantitative assessment of the 
intensity of these motions can inform about the state of the plasma on the plume periphery.

Thermal methods analogous to the Boltzmann exponent method cannot be used if the spectrally unresolved 
molecular emission is recorded. The temperature is found by comparing the experimental emission with a model analog in 
which the vibrational and rotational temperatures are successively chosen until the best (and satisfactory) agreement with 
the experimental spectrum is achieved. Published data [21–23] were used in the present work to estimate the temperature 
of the peripheral part of the plasma where AlO radicals were formed. Figure 4a shows the analytical results. Figure 4b 
shows the calculated temperatures in the region where AlO molecules formed and the dependence of the AlO band intensity 
(484.12 nm) on the number of pulses for comparison that were obtained using the given expression for determining them. 
A good correlation was found between the band intensity and the temperature, namely, increasing the temperature by 
~500 K decreased the AlO concentration by 3–4 times. As indicated above, the maximum concentration should be observed 
at the AlO dissociation temperature of ~4400 K [20, 22]. In our instance, all temperatures were greater than optimal 
with a minimum of 4700 K. The band intensity was less for >40 pulses than for fewer pulses at the same temperature. 
This could be explained by a reduction in the amount of Al entering the plasma as the microchannel depth increased 
(Fig. 1c).

Targets were irradiated sequentially by series of 50 double pulses per point for 10 min in a closed bottle at pulse 
energy 52 mJ with an interval of 10 μs to assess the potential for practical production of activated Al2O3 NPs. The obtained 
products that settled on the surface of a glass plate set to the side of the laser plume were analyzed using a developed high-
power Raman spectrometer with a hybrid CCD recording system [24].

The Raman spectrum contained lines for various products from the reaction of the Al oxides with air 
(600–2300 cm–1) and a strong band at 2370 cm–1 belonging to N2 adsorbed on the Al2O3 active surface. Nitro groups on the 
surface of NPc produced by plasma methods resulted from the reaction of the metal oxide with N oxides that formed during 
mixing of air components with the plasma. Atmospheric N and O with a defi ciency of O could react in the heated cloud of 
metal-oxide vapor to form N oxides and generate nitro groups in the condensed NPc [1, 6].

Fig. 4. Dependences of plasma temperature on I486/484 nm of AlO radicals (a) and of 
temperature (1) and 484.21-nm band intensity (2) in the formation region of aluminum 
suboxides on pulse number (b).
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Conclusions. An interpulse interval of 7–16 μs was used to increase the concentrations of Al and its reaction 
products with atmospheric O and N by several orders of magnitude as compared to a zero interval. The concentrations of 
Al NP oxides and nitrides reached maxima for double-pulse ablation of the target by series of 50 sequential double pulses 
with intervals Δt ≈ 7–16 μs. The interaction of the second pulse with condensation products formed in the channel after 
the action of the fi rst pulse contributed most to the intensity change of the Al spectral lines and ions and AlO and AlN 
molecular bands. The intensities of the AlO and AlN molecular bands decreased by several times if the number of pulses 
in a series was increased above a certain level (40–50) because of their reaction with atmospheric molecules and atoms 
at the outlet of the micronozzle and the shape change of the channel. The temperature in the plasma with the maximum 
AlO content was estimated at ~4700–5500 K. Al2O3 NPs prepared by irradiation of an Al target with 50 double pulses at a 
single point had sizes of primarily 30–40 nm. The particles assembled into agglomerates and had a crystalline structure and 
spherical shape.

In general, the experimental results should be considered a basis for further work on improvement of the process 
for preparing oxidized Al NPs and their reaction products with air. The range of mixed NPs of Al with metals and metal 
oxides, preparation of which presupposes chemical reaction of vaporized target particles with the surrounding gas, could 
also be considerably expanded.
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