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X-ray fluorescence scattering spectra of metallic nanoparticles (copper (Cu), aluminum (Al), titanium (Ti)) are
studied. Nanostructures were fabricated by nonequilibrium metallic vapor-induced desorption from plasma blob
which was generated by pulse electrothermal plasma accelerator. It is discovered the shift of X-ray spectra on de-
pending of particle sizes. The shift of X-ray fluorescence scattering spectra for K,-and Ks-lines is registered for Al
nanostructures with average size =14 nm. The analogical shift is not observed for Ti and Cu particles with greater size.

PACS: 78.70.En, 81.16.-b
INTRODUCTION

At last decades the explosive development of
nanotechnologies and related new scientific tendencies
are under high interest for researching of metallic
nanoparticles and nanostructures which demonstrates
unique electrophysical and optical properties that is not
typical for isolated atoms or solid state metals [1-3].
These properties are the basis for production of
nanocomposite metallic coatings [4, 5], the manufactur-
ing of emitters and cathode components of electronic
devices using nanostructured materials [6], the con-
struction of nanoscale carbon materials — fullerenes and
nanotubes [7].

It is known that changing of size and shape of
nanoparticle alters its electronic structure and optical
properties (size effect). The size effect arises in many
experimental researches. The intensity dependencies of
gold cluster photoluminescence on number of atoms in
cluster are shown in [8,9]. It was researched the optical
Raman scattering spectra of the nanocrystals (with
particle size 5 nm) [10].

It is theoretically proved that main maximum of op-
tical Raman scattering spectra in frequency range
(500...520) sm™ displaces significantly to lower energy
for nanostructures with a smaller size. For nanoclusters
of transition metals (Ni, Co, Cr) it is experimentally
observed the shift of photoelectron spectra and "core™
electrons binding energies in atoms in dependence of
nanoclusters size [11].

Now the investigation of nanoparticles X-ray spectra
is under the great interest because it is insufficiently
understood. Particularly the X-ray shifts of manganese
K-lines are obtained for nanoparticles oxides MnO,
Mn;0, and MnO, relatively to the corresponding macro
material [12]. However in mentioned above references
and many analogical works the electromagnetic proper-
ties of small particles were researched only for particles
with a size less than 10 nm

The purpose of the work is the investigation of X-
ray nanoparticles (Cu, Al, Ti) fluorescence scattering
spectra and making comparison it with macro materials
spectra.

1. EXPERIMENTAL DEVICE

The electrothermal plasma accelerator (ETPA)
(Fig. 1) is used for metallic nanoparticles production.
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The body 1 is made of dialectical rigid thick-walled
tube with length 40 sm. The inner diameter is 8 mm and
wall thickness is 1 sm. The edge of dialectical body is
molded by metallic barrels 3 and 4. The changeable rod
cathode 2 with diameter 6 mm is attached to the barrel 3
by means of threaded connection. The cathode is made
of nanoparticles material. The more detailed description
of ETPA and its application in some scientific research-
es is shown in [13, 14].

Fig. 1. The electrothermal plasma accelerator (a) and
its electrical power supply circuit (b)

2. EXPERIMENTAL RESULTS

For collecting and analysis of nanoparticles are used
glass substrates with size (3 x 3) sm positioned outside
of the ring anode 4 on the distance of (6...8) sm. The
investigation of nanoparticles shapes and sizes was car-
ried out by a scanning electron microscope JSM -
6390LV (JEOL company, Japan). On one photo there
are 200...400 particles of different sizes [15].

By using a such method of plasma blob generation
there are atoms and molecules of wall material, elec-
trodes and air in it. This can result to oxides, nitrides
and hydrocarbon groups formation. In the combustion
product of high-current discharge arc it is possible the
existence and ejection of a droplet fraction of the cath-
ode material. Just the cathode is the most affected to
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erosion in the discharge. For the clearing of nanoparti-
cles generation mechanism the chemical composition of
synthesized particles is studied. The method of X-ray
fluorescence spectral analysis (XRF) is used. The meas-
urements are made by wave X-ray fluorescence spec-
trometer ARL OPTIM’X-0335 (spectral resolution
~15 eV for the emission K, and K; lines). It was car-
ried out the quantitative spectral analysis of the nano-
particles deposited on the glass substrates and on the
cathode material (macro material). Then the elemental
composition of macro material was compared with the
material composition of the synthesized nanostructures.

In the Table the results of such comparison for alu-
minum cathode are presented (the percentage ratio by
components weight). Table shows that the composition
by percentage of the same elements for the cathode
macro material and for the aluminum nanoparticles syn-
thesized on substrates is essentially different. It is im-
portant to note that the series of elements (W, Pb, Ga,
Zn) inherent to initial aluminum cathode is fully absent
in the nanoparticles composition. The analogous regu-
larity is also characteristic for the titanic and copper
cathode used in the study. Thus the synthesis of nano-
particles under our experiment occurs not due to the
"spray" of cathode material droplets but exclusively as
the result of the non-equilibrium condensation of super-
saturated metal vapor from the discharge region onto the
substrate. It is not detected oxides, nitrides and other
compounds that could theoretically arise in the dis-
charge.

The elemental composition of the aluminum nano-
particles on glass (right column), the material of the
aluminum cathode (center column) and glass substrate
(left column)

Element glass, aluminum, | Al on glass,
m/m % m/m % m/m %
Si 66.43817 | 0.421 61.2706138
Na 16.73793 | 0.0445 11.83023801
Ca 8.064639 [ 0.0595 7.572123027
Mg 4.945297 | 0.304 3.737892792
Al 2.168323 | 98.55 13.8725918
K 1.004276 | 0.0099 0.942180193
S 0.368995 | 0.064 0.418104503
Fe 0.125915 [ 0.352 0.134101721
Cl 0.079505 | 0.0435 0.144891514
Px 0.017499 | 0.0783 0.026974484
Ti 0.015977 | 0.0062 0.014450616
Cu 0.014836 | 0.0181 0.01657004
Zr 0.005706 - 0.005780247
Rb 0.003804 | — 0.004238847
Ni 0.003233 | 0.0049 0.002312099
Sr 0.003043 | — 0.001926749
Mn 0.002853 | 0.0034 0.005009547
W - 0.0114 -
Pb - 0.0104 -
Ga - 0.0082 —
Zn - 0.0071 -
— 100 99.9964 100
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In [16] it was calculated the sizes and was carried
out the statistical analysis of microscopic cathode mate-
rial particles arisen in the pulse high-voltage vacuum
discharge. The good correlation between mean free path
of Fermi-electrons in corresponding metal and charac-
teristic size of the aerosol microparticles follows from
obtained data. This feature is characteristic for pulsed
heat system.

This is why in this study we used the analogous
technique: the sample mean of nanoparticles sizes for
used cathodes is calculated by known ratio of mean free
path of Fermi-electrons (1) = Edo/znkT (where E —
Young modulus; do— lattice constant; n, — free-electron

concentration in the metal which is determined by value
of Hall constant; k — Boltzmann constant; T — absolute
temperature). For Al: (Ag)=Iy=14nm; for Cu:
Ae)=1c,=30.1nm and for Ti: (Ag)=11=85.9 nm.
The calculated particle sizes are in a good agreement
with the sizes observed by the electron microscope. The
X-ray fluorescence spectra are investigated for alumi-
num, copper, titanic nanoparticles made by a such
method. For this purpose the X-ray fluorescence spec-
trometer ARL OPTIM’X-0335 (rhodium node) was
used. Radiation of Rh K, (hv~ 20213 eV) and Rh K,
(hv~ 2276 eV) lines are applied for the fluorescence
excitation. Fig. 2 shows these spectra which are com-
pared with the spectra of cathode macro material. On
Fig. 2,a,b the fluorescence spectrum of the aluminum
nanoparticles has the energy shift with respect to the
spectrum of macro material. The shift of K, line is
AE~0.35eV and Ky line shift is AE ~3.81eV. The
analogues shift for titan and copper is not observed. In
this case the both lines coincide (Figs. 2,c and 2,d).

3. DISCUSSION

The obtained spectra can be explained as follows. It
is known that even small changes in the size of the na-
noparticles lead to a visible shift of the optical ab-
sorption band of nanomaterials. This results to their
wide application in optics. Distributed in a transparent
matrix metallic nanoparticles with size | < 20 nm reveal
unusual optical properties. One example of such sys-
tems are known even in ancient times colored glass and
stained glass windows of medieval Gothic cathedrals
(which are colloidal solutions of metal clusters in a
glass matrix) [17]. According to classical optics the ab-
sorption spectrum of colloidal solution doesn’t depend
on particles size when cluster size D is substantially
smaller than the wavelength of incident light: D/A << 1.
Thus the radiation absorption of material doesn’t de-
pend on the nanoparticles size for a nanosize
(10...100 nm) systems and wavelengths in the optical
spectrum. But it is supposed that experimentally regis-
tered radiation absorption in the metallic nanoparticles
systems occurs due to the size effect associated with the
plasmon resonance absorption. The obtained results
exhibit that caused by localized plasmons size effect
appears in the fluorescence X-ray spectrum of metallic
nanoparticles also. Unlike the optical spectra in this case
there is resonance absorption of the initial X-ray photons
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Fig. 2. X-ray spectra of the nanoparticles fluorescence and corresponding macro material: aluminum K, (a) and
Kz-line (b) (dashed curve—nanoparticle; solid curve — macro material); titanium (both curves coincide) (c); copper
(both curves coincide) (d)

by K-shell electrons of aluminum atoms (likewise cop-
per and titanium atoms). As a result a vacancy appears
in the atomic K-shell. On the next stage the vacancy is
filled by the electrons of L-shell (L—K-transition)
which leads to the K, lines emission by the aluminum

atoms (see Fig. 2,a) and titanium atoms (see Figs. 2,c,d).
In the Al and Cu atoms the vacancy is also filled by
electrons of M-shell (M;s;—K-transition) that leads to
the K; emission line (aluminum — Fig. 2,b) and Kpzs
lines (copper — Fig. 2,d). Under radiation absorption of
initial X-rays quanta and simultaneously under fluores-
cence excitation processes it also can occur radiationless
transitions of electrons, LI—LIIl and LI—=LIyy —
transitions leading to the release of photoelectrons and
Auger electrons from atoms. The part of the initial X-
ray photon energy is consumed by these processes. The
energy decrease of the registered fluorescence quanta in
comparison to the energy of the initial X-ray photons
indicates on this fact. The energy peaks of the spectral
curves Al K; on Fig. 2,b are in = (14...15) times less
than the energy of the initial emission line of a rhodium
anode. The energy peaks of the spectral curves for tita-
nium and copper are less than the energy of the initial
emission line in ~5 times and ~2.55 times respectively.

The spectra shift of Al nanoparticles with respect to
the aluminum solid (K, — line is shifted to lower ener-
gies, the K, line — to the high-energy region —
Fig. 2,b,a) indicates to the energy level deformation (K-,
L- and M-levels) of the aluminum atom "core" electrons
under formation process of nanostructures with the par-
ticle size of smaller than a some critical size.
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For aluminum nanoparticles with size | = 14 nm such
deformation takes place and it is not visible for larger
nanoparticles: titanium | = 85.9 nm and copper | =
30.1 nm.

This deformation is so small that it can’t appear in
the optical spectra. On the Fig. 2,b the shift of the two
curves maximum for the Kg-line is =0,023 A that is
much smaller than the wavelength of the visible range.

Thus in this paper it is proposed a completely new ap-
proach to the study of the metallic nanostructures prop-
erties by using of X-ray fluorescence spectra for the size
and structural analysis of metal nanoparticles.

CONCLUSIONS

1. It is synthesized the aluminum, titanium and copper
nanoparticles onto dielectric substrates by using ETPA.
The fulfilled X-ray spectral analysis (RFA) allows to
determine the mechanism of nanoparticle synthesis us-
ing technique of the non-equilibrium supersaturated
condensation of the plasmoid metal vapor onto the sub-
strate.

2. The X-ray fluorescence spectra of aluminum, copper
and titanic nanoparticles deposited on the dielectric sub-
strates are experimentally obtained and analyzed. These
spectra are compared with the spectra of the macro ma-
terials of corresponding cathodes.

3. It is found the size effect of the X-ray fluorescence
spectra: the fluorescence spectra of aluminum nanopar-
ticles (K.~ and K4 line) are shifted with respect to cor-
responding spectrum of macro material. There is no
such spectral line shift for Ti and Cu nanoparticles with
larger size.
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PA3BMEPHBII 3®®EKT U PEHTTEHO®JIYOPECIHEHTHBIE CIEKTPBI
METAJVIMYECKUX HAHOYACTHIL

IO.E. Konaoa, H.A. Casunxos, A.A. Buswkos, O.H. Bynanuyk

HccnenyroTest peHTTeHO(ITyOpECIeHTHBIE CIEKTPHl PAacCeIHUS METAJUIMYECKMX HAHOYACTUI[ MEAM, THUTAaHA U
amoMuHus. HaHOCTpYKTYpBl OBLIM TOJTy4eHBI METOAOM HEPaBHOBECHON IECOpOIMM Ha CTEKJIHHYIO TI0IUIOXKKY
METAJUINYECKOT0 IMapa M3 MIa3MEHHOTO CrycTKa. [lJif 3TOTO HCIOJB30BAJICS MMITYJIBCHBIN 3JIEKTPOTEPMUYECKHUH
TUTa3MEHHBIN yCKOPUTENb. AHATN3 PEHTICHOBCKUX CHEKTPOB MO3BOIMI OOHAPYKUTh MX CMENICHHE 10 YacTOTe B
3aBHCHMOCTH OT pa3MepoB HaHo4dacTHL. /st HaHOCTPYKTYp Al, uMeronux cpenHuii pasmep ~14 HM, 3aQUKCHpOBaH
CJIBUT PEHTTEHO(IyOPECIIEHTHBIX CIIEKTPOB paccesiuus st K- n Ky-nuHuid. AHaOrUYHBIA CIBUI OTCYTCTBYET JJIs
YacTHIl THTaHA M MEJH, IMEIOIINX OONbIINK pa3Mep HAHOYACTHUI.

PO3MIPHUI E®EKT I PEHTTEHO®JIYOPECIHEHTHI CIHEKTPA
METAJIEBUX HAHOYACTHHOK

10.€. Konaoa, M.O. Caginxos, O.0.bizwokoe, O.M. Bynanuyx

JloCTipKyIOThCS PEHTTEHO(IIFOOPECIICHTHI CIIEKTPH PO3CIIOBaHHS METAJIeBUX HAHOYACTHHOK Mifi, THTaHy Ta
amoMiHito. HaHOCTpyKTypH Oyi10 BHTOTOBIIEHO METOIOM HEPiBHOBAXKHOI JecopOrii Ha CKIAHY MiIKIaAKy MeTale-
BOI IapH i3 MIa3MOBOTO 3rycTKa. J[JIs I[bOT0 BUKOPHCTOBYBABCS IMIYIBCHUH €IEKTPOTEPMIYHUH MIa3MOBHII TIpHC-
KOproBa4. AHaJIi3 peHTTEHIBCHKUX CIIEKTPIB JO3BOJIMB BCTAHOBHUTH iX 3MIIIEHHS IO YacTOTi B 3aJIE)KHOCTI BiJ po3-
MipiB yacTHHOK. [|J11 HAHOCTPYKTYp A/, 0 MarOTh cepeaHii po3mMip ~14 HM, 3apeecTpOBaHO 3MIIIEHHS PEHTTCHO}-
JIOOPECHEHTHHX CNEKTPiB poscitoBanHs s K,- Ta Ky -niHii. AHanoriyne 3MillleHHs BiJICyTHE JUIsl YaCTUHOK THTa-
Hy Ta MiJi 3 OUIBIIUMH pO3MipaMH.
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