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Abstract – A construction of the type ILU03 installation
to treat longlength cylindrical details is presented. The
construction of an ion coaxial source, in which the condit
ions of highvoltage discharge are realized in the axialcy
lindrical magnetic field (the pressure of residual gases is
lower than 1.10–2 Pa), is considered as the main element of
the installation. A possibility to form a radial flow of Ar+ ions
with a wide energy spectrum at the mean ion energy of
5–10 keV is illustrated. The feature of the ion source is ap
plication of mutually perpendicular magnetic and hetero
geneous electric fields that raise density of a gasdischarge,
which allows raising the ion current density up to 1 μA/cm2
and achieving a uniformity of the surface treatment on sec
tions up to 100–200 mm in the axial direction. The develo
ped ion source is supposed to use for a multicomponent al
loying of the external surface of zirconium alloy fuel clad
dings to improve their corrosion resistance with reference to
exploitation conditions of watermoderated reactors.
1. Introduction
One of the main methods making it possible to
increase the corrosion resistance of fuel claddings is
to use modern radiationbeam technologies, among
which is the method of ion mixing that permits to
carry out a simultaneous penetration of practically
any alloying atoms in various combinations [1]. At
present time, ionbeam installations are used, as a
rule, with a narrow energy spectrum (Fig. 1) of ions
in the beam – the monoenergetic beam (the ratio
between the width of an energy distribution ΔЕ mea
sured at a halfheight and its mean value <E> is equ
al to a value of the order σ=ΔЕ/<E>=0.1–5 %).
However, in a number of cases it is appropriate to ir
radiate by an ion beam with a wide energy spectrum
– the polyenergetic beam (σ=10–50 %).
For example, differences are observed in the pro
cesses taking place under irradiation by a polyener
getic ion beam in comparison with those occurring
under irradiation by a monoenergetic beam of the sa
me ions at experiments on the study of the radiation
erosion of materials (sputtering, formation of a sur
face relief) [2, 3] and radiationenhanced migration
of implanted atoms (Fig. 2) [4].

These differences depend above all on features of
the energy release Fq, the distribution of radiation
defects, and the gradient of internal mechanical
stresses in the surface layers of irradiated materials.
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Fig. 1. The typical energy spectrum of ions in the be
am: 1, a monoenergetic ion beam σ=1–5 %; 2, a po
lyenergetic ion beam σ=30–45 %

Irradiation by a monoenergetic beam
Irradiation by a polyenergetic beam
The migration area of implanted
atoms under irradiation by a
polyenergetic beam

Fig. 2. The distribution of implanted atoms in depth
of a material under irradiation by mono and polyen
ergetic ion beams (Rp is the projective range of ions
with a mean energy <E>)
The qualitative change of the energy release Fq in
a surface layer under irradiation by monoenergetic
(Е=10 keV) and polyenergetic (with a mean energy
<Е>=10 keV) Ar+ ion beams is presented in Fig. 3.
It is seen from the figure that the energy release is
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higher under irradiation by a monoenergetic beam at
depths less than Rpm. At depths more than Rpm, it ap
pears to be higher under irradiation by a polyenerget
ic beam.

Fig. 3. The energy release Fq at the target depth:
Rpm, the projective range of Ar+ ions of a monoener
getic beam (with the energy E); Rpp, the projective
range of ions of a polyenergetic beam (a mean ener
gy <E>)
One of the methods to estimate the efficiency of
ionmixing B under penetration of atoms from the
films (including multilayer films) deposited on the
matrix surface can be the condition suggested at the
isotropicmixing model [5]: B=<Xm>2/D*Fq, where
<Xm> is the maximum depth of atom penetration; D,
the dose of irradiation; Fq, the energy release in the
material of a substrate. Table 1 shows values B under
irradiation of "filmsubstrate" systems (film – Al, Fe,
Mo; substrate – Be, Zr) by monoenergetic and poly
energetic Ar+ ion beams which illustrate that the va
lue B is several times higher under irradiation by a
polyenergetic beam under equal conditions of irradi
ation (the energy load per a unit surface, the dose of
irradiation ) [6, 7, 8].
Table 1. The efficiency of ionmixing B under irradi
ation by monoenergetic (Bm) and polyenergetic (Bp)
ion beams, (Ar+, <E>=5 keV, D=4.1017 cm–2)
Film's atom Substrate material Bm, 10–3, nm5/eV Bp, 10–3, nm5/eV
Al
0.46
1.9
Ti
Be
0.28
3.6
Mo
0.09
1.2
Al
0.02
0.7
Fe
Zr
0.01
5.2
Mo
0.01
8.4

Thus, the application of ion beams for alloying of
surface layers with activation of radiationenhanced
migration is more preferable in comparison with me
rely radiation penetration. The application of poly
energetic beams is also expedient to reduce the radi
ationinduced formation of defects in the modified
layer as the density of defect decreases, while the ac
cumulation of penetrated atoms of a working gas in
the surface layer appears to be inessential (including
its outlet along drains).

The abovementioned advantages to apply ion
beams with a wide energy spectrum were found to be
important at the development of a complex AlFe
Moalloying of zirconium alloys by ion mixing [9].
2. Construction of the installation
Because of a need to simultaneously alloy by Al,
Fe, and Mo atoms of the external surface of long
length cylindrical details of Zr (Al, Ti, and others)
with a diameter of the external surface up to 14 mm
as applied to fuel claddings, a coaxial source of ions
generating a radial ion beam with a wide energy
spectrum was developed. The feature of this source
is the construction of its discharge chamber (Fig. 4)
composed of a cylindrical anode (1), a cathode (2)
which is the most work piece, and polar tips of an
electromagnet (3).
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Fig. 4. The construction of a discharge chamber of
the Ar+ ion source with a wide energy spectrum:
1, the anode; 2, the cathode (a tube to be processed);
4, the area of the working gas ionization, 5, the high
voltage bushing
When the potential between the anode and the
cathode is higher than UAC=3–5 kV and the intensity
of a magnetic field is about 0.3 T, free electrons mo
ve along circular orbits in the 30–50 mm radius ran
ge and ionize the working Argas (4). To increase the
efficiency of ionization, the polar tips (3) are at a ne
gative potential about – (50–100 V) in relation to
that of the cathode (2). It appears to be sufficient to
block electrons at the anodecathode discharge spa
ce (4). As shown by experiments (Fig. 5), the
discharge current is stable at the 10–2–10–4 Pa pressu
re range. At that, its maximum value is achieved at
the working gas pressure of 3...5.10–3 Pa. Oscillations
of the ion current, which seem to be caused by the fe
atures of a cyclotron resonance of the electron con
stituent of a gas discharge, occur at the pressure less
than 2.10–4 Pa [10, 11].
To satisfy the necessary vacuum conditions, the
discharge chamber is placed into the vacuum cham

140

Poster session

ber with a diameter Dy=160 mm. The magnet win
dings are at atmosphere pressure, and the magnetic
flow closes through the chamber wall.
Because of such a composition, the load on the
vacuum system reduces and the presence of admix
tures significantly decreases. It positively influences
the processing of such a reactive material as Be, Al,
Ti, Mo, and Zr. The optimal parameters of alloying
by ion mixing [12, 13, 14, 15, 16], obtained as a res
ult of carrying out the experiments on alloying of po
lycrystalline matrixes by a polyenergetic Ar+ ion be
am on the installation "VOKAL" [17], were taken in
to account during development of the installation.

The construction of the vacuum chamber of the
installation ILU03, which consists of two discharge
chambers, is presented in Fig. 6. The first chamber is
necessary for purification of the cylindrical surface of
tubes in a glowdischarge plasma (Ar+). The second
chamber is necessary to deposit films on a cylindrical
surface and its subsequent processing at a highvolta
ge discharge that generates a radial ion flow with a
wide energy spectrum. The filling of these chambers
by a working gas occurs through the central working
chamber 2 by mechanical closing valves (7, 8). The
pumpingout of vacuum volumes is realized by a va
cuum hose (13) connected with an H0.5 type vacu
um pump (supplied by a liquid nitrogen trap).

UAC, kV
Fig. 5. A change of the ion current on the cathode
surface for other UAC at the pressure of a working gas:
1, 10.10–4 Pa; 2, 5.10–4 Pa; 3, 2.10–4 Pa
The fundamental difference of the developed
source construction, which is supposed to apply on
the installation ILU03, consists in the possibility to
carry out the processing of longlength cylindrical
details (fuel claddings).
1

Fig. 7. The appearance of the installation ILU03:
1, the vacuum block; 2, the highvoltage block of
power supply; 3, the lowvoltage power block (is not
presented)
A photo of the installation ILU03 is presented in
Fig. 7. Its has the following main components: a va
cuum block (1), a highvoltage block of power supply
(2) for generation of a discharge in both the cham
bers, and a lowvoltage power block (3) that provi
des the power supply from a power system and con
trol of the installation's units.
The main parameters of the installation for com
plex alloying of cylindrical surfaces of longlength
tubes are presented in Table 2.

2

Table 2. Optimal parameters for alloying the external
surface of fuel claddings

Fig. 6. The construction of a vacuum chamber of the
installation ILU03: 1, the chamber 1; 2, the cham
ber 2; 3, the air inlet valve; 4, the filter; 5, the mecha
nical lead in; 6, the auxiliary chamber; 7, 8, mecha
nical closing valves; 9, the reservoir for filling gas in
to the system; 10, a sensor of low vacuum; 11, a sen
sor of high vacuum; 12, the electric leadin; 13, the
vacuum lead

141

Parameter
The pressure of residual gases in the working chamber,
torr, 10–3
The discharge voltage, V
The discharge current, А
The temperature of a cylindrical sample, °С
The ion energy in beam, keV
The Ar+ ion current, μA
The irradiation dose, cm–2, 1018
Maximum penetration depth, μm

Value
1
3.0–10
0.1–5
50–150
0.3–8
10–500
0.5–2
≤1
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Conclusion
Thus, the construction of a coaxial ion source has
been designed on the basis of earlier realized experi
ments on complex alloying of cylindrical surfaces of
zirconium alloys and obtained dependences on the
discharge parameters at axial magnetic and radial
heterogeneous electric fields. The developed source
generates a radial flow of Ar+ ions with a wide energy
spectrum at the 0.3–8 keV energy range at the pres
sure of residual gases of 10–2–10–4 Pa. The developed
ion source is supposed to be used for multicom
ponent alloying of the external surface of zirconium
alloy fuel claddings to increase their corrosion resi
stance as applied to exploitation conditions at water
moderated power reactors.
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