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MIVOC METHOD AT THE mVINIS ION SOURCE

by

Jovica JOVOVIC!, Jovan CVETIC?, Aleksandar DOBROSAVUEWC3,
Tanja NEDELJKOVIC?, Biljana JOVANOVIC3, and Ilija DRAGANIC?

Received on June 7, 2007; accepted in revised form on November 27, 2007

Based on the metal-ions-from-volatile-compounds (MIVOC) method with the
mVINIS ion source, we have produced multiply charged ion beams from solid sub-
stances. Highly intense, stable multiply charged ion beams of several solid substances
with high melting points were extracted by using this method. The spectrum of multi-
ply charged ion beams obtained from the element hafnium is presented here. For the
first time ever, hafnium jon beam spectra were recorded at an electron cyclotron
resonance ion source. Multiply charged ion beams from solid substances were used to
irradiate the polymer, fullerene and glassy carbon samples at the channel for the modi-

fication of materials.
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INTRODUCTION

The mVINIS ion source, a part of the TESLA Ac-
celerator Installation at the Vinca Institute of Nuclear
Sciences, Belgrade, is a source of highly charged heavy
ions based on the micro-wave heating of the plasma on
electron cyclotron resonance (ECR) frequencies. The
mVINIS has enabled us to extract versatile ion beams
from various standard gases (He, N, O, Ne, Ar), isoto-
pic enriched gases (Kr, Xe), and many solid substances
(Zn, Pb, B, Fe, etc.) [1-3]. The solid substance ion beam
production is mainly realized by two different methods:
(a) the evaporation of metals by using the miniature
oven technique [4-6], and (b) the MIVOC (Metal-Ions-
-from-Volatile-Compounds) method by using the mod-
ified gas inlet system [7-13]. Both experimental meth-
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ods of solid substance loading into the plasma of the
ECR ion source have been successfully developed at
the TESLA Accelerator Installation. The MIVOC
method has enabled us to obtain highly intense multiply
charged ions from different solid substances with high
melting points [14]. Continuing with the further im-
provement of the MIVOC technique, we have recently
obtained significant results in the extraction of hatnium
(Hf) ion beams, presented here.

In irradiation experiments at the channel for the
modification of materials (L3A) [15, 16], ion beams
from solid substances have been used. The L3 A chan-
nel is a low energy experimental channel directly con-
nected to the ECR ion source injector. Multiply
charged ions obtained from the mVINIS are utilized to
modify the surface, electrical, mechanical, and optical
properties of different materials. Some of the results of
the heavy ion beam bombardment of fullerene thin
films are shown here.

THE MIVOC METHOD

The physical and chemical properties of materi-
als determine the way solid substances are loaded into
the ECR plasma chamber. Metal evaporation and
plasma sputtering resulting from the miniature oven
technique are appropriate for materials with low melt-
ing points (below 1000 °C). The MIVOC method is a
more adequate method for high melting point materi-
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als (over 2000 °C). The production and extraction of
solid substance ion beams through the miniature oven
technique were realized by using the main gas inlet
system at the injection stage of the source. Based on
the calibration method of two manometers in the stan-
dard ion source working regime, the main and support
gas flows are in the region of 10> and 10~ mbarl/s, re-
spectively [17]. In the case of the MIVOC method, the
compound vapour flows depend on the conductivities
of gas feed line parts attached to the metal organic
compound vessel. For example, the saturated vapour
flows of the ferrocene compound (Fe(CHj);) are in the
region of 3-10~*mbarl/s [18]. A detailed description of
gas flow calculation is presented in ref. [19].

Using the MIVOC method, we have recently
obtained the production and extraction of hafnium
(Hf) ion beams. The redesigned container, closed
with a manual, right angle vacuum valve, was replete
with the metal organic compound Bis (cyclo-
pentadienyl)dimethyl-hatnium(IV) (chemical for-
mula (CsHs),Hf(CH;),) (see fig. 1).

Figure 1. The modified main gas inlet system of the
MIVOC method at the injection stage of mVINIS
The stainless steel vessel (V=6 cm? ) with a metal organic
compound of hafnium (4) and a right angle valve (B) is
connected to the isolation valve (C) prior to the main gas
dosing valve (D). Because the hafnium compound is
strongly sensitive to air and moisture, the handling and
storage were done under an argon atmosphere

The said compound was successfully used for
the first time during the summer of 2006, at the
TESLA Accelerator Installation. The obtained haf-
nium ion beam spectrum is shown in fig. 2.

The mVINIS ion source was optimized for the
Nd-like ion (ion charge state g = +12) and achieved a
beam current of over 40 pA (or 3 puA). The com-
pound was loaded through the thermal dosing valve
as a standard main gas. The vapor pressure of the
compound at room temperature was in the range of
1-1073 mbar. In order to increase the hafnium ion

100
< "**Hi/44 ep A
ko) Ugyr = 15 kV
Z 804 c* Py = 262 W
=
£
€ 1+
© 3+ Cc
60
& c 15+
o
12+
40 1
17+ 16+
“ 18+
204°
02+
0 foardl ad 1 AplbounA ARV LTSN, £

T 1 T T v
100 120 140 160 180 200 220 240 260 280 300
AM current [A]

Figure 2. Spectrum of '8'Hf ions obtained by the
MIVOC method

The Hf 1>Tion beams were extracted up to currents of
43 euA and kinetic energy of 180 keV. Ugyp was the ap-
plied extraction potential and Py was the microwave
heating power. Natural hafnium isotopic abundance is
176Hf = 5.2%, "Hf = 18.6%, '78Hf =27.3%, ""?Hf =
= 13.6%, and '8°Hf = 35.1%

beam yields, the container was heated up by a hot air
stream to 60 °C so as to raise the partial compound va-
por pressure. The ion source working regime was sta-
ble, without any need for loading support gases. The
vapor flow of the metal organic compound was in the
region of 107 to 10~ mbarl/s.

The basic parameters of the multiparticle ECR
plasma, as well as the main ionic optic parameters, are
estimated from the ion beam current intensities of the
recorded spectrum [17]. The density and the velocity
of extracted hafhium ions Hf '2*, for the extraction po-
tential of 15.0 kV, are 2.3-10° cm ™ and 4.4-107° my/s,
respectively [17].

Several plasma parameters of the hafnium ions
Hf 2" are listed in tab. 1. The presented parameters are
the electron-ion collision frequency (v,;), the mean
free-path length (1;), the Debye radius (Rp), the
plasma frequency ( f,), and the ion cyclotron fre-
quency (f;). They were calculated under following as-

Table 1. Basic plasma parameters of Nd-like hafnium
ions (¢ =+12)

Parameter Value
Vei [Hz] 1.2:10°
Ai [em] 1.8-10°
Rp [em] 1.9-10°

Jpi [kHz] 18.9

fui [MHz] 0.51
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sumptions: ion density of 1-10'° cm™, warm electrons

temperature of 1 keV and the magnetic field of 0.5 T
coresponding to the magnetic field of the electron cy-
clotron resonce heating in the plasma chamber.

Obtained hafnium ion beams will be applied in
irradiation experiments of special stainless steel sam-
ples for the development of new materials in the next
generation of nuclear plants, purposes such as the
packing of nuclear waste and the construction of ex-
perimental fusion reactors.

The advantages of the new gas inlet system for
the MIVOC method are the following: (1) the han-
dling of the experimental setup is simple, (2) the de-
sign is space-saving, (3) the construction is convenient
at the high voltage side of the source, (4) the extracted
ion beams are stable over a long period (from several
hours to a few days), and (5) the low consumption rate
(approximately 5 mg/h) offers better possibilities of
producing ion beams of expensive and rare isotopes.
The disadvantages of the MIVOC method imply the
following: (1) the compounds are often toxic, corro-
sive, and inflammable, (2) the plasma chamber can be
contaminated with carbon, and (3) the influences of
water vapour pressure can disable the ion source
optimization.

MODIFICATION OF MATERIALS WITH
SOLID SUBSTANCES ION BEAMS

Numerous experimental programs with
versatile ion beams are performed at the channel for
the modification of materials (L3A) [20]. Ion beam
irradiation has been carried out since 1998, when the
channel was linked to the mVINIS ion source [16].
The main aim of many of these experiments was to
accomplish high implantation fluences (up to D =
= 10'8 cm™?). In order to recalculate the desired parti-
cle dose, the multiply charged ion beam current has to
be divided by the ion beam charge state (//g). Based
on this fact, our task was to obtain table ion beams
with highest possible intensities (over 200 epA),
while reaching maximal irradiation doses in a reason-
ably short time scale (from a few hours to several
days). The multiply charged ion beams extracted
from the ECR ion source are separated by charge to
mass ratio (¢/m) and transported to the target cham-
ber for the modification of materials. The low beam
transmission of the channel (about 30%) additionally
reduces the intensity of the transported ion beams [3].
By applying ion implantation techniques, the differ-
ent properties of materials (structural, electrical, op-
tical, mechanical, efc.) can be altered to a great ex-
tent.

Experiments concerning the irradiation of
fullerenes, polymers, and glassy carbon by multiply
charged ions of solid substances were initiated in the
summer of 2005.

Over the last two years, some of the following
experimental programs were performed with multiply
charged ion beams:

e modification of surface and structural properties
of fullerenes thin films by multiply charged
nitrogen (N*, N°"), boron (B'*, B*"), and iron
(Fe®") ions bombardment,

e surface and structural modification of glassy car-
bon by intensive boron ions implantation (B'",
B>, B*),

e argon (Ar*") and iron (Fe®") ion beams induced
modification of the physical properties of the
polymers and Fe-polymer nano-composite thin
films, and

e implantation of xenon ion beams (Xe'”") into nu-
clear glasses and ceramic composites for research
purposes involving new materials to be used in nu-
clear plants.

The following techniques are used for investi-
gating the characteristics of irradiated samples: (a)
Raman Spectroscopy, (b) Fourier Transform Infra-
red (FTIR) Spectroscopy, (c) Atomic Force Micro-
scope (AFM) Analysis, (d) X Photon Electron Spec-
troscopy (XPES), and (¢) Grazing Incidence X-Ray
Diffraction (GIXD) [21]. AFM 3D images of
fullerenes thin films implanted by nitrogen, boron,
and iron ions with different charged states (g), ion
beam energies (E), and irradiation doses (D) are
given in figs. 3-6. The figures show destroyed sur-
face ordering due to the multiply charged ions bom-
bardment. Sp? clusters were formed, within the
range of 50 to 500 nm, depending on the ion implan-
tation dose (cluster size decreases with the increase
of the implantation dose) [21-23]. An amorphous
layer of boron-carbide (B,C) was formed at the sur-
face of fullerenes thin films irradiated by triple
charged boron ions [23].

Figure 3. AFM scan of implanted fullerenes thin films
(°C) by nitrogen ions N?* with an irradiation dose of
D =2-10"7 cm2 and Kinetic energy E = 30 keV. Image
size: 1.5 x 1.5 pm?
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Figure 4. AFM scan of implanted fullerenes thin films
(6°C) by nitrogen ions N5* with an irradiation dose of
D =2-10" cm? and kinetic energy E =75 keV. Im-
age size: 1.5 x 1.5 pm?

Figure 5. AFM scan of implanted fullerenes thin
films (°°C) by boron ions B** with an irradiation dose
of D =210 cm2 and kinetic energy E =45 keV. Im-
age size: 1.0 x 1.0 um?

Figure 6. AFM scan of implanted fullerenes thin
films (°°C) by iron ions Fe®* with an irradiation dose
of D=2-10' cm2 and kinetic energy E =90 keV. Im-
age size: 1.0 x 1.0 pm?

CONCLUSION

The mVINIS ion source has enabled us to pro-
duce multiply charged ions of solid substances. Both
methods of solid substance loading into the ion source,
the miniature oven technique and the MIVOC mode,
successfully developed at the Laboratory of Physics of
the Vinca Institute of Nuclear Sciences, have provided
excellent results in the extraction of intensive multiply
charged ion beams.

During the summer of 2006, based on the
MIVOC method, a hafnium ion beam spectrum was
obtained with the maximal value of an Hf'>* ion beam
current of 43 pA. This was the first instance ever of a
hafnium ion beam spectra being recorded at an ECR
ion source.

At the experimental channel L3A, beams of
solid substances are used for the irradiation of
fullerenes, polymers, and glassy carbon.
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JoBuna JOBOBUH, Josan HBETUh, Anekcangap JOBPOCAB/BEBUR,
Tawa HEJE/bKOBU'R, busana JOBAHOBWh, Unuja IPATAHUh

MHUBOK METOJA HA JOHCKOM U3BOPY mBUHUC

BumecTpyko HaelneKTPUCAHUM CHONOBH jOHA W3 UBPCTUX CYICTAHIM IPOU3BEACHU CY
kopumherbem MUBOK (MIVOC — Metal Tons from VOlatile Compound) MeTosie, Ha jJOHCKOM HU3BOpPY
MBUHUC. ¥Ynorpebom oBe MeTofe JOOUjeHH Cy BHCOKOMHTEH3MBHU CTAOWJIHM BUIIECTPYKO
HAEeJIEKTPUCAHM JOHCKU CHOIOBM M3 YBPCTUX CYNCTAHIM Ca BUCOKOM TayKOM TOIUbEMwa. Y pajy je
IpefCTaB/bEH CIEKTap BHUIIECTPYKO HAEJIEKTPHUCAHUX CHOMOBa joHa XacHujyma. CHEKTpH jOHCKUX
cHomoBa xacpHujyMa 10 NpPBU NyT cy cHUMJbeHU Ha jepHoM EIIP u3Bopy. KopunthemeM Buiiectpyko
HaeJEeKTPUCAHKUX jOHCKUX CHONOBA M3 UBPCTHUX CYNCTAHIU O3PAYUBAHE Cy Pa3NMUYUTE BPCTE MONHUMEPA,
dysepena u crakiiactor rpaduTa Ha KaHaly 3a MOgU(MUKaIMjy MaTepujaa.

Kmwyune peuu: eaekitipoHCKA YUKAOMIPOHCKA PE3OHAHLA, U3B0D HIEUIKUX JOHA, 8ULUECTUDYKO
HAeAeKIIPUCAHU JOHU, 03PAYUBAILE JOHCKUM CHOHLOBUMA, MOOUPUKayU]a

maitiepujana, ghysepenu



