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Recent upgrading of the Facility for Modification and Analysis of Materials with Ion Beams -
FAMA, in the Laboratory of Physics of the Vinca Institute of Nuclear Sciences, included the
modernization of its electron cyclotron resonance ion source. Since the old ion source was be-
ing extensively used for more than 15 years for production of multiply charged ions from
gases and solid substances, its complete reconstruction was needed. The main goal was to re-
construct its plasma and injection chambers and magnetic structure, and thus intensify the
production of multiply charged ions. Also, it was decided to refurbish its major subsystems -
the vacuum system, the microwave system, the gas inlet system, the solid substance inlet sys-
tem, and the control system. All these improvements have resulted in a substantial increase of
ion beam currents, especially in the case of high charge states, with the operation of the ion
source proven to be stable and reproducible.

Key words: ion source, plasma chamber, magnetic structure, ion beam

INTRODUCTION

Research programs dealing with ion implanta-
tion and other methods of modification of materials
with ion beams were initiated in the Laboratory of
Physics of the Vinca Institute of Nuclear Sciences in
1998. That was aresult of successful completion of the
designing, construction, assembling and commission-
ing of an electron cyclotron resonance (ECR) ion
source — the mVINIS Ion Source. The job was per-
formed by a joint team of the Flerov Laboratory of Nu-
clear Reactions of the Joint Institute for Nuclear Re-
search, Dubna, Russia, and the Laboratory of Physics.
That was a CAPRICE type ECR ion source [1] operat-
ing at the microwave frequency of 14.5 GHz with the
maximal extraction voltage of 25 kV [2-7]. Different
types of multiply charged ion beams produced with
that ion source were being used extensively in an ex-
perimental channel for surface modification of materi-
als [8-10].

Recently, we have decided to upgrade the ion
source and the experimental channel, constituting the
Facility for Modification and Analysis of Materials
with Ion Beams (FAMA). Since the old ECR ion
source was used as ,,a work-horse” for more than 15
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years, all its major subsystems were expended and re-
quired modernization or refurbishment. Primarily, it
was decided to reconstruct the ion source body;, i. e., its
plasma and injection chambers and magnetic struc-
ture, to enable one to obtain higher currents of high
charge state ion beams both from gases and solid sub-
stances. The decision was based on the following two
facts. The ion energy, which determines the depth of
penetration of an ion in an irradiated material, is deter-
mined by the chosen charge state and limited by the
maximal extraction voltage. On the other hand, the ion
current, which determines the time of attaining the re-
quired ion fluence, i. e., the time of irradiation of the
material, is usually lower for a higher charge state.
Hence, the enhanced capabilities of producing higher
currents of high charge state ion beams mean that the
possibilities of performing irradiation experiments
with the ion source have become wider [10].

RECONSTRUCTION OF THE
ECR ION SOURCE BODY

During the 15 years of operation, we have no-
ticed some disadvantages in the ECR ion source de-
sign, which are listed as folows.

—  The use of the microwave coupling system having
a standard waveguide connected to a coaxial line
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via a non-standard element (the injection cube)
causes big losses of the microwave power. As are-
sult, the injection side of the source body is
strongly heated, causing uncontrolled outgassing.
A special tuning mechanism for the coupling sys-
tem is also required.

— The manufacturing of the water-cooled plasma
chamber is complicated and expensive (the vari-
able diameter double-wall chamber requires the
welding of the parts made of copper and stainless
steel).

— There is no room to install additional elements in-
side the plasma chamber because the injection part
of the chamber is used as a coaxial waveguide.

—  The only place to introduce a micro-oven to evap-
orate solid substances is the inner conductor of the
coaxial line. It is also used as a bias electrode and
has to be insulated from the plasma chamber. As a
result, the oven power supply should also be insu-
lated. The size of the oven is strongly restricted by
the diameter of the inner conductor of the coaxial
line.

— The position of the micro-oven is exactly on the
axis of the ion source. The interaction of the oven
with plasma causes its additional heating. As a re-
sult, the oven temperature depends on the source
regime. To minimize this effect, the fine-tuning
mechanism is required to define the optimal posi-
tion of the oven.

It was decided to change the basic construction
of the ECR ion source body to eliminate the
above-mentioned disadvantages and improve the pro-
duction of multiply charged ion beams from gases and
solid substances. These changes comprised an in-
crease of the volume of the plasma chamber and a
change of its shape, a partial reconstruction of the
magnetic structure, and a total reconstruction of the in-
jection part of the source body [11].

First, we decided to increase the internal diame-
ter of the plasma chamber from 64 mm to 74 mm to
provide enough room for installation of all the re-
quired elements. Consequently, this should also in-
crease the plasma volume and ion lifetime, and enable
one to obtain higher charge state ion beams and higher
beam intensities. Such a reconstruction required some
changes in the magnetic structure and introduction of
an entirely new injection chamber.

The new water-cooled double-wall plasma
chamber has a constant diameter and has been entirely
made of stainless steel. We have increased the internal
diameter of the injection soft iron plug to 80 mm to al-
low introduction of the new injection chamber into the
source (fig. 1).

To compensate for the magnetic field losses at
the injection side of the ion source, it was inserted an
additional ferromagnetic plug directly into the plasma
chamber. In such a way, it was significantly increased
the axial magnetic induction at the injection side of the
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Figure 1. Schematic presentation of (a) the old axial
magnetic system and (b) the new axial magnetic system

source, reaching 1.8 T for the maximal current of the
injection stage coil, being 1300 A. Such a strong axial
magnetic field significantly reduced the electron
losses through the injection side of the source and pro-
vided the increased currents of the extracted ion beams
[11]. Comparison of the axial magnetic field distribu-
tions for the old and new versions of the axial magnetic
system is shown in fig. 2. The small magnetic field
drop at the extraction side can be easily compensated
by increasing the extraction coil current, lextr, over
1000 A (the power supply can provide the current up to
1300 A).

The old hexapole magnet, ensuring the radial con-
finement of plasma, was replaced by a new one, allowing
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Figure 2. Axial magnetic field distributions for the old

and new versions of the magnetic system. Measurements

were performed for the currents of the injection stage
and extraction stage coils set to nominal values
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Figure 3. Radial magnetic field distributions for the old
and new hexapoles; measurements were performed close
to the inner wall of the discharge chamber, at the radius

of 37 mm for the new hexapole structure

installation of the new plasma chamber with a bigger ex-
ternal diameter. The new hexapole has a Halbach type
structure [12] and consists of 24 identical trapezoidal
sectors made of permanent magnet material (NdFeB)
with the appropriate easy axis directions. To obtain a
smooth magnetic field distribution along the pole, each
sector was made from a single piece of magnetic mate-
rial. This technology eliminated some imperfections in
the magnetic field near the permanent magnet junctions.
The inner diameter, outer diameter, and length of the
hexapole were 80 mm, 170 mm, and 200 mm, respec-
tively. The comparison of the radial magnetic field distri-
butions for the old and new hexapoles is shown in fig. 3.
The measurements were performed in the region of the
plasma chamber wall in front of the pole. It is evident that
the application of the modern magnetic material and new
construction technology provided a higher level of the
magnetic field, even though the new hexapole inner di-
ameter is bigger and the outer diameter is smaller than the
corresponding dimensions of the old hexapole.

The new injection chamber enables the direct in-
troduction of the microwave power into the plasma
chamber through a standard waveguide. Two identical
stainless-steel tubes placed off the axis of the ion
source are used for gas feeding and insertion of a mi-
cro-oven for evaporation of solid substances. A biased
electrode made of tantalum is mounted on the soft iron
plug. The shape and size of the bias electrode are cho-
sen to protect the iron plug from direct interaction with
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Microoven

Figure 4. Injection side of the plasma chamber

Figure 5. A cross-sectional view of the reconstructed ECR
ion source body; I —the ferromagnetic yoke, 2 — the injection
stage coil, 3 — the extraction stage coil, 4 — the permanent
magnet hexapole, 5 — the plasma chamber; 6 — the additional
ferromagnetic plug, 7 — the movable extraction electrode, 8§ —
the extraction chamber, 9 — the standard waveguide, 10 — the
injection chamber, and 11 — the turbomolecular pump

plasma. The disposition of these elements is shown in
fig. 4.

The cross-sectional view of the reconstructed
ECR ion source body is presented in fig. 5.

REFURBISHMENT OF THE ECR
ION SOURCE SUBSYSTEMS

The upgrading of the ECR ion source included the
refurbishment of its major subsystems — the vacuum
system, the microwave system, the gas inlet system, the
solid substance inlet system, and the control system.

Most of the vacuum system components of the
ECR ion source were worn out and required urgent re-
placement. That comprised three turbomolecular
pumps, two cryogenic pumps, several small vacuum
valves, the vacuum gauges, and the vacuum seals. The
new and bigger injection chamber gave the possibility
to install a new turbomolecular pump, having a sub-
stantially higher pumping speed than the old one —
260 Ls~! compared to only 53 Ls~!. Thus, it was signif-
icantly improved the evacuation efficiency of the
plasma chamber. The complete ECR ion source is pre-
sented in fig. 6, showing the main new components of
the vacuum system.

The old microwave system was replaced by a
new one based on a klystron amplifier operating at
14.5 GHz with the maximal output power of 2 kW.

It was also introduced the new gas inlet system
with six bottles containing the most commonly used
main gases and two bottles of the supporting gases (he-
lium and oxygen). Two fine gas dosing valves were in-
stalled for delivery of the main and supporting gases to
the plasma chamber. With this system, we solved the
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Figure 6. The refurbished
subsystems of the ECR ion
source; GS — gas inlet
system, SS — solid substance
inlet system, GDV — gas
dosing valves, TP1, TP2,
TP3, TP4 — turbomolecular
pumps, CP1, CP2 —
cryogenic pumps, ECR —ion
source body, SL — solenoid
lens, SM — steering magnet,
OM — quadrupole magnet,
AM — analyzing magnet, FC
— Faraday cup, and EM —
emittance meter

problems of atmosphere leaks and contamination of
expensive gases and simplified the procedure of
switching from one to the other gas (ion type). The
system is also presented in fig. 6.

The new solid substance inlet system was
adapted to the new injection chamber, allowing inser-
tion of a bigger micro-oven. It would allow us to work
at the temperatures up to 1700 °C, compared to the
temperatures up to 900 °C attainable with the old one.
A part of this system can be seen in fig. 6. The high
temperature micro-oven has been purchased from
Pantechnik [13].

The old control system was replaced by a new
one, being a distributed system interlinked with fiber
optical lines, which is resistant to the large electromag-
netic noise occasionally appearing in the case of
plasma brakes in the ion source [14].

RESULTS OF COMMISSIONING
OF THE ECR ION SOURCE

The upgraded ECR ion source (M1 machine)
was tested via the production of nitrogen, argon, xe-
non and lead ion beams, and the best obtained results
were compared with the corresponding results ob-
tained with the old ion source (mVINIS ion source).

Table 1. Results of commissioning of the refurbished
ECR ion source

Ion type mVINIS ion source M1 machine
N> 470 pA 733 nA
N 87 uA 205 pA
Ar* 660 pA 720 pA
Ar''" 130 pA 156 pA
Ar'? 36 LA 68 LA

Xe?™ 41 pA 84 pnA
Xe?! 37 uA 72 A
Xe?* 27 pA 64 nA
Xe? 25 uA 62 nA
Xe** - 23 pA
Pb*** 10 pA 40 pA
Pb*'" 7 uA 42 uA
Pb>* 2 uA 33 nA
Pb>** - 9 uA

During these tests, the operation of the source was sta-
ble and reproducible. The obtained results have shown
a substantial increase of ion beam currents, especially
in the case of high charge states. The old results were
obtained with the extraction voltages between 15 and
20 kV and the new results with the extraction voltage
of 20 kV. This comparison is presented in tab. 1.

Some representative spectra of argon, xenon,
and lead ions recorded during the commissioning of
the M1 machine are shown in figs. 7-9.
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Figure 7. Spectrum of argon ions optimized for maximal
production of Ar*" ions
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Figure 9. Spectrum of lead ions optimized for maximal
production of Pb™" ions

CONCLUSION

The upgraded ECR ion source showed a sub-
stantial improvement in operation when compared
with the old one. The results obtained during its com-
missioning demonstrated a significant increase of ion
beam currents and the possibility to produce higher
charge state ions. The operation of the ion source was
stable and reproducible. It will certainly provide wider
possibilities for the future operation of the whole
FAMA.
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NNOBOJ/BIMAILE JOHCKOT EIIP U3BOPA INIOCTPOJEIbA ®AMA

Ckopauime no0oJplIalke MOCTPOjeha 32 MOAU(UKAUU)y M aHAIU3y MaTepujajla JOHCKUM
cHomoBuMa y JlaGoparopuju 3a ¢usuky MHcTHTyTa 3a HyKiIeapHe Hayke “BumHua”, yKibyduBamo je
oOHaB/bakbe W MOOOJBIIAKE HErOBOT JOHCKOT M3BOpa 3aCHOBAHOT HAa E€JIEKTPOHCKO] IUKIIOTPOHCKO]
pe3onannu. C o63upoM fia je CTapy jOHCKM U3BOP OOMIIHO KopulitheH y nepuofy AyxeM of 15 roguna 3a
MIPOU3BOAKY BHUILECTPYKO HACTEKTPUCAHNX jOHA M3 TACHUX M UBPCTHX CYIICTaHIHUja, OWIIO je HEOMXOTHO
ErOBO TIOTIYHO OOHaBJbame. [J1aBHY IIUb je OOHaBIbame IIa3MeHe W WHjeKIMOHEe KOMOpPE, MarHeTHe
CTPYKTYype, Kao 1 nosehame Npon3Bojilke BAIIECTPYKO HaeJIeKTpucaHuX joHa. Takobe, ofiydeHo je fa ce
00HOBE U MOOOJBIIAjy TTIaBHU NpHUNajfajyhu mopcucTeMu — BaKYYMCKU CUCTEM, MUKPOTAIaCHU CHUCTEM,
CHCTEM 3a yBObeme racoma, CHCTEM 3a YBObeme UBPCTHX CYNCTaHIHja U ynpaBbauku cucrem. Csa
HaBe/ICHa IOOOIBIIAFba MMAJIA CY KAO Pe3yNITaT CyITHHCKO NoBehatbe joHCKHX CTpyja, 0CeGHO y cirydajy
jOHa ca BUCOKMM CTETIEHOM jOHM3allHje, y3 TOKa3aH! CTa0MiIaH M HOHOBJBUB Paj] JOHCKOT M3BOpa.

Kwyune peuu: joncku u3eop, iaa3meHa Komopa, MazHeiHa CllpyKuiypa, JOHCKU CHOIL




