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The paper presents the results of investigations of ion sources developed in the IAP of NAS of Ukraine
for generation of high brightness ion beams with small energy spread. A series of RF ion sources operated
at the frequency of 27.12 MHz were studied: the inductive RF ion source, the helicon ion source, the multi-
cusp RF ion source, and the sputter type RF source of metal ions. A global model and transformer model
were applied for calculation of RF source plasma parameters. Ion energy spread, ion mass, and ion current
density of some sources were measured in the wide range of RF power, extraction voltage and gas pres-

sure.
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1. INTRODUCTION

The focused ion beams (FIB) accelerators are widely
used in semi-conducting industry and materials science.
Radio-frequency (RF) ion sources are usually equipped
with the FIB accelerators providing spatial resolution of
about 1um [1]. Chromatic d. and spherical ds aberrations
of electrostatic lenses induce beam broadening and de-
pend on the beam brightness By and beam energy spread
AE as follows: dc ~Bp-Y4, dc ~AE/ E, u ds ~Bp~38 [2].
The brightness B, of an ion source is defined as
By =1/(SQE), where I is the ion current, S is the emis-
sion area, £ is the beam divergence angle, E is the beam
energy [3]. From these formulae it is obvious that the
spatial resolution of the FIB accelerators may be im-
proved and transferred to a submicron range of meas-
urement by application of ion sources with high bright-
ness and high ion current density.

FIB machines are widely used in micro-and nano-
technologies, in particular, in fabrication of various mi-
cro-devices of micron size. Focused Ion Beam milling is
one of the basic methods for nanomaterials shaping. A
material is removed by a focused ion beam of an energy
sufficient to knock an atom out of a detail surface. Argon
is used here as a source of projectile ions. Used for ion
milling the plasma RF ion sources can compete with
commercial sources like duoplasmatron and liquid-metal
ion source, since it offers several advantages as absence
of a heated cathode, pure plasma creation, ability to op-
erate with reactive gases. To increase the performance of
the ion milling it is necessary to use ion sources with a
high current density and a high brightness. The main
ion source parameter that determines a speed of ion
treatment is the ion current density. Thus, the efficiency
of the FIB machine may be increased by ion sources of
high ion flux density and high brightness.

Recently the experiments became more significant
on studying the structural materials for nuclear tech-
nology radiated by charged particles beams in order to
simulate changing of the material properties occurred
when operating with nuclear materials. Such simula-
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tions are possible with ion metal beams accelerated up to
energy initiating a number of atoms shifts in a material
matrix similar to that of structural materials operated.

The paper presents the results of studying of the ion
sources [4-13] designed in the Institute of Applied
Physics, Sumy, Ukraine for solving of these problems.
A series of RF ion sources operated at the frequency of
27.12 MHz are considered: an inductive RF ion source
without external magnet field, a helicon RF in longitu-
dinal magnetic field, a multicusp RF ion source with an
internal antenna, and a sputter type RF source of met-
al ions.

2. INDUCTIVE RF ION SOURCE

The inductive RF ion source without magnetic field
[5, 11, 13] is schematically shown in Fig. 1. A cylindri-
cal quartz discharge tube with a diameter of 30 mm
and the length of 70 mm is wound with 4 turns of a coil
of RF antenna. The coil is supplied with the RF power
up to 300 W and frequency of 27.12 MHz. The RF cur-
rent induces an electromagnetic field whose energy is
absorbed by plasma electrons.

1 2

Fig. 1 - Diagram of the inductive RF ion source: 1 is plasma
volume, 2 is an extractor, 3 is a diaphragm, 4 is a focusing
electrode, 5 is a quartz tube, 6 is a coil of a RF antenna
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2.1 The Transformer Model

The transformer model [14, 15] of an inductive RF
discharge was applied for measuring the RF power ab-
sorbed by the plasma of ion source. Here an RF anten-
na and a discharge form an air-cored transformer with
an RF antenna as a primary winding, and plasma as a
one-turn secondary winding. The external electrical
characteristics of the RF circuit — the current and the
voltage at the antenna - were measured in RF power
range of 10-400 W and a gas pressure of 0.1-4 Pa [11].
The results measurements were used for determination
of inner parameters of the RF discharge as RF efficien-
cy, azimuthal plasma current, efficient frequency of
electron-neutral collisions, plasma resistance.

R1 RO LO

—

» —x /0

T
F’@ C\?

Fig. 2 - Equivalent series circuit of the transformer model

In the transformer model a coupled RF circuit can
be transformed into a series circuit (Fig. 2). Plasma
load is regarded as addition of equivalent plasma re-
sistance p and equivalent plasma inductance y. The
power P induced by an RF generator is the sum of the
power dissipated in the coupling circuit P1 and in the
antenna Puu: and the power absorbed by the plasma
Pops:  P=P1+ Pant + Pabs = 12(R1 + Ro +p). Loss re-
sistance (R1 + Ro) is found by measuring the antenna
current Io and delivered power P in no plasma condi-
tion: R1 + Ro= P/ Io2. The power efficiency is defined
as: n=Pws/P=1-(R1+Ro)[i2/P. Fig. 3 shows the
dependence of the power efficiency 7 on delivered RF
power P at different argon pressure.
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Fig. 3 - Power efficiency vs delivered RF power at different
argon pressure

The transformer model calculations showed that
electrodeless azimuthal plasma current reaches 30 A at
400 W of RF power and is N times higher than the an-
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tenna current, where N is a number of turns of the coil.
Active resistance of plasma equals a few Ohms and
decreases as RF power grows [16]. It is due to RF field
penetration depth being inversely proportional to
square root of plasma density. The discharge behavior
at high plasma density corresponds to a transformer
with a shorted secondary winding.

2.2 The Global Model

The global model of plasma discharge [16] is applied
for determination of the plasma density ne, the electron
temperature 7. and the ion current density js that can
be extracted from the plasma source. The electron tem-
perature T, is defined from the particles balance equa-
tion. Loss of the electrons and ions at the surface of the
discharge chamber is balanced by electron-ion pairs
formed at ionization in the plasma volume [16]:
Kio(Te) | uB(Te) = 1/ ngder, where Ki. is the kinetic coeffi-
cient of neutrals ionized by electrons, up= (kT./ M)'2
is the Bohm ion velocity, % is the Boltzmann constant,
M is the ion mass, ng is the neutral gas density. The
effective plasma dimension def is defined as
deff=0.5RL / (Lhr + Rhr), where R, L are the radius
and length of the discharge, hr and hr are geometric
factors.

Calculations showed that the electron temperature
depends on the argon pressure and the discharge di-
mensions R, L and is independent from the plasma
density and thus from the absorbed RF power [5, 13].
The electron temperature goes down as the pressure
increases and for D=2R=30mm and L=70mm
Te=3 eV at 1 Pa (7.5 mTorr).

The mean plasma density is defined from the power
balance equation in the discharge. The power absorbed
by the discharge goes for generation of the electron-ion
pairs including all elastic and inelastic collisions (ioni-
zation, excitation) in the volume. The rest part of the
power is lost as kinetic energy of the ions and electrons
as they hit the chamber walls. The full power balance is
[16]: Paps = nsuBAer, where Puaps is the power absorbed
by the plasma, ns is the plasma density at the discharge
chamber wall, A is the area of the discharge chamber,
er is the total energy lost per ion. From this equation
we can obtain an average plasma density:
ne = Paps | uBAerer, where Aefr= 2R(Lhr + Rh1).

The dependence between the mean plasma density
ne and argon pressure p and absorbed RF power was
defined as ne = 1,57 1016 p%4-Pyps, where ne is expressed
in m~3, p in Pa, Pawsin W. The mean plasma density is
proportional to RF power and increases with gas pres-
sure. Calculated plasma density is in good agreement
with the microwave interferometer measurements that
speaks for validity of this technique in plasma parame-
ters calculations for a RF ion source.

The maximum ion current density that can be ex-
tracted from the plasma source — a saturation current
density js — depends on the plasma density and electron
temperature as [16]: js = ensus = enchr(kT. | M)'2.

Ion current density of argon beam was calculated
for different dimensions of discharge chamber D= 2R
and L of ion source as function of argon pressure
(Fig. 4). It is found that ion current density grows at
decrease of the chamber dimensions. For D =30 mm
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and L = 70 mm the ion current density is 23 mA/cm? at
Paups =100 W. The ion current density increases up to
js =40 mA/cm? at the flask length of 35 mm. As the
discharge chamber length decreases up to 15 mm the
ion current density can achieve 85 mA/cm?2 at 100 W of
absorbed RF power [13].

The ion current density was measured as a function
of extraction voltage Vex. It was found that ion current
density increases as extraction voltage grows and it
reaches a saturation at Vew=2.4 kV. At RF power of
Paps =120 W and the argon pressure of p=0.9 Pa the
maximum ion current density is equal to 43 mA/cm?2
and is in good agreement with the value of 40 mA/cm?
calculated using the global model [13].

o] Ar,100W

Ion current density (mAfcm?2)

:
0.13 066 133 6.65

Pressure (Pa)

Fig. 4 - Saturation ion current density js as function of argon
pressure for different dimensions D, L of a discharge chamber

3. INDUCTIVE RF ION SOURCE IN LONGITU-
DINAL MAGNETIC FIELD

Since in RF ion source the plasma frequency wpe is
greater than the working frequency o, the electromag-
netic field excited by the RF antenna cannot penetrate
deep into the plasma. Electromagnetic energy is trans-
ferred to plasma electrons in a skin-layer having the
depth inversely proportional to square root of the plas-
ma density: Op=c/ wpe= (me! ponee2)!’2=5.3 106/n.2,
where c is the light velocity, me is the electron mass, o
is the magnetic constant, e is the electron charge. It is
seen that as RF power increases and plasma density
increases as well, a skin depth decreases and electro-
magnetic energy transfer to plasma becomes difficult.
It may be overcome by placing the discharge chamber
of the ion source in the external longitudinal magnetic
field. In this ion source called a helicon source the
magnetic field facilitates excitation of the electromag-
netic waves whose energy penetrates into the plasma
and is absorbed in whole plasma volume [17, 18].
A plasma cylinder in axial magnetic field is a resonant
cavity in which eigenmodes are excited. There are two
modes in a low-frequency range (10-100 MHz): electro-
magnetic helicon wave (H-wave) and electrostatic wave
(TG-wave); dispersion relations of the two branches of
the oscillations are [19, 20]: @ = (@cekzkc? - jvek2c?) | wpe?,
@ = @Wcekz | k - jve, where e 1s electron cyclotron fre-
quency; Ve 1s frequency of electron-neutral collisions; k-,
kr and %k are longitudinal, transverse and total wave
numbers; j is the imaginary unit. The RF antenna ex-
cites helicon wave weakly absorbed by the plasma. The
helicon wave, in turn, excites the TG-wave, whose en-
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ergy is well absorbed by the plasma in electron-neutral
collisions. Since a beam emittance increases as magnet-
ic field grows up, low magnetic field is to be applied to
obtain a beam of a high brightness. With magnetic field
decreased, helicon mode gradually decays; at a magnet-
ic field when electron cyclotron frequency wee is twice as
high as the operating frequency ® (wc ~ 2w), only elec-
trostatic TG-wave being an electron-cyclotron wave in
the bounded cylinder propagates in the plasma. The
electron-cyclotron resonance occurs at B~20G for
working frequency of 27.12 MHz.

The ion current density of the argon beam of the
helicon ion source has been measured in the magnetic
field B ~ 20 G created by the ring permanent magnets
[4, 6,7, 10, 12]. The RF antenna consists of 3 winding
of copper tube and is azimuthally symmetric helical
antenna. Fig. 5 shows the dependence of the ion cur-
rent density on extraction voltage at B=20G and
B=0. Ion current density reaches value of 100 mA/cm?
at 120 W of RF power. This value is several times high-
er than the ion current density from RF source in the
absence of the external magnetic field.
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Fig. 5 - Ion current density as a function of extraction voltage
at B=20Gand B=0

4. MULTICUSP RF ION SOURCE

A multicusp RF ion source have been designed to
obtain an ion beam with a small ion energy spread
[6, 8,9]. The source consists of a cylindrical metal
chamber of 47 mm in inner diameter 80 mm in length
(Fig. 6). The external surface of the chamber is sur-
rounded by a number of permanent Nd-Fe-B magnets
placed with variable polarity, generating a cusp mag-
netic field configuration. External multicusp field con-
fines plasma magnetically and isolated it from the dis-
charge chamber walls, thus increasing plasma density.
The magnetic field is 0.3 T near the wall and weakens
the centre of the discharge chamber.

The RF antenna is placed in the discharge chamber
center of free from a magnetic field. The antenna is
made of a flexible copper wire threaded inside a glass
tubing and is water-cooled.

A grid energy analyzer was applied for ion energy
distributions (IEDF) of Ar and He beams to be meas-
ured as function of extraction voltage, gas pressure and
RF power with the retarding potential method [9].
Fig. 7 shows the change of the energy distribution of
the Ar ion beam as function of gas pressure. The ion
energy spread AE was determined as function of gas
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pressure and RF power by measuring the IEDF width
at its half-height. It is found that the ion energy spread
does not depend on gas pressure and grows with in-
crease of RF power. At P=200 W the minimal ion en-
ergy spread is equal to AE = 8 €V for the He beam and
to AE =11 eV for the Ar beam.

Shield

Gas

RF

Fig. 6 - Scheme of the RF multicusp ion source

The main parameter that determines the shape of
the IED is the ratio f= 7/ wr, where ris the time of ion
passing the sheath of a space charge in an extraction
zone; 7rr is the RF period. At f<<1 the ions cross the
sheath over a small part of an RF cycle. Their energy
depends on phase of RF oscillations; it is averaged and
strongly modulated. This results in a significant broad-
ening of the IEDF which is two-peaked. The two peaks
correspond to the minimum and maximum value of the
RF voltage amplitude. A two-peak structure of the
IEDF at low gas pressure indicates the presence of ca-
pacitor coupling of the RF-discharge with an extracting
electrode.

At f>>1 the RF potential changes repeatedly while
the ion passes the sheath of space charge. The phase of
RF cycle the ion enters the sheath with becomes of no
importance. As a result, the width of the IEDF decreas-
es and two peaks approach each other until they al-
ready cannot be resolved [21]. The multipeak structure
of the IEDF at high gas pressure indicates the ion scat-
tering and resonant charge exchange at ion passing the
sheath (Fig. 7).

Ar, 100W /\,\
[

IEDF L/\.\
0.7pPa ——7¢ T\
23Pa ——
5Pa —

11 Pa \/_’

0 20 40 60 80 100
Ion energy (eV)

Fig. 7 - Evolution of ion energy distribution function with
increasing argon pressure

The ion current density of the Ar beam have been
measured. At RF power of 200 W the ion current densi-
ty is equal to 55 mA/cm?2.
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5. SPUTTER TYPE RF SOURCE OF METAL
IONS

Simulation experiments on studying the structural
materials for nuclear technology radiated by charged
particles beams require metal ion beams. Ability to
produce of Cu*, Ti* ion beams using RF sputtering is
shown in [22], and of Fe* beams is in [23]. In develop-
ment of a RF source of Fe, Cu, Ni ions in the IAP NAS
of Ukraine it was decided to use a design of a multicusp
RF source with an internal antenna and to accessorize
it with a sputtering target. A metal chamber of the ion
beam source is 47 mm in internal diameter and 80 mm
in length (Fig. 8). The water-cooled RF antenna is a
cylindrical coil 30 mm in diameter made of 5 winding of
a 3 mm copper tube. The target is a rod 6 mm in diame-
ter made of required metal (Fe, Cu, Ni), being located
in the center of the antenna.

A 60 MHz RF voltage is supplied to the antenna
from a 300 W push-pull self-oscillator. Argon is filled
into the source chamber up to 40 Pa. At a certain RF
power an inductive discharge is ignited in the chamber
and Ar plasma is created. A red-purple light is ob-
served through a chamber view port. As a negative
voltage U;=1kV with discharge current about I; = 40-
60 mA is applied to the target, the metal target is heat-
ed up to a melting temperature, intensively sprayed
and evaporated. Plasma glow gets very bright blue col-
or when Fe is sputtered and green color when Cu is
sputtered. Vaporized metal atoms are ionized in plas-
ma region, extracted and formed into a beam of metal
ions.

w»=  Extractor View port

Fe

Fig. 8 - Scheme of RF source of metal ions

Fe

lon current  (nA)

0 T T T T
o] 1 2 3 4 5 6

Magnet current (A)

Fig. 9 - Mass-spectrum of ion beam source with a Fe target.
U;=1.08kV, ;=60 mA, p=40 Pa, [,= 12 pA

04060-4



DEVELOPMENT OF THE RF ION SOURCES ...

Measurements of the total ion current and mass
composition of the ion beam were carried out. The beam
mass spectrum was measured using a Wien filter.

Fig. 9 shows a mass-spectrum of ion beam source
with a Fe target. Only two peaks of the Ar* and Fe*
singly charged ions are seen in the spectrum and Fe*
ion peak is three times higher than Ar* peak. The total
ion current I; is equal to 12 pA at ~ 250 W of RF power
and 40 Pa of argon pressure. Thus at these condition
the Fe* ion current is about 10 pA.

6. CONCLUSION

The paper considers the ion sources developed in
the Institute of Applied Physics National Academy of
Science of Ukraine to improve the resolution of FIB
machines. Study of the plasma RF-sources was aimed
to determine the conditions when the source generates
a beam with a high ion current density and small ener-
gy spread. Applying a global model and a transformer
model allowed the plasma density, the electron tem-
perature, and the ion current density of the inductive
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RF ion source to be determined. Ion current density of
the inductive and helicon RF sources and energy
spread of a multicusp RF source were measured. It was
found that at 120 W of delivered RF power the helicon
ion source provides high current density of 100 mA/cm?,
while a multicusp RF source is characterized by a min-
imum energy spread of about 7 eV at the same power.

A sputter type RF source of Fet, Cu*, Ni* ion beams
was designed for experiments on studying the effect of
irradiation of structural materials by charged particle
beams. At ~ 250 W of RF power and 40 Pa of Ar pres-
sure the ion current of Fe* ions about 10 uA has been
obtained.
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Paspaborrka BY noHHBIX HCTOYHHUKOR JJI YCKOPHUTEJIEl ChOKYCHUPOBAHHBIX HOHHBIX IIyYKOB

B.N. Bosusrit, B.Y. Mupomunuenro, C.H. Mopauxk, J.I1. Illyasra,
B.E. Cropmkro, B.B. Tokmaub

Hrnemumym npurnaonoil pusuru, Hayuonanvuas akademus nayk Yepaumot,
ya. [lemponasnosckasn, 58, 40000 Cymot, Ykpauna

IIpencraBieHB! pe3yIbTATH UCCIICTOBAHNM MOHHBIX UCTOYHUKOB, padpaboramnusix B MII® HAH Vipaun-
HBI, TJId IIOJIyYeHHUA BBICOKOAPKOCTHBIX MOHHBIX ITYYKOB C MaJIBIM dHEPIeTUYECKUM pa36pOCOM. HpOBe,I[eHO
uccyieioBanre psima MOHHBIX BY-mcrounmkos, paborawmmux wa uvacrore 27,12 MI't: wumykrumsaoro BY-
HWCTOYHHKA, T'eJIMKOHHOI'0 NICTOYHHUKA, MYJIBTUKACIIOBOTO Bq-I/ICTO‘IHI/IICa U pacIbLIINTEJIBHOTO Bq-HCTOqHHKa
MoHOB MeTasUIoB. J[J1 pacuera miasmeHHBIX mapaMerpoB BU-mcTouHMKOB paccmarpuBasiach riiobaabHAS U
TpaHcdopMaTOpHas Moaean pa3pana. [IpoBeneHbl n3MepeHns: dJHEPreTHYECKOro pa3dpoca, MaccoBOrO COCTa-
BA ¥ IUIOTHOCTM TOKA HEKOTOPHIX MCTOUHWKOB B IIHPOKOM jamarna3oHe BY-MOIIHOCTH, BBITSTHUBAIOIIETO
HAIPSIKEHNS U JaBJeHus: pabodyero rasa.

Knrouessie cnosa: BY ucrounux nonos, Ilmasma, Muayrkrusweni, [eaurorwsnii, My ibTukacnossnii, Pacrbumm-
TEeJIbHBIN.

Poapo6rka BY ionuux msxepest ajia npucKOpoBaviB cPOKYCOBAaHUX 1IOHHUX MYYKiB

B.I. Bosuwuii, B.I. Mipomanuenxo, C.M. Mopauk, JI.I1. Illyaera,
B.IO. Cropixko, B.B. Tokmaus

Inemumym npurknaonoi gizurxu, Hayionanvha akademis nayk Yepainu,
eya. Ilemponasnoscvra, 58, 40000 Cymu, Yipaina

IIpencrasieHi peayabTaTh OOCTIIKEHb I0HHUX mxkepelt, podpobiaenux y ITIO HAH Vipainu, mnns otpu-
MAaHHS BHCOKOSCKPABICHUX 10HHUX IIYYKIB 3 MAJIUM €HEePreTUYHUM PO3KHUI0oM. IIpoBefeHo moCiimKeHHa ps-
oy iomEmx BY-mxepes, mo mpamooors Ha dacrori 27,12 MI'n: impyrruBHoro BY-maxepesia, reikoHOBOTO
Irepesia, myabTikacmoBoro BU-mxepena Ta BU-mxepena ioHIB MeTaiB po3MOpPOIIyBaIbHOTO THITy. Jlj1sa po-
3paxyHKy ILIa3MoBux mapamerpiBs BYU-mxepes posrisimaiacs riobaiabHa 1 TpaHCpOpMaTOpHa MOJIENl poa3-
psany. IIposeseHo BUMIipU eHEPreTUYHOr0 PO3KHU/Y, MACOBOTO CKJIAJLYy TA T'YCTHHU CTPYMY IESKHUX JsKepes B
muporomMy miana3dori BU-moTy:RHOCTI, BUTATA0Y0T HAIPYTH 1 THCKY POOOYOro raay.

Kurouosi ciiosa: BY mxepeso iomis, [Tnasma, Innyrrusawmii, [Nemikonwit, Mysbrikacmosuii, PosmoporiryBabHumii.
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